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Abstract

This habilitation thesis consists of a number of publications aiming at undeirsgaticte formation
and evolution of hot subdwarfs (sdO/Bs). | adopted different agugres to substantially increase and
analyse the samples of both single stars and close binaries. Quantitatt@spepic analyses of sdB
atmospheres allowed me to uncover and study the diverse effects aidliffon the abundance patterns
of those stars. Measuring the rotation of single sdBs | put constraintsssilghe formation channels. In
a large and ongoing international observation project led by myself welséa the close binary sdBs
with the most and the least massive companions. Significantly enhancingdive lsample of close
binary sdBs we performed the first comprehensive study of this populdtra@ygered by the discovery
of two sdB binaries with close brown dwarf companions in the course of thjeqt, we were able to
show that the interaction of stars with substellar companions is an importameaiha form sdB stars.
Finally, we discovered a unique and very compact binary system cogsadtian sdB and a massive
white dwarf, which qualifies as progenitor candidate for a supernovalgypIn addition to that, we
could connect those explosions to the class of hypervelocity hot subslaes, which we consider as
the surviving companions of such events. Being the stripped cores giaats, hot subdwarfs turned
out to be important markers of peculiar events in stellar evolution rangingeaW#y from star-planet
interactions to the progenitors of stellar explosion used to measure thesexpahour Universe.
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1 Introduction

Looking into standard astronomy textbooks, stellar evolution appears taiteevegll understood and
based on established theories. That our Sun will expand to become @mnédmd will eventually end
her life cooling down as white dwarf tends to become common knowledge. \owihis is in part

a misconception, because certain phases of stellar evolution are not ssmiddorated in detail, but
are in fact hardly understood at all. The problem becomes even maeesag soon as stars evolve in
binary systems, which is by no means an exception but rather the rule.

Mass transfer, either stable or unstable, can alter stellar evolution anafgects, which cannot be
understood in a different way. Especially in the late stages of stellar evoluttoere compact objects
like white dwarfs and their direct precursors in very close binaries aohied, the underlying physical
mechanisms can only be crudely parametrised. Among those mysterious othect®t subdwarf
stars (sdO/Bs) stick out, because they constitute a prominent populati@nbbfue stars at high
Galactic latitudes. With masses around M and radii between.1 R and0.3 R they are much
smaller and of lower mass than hot main sequence stars of similar spectsal Hgesubdwarfs have
been studied extensively for several reasons: They are commogletmaccount for the UV excess
observed in early-type galaxies (O’Connell, 1999). Pulsating sdB B&urame an important tool for
asteroseismology (Charpinet et al., 2010). SdB stars in close binardisycas type la supernova
progenitors (Maxted et al., 2000). And substellar companions like bravemfd and planets have been
discovered as well (Silvotti et al., 2007). The state-of-the-art in Hodwarf research has been reviewed
by Heber (2009).

Main sequence stars burn hydrogen in their cores until this nucleardsetvoir is exhausted. In
the next stage of evolution the stars expand and become red giants. Pphais®n stops as soon as
helium burning starts in the red-giant cores. Depending on the amougtodden envelope left after
the red-giant phase, the stars in this phase occupy a region of roumidyaat luminosity, but quite
diverse temperatures in the Hertzsprung-Russell diagram, which is taddubrizontal branch (HB,
see Fig. 1.1). Subluminous B stars (sdBs) have been identified as exiwazmntal branch (EHB) stars
(Heber, 1986); i.e. they are core helium-burning stars with very thindgeir envelopes and therefore
high temperatures. Unlike normal HB stars, which reascend the giardthrigahIB stars evolve directly
to the white-dwarf cooling sequence. While the sdB stars spectroscodmaiiya homogeneous class,
a large variety of spectra is observed among their hotter siblings, the sublusriinstars (for a detailed
classification scheme of hot subdwarfs see Drilling et al., 2013).

The formation of hot subdwarf stars in general is still unclear (Geiel.g2@12). SdB stars can
only be formed, if the progenitor loses its envelope almost entirely aftemgaidge red-giant branch.
While single-star scenarios are discussed, the focus shifted to binaltiex, when systematic sur-
veys for radial velocity (RV) variable stars revealed that a large fraafahe sdB stars4() — 70 %)
are members of close binaries with orbital periods ranging fro.05d to ~ 30d (e.g. Maxted et
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Figure 1.1: Hertzsprung-Russell diagram. The location of the extremeohtal branch, where the
sdO/Bs are located, is indicated (Heber, 2009).

al., 2001). While such close binaries are formed most likely after a commariogeyphase, where
the companion becomes completely immersed in the red-giant envelopment, stableanafer to a
main sequence companion and the merger of two helium white dwarfs havelmmsed as possible
formation channels as well (see Fig. 1.2, Han et al., 2002, 2003, agreénekes therein).

Most companions have been identified in the shortest period systems. Antbam white dwarfs
prevail, but main sequence stars of low mass are also quite common. Hptheverass spectrum of
sdB companions widened significantly in the last couple of years. A planatarpanion to a pulsating
sdB star has been discovered from sinusoidal variations of its pulsaggonencies (Silvotti et al.,
2007). More such substellar companions in wide orbits with periods of &tewired days have been
discovered in a similar way orbiting eclipsing sdB binaries (e.g. Beuermaain 2012). The discovery
of potential close earth-size planets (Charpinet et al., 2011) on thelathdrshowed that such objects
might play a role for the formation of sdBs as well. At the other end of the nede,anassive and
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Figure 1.2: Binary formation channels for single and binary hot subfdstars (Podsiadlowski et al.,
2008; Heber, 2009).

compact companions like massive white dwarfs, candidate neutron sersroblack holes have been
found as well (Geier et al., 2010; Mereghetti et al., 2011). And recahtiytheoretically predicted sdBs
with main-sequence companions in wide binary systems have finally beernealisdq\Vos et al., 2013,
Barlow et al., 2013b).

The formation of the subclass of helium-rich sdOs (He-sdOs) is even nmigenatic than the
one of hydrogen-rich sdB stars. Most He-sdOs are concentratedeényasmall region in the HRD,
slightly blueward of the EHB (Sirer et al., 2007) and the population of He-sdOs observed so far seems
to consist mostly of single stars (Napiwotzki, 2008). A way of forming sugjeats and explaining
their helium-rich composition might be the merger of two helium white dwarfs (\iébh984) or the
delayed helium flash of a WD (Lanz et al., 2004).



2 AnalysisMethods

2.1 Finding and classifying hot subdwarfs

The colours and magnitudes of celestial objects can be used to classifyTinénst order the colour of
a star depends on the effective temperature on its surface. While coastared, hot stars emit most
of their radiation in blue and ultraviolet (UV) light. Photometric surveys in défe bands ranging
from the UV to the infrared (IR) are regularly conducted to map the entire Bkose surveys are the
starting point when searching for certain classes of stars.

Hot subdwarfs are most easily selected by applying colour cuts to photoreetreys at high
Galactic latitude, because they stick out as UV-excess objects in the oldeshohginantly red thick
disc or Galactic halo environment and dominate the population of faint blug dt&m to a limiting
visual magnitude of about8 mag. UV-excess surveys like the Palomar Green survey (Green et al.,
1986) applied a limit o — B < —0.57 in the Johnson photometric system. The corresponding
effective temperature of a star according to models by Castelli & Kurug@3Ris~ 15000 K, well
below the observed range for sdB stars30000 K). In addition, a limit of B — V' < 40.3 is applied
to include sdBs in spectroscopic binaries, if the main sequence companibrspearal type F or
later. We studied a sample of bright hot subdwarf stars from the literaMost of those stars have
been selected in a similar way. To select the much larger and fainter sampleéhfeoSloan Digital
Sky Survey (SDSS), we transformed those colour cuts to the SDSS phdtoaystem ¢ — g < 0.4
andg — r < 0.1, Jester et al., 2005, see Fig. 2.1). Those criteria also exclude the lamggen of
extragalactic objects, which were the priority targets of SDSS in the firstplac

Since colour selection just provides constraints on the stellar tempergiaot;ascopic follow-up
observations are necessary to distinguish hot subdwarfs from offess ¢f faint blue stars (mostly hot
white dwarfs). To cover and resolve the distinctive spectral featiitestsubdwarf stars, it is necessary
to obtain medium to high resolution spectraX < 5.0 A) with a wavelength coverage ideally ranging
from the near-UV to the near infrared (3700 — 7000 A). Depending on quality and resolution of the
spectra as well as on the faintness of the targets (typitaly 10 — 18 mag for the objects studied here)
2m- to 8m-class telescopes have to be used. Since most radiation is emitted in the ddterage of
this wavelength range would be highly desirable, but due to atmosphedpéibs it is only accessible
with space-based telescopes. After the decommissioning of smaller UV-satigtit¢UE and FUSE,
today only the Hubble Space Telescope provides the necessary instatioren

Existence, width, and depth of helium and hydrogen absorption lineslbasitbe flux distribution
are used as criteria to identify and classify hot subdwarfs. Subdwstdi® show broadened hydrogen
Balmer and He lines, sdOB stars He lines in addition, while the spectra of sdO stars are dominated
by weak Balmer and strong Hlelines depending on the He abundance. A flux excess in the red
compared to a reference spectrum as well as the presence of ceetirakfgatures are revealing a late
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Figure 2.1: SDSg — r-colours plotted against — g of subdwarfs withy < 18 mag. The grey dots
mark all stellar objects with spectra available in the SDSS database. Moshoatkelassified as white
dwarfs. The solid diamonds mark (He-)sdO stars, the solid squaressti&I®B stars. Open squares
mark hot subdwarfs with main sequence companions visible in the speceaefhence of composite
objects is clearly separated from the single-lined stars. Synthetic cofonrsfastelli & Kurucz (2003)
for stars with temperatures ranging frarh000 K to 50 000 K (log ¢ = 5.0) are marked with upward
triangles and connected. The stepsize of the colour grid(8 K. The labels mark models of certain
temperatures (Geier et al., 2011b).

type companion star (for a few examples see Fig. 2.2, for a more detailetlapbassification of hot
subdwarf stars see Drilling et al., 2013).

2.2 Quantitative spectral analysis

The analysis of stellar spectra allows us to determine the properties of steltespheres. To first order,
the continuum flux depends on the effective temperature of the atmosaiefellows the Maxwell-

Boltzmann distribution. However, each stellar atmosphere has a certaitustrand chemical compo-
sition with elements in different ionization stages. Those ions absorb radattiwavelengths where
transitions in their electron shells can be excited. In this way, the continueatrem is superimposed
by absorption lines. These patterns of absorption lines depend on timcaheomposition, but also
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Figure 2.2: High-resolution spectra of a typical hydrogen-rich sdBaheélium-rich sdO star. The
most important hydrogen and helium lines are marked. The unmarked smalharp absorption lines
are originating from metals (Heber, 2009).

on the temperature and surface gravity. The shape of the spectral laféscied by the conditions in
the different layers of the stellar atmosphere. The lines are broadgreptihtum mechanical effects,
temperature and pressure.

Since stars are point sources, we only see the integrated spectrumadttlaé stellar disc. The
Doppler effect leads to a shift in the wavelength of the spectral linesndiépe on the radial velocity
of the star with respect to the observer. Furthermore, rotation introdudsgeshift of the stellar
hemisphere approaching us and a redshift of the hemisphere recéuiegyated over the stellar disc
those effects lead to a characteristic broadening of the spectral linegnaeetric effects like star spots
or pulsations can cause more complicated deformations of the lines in the iategpactrum.

To determine the most important atmospheric parameters in hot subdwarf asmespwhich are
the effective temperaturé,g, the surface gravityog g and the helium abundandeg n(He)/n(H)
(log y) we fit synthetic models to the hydrogen and helium lines of the observetrapBepending on
effective temperature and composition of the atmospheres, differentsraydaised. For hydrogen-rich
sdBs with temperatures up 80 000 K, simple models calculated in local thermodynamic equilibrium
(LTE) are sufficient. For higher temperatures, deviations from LTEhawbe taken into account using
models in non-local thermodynamic equlibrium (NLTE). Depending on thenada compositions of
the atmospheres, the opacities of metals have to be included as well. Sinceenanalysing different
classes of hot subwdarfs, we used a variety of appropriate modsl(grgl Geier et al., 2011b).
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Figure 2.3:Left panel: Example fits of common oxygen and nitrogen lines for two sdB spectra with
different quality (Geier, 2013).Right panel: Rotational broadening fit result for an sdB star. The
measured, . sin ¢ is plotted against the wavelength of the analysed lines. The solid line condsjo

the average. The inlet shows an example fit of a line doublet. The thick sditslthe best fit, sin 7.

The three thin lines correspond to fixed rotational broadenings®ofl0 kms—! (Geier et al., 2010).

When determining the metal abundances for all the different elements in llae atasnospheres of
our sdB sample, the number of adjustable parameters becomes so higlimthetreous fitting in a
model grid is not feasible any more. To simplify this approach, we computed linetdblanketed LTE
model atmospheres (Heber et al., 2000) for the atmospheric parametadyattetermined from the
hydrogen and helium lines using the LINFOR program (developed byeétr, Steffen and Steenbock
at Kiel university, modified by Lemke, Lemke, 1997). For a given eiffectemperature and surface
gravity, the abundance of an ion scales with the equivalent width of tletrapknes.

A standard set of 182 metal lines from 24 different ions was chosermaasichultaneous fit of
elemental abundance, projected rotational veloaity; éin 7) and radial velocity (RV) was performed
for each identified line (see Fig. 2.3) using the FITSB2 routine (Napiwatiz&l., 2004). Mean value
and standard deviation were calculated from all abundance measuresheatsh ion and the mean
Urot Sin 4 With associated uncertainty has been calculated from all suitable metal liegsr & al.,
2010; Geier & Heber, 2012; Geier, 2013).

2.3 Closebinary analysis

Most stars in our Galaxy are members of binary or multiple systems. In a bétarythe two com-
ponents are revolving around their common centre of gravity on Keplerlatso The orbital periods
of known binaries range from a few minutes to thousands of years. Afisamt fraction of the hot
subdwarf stars is found in close binary systems with periods rangingdréew hours to a few days.
In such systems the two stars are only separated by a few solar radibarud blehave as point sources



10 ANALYSIS METHODS

12

1.0

0.8

Normalized Flux

[Tr I T rrr T’
PRI AT

0.6

3.0

25

2.0

e e

15

Time [hr]

1.0

0.5
0.0

vooddirn bbb b bd

T[T T[T [T TTTT T

3800 3900 4000 4100 4200
Wavelength [Angstroms]

W
o
o
L/ I N B

Figure 2.4:Upper panel:Spectrum of the sdB binary CEB0°11223 coadded from 175 single spectra
taken with SOAR/Goodman. The hydrogen Balmer series is clearly visible th&sva prominent
helium line at4026 A. Middle panel:Single spectra of the same binary plotted against time. The short-
period sinusoidal variations of the Doppler-shifted spectral lines isechlong the motion of the visible
sdB star Geier et al. (2013cl.ower panel:Radial velocity curve plotted against orbital phase for the
most likely period derived from those data.
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Figure 2.5: Schematic view of a single-lined close binary system. Measuggtities are written in
black, free parameters in red.

any more. Tidal interactions between the stars lead to an exchange gy emer angular momentum.
The most important consequences of those effects are the circularisiti@norbits and the synchro-
nisation of the stars’ rotation periods with the orbital period.

Close hinary stars cannot be resolved with telescopes. To study thengwedédimeasure time-
dependent features in their spectra and light curves. Due to the Dagifdet, the spectral lines be-
come blue- or redshifted depending on whether the star approachesacgdes from us. For a close
binary star on a circular orbit, this variation is time dependent and followsagacteristic sine curve
(see Fig. 2.4). To derive the radial velocity curves of our sdB bingeas Fig. 2.4 lower panel),
we measured the radial velocities by fitting a set of mathematical functions$@as, Lorentzians
and polynomials) to the individual hydrogen Balmer as well as helium lineg usaFITSB2 routine
(Napiwotzki et al., 2004). Three functions are used to match the contintinenline and the line core,
respectively and mimic the typical profile of spectral lines. The profileditieel to all suitable lines
simultaneously using?-minimization and the RV shift with respect to the rest wavelengths is mea-
sured. To achieve the necessary accuracy of the single RV meastsemedium-resolution spectra
(AN <3 A) are necessary. Due to the short periods of the variations, the sinmewe times have to
be limited from a few minutes up to an hour at most. Otherwise the spectral lindd wove consid-
erably during the exposure and cause what is called orbital smearingadsb stars in our samples at
least 4m-class telescopes are required to fulfill both criteria.

Assuming circular orbits sine curves with time at phase Zgrorbital periodP, RV-semiamplitude
K and system velocity of the binary systenas free parameters were then fitted to the RV data points
in fine steps over a range of test periods. For each periog’laéthe best fitting sine curve was deter-
mined. In order to estimate the significance of the orbital solutions and theledins of systematic
effects to the error budget, we normalised tReof the most probable solution by adding systematic er-
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rors in quadrature until the reducgd reached- 1.0. Using these modified uncertainties we performed
Monte Carlo simulations for the most likely periods. For each simulation a randdreét of RVs was
drawn from Gaussian distributions with central value and width correfipgrto the RV measurements
and the analysis repeated. From these simulations the probabilities for ited pépiods to deviate
from our best solution by more thari or 10% were calculated.

In order to derive most conservative errors forand~ we fixed the most likely period and created
new RV datasets with a bootstrapping algorithm. Ten thousand RV dataset®btained by random
sampling with replacement from the original dataset. In each case an adlitiibn was calculated in
the way described above. The standard deviation of these results a@ted@s error estimate. The
accuracy of this methods is limited by the resolution of the spectra and theit-signaise. Combining
data obtained with different instruments is also expected to contribute to tleerstse error (for details
of our methods see Geier et al., 2011c).

Close hot subdwarf binaries are single-lined systems, meaning that ordgBhstar is visible in
the spectrum, because the companion is much less luminous. Furthermor wely measure the
radial component of the sdBs orbital velocity and in general do not khewrientation of the binary in
space with respect to us. In the case of circular orbits this orientationecparameterized by just one
additional parameter, the inclination anglésee Fig. 2.5). Although the problem seems to be under-
determined, it is still possible to gain some important information from the availate dhe binary
mass functionfy,, which relates the measured quantiti€¢sand P to the other binary parameters, can
be derived from Keplers laws:

3 3 3
o= Miompsin®i  PK
'y = =

(Mcomp + ]\4sdB)2 2rG

In this equation the sdB madg,yp, the companion mas¥..,, and the inclination angléremain
free parameters. Based on models for single-star evolution the sdB mapgddea to be close to the
mass of the degenerate red-giant core in the moment when the helium flaggesad. This so-called
canonical mass of 0.47 Mg, is in reasonable agreement with masses derived from observations (e.g.
Fontaine et al., 2012) and is adopted to constrain the binary parametaferfmore, by definition the
inclination angle cannot become higher ti98fA, which means that we see the binary face-on. Adopting
Mgap = 0.47 Mg, andi < 90° we can therefore derive a lower limit for the companion mass.

This lower limit can be used to put constraints on the nature of the comparfiemlylthe sdB
is contributing to the measured spectral energy distribution from the opti¢aétmfrared, an upper
limit for the luminosity of the companion is given (for details see Kupfer at all520For minimum
companion masses lower than 0.4 M. the companion may be a late-type main sequence star or a
compact object like a WD. Main sequence stars in this mass range are edtélyirihe sdBs. If on
the other hand the minimum companion mass exceedst M, the contribution of a main sequence
companion becomes detectable in the IR and the optical. The non-detectios adritribution there-
fore allows us to exclude a main sequence star. The companion must themipact object. More
massive compact companions like massive WDs, neutron stars or blackanelenore likely as soon
as the minimum mass exceet§ M, or even the Chandrasekhar limitt M. Studying sufficiently
large samples of sdB binaries, a random distribution of inclination anglésdtako account selection
effects) can be assumed and the companion mass distribution constraimedr(it al., 2015).

To measure the binary properties more accurately, it is necessary ttiptgronstraints on the
inclination angle. This can be done in an indirect way by measuring the pedjeatational velocity of
the sdB primary (see Sect. 2.1) and assuming its rotation period to be sgisgrto its orbital period.
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Figure 2.6: Schematic view of an eclipsing binary system and its charactéghkticurve (taken from
NASA).

We applied this method to a sample of sdB binaries (for details see Geier etal,,2Z10). However,
we found that orbital synchronisation seems to be only valid for close $d@ibs with relatively
massive companions, while sdBs with low-mass companions seem to rotatecaighifslower than
predicted (Schaffenroth et al., 2014a,b).

Eclipsing binaries provide the most direct way to constrain the inclination abgtause to show
eclipses in the light curve, the orientation of the binary must be more or lessofa (see Fig. 2.6).
Furthermore, fitting the observed light curve to models, the relative rathieafivo components can be
measured from the eclipse depth and all other parameters derived.senstdB binaries other effects
are usually superimposed on the light curve. If the companion is a coddtadfjsimilar radius as the
sdB itself (e.g. a low-mass M star), the hemisphere facing the hot sdB isaieddnd heated. Since
the projected area of this irradiated hemisphere changes, while the companits the sdB, it causes a
sinusoidal variation of the light curve, which is known as reflection ¢fieg. see Fig. 4.1 right panel).
If the companion is a compact object like a WD and the orbital period is suffigishort, the sdB can
become distorted by the tidal influence of the companion. This leads to a smalb®lal variation of
a few percent with exactly half the orbital period. Finally, relativistic effdike Doppler boosting or
microlensing can slightly modify the light curves as well (e.g. see Fig. 5.1 Bloernal., 2011; Geier
et al., 2013c). Light curves of sufficient quality and short single syp®times can be taken with 1m
to 2m-class telescopes ideally using different filters, because especabyrplitude of the reflection
effect is highly dependent on the wavelength. To study the more subttwistia effects, space-based
lightcurves as provided by the Kepler and CoRoT missions are neede@l@sgen et al., 2011).

The light curves of sdBs with cool companions were analysed using thR®Ebde, which is
based on the Wilson-Devinney approach (Wilson & Devinney, 1971)dkés into account radiative
interaction between the components of hot, close binaries (Drechsel £0@b). Models of the bi-
nary components are calculated taking into account deformations cayfieeltidal influence on each
other as well as the irradiation of the cool companion by the sdB. The moetsakulated for dif-
ferent orbital phases as well as the emitted radiation (see Fig. 2.7). Indgjswodel lightcurves are
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Figure 2.7: Models of the eclipsing sdB+dM binary HS 0705+6700 foedkffit orbital phases (Drech-
sel et al., 2001).

constructed.

After fixing parameters like limb darkening and gravity darkening expongitieh depend on the
stellar type, to literature values, the remaining adjustable parameters ardlitetioe, the temperature
of the second component, the Roche potentials, the bolometric albedo otctralaey, the radiation
pressure parameter and the luminosity of the hot component. The fradRochk radii in units of
the orbital separation are calculated using the Roche potentials and theatias¥/e used the binary
mass function derived from spectroscopy to calculate possible masdoatiasnge of primary masses.
Grids of light curve solutions with different mass ratios were calculatedefve errors we created0
new datasets with a bootstrapping algorithm by random sampling with replat&mmnthe original
dataset. In each case a light curve solution was calculated in the waybaelseabove. The standard
deviations of these results were adopted as the error estimates for theefesa(Geier et al., 2011e).
Similar light curve codes like LCURVE developed by T. Marsh also take intowaat relativistic effects
and have been used to model them appropriately (e.g. Geier et al., 20181 to be pointed out that
the light curve solutions are usually degenerate with respect to the adweyplied ratio of the binary
components. To find consistent solutions, assumptions about the masslarsgdaf the primary or the
secondary based on theoretical models have to be made.

Several sdB binaries show reflection effects and ellipsoidal deformaiiihlout being eclipsing.
Especially the amplitude of the ellipsoidal variation can be used as diagnogfibécause it depends
on the mass of the unseen companion (e.g. Geier et al., 2007). The refigffttict on the other hand
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is ill-suited to constrain the binary inclination. Modelling the irradiation of the caohpanion as pure
reflection is an oversimplification of the problem. Furthermore, the amplitudesofathation depends
on several degenerate parameters. However, the presence ocab$a reflection effect can still be
used to constrain the nature of the companion (Schaffenroth et al.,)2014a



2 Hot subdwarf atmospheres

Spectra allow us to determine the properties of stellar atmospheres. Besiddtetiive temperature
and the surface gravity, the abundance patterns can be measured.péfterns are usually compared to
stellar evolution models and used to determine the ages of stellar populatioeswpthtionary stages
of the stars. However, certain classes of hot stars like blue horizamatathy (BHB) stars, B/Am stars,
HgMn stars, hot white dwarfs and others show peculiarities in their almoedawhich are caused by
physical processes in the atmospheres themselves rather than difi@petdtion ages or evolutionary
histories. The outer envelopes of hot stars are radiative, which implieshiaa are not constantly
mixed by convection. In the stellar atmospheres two main mechanisms are invdked can affect
the chemical composition in a process called diffusion. Due to their higheres\asms of heavier
elements sink into deeper regions of the radiative envelope, while the ligbieeets float on top. This
gravitational settling leads to a depletion of heavy elements with respect to theerlicpunterparts.
Radiative levitation on the other hand can lead to an enrichment especiaégwf metals. The reason
is the much higher number of transitions and absorption lines of those elerGaniisr to sailing boats
with large sails the radiation pressure preferentially pushes those ionardstdespite their relatively
high masses. Both mechanisms are at work at the same time and are far fferstaod in a quantitative
way. Hot subdwarfs belong to the class of chemically peculiar stars amtbtirelance anomalies found
in those stars are important to understand the physical properties déhat atmospheres in general.

Sargent & Searle (1966) discovered the helium deficiency of sdBfstattse first time and Green-
stein & Sargent (1974) suggested that diffusion in the hot atmosphedBsfmay cause this deficiency.
Peculiar metal abundances were first reported by Baschek et a2)(1@/hile some metals show so-
lar abundances, others are depleted or even enriched. Radiatividevitbtheavy elements and mass
loss caused by stellar winds (Vink & Cassisi, 2002) have been invokeolutoteract the gravitational
settling as well as extra mixing at the surface (Michaud et al., 2011; Hu &Cdl1). Although more
recent abundance studies of individual sdB stars have beenmedarsing optical and UV spectra, the
consistent analysis of a large sample of such stars spanning the full chigmospheric parameters
and allowing to search for patterns and correlations was missing.

To study the atmospheric peculiarities of such a large sample of sdB statsiin Idenalysed high-
resolution spectra of 106 stars by fitting appropriate model spectra to feeveldl line profiles (Geier,
2013, appended). A general trend of enrichment was found withasitrg temperature for most of the
heavier elements. The lighter elements like carbon, oxygen and nitrogde@eted and less affected
by temperature (see Fig. 2.1). Those patterns are similar for both pulsatingoa-pulsating sdBs.
State-of-the-art diffusion models predict such patterns and are in divalisreement with our results
(Michaud et al., 2011). However, the highest enrichments measuredtche explained with these
models. Peculiar line shapes of the strongest metal lines in some stars inéideial stratification to
be present in the atmospheres. Such effects are not accounted @orantaiffusion models and may
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Figure 2.1: Elemental abundances plotted against effective tempertierélled diamonds mark mea-
sured abundances while the open triangles mark upper limits. Typicale@r®are given in the upper
right corner. The solid harizontal lines mark solar abundances. In sases (scandium, vanadium)
the solar abundances are lower than covered by the plotted area @pdigy,

be responsible for some of the yet unexplained abundance anomalies.

Furthermore, | measured the atmospheric parameters and helium akesmdéat sdBs and con-
firmed a correlation of helium abundance with temperature and the existetvee distinct sequences
in helium abundance found previously (see Fig. 2.2 right panel). Iseedwn isotopic shifts of helium
lines and found*He to be strongly enriched in 8 of the programme stars. Most of these #igrs ¢
ter in a small temperature range betw@g00 K and31 000 K (see Fig. 2.2 left panel) very similar
to the known3He-rich main sequence B stars, which cluster at somewhat lower tempstafTinis
phenomenon is most probably also related to diffusion processes in thepaenesbut still poses a
challenge to diffusion models (Geier et al., 2013b, appended).

Another important hint for the formation history of sdB stars is their rotatioher&fore | stud-
ied 105 sdB stars, which are either single stars or in wide binaries where tidal ¢titera become
negligible. The projected rotational velocities have been determined by rreague broadening of
metal lines using high resolution optical spectra. All stars in our sample averatators (. sini <
10kms~1). We show that blue horizontal and extreme horizontal branch starglated in terms of
surface rotation and angular momentum (see Fig. 2.3) suggesting a simitetifmn scenario. Hot
blue horizontal branch starg > 11 500 K) with diffusion-dominated atmospheres are slow rotators
like the hot subdwarf stars located on the extreme horizontal branchhwdgt more envelope and
therefore angular momentum in the red-giant phase. The uniform rotdtisingle and wide binary
sdBs we found poses a challenge to our understanding of hot suifdwaation. Especially the high
fraction of helium white dwarf mergers predicted by theory, which areetqul to spin faster, seems to
be inconsistent with the results (Geier & Heber, 2012, appended).
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Figure 2.2:Left panel:Helium abundancég y plotted against effective temperature. The filled sym-
bols mark the results from my study. Filled diamonds mark objects where isotoifi€ due to an
enrichment oHe were detected, filled circles objects with atmospheres dominaté#idy Upper
limits are marked with triangles. The solid horizontal line is drawn at solar helioumdance. The
two dashed lines are regression lines for the two distinct helium sequetkessfrom Edelmann et al.
(2003). The dotted regression line for the lower sequence is takerN&meth et al. (2012). Measure-
ments taken from literature are plotted as grey symtiight panel: 7. — log g-diagram of a sample
of bright sdB stars. The helium main sequence (HeMS) and the EHB liiamited by the zero-age
EHB, ZAEHB, and the terminal-age EHB, TAEHB) are superimposed with EM8utionary tracks
for solar metallicity taken from Dorman et al. (1993) labelled with their massegn@ymbols mark
objects where isotopic shifts due to an enrichmenttdé were detected, filled symbols objects with
atmospheres dominated bye. The diamonds mark stars belonging to the upper helium sequence, the
circles stars belonging to the lower sequence. The triangles mark threenstitBenriched®He from
literature (Geier et al., 2013b).
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& Heber, 2012).



3 Close hot subdwarf binaries

Most stars are not formed alone, but as members of binary or multiple systértisee separation
between the companions is sufficiently large and the orbital period therefog enough, there will be
no interaction and both stars will evolve independent from each. Haywévke initial orbital period
of a binary is smaller than a few hundred days, the two components will ihiertite later stages of
stellar evolution as soon as the more massive star evolves away from theagaénse and becomes
a giant. Several different types of interactions are possible. Masectransferred in a stable fashion
from one star to the other, close-by stars can form overcontact systemsrge. Depending on the
detailed configuration, a binary can also undergo several distinctdggsaf mass-transfer during its
lifetime.

To form close sdB binaries with periods down to a few hours and sepasatiown to less than
the radius of the Sun, there is only one feasible scenario. To end up wittagy bhat is much more
compact than the initial system has been on the main sequence, common erf@iyejection is the
only likely channel. Initially, two main sequence stars evolve independenthbinay system. The
more massive one will evolve faster to become a red giant. Unstable madsitfams the red giant
to the companion will lead to a CE phase. Due to friction and gravitational deatyvi stellar cores
lose orbital energy and angular momentum, which leads to a shrinkage ofltite Dhis energy is
deposited in the envelope which will finally become unbound. If the cochesathe mass required for
the core-helium flash before the envelope is lost, a binary consistingareahelium burning sdB star
and a main sequence companion is formed. In another possible scenariorthenassive star evolves
to become a WD either through a CE phase or stable mass transfer onto thegssge companion.
After that the less massive star evolves to become a red giant. Unstable ams$srtwill lead to a CE,
and once the envelope is ejected the red giant remnant starts burning felalmsystem consisting of
an sdB and a WD companion is formed (Han et al., 2002, 2003). The ddit#ile GE phase are only
poorly understood (Ilvanova et al., 2013) and observations of signtfiamples of post-CE binaries are
necessary to understand this important process.

It is difficult to determine the nature of the close companions in sdB binarezguse they are
single-lined system, where the sdB is the only component visible in the sp&bgdower mass limits
derived from the binary mass functions are in general compatible with l|pgehain sequence stars
of spectral type M or compact objects like white dwarfs. Only in some casgs éclipsing systems)
it is possible to distinguish between those two options. In a project done fathbythesis (Geier et
al., 2010) | found that a sizeable fraction of the sdB binary population nhigtitour massive compact
companions, i.e. massive white dwarfs, neutron stars or even black Mbkesxistence of such systems
is actually predicted by binary evolution theory (Podsiadlowski et al., 2B@&hl et al., 2003; Nele-
mans, 2010). The formation channel includes two phases of unstabldnareasfer and one supernova
explosion. The fraction of those systems is consistently predicted to b¢ Abo2%. | determined
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high-precision projected rotational velocities and gravities of 40 sdB syaassuming that the rotation
of the sdB primary is tidally locked to its orbit. However, the synchronisation tiales as well as the
sdB ages are quite uncertain. Hence, there was a need to determine mympasses for sdB stars
without having to call for synchronisation.

Motivated by this issue | initiated a radial velocity survey (Massive Unseempanions to Hot
Faint Underluminous Stars from SD53MUCHFUSS) to find sdBs with compact companions like
massive white dwarfs, neutron stars or black holes (Geier et al., 28pfpbnded), which should show
very high RV variability. We used the SDSS spectroscopic database asaittiegspoint for our survey
and obtained follow-up observations of the stars that showed the mosicsighRV shifts. Conducting
more thar200 nights of spectroscopic and photometric follow-up, we constrained this @td com-
panion types 080 newly discovered sdB binaries up to now (Geier et al., 2011c,d, 2018en&en et
al., 2013; Geier et al., 2014; Schaffenroth et al., 2014b; Kupfer 2@l5, papers appended).
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Figure 3.1: The RV semiamplitudes of all known sdB binaries with spectrissotutions plotted
against their orbital periods (open symbols). The dashed, dotted hddirses mark the regions to the
right where the minimum companion masses derived from the binary mas®fufassuming.47 My
for the sdBs) excee@l 08 M, 0.45 M, and1.40 M. The white symbols mark sdBs with known WD
companions, the grey symbols sdBs with low-mass M-star or brown dwarpanions and the black
symbols sdBs with unknown companion type (for details see Kupfer at 415)20

Combining our new discoveries with the known close sdB binaries we peefbithe first com-
prehensive study of this population (see Fig. 3.1, Kupfer at al., 205 work was led by Thomas
Kupfer as part of his PhD thesis at the University of Nijmegen under mgupervision. The minimum
companion mass distribution of this sample of 142 solved close sdB binaries isdimOne peak
around0.1 M, corresponds to the low-mass main sequence and substellar companiemshdihpeak
around0.4 M, corresponds to the white dwarf companions. The derived masses fahtteedwarf

!Sloan Digital Sky Survey
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panels).

companions are significantly lower than the average mass for single eaxiyggen white dwarfs, which
might be an indication, that those objects are actually helium white dwarfs.oWpared the sample
to the populations of extremely low-mass helium white dwarf binaries as wet@s geriod white
dwarfs with main sequence companions. Both samples show a significangisedifitompanion mass
distribution indicating either different selection effects or different etiohary paths. The sdB binaries
with the shortest periods are predicted to evolve to become cataclysmiclesristable AM CVn type
binaries or to merge and form massive C/O WDs, RCrB stars or even to exgpdéoslipernovae type la.
We also published a catalogue with14 radial velocity measurements of th&7 RV variable hot
subluminous star we found in SDSS Data Release 7. So far, we did notrfisdBabinary with a
compact companion exceedind M.,. Based on this non-detection we constrain the fraction of close
massive compact companions in our sample to be smaller<thanB %, which is already close to the
theoretical predictions. However, the sample might still contain such binaiflesnoderate RV-shifts
and periods exceeding 8 d.
Surprisingly, irregular RV variations of unknown origin with amplitudes oftoip- 180 kms~—! on
timescales of years, days and even hours have been detected in s@u@ ld&rs (see Fig. 3.2). They
might be connected to irregular photometric variations in some cases. Variapleetic fields might be
responsible, but no strong conclusions can be drawn yet (Geier 204bb, appended). Another very
interesting byproduct of our project is the discovery of new class&/ofariable stars in the Galactic
halo. Among them the first RV variable BHB stars, three candidate runavedy-sequence type B
binaries (Geier et al., 2015c) and some rare hydrogen- and heliumeasthA®GB stars (Reindl et al.,

2015).



4 Substellar companions

Since the discovery of the first exoplanets more than 20 years ago,l@ méw and very dynamic field
of research emerged. Based on data from several ground- acetisased transit and RV surveys we
now know more than 2000 exoplanets and at least as many candidatedesBiae characterisation
of those objects and the hunt for habitable planets, research foausles formation and evolution of
planetary systems. The relation between gas giant planets and the othef syjstellar objects, the
more massive brown dwarfs (BDs), plays a key role in this respect.ri@gcmore attention has been
devoted to the interactions between stars and substellar objects and afendsshops has been held
(the first one being organized by our group in Bamberg 2010). Thstigue whether the interaction
with close substellar companions might affect or even substantially chaegsotution of their host
stars, becomes more and more relevant. Our discoveries in the last coyaars provide strong
evidence, that hot subdwarf stars might be key objects to address #ssaqu

Soker (1998) suggested that substellar objects like brown dwarfdametp may also be swallowed
by their host star and that common envelope ejection could form hot sutsd\Babstellar objects with
masses higher than abolfi M; were predicted to survive the common envelope phase and end up in
a close orbit around the stellar remnant, while planets with lower masses wirklyeevaporate or
merge with the stellar core. The stellar remnant is predicted to lose most of @opavand evolve
towards the EHB. A similar scenario has been proposed to explain the fomuditapparently single
low-mass white dwarfs (Nelemans & Tauris, 1998). The discovery ofoavibrdwarf in close orbit
around such a white dwarf supported this scenario and shows tha&tlfarbsompanions can influence
the outcome of stellar evolution (Maxted et al., 2006).

The fact that substellar companions in wide orbits around sdBs seem tbaan suggests that
similar objects closer to their host stars might exist as well (Silvotti et al., 2B8@dermann et al.,
2012). Possible signatures of earth-sized planets closely orbiting twatimgisdB stars have been
found in high-precision Kepler light curves (Charpinet et al., 2011 08ilet al., 2014). These findings
indicate that planets and brown dwarf companions can survive commatopevphases. The two
earth-size planets reported by Charpinet et al. (2011) have be&iredeither as the stripped cores
of two previously more massive planets or as the tidally disrupted core frégrmfone massive planet
(Bear & Soker, 2012).

Based on high-resolution spectra we discovered a sinusoidal variatilbrvevy small amplitude
of less thar8 kms~! in the RV-curve of the bright sdOB HD 149382 and concluded that it might b
orbited by a planetary companion with a perio®df9 d (Geier et al., 2009, appended). Although this
early result could not be confirmed by other groups (Norris et al., R0td soon found much better
candidates. The selection criteria of the MUCHFUSS project not only smglenassive companions,
but also companions with very low masses in extremely short orbits. Initiallgise®vered two short-
period systems)(069 and0.095 d) and time-resolved photometry revealed eclipses, which allowed us
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to constrain the companion masses. The companion mass of the eclipsing adBIbis2053+000843
(0.045 — 0.068 M) turned out to be lower than the hydrogen-burning lifid{ — 0.08 M), which
separates stars from brown dwarfs without nuclear fusion in theiiscdrhis system therefore hosts
a brown dwarf companion and was the first such system discoveredrige4.1, Geier et al., 2011e,
appended). The sdB in the very similar eclipsing binary system J162786%4 is also orbited by a
brown dwarf companion (Schaffenroth et al., 2014b, appendedih®topic of eclipsing sdB binaries
with low-mass companions | co-supervised the PhD student Veronikdf&ulwih and the diploma
students Lew Classen and Kathrin Nagel from the Remeis observatony Bhikersity of Erlangen.

These results, which showed that brown dwarfs can trigger andveumxéommon envelope phase,
provided the best evidence so far that substellar companions play antamiparle in the formation
of sdB stars. We therefore searched for more sdB binaries with low-caaigsganions and found two
close reflection effect binaries with grazing eclipses and low-mass steltapanions (Kupfer at al.,
2015; Schaffenroth et al., 2013, appended). In addition to a refleeffiect, which signals the presence
of a cool, low-mass stellar companion, we detected p-mode pulsations in theuiglet of the sdB
binary FBS 0117+396. Only a few of the known short-period sdB pulsatie in close binary systems
(Dstensen et al., 2013). Furthermore, | became involved in severalsitithes of sdB binaries with
low-mass stellar companions (Geier et al., 2011d; Naslim et al., 2012; Batlaly, 2013a; Telting et
al., 2014).

Our goal is to increase the sample of sdB binaries with substellar companibtsareck, whether
there is a lower mass limit for the surviving companion as suggested by §&@8). Recently, we
found two new reflection effect binaries with cool companions and vergllsminimum companion
masses down t0.027 M. We also studied the known sample of sdBs with low-mass stellar com-
panions (Schaffenroth et al., 2014a, appended) and conclude é¢hfaattion of sdBs formed after an
interaction with low-mass stars is comparable to the fraction of sdBs formedaafiateraction with
substellar objects. Furthermore, we do not find any binaries with both loggteods shorter than
~ 0.2d and minimum masses below 0.06 M and argue that substellar companions in this range
might not survive the common envelope phase. Instead they might eithee mitinghe core of the red
giant or evaporate in its envelope as suggested by Soker (1998).

Independently, we found more evidence backing this scenario. Amangpople of bright sdBs,
we discovered two single stars, which are fast rotators. We showethth#rge majority of single
sdBs are slow rotators (Fig. 2.3, Geier & Heber, 2012) and since tideggospin up the rotation in
close binary stars, we initially took rapid rotation as indication for close bistays (Geier et al.,
2010). We found EC 220811916 to show strongly rotationally broadened line profiles (Geier et al.,
2011a, appended). However, time-resolved spectroscopy did metasty RV variations leading to the
conclusion that the star was formed by a common envelope merger of a losy{possibly substellar
object with a red-giant core just as proposed by Soker (1998) atitefuelaborated by Politano et al.
(2008). Subsequently, we found the single sdB SB 290 to behave in a sivajaiGeier et al., 2013a,
appended).

While a common envelope merger event is predicted to form a fast rotatingPsmiBano et al.,
2008), it is much harder to prove the evaporation of a low-mass comparsbbhgtore common enve-
lope ejection, because the companion does not survive the interactishamd not have any measur-
able influence on the formed sdB. However, the mere existence of sirglgtad might already be an
indication for such a process. Based on the very slow rotation of apjhasingle sdBs we showed that
the merger of two He-WDs is an unlikely formation scenario for sdB staes$set. 2, Geier & Heber,
2012). The merger scenario is also not consistent with the very narres distribution of sdB stars
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Figure 4.1: Left panel: Radial velocity plotted against orbital phase of the sdB+BD binary
J08205+0008.Right panel: Phased R-band light curve of J08205+0008. A model is overplotted as
solid line (Geier et al., 2011e).

determined from asteroseismic and close binary analyses (Fontaine €&, 2Vhile the formation
of sdBs in binaries can be explained, we are lacking such a scenasimfipe sdBs.

One possible way out might be that there are no single sdBs, becausashméessive companions
just remained undetected so far. Because previous searches f@ridiility have been done using
medium-resolution spectra, which only allowed us to measure RV shifts higherth@ kms~—!, we
measured RVs from our high-resolution spectra with an accuracy dovessadhan~ 1.0kms™! to
check whether a yet undetected population of sdB binaries with small RV anwgdit{see Fig. 4.2)
might be present. Preliminary results show that companions in close orbits wikemaown to
0.01 M can be excluded in more than half of our sample meaning that single sdBsl iedest
(Classen et al., 2011). One possible way to explain their existence mighehbeténaction with a
close companion, which has been evaporated.
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Figure 4.2:Left panel: Radial velocity plotted against orbital phase for PHL 457, the sdB bindty w
the smallest confirmed RV variatiofRight panel: The RV semiamplitudes of all known sdB binaries
with reflection effects and spectroscopic solutions plotted against thétalgobriods (Schaffenroth et
al., 2014a). Diamonds mark eclipsing sdB binaries where the companionsweassgell constrained,
triangles systems without eclipses, where only lower limits can be derivaidazompanion masses.
Squares mark candidate sdB+BD systems. Open symbols mark systemsvihdtelba discovered
based on photometry, filled symbols have been discovered based drospegy. The dashed lines
mark the regions to the right where the minimum companion masses derivedHeohinary mass
function (assumin@.47 M, for the sdBs) exceed 01 M, (lower curve) and).08 M., (upper curve).
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5 Supernovatypela progenitorsand
gl ected donor remnants

The accelerated expansion of the universe was one of the most eteXpéscoveries in astronomy. It
is attributed to a form of energy which counteracts gravitation and dominaentrgy budget of the
universe. However, the properties of this so-called dark energlyasmieally unknown. Deriving those
properties therefore became one of the key unsolved problems in asiydoday. Using supernovae
type la (SN la) as cosmological standard candles provided the firstiimdost direct evidence for the
accelerated expansion of the universe (Riess et al., 1998; Perimudterl&x99, Nobel prize 2011). If
a SN lais detected in another galaxy, its distance can be measured by tanitgapparent brightness
with its known absolute brightness. However, the accuracy of this method isdinbiezause the
progenitors of SN la explosions are still unknown.

There is consensus that the observed features of SN la can onlynbleisigely explained by the
thermonuclear explosion of a white dwarf consisting of carbon and oxyge reach the critical mass
for the ignition, matter must be transferred from a close companion star.if@myprogenitor systems
of SN la are properly understood, we can hope to use these tools to deépar insight into the nature
of the dark energy and the evolution of our universe (for a review\émey & Han, 2012).

Close subdwarf binaries with massive WD companions turned out to beadedesl for SN la
progenitors because those systems shrink further due to the emissi@vitditipnal waves and merge.
One of the best known candidate systems for this double-degeneraterraeegario is the sdB+WD
binary KPD 1930-2752 (Maxted et al., 2000; Geier et al., 2007). Another possible ché&m8N la
is the single-degenerate scenario where a supermassive white der@teaanatter from a close com-
panion until it reaches the critical mass and explodes. Mereghetti eD@B)8howed that in the X-ray
binary HD 49798 a supermassive (.2 M) white dwarf accretes matter from a closely orbiting sub-
dwarf O companion.

In the course of the MUCHFUSS project we discovered the extremely ¢Ilese 0.04987 d),
eclipsing binary system CB30°11223, which fulfills all requirements for the progenitor of an SN la
via the so-called sub-Chandrasekhar double-detonation scenariogtFah., 2010). In this system a
white dwarf ¢~ 0.8 M) is orbited by a core-helium burning compact hot subdwarf star, whiltistart
to transfer helium-rich material on short timescales. The ignition of He-bgrimithe newly formed
envelope ¢ 0.1 M) is predicted to trigger carbon-burning in the core although the WD is lessiveas
than the Chandrasekhar limit (see Figs. 2.4, 5.1). Furthermore, wedattgatethe hypervelocity sdO
US 708 is likely to be the surviving donor remnant of such an event (@egr, 2013b, appended).

This connection between SN la and surviving helium stars, that are @&j&ota the very close
progenitor binaries at high velocities, has been predicted by theoh&h®t al., 2009; Wang & Han,
2009). In a follow-up study of US 708 we were able to strengthen thisexiiom further. This star
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Figure 5.1:Upper panel: V-band light curve of CB-30°11223 taken with SOAR/Goodman (green)
with superimposed model (red) plotted twice against orbital phase for bédftelisation. The dashed
red curve marks the same model without transits and eclipses. The sinuswidéon is caused by
the ellipsoidal deformation of the hot subdwarf due to the tidal drag of thgpeat white dwarf. The
difference in amplitude between phase5 and0.75 originates from the relativistic Doppler beaming
effect, which is usually not detectable with ground-based telescammger panels:Close-up on the
transit of the WD in front of the sdB (left). The WD companion is comparablgize to Earth. The
detection of transits is essential to determine the fundamental parametershafiahe using model
light curves. It is even possible to detect the eclipse of the WD by the sgi&)rwhich tells us that
the WD is still young and therefore hot enough to contribute significant@eter et al., 2013c).

is not only a fast rotator as expected because it must have been gputiae close binary before. Its
origin can also be traced back to the Galactic disc rather than the Galactie (feigtr5.2, Geier et al.,
2015a, appended). In this way, essentially all other proposed aattetescenarios for this star can be
excluded (e.g. Hills, 1988). Measuring all velocity components of US @08hie first time, we find
it to be the fastest unbound star in our Galaxy. If it can be shown, thatyalpcity sdO/B stars are
indeed the ejected donor remnants, it would be a direct proof that théeddetonation scenario leads
to SN la explosions. The first type of SN la progenitors would then benbiguously identified.
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Figure 5.2:Left panel:Fit of model spectrum. Fit of synthetic NLTE models to the helium and nitrogen
lines of a Keck/ESI spectrum of US708. The normalized fluxes of the siimgs are shifted for
better visualisation and the most prominent lines are labeled. The dashiedlVere marks the rest
wavelengths of the lines. The high radial velocity shift as well as the signifisroadening of the lines
are clearly visible Right panel:Origin of US 708. Monte Carlo simulatior @ iterations) of the past
trajectory of US708. The colour-coded bins mark the positions, wherst#inecrossed the Galactic
disc, which is shown pole-on. The contours correspond td#eo and50 confidence limits. The
position of the Galactic centre is marked by the black dot, the position of the Bluthe star symbol.
The current position of US 708 is marked by a triangle (Geier et al., 2015a)
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ABSTRACT

Atmospheric parameters and helium abundances of 44 bright subdwarf B stars have been determined. More than half of our sample
consists of newly discovered stars from the Edinburgh Cape survey. We showed that effective temperatures and surface gravities can
be derived from high resolution echelle spectra with sufficient accuracy. Systematic uncertainties have been determined by comparing
the parameters derived from the high resolution data with the ones derived from medium resolution spectra. Helium abundances have
been measured with high accuracy. Besides the known correlation of helium abundance with temperature, two distinct sequences in
helium abundance have been confirmed. Significant isotopic shifts of helium lines due to an enrichment in *He have been found in
the spectra of 8 subluminous B stars (sdBs). Most of these stars cluster in a small temperature range between 27 000 K and 31 000 K
very similar to the known *He-rich main sequence B stars, which also cluster in such a small strip, but at different temperatures. Both

the helium sequences and the isotopic anomaly are discussed.

Key words. subdwarfs — stars: atmospheres — stars: abundances — stars: fundamental parameters

1. Introduction

Subluminous B stars (sdBs) have similar colours and spectral
characteristics to main sequence stars of spectral type B, but are
much less luminous. Strong line broadening and the early conflu-
ence of the Balmer series is caused by the high surface gravities
(log g ~ 5.0-6.0) of these compact stars (Rygp =~ 0.1-0.3 Rp).
SdBs are considered to be core helium-burning stars with very
thin hydrogen envelopes and masses of about half a solar mass
(Heber 1986) located at the extreme end of the horizontal branch
(EHB).

The origin of these stars is unclear. A mass loss mechanism
must manage to remove all but a tiny fraction of the hydrogen
envelope at about the same time as the helium core has attained
the mass (~0.5 M) required for the helium flash. The reason
for this mass loss is still unknown. Several single star scenar-
ios invoke enhanced stellar winds or interaction with the stellar
environment (see Heber 2009 for a review).

However, Mengel et al. (1976) showed that the required
strong mass loss can occur in a close-binary system. The pro-
genitor of the sdB star has to fill its Roche lobe near the tip of

* Tables 1 and 2 and Appendix A are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

the red-giant branch (RGB) to lose most of its hydrogen-rich
envelope. The merger of binary white dwarfs (WDs) was inves-
tigated by Webbink (1984) who showed that an EHB star can
form when two helium core white dwarfs merge and the product
is sufficiently massive to ignite helium.

Maxted et al. (2001) determined a very high fraction of radial
velocity variable sdB stars (see also Morales-Rueda et al. 2003;
Napiwotzki et al. 2004a; Copperwheat et al. 2011). Han et al.
(2002, 2003) used binary population synthesis models and stud-
ied the stable Roche lobe overflow (RLOF) channel, the com-
mon envelope ejection (CE) channel, where the mass transfer to
the companion is dynamically unstable, and the He-WD merger
channel.

The formation of sdBs has also been related to the origin of
the even more enigmatic He-sdO/Bs (Ahmad & Jeffery 2003;
Naslim et al. 2010; Stroer et al. 2007; Hirsch & Heber 2009).
The so-called late hot flasher scenario was proposed to form
these objects (Lanz et al. 2004; Miller-Bertolami et al. 2008).

At first glance, determining the helium abundance in sdB at-
mospheres seems to be the best diagnostic tool to distinguish
between the different formation channels. While the merger of
two He-WDs would form a pure He-star, a wide range of helium
abundances is predicted by the late hot flasher scenario. Different
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mass-loss on the RGB, either triggered via single-star or binary
evolution, may also leave an imprint on the helium abundance of
the formed sdB.

Unfortunately, the primordial helium abundance of sdB stars
is significantly affected by processes in the hot and very dense
atmospheres of these stars. Sargent & Searle (1966) found
sdB stars to be helium deficient for the first time. Greenstein
et al. (1967) suggested that diffusion might cause the ob-
served helium deficiency. However, theoretical diffusion models
yielded only little success (e.g. Michaud et al. 1983), since the
timescales for the gravitational settling were predicted to be too
short. The atmospheres of sdBs should not only be depleted in
helium, but essentially helium-free. Several attempts have been
made to model the atmospheres of sdBs by invoking radiative
levitation and mass loss caused by stellar winds to counteract
the gravitational settling (Bergeron et al. 1988; Michaud et al.
1989; Fontaine & Chayer 1997; Ohl et al. 2000; Unglaub & Bues
2001).

Diffusion not only affects the elemental abundances, but can
also lead to a separation of different isotopes. When a heav-
ier isotope is significantly affected by gravitational settling, the
lighter one appears to be enriched in the atmosphere. An enrich-
ment of *He has initially been found in main sequence B stars
with subsolar helium abundance (Sargent & Jugaku 1961;
Hartoog & Cowley 1979) and explained by diffusion processes
(Vauclair et al. 1974). Feige 86 was the first horizontal branch
star showing this anomaly (Hartoog 1979). Eventually Heber
(1987) detected strong line shifts in the sdB star SB 290 and the
blue horizontal branch star PHL 25 indicating that basically the
whole helium content of the atmosphere consists of 3He. Later,
Edelmann et al. (2001) and Heber & Edelmann (2004) found an-
other three sdBs (Feige 36, BD +482721, PG 0133+114) where
3He is enriched in the atmosphere.

Finally, diffusion may change the atmospheres of hot subd-
warfs in an even more substantial way. Miller-Bertolami et al.
(2008) argued that due to diffusion processes He-sdOs will turn
into hydrogen rich subdwarfs before they evolve towards the
white dwarf graveyard. The discovery of sdBs with He abun-
dances between the normal sdBs and the He-rich ones seems to
be consistent with this scenario (Ahmad et al. 2007; Vennes et al.
2007; Naslim et al. 2011, 2012).

In this paper, we determine the helium abundances and iso-
topic shifts caused by enrichment of He of 44 sdBs from high-
resolution spectroscopy. Previous papers of this series dealt with
the rotational properties of sdB binaries (Geier et al. 2010,
Paper I), the rotational properties of single sdBs (Geier & Heber
2012, Paper II) and the metal abundances of sdBs in the context
of diffusion (Geier 2013, Paper III).

In Sect. 2 we give an overview of the observations taken with
different instruments. The determination of the atmospheric pa-
rameters and helium abundances as well as an evaluation of the
uncertainties are described in Sect. 3. In Sects. 4-6 we present
our results regarding the atmospheric parameters, helium abun-
dances and isotopic shifts, which are discussed further in Sect. 7.
Finally, a summary is given in Sect. 8.

2. Observations and data reduction

39 bright subdwarf B stars were observed with the FEROS spec-
trograph (R = 48 000, 3750-9200 A) mounted at the ESO/MPG
2.2 m telescope in La Silla. The spectra were downloaded
from the ESO science archive and reduced with the FEROS-
DRS pipeline under the ESO MIDAS context in optimum ex-
traction mode. The single spectra of all programme stars were
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RV-corrected and co-added in order to achieve higher signal-to-
noise.

Five stars were observed with the FOCES spectrograph (R =
30000, 3800—7000 A) mounted at the CAHA 2.2 m telescope
and the spectra were also reduced with the MIDAS package.

Medium resolution spectra of 12 stars were obtained with
the ISIS spectrograph (R ~ 4000, 1 = 34405270 A) mounted at
the WHT. Nine sdBs discovered in the course of the Edinburgh-
Cape blue object survey (Stobie et al. 1997; Kilkenny et al.
1997; O’Donoghue et al. 2013) have been observed with the
grating spectrograph and intensified Reticon Photon Counting
System on the 1.9m telescope of the SAAO (R ~ 1300,4 =
3300-5600 A). Spectra of five sdBs have been taken with the
CAFOS spectrograph mounted at the CAHA 2.2 m telescope
(R = 1000,4 = 3500-5800 A). Table 1 provides a detailed
overview of the observed sample and the data.

3. Atmospheric parameter determination
and systematic effects

3.1. High-resolution echelle spectra — known issues

Most spectroscopic studies of sdB stars have relied on low and
medium-resolution data (R ~ 500-4000). Fitting model atmo-
spheres to high signal-to-noise ratio (S/N) data allows us to de-
termine 7. and logg with formal uncertainties lower than the
systematic effects between different model grids (Green et al.
2008; Heber et al. 2000). This standard technique yielded key
results on which our current understanding of sdB formation and
evolution is founded (e.g. Heber 1986; Heber & Langhans 1986;
Saffer et al. 1994; Maxted et al. 2001; Edelmann et al. 2003;
Green et al. 2008; @stensen et al. 2010; Copperwheat et al. 2011;
Vennes et al. 2011; Geier et al. 2011b; Németh et al. 2012).

On the other hand, high resolution echelle spectrographs
(R > 10000) are widely used in astronomy today. However, data
reduction and analysis of echelle spectra is difficult. Even if so-
phisticated data reduction pipelines are available, issues such as
fringing, extraction errors, insufficient order merging and nor-
malisation remain. Due to the low luminosity of sdBs, echelle
spectroscopy of these objects is rather challenging, as only a few
of them have magnitudes brighter than 10th. Furthermore, sdBs
are hot stars and the most important lines for their analysis are
found in the bluest parts of optical spectra; unfortunately, echelle
spectrographs are often not very sensitive in the blue, particu-
larly where fibre-feeds are used.

The spectra of sdBs are dominated by strong and broad hy-
drogen Balmer lines, which are the key to deriving their atmo-
spheric parameters. Since these lines are usually broader than
the single echelle orders, merging errors can severely affect the
parameter determination and suspicious features can be hard
to spot, particularly in low S/N data. However, Lisker et al.
(2005) successfully analysed high resolution spectra of sdBs ob-
served in the course of the ESO-SPY project (Napiwotzki et al.
2003). In this case, the UVES spectrograph at the ESO-VLT
was used, which is very sensitive in the blue wavelength range.
Furthermore, rectification of the data was done by dividing by
the featureless spectra of DC-type white dwarfs. However, most
of the known DC white dwarfs are too faint to be observed with
2 m-class telescopes and it is therefore not clear, in general,
whether reliable atmospheric parameters of sdBs can be derived
from medium S/N (30-50), high resolution echelle spectra.
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Fig. 1. Example fit of LTE models to the Balmer and selected He 1 lines
in the FEROS spectrum of EC 03591-3232.

3.2. Determination of atmospheric parameters

Atmospheric parameters and helium abundances of our sample
have been determined by fitting model spectra to the hydrogen
Balmer and helium lines of the high-resolution spectra using the
SPAS routine developed by H. Hirsch (see Fig. 1). The method
is described in Copperwheat et al. (2011). To derive the atmo-
spheric parameters we used local thermodynamic equilibrum
(LTE) model with solar metallicity for stars with effective tem-
peratures between 24 000 K and 30 000 K. The hottest stars with
T > 30000 K have been fitted with LTE models with superso-
lar metallicity (see Copperwheat et al. 2011).

Due to the high resolution of the spectra the formal er-
rors derived with a bootstrapping algorithm are much smaller
than the typical systematic offsets between different model grids
(AT =~ 500K, Alogg =~ 0.05). However, these formal uncer-
tainities must not be adopted as error estimates, because system-
atic shifts are the dominant error source in this case.

3.3. Comparison with medium resolution data

Due to the caveats discussed in Sect. 3.1, the parameter deter-
mination from the high-resolution spectra needs to be checked
and systematic effects have to be quantified properly. We used
medium-resolution spectra obtained with the ISIS, the SAAO-
Reticon and the CAFOS spectrograph and analysed them in the
same way as the high-resolution data.

The ISIS and CAFOS spectra have a very high S/N (>100)
and cover the blue spectral range down to the Balmer jump.
These spectra are perfectly suited for the determination of at-
mospheric parameters. Again, formal errors are much smaller
than the typical systematic offsets between different model grids,
which are adopted as error estimates in this case. The SAAO-
Reticon spectra also cover the higher Balmer lines, but their
quality is inhomogeneous. Although the formal fitting errors can
be large — ranging from 700 K to 2000 K in T and from 0.12 to
0.28 in log g — they provide a valuable consistency check for the
results derived from the high-resolution data.
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Fig. 2. Effective temperature derived from high-resolution spectra plot-
ted against effective temperature derived from medium resolution spec-
tra (ISIS, SAAO-Reticon, CAFOS). The dotted lines mark the average
deviation between the two datasets. The size of the points scales with
the data quality of the high-resolution spectra.
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Fig. 3. Surface gravity derived from high-resolution spectra plotted
against surface gravity derived from medium-resolution spectra (see
Fig. 2).

Figures 2 and 3 show the comparison between the high-
resolution and the medium-resolution parameters. In general,
the consistency between the parameters derived from high- and
medium-resolution data is reasonable.

In order to quantify the uncertainties in the parameter de-
termination, the averages of the shifts with respect to the pa-
rameters derived from medium-resolution spectra have been
calculated; these are ATy =~ 1100K and Alogg = 0.12.
The high resolution spectra of PG 1616+144, PG 1710+490 and
PG 2205+023 have S/N values below 30 and hence show large
deviations especially in Teg (up to 3500 K). These stars have
been excluded before calculating the average. Although not
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Fig. 4. T.x — log g-diagram for the entire sample under study. The he-
lium main sequence (HeMS) and the EHB band (limited by the zero-age
EHB, ZAEHB, and the terminal-age EHB, TAEHB) are superimposed
with EHB evolutionary tracks for solar metallicity taken from Dorman
et al. (1993) labelled with their masses. Open symbols mark objects
where isotopic shifts due to an enrichment of *He were detected, filled
symbols objects with atmospheres dominated by “He. The diamonds
mark stars belonging to the upper helium sequence, the circles stars be-
longing to the lower sequence (see Fig. 5). The triangles mark the three
sdBs with enriched *He from literature (Heber et al. 1984; Edelmann
et al. 1999; Morales-Rueda et al. 2003).

perfect, the above uncertainties are consistent with values found
in the literature (see Appendix A).

4. Atmospheric parameters

The atmospheric parameters of all 44 programme stars are
shown in Table 2. The final parameters are derived either
from high S/N ISIS and CAFOS spectra, if available, or from
high-resolution spectra obtained with FEROS and FOCES. The
T.¢ — log g-diagram of the whole sample under study is shown
in Fig. 4. All stars are concentrated on or above the EHB,
fully consistent with theory, and we therefore conclude that the
atmospheric parameter determination is of sufficient quality (see
also the comparison with independent determinations from the
literature given in Table A.1).

5. Helium abundances

High resolution spectra are very well suited for measuring ac-
curate elemental abundances of sdBs, because the rather weak
lines of helium and metals are fully resolved. We therefore
used the FEROS and FOCES spectra to determine the helium
abundances of our programme stars. The formal uncertainties
are very small (Alogy = 0.01-0.07) and comparable to the
deviations measured when analysing several single spectra of
one object. Taking systematic effects into account the helium
abundances should therefore be accurate to ~0.1 dex. The results
are given in Table 2.

Figure 5 shows the helium abundances of our sample plot-
ted against effective temperature. All but two of our programme
stars have the subsolar helium abundances typical of sdB stars.
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Edelmann et al. (2003) reported a correlation of helium abun-
dance with temperature, which was subsequently confirmed by
Lisker et al. (2005) and Németh et al. (2012). This correlation
can be clearly seen in our sample as well.

Edelmann et al. (2003) also reported the discovery of two
distinct sequences showing a similar correlation with tempera-
ture. The “low sequence” is offset by about 2 dex from the “high
sequence”. Lisker et al. (2005) and Geier et al. (2011b) could
not confirm this finding, but the sample size of these studies was
smaller than that of Edelmann et al. (2003). Németh et al. (2012)
studied a sample of bright hot subdwarfs spanning the whole
temperature and helium abundance range from sdBs to He-sdOs
and found indications for the two distinct sequences although,
in their sample, the lower sequence appears to be less steep than
reported by Edelmann et al. (2003).

The two distinct sequences are also visible in our data and
combining these with the results of other studies (Saffer et al.
1994; Maxted et al. 2001; Edelmann et al. 2003; Morales-Rueda
et al. 2003; Lisker et al. 2005; @stensen et al. 2010; Geier
et al. 2011b; Németh et al. 2012) the underlying pattern be-
comes more apparent. In Fig. 5, all of these results are over-
plotted with the two regression lines calculated by Edelmann
et al. (2003) as well as the regression line for the lower sequence
calculated by Németh et al. (2012) based on their results span-
ning a larger range in effective temperatures and helium abun-
dances. The two lines by Edelmann et al. (2003) match very
well with the sequences seen in our sample, while the line by
Németh et al. (2012) is slightly different. However, as has been
correctly pointed out by Németh et al. (2012), those lines are
only very crude tentative models, which certainly do not reflect
the real complexity of the underlying data.

Defining a dividing line between the two helium sequences
by eye, which follows the relation logy = 0.127 T./1000 K —
6.718, the numbers of stars belonging to the different sequences
can be counted. From our sample of 44 stars, 31 of them (70%)
are associated with the upper sequence while 13 (30%) belong to
the lower one. The respective fractions of the full sample of 383
sdBs are 82% and 18%, but the full sample is likely to be biased
against low helium abundances because most analyses are based
on low- and medium-resolution spectra where weak He lines are
often not detectable. We therefore regard the respective fractions
derived from our sample to be more reliable.

6. The 3He isotopic anomaly

The high-resolution spectra are also perfectly suited to search
for small shifts in the rest wavelengths of the helium lines due
to the enrichment of 3He. Wavelength shifts can be caused by
different effects (for example, the presence of magnetic fields or
pressure shifts in high density environments), but the helium line
shifts caused by the enrichment of *He can be modelled quite
accurately and show a typical pattern. While some lines like
He 15876 are only shifted by 0.04 A towards redder wavelengths,
the shifts of He14922 and He16678 are significant (0.33 and
0.50 A respectively; Fred et al. 1951; given in Hartoog & Cowley
1979). Displacements of this order can be easily detected in high
resolution spectra.

All of the stars in our sample have been examined and in
8 cases, isotopic shifts due to the presence of *He are clearly
visible (Figs. 6, 7). One of these (BD+48 2721) has already been
discovered by Edelmann et al. (2001).
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Fig. 5. Helium abundance log y plotted against effective temperature. The filled symbols mark the results from our study. Filled diamonds mark

objects where isotopic shifts due to an enrichment of *He were detected,

filled circles objects with atmospheres dominated by “He. Upper limits

are marked with triangles. The solid horizontal line is drawn at solar helium abundance. The two dashed lines are regression lines for the two
distinct helium sequences taken from Edelmann et al. (2003). The dotted regression line for the lower sequence is taken from Németh et al. (2012).

Measurements taken from literature are plotted as grey symbols.

7. Discussion
7.1. Helium sequences

The reasons for the correlation of the helium abundance with
temperature and the bimodal structure in the 7. —log y diagram
are unknown, although several suggestions have been made and
are discussed briefly below.

Photospheric convection has been proposed as the cause of
the relative enrichment of helium in sdB atmospheres towards
higher temperature. Greenstein & Sargent (1974) suggested that
a He*/He** convection zone could transport helium from deeper
layers into the photosphere of subdwarfs hotter than 30 000 K
(but see also Groth et al. 1985). However, Michaud et al. (2011)
calculated complete stellar evolution models, including the ef-
fects of atomic diffusion and radiative acceleration, to study
the abundance anomalies observed on the hot end of the HB.

Their models, which assume extra mixing but no stellar-wind
mass loss, are in general agreement with the observed metal
abundances of sdB stars (Geier 2013) as well as the helium abun-
dances for T.g > 25000 K. Furthermore, they show that diffu-
sion effects reach far deeper than the stellar atmospheres them-
selves and should also be dominant in the He*/He>* convection
zone (Moehler, Michaud, priv. comm.).

According to the Michaud et al. (2011) models, the observed
scatter in helium abundance is caused by different HB ages and
differences in the initial metallicity of the progenitor popula-
tions, but these models predict neither the observed correlation
with temperature nor the two helium sequences. If the helium
abundance does depend on the age of the sdB, one would ex-
pect to see a continuous distribution and not a concentration in
distinct sequences.

Aznar Cuadrado & Jeffery (2002) argued that, due to tidal
effects, sdBs residing in short-period binaries might have higher
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Fig. 6. Helium lines of sdB stars. The rest wavelengths of the *He (solid)
and *He lines (dotted) are plotted as vertical lines. The rest wavelengths
of the *He lines have been taken from Hartoog & Cowley (1979). The
stars are highly enriched in *He, but also show a component of *He. For
comparison, the He lines of SB 815 are plotted in the lowest panel. This
star does not show line shifts due to enrichment of *He.

photospheric helium content than long-period systems or single
stars. Edelmann et al. (2003) suggested that this effect could be
responsible for the two helium sequences — and this can be di-
rectly tested with the available data. Our current sample of bright
sdBs consists mostly of stars in which no radial velocity shifts
have been detected and so these sdBs are not in close binaries
with stellar mass companions. On the other hand, the target sam-
ple for the MUCHFUSS project (Geier et al. 201 1b), which aims
at finding sdBs with massive compact companions in close or-
bits, consists only of RV variable stars. From the 51 sdBs drawn
from the MUCHFUSS sample, 15 belong to the lower helium se-
quence, so the fraction of these stars is almost exactly the same
as in the sample presented here. The close binary hypothesis can
therefore be excluded as an explanation of the helium sequences.

O’Toole (2008) proposed another possibility: whilst the stars
belonging to the upper sequence might be core helium-burning
(post-)EHB stars evolving in the way modelled by, for example,
Dorman et al. (1993), the sdBs forming the lower sequence could
be post-RGB objects without helium burning in their cores. The
latter objects are direct progenitors of He-WDs with masses
ranging from ~0.2 My to 0.33 M and are crossing the EHB
on cooling tracks (e.g. Driebe et al. 1998). The only sdB for
which the post-RGB nature could be proven unambiguously (us-
ing a trigonometric parallax) is HD 188112 (Heber et al. 2003)
which also has the lowest helium abundance (logy = —-5) ever
measured for an sdB. Two candidates of similar low mass have
been discovered by Vennes at al. (2011) and Silvotti et al. (2012)
but, even though these sdBs also show no detectable helium
lines, their post-RGB nature is less well established than in the
case of HD 188112. Observational evidence for particularly low
helium abundance in post-RGB objects therefore remains weak.

Another way to probe the post-RGB scenario is the com-
parison of both helium populations in the 7.y — logg diagram
(O’Toole 2008). In Fig. 8, the stars associated with the upper
sequence are plotted. Most sdBs are situated within or close to
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Fig.7. Comments are as for Fig. 6 except that in these stars, the he-
lium lines are entirely shifted to the *He rest wavelength and no traces
of *He are visible. For comparison, the He lines of SB 290 are plotted
in the lowest panel. This star is the prototype of sdBs enriched in *He
(Heber 1987) but note that the lines show significant rotational broad-
ening (Geier et al. 2013).

the EHB band but about 10% are above the EHB — consistent
with the standard scenario in which most stars are core helium-
burning and therefore residing on the EHB and only a minority
are more evolved shell helium-burning objects (Dorman et al.
1993).

The distribution of the helium-poor sdBs is different (see
Fig. 9) in that the number density of stars on and above the EHB
is similar. In the classical picture, sdBs evolve from the EHB
but such an even distribution is not expected because the evo-
lutionary time on the EHB is significantly longer than that for
post-EHB evolution (~10 times as long).

Comparing the distribution of the helium-poor sdBs with
post-RGB tracks calculated by Driebe et al. (1998), one
would expect these objects to be the progenitors of He-WDs
with masses between 0.25 M and 0.3 M. The evolutionary
timescales on these tracks scale strongly with mass; while the
evolution of an 0.25 M, object takes of the order of 100 Myr, it
shortens to only a few million years if the object is more mas-
sive (0.3 M). Accordingly, one would expect a higher density
of objects with low masses in the T.g-logg diagram (if the for-
mation rate of post-RGB objects does not depend on the mass)
but this is not the case — most objects are evenly distributed
between the ~0.25 My and 0.3 My evolutionary tracks (see
Fig. 9).

Being aware of this problem, O’Toole (2008) argued that
many more He-WDs with masses close to 0.3 M, are formed
than objects with even lower masses (e.g. Liebert et al. 2005;
De Gennaro et al. 2008) which could compensate for the differ-
ence in evolutionary timescales. Given that the 18-29% of the
sdB population belonging to the helium poor sequence are all
direct He-WD progenitors with an evolution about 100 times
shorter than the lifetime on the EHB (=100 Myr), the forma-
tion rate of these objects (neglecting selection effects) would
be more than ~20 times higher than the formation rate of core
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Fig. 8. T.x—log g-diagram for the sdBs associated with the upper helium
sequence (see Fig. 4).

helium-burning sdBs. Even so, the distribution of objects seen
in Fig. 9 is still hard to explain with the post-RGB scenario.
The crowding near the EHB remains especially suspicious, be-
cause evolution should be more or less uniform along the tracks
given by Driebe et al. (1998). The lack of objects below the
EHB poses a particular problem in this respect. In contrast, a
significant number of He-WD progenitors with masses between
0.16 M, and 0.4 M, have been discovered at temperatures be-
low ~25 000 K and well below the HB (see Kilic et al. 2012 and
references therein). We therefore conclude that post-RGB evolu-
tion, despite being a very interesting option, is not able to explain
all of the observations in a conclusive way.

7.2. Isotopic anomaly

The enrichment of *He in around 18% of our programme stars
also remains unexplained. Figure 4 shows the distribution of
these stars in the T.g—log g-diagram, including the three sdBs
with isotopic shifts taken from the literature. It can be clearly
seen that they cluster in a narrow temperature range between
27000K and 31 000 K, with BD+48 2721 (Tex = 24 800 K) be-
ing the only exception and — given the uncertainties — this *He-
strip could be pure. The fact that all *He enriched sdBs belong to
the upper helium sequence (Fig. 5) might be a selection effect,
because the diagnostic helium lines are too weak to measure the
isotopic shifts in the helium-poor stars.

Most *He sdB stars show clear shifts of the Hel line at
6678 A, indicating that almost all the helium in the atmosphere
is He. BD+482721, EC 12234-2607 and PG 1519+640 show
strong lines of *He blended with weak components of “He (see
Fig. 6) and these three stars cover the whole *He temperature
strip. The isotope ratio is therefore not correlated with effective
temperature.

Michaud et al. (2011) predict a mild enrichment of *He but,
due to gravitational settling of the heavier isotope, this should be
the case in all sdBs. Hartoog & Cowley (1979) studied the en-
richment of *He in main sequence B stars and discovered a pat-
tern strikingly similar to our results: stars enriched in 3He were
found at effective temperatures between 18 000 K and 21 000 K;;
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Fig. 9. T.x—log g-diagram for the sdBs associated with the lower helium
sequence. The figure is similar to Fig. 4 with additional evolutionary
tracks for post-RGB objects plotted as dotted lines (Driebe et al. 1998).

stars with lower temperatures down to ~13 000 K show slight
underabundances in helium with respect to the Sun, while the
hotter stars up to ~32000K are slighty overabundant in he-
lium. The two known BHB stars with detected *He isotopic
shifts (Feige 86, T = 16400 K; Bonifacio et al. 1995; PHL 25,
T = 19500 K; Heber & Langhans 1986) have temperatures
close to the strip detected by Hartoog & Cowley (1979).

In Figs. 4 and 5 a similar pattern can be seen. The sdBs
enriched in *He occupy a small strip in T, within which the
helium abundance decreases towards lower temperatures and
increases towards higher temperatures.

Hartoog & Cowley (1979) argued that diffusion is respon-
sible for this effect. At low temperatures, the radiation pressure
is not strong enough to support helium in the atmosphere. As
soon as the temperature reaches a certain threshold value, the
less massive *He can be supported, but not the more abundant
4He, which leads to an enrichment of 3He in the atmosphere. At
even higher temperatures, both isotopes are enriched and the iso-
topic anomaly vanishes as the helium abundance rises (see also
Vauclair et al. 1974).

A similar scenario might explain the more compact
sdB stars. Focusing on the upper helium sequence in Fig. 5
one can see that the helium abundance is scattering around
logy ~ —2.5 for temperatures below 31 000 K. *He is enriched
at the border region. For temperatures higher than ~31 000 K the
helium abundance is rising.

Finally, radiatively driven stellar wind mass loss might play
arole (see, for example, Babel 1996 and references therein), but
Hu et al. (2011) derived upper limits for this mass loss to be of
the order of 10715 My yr™! to allow sdBs to pulsate. However,
even weak and fractionated winds might already affect the abun-
dances in the atmospheres of sdB stars (Unglaub 2008).

8. Summary

Atmospheric parameters and helium abundances of 44 bright
sdBs have been determined. We have shown that effective
temperatures and surface gravities can be derived from high
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resolution echelle spectra with sufficient accuracy. Systematic
uncertainties have been determined by comparing the parameters
derived from the high resolution data with the ones derived from
medium resolution spectra. Most stars are core helium-burning,
but some sdBs are already in the shell helium-burning phase.

Helium abundances have been measured with high accuracy.
Besides the known correlation of helium abundance with tem-
perature, two distinct sequences in helium abundance have been
confirmed. The reasons for both the increasing helium abun-
dance with temperature and the bimodal distribution have been
discussed, but we are left without a strong conclusion.

Significant isotopic shifts of helium lines due to an enrich-
ment in *He have been found in the spectra of 8 sdBs. Most of
these stars cluster in a small temperature range between 27 000 K
and 31 000 K very similar to the known *He-rich main sequence
B stars, which cluster at somewhat lower temperatures. This phe-
nomenon is most probably related to diffusion processes in the
atmosphere.

Acknowledgements. S.G. was supported by the Deutsche
Forschungsgemeinschaft under grant He 1356/49-1. D.K. thanks the
University of the Western Cape and the South African National Research
Foundation for financial support. We thank R. A. Saffer for sharing his data
with us as well as N. Hambly and H. McGillivray for their contributions to
the EC survey. We also thank S. J. O’Toole, S. Moehler and N. Reindl for
fruitful discussions. Finally, we want to thank the referee S. Vennes for helpful
comments and suggestions. Based on observations at the La Silla Observatory
of the European Southern Observatory for programmes number 073.D-0495(A),
074.B-0455(A), 076.D-0355(A), 077.D-0515(A) and 078.D-0098(A). Based
on observations with the William Herschel Telescope and the Isaac Newton
Telescope operated both by the Isaac Newton Group at the Observatorio del
Roque de los Muchachos of the Instituto de Astrofisica de Canarias on the island
of La Palma, Spain. This paper uses observations made at the South African
Astronomical Observatory (SAAO). Based on observations collected at the
Centro Astronémico Hispano Alemédn (CAHA) at Calar Alto, operated jointly
by the Max-Planck Institut fiir Astronomie and the Instituto de Astrofisica de
Andalucia (CSIC).

References

Ahmad, A., & Jeffery, C. S. 2003, A&A, 402, 335

Ahmad, A., Behara, N. T., Jeffery, C. S., Sahin, T., & Woolf, V. M. 2007, A&A,
465, 541

Aznar Cuadrado, R., & Jeffery, C. S. 2001, A&A, 368, 994

Aznar Cuadrado, R., & Jeffery, C. S. 2002, A&A, 385, 131

Babel, J. 1996, A&A, 309, 867

Bergeron, P., Wesemael, F., Michaud, G., & Fontaine, G. 1988, ApJ, 332, 964

Blanchette, J.-P., Chayer, P., Wesemael, F., et al. 2008, ApJ, 678, 1329

Bonifacio, P., Castelli, F., & Hack, M. 1995, A&AS, 110, 441

Chayer, P., Fontaine, M., Fontaine, G., Wesemael, F., & Dupuis, J. 2006, Balt.
Astron., 15, 131

Copperwheat, C. M., Morales-Rueda, L., Marsh, T. R., Maxted, P. F. L., & Heber,
U. 2011, MNRAS, 415, 1381

De Gennaro, S., von Hippel, T., Winget, D. E., et al. 2008, AJ, 135, 1

Dorman, B., Rood, R. T., & O’Connell, R. W. 1993, ApJ, 419, 596

Driebe, T., Schonberner, D., Bloecker, T., & Herwig, F. 1998, A&A, 339, 123

Edelmann, H., Heber, U., & Napiwotzki, R. 1999, ASP Conf. Ser., 169, 546

Edelmann, H., Heber, U., & Napiwotzki, R. 2001, Astron. Nachr., 322, 401

Edelmann, H., Heber, U., Hagen, H.-J., et al. 2003, A&A, 400, 939

Edelmann, H., Heber, U., Altmann, M., Karl, C., & Lisker, T. 2005, A&A 442,
1023

Fontaine, G., & Chayer, P. 1997, in Proc. of Conference on Faint Blue Stars, eds.
A. G. D, Philip, J., Liebert, R. A., Saffer, & D. S., Hayes, 169

Fred, M., Tomkins, F. S., Brody, J. K., & Hamermesh, M. 1951, Phys. Rev., 82,
406

Geier, S. 2013, A&A, 549, A110

Geier, S., & Heber, U. 2012, A&A, 543, A149

Geier, S., Nesslinger, S., Heber, U., et al. 2007, A&A, 464, 299

Geier, S., Heber, U., Podsiadlowski, Ph., et al. 2010, A&A, 519, A25

Geier, S., Classen, L., & Heber, U. 2011a, ApJ, 733, L13

Geier, S., Hirsch, H., Tillich, A., et al. 2011b, A&A, 530, A28

Geier, S., Heber, U., Heuser, C., et al. 2013, A&A, 551, A4

Green, E. M., Fontaine, G., Hyde, E. A., For, B.-Q., & Chayer, P. 2008, ASP
Conf. Ser., 392, 75

Greenstein, J. L., & Sargent, A. 1. 1974, ApJS, 28, 157

Greenstein, J. L., Truran, J. W., & Cameron, A. G. W. 1967, Nature, 213, 871

Groth, H. G., Kudritzki, R.-P., & Heber, U. 1985, A&A, 152, 107

Han, Z., Podsiadlowski, P., Maxted, P. F. L., Marsh, T. R., & Ivanova, N. 2002,
MNRAS, 336, 449

Han, Z., Podsiadlowski, P., Maxted, P. F. L., & Marsh, T. R. 2003, MNRAS, 341,
669

Hartoog, M. R. 1979, ApJ, 231, 161

Hartoog, M. R., & Cowley, A. P. 1979, ApJ, 228, 229

Heber, U. 1986, A&A, 155, 33

Heber, U. 1987, MitAG, 70, 79

Heber, U. 2009, ARA&A, 47, 211

Heber, U., & Edelmann, H. 2004, Ap&SS, 291, 341

Heber, U., & Langhans, G. 1986, in Proc. New insights in astrophysics, ESA SP,
263, 279

Heber, U., Hunger, K., Jonas, G., & Kudritzki, R. P. 1984, A&A, 130, 119

Heber, U., Reid, I. N., & Werner, K. 2000, A&A, 363, 198

Heber, U., Edelmann, H., Lisker, T., & Napiwotzki, R. 2003, A&A, 411, 477

Hirsch, H. A., & Heber, U. 2009, JPh Conf. Ser., 172, 012015

Hu, H., Tout, C. A., Glebbeek, E., & Dupret, M.-A. 2011, MNRAS, 418, 195

Kilic, M., Brown, W. R., Allende Prieto, C., et al. 2012, ApJ, 751, 141

Kilkenny, D., O’Donoghue, D., Koen, C., Stobie, R. S., & Chen, A. 1997,
MNRAS, 287, 867

Lamontagne, R., Wesemael, F., & Fontaine, G. 1987, ApJ, 318, 844

Lanz, T., Brown, T. M., Sweigart, A. V., Hubeny, I., & Landsman, W. B. 2004,
ApJ, 602, 342

Liebert, J., Bergeron, P., & Holberg, J. B. 2005, ApJS, 156, 47

Lisker, T., Heber, U., Napiwotzki, R., et al. 2005, A&A, 430, 223

Maxted, P. F. L., Marsh, T. R., & North, R. C. 2000, MNRAS, 317, L41

Maxted, P. F. L., Heber, U., Marsh, T. R., & North, R. C. 2001, MNRAS, 326,
139

Mengel, J. G., Norris, J., & Gross, P. G. 1976, ApJ, 204, 488

Michaud, G., Vauclair, G., & Vauclair, S. 1983, Apl, 267, 256

Michaud, G., Bergeron, P., Heber, U., & Wesemael, F. 1989, ApJ, 338, 417

Michaud, G., Richer, J., & Richard, O. 2011, A&A, 529, 60

Miller Bertolami, M. M., Althaus, L. G., Unglaub, K., & Weiss, A. 2008, A&A,
491, 253

Morales-Rueda, L., Maxted, P. F. L., Marsh, T. R., North, R. C., & Heber, U.
2003, MNRAS, 338, 752

Napiwotzki, R., Christlieb, N., Drechsel, H., et al. 2003, ESO Msngr, 112, 25

Napiwotzki, R., Karl, C. A., Lisker, T., et al. 2004a, Ap&SS, 291, 321

Napiwotzki, R., Yungelson, L., Nelemans, G., et al. 2004b, ASP Conf. Ser., 318,
402

Naslim, N., Jeffery, C. S., Ahmad, A., Behara, N. T., & Sahin, T. 2010, MNRAS,
409, 582

Naslim, N., Jeffery, C. S., Behara, N. T., & Hibbert, A. 2011, MNRAS, 412, 363

Naslim, N., Geier, S., Jeffery, C. S., et al. 2012, MNRAS, 423, 3031

Németh, P., Kawka, A., & Vennes, S. 2012, MNRAS, 427, 2180

O’Donoghue, D., Kilkenny, D., Koen, C., et al. 2013, MNRAS, 431, 240

@stensen, R. H., Silvotti, R., Charpinet, S., et al. 2010, MNRAS, 409, 1470

Ohl, R. G., Chayer, P., & Moos, H. W. 2000, ApJ, 538, L95

O’Toole, S. J. 2008, ASP Conf. Ser., 392, 67

O’Toole, S. J., & Heber, U. 2006, A&A, 452, 579

Saffer, R. A., Bergeron, P., Koester, D., & Liebert, J. 1994, ApJ, 432, 351

Sargent, A. W. L. W., & Jugaku, J. 1961, ApJ, 134, 777

Sargent, A. W. L. W., & Searle, L. 1966, ApJ, 145, 652

Silvotti, R., @stensen, R. H., Bloemen, S., et al. 2012, MNRAS, 424, 1752

Stobie, R. S., Kilkenny, D., O’Donoghue, D., et al. 1997, MNRAS, 287, 848

Stroer, A., Heber, U., Lisker, T., et al. 2007, A&A, 462, 269

Theissen, A., Moehler, S., Heber, U., Schmidt, J. H. K., & de Boer, K. S. 1995,
A&A, 298, 577

Unglaub, K. 2008, A&A, 486, 923

Unglaub, K., & Bues, 1. 2001, A&A, 374, 570

Vauclair, S., Michaud, G., & Charland, Y. 1974, A&A, 31, 381

Vennes, S., Kawka, A., & Smith, J. A. 2007, ApJ, 668, L59

Vennes, S., Kawka, A., & Németh, P. 2011, MNRAS, 410, 2095

Webbink, R. F. 1984, ApJ, 277, 355

Pages 9 to 11 are available in the electronic edition of the journal at http://www.aanda.org

A122, page 8 of 11


http://www.aanda.org

S. Geier et al.: Hot subdwarf stars in close-up view. I'V.

Table 1. Target sample and data.

Object Other names m[mag] Instrument No.spec S/N ISIS SAAO-Reticon CAFOS
BD+482721 10.7Y FOCES 1 84
[CW83]0512—-08 11.3Y FEROS 2 66
[CW83]1758+36 PG 1758+364 11.4Y FOCES 1 41
EC00042-2737 14.0Y FEROS 2 21 +
EC01120-5259 13.5Y FEROS 2 45 +
EC 02542-3019 12.88 FEROS 2 39 +
EC03263-6403 13.2Y FEROS 1 17
EC03408-1315 13.6Y FEROS 3 29
EC 03470-5039" 13.6Y FEROS 2 31 +
EC03591-3232 CD -32 1567 11.2Y FEROS 2 73
EC05479-5818 13.1Y FEROS 3 47 +
EC10189-1502 13.8Y FEROS 2 35
EC 12234-2607 13.8Y FEROS 3 26
EC 13047-3049 12.8Y FEROS 2 47 +
EC 14248-2647 12.0Y FEROS 1 60 +
EC 14338—-1445™ 13.5Y FEROS 3 37 +
EC20106-5248 12.6Y FEROS 4 60 +
EC20229-3716 11.4Y FEROS 3 69
EC21043-4017 13.1Y FEROS 2 37
EC22081-1916 12.9Y FEROS 3 40
Feige 38 PG 1114+072 12.88 FEROS 5 89 + +
Feige 65 PG 1233+426 11.88 FOCES 1 54
GD 108 PG 0958-072 13.38 FEROS 3 61 +
HE 0447-3654 14.6Y FEROS 1 26
LB 1516 12.78 FEROS 2 35
PB 5333 12.58 FEROS 1 42 + +
PG 0342+026 11.18 FEROS 4 106
PG 0909+164° 13.98 FEROS 2 33 +
PG 0909+276 13.98 FEROS 2 52 +
PG 1303+097 14.38 FEROS 3 31 +
PG 1505+074 12.28 FEROS 3 102 + +
PG 1519+640™ 12.1B FOCES 1 39 +
PG 1616+144 13.58 FEROS 1 24 +
PG 1653+131 14.18 FEROS 3 40 +
PG 1710+490 12.18 FOCES 1 27 +
PG2151+100 12.98 FEROS 3 39
PG 2205+023 12.98 FEROS 2 19 +
PG 2314+076™ 13.98 FEROS 2 41 +
PG 2349+002 12.08 FEROS 2 50 +
PHL 44' EC21324-1346 13.08 FEROS 3 44
PHL 334 TONS 61 12.58 FEROS 3 48
BPS CS 23431-0044
PHL 457" GD 1110 13.08 FEROS 2 50
PHL 1548 12.58 FEROS 3 42
SB 815 CD-3515910 10.68 FEROS 2 50

Notes. © Pulsating subdwarf of V361 Hya type (sdBV,). ® Pulsating subdwarf of V 1093 Her type (sdBV). " Radial velocity variable star
in a close binary (PHL 457, LB 1516, Edelmann et al. 2005; PG 1519+640, PG 23144076, Copperwheat et al. 2011). A maximum RV shift of
54.0 + 1.4kms™' has been detected between the three FEROS spectra of EC 14338—1445 analysed in this work. ™ An excess in the infrared
2MASS colours has been reported by Copperwheat et al. (2011), which may be due to a late main sequence companion.
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System Instrument Ter logg logy
[K]
EC20106-5248 FEROS 24500 525 277
BD+482721 FOCES 24800 538 223 SHe
LB 1516 FEROS 25200 541 278
PG 1653+131 ISIS 25400 541 2770
PG 0342+026 FEROS 26000 559 -2.69
GD 108 CAFOS 26100 5.58 -3.46
Feige 65 FOCES 26200 531 275
PHL 457 FEROS 26500 538 254
PHL 44 FEROS 26600 541 297
SB 815 FEROS 27000 532 290
PG 2205+023 ISIS 27100 551 <-4.0
PG 2314+076 ISIS 27200 5.65 <-4.0
EC 14338-1445 FEROS 27700 554 -2.82 S3He
EC03591-3232 FEROS 28000 5.55 -2.03 ‘He
EC 12234-2607 FEROS 28000 5.58 -1.58 S3He
PG 2349+002 ISIS 28000 5.73 -3.45
EC01120-5259 FEROS 28900 541 254
EC 03263-6403 FEROS 29300 548 -2.51 S3He
PG 1303+097 ISIS 29800 5.83 -2.17
PG 1519+640 ISIS 30300 5.67 237 SHe
EC03470-5039 FEROS 30500 5.61 <-4.0
PG 1710+490 ISIS 30600 5.66 243 S3He
Feige 38 ISIS 30600 5.83 237 S3He
HE 0447-3656 FEROS 30700 557 <=3.0
EC22081-1916 FEROS 31100 477 -1.97
EC 14248-2647 FEROS 31400 5.56 -1.64
EC 02542-3019 FEROS 31900 5.68 -1.89
EC21043-4017 FEROS 32400 5.63 -1.58
EC20229-3716 FEROS 32500 5.00 -1.75
PG2151+100 FEROS 32700 559 <30
EC05479-5818 FEROS 33000 593 -1.66
EC 13047-3049 FEROS 34700 535 -2.57
[CW83]1758+36 FOCES 34600 5.79 -1.51
PHL 334 FEROS 34800 5.84 -1.42
PG 0909+164 ISIS 35300 5.33 -2.76
PG 0909+276 CAFOS 35500 6.09 -1.00
EC03408-1315 FEROS 35700 5.85 -l1.61
PG 1505+074 ISIS 37100 539 -2.69
PG 1616+144 ISIS 37300 595 -1.26
PHL 1548 FEROS 37400 579 -1.55
EC00042-2737 FEROS 37500 594 -1.62
EC10189-1502 FEROS 37900 543 228
[CW83]10512—-08 FEROS 38400 5.77 -0.73
PB 5333 ISIS 40600 596 -2.62
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Appendix A: Comparison of atmospheric parameters with the literature

Atmospheric parameters of 20 of the sdBs analysed here have also been found in the literature. All parameters derived from model
fits to the spectral lines are listed in Table A.1. Given the fact that different methods, models and data were used to determine
these parameters, our new results are in general agreement with the literature values. The lower temperature (—2600 K) Saffer et al.
(1994) derived for [CW83] 1758+36 may be more accurate, because our analysis is based on only one FOCES spectrum of mediocre
quality, while the spectra used by Saffer et al. (1994) cover the Balmer jump. We reanalysed the spectrum used by Saffer et al. (1994)
with our method and confirmed the parameters given in this study (Saffer refit).

The atmospheric parameters of the bright sdB, PG 0342+026, have been determined from its spectral energy distribution by
Lamontagne et al. (1987), Theissen et al. (1995) and Aznar Cuadrado & Jeffery (2001). Given the higher uncertainties of this
method the derived parameters are consistent with our results within the error limits.

Table A.1. Atmospheric parameters from the literature.

System Other names Ter logg logy Reference
K]

[CW83]0512-08 38400 5.77 -0.73

38000 5.6 Edelmann et al. (2001)
[CW83]1758+36 PG 1758+364 34 600 5.79 -1.51

32100 591 -1.82 Saffer et al. (1994)

32500 5.73 -1.85 Saffer refit
EC03591-3232 CD -32 1567 28 000 5.55 -2.03

27000 £ 1300  536+0.19 -1.63+0.21 Vennes et al. (2011)
30490 +240 571 +0.05 -1.92+0.05 Némethetal. (2012)

EC 14248-2647 31400 5.56 —-1.64
31880+300 5.70+0.07 -1.71+0.08 Németh et al. (2012)

EC22081-1916 31100 4.77 -1.97 see also Geier et al. (2011a)
Feige 38 PG 11144072 30600 5.83 -2.37

29 800 5.81 -2.22 Saffer et al. (1994)
Feige 65 PG 12334426 26200 5.31 -2.75

26500 5.60 23 Saffer et al. (1994)
LB 1516 25200 5.41 -2.78

26300 5.7 -2.5 Heber (1986)

26100 54 Chayer et al. (2006)
PB 5333 40600 5.96 -2.62

37900 5.81 -2.70 Saffer et al. (1994)
PG 0342+026 26000 5.59 -2.69

26200 5.67 2.4 Saffer et al. (1994)
PG 0909+164 35300 5.33 -2.76

35400 5.64 -2.70 Saffer (priv. comm.), Maxted et al. (2001)
PG 0909+276 35500 6.09 -1.00

35400 6.02 -0.92 Saffer et al. (1994)
PG 1303+097 29 800 5.83 -2.17

30300 5.76 -1.96 Saffer (priv. comm.), Maxted et al. (2001)
PG 1505+074 37100 5.39 -2.69

37100 5.42 -3.1 NLTE, Maxted et al. (2001)
PG 1616+144 37300 5.95 -1.26

36500 6.02 -1.51 NLTE, Maxted et al. (2001)
PG 1710+490 30600 5.66 -2.43

29900 5.74 -2.22 Saffer et al. (1994)

30300 5.7 Chayer et al. (2006)
PG2314+076 27200 5.65 <-4.0

28 600 5.75 <-4.0 Saffer (priv. comm. refit)
PG 2349+002 28 000 5.73 -3.45

29300 5.77 Saffer et al. (1994)
PHL 457 GD 1110 26500 5.38 -2.54

25000 5.3 -2.44 Heber (1986)

28200 5.5 -2.5 NLTE, Blanchette et al. (2008)

29300 5.6 2.4 LTE, Blanchette et al. (2008)
SB 815 CD-3515910 27000 5.32 -2.90

28 800 54 -2.44 Heber et al. (1984)

28390 +£300 5.39+0.04 -3.07+0.2 Németh et al. (2012)

Notes. The first lines refer to the results derived in this paper.
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ABSTRACT

Context. Hot subdwarf B stars (sdBs) are considered to be core helium-burning stars with very thin hydrogen envelopes situated on
or near the extreme horizontal branch. The formation of sdBs is still unclear as well as the chemical composition of their atmospheres.
The observed helium depletion is attributed to atmospheric diffusion. Metal abundances have been determined for about a dozen sdBs
only resulting in puzzling patterns with enrichment of heavy metals and depletion of lighter ones.

Aims. We present a detailed metal abundance analysis of 106 sdBs.

Methods. From high resolution spectra we measured elemental abundances of up to 24 different ions per star. A semi-automatic
analysis pipeline was developed to calculate and fit LTE models to a standard set of spectral lines.

Results. A general trend of enrichment was found with increasing temperature for most of the heavier elements. The lighter elements
like carbon, oxygen, and nitrogen are depleted and less affected by temperature. Although there is considerable scatter from star
to star, the general abundance patterns in most sdBs are similar. State-of-the-art diffusion models predict such patterns and are in
qualitative agreement with our results. However, the highest enrichments measured cannot be explained with these models. Peculiar
line shapes of the strongest metal lines in some stars indicate vertical stratification to be present in the atmospheres. Such effects are

not accounted for in current diffusion models and may be responsible for some of the yet unexplained abundance anomalies.

Key words. stars: atmospheres — subdwarfs

1. Introduction

Subluminous B (sdB) stars are considered to be core helium-
burning stars with very thin hydrogen envelopes and masses
around 0.5 M, (Heber et al. 1986; Heber 2009). The formation
of these objects is still unclear. SdB stars can only be formed, if
the progenitor loses its envelope almost entirely after passing the
red-giant stage and the remaining hydrogen-rich envelope has
not retained enough mass to sustain a hydrogen-burning shell.
The star cannot ascend the asymptotic giant branch, but remains
on the extreme horizontal branch (EHB) until the core helium-
burning stops and eventually evolves to become a white dwarf.
The reason for this very high mass loss near the core helium flash
is still unclear. Several single star and close binary scenarios are
currently under discussion (see Han et al. 2002, 2003; Yi 2008,
and references therein). Close binary evolution is a promising
option, because the envelope can be lost through common enve-
lope ejection or stable Roche lobe overflow. An alternative way
of forming a single sdB is the merger of two helium white dwarfs
(Webbink 1984; Iben & Tutukov 1984).

The abundance anomalies of hot subdwarf stars are very im-
portant to understand the physical properties of hot stellar at-
mospheres. Sargent & Searle (1966) discovered the helium de-
ficiency of sdB stars for the first time. This finding seemed
to be at variance with the big-bang theory of nucleosynthesis.
Greenstein, Truran & Cameron (1974) suggested that diffusion

* Tables A.1-A.3 are only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/549/A110

Article published by EDP Sciences

in the hot atmosphere of sdBs could cause the helium deficiency.
Peculiar metal abundances were first reported by Baschek et al.
(1972) for HD 4539. While some metals show solar abundances,
others are depleted or even enriched.

Studies of optical spectra remained scarce. Heber et al.
(1999, 2000) analysed high resolution spectra of four pulsating
sdB stars taken with Keck/HIRES. Napiwotzki et al. (2001) and
Telting et al. (2008) derived metal abundances of the sdB binary
HE 1047-0436 and the hybrid sdB pulsator Balloon 090100001
from optical spectra, respectively. Finally, Edelmann et al.
(1999, 2001), Przybilla et al. (2006) as well as Pereira & Jeffery
(2008) published some preliminary results of their analysis of
high resolution spectra.

Hot stars display a much larger number of spectral lines
in the ultraviolet (UV) than in the optical. With the advent
of the TUE satellite it became possible to determine abun-
dances of C, N and Si from strong UV resonance lines for nine
sdB stars (Lamontagne et al. 1987 and references therein). Lines
of heavier metal have been analysed from TUE spectra of two
stars (Baschek et al. 1982a,b). The most detailed analysis of
UV spectra has been carried out by O’Toole & Heber (2006)
based on spectra obtained with STIS onboard Hubble Space
Telescope (HST). The FUSE satellite opened up the far UV
(FUV) regime for abundance studies. Many sdBs have been ob-
served, but only some have been analysed (Fontaine et al. 2006;
Chayer et al. 2006; Blanchette et al. 2008; Pereira & Jeffery
2008).

Due to their faintness, quantitative analyses of hot subd-
warfs in globular clusters (GCs) are restricted to low-resolution
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spectroscopy. Therefore constraints can only be put on the he-
lium abundances and the analysis of metal abundances remains
coarse (Heber et al. 1986; Moni Bidin et al. 2007; Moehler et al.
2007; Brown et al. 2011).

The blue horizontal branch (BHB) stars are the cooler sib-
lings of the EHB stars (T.x < 20000 K; for a review see Behr
2003a). Their chemical composition is of interest especially in
GC research. Since the morphology of the HB in GCs still re-
mains unclear, different explanations for the shape of and the
apparent gaps along the HB have been proposed. In GCs all stars
belong to the same population and should therefore have similar
primordial chemical compositions.

Glaspey et al. (1989) were the first to discover a significant
change of chemical abundances as function of the position on
the HB. While a BHB star with 7.x ~ 10000 K in NGC 6752
showed helium and iron abundances similar to the cluster com-
position (which is usually derived from abundance studies of red
giants), a hotter one (T =~ 16 000 K) turned out to show deple-
tion of helium and strong enrichment of iron. Further abundance
studies of BHB stars in several GCs revealed a general pattern
(Moehler et al. 1999; Behr et al. 2003a; Fabbian et al. 2005;
Pace et al. 2006), which can also be observed in field BHB stars
(Behr et al. 2003b; For & Sneden 2010). Stars cooler than about
11 500 K show the typical abundances of their parent population,
while stars hotter than that are in general depleted in helium and
strongly enriched in iron and other heavy elements like titanium
or chromium. Lighter elements like magnesium and silicon on
the other hand have normal abundances.

Diffusion processes in the stellar atmosphere are responsi-
ble for this effect. Michaud et al. (1989) predicted such abun-
dance patterns even before the anomalies were observed. Caloi
(1999) explained the sharp transition between the two abundance
patterns as disappearance of subsurface convection layers at a
critical temperature. Modelling BHB stars Sweigart (1997b) in-
deed found that thin convective layers below the surface driven
by hydrogen ionisation should exist and move closer to the sur-
face, as soon as the temperature increases. At about 12 000 K
the convection zone reaches the surface and the outer layer of
the star becomes fully radiative. Since convection is very effi-
cient in mixing the envelope, diffusion processes cannot set in
below this limit. In hotter stars with radiative atmospheres he-
lium is expected to diffuse downward, since its mean molecu-
lar weight is higher than the one of hydrogen. Heavier elements
on the other hand present sufficiently large cross sections to the
outgoing radiation field and experience radiative accelerations
greater than gravity. Hence these elements become enriched in
the atmosphere. If the radiative acceleration almost equals grav-
ity, the diffusion timescales get very long and the element is not
significantly affected by diffusion. Michaud et al. (2008) mod-
elled these effects and reproduced for the first time the observed
abundance patterns of BHB stars.

Atmospheric diffusion processes have also been invoked to
explain abundance pecularities in a wide range of stars including
white dwarfs, luminous blue variables, low mass halo stars, Ap
and Am stars, and HgMn stars (see Vauclair & Vauclair 1982,
for a review). For sdB stars the first theoretical diffusion models
met with little success only (e.g. Michaud et al. 1983). Since
then several attempts have been made to model the atmospheres
of sdBs (Bergeron et al. 1988; Michaud et al. 1989; Fontaine &
Chayer 1997; Ohl et al. 2000; Unglaub & Bues 2001). Radiative
levitation and mass loss caused by stellar winds (Vink & Cassisi
2002) have been invoked to counteract the gravitational settling
as well as extra mixing at the surface (Michaud et al. 2011; Hu
etal. 2011).
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Fig. 1. Surface gravity is plotted against effective temperature. The di-
amonds mark the programme stars from our sample. Zero age ex-
treme horizontal branch (ZAEHB) and terminal age extreme horizon-
tal branch (TAEHB) are plotted as well as the helium main sequence
(HeMS). Tracks for canonical EHB stars are taken from Dorman et al.
(1993). The sample covers the whole parameter range on the EHB and
also subdwarfs that already evolved away from the EHB.

Here we present a metal abundance analysis of 106 sdB stars,
by far the largest sample to date. Previous papers of the this se-
ries dealt with the rotational properties of sdB binaries (Geier
et al. 2010, Paper I) and the rotational properties of single sdBs
(Geier & Heber 2012, Paper II).

In Sect. 2 the dataset is described. Section 3 introduces
the semi-automatic analysis pipeline used to measure elemental
abundances. In Sect. 4 our results are compared with the litera-
ture and systematic uncertainties are discussed. The metal abun-
dances, general trends as well as details for individual elements,
are presented in Sect. 5. The abundance patterns of different sdB
sub-populations (e.g pulsators vs. non-pulsators) are discussed
in Sects. 68, while Sect. 9 contains a comparison of our results
with the abundance patterns on the BHB. State-of-the-art diffu-
sion models are compared to our results in Sect. 10. Remaining
abundance anomalies and peculiar shapes of metal lines are dis-
cussed in (Sect. 11). Finally, conclusions are drawn in Sect. 12.

2. Sample of sdBs with high resolution spectra

We selected a large sample of 106 sdB stars for which high reso-
lution spectroscopy (R = 20 000—48 000) suitable for the analy-
sis of weak and sharp metal lines is available. Observations and
data reduction are described in Lisker et al. (2005), Geier et al.
(2012) and the Papers I and II of this series.

Our sample contains 38 radial velocity (RV) variable systems
in close binary systems. The remaining 68 are apparently single
stars. Eleven sdBs in our sample are known pulsators. Four of
them belong to the class of short-period pulsators (V361 Hya,
sdBV;), seven are long-period pulsators (V1093 Her, sdBVj).
Our programme stars cover the entire parameter range in the
Terr — log g-diagram (see Fig. 1).
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3. Semi-automatic abundance analysis

To derive the metal abundances we compared the observed spec-
tra with synthetic line profiles. Metal line-blanketed LTE (local
thermodynamic equilibrium) model atmospheres (Heber et al.
2000) were computed for the atmospheric parameters given in
Lisker et al. (2005), Geier et al. (2012) and Papers I and II us-
ing the LINFOR Program (developed by Holweger, Steffen and
Steenbock at Kiel university, modified by Lemke 1997).

A standard set of lines was chosen taking several criteria
into account. First of all the lines had to be strong enough to
be detectable in noisy spectra. Blends with lines of different ions
were not used. Only line blends of the same ion could be han-
dled because only one abundance was fitted to individual lines
or multiplets. We selected a set of 182 metal lines from 24 dif-
ferent ions (see Table 1) and used atomic data from the lists of
Kurucz (1992), Wiese et al. (1996), Ekberg (1993), and Hirata &
Horaguchi (1995). For carbon, nitrogen, oxygen and silicon, the
NIST database was used to obtain state-of-the-art atomic data.

A simultaneous fit of elemental abundance, projected rota-
tional velocity (vyo sini) and RV was then performed for each
identified line using the FITSB2 routine (Napiwotzki et al.
2004). Inappropiate lines were neglected. This rejection proce-
dure included several criteria. Equivalent width and depth of the
fitted line was measured and compared to the noise level to dis-
tinguish between lines and noise features. The resulting individ-
ual RV had to be low, because all spectra were corrected to zero
RV before. Otherwise the lines were considered as misidentifi-
cations or noise features. Then the fit quality given by the y?
had to be comparable to the average value to sort out lines con-
taminated by blends or artifacts caused by cosmic rays. Mean
value and standard deviation were calculated from all abundance
measurements of each ion. Because not all lines were present or
suitable for fits in each star, the number of fitted lines differs.
Upper limits were calculated by comparing the depth of the ro-
tationally broadened synthetic spectral lines with the noise level.
If only one line was found suitable for determining the abun-
dance, the upper limits derived for the other lines of the same
element where compared to this abundance. Only consistent re-
sults (within the error margins) were considered reliable, lower-
ing the probality of misidentifications.

The accuracy of our results is limited by the quality of the
spectra. Figure 2 shows two examples of spectra with highly dif-
ferent quality. The errors given in Table A.1 are the standard de-
viations of the individual line measurements. Numerical exper-
iments were carried out to quantify the impact of noise on the
result (see Paper I). We therefore regard 0.3 dex as typical sta-
tistical uncertainty of our abundance analysis. Some lines have
peculiar profiles (see Sect. 11), which cannot be matched with
the synthetic models. However, the equivalent widths are similar
to the models and the abundance determination should therefore
be correct to within +0.5 dex.

4. Comparison with literature and systematic
uncertainties

Important sources of systematic errors are discussed in Przybilla
et al. (2006) and references therein. Enhanced metal abundances
can cause significant line blanketing (e.g. O’Toole & Heber
2006; Geier et al. 2007), which can affect the temperature-
pressure stratification of the atmosphere and therefore the at-
mospheric parameter determination. However, these parameters
are used to construct the model spectra for measuring the metal
abundances. Some lines are much more sensitive to a change in

Table 1. Standard line list.

Ton A[A] Ton A[A] Ton A[A]
Nem 3694.212 Vo  4274.417 S 4815.552
Nemm 3713.080 Timx 4281.555 Simr 4828951
Simr 3796.124  Smr 4284.979 4829.030
3796.203 Femnr 4286.091 4829.111
Sim 3806.562 4286.128  Arit 4879.863
3806.700 4286.164  O1r  4890.858
on 3850.799 Vi 4294919 Om  4906.833
3851.033 o 4303.615 On  4941.069
on 3911.959 4303.833 Omm  4943.003
3912.107 Femr 4304.748 N1 4994.353
Cn 3920.681 4304.767 4994.360
on 3945.038 o  4342.009 4994.370
N1 3994.997 O 4349426 N 5001.134
N1 4035.081 o 4351.262 5001.474
N1 4041.310 Fem 4352.577 N 5005.150
N1 4043.532 Fem 4371337 Nn  5007.328
Cm 4056.061 Vi 4383.391 Scmr  5032.072
P 4059.312 Nenr 4391991 Fem 5063.421
on 4060.526  Om 4414905 Simr  5091.250
Scir  4061.210 On 4416974 5091.364
on 4069.623 Femr  4419.596 5091.455
4069.886 Mgu  4481.126 5091.543
on 4072.157 4481.325 Femnr 5127.387
P 4080.089 o 4452.375 5127.631
N1 4082.270  Almr  4528.945 Cn  5132.947
Sitv  4088.862 4529.189 5133.281
on 4097.258 N1 4530410 Cux 5143.495
Sitv  4116.104  Sim 4552.622 Cu  5145.165
on 4119.215  Sim 4567.840 Cm  5151.085
Fermr 4122.780  Sim  4574.757 Fenr 5156.111
K1 4134.723 o 4590972 N 5175.896
Femr 4137764 Omn  4596.175 Nmn  5179.521
Fermr  4139.350 Cn 4618559 Femr 5193.909
Al 4149913 4619.249 Su 5212.267
4149.968 N1 4630.539 5212.620
4150.173 Nmr  4634.126 Femr  5235.658
Cir 4162.877 N1 4640.644 Feur 5276.476
Femr 4164.731 on 4641.810 Femn 5282.297
4164916 Cm  4647.418 5282.579
Femr  4166.840 on 4649.134 Femnr 5299.926
NI 4171.595 Cmr  4650.246 Feir  5302.602
S 4174.265 4651.016 S 5320.723
N1 4176.195 4651.473 Cn  5342.376
K1 4186.162  Si1tv  4654.312 S 5345.712
on 4189.789 o  4661.633 5346.084
N1 4195760 Om  4676.235 Titv  5398.930
Tim  4207.491 N1 4678.135 Su 5432.797
Timm  4215.525 NI 4694.642 Titv  5492.512
Fem 4222271 O 4699.003 N1 5535.346
Cam  4233.713 4699.220 S 5606.151
4233736 Om 4701.184 Nn  5679.558
N1 4236.927 4701.708 N1 5686.213
4237.047 O 4703.163 N1  5710.766
Cam 4240.742 Om  4705.352 Simt  5739.734
NI 4241.755  Sim  4716.654 Fenr 5833.938
4241786  Arm 4735906 N 5893.147
St 4253.589 Cn 4737966 Niu  5931.782
K1 4263.447 Cn 47447766 N1 5941.654
Cn 4267.001 Cn 4747279 Femr 6032.604
4267.261 Arm 4806.021 N1 6167.755
Vi 4268.183  Simr  4813.333

the atmospheric parameters than others. Especially for the heav-
ier elements there is a severe lack of adequate atomic data, which
may introduce systematic shifts of the derived abundances.
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Fig. 2. Example fits of common oxygen and nitrogen lines for two spec-
tra with different quality. Although the fit quality deteriorates, it is still
possible to fit models with reasonable equivalent widths.

NLTE (non-local thermodynamic equilibrium) effects which are
neglected in this analysis become important especially at higher
temperatures. But not all lines are equally affected by NLTE ef-
fects. In detailed analyses of main sequence B stars, some lines
were found to behave well in LTE, while others can deviate in
abundance by orders of magnitude when NLTE effects are taken
into account (Nieva & Przbilla 2008). Finally, microturbulence
may lead to systematic trends in the abundances derived from
single lines dependent on the line-strength. Due to the limited
number of lines used in this study, it is not possible to measure
this effect directly. However, more detailed analyses of a few
stars in literature showed that in most cases microturbulence in
sdB atmospheres is either negligible or small (e.g. Heber et al.
2000; Edelmann 2003; Przybilla et al. 2006).

To check whether the abundances determined with the
pipeline approach are consistent with those derived by more de-
tailed studies, we compared our results with independent deter-
minations from literature. While we restrict ourselves to a lim-
ited set of pre-selected metal lines, other studies usually use all
suitable lines in the spectra. The latter approach is more chal-
lenging and time consuming.

Metal abundances of HD 4539, PG 1710+490, PG 1627+
027, PG1716+426, PHL457 and PGO0101+039 have been
determined by Fontaine et al. (2006) and Blanchette et al.
(2008) using FUV-spectra obtained with the FUSE satel-
lite. O’Toole & Heber (2006) performed a detail analy-
sis of UV-spectra obtained with the HST/STIS spectrograph
for Feige48, CD-24°731 and CPD-64°481. Optical high-
resolution spectra were used to determine the abundances of
PG 1101+249 (Feige 36, Edelmann et al. 1999), HE 1047-0436
(Napiwotzki et al. 2001), TON S 183 (Pereira & Jeftfery 2008),
KPD 2109+440, PG 1219+534 (Heber et al. 2000), HD 205805
and Feige 49 (Przybilla et al. 2006).

Figure 3 shows the differences of our abundances and the
results from literature. Despite different wavelength ranges of
the spectra, different atomic data and different methods to cal-
culate the models (LTE or NLTE) the average scatter (+0.2 dex)
is consistent with our estimate of the statistical uncertainties. In
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Fig. 3. Residuals between the metal abundances determined here and
from literature are plotted against the chemical elements. Filled symbols
mark results derived from UV-spectroscopy (squares, Fontaine et al.
2006; diamonds, Blanchette et al. 2008; triangles, O’Toole & Heber
2006), open symbols results derived from optical high-resolution spec-
tra (circles, Edelmann et al. 1999; upward triangles, Napiwotzki et al.
2001; squares, Pereira & Jeffery 2008; diamonds, Heber et al. 2000;
downward triangles, Przybilla et al. 2006). The dashed horizontal lines
mark our statistical uncertainty estimate (+0.3 dex).

conclusion, the metal abundances determined using the pipeline
method are in general consistent with the ones determined by
more detailed approaches.

However, in a few cases the differences between our results
and the results from literature are more significant (>0.5 dex).
The same holds for the ionisation equilibria of some elements,
which are very sensitive to the atmospheric parameters, espe-
cially the effective temperature. In most cases such mismatches
can be explained and a few of them are discussed now.

The abundances of C 11 and C 111 differ by more than 0.6 dex
in some stars (CPD—-64°481, HE 1047—-0436) while the abun-
dances of other elements in different ionisation stages are con-
sistent within the error margins. Since the C 11/C III abundances
given in literature (Napiwotzki et al. 2001; O’Toole & Heber
2006) do not show such high deviations, we conclude that the
limited number of lines used in our study leads to those sys-
tematic shifts. Especially the C 11 lines at 4267 A are known to
be very sensitive to NLTE effects (Nieva & Przybilla 2008). In
a pilot study, Przybilla et al. (2006) derived the carbon abun-
dance from the C 11 and C I lines of HD 205805 using LTE
and NLTE models. The mismatch of 0.43 dex using the LTE ap-
proach consistent with our results could be significantly reduced
to 0.17 dex using NLTE models. However, the similar difference
between the abundances derived from C 11 and C 1II lines in the
hotter sdB Feige 49, which is measured here as well, could not
be reduced in this way.

The most significant differences in the carbon ionisa-
tion equilibrium are seen in HEO0101-2707 (0.9dex) and
HS 2033+0821 (1.2 dex), where the abundances derived from
the C I lines are much higher than the ones derived from the
C 11 lines. The most likely explanation for these mismatches are
pecularities in the line profiles discussed in Sect. 11.
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Fig. 4. Elemental abundances from carbon to
aluminium plotted against effective tempera-
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ture. If two ionisation stages are present, the av-
erage abundance is given. The filled diamonds
mark measured abundances while the open tri-
angles mark upper limits. Typical error bars are

2x10% 2.5x10% 3x10*% 3.5x10* 4x10% 2x10*

Teff [K]

2.5x10*

The abundances derived from N 1I/N 1II lines, Si III/Si TV
lines and STI/S I lines agree within the given error margins for
most stars where both ionisation stages are present. Although
the abundances of Ti IIT and Ti IV agree within the given error
margins in most stars, in some cases the difference can be as high
as 1.4 dex. NLTE effects or insufficient atomic data are the most
likely reasons for these discrepancies.

5. Metal abundances

Metal abundances of all stars are given in Table A.1 and are plot-
ted against effective temperature in Figs. 4—6. Atmospheric pa-
rameters and helium abundances are published in Lisker et al.
(2005), Geier et al. (2012) and Paper I, the projected rotational
velocities in Papers I and II.

5.1. Carbon

The observed C abundances derived from C II/III lines scat-
ter from —2.5 dex subsolar to solar (solar abundance 8.43 dex).
Three sdBs with T > 32 000 K show supersolar abundances up
to more than +1.0 dex.

5.2. Nitrogen and oxygen

The NI abundances (solar abundance 7.83 dex) range from
—1.0dex to +0.5 dex and do not show any trend with tempera-
ture. The O 11 abundances (solar abundance 8.69 dex) range from
—2.0dex to solar. At a temperature of ~30000K the average
abundance is shifted by —0.5 with respect to the cooler stars in
the sample.

3x104

3.5x10*% 4x10%*  given in the upper right corner. The solid hor-

izontal lines mark solar abundances (Asplund
et al. 2009).

5.3. Neon and magnesium

The Nell abundance scatters from —1.5dex to +0.1 dex (solar
abundance 7.93 dex). A slight trend can be seen with temperature
in the magnesium abundance (solar abundance 7.60 dex), which
ranges from —1.5 dex to —0.2 dex.

5.4. Aluminium and silicon

A slight trend with temperature is present in the AlTII abun-
dance (solar abundance 6.45 dex). Aluminium is enriched from
—1.5dex to 0.0dex. The abundances from Silll as well as
from Si1v (solar abundance 7.51 dex) show a large scatter be-
tween —2.0 dex and 0.0 dex w. r. t. solar. Subdwarfs with strong
silicon lines are present in the same temperature range as sdBs
where only low upper limits can be given. At temperatures
higher than ~35000K the mean silicon abundance drops by
about —1.0 dex.

5.5. Phosphorus and sulfur

A trend with temperature is present in the P III abundance (so-
lar abundance 5.41 dex). Phosphorus is enriched starting at a
temperature of Ty > 28 000 K from —0.5 dex to +1.0dex. The
two stars HE 2307-0340 and HE 0539-4246 with temperatures
of =23 000K show lines at a wavelength of P11 4080.089 A.
Although no possible blends were found in line lists, these
lines may be misidentifications since the derived abundances
(5.90 dex) seem to be too high to fit in the overall trend. The
S1I and especially SIII abundances (solar abundance 7.12 dex)
scatter between —1.5 dex and +1.0 dex.
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5.6. Argon, potassium, and calcium

The Ar abundance increases with temperature from solar to
+1.8 dex (solar abundance 6.40 dex). This trend has not been re-
ported in prior analyses. Potassium has not been discovered in
sdB atmospheres so far (solar abundance 5.03 dex). Similar to ar-
gon, the K abundance increases with temperature from +0.7 dex
to +3.0dex. CaTir (solar abundance 6.34 dex) is present at tem-
peratures higher than T > 29000 K. The abundances scat-
ter from +1.0dex to +2.5dex. Call was not included in our
analysis because the most prominent lines are usually blended
with interstellar lines.

5.7. Scandium, titanium, vanadium and chromium

Scmn (solar abundance 3.15dex) is strongly enriched and
its abundance increases with temperature from +2.0dex to
+4.0 dex. Tilll (solar abundance 4.95 dex) is enriched and scat-
ters from +1.0 dex to +3.0 dex. V III (solar abundance 3.93 dex)
is highly enriched independent of the temperature ranging from
+2.0dex to almost +4.0dex. The CrIl abundance (solar abun-
dance 5.64 dex) increases with temperature from +0.0dex to
+2.0dex.

5.8. Iron, cobalt and zinc

The Felll abundance (solar abundance 7.50 dex) is constant
ranging from —0.7 dex to +0.5 dex. For cobalt (solar abundance
4.99 dex) and zinc (solar abundance 4.56 dex) only upper limits
could be given (zinc is not shown in Fig. 6 because upper lim-
its could be derived from a single line only). These limits allow
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high enrichments of these elements up to +2.0 dex, which is con-
sistent with the results from UV-spectroscopy (O’ Toole & Heber
2006; Chayer et al. 2006; Blanchette et al. 2008).

6. Abundance patterns of sdB sub-populations

Besides apparently single sdB stars our sample contains several
pulsating sdBs and RV-variable systems in close binaries. These
stars may have formed differently or — in the case of the pul-
sating sdBs — may be in a distinct evolutionary phase. It is in-
structive to compare the metal abundance patterns of these sub-
populations and search for differences, which may help to clarify
these issues.

Our sample contains 38 RV-variable sdBs in single-lined,
close spectroscopic binary systems. Aznar Cuadrado & Jeffery
(2002) argued that the helium content in such close binary sdBs
may be higher than in single stars, because tidal effects might
lead to mixing in the stellar atmosphere. According to this sce-
nario, the metal abundances should be affected as well. However,
we showed that the helium content in sdB atmospheres is not af-
fected in this way (Geier et al. 2012).

There is also no significant difference between the metal
abundance patterns of sdBs in close binaries and apparently
single stars. In conclusion, moderate tidal influence of close
companions does not change the abundances in sdB atmo-
spheres. In the most extreme cases, where the sdB has been spun
up to very high rotational velocities of the order of 100kms™!
(e.g. KPD 1930+2752, Geier et al. 2007; EC 220811916, Geier
et al. 2011a), it was not yet possible to determine the metal abun-
dances, because the broadening of the spectral lines is too strong.
Such objects may still show peculiar abundance patterns.
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Since the driving mechanism of pulsations in sdB stars is
thought to be an enrichment of iron in the outer layers of the
star (Charpinet et al. 1997), the metal abundances of pulsating
sdBs have been determined to search for peculiarities. However,
the abundance patterns of pulsating sdBs turned out to be the
same as the ones of non-pulsating comparison stars with similar
atmospheric parameters (Heber et al. 2000; O’Toole & Heber
2006; Blanchette et al. 2008).

Our sample includes the short-period pulsators Feige 48
(Koen et al. 1998), KPD2109+440 (Billeres et al. 1998),
PG 1219+534 (O’Donoghue et al. 1999) and HE 0230-4323
(Kilkenny et al. 2010) as well as the long-period pulsators
PG 1627+017 (Green et al. 2003), LB 1516 (Koen et al. 2010),
JL 82 (Koen 2009), PHL 44 (Kilkenny et al. 2007), PHL 457
(Blanchette et al. 2008), PG 1716+426 (Green et al. 2003) and
PG 01014039 (Randall et al. 2005). Consistent with the results
of Heber et al. (2000), O’Toole & Heber (2006) and Blanchette
et al. (2008) no differences have been found in the metal abun-
dance patterns of these stars with respect to the rest of the
sample.

7. Helium and metal abundances

Edelmann et al. (2003) discovered a correlation between the ef-
fective temperatures of sdB stars and their helium abundances.
Hotter sdB stars tend to show higher enrichments of helium in
some cases reaching or even exceeding the solar abundance.
However, the scatter in helium abundance is high and two dis-
tinct sequences appear in the T.r — log y-diagram. These results
have been confirmed by Geier et al. (2012). About 75% of the
field sdB population belongs to the upper sequence, while ~25%
form the lower sequence, which is offset by about 2 dex.

the solar abundances are lower than 4.5 dex (see
text).

It is instructive to compare the metal abundances of sdBs be-
longing to the two helium sequences (see Fig. 7). Most species
are not significantly affected by the difference in helium abun-
dance. For nitrogen, oxygen, iron and all other metals not shown
in Fig. 7 there are no obvious differences between the two sub-
samples. The silicon abundances of the helium-poor stars seem
to be somewhat lower than for the helium-rich ones. However,
this impression is most likely created by the different sizes of the
samples.

In contrast, significant differences are visible for the carbon
and sulfur abundances. All sdBs on the lower helium sequence
have carbon abundances of —1.0 or less with respect to the so-
lar value, while the stars with more helium show a large scatter
in carbon abundance up to supersolar values. The sulfur abun-
dances behave in a similar way. While the helium-poor sample
shows subsolar abundances, sulfur can be enriched to supersolar
values in the helium-rich sample.

8. Other trends

It has been noted by several authors (e.g. Lamontagne et al.
1985, 1987; O’Toole & Heber 2006) that the silicon abun-
dance in sdB stars appears to drop sharply at T.g > 32000 K.
Fractionated winds have been invoked to explain this strange
observation (Unglaub 2008). The aluminium abundance were
proposed to behave in a similar way. As can be clearly seen in
Figs. 4 and 35, this assumption has to be dropped. Silicon as well
as aluminium are present all over the temperature range of sdBs.
O’Toole & Heber (2006) also reported a possible anti-
correlation between iron and the other heavy elements. In our
sample no such trend is visible for the Ti and Ca abundances.
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Fig. 7. Abundances of selected elements plotted against effective temperature (see Fig. 4). Left panel: only sdBs belonging to the lower He-sequence
are plotted. Right panel: only sdBs belonging to the upper He-sequence are plotted.

Looking at high resolution spectra of a sample of sdBs it is
striking that most of them show a lot of metal lines, while some
don’t show any metal lines at all. At first instance one could
argue, that there exist two different populations of sdBs with dif-
ferent metallicities. Heber & Edelmann (2004) discovered three
hot sdBs showing lots of metal lines (e.g. PG 0909+276). They
were subsequently named ‘“super-metal-rich” sdBs because their
metal abundances seemed to be exceptionally high.

Our results provide a natural explanation for this effect, since
such an enrichment is found to be quite normal for sdBs in the
high temperature range. All stars with no metal lines are ly-
ing at the hot end of the EHB with temperatures higher than
T > 33 000 K. Although they show no lines, the derived upper
limits are consistent with the adundance measurements of hot
sdBs with metal lines. At these temperatures the optical lines
are becoming so weak that they are only observable in high
signal to noise ratio (S/N) spectra. The effect can be seen in
Fig. 4, where the oxygen and magnesium abundance measure-
ments partly turn into upper limit estimates at high tempera-
tures. Spectra of slightly poorer quality appear to be metal free,
but they are not. This selection effect illustrates the limitation of
optical spectroscopy for metal abundance analyses in hot stars.
Therefore UV spectra are needed to study the strong metal lines
of higher ionisation stages in hotter sdO/B or sdO stars.

9. Extreme horizontal branch versus blue horizontal
branch

Quantitative spectral analyses of BHB stars have been published
by Behr et al. (2003a,b), Fabbian et al. (2005) and Pace et al.
(2006) and it is worthwhile to compare them to our results for
EHB stars. In Fig. 8 the abundances of iron and titanium are plot-
ted against effective temperature. Abundances of all BHB stars
are plotted together, although they are derived from stars com-
ing from very different populations. Eight different GCs as well
as field stars are put together here!. At first glance this makes

' The gap in temperature between the BHB and EHB stars is a known,

but yet unexplained feature, which is also observed in two-colour dia-
grams of field blue halo stars and GCs (Newell 1973; Geier at al. 2011b,
and references therein).
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absolutely no sense, because stars from different chemical en-
vironments should have different abundances. This would result
in a scattered plot from which no relevant information could be
derived.

However, Fig. 8 proves that this is not the case. Although
there is a high scatter in the iron abundance at low temperatures,
all stars hotter than about 11 500 K end up at almost solar abun-
dance with a significantly lower scatter (Fig. 8, upper panel).
As soon as diffusion sets in, the atmospheres of stars from dif-
ferent populations become similar regardless of the primordial
abundances. The distribution of sdBs now shows that the iron
abundance remains indeed saturated at this value up to tempera-
tures of 40 000 K. This plot clearly illustrates that the abundance
of iron in EHB and the hottest BHB stars is not “solar” for rea-
sons of star formation and stellar evolution. This abundance re-
flects the surface concentration of iron caused by an interplay
of gravitational settling and radiative levitation, which becomes
saturated in stars hotter than 11 500 K, and is just by chance “so-
lar”. This result is in perfect agreement with diffusion models
(Michaud et al. 2008, 2011).

A similar behaviour is predicted by Michaud et al. (2008) for
the titanium abundance. In BHB stars only a rise of the titanium
abundance can be observed, which is more continuous than in
the case of iron. Adding the sdBs one can see that the abun-
dance becomes saturated at an effective temperature of about
30000 K and an abundance of roughly 100 times solar (Fig. 8,
lower panel). This behaviour proves in a most convincing way,
that heavy elements in EHB and hot BHB stars are enriched by
radiative levitation.

10. Diffusion at work along the horizontal branch

The metal abundances of the sdBs in our sample show a pat-
tern, which could not been seen that clearly before. While the
light elements carbon, nitrogen, oxygen and neon are not af-
fected by higher temperatures, most heavier elements from alu-
minium to chromium become enriched in hotter atmospheres,
the high scatters in the silicon and sulfur abundance being inter-
esting exceptions. Iron, on the other hand, becomes saturated at
solar abundance in HB star atmospheres as soon as the effective


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220549&pdf_id=7

S. Geier: Hot subdwarf stars in close-up view. III.

————————————
g% —
8%

| |
7+ | |
e N - ¢ 1
w |
n
ESJF 4
‘ [ ]
X |
u
i |
| ] n
- |
4 -
) S S
10 20 30 40
T,./1000 [K]
R T T
oL s ..
*
I ** ..t.:A
7+ L] * 0! 034
o *8Pe .
[ [ ] M 0" |
6 F [ Poo'pe 4
| - |

g -

5 ..

L L i
Il.

4 [} m

& -

oy

3+ " B

Y S E R U
10 20 30 40

TE"/WOOO [K]

Fig. 8. Left panel: iron abundance is plotted against effective temper-
ature. The filled diamonds mark the results from the sdBs. The filled
rectangles mark the combined results for BHB stars from seven GCs
and the field (Behr et al. 2003a,b; Fabbian et al. 2005). Right panel:
titanium abundance is plotted against effective temperature. The filled
diamonds mark the results from the sdBs. The filled rectangles mark
the combined results for BHB stars from eight GCs and the field (Behr
et al. 2003a,b; Fabbian et al. 2005; Pace et al. 2006).

temperature exceeds 11500 K. Consistent with that the hotter
sdB stars all have “solar” iron abundances.

These results are in reasonable agreement with theoretical
calculations performed by Michaud et al. (2008, 2011). The au-
thors calculated full evolutionary models, including the effects
of diffusion and radiative acceleration for different primordial
metallicities. The evolution on the HB was followed for the
first 32 Myr, which is about one third of the typical lifetime of
core helium-burning stars. Their calculations of the abundance
anomalies only depend on the mass mixed by turbulence at the
surface. Other effects like mass-loss via stellar winds have not
been taken into account. Michaud et al. (2011) used the observed
iron abundances in sdB stars mostly taken from a preliminary
version of the dataset presented here to fix the mixed surface
mass to ~1077 Mo,

The time evolution of the surface abundances was then cal-
culated for the elements C, N, O, Ne, Mg, Al, Si, P, S, Ar, K, Ca,
Ti, Cr and Fe. To compare our measurements with these curves,
we can restrict ourselves to models with solar metallicity on the

main sequence (Michaud et al. 2011). Since the sdBs in our sam-
ple are rather bright field stars, we can assume that most of them
originate from the Galactic thin disc with only minor contribu-
tions from the thick disc or the halo (e.g. Altmann & de Boer
2000).

In general, the models of Michaud et al. (2011) match the
observations quite well. The predicted enrichments or deple-
tions are mostly of the same order as the observations. This is
the first time that the complete abundance patterns of sdB stars
could be modelled in a quantitative way. However, the models
do neither predict the highly supersolar enrichments of C, S, P,
K and Ar with temperature nor the large scatter in the C, Si and
S abundances.

Both the high enrichments and the large scatter of certain
abundances may partly be caused by age effects. Michaud et al.
(2011) pointed out that their evolutionary calculations only cover
a part of the lifetime on the EHB. There are no clear correla-
tions between the metal abundances and the ages of the stars
derived from their position in the 7.t — log g-diagram. However,
such a trend may be washed out by the uncertainties in the atmo-
spheric parameters and the abundances. Furthermore, mass loss
via stellar winds, which was not accounted for, might play a role
as well (e.g. Unglaub 2008, and references therein). However,
a closer inspection of the data makes an alternative explanation
more likely.

11. Peculiar line profiles and stratification

While the enrichments of P, K, Ar (and maybe also S at the hot
end) follow a general trend with temperature, which seems to be
an indicator of radiative levitation, the supersolar enrichment of
some stars in C is hard to explain in this framework, because the
other light elements N, O, Ne and Al are depleted with respect
to their solar abundances.

Since carbon enrichment is also common in the helium-rich
sdBs (Ahmad & Jeffery 2003; Naslim et al. 2010) and sdOs
(Stroer et al. 2007; Hirsch & Heber 2009) and the helium abun-
dances of hot sdBs with carbon enrichment are among the high-
est in our sample, a connection seems to be likely. Alternative
formation scenarios like the late hot flasher (Sweigart 1997b;
Lanz et al. 2004) do indeed predict an enrichment of helium and
carbon.

In the case of helium enrichment prior to the subdwarf stage
Groth et al. (1985) predict a broad subsurface convection zone,
which should be able to mix nuclear processed material in the
atmosphere and therefore counteract gravitational settling. Of
course, this mechanism would have to ensure the enrichment
of He and C without destroying the general abundance pat-
tern caused by diffusion, which might require some finetuning.
Diffusion might also lead to a slow transformation of He-rich
subdwarfs into He-deficient ones (Miller Bertolami et al. 2008).
The discovery of sdBs with intermediate He abundances right in
between the normal sdBs and the He-rich ones may be consis-
tent with such a scenario (Ahmad et al. 2007; Naslim et al. 2011;
Naslim et al. 2012).

However, we found observational evidence that yet another
unaccounted effect may be responsible for the most extreme
chemical peculiarities in sdB atmospheres. Looking at the spec-
tra of our sample in detail, the shape of the strongest metal
lines in some stars (CPD—64°481, EC 03591-3232, EC 05479
5818, Feige38, HD 205805, HE0101-2707, PG0133+144,
PG 1303+097, PG 1710+490, PG 1743+477) was found to be
peculiar (see Fig. 9). The lines are too sharp to be fitted with
synthetic models even if the rotational broadening is set to zero.

A110, page 9 of 11


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220549&pdf_id=8

A&A 549, A110 (2013)

4‘5 T N T N T N T N T N T

L HED101-2707 A

&) 1= |
+

S Il 4253.589 A
x
E

= | A

o) L 4
N
S

gt A

So5 | Cli464a7.418 -

O 1 l 1 l 1 l 1 l 1 l 1

=1 -0.5 0 0.5 1
A(R)

4‘5 T N T N T N T N T N T

L EC 03591-3232 A

O 4 Sill4552.622 -
+

-k A
E

= | A

o) L 4
N
S

gt A

So5 | Sill 4567.840 -

O 1 l 1 l 1 l 1 l 1 l 1

=1 -0.5 0 0.5 1
A(R)

Fig. 9. Upper panel: fits of models with different rotational broadening
(solid lines, 0, 5, 10 km s™! respectively) to an S TiT and a C 111 line (solid
histograms) of HE 0101-2707. Lower panel: similar fits of models to
Sitm-lines of EC 03591-3232. It can be clearly seen that the synthetic
line profiles do not match the observed ones at all. Examples for normal
fits to metal lines are given in Fig. 2.

Especially the line wings are much too weak with respect to the
depths of the cores. NLTE effects cannot cause such line shapes
and the weaker metal lines don’t show similar profiles.

Using five spectra of Feige38 taken within a timespan
of 1.8 yr we checked whether the shape of the peculiar lines
changes. The lines do not show any significant differences in
depth and shape. Time dependent effects like star spots can
therefore be excluded.

The most significant pecularities are seen in the strongest
Sitn lines of EC03591-3232 (see Fig. 9, lower panel),
PG 0133+114, Feige 38 and PG 1710+490. Most remarkably all
of these stars belong to the rare class of sdBs that also show an
enrichment in >He (Geier et al. 2012).

Michaud et al. (2011) pointed out that additional element
separation may occur in the stellar atmosphere between the bot-
tom of the mixed mass (21077 M) and the surface. Such effects
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are not included in their models. The *He anomaly observed in
sdB stars with temperatures around 30 000 K is not predicted by
the model of Michaud et al. (2011) either and should therefore
not be present in the mixed zone. Nevertheless, it is clear that
the settling of almost all “He must be caused by diffusion, which
can then only happen in the outermost atmosphere.

Diffusion in the photosphere should lead to vertical stratifi-
cation of the metal abundances. Observational evidence for such
a stratification of Fe in the atmospheres of BHB stars has been
found (Khalack et al. 2007, 2010; LeBlanc et al. 2009, 2010).
How is the shape of the spectral lines affected by vertical strat-
ification? If radiative levitation leads to an abundance gradient
in the atmosphere, the wings of a spectral line should become
weaker, because of less absorption at the bottom of the atmo-
sphere. This not only explains the peculiar shape of the lines, but
also the fact that the weak lines are not affected. Those lines orig-
inate from deeper layers, where the gradient is less pronounced.
Together with the *He anomaly the peculiar line shapes provide
evidence for diffusion processes above the mixed zone in the
atmospheres of sdBs.

Such effects may also provide a reasonable explanation for
the high scatter of the C, Si and S abundances as well as mis-
matches in the ionisation equilibria (see Sect. 4), since peculiar
line shapes have also been found for strong C 1l and S Il lines in
the spectra of hot sdBs (e.g. HE0101-2707, see Fig. 9). Given
that these peculiarities are only detectable in the most extreme
cases or in data of high quality, stratification may be rather com-
mon in sdB atmospheres. It is therefore possible that the high-
est enrichments not predicted by the models of Michaud et al.
(2011) are caused by radiative levitation in the stellar atmo-
sphere rather than the mixed zone beneath. Of course, this hy-
pothesis needs to be tested further.

12. Conclusion

A combination of diffusion both in a mixed zone close to the
surface and in the stellar atmosphere on top of it seem to be suf-
ficient to explain most of the results presented here. However,
different formation scenarios, which lead to different amounts
of helium in the atmosphere may still leave some imprint on
the final abundance patterns. The connection between sdBs with
hydrogen-rich atmospheres, He-sdBs and intermediate objects
remains as unclear as the reason for the differences in the
abundance patterns of the two distinct helium populations (see
Sect. 7). Our lack of understanding the details of diffusion in
sdBs is very well illustrated by the extremely peculiar interme-
diate He-sdB LSIV—-14°116, whose atmosphere is highly en-
riched in strontium, yttrium and zirconium (Naslim et al. 2011).
The reason for this is unclear and the very well detected spectral
lines of these elements are not present in any of the sdBs of our
sample.

Furthermore, as pointed out by Hu et al. (2011), the physi-
cal mechanism necessary to mix the surface in the way needed
to reproduce the observed abundances is still unknown. Mass
loss through stellar winds may play a role, but Hu et al.
(2011) also showed that the mass loss rates must be lower than
~1071 M, yr~! to allow sdBs to pulsate. Since the abundance
patterns of sdB pulsators do not differ from the ones of sta-
ble sdBs, one would expect similar mass loss rates. But even
very weak and fractionated winds might affect the atmospheric
abundances (Unglaub 2008).

Although in most cases unstratified photospheres reproduce
the observed line profiles well, the discovery of spectral lines
with peculiar shapes possibly caused by vertical stratification
might pose a new challenge for atmospheric models of sdB stars.
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Besides NLTE effects (Przybilla et al. 2006) and enhanced line
blanketing by metals enriched due to diffusion (O’Toole &
Heber 2006), next generation models might have to take vertical
stratification into account. Especially the strong resonance lines
in the UV should be affected and due to crowding and blending
in this region such effects might not be obvious.
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ABSTRACT

Subluminous B stars (sdBs) form the extremely hot end of the horizontal branch and are therefore related to the blue horizontal branch
(BHB) stars. While the rotational properties of BHB stars have been investigated extensively, studies of sdB stars have concentrated
on close binaries that are influenced by tidal interactions between their components. Here we present a study of 105 sdB stars,
which are either single stars or in wide binaries where tidal effects become negligible. The projected rotational velocities have been
determined by measuring the broadening of metal lines using high-resolution optical spectra. All stars in our sample are slow rotators
(0ot Sini < 10 km s~!). Furthermore, the v, sin i-distributions of single sdBs are similar to those of hot subdwarfs in wide binaries with
main-sequence companions as well as close binary systems with unseen companions and periods exceeding ~1.2 d. We show that blue
horizontal and extreme horizontal branch stars are also related in terms of surface rotation and angular momentum. Hot BHB stars
(Tex > 11500 K) with diffusion-dominated atmospheres are slow rotators like the hot subdwarf stars located on the extreme horizontal
branch, which lost more envelope and therefore angular momentum in the red-giant phase. The uniform rotation distributions of single
and wide binary sdBs pose a challenge to our understanding of hot subdwarf formation. Especially the high fraction of helium white

dwarf mergers predicted by theory seems to be inconsistent with the results presented here.

Key words. binaries: spectroscopic — subdwarfs — stars: rotation

1. Introduction

Subluminous B stars (sdBs) show similar colours and spectral
characteristics to main sequence stars of spectral type B, but
are less luminous. Compared to main sequence B stars, the hy-
drogen Balmer lines in the spectra of sdBs are stronger while
the helium lines are much weaker. The strong line broadening
and the early confluence of the Balmer series is caused by the
high surface gravities (log g ~ 5.0—6.0) of these compact stars
(Rsa =~ 0.1-0.3 R). Subluminous B stars are considered to be
core helium-burning stars with very thin hydrogen envelopes and
masses of about half a solar mass (Heber 1986) located at the ex-
treme end of the horizontal branch (EHB).

* Based on observations at the Paranal Observatory of the European
Southern Observatory for programmes number 165.H-0588(A),
167.D-0407(A), 071.D-0380(A) and 072.D-0487(A). Based on ob-
servations at the La Silla Observatory of the European Southern
Observatory for programmes number 073.D-0495(A), 074.B-0455(A),
076.D-0355(A), 077.D-0515(A) and 078.D-0098(A). Based on ob-
servations collected at the Centro Astronémico Hispano Alemén
(CAHA) at Calar Alto, operated jointly by the Max-Planck Institut fiir
Astronomie and the Instituto de Astrofisica de Andalucia (CSIC). Some
of the data presented here were obtained at the W. M. Keck Observatory,
which is operated as a scientific partnership among the California
Institute of Technology, the University of California, and the National
Aeronautics and Space Administration. The Observatory was made pos-
sible by the generous financial support of the W. M. Keck Foundation.
Based on data obtained with the Hobby-Eberly Telescope (HET), which
is a joint project of the University of Texas at Austin, the Pennsylvania
State University, Stanford University, Ludwig-Maximilians-Universitit
Miinchen, and Georg-August-Universitidt Gottingen.

Article published by EDP Sciences

1.1. Hot subdwarf formation

The origin of EHB stars is still unknown (see Heber 2009, for a
review). The key question is how all but a tiny fraction of the red-
giant progenitor’s hydrogen envelope was removed at the same
time at which the helium core has attained the mass (~0.5 M)
to ignite the helium flash. The reason for this high mass loss at
the tip of the red giant branch (RGB) is unclear. Several single-
star scenarios are under discussion (D’Cruz et al. 1996; Sweigart
1997; De Marchi & Paresce 1996; Marietta et al. 2000), which
require either a fine-tuning of parameters or extreme environ-
mental conditions that are unlikely to be met for the bulk of the
observed subdwarfs in the field.

According to Mengel et al. (1976), the required strong mass
loss can occur in a close-binary system. The progenitor of the
sdB star has to fill its Roche lobe near the tip of the RGB to lose
a large part of its hydrogen envelope. The merger of close binary
white dwarfs was investigated by Webbink (1984) and Iben &
Tutukov (1984), who showed that an EHB star can form when
two helium core white dwarfs (WDs) merge and the product
is sufficiently massive to ignite helium. Politano et al. (2008)
proposed that the merger of a red giant and a low-mass main-
sequence star during a common envelope (CE) phase may lead
to the formation of a rapidly rotating single hot subdwarf star.

Maxted et al. (2001) determined a very high fraction of ra-
dial velocity variable sdB stars, indicating that about two thirds
of the sdB stars in the field are in close binaries with peri-
ods of less than 30 days (see also Morales-Rueda et al. 2003;
Napiwotzki et al. 2004a; Copperwheat et al. 2011). Han et al.
(2002, 2003) used binary population synthesis models to study
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the stable Roche lobe overflow (RLOF) channel, the common
envelope ejection channel, where the mass transfer to the com-
panion is dynamically unstable, and the He-WD merger channel.

The companions are mostly main sequence stars or white
dwarfs. If the white dwarf companion is sufficiently massive, the
merger of the binary system might exceed the Chandrasekhar
mass and explode as a type la supernova. Indeed, Maxted et al.
(2000) found the sdB+WD binary KPD 1930+2752 to be a sys-
tem that might qualify as a supernova la progenitor (see also
Geier et al. 2007). In Paper I of this series (Geier et al. 2010b)
more candidate systems with massive compact companions, ei-
ther massive white dwarfs or even neutron stars and black holes,
have been found. Furthermore, Geier et al. (2011d) reported
the discovery of an eclipsing sdB binary with a brown dwarf
companion.

1.2. Rotation on the horizontal branch

The rotational properties of horizontal branch (HB) stars both
in globular clusters and in the field all the way from the red to
the blue end have been studied extensively in the last decades
(Peterson 1983, 1985; Peterson et al. 1983, 1995; Behr et al.
2000a,b; Kinman et al. 2000; Recio-Blanco et al. 2002, 2004;
Behr 2003a,b; Carney et al. 2003, 2008). Most of these inves-
tigations were motivated by the puzzling HB morphologies in
some globular clusters and the search for second or third pa-
rameters responsible for this phenomenon. The most interesting
result of these studies is the discovery of a significant change in
the rotational velocities of blue horizontal branch (BHB) stars
when their effective temperatures exceed ~11 500 K. HB stars
cooler than this threshold value show v sin i values up to
40kms~!, while the hotter stars rotate with velocities lower
than ~10kms~!.

The transition in rotational velocity is accompanied by a
jump towards brighter magnitudes in the colour-magnitude di-
agram (Grundahl et al. 1999) and a change in the atmospheric
abundance pattern. Stars cooler than ~11 500 K show the typi-
cal abundances of their parent population (e.g. For & Sneden
2010), while stars hotter than that are in general depleted in he-
lium and strongly enriched in iron and other heavy elements such
as titanium or chromium. Lighter elements such as magnesium
and silicon on the other hand have normal abundances (Behr
et al. 2003a,b; Fabbian et al. 2005; Pace et al. 2006). Diffusion
processes in the stellar atmosphere are most likely responsible
for this effect. Michaud et al. (1983) predicted such abundance
patterns before the anomalies were observed (see also Michaud
et al. 2008). Caloi (1999) explained the sharp transition between
the two abundance patterns as the disappearance of subsurface
convection layers at a critical temperature. Sweigart (2002) in-
deed found that thin convective layers below the surface driven
by hydrogen ionization should exist and shift closer to the sur-
face when the effective temperature increases. At about 12 000 K
the convection zone reaches the surface and the outer layer of
the star becomes fully radiative. Since convection is very effi-
cient in mixing the envelope, diffusion processes do not operate
in HB star atmospheres of less than 12 000 K.

Slow rotation is considered as a prerequisite for diffusion.
Michaud (1983) was the first to show that meridional circula-
tion stops the diffusion process as soon as the rotational velocity
reaches a critical value and could explain the chemical peculiar-
ity of HgMn stars in this way. Quievy et al. (2009) performed
similar calculations for BHB stars and showed that the critical
rotational velocity is somewhere near ~20km s~ at the transi-
tion temperature of 11500 K. This means that the atmospheric
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abundances of stars with lower v sin i should be affected by
diffusion processes.

What causes the slow rotation that allows diffusion to hap-
pen, is still unclear. Sills & Pinsonneault (2000) used a standard
stellar evolution code and modelled the distribution of rotational
velocities on the BHB. In order to reproduce the two popula-
tions of fast and slow rotators they assumed two distinct main
sequence progenitor populations with different rotational veloci-
ties. In their picture the slowly rotating BHBs originate from
slowly rotating main sequence stars.

Another possible explanation is the spin-down of the surface
layers by diffusion itself. Sweigart (2002) argued that the radia-
tive levitation of iron triggers a weak stellar wind that carries
away angular momentum. Vink & Cassisi (2002) showed that
such winds are radiatively driven.

Brown (2007) used a stellar evolution code including ro-
tation and modelled the distribution of rotational velocities on
the BHB. This code allows one to follow the evolution of the
progenitor star through the He-flash. Brown (2007) argues that
no significant angular momentum is exchanged between the
stellar core and stellar envelope during the flash. The surface
rotation of their models highly depends on the rotation of the
surface convection zone, which contains most of the outer enve-
lope’s angular momentum. Hot BHB stars without surface con-
vection zone rotate slower than the cooler ones with convec-
tion zone. This approach allows one to reproduce the observed
Urot SiN i-distribution of BHB stars without assuming bimodal
stellar populations (Brown et al. 2008).

While the rotational properties of HB stars both in globular
clusters and in the field are thoroughly examined, the investi-
gation of EHB stars has mostly been restricted to close binary
systems, where tidal interaction plays a major role (Geier et al.
2010b). Very few apparently single EHB stars have been stud-
ied so far, all of which are slow rotators (<10kms~!, e.g. Heber
et al. 2000; Edelmann 2001).

In this paper we determine the projected rotational velocities
of more than a hundred sdB stars by measuring the broadening
of metal lines. In Paper I (Geier et al. 2010b) the rotational prop-
erties of sdBs in close binary system were derived and used to
clarify the nature of their unseen companions. Here we focus
on the rotational properties of apparently single sdBs and wide
binary systems, for which tidal interactions become negligible.

In Sect. 2 we give an overview of the observations of high-
resolution spectra and the atmospheric parameters of our sample.
The determination of the rotational properties of 105 sdB stars
are described in Sect. 3, the results are interpreted in Sect. 4
and compared to the corresponding results for BHB stars in
Sect. 5. The implications for the sdB formation scenarios and
the further evolution to the white dwarf cooling tracks are dis-
cussed in Sects. 6 and 7, respectively. Finally, a summary is
given in Sect. 8.

2. Observations and atmospheric parameters

ESO-VLT/UVES spectra were obtained in the course of the
ESO Supernovae Ia Progenitor Survey (SPY, Napiwotzki et al.
2001, 2003) at spectral resolution R =~ 20000-40000 cover-
ing 3200-6650 A with two small gaps at 4580 A and 5640 A.
Each of the 50 stars was observed at least twice (Lisker et al.
2005).

Another sample of 46 known bright subdwarfs was observed
with the FEROS spectrograph (R = 48000, 3750-9200 A)
mounted at the ESO/MPG 2.2 m telescope (Geier et al. 2012).
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Fig. 1. T —log g-diagram for the entire sample (not RV-variable) under
study. The helium main sequence (HeMS) and the EHB band (limited
by the zero-age EHB, ZAEHB, and the terminal-age EHB, TAEHB)
are superimposed with EHB evolutionary tracks for solar metallicity
taken from Dorman et al. (1993) labelled with their masses. Open cir-
cles mark objects where only upper limits could be derived for v, sin i,
filled circles objects with significant v,y sini. The size of the symbols
scales with the value of v, sini.

Six stars were observed with the FOCES spectrograph
(R = 30000, 3800-7000 A) mounted at the CAHA 2.2 m tele-
scope (Geier et al. 2012). Two stars were observed with the
HIRES instrument (R = 45000, 3600-5120 A) mounted at
the Keck telescope (Heber et al. 2000). One star was observed
with the HRS fiber spectrograph at the Hobby Eberly Telescope
(R = 30000, 42606290 A, Geier et al. 2010b).

Because a wide slit was used in the SPY survey and the
seeing disk did not always fill the slit, the instrumental profile
of some of the UVES spectra was seeing-dependent. This has
to be accounted for to estimate the instrumental resolution (see
Paper I). The resolution of the spectra taken with the fiber spec-
trographs FEROS and FOCES was assumed to be constant.

The single spectra of all programme stars were radial-
velocity (RV) corrected and co-added in order to achieve higher
signal-to-noise.

Atmospheric parameters of the stars observed with UVES
have been determined by Lisker et al. (2005). HD 205805 and
Feige 49 have been analysed by Przybilla et al. (2006), the
two sdB pulsators KPD 2109+4401 and PG 1219+534 by Heber
et al. (2000), and the sdB binaries PG 1725+252 and TON S 135
by Maxted et al. (2001) and Heber (1986), respectively. The
rest of the sample was analysed in Geier et al. (2012) and a
more detailed publication of these results is in preparation. We
adopted the atmospheric parameters given in Saffer et al. (1994)
for [CW83] 1758+36.

The whole sample under study is listed in Tables 1 and 2 and
the effective temperatures are plotted versus the surface gravities
in Fig. 1. Comparing the positions of our sample stars to evolu-
tionary tracks, we conclude that all stars are concentrated on or
above the EHB, which is fully consistent with the theory. We

point out that the inaccuracies in the atmospheric parameters do
not significantly affect the derived projected rotational velocities.

3. Projected rotational velocities from metal lines

To derive vy sini, we compared the observed spectra with
rotationally broadened, synthetic line profiles using a semi-
automatic analysis pipeline. The profiles were computed for the
appropriate atmospheric parameters using the LINFOR program
(developed by Holweger, Steffen and Steenbock at Kiel univer-
sity, modified by Lemke 1997).

For a standard set of up to 187 unblended metal lines
from 24 different ions and with wavelengths ranging from 3700
to 6000 A, a model grid with appropriate atmospheric parame-
ters and different elemental abundances was automatically ge-
nerated with LINFOR. The actual number of lines used as in-
put for an individual star depends on the wavelength coverage.
Owing to the insufficient quality of the spectra and the pollution
with telluric features in the regions blueward of 3700 A and red-
ward of 6000 A we excluded them from our analysis. A simul-
taneous fit of elemental abundance, projected rotational velocity
and radial velocity was then performed separately for each iden-
tified line using the FITSB2 routine (Napiwotzki et al. 2004b). A
detailed investigation of statistical and systematic uncertainties
of the techniques applied is presented in Paper 1. Depending on
the quality of the data and the number of metal lines used, an ac-
curacy of about 1.0km s~! can be achieved. For the best spectra
with highest resolution the detection limit is about 5.0 kms~'.

Projected rotational velocities of 105 sdBs have been mea-
sured (see Tables 1, 2). Ninety-eight sdBs do not show any
RV variability. In addition, seven are radial velocity variable sys-
tems with orbital periods of about a few days (see Table 2).

For eleven stars of our sample upper limits for the pro-
jected rotational velocities have already been published (Heber
et al. 2000; Edelmann et al. 2001) based on the same spectra
as used here (see Table 3). Only for PHL 932 and PG 0909+276
our measured vy Sin i deviate significantly from the results of
Edelmann et al. (2001). This is most likely because they used
fewer metal lines in their study.

Przybilla et al. (2006) performed an NLTE analysis of
Feige 49 and HD 205805 using the same FEROS spectra as we
do here and derived a v, sin i below the detection limit. Again
our measurements are consistent with their results, because they
are very close to the detection limit we derived for FEROS spec-
tra of sdBs (=5 kms™!, see Paper I).

4. Projected rotational velocity distributions

The projected rotational velocities of our full sample of 98 stars
without radial velocity variations are all low (<10kms™!, see
Table 1). Taking into account the uncertainties, one can see that
there is no obvious trend with the atmosperic parameters (see
Fig. 1).

Figure 2 shows the distribution of vy sin i binned to the
average measurement error (1.5kms™!). Eleven stars that had
only fairly weak upper limits of 10kms™!, were sorted out.
The distribution is very uniform and shows a prominent peak
at 6-8 kms~!. Because we can only determine the projected ro-
tation, the true rotational velocities of most stars in the sample
should be about 7-8 kms~!.
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Table 1. Projected rotational velocities of single sdBs and sdBs with visible companions.
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System Test mpy  S/N  Seeing  Nines Uror SIN £ Instrument
K] [mag] [arcsec] [kms™!]

HE0151-3919 20800 14.3® 66 1.06 27 <5.0 UVES
EC21494-7018 22400 11.2Y 85 16 8.6 +1.8 FEROS
EC15103-1557 22600 129V 163 8 6.5+1.6 FEROS
HD 4539 23000 10.1B 112 21 39+1.0 FEROS
EC 11349-2753 23000 12.58 185 49 47+1.0 FEROS
EC 14345-1729 23300 13.1Y 117 40 6.2+1.0 FEROS
HE 0539-4246 23300 14.58 40 0.87 19 <10.0 UVES
HE 2307-0340" 23300 15.8B 61 0.89 17 <5.0 UVES
PG 1432+004"" 23600 12.08 170 13 47+1.0 FEROS
EC 19563-7205¢ 23900 12.8B 85 34 9.8+ 1.0 FEROS
EC20106-5248 24500 12.6YV 114 47 7.8 +1.0 FEROS
BD+48° 2721 24800 1058 326 10 47+14 FOCES
HD 205805 25000 9.9 255 20 45+1.0 FEROS
HE 0321-0918™ 25100 14.7B 37 1.22 7 5.6 +2.3 UVES
PG 1653+131 25400 14.1B 68 32 83+1.0 FEROS
HE 2237+0150 25600 15.88 40 0.78 11 85+1.8 UVES
PG 0342+026 26000 11.1B 190 54 6.2+1.0 FEROS
PG2122+157¢ 26000 15.0B 67 0.78 13 79+ 1.4 UVES
GD 108 26100 13.3B 97 6 6.0+ 1.8 FEROS
Feige 65 26200 11.88 150 18 72+1.1 FOCES
PHL 44/ 26600 13.0B 85 31 84+1.0 FEROS
HE 0513-2354 26800 15.8B 21 0.99 18 <10.0 UVES
HE0135-6150 27000 16.3B 37 0.71 13 55+1.7 UVES
SB 815 27000 10.6B 85 48 73+1.0 FEROS
HE 2201-0001 27100 16.0B 35 1.10 28 <5.0 UVES
PG 2205+023 27100 12.98 36 9 <10.0 FEROS
PG 2314+076" 27200 13.98 71 6 6.0+22 FEROS
SB 485 27700 13.08 112 0.71 24 72+1.0 UVES
KUV 01542-0710° 27800 16.3B 58 0.92 8 72 +2.1 UVES
HE 2156-3927¢ 28000 14.1B 62 0.61 16 7.0+1.2 UVES
EC03591-3232 28000 11.2YV 131 34 48 +1.0 FEROS
EC 12234-2607 28000 13.8B 60 19 6.8+ 1.4 FEROS
PG 2349+002 28000 12.0B 68 11 57«15 FEROS
HE 2322-0617¢" 28100 15.7B 62 0.70 15 6.8+ 1.3 UVES
PG 0258+184¢<m° 28100 15.2B 48 0.99 12 72+1.7 UVES
HE 0136-2758" 28200 16.2B 29 1.20 27 <5.0 UVES
HE 0016+0044" 28300 13.1B 58 0.67 14 6.5+ 1.3 UVES
PG 1549-001" 28300 14.88 45 1.16 20 5.6+1.1 UVES
HE 2349-3135 28500 15.68 53 1.13 13 100 £ 1.7 UVES
EC01120-5259 28900 13.5V 73 19 58+1.2 FEROS
HE 0007-2212" 29000 14.8B 53 0.64 21 74+1.0 UVES
LB275* 29300 14.9% 48 1.16 20 5.6+1.1 UVES
EC03263-6403 29300 13.2V 32 40 <5.0 FEROS
HE 1254—1540°" 20700 15.2B 54 0.75 20 72+1.3 UVES
PG 1303+097 29800 14.3B 51 18 6.1+1.5 FEROS
HE 2222-3738 30200 14.2B 61 0.83 28 87+1.0 UVES
HE 2238-1455 30400 16.0° 48 0.80 14 <5.0 UVES
EC03470-5039 30500 13.6Y 53 9 73+2.0 FEROS
Feige 38 30600 12.8B 148 34 53+1.0 FEROS
HE 1038-2326¢ 30600 15.88 34 1.27 28 <5.0 UVES
PG 1710+490 30600 12.1B 80 11 7.1+1.6 FOCES
HE 0447-3654 30700 14.6Y 44 11 73+1.8 FEROS
EC 14248-2647 31400 12.0V 104 14 7.0+ 1.5 FEROS
HE 0207+0030™ 31400 14.7° 27 1.30 7 5.1+23 UVES
KPD 2109+4401° 31800 13.2B 136 9 105+ 1.6 HIRES
EC02542-3019 31900 12.8B 65 13 73+1.5 FEROS
[CW83]1758+36™ 32000 11.1B 110 5 57«14 FOCES
TONS 155¢ 32300 14.98 35 0.85 14 <5.0 UVES
EC21043-4017 32400 13.1V 65 8 56+1.8 FEROS
EC20229-3716 32500 11.4V 153 29 45+1.0 FEROS
HS 2125+1105¢ 32500 16.48 29 0.80 8 6.0+24 UVES
HE 1221-2618¢ 32600 14.98 35 1.06 11 6.8+ 1.6 UVES
HS 2033+0821" 32700 14.4® 43 1.14 37 <5.0 UVES
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Table 1. continued.

System T mg S/N  Seeing  MNines Ut Sin i Instrument
K] [mag] [arcsec] [kms™!']
HE 0415-2417" 32800 16.2B 34 0.83 10 <10.0 UVES
EC05479-5818 33000 13.1Y 81 20 5.8 +1.1 FEROS
HE 1200-0931¢" 33400 16.28 30 0.86 12 <5.0 UVES
PHL 932 33600 12.08 102 1.10 12 90«13 UVES
HE 1422-1851" 33900 16.3B 14 0.58 10 <10.0 UVES
PHL 555 34100 13.8% 56 0.88 17 69+1.2 UVES
HE 1419-1205¢ 34200 16.28 28 0.69 16 <10.0 UVES
PG 1219+534¢ 34300 12.4% 140 11 5714 HIRES
HS 2216+1833¢ 34400 13.8B 54 0.90 11 53+1.6 UVES
HE 1050-0630" 34500 14.0B 59 1.20 28 73+14 UVES
HE 1519-0708" 34500 15.68 20 0.84 8 9.0+24 UVES
HE 1450-0957 34600 15.1B 32 0.71 6 9.0+24 UVES
EC 13047-3049 34700 12.8V 68 5 6.8 +3.6 FEROS
HS 1710+1614" 34800 15.78 38 1.30 13 <5.0 UVES
PHL 334 34800 12.5B 87 13 <5.0 FEROS
Feige 49 35000 13.2B 119 40 62+1.0 FEROS
HE2151-1001° 35000 15.68 42 0.66 6 6.7+24 UVES
PG 0909+164° 35300 13.9% 52 4 <10.0 FEROS
HE 1021-0255" 35500 15.3B 40 1.61 11 <10.0 UVES
PG 0909+276™ 35500 13.98 82 13 93+14 FOCES
HE0101-2707 35600 15.08 67 0.85 12 81x1.5 UVES
EC03408-1315 35700 13.6Y 66 11 8.8+1.8 FEROS
HE 1352-1827¢ 35700 16.2B 24 0.85 5 82+27 UVES
PG 1207-032" 35700 13.1B 50 0.64 9 6.6+ 1.6 UVES
HE 0019-5545 35700 15.8B 38 0.76 7 59+23 UVES
GD619 36100 13.9% 96 0.81 10 6.1 1.5 UVES
HE 1441-0558" 36400 14.48 30 0.70 8 6.9 +2.0 UVES
HE0123-3330 36600 15.2B 48 0.66 8 6.9+ 1.8 UVES
PG 1505+074 37100 12.2B 153 4 <5.0 FEROS
HE 1407+0033" 37300 15.58 35 0.72 9 <10.0 UVES
PG 1616+144™ 37300 13.58 44 4 <10.0 FEROS
EC00042-2737¢ 37500 13.9% 37 9 <10.0 FEROS
PHL 1548 37400 12.58 90 10 9.1+1.6 FEROS
PB 5333 40600 12.58 66 2 <10.0 FEROS
[CW83]0512-08 38400 11.3B 124 14 77 +1.1 FEROS

Notes. The average seeing is only given if the spectra were obtained with a wide slit in the course of the SPY survey. In all other cases the
seeing should not influence the measurements. © Main sequence companion visible in the spectrum (Lisker et al. 2005). © Pulsating subdwarf
of V361 Hya type. ¥ Pulsating subdwarf of V 1093 Her type. No short-period pulsations have been detected either by " Billeres et al. (2002),
(") Randall et al. (2006) or " @stensen et al. (2010). ® Misidentified as CBS 275 in Lisker et al. (2005).

Table 2. Projected rotational velocities of radial velocity variable sdBs.

System Ter  mpyy S/N Nines Uror Sin i Instrument
[K] [mag] [kms™']

TON S 135 25000 13.1B 45 35 64+1.0 FEROS
LB 1516 25200 12.7® 58 23 6.0+1.3 FEROS
PHL 457! 26500 13.0B 59 47 6.1+1.0 FEROS
EC 14338-1445 27700 135V 71 39 89+1.0 FEROS
PG 1725+252 28900 11.58 45 11 74=x1.1 HRS
PG1519+640 30300 12.1® 104 11 94+ 14 FOCES
PG2151+100 32700 129% 69 9 9.0=x1.7 FEROS

Notes. ) Pulsating subdwarf of V 1093 Her type.

4.1. Single-lined sdBs

Our sample contains 71 single-lined sdBs, of which the v sin i
could be constrained. Ten stars of which we were only able to
derive upper limits of 10kms~! were sorted out. Figure 3 shows
the vy sin i distribution of this subsample. Most remarkably,

the distribution is almost identical to that of the full sample.
Adopting a random distribution of inclination angles and a con-
stant vy of ~8 kms™!, the observed vy sin i-distribution can in-
deed be well reproduced (see Fig. 2). We therefore conclude
that most single sdBs in our sample have very similar rotation
velocities.

4.2. Double-lined sdB binaries

Our sample contains 18 sdBs with visible spectral signatures
of cooler main sequence (MS) companions (e.g. Mgr, Lisker
et al. 2005). Again, two stars with upper limits of 10 km s~ were
excluded.

The orbital periods of these systems are long. Green et al.
(2006) have argued that such systems should have periods of
many months or years. Recently, Deca et al. (2012) were able
to determine the orbital period P ~ 760d of the sdB+K bi-
nary PG 1018—-047. Similar periods were reported by @stensen
& van Winckel (2012) for eight such binaries. The separations
of the components are so wide that tidal interaction is negligible.

A149, page 5 of 10
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Fig. 2. Distribution of v, sin i for the full sample. Objects with limits
below the detection limit have been stacked into the first dotted bin.

Table 3. Comparison with literature.

System This work  Literature ~ Reference
Uror SIN { Uror SIN [
[kms™!'] [kms™']
KPD2109+4401 10.5+1.6 <10.0 Heber
PG 1219+534 5714 <10.0 et al. (2000)
BD+48°2721 47+14 <5.0 Edelmann
Feige 65 72+1.1 <5.0 et al. (2001)
HD 205805 45+1.0 <5.0
HD 4539 39+1.0 <5.0
LB 1516 6.0+1.3 <5.0
PG 0342+026 62+1.0 <5.0
PG 0909+276 93+1.4 <5.0
PHL 932 9.0+1.3 <5.0
Feige 49 6.2+1.0 0.0 Przybilla
HD 205805 45+1.0 0.0* et al. (2006)

Notes. ) Adopted value for line fits is below the detection limit.

Main-sequence companions do therefore not affect the rotational
properties of the sdB stars in this type of binaries.

The distribution for sdBs with composite spectra is displayed
in Fig. 4. Taking into account the much smaller sample size, the
result is again similar. We therefore conclude that the rotational
properties of sdBs in wide binaries with MS companions are
the same as those of single sdBs, although they have probably
formed in a very different way (see Sect. 6).

4.3. Pulsating sdBs

Two types of sdB pulsators are known. The slow pulsations of
the V 1093 Her stars (sdBVs, Green et al. 2003) are not expected
to influence the line broadening significantly (see Geier et al.
2010b). For the short-period pulsators (V 361 Hya type, sdBV,,
Charpinet et al. 1997; Kilkenny et al. 1997) unresolved pulsa-
tions can severely affect or even dominate the broadening of the
metal lines and therefore fake high v, sin i. Telting et al. (2008)
showed that this happens in the case of the hybrid pulsator
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Fig. 4. Distribution of v, sin i for 16 sdBs with companions visible in
the spectra using the same binning as in Fig. 2.

Balloon 090100001 using the same method as in this work.
Unresolved pulsations are also most likely responsible for the
high line broadening (39 kms~') measured for the strong pul-
sator PG 1605+072 (Heber et al. 1999, 2000).

Our sample contains three known long-period pulsators
(PHL 44, Kilkenny et al. 2007; PHL 457, Blanchette et al.
2008; LB 1516, Koen et al. 2010) and two short-period
ones (KPD2109+4401, Billeres et al. 1998; PG 1219+534,
O’Donoghue et al. 1999). The v, sin i of KPD 2109+4401 is
indeed among the highest of all sdBs in our sample (10.5 +
1.6kms™"), but it is unclear if this might not be partly due
to unresolved pulsations. Jeffery & Pollacco (2000) measured
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Fig. 5. Distribution of v, sin i for 8 radial velocity variable sdBs with
orbital periods exceeding ~1.2 d using the same binning as in Fig. 2.

RV variations of 2kms~! for KPD 2109+4401. Taking this into
account, the sdBs rotational velocity may be slightly lower than
measured. The vy sin i of the other pulsators are not peculiar.

For most stars in our sample it is not clear whether they
are pulsators or not, because no light curves of sufficient qual-
ity are available. Because only about 5% of all sdBs show pul-
sations detectable from the ground, one may conclude that the
contamination by pulsators should be quite low. Thanks to the
extensive photometric surveys for sdB pulsators conducted by
Billeres et al. (2002), Randall et al. (2006) and @stensen et al.
(2010), we know that 27 stars from our sample do not show
short-period pulsations.

Restricting ourselves to these objects and again excluding
those with visible companions, we constructed a “pure” sam-
ple of 16 single sdBs, for which the rotational broadening is
proven to be disturbed neither by the presence of a companion
nor by pulsations. The associated vy sin i distribution does not
differ from the other distributions (see Figs. 2—4). We therefore
conclude that unresolved pulsations do not significantly affect
our results.

4.4. Radial velocity variable sdBs

In Paper I we showed that the v, sin i distribution of sdBs in
close binary systems is strongly affected by the tidal interaction
with their companions, but that this influence becomes negligible
if the orbital periods of the binaries become longer than ~1.2 d. It
is instructive to have a look at the v, sin i-distribution of these
long-period radial velocity variable systems. From Paper I we
selected all seven binaries with periods longer than 1.2d, for
which tidal synchronisation is not established. We added the sys-
tem LB 1516, a binary with yet unknown orbital parameters, but
for which Edelmann et al. (2005) provided a lower limit for the
period of the order of days'.

Figure 5 shows the associated distribution. Given the
small sample size and although two stars have somewhat

! TON'S 135 was not included because the orbital period of ~4 d given
in Edelmann et al. (2005) is not very significant and shorter periods
cannot be excluded yet.

50 T T T T T T T

v
4.1 4%)9“(!" alg) 4?4 4?5 4?6

Fig. 6. Projected rotational velocity plotted against effective temper-
ature. The grey squares mark BHB and some sdB stars taken from
Peterson et al. (1995), Behr (2003a,b), Kinman et al. (2000), and
Recio-Blanco et al. (2004). Upper limits are marked with grey trian-
gles. The black diamonds mark the sdBs from our sample. The vertical
line marks the jump temperature of 11 500 K.

higher vy sini = 10-12km s7!, the distribution is again
very similar to the distributions shown before (see Figs. 2—4).
Subdwarf B stars in close binaries obviously rotate in the same
way as single stars or sdBs with visible companions if the orbital
period is sufficiently long.

5. Comparison with BHB stars

Projected rotational velocities of BHB stars have been deter-
mined for many globular cluster and field stars (Peterson et al.
1995; Behr 2003a,b; Kinman et al. 2000; Recio-Blanco et al.
2004). The results are plotted against the effective temperature
in Fig. 6. The characteristic jump in v, sin i at a temperature of
about =11 500 K can be clearly seen. The sdB sequence basically
extends the BHB trend to higher temperatures. The v, sin i val-
ues remain at the same level as observed in hot BHB stars.

Comparing the v, sin i of BHB and EHB stars, one has to
take into account that the radii of both types of HB stars are
quite different, which translates directly into very different an-
gular momenta. While sdBs have surface gravities log g between
5.0 and 6.0, the surface gravities of BHB stars range from log g =
3.0 to 4.0. The BHB stars with the same rotational velocities as
EHB stars have higher angular momenta. Assuming rigid rota-
tion, the same inclination angle of the rotation axis, and the same
mass of ~0.5 M, for BHB and EHB stars, one can calculate the
quantity vy sin i X ¢g~'/2, which is directly proportional to the
angular momentum. The surface gravities of the sdBs were taken
from the literature (see Sect. 2), those for the BHB stars from
Behr (2003a,b) and Kinman et al. (2000). Since Peterson et al.
(1995) and Recio-Blanco et al. (2004) did not determine surface
gravities for their BHB sample, we adopted a logg of 3.0 for
stars with temperatures below ~10000 K and 3.5 for the hotter
ones as suggested by the results of Behr (2003a,b) and Kinman
et al. (2000).
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Fig. 7. v, sin i x g~'/? plotted against effective temperature. The grey

squares mark BHB and some sdB stars taken from Peterson et al.
(1995), Behr (2003a,b), Kinman et al. (2000), and Recio-Blanco et al.
(2004). Upper limits are marked with grey triangles. The black dia-
monds mark the sdBs from our sample. The vertical line marks the jump
temperature of 11500 K. Typical uncertainties for the sdBs are given in
the upper right corner.

In Fig. 7 v.; sin i x g~ '/? is plotted against .. The transition

between BHB and EHB stars is smooth. Since the progenitors
of the EHB stars lost more envelope material on the RGB, the
EHB stars are expected to have lower angular momenta than the
BHB stars. This is consistent with what can be seen in Fig. 7.

6. Implications for hot subdwarf formation

The uniform distribution of low projected rotational velocities
in single and wide binary sdBs has consequences for the open
question of hot subdwarf formation. As shown in this study, sdBs
appear to rotate at low but spectroscopically detectable velocities
of 8—10kms~!. These results are remarkably similar to those
derived for their cooler relatives, the BHB stars. Hot subdwarfs
are likely formed through binary interaction or merging, which
is also accompanied by a transfer of angular momentum. The
rotational properties of sdB stars therefore allow one to constrain
possible formation scenarios.

6.1. Uniform rotation of EHB stars and mass loss
on the RGB

The rotational properties of sdBs residing on the EHB are very
similar to those of hot BHB stars. The only exception is that the
EHB stars obviously lost more envelope in the red-giant phase
and therefore retained less angular momentum. How the enve-
lope is lost does not affect the rotational velocities of sdB stars,
since the vy sin i-distribution of RV variable systems with or-
bital periods sufficiently long to neglect the tidal influence of
the companion (Fig. 5) is similar to those of apparently single
sdB stars (Fig. 3) and for sdB stars with visible main sequence
companions (Fig. 4).

The abundance patterns of sdBs are dominated by diffu-
sion processes very similar to those of the hot BHB stars
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(Geier et al. 2010a). No surface convection zone should be
present, and according to the model of Brown (2007) the angular
momentum of the outer layers should be low. Stellar winds and
magnetic fields may help to slow down the upper layers of the
star. However, Unglaub (2008) showed that the weak winds pre-
dicted for sdB stars are most likely fractionated and are therefore
not able to carry away the most abundant elements hydrogen and
helium.

Angular momentum gained or retained from the formation
process may also be stored in the stellar core, which may be
rapidly rotating. Kawaler & Hostler (2005) proposed such a sce-
nario and suggested an asteroseismic approach to probe the ro-
tation of the inner regions of sdBs. Van Grootel et al. (2008) and
Charpinet et al. (2008) performed such an analysis for the two
short-period sdB pulsators Feige 48 and PG 1336—018, respec-
tively, and found no deviation from rigid rotation at least in the
outer layers of these stars down to about half the stellar radius.
But these results may not be representative, because both stars
are in close binary systems and are synchronised by the tidal in-
fluence of their companions (Geier et al. 2010b). The rigid body
rotation may have been caused by this effect and may not be a
general feature of sdBs. Another setback of these analyses is the
problem that p-mode pulsations are not suited to probe the in-
nermost regions of sdBs. In contrast to that, g-mode pulsations
reach the stellar core and it should be possible to measure the
rotational properties of the whole stellar interior with asteroseis-
mic methods. With the availability of high-precision light curves
from the Kepler and CoRoT missions, the analysis of g-mode
pulsators became possible and first results have been published
by van Grootel et al. (2010) and Charpinet et al. (2011b).

For the RV variable systems CE ejection is the only fea-
sible formation channel. The systems with visible compan-
ions may have lost their envelopes via stable RLOF. Very re-
cently, @stensen et al. (2012) and Deca et al. (2012) reported
the discovery of sdB+MS binaries with orbital periods up to
~1200 d, which may have been sufficiently close for mass trans-
fer. However, the visible companions to the sdBs may still have
been separated by too much for an interaction with the subd-
warf progenitors. More detailed binary evolution calculations are
needed to solve this problem. Common envelope ejection and
stable RLOF form similar sdB stars, because in both cases the
hydrogen envelope is removed and the helium burning should
start under similar conditions. It would therefore not be surpris-
ing if their vy sin i-distributions were to look similar.

6.2. Where are the He-WD merger products?

The vy sin i-distribution of the single sdB stars (Fig. 3) is par-
ticularly hard to understand in the context of the WD merger
scenario. If a certain fraction or even all of the apparently single
sdBs would have been formed in this way, one would not ex-
pect a vy sin i-distribution that resembles that of the post-CE
or post-RLOF sdBs. Gourgouliatos & Jeffery (2006) showed
that the merger product of two WDs would rotate faster than
break-up velocity, if angular momentum were conserved. These
authors concluded that angular momentum must be lost dur-
ing the merger process. One way to lose angular momentum
are stellar winds and magnetic fields. Another explanation may
be the interaction with the accretion disc during the merger. If
the less massive object is disrupted, it should form an accre-
tion disc around the more massive component. The WD can
only gain mass if angular momentum is transported outward
in the disc. This process is expected to spin down the merger
product (Gourgouliatos & Jeffery 2006). According to a model
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proposed by Podsiadlowski (priv. comm.), the merger is accom-
panied by a series of outbursts caused by the ignition of he-
lium. These flashes remove angular momentum from the merged
remnant and should slow it down to rotational velocities of less
than 20km ™.

However, even if it is possible to slow down the merged rem-
nant of two He-WDs, it is very unlikely that the merger pro-
ducts would have a v, sin i-distribution almost identical to sdBs,
of which we know that they were formed via CE-ejection or
maybe stable RLOF. This would require an extreme fine-tuning
of parameters, unless there is an as yet unknown mechanism at
work, which leads to uniform rotation of the radiative, diffusion-
dominated atmospheres. It is therefore questionable whether our
sample contains stars that were formed by an He-WD merger or
a CE-merger event. If this is not the case and because of the size
of our sample, it would be safe to conclude that the merger chan-
nel does not contribute significantly to the observed population
of single hydrogen-rich sdO/Bs in contrast to the models of Han
et al. (2002, 2003).

This conclusion is consistent with the most recent results
by Fontaine et al. (2012), who studied the empirical mass dis-
tribution of sdB stars derived from eclipsing binary systems
and asteroseismic analyses. The lack of sdB stars more massive
than ~0.5 M, which would be the outcome of the merger chan-
nel, led to the conclusion that mergers are less frequent in the
formation process of isolated sdB stars than predicted by theory.

The only known single and fast rotating hot subdwarf star
EC22081-1916 (Geier et al. 201 1a) may be the rare outcome of
a CE merger event as suggested by Politano et al. (2008). It is
unique among ~100 sdBs of our sample.

Possible candidates for WD-merger products are the helium
rich sdOs (He-sdOs, Stroer at al. 2007), since Hirsch et al.
(2009) measured vy sin i values of 20-30kms~! for some of
those stars. Although their velocities are not particularly high,
they are significantly different from the typical v,y sin i of sdBs.
However, while the He-sdOs were first considered as single stars
(Napiwotzki et al. 2008), evidence grows that a fraction of them
resides in close binaries (Green et al. 2008; Geier et al. 2011c¢).
At least those He-sdOs could not have been formed by a He-WD
merger.

6.3. Alternative formation scenarios

Because the canonical binary scenario for sdB formation, which
rests on the three pillars CE ejection, stable RLOF and He-WD
merger, turned out to be very successful not only in explain-
ing the properties of sdBs in the field (Han et al. 2002, 2003),
but also in globular clusters (Han 2008) and the UV-upturn phe-
nomenon in old galaxies (Han et al. 2007), the possible lack of
merger candidates poses a problem.

Alternative formation scenarios such as CE ejection trig-
gered by substellar companions (Soker 1998; Bear & Soker
2012) may be responsible for the formation of apparently sin-
gle sdBs. Evidence grows that such objects are quite common
around sdB stars (e.g. Silvotti et al. 2007; Geier et al. 2011d;
Charpinet et al. 2011a). In the light of the results presented here
and other recent observational evidence, the conclusion has to be
drawn that the question of sdB formation is still far from settled.

7. Connection to white dwarfs

Owing to their thin hydrogen envelopes, hot subdwarf
stars will not evolve to the asymptotic giant branch

(AGB-manqué, Dorman et al. 1993). After about 100 Myr of
core He-burning on the EHB and a shorter episode of He-shell
burning, these objects will join the WD cooling sequence.

The rotational properties of single WDs are difficult to de-
termine. Owing to the high pressure in the dense WD atmo-
spheres, the spectral lines of WDs are strongly broadened and
hence do not appear to be suitable to measure v, Sin i. However,
the H, line often displays a sharp line core, which is caused by
NLTE effects. In a small fraction of the WD-population metal
lines are visible. However, excellent high-resolution spectra are
necessary to constrain the projected rotational velocity (Berger
et al. 2005).

The derived upper limits (~10-50kms~') are consistent
with the much lower rotational velocities of pulsating WDs
derived with asteroseismic methods (~0.2—3.5kms™!, Kawaler
2003). Most single WDs are therefore obviously rather slow ro-
tators. The reason for this is most likely a significant loss of mass
and angular momentum due to stellar winds and thermal pulses
in the AGB-phase, as has been shown by Charpinet et al. (2009).

The properties of WDs evolved from sdB progenitors on
the other hand should be very different. Since the hot subd-
warfs bypass the AGB-phase, both their masses and their angu-
lar momenta are expected to remain more or less constant when
evolving to become WDs.

The average mass of these sdB remnants (~0.47 M) is ex-
pected to be significantly lower than the average mass of normal
WDs (=0.6 M). But more importantly, the rotational velocities
of these WDs must be very high. We have shown that single sdBs
have small, but still detectable v sin i. Assuming rigid rotation
and conservation of mass and angular momentum, the rotational
velocity at the surface scales with the stellar radius. Because the
radius decreases by a factor of about 10, the rotational veloc-
ity should increase by a factor of about 100. Assuming an av-
erage vy ~ 8kms~! for single sdBs, WDs evolved through an
EHB-phase should therefore have an average v;o ~ 800 km s7L
Because about 1% of all WDs are expected to have evolved
through an EHB-phase, we expect a similar fraction of extremely
fast rotating, low-mass WDs. These high v, sin i-values should
be easily detectable even in medium-resolution spectra. The
sample of WDs with observed spectra from the Sloan Digital
Sky Survey (Eisenstein et al. 2006) for example should contain
more than 100 of these objects.

8. Summary

We extended a project to derive the rotational properties
of sdB stars and determined the projected rotational veloci-
ties of 105 sdB stars by measuring the broadening of metal
lines using high-resolution spectra. All stars in our sample
have low v, sini < 10kms™'. For ~75% of the sample we
were able to determine significant rotation. The distribution
of projected rotational velocities is consistent with an aver-
age rotation of ~8kms~! for the sample. Furthermore, the
Uror Sin i-distributions of single sdBs, hot subdwarfs with main
sequence companions visible in the spectra and close binary sys-
tems with periods exceeding 1.2d are similar. The BHB and
EHB stars are related in terms of surface rotation and angular
momentum. Hot BHBs with diffusion-dominated atmospheres
are slow rotators like the EHB stars, which lost more enve-
lope and therefore angular momentum on the RGB. The uni-
form rotation distributions of single and wide binary sdBs pose
a challenge to our understanding of hot subdwarf formation.
Especially the high fraction of He-WD mergers predicted by
theory seems to be inconsistent with our results. We predict
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that the evolutionary channel of single sdB stars gives birth to
a small population of rapidly rotating WDs with masses lower
than average.
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ABSTRACT

The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims at finding hot subdwarf
stars (sdBs) with massive compact companions such as white dwarfs, neutron stars, or stellar-mass black holes. In a supplementary
programme we obtained time-resolved spectroscopy of known hot subdwarf binary candidates. Here we present orbital solutions of
eight close sdB binaries with orbital periods ranging from ~0.1d to 10d, which allow us to derive lower limits on the masses of
their companions. Additionally, a dedicated photometric follow-up campaign was conducted to obtain light curves of the reflection-
effect binary HS 2043+0615. We are able to constrain the most likely nature of the companions in all cases but one, making use of
information derived from photometry and spectroscopy. Four sdBs have white dwarf companions, while another three are orbited by

low-mass main sequence stars of spectral type M.

Key words. binaries: spectroscopic — subdwarfs

1. Introduction

Subluminous B stars or hot subdwarfs (sdBs) are core
helium-burning stars with thin hydrogen envelopes and masses
around 0.5 My (Heber 1986; see Heber 2009, for a review).
A large proportion of the sdB stars (40% to 80%) are mem-
bers of short-period binaries (Maxted et al. 2001; Napiwotzki
et al. 2004a). Several studies aimed at determining the orbital
parameters of short-period subdwarf binaries and have found pe-
riods ranging from 0.05 d to more than 10 d with a peak around
0.5 to 1.0d (e.g. Morales-Rueda et al. 2003; Edelmann et al.
2005; Copperwheat et al. 2010). For these close binary sdBs,
common envelope (CE) ejection is the only feasible formation
channel. At first, two main sequence stars evolve in a binary sys-
tem. The more massive one will then enter the red-giant phase
and eventually fill its Roche lobe. Triggered by dynamically un-
stable mass transfer, a common envelope is formed. Owing to
friction the two stellar cores lose orbital energy, which is de-
posited within the envelope and leads to a shrinking of the binary
orbit. Eventually, the common envelope is ejected and a close
binary system is formed, which contains a core helium-burning
sdB and a main sequence companion. A close sdB binary with

* Radial velocities are available in electronic form at
http://www.aanda.org and at the CDS via anonymous ftp to
cdsarc.u-strasbhg. fr (130.79.128.5) or via
http://cdsarc.u-strasbg. fr/viz-bin/qcat?]/A+A/562/A95

Article published by EDP Sciences

white dwarf (WD) companion is formed after two consecutive
phases of mass-transfer (Han et al. 2002, 2003).

The nature of the close companions to sdB stars is hard to
constrain in general, since most of those binaries are single-
lined with the hot subdwarf being the only star detectable in the
spectrum. Measuring the Doppler reflex motion of this star from
time-resolved spectra, the radial velocity (RV) curve can be de-
rived and a lower limit can be given for the mass of the com-
panion from the binary mass function. These lower limits are in
general compatible with main sequence stars of spectral type M
or compact objects such as white dwarfs.

Subdwarf binaries with massive WD companions are can-
didates for supernova type Ia (SN Ia) progenitors because
these systems lose angular momentum through the emission of
gravitational waves and start mass transfer. This mass trans-
fer, either from accretion of helium onto the WD during the
sdB phase (see Wang et al. 2013, and references therein), or
the subsequent merger of the system (Tutukov & Yungelson
1981; Webbink 1984), may cause the companion to explode as
SN Ia. Two of the best known candidate systems for SN Ia are
sdB+WD binaries (Maxted et al. 2000; Geier et al. 2007, 2013;
Vennes et al. 2012). More candidates, some of which might
even have more massive compact companions (i.e. neutron stars
or black holes), have been found as well (Geier et al. 2008,
2010a,b). Such systems are also predicted by binary evolution
theory (Podsiadlowski et al. 2002; Pfahl et al. 2003; Yungelson
& Tutukov 2005; Nelemans 2010).
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The project Massive Unseen Companions to Hot Faint
Underluminous Stars from SDSS (MUCHFUSS) aims at finding
sdBs with such massive compact companions. We selected and
classified hot subdwarf stars from the Sloan Digital Sky Survey
(SDSS, Data Release 7, Abazajian et al. 2009) by colour selec-
tion and visual inspection of their spectra. Radial velocity vari-
able subdwarfs with high shifts were selected as candidates for
time-resolved spectroscopy to derive their orbital parameters and
follow-up photometry to search for features such as eclipses in
their light curves.

Target selection and follow-up strategy were presented in
Geier et al. (2011a, 2012). In a spin-off project the kinematics
of fast-moving sdBs in the halo have been studied (Tillich et al.
2011). The spectroscopic and photometric follow-up campaigns
of the binary candidates are described in Geier et al. (2011b),
Kupfer et al. (in prep.), and Schaffenroth et al. (in prep.). We
discovered three eclipsing binary systems, two of them with
brown dwarf companions (Geier et al. 201 1c; Schaffenroth et al.,
in prep.), and one hybrid sdB pulsator with reflection effect
(Dstensen et al. 2013). Here we report on our supplementary
programme that investigates known hot subdwarf binaries.

2. MUCHFUSS supplementary programme

In addition to the priority objects, the MUCHFUSS project
targeted known sdB binaries of special importance, whenever
scheduling constraints or weather conditions were unsuitable
to execute the main programme. In particular, objects were in-
cluded for which light variations either caused by eclipses, by
the reflection effect, or by stellar oscillations have been re-
ported in the literature, because this complementary information
is of great value for understanding their nature and evolutionary
history.

Providing sufficient RV information is therefore rewarding.
We also keep a list of targets, that have insufficient RV cov-
erage, mostly from the SPY survey (Lisker et al. 2005) and
Copperwheat et al. (2010). The highlight of our supplemen-
tary programme so far was the discovery of the ultracompact
sdB+WD binary CD-30°11223. It is not only the shortest-
period (P =~ 0.049 d) hot subdwarf binary known, but also an ex-
cellent progenitor candidate for an underluminous SN Ia (Geier
et al. 2013).

Here we present orbital solutions of eight close hot subdwarf
binaries, which allow us to derive lower limits on the masses
of their companions. Furthermore, we are able to constrain the
most likely nature of the companions in all cases but one, mak-
ing use of additional information derived from photometry and
spectroscopy.

3. Observations and data reduction
3.1. Spectroscopic observations

Follow-up medium resolution spectra were taken during de-
dicated MUCHFUSS follow-up runs (Geier et al. 2011a,b;
Kupfer et al., in prep.) with the EFOSC2 spectrograph (R =
2200,4 = 4450-5110 A) mounted at the ESO-NTT, the ISIS
spectrograph (R =~ 4000,1 = 3440-5270 A) mounted at the
WHT, the TWIN spectrograph mounted at the CAHA-3.5m
telescope (R ~ 4000,4 = 3460-5630 A), and the Goodman
spectrograph mounted at the SOAR telescope (R = 2500,4 =
3500-6160 A).

In addition to this we used spectra taken with the EMMI
instrument (R =~ 3400, 2 = 39004400 A) mounted at the
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ESO-NTT and the UVES spectrograph (R =~ 20000,4 =
3300-6600 A) mounted at the ESO-VLT in the course of the
ESO Supernova Ia Progenitor Survey (SPY, Napiwotzki et al.
2003). Data taken for studies of sdB binaries at high resolu-
tion (Edelmann et al. 2005; Classen et al. 2011) both with the
FEROS spectrograph (R ~ 48 000, 1 = 3800-9200 A) mounted
at the ESO/MPG-2.2m telescope and with the Cross-Dispersed
Echelle Spectrograph (R =~ 60000, 1 = 3700-10000A)
mounted at the McDonald observatory 2.7m telescope were
used as well. Reduction was made either with the MIDAS, IRAF
or PAMELA and MOLLY' packages.

3.2. Photometry of HS 2043+0615

HS 2043+0615 was extensively observed with the MEROPE
camera at the Mercator telescope during the 2007 observing
season. In total we used Rc-band photometry from 16 different
nights, the first from April 22 and the last from November 15.
The exposure time for these observations was 300s, and we
collected in total 516 useful observations. Most of these runs
spanned only a fraction of an orbit, and the photometric reduc-
tion was complicated because different setups and windows were
used during the different runs, forcing us to use different ref-
erence stars for different runs. No standards were observed for
these runs either, so to calibrate the photometry we made a cata-
logue of 22 stars in the field, starting by assigning R-band magni-
tudes from the NOMAD survey to each of the stars. These were
then iteratively corrected until consistent values were achieved.
The corrected magnitudes were then used to calibrate the differ-
ential photometry of HS 2043+0615 to a common scale.

Recently, HS2043+0615 was reobserved with the three-
channel MAIA camera on the Mercator telescope (Raskin et al.
2013). MAIA splits the incoming light into three beams with
dichroics to produce simultaneous photometry in a red, green,
and UV channel, using three cameras equipped with large-
format frame-transfer CCDs. We used an observing mode in
which the R and G channels were read out every 120s and the
U channel only every second cycle to increase the signal-to-
noise ratio. A run of 7h duration, almost a complete orbital cy-
cle, was obtained on the night of September 3, 2013.

4. Orbital and atmospheric parameters

The radial velocities were measured by fitting a set of mathemat-
ical functions to all suitable hydrogen Balmer as well as helium
lines simultaneously, using y*-minimization and the RV shift
with respect to the rest wavelengths was measured (FITSB2,
Napiwotzki et al. 2004b). Gaussians were used to match the line
cores, Lorentzians to match the line wings, and polynomials to
match the continua. The RVs and formal 1o-errors are given in

Appendix A.
For four binaries of our sample (HE 1415-0309,
HS2359+1942, LB1516, and BPSCS22879-149) the

orbital parameters Ty, period P, system velocity y, and RV-
semiamplitude K as well as their uncertainties and associated
false-alarm probabilities (prase[1%], prase[10%]) were deter-
mined as described in Geier et al. (2011b). To estimate the
significance of the orbital solutions and the contributions of
systematic effects to the error budget, we normalised the y? of
the most probable solution by adding systematic errors epom in
quadrature until the reduced y? reached ~1.0. The phased RV

I http://www2.warwick.ac.uk/fac/sci/physics/research/
astro/people/marsh/software
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Fig. 1. Radial velocity plotted against orbital phase. The RV data were phase folded with the most likely orbital periods. The residuals are plotted
below. The RVs were measured from spectra obtained with CAHA-3.5 m/TWIN (upward triangles), WHT/ISIS (diamonds), ESO-NTT/EMMI
(downward triangles), ESO-VLT/UVES (triangles turned to the left), ESO-MPG2.2 m/FEROS (triangles turned to the right), ESO-NTT/EFOSC2
(circles) and SOAR/Goodman (hexagons). RVs of LB 1516 taken from Copperwheat et al. (2010) are marked with rectangles. The RV data of

BPS CS 22879-149 was folded to the period alias at 0.478 d.

curves for the best solutions are given in Fig. 1, the y>-values
plotted against orbital period in Fig. 2. The minimum in y?
corresponds to the most likely solution. The adopted system-
atic errors and false-alarm probabilities are given in Table 1.
The probabilities that the adopted orbital periods are correct
to within 10% range from 90% to more than 99.99%. For
BPS CS 22879-149, no unique solution was found. The two
possible solutions are discussed in Sect. 5.4.

For OGLEBUL-SC16335 and V 1405 Ori the orbital pe-
riod was independently determined from the variations seen
in their light curves. These periods were kept fixed, but the
other orbital parameters were determined in the way de-
scribed above. The likely period of the eclipsing sdB+WD
PG0941+280 was estimated from a light curve plotted in

Greenet al.(2004) and compared with the period aliases de-
rived from the RV measurements. The alias closest to the
estimate from the light curve was identified as solution. A
similar approach was chosen for the reflection effect binary
HS 2043+0615, for which the most likely period of the light
curve was compared with the corresponding alias periods of the
radial velocity curve. The phased radial velocity curves of those
binaries are shown in Fig. 3.

The atmospheric parameters effective temperature Teg, sur-
face gravity log g and helium abundance log y of PG 0941+280,
V 1405 Ori and OGLE BUL-SC16 335 were determined as de-
scribed in Geier et al. (2011a) by fitting model atmospheres
with local thermodynamic equilibrium and supersolar metallic-
ity (O’Toole & Heber 2006) to the hydrogen and helium lines of
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Fig. 2. x* plotted against orbital period. The lowest peak corresponds to
the most likely solution.
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a coadded spectrum. For PG 0941+280 and V 1405 Ori we used
a TWIN spectrum, whereas an EFOSC2 spectrum was used for
OGLE BUL-SC16335.

5. Nature of the unseen companions

5.1. Methods to constrain the nature of the companion

All spectroscopic binaries in our sample are single-lined and
their binary mass functions can be determined from
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ey

The RV semi-amplitude and the orbital period can be derived
from the RV curve, but the sdB mass Mg, the companion
mass Mcomp and the inclination angle i remain free parameters.
Adopting the canonical sdB mass My = 0.47 M, (see discus-
sion in Fontaine et al. 2012) and i < 90°, we derive a lower limit
for the companion masses (see Table 2). For minimum compan-
ion masses lower than ~0.45 M, the companion may be a late-
type main sequence star or a compact object such as a WD.
Main sequence stars in this mass range are outshone by the sdBs
and are not visible in optical spectra (Lisker et al. 2005). If on
the other hand the minimum companion mass exceeds 0.45 M,
spectral features of a main sequence companion become Visi-
ble in the optical. The non-detection of such features therefore
allows us to exclude a main sequence star.

Indicative features in the light curves constrain the nature
of the companions further in some cases. A sinusoidal variation
with orbital period originates from the irradiation of a cool com-
panion by the hot subdwarf primary. The projected area of the
companion’s heated hemisphere changes while it orbits the pri-
mary. The detection of this so-called reflection effect indicates a
cool companion with a size similar to the hot subdwarf primary,
either a low-mass main sequence star of spectral type M or a
substellar object such as a brown dwarf. If eclipses are present
as well, the inclination angle can be measured and the mass of
the companion can be constrained. Such eclipsing sdB binaries
with reflection effect are also known as HW Vir-type binaries.

The lack of variations in the light curve, on the other hand,
can be used to exclude a cool companion, when the orbital pe-
riod of the binary is sufficiently short. In this case a reflection
effect would be easily detectable and a non-detection implies
that the companion must be a compact object. The detection
of the very shallow eclipses from a compact WD companion
also allows us to constrain its mass. Smaller variations indica-
tive of a massive compact companion, which are caused by the
ellipsoidal deformation and the relativistic Doppler beaming of
the sdB primary, can only be detected from the ground in the
most extreme cases (e.g. Geier et al. 2007, 2013). However, us-
ing high-precision space-based photometry, these variations can
be detected and used to constrain the binary parameters (Geier
et al. 2008; Bloemen et al. 2011; Telting et al. 2012).

5.2. White dwarf companions

HE 1415—-0309 has been identified as a single-lined sdB star in
the course of the SPY project (Lisker et al. 2005). A signifi-
cant shift in radial velocity (~130kms™!), indicating a close bi-
nary, has been measured from two UVES spectra (Napiwotzki,
priv. comm.). The minimum mass of the companion is too low
(0.37 M) to exclude a main sequence star. However, a light
curve of this star (~1h) was taken with the Nordic Optical
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Table 1. Derived orbital solutions.

ObjeCt T(J P Y K €norm log pfalsc[lO%] 10g pfalsc[l%]
[HID-2450000] [d] [kms™'] [kms™'] [kms™']
HE 1415-0309 5240.909 +0.002  0.192 + 0.004 104.7+95 1524+11.2 18.6 -1.0 -0.4
HS 2359+1942 6279.221 £ 0.007  0.93261 + 0.00005 —-96.1 + 6.0 107.4 +6.8 8.3 -1.2 -1.1
LB 1516 5495.73 £ 0.05 10.3598 + 0.0005 143+ 1.1 486+14 44 <—4.0 <-4.0
BPS CS 22879-149 5413.102 0.478 21.9+25 63.5+28 54
5412.448 0.964 -255+53 121.7+6.3 6.2
OGLEBUL-SC16335 4758.614 0.122 36.4 £19.6 925+262 25.1
HS 2043+0615 4254.610 £ 0.003  0.3015 + 0.0003 -435+34 73.7+43 83
PG 0941+280 4476.185 0.311 73.0+4.9 141.7+£63 194
V 1405 Ori 4477.362 0.398 -336+55 85.1£8.6 152

Notes. The systematic error adopted to normalise the reduced x? (enorm) is given for each case. The probabilities for the orbital period to deviate
from our best solution by more than 10% (pyyse[10%]) or 1% (prase[1%]) are given in the last columns. The last four lines show the binaries, where
the orbital period has been determined from photometry.
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Fig.3. Phased radial velocity curves plotted twice for visualisation. The rectangles mark RVs measured from spectra obtained with
McDonald-2.7 m/Coude. The other symbols are the same as in Fig. 1.
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Table 2. Derived masses and most probable nature of the companions.

Object f(M) M, Companion
[Mo] [(Mo]

HE 1415-0309 0.07 >0.37 WD

PG 0941+280 0.092 0.42 +0.03 WD

HS 2359+1942 0.12 >0.47 WD

LB 1516 0.12 >0.48 WD

OGLEBUL-SC16335 0.0l  0.16 £0.05 MS

HS 2043+0615 0.013  0.18-0.34 MS

V 1405 Ori 0.034 >0.26 MS

BPS CS 22879-149 0.013 >0.18 MS/WD
0.17 >0.57 WD

Telescope on La Palma to search for pulsations and no variations
have been reported (@stensen et al. 2010b). Due to the short or-
bital period of only 4.6 h, a reflection effect would have been eas-
ily detectable. We therefore conclude that the unseen companion
of HE 1415-0309 must be a compact object, most likely a WD.

HS 2359+1942 (PG 2359+197) was drawn from the SPY
sample and analysed by Lisker et al. (2005). We detected an RV
shift of an EMMI spectrum with respect to the survey spectrum
taken with UVES. The minimum companion mass is 0.47 Mo,
similar to the adopted mass of the sdB itself. Since no spectral
features of a cool MS companion have been found, we conclude
that the companion must be a compact object, presumably a WD.

LB 1516 (EC 22590-4819) has been discovered to be an sdB
binary with a period of a few days by Edelmann et al. (2005), but
no unambiguous solution was found. Koen et al. (2010) identi-
fied the sdB to be a g-mode pulsator. Subsequently, Copperwheat
et al. (2010) obtained an orbital solution of this system (P =
10.3592, K = 46.8 + 1.8kms™!"). We combined the RV mea-
surements from Edelmann et al. (2005) and Copperwheat et al.
(2010) with additional RVs measured from FEROS spectra and
our new measurements to obtain a more accurate solution. The
rather long period of 10.3958 d leads to a minimum companion
mass of 0.48 M. Since no spectral features of the companion
are detectable, the companion is likely to be a WD.

PG 0941+280 (HX Leo) has been identified as an sdB star by
Saffer et al. (1994). The effective temperature Tox = 29400 +
500 K, surface gravity logg = 5.43 + 0.05 and helium abun-
dance logy = -3.0 £ 0.1 are consistent with the results
(Teg = 29000 = 1000K, logg = 5.58 £ 0.15, logy = -3.0)
of Saffer et al. (1994), who used pure hydrogen models.

Green et al. (2004) detected shallow eclipses of an earth-
sized WD companion in the light curve. The orbital period es-
timated from these eclipses is around 0.3 d. We adopted the pe-
riod alias of our RV analysis closest to this result as the most
likely orbital period. The derived mass of the companion assum-
ing sini = 115 0.42 = 0.03 M.

5.3. M-dwarf companions

OGLEBUL-SC16335 was identified as an HW Vir system
by Polubek et al. (2007). Since this analysis was based on
photometry alone, the sdB nature of the primary could not
be proven unambiguously. We constrained the atmospheric
parameters of OGLE BUL-SC16335 by fitting model spec-
tra. Due to the limited wavelength range we were only able
to use Hg and the two Hel lines at 4472 A and 4922 A.
However, within the uncertainties the resulting effective temper-
ature T = 31500 + 1800 K, surface gravity logg = 5.7 £ 0.2,
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Table 3. Photometric amplitudes from three-channel photometry.

Band A B
R 0.0660(6) 0.0119(6)
G 0.0416(6) 0.0084(6)

U 0.0307(14)  0.0041(14)

and helium abundance logy = —1.8 +0.1 are perfectly consistent
with an sdB primary.

Adopting the orbital period derived from the light curve by
Polubek et al. (2007), we determined the RV semiamplitude
and the mass of the companion (0.16 + 0.05 M,). A substellar
companion can be excluded and the companion is a low-mass
M-dwarf.

HS2043+0615 was again drawn from the SPY sample
and analysed by Lisker et al. (2005). A shift in radial veloc-
ity (~135kms™") has been measured from two UVES spectra
(Napiwotzki, priv. comm.). As mentioned by @stensen et al.
(2010Db), it was observed on two consecutive nights in June 2005
with the NOT, and found to have a strong variability with a pe-
riod of several hours, presumably due to a reflection effect. An
extensive photometric follow-up has then been conducted with
the Mercator telescope.

To determine the ephemeris we phase-folded the seven
months of MEROPE photometry on different trial periods and
selected that with the lowest variance. The resulting light curve
after folding into 50 phase bins is shown in Fig. 4. There are no
significant competing aliases in the periodogram. As there are
no sharp eclipses that can be used to accurately phase observa-
tions at different epochs, the error on the period is quite large.
We estimate that we can phase our data to a precision of 1/10 of
a cycle, and since our useful observations span 206.8 d = 686 cy-
cles, the phase error would be ~0.3/10/686. We thus state the
ephemeris as Ty = 2454213.70 + 0.03 and P = 0.30156 +
0.00005 d, perfectly consistent with the corresponding alias of
the RV periodogram. The MAIA multiband light curves are plot-
ted in Fig. 5. We fitted the light curves with a pair of phase-
locked cosine functions as in @stensen et al. (2013), Eq. (1), and
these are plotted with solid lines in Fig. 5. The semi-amplitudes
for the orbital period, A, and for the first harmonic, B, are given
in Table 3.

From the orbital solution we derive a minimum compan-
ion mass of 0.17 My consistent with an M-dwarf compan-
ion. Following the simple modelling approach described in
Ostensen et al. (2013) and adopting the atmospheric parame-
ters of HS 2043+0615 given in Lisker et al. (2005) as well as
the theoretical mass-radius relation for M-dwarfs from Baraffe
et al. (1998), we constrain the likely range of orbital inclina-
tions to 30° < i < 75° and the companion mass range to
0.18 Mo < Meomp < 0.34 Mg (see Fig. 6).

V 1405 Ori was discovered to be a short-period sdB pul-
sator (Koen et al. 1999) with a reflection effect (Reed et al.
2010). We phased our RVs to the orbital period determined
from the light curve (0.398 d) and derived a minimum mass of
0.26 My, for the M-dwarf companion. The effective temperature
Teg = 35100 + 800 K, surface gravity logg = 5.66 = 0.11, and
helium abundance logy = —2.5 + (0.2 are quite typical for short-
period sdB pulsators of V 361 Hya type (see @stensen 2010, and
references therein).
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Fig.4. Phase-binned light curve of
HS2043+0615. The 516 MEROPE data
points from 2007 were phase-folded on
P =0.30156 day using 50 bins, and are plotted
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Fig. 5. Multiband light curve of HS 2043+0615 taken with the MAIA
camera (R, G, U-bands from top to bottom).

5.4. Unconstrained companion type

BPS CS 22879—-149 was identified as an sdB star by Beers et al.
(1992) and chosen as a bright backup target for the southern sky.
Since no unique orbital solution could be found, the minimum
mass of the companion is either constrained to 0.18 My or
to 0.57 M. While in the latter case a WD companion would be
most likely, a compact object of low mass is possible as well as
an M dwarf in the former case. Comparing the two orbital so-
lutions with the sample of known sdB binaries, the long-period
solution appears to be more likely, because the number of known
sdB binaries with such orbital parameters is higher than the num-
ber of binaries with the short-period parameters (see Fig. 7).
However, selection effects also favour the detection of higher
RV-shifts. We conclude that the nature of the companion cannot
be firmly constrained at this point.

twice to better visualise the difference in width
of the peaks and throughs. The error bars
indicate the rms for each phase bin.
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Fig. 6. Mass and radius of the M-dwarf companion to HS 2043+0615
as a function of inclination angle, as indicated by the mass function
and the mass-radius relation for M-dwarfs. The box limited by the three
solid lines marks the possible parameter range. The companion cannot
fill its Roche lobe Ry, the binary is not eclipsing, and the companion
mass cannot not be higher than the mass of the subdwarf, because it
would then be visible in the optical spectrum (for details see @stensen
et al. 2013).

6. Discussion

We derived orbital solutions of eight close hot subdwarf bina-
ries and constrained the most likely nature of the unseen com-
panions in all cases but one, using additional information de-
rived from photometry and spectroscopy. These binaries cover
the full parameter range of the known close binary sdB popula-
tion (see Fig. 7). Their companion types are also consistent with
the apparent split between M-dwarf and substellar companions
on one hand and WD companions on the other hand, especially
at short orbital periods <0.3 d. Furthermore, our sample contains
some peculiar binaries that deserve a more detailed analysis in
the future.
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Fig. 7. RV semiamplitudes of all known sdB binaries with spectroscopic
solutions plotted against their orbital periods (Kupfer et al., in prep.).
Circles mark sdB binaries with compact companions, squares systems
with M-dwarf or substellar companions, and diamonds binaries where
the nature of the companion cannot be further constrained by photome-
try. The lines mark the regions to the right where the minimum compan-
ion masses derived from the binary mass function (assuming 0.47 M,
for the sdBs) exceed certain values. The binaries from the MUCHFUSS
supplementary programme including CD-30°11223 (Geier et al. 2013)
are marked with filled symbols, binaries taken from the literature with
open symbols.

PG 0941+280 is one of only five sdB+WD binaries, where
the shallow eclipses of the white dwarf have been detected
in the light curves (the others are KPD 0422+5421, Orosz &
Wade 1999; PG 2345+318, Green et al. 2004; KPD 1946+4340,
Bloemen et al. 2011; CD-30°11223, Geier et al. 2013). Its mass
of 0.42 M, is significantly smaller than the average mass of sin-
gle CO-WDs (~0.6 My, Liebert et al. 2005) and very close to the
tentative upper mass limit for WD companions to sdB stars seen
in the sdB binary sample (Fig. 7, see discussion in Kupfer et al.,
in prep). Time-resolved photometry is needed to obtain a high-
quality light curve of this system, perform a detailed analysis,
and derive observational constraints on the mass-radius relation
of the WD. Furthermore, sdB+WD binaries are important labo-
ratories for studying relativistic effects such as Doppler boosting
and microlensing (Geier et al. 2008, 2013; Bloemen et al. 2011).

OGLE BUL-SC16 335 is the faintest HW Vir system known
(V ~ 16.5 mag). It is located in the Galactic disc at a Galatic lat-
itude of only b = —3.5°. Studying sdB binaries in different stel-
lar populations is important for understanding their formation.
Different metallicities and especially different ages are expected
to influence the properties of the progenitor binaries. Time-
resolved spectroscopy and multicolour photometry are needed
to perform a full analysis of OGLE BUL-SC16 335, which was
formed in the young disc population, and compare the results
with the HW Vir systems found in the course of the MUCHFUSS
project that originate from older populations like the thick disc
or the halo.

V 1405 Ori is one of only four short-period pulsators in a
reflection effect binary (the others are NY Vir, Kilkenny et al.
1998; HE 0230-4323, Kilkenny et al. 2010; 2M1938+4603,
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Ostensen et al. 2010a; and FBS 01174396, @stensen et al.
2013). Such binaries are important as observational calibra-
tors for current asteroseismic models of pulsating sdBs (e.g.
van Grootel et al. 2013). Furthermore, the tidal influence of close
companions might also influence the pulsational properties of
the sdBs and should therefore be taken into account in the next
generation of these models.
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Appendix A: Radial velocities Table A.3. HS 2043+0615.
Table A.1. BPS CS 22879—149. :
Mid-HJD RV [kms™'] Instrument
Mid—HJD RV [kms™'] I —2450000
5450000 ks 71 Instrument 238790703 272+50 UVES
95243900 TeTo0 B 2521.66074  —108.9 + 5.0
475331834  —49.0 £ 0.4 458673051  —19.2+11.0 ISIS
475340334 111+ 112 4586.73799  —31.0 + 10.9
425425248  —47.9+9.0 4692.49332 392+ 10.0 TWIN
425430548  -249+95 4693.48658 -51.9+7.0
4254.36750 31.8+42 4693.51664 ~832+6.0
4694.47290  —119.5 + 4.0
475650430  99.6+ 11.0 EFOSC2 469657722 973460
514652218 - —15.2+7.1 4696.62917  ~78.9 % 6.0
5147.51507 125+7.3
5147 52352 10+ 111 4756.53557  -71.6+21.0 EFOSC2
5147 53589 6583 4757.63634 27.6 + 16.0
5147 54742 336+70 4758.66733  —116.3 + 17.0
514755499 379+ 116 4758.67470  —133.9 + 15.0
5147.56256 428+ 11.0
5147.57460 40.4 + 8.1 Table A.4. HS 2359+1942.
5148.59060 795+ 8.5
g}ig:gg%g ;‘2‘:‘1‘ : g; Mid-HID RV [kms~']  Instrument
514861428  77.9 + 8.0 —2450000
5148.62717 86.3 + 8.5 2610.54512 44+20 UVES
5412.82527  59.0+12.7 Goodman 4252.91279 57.6 £20.0 EMMI
5412.82707 420+ 124 5068.69977 -87.7+45 ISIS
5412.82867 70.0 £ 10.7 5068.70011 —82.6+45
5412.89817 —-14.0 +13.9 5068.70725 —783 + 3.8
5412.89977 1.0+ 12.0 5068.71712 —652 + 4.6
541290137 -25.0+13.0 5068.72433 —62.6 + 5.0
5068.73153 —60.0 + 4.4
Table A.2. HE 1415-0309. 5068.74844  -53.9 £ 4.6
5068.75565 ~39.0 +4.0
; 5069.66466 ~80.2 + 4.8
Mid-HID RV [km Sil] Instrument 5069.67188 ~79.5 + 6.0
—2450000 5069.67909 —63.9 + 4.4
1740.63899 2582+ 8.0 UVES 5070.74702 27+53
1755.48571  203.1 + 8.0 5070.75423 3.8+52
4253.49757  149.0+7.9 EMMI 5070.76144 1.7+33
4253.63156  —86.9 + 8.0 4755.63418 ~1.7+292 EFOSC2
4253.70556  214.9 +29.6 4755.64807  —27.0 + 13.0
4254.52251  185.0 + 10.0 475673373 —139.1 + 17.5
4476.85174 27.0+86 TWIN 4758.70798  —164.3 +16.9
5412.85165 —90.6 + 7.5
5240.78331 252.4 + 163 Goodman
524079081 190.1 = 3.0 6277.39152 ~71.1+62 ISIS
524079851  174.1 + 8.7 6277.39885 —57.8 +2.1
5240.80821  137.6+9.9 6277.40252 =60.9 £5.0
5240.81561  98.3 + 12.3 6279.48917 11.8+5.1
5040.82282  65.6 + 13.6 6279.49283 14.4 +6.2
6279.49650 147+78
6279.50016 182+ 2.1
6280.40209 20.5 + 8.0
6280.40576 104 +5.3
6280.40942 6.1 +5.0
6280.41309 7.8+5.0
6280.43805 6.0 + 26.7
6280.44171 8.6+5.5
6280.44538 2.8+5.0
6280.47358 174+ 65
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Table A.5. LB 1516.

Orbital solutions of eight close sdB binaries and constraints on the nature of the unseen companions

Table A.8. V 1405 Ori.

Mid-HJD RV [kms™'] Instrument
—-2450000

4476.68258 17.3+£10.3 EMMI
4477.59921 —-68.1 + 18.4
4477.64791 —-129.6 + 13.4
4477.69907 —108.1 £ 31.6
4478.58382 9.3+17.0
4478.64047 63.7 = 8.6
4478.70892 26.3 + 14.5
4479.61084 -117.8 +79
4479.75802 -40.1+£9.3
4692.65549 -58.1+9.0 TWIN
4692.66317 -37.8 +10.0
4692.67134 —-15.8 £ 10.0
4692.67896 94.1 + 12.0
4693.69611 —-49.5+11.0
4696.66314 -4.6+30

Mid-HJD RV [kms™'] Instrument
—-2450000
1795.62809 -253+2.0 FEROS
1795.65378 -22.7+2.0
2495.87673 35.0+2.0
2497.86693 -20.4+2.0
3250.67647 63.3+20
3251.57092 492 +2.0
3253.55317 -5.8+2.0
3253.67530 -75+20
4755.83240 -30.2 +£8.8 EFOSC2
4756.74952 —-44.5 + 8.0
4758.77238 —12.7 +10.0
4758.77510 -11.9+9.0
5499.57381 62.0+2.0 FEROS
5499.59649 44.0 £2.0

Table A.6. OGLE BUL-SC16335.
Mid-HJD RV [kms™'] Instrument
—-2450000
4757.58903 -23.9+13.0 EFOSC2
4758.49724 55.5+13.0
4758.50460 103.8 + 16.0
4758.59169 -57.8 +£15.0
4758.60219 22+17.0
4758.61866 36.1 +28.0

Table A.7. PG 0941+280.
Mid-HJD RV [kms™'] Instrument
—2450 000
3715.01112 2104 +£1.9 McDonald
3716.99883 -60.2+2.3
3717.02115 —-61.1 £4.1
3766.89779 106.3 + 3.7
3768.86376 211.5+3.2
4476.76052 -3.3+9.2 EMMI
4476.84388 184.8 + 13.5
4477.78158 190.7 £ 6.5
4478.75103 190.3 + 6.8
4479.71960 174.8 + 13.8
4479.82016 —-45.1+9.2
4979.36163 133.3 +12.3 TWIN
4979.41243 -1.0+10.9
4980.36049 —41.0 + 10.0
4980.41073 -65.8 +11.2
4980.42660 -55.0+11.7
4981.40285 29.2 +10.7
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The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims at finding
hot subdwarf stars with massive compact companions (white dwarfs with masses M > 1.0 M, neutron stars or black
holes). The existence of such systems is predicted by binary evolution calculations and some candidate systems have been
found. We identified ~1100 hot subdwarf stars from the Sloan Digital Sky Survey (SDSS). Stars with high velocities
have been reobserved and individual SDSS spectra have been analysed. About 70 radial velocity variable subdwarfs have
been selected as good candidates for follow-up time resolved spectroscopy to derive orbital parameters and photometric
follow-up to search for features like eclipses in the light curves. Up to now we found nine close binary sdBs with short
orbital periods ranging from ~0.07 d to 1.5 d. Two of them are eclipsing binaries with companions that are most likely of

substellar nature.

1 Introduction

Hot subdwarf stars (sdO/B) are core-helium burning stars
located at the extreme blue end of the horizontal branch (see
Heber 2009 for a review). These stars with masses of about
half solar consist almost entirely of helium surrounded by a
very thin hydrogen envelope only. The cause of the extreme
mass-loss in the red-giant phase necessary to form hot sub-
dwarfs remains unclear.

A significant fraction (~50 %) of the sdBs stars are in
short period binaries (Maxted et al. 2001; Napiwotzki et al.
2004) with periods ranging from only 0.07 d to more than
10d. These close binary sdBs are most likely formed by
common envelope (CE) ejection (Han et al. 2002,2003). Be-
cause most of them are single-lined, only lower mass limits
have been derived from the binary mass functions consistent
with late main sequence stars of spectral type M or compact
objects like white dwarfs (WDs).

* Corresponding author: geier@sternwarte.uni-erlangen.de
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Subdwarf binaries with massive WD companions may
be candidates for supernova type la (SN la) progenitors
because these systems lose angular momentum due to the
emission of gravitational waves and shrink. Mass trans-
fer or the subsequent merger of the system may cause the
WD to reach the Chandrasekhar limit and explode as a
SN la. One of the best known candidate systems for the
double degenerate merger scenario is the sdB + WD binary
KPD 193042752 (Maxted et al. 2000; Geier et al. 2007).

Geier et al. (2010a, 2010b) analysed high resolution
spectra of single-lined sdB binaries. Because the inclina-
tions of these systems are not known, additional information
is needed to derive companion masses. Accordingly, Geier
et al. (2010a,2010b) performed a quantitative spectral ana-
lysis and determined surface gravities and projected rota-
tional velocities. Assuming synchronised orbits the masses
and the nature of the unseen companions were constrained.
Surprisingly, the masses of some companions are only con-
sistent with either massive white dwarfs (M > 1.0 Mg),

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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neutron stars (NS) or stellar mass black holes (BH). How-
ever, the assumption of orbital synchronisation in close sdB
binaries was shown to be not always justified and the analy-
sis suffers from selection effects (Geier et al. 2010b). On
the other hand, the existence of sdB+NS/BH systems is
predicted by binary evolution theory (Podsiadlowski et al.
2002; Pfahl et al. 2003; Yungelson & Tutukov 2005; Nele-
mans 2010). The formation channel includes two phases of
unstable mass transfer and one supernova explosion, while
the fraction of systems formed in this way is predicted to be
about 1-2 % of all sdBs.

If the companion were a neutron star, it could be de-
tectable by radio observations as a pulsar. Coenen et al.
(2011) searched for pulsed radio emission at the positions
of four candidate systems from Geier et al. (2010b) using
the Green Bank radio telescope, but did not detect any sig-
nals. Most recently, Mereghetti et al. (2011) searched for X-
ray signatures of mass transfer driven by weak stellar winds
from the sdBs. Using the XRT instrument on board of the
SWIFT satellite and targeting twelve binaries from the sam-
ple of Geier et al. (2010b), Mereghetti et al. (2011) did not
detect any X-ray emission.

In order to find sdBs with compact companions like
massive white dwarfs (A > 1.0 M), neutron stars or black
holes we started a radial velocity (RV) survey (Massive Un-
seen Companions to Hot Faint Underluminous Stars from
SDSS!, MUCHFUSS, Geier et al. 2011a,2011b).

The same selection criteria that we applied to find such
binaries are also well suited to single out hot subdwarf stars
with constant high radial velocities in the Galactic halo like
extreme population I and hypervelocity stars and led to a
very interesting spin-off project (Tillich et al. 2011).

2 Target selection

2.1 Colour and RV selection

The target selection is optimised to find close massive com-
pact companions to sdB stars. The SDSS spectroscopic
database (Data Release 6) is the starting point for our sur-
vey. SdO/B candidates were selected by applying a colour
cut to SDSS photometry. All point source spectra within the
colours u — g < 0.4 and g — r < 0.1 were downloaded
from the SDSS Data Archive Server?. About 10000 hot
stars were classified by visual inspection. The sample con-
tains 1100 hot subdwarfs (for details see Geier et al. 2011a).

SdBs with radial velocities (RVs) lower than +100
kms~! have been excluded to filter out such binaries with
normal disc kinematics, by far the majority of the sam-
ple. Another selection criterion is the brightness of the stars
since the quality of the spectra is not sufficient for faint stars.
Because of that most objects much fainter than g = 19 mag
have been excluded.

1 Sloan Digital Sky Survey
2 das.sdss.org

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.2 Survey for RV variable stars

Second epoch medium resolution spectroscopy (R = 1800-
4000) was obtained for 88 stars using ESO-VLT/FORSL,
WHT/ISIS, CAHA-3.5m/TWIN and ESO-NTT/EFOSC2.
Second epoch observations by SDSS have been used as
well. We discovered 46 RV variable systems in this way.

The SDSS spectra are co-added from at least three indi-
vidual “sub-spectra” with typical exposure times of 15 min,
which are normally taken consecutively. Hence, those spec-
tra can be used to probe for radial velocity variations on
short timescales. We have obtained the sub-spectra for all
sdBs brighter than g = 18.5mag and discovered 81 new
sdB binaries with radial velocity variations on short time
scales (~0.03 d) in this way. In total we found 127 new RV
variable hot subdwarf stars (see Fig. 1).

In addition, 20 helium-rich sdOs (He-sdOs) show RV
variability. This fraction was unexpectedly high since in the
SPY sample only 4 % of these stars turned out to be RV vari-
able (Napiwotzki et al. 2008). However, it is not yet clear
what causes this RV variability, since the orbital parameters
of any such object couldn’t be derived yet. This would be
necessary to prove, that these He-sdOs are in close binaries.

2.3 Selection of candidates with massive companions

Numerical simulations were carried out to select the most
promising targets for follow-up and estimate the probability
for a subdwarf binary with known RV shift to host a massive
compact companion. We created a mock sample of sdBs
with a close hinary fraction of 50 % and adopted the dis-
tribution of orbital periods of the known sdB binaries. Two
RVs were taken from the model RV curves at random times
and the RV difference was calculated for each of the 106
binaries in the simulation sample. To account for the fact
that the individual SDSS spectra were taken within short
time spans, another simulation was carried out, where the
first RV was taken at a random time, but the second one just
0.03 d later (for details see Geier et al. 2011a).

The sample of promising targets consists of 69 objects
in total. These objects either show significant RV shifts
(>30kms~1) within 0.03d (52 stars) or high RV shifts
(100-300 km s 1) within more than one day (17 stars). An
extension of our target selection to SDSS Data Release 7 is
in progress.

3 Sample statistics

The classification of the hot subdwarf sample is based on
existence, width, and depth of helium and hydrogen ab-
sorption lines as well as the flux distribution between 4000
and 6000 A. Subdwarf B stars show broadened hydrogen
Balmer and He 1 lines, sdOB stars He 11 lines in addition,
while the spectra of sdO stars are dominated by weak
Balmer and strong He 11 lines depending on the He abun-
dance. A flux excess in the red compared to the reference

www.an-journal.org
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Fig.1 Highest radial velocity shift between individual spectra (ARV") plotted against time difference between the corresponding

observing epochs (AT). The dashed horizontal line marks the selection criterion ARV > 100 kms™", the dotted vertical line the
selection criterion AT < 0.1d. All objects fulfilling at least one of these criteria lie outside the shaded area and belong to the top
candidate list for the follow-up campaign. The filled diamonds mark sdBs, while the open squares mark He-sdOs (Geier et al. 2011a).

spectrum as well as the presence of spectral features such as
the Mg 1 triplet at 5170 A or the Ca 11 triplet at 8650 A are
taken as indications of a late type companion.

In total we found 1100 hot subdwarfs. 725 belong to
the class of single-lined sdBs and sdOBs. Features indica-
tive of a cool companion were found for 89 of the sdBs and
sdOBs. 9 sdOs have main sequence companions, while 198
sdOs, most of which show helium enrichment, are single-
lined (Geier et al. 2011a).

4 Spectroscopy follow-up

Follow-up medium resolution (R = 1200-4000) spectra
were taken during dedicated follow-up runs with ESO-

www.an-journal.org

NTT/EFOSC2, WHT/ISIS, CAHA-3.5m/TWIN, INT/IDS,
SOAR/Goodman and Gemini-N/GMOS. Orbital parame-
ters of eight sdB binaries discovered in the course of the
MUCHFUSS project have been determined so far (Geier et
al. 2011b, 2011c).

Because we deal with single-lined spectroscopic bina-
ries, only their mass functions

fm =M sin® i/ (Meomp + Maap)? = PK?/2nG

can be calculated. Although the RV semi-amplitude K and
the period P can be derived from the RV curve, the sdB
mass Msqp, the companion mass Momp and the inclina-
tion angle 7 remain free parameters. Adopting the canonical
mass for core helium-burning stars Mg = 0.47 Mg and
i < 90° we derive a lower limit for the companion mass.

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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With this minimum mass a qualitative classification of
the companions’ nature is possible in certain cases. For
minimum companion masses lower than 0.45 Mg a main
sequence companion can not be excluded because its lumi-
nosity would be too low to be detectable in the optical spec-
tra (Lisker et al. 2005). The companion could therefore be
a compact object like a WD or a late main sequence star.
If the minimum companion mass exceeds 0.45 M and no
spectral signatures of the companion are visible, it has to
be a compact object. If the mass limit exceeds 1.00 M, or
even the Chandrasekhar limit (1.40 M) the existence of a
massive WD or even an NS or BH companion is proven.

The derived minimum companion masses of seven bi-
naries from our sample are similar (0.32-0.41 Mg). From
these minimum masses alone the nature of the companions
cannot be constrained unambiguously. However, the fact
that all seven objects belong to the sdB binary population
with the highest minimum masses illustrates that our target
selection is efficient and singles out sdB binaries with mas-
sive companions (see Geier et al. 2011b).

5 Photometry follow-up

Photometric follow-up helps to clarify the nature of the
companions. Short period sdB binaries with late main se-
quence or substellar companions show variations in their
light curves caused by the irradiated surfaces of the cool
companions facing the hot subdwarf stars. If this so-called
reflection effect is present, the companion is most likely a
main sequence star. If not, the companion is most likely
a compact object. In the case of the short period system
J1138-0035 a light curve taken by the SuperWASP project
(Pollacco et al. 2006) shows no variation exceeding ~1%.
The companion is therefore most likely a white dwarf (Geier
etal. 2011hb).

We obtained follow-up photometry with the Merca-
tor telescope and the BUSCA instrument mounted on the
CAHA-2.2m telescope. In this way we discovered the first
eclipsing sdB binary J0820+0008 to host a brown dwarf
companion with a mass ranging from 0.045 to 0.068 Mg,
(Fig. 2, Geier etal. 2011c).

A very similar eclipsing system (J1622+4730) was dis-
covered serendipitously (see Fig. 3). A preliminary analysis
shows that the orbital period is very short (~0.07 d) and
the RV semi-amplitude quite low (~47 kms~!). The com-
panion is most likely a substellar object as well. The high
success rate in finding these objects shows that our target
selection not only singles out sdB binaries with high RV-
amplitudes, but also systems with very short orbital periods
and moderate RV-amplitudes.

Most recently, we detected p-mode pulsations in the sdB
J0120+3950 (FBS 0117+396, Geier et al. 2011a) as well as
alonger trend indicative of a reflection effect in a light curve
taken with BUSCA. Only a few of the known short-period
sdB pulsators (sdBV,) are in close binary systems.

(© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig.2 Phased R-band light curve of J0820+0008 taken with the
Mercator telescope. A light curve model is fitted to the data and
residuals are given below. Primary and secondary eclipses can be
clearly seen as well as the sinusoidal shape caused by the reflection
effect (Geier et al. 2011c).

6 Substellar companions

The existence of eclipsing sdB + late dM binaries of HW Vir
type with short orbital periods (0.1-0.26 d) and compan-
ion masses between 0.1 M, and 0.2 Mg (For et al. 2010;
@stensen et al. 2010 and references therein) shows that stars
close to the nuclear burning limit of ~0.08 M, are able to
help eject a common envelope and form a hot subdwarf.
Substellar companions to sdB stars have been found using
the light travel time technique (Schuh 2010 and references
therein). However, these systems have wide orbits and none
of these companions influenced the evolution of its host star.

In the course of the MUCHFUSS project we discovered
two sdBs with most likely substellar companions in close
orbits. These companions evidently interacted with the sdB
progenitor stars and caused the ejection of the common en-
velopes. Some theoretical models indeed predict such an in-
teraction between planets or brown dwarf companions and
their nearby host stars to be a possible formation channel
for hot subdwarfs and helium white dwarfs (Soker 1998;
Nelemans & Tauris 1998). Our finding can be used to con-
strain such models and learn more about the role substellar
companions play in the formation of single and close binary
sdBs.

7 Summary

The MUCHFUSS project aims at finding hot subdwarf
stars with massive compact companions. We identified 1100
hot subdwarfs by colour selection and visual inspection of
the SDSS-DR6 spectra. The best candidates for massive
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Fig.3 Phased light curves of J1622+4730 taken with BUSCA (UV,
looks very similar to the one of J0820+0008 (see Fig. 2).

compact companions are followed up with time resolved
medium resolution spectroscopy. Up to now orbital solu-
tions have been found for eight single-lined binaries. Seven
of them have large minimum companion masses compared
to the sample of known close binaries, which shows that
our target selection works quite well. However, it turns out
that our selection strategy also allows us to detect low-mass
companions to sdBs in very close orbits. We discovered an
eclipsing sdB with a brown dwarf companion and a very
similar candidate system in the course of our photometric
follow-up campaign. These early results encourage us to go
on, because they demonstrate that MUCHFUSS will find
both the most massive and the least massive companions to
sdB stars.
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ABSTRACT

Hot subdwarf B stars (sdBs) in close binary systems are assumed to be formed via common envelope ejection. According to theoretical
models, the amount of energy and angular momentum deposited in the common envelope scales with the mass of the companion. That
low mass companions near or below the core hydrogen-burning limit are able to trigger the ejection of this envelope is well known. The
currently known systems have very short periods ~0.1-0.3 d. Here we report the discovery of a low mass companion (M, > 0.14 M)
orbiting the sdB star and central star of a planetary nebula EGB 5 with an orbital period of 16.5d at a minimum separation of 23 R;,.
Its long period is only just consistent with the energy balance prescription of the common envelope. The marked difference between
the short and long period systems will provide strong constraints on the common envelope phase, in particular if the masses of the
sdB stars can be measured accurately. Due to selection effects, the fraction of sdBs with low mass companions and similar or longer
periods may be quite high. Low mass stellar and substellar companions may therefore play a significant role for the still unclear
formation of hot subdwarf stars. Furthermore, the nebula around EGB 5 may be the remnant of the ejected common envelope making

this binary a unique system to study this short und poorly understood phase of binary evolution.

Key words. binaries: spectroscopic — subdwarfs

1. Introduction

The ESO SN Ia Progenitor Survey (SPY) was developed to iden-
tify double degenerate progenitor candidates to SN Ia. More than
1000 white dwarfs (WDs) and pre-WDs were checked for radial
velocity (RV) variations using high resolution spectra obtained
with the UVES instrument at the ESO-VLT (e.g. Napiwotzki
et al. 2003). Results for nine binaries discovered in the SPY sur-
vey were presented in Papers I-V (Napiwotzki et al. 2001, 2002;
Karl et al. 2003; Nelemans et al. 2005; Geier et al. 2010a).
Subluminous B stars, which are also known as hot sudwarf
stars, display the same spectral characteristics as main-sequence
stars of spectral type B, but are much less luminous. They are as-
sumed to be core helium-burning stars with very thin hydrogen
envelopes and masses around 0.5 M, (Heber 1986). The forma-
tion of these objects is still unclear. Different formation channels
have been discussed (see Han et al. 2002, 2003). It is found that
a large fraction of sdB stars are members of short period bina-
ries (Maxted et. al 2001; Napiwotzki et al. 2004a). For these

* Based on observations at the Paranal Observatory of the European
Southern Observatory for programmes No. 167.H-0407(A) and 71.D-
0383(A). Based on observations collected at the Centro Astronémico
Hispano Alemdn (CAHA) at Calar Alto, operated jointly by the Max-
Planck Institut fiir Astronomie and the Instituto de Astrofisica de
Andalucia (CSIC). Some of the data used in this work were obtained at
the William Herschel Telescope (WHT) operated by the Isaac Newton
Group of Telescopes (ING).

Article published by EDP Sciences

systems, common envelope (CE) ejection is the most probable
formation channel (Paczynski 1976). In this scenario, two main-
sequence stars of different masses evolve in a binary system.
The heavier one will reach the red giant phase first and fill its
Roche lobe. If the mass transfer to the companion is dynamically
unstable, a common envelope is formed. Owing to gravitational
drag, the two stellar cores lose orbital energy, which is deposited
within the envelope and leads to a shortening of the binary period
(e.g. Ricker & Taam 2008). Eventually the common envelope
is ejected and a close binary system is formed, which contains
a core helium-burning sdB and a main-sequence companion. If
the second star reaches the red giant branch, another common
envelope phase is possible and can lead to a close binary with a
white dwarf companion and an sdB.

EGB 5 was discovered to be the blue central star of a faint
elliptical planetary nebula (PNG211.9+22.6) by Ellis et al.
(1984). Méndez et al. (1988a) derived the atmospheric parame-
ters of this star by fitting model spectra. The resulting parameters
Ter = 42000 = 5000K and logg = 5.8 + 0.2 were neither con-
sistent with canonical post-asymptotic giant branch (post-AGB)
evolutionary tracks nor the parameters of all other known cen-
tral stars of planetary nebulae (CSPN, Drilling & Schonberner
1985). Méndez et al. (1988a) recognized that these parameters
are typical of a hot subdwarf star rather than a post-AGB ob-
ject and speculated that this is a close binary that experienced
non-conservative mass exchange during the first giant phase.
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Fig. 1. Radial velocities of the subdwarf primary measured from spectra
obtained with UVES (rectangles), ISIS (upward triangles), and TWIN
(diamonds) plotted against orbital phase (P = 16.537 d). The residuals
are plotted below.

Lisker et al. (2005) derived more accurate atmospheric pa-
rameters of EGB5 from high resolution spectra obtained in
the course of the SPY survey, which are perfectly consistent
with a core helium-burning sdB star (7. = 34000 + 400K,
logg =5.85+0.05,logy = —2.77 £ 0.04).

Only one CSPN candidate with similar parameters is known
so far (PHL 932, Méndez et al. 1988b; Napiwotzki 1999; Lisker
et al. 2005). Whether this star has a close companion remains
disputed, because several searches for RV variations yielded in-
consistent results (Wade 2001; de Marco et al. 2004; Afsar &
Bond 2005). It is therefore unclear whether this star experienced
a common envelope phase. Furthermore, Frew et al. (2010) con-
vincingly demonstrated that the nebula around PHL 932 is not a
planetary nebula, but rather a Stromgren sphere.

Here we report the discovery of a close companion to EGB 5.

2. Orbital parameters

EGB 5 was observed twice in the course of the SPY project with
the high resolution echelle spectrograph UVES at the ESO-VLT.
Follow-up high resolution spectra were obtained with UVES,
medium resolution spectra were taken with the ISIS spectro-
graph at the WHT, and the TWIN spectrograph mounted at
the CAHA 3.5 m telescope. The RVs were measured by fitting
a set of mathematical functions (Gaussians, Lorentzians, and
polynoms) to the hydrogen Balmer and helium lines using the
FITSB2 routine (Napiwotzki et al. 2004b). Errors were calcu-
lated with a bootstrapping algorithm. The RV measurements are
given in Table 1.

To determine the orbital parameters and estimate the signifi-
cance of the solution, sine curves were fitted to 43 RV data points
using a y%-minimising method (SVD). The y? against orbital pe-
riod is given in Fig. 2. Two peaks are present at P ~ 16.53 d and
P ~ 25.39d with the former one being the most probable solu-
tion. We performed Monte Carlo simulations (10 000 iterations)
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Fig. 2. In this power spectrum —log y” of the best sine fits is plotted
against the orbital periods. The dotted horizontal line marks the 1o con-
fidence limit, the dashed the 3¢, and the solid line the 60 limit.

to estimate the significance of the solution. For each simulation,
arandomised set of RVs was drawn from Gaussian distributions
with central values and widths corresponding to the RV measure-
ments and the analysis repeated. In 82% of the trials, the most
likely solution was fitted, the next best solution being chosen in
12% of the iterations.

Since the RV variation in EGB5 is very small, we used
FITSB2 to perform a simultaneous fit of Keplerian orbits to all
169 lines in the 43 spectra covering different orbital phases, i.e.,
all available information is combined into the parameter deter-
mination procedure. Motivated by the discovery of eccentric or-
bits in close sdB binaries (Edelmann et al. 2005; Napiwotzki
et al., in prep.), we did not restrict our fitting to circular orbits.
The best-fit orbital solution is shown in Table 2. The errors were
determined by bootstrapping and the reduced y? of the best-fit
solution is 0.97. For comparison, a sine curve was fitted to the
single RV points in the way described in Geier et al. (2011), and
our derived orbital parameters (P = 16.532d, y = 68.8kms™!,
K = 16.1kms™!) are consistent with the results given in Table 2.

We are reluctant to claim orbital eccentricity in the case
of EGB5 despite the formal eccentricity being found to be
0.098 + 0.048. An F-test indicates a borderline significance of
87% compared to a circular solution. Systematic errors intro-
duced by combining datasets taken with different instruments
can easily mimic small eccentricities. High-resolution, time-
resolved spectroscopy with a better coverage of the whole orbit
would be necessary to solve this issue. Since the formal eccen-
tricity is low, it does not significantly affect the derived minimum
companion mass.

3. Atmospheric parameters

The atmospheric parameters of EGB 5 were determined by fit-
ting LTE models with enhanced UV metal line blanketing to
the coadded high S/N UVES spectrum. Using models with solar
metallicity, the Balmer lines and the Hemr line at 4686 A cannot
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Table 1. Radial velocities of EGB 5.

Mid-HJD-2450000 RV [kms™'] Instrument
2008.58634 69.1 £ 0.5 UVES
2033.54169 65.6 £0.9
2716.50684 55.9+0.7
2716.55553 55.6 £ 0.5
2716.63020 55.6 £0.7
2717.57133 58.7+0.6
2717.65759 584 +0.5
2718.57307 64.0 £ 0.5
2718.63521 64.2 +0.5
2719.49370 71.0 £ 0.6
2719.65305 70.6 £ 0.5
2328.35974 81.0+1.5 TWIN
2329.30317 79.6 £ 2.1
2329.44255 82.0+19
2329.52035 77.1+1.6
2330.33790 73.1+1.9
2330.38145 714+19
2330.39448 68.9 +£2.6
2330.43186 77.1+£22
2331.35629 60.7 £ 3.2
2331.40692 63.1+£2.3
2331.43920 61.3+£22
2331.48586 66.0 £ 2.0
2332.34960 60.1 +£3.8
2332.38591 57.1+24
2332.42981 50.7 £2.9
2662.47992 62.3+4.5 ISIS
2662.48416 67.9+4.5
2662.48781 67.3+5.2
2662.49147 61.1+64
2662.49513 63.3+44
2662.57002 61.5+44
2662.69661 66.5 +£ 6.5
2662.70027 64.2+39
2663.45598 574 +3.5
2663.45964 60.2 +3.3
2664.56672 54.8+5.0
2664.59451 47.7+4.5
2664.65670 48.4+5.6
2665.46532 629 +7.1
2665.54901 443 +12.1
2665.61243 534 +4.7
2665.65533 47.1+59

be fitted simultaneously. We choose ten times solar metallicity
models to mimic strong UV line blanketing. This is motivated
by the strong enrichment of heavy elements produced by radia-
tive levitation in sdB stars with similar parameters (O’ Toole &
Heber 2006; Geier et al. 2007). The atmospheric parameters (see
Table 2) are similar to the ones derived by Lisker et al. (2005).

4. Nature of the unseen companion

Adopting the canonical sdB mass of 0.47 My, the minimum
mass of the unseen companion (0.14 M) is consistent with ei-
ther a late main-sequence star of spectral type M or a low-mass
white dwarf. Since no spectral features of the companion are
visible in the optical spectra, a main-sequence companion with a
mass higher than ~0.45 M, can be excluded (Lisker et al. 2005).
A white dwarf companion of similar or more mass would require
the binary inclination to be lower than 24°. Assuming randomly
distributed inclinations, the probability for such a low inclination
in the case of EGB 5 is less than 9%.

Table 2. Binary parameters of EGB 5.

Orbital parameters

T, [HID] 2452719.457 +0.055
P 16.537 +£0.003d
v 68.5+0.7kms™!
K 16.1 + 0.8 kms™!
e 0.098 +0.048

Q 102 + 59°
f(M) 0.0072 + 0.0011 M,
Atmospheric parameters

Tew 34500 + 500 K
logyg 5.85+£0.05
logy -2.9+0.09
Derived binary parameters

M, (adopted) 0.47 M,

R, 0.13 R,

M5 in 0.14 M,

Amin 23 RO

Owing to its long orbital period it is rather unlikely that the
system is eclipsing or that it shows other detectable features (e.g.
reflection effects) in its light curve. It is therefore not possible
to constrain the nature of the companion further. The low mass
indicates that it is either a late M dwarf or a low mass WD with
a He core.

For the most likely companion mass range of 0.14-0.45 M,
the separation between sdB and companion is constrained to
be 23-27 Re. All relevant measurements and parameters of the
EGB 5 system are summarized in Table 2.

5. Discussion

EGBS5 has the second longest period of all known sdBs in
close binary systems. Morales-Rueda et al. (2003) discov-
ered three binaries with periods near or exceeding 10d and
unseen companions (PG0850+170, 27.815d; PG 1619+522,
15.3578d; PG 1110+294, 9.4152d). In all these cases, the de-
rived minimum companion masses exceed 0.45 My consistent
with WD companions. The low minimum companion mass of
EGB 5 is therefore rather unusual.

Close binaries with sdB primaries and M dwarf companions
have been discovered by means of variations in their light curves
caused by light originating in the heated surface of the cool com-
panion and often accompanied by eclipses (see e.g. For et al.
2010; Dstensen et al. 2010). The orbital periods of these bina-
ries are very short (~0.1-0.3 d), because these so-called reflec-
tion effects can only be detected in such cases. The longest pe-
riod systems, where a reflection effect was detected, is the binary
JL 82 (0.7371 d, Edelmann et al. 2005; Koen 2009; Geier et al.
2010b).

With an orbital period of 16.537 days, EGB 5 would have by
far the longest period of all sdB+dM binaries known. The M-
dwarf companion must have been engulfed by the giant progeni-
tor of the sdB star and the common envelope ejected. According
to theoretical models, the change in orbital energy must be at
least as large as the binding energy of the giant (see Paczynski
1976; Han et al. 2002, 2003). Detailed models of giants at the
tip of the red-giant branch that will form sdB stars after the
common envelope are given in Hu et al. (2007). For a 1 M,
progenitor, even a low mass companion of 0.14 M, in princi-
ple could eject the envelope, at least if the thermal energy of the
envelope can be used. For more massive companions, the enve-
lope could even be ejected without the thermal energy. However,
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in any case it implies that the efficiency of the common envelope
(@) is high. Assuming that the efficiency is a universal parame-
ter, this means that the much closer HW Vir binaries should have
formed from more massive sdB progenitors and thus should have
lower masses (see Hu et al. 2007, Fig. 3) than EGB 5. In con-
trast, the masses of most sdB primaries in HW Vir systems con-
strained by observations seem to be close to the canonical value.
However, we point out that reliable mass determinations in such
systems are still hampered by severe issues (see e.g. For et al.
2010; Gstensen et al. 2010). de Marco et al. (2011) suggested
that low mass companions may have higher common envelope
efficiencies, possibly because of their longer in-spiral timescales.

While close binary sdB+dM systems of HW Vir type are
easy to find from their characteristic light curves, it is much
harder to discover these systems in wider orbits and at lower in-
clination. Were the companion of EGB 5 to be an M dwarf, these
systems might be very common and that ~10% of all known
sdB binaries are of HW Vir type just a selection effect. Barlow
et al. (2010) found a sinusoidal variation in the O—C-diagram of
the pulsating sdB CS 1246, which is most likely caused by a low
mass companion in a 14.1 d orbit very similar to EGB 5.

The period distribution of sdBs with confirmed WD com-
panions is much wider (Morales-Rueda et al. 2003; Geier et al.
2010b), but the combination of low mass and long period make
EGB 5 peculiar. All known detached double-degenerate systems
with very low-mass WDs have much shorter periods (Steinfadt
et al. 2010, and references therein), which may again be caused
by selection effects.

Furthermore, EGB5 may be the first very young post-
CE system, where the ejected envelope is still visible (Méndez
et al. 1988a) and may provide direct evidence of this sdB for-
mation channel. This would make this binary a unique system to
study this short and poorly understood phase of binary evolution.

PHL 932 has been regarded as a similar object. However,
evidence that it has a close companion is not compelling. In
addition, Frew et al. (2010) showed that the nebulous structure
around PHL 932 is not a planetary nebula, but rather a Strémgren
sphere created by the hot sdB in the surrounding interstellar
medium. Since EGB 5 is located at relatively low Galactic lat-
itude (+22.6°) this possibility should be seriously investigated.

Acknowledgements. S.G. is supported by the Deutsche Forschungsgemeinschaft
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ABSTRACT

Institute, Friedrich-Alexander University Erlangen-Nuremberg,
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The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims at finding hot subdwarf
stars with massive compact companions like massive white dwarfs (M > 1.0 M), neutron stars or stellar mass black holes. The
existence of such systems is predicted by binary evolution theory and recent discoveries indicate that they exist in our Galaxy. First
results are presented for seven close binary sdBs with short orbital periods ranging from ~0.21d to 1.5 d. The atmospheric parameters
of all objects are compatible with core helium-burning stars. The companions are most likely white dwarfs. In one case the companion
could be shown to be a white dwarf by the absence of light-curve variations. However, in most cases late type main sequence stars
cannot be firmly excluded. Comparing our small sample with the known population of close sdB binaries we show that our target
selection method aiming at massive companions is efficient. The minimum companion masses of all binaries in our sample are high

compared to the reference sample of known sdB binaries.

Key words. subdwarfs — binaries: spectroscopic — binaries: close — white dwarts
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Southern Observatory for programme number 081.D-0819. Based on
observations at the La Silla Observatory of the European Southern
Observatory for programmes number 082.D-0649 and 084.D-0348.
Based on observations collected at the Centro Astronémico Hispano
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Institut fiir Astronomie and the Instituto de Astrofisica de Andalucia
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Instituto de Astrofisica de Canarias on the island of La Palma, Spain.
Based on observations with the Southern Astrophysical Research
(SOAR) telescope operated by the U.S. National Optical Astronomy
Observatory (NOAO), the Ministerio da Cilncia e Tecnologia of the
Federal Republic of Brazil (MCT), the University of North Carolina
at Chapel Hill (UNC), and Michigan State University (MSU). Based
on observations obtained at the Gemini Observatory, which is oper-
ated by the Association of Universities for Research in Astronomy,
Inc., under a cooperative agreement with the NSF on behalf of the
Gemini partnership: the National Science Foundation (United States),
the Science and Technology Facilities Council (United Kingdom),
the National Research Council (Canada), CONICYT (Chile), the
Australian Research Council (Australia), Ministerio da Ciincia e
Tecnologia (Brazil) and Ministerio de Cilncia, Tecnologia e Innovacin
Productiva (Argentina). This paper uses observations made at the South
African Astronomical Observatory (SAAO).

** Appendices are only available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

1. Introduction

Subluminous B stars (sdBs) are core helium-burning stars with
very thin hydrogen envelopes and masses around 0.5 M, (Heber
1986, see Heber 2009, for a review). A large fraction of the
sdB stars (40% to 80%) are members of short period binaries
(Maxted et al. 2001; Napiwotzki et al. 2004a). Several stud-
ies were undertaken to determine the orbital parameters of sub-
dwarf binaries, and found periods ranging from 0.07 to more
than 10 d with a peak at 0.5 to 1.0d (e.g. Edelmann et al. 2005;
Morales-Rueda et al. 2003). For close binary sdBs, common en-
velope (CE) ejection is the most probable formation channel. In
this scenario two main sequence stars of different masses evolve
in a binary system. The heavier one will reach the red giant phase
first and fill its Roche lobe. If the mass transfer to the companion
is dynamically unstable, a common envelope is formed. Due to
friction the two stellar cores lose orbital energy, which is de-
posited within the envelope and leads to a shortening of the bi-
nary period. Eventually the common envelope is ejected and a
close binary system is formed, which contains a core helium-
burning sdB and a main sequence companion. If the companion
has already evolved to a white dwarf (WD) when the red gi-
ant fills its Roche lobe, a close sdB+WD binary is formed (Han
et al. 2002, 2003). Under certain conditions, two consecutive CE
phases are possible as well.

A39, page 1 of 13


http://dx.doi.org/10.1051/0004-6361/201015794
http://www.aanda.org
http://www.aanda.org
http://www.edpsciences.org

A&A 526, A39 (2011)

In general it is difficult to put constraints on the nature of the
close companions to sdB stars. Since most of the binaries are
single-lined, only lower limits have been derived from the bi-
nary mass functions, which are in general compatible with main
sequence stars of spectral type M or compact objects like white
dwarfs. Only in special and hence rare cases can tighter con-
straints be put on the nature of the companions.

Subdwarf binaries with massive WD companions turned out
to be candidates for supernova type Ia (SN Ia) progenitors be-
cause these systems lose angular momentum due to the emission
of gravitational waves and start mass transfer. This mass transfer,
either from accretion of He onto the WD during the sdB phase
(e.g. Yoon & Langer 2004, and references therein), or the sub-
sequent merger of the system after the sdB star itself has turned
into a WD (Tutukov & Yungelson 1981; Webbink 1984) may
cause the companion to approach the Chandrasekhar limit and
explode as SN Ia.

SN Ia play a key role in the study of cosmic evolution (e.g.
Riess et al. 1998; Leibundgut 2001; Perlmutter et al. 1999).
One of the best known candidate systems for the double degen-
erate merger scenario is the sdB+WD binary KPD 1930+2752
(Maxted et al. 2000a; Geier et al. 2007). Mereghetti et al. (2009)
showed that in the X-ray binary HD 49798 a massive (>1.2 M)
white dwarf accretes matter from a closely orbiting subdwarf O
companion. The predicted amount of accreted material is suffi-
cient for the WD to reach the Chandrasekhar limit. This makes
HD 49798 another candidate for SN Ia progenitor. Furthermore,
Perets et al. (2010) showed that helium accretion onto a white
dwarf may be responsible for a subclass of faint and calcium-
rich SN Ib events.

Geier et al. (2008, 2010a,b) analysed high resolution spec-
tra of sdB stars in close binaries. Assuming synchronised rota-
tion they constrained the masses and the nature of the unseen
companions in 31 cases. While most of the derived companion
masses were consistent with either late type main sequence stars
or white dwarfs, the compact companions of some sdBs may be
either massive white dwarfs, neutron stars (NS) or stellar mass
black holes (BH). However, Geier et al. (2010b) also showed that
the assumption of orbital synchronisation in close sdB binaries
is not always justified and that their analysis suffers from huge
selection effects.

The existence of sdB+NS/BH systems is predicted by bi-
nary evolution theory (Podsiadlowski et al. 2002; Pfahl et al.
2003). The formation channel includes two phases of unsta-
ble mass transfer and one supernova explosion. The fraction of
sdB+NS/BH systems is predicted to be about 2% of the close
sdB binaries (Geier et al. 2010b). Yungelson & Tutukov (2005)
and Nelemans (2010) performed independent binary evolution
calculations and confirm that sdB+NS/BH systems should ex-
ist. According to the results of Nelemans (2010) about 1% of
the subdwarfs in close binaries should have a neutron star com-
panion, whereas only 0.01% should be orbited by a black hole.
Yungelson & Tutukov (2005) predict the sdB+NS fraction to be
of the order of 0.8%.

Since sdB stars eventually evolve to WDs there should also
exist a population of white dwarfs with massive compact com-
panions. Badenes et al. (2009) reported the discovery of a close
binary consisting of a massive white dwarf and an unseen neu-
tron star or black hole companion, but Marsh et al. (2010) most
recently showed that the system is double-lined and consists of a
massive white dwarf orbited by a low mass white dwarf. The sys-
tem mass is below the Chandrasekhar limit. Their results were
confirmed by Kulkarni & van Kerkwijk (2010). Common enve-
lope ejection was proposed as the most likely formation channel
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Table 1. Solved binary systems.

SDSS name Short name Other names
SDSSJ002323.99-002953.2  J0023-0029 PB5916
SDSSJ113840.68—003531.7 J1138-0035 PG 1136-003
SDSSJ150513.52+110836.6  J1505+1108 PG 1502+113
SDSSJ165404.25+303701.7  J1654+3037 PG 16524307
SDSSJ172624.09+274419.3  J1726+2744 PG 1724+278
SDSSJ204613.40—-045418.7  J2046-0454 —

SDSS J225638.34+065651.0  J2256+0656 PG 2254+067

for the binary PSR J1802-2124, which consists of a millisecond
pulsar and a CO white dwarf in close orbit (P = 0.7 d, Ferdman
et al. 2010). This peculiar system may have evolved through an
earlier sdB+NS phase.

2. The MUCHFUSS project

The discovery of sdB binary candidates with massive compact
companions provides a first hint that a whole population of non-
interacting binaries with such companions may be present in our
Galaxy. The known candidate sdB+NS/BH binaries have low or-
bital inclinations (15-30°, Geier et al. 2010b). High inclination
systems must exist as well and should be more numerous. In this
case a determination of the orbital parameters is sufficient to put
a lower limit to the companion mass by calculating the binary
mass function. If this lower limit exceeds the Chandrasekhar
mass and no sign of a companion is visible in the spectra, the
existence of a massive compact companion is proven without
the need for any additional assumptions.

The project Massive Unseen Companions to Hot Faint
Underluminous Stars from SDSS! (MUCHFUSS) aims at find-
ing sdBs with compact companions like massive white dwarfs
(M > 1.0 M), neutron stars or black holes. About 70 binaries
have been selected for follow-up. Survey and target selection are
described in detail in Geier et al. (2010c). The same selection cri-
teria that we applied to find such binaries are also well suited to
single out hot subdwarf stars with constant high radial velocities
(RV) in the Galactic halo and search for hypervelocity stars. First
results of this second part of the project (Hyper-MUCHFUSS)
are presented in Tillich et al. (2010).

Here we present the spectroscopic analysis of the first sdB bi-
naries discovered in the course of the MUCHFUSS project (see
Table 1). In Sect. 3 the observations and the data reduction are
described. Sections 4 and 5 deal with the determination of the
orbital and atmospheric parameters of the sdB stars. Section 6
explains the way the minimum masses of the unseen compan-
ions are constrained, while results are presented in Sect. 7. The
efficiency of our target selection is discussed in Sect. 8, a short
summary and an outlook are eventually given in Sect. 9.

3. Multi-site observations and data reduction

Follow-up medium resolution spectra were taken during de-
dicated follow-up runs (see Table 2) with the EFOSC2 spectro-
graph (R =~ 2200, A = 4450-5110 A) mounted at the ESONTT,

! Sloan Digital Sky Survey.
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Fig.1. Medium resolution spectra of the pro-

Table 2. Follow-up observations 2009/2010.

Date Telescope & Instrument ~ Observer
2009/06/05-2009/06/09  ING-INT/IDS R.@.,R.0,
T. O.

2009/07/22-2009/07/26  CAHA-3.5m/TWIN T. K.
2009/08/24-2009/08/27  ING-WHT/ISIS S.G.
2009/11/08-2009/11/12  ESO-NTT/EFOSC2 T. K.
April/August 2009 Gemini-North/GMOS Service
2010/02/12-2010/02/15  SOAR/Goodman B. B.

Notes. The first column lists the date of observation, while in the second
the used telescope and instrumentation is shown. In the third column the
observers are listed.

the ISIS spectrograph (R =~ 4000, 1 = 3440-5270 A) mounted
at the WHT, the TWIN spectrograph mounted at the CAHA-
3.5 m telescope (R =~ 4000, = 3460-5630 A), the Goodman
spectrograph mounted at the SOAR telescope (R =~ 2500,4 =
3500—-6160 A), the GMOS spectrograph (R =~ 1200,4 =
3770-4240 A) mounted at the Gemini North telescope and the
IDS spectrograph mounted at the Isaac Newton Telescope (R =
1400,4 = 3000-6800 A). Informations about data taken in
the course of our survey are provided in Geier et al. (2010c).
Additional data could be gathered, when our targets were ob-
served with the IDS spectrograph (March 2007, observer: T.
M., C. C; R =~ 4000,4 = 3930-5100A) and the grat-
ing spectrograph (March 2003, April 2004, observer: T. M.;

~ 4600,4 = 4170-5030 A) mounted at the 1.9 m Radcliffe
Telescope. Example spectra are shown in Fig. 1.

In order to obtain a good wavelength calibration, arc lamp
exposures have been taken before or after the single exposures.

gramme stars taken with different instruments.
Multiple observations of the same target have been
shifted to rest wavelength and coadded.

In addition to that bright single sdBs have been taken as RV stan-
dards in most of the runs. In some cases the RVs of certain instru-
ments (TWIN, GMOS) had to be corrected by a constant offset
of up to ~50 km s~!. which was derived from the RV measure-
ments of the standard stars. The slit width was always chosen
to be smaller than the size of the seeing discs to minimize sys-
tematic errors due to movement of the objects within the slit.
Reduction was done either with the MIDAS, IRAF or PAMELA?
and MOLLY? packages.

4. Orbital parameters

The radial velocities were measured by fitting a set of mathemat-
ical functions (Gaussians, Lorentzians and polynomials) to the
hydrogen Balmer lines as well as helium lines if present using
the FITSB2 routine (Napiwotzki et al. 2004b). The RVs of the
GMOS spectra have been measured by fitting three Gaussians
to the H, line. Three functions are used to match the contin-
uum, the line and the line core, respectively and mimic the typ-
ical Voigt profile of spectral lines. The profiles are fitted to all
suitable lines simultaneously using y2-minimization and the RV
shift with respect to the rest wavelengths is measured. The RVs
and formal lo-errors are given in Appendix B. Assuming cir-
cular orbits sine curves were fitted to the RV data points in fine
steps over a range of test periods. For each period the y? of the
best fitting sine curve was determined. The result is similar to
a power spectrum with the lowest y? indicating the most likely
period (see Fig. 4). In order to estimate the significance of the or-
bital solutions and the contributions of systematic effects to the

2 http://www2.warwick.ac.uk/fac/sci/physics/research/
astro/people/marsh/software
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Table 3. Derived orbital parameters.

Object Ty P y K
[-2450000] [d] [kms™'] [kms™']
J0023-0029  5069.850 + 0.008 1.4876 + 0.0001 164 £ 2.1 81.8+29
J1138-0035  4991.388 + 0.001 0.207536 + 0.000002 233 +3.7 162.0+3.8
J1505+1108  4938.867 + 0.002 0.74773 + 0.00005 -77.1+12 972+18
J1654+3037  4991.5322 +0.0008  0.25357 + 0.00001 40.5+22  126.1+2.6
J1726+2744  4981.667 + 0.005 0.50198 + 0.00005 -36.7+4.8 1189=+3.7
J2046-0454  4693.352 + 0.002 0.24311 £ 0.00001 87657 1343+738
J2256+0656  5070.662 + 0.002 0.7004 + 0.0001 -73+21 1053+34
Table 4. Significance of the circular orbital solutions.

Object Bestsolution x> x%, .. 2ndbestalias Ax® 1 enom 1og prase[1%]  10g prase[10%]
[d] [d] [kms™']

J0023-0029  1.4876 157 3.74 0.5976 130 47 8.0 -3.0 -34

J1138-0035 0.207536 213 5.33 0.260192 426 45 160 -3.5 -3.5

J1505+1108  0.74773 155 430 0.75709 679 41 7.0 <-4.0 <-4.0

J1654+3037  0.25357 18  0.54 0.20397 64 38 - <-4.0

J1726+2744  0.50198 82 248 1.00998 77 38 120 -1.2 -1.9

J2046-0454  0.24311 52 3.05 0.31971 39 22 170 -1.1 —-1.1

J2256+0656  0.7004 276  6.13 2.1903 976 50 13.0 <-4.0 <-4.0

Notes. The best solutions for the orbital periods are given together with their minimum y? and reduced x> values as well as the number 1 of RVs.
The second best aliases (further than 1% away from the best solution) and the Ay?-values with respect to the best solutions are given as well. The
systematic error adopted to normalise the reduced y? (enom) is given for each case. The probabilities for the orbital period to deviate from our best
solution by more than 1% (prase[1%]) or 10% (prase[10%]) are given in the last columns.

error budget, we normalised the y? of the most probable solution
by adding systematic errors in quadrature until the reduced y?
reached ~1.0. Using these modified uncertainties we performed
Monte Carlo simulations for the most likely periods. For each
simulation a randomised set of RVs was drawn from Gaussian
distributions with central value and width corresponding to the
RV measurements and the analysis repeated. From these simula-
tions the probabilities for the orbital periods to deviate from our
best solution by more than 1% or 10% were calculated.

In order to derive most conservative errors for the RV semi-
amplitude K and the system velocity y we fixed the most likely
period and created new RV datasets with a bootstrapping algo-
rithm. Ten thousand RV datasets were obtained by random sam-
pling with replacement from the original dataset. In each case
an orbital solution was calculated in the way described above.
The standard deviation of these results was adopted as error es-
timate. The RV curves are given in Figs. 2 and 3. The residu-
als of the RV curves after subtracting the best orbital solution
are of the same order in all cases (see Figs. 2, 3). The accu-
racy is limited by the resolution of the spectra and their signal-
to-noise. Combining data obtained with different instruments is
also expected to contribute to the systematic error. Nevertheless,
we found that all orbital solutions given here are significant (see
Tables 3, 4).

Edelmann et al. (2005) reported the discovery of small ec-
centricities (e < 0.06) in the orbital solutions of five close hot
subdwarf binaries. All of these binaries are expected to have
formed via common envelope ejection. Although the CE phase is
very short, it should nevertheless be very efficient in circularising
the binary orbits. That is why the discovery of Edelmann et al.
(2005) came as a surprise. Napiwotzki et al. (in prep.) found
more such systems with even shorter periods.

In order to investigate whether the orbital solutions of our
programme binaries can be improved by allowing for eccen-
tricity, we fitted eccentric orbits to our radial velocity data and

A39, page 4 of 13

performed statistical tests (F-test, see Pringle 1975, and the
Bayesian information criterion BIC) to check whether eccentric
solutions are significant or not. In all cases the circular solutions
were preferred. However, the derived upper limits for the orbital
eccentricities range from 0.15 to 0.3, which means that low ec-
centricities as the ones reported by Edelmann et al. (2005) can-
not be firmly excluded.

5. Atmospheric parameters

Atmospheric parameters have been determined by fitting model
spectra to the hydrogen Balmer and helium lines in the way
described in Geier et al. (2007). The single spectra have been
corrected for their orbital motion and coadded. Depending on
the effective temperature of the stars, LTE models with so-
lar metallicity (T < 30000 K) or ten times solar metallicity
(Teg > 30000K) have been used. The enhanced metallicity
models account for the radiative levitation of heavy elements in
the diffusion dominated atmospheres (for a detailed discussion
see O’Toole & Heber 20006).

In order to investigate systematic effects introduced by the
individual instruments, especially the different resolutions and
wavelength coverages, the parameters have been derived sepa-
rately from spectra taken with different instruments. As can be
seen in Table A.1 no constant systematic shifts are present. The
weighted means have been calculated and adopted as final so-
lutions. Typical systematic errors introduced by different model
grids are of the order of +0.05 in logg and 500K in T (e.g.
Lisker et al. 2005; Geier et al. 2007). These uncertainties were
added in quadrature to the statistical errors.

Three of our programme stars have been classified as hot
subdwarfs by Eisenstein et al. (2006), but the authors pointed
out that the atmospheric parameters of the sdO/Bs given in their
catalogue are not accurate.

All stars of our sample are situated on or near the Extreme
Horizontal Branch (EHB) and are most likely core-helium burn-
ing stars (see Fig. 5). Since the orbital periods of these binaries
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Fig. 2. Radial velocity plotted against orbital phase. The RV data were phase folded with the most likely orbital periods. The residuals are plotted
below. The RVs were measured from spectra obtained with SDSS (rectangles), CAHA3.5 m/TWIN (upward triangles), WHT/ISIS (diamonds),
INT/IDS (downward triangles), ESO-VLT/FORSI (triangles turned to the left), Gemini/GMOS (triangles turned to the right), ESO-NTT/EFOSC2

(circles), SOAR/Goodman (hexagons) and SAAO-1.9 m/Grating (stars).

are short, they can only have formed via common envelope ejec-
tion. Population synthesis models (Han et al. 2002, 2003) pre-
dict a mass range of Mg = 0.37-0.48 M, for sdBs in binaries
formed in this way. The mass distribution shows a sharp peak
at a mass of about 0.47 M. This theoretical mass distribution is
consistent with analyses of close binary systems (e.g. Geier et al.
2007; For et al. 2010) as well as asteroseismic analyses of pul-
sating sdBs (see Charpinet et al. 2008, and references therein). If
the progenitor star was massive enough on the main sequence to
ignite core helium-burning under non-degenerate conditions, the
sdB mass may be as low as 0.3 M. A small fraction of the sdB
population is predicted to be formed in that way (Han et al. 2002,
2003). Especially for sdB binaries with massive companions this
formation scenario may become important.

6. Constraining the nature of the unseen
companions

Since the programme stars are single-lined spectroscopic bina-
ries, only their mass functions can be calculated.

¥ Mgomp sin’ i PK? )
" (Mcomp + 1‘4sdB)2 - 2nG

Although the RV semi-amplitude K and the period P can be de-
rived from the RV curve, the sdB mass Mg, the companion
mass Mcomp and the inclination angle i remain free parameters.
Adopting Mg = 0.47 My and i < 90° we derive a lower limit
for the companion mass (see Table 5).

For minimum companion masses lower than 0.45 M the
companion may be a late type main sequence star or a compact
object like a WD. Main sequence stars in this mass range are
outshined by the sdBs and not visible in optical spectra (Lisker
et al. 2005). That is the reason why the companions’ nature still
remains unknown for most of the ~80 known sdB systems with
low minimum companion masses (see Fig. 7). If on the other
hand the minimum companion mass exceeds 0.45 M, spectral
features of a main sequence companion become visible in the
optical. The non-detection of such features therefore allows us
to exclude a main sequence star. The companion must then be
a compact object. More massive compact companions like mas-
sive WDs, neutron stars or black holes are more likely as soon as
the minimum mass exceeds 1.00 M, or even the Chandrasekhar
limit 1.40 M.

Due to the fact that we selected targets with high RV shifts,
the distribution of orbital inclinations in our target sample is
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Fig. 4. y* plotted against orbital period. The lowest peak corresponds to
the most likely solution.

Table 5. Derived minimum masses and most probable nature of the
companions.

Object f(M) My, Companion
(Mo] Mo

J0023-0029 0.084 0.40 MS/WD
J1138-0035 0.091 0.42 WD
J1505+1108  0.071  0.37 MS/WD
J1654+3037 0.053 0.32 MS/WD
J1726+2744  0.087 0.41 MS/WD
120460454  0.061 0.34 MS/WD
J2256+0656  0.085 0.40 MS/WD

phase

Fig. 3. Radial velocity curves (see Fig. 2). likely to be close to their minimum values. The probability of
detecting eclipses, reflection effects or variations caused by el-
lipsoidal deformation in the light curves of systems with short
orbital periods should therefore be significantly higher than in
an unbiased sample.

not random any more. Our selection strategy strongly favours
high inclination angles, and therefore the companion masses are
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Dorman et al. (1993).

7. Results

The spectra of all stars in our sample have been checked for
spectral features of their companions. Hot subdwarfs with faint
main sequence companions usually show spectral lines of the
Mg triplet at ~5170 A (Lisker et al. 2005) and the Ca I triplet
at ~8650 A. No such features are visible in the spectra of our
programme stars (see e.g. Fig. 1). Stark & Wade (2003) ana-
lysed optical and IR photometry (2MASS) and found no indi-
cation of an IR-excess caused by a cool companion in the case
of J1654+3037. According to the catalogue of Reed & Stiening
(2004), who performed a similar analysis, J1505+1108 shows
signs of an IR-excess in the H and K-bands, but the large errors
of these measurements and the missing spectral signatures of a
cool companion in the SDSS spectra are strong indications, that
no visible companion is present.

J1654+3037 and J2046—0454 have very similar orbital pa-
rameters. The periods are short (0.25 d) and the minimum com-
panion masses are constrained to 0.32 M and 0.34 M. Whether
the companions are M dwarfs or WDs is therefore not yet clear.
In the former case a reflection effect should be easily detectable
in the light curves. Photometric follow-up will allow us to clarify
the nature of the companions.

The companion of the short period (0.2d) system
J1138-0035 is most likely a white dwarf. The minimum com-
panion mass is constrained to 0.42 M, and no sign of a compan-
ion is seen in the spectra. A light curve taken by the SuperWASP
project (Pollacco et al. 2006) shows no variation exceeding ~1%
(see Fig. 6). Due to the short period of this system a reflection
effect should be visible, if the companion should be a cool main
sequence star. The absence of such a variation leads to the con-
clusion that the companion is most likely a white dwarf.

The orbital periods of J1726+2744 (0.5d), J2256+0656
(0.7d) and J1505+1108 (0.75d) are longer. Their minimum
companion masses are similar (0.37-0.41 M) and close to the
border between main sequence stars and white dwarfs. The com-
panions of J1726+2744 and J2256+0656 are most likely WDs.
Koen (2009) and Shimanskii et al. (2008) recently showed that

0.15

Gy 1 i
|||||| |||||I ""'I'l!'l. ) :'|“'; A 'i"""l:"' Hie I;,‘
il 2 gy
LIt

relative flux
o

-0.05 |- -

-0.15 ‘ ‘

phase

Fig.6. SuperWASP light curve of J1138-0035 folded to the or-
bital phase. The 11213 data points taken between 2006/07/05 and
2009/07/02 are binned to 100 phase bins. Relative flux is plotted against
the orbital phase.

reflection effects can still be detected in the light curves of
sdB binaries with similar orbital periods. A reflection effect in
J0023-0029 on the other hand is most likely not detectable, be-
cause the orbital period is too long (1.5 d).

8. Efficiency of target selection

The goal of the MUCHFUSS project is to find sdB binaries with
massive compact companions and study this population of close
binaries. We tried to optimise our target selection to achieve this
goal. Figure 7 illustrates the efficiency of our target selection.
The RV semiamplitudes of all known sdB binaries with spec-
troscopic solutions (open symbols) are plotted against their or-
bital periods (Geier et al. 2010c). Binaries which have initially
been discovered in photometric surveys due to indicative fea-
tures in their light curves (eclipses, reflection effects, ellipsoidal
variations) are marked with open circles. Binaries discovered by
RV variations from time resolved spectroscopy are marked with
open diamonds. The dashed, dotted and solid lines mark the re-
gions to the right where the minimum companion masses derived
from the binary mass function (assuming 0.47 M, for the sdBs)
exceed 0.45 M, 1.00 M and 1.40 M.

Most of the known sdB binaries are situated beneath the
0.45 My, line, which means that the companion type cannot be
constrained from the mass function alone. Photometry is neces-
sary to clarify the companions’ nature in these cases. The most
massive sdB binary known to date is KPD 1930+2752 with a
WD companion of 0.9 M. This short period system has been
discovered based on indicative features in its light curve (upper
left corner in Fig. 7; Billeres et al. 2000).

The seven binaries from the MUCHFUSS project are marked
with filled diamonds. It can be clearly seen that they belong
to the sdB binary population with the largest minimum masses
close to 0.45 M. We therefore conclude that our target selection
is efficient and singles out sdB binaries with massive compan-
ions.
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Fig.7. The RV semiamplitudes of all known sdB binaries with spectro-
scopic solutions plotted against their orbital periods (Geier et al. 2010c).
Binaries which have initially been discovered in photometric surveys
due to indicative features in their light curves (eclipses, reflection ef-
fects, ellipsoidal variations) are marked with open circles. Binaries dis-
covered by detection of RV variations from time resolved spectroscopy
are marked with open diamonds. The dashed, dotted and solid lines
mark the regions to the right where the minimum companion masses
derived from the binary mass function (assuming 0.47 M., for the sdBs)
exceed 0.45 M, 1.00 M, and 1.40 M. The seven binaries from the
MUCHFUSS project are marked with filled diamonds.

9. Summary and outlook

A multi-site follow-up campaign is being conducted with
medium resolution spectrographs mounted at several different
telescopes of mostly 2m to 4 m-class. First results were pre-
sented for seven close binary sdBs with short orbital periods
ranging from ~0.21d to 1.5d and most likely compact com-
panions. The atmospheric parameters of all objects are compati-
ble with core helium-burning stars on the EHB. Comparing our
small sample with the known population of close sdB binaries
we are able to show that our target selection method is efficient.
All binaries solved up to now have high minimum companion
masses compared to the rest of the sdB binary population.

Up to now we have found significant orbital solutions for
about 10% of our target sample. Photometric follow-up obser-
vations will allow us to clarify the nature of the companions in
most cases. A database of more than 700 spectra has been built
up and some binaries will be solvable with only a few additional
RV points.
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Appendix A: Atmospheric parameters

Table A.1. Atmospheric parameters.

Object Teqr logg logy Instrument
(K]
J0023-0029 30100 +500 5.62+0.08 -2.0 SDSS
29000 £ 100  5.71+£0.02 -2.0 ISIS
29200 £500 5.69+0.05 -2.0 adopted
J1138-0035 30800 +500 5.50+£0.09 -3.0 SDSS
31700 £ 700  5.59+0.10 -3.0 IDS
31200 £ 600 5.54+0.09 -3.0 adopted
J1505+1108 33300+ 500 5.80+0.10 -24 SDSS
33000 £600 5.80+0.11 -22 TWIN
33200 £ 500 5.80+0.10 -2.3 adopted
J1654+3037 24400 +800 5.32+0.11 -23 SDSS
25500 £900 5.47+0.13 -25 IDS
24900 £800 5.39+0.12 -24 adopted
J1726+2744 33500 £+400 5.71+0.09 -22 SDSS
33300 £400 591+0.06 -22 TWIN
32300+ 100 5.87+0.02 -22 ISIS
32400 +£700 5.73+0.12 -2.1 IDS
32600 £ 500 5.84+£0.05 -22 adopted
J2046-0454 31600 + 600 5.55+0.10 -3.0 SDSS
32100 £500 5.57+0.09 -3.0 TWIN
31100 £400 5.52+0.06 -3.0 FORSI
31600 £ 500 5.54+0.08 -3.0 adopted
J2256+0656 28900 + 600 5.58 £0.11 -3.0 SDSS
29200 £900 5.74+0.09 -22 TWIN
28400 £ 100 5.63+£0.02 -22 ISIS
28500 £ 500 5.64+0.05 -2.3 adopted
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Appendix B: Radial velocities.

Table B.1. J0023-0029.

Mid-HJD RV [kms™'] Instrument
—2450 000

1816.782390 92.0 +£10.0 SDSS
1816.794497 94.1 £ 6.0
1816.806476 927+ 7.0
1885.575567 5.6+9.0
1885.587847 22+11.0
1885.600718 24 +15.0
1885.614294 -3.1+9.0
1885.627153 7.7+9.0
1885.639444 -9.0+8.0
1899.578750 -36.7 + 14.0
1899.590972 -17.2+9.0
1899.603316 -27.7 +10.0
1899.615509 —-12.1 £ 11.0
1900.573652 -13.8+7.0
1900.585712 -9.6 £22.0
1900.599109 -25.3 +16.0
5068.61892 90.6 +£3.0 ISIS
5068.62614 94.8 + 3.7
5068.63335 81.4+4.0
5068.65013 102.0 +4.0
5068.65736 103.5+44
5068.66457 949 + 3.7
5069.69141 254 +4.6
5069.69862 -65.8 +4.1
5069.70585 -32.1+29
5069.71578 -282+26
5069.72300 -17.9+43
5069.73023 -6.2+4.1
5071.59347 71.9 +£59
5071.60068 793 +6.4
5071.60442 84.1 +4.2
5071.61757 91.7+5.8
5071.62478 100.7 £ 2.6
5071.63199 939 +3.2
5144.55811 101.0 £ 10.1 EFOSC2
5144.59234 97.1 £ 10.1
5144.63989 76.5 £ 12.6
5145.52594 -28.5+99
5145.61524 -16.9 + 7.8
5145.65247 -7.1 £10.2
5146.54220 2.5+8.0
5146.64161 -27.0 8.1
5146.69219 -57.2 + 89
5147.59722 824 +104
5147.64906 81.5+9.5
5147.66103 852 +7.2
5147.67897 80.0 £ 9.8
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Table B.2. J1138-0035.

Mid-HJD RV [kms™'] Instrument
-2450000

1629.831447 -16.0 £ 33.7 SDSS
1629.861748 -131.2 £5.8
1629.875990 —139.6 + 10.5
1629.890197 —-124.6 +11.9
1630.849549 423 £ 12.3
1630.861782 -8.6+5.8
1658.666991 16.0 £ 6.1
1658.723102 -127.9 +£24
1658.737309 -1204 £ 7.4
1658.749439 -81.3+12.2
2720.30421 -73.0+£32.8 SAAO
2720.31674 -99+12.2
3101.42483 166.9 + 29.9
3101.44590 26.1 + 19.6
4186.50643 -146.0 5.5 IDS
4186.52047 -130.5 £ 6.5
4187.51138 -76.5 6.8
4187.52540 -133.0 £ 6.8
4188.55849 -1159 5.6
4188.57251 -135.0 £ 6.5
4189.46081 48+52
4189.47485 69.2+52
4190.52859 117.1 £6.0
4190.54262 165.7 £5.1
4991.40638 149.6 + 18.6  IDS
4991.40999 143.0 + 15.0
4991.41360 151.1 + 15.8
4991.41722 148.4 + 15.0
4991.42083 163.3 + 18.2
4991.42444 162.0 + 18.4
4991.42964 182.6 + 15.9
4991.43325 172.7 £ 21.8
4991.43687 192.4 + 17.6
4991.44048 193.8 + 18.3
4991.44409 156.9 + 18.8
4991.44770 169.9 + 15.0
4991.45131 151.1 + 17.2
4991.45492 151.7 +17.4
5240.64268 38.5+8.5 Goodman
5240.64678 599 +7.0
5240.65068 59.2 +£5.1
5240.65448 108.3 + 8.6
5240.65828 116.8 + 3.6
5240.75829 -13.8+5.3
5240.76549 —49.6 +5.5
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Table B.3. J1505+1108.

Table B.4. J1654+3037.

Mid-HJD RV [kms™!]  Instrument
—-2450000

3848.858414 53+12.0 SDSS
3848.906794 27.7+12.2
3849.863669 —126.6 = 10.0
3850.893113 -96.1 + 8.1
4600.479632 -48.0+80 TWIN
4600.487332 -65.4 +10.0
4692.348022 222 +13.0
4694.404665 —44.7 +9.7
4696.399472  —-148.2 + 10.8
4980.44927 -130.0 £9.2
4980.53561 -175.5+9.9
4981.57813 -34.5+13.8
4982.55136 54+ 12.1
4936.672663 -373+2.8 GMOS
4936.676403 -31.0+3.0
4936.680142 -34.7+3.0
4936.683881 -32.5+3.1
4936.871029 -35+28
4936.874768 2.1 %28
4936.878512 09 +2.8
4936.882253 -55+29
4937.64103 0.8 +3.1
4937.64477 7.0+£29
4937.64852 6.1 £3.0
4937.65226 44+29
4937.85083 -158.7+2.9
4937.85457 -161.9 +£2.9
4937.85831 -158.5+£2.9
4937.86206 -158.7 £ 3.0
4938.75627 -150.6 £ 2.5
4938.76001 -1494 £ 2.5
4938.76375 -156.3 £2.5
4938.76749 -146.0 £ 2.5
4939.67990 -31.1 £2.8
4939.68364 248 +29
4939.68738 -26.7 2.8
4939.69112 -23.6 +2.8
4943.63233 -29+3.0
4943.63607 -92+29
4943.63981 -7.8+29
4943.64355 -10.3 £ 2.7

Mid-HJID RV [kms™'] Instrument
-2450000

2789.917095 119.4 +£9.7 SDSS
2789.933032 84.5+7.7
2790.913235 146.7 +7.2
2790.929502 130.3 £ 8.5
4586.567656 -6.0+7.8 TWIN
4692.367579 1552 + 8.0
4693.380826 148.1 + 8.1
4694.433521 1559 + 8.0
5037.44285 70.1 = 10.6
5037.47019 1509 + 8.4
5037.50213 156.2 + 11.1
5038.42271 -21.8+11.0
5038.48616 155.0 £ 10.8
5038.49857 161.0 +7.9
4988.47623 43 +255 IDS
4988.49036 56.8 + 16.6
4988.50437 979 +17.5
4988.52125 129.9 + 15.6
4988.53530 172.6 +17.3
4988.54942 179.7 £ 18.0
4988.56430 150.0 = 16.0
4991.47179 -84.8 +17.7
4991.47888 -82.0+17.1
4991.48596 -92.2+16.6
4991.49305 -58.5+7.1
4991.50013 —-62.6 +17.5
4991.50927 —44.1 = 16.5
4991.51753 -11.2 +15.1
4991.52577 23.0+18.4
4991.53402 333 +16.2
4991.54224 66.3 = 16.0
4991.55155 103.8 + 30.1
4991.55981 128.0 £ 17.6
4991.56805 142.9 + 16.5
4991.57629 161.2 +£17.1
4991.58453 178.5 + 16.4
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Table B.5. J1726+2744.

Mid-HJD RV [kms™!]  Instrument
—-2450000

3905.819525 -168.9 = 10.9 SDSS
3905.833513 -157.3 +10.7
3905.853553 -133.2+10.5
3905.866007 —123.5 +15.8
4979.59252 -1252 + 144 TWIN
4979.63382 -98.5+11.6
4980.47951 -155.4 £ 129
4980.58604 -1412 + 114
4981.53132 -120.0 £ 8.0
4981.58892 -112.5+12.9
4981.62939 —46.7 + 12.0
4981.64123 -53.1+9.7
4981.65164 -352+16.9
4982.56453 -1542 £ 11.2
4982.65151 -65.0 £ 21.6
4983.53806 -152.7 £ 11.5
4983.54720 -176.7 £ 12.0
4983.55638 -150.5 £ 152
4983.56557 -146.3 £24.3
4983.57468 -124.9 + 13.8
5037.45679 39.0 + 12.0
5037.48545 62.0 £ 12.7
5038.43771 38.0 = 16.1
5038.45381 58.0+12.9
5038.47045 80.0 + 13.0
5039.49762 69.0 = 12.7
5039.52128 87.0 + 12.0
5039.53838 85.0+12.9
4992.48445 -99.5+23.1 IDS
4992.49617 -114.1 £ 18.5
4992.50788 -81.2 +13.7
5068.47186 -92.7+52 ISIS
5068.47906 -79.4+44
5068.48628 -739+53
5069.45355 -120.3 +£3.2
5069.46426 -109.9 + 2.7
5069.46786 -982+45
5069.47855 -799 + 3.8
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Table B.6. J2046-0454.

Mid-HJID RV [kms™'] Instrument
-2450000

3269.661429  109.6 + 13.3  SDSS
3269.675556 128.1 £ 9.6
3269.691435 179.6 + 8.8
4645.79103 181.6 + 5.0 FORS1
4645.79259 185.0 £ 3.1
4692.51274 284 +13.4 TWIN
4692.52696 30.7 £ 14.3
4693.42472 227.7 £ 11.9
4693.47199 137.2 £ 20.6
4696.49294 42.0+9.3
4696.54469 177.8 £ 10.9
4696.60171 171.6 £+ 9.8
4979.61251 90.6 + 6.8
4979.65127 -32.8+21.3
5035.46989 207.0 £ 15.3
5035.49811 210.0 £ 14.3
5036.50301 83.0+ 155
5037.52184 -25.0+10.8
5037.59514 16.0 = 15.0
4758.55029 206.1 £22.5 EFOSC2
4758.55416 202.4 +£25.3
4758.55803 2122 £22.5
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Table B.7. J2256+0656.

Mid-HJD RV [kms™!]  Instrument
—-2450000

3710.557488 11.8 £ 10.5 SDSS
3710.571464 1.1 £8.6
3710.588935 -15.5+9.7
4694.610760 78.0 6.0 TWIN
4694.676593 793+ 1.0
4694.689883 87.1 £6.0
5035.48389 -140.9 + 23.8
5035.50848 -96.8 + 15.6
5036.51782 95.0+15.0
5036.61657 29.9 + 10.7
5036.56824 81.7+11.2

5037.53430 -129.6 + 17.9
5037.54784 -120.8 = 11.1
5037.55965 -1349 +11.0
5037.60833 -116.5 + 11.0
5038.56302 96.6 + 10.6
5038.57506 115.1 £ 12.7
5038.62975 104.1 £ 15.3
5038.64304 105.0 £ 11.8
5038.65573 104.1 + 13.1
5039.64785 -1239 + 125

5048.981437 164 +42 GMOS
5049.002417 285+43
5049.023396 435+42
5049.044376 51.0+43
5077.83332 129.0 £ 5.6
5077.85483 116.5 £5.3
5068.53076 -36.5+3.4 ISIS
5068.53111 -30.2 £3.5
5068.53826 —26.5+23
5068.54815 -10.3 £2.7
5068.55536 -12.8 £3.2
5068.56257 -1.5+23
5069.53785 41.6 +£3.7
5069.54507 48.0 + 3.8
5069.55228 458 £2.3
5069.56913 48.2 £3.6
5069.57635 269 +3.8
5069.58358 182 +3.8
5070.62493 —48.4 +4.0
5070.63214 -35.8+4.0
5070.63942 -21.1 £4.1
5070.65603 -20.0 £2.6
5070.66324 -1.5+45
5070.67045 26+4.6
5071.39970 8.8+4.38
5071.39997 213 +4.2
5071.40718 33.8+3.6
5071.42392 50.5+3.8
5071.43114 50.8 +3.9
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ABSTRACT

The project Massive Unseen Companions to Hot Faint Underluminous Stars from SDSS (MUCHFUSS) aims at finding sdBs with
compact companions like supermassive white dwarfs (M > 1.0 M), neutron stars or black holes. The existence of such systems is
predicted by binary evolution theory and recent discoveries indicate that they are likely to exist in our Galaxy.

A determination of the orbital parameters is sufficient to put a lower limit on the companion mass by calculating the binary mass
function. If this lower limit exceeds the Chandrasekhar mass and no sign of a companion is visible in the spectra, the existence of
a massive compact companion is proven without the need for any additional assumptions. We identified about 1100 hot subdwarf
stars from the SDSS by colour selection and visual inspection of their spectra. Stars with high velocities have been reobserved and
individual SDSS spectra have been analysed. In total 127 radial velocity variable subdwarfs have been discovered. Binaries with
high RV shifts and binaries with moderate shifts within short timespans have the highest probability of hosting massive compact
companions. Atmospheric parameters of 69 hot subdwarfs in these binary systems have been determined by means of a quantitative
spectral analysis. The atmospheric parameter distribution of the selected sample does not differ from previously studied samples of
hot subdwarfs. The systems are considered the best candidates to search for massive compact companions by follow-up time resolved

spectroscopy.

Key words. binaries: spectroscopic — subdwarfs

1. Introduction

Subluminous B stars (sdBs) are core helium-burning stars with
very thin hydrogen envelopes and masses around 0.5 M, (Heber
1986). A large fraction of the sdB stars are members of short pe-
riod binaries (Maxted et al. 2001; Napiwotzki et al. 2004a). After
the discovery of close binary subdwarfs, several studies aimed at
determining the fraction of hot subdwarfs residing in such sys-
tems. Samples of hot subdwarfs checked for radial velocity (RV)

* Based on observations at the Paranal Observatory of the European
Southern Observatory for programme number 081.D-0819. Based on
observations at the La Silla Observatory of the European Southern
Observatory for programme number 082.D-0649. Based on observa-
tions collected at the Centro Astronémico Hispano Alemdn (CAHA) at
Calar Alto, operated jointly by the Max-Planck Institut fiir Astronomie
and the Instituto de Astrofisica de Andalucia (CSIC). Based on ob-
servations with the William Herschel Telescope operated by the Isaac
Newton Group at the Observatorio del Roque de los Muchachos of the
Instituto de Astrofisica de Canarias on the island of La Palma, Spain.
** Tables 2-4 and Appendix A are available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

variations imply the binary fraction ranges from 39% to 78%
(e.g. Maxted et al. 2001; Napiwotzki et al. 2004a). The orbital
periods of subdwarf binaries for which orbital parameters could
be determined range from 0.07 to >10 d with a peak at 0.5-1.0d
(e.g. Edelmann et al. 2005; Morales-Rueda et al. 2003a).

For close binary sdBs common envelope ejection is the most
probable formation channel (Han et al. 2002, 2003). In this sce-
nario two main sequence stars of different masses evolve in a
binary system. The more massive one will reach the red giant
phase first and fill its Roche lobe near the tip of the red-giant
branch. If the mass transfer to the companion is dynamically un-
stable, a common envelope is formed. Friction causes the two
stellar cores to lose orbital energy, which is deposited within
the envelope, and the period of the binary decreases. Eventually,
the common envelope is ejected, and a close binary system is
formed containing a core helium-burning sdB and a main se-
quence companion. A binary consisting of a main sequence star
and a white dwarf (WD) may evolve to a close binary sdB with a
white dwarf companion in a similar way. Tight constraints can be
placed on the nature of the sdB companions only in the rare cases
where the systems show eclipses or other features indicative
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of a companion in their light curves (see the catalogue of Ritter
& Kolb 2009, and references therein).

Subdwarf binaries with massive WD companions are can-
didates for SN Ia progenitors because these systems lose angu-
lar momentum due to the emission of gravitational waves and
start mass transfer. Transfer of mass or the subsequent merger of
the system may cause the WD to approach the Chandrasekhar
limit, ignite carbon under degenerate conditions, and explode
as a SN Ia (Webbink 1984; Iben & Tutukov 1984). One of the
best-known candidate systems for this double degenerate merger
scenario is the sdB+WD binary KPD 1930+2752 (Maxted et al.
2000a; Geier et al. 2007). Mereghetti et al. (2009) showed that
in the X-ray binary HD 49798 a massive (>1.2 M) white dwarf
accretes matter from a closely orbiting subdwarf O companion.
The predicted amount of accreted material is sufficient for the
WD to reach the Chandrasekhar limit. This makes HD 49798
another candidate SN Ia progenitor, should the companion be a
C/O white dwarf (Wang et al. 2009). SN Ia play a key role in
the study of cosmic evolution since they are utilised as standard
candles for determining the cosmological parameters (e.g. Riess
et al. 1998; Leibundgut 2001; Perlmutter et al. 1999). Most re-
cently Perets et al. (2010) showed that helium accretion onto
a white dwarf may be responsible for a subclass of faint and
calcium-rich SN Ib events.

Due to the tidal influence of the companion in close binary
systems, the rotation of the primary' becomes synchronised to
its orbital motion. In this case it is possible to constrain the mass
of the companion, if mass, projected rotational velocity and sur-
face gravity of the sdB are known. Geier et al. (2008, 2010a,b)
analysed high resolution spectra of 41 sdB stars in close binaries,
half of all systems with known orbital parameters. In 31 cases,
the mass and nature of the unseen companions could be con-
strained. While most of the derived companion masses were con-
sistent with either late main sequence stars or white dwarfs, the
compact companions of some sdBs may be either massive white
dwarfs, neutron stars (NS) or stellar mass black holes (BH).
However, Geier et al. (2010b) also showed that the assumption
of orbital synchronisation in close sdB binaries is not always jus-
tified and that their sample suffers from huge selection effects.

Binary evolution theory (Podsiadlowski et al. 2002; Pfahl
et al. 2003) predicts the existence of sdB+NS/BH systems
formed after two phases of unstable mass transfer and one super-
nova explosion. The predicted fraction of sdB+NS/BH systems
ranges from about 1% to 2% of the close sdB binaries (Geier
et al. 2010b; Yungelson & Tutukov 2005; Nelemans 2010).

2. Project overview

The work of Geier et al. (2010b) indicates that a population of
non-interacting binaries with massive compact companions may
be present in our Galaxy. The candidate sdB+NS/BH binaries
have low orbital inclinations (15-30°, Geier et al. 2010b), but
high inclination systems must exist as well. A lower limit can
be placed on the companion mass by determining the orbital pa-
rameters and calculating the binary mass function.

3 o3
Moy sin” i PK3

- (Mcomp +MsdB)2 - 27TG.
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! The more massive component of a binary is usually defined as the
primary. However, in most close sdB binaries with unseen companions
the masses are unknown and it is not possible to decide a priori which
component is the most massive one. For this reason we call the visible
sdB component of the binaries the primary throughout this paper.
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The RV semi-amplitude K and the period P can be derived from
the RV curve; the sdB mass Mgg, the companion mass Mcomp
and the inclination angle i remain free parameters. We adopt
Mg = 047 Mg and i < 90° to derive a lower limit for the
companion mass. Depending on this minimum mass a qualita-
tive classification of the companions’ nature is possible in cer-
tain cases. For minimum companion masses lower than 0.45 M
a main sequence companion can not be excluded because its lu-
minosity would be too low to be detectable in the spectra (Lisker
et al. 2005). If the minimum companion mass exceeds 0.45 M
and no spectral signatures of the companion are visible, it must
be a compact object. If it exceeds the Chandrasekhar mass and
no sign of a companion is visible in the spectra, the existence of a
massive compact companion is proven without the need for any
additional assumptions. This is possible if such a binary is seen
at high inclination. The project Massive Unseen Companions
to Hot Faint Underluminous Stars from SDSS? (MUCHFUSS)
aims at finding sdBs with compact companions like supermas-
sive white dwarfs (M > 1.0 M), neutron stars or black holes.
First results of our follow-up campaign are published in Geier
etal. (2011).

There is an interesting spin-off from this project: the same
selection criteria we applied to find binaries with massive com-
pact companions are also well-suited to single out hot subdwarf
stars with constant high radial velocities in the Galactic halo,
which may be extreme population IT or even hypervelocity stars.
We have coined the term Hyper-MUCHFUSS to refer to this ex-
tended project, the first results of which are presented in Tillich
etal. (2011).

3. Target selection

The high fraction of sdB stars in close binary systems was ini-
tially discovered by the detection of RV shifts using time re-
solved spectroscopy (Maxted et al. 2001). In the past decade,
orbital parameters for about 80 of these systems have been de-
termined. We summarize the orbital parameters of all known sdB
binaries and give references in Table A.1 (see also Fig. 1).

To the extent that the companion masses of the known sdB
binaries could be constrained, it turned out that most companions
should be either late main sequence stars with masses lower than
half a solar mass or compact objects like white dwarfs. Targets
for spectroscopic follow-up were selected in different ways de-
pending on the specific aims of each project.

For the MUCHFUSS project the target selection is optimised
to find massive compact companions in close orbits around sdB
stars. In order to discover rare objects applying the selection cri-
teria explained in the forthcoming sections, a huge initial dataset
is necessary. The enormous SDSS database (Data Release 6,
DR6) is therefore the starting point for our survey. Best sky cov-
erage is reached in the Northern hemisphere close to the galac-
tic poles. SDSS data are widely used and therefore also well
evaluated in terms of errors and accuracy (York et al. 2000;
Abazajian et al. 2009). Moreover, they are supplemented by ad-
ditional spectroscopic observations of appropriate quality from
other sources.

3.1. Colour selection and visual classification

Hot subdwarfs are found most easily by applying a colour cut
to Sloan photometry. All spectra of point sources with colours

2 Sloan Digital Sky Survey.
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Fig. 1. The RV semiamplitudes of all known sdB binaries with spectro-
scopic solutions plotted against their orbital periods (see Table A.1).
Binaries which were initially discovered in photometric surveys due
to indicative features in their light curves (eclipses, reflection effects,
ellipsoidal variations) are marked with open circles. Binaries discov-
ered by detection of RV variation from time resolved spectroscopy are
marked with filled diamonds. The dashed, dotted and solid lines mark
the regions to the right where the minimum companion masses derived
from the binary mass function (assuming 0.47 M,, for the sdBs) exceed
0.45 M, 1.00 M, and 1.40 M,,. The two post-RGB objects in the sam-
ple have been excluded, because their primary masses are much lower.

u—-g < 04and g—r < 0.1 were selected. This colour crite-
rion corresponds to a limit in the Johnson photometric system of
U — B < =0.57 (Jester et al. 2005), similar to the cut-off chosen
by UV excess surveys, such as the Palomar Green survey (Green
et al. 1986). The corresponding effective temperature of a BHB
star is ~15 000 K (Castelli & Kurucz 2003), well below the ob-
served range for sdB stars (>20 000 K). The limit of g—r = +0.1
corresponds to B—V = +0.3 (Jester et al. 2005). This ensures that
sdBs in spectroscopic binaries are included if the dwarf compan-
ion is of spectral type F or later, e.g. the sdB+F system PB 8783
at B—V =+0.13 and U — B = —0.65 (Koen et al. 1997). On the
other hand the colour criteria exclude the huge number of QSOs
(quasi stellar objects) which were the priority objects of SDSS
in the first place. We selected 48 267 point sources with spectra
in this way.

The spectra from SDSS are flux calibrated and cover the
wavelength range from 3800 A to 9200 A with a resolution of
R = 1800. Rebassa-Mansergas et al. (2007) verified the wave-
length stability to be <14.5 km s~! from repeat sub-spectra using
SDSS observations of F-stars. We obtained the spectra of our
targets from the SDSS Data Archive Server® and converted the
wavelength scale from vacuum to air. The spectra were classified
by visual inspection.

First, we excluded spectra of extragalactic objects and spec-
tra with low quality (S/N < 5) or unknown features, leaving us
with 10811 spectra of 10 153 stars. Figure 2 (left panel) shows

3 das.sdss.org

a two-colour plot of all selected objects. To classify the selected
spectra, we compared them visually to reference spectra of hot
subdwarfs and white dwarfs. Existence, width, and depth of he-
lium and hydrogen absorption lines as well as the flux distribu-
tion between 4000 and 6000 A were used as criteria. Subdwarf
B stars show broadened hydrogen Balmer and He1 lines, sdOB
stars He 1 lines in addition, while the spectra of sdO stars are
dominated by weak Balmer and strong He 1 lines depending on
the He abundance. A flux excess in the red compared to the ref-
erence spectrum as well as the presence of spectral features such
as the Mg triplet at 5170 A or the Ca triplet at 8650 A were
taken as indications of a late type companion (for a few exam-
ples see Fig. 3, for spectral classification of hot subdwarf stars
see the review by Heber 2009).

Our selection criteria led to a sample containing a total of
1100 hot subdwarfs. 725 belong to the class of single-lined sdBs
and sdOBs. Because distinguising between these two subtypes
from their spectral appearances alone can be difficult, we de-
cided to treat them as one class. Features indicative of a cool
companion were found for 89 of the sdBs. 9 sdOs have main
sequence companions, while 198 of them, most of which show
helium enrichment, are single-lined. A unique classification was
not possible for 79 objects in our sample. Most of these stars are
considered candidate sdBs with low temperatures, which cannot
be distinguished clearly from blue horizontal branch (BHB) stars
or low-mass DA or DB white dwarfs.

Eisenstein et al. (2006) used a semi-automatic method for the
spectral classification of white dwarfs and hot subdwarfs from
the SDSS DR4, and it is instructive to compare their sample to
ours. Our colour cut-off is more restrictive and the confusion
limit (§/N > 5) is brighter than that of Eisenstein et al. (2006).
Due to the redder colour cuts, blue horizontal branch stars en-
ter the Eisenstein et al. sample, which we do not consider as hot
subdwarf stars (see Heber 2009). Applying our colour cuts to
the hot subdwarf sample of Eisenstein et al. (2006) yields 691
objects. The stars missing in our sample are mostly fainter than
g = 19mag as expected. Most recently, Kleinman (2010) ex-
tended the classifications to the SDSS DR7 and found 1409 hot
subdwarf stars. Since no details are published, the sample can
not be compared to ours yet. Considering our more restrictive
colour cuts and confusion limit, the numbers compare very well
with ours. This gives us confidence that our selection method is
efficient.

In Fig. 2 (right panel) only the subdwarf stars brighter than
g = 18 mag are plotted. With less pollution by poor spectra,
two sequences become clearly visible. The solid symbols mark
single-lined sdBs and sdOs, while the open squares mark bina-
ries with late type companions of most likely K and G type visi-
ble in the spectra. The contribution of the cool companions shifts
the colours of the stars to the red. As can be seen in Fig. 2 the
upper sequence also contains apparently single stars. Since the
spectra are not corrected for interstellar reddening, some of these
objects may show an excess in the red not due to the presence
of a cool companion. Spectral features indicative of a late-type
companion and small excesses in the red may have been missed
for the faintest targets with the noisiest data.

In Fig. 2 (right panel) we also compare the sample to syn-
thetic colours suitable for hot subdwarf stars. We chose the grid
of Castelli & Kurucz (2003)* and selected models with high
gravity (logg = 5.0). The models reproduce the lower envelope
of the targets in the colour-colour-diagram very well for effective

4 http://wwwuser.oat.ts.astro.it/castelli/colors/
sloan.html
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Fig. 2. Left panel. SDSS g — r-colours plotted against u — g of all stars. The grey dots mark all stellar objects with spectra available in the SDSS
database. Most of them are classified as DA white dwarfs. The solid diamonds mark (He-)sdO stars, the solid squares sdB and sdOB stars. Open
squares mark hot subdwarfs with main sequence companions visible in the spectra. Most of these objects are white dwarfs of DA type. Right panel.
Only subdwarfs with g < 18 mag are plotted. The sequence of composite objects is clearly separated from the single-lined stars. Synthetic colours
from Castelli & Kurucz (2003) for stars with temperatures ranging from 14 000 K to 50000 K (log g = 5.0) are marked with upward triangles and
connected. The stepsize of the colour grid is 1000 K. The labels mark models of certain temperatures.
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Fig. 3. Flux calibrated SDSS spectra of a single-lined sdB, a helium rich
sdO and an sdB with main sequence companion visible in the spectrum.
Note the different slopes of the sdB and the sdB+MS spectra.

temperatures ranging from 20000 to 50000 K as expected for
hot subdwarf stars. Different surface gravities, chemical compo-
sitions and interstellar reddening are not accounted for but would
explain the observed scatter of the stars.

It is interesting to note that there is an obvious lack of blue
horizontal branch (BHB) stars with effective temperatures below
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20000 K compared to the sdBs with higher temperatures. This
gap is not a result of selection effects because the BHB stars are
brighter than the sdBs at optical wavelengths. We conclude that
the number density of BHB stars in the analysed temperature
range must be much smaller than that of sdBs. Newell (1973)
was the first to report the existence of such a gap in the two-
colour diagram of field blue halo stars, which was subsequently
also found in some globular clusters (Momany et al. 2004). The
reason for this gap remains unclear (see the review by Catelan
2009).

3.2. High radial velocity sample (HRV)

The radial velocities of all identified hot subdwarf stars (both
single- and double-lined) were measured by fitting a set of
mathematical functions (Gaussians, Lorentzians and polynomi-
als) to the hydrogen Balmer lines as well as helium lines, if
present, using the FITSB2 routine (Napiwotzki et al. 2004a) and
the Spectrum Plotting and Analysis Suite (SPAS) developed by
Hirsch. Figure 4 shows the RVs of 1002 hot subdwarf stars.

Most of the known sdB binaries are bright objects (V =~
10—14 mag), and the vast majority of them belong to the Galactic
disk population (Altmann et al. 2004). Due to the fact that
these binary systems are close to the Sun they rotate around
the Galactic centre with approximately the same velocity. For
this reason, the system velocities of most sdB binaries are low
relative to the Sun. One quarter of the known systems have
lyl < 10kms™!, 85% have |y| < 50kms™' (see Table A.1). In
order to filter out normal thin-disk binaries, which in most cases
have RV semiamplitudes less than 100kms~! (see Fig. 1), we
excluded sdBs with RVs lower than +100 km s~

Typical hot subdwarf stars fainter than g ~ 17 mag have
distances exceeding 4 kpc and therefore likely belong to the
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Fig. 4. Heliocentric radial velocities of 1002 subdwarfs plotted against
g-magnitude. The two dashed lines mark the RV cut of +100 kms™".

Table 1. Survey observations.

Date Telescope & Instrument ~ Observers
January—June 2008 CAHA-3.5 m/TWIN Service
2008/04/29-2008/05/01 ING-WHT/ISIS P.M., S.G.,
S.B.
2008/08/13-2008/08/17 CAHA-3.5 m/TWIN H. H.
2008/10/15-2008/10/19 ESO-NTT/EFOSC2 AT
April-July 2008 ESO-VLT/FORSI Service

Notes. The first column lists the date of observation, while in the second
the used telescope and instrumentation is shown. In the third column the
initials of the observers are given.

Galactic halo population. Most of the stars in our sample are
fainter than that (see Fig. 4). The velocity distribution in the
halo is roughly consistent with a Gaussian of 120kms~" dis-
persion (Brown et al. 2005). Figure 5 shows the velocity dis-
tributions of our selected objects when separated into bright
and faint subsamples. The distribution of the bright subsample
(g < 16.5mag) is roughly similar to the one of the faint sub-
sample (g > 16.5 mag), the latter extending to more extreme ve-
locities and being somewhat asymmetric. Selecting objects with
heliocentric radial velocities exceeding +100 kms™' we aim to
find halo stars with extreme kinematics as well as close binaries
with high RV amplitudes.

Another selection criterion is the brightness of the stars.
The accuracy of the RV measurements depends on the S/N of
the spectra and the existence and strength of the spectral lines.
Furthermore, the classification becomes more and more uncer-
tain as soon as the S'/N drops below ~10 and the probability of
including DAs rises. Objects of uncertain type and RV (errors
larger than 50 km s~!) have therefore been excluded. Most of the
excluded objects are fainter than g = 19 mag. Altogether the tar-
get sample consists of 258 stars.

Second epoch medium resolution spectroscopy was ob-
tained starting in 2008 using ESO-VLT/FORS1 (R =~ 1800,
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un
50.10[
£
50.08[
2
0.06f
0.04f

0.02[
0.00

400 600
RV [km/s]

Fig. 5. Radial velocity distribution of the hot subdwarf stars (see Fig. 4).
The bright sample (g < 16.5mag, black histogram) contains a mix-
ture of stars from the disk and the halo population. The faint sample
(g > 16.5 mag, grey histogram) contains the halo population. The peak
in the bright subsample around zero RV is caused by the thin disk pop-
ulation. The asymmetry in the faint subsample where negative RVs are
more numerous than positive ones may be due to the presence of large
structures in the halo and the movement of the solar system relative to
the halo.

flux + C

4340
A[A)

Fig.6. H,-line of two consecutively taken individual SDSS spectra
(At = 0.056d) of the sdB binary J113840.68—003531.7. The shift in
RV (=140km s~") between the two exposures is clearly visible.

A = 3730-5200 A), WHT/ISIS (R ~ 4000, 1 = 3440-5270 A),
CAHA-3.5m/TWIN (R ~ 4000, 1 = 3460-5630 A) and ESO-
NTT/EFOSC2 (R = 2200, 1 = 4450-5110 A). A log of our ob-
servations is given in Table 1. Up to now we have reobserved 88
stars. We discovered ~30 halo star candidates with constant high
radial velocity (see Tillich et al. 2011) as well as 46 systems with
radial velocities that were most likely variable.

3.3. Rapid radial velocity variable sample (RRV)

All SDSS spectra are co-added from at least three individual
“sub-spectra” with typical exposure times of 15min. In most
cases, the sub-spectra are taken consecutively; however, they
may be split occasionally over several nights.
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Several SDSS objects are observed more than once, either
because the entire spectroscopic plate is re-observed, or be-
cause they are in the overlap area between adjacent spectro-
scopic plates; up to 30 sub-spectra are available for some ob-
jects. Consequently, SDSS spectroscopy can be used to probe
for radial velocity variations, a method pioneered by Rebassa-
Mansergas et al. (2007) to identify close white dwarf plus main-
sequence binaries. We have obtained the sub-spectra for all sdBs
brighter than g = 18.5 mag from the SDSS Data Archive Server.
The quality of individual spectra of stars fainter than this is not
sufficient for our analysis. The object spectra were extracted
from the FITS files for the blue and red spectrographs, and
merged into a single spectrum using MIDAS. From the inspection
of these data, we discovered 81 new candidate sdB binaries with
radial velocity variations on short time scales, ~0.02—0.07 d (see
Fig. 6 for an example).

The individual SDSS spectra are perfectly suited to search
for close double degenerate binaries. Ongoing projects like
SWARMS (Badenes et al. 2009; Mullally et al. 2009) focus on
binaries with white dwarf primaries (see also Kilic et al. 2010;
Marsh et al. 2010) and use a similar method.

3.4. Selecting high mass companions

Time resolved follow-up spectroscopy with a good phase cover-
age is needed to determine the orbital solutions of the RV vari-
able systems. In order to select the most promising targets for
follow-up, we carried out numerical simulations and estimated
the probability for a subdwarf binary with known RV shift to
host a massive compact companion. We created a mock sample
of sdBs with a close binary fraction of 50%.

We adopted the distribution of orbital periods of all known
sdB binaries (see Table A.l) approximated by two Gaussians
centered at 0.7d (width 0.3d) and 5.0d (width 3.0d) and as-
sumed that 82% of the binaries belong to the short period popu-
lation. The short period Gaussian was truncated at 0.05 d, which
is considered the minimum period for an sdB binary, because the
subdwarf primary starts filling its Roche lobe for shorter periods
and typical companion masses. Since stable Roche lobe over-
flow and the accretion onto the companion would dramatically
change the spectra of these stars, we can safely presume that our
sample does not contain such objects.

The orbital inclination angles are assumed to be randomly
distributed, but for geometrical reasons binaries at high inclina-
tions are more likely to be observed than binaries at low inclina-
tions. To account for this, we used the method described in Gray
(1992) and adopted a realistic distribution of inclination angles.

We assumend the canonical value of 0.47 M, for the sdB
masses. The distribution of companion masses was based on the
results of Geier et al. (2010b). The distribution of the low mass
companions was approximated by a Gaussian centered at 0.4 M,
(width 0.3 M). The fraction of massive compact companions is
estimated as 2% of the close binary population based on binary
population synthesis models (Geier et al. 2010b). The mass dis-
tribution of these companions was approximated by a Gaussian
centered at 2.0 M (width 1.0 My).

We adopted a Gaussian distribution for the system velocities
with a dispersion of 120kms~!, a typical value for halo stars
(Brown et al. 2005). Two RVs were taken from the model RV
curves at random times and the RV difference was calculated
for each of the 10° binaries in the simulation sample. This se-
lection criterion corresponds to the HRV sample. For given RV
difference and timespan between the measurements the fraction
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Fig. 7. Probability for an sdB binary to host a massive compact com-
panion and to be seen at sufficiently high inclination to unambiguously
identify it from its binary mass function plotted against the RV shift
within random times (solid curves, HRV sample) or on short timescales
(dotted curve, RRV sample).

of systems with minimum companion masses exceeding 1 Mg
was computed.

Figure 7 shows the fraction of massive compact companions
with unambiguous mass functions plotted against the RV shift
between two measurements taken at random times (solid curve).
It is quite obvious that binaries with high RV shifts are more
likely to host massive companions. The probability for a high
mass companion (>1 M) at high inclination is raised by a factor
of ten as soon as the RV shift exceeds 200 kms~!.

In order to check whether the selection of high velocities
rather than high velocity shifts has an impact on the probability
of finding sdB binaries with massive compact companions we
used the same simulation. In Fig. 8 the fraction of these binaries
is plotted against only one RV measurement taken at a random
time. It can be clearly seen that the detection probability rises
significantly for stars with high RVs. Selecting the fastest stars
in the halo therefore makes sense when searching for massive
compact companions to sdBs.

Since the individual SDSS spectra were taken within short
timespans, another simulation was performed corresponding to
the RRV sample. The first RV was taken at a random time, but
the second one just 0.03 d later. The dotted curve in Fig. 7 illus-
trates the outcome of this simulation. As soon as the RV shift
exceeds 30kms~! within 0.03 d, the probability that the com-
panion is massive rises to ~10%. The reason the probability
does not increase significantly with increasing RV shift is that
the most massive companions in our simulation have maximum
RV shifts as high as 1000 kms~!. At the most common periods
(=0.5d), the maximum RV shift within 0.03 d is then of the or-
der of 100 kms~!. RV shifts higher than this within comparable
time intervals are not physically plausible.

Our simulation provides quantitative estimates based on our
current knowledge of the sdB binary populations. We note that
these numbers should be considered as rough estimates only. The
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Fig. 8. Same as Fig. 7 except that the probability is plotted against RV
at random time.

observed period and companion mass distributions, for example,
are highly susceptible to selection effects. The derived numbers
are therefore only used to create a priority list and select the best
targets for follow-up.

3.5. Final target sample

Our sample of promising targets consists of 69 objects in to-
tal. 52 stars show significant RV shifts (>30kms™') within
0.02-0.07d and are selected from the RRV sample, while
17 stars show high RV shifts (100-300 km s~!) within more than
one day and are selected from the HRV sample (see Fig. 9).

In Geier et al. (2011) we showed that the SDSS spectra are
well suited to determine atmospheric parameters by fitting syn-
thetic line profiles to the hydrogen Balmer lines (Hg to Ho) as
well as Her and Hen lines. In order to maximize the quality of
the data the single spectra were shifted to rest wavelength and
coadded. The quality of the averaged spectra is quite inhomoge-
neous (S/N =~ 20-180, see Table 2), which affects the accuracy
of the parameter determination.

A quantitative spectral analysis was performed in the way
described in Lisker et al. (2005) and Stroer et al. (2007). Due to
the fact that our sample consists of different subdwarf classes,
we used appropriate model grids in each case. For the hydrogen-
rich and helium-poor (logy < —1.0) sdBs with effective tem-
peratures below 30000 K a grid of metal line blanketed LTE at-
mospheres with solar metallicity was used. Helium-poor sdBs
and sdOBs with temperatures ranging from 30 000 K to 40 000 K
were analysed using LTE models with enhanced metal line
blanketing (O’Toole & Heber 2006). Metal-free NLTE models
(Stroer et al. 2007) were used for hydrogen-rich sdOBs with
temperatures below 40 000 K showing moderate He-enrichment
(logy = —1.0...0.0) and for hydrogen-rich sdOs. Finally, the He-
sdOs were analysed with NLTE models taking into account the
line-blanketing caused by nitrogen and carbon (Hirsch & Heber
2009).

300 T T

[ *

200 - . -

ARV [kms=']

100

Fig. 9. Highest radial velocity shift between individual spectra plotted
against time difference between the corresponding observing epochs.
The dashed horizontal line marks the selection criterion ARV >
100kms~!, the dotted vertical line the selection criterion AT < 0.1d.
All objects fulfilling at least one of these criteria lie outside the shaded
area and belong to the top candidate list for the follow-up campaign.
The filled diamonds mark sdBs, while the blank squares mark He-sdOs.

Spectral lines of hydrogen and helium were fitted by means
of chi-squared minimization using SPAS, and statistical errors
were calculated with a bootstrapping algorithm. Minimum er-
rors reflecting systematic shifts when using different model grids
(AT = 500K; Alogg = 0.05; Alogy = 0.1, for a discus-
sion see Geier et al. 2007) have been adopted in cases where the
statistical errors were lower. Example fits for a typical sdB, an
sdOB and a He-sdO star are shown in Fig. 10.

In addition to statistical uncertainities, systematic effects
have to be taken into account in particular for sdB stars. The
higher Balmer lines (H, and higher) at the blue end of the spec-
tral range are very sensitive to changes in the atmospheric pa-
rameters. However, the SDSS spectral range restricts our anal-
ysis to the Balmer lines from Hg to Ho. In high S/N data these
lines are sufficient to measure accurate parameters as has been
shown in Geier et al. (2011). In spectra of lower quality the
bluest lines (Hg and Hg) are dominated by noise and cannot be
used any more. In order to check whether this leads to system-
atic shifts in the parameters as reported in Geier et al. (2010b) we
made use of the individual SDSS spectra. We chose objects with
multiple spectra, which have a §/N comparable to the lowest
quality data in our sample (=~20). The atmospheric parameters
were obtained from each individual spectrum. Average values of
Ter and log g were calculated and compared to the atmospheric
parameters derived from the analysis of the appropriate coadded
spectrum. For effective temperatures ranging from 27 000 K and
39000 K no significant systematic shifts were found. This means
that the error is dominated by statistical noise. However, for tem-
peratures as low as 25000 K systematic shifts of the order of
—2500Kin T and —0.35 in log g are present. For sdBs with low
effective temperatures and signal-to-noise, the atmospheric pa-
rameters are therefore systematically underestimated. Only three
stars in our sample have temperatures in this range. Since their
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Fig. 10. Example fits of hydrogen and helium lines with model spectra for an sdB (left panel), an sdOB (middle panel) and a He-sdO star (right
panel). The atmospheric parameters of these stars are given in Tables 3 and 4.
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Fig.11. T — logg diagram of our target sample. The helium main
sequence (HeMS) and the EHB band (limited by the zero-age EHB,
ZAEHB, and the terminal-age EHB, TAEHB) are superimposed with
EHB evolutionary tracks for subsolar metallicity (logz = —1.48) from
Dorman et al. (1993).

coadded spectra are of reasonable quality (S/N = 34—167), sys-
tematic shifts should be negligible in these cases. Because all
important lines of He1 and Her are well covered by the SDSS
spectral range, systematic effects should be negligible in the case
of He-rich sdO/Bs as well.

The parameters of the sample are given in Tables3 and 4.
Seven stars have already been analysed in Geier et al. (2011).
The sample consists of 38 hydrogen rich sdBs, 13 sdOBs and
3 hydrogen rich sdOs. Thirteen stars are helium rich sdOs (He-
sdOs) and J134352.14+394008.3 belongs to the rare class of he-
lium rich sdBs.

Our SDSS sample reaches down to fainter magnitudes and
hence, larger distances than any previous survey. In an ongoing
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project Green et al. (2008) analyse all hot subdwarfs from the
PG survey down to ~14.0mag. The sample of hot subdwarf
stars analysed in the course of the SPY survey reaches down to
~16.5 mag (Lisker et al. 2005; Stroer et al. 2007), quite similar to
the sample of sdBs from the Hamburg Quasar Survey analysed
by Edelmann et al. (2003).

Spectroscopic distances to our stars have been calculated
as described in Ramspeck et al. (2001) assuming the canonical
mass of 0.47 M, for the subdwarfs and using the formula given
by Lupton® to convert SDSS-g and r magnitudes to Johnson
V magnitudes. Interstellar reddening was once again neglected
in these calculations, too. The distances range from 1kpc to
>16kpc. Since the SDSS footprint is roughly perpendicular
to the Galactic disk, these distances tell us something about
the population membership of our stars. These subdwarfs most
likely belong to the thick disk or the halo with small contribu-
tions of thin disk stars.

Figure 11 shows a T — logg diagram of the top target
sample. Most of our stars were born in an environment of low
metallicity (thick disk or halo). Dorman et al. (1993) calculated
evolutionary tracks for different metallicities of the subdwarf
progenitor stars. For lower metallicities, the evolutionary tracks
(and with them, the location of the EHB) are shifted towards
higher temperatures and lower surface gravities. In Fig. 11 the
T.r—log g diagram is superimposed with evolutionary tracks and
an EHB calculated for a subsolar metallicity of logz = —1.48,
which is consistent with a mixture between thick disk and halo
population. Evolutionary tracks for solar metallicity are given in
Fig. 12 for comparison.

Most of the sdB stars with hydrogen-rich atmospheres are
found on or slightly above the EHB band implying an evolution-
ary status as core helium-burning EHB or shell helium-burning
post-EHB stars. The sample contains only three hydrogen rich
sdOs, which are thought to be evolved post-EHB stars in a tran-
sition state. The He-sdOs cluster near the HeMS at temperatures
of ~45000 K. This is fully consistent with the results from the
PG and the SPY surveys (Green et al. 2008; Lisker et al. 2005;
Stroer et al. 2007) and illustrates that our sample is not biased
(see Fig. 12).

Compared to other studies, we find only a few stars with tem-
peratures lower than 27 000 K. Furthermore, the scatter around

5 http://www.sdss.org/dr6/algorithms/
sdssUBVRITransform.html
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Fig. 12. Ty — log g diagram of the hot subdwarfs from the SPY project
(Lisker et al. 2005; Stroer et al. 2007). The helium main sequence
(HeMS) and the EHB band (limited by the zero-age EHB, ZAEHB,
and the terminal-age EHB, TAEHB) are superimposed with EHB evo-
lutionary tracks for solar metallicity from Dorman et al. (1993).

the EHB seems to be systematically shifted towards higher tem-
peratures and lower surface gravities. According to our study of
systematic errors in the parameter determination, it is unlikely
that this causes the effect. However, higher quality data would
be necessary to verify this. Another possible explanation might
be related to the volume of the sample. Since hot subdwarfs of
lower temperature are brighter in the optical range because of
the lower bolometric correction, we may already see all of them
in a fixed volume, while the fraction of hot stars is still rising at
fainter magnitudes.

In Fig. 13 the helium abundance is plotted against effective
temperature. The general correlation of helium abundance with
effective temperature and the large scatter in the region of the
sdB stars have been observed in previous studies as well. Two
sequences of helium abundance among the sdB stars as reported
by Edelmann et al. (2003) could not be identified.

One has to keep in mind that our sample consists of RV vari-
able stars only. In Fig. 11 a lack of such stars at the hot end of
the EHB is visible. Green et al. (2008) reported similar system-
atics in their bright PG sample. The reason for this behaviour
is not fully understood yet. According to the model of Han et al.
(2002, 2003) and Han (2008) sdBs with thin hydrogen envelopes
situated at the hot end of the EHB may be formed after the
merger of two helium WDs. Since merger remnants are single
stars, they are not RV variable.

The top target sample includes 13 He-sdOs for which RV
shifts of up to 100 km s~! have been detected within short times-
pans of 0.01-0.1d. In total 20 He-sdOs show signs of RV vari-
ability. This fraction was unexpected since the fraction of close
binary He-sdOs from the SPY sample turned out to be 4% at
most (Napiwotzki 2008)°.

® Green et al. (2008) suggested that the binary fraction of He-sdO stars
may be comparable to the binary fraction of sdBs.
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Fig. 13. Helium abundance log y plotted against effective temperature
(see Tables 3,4). The solid horizontal line marks the solar value. Lower
and upper limits are marked with upward and downward triangles.

4. Summary and outlook

In this paper we introduced the MUCHFUSS project, which
aims at finding sdBs in close binaries with massive compact
companions. We identified 1100 hot subdwarf stars from the
SDSS by colour selection and visual inspection of their spectra.
Stars with high absolute radial velocities have been selected to
efficiently remove normal sdB binaries from the thin disk popu-
lation and were reobserved. We have found 46 binary candidates
with significant RV shifts. Additionally, 81 stars with RV shifts
on short timescales were found from the analysis of individual
SDSS spectra.

Targets for follow-up spectroscopy were chosen using nu-
merical simulations based on the properties of the known sdB
close binary population and theoretical predictions about the rel-
ative fraction of massive compact companions. We selected 69
binaries with high RV shifts as well as significant RV shifts
on short timescales as good candidates for massive compact
companions and have determined their atmospheric parameters,
spectroscopic distances, and population memberships.

The multi-site follow-up campaign started in 2009 and is be-
ing conducted with medium resolution spectrographs mounted
on several different telescopes, most of which are 4-m class. First
results are presented in Geier et al. (2011).
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Table 2. Priority targets for follow-up.

Object g No. S/N Object g No. S/N
J002323.99-002953.2 PB 5916 153 16 116 J150513.52+110836.6 PG 1502+113 15.1 4 90
J012022.94+395059.4 FBS 0117+396 152 8 100 J150829.02+494050.9 17.3 3 50
J012739.35+404357.8 16.5 8 59 J151415.66—012925.2 16.8 5 48
J052544.93+630726.0 176 3 35 J152222.15-013018.3 177 5 28
J074534.16+372718.5 176 5 26 J152705.03+110843.9 17.1 5 39
J075937.15+541022.2 17.5 3 27 J153411.10+543345.2 WD 15324547  16.7 8 52
J082053.53+000843.4 149 6 103 J155628.34+011335.0 160 8 92
J083006.17+475150.4 15.8 5 95  J161140.50+201857.0 182 5 20
J085727.65+424215.4 US 1993 183 4 21 J161817.65+120159.6 17.8 4 18
J092520.70+470330.6 174 3 33 J162256.66+473051.1 160 4 72
J094856.95+334151.0 KUV 0946043356 174 3 46 J163702.78-011351.7 17.1 12 46
J095229.62+301553.6 182 3 20 J164326.04+330113.1 PG 1641+331 16.1 3 55
J095238.93+625818.9 145 4 113 J165404.26+303701.8 PG 16524307 15.1 4 167
J100535.76+223952.1 18.1 4 28 J170645.57+243208.6 17.5 3 39
J102151.64+301011.9 180 12 34 J170810.97+244341.6 182 3 16
J103549.68+092551.9 160 3 59  J171617.33+553446.7 SBSS1715+556 169 8 39
J110215.97+521858.1 172 3 44 J171629.92+575121.2 179 4 21
J110445.01+092530.9 160 4 40 J172624.104+274419.3 PG 1724+278 157 4 107
J112242.69+613758.5 PG1119+619 15.1 3 87  J174516.32+244348.3 174 3 22
J112414.45+402637.1 17.7 3 21 J175125.67+255003.5 172 4 50
J113303.70+290223.0 174 3 34 J202313.83+131254.9 170 3 33
J113418.00+015322.1 LBQS1131+0209 17.7 6 30 J202758.63+773924.5 17.7 3 22
J113840.68-003531.7 PG 1136-003 142 10 174  J204300.90+002145.0 176 9 50
J113935.45+614953.9 FBS 1136+621 16.8 3 34 J204448.63+153638.8 177 7 50
J115358.81+353929.0 FBS 1151+359 16.3 3 48 J204546.81-054355.6 17.8 4 29
J115716.37+612410.7 FBS 1154+617 169 5 34 J204613.40-045418.7 160 3 120
J125702.30+435245.8 179 3 18 J204940.85+165003.6 177 7 35
J130059.20+005711.7 PG 1258+012 16.3 3 47 J210454.89+110645.5 172 4 37
J130439.57+312904.8 LB 28 16.8 3 42 J211651.96+003328.5 17.7 3 19
J133638.81+111949.4 170 3 32 J215648.71+003620.7 PB 5010 17.7 3 22
J134352.14+394008.3 18.1 3 19 J225638.34+065651.1 PG 2254+067 15.1 3 86
J135807.96+261215.5 177 4 23 J232757.46+483755.2 156 3 92
J140545.25+014419.0 PG 1403+019 156 3 81  J233406.11+462249.3 174 3 35
J141549.05+111213.9 15.8 3 82 J234528.85+393505.2 17.3 3 37
J143153.05-002824.3 LBQS 1429-0015 17.8 8 34

Notes. Besides the names, the g magnitudes, the number of individual spectra and the S /N of the coadded spectra at ~4100 A are given.

Table 3. Priority targets for follow-up (HRV subsample).

Object Class Tewr logg logy d ARV At
[X] [kpc]  [kms™'] [d]
J102151.64+301011.9 sdB 30700 £500  5.71 +0.06 <=3.0 58703 277+51 14.936
J150829.02+494050.9 sdB 28200600 5.34+£0.09 -20+02 6478 211+18 2161.429
J095229.62+301553.6 sdB 35200 + 1200  5.05 £0.17 <=3.0 16.0%3% 198 +40  1155.766
J113840.68—003531.7+ sdB 30800 £500 5.50+0.09 -3.0+0.2 13792 182+ 12 0.973
J165404.26+303701.8+ sdB 24400 +800 532+0.11 -23+03 1.9%03 181+9  1795.144
J152222.15-013018.3 sdB 24800 + 1000 5.52+0.15 -2.6+0.5 484 173£36 3.001
J150513.52+110836.6+F sdB 33300 £500 5.80+0.10 -24+0.3 1.5%02 154+ 12 0.957
J002323.99-002953.2F sdB 30100 £500  5.62+0.08 -22+0.2 18702 130+ 14 82.784
J202313.83+131254.9 sdB 29600 +600  5.64+0.14 -2.1+0.1 3.8%07 12421 1202.795
J012022.94+395059.4 sdB 28900 £500  5.51+0.08 -3.0+04 19792 114+11  360.973
J202758.63+773924.5 sdO 46200 + 3200 5.48+0.18 -2.8+0.9 8.2722 114 +48 1.960
J095238.93+625818.9 sdB 27800 £500 5.61+0.08 -2.64+0.1 1271 111+10 2918
J161140.50+201857.0 sdOB 36900 £700  5.89+0.13 -1.2+0.1 6.1705  108+36 0.947
J164326.04+330113.1 sdB 27900 £500 5.62+0.07 -23+02 24707 108 £ 11 1.990
J204448.63+153638.8 sdB 29600 £ 600  5.57+0.09 -22+0.1 57797 101+19 3.049
J083006.17+475150.4 sdB 25200 £500  5.30+0.05 -33=+0.7 2.8%02 95+ 14 3.961
J204940.85+165003.6 He-sdO 43000 +700 5.71 +£0.13 >+2.0 6.2 85+ 19 5.932

Notes. 7 The binary system has been analysed in Geier et al. (2011).
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Table 4. Priority targets for follow-up (RRV subsample).

Object Class Ter logg logy d ARV At
(K] [kpc]  [kms™']  [d]
J085727.65+424215.4 He-sdO 39500+ 1900 5.63+0.24 +02+0.2 87939 111+46 0.066
J161817.65+120159.6 sdB 32100 + 1000 5.35+0.23 - 8.172% 105+31 0.043
J232757.46+483755.2 He-sdO 64700 2000 5.40 +0.08 >+2.0 42705 105+24 0.016
J162256.66+473051.1 sdB 28600 £500 570 +£0.11 -1.81+0.1 2.2%3 101+15 0.037
J163702.78-011351.7 He-sdO 46100 +700  5.92+0.22 >+2.0 3.8%5 101+55 0.085
J113303.70+290223.0 sdB/DA - - - - 95+35 0.016
J135807.96+261215.5 sdB 33500 £ 600  5.66 +0.10 <-2.0 5.870% 8729  0.030
J112242.69+613758.5 sdB 20300 £500 5.69+0.10 -23+03 1592 83+20 0.047
J153411.10+543345.2 sdOB 34800 £700  5.64+0.09 -26+03 38907 83+£29 0018
J082053.53+000843.4 sdB 26700 +900 548 £0.10 -2.0+0.09 1.6%%3 77+11 0.047

J170810.97+244341.6 sdOB 35600 £+ 800 5.58+0.14 -0.8+0.1 8579 76+33 0.013
J094856.95+334151.0 He-sdO 51000+ 1200 587+0.12 +1.8+0.5 5178 75+17 0.012
J204613.40-045418.7t sdB 31600+ 600 5.55+0.10 -3.7+0.6 284 70+13  0.030
J215648.71+003620.7 sdB 30800 £800 5.77+0.12 -22x03 477985 69+21 0.011
J074534.16+372718.5 sdB 37500 £500  5.90 +0.09 <-3.0 4.6’:0':S 65+19 0.036
J143153.05-002824.3 sdOB 37300+ 800 6.02+0.16 -08+0.1 442 65+22 0.012
J171629.92+575121.2 sdOB 35400 + 1000  5.60+0.18 -0.7+0.1 7.8719 65+16 0.013
J112414.45+402637.1 He-sdO 47100+ 1000 5.81+023 +1.7+£0.7 59719 63+22 0.021
J125702.30+435245.8 sdB 28000 + 1100  5.77 +0.17 <-3.0 49713 63+28 0.010
J110215.97+521858.1 He-sdO 56600 +4200 5.36 +0.22 >+2.0 8939 62+11 0.033
J151415.66—-012925.2 He-sdO 48200 +500 5.85+0.08 +1.7+04 3677 62+22 0.016
J204300.90+002145.0 sdO 40200 +£700 6.15+0.13 -13+04 3.6"016 61 +13 0.016
J171617.33+553446.7 sdB 32900 £+900  5.48 +0.09 <-3.0 49707 60+24  0.048
J210454.89+110645.5 sdOB 37800 +700 5.63+0.10 -24+02 499 58+19 0.023
J115358.81+353929.0 sdOB 20400 £500 549+0.06 -25+03 33*%3  56+12  0.022
J174516.32+244348.3 He-sdO 43400 = 1000 5.62 +0.21 >+2.0 6.271%  55+28 0.016
J134352.14+394008.3 He-sdB 36000 +2100 4.78+0.30 -02+02 88> 52+34 0.022

J115716.37+612410.7 sdB 29900 £500 559 +£0.08 -32+0.8 4.0%3 51+£34  0.049
J133638.81+111949.4 sdB 27500 £500 549 +£0.08 -27+02 44%7 48+17  0.030
J211651.96+003328.5 sdB 27900 £ 800 578 £0.15 -3.9+0.7 43*2 48+23 0.016
J170645.57+243208.6 sdB 32000 +£500  5.59 +0.07 <-4.0 55708 4614  0.013
J175125.67+255003.5 sdB 30600 +£ 500  5.48 +0.08 <-3.8 50708 4614 0.034
J012739.35+404357.8 sdO 48300 +3200 5.67+0.10 -1.3+02 4177 45+17  0.037
J113418.00+015322.1 sdB 29700 +£ 1200 4.83 +£0.16 <-4.0 18729 45+24  0.076
J172624.10+274419.3+ sdOB 33500 £500 5.71£0.09 -22x0.1 22%3 45:16 0.047
J155628.34+011335.0 sdB 32700 £ 600 551 +£0.08 -29+02 3.1*7 44+15 0.068

J103549.68+092551.9 He-sdO 48100 + 600  6.02 +0.13 >+2.0 22704 43x12 0.021
J141549.05+111213.9 He-sdO 43100 £ 800  5.81 +0.17 >+2.0 2.4%0> 43 +7 0.023
J152705.03+110843.9 sdOB 37600 +500 5.62+0.10 -05+0.1 48 43+14 0.054
J052544.93+630726.0 sdOB 35600 £ 800 5.85+0.10 -1.6+02 43%¢ 42+17 0.026

J100535.76+223952.1 sdB 29000 +£700 543 +0.13 -27+02 79%5 41x18 0.019
J204546.81-054355.6 sdB 35500 £500 547+0.09 -14+02 73%% 41+18 0.013
J092520.70+470330.6 sdB 28100 £900 5.17+0.15 -25+02 7.5%] 40+13 0012
J075937.15+541022.2 sdB 31300+700 5.30+0.10 -33+03 7.6 38+13 0.012

J234528.85+393505.2 He-sdO 47900 +£ 800  6.07 +0.14 >+2.0 3.5*0%’ 37+14  0.012
J130439.57+312904.8 sdOB 38100+ 600 5.69+0.12 -04+0.1 41  36+12 0.037
J130059.20+005711.74  He-sdO 40700 +500 5.53+0.10 -0.6+0.1 3.9 36+16 0.012
J110445.01+092530.9 sdOB 35900 £ 800  5.41+0.07 -2.1+04 3.870% 3414 0.040
J113935.45+614953.9 sdB 28800900 527+0.15 -28+03 49%)% 31+14 0011
J233406.11+462249.3 sdOB 34600 +500 5.71+0.09 -13+0.1 499 31+14 0.025
J225638.34+065651.1F sdB 28900 + 600  5.58+0.11 -3.0+02 1673 27+11 0.031
J140545.25+014419.0 sdB 27300 £800 5.37+0.16 -1.9+02 25%% 25+10 0.026

Notes. T The binary system has been analysed in Geier et al. (2011). & Atmospheric parameters (7o = 39400K, logg = 5.64, logy = —0.55)
have been determined by Stréer et al. (2007).
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Appendix A: Close binary subdwarfs from literature

Table A.1. Orbital parameters of all known hot subdwarf binaries from literature.

Object P y K Reference

[d] [kms™'] [kms™']
PG 0850+170 27.815 322+28 33.5+33 Morales-Rueda et al. (2003a)
PG 1619+522 15.3578 =525+ 1.1 352 +1.1 Morales-Rueda et al. (2003a)
PG 1110+294 9.4152 -152+09 587+1.2 Morales-Rueda et al. (2003a)
Feige 108 8.7465 458 +£0.6 50.2+ 1.0 Edelmann et al. (2004)
PG 0940+068 8.330 -16.7+14 61.2+14 Maxted et al. (2000b)
PHL 861 7.44 -26.5+04 479+ 04 Karl et al. (2006)
HE 1448-0510 7.159 -45.5+0.8 53.7+1.1 Karl et al. (2006)
PG 1032+406 6.7791 245+ 0.5 33.7+0.5 Morales-Rueda et al. (2003a)
PG 0907+123 6.11636 563+ 1.1 59.8 +0.9 Morales-Rueda et al. (2003a)
HE 1115-0631 5.87 87.1+1.3 61.9 + 1.1 Napiwotzki et al. (in prep.)
CD-24731 5.85 20.0 £5.0 63.0 3.0 Edelmann et al. (2005)
PG 1244+113 5.75207 98+ 1.2 556 +1.8 Morales-Rueda et al. (2003b)
PG 0839+399 5.6222 232+ 1.1 33.6+1.5 Morales-Rueda et al. (2003a)
TONS 135 4.1228 -3.7+1.1 414+ 1.5 Edelmann et al. (2005)
PG 0934+186 4.051 74+29 60.2 £2.0 Morales-Rueda et al. (2003b)
PB 7352 3.62166 -2.1+0.3 60.8 £ 0.3 Edelmann et al. (2005)
KPD 0025+5402 3.5711 -7.8+0.7 402 + 1.1 Morales-Rueda et al. (2003a)
TON 245 2.501 - 88.3 Morales-Rueda et al. (2003a)
PG 1300+2756 2.25931 -3.1+£09 62.8 1.6 Morales-Rueda et al. (2003a)
NGC 188/11-91 2.15 - 22.0 Green et al. (2004)
V 1093 Her? 1.77732 -3.9+0.8 70.8 = 1.0 Morales-Rueda et al. (2003a)
HD 171858 1.63280 62.5 £ 0.1 60.8 £ 0.3 Edelmann et al. (2005)
KPD 2040+3954 1.48291 -11.5+1.0 95.1 1.7 Morales-Rueda et al. (2003b)
HE 2150-0238 1.321 -325+09 963+ 1.4 Karl et al. (2006)
[CW83]1735+22 1.278 20.6 + 0.4 103.0+£1.5 Edelmann et al. (2005)
PG 1512+244 1.26978 -29+1.0 92.7+1.5 Morales-Rueda et al. (2003a)
PGO0133+114 1.23787 -0.3+£0.2 82.0+0.3 Edelmann et al. (2005)
HE 1047-0436 1.21325 25.0+3.0 94.0 + 3.0 Napiwotzki et al. (2001)
HE 1421-1206 1.188 -86.2+ 1.1 55.5+20 Napiwotzki et al. (in prep.)
PG 1000+408 1.041145 41.9 72.4 Shimanskii et al. (2008)
PB 5333 0.92560 -953+13 224 +0.8 Edelmann et al. (2004)
HE2135-3749 0.9240 45.0+0.5 90.5 +0.6 Karl et al. (2006)
EC 12408—-1427 0.90243 -520+1.2 589+1.6 Morales-Rueda et al. (2006)
PG 0918+0258 0.87679 1044 £ 1.7 80.0£2.6 Morales-Rueda et al. (2003a)
PG 1116+301 0.85621 -0.2+1.1 88.5+2.1 Morales-Rueda et al. (2003a)
PG 1230+052 0.8372 -43.4+0.8 41.5+1.3 Morales-Rueda et al. (2003b)
V 2579 Oph? 0.8292056  —54.16 +0.27 70.10 £ 0.13 For et al. (2006)
TONS 183 0.8277 50.5+0.8 84.8+1.0 Edelmann et al. (2005)
EC02200-2338 0.8022 20.7 £2.3 963+ 1.4 Morales-Rueda et al. (2005)
PG 0849+319 0.74507 64.0+ 1.5 66.3 2.1 Morales-Rueda et al. (2003a)
JL 82" 0.73710 -1.6+0.8 346+ 1.0 Edelmann et al. (2005)
PG 1248+164 0.73232 -162+1.3 61.8+1.1 Morales-Rueda et al. (2003a)
HD 188112} 0.60658125 26.6 + 0.3 188.4 +0.2 Edelmann et al. (2005)
PG 1247+554 0.602740 13.8 £ 0.6 322+1.0 Maxted et al. (2000b)
PG 17254252 0.601507 -60.0 £ 0.6 104.5 £ 0.7 Morales-Rueda et al. (2003a)
PG 0101+039°'» 0.569899 73+02 104.7 £ 0.4 Geier et al. (2008)
HE 1059-2735 0.555624 -44.7 £ 0.6 87.7+0.8 Napiwotzki et al. (in prep.)
PG 1519+640 0.54029143 0.1+04 427+ 0.6 Edelmann et al. (2004)
PG 0001+275 0.529842 —-44.7+0.5 92.8 +0.7 Edelmann et al. (2005)
PG 1743+477 0.515561 -65.8+0.8 1214+ 1.0 Morales-Rueda et al. (2003a)
HE 1318-2111 0.487502 48.9 £0.7 485+1.2 Napiwotzki et al. (in prep.)
PG 1544+488% 0.48 -23+4 57 +4/97 £ 10 Ahmad et al. (2004)
GALEXJ234947.7+384440 0.46249 20+1.0 87.9+22 Kawka et al. (2010)
HE 0230-4323"P 0.45152 16.6 £ 1.0 624+ 1.6 Edelmann et al. (2005)
HE 0929-0424 0.4400 414 +£1.0 1143+ 14 Karl et al. (2006)
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Object P y K Reference

[d] [kms™] [kms™]
[CW83]1419-09 0.4178 423 +0.3 109.6 + 0.4 Edelmann et al. (2005)
KPD 1946+4340°¢! 0.403739 -55+1.0 167.0 £2.4  Morales-Rueda et al. (2003a)
KUV 04421+1416"° 0.398 33+3 90+5 Reed et al. (2010)
Feige 48P 0.376 -479+0.1 28.0+0.2 O’Toole et al. (2004)
GD 687 0.37765 323+3.0 1183 +3.4 Geier et al. (2010a)
PG 1232-136 0.3630 4.1+03 129.6 + 0.04 Edelmann et al. (2005)
PG 1101+249 0.35386 -0.8+0.9 1346 £ 1.3 Moran et al. (1999)
PG 1438-029" 0.336 - 32.1 Green et al. (2005)
PG 1528+104 0.331 -49.9+£0.8 52.7+1.3 Morales-Rueda et al. (2003b)
PG 0941+280% 0.315 - - Green et al. (2004)
KBS 13" 0.2923 7.53£0.08 22.82+0.23 For et al. (2008)
CPD-64481 0.2772 94.1 +£0.3 23.8+04 Edelmann et al. (2005)
GALEXJ032139.8+472716 0.26584 70.5£2.2 59.8 £4.5 Kawka et al. (2010)
HE 0532-4503 0.2656 8.5+0.1 101.5+0.2 Karl et al. (2006)
AA Dor®" 0.2614 1.57+£0.09  40.15+0.11 Miiller et al. (2010)
PG 1329+159" 0.249699 -22.0+1.2 402 + 1.1 Morales-Rueda et al. (2003a)
PG2345+318% 0.2409458 -106+14 1412 + 1.1 Moran et al. (1999)
PG 1432+159 0.22489 -16.0+ 1.1 1200+ 1.4 Moran et al. (1999)
BPS CS 22169-0001" 0.1780 2.8+0.3 149+04 Edelmann et al. (2005)
HS 2333+3927" 0.1718023 -314+2.1 89.6 £ 3.2 Heber et al. (2004)
2M 1533+3759¢" 0.16177042 -34+52 71.1+£1.0 For et al. (2010)
EC 00404—4429 0.12834 33.0+29 152.8 +3.4 Morales-Rueda et al. (2005)
2M 1938+4603°" 0.1257653 20.1+0.3 65.7 +0.6 @stensen et al. (2010)
BUL-SC 16 335" 0.125050278 - - Polubek et al. (2007)
PG 1043+760 0.1201506 248+ 1.4 63.6+ 1.4 Morales-Rueda et al. (2003a)
HW Vireer 0.115 -13.0+0.8 84.6+1.1 Edelmann (2008)
HS 2231+2441¢" 0.1105880 - 49.1+3.2 Dstensen et al. (2007)
NSVS 14256825 0.110374102 - - Wils et al. (2007)
PG 1336-018°"P 0.101015999 -25.0 78.7 £ 0.6 Vuckovi¢ et al. (2007)
HS 0705+6700°" 0.09564665 -36.4+29 85.8+3.6 Drechsel et al. (2001)
KPD 1930+2752¢» 0.0950933 50+£1.0 341.0+£ 1.0 Geier et al. (2007)
KPD 0422+5421¢¢! 0.09017945  -57.0+12.0 237.0+18.0 Orosz & Wade (1999)
NGC 6121-V46°'§ 0.087159 313+ 1.6 211.6 £2.3 O’Toole et al. (2006)
PG 1017-086" 0.0729938 -9.1+13 51.0+ 1.7 Maxted et al. (2002)

Notes. The superscript p denotes sdB pulsators, r binaries where with reflection effect, ec eclipsing systems and el systems with light variations
caused by ellipsoidal deformation. T Post-RGB stars without core helium-burning. & Double-lined binary consisting of two helium rich sdBs. The

RV semi-amplitudes of both components are given.
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ABSTRACT

Hot subdwarf stars of spectral type B (sdBs) are evolved, core helium-burning objects. The formation of those objects is puzzling,
because the progenitor star has to lose almost its entire hydrogen envelope in the red-giant phase. Binary interactions have been
invoked, but single sdBs exist as well. We report the discovery of two close hot subdwarf binaries with small radial velocity amplitudes.
Follow-up photometry revealed reflection effects originating from cool irradiated companions, but no eclipses. The lower mass limits
for the companions of CPD-64°481 (0.048 M,,) and PHL 457 (0.027 M,,) are significantly below the stellar mass limit. Hence they
could be brown dwarfs unless the inclination is unfavourable. Two very similar systems have already been reported. The probability
that none of them is a brown dwarf is very small, 0.02%. Hence we provide further evidence that substellar companions with masses
that low are able to eject a common envelope and form an sdB star. Furthermore, we find that the properties of the observed sample
of hot subdwarfs in reflection effect binaries is consistent with a scenario where single sdBs can still be formed via common envelope

events, but their low-mass substellar companions do not survive.

Key words. binaries: spectroscopic — subdwarfs — brown dwarfs

1. Introduction

Hot subdwarf B stars (sdBs) are evolved, core helium-burning
objects with only thin hydrogen envelopes and masses around
0.5 M, (Heber 1986; see Heber 2009, for a review). To form
such objects, the progenitor star has to lose almost its entire hy-
drogen envelope in the red-giant phase.

About half of the sdB stars are in close binaries with short
periods from just a few hours to a few days (Maxted et al.
2001; Napiwotzki et al. 2004a). Because the separation in these
systems is much smaller than the size of the red-giant pro-
genitor star, these binaries must have experienced a common-
envelope and spiral-in phase (Han et al. 2002, 2003). Although
the common-envelope ejection channel is not properly under-
stood (see Ivanova et al. 2013, for a review), it provides a rea-
sonable explanation for the strong mass loss required to form
sdB stars. However, for the other half of the known single-lined
hot subdwarfs there is no evidence for close stellar companions
as no radial velocity (RV) variations are found (Classen et al.
2011).

Soker (1998) proposed that substellar objects like brown
dwarfs (BDs) and planets, which enter the envelope of a red gi-
ant, might be able to trigger its ejection. Substellar objects with
masses higher than ~10 My were predicted to survive the com-
mon envelope phase and end up in a close orbit around the stel-
lar remnant, while planets with lower masses would evaporate
or merge with the stellar core. The stellar remnant is predicted
to lose most of its envelope and settle on the extreme horizontal

* Appendix A is available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

branch (EHB). Such a scenario has also been proposed to ex-
plain the formation of single low-mass white dwarfs (Nelemans
& Tauris 1998).

The discovery of a brown dwarf (Mpp = 0.053 + 0.006 M)
in close orbit (0.08 d) around such a white dwarf supports this
scenario and shows that substellar companions can influence
late stellar evolution (Maxted et al. 2006). With the discov-
ery of the eclipsing sdB+BD binaries SDSS J0820+0008 and
SDSSJJ1622+4730 in the course of the MUCHFUSS project
(Geier et al. 2011a), it was shown observationally that substel-
lar companions are also able to form sdBs (Geier et al. 2011c;
Schaftenroth et al. 2014).

We now have to address the question, how massive the com-
panion must be to survive the CE-phase. It might also be possible
to form an sdB and either evaporate the substellar companion or
merge it with the red-giant core. Substellar companions of brown
dwarf and even planetary mass in wide orbits have been detected
around pulsating sdBs (Silvotti et al. 2007; Lutz et al. 2012) and
eclipsing sdB binaries using the timing method (see Zorotovic
& Schreiber 2013, and references therein for a summary). Those
results, although still under debate (see Wittenmyer et al. 2013;
Horner et al. 2014), suggest that a high fraction of the sdB stars
might be orbited by such objects. Substellar companions in close
orbit might therefore be frequent as well.

Here we report the discovery of a reflection effect, but
no eclipses, in the light curves of two close sdB binaries.
CPD-64°481 and PHL 457 have been reported to be close
sdB binaries with small RV shifts by Edelmann et al. (2005).
Furthermore, PHL 457 has been identified as long-period pul-
sator of V 1093 Her type (Blanchette et al. 2008). Those two
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Fig. 1. Radial velocity plotted against orbital phase. The RV data were phase folded with the most likely orbital periods. The residuals are plotted

below.

sdBs are among the best studied close sdB binaries. Detailed
analyses showed that both are normal sdB binaries with typ-
ical atmospheric parameters (CPD-64°481: T.x = 27500
500K, logg = 5.60 £ 0.05, Geier et al. 2010; PHL 457: T
26500 = 500K, logg = 5.38 + 0.05, Geier et al. 2013a).

Geier at al. (2010) constrained the companion mass of CPD-
64°481 to be as high as 0.62 M, by measuring the projected ro-
tational velocity of the sdB and assuming synchronised rotation.
This assumption is reasonable, as the theoretical synchronisa-
tion timescales with stellar mass companions due to tidal inter-
actions for binaries with periods of about 0.3 d are much smaller
or comparable to the lifetime of the sdB on the EHB, depending
on the theory (see Geier et al. 2010). The inclination angle was
predicted to be as small as 7°. Because no traces of the compan-
ion are seen in the spectrum, they concluded that the companion
must be a WD, as main sequence stars would be visible in the
optical spectra, if their masses are higher than ~0.45 M., (Lisker
et al. 2005). However, the detection of the reflection effect rules
out such a compact companion.

Using the same method we constrained the companion mass
of PHL 457. Although the companion mass assuming synchro-
nisation (~0.26 M) would still be consistent with observations,
the derived inclination angle of 8° is very small and therefore
unlikely.

Moreover, observational evidence, both from asteroseismic
studies (Pablo et al. 2011, 2012) and spectroscopic measure-
ments (Schaffenroth et al. 2014), indicates that synchronisation
is not generally established in sdB binaries with low-mass com-
panions (see also the discussion in Geier et al. 2010). Therefore,
the rotation of the sdBs in CPD-64°481 and PHL 457 is most
likely not synchronised with their orbital motion and the method
described in Geier et al. (2010) not applicable.

I H

2. Time-resolved spectroscopy and orbital
parameters

In total, 45 spectra were taken with the FEROS spectro-
graph (R =~ 48000,4 = 3800-9200A) mounted at the
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ESO/MPG-2.2 m telescope for studies of sdB stars at high res-
olution (Edelmann et al. 2005; Geier et al. 2010; Classen et al.
2011). The spectra were reduced with the FEROS pipeline avail-
able in the MIDAS package. The FEROS pipeline, moreover, per-
forms the barycentric correction.

To measure the RVs with high accuracy, we chose a set
of sharp, unblended metal lines situated between 3600 A and
6600 A. Accurate rest wavelengths were taken from the NIST
database. Gaussian and Lorentzian profiles were fitted using the
SPAS (Hirsch 2009) and FITSB2 routines (Napiwotzki et al.
2004b; for details see Classen et al. 2011). To check the wave-
length calibration for systematic errors we used telluric fea-
tures as well as night-sky emission lines. The FEROS instru-
ment turned out to be very stable. Usually corrections of less
than 0.5 km s~! had to be applied. The RVs and formal 1o-errors
are given in Appendix A.

The orbital parameters and associated false-alarm probabil-
ities are determined as described in Geier et al. (2011c). In or-
der to estimate the significance of the orbital solutions and the
contributions of systematic effects to the error budget, we nor-
malised the y? of the most probable solution by adding system-
atic errors epom in quadrature until the reduced ,\(2 reached ~1.0.
The hypothesis that both orbital periods are correct can be ac-
cepted with a high degree of confidence. The phased RV curves
for the best solutions are of excellent quality (see Fig. 1). The
derived orbital parameters are given in Table 1 and the orbital
solution for CPD-64°481 is perfectly consistent with the result
presented in Edelmann et al. (2005).

3. Photometry

Time-resolved differential photometry in BVR-filters for CPD-
64°481 and VR filters for PHL 457 was obtained with the
SAAO STE4 CCD on the 1.0 m telescope at the Sutherland
site of the South African Astronomical Observatory (SAAQO).
Photometric reductions were performed using an automated ver-
sion of DOPHOT (Schechter et al. 1993).
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Table 1. Derived orbital solutions, mass functions and minimum companion masses.

Object Ty" pe v¢ K  enom f(M) M,? Imax”
[-2450000] [d] [kms™'] [kms™'] [kms™!] [Mg] [Mos] °

CPD-64°481  3431.5796 +0.0002  0.27726315 +0.00000008  93.54 +0.06 23.81+0.08 0.16 0.0004 >0.048 70

PHL 457 5501.5961 +0.0009  0.3131 + 0.0002 20.7+0.2 13.0+0.2 0.7 0.00007  >0.027 75

Notes.  The systematic error adopted to normalise the reduced x? (enom) is given for each case. » The minimum companion masses take into
account the highest possible inclination. ) i = 90 is defined as an edge-on orbit.

CPD -64 481

relative flux

phase

PHL 457

relative flux
o
[(e]
[eF]

0.2
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Fig. 2. Phased and binned light curves in B-, V- and R-bands in the case of CPD-64°481 (left panel) and V- and R-bands in the case of PHL 457
(right panel). Overplotted are two models for an inclination of 10° (solid) and 65° (dashed) for CPD-64°481 and 10° (solid) and 70°(dashed) for
PHL 457. The lightcurve models with higher inclinations (dashed) have broader minima and shallower maxima.

0.4
0.35 ,
0.3 ,
EG 0.25 .
5
] 0.2 .
5
& 0.15 B
0.1 Fue 1
0.05 ,

0 . . . . . . .
0 005 01 015 02 025 03 035 04 045 05
M

‘companion [MQ]

0.3
0.25 =10 0 A
®
o o2} ]
5 1 i
K] - Ll
=% ] i
§ o015 T : .
o I
o "
i=70 T |
I
0.1 ’\\\i‘i{\i 777777777777 1
0.05 ‘

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Mcompanion [MQ]

Fig. 3. Mass-radius relation of the companion of CPD-64°481 (left panel) and PHL 457 (right panel) for different inclinations (filled rectangles),
compared to theoretical relations by Chabrier & Baraffe (1997) for an age of the system of 1 Gyr (short dashed line), 5 Gyr (long dashed line) and
10 Gyr (solid line). For all shown solutions mass and radius of the sdB are also consistent with the spectroscopic surface gravity measurement of
logg = 5.60 + 0.05 for CPD-64°481 (Geier et al. 2010) and logg = 5.38 + 0.05 (Geier et al. 2013a) for PHL 457.

The differential light curves have been phased to the orbital
periods derived from the RV-curves and binned to achieve higher
signal-to-noise (S/N). The light curves show sinusoidal varia-
tions (~10 mmag) with orbital phase characteristic for a reflec-
tion effect (Fig. 2). It originates from the irradiation of a cool
companion by the hot subdwarf primary. The projected area of
the companion’s heated hemisphere changes while it orbits the
primary. Compared to other reflection effect binaries the ampli-
tude of the reflection effect in both systems is quite small. The
amplitude of the reflection effect depends mostly on the sepa-
ration of the system, the effective temperature of the subdwarf,
and the visible irradiated area of the companion. Seen edge-on,
the relative change of this area is the highest. However, for small

inclinations the derived mass of the companion becomes higher
and because there is a strong correlation between mass and ra-
dius on the lower main sequence (see Fig. 3), the radius of the
companion and the absolute irradiated area becomes larger as
well. Due to this degeneracy it is therefore not straight forward
to claim that small reflection effects can simply be explained by
small inclination angles.

We fitted models calculated with MORO, which is based on
the Wilson-Devinney code (MOdified ROche model, Drechsel
et al. 1995), to the light curves as described in Schaffenroth et al.
(2013). As no eclipses are present, the inclination is difficult to
determine and we fitted light curve solutions for different fixed
inclinations. The mass ratio, which can be calculated from the
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mass function for different inclinations, was also kept fixed, so
that the mass of the sdB is equal to the canonical sdB mass
Mg = 047 M, (see Fontaine et al. 2012, and references
therein). Shape and amplitude of the variation mostly depends
on the orbital inclination and the mass ratio, but also on the ra-
dius ratio of both components and the unknown albedo of the
companion. Due to this high number of parameters, that are not
independent from each other, we cannot find a unique solution.

Selecting only solutions for which the photometric radius is
consistent with the spectroscopic radius derived from the surface
gravity, we narrow down the number of solutions. Unfortunately,
due to the degeneracy between the binary inclination and the ra-
dius of the companion we find equally good solutions for each
inclination (see also @stensen et al. 2013). In the case of CPD-
64°481, see Fig. 3, the derived mass and radius of the compan-
ion are in agreement with theoretical relations by Chabrier &
Baraffe (1997) for the whole range of inclinations. In the case of
PHL 457 the theoretical mass-radius relation is only consistent
for an inclination of 50—70°. For lower inclinations the measured
radius would be larger than expected by the models. However,
due to the many assumptions used in the analysis, it is difficult
to estimate the significance of this result, as a smaller mass for
the sdB could solve this issue.

In Fig. 2 we show model light curves for high and low in-
clination. Although small differences are present, a much bet-
ter quality light curve is needed to resolve them. The sum of
the deviations between the measurements and the models are
somewhat, but not significantly, smaller for low inclinations.
Therefore, we cannot draw firm conclusions from our photomet-
ric data at hand.

4. Brown dwarf nature of the unseen companions

The two binaries are single-lined and their binary mass func-
tions fin = M3, $in’ i/(Meomp + Mgap)* = PK?/27G can be de-
termined. The RV semi-amplitude and the orbital period can be
derived from the RV curve, but the sdB mass Mg, the compan-
ion mass Mcomp and the inclination angle 7 remain free parame-
ters. Adopting the canonical sdB mass Mg = 0.47 M, and the
imax, that can be constrained, because no eclipses are present in
the lightcurve, we derive lower limits for the companion masses
(see Table 1).

Those minimum masses of 0.048 M for CPD-64°481 and
0.027 M, for PHL 457 — the smallest minimum companion mass
measured in any sdB binary so far — are significantly below the
hydrogen-burning limit (~0.07-0.08 M, Chabrier et al. 2000).
As no features of the companion are found in the spectrum, we
also derive an upper mass limit of ~0.45 M., (Lisker et al. 2005).

The initial sample of Edelmann et al. (2005) consisted of
known, bright hot subdwarf stars. Because no additional se-
lection criteria were applied, it can be assumed that the in-
clination angles of the binaries found in this survey are ran-
domly distributed. Due to the projection effect it is much more
likely to find binary systems at high rather than low inclinations.
The probability, that a binary has an inclination higher than a
certain angle, can be calculated as described in Gray (1992),
Pisi, =1 —(1 —cosip). Since the companion mass scales with
the inclination angle, we can derive the probability that the mass
of the companion is smaller than the hydrogen-burning limit of
~0.08 M, which separates stars from brown dwarfs.

For CPD-64°481, the inclination angle must be higher than
38°, which translates into a probability of 79%. In the case
of PHL 457, an inclination higher than 21° is required and the
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Fig.4. The RV semiamplitudes of all known sdB binaries with reflec-
tion effects and spectroscopic solutions plotted against their orbital pe-
riods (Kupfer et al., in prep.). Diamonds mark eclipsing sdB binaries
of HW Vir type where the companion mass is well constrained, trian-
gles systems without eclipses, where only lower limit can be derived for
the companion masses. Squares mark CPD-64°481, PHL 457, KBS 13
and BPS CS 22169-0001. Open symbols mark systems that have been
discovered based on photometry, filled symbols have been discovered
based on spectroscopy. The dashed lines mark the regions to the right
where the minimum companion masses derived from the binary mass
function (assuming 0.47 M, for the sdBs) exceed 0.01 M, (lower curve)
and 0.08 M, (upper curve).

probability for the companion to be a brown dwarf is as high
as 94%. We therefore conclude that the cool companions in those
two binary systems are likely brown dwarfs.

The only chance to constrain the inclination better would
be very high S/N lightcurves. Moreover, high resolution, high
S/N spectra could help to constrain the mass ratio of the system.
They could allow to discover emission lines from the irradiated
hemisphere of the companion, as done for the sdOB+dM sys-
tem AA Dor (Vuckovié et al. 2008). The strength of the emis-
sion lines should be independent of the inclination, depending
only on the size of the companion, the separation of the system
and the effective temperature of the primary. As the systems are
very bright, it might be possible to find these emission lines de-
spite the larger separation and lower effective temperature of our
systems.

5. Discussion

Figure 4 gives an overview of the 29 sdB binaries with reflec-
tion effect and known orbital parameters (Kupfer et al., in prep.).
While most companions are late M-dwarfs with masses close
to ~0.1 M, there is no sharp drop below the hydrogen-burning
limit. The fraction of close substellar companions is substantial.
An obvious feature in Fig. 4 is the lack of binaries with periods
shorter than ~0.2d and K < 50kms~! corresponding to com-
panion masses of less than ~0.06 M.

This feature could not be due to selection effects. About half
of the known reflection effect binaries have been found based on
RV-shifts detected in time-resolved spectra. As has been shown
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in this work, RV-semiamplitudes of a few tens of kms™' are

easily measurable. Furthermore, short-period binaries are found
and solved easier than long-period systems.

The other half of the sample has been discovered based
on variations in their light curves. Shape and amplitude of the
light curves depend mostly on the radius of the companion for
similar orbital periods and separations. Since the radii of late
M-dwarfs, brown dwarfs and also Jupiter-size planets are very
similar (~0.1 Ry), their light curves are expected to be very sim-
ilar as well.

The most likely reason for this gap is the merger or evap-
oration of low-mass companions either before or after the
CE-ejection corresponding to a population of single sdB stars.
Other recent discoveries are perfectly consistent with this sce-
nario. Charpinet et al. (2011) reported the discovery of two
Earth-sized bodies orbiting a single pulsating sdB within a few
hours. These might be the remnants of a more massive compan-
ion evaporated in the CE-phase (Bear & Soker 2012). Geier et al.
(2011b, 2013b) found two fast rotating single sdBs, which might
have formed in a CE-merger. Those discoveries provide further
evidence that substellar companions play an important role in
the formation of close binary and likely also single sdB stars.

We therefore conclude that the lack of short period systems
with small RV variations K < 50kms~! is real. However, the
probability that substellar companions are present in systems
with longer periods (>0.2 d) is quite high. In addition to the two
binaries discussed here, two more systems with similar orbital
parameters and reflection effects have been found (KBS 13, For
et al. 2008; BPS CS 22169-0001, Geier et al. 2012). Following
the line of arguments outlined above, we calculate the probabil-
ity for those two systems to host a stellar companion to be 9% for
BPS CS22169-0001 and 20% for KBS 13. Multiplying those
numbers for all four binaries, we conclude that the probability
that none of them has a substellar companions is less than 0.02%.
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Appendix A: Radial velocities Table A.2. PHL 457.

Table A.1. CPD-64°481. -
mid—-HJD RV [kms™!]

d_HID RV ks —2450 000
450000 sl 324964149 10.1£02
3250.64322 222 +0.2
3249.89041 70.87 £ 0.15 3051.58746 238+ 03
3250.89408  114.58 +0.20 3253.56948 204 + 03
3251.85033 69.81 +0.16 5500.52235 15.1+0.2
3252.88158 94.51 = 0.26 5500.54504 97405
3252.89956 85.03 +£0.20 5501.52731 84402
3253.83281 82.69 +0.22 5501.53727 91403
3253.87777 105.90 + 0.13 5501.54722 93402
3253.91205 116.47 £0.16 5501.55718 11.0 + 0.1
3425.51834 111.76 £ 0.15 5501.56712 141402
3426.51685 69.48 + 0.09 5501.57705 164 + 0.2
3427.53343  106.65 + 0.09 5501.58698 172+ 0.2
3428.52983 93.84 +0.12 5501.59692 211403
3429.51370 86.71 £ 0.13 5501.60685 222408
3430.56510  113.59 +£0.12 5502.50148 13.0 + 0.4
3431.52045 70.33 £ 0.12 5502.51028 139+ 02
. . . 5502.51908 16.1 +0.3
Notes. All spectra were acquired with the FEROS instrument. 5502.52785 185+ 0.3

5502.53663 21.8+0.3
5502.54542 234 +03
5502.55420 243 +0.3
5502.56298 284 +0.3
5502.57175 309 +0.3
5502.58053 31.0+ 0.4
5502.58932 31.3+0.4
5502.59811 332+04
5502.60688 348 +0.4
5502.61566 341+04
5502.62502 32.7+0.3

Notes. All spectra were acquired with the FEROS instrument.
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ABSTRACT

Hot subdwarf B stars (sdBs) are core helium-burning stars located on the extreme horizontal branch. About half of the known sdB stars
are found in close binaries. Their short orbital periods of 1.2 h to a few days suggest that they are post common-envelope systems.
Eclipsing hot subdwarf binaries are rare but are important in determining the fundamental stellar parameters. Low-mass companions
are identified by the reflection effect. In most cases, the companion is a main sequence star near the stellar mass limit.

Here, we report the discovery of an eclipsing hot subdwarf binary SDSS J162256.66+473051.1 (J1622) with very short orbital period
(0.0697 d), which has been found in the course of the MUCHFUSS project. The lightcurve shows grazing eclipses and a prominent
reflection effect. An analysis of the light- and radial velocity (RV) curves indicated a mass ratio of ¢ = 0.1325, an RV semi-amplitude
K =47.2 kms™!, and an inclination of i = 72.33°. We show that a companion mass of 0.064 M, which is well below the hydrogen-
burning limit, is the most plausible solution, which implies a mass close to the canonical mass (0.47 M) of the sdB star. Therefore,
the companion is a brown dwarf, which has not only survived the engulfment by the red-giant envelope but also triggered its ejection
and enabled the sdB star to form.

The rotation of J1622 is expected to be tidally locked to the orbit. However, J1622 rotates too slowly (v = 74.5 + 7 kms™) to be

synchronized, challenging tidal interaction models.

Key words. subdwarfs — binaries: eclipsing — binaries: spectroscopic — brown dwarfs — stars: fundamental parameters —

stars: individual: SDSS J162256.66+473051.1

1. Introduction

Hot subdwarfs (sdBs) are core helium-burning stars with very
thin hydrogen envelopes that are not able to sustain hydrogen-
shell burning (Heber 2009). To form such objects, the progenitor
has to lose almost all of its hydrogen envelope. The high percent-
age of 50% of close binaries (Maxted et al. 2001; Napiwotzki
et al. 2004) suggests that these sdBs are formed via binary evo-
lution, which is responsible for the required large mass loss
on the red giant branch (RGB). These sdB binaries are formed
via a common envelope phase or by stable Roche lobe over-
flow. The other half of sdB stars, however, appears to be single.
Hence, binary evolution seems to be irrelevant at first glance.
Nevertheless, is it possible to form a single star through merg-
ing of the components of a binary star. To form a helium core
burning object like an sdB star, two helium white dwarfs need
to merge and ignite helium burning. The binary components are
driven into a merger by gravitational wave radiation (Webbink
1984; Iben & Tutukov 1984). The merged object is expected to
rotate rapidly. However, rotation velocities of single sdB stars

* Appendix A is available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

are very slow (<=10 km s7!, Geier & Heber 2012), which is in
contradiction with the merger scenario. Therefore, the merger
scenario may explain a few cases of exceptionally fast rotators
(Geier et al. 2011a, 2013). Moreover, binary population synthe-
sis predicts a wide mass distribution around 0.52 M., for the
sdBs, which result from the merger channel (Han et al. 2002,
2003). The empirical mass distribution derived by asteroseis-
mology (Fontaine et al. 2012; Van Grootel et al. 2013b), how-
ever, shows a sharp peak at 0.47 M, for single sdB stars, which
is inconsistent with the prediction of the merger scenario.

An alternative scenario proposes the engulfment and pos-
sible destruction of a substellar object within a common enve-
lope (CE) as formation channel for single sdB stars (Soker 1998;
Nelemans & Tauris 1998). Close binary sdB stars with very
low-mass stellar companions are known for decades (Kilkenny
et al. 1978; Menzies & Marang 1986). When eclipsing, such
systems are named HW Vir stars. Most of the dozen known
HW Vir systems have periods as short as 0.1 days. Hence, they
must have undergone a common envelope and spiral-in phase.
Binary population synthesis shows that sdBs in these post-
common envelope systems should have masses around 0.47 M,
also known as canonical mass (Han et al. 2002, 2003). The
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companions in HW Vir type binaries have masses close to, but
usually exceeding the nuclear-burning limit of ~0.08 M, and
are, therefore, very late M-dwarf stars.

Whether a substellar companion would also be able to con-
tribute enough energy and angular momentum to unbind a
common envelope has been under debate. The discovery of a
brown dwarf orbiting an sdB star in the HW Vir type binary
SDSS J082053.53+000843.4 demonstrated that substellar com-
panions are able to form an sdB (Geier et al. 2011d). The sub-
sequent discoveries of two Earth-sized bodies orbiting a single
pulsating sdB, which might be the remnants of one or two more
massive companion evaporated in the CE-phase (Charpinet et al.
2011; Bear & Soker 2012), provide further evidence that substel-
lar companions play an important role in the formation of close
binary and single sdB stars alike. One of the open questions is,
how massive the companion has to be to trigger the mass loss of
the red giant to form an sdB star.

Here, we report on the discovery of a short period eclips-
ing hot subdwarf binary with a substellar companion in the
course of the MUCHFUSS project. The project, Massive Unseen
Companions to Hot Faint Underluminous Stars from SDSS
(MUCHFUSS), aims to find sdBs with compact companions,
such as massive white dwarfs (M > 1.0 M), neutron stars,
or black holes. Details about target selection and the scope of
the project can be found in Geier et al. (2011b). As one of two
selection criteria, sdBs with radial velocity (RV) variations on
timescales of half an hour or less were selected from the Sloan
Digital Sky Survey (SDSS). These targets are either sdBs with
compact, massive companions and comparatively long orbital
periods, or short-period binaries with low-mass companions,
such as the system described here.

To distinguish low-mass stellar or substellar companions
from white dwarfs and other more compact objects, we also
started a photometric follow-up. As HW Vir systems have char-
acteristic lightcurves, this turned out to be the ideal approach to
find such binaries. A low-mass, cool companion can be identi-
fied due to the so-called reflection effect, which results from the
large difference in temperature of both components. The com-
panion is heated up on one side, and, therefore, a sinusoidal vari-
ation of the flux with the phase can be observed, as the heated
hemisphere emits more flux. This effect is also visible at rather
low inclinations, where no eclipses are observed. If eclipses are
present, a combined spectroscopic and photometric analysis al-
lows us to put tight constraints on the binary parameters. In
the course of the MUCHFUSS project, we already discovered
three new HW Vir systems (Geier et al. 2011d; Schaffenroth
et al. 2013a) and a pulsating sdB in a reflection-effect binary
(Ostensen et al. 2013).

In this paper, we present the observations and analysis of a
HW Vir star, discovered by the MUCHFUSS project. We de-
scribe the spectroscopic and photometric observations in Sect. 2
and their analysis in Sects. 3 (spectroscopy) and 4 (photometry).
Evidence for the brown dwarf nature of the companion is given
in Sect. 5 and the lack of synchronisation of the sdB star is dis-
cussed in Sect. 6. Finally, we conclude and present suggestions
on how to improve the mass determination.

2. Observations
2.1. Spectroscopy

The SDSS spectra of SDSS J162256.66+473051.1 (J1622 for
short, also known as PG 1621+476, g’ = 15.96 mag) showed
a radial velocity shift of 100 kms™" within 1.45 h. Therefore,
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the star was selected as a high priority target for follow-up. The
18 spectra were taken with the ISIS instrument at the William
Herschel Telescope on La Palma, from 24 to 27 August 2009
at medium resolution (R ~ 4000). Additional 64 spectra with
the same resolution were obtained with the TWIN spectrograph
at the 3.5 m telescope at the Calar Alto Observatory, Spain,
from 25 to 28 May 2012. Moreover, ten higher resolution spec-
tra (R ~ 8000) were observed with ESI at the Keck Telescope,
Hawaii, on 13 July 2013. The TWIN and ISIS data were reduced
with the MIDAS package distributed by the European Southern
Observatory (ESO). The ESI data was reduced with the pipeline
Makee'.

2.2. Photometry

When the RV-curve from the ISIS spectra showed a short period
of only 0.069 d, a photometric follow-up was started. The ob-
ject J1622 was observed with the Bonn University Simultaneous
Camera (BUSCA) at the 2.2 m telescope at the Calar Alto
Observatory. The instrument BUSCA (Reif et al. 1999) can ob-
serve in four bands simultaneously. We did not use any filters
but we used instead the intrinsic transmission curve given by the
beam splitters, which divides the visible light into four bands Usp,
Bp, Rp, and I3 (and means no light loss). Four sets of lightcurves,
each covering one orbit of J1622, were obtained on 12 June
2010, 29 September 2010, 28 February 2011, and 1 June 2011.
They were reduced by using the aperture photometry package of
IRAF. As the comparison stars have different spectral types, we
observed a long-term trend in the lightcurve with changing air
mass due to the different wavelength dependency of atmospheric
extinction, which cannot be corrected.

3. Spectroscopic analysis
3.1. Radial velocity curve

The radial velocities were measured by fitting a combination
of Gaussians, Lorentzians, and polynomials to the Balmer and
helium lines of all spectra and are given in Table Al. Since
the phase-shift between primary and secondary eclipses in the
phased lightcurve (see Fig. 1) is exactly 0.5, we know that the
orbit of J1622 is circular. Therefore, sine curves were fitted to
the RV data points in fine steps over a range of test periods. For
each period, the y? of the best-fit sine curve was determined (see
Geier et al. 2011c). All three datasets were fit together. The or-
bit is well covered. Figure 2 shows the phased RV curve with
the fit of the best solution. It gives a semi-amplitude of K =
47.2 +2.0kms™!, a system velocity of y = —=54.7 + 1.5 kms~!,
and a period of 0.0696859 + 0.00003 d. The period is consis-
tent with the period from the photometry (see Sect. 4) and is the
second shortest ever measured for an sdB binary.

3.2. Atmospheric parameters

The atmospheric parameters were determined by fitting syn-
thetic spectra, which were calculated using local thermody-
namical equilibrium model atmospheres with solar metallicity
and metal line blanketing (Heber et al. 2000), to the Balmer
and helium lines using SPAS (Hirsch 2009). For some of the
HW Vir stars and similar non-eclipsing systems, it was found
that the atmospheric parameters seemed to vary with the phase

! http://www.astro.caltech.edu/~tb/ipac_staff/tab/
makee/
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Fig. 2. Radial velocity plotted against orbital phase of J1622. The radial
velocity was determined from the SDSS, ISIS, TWIN, and ESI spectra.
All spectra were fitted together. The stars mark the SDSS spectra, the
dots the TWIN spectra, the filled squares the ISIS spectra, and the open
squares the ESI spectra. The errors are formal 1o uncertainties. The
lower panel shows the residuals.

(e.g. Schaffenroth et al. 2013b), as the contribution of the com-
panion to the spectrum varies with the phase. Therefore, all spec-
tra were fit separately. Figure 3 shows the effective tempera-
ture and the surface gravity determined from the TWIN spectra
plotted against orbital phase. No change with the orbital phase
can be seen. Therefore, we co-added all 64 TWIN spectra and
derived the atmospheric parameters (e = 29000 + 600 K,
logg = 5.65 £ 0.06, logy = —1.87 = 0.05). In Fig. 4 the best

fit to the Balmer and helium lines of the co-added spectrum is
shown.

In Fig. 5, the position of J1622 in the T.g-logg diagram
is compared to those of the known HW Vir systems and other
sdB binaries. It is worthwhile to note that all of the HW Vir
systems, but two, which have evolved off the EHB, have very
similar atmospheric parameters. Those systems cluster in a dis-
tinct region of the T.g-log g diagram. Unlike the HW Vir stars,
other sdB binaries are distributed more or less uniformly across
the extreme horizontal branch (see Fig. 5). In this respect, J1622
turns out to be a typical HW Vir system.

Due to their higher resolution, the ESI spectra are suitable to
measure the rotational broadening of spectral lines of the sdB.
We co-added all 10 spectra and determined the projected rota-
tional velocity of the sdB primary by adding a rotational profile
to the fit of the Balmer and helium lines. The other atmospheric
parameters were kept fixed to the values determined from the
TWIN spectra. The best fit for vy sini = 71 £ 7 km s~ is dis-
played in Fig. 6. Surprisingly, the projected rotational velocity is
only about two thirds of the one expected for tidally locked rota-
tion of the hot subdwarf primary. This issue is further discussed
in Sect. 6.

4. Photometric analysis

The BUSCA lightcurves clearly show a strong reflection effect
and grazing eclipses, as can be seen in Fig. 1. Unfortunately, the
signal-to-noise of the Up and Iy lightcurves is insufficient, so
that only the By and Rp lightcurves are used for the analysis.
The ephemeris was determined from the BUSCA lightcurves by
fitting parabolas to the cores of the primary eclipses. The period
was derived with the help of the Lomb-Scargle Algorithm (Press
& Rybicki 1989).

The ephemeris of the primary minimum is given by
HJD =2455359.58306(2) + 0.0697885(53) - E
(thereby E is the eclipse number, see Drechsel et al. 2001).
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Fig. 4. Fit of the Balmer and helium lines in the co-added TWIN spec-
trum. The solid line shows the measurement, and the dashed line shows
the best fitting synthetic spectrum.

The phased lightcurves are shown in Fig. 1. The lightcurve
analysis was performed by using MORO (MOdified ROche
Program, see Drechsel et al. 1995), which calculates syn-
thetic lightcurves, which were fitted to the observation. This
lightcurve solution code is based on the Wilson-Devinney ap-
proach (Wilson & Devinney 1971) but uses a modified Roche
model that considers the radiative pressure of hot binaries. More
details of the analysis method are described in Schaffenroth et al.
(2013b).

The main problem of the lightcurve analysis is the high num-
ber of parameters. To calculate the synthetic lightcurves, 12 + 5n
(n is the number of lightcurves) parameters that are not indepen-
dent are used. Therefore, strong degeneracies exist, in particular
in the mass ratio, which is strongly correlated with the other pa-
rameters. The mass ratio is, therefore, fixed, and solutions for
different mass ratios are calculated. To resolve this degeneracy,
it is, moreover, important to constrain as many parameters as
possible from the spectroscopic analysis or theory.

From the spectroscopic analysis, we derive the effective tem-
perature and the surface gravity of the sdB primary. Due to the
early spectral type of the primary star, the gravity darkening
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Fig.S. T.r — log g diagram of the HW Vir systems. The solid lines are
evolutionary tracks by Dorman et al. (1993) for an sdB mass of 0.471,
0.473, and 0.475 M. The positions of J1622 and JO820 are indicated
with crosses. The other squares mark the position of other HW Vir-
like systems (Van Grootel et al. 2013a; Drechsel et al. 2001; For et al.
2010; Geier et al. 2011d; Maxted et al. 2002; Klepp & Rauch 2011;
Ostensen et al. 2008, 2010; Wood & Saffer 1999; Almeida et al. 2012;
Barlow et al. 2013). The open dots represent other sdB binaries from
the literature.

exponent can be fixed at g; = 1, as expected for radiative outer
envelopes (von Zeipel 1924). For the cool convective compan-
ion, g, was set to 0.32 (Lucy 1967). The linear limb darken-
ing coefficients were extrapolated from the table of Claret &
Bloemen (2011).

To determine the quality of the lightcurve fit, the sum of the
deviations from each point to the synthetic curve is calculated,
and the solution with the smallest sum is supposed to be the best
solution. The difference between the solutions for the different
mass ratios is unfortunately small, as expected. Therefore, we
cannot determine a unique solution from the lightcurve analysis
alone and adopted the solution closest to the canonical mass for
the sdB star. The corresponding results of the lightcurve anal-
ysis are given in Table 1 with errors determined with the boot-
strapping method. The lightcurves in the Bp and Rp band are
displayed in Fig. 1 with the best-fit models for these parameters.
The apparent asymmetries of the observed lightcurve can not be
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Table 1. Adopted lightcurve solution.

Fixed parameters:

Ter(1) [K] 29000

g1 b 1.0

g.b 0.32
x1(B_B)" 0.25
x1(R_B)* 0.20

8¢ 0.0

Adjusted parameters:

i [(1 7233 +1.11
Ter(2) [K] 2500 + 900
Ay 1.0+ 0.03
Ay? 09+0.2

Q,f 3.646 £ 0.17
Q,/ 2.359 + 0.054
= (By)? 0.99996 + 0.00077
L]ﬁ‘b (Br)? 0.99984 + 0.00247
5 0.001 +0.003
X2(Bg) 1.0 £ 0.005
x2(Rp) 1.0 £ 0.005
L(Bp)” 0.0

L(Rp) 0.045 + 0.008
Roche radii” :

ri(pole) [a] 0.284 +£0.013
ri(point) [a] 0.290 +0.015
ri(side) [a] 0.290 +0.014
r1(back) [a] 0.290 +0.014
ra(pole) [a]  0.142 £ 0.009
r,(point) [a] 0.150 £0.011
ro(side) [a]  0.144 £ 0.009
r>(back) [a] 0.149 +0.011

Notes. @ Bolometric albedo. ® Gravitational darkening exponent.
© Linear limb darkening coefficient; taken from Claret & Bloemen
(2011). © Radiation pressure parameter, see Drechsel et al. (1995).
(© PFraction of third light at maximum. ¢V Roche potentials. ¥’ Relative
luminosity; L, is not independently adjusted, but recomputed from r,
and T.4(2). ™ Fractional Roche radii in units of separation of mass
centres.

Table 2. Parameters of J1622.

SDSS J162256.66+473051.1

i ° 7233 £ 1.11
Mg [M] 0.48 +0.03
Mcomp [Ms]  0.064 +0.004
a [Ro] 0.58 £ 0.02
Ry [Ro]  0.168 + 0.007
Reomp [Ro]  0.085 +0.004
log g(sdB, phot) 5.67 £0.02
log g(sdB, spec) 5.65 £ 0.06
5.8 T
g=0.11
5.75 —— ]
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Fig. 7. Comparison of the photometric and spectroscopic surface gravity
for the solutions with different mass ratio ¢ = 0.11-0.19 (marked by the
error cross). The spectroscopic surface gravity with uncertainty is given
by the shaded area.

modelled, but we are not sure if this effect is real or is due to
uncorrected long-term trends in the photometry (see Sect. 2.2).
The parameters of the system resulting from the adopted solution
with the mass function are summarised in Table 2. The errors re-
sult from error propagation of the errors of K, P, and i.

5. The brown dwarf nature of the companion

From the semi-amplitude of the radial velocity curve and the
orbital period, we can derive the masses and the radii of both
components for each mass ratio. To constrain the solutions fur-
ther, we first compared the photometric surface gravity, which
can be derived from the mass and the radius, to the spectro-
scopic surface gravity. This is displayed in Fig. 7. The spectro-
scopic surface gravity is consistent with the lightcurve solution
for sdB masses from 0.25 to 0.6 M. It is, therefore, possible
to find a self-consistent solution. This is not at all a matter of
course, because gravity derived from photometry was found to
be inconsistent with the spectroscopic result in other cases, such
as AA Dor (Vuckovic et al. 2008).

We also compared the radius of the companion to theoreti-
cal mass-radius relations for low-mass stars and brown dwarfs
with ages of 1, 5, and 10 Gyr, respectively (Baraffe et al. 2003).
As can be seen from Fig. 8, the measured mass-radius rela-
tion is well matched by theoretical predictions for stars >3 Gyr
for companion masses between 0.055 My and 0.075 M. The
corresponding mass range for the sdB star is from 0.39 Mg
to 0.63 M, which is calculated from the mass ratio.

However, the companion is exposed to intense radiation of
a luminous hot star that is only 0.58 R away, which could lead
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the solution closest to the canonical mass for the sdB star of 0.47 M,
that was adopted.

to an underestimate of the radius, if compared to non-irradiated
models (Baraffe et al. 2003). Such inflation effects have been
found in the case of hot Jupiter exoplanets (e.g. Udalski et al.
2008) but also in the MS+BD binary CoRoT-15b (Bouchy et al.
2011). We can estimate the maximum inflation effect from the-
oretical mass-radius relations shown in Fig. 8. As can be seen
from Fig. 8, inflation by more than 10% can be excluded because
none of the theoretical mass-radius relations otherwise would
match the measured one, even if the star was as old as 10 Gyr
(the age of the Galactic disk).

If we assume an inflation of 5-10%, the mass-radius rela-
tion for the companion would be in perfect agreement with the
lightcurve solution for a companion with a mass of 0.064 Mg and
a radius of 0.085 Ry, and an age of ~5-10 Gyr. The correspond-
ing mass of the sdB is close to the canonical sdB mass, which
we therefore adopt for the sdB throughout the rest of the paper.
As we calculated solutions for discrete ¢ and, hence, discrete
masses for the sdB and the companion, we adopted the solution
closest to the canonical mass, which is also marked in Fig. 8.

6. Synchronisation

Most HW Vir systems have orbital separations as small as one
solar radius. Hence, it is reasonable to expect that the rotation of
both components is tidally locked to the orbit. Indeed the rota-
tion rates of HW Vir and other objects of the class with similarly
short periods (0.1d) are found to be synchronised. It is worth-
while to note that the system PG 1017-036, a reflection-effect
binary with almost the same parameters as J1622 (P = 0.072 d,
K = 51 kms™, T.¢ = 30300 K, logg = 5.61), has a mea-
sured vy Sini = 118 kms™ (Maxted et al. 2002), which is fully
consistent with synchronised rotation. However, J1622 (P =
0.0698d, K = 47kms™, Tz = 29000 K, logg = 5.65) rotates
with vy sini = 71 kms™!. With an inclination of 72.33°, this
results in a rotational velocity of 74 kms™!, which is only about
two thirds of the rotational velocity expected for a synchronous
rotation (Pospit = Prot = 2ZR).
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The physical processes leading to synchronisation are
not well understood particularly for stars with radiative en-
velopes, such as sdB stars and rivalling theories (Zahn 1977,
Tassoul & Tassoul 1992), predict very different synchronisa-
tion timescales (for details see Geier et al. 2010). The syn-
chronisation timescales increase strongly with orbital separation,
hence with the orbital period of the system. Actually the ob-
jects J1622 and PG 1017-036 have the shortest periods and the
highest probability for tidally locked rotation amongst all known
HW Vir systems. Therefore, it is surprising that J1622 appar-
ently is not synchronised, while PG 1017-036 is. Calculations
in the case of the less efficient mechanism (Zahn 1977) predict
that the synchronisation should be established after 103 yr, a time
span much shorter than the EHB lifetime of 108 yr.

Evidence for a non-synchronous rotation of sdB stars in
reflection-effect binaries was presented recently by Pablo et al.
(2011, 2012), who measured the rotational splittings of pulsa-
tion modes in three reflection-effect sdB binaries observed by the
Kepler space mission, which reveals that the subdwarf primaries
rotate more slowly than synchronised. However, those binaries
have rather long periods (~0.5 d), and predicted synchronisation
timescales are much longer than for J1622 and even exceed the
EHB life time if the least efficient synchronisation process (see
Fig. 19 in Geier et al. 2010) is adopted. Hence, unlike for J1622,
the non-synchronisation of those systems is not in contradiction
with synchronisation theory.

It is quite unlikely that J1622 is too young for its rotation
to be tidally locked to the orbit. Hence, we need to look for
an alternative explanation. Tidal forces leading to circularisation
and synchronisation may lead to stable configurations, in which
the rotational and the orbital periods are in resonance; that is,
their ratio is that of integer numbers as observed for Mercury.
Comparing the observed rotational period of J1622 to the orbital
one, we find that the ratio is 0.607 £ 0.065, hence close to a 2
to 3 resonance. However, J1622 must have undergone a spiral-
in phase through the common-envelope phase and it must be
investigated, whether such a resonant configuration can persist
through that dynamical phase.

7. Conclusions

We performed a spectroscopic and photometric analysis of the
eclipsing hot subdwarf binary J1622, which was found in the
course of the MUCHFUSS project. The atmospheric parameters
of the primary are typical for an sdB star in a HW Vir system.
Mass-radius relations were derived for both components. The
mass of the sdB star is constrained from spectroscopy (surface
gravity) to 0.28 Mg to 0.64 Ms. The mass of the companion
can be constrained by theoretical mass-radius relations to lie be-
tween 0.055 My and 0.075 M, which implies that the sdB mass
is between 0.39 M and 0.63 M.

Assuming small corrections of about 5-10% to the radius
due to the inflation of the companion by the strong irradiation
from the primary, a companion mass of 0.064 M appears to
be the most plausible choice that results in a mass of the sdB
close to the canonical mass of 0.47 M, star. Accordingly, the
companion is a substellar object. This is the second time that
a brown dwarf is found as a close companion to an sdB star.
The object J1622 provides further evidence that substellar ob-
jects are able to eject a common envelope and form an sdB star.
Finding more of these systems helps to constrain theoretical
models (Soker 1998; Nelemans & Tauris 1998).

An important result of the spectral analysis is that the
sdB star is rotating slower than expected, if its rotation was
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locked to its orbit, as observed for the very similar system
PG 1017-036. The non-synchronous rotation of J1622 is in con-
tradiction with the predictions of tidal interaction models unless
the sdB star is very young. The ratio of the rotational to the or-
bital period is close to a resonance of 2 to 3. However, it has to
be investigated further, if such a configuration can survive the
common envelope phase.

Future investigations should aim at the detection of spectral
lines from the secondary to measure its radial velocity, which
turns the system into an double-lined spectroscopic binary that
would allow to pin down the mass ratio. Emission lines of the
companion’s irradiated atmosphere have been detected in the
sdOB system AA Dor (Vuckovié et al. 2008) and also for the pro-
totype HW Vir (Vuckovié et al. 2013) most recently. Since J1622
is quite compact and the irradiation of the companion strong,
such emission lines might be detectable in high-resolution spec-
tra of sufficient quality. Accurate photometry is needed to con-
firm or disprove any asymmetries in its lightcurve, which hints
at flows at the surface of the companion.
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Appendix A: Radial velocity table Table A1. continued.
Table A1. Radial velocities with errors of J1622. SDSS
HID RV inkms™!

SDSS 2456074.39883  —69 20
HID RV in kms™' 245607440400 -59 16
2452378.381481 -107 17 2456074.40918 —14 14
2452378.398900 44 16 2456 074.41435 26 18
2452378.418200 18 16 2456074.41952 =30 15
2452378.442390 99 21 2456 074.42470  -33 13

WHT 2456074.42987 46 13
2455039.90179 —64 27 2456 074.43504 78 18
2455 068.90762 -10 11 2456 074.44022 -107 16
2455068.92338 =22 13 2456 074.44539 -129 17
2455 068.94468 -84 12 2456 074.45057 -125 14
2455 069.85954 -79 12 2456074.45574 91 19
2455069.92083 -98 12 2456 074.46091 =71 15
2455069.93150 -100 13 2456 074.46607 =55 17
2455070.85307 -12 1 2456 074.47125 =36 16
2455070.86036 -5 15 2456074.47643  —46 18
2455070.86749 8 19 2456074.48159 23 15
2455070.87733 —42 18 2456075.47452  —60 18
2455070.88454 -79 14 245607548320 -64 15
2455070.89174 -104 16 2456075.49189  -92 17
2455071.93491 -73 13 2456 075.50058  -92 20
2455071.94215 -91 14 245607551796  -15 18
2455071.94942 -78 14 2456 075.52665 9 20
2455071.96599 -51 15 2456075.53535 29 19
2455071.96626 -17 16 2456 075.54404 45 23
2455071.98042 0 18 2456076.53468 —109 13
2455071.99018 -15 16 2456076.54337 -89 15
2455071.99739 -23 23 2456076.55206 67 20
2455072.01429 71 21 2456 076.56075 42 20
2455072.01457 -100 15 2456076.56944 22 13
2455072.02178 -74 21 2456076.57813 11 17

TWIN 2456077.35340 25 13
2456 073.37085 26 20 2456077.36210  -99 20
2456 073.33931 -4 13 2456077.37079 -115 18
2456073.38513 -62 20 2456077.37948  -92 16
2456 073.39285 -84 13 2456077.52761  -56 20
2456 073.40042 -72 15 2456 077.53631 -32 15
2456 073.40799 -81 15 2456077.55370  -14
2456073.41591 71 16 2456 077.56240 -4 17
2456 073.42347 -4 15 2456077.57110 77 20
2456 073.43104 4 13 2456077.57980  -97 18
2456 073.43950 2 14 ESI
2456 073.44741 —41 15 2456121.76284 117 10
2456 073.45546 -84 15 2456121.76704 —109 10
2456 073.45951 -85 18 2456121.77103  -99 11
2456 073.46356 -102 20 2456 121.77522 79 11
2456 073.46762 -81 18 2456121.77922  —66 11
2456 074.37223 -90 13 2456121.78318 53 12
2456 074.37296 -116 15 2456121.78715 -18 12
2456 074.38264 -108 16 2456121.79114 -14 11
2456 074.38795 -104 15 2456121.79511 -9 12
2456 074.39366 -60 20 2456121.79910 -12 11
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ABSTRACT

We report the discovery of a bright (my = 11.6 mag), eclipsing, hot subdwarf binary of spectral type B with a late main sequence
companion from the All Sky Automated Survey (ASAS 102322-3737.0). Such systems are called HW Vir stars after the prototype.
The lightcurve shows a grazing eclipse and a strong reflection effect. An orbital period of P = 0.13927 d, an inclination of i = 65.86°,
a mass ratio ¢ = 0.34, a radial velocity semiamplitude K; = 81.0kms~!, and other parameters were derived from a combined
spectroscopic and photometric analysis. The short period can only be explained by a common envelope origin of the system. The
atmospheric parameters (7o = 28400 K, logg = 5.60) are consistent with a core helium-burning star located on the extreme
horizontal branch. In agreement with that we derived the most likely sdB mass to be Mg = 0.46 M, close to the canonical mass
of such objects. The companion is a late M-dwarf with a mass of Mcom, = 0.16 My. ASAS 102322-3737.0 is the third brightest of
only 12 known HW Virginis systems, which makes it an ideal target for detailed spectroscopic studies and long-term photometric

monitoring to search for period variations, e.g., those caused by a substellar companion.

Key words. subdwarfs — binaries: eclipsing — binaries: spectroscopic — stars: early-type — stars: fundamental parameters —

stars: individual: ASAS 102322-3737.0

1. Introduction

Hot subdwarf stars (sdB) are evolved, compact stars found in
the disk and halo of our Galaxy. They dominate the population
of faint blue stars. Especially in the context of Galaxy evolution,
sdBs are important because they are believed to be the dominant
source of the “UV upturn phenomenon” which is observed in
elliptical galaxies (Brown et al. 1997, 2000). Subdwarf B stars
are core helium-burning stars on the extreme horizontal branch
(EHB). They have very thin hydrogen envelopes (Saffer et al.
1994; Heber 1986) that avoid hydrogen shell-burning. Therefore
they evolve from the EHB directly to white dwarfs (Dorman
et al. 1993).

The formation of sdBs requires an extraordinarily high mass
loss on the red-giant branch (RGB). About half of the sdB stars
are found in close binaries with periods from ~0.05 to 30d (e.g.
Maxted et al. 2001; Napiwotzki et al. 2004; Geier et al. 2012;
Vennes et al. 2012). Mass transfer must therefore play an impor-
tant role in the formation of these stars. In their binary evolution
studies, Han et al. (2002, 2003) found that common-envelope
evolution, resulting from dynamically unstable mass transfer
near the tip of the RGB, should produce such short-period bi-
naries (P = 0.1-10d). The most probable mass for such sdBs
is 0.47 M (Han et al. 2003), which is called the canonical mass.

Article published by EDP Sciences

Eclipsing post-common envelope binaries that consist of
sdBs and late M star companions with periods of about 2—-3 h
are called HW Vir systems after the prototype. Such systems are
of high value because it is possible to derive the mass of the sdB,
as well as the mass and the nature of the companion, from a com-
bined analysis of time-resolved spectra and the lightcurve. These
systems are rare but can easily be recognized by the prominent
reflection effect, which is the only contribution of the compan-
ion to the optical light. Until now only twelve such systems
have been known. Interest in HW Virginis systems has been re-
vived by the discovery of substellar companions to the prototype
HW Virginis (Lee et al. 2009) and HS 0705 (Qian et al. 2009)
via the light-travel time method (for an up-to-date census see
Zorotovic & Schreiber 2013). For this method a long-term pho-
tometric monitoring for several years is necessary.

ASAS 102322-3737.0 (ASAS 10232 for short) was discov-
ered as a variable star in the course of the All Sky Automated
Survey by Pojmanski (2003), but misclassified as a § Scuti star.
In 2007 this system was found in the ASAS Survey by P. W.
and recognized as an HW Virginis system. Another lightcurve
was obtained at the Carnes Hill Observatory, Sydney, in March
2008. BVRI photometry was taken with the Euler telescope on
La Silla in April 2008, confirming the presence of an eclipse. In
the SuperWASP survey (Pollacco et al. 2006), this system was
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also observed in several runs. ASAS 10232 is the third brightest
HW Vir system with my = 11.6 mag, which makes it well suited
for follow-up observations.

2. Observations
2.1. Photometry

Observations of ASAS 10232 were taken in the nights of the 10,
11, 12, 13, and 31 March 2008 in the B, V, and I band
with a 12”7 LX200 GPS Schmidt-Cassegrain Telescope at the
Carnes Hill Observatory in Sydney, Australia. More lightcurves
in BVRI were taken with the 1.2-m Leonhard Euler Telescope
at the La Silla Obervatory, Chile, in the nights of the 23 and
25 April 2008. Moreover, a lightcurve of this system was ob-
served with the robotic SuperWASP telescope at the South
African Astronomical Observatory in three runs from May 2006
to January 2009. A broad band filter (400-800 nm) was used for
this observation.

2.2. Spectroscopy

Fifteen medium-resolution spectra (R = 3400) of ASAS 10232
with exposure times of 70 s were obtained with the EMMI spec-
trograph at the ESO-NTT Telescope in La Silla, Chile, from
the 11 to 14 January 2008. These spectra cover only a small part
of the optical spectrum (39004360 A) and are well suited to
radial velocity work, but not to determining the atmospheric pa-
rameters. Another 33 spectra (R ~ 1750, 3800-6540 A) were
thus obtained on the 20 and 25 February 2010 with the GMOS
spectrograph mounted at the 8.1 m Gemini South telescope at
Cerro Pachén Observatory in service mode with an exposure
time between 100 and 300 s. The EMMI data were reduced
with the MIDAS package distributed by the European Southern
Observatory (ESO). The GMOS data were reduced with the
PAMELA! and MOLLY' packages.

3. Spectroscopic analysis

The optical EMMI and GMOS spectra offer good phase cover-
age of the radial velocity curve. The GMOS spectra enabled us
to determine the atmospheric parameters covering about half of
the orbit.

3.1. Radial velocity curve

The radial velocities were measured by fitting a combination of
Gaussians, Lorentzians, and polynomials to the Balmer and he-
lium lines of all spectra. Assuming a circular orbit, sine curves
were fitted to the RV data points in fine steps over a range of test
periods. For each period, the y? of the best fitting sine curve
was determined (see Geier et al. 2011a). At first the EMMI-
and the GMOS-datasets were fitted separately. In each case the
best solution had the same orbital period as derived from the
lightcurve (P =~ 0.139d). Both datasets cover either the full
phase (EMMI) or about half of the phase (GMOS). While the
RV-semiamplitudes are similar, the system velocities of the two
datasets show a significant shift of about 27 km s~! with respect
to each other. This shift is probably an instrumental effect. More
observations are needed to solve this issue.

' http://www2.warwick.ac.uk/fac/sci/physics/research/
astro/people/marsh/software
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Fig. 1. Radial velocity plotted against orbital phase of ASAS 10232.
The RV data was folded with the period measured from the SuperWASP
lightcurve. The RVs were determined from ESO-NTT/EMMI spectra
(triangle) and Gemini/GMOS spectra (rectangular). The errors are for-
mal 1o uncertainties. The GMOS-RVs were shifted systematically to
fit to the EMMI results.

He 14472
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Fig. 2. Fit of the GMOS spectrum nearest to phase 0, the dashed line

shows the measurement and the solid line shows the best fitting syn-
thetic spectrum.

Taking the average value of the solutions derived from the
two datasets, the semiamplitude of the radial velocity curve was
determined to K; = 81.0 + 3kms~'. Figure 1 shows a phased
RV-curve where the radial velocities derived from the GMOS
spectra have been shifted by —27 kms~!.

3.2. Atmospheric parameters

Atmospheric parameters were determined by fitting synthetic
spectra to the observed Balmer and helium lines of each of
the 33 GMOS spectra using SPAS (Hirsch 2009). A model grid
of synthetic spectra was calculated by using LTE model atmo-
spheres with solar metalicity and metal line blanketting (Heber
et al. 2000). Because some HW Vir systems showed an appar-
ent change in the atmospheric parameters over the orbital phase
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Table 1. Radial velocities of ASAS 10232.

Mid-HJD RV [kms™']  Instrument
2454 476.71277 109.7 £ 8.2 EMMI
2454 476.72692 85.0+£9.0
2454476.79412  -30.3 £ 10.0
2454 477.71635 28.4 +10.6
2454 477.73450 -33.3+89
2454 477.75857 -55.8+9.5
2454 477.84140 92.8 +£9.7
2454 477.87249 -18.4 +9.1
2454 477.87674 -34.0 £ 10.0
2454 478.66009 106.6 + 11.2
2454 478.68602  50.9 = 10.0
2454 478.76423 11.2 + 8.7
2454 478.87209 -56.2 +7.5
2454 479.73826 14.6 + 8.9
2455247.69381 127.4 £ 10.2 GMOS
2455247.69571 130.4 £ 9.8
2455247.69801 136.2 £ 10.2
2455247.69961 1373 £104
245524770092  143.0 £ 10.2
2455247.70224 1443 +£99
2455247.70355 144.3 £ 10.1
245524770486  147.9 + 10.1
245524770618 147.5 £ 10.2
245524770750 149.9 + 10.2
2455247.70881 148.6 £9.9
2455247.71013 149.3 £+ 9.8
2455252.68221 47.8 +9.7
2455252.68584 589 +9.6
2455252.68947 68.6 +£9.5
2455252.69310 81.6 £9.9
2455252.69673 939 +9.7
245525270036  106.6 + 10.2
245525270399 114.2 +10.3
245525270762  127.4 £ 10.2
245525271125 1372 «11.5
2455252.71488 143.7 +9.9
245525271851  149.1 £ 10.1
245525272214  150.8 £ 10.1
245525272577 1489 +10.2
245525272940 146.5 £ 10.0
245525273303  143.8 £ 10.0
245525273666 1354 +10.0
2455252.74029  126.9 + 10.1
2455252.74392  115.1 £ 10.0
2455252.74755 104.0 £ 10.0
2455252.75118 91.9+99
2455252.75481 76.7 £9.9

(e.g. Wood & Safter 1999; Drechsel et al. 2001), all spectra were
fitted separately. This effect is linked to the reflection effect since
the contribution of the companion to the spectra is stronger the
more the heated side is visible.

The variation in the parameters over the phase is likewise
clearly visible for our star system. The temperature seems to
change about 1500 K, and the surface gravity about 0.09 dex
over the phase as can be seen in Fig. 3. The helium abun-
dance shows a scatter of about 0.5 dex, which is not much
more than the statistical error. For a grazing eclipse the least
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Fig. 3. Apparent variation of the atmospheric parameters over the phase.
Temperature, surface gravity and helium abundance were measured
from the Gemini/GMOS spectra. The errors are statistical errors.

contamination by the secondary, hence the most accurate, value
is expected for phase 0. Unfortunately, the binary was not ob-
served at this phase. We adopted the value closest to phase zero
and therefore a temperature of 28 400 = 500 K, a surface gravity
of logg = 5.60+0.05 and a helium abundance of about 1.8 + 0.2.
We considered bigger errors than the statistical errors, which can
be seen in Fig. 3, to account for the change in the parameters over
the phase and systematic errors. The helium abundance is sub-
solar as in most sdBs. Such atmospheric parameters are typical
of sdBs in HW Vir systems (see Fig. 4).
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Fig. 4. T.s — log g-diagram. The helium main sequence (HeMS) and the
EHB band (limited by the zero-age EHB, ZAEHB, and the terminal-age
EHB, TAEHB) are superimposed with EHB evolutionary tracks from
Dorman et al. (1993). The position of ASAS 10232 is indicated with a
solid diamond. Open diamonds mark the position of other HW Vir-like
systems (Charpinet et al. 2008; Drechsel et al. 2001; For et al. 2010;
Geier et al. 2011b; Maxted et al. 2002; Klepp & Rauch 2011; @stensen
et al. 2008, 2010; Wood & Saffer 1999; Almeida et al. 2012; Barlow
et al. 2013).

0.95 -

0.9 % primary eclipse #

normalized light

0.85 - o

residuals
o

-0.01

orbital phase

Fig. 5. Phased SuperWASP lightcurve. The solid line demonstrates the
best-fitting model. In the bottom panel the residuals can be seen. The
wave pattern that is seen in the residuals can be explained by the sim-
plified treatment of the reflection effect. Better models of the reflection
effect should remove this wave pattern.

4. Photometric analysis
4.1. Ephemeris

The SuperWASP lightcurve (see Fig. 5) clearly shows that
ASAS 10232 is a short-period binary with a grazing eclipse. The
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Fig. 6. Phased lightcurves of ASAS 10232 in the B (x), V (X), and I (+)
band taken from the Carnes Hill Observatory: V is shifted by 0.05, I is
shifted by 0.1.
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Fig.7. O—C diagram of ASAS 10232 from the SuperWasp and ASAS
observations with a fit of a parabola to determine a period derivative.

huge reflection effect indicates a cool main sequence star com-
panion. The Carnes Hill Observatory lightcurves (see Fig. 6) in
the three bands B, V, and I were used to determine the time of
the primary minimum. Parabolas were fitted to the minimum ob-
tained on the night of 13 March 2008, where the minimum was
clearly visible in all bands. From the different measured times
of the minima in the different bands, the standard deviation was
calculated as the error in time. Since the SuperWASP lightcurve
has much higher accuracy and covers a longer time span it was
used to determine the orbital period of the system. The period
derivative was found by a fit of a parabola to the O—C curve
measured from the SuperWASP and BVI lightcurves, see Fig. 7:

HID = 2454538999689 + 0913926940 x E — 6!1 x 107! x E?
+42 +4 +2.3

The period derivative is not yet a three-sigma detection, more
observations are needed to confirm it.
4.2. Lightcurve solution

The phased B, V, I lightcurves along with the white-light
SuperWASP lightcurve were analysed with the MORO code
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Table 2. Parameters of ASAS 10232 ( TYC 7709-376-1).

Coordinates 10 23 22 -37 37 00 (J2000.0)
Proper motions —28.9 -22.8 [2.4 2.4 35] mas/yr
Mass of the sdB Mg [My] | 0.461 +0.051
Mass of the companion Momp [My] | 0.157 £0.017
Separation a [Ro] | 0.963 +0.036
Mean radius of the sdB Ry [Ro] | 0.179 +£0.011
Mean radius of the comp Reomp [Ro] | 0.256 £0.015
Surface gravity (phot) log g(sdB) 5.60 £ 0.02
Surface gravity (spec) log g(sdB) 5.60 + 0.05

(Drechsel et al. 1995). This lightcurve solution program is based
on the Wilson-Devinney approach (Wilson & Devinney 1971),
but uses a modified Roche model that considers the radiative
pressure of hot binaries. For the analysis of the SuperWASP
lightcurve normal points were formed by binning the fluxes of
individual measurements over narrow time intervals. This is nec-
essary because of the huge number of data points (13816 data
points were binned to 478 normal points) that would make the
analysis very tedious.

We used the Wilson-Devinney mode 2, which does not re-
strict the system configuration and links the luminosity and the
temperature of the second component on the basis of the Planck
law. Since the luminosity ratio is very high and the companion
contributes almost exclusively via the reflection effect, the mea-
sured temperature of the companion is not reliable. Because of
the high number of parameters (12 + 5N = 32), some have to be
deducted from spectral or theoretical constraints.

Owing the early spectral type of the primary star the gravity
darkening exponent can be fixed at g; = 1 as expected for ra-
diative outer envelopes (von Zeipel 1924). For the cool convec-
tive companion, g, was set to 0.32 (Lucy 1967). The linear limb
darkening coefficients were interpolated from the tables of Wade
& Rucinski (1985) and fixed at x;(B) = 0.26, x;(V) = 0.22,
x1(I) = 0.165, x;(white) = 0.20. Since only monochromatic
lightcurves are calculated in the lightcurve solution program, we
used the central wavelengths of the band filters. The secondary’s
limb darkening coefficient x, was varied as the limb darken-
ing of such heated objects cannot be predicted. The tempera-
ture of the hot component was taken from the spectral analysis
(Ter saB = 28400 K).

For the albedos of the companion values exceeding 1 were
needed to model the reflection effect. This can be explained with
processes in the stellar atmosphere that cause a spectral redistri-
bution of the irradiated energy with wavelength. The third light
that accounts for the disturbance by a potential third object in
the system was first varied but then set to 0 because it did not
deviate from this value. As the spectral type of the companion is
very late, radiation pressure does not play a role, and the radia-
tion pressure coefficient for the companion was fixed to zero (cf.
Drechsel et al. 1995, 2001).

The rest of the parameters, such as the radiation pressure co-
efficient for the primary star, the inclination, the effective tem-
perature of the companion, and the Roche potentials, were ad-
justed. A grid with different fixed mass ratios and different start
parameters was calculated. All four lightcurves were analysed
simultaneously. That there are so many correlated parameters
means a unique solution cannot be found from the lightcurve
alone, because of the degeneracy of mass ratio and radii of the
components. In Table 3 the parameters of the lightcurve solution
with the best standard deviation can be found.

Table 3. Best lightcurve solution of ASAS 10232.

Fixed parameters:

q(=M> /M) 0.34
Teg(1) [K] 28400

a1” 1.0

g.b 0.32

x1(B)° 0.26

x(V)© 0.22

x1(I)* 0.165

X1 (white)® 0.20

8¢ 0.0

' 0.0

Adjusted parameters:

i [°] 65.86 = 0.69
Ter(2) [K] 3380 + 561
Ay 0.94 +0.03

Ay® 1.21 £0.13
Q,f 5.700 + 0.260
Q,/ 2.673 £0.052
= (BY 0.99954 + 0.00077
L]L+‘L2 (Vys 0.99804 + 0.00247
L,ef_le([)g 0.99036 + 0.00845
L]L+‘L2 (white)? 0.99709 + 0.00337
0 0.0123 + 0.0080
x(B) 0.638 £ 0.097
x(V) 0.548 +0.0630
x (1) 0.625 +0.087
X,(white) 0.238 £ 0.089
Roche radii” :

ri(pole) [a] 0.184 +0.009
r1(point) [a] 0.186 + 0.00
ri(side) [a] 0.185 +0.009
r1(back) [a] 0.186 +0.009
r,(pole) [a] 0.248 + 0.009
r,(point) [a] 0.286 +£0.017
ro(side) [a] 0.256 +0.010
r,(back) [a] 0.277 +£0.014

Notes. @ Bolometric albedo. ® Gravitational darkening exponent.
© Linear limb darkening coefficient; taken from Wade & Rucinski
(1985). @ Radiation pressure parameter, see Drechsel et al. (1995).
© PFraction of third light at maximum. “” Roche potentials. ¥’ Relative
luminosity; L, is not independently adjusted, but recomputed from r,
and Tg(2). ™ Fractional Roche radii in units of separation of mass
centers.

The Euler lightcurves are consistent with this solution as can
be seen in Fig. 8. The only difference is a higher albedo of 1.3
for the companion. Because the Euler lightcurves have a good
signal-to-noise and four different colour bands are covered, the
higher albedo is probably preferable.

Figure 9 shows the equipotential surfaces of both compo-
nents for the case of the best solutions over the phase. It is clearly
visible that ASAS 10232 is a detached system with a grazing
eclipse since both components stay inside their Roche lobe.
The companion is bigger than the primary star and is slightly
distorted.

5. System parameters

Since the radial velocity amplitude of the companion is not
known and a degeneracy in the mass ratio appears in the
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phase
Fig. 8. BVRI Euler lightcurves with the model from the parameters of

the best solution, but a higher A, = 1.3, every lightcurve is shifted
by 0.05.

Fig. 9. Equipotential structure of ASAS 10232 corresponding to the best
fit solution over the phase from 0.5 to 0.5 in steps of 0.125.

lightcurve solutions, we do not have a unique solution of the sys-
tem yet. The solution with the smallest standard deviation from
the lightcurve model to the measured values is found for a mass
ratio ¢ = 0.34. For this mass ratio we derive an inclination angle
of i = 65.9° from the lightcurve analysis. Furthermore, the mean
radii for the components could be determined: R;/a = 0.185
and R,/a = 0.266, where a is the separation of the mass centres.
Together with the K; = 81.0 = 3.0km s~! measured from the
radial velocity curve and the mass ratio ¢, the inclination i and
the period P = 0.13927 d, determined from the lightcurve, the
masses of the components M; = 0.461 + 0.051 My and M, =
0.157 £ 0.017 M, were derived. Moreover, the separation a =
0.963 = 0.036 Ry, hence the absolute values for the radii of the
stars Rygg = 0.179 + 0.011 Ry and Reomp = 0.256 + 0.015 R,
could be calculated.

Radius and mass of the companion leads to the conclusion
that the companion must be an M dwarf. The derived mass for
the sdB is consistent with theoretical calculations for the forma-
tion of sdBs via the common envelope channel (Han et al. 2002,
2003).

A18, page 6 of 7

To check this solution the surface gravity determined from
the spectra can be compared to a photometric surface gravity.
This surface gravity is derived via the mass—radius relation from
the mass and radius calculated from the radial velocity curve
together with the lightcurve analysis. The surface gravity de-
termined in this way logg(phot) = 5.60 + 0.02 is in perfect
agreement to the spectroscopic surface gravity log g(spec) =
5.60 + 0.05.

6. Conclusions

We discovered the new eclipsing sdB star ASAS 102322-3737.0,
which shows a grazing eclipse and a huge reflection effect that
is the only contribution of the companion to the optical light
of the system. It has an orbital period of P = 0.13927 d and
an inclination of i = 65.9°. A unique solution cannot be found
because of a degeneracy in the mass ratio. The best lightcurve
solution was calculated for a mass ratio of ¢ = 0.34. The masses
of the components for this solution My = 0.461 + 0.051 Mg
and Mcomp = 0.157 £ 0.017 M, are typical of an sdB and a late
main sequence star. Also the spectroscopic and the photomet-
ric surface gravity are in agreement. Since ASAS 10232 is very
bright it is possible to apply rapid high-resolution time-series
spectroscopy to search for spectral features and the RV semi-
amplitude from the companion to resolve the degeneracy in the
mass ratio, as done for AA Dor (Vuckovié et al. 2008).

Some of the sdBs were found to be pulsating. There are
two classes of sdB pulsators, p-mode pulsators with periods of
some minutes and g-mode pulsators with periods of 0.5 to 2 h,
which are separated by their atmospheric parameters. Until now
only one pulsating HW Virginis system was found, NY Virginis
(Vuckovic et al. 2007). Such systems are very interesting since it
is possible to compare the results from asteroseismology to the
results from the lightcurve analysis of the eclipses. If it is pulsat-
ing, the parameters of ASAS 10232 would suggest that it is most
likely a g-mode pulsator. However, the Euler lightcurve with the
best signal-to-noise shows no sign of pulsation. But the strong
reflection effect could hide the pulsations.

Period variations have been found for almost all of the
HW Vir systems that have accurate eclipse timings covering
more than five years, which may be attributed to the presence
of a third body. In several cases the third bodies are likely to
be one (or two) giant planet(s). These discoveries were unex-
pected, because it is considered to be difficult for giant planets
to form around main sequence binaries owing to the short life-
time of circumbinary disks. In addition, such planets may not be
able to survive common envelope (CE) evolution. Instead, it has
been suggested that these circumbinary planets are second gen-
eration (Zorotovic & Schreiber 2013), which is formed from the
instability of a post-CE disk. Zorotovic & Schreiber (2013) also
proposed an alternative scenario for the period variations due to
processes acting in deeply convective secondary stars.

HW Vir has been monitored for more than 28 years now and,
Lee et al. (2009) found two sinusoidal variations of the light-
travel time for HW Vir from 24 years of data, suggesting there
are two substellar objects orbiting the close binary. New observa-
tions by Beuermann et al. (2012), however, deviate significantly
from the prediction of Lee et al. (2009). The new solution in-
volves one planet and a brown dwarf or low-mass star orbiting
the HW Vir binary (Beuermann et al. 2012). The new solution
was found to be stable in contrast to that of Lee et al. (2009).

These findings suggest that the probablity of finding pe-
riod variations in ASAS 10232 as well is high, whether due to
substellar objects or the active secondary. The lesson learned
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from HW Vir is that long-term and dense monitoring is a pre-
requisite (Beuermann et al. 2012). ASAS is the third brightest
HW Vir system known: only one magnitude fainter than HW Vir,
which allows us to use readily accessible small telescopes to ob-
tain lightcurves. It is therefore a promising target for amateur
and secondary school observatories to team up with professional
astronomers (Backhaus et al. 2012).
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ABSTRACT

Hot subdwarf B stars (sdBs) are evolved core helium-burning stars with very thin hydrogen envelopes. To form an sdB, the progenitor
has to lose almost all of its hydrogen envelope right at the tip of the red giant branch. In close binary systems, mass transfer to the
companion provides the extraordinary mass loss required for their formation. However, apparently single sdBs exist as well, and their
formation has been unclear for decades. The merger of helium white dwarfs leading to an ignition of core helium-burning or the
merger of a helium core and a low-mass star during the common envelope phase have been proposed. Here we report the discovery of
SB 290 as the first apparently single, fast-rotating sdB star located on the extreme horizontal branch, indicating that those stars may

form from mergers.

Key words. binaries: spectroscopic — subdwarfs — stars: rotation

1. Introduction

Hot subdwarf B stars (sdBs) are core helium-burning stars with
thin hydrogen envelopes situated at the extreme end of the blue
horizontal branch (Heber 2009). Horizontal branch stars are nor-
mally formed after the ignition of core helium-burning in the
red-giant phase. However, the hydrogen envelopes of sdBs are
extremely thin and strong mass loss just at the tip of the red-
giant branch is needed to form them.

Ejection of a common envelope can be held responsible for
the strong mass loss to form sdB stars in close binaries, which
make up for half of the sdB population. While stable Roche lobe
overflow explains the formation of sdB stars with main sequence
companions in wider orbits, the existence of single sdB stars still
remains a riddle. The most popular scenario invokes mergers
of helium-core white dwarfs (Webbink 1984; Iben & Tutukov
1984). Politano et al. (2008) proposes the merger of a red giant
and a low-mass main sequence star during the common envelope
phase as another possible formation channel.

An important constraint for evolutionary scenarios is the dis-
tribution of the rotational properties of sdB stars. Geier et al.
(2010) have studied a sample of close binary sdB stars and
find that short-period systems (orbital periods P < 1.2 d) show
significant rotation, while the longer period systems are slow ro-
tators. Tidal interaction with the companion is thus important
for the v,y sin i-distribution of binary sdBs, and it has spun up
the sdB stars in the closest systems.

To avoid tidal interaction effects, Geier & Heber (2012) ex-
tended their study to 105 apparently single and wide binary
sdB stars and found all of them to be slowly rotating at v, sin i <
10kms~!. This result challenges merger scenarios because it

* Appendix A is available in electronic form at
http://www.aanda.org

Article published by EDP Sciences

would require rapid loss of angular momentum after the merger
event.

The only exception known is EC 22081-1916, which rotates
at vy sini = 163kms™!. There is no hint of any radial veloci-
ty variations, excluding a close companion and therefore tidal
interactions. However, this star differs from typical sdB stars on
the extreme horizontal branch (EHB) because its surface gravity
is an order of magnitude lower. It must be an evolved object and
may have formed quite differently from EHB stars (Geier et al.
2011a).

In the course of our studies of sdB stars at high spectral res-
olution (Geier et al. 2010, 2011a; Geier & Heber 2012; Geier
2013), the sdB star SB 290 caught our attention because of its un-
usual line shapes. SB 290 (CD-38222) was discovered as a B-
type star in the objective prism survey of the south Galactic pole
region by Slettebak & Brundage (1971). Graham & Slettebak
(1973) classified the spectrum of SB 290 as an sdB. Its atmo-
spheric parameters were derived from the spectral energy dis-
tribution including IUE UV spectrophotometric data and optical
spectra (Heber et al. 1984). The results (T = 28 200 + 1300 K,
logg = 5.5 £ 0.2, and helium abundance logy = -2.4) place
SB 290 on the EHB, as expected for a prototypical, core-helium
burning, sdB star.

The first indication that SB 290 is not as typical as it seemed
at first glance came from high-resolution optical spectra reveal-
ing a helium isotopic anomaly. Isotopic line shifts were found
that indicate that the *He isotope in the atmosphere is almost
completely replaced by 3He due to gravitational settling (Heber
1987). Eventually, SB 290 became the prototype of a small class
of sdBs showing this anomaly (Edelmann et al. 2001; Geier et al.
2012).

Kiigler (1991) noted significant broadening of the Balmer
line cores of SB290. O’Toole (2004) analysed high-resolution
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UV-spectra of SB 290 obtained with the IUE satellite and also
found the metal lines to be significantly broadened compared to
the other sdBs in his sample.

2. Possible line broadening mechanisms

Following the discussion in Geier et al. (2011a), there are dif-
ferent mechanisms that may cause this broadening. High mag-
netic fields that may cause a Zeeman-splitting of the lines as
observed in magnetic white dwarfs can be excluded. Most re-
cently, Mathys et al. (2012) have measured the magnetic field of
SB 290 using the FORS2 instrument at ESO-VLT in spectropo-
larimetric mode. Although they report a marginal detection of a
few hundred kG, this field strength is much too small to cause
the observed line broadening.

A plausible explanation would be a close companion to
SB 290. Hot subdwarfs with high measured projected rotational
velocities (vyor sini > 100 kms™") mostly reside in very close bi-
nary systems with orbital periods of ~0.1d. Those sdBs were
spun up by the tidal influence of their close companions, and
their rotation became synchronised to their orbital motion (e.g.
Geier et al. 2007, 2010).

The colours of SB290 (J — Ks ~ 0.06, 2MASS, Skrutskie
et al. 2006) do not show any signs of a cool companion (Stark &
Wade 2003). A putative close companion, which is also not visi-
ble in the optical spectra, must therefore be either a low-mass
main sequence star (with spectral type later than about M2), a
compact object like a white dwarf, or a substellar object. While
a close white dwarf or M-star companion would cause RV vari-
ations of tens or hundreds of kms~!, any cool companion with a
size similar to the sdB primary, no matter whether it is stellar or
substellar, would be detectable in the light curve. Close sdB+dM
or BD systems are often eclipsing, but they also show sinusoidal
variations due to light orginating at the irradiated surface of the
cool companion (e.g. Geier et al. 2011c¢).

Furthermore, it can be premature to conclude that line broad-
ening is due to rotation, since many sdB stars show multi-
periodic pulsations with short periods (2—10 min), which can re-
sult in line broadening as high as 34kms~! in time-integrated
spectra and extreme cases (Kuassivi et al. 2005).

Therefore we extracted photometric measurements from the
SuperWASP archive and searched for short-period light varia-
tions. If the broadening were indeed due to rotation, we would
expect that SB 290 had been spun up by tidal interaction with
a close companion. Assuming spin-orbit synchronisation, we
would expect an orbital period of ~0.2 d. Therefore, we also ob-
tained time-resolved spectroscopy to verify the existence of a
nearby companion.

3. Observations, light curve, and radial velocity
curve

3.1. Photometry

Thanks to its brightness, SB 290 has been monitored by plan-
etary transit surveys. An excellent white light curve taken
from May 2006 to December 2007 was downloaded from the
SuperWASP Public archive! (Pollacco et al. 2006). The light
curve consists of no fewer than 10 192 single measurements.

To search for periodic variations in the SuperWASP light
curve, we performed a Fourier analysis using the FAMIAS rou-
tine developed by Zima (2008). No significant light variations

! http://www.wasp.le.ac.uk/public/lc/index.php
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Fig. 1. Time resolved photometry (SWASP, lower panel) and radial ve-
locities of the CYCLOPS and EFOSC?2 spectra (middle panels) plotted
against phase. The data has been folded to the upper limit for the orbital
period of a putative close binary with synchronised rotation of the sdB
(P =~ 0.22d, see Geier et al. 2011a). Two complete phases are plotted
for better visualisation. Since no significant variations can be seen in the
data, SB 290 is not in a close binary system. The nightly average values
of the radial velocities measured from all spectra is plotted against the
Julian Date (upper panel). The oldest RV point dates back to 1969 and
is taken from Graham & Slettebak (1973).

have been detected (see Fig. 1, lower panel). A cool low-mass
stellar or substellar companion in close orbit can therefore be
excluded. Although the uneven sampling of the light curve does
not allow a proper search for pulsations, strong variations caus-
ing significant line broadening can be excluded as well.

3.2. Time-resolved spectroscopy

Time-resolved medium-resolution spectroscopy (R =~ 4000, A =
3500-5100 A) was obtained in the course of the MUCHFUSS
project (Geier et al. 2011b). One dataset consisting of 19 spec-
tra was taken with the ISIS spectrograph mounted at the
WHT in August 2009. Reduction was done with standard
IRAF procedures. Another set of 20 single spectra (R =
2200,4 = 4450-5110A) was obtained with the EFOSC2
spectrograph mounted at the ESO-NTT in November 2009.
Reduction was done with standard MIDAS procedures. Finally,
34 high-resolution spectra (R =~ 70000,1 = 3900-5270 A)
were obtained with the UCLES spectrograph equipped with the
CYCLOPS fibre feed’> and mounted at the AAT in July 2010.
Radial velocities were measured by fitting a set of mathe-
matical functions (polynomial, Lorentzian, and Gaussian) to the
Balmer and suitable helium lines of the spectra using the FITSB2
routine (Napiwotzki et al. 2004). No significant RV variations
were measured within the EFOSC2 and CYCLOPS datasets’.
The radial velocity of the CYCLOPS spectra is constant

2 For some details on this instrument see http://www.phys.unsw.
edu.au/~cgt/CYCLOPS/CYCLOPS_Classic.html

3 The ISIS spectra showed a linear trend in RV most likely caused by
flexure of the instrument, because the target was observed at a very high
zenith distance.
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Fig. 2. Fit of synthetic LTE models to the hydrogen Balmer lines of the
medium-resolution ISIS spectrum.

at =25 = 4kms~!, the one of the EFOSC2 spectra at —10 =
Skms~!, where the standard deviations of the respective sin-
gle measurements are adopted as uncertainties (see Fig. 1, mid-
dle panels). Since no RV variations have been measured on
timescales of a few hours, we can exclude any close stellar
companion.

3.3. Long-term RV variations

While there is only a small discrepancy between the RVs mea-
sured from the CYCLOPS and EFOSC2 datasets, which might
have come from zero-point shifts between the two instruments,
Graham & Slettebak (1973) measured a significantly different
RV of —52.3 + 7.5kms™!. To investigate the possibility of an
unseen companion in a wide orbit, we measured the RVs from
spectra taken within the past 25 years (see Table A.1).

A high-resolution spectrum was taken back in 1986 with
the CASPEC spectrograph (R = 30000,1 = 3800-5000 A)
mounted at the ESO 3.6 m telescope at La Silla. Two high-
resolution spectra were taken in 2002 with the FEROS spec-
trograph (R = 48000,4 = 3750-9200A) mounted at the
ESO 1.52 m telescope and another two spectra were taken with
FEROS mounted at the ESO/MPG 2.2 m telescope at La Silla in
2006. The spectra have been reduced with the MIDAS package.

The spectra taken with CASPEC and FEROS indeed show
a maximum RV-shift of ~25km s~ within 16 yr. SB 290 might
therefore have an unseen companion in a wide orbit (see Fig. 1,
upper panel), which is, however, not likely to be responsible for
the observed line broadening of the sdB.

4. Atmospheric parameters and rotational
broadening

Atmospheric parameters have been determined by fitting a
grid of synthetic spectra, calculated from line-blanketed, solar-
metallicity LTE model atmospheres (Heber et al. 2000), to the
hydrogen Balmer (Hg — H;3) and helium lines (He 14026, 4472,
4713, 4922, 5016 A) of the coadded ISIS spectrum using the
SPAS routine developed by Hirsch (e.g. Geier et al. 2011b).
Statistical errors are determined with a bootstrapping algorithm.
The resulting effective temperature T.s = 26300 = 100K,
surface gravity logg = 5.31 + 0.01 and helium abundance
logy = —2.52 + 0.08 are characteristic for sdB stars.
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Fig. 3. Fit of synthetic LTE models to selected hydrogen Balmer and
helium lines of the high-resolution FEROS spectrum. The thin solid
line marks models without rotational broadening, the thick solid line the
best-fitting model spectrum with vy sini = 58 km s7!. The significant
rotational broadening of the lines is obvious.

To measure the projected rotational velocity, we used the
coadded high-resolution FEROS spectrum, which is very well
suited to this purpose (see Geier et al. 2010; Geier & Heber
2012). The atmospheric parameters have been fixed to the values
derived from the ISIS spectrum, and only the v, sini has been
fitted. As can be seen in Fig. 3, the helium lines are significantly
broadened. To fit those lines, as well as the Balmer line cores,
a broadening of 58 + 1kms™! is necessary. After excluding all
alternative scenarios we conclude that this broadening is caused
by rotation.

In addition to Balmer and helium lines, the spectrum shows
several metal lines. The C1I lines at 4267 A, as well as the
Siqr lines at 4552, 4567, 4574, and 5739 10\, are strong enough
to measure both the abundances and the rotational broadening in
the way described in Geier (2013). The v sini = 48 + 2kms™!
measured from those lines is somewhat smaller than the one
measured from the Balmer and helium lines.

Geier (2013) reports the discovery of C 1T and Si I lines with
peculiar shapes in sdB stars, which also show the *He anomaly.
The observed lines appeared narrower than the synthetic line
profiles, even without any rotational broadening. Vertical stratifi-
cation in the atmosphere may be responsible. Since SB 290 is the
prototype for the *He-sdBs, it might also be affected. However,
owing to the high line broadening, the effect might be less obvi-
ous and only lead to an underestimate of vy sin i. In this special
case, we therefore regard the rotational velocity derived from the
Balmer and helium lines to be more reliable. The abundances of
carbon (logec = 7.10 + 0.30) and silicon (log €5; = 7.28 + 0.15)
are typical of sdBs in this temperature range (Geier 2013).

By adopting typical systematic uncertainties of +500K
in T and £0.05 dex in log g, these results are also roughly con-
sistent with the previous determination by Heber et al. (1984),
although the effective temperature determined here is somewhat
lower.

5. Discussion

That SB 290 is a fast-rotating sdB star might be an indication
of a merger origin, although empirical evidence grows that the
bulk of the known single sdB stars was not formed by merger
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Fig.4. T.x — logg diagram. The grey circles mark sdBs from the
SPY project (Lisker et al. 2005). The helium main sequence (HeMS)
is plotted and evolutionary tracks have been calculated by Han et al.
(2002) for EHB masses of 0.7 M, (dotted lines), 0.6 M, (short-dashed
lines), and 0.5 M, (long-dashed lines). The tracks to the lower left mark
models without a hydrogen envelope, the tracks in the middle models
with 0.001 M, envelope mass, and the tracks to the upper right models
with 0.005 M, envelope mass.

events (e.g. Fontaine et al. 2012; Geier & Heber 2012). The fast
rotator EC 22081—1916 on the other hand, might be the outcome
of a rare common envelope merger proposed by Politano et al.
(2008). Since the outcome of an He-WD merger should have
no hydrogen envelope at all, while the atmosphere of SB 290 is
hydrogen rich, the common envelope merger might be a possible
formation channel for SB 290 as well.

Hot subdwarf stars formed by a merger event are predicted
to have a broad mass distribution with possible masses of up
to ~0.7 M. Han et al. (2002) calculated evolutionary tracks for
EHB stars with different stellar and envelope masses. SB 290
should be situated close to the terminal-age EHB if its mass is
close to the canonical value (Fig. 4). Looking at Fig. 4 one can
see that the tracks for an EHB mass of 0.7 M, hardly match the
position of SB 290 in the T.s — logg-diagram. With a mass of
0.6 M, SB 290 would be situated close to the zero-age EHB.

However, it might still be premature to exclude a high
mass right away. An object closely related to SB290 might
be the strong sdB pulsator PG 1605+072, which is known to
be a single star with substantial line broadening (v;Sini =
39kms~!, Heber 1999). Although this broadening is most likely
caused by unresolved pulsations rather than substantial rota-
tion (Langfellner et al. 2012), asteroseismic analyses indicate
a high mass of more than 0.7 M (van Spaandonk et al. 2008;
van Grootel et al. 2010). These results are still under debate, but
the tracks for stellar masses of 0.7 M, and different masses of the
hydrogen envelope are more or less consistent with the position
of PG 1605+072 in the T.¢ — log g-diagram.

The confirmation of a companion in a wide orbit might com-
plicate the situation since it would require the progenitor to have
been in a hierarchical triple system before. On the other hand, if
SB 290 had originated in such a triple system, the putative outer
companion may have accelerated the merger process by orbit
shrinkage through Kozai cycles (Fabrycky & Tremaine 2007).
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Appendix A

Table A.1. Radial velocities of SB 290.
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Mid-HJD RV [kms™'] Instrument
—2400 000

40539.50" -523+7.5 Graham & Slettebak (1973)
46 724.57 -159+32 CASPEC
52495.66123 -404+34 FEROS
52495.70637 -39.5+45

53953.84358 -4.1+0.6

53974.88413 —-12.0+0.7

55144.62633 -6.4+3.1 EFOSC2
55144.66202 —-12.0+£5.0

55145.62589 -85+54

55145.62803 —-11.9+52

55145.63016 -9.1+5.8

55145.63229 -9.7+58

55145.63443 —-11.0+5.3

55145.63656 -8.0+5.6

55145.66389 -8.3+6.1

55 145.66602 -9.8+4.7

55145.66815 -10.8 +£6.0

55145.72750 -55+7.7

5514572998 -21.7+7.6

55145.73247 -26.0+94

55146.59354 -6.1+5.5

55146.59602 -3.0+6.0

55146.59851 -8.4+5.0

55146.62859 -10.8+4.3

55146.65136 -9.8+5.7

55146.67425 -7.5+53

55393.22067 -26+5 CYCLOPS?
55393.25356 -24+5

55393.28933 -35+5

55394.17695 -28+5

55394.26083 -27+5

55394.26853 -23+5

55394.27977 -24+5

55394.28749 -25+5

55394.33581 -25+5

55395.22288 -25+5

55395.23057 -24+5

55395.23918 -25+5

55395.24687 -22+5

55395.32561 -23+5

55395.33330 -20+5

55395.34099 -26+5

55396.16408 -21+5

55396.17177 -17+5

55396.18130 -26+5

55396.21822 -30+5

Notes. () The observing time could only be reconstructed to within this night. ® Due to the highly variable signal-to-noise ratio of the single
spectra, consecutive spectra have been coadded until the quality was sufficient to measure the RV to within about the given uncertainty. In this

way, 20 RV epochs have been obtained.
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ABSTRACT

Hot subdwarf B stars (sdBs) are evolved core helium-burning stars with very thin hydrogen envelopes. In order to
form an sdB, the progenitor has to lose almost all of its hydrogen envelope right at the tip of the red-giant branch. In
binary systems, mass transfer to the companion provides the extraordinary mass loss required for their formation.
However, apparently single sdBs exist as well and their formation has been unclear for decades. The merger of
helium white dwarfs (He-WDs) leading to an ignition of core helium burning or the merger of a helium core and
a low-mass star during the common envelope phase have been proposed as processes leading to sdB formation.
Here we report the discovery of EC 22081 —1916 as a fast-rotating, single sdB star of low gravity. Its atmospheric
parameters indicate that the hydrogen envelope must be unusually thick, which is at variance with the He-WD
merger scenario, but consistent with a common envelope merger of a low-mass, possibly substellar object with a

red-giant core.

Key words: stars: horizontal-branch — stars: individual (EC 22081—1916)

1. INTRODUCTION

Hot subdwarf B stars (sdBs) are evolved core helium-burning
stars with very thin hydrogen envelopes residing at the extreme
end of the blue horizontal branch (Heber 2009). The formation
of these stars remains unclear. Normal horizontal branch stars
are formed after core helium burning is ignited in the red-giant
phase. Since the hydrogen envelopes of sdBs are extraordinarily
thin, large mass loss is necessary right at the tip of the red-
giant branch. In the case of the close binaries among the hot
subdwarfs—about half of the known sdB stars are members
of short-period (P < 10 days) systems (Maxted et al. 2001;
Napiwotzki et al. 2004a)—the required mass loss is triggered
by the formation of a common envelope, which is finally ejected.
The formation of sdBs with main-sequence companions in wide
orbits on the other hand can be explained by stable Roche lobe
overflow (Han et al. 2002, 2003).

The formation of single sdBs is less well understood. Several
single star scenarios are currently under discussion (see Heber
2009, for a review), but all these scenarios require either a
fine-tuning of parameters or extreme environmental conditions
which are unlikely to be met for the bulk of the observed
subdwarfs in the field. A particularly interesting scenario has
been suggested by Soker (1998) and Nelemans & Tauris (1998):
single sdB stars could be formed if a substellar companion
in close orbit was engulfed by the red-giant progenitor and
provided sufficient angular momentum to the common envelope
before it was destroyed.

Alternative scenarios invoke stellar mergers to form single
sdB stars. The merger of binary white dwarfs was investigated by
Webbink (1984) as well as Iben & Tutukov (1984) who showed
that an extreme horizontal branch (EHB) star can form when two
helium core white dwarfs merge and the product is sufficiently
massive to ignite helium. Politano et al. (2008) proposed the
merger of a red-giant and a low-mass main-sequence star during
the common envelope phase. However, the merger channel was
under debate, because all single sdBs analyzed so far turned
out to be slow rotators (Geier et al. 2009a), in contrast to the
expectations. Here we report the discovery of the fast-rotating,
single sdB EC 22081—-1916.

2. OBSERVATIONS

EC 22081—1916 (V = 12.9mag, asp00 = 22"10™52%9,
82000 = —19°01'50") was discovered in the course of the
Edinburgh-Cape blue object survey (Stobie et al. 1997) and
classified as an sdB star by Copperwheat et al. (2011). Five high-
resolution spectra were taken with the FEROS spectrograph
(R = 48,000,» = 3750-9200A) mounted at the ESO/
MPG 2.2 m telescope at La Silla. The first spectrum was taken
on 2006 June 14 followed by two exposures on August 9 and 11
in the same year. The last two spectra were taken consecutively
on 2010 October 30. In total, the data points cover a timespan of
4.5 years. The spectra have been reduced with the FEROS-DRS
pipeline in the context of the MIDAS package. A median filter
was applied to correct for cosmics.

EC 22081—1916 has been monitored by planetary transit
surveys. Due to its favorable declination it was observed by both
the All Sky Automated Survey (ASAS; Pojmanski 1997) and the
Northern Sky Variability Survey (NSVS; WozZniak et al. 2004).
Both light curves have been downloaded from the data archives.
The ASAS data set contains more than 450 data points of
Johnson V photometry. We selected data extracted with smallest
aperture and included only measurements of sufficient quality
(flagged from A to C). The light curve was folded to a period
of 0.15 days (see Section 4) and binned. The white light curve
from NSVS contains 93 data points and was phased in the same
way. No variations exceeding 2% (NSVS) and 1% (ASAS) were
detected.

The Vizier database contains several consistent proper mo-
tion measurements of this object. Among them the PPMXL
(g cosd = 17.0mas yr’l, s = —13.5mas yr’l; Roeser
et al. 2010) and UCAC3 (uycosé = 17.7masyr !, us =
—12.1 mas yr~!; Zacharias et al. 2010) values are independently
measured and perfectly consistent within the error bars. Taking
the average values we obtain i = 21.6 mas yr—!.

3. ATMOSPHERIC PARAMETERS AND
ROTATIONAL BROADENING

Atmospheric parameters and projected rotational velocity
(see Table 1) have been determined simultaneously by fitting a
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Table 1
Parameters of EC 220811916
mid-HJD RV Tetr log g logy Vrot SiN i
(kms™1) (K) (kms~!)
2453900.845477 —11.0£1.0 31,500 + 150 4.74 £0.02 —1.91 £0.03 172 +£4.0
2453956.798348* —18.6+2.6 e e cee
2453958.634893 —134+13 31,500 + 190 4.81+0.03 —1.83+£0.04 150 £5.0
2455499.620294 —-13.6+1.0 29,800 + 140 4.67 £0.02 —2.01 +£0.03 172+ 4.0
2455499.639508 —9.0+£1.0 31,200 + 170 4.83+0.03 —1.90 +£0.04 170 £ 4.0
Co-added 31,100 £+ 100 4.77 £0.02 —1.97 £0.02 163 £ 3.0
Note. * Spectrum with low signal-to-noise ratio.
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Figure 1. Fit of synthetic LTE models to some hydrogen Balmer lines. The thin
solid line marks models without rotational broadening, the thick solid line the
best fitting model spectrum with vy sini = 163kms~!.

grid of synthetic spectra, calculated from line-blanketed, solar-
metallicity LTE model atmospheres (Heber et al. 2000), to the
hydrogen Balmer lines (Hg—Hjo) and helium lines (He 1 4026,

4472, 4922, 5876 A and He 11 4686 A) using the SPAS routine
developed by H. Hirsch (e.g., Geier et al. 2011c). The single
spectra have been corrected for their orbital motion and co-
added. Statistical errors are determined with a bootstrapping
algorithm.

As can be seen in Figures 1 and 2, the Balmer line cores
and the helium lines are significantly broadened. In order to
fit these lines, a very high rotational broadening of v,y sini =
163 £ 3kms™! is necessary. The fact that no metal lines have
been found is consistent with this high broadening since weak
features melt into the continuum in this case. The resulting
effective temperature Ty = 31,100 & 1000K and helium
abundance logy = —1.97 £ 0.02 are typical for sdB stars,
whereas the surface gravity of log g = 4.77 £ 0.10 is unusually
low for the effective temperature in question (see Figure 3).

The radial velocities (RVs) of the five single spectra were
measured by fitting model spectra with fixed parameters derived
from the spectral analysis to the Balmer and helium lines using
the FITSB2 routine (Napiwotzki et al. 2004b; see Table 1). No
significant RV variations were measured. The RV of the star is
constant at —13.1 & 3.6kms~!.

AA[A]

Figure 2. Fit of synthetic LTE models to helium lines (see Figure 1). The
extreme rotational broadening of the lines is obvious.

By adopting the canonical mass of sdB stars (0.47 M), we
can derive the distance from the atmospheric parameters and
the apparent magnitude following Ramspeck et al. (2001). The
transversal velocity v, of the starin km s~! can then be calculated
using the simple formula v, = 4.74 d 1, where the distance d is
given in kpc and the proper motion u in mas. The distance to
the star is ~1.5kpc and the transversal velocity ~150km s~!
perfectly consistent with an evolved star in the thick disk or in
the halo (e.g., Tillich et al. 2011).

4. CONSTRAINING THE NATURE OF EC 22081—-1916

EC 22081—1916 has the highest v, sini ever measured for
an sdB star. All other single sdB stars analyzed so far have
Ve Sini < 10kms~! (Geier et al. 2009a). In the following,
we discuss and exclude several possible explanations for this
finding.

Main-sequence star? Rotational velocities exceeding
100kms~! are quite common among main-sequence A and B
stars. Since the surface gravity log g = 4.77 is at the lower end
of the hot subdwarf parameter range, the star may be regarded
as a misclassified massive main-sequence star. This interpre-
tation, however, can be ruled out because the surface gravity
is too high (see Figure 3) and the helium abundance (1/10-
solar) far too low. A double-lined binary consisting of two hot
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Figure 3. T.s—logg diagram. The gray circles mark sdBs from the ESO
Supernova Ia Progenitor Survey (Lisker et al. 2005). The low-gravity sdBs
HS 1736+8001 (Edelmann et al. 2003), PG 1605+072 (Heber et al. 1999), and
J20136+0928 (Dstensen et al. 2011) are plotted as triangles. The helium main
sequence (HeMS) and the EHB band (limited by the zero-age EHB, ZAEHB,
and the terminal-age EHB, TAEHB) are superimposed with EHB evolutionary
tracks for solar metallicity from Dorman et al. (1993). The location of the main
sequence (MS, limited by the zero-age MS, ZAMS, an the terminal-age MS,
TAMS) is indicated by the long-dashed horizontal lines.

main-sequence stars is another option. An unresolved, double-
lined binary may explain the high measured surface gravity,
which could be overestimated in this case. However, we can-
not imagine a combination of main-sequence stars that would
produce such an unusual spectrum.

Hot subdwarf with unresolved pulsations? Two kinds of sdB
pulsators are known. The slow pulsations of the V 1093 Her
stars (sdBVj) are not expected to influence the line broadening
significantly. In the case of the short-period pulsators (V 361 Hya
type, sdBV,), unresolved pulsations can severely affect the
broadening of the lines and therefore mimic higher vy sin i.
Telting et al. (2008) showed that this happens in the case of the
hybrid pulsator Balloon 090100001. Unresolved pulsations are
also most likely responsible for the high v sin i = 39kms™!
measured for the high-amplitude pulsator PG 1605+072 (Heber
et al. 1999).

The five spectra of EC 22081—1916 have been taken with
exposure times ranging from 900s to 1500s. The effective
temperature of the sdB is consistent with the ones of short-period
pulsating sdBs. The typical pulsation periods of sdBV; stars are
of the order of a few minutes and therefore shorter than the
exposure times. However, the measured v, sin i = 163kms™!
is so high that very large photometric variations at periods of a
few minutes would be inevitable. Therefore, the broadening
cannot be caused by unresolved pulsations. The prominent
mode of the strongest known sdB pulsator PG 1605+072 has
a photometric amplitude of ~13% (Koen et al. 1998) and an
RV amplitude of ~15km s~! (O’Toole et al. 2005b). In order
to cause the line broadening necessary to fit EC 22081—-1916,
both values would have to be much higher. Due to the fact that
we neither detect RV variations nor any features in the light
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Figure 4. Time-resolved photometry (ASAS V band, NSVS white light, lower
panels), radial and projected rotational velocities (with formal lo fitting
errors, upper panels) plotted against phase. The data have been folded to the
upper limit for the orbital period of a putative close binary with substellar
companion (P =~ 0.15 days; see Section 4). Two complete phases are plotted
for better visualization. Since no significant variations can be seen in the data,
EC 22081—1916 is neither a strong pulsator nor in a close binary system.

curves (see Figure 4) we conclude that EC 22081—1916 is not
a high-amplitude pulsator.

Hot subdwarf with high magnetic fields? O’Toole et al.
(2005a) discovered magnetic fields up to ~1.5kG in a small
sample of sdB stars. From the analysis of magnetic white dwarfs
with field strengths in the MG range, it is known that small
Zeeman splitting can mimic a broadening of the spectral lines
(see, e.g., Kiilebi et al. 2009). Could EC 22081—1916 be the
prototype of a new sdB class with very strong magnetic fields?
Looking at Figures 1 and 2, this explanation can be ruled out
as well. Zeeman splitting affects every single spectral line in
a different way. In contrast to that, the broadening of the lines
is uniform. We therefore conclude that the line broadening of
EC 22081—1916 is caused by rotation.

Close binary with large RV amplitude and orbital smearing?
The hot subdwarfs with the highest measured projected rota-
tional velocities (vry sini > 100kms~!) all reside in very close
binary systems with orbital periods of ~0.1 days. These sdBs
were spun up by the tidal influence of their close companions
and their rotation became synchronized to their orbital motion
(Geier et al. 2007, 2010).

A close companion would therefore be the most natural
explanation for the high vy sini of EC 22081—1916. The colors
of this star (J — Kg >~ 0.0, 2MASS; Skrutskie et al. 2006) do not
show any signs of a cool companion (Stark & Wade 2003). A
possible unseen companion must therefore be either a low-mass
main-sequence star, a compact object like a white dwarf, or a
substellar object.

White dwarf and main-sequence companions can be immedi-
ately ruled out because no significant RV variations are detected
on timescales of years, days, and half an hour. This is also
a strong argument against the hypothesis that the strong line
broadening may be at least partly caused by orbital smearing.
Since the exposure times of the FEROS spectra are rather long
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(900-1500s5), the RV shift during the exposure would be large in
a close binary with high RV amplitude (e.g., Geier et al. 2007).
However, no RV variations are measured (see Figure 4, upper
panel). Furthermore, a quantitative spectral analysis as outlined
in Section 3 has been performed for a single FEROS spectrum
and no significant variations in the atmospheric parameters or
the v,y sini were detected (see Table 1). Orbital smearing can
therefore be ruled out.

Close binary with small RV amplitude? The remaining option
would be a substellar companion in a very close orbit similar to
the sdB+brown dwarf (BD) binary SDSS J08205+0008 (Geier
et al. 2011b). Assuming that the rotation of EC 22081—-1916
is synchronized, an upper limit for the orbital period can be
calculated. Adopting Mg = 0.47 M, and using the measured
log g, the radius of the star is Ry = /MgG/g =~ 0.47 Re.
Taking the inclination into account (viq = Uy Sini), we
can calculate an upper limit for the orbital period P <
27T Rygp/Vror Sini = 0.145 days. Another strict constraint is set
by the lack of significant RV variations. Taking the standard
deviation of the RV measurements and multiplying it by 3
we end up with a conservative upper limit for the RV semi-
amplitude K < 12kms~!.

Adopting the upper limits for P and K, the companion would
have to be a brown dwarf with ~20 M and a radius of >~0.1 R,.
For inclinations lower than 90° the orbital period of the putative
binary must be shorter, because the absolute rotational velocity
of the sdB has to be higher to keep vy sin i fixed at the observed
value.

However, other important constraints have to be met as well.
Neither the sdB nor its putative companion is allowed to fill their
Roche lobes, because in this case the system would exchange
mass. Since no indicative features for ongoing mass transfer
(e.g., emission lines) are present in the spectra, the system must
be detached. Calculating the Roche radii of both components
as outlined in Eggleton (1983) we derive a minimum orbital
period for the system of ~0.11 days and a minimum inclination
of 47°. For shorter periods and hence lower inclinations the sdB
would fill its Roche lobe. A similar limit (=~0.1 days) is derived,
if we allow K to be smaller than 12kms~!. For orbital periods
shorter than that, a putative brown dwarf companion would fill
its Roche lobe.

These simple calculations show that the possible parameter
space of a close and synchronized binary would be extremely
narrow (P ~ 0.1-0.15days, K ~ 4-12kms~!). Furthermore,
all possible configurations would lead to photometric variabil-
ities easily visible in the light curve. Close sdB+dM or BD
systems are not only often eclipsing, but also show sinusoidal
variations due to light from the irradiated surface of the cool
companion (e.g., @stensen et al. 2010; For et al. 2010; Geier
et al. 2011b). Due to its high temperature and low surface grav-
ity EC 22081—1916 has a very high luminosity compared with
other sdBs, which should lead to a very strong reflection ef-
fect at inclinations of ~50° or higher. Since no variations were
found in the ASAS and NSVS light curves (Figure 4), a nearby
low-mass companion can be excluded as well.

5. CONCLUSION

After excluding all possible alternative scenarios we conclude
that EC 22081 —1916 is the first single sdB star which is rapidly
rotating. Furthermore, the logg of EC 22081—1916 is the
lowest one ever measured for an sdB (see Figure 3). @stensen
et al. (2011) argued that the low gravity of the pulsating sdB
J20163+0928 (log g = 5.15) may be due to a rather thick layer
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of hydrogen. In the model of Han et al. (2002, 2003) even the
merger remnants with the highest masses would need a hydrogen
layer of ~0.01 M, to reach at such low surface gravities.

The formation of such an object through single star evolution
is very hard to explain. EC 22081—1916 thus might have been
formed by a merger event. Three merger scenarios have been
proposed to explain the origin of hot subdwarfs. Webbink (1984)
and Iben & Tutukov (1984) proposed the merger of two He-WDs
as possible formation channel, which has been further explored
by Saio & Jeffery (2002). Han et al. (2002, 2003) included
this channel in their binary evolution calculations and were
able to model both the UV excess in elliptical galaxies (Han
et al. 2007) and the different close binary fractions of sdBs in
populations of different age in a consistent way (Han 2008). He-
WD mergers are believed to have very small envelope masses
and are expected to be situated at the very blue end of the EHB.
Both are at variance with the position of EC 22081—1916 in
the T.—log g diagram (see Figure 3). Justham et al. (2010)
proposed that the merger of a close binary system consisting of
an sdB and an He-WD may form a single helium-enriched sdO.
EC 22081—1916, however, is helium deficient.

EC 22081—1916 most likely belongs to an old stellar pop-
ulation, either thick disk or halo. Its position in the Teg—log g
diagram (see Figure 3) may indicate a mass higher than canoni-
cal, which would be consistent with the predictions by Han et al.
(2002, 2003). If it should be the remnant of an He-WD merger,
this would imply important constraints on the merger process
itself. Since the helium abundance of EC 22081—1916 is 10
times below the solar value, enough hydrogen must have sur-
vived the merger and must have been enriched in the atmosphere
by diffusion processes.

The third channel was suggested by Soker (1998) and further
explored by Soker & Harpaz (2000, 2007). Politano et al.
(2008) followed this idea and focused on the formation of
hot subdwarfs. The merger of a red-giant core and a low-
mass, main-sequence star or substellar object during a common
envelope phase may lead to the formation of a rapidly rotating
hot subdwarf star. This scenario fits particularly well with
observations for several reasons.

First, the helium core of a red giant merges with an unevolved
low-mass star or a brown dwarf. Both have hydrogen-rich en-
velopes. This provides a natural explanation for the low He
abundance and surface gravity of the remnant. The hydrogen is
provided by the merged companion. Furthermore, this compan-
ion also provides the energy required to eject the envelope and
form the sdB. Several sdBs with low-mass stellar and substellar
companions have been found most recently and the true number
may be much higher due to selection effects (e.g., For et al.
2010; Bstensen et al. 2010; Geier et al. 2009b, 2011a, 2011b).

A very important prediction made by Politano et al. (2008)
is that sdBs formed via the CE-merger channel should be rare.
EC 22081—1916 is unique among ~100 slowly rotating sdB
stars analyzed so far (Geier et al. 2009a). In contrast to that,
Han et al. (2002, 2003) predict a large fraction if not all of the
single sdBs to be formed by WD mergers. Unless there is a
mechanism to get rid of all the angular momentum involved in a
merger as suggested by Saio & Jeffery (2002), this observation
is hard to explain.

Furthermore, Politano et al. (2008) predict that a large fraction
of the sdBs formed after CE merger should rotate with a critical
velocity v, which is defined as the rotational velocity at which
mass loss induced by centrifugal forces prevents the red-giant
core to accrete more material from the secondary. Politano
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et al. (2008) estimate this critical velocity to be about one-
third of the breakup velocity vy, = (GM/R)"/?. Using the
parameters derived for EC 22081—1916, we calculate v =~
145kms~! perfectly consistent with the projected rotational
velocity measured from the spectrum.

In conclusion, the scenario proposed by Soker (1998) and
Politano et al. (2008) fits best with the observational data
obtained so far, although the He-WD+He-WD or sdB+He-
WD merger scenarios cannot be ruled out. EC 22081—-1916
is the first candidate for a merger remnant among the hot
subdwarf stars. Similar objects are expected to be found in large
spectroscopic databases like Sloan Digital Sky Survey (SDSS).
Due to the high rotational broadening, the quality of these data
should be sufficient to find them.
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0649 and 084.D-0348. S.G. is supported by the Deutsche
Forschungsgemeinschaft (DFG) through grant HE1356/49-1.
We thank L. Morales-Rueda for sharing her data with us.
Furthermore, S.G. wants to thank Ph. Podsiadlowski, C. S.
Jeffery, R. H. @stensen, and S. J. O’Toole for discussing and
partly defending the merger channel as a possible formation
scenario for hot subdwarfs. Special thanks go to the organizers
of the 4th sdOB meeting in Shanghai where these and other
problems were discussed.
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ABSTRACT

Hot subdwarf B stars (sdBs) are extreme horizontal branch stars believed to originate from close binary evolution.
Indeed about half of the known sdB stars are found in close binaries with periods ranging from a few hours to a
few days. The enormous mass loss required to remove the hydrogen envelope of the red-giant progenitor almost
entirely can be explained by common envelope ejection. A rare subclass of these binaries are the eclipsing HW
Vir binaries where the sdB is orbited by a dwarf M star. Here, we report the discovery of an HW Vir system in
the course of the MUCHFUSS project. A most likely substellar object (=~0.068 M) was found to orbit the hot
subdwarf J08205+0008 with a period of 0.096 days. Since the eclipses are total, the system parameters are very well
constrained. J08205+0008 has the lowest unambiguously measured companion mass yet found in a subdwarf B
binary. This implies that the most likely substellar companion has not only survived the engulfment by the red-giant
envelope, but also triggered its ejection and enabled the sdB star to form. The system provides evidence that brown
dwarfs may indeed be able to significantly affect late stellar evolution.

Key words: binaries: spectroscopic — brown dwarfs — stars: horizontal-branch — stars: individual

(SDSS J082053.53+000843.4)

1. INTRODUCTION

Hot subdwarf B stars (sdBs) are core helium-burning stars
with hydrogen envelopes too thin to sustain hydrogen shell burn-
ing and have masses of about 0.47 M (Heber 2009). The large
fraction of close binaries—about half of the known sdB stars are
members of short-period (P < 10 days) binaries (Maxted et al.
2001; Napiwotzki et al. 2004a)—can be explained by binary
evolution models. The required extraordinarily large mass loss
in the red-giant phase is triggered by the formation of a common
envelope, which is finally ejected. Binary population synthesis
models (Han et al. 2002, 2003) are successful in matching the
observed properties of known systems qualitatively. The ex-
istence of apparently single sdB stars poses another problem.
However, even in this case binary evolution comes to the res-
cue, because such stars may form from the merger of two helium
white dwarfs (Webbink 1984; Iben & Tutukov 1984) or from
the engulfment and possible destruction of a substellar object
(Soker 1998; Nelemans & Tauris 1998).

The existence of eclipsing sdB+dM binaries of HW Vir type
with very short orbital periods (0.1-0.26 days) and very low
companion masses between 0.1 My and 0.2 M, (e.g., For et al.
2010; Dstensen et al. 2010) shows that stars close to the nuclear-
burning limit of ~0.08 M, are able to eject a common envelope
and form an sdB. Claims have been made that the primaries
of AA Dor (Rauch 2000; Rucinski 2009) and HS 2231+2441
(Dstensen et al. 2008) are low-mass sdBs and the companions
therefore substellar. However, in the former case this has been
refuted by the measurement of the companion’s radial velocity
(RV) curve (Vuckovic et al. 2008) and in the latter case by the
gravity measurement (For et al. 2010). Substellar companions to
sdB stars have been found using the light travel time technique

(Schuh 2010, and references therein). However, these systems
have wide orbits and are therefore unlikely to have experienced a
common envelope phase. None of these companions influenced
the evolution of its host star, but the presence of such objects
in wide orbits may be an indication of current or former close
substellar companions to sdBs.

Here, we report the discovery of the short-period eclipsing
HW Vir type binary J08205+0008 from the Massive Unseen
Companions to Hot Faint Underluminous Stars from SDSS
(MUCHFUSS) project. This system is regarded as the first one
in which a close substellar companion to an sdB star has been
detected unambiguously.

2. TARGET SELECTION AND RADIAL
VELOCITY CURVE

The MUCHFUSS project aims at finding sdBs with compact
companions such as massive white dwarfs (WDs; M > 1.0 M),
neutron stars, or black holes. Details on the survey and target
selection procedure are provided in Geier et al. (2011a), and an
analysis of seven sdB binaries in Geier et al. (2011b). The same
selection criteria that we applied to find such binaries are also
well suited to single out hot subdwarf stars with constant high
radial velocities in the Galactic halo and search for hypervelocity
stars. First results of the search for hypervelocity stars are
presented in Tillich et al. (2011).

The MUCHFUSS target selection strategy is tailored to single
out RV variations on time scales of half an hour or less. Such
variations may indicate the presence of short-period systems
of relatively low RV amplitude or longer-period binaries with
high RV amplitudes. The latter are the prime targets for the
core program of MUCHFUSS. Obviously, the campaign is also
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Figure 1. Radial velocity plotted against orbital phase of J08205+0008.
The RV data were phase folded with the most likely orbital period. The
residuals are plotted below. The RVs were measured from spectra obtained with
SDSS (rectangles) and ESO-NTT/EFOSC2 (circles). The errors are formal 1o
uncertainties.

bound to find short-period, low RV amplitude systems with
low-mass stellar or even substellar companions.

SDSS J082053.53+000843.4 (GALEX J082053.6+000843,
in short J08205+0008, g = 14.9 mag) was classified as an sdB
star by color selection and visual inspection of Sloan Digital
Sky Survey (SDSS) spectra (Abazajian et al. 2009), which are
flux calibrated and cover the wavelength range from 3800 A
to 9200 A with a resolution of R = 1800. The six individual
sub-spectra showed significant RV variability and the star
became a high-priority target for the MUCHFUSS spectroscopic
follow-up. Eighteen spectra were taken with the EFOSC2
spectrograph (R ~ 2200, 1 = 4450-5110 A) mounted at the
ESO NTT. Five additional spectra were taken with the Goodman
spectrograph mounted at the Southern Astrophysical Research
(SOAR) telescope (R ~ 2500, A = 3500-6160 A).

The radial velocities were measured by fitting a set of
mathematical functions to the hydrogen Balmer lines as well as
He1 lines using the FITSB2 routine (Napiwotzki et al. 2004b).
The continuum is matched by a polynomial, line wings and line
core by a Lorentzian and a Gaussian, respectively. The orbital
solution (see Table 1) was derived based on the spectra from
SDSS and the ones taken with EFOSC?2 as described in Geier
et al. (2011b). The phase coverage of the RV curve is very good
(see Figure 1). The best fit orbital period is 0.096 &£ 0.001 days.
Two alias periods are possible at P = 0.088 days and 0.108
days, but can be rejected by the analysis of the light curve.

3. THE LIGHT CURVE

Photometric light curves were obtained on three separate
nights between 2009 November 29 and 2010 January 13, with
the Flemish 1.2 m Mercator Telescope on La Palma, Canary
Islands. During the period that these observations were made,
we were in the process of commissioning an upgrade to the
Merope CCD camera, fitting it with a large E2V frame transfer
CCD with 2048 x 3074 pixels (@stensen 2010). Although the
upgraded camera suffered from some technical issues, and the
observing conditions were far from perfect, the deep primary and

GEIER ET AL.

Table 1
Parameters of J08205+0008

Spectroscopic parameters

Ty (HID) 2455147.8564 & 0.0006
P (days) 0.096 £ 0.001
y (kms™h) 95+1.3
Ky (kms™!) 474419
f(M) (Mg) 0.0011 % 0.0001
Tefr (K) 26700 &+ 1000
log g 5.48 £0.10
logy —2.0+0.07

0.003
0.068+9,09%
0.003
0.045+9,003

Mo Myp=047 (Mo)
M> Mp=025 (Mo)

Light curve solution

Ay 1.0
To(1) (K) 26700
81 1.0
g2 0.32
x1(R) 0.18
x2(R) 1.0

MSdB = 025 M@ MSdB = 047 M@
g (= Ma/My) 0.181 0.1438
i(°) 85.87£0.16 85.83+£0.19
g (= Ma/My) 0.181 0.1438
Terr(2) (K) 2958 £ 207 2484 £ 230
A 1.11 £ 0.05 1.09 +£0.04
Q 3.687 £0.026 3.621 £0.027
Q 2.732 £ 0.009 2.470 £ 0.007
ﬁ(R) 0.99983 £ 0.00008 0.99995 £ 0.00004
81 0.0282 £+ 0.002 0.030 £ 0.002
r1(pole) (a) 0.277 £ 0.002 0.278 + 0.002
ri(point) (a) 0.283 £ 0.002 0.284 £ 0.002
ri(side) (a) 0.280 £ 0.002 0.282 £ 0.002
ri(back) (a) 0.282 £ 0.002 0.283 £ 0.002
ra(pole) (a) 0.136 £ 0.001 0.137 £0.001
ra(point) (a) 0.137 £0.001 0.138 £ 0.001
ra(side) (a) 0.137 £0.001 0.138 £0.001
ra(back) (a) 0.140 £ 0.001 0.142 £+ 0.001

shallow secondary eclipses superimposed on a strong reflection
effect are perfectly clear in all the light curves (see Figure 2). The
data were obtained using the Geneva R-band filter and exposure
times from 16 to 90 s.

The light curve was analyzed with the MORO code, which is
based on the Wilson—Devinney approach (Wilson & Devinney
1971) but takes into account radiative interaction between the
components of hot, close binaries (Drechsel et al. 1995).

The light curve was binned over narrow time intervals. The
photometric period was determined by measuring the time spans
between three consecutive primary eclipses. The result 0.096 &
0.001 days is perfectly consistent with the best spectroscopic
solution (see Section 2). We used Wilson—Devinney mode 2,
which poses no restrictions to the system configuration and links
the luminosity and the temperature of the second component
by means of the Planck law. The gravity darkening exponents
(g12) and the linear limb darkening coefficient of the sdB
primary (x;(R)) were fixed at literature values (Drechsel et al.
2001, and references therein), whereas the linear limb darkening
coefficient of the secondary (x,(R)) was fixed to 1.0 because all
light curve solutions converged at this value. The bolometric
albedo of the primary was also fixed to 1.0. The temperature
of the sdB was taken from the spectral analysis (Te(1) =
26,000 K).
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Figure 2. Phased R-band light curve of J08205+0008. The slight asymmetry in
the secondary eclipse is most likely an artifact caused by the combination of the
different data sets. The model light curve for the post-RGB case is overplotted
as solid line. Fits of similar quality can be obtained for different mass ratios.

The remaining adjustable parameters are the inclination,
the temperature of the second component (7¢(2)), the Roche
potentials (€2 ), the bolometric albedo of the secondary (A,),
the radiation pressure parameter (§;), and the luminosity of the
hot component. The fractional Roche radii (7} ) in units of the
orbital separation a were calculated using the Roche potentials
and the mass ratio g. We used the binary mass function derived
from spectroscopy to calculate possible mass ratios for a range
of primary masses. A grid of light curve solutions with different
mass ratios was calculated. In order to derive errors, we created
500 new data sets with a bootstrapping algorithm by random
sampling with replacement from the original data set. In each
case, a light curve solution was calculated in the way described
above. The standard deviations of these results were adopted as
the error estimates for the parameters.

The flat-bottomed eclipses, and the way the secondary
eclipses reach down to the flux level just before and after primary
eclipse, indicate that the secondary is totally eclipsed by the pri-
mary. The eclipses ensure that the inclination of the system and
the relative radii of the components are very well constrained,
but the usual degeneracy still remains in the mass ratio and the
ratio of the components’ radii and the size of the orbit. Table 1
shows light curve solutions for the most likely sdB masses after
combining the photometric and spectroscopic analyses. Figure 2
shows an example model fit to the light curve.

4. ATMOSPHERIC AND STELLAR PARAMETERS
OF THE SDB STAR

Atmospheric parameters have been determined by fitting a
grid of synthetic spectra, calculated from line-blanketed, solar-
metallicity LTE model atmospheres (Heber et al. 2000), to the
hydrogen Balmer and helium lines of the SDSS and SOAR
spectra in the way described in Geier et al. (2011a). The single
spectra have been corrected for their orbital motion and co-
added. In order to investigate systematic effects introduced by
the individual instruments, especially the different resolutions
and wavelength coverages, the parameters have been derived
separately from spectra taken with SDSS (S/N = 83, Ty =
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Figure 3. T.—logg diagram. The helium main sequence (HeMS) and the
EHB band (limited by the zero-age EHB, ZAEHB, and the terminal-age EHB,
TAEHB) are superimposed with EHB evolutionary tracks from Dorman et al.
(1993) and a post-RGB track from Driebe et al. (1998). The position of
J08205+0008 is indicated with a solid diamond. Open diamonds mark the
position of other HW Vir like systems (Charpinet et al. 2008; Drechsel et al.
2001; For et al. 2010; Maxted et al. 2002; Miiller et al. 2010; @stensen et al.
2008; Wood & Saffer 1999).

26,000 £ 1000 K, log g = 5.37 £ 0.14) and SOAR (S/N = 61,
Terr = 26,900 £ 300K, log g = 5.51 £ 0.04), respectively. The
weighted mean values have been calculated and adopted as final
solutions (see Table 1).

The contribution of light from the irradiated surface of the
cool companion in HW Vir type binaries can lead to systematic
shifts in the atmospheric parameters (e.g., Heber et al. 2004; For
et al. 2010; Miiller et al. 2010). The quality of the individual
SDSS spectra which cover most of the orbital phase is not good
enough to resolve this effect. The statistical errors are higher
than the expected modulations. Drechsel et al. (2001) adopted
errors of 900K in Ts and 0.1 dex in log g to account for this
effect in the case of the HW Vir type binary HS 0705+6700.
Since the orbital period as well as the atmospheric parameters
of this binary are similar to the ones of J08205+0008, we
adopt similar uncertainties here. Systematic errors introduced
by different model grids are typically smaller than that (Lisker
et al. 2005; Geier et al. 2007).

While the inclination of the system is well constrained by the
light curve analysis, there remains a degeneracy between the
masses and the radii of the components. The surface gravity of
the sdB determined in the quantitative spectroscopic analysis
provides an additional constraint since it only depends on the
mass and the radius of the subdwarf. To proceed, however, we
need to constrain the sdB mass from evolutionary models.

In Figure 3, we compare the position of the star in the (T,
log g)-plane to other HW Vir stars as well as to two sets of
models. The first one represents the canonical picture of extreme
horizontal branch (EHB) evolution, while the second one recalls
post-RGB evolution, which means that the sdB star has left the
red giant branch (RGB) early and did not ignite helium in the
core at all.

According to Figure 3, the star is situated on the EHB
consistent with being a core helium-burning star as are the
other HW Vir stars (except AA Dor). Since the orbital period is
short, it was formed via common envelope ejection. Population
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synthesis models (Han et al. 2002, 2003) predict a mass range
of My = 0.37-0.48 M with a sharp peak at 0.47 My for
sdBs in binaries formed in this way. Even lower sdB masses
(down to 0.3 M) are possible, when a more massive progenitor
star (2—-3 M) ignites core helium burning under non-degenerate
conditions. Since this formation channel is predicted to be rare,
the results of the quantitative spectroscopic analysis are fully
consistent with an EHB model of the canonical mass. Hot
subdwarf masses derived from asteroseismic analyses (e.g., van
Grootel et al. 2010) or from analyses of eclipsing binaries are
in general agreement with this picture.

In spite of the consistency discussed above, it may still be
premature to adopt the canonical mass. It has been pointed out
that the sdB stars in AA Dor, HS 2333+3927, and HD 188112
might not burn helium in their cores and may therefore be of
lower mass (Rauch 2000; Heber et al. 2004, 2003). Such close
binaries are expected to form whenever the RGB evolution is
interrupted by the ejection of a common envelope before the
core has reached the mass required for helium ignition.

Driebe et al. (1998) calculated evolutionary tracks of these
so-called post-RGB objects. In Figure 3, we see that the
evolutionary track for a ~0.25 My post-RGB star is also
consistent with the atmospheric parameters of J08205+0008.
The time it takes for such a low-mass star to cross the region of
the T.¢—log g plane where canonical subdwarfs spend their time
is only ~2 Myr (for the model plotted in Figure 3), compared
to 100-150 Myr for canonical EHB stars. Hence, such a low-
mass solution is unlikely, but cannot be completely ruled out. In
Table 1, we show solutions for both the canonical EHB and the
post-RGB scenario.

To further constrain the mass of the sdB star, we can make
use of the spectroscopic gravity determination. However, the
log g derived from the spectra is fully consistent with both
solutions within the uncertainties. To tighten this constraint,
the gravity would need to be determined to better precision
(Alog g >~ 0.05).

5. CONSTRAINING THE NATURE OF THE COMPANION

We now turn to the cool companion. Figure 4 shows its
mass—radius relation derived from the light curve analysis.
Theoretical mass—radius relations for low-mass stellar and
substellar objects taken from Baraffe et al. (2003) are given for
comparison. Since the normal progenitors of sdBs are expected
to be stars around 1.0 M, it seems reasonable to assume an
age of a few Gyr for the system. The relations intersect at two
very different mass ranges—a low mass one close to 0.25 M,
and a high mass one at 0.78 M. The high-mass solution is very
unlikely, because such high sdB masses are neither predicted by
theory (Han et al. 2002, 2003; Zhang et al. 2009) nor have ever
been measured empirically (e.g., van Grootel et al. 2010).

For the canonical sdB mass of 0.47 M, and the corresponding
companion mass of 0.068 M, the radius of the companion
would have to be ~20% larger than expected from theory
(see Figure 4). The irradiation by the sdB primary should
influence the radius of the companion, which may be inflated.
This effect has been measured in the case of hot Jupiter
planets (e.g., Udalski et al. 2008), the accreting WD+BD binary
SDSS 103533.03+055158.4 (Littlefair et al. 2006), and the
eclipsing MS+BD binary CoRoT-15b (Bouchy et al. 2011).
Baraffe et al. (2003) calculated mass—radius relations for planets
including the influence of irradiation. The effect is of the order
of up to 10% for hot Jupiters orbiting solar type stars. More
massive objects should be less affected. On the other hand, the
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Figure 4. Radius of the cool companion plotted against the mass. The black
symbols mark the relation derived from the spectroscopic and photometric
analysis. The three curves mark theoretical relations for substellar objects with
of 1 (dashed line), 5 (dotted line), and 10 Gyr (solid line) taken from Baraffe et al.
(2003). The dashed vertical lines mark different values of the corresponding sdB
masses.

sdB is more luminous than a solar type star and the separation of
the system is less than one solar radius. Recently, Parsons et al.
(2010) modeled the inflation of a late M star irradiated by a hot
WD (Tef = 57,000K) in a 0.13 day orbit and showed that the
measured 10% increase in radius compared to theoretical models
can be reproduced in this way. For a discussion of other possible
solutions to this issue (e.g., cold spots on the BD surface) see
Bouchy et al. (2011).

For a low sdB mass of ~0.25 My, the companion’s
mass—radius relation is also consistent with theory. In this case,
the companion mass would be 0.045 M. A third possibility
may be that the progenitor of the sdB was originally more mas-
sive. In this case, the sdB mass could be as low as ~0.3 M,
and the system as well as the substellar companion would be
much younger. Since young BDs are considerably larger, this
may also lead to a consistent solution (see Figure 4).

In the cases discussed above, the mass of the companion
ranges between 0.0457%%° M, and 0.0687%% M. The most
conservative theoretical lower limit for core hydrogen burning
(=~0.07 M, Chabrier et al. 2000) is right at the border of this
range. We therefore conclude that the companion is most likely
a brown dwarf. However, given that the sdB mass is not strictly
constrained, the companion may also be a star of extremely low
mass.

6. DISCUSSION

We have presented a spectroscopic and photometric analysis
of the HW Vir type eclipsing sdB star J08205+0008, discovered
in the course of the MUCHFUSS project. The companion turns
out to be a very low mass, most likely substellar object.

Although the mass of the sdB is not yet tightly constrained, it
is important to stress that the companion remains below the core
hydrogen-burning limit for reasonable subdwarf masses ranging
from 0.25 My to 0.47 Mg. The inclination constraint from
eclipses means that J08205+0008 has the lowest unambiguously
measured companion mass yet found in a subdwarf B binary.

The question of whether the sdB is burning helium in its core
or not remains open for now. Time-resolved high-resolution
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spectroscopy is necessary to measure both the v, sini and the
log g of the subdwarf with high accuracy. Combined with a high-
quality multi-color light curve much tighter constraints could be
put on this unique binary system. The fact that the sdB is situated
on the EHB is a strong argument in favor of the EHB scenario,
because post-RGB objects are very rare and not related to the
EHB.

As witnessed by the HW Vir type systems, stellar companions
with masses as low as 0.1 My are able to eject a common
envelope and form an sdB star without being destroyed. The
case of J08205+0008 demonstrates that even lower mass objects,
i.e., substellar objects, are sufficient. This finding can be used to
constrain theoretical models (Soker 1998; Nelemans & Tauris
1998) and learn more about the role of substellar companions
for the formation of single and close binary sdBs.

The double-lined spectroscopic WD+BD system WD 0137—
349 (Maxted et al. 2006) is a binary very similar to J0820+0008,
but in a later stage of evolution. It consists of a He-core white
dwarf of 0.39 M, orbited by a 0.053 Mg brown dwarf in 0.0803
days. When evolving on the white dwarf cooling sequence
J08205+0008 will therefore appear as a twin to WD 0137—-349
once it is cooled down to the effective temperature of the latter
(15,000 K).

This study is based on observations at the La Silla Observa-
tory of the European Southern Observatory for program num-
bers 082.D-0649 and 084.D-0348 and on observations with the
Southern Astrophysical Research (SOAR) telescope operated
by the U.S. National Optical Astronomy Observatory (NOAO),
the Ministrio da Ciencia e Tecnologia of the Federal Republic of
Brazil (MCT), the University of North Carolina at Chapel Hill
(UNC), and Michigan State University (MSU). Based on obser-
vations collected with the Flemish 1.2 m Mercator Telescope
at the Roque de los Muchachos, La Palma, Spain. A.T. and
S.G. are supported by the Deutsche Forschungsgemeinschaft
(DFG) through grants HE1356/45-1 and HE1356/49-1. R.Q.
acknowledges funding from the European Research Council
under the European Community’s Seventh Framework Pro-
gramme (FP7/2007-2013)/ERC grant agreement no. 227224
(PROSPERITY) as well as from the Research Council of K.U.
Leuven grant agreement GOA /2008 /04.
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ABSTRACT

Substellar objects, like planets and brown dwarfs orbiting stars, are by-products of the star formation process.
The evolution of their host stars may have an enormous impact on these small companions. Vice versa a planet
might also influence stellar evolution as has recently been argued. Here, we report the discovery of an §—23
Jupiter-mass substellar object orbiting the hot subdwarf HD 149382 in 2.391 d at a distance of only about five
solar radii. Obviously, the companion must have survived engulfment in the red giant envelope. Moreover, the
substellar companion has triggered envelope ejection and enabled the sdB star to form. Hot subdwarf stars have
been identified as the sources of the unexpected ultraviolet (UV) emission in elliptical galaxies, but the formation
of these stars is not fully understood. Being the brightest star of its class, HD 149382 offers the best conditions to
detect the substellar companion. Hence, undisclosed substellar companions offer a natural solution for the long-
standing formation problem of apparently single hot subdwarf stars. Planets and brown dwarfs may therefore alter
the evolution of old stellar populations and may also significantly affect the UV emission of elliptical galaxies.

Key words: binaries: spectroscopic — galaxies: evolution — planetary systems — stars: horizontal-branch — stars:
individual (HD 149382) — stars: low-mass, brown dwarfs

1. INTRODUCTION

A long-standing problem in extragalactic astronomy is the
ultraviolet (UV) excess observed in the spectra of elliptical
galaxies. This phenomenon is caused by an old population of
helium-burning stars, known as hot subdwarfs or sdBs (see
review by Heber 2009). The origin of the UV excess can,
hence, be traced back to that of the sdB stars themselves. The
formation of such stars remains a mystery as it requires an
extraordinarily high mass loss on the red giant branch. Hot
subdwarfs often reside in close binaries, formed by ejection of
the envelope of their red giant progenitors through interaction
with the stellar companion. However, for half of the known sdBs
no such companions could be found, requiring a yet unknown
sdB formation channel.

After finishing core hydrogen burning, the progenitors of
sdBs leave the main sequence and evolve to red giants before
igniting helium and settling down on the extreme horizontal
branch (EHB). Unlike normal stars, the sdB progenitors must
have experienced a phase of extensive mass loss on the red giant
branch, in order to explain the high temperatures and gravities
observed at the surface of hot subdwarf stars. After consumption
of the helium fuel, they evolve directly to white dwarfs avoiding
a second red giant phase. What causes this extensive mass loss
remains an open question.

The riddle of sdB formation is closely related to other long-
standing problems regarding old stellar populations, which have
been discussed for decades. The morphology of the horizontal
branch in globular clusters, especially the existence and shape
of its extreme hot part, is still far from understood (Catelan
2009). Hot subdwarfs are also regarded as the dominant source
of the UV excess in early-type galaxies, where no active
star formation is going on and hence no UV emission from
young massive stars is expected. Hot subdwarf formation is
the key to understanding the physics behind this phenomenon
and a debate is going on whether single star (Yi 2008) or
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binary evolution (Han et al. 2007) explains the observed UV
excesses.

About half of the sdB stars reside in close binaries with
periods as short as ~ 0.1 d (Maxted et al. 2001; Napiwotzki et al.
2004a). Because the components’ separation in these systems
is much less than the size of the subdwarf progenitor in its red
giant phase, these systems must have experienced a common-
envelope and spiral-in phase (Han et al. 2002, 2003). In such a
scenario, two main-sequence stars of different masses evolve in
a binary system. The more massive one will first reach the red
giant phase and at some point fill its Roche lobe, where mass
is transferred from the giant to the companion star. When mass
transfer is unstable, the envelope of the giant will engulf the
companion star and form a common envelope. Due to friction
with the envelope, the two stellar cores lose orbital energy and
spiral toward each other until enough orbital energy has been
deposited within the envelope to eject it. The end product is
a much closer system containing the core of the giant, which
then may become an sdB star, and a main-sequence companion.
This companion evolves to a white dwarf after another phase of
unstable mass transfer.

The common-envelope ejection channel provides a reason-
able explanation for the extra mass loss required to form sdB
stars. But for about half of all analyzed subdwarfs, there is no
evidence for close stellar companions as no radial velocity (RV)
variations are found. Although in some cases, main-sequence
companions are visible in the spectra, it remains unclear whether
these stars are close enough to have interacted with the sdB pro-
genitors. Among other formation scenarios, the merger of two
helium white dwarfs has often been suggested to explain the
origin of single sdB stars (Han et al. 2002, 2003). Merging
should result in rapidly spinning stars, which is not consistent
with observations. A recent analysis of single sdB stars revealed
that their v, sini distribution is consistent with a uniform ro-
tational velocity v,y &~ 8 km s~! and randomly oriented polar
axes (Geier et al. 2009).
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Table 1
Radial Velocities of HD 149382
Mid-HID RV (km s™1) Instrument
2452497.49150 27.0+0.2 FEROS
2452497.51327 26.940.2 FEROS
2452497.56524 26.9+0.2 FEROS
2452891.30690 253402 FOCES
2452892.30170 25.7+0.9 FOCES
2452893.32160 23.940.6 FOCES
2453784.83294 23.8+0.2 UVES
2453904.73904 229402 FEROS
2453931.76614 26.8+0.2 Coudé
2453932.71806 26.140.2 Coudé
2453932.72485 257402 Coudé
2453932.74337 259402 Coudé
2453932.74882 257402 Coudé
2453932.84790 24.84+0.2 Coudé
2453932.85560 251402 Coudé
2453986.54830 24.84+0.2 FEROS

The planet discovered to orbit the sdB pulsator V 931 Peg
with a period of 1170 d and a separation of 1.7 AU was the
first planet found to have survived the red giant phase of its
host star (Silvotti et al. 2007). Serendipitous discoveries of two
substellar companions around the eclipsing sdB binary HW Vir
atdistances of 3.6 AU and 5.3 AU with orbital periods of 3321 d
and 5767 d (Lee et al. 2009) and one brown dwarf around the
similar system HS 0705 + 6700 with a period of 2610 d and
a separation of less than 3.6 AU (Qian et al. 2009) followed
recently. These substellar companions to hot subdwarfs have
rather wide orbits, were not engulfed by the red giant progenitor
and therefore could not have influenced the evolution of their
host stars.

2. OBSERVATIONS AND ANALYSIS

HD 149382 is the brightest core helium-burning subdwarf
known. The first hint that this star could show very small RV
variations was found during our survey aimed at finding sdBs
in long-period binaries (Edelmann et al. 2005). We obtained 15
high-resolution spectra (R = 30,000—48,000) within four years
with three different high-resolution spectrographs (ESO-2.2 m/
FEROS, McDonald-2.7 m/Coudé, CAHA-2.2 m/FOCES). One
additional spectrum obtained with ESO-VLT/UVES at highest
resolution (R ~ 80,000) was taken from the ESO archive.

In order to measure the RVs with highest possible accuracy,
we fitted a set of mathematical functions (polynomial, Gaussian,
and Lorentzian) to all suitable spectral lines with wavelengths
from about 4000 A to 6700 A using the FITSB2 routine
(Napiwotzki et al. 2004b). The formal deviation along the whole
wavelength range was 0.2 km s~! at best. In order to check the
accuracy of this measurements, we also obtained RVs from
telluric and night sky lines and reached similar accuracies.
Since telluric and night sky lines have zero RV, we used
them to correct the measured RVs for calibration errors. The
applied corrections were usually below 1.0 km s~!. Since we
used four entirely different instruments and obtained consistent
results other systematic effects should be negligible. The RV
measurements are given in Table 1.

The period search was carried out by means of a periodogram
based on the singular value decomposition (SVD) method.
A sine-shaped RV curve was fitted to the observations for a
multitude of phases, which were calculated as a function of
period. The difference between the observed RVs and the best-
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Figure 1. Power spectrum of HD 149382. — log x 2 is plotted against the orbital
period in days. The region around the most prominent period is plotted in the
small window. The formal significance exceeds the 3o -limit.

fitting theoretical RV curve for each phase set was evaluated in
terms of the logarithm of the sum of the squared residuals (x?)
as a function of period. This method finally results in the power
spectrum of the data set which allows to determine the most
probable period P of variability (Lorenz et al. 1998). The formal
significance of the best orbital solution (P = 2.391 4+ 0.002 d,
K =234+0.1 kms™!, y = 25.3 £0.06 km s™1) exceeds
the 3o-limit (see Figure 1) and a very small mass function
f(M) = 3.8 x 107 results. The RV curve is shown in Figure 2.
The formal probability that the next best alias periods at about
4.8 d and 6.0 d are correct is less than 5%. Even if one of these
longer periods should be the correct one, the mass function
increases only by a factor of 1.5 at most and our conclusions
still remain valid.

The atmospheric parameters effective temperature T, sur-
face gravity log g, and helium abundance were determined by
fitting simultaneously 17 hydrogen and helium lines in high-
resolution, high-S/N FEROS and UVES spectra with NLTE
model spectra (the method is described in Lisker et al. 2005;
Geier et al. 2007). The parameters (T = 35, 500 &£ 500 K,
logg = 5.80 & 0.05) are in good agreement with the result
of Saffer et al. (1994): T,z = 34,200 £ 1500 K, logg =
5.89 £0.15.

The mass of the unseen companion can be derived by solving
the binary mass function f,, = Mgomp sin® i /(Mcomp + Msap)* =
PK?3 /27 G. In order to obtain a unique solution, the mass of
the sdB primary as well as the inclination of the system must
be known. Due to the excellent quality of the data available for
HD 149382, constraints can be put on both crucial parameters.

The distance to this star can be derived directly using a
trigonometric parallax obtained with the HIPPARCOS satellite
(van Leeuwen 2007). We derive the angular diameter by
comparing the surface flux in the V band computed from a
model atmosphere with the derived atmospheric parameters to
the observed value (Mermilliod 1991). Using the trigonometric
distance, we can derive the stellar radius, and from the surface
gravity the mass of the sdB (Ramspeck et al. 2001).
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Figure 2. Radial velocity (RV) curve of HD 149382. The plot shows the RV
plotted against orbital phase (diamonds: McDonald-2.7 m/Coudé, rectangles:
CAHA-2.2 m/FOCES, upside down triangles: ESO-2.2 m/FEROS, triangle:
ESO-VLT/UVES). The RV data were folded with the most likely orbital period.
The residuals are plotted below.

Taking the uncertainties of all parameters into account (V
magnitude, T, log g, parallax), the possible mass range for
the sdB is 0.29-0.53 M. This range is consistent with the
canonical mass of 0.47 My derived from single and binary
evolution calculations (Han et al. 2002, 2003). Without further
constraints on the inclination only a lower limit to the mass of
the unseen companion can be calculated.

The minimum companion mass lies between 0.006 M and
0.01 Mg, well below the stellar limit of 0.075-0.083 M, de-
pending on the metallicity (Chabrier & Baraffe 1997), which is
the lower limit where core hydrogen burning can be ignited and
a star can be formed. The lower the inclination of the binary is,
the higher is the mass of the unseen companion. Assuming a
random distribution of orbital plane inclinations, the probability
for a binary to fall below a certain inclination can be derived
(Gray 1992). The probability for the companion to have a mass
of more than 0.08 M, is just 0.8%. The probability that the
mass of the unseen companion exceeds the planetary limit of
0.012 M, defined by the IAU* is only 33%.

However, we can constrain the mass of HD 149382 b even
further. Due to the very high resolution of the UVES spectrum,
the broadening caused by the projected rotational velocity of
the star could be measured from the metal lines although it
turned out to be as small as vy sini = 4.9 = 1.4 km s~ L.
In order to derive vy sini, we compared the observed high-
resolution (R = 80,000) UVES spectrum with rotationally
broadened, synthetic line profiles. The profiles were computed
using the LINFOR program (Lemke 1997). A simultaneous fit
of elemental abundance, projected rotational velocity, and RV
was then performed separately for every identified line using
the FITSB2 routine (Napiwotzki et al. 2004b). The method is
described in Geier et al. (2008).

4 Position statement on the definition of a “planet.” Working group on
extrasolar planets of the International Astronomical Union,
http://www.dtm.ciw.edu/boss/definition.html.
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Table 2
Parameters of the HD 149382 System

Trigonometric parallax® b4 (mas) 13.53 £ 1.15
Distance d (pc) 74’:78
Visual magnitude® my (mag) 8.947 £ 0.009
Atmospheric parameters
Effective temperature Teft (K) 35500 + 500
Surface gravity logg 5.80+£0.05
Helium abundance logy —1.44£0.01
Projected rotational velocity Vrot SiN i (kms™!) 49+ 14
Orbital parameters
Orbital period P (d) 2.391 +0.002
RV semiamplitude K (kms™1) 2.34+0.1
System velocity y (kms~1) 25.3 +0.06
Binary mass function f(M) (Mg) 3.8 x 107
Derived parameters
Subdwarf mass My (Mg) 0.29-0.53
Orbital inclination i ) 26-52
Companion mass Meomp (My) 8-23

(Mo) 0.008-0.022
Separation a (Ro) 5.0-6.1

Notes.

4 The trigonometric parallax was taken from the new reduction of the HIPPAR-
COS data (van Leeuwen 2007).

5 The visual magnitude is taken from Mermilliod (1991).

Assuming that HD 149382 rotates with the standard velocity
of 8 km s~! inferred for single sdBs (Geier et al. 2009), the
inclination can be constrained to i = 26°-52°. The companion
mass range is derived to be M, = 0.008-0.022 My = 8-23 M;
consistent with a gas giant planet or a low-mass brown dwarf.
Adopting the statistically most likely inclination i = 52° and
the canonical sdB mass of 0.47 My (Han et al. 2002, 2003),
the companion mass is 0.011 My = 12 Mj, which places
HD 149382 b just below the planetary limit. The separation
of star and companion is 5-6 Ry. All relevant measurements
and parameters of the HD 149382 system are summarized in
Table 2.

3. DISCUSSION

When the progenitor of HD 149382 evolved through the red
giant phase, it expanded to a radius of 10 times the present
orbital separation. The initial separation must have been larger
(about 1 AU) and the companion spiralled-in due to interaction
with the giant’s envelope until the envelope was ejected. Despite
the very high local temperature inside the envelope (300,000—
400, 000 K at 5-6 R, from the giant’s center; Soker 1998), the
substellar companion survived. The companion of the sdB star
AA Dor has also been suggested to be a brown dwarfina 0.26 d
orbit (Rauch 2000; Rucinski 2009). This conclusion, however,
is rendered uncertain as Vuckovié et al. (2008) derive a higher
mass indicating that the companion is a star.

Soker (1998) suggested that substellar objects like brown
dwarfs and planets may also be swallowed by their host star
and that common-envelope ejection could form hot subdwarfs.
Substellar objects with masses higher than ~ 10 My were pre-
dicted to survive the common-envelope phase and end up in
a close orbit around the stellar remnant, while planets with
lower masses would entirely evaporate. The stellar remnant is
predicted to lose most of its envelope and evolve toward the
EHB. The orbital period and mass we derived for HD 149382 b
are in excellent agreement with the predictions made by Soker
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(1998). A similar scenario has been proposed to explain the for-
mation of apparently single low-mass white dwarfs (Nelemans
& Tauris 1998). The discovery of a brown dwarf with a mass of
0.053 + 0.006 Mg in a 0.08 d orbit around such a white dwarf
supports this scenario and shows that substellar companions can
influence the outcome of stellar evolution (Maxted et al. 2006).

The discovery of planets and brown dwarfs around sdBs and
especially the close-in substellar companion of HD 149382 may
thus have important implications for the still open question of
sdB formation. The extraordinary quality of the photometric
data was a prerequisite for the detection of the substellar
companions in V 931 Peg, HW Vir, and HS 0705 + 6700 (Silvotti
et al. 2007; Lee et al. 2009; Qian et al. 2009). Finding such
companions orbiting three of the best observed sdBs cannot be
mere coincidence and leads to the conclusion that substellar
objects may often be associated with sdBs. HD 149382 is the
brightest sdB known. Hence, the quality of the spectroscopic
data is also very high. It is not easy to detect such small RV
variations even in high-resolution spectra. The fact that we found
them in the case of HD 149382 leads to the conclusion that close-
in planets or brown dwarfs may be common around apparently
single sdB stars. They were just not detected up to now. Hence,
all apparently single sdBs may have or had close brown dwarf
or planetary companions, although those of lowest mass may
have evaporated.

HD 149382 b provides evidence that substellar companions
can decisively change the evolution of stars, as they trigger
extensive mass loss. They could be responsible for the formation
of the single hot subdwarf population. These stars are not only
numerous in our Galaxy, but also make elliptical galaxies shine
in UV light.

This Letter was based on observations at the La Silla Obser-
vatory of the European Southern Observatory for programme
number 077.D-0515(A). Some of the data used in this work were
obtained at the McDonald Observatory. Based on observations
collected at the Centro Astrondmico Hispano Alemédn (CAHA)
at Calar Alto, operated jointly by the Max-Planck Institut fiir As-
tronomie and the Instituto de Astrofisica de Andalucia (CSIC).
Some of the data used in this work were downloaded from the
ESO archive. S.G. gratefully acknowledges financial support
from the Deutsche Forschungsgemeinschaft through grant He
1356/40-4. We thank Sebastian Miiller for reducing the archival
UVES spectrum.
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ABSTRACT

Type Ia supernovae (SN Ia) are the most important standard candles for measuring the expansion history of the universe. The ther-
monuclear explosion of a white dwarf can explain their observed properties, but neither the progenitor systems nor any stellar remnants
have been conclusively identified. Underluminous SN Ia have been proposed to originate from a so-called double-detonation of a white
dwarf. After a critical amount of helium is deposited on the surface through accretion from a close companion, the helium is ignited
causing a detonation wave that triggers the explosion of the white dwarf itself. We have discovered both shallow transits and eclipses
in the tight binary system CD-30°11223 composed of a carbon/oxygen white dwarf and a hot helium star, allowing us to determine its
component masses and fundamental parameters. In the future the system will transfer mass from the helium star to the white dwarf.
Modelling this process we find that the detonation in the accreted helium layer is sufficiently strong to trigger the explosion of the core.
The helium star will then be ejected at such high velocity that it will escape the Galaxy. The predicted properties of this remnant are
an excellent match to the so-called hypervelocity star US 708, a hot, helium-rich star moving at more than 750 km s~!, sufficient for it
to leave the Galaxy. The identification of both progenitor and remnant provides a consistent picture of the formation and evolution of
underluminous SNIa.

Key words. binaries: spectroscopic — subdwarfs — supernovae: general

1. Introduction

The search for the progenitors of type la supernovae (SN Ia) is
ongoing, but the observational evidence remains inconclusive.
In the standard single-degenerate scenarios, mass is transferred
in a stable way by either a main sequence star or a red giant to
a white dwarf (WD) companion. In the double-degenerate sce-
nario, a close binary consisting of two white dwarfs shrinks be-
cause of angular momentum lost by the emission of gravitational
waves and eventually merges. Possible progenitor systems have
been proposed for both channels, but not conclusively identified

Article published by EDP Sciences

yet. Although most SN Ia form a homogeneous class, about one
third of them differ significantly in their luminosities and other
observational properties, and their proper classification is cru-
cial when using such events as standard candles for cosmology
(Wang & Han 2012).

It has been proposed that underluminous SNIa originate
from a so-called double-detonation of a white dwarf. After a crit-
ical amount of helium is deposited on the surface through accre-
tion from a close companion, the helium is ignited causing a det-
onation wave that triggers the explosion of the white dwarf itself
even if its mass is significantly lower than the Chandrasekhar
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limit (Nomoto 1982; Woosley et al. 1986). Hydrodynamic
simulations predict the explosion of a CO-WD with a minimum
mass of only ~0.8 M, as underluminous SN Ia triggered by the
ignition of an He-shell of ~0.1 My (Fink et al. 2010) in this
so-called double-detonation scenario. Helium stars have already
been proposed as possible donors for the single-degenerate sce-
nario (Yoon & Langer 2003; Wang et al. 2009a,b) conveniently
explaining the lack of hydrogen in the spectra of SN Ia. Recent
studies indicate that this scenario might also be consistent with
the lack of helium in standard SN Ia spectra as long as the ac-
creted He-layer is thin (Sim et al. 2010; Kromer et al. 2010).

In the course of the MUCHFUSS project (Geier et al. 2011),
which aims at finding hot subdwarf binary systems with massive
companions, we have discovered a possible progenitor for such a
supernova consisting of a hot subdwarf B star (sdB) and a white
dwarf in an extremely compact binary (Heber et al. 2013; Geier
et al. 2013). This system, CD-30°11223, was also independently
discovered by Vennes et al. (2012).

Hot subdwarf stars are evolved, core helium-burning objects.
About half of the sdB stars reside in close binaries with periods
ranging from ~0.1 d to ~30 d (Maxted et al. 2001; Napiwotzki
et al. 2004a). The sdB is the core of a former red giant star that
has been stripped of almost all of its hydrogen envelope through
interaction with a companion star. The mass of the emerging
sdB star is constrained to about half a solar mass in order to al-
low central helium burning. After the helium-burning phase the
sdB star will turn into a white dwarf.

Because the separation of the components in these systems
is much less than the size of the subdwarf progenitor in its red-
giant phase, these systems must have experienced a common-
envelope (CE) and spiral-in phase (Han et al. 2002, 2003 and
references therein). In this scenario, a star evolving to become
a red giant swallows a nearby companion. Because of friction,
the core of the giant and the more compact companion spiral
towards each other in a common envelope. The orbital energy
lost during this process is deposited in the envelope until the
envelope is eventually ejected leaving a close binary system as a
remnant.

Although most of the close companions to sdB stars
are low-mass main sequence stars, brown dwarfs, or low-
mass WDs (~0.5 Mg), more massive compact companions
like WDs, neutron stars, or black holes have been either observed
or predicted by theory (Geier et al. 2007, 2010). The short-period
sdB+WD binary KPD 1930+2752 is regarded as a progenitor
candidate for an SN Ia (Maxted et al. 2000; Geier et al. 2007).

Here we report the discovery of both shallow transits and
eclipses in the tight binary system CD-30°11223 composed of a
carbon/oxygen white dwarf and a hot helium star, allowing us to
determine its component masses and fundamental parameters.
This system turns out to be an excellent progenitor candidate
for the double-detonation SN Ia scenario and can be linked to
the hypervelocity subdwarf US 708, the likely donor remnant of
such an event.

2. Observations

The star CD-30°11223 (02000 = 14h11m1652, 62000 =
-30°53’03”, my = 12.3 mag) was selected as a UV-excess ob-
ject and spectroscopically identified to be an sdB star (Vennes
et al. 2011; Németh et al. 2012). We selected this star as a
bright backup target for our MUCHFUSS follow-up campaign.
Because of unfavourable observing conditions, which prevented
us from observing our main targets, two medium resolution
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spectra (R ~ 2200,4 = 4450-5110 A) were taken consecu-
tively with the EFOSC2 spectrograph mounted at the ESONTT
on June 10, 2012. The radial velocity shift between those two
spectra turned out to be as high as 600 kms™'.

The first spectroscopic follow-up data was obtained with
the grating spectrograph mounted on the SAAO-1.9 m telescope
on July 2, 2012. The RV-curve derived from 18 single spec-
tra confirmed the short orbital period of 0.0498d and a high
RV-semiamplitude (K = 370 + 14 km s7h). In order to im-
prove the orbital solution and minimize the effect of orbital
smearing, we took another 105 spectra with the ISIS spectro-
graph (R ~ 4000, A = 3440-5270 10\, Texp = 2min) mounted at
the WHT during a dedicated MUCHFUSS follow-up run from
July 9 to 12, 2012. Another 175 spectra were taken with the
Goodman spectrograph mounted at the SOAR telescope (R ~
7700, A = 37004400 A, Tex, = 1 min) on July 16, 2012.

CD-30°11223 was observed by the SuperWASP plane-
tary transit survey (Pollacco et al. 2006). The light curve
contains 23 678 measurements taken from May 4, 2006 to
August 1, 2011. On July 6, 2012, 3.6 h of time-series photom-
etry in the V-band (Tex, = 3 s) were taken with SOAR/Goodman
under photometric conditions. The light curve was extracted us-
ing an aperture that minimizes the standard deviation of the two
comparison stars used divided by each other at low airmass; a
flat-field correction was also applied. The combination of short
exposure times and bright stars makes scintillation the dominant
noise source for our photometry. Another source of noise was
likely caused by a small scatter in effective integration time of
the order of a few ms.

3. Orbital and atmospheric parameters

The light curve shows variations caused by the ellipsoidal de-
formation of the sdB primary, which is triggered by the tidal
influence of the compact companion. The light curve also shows
Doppler boosting, caused by the extreme orbital motion of the
sdB (Shakura & Postnov 1987; see also Bloemen et al. 2011,
and references therein). The ephemeris has been derived from
the SWASP data based on fitting a harmonic series. Because
of the timebase of more than five years, the derived orbital pe-
riod of 0.0489790724 + 0.0000000018 d is very accurate and
perfectly consistent with the independent determination (P =
0.04897906 + 0.00000004 d) by Vennes et al. (2012).

The radial velocities were measured by fitting a set of mathe-
matical functions to the hydrogen Balmer lines as well as helium
lines using the FITSB2 routine (Napiwotzki et al. 2004b). Three
functions (Gaussians, Lorentzians, and polynomials) are used to
match the continuum, the line and the line core, respectively and
mimic the typical Voigt profile of spectral lines. The profiles are
fitted to all suitable lines simultaneously using y2-minimization,
and the RV shift with respect to the rest wavelengths is mea-
sured. Assuming circular orbits, sine curves were fitted to the
RV data points in fine steps over a range of test periods. The
two datasets obtained with ISIS and Goodman are treated sepa-
rately to investigate systematic errors. Details about the analysis
method and error estimation are given in Geier et al. (2011). The
derived orbital parameters from the ISIS dataset (K = 378.6 +
1.0kms™',y = 17.6+0.7km s, see Fig. 1, lower panel) and the
Goodman dataset (K = 374.5+1.1 km s~ vy =21.3+0.8km s~L
see Fig. 1, upper panel) are consistent, taking into account that
systematic uncertainties are usually somewhat higher than the
statistical 1 o errors given here. The deviation in system veloc-
ity is most likely caused by a slight systematic zero-point shift



S. Geier et al.: Progenitor and remnant of SN Ia

Normalised Counts

Time [hr]

4000 4100 4200
Wavelength [Angstroms]

500 —————F—— T

phase

Fig.1. Upper panel: spectrum of CD-30°11223 coadded from 175
RV-corrected spectra taken with SOAR/Goodman. The hydrogen
Balmer series is clearly visible, as well as a prominent helium line
at 4026 A. The other features are rotationally broadened metal lines.
Model spectra were matched to the hydrogen and helium lines to de-
termine the atmospheric parameters of the hot subdwarf star. Middle
panel: trailed spectra taken with SOAR/Goodman and showing the
short-period sinusoidal variations of the Doppler-shifted spectral lines
caused by the motion of the visible sdB star. The close and com-
pact white-dwarf companion of the subdwarf star is not visible in this
dataset. Lower panel: radial velocity curve of CD-30°11223 derived
from 105 spectra taken with WHT/ISIS plotted twice against orbital
phase for better visualisation.

between the two instruments. For further analysis we used the
average values. Those values are in reasonable agreement with
the results (K = 386.9 + 1.9 kms™', ¥y = 31.5+ 1.3 kms™!) of
Vennes et al. (2012), although somewhat discrepant.

The atmospheric parameters of effective temperature Teg,
surface gravity log g, helium abundance, and projected rota-
tional velocity were determined by fitting simultaneously the
observed hydrogen and helium lines of the single spectra with
metal-line-blanketed LTE model spectra (Heber et al. 2000) as
described in Geier et al. (2007). No significant variations of
the parameters with orbital phase have been detected. Average
values and standard deviations have been calculated separately
for the ISIS dataset (T = 28800 = 200K, logg = 5.67 +
0.03, logy = —1.50 £ 0.07, vy sini = 180 = 8 kms™!, see
Figs. 2, 3) and the Goodman dataset (T.g = 29600 = 300K,

logg = 5.65 + 0.05, logy = —1.46 + 0.14, vy sini = 174 =
12 kms™"). We adopt the average values from both datasets for
further analysis. The final helium abundance is taken from the
ISIS data because of the higher number of He-lines in the spec-
tral range.

The derived parameters are consistent with literature values
within the uncertainties (Vennes et al. 2011; Németh et al. 2012).
More detailed information about the systematic errors of this
method can be found in Geier et al. (2007, 2011). Table 1 shows
the orbital and atmospheric parameters, Fig. 4 the position of
CD-30°11223 in the T.z— log g diagram.

4. Light curve analysis

The light curve obtained with SOAR/Goodman was analysed
by fitting models calculated with the LCURVE code written by
TRM (see Fig. 5, Copperwheat et al. 2010). The code uses
grids of points modelling the two stars and takes into ac-
count limb darkening, gravity darkening, mutual illumination
effects, Doppler boosting, and gravitational lensing. Since the
masses and radii of both components are strongly correlated,
those parameters have been constrained using Markov chain
Monte Carlo simulations. A detailed description of the analysis
method is given by Bloemen et al. (2011).

In order to determine masses and radii of both the sdB and
the WD, we used two different prior constraints. In each case
the K derived from spectroscopy is used. First, we assumed tidal
synchronisation of the sdB primary (solution 1), which is a rea-
sonable assumption given the short orbital period of the system.
The vy sin i derived from spectroscopy is measured making the
simplified assumption of a spherical, linear limb darkened star
(limb darkening coefficient 0.3). To take into account the ad-
ditional effects of limb darkening and gravitational darkening
of the Roche-distorted star we calculated a correction factor of
0.963 by comparing the slightly different line profiles calculated
under both assumptions (Claret & Bloemen 2011). This correc-
tion was applied to the v,y sin i before deriving the binary param-
eters. The best fit is achieved for an sdB mass of 0.47 + 0.03 My
and a WD mass of 0.74 + 0.02 M. However, we found that the
radius of the WD is about 10% smaller than predicted by the
zero-temperature mass-radius relation for WDs, which provides
a lower limit for the WD radius (see Fig. 6, second panel from
top, Verbunt & Rappaport 1988).

To explore the influence of this discrepancy, we imposed
the restriction that the white dwarf should be within 2% of the
M-R-relation and allowed for deviations from corotation (so-
lution 2). We determined an estimate for the temperature of
the WD from our light curve analysis. Since we see a signif-
icant feature when the sdB occults the WD, we can derive a
black-body temperature of 24 700 + 1200 K for the WD, which
leads to a radius about 5% higher than expected from the zero-
temperature relation. We adopt this more realistic value for our
analysis. In this case the derived masses are somewhat higher
(Mg = 0.54 £0.02 My, Mwp = 0.79 £ 0.01 My).

Although both solutions are consistent within their uncer-
tainties, we refrain from favouring one over the other. To cal-
culate the kinematics and the further evolution of the system,
we adopt the average values for the component masses (Myqp =
0.51 Mg, Mwp = 0.76 M, see Fig. 6).

Comparing the derived sdB masses with evolutionary tracks
for core helium-burning objects (Fig. 4), it can be seen that
the appropriate tracks are consistent with the position of
CD-30°11223 in the T.g—logg diagram. Furthermore, the ef-
fective temperature and surface gravity of the star tell us that the
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Table 1. Parameters of the CD-30°11223 system.

Visual magnitudeT my [mag] 12.342 + 0.003
Proper motion* HoCOSO  [mas/yr] 95+£22

s [mas/yr] -5.6+22
Atmospheric parameters of the subdwarf
Effective temperature Test K] 29200 = 400
Surface gravity logyg 5.66 + 0.05
Helium abundance logy -1.50 £ 0.07
Projected rotational velocity U sini  [kms™!] 177 £ 10
Orbital parameters

To [BJDUTC] 2455113.205908 + 0.000363
Orbital period P [d] 0.0489790724 + 0.0000000018
RV semi-amplitude K [kms™'] 376.6 + 1.0
System velocity Y [kms™'] 19.5+2.0
Binary mass function f(M) [Ms] 0.271 £ 0.002
Derived parameters
Solution 1
sdB mass Mg [Ms] 0.47 £ 0.03
sdB radius Ry [Ro] 0.169 + 0.005
WD mass Mwp [Ms] 0.74 £ 0.02
WD radius Rwp [Ro] 0.0100 + 0.0004
Orbital inclination i [°] 83.8 +0.6
Separation a [Ro] 0.599 + 0.009
Mass ratio q 0.63 +0.02
Solution 2
sdB mass Mg [Ms] 0.54 +£0.02
sdB radius Ry [Ro] 0.179 £ 0.003
WD mass Mwp [Ms] 0.79 £ 0.01
WD radius Rwp [Ro] 0.0106 + 0.0002
Orbital inclination i [°] 82.9+04
Separation a [Ro] 0.619 = 0.005
Mass ratio q 0.68 + 0.01

Notes. () The visual magnitude is taken from Vennes et al. (2012). ® Proper motions taken from Roeser et al. (2010).
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Fig. 2. Fit of synthetic LTE models to the hydrogen Balmer lines of a
coadded ISIS spectrum. The normalized fluxes of the single lines are
shifted for better visualisation.

sdB has just recently been formed and started the core helium-
burning phase, which typically lasts for about 100 Myr.

5. Gravitational wave radiation

Because of its short orbital period, CD-30°11223 is ex-
pected to be a strong source of gravitational waves. We
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Fig. 3. Fit of synthetic LTE models to the helium lines (see Fig. 2).

therefore calculated the current gravitational wave emission of
CD-30°11223. The gravitational wave strain amplitude % scales
with the masses of both binary components, the binary inclina-
tion, the orbital period and the distance of the system.

We calculate it as described in Roelofs et al. (2007) to be as
high as logh = =21.5 £ 0.3; CD-30°11223 should therefore be
one of the strongest gravitational wave sources detectable with
missions like NGO/eLISA (Kilic et al. 2012; Nelemans 2009).
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Fig.4. T.s—logg diagram. Evolutionary tracks (solar metallicity) of
core helium-burning stars with masses of 0.45 M, (dotted lines),
0.50 My (short-dashed lines) and 0.55 M, (long-dashed lines) are
plotted for different hydrogen envelope masses (0.000 M, 0.001 M,
0.005 My, from the lower left to the upper right). The diamond marks
CD-30°11223.

It is even more noticeable, because the presence of eclipses al-
lows us determine its binary parameters to very high accuracy.
Therefore, this system can be used as a verification source for
upcoming space missions.

No period change due to the orbital shrinkage caused by the
emission of gravitational wave radiation has been detected in the
SWASP data (P = 1.01 x 10712 + 3.38 x 10712 s s71). This non-
detection is consistent with the theoretically expected value of
P ~ 6x 1073 ss7!. However, within only a few more years the
orbital shrinkage should become detectable.

6. Binary evolution calculations

More interesting than the present state of this system is its future
evolution, which can now be studied in detail using theoretical
models. Employing Eggleton’s stellar evolution code (Eggleton
1971, 1972, 1973), we calculated the evolution of the sdB star
and its WD companion. The code has been updated with the lat-
est input physics over the past four decades (Han et al. 1994; Pols
etal. 1995, 1998). Roche lobe overflow (RLOF) is treated within
the code described by Han et al. (2000). We set the ratio of mix-
ing length to local pressure scale height, @ = [/H,,, to be 2.0. We
assume that the binary model starts with a 0.51 M He star and a
0.76 M, CO WD having a 0.049 d orbit period, similar to the ini-
tial model of the sdB star and its WD companion. Additionally,
orbital angular momentum loss due to gravitational wave radi-
ation is included by adopting a standard formula presented by
Landau & Lifshitz (1971)

dInJgr
dt 565 a*

where G, ¢, Mwp, and M, are the gravitational constant, vacuum
speed of light, the mass of the accreting WD, and the mass of the
companion sdB star, respectively.

In the He double-detonation model, if the mass-accretion
rate is higher than 4 X 1078 M, yr‘l, the WD can increase its

_ _32G3 MwpMo(Mwp + M3) (1)

mass (Woosley et al. 1986; Wang et al. 2009a). However, for
low mass-accretion rates (1 x 107 Moyr™! < [My] < 4 x
1078 M, yr~'), compressional heating at the base of the accreted
He layer plays no significant role, and a layer of unburned He can
be accumulated on the surface of the WD. If the mass-accretion
rate is slower (|M,| < 1 x 107 M, yr™"), the He flash is strong
enough to form a He detonation, but too weak to initiate a car-
bon detonation, and only a single He detonation wave propagates
outward (Nomoto 1982).

We assume that if a CO WD accumulating He enters this
“low” accretion rate regime and accumulates 0.1 My of He on
its surface, a detonation is initiated at the base of the He shell
layer (Fink et al. 2010). Consequently, a detonation in the core
of the CO WD is presumed to follow, in which a sub-M¢y, SN Ia
takes place. In this model, only accreting WDs with a total mass
(CO core 0.8 My + helium shell 0.1 My) > 0.9 My are con-
sidered to result in potential sub-Mcy, SNe Ia, since the CO-core
with lower mass may not detonate and it is unlikely to produce
enough radioactive nickel observed in SNe Ia (Kromer et al.
2010).

The binary system starts with (M}, MiWD, log(P'/d)) =
(0.510, 0.760, —1.310), where Mi2 and M{VD are the initial
masses of the He star star and of the CO WD in solar mass, and
P! is the initial orbital period in days. Figure 7 (left panel) shows
the evolutionary track of the He star and the evolution of the or-
bital period. The right panel displays the mass-transfer rate and
the mass of the WD envelope varying with time after the He star
fills its Roche lobe.

Because of the short initial orbital period (0.049d) of the
system, angular momentum loss induced by gravitational wave
radiation is large. This leads to the rapid shrinking of the or-
bital separation. After about 36 million years, the He star be-
gins to fill its Roche lobe while it is still in the core helium-
burning stage. The mass-transfer rate is stable and at a low rate
between 1.6 X 1078 Mg yr~!' and 2.2 x 1078 My yr™!, resulting
in the formation of a He shell on the surface of the CO WD.
After about 6 million years, the mass of the He shell increases to
~0.1 Mg in which a double-detonation may happen at the base
of the He shell layer. At this moment, the mass of the He star is
M3N = 0.41 M, and the orbital period is log(PSN/d) = —1.72
(P =0.0194).

7. Hypervelocity sdO as donor remnant

Theoretical predictions about whether or not a progenitor candi-
date will explode as a SN Ia are useful, but in general difficult to
test. Usually the theoretically predicted SN rates are compared to
the observed rates, but these comparisons are often hampered by
selection effects. A more direct proof would be the identification
of the remnant objects. We therefore follow the future evolution
of CD-30°11223. At the end of the He-accretion phase and just
before the SN event, the orbital period of the binary is predicted
to have shrunk to 0.019d as a result of the further loss of or-
bital energy through the emission of gravitational waves. The
sdB primary lost a fair amount of mass (~0.1 M), which was
transferred to the WD companion. The orbital velocity of the
sdB will be about 600 km s~! and therefore close to the Galactic
escape velocity. As soon as the WD is disrupted, the sdB will be
ejected. Depending on the ejection direction of such an object
relative to its trajectory around the Galactic centre, the Galactic
rest frame velocity could be even higher by up to 240 kms~!. In
this case the remnant star will leave the Galaxy.
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Fig. 5. Upper panel: V-band light curve of CD-30°11223 taken with SOAR/Goodman (green) with superimposed model (red) plotted twice against
the orbital phase for better visualisation. The dashed red curve marks the same model without transits and eclipses. The sinusoidal variation is
caused by the ellipsoidal deformation of the hot subdwarf as a result of the tidal influence of the compact white dwarf. The difference in the
maxima between phase 0.25 and 0.75 originates from the relativistic Doppler boosting effect, which is usually not detectable with ground-based
telescopes. Lower panels: close-up on the transit of the WD in front of the sdB (left). It is even possible to detect the eclipse of the WD by the sdB

(right).

Such so-called hypervelocity stars have indeed been dis-
covered (Brown et al. 2005; Hirsch et al. 2005; Edelmann
et al. 2005). However, all but one of the known 22 objects
are intermediate-mass main-sequence star. This enigmatic star
(US 708) has been classified as a helium-rich hot subdwarf trav-
elling at a Galactic rest frame velocity of at least 750 kms™!
(Hirsch et al. 2005), which matches the predicted ejection ve-
locity of CD-30°11223 very well. It was proposed that this star
might be the ejected He-donor after the WD companion ex-
ploded as a SN Ia (Justham et al. 2009; Wang & Han 2009).

In this scenario, the compact binary CD-30°11223 and the
hypervelocity star US 708 represent two different stages of an
evolutionary sequence linked by a SNIa explosion. The exis-
tence of objects like US 708 thus provides evidence that binaries
like CD-30°11223 are viable SN Ia progenitor candidates.

8. Age of the binary system

The analysis of our data also allows us to constrain the initial
component masses and the age of the binary. Furthermore, we
can constrain both its past and future trajectory.

8.1. Kinematic analysis

Using a standard Galactic gravitational potential with a
Sun-Galactic centre distance of 8.4kpc and a local standard
of rest circular motion of 242 kms™' (see Model I in Irrgang
et al. 2013), we computed the past and future trajectory of
CD-30°11223 (see Fig. 8). The orbit shows the typical character-
istics of the local thin disc population, i.e. almost circular motion
around the Galactic centre and small oscillations in direction per-
pendicular to the Galactic disc. The heliocentric distance to the
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star increases during the next 42 Myr until the supernova is pre-
dicted to explode from its current value of 364 + 31 pc to about
1920 + 160 pc.

The binary CD-30°11223 is by far the closest known SN Ia
progenitor with respect to the Earth. The explosion will take
place in a direction of the sky close to the current positions of the
constellations Ara and Norma. Adopting an absolute visual mag-
nitude of up to —19 mag for the SN Ia, the apparent magnitude
seen from the Earth might be as high as ~—7.6 mag or about as
bright as SN 1006, the brightest stellar event in recorded history
so far (Winkler et al. 2003).

8.2. Binary formation scenario

The system CD-30°11223 is the closest sdB binary known so far
and the mass of its WD companion is higher than the average
mass of CO WDs (~0.6 My). To explore the formation of this
exceptional system, we performed a binary population synthesis
study in a similar way to the method described by Han et al.
(2002, 2003). For given WD masses ranging from 0.6 Mg to
1.4 Mo, an initial set of 10° WD+MS binaries was generated. For
the main sequence stars the initial mass function of Salpeter was
used. The orbital period distribution was assumed to be flat in
log a. The binaries were evolved through the common envelope
phase for different values of the CE-efficiency parameters acg,
which is the fraction of the available orbital energy used to eject
the envelope, and ay,, the contributed fraction of internal energy.

In the standard scenario, which is called the 2nd CE channel,
the progenitor of the sdB is a main sequence star of about solar
mass and the common envelope is ejected right at the tip of the
first giant branch (FGB, Han et al. 2002). However, this channel
is not appropriate to form binaries as close as CD-30°11223, as
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Fig. 6. Parameters of the CD-30°11223 system plotted against the mass of the WD companion with contours marking the 1o (red), 20~ (light blue),
and 30 (dark blue) levels of confidence. In the left column tidal synchronisation of the sdB primary is assumed, while in the middle column the
effect of microlensing has also been taken into account. Instead, in the right column the WD mass-radius relation has been used as an additional
constraint. The solid lines in the mass-radius plots (second panels from the top) mark the zero-temperature mass-radius relation for WDs, the
dashed lines more realistic models with 5% inflation. Note that both the v, sin i and the log g derived from the light curve are in agreement with
the values derived from spectroscopy.
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Fig. 7. Results of binary evolution calculations with initial masses of the two components and the orbital period similar to the sdB+WD binary
system. Left panel: the evolutionary track of the He star is shown as a solid curve and the evolution of the orbital period as a dash-dotted curve.
Right panel: the solid and dash-dotted curves show the mass-transfer rate and the mass of the WD envelope (He shell) varying with time after the
He star fills its Roche lobe, respectively. Dotted vertical lines in both panels indicate the position where the double-detonation may happen (the
mass of the He shell increases to ~0.1 M,). The initial binary parameters and the parameters at the moment of the SN explosion are also given in
the two panels.
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0.25kpc| |

Fig. 8. Three-dimensional trajectory of CD-30°11223 in a Cartesian
Galactic coordinate system with the z-axis pointing to the north Galactic
pole. Current positions of CD-30°11223 (blue %), Sun (black ©), and
Galactic centre (black +) are marked. The approximate point in time
of the supernova explosion is symbolized by the red asterisk, while the
arrow marks the position of the Sun at that time. Solid lines indicate the
future 42 Myr, dashed lines the past 150 Myr. CD-30°11223’s kinematic
properties are obviously those of the local thin disc population.

shown in Fig. 9 (upper panel). The envelope at the tip of the FGB
has a very low binding energy and can be ejected easily in the
following CE. Thus, the orbital shrinkage during CE evolution
is not significant and the produced sdB+WD system generally
has an orbital period much longer than that of CD-30°11223.
Only for a very small value of acg = 0.3, which is very unlikely,
some binaries reach the margin of 0.05 d. Indeed, the median pe-
riod of the observed sdB binaries is as high as ~0.6 d (Geier et al.
2011). However, an sdB+WD binary can also be formed when
the main-sequence progenitor of the subdwarf has an initial mass
larger than 2 M, and fills its Roche lobe during the Hertzsprung
Gap or at the base of the FGB. In this case, the envelope is more
tightly bound and the orbital shrinkage required to eject the CE
becomes higher. In Fig. 9 (lower panel) the orbital period distri-
bution is shown for this scenario when acg = ay, = 0.75, similar
to the best fitting model of Han et al. (2003). As seen in the fig-
ure, short orbital periods, just as in the case of CD-30°11223, are
expected.

We also investigated the distribution of sdB masses formed
via this channel. While the standard CE-scenario predicts a mass
distribution with a sharp peak at 0.47 M, the sdB masses from
more massive main-sequence stars (i.e. >2 M) show a signifi-
cant scatter for higher values of acg, and even more so if we al-
low for a contribution of thermal energy in the CE-process by in-
creasing the parameter ay,. The sdB mass for this channel largely
depends on the mass of the progenitor, and can range from 0.3
to 1.0 M, (see Fig. 10). This is consistent with the sdB mass of
up to 0.54 M determined in the case of CD-30°11223.

We therefore conclude that CD-30°11223 was most likely
formed via CE-ejection of a main sequence star with a mass
larger than 2 Mg, which means that it originated from a young
stellar population.
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Fig. 9. Top panel: orbital period distribution of sdB+WD binaries from
the 2nd CE channel. Different colours mark different WD masses (black
0.6 M, red 0.8 M, green 1.0 M, blue 1.2 M, purple 1.4 M,). The
vertical dashed line marks P = 0.05 d. The contribution of thermal en-
ergy has not been included (ay, = 0). The solid lines are for acg = 0.3
and the dotted ones for acg = 1.0. Bottom panel: orbital period distribu-
tion of sdB+WD binaries from the CE channel involving more massive
main sequence stars (i.e. >2 My). The values of acg and ay, are indi-
cated in the figure (see Fig. 9).

8.3. White dwarf cooling age and progenitor masses

We derived a mass of 0.76 M., for the WD companion based on
observations. Using an initial-to-final mass relation for isolated
WDs the mass of the progenitor should have ranged from 3 to
4 M, (see Fig. 7 in Kovetz et al. 2009, and references therein).
Binary evolution is expected to lower the mass of the final WD
and this progenitor mass estimate, therefore, has to be consid-
ered as lower limit.

Assuming a lifetime on the main sequence tys = 10! yr x
[M/M]~23, the progenitor lived for a maximum of 640 Myr. We
constrain the temperature of the WD in our light curve analysis
to be ~25000 K. Therefore, its cooling age is ~30-40 Myr!.

I Taken from cooling models for mixed C/O composition and for

standard thick H and He layers, http://www.astro.umontreal.ca/
~bergeron/CoolingModels/, Fontaine et al. (2001).
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Fig. 10. sdB mass is plotted over the orbital period assuming the mass of
the WD to be 1.2 M. The main-sequence progenitors of the sdBs have
initial masses larger than 2 M,,. The values of acg and «y, are indicated
in the figure.

The lifetime of the sdB on the extreme horizontal branch is of
the same order as the one of the WD and we therefore derive
a similar progenitor mass of more than 3 M, consistent with
the disc kinematics and the constraints from binary formation
scenarios.

9. Conclusions

Systems like CD-30°11223 are young, which is consistent with
the non-detection of objects with such high RV-shifts in the
course of the MUCHFUSS project so far (Geier et al. 2011,
2011). Most targets of this survey are faint subdwarfs located in
the old halo population. The sdB-donor double-detonation chan-
nel is therefore predicted to occur in young stellar populations
and to contribute to the SN Ia population with short delay time
(Ruiter et al. 2009).

Given that systems like CD-30°11223 are progenitors of
some thermonuclear SN, a rough estimate can be made of the
rate of such events. The system CD-30°11223 is one out of
~100 solved sdB binaries (Geier et al. 2011). About 50% of the
known sdB stars are in close binary systems. So we can esti-
mate the number fraction of systems like CD-30°11223 to be
about 0.5% of the whole population of sdB stars. According to
binary evolution calculations, the birthrate of such stars in our
Galaxy is ~5 x 1072 yr~! (Han et al. 2003). We therefore esti-
mate the number of progenitor systems and the resulting SN Ia
rate to be ~2.5x 10~ yr~!. This is consistent with the theoretical
birthrate predicted for the WD+He star channel (~3 x 10 yr~!,
Wang et al. 2010), but more importantly, it is smaller than the
SN Ia birthrate of ~3 x 1073 yr‘1 and, therefore, consistent with
observations (Capellaro & Turato 1997).

Although sub-Chandrasekhar scenarios in general have no
well-defined explosion mass, the parameter space for the sdB
binary progenitors turns out to be quite narrow. According to
hydrodynamic simulations the minimum mass of the WD should
be ~0.8 M, because carbon burning is not triggered for objects
of much lower mass (Sim et al. 2012). On the other hand, the
WD must consist of carbon and oxygen to be able to explode
as a SN Ia. This limits the mass to values lower than ~1.1 M,
because even more massive WDs consist of oxygen, neon, and

magnesium and tend to collapse rather than explode. This mass
range is further narrowed down by binary evolution calculations.
Very close sdB+WD systems with companion masses around
0.8 M, are predicted to be formed in much higher numbers than
binaries with more massive companions. Another important con-
straint is that the timespan from the binary formation after the
CE to the SN Ia explosion must be shorter than the core helium-
burning lifetime (~100 Myr). Otherwise the sdB will turn into a
WD before helium can be transferred. This restricts the orbital
periods of possible sdB+WD progenitors to less than ~0.07 d.

The double-detonation scenario with a hot subdwarf donor
is the only proposed SN Ia scenario where both progenitors and
remnants have been identified. Analysing a larger sample of
these objects will allow us to put tight constraints on their prop-
erties and evolution.
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STELLAR DYNAMICS

The fastest unbound star in
our Galaxy ejected by a
thermonuclear supernova

S. Geier,>* F. Fiirst,? E. Ziegerer,? T. Kupfer,* U. Heber,> A. Irrgang,> B. Wang,” Z. Liu,>¢
Z. Han,” B. Sesar,”® D. Levitan,” R. Kotak,® E. Magnier,'® K. Smith,® W. S. Burgett,'®
K. Chambers,® H. Flewelling,® N. Kaiser,® R. Wainscoat,® C. Waters™®

Hypervelocity stars (HVSs) travel with velocities so high that they exceed the escape
velocity of the Galaxy. Several acceleration mechanisms have been discussed. Only

one HVS (US 708, HVS 2) is a compact helium star. Here we present a spectroscopic
and kinematic analysis of US 708. Traveling with a velocity of ~1200 kilometers per
second, it is the fastest unbound star in our Galaxy. In reconstructing its trajectory, the
Galactic center becomes very unlikely as an origin, which is hardly consistent with the
most favored ejection mechanism for the other HVSs. Furthermore, we detected that US
708 is a fast rotator. According to our binary evolution model, it was spun-up by

tidal interaction in a close binary and is likely to be the ejected donor remnant of a

thermonuclear supernova.

ccording to the widely accepted theory

for the acceleration of hypervelocity stars

(HVSs) (I-3), a close binary is disrupted

by the supermassive black hole (SMBH)

in the center of our Galaxy, and one com-
ponent is ejected as a HVS (4). In an alternative
scenario, US 708 was proposed to be ejected from
an ultracompact binary star by a thermonuclear
supernova type Ia (SN Ia) (5). However, previous
observational evidence was insufficient to put
firm constraints on its past evolution. Here we
show that US 708 is the fastest unbound star in
our Galaxy, provide evidence for the SN ejection
scenario, and identify a progenitor population
of SN Ia.

In contrast to all other known HVSs, US 708
has been classified as a hot subdwarf star [sub-
dwarf O- or B-type (sdO/B) star]. Those stars are
evolved, core helium-burning objects with low
masses around 0.5 times the mass of the Sun
(Mg ). About half of the sdB stars reside in close
binaries with periods ranging from ~0.1 to
~30 days (6, 7). The hot subdwarf is regarded as

1126 6 MARCH 2015 » VOL 347 ISSUE 6226

the core of a former red giant star that has been
stripped of almost all of its hydrogen envelope
through interaction with a close companion star
(8, 9). However, single hot subdwarf stars like US
708 are known as well. Even in this case, binary
evolution has been proposed, as the merger of
two helium white dwarfs (He-WDs) is a possible
formation channel for those objects (10).

The hot subdwarf nature of US708 poses a
particular challenge for theories that aim to ex-
plain the acceleration of HVSs. Within the sling-
shot scenario proposed by Hills, a binary consisting
of two main-sequence stars is disrupted by the
close encounter with the SMBH in the center of
our Galaxy. While one of the components re-
mains in a bound orbit around the black hole,
the other one is ejected with high velocity (4).
This scenario explains the existence of the so-
called S-stars orbiting the SMBH in the Galactic
center and provides the most convincing evidence
for the existence of this black hole (11). It is also
consistent with the main properties of the known
HVS population consisting of young main-sequence

stars (12, 13). However, more detailed analyses of
some young HVSs challenge the Galactic center
origin (I14), and most recently, a new population
of old main-sequence stars likely to be HVSs has
been discovered. Most of those objects are also
unlikely to originate from the Galactic center, but
the acceleration mechanism remains unclear (I5).

In the case of the helium-rich sdO (He-sdO)
US 708, the situation is even more complicated.
In contrast to all other known HVSs, which are
normal main-sequence stars of different ages,
this star is in the phase of shell helium burning,
which lasts for only a few tens of millions of
years. More importantly, it has been formed by
close binary interaction. To accelerate a close
binary star to such high velocity, the slingshot
mechanism requires either a binary black hole
(16) or the close encounter of a hierarchical triple
system, where the distant component becomes
bound to the black hole and the two close com-
ponents are ejected (17). Similar constraints apply
to the dynamical ejection out of a dense cluster,
which is the second main scenario discussed to
explain the HVSs.

Close binarity requires specific modifications
of the canonical HVS scenarios. However, it is a
necessary ingredient for an alternative scenario,
in which US 708 is explained as the ejected donor
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remnant of a thermonuclear SN Ia (18, 19). Un-
derluminous SN Ia have been proposed to orig-
inate from a so-called “double detonation” of a
white dwarf (WD) (20, 21). In this scenario, a
massive WD is closely orbited by a low-mass
helium star. Due to a tightening of the orbit, the
helium star will start to transfer mass to its com-
pact companion. After a critical amount of helium

is deposited on the surface of the WD through
accretion, the helium is ignited, causing a deto-
nation wave that triggers the explosion of the
carbon-oxygen WD itself. The ultracompact sdB+WD
binary CD -30° 11223 has recently been identified
as progenitor candidate for such a scenario and
has been linked to the putative ejected donor
remnant US 708 (5, 22).

Fig. 1. Fit of model
spectrum. The fit of
synthetic models to the
helium and nitrogen =
lines of a Keck/ESI

spectrum of US 708 is

shown. The normalized 1
fluxes of the single lines
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Table 1. Parameters of US 708. The uncertainty of the radial velocity is the 1o error from a %2 fit, the
uncertainties in the proper motion components have been propagated from the position errors by linear
regression, and the uncertainties in the atmospheric parameters are bootstrap errors. The uncertainties
of the other parameters have been propagated from the uncertainties of the input parameters. N/A, not

applicable.
Parameter Abbreviation Unit Value
Visual magnitude* Mg mag 18.668 + 0.008
Proper motion 1,COSd milli-arc sec year™ -80+18
s milli-arc sec year™ 91+16
Radial velocity Vhelio km st 917 +7
Galactic Cartesian coordinates X kpc -14.2+0.7
Y kpc 04+01
V4 kpc 6.2+0.7
Galactic velocity components Vv km s -855 + 61
vy kms™ 643 £ 77
vz kms™ 431+ 58
Galactic rest-frame velocity Vet kms™ 1157 + 53
Effective temperature Tott K 47200 + 400
Surface gravity log g N/A 569+ 0.09
Helium abundance log y N/A +2.0
Nitrogen abundance Iogxgﬂ) N/A -24+02
Projected rotational velocity ViotSIN i kms™ 115+ 8
Mass (adopted) Msas Mg 0.3
Distance d kpc 85+10

*Taken from the Sloan Digital Sky Survey (SDSS) Data Server (das.sdss.org)
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We performed a detailed spectroscopic and
kinematic analysis of US 708 based on recently
obtained and archival data to trace back its
origin and constrain the ejection mechanism. To
determine the three-dimensional motion of US
708, both the radial and tangential velocity com-
ponents have to be determined. We measured
the radial velocity from new spectra taken with
the Keck and Palomar telescopes and compared
it with archival data. We also derived atmospheric
parameters and a spectroscopic distance from
the new spectra (Fig. 1). In addition, we deter-
mined the proper motion by combining archi-
val positions with new measurements from the
PanSTARRS survey (fig. S2 and Table 1).

With a Galactic rest-frame velocity of 1157 +
53 km s, we find that US 708 is the fastest
known unbound star in our Galaxy. Its current
distance is 8.5 + 1.0 kpc, and it is moving away
from the Galactic plane into the halo. Tracing back
its trajectory and assuming no further deviations,
we deduced that it crossed the Galactic disc 14.0 +
3.1 million years ago. In this way, an origin in the
center of our Galaxy can be excluded with high
confidence (Fig. 2), but the origin in the Galactic
disc is fully consistent with the SN ejection
scenario. In contrast to regular SN Ia, double-
detonation SN Ia with hot subdwarf donors are
predicted to happen in young stellar popula-
tions (5).

Both the current Galactic rest-frame velocity
and the reconstructed ejection velocity from the
Galactic disc (998 + 68 km s ") are substantially
higher than the value published before (~750 km s,
based on radial velocity alone) (2). This puts new
constraints on the possible progenitor system,
which can be derived from the observed param-
eters of US 708. To reach such a high ejection
velocity, the progenitor binary must have been
very compact and the WD companion rather
massive. The likely progenitor system consists of
a compact helium star with a mass of ~0.3 M,
and a massive carbon-oxygen WD (1.0 to 1.2 M)
with an orbital period of ~10 min. We calculated
the mass-transfer rate in such a binary and found
that the helium is accreted by the WD at a rate
suitable for the double-detonation scenario [10~°
t0 1078 M, year™ (5)]. Such ultrashort-period sys-
tems with compact helium stars have indeed been
observed. The eclipsing He-WD+CO-WD binary
SDSS J065133+2844:23 has an orbital period of
only 12 min (23). However, the mass of the CO-
WD (0.55 M) is too low for a double-detonation
SN Ia.

The ejection from such a close binary should
leave another imprint on the remnant. We know
that hot subdwarfs in compact binaries have
been spun up by the tidal influence of the close
companion (22, 24, 25) to projected rotational
velocities (v,:Sing) that are substantially higher
than the projected rotational velocities of single
hot subdwarfs (26, 27). An ejected remnant is
predicted to have a high v, sin? as well (28), and
indeed we measured v.ysiné = 115+8 km s7,
which is substantially higher than expected for a
single He-sdO (Fig. 1) (27). However, assuming
an ultracompact progenitor binary, the measured
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Fig. 2. Origin of US 708. A Monte Carlo simulation (10% iterations) of Frrrrrrrd
the past trajectory of US 708 is shown. The color-coded bins mark the 205
positions where the star crossed the Galactic disc, which is shown pole- F
on. The contours correspond to the 1o, 3, and 5¢ confidence limits. The 1515
position of the Galactic center is denoted by the black dot, the position F
of the Sun is given by the star symbol, and the current position of US 10
708 is marked by a triangle and given in Table 1. F
5F
Q C
Q r
X o
£t
> 5
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Urosing of the He-sdO is still slower than expected
by about a factor of four. A high loss of mass and
angular momentum caused by the SN impact is
predicted for main-sequence companions in the
standard single-degenerate SN Ia scenario, in
which mass is transferred from such a compan-
ion to a WD (29-3I). Though the loss of mass and
angular momentum for a more compact com-
panion like US 708 is expected to be smaller, our
results indicate that it is still substantial. This
puts important observational constraints on more
detailed models.

‘Whereas the observed properties of US 708 are
consistent with the SN ejection scenario, they are
hardly compatible with the slingshot mechanism
because an origin of the star in the center of the
Galaxy is very unlikely (Fig. 2; see also the ad-
ditional explanation in the supplementary ma-
terials). However, it must be stated that the SN
ejection scenario is only applicable to such com-
pact helium stars and cannot be invoked to ex-
plain the acceleration of the other HVSs.

Depending on the pollution by SN material,
the effect of the SN impact, and the subsequent
stellar evolution, the surface abundances of US
708 might be substantially affected. Ultraviolet
spectroscopy is necessary to measure the metal
abundances of US 708 and put further con-
straints on the extreme history of this star, which
witnessed a SN from a distance of less than 0.2
solar radii.

In providing evidence that US 708 is probably
the donor remnant of a helium double-detonation
SN Ia, we have shown an acceleration mecha-
nism for the fastest unbound stars in our Galaxy.
With that, we have also made an important step
forward in understanding SN Ia explosions in
general. Despite the fact that those bright events
are used as standard candles to measure the ex-
pansion (and acceleration) of the universe, their
progenitors are still unknown. Our results sug-
gest that, due to the high WD masses derived for
the progenitor binary, the double-detonation
scenario might not only be applicable to some
underluminous SN Ia (5, 21) but might also con-
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tribute to the population of typical SNe Ia used
as cosmic yardsticks (20).
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Materials and M ethods

Summary

Spectra of US 708 have been taken with the 10m Keck and the fsmRatele-

scopes. From the Doppler shift of the spectral lines we nredsilne radial ve-

1



locity using both new and archival data. The tangential igfacomponents have
been determined by measuring the proper motion of the stan fnulti-epoch
position measurements spanning 59 years and its speqgpioststance perform-
ing a full quantitative spectral analysis using statekba&f-art model atmospheres.
Using those informations we constrained the kinematicsisf $tar and traced
back its origin to the Galactic disk performing a Monte Caiilmdation. The
properties of the progenitor binary have been determinestlgnbased on the de-
rived ejection velocity from the Galactic disc. Binary evadn calculations have
then been performed to check the consistency of those greperth theory. The
current rotational properties of US 708 have been compatitchydrodynamical

models of angular momentum-loss triggered by supernovales®ns.

Observations

US 708 (rap00 = 09'33M20885, 6,000 = +44°17'05.8”) was discovered to be a
hypervelocity star by Hirsch et &2). A medium-resolutionR ~ 1800) spectrum
was taken by the Sloan Digital Sky Survey (SDSS) on Febru@ry2002(32).
Follow-up low-resolution R ~ 900) spectroscopy was obtained with the LRIS
instrument at the Keck telescope on May 13, 2005. The redsppectra from the
blue and red channel of the instrument were provided to us.itdch. A series
of 11 consecutively taken medium-resolutidR £ 8000) spectra was obtained
with the ESI instrument at the Keck telescope on March 3, 203e spectra

have been reduced with the ESI pipeline Make@ne spectrum has been taken

*httpy//www.astro.caltech.ed(itb/make¢



with the medium-resolution spectrograph at the 5.1 m Hdést®pe on Mount

Palomar on May 11, 2013 and another three spectra on Juné3,, 20

Revised radial velocity

Hirsch et al. measured the radial velocity (RV) of US 708 (a6 km s') from

the helium lines in the blue-channel LRIS spectrum. The measlV exceeded
the typical RVs of He-sdOs in the rest of the sample, whichharacteristic for
halo stars, considerably (see Fig. §38)). We obtained the RV of the SDSS, ESI
and Palomar spectra by fitting a model spectrum (see belothetbelium lines
using the FITSB2 routing€33). Surprisingly, the most accurate RV measured
from the coadded ESI spectrum (9177 kms?) turned out to be significantly
higher than the one published by Hirsch et &). This velocity is consistent
with the RVs measured both from the SO9898+ 30 km s?) and the Palomar
spectra (866- 936 kms?). To investigate this issue, we performed a reanalysis
of the LRIS spectra and measured an RV of 208km s for the LRIS blue-
channel spectrum perfectly consistent with the publisredde: However, when
fitting the red-channel spectrum we found a significantlgidipant RV of 79

21 kms?!. This was taken as first indication, that those spectra ntighafected

by systematics. We used the nightsky emission line o&t®300 A (red-channel)

and the interstellar absorption line of Cat 3934 A (blue-channel) to quantify

The RV of 793 km st given by the SDSS Sky Server Object Explorer tool is basetefittof
an hydrogen rich template to the spectrum. Thertiaes of the Pickering series are misidentified
as Balmer lines. This introduces the shift-of-100 km s* between our result and the template
fit.



those systematic shifts (see Fig. S1, left panel). The skytemission line, which
is supposed to be at zero RV, was blue-shifted-Bg+ 10 km s®. The interstellar
line showed a significantly higher shift efl28 + 22kms?. Since the correct
RV of the interstellar line is not known a priori, we measurtefilom a coadded
Palomar spectrum to be9 + 28 kms?. Correcting the RVs for those shifts, the
two RV values (82& 22 km s blue-channel, 83& 21 km s red-channel) from
the LRIS spectra are consistent with each other, but stilllsmthan the RVs
measured from the ESI and Palomar spectra (see Fig. S1,pagta). Due to
the low resolution of the LRIS spectra, the remaining shifresponds to only
about one pixel on the CCD and is therefore regarded as systesmsawvell. We
conclude that the RV published by Hirsch et al. wseaed by systematics and
therefore underestimated. Going back to the original rat&a,da@e performed an
independent reduction. However, we were not able to redbigassue. Given
that the uncertainties are at the level of confidence and that the LRIS spectra
are dfected by systematics, no significant shifts in RV on both tshod long

timescales are detected (see Supplementary Fig. 1, rigkt)pa

Proper motion

The proper motion of US 708 has been derived from multi-egmaition mea-
surements of Schmidt plates obtained from the Digitised Skyey (DSS), the
Sloan Digital Sky Survey32) and the PanSTARRS survey (PS1) over a timebase
of 59 years (see Fig. S2). The positions from the DSS and SD&§4s have been

*httpy/archive.stsci.edagi-birydssplatefinder
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measured with respect to a set of compact background galsgiected from the
SDSS images as described in Tillich et @4). The positions of the background
galaxies and the object are measured. For each image themeegmsitions of
the background galaxies are compared to the referencesviia the PS1 cat-
alogue. The average of the deviations from these referesceyis adopted as
uncertainty of the object position. In the case of the 29 R&icles, we took the
calibrated positions from the PS1 catalogue and therefegghe same reference
system for all our measurements. We obtained one positioepzch and used

linear regression ro derive the proper motion componeritstiveir uncertainties.

Atmospheric parameters

The atmospheric parameter$etive temperaturé.;, surface gravity log, ni-
trogen abundance lo§(N)/N(H) and projected rotational velocity, sini were
determined by fitting simultaneously the observed heliuthratrogen lines of an
ESI spectrum, constructed by coadding the 11 single expeswith NLTE mod-
els taking into account line-blanketing of nitrog€2y) (see Fig. 1) as described
in Geier et al.(35). Since no hydrogen lines are visible in the spectrum, we fixed
the helium abundance to log= log N(He)/N(H) = +2.0. The atmospheric pa-
rameters Ter = 47200+ 400K, logg = 5.69 + 0.09) deviate significantly from
the results by Hirsch et al. T = 45600+ 700K, logg = 5.23 + 0.12) es-
pecially in surface gravity. This is caused by the additidme-blanketing of
nitrogen(27). The atmospheric parameters as well as the nitrogen aboadan

log N(N)/N(H) = —2.4+ 0.2 are typical for the nitrogen-rich subclass of He-sdOs

5



(36). The projected rotational velocityy sini = 115+ 8 km s on the other hand

is significantly higher than the ones of both single s¢BL0 km s') and He-sdO
stars (20-30 kms?) (26,27). Based on our analysis we can rule out objects with
similar spectral features like DO-type white dwarfs (pg- 7.0) or luminous
He-stars (log < 4.5), which can be easily misclassified from visual inspection

only.

Spectroscopic distance and kinematics

The spectroscopic distance is derived from the atmospparemmeter3 ¢, log g
and the apparent visual magnitude as described in Ramspedk @0). The
SDSS-g and r magnitudes have been converted to Johnson MtodEjnwhich
has been corrected for interstellar reddeniAg & 0.07 mag)(41). Based on
constraints provided by the supernova ejection scenag® lfglow) we adopted
a mass of B M,, for the hot subdwarf. The spectroscopic distance in this as
8.5+ 1.0kpc. For this distance the proper motion components areectad to
absolute transverse velocities and, combined with tharadlocity, the Galactic
restframe velocity of US 708 is calculated to be 1#633kms?t. This is the
highest known restframe velocity of any unbound star in oala®y. The past
trajectory of US 708 in the Galactic potenti@?,43) has been reconstructed as
outlined in Tillich et al. (34). Due to the high velocity of US 708 we found
that the trajectory is not changed significantly if alteiveaimodel potentials are

used(42). US 708 was ejected from the Galactic discQl4 3.1 Myr ago and

Shttpy/www.sdss.orglre/algorithmgsdssUBVRITransform.html



the ejection velocity, corrected for the motion of the Gatadisc, was calculated

to be 998+ 68 kms®. We performed Monte Carlo simulations to trace back the
trajectory of US 708 until it intersects with the Galactisai The uncertainty in
the proper motion measurement dominates the error budgsuming no further
perturbation of the trajectory an origin from the centrat lggound the Galactic
centre can be ruled out with a confidence of more tharisge Fig. 2).

Properties of the progenitor binary. Geier et(&).proposed the ultra-compact
sdB+WD binary CD-30°11223 to be a possible progenitor of the hypervelocity
sdO US 708. However, based on the new results presentedtihergection ve-
locity is ~ 250 km s? higher than assumed by Geier et al. Hence, it is necessary
to reexamine the supernova ejection scenario and to tesbrisistency with the
newly derived parameters of US 708. Similar to the scenasoudsed in Geier
et al., we assume that the progenitor binary consisted ohgaot helium star
and a massive carbon-oxygen WD in close orbit. The ejectidocitg of the
He-star equals the radial velocity semiamplitude of thegpnitor binary at the
moment of the supernova explosidk & 998+ 68 km s') modified by the ad-
ditional perpendicular velocity component the star reegithrough the SN ex-
plosion ¢ 200kms?). Since both velocities are added in quadrature, the kick
velocity is negligible within the uncertainties. Assumiagnass for the He-star
and a circular orbit, the orbital period of the progenitardyy as well as its sepa-

ration can be calculated from the binary mass function:

M3 sin’i PK3

f = =
"7 (Mwp + Mpe)2 272G

(1)

v



Since we known the absolute space velocity, the inclinatiogle can be set

to sini = 1, and the orbital perio® of the progenitor binary can be calculated:

M3
P 2nG WD @)
K3 (Mwp + Mpe)?
The binary separatioacan be derived using Keplers laws:
G Mg
a= ——m0 (3)
K2 Mwp + Mye

Another crucial assumption is that stable mass-trangben fthe He-star to the
WD triggered the SN, which means that the He-star must haesl fits Roche
lobe before ejection. To calculate the Roche lobe radius wee tise equation

given by Eggletor{44), whereq = Mye/Mpp -

0.49¢%%a
0.69%2 + In(1 + g*/?)

R = (4)

The radius of the He-star can be calculated as a functioneofrthss and the

 [MuG
Rie = g )

To compare the Roche radius with the possible radius of thetbdlewe have

surface gravityg:

to take into account that US 708 has already evolved away fr@aEHB (see
Fig. S3), which led to an increase in radius. To calculatedldgus at the time of

ejection we therefore adopt the highest reasonable vatudsdg ~ 6.1 close to



the ZAEHB and the He-MS. Calculating Roche lobe and He-star firddi fter-
ent He-star and WD masses, we explored the parameter spapeatawhstraints
on possible progenitor systems. Fig. S4 shows the RochefaadiVD masses
from L0 M, to 1.2 M. The He-star radii for log = 6.1 are plotted for compari-
son. Consistent solutions are only found for low He-star es6s0.3— 0.35M,,)
and high WD companion masses {.0 — 1.2 M,,). The orbital period of the pro-
genitor binary can be constrained+010 min. Following the method described
in Geier et al.(5) we calculated the mass-transfer rates for binaries witlilaim
orbital parameters and component masses. The rated@f M,yr* are consis-
tent with the helium double-detonation scenario. FigsS3show as an example
the evolution of a close binaryP(= 26 min) that starts mass-transfer with an
initial He-star mass of @5M, and a WD mass of 05M,. After about 5 Myr
the orbital period becomes as short as 13 min and the comporasses change
to 0.3M, and 12 Mg, when the WD explodes as SNla. The helium donor has
to be a helium-burning star rather than a He-WD without ongyoinclear burn-
ing in its core, because those objects consist of degenmater and as soon as
the small non-degenerate envelope is transferred, the-traasder rate becomes
too high for the double-detonation scenario. Such systeith&xperience He-
flashes on the surface of the WD companion without ignitingdéon in the
core(45). This is consistent with the observational evidence. Stheesjection
already happened 14 Myr ago, we can also assume that US 708 is a helium-
burning star. The minimum mass for such objects &3 M. Even less massive

He-stars without nuclear burning, which are the progesitfrHe-WDs, exist



(46). However, according to evolutionary tracks, thefieetive temperatures are
much lower than the one of US708. The most massive He-WD pitogsron
the other hand, which can reach such temperatures, aregaathin a few Myr,
too fast to be consistent with the position of US 708 in The — log g-diagram
(see Fig. S3J47). EHB-tracks for masses as low as0.3 M, are also not con-
sistent with the position of US 708 in thg; — log g-diagram(6). However, since
the He-star was significantly more massive before the nrassfer started, its
further evolution might not depend on its current total maBspecially, if the
helium in its core was already exhausted towards the endeofriiss-transfer
phase, the further evolution would depend on the core maiserrthan the total
mass. The position of US 708 in thigs — logg-diagram is, for example, per-
fectly consistent with post-EHB model tracks for an origimass of 045M,, (see
Fig. S3). Based on these simple calculations we can rule elgdB+WD binary
CD-30r11223 (051 M, + 0.76 Mg, P = 72 min) as direct progenitor of US 708.
However, systems like CEB0°11223 remain progenitor candidates of other high
velocity sdB starg34). There is no binary known yet, which fulfills all the crite-
ria for a progenitor system to US 708. But evidence is growthgt such objects
exist. A whole population of close binaries consisting ofW®s and CO-WDs
has been discovered recenf§f). They form in almost exactly the same way as
sdB+WD binaries. The only dierence is that core helium-burning was not ig-
nited before the hydrogen envelope has been stripffed the common envelope
phase of unstable mass-transfer. The ultracompact, edipse-WD+CO-WD
(0.25M,, + 0.55M,) binary SDSS J06513284423 with an orbital period of only
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12 min sticks ou{23). Its period is similar to the one expected for the progenitor
of US 708, but the component masses are too small. In the ednleld WD+WD
binary SDSS J12573342850 (02 M, + 1.2 M) on the other hand, the masses
are very similar to the ones predicted, whereas the orbaabg is much longer
(274 min) (48). These discoveries as well as binary evolution calculatiodi-
cate the existence of binaries fulfilling the criteria forr@genitor of US 708 as
well (18). We therefore conclude that the double-detonation suparefection
scenario is still able to explain the observed propertidd®708 as ejected donor

remnant.

Rotational velocity

Only two out of more than 100 single hot subdwarf stars arertaators. Both
objects are sdB stars with hydrogen-rich atmospheres aglot imave been formed
by a common-envelope merg@t9,50). US 708 on the other hand belongs to the
population of He-sdOs, which are hotter and show no or oniyiestiydrogen

in their atmospheres. They are regarded as a distinct grbafars, that might
have been formed in fierent ways as the sdBs. US 708 is the only single He-
sdO rotating faster than 2030 km s indicating a close-binary origi(27). Due

to the short orbital period and high companion mass, thdiootaf the He-star

in the proposed progenitor binary is expected to be synébednto its orbital
motion (22,24,25). Assuming the angular momentum is unchanged after the SN,
the ejected donor remnant should remain a fast rotator. diaéonal velocity can

be calculated as follows:
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2n
Viot = TRL (6)

The expected rotational velocity of the ejected He-stanig weakly depen-
dent on the masses of the binary components and of the or680dim s*. This
is much higher than the measurggisini = 115+ 8 kms™*. The significant dif-
ference between the expected rotational velocity and tresaredy,o Sini comes
unexpected. In a synchronised binary system the rotatebxesd of both compo-
nents are perpendicular to the orbital plane. As soon as thstét is ejected,
the rotation axis should be perpendicular to the flight tiajey, which means that
sini = 1. The impact of the supernova shockwave on main sequenceddis
panions in the standard single-degenerate scenario hestisebeen studied with
hydrodynamic simulations. Due to stripping of matter, tter snay lose up to
~ 90% of its initial angular momentum. A subsequent increasadius due to
stellar evolution is also predicted to lower the rotatiomallocity at the surface
(28-31). However, simulations of more compact helium stars show rinach
less mass is strippg@8,51). The loss of angular momentum is also expected to
be smaller in this case. Taking into account evolution onetkteeme horizontal
branch (EHB), the radius of the sdO increased by about a fatteil.6 since the
ejection. Assuming conservation of angular momentum, th&tional velocity
should now be of the order of 400 km's Whether the rest of the angular mo-
mentum was lost in the SN impact or later is still unclear. Baal. (28) predict

an increase of the helium star’s radius by a factor of up to faght after the

12



impact. This phase should last for a few tens of years. Duéddigh initial
rotational velocity of the star, another episode of massargular momentum
loss may be possible in this phase. Another possibility miggha tilting of the
stars rotation axis by the SN impact. The projected rotativalocity of the star
measured from the line broadening would then be smallerttiatrue rotational
velocity. However, simulations show that thi$ext is negligible for MS stars and

most likely also for the more compact He stars studied here.

Supplementary Text

Discussing alter native acceler ation scenarios

Any scenario for the acceleration of US 708 must explain fay properties of
this star simultaneously: (1) US708 is a compact He-sdOclwhost likely
formed via close binary interaction. Either it is the stegpcore of a red giant
or the result of a He-WD merger. (ll) The star has the highe&icdia restframe
velocity (~ 1200 km st) ever measured for any unbound star in the Galaxy. (lIl)
The past trajectory of the star is not consistent with animiigthe Galactic cen-
tre. (IV) In contrast to all other known single He-sdOs, U8 Has a projected
rotational velocity exceeding 100 km s®. We now want to review other scenar-
ios for the acceleration of hypervelocity stars in this wlaythe classical runaway
scenario a massive star in a binary system explodes as obbapse supernova,
while the companion is kicked out of the systéh?). However, the ejection ve-

locity scales with the binary separation and because a weaasd hence large
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star is involved, the binary separation cannot become samaligh to reach an
ejection velocity like the one of US708. The disruption ofiararchical triple
system consisting of a normal star in wide orbit around aecldse-WD binary
by the SMBH is regarded as very unlikely as well, because agimoin the GC
where the SMBH is located is very unlikely. The subsequengeresf a He-WD
binary ejected in this way has been proposed as formatiamasicefor US 708
(2,16). The ejection of a He-WD binary star by a hypothetical bindack hole
in the GC is very unlikely for the same reagd®). Other formation channels for
hypervelocity stars invoke dynamical interactions in destellar clusterg5s3).
Interactions of two close binaries can lead to the ejectioa star with the ap-
propriate velocity. However, the binary-binary interaatis not d@fecting the an-
gular momentum of the ejected star. We can therefore assuehé¢he observed
VietSiNi = 115+ 8km s resembles the rotational velocity in the tidally-locked
progenitor binary. To reach such a high rotational velocig separation of this
binary is constrained te 1R, (24). The interaction probability of two such bina-
ries even in a very dense cluster is expected to be extremmli}.s

Another idea to explain HVS not originating from the GC is thr&gin in a
nearby, low-mass galax{l5). Since the escape velocities from those smaller
galaxies are smaller as well, it is easier for stars to esaapéravel trough the
intracluster medium. Some of those neighbouring galaXss lsave quite high
velocities with respect to our own Galaxy. However, thisnsc® is also un-
likely for US 708. Although the star might have lived long egb on the main

sequence~ 10 Gyr) to travel all the way from a satellite or small neighbing
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galaxy, its current state of evolution is quite short consplato its total lifetime
(only about 01%). Furthermore, only about 2% of all main sequence stars un
dergo an EHB phase. This means that for each single HVS sd@nhgdnom
the intracluster medium there should be about 50 000 HVS egiuence stars
travelling through our Galactic halo. However, only a fewd®f them have been
reported so far. While faint, high proper motion objects dilerot easy to iden-
tify, it is very easy to discover stars with high RVs in big ey like SDSS or
RAVE. Palladino et al(15) list more exotic mechanisms like interactions in glob-
ular clusters, with intermediate mass black holes or betvwgdaxies $4). In
addition to that, combinations of several scenarios arginadle. If for example

a hierarchical triple system would be disrupted by the SMBH @me component
of the ejected binary would explode as core-collapse SNy #pectory of the sur-
viving companion would not point back to the GC. However, wsbakgard all

those scenarios as very unlikely to explain the object prtesehere.

Estimating supernovarates

Another sanity check for our scenario is to provide a rougimede of the double-

detonation SN la rates we would expect based on our obsemgaéind binary

population synthesis models. So far US 708 is unique amangrtbwn He-sdO

stars and this estimate is based on very small number gtati$he star was drawn
from a sample of hot subdwarfs selected from SDSS. The fuatipéa contains

1369 hot subdwarfs in total, 262 of them or roughly 20% aresH®s(55). Binary

population synthesis models by Han et @) predict a birthrate of & 1072 yr!
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for hot subdwarfs in general and thereforg 102 yr—! for He-sdOs. One of the
observed He-sdOs (US 708) might be an ejected donor remaahtdfo). This
translates into a double-detonation SN rate of roughyt@° yr-1. This has to be
regarded as lower limit only, because a few He-sdOs withlem@Vs, but rather
high proper motions might still be hidden in our sample.

The predicted rates of double-detonation SN la are arourdG*yr-! and
the observed rates of all types of SN la aroundd B3 yr~* (56). Since all those
numbers have quite significant uncertainties, they arerdeglaas broadly con-
sistent. The most important point for this sanity checkhat bur estimates from
observations do not deviate from the predicted or obseted by orders of mag-
nitude.

Yu & Tremaine(57) calculated the ejection rates of hypervelocity stars ex-
pected from interactions with the Galactic centre blaclkeh@r a binary black
hole in the GC). The rates are of the orderaf0°yr-!to ~ 10-4yr-!. However,
these numbers correspond to the simplest case, the ejadtgingle main se-
guence stars. Since stars as peculiar as US 708 and theaniiarg are very rare
compared to normal main sequence stars, the close encamatefection rates of
such stars have to be orders of magnitude smaller. It isfirergery unlikely to
find one He-sdO along with the about 20 other hypervelocayssassuming that

they are all accelerated in the GC.
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Fig. S1: Revised radial velocity.eft panel: Interstellar Car line of US 708 in
the Palomar (upper plot) and blue-channel LRIS spectra (mjuldt). In contrast
to the Palomar spectrum, the LRIS spectrum is significantig{shifted. Night-
sky emission line of @in the LRIS red-channel spectrum (lower panel). The
blue-shift is smaller than in the red-channel spectrRmght panel: Radial veloc-
ities of US 708 plotted against Julian date. Upper panel: SQBangle), LRIS
blue- and red-channel uncorrected (grey circles), LRIS-tdnd red-channel cor-
rected (black circles), ESI (diamonds), Palomar (squar@s dotted box marks
the LRIS RVs, which areffected by systematics. Lower panel: Close-up of the
ESI RVs taken within one night.
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Fig. S2: Proper motion of US 708. Relative positions of US #0&ght as-
cension (upper panel) and declination (lower panel) plottgainst time. The
POSS I, QUICK and POSS Il positions are measured from scartmeadgraphic
plates provided by the Digitised Sky Survey. SDSS and PaiRR&R&positions are
measured from CCD images. The black solid lines mark the bsstriiim which
we derive the proper motion components. The solid red linaskrthe proper

motion components required for the star to originate froem@alactic centre.
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Fig. S3: Evolutionary status of US 708, — logg diagram. Evolutionary
tracks (solar metallicity) of core helium-burning starshwa mass of @5Mg and
different masses of their hydrogen envelopes (for bottom t@topj,, 0.001 M,
0.005M,) are plotted6). The positions of both the Zero Age and the Terminal
Age Extended Horizontal Branch (ZAEHB, TAEHB) are indicatedhedl as the

helium main sequence (He-MS). The filled black symbols madwkn He-sdBs
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(37,38) (squares) and He-sd(39) (triangles) from the literature.
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Fig. S4: Mass-radius relation of the compact He-star. Thigeddlack lines
mark the Roche radii for WD companion masses .6fM,, and 12 M,. The red

solid line marks the He-star radius assumingdceg6.1.
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Fig. S5: Mass-transfer rate. The solid and dash-dottedeswsfiow the mass-
transfer rate and the mass of the WD envelope (He shell) varyith time after
the He star fills its Roche lobe, respectively. The dottedicadrtine indicates
the position where the double-detonation may happen (trss mfthe He shell
increases te- 0.15M,). The initial binary parameters and the parameters at the

moment of the SN explosion are also given.
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ABSTRACT

The project Massive Unseen Companions to Hot Faint Undénlows Stars from SDSS (MUCHFUSS) aims at finding hot subdwarf
stars with massive compact companions like massive whirfdWM > 1.0 M), neutron stars, or stellar-mass black holes. The
existence of such systems is predicted by binary evolutienrty, and recent discoveries indicate that they exist irGalaxy.

We present orbital and atmospheric parameters and putraoriston the nature of the companions of 12 close hot sutiddvarar
(sdB) binaries found in the course of the MUCHFUSS projebe $ystems show periods betweeb40and 74 days. In nine cases
the nature of the companions cannot be constrained unamistyuwhereas three systems most likely have white dwarpearions.
We find that the companion to SDSS J083006475150.3 is likely to be a rare example of a low-mass helione-evhite dwarf.
SDSS J095101.2834757.0 shows an excess in the infrared that probablynartigé from a third companion in a wide orbit, which
makes this system the second candidate hierarchical BygEm containing an sdB star. SDSS J113244068652.8 is the first
helium deficient sdO star with a confirmed close companion.

This study brings to 142 the number of sdB binaries with atlperiods of less than 30 days and with measured mass faaciide
present an analysis of the minimum companion mass disiwibaind show that it is bimodal. One peak arourntiNd, corresponds
to the low-mass main sequence (dM) and substellar companidre other peak around4M,, corresponds to the white dwarf
companions. The derived masses for the white dwarf comparaece significantly lower than the average mass for singleoca
oxygen white dwarfs. In & — logg diagram of sdB-dM companions, we find signs that the sdB components are massive than
the rest of the sample. The full sample was compared to therkipopulation of extremely low-mass white dwarf binariesvadl as
short-period white dwarfs with main sequence companionsh Bamples show a significantlyfigirent companion mass distribution
indicating either dierent selectionféects or dfferent evolutionary paths. We identified 16 systems wherdikheompanion will fill

its Roche Lobe within a Hubble time and will evolve into a chgamic variable; two of them will have a brown dwarf as dosetar.
Twelve systems with confirmed white dwarf companions wilkgeewithin a Hubble time, two of them having a mass ratio tdwvo
into a stable AM CVn-type binary and another two which areeptiill supernova la progenitor systems. The remaining siggtems
will most likely merge and form RCrB stars or massiv&Gvhite dwarfs depending on the structure of the white dwanfiganion.

Key words. binaries: spectroscopic — stars: subdwarf

rXiv:1501.03692v1 [astro-ph.SR] 15 Jan 2015

(O 1. Introduction evolve faster to become a red giant. Unstable mass tramefar f
) , the red giant to the companion will lead to a CE phase. Because
Hot subdwarf B stars (sdBs) are hot core helium-burningsstgjt the friction in this phase, the two stellar cores lose @ibi
with masses around.®M, and thin hydrogen layers (Hebefanergy and angular momentum, which leads to a shrinkage of
1986; for a recent review see Heber 2009). It has been shawa orbit. This energy is deposited in the envelope which wil
that a large fraction of sdBs are members of short-periggaly be ejected. If the core reaches the mass requirechéor t
binaries with periods below-10 days |((Maxted et al. 2001; core-helium flash before the envelope is lost, a binary stinsj
Napiwotzki et al. 2004a). For such short-period sdB birerigf 5 core-helium burning sdB star and a main sequence com-
common envelope (CE) ejection is the only likely formatioRanion is formed. In another possible scenario the moreingass
channel. One possible scenario is that two main sequente ségar evolves to become a white dwarf (WD) either through a CE
(MS) evolve in a binary system. The more massive one Wihase or stable mass transfer onto the less massive companio
The less massive star evolves then to become a red giant. Un-
Send offprint requests to: T. Kupfer, stable mass transfer will lead to a CE and once the envelope is
e-mail:t.kupfer@astro.ru.nl
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Table 1. Overview of the solved binary systems.
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hand may be triggered by stable mass transfer (Mereghaetii et
2009).
Neutron star (NS) or even black hole (BH) companions

Short name SDSS name Othernames  gre predicted by theory as well (Podsiadlowskiétal. 2002;
J01185-00254 SDSSJ011857.2002546.5 PB6373 Pfahl et all 2003). In this scenario two phases of unstabksma
J03213-05384 SDSSJ032138.6053840.0 PG 031055 transfer are needed and the NS or the BH is formed in a su-
J0823311364 SDSS J082332.0813641.8 — pernova explosion. Yungelson & Tutukdv (2005) predicteat th
J0830@-47515  SDSS J083006.1475150.3 PG 0826480 about 0.8% of the short-period sdBs should have NS compan-
jgggigggi% ggggjgggigiggéi%gg Eg 88%43& ions. In an independent study, Nelemans (2010) s_howed that
31021530101 SDSS J102151 63010119 — about 1% of these systems should ha_lve NS companions whereas
J1132406365 SDSSJ113241.5863652.8 PG 1130063 about 0.1% should have BH companions.

J1346328172 SDSSJ134632.6381722.7 TON168 However, no NdH companion to an sdB has yet been de-
J15082-49405 SDSSJ150829.8294050.9 SBSS1506198  tected unambiguously whereas a few candidates have been ide
J15222-01301 SDSSJ152222.1813018.3 - tified (Geier et all 2010b). Follow-up observations havenbee
J18324-63091 SDSSJ183249.6830910.5 FBS1832631

conducted with radio and X-ray telescopes. Coenenl et al1(?0

did not detect any radio signals of a pulsar companion at the

positions of four candidate systems from_Geier étlal. (2p10b

Mereghetti et al.[ (2011, 2014) searched for X-rays powesed b
ejected the red giant remnant starts burning helium, andtasy Wind accretion onto compact companions to sdBs using the
consisting of an sdB with a WD companion is formed (Han et abwift and XMM satellites, but did not detect any of those tar-
2002, 2003). gets.

I the red giant loses enough mass that the remnant is not NStWD _systems have been discovered amongst pul-
massive enough to ignite helium the star will evolve dineedl  Sars.LFerdman etal. (2010) showed that the peculiar system
become a helium-core white dwarf. Helium-core white dwarfgSR J1802-2124 contains a millisecond pulsar and a low-mass
with masses below.8 M, are called extremely low-mass (ELM)C/O WD. This system may have evolved from an st sys-
white dwarfs [(Brown et al. 2010). According to single stap-ev t€M. Most recently, Kaplan et'al. (2013) discovered theeclos
lution, ELM-WDs should not exist as the evolutionary timaigc COmpanion to the pulsar PSR J18#510 to be a He-WD pro-
to form them is much longer than the age of the universe. Fhef€nitor with atmospheric parameters close to an sdB tar<
fore, significant mass transfer during the evolution is eeed16 000K, logg = 4.9).
and most of the observed ELM-WDs indeed reside in close bi- Many studies have been performed to identify short-period
nary systems, usually with WD companions. Those systems aei8 binaries with periods from a few hours to more than ten
formed through the same CE-ejection process as the shoodpedays. Up to now, 142 short-period sdB binaries have measured
sdB binaries, except that the envelope is ejected beforeatee radial velocity curves and mass functions with a peak in the p
reaches the mass required to ignite helium_(Brown let al./[R0100d distribution between 0.5 to 1.0 days (e.g. MoralesdRuet
Recent studies have increased the number of known ELM-W8ls 2003; Geier et al. 2011; Copperwheat et al. 2011). In most
significantly (Brown et al. 2013 and references thereinyifu cases it is hard to constrain the nature of the companion a6 mo
their evolution they can spectroscopically appear as sdBw- sdB binaries are single-lined systems. From the radiajeits!
ever, they have lower masses compared to helium core-lgurnjRV) curve only lower mass limits can be derived. Most of the
sdBs. Three low-mass sdBs, which evolve directly towargs thompanions are either dMs or WDs. Only in a few examples
ELM-WD phase are known so far. All have WD companions arbuld strong constraints be put on the nature of the companio
lie below the Zero-Age Extreme Horizontal Branch (Heberdeta SdBs with main sequence companions are potential pro-
2003; O'Toole et al. 2006; Silvotti et al. 2012). Furthermdiot genitors of detached WEIM binaries, which possibly further
He-WD progenitors in an earlier stage of evolution have beeolve to become cataclysmic variables (CVs). Hence, there
recently found orbiting intermediate-mass main sequetars s should be correlations between those two types of systems,
(EL CVn systems, Maxted et al. 2013). even though a compact WBIM system can be formed di-

Hot subdwarf binaries, as well as WDs with massive Wrgctly and does not necessarily evolve from an sdB bi-
companions, turned out to be good candidates for SN la pRsry. Recent studies have increased the number of known
genitors. Because of gravitational wave radiation, thétevh ~ WD-+dMs significantly and population studies have been carried
shrink further and mass transfer from the sdB onto the WD wtt (Nebot Gomez-Moran et'al. 2011 and references therein).
start once the sdB fills its Roche lobe. The Chandrasekhdr lim In addition to the short-period sdB binaries, long period
might be reached either trough He accretion on the WD (eggiBs formed via stable Roche lobe overflow have been postu-
Yoon & Langer 2004 and references therein) or a subsequktéd (Han et al. 2002, 2003). Between one third and half Bf sd
merger of the sdBWD system |(Tutukov & Yungelson 1981;stars are found to show spectroscopic signature of a main se-
Webbink 1984). Two sdBs with massive WD companions hageience type f5/K companion and associated infrared excess
been identified to be good candidates for being SN la proge(iReed & Stiening 2004). Because of their long periods, these
tors. KPD 19382752 has a total mass of 1.47Mxceeding the systems show only small radial velocity variations andabet-
Chandrasekhar limit and will merge within about 200 milliotocity curves have not been measured for years. Just rgdhatl
years |(Maxted et al. 2000a; Geier etlal. 2007).-GD* 11223 first systems with orbits of several hundreds days were disco
has the shortest known orbital period of all sdB binarRg,(= ered(Deca et al. 2012; Pstensen & Van Winckel 2012; Voslet al.
0.048979days) and is a good candidate to explode as an un@ét2,[2013). Eventually, these systems will evolve to bezom
luminous helium double-detonation SN la_(Vennes et al. 201\&/D+main sequence binaries with periods of hundreds of days
Geier et all. 2013b). The explosion of the massive WD compaamnd might experience another phase of mass transfer, when th
ion in the eclipsing sd®WD system HD 49798 on the othermain sequence companion turns into a red giant.
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Table 2. Summary of the follow-up observations in the course of the@HFUSS project.

Date Telescope & Instrument Resolutioiif1] Coverage [A] Observer
2009-May-27 — 2009-May-31 CAHA-3.5ATWIN 4000 3460-5630 S. M.
2009-Nov-08 — 2009-Nov-12 ESO-NFEFOSC2 2200 4450-5110 T.K.
2010-Feb-12 - 2010-Feb-15  SOABoodman 7000 3500-6160 B.B.
2010-Aug-02 — 2010-Aug-03 SOAFGoodman 7000 3500-6160 B.B.
February — July 2011 Gemini-NoriGMOS-N 1200 3610-5000 Service
February — July 2011 Gemini-SoutBMOS-S 1200 3610-5000 Service
2011-Nov-15-2011-Nov-19 CAHA-3.5ATWIN 4000 3460-5630 S.G., P.B.
February — July 2012 Gemini-NoriGMOS-N 1200 3610-5000 Service
February — July 2012 Gemini-SoutBMOS-S 1200 3610-5000 Service
2012-May-25—2012-May-27 CAHA-3.5aTWIN 4000 3460-5630 C.H.
2012-Jul-09 — 2012-Jul-12 ING-WHAISIS 4000 3440-5270 V.S.
2012-Oct-21 — 2012-Oct-24 SOASoodman 7000 3500-6160 B.B.
2012-Dec-14—-2012-Dec-18 ING-WHTSIS 4000 3440-5270 T.K,A.F.
2013-Jun-02 — 2012-Jun-05 ING-WHTSIS 4000 3440-5270 C.H.
2013-Aug-11-2013-Aug-13  ING-WHHISIS 4000 3440-5270 T.K,M.5.
2014-Feb-01 - 2014-Feb-05 ESO-NHHFOSC?2 2200 4450-5110 S.G., F2N.
Notes. 2 see notes in the acknowledgements
Table 3. Derived orbital parameters.
Object To P y K €orm 100 Praise10%)] 109 Praisd 1%0]
[-2 450 000] [d] [kms?] [kms™] [kms™
J0830@-47515 62796067+ 0.0004 014780+ 0.00007 49+ 0.9 770+ 17 40 <-40 <-40
J08233 11364 627&729+0.0007 020707+ 0.00002 1351+2.0 1694+25 7.0 <-40 <-40
J1021%30101 627819+ 0.003 02966+ 0.0001 -284+48 1145+52 6.4 -19 -19
J0951G3-03475 669366+ 0.003 04159+ 0.0007 1111+ 25 844 +4.2 28 -2.0 -0.8
J15222-01301 651632+ 0.005 067162+ 0.00003 -795+27 801+35 - -12 -12
J15082-49405 651895+ 0.02 0967164+ 0.000009 -60.0+ 107 936+ 5.8 6.0 -0.9 -0.9
J11324-06365 45836+ 0.01 106+ 0.02 83+22 411+40 86 -11 -0.2
J01185-00254 5882000+ 0.008 130+ 0.02 377+18 548 + 2.9 6.9 <-40 -0.4
J1346328172 65109+ 0.01 196+ 0.03 12+12 856+ 34 - -04 -0.3
J18324-63091 611%8+ 0.03 54+02 -325+21 621+ 3.3 27 -0.9 -0.1
J09523-62581 521@3+0.08 698+ 0.04 -354+36 625+ 3.4 7.8 -0.7 -0.6
J0321305384 62807 + 0.05 74327+ 0.0004 -167+21 397+28 4.7 -18 -18

PG 1253284, the first triple system containing an sdB witmaries to gain insight in the formation history of hot subd&a
a close companion and a wide main sequence companion Basamary and conclusions are given in Sec. 9.
discovered by Heber etlal. (2002). This system shows arredra
excess caused by the wide component. However, the wide com- )
ponent is not involved in the formation of the sdB. The unse@a The MUCHFUSS project

close companion expelled the envelope of the sdB progenitorr,o project Massive Unseen Companions to Hot Faint Under-
. . .__.luminous Stars from SDSS (MUCHFUSS) aims at finding hot
_ Here we present orbital solutions for 12 new sdB binarigghqyarf stars with massive compact companions like massiv
discovered in the course of the MUCHFUSS project. Sect. 2 dgpjte dwarfs M > 1.0 Ms), neutron stars or stellar-mass black
scribes the status of the MUCHFUSS project. Sect. 3 gives @fyes Hot subdwarf stars were selected from the Sloan digit
overview of the observations and the data reduction. Thigeter Sky Survey by colour and visual inspection of the spectra. Ob
orbital parameters, as well as the atmospheric parametéie 0 jacts with high radial velocity variations were selecteccas-

sd_B_s, are described in Sec. 4 and_ 5. In Sec. 6, we determine {p€tes for follow-up spectroscopy to derive the radiabuéty
minimum masses and put constraints on the nature of the UNSE&rve and the mass function of the syst@m.

compapions when no Iight variations were detected by S.GWCh Geier et al.[(2011a, 2012b) discuss the target selection and
for an infrared excess in a two-colour diagram. In addition, o to|low-up strategy. A detailed analysis of seven sdB bi-
Sec. 7 we study the full population of sdBs in close binades, | 5jes discovered in the course of this project is preseimed

cuss the period distributions, the companion mass distols, |Seier et 5. [(2011b). In addition, three eclipsing systenesew
as well as selectionfiects of the whole sample of sdB bina- )

ries with derived mass function. Sect. 8 compares the folida
with the samples of known ELM-WD binaries and WM bi-

! Hot subdwarfs with a large but constant radial velocity wairelied
in the Hyper-MUCHFUSS project (Tillich et al. 2011).
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Fig. 1. Radial velocity plotted against orbital phase. The RV datsmerphase folded with the most likely orbital periods andogted twice
for better visualisation. The residuals are plotted belthe RVs were measured from spectra obtained with SDSS @) &@AHA3.5mTWIN
(upward triangles), WHASIS (diamonds), GemifeMOS (triangles turned to the right), ESO-NJEFOSC2 (circles), and SOABoodman
(pentagons).

detected, two of which host brown-dwarf companions. Theses done either with theIDASA, TRAF or PAMELAA andMOLLY#
are the first confirmed brown-dwarf companions to sdB stgpackages.

(Geier et al.| 2011d; Scfi@nroth et al. 2014b). One sd&@M

system contains a hybrid pulsator and shows a strong reflec-

tion efect (@stensen et dl. 2013). Results from a photometfic Orbital parameters

follow-up campaign of the MUCHFUSS targets will be dey,

scribed in detail in ScHeenroth et al. (in prep). During dedicateq'nathematical functions matchin P :
: . g the individual line shape
spectroscopic MUCHFUSS follow-up runs with unfavourablg, hydrogen Balmer lines as well as helium lines if present

weather conditions, bright sdB binary candidates werevbse using the FITSB2 routine_(Napiwotzki etlal. 2004b). Polyno-

(Geier etall 2013h, 2014). Aﬁulé;cz_italogule_of all RV measure,ia|s were used to match the continua and a combination of

ments is in preparation as well (Geier et al. in prep). Lorentzian and Gaussian functions to match cores and wihgs o
the lines.

3. Observations and data reduction The orbital parameter (orbital phaé'eﬁ, period P, sys-

) ) __tem velocityy, and RV-semiamplitud&), as well as their un-
Follow-up medium resolution spectroscopy of 12 sdB birsarie

(see Tablé€ll for an overview) was obtained usingedént in- 2 The ESO-MIDAS system provides general tools for data reduct
struments including the CAHA-3.5m telescope with the TWINith emphasis on astronomical applications including imggnd spe-

spectrograph, the ESO-NTT telescope with the EFOSC2 spéiél reduction packages for ESO instrumentation at La Sifid the

trograph, the SOAR telescope with the Goodman spectrograh! 2t Paranal

- ; _ g IRAF is distributed by the National Optical Astronomy Obs#p-
the Gemini-NortiSouth telescopes with the GMOSSispec ries, which are operated by the Association of Universiiefesearch

trographs and the William He_rschel telesco_pe (WHT) with tr]ﬁAstronomy, Inc., under cooperative agreement with theddal Sci-
ISIS spectrograph. Tablé 2 gives an overview of all follow-Ugpce Foundation

runs and the instrumental set-ups. _ 4 httpy/www2.warwick.ac.ulfag/sciphysicgresearctastrgpeople

All spectra were corrected with an average bias frame cQfmarsiisoftware
structed from several individual bias frames as well as @m-av5 T, corresponds to the minimum distance of the sdB star from our
age flat field constructed from several flat field lamps. Radnct Solar System

e radial velocities (RVs) were measured by fitting a set of
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Fig. 2. Radial velocity plotted against orbital phase (sedFig 1).

certainties and associated false-alarm probabiliteg{1%], for systematic shifts introduced by thefférent instruments, at-
Praisd 10%0]) are determined as described in Geier et al. (201 ¥hpspheric parameters for each star were derived sepafiately
2014). To calculate the significance of the orbital soludiand spectra taken with each instrument. Weighted means wese-cal
to estimate contribution of systematifects to the error budget,lated and adopted as the final solutions (see Table A.1).

we modified the,? of the best solution by adding systematic er-

rorsenom in quadrature until the reducgd reached- 1.0. The
phased RV curves for the best solutions are given in[Fig. 1
, they? -values plotted against orbital period in Hi§. 3. The mimall our objects appear to be single-lined. Therefore, ohky bvi-
imum in y? corresponds to the most likely solution. The adoptathry mass function can be calculated:

systematic errors and false-alarm probabilities are gixnera- .

ble[3. The probabilities that the adopted orbital periodscarn- P Mgompsm o PK?3 1
rect to within 10% range from 80% t© 99.99%. m= (Mcomp + Msdg)? T onG’ 1)

anghe nature of the unseen companion

From spectroscopy the orbital periddl and the RV semi-
amplitudeK can be derived. Hence, the mass of the shByf)
and the companionMcomp) as well as the inclination angle
Atmospheric parameters have been determined by fittingpappr remain free parameters. Assuming a canonical mass for the
priate model spectra to the hydrogen Balmer and helium Iing®B Msqg = 0.47 M, (see Fontaine et al. 2012 and references
in the way described in_Geier et al. (2007). For the hydrogeifierein) and an inclination angle< 90°, a minimum mass for
rich and helium-poor (log = log(n(He)/n(H)) < —1.0) sdBs the companion can be determined. If the derived minimum com-
with effective temperatures below 30000K, a grid of met@anion mass is higher than the Chandrasekhar limit, th@NS
line blanketed LTE atmospheres with solar metallicity wagature of the companion is proven without further constgain
used |(Heber et al. 2000). Helium-poor sdBs and sdOBs whkRder the assumption that the sdB does not have a mass signifi-
temperatures ranging from 30000K to 40000K were anaantly lower than the canonical mass.
ysed using LTE models with enhanced metal line blanketing All spectra were checked for contamination by a cool stel-
(O'Toole & Heber[ 2006). Metal-free NLTE models were usetar companion. Typically, the Mgriplet around 5170 A and the
for the hydrogen-rich sdO J113R636 (Stroeer et &l. 2007).  Can triplet around 8650 A are the best indicators. None of our
Each spectrum was velocity corrected according to the @rogramme stars show obvious signs of a companion in the spec
bital solution and co-added for the atmospheric fit. To aotourum.

5. Atmospheric parameters
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Fig. 4. Two-colour plots ofV—J vs. J-H for all systems in our sam- Fig. 5. Average SDSS spectrum of J09510B475 showing evidence for

ple with 2MASSUKIDSS colours, V magnitudes and low reddenin%"’_eak absorption lines (two strongest components) of tharieél Car

(E(B-V)<0.1; light grey circles: WD companion, grey circles: dM com?riplet originating very likely from a wide third component

panion, dark grey circles: unknown companion type). Moghefsys-

tems show no excess from a companion. The systems showing an i . .

frared excess which indicates a cool companion are namedoRwpar- 1t€S and the single-lined spectra. Hence, the presence obla ¢

ison, 4 sdB binaries with confirmed/K-type companions (light grey companion can be inferred by its infrared excess.

triangles) are shown (Vos etlal. 2012, 2013). All coloursenesrrected We inspected each system with 2MASKIDSH (J and

for reddening. H) andV band colour information for an infrared excess to put
tighter constraints on the nature of the companions. Figure

Table 4. Derived minimum masses and most probable nature of tRBOWS the two-colour diagram of the whole sample for systems

companions. with colour information and small reddening(B — V) < 0.1).

All colours were corrected for Galactic reddening usingl&ab

with R, = 3.1 from|Schlafly & Finkbeiner (2011). However, if a

system does not show an excess in the infrared a cool compan-

Object {I\(AM]) [NI\I/T"“]'” Companion ion can be excluded only when the minimum companion mass
O € derived from the RV-curve is higher than the mass of a stellar
J0830@-47515 0007 Q14  WD° companion which would cause an excess. To calculate the mass
J0823311364 0104 Q44  MSWD of the companion needed to cause an excess we used the follow-
J15222-:01301 0036 Q27 MSWD First, we calculated the distance to each system using the
J1021530101 0046 Q30 MSWD reddening-corrected V magnitudéetive temperature and sur-
J15082-49405 008 039 MSWD face gravity as described in_Ramspeck étlal. (2001). The next
J11324-06365 0008 Q14  MSWD step is to calculate the apparent magnitude injtband for dif-
J01185-00254 0022 Q22 MSWD ferent subclasses of dMs using the distance modulus
J13463-28172 013 049 WD
J18324-63091 013 050 MSWD m = 5log,o(d) - 5+ M, 2)
J0952362581 018 058 WD
J0321305384 0048 Q31 MSWD whered is the distance in parsec aii the absolute magnitude
_ ] _ of the dM taken from Table 5 in_Kraus & Hillenbrand (2007).
Notes. |c: companion type derived from the lightcurve The calculated apparent magnitudes for each subclass if the

band can be compared to the measuretagnitudes of each in-

dividual system. Our assumption is that a cool companiondvou

show up in theJ band if the calculated magnitude is 3 sigma

A cool companion of spectral type M1-M2 or earlier is above the measured magnitude. The calculated magnitude

detectable from an infrared excess even if the spectra iagtie which would be visible in thé band can be converted to the cor-
cal range are not contaminated with spectral lines from tieé C responding mass of the dM from Table 5 in Kraus & Hillenbfand
companion._Stark & Wade (2003) showed that two-colour dig2007) using linear interpolation. If the derived mass isdo
grams can be used to detect unresolved late-type stellar c@an the minimum companion mass derived from the RV-curve,
panions using optical colour$(andV) in combination with a cool companion can be excluded because it would cause an
2MASS colours § andKs). [Reed & Stiening (2004) convolvedexcess in the infrared. In these systems a compact compianion
Kurucz models with appropriate 2MASS,(H andKs) andB-  most likely. If an excess is detected a cool companion igylike
filters and showed that companions of spectral tyfand ear-  |f time resolved photometry for the short-period sdB bina-
lier would be separated from single sdBs in two-colour iags. ries is available, further constraints can be put even ifctha-

Green et 8l. (2006, 2008) created two-colour plots f\iwand  panion mass is inconclusive. The hemisphere of a cool lowsma
and 2MASS photometryJ(andH) of single-lined and composite

sdB spectra that showed a clear separation between the semgofor 2MASS; only colours flagged with quality A were used
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~ 0.47 M, and J0830847515is seen under an inclination angle

dwarf O stars (sdOs) and concluded that the helium deficient
sdOs are likely to be evolved sdBs. Indeed, evolution trdgks
Han et al. [(2002) and Dorman et al. (1993) show that sdBs will
become helium deficient sdOs as they evolve to higher temper-

350 o —— M, >1.40 Mg of i < 32.4° the companion will be more massive tharD.3 Mg
g ---- M; >0.45 Mg and not be a new ELM-WD companion. The probability of find-
300 | - Mz >0.08 Mo ing a system with < 32.4° is ~ 15 %.
— 250 .
T F © 6.3. J11324—-06365 - the first helium deficient sdO with a
g 200 S close companion
L F o
g 150 o é(;‘ o Stroeer et al. (2007) studied the evolutionary status of i s
100; % 6} %&AO
- o, oA

N T T T A AV Y YN

- 7 atures. Since a significant fraction of short-period sdBsusd
L - in compact binaries, helium deficient sdOs should have & simi
lar binary fraction. Although close companions to someumsli
deficient, evolved sdOBs have been found (Almeida et al.[2012
Klepp & Rauch 2011), J11320636 is the first helium deficient
Fig. 6. The RV semi-amplitudes of all known short-period sdB binahjghly evolved sdO with a confirmed close companion. The min-
rifes with spectroscopic. solutions plotted against thelnital periods  jmum companion mass derived from the RV-curve is well below
(light grey: WD companions, grey: dM companion, dark grejknown - 1he mass which would cause an infrared excess if the compan-

companion type). The binaries from the MUCHFUSS programme :
marked with triangles, binaries taken from the literatuiithweircles. fj}r(()ar:n\g/ien rseuz;’;]((:jll(\E/lérTherefore, the nature of the unseen companion

The lines mark the regions to the right where the minimum camgn
masses derived from the binary mass function (assum#ig\a, for

the sdBs) exceed certain values. 6.4. J09510+03475 - a hierarchical triple

J09513-03475 shows an excess in the J and H bands indicat-
main sequence companion facing the sdB is heated up by iiig a cool companion (see Figl 4). In addition, a combination
significantly hotter sdB star. This causes a sinusoidaatian in  of 7 SDSS spectra from DR9 shows the two strongest com-
the light curve. More(less) flux is emitted if the irradiateemi- nonents of the Ca triplet at around 8600A (Fid:l5). Radial
sphere of the cool companion is faced towards(away) from t{glocity measurements of the hydrogen lines confirm that 4
observe_r. If this so-called reflectioffect is detecte.d, acompactspss spectra were taken when the sdB moved through the min-
companion can be excluded and a cool companion either a IgW{um of the radial velocity curve. This means that a close-com
mass main sequence star of spectral type M or a brown dwgghion should be observed in anti-phase around its maximum
is most likely. Howe\{er: if the light curve of the short-gmh velocity which is expected to be 250kms?! depending on
system shows no variation, a compact object like a WD is mQgk mass ratio but certainly higher than the system velagity
likely to be the companion. Tablg 4 gives an overview on the— 1111+ 25kms. Using the same 4 SDSS spectra, an av-
most likely companions of our sample. erage velocity ofic, = 86+ 16 km s for the calcium lines was
measured which is just slightly below the system velocitingu
out a close companion. Therefore, the lines originate nilcedy|
from a third body in a wide orbit with a low RV amplitude. This
J09523-62581 and J1346@28172 have minimum companionmakes this system the second candidate for a triple system af
masses obtained from the radial velocity curve higher tHdn dPG 1253-284 (Heber et al. 2002) which is an sdB star with one
masses which would cause an infrared excess. No sign of a cé@mnpanion in a close orbit and another low-mass main seguenc
panion is visible in the spectrum nor in the two-colour déagr Star in a wide orbit which causes the excess in the infrareld an
Therefore, the companion in both systems is most likely a withe Cau Iinles. However, the nature of the close companion re-

mains unclear.

6.1. WD companions

6.2. J08300+47515 - a system with a possible ELM-WD . .
companion 6.5. Unconstrained companions

J08306-47515 is a remarkable system. The minimum compaft8324-63091, ~ J1522201301,  J0118500254  and
ion mass is only 14 M, Therefore, the nature of the companiod03213-05384 have minimum companion masses derived
cannot be constrained unambiguously from spectroscopy. TrPM the RV-curve well below the mass which would cause
period of the system is 04780:0.00007 days. This means that 0 _infrared excess. J102430101, J1508249405 and
cool main sequence companion would show a reflectitacein J08233-11364 have no rellablle mfrared colours. Therefore, thg
the light curve. However, a 2.14 h light curve of J083@@515 nature of the unseen companion in those seven systems emain
obtained with the CAHA-2.2m telescope using BUSCA shov@nbiguous.

no light variation with a standard deviation aD063 on the nor-

_malis_ed lightcurve (see Scfianroth et. al in prep). T.he compang ¢ The MUCHFUSS sample

ion might therefore be an ELM-WD. However, the inclinatidn o

the system cannot be constrained and it is still possiblethiea Fig.[d shows the RV semi-amplitudes of all known short-perio
system is seen under low inclination. The maximum mass fedB binaries with orbital solutions plotted against theiital

an ELM-WD is~ 0.3 M. If the sdB has the canonical mass operiods. The dotted, dashed and solid lines mark the reg@ns
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Fig. 7. Period histogram of the full sample. Light grey: WD compan-
ions, grey: dM companion, dark grey: unknown companion type Fig. 8. Histogram of minimum companion masses (light grey: WD com-
panions, grey: dM companion, dark grey: unknown companype )t
Clearly visible are at least two separated populations. fireepopu-
the right where the minimum companion masses derived frdation peaks at around. DM, and consists mainly of low mass main
the binary mass function (assumingtd M, for the sdBs) ex- sequence companions. The second population peaks at e0gtid
ceed 008 M., 0.45 M, and 140 M, and consists malnly of WD companions. The .two high massarstli
The MUCHFUSS targets are marked with triangles. Mo8¢!0nd to a population of massive WD companions.
of the MUCHFUSS targets fall in the region with the highest
minimum companion masses detected. However, the MUC

FUSS campaign discovered not only companions with the highs .o excess. None of those show an excess id drelH band

est masses, but also detected the lowest-mass companior@-i@@) Therefore. the compani ;
- . - : 14). , panions are most likely WDs d& we
sdBs (Geier et al. 2011d; Sdfenroth et al. 2014b). This shows Four systems show an excess in the infrared and are good

that our target selection igficient to find both the Most MassiVe., didates for having a cool companion (see [Big. 4). Indeed,

companions known_to sdB stars with p_eriods of up to a feV_V d 0230-4323 shows a reflectiofffect and a low-mass stellar
and the least massive companions with short orbital pGMdScompanion is confirmed.

less then 3 hours. However, no NS or BH companion has beeng systems may actually be triple as exemplified by

discovered yet. PG1253-284, a radial velocity variable sdB with a dwarf com-
panion which causes a strong infrared excess. The compmonent
were resolved by HST imagin@_(Heber etlal. 2002), which in-
dicated that the dwarf companion is on a wide orbit. Neverthe

This study extends to 142, the sample of short-period sdB-bifess, RV variations of the sdB star were observed, which must
ries that have measured mass functions. An overview is giverstem from another unresolved companion on a short-period or
Table$ A2 andALR. bit. Hence PG1258284 is a triple system. Additional evidence
In the following sections a canonical sdB mass af@M, ©Of multiplicity (triples, quadruples) amongst sdB systeras re-
will be adopted. All systems have unseen companions, gntly been reported by Barlow et al. (2014). Hence it is tvort
masses could only be determined for the eclipsing ones. ¢letdile to search for triples amongst the four systems showing
only a minimum companion mass could be derived for most Bigred excess. In fact, there is one, J09608475, which shows
them. Many systems were pre-selected either from high Rl va§igns that the system actually may be triple (see[Selc. 6.4 for
ations between several single exposures or from light tiania. detailed discussion), while for HE 0230-4323 and PB5338&ethe
such as reflectionfeects, ellipsoidal variations afat eclipses. iS N0 hint for a third companion. S _
Consequently, the distribution is by no means random but bi- In the following we shall discuss the distribution of persod
ased towards high inclination, both for RV variables (laage- and companion masses, compare the stars’ positions ificthe
plitudes preferred) and light variables (reflectiofieet angor — 1099 plane to predictions from stellar evolution models, and
eclipses detected). Therefore, statistically, the deriménimum  discuss selection bias.
companion masses are expected to be not far from the real com-
panion mass. . . 7.1. Distribution of orbital periods and minimum companion
We collected orbital and atmospheric parameters as well as ;- cses
V-band and infrared photometry for the full sample from tie li
erature (see Tab[e A.3). Companion types for 82 systems weig.[1 shows the period distribution of the full sample.
identified as described in S&¢. 6. Thirty low-mass stellasulr- A wide peak neaP, = 0.3days is found in the full sam-
stellar companions were identified from a reflecti¢iieet in the ple. The majority of systems in this group are dM companions
lightcurve. Twenty-three systems show either ellipsoidaia- detected from reflectionfiects in the lightcurves. Beyond half
tion, eclipses with no additional reflectioffect or no light vari- a day the contribution from the confirmed dM companions de-
ations at all. For these systems a WD companion is most liketyeases significantly, most likely because a reflectifbace is
Additionally, 29 systems could be confirmed as WD compamuch weaker and not easy to detect. Another peak can be found
ions because the minimum companion mass is higher than #t@round B — 0.9 days. Most of the systems here have uniden-

ass for a non-degenerate companion which would cause an in-

7. The population of close hot subdwarf binaries
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Fig. 9. Tes — logg diagram of the full sample of binary sdB stars 481

(light grey: WD companions, grey: M-dwarf companion, dar&yg un-
known companion type). The size of the symbols correspoodbe
minimum companion mass. The helium main sequence (HeMS) and
the zero-age EHB (ZAEHB) are superimposed with EHB evohdiy = 5.2
tracks by Han et al. (2002) (dashed lingg;, = 0.000 M,, dotted lines: !
Meny = 0.001 M,, dashed-dotted lines,, = 0.005 M, using 045 M,
models).

5

log(g [cm s
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tified companion type. At longer periods the number of systemi
goes down, but in this region the selectidfeets are stronger.
Many of the WD companions were confirmed not only by
the systems’ lightcurves but also by the non-detection aban 6.2
cess in the infrared (see Sé¢. 6) which is period independent A S R R RO AR R R R
Therefore, in contrast to the dM companions, we find WD com-  %° 45 40 - 35 30 25 20
X . et [1000 K]
panions almost over the full period range. However, a gap nea
3 days appears. We have no explanation for this but at the safng10. T — logg diagram of sdB stars with confirmed M-dwarf com-
time, with the present statistics, we cannot be sure thatghp panions. The size of the symbols corresponds to the mininampan-
is real. ion mass. The helium main sequence (HeMS) and the zero-age EH
The distribution of the minimum masses of the companiof&AEHB) are superimposed with EHB evolutionary tracks byit¢aal.

is displaved in Fi _We identify three separate poputegio  (2002) using 345 M, (upper panel) and.B0 M, (lower panel) models).
Pay d.B Y P pop He space between black symbols corresponds to equal trdehaws

1) The flrdstmpl\(/l)pulaittlon tha;shanha\éerage rglnlmunﬁ C(.)tmlslan!ﬁlat the sdB evolution speeds up once the sdB reaches itstigraity.
mass around. Mo, close 10 the hydrogen burning imit. MOSte; 06 mark the region where the sdB star contains heliutindrcenter
of them were identified as either dMs or brown dwarfs from thg i1a core whereas triangles mark the region where therheitithe

observation of their reflectiorfiect. Only four WDs were found center of the core is completely burned.
in this period regime, which could be ELM-WDs &0.3 M,
see Secf. 811).

2) The second population peaks aroutdtlM,,. Our analysis o ,
showed that the majority of this population are most likelpgv €volved df the EHB. The total evolution time on the EHB is
with an average minimum mass around Bl,, lower than the 100Myr, whereas post-EHB evolutionary timescales are fowe
average mass of single WDs (see discussion in[Séc. 9.2). t?y a fact.or o_f abou'g 10. T_he theoretlpa_l tracks showla .I|near

3) The third group are the high mass WD Companio,ﬁgne—lum|n03|ty-relat|on whlle the star is in the EHB strptil
(Mwp > 0.7 Mo). Systems with high companion masses staticomes close to the terminal age EHB (TAEHB), where evolu-
out in radial velocity selected samples as they show higher RON starts to speed up. Hence, we would expect a homogeneous
variations compared to low-mass companions. However, ofigverage of the EHB band as it is indeed observed. A more de-
the eclipsing systems KPD1932752 and CPD-311223 have talleo! comparison can be made using the cumulative luntinosi
confirmed companion masses aboveN,. This means that in function (see Lisker et &l. 2005, for details).
our sample |§SS than 2% of the bine_lries with measured RV surve |n the next step we concentrate on the systems for which the
have such high mass WD companions. companions have been classified and separate the disiritaati
cording to companion type, that is dMs and WDs, respectively
For WD companions, the sdBs populate the full EHB band ho-
mogeneously with a small fraction of sdBs having evolvéid o
Fig.[9 shows thelTx — logg diagram of the full sample with the EHB. For sdB stars with dM companions the ratio of post-
accurate atmospheric parameters. The size of the symipots reEHB to EHB stars is similar to that for sdBVD systems. How-
sent the companion mass. Most of the stars populate thexextrever, they appear not to cover the full EHB band. There is a
horizontal branch (EHB) band all the way down to the heliutack of hot, high gravity sdBs close to the helium main segeen
main sequence while about 10% of the sdB sample has alregeig.[10).

7.2. Teg —logg diagram
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0of o T T TITTITTIEm T En TRt 7.4, Selection effects
§® 0.8 5 In order to compare the observed sample of close binary sdBs
Ewi ° 7 to population synthesis models (elg. Han etal. 2002, 12003;
g r 1 |Clausen et al. 2012) selectioffects have to be taken into ac-
o 061 o o ‘.°° 4 count. For the MUCHFUSS sample the target selection is WeI_I
2 sh o Ky 7 defined|(Geier etal. 2011a). However, since the 142 solved bi
CHE ol o o © o « 1 haries studied here are drawn from severéiedént samples, it
S04 o W °F o 3 isimpossible to come up with an unified description of sébect
S [ & o ° 1 bias.
C L] 4

g 0'3; * ., ] All the sdBs studied here were initially discovered as faint
€ 02f e ® 4 blue stars from multi-band photometric survey data. Howeve
g e ¢ o 1 spectral classification had to follow and the brighter Isnitf
= 0'1§ g ¢ 1 those spectroscopic observations have to be taken intaiatco

0%[\)‘ L T T = In the brightness distributionVéband, Fig.[IR) of the

whole sample, we can identify two sub-samples. One peaks

around 14 mag and consists of binaries mostly discoverduein t

Fig. 11. Minimum companion masses plotted against the period of tiRalomar Green (PG, Green etlal. 1986), Edinburgh Cape (EC,

systems (light grey: WD companions, grey: M-dwarf companiark |Stobie et al. 1997), Kitt Peak Downes (KRD, Downes 1986) and

grey: unknown companion type). some smaller scale surveys. The fainter subsample peaksdro
15 mag and was selected mostly from the Hamte®® (HE,
Wisotzki et al. 1996), the Hamburg Schmidt (HS, Hagen et al.
1995) surveys and the SDSS (York et al. 2000).

Most striking is that the width of the distribution of the For 127 binaries we calculated the z-distances from the
sdB+dM systems is narrower than that of SeM¥/D ones, in par- Galactic plané assuming a canonical sdB mass of 0.4% M
ticular none of the sdB stars is found close to the zero age EkfBg.[13) and for 118 systems with Sigient data we calculated
(ZAEHB) if a sdB mass of 0.45 Mis assumed. Because of thealso the spectroscopic distances.
contamination of the sdB spectrum by light from the compan- Except for four distant stars (at 2 to 5 kpc above the Galac-
ion, their gravities could have been systematically ovéregted tic plane) all stars lie within 2 kpc below or above the Gatact
and their #ective temperatures could have been systematicaiiane. Their distribution is asymmetric, with an excesstjéots
underestimated, which would shift the systems away from tfiethe northern Galactic hemisphere. The deficit of neaaGil
ZAEHB (Schatenroth et al. 2013), which would shift them evemplane stars, as well as those below the Galactic plane, iscdue
further away from the ZAEHB. The location of the EHB band ifhe insuficient depth of near-plane and southern surveys. The
theTer —logg diagram depends on the adopted core mass. By ijost distant systems are likely to be halo stars and may be con
creasing it, the EHB stars become more luminous and therefgfderably older than the bulk. A significant fraction belertg
the EHB band is shifted to lower gravities. This is demoristta the thick disc, which on average is older than the thin diss. B
in Fig.[10 by indicating the ZAEHB for a higher core mass afause the age of the progenitor population is an importamnéein
0.5M, in addition to that of 0.45M shown in all panels. The dient for binary population synthesis, it is crucial to gsseach
observed distribution of sdB stars is consistent with tfeM),  system to one of the stellar populations via an investigatfats
ZAEHB, for which the EHB evolution timescales are shortekinematic and thus derive age estimates.

Hence, adopting a higher core mass gives better agreement beThe search for binarity of the targets has either been done
tween observations and evolutionary tracks. by photometric or spectroscopic follow-up observatiorithé

the star shows light variations indicative of a close conian

or the star RV shifts become apparent. Both discovery mathod
7.3. Separation of the systems introduce diferent selectionféects.
Only 20 of the binaries in the sample have been discovered

The details of the common envelope (CE) phase are still pooRhotometrically (see TableA.3). Short-period sdB starthwi
understood| (Ilvanova etlal. 2013). In a rather simplistidysie €00l dM or BD companions show a reflectioffext and often
the orbital energy of the binary, which scales with the mdss S0 eclipses. 14 binaries with periods of less th&+-0.4 d and
the companion, is deposited in the envelope. If a more massivPeak period of A d have been discovered in this way. Close
companion ejects the common envelope earlier, and therefédB+WD binaries can show ellipsoidal variations and some-
at a wider orbit than a less massive companion, a correlati#es very shallow eclipses. Of the six binaries discovened
between orbital period and minimum companion mass woufis way, two have periods of less thai®9@d and one has a pe-
the expected. Figufell1 shows the minimum companion masd@d of 0.3d. The remaining three long-period systems3d)
plotted over the period of the systems: however, no obvious chave been discovered by the Kepler mission, which has a much
relation can be seen in the sample with WD as well as dM cofigher sensitivity than ground-based telescopes. In géreto-
panions (see Sdc.9.5 for further discussion). tometric selgcthn is clearly biased towards the shoresind
systems at high inclinations.

We also note that, even if the core masses of the sdB pro- The remaining 122 systems have been discovered from RV
genitors were very similar, their total masses (cerenvelope) shifts, most of them from medium-resolution spectra withRah
might have been quite fierent, implying diferent energies to
expel the envelope andfterent final orbital separations. This7 \we included near-Galactic plane objects neglecting reiddecor-
may partially explain why we do not see any correlation betwerections as reddening is of little influence for calculatitigir z-
minimum companion mass and orbital period in Eig. 11. distance.

Period [days]
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Fig. 12. Histogram of the magnitudes of the full sample. The systenks$g. 13. Histogram of the spectroscopic z-distances above the Galac

selected from the SDSS surveys are marked in black and fretddm- plane. White are systems with a Galactic latit{lflec 30°. Grey marked

burgeSO (HE), Hamburg Schmidt (HS) are marked in dark grey. Ttage the systems with| > 30°.

systems selected from the Palomar Green (PG), Edinburgh (D)

and Kitt Peak Downes (KPD) surveys are marked in light grdye T

systems selected from smaller scale surveys (e.g. Feigee.marked masses and indicating afiirent evolutionary path. The distri-

in white. bution does not show a clear separate population with a peak a
0.4 M, like the confirmed WD companions to sdB stars.

accuracy o~ 10— 20kms? (e.g/Maxted et al. 2001). The bi- Figurd 15 shows the orbital period distribution of the heliu

naries studied by Edelmann et al. (2005) and in the courﬂmge WDs compared to our sample. Between an orbital period of

ESO Supernova la Progenitor Survey (SPY, NapiwotzKi et 1 and 10days both distributions look very similar. However,
20014: Karl et dI[ 200€: Geier et al. 2010a, 2011c) have bed{oW 025days helium-core WDs are more numerous com-
discovered using high-resolution spectra with an RV aaguraP@red to the sdBWD systems. On the other hand at longer pe-
better than 5 km<. riods sdB-WD systems are more numerous which indicates that
shifts werd€lium-core WD binaries are formed preferentially with gbo

To our knowledge, well-defined cuts of RV- )
geriods.

only used in the MUCHFUSS target selection (see Geierlet
2011a). In general, short-period systems with high RV slaiftd
therefore high inclinati_ons are.th_e easiest ones to solﬂe?mm 8.2. The population of compact WD+dM systems

few nights of observations. This introduces a selectiomuofir o )

of such systems. It is unlikely that a significant populatibbi- Compact WB-dM binaries are also the product of CE evolution
naries with periods longer than one day and RV semi-am@iucnd so we might expect that the properties of these binarées a
higher than 100 km'$ has been missed in the high-galactic latisimilar to the sdB-dM binaries. Indeed, some WM systems
tude population of hot subdwarf stars covered by the SDS8. Thay have been created as sdB stars with dM companions that
missing population of close sdB binaries with periods from Rave since evolved to become white dwarfs with masses @ose t
few days to a few tens of days most likely consists of systerf€? Mo.

with small RV semiamplitudes and rather low-mass companion Orbital parameters of 68 post-common envelope bina-
(< 0.5My). ries consisting of a WBdM were selected from the liter-

ature (Zorotovic et al. 2011; Nebot Gomez-Moran et al. 2011;

Pyrzas et al. 2012; Parsons et al. 2012). The systems caanot b
8. Comparison with related binary populations compared in the same way as the ELM-WD binaries because all
WD+dM systems have confirmed companion masses whereas,
for sdB+dMs, only minimum companion masses are known.
The formation of helium-core WD binaries with masses Figure[16 shows the orbital period vs. the companion masses
0.45 M, is expected to occur in a similar way as the formatioof the dM companions to WDs compared to the confirmed dM
of sdB+WD binaries discussed in this paper. Both systems s@empanions to sdB stars. The plot shows dM companion masses
vive two phases of mass transfer with the second phase wharger than~0.2 M,, for the WD+dM systems, while the mini-
the helium-core WIsdB is formed being a common envelopenum masses of dM companions to sdBs peak well below, near
phase. The helium-core WDs start transferring mass alread§.1 M. To increase the companion masses of the-+sihd
when the progenitor evolves on the red giant branch (RGB) asystems to an sdB mass larger than 02thle systems have to
lose so much mass that they are not able to ignite helium in the observed with inclination angles below’30his is not very
core. The sdBs start mass transfer on or near the tip of the R@&ly as the majority of the systems were selected from pho-
and are massive enough to ignite helium. tometry by eclipses ariar reflection &ects which are hardly

Orbital parameters of 55 helium-core WD binaries wemetectable in systems with small inclinations.

selected from_Gianninas etial. (2014). All the companiores ar The WD+dM systems show a wide spread in orbital pe-
WDs. FiguréI# shows the minimum companion mass histograimd whereas the majority of the sdliM systems were found
of the sample compared to the sdB sample. ELM companiongh periods below (B days. A possible reason might be that
cover a wider range of masses, extending to low as well as higb+dM systems are usually identified spectroscopically be-

8.1. The population of helium-core WD binaries
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Fig. 14. Comparison of minimum companion masses of sdB binari
with confirmed WD companions to the ELM-WD binaries (greydsd
area) taken frormn_Gianninas et al. (2014).

'%?g. 16. Companion mass plotted against the orbital period. Grey
circles mark derived companion masses of known MiIBI bi-
naries with orbital solutions taken from_Zorotovic et al.012),
Nebot Gomez-Moran et al. | (2011),| Pyrzasetall (2012) and
1 |Parsons etal.| (2012). Black arrows mark minimum companion
_| masses of the known sdBM binaries.

0.12 —
£ o1 i
z F | | ] {1 cal masses dflsqs = 0.47 M, because of the results of previous
% 0.08 o : : | studies (see Fontaine et al. 2012 and references therdin). T
5 L 2 B | 1 distribution of the minimum companion masses (Eig. 8) shows
£ 0.06- ek | two quite narrow peaks. If the distribution of the sdB masses
E L AR | would be much more smeared out than predicted, those two
£ 004l AERRARE | peaks would have to be smeared out as well. We therefore con-
lf i EERERERE i : | clude that the width of the sdB mass distribution is of the or-
“ 02 ¥ IEER | der of Q2M, at most, which is consistent with the prediction
Lo ERE | from theory. We note that from our analysis we cannot claiat th

[ o R Msdg = 0.47 M, is the canonical mass for sdBs because adopt-

| I I

-2

L L | ing a higher (lower) average sdB mass would also increase (de
log (P o [d])

crease) the companion masses but the distinct peaks intine co
panion mass distribution would persist.

Fig. 15. Comparison of orbital periods of sdB binaries with confirmed
WD companions to the known ELM-WD binaries with orbital s@as 9. 2. WD companion masses
(grey shaded area) taken from Gianninas et al. (2014).

The majority of minimum companion masses of confirmed WD
g[npanions are located aroundt ™, which is significantly
elow the average mass for single (DA) WDs-00.59 M, (e.g.
Kleinman et all 2013). Because of projectidfeets and selec-
tion biases the detection of high inclination systems sthde!
favoured, which means that the derived limits should be @n-av
age close to the companion masses. Since the minimum masses
of the WD companions are significantly smaller than the ayera

cause features of the dM dominate the red part of the comp§
ite spectra. In contrast to that, almost all sdB/ systems were
identified from the reflectionféect in the lightcurves. Longer pe-
riod systems show much weaker reflectidfeets and therefore
are much harder to detect.

9. Discussion mass of single O-WDs, we test this hypothesis by computing
o the inclination angles for all sdBA/D binaries assuming that all
9.1. Distribution of sdB masses companion WDs have an average mass.6M,.

Several previous studies discussed the sdB mass distributi  Figurd 1Y shows a comparison between the computed distri-
Fontaine et al.| (2012) collected sdB masses of a sample oft2Rion of inclination angles and the one expected for rarldom
sdBs (15 derived from asteroseismology and 7 from resolired bistributed inclinations taking into account projectiofieets.
naries), and found a sharp peakMtys = 0.47 M. [Han etal. We do notinclude any selection biases, but want to pointhait t
(2003) discussed the sdB mass distribution formed i@idint they would in any case lead to even higher probabilities ef se
phases of mass transfer. Figure 12 in Han et al. (2003) shawedg the systems at high inclinations. One can clearly setghiea
sharp peak alWlsqg = 0.46 M, for sdBs formed after a commoninclination distribution is not consistent with the one egfed
envelope phase. for a population of M, C/O-WD companions. Hence, it is

In our analysis of the companion mass distribution shown likely that a significant fraction of the sdB binaries host ¥/af
Fig.[8 we apply the assumption that the sdBs have all canomiasses below.6 M.
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Table 5. Derived times when the dM will fill its Roche Lobe and stariTable6. Derived merger timescales of the confirmed si#D systems.
accreting onto the primary to form a cataclysmic variablee Gerived The derivedMcomp are minimum companion masses which means that
Mcomp are minimum companion masses which means that the tirtee merger timescales are upper limits to merger times.

when the dM fills its Roche Lobe are upper limits

Object Period Mcomp Time Merger
Object Period Mcomp Time [days] [Mo] [Gyr] result
deys] (M. _[Gy] PG2345318 0241 0366 578 WROCB
. . . r
JHlsgé?c’)gggsgzo %.1123 %-_112‘; %_‘5‘; PG1432159 0225 0283 601 WRCIB
>M153313759 0162 0129 421 J113846-:003531 0.208 0.415 3.49 WRCrB
ASAS1023223737 0.139 0.142 2.15 HS 17412133 0.20 0389 334  WRCrB
5M1938.4603 0126 0107 238 HE 1414-0309 0.192 0.366 3.16 WBCrB
BULSC16335 0122 0158 0095 J083006475150 0.148 0.137 3.77 AMCVn
EC10246.2707 0 '119 0 '115 1 ‘70 EC00404-4429 0.128 0.305 1.26 WBCrB
HW Vir 0 '115 0 i38 0 97 PG 1043760 0.120 0.101 2.88 AMCVn
HS 22312441 0 111 0 073 3 05 KPD 1930+2752 0.095 0.903 0.23 SNla
NSVS 14256825 0 110 O 115 1 57 KPD 04225421 0.090 0.483 0.33 WRBCIB
UVEX 0328+5035 0 ilO 0 698 1 %7 CD-30°11223 0.049 0.732 0.05 SNla
PG 1336-018 0.101 0.1212 0.72
J082053-000843 0.096 0.067 2.22
Eg %g%gggo 88?2 gégé ggf h_idd_e_n in our §ample and the fraction o_f triple systems might
1162256473051 0.069 0.060 0.95 significantly higher. Some of the sdB triples might have fedn

from solar type triples. Raghavan et al. (2010) found a foact
of 9+ 2% for solar type triples which is not in disagreement with
our findings.

0.25

9.4. Massive companions

02 Hot subdwarf+ WD binaries are potential supernova la pro-

genitors if their masses arefigiently large. However, only a
very small fraction of massive WD companions R %) were
detected. KPD1932752 and CD-3011223 are the only sys-
tems with companion masses 0.7 M. This implies that only
a specific evolutionary path can form such systems. Wang et al
(201.3) showed that a system like CD23@223 is formed from a
young stellar population which can only be found in the Giédac
disc. Indeed, CD-311223 is a confirmed member of the Galac-
tic disc population|(Geier et £l. 2013b). No NS or BH was de-
‘ tected in our sample but previous studies concentratedgin hi
0 20 40 60 80 Galactic latitudes. Based on the non-detection of a NS orBH i
Inclination angle [°] our sample with 142 systems, we find tkat0.7 % of the close
sdB binaries contain a NS or BH companion which is a small
Fig. 17. Comparison of computed inclination angles of the confirmd#iaction but still consistent with the predictions from amy
sdB+WD systems to match companion masses.6M, to a theoret- evolution calculations_(Yungelson & Tutukov_2005; Neleman
ical inclination angle distribution assuming randomlytdisited incli- [2010). We encourage a systematic search for compact sdB bi-
nation angles. naries at low Galactic latitudes.

0.15

0.1

el

Relative number of systems

0

9.3. Triple systems 9.5. Implications for the common envelope phase

Only one sdB system was known to be triple up to recently. VWeremarkable result of our analysis is that we find clearly dis
found another sdB binary, J095403475, with a third compo- tinct populations. The majority of confirmed WD companions
nentin a wide orbit. Barlow et al. (2014) studied 15 sdB higsr have minimum companion masses strongly peaked@# M.
to detect long period companions. At least one has a visuad coThis is much lower than the average mass of single WDs and
panion well separated from the sdB. However, RV measuremésidds to the conclusion that the WDs need to lose a significant
show that the orbital period of the system is below 10 day$; in amount of mass during the evolution either during the firsigeh
cating a close companion in addition to the wide companion. of mass transfer when the WD is formed or during the common
The properties of J0953@3475 also imply that a fraction of envelope phase when the sdB is formed. The first phase can ei-
sdB binaries showing an excess in the infrared might beeiplther be stable Roche lobe overflow or also a common envelope
systems. If we assume all 3 systems to be triples we find a frpbrase depending on the initial separation and the massafatio
tion of 21 % in our sample. However, if the wide companiothe system. White dwarf masses-0f0.4 M, are on the border
is too faint to show an excess in the infrared then it would Heetween a WD with a helium core and @Ccore and a signif-
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icant fraction of white dwarf companions might be heliunreco have confirmed brown dwarf companions (Geier et al. 2011d;
WDs. Schdfenroth et al.| 2014b). Therefore at least two systems
In comparison, ELM-WD binaries show a much wider comxJ0826-0008 and J1624730) will have brown dwarf (BD)
panion mass distribution starting at very low masses upgh hidonor stars. The dM companion in HSOA®x00 will fill its
masses close to the Chandrashekar limit. Either thesensgst®oche Lobe in about 340 Myr, beeing the first system of our
form in a diferent way or sdB binaries need a special WD consample. At this stage the sdB is already evolved and turrtedin
panion mass to lose the right amount of mass and form an sdB8/O-WD. Therefore, all 16 systems of our sample will appear as
The dM companions were found to have minimum compal¥D+dM/BD with a low-mass companioMcomp <~ 0.17 M)
ion masses of 0.1 M, close to the hydrogen burning limit. before they become a CV. The currently known population of
These systems have experienced one phase of mass trandfBrrdMs lacks such low-mass main sequence companions (see
namely the CE phase when the sdB was formed, and are Feig.[18). However, our findings show that low mass dM compan-
rect progenitors of WBdM systems. However, in comparisorions to WDs should exist as well.
with the known population of WBdM systems we find that  Merger timescales were calculated for systems of the full
the main sequence companions in WD systems are significasynple which have a confirmed WD companion and will merge
more massive than the main sequence companions in sdB syithin a Hubble time using equation 9lin Paézski (1967):
tems. This shows on the one hand that only a small number
of WD+dM systems evolved from sd®&iM systems and on the 3(Msag + Mcomp)'’® g/
other hand that sdBs might be formed preferentially by lovgsnalo(years)= 3.22- 10° Poro- ®)
main sequence companions whereas WD are preferably formed

with higher mass main sequence companions. The other ss{R ijentified 12 systems of the full sample which will merge
way to form a compact WBdM system without forming an sdB yyithin a Hubble time. Only CD-301223 will merge before the
firstis the formation of the WD directly during a CE phase whegyg rns into a WD. Geier etlal. (2013b) showed that this sys-
the WD progenitor evolves on the asymptotic giant branch. o will most likely explode as a subluminous SN la. All other
In addition we found no correlation of the orbital sepanatiogy stems will evolve and turn into 3G WD before they merge.
of the sdB binaries Wlth companion mass (see Eig. 11) whi ending on the mass ratio the systems either merge/3)
means that the red giant progenitors of the sdB must have ‘ﬁnrm an AMCVn type binaryq <2/3). For a helium-core
different envelope masses. This could be tested, if we were ghlgie gwarf companion the merger might form an RCrB star
to identify systems that had similar envelope masses wient |\ hereas a @©-WD companion forms a massive sing{OEWD. ’
velope ejection. In this respect the halo population of SBBb ¢ the system reaches the Chandrashekar mass it might explod
ries would be of great interest because they are expectedto f ;¢ 5 gN |3 (e.d. Webbink 1984).

Zoy SYISth.S Wherg the SldB progéanitc_}r hﬁs ?]rTaSSQ’BmM@'f PG1043-760 and J08384751 have low minimum compan-
etailed kinematic analysis to identify the halo popuatof | io<2/3. Th ; N th
compact sdB binaries is crucial. The majority of the MUCHI-On masses and a mass ragjo<%/3. The companions in those

e . Systems are most likely helium-core white dwarfs. Both sys-
FUSS sample is faint and therefore they might be the best Cgllg are therefore good candidates to have stable masfetrans

did_ates to be member of the halo population and a good garti}, 4 torm an AM CVn type binary. KPD193Q@752 has a mas-
point for an extended kinematic analysis of the completemam e \Wp companion. The combined mass is close to the Chan-
of compact sdB binaries. drashekar limit. Thus, this is a good system to explode aslaSN
The other 8 systems have mass ratjos2/3 and therefore are

9.6. Future evolution: Pre-CV vs. Merger potential progenitors for mergers. Depending on the streabf

_ ) _ the companion, the merger with a helium-core white dwartig
For systems with main sequence companions we calculate ff¢n an RCrB star, whereas a@WD companion might form
time when the dM will fill its Roche Lobe and starts accreg massive single ©-WD.
tion. As approximation for the Roche radius the Eggletoreequ  This analysis shows that the majority of sdB binaries with
tion was used| (Eggleton 1983), with being the mass ratio white dwarf companions will not merge within a Hubble time

I\/lsdBMComp

4 = Mcomp/Msdg: and only a small number of systems have periods and companion
23 masses to either merge, form an AM CVn type binary or explode
r 0.4%q (3) @asasupernova la.

- 0.60%/3 + In(1 + ¢¥/3)

We used the minimum companion mass for the dNig Summary

and calculated the corresponding radius using Table 1 In

Kaltenegger & Traubl (2009) by linear interpolation. Once tHn this paper we have presented atmospheric and orbitaieara
companion fills its Roche Lobe mass accretion starts and tiees of 12 new close sdB binaries discovered by the MUCHFUSS
systems becomes a cataclysmic variable (CV). We assunpgdject. Three of them have most likely WD companions. We
that only gravitational wave radiation brings the to comgats found the first helium deficient sdO with a compact companion,
closer. The time until the system starts accretions wasucal@ good candidate for an ELM-WD companion and confirmed the
lated from the gravitational wave timescale, equation miRiro  second known hierarchical triple amongst the known sdBs.

(2012): This study increases the number of hot subdwarf binaries
with orbital periods less than 30 days and measured mass func
dPIt 5 S My (P8s tions to 142 systems. The companion mass distribution dtihe
Tow =P dt| 96 G5/3 MsgpMam (2_71) (4) sample shows two separate peaks. The confirmetB&Mom-

panions are concentrated arountl M, whereas the majority of
TabldB shows the 16 systems which will become a CV and stdreé WD companions peak at around M, showing that WDs in
accreting within a Hubble time. JO820008 and J16224730 compact hot subdwarf binaries have significantly lower reass
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than single WDs. Th& s — logg diagram of the sdBdM sys-

Brown, W. R., Kilic, M., Allende Prieto, C., & Kenyon, S. J. 20, ApJ, 723,

tems indicates that in these systems the sdBs might haverhigh 1072

masses compared to the rest of the sample.

Close hot subdwarf binaries are expected to be formed i

similar way as the compact ELM-WD binaries or the WM

Charpinet, S., Van Grootel, V., Reese, D., et al. 2008, A&2Q.B77
Clausen, D., Wade, R. A., Kopparapu, R. K., & O’'ShaughneRs\2012, ApJ,

N 46, 186

Coenen, T., van Leeuwen, J., & Stairs, |. H. 2011, A&A, 531281

pre-CV systems. However, both samples show significantty dfopperwheat, C. M., Morales-Rueda, L., Marsh, T. R., Maxee&. L., & Heber,

ferent companion mass distributions indicating eitheect@n
biases or dferences in their evolutionary paths.
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Deca, J., Marsh, T. R., @stensen, R. H., et al. 2012, MNRAS, 2298
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We discussed possible implications for the common envigewnes, R. A. 1986, ApJS, 61, 569

lope phase, but also found that the progenitor stars of tBe

in our sample might have had a rather broad mass distributi

rechsel, H., Heber, U., Napiwotzki, R., et al. 2001, A&A 93B3
Helmann, H. 2008, in Astronomical Society of the Pacific f8éence Series,
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Accurate distances and kinematics are crucial for such ah arE
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delmann, H., Heber, U., Lisker, T., & Green, E. M. 2004, A& 291, 315
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ysis. TheGAIA space mission will provide accurate distances, astronomical Society of the Pacific Conference Series, 188, 11th Euro-
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will also cover the Galactic disc region, which has beendedi
by previous surveys because of reddening.
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Table A.1. Atmospheric parameters

Object Test logg logy Instrument
[K]

J01185-00254 2670@- 1000 536+0.15 -3.0 SDSS
27700+ 600 855+ 009 <-30 TWIN
28000+ 350 555+ 005 <-30 Goodman
27900+ 600 855+ 0.07 <-30 adopted

J03213-05384 3020Q- 500 574+011 -24 SDSS
30700+ 100 573+002 -23 ISIS
31200+ 300 574+ 005 -25 Goodman
30700+ 500 574+ 006 -24+01 adopted

J08233-11364 3130G: 600 578+0.12 -19 SDSS
31100+ 200 578+ 0.03 -20 ISIS
31200+ 400 580+ 006 -2.0 Goodman
31200+ 600 579+006 -20+01 adopted

J08303-47515 2520Q- 500 530+ 005 -33+0.7 SDSS
25400+ 200 545+ 002 <-30 ISIS
25300+ 600 538+ 006 <-30 adopted

J09516-03475 2980G- 300 548+ 004 -28+03 SDSS
29800+ 300 548+ 0.04 -28+03 adopted

J0952362581 2780Q- 500 561+ 008 -2.6 SDSS
27600+ 200 556+ 002 -25 ISIS
27700+ 600 859+006 -26+01 adopted

J10215-30101 3070G- 500 571+006 <-30 SDSS
30000+ 200 563+ 002 -25 ISIS
30400+ 600 567+006 -26+01 adopted

J1132-0636 46400- 1900 583+0.11 -27 SDSS
46400+ 500 594+ 003 -3.0 ISIS
46400+ 1000 589+007 -29+02 adopted

J1346328172 2800Q- 800 838+0.12 -27 SDSS
29500+ 200 554+ 002 -24 GMOS
28800+ 600 546+ 007 -26+02 adopted

J15082-49405 2820Q- 600 534+ 009 -20+02 SDSS
27000+ 1100 528+0.19 -22 GMOS
29500+ 600 576+0.10 -23 TWIN
29600+ 300 570+ 005 -23 ISIS
29600+ 600 573+007 -23+01 adopted

J1522201301 2480Q- 1000 552+0.15 -26+05 SDSS
25600+ 500 541+007 <-30 ISIS
25200+ 700 547+009 <-30 adopted

J18324-63091 2670Q:- 1100 526+0.17 -25 SDSS
26900+ 200 532+003 -27 ISIS
26800+ 700 529+0.09 -26+01 adopted

Notes. T Parameters taken from Geier et al. (2011a)
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Table A.2. Orbital parameters of all published helium burning hot sudnd bi-

naries
Object Terr [K] log g Period [days] y [kms™] K[kms™] References
PG0853-170 27101000 5.3%0.10 27.8150.005 32.22.8 33.5%3.3 [1,47]
EGB5 3450a:500 5.850.05 16.5320.003 68.50.7 16.12:0.8 [2]
PG0919-273 32900 5.90 15.583@.00005 -68.60.6 41.50.8 [3]
PG1619-522 323081000 5.980.10 15.35780.0008 -52.51.1 3521.1 [1,47]
KIC7668647 27688310 5.5@0.03 14.17420.0042 -27.41.3 38.21.9 [4]
CS1246 28508700 5.46:0.11 14.1050.011 67.21.7 16.6:0.6 [5]
LB1516 25201100 5.4%0.12 10.359&0.00005 14.31.1 48.6:1.4 [6]
PG1558-007 20301000 5.0@-0.10 10.34920.00006 -71.20.7 42.80.8 [3,48]
KIC11558725 27908500 5.41%0.05 10.054%0.0048 -66.21.4 58.%1.7 [7]
PG1116-294 301081000 5.720.10 9.41520.0002 -15.20.9 58.41.2 [1,47]
EC20260-4757 - - 8.9520.0002 56.61.6 57.%1.9 [3]
Feige108 345001000 6.0%0.15 8.746520.00001 45.20.6 50.21.0 [8,49]
PG094G6-068 - - 8.33@0.003 -16.41.4 61.21.4 [9]
PHL861 3000a500 5.5@:0.05 7.44-0.015 -26.50.4 47.9%0.4 [10]
J032138+053840 3070Q:500 5.74:0.06 7.432#0.0004 -16.#2.1 39.22.8 This work
HE1448-0510 34706500 5.59-0.05 7.1590.005 -45.50.8 53.&1.1 [10
PG1439-013 - - 7.2914).00005 -53.21.6 50.%1.5 [3]
J095238+625818 2770Q:600 5.59-0.06 6.98:0.04 -35.43.6 62.53.4 This work
PG1032-406 31608900 5.720.10 6.779%0.0001 24.50.5 33.20.5 [1,47]
PG090%4123 2620@:900 5.3@:0.10 6.1163&0.00006 56.21.1 59.&0.9 [1,47]
HE1115-0631 404001000 5.8a@.0.10 5.840.001 87.%:1.3 61.91.1 [11,50]
CD-24731 35408500 5.9@:0.05 5.850.003 20.65.0 63.2:3.0 [12,51]
PG1244-113 36300 5.54 5.752%D.00009 7.40.8 54414 [3]
PG0833-399 3780@:900 5.530.10 5.62220.0002 23.21.1 33.61.5 [1]
J183249+630910 26800700 5.29-0.09 5.40.2 -32.52.1 62.1:3.3 This work
EC20369-1804 - - 4.509%).00004 7.21.6 51.5%2.3 [3]
TONS135 250081250 5.6@0.20 4.1228&0.0008 -3.£1.1 41.41.5 [12,52]
PG0934-186 35800 5.65 4.0510.001 7.43.2 60.32.4 [3]
PB7352 25008500 5.350.10 3.6216&0.000005 -2.20.3 60.80.3 [12,53]
KPDO0025+5402 28208900 5.3%0.10 3.57110.0001 -7.80.7 40.21.1 [1]
KIC10553698 27428293 5.4360.024 3.38#0.014 52.%15 64.82.2 [65]
PG0958-073 26106600 5.5&0.05 3.1809%0.000007 90.20.8 27.61.4 [3,54]
PG1253-284 - - 3.016340.000005 17.80.6 24.80.9 [3]
TON245 252081000 5.3@0.15 2.50%0.000 - 88.3 [1,49]
PG1306-279 2960@:900 5.650.10 2.259320.0001 -3.20.9 62.81.6 [1,47]
CPD-201123 23508500 4.92:0.10 2.309&0.0003 -6.31.2 43.50.9 [13]
NGC188I1-91 - - 2.15 - 22.0 [14]
J134632+281722 28800600 5.46:0.07 1.96:0.03 1.21.2 85.6:3.4 This work
V1093Her 27408800 5.4%40.10 1.777320.000005 -3.20.8 70.&1.0 [1,47]
PG1403-316 31200 5.75 1.7384©.000001 -2.20.9 58.5%1.8 [3]
HD171858 27208800 5.3@:0.10 1.6328@0.000005 62.50.1 60.80.3 [12,53]
J002323-002953 2920Q:500 5.620.05 1.48760.0001 16.42.1 81.8&2.9 [15]
KPD2040+3955 27900 5.54 1.4828&0.0000004 -1641.0 94.¢1.5 [3]
HE2150-0238 30208500 5.830.07 1.32%0.005 -32.50.9 96.31.4 [10,55]
J011857-002546 2790Q:600 5.550.07 1.3@0.02 37418 54.82.9 This work
UVvO1735+22 3800@-500 5.54:0.05 1.2780.001 20.60.4 103.@¢:1.5 [12,53]
PG1512-244 2990@:900 5.740.10 1.2697&0.000002 -2.21.0 92.&1.5 [1,47]
PG0133-114 2960a@-900 5.66:0.10 1.2378%0.000003 -0.20.2 82.6:0.3 [12,1]
HE1047-0436 30200500 5.66:0.05 1.2132%0.00001 25.@3.0 94.2:3.0 [16]
PG233%038 27200 5.58 1.204964.0000003 -9.81.1 93.5%1.9 [3]
HE1421-1206 29600500 5.550.07 1.1880.001 -86.21.1 55.52.0 [17,55]
J113241-063652 46400:000 5.820.07 1.06:0.02 8.32.2 41.1+4.0 This work
PG1006-408 36408900 5.54:0.10 1.04934320.0000005 56.63.4 63.53.0 [3,47]
J150829+494050 2960Q:600 5.730.07 0.9671640.000009 -60.210.7 93.65.8 This work
PG1452-198 29400 5.75 0.9649®.000004 -9.22.1 86.&1.9 [3]
HS2359-1942 31408500 5.56:0.07 0.932620.00005 -96.26.0 107.46.8 [6,55]
PB5333 40608500 5.96:0.10 0.9256@0.0000012 -9581.3 22.40.8 [8,54]
HE2135-3749 30008500 5.84:0.05 0.924@.0.0003 45.80.5 90.%0.6 [10]
EC12408-1427 - - 0.9024:3.000001 -52.21.2 58.6:1.5 [3]
PG0918-029 3170900 6.03:0.10 0.876720.000002 104.41.7 80.6:2.6 [1,47]
PG1116-301 325081000 5.8%0.10 0.856220.000003 -0.21.1 88.52.1 [1,47]
PG1236-052 27100 5.47 0.8371#D.0000003 -4340.7 40.4:1.2 [3]
EC21556-5552 - - 0.83440.00007 31.42.0 65.2:3.4 [3]
V25790ph 23508500 5.4@0.10 0.82920560.0000014 -54.160.27 70.1%0.13 [18,53]
EC13332-1424 - - 0.82794.000001 -563.21.8 104.1:3.0 [3]
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Table A.2. continued.

Object Ter logg Period [days] y [kms™] K[kms™] References
TONS183 27608500 5.430.05 0.827#0.00002 50.20.8 84.&1.0 [12,53]
KPD2215+5037 29600 5.64 0.809146.0000002 -7.21.0 86.6:1.5 [3]
EC02200-2338 - - 0.80220.00007 20.#2.3 96.41.4 [3]
J150513+110836 3320Q:500 5.8@0.10 0.7477780.00005 -77.21.2 97.21.8 [15]
PG0849-319 2890@:900 5.340.10 0.7450£0.000001 64.01.5 66.32.1 [1,47]
JL82 2650a-500 5.22:0.10 0.7371@0.00005 -1.60.8 34.61.0 [12,53]
PG1248 164 2660a-800 5.680.10 0.732320.000002 -16.21.3 61.8&1.1 [1,47]
EC22202-1834 - - 0.7044D.000005 -5.53.9 118.65.8 [3]
J225638+065651 2850Q:500 5.64:0.05 0.70040.0001 -7.32.1 105.33.4 [15]
J152222-013018 2520Q:700 5.4%0.09 0.671620.00003 -79.52.7 80.1%3.5 This work
PG1648536 31400 5.62 0.61091@9.00000004 -6900.9 109.¢:1.3 [3]
PG1247%554 - - 0.60274@0.000006 13.80.6 32.21.0 [9]
PG1725252 2890@:900 5.54:0.10 0.60150#0.0000003 -60.80.6 104.50.7 [1,47]
EC20182-6534 - - 0.598819.0000006 1351.9 59.%3.2 [3]
PG010%039 27508500 5.530.07 0.5698990.000001 7.20.2 104.420.4 [19]
HE1059-2735 410001000 5.380.10 0.555624 -4440.6 87.20.8 [11,50]
PG1519-640 30600 5.72 0.54029146.0000000025 040.4 42.%0.6 [8,3]
PG000%275 2540a-500 5.3@0.10 0.5298420.0000005 -44 %0.5 92.80.7 [12,53]
PG1743-477 2760800 5.5%40.10 0.5155640.0000001 -65.80.8 121.41.0 [1]
J172624+ 274419 3260Q:500 5.84:0.05 0.5019&0.00005 -36.%24.8 118.93.7 [15]
HE1318-2111 363001000 5.420.10 0.4875020.0000001 48.90.7 48.51.2 [11,50]
KUV16256+4034 23100 5.38 0.47#®.00008 -90.20.9 38.41.2 [3]
GALEXJ2349+3844 2380@350 5.380.06 0.4625160.000005 2.81.0 87.92.2 [20,56]
HE0230-4323 31100500 5.6@-0.07 0.451520.00002 16.61.0 62.4:1.6 [12,55]
HE0929-0424 29508500 5.710.05 0.440@.0.0002 41.41.0 114.31.4 [10]
Uv01419-09 - - 0.41780.00002 42.20.3 109.60.4 [12]
J095101+034757 2980Q:300 5.480.04 0.41590.0007 111.22.5 84.4:4.2 This work
KPD1946+4340 3420a500 5.430.10 0.4037320.0000008 -5.81.0 156.¢:2.0 [21,53]
V14050ri 35108800 5.66:0.11 0.398 -33.65.5 85.1-8.6 [6]
Feige48 29508500 5.54:0.05 0.376:0.003 -47.90.1 28.2:0.2 [22,51]
GD687 2430a500 5.32:0.07 0.3776%0.00002 32.23.0 118.33.4 [23,55]
PG1232-136 26906600 5.72:0.05 0.363@0.0003 4.%0.3 129.6.0.04 [12,53]
PG110%249 2970a@-500 5.9@:0.07 0.3538&0.00006 -0.80.9 134.61.3 [24,57]
PG1438-029 277001000 5.5@0.15 0.336 - 32.1 [25,49]
PG1528 104 27200 5.46 0.3310.0001 -49.21.0 53.31.6 [3]
PHL457 265081100 5.3&0.12 0.31280.0007 - 12.80.08 [26,54]
PG094%280 2940a-500 5.430.05 0.311 73.¥4.3 141.46.3 [6]
HS2043-0615 2620@500 5.280.07 0.3015%0.0003 -43.53.4 73.24.3 [6,55]
J102151+301011 3040Q:600 5.620.06 0.29660.0001 -28.44.8 114.55.2 This work
KBS13 2970500 5.7@:0.05 0.292320.0004 7.520.08 22.820.23 [27,58]
CPD-64481 275068500 5.6@-0.05 0.2772680.000005 94.10.3 23.90.05 [26,51]
GALEXJ03214727 28008400 5.34:0.07 0.2658560.000003 69.62.2 60.84.5 [20,56]
HE0532-4503 25400500 5.32:0.05 0.26560.0001 8.50.1 101.50.2 [10]
AADor 42000:1000 5.46:0.05 0.26140.0002 1.5%0.09 40.150.11 [28,59]
J165404+ 303701 2490Q:800 5.320.12 0.2535%0.00001 40.852.2 126.1%2.6 [15]
J012022+395059 29400500 5.480.05 0.25201280.000013 -47.81.3 37.32.8 [44]
PG1329-159 2910a@-900 5.62:0.10 0.2496990.0000002 -22.81.2 40.21.1 [1,47]
J204613-045418 3160Q:500 5.54:0.08 0.243120.00001 87.65.7 134.37.8 [15]
PG2345-318 27501000 5.7@0.15 0.24094580.000008 -10.61.4 141.21.1 [24,49]
PG1432-159 269081000 5.7%0.15 0.2248%0.00032 -16.81.1 120.¢1.4 [24,49]
BPSCS22169-0001 3938800 5.6@0.05 0.214 - 16.2 [26,53]
J113840-003531 3120Q:600 5.54:0.09 0.2075360.000002 23.83.7 162.2:3.8 [15]
J082332+113641 3120Q:600 5.720.06 0.2070£0.00002 135.22.0 169.42.5 This work
HS174%-2133 - - 0.2@:0.01 -112.82.7 157.6:3.4 [29]
HE1414-0309 29508500 5.56:0.07 0.1920.004 104.#9.5 152.41.2 [6,55]
HS2333-3927 365021000 5.7@0.10 0.171802380.0000009 -3142.1 89.6:3.2 [30]
J192059+ 372220 2750Q:1000 5.40.1 0.16887&0.00035 16.82.0 59.%2.5 [64]
2M1533+3759 2920a500 5.580.05 0.161770420.00000001 -345.2 71.%1.0 [31]
J083006+475150 2530Q:600 5.380.06 0.1478@0.00007 49.90.9 77.6:1.7 This work
ASAS102322-3737 2842400 5.6@:0.05 0.139269460.00000004 - 8163.0 [32]
EC00404-4429 - - 0.12834.000004 33.82.9 152.83.4 [3]
2M1938+4603 2960@500 5.430.05 0.12576580.000000021 2040.3 65.720.6 [33]
BULSC16335 315081800 5.7@0.2 0.122 36.419.6 92.5%6.2 [6]
PG1043-760 2760800 5.330.1 0.12015060.00000003 2481.4 63.6:1.4 [1,47]
EC10246-2707 2896500 5.64-0.06 0.1185079935).00000000091 - 71461.7 [34]
HWVir 28500+500 5.630.05 0.1150.0008 -13.20.8 84.6:1.1 [35,60]
HS2231-2441 2840a500 5.3%-0.05 0.11058880.0000005 - 4943.2 [36]
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Table A.2. continued.

Object Ter logg Period [days] y [kms™] K[kms™] References
NSVS14256825 400Q600 5.5@:0.05 0.1103742360.000000002 1241.5 73.42.0 [37]
UVEX0328+5035 28500 5.50 0.110%D.00011 44.90.7 64.6:1.5 [29,61]
PG1336-018 3280(6600 5.76:0.05 0.1010159900.00000001 -25.0 78+0.6 [38,62]
J082053+000843 2600Q:1000 5.3%0.14 0.096:0.001 9.51.3 47.41.9 [45]
HS070%6700 2880@900 5.42:0.10 0.095646650.00000039 -3642.9 85.83.6 [39]
KPD1930+2752 35208500 5.610.06 0.09509380.0000015 5.81.0 341.@¢1.0 [40]
KPD0422+5421 250081500 5.4@0.10 0.090179450.00000012 -57012.0 237.68.0 [41,63]
PG1017-086 303a8600 5.610.10 0.07299380.0000003 -9.41.3 51.6:1.7 [42]
J162256+473051 2900Q:600 5.650.06 0.069789 -54471.5 47.6:2.0 [46]
CD-3011223 292068400 5.66:0.05 0.04897907170.0000000038 1640.3 377.20.4 [43]

References. 1:|Morales-Rueda et al. (2003);/2: Geier €etlal. (2011¢); Ieowheat et all (2011); 4: Telting et al. in press; 5: Baréiwal. (2011);
6:Geier et al.|(2014) 7: Telting etlal. (2012);/8: Edelmanale{2004); 91 Maxted et all (2000b); 10: Karl et al. (2006); INapiwotzki et al.
(20044); 12: Edelmann etlal. (2005); 13: Naslim etlal. (2012)Green et al! (2004); 15: Geier et al. (2011b); 16: Napikicet al. (2001b); 17:
Geier et al.|(2006); 18: For etlal. (2006); 19: Geier etlal 090 20:| Kawka et &l (2012); 21: Bloemen et al. (2011);|22T@ole et al. [(2004);
23:|Geier et al.[(2010a); 24: Moran et al. (1999); 25: Greeal|gR005); 26! _Geier et al. (2012a); 27: For et al. (2008);M8ller et al. (2010);
29:Kupfer et al.|(2014); 30: Heber et al. (2004); 31: For e{2010); 32| Schdenroth et al.|(2013); 33: @stensen etlal. (2010a); 34: Bagkosl.
(2013); 35: Edelmann_(2008); 36: Dstensen et al. (2007)ABneida et al. [(2012); 38: Mtkovic et al. (2007); 39. Drechsel et/al. (2001); 40:
Geier et al. (2007); 41: Orosz & Wade (1999); 42: Maxted e{2002); 43: Geier et al! (2013b); 44. @stensen etial. (2043)|Geier et al.
(2011d); 46! Schifienroth et al.[(2014b); 47: Maxted et al. (2001); 48: Hebet(R802); 491 Séer et al. [(1994); 50: Stroeer et &l. (2007); 51:
O'Toole & Heber (2006); 52: Heber (1986); 53: Geier et lal.1@); 541 Geier et all (2013a); 55: Lisker et al. (2005); 5ém¢éth et al.[(2012);
57:|Edelmann et all (1999); 58: @stensen et al. (2010b);_5pdK& Rauch (2011); 60: Wood & Far (1999); 61| Verbeek etal. (2012); 62:
Charpinet et al! (2008); 63: Koen et al. (1998);164: Stdraoth et al.|(2014a); 65: Dstensen etlal. (2014)

Table A.3. Photometry, spectroscopic distances and companion types

Object V [mag] J [mag] H [mag] Distances [kPc] Comp. Type Refees
PG085G6-170 13.97#0.000 14.5310.043  14.6240.066 1047972 MS/WD [1,13]
EGB5 13.8080.04  14.4820.036  14.53@0.055 0687 MS/WD [2,13]
PG0919-273 12.7650.009 13.3030.021  13.42@0.030 039733 WD [1,13]
PG1619-522 13.29%0.006 13.8830.027  13.9620.040  0440% WD [1,13]
KIC7668647 15.2180.07  15.81%0.066  16.0580.20F 154312 wp'e [2,13]
CS1246 14.3740.03  14.0130.039  14.0320.058 - MSWD'® [2,13]
LB1516 12.96£0.003 13.52@0.035  13.6620.054 059717 WD [3,13]
PG1558-007 13.5280.006 - - 084215 MS/WD [1]
KIC11558725 14.8580.04  15.3790.046  15.3520.088 145713 wDk [2,13]
PG1116-294 14.0860.006 14.6260.037  14.6740.063 0797913 WD [1,13]
EC20260-4757 13.739.01  14.4240.023  14.465%0.046 - MSWD [2,13]
Feige108 12.9730.000 13.5220.024  13.7040.032 039208 WD [4,13]
PG0946-068 - 14.15%0.027  14.14%0.049 - MSWD [13]
PHL861 14.8260.04  15.3750.051  15.4960.103 145+ MS/WD [2,13]
J032138+053840 15.048:0.04  15.1480.050  15.4020.138 102311 MS/WD [2,13]
HE1448-0510 14.6140.04  15.1990.056  15.2340.096 1307717 WD [2,13]
PG1439-013 13.943.028 14.508€0.035  14.6920.041 - MSWD [1,13]
J095238+625818 14.693:0.09  15.4280.067  15.6020.147 1.13721° WD [2,13]
PG1032-406 11.5190.009 12.16€0.022  12.27%0.018  025'33; MS/WD [1,13]
PG090%123 13.9780.003 14.4740.030 14.66&0.066 108217 MS/WD [1,13]
HE1115-0631 - 15.6280.079  15.5880.12F - MS/WD [13]
CD-24731 11.7480.024 12.4040.027  12.5830.027 026+3% WD [5,13]
PG1244-113 14.19%0.018 14.8230.004  14.9380.007  1213% WD [1,14]
PG0839-399 14.3830.000 14.88%0.035  15.08@0.064 136219 MS/WD [1,13]
J183249+630910 15.695:0.01  16.23&€0.096  16.0680.176° 241337 MS/WD [2,13]
EC20369-1804 13.290.00 13.93#0.022  14.0610.044 - MSWD [6,13]
TONS135 13.3020.042 13.8680.029  14.01%0.047 054319 MS/WD [5,13]
PG0934-186 13.1380.001 13.7520.025  13.9720.038  066'23 WD [1,13]
PB7352 12.26310.01  12.8190.026  12.9180.025  04472% MS/WD [2,13]
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Table A.3. continued.

Object V[mag] J [mag] H [mag] Distances [kPc] Comp. Type Refees
KPD0025+5402 13.9190.015 14.2580.031  14.36%0.047 - MSWD [1,13]
KIC10553698 14.9020.08  15.4460.047  15.5380.092 - Wr¥ [2,13]
PG0958-073 13.568.002 14.0980.030  14.1320.039 0637092 MS/WD [4,13]
PG1253-284 12.7620.000 12.1820.001  12.0020.001 - MSWD [1,13]
TON245 13.8520.04  14.3120.002  14.41%0.005 09732 WD [2,14]
PG1306-279 14.2660.023 14.8940.004  15.00&0.007 094918 WD [1,14]
CPD-201123 12.1730.12  12.5650.024  12.6580.027 064213 MS/WD [2,13]
NGC188I1-91 - - - - MS/WD 0
J134632+281722 14.908-0.07  15.5120.007  15.59%0.010 153+021 WD [2,14]
V1093Her 13.9670.008 14.5180.034  14.6720.074 093713 MS/WD'e [1,13]
PG1403-316 13.5320.010 14.1790.023  14.3760.041 0637099 WD [1,13]
HD171858 9.880.04 10.32:0.023  10.4320.022 - MSWD [7,13]
J002323-002953 15.5720.02  16.1530.013  16.27%0.026 1607274 WD [2,14]
KPD2040+3955 14.4720.049 14.56@0.036  14.5680.065 - MSWD [1,13]
HE2150-0238 - - - - MBND 0
J011857-002546 14.804:0.05  15.1840.047  15.2620.098 125918 MS/WD [2,13]
UVO1735+22 11.861%0.01  12.5020.021  12.6580.022 037354 WD [2,13]
PG1512-244 13.1850.04  13.952#0.028  13.95%0.039 0507092 WD [2,13]
PG0133114 12.3450.000 12.8030.001  12.9180.002 037295 WD [1,14]
HE1047-0436 14.7960.000 15.52%0.060  15.63%0.12F  1.19°2% WD [1,13]
PG233%038 14.9740.025 15.3630.005  15.4040.012 1207292 WD [1,14]
HE1421-1206 15.510.0 15.89%0.073  15.8720.165 172718 MS [8,13.15]
J113241-063652 16.273:0.005 16.6840.142 - 2.39'%2¢ MS/WD [9,13]
PG1006-408 13.3240.023 13.9780.027  14.2440.043 083212 MS/WD [1,13]
J150829+494050 17.516:0.005 - - 383704 MS/WD [9]
PG1452-198 12.4760.002 13.0580.023  13.1720.025  090'33 WD [1,13]
HS2359-1942 15.6320.06 ~ 16.2340.092  16.22%0.21F 202732 WD [2,13]
PB5333 12.8740.020 12.8720.001  12.6220.001 042098 MS/WD [1,14]
HE2135-3749 13.8960.01  14.5980.035  14.6580.051 0637092 WD [2,13]
EC12408-1427 12.8239.02  13.3980.029  13.4650.035 - MSWD [2,13]
PG0918029 13.4150.080 13.99%0.002  14.0920.004 04373 WD [1,14]
PG1116-301 14.33#0.019 - - 084217 MS/WD [1]
PG1236-052 13.28#40.018 13.83%0.002  13.96%0.003 067201 MS/WD [1,14]
EC21556-5552 13.099.04  13.7180.029  13.8620.047 - MSWD [2,13]
V25790ph 12.9300.025 13.3620.026  13.4780.030  05273% MS/wWD'e [1,13]
EC13332-1424 13.38®M.03  13.8950.030  13.9980.035 - MSWD [2,13]
TONS183 12.5980.02  13.2320.026 ~ 13.3630.028 052393 MS/WD [2,13]
KPD2215+5037 13.7320.022 14.2180.040  14.3130.042 - MSWD [1,13]
EC02200-2338 12.00.01 12.6180.026  12.7480.021 - MSWD [2,13]
J150513+110836 15.378:0.09  16.0430.006  16.15%0.015 1447028 WD [2,14]
PG0849-319 14.6060.000 15.17#0.044  15.3180.095 146+923 MS/WD [1,13]
JL82 12.3820.003 12.85%0.024  12.96@0.025 057703 MS [3,13]
PG1248164 14.46@0.03  15.03#0.037  15.0120.080  089+13 MS/WD [2,13]
EC22202-1834 13.8@0.03  14.3820.033  14.43%0.049 - MSWD [2,13]
J225638+065651 15.314-0.01  15.7440.006  15.7820.012 1391012 WD [2,14]
J152222-013018 17.813:0.02  18.4240.098  18.2020.131 - MSWD [9,14]
PG1648536 14.0550.017 14.5520.029  14.58%0.051 088201 WD [1,13]
PG1247%554 12.2530.01 - 11.08#0.017 - MSWD [2,13]
PG1725252 13.0080.018 13.4960.026  13.6410.037 054709 MS/WD [1,13]
EC20182-6534 13.220.0 13.7820.029  13.87#0.021 - MSWD [6,13]
PG010%039 12.0650.000 12.6020.001  12.7240.002 036297 wp'c [4,14]
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Table A.3. continued.

Object V[mag] J [mag] H [mag] Distances [kPc] Comp. Type Refees
HE1059-2735 15.5000.06  16.0530.089  16.3220.206° 2.73'94% MS/WD [2,13]
PG1519-640 12.4580.001 13.00%0.023  13.18%0.026 03923 MS/WD [1,13]
PG000%275 - 13.8330.024  13.9710.041 - MSWD [13]
PG1743477 13.7820.009 14.3120.024  14.5260.060  076'312 WD [1,13]
J172624+274419 15.994:0.01  16.46#0.101 - 176915 WD [2,13]
HE1318-2111 14.7180.09  15.2180.049  15.2880.089 1647032 MS/WD [2,13]
KUV16256+4034 12.64:0.21 13.0620.035  13.2240.035 049725 MS/WD [7,13]
GALEXJ2349+3844 11.73:0.13 12.04@0.024  12.1560.031 - MSWD [7,13]
HE0230-4323 13.7680.02  13.9480.032  13.8040.044 08299 MS [2,13]
HE0929-0424 16.1680.15  16.6480.112 - 206331 MS/WD [2,13]
UV01419-09 12.1150.09  12.6920.023  12.83%0.025 - WD [2,13]
J095101+034757 15.895:0.02  15.9720.007  15.70%0.013 237517 MS/WD [2,14]
KPD1946+4340 14.2990.002 14.6820.031  14.83&0.055 - WD [1,13]
V14050ri 15.1420.09  14.5740.031  14.67%0.045 - M [2,13]
Feige48 13.4560.000 13.9830.027  14.13%0.043 07379 wp'c [1,13]
GD687 14.07#0.03  14.6180.033  14.8740.077 1041912 WD [2,13]
PG1232-136 13.33.033 13.7580.028  13.89Z0.040 050393 WD [1,13]
PG110%249 12.7750.03  13.18#0.027  13.25Z0.039 036293 WD [2,13]
PG1438-029 - 14.168.029  14.24@0.053 - MS [13]
PG1528 104 13.5690.010 14.0820.002  14.1560.004  077+3% WD [1,14]
PHL457 12.9470.010 13.4920.026  13.59%0.021 062212 MS [2,13]
PG094%280 13.2650.07  13.7920.029  13.8920.042 075709 wp'e [2,13]
HS2043-0615 15.42@ 0 16.0980.093 - 202102 MS [8,13]
J102151+301011 18.2180.007 - - 57405° MS/WD [9]
KBS13 13.6320.01  14.0180.024  14.0620.032 - M [2,13]
CPD-64481 11.2940.01  11.8780.022  11.9940.028  023'3% MS [2,13]
GALEXJ03214727 11.73:0.15 11.7950.001  11.9230.001 - MS [7,14]
HEO0532-4503 15.980.0 16.5630.146 - 255320 MS/WD [10,13]
AADor 11.90+0.0 11.7950.028  11.96%0.029 - M [2,13]
J165404+303701 15.402:0.04  15.9380.008  16.03@0.016 1787230 MS/WD [2,14]
J012022+395059 15.34%0.07  16.0180.078  15.9280.17% 17901 MS [2,13]
PG1329-159 13.502#0.03  14.04#0.002  14.22130.004  067+12 MS [2,13]
J204613-045418 16.324:0.01  16.6720.143F 16.308:0.217 281333 MS/WD [2,13]
PG2345318 14.1780.005 14.6980.039  14.8330.071 0197993 WD [1,13]
PG1432-159 13.8960.013 14.44%0.028  14.53@0.050  064'013 WD [1,13]
BPSCS22169-0001 12.848.01  13.4560.023  13.55%0.024 - MS [2,13]
J113840-003531 14.4640.03  15.1630.043  15.13%0.085 123978 WD [2,13]
J082332+113641 16.658:0.005 - - 248022 MS/WD [2]
HS1741+2133 13.9980.01  14.38680.036  14.6160.060 - WD [2,13]
HE1415-0309 16.480.0 - - 27692 WD [9]
HS2333-3927 14.7940.01 14.9880.048  15.0180.084 1257017 MSk [2,13]
J192059+372220 15.7450.01  16.1860.083  16.2720.224 - MS [2,13]
2M1533+3759 12.9640.17  13.6520.026  13.73&0.031 055299 MSk [2,13]
J083006+475150 16.043:0.03  16.73%0.14F 16.4770.220° 244327 WD [2,13]
ASAS102322-3737 11.7@0.07  12.0280.021  12.1120.027 0287093 Mske [2,13]
EC00404-4429 13.640.02  14.22@0.030  14.4240.052 - WD [2,13]
2M1938+4603 12.0620.01  12.75%#0.022  12.8820.020 - M [2,13]
BULSC16335 16.3950.028 12.8680.022  12.0720.021 - M [11,13]
PG1043-760 13.7680.016 14.2780.030  14.3520.049 08979014 WD [1,13]
EC10246-2707 14.380.0 14.83@0.036  14.8420.052 092793 ms® [12,13]
HWVir 10.577:0.069 10.9740.027  11.0920.022 01709 MSke [1,13]
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Table A.3. continued.

Object V[mag] J [mag] H [mag] Distances [kPc] Comp. Type Refees
HS2231-2441 14.1530.05 14.6620.035 14.7320.054 1114901 MSk [2,13]
NSVS14256825 13.389.25 13.6580.026 13.7920.026 - M [2,13]
UVEX0328+5035 14.2630.02 14.1230.004  13.91%0.004 - MS [2,14]
PG1336-018 13.6640.27 14.5940.037 14.6460.050 0617097 mMske [2,13]
J082053+000843 15.168:0.05 15.7120.008 15.8180.014 169+042 BD [2,14]
HS0705-6700 14.9230.52 15.1030.039 15.2330.086 1587218 mMske [2,13]
KPD1930+2752 13.8320.035 13.9820.029 13.9680.045 - wr¥ [1,13]
KPD0422+5421 14.6820.018 14.42%0.031 14.4210.046 - wr¥ [1,13]
PG1017-086 14.426).025 14.8680.042  15.0360.074 105375 MS [1,13]
J162256+473051 16.188-0.02 16.7320.136° - 225323 BD [2,13]
CD-3011223 12.2960.03 12.8860.029 12.9320.023 035293 WD [2,13]

Notes. Ic: identified photometrically; B,C,D: 2MASS colours of diyaB, C or D which were excluded from the analysis

References. 1:[Wesemael et al. (1992); 2: UCAC4;[3: Landolt (2007); 4: dalh (2009); 5! Mermilliod ((1992); €: O’'Donoghue et &l. (A)17:
Hgg et al.|(2000); 8: NOMAD; 9: SDSS, Jester €tlal. (2005);9PM4.0; 11} Udalski et all (2002); 12: Kilkenny et al. (19973: 2MASS; 14:
UKIDSS; 15: Koen priv. comment
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ABSTRACT

The project Massive Unseen Companions to Hot Faint Underlumintars 8om SDSS (MUCHFUSS) aims to find sdBs with
compact companions like massive white dwarfs, neutron stars or bhtdek. Here we provide classifications, atmospheric parameters
and a complete radial velocity (RV) catalogue containing 1914 single mexasats for an sample of 177 hot subluminous stars
discovered based on SDSS DR?7. 110 stars show significant RV variabititye 67 qualify as candidates. We constrain the fraction
of close massive compact companions of hydrogen-rich hot saitisiim our sample to be smaller than1.3%, which is already close

to the theoretical predictions. However, the sample might still contain snehiés with longer periods exceedirg8 d. We detect a
mismatch between th&RV«-distribution of the sdB and the more evolved sdOB and sdO stars, whidleges our understanding

of their evolutionary connection. Furthermore, irregular RV variatidnsni&nown origin with amplitudes of up te 180kms? on
timescales of years, days and even hours have been detected in sesd®Htars. They might be connected to irregular photometric
variations in some cases.

Key words. binaries: spectroscopic — stars: subdwarfs — stars: horizontaitbrastars: atmospheres

1. Introduction of magnitude higher than those of main sequence stars of the
same spectral type (usually betweendpg 5.0 and 60).

Hot subdwarf stars (sg®s) show spectral features similar to  SdB stars are likely formed from stars that almost entirely
hot main sequence stars, but are much less luminous and thgsee their hydrogen envelopes after climbing up the red gi-
fore more compact. Depending on their spectral appearante, ant branch (RGB). The outer layer of hydrogen that remains
subdwarf stars can be divided into subclasses (Moehler. et @es not have enough mass to sustain a hydrogen-burnirg shel
1990; see Drilling et al. 2013 for a more detailed classifizat as is the case for cooler HB stars. Therefore the star can not
scheme). While the observational classification seemghtrai evolve in the canonical way and ascend the Asymptotic Giant
forward, the formation and evolution of those objects i sti-  Branch (AGB). Instead the star remains on the EHB until core-
clear. helium burning stops, and after a short time of shell-helum-

In the Hertzsprung-Russell diagram most hot subdwarf staig eventually reaches the white dwarf (WD) cooling tracks.
are situated at the blueward extension of the Horizontah@&ra According to evolutionary calculations the average lifegion
(HB), the so called Extreme or Extended Horizontal Brandhie EHB is of the order of ®yr (e.g. Dorman et al. 1993). In
(EHB, Heber et al. 1986). The most common class of hot sulhis canonical scenario the hottdigt = 40 000- 80 000 K) and
dwarfs, the sdB stars, are located on the EHB and are therefGiluch less numerous hydrogen rich sdOs can be explained as
considered to be core-helium burning stars. They have wmy trather short-lived shell-helium burning stars evolvingagrom
hydrogen dominated atmospher&f,/Msqg ~ 1073, nye/ny < the EHB.

0.01), their défective temperature§§;) range from 20000K to ~ Systematic surveys for radial velocity (RV) variations re-
40 000K and their surface gravities (Igpare one to two orders Vvealed that a large fraction of the sdB stars (400 %) are
members of close binaries with orbital periods ranging from
~ 0.05d to~ 30d (Maxted et al. 2001; Morales-Rueda et al.
Send offprint requests to: S. Geier, 2003; Copperwheat et al. 2011). Most of the known companions
e-mail: sgeier@eso.org of sdBs in radial velocity variable close binary systemsvanége
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Table 1. Telescopes and instrumental setups there. Helium and other elements like carbon or nitrogen are
mixed into the atmosphere and the star ends up close to the he-
lium main sequence. Depending on the depth of the mixings sta

Telescope instrument R A[A] with more or less helium in the atmospheres arftedént atmo-
Sloan SDSS 1800 38009200 spheric parameters can be formed in this way. Most recently,
ESO-VLT FORS1 1800 37305200 Latour et al. (2014) found a correlation between the carbah a
WHT ISIS 4000  3446-5270 helium abundances of the He-sdOB stars in the globular clus-
Eégﬁ\ﬁ?m TE\,’:V'O'\‘S co 42280 322;2228 terw Cer_1, which is prgdipted by Iatg hot flasher quels. Hirsch
SOAR Goodman 5500 3500616 (2009) discovered a similar co_rrelatlon for f|<.ald' heliurakrhot
Goodman 7700 37004400 subdwarf (see also Heber & Hirsch 2010). Similar to the ferma
Gemini GMOS-NS 1200 3770 4240 tion scenarios for sdB stars, the late hot flasher channalnesy
INT IDS 1400 3000- 6800 extreme mass-loss on the RGB probably triggered by binary in
IDS 4000 3930- 510C° teractions. However, the population of He-sdOs observddrso
SAAO-1.9m  Grating 4600 41765030 seems to consist mostly of single stars. Only one RV-vagiabl

He-sdO has been reported in the SPY sample, which correspond
to a fraction of only 3% (Napiwotzki 2008). However, higher
Notes. @ Used until 2011® Additional data taken in March 2003 andfractions have been reported for the He-sdO populationkén t
April 2004. PG sample (Green et al. 2008).
An alternative way of forming single hot subdwarfs is the
merger of two helium white dwarfs in a close binary (Webbink
dwarfs or late type main sequence stars, but substellar@ompl984; Iben & Tutukov 1984). Loss of angular momentum
ions like brown dwarfs have been found as well (see Kupfétrough the emission of gravitational radiation will cauke
et al. 2015 and references therein). Those systems were nsystem to shrink. Given the initial separation is small ejigu
likely formed after a common envelope (CE) and spiral-inggha the two white dwarfs eventually merge and if the mass of the
which also provides an explanation for the required mass4m merger is high enough, core-helium burning is ignited andta h
the RGB. However, apparently single sdBs and wide binary sysibdwarf is formed. Due to the strong mixing during the merge
tems (Vos et al. 2012, 2013; Barlow et al. 2013) exist as well. process, the atmospheres of the merger products are edpecte
those cases, it is less straightforward to explain the ftiomaf be helium-rich (Zhang & Jeery 2012).
the sdBs (see Geier 2013 for a review). Some hot subluminous stars are not connected to EHB-
Hot subdwarf binaries with massive WD companions avolution at all. Objects with spectra and atmospheric mpara
good candidates for SN la progenitors. Due to gravitatiorzale €ters similar to normal sdBs are known, which are situated be
radiation the orbit will shrink further and mass transfesnfr low the EHB (e.g. Heber et al. 2003; Silvotti et al. 2012). Stie
the sdB onto the WD will start once the sdB fills its Roch@bjects are considered to be direct progenitors of heliuritewh
lobe. The Chandrasekhar limit might be reached either tiiroudwarfs, which descend from the red giant branch. For these
He accretion on the WD (e.g. Yoon & Langer 2004 and refelow-mass post-RGB objects, which cross the EHB, evolution-
ences therein) or a subsequent merger of the system (TutuRéy tracks indicate masses of abol2®- 0.33 M, (Driebe et al.
et al. 1981; Webbink 1984). Two sdBs with massive WD cond998). In order to form such objects, the mass loss on the RGB
panions have been identified to be good candidates for beft@f to be more extreme than in the case of EHB stars. Objects
SN la progenitors (Maxted et al. 2000a; Geier et al. 2007n¥sn down to even lower masses are known as extremely low-mass
et al. 2012; Geier et al. 2013b). Neutron star (NS) or evékLM) WDs, which are members of close binary systems (e.g.
black hole (BH) companions are predicted by theory as wdrown et al. 2012). More massive He-stars, like the so-dalle
(Podsiadlowski et al. 2002; Pfahl et al. 2003). In this scena low-gravity or luminous He-sdOs (ffery et al. 2008) also be-
two phases of unstable mass transfer are needed and the N®Rrg to the class of hot subdwarfs and are situated between th
the BH is formed in a supernova explosion. Nelemans (2016B and the main sequence.
showed that about 1% of the short period sdBs should have
NS companions whereas about 0.1% should have BH compgn- ;
ions. In an independent study Yungelson et al. (2005) ptedica' The MUCHFUSS project
the number of systems with NS companions to be about 0.8¥he project Massive Unseen Companions to Hot Faint
However, no N#BH companion to an sdB has yet been detectéghderluminous Stars from SDSS (MUCHFUSS) aims to find
unambiguously whereas a few candidates have been identified subdwarf stars with massive compact companions like mas
(Geier et al. 2010b). Most recently, Kaplan et al. (2013yals  sive white dwarfs$ 1.0 M), neutron stars or stellar mass black
ered the close companion to the pulsar PSR J18%60 to be a holes. Hot subdwarf stars were selected from the Sloan dbigit
He-WD progenitor with atmospheric parameters close to an s@Ry Survey by colour and visual inspection of the spectra. Ho
star Ter = 16 000K, logg = 4.9). subdwarf stars with high radial velocity variations werkested
The formation of the helium-rich classes of He-¢g88is as candidates for follow-up spectroscopy to derive theatami-
even more puzzling. Most (but not all) He-sdOs are conctadra locity curves and the binary mass functions of the systems.
in a very small region in th&s-logg plane, slightly blueward Geier et al. (2011a) discussed the target selection and the
of the EHB atT¢ = 40000- 80000K and logy = 5.60— 6.10 follow-up strategy. Detailed analyses of sdB binariesalisced
(Stroer et al. 2007; Nemeth et al. 2012). The He-sdBs are scat-the course of this project are given in Geier et al. (2011b)
tered above the EHB. The late hot flasher scenario providearad Kupfer et al. (2015). Three eclipsing systems have been
possible channel to form these objects (Lanz et al. 2004gMil discovered, two of them being the first sdBs with brown dwarf
Bertolami et al. 2008). After ejecting most of its enveloge a&ompanions (Geier et al. 2011c; Séearoth et al. 2014). One
the tip of the RGB, the stellar remnant evolves directly talga system turned out to be the first sdB hybrid pulsator showing a
the WD cooling tracks and experiences a late core helium flaglection éfect (dstensen et al. 2013). The photometric follow-
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3. Target selection, observations, spectroscopic
analysis

4.0
i 3.1. Observations and sample selection

While the target selection presented in Geier et al. (2011-a) i
cludes SDSS up to Data Release 6 only, we have now applied the
same selection criteria to Data Release 7 (Abazajian eb@f)2
Hot subdwarf candidates were selected by applying a colatur ¢
to SDSS photometry. All point source spectra within the oo
u-—g < 04 andg-r < 0.1 were selected and downloaded
from the SDSS Data Archive ServeBy visual inspection we
selected and classified 10000 hot stars. Most objects much
fainter thang = 19 mag have been excluded because offlirsu
cient quality. The sample contains 1369 hot subdwarfs,isens
tent with the preliminary number of hot subdwarfs (1409)fdu
by Kleinman et al. (2010) in SDSS-DR?7.
The SDSS spectra are co-added from at least three individual
integrations with typical exposure times of 15min taken-con
: secutively. We have obtained those individual spectra farss
100 90 80 70 60 50 40 30 20 brighter thang = 185 mag. In addition, second epoch medium
Tur [1000 K] resolution spectroscopy was obtained from SDSS as wellras ou
own observations, using ESO-VIHORS1, WHTISIS, CAHA-
_ _ _ 3.5mTWIN and ESO-NTTEFOSC2 (see Table 1, Geier et al.
Fig. 1. Ter — logg diagram of the full sample of hot, subluminous, RV2011a). Typical exposure times ranged from 10 min to 20 min.

variable stars. The size of the symbols scales WiVmax. The black e gN of the individual spectra ranges from about 15 to about
circles mark stars with hydrogen dominated atmospheresy (lod),

while the red diamonds mark stars with helium dominated atmospher%s. . .. _
The helium main sequence (HeMS) and the HB band are superim- The radial velocities were measured by fitting a set of math-

posed with HB evolutionary tracks (dashed lines) for subsolar met§atical functions (Gaussians, Lorentzians and polynisjnia
licity (log z = —1.48) from Dorman et al. (1993). The three tracks ithe spectral lines using the FITSB2 routine (Napiwotzkilet a
the high temperature range correspond to helium core masset88f 0 2004). Three functions are used to match the continuumirne |
0.490 and ®495M,, (from bottom-left to top-right). Those tracks markand the line core, respectively and mimic the typical Voigi-p
the EHB evolution, since the stars do not reascend the giant branclfile of spectral lines. The profiles are fitted to all suitaties$
the helium shell-burning phase. The two tracks in the upper right corgmultaneously using?-minimization and the RV shift with re-
spond to core masses 068 and 064 M,,. BHB stars following those jﬁeCt to the rest wavelengths with the associatedrtor is mea-
n

tracks are expected to experience a second giant phase. The solid &d. For the hvdrogen-rich stars the Balmer and heliueslin
marks the relevant part of the zero-age main sequence for soldlicaeta . ydrog

ity taken from Schaller et al. (1992). The two dotted lines are post-AGg sufficient stren_gth have been used. For .the h_el|u_m-r|ch ?tars
tracks for hydrogen-rich stars with masses d4® (lower line) and We used appropriate lines of neutral and single ionizedihreli

0.565M, (upper line) taken from Sémberner (1983). The two long- Since some of those stars still have significant hydrogetacon
dashed lines are post-AGB tracks for helium-rich stars with massesidgtion we avoided the helium lines from the Pickering serie
0.53 (lower line) and BO9M,, (upper line) taken from Althaus et al. because they can be blended by the weaker hydrogen Balmer
(20009). lines. Each single fit has been inspected visually and ostlie
caused by cosmic rays and other artifacts have been excluded
Heliocentric corrections have been applied to the RVs artd mi
JDs derived for the follow-up spectra, while the SDSS spectr
available in the archive are already corrected.
The average & RV error of all the measurements in the
catalogue is- 15kms?, which is consistent with independent
] ) ] ) checks of the SDSS wavelength stability using SDSS observa-
up campaign of the MUCHFUSS project will be described ifjons of F-stars€¢ 14.5 km s, Rebassa-Mansergas et al. 2007).
detail in Sché#enroth et al. (in prep). During dedicated specrq correct for systematic shifts betweetfeient instruments we
troscopic MUCHFUSS follow-up runs bright sdB binary candippserved RV standards in our follow-up runs. The RMS scatter
dates were observed in a supplementary programme (Geler ehgund the orbital fits of the solved binaries in our samptgse
2013b, 2014a). Hot subdwarfs with a high but constant radi@nsistent with the formal uncertainties (for details, Geger et
velocity were studied in the Hyper-MUCHFUSS project (Bifli 51, 2011b; Kupfer et al. 2015). We selected all objects witxm
etal. 2011). imum RV shifts discrepant at the formatdevel and found 196

Here we present classifications, radial velocities and atnfgndidates for RV variability.
spheric parameters of the close binary candidates disedver
the MUCHFUSS project so far. In Sect. 3 we describe the obsery vjsyal classification
vations, target selection, classification and quantiasipectral
analysis of our sample as well as the radial velocity catadotn The basic classification of the hot subdwarf sample was done
Sect. 4 the dferent populations of RV variable hot subluminou$y visual inspection based on existence, width, and depth of
stars are presented and discussed. A summary is then given_in
Sect. 5. ! das.sdss.org
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spectra (or follow-up spectra of higher quality, if avallgb
was performed for all RV variable stars in our sample with
data of stfficient quality. The method is described in Geier et
al. (2011b). We used appropriate model grids for th@edi
ent classes of hot stars. The hydrogen-rich and helium-poor
(logy = logn(He)/n(H) < —-1.0) stars with &ective tempera-
tures below 30000K were fitted using a of grid of metal line
blanketed LTE atmospheres with solar metallicity. Helipoer
stars with temperatures ranging from 30 000 K to 40 000 K were
analysed using LTE models with enhanced metal line blangeti
(O’'Toole & Heber 2006). Metal-free NLTE models (8&r et al.
2007) were used for hydrogen-rich stars with temperatuees b
low 40 000K showing moderate He-enrichment §eg—1.0—
0.0) and for hydrogen-rich sdOs. Finally, the He-sdOs weet-a
ysed with NLTE models taking into account the line-blanketi
caused by nitrogen and carbon (Hirsch & Heber 2009).

Spectroscopic distances to our stars have been calculated
as described in Ramspeck et al. (2001) assuming the cahonica
mass of 047 M,, for the subdwarfs and appropriate masses for
objects of other classes.fM, for blue horizontal branch star

T, [1000K] candidates and.BM,, for runaway main-sequence B star can-
didates, Geier et al. 2015;8M,, for post-AGB stars, Reindl et
al. 2015) using the formula given by Lupfoto convert SDSS-g

Fig. 2. Ter — logg diagram of RV variable hydrogen-rich sdB and sdognd r magnitudes to Johnson V magnitudes. Interstellareredd
stars (see Fig. 1). The size of the symbols scales Wi, The ing was neglected in these calculations.

helium main sequence (HeMS) and the HB band are superimposed

with HB evolutionary tracks (dashed lines) for subsolar metallicity

(logz = —1.48) from Dorman et al. (1993). The three tracks correspondi4. Spectroscopic follow-up, criterion for variability and

log(g [cm s2])

to helium core masses of488, 0490 and M95M,, (from bottom-left radial velocity catalogue

to top-right). The two dotted lines mark post-RGB tracks (Driebe etal. ) ) )

1998) for core masses ofaB4 (left) and 0259M,, (right). During our follow-up campaign we obtained medium res-
oluton (R = 1200 - 7700), time-resolved spectroscopy

using WHTISIS, CAHA3.5mTWIN, ESO-NTTEFOSC2,
helium and hydrogen absorption lines as well as the flux di§OARGoodman, GemifGMOS, INT/IDS and the grating
tribution between 4000 and 6000 A. Hot subdwarf B stars shéWectrograph at the 1.9m telescope at SAAQO (see Table 1 Geie
strong and broad Balmer and weak (or no)itiees. SAOB stars €t al. 2011b; Kupfer et al. 2015) and measured the RVs as de-
show strong and broad Balmer lines as well as weak lines fréifibed above.
Her and Heun, while sdO stars only display weak hidines be- To estimate the fraction of false detections produced by ran
sides the Balmer lines. He-sdBs are dominated by strong H&m fluctuations and calculate the significance of the measur
and sometimes weaker hdines. Hydrogen absorption linesRV variations we apply the method outlined in Maxted et al.
are shallow or not present at all. He-sdOs show strong &fed  (2001). For each star we calculate the inverse-variancghte
sometimes weak Hdines. Balmer lines are not present or heavnean velocity from all measured epochs. Assuming this mean
ily blended by the strong Helines of the Pickering series. A velocity to be constant, we calculate té. Comparing this
flux excess in the red compared to a reference spectrum as wallie with they2-distribution for the appropriate number of de-
as the presence of spectral features such as thethfdet at grees of freedom we calculate the probabifitgf obtaining the
5170 A or the Ca triplet at 8650 A were taken as indications opbserved value of? or higher from random fluctuations around
a late-type companion. a constant value. The maximum RV shiftsRVnay), the aver-
From the total number of 1369 hot subdwarfs, 983 belor@f€ b~ uncertainties of the two corresponding measurements,
to the class of single-lined sdBs and sdOBs. Features itiica the timespan between those two epochs and the logarithne of th
of a cool companion were found for 98 of the sdBs and sdOH3alse-detection probability log are given in Tables 3-5.
Nine sdOs show spectral features of cool companions, whze 2  We consider the detection of RV variability to be signifi-
sdOs, most of which show helium enrichment, are singledline cant, if the false-detection probability is smaller than @1%
Comparing the results from the visual classification with th(log p < —4.0). The fraction of such significant detections in our
more detailed quantitative spectral analysis for the RVapde initial sample of 196 is 56% (110 objects). Objects with dals
subsample presented here (see Sect. 4), we conclude thatdgiection probabilities between00% and 5% (logp = —4.0 to
visual classification should be accurate to about 90%. A-catag p = —1.3) are regarded as candidates for RV variability and
logue with classifications and atmospheric parametersedih ~ constitute 34% of the initial sample (67 objects). About 10%
SDSS sample including more recent data releases is in preplog p > —1.3, 19 objects) are regarded as non-detections (the
tion. Here we restrict ourselves to the RV-variable sample. ~ parameters of those stars can be found in Table A.1). Removin
those non-detections we end up with a sample of 177 stars,
) o which show RV variability with probabilites between 95% and
3.3. Atmospheric parameters and spectroscopic distances 99.9% (see Table 2). Orbital solutions were already derived for

To refine the visual classification and derive the atmosphperi
rameters a quantitative spectral analysis of the coaddesiSSD 2 httpy/www.sdss.orgré/algorithmgsdssUBVRITransform.html
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Fig. 3. Left panel: Highest radial velocity shift between individual spectra plotted againg diffierence between the corresponding observing
epochs. The filled red diamonds mark sdB binaries with known orbitalhpeters (Kupfer et al. 2015), while the filled black circles mark the rest
of the hydrogen-rich sdB sample of RV variable st&tight panel: The same plot for the hydrogen-rich sdOB and sdO sample of RV Variab

stars.

Table 2. Sample statistics warfs. Four objects have higher temperatures and are nketg i
hydrogen and helium-rich post-AGB objects. Nine stars have
temperatures below 20 000 K and most of them are likely asso-

Class RV variable RV variable non-

candidates  detections ciated with the blue horizontal branch (see Table 5). Thg&t
- binary candidates are discussed separately in Geier @04l5],
H-rich sdOB 89 o0 13 the hot post-AGB stars in Reindl et al. (2015).
(Hjteﬁgfg sdgB 174 161 42 Although only the orbits of 22 binaries from our sample have

been solved, the distribution &RV« can be used as a diag-
Total 110 67 19 nostic tool as well. The width of this distribution scalegtwine
width of the companion mass distribution as well as the ithstr
tion of orbital periods.

22 close binary sdB systems (see Kupfer et al. 2015 and refer—
ences therein). 1. Hydrogen-rich hot subdwarf stars and their evolutionary

The catalogue contains 1914 epochs (mid-HJD), assomated connection

radial velocities and d-RV-uncertainties of the RV variable t,5 st common class of RV variable objects in our sample are

stars as well as information about the instruments l_Js_edtmrDb sdB, sdOB and sdO stars with hydrogen-dominated atmosphere

the spectra. It can be accessed online from the Vizier dambf'see Table 3). Fig. 2 shows thig; — logg-diagram of this sub-

operated by CDS. sample. As expected, most objects are concentrated on tBe EH
and some obijects follow the tracks of more evolved shellshel

4. Radial velocity variable populations of hot burning stars. This distribution is con_si_stent with otheerdges

subluminous stars (e._g. Nemeth et al. 2012). However, it is not clear yvhe_thbr al

objects situated above the EHB are really shell-helium ibgrn

Since our sample has been preselected in the way outlineg abgtars that evolved along the predicted evolutionary traGkiser

it is not straightforward to derive the true fractions of Refriv  objects like low-mass post-RGB stars evolve in fiadent way

able stars for each class of hot subdwarfs. Most stars inasar s and might constitute a certain fraction of stars in this sagif

ple have been selected based on RV variations between thethe Ter — log g-diagram.

dividual SDSS spectra, which have usually been taken within The detected RV-variability in those objects is very likely

just 45min. Only binaries with sticiently short orbital peri- caused by binary motion. Up to now the orbital parameters of

ods and high RV amplitudes show significant variations omsu&42 close binaries have been measured. Most of the solved sys

short timescales, while binaries with smaller RV amplismidad tems have hydrogen-rich sdB primaries, but this sample also

longer periods remain undetected. contains 46 hydrogen-rich sdOB and sdO stars (see Kupfer et

Fig. 1 shows theTg — logg-diagram of the RV variable al. 2015 and references therein, but see also the discussion
sample. Most of the stars are indeed associated with the EBBct. 4.5). Another possible source of RV-variations a@tsh
and therefore most likely core or shell-helium burning hdis period p-mode pulsations. However, the fraction of puhgpkiot
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Maximum RV shift [km/s] Distance [kpc]
035 1 Fig. 5. Distribution of spectroscopic distances for the hydrogen-rich
o30f ] sdB, sdOB and sdO stars (see Table 3).
20.25
5% match, which challenges our understanding of EHB evolytion
20151 ] is unclear.
0.10 1
0.05 7 . .
0.00 | 1 | | | 4.2. Low-mass post-RGB binaries
50 100 150' ZOQ 250 300 350 . ) .
Maximum RY shift (km/s] Our sample contains two sdBs that might be good candidates

for low-mass post-RGB stars. With a lowffective tempera-

ture of 20500 K and a rather high surface gravity dog 5.52
Fig. 4. ARVpmax distribution of RV-variable sdB stars (upper panel) ad083334.76-045759.4 is situated well below the EHB. Such a
well as sdOB and sdO stars with hydrogen-rich atmospheres (loWegation is inconsistent with core-helium burning. Furthere,
panel). it shows a highARVyax = 161kms?t. J094750.74162731.8

is hotter Ter = 30000K), but has a very high surface gravity

logg = 6.25. Also situated below the EHB it showdRVpax =

130 kms?. However, whether a significant contribution of low-
subdwarf stars is quite small (about 5%) and the RV-vamatiomass post-RGB binaries leads to the wider distribution of RV
are usually smaller than our detection limit. Even in the moshifts, still needs to be studied in more detail (see alstudision
extreme cases known, where those variations can reach-ampliGeier et al. 2013a).
tudes of 10- 20kms? (e.g. O’'Toole et al. 2005), we would
most likely not resolve and detect them in our data, because
exposure times are usually longer than the typical periadew
minutes) of those pulsations. One sdB in our sample is a double-lined system and

The additional information provided by the RV variabilityshows weak spectral features of a main-sequence compan-
(Table 3, Fig. 3) allows us to probe the connection betweégn. J205101.72011259.7 shows a shift of @+ 31.5kms?
objects on the EHB classified as sdBs (100 RV variable owithin just 00141d with a false-detection probability of only
jects) with stars that are situated above the EHB classified @05%. It is very unlikely that this variation is caused by the
sdOB or sdO (40 RV-variable objects). While the internalstrumain-sequence companion. The solved orbits of+9dB bi-
ture and the atmospheric parameters of the hot subdwarfehanaries have long periods of the order of 1000d (Vos et al.
with time, the orbital period and the companion mass are né#12, 2013; Barlow et al. 2012, 2013). We therefore conclude
predicted to change significantly within the lifetime of th@B that J205101.72011259.7 is another candidate for a hierarchi-
(~ 100 Myr). A significant shortening of the orbital period doe tcal triple system consisting of an sdB in a short-period tyina
angular momentum lost by gravitational wave emission iy onwith unseen companion and a main sequence star orbiting this
predicted for the most compact binaries with the most massiviner binary with a long period (e.g. Barlow et al. 2014, see a
companions, which turned out to be quite rare (e.g. Geier @scussion in Kupfer et al. 2015).
al. 2007, 2013b). Furthermore, the orbital evolution wilvays
lead to shorter periods and therefore higher RV-amplitutfes
the sdBs on the EHB evolve to become hydrogen-rich sdOB a
sdO stars, théRVmai-distribution should esentially remain theThe primary aim of the MUCHFUSS project is to find massive
same. compact companions to sdB stars. However, only two known
Fig. 4 shows theARVha-distribution of both subsamples.sdB binaries with periods shorter thanl@ and ARVpax ~

While the distribution below 100 knt$ looks very similar as 700 km s have WD companions with masses exceedidw,
expected, the sdB sample shows a wider range of RV shifts (¢€eier et al. 2007, 2013b). SdBIS/BH binaries with similar
also Fig. 3). This can only be partly explained by the smallg@eriods would havéARVax > 1000 km s?.
size of the sdOBdO sample. There are also no significant dif- However, the highesiRVp,ax measured in our subsample of
ferences in data quality and temporal sampling betweenibe thydrogen-rich sdB, sdOB and sdO stars is just 359 ¥n{see
different groups. Essentially the same hydrogen Balmer lin&sble 3). Due to the RV sampling of our dataset provided by the
have been used to measure the RVs. The reason for this nmsglividual SDSS spectra it is very unlikely that we have raiss

%.3. Hierarchical triple systems

él The fraction of massive compact companions
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Fig.6. Ter — logg diagram of RV variable helium-rich sdOB and sdOFig. 7. Highest radial velocity shift between individual spectra plotted
stars (see Fig. 1). The size of the symbols scales wit,«. The against time dference between the corresponding observing epochs for
helium main sequence (HeMS) and the HB band are superimposedium-rich sdO and sdOB stars (see Fig. 3).

with HB evolutionary tracks (dashed lines) for subsolar metallicity

(logz = -1.48) from Dorman et al. (1993). The three tracks correspond

to helium core masses of4B88, Q490 and ¢495M,, (from bottom-left

to top-right). . L . .
p-right) While we can exclude sdB binaries with periods of a few

hours and massive compact companions, our sample might stil
contain such objects with longer periods. Since more massiv

ompanions are expected to be quifécéent in ejecting the

mmon envelope, such binaries might exist. Taking into ac-

ount theARVha-distribution and the fraction of solved binary

rbits (see Fig. 3), we estimate that a yet undetected popula
Cof long-period binaries withK < 100 km s might be present.
Assuming the canonical sdB mass o DM, and a minimum
companion mass at the Chandrasekhar lim# §4,,) this trans-
ates into orbital periods longer than8d.

a short-period (@ d) binary with anARVpax > 1000kms?!
by chance. To estimate an upper limit for the fraction of su
extremely close binary sdBNS/BH binaries in our sample we
count the number of hydrogen-rich sdBs and sdOBs with sign
icant RV variability (logp < —4.0) in our sample (76 objects, se
Table 3) and invert it. In this way we derive the fraction afske
objects in our sample to be smaller tharB%. This fraction is
still consistent with the theoretically predicted fracksoof about
1% (Yungelson et al. 2005; Geier et al. 2010b; Nelemans 201
However, we would most likely not expect the most massive
compact companions in our sample to have such short orbited. Irregular RV variations of helium-rich hot subdwarf stars
periods anyway. To allow the massive companion to spiral in
deep enough to form such compact binaries during the comnf@nr RV-variable sample contains 29 helium-rich hot subdwar
envelope phase, the red-giant progenitors of the sdB stars gtars. 14 of them show significant RV variations while 15 qual
predicted to have tightly bound envelopes and to be rather méy as candidates (see Table 4). Most of them are situatesiclo
sive (2— 3 M,, Geier et al. 2013b). Such stars are only found it¢ the He-MS in thél ¢ — log g-diagram (see Fig. 6) and the at-
young field populations like the Galactic thin disk and the twmospheric parameters are quite typical for the field pomniaif
sdB binaries with the most massive WD companions known tg-sdOs Ter = 40 000-50 000K, Stoer et al. 2007; Nemeth et
far indeed belong to this population (Maxted et al. 2000de6e al. 2012). However, quite a number of stars have lower teasper
et al. 2007; Geier et al. 2013b). tures between 35000 K and 40 000 K. Those helium-rich sdOBs
Fig. 5 shows the distribution of spectroscopic distances fare rare in the field population, but quite dominant in thebglo
the sample. Those distances range from 1 to more than 20 kgl@r clusterw Cen (Latour et al. 2014). Following the discus-
Taking into account that the SDSS footprint mostly coveghhi Sion in Latour et al. (2014) this might be related to the age of
Galactic latitudes and assuming a scale-height 63 kpc for the parent population, since most of the stars in our sangple b
the thin disk, we conclude that the vast majority of the stars /0ng to the old thick disk or halo populations, while most foé t
our sample do not belong to this young population. Most biright stars studied by Nemeth et al. (2012) belong to thexgou
nary candidates exceedimg~ 3 kpc should belong to the old thin disk population. The He-sdOs J23275%483755.2 and
Galactic halo population, the rest to the intermediatektbisk J110215.45024034.1 seem to be more evolved than the rest of
population. Since both populations do not contain inteiiated the sample and might also be associated to the helium-rish po
mass main-sequence stars, which are the likely progeriforsAGB stars.
short-period sdBs with massive compact companions, it is no J160450.44051909.2 and J160623.2363005.4 belong to
surprise that we do not find them in our sample. the class of He-sdOBs with lower surface gravity (e.g. Magi
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Fig. 8. Radial velocities of J232757.4883755.2 (left panels) and J141549:081213.9 (right panels) against Julian date. Significant variations
are present on timescales of years (upper panels), days (middiispand hours (lower panels).

al. 2010)3 Only one He-sdOB is known to be in a close double- 41

lined, spectroscopic binary with an almost identical compa ‘ ‘ ‘ ‘ T
of the same type (Sener &flery 2014). Another close binary 115 . )
contains an sdB with intermediate helium-enrichment (iHast
al. 2012). Follow-up observations are needed to study tierpi 1r vt
properties of those rare objects and compare them with tier ot Losl L e L
hot subdwarf populations. e

The discovery of RV variable He-sdOs (Green et al. 2008;

Geier et al. 2011a) on the other hand seemed to be incortsisten® e T e
with the idea, that those stars are formed by He-WD mergers ot
(e.g. Webbink 1984), because merger products are expertedt oo} 1
be single stars. Fig. 7 shows the maximum RV shifts between
individual spectra plotted against the timdfdience between
the corresponding epochs. When compared with Fig. 3 one can ‘ ‘ ‘ ‘ ‘

see that there are no stars with shifts higher tha200 km s ° o2 o4 Tt o8 ! 12
and that the number of objects showing shifts at short tizesp

(< 0.1d) is smaller as well.

Because of the important implications for their formatio
we were eager to solve the first He-sdO binaries and gave th
high priority in our follow-up campaign. However, althougle
gathered up to 59 epochs for some of them, we were not able
to find a single orbital solution. Adding more data in general
degraded preliminary solutions that looked promising.ites ] .
assuming circular orbits we also allowed for eccentricitg @x- @ higher éective temperature and seems to be more evolved (see
plored especially the parameter space of high orbital eticen Table 3, Fig. 6).
ities (see Geier et al. 2011b). No periodic variations cdagd The origin of these irregular RV variations remains unclear
detected with sficient significance. @stensen et al. (2010) reported the discovery of irregdaay

Fig. 8 shows the radial velocities of the two He-sdO stations in the light curve of the He-sdOB star J1938855 ob-
J141549.05111213.9 and J232757.4883755.2 for which we served by the Kepler mission. flery et al. (2013) found an-
obtained the most data. Significant RV variations with amplbther He-sdOB star with Kepler light curves (KIC 10449976)
tudes of up to- 180 km s are seen on timescales of years, dayhat shows a variation with a period of931 and variable
and even hours. While J1415494E11213.9 has atmosphericamplitude. Radial velocity follow-up with time-resolveges:-
parameters typical for He-sdO stars, J232757488755.2 has troscopy revealed a possible, but still marginal RV vatigbof

50 + 20kms?. Most recently, Green et al. (2014) reported ir-
% In the literature those objects are usually called He-sdBs, but héRgular variations in the lightcurves of two helium-richdaone
we follow the more detailed spectroscopic classification outlined ltydrogen-rich sdO star. They also found RV variations ofap t
Sect. 3.2. 20km ! for some hydrogen- and helium-rich sdO stars.

lative flux
N
T
+
+
L

0.85 - B

CA camera mounted at the 2.2m telescope at Calar Alto

ig.9. Vg-band lightcurve of J141549.8811213.9 taken with the
S%chafenroth etal. in prep.).
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During our photometric ~ follow-up  campaign  Based on theARVa-distribution of the hydrogen-rich sdB
(Schdfenroth et al. in prep.) we obtained a light curve ofnd sdOB stars we constrain the fraction of close massive com
J141549.05111213.9 (see Fig. 9) showing irregular variationpact companions in our sample to be smaller tharl.3%.
very similar to the ones found by Green et al. (2014). Thetéowever, the sample might still contain such binaries with
might therefore be a link between those two phenonema.ldnger periods exceeding 8 d. Future studies should therefore
similar light curve of J232757.46183755.2 showed no suchconcentrate on this parameter range.
variations, but this might also be an indication for theamient Irregular RV variations of unknown origin with amplitudes
nature. It remains to be seen whether the high RV variatians wf up to ~ 180kms?* on timescales of years, days and even
found are really connected to the light curve variationsobsd hours have been detected in some He-sdO stars. They might be
in similar stars. connected to irregular photometric variations in somease

Whether this behaviour is restricted to helium-rich sdOg onl
or might also &ect hydrogen-rich sdOs is unclear. The possicknowledgements. T.R.M. acknowledges support from the UK's Science and
bly connected photometric variations discovered by Greeh e Technology Facilities Council, grant #10007331. E.Z. and C.H. are supported

: ftrilar b :by the Deutsche Forschungsgemeinschaft (DFG) through syl 35¢45-
(2014) dfect both kinds of sdOs. Also the distributions of maxiy and HE13562-1. T.K. acknowledges support by the Netherlands Reksearc

mum RV'ShiftS_’ for both populatio_ns look quite similar (Seg.B  school for Astronomy (NOVA). V.S. is supported by DeutschesiZum fir
right panel, Fig. 7). However, since we focused our follgw-uLuft- und Raumfahrt (DLR) under grant 50 OR 1110.
mostly on hydrogen-rich sdBs and helium-rich sdOs, we did no Based on observations at the La Silla-Paranal Observatdheduropean

in ient number of RV heck for irr lar varia-Southern Observatory for programmes number 165.H-0588(8)00288(A),
38:11 inaoflgﬁgfethte hu dIPOe e%-richsstg()cs eA(\:n inc; orteagrfl;&e;‘bniea 080.D-0685(A), 081.D-0819, 082.D-0649, 084.D-0348, 089265(A), 090.D-
ydrog - p 0012(A), 091.D-0038(A) and 092.D-0040(A).

between the two populations is that at least some hydrogln-r  gased on observations collected at the Centro Agimioo Hispano
sdOs are known to reside in close binaries (see Kupfer édab 2 Aleman (CAHA) at Calar Alto, operated jointly by the Max-Plancistitut fiir
and references therein), whereas not a single He-sdO irsa cléstronomie and the Instituto de Astfsica de Andaluia (CSIC).

binary system has been found yet. Based on observations with the William Herschel and Isaawttie
. . . Telescopes operated by the Isaac Newton Group at the Obsgovdel Roque
_SQme ideas have been put forward to explain the I'ght Qur)@los Muchachos of the Instituto de Astrofisica de Canariathe island of La
variations. Jfery et al. (2013) suggested that the variationsaima, Spain.
might be due to star spots caused by magnetic fields. They alsoBased on observations with the Southern Astrophysical &ekgSOAR)
discuss the possibility of a shallow reflectioffeet originat- te'gfg?ihoﬁrﬁtfd zy éhe U-S-TNa“OI”a'_ Oftt;]calF ggggog;;sefﬁgxtor};
; ; ; ; , the Ministrio da Ciencia e Tecnologia of the Fe ublic of Brazi
!ng from the irradiated hemISphere of a cool low-mass Compail;\';/léﬁ), the University of North Carolina athhapeI Hill (UNCand Michigan
ion. Bear & Soker (2014) propose a heated planetary compafste University (MSU).
ion with strong weather to be responsible for the variapitit Based on observations obtained at the Gemini Observatorighvig op-
KIC 10449976. Green et al. (2014) see strong similaritiethef erated by the Association of Universities for Research itrékx®my, Inc., un-
variations detected in their stars to the variations seespine der a cooperative agreement with the NSF on behalf of the Gepaitership:

. f . the National Science Foundation (United States), the Sei@amd Technology
CataCIysmlc variables and attribute them to the presene&:-of Facilities Council (United Kingdom), the National Resea@tuncil (Canada),

Cr(‘%tion disks. The high anq irr99U|ar RV variations seenun 0conicYT (Chile), the Australian Research Council (Austsl Ministrio da
objects can be hardly explained in those ways. A reflectifate Ciincia e Tecnologia (Brazil) and Ministerio de Cienciacfieloga e Innovacin
binary with a low-mass companion should show periodic vari&roductiva (Argentina).

tions with small RV amplitudes and the presence of an acureti, S'T“”ding for dth_e SDSS g“d. SDSS-I Ihas. been prﬁ"iqgﬁ Ibysﬂ.‘ee“"fr
- : . . Sloan Foundation, the Participating Institutions, thatidhal Science
disk would require a close companion as well. Foundation, the U.S. Department of Energy, the National Aautics and Space

Another possible reason might be magnetic activity of thog@ministration, the Japanese Monbukagakusho, the Max RlSociety, and
stars. Heber et al. (2013) reported the discovery of a He-s¢t® Higher Education Funding Council for England. The SDS&b\Bite is
star with significant Zeeman-splitting and a magnetic figld &tP7/www.sdss.org

. . The SDSS is managed by the Astrophysical Research Consoftium
several hundred kG. More of those objects have been dlmv%e Participating Institutions. The Participating Ingiibns are the American

recently _(Nemeth priv. comm.). Vfiriable magnetic fields mig Museum of Natural History, Astrophysical Institute PotsgaJniversity of
lead to distortions of the spectral lines, which are notlkesbin  Basel, University of Cambridge, Case Western Reserve Usityetniversity
the medium-resolution spectra we have and may mimic irmgupf Chicago, Drexel University, Fermilab, the Institute fodvanced Study,

; ; ; the Japan Participation Group, Johns Hopkins Universitg, Joint Institute
RV shiits. However, the very high RV shifts observed are ag or Nuclear Astrophysics, the Kavli Institute for Partickstrophysics and

hardly consistent with such a scenario. High-resolutionet Cosmology, the Korean Scientist Group, the Chinese Academ$c@nces
resolved follow-up photometry, spectroscopy, and maylse akLAMOST), Los Alamos National Laboratory, the Max-Planaisfitute for

spectropolarimetry are necessary to study those mystgeRYuU Astronomy (MPIA), the Max-Planck-Institute for Astrophgsi (MPA), New

shifts. Mexico State University, Ohio State University, Univeysiof Pittsburgh,
University of Portsmouth, Princeton University, the Unit&lates Naval
Observatory, and the University of Washington.

5. Summary

In this paper we provide classifications, atmospheric patara <ererences

and a complete RV catalogue containing 1914 single measukeazajian, K., Adelman-McCarthy, J. K., Aigros, M. A, et al. 2009, ApJS,
ments of the 177 most likely RV variable hot subluminouS$ta£hm161%2f'4§§ery .S, & Fullerton. A W. 2004 AGA. 418, 275
discovered in the MUCHFUSS project from SDSS DR?. Althaus, L. G., Panei, J. A., Miller Bertolami, M. M., et al. @8, ApJ, 704, 1605
We detect a mismatch between th®Vpa-distribution of Barlow, B. N., Wade, R. A, Liss, S. E., @stensen, R. H., & vaindkel, H.
the sdB and the more evolved sdOB and sdO stars, which 2012, ApJ, 758, 58
challenges our understanding of their evolutionary cotioec Barlow, B.N., Liss, S. E., Wade, R. A, & Green, E. M. 2013, Apa1, 23
Our sample contains two candidates for He-WD progenitofianc: B, Il Wade, R Liss, 8., & Stark, . 2014, ASP Cordr 5481, 301
Furthermore, one of the RV variable sdB binaries is douiniedl  grown, W. R., Kilic, M., Allende Prieto, C., Gianninas, A., Renyon, S. 2012,

and a candidate for a hierarchical triple system. 744,142
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Table 3. Parameters of 139 hydrogen-rich hot subdwarfs (89 RV variaBl&\bvariable candidates). Solved binaries are marked in bold face
and their orbital parameters can be found in Kupfer et al. (2015) efledances therein.

Name Class my Tesr logg logy d At ARVmax N logp
[mag] [K] [kpc]  [d] [kms™]

J082332.09+113641.9°  sdB 16.7 3120@&: 600 579+ 006 -20+01 2602 53.9447 35D+ 6.5 22 < -680
J113840.68-003531.7° sdB 145 3120@& 600 554+ 009 <-30 ]_ngi 3361.5592 33D+140 31 <-680
J165404.26+303701.8° sdB 15.4 2490e- 800 539+0.12 -24+01 18f8:% 2.9365 270+170 38 <-680
J225638.34+065651.1°  sdB 15.3 2850@&: 500 564+ 005 -23+0.2 ].5“:83 42.3494 269+140 50 < -680
J172624.10+274419.3° sdB 16.0 3260@ 500 884+ 005 -22+01 ]_9f8:i 55.9741 260+120 38 < -680
J150513.52+110836.6° sdB 154 3320@ 500 580+0.10 -23+01 15*8'% 43.6564 220+80 42 < -680

J134632.66+281722.7°  sdB 14.9 2880@- 600 546+ 007 -26+0.2 16f8:% 0.9988 190+7.0 41 <-680
J002323.99-002953.2° sdB 155 2920@&: 500 569+ 005 -20+0.1 ].6f8& 1.0413 168+4.0 47 <-680
J083006.17+475150.4°  sdB 16.0 2530@ 600 538+0.06 <-30 25f8:% 4405.6747 16H+90 37 <-680
J095238.93+625818.9°  sdB 14.8 2770@ 600 559+ 006 -26+0.1 ]_2f8:% 1183.7390 154+80 34 <-680
J162256.66+473051.1¢  sdB 16.2 2900@: 600 565+006 -19+01 23*8'% 1.9832 13D+ 4.5 34 < -680

J012022.94+395059.4°  sdB 154 2850@& 100 542+001 -3.0x0.1 21“:8:6 1358.9782 129+6.5 22 < -680
J173606.25315842.7 sdB 17.0 31360300 887+0.09 -25+0.2 28f8:8 1567.7104 199 +120 12 -53749
J032138.67+053840.0°  sdB 15.0 3070@& 500 574+006 -24+01 ]_Sf&? 1699.1435 110+9.0 46 -53646
J191908.76371423.9 sdB 17.2 283@0400 569+0.10 -27+03 3.4f§:i 68.8608 230+120 15 -52621
J102151.64+301011.9* sdB 18.3 3070@& 500 571+006 <-30 5872 14.9363 270+370 19 -50816
J204613.40-045418.7° sdB 16.2 3160a 500 554+ 008 <-30 28“’8'g 286.2265 259+160 22 -48028

J173806.53451701.7 sdB 17.4 30569500 540+ 008 <-30 5.5f8% 1.9536 230 +85 13 -46158
J183249.04+630910.7°  sdB 15.8 2680@- 700 529+ 009 -26+01 27:’8:g 1487.7733 14D+ 8.0 17 -45362
J164326.04330113.8 sdB 16.3 2790@& 500 562+ 0.07 -23+0.2 24f8:g 2.8085 179+ 55 10 -45226
J011857.19-002546.5 sdB 14.9 2790@ 600 555+ 007 <-30 ]_3f8:% 265.2187 14+ 80 43 -38644
J192059.78372220.0  sdB 15.8 2760a 600 540+ 010 -25+03 24*8:% 1.9589 12D+ 4.5 15 -31972

J150829.02+494050.9°  sdB 17.7 2960600 573+0.07 -23x01 43532 2161.9292 209+155 58 -26910
J180940.41234328.4 sdB 16.5 28560300 544+006 -29+0.2 3.3f8j§ 2909.9029 34D+295 36 -21511
J183349.79652056.3 sdB 17.4 27200500 556+0.12 -26=+01 417 68.8591 170+ 95 16 -19020

J095101.28+034757.0°  sdB 15.9 2980@& 300 948+ 0.04 -28+03 25f85§ 1.0425 180+130 31 -17079
J082053.53+000843.4%  sdB 15.2 2670@ 900 548+ 0.10 -20+01 legé 388.9794 9D+ 115 24 -15308
J080738.96-083322.6 sdB 17.2 2760600 561+0.17 -27+03 3.6:'8:6 0.0736 2080+190 27 -13625
J152222.15-013018.3° sdB 17.8 2520@ 700 547+0.09 <-30 5.2*8'; 3.0055 170+300 26 -12607

J155628.34011335.0  sdB 16.2 3270& 600 551+0.08 -29+0.2 3lf§§ 4412.8910 118+105 15 -12164
J113241.58-063652.8° sdO 16.2 46406 1000 589+0.07 -29+02 24f8:£ 1517.8240 10®+100 32 -10889
J222850.00391917.4 sdB 16.4 33500900 580+0.10 -17+01 24 2051.8410 104+75 40 -8563

J173057.94320737.0 sdB 16.2 28200700 540+ 0.05 -29+0.2 3.0“:853 1.9680 940+ 8.0 6 -6942
J083334.76-045759.4 sdB 18.2 2030000 552+010 <-30 5.Of8:§ 14.8908 16D+ 85 11 -6611
J164853.26121703.0 sdB 18.5 30469500 538+011 <-30 9.3f9'4 0.0684 139 +130 11 -64.89
J072245.2%305233.4 sdB 18.0 25900700 561+016 -26=+0.2 5.01&53 1.0019 123+120 7 -6209
J093059.63025032.3 sdB 15.0 300Q@0600 567+0.18 -27+0.2 ]_3f8:8 2986.7695 9D +9.0 10 -49.22
J203526.46141948.4 sdB 18.7 30209600 557+ 007 -29+0.2 8.3f8j8 1.0235 160 +255 12 -3312
J203843.9¥141706.0 sdOB 18.7 368001000 589+0.20 -24+0.3 6.8“_’%2 0.9067 10D+105 12 -3222
J095229.62301553.6 sdOB 185 3520@ 1200 505+0.17 <-3.0 160%:2 1155.7612 198+275 5 -2852
J154531.04563944.7 sdB 17.0 26200900 513+0.14 -20+0.2 5.5j:§E 2527.7769 T7M=+85 9 2776
J200959.27-115519.9 sdB 18.7 29'70000 531+008 <-30 107%:2’ 1.9832 150 +230 8 -2748
J005107.02004232.5 sdOB 15.9 385@0300 583+0.07 -1.0=+0.1 20“:%§ 2.0256 540+ 6.5 7 -2496
J104248.94033355.3 sdO 17.6 412003200 483+0.15 -21:04 14575 2246.6948 49+50 2 2434
J181141.86241902.7 sdB 18.7 - - - - 0.9972 2480 +260 7  -2356
J071424.12401645.9 sdB 18.2 27700700 538+0.11 -26+01 76712 2.9312 150+240 9  -2337
J204300.96002145.6  sdO 17.9 4020& 700 615+ 013 -13+04 3.6“:8'% 18.8480 6D +6.5 9 2254
J191645.8%371224.5 sdB 18.3 332001000 584+0.17 -27+0.2 5.6f9:2rI 3.0338 130 +235 19 -2215
J094750.74162731.8 sdB 17.4 300Q@9700 625+031 -22+03 Zlfi:és 0.8902 130+135 5 -2008
J115358.84353929.6 sdOB 16.6 2940 500 549+ 006 -25+03 3.3“:85g 1151.6544 7D+95 5 -1915
J175125.6¥255003.3 sdB 17.4 3060@&: 500 548+ 0.08 <-38 5.0“_'8'g 1533.6229 7»+100 8 -1650
J125702.30435245.8 sdB 18.2 2800&@ 1100 577+0.17 <-30 4.9f9:g 0.0098 630+ 165 3 -1632
J165446.26182224.6 sdB 18.6 30169500 550+ 008 -17+0.1 8.5f£8 1396.0335 48 +55 3 1527
J120855.53403716.1 sdB 18.6 34160900 598+0.13 -15=+01 5.4“:958 0.0260 170+200 7 -1461
J164122.32334452.0 sdB 155 28200500 549+011 -25+03 ]_9f8:g 22135393 7D =+80 8 -1460
J211421.39100411.4 sdOB 18.4 361@0900 948+0.13 -25+03 9.2f9:g 1427.1132 69+120 7 -1402
J170810.9¥244341.6 sdOB 185 3560a 800 558+0.14 -0.8=+0.1 8.5#:é 0.0125 16M+260 3 -1373
J153411.18543345.2 sdOB 16.9 3480@& 700 564+0.09 -26+03 3.8f8:§ 0.0184 83+ 185 8 1252
J224518.65220746.5 sdB 16.6 34000800 582+ 007 -22+01 26f§§ 1080.8857 7M=+115 9 -1228
J120613.46205523.1 sdOB 18.4 35000500 535+007 <-30 1059 2.9112 910 + 235 10 -1137
J204247.51001913.9  sdB 19.6 3420@ 400 589+008 -13+01 96 1393.1941 6®9+100 3 -1083
J151314.23234248.8 sdB 171 28700300 569+010 -23+0.2 3.3f8:2 2.0006 58+ 85 3 -1083
J082944.75132302.5 sdOB  17.2 39700600 542+004 <-30 6 1*8'3 24.9992 9M + 165 5 -1040
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S. Geier et al.: The catalogue of radial velocity variable hot sublumistaus from the MUCHFUSS project

Name Class my Test logg logy d At ARV max N logp
mag] K] [kec] [ kms™]

J074534.16372718.8 sdB 17.9 3750@ 500 590+0.09 <-3.0 4625  0.0363 640+170 8 -974
J202313.83131254.9 sdB 17.2 2960@ 600 564+0.14 -21+01 3.8’:%; 1201.7981 12®+190 5 -9.20
J162610.34130401.6  sdB 19.4 33900500 563+0.10 -1.0+01 121%;_3, 780.7541 5D+8.0 3  -916
J030607.95382335.7 sdO 16.8 30108300 564+003 -21+01 3291 2210.7452 4®+65 8 -885
J204451.08-062753.8 sdO 20.0 57408200 561+0.15 -22:04 214%7 1087.0571 6D+105 3 -7.88
J091615.49132833.1 sdB 17.5 30900400 548+005 <-30 5.4’:8% 0.9512 58 +115 3 -7.58
J163413.09163109.5 sdB 18.3 34600900 473+0.12 -20+05 20753 11053751 2D+55 3 744
J123220.09260913.3  sdB 18.1 337001100 540+0.16 -1.3+02 8.5j2;8' 1.0302 130+270 5 -7.36
J185129.02182358.8  sdB 16.8 27800700 538+0.10 <-30 3.9’:%:% 0.0808 109+180 22 -7.33
J220048.67123612.4  sdO 18.6 642082600 563+011 -13+01 114778 2437.2535 5B+95 3 -704
J153752.95160201.8  sdB 18.4 32380500 547+007 <-30 8.5j°:% 0.0361 680+125 3 -7.03
J183229.22402418.4  sdO 15.7 40180600 535+0.11 -2.0+02 3.3j§:§ 3.0098 50+115 5 -6.82
J181126.83233413.7 sdB 184 - - - - 1.0156 1210+205 7 -647
J204448.63153638.8 sdB 17.9 2960@ 600 557+0.09 -22+01 5727  3.0489 100+175 7 -641
J185414.13175200.2 sdOB 16.9 352@0700 589+0.08 -14+0.1 29j81§ 6.0874 810+220 10 -6.25
J171629.92575121.2 sdOB 18.2 37508800 557+0.10 <-07 7.8’:%8 31959096 6D+155 12 -6.14
J184434.74412158.7 sdB 17.3 27200500 557+0.12 -26=+01 4.0’:%2 2.9795 5600+140 5 -572
J091136.73124015.2 sdB 182 - - - - 0.0173 790+165 3 -531
J151337.88195012.5  sdB 189 - - - - 0.0354 980 +335 4 -516
J172727.55091215.5 sdO 17.5 40108 1100 536+0.09 <-21 7408 0.0141 5%+105 6 -510
J112242.69613758.3 sdB 15.4 2930@ 500 569+0.10 -23+0.3 J_5j8:g 0.0469 80+185 6 -508
J161140.56201857.6 sdOB 18.5 3690@ 700 589+0.13 -12x0.1 6.1’:%% 0.9472 1090+235 5 477
J065044.38383133.7 sdOB 17.3 342@0400 576+0.07 -29+0.2 3.9j8:2 0.0131 80+135 14 -463
J170645.57243208.6 sdB 17.8 3200@ 500 559+0.07 <-4.0 5.5j8:g 0.0125 40+120 3 441
J083359.65-043521.9 sdOB 18.3 3610800 592+0.11 -19+02 5.5j8:g 14.9765 80 +255 11 -4.39
J140545.25014419.6  sdB 15.8 2730@800 537+0.16 -19+0.2 25j§:§ 0.0263 290+ 8.0 3 412
J160534.96062733.5  sdB 193 - - - - 1.0113 130+410 8 -397
J221920.6%394603.5  sdO 17.3 470603500 573+0.16 <-3.0 472 62.8679 600+125 8 -3.93
J183840.52400226.8  sdB 17.8 29380900 552+0.13 -16=+02 5.5’:93 2.9795 740+200 5 -389
J115716.3¥612410.7 sdB 17.2 2990@ 500 559+0.08 -32+0.8 4.0j§:§ 2250.6902 10®+270 7 -3.63
J113303.78290223.6 sdBDA 189 - - - - 0.0158 9%0+300 3 -339
J161817.65120159.6 sdB 18.0 3210@ 1000 535+0.23 <0.0 8128  0.0427 109+280 4 -335
J205101.72011259.7 sdBX 176 - - - - 0.0141 910+315 8 -3.28
J133638.81111949.4 sdB 17.3 2750@ 500 549+008 -27+0.2 44723  0.0301 480+140 3 -325
J094044.07004759.6  sdB 19.1 3700@ 800 582+0.13 -01+0.1 8.8j9fg 2982.7971 3M+85 2 -324
J210454.89110645.83 sdOB 17.3 37808700 563+0.10 -24+02 4.9j85:g 2548.0064 139+275 9 -314
J211651.96003328.8 sdB 18.0 2790@ 800 578+0.15 -39+0.7 4.3j8;8 0.0161 4M+150 3 -3.08
J091428.8¥125023.8  sdB 18.0 33600600 554011 <-30 7.0%2 0.0176 40+135 3 -3.07
J112014.86412127.3  sdB 181 - - - - 1503.8023 2®+75 2 -298
J173614.19335249.5  sdB 188 - - - - 0.0410 8%0+260 5 -297
J092520.78470330.6 sdB 17.7 2810&900 517+0.15 -25+02 7577 0.0126 40+125 3 -2.88
J171617.33553446.7 sdB 17.2 3290@ 900 548+0.09 <-3.0 4.9j351471 0.0125 130+405 9 -285
J064809.54380850.1 sdB 18.4 29300800 526+0.13 -28=+03 9.8j9:8 0.9989 40+130 5 -285
J075937.16541022.2 sdB 17.8 3130& 700 530+0.10 -33+0.3 7.6%2 0.0233 40+185 3 -275
J001844.33-093855.0 sdB 18.8 - - - - 1169.8455 2D +8.0 3 =275
J130439.57312904.8 sdOB 17.1 38108600 569+012 -04+01 417°¢ 0.0163 40+275 3 -263
J143347.59075416.9 sdOB 16.7 36600600 616+0.13 <-05 19j§:§ 805.7659 5»+105 11 -261
J153540.38173458.8  sdB 180 - - - - 0.0168 580+165 3 -257
J202758.63773924.8 sdO 17.9 46208 3200 548+0.18 -28+09 8222 19601 110+330 3 -248
J215648.73003620.7 sdB 18.0 3080@& 800 577+0.12 -22+0.3 4,7j85:g 822.1114 10@+280 6 -2.38
J073701.45225637.6  sdB 16.8 28100300 545+004 <-30 3.7’j8fZ 2.0639 530+145 5 -236
J220810.05115913.9 sdB 17.4 27200600 523+0.07 -23+03 6.1’:8% 2172.7020 4D»+125 5 -231
J172919.04072204.5  sdO 17.3 492@01900 578+0.12 -3.0+04 4.6j§f§ 0.0179 580+200 5 -222
J031226.03001018.2 sdB 19.2 - - - - 25528670 7D+305 2 -217
J204546.81-0543556 sdB 17.9 3550500 547+0.09 -14:02 73902 0.0128 410+165 4 -215
J133200.95673325.7 sdOB 17.2 374@0500 590+0.09 -15+0.1 3.4j8:i 25849083 5®»+145 7 -2.09
J120427.94172745.3  sdB 18.3 251080900 525+0.15 -26+04 8.2j% 0.0282 680+290 3 -205
J204550.9¥153536.3  sdB 18.2 3030500 562+0.09 <-30 6.3j8’:g 5.9148 50+135 7 -1.98
J135807.96261215.85 sdB 17.9 3350@ 600 566+0.10 > +20 5.8’j8fg 0.0302 860+260 6 -1.89
J113935.45614953.9 sdB 16.9 2880@ 900 527+0.15 -28+0.3 4.9j9:Z 0.0112 30+105 3 -186
J155343.39131330.4  sdOB 18.5 363@0500 563+0.16 -08+01 8 1*9*9 0.0160 640+240 3 177
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S. Geier et al.: The catalogue of radial velocity variable hot sublumistaus from the MUCHFUSS project

Name Class my Terr logg logy d At ARVnax N logp
[mag] [K] [kpc] [d] [kms™]

J082657.29122818.1  sdOB  17.1 36500400 5834012 -14+01 3405  0.0142 60+220 4 -173
J152705.03110843.8 sdOB 17.3 37608500 562+010 -05+01 4808 00543 40+120 5 -173
1052544.93630726.0 sdOB 17.7 35608800 585+010 -16+02 43708 00264  420+150 5 173
J100535.76223952.8 sdB 184 29008700 543+013 -27+02 79795 00192 410+140 4 -171
J164204.374403032 sdB 168 29300800 509013 -25:+03 57°iL  0.0273 310+115 4 -168
J090957.82622927.0  sdO  16.4 480004900 568+017 -17+06 3.4%% 0.0461 30+120 4 -164
J152458.841819405 sdO 183 523002500 528+008 -28+03 13517 00155 410150 3 -160
J112140.20183613.7 sdB 186 28109500 546:010 -18+01 8312  0.9796 7104260 4 157
J151254.55150447.0 sdOB 17.8 38300600 601+010 -15+02 4070% 00229 650+280 3 -154
1233406.12462249.3 sdB  17.7 34608500 571+009 -13+01 49708 00248 310+120 3 -153
J095054.974604052  sdB  18.0 28500500 524+007 -23+03 8108 00300  4D+165 3 -152
J112526.95112902.6  sdOB 17.4 36100700 606:012 -08+01 29°05  0.0142 70+310 4 -150
J163834.682651102 sdOB 17.0 36000300 580+005 -16+01 3403  0.0159 400+130 4 -150
J203017.81131849.2 sdOB 168 3710500 592:009 -14+01 2703 12007860 5D+200 5 -147
J130050.20005711.7 sdOB 165 40708500 553:010 -0.6+01 3973  0.0123 30+145 3 -143

Notes. ® Atmospheric parameters taken from Geier et al. (201%a\tmospheric parameters taken from Kupfer et al. (20€5Atmospheric
parameters taken from Geier et al. (20118)Atmospheric parameters taken from Sfiearoth et al. (20149 Atmospheric parameters taken
from @stensen et al. (2013} Atmospheric parameters taken from Stharoth et al. in preg?® Atmospheric parameters taken from Geier et al.
(2011c).™ Atmospheric parameters derived from a spectrum taken with ESQRAORS1.0) Atmospheric parameters derived from a spectrum

taken with WHTISIS.

Table4. Parameters of 25 helium-rich hot subdwarfs (14 RV variable, 11 Ribk candidates).

Name Class my Ter logg logy d At ARVnax N logp
(mag]  [K] kec]  [d] [kms ]
J232757.46483755.2 He-sdO 15.8 6470@ 2000 540+0.08 > +20 4.2j°:5 1799.6136 17®+205 59 -68031
J141549.05111213.9 He-sdO 16.1 43108 800 581+0.17 > +20 24j8-é 0.0075 129+ 170 35 -8642
J103549.68092551.9 He-sdO 16.3 48102600 602+0.13 > +20 22j83jl 3541.9636 53+4.0 6 -5425
J170045.09391830.3 He-sdOB 18.2 365001600 587+0.16 +0.1+0.1 5.5j?fg 2160.0414 118+115 10 -4476
J161014.87045046.6 He-sdO 17.3 484001400 631+009 > +20 25j6:8 0.0124 1380 +170 14 -3177
J110215.45024034.8 He-sdO 17.5 56608 4200 536+0.22 > +2.0 8.9j88 0.0332 620+ 85 3 -1091
J174516.32244348.3 He-sdO 17.7 4340@ 1000 562+0.21 > +20 6.2j%5 1220.5806 130+255 13 -881
J160304.07165953.8 He-sdO 16.9 45408 300 610+ 0.07 > +20 25jéf§ 0.9087 710 + 185 5 -8.11
J094856.95334151.6 He-sdO 17.7 51008 1200 587+0.12 +1.8+05 5.1f§:§ 0.0123 740 + 14.0 3 -7.73
J152136.25162150.3 He-sdO 17.1 474001000 581+0.08 +1.6+04 4004 2175.9687 7D =240 9 -5.94
J163416.08221141.0 He-sdOB 15.5 383001400 565+0.26 > +2.0 20j83g 653.3309 3D+£65 6 -5.55
J153237.94275636.9 He-sdO 18.5 377001300 609+0.22 +0.0+0.2 5.Oj%g 1.0012 70+ 165 3 -552
J233914.00134214.3 He-sdO 17.6 481001600 565+0.25 > +20 6.0%% 1451.6391 7D +118 12 -511
J173034.09272139.8 He-sdO 18.9 3950@ 700 583+0.17 +0.1+0.1 8.1j%;§ 698.7112 4D+100 2 -5.00
J170214.08194255.2 He-sdO 15.8 44308 600 579+0.11 > +20 21j°:3 1665.2088 3®+ 100 5 -3.76
J081329.84383326.9 He-sdO 17.5 458a0800 611+0.11 +18+04 3.3j§:§ 0.0175 540 + 130 6 -3.35
J204940.85165003.6 He-sdO 17.9 4300@700 571+013 >+20 62775  5.9325 840+185 7 -3.13
J160623.21363005.4 He-sdOB 18.5 36400700 534+017 -05+01 1137%° 14149811 6D+195 2 -3.04
J112414.45402637.2 He-sdO 18.0 47108 1000 581+0.23 > +17 5.9j1‘5' 0.0215 620+ 185 3 —2.65
J161059.88053625.2  He-sdO 17.2 46302700 622+0.10 +1.0+06 Z(Sj“'f31 751.7674  3®+95 4 -264
J151415.66-012925.2 He-sdO 17.0 48208 500 585+0.08 +1.7+04 3.6j833I 3.9687 660 + 205 5 -2.58
J161938.64252122.4 He-sdOB 17.5 35082000 580+0.33 -04+0.2 4.3j%§ 0.9716 60+260 3 -181
J160450.44051909.2 He-sdOB 18.5 381@0700 522+027 +12+02 13733 0.9736 149+610 8 -175
J090252.99073533.9 He-sdO 17.4 4016600 591+0.19 > +20 3.7j°‘8 1612.4334 6D+270 5 -165
J081304.04-071306.5 He-sdO 18.6 4820800 593+0.14 +1.8+05 7.0*93% 0.9897 130+410 7 -1.50

-11

Notes. @ Atmospheric parameters taken from Geier et al. (201®a)Atmospheric parameters derived from a spectrum taken with ESO-
VLT/FORS1.© Atmospheric parameters derived from a spectrum taken with Y\GHS.
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S. Geier et al.: The catalogue of radial velocity variable hot sublumistaus from the MUCHFUSS project

Table5. Parameters of 13 other types of hot stars (7 RV variable, 6 RV variabididates).

Name Class my Terr logg logy d At ARViax N logp
[mag] [K] [kpc] [d] [kms™]

J131916.15-011404.9 BHB 16.4 1746@00 455+ 0.15 -19+02 5914 2888.0925 4®+9.0 8 4210
J164121.22363542.7 BHB 17.4 19308 1000 455+ 010 -19+0.2 9.9%3 1035.9093 99 +9.0 8 -39.13
J075732.18184329.3 O(He) 18.6 8000& 2000 500+ 030 > +20 2967 ?7 0.0216 100+220 6 -30.13
J155610.48254640.8 PG1159 17.9 1000Q§)8888 53+03 > +42.0 169%36 231.1694 11®+210 10 -1798
J201302.58-105826.1 MS-B 18.5 16400400 430+ 0.27 -13+0.2 518%67-2 2.0155 610+ 115 8 -1342
J093521.39482432.4  O(H) 18.5 8770020000 568+0.16 -1.0+03 120% 2269.7542 3®+75 2  -697
J161253.22060538.7 MS-B 155 157061400 418+ 029 -1.0+0.2 14.4‘:?1% 811.5968 39+70 10 -6.84
J020531.46134739.8 BHB 18.4 17400t 700 426+ 013 -17+02 203%9 2781.1087 2®+7.0 3 -3.64
J144023.58135454.7 BHB 18.3 18908 700 450+ 015 -19+03 161j§1£61 0.0528 780 + 24.0 4 -315
J171947.8¥591604.2 MS-B 16.9 15100600 410+ 019 -09+0.2 292‘:23% 2568.7218 3D +6.5 10 -311
J100019.98-003413.3 O(H) 17.8 937000700 588+0.10 -06+0.2 7.3j:i 3.0114 139+280 16 -220
J110256.32010012.83 BHB 18.5 17300t 800 432+014 -21+02 1952 27355338 20+90 3 177
J204149.38003555.8 BHB 19.0 19400: 2200  402+029 -21+04 383t§§§ 38.0700 20+105 3 -171

Notes. @ Atmospheric parameters taken from Werner et al. (2094Atmospheric parameters taken from Reindl et al. (20€5atmospheric

parameters derived from a spectrum taken with ESO/#0ORS1.

Table A.1. Parameters of 19 stars with non-significant RV variations.

Name Class my Ter logg logy d At ARViax N logp
(mag] [K] kel [d] [kms ]
J085727.65424215.4 He-sdO 18.5 39508 1900 563+024 +02+02 8730  0.0657 1110+395 4 -126
JO074551.13170600.3  sdOB 17.1 356@0400 554+ 0.05 -28+0.1 4.7’:53 9.9390 6590+120 18 -1.26
J110445.03092530.9 sdOB 16.3 35908 800 541+0.07 -21+04 3.8j8-i 0.0396 340+120 4 -125
J012739.35404357.8 sdO 16.8 4830@ 3200 567+0.10 -1.3+02 4.1j8:§ 0.0369 4%0+170 8 -1.23
J172816.8¥074839.0 sdB 18.4 307@9700 537+0.09 -25+04 9.0’:919 1.9962 790+340 7 -111
J143153.05-0028243 sdOB 18.1 3730a 800 602+ 0.16 -0.8+0.1 4.4j353aj 0.0120 640+205 8 -105
J225150.80-0826127 BHB 18.4 19000Q: 500 498+ 0.09 -18+03 9.5j9fg 2411.2964 2@+7.0 5 -104
J074806.15342927.7 sdOB 17.3 351@0800 572+ 008 -1.7+0.1 4.3’:8% 5.9453 420+125 12 -0.95
J111225.76392332.7 sdOB 17.6 378@0500 576+ 0.11 -0.6+0.1 4.9j§:§ 0.0563 100+280 13 -092
J134352.14394008.3 He-sdOB 18.2 3600@ 2100 478+ 030 -02+02 188%3 0.0224 50+270 3 -0.89
J163702.78-01135227 He-sdO 17.3 4610@ 700 592+ 022 > +20 38t 0.0853 100+425 12 -0.85
J174442.35263829.9 sdOB 179 - - - - 0.0384 80+440 7 -084
J180757.08230133.0 He-sdO 17.1 427801000 604+0.21 > +20 2998 0.9992 30+190 4 -0.83
J204623.12-065926.8 O(H) 17.7 795002500 574+0.13 -11+0.2 7.6’:?'-2’ 1376.1081 4D+180 5 -0.64
J075818.49102742.5 sdOB 16.4 374@9600 551+ 0.05 <-3.0 3.6’:?{2 0.0596 30+125 6 -057
J215053.84131650.5  sdBX 170 - - - - 0.0154 240+135 4 -056
J215307.34-071948.3 sdB 17.1 33100300 574+015 -20+02 3698 24.9831 5M+275 13 -042
J113418.08015322.2 sdB 17.7 2970@ 1200 483+ 0.16 <-4.0 1J.8j§;?1 0.0757 480+200 6 -042
J170716.53275410.4  sdB 16.7 302001400 562+0.16 <-30 3198 0.0124 520+230 9 -021
Notes. @ Atmospheric parameters taken from Geier et al. (201#aAtmospheric parameters derived from a spectrum taken with ESO-

VLT/FORS1.
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