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Abbreviations and Astronomical

catalogues

SED Spectral energy distribution

EHB Extended or Extreme Horizontal Branch
ZAEHB Zero-Age EHB

TAEHB Terminal-Age EHB

SDSS Sloan Digital Sky Survey

Galex Galaxy Evolution Explorer

AAVSO American Association of Variable Star Observers
APASS AAVSO Photometric All-Sky Survey
2MASS Two Micron All Sky Survey

UKIRT United Kingdom Infrared Telescope
UKIDSS UKIRT Infrared Deep Sky Survey

WISE Wide-Field Infrared Survey Explorer

IUE International Ultraviolet Explorer

ISIS Interactive Spectral Interpretation System

Astronomical catalogues

ASAS
BA
BD
CBS
CD
CPD
CS
EC
EGB
EGGR
FB
FBS
Feige

All Sky Automated Survey (variable objects)
Balloon (Early-type stars)

Bonner Durchmusterung

Case Blue Stars

Cordoba Durchmusterung

Cape Photographic Durchmusterung
Coalsack

Edinburgh-Cape Survey (blue objects)
Ellis, Grayson, Bond (Planetary nebulae)
Eggen, Greenstein (White dwarfs)

Faint Blue

First Byurakan Survey (late-type stars)

(Underluminous hot stars)



GD
HD
HDE
HE
HIC
HIP
HS
HZ

JL
KIC
KUV
KPD
LB
LBQS
LS
LSE
LSS
MCT
NSV
OGLE
PB
PG
PHL
PN
SB
SBSS
TON
TONS
TYC
us
UVEX
uvo

Giclas Dwarf (white dwarfs or blue stars)

Henry Draper Catalogue (bright stars)

Henry Draper Extension

Hamburg-ESO survey

Hipparcos Input Catalogue

Hipparcos

Hamburg Schmidt Survey

Humason, Zwicky (blue stars)

Jaidee, Lynga

Kepler Input Catalog

Kiso UV-excess objects

Kitt Peak, Downes (UV-Excess objects)

Luyten Blue stars

Large Bright Quasar Survey

Luminous stars

Luminous Star Catalogue Extension

Luminous Stars Southern Milky Way
Montreal-Cambridge-Tololo (UV-excess objects in Southern Hemisphere)
New Catalogue of Suspected Variable Stars
Optical Gravitational Lensing Experiment (variable stars)
Palomar-Berger (stars and compact objects)
Palomar-Green (UV and quasars)
Palomar-Haro-Luyten

Planetary nebulae

Slettabak, Brundage

Second Byurakan Survey Stars

Tonantzintla (blue stars)

Tonantzintla South Pole

The Tycho-2 catalogue of the 2.5 million brightest stars
Usher (faint blue objects)

UV Excess Survey of the Northern Galactic Plane
UV objects



1. Introduction

The interest of humans for the processes in the sky probably began with their existence.
Many cultures observed the motion of the sun, the moon, the planets and the stars
and tried to explain with various theories. The most prominent object in the night
sky beside the moon and the planets are stars. The branch of stellar astronomy is
one of the oldest since observations of stars can be done with the naked eye. But new
technologies made the observation of many new objects possible and opened various new
fields in astronomy. For example the invention of x-ray and radio telescopes enables the
investigation of black-holes and neutron stars. Bigger telescopes allow the observation
of extragalactic objects and very distant galaxies and the field of cosmology treats the
investigation of the universe as a whole. The progress in technology and the accuracy of
new instruments and detectors in the last two decades even allowed the observation of
planets around stars outside our solar system, so called exoplanets and the detection of
long predicted gravitational waves.

Although stars have probably been probed the longest time there are still many open
questions. One topic currently addressed is the investigation of hot subdwarfs (sdB/Os).
They are faint blue stars often found at high galactic latitudes. With masses around
0.5 M and radii between 0.1 Ry and 0.3 R they are much smaller and of lower mass
than hot main sequence stars of similar spectral types. These very compact objects
are identified as helium core-burning stars with a very thin hydrogen envelope. The
formation of these stars is not yet fully understood but there must be a mechanism that
removes almost all of the hydrogen envelope at about the same time the helium core has
attained the mass required for the helium flash. One possible explanation for the mass
loss is due to the gravitational interaction with a nearby star which is likely since a large
fraction of sdB stars was found in short period binary systems. Maxted et al. (2001)
states that two thirds of all sdBs are in detached binary systems with periods between
a few hours and days. More recent investigations indicate that half of the sdBs reside
in such close binaries (Napiwotzki et al., 2004; Copperwheat et al., 2011). The assumed
formation channel is that the progenitor of the subdwarf, which is most likely a red giant,
fills its Roche lobe and forms a common envelope with its companion. This envelope is
then ejected. This also explains the short period of the binary systems since the orbit
in a common envelope shrinks due to friction. Alternatively the hot subdwarf loses its
envelope through stable Roche lobe overflow.

The companion to a hot subdwarf is usually either a white dwarf or a cool main-sequence
star. But also substellar objects like brown dwarfs and planets have been found. Even
circumbinary planets orbiting hot subdwarfs were detected.

One tool to analyse hot subdwarfs is the construction of their spectral energy distribution
using photometric data. This allows to determine atmospheric parameters like effective



temperature and surface gravity of the observed object. But also the degree of interstellar
reddening can be determined and the distance can be estimated. This is possible since
photometry measures the absolute flux of an object in contrast to spectroscopy where
usually only relative fluxes are measured. A photometric analysis also has the capability
of detecting and classifying the companion to a hot subdwarf. A potential companion
can be spotted in the photometric data as a color excess in the infrared passbands or in
the spectral energy distribution due to an excess in the infrared. This is because cool
objects like late-type main-sequence stars emit mainly in the infrared in contrast to the
subdwarfs which are brightest in the ultraviolet. However, compact objects like white
dwarfs or very faint objects like very small and low-mass stars or brown dwarfs or planets
can not be detected that way because they are either too faint to generate a significant
signal or they are simply outshined by the hot subdwarf.

Information about the companion can be obtained when modelling both components
individually and then compare the composite spectral energy distribution to the available
data. This allows to determine the atmospheric parameters of both components to some
degree and gives hint about the flux ratio between both components.

In the following work several samples of hot subdwarfs are analysed by constructing their
spectral energy distribution. In this way, their atmospheric parameters, reddening and
distance are determined. Potential main-sequence companions are identified and were
investigated as well.



2. Stellar evolution and hot subdwarfs

The stellar evolution begins with the birth of a protostar through gravitational collapse
of a gas cloud in the interstellar medium. When the gas cloud contracts the gravitational
potential energy is transformed into thermal energy which heats the cloud after it has
become dense enough to absorb a relevant portion of the radiation. This leads to an
increase of pressure which slows the free fall of the particles. The increase in temperature
and pressure then leads to ionization and to the formation of a plasma. This consumes
some energy and slightly slows down the heating. At some point the temperature in the
core will be high enough to ignite thermal nuclear fusion. This marks the beginning of
the main-sequence phase. The star is now in a stable equilibrium and its only source
of energy is the energy released by the burning of hydrogen in the core. A detailed
description about star formation and the further stellar evolution can be found in most
astronomical standard textbooks like for example Karttunen et al. (2007) or Carroll &
Ostlie (2007).

A very clear depiction of the further stellar evolution can be given with the aid of the
so called Hertzsprung-Russell (HR) diagram, where the relation between the luminosity
and the effective temperature of a star is plotted (see figure 2.2).

In the Hertzsprung-Russell diagram the majority of stars is found on a roughly diagonal
line, namely the main sequence. This is because the main-sequence phase takes up most
of the lifetime of a star. The duration depends on the mass of the star and takes for a solar
type star up to 10 billion years. The main-sequence phase ends when all the hydrogen in
the core has been burned into helium. Now the thermal nuclear fusion in the core stops
and a star with a helium core and hydrogen fusion in a shell around the core remains.
This leads to an increase of helium in the core which in turn leads to an expansion of
the star’s envelope. Since the star’s radius increases the released energy is distributed
over a much larger surface area resulting in a lower surface temperature which makes the
star appear more red even though the star’s luminosity increases. Therefore this stage is
called the Red Giant Phase (stars on the main-sequence in contrast are called dwarfs). In
the HR-diagram the star now moves towards the top right corner. The further evolution
depends on the mass of the progenitor star. For stars more massive than half the solar
mass the temperature in the core will increase towards the point where helium burning
in the core can begin with an explosion called the helium flash. The temperature of the
star increases and in the HR-diagram it moves towards the left on the Horizontal Branch.
For stars more massive than 2.3 solar masses the helium burning sets in without a helium
flash since the core is not degenerate.

After the helium burning phase the thermal nuclear fusion continues with heavier ele-
ments up to iron depending on the star’s mass. After the last fusion episode the star
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Figure 2.1.: Schematic depiction of the evolution of a 2 solar mass star. The different
stages of stellar evolution are highlighted with color. From the main-sequence
to the Red Giant Branch (RGB) over the Horizontal Branch (HB) to the
Asymptotic Giant Branch (AGB) and finally over the Planetary Nebulae
phase to the final stage of stellar evolution, the White Dwarf phase. (Herwig,
2005)

either cools off to a white dwarf or the core collapses and the star will explode in a
supernova. The remnant of this explosion can then either be a neutron star or a black
hole. A schematic illustration of the evolution of a 2 solar mass star can be found on
figure 2.1.

2.1. Hot subdwarfs

Besides the classical stellar evolution there are several outliers which can be found at
various places in the HR-~diagram, among them a population of stars found in the lower
left area of the HR-diagram (see figure 2.2). These stars are fainter and smaller than
main-sequence stars (dwarfs) and are therefore called hot subdwarfs. They show spectral
features similar to O- and B-stars just with stronger and broader Balmer lines. The
location of the subdwarfs in the HR-diagram is a blueward extension of the Horizontal
Branch (HB) and hence is called Extreme or Extended Horizontal Branch (EHB) which
indicates that these stars are in the stage of helium core burning. But in contrast to
usual HB-stars, they have only a very thin hydrogen envelope (Meny < 0.02M)) which
makes them basically helium burning cores. That also explains the relative high surface
temperature (between 20000 and 50000 K). Beside that, these objects are also quite
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Figure 2.2.: The location of the hot subdwarfs (sdB and sdO) in the Hertzsprung-Russell
diagram is below the hot end of the main sequence and above the white
dwarf cooling sequence (Heber, 2009).

compact. Their logarithmic surface gravity is more than one magnitude higher than that
of a main-sequence stars of the same spectral type (logg ~ 5-6dex). In order to form
such an object the star has to lose its envelope almost entirely after passing the Red
Giant Branch because this means the star has not enough mass to sustain hydrogen shell
burning and cannot evolve in the canonical way towards the Asymptotic Giant Branch.
Instead the further stellar evolution will be helium core burning followed by a very brief
period of helium shell burning. The final stage then is cooling off to a white dwarf. The
reasons for the high mass loss resulting in the loss of the envelope are not fully understand
yet.

2.2. Chemical composition anomalies and diffusion

Investigations of the chemical composition of hot subdwarfs by O’Toole & Heber (2006),
Blanchette et al. (2008) and Naslim et al. (2013) showed that there are significant devia-
tions from the solar composition. Helium and other light elements are depleted, whereas



many heavy elements are enhanced in the photosphere. The mean abundances relative
to solar values for a couple of elements of sdBs and helium-sdBs are shown in Figure 2.3.
The peculiarity of the elemental abundances in hot subdwarfs is assumed to be caused by
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Figure 2.3.: Mean elemental abundances relative to solar values (Naslim et al., 2013).

atomic diffusion processes in the stellar atmosphere. This topic is adressed in the reviews
on hot subdwarfs by Heber (2009) and Heber (2016). In a simple picture, the elemental
abundance is the result of a balance between gravitational and radiative forces.

A gravitational pull causes heavier elements in the atmosphere to sink down towards
the center of the star (gravitational settling). Radiative acceleration on the other hand
leads to an ascension of certain elements because momentum is transferred to the atom
in the absorption process. Since hot stars emit most of their flux in the ultraviolet
(UV), elements with many absorption lines in that region are affected most. Saturation
of the spectral lines limits the radiation pressure and an equilibrium between radiative
acceleration and gravitational settling sets in. The time scales of these processes are
short compared to the evolutionary time.

This causes some problems because helium should sink down since there are barely lines
in the UV. The predicted abundance is 2 orders of magnitude lower than what is observed
on average. At these low abundances helium should not be observable after all. On the
other hand radiative acceleration should increase the abundance of atoms with many UV
lines to super solar.

Therefore the diffusion process has to be slowed down somehow. Two suggested mecha-
nisms are for example mass loss through stellar winds (Vink & Cassisi, 2002) or turbulence
in subphotosheric layers (Hu et al., 2011).

More information on the chemical composition anomalies of hot subdwarfs can be found
for example in Geier (2013).



3. Spectral energy distribution of stars

The spectral energy distribution (SED) is defined as the energy emitted from a source
as a function of wavelength. In astronomy the energy is usually not measured directly.
Instead an object’s flux F' is measured which is defined as the energy per unit area per
unit time. This quantity decreases with the distance to the object squared. The total
flux of a star is given by its luminosity. For a spherical object radiating isotropically the
radiation at a distance r is distributed evenly on a spherical surface whose area is 47r2.
This yields a luminosity L = 4mr?F.

The spectral energy distribution of a star can be described as a blackbody to a first
approximation. Therefore the properties of a blackbody will be discussed in the following
section.
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Figure 3.1.: Blackbody spectrum for three different temperatures. With increasing tem-
perature the overall emitted energy increases and the wavelength with the
maximum emitted energy decreases (Carroll & Ostlie, 2007).

3.1. Blackbody radiation

A blackbody is defined as an object that absorbs all incident radiation. The absorbed
radiation is emitted when the object is in thermal equilibrium. The distribution of the



radiated light follows Planck’s law which is a function of temperature only:

2hc? 1

(3.1)

This distribution is shown in figure 3.1. The intensity peak of the blackbody spectrum is
shifted towards shorter wavelengths with increasing temperature. This fact is described
by the Wien displacement law

Amax] = b (3.2)

where b is the Wien displacement constant
b = 0.0028978 Km (3.3)
The flux of a blackbody is given by
F=oT* (3.4)

which is called the Stefan-Boltzmann law. This leads to the fact that the overall energy
emitted by a blackbody increases with temperature.

L = 47r?eT? (3.5)

This allows to assign every spectral energy distribution with the same total radiation
(integrated over all frequencies) an effective temperature which is the temperature of a
blackbody with the very same total flux.

As already mentioned the blackbody is only a first approximation of the spectral en-
ergy distribution of a star. Figure 3.2 shows that there are deviations from the stellar
spectrum, more or less distinct depending on the spectral type of the star. These de-
viations originate mostly from the interaction of the continuum light with the atoms
and molecules in the stellar atmosphere. Three features which affect the shape of the
SED most are discussed in the following sections: the H™ opacity which shapes the SED
of cool stars, the Balmer discontinuity which is most pronounced in hot stars and the
metalicity which alters the stellar flux in the UV.

Furthermore the light emitted by stars travels trough interstellar gas and dust which
further modifies the SED (see section 3.5).

3.2. H™ opacity

The feature at 17000 A in the SED of the cool star (3.2a) is caused by negative hydrogen
(Basu, 2003; Robinson, 2007). Negative hydrogen is a neutral hydrogen atom which
captured an additional electron. This can happen when the neutral hydrogen is polarized
by a nearby charge. The resulting H™-ion is very fragile and can be easily ionized at
temperatures of a few thousand kelvin. This means negative hydrogen can only exist
in cooler stars because the higher temperature in hot stars would quickly dissociate any

10
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Figure 3.2.: A comparison between the spectrum of a hot/cool star and the respective
blackbody spectrum shows good agreement for the cool star apart from a
flux maximum at around 17000 A arising from a change in H™ opacity. For
the hot star the discrepancy is clearly bigger. Here the main difference is
caused by the Balmer discontinuity.

H~-ion which may form. The photoionisation energy of negative hydrogen is 0.754 eV,
which means photons with a wavelength shorter than 16450 A can dissociate the H™ -ion.
Therefore for cool stars H ™ is responsible for almost the entire continuum absorption in
the optical.

The formation of negative hydrogen requires neutral hydrogen and free electrons which
come mainly from singly ionized metals. Therefore the H™ opacity is sensitive to metal-
licity and temperature. At very low metal abundances or at temperatures below 3000 K
the H~ opacity becomes ineffective. At temperatures above 10000 K all negative ions
are dissociated and Kramers opacity and electron scattering take over.

Figure 3.3 shows all the opacity contributions for a late main-sequence star with an
effective temperature of 6429 K. One can see that below 17000 A the main contribution is
due to bound-free absorption of H~. At around 17000 A there is an opacity dip resulting
in increased flux emission at this wavelength. At longer wavelength free-free absorption
of H™ takes over and the opacity increases again. The opacity dip is well sampled by the
2MASS photometric system. The H-passband is centered around the minimum opacity.
For more information about the 2MASS photometric system see section 4.1.2.

11
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Figure 3.3.: Opacity curve for a late main-sequence star (Tog = 6429 K). The dominant
source of opacity for this kind of stars is caused by negative hydrogen. Both
bound-free and free-free absorption are possible. Bound-free opacity is pre-
dominant in the optical and free-free becomes important in the far infrared.
In between there is a opacity dip at 17000 A which is well sampled by the
2MASS photometric system (JHK). (Gray, 2008)
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3.3. Balmer discontinuity

As already mentioned the H™ opacity plays only a role in cool stars. For hot stars
there is a distinctive feature at about 3650 A where the intensity suddenly drops for
shorter wavelengths. This is the so called Balmer discontinuity or Balmer Jump. It
is caused by electrons being ionized from the second level of hydrogen. This leads to
continuum opacity at wavelengths shorter than the minimum ionization energy. This
effect is strongest in A type stars like Vega. The jump decreases for hotter or cooler
stars. The strength of the Balmer jump is given by the number of hydrogen atoms in the
second energy level and the amount of radiation below 3650 A. Therefore it scales with
both temperature and surface gravity.

For very hot stars (Teg>40000) the Balmer discontinuity almost vanishes since there are
barely neutral hydrogen atoms in the atmosphere because nearly all hydrogen is ionized.
With decreasing temperature the number of neutral hydrogen increases and consequently
the strength of the Balmer jump increases as well. This continues until to the spectral
type A where there is only little ionized hydrogen. For even cooler temperatures the
ratio between negative hydrogen and neutral hydrogen increases and H~ becomes the
dominant source of opacity.

For cool stars the surface gravity has a larger effect on the Balmer jump than temper-
ature. For hotter stars like hot subdwarfs the Balmer jump is almost solely affected
by temperature (see figure 3.5). The difference in intensity decreases with increasing
temperature. Figure 3.4 shows that the surface gravity virtually does not affect the
spectral energy distribution and therefore can’t be easily determined by means of stellar
photometry.

13
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3.4. Metalicity

The amount of metals in the atmosphere of a star can also affect the shape of the spectral
energy distribution. This especially affects the ultraviolet part of the spectrum since there
are many metal lines that can lead to absorption and therefore increase the opacity in
that region. Figure 3.6 shows three SEDs with three different metal abundances. The
SED with z=0 has a metal composite that is typical for a hot subdwarf. The chemical
composition of subdwarfs is different from the solar one. For details see section 2.2. The
spectra with z=1 has the same composition but ten times increased and z=-1 on the other
hand only has a tenth of this composition. One can see that with increasing metalicity
the flux at shorter wavelengths than 2500 A decreases more and more. The optical part
of the spectrum on the other hand is more or less unaltered. This means that one can
only determine the metalicity of a star using photometry if photometric observations in
the ultraviolet region are available.
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Figure 3.6.: SED of a 30000 K sdB star for three different values of z. The flux was
normalized to the maximum at around 4000 A. The three box filter in the
UV are overplotted (see section 4.1.3)

3.5. Interstellar extinction

The space between stars is not empty. The presence of particles in the line of sight
can change the emitted spectrum because absorption and scattering can occur in the
interstellar medium. It turned out that this extinction is selective and has more effect
on the bluer parts of the spectrum. This leaves the spectrum more red. That is why the
term interstellar reddening is often considered synonymous to interstellar extinction.

A good example for interstellar extinction are dust clouds (Figure 3.7). Here the amount
of grains is so high that almost all light in the optical is scattered or absorbed which

15



Figure 3.7.: Barnard 68, an example for extinction by interstellar dust. The cloud is
opaque for light in the optical but becomes transparent if observed in the

infrared. Credit: ESO

leaves the area dark. But since longer wavelengths are affected less and more light is
transmitted by the dust the cloud gets transparent and stars in the background become
visible.

The wavelength dependency of interstellar extinction has been examined by comparing
stars of the same spectral class. A comparison of the spectrum of a star with negligible
foreground dust with a heavily reddened star and the assumption that the extinction goes
to zero at very long wavelengths allows to determine the extinction Ay = 2.5log(F /[\) /Fy)
as a function of wavelength, where F) is the observed flux and Ff\) is the flux in the
absence of reddening (Draine, 2003). The shape of this function gives hints about the
nature and size of the absorbing material.

The dimensionless quantity Ry = Ay /(Ap — Ay) is commonly used to describe the slope
of the extinction curve in the optical. Ay and Ap are the extinctions measured in the V

(5500 A) and the B (4400 A) band.

Large grains would produce gray extinction with Ry — oo and Rayleigh scattering would
produce very steep extinction with Ry ~ 1.2. Ry is known to vary between 2.1 up to
5.8 (Wang et al., 2013). Various investigations of interstellar extinction concluded that
Ry = 3.1 is an average value for diffuse regions in the local Milky Way.

The extinction curve used in this work is a description of Fitzpatrick (1999) which treats
the extinction from the far ultraviolet up to the infrared (1000-35000A). An example
for one extinction curve generated using the parametrisation of Fitzpatrick is shown in
Figure 3.8. Also plotted are two showcase SEDs, one with high reddening and one without
any reddening. The reddening law (black line) associated to the strongly reddend SED
shows a quite prominent extinction feature at 2175 A. This feature is well-described by
a Drude profile. The central wavelength seems to remain the same for all sight-lines but
the width may vary from region to region (Draine, 2004). One suspects that this feature
is either caused by graphite or some carbon molecule.

16
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Figure 3.8.: Example for a rather strong reddend SED (red). For comparison the SED
of an unreddened star with the same atmospheric parameters is shown in
blue. Also plotted is the extinction curve associated to the reddened SED.
The color excess E(B-V) is 0.15 and Ry is fixed to 3.1.

The interstellar extinction of every position in the sky has been determined and all-sky
extinction maps were created. Schlafly & Finkbeiner (2011) determined the reddening
using stars in the SDSS with spectra and compared the observed colors with those derived
from the spectra. Schlegel et al. (1998) derived the reddening in the sky from maps of
infrared satellites like IRAS and COBE. One should note that the resolution of these
maps is rather poor (between a few arcminutes to one degree) and are a proxy to the
average extinction along the line of sight because details of the extinction are smeared
out.

3.6. Color-color-diagram

The deviations of stellar spectra from a blackbody can be visualized quite well in a
color-color diagram. In figure 3.9 the color B-V is plotted against the color U-B. The
B-V color is proportional to the temperature since it measures the slope in the optical
which increases with temperature. The U-B color on the other hand measures part of
the ultraviolet region including the Balmer jump. The plotted points in the diagram are
the intrinsic colors of main-sequence stars (filled circles) and supergiants (crosses) as a
function of spectral type. Also plotted is the locus of blackbodies of different temperature.

For very hot stars like O-type stars there is only a small deviation from the blackbody
colors since in these hot stars the Balmer jump has already almost vanished because al-
most all hydrogen in the stellar atmosphere is ionised. With decreasing temperature the
amount of neutral hydrogen in the atmosphere increases which enables increasing absorp-
tion below 3600 A generating opacity. The Balmer jump gets more and more pronounced
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Figure 3.9.: Color-color diagram of UVB photometry. The filled circles indicate the in-
trinsic colors of main-sequence stars and the crosses stand for supergiants.
The dashed blackbody line indicates the color of an object which emits black-
body radiaton. The arrow labeled with "Reddening line" shows the direc-
tion an object would shift in the diagram if affected by increasing reddening
(Milone & Sterken, 2011).
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and the absorption in U increases steadily until to the A-type stars where hydrogen is
completely neutral and the discrepancy between main-sequence and blackbody spectrum
is the biggest. Below these temperatures the ionization of hydrogen no longer plays a
role and the absorption from the n = 2 level decreases as the temperature drops. The
stellar relation then moves back toward the blackbody line but does not reach it because
of H™ opacity and absorption by neutral metals. The deviation from the blackbody again
increases for even cooler stars with the occurrence of molecular opacities.

The effect of interstellar reddening can also be extracted from Figure 3.9. The arrow
labeled with 'Reddening line’ indicates the direction a star would shift in the diagram if
there is interstellar dust in the line of sight. Obviously reddening leads to an increase in
both B-V and U-B since reddening affects shorter wavelengths more. This means the U
magnitude increases relative to B and the B magnitude increases relative to V resulting
in an increase in both colors.

3.7. Infrared excess and binarity

For some stars the spectral energy distribution shows a much greater flux in the infrared
region than expected. This so called infrared excess can be caused by a late-type compan-
ion, hot dust surrounding the star or from free-free emission from a stellar wind (Thejll
et al., 1995). All these light sources add flux to the spectral energy distribution of the
primary in the infrared region.

An infrared excess can also occur when there is a chance alignment of two stars in the
sky that lie at different distances. Photometric surveys with high resolution can resolve
both stars and measure both separately. Figure 3.10 shows an example where the Sloan
Digital Sky Survey can distinguish two separate objects but older surveys like DSS2 or
surveys at longer wavelengths like 2MASS cannot resolve the two stars. This leads to
problems when combining all these measurements since only one star contributes to the

(a) SDSS (b) DSS2 (c) 2MASS

Figure 3.10.: Example of a blended observation. SDSS can resolve two objects. But sur-
vey with worse resolution like DSS2 or 2MASS cannot. Source: AladinLite
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photometric observation of SDSS whereas in the 2MASS observation the flux of both
stars combined is measured.

These optical double stars are not physically connected and are not of interest and
therefore omitted.

A gravitationally-bound cool main-sequence companion can be detected in the spectral
energy distribution of a hot subdwarf more easily than for a B main-sequence star because
the former is more compact and therefore emits less flux than the latter and accordingly
does not outshine the companion. The radius of a hot subdwarf is typically of the order
of a tenth of a solar radius (between 0.15-0.25 solar radii). This means a solar type
companion would be almost ten times larger in terms of radius and a M-type star would
have almost the same size. The subdwarf would still remain the major source of radiation
since it is much hotter but its radiation maximum is in the ultraviolet to blue region and
the flux decreases towards the infrared where the cool companion has its maximum.
Figure 3.11 shows an example of a synthetic SED with an infrared excess. Here the
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Figure 3.11.: Composite SED (black) of a hot subdwarf star (30000 K, blue) and a cool
main-sequence star (5000 K, red)

excess is caused by a main-sequence companion with an effective temperature of 5000 K.
The black curve shows the composite SED where the excess between 10000 and 20000 A
is clearly visible. The blue line is the sole SED of the hot subdwarf with an effective
temperature of 30000 K. One sees that the composite SED is dominated by the subdwarf
in the ultraviolet region and also far into the optical. In the near infrared the SED of
the subdwarf and the cool companion (represented by the red curve) contribute equally.
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4. Photometry

Photometry is the measurement of the apparent brightnesses of objects in the sky using
filter sets.

Measurements of this kind were done since ancient times. The Greeks used their naked
eye to measure the brightness of stars. The scale used to indicate magnitudes, which
is still used today, goes back to Hipparchus and Ptolemy who divided stars visible to
the naked eye into six magnitudes. The brightest stars in the sky were said to be first
magnitude and the faintest were of sixth magnitude. The system was extended on both
ends with the development of telescopes.

The next big step in photometry was the advent of photographic plates which allowed to
classify stars concerning their brightness using differential photometry. A big advantage
of these plates was that the information was stored permanently and could be looked up
at any time. But one should note that the plates where not adapted to astrophysical
requirements but were limited by the technical capabilities of the time. Most common
for photographic plates were measurements in two bands using a red sensitive and a blue
sensitive plate. They have both a wide passband since narrow filters did not exist when
photographic photometry was applied and the poor quantum efficiency was unsuitable
for narrow filters anyway.

The situation changed with the introduction of photoelectric detectors like photomul-
tiplier or CCD-sensors. Now a choice of passbands regarding the properties of stellar
radiation was possible. This led to a large variety of photometric systems. There are
systems with broadband filters, which cover a wide range of the spectrum, intermedi-
ate ones which can provide more physical information about the stars because they are
sensitive to certain features of the star spectrum, and narrow ones which focus on very
specific parts of the spectrum.

Information about photometry and different photometric systems can be found in the
textbooks by Sterken & Manfroid (1992), Milone & Sterken (2011), Chromey (2010),
Budding & Demircan (2007) and Warner (2016) or the publication of Bessell (2005).

4.1. Photometric systems

Over time, several photometric systems have been introduced and are defined by filter
sets and a set of standard stars, which are tied to the primary standard Vega.
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Figure 4.1.: Johnson passbands

U B \Y R I

def 3663 4361 5448 6407 7980
AX 650 890 840 1580 1540

Table 4.1.: Wavelengths and widths of the Johnson Photometric System in Angstrom

4.1.1. Visual photometry
Johnson U BV photometric System

One of the earliest and most used photometric systems is the UBV system introduced
by Johnson & Morgan (1953). The blue B filter was designed to match the photographic
bands previously used and the Johnson V should match the photovisual band. The U
band provided an important additional band between B and the atmospheric cutoff.

A problem of this system is that originally the short-wavelength cutoff of the U band was
not given by the filter response but by the atmosphere. This is not a stable definition since
the extinction of the atmosphere changes over time. The long-wavelength cutoff of the V
band on the other hand was provided by the detector response. This meant a dependency
of the V filter on the temperature and the manufacture of the photomultiplier.
Nevertheless the Johnson photometric system is very suitable for many different astro-
physical purposes and became one of the most used photometric systems.

The Johnson UBV system was later extended with two filters in the red (R) and infrared
(I). The definition of these filters commonly used today was given by Bingham & Cousins
(1974).

Often not the absolute magnitudes are measured but the difference in magnitudes which
is called a color. This is easier to determine because systematic errors, for example from
the instrument cancel out. In order to get the absolute value of all colors, the absolute
calibration is done very carefully for one magnitude , usually the visual magnitude since
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Figure 4.2.: Strémgren passbands

this is a very important one and the effects on the light in this passband are very well
investigated.

The visual magnitude in the Johnson system is V. All other observations are typically
give in colors which are tied to V. The colors commonly used in the Johnson system are
U-B,B-V,V—-R, V-1

For the zero point of the Johnson system Vega was chosen. This means that Vega
has a visual magnitude Vyega = 0 and also the colors give zero (B — V)yega = 0 and
(U — B)vega = 0. Later investigations revealed that V' for Vega actually is 0.03.

Stromgren ubvy photometric system

In contrast to the Johnson System where its passbands are based on historic develop-
ments, the Stromgren Photometric System is based on astrophysical considerations. It is
optimized for B, A and F stars. It consists of four distinct filters u ultraviolet, v violet,
b blue and y yellow (which is actually green). The y passband transforms very well to
the Johnson V because at 5480 A, where the filter is placed, are few absorption lines and
the atmospheric transmission as well as the response curves of the detectors are smooth
and almost constant. The u band is at 3520 A blueward of the Balmer discontinuity.
The v is centred on the H§ absorption line. And then there is also a blue filter b at
4688 A which gives in combination with y a temperature sensitive color index b — . In
addition to this color there are two further ones commonly used. The metalicity index
ml = (v —b) — (b — y) and the color index ¢l = (u — v) — (v — b) which measures the
Balmer discontinuity.

Sometimes the Stromgren photometry is supplemented with two narrow filters around Hf
at 4860 A. One of them is wide and one is narrow. They give in combination m,, —m,, the
[B-index which is free from systematics and interstellar and atmospheric extinction effects.
It is a luminosity index for O to mid A-stars and sensitive to the effective temperature
for mid A to G stars.
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u v b y /Bwide B narrow

Aef 3520 4100 4688 5480 4890 4860
AN 314 170 185 226 150 30

Table 4.2.: Wavelengths and widths of the Strémgren photometric system in Angstrém
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Figure 4.3.: Geneva passbands

Geneva photometric system

The Geneva photometric system is a 7-color system described by Golay (1966) and it is
in-between a wide band and a intermediate band system. It has three wide band filters
UV B which are close to Johnson UV B. But then there are four additional narrower
passbands B1, B2,V1,G which subdivide B and V. One should note that all colors
are tied to the B-magnitude since it is least complicated to measure because it is least
sensitive to atmospheric extinction. The whole system is very stable since the defining
passbands are accurately known throughout the history of the system and observation
and data reduction procedure have not changed since the first day.

U B B1 B2 V V1 Gl

Aeff 3438 4248 4022 4480 5508 5408 5814
AX 170 283 171 164 298 202 206

Table 4.3.: Wavelengths and widths of the Geneva Photometric System in Angstrom
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Figure 4.4.: SDSS passbands

) Y ) 37 Y

u g r i zZ

Aef 3596 4639 6122 7439 8896
AX 570 1280 1150 1230 1070

Table 4.4.: Wavelengths and widths of the Sloan photometric system in Angstrom

SDSS photometric system

The Sloan Digital Sky Survey (SDSS) is providing a huge amount of photometric ob-
servations of stars and galaxies. The newest data release has a sky coverage of about
35%. The photometric system consists of five color bands which divide the range from
the atmospheric ultraviolet cutoff to the sensitivity limit of silicon CCDs. The passbands
are very wide, some even wider than the Johnson passbands, but still non-overlapping.
The broadband character of the filters is needed to ensure high efficiency detection of
faint objects. The five filters are

e u/ ultraviolet at 3596 A
e ¢ green at 4639 A

e 7/ red at 6122 A

e i infrared at 7439 A

o 2 at 8896 A

The division of the passbands was chosen to exclude strongest night sky lines like OI at
5577 and Hgl at 5460. u was placed shortward of the Balmer discontiuity. This gives, in
combination with the g-band, a higher sensitivity to the Balmer jump at the cost of a
lower throughput.

The SDSS provides several different magnitudes obtained with various methods. There
are the Model Magnitudes which assume certain models for the intensity profile of the
object. These magnitudes are best used to measure the flux of galaxies. Then there is the
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Point-Spread-Function (PSF) Magnitude where the flux of the object is determined by
fitting a PSF model to the object. This gives the best results for point sources like stars
and therefore will be solely used in the following photometric analysis. An overview of the
different magnitudes and a suggestion when to use which magnitude can be found on the
web-page of the latest data release (DR12): http://www.sdss.org/dr12/algorithms/
magnitudes/.

In order to compare the Model magnitude and the PSF magnitude, synthetic magnitudes
have been extracted from a large sample of hot subdwarfs (see section 6). Only stars
which showed no infrared excess were taken into consideration. This yields approximately
1200 hot subdwarfs. The SEDs were created using all available observations including
SDSS. The results are shown in Figure 4.5. The overall conclusion is that the psfMags
in general yield better results. The modelMags deviate from the synthetic magitudes
between 12th and 16th magnitude in the u and g band and in the z band there seems to
be saturation at about 14th magnitude.

The accuracy of the SDSS passbands up to high depths is due to the circumstance that
there are barely observations in other photometric systems at this depth and therefore
the models used for comparison are solely produced with SDSS observations.
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Figure 4.5.: Comparison between observed and synthetic magnitudes of 1200 single sdB
stars (from the sample described in section 6) for both the Point-Spread-
Function Magnitudes and the Model Magnitudes of the SDSS photometric
System
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Figure 4.6.: Hipparcos and Tycho passbands

Hipparcos and Tycho

The Hipparcos mission of the European Space Agency (ESA, 1997) not only provided
accurate parallaxes for the nearby stars but also exceedingly precise magnitudes for
hundreds of thousands of stars in three independently measured bands (Bessell, 2000).

The main Hipparcos detector provided the H, magnitude. A very broad passband centred
around 5170 A. For stars brighter than 8.5 a precision of a few tenths of a millimagnitude
was reached. In addition, light from the star mapper area was divided by a dichroic beam
splitter onto two photomultiplier tubes, providing simultaneously measured By and Vr
magnitudes. By (4217 A) and Vr (5272 A) were designed to be close to Johnson B and
V. The three Hipparcos passbands are plotted on Figure 4.6.

The latest release of Hipparcos data is the Tycho2 catalogue (Hog et al., 2000).

BATC

The Beijing—Arizona—Taiwan-Connecticut (BATC) Multicolour Survey consists of 15
intermediate-band filters which cover the wavelength range 3000-10000 A. This system
is designed to avoid most of the known bright and variable night-sky emission lines and
should provide enough data to create a SED on its own. The goal of the BATC survey
is to obtain accurate spectrophotometry for all objects in areas of 1 deg?. The aim is to
get 500 areas centered around specific locations like nearby spiral galaxies, various cali-
bration fields, extragalactic objects, as-well as random fields with high Galactic latitudes
(Fan et al., 1996). Since the coverage of the sky is rather small (for comparison: the
whole sky has an area of approximately 41253 deg?) there are only a few stars that fall
into the patches covered by the BATC survey. Within the large sample of over 4400 hot
subdwarfs there are only 8 stars which have photometric data in the BATC system (see
section 6.1).

The advantage of BATC photometry is that it delivers very accurate photometric data
and a good spectral coverage even for very faint and distant stars which are not even
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Figure 4.7.: BATC passbands

detected by most other surveys. For example SDSSJ223740.40+134, which is of 19th
magnitude at a distance of approximately 18 kpc. According to Fan et al. (1996) the
BATC survey should reach a depth of V=21 mag. But the apparent brightness of such
faint objects can only be determined with a 0.3 mag random error.

APASS photometry

The AAVSO Photometric All-Sky Survey (APASS) is a robotic telescope project by the
American Association of Variable Star Observers (AAVSO). They aim at observing the
whole sky and measure the position and brightness of 42 million stars with 4 visits per
object. There are two robotic telescopes with a 20 cm mirror located at New Mexico
and Chile in order to observe both the Northern and the Southern hemispheres. Each
telescope is equipped with 5 filters (B,V,g,r,i).

This makes the APASS catalog a very reliable source for both Johnson and Sloan mag-
nitudes. It is valid from about 7th magnitude to about 17th magnitude. The dataset is
accessible through the Vizier catalog (Henden et al., 2016).

Atmospheric extinction

Since most of the observations in the optical are ground-based they are affected by
atmospheric extinction. In order to compare these observations to synthetic magnitudes
these extinction effects have to be corrected for a priori. These corrections must be
determined every night since the atmosphere is not constant. Humidity, smoke or haze,
dust and many other sources can affect the transparency of the sky. Also important is
the direction the telescope is pointed at since this alters the path length through the
Earth atmosphere. The longer the light travels through the atmosphere the more light
is extinct. This is measured with the parameter air mass. The shortest way possible
is achieved when observing in the zenith. It has an air mass of 1. The way through
the atmosphere and consequently the air mass increases as the object gets closer to the
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horizon. The air mass X can be determined using the formula X = sec(z), where z is
the zenith distance.

The atmospheric extinction especially affects passbands in the blue and ultraviolet since
there the extinction is large and varies significantly across the passband. This increases
the uncertainty for ground-based observed U-bands which is quite unfortunate because
they are often the only filters shortward the Balmer jump.

Atmospheric Absorption Bands
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Figure 4.8.: Most light is absorbed by the Earth’s atmosphere. Visible light is trans-
mitted but most of the ultraviolet light is absorbed by the ozone layer and
water vapor blocks the light in the infrared with the exception of several
small windows. Source: http://ber.parawag.net/images/Atmospheric_
Absorption_Bands. jpg

4.1.2. Infrared photometry

The primary objects of infrared astronomy are either very cool substellar objects like
brown dwarfs or very distant high redshift objects like galaxies or quasars.

2MASS photometry

The Two Micron All Sky Survey (2MASS) (Skrutskie et al., 2006) is an near infrared
survey which was scanning the whole sky from the year 1997 to 2001 at wavelengths from
1.25 pm to 2.17 um. The 2MASS survey uses in principle the infrared extension of the
Johnson system (JHK) but the K band has a bluer red cutoff to reduce the effects of
thermal emission. Also one should note that the red cutoff of the J band is determined
by the atmospheric extinction which varies with the amount of water vapour from night
to night. These atmospheric transmission uncertainties limit the precision of 2MASS
magnitudes to about 0.04 mag. Also objects brighter than 4th magnitude are saturated
in any of the 2MASS passbands. The dataset is accessible through its Vizier catalog
(Skrutskie et al., 2006).
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Figure 4.9.: Infrared passbands. The upper SED is a composite SED with a cool main-
sequence component demonstrating the importance of infrared photometry
for detecting an infrared excess.
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Figure 4.10.: Comparison between observed and synthetic magnitudes for the three
2MASS passbands. The magnitudes are taken from a sample of 1200 single
subdwarfs satars. The red dots are data points which are flagged for bad
quality.

To check the accuracy of the 2MASS observations the magnitudes are compared to syn-
thetic ones analogous to the SDSS magnitudes (see Fig. 4.5). The results can be found
in Figure 4.10. Although 2MASS published observations deeper than 17th magnitude,
looking at Figure 4.10 the uncertainty of 2MASS photometry in the J band is already
quite large at 16th magnitude and also the number of outliers increases. For the H and
K band it is even worse.

UKIDSS

The United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS)
(Hewett et al., 2006) is the successor to 2MASS. UKIDSS began in May 2005 to scan
a large fraction of the Northern sky up to 18th magnitude. Thus it is about three
magnitudes deeper than 2MASS.

The UKIDSS comes with 5 different filters ZYJHK. In principle the 2MASS photometric
system JHK has been adopted but with an extension of 2 filters shortward of 1.2 ym.
These new filters improve the discrimination between brown dwarfs and high-redshift
quasars. The Z-Band is related to the sloan z with small adaptions in order to be better
suited for the observation of brown dwarfs and quasars (Hewett et al., 2006).

WISE

The Wide-Field Infrared Survey Explorer (WISE) (Wright et al., 2010) is an infrared
space telescope from NASA launched in December 2009. The WISE mission observes
the whole sky in mid-infrared and is aimed at finding the coldest stars, near Earth
asteroids and ultra-luminous infrared galaxies. The WISE satellite is equipped with
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several detectors in order to observe in four different wavelength bands. The passbands
W1 to W4 range from 3.4 microns to 22 microns. In this work only the first two passbands
W1 and W2 (see Figure 4.9a) are used since the uncertainties on the other two passbands
are quite high.
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Figure 4.11.: Comparison between observed and synthetic magnitudes for the WISE pass-
bands. The magnitudes are taken from a sample of 1200 single subdwarfs
satars. The red dots are data points which are flagged for bad quality.

For the WISE system the comparison between observed and synthetic magnitudes also
was done (see Figure 4.11). Already at 15th magnitude the errors of WISE data start to
exceed 0.3 mag which is too large to be useful. Also the occurrence of outliers increases.
The WISE magnitudes for this work are taken from the ALLWISE vizier catalogue (Cutri
& et al., 2013).

4.1.3. Ultraviolet photometry

The ultraviolet part of the spectrum ranges from 100 to 3200 A. It is typically subdi-
vided into near-UV (NUV, 2000-3200 A) far-UV (FUV 1000-2000 A) and extreme-UV
(EUV 100-1000 A). Light at these wavelengths is absorbed by the Earth’s atmosphere,
so observations must be performed from space.

The UV light is well suited for the observation and analysis of hot stars since they emit
most of their flux in the ultra-violet.

IUE

The International Ultraviolet Explorer (IUE) (Bogges, 1978) was a very important satel-
lite for UV-astronomy. It delivered UV data for 18 years (from 1978 to 1996). The
IUE mission obtained over 100000 UV spectra in the wavelength range 1150-3250 A.
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Figure 4.12.: Artistic impression of the IUE satellite orbiting the Earth. (Source: https:
//upload.wikimedia.org/wikipedia/commons/1/1b/IUE_1. jpg)

The satellite was equipped with two independently working spectrographs, one for the
long wavelength range (1910-3300 A) and one for the short wavelengths (1150-1975A).
Both spectrographs had a prime and a redundant camera. The default cameras were
the Long-Wavelength Prime (LWP) and the Short-Wavelength Prime (SWP). The Long-
Wavelength Redundant (LWR) camera and respectively the Short-Wavelength Redun-
dant (SWR) would be used if one of the two cameras had failed or would produce errors.
Each spectrograph had both high and low resolution modes, with spectral resolutions of
0.2 and 6 A respectively. The two spectrographs also had two entrance apertures each, a
small circular aperture with a 3 arcsec diameter and a large rectangular aperture with the
dimensions 10 arcsecs by 20 arcsecs. Since the point-spread-function of the telescope was
3 arcsecs in diameter the small aperture would require very accurate pointing in order
to capture all the light of the object and therefore was only used if there was unwanted
light from other sources in the field of view.

The large aperture spectra are flux-calibrated and can be used for spectrophotometry.
Because we have to combine them with broad and intermediate band optical and infrared
photometry we defined a suitable set of filters to derive UV-magnitudes from IUE spectra.

In order to avoid giving them a too strong statistical weight (a typical low resolution
IUE spectrum consists of 500 data points) they were broken down into three artificial
magnitudes using box filter. This means that the filter response of these artificial mag-
nitudes is 1 within the boundaries of the box and 0 outside. Since the IUE spectrum is
discrete this essentially means simply adding up all the fluxes within the range of the
box. The position and range of the three boxes was chosen in order to avoid the edges
of the spectra because there the uncertainties of the flux grow larger. The region around
the Lyman-alpha line at 1215 A was also excluded because of strong contribution from
interstellar gas absorption. Thereby to have same sized boxes one box was chosen to
be from 1300 to 1800 A and therefore covers the spectral range of the short wavelength
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Figure 4.13.: Example of large aperture low resolution spectra of IUE’s two spectro-
graphs.

spectrograph and the other two boxes range from 2000-2500 A and 2500-3000 A and thus
sample the long wave spectrum.

This choice gives the additional advantage that the reddening feature at 2175 A is well
sampled because one box filter lies on top of the bump and the other two enclose it. This
increases the sensitivity to interstellar reddening drastically.

For the box filter the low resolution spectra with large aperture were always taken since
the flux calibration for low resolution should be better and because details of the spectrum
do not matter. Large aperture was taken and well exposed spectra were favoured in order
to get spectra with the best signal-to-noise ratio.

Many observations of the IUE satellite are publicly available in the Mikulski Archive for
Space Telescopes (MAST). The target can be found via its name or its coordinates and
the spectra can be downloaded as ASCII tables.

GALEX

The Galaxy Evolution Explorer (GALEX) (Martin & GALEX Team, 2005) is an orbiting
ultraviolet space telescope launched on April 28, 2003, and operated until early 2012. The
GALEX satellite performed an all-sky survey in the ultraviolet. It created a database
with more than 200 million point source measurements in its two broad bands, the
far-UV (1344-1786 A) and the near-UV (1771-2831 A). GALEX reaches a depth up to
21st magnitude in the NUV. One field of interest for GALEX was the observation of
white dwarfs (WD). They form as very hot stellar cores with temperatures in the order
of 100000 K. As they cool their luminosity shifts from the extreme and far ultraviolet
into the near ultraviolet and optical. GALEX can detect these stars at distances of
several kiloparsecs. One practical use of white dwarfs is as flux calibration standards.
They are very suitable since their SED is continuum dominated, their atmosphere is
fully radiative and stable over a wide range of temperatures, the opacities are almost
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Figure 4.14.: The correlation between the observed GALEX NUV and FUV magnitudes
and synthetic magnitudes. The dashed lines are the expected one-to-one
correlations (Camarota & Holberg, 2014).

exclusively due to neutral and ionized hydrogen and are thus very well determined, the
emergent stellar fluxes depend only on Teg and log g and therefore can be determined
using spectroscopy and because they are relatively close they are only weakly affected by
interstellar reddening.

Camarota & Holberg (2014) compiled a sample of 108 white dwarfs with the intention
to evaluate the GALEX absolute calibration. Synthetic spectra were computed for each
star with atmospheric parameters obtained from spectroscopic analysis. Then synthetic
magnitudes in the two GALEX passbands FUV and NUV were extracted and compared
to GALEX observations. The empirical correlation between observed GALEX magni-
tudes and synthetic model fluxes are shown in Figure 4.14. The dashed line indicates
a one-to-one correlation. Clearly visible is non-linearity for bright stars which is con-
nected to detector dead-time corrections. But also the overall uncertainty of GALEX
observations are relatively high considering the results of Camarota & Holberg (2014)
in particular for the FUV band (see Fig. 4.14). That is why GALEX observations in
general are not used in this work although the ultraviolet region is quite important for
the analysis of hot stars.

4.1.4. Summary

In order to obtain the spectral energy distribution of a particular star, all available
photometric observations in the various photometric systems discussed above have been
collected from Vizier catalogues (Paunzen, 2015; Cutri et al., 2003; Cutri & et al., 2013;
Lawrence et al., 2007), the SDSS SkyServer DR12 (http://cas.sdss.org/dr12/), Roy
Ostensen’s Subdwarf Database (Ostensen, 2006) and the General Catalogue of Pho-
tometric Data (Mermilliod et al., 1997). IUE-spectra were also downloaded from the
MAST archive (https://archive.stsci.edu/) if available, in order to get photometric
measurements in the ultraviolet.
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Table 4.5.: Overview over the photometric systems used in this work

System Passbands Source
Optical

Johnson UVBRI Roy’s catalog

Stromgren uvbyg Roy’s catalog

Geneva U,B,B1,B2,V,V1,G GCPD catalog

SDSS ugriz SDSS SkyServer DR12

APASS B,V,g,r,i Vizier catalog
Infrared

2MASS JHK Vizier catalog

UKIDSS ZYJHK Vizier catalog

WISE W1,W2 Vizier catalog

Ultraviolet
GALEX NUV,FUV Vizier catalog
IUE Box-Filter Mast archive

Then the data is compared to synthetic photometry extracted from synthetic spectra via
x? statistics (see section 4.2). If a passband in one photometric system is completely off
it was removed.

4.2. Fitting procedure

In order to obtain physical parameters like effective temperature, surface gravity or dis-
tance from photometry, one has to compare all the observed magnitudes in the various
photometric systems to synthetic magnitudes calculated from a synthetic spectrum and
modify the model parameters such that the predicted magnitudes match the observed
ones.

Dr. Andreas Irrgang developed in the course of his PhD thesis a fitting procedure for this
purpose. His procedure is used in this work and the following description is based on
Irrgang (2014).

The magnitude of any photometric passband can be calculated by integrating the flux
f(A) arriving at the detector weighted with the filter response function 7,(\). The full
definition is given by the following expression

fooo 72 (A) f(A)AdA ) + magte
Jo 7 re(A) fref(A) AdA v

mag, = —2.5log < (4.1)

Note that the weighted flux of the object of interest is compared to those of a reference
object which defines the zero-point of the photometric system. For most systems this
reference object is the A-type star Vega. The additional factor A under the integral signs
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arises from the assumption of photon-counting detectors (see Appendix E4 of Bessell
et al. (1998)).

In order to get synthetic magnitudes from a synthetic spectrum F'()\), which describes
the flux at the surface of the star, one has to find the flux f(\) a detector would measure
if directed at this theoretical star. The first correction is the transition from the surface
of the star to the surface of the Earth where the flux is drastically reduced with the
distance d. Assuming a spherically symmetric object the following relation holds

dnd? f(\) = 4 R?F()\) (4.2)

Since the radius R of the object is in general unknown, we express it with the angular
diameter 6§ = % and obtain f(\) = 02F(\)/4.

To further account for interstellar extinction the synthetic flux has to be multiplied with
a reddening factor 1070440 where A(]) is the extinction at the wavelength A expressed
in magnitudes. A(A) is given as a function of E(B — V) and Ry = A(V)/E(B — V) by
Fitzpatrick (1999). Ry is usually close to 3.1 which is the value for the diffuse interstellar
medium.

This yields the following expression for calculating the synthetic magnitude

+ mag'®! (4.3)

62 [2° 1, (N)1070-4AN) F(X)AdA
magx:—2.5log< Jo =) Q)

4 [ (0) fref(A)AdA

To decrease the computation time the synthetic magnitudes are extracted from a pre-
calculated grid of spectra. The grid provides synthetic data for a well-defined combination
of parameters. For arbitrary values the fitting routine interpolates between consecutive
spectra.

To get fairly good starting parameters for the distance, 8 was calculated with formula
4.3 for each passband for a random spectrum. The average of all these # was adopted.

An educated guess for a good starting value for E(B-V) can be done by looking at the
difference between the observed B-V color and the intrinsic B-V color. If Johnson V or
B is lacking Stromgren b-y can be used instead.

4.2.1. Uncertainties

In order to determine the confidence intervals for the various fitting parameters 1o
single-parameter confidence limits were computed using the ISIS tool conf loop. The
confidence level search forces the fit to scan the full parameter space. This is very
beneficial if the y2-landscape is quite complicated which is for instance the case for
a composite SED fit because there it often occurs that the fit converges into a local
minimum which may not be the best-fit. If an improved fit is found during the confidence
limit search, the function updates the internal parameters with the new best-fit and starts
over from the beginning. Hence a composite fit should always be done with confidence
level search although it is more time consuming because the best fit is rarely found in
the first instance.
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Table 4.6.: Grid parameters

T o log g He 7
sdB  20000-50000 4.6-6.2 -3.05 -1tol
MS 2300-12000 2-5 -1.05 -1

4.3. Synthetic model grids

For the photometric fitting of composite spectral energy distributions of a hot subdwarf
and a cool main-sequgence companion two grids of spectra with various combinations of
parameters are needed. For this work the following grids are used.

4.3.1. Hot subdwarf star model grid

For the hot subdwarfs the grid was calculated by Dr. Andreas Irrgang using the ATLAS12
code (Kurucz, 1996). The temperature ranges from 15000 K to 55000 K, the surface
gravity from 4.6 to 6.2. The wavelengths from 300 A to 100000 A (far UV to far infrared)
are covered and sampled by 27720 data points.

The metalicity z can vary between -1 and +1. That is either a tenth or ten times the
typical composition of a hot subdwarf (see section 2.2). For the elements not listed in
Naslim et al. (2013) the reference abundance is solar (Asplund et al., 2009). One should
note that iron and nickel are the dominant absorber and have the greatest influence on
the metalicity z because they have many absorption lines and their absolute abundance
is very large. Very heavy elements like zinc or lead are not even treated by ATLAS
because their absolute abundance is so low. An example where the metalicity could be
determined quite well is discussed in section 4.5.

The helium abundances was set to a very low value (one hundredth solar) in order to
avoid artefacts caused by Hell absorption edges in the UV for the hotter models. This
barely changes the results of the analysis.

4.3.2. Cool main-sequence star model grid

For the cool main-sequence companion a synthetic model grid was downloaded from the
Gottingen Spectral Library (http://phoenix.astro.physik.uni-goettingen.de/). This
grid for is based on the stellar atmosphere code PHOENIX (Husser et al., 2013) and cov-
ers the wavelengths from 500-55000 A. This range is sampled with 47006 data points. Its
temperature range is 2300 K to 12000 K, the surface gravity lies within 2 and 5 dex. The
helium abundance and the metalicity is fixed to solar.

In order to test the reliability of the Phoenix grid the spectroscopic results of Scholz
et al. (2015) for the F-star WISE J0725-2351 were reproduced using the Phoenix grid
and checked for consistency. The results are shown in Table 4.7 and Figure 4.15 and are
in good agreement with Scholz et al..
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Figure 4.15.: Spectral energy distribution of the F-star WISE J0725-2351

Table 4.7.: Results

This work  Scholz et al
Teg[K] 65807550 6250 £ 100
log g 37404 40402
E(B-V) 0.10+0.04 0.03
d [kpe] 049752 0.43%012

4.4. Example of a single SED

Figure 4.16 shows a prime example where data in almost every photometric system was
available. Only GALEX and UKIDSS photometry is missing since this star is too bright
for these surveys (Johnson V' = 10.2).

The main panel of the figure is a graph where the flux f times the wavelength cubed

(A%) in units of % is plotted against the wavelength in Angstrém. It shows the
synthetic spectrum of the best-fitting model (continuous grey line in the background)
and, for visualization, the observed magnitudes which are converted into fluxes (colored
and labeled bars), are overplotted. The black crosses labeled with 'box’ in the left part
of the panel (which corresponds to the ultraviolet range) show the three box filter used
in this analysis. The horizontal lines indicate the spectral width of the box filter and the
vertical line give the uncertainty. The pink line behind the boxes is a visualization of
the IUE spectra used to obtain the magnitudes. The other colored bars each represent a
passband in one of the photometric systems used. Bars with the same color belong to the

same system. From the visual to the infrared the color code of the system is: Johnson-
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Figure 4.16.: Prime example with data in all major photometric systems. The star mod-
eled here is FB 178 which is one of the brighter sdB stars with a visual
magnitude of about 10 mag. It is well described with a single SED. There
is no signature of an infrared excess or a cool companion. Resulting T,
log g and E(B — V) are given on the top of the panel.

Cousin (blue), Stromgren (green), SDSS (goldenrod), Tycho (brown), Hipparcos (cyan),
Geneva (crimson), 2MASS (red), WISE (magenta). The colors vaguely correspond to
the wavelength they cover. That is why the color of the GALEX passbands, which are
not used here, would be violet.

One should note that since the converted magnitudes are tied to the flux of the synthetic
spectrum the position of the magnitudes can be misleading. For example here it looks
like the Johnson B observation does not fit to the model. But in reality this is not the
case. It just happens to be that the effective wavelength of the B passband coincides
with an absorption line of the spectrum. Therefore in order to quantify the goodness of
the fit the lower panel should be consulted where the difference between the synthetic
magnitudes and the observed magnitudes (i.e. the residuals) is plotted. There is an extra
panel for the residuals of the colors on the right hand side.

4.5. Example of a star with peculiar metalicity

The OB subdwarf Feige 66 is an example of a star where an IUE spectrum is available
and also the chemical composition was determined independently using UV spectroscopy
(O’Toole & Heber, 2006). This means we can determine the metalicity using the photo-
metric observations and compare to the results of O’Toole & Heber (2006).
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Figure 4.17.: Chemical composition of PG 12344253 (Feige 66) (O’'Toole & Heber, 2006)

Feige 66 has an effective temperature of Teg = 33400 £ 1000 K and a surface gravity
logg = 6.2 + 0.15 (Saffer et al., 1994). Also the helium abundance is low (logy =
—1.800 £ 0.1).

The SED fit of Feige 66 (see Figure 4.18a) yielded a slightly lower metalicity than the
average (z = —0.31). This is in agreement with the results from O’Toole & Heber
(2006) (see Figure 4.17) because they found a more than 10 times reduced abundance
of iron which influences the opacity through metalicity very much because it has many
absorption lines. For comparison and to show the effects of metalicty a fit where z was
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Figure 4.18.: SED fit of Feige 66 (a). A low metalicity was found (z = —0.31). To show
the effects of metalicity a fit where the metalicity was fixed to a high value
(z =1) is also shown (b).

fixed to a high value (z = 1) is also shown (see Figure 4.18b). One can see that mostly the
passbands in the ultraviolet are affected in particular the FUV box. For high metalicity
it tends to be too large and for low metalicity it is too small.
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4.6. Example of a strongly reddened star

There are also stars which are strongly affected by interstellar reddening. One example
is the moderately helium-rich and metal-poor sdO star LSIV-12°,1 (Bauer & Husfeld,
1995). The SED is shown in Figure 4.19. The atmospheric parameters of the fit were
Teg = 36000f2888K and logg = 5.64J_r8:gg. For the metalicity a very low value of z =
—1.0f8:3 was found, which is in good agreement with the fact that this star is metal-poor.
The high interstellar reddening is expressed in the SED by the reddening bump at 2175 A.
The value of E(B — V') was 0.202 £ 0.009 for this star. Ry was fixed to 3.1 which is the
value for the diffuse interstellar medium. The large amount of interstellar reddening is
also visible in the IUE spectrum (pink) and is in agreement with the extinction values
from reddening maps (E(B — V) = 0.2656 £ 0.0058 (Schlafly & Finkbeiner, 2011) or
E(B — V) = 0.3089 £ 0.0067(Schlegel et al., 1998)). The resulting distance for this fit
was d = 0.11570 83 kpc.
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Figure 4.19.: LSIV-121, an example of a strongly reddened star (E(B — V) = 0.2)
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4.7. Example of a composite SED

A sizeable amount of stars showed systematics in the residuals like PG 07494658 (see
Figure 4.20a). A first guess was that these systematics are caused by an infrared excess
most likely produced by a cool companion. In order to handle this infrared excess the
spectrum of a blackbody was added to the spectral energy distribution of the hot subd-
warf. The resulting SED can be seen in Figure 4.20b. As one can see easily the quality
of the fit increases drastically but especially in the infrared region small deviations from
the actual data remain. This is presumably because there is some discrepancy between
the spectrum of a cool star and a blackbody (see figure 3.2a) especially in the infrared
where a drop in H™-opacity causes an increase in flux at around 17000 A.

To further increase the quality of the fit instead of a blackbody the spectral energy
distribution of a cool main-sequence star was added to the SED of the hot subdwarf
and the composite spectral energy distribution was fitted to the data. The results are
shown in Figure 4.20c and yield a very convincing model. The effective temperature
of the sdB is Teg = 22400151881( and the surface gravity logg = 5.55“:8:}‘%. For the
companion an effective temperature of 4750 £+ 80 K was found. The ratio of the surfaces
is Ac/Asqa = 17.21‘?:8. The star is not reddened by interstellar extinction and has a
distance d = 320f§8 pc.
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Figure 4.20.: PG 0749+658 was modeled with a single SED of a hot subdwarf (a) but
showed systematics in the residuals. In a first try the spectrum of a black-
body was added to the star’s SED (b). Since there were still deviations
especially in the infrared part of the SED a composite SED of a hot sub-
dwarf and a cool main-sequence star was fitted (c¢) which yields a very
convincing model.
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5. Application to different samples of
hot subdwarfs

The fitting procedure discussed above was applied to five different samples of hot subd-
warfs.
1. Sample of known binaries, most companions unseen, but RV curve reduced (Kupfer
et al., 2015).
2. Sample of 105 single or wide binaries (Geier & Heber, 2012).
3. Homogeneous sample of 76 sdB stars from SPY with high quality UVES spectra
(Lisker et al., 2005).
4. Sample of 181 subdwarfs in the Tycho catalog in preparation of the upcoming Gaia
data release.
5. Large sample of more than 4400 hot subdwarfs compiled from all larger subdwarf
catalogs by Dr. Stephan Geier.

5.1. Quality rating system

Since the quality of the fits depend on the number of observations and on which parts of
the spectrum are covered a rating system was introduced to quantify the quality of the
observational basis. Grades from 1 to 6 indicate for each star what kind of observations
are available.

A rating of 6 is the worst grade and indicates that there are only observations in the
optical (Johnson, Stromgren, Geneva, SDSS) excluding the U-band.

If there is in addition a U-band observation like Johnson U or the Stémgren color index
cl which contains the Stromgren u passband, a rating of 5 is awarded because this
significantly improves the validity for the fit of the hot subdwarf since the Balmer jump
is sampled. But due to the lack of infrared observations no statement about a companion
can be made.

Therefore the rating of 4 is awarded when there are magnitudes in the optical (but no U-
Band) and the infrared (2MASS, UKIDSS, WISE). This allows to detect and characterize
potential companions.

If there is infrared photometry and a U-Band observation the rating will be 3.

The second best rating is awarded when there are also observations in the ultraviolet
since this significantly improves the fit because it enables to determine the metalicity
and makes the fit very sensitive to interstellar reddening and is a good consistency check
for the U-band observations.
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Table 5.1.: Quality rating system

Rating  Observations

Hbeta+ Ultraviolet+Optical+U-band+Infrared
Ultraviolet+Optical+U-band+Infrared
Optical4+U-band-+Infrared

Optical+Infrared

Optical+U-band

Optical

O T W N~

A rating of 1 is awarded when there is in addition an observation in the narrow band filter
Hpg of the Strémgren photometric system because this gives the possibility to constrain
the surface gravity of the star. The grading system is summarized in Table 5.1.

5.2. Short period binary systems

The first sample is a list of 142 spectroscopically analysed sdB stars which showed radial
velocity variability (Kupfer et al., 2015). The atmospheric parameters Teg and log g from
Kupfer et al. (2015) are plotted in Figure 5.1.

4.4

ZAEHB,/TAEHB
16 - .

6.2 | | | | |
50000 45000 40000 35000 30000 25000 20000
effective Temperature [K]

Figure 5.1.: Spectroscopic values for the short-period sample (Kupfer et al., 2015) in the
Teg — log g diagram. Most of the stars lie between the theoretical Zero-Age
EHB and the Terminal-Age EHB.

The RV-curve has been solved for all stars and therefore the period P and the semi-
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amplitude K are known which allows the calculation of the mass function:

PK3 M3 sin3(i
fm = = () 5 - (5.1)
2rG (M + Mgyp)

This means all these stars should have an unseen companion whose mass can be limited
by the mass function when assuming the canonical mass (0.47 M) for the hot subdwarf.

The companion can either be a white dwarf which should not contribute to the flux of
the subdwarf or a low-mass main-sequence star. Substellar objects like brown dwarfs or
planets are also possible. For some stars the nature of the companion can be deduced
from a spectroscopic analysis. If the companion is a bright low-mass main-sequence star
the spectrum should be double-lined caused by the Doppler motion of the two stars. If
there is no sign of a companion in the spectrum, the object is either a dim normal star
or a white dwarf.

The SEDs of these stars can be used as a consistency check. For a white dwarf com-
panion one would not expect any contribution in the spectral energy distribution of the
companion because white dwarfs are much more compact than hot subdwarfs. If on the
other hand the companion is a cool main-sequence star there should be a contribution in
the infrared and a composite SED has to be fitted.

But two components fits have many free parameters (Tegsd, 108 gsd; Teff,comps 108 geomp,
Ac/Agq, E(B-V), 0) which leads to degeneracy making it more difficult to find the best
suiting fit. Also the surface gravities of both the subdwarf and its companion are difficult
to constrain. The mass function helps since it is possible to express the surface ratio
Ac¢/Asq in terms of the mass ratio which can be extracted from the mass function. The
total flux of the composite spectrum is given by the following equation

FirY) = =5 (R2anFan(M) + FisFus (V) (5.2)

As one can see the fluxes of the hot subdwarf and the main-sequence star are scaled with
respect to each other by the ratio of the radii squared. But they can be substituted using

Newton’s third law g = GR—J\Q/[ which yields
GMyp < 1 gsaB >
Fiot(A) = ——— | Fsap(A) + — A 5.3
) = G ( Fuan ) + 3 2 ) 53

with the mass ratio ¢ = %S—S]:. This leads to a surface ratio that only depends on the

ratio of the surface gravities and the mass ratio ¢ which can be deduced from the mass
function (eq. 5.1). Note that the mass function introduces a new free parameter, the
inclination i. However in contrast to the surface ratio, the inclination is constrained to
values between 0 and 90 degrees.

Kupfer et al. (2015) could identify a white dwarf companion for 52 systems using the mass
function which gives a limiting lower mass at the maximal inclination of 90 degree. If this
limiting mass exceeds a certain value the companion should be visible in the spectrum.
If not it is most likely a white dwarf.
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50 of the 52 systems could be modelled with a single SED which confirms a white dwarf
companion. No infrared excess was in sight. Two systems showed a signature of a
companion in the SED (PG 1101+249, LB 1516). These systems might be hierarchical
triple systems where a main-sequence star orbits a WD /sdB-binary.
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Figure 5.2.: Kupfer et al. (2015) states a WD companion but an infrared excess was found
in the SED.

For 28 stars Kupfer et al. (2015) suggest a main-sequence companion because it either
shows up in the spectrum or a reflection effect was observed. The small separation be-
tween the subdwarf and its companion causes a heat up on one side or one spot of the
companion which leads to a varying flux emission depending on the orbital phase of the
binary system. These systems are therefore not analysed in this work since time-resolved
photometry in all passbands would be necessary in order to describe these stars prop-
erly. But most of the time only observations without known orbital phase are available.
Moreover most of these systems are already well-described because the combination of
light-curve and radial-velocity curve allows to fully solve the system and to determine
all relevant parameters of the system. A list of the 26 stars that show a reflection effect
can be found in Table 5.2. Two of these stars have a brown dwarf companion instead of
a main-sequence star (SDSS J082053.53+000843.4, SDSS J162256.66-+473051.1).
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Table 5.2.: Stars in the Kupfer sample which are known to show a reflection effect

HW Vir HE 0230-4323 KIC 9472174 ASAS J102322-3737.0

JL 82 V1405 Ori EC10246-2707 GALEX J032139.8+472716
KBS 13 PG 1438-029 HS 223142441  2MASS J15334944+3759282
PHL 457 PG 1329+159 NSVS 14256825 SDSS J192059.77+372220.0
AA Dor CPD-64 481 HS0705+6700  SDSS J082053.53+000843.4
Lan 30 HS 233343927 PG 1017-086 SDSS J162256.66+473051.1

PG 1336-018 BPS CS22169-0001

=
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(mag)
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g
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(a) HE 1421-1206 (b) SDSS J012022.94+395059.4

Figure 5.3.: Two stars where a main-sequence companion has been identified by Kupfer
et al. (2015). Only SDSS J012022.94+-395059.4 could be modelled with a
composite spectrum (Teg comp = 2700 K).

This leaves 4 stars where a companion was detected within the stellar spectrum:

e OGLEBUL-SC16 335: Here the SED could not be constructed due to insufficient
data points. This is because this star is in a very crowded field in the Galactic
bulge.

e HE 1421-1206 showed no signature of a companion in the SED. But the number of
available observations for this star is very low and also their quality is poor (see
Fig. 5.3a).

e HS2043+0615 also has insufficient data points.

e SDSS J012022.94+395059.4 showed a very small infrared excess which could be
described with a very cool main-sequence star (Tefcomp = 2700 K). The composite
SED fits are shown (see Figure 5.3b).

60 systems remain where the spectroscopic analysis left the nature of the companion un-
clear. 49 stars could be modelled with a single SED suggesting a white dwarf companion.
10 systems show an infrared excess and are modelled with a composite SED (see Table
5.3).
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Table 5.3.: Results of the composite SED fits in the Kupfer sample. The atmospheric
parameters of the subdwarf where fixed within the uncertainty of the spec-

troscopic values if available.

: Teft,s 0g gs — c - [0
Object TC:M‘; K] lloggﬁ z E(B-V) 6-10712 ;;:d i [°] Qual.
26600 200 5.97%0.15 3
PG 0850-+170 - 800 “000 1001195 0.00t990 1074702 3 90,9
29001809 4.807033 ' ' '
33810F 1380 5 g5+011 3
EGB5 -0 SO 10551048 0.001992 857107 18 13177
2300732} 5.001959 ' ' '
39788 1620 5867020 2
PB 5333 -0 “009 1018103 0.047900 12351031 98 63
0.00 . . .
43004200  5.0070%9
27000+ %9 5.38+0-90 3
SDSSJ183249.0 900 O 11.00%999  0.09799% 4477949 15 90t
250078300 4.2370-7% ' ' ‘
28200F 300 5 48+0.15 ) 3
SDSSJ011857.2 - 1000 “009 T 11001999 0067992 6517932 15 90t
290011105 3.987508 ' ' ‘
30968F ™9 5441020 3
SDSSJ204613.4 -0 SO0 1000028 0.05%993 3457012 12 90t
350051700 423755 ' ' '
262001 4100 5 78+0.13 3
PG 0940+ 068 - 1800 9 11001999 0.051992 11.81702%6 g T
28007200 5.0079-95 ' ' '
28000F 2990 .0910-11 1L*
PG 1253+284 2600 0T 41,0099 01119397 13.10t442 32 90t
+0.69
6600 +200  3.9979:%9
31000F 4200 ¢ 901090 2
PC 12474 554 1900 03 10471933 0.007990  14.60142 83 6112
0.00
5000 200  5.0019-%
256001 7300 4.907 (30 3
SDSSJ095101.2 +1.007595  0.0279%%  3.85792T 12 90F)

48001309

3.5078 5%
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Figure 5.4.: Two stars that show no infrared excess although according to Geier & Heber
(2012) a companion is visible in the spectrum.

5.3. Single and wide binary subdwarf B stars

The second sample consists of 105 sdB stars from Geier & Heber (2012), which are
either single stars or in wide binaries where tidal effects become negligible. The spectral
analysis in Geier & Heber (2012) showed that 71 stars are single-lined sdBs with no sign
of a companion. 18 stars on the other hand have a visible spectral signature of a cool
main-sequence companion. The orbital period of these systems should be long (in the
order of months or years). The separation between the two stars is therefore so wide that
they barely affected each other gravitationally.

For the 18 systems that show a MS-companion in the spectrum this could be confirmed
by looking at the SED except for three stars: for HS2125+1105 no statement about
a possible companion could be made due to a lack of infrared photometry. EC 00042-
2737 and EC 19563-7205 on the other hand have good coverage of the infrared part of
the spectrum (2MASS + WISE) but nevertheless show no sign of an infrared excess or
companion (see Figure 5.4). Hence the classification of these objects as a SB2 system
may not be correct.

In addition to these 18 stars there were 6 stars that also show an infrared excess or
yield better results when fitted with a composite spectrum although there is no sign of
a companion in the spectrum according to Geier & Heber (2012). These six stars are
HE 001640044, EC 03470-5039, HE 1519-0708, HE 1450-0957, GD 619 and PB 5333 and
are likely composite binaries. The results for the composite SED fits are shown in Table
5.4. The remaining stars could be well modeled with a single SED. The results for these
fits are shown in Table A.2 in the appendix.
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Table 5.4.: Results for the composite SED fits in the Geier & Heber (2012) sample.

Object Testsa [K] log gsa Tes Ms log gns e E(B-V)  d [kpc] Qual.
EC19563-7205° "> 240007 850 4.81793¢ - - 0.105001  0.9970:29 2
GD 619 v 341007 5500 5197025 4700T 189 5207950 6% 2 0.007005 1.79TiES 2
PB 5333"°% ' 36000£ §§3§ 5.98:{%:2% 4400 250 5207099 26t 2 0.02$§;§§ 0.41%-@2 2
EC00042-2737™ " 55000%,,,,9 4.60t580  — - - 0.0875:05  3.9479% 3
KUV 01542-0710 326001 7900 4.6015 50 4900t 1500 2007320 7t S 007007 7217212 3
HE 2322-0617 281001 5500 4.607¢0 5000 S0 3.5071f  18F'E 0.007005  6.37FLTF 3
PG 0258184 309001 T300  4.60Tg0 49007 300 5207990 2012 0.197015 4.6973%5 3
HE 00160044 267007 3200 4.607000 33007 300 4.8770% 14T 5 0.07700>  3.447097 3
HE 1254-1540 258001 5250 4.6071S0 4200t 290 4720 17t10 0.001005 531712 3
HE 1038-2326 263007 2500 4.607050 53007 300 3.00775 3973 0.007000  7.057355 3
TONS155 20800711200 6.2079-29 56007 200  2.007550 8T 0.007005  0.86757 3
HE 1221-2618 26700715000 6.2079-00 43007 500 4.78705 46730 0.13701% 053759 3
HE 1422-1851 274007 Sho0  4.60%0700  5600T Foo  3.00%35, 25Ty 0.00g0  9.697375 3
HS 2216+1833 39900710800 4.60750, 41007 g0 5207008 2575 0.34Tg0 2127037 3
HE 1450-0957" 3400075700 4.60700 29007 g0 2.007500 2577 0.09700 506755 3
PG 0909+ 164 31900T 3500 4.66705%  8800T 200 2.0075%  0f 5 0.027507 2597950 3
HE 1352-1827 38600755500 4.6015 50 5000F 500 5207990 57TIL 0.007088  11.17T555, 3
PG 21224157 1500074990 4.80%529 56007 1990 2.00%320 7t 0107022 1.531% 07 4
HE 2156-3927 30300171100 6.2070:90 48001 200 2377578 23130 0.001005  0.64753 4
EC 03470-5039"" 42000135500 4.867 05 47007 300 5207900 37t 0.007000  2.57Fi5) 4
HE 1519-0708™" 37700 5.78 3600 4.50 18 0.01 0.00 4
HE 1441-0558 26000729500 4.611589  4300F 200 5207000 55726 0.04700%  3.44720% 4
HE 1419-1205 32400 5.74 4600 2 - 0.21 1.00 4
HE 1200-0931 35300 6.06 6200 4 ~ 0.05 0.14 4
HS 212541105 38900715200 5.0075% - — 0.10739¢  6.29*¢7L 5

1o 1€ No infrared excess was found.

"eW Infrared excess was detected altough Geier & Heber (2012) did not find a companion in the spectrum.
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5.4. SPY

The third sample is drawn from the ESO Supernova Ia Progenitor Survey (SPY), which
is a large survey in search of double degenerate binaries meaning two white dwarfs as
potential progenitors of type la supernovae. The survey was carried out with the UVES
spectrograph at the Very Large Telescope (Napiwotzki et al., 2001; Stroeer et al., 2007).
In the course of this survey high-resolution optical spectra of more than 1000 white dwarf
candidates have been obtained. Among these 1000 objects about 140 misclassified white
dwarfs have been found which turned out to be hot subdwarfs of various types (Lisker
et al., 2005). This provides a homogeneous sample with high-quality, high-resolution
spectra with large wavelength coverage for each star. In Lisker et al. (2005) a sample of
76 sdB stars has been introduced. The spectral analysis of these stars exposed that 24
show signs of a cool companion in the spectrum. This could be confirmed photometrically
for all these stars except for HS 2125+1105 where no data in the infrared was available.
In addition to that, 5 stars have been found which have not been known so far to contain
a main-sequence companion. The parameter of the companions are listed in Table 5.5.
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Table 5.5.: Binaries in the SPY sample. The results for the subdwarf component are

shown in Table A.3 in the Appendix.

Object Lisker et al. (2005) Tef (comp) 4= E(B-V)
HE 1038-2326 F7 53607230 5175 < 0.011
HE 1140-0500  G1 490072900 9.8795  0.12700%
HE 1221-2618 GO 4510 £110 51712 0177008
HE 1309-1102 G9 5300 5.5 0.3
HE1352-1827  G3 50001500 54722 <o0.21
HE 1422-1851 F9 58201750 40t <0.09
HE 1441-0558 G5 4340 +£70 6277  0.10£0.07
HE 2156-3927 K3 47407315 203723 <0.06
HE 2322-0617  G9 50001000 187%2 <0.12
HE 2322-4559 G4 320071000 3715 <0.029
HS1536+0944 KO 52407500 457%  0.08£0.08
HS 2216+1833 G1 Photometry blended
PG0258+184  G8 50001400 23t 0.15%09°
PG21221157  F7 60007000 20712 0127018
TON S155 F7 800015000 2812l 0.10870 9%
HE 1200-0931 K1 5200 7.0 0.28
HE 1254-1540 K7 43001300 2178 < 0.08
HE 1419-1205 K5 4600 7.6 0.2
KUV 01542-0710 K2 52007200 7.873%  0.0440.04
HS2125+1105 K4 not enough photometric data
HE 1459-0234 - 58001730 70tE 0.071051
HS 153040542 - 6270155 45718 0.16700%
CGD617 ~ 65501320 70+60 <0.01

1700 177 0.09
GD 1237 - 470011500 24710 0427003

Formerly unknown binary systems (composite)

HE0016+0044 314075% 1673 0.0800 053
HE 0230-4323 - 50007500 13.911% <0.05

HE 1450-0957 - 2900t40y 25715 0.08775:519
GD619 - 450071250 7.0T35  0.008T0 008
HE1519-0708 3100 24 0.015
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5.5. TGAS

A sample of 181 sdB stars in the Tycho catalog in preparation of the upcoming Gaia
data release was also examined. The Gaia satellite is a space observatory aimed at the
astrometric measurement of approximately 1 billion astronomical objects. It will provide
very precise measurements of position, distance and apparent motion of many stars. In
order to disentangle the parallax and the proper motion roughly 14 measurements of
each star have been made so far. But because this is not sufficient the Gaia data will
be combined with positions extracted from the Tycho-2 catalog, based on data taken
between 1989 and 1993 by Gaia’s predecessor, the Hipparcos satellite. That is why stars
which are both in the Tycho and the Gaia catalog will be released first on September 14,
2016 and therefore are of particular interest (Michalik et al., 2015).

This leads to a very diverse sample with all kinds of hot subdwarfs. The sample contains
some very hot (Teg > 50000) subdwarfs which cannot be examined with the current SED
model grid, since its maximum temperature is 50000 K. Also there is a sizeable amount
of helium rich subdwarfs (z > —0.5) which also are not covered by the grid. A list of the
stars in this sample that could not be modeled can be found in Table 5.6.

Moreover there were 2 stars (PG 1051+501 and KUV 16256+4034) where the photometry
was blended by nearby stars and therefore the results were discarded.
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Table 5.6.: 23 Stars in TGAS sample which can’t be modelled because either their he-
lium abundance or their surface temperature is too high. The values for the
effective temperature and log y are obtained by a spectroscopic analysis.

Object Teg logy
FB3'e 38000 -0.2
SB 705 45090 1.0
JL 285 41000 2.3
PG 0314+146 47520 0.9
CD-31 4800 43000 2.75
GALEX J07581-0432 41360 0.54
UVO 0832-01 44000 2.0
UVO 0904-02 46200 1.91
GALEX J09529-3719 44230 0.53
CD-249052 41700 -0.35
HD 113001 41000 0.5
HD 127493 42500 0.62
GALEX J17558+5012 40370 1.3
LSIV+109 45700 0.78
JL87 25800 0.33
GALEX J19111-1406 55970 0.25
BD-+37 442 60000 —
BD-32179 62000 0.3
CD-5111879 72300 0.02
CD-45 5058 75000 0.5
LSE 153 70000 —
LSIV-121 60000 -0.950
BD 284211 81300 -1.120

e infrared excess was detected
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5.5.1. Feige 34

One of the stars with an effective temperature above 50000 K could be analysed with
a synthetic model provided by Dr. Marilyn Latour. This stars is commonly known as
Feige 34 and has an effective temperature of 63000 K and a surface ratio log g = 6.0.

In the SED (Figure 5.5) the signature of a cool companion was detected. The parameters
of the fit were:

Teft,sd 63000 K (fixed)
log gsa 6.0 dex (fixed)
Teff,comp 3300-3800 K
log gecomp 2.3-4.13 dex
Ac /Ay 22.5-29.5
E(B-V) 0-0.01

distance 247-254 pc

The slight deviation in the ultraviolet could be a sign of a metal deficiency in the used
model.
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Figure 5.5.: Spectral energy distribuion of Feige34. A cool main-sequence companion
was modeled as well.

5.5.2. The restricted TGAS sample

101 stars in the sample could be modeled by a single SED since they show no sign of a
cool companion. For all these stars both the effective temperature and the surface gravity
were restricted to lie within the error margin of the spectroscopic values in order to get a
well defined distance. The results can be found in the Appendix in table A.4. But there
is also a quite large fraction of stars that could only be modelled with a composite SED
because there was an infrared excess (54 stars). The results for these fits are shown in
the Appendix (Table A.5)
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5.6. Combined results of four surveys

In order to test the performance of the photometric analysis, the photometric results of
the four sample previously discussed, were compared to spectroscopic ones (see Figure
5.6a). A color and symbol coding was used to show the different quality grades (see cap-
tion). The general trend is the worse the photometric quality the larger is the scattering
of the data points. A closer examination has been carried out by fitting a linear function
two the data in each grade individually (see Figure 5.7). For grade 1, where observations
in almost every photometric system including the narrow band filter Hbeta are available,
the deviations from a line through the origin are very low. The Root-mean-square error
(RMS) is about 1000 K. For all other grades the scatter becomes large for stars hotter
than 40000 K. Therefore we exclude them from the fit. This gives Root-mean-square
errors of 2420 K for grade 2 and 3391 K for grade 3.

Grade 4 shows larger scattering because here observations in the UV are completely
missing (there isn’t even a U-Band observation). The quality 5 category though yields
better results again because an U-Band observation is present. And for the worst grade
(6) the effective temperature cannot be restrained at all.
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Figure 5.6.: Comparison between results for the effective temperature from photometry
and spectroscopy and for the reddening with the extinction map from Schlafly
& Finkbeiner (2011). Only stars that could be modelled with a single SED
where taken into consideration here. The colors and symbols encode the
quality of the data: darkred circle = 6, red cross = 5, orange asterisk = 4,
yellow cross = 3, green triangle = 2, darkgreen square = 1. The straight line
indicates equality.

Beside the comparison with the effective temperature from spectroscopy, a comparison of
the determined interstellar reddening F(B — V') with values gained from the extinction
maps of Schlafly & Finkbeiner (2011) was carried out (see Figure 5.6b).
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6. Large subdwarf catalog

The last sample was a compilation of all larger subdwarf catalogues by Dr.Stephan
Geier. This yields a very large and heterogeneous sample of roughly 4500 stars from
various sources and with a wide range of parameters. This also means all the stars
from the samples discussed in the previous section are included. The main aim of the
investigation of this sample is to provide distances and reddening for kinematic analyses.

For about a third of all stars (1600) atmospheric parameters are available from spectro-
scopic analysis. For these stars the effective temperature and the surface gravity were
restricted to be within the uncertainty of the spectroscopic values in order to get a well
constrained distance and to improve potential binary fits, where the determination of
the effective temperature of the hot subdwarf can become more and more difficult with
increasing brightness of the companion.

The analysis of these 1600 stars reveals that roughly 20% of them shows an infrared
excess. The classification into single SED fit and composite SED fit allows to compare
the distribution of the atmospheric parameters of stars with no visible companion and
stars which show signs of a cool main-sequence companion (see Figure 6.1 and 6.2). The
distribution of the effective temperature for single SED stars peaks at around 30000 K.
The composite SED stars on the other hand exhibits a small dip at this region instead
stars accumulate at around 36000 K. Figure 6.2c shows that the majority of the cool
companions have an effective temperature of about 5000 K and therefore most likely are
G- or K-type stars.

The ratio of the surface areas, which is one of the fitting parameters in case of a composite
SED, can be used to calculate the radius of the companion. The ratio of the areas can
be expressed by the ratio of the stellar radii squared A./Asq = R2/R2, and the radius of
the subdwarf can be calculated via R = Y. Note that this is only an approximation
because one has to assume a canonical mass for the subdwarf and the uncertainty of the
surface gravity propagates to the uncertainty of the radius. But nevertheless this can be
used to get a rough estimation about the consistency of the composite fit. For the sample
where the surface gravity is known from spectroscopy and therefore the uncertainties are
not too big, the radius of the companion was plotted against its effective temperature
(see Figure 6.3). Since most of the companion are rather cool they tend to evolve very
slowly and therefore most of them should be found on the main sequence. For comparison
the radius and effective temperature of typical main-sequence stars is also plotted (black
line). One can see that apart from a few outliers the radius is suitable for a main-sequence
star.
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Figure 6.3.: Radius of the companion plotted against its effective temperature. The black
line indicates the radius-temperature relation for a solar-metalicity main-
sequence star. The mean uncertainty is plotted at Teg = 10500 K. Note
that there is a large variance and that there are many points with lower
uncertainty (this depends on the quality of the photometric data).

For the remaining 2900 stars no atmospheric parameters are accessible and must be
obtained from the photometeric fitting. This is especially difficult for the surface gravity

as previous discussions showed. Unfortunately the surface gravity strongly affects the
4902];4
contributor to the uncertainty of the distance. To still be able to constrain the distance
to some extend we used evolution tracks of hot subdwarfs to link the surface gravity
to the effective temperature (see Fig. 6.5). Most of the stars should be found on the
Extreme Horizontal Branch (EHB) where they are in the state of helium core burning.
The beginning of the EHB is marked by the Zero Age EHB (ZAEHB) and the end is
given by the Terminal Age EHB (TAEHB) which is the point where all the helium in
the core is burned. After that the stars start to burn helium in the shell and expands
slightly but this does not last for long and the subdwarf evolves towards the white dwarf
cooling sequence. Figure 6.4 shows the evolution of several stars with different envelope
masses in a Teg — log g diagram. The Extreme Horizontal Branch band is also shown
in this figure indicated with two blue dashed lines. Stars on the EHB have constant

determination of the distance since d = and therefore log g probably is the major

luminosity L = 4nR?0T* or by using g = GJ~TA2/[ one can substitute R with g which
gives L = 47rGTMT4. Therefore, for constant mass and luminosity the surface gravity

is proportional to the fourth power of the effective temperature g oc T¢. The constant
of proportionality is determined by fitting a power law through the beginning of the
evolution tracks for various masses which gives the ZAEHB and fitting through the point
where the helium abundance in the core reaches zero which gives the TAEHB. For a
given temperature the surface gravity log g then should be within these boundaries. The
evolution tracks used here are taken from Dorman et al. (1993). A comparison with
the 1600 stars where atmospheric parameters were already determined by spectroscopy
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Figure 6.4.: Evolution tracks of sdB stars (black). The dashed lines in blue mark the
ZAEHB and TAEHB.

(Figure 6.5) shows that a large fraction of the stars lies above the TAEHB. This indicates
that the theoretical EHB is too narrow. One explanation is that the lifetime on the EHB
is increased by convection and overshooting which increases the amount of helium in the
core. Therefore a wider constrain (blue line) is chosen to cover the majority of stars in
the plot. In addition, above 35000 K a constant relation between log g and temperature
is assumed to cover the population of helium rich subdwarfs. With these constraints
the uncertainty of log g should be +0.3 dex if the temperature is well-constrained. This
translates into a uncertainty of about 30% for the distance.

The analysis of the 2900 stars without atmospheric parameters from spectroscopy reveals
that approximately 1600 stars show no sign of a companion and circa 1300 star exhibit
an infrared excess. The distribution of the effective temperature shows a pile up of stars
at both the hot end and the cool end of the grid (Figure 6.7a and 6.8a). This causes a
pile up in the surface gravity as well (Figure 6.7b and 6.8b) since they are linked by the
constrains discussed above. The stars where the fit converges to parameters at either the
cool or the hot end of the synthetic model grid are removed from our sample because the
parameters are obviously not reliable.

The distribution of the companion’s effective temperature (Figure 6.8c) peaks around
5800 K which is roughly the temperature of the sun and therefore is a G-type star.

For the composite SEDs the ratio of the surface areas A./Asq was plotted against the
effective temperature of the companion (Figure 6.6). With increasing temperature more
and more stars show higher surface ratios as one would expect. There are also a couple
of stars where the surface ratio hits the limit of 1000. These stars either have poor
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Figure 6.5.: T-logg diagram of all hot subdwarfs with spectroscopic atmospheric pa-
rameters in the sample. The green lines indicate ZAEHB and TAEHB for
different metalicities. As one can see the theoretical TAEHB is 0.3 dex too
low. Therefore the adopted constraints for log g are given by the darkblue
line.
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photometric data, an already evolved and expanded companion or are simply misclassified
and are rather main-sequence stars of spectral type A to F. A spectroscopic analysis of
these stars is needed to obtain additional information.
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Figure 6.6.: Ratio of the surface areas of subdwarf and cool companion plotted against
the surface temperature of the companion.

Looking at the various distance distributions one can see that there is a fraction of stars
with a distance larger than 3kpc. These objects are probably halo stars but for absolute
certainty, a kinematic analysis with Gaia radial velocities must be carried out.
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Figure 6.8.: Composite SED (infrared excess)
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6.1. Multi-colour optical photometry BATC

Within the large sample of subdwarfs 8 stars lie within one of the observed patches of
the sky of the BATC survey (see section 4.1.1). These stars therefore have very good
optical coverage because the BATC survey consists of 15 intermediate-band filters evenly
distributed over the visual range including the U-band. To check for consistency and to
further improve the fit all observations from the other photometric systems were added
as well.

Table 6.1.: Atmospheric parameters of the primary

Object \Y% Tphot/Tspec  logg E(B-V) d [kpc] z Qual.
ie. 381007 5500  5-8370:3% 40.04 +0.74 +128 3+
PG 2223+171 14.73 4780041300 5674013 00270%s 126705 —0.50753
+ 190 +0.09
PG0132+151 15.25 30000* 0 f'13*0-17 0.12%501  1.557930  —1.001525 3t
- F 0 F0.58
HS 1753-+7025 15.37 P00 2087 5-00-071 g ogront 37070 1007209 T
255007 500 4.947078 3+
SDSSJ123137.55+074  17.21¢ O o= 200 0 om0 0.0479:02 7497129 —1.0072%9
28300T 1500 5.1070.7 3+
g — 1000 —0.22 +0.01 +0.48 _ +1.91
SDSSJ215648.71+003  17.68 2308004800, 577e0 1y 003700 857ILT 1.00+55%
500007 g0 6.127000 A 3+
SDSSJ214307.36+005  18.787 o= 8120 Lm0 0231502 5161537 +1.001550
+ 1700 +0.70
SDSSJ 121856.75+465  19.079 f8400* 2200 ?'47*0-05 0.071502 15797558 —1.0010%3 4t
+ 3100 +0.78
SDSSJ223740.40+134  19.287 26500= So00 499030 0.061007 17.8775 01 —1.00%500 t

Table 6.2.: Atmospheric parameters of the companion

Object Tesr log g sur-ratio
PG2223+171 4900 £ 100 5.2075390 4772
HS 175347025 72007500  5.2019:00 63117

e infrared excess was detected
&SDSS g was used instead of Johnson V

Table 6.1 shows the results for the SED fitting with BATC data. As one can see the
results are in very good agreement with the spectroscopic values. Figure 6.9 shows the
spectral energy distribution for each of the 8 stars with BATC data. PG 2223+171 and
HS 1753+7025 both clearly show an infrared excess. The results for the composite SED
fitting are shown in Table 6.2. The companion of PG 2223+171 seems to be a K-type
star with a temperature of roughly 4900 K and the companion to HS 175347025 should
be a F-type star with a temperature of about 7200 K.

As one can see the large number of passbands evenly distributed over the optical range
remarkably increases the accuracy. With the third data release (DR3), Gaia will provide
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similar data. There are two Photometers, a blue and a red one, which obtain low-
resolution spectro-photometry. The two photometer have a resolution between 30 and
270 A /pixel and cover the wavelengths from 3300 A to 10500 A. This means there should
be approximately 70 passbands including about 10 bluewards of the balmer jump. This
should give very accurate SEDs for a lot of stars and hence be a good tool to determine
their effective temperature and interstellar reddening.
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Figure 6.9.: SEDs for stars with BATC photometry

70



7. Conclusion

The stellar parameters and distances are the most fundamental parameters of the stars.
The most reliable atmospheric parameters can be obtained by quantitative spectral anal-
yses using sophisticated model atmospheres. Generally this has to be done for each star
individually and hence is very time consuming. Spectroscopy can also be quite costly
since large telescope are needed for high-quality spectra of faint objects.

Using photometry can be an alternative because modelling the spectral energy distribu-
tion of a star with the aid of photometric observations over a broad spectral range also
allows to determine the fundamental stellar parameters. This gives an excellent tool to
analyse larger samples of stars. Atmospheric parameters like the effective temperature
and the surface gravity can be determined as well as interstellar reddening. Also the
distance can be given derived if a mass estimate is available. In the case of sdB stars the
canonical mass of 0.47 Mg can be adopted.

For hot stars like sdBs and sdOs the observation in ultraviolet light is very important
because they emit most of their flux in that region. It also allows to sample the Balmer
discontinuity which is very sensitive to changes in effective temperature but also slightly
to surface gravity. Therefore a good observational coverage of the Balmer jump highly
increases the accuracy of the determination of the atmospheric parameters. The effects
of interstellar reddening are also most dominant in the ultraviolet and properties like
the extinction bump at 2175 A are only observable in the UV. In addition differences in
metalicity can only be detected in the ultraviolet since there the number of absorption
lines of metals is quite high and therefore the opacity in the ultraviolet increases with
the number of metal atoms as more and more light can be absorbed. The metalicity
effect in other spectral regions like the visible or infrared is negligible. Unfortunately
photometric measurements in the ultraviolet always face the problem that the extinction
of earth’s atmosphere and in particular the absorption of light by the ozone layer rapidly
increases in the UV. This makes ground based observations in the ultraviolet very diffi-
cult to impossible. The U-Band as it is realized in photometric systems like the Johnson,
Stromgren or Geneva is one of the few ground-based photometric passbands that slightly
probes the longer wavelengths of the UV. It is sufficient to sample the Balmer jump but
does not cover the interstellar extinction bump or helps when trying to determine the
metalicity. Also observations in the U-Band are less frequent and bear larger uncertain-
ties because they involve difficult corrections of the atmospheric extinction. Therefore
observations from space are necessary where atmospheric extinction by the earth does
not play a role. The GALEX mission performed photometric measurements for a large
number of point sources but unfortunately the observations of the GALEX satellite are
not at the level of accuracy required. Instead spectra obtained during the IUE missions
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are taken and converted into photometric observations using special purpose box filter.
In this way the spectral range from 1300-3000 A is covered for those stars where IUE
spectra are obtainable and metalicity and interstellar reddening can be determined.

Although the metalicity could not be determined for most stars because observations in
the ultraviolet were missing, we left the metalicity 2z as a free parameter because it influ-
ences the determination of the distance. A larger value of z means more overall absorption
leading to a larger distance because the object appears dimmer. Therefore the uncer-
tainty of the metalicity increases the uncertainty of the distance. er der Zweitgutachterin
gegengezeichnet werden kann . Sollten beide There was also a significant fraction of stars
that showed an infrared excess in the spectral energy distribution. This is most likely
a sign of a cool companion. We could model these systems with a composite SED, a
combination of the SED of a hot subdwarf and the SED of a cool main-sequence star.

For the SED of the hot subdwarfs a synthetic model grid was calculated using the AT-
LAS12 code (Kurucz, 1996). The grid covers an effective temperature range from 20000 K
to 50000 K and surfaces gravities log g from 4.6 to 6.2. The wavelength coverage of each
SED is from 300 A to 100000 A (far UV to far infrared). This wavelength range is sam-
pled by 27720 data points. The metalicity of the synthetic models can vary between a
tenth and ten times the typical chemical composition of a hot subdwarf.

For the main-sequence companion a synthetic model grid was downloaded from the G6t-
tingen Spectral Library (http://phoenix.astro.physik.uni-goettingen.de/). These
models were calculated using the stellar atmosphere code PHOENIX (Husser et al.,
2013). The temperature of this grid ranges from 12000 K to 2300 K and the surfaces
gravity from 2 to 5. The metalicity is fixed to solar. The wavelengths from 500 A to
55000 A are covered. This wavelength range is sampled by 47006 data points.

But this increases the number of free parameters and introduces degeneracy among them
because not only the atmospheric parameters of the hot subdwarf (Teg, log g), the inter-
stellar reddening E(B-V) and the distance have to be determined but also the atmospheric
parameters of the companion and the ratio of the surface of the two components. This
makes it difficult for the minimization algorithm to find the best fit. Most of the time
the best fit is only found in the confidence level computation where a large fraction the
parameter space is sampled. Nevertheless stars that showed an infrared excess could
be modelled quite well with a composite SED and the results for the companion are
convincing.

In this work 5 different samples of hot subdwarf stars from various sources and of different
nature were analysed.

The first sample consisted of 142 short period binary systems containing a hot subdwarf
compiled by Kupfer et al. (2015). In order to clarify the nature of the companion and to
check the already known systems for consistency the spectral energy distribution for all
systems has been constructed. For systems with a white dwarf companion it should be
possible to model them with a single SED with hot subdwarf characteristics. Systems
with a cool main-sequence companion should show an infrared excess and therefore should
be modeled by a composite spectrum of a subdwarf and a MS-star. For 42 of these stars
the companion could be identified as cool-main sequence companion. Amongst them are
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26 stars which are known for showing a time-variable reflection effect and are therefore
omitted in this work. For the remaining subdwarfs the nature of the companion could
be limited to a very cool star, a white dwarf or an substellar object.

The second sample consists of 105 subdwards discussed in Geier & Heber (2012) which
show no periodic variability in the radial velocity curve. The existence of a cool com-
panion could be confirmed for the 18 systems where the signature of a companion was
already visible in the optical spectrum. In addition six new systems with cool MS com-
panions were found. Since all these systems show no radial velocity variability the orbits
must be wide so they don’t interact gravitationally. The remaining stars of the sample
could be modelled with a single SED properly.

Sample 3 consists of 76 sdB stars found in the SPY survey by Lisker et al. (2005). The
photometric analysis showed that 29 stars probably revolve around a common center-
of-mass with a cool main-sequence companion. The remaining stars showed no infrared
excess and were modelled with a single hot subdwarf SED.

The fourth sample prepared for the first Gaia data release and consists of 181 stars.
Due to limitations in the model grid only a fraction of this heterogeneous sample could
be investigated. 23 stars had to be dismissed because either their temperature or their
helium abundance was too high. 54 stars showed an infrared excess and where modelled
with a composite SED whereas 104 stars showed no sign of a companion and could be
modelled with a single SED.

After the investigation of the large sample compiled by Dr. Stephan Geier we could
conclude that more than 30% of all hot subdwarfs show signs of a cool main-sequence
companion in the spectral energy distribution. Furthermore the interstellar reddening
and the distance of approximately 4500 hot subdwarfs was determined. Among them is
a large fraction of stars with distances larger than 3kpc. These objects are most likely
halo stars, but only a kinematic analysis with Gaia’s radial velocities will give absolute
certainty.
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A. Appendix

Table A.1.: Results for the single SED fits in the Kupfer sample (see section 5.2)

Object

Terr [K]

logg

V4

E(B-V)

0

Quality

PG 1619+522
Feige 108

PG 10324406
CD-24731

PG 0839+399
TON S135

PG 09344186
PG 0958-073
TON 245

PG 13004279
HD 171858
[CW83]1735+22
PG 1000+408
PG 14524198
PG 12304052
TONS183

KPD 221545037
PG 16484536
PG 01014039
PG 15194640
PG 1743+477
[CW83] 1419-09
PG 09194273
CS 1246
PG 1110+294
PHL 861
HE 1448-0510
PG 09074123
PG 1244+113
PB 7352
KPD 0025+-5402
V1093 Her
KPD 204043955
PG 15124244
PG0133+114
HE 1047-0436
PG 23314038
HS 2359-+1942
HE 2135-3749
PG 09184029

32100F 1999
30200F 1500
29700% 00
33100F 1500
31700F 7300
24400% 700
30900T 3900
26100° 500
25200° 500
30300° 1500
271007 8%
317007 3390
41500115200
29000 3500
28300° 1500
25900° 300
288007 3700
27900 3500
276007 1300
28100 5000
28000 1300
492007 2500
351007 3500
55000t19212
25000% 3399
25100F #3500
30400F 1500
25900F 5200
35300° 1300
241007 1300
23600° 3500
23100F 2300
226007 3100
31700F &500
23600° 1200
27500° 3500
26100% 1390
25600% §190
23600% 3000
31200F 1500

5.7310 05
5.561010
5.79*{?%?
6.2010-00
5.96+020
5.20+0'26
5.8210-38
5.27+0-50
5931021
5.94102¢
5591032
5271077
4807057
6.20+0:00
5.8070-40
5.627017
5.41+0:30
5.27+0-93
5.65+049
5.88+032
5917929
6.1970-02
6.1179:92
4601101
5111101
5471074
6.2015-92
5197072
6.2070-00
4.607029
4.6010:77
4607107
460709
5727048
5.3010:52
6.2079:98
4.81403
4601580
4.60°1%
6 20+0f00

-4Y_0.90
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0.1242029
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~1.0075:76
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1004500
1.0019:99
1.0019:90
1.00+000
0,00 107
0.1710:64
_1.00+200
1,007
1.0079:00
—0.007088
1.0070:00
0.93+0:07
1 0012'00
-UU_0.00

+0.02
o057
0.00+00%
0.01+0°01
0.01+902
0.0070:01
002799
0.0475°01
0.0479:5¢
0.01F0:02
0.00+003
0.041002
0.03+002
0.00+9%
0.11+004
0.06+00>
0047992
0017993
0047992
0.05+0:02
0.48F0:04
0.0270:03
001703
0.06+002
0011902
0.03%002
0.03+0°C1
0091003
0.0179%2
0.1979:92
0.06799%
0.05+001
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+0.34

20 2570
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16.34132
15.2670 72
9.551075
9.81$§;§i§
6907 55
6.94705¢
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PG 11164301

PG 1248+164

PG 17254252

HE 1059-2735

PG 00014275

HE 1318-2111

KUV 162564034
GALEXJ234947.7+384440
Feige 48
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KPD 193042752
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SDSSJ095238.93+625818.9
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SDSSJ150513.52+110836.6
SDSSJ225638.34+065651.0
SDSSJ172624.09+274419.3
SDSSJ113840.68-003531.7
SDSSJ083006.17+475150.4
SDSSJ152222.14-013018.3
PG 1439-013
EC20369-1804
EC12408-1427
EC13332-1424
HS1741+2133

KIC 11558725
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V2579 Oph
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GD 687
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EC20182-6534
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PG 1558-007

PG 14034316

HE 2150-0238

PG 0849+319
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265007
24700%
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540007,
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275007
20100*
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7500
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0
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Table A.2.: Results for the single SED fits in the Geier sample (see section 5.3)

Object Terr [K] log g z E(B-V) d [kpc] Qual.
HD 205805 25400F 300 5137928 —0.357920  0.027001  0.227059
Feige 65 24900 390 5.86%92L  0.00*51l  0.00T50L  0.2270-88
HD 4539 24200F 990 5.34%035 0714045 0.027502 0177952
PG 14324004 24100F 1490 4 90%0-6%  _0.83+9-61  0.067092  0.8470:%0
BD-+482721 21500 190 4.60%92>  —0.861932  0.0379:02  0.43709L
PG 03424026 23800F 190 573%022 g 9gtt12 g 10001 (5 13+0-00
GD108 25700 290 477047 0561936 0.047001 1567030
SB 485 280007 oo  5.647055  —033Tg%  0.03%ph 0.5270%
Feige 38 27300F 1490 6201000 27+021 0 5%0:02 (957005
[CW83|1758+36 309007 G500 5.907037  —0.0170%5  0.027507  0.197008
PHL 932 285001 1790 4.601520  —0.621537  0.017502  1.0870%3
PG 09094276 28500F 1200 6.15%5:9% 0524510 0.017502  0.2070%5
[CW83]0512-08  34400F 2590 5917922 0.247027  0.057051  0.197588
HE 0151-3919 21500F 200 4.6070%0  —1.0070 05 0.017007  2.3270:09

EC15103-1557  21300% 1300  4.6070%c  1.00%095  0.067005  1.2170-0%
EC11349-2753  24100% 3300  4.60%05, —0.00%10) 0.055007 1.1970¢
+ 4800 +1.20 +1.01 +0.03 +0.14
Tl Medl oai g MSH
— 900 . —0.52 . —2.00 . —0.02 . —0.02

PG1653+131  24000% 'g00  4.60%050  —0.007%50  0.03%00)  2.6770%
HE2237+0150 245007 200 6207000 10073% 010700 o.s2ridd
PHL 44 231007 39 61200 100199 0.0370% 028702
SB815 250007 48 o0t 0s2rt 000 8 0e2t
HE2201-0001 313001 3500 4.60T0%,  —1.00T500  0.08T0703  8.37 %
PG2205:023 227007 000 563700 L0070 00470 072fir
PG 23144076 28500° 1900 4.60T0707  —0.007000  0.107005  2.127000
EC12234-2607 265007 2500 4.60750,  0.09797,  0.08700%  2.13%020
PG 2349+002 263007 ,o00  5.86T0 50 —1.005505  0.05T001  0.38%010
PG 1549-001 20000* 3200 4.60*050  —0.00710, 0.117002 4184020
HE2349-3135 189007 jo00  4.60707, 1007900 0.007000  4.92705
HE0007-2212 270007 550 4.60%(55  —1.00%500  0.007500  4.1375:5,
LB 275 219001 1300 4.6010500  —1.007200  0.097005 29310
PG 13034097 259001 1200 4.60f050  0.68%0%s  0.027007  3.20790%
HE2222-3738 252007 j500  6.2070:5)  0.917097  0.00T007  0.60%070,
PG 17104490 288001 3200 4607052 —1.007005  0.037052  1.53708¢

EC 14248-2647  27500T $500  4.607505  —0.12F543  0.047005  1.007015
HE 02070030 321007 5300  6.20799%  1.00t595  0.057005 0.91752!
KPD2109+4401  27100T 5700  4.607555  1.005509  0.06700;  1.9179:2)
EC21043-4017  39300T §500  4.607505  —0.2710%7  0.057005  2.2379:2]
HS 203340821 550001 050 4.7670717  1.005900  0.14700% 4181993
PHL 555 290001 3500 593103 —1.007200  0.007007  0.5470:7%
PG 1219+534 36800F 300 5427078 1007045 0.007992  0.90*152
HE 1050-0630 33300711300 579042 100200 0.007993  0.87F012
EC13047-3049 35000120000  4.607550 —0.2475:98  0.05700;  1.8079:5%

WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWUWWLWWNINoNeN0N0N0N0NDNDNDND R~

PHL 334 320007 2100 580704l 1007200 0.017992  0.5070 30
Feige 49 303007 990 5177980 1.00t009  0.04790L  0.9470:59
HE 1021-0255 44000711100 4607100 —1.00tL07  0.087993  6.7370-59
HE 0101-2707 55000% 400 4.607500 100900 0.08700%  7.23+0-21
PG 1207-032 38000F £90°0  6.207000  —0.94tL 0% 0.047005  0.387212
PG 1505+ 074 26800F 1390 4601946 1,00%9-90  0.00799L 1.3470-03
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HE 1407-+0033
PG 16164144
EC00042-2737
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Table A.3.: Results for the sdB component of the stars in the Lisker sample (section 5.4)

Object Ter [K] logg z E(B-V) 6-10712 Qual.
PHL 932 285001 1700 4.601000  —0.617057  0.017007  23.65105) 2
SB485 267007 100 6.047057  —0.197031  0.011001 15397037 2
GD 619" 33300T 3300 5.16702L  —0.00%070  0.00T00;  7.22%050 2
HE 0101-2707 4900018550 4.607 550 1.007590  0.107505  3.8275%% 3
HE 0123-3330 550007 59600 4.807550 1.00T900  0.16700%  3.30759 3
HE 0151-3919 21700" 590 4.601500  —1.0075 05 0.01790%  11.0470328 3
HE 02070030 322001 00 6.2079:00  1.007900  0.05100%  4.4470%0 3
HE 1021-0255 44300119700 4.6070:05  —1.007000  0.08T00%  3.8170% 3
HE 1050-0630 31700115700 5137025 —0.8610 1, 0.00100%  7.8510%0 3
HE 1407+0033 331001 5300 6.2070-9%  1.001900  0.02700%  3.79707% 3
HE 2201-0001 313001 2500 4.607000  —1.007500  0.08T00%  3.067037 3
HE 220840126 24900T 3500 6.207008  1.00%000  0.057003  4.71701% 3
HE 223740150 245007 T300  6.2070°00  1.00%000  0.107005  4.94701% 3
HE 2307-0340 227001 1500 6207009 1.00709%  0.071007  5.83T00% 3
HS 203340821 52000% 3900 4.60%g0,  1.0075:00  0.14%008 5237057 3
HS 235742201 24300T $300  4.607500  0.68%0 s 0.07T003  10.011077 3
GD 687 252001 2300 4.60102  —0.001020  0.047002  10.507037 3
PG 1207-032 38000F fo00  6.2010907  —0.94709%  0.047005  10.67T0% 3
PG 1549-001 290001 5300 4.607090  0.007100  0.117002  6.167030 3
PHL 555 _ 315001 1500 5.72709%  —1.007300  0.017007  9.62707% 3
HE 0016+0044"* 270001 3900 4.607¢00  —1.007500  0.07t00%  7.48%0% 3
HE 1038-2326" 257001 000 4.607000  —0.947007  0.00700%  3.73T10% 3
HE 1140-0500" 34500120000 4.60T5 00 0.88F0Rr  0.1270 10 5.23%00 3
HE 1221-2618" 28900F gooo  4.60T550  —1.00%500  0.167005  7.56107¢ 3
HE 1254-1540" 25800F {200 4.60T500  —1.00%500  0.007005  4.84700% 3
HE 1352-1827" 389001 3°200  4.607000  —1.007300  0.00105%  2.287570 3
HE 1422-1851% 273001 2500 4.607000  —1.007500  0.001005  2.68T0% 3
HE 1450-0957" 34000115300 4.60%550  —0.795550  0.095005  5.071070 3
HE 2322-0617" 281007F gigg 4.6031);@(1) —1.00$§;§§ 0'00$§1§§ 4.035;73‘5;7 3
HS 1536-+0944" 550007 5459 4.607005 1.0059:05  0.20%00s  3.04727527 3
HS2216+1833" 53200745500 5.00%5% 1007500 0417055 10.84%2%27 3
KUV 01542-0710" 321007 2500 4.60%50;  —1.00700  0.06700¢  3.597038 3
PG 0258184 307001 7300 4.607000  —1.000500  0.17101% 5331070 3
HE 1459-0234" 33600° goo0  4.60155  —1.007200  0.07t50r 4237311 3
HS 15304-0542" 3200075500 6.2070°00  1.00%900  0.16709%  6.6173%0 3
GD617" 41700113300 6.207992  —1.0072%0  0.0070:9;  2.72t2% 3
HE 0007-2212 26500728900 4.6015 05 —1.007500  0.007507  6.347950 4
HE 0306-0309 178007 5300 4.60T000  —1.001%00  0.00%0:00 4597080 4
HE 0321-0918 5190073500  5.007077  1.0019:0%  0.17F00%  3.89%5%5 4
HE 0539-4246 22400F 3300 5.3870%0  —1.00%500  0.00T00; 8471 0% 4
HE 0929-0424 27500135000 5.54T0 00 —1.00%500  0.10T0 0 4151150 4
HE 2151-1001 543007500  4.80T53,  1.005000  0.10709F 277 Rl 4
HE 2222-3738 26300115500 6.1679:25  0.00T100  0.005008  6.87101% 4
HE 2238-1455 521000,5700 5200500 1.005500  0.127005  2.61109% 4
HE 2349-3135 187007 5000 4.607050  1.00T900  0.00%005 5267037 4
HS 204340615 ~ - - - - 4
CBS 275 ‘ 15000 *78 4.60%500  —1.00T560  0.0050700 10407056 4
HE 0230-4323" 378001712500  6.2079:0)  1.007900  0.007005  7.48%7i5 4
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HE 1200-0931" 26400 4.76 -0.34 0.31 0.00 4
HE 1309-1102° 15000 6.01 -0.78 0.06 0.00 4
HE 1419-1205"" 29100 6.20 1.00 0.10 0.00 4
HE 1441-0558" 21600123700 4.607000  —1.000500  0.00500  9.261333 4
HE 1519-0708" 51000 4.60 1.00 0.04 0.00 4
HE 2156-3927" 30800735300 6.20109%  1.001500  0.001000  6.28T3iT 4
HE 2322-4559" 31000175600 4.607000  1.00T900  0.00700s  4.13%3%1 4
PG 2122+157" 150005%%%  4.80%g57  —1.00%900  0.09%9F0  13.20757%, 4
TON S155" 55000140%% 5.133,%? 1.00%;;}% 0.14§§;§§ 1.74}5%?,) 4
GD 1237 55000 4.60) 1.0013°00 g 4210 4.48%5 4
HE 1033-2353 3560071000 6007000 00RO 08 o ored0s o gerdl g
HS 2125+1105 36500715500 460110 —1.0072%0 0107098 265700 5
HE 0019-5545 150007 936 4607080 —1.007290 0047012 6791002 6
HE 0135-6150 1500074°%0  4.60%50; —1.00%505 0.00f5% 525757 6
HE 0136-2758 - - - - - 6
HE 0415-2417 23000 4.64 -1.00 0.00 0.00 6
HE 0513-2354 - - - - - 6
HS 171041614 550001 3,550 4.607000  1.007900  0.08T00% 215739 6
e infrared excess was detected
Table A.4.: Single SED results of the TGAS sample (see section 5.5)
Object Teg log g z E(B-V) d [kpc| Quality
HD 49798 45000} gggg 5.181{%'55 70.53%,-;% 0.05}%;?.; 0.13;%;%% 1
BD-+75 325 50000 5.9110 0.711930 021001 17+005
+ 3360 +8.‘38 +8.‘§L:1), +8.‘8% +818§
PG 1233+427 254007 600 5434000 (34028 ggt00l g 374006
PG 12344253 346007 3950 6.20709%  —1.00T05%  0.047005  0.107007 1
Feige 67 46100} §§§§ 5.66}%:%% —0.061{%%% 0'00§§1§§ 0.42%;(% 1
HZ 44 35100F 6.2019- 1.007900 0011002 184008 4
BD-+42 3250 573007 1200 57 R008  _ygorla a8l o opsbtr
— 1600 . —0.16 ‘ —0.00 : —0.02 . —0.02
HD 205805 25000§ 23§ 5.27}}5% 0.18}:5‘%2 o.m;ﬁ;ﬁi 0.19$§;§% 1
FB 179 50000 st 4.607y0  LOOTRES 0.057GR 0.55%hE 1
JL194 24600 52710 0357020 0001001 52019 o
PG 0044+ 097 233007 900 gogebE _ouarlel o0 g0
PG 0057-+155 28600F 1800 5641020 (134037 911002 334002
PG 0101+039 25900" 100 5591000 3gt0Id g tO0T 39 H00T 9
MCT 0106-3259 24500 00 5281028 187021 0 pt001 0.48t012 o
R — 27030 017001 o008
FB 15 27100% 360 S6LTRA O13TRE 00176y 053Th 2
FB 19 33800 6.0010 0.197031 0001001 (221007
PG 03424026 238007 200 g5 ppr0ds (g 08y oaBE b
— 500 . —0.10 : —0.19 . —0.01 . —0.03
LB 3459 38200} gigg) 5.56}%:?% —0.61}:2)25 0.01;§;§§ 0.30%;(}% 2
CPD-64 481 26500 5501016 0361038 o001 g o5t00 9
UVO 0711422 420007 100 ggert g o8l o0 b
CD-40 3927 44000t 2000 5401051 0.861011 0011000 0677005 2
UVO 0825+ 15 45700% 3390 6021000 1001000 0,04t00] 0267099 2
CD-345246 41900* 8200 6201000 _ 62tl 08 51002 o7t091
PG 0909-+275 27800F 1400 5.99+0.30 () got0.09  ogt002 9y 001 o
R Jpeters 'R i - BPANPRIR ¥.) SN . B
LSS 1274 50000+ 7070 8170 1370 5810
FBS 09134819 BO000T b 6207000 gagHOST ool osr
BD-+371977 470001 3100 6 901000 55+046  gg1002 g qpt021
— 6600 . —0.97 . —0.68 . —0.02 . —0.01
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PG 10324406

PG 1241-084

LSE 44

PG 1352-022

PG 14324004

PG 14334239

PG 14524198

PG 15054074

PG 15194640

PG 17224286

UVO 1735+22
BD-+39 3226

PG 17584364
BD-+482721

CD-23 14565
LSIT+189

HD 188112
EC19563-7205

MCT 2341-3443
EC21313-7301

Feige 110
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JL 241

GALEX J02096-1810
PHL 1434

TONS 403

UVO 0512-08

PG 08234499

PG 0919+272

Us 719

KUV 09565+3632
EC10106-2117

Feige 162

EC 14248-2647
EC15103-1557

PG 16104529

KUV 16256+4034
PB 7352

PG 10514501

PHL 178
FBS0102+362

FBS 02244330

PB 9286

GALEX J05487-5817
GALEX J06062-2021
FBS 06544366

FBS 06584350
GALEX J09348-2512
GALEX J11143-2421
PG 1207-032

FBS 1400+389
GALEX J16322+8513

30500% 790
26800F 1500
40200F 5700
48500F 1500
25900F 5000
26100° 500
25100F 1500
39700F 3300
27900 9900
29400° 1300
30800 1960
500007 45,5
30200° 1500
21000% 700
27200% 100
500007 ¢::9
21700% 500
23700% 500
27100 300
24800F 1900
40900F 2590
36300° 1500
23700° 700
389007 5000
26100" !
20000F *%%
34000 1790
3790071 5200
20000F %
34900 5300
31600F S500
32500% 5500
37700% 2500
33600 3500
29000119200
244007 3500
27700F $200
500007:2256(31
22700F 1500
338007 1500

+ 500
7007 288
500007 55760
24600125500
25000125500
22900F 5500
25300123500
20000F 574§

2990();%2020()
35000115?88
—14200

5.8510: 0%
5.59t0A15
5.00+§5§§
620799
5.3210:9%
5.421012
5.9270:29
5.5270-00
5601018
6.0410-00
5.44+020
6.00+000
5.91+0-00
5.26192
5.40100
4607061
5631014
4.97-!—0‘33
5.32+-0.08
5.8010-23
5.4010-32
4.601032
6.2010-00
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5001032
6.201099
5.8970-00
5.007043
6001013
6.2079:29
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5.3479:20
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6.2070-00
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5.2610.‘95
4607010
4.881029
5.1970-20
5.8870:01
481159
5.3210-31

—0.00

81

085 0t
—0.88%0
0.17+0
0.64+8~§§
0.50 7015

1008
—0.95"¢ 06
030 0

s 71
9050
~100 000
0.3470:
0.15+8-§é
_0.g7+0il
. —0.92
—1.00%558
0.27+0-

. —0.52
0.23%0:25;
1.0075-99
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Table A.5.: Composite SED fits in the TGAS sample

Object Teisa [K] log gsa z Tefi,MS log gms f_: E(B-V) d |kpc] Qual.
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Table A.5.: Composite SED fits in the TGAS sample

Object Tegtsa [K] log gsa z Tet,MS log gnis T E(B-V)  d [kpq] Qual
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