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Abstract

This work contains the analysis of the spectra and light curve of two NuSTAR
observations of the X-ray binary system 4U 0115+63 taken during the peak and
decay of its 2015 November outburst. The time-averaged spectrum was fitted with
an empirical powerlaw model with exponential cuto which is typically used for
this kind of sources and which as been successfully applied in previous analyses. A
broad, Gaussian emission feature centered around 8.5 keV was needed for a good
description of the NuSTAR data. Furthermore, the spectra of both observations
show three Cyclotron Resonant Scattering Features (CRSFs) at 11 keV, 23 keV,
and 34 keV, which are identified as the fundamental and two harmonic lines. The
presence of two fundamental CRSFs of slightly di erent energy, that were proposed
in the literature, could not be confirmed.

Beside its 3:6 s pulse period, 4U 0115+63 shows a strong 600 s quasi periodic
oscillation. The pulse arrival times were identified from the light curve and their
periodicity was analysed with the intention to define QPO phases suitable for
spectroscopy. This definition was strongly a ected by irregularities in the light
curve, e.g., asymmetric pulses, flaring, and missing pulses.

Investigations of the evolution of the hardness ratio with time showed that spec-
tral changes mostly happened during strong QPO pulses, so those were selected
manually for time-resolved spectroscopy. Furthermore, the hardness ratios indi-
cated that the 7-15 keV energy range was most a ected by these spectral changes.
Fits of the empirical model to the time-resolved spectra indeed showed that most of
the spectral variability can be accounted for by re-scaling the flux of the Gaussian
emission component with respect to the continuum flux. The flux ratios of the flux
of the 10 keV-feature compared to the flux of the powerlaw vary up to  20% during
the peak and o -peak states with respect to the observation-averaged spectrum.

These results are discussed in the context of existing observations and models
of spectral formation in accretion columns.
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1. Introduction

Beside black holes and white dwarfs, neutron stars are a possible state a high mass star can end
its life in. They are small objects, with a radius around 10 km and a mass of about 1:5 times the
mass of our sun. Therefore they are not only one of the densest objects in space, but are also the
origin of some of the strongest magnetic fields with strengths exceeding 10'* Gauss (Lattimer &
Prakash, 2004). For comparison, CERN reported in 2013 to have tested new magnets, that were
able to generate a magnetic field with a strength of 13:5 Tesla, i.e., 1:35  10° Gauss (Charley,
2013). A new record was set in 2018 by a team of scientists in Japan. They were able to create
a magnetic field in their laboratory with a peak strength of 1200 Tesla (Nakamura et al., 2018).
Up to now the characteristic properties of neutron stars cannot be reproduced artificially and
they provide a unique laboratory for extreme conditions.

A specific class of sources are neutron stars in binary system with a companion star. The
companion star can donate matter that is accreted onto the neutron star (Miiller et al., 2013)
which provides one of the most e cient sources of energy in the universe. These systems
are therefore often very bright X-ray sources (Becker et al., 2012) and observations of these
X-rays can be used to study the behavior of matter in the presence of strong magnetic fields
and relativistic e ects.

Despite decades of observations of neutron star binaries, many aspects of these sources are
still poorly understood. One of the systems that has a long history of observations with many
di erent X-ray telescopes, but is still subject of current research, is 4U 0115+63. In 2015,
NASA’s X-ray observatory NuSTAR observed this source twice to answer remaining questions
about the magnetic field configuration, the accretion flow, and radiative processes close to the
neutron star. This thesis focuses on the analysis of these data with a special interest in the
spectral variability during the observation.



2. Accreting Neutron Stars

Stars develop dierently over their lifespan depending on their initial md&g; (Iben, 1991).
Considering this criterion stars can be divided into four groups: very low n\gs ( 0:-5M ),

low mass Q:5M . M . 23 M ), intermediate masBM . M . 8M ), and high

mass Mini: & 8 M ) stars. Here the mass of the sMh was used to relate the stars masses to a
common value (Clayton, 1968).

The less massive stars, with initial masses up ®M , are able to burn hydrogen to helium

and almost all ignite helium burning (Girardi et al., 2000). However, their temperatures are
too low to burn carbon or other heavier elements and therefore turn into “white dwarfs' after
burning all their fuel. An additional criterion for the formation is that the mass of the remnant
does not exceed the Chandrasekhar-limit (Iben, 1991).

High mass stars on the other hand reach core temperatures high enough to ignite advanced
burning stages, e.g., carbon and silicon burning. Finally this leads to an eruptive explosion, also
known as a core-collapse supernova, at the end of their life leaving either an neutron star or a
black hole as a remnant (Iben, 1991). The essential information to determine which case occurs
is again coupled to the mass of the remaining object. Analog to a white dwarf's mass limit the
maximum mass a neutron star can achieve is set by the Tolman—Oppenheimer-Wolko

2.1. X-ray binary systems

X-ray binary systems were rst discovered in 1962 (Giacconi et al., 1962) and the rst X-ray
binary pulsars were detected by Giacconi et al. (1971) and Tananbaum et al. (1972). They are
nowadays known to be some of the brightest X-ray sources on the sky (Becker et al., 2012).
They can be classi ed into three categories regarding the mass of the donor star, not the mass
of the compact object: the low mass, intermediate mass, and high mass X-ray binary systems
(Schwarm, 2017). A prime example for a low mass X-ray binary is the system Her X-1 which
consists of a 1:4 M neutron star (NS) and a2.2M A/F main sequence star (Crampton,
1974; Deeter et al., 1981). In systems like these, mass transfer happens mostly via Roche
lobe over ow providing a rather persistent mass reservoir. In high mass X-ray binaries, the
neutron star mostly accretes matter from the strong stellar wind of the massive companion (e.g,
Vela X-1, Grinberg et al., 2017) or from the circumstellar disk of a Be-type star. 4U+B3.5
the system studied in this work, is of the latter type which are generally referred to as Be X-ray
binaries (BeXRBs). They often show a transient behavior according to their binary orbit and
the evolution of the Be disk (Shaw & Charles, 2013).
Angular momentum conservation of the transferred material leads to the formation of an
accretion disc around the neutron star. Closer to the neutron star, the accretion ow is also
governed by the strong magnetic eld, up to the Afvradius, where the pressure of the
magnetic eld reaches a level comparable to the ram pressure of the particles in the accretion
disc.
The Alfvén radiusR, can be determined using (Becker et al., 2012)
| | |
Ro=273 10em — M R T B T L
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Figure 1: The gure illustrates the fundamental characteristics of the accretion of matter onto
a neutron star. The left side shows the position of the &ifgurface, with a distance of the
Alfvén radius to the NS, the ow of the accreted matter, and the location of the accretion
columns above the magnetic poles. The right side shows a close-up of an accretion column
close to the surface of the NS (Lamb et al., 1973, Fig.1).

with the constant describing the coupling of the matter to the magnetosphere { in case

of a spherical accretion and< 1 for disk accretion)M, andR, the mass and radius of the

NS, B, the strength of the magnetic eld at the surface of the NS, lanithe X-ray luminosity.

From this radius onward the accreted matter is channeled towards the magnetic poles of the star
and forms accretion columns (Becker et al., 2012). A schematic picture is shown in Figure 1.
The radiation of X-rays is produced by the decelerating matter inside the accretion column,
where its kinetic energy is converted into radiation, which radiates away.

2.1.1. Quasi-periodic oscillations

A general feature seen in many NS low-mass X-ray binary systems are quasi-periodic oscilla-
tions (QPOs) (Motta et al., 2017). They can be identi ed as narrow peaks in a Fourier power
density spectrum and appear combined with diverse components of broad-band noise. QPOs
can be subdivided into low-frequency QPOs, observed in the range fromraliato 60 Hz

and high-frequency QPOs, ranging from several hundred Hz up to frequéntikdz in NS
systems (Motta et al., 2017).

Although having rst been observed 30 years ago (Soong & Swank, 1989) their origin is still
unclear, but dierent models were developed to explain thi®&. Possible explanations
contain considerations of relativistic ects, another one might be that the low-frequency
QPOs occur as a consequence ofedlent instabilities or that they originate in oscillations of

a boundary transition layer of matter, which was formed close to the compact object in the
center (Motta et al., 2017). High-frequency QPOs on the other hand are explained by linking
relativistic e ects to orbital frequencies, or result in resonances betweanmeatt frequencies



which appear in the accretion ow surrounding compact objects. Up to now the favored theory
for fast spinning QPOs is the relativistic Lense-Thirring precession (Motta et al., 2017).

2.1.2. Cyclotron resonant scattering features

Most spectra from XRBPs contain absorption line-like, the so-called cyclotron resonant scatter-
ing features (CRSFs), or cyclotron lines. The rst cyclotron line was discovered in the spectrum
of the X-ray binary system Her X-1 by imper et al. (1978). At rst it was unclear whether

this line was created due to an absorption or emissi@te Speci ¢ studies regarding these
cyclotron lines and their harmonics started in 1977, focusing on the emitting characteristics of
this feature, until Nagel (1980) identi ed them to be absorption lines. Other objects are also
considered to be possible sources of CRSFs, for example magnetars or gamma ray bursts, see
(Schwarm, 2017) and references therein.

CRSFs are believed to originate in the strong magnetic elds around the poles of a NS. Due
to the strong magnetic eld at the poles of the neutron star the energy of the plasma electrons
is quantized into Landau levels. Here CRSFs are formed if the continuum photons undertake
resonant scatterings dhese electrons. The magnetic elRlat the location of formation is
directly linked to the cyclotron enerdy of the fundamental CRSF and can therefore be
directly measured. The connection is given by the formula

B

Ecyc = 11:58 keV 102G ;
whereB is the magnetic eld strength in Gauss. Harmonic CSRFs can occur at integer multiples
of the fundamental line energy (lyer et al., 2015; Becker et al., 2012).
Since the beginning of the research on CRSFs, possible processes that cause the variation of
the line energy with luminosity and pulse phase have been discussed. Variations in the CRSF
energy with luminosity originate in changes of the height of the line forming region inside the
dipol magnetic eld of the NS. Klochkov et al. (2008) showed that a variation of 25% of the
energy of a CRSF detected in Her X-1 requires only a variation in height of 4bbkim, when
assuming a dipole magnetic eld and a neutron star radius of 10 km.
The X-ray spectrum of an accreting pulsars can be described by a powerlaw with a high energy
cuto and additional absorption lines, the CRSF4i(Mr et al., 2013). Many sources show
additional emission components in the soft X-ray spectrum which are often modeled with a
blackbody of temperatures of 1-2 keV or broad, Gaussian-shaped emission features around
8—-10keV, the so called “10 keV-feature” (Coburn, 2001). A representative spectrum can be
seen in Figure 2.
Many accreting pulsars show only the fundamental CRSF or at most one harmonic. 468115
shows a total of ve CRSFs (Heindl et al., 2000). This is the highest number of harmonics seen
in an XRBP so far, which makes this source very interesting for further inspections.

2.2. 4U 0115+63

The X-ray binary system 4U 0153 was rst discovered in the sky survey performed by
the satellite UHURU (Giacconi et al., 1972). It consists of a neutron star with a spin period



Figure 2: Spectrum of the neutron star 4U 0163.

of 3:61sand an orbital period 024:3d around its companion O9e star V635 Cassiopeiae
(Bildsten et al., 1997). The optical companion is a B0.2Ve star with an estimated distance of
7-8 kpc (Negueruela & Okazaki, 2001).

Up to now this source is the only one that shows four harmonic lines of the fundamental line.
The CRSFs can be detected at energiesldfkeV, 22keV, and 33keV (lyer et al., 2015;
Heindl et al., 1999). Recently, lyer et al. (2015) claimed 4U 48D actually exhibits two
fundamental CRSFs, one a1l keV and another one atl5 keV.

Beside the spin period, the light curve contains a second quasi-periodic variation with a period
of 600s (Heindl et al., 1999).

2.3. NUSTAR

The observations used in this work were taken with the satellite NUSTAR. The "Nuclear
Spectroscopic Telescope Array' was launched on 2012 June 13 (Harrison et al., 2013) and is
one of the Small Explorers (SMEX) missions of NASA. An artistic portrayal of the satellite is
shown in Figure 3. NUSTAR is the rst satellite that used a deployable mast that was extended
in orbit to reach a focal length of 10 m. The scienti ¢ payload consists of two co-aligned
conical Wolter-1 approximation Optical Modules (OMA and OMB), each focusing onto one
of the two solid-state Focal Plane Modules FPMA and FPMB, two CdZnTe-detectors. In
combination with the large focal length, NuSTAR is the only focusing X-ray telescope sensitive
up to 80keV. (Madsen et al., 2015; Harrison et al., 2013). The optics have a total eld of view
(FOV) of 1 13 and the detectors are operating in the energy range from 3-79 keV and have
an energy resolution @4 keV at 10 keVand0:9 keV at60 keV (Harrison et al., 2013; Lotti

et al., 2016). The energy resolution around the FdiKe is roughly a factor of 2—3 worse
compared to standard CCD detectors (the energy resolution of Suzaku XISI3@gV at



Figure 3: Artistic portrayal of the satellite NUSTAR in orbit. Image courtesy NAIPA-
Caltech.

5.9keV, Koyama et al., 2007).

The satellite was constructed to perform long-time observations with a duration from 1 day
up to several weeks and to observe high-energy objects, such as black holes, supernovae, or
neutron stars. Its key science programs include extra-galactic surveys to explore the activity
of active galactic nuclei over cosmic time, galactic surveys to examine compact objects in the
Milky Way, or observations of ultra-luminous X-ray sources (Harrison et al., 2013).
Observations from this satellite were chosen for this analysis because the imaging in the hard
X-ray band involves a low background resulting in a good signal to noise ratio, supplying ideal
requirements for CRSF measurements.



3. Data analysis: QPOs in 4U 0115+63

Previous analyses of 4U 01463 have mainly focused on characterizing the time-averaged
broadband spectrum and the luminosity dependence of the CRSFs (e.g., Nakajima et al., 2006;
Mduller et al., 2013), the structure of the magnetic eld inferred from the fundamental CRSF
(lyer et al., 2015), modeling the pulse pro les (Sasaki et al., 2012), the luminosity and energy
dependence of the pulse pro les (Tsygankov & Lutovinov, 2007; Ferrigno et al., 2011), and
most recently, the variability of the power spectral density (PSD) with time (Roy et al., 2019).
As mentioned in the previous chapter, 4U 0263 shows a strong600 s QPO where the ux
varies around 50%. The aim of this work is to analyze the spectral variability connected with
the QPO.

| used two NUSTAR observations of 4U 013 taken on 2015 October 30 for abdisiks
(ObsID: 90102016004, hereafter M1) and on 2015 October 22 with ant&e observing

time of 9 ks (ObsID: 90102016002, hereafter M2) which have been reprocessed using standard
screening and calibration criteria with CALDB version 20180814 followingTthe NUSTAR

Data Analysis Software GuideExtraction regions of the source and background are circles of
10@°radius which were chosen for each detector, FPMA and FPMB, individually. The source
region was centered on the source, while the background region was placed in a corner of the
observed image were no signal was detected.

For spectral tting, | used the “Interactive Spectral Interpretation System” (ISIS) version
1.6.2-41.td2. Additionally, this research uses the ISIS functit8iSécripts ) provided by
ECAPRemeis observatory and MFT

For the spectral analysis data from both detectors, FPMA and FPMB, were used in the energy
range from 3 keV to 60keV. The data belovB:5keV are not su ciently calibrated and
above60 keVthe spectra are background-dominated. The spectra were rebinned to contain at
least 25 counts per bin to justify the use dfstatistics (Lampton et al., 1976; Gehrels, 1986).
Furthermore, a minimum number of spectral channels were always binned to account for the
decreasing energy resolution with increasing energy. The applied binning scheme is 2 bins up
to4keV, 4 in the energy range from 4 keV fkeV, 8 from 9 keV tol5 keV, 15 up to20 keV,

and 20 from 20 keV to 40 keV.

3.1. Fitting the time-averaged spectrum

The tting of the spectra of 4U 01163, which is shown in Figure 4, follows the procedure of
Miller et al. (2013). The analysis was started with a basic cptawerlaw, selected with the
commandCutoffPL in ISIS, which is of the following shape:

!

CutoffPL(E) / E exp EE ;
fold

with the folding energyEs,q and the photon index. Here data from both detectors, FPMA
and FPMB, were used, which are real and no ideal instruments. To account for uncertainties

https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
2http://www.sternwarte.uni-erlangen.def/isis/
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Figure 4: NuSTAR spectrum of the neutron star 4U 0445.

in the ux calibration a multiplicative detector constant, caltkgtconst , was included. The
resulting parameters acgpya andcepympe. For all measurements the constant describing the
detector FPMA was xed to 1 leaving-pyg a free parameter. A preliminary t of the pure
cutoffpl  model is shown in Figure 5 a) for observatibhl and Figure 16 foM2.

Although NuSTAR covers mostly the hard X-ray spectrum of 4U GH% the soft part

is a ected by absorption in the Interstellar Medium (ISM). To account for thecg the
multiplicative modeltbnew, an updated version dbabs was included in the t function.
Abundances and cross sections were set according to Wilms et al. (2000) and Verner &
Yakovlev (1995), respectively. Since NUSTAR is not sensitive bel8keV, the equivalent
hydrogen absorption column densitl; could not be constrained and was therefore xed to
1.5 10?2cm ?, because typical values range from 1.3-1L&?cm 2 (Mdiller et al., 2013; lyer

et al., 2015, Kihnel et al., in prep.).

In order to model the Fe K uorescence line a6:4 keV, that occurs in the spectra, a Gaussian
emission line ¢gauss in ISIS) of the form

|
!
A(E) = K—%Zzexp (EZ—E') ;

whereE,, , andK are the line energy, width, and scaling factor, respectively, was added to the
model. Although the intrinsic line width is much smaller than the detector response the line
broadening should only be caused by the detector response. 44 &3 ibknown to show

also emission lines of higher ionization states of iron, which cannot be resolved in NUSTAR
but are modeled with a broad Gaussian line with a width of a few hundred eV.

Another broad Gaussian emission feature ardibéeV had to be added to the cutpowerlaw,
representing th&0 ke\Afeature, which has been observed in the spectra of 4U-£33 before
(Coburn, 2001). The resulting tis illustrated in Figure 5 b #drl and in Figure 17 foM2.
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Figure 5: a) Fit of the M1 spectrum with a simptetoffpl model without any further
modi cation. Red data points correspond to data from FPMA and the blue ones to FPMB,
respectively. b) Same spectrum as shown in a) but with additional HmkE, 10 keV-feature

and ISM absorption. The residuals clearly show the fundamental and rst harmonic CRSF.

The residual panel in Figure 5 b shows that the absorbed quiaverlaw model, with the

Fe K emission line and th&0 keV-feature provides a good description of the broadband
spectrum, but strong residuals remain at the energies of the CRSFs and the overall t quality is
not acceptable. Therefore further components have to be added.

To model the CRSFs, three multiplicative Gaussian absorption lines of the form

| |
! !
M(E) = exp 192_— exp % i ;

were included in the t function, wherg&;, , and are the line energy, width, and depth.
Following the common convention the CRSFs will be labeled with the respective number,
starting from O for the fundamental line.

The best t was achieved using three absorption lines at energiéd kéV, 23 keV, and

34 keV. A particular problem in modeling the 4U 01463 spectrum is an arti cial parameter
correlation between the fundamental CRSF and the 10 keV-feature. Both components are close
to each other in energy and one is an emission, the other an absorption component, which can
compensate for each other, especially if the powerlaw continuum is left free during the t. For
this reason, “unattended” ts can sometimes lead to unreasonable parameters. This problem is
discussed in detail in a forthcoming publication byhfel et al. In the case of the observation

M1 the width of the second harmonic and the energy of the fundamental CRSF had to be xed
to 5keVandl11l:14 keV, respectively, to avoid that the CRSF components model large parts of
the continuum. This approach resulted in a reducedf 1:48 for observatioM1 and 153 for

M2.

The best t parameters for both observations are listed in Table 1, while the resulting t and
residuals are shown in Figure 6 fibt1l and Figure 18 foM2.

12



Figure 6: Best t of the spectrum of observatid/l.

3.2. Determination of the peak frequencies

Beside its3:61 spulse period and orbital modulation 4U 0} is known to show strong,
guasi-periodic variability (Heindl et al., 1999). Figure 7 shows the light curve of observation
M1 with a time resolution of 3.61s. The approximate 600 s QPO is clearly visible.

To characterize the spectral variability over the QPO cycle, | rst determined the times where
the peaks in the light curve reach their maxima. The reason for this was that the peak times
are not strictly periodic but the time dérences between a peak and its consecutive peak are
necessary for the QPO phase de nition. The number of all peaks independent of their height
in M1 is less than 60 and favi2 even less than 30, including double peaks and peaks that
are not fully observed. In a second step the times were selected manually. Writing a program
to automate the selection process would not have simpli ed the procedure, considering the
irregularity of the light curve, the dierent peak heights, aring, and missing pulses. One way

to improve the selection of the peaks is to rebin the light curve to an integer multiple of the
pulse period 08:61 sand by applying the Savitzky-Golay-smoothing algorithm (Press et al.,
1992), a mathematical smoothing lter, to reduce the noise of the signal. This is achieved by
tting a polynomial of the 3rd order using 25 data points to the left and the right of each bin
to determine the smoothed curve. lllustrations of theedent processing steps are shown in
Figure 8.

For the peak time determination, only isolated, single peaks were considered, where maximum
was covered by the observation.

13



Table 1: Best t parameters of both measurements, with uncertainties given at 90% con dence

level.

Parameter Unit M1 M2
Ny 10%2cm 2 1.5y 1.5
Crpma v v
CrpmvB 1:0055 59978 | 0:9944 50018
Ecrsro keV 11:14233 11:59°21%
CRSFO keV 1:.97°932 1:91939
CRSFO keV 0:77 555 0:79'95°
Ecrsr1 | keV 2336322 | 2335720
crsr1 | keV 2:08"924 2:2+08
crerr | keV 072701 | 0:74°9%
Ecrsr2 keV 34:4+73 34:.9*%4
CRSE2 keV 5 1795
CRSF2 keV 1.8°34 0:71220
Fp 2 keVs*cm? | 5865093 85704
Efola keV 9:43+912 9:40'917
0466320 | 04763%]
Fioke® | keVstcm? | 1:62870128 | 2:25°07
Eokev keV 8:56'013 8:58'0%3
10keV keV 2:83"9:0 3:10'912
Erex keV 6:475:92 6:42°295
FeK keV 0:36°307 0:54"999
2 o 1.48/338 | 1.53/338

Notes.® Unabsorbed ux in the energy band from 3 to 50 keV, unit [keV sm 2].

&) Fixed parameter.

The times of all peaks that could be clearly identi ed in the rebinned and smoothed light curve
considering these criteria are listed in Table 4 for observadddrand in Table 5 foM2.
Using these results, Figure 9 shows the timeadences between consecutive peaks as a function
of the peak number. For further reference, all peak arrival times for both observations are listed
in the appendix (Table 4 and Table 5). The times between pulses scatter be®@fenand

800 s. This distribution is also shown in Figure 10. Although the histogram of the peak arrival
times is limited by the low number of data points (less than 30 peakilimnd less than 15 in
M?2), it indicates a bimodal distribution rather than a single peak around the estimated QPO

14



Figure 7: The entire light curve &1, measured with the detector FPMA. The observation
spans roughly 40ks. Gaps in the light curve are caused by the satellite orbit and screening
criteria and result in the net exposure of 15ks.

period. Probably, individual, weak peaks could not be identi ed, leading to an overestimation
of the QPO period. The peak morphology is also often asymmetric and irregular aring of
the light curve makes a clear distinction of many of the peaks verguli. For all of these
reasons, a unique QPO phase de nition only based on the peak arrival times was not possible.

3.3. Hardness Ratio

In order to investigate the spectral variability independent of the QPO phase de nition, |
calculated hardness ratios for three energy bands and compared their time evolution with the
observed count rate. Hardness ratios are calculated by dividing the count rate or ux of one
energy band by the count rate or ux of another energy band and therefore provide a direct and
model-independent measure of changes of the spectral shape. Hardness ratios are mostly used
to analyse observations from faint sources that provide a restricted number of events. Therefore
they are a common evaluation technique in high-energy astrophysics and are often used to
give a rough overview of the spectral properties. The two de nitions commonly used in the
literature are dividing the count rate in the two energy bandsdb (e.g., Jin et al., 2006; Park

et al., 2006), i.e.,

15



(a) Measured LC (b) Rebinned LC

(c) Smoothed LC (d) Smoothed and rebinned LC

Figure 8: (a) Light curve of observatiavil from 11500 s td.5 000 swith a bin size of 0.1s.

(b) and (d) rebinned light curve with a binsize261s (c) and (d) show the original and
rebinned light curve after applying the Savitzky-Golay-smooting, using a polynomial of 3rd
order, while taking 25 data points to the left and the right into account.

T

HR; = —;
or taking the ratio between the déirence and the sum of the count rates

b a

b+a

In contrast to Roy et al. (2019), who analysed hardness ratios of 4U+8Bld&f the 3—8 keV
and 15-30keV band taken with LAXP&stroSat, | divided the NUSTAR observatioNkl
andM2 into three energy bands, 4 keVidkeV, 7 keV to15keV, and a high energetic part
from 15 keV to50 keV, to particularly track any variability around the 10 keV-feature and the
fundamental CRSF.

HR2:
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Figure 9: Time di erences between consecutive peaks in observétibas a function of the
peak number. Peaks have only been considered consecutive in segments of the light curve that
had no gaps greater than 1000 s.

The following evaluation was performed with the default settings of the ISIS function
hardnessratio , which uses the rst de nition of hardness rationdR;. Uncertainties

of the hardness ratios have been calculated by propagating the uncertainties of the count rates.
Out of the di erent energy bands three hardness ratios were determined for each segment of the
light curve, using the low and medium energies for the hardnessH&i®, the low and high
energetic bands fddR13and the medium and high energy bandtiR23 A segment of the

light curve fromM1 with the three associated hardness ratios is shown in Figure 11. The other
parts of the light curve an12 were evaluated in the same way. Another example is displayed

in Figure 21 in the appendix.

Examining the hardness ratios and comparing their variability to the light curve itself, it appears
that the hardness ratibtR12andHR23 change most signi cantly during strong peaks in the
light curve, but remain rather constant during weak peaksp@aks, and slight aring. This
variability is less signi cant ilHR13 This behavior is similar in both observatiokkl andM2.

This result leads to the conclusion that the spectral variability with the QPO is most prominent
when a strong peak shows up in the light curve and that mostly the energy rangékeMn

to 15 keV contributes to the observed spectral variability. Based on these results | extracted
spectra during the rise and decay of the peaks andeak times to investigate the nature of

this variability in more detail.
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Figure 10: Histogram showing the distribution of the time interspaces between the selected
peaks from observatiol 1.

3.4. Time-resolved spectroscopy

Analog to the analyses in subsection 3.2, where the times when a peak reached its maximum
were determined, the start and stop times of the increasing and decreasing slope of the peaks
were determined from the light curve. The slopes were rst considered separately, because they
can be easily combined together to take the whole peak into account if need be. An example
of this selection foM1 is shown in Figure 12, where the blue-shaded regions mark the time
intervals chosen for the extraction of the time-resolved spectra. Another sample, using the light
curve ofM2, is shown in Figure 22 in the Appendix.

Good Time IntervalgGTI) les were created from the time intervals described above after con-
version to the NUSTAR reference time system which is seconds since MJD:88098601852.

These can be passed directly to the NUSTAR extraction pipeline to extract time-resolved spectra
applying all screening and calibration criteria mentioned in the previous sections.

For illustration, Figure 13 and Figure 14 show the evaluation of the best t model of the time-
averaged spectrum (after re-scaling) on the increasing and decreasing slope, whole peak and
0 -peak spectra for observatidnl. The corresponding residuals show that the time-resolved
spectra only dier locally from the time averaged spectrum arodfdeV. In particular, the

0 -peak spectrum shows an excess arouhdkeV, whereas the peak spectrum dips at this
energy. This is to be expected, because the sum of both results again in the time-averaged
spectrum.
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Figure 11: Light curve and hardness ratiodwt in the range from 0 t8400 swith respect to

the start of the observation. The spectrum was divided into three energy bands, from 4 keV to
7 keV, 7keV tol5keV, and 15 keV tdb0 keV. HR12was calculated using the soft and medium
energy bandHR13 contains information of the soft and hard band &RR3combined the
medium and hard band.

There are two features located in this energy regionlthee\-feature and the fundamental
CRSF. Assuming that the spectral change originates from a variation of the CRSFs, the
harmonic absorption lines should also vary to some extent, resulting in further deviations at
higher energies, which is not the case. Therefore, it is very likely that the spectral change
originates in a variation of th&0 ke\-feature. To test this assumption the CRSF parameters
were xed and the model was tted again to check whether the spectral change can only be
accounted for by the changes of the 10 keV-feature and the powerlaw continuum. The best
t parameters for observatioM1 are listed in Table 2, those fdd2 are listed in appendix

Table 8.
In Figure 15 it can be seen that after re- tting the model describes the data very accurately.
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(a) Increasing slope (b) Decreasing slope

Figure 12: Section of the light curve M1, from0 sto 3400 s The blue shaded regions show
the segments that were selected for further analysis.

(a) Increasing slope (b) Decreasing slope

Figure 13: Spectra of the (a) increasing and (b) decreasing slope of the peaks observed in the
light curve of M1.

Comparing the best- t parameters of the time-resolved spectra to those of the time-averaged
spectrum, | nd that the photon index and folding energy only change marginally between the
peak and o-peak spectra and are obviously close to the time-averaged spectrum. Fluxes of
the powerlaw and 10 keV-feature roughly scale with the count rate during peak goebd.

The width of the 10 keV-feature does not change between the peak apdak spectrum

and its energy only is slightly higher during the-peak. A similar behavior was observed

in observationM2, although less distinct than for measuremitit. The residual panels,
shown in Figure 14, indicate that most of the spectral variability between peak apéak

is caused by the 10 keV-feature, so of particular interest is its ux related to the ux of the
powerlaw continuum. Table 3 therefore lists the ux ratios of these two components. The ux
ratios during peak and epeak vary up to 15% and 5%, respectively, with respect to the
observation-averaged spectrum.
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(a) O -peak (b) Peak

Figure 14: Spectra of the (a) epeak and (b) peak part of the observed light curvédf,
compared to the best t continuum derived from the time-averaged spectrum.

(a) O -peak (b) Peak

Figure 15: The gures show the re- tted spectra of the (a}meak and (b) peak states of the
observed light curve a¥1.
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Table 2: Best t parameters of observatiMil considering dierent parts of the spectrum, with
uncertainties given at 90% con dence level.

Parameter increasing| decreasing peak 0 -peak || time-averaged
Ny [10%2 cm 2] 1.5 15 15 1.5 1.5
CepmA 1Y 1Y 1Y M 1
CrpMB 1:.005% 1.0055 1:.0055 1:0055 1:0055
Ecrsro [keV] 11:14233 | 11:14233 || 11:14233 | 11:14233 11:14233
crsro [keV] 1.97 1.97 1.97 1.97 1.97
crsro [keV] 077 o.77 o:77 077 o:77
Ecrse1 [keV] 23:3¢ 23:3¢ 23.3¢ 23:3¢ 23.3¢
crsr1 [keV] 2:09 2:08 2:09 2:09 2:09
crsr1 [keV] 0:72 0:72 0:72 0:72 0:72
Ecrsez [keV] 344 344 344 344 344
crskz [keV] 5 5 5 5 5
crsr2 [keV] 1.8¥ 1.8¥ 1.8¥ 1.8 1.8¥
Fpl? 7:11+357 8:14*3%9 7:55"900 | 5:484 5020 5:865 0010
Efola [keV] 9:157021 | 894322 | 911701 | 9:497919 9:43+9:98
0:4223%] | 0:4083%3 | 0:4229% | 0:4753%% | 0:466:3%10
Fiokev? 1:657357 | 191098 || 178779 | 1:591°901% || 1:62870918
EiorevkeV] || 823008 | 835000 || g2g00s | g:§ap0024 || g5g0023
oev[keV] || 2801098 | 2:87+008 | 2:84+006 | 2:gp(r0023 || :g3+0021
Erek [keV] 6:47 6:47 6:47 647 647
Fek [keV] 0:3¢ 0:3¢ 0:3¢” 0:3¢ 0:3¢
2 dof 1.03/337 | 1.04/336 | 1.05/350 | 1.51/364 1.48/338

Notes.® Unabsorbed ux in the energy band from 3 to 50 keV, unit [keV em 2].
&) Fixed parameter.
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Table 3: Ratios between the unabsorbed 3-50 keV uxes of the powerlaw continuum and the
10 keV-feature in observatioM1. The uxes have the unit [keV $ cm ?].

Flux PL | Flux 10keV| Quotient
total 5:865'091% | 1:628'2918 | 0:2789:904
increasing| 7:11°397 1:65°997 | 0:2327%011
decreasing 8:14'9%9 1:91°9% | 0:235'%01
peak 7:55298 1:787395 | 0:235'2997
0 -peak | 5:48472920 | 1:5917291% | 0:290739%4
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4. Summary and Discussion

In this thesis | analyzed two NUSTAR observations of the BeXRB 4U #6B5taken at
the peak and during the decay phase of its 2015 outburst. The broad-band spectrum of
both observations is well described by an empirical powerlaw model with exponential cuto
modi ed by interstellar absorption and a broad Fe &mission line, possibly indicating higher
ionization states of iron. The fundamental CRSF around 11 keV and two harmonics could
be clearly identi ed in both observations. The continuum model further requires an emission
component around8:5 keV, commonly known as the 10 keV-feature. The presence of this
feature in the spectrum of 4U 01t63 has rst been reported by (Coburn, 2001). The choice
of the continuum model was motivated by its successful application in previous analyses and
because it was shown to minimize systematie@s on the CRSF modeling (Mer et al.,
2013). The NuSTAR observations do not con rm the existence of two fundamental CRSFs at
11keV and 15keV, as suggested by lyer et al. (2015).
The light curve shows strong variability related to a knowBD0s QPO that was already
discovered by RXTE (Heindl et al., 1999). The main focus of this work was to characterize the
spectral variability associated with this QPO. Investigating the distribution of the pulse arrival
times, the morphology of the light curve showed that a clear de nition of the QPO phase was
not possible. Motivated by the variability of the hardness ratios with time, time-resolved spectra
were extracted for the rise and decay phases of the QPO peaks, as well agtekdimes.
Fitting these spectra with the model used for the time-averaged spectrum showed that most
of the spectral variabilities can be accounted for by changes of the 10 keV-feature component,
which varies up to 20% in ux compared to the powerlaw continuum between peaks and
0 -peaks.
The nature of the 10 keV-feature and the QPO are both still under debate. Ferrigno et al. (2009)
proposed Comptonized cyclotron emission as the origin of the 10 keV-feature. According to
Becker & Wol (2007), the Comptonization of bremsstrahlung produced by the decelerating
plasma is the main contribution to the powerlaw-like continuum. Although the origin of the
QPO is not well understood, its ect is a change of the luminosity and therefore probably
mass accretion rate by50% on timescales of a few hundred seconds. Theréint variability
of the powerlaw and 10 keV-feature ux might indicate that these two emission processes react
di erently to sudden changes of the mass accretion rate.
Starting from this assumption a next step would be to perform ux-resolved spectroscopy,
which can also resolve the irregular or aring parts of the light curve. Furthermore, the relation
between the powerlaw and the 10 keV-feature ux could also be studied during an outburst of
the source, where the luminosity can vary by more than an order of magnitude, although the
timescale is clearly dierent. Future analyses will also have to critically test the assumption
that the CSRFs do not change with QPO phase, which was necessary for avoiding parameter
degeneracies in the t, but would introduce strong systematecss if incorrect. Finally, the
excellent time resolution of the NUSTAR data will also allow dedicated pulse phase-resolved
spectroscopy.
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A. Appendix

Figure 16: Fit of the M2 spectrum with a simple cutpowerlaw model without any further
modi cation. Red data points correspond to data from FPMA and the blue ones to FPMB,
respectively.

Figure 17: Fit of theM2 spectrum using a simple cut@owerlaw with additional Fe K line,

10 keV-feature and ISM absorption. The red points correspond to data from FPMA, the blue
ones from FPMB, respectively. The residuals clearly show the fundamental and rst harmonic
CRSF.

25



Figure 18: Best t of the spectrum of observatit?.

Figure 19: The entire light curve &2, measured with the detector FPMA. The observation
spans roughly 40ks. Gaps in the light curve are caused by the satellite orbit and screening
criteria and result in the net exposure of 9ks.
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