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Abstract

Cataclysmic variables (CVs) are binary stellar systems with a white dwarf
(WD) and a companion star that is losing mass to the WD. When the mag-
netic field of the WD is strong enough, the accreting matter follows its magnetic
field lines then falls near a magnetic pole. This leads to emission of radiation
including X-rays. I analyzed Chandra X-ray data of the magnetic CV X10
in the star cluster 47 Tucannae. Analysis of the system’s X-ray light curves
shows a 4.185 £ 0.038 hour modulation, interpreted as the white dwarf (WD)
spin period. The modulation also shows phase shifts around ~ 165°, which
I interpret as a result of the accretion flow switching its trajectory between
regions near two opposite WD magnetic poles. This implies a possible asyn-
chronism between the WD spin and binary orbital periods. To investigate the
two-accretion region scenario, I roughly constrained the system’s geometry by
simulating theoretical X-ray light curves and comparing them to observations.
To investigate the degree of asynchronism, I constrained the orbital period of
the system by analyzing the envelope patterns in the X-ray light curves, re-
sulting in a range of possible orbital periods from = 4.26 to &~ 4.37 hours, that

correspond to degrees of asynchronism from =~ 1.76% to = 5.96%.
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Chapter 1

Introduction

1.1 Definition and classification

Cataclysmic variables (CVs) are binary stellar systems with a white dwarf
(WD) and a companion star that is typically a red dwarf (low mass Hydrogen-
burning stars), in mutual orbit, and where the companion star is losing mass
to the white dwarf. White Dwarfs are the result of the evolution of stars with
masses lower than ~ 8 times the mass of our Sun, after they run out of their
fuel for nuclear fusion. White dwarfs have high interior densities of around
~ 10% g/cm? and are held up by degeneracy pressure. They are slowly cooling
down, with observed surface temperature ranging from a few thousand Kelvins
to over a 100,000 K. (for a review on the physics of WDs, see Koester and
Chanmugam, 1990).

In binary stellar systems, each companion has a potential well within which
material is gravitationally bound to the star. This region is shaped like a tear,
and is called the Roche lobe. Figure 1.1 shows an example 3 dimensional il-
lustration of Roche lobes in a binary. And in every binary system, the point
between the two stars along the line connecting their centres, where the Roche
lobes of the two companions meet, is called the inner Lagrangian point. The

inner Lagrangian point marks where the gravitational and centrifugal forces



of the two stars sum to zero. If one of the stars in the binary fills its Roche
lobe, then material from its surface will end up flowing over the inner La-
grangian point, towards the other star. (for in-depth physics of close binaries,
see Paczyniski, 1971). In the case of cataclysmic variables, the red dwarf fills

its Roche lobe and thus loses mass to the WD (Connon Smith, 2007).

The accreted matter coming from the atmosphere of the red dwarf is ionized.
And since charged particles and strong enough magnetic fields interact (the
charged particles are forced to follow magnetic field lines), then the way that the
accreted matter moves towards the White Dwarf is dependent on the strength
of the White Dwarf’s magnetic field. The field sets the magnetospheric radius of
the WD, within which the magnetic energy density B%/(8m) is higher than the
kinetic energy density of the accreting material. Thus the accreting material

cannot free-fall, and instead is channeled along the WD’s magnetic field lines.

If the White Dwarf has a weak magnetic field, then the magnetic energy
density is not high enough to channel the accreting material along the magnetic
field lines of the WD. So the material keeps free-falling, and due to conservation
of angular momentum, it forms an accretion disk around the WD and some of
the material in the disk spirals down, preferentially onto the equatorial region
of its surface. This class is called non-magnetic cataclysmic variables (Connon

Smith, 2007).

If the White Dwarf’s magnetic field is of the order of 10 MG, the mag-
netospheric radius is large enough to completely prevent the formation of an
accretion disk, as the accreting ionized material gets captured by the mag-
netic field lines of the WD and moves along them. The material accelerates
along the magnetic field lines, falling towards the nearest magnetic pole(s) of
the WD (see Figure 1.2). As it approaches the WD’s surface near the mag-
netic pole(s), it accelerates to the WD’s escape velocity, which creates a strong
shock at impact. This leads to the emission of radiation in various parts of

the electromagnetic spectrum by the post-shock flow (Cropper, 1990). X-rays



primary mass @ 1.00 Mg period : 3.33 hours
secondary mass @ 0.50 Mg inclination : 45.00 degrees
separation i 1.29 Rg phose : 015 orbits

Figure 1.1: An example diagram of 3 dimensional Roche lobes of the stars
in a binary system, the parameters of which are shown. Notice how they are
tear-shaped, and meet at the inner Lagrangian point where the forces balance
(from Connon Smith, 2007). The higher mass star in the binary is called the
primary, and the lower mass star is the secondary.
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Figure 1.2: Schematic of a polar, from (Cropper, 1990). Notice the absence of
an accretion disk due to the significant strength of the magnetic field of the
WD, and how the accretion stream is moving towards the one magnetic that
is closer to the secondary.

of varying energies are emitted. High energy (or hard, e.g, ; 2 keV) X-rays
are emitted as Bremsstrahlung radiation due to the cooling of the charged par-
ticles in the post shock flow. Lower energy (or soft) X-rays result from part
of the hard X-rays being absorbed by the WD’s surface, being thermalized,
then re-emitted as blackbody radiation, which peaks in the soft X-rays and
far-ultraviolet (Imamura and Durisen, 1983). Near-infrared and optical emis-
sion occurs when the post-shock material spirals around the WD’s magnetic
field lines, forming polarized cyclotron radiation. These systems are called po-
lars, because of their strongly polarized cyclotron emission indicating the high

magnetic field strength of the WD (see Cropper, 1990, for an extensive review).

In an intermediate case between polars and non-magnetic CVs, the magnetic
field of the WD is weaker than in polars (measured by their weaker observed
polarization) and stronger than in non-magnetic CVs. In this case, the material
does form a disk around the White Dwarf. However, this disk breaks down at
the WD’s magnetospheric radius, where magnetic energy density of the WD is
stronger than the kinetic energy density in the inner parts of the disk. Here the
material starts moving along the magnetic field lines of the WD), accelerating

towards its magnetic poles. This creates a truncated disk around the WD



Figure 1.3: Schematic of an intermediate polar, from (Patterson, 1994). Notice
the truncated accretion disk at the WD’s magnetospheric radius, with two
accretion streams from its inner parts moving towards the WD’s magnetic
poles. Also notice how radiation from the accretion regions on the WD can
heat parts of the disk.
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Figure 1.4: Schematic of the accretion region, see (Cropper, 1990). The hard
X-rays are initially emitted isotropically, half of which goes into the WD’s
surface, gets thermalized and re-emitted as soft blackbody X-rays. The other
half partially escapes to infinity, and partially gets scattered back into the WD.
See Chapter 4 for a more in-depth discussion of this.



(see Figure 1.3). These systems are called ”intermediate polars” (IPs), since
they exhibit behaviours of both polars and non-magnetic CVs, namely, an
accretion disk, then accretion streams that follow the magnetic field lines of the
WD. (Patterson, 1994). Note, however, that there could also be intermediate
polars with no accretion disk, as Wynn and King (1992) found them hard to
rule out by comparing theoretical power spectra of diskless IPs compared to
observations. And a diskless IP has been indeed observed: V2400 Oph (Hellier
and Beardmore, 2002). The focus of my thesis will be magnetic CVs, namely,

polars and intermediate polars.

1.2 Observed X-ray timing signatures in mag-

netic CVs

In most cases, the magnetic axis of the WD in mCVs is tilted relative to its
rotational axis, so that the magnetic poles (and thus the accretion regions
emitting the radiation) each occupy a small region away from the rotational
poles. Therefore, the observed brightness of soft and hard X-rays emitted from
an accretion region near a magnetic pole of the WD will vary with WD spin
phase, depending on whether the magnetic poles rotate in and out of our line
of sight, or one pole stays continuously in view. This variation pattern — and
hence the shape of the soft and hard X-ray light curves — depends on the
geometry of the system (which will be discussed in depth in chapter 4). This
X-ray brightness modulation due to the WD spin matches the orbital period
in most polars, because the strong magnetic field of the WD interacts with the
companion star, slowing the WD rotation to match the orbit. Typical orbital
periods in polars range from 1.3 to 3.5 hours.

While in intermediate polars, the WD’s magnetic field is not strong enough
to bring the spin of the WD to synchronism with the binary orbit, so we may

see less direct evidence of the orbital period in their X-ray light curves. These



include: eclipses of part or all of the truncated accretion disk by the secondary,
signals produced by the reflection of radiation from near the WD magnetic pole
off the secondary star, and radiation from a heated spot at the disk’s edge. This
heating produces a signal one fewer time per binary orbit than we see from the
magnetic pole directly, so it comes at the lower ”orbital sideband” frequency
Wrepro = Wspin — Lorp. Observed WD spin periods in IPs range from about half a
minute to around 2 hours, and orbital periods between around 1.6 to 48 hours.

(Patterson, 1994).

1.3 Asynchronism in Magnetic CVs

As mentioned above, in most known polars, the rotation of the WD is syn-
chronous with the orbital period of the binary. In this case, the orientation of
the magnetic axis of the WD will remain the same with respect to the secondary
at all times, and hence the plasma stream from the secondary will accrete near
the same magnetic pole(s) at all times as the WD co-rotates with the mutual
orbit of the companions. (see Cropper, 1990).

However, if there is even a slight asynchronism between the WD spin period
and binary orbital period (with a non-zero angle between the WD spin and
magnetic axes, or a spin axis that is not perpendicular to the orbital plane in
the case where the spin and magnetic axes align), the orientation of the WD’s
magnetic axis with respect to the secondary will keep changing, and hence,
the plasma stream will periodically switch to magnetic field lines leading it to
the other magnetic pole. Figure 1.5 is a simple schematic demonstrating this
switch. Note that it is not to scale, and it is assuming that the accretion regions
are separated by 180°. This process will be discussed in more detail in Chapter
5.

This phenomenon can be observed as a phase shift of the spin modulation

in the X-ray light curves of the mCV (since the spin-modulated X-rays are



After half the beat
period, the accretion
stream switches to
moving towards the
opposite pole

Figure 1.5: Schematic of an asynchronous polar, demonstrating the switch
of the accretion stream between the magnetic poles due to changes in the
orientation of the WD magnetic field with respect to the secondary. Note that
it assumes a separation of accretion regions of 180° and it is not to scale. For
further explanation of this process and the period at which the switch occurs,
see Chapter 5.



emitted by the accretion region(s)). The amount of this phase shift and the
frequency at which it occurs is dependent on the angular separation of the
two accretion regions on the surface of the white dwarf and the degree of
asynchronism between the WD spin and binary orbital periods (see Chapter
5). However, the observability of two accretion regions near opposite magnetic
poles of the WD in X-rays depends on the geometry of the system; namely, on
the angle between the WD’s magnetic and rotational axes, and the inclination
of the system (which will be explored in Chapter 4, based on the model from

(Imamura and Durisen, 1983)).

This phenomenon of the accretion stream switching between opposite poles
due to asynchronism can occur in diskless intermediate polars, since their WD’s
magnetic field is not strong enough to synchronize its spin with the binary or-
bital period. It also occurs in a few polars with a slight asynchronism between
the WD spin and binary orbital periods, which are called asynchronous po-
lars (APs). A suggested reason for their asynchronism is the occurrence of a
nova explosion on the WD surface. If a nova explosion happens to an initially
synchronous polar, the rapid expansion of the envelope of the WD increases
the moment of inertia of the WD, which initially slows down the WD’s spin
(due to conservation of angular momentum). Then due to a strong magnetic
coupling between the secondary and the post-nova envelope, the WD spin goes
back up rapidly towards re-synchronization. However, the remnants of the
nova envelope start contracting, causing the WD to spin up again, towards
asynchronism. This process has been observed in the confirmed asynchronous
polar V1500 Cyg, and the suspected asynchronous polar V4633 Sgr. (Stockman
et al., 1988; Pavlenko et al., 2018) (Lipkin and Leibowitz, 2008)

Confirmed (and two other candidate) asynchronous polars are listed in Table
7?7, with 1RXS J083842.1-282723 being the most recent (see Halpern et al.,
2017). Omne can notice from Table ?7 that most of these asynchronous polars

have periods ranging from ~ 1.8 to 3.4 hours, with a spin-orbit degree of



asynchronism % of < 2% .Two mCVs, Paloma and IGR J19552+0044
were found to have degrees of asynchronism higher than in typical asynchronous
polars, thus leading to the conclusion that these systems are either highly
asynchronous polars, or diskless near-synchronous intermediate polars (that
could be evolving towards synchronism and thus towards becoming polars)
(Schwarz et al., 2007; Joshi et al., 2016; Bernardini et al., 2013; Tovmassian
et al., 2017)).

Over timescales estimated from several tens to several thousands of years,
APs tend to evolve towards synchronism due to angular momentum loss by
the WD (Myers et al., 2017). In most APs, the WD spin period is slightly
shorter than the binary orbital period, and as a result of dissipation caused
by magnetic interactions between the synchronous WD and the secondary, the
WD loses angular momentum and its spin period slowly decreases to match that
of the binary orbit. (Campbell, 1984) So we see that by observing changes in
the periodicities of asynchronous magnetic CVs over the years one can obtain
observational values of synchronization timescales, and along with studying
changes in their accretion geometries, these systems provide laboratories for

testing the validity of magnetic theories of how such systems form and evolve.

1.4 Overview of thesis structure

In this thesis, I will be discussing the approach and results of my studies of
X-ray data of the system X10 (aka W27, aka CXOGIb J002406.3-720443) in
the star cluster 47 Tuc, which is believed to be an asynchronous magnetic cat-
aclysmic variable (Heinke et al., 2005). In Chapter 2, I will show the observed
X-ray light curves and spectra of X10, obtained by the Chandra X-ray Obser-
vatory, and discuss how they lead to the hypothesis that the system exhibits
pole-switching behaviour of the accretion stream, possibly due to asynchro-

nism. In Chapter 3, I will show the power spectra and least squares fitting of
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the X-ray light curves indicating the spin period of the WD and highlighting
the phase shifts. In Chapter 4, I will explore the geometry of the system (and
hence whether or not observing it allows the viewing of two opposite poles)
through a simulation of the X-ray light curves based on the model of Imamura
and Durisen (1983), and compare it to observations to set rough constraints
and visualize the system. In Chapter 5, I will derive a range of possible values
of the orbital period of X10 and hence, a range of possible degrees of asyn-
chronism of the system (the value of which determines the classification of the
system as either a Polar or an IP) through analyzing the overall behaviour of
the light curve phases and amplitudes, and discuss the complications that arise
when trying to find the system’s exact orbital period with the available data.
Finally, Chapter 6 will tie together the conclusions.

12



Chapter 2

Observations and preliminary

analysis

2.1 Background on globular clusters, and X10’s

X-ray observations

In this section, I will provide some background information on 47 Tuc and X10.
First I would note that globular clusters have high rates of stellar interactions
(for an overview of globular cluster dynamics, see Meylan and Heggie, 1997),
which lead to an overabundance of bright low-mass X-ray binaries in globular
clusters (Pooley et al., 2003), especially in the densest clusters (Clark, 1975;
Jordan et al., 2004), and also to enhanced production of fainter X-ray sources,
particularly cataclysmic variables (Heinke et al., 2006; Pooley and Hut, 2006).

47 Tuc is a globular cluster 4.53 kpc away, (Bogdanov et al., 2016), with
an estimated total mass of order ~ 10° solar masses (Heinke et al., 2005),

core radius of 0.36 arcminutes !

, and with one of the highest rates of stellar
interactions (Pooley et al., 2003).

X-ray emission from 47 Tuc was first seen with the Einstein X-ray satellite,

Thttps://physwww.physics.mcmaster.ca/~harris/mwgc.dat
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and suggested to be due to cataclysmic variables (Hertz and Grindlay, 1983).
But Verbunt et al. (1984) argued that this emission was more likely due to
LMXBs with neutron stars, in quiescence between outbursts; but at this time,
neither X-ray nor optical telescopes were able to resolve the observed X-ray
emission into multiple sources, or able to search for faint optical counterparts
in the crowded globular cluster (for example, see Auriere et al., 1989, where an
attempt was made to match X-ray data of 47 Tuc from the Einstein satellite
with optical data). The Hubble Space Telescope allowed identification of several
cataclysmic variables in 47 Tuc, which might be associated with the X-ray
emission (for example, see Paresce et al., 1992; Shara et al., 1996) (note that
in the latter reference, the optical variable V3 was identified, which was later

shown to be X10’s optical counterpart).

The ROSAT X-ray telescope had higher angular resolution (~27), allow-
ing the resolution of X-ray emission associated with the core of 47 Tuc into
4, then 9 X-ray sources (Hasinger et al., 1994; Verbunt and Hasinger, 1998).
The Chandra X-ray Observatory’s better sensitivity and 0.5” angular reso-
lution allowed the resolution of 47 Tuc’s X-rays into 300 sources (Grindlay
et al., 2001; Heinke et al., 2005), with positions accurate enough to identify
scores of optical counterparts, including cataclysmic variables, chromospheri-
cally active binaries, and millisecond radio pulsars (Edmonds et al., 2003b,a;
Rivera-Sandoval et al., 2015; Rivera Sandoval et al., 2018). The brightest few
sources, for which the ROSAT X# names have been retained, include three
quiescent low-mass X-ray binaries with neutron stars (Heinke et al., 2003), a
likely black hole low-mass X-ray binary (Miller-Jones et al., 2015; Bahramian
et al., 2017), and a number of CVs, identified by optical counterparts that are
very blue and highly variable (Edmonds et al., 2003b).

The most X-ray luminous of the CVs in 47 Tuc is X10. Grindlay et al. (2001)
(using 72 ksec of Chandra data, taken in 2000) confidently identified it with
the blue, variable star V3, and suggested a CV interpretation. They noted the

14



unusually soft X-ray spectrum, and suggested a 3.83 hour possible periodicity.
Edmonds et al. (2003a) showed evidence from Hubble for a very blue component
(dominating ultraviolet light) and a redder component, likely a main-sequence
star, dominant in visible and infrared light -these can be identified with the
accretion disk or WD, and companion star, of a CV, respectively. Edmonds
et al. (2003b) noted a possible periodicity at 3.7 hours in the optical data,
though several other peaks in their power spectrum reached similar power.
Heinke et al. (2005) used a further 300 ksec of Chandra data (from 2002) to
argue for a 4.67 hour strong sinusoidal periodicity, and fit the X-ray spectrum
with a very soft blackbody (53+4 eV) plus two thermal plasma (MEKAL,
(Liedahl et al., 1995)) components at 0.39 + 0.03 keV and > 14 keV. Heinke
et al. (2005) argued from the spectrum and periodicity that X10 is likely a

polar.

2.2 Data processing for X10

I have examined thirteen Chandra observations of the magnetic cataclysmic
variable X10 in 47 Tuc. The available observations are from 2002, 2005, 2014
and 2015, the details of which are listed in Table 2.1. The 2002 data were taken
with Chandra’s ACIS-S detector, providing good energy resolution (Garmire
et al., 2003), over a 2-week period. The 2005 data are part of 800 ks of data
taken over a couple months with the HRC-S detector, which provides higher
time resolution (less than a millisecond), but with very poor energy resolution
and lower sensitivity (Murray et al., 2000). The 2014 data were taken with
ACIS-S, however the sensitivity of this detector to soft X-rays has degraded
significantly between 2002 and 2014 due to the buildup of a contaminant on
the detector (Plucinsky et al., 2016). The observations in Table 2.1 are the
ones which give the best signal -there are another 11 HRC-S observations from

2005, ACIS-I observations from 2000, and two 2014 ACIS-S observation that
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ObsID Interval Detector Observation date
2735 67 ks ACIS-S  2002-09-29
2736 67 ks ACIS-S  2002-09-30
2737 67 ks ACIS-S  2002-10-02
2738 70 ks ACIS-S  2002-10-11
5542 52 ks HRC-S 2005-12-19
5543 54 ks HRC-S 2005-12-20
5544 52 ks HRC-S 2005-12-21
5545 54 ks HRC-S 2005-12-23
15747 57 ks ACIS-S  2014-09-09
15748 19 ks ACIS-S  2014-10-02
16527 45 ks ACIS-S  2014-09-05
16528  45ks ACIS-S  2015-02-02
16529 27 ks ACIS-S  2014-09-21

Table 2.1: Observations of 47 Tuc which I used to study X10.

all provide an inferior signal from X10.

Using the ds9 software, I created a source region file for each observation
with a radius of 1.7 arcseconds, located at RA=0:24:06.374, DEC=-72:04:43.00
(Heinke et al., 2005). Background region files were created as well, of radius
9 arc seconds and a centre at RA=0:24:13.836, DEC=-72:04:13.18. I was able
to select a standard background for all observations since there were no flares
or periodic variabilities detected in the light curves of the backgrounds. Plus,
there were no significant differences between the source light curves and the
background-subtracted ones. Then using Chandra’s CIAO software 2, 1 ap-
plied barycentric corrections to each observation by correcting for the good
time intervals (GTIs) and correcting the aspect solution files, using the axbary
command. Afterwards, I merged the barycentered data files for each year, and
then obtained the background subtracted light curves seen in Figure 2.1 from

them using the dmextract command in CIAO.

2http://cxc.harvard.edu/ciao/manuals.html
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2.3 A first look at the X-ray light curves

Figure 2.1 shows the resulting background-subtracted X-ray light curves of X10
for all the observations listed in Table 2.1, binned at 1000 seconds. Where the
y-axis "CR” stands for the count rate: the total number of counts per bin
length, and where the error in the count rate is Gaussian 2, and the ACIS-S
light curves are extracted at energies between 0.2 and 10 keV. The observed
X-ray light curves are modulated at the WD’s spin period, since the X-rays are
emitted by the post-shock flow at the accretion region near a magnetic pole.
So the light curve maxima and minima occur as the accretion region moves in
and out of our view (respectively) as the WD spins (Cropper, 1990). One can
see large (typically ~100%) amplitude variations in the light curves. In some
instances, the amplitude seems to change suddenly (as seen in obsID 2735), and
in other instances, it changes more gradually with a smooth pattern (as seen
in obsID 2736 and obsID 5543). In this Figure, the tick marks are periodic,
repeating every 4.185 hours, beginning from the first peak in the first 2002
observation (obsID 2735). The reason for choosing the period of 4.185 hours
is that it is the derived spin period of the WD from power spectrum analysis,
and sinusoidal least squares fit to the observed light curves. A full discussion

of this will follow in Chapter 3.

One can see in Figure 2.1, for example, that these tick-marks correspond
to the maxima of the first two cycles in obsID 2735, and afterwards in this
observation, about halfway between consecutive tick-marks, additional maxima
start appearing and increasing in amplitude. And in the next observation
(obsID 2736), the same tick-marks (repeating every 4.185 hours, starting from
the same point mentioned above) now correspond to the minima of the cycles.
Treating the signals as sinusoids, this transition of the same periodic tick-marks

corresponding to maxima and then to minima, is a shift in the sinusoid’s phase.

3http://cxc.harvard.edu/ciao/ahelp/dmextract.html
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Interpreting this sinusoidal pattern as a result of emission from an accretion
region near the WD’s magnetic pole coming in and out of view as the WD spins,
then a shift in this sinusoid’s phase by about half a cycle, can be interpreted as
a result of the accretion stream switching its trajectory towards the opposite
WD magnetic pole. Thus resulting in a bright accretion region located near
the opposite magnetic pole of the WD, coming in and out of view as the WD
spins. And when both phases appear in the same observation (as in obsID
2735), the two accretion regions near the opposite magnetic poles are probably
active at the same time, as when the first comes out of view, the opposite one

comes into view. This can also be seen in obsID 15747.

2.4 The X-ray spectra and their fits

I also looked at the X-ray spectrum of the merged and barycentre-corrected set
of 2002 (obsIDs 2735, 2736, 2737 and 2738) and 2014 (obsIDs 15747, 15748,
16527, 16528 and 16529) Chandra ACIS-S observations. Using the HEASOFT
XSPEC software 4, I have fitted both spectra from 0.3 KeV to 11 KeV with
a fixed neutral gas column of Ny = 3.5000 x 10, blackbody (bbodyrad in
XSPEC), vmekal and mekal components (emission models for hot diffuse gas
that include Bremsstrahlung continuum and line emission, where I set fixed
sub-solar element abundances). The fit parameters are displayed in Table 2.2
and the fitted spectra are shown in Figure 2.2. The reason for these choices
for the fit models is the soft X-rays resulting from the shock-generated hard
X-rays getting absorbed by the WD’s surface, thermalized and re-emitted as
blackbody radiation from the accretion region (see discussion in Chapter 1).
And the vmekal and mekal components fit the hard X-rays with Bremsstrahlung
models along with continuum line emission (Liedahl et al., 1995). The resulting

spectral fit parameters are consistent with those found for X10 in Heinke et al.

4https:/ /heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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(2005), and with expectations for a polar ((see Kuulkers et al., 2006). For
examples of X-ray spectra of polars, see Ramsay et al. (2004); Halpern et al.
(2017)). The fact that the X-ray spectrum hasn’t changed significantly implies
that the accretion region on the WD (from which the X-rays are emitted)
has not gone through significant changes between 2002 and 2014/2015, unless
there were some short-term changes experienced there sometime in-between

the available observations.
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Figure 2.2: Fitted X-ray spectra of X10 from 2002 (upper) and 2014/2015
(lower). The upper panels give the flux (the data points are crosses and the
model is the straight line) in photons s™' ¢cm™2 keV~!, and the lower panels
give the residuals between the data and the model in units of the error in the
data.
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Chapter 3

Exploring the light curve spin

modulation and phase shifts

In this Chapter, I will discuss my analysis of the X-ray light curves of X10 to
obtain its spin period through its power spectrum and least squares fits to the
data. I will also discuss the observed phase shifts in the modulation and explore
the hypothesis that the opposite phases correspond to two different accretion

regions near opposite magnetic poles on the WD.

3.1 The X-ray power spectra of X10

I used the astropy.stats.lombscargle package (VanderPlas et al., 2012) to cre-
ate power spectra for X10, using light curves of the four long 2002 Chandra
ACIS-S observations merged together, the merged light curve of two adjacent
long ACIS-S observations, the merged 2005 HRC-S Chandra observations, and
several single observations. These power spectra are shown in Fig. 3.1 and
Fig. 3.2. To estimate the errors in the peaks of the power spectra, I used the
astropy.stats.bootstrap package !. I used this package to perform bootstrap re-

sampling of arrays that are % the length of the original ones, to produce 10,000

Thttp://docs.astropy.org/en/stable/api/astropy.stats.bootstrap.html
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sample power spectra, the peaks of which form a distribution. I adapted the
standard deviation of the peak distribution as the confidence interval for the
peak of the full power spectrum. One can notice two main patterns in these
power spectra: (1) The power spectra of separate observations that show no
phase shifts have a single peak at the spin frequency of the WD (within error
limits), as in Figures 3.1(c), 3.2(e) and 3.2(f). (2) The power spectra of
merged observations show many peaks due to the presence of phase shifts and
amplitude variations, and specifically show a pronounced double-peak pattern
around the true spin frequency, as in Figures 3.1(a), 3.1(b) and 3.2(d). A
similar behaviour has been observed in the power spectra of the asynchronous
polar 1RXS J083842.1-282723 with pole-switching accretion (see Figure 8 of
(Halpern et al., 2017)). For example, the highest peaks in the power spectrum
of the merged 2005 data are at 7.15 £ 4.33 x 107° s7! and 5.91 £4.70 x 10~°
s~ (note the huge errors!), corresponding to modulations of 3.89 + 2.56 and
4.70 & 3.44 hours. These modulations roughly agree within error with the 3.7
hour periodicity in the optical data suggested by Edmonds et al. (2003b), and
the 4.67 hour periodicity argued by Heinke et al. (2005), respectively.

In Fig. 3.1(c) from the third 2002 observation (obsID 2737), the observed
peak frequency is 6.57 4-0.13 x 107° s71. In the third 2005 observation (obsID
5544), the peak is consistent (with a much bigger error) at 6.54 +1.62 x 107°
s~!. Finally, the peak is at 6.52+0.15 x 10~ from ObsID 15747 taken in 2014,

which is consistent within the errors with the other two frequencies.

These frequencies correspond to modulations of 4.23 4+0.08, 4.25+1.05 and
4.26 +0.10 hours, respectively. Hence, from the power spectra analysis alone, I
cannot tell if the spin period has changed between 2002, 2005, and 2014. Due
to the phase shifts in the modulation, and due to the apparently unpredictable
variations in the modulation amplitudes in the light curves of the available
data, trying to obtain informative power spectra with clear, unique peaks from

the merged observations is almost impossible. Some observations are either
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too short, and/or contain both phases together, which creates unreliable power
spectra. Figs. 3.1 and 3.2 show the power spectra of the observations that

show the cleanest and clearest pulsations in our data.

3.2 Least-squares fitting of the X-ray light curves
of X10

Informed by the period corresponding to the peak in the power spectra as an
initial guess, I fit the light curves using the least-squares fitting algorithm from

scipy.optimize on python. The functional form chosen to find a best fit is:

CR(t) = Asin (wt — ¢) + B (3.1)

Where A is the amplitude, w is the WD spin angular frequency, ¢ is the
phase, and B is the vertical offset. In these fits, [ am not allowing the amplitude
to be an explicitly defined function of time (as this would be determined by
an amplitude envelope function related to the system’s orbital period - which
is unknown; see Chapter 5 for a full discussion). However, I let A be a free
parameter that varies between different cycles, with an initial guess based on
the observed count rate in the cycle, since the light curves show amplitude
variations. The vertical offset was needed since the sinusoids for the light curve
cannot have negative values, and was set to be a free parameter as well. The
phase ¢, also a free parameter, because I needed to account for, and measure,
the light curve phase shifts that were discussed in Chapter 2 (see Figure 1.5
in Chapter 2 and its discussion). Figure 3.3 shows the least-squares fitted
light curves, and Table 3.1 shows the fitting parameters. Attempting to fit
the light curves, I decided to start with the third 2002 observation (obsID
2737), because it appears to have the longest ”well-behaved” light curve; with

a single phase and with near-constant amplitude (see Figure 3.3). Ilet the spin

25



angular frequency w for this observation to be a free parameter, with its initial
guess being the value from the peak of the corresponding power spectrum:
Wouess = 27 X 6.57 x 107° = 4.13 x 107" rad s~!. This guess made sense to
me since the Lomb-Scargle power spectra themselves are based on sinusoidal
models of the data (VanderPlas et al., 2012), and the power spectrum peak
for this observation has the smallest error compared to the other observations
that show a single peak (see Fig. 3.1(c) versus Figs. 3.2(e) and (f)). The
resulting spin angular frequency from the least squares fit to obsID 2737 is
w = 4.171 x 107 £ 0.037 x 107%, which corresponds to a spin period of
Pypin, = 4.185 £ 0.038 hours. Then I found that I had to fit most cycles in the
other observations individually due to various complications in the light curves.
E.g., in the case of varying amplitudes within the same observation, and/or
when there are two opposite phases both appearing within the same observation
(suggesting material falling onto both accretion regions at the same time), as
seen in the first 2002 and 2014 observations. With the amplitude, phase and
vertical offset being free parameters for these other observations where I had
to separately fit the cycles, the range of possible spin periods that produced
minimal chi-squared turned out to be quite large and produced large errors in
the resulting fits when the spin angular frequency was set to be a free parameter
(even though the initial guess for w was the same one used for obsID 2737). For
this reason, and the fact that the spin period for an asynchronous mCV does
not change in the time scale covered in the observations being examined (Myers
et al., 2017), I decided to fix the spin angular frequency when fitting the rest
of the observations, adapting the value obtained from the least squares fit of
obsID 2737, namely, w = 4.171 x 107% £0.037 x 10~%%. This gave consistently
good results in fitting all the data, and reduced the fit errors encountered when

w was set as a free parameter.

Note, however, that the errors in the phase ¢ are still large, especially for

the phase shifts that appear as partial cycles in observations with both opposite
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phases indicated by the tick-marks (like in obsID 2735 and obsID 15747, which
is expected because they form a fraction of a sinusoidal cycle). And also in
some cases where an observation does not seem to exactly correspond to one
phase indicated by the tick-marks, nor its opposite (like obsIDs 2737, 2738 and
5542, where the tick-marks do not exactly correspond to a cycle maximum nor
a minimum, as opposed to obsIDs 2736 and 5544 for e.g., where their minima
and maxima clearly correspond to the tick-marks, respectively). There seem
to be smaller shifts in the phases other than the one that’s clearly defined by
the tick-marks, increasing the errors in the fits.

Generally, in the 2002 and 2005 observations, the major phase difference
lies between 150 and 170 degrees, and between 160 and 180 degrees in the 2014
and 2015 observations. The observed smaller shifts in the phases (that cause
the minima and maxima of some observations not to exactly match the tick
marks, as mentioned above) could be attributed to physical movement of the
accretion regions on the WD surface. This is a phenomenon that has been also
observed in asynchronous CVs such as V1500 Cyg (see Pavlenko et al., 2018).
For a polar (or a diskless intermediate polar), the X-ray emission is coming
from the accretion region near the magnetic pole. So the emission changing
phase by an amount as large as ~ 170° implies that the plasma stream coming
from the Roche-lobe-filling secondary has switched to accreting towards the
opposite magnetic pole. And both phases being present together implies that
both poles are accreting (as in obsIDs 2735 and 15747). Further discussion of

this will follow in the next section.
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Figure 3.1: X-ray power spectra of the combined second and third 2002 ob-
servations, the second 2002 observation alone, and the third 2005 observation,
respectively from top to bottom.
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Chapter 4

Exploring the geometry of X10

In this Chapter, I will be using the model from Imamura and Durisen (1983)
to simulate soft and hard X-ray light curves of X10 in various geometries. I
then compare the simulated light curves with the observed light curves, to try
to set rough constraints on the system’s geometry -namely, the angle between
our line of sight and the binary’s orbital axis, and that between the WD’s spin
and magnetic axes. My goal is to check whether the constraints on the system
geometry from pulse shape modelling are consistent with the visibility of two
different accretion regions near opposite magnetic poles. If so, this would be
evidence in favour of the proposition that the phase shifts in the modulation

are resulting from the accretion stream switching between opposite poles.

4.1 Understanding the X-ray emission from the

accretion region

In Imamura and Durisen (1983), it is assumed that the WD has a dipolar mag-
netic field, with a steady accretion flow from the secondary that is fully ionized
and symmetric about the WD’s magnetic axis, free-falling supersonically to-

wards a WD magnetic pole and forming a shock near the surface. The accreting
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material settles subsonically near the pole as a physically and optically thin
post-shock flow. This shock-heated plasma will emit Bremsstrahlung radiation
(hard X-rays) isotropically. At this location near the WD surface, half of this
radiation will be directed outwards through the pre-shock flow, and the other
half will be directed inwards towards the WD surface. The hard X-rays emitted
towards the WD surface may either be absorbed by the WD surface, thermal-
ized and re-emitted as soft blackbody X-rays, or be scattered outward into the
pre-shock flow. Depending on the optical depth in the pre-shock flow, the hard
X-rays that are emitted and scattered outwards will either get back-scattered
towards the WD (where, again, they either get absorbed and re-emitted as soft
blackbody X-rays or scattered back) or escape to infinity, thus forming the hard

component of the CV’s X-ray spectrum.

The optical depth of the pre-shock flow in the directions perpendicular 7
and parallel 7 to the WD magnetic field (which are parallel and perpendicular
to the WD surface, respectively) will affect how we see the X-rays at effectively
infinite distances. According to Imamura and Durisen (1983), these relate to

the fraction of the surface area of the WD occupied by the accretion region f;

TL / )
o 0.95(10_1)05 (4.1)

Therefore, for very small accretion regions where f << 107!, the optical
depth in the direction perpendicular to the WD’s magnetic field lines will be
much smaller than that in the direction parallel to them. This will therefore
cause more X-ray radiation to escape in the direction perpendicular to the
WD’s magnetic field lines, forming a 3-dimensional funnel shape around the
accretion region. In other words, this causes the X-ray flux from the accretion
region to be angle-dependent. Figure 4.1shows a rough schematic of funnelled
X-ray emission around the accretion region (I edited the figure from (Cropper,

1990) to clearly show 7, and 7, and how funnelled emission roughly looks like).
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Figure 4.1: An edited schematic of the one in Cropper (1990) showing the rough
shape of funnelled X-ray emission above the accretion region by a magnetic
pole in a magnetic CV. Where 7, and 7 are the optical depths of the pre-
shock flow in the directions parallel and perpendicular to the WD magnetic
field, respectively.

Imamura and Durisen computed this angular dependence for the soft black-
body and hard Bremsstrahlung X-ray emission from the accretion region, divid-
ing the accretion region into small area increments. They integrated the hydro-
dynamic equations for the emission region plasma to obtain the un-degraded
Bremsstrahlung spectrum, and then passing it through the pre-shock flow us-
ing Monte Carlo computations to calculate the scattering and absorption. (For

more details on this computation, see Imamura and Durisen, 1983).

The results of this computation for an X-ray accretion luminosity of L,.. =
5x 10%* ergs s~ are shown in Figure 4.3, for two different values of the fraction
of the WD surface area that the accretion region occupies (namely, for f= 1072
and f= 10"*). In this Figure, the x-axis is u = cos(7), with v being the angle
between the WD’s magnetic axis and the line of sight (Fig. 4.2 shows these
angles). Thus, when p = 0.0, then v = 90 degrees (that is, the WD’s magnetic
axis is perpendicular to the line of sight), and when g = 1.0, then v = 0
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degrees (the WD’s magnetic axis is parallel to the line of sight). The y-axis
is the normalized flux of photons escaping in the direction of our line of sight
L(cos7y). This result depends on the ratio L“T = Ly, the X-ray accretion
luminosity per (fractional) area, as systems with the same value of L; scale
similarly.

One can notice two additional interesting points in these plots. First, the
luminosity is not at its maximum when the line of sight is parallel to the
magnetic field lines (that is, when = 1.0 or 7 = 0 degrees), which is expected
because of the higher value of the optical depth in the parallel direction 7,
especially in the case of a small accretion region, according to Equation 4.1.
This effect is much more pronounced for the Bremsstrahlung than blackbody
radiation, which makes sense as the blackbody radiation is generated in a larger
area farther from the accretion stream. Second, in larger accretion regions
(f = 1072) there is more radiation at g < 0.0 (or v > 90 degrees, where the
impact surface is not visible), since by Equation 4.1, 7y is relatively low for
larger f, therefore their corresponding surface of last scattering for the photons
is higher up above the WD surface, and so more photons escape to infinity at
the larger viewing angles. For an observer, the viewing angle v between the
line of sight and the magnetic axis of the WD will continuously change as the
WD spins with respect to the distant observer. The pattern of this variation
will be determined by the geometry of the system, namely: the angle between
the line of sight and the WD’s rotational axis, denoted by i, (assumed to
be parallel to the orbital axis of the binary), and the angle between the WD’s
magnetic and rotational axes, denoted by 5. The exact relationship between
the viewing angle and the orbital phase ® (defined to vary from 0 to 1) for a

given geometry is:

cos(y) = cos (igrp) cos (i) + sin (i) sin (ig) cos (27 D) (4.2)

So knowing the normalized flux’s dependence on the viewing angle based

35



on Imamura and Durisen’s calculations (shown in Figure 4.3, one can use the
above viewing angle relation along with the orbital phase for a given geometry
to obtain normalized light curves with orbital phase by plugging the above
relation into £(u) = L(cos ), giving:

F (D) = L(cosy) = L(cos (ipr) cos (ip) + sin (i) sin (i) cos (2nP))  (4.3)

Where F(®) is the normalized X-ray flux as a function of orbital phase ®
for a magnetic CV system of a given geometry, i, and ig.

So to summarize, given the X-ray accretion luminosity per (fractional) area
Ly, Imamura and Durisen’s hydrodynamic calculations determine the depen-
dence of the normalized flux on the viewing angle £(cos~). And knowing the
geometry of the system through i, and ip, one can obtain normalized soft
and hard X-ray light curves with orbital phase through applying Equation 4.3.
Alternatively, if one has observed X-ray light curves and spectra of a magnetic
CV and wants to constrain the geometry of the system, one can generate sim-
ulated light curves based on this model for various geometries and compare
them to the observed light curves. This is possible because from fitting the
X-ray spectrum of the system, the X-ray accretion flux Fj,.. can be obtained,
as well as an estimate of the size of the accretion region on the WD’s surface.
The latter is obtained from the blackbody component of the spectral fit, specif-
ically from the blackbody normalization fit parameter called ”bbodynorm” in

heasoft’s XSPEC bbodyrad spectral model. Here:

bbodynorm = R,/ D3opne (4.4)

With Ry, being the radius of the emitting region in km and Dy, being

the source distance in the units of 10 kpc !. Hence an estimate of the fraction

Thttps://heasarc.nasa.gov/lheasoft /xanadu/xspec/manual /node137.html
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Figure 4.2: Schematic of X10’s rough geometry, indicating the rotational and
magnetic axes, hot spot, orbital plane, line of sight, and the two angles involved.

of the surface area of the WD occupied by the accretion region fcan be made,
giving an estimate of the X-ray accretion luminosity per (fractional) area Ly.
And given that value, the angular dependence of the accretion flux £(cos~y) can
be determined, and consequently, the X-ray light curves F(®) can be simulated

for various geometries. This is what I have done with X10.

4.2 Setting up the simulation for X10

Following the methodology described above to roughly constrain the geometry
of X10, I had to make an assumption of the mass of the WD in the system,
since this value is not known yet. Following Imamura and Durisen’s simulations
I assumed a 1 solar mass WD, which is not an unreasonable assumption for
the mass of a WD in a magnetic CV, since the mass of WDs in such systems is
between 0.8 an 1.2 solar masses (Wijnen et al., 2015). And following the WD
mass-radius relation from Nauenberg (1972), a WD radius of Rwp ~ 6000
km was adopted. Then we use the fitted X-ray spectrum of X10 to obtain
estimates of the two observed properties of concern in this simulation: (1)

The X-ray accretion luminosity L,... From the spectrum of the merged 2002
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data, the flux of the photons of energies between 0.5 keV to 10 keV is Fj.. ~
8.34 x 107, Using the best estimate of the distance to 47 Tuc of D = 4.53
kpc from Bogdanov et al. 2016, the X-ray accretion luminosity is therefore

Loce = FpeednD? ~ 2.2 x 1032 erg s=! between 0.5-10 keV.

(2) The fraction of the surface area of the WD that the accretion region
occupies f. This, as mentioned above, can be estimated from the Blackbody
spectrum fit’s normalization parameter according to Equation 4.4. So with
bbodyrad norm= 1.60665 x 10*%* for the merged 2002 data shown in Table 2.2,
and Dyorpe = 0.453 Bogdanov et al. 2016, and approximating the accretion re-
gion as being circular, it then makes up about f ~bbodynorm.r D%, kpe JATRZ ~ ~
4 x 107° of the WD’s surface.

These values of L,.. and f for the system therefore give an accretion lumi-

nosity per fractional area of Ly ~ 5 x 10% erg s7'.

Since systems with the
same value of accretion luminosity per fractional area scale with each other,
the angular dependence of the normalized accretion luminosity of X10 £(cos ")
therefore approximately scales with that shown in Figure 4.3. I then found a
piece-wise functional form via least-square fits for £(cosy) for Ly ~ 5 x 10%
and used Equation 4.2 as the argument in the resulting function for various
values of i, and ip, for both soft and hard X-rays (below and above 2 keV,

respectively). The resulting simulated light curves for the various geometries

are shown in Figures 4.4 and 4.5.

Then I compared the resulting simulated light curves with orbital phase,
with spin-folded observed light curves of X10 for both soft and hard X-rays
(with the spin period that was found from the least squares fits discussed in
the previous chapter). Despite the probable asynchronism between the WD
spin and binary orbital periods in X10, the simulated light curves with orbital
phase and the observed light curves with spin phase should be similar, assuming
a sufficiently small degree of asynchronism between the WD spin and binary

orbital periods, and given that the observations subject to the comparison are
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short enough not to contain a beat period envelope and/or pole-switching.

4.3 Simulation results, and comparing with ob-
served light curves

So since in X10, Ly ~ 5 x 10%, it then approximately scales with £(cos7)
shown in Figure 4 of Imamura and Durisen 1983, for which I have found a
piece-wise functional form via least-square fits. I then used Equation 4.2 as the
argument in our functional form of £(cos ) as in Equation 4.3 for various values
of i, and i, then compared the resulting light curves with our observations.I
compared the simulated light curves with observations for energies below 2
keV, and above 2 keV, though the lower-energy light curves appear to be more
constraining. Figures 4.6 and 4.7 show the soft and hard spin-folded light
curves from obsID 2737 superimposed on simulated light curves with 75 = 60°
and 1,4 between 55° and 85°. Generally, I found that the simulation agrees
best with the data at 60° < 7,4, < 85° and ig ~ 60°. And indeed, these rough
geometry constraints are consistent with the visibility of two different accretion
regions near opposite magnetic poles. One can see that in Figure 4.2, which I
constructed around these limits to roughly visualize how the system is oriented
with respect to us. These are very rough constraints on the geometry of the
system because the simulation assumes a WD mass (and hence radius), and the
parameter bbodyradnorm from which I estimated the approximate size of the
accretion region has a large uncertainty. However, the WD radius estimate does
not significantly affect the final value of Ly Also note that I used information
from the 2002 spectrum and not 2014/2015 because the 2002 data, with lower
contamination of the ACIS detector, has much higher observed count rates,

and therefore lower statistical errors (Plucinsky et al., 2016).
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Figure 4.3: The calculated angular dependence of soft (top) and hard (bottom)
X-ray emission from one accretion region on a magnetic CV, for two different
choices of f (indicated) for a one solar mass WD. The y-axis shows the nor-
malized flux observed at a certain viewing angle. And the x-axis is u = cos(7y)
where 7 is the viewing angle. From Imamura and Durisen (1983).
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Figure 4.4: Simulations of soft X-ray light curves at various geometries.



iob=15",ig=15" jory=60°,ig=15°

0.0 0.0
o, 000 025 050 075 100 125 150 175 2.00 0.00 025 050 075 1.00 125 150 175 2.00
£15 15
e forp=30",ig=30" oy =60",ig=30"
310
8
o
S05
E .
2 0.0 0.0
(000 025 050 075 1.00 125 150 175 2.00 (000 025 050 075 1.00 125 150 175 200
forp=60°,ig=60" fory=90",ig=60"
1.0 PN o~ o~ Lo
//, \\ / \\\-/, \ AN
0.5 \ N Y / /
\ ! Ay / 1
A\ ! \ ’ /
./ N/ /

.0
1g.OO 025 050 075 1.00 125 150 175 2.00

.0 .0
0.00 025 0.50 0.75 1.00 125 150 1.75 2.00 0.00 025 050 0.75 1.00 125 150 1.75 2.00

Figure 4.5: Simulations of hard X-ray light curves at various geometries.
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Figure 4.6: Comparison of observed soft X-ray light curves of X10 (blue dashed
lines) with simulated ones (red dashed lines), for various inclinations.
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Figure 4.7: Comparison of observed hard X-ray light curves of X10 (blue dashed
lines) with simulated ones (red dashed lines), for various inclinations.
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Chapter 5

Trying to set limits on X10’s
orbital period

5.1 Understanding the pole-switching accretion

The observed phase shifts in the spin-modulated X-ray light curves of X10 are
most likely caused by the accretion stream switching between two accretion
regions near opposite magnetic poles of the WD. I provided evidence supporting
this scenario in the previous three chapters. First (Chapters 2 and 3), there
is evidence for a clear periodicity at 4.185 hours, yet in some observations
there is evidence for two separate emission regions at near-opposite phases
contributing to the light curve, and varying independently. Second (Chapter
4), the constraints on the system’s geometry from the shape of the modulations,
in comparison with theoretical calculations of the predicted shape expected
from an accretion flow, predict the visibility of two accretion regions near two
opposite poles.

In considering this pole-switching accretion scenario, the next thing to think
about is what causes this phenomenon. The accretion stream tends to follow
the magnetic field lines that lead it towards the nearest WD magnetic pole

to the secondary star, hence, a pole-switching accretion implies which pole is
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closest to the secondary switches regularly, due to asynchronism between the
WD spin and the binary orbital period. If the WD spins at a different rate
than the orbit of the binary, the orientation of the magnetic axis of the WD
(if it is not parallel to the WD spin axis) with respect to the companion -and
hence the accretion region nearest to the companion- will change periodically.
The period at which this change occurs depends on the degree of asynchronism
of the system (or the beat period,see below), specifically, the period at which
the pole-switching occurs P,,,. Assuming a dipolar magnetic field of the WD,
this period is given by:
1

Pem) = §Pbeat (51)

Where P, is the beat period, given by:

1
P — P,

spin orb

Pbeat = (52)

The theoretical X-ray light curves for such asynchronous systems will there-
fore be sinusoids modulated at the spin period, with a sinusoidal amplitude
envelope function modulated at half the beat period:

2

CR(t) = E(t) sin(

t—¢+B) (5.3)

spin

Where CR stands for the count rate, and the envelope function E(t) is:

27

E(t) = Asin(—=2t — ¢) + C (5.4)

env

The reason for the sinusoidal amplitude envelope at half the beat period is
that as one pole moves away from the secondary, the accretion rate towards
it and hence the brightness of X-ray emission will start to drop during the
asynchronous rotation of the WD with the orbit. Then the accretion stream
switches towards the opposite pole as it gets closer to the secondary, the accre-

tion rate towards it, and hence the X-ray brightness at the opposite phase will
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start increasing until it reaches a maximum, then drops as the first pole starts

getting closer again(Wynn and King, 1992).

5.2 My rough estimate of the orbital period

The first thought I had was to try to compare the observed X-ray power spectra
with ones of the simulated light curves with envelopes for various degrees of
asynchronism, using Equations 5.3 and 5.4, to see which one matches best,
and thus constrain the orbital period. However, that did not work since the
available observations are not long enough to cover a full envelope, except for
possibly the first pair of 2002 observations, which however had two opposite
phases showing together within what seems to be the same envelope, along with
some unexpected amplitude changes, which complicated the observed power
spectrum quite a bit. Plus, the accretion regions in X10 seem to shift around
on the WD surface as discussed in Chapter 3, again, creating complications
in the power spectra. Both of these factors prevented me from making valid
comparisons between the theoretical and observed power spectra, hence I was
not able to narrow down the orbital period with this method.

My second approach was to try to roughly constrain the range of possible
envelope periods matching the data, and hence, the range of possible orbital
periods (since they are related by Equations 5.1 and 5.2). I investigated the
range of possible envelope periods by plotting simulated light curves with the
two phases and with full envelopes over the merged observed light curves fol-
lowing Equations 5.3 and 5.4. This was to see which envelope periods matched
the apparent envelope patterns found in the second 2002 observation, and in
the second and third 2005 observations. Examples of this are shown in Fig-
ures 5.1 and 5.2. After trying many different values of P,,,, it seems that
an envelope period of at least ~ 48.31 hours is needed to match the envelope

pattern of the second 2002 observation. And the envelope period matching
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Figure 5.1: The simulated light curve with the two phases and with full en-
velopes plotted over the merged observed light curves, for P.,, = 56.4393
hrs following Equations 5.3 and 5.4. Note that I chose a phase separation of
a = 165° for these plots, which is the mid-value of the range of phase shifts
found in the observed light curves, as discussed in Chapter 3.

this observation could be larger, matching it up to ~ 114.49 hours, as shown
in Figure 5.2. Notice, however, that this period does not match the apparent
envelope of the 2005 observations, however, these deviations from the model
could be due to irregularities in the accretion rate. In order to find the range
of possible orbital periods from the range of possible envelope periods, I have

solved Equations 5.1 and 5.2 for P, in terms of the envelope period:

1 1

Por == - -1 .
’ <Pspin 2Pe7w )) (5 5)

So to find the rough range of possible orbital periods, I plotted Equation 5.5
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Figure 5.2: The simulated light curve with the two phases and with full en-
velopes plotted over the merged observed light curves, for P.,, = 114.4928
following Equations 5.3 and 5.4. Note that I chose a phase separation of and
a = 165° for these plots, which is the mid-value of the range of phase shifts
found in the observed light curves, as discussed in Chapter 3.

in the range of envelope periods that I found to match the observed light curves
(from 48.31 to 114.49 hours). And as one can see from Figure 5.3, the resulting
range of possible orbital periods is from = 4.26 to = 4.37 hours, corresponding
to degrees of asynchronism with the WD spin period from ~ 1.76% to ~ 5.96%,
respectively. In this range of possible degrees of asynchronism, X10 could be
classified as either an asynchronous polar or an intermediate polar (Norton
et al., 2004).

I am limited to making these rough constraints on the range of possible or-
bital periods because of the limited amount of observations available, the light

curves of which do not show a full clear envelope, and exhibit some irregular
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Figure 5.3: The dependence of the inferred orbital period on the envelope
period, following Equation 5.5.

behaviours causing further complications in trying to find clear envelope pat-
terns, like sudden unexpected increases in the accretion rate, both poles being
active at the same time, and apparent shifting of the accretion regions on the
WD surface. Better constraints on the orbital period, and hence on the degree
of asynchronism and whether X10 is an asynchronous polar or an IP, could
be obtained through longer X-ray observations that could provide fuller light
curves with more information on the envelope. Or possibly with optical data,
since the optical cyclotron radiation is modulated at the binary orbital period,
though the spin and orbital signals have not yet been clearly detected in long
optical datasets from the Hubble Space Telescope (Edmonds et al., 2003b).
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5.3 Complications in fitting the light curves
with this envelope model

Given the range of possible orbital periods, I could not obtain a unique set of
best fit parameters to the observed light curves using Equations 5.3 and 5.4.
As that there are many minima in the chi-squared space, which are often close
together, but each minimum is quite sharp, so the resulting fit parameters are
highly dependent on the initial guess. The reason for this is the observations
are not long enough for a single orbital period to be fit uniquely to the data.
Figure 5.4 shows one example of a least squares fit, for an initial orbital period
guess of P, = 4.30 hrs, yielding the same best fit orbital period for all shown
observations of P, = 4.2988 hrs, with errors of order 1 x 107!° (one can see
the heavy dependence of the fit orbital period on the initial guess here!).
According to this model of pole-switching accretion, the cycles within the
same envelope should have the same phase. However, we see exceptions to this
with the observed light curves versus the model in Figure 5.1. For example,
there are two phases active together in the first 2002 observation. And the
predicted envelope containing the second and third 2005 observations seems
to start and end by cycles of different phases (that are separated by around
150° to 160°, as shown in the light curve fits in Chapter 3). One could try
to explain the two simultaneously active accretion regions through a sudden
increases in the accretion rate (possibly due to higher density patches forming in
the accretion stream), which increase the ram pressure of the accretion stream
moving along the magnetic field lines of the WD, which in turn can cause the
accretion stream to channel along the magnetic field lines leading towards the
farther accretion region near the opposite pole. Thus causing both poles to be
active at the same time, and so we may observe their X-ray emission within

the same envelope as they move in and out of view with the spin of the WD.
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Figure 5.4: Least squares fit of light curves with an initial orbital period guess
of P,.;, = 4.30 hrs. Where the fit model is the orange line, and the data are the
blue points.

52



Chapter 6

Conclusions

In this thesis, I presented my studies of Chandra X-ray data of the magnetic
cataclysmic variable X10 in the globular cluster 47 Tuc, from 2002, 2005 and
2014-2015. Fitting its 2002 and 2014 X-ray spectra with a soft blackbody model
and two hot plasma models including Bremsstrahlung and line emission showed
that the fit parameters are consistent with X-ray spectra of polars, agreeing

with previous speculations about the system.

6.1 Phase shifts in the spin modulation hinting

at spin-orbit asynchronism

A first look at the X-ray light curves of X10 shows significant brightness varia-
tions, some are sudden, and others are gradual and following a smooth pattern.
By taking a closer look at the patterns in the light curves, plotting periodic
tick-marks starting from a fixed point showed shifting in the cycles. As the
same periodic tick-marks correspond to maxima in some observations, and to
minima in others. By treating the light curve modulation as sinusoidal, the
transition of the cycles indicated by the periodic tick marks can be interpreted

as phase shifts of the sinusoidal signal. And by interpreting the sinusoids to be
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a result of an X-ray-emitting accretion region near a magnetic pole of the WD
spinning in and out of our view, then the observed phase shifts of the cycles
can be interpreted as a result of a pole-switching accretion. These phase shifts
lead to the hypothesis that X10 is an asynchronous system. Because when
the WD is spinning asynchronously with the binary orbit, the orientation of
the magnetic axis of the WD with respect to the secondary will change pe-
riodically with half the spin-orbit beat period (assuming the WD’s magnetic
and spin axes are not parallel), causing the accretion stream to switch between

magnetic poles. And that causes a phase shift in the spin modulation.

6.2 The relevant questions to find support for

the asynchronism scenario

To find support (or lack thereof) to this asynchronism hypothesis with the
limited X-ray data I had, I attempted to answer two main questions: (1) Could
these observed phase shifts in the X-ray light curves be a result of accretion
onto regions near two opposite magnetic poles; and (2) can the X-ray light
curve amplitude variations give clues to an envelope pattern, and hence a beat

period that could potentially constrain the system’s orbital period?

6.3 The consistency of the rough geometry with
two-pole visibility

To answer the first question, I attempted to set rough constraints on the sys-
tem’s geometry, to see if these constraints are consistent with the possibility of
observing two different accretion regions near opposite magnetic poles of the
WD. I did that through simulating soft and hard X-ray light curves based on
the model by Imamura and Durisen (1983), which is dependent on the X-ray
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accretion luminosity per (fractional) area of the accretion region Ly on the
inclination of the system with respect to us .4, and the angle between the
WD’s magnetic and spin axes ig. | was able to roughly estimate the value of
Ly from the X-ray spectral fit and by making a reasonable assumption on the
mass — and hence size — of the WD, and then generate simulated light curves
for various geometries, comparing them with observed X-ray light curves to see
which geometries match them best. The resulting rough geometry constraints
are ig = 60° and i,,, between 55° and 85°, which are indeed consistent with
the visibility of two opposite poles (see Figure 4.2, visualizing X10, constructed

around these rough constraints).

6.4 Clues to a beat period, and roughly con-
straining the orbital period

Having analyzed power spectra of X10 and applied least squares fits to the
light curves (as discussed in Chapter 2), I learned three major results: (1) The
spin period of the WD is 4.185 £ 0.038 hours; (2) the phase shifts in the spin
modulation vary between ~ 150° and ~ 180°, which implies that the accretion
regions near the magnetic poles tend to move around to a certain extent; and
(3) the light curves of some observations show amplitude variations that could
be a clue to a spin-orbit beat envelope pattern (e.g., obsIDs 2736, 5543 and
5544).

So knowing these results, and having more confidence in the scenario of
the observed phase shifts being caused by a pole-switching accretion stream, I
was able to explore the possibility of asynchronism a bit further. I did that in
Chapter 5, by roughly constraining the range of possible envelope periods by
trying to match simulated light curves with two phases (chosen to be separated
by a middle value of 165°, given the range of observed phase shifts mentioned in

the second result above) and with full envelopes over the merged observed light
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curves the light curves. And since the envelope period is that over which the
accretion stream would switch towards the opposite magnetic pole, it is taken to
be half the spin-orbit beat period. Hence, by roughly constraining the range of
possible envelope periods by comparing to observed light curves, and knowing
the WD spin period, I was able to roughly constrain the range of possible
orbital periods for X10. The resulting rough range is from ~ 4.26 to ~ 4.37
hours, which in turn correspond to degrees of asynchronism from ~ 1.76%
to ~ 5.96%. Within this range of degrees of asynchronism, X10 could either
be an asynchronous polar, or a diskless intermediate polar. Optical data, or
longer X-ray observations revealing full envelopes would greatly improve these
constraints of the degree of asynchronism, and may favour one classification of

X10 over the other.

6.5 Final remarks

In this thesis, I tried to get the most information I could from the limited data
I had on X10 in the X-rays alone. And while my estimates of X10’s geometry
using the simulations from Imamura and Durisen (1983) are rough due to the
assumptions I had to make and errors in the spectral fit, the same analysis
approach could be applied to other magnetic cataclysmic variables. And the
geometry results can have better accuracy if the mass of the WD of the system
is known, and the X-ray spectral fits are more accurate. In addition, if a mCV
has been observed for a long time period, one might try applying this analysis
on data over the years to try to see if there are any noticeable changes in the
accretion geometry, which could be beneficial for the studies of the evolution of
binary systems and the magnetic interactions within them. Finally, the same
applies to my analysis trying to roughly estimate the range of possible orbital
periods from limited X-ray light curves, through envelope period analysis: if an

asynchronous mCV has longer observations with more clear envelopes, better
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constraints on the orbital period could be obtained from just the X-ray light

curves.
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