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To my beloved grandfather,
Robert Iivonen,

who was born in 1942 in Strelna, Soviet Union;

who was relocated again and again,

along with tens of thousands of other Ingrian Finns;

who was neglected and discriminated against because of his origin;

who dedicated his life to honest work and to supporting the Ingrian community;
who died in 2025 in Heinola, Finland, a citizen and a proud Finn.

Joke’s on them, Grandpa.

Thanks to you, we all made it home. And now, it seems,
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ABSTRACT

Neutron stars (NSs) are among the most extreme objects in the Universe. More
massive than the Sun, smaller than the city of Turku, and denser than the atomic nu-
clei, they generate remarkable gravitational fields and influence their surroundings in
space in unique ways. With their extreme gravity and strongest magnetic fields in the
Universe, NSs are exceptional laboratories for studying the behavior of matter and
light under conditions that cannot be reproduced on Earth. Consequently, studying
NSs is crucial not only for astrophysics but also for fundamental physics.

In my doctoral research, I studied NSs residing in low-mass X-ray binary systems
(LMXBSs). In such systems, the extreme gravity of the NS affects the companion star,
namely, it strips matter from the surface of the companion and attracts it towards the
NS, forming an accretion flow. Once this matter reaches the NS surface, it heats
up and emits radiation primarily in the X-ray range. The exact geometry of the
accretion flow remains unknown; however, it is expected to depend on the balance
between the NS magnetic field strength and the accretion rate. In some systems, the
magnetosphere is strong enough to shape the accretion flow so that the matter follows
the magnetic field lines and is directed towards the NS magnetic poles; such systems
are known as accreting pulsars. In other systems, accretion happens at higher rates,
and magnetosphere does not affect the accretion flow, so the matter falls onto the NS
equator; these systems are referred to as weakly magnetized neutron stars (WMNS),
and the brightest objects in the X-ray sky (after Sun) belong to this class. In my
research, I worked with the WMNS systems as well as with a subclass of pulsars
known as accreting millisecond pulsars (AMPs).

For decades, NSs has been studied with spectroscopic and timing instruments.
These methods, however effective, are not particularly sensitive to the geometry of
the accretion flow. Polarimetry, the study of the preferred directions of light wave
oscillations, is the best approach at our disposal for investigating the geometrical
configuration of the binary systems. X-ray polarimetry was barely available before
late 2021, when the first ever mission dedicated to the X-ray polarimetry, Imaging X-
ray Polarimetry Explorer (IXPE), was launched. Since then, dozens of NS-LMXBs
have been observed. During my doctoral research, I worked on IXPE observations
of more than 15 WMNS systems and the only observation so far of an AMP. I con-
tributed to the IXPE data analysis by developing analytical models for the expected
polarized emission from these systems. The most significant results of this work are
presented in this dissertation.
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THVISTELMA

Neutronitdhdet (NS) kuuluvat maailmankaikkeuden darimmaisimpiin kohteisiin.
Aurinkoa massiivisempina, Turun kaupunkia pienempind ja atomiytimid tihedmp-
ind ne tuottavat poikkeuksellisen voimakkaita painovoimakenttii ja vaikuttavat ym-
péristdonsd avaruudessa ainutlaatuisin tavoin. NS tutkimus on keskeistd paitsi astro-
fysiikan my0s perustavanlaatuisen fysiikan kannalta.

Viitoskirjatutkimuksessani tutkin NS pienimassaisissa rontgenkaksoisjar-
jestelmissd (LMXB). Téllaisissa jarjestelmissd NS ddrimméainen painovoima vaikut-
taa seuralaistdhteen siten, etté se riistdd ainetta timéin pinnalta ja vetda sitd puoleensa
muodostaen kertymivirtauksen. Kun timi aine saavuttaa NS pinnan, se ldmpe-
nee ja siteilee pddasiassa rontgenalueella. Kertymivirtauksen tarkkaa geometriaa
ei tunneta, mutta sen odotetaan riippuvan NS magneettikentin voimakkuuden ja ker-
tyméanopeuden vélisestd tasapainosta. Joissakin jirjestelmissd magnetosfiéri on ri-
ittdvidn voimakas muokatakseen kertymdivirtausta siten, ettd aine seuraa magneet-
tikentdn kenttdviivoja ja ohjautuu NS magneettisille navoille; tillaisia jirjestelmid
kutsutaan akkretoiviksi pulsareiksi. Toisissa jirjestelmissd kertyménopeus on su-
urempi eikd magnetosfidri vaikuta merkittiavisti kertymévirtaukseen, jolloin aine
putoaa NS ekvaattorille. Niiti jarjestelmid kutsutaan heikosti magnetoituneiksi neu-
tronitdhdiksi (WMNS), ja tdhin luokkaan kuuluvat rontgentaivaan kirkkaimmat ko-
hteet Auringon jilkeen. Tutkimuksessani tyoskentelin sekd WMNS-jdrjestelmien
ettd erddn pulsarien alaluokan, akkretoivien millisekuntipulsarien (AMP) kanssa.

NS on tutkittu vuosikymmenten ajan spektroskooppisilla ja ajoitusmittauksiin
perustuvilla instrumenteilla. N&mid menetelmit ovat tehokkaita, mutta ne eivit
ole erityisen herkkid kertymdivirtauksen geometrialle. Polarimetria, eli valoaal-
lon vérghtelysuuntien tutkimus, on paras kiytettdvissimme oleva menetelmi néi-
den kaksoistdhtijdrjestelmien geometrian selvittimiseksi. Rontgenpolarimetria oli
kiytinnossi saatavilla vasta loppuvuodesta 2021 ldhtien, jolloin ensimmaéinen ront-
genpolarimetriaan omistettu avaruusluotain, Imaging X-ray Polarimetry Explorer
(IXPE), laukaistiin. Tdmén jilkeen kymmenid NS-LMXB-jérjestelmid on havaittu.
Viitoskirjatyoni aikana tyoskentelin yli viidentoista WMNS-jérjestelmén seké tois-
taiseksi ainoan AMP-havainnon IXPE-aineiston parissa. Osallistuin IXPE-datan
analyysiin kehittiméilld analyyttisii malleja nédiden jérjestelmien odotetulle polar-
isoidulle siteilylle. Tamin tyon merkittdvimmat tulokset esitetdiin tdssd véaitoskir-
jassa.
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1 X-ray polarimetry

1.1 Polarimetric properties of light

Light is a wave, and light is a particle. In both approaches, a concept of polarization
of light can be introduced.

Light is a transverse wave, i.e., a wave that oscillates in a direction perpendicular
to the wave propagation. A light wave consists of coupled oscillating electric and
magnetic fields. The geometrical orientation of the electric field vector oscillations is
described by polarization. Alternatively, light can be viewed as a stream of photons,
each of which has a spin, or a rotation direction with respect to the direction of
travel. The polarization of light is then described by the superposition of the spins of
all photons.

In order to properly describe polarimetric properties of light, let us now introduce
mathematical formalism for the position of the electric field vector. If the wave
propagates along the Z axis with time ¢, the position of the electric vector on the Xy
plane is described as:

@ 1) = &L+ &9, (1)
&, = a,cosw(t— g) + @],

&, = aycos [w(t - E) + ¢yl
N C

where a, and a, are the amplitudes along the % and J axes, respectively, w is the
wave frequency, c is the wave propagation speed, and ¢, and ¢, are phases of the
oscillations along the X and j axes, respectively.

Electric field vector traces an ellipse on the iy plane. This general case is re-
ferred to as elliptical polarization. Two extreme cases are often discussed: linear
polarization and circular polarization. In the case of linear polarization, the ellipse
collapses into a line on the X9 plane, which can be achieved if either a, = 0, a, = 0,
or ¢ = ¢, — ¢, = 0 or 7. On the other hand, circular polarization is a case in which
ay = ayand ¢ = /2.

Thus, each wave has a polarization, but what about light itself? Natural light is
not polarized: each light wave coming from the Sun has its own direction of electric
field oscillation, so each wave train has a mixture of waves polarized in all possible
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directions. Such light is called unpolarized. However, light can obtain polarization
through interactions; for instance, reflection can align the oscillations of the electric
field. It is important to note that polarization corresponds to a preferred orientation
of the electric vector; light is considered polarized if some waves within a wave train
are polarized in the same direction. If all waves have the same orientation of the
electric field vector, the light is referred to as completely polarized.

The quantitative description of the polarimetric properties of elliptically polar-
ized light is given using the Stokes four-vector, whose components are derived from
Eq. (1) as follows:

I=dl+a, )
Q=d,-a,

U =2a,aycos g,

V =2a.a,sin .

Physically, I represents the total intensity of the radiation, Q and U describe the
linear polarization, and V describes the circular polarization.

Eq. (2) describes the Stokes parameters of fully polarized light. In this case,
I? = Q% + U? + V2, while for partially polarized light this equation turns into an
inequality, I > Q% + U? + V2, and Eq. (2) becomes slightly more complicated.

In the research presented in this dissertation, I worked with linear polarization,
neglecting the Stokes parameter V. The main reason for omitting circular polariza-
tion lies, of course, in the absence of detectors capable of measuring circular polar-
ization in the X-ray band. Furthermore, the emission and propagation mechanisms
considered in this work are expected to produce predominantly linear polarization,
while circular polarization is expected to be negligible. In principle, the circular po-
larization Stokes parameter V is affected by relativistic effects in the same way as
the intensity /. Moreover, V is conserved along a photon trajectory in the absence
of plasma effects; hence, omitting circular polarization does not affect the results
obtained for the other Stokes parameters.

In the case of linear polarization, two standard polarimetric parameters are de-
rived from the components of the Stokes vector: the polarization degree (PD) and
the polarization angle (PA). The PD represents the fraction of light that has the same

electric vector orientation,
‘[ 2 + U2
PD = Q—, (3)
1

while PA describes the orientation of the linear polarization vector on the xy plane
and is defined as

1 U
PA = 3 arctan (é) , “4)

with appropriate quadrant corrections applied. The factor of one-half reflects the
invariance of linear polarization under a rotation of 180°.
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1.2 Thomson vs. Compton scattering

As mentioned above, natural light is not polarized, but several processes are known
to introduce polarization. For instance, synchrotron radiation produced by charged
particles spiraling along magnetic field lines is strongly polarized. In the presence of
a very strong magnetic field, the vacuum birefringence effect also becomes impor-
tant. However, since this doctoral research is focused on X-ray features of compact
objects with weak magnetic field, the prime polarizing process of interest is scatter-
ing.

In classical electromagnetism, a process of elastic scattering of photons off free
charged particles is referred to as Thomson scattering. Thomson scattering describes
the case in which the photon energy is significantly lower than the rest-mass energy
of the charged particle by which it is scattered. In Thomson scattering, a photon does
not gain energy during the interaction; however, it becomes polarized with PD of

3 1 —cos?6

PD=——,
1 +cos?é

®)
where 6 is the scattering angle.

In quantum electrodynamics, a similar but inelastic scattering process is referred
to as Compton scattering. In this process, the photon energy changes after scattering.
The Compton scattering cross-section for an unpolarized photon off a free electron
at rest is described by the Klein-Nishina formula:

do 1 ,E?
L

dQ  2'¢E2

—+——m%y (6)

where . is the classical electron radius, and E and E’ are energies of the incident and
scattered photons, respectively. For scattering off hot electrons, however, requires a
more careful treatment. The polarization that photon gains through Compton scat-
tering is also not so straightforward to calculate; in Nagirner & Poutanen (1994),
a complete mathematical description of a single Compton scattering calculation is
presented.

Thomson scattering is the low-energy limit of Compton scattering; when the
difference between the wavelengths of the incident and scattered photons is neg-
ligibly small, the Klein-Nishina formula is reduced to the Thomson cross-section.
The polarimetric picture is similar; Fig. 1 illustrates the PD calculated for scattering
off electrons with different temperatures; here, PD resulting from inverse Compton
scattering is considered. One can see that, while in the case of kT, = O the result co-
incides with Eq. 5, at higher electron energies the PD decreases, and the peak shifts
from 6 = 90° to smaller scattering angles.

All three processes, Thomson scattering, Compton scattering, and inverse Comp-
ton scattering, are relevant for studying various astrophysical phenomena. For some
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Figure 1. Photon PD as a function of a cosine of a scattering angle 6 for scattering off elec-
trons of different energy. Adapted from Poutanen (1994).

systems, Thomson scattering is a reasonable approximation, especially when the en-
ergies of the emitted photons and the scattering media are low; for instance, in Pa-
pers IV and V, we use the Thomson scattering approximation. On the other hand,
the main motivation behind Paper I is the importance of exact Compton scattering
calculations for polarimetric predictions in that particular case.

1.3 Imaging X-ray Polarimetry Explorer

Measuring the polarization of X-ray light is no easy task. Despite X-ray spectrome-
ters orbiting Earth for decades, the first dedicated X-ray polarimetry mission, /mag-
ing X-ray Polarimetry Explorer (IXPE), was only launched in December 2021, and
not for the lack of trying. Weisskopf (2018) and Costa (2024) review historic mis-
sions, instrumentation details, and the main challenges of X-ray polarimetry. The
first efforts were made back in the 1970s with sounding rockets, and at least two
orbital missions, Orbiting Solar Observatory (OSO 8) and Ariel V, had polarimeters
on board. However, until the launch if IXPE, only a few polarimetric detections had
been reported (see, for instance, Novick et al. 1972; Weisskopf et al. 1978; Long
et al. 1980).

IXPE (Weisskopf et al. 2022) marked a new era of X-ray polarimetry. Since
its launch, hundreds of discoveries were made using IXPE data and joint spectro-
polarimetric campaigns. IXPE observations also stimulated theoretical research aimed
at supporting data interpretation. For many classes of astronomical objects, it has
changed our perspective on these objects and on the processes that form their emis-
sion. A joint project of National Aeronautics and Space Agency (NASA) and Italian
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Figure 2. Scheme of the IXPFE satellite. Key scientific payload elements are highlighted.
From Weisskopf et al. (2022).

Space Agency (AS]), it was originally designed for a two-year scientific mission and
has been extended for at least four more years of operation.

The main components of the IXPFE satellite are marked in Fig 2. There are three
identical instruments on board IXPE; each instrument consists of a gas pixel detector
at the focus of a mirror module assembly. A 4-meter-long deployable boom separates
the mirrors from the detectors, while two star trackers support the pointing of the
instrument. The detectors are shielded from X-ray radiation that did not pass through
the mirror modules by a combination of shields around the mirrors and a collimator
on top of each detector. Although each telescope has a field of view of 11’, their
overlapping field of view is 9’. IXPE detectors measure linear polarization in the
energy range of 2 — 8 keV.

The gas pixel detector units of IXPE are based on the photoelectric effect. A
schematic image of the detector and an example of a detected track are shown in
Fig. 3. An X-ray photon enters the detector unit and is absorbed by the gas (dimethyl
ether); a photoelectron is then emitted. The photoelectron track is subsequently de-
tected and analyzed. While the initial emission direction of the photoelectron is
aligned with the X-ray polarization vector, both the initial interaction point and the
total charge in the track contain information about the energy of the initial X-ray
photon. For each detected photon, the detector units provide the position on the de-
tector, energy, Stokes parameters describing linear polarization, and a time of arrival.
An elaborate introduction to IXPE data analysis is provided in Di Marco (2026).
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Figure 3. Left: schematic image of an IXPE detector unit. GEM stands from Gas Electron
Multiplier, while DME stands for dimethyl ether. From Di Marco et al. (2022). Right: a
real track from a 5.9 keV photon. The blue line and point mark the principal axis and the
barycenter of the track, while the green line and point mark the estimate of the photoelectron
direction and photon absorption point. From Baldini et al. (2021).
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2 Neutron stars

2.1 Formation and main characteristics

Stars are powered by nuclear fusion and exist in a state of equilibrium between the
radiative pressure caused by the nuclear fusion energy release and the gravitational
pull. Nuclear fusion slowly builds the iron-rich core of the star; once the core has
exhausted its fusion potential, radiative pressure can no longer balance gravity, so the
core is supported by the degeneracy pressure alone. In massive stars (M > 8 M),
the increasing gravity forces the electrons and protons to form neutrons via electron
capture, releasing neutrinos; electron degeneracy cannot support the core any further,
leading to core collapse, while the outer layers of the star are ejected by the collapse
shock. In very massive stars (M > 25 M), this collapse leads to the formation of a
black hole; however, in the stars with a mass between 8 and 25 M, the collapse is
stopped by the neutron degeneracy pressure and strong repulsive force; this collapsed
core is called a neutron star (NS).

Since a NS is born from the collapse of a massive star core, it inherits the star’s
angular momentum and magnetic field, which are strongly enhanced due to signif-
icantly reduced radius of the star. Young NSs rotate with a period of a few tens
of milliseconds; their magnetic field is expected to be around 10'> G (for compar-
ison, the magnetic field of the Sun is roughly 1 G). Despite the fact that no fusion
is happening in NSs, their surface is still remarkably hot; for a newly born NS, the
temperature is estimated at 10° K, and it rapidly decreases with time; for NSs aged
10° — 10° yr, a characteristic temperature of 10° K is traditionally given (for the
review on temperatures and cooling mechanisms, see Yakovlev & Pethick 2004).

The mass and radius of a NS are of key interest. From observation, the "canon-
ical" NS mass of 1.4 M, was selected. Nowadays, masses have been measured for
dozens of NSs, ranging from 1.174 +£0.004 M for PSR J0453+1559 (Martinez et al.
2015) to 2.35 + 0.17 M, for PSR J0952—-0607 (Romani et al. 2022). The radius of a
NS is mostly calculated using various mass-radius equations for the extremely dense
matter for a specific value of the NS mass; the "canonical" value is 12 km, while
for a mass of 1.4 M, a range between 10.4 km and 12.9 km is traditionally cited
(Steiner et al. 2013). Gravitational waves from a NS-NS binary merger also provide
information about mass and radius, see, for instance, Abbott et al. (2018) for radius
constraints from the GW170817 event, and Sect. VI B in Chatziioannou et al. (2025)
for a review on mass constraints from 5 gravitational wave detections.
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Whatever the exact values of the mass and radius may be, an object with a radius
of 12 km and a mass exceeding that of the Sun is extremely dense, with a density
exceeding that of an atomic nucleus. Such densities have never been reproduced on
Earth, making NSs unique laboratories for dense matter studies.

2.2 Internal structure and the equation of state

NSs have layered structure. In literature, many ways of distinguishing the exact
layers are reported; I adapt the structure presented in Burgio et al. (2021), where
the outer crust, inner crust, and core are described. The outer crust (with density
increasing from ~ 10*g/cm?® at the surface to ~ 10''g/cm?) consists of a lattice of
neutron-rich nuclei embedded in a degenerate electron gas; in the inner crust, where
the density rises from ~ 10''g/cm?® to ~ 10'*g/cm?, neutrons are released from the
crystal lattice and form a gas around it. The whole crust is of only 1 — 2 km thick
and is solid, forming one of the strongest known materials in the universe. The core,
with a density exceeding 10'*g/cm?, is described as a homogeneous liquid, the exact
composition of which is not known to this day. Over the years, many theories have
been developed for the composition and properties of the NS core matter; however,
since we cannot directly observe and probe this matter, definitively choosing the
correct theory is a challenge. The EoS of the NS core is one of the fundamental open
questions in astrophysics.

The pioneering work on the EoS was done by Oppenheimer and Volkoff shortly
after the prediction of the existence of NSs. In Oppenheimer & Volkoff (1939),
they constructed the first relativistic EoS in which they assumed that the entire NS
consisted of a free neutron Fermi gas. This prediction gives a very soft EoS, with
an upper limit on the NS mass of around 0.7 Mg, which is of course unrealistic.
The predictions evolved with our understanding of elementary particle physics; once
new particles were predicted and found, alternative compositions of the NS core
were suggested (for a review see, for instance, Ji et al. 2025, and references therein).
Based on the composition, all the modern models can be separated into:

* hadronic matter models assuming that the NSs are composed of nucleons,
sometimes adding hyperons or meson condensates;

* quark matter models, in which the NSs (sometimes also referred to as strange
stars) are composed of deconfined quarks;

* hybrid models that suggest a transition from hadronic matter to quark matter
at a given density.

In terms of methodology, approaches to EoS construction can be divided into mi-
croscopic approaches, which are based on particle interactions and are created by
solving the many-body problem; phenomenological approaches, which are based
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Figure 4. Mass-radius relations calculated with different equation of state (EoS) models.
Microscopic models are shown with solid lines, and phenomenological models are shown
with broken lines. Observational constraints from NICER observations of PSR J0030+0451
(Riley et al. 2019; Miller et al. 2019), the gravitational wave event GW 170817 (Abbott et al.
2017), and a radio and optical campaign on PSR J0740+6620 (Cromartie et al. 2020) are
labeled in the plot. From Burgio et al. (2021).
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on fits to nuclear physics data; or models built by inference based on observation-
ally provided constraints. These constraints come, for instance, from measuring the
masses and radii of NSs, but also from tidal deformability that can be obtained from
the gravitational-wave detections and from nuclear physics experiments.

An illustration of the ongoing process of creating new models and adding ob-
servational constraints is given in Fig. 4. There, mass-radius relations from vari-
ous microscopic and phenomenological models are compared to mass and radius
constraints from Neutron star Interior Composition ExploreR (NICER) observations
of PSR J0030+0451 (Riley et al. 2019; Miller et al. 2019), the gravitational wave
event GW170817 (Abbott et al. 2017), as well as a radio and optical campaign on
PSR J0740+6620 (Cromartie et al. 2020). The exact details of the various EoS mod-
els are described in Burgio et al. (2021).

2.3 Neutron star zoo

Neutron stars come in a broad variety of flavors. Pulsating, transient, and persistent,
visible in different energy ranges from radio to gamma-rays, bright and dim, they
emit via different mechanisms and reside in very different environments. Each sub-
class is remarkable in its own way, and there are always unique objects that do not
fit into any category and stand out. Most of the pulsating NSs can be placed on
a P — P diagram, which illustrates the NS population diversity and common traits
of different sub-classes. The characteristic age, 7. = P/2P, and the magnetic field
estimate B o« VP P derived in the rotating magnetic dipole approximation (see, for
instance, Di Salvo & Sanna 2022), are also indicated there.

There are many approaches to NS classification: for instance, isolated NSs can
be separated from the ones located in binary systems, weakly magnetized ones can
be separated from highly magnetized ones, young ones from old ones, etc. Here, I
adopt a division by the mechanism powering the NS emission.

The first and most important powering mechanism for the work presented in this
dissertation is accretion, an accumulation of matter by the gravitational pull. Several
examples of sub-classes of accretion-powered NSs are:

» X-ray pulsars reside predominantly in high-mass X-ray binaries and accrete
matter either from the strong radiation-driven wind surrounding their compan-
ion or from the decretion disk around a Be star. These systems exhibit spin-up
and spin-down phases due to changing accretion regimes, hence, they cannot
be placed on a P — P diagram. These NSs have magnetic fields of the order of
10'% G, and show rather slow pulsations with periods of 1 — 10 s. Mushtukov
& Tsygankov (2024) offer a modern review of this class of NSs.

* Non-pulsating weakly magnetized neutron stars (WMNSs) and accreting mil-
lisecond pulsars (AMPs) reside in low-mass X-ray binaries (LMXBs) and
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accrete matter from their companion via gravitational overflow described in
Sect. 2.4.2. These objects are the primary topic of this dissertation and are
described in detail in the following chapters.

The vast majority of observed NSs are detected in radio; the emission of these
systems is powered by the rapid rotation of these NSs. Here, two main sub-classes
can be distinguished:

* Radio pulsars, a broad class with more than 3000 known sources; they are
mainly observed in the radio band, and most of them are rapidly rotating (with
periods of a few hundred milliseconds) and typically slow down at a rate of 10
microseconds per year (Borghese & Coti Zelati 2026). On the P — P diagram
presented in Fig. 5, they occupy the upper-middle part and are noted in gray.

* Radio millisecond pulsars, also referred to as rotation-powered millisecond
pulsars (RMPs). Compared to traditional radio pulsars, these systems have
shorter periods (less than 100 ms) and smaller spin-down rates, with P <
1077, these systems are also more often observed in binary systems (Manch-
ester 2017). On the P — P diagram presented in Fig. 5, they occupy the lower-
left part and are also noted in gray (notice the abundance of blue circles corre-
sponding to pulsars in binaries in that part of the diagram). Within the RMPs,
the particularly exotic subclass of the so-called spider pulsars is distinguished.
These systems are known for their tight orbits and for the pulsar winds slowly
ablating their very-low-mass companions (see Koljonen & Linares 2025, for a
recent and detailed catalog of the spider pulsars).

In between these two groups lies a small class of transitional millisecond pulsars
which switch from the rotation-powered regime to the accretion-powered regime
and back (see, for instance, Papitto & Martino 2022, for a review on transitional
millisecond pulsars).

Rotation-powered and accretion-powered systems make up the vast majority of
the NS population. However, a few classes with different emission mechanisms are
known. Among them, the most prominent examples are:

* Magnetars, also sometimes referred to as anomalous X-ray pulsars; remark-
ably magnetized, with magnetic fields of the order of 10'4 — 10'> G, they have
relatively long pulsation periods of seconds to tens of seconds. Around 30
magnetars are known today. In general, they exhibit luminosities that exceed
their rotational energy loss rate; they are expected to be powered by magnetic
field instabilities and decay; they are noted in green triangles in Fig. 5.

* Thermal isolated NSs, also known as the Magnificent Seven, are among the
closest NSs to Earth. They were all detected in soft X-rays, but are not visible
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in radio. They are believed to be rather young systems that emit thermal ra-
diation as they are cooling (Turolla 2009). In Fig. 5, they are noted in yellow
triangles.

* Central compact objects residing in young supernova remnants. Of a dozen
known central compact objects, only three show pulsations and are confirmed
to be NSs; for the others, some hints towards a NS with a weak magnetic field
have been reported; even for the three pulsating objects, the magnetic field
was small compared to other isolated NSs (Borghese & Coti Zelati 2026). The
three pulsating central compact objects are noted in Fig. 5 by a combination of
a yellow triangle and a red star.

2.4 Neutron stars in low-mass X-ray binaries

Binary systems are rather common; at least 30% of all stars are found in binary or
multiple systems orbiting a common center of mass (see, e.g., Raghavan et al. 2010
for an estimation in solar-type stars; however, Boffin & Jones 2025, among many
others, report higher values, around 50% for solar-mass stars with a fraction increas-
ing with mass, up to 100% for massive stars). Neutron stars residing in LMXBs are
the central objects of this doctoral research. Consisting of a neutron star and a com-
panion with a mass not exceeding that of the Sun, these systems, often abbreviated
as NS-LMXBs, exhibit a broad variety of phenomena across different stages of their
evolution.

2.4.1 NS-LMXB evolution

In order to evolve into a NS-LMXB, the binary system must originally consist of
two stars: one large enough to collapse into a neutron star, and another with a mass
around or lower than that of the Sun. Of course, the more massive star will evolve
faster and at some point will undergo a supernova phase. If the binary is disrupted
in this process, which is quite a likely scenario, the neutron star will become an
isolated radio pulsar. However, if the binary survives the supernova explosion and
remains gravitationally bound, it will likely evolve according to the so-called recy-
cling scenario (see, for instance, Bhattacharya & van den Heuvel 1991). Note that
the recycling scenario is a schematic evolutionary framework rather than an exact
sequence of observable classes through which every system must pass.

So, we begin with a young NS and a companion star that is in the main-sequence
stage of its evolution. A young NSs is typically characterized by rather short ro-
tational periods (tens to hundreds of milliseconds) and a magnetic field of order
~ 10'? G; the Crab pulsar is a well-known example of a young, rapidly rotating NS
(see, for instance, Lyne et al. 1993). As discussed above, the emission of such young
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radio pulsar is powered by the loss of rotational energy and is primarily observed in
the radio and gamma-ray ranges.

With time, the NS transforms so much of its rotational energy into emission that
it slows down to a period of a few seconds and eventually is no longer visible in the
radio sky (see, for instance, Lorimer 2008; Di Salvo & Sanna 2022, and references
therein). At the same time, the magnetic field of a NS is decaying, probably due to
ohmic dissipation, i.e. the resistive decay of magnetic fields within a NS’s crust, or

Observational properties of the system change dramatically if the companion star
fills its Roche lobe, either as a result of the donor’s nuclear evolution and expansion
or because orbital angular-momentum losses reduce the binary separation (Belloni
& Schreiber 2023). Due to the so-called Roche Lobe overflow mechanism described
below, the matter from the companion star can be transferred to the NS, typically
forming an accretion disk around it. The matter flow creates ram pressure on the NS
magnetosphere, pushing the magnetic field towards the NS; at sufficiently high mass
accretion rates, the magnetospheric radius can approach the stellar surface. Matter
accreted from a companion then falls onto the NS primarily in the equatorial region.
Observational properties of such NS-LMXBs, usually referred to as non-pulsating
WMNSs, are described in detail in Chapter 3.

In older systems, accretion process may slow down with time, while the NSs
spin up due to angular momentum transfer. The ram pressure of the accreting matter
decreases; in some systems, magnetic field reappears outside the NS surface. Accre-
tion disk structure is also affected by the decreasing accretion rate, leading, among
many possible scenarios, to alternating intervals of quiescence and outburst in the
transient system. In the framework of the disk-instability model, the disk is expected
to accumulate matter in a cool state until the local surface density reaches the critical
value, triggering a thermal-viscous transition and a propagation of a heating front,
leading to an accretion episode (see, e.g., Hameury 2020, for a recent review of the
disk-instability model). In a subset of these rapidly rotating NS-LMXBs transients,
the magnetic field is able to channel the accretion flow towards the mangetic poles,
producing coherent millisecond pulsations. Such systems are observationally classi-
fied as AMPs; these objects are further described in Chapter 4.

As mass transfer decreases further or temporarily stops, the rotation-powered
pulsar mechanism can again become active. Observationally, such objects are classi-
fied as RMPs. A few transitional millisecond pulsars have been observed; these sys-
tems, alternating between the accretion-powered and rotation-powered states, pro-
vide direct observational evidence for the strong connection between these two classes
(see, for instance, Archibald et al. 2010; Papitto et al. 2013).

The subsequent binary evolution depends on the properties of the system. Among
possible tracks for a recycled pulsar are, for instance, redbacks and black widow pul-
sars, subclasses of RMPs. These classes have been proposed to represent either two
distinct populations (Chen et al. 2013) or different stages of a common evolutionary
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process (Conrad-Burton et al. 2023; Misra et al. 2025). As these pulsars are known
for their cannibalistic behavior, they are considered to be the last stage of an evolu-
tion of a NS binary with a low-mass companion; it is important to note, however,
that not all the systems evolve into spider pulsars.

2.4.2 Accretion via Roche Lobe overflow

Accretion, a release of gravitational energy from infalling matter, is widely believed
to be the main source of energy powering the emission of close binaries and active
galactic nuclei (Frank et al. 2002). Accretion efficiency increases with compactness;
for a standard NS, accretion releases roughly 10% of the rest mass in the form of
electromagnetic radiation. This radiation, in turn, produces pressure that acts on the
accreted matter flow. From the balance between the radiation pressure force and the
gravitational force acting on the accreted particles, a limit on the accretion rate can
be derived. As soon as the radiation pressure force exceeds the gravitational force,
the accretion is inhibited. This limit is called the Eddington limit and is calculated
as follows:

AdnGMc . L dd
Lpas = ———; Mg = —= > (7N
K nc

where Lgqq is the Eddington luminosity limit for a NS, G is the gravitational constant,
M is the NS mass, c is the speed of light, and « is the opacity of the stellar material.
For ionized hydrogen, for instance, k = or/m, =~ 0.4 cm?/g, where my, 18 the proton
mass and o7 is the Thomson scattering cross-section. Mgqq is the Eddington mass-
accretion rate, and 7 is the efficiency of converting mass into radiation. Eddington
limits on luminosity and mass-accretion rate are actively used as units of luminosity
or accretion rate when describing accretion-powered systems.

As mentioned above, in LMXBs, the accretion process begins when the outer lay-
ers of a companion star extends beyond its Roche lobe. The Roche lobe is a volume
around a star in which the matter is gravitationally bound to this star, restricted by the
gravitational equipotential surface. In a binary system, it has a teardrop-like shape,
with an apex pointing towards the companion. Matter escaping the Roche Lobe sur-
face is gravitationally driven towards the compact object. Due to the rotation of the
binary system around its center of mass, matter passing from the companion star to
the NS through the apex (also known as the inner Lagrangian point of the system)
gains a large specific angular momentum that causes the inward spiraling motion of
the matter via a thin disk rather than spherical accretion onto the compact object.
The structure created in this process is usually called an accretion disk. Accreted
plasma rotates around the compact object, slowly approaching it as the angular mo-
mentum is transferred outwards (Di Salvo & Sanna 2022). As the disk approaches
the NS surface, it is either channeled towards the magnetic poles by the magneto-
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Figure 6. Schematic representation of an accretion flow geometry in an NS-LMXB. Image

credit: Shanika Galaudage.

sphere or, if the accretion rate is high enough, accretes directly onto the NS surface
in the equatorial region. The exact geometry of the accretion flow is one of the many
open questions in NS-LMXB studies, but it is assumed to have a major impact on
the X-ray emission. An example of a possible accretion flow geometry is shown in
Fig. 6; here, the magnetic field is present and is sufficiently strong to channel the
accretion flow towards the magnetic poles, corresponding to an AMP.
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3 Non-pulsating weakly magnetized
neutron stars

3.1 Main characteristics

Broadly represented, bright, and challenging, non-pulsating WMNS have been among
the central objects of X-ray astronomy since the 1960s. One could say that the whole
branch of X-ray astronomy began with a WMNS, when Riccardo Giacconi and his
team launched a sounding rocket with Geiger counters on board and detected a strong
X-ray source outside the solar system, which was later named Sco X-1 (Giacconi
et al. (1962), 2002 Nobel Prize in Physics). Figure 7 illustrates both the first obser-
vation of Sco X-1 and the higher-resolution re-observation from Hill et al. (1968). In
the upcoming years, significant efforts were made to investigate further the peculiar-
ities of the galactic and extragalactic X-ray sources.

With WMNS, challenges begin with identifying the compact object. Since they
are not pulsating, how can we know if there are NSs in these X-ray binaries? Ob-
serving the phenomena associated with the NS atmosphere would do the trick. For
instance, many WMNS systems exhibit type I X-ray bursts, in which matter accreted
from a companion star and accumulated on the NS surface ignites and fuses in a
burst. These thermonuclear bursts usually peak in a few seconds and decay in tens
to hundreds of seconds, releasing extreme amounts of energy, around 10* erg, in
this short time; see Galloway & Keek (2021) for a recent and detailed review. An-
other distinct NS binary phenomena are high-frequency quasi-periodic oscillations
(QPOs). Observed in dozens of WMNSs (Méndez & Belloni 2021), these quasi-
periodic peaks in the power spectra at kilohertz frequencies often occur in pairs and
move together in correlation with the source state (Di Salvo et al. 2023); they are
associated with the accretion flow variability in the close vicinity of the NS surface
(see, for instance, Gilfanov et al. 2003; Revnivtsev et al. 2013; Abolmasov & Pouta-
nen 2021). Alternatively, the nature of the compact object can be derived from the
mass function measurement in a binary system. If the derived mass of the compact
object exceeds the Tolman-Oppenheimer-Volkoff limit (2.2 — 2.9 M depending on
the EoS, Kalogera & Baym 1996), it must be a black hole.

Apart from definitively confirming the nature of the compact object, pulsations
in X-ray pulsars help constrain the magnetic field strength of the NS. In the absence
of pulsations, different methods for constraining these key variables had to be intro-
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Figure 7. Top: first detection of an X-ray source outside the solar system. Scan of the sky
with Geiger counters on board a sounding rocket. Adapted from Giacconi et al. (1962).
Bottom: total count of two proportional counters on board of a sounding rocket. Adapted
from Hill et al. (1968).
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duced. For instance, either the NS radius or the inner disk radius could be used as
an Alfven radius (see below for the disk truncation scenario and Bisnovatyi-Kogan
2017, for the estimation with a magnetosphere radius equal to that of a NS). The
magnetic field can also be estimated from the processes contributing to the magnetic
field decay. Shibazaki et al. (1989) studied the magnetic field decay by accretion,
and Kar et al. (2025), for instance, used this approach to put an upper limit on the
magnetic field of Sco X-1.

Because of their relatively weak magnetic field and their location mainly in the
Galactic bulge and disk or in the globular clusters (see, for instance, Avakyan et al.
2023, for a recent catalogue), WMNSs are assumed to be old systems with an age
of a few times 108 years (see, for instance, King & Ritter 1999, for Cyg X-2). Few
exceptions are, for example, Sco X-1 with an estimated age of 7 x 10° years (Kar
et al. 2025), and, most famously, Cir X-1 with an age not exceeding 5 x 10* years
(Heinz et al. 2013). Their companion stars are primarily low-mass late-evolved stars
like subgiants or giants (e.g. in Cyg X-2, Casares et al. 1998) and white dwarfs (e.g.
in 4U 1820-303, Rappaport et al. 1987).

3.2 Spectral components

As briefly introduced in

Sect. 2.4.2, the accretion

flow in WMNSs comes 10.0¢
very close to or even 7
touches the NS surface,
and the accretion hap-
pens onto the equatorial
part of the NS. Since
the innermost stable cir-
cular orbit of the accre-
tion disk for these ob-
jects is smaller than the
NS radius, no gap is ex- !
pected between the ac-

cretion disk and the NS

keV? [Phot cm™ s7" keV™]

Energy [keV]

Figure 8. Unfolded spectrum of WMNS GX 13+1 measured
surface. A so-called by XMM-Newton. Solid line shows the full model; dashed line
boundary layer (BL) iS ghows the contribution of the accretion disk; dot-dashed line
formed in the region shows the contribution of the Comptonized component; dot-
where the accretion disk dot-dashed line shows the combination of the emission line
touches the NS surface.  from reflection and absorption lines from the wind. From Diaz

Tri t al. (2012).
The spectrum of a rigo etal. { )

WMNS has two main
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components, traditionally associated with the thermal emission of an accretion disk
(lower energies) and the Comptonized emission from the BL (higher energies). In
addition, a reflection feature is present in many systems; normally, the assumption is
that the Comptonized emission of a BL is partially reflected from the accretion disk,
resulting in a Fe emission line around 6.5 keV and a "bump" above 10 keV. Finally,
in some WMNSs, a wind above the accretion disk contributes to the total spectrum
through absorption lines. Fig. 8 shows an example spectrum of a WMNS GX 13+1
with all four components present (Diaz Trigo et al. 2012).

Physics behind each of the spectral components has been extensively studied
over the last decades. The accretion disk model was introduced in the 1960s, with
a first complete astrophysical model presented in Pringle & Rees (1972), Shakura
& Sunyaev (1973), and Lynden-Bell & Pringle (1974). Since then, the model has
been developed and adjusted based on new observational results and modern physics
approaches. For a review see, for instance, Frank et al. (2002) and Abramowicz &
Fragile (2013). Reflection from the accretion disk has been reviewed, e.g., in Ludlam
(2024), while winds above the accretion disk in X-ray binaries have been recently re-
viewed in Mufioz-Darias et al. (2026). Since the work presented in this dissertation
focuses on the Comptonized component of the emission (coming, presumably, from
the BL region), several possible geometrical configurations of the Comptonizing re-
gion are introduced here in more detail.

3.2.1 Boundary layer

BL, arelatively hot and turbulent region
between the accretion disk and the sur-
face of the compact object, is a feature
characteristic not only of the WMNS
systems. For instance, it has also been
suggested and intensely studied in cat-
aclysmic variables, X-ray binaries with star
a white dwarf (WD) as a compact ob-
ject. The idea of a BL evolved nat-
urally from studying the evolution of
viscous disks in Lynden-Bell & Pringle
(1974), where the BL in X-ray binaries
was discussed among other phenom-
ena. Further development of the model Figure 9. Schematic representation of an ac-
was initially driven by observations of cretion flow geometry near the NS surface.
WD binary and focused on these ob- Broadgning of the inr}er part of th.e disk due
jects: Pringle (1977) and later Pringle & to fieatmg is SEOI:VH with a dashedllme. Not to
Savonije (1979) showed that the BL is scale. From Shakura & Sunyaey (1988).

é)ounc[a Tl#,

\ layer
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capable of producing soft and, in shock,

hard X-rays, respectively, while Tylenda (1981) studied the viscous dissipation in the
BL as another possible source of X-ray emission. Although not directly applicable
to NSs, these works contributed to the model development and were later adapted for
the NS studies.

The first study of the BL between the disk and the NS surface was reported in
Shakura & Sunyaev (1988). They adapted the previously developed models for the
WD binaries and discussed the challenges of calculating the accurate BL structure.
Their BL was isothermal, and they used the method of successive approximation
rather than exact solutions to the hydrodynamic and radiation transfer partial dif-
ferential equations in the turbulent BL. The model was built under the assumption
that in just one revolution around the NS, the matter slows down from the Keple-
rian velocity it had in the disk to the NS angular velocity, releasing a luminosity
similar to that of the accretion disk. Later, Popham & Sunyaev (2001) studied the
dependence of the BL structure and emission on mass accretion rate, spin of the NS,
viscosity parameter, and viscosity prescription. The model developed in this paper
did not include relativistic effects and ignored the vertical movement of the matter
flow, focusing instead on the tangential component of the matter velocity.

The vertical movement, however, is a crucial component for calculating the exact
behavior of the BL. Yet again, such a model was first developed for the WD bina-
ries using a numerical approach in Popham & Narayan (1995). Babkovskaia et al.
(2008) first performed a two-dimensional hydrodynamical simulation for the vertical
extension of the BL. They did not account for the rotation of the star and considered
a laminar flow, but their results inspired further simulations.

Although not all the processes in the BL are included in the current models
or even completely understood, approximate models have been extensively used in
spectroscopy. To mention a few:

* compTT model introduced in Titarchuk (1994) is a plasma-physics-driven model
that accounts for the Comptonization of soft seed photons in a hot plasma;

e compTB model (Farinelli et al. 2008) is sometimes considered a descendant of
the compTT model and includes not only thermal but also dynamical (bulk)
Comptonization;

* thcomp (Zdziarski et al. 2020) is a more phenomenological convolution model
that can Comptonize any seed photon distribution.

All these models include approximations and assumptions, yet, they are considered
to be accurate enough for the currently available instrumentation.
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3.2.2 Spreading layer

The so-called spreading layer (SL) is an extension of the BL on the surface of the
NS. It was first introduced in Inogamov & Sunyaev (1999), where the authors as-
sumed that the combination of radiation pressure and centrifugal forces would force
the accreted matter to spread from the equatorial regions towards the NS poles, see
Fig. 10. The matter in the accretion disk has, in this approximation, a local Keplerian
velocity, which significantly exceeds the NS surface rotation rate; the deceleration of
the accretion flow is expected to happen due to the viscous friction between the ac-
creted matter and the NS surface. Due to the high accretion rate in WMNSs, this
braking cannot happen in a narrow equatorial region, so the in-falling matter spreads
towards the poles; the higher the mass-accretion rate, the broader the SL could be. In
the model presented in Inogamov & Sunyaev (1999), the matter slowly decelerates
while spreading towards the poles, with the most energy dissipation happening at the
SL edges, making them the most luminous parts of the accretion flow.

The model introduced in Inog-

amov & Sunyaev (1999) was used P
as a foundation for further studies. __,.l
Suleimanov & Poutanen (2006) and s

later Suleimanov et al. (2020) explored

the spectrum of the SL, taking into

account relativistic corrections and the

chemical composition of the accreted

matter; they also discussed possible

constraints on the NS radius (and, con-

sequently, on the EoS). The math pre- e

sented in Suleimanov et al. (2020) to-

gether with the approach introduced in Vo
Inogamov & Sunyaev (1999) were the

foundations of Paper IV and Paper V of Figure 10. Schematic image of a SL. From In-
this dissertation. ogamov & Sunyaev (1999).

Modern approaches of hydrody-

namic simulations have also been applied to the SL. For instance, Abolmasov et al.
(2020) performed two-dimensional hydrodynamical spectral simulations. The goal
of the research was to search for the possible origin of QPOs. As a result, they were
able to reproduce the shear instabilities in the SL that could be responsible for the
kHz pair QPOs observed in many WMNS systems. Rusakov et al. (2025) studied
the SL flow evolution and observed an asymmetry between the two hemispheres by
the end of their simulations; however, the question of whether this feature is stable
remains open, since only the first seconds of the SL evolution have been simulated
so far.
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3.2.3 Accretion disk truncation

As mentioned above, the BL forms if the accretion rate is high enough to push the
magnetosphere so that it remains only inside the NS. However, in the systems with
less active accretion, it is still possible for the accretion disk to be truncated by the
magnetosphere, albeit very close to the NS surface. Such a configuration is also
possible when the system moves to a state with less active accretion, e.g. the hard
state of atolls (see, for instance, Gierlinski & Done 2002b; Sakurai et al. 2012). With
the accretion disk truncated by the magnetosphere, the accretion flow is guided by the
magnetic field lines, so the accretion would happen at higher latitudes rather than at
the equatorial regions, as in the BL scenario. Such a configuration is not expected to
significantly affect the spectrum; however, the inner radius of the accretion disk can
be used to constrain the magnetic field in these systems (see, for instance, Ludlam
et al. 2020, 2021; Mondal et al. 2022). This method should, however, be used with
great care, since it is highly dependent on the model selected for the spectral fitting,
and since such a geometrical configuration is not feasible for systems with a high
accretion rate.

3.3 Classification and state transitions

From a bright, persistent, and flaring Sco X-1 to systems like XTE J1701-462, which
are barely observable most of the time and only occasionally go into outburst, various
objects constitute the WMNS class. Further classification of these systems can be
done according to their spectral and temporal properties.

Based on their long-term X-ray variability, WMNS can be classified into tran-
sient and persistent sources. Transient sources are mostly found in a so-called qui-
escent state, with X-ray luminosities down to a few 10°! erg/s, which are sometimes
alternated with outbursts, when their luminosity rather rapidly increases up to the
Eddington limit. These outbursts, traditionally explained by the accretion disk insta-
bility, last from weeks to months, although a few systems are known with outbursts
lasting longer that a year (Di Salvo et al. 2023). Persistent sources, on the other hand,
show luminosity variability within an order of magnitude.

Alternatively, the systems can be classified based on their spectral hardness and
luminosity and/or short-term X-ray variability. WMNS are traditionally divided into
so-called Z-sources and atolls (van der Klis 1989). The main instruments in this
classification are color-color diagram (CCD) and hardness-intensity diagram (HID),
see Fig. 11. The CCD is constructed by tracing the variability of the soft color (a
count rate ratio between a medium and soft energy ranges) and hard color (a count
rate ratio between the hard and medium energy ranges) of the spectrum with time,
while the HID reports the evolution of hardness (a count rate ratio between hard and
soft energy ranges) and intensity of the source with time (Hasinger & van der Klis
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Figure 11. Typical CCDs of a Z-source (left) and an atoll source (right). Adapted from
Wijnands (2001).

1989). WMNS are known to draw tracks on these diagrams, going there and back
on time scales of days to weeks. The names of the sub-classes are associated with
the shapes the sources track on the CCD: Z-sources draw a Z-shaped track, while the
atolls draw an atoll-like structure.

CCD is mainly used to track the state transitions in WMNS systems. Different
parts of the diagram correspond to different spectral states. In Z-sources, these dif-
ferent states are called, in order of tracing a Z-shape from top-left to bottom-right,
a horizontal branch (HB), a normal branch (NB), and a flaring branch (FB). Some-
times, two extra sub-states are introduced, a hard apex (HA) between the HB and
NB and a soft apex (SA) between the NB and FB. In atolls, island state (IS), lower
banana (LB), and a upper banana (UB) are distinguished (van der Klis 1989). Apart
from the different shapes, atolls and Z-sources also move along their tracks in dif-
ferent ways. While Z-sources draw a continuous track and do not exhibit any branch
"jumping", atolls move continuously from UB to LB and back, but "jump" between
the island and banana parts of their track. Z-sources move along the whole track in a
matter of days, while atolls cover their track in weeks, moving particularly slowly in
the IS (Muno et al. 2002).

Differences between the Z-sources and atolls are visible not only in the CCD, but
also in, for instance, the power spectrum (Wijnands 2001). Fig. 12 illustrates power
spectra of a typical Z-source and an atoll. The continuum in both classes consists
of a power law and two noise components, very low frequency noise (VLFN) and
high frequency noise (HFN) above 10 Hz. In Z-sources, the HB has an additional
noise component, low frequency noise (LFN). For many years, the strong oscillations
in the HB and NB, named respectively horizontal branch oscillations (HBOs) and
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Figure 12. Typical power spectra observed in different spectral states of a Z-source (left) and
an atoll source (right). From Wijnands (2001).

normal branch oscillations (NBOs), were considered the most prominent features of
Z-sources. However, similar features were later observed in some atoll sources, as
well (see Motta et al. 2017, for a review). Both classes also show kHz QPOs.

Apart from the CCD track shape, Fig. 11 illustrates the difference in the color
variability of Z and atoll sources. Z-sources are known to be softer than atolls, while
atolls typically show a wider range in color. Z-sources are also traditionally more
luminous than atolls, with a typical luminosity of ~ (0.5 — 1) Lgqq for Z-sources
and ~ (1073 = 0.5) Lgyq for atolls. However, there is no clear boundary in terms of
luminosity, and the luminosity itself cannot be a reason to classify a source (van der
Klis 1989). Similarly, Z-sources have longer orbital periods (exceeding 10 hours),
while atolls are often short-period systems (van der Klis 1992), but this is a common
feature, not a classification criterion. Other common features of Z-sources include a
stronger and more persistent radio emission, while atolls have fainter radio emission
that only appears in the hard IS, and more luminous companion stars. It has also been
suggested that Z-sources have stronger magnetic fields (van der Klis 1989, 1992) and
do not exhibit type-I X-ray bursts (van der Klis 1989; Church et al. 2014), but these
claims have not been confirmed observationally; while the magnetic field estimation
for the strongly accreting Z-sources is a challenge, type-I bursts have been observed
from at least two Z-sources (Muno et al. 2002).

Traditionally, only six sources are classified as Z-sources. They are divided into
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two sub-groups based on their inclination and spectral state transitions; these groups
are named after the most famous representatives of the groups (Hasinger & van der
Klis 1989). So-called Sco-like sources (Sco X-1, GX 349+2, and GX 17+2) are
thought to have lower inclination; they are rarely found in the HB, but their FB
is prominent. On the other hand, the Cyg-like sources (Cyg X-2, GX 340+0, and
GX 5-1) have higher inclination, are less likely to be observed in the FB, but their
HB is prominent. A few dozens of sources are securely identified as atolls. Pecu-
liarly, several sources are known to exhibit qualities of different classes at different
times. Most famously, XTE J1701-462 behaved as a Z-source and then as an atoll
later in the outburst (Lin et al. 2009). Another source transitioning from a Z-source
to an atoll source during the outburst is 1A 1744-361 (Ng et al. 2024).

Shortly after the Z/atoll classification was introduced, the question was raised
whether these are similar objects with different mass accretion rates, or whether there
are any other principally different mechanisms at play (see, for instance, Hasinger
& van der Klis 1989, for an early discussion). Wijnands (2001), while describing
the differences between these two classes in their power spectra, stated that they
are more similar than previously thought. Gierlifiski & Done (2002a) presented evi-
dence of a topological similarity between the tracks of Z and atoll sources; however,
they suggested that these classes have different mechanisms responsible for the disk
truncation. In Ng et al. (2024), a unification theory was introduced based on the
observations of class transitions in 1A 1744-361.

Physics behind the state transition in WMNS is still an open question. Over the
years, various theories were suggested. For instance, in Gladstone et al. (2007), the
authors speculated that the state transition in some of the atoll sources could be due to
the magnetic field being able to emerge from the NS surface and mildly affecting the
inner accretion flow geometry, however, further joint radio and X-ray observations
are required to support this idea. The FB of the classical Z-sources is associated
with unstable thermonuclear burning on the NS surface (Church et al. 2012), but
the association is empirical and source-dependent rather than definitive. Transitions
are often associated with the changes in mass accretion rate (see, for instance, the
arrowed lines in Fig. 11), but the exact reasons behind color variability with the
accretion rate are not yet definitively confirmed.

3.4 X-ray polarimetry of weakly magnetized neutron stars
3.4.1  Theoretical predictions

Persistent and bright, WMNSs were among the prime targets of X-ray polarimetric
observations since the 1970s. These observations, in their turn, inspired extensive
theoretical work that could support the data interpretation. For each of the spectral
components, theoretical predictions of the polarimetric properties of the emitted light
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have been made over the years.

X-ray polarization of the accretion disk has been studied primarily in black hole
X-ray binaries. Although the gravity is not nearly as strong in NS-LMXBs, the re-
sults for black hole systems are applicable to WMNS with some corrections. The first
polarimetric predictions for the accretion disk were presented in Rees (1975), where
a Newtonian non-relativistic approach was used, and the polarimetric treatment was
based on the model of an optically thick electron-scattering-dominated atmosphere
(Chandrasekhar 1960). After that, many papers introduced corrections due to rela-
tivistic and other additional effects, both analytical and numerical (see, among many
others, Stark & Connors 1977; Dovciak et al. 2008; Loktev et al. 2022). Based on
these works, for the accretion disk in a WMNS we expect the polarization in the IXPE
energy range to not exceed 4% for the systems with the highest inclinations (80°),
not exceed 2% for an inclination of 60°, and not exceed 0.5% for low-inclination
systems. The emission is expected to be polarized along the accretion disk surface.

For the Comptonized emission component, the polarimetric properties of the
emission strongly depend on the exact geometry of the Comptonizing region. In
Sunyaev & Titarchuk (1985), predictions are given for the Comptonization in the
disk, which could be used as an approximation for the BL that does not extend to the
NS surface. On the other hand, in Lapidus & Sunyaev (1985), the opposite case is
discussed, with radiation coming only from the SL-like belt in the equatorial area.
These pioneering models were updated in the IXPE era: Gnarini et al. (2022) used
a numerical approach, while in Farinelli et al. (2024) and in Paper IV, more precise
and realistic analytical models were introduced. Relativistic corrections from the
dynamical accretion flow, gravity, and anisotropy were added. In all the modern pa-
pers, the conclusion is that, while the polarization angle depends on the geometry
(the polarization is aligned with the surface of the Comptonizing region), the ex-
pected polarization is low: in numerical simulations, for the most favorable param-
eter combination, a polarization of 4% is calculated, while in the analytical models,
expectations barely exceed 1%. Finally, in Paper V, an asymmetric system was con-
sidered. Introducing obliquity to the model increased the expected polarization and
added variety to the possible polarization directions.

Polarization of the light reflected from the disk was taken into account in Lapidus
& Sunyaev (1985) and was studied in detail in Matt (1993) and Poutanen et al.
(1996). While using different analytical methods to compute the polarization, these
papers agree that the intrinsic polarization of the reflected component can be as high
as 20%, depending on the inclination, while the total polarization from a system is
expected to be a few percent, depending on the geometry of the Comptonizing re-
gion. The polarization direction is expected to be perpendicular to the disk plane,
with some variability depending on the illumination pattern and the number of scat-
terings.

Scattering in the wind also contributes to the polarimetric picture. Tomaru et al.
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Figure 13. WMNS systems observed with IXPE in Galactic coordinates. The Milky Way
and the brightest stars are added in the background. Created with Starplot (Berardi 2026).

(2024) used a numerical approach, while Nitindala et al. (2025) built a semi-analytical
model. With different assumptions made about the geometry of the wind, these
papers came to opposite conclusions: while in Tomaru et al. (2024), the thin-ish
thermal-radiative wind is expected to depolarize the total emission, in Nitindala et al.
(2025), an optically thick wind can dominate and increase the total polarization.

3.4.2 Observational results

The first polarimetric observations of WMNSs were performed with the OSO §;
Sco X-1 and Cyg X-2 were observed, although only the Sco X-1 observation results
were published (Long et al. 1979), while for Cyg X-2, only a marginal detection was
obtained (Long et al. 1980). Since the launch of IXPE, more than twenty WMNSs
have been observed (see Fig. 13 for an overview).

With this many observations, dozens of papers have now been published. Some
of the most comprehensive reviews include Ursini et al. (2024), Di Marco (2025),
and Gnarini et al. (2025). The key conclusions were as follows:

 for most of the sources, harder emission dominated the polarization, with PD
increasing with energy;

 for many sources, PD at higher energies significantly exceeded the theoretical
predictions, rising higher than 10% at least in 4U 1820-303 and GX 340+0;

* for Z-sources, polarization was generally higher in the HB than in the NB
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or FB, with GX 5-1, GX 340+0, and a transitional system XTE J1701-462
observed in both hard and soft states;

* on average, polarization was generally higher for Z-sources than for atolls;
* in several sources, variability and even rotation of PA with time were observed;

» for at least two sources, Cir X-1 and GX 13+1, obliquity between the rota-
tional axis of the binary system and the NS rotational axis, was suggested as a
possible explanation;

* in Cyg X-2, IXPE results were consistent with the marginal detection obtained
with OSO 8; in Sco X-1, significant variability in the PA between the old and
the new observations was observed;

* in Cyg X-2, polarization was aligned with the radio jet; however, in Cir X-1
and Sco X-1, PA was not aligned with the jet.

These trends are not universal or set in stone, there are exceptions and uncer-
tainties for many of them. And even for the consistent trends, the explanation is
somewhat lacking. X-ray polarimetry allowed us to study these systems in more de-
tail than ever, draw some conclusions about the accretion flow geometry in some of
the sources, and left us with more questions for others.

3.5 GX 13+1

Among the WMNSs, a few systems stand out. Sco X-1 is the brightest object on the
X-ray sky except for the Sun, shining at 10—20 Crab, Cir X-1 is the youngest known
galactic X-ray binary, with the age not exceeding 4 600 yr, and GX 13+1 is, to put it
lightly, unnecessarily complicated.

GX 13+1 is a galactic X-ray burster with a late-evolved giant K5 III for a donor
star located at a distance of 7 kpc from Earth (Bandyopadhyay et al. 1999). Of
all the NS-LMXB, it has the longest orbital period of 24.5 d (Corbet et al. 2010).
GX 13+1 is a dipping source, which put constraints on the system inclination at
around 65° (Diaz Trigo et al. 2010; Iaria et al. 2014). GX 13+1 is a bright persistent
source radiating at a level of 0.5Lgqq9 (D’ Af et al. 2014), in between the Z-sources
and atolls. Based on the track the source covers on the CCD, it has been classified
both as atoll (see, among many others, Schnerr et al. 2003) and Z-source (Allen et al.
2018; Saavedra et al. 2023).

Spectrum of GX 13+1 show prominent features of the four main components
discussed above, see Fig. 8 and Diaz Trigo et al. (2012) for the changes in the
spectrum with state transitions. The reflection component is peculiar, since the Fe
line is strong, but skewed (Maiolino et al. 2019). It is one of the three NS-LMXBs
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with prominent narrow absorption features. Until recently, 7 main absorption lines
were distinguished in the GX 13+1 spectrum, which reportedly came from differ-
ent parts of a strong and complicated wind (Allen et al. 2018; Tomaru et al. 2020).
GX 13+1 was one of the first targets for the X-Ray Imaging and Spectroscopy Mission
(XRISM), and the spectrum reported in Xrism Collaboration et al. (2025) inspired a
new perspective on a level of complicated behavior of the wind in this system, sug-
gesting a slow and highly ionized wind with a faster, even more highly ionized skin
on its inner edge. As if it was not enough, in GX 13+1, a wind and a radio jet seem to
coexist, and their launching mechanisms are not necessarily linked (Rogantini et al.
2025).

GX 13+1 was one of the IXPE targets during the baseline science mission time,
first observed in October 2023. The discovery paper, Paper II, reported a highly pe-
culiar polarimetric behavior of the source and inspired at least three more X-ray po-
larimetric observations of GX 13+1. The slow rotation of the polarization plane with
time that we saw in the first observation did not appear in the second (Paper III) or
third observation (Di Marco et al. 2025), but each and every observation had unique
features, from rapid time PA and PD variability to changes in energy dependency
of polarimetric features. Results for the GX 13+1 were re-analyzed using different
statistical approaches, with Ravi et al. (2026) confirming the rotation of polarization
plane in the first observation, while Li et al. (2025b) suggest that the bimodal dis-
tribution of PA is a better fit. Radio polarization was introduced in Kashyap et al.
(2025), where the PA of the radio jet was obtained. More deep radio analysis, as well
as the IXPE data analysis for the latest fourth observation of GX 13+1, is currently
in progress. Combined efforts in spectroscopy and polarimetry will undoubtedly
contribute to a deeper understanding of this challenging source and accretion mech-
anisms in X-ray binaries.
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4 Accreting millisecond pulsars

4.1 Main characteristics

AMPs are transient sources that, during their outbursts, exhibit millisecond pulsa-
tions in the X-ray range. These systems are called "recycled pulsars”, as they are
very old binaries that have lived as radio pulsars and non-pulsating WMNSs (Pa-
truno & Watts 2021; Di Salvo & Sanna 2022) and have nearly exhausted their com-
panion during a long accretion process (see Sect. 2.4.1 for a recap of the NS-LMXB
evolution scenario). They have relatively low magnetic fields of 108 — 10° G and
even during their outbursts remain quite faint, rarely exceeding 0.1 Lgqq. AMPs are
reviewed in detail in, for instance, Campana & Di Salvo (2018), Patruno & Watts
(2021), Papitto & Martino (2022), and Di Salvo & Sanna (2022). Here, a quick
recap of these reviews is given.

The first AMP was discovered in 1998 (SAX J1808.4-3658, Wijnands & van
der Klis 1998), when the system was observed with the Rossi X-ray Timing Explorer
(RXTE) telescope; the discovery was met with great enthusiasm, since their existence
had been theoretically predicted for decades, and they were considered the "missing
link" of the recycling scenario. Nowadays, out of hundreds of known NS-LMXBs,
only around 25 are AMPs. It is a small but versatile group of objects, with very few
characteristics common to all the members of the class.

Take, for instance, the outbursts: all the AMPs are transients, but while some
systems (for instance, SAX J1808.4-3658, SAX J1748.9-2021) go into outbursts
more or less regularly every few years, others have only showed one outburst since
the beginning of monitoring (or, like NGC 6440 X-2, showed a series of outbursts
between 2009 and 2011 and then returned to quiescence). For most of the systems,
outbursts last from a few weeks to a few months, but several sources has longer-
than-one-year outbursts, with the longest known 10-year-long outburst observed in
HETE J1900.1-2455.

Another prominent characteristic of AMPs is, of course, their pulsations. The
AMP spin frequencies are distributed roughly uniformly before an apparent cut-off
at 700 Hz, which is explained by the balance between accretion torques and mag-
netic torques, disk—magnetosphere coupling, and possibly gravitational-wave losses
(see, for instance, Patruno et al. 2017, and references therein). Apart from the spin
frequencies, consistency among the class representatives is lacking here, too. AMPs
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have low pulsation amplitudes, with the majority of the sources showing 0.2—-10%
amplitude variability, but there are exceptions, like XTE J1807—-294 that showed a
fractional amplitude of 27% in the energy range of 2.5—-30 keV (Patruno et al. 2010),
and IGR J17379-3747 that showed variability in amplitude from 10% to 70% dur-
ing a single outburst (Bult et al. 2019). Another peculiar feature of the pulsations
in AMPs is the intermittence of pulsations. While for some systems pulsations are
present throughout the whole outburst and in every observed outburst, other show
pulsations that appear and disappear at different times during outbursts. For instance,
in HETE J1900.1-2455, the pulsations appeared at the beginning of the outburst,
and then disappeared and kept reappearing and disappearing for the next 2.5 years.
In Aql X-1, the pulsations were observed only for 150 s during one outburst in 1998
(Casella et al. 2008). Aql X-1 goes into outburst every 0.5—1 yr, and many of these
outbursts were carefully observed, but the 1998 one remains the only one with pul-
sations present. Aql X-1 is now referred to as an intermittent AMP.

Approximately half of the AMP population consists of ultra-compact X-ray bi-
naries; most of AMPs have an orbital period from 30 min to a few hours, with only
Aql X-1 being an exception with an orbital period of 18.5 h. Their companions are
mostly brown dwarfs, WDs, or main sequence stars with predominantly very low
masses, with only a few sources having a companion more massive than 0.5 M.

The accretion flow geometry in AMPs during an outburst is presented in Fig. 6.
The accretion disk is truncated by the magnetosphere, and the accreted matter is
channeled towards the poles of the magnetic field. In the most basic approximation,
the magnetic field is dipolar, so the matter is channeled towards two antipodal spots
on the NS surface. However, since these systems have rather weak magnetic field,
the accretion disk is truncated close to the NS surface, where not only the dipole
component, but also higher components of the magnetic field can affect the accretion
flow. In the AMP spectrum in the soft X-ray range, the main contribution comes from
the hotspots’ emission. The accretion disk and reflection from it also contribute to
the continuum (see, for instance, Gierlinski et al. 2002; Gierlinski & Poutanen 2005;
Dorsman et al. 2026a, for detailed studies of the spectral decomposition of AMPs).

Similar to WMNSs, AMPs exhibit X-ray bursts and kHz QPOs associated with
the region of accretion disk truncation. Interestingly, in some systems, pulsations are
observed during the X-ray bursts. In some cases, the pulsations during the bursts are
synchronized in phase with the regular pulsations outside the burst, suggesting that
the thermonuclear burning on the NS surface happens around the hotspot and does
not cover the whole NS surface.

4.2 Pulse profile

Pulse profile, the light curve folded by the pulsation period, is the key observable
characteristic of any pulsar. In a rapidly rotating AMP, the pulse profile encodes
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information not only about the magnetic field geometry, but also, through relativistic
effects, about the compactness and radius of the NS.

The magnetic field channels the accreted matter and defines the hotspot positions,
which, in their turn, shape the pulse profile. Consequently, when studying a pulse
profile, one can see hints towards the magnetic field structure and behavior. For
instance, a double-peaked, sinusoidal pulse profile is usually a sign of a dipole field
with two antipodal spots. If the pulse profile is more complicated and has strong
high-harmonic content, the magnetic field is expected to be more complicated as
well. Evolution of a pulse profile with time is a sign of a complex interaction between
the disk and the magnetosphere.

Relativistic effects are also
visible in the pulse profile shape, C
as illustrated in Fig. 14. Grav- , !0 :‘
itational light-bending reduces 0.8\
the amplitude of the pulsation,
while Doppler shift and aberra-
tion skew the profile. Time de-
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and the velocity of the hotspot
from the Doppler effect, which

ness, and with a known radius, (2000).
one can also derive constraints on
the mass and, consequently, on the EoS.

However great in theory, it is a challenge to properly extract the relativistic effects
from the observed pulse profile. Firstly, a significant amount of parameters impact
the pulse profile shape, including the geometry of the system, atmospheric param-
eters, and magnetic field configuration. With that many parameters, degeneracy is
inevitable, and it is impossible to constrain them all from the pulse profile. Secondly,
pulses of AMPs are short and rather weak, so several hundred thousand pulses need
to be folded and averaged to get a pulse profile, which introduces additional noise.
Moreover, the pulses are not as stable as in radio pulsars, so it is particularly difficult
to establish a fiducial point on which to base timing analysis. The coherent timing
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technique reviewed in Patruno & Watts (2021) helps to track the spin changes and
account for them. This method also allows us to correctly convert the observed pulse
frequency to the actual NS spin frequency.

Pulse profile modeling is a challenging, but rewarding task. The first analytical
model was presented in Poutanen & Gierlinski (2003). Later, the formalism was
adapted to include the oblateness of the star (Morsink et al. 2007) and disk occulta-
tion (Ibragimov & Poutanen 2009; Poutanen et al. 2009). In Salmi et al. (2018), a
Bayesian method for constraining NS mass and radius from the pulse profiles was
introduced. The most recent updates include introducing the X-ray Pulse Simulation
and Inference code (X-PSI, Riley et al. 2023) and applying it to AMPs in Dorsman
et al. (2025) and Dorsman et al. (2026a).

4.3 X-ray polarimetry of accreting millisecond pulsars

One of the key problems of the pulse profile studies is the large number of parameters
that affect the pulse profile shape. It was shown in Viironen & Poutanen (2004) that
at least the system inclination i and hotspot colatitude 8, which are degenerate in
spectroscopy, can be disentangled using polarimetry (see Fig. 15).
Before IXPE, it was not possible to

observe the X-ray polarimetric proper- 13E 7 e=200 i=80df  g=80° i=20°]
ties of the emission from AMPs. How-
ever, in preparation for the IXPE launch,
existing pulse profile models were ex-
panded to include X-ray polarimetry.
First, in Poutanen (2020), a relativistic
rotating vector model (RVM) was in-
troduced to account for the rapid rota-
tion of AMPs. This paper also included
an analytical formalism for the calcula-
tion of polarimetric properties. In Lok-
tev et al. (2020), the relativistic RVM
was further modified accounting for the
oblateness of the NS due to rapid rota-
tion. In Salmi et al. (2021), polarime-  gjgyre 15, Pulse profiles of the flux, PD, and

try and oblateness were added to the PA for different geometrical configurations of
Bayesian method for deriving parame- the AMP. Dashed, dotted, and solid lines cor-
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veloped in Salmi et al. (2018). In Pa- spot flux, and total flux, respectively. Adapted
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per I, the model was further developed,
replacing the Thomson scattering rou-
tine with the exact Compton scattering formalism, since these two processes affect
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polarimetric properties in different ways (see Sect. 1.2 for a recap). Replacing the
scattering model led to a decrease in the expected polarization; for the parameter set
inspired by the most famous AMP, SAX J1808.4—-3658, the expected PD dropped
from more than 5% in Salmi et al. (2021) to barely 2% in Paper 1. However, some
favorable parameter combinations were discussed, and the preparation for IXPE ob-
servations of AMPs continued. The model from Paper I was later incorporated into
the X-PSI code and applied to fitting synthetic IXPE data in Salmi et al. (2025);
there, variability of the hotspot shape was added to the model.

IXPE performed its first observation of an AMP in February 2024, the target
was a newly discovered SRGA J144459.2—-604207 (Papitto et al. 2025). An average
PD of 2.3% + 0.4% was observed in the 2—8 keV energy range; energy-resolved
analysis showed that the emission between 3 and 6 keV is more highly polarized than
below 3 keV (4.0% = 0.5% vs. an upper limit of 1.5%, respectively). Phase-resolved
analysis showed Stokes parameters compatible with a constant function, despite the
fact that the source showed a rather stable pulse profile with an amplitude of ~ 5%
throughout most of the observation. A relativistic RVM was applied to constrain the
geometry of the system, obtaining a rather high inclination of 74° + 6°, consistent
with optical observations, and two almost antipodal spots at colatitudes of 12° and
173°. Applying the more advanced pulse profile modeling to the IXPE and NICER
observations of SRGA J144459.2—-604207 is reported in Dorsman et al. (2026b).
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5 Future prospects

5.1 New X-ray polarimetric instruments

With the launch of IXPE, a new era in
X-ray polarimetry has begun. Dozens
of objects have been observed for the
first time, and many more observations
are anticipated. While observational pa-
pers are usually published shortly after
the data become available, hidden gems
are constantly discovered years after the
observation, leaving plenty of space for
re-analyzing the data.

With the upcoming launch of en-
hanced X-ray Timing and Polarimetry
(eXTP) mission (Zhang et al. 2025) and
the Globe Orbiting Soft X-ray (GOSoX)
polarimeter (Marshall et al. 2021), new
horizons are opening for X-ray po-
larimetry. eXTP, with its large effective
area (see Fig. 16), wide field monitor in-
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Figure 16. Effective area of IXPE (blue) and
eXTP polarimetry focusing array (PFA) instru-
ments (red). From Zhang et al. (2025).

struments, and remarkable timing capabilities, is expected to provide tighter con-
straints on the EoS by measuring polarized pulse profiles and, consequently, masses

and radii of pulsars. Moreover, it is expected to study the phenomena associated with
the accretion disk dynamics, such as kHz QPOs and relativistic Fe line profiles (Li
et al. 2025a), which will help constrain the geometry of the accretion flow.

GOSoX, in turn, is a recently selected soft X-ray mission with an expected energy
range from 165 eV to 400 eV, below those of both IXPE and eXTP. Since some
RMPs are observable below 1 keV, GOSoX offers a unique opportunity to study the

polarimetric properties of their radiation.
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5.2 Weakly magnetized neutron stars

Despite the significant theoretical efforts and a multitude of IXPE observations of
various WMNS systems, many questions are currently left without an answer, re-
quiring further investigation.

In the first years of IXPE mission, dozens of WMNSs have been observed, and
rarely the observation results met the theoretical predictions. For instance, in many
sources, we saw a relatively high polarization at higher energies (see, e.g., Gnarini
et al. 2025, for a review), suggesting that either the BL/SL region, where the harder
spectral component is expected to originate, should emit highly-polarized light, or
the scattering in the wind and/or reflection from the disk should have major contri-
bution to the flux. While for some systems it seems to be true, in many we still do
not have a clear explanation for their higher-than-expected polarization (see, e.g., Di
Marco et al. 2023; La Monaca et al. 2024). We also regularly see a hard-to-justify
variability of polarimetric properties with time and energy (see, e.g., Fabiani et al.
(2024), Paper II). Moreover, plenty of suggestions in the observational papers are not
yet quantitatively confirmed. All these unanswered questions require further studies.

In order to simplify and qualitatively change the data interpretation, a complete
model for WMNS systems is needed. At this point, significant achievements have
been reported for calculating the emission of specific regions of the binary system,
and first attempts at creating a numerical spectropolarimetric model for a combi-
nation of an accretion disk and a BL have been recently introduced in Farinelli &
Cocchi (2025). Yet, there is a place for further improvements, such as accounting for
reflection and scattering, or including the possibility of misalignment in the system.

Last but not least, one of the key open questions of the WMNS studies, the
physics behind the state transition, is yet without an answer. For this, a long and con-
sistent observation of a single source is required. In December 2025 — January 2026,
such a campaign happened for the first time with the Cyg X-2 system, and hopefully,
the results of this campaign will provide us with insights regarding the polarimetric
variability along the Z-track of this source. Cyg X-2 is a well-known benchmark
Z-source, bright, persistent, and with a systematical evolution of the spectral param-
eters along the Z-track (Di Salvo et al. 2002; Farinelli et al. 2009). I believe that only
after understanding the principal mechanism of the state transition in such a system
would we be able to explain and fully understand challenging behavior of enigmatic
systems like GX 13+1.

5.3 Accretion millisecond pulsars

Improving theoretical models is a never-ending process. Salmi et al. (2021) intro-
duced polarization into a Thomson-scattering-based model of the AMP atmosphere.
In Paper I, we replaced the Thomson scattering approximation with exact Compton
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scattering calculations, but the model development did not end there. For instance,
Salmi et al. (2025) and Dorsman et al. (2025) report the results of implementing
the model from Paper I into the X-PSI code (Riley et al. 2023). Salmi et al. (2025)
focused on hotspot shapes and constraints on the mass and radius derived from po-
larimetric data, while Dorsman et al. (2025) applied a disk and atmosphere model to
the analysis of NICER data.

Applying the model to experimental data comes with its challenges, but the work
in this direction is ongoing. At the time of writing, two AMPs has been observed
by IXPE: SRGA J144459.2—-604207 in February 2024 (Papitto et al. 2025) and
SAX J1808.4-3658 in September 2025 (analysis in progress). In the discovery paper
(Papitto et al. 2025), only the standard RVM was applied to the data, while Dorsman
et al. (2026b) present the results of the first attempt to fit the IXPE and NICER data
simultaneously with the most modern model we have. They were able to fit the data,
suggest the shape and location of the hotspots, and even provide weak constraints on
mass and radius of the source. However, they strongly encourage further investiga-
tion.

Another promising direction of the future research in AMP modeling is the ap-
plication of modern plasma astrophysics approaches. Global three-dimensional rel-
ativistic magnetohydrodynamic simulations have recently been applied to AMPs in
Das et al. (2025), introducing significant broadband variability to the pulse profiles
and leaving space for further model improvements. On the other hand, particle-in-
cell (PIC) simulations have so far been applied only to radio pulsars (Philippov et al.
2020; Chernoglazov et al. 2024), not to AMPs. These simulations have provided new
insights into the origin of X-ray pulsar emission. It would be interesting to explore
how these methods could be applied to AMP to further investigate the spectropolari-
metric picture.
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6 Summary of the original publications

| Polarized radiation from an accretion shock in accret-
ing millisecond pulsars using exact Compton scatter-

ing formalism

In this paper, we introduce a new analytical model for calculating the polarized pulse
profiles of AMPs. The emission was assumed to become polarized via Compton scat-
tering in an accretion shock above the NS surface, which we approximated as a plane
parallel electron-dominated isothermal slab. We solved the radiative transfer equa-
tion using the iterative scattering method, replacing the previously used Thomson
scattering routine, which lead to decrease in expected polarization. We calculated
the Stokes parameters as functions of photon energy and zenith angle for almost
14 000 combinations of the main atmospheric parameters. We then developed a rou-
tine to calculate the pulse profiles and to fit the synthetic IXPE data with our model.
We estimated the possible constraints on the geometric and atmospheric parameters
that could be derived from IXPE data.

Il Discovery of a strong rotation of the X-ray polariza-
tion angle in the galactic burster GX 13+1

The paper reports the first IXPE observation of GX 13+1, a bright persistent WMNS
system. A 100 ks spectropolarimetric observation allowed us to study not only the
overall polarization of the source (PD = 1.4% + 0.3%, PA = -2° + 6°), but also
the time, intensity, and energy dependence of polarimetric properties. Because of
the dip in the light curve, we separated the observation into three segments (pre-dip,
dip, and post-dip) and learned that in all three segments, both PD and PA behaved
differently. Most importantly, we reported a strong rotation of PA with time, slowly
and persistently changing by 70° during the observation. To estimate the state of
the source, a complimentary observation with XMM-Newton was organized. The
results of the observation reported in this paper inspired at least three more X-ray
polarimetric observational campaigns on GX 13+1.
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Il New polarimetric study of the galactic burster GX 13+1

The second observation of GX 13+1 with IXPE is reported in the paper. During
this 90 ks spectropolarimetric observation, IXPE observed an overall PD = 2.6% +
0.5% and PA = 23° + 5°, different from the first observation, despite the source
being in a similar spectral state. Most peculiarly, we did not see the previously
discovered rotation of PA with time. We compared the observational results in detail
and provided possible explanations for the polarimetric properties. This observation
was accompanied by a Swift spectroscopic observation to track the state of the source.

IV Polarized radiation from the spreading layer of weakly
magnetized neutron stars

In this paper, we introduce an analytical model that allowed us to calculate the es-
timated polarimetric properties of the light coming from a SL of a WMNS. Since
the magnetosphere of WMNS is not strong enough to direct the accretion flow, the
matter from an accretion disk falls onto the NS surface, and a SL is a possible geo-
metrical configuration of the accretion flow near the surface. In the paper, we studied
the impact of various SL parameters on the polarimetric properties. We concluded
that SL. emission is primarily polarized in the plane perpendicular to the accretion
disk, while the PD does not exceed 1.5% in any of the reported simulations. We
discussed the application of the model to IXPE observations analysis and compared
the derived expectations to the already existing observational results.

V Breaking the symmetry: X-ray polarization from a
spreading layer on a tilted weakly magnetized neu-
tron star

Several IXPE observations have shown hints toward a possible misalignment be-
tween the rotational axis of the NS and the binary rotation axis. We developed an
analytical model for a SL polarization in a misaligned WMNS system. In the paper,
we studied the effects of the new parameters on the polarimetric properties of the SL
emission. We concluded that a SL on a tilted WMNS produce PD higher than the
aligned one, reaching 2-3%, and that the PA strongly depend on the misalignment
parameters. We discussed the possibility for a misalignment to serve as an explana-
tion for some of the observational results.
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The author’s contribution to the publications

Paper I: The research presented in the paper is based on the theoretical work on
the AMP atmosphere modeling of V. Loktev, as well as the pulse profile
modeling of T. Salmi presented in Salmi et al. (2021). The author is
responsible for combining these techniques, performing the parameter
study and the synthetic data fitting, as well as deriving the conclusions
and predictions for the future IXPE observations. The author is also
responsible for writing 80% of the manuscript. The contribution covers
approximately 50% of the total amount of work. The article was used
in the doctoral thesis of V. Loktev.

Paper II: The author lead the work of the large team behind the manuscript. The
author planned the paper, coordinated the data analysis, worked on the
interpretation of the results, and wrote most of the manuscript. The
author also applied for and obtained the complimentary XMM-Newton
data used in the paper.

Paper III: The author coordinated the data analysis, worked on the interpretation
of the results, and wrote most of the manuscript. The author also ap-
plied for and obtained the complimentary Swift data used in the paper.
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ABSTRACT

Pulse profiles of accreting millisecond pulsars can be used to determine neutron star (NS) parameters, such as their masses and
radii, and therefore provide constraints on the equation of state of cold dense matter. Information obtained by the Imaging X-ray
Polarimetry Explorer (IXPE) can be used to decipher pulsar inclination and magnetic obliquity, providing ever tighter constraints
on other parameters. In this paper, we develop a new emission model for accretion-powered millisecond pulsars based on thermal
Comptonization in an accretion shock above the NS surface. The shock structure was approximated by an isothermal plane-parallel
slab and the Stokes parameters of the emergent radiation were computed as a function of the zenith angle and energy for different
values of the electron temperature, the Thomson optical depth of the slab, and the temperature of the seed blackbody photons. We
show that our Compton scattering model leads to a significantly lower polarization degree of the emitted radiation compared to the
previously used Thomson scattering model. We computed a large grid of shock models, which can be combined with pulse profile
modeling techniques both with and without polarization included. In this work, we used the relativistic rotating vector model for the
oblate NS in order to produce the observed Stokes parameters as a function of the pulsar phase. Furthermore, we simulated the data to
be produced by IXPE and obtained constraints on model parameters using nested sampling. The developed methods can also be used

in the analysis of the data from future satellites, such as the enhanced X-ray Timing and Polarimetry mission.

Key words. methods: numerical — polarization — stars: neutron — techniques: polarimetric — X-rays: binaries

1. Introduction

Rapidly rotating accreting neutron stars (NSs) can be used to
study the properties of the extremely dense matter inside their
cores. Some of these are accretion-powered millisecond pul-
sars (AMPs), which show X-ray pulsations at the stellar spin
frequency. Their emission profiles can be modeled, accounting
for light bending and other relativistic effects, and from these
profiles, the information about the mass and radius of the NS
can be extracted (see e.g., Pechenick et al. 1983; Miller & Lamb
1998; Poutanen & Gierliniski 2003; Poutanen & Beloborodov
2006; Morsink et al. 2007; Lo etal. 2013; Watts et al. 2016;
Salmi et al. 2018; Bogdanov et al. 2019). The mass and radius
constraints can be translated to the equation of state (EOS) con-
straints for matter inside the NS core (e.g., see Lindblom 1992;
Lattimer 2012; Hebeler et al. 2013; Baym et al. 2018).

This technique was recently applied to the case of rotation-
powered millisecond pulsars using data from the Neutron
Star Interior Composition Explorer (NICER; Miller et al. 2019,
2021; Riley etal. 2019, 2021; Salmietal. 2022). In these
sources, the hot regions on the NS surface are heated by
a magnetospheric return current and the emission escaping
the NS surface can be computed using self-consistent atmo-
sphere models (see e.g., Zavlinetal. 1996; Ho & Lai 2001;
Heinke et al. 2006; Ho & Heinke 2009; Haakonsen et al. 2012;
Salmi et al. 2020). For AMPs, these models are not ade-
quate because the emitted radiation is Comptonized in an
accretion “shock” formed above the hot region. In reality,
a standard gasdynamical shock might not exist at all, but

the kinetic energy of incoming particles is released in the
surface layer through Coulomb collisions and plasma insta-
bilities (Zel’dovich & Shakura 1969; Suleimanov et al. 2018;
Salmi et al. 2020). Comptonization of soft photons generated
within the layer as well as by the underlying NS surface is
then responsible for the power-law spectra extending up to
100 keV as observed from AMPs (Poutanen & Gierlifiski 2003;
Gierliniski & Poutanen 2005; Falanga et al. 2005a,b, 2007, 2011,
2012). Electron scattering also causes the radiation to be sig-
nificantly polarized. Variations of polarization with pulsar phase
can be used to determine geometrical parameters such as inclina-
tion angle and magnetic obliquity (Viironen & Poutanen 2004),
which in their turn allow us to improve constraints on the NS
mass and radius.

Previously, polarized emission models for AMPs used the
Thomson scattering approximation in an optically thin NS atmo-
sphere (see Sunyaev & Titarchuk 1985; Viironen & Poutanen
2004; Salmi et al. 2021). However, the polarization degree due
to Compton scattering on hot electrons strongly depends on
the electron temperature (Nagirner & Poutanen 1994; Poutanen
1994); for example, for 100keV electrons, polarization is less
than 50% of that for Thomson scattering. On the other hand,
the models for nonpolarized radiation — in the context of pulse
profile modeling — typically employ approximate formulas for
the anisotropy of the radiation and empirical models for the
Comptonized spectra (see e.g., Poutanen & Gierlifiski 2003;
Leahy et al. 2008; Steiner et al. 2009; Salmi et al. 2018). Self-
consistent accretion-heated atmosphere models have also been
developed (see e.g., Zampieri et al. 1995; Deufel et al. 2001;
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Suleimanov et al. 2018), although these are relatively computa-
tionally expensive and have a large number of free parameters.

In this work, we applied the formalism for Comp-
ton scattering in a hot slab (Nagirner & Poutanen 1993;
Poutanen & Svensson 1996) to compute the Stokes parameters
of the emergent radiation as a function of energy and emis-
sion angle using only three model parameters: the electron tem-
perature and optical depth of the hot slab on top of the NS
surface, and the temperature of the seed blackbody photons
coming from the NS. By employing pulse profile modeling for
polarized radiation from rapidly rotating oblate NSs (Poutanen
2020; Loktev et al. 2020), we also simulated data for the Imag-
ing X-ray Polarimeter Explorer (IXPE; Weisskopf et al. 2022)
and updated the NS geometry parameter constraints previously
predicted in Salmi et al. (2021) using the Thomson scattering
model. These methods can also be applied when analyzing
the observations from IXPE' or from future X-ray polarimet-
ric missions such as the enhanced X-ray Timing and Polarimetry
mission (eXTP; Zhang et al. 2019; Watts et al. 2019). The atmo-
sphere look-up tables produced here can also be combined with
any AMP pulse profile modeling codes?.

The remainder of this paper is structured as follows. In
Sect. 2, we present the theory that describes the formation of
polarized radiation in a Comptonizing slab above the NS surface.
‘We then apply this theory to obtain the intensity and polarization
of the radiation escaping from the slab. We then describe the
method to obtain pulse profiles using our new radiation model.
We compare our resulting spectra and pulse profiles to those
obtained using previous models. We also discuss pulse profiles
obtained for different NS parameters. In Sect. 3, we generate
synthetic data and apply our fitting routine to determine the NS
parameters from the data. We discuss the applications of our
model and predictions for the upcoming observations in Sect. 4.
In Sect. 5, we conclude and summarize our findings.

2. Emission model
2.1. Radiative transfer equation

‘We consider a simple NS atmosphere model in which the atmo-
sphere is a plane parallel slab consisting of electrons and lying
above an optically thick source that radiates as a blackbody. The
hot slab has the Thomson optical depth 7+ = orn.H, where H
is the vertical height, ot is the Thomson cross section, and 7, is
the electron concentration. The electron gas in the atmosphere is
considered to be isotropic and isothermal with the electron tem-
perature T.. The momentum distribution of electrons is given by
relativistic Maxwellian distribution characterized by the dimen-
sionless temperature @, = kT, /m.c’:

e~ V/©:

) = 0. 5(/00

1)

where 7y is the electron Lorentz factor and K, is the modified
Bessel function of the second kind. This distribution is normal-
ized to unity:

fo Pdp = 4 fn fpidp =1, @

! IXPE was launched in December 2021, but has not yet been able to

observe an AMP in outburst.
2 The tables are available at
AnnaBobrikova/ComptonSlabTables

https://github.com/
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where p = +/y2—1 is the electron dimensionless momen-
tum. The radiation field can be described by the Stokes vector
I(t, x, 1), where u is the cosine of the zenith angle, an angle
between the normal to the slab and the direction of photon prop-
agation, and x = E/mec? is the photon energy measured in the
units of the electron rest mass.

The Stokes vector usually contains four components 7, Q, U,
and V, but because of the azimuthal symmetry and the absence of
sources of circular polarization, the latter two are equal to zero.
We therefore use just two Stokes parameters I(t, x, 1) = (I, Q)",
where superscript 7' denotes the transposed vector.

The photon distribution at the bottom of the slab is consid-
ered to be Planckian of the temperature Ty,. The incident radia-
tion (for zeroth scattering order, n = 0) at the bottom of the slab
is given by the Stokes vector

2m206 X3 1
W eX/Om — | o/

Lioo(t = 0,x,1) = (3)

where @y, = kTyy/mec?. In order to describe the propagation
of polarized radiation through the hot electron slab, we solve
the radiative transfer equation (RTE; Nagirner & Poutanen 1994;
Poutanen & Svensson 1996):

dI(z, x, 1)
yT” = —o(WI(T, x, 1) + S(7, x, 1), @
where dr = onedz is the Thomson optical depth, S is

the source function (also a Stokes vector), and o(x) is the
dimensionless Compton scattering cross-section (in units of the
Thomson cross-section or). We solve the RTE using the iter-
ative scattering method of Poutanen & Svensson (1996), where
the intensity is represented as a series expansion in scattering
orders. The Stokes vector of unscattered radiation at all optical
depths is

Lico(T, X, 1) = Lo (0, x, 1) €™ 7H, ®)

From the known Stokes vector at the nth scattering order, we find
the source function for the following scattering order as

“dx 1 N
sn+1(r,x,u>:x2fx—;fdm Rt v L), (6)
T

where R is the 2 x 2 azimuth averaged redistribution matrix
describing Compton scattering by isotropic electrons (see
Appendix A.1 in Poutanen & Svensson 1996). If the source
function is known, the Stokes vector is found via the formal solu-
tion of the RTE:

Tdr’ ,
j(; o Syt (77, x, 1) T u>0,
Ly (7, x,p0) =
T ar , ~(@ Do)/ (~p1)
— S (T, ) e , u<O.
()
@)

Iterations proceed until the required accuracy of the total Stokes
vector I = 3, I, is achieved so that the maximal contribution
of the next scattering is less than 1% of the total spectrum in all
energies and angles.

Finally, we can compute the polarization degree (PD) of the
emergent radiation as

P(x, 1) = 100% .
1 I(Tr, X, 1)

®)
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Fig. 1. Intensity of the emergent radiation (left) and the PD (right) as functions of the cosine of the zenith angle. The atmosphere parameters are
7r = 1.0, electron temperature 7. = 50keV, and seed photon temperature Ty, = 1keV. Black, blue, green, orange, and red solid lines show the

model for photon energies of 2, 5, 8, 12, and 18 keV, respectively. The angular dependence of the intensity is normalized so that fol pl(p)du = 1/2.
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Fig. 2. Intensity of emergent radiation (left) and the PD (right) as functions of photon energy. The same atmosphere parameters are used as in
Fig. 1. Black, blue, green, orange, red, and magenta solid lines show the model for u = 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 respectively.

The positive values of P imply that the polarization vector lies in
the meridional plane defined by the slab normal and the photon
momentum, while for the negative values, the polarization vec-
tor is perpendicular to that plane, as in the case of optically thick
electron scattering atmosphere (Chandrasekhar 1960; Sobolev
1963).

2.2. Spectro-polarimetric properties of accretion shocks

We can now apply the derived formalism to predict the beaming
patterns, energy spectra, and polarization of the accretion shock
at the NS surface. We take as a fiducial set of parameters: 71 = 1,
T. = 50keV, Ty, = 1keV. Figures 1 and 2 show the spectrum
and the PD as functions of the cosine of the zenith angle and
energy, respectively, for this set of parameters. The parameters
of the source are the same as those used in the Thomson model
of Salmi et al. (2021; see their Figs. 1 and 2), and so these figures
can be used to illustrate the impact of using an exact Compton
scattering description instead of the Thomson scattering model
in the slab of hot electrons.

‘When comparing our results with those of Salmi et al. (2021),
we note that the PD differs significantly while the spectrum
remains mainly unchanged. This effect is most obviously seen
in the angular dependence of the PD. The absolute values of the

PD are reduced by a factor of two for the photon energies of 2, 5,
and 8keV, and increased at higher energies. For Compton scat-
tering, the PD changes the sign already at the photon energy of
8keV and is positive at higher values, while for Thomson scat-
tering the sign changes at photon energies above 18 keV. Last
but not least, the maximum in the absolute value of the PD for
the photon energies higher than 8 keV has shifted from ¢ = 0 to
higher values of the cosine of the zenith angle. Keeping in mind
the energy range of the IXPE satellite (2-8keV), we can say
that compared to the previously developed model for AMPs that
used Thomson scattering, the Compton scattering model pre-
dicts a lower PD. This result is in agreement with our expec-
tations, as for hot electrons the relativistic aberration becomes
important (Poutanen 1994). In the case of cold electrons, the PD
of the Thomson singly scattered radiation is highly dependent
on the scattering angle, reaching 100% at 90°. For relativistic
electrons (but still in the Thomson scattering regime), the same
happens in the electron rest frame; however, because of the rel-
ativistic motion of the electron, the photon in the external frame
is preferentially scattered in the direction of the electron motion,
resulting in zero final PD independent of the scattering angle
(Bonometto et al. 1970; Nagirner & Poutanen 1993). In our case
of 50keV electrons, the electrons are not yet relativistic and the
maximum PD is reduced to 60% from the Thomson case. We
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can predict here that with the higher electron temperature, the
PD will decrease further. This will be examined in the following
section.

2.3. Grid of models

The model we consider for the accretion shock has three param-
eters: the optical depth of the Comptonizing plasma 7r, the
dimensionless electron temperature ., and the dimensionless
characteristic photon temperature @y, (associated with T, and
T, respectively). To determine these parameters from the
upcoming IXPE data, we need a dense grid of models. For the
optical depth of the shock 7, we chose the lower and higher
value of 0.5 and 3.5, respectively, and varied the parameter in
steps of 0.1. For the electron temperature, we varied @, from
0.04 to 0.2 (i.e., T, from ~20 to 100keV) with a step of 0.004
(i.e., ~2keV). For the seed photon temperature, the dimension-
less Oy, was varied in the interval (1-3)x1073 (i.e., Ty, = 0.5—
1.5keV) in steps of 2 X 107 (i.e., ~0.1keV). Altogether, we
computed 13 981 models.

The impact of the NS atmosphere parameters on the PD
can be seen in Fig. 3. For the electron temperature, we see the
expected decrease in the PD with T, as electrons become more
relativistic. For the two other parameters, the main feature is that
with increasing the parameter value, the change of sign of the
PD happens at higher energies. Within the mentioned intervals
of parameter values, the impact is most significant with increas-
ing the optical depth of the atmosphere and least significant with
changes to the seed photon energy. For the IXPE observational
range of 2-8keV, this means that, in general, PD increases with
the increase in these parameters.

In order to use the calculated Stokes parameters more effec-
tively, we wrote a 3D interpolation routine over this grid of
parameters, so that for any arbitrary combination of these param-
eters within the intervals mentioned, we can obtain the intensity
and PD of the emission as functions of energy and zenith angle.
We tested that the results of this interpolation match the direct
calculation results for any combination of the parameters within
the grid to within 8% (within 1% in the IXPE energy range).

2.4. Pulse profiles and polarization

‘We calculated the pulse profiles from the known beaming pat-
tern and PD exactly as in Salmi et al. (2021). After obtaining the
beaming pattern and PD of the emission on top of the NS atmo-
sphere, we transport them from the hot emitting regions of the
star (called hot spots) to the observer following the formalism
described in Morsink et al. (2007), AlGendy & Morsink (2014),
Poutanen (2020), and Loktev et al. (2020). We consider an
oblate, rapidly rotating star in the Schwarzschild metric (hence,
the effects of rotation on space-time are neglected). Gravitational
redshift and the light-bending effect, as well as the effect of the
fast rotation of the star, are accounted for in the polarization
angle (PA) transfer. The only difference in approach is the ref-
erence radius used in time-delay calculation. While Loktev et al.
(2020) use the exact radius of the star at the center of the spot,
we follow the path described in Poutanen & Beloborodov (2006)
and applied in Salmi et al. (2021) and use the equatorial radius
as a reference radius.

We again return to the results from Salmi et al. (2021) and
compare the pulse profiles coming from the model with Comp-
ton scattering in the atmosphere with previously obtained ones
using Thomson scattering. Figure 4 presents this comparison for
the case of two antipodal spots, both combined and individually
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from each spot, for the NS with atmospheric parameters from the
fiducial set (inclination i = 60° and magnetic co-latitude 6 = 20°
as in Salmi et al. 2021). We see that the flux does not change
significantly, which is in agreement with the beaming patterns
not changing either. The PD is now decreasing from 2 to 5keV
and then slowly increasing towards 8 keV. From inspection of
the corresponding lines in Fig. 1, and accounting for the grav-
itational redshift, it is clear that the PD is following the same
pattern for the corresponding energies of the emitted photons.
The ‘jump’ by 90° in the PA for the 8 keV photons comes from
the PD changing sign.

The main conclusion here is that we expect a significant drop
in the observed PD compared to that predicted by Salmi et al.
(2021). The impact of this reduction in PD on the possibility of
observing the AMPs is further discussed in Sects. 3 and 4.

3. Synthetic data and their analysis
3.1. Generating the synthetic data

The developed model can be further used to analyze the data.
Polarimetric measurements of the AMPs are yet to be carried
out. In the absence of observations, we used the IXPEOBSSIM
framework (Baldini et al. 2022; version 16) with the PCUBE
algorithm to generate several samples of synthetic data imitating
the data to be obtained from the IXPE observations of an AMP.
We substituted the source with the model described above and
obtained the event list for a specified observing time of 600ks
for a source with a flux of 100 mCrab. In this part of our study,
we do not investigate the energy dependency of PD, and collect
all the data in one energy bin. These data sets are in exactly the
same form as publicly available IXPE data products, so we will
be able to apply the developed routines to the real data as soon
as they become available.

As mentioned above, applying the Compton scattering for-
malism reduces the expected PD as compared to the previous stud-
ies where Thomson scattering in the NS atmosphere was consid-
ered. We synthesized the data for the same parameter set as used in
Fig. 4 (see Table 1, Model 1) and compared the PD to the so-called
minimal detectable polarization (MDP) at 99% significance (see
Weisskopf et al. 2010 for a definition of the MDP and Kislat et al.
2015 for further details) values for the corresponding phase bins.
Figure Sa illustrates that the obtained values of the PD are below
the MDP. According to Weisskopf et al. (2010), this means that
we cannot have a proper measurement of the PD in this case. From
this point, there are three main ways to improve the quality of the
potential measurement: (i) we can increase the number of counts
to reduce the MDP values, (ii) study different energy bands to
see if the PD values are higher there, and/or (iii) choose a more
promising source, which in terms of simulated data means select-
ing different source parameters.

Increasing the number of counts by prolonging the expo-
sure time is impossible with AMPs, as they are transient sources
observable only during the outbursts, which typically last for a
few weeks (see e.g., Patruno & Watts 2021). Also, observations
lasting longer than 600 ks are unrealistic for scheduling reasons.
The two other options are explored below.

Studying different energy bands is relevant as, according to
our predictions from Sect. 2.1, the PD changes sign within the
2-8 energy band. This means that averaging over all energies
decreases the total PD value. Figure 5b illustrates the results of
analyzing the 2-5 keV energy band instead of the 2-8 keV repre-
sented in Fig. 5a. The blue line corresponding to the model pre-
diction is now significantly higher and closer to the MDP values.
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Fig. 3. Angular dependency of the PD for different atmosphere parameters. For each plot, we vary only one parameter (marked on the plot) while

other parameters are from the fiducial set (rr = 1, T, = 50keV, Ty,
photon energies of 2, 5, 8, 12, and 18 keV, respectively.

However, the improvement is slight, and we note that the PD val-
ues are still below the MDP values in this case.

In our search for a more optimistic (from the point of view
of potential observations) yet still valid set of both geometrical
and atmosphere parameters, we aimed to reproduce the known
spectra of the AMPs with the parameters that, coming from our
previous investigations, are expected to give a higher PD of the
emission. From Fig. 3, we see that the optical depth affects the
PD strongest from all the atmosphere parameters, and so we
aimed to increase it but preserve the overall spectrum behavior
presented in Poutanen & Gierlifiski (2003). We also attempted
to increase the electron temperature to match the predictions in
Poutanen & Gierlifiski (2003), but the scenario proposed there
gives PD values below the MDP values, and so we chose not to con-
tinue with it. We developed two possible adjustments to the fidu-
cial scenario (Model 1): we can choose the geometry such that the
angle between the inclination and co-latitude of the spot is almost
90° (as in Model 2) or use ‘more promising’ atmosphere param-
eters (as in Model 3). We can also combine these two (Model 4).
The parameter values for these four models are given in the left part
of Table 1 in the columns labeled correspondingly 1-4. Figure Sc
shows that for Model 4, the PD now exceeds the MDP values. We
also checked this for Models 2 and 3, and for Model 2 the PD is
slightly higher than the MDP values, while for Model 3 the PD is
similar to MDP. In all the models, we only calculated the emission
coming from one spot on the surface of the NS.

In addition, we attempted to improve the quality of the
results for Model 1 illustrated in Fig. 5a,b by reducing the num-
ber of phase bins, as the PD varies less in these cases compared

1keV). Cyan, blue, green, orange, and red solid lines show the PD on

to other models. We find that for Model 1, case a, only reduc-
ing the number of bins to one gives us the PD value that barely
exceeds the MDP, meaning that we can detect something from
such a source, but we would lose the phase variability com-
pletely. For Model 1, case b, we can obtain a detection with three
phase bins, but only for the bin that includes the peak (in Fig. 5b
the corresponding phase shift is 0.5), and again, the PD barely
exceeds the MDP. We conclude that reducing the number of bins
can support the observations with barely measurable PD, but its
impact is not sufficient for us to rely upon it in cases where the
source is otherwise unobservable with IXPE.

Nevertheless, the most recent development of the IXPE
data analysis shows that for multiple-point observations (i.e.,
observations split in different phase bins), information about
polarization can be extracted even from the data points where
PD values do not exceed MDP (Gonzalez-Caniulef et al. 2023;
Suleimanov et al. 2023). As IXPE measures the Stokes parame-
ters ¢ and u rather than PD, we can fit these parameters directly
and obtain some constraints on the geometry of the source. This
approach is further explored in the following section.

3.2. Fitting the data

After synthesizing the data, we applied the MULTINEST
(Feroz et al. 2009) multimodal nested sampling algorithm
(specifically, the PYMULTINEST package, see Buchner et al.
2014) to obtain new constraints on both the geometrical and
atmosphere parameters of the source. As in  Salmi et al.
(2021), we fit the geometrical parameters, such as inclination,
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Fig. 4. Pulse profiles of the observed flux, PD, and PA for two antipodal spots shown for three different energies (2, 5, 8 keV). The solid black
curves correspond to the total flux (PD, PA), the dashed blue lines correspond to the contribution from the primary spot, and the dotted red lines
are for the secondary spot. The dash-dotted gray lines correspond to the Thomson model from Salmi et al. (2021; combined from two spots). The
NS parameters in both models are those shown in Table 1 of Salmi et al. (2021).

Table 1. Parameter sets for all the computed models and the most probable values obtained in the fitting.

Parameter Injected values Fitting results

1 2 3 4 la@ 1b® 2 3a@ 3b® 4
i [deg] 60 10 60 10 25j}; 40‘:}? 10‘:;‘ 49‘:}; 54j}8 91'2
6 [deg] 20 105 20 105 le{g lSﬁZ 101t2 20tg 173‘ 104‘:3‘
xldeg] 0 0 0 0 —2‘:;8 —7’:3 -6 {j 2“:31 —3“:; —7j} }
Ap/2r 0.0 0.0 0.0 0.0 0.0l‘jgﬁ —0.02j8;ﬁ —0.02j8$ 0.03j3:8§ —0.02j8:8§ —0.021'8:83
T. [keV] 50 50 50 50 5831 62’:%2 59f§§ 63’:%3 6533 64f§2
Top [keV] 1.0 1.0 1.0 1.0 1 'Ot%% 1 .oi$;§ 0.9f§§ 1 .Ojgé 1 .1§§;§ o.9j§;§
Tr 1.0 1.0 1.6 1.6 L4406 1.9%03 16550 2070 22405 2153

Notes. NS mass, radius, and spin frequency are fixed at M = 1.4 M, R = 12km, v = 401 Hz. These parameters, as well as Model 1 parameters, are
selected based on the SAX J1808.4—3658 pulsar and expected values for canonical NSs. The errors represent the 68% credible interval. Additional
parameters y and A¢ are the position angle of the pulsar rotation axis and the phase shift, respectively. As before, i is inclination, 6 is co-latitude
of the spot, 7. and Ty, are the temperatures of the electron in the slab and seed photons, respectively, and 7t is the Thomson optical depth of the
slab. Values are averaged over two data realizations for each scenario. ”Columns labeled 1a and 3a correspond to fitting the whole energy band
of IXPE, 2-8 keV. ®Columns labeled 1b and 3b correspond to the data realization generated and fitted in the 2-5 keV energy band.
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Fig. 5. Simulated PD and normalized Stokes ¢ and u profiles for the NS parameter set 1 (panels a and b are for the 2-8 keV and 2-5keV energy
range, respectively) and set 4 (panel c) from Table 1. The exposure time is 600 ks in all three cases. The blue lines show the theoretical model, the

purple dots are the synthesized observed data, and the red dots are the MDP values for the corresponding phase bins.
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Fig. 6. Posterior probability distributions for NS parameters for Model 1a (left panels) and Model 4 (right panels) from Table 1 using one data
realization. The two-dimensional contours correspond to 68% and 95% credible regions with the corresponding regions colored black and gray.
The histograms show the normalized one-dimensional distribution for a given parameter derived from the posterior samples. The mean value and
the 68% and 95% credible levels for the parameters are shown by the vertical dashed black, red, and orange lines, respectively. Blue lines indicate

the true values of the parameters that were used for the data simulations.

co-latitude, phase shift, and position angle, but unlike there, we
also perform a simultaneous fit over the parameters of the atmo-
sphere, such as characteristic photon temperature, electron tem-
perature, and optical depth of the thermalization layer. Table 1
presents the most probable values and 68% credible intervals
for these parameters. Figure 6 shows the results of the fitting
presented for the fiducial set of parameters (Model 1) and for
a ‘more promising’ scenario (Model 4). In both cases, the full
energy band of IXPE (2-8keV) is considered, and the exposure
time is 600 ks.

Figure 6 clearly illustrates the improvement of the fitting
results if comparing the data synthesized from the Model 1-type
of source (left) and the data coming from the Model 4-type of

source (right). As we use the uniform prior for all our fittings, in
the former case, the constraints originate from our direct fitting
of the ¢ and u Stokes parameters. This illustrates the possibil-
ity to extract some information even when the MDP values are
not reached. In the latter case, we can clearly see the significant
constraints coming from the PD values exceeding the MDP by
approximately a factor of two.

‘We can also conclude that the constraints on the atmospheric
parameters are notably less restrictive than the ones on the geo-
metrical parameters of the NS. The main reason for obtaining
such broad constraints on atmospheric parameters lies in the
energy range of the IXPE satellite, as we are unable to detect the
whole spectrum and fit it correctly. A solution to this issue could
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be to use the observational results from several missions simul-
taneously; for instance, fitting the NuSTAR data in its higher
energy range to determine the electron temperature (and con-
sequently the optical depth through the spectral slope). Then,
using the values obtained, we can fit the IXPE data with the fixed
(or constrained) atmospheric parameters. However, we see that
even with large uncertainties on these parameters, we are able to
derive constraints on the geometry of the source from the IXPE
data only.

Table 1 also shows that the constraints from the Model 3 data
are less restrictive than the ones from Model 2, and so we can
conclude that the atmospheric parameters are less important in
our search for the ‘promising” source than the geometric param-
eters of the NS. We also attempted to improve the constraints by
reducing the number of simultaneously fitted parameters (e.g.,
we fixed the atmospheric parameters and only fitted the geomet-
rical parameters). Decreasing the number of fitted parameters
reduces the calculation time, but the credible intervals for the
fitted parameters remain the same.

In the fittings presented here, we fixed the mass and radius of
the NS. This is done for the simplicity of the calculations, as they
are quite time-consuming. Moreover, we only fit the normalized
Stokes ¢ and u parameters, and they are not particularly sensitive
to the mass or radius. We could also fit the Stokes / parameter
(i.e., flux) as well and add mass and radius as free parameters.
Adding two more parameters would increase the computational
time significantly, but we do not expect any significant impact of
this on the credible intervals of other parameters.

4. Discussion

Our fiducial set of NS parameters is based on the SAX
J1808.4-3658, and Fig. 4 shows that, for the parameters
selected, our predictions for the PD of the SAX J1808.4-3658-
like source are low. However, with the uncertainties we still have
on both the geometry and the atmospheric parameters of the
source, there is still a possibility to observe a higher PD. Fur-
thermore, with about 20 AMPs discovered, we can put forward
several conclusions about the perspective of observing measur-
able PD from this class of sources.

It is known that the product of the electron temperature
and optical depth for the AMPs is almost invariant (Poutanen
2006). Nevertheless, we have learned that all the atmospheric
parameters have their own contribution to the PD values; see
Fig. 3. Optical depth is the most important parameter here;
we are searching for a source with an atmosphere that is suf-
ficiently optically thick for many Compton scattering events
to occur, yet not so thick that the pulsation pattern is exces-
sively influenced by these scatterings. In this sense, objects such
as IGR J17591-2342 and IGR J17511-3057 are promising.
The former has an estimated optical depth of 1.59-2.3 and a
pulsed fraction of the emission of 10%—17% (Kuiper et al. 2020;
Manca et al. 2023). The latter has a lower optical depth of 1.34,
but higher electron and seed photons temperatures (7. = 51keV,
Ty, = 1.36keV) and a pulsed fraction of 14% (Papitto et al.
2010). Constraints on the geometrical parameters of the AMPs
are among the goals of the polarimetric observations. So far
our main source of information on the possible geometry is
the amplitude of the pulsation, which depends approximately
on the product of the sines of the inclination and the magnetic
co-latitude (Poutanen & Beloborodov 2006). Moreover, while
for the inclination we usually have some constraints, little is
known about the geometrical configuration of the magnetic field
of the AMP. From the emission patterns shown in Fig. 1, the
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highest PD is received when the line of sight and the normal
to the emitting area are orthogonal. One of the most interesting
objects to study is Swift J1749.4-2807, for which the inclina-
tion is well-constrained, 74.4° < i < 77.3°, and the co-latitude is
estimated to be 6 ~ 50° (Altamirano et al. 2010). In this case, we
can expect high polarization and we can test whether the inclina-
tion obtained from the polarimetry actually matches the orbital
one.

‘We performed all our fittings with 600 ks of exposure time. It
is typical for AMPs to go into outburst for a couple of weeks, and
so in order to collect enough photons we need either a rather soft
spectrum of emission or a very bright source. We can exclude
hard sources such as IGR J18245-2452 with a photon index of
I' = 1.4 (Papitto et al. 2013).

Figure 4 illustrates an additional feature of the PD behavior
we expect to observe: the observed PD is different between cases
where the secondary spot is invisible (e.g., the very beginning of
the outburst) and where it is visible (at the later stages of the
outburst). In order to get additional information about the geom-
etry of the source, it is crucial to observe the outburst from the
earliest to the latest possible stages.

‘We purposely focused on phase-resolved analysis and did not
investigate the possibilities that energy-resolved analysis could
open up. IXPE has an energy resolution of 0.57keV (at 2keV;
Ramsey et al. 2021), and so with sufficient statistics it is possi-
ble to study the behavior of PD with energy and obtain more
information about the geometry and atmospheric properties of
the source.

The model presented in this paper can be improved fur-
ther. For instance, the isothermal (static) slab approximation
of the accretion shock can be replaced with a more physical
model where the dynamics of the accreting gas is computed self-
consistently with the electron temperature. Also, the model for
seed soft photons can be modified to account more accurately for
the reprocessing of the hard X-rays at the NS surface, account-
ing for the polarization properties of this radiation. We intend to
work on these developments in the future.

5. Summary

We present a new model to compute the flux and polarization
of the emission coming from the accretion-powered millisec-
ond pulsars. We used the formalism for Compton scattering in a
plane-parallel isothermal hot slab to describe the propagation of
photons in the accretion shock above the NS surface. Figures 1
and 2 show the result of such calculations for the fiducial set
of parameters taken from Salmi et al. (2021). Comparing our
results with the previous studies using Thomson scattering for-
malism shows that, at least for the same NS parameters, our
model predicts lower PD values.

We calculated the Stokes parameters of the radiation as a
function of two variables, the zenith angle of the emitted photon
and its energy, for almost 14 000 combinations of three param-
eters: electron temperature, the temperature of the seed black-
body photons, and the Thomson optical depth of the slab. The
tables of the spectral energy distribution of the Stokes parame-
ters for all the parameters can now be used for further analysis
of the accretion-powered millisecond pulsars, both in studying
the pulse profiles and the polarimetric properties of the emerged
radiation. Figure 3 illustrates one of the ways to use this new data
set. We can understand the impact of the NS atmosphere param-
eters on the angular dependency of the PD from this particular
study.
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We then used the relativistic rotating vector model for the
oblate NS to produce observed Stokes parameters as a function
of the pulsar phase. Figure 4 shows the observed fluxes coming
from the two antipodal spots of an AMP and the combined total
flux as calculated using our model and a total flux calculated using
apreviously developed Thomson model. A significant drop in the
PD between these two models is again present here.

We used the developed model of the AMP emission to gener-
ate the synthetic data sets imitating the one that the IXPE satellite
could produce after observing an AMP. We note that the NS with
the parameters from our fiducial set would emit the light with
PD values below the MDP values of IXPE (which still does not
exclude the possibility to extract information about the geometry
of the source); however, for a different set of NS parameters, the
PD is high enough to be detectable by IXPE, as shown in Fig. 5.
We then applied the multimodal nested sampling technique to
fit the simulated data with our model and obtain constraints on
both the geometrical and atmospheric parameters of the NS. The
results of the fitting are presented in Fig. 6. The main conclusion
of this study is that we can obtain reasonably good constraints
on the geometrical parameters from the IXPE data for some of
the AMPs; however, the parameters of the atmosphere of the NS
need to be constrained from the supporting observations by other
X-ray missions such as NuSTAR.

Our findings contribute to the advancement of understanding
AMPs and have significant implications for future research in
this field. We are waiting for the AMPs to be observed by IXPE
so that we may apply the developed formalism to analyze the
resulting data. We also hope to see the eXTP mission observing
the AMPs, as it would solve several of the issues discussed in this
article: the larger effective area will lower the MDP, and so the
fainter sources will become observable; the broader energy range
will allow us to develop better constraints on the atmospheric
parameters; and finally, the wide field instrument of eXTP will
be able to catch the transients, such as AMPs, and observe the
outbursts from their very beginning.
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ABSTRACT

Weakly magnetized neutron stars in X-ray binaries show a complex phenomenology with several spectral components that can be associated
with the accretion disk, the boundary, and/or a spreading layer, a corona, and a wind. Spectroscopic information alone, however, is not enough
to distinguish these components. The analysis of the timing data revealed that most of the variability, and in particular, kilohertz quasi-period
oscillations, are associated with the high-energy component that corresponds to the boundary and/or spreading layer. Additional information about
the nature of the spectral components, and in particular, about the geometry of the emission region, can be provided by X-ray polarimetry. One
of the objects of the class, a bright, persistent, and rather peculiar galactic Type I X-ray burster GX 13+1, was observed with the Imaging X-ray
Polarimetry Explorer (IXPE) and the XMM-Newton. Using the XMM-Newton data, we obtained the best-fit values for the continuum spectral
parameters and detected strong absorption lines associated with the accretion disk wind. IXPE data showed the source to be significantly polarized
in the 2-8 keV energy band, with an overall polarization degree (PD) of 1.4% + 0.3% at a polarization angle (PA) of —2° + 6° (errors at the 68%
confidence level). During the two-day long observation, we detected rotation of the PA by about 70° with the corresponding changes in the PD
from 2% to nondetectable and then up to 5%. These variations in polarization properties are not accompanied by visible spectral state changes of
the source. The energy-resolved polarimetric analysis showed a significant change in polarization, from being strongly dependent on energy at the
beginning of the observation to being almost constant with energy in the later parts of the observation. As a possible interpretation, we suggest
a constant polarization component, strong wind scattering, or a different polarization of the two main spectral components with an individually
peculiar behavior. The rotation of the PA suggests a misalignment of the neutron star spin from the orbital axis.

Key words. accretion, accretion disks — polarization — stars: neutron — X-rays: binaries

1. Introduction X-ray sources in the sky. WMNSs can be classified as Z- or

atoll-sources, based on the shape of their tracks in the X-
Weakly magnetized neutron stars (WMNSs) reside in low-mass ray hardness-intensity (HID) diagram or in the color-color dia-
X-ray binary (LMXB) systems and accrete material from com- gram (CCD), their timing proprieties in the 1-10 keV band,
panion stars via an accretion disk. With their luminosity rang- their radio emission, and their luminosity and mass-accretion
ing in the 10°°—10% ergs~!, they are among the brightest rate. WMNSs are also known for their fast X-ray variability:
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The quasi-periodic oscillations in the ranges seconds and mil-
liseconds that were observed from many sources of the class
(van der Klis 1989, 2000; Méndez & Belloni 2021) are associ-
ated with a harder spectral component (Gilfanov et al. 2003;
Revnivtsev & Gilfanov 2006; Revnivtsev et al. 2013) close to
the neutron star (NS) surface.

In the absence of a strong magnetic field surrounding the
NS in these systems, the matter from the accretion disk falls
onto the equator of the star via the boundary layer (BL, see e.g.
Shakura & Sunyaev 1988) and further spreads throughout the
NS surface, where it forms the so-called spreading layer (SL,
see e.g. Lapidus & Sunyaev 1985; Inogamov & Sunyaev 1999).
The geometry and physics of the processes that occur within
these layers both affect the emission of WMNSs and their polar-
ization (see e.g. Lapidus & Sunyaev 1985; Gnarini et al. 2022).
The emission of WMNSs in the X-ray band has two main com-
ponents: a soft thermal emission, which can be blackbody-like
emission from the NS surface or a multicolor emission from the
disk, and a harder component associated with the Comptoniza-
tion in the BL or SL. In addition to these two main components,
signs of reflection of the SL emission from the accretion disk
(usually a broad emission line around 6.4 keV) and a set of
absorption lines are sometimes visible, which indicates that the
radiation interacts in the wind above the disk. A contribution of
the hot corona is also possible, as is a contribution of the hot flow
in the hard state.

Polarimetry is a useful tool for understanding the geom-
etry of the source and the emission mechanisms by studying
the two additional variables it provides: the polarization degree
(PD), and polarization angle (PA). The Imaging X-ray Polarime-
try Explorer (IXPE; Weisskopf et al. 2022), launched in Decem-
ber 2021, is a pathfinder that gives us the unique opportunity
to measure the X-ray polarimetric properties of WMNSs with
high precision. In the last two years, nine objects of the class
were observed (see Capitanio et al. 2023; Farinelli et al. 2023;
Cocchi et al. 2023; Ursini et al. 2023; Di Marco et al. 2023a;
Rankin et al. 2024; La Monaca et al. 2024; Saade et al. 2024,
Fabiani et al. 2024). These observations shed new light on the
emission mechanisms of these sources, as well as on the changes
in PD and PA while the source changes its spectral state. We aim
to add another important piece of evidence to the global picture.

GX 13+1 is a peculiar source with a unique position between
atolls and Z-sources. It is located at a distance of 7 + 1 kpc in a
binary system and has a late-evolved K5 III giant as a companion
(Bandyopadhyay et al. 1999). The source shows several features
that have traditionally been associated with Z-sources: It shines
almost as brightly as Z-sources (up to 0.5Lg4q, D’ Af et al. 2014),
it has persistent radio emission (Grindlay & Seaquist 1986),
and it shows 57-69 Hz quasi-periodic oscillations (Homan et al.
1998). The path it draws on the CCD, however, is closer to the
path normally observed from the atolls (Schnerr et al. 2003).
However, even the CCD of the source has recently been inter-
preted as if GX 13+1 were a Z-source (Saavedra et al. 2023;
Allen et al. 2018). Another unique property of GX 13+1 is the
complex spectrum (e.g., Diaz Trigo et al. 2012). In addition to
the common softer accretion disk and harder Comptonized com-
ponents, a sign of reflection of the Comptonized emission from
the disk is present, as well as seven absorption features caused
by the interaction of the radiation in the wind above the disk.
Allen et al. (2018) showed that these absorption features could
not be produced by a single absorbing region, which indicates
a complicated structure of the wind. GX 13+1 also exhibits
periodic variations in the emission with a period of 24.5 d
(Corbet et al. 2010). These modulations are associated with the
orbital movement of the source, making GX 13+1 the NS—
LMXB with the longest orbital period. Short dips of ~1 ks in
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the X-ray spectrum are associated with this orbital movement
(Diaz Trigo et al. 2010; Iaria et al. 2014), but they are occasional
events and are not present in every orbit. These dips are tradi-
tionally interpreted as an indication of the high source inclina-
tion (60°—75°). They come from the interaction of the emission
of the NS with the mostly neutral accretion bulge located in the
outer parts of the disk (White & Holt 1982; D’ Af et al. 2014).

The wind above the accretion disk of GX 13+1 has been
studied with several observatories. For instance, using Chandra
data, Tomaru et al. (2020) gave constraints on the radial and
azimuthal velocity of the wind, and Allen et al. (2018) con-
strained the wind-launching radius, showing that the radiation
pressure likely launches the wind. Maiolino et al. (2019) devel-
oped a nonrelativistic framework capable of fitting and inter-
preting the asymmetric Ka lines in XMM-Newton data and
reported that this nonrelativistic approach performs as well as
the known relativistic framework. This adds an alternative expla-
nation of the red-skewed Fe line in the spectrum of GX 13+1.
Saavedra et al. (2023) used NuSTAR data to estimate the dis-
tance between the source and the ionized absorbing mate-
rial of (4-40) x 10° km, constrained the magnetic field at
B<1.8x%x10%G, and pointed out the overabundance of Fe and
Ni in the source. GX 13+1 is also in the list of targets for
the recently launched X-ray Imaging and Spectroscopy Mission
(XRISM; XRISM Science Team 2022). The aim of our project is
to obtain constraints on the source geometry and radiation mech-
anisms using the polarimetric capabilities of IXPE.

The remainder of the paper is structured as follows. We
introduce the observations performed with IXPE and the XMM—
Newton observatories in Sect. 2. In Sect. 3 we present the data
analysis. We provide an interpretation of the results in Sect. 4
and summarize in Sect. 5.

2. Observations
2.1. IXPE

The IXPE was launched on 2021 December 9 as a result of
joint efforts of NASA and the Italian Space Agency. It has
three identical grazing-incidence telescopes on board, each of
which comprises an X-ray mirror assembly and a polarization-
sensitive detector unit (DU) equipped with a gas-pixel detec-
tor (Soffitta et al. 2021; Baldini et al. 2021). IXPE is capable of
performing imaging polarimetry over the 2-8 keV energy band
with a time resolution of about 10 ps. A detailed description of
the observatory and its performance is given in Weisskopf et al.
(2022).

IXPE observed GX 13+1 on 2023 October 17-19 with a total
effective exposure of ~100 ks for each of the three telescopes
(see Table 1). For the data analysis, we used the IXPEOBSSIM
software, version 30.6.3 (Baldini et al. 2022), and the HEA-
SOFT package, version 6.31.1 (NASA High Energy Astrophysics
Science Archive Research Center (HEASARC)). We used the
latest version of the IXPE response matrices, released at the
HEASARC CALDB on 2023 June 16. We extracted the I, Q,
and U spectra from a region with a radius of 80”. Follow-
ing Di Marco et al. (2023b), we did not perform background
subtraction or rejection, as GX 13+1 is sufficiently bright for
the background to be negligible. The polarimetric analysis was
performed using the formalism of Kislat et al. (2015) imple-
mented in the IXPEOBSSIM package (Baldini et al. 2022) under
the pcube algorithm in the xpbin tool. We used IXPEOB-
SSIM to investigate the time-dependence of the normalized
Stokes parameters ¢ = Q/I and u = U/I, as well
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Table 1. Observations of GX 13+1 presented in the paper.

Observatory Dates ObsID Instrument  Duration (s)

IXPE 2023 Oct. 17-19 02006801 DUl 98204
DU2 98299
DU3 98299

XMM-Newton 2023 Oct. 16 0932390601  EPIC/PN 11336

as the PD= /g2 +u? and PA= 1arctan(u/q) (see Figs. la—
d). We applied the unweighted analysis implemented in the
IXPEOBSSIM. For the spectral and spectropolarimetric analysis,
we used XSPEC, version 12.13.0c (Arnaud 1996), and applied a
weighted analysis as introduced in Di Marco et al. (2022). For the
spectral analysis, the data were binned to have at least 30 counts
in each energy bin. For the spectropolarimetric analysis, we
applied a constant energy binning of 80 eV for the three Stokes
parameters.

2.2. XMM—-Newton

XMM-Newton observed GX 13+1 on 2023 October 16 (see
Table 1). This observation could not be scheduled simultane-
ously with IXPE because the visibility window for GX 13+1
with XMM-Newton closed on October 16. As GX 13+1 is very
bright, EPIC/PN was operated in timing mode. The thick filter
was used to reduce the count rate, which was about 690 cnts™!
on average during the observation. The EPIC/MOS instruments
were not used, and their telemetry was allocated to EPIC/PN.
Despite this effort, PN nevertheless suffered from telemetry gaps
as the science buffer was full throughout the observation. For
this reason, the data are not suitable for a timing analysis, but
are still useful for measuring the spectral shape and the known
wind lines in the 6-9 keV range (Diaz Trigo et al. 2012).

The data were reduced using XMM—SAS v.21 with the latest
calibration files as of October 2023. The clean event files were
generated from the ODF files with the epchain tool. They were
filtered further using the #XMMEA_EP and PATTERN==0 flags
in the 0.3-12 keV range. No soft proton flares were seen in the
light curves above 10 keV, giving us a total effective exposure
of ~10 ks. To extract the source spectrum, we selected events
from a 9-pixel wide box around the RAWX column with the high-
est count rate. We also extracted a background spectrum from
RAWX columns 3-5, but as expected for such a bright target, these
columns were still dominated by the source itself, and thus, we did
not subtract the background at all. The ancillary response file and
the redistribution matrix were generated using the tools arfgen
and rmfgen, respectively. Finally, we grouped the data to have
at least 20 counts per channel and added 1% systematic errors in
quadrature to each channel using the grppha tool.

3. Data analysis
3.1. Model-independent polarimetric analysis

Thelight curve of GX 13+1is shownin Fig. 1f. The source showed
some variations, with the count rate dropping by almost a factor
of two in the wide dip, but some more rapid dips are noticeable.
The hardness ratio (Fig. 1e) changes with time by only a small
margin; the largest increase slightly after MJD 60236 coincides
with the wide dip in the light curve and is ~10%.

The significant variability of the Stokes parameters is imme-
diately obvious. This variability is reflected in the changes in PD

and PA in Figs. Ic,d. While the PA slowly increases through-
out the observation, the PD changes significantly and without an
obvious pattern.

The HID presented in Fig. 2 illustrates a lack of state vari-
ability within the more than two days of IXPE observation.
From the data publicly available in the MAXI (Matsuoka et al.
2009) archive! of the most recent observations, we calculated
the CCD from the ratio of fluxes Fo_20kev/Fa-10kev against the
ratio Fa_jokev/Fa-akev. We then estimated the position of the
points corresponding to the observation days on the CCD and
concluded that the source during the IXPE observation was in the
so-called lower left banana (LLB) state, a soft state common for
the atoll sources. In the two days of IXPE observation, GX 13+1
moved in the lower left part of the CCD, but the uncertainties
are too high to conclude about the state variability. Polarimetric
analysis of the averaged data in the 2-8 keV energy band resulted
in low PD values of 1.4% + 0.3% and a PA of —2° + 6° (from
here onward, the errors are given at the 68% confidence level,
CL) with the significance of the detection exceeding 99.99% (see
Fig. 3 and Table 2).

As the HID does not show any significant change of state,
we decided to perform a more detailed study of different parts
of the observation based on the light curve. We separated the dip
state (highlighted in yellow in Fig. 1f) from the nondip states
and divided the observation into three unequal parts: the pre-dip
(before ¢+ = 6.05 d), the dip (6.05 < ¢ < 6.30 d), and the post-
dip (¢ > 6.30 d), with the times ¢ given relative to MJD 60230.
The results are gathered in Fig. 4. The PD in the dip state is
2.2% + 1.1%, and the PA is —49° + 14° at 68% CL. Due to the
lack of statistics, we chose not to perform an energy-resolved
analysis of this part of the observation.

However, the pre- and post-dip parts show an interesting and
completely different behavior (see Table 2). The energy-resolved
PA and PD for these parts are presented in Fig. 5, and the cor-
responding Stokes g and u parameters are shown in Fig. 6. We
also additionally studied the dip core, one specific bin in Fig. 1
at ¢ = 6.15 d that falls out of the patterns in Figs. 1a and b. This
bin lies in the middle of the hardening in Fig. le and of the dip
in Fig. 1f, which makes it particularly interesting. As mentioned
in Table 2, the PD there exceeds 7%, and the PA is below —50°
with a significance of the detection higher than 99%.

The change in PD behavior is noticeable. In the pre-dip part,
the PD strongly depended on energy and increased from an upper
limit of 1.7% at 20~ CL in the 2-3 keV bin to a strong detec-
tion of 5.5% in the 5.5-8 keV bin. In the post-dip part, however,
the PD was almost constant with energy and averaged at about
5.3%, exceeding 7% in the 5.5-8 keV bin. No significant PA
dependence on energy is observed in either part of the observa-
tion, but the value of the angle shifts by almost 60° between the
pre-dip and post-dip parts. This complete change in the behavior
between the two parts of the observation is also visible in the

! https://maxi.riken.jp/v713h/11814-171/index.html
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Fig. 1. Normalized Stokes ¢ (a) and u (b) parameters, PA (c), PD (d),
hardness ratio (e) with the same colors as in Fig. 2, and the count rate (f)
as functions of time as observed by IXPE (all three detectors combined
in the energy range 2-8 keV). The light curve is binned in 200 s. The
dashed vertical blue lines separate the observation into five equal time
bins of 10.5 h (Bins 1-5). The region highlighted in yellow corresponds
to the dip in the light curve (see Sect. 3.1). Uncertainties are reported at
the 68% CL.

Stokes ¢ — u plane (see Fig. 6): The polarization vector changes
in amplitude and direction.

To study the separation of the observation in even more
detail, we split it into five equal parts of 10.5 h each (bins 1-5 are
defined with vertical dashed blue lines in Fig. 1f). The results are
shown in Fig. 7 and Table 2. We performed a fit of the five PA
values with a straight line (see Fig. 8) and confirmed the clear
rotation of the PA with time with a slope of 1264 per hour and
a total rotation angle exceeding 70°. We also note that the PD is
relatively high at the beginning and end of the observation. We
note here that the polarization in bins 2, 3, and 4 in Fig. 7 is con-
sistent with zero within the error bars at 99% CL. Thus, as three
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Fig. 3. Energy-resolved PD and PA averaged over all the IXPE observa-
tion, obtained with the pcube algorithm. The data are divided into six
1-keV wide energy bins. Uncertainties are reported at the 68% CL.

individual measurements, they are not significant, but as a part
of the trend, they are still meaningful. The important conclusion
we make here is that the dip does not fully cause the variabil-
ity in the polarimetric properties. As can be concluded from the
data presented in Table 2, the drop in PD already occurred in bin
2, while the dip occurs around bin 4. The PA rotates throughout
the whole observation. The anomalies in the PA and PD occur
around the time corresponding to the dip in the light curve in
Fig. 1, but the general trend for PA and PD is not directly corre-
lated with the dip.

Last but not least, we attempted to divide the observation
into two parts by the count rate: below and above 25 cnts™.
Data below the threshold fall into one of the many dips in the
light curve. In the brighter state (above 25 cnts™!), we saw a
PD of ~1.6% and PA of ~2°, which is similar to that shown in
Fig. 3 and in Table 2 for the overall polarization. The dimmer
state (below 25 cnts™') showed PD ~ 1.3% and PA ~ —36°,
which is in between the wide dip state of the previous analysis
(between MJID—-60230=6.05 and 6.30, as shown in Fig. 1f) and
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Table 2. Results of the pcube analysis performed with various
approaches to separate the data.

Part of the observation PD (%) PA (deg)
Overall 14+0.3 -2+6
Pre-dip 1.8+04 -29+6
Dip 22+1.1 -49+14
Post-dip 53+06 26+3
Dip-core 7517 =517
Bin 1 32+07 -44x6
Bin 2 1.5+£0.7 -21+13
Bin 3 1.6+07 4+13
Bin 4 1.6+07 12+13
Bin 5 50+07 26+4
Dimmer state, <25cnts™!  1.3+09 -36+18
Brighter state, >25cnts™' 1.6 +0.3 2+6

Notes. The errors are at 68% CL. The results are presented for the over-
all polarization during the observation, separation by the light curve into
pre-dip, dip, and post-dip parts with a special mention of the dip-core,
one bin at ~6.15 d in Fig. 1, separation into five equal time bins, and
separation by the count rate into dimmer and brighter states.

Polarization angle (deg) —— pre-dip
North dip
0 —— post-dip
20 -20 —— dip-core
-60
80 -80
% : =
(© %]
w 0O 3 6 9 12 15 ~

Polarization degree (%)

Fig. 4. Polar plot of the PD and PA in the 2-8 keV energy band for the
three parts of the observation (pre-dip, dip, and post-dip) and the dip
core. Contours are at the 68% CL (dashed lines) and 99% CL (solid
lines).

the overall polarization. Thus, adding the data obtained from the
times corresponding to all the minor dips smoothed the differ-
ence between the anomalous polarimetric behavior during the
dip and the general trend that we observed. It shifted the dim-
mer state PA and PD closer to the overall states than those of the
wide dip. The polarimetric properties of the minor dips are then
different from those of the wide dip, which means that the nature
of the wide dip is different from the nature of all other dips in the
light curve we observed.

3.2. Spectroscopic analysis
3.2.1. XMM-Newton

In the XMM-Newton data, below 2 keV, the count rate drops
significantly due to the high interstellar absorption. We observe
a significant excess below 2 keV with any continuum model
combination. High residuals are also seen near the instrumen-
tal edges. In combination with our inability to subtract the back-

ground, this led us to discard these low-energy data. After all,
they do not affect the modeling at higher energies.

Thus, we modeled the spectrum of the XMM-Newton
observation in the 2-10 keV range. As we tradition-
ally expect two continuum components to be present in
the spectrum of a WMNS with some additional reflec-
tion and absorption features, we performed a fit with a
tbabs* (diskbb+bbodyrad+gaussian) model modified by
four Gaussian absorption lines, gabs, and two interstellar dust
absorption edges, edge. The results are shown in Table 3 and in
Fig. 9. To properly resolve the absorption features in the 6-9 keV
energy range, we fixed the parameters of the gaussian corre-
sponding to the broad emission line.

The resulting fit illustrates that the spectrum of GX 13+1
is dominated by the disk. The harder component is mod-
eled with the blackbody (as suggested in Schnerr et al. 2003;
Diaz Trigo et al. 2012; Revnivtsev et al. 2013) and dominates
at energies higher than 7 keV. Four strong absorption lines at
6.90, 7.18, 8.10, and 8.48 keV are also visible. These lines are
identified with the Fe XXV Hea resonant line at 6.700 keV,
Fe XXVI Lya doublet at 6.966 keV, Ni XXVII Hea resonant
line at 7.806 keV, and Ni XX VIII Ly doublet at 8.092 keV, and
they are well known in the source (see, e.g., Tomaru et al. 2020);
three other known lines are not resolved in our fit. Compared
with the previous results, the energies of the lines we obtain are
higher than in Dfaz Trigo et al. (2012) and correspond to a very
high blueshift, z = —0.03 for the Fe lines and even higher for
the Ni lines (although the latter are known to be blended with
Fe Hep lines) and might come from the full science buffer of the
XMM-Newton during our observation. It is known that in this
source, the wind is complex, very structured, and highly vari-
able, and we therefore avoid interpreting this nominal blueshift
without a much more detailed analysis of the absorption features,
which is well beyond the scope of this paper. However, we do not
expect this issue to significantly affect the continuum parameters
in which we are mostly interested. We also note the anomalously
high equivalent hydrogen column density parameter Ny of the
absorption component.

Additionally, we tried to model the XMM-Newton spectrum
with only one continuum component. That is, we removed the
bbodyrad component, and fit the whole continuum using a sin-
gle diskbb component with high kTqp, ~ 1.9 keV, resulting in
a bad y?/d.o.f.= 2058/1485 corresponding to a null-hypothesis
probability <1073% with respect to the 34% achieved from the
fit reported in Table 3.

3.2.2. IXPE

As the HID obtained from the IXPE data in Fig. 2 has rather
large uncertainties and was obtained over a small energy range,
it is not the most informative representation of the spectral
variation in the data with time. We used XSPEC to fit the
I spectrum obtained by IXPE. For this study, we chose the
same five equal time bins as for the pcube analysis pre-
sented in Fig. 7. All five spectra were fit with the same model
tbabs* (diskbb+bbodyrad). Considering the spectral capabil-
ities of IXPE and the small effective area above 6 keV, we did
not attempt to add the gabs or gaussian components that were
prominent in the XMM-Newton spectrum. We multiplied the
model by the constant component to scale the data from the
three detectors of IXPE. We also fixed the value of the equivalent
hydrogen column density Ny, as IXPE does not have the capa-
bility to estimate it, and the temperature of the bbodyrad com-
ponent to the best-fit values obtained with the XMM—-Newton.
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Fig. 5. Energy dependence of the PD and PA obtained by the pcube algorithm. Left: Pre-dip part of the observation. Right: Post-dip part of the
observation. The data are divided into four energy bins: 2-3, 34, 4-5.5, and 5.5-8 keV. Uncertainties are reported at 68% CL.
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Fig. 6. Same as Fig. 5, but for the normalized Stokes parameters ¢ and u. Arrows only indicate the label of the energy band. Uncertainties are

reported at 68% CL.

We applied the weighted analysis introduced in Di Marco et al.
(2023b). The results are presented in Table 4 and Fig. 10.

‘We note the lack of a change in the spectral parameters with
time. The temperature of the disk does not vary with time, and
only the normalization of the continuum components decreases
toward the end of the observation, which could be consistent
with increased absorption or scattering in the disk wind during
the last part of the observation. In bin 5 of the observation, the
contribution of the blackbody component also drops by a factor
of two (however, the normalizations of all the blackbody com-
ponents are compatible with each other within a 1o error). Bin 4
almost coincides with the broad dip and has a lower flux, and
this is shown in Fig. 10.

3.3. Spectropolarimetric analysis

For the spectropolarimetric analysis, we used the results of the
model-independent polarimetric analysis and the spectroscopic
analysis as a driver. As we learned that both spectral and polari-
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metric properties are rather similar in bins 2—4 (see Tables 2
and 4), we combined these three in one larger time bin. Our
aim was to obtain a stronger detection in this part of the obser-
vation, as in the polarimetric analysis we obtained the results
that are only meaningful as a part of the trend for bins 2—4. We
studied bins 1 and 5 separately. Instead of studying the polar-
ization of each spectral component independently, we applied
the polconst model to the entire continuum, as the data qual-
ity did not allow us to determine the polarization of the two
spectral components. For bin 1, we also attempted to apply the
pollin polarimetric model, as we previously saw the depen-
dence of PD on energy at the beginning of the observation (see
Fig. 5, left). We again fixed the hydrogen column density Ny
and the blackbody temperature. The results are presented in
Table 5, and the fit of three Stokes parameters, 1, Q, and U,
performed for the bin 1 data with the pollin model is shown
in Fig. 11. The distribution of the residuals for all the three
parameters illustrates the quality of the fit, which was found to
be good.
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Fig. 7. Time dependence of the normalized Stokes parameters ¢ and
u obtained by the pcube algorithm using the data separation into five
equal time bins. Uncertainties are reported at the 68% CL.
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We note that for bins 1 and 5, the spectral and polarimet-
ric properties obtained in the spectropolarimetric analysis agree
with the previous results presented in Tables 2 and 4. As we
do not have strong detection for the polarimetric properties of
bins 2—4, we decided not to present the spectropolarimetric anal-
ysis of these bins independently in Table 5, as this does not
improve the quality of our results. In bin 1, due to the strong
dependency of PD on energy, we applied the pol1lin model with
a constant PA, which gives an improvement by Ay?> = 9 com-
pared to the fit with the polconst model (which has one param-
eter less). This improvement corresponds to an F-test probability
of 3 x 1073.

4. Discussion

4.1. Correlation of the polarimetric behavior with the dip in
the light curve

The data analysis presented in Sect. 3 provided us with several
significant insights that require interpretation and further reflec-
tion. To begin with, we observed significant and anomalous vari-
ation in the light curve: the broad dip closer to the end of the
observation is not correlated with the regular dips known in the
source, as the folding of the MAXI data using the formulae from
Taria et al. (2014) suggests that our observation was made one
week before the regular dip. During the dip, we also observed
a slight increase in the hardness ratio. It would be natural to

Table 3. Best-fit parameters of GX 13+1 spectrum from XMM—-Newton
data.

Parameter Value
tbabs Ny (102 cm™2) 5.94+0:06
diskbb kT (keV) 1.39’:8:?2

norm 130j%g
bbodyrad kT (keV) 2.0*9
norm 20.08 +0.03
Ry (km) 3.13+0.02
gaussian FE (keV) 6.6 (frozen)
o (keV) 0.8 (frozen)
norm 0.004870.9009
gabs E (keV) 8.476t§:§§§
o (keV) 0.05 (frozen)
Depth (keV) 0.067 + 0.004
gabs E (keV) 8.10+£0.01
o (keV) 0.05 (frozen)
Depth (keV) 0.040 + 0.003
gabs E (keV) 7.180%000¢
o (keV) 0.05 (frozen)
Depth (keV) 0.040 + 0.001
gabs E (keV) 6.90 + 0.01
o (keV) 0.050 (frozen)
Depth (keV) 0.0lSOjgzgg};
edge E (keV) 8.83 (frozen)
T 0.20 £ 0.01
edge E (keV) 9.28 (frozen)
T 0.08 +0.01
x?/d.of. 1504/1483

Notes. The errors are at 68% CL. Ry, is calculated from the normaliza-
tion of the bbodyrad component, assuming a distance to the source of
7 kpc.
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Fig. 9. Spectral energy distribution of GX 13+1 in EF representation.
The blue crosses show the data from XMM-Newton. The different spec-
tral model components are reported as black lines for diskbb (short
dashed), bbodyrad (long dashed), and gaussian (dotted). The total
model is shown with a solid black line. The bottom panel shows the
residuals between the data and the best fit. The data are rebinned only
for plotting purposes.

expect that polarimetric properties, as hardness and the count
rate, have some variations around 6.1-6.3 [MJD-60230]. How-
ever, the behavior of the polarimetric properties is not aligned

A170, page 7 of 12



Table 4. Best-fit parameters of GX 13+1 spectrum from IXPE data divided into five equal time bins.
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Component  Parameter (units) Bin 1 Bin 2 Bin 3 Bin 4 Bin 5
thabs Ny (1022 cm™2) 5.9 (frozen) 5.9 (frozen) 5.9 (frozen) 5.9 (frozen) 5.9 (frozen)
diskbb kT, (keV) 1 .49‘_’8;52 1 .44‘:3:03‘ 1.45+0.04 1 .57‘:3'8? 1.55+0.06
norm 131+ 142413 130419 79+10 102410
bbodyrad kT (keV) 2.0 (frozen) 2.0 (frozen) 2.0 (frozen) 2.0 (frozen) 2.0 (frozen)
norm 14+4 14+2 1443 10+4 8’:‘5‘
Rpp (km) 2.6+0.4 246j01§ 26+03 22+04 2.0':8:2
constant DUI1 1 (frozen) 1 (frozen) 1 (frozen) 1 (frozen) 1 (frozen)
DU2 0.951 £0.004 0.956 +0.004 0.948 +0.004 0.951 +0.004 0.950 + 0.006
DU3 0.908 £ 0.003 0.910 +£0.004 0.904 £0.004 0.912+0.004 0.911+0.005
x2/d.of. 392/420 415/416 389/411 420/411 403/409
Flux, ggev (107 erg s™! cm™2) 6.42 5.98 5.77 4.96 5.65
Fluxdiskbb/Fluxz,gkcv 0.82 0.83 0.81 0.81 091
Fluxppodyrad/Fluxa_g kev 0.18 0.17 0.19 0.19 0.09

Notes. The errors are at the 68% CL. A gain slope of ~0.96 and gain offsets ~2-80 eV for the three DUs were needed to obtain a good reduced
X2 Ry is calculated from the normalization of the bbodyrad component, assuming the distance to the source of 7 kpc.
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Fig. 10. Spectral energy distribution of the source in EFg representa-
tion during five equal parts of the observation. Here, only IXPE DU is
reported as an example, and the data are rebinned for plotting purposes.

with this variation time-wise. There is a polarimetric anomaly
during the dip core state, but the overall trend in PA and PD is
not correlated with the dip. PA increases slowly throughout the
whole observation, and PD decreases already in bin 2 and then
increases in bin 5 without a direct correlation to the dip in the
light curve. The inconsistency in the behavior of the spectral and
polarimetric properties invites us to search for an explanation for
the PA and PD variation outside the regular hardness/intensity
changes.

The results of the previous IXPE observations of the X-ray
binaries showed that the concept of a rapid and significant
change in the PA is not new to this class of objects. The high
luminosity of GX 13+1 allowed us to separate the observation
into smaller parts and see the slow monotonous rotation of the
polarization plane, but the results presented in Fig. 5 are simi-
lar to several results that were obtained previously. It is tempting
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to assume that similar mechanisms might cause the polarimetric
behavior of GX 13+1 and that a slow rotation similar to the one
presented in Fig. 7 has not been observed previously just due to
the lack of statistics or a different approach used in the data anal-
ysis. For instance, in Sco X-1, La Monaca et al. (2024) reported
that the rotation of the PA with respect to the previous obser-
vations (Long et al. 1979) and the jet position angle was around
54°, and the authors explained it with the precession of the jet
or with the change in the corona geometry with the transition
between the states. However, no sign of an X-ray color variabil-
ity in GX 13+1 could be associated with these state changes. In
the case of Cir X-1 (Rankin et al. 2024), the PA changed by 60°
between the two parts of a single observation, but in this case, a
clear sign of a corresponding state transition was observed. The
difference of 60° between the PA of the hard and soft compo-
nents of the observation was explained by a switch from the BL
to the SL in a tilted NS, as Cir X-1 is a young system (Heinz et al.
2013). GX 13+1, on the other hand, is an older stable system (as
is suggested by the companion being a late-evolved K5 III giant)
with a high accretion rate; the chances for the rotation axis of
the NS to be significantly misaligned relative to the orbital axis
are smaller. The results are in many ways also very similar to
the polarization that is commonly seen in black hole X-ray bina-
ries (see, e.g., Fig. S6 in Krawczynski et al. 2022 in comparison
with Fig. 5). As for Cyg X-1, in GX 13+1 we see the PD dur-
ing a higher flux rising with energy, while the PD at a (slightly)
lower flux is constant. The PA is constant with energy in both
cases, but the change in the PA by 60° between the two cases pre-
sented in Fig. 5 is significantly different from that in black holes.
The rotation of the PA with time was seen recently in the blazar
Mrk 421 (Di Gesu et al. 2023). They explained it by the helical
magnetic structure in the jet illuminated in the X-rays by a local-
ized shock propagating along this helix. Unfortunately, jets have
only been observed in GX 13+1 in the hard state (Allen et al.
2018), and we observed the source in the soft state. It is there-
fore challenging to imagine that a similar geometry and physics
cause the PA rotation in GX 13+1 as in the Mrk 421. In X-ray
pulsars, the rotation of the PA with the pulsar phase is routinely
observed (Doroshenko et al. 2022, 2023; Tsygankov et al. 2022,
2023), but GX 13+1 is not a pulsar. We conclude that we need to
search for a new mechanism that causes the polarimetric behav-
ior of GX 13+1.
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Fig. 11. Spectral energy distribution of GX 13+1 in EFj representation as observed by IXPE in bin 1. The left, middle, and right panels show
the Stokes parameters /, Q, and U, respectively. The fit is performed in the 2-8 keV energy band using the three IXPE detectors and applying the
model thabs*pollin*(diskbb+bbodyrad). The total model is shown with the solid black line, and diskbb and bbodyrad are shown with the
dashed and dotted lines, respectively. The lower subpanels show the residuals between the data and the best fit. The data are rebinned only for

plotting purposes.

Table 5. Best-fit parameters of the spectropolarimetric model for GX 13+1.

Component ~ Parameter (units) Bin I, polconst Bin 1, pollin Bin 24 Bin 5
thabs Ny (102 cm™2) 5.9 (frozen) 5.9 (frozen) 5.9 (frozen) 5.9 (frozen)
diskbb kT, (keV) 1.51 *8 gj 1.51 *g gz 1. 50*8 8§ 1. 58j8 8;
norm 120+ 11 120+ 11 106%¢ 92+ 10
bbodyrad kT (keV) 2.0 (frozen) 2.0 (frozen) 2.0 (frozen) 2.0 (frozen)
norm 1376 13+ 12+2 <14
Ry (km) 2. sjgg 2. 5tgg 2402 <2.6
polconst A (%) 3.0+0.5 - 12+0.3 45+05
¥ (deg) —42+5 - T7+7 32+3
pollin Ay (%) - -075+14 - -
Aglope (% keV™!) - 1.3+£0.5 - -
Y (deg) - 42 +4 - -
Yslope (degkeV") - 0 (frozen) - -
constant DUI 1 (frozen) 1 (frozen) 1 (frozen) 1 (frozen)
DU2 0.953 + 0.004 0.953 £0.004 0.956 +0.002 0.950 + 0.004
DU3 0.910 + 0.004 0.910+£0.004 0.910+0.002 0.909 + 0.004
x*/d.o.f. 634/653 626/652 600/653 630/653

Notes. IXPE /, Q, and U spectra are divided into five equal time bins and regrouped based on their spectral and polarimetric behavior. The errors
are at the 68% CL. A gain slope of ~0.97 and gain offsets ~130-200 eV for the three DUs were needed to obtain a good reduced y?. Ry, is
calculated from the normalization of the bbodyrad component, assuming the distance to the source of 7 kpc.

4.2. Additional polarimetric component

Figure 7 showed that the source evolves in a straight line (within
the uncertainties) in the ¢ — u plane shifted from the origin.
Considering this, we tried to decompose the polarized flux into
different components with different polarization orientations. It
would be problematic to interpret the emission in bins 1 and 5
as coming from two distinct components that differ in PA by
70°, with the rest representing a transitional phase, because a
transition like this is unlikely to result in a straight-line trajec-

tory in the ¢ — u plane, particularly given that the flux during
bin 4 is lower than during bins 1 and 5. We therefore suggest
alternatively that the polarization nature in bins 1 and 5 is pre-
dominantly the same, and that the misaligned polarization com-
ponent is observed in between. A similar model that involves a
constant polarized component has previously been proposed to
interpret X-ray polarization data from the bright X-ray pulsars
LS V +44 17/RX J0440.9+4431 (Doroshenko et al. 2023) and
Swift J0243.6+6124 (Poutanen et al. 2024).
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Fig. 12. Same as Fig. 7, but the (absolute) Stokes parameters corre-
sponding to bin 4 are subtracted. The gray points are the same as in
Fig. 7.

We define a constant component corresponding to bin 4 (a
period nearly overlapping with the dip, as shown in Fig. 1f).
Thus, we subtract absolute Stokes parameters corresponding
to bin 4 from the absolute Stokes parameters of each time
bin. The resulting normalized Stokes parameters are shown in
Fig. 12 with colored points, and the originally observed values
are shown with gray points. Their positions are still consistent
with a straight line that is now located near the origin. In this
scenario, the polarization vectors during bins 1 and 5 are essen-
tially perpendicular to each other (since they lie on the same line
in the ¢ — u plane at different sides around the origin), and the
radiation observed in bins 2 and 3 appears to be statistically con-
sistent with being unpolarized.

The picture we see after the subtraction is physically mean-
ingful. A difference of 90° in PAs of bins 1 and 5 could be
attributed to changes in the geometry of the scattering or reflect-
ing medium, changes in the scattering optical depth, and the rel-
ative brightness changes in the accretion disk, the BL, and the
SL. The PA of the permanent component of the polarization (in
our assumption, similar to that of bin 4) differs from the PA of
the varying component (which we see after the subtraction in
Fig. 12) by ~30°, as clearly visible in the g—u plane. However, as
technically, we could have associated the permanent component
with any other bin, it is impossible to constrain the angle. The
main conclusion here is that this angle is nonzero. To provide
this misalignment of the PA between the components associated
with the different emission regions within the source, a misalign-
ment in the geometry of the system should be introduced.

4.3. Influence of the variations in the wind

One other possible explanation for the rotation of the polariza-
tion plane with time could be the impact of the orbital move-
ment on the polarization arising from the scattering in the
accretion bulge. With the high accretion rate known in GX 13+1,
some asymmetry in the accretion disk surrounding the NS can
be expected. However, GX 13+1 is recognized for having the
largest disk in terms of gravitational radius of all observed
LMXBs (Tomaru et al. 2020). If a bulge exists, it is therefore
probably quite distant from the source. Moreover, we observed
a rotation of the polarization plane by ~70° in the two days
of observation. The orbital period of GX 13+1 is 24.5 d. The
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unknown mechanism that causes the rotation of the polarization
plane would need to operate on a shorter timescale.

GX 13+1 is known to have a strong and rapidly chang-
ing wind, and evidence for the absorption in the wind comes
from the XMM-Newton observation. Scattering in the equato-
rial wind can produce different polarization patterns in theory,
and with this mechanism and with the high inclination of the
source, relatively high polarization can be produced easily (see
Sunyaev & Titarchuk 1985; Tomaru et al. 2024; Nitindala et al.,
in prep.). The nature of the polarization variability could be that
the observed emission is scattered in the different parts of the
wind above the accretion disk. As different absorption features
are assumed to come from several distinct parts of the wind with
various physical, optical, and geometrical properties, we expect
significant differences in the polarimetric behavior. If the line
of sight passes close to the edge of the wind, then small varia-
tions in the wind opening angle would lead to large variations in
the contribution of the scattered component and the polarization
degree. We hope to study the correlation between the behavior
of the wind and polarimetric properties in the future with simul-
taneous and IXPE observations.

4.4. Spectral features

All the studies we performed on the spectra of GX 13+1 con-
firmed the original results from the HID: according to (however
limited) IXPE data, there are no significant changes in the spec-
tral behavior with time during the IXPE observation. The study
of the radius of the blackbody component Ry, showed no vari-
ation in the geometry throughout the observation, with only a
slight decrease in the last two bins. In bin 5, the contribution
of this component to the total flux also dropped. This adds a
challenge to the data interpretation. When we assume that in
bin 5, the polarization is produced by the dominating softer disk
component, we need to find a way for the disk emission to be
polarized at the detected level. The PD coming from the disk
is estimated at up to 4% for an inclination of 80° and up to
only 1.5% for an inclination of 60° (Loktev et al. 2022) assum-
ing a semi-infinite atmosphere dominated by electron scattering
(Chandrasekhar 1960). This means that some scattering in the
wind above the disk might need to be introduced. The spectrum
contains strong absorption features and GX 13+1 is known to
have a strong wind with several absorbing areas. We therefore
assume that the wind adds to the polarization of this component.
For the harder component, it is more likely to be produced by the
BL than the SL. The SL can produce PD up to 1.5% (Bobrikova
et al., in prep.), which is not sufficient to explain the high PD
we see for higher energies (see Fig. 5). We also expect the polar-
ization from the SL to be orthogonal to the polarization from
the disk. We do not see this behavior: all the changes in PA with
energy in Fig. 5 and especially in Fig. 3 come from the averaging
over time.

We also explored the possibility that the two continua
components (diskbb and bbodyrad) each have different
polarization properties by fitting the data with the XSPEC model
tbabs* (polconst*diskbb+polconst*bbodyrad)*const.
We only attempted to apply this model to bin 1 because in this
alone, the PD strongly depends on energy, so that it would be
easier to resolve the two components. The fit suggested that
the diskbb component is almost unpolarized (no significant
polarization with the PD <2.9% is obtained at 99% CL), and
the bbodyrad component has a PD of 10% and a PA of —42°.
However interesting, this suggestion makes it even harder to
understand the relatively high polarization in bin 5, where the
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disk completely dominates the spectrum. The results of the
observation are promising and exciting. They require further
study supported by the modeling of the emission from different
components and the emission that is scattered in the wind above
the disk.

5. Summary

We reported the highly significant detection of polarization
from GX 13+1 obtained by IXPE. We performed the polari-
metric, spectroscopic, and spectropolarimetric analysis of the
IXPE data. The two main components of the spectrum, the soft
disk emission and the harder Comptonized component, were
described by the diskbb and bbodyrad models, respectively.
The spectral analysis was supported by a nonsimultaneous obser-
vation performed by XMM—-Newton. Due to the high energy res-
olution of XMM-Newton, we added the gaussian component to
describe the broad emission line corresponding to the reflection
of the NS surface emission from the disk, four Gaussian absorp-
tion lines, gabs, and two edges, edge. For the different parts of
the observation, we used the polconst and pollin models for
the polarimetric properties. The overall PD of the IXPE data was
measured at 1.4% at >50 CL, and the PA at —2°.

From the in-depth study of the time variability of the polari-
metric properties, we reported the strong rotation of the PA by
70° during the two observation days. The PD varied from 3.2%
to the nondetectable and then up to 5.0%. Moreover, we reported
the change in the dependence of the PD on energy. At the begin-
ning of the observation, we detected polarization that depended
linearly on energy, while in the middle and at the end of the
observation, the PD was constant with energy. Some of the pre-
vious studies of the WMNSs with IXPE reported a rapid switch
of the PA by up to 60°, but the persistent rotation of the polariza-
tion plane was presented here for the first time.

We suggested several ways to interpret the results of the data
analysis. We studied the correlation of the dip in the light curve
with the polarimetric properties and concluded that although the
dip corresponds to the anomaly in the PA and PD behavior in
the dip-core part of the observation, it is not correlated with the
general trends of the polarimetric behavior. We defined a con-
stant polarized component and subtracted it from all the obser-
vations. We concluded that the second, time-variable component
then is expected to switch the sign of the PD (i.e., the PA rotates
by 90°) in the middle of the observation. We also discussed the
possible impact of the wind and the unusual state in which we
found the source. The observed variations in the PA likely imply
a misalignment between the NS spin and the orbital axis. Future
polarimetric observations will help us to uncover the nature of
this unique phenomenon.
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ABSTRACT

‘Weakly magnetized neutron stars (WMNSs) are complex astrophysical objects with challenging phenomenology. For decades, they
have been studied via spectrometry and timing analyses. It is well established that the spectrum of WMNSs consists of several com-
ponents traditionally associated with the accretion disk, the boundary or spreading layer, and the wind, along with their interactions.
Since 2022, WMNSs have been actively observed using the Imaging X-ray Polarimetry Explorer (IXPE). Polarimetric studies have
provided new information about the behavior and geometry of these sources. One of the most enigmatic sources in this category, the
galactic X-ray burster GX 13+1, was first observed with IXPE in October 2023. A highly variable polarization at levels of 2-5% was
detected, with the source showing a rotation of the polarization angle (PA), suggestive of misalignment within the system. A second
observation was performed in February 2024, complemented by observations from Swift/XRT. IXPE measured an overall polarization
degree (PD) of 2.5% and a PA of 24°, while Swift/XRT data helped us evaluate the galactic absorption and fit the continuum. Here,
we study the similarities and differences in the polarimetric properties of the source during the two observations. Our findings confirm
the expected misalignment in the system and the assignment of the harder component to the boundary layer. We also emphasize the
significance of the wind in the system. Additionally, we observe notable differences in the variation of polarimetric properties with

energy and over time.

Key words. accretion, accretion disks — polarization — stars: neutron — X-rays: binaries

1. Introduction

Although weakly magnetized neutron stars (WMNSs) do not
show pulsation or strong orbital variation, they present a com-
plex phenomenology that requires further studies and obser-
vations to be explained. The broad class of WMNSs includes
sources with a magnetic field on the order of 10’~10° G. These
neutron stars accrete matter from their companions via the Roche
lobe. If the accretion rate is high enough to overpower the rela-
tively weak magnetic field, the matter from the accretion disk
falls directly onto the equator of the neutron star.

Non-pulsating WMNSs are traditionally classified into two
main groups, Z and atolls, based on the patterns they show on
the color-color diagram (CCD) or hardness-intensity diagram
(HID). Although the classification is completely phenomeno-
logical, objects of these two classes have many other charac-
teristic behavioral properties. For instance, atolls are known to
be less bright than the Z sources: the typical luminosity of
the atolls is in the range of 103°—10%7 ergs™', while Z sources
are among the brightest objects in the X-ray sky, with lumi-
nosities on the order of 10°® ergs™'. However, many features
are known to be present in both classes. For example, quasi-
periodic oscillations (QPOs) in the hertz and kilohertz ranges
were observed from both Z and atoll sources (van der Klis 1989,
2000). Sources of both classes are observed in both hard and soft
states, and the main components of their spectrum are expected
to be the same. The spectrum is generally well described by
the two main components (see, e.g., Revnivtsev et al. 2013).
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The soft component can be approximated by the multicolor
blackbody emission of temperature <1keV associated with the
accretion disk. The harder component is probably caused by
Comptonization in a relatively cool plasma (2-3keV), either
a boundary layer between the accretion disk and the surface
of the neutron star (Shakura & Sunyaev 1988) or the spreading
layer at the neutron star surface (Inogamov & Sunyaev 1999;
Suleimanov & Poutanen 2006). Additional features known to
the spectrum are the broad Fe emission line associated with the
reflection of the spreading layer emission from the accretion disk
and sharp absorption lines caused by the absorption of the emis-
sion in the wind above the disk.

However, the geometry of the WMNSs cannot be fully
understood from spectroscopic and time-resolved observations
alone. Information obtained from variability, and specifically
from the QPOs, revealed that the strongest variability is asso-
ciated with a harder spectral component (Gilfanov et al. 2003;
Revnivtsev & Gilfanov 2006; Revnivtsev et al. 2013) originat-
ing close to the neutron star surface. Polarimetry brought a
new perspective to the problem. For instance, it became pos-
sible to distinguish between the boundary and spreading layer
emission based on the polarimetric properties of the emission,
while spectroscopically, they are identical. The boundary layer
is expected to have a polarization similar to that of the accre-
tion disk, with the polarization vector lying in the plane of the
disk (Chandrasekhar 1960; Loktev et al. 2022), while the polar-
ization of the spreading layer is expected to be perpendicular
to the accretion disk (Farinelli et al. 2024). For example, the
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polarization angle (PA) of the bright Z-source Cyg X-2
(Farinelli et al. 2023) turned out to be consistent with the
position angle of the radio jet (which is likely perpendic-
ular to the accretion disk), implying the polarization origi-
nated in the spreading layer or from scattering in the accretion
disk wind (Tomaru et al. 2024; Nitindala et al., in prep.). In
La Monaca et al. (2024), on the other hand, a significant dif-
ference between the jet position angle and the PA for Sco X-1
has been observed, which implies a more complicated geome-
try of the source. In the peculiar case of Cir X-1 (Rankin et al.
2024), the variability of the PA with time and hardness sup-
ports the idea of a misalignment between the angular momen-
tum of the neutron star and the binary orbital axis. In Z-sources
XTEJ1701-462 (Cocchi et al. 2023) and GX 5-1 (Fabiani et al.
2024), a significant variation in the polarization between obser-
vations in the hard and soft states suggested a change in geom-
etry between states. In atoll sources GX 9+9 (Ursini et al.
2023), 4U 1820-303 (Di Marco et al. 2023a), and 4U 1624-49
(Saade et al. 2024), the strong dependence of the polarization
degree (PD) on energy supports the separation of the spectrum
into two components with the different PAs. These discoveries
demonstrate the usefulness of using polarimetric observations to
study these sources.

The galactic X-ray burster GX 13+1 was first observed by
Imaging X-ray Polarimetry Explorer (IXPE) on 2023 October
17-19 (Bobrikova et al. 2024, hereafter B24). This source is
known for the strong wind above the large disk being responsible
for several absorption lines (Diaz Trigo et al. 2012), a brightness
of 0.5 Lgqa (D’Af etal. 2014), and an orbital period of 24.5d,
which is very long for a low-mass X-ray binary (Corbet et al.
2010). GX 13+1 presents a classification challenge: it is still
debatable whether it is a Z (see, e.g., Saavedra et al. 2023) or
an atoll source (see, e.g., Schnerr et al. 2003).

During the first IXPE observation, GX 13+1 presented an
enigmatic behavior: the polarimetric properties varied signif-
icantly during the observation, while the spectral properties
remained almost unchanged. Moreover, GX 13+1 shows a pecu-
liar continuous rotation of the PA by 70° in the two days of obser-
vations, together with a change in the pattern of dependence of
PD on energy. These two peculiar behaviors left some space for
further investigation. Here, we aim to answer some of the open
questions and bring a new perspective to the study of GX 13+1.

The remainder of the paper is structured as follows: we intro-
duce the observations performed with the IXPE and Swift/XRT
observatories in Sect. 2. In Sect. 3, we present our data analysis.
We provide possible interpretations of the results in Sect. 4 and
a summary in Sect. 5.

2. Observations
2.1. IXPE

IXPE is a joint mission of the National Aeronautics and
Space Administration (NASA) and the Italian Space Agency
(Agenzia Spaziale Italiana, ASI) that was launched on 2021
December 9. The observatory comprises three grazing-incidence
mirror assembly modules, each of which has a polarization-
sensitive X-ray detector unit (DU) in the focal plane (Costa et al.
2001; Baldini et al. 2021). A description of the mission and of
the instrument on board is given in Soffitta et al. (2021) and
Weisskopf et al. (2022).

IXPE observed GX 13+1 twice: the first observation was
conducted in October 2023, as reported in B24, and the sec-
ond took place from 2024 February 25, at 13:34 UTC to 2024
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February 27, at 12:59 UTC, with a total exposure time of approx-
imately 90ks for each DU (see Table 1 and the light curve
in Fig. 1). Data were processed for model-independent polari-
metric analysis using the IXPEOBSSIM package version 30.2.1
(Baldini et al. 2022). Spectral and spectropolarimetric analy-
sis was performed using HEASOFT version 6.33 and the stan-
dard FTOOLS (Nasa High Energy Astrophysics Science Archive
Research Center (Heasarc) 2014), with the IXPE Calibration
Database (CALDB) that was released on 2024 February 28.
Source photons were selected in a circular region with a radius
of 100” centered at the source position. As recommended by
Di Marco et al. (2023b), given the brightness of the source, the
background was not subtracted. The unweighted analysis was
performed with IXPEOBSSIM, while the weighted analysis was
adopted for the spectropolarimetric analysis, as suggested by
Di Marco et al. (2022a).

2.2. Swift/XRT

Carrying three instruments on board, the Neil Gehrels Swift
Observatory (Gehrels et al. 2004) enables the most detailed
observations of gamma-ray bursts to date; the X-ray Telescope
(XRT), one of the instruments on board, is based on a sen-
sitive, flexible, autonomous X-ray CCD imaging spectrometer.
Swift/XRT-coordinated observations with IXPE for GX 13+1
were performed, and used to monitor the status of the source and
obtain spectral information during IXPE observations. Given
the source brightness, the Swift/XRT observations were per-
formed in windowed timing (WT) mode. Ten Swift/XRT point-
ings covered the IXPE observation, as reported in Table 1 and
Fig. 1. Swift/XRT data were extracted using HEASOFT v6.33
and standard FTOOLS (Nasa High Energy Astrophysics Science
Archive Research Center (Heasarc) 2014). Source and back-
ground extractions were performed using Swift/XRT imaging
capabilities in an annulus with an inner radius of about 5" and
an outer radius of about 60” to avoid possible pile-up effects
(Romano et al. 2006). The Swift/XRT data were fitted in the
energy band 0.7-8 keV to ensure sufficient statistics in the spec-
tral fits and grouped to have at least 50 counts bin~'. Response
matrices released in the HEASARC CALDB on 2023 July 25,
were applied in this analysis.

3. Data analysis

IXPE observed GX 13+1 for ~90ks. During the observation,
as shown in Fig. 1 (top panel), the source rate was rather sta-
ble, with a slight increase at the end of the observation. The
source hardness in the IXPE data appears to have no strong varia-
tions, showing only a slight decrease with the count rate increase
toward the end of the observation; this contrasts with the previ-
ous IXPE observation reported in B24, where a dip correspond-
ing to a slight hardening was present. Figure 2, which reports the
HID obtained from the IXPE data, shows that hardness did not
change by more than 10%.

Consisting of short snapshots during the IXPE observation,
the Swift/XRT pointings enable us to monitor the spectral state
of the source. Previous studies of GX 13+1 have shown that its
spectrum can be well described, as is typical for atoll and Z
sources, by a soft diskbb component representing disk emission
and a bbodyrad component representing Comptonization emis-
sion from the spreading and/or boundary layer (Diaz Trigo et al.
2012). More detailed modeling of the hard Comptonization com-
ponent, such as using compTT or compTB, is not possible due
to the limited energy bands of IXPE and Swift/XRT. Literature
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Table 1. List of IXPE and Swift/XRT observations.

Observatory ObsID Start — Stop Instrument  Exposure time (s)
Swift 00036688042  2024-02-26T05:05-2024-02-26T05:27 XRT 1366
00036688043  2024-02-25T13:14-2024-02-25T17:59 892
00036688044  2024-02-26T13:07-2024-02-26T14:52 1249
00036688045  2024-02-25T22:53-2024-02-26T00:35 1395
00036688046  2024-02-26T17:56-2024-02-26T19:30 1311
00036688047  2024-02-26T08:22-2024-02-26T10:12 1429
00036688048  2024-02-25T19:28-2024-02-25T21:32 1321
00036688049  2024-02-26T22:24-2024-02-26T23:59 771
00036688050  2024-02-27T03:22-2024-02-27T05:14 507
00036688051  2024-02-27T11:05-2024-02-27T11:29 1443
IXPE 03001101 2024-02-25T13:34-2024-02-27T12:59 DUI1 90670
DU2 90819
DU3 90799
J, 0.28}
s % 40
40 kb Loz .
< 303
:\' 0.24¢ | 5
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Fig. 1. IXPE light curve obtained by combining the three DUs (top
panel) and the corresponding hardness ratio as a function of time (bot-
tom panel). The data are binned in 200 s. Shaded regions indicate the
Swift/XRT observation periods. Dashed vertical lines indicate the sepa-
ration of the observation into five equal 9.5 h time bins.

50

on XMM-Newton spectra of GX 13+1 reports wind and reflec-
tion features (Dfaz Trigo etal. 2012), but neither IXPE nor
Swift/XRT allows us to study these features. Therefore, in the
following analysis, we will apply the simplified spectral model,
tbabs* (diskbb+bbodyrad).

3.1. Spectroscopy

Given its superior spectral capabilities, we used Swift/XRT data
as the primary source for spectral modeling and to monitor spec-
tral variations. The analysis was conducted in the 0.7-8keV
energy band, with best-fit values reported for each observation
in Table 2, including uncertainties at the 68% confidence level
(CL). Observation IDs are ordered by observation date to illus-
trate the time evolution of the spectral model.

Fig. 2. Hardness-intensity diagram obtained from IXPE data. The data
are binned in 200s.

In the spectral analysis, the Swift/XRT data were fitted
using the tbabs*(diskbb+bbodyrad) model. Across the dif-
ferent pointings, the absorption column density was on aver-
age ~4.7 x 10?2cm™, while the disk temperature ranged
between 0.7 and 1.1keV. Regarding the bbodyrad compo-
nent — which in our case is used to describe a Comptoniza-
tion emission from the boundary layer — the temperature ranged
from ~1.3-1.8keV. The flux was typically in the range of
~(4-6)x 107 ergem2 57!, except in the final pointing, where
it reached the highest value of ~8 x 10~ ergcm™2s~'. The hard-
ness (see Table 2) defined as

Flux;_gkev — Fluxo7-3kev
Hardness =

@)

Fluxo7-gkev

has an almost constant value, except for Observation ID
00036688045, where the flux was minimal and the hardness
maximal. However, this Swift/XRT observation (third snapshot)
was conducted mainly during an IXPE occultation period. Thus,
the IXPE data are not affected by this slight hardening, and the
other snapshots confirm the IXPE result of an almost constant
hardness ratio during the observation. In the following anal-
ysis for the spectropolarimetric study, this Observation ID is
excluded, and the others are used in the joint fit with the IXPE
data.

Considering the entire IXPE observation and the Swift/XRT
spectra, except the Observation ID 00036688045, we obtain a
good joint spectrum model. The best-fit parameters are reported
in Table 3 and Fig. 3. To account for the calibration uncertainties
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Table 2. Best-fit parameters for the tbabs* (diskbb+bbodyrad) spectral model as obtained by the different Swift/XRT spectra.

ObsID tbhabs diskbb bbodyrad x?/d.o.f. Flux,_gyev Hardness
Nu (1022cm™2) kT, (keV) norm kTyp (keV) norm (10 ergem2s7")
00036688043 4.54%018 11708 2507260 15496 100%2  0.93 6.0 035
00036688048 4.52+0.10 [1.0] 200+19  1.52+0.04 12012 091 59 0.37
00036688045 5.71 +0.19 0.67+£0.05 1100+400 1.57+0.04 100=+10 1.13 4.1 0.45
00036688042 5.0+02 0.70j8:(')‘7) 1000:7,88 1.41j8:8§ 150 + 30 1.06 59 0.38
00036688047 4.62%018 0.88*08 500 + 300 1.38%0:4% 200%50) 1.12 6.0 0.36
00036688044 467’:8: " 0.98f8;f§ 400’:;83 1 .46‘:%& 130“:?80 1.04 59 0.33
00036688046 4.9+03 0707011 1100%%%0 1297006 230+ 10 5.0 033
00036688049 4303 10709 32053 L7551 80763 1.16 5.4 034
00036688050 5.7+ 0.4 0.667012  180072%0 146701 130+40  0.92 47 0.36
00036688051 470’:8:[1)3 1.1 3f8:}2 310’:%(2’3 1.77+538 80:28 1.16 79 0.35

Notes. The fits are performed in the energy band 0.7-8.0 keV. Errors correspond to the 68% CL. The reported flux has a typical uncertainty on the

order of 0.3 x 10~°. The hardness is defined as in Eq. (1).

Table 3. Best-fit parameters of the const*tbabs* (diskbb+
bbodyrad) model for the joint Swift/XRT and IXPE spectra.

Model Parameter Value
tbabs Ny (1022 cm™2) 4457190
diskbb kT (keV) 0.88+019
norm 390*150
bbodyrad  kTyp (keV) 1337013
norm 228+20
const Swift/XRT/XRT [1]
IXPE-DU1 0.722 + 0.003
IXPE-DU2  0.686 +0.003
IXPE-DU3 0.658 + 0.003
x*/d.of. 991/956 = 1.04
Flux (10 ergem™2s71)
2-8keV 6.0
diskbb 1.3
bbodyrad 4.7

Notes. Errors correspond to the 68% CL.

in the IXPE data (see, e.g., Di Marco et al. 2022b), we allowed
the gain slope and offset of the IXPE DUs to vary freely.

The joint fit confirms the expected result for the average
model from several Swift/XRT snapshots. In the following spec-
tropolarimetric analysis, the spectral model is fixed to the present
one. The IXPE gain correction is at a level of 0.95 for the slope
in all three DUs, with the offset in the range of 70—100eV.

3.2. Polarimetry

The spectroscopy reveals that neither the light curve nor the
hardness has strong dips or features that would suggest the
observation should be separated into several parts to be studied
independently. To study the time variability of the polarimetric
properties, we followed the same approach as in B24 and split
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Fig. 3. Joint spectral fit of Swift/XRT and IXPE data in the 1-8keV
energy range. In the top panel, the spectra of each telescope are reported
in EFg units; residuals are shown in the bottom panel.

this new IXPE observation into five equal time bins spanning
9.5 h. The results are reported in Fig. 4.

The time dependence of the polarimetric properties shows
a hint of variability in PD, completely different from the rota-
tion we observed in the first IXPE observation. We found it use-
ful to proceed with analyzing the observation as a whole since
there are no clear trends. Next, we studied the dependence of
the polarimetric properties on energy; the results are reported
in Fig. 5. The polarization shows a hint of energy dependence,
but the significance of this trend is less than 20, as seen later in
the spectropolarimetric analysis. The average in energy and time
polarization during this observation is PD =2.6% =+ 0.5% with
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Fig. 4. Time dependence of the normalized Stokes parameters ¢ and u
(top), and of the PD and PA (bottom) obtained by the pcube algorithm
using the data separated into 9.5h time bins. Confidence regions are
reported at 68%.

the PA =23° + 5° at a significance level of 5.20-, corresponding
to a secure detection at CL >99.9999%.

3.3. Spectropolarimetry

To study the polarization of the different spectral components,
we used the results from the spectral analysis to freeze the spec-
tral model in the spectropolarimetric analysis. First, instead of
studying the polarization of each spectral component indepen-
dently, we applied the polconst model to the entire continuum
model to confirm the model-independent analysis. The result is
an average PD of 2.4% +0.3% with the PA of 28°+3°, fully com-
patible with the model-independent analysis. We then replaced
the polconst model with pollin to obtain a quantitative esti-
mation of the dependence of polarization on energy. We obtained
nonzero slopes for PA and PD, but they were compatible with
zero within a 20 level. Finally, we applied a model with differ-
ent polarizations for each spectral component, obtaining a PD of
6.1%+1.6% and a PA of 41°+7° for the diskbb component, and
aPD of 1.6%+0.9% with a PA of 6°+10° for the bbodyrad com-
ponent. The results of the spectropolarimetric analysis are sum-
marized in Table 4; the best-fit plots for the spectropolarimetric
analysis are reported for the /, O, and U Stokes parameters in
Fig. 6.

6 o6 AN
2,
4.
g
s 2
0 - - - PA=O" N hmev
[ bbodyrad 4 3.0-4.0 keV
~ I diskbb 4 4.0-5.5 keV
—2F < 2.0-3.0 keV < 5.5-8.0 keV
1 1 1 A L 1
-2 0 2 4 6
q (%)
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Polarization angle (deg) 3.0-4.0 keV
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0° —— 5.5-8.0 keV
20° -20°
40° -40°
60° -60°
80° -80°
w 01 2 3 45 6
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Fig. 5. Energy-resolved normalized Stokes parameters ¢ and u (top),
and PD and PA (bottom) obtained by the pcube algorithm using the
reported energy bins for time-averaged data. The confidence regions are
reported at 68% CL. The vectors correspond to the best-fit polarization
parameters of the diskbb and bbodyrad components, respectively, as
obtained using spectropolarimetric analysis and reported in Table 4.

4. Discussion

Although intriguing on its own, the observation reported in this
article yields the most insight when compared to the results of
the October 2023 observations reported in B24, when we mea-
sured an overall PD of ~1.4% and a PA of ~-2°, significantly
different from the current results. However, the reason for the
depolarization in the first observation was fast variability in the
PA. In B24, the observation was separated into the pre-dip, dip,
and post-dip states. The results for the dip were poorly con-
strained, but the other two are presented in Fig. 7 and compared
to the results of the current observation. We note that the current
observation is similar in PA to the post-dip state of B24, but the
PD is lower probably due to the averaging over time and energy.
Bin 3 in Fig. 4, for instance, shows a polarization within errors
similar to the one measured after the dip in B24.

Both the HID and the shape of the spectrum confirm that
GX 13+1 was in a soft state throughout the observation. We
do not see any significant change of state in the IXPE and
Swift/XRT energy bands, although, in the last part of the
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Table 4. IXPE spectropolarimetric fit of the Stokes parameters /, Q, and U using the spectral model from Table 3.

Model PD/A; (%) Agope (% keV™') PA/y| (deg) Wiiope (degkeV") x3/d.o.f.
tbabs* (diskbb+bbodyrad) *polconst 2.4 +0.3 - 28+3 - 243/250 = 0.97
tbhabs* (diskbb+bbodyrad) *pollin 3.8+0.8 -0.5+03 28+3 -8+4 234/248 = 0.94
tbabs* (diskbb*polconst 6.5+1.6 - 417 - 235/248 = 0.95
+bbodyrad*polconst) 1.6 +0.7 - 3+13 -
Notes. Errors correspond to 68% CL.
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Spectral energy distribution of GX 13+1 in EFg representation as observed by IXPE. The left, middle, and right panels are for the

Stokes parameters /, Q, and U, respectively. The fit is performed in the 2-8 keV energy band using the three IXPE detectors and applying the
tbabs* (diskbb*polconst+bbodyrad*polconst) model. The total model is shown with the solid black line, while diskbb and bbodyrad
are indicated with the dashed and dotted lines, respectively. The lower subpanels show the residuals between the data and the best fit. In the joint
spectral fit, we applied a rebinning to obtain at least 50 counts per bin as in Swift/XRT, while for the spectropolarimetric analysis, a constant

grouping was applied to have energy bins of 200eV.

observation, the flux rises, which is a sign of the source going
into an even softer state. If we look at the HID of the source
in the October observation (Fig. 2 in B24), we see that the
source is almost in the same state, except for the dipping period.
During the new observation period, the spectral modeling and
decomposition into two main components are better determined,
since simultaneous Swift/XRT observations offer a better spec-
tral capability than IXPE, thereby allowing for a better spec-
tropolarimetric analysis.

The light curve does not show any peculiar variability: unlike
the one from the October observation, the current one has no
strong dips or rapid changes, and neither does the hardness ratio.
Despite this constant hardness, we attempted to study the possi-
ble variation in 9.5 h equal time bins similar to B24. This anal-
ysis suggests possible variation in PD in Fig. 4; in particular, it
is interesting to note that in Bin 5, corresponding to a soften-
ing of GX 13+1, there is lower polarization and an indication
of a possible rotation with respect to the other four time bins.
The clear rotation of the PA observed during the first observa-
tion is not present this time, but the PA appears to have remained
aligned with the post-dip polarization measured in B24. If we
compare the positions of the points on the (g, u) plane with those
obtained from the October 2023 observation (Fig. 7 in B24), we
see a different pattern; however, the points are still in the I or IV
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quadrant. The most significant difference lies in the pattern: in
October, we observed the points following a straight line path,
whereas here, the variability exhibits a different pattern.

Because of the almost constant hardness and flux, we
decided to examine the observation as a whole and study the
polarization as a function of energy. As presented in Table 4,
the slopes of the pollin model are consistent with zero at the
20 level, indicating only a weakly significant dependence of PA
and PD on energy. However, it is interesting to note that the
spectropolarimetric analysis assigned very different PAs to the
two main continuum components. Figure 5 (top) illustrates this
decomposition: while the PD of the disk is rather high, the con-
tribution of the disk to the total spectrum is low, and it becomes
even lower with increasing energy, as the Comptonized compo-
nent becomes increasingly dominant. The most interesting part
here is the unusual difference in PA of the two components of
30°—40°. This indication can be seen in the energy-resolved anal-
ysis, with the 2—-3keV bin near the arrow corresponding to the
DISKBB component polarization, and the 5.5-8.0keV energy bin
approaching the arrow, which represents the polarization of the
bbodyrad component.

From the aligned systems, we expect the polarization vectors
of the emission coming from the disk and the Comptonized com-
ponent to be either nearly parallel or perpendicular to each other.
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Polarization angle (deg)

North
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0123 45%6 78
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Fig. 7. Average polarization in the 2-8keV energy band for the pre-
dip (dashed blue lines) and post-dip (dashed green lines) of the first
observation of GX 13+1, and for the new observation (solid dark red
lines). Contours correspond to the 68% and 99% CLs. A significant
detection of polarization at 5.2¢" is obtained in the new observation with
the PA aligned with the post-dip reported in B24.

Hence, we expect some misalignment in the system that would
account for this difference in the PA. Additionally, it is impor-
tant to note the exceptionally high PD of the disk component.
As stated by Loktev et al. (2022), polarization exceeding 4% in
the IXPE energy range is not anticipated, even at the highest
inclination. This value is compatible with the spectropolarimet-
ric results at 90% CL. However, knowing that the source is likely
to have an inclination lower than 80° (Diaz Trigo et al. 2012;
Tomaru et al. 2020), we need to add the scattering of the disk
emission in the wind to reach a PD of 6.5%. We assumed that
the Comptonized component comes from the boundary layer, as
it is expected to align in PA with the disk emission. The observed
difference in PAs is less than 45°.

In search of a source of misalignment, we examined previ-
ous observations by IXPE. It is possible, though unexpected,
that the rotation axis of the neutron star is slightly misaligned
from the rotation axis of the binary system, similar to the Cir
X-1 (Rankin et al. 2024). In such a scenario, the boundary layer
could be dragged out of the disk plane by the motion of the
star. Another potential explanation is the peculiar geometry of
the wind within the system.

Finally, we wish to address the significant difference between
the two observations of GX 13+1. Although the object was in
the same spectral state, it was observed half an orbit away from
the previous observation, during which the source clearly exhib-
ited a rotation of the PA over time. However, in February 2024,
there was no evident monotonic change in the PA, despite ongo-
ing variations. One possibility is that the mechanism responsible
for the dip in the light curve during the first observation also
caused the rotation of the PA. However, this mechanism remains
unidentified. Notably, the recent observation suggests that the PA
remained aligned with that observed at the end of the previous
observation. As the flux increased and the source transitioned to
a softer state at the end of the present IXPE pointing, the PD
decreased and rotated to a PA similar to that observed in Octo-
ber before the dip. This pattern might indicate, as observed in
Cir X-1, a variation in the PA corresponding to the state of the
source. This implies a potential variation in the geometry of the
hot region across different states. This hypothesis is supported

by the October 2023 observation, where the energy dependence
of the polarization shifted from an energy-dependent behavior,
as seen in 4U 1820-30 (Di Marco et al. 2023a), to a constant
polarization with energy, as observed, for example, in Sco X-1
in La Monaca et al. (2024). While current data do not allow for a
definitive conclusion, we hope that future observations will pro-
vide sufficient significance for a detailed analysis of the polar-
ization across different states of atoll and Z sources.

Additionally, the role of the wind remains an open question.
Given our lack of knowledge regarding wind behavior during
both observations, it is plausible that the wind could contribute
to the observed differences in polarimetric properties, although
we currently have no means to substantiate this hypothesis.

5. Summary

We analyzed the observation of GX 13+1 carried out simulta-
neously by IXPE and Swift/XRT. In this article, we report the
highly significant detection of polarization from this source in
the soft state. Spectroscopic analysis shows that the spectrum
is close to that in Dfaz Trigo et al. (2012), and the hardness of
the emission confirms the lower left banana state, as well as the
further softening of the spectrum at the end of this new obser-
vation. We used a diskbb model for the softer disk emission,
and the bbodyrad model to approximate the harder component
associated with the spreading or boundary layer. The polarimet-
ric analysis provided the overall PD of 2.5% at >50- CL and a PA
of 24°. We also see a marginally significant decrease in PD and
PA with energy. The same trend was confirmed by the spectropo-
larimetric analysis, which showed that the softer component was
more strongly polarized than the harder component, with the PA
differing by ~40°. The results of the spectropolarimetric analy-
sis using XSPEC performed under the assumption of one overall
polarization model were in agreement with the pcube polarimet-
ric results.

We studied the differences and similarities between the first
(B24) and the second observations of GX 13+1 by IXPE. Our
main conclusion is that the overall polarization is significantly
higher in the second observation despite the source being in
the same state during the two observations. Depolarization was
caused by the variability in polarimetric properties, which was
larger during the first observation. We have discussed possible
reasons for the different polarimetric behavior in the two obser-
vations.
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ABSTRACT

Observations show that the X-ray emission of the accreting weakly magnetized neutron stars is polarized. We developed a theoretical
model for polarized radiation from the spreading layer, which is the extension of the accretion flow boundary layer onto the neutron
star surface. We calculated the Stokes parameters of the radiation and accounted for relativistic aberration and gravitational light
bending in the Schwarzschild metric. We show that regardless of the geometry, the polarization degree of the spreading layer does
not exceed 1.5%. Our results have implications with regard to the understanding of the X-ray polarization from weakly magnetized
neutron stars observed with the Imaging X-ray Polarimetry Explorer and the future enhanced X-ray Timing and Polarimetry mission.

Key words. accretion, accretion disks — polarization — methods: analytical — stars: neutron — X-rays: binaries

1. Introduction

‘Weakly magnetized neutron stars (WMNSs) in low-mass X-ray
binary systems (LMXBs) are among the brightest X-ray sources.
The neutron stars (NSs) in these systems emit mostly by accre-
tion of matter that leaks from the companion star that fills its
Roche lobe. The emission of these sources is highly variable due
to the outbursts and rapid changes in the geometry of the system
and is a subject of thorough research.

The emission mechanism of WMNSs has been studied for
decades. Spectroscopic results obtained in X-ray and radio bands
allowed scientists to conclude that the emission mostly comes
from the accretion disk that formed around the NS and from
a Comptonized component, which can be associated with a
boundary layer (BL) between the disk and the NS surface
(Shakura & Sunyaev 1988) or a spreading layer (SL), which
is a layer of accreted matter at the NS surface (see, e.g.,
Lapidus & Sunyaev 1985; Inogamov & Sunyaev 1999). Tim-
ing observations added more information about the QPOs in
these systems. Observable both at Hz and kHz frequencies
(van der Klis 1989, 2000), they are currently associated with the
events that occur near the NS surface. However, the exact geom-
etry of the sources remains unknown.

Polarimetric studies add two more measurable variables to
the data sets we obtain from the sources. With the launch of
the Imaging X-ray Polarimetry Explorer (IXPE; Weisskopf et al.
2022) in December 2021, we are capable for the first time of
measuring the polarization degree (PD) and polarization angle
(PA) of the WMNS X-ray emission with high precision. These
new observables can shed new light on the emission mecha-
nisms, the geometry of the source, and the interactions of the
light on the way from the emitting region to the observer.

Fifteen WMNSs have been observed with IXPE in the three
years of operation (see Ursini et al. 2024, for a recent review),
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each providing answers and new questions. From an upper limit
in GS 1826-238 (Capitanio et al. 2023) to a 100 polarization
detection in GX 340+0 (La Monaca et al. 2024a; Bhargava et al.
2024), we saw a broad variety of complex phenomena in all
the sources. For some of the sources, we were able to com-
pare the recent observations with previous results: in Cyg X-2
(Farinelli et al. 2023), the agreement between IXPE and Orbiting
Solar Observatory 8 (OSO-8; Weisskopf et al. 1976; Long et al.
1980) was reported, while in Sco X-1 (La Monaca et al. 2024b),
a discrepancy between the archive and recent observations was
observed. The PD increased with energy in GX 9+9 (Ursini et al.
2023), 4U 1624-49 (Saade et al. 2024), and 4U 1820-303
(Di Marco et al. 2023), and the PD increases from the soft to the
hard state in XTE 1701-462 (Cocchi et al. 2023) and GX 5-1
(Fabiani et al. 2024). Significant variability of the PA with time
and/or energy was observed in Cir X-1 (Rankin et al. 2024) and
GX 13+1 (Bobrikova et al. 2024a,b; Di Marco et al. 2025). Var-
ious interpretations, such as scattering in the disk wind, tilted
rotating NS, and precession of the rotation axis, were suggested
for all these phenomena. Further investigation is still required,
however.

To understand the polarimetric data, we need to have expec-
tations regarding the PA and PD values of the emission coming
from different parts of the source, such as the accretion disk,
the BL, and the SL. The polarization of the disk emission was
studied in detail (see, e.g., Dov¢iak et al. 2008; Li et al. 2009;
Loktev et al. 2022). Lapidus & Sunyaev (1985) estimated the SL
emission and its polarization.

In the current article, we present a detailed study of the polar-
ized emission coming from the SL. We calculate the emission of
the rapidly rotating SL accounting for relativistic aberration and
light bending in the Schwarzschild metric. We account for rota-
tion of the polarization plane due to relativistic effects (Poutanen
2020). Unlike Lapidus & Sunyaev (1985), we account for the
rapid motion of the matter in the SL and consider various geome-
tries of the SL.
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Fig. 1. Geometry of the problem. The SL is confined between the two
circles with the colatitude 6, and 6y, plotted in blue and red, respec-
tively.

The more recent studies that were inspired by IXPE obser-
vations, such as the study by Gnarini et al. (2022), applied rela-
tivistic Monte Carlo codes to simulate the polarimetric proper-
ties of the emission regions of various geometries. We present
a semi-analytical approach to the problem, similar to that of
Farinelli et al. (2024). However, we study a broader range of
parameters, use a more realistic approach to the properties of
the layer such as velocity and temperature, and investigate the
dependence of the polarization on energy.

The remainder of the paper is organized as follows. In
Sect. 2, we present the model that describes the formation of
polarized radiation in a SL at the NS surface. In Sect. 3, we apply
the formalism to different geometrical configurations of the SL
and evaluate the polarimetric properties of the emitted radiation.
In Sect. 4, we study the effect of varying the emission model. We
compare our results to the existing observations of the WMNS
by IXPE in Sect. 5. We conclude in Sect. 6.

2. Emission model

‘We considered a spherical NS of radius, R, and mass, M, with
a SL covering part of the NS surface. We defined the layer as
a belt located between the minimum and maximum colatitude,
Omin and Onax (see Fig. 1). The coordinate system was chosen
such that the z-axis was aligned with the rotation axis of the NS,
and the disk lay in the xy-plane. As we assumed the accretion
disk to be geometrically thin and optically thick, we only con-
sidered the emission from the upper half of the NS surface. We
considered the direct emission from the SL and neglected the
components corresponding to the reflection of the SL emission
from the accretion disk surface or scattering off the wind above
the disk.

We first calculated the observed flux to estimate the
polarization of the emission from the SL. For complete-
ness, we repeated (with some adjustments for the SL geom-
etry) the method that was used to compute the observed
flux (see also Poutanen & Beloborodov 2006; Salmi et al.
2018; Bogdanov et al. 2019; Suleimanov et al. 2020) and then
extended it to the description of the polarization following
Poutanen (2020).
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To obtain the emission from the whole SL, we started by cal-
culating the emission from a small surface element with colati-
tude 6 and azimuthal angle ¢. Then, we integrated over the whole
visible area of the layer in the nonrotating frame.

We chose the static coordinate system so that the unit vec-
tor in the direction of the observer was k = (sini, 0, cosi),
where i is the inclination of the spin axis to the line of sight
(see Fig. 1 for the geometry). The unit vector of the normal
to the surface element (which is parallel to the radius vector
of the emission point in the case of a spherical star) is iz =
(sin O cos ¢, sin Osin ¢, cos H). Thus, the angle between the sur-
face element radius vector and the line of sight is given by
cosy = -7 =cosi cos@+sini sin@ cos ¢.

1)

Because photon trajectories in the Schwarzschild metric are pla-
nar, the unit vector of the photon momentum close to the surface
can be obtained as a linear combination:

sinal%+sin(w—a)ﬁ

ko = siny

) ()
where « is the angle between the surface normal and the photon
momentum,

cosa = ko - h. 3)
For our calculations, we used the approximate analytical formula
for the light bending (i) as suggested by Beloborodov (2002),

“)

where u = Rg/R is the NS compactness, with Rg = 2GM/c?
being the Schwarzschild radius.

The material in the SL moves with a velocity v in the direc-
tion defined by the unit vector & = (- sin ¢, cos ¢, 0). For most
of the models, we assumed a solid-body-like rotation profile in
which the equatorial velocity is a fraction 8y of the Keplerian
velocity,

B(6) = fog sin :,80@ sin6 = Bo /ﬁ sin@.

The angle between the velocity vector and the photon direction
is then

cosa~ 1 —(1—u)(l-cosy),

(5)

. oa sina , » sina . . .
cosé=0-ko=—0-k=———sini sing.
’ siny sin

(6)

The observed flux at energy E from the surface element is

dFg = IgdQobs, )
where

ds
dQops = Dcos (Yﬁ 8)

is the solid angle of the surface element as observed from the
distance D, with the layer element area dS = R?d cos 6 d¢ and
the lensing factor
_ 1 dcosa
T 1-udcosy

©

being equal to unity in the Beloborodov approximation. The
observed specific intensity can be related to the intensity mea-
sured in the corotating frame as

E 3
Is=(5) r'e@.0),

7 (10




Bobrikova, A., et al.: A&A, 696, A181 (2025)

where @' is the angle of the photon momentum to the surface
normal as measured in the corotating frame of the surface ele-
ment, and all the quantities in the corotating frame are labeled
with a prime. The ratio of the energies combines gravitational
redshift and the Doppler effect,

g =6Vl —u (11)
The Doppler factor
1
0= —————
y(I = Bcos)

depends on the SL velocity at this colatitude relative to the exter-
nal nonrotating frame, and the Lorentz factor is

(12)

1
7O = ———

VI-50)

The angle @ is related to the analogous angle measured in the
static frame as (Poutanen & Gierlifiski 2003)

13)

cosa’ = dcosa. (14)
Assuming that radiation from the SL can be described
by electron-scattering dominated semi-infinite atmosphere
(Chandrasekhar 1960; Sobolev 1963), we approximated the
energy and angular distribution of the specific intensity as
(Suleimanov et al. 2020)

I'e1.6) = %Bﬂfcn«)aesw),
where ae(1) ~ 0.421 + 0.868u, 4 = cosa’, Bg is the Planck
function, T is the effective temperature, which can be a func-
tion of colatitude 6, and the color correction f; is assumed to be
latitude-independent. We finally obtained the observed flux from
the surface element

as)

2
dFy = %cosa.’l) (6\/1—14)3 I'p(c’,6)dcos 8dg. (16)

To describe the polarimetric properties of the emission from
a surface element, we introduced the Stokes vector,

dF(E) 1
dF(E) = | dF(E) =dFE[Pcos2/\/], (17)
dFy(E) Psin2y

where P is the observed PD, and y is the observed PA, both of
which depend on energy. The fourth component of the Stokes
vector describing circular polarization was removed from con-
sideration, as circular polarization is conserved along the photon
trajectory in the absence of the plasma effects and is not observ-
able with IXPE or eXTP. Because the linear PD is also con-
served along the photon trajectory, we set P to be equal to the
PD of the emitted radiation at the NS surface, corresponding to
the optically thick electron-scattering-dominated plane-parallel
atmosphere (Chandrasekhar 1960; Viironen & Poutanen 2004),

l-p

-————— 0.1171.
1+3.582u

Pes(u) = 18)

The corresponding PA y was calculated as in Poutanen (2020),

sinfsing + 5 A

tany = —— — - s
—sinicosf + cosisinfcos ¢ —Bsing C

19)

where
sin g Cos @ — CoS
A= —— —_— l/l(cosa) — Bcosy),
sina sin @ sin §
B = sinisin @ + cosicos 6 cos ¢, (20)
sin Ccos @ — Ccos X
C = — id cos 6 + %W(cosz —cosfcosy).
sina sina siny

Finally, to obtain the polarized emission from the whole SL,
we integrated over its visible area as defined by the visibility
condition cos @ > 0 (Suleimanov et al. 2020),

FE)\ g ,
F(E):[FQ(E)}z—Z fcosaz)(é\/l—u)
Fo®) P

1
Pes(cos @) cos 2y ] dcos 6 dg. (21)
Pes(cos @) sin 2y

x I'p/(cosa’, 0)

Both the PD (P,) and PA (y) in this equation depend on the coor-
dinates of the surface element (6, ¢). For the whole SL emission,
the observed PD and PA at every energy were computed via

2 2
IFQ+FU

Pops = (22)
obs F[

and

c08(2xobs) = Fo/(PobsF1),  sin(2xobs) = Fu/(PovsFr).  (23)

3. Results for various geometries

The formalism derived in Sect. 2 was applied to the various
geometries of the SL. The resulting polarimetric characteris-
tics were expressed as a function of the dimensionless photon
energy

E

= —, 24
"7 TekaT. @9
where kg is the Boltzmann constant and 7, is a characteristic
effective temperature T of the SL. By scaling Eq. (21) for the
observed flux EF; by the typical flux at the NS surface ospT?,
we introduced the dimensionless luminosity (Stokes vector) as

15
= ;]I;COS&D (6\/1 - u)A aes(cos @)

/4 1

X

X ———————| Pes(cosa’) cos 2)(]dcos€ deo. (25)
eXTe/Ter® — 1 ( Pey(cosa’) sin 2y

_ D* EFy
N

Xy

Here, A is the fraction of the NS surface occupied by the SL, and
x" = x/(6 V1 — u). The dependences of the dimensionless lumi-
nosity x/,, PD, and PA on dimensionless energy x for various SL
models are shown in Figs. 2-6. We note that for an isothermal
(Tew(0) = T.) nonrotating NS surface, Eq. (25) is reduced to

15 x* 1
==(l-uw'———|0]. 2
xly 714( u) e«*/m—l[o] (26)
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(a) whole sphere

(b) hemisphere
T

(c) narrow rings, varying Bmax
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Fig. 2. Dimensionless luminosity x/,, PA, and PD as functions of the dimensionless photon energy, x = E/ f.kgTeq. For all the cases presented,
B = 0.35. Results for the whole sphere (column a) and upper hemisphere (column b), observed at inclinations of 5°, 30°, 60°, and 90° are shown
with blue, orange, green, and red lines, respectively. Results for 1°-wide rings observed at an inclination 90° are shown in column (c) with blue,
orange, green, and red lines for ring colatitude of 5°, 30°, 60°, and 90°, respectively.

3.1. Basic geometries: Sphere, hemisphere, and one-degree
rings

We started with the most basic geometrical models and explored
the emission from a SL that is shaped as a sphere, hemisphere,
and a narrow ring of 1° width. We also assumed that the effective
temperature is constant over the SL. Studying these basic cases
can support our general understanding of the SL emission and
its polarization. The equatorial velocity of the plasma flow in
the SL Bq was fixed at the value of 0.35, which corresponds
to Bo = 0.68 for a NS with a radius R = 12km and a mass
M =14M,.

We first studied the emission from the whole sphere (Fig. 2a)
for different inclination angles noted in the plot. Except for the
energies above the peak in the luminosity, the emission is almost
not polarized, regardless of the inclination, because the problem
is nearly symmetric. The increase in PD is connected to the expo-
nential cutoff in the spectrum of the SL and the Doppler effect.
The rotation of the SL increases the observed energy of the light
from the part of the SL in which the matter flows toward the
observer. As the light from that part of the SL is polarized, the
PD increases. This pattern is also more visible for higher incli-
nations because the direction of the matter flow is parallel to the
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NS equator. The variation in the PA with energy is most pecu-
liar: in the extreme case of an inclination i = 90° (red lines),
three steps appear, and for the lower inclinations, the pattern is
smoothed. These steps also appear due to the Doppler effect:
at lower energies, the emission from the part of the sphere that
moves away from the observer dominates, and the light from this
area is polarized perpendicular to the disk plane, so that PA = 0°
(or 180°). For medium energies, the flux is dominated by the
observed middle section of the NS from the poles to the equator.
This light is polarized in the disk plane, so that PA = 90°. At
higher energies, the emission from the part of the sphere where
matter flows toward the observer is observed. The polarization is
again perpendicular to the disk plane, and the PA is zero.

A hemisphere is a good approximation for the presence of
the accretion disk because it covers half of the NS (Fig. 2b). In
this case, PD is nonzero even at the lowest photon energies. The
most significant change between the two cases is in the PA. We
again examine the edge-on case (red lines). In general, the polar-
ization from the electron-scattering-dominated optically thick
cold slab is parallel to the surface of the slab. For the whole
sphere and counterclockwise rotation of the matter, the left half
of the sphere is brighter because of the Doppler effect. As this
case is otherwise symmetric, the overall polarization is expected
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to be dominated by the PD of the brighter part and perpen-
dicular to the disk plane for any energies, so that PA is zero
(or 180°). For the hemisphere case, however, the quarter of the
sphere now dominates the overall picture. At lower energies, the
emission is therefore dominated by the right part of the star, so
that the PA shifts toward 45°. Moreover, PA rotates rapidly close
to the energy x ~ 1 (i.e., E =~ kTcqf.). At higher energies, the
PA rotates toward ~140° (which is equivalent to ~ — 40°), and
PD rises because the emission is now is dominated by Doppler
boosting of a smaller portion on the left part of the star, where
the matter moves toward to the observer.

For the last column of the figure, we considered a narrow ring
with a width of 1° at different colatitudes and report the value of
the colatitude of the lower edge of the ring, Oy« (Fig. 2¢). With
the inclination fixed at 90°, the PD decreases with the colatitude
of the ring (except for the case of the ring at 6, = 60°, which
is discussed below). This occurs because the emission observed
from the normal to the surface is not polarized. For instance,
the observer at an inclination of 90° sees the radiation from the
polar ring polarized (practically) horizontally. At the equator, on
the other hand, the emission that arrives at the observer from
the part of the ring in which the azimuthal angle is close to the
angle of the observer is not polarized at all, and the light from
this part of the SL contributes to a further decrease in the overall
observed PD. This trend of a decrease in the PD with colatitude
of the ring, however, breaks for the higher colatitudes because
the PD from the ring at the equator exceeds the PD from the ring
at a colatitude of 60°. This is because the PA of the light from the
ring observed at this intermediate angle varies with the azimuthal
angle (i.e., the light is not horizontally polarized, like at the pole,
nor vertically, like at the equator), leading to partial cancellation
of the overall PD. This is also reflected in the PA-dependence
plot.

3.2. Narrow one-degree rings: Detailed study

We explored the emission from rings of 1° width in detail. Unless
specified otherwise, our fiducial set of parameters was O =
30°,7=60°, and Beq = 0.35. As we understood the results of the
simple cases shown in Fig. 2, with the more complicated cases,
we relied on the results of the simulations and switched to the
description and interpretation rather than an explanation of the
phenomena presented in the plots.

Figure 3a illustrates the differences in the spectra for differ-
ent inclinations. As in the case considered in Fig. 2c, an increase
in the angle between the normal to the surface and the direc-
tion to the observer increases the PD. Additionally, unpolar-
ized emission is observed when the observer is close to the pole
because the entire ring is seen and the problem becomes (almost)
azimuthally symmetric around the direction to the observer. The
change in the inclination does not affect the PA in this case. The
differences only occur at higher energies because of the Doppler
effect.

The effect of varying the colatitude of the ring is shown in
Fig. 3b. The Doppler effect again affects the spectrum of the ring
more prominently when the ring is closer to the equator, where
the gas moves with the highest velocities. We also note that the
lowest PD is expected from the ring at the colatitude 6y, = 60°,
which coincides with the inclination in this scenario, as PD turns
to zero when the emitting region is observed along the normal.

For the cases presented in Fig. 3¢, we changed the equatorial
velocity. In the nonrotating case (blue line), PD and PA do not
depend on energy. A slight decrease in the PD with increasing
velocity is observed at lower energies, while an increase is seen

at higher energies. In all three considered cases of a rotating SL,
the rotation of the PA reached 30°.

3.3. Wide spreading layer

For the next step of our simulations, we broadened the 1° ring
into a wider layer. Unless specified otherwise, we consider in this
section an isothermal SL with 8,;, = 30°, Onax = 90°, i = 60°,
and B.q = 0.35. Similar to Fig. 3, we took for Fig. 4a the fiducial
set and examined the influence of the inclination on the observed
emission for different inclinations between 5° and 90°. We again
observe that the PD is the highest for i = 90°. Observing the
system virtually from the pole (i = 5°) shows the lowest PD, as
the SL appears nearly axially symmetric around the direction to
the observer. For the case shown in Fig. 4b, we investigated the
dependence on the width of the SL by changing the Oy, from 5°
to the values mentioned in the plot. Our dimensionless luminos-
ity was normalized by the surface area of the emitting region, so
that the observed flux did not change much with the width of the
layer. However, the PD decreased when the SL changed from
a narrow belt to a hemisphere. Finally, we changed in Fig. 4c
the value of the equatorial velocity of the plasma in the SL. The
change in this parameter predominantly affected the flux at the
highest energies. The difference in the PD and PA between a
nonrotating case (blue line) and rotating at the Keplerian veloc-
ity case (red line) is significant. In all three cases presented in
Fig. 4, we obtained a change of up to 40° in the PA.

4. Results for various physical configurations

In the previous section, we considered various geometrical con-
figurations of both SL and the binary system. To do this, we
kept the surface temperature, the velocity of the relativistic flow,
and the polarization calculations as simple as possible. How-
ever, a homogeneous effective surface temperature across the
whole accretion flow is not realistic, and neither is the weak
dependence of the velocity on 6 presented in Sect. 2. Chan-
drasekhar’s limit on the polarization from an infinitely thick slab
can also be replaced with exact Thomson scattering calculations.
We searched for alternative models and tested the polarimetric
properties of these SLs.

4.1. Inogamov-Sunyaev spreading layer

Inogamov & Sunyaev (1999) introduced the concept of a SL that
is most luminous at the edge of the layer, where it reaches the
surface of the NS, decelerates, and emits, rather than at the stellar
equator, where the gas levitates because its velocity is close to
the Keplerian velocity. To match the suggested flux profile (as
shown in Fig. 8 in Inogamov & Sunyaev 1999), we introduced
the dependence of the effective temperature on colatitude,

(‘9 - gpeak)2 j|}

702 27)

T15(8) = H(0 — Opear) {T,‘:ﬂn +T*exp [—

where H is the Heaviside step function, Ty, is the temperature
of the SL off-peak, 7, is a characteristic temperature impact-
ing the height of the peak, and o~ parameterizes the width of the
peak. This dependence is illustrated in the left panel in Fig. 5.
We assumed a Gaussian peak at 6, = 30° with a full width at
half maximum of 20° (=2.355¢"), Tmin = 1 keV, and T, = 2keV.

As the gas at the equator was assumed to levitate with a
velocity corresponding to that of the accretion disk and to slow
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Fig. 3. Dimensionless luminosity x/,, PA, and PD as functions of the dimensionless photon energy, x = E/fckgTes for emission from the 1°-
wide rings with the fiducial parameter set y,,x = 30°, i = 60°, and .4 = 0.35. Column (a) shows the results for various inclinations with other
parameters from the fiducial set. The blue, orange, green, and red lines correspond to i = 5°, 30°, 60°, and 90°, respectively. Column (b) shows
the results for various ring colatitudes with other parameters from the fiducial set. The blue, orange, green, and red lines correspond to €,y = 5°,
30°, 60°, and 90°, respectively. Column (c) shows the results for various equatorial velocities with other parameters from the fiducial set. The
blue, orange, green, and red lines correspond to B, = 0.0, 0.2, 0.35, and 0.5, respectively. The PA is zero for vertical polarization and is measured

counterclockwise.

down closer to the edge of the SL, we also introduced a stronger
dependence of the velocity on colatitude,

cos 6

Pis(0) = (ﬁeq - (ﬁeq _ﬁr)) sin 6, (28)

€08 peak

where B is the velocity of the SL surface at the equator of the
NS, and f; sin Oq is the velocity of the SL surface at the edge
of the SL that is associated with the rotation of the NS. This
dependence is illustrated in the right panel in Fig. 5. When these
dependences are taken into account, the dimensionless luminos-
ity given in Eq. (25) changes accordingly.

The results are presented in Fig. 6. We varied the parame-
ters of the SL in the same way as for Figs. 3 and 4. Overall,
the behavior is quite similar to the one shown in Fig. 4. The PD
follows the same trends with the energy and varied parameters.
The PA is ~0° at lower energies and decreasing with energy. We
note a stronger dependence of the PA on energy in this case. The
most significant difference from Fig. 4 is in Column (c), where
we study the impact of varying the SL velocity on the polarimet-
ric properties. In the case of B.q = 0, the vertical polarization at
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lower energies changes to horizontal polarization at higher ener-
gies. This occurs because the temperature of the layer is a func-
tion of colatitude. The emission from the colatitudes above ~45°
has an effective temperature of 1keV, while the emission from
lower colatitudes is hotter, with T exceeding 2keV at the SL
edge. The light from these parts of the SL is observed in different
energy ranges: emission from 6 > 45° is seen at lower energies,
and the emission of the SL edge is in the higher-energy range. As
we already noted in Sect. 3 and especially Column (b) of Fig. 3,
the polarization from the rings close to the equator is vertical,
while the polarization from the lower colatitudes, for instance,
6 ~ 30°, is horizontal. The increased velocity of the SL causes
the energy dependence of the PD to become smoother, but the
decrease in PD associated with the fast rotation of the PA is still
visible.

4.2. Optically thin spreading layer

In the previous examples, we assumed the SL to be optically
thick and used Eq. (18) for the PD as a function of emis-
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Fig. 4. Same as Fig. 3, but for emission from the broad SL. The fiducial set of parameters is Opin = 30°, Onax = 90°, i = 60°, and B4 = 0.35.

sion angle. We can instead assume that the SL is optically
thin and perform the exact calculation of the Thomson scat-
tering in the SL to estimate the polarization of the emission.
The formalism for calculating the polarization from the Thom-
son scattering was discussed in Sunyaev & Titarchuk (1985) and
Viironen & Poutanen (2004). From our calculations, we learned
that the PD as a function of emission angle barely depends on
the optical thickness of the layer. Emission is still polarized
in the plane of the SL surface, and the effects of the first few
scatterings cancel out, leading to depolarization, as shown in
Fig. 7.

High polarization from Compton scattering is expected if we
were only to observe the photons after they have experienced
many scatterings. This is the case in hot Comptonizing regions,
where cool seed photons are upscattered to the X-ray range,
and we only see multiple scattered photons in the IXPE range
2-8keV. This is not the case for the WMNSs, as we expect the
SL to be at a low temperature of 2-3 keV. In this case, we observe
all the photons in the same energy range, regardless of the num-
ber of scatterings they experience. As is shown, for instance,
in Fig. 2 of Viironen & Poutanen (2004), the PD of the photon
changes sign (i.e. PA rotates by 90°) depending on the number
of scatterings it experienced. When we see them all in the same
energy range, we therefore expect an overall low polarization
regardless of the optical depth.

5. Applications

In the past two years, IXPE has observed a dozen WMNSs.
The model presented in this paper gave valuable insights that
supported the interpretation of the observation results. First, we
learned from the simulations that the emission of the SL is polar-
ized perpendicular to the accretion disk, while for the optically
thick electron-scattering-dominated disk, the polarization vec-
tor lies in the disk plane. In the spectrum of the WMNSs, we
usually see two main components, the softer of which is inter-
preted as the emission from the disk, while the harder compo-
nent comes from the BL or the SL. Thus, if a source presents a
strong dependence of the PA on energy, we assumed that the
harder component of the spectrum comes from the SL rather
than the BL, which produces polarization similar to that of
the disk. This was the case, for instance, in the IXPE data on
Cyg X-2 (Farinelli et al. 2023). However, in this source, the esti-
mated PD from the harder component was about 4%, which
is much higher than the PD in our simulations. Similarly, in
4U 1820-303 (Di Marco et al. 2023), the shift by 90° in the PA
suggests the presence of a SL, but PD at the higher energies
reaches 10%, which is far above our predictions.

On the other hand, in the cases of Sco X-1 (La Monaca et al.
2024b) or GX 13+1 (Bobrikova et al. 2024a,b), a clear absence
of PA rotation with energy suggested that the SL, at least in our
model, cannot produce the harder component of the spectrum.
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The most peculiar case of the Cir X-1 (Rankinetal. 2024) nent of the spectrum might come from the SL in the hard state
required a complicated explanation of the observed phenom- of the source, while in the soft state, the Comptonized emission
ena, but the authors concluded that the Comptonized compo- might come from the BL. In sources GX 9+9 (Ursini et al. 2023),

A181, page 8 of 9




Bobrikova, A., et al.: A&A, 696, A181 (2025)

PD, %
o

0.0 0.2 0.4 0.6 0.8 1.0
I
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GX 5-1 (Fabianietal. 2024), and XTE J1701-462 (Cocchi
et al. 2023), a misalignment in the PA of the two components
was found, but the statistics did not allow us to properly con-
strain the shift in the PA. There is no clear conclusion about the
geometry of these sources.

The model supports the data interpretation, but it is not
fully capable of explaining the observed phenomena, even
when an assumption about the presence of the SL in the
source is made. Thus, additional sources of polarized emis-
sion are needed. For example, radiation produced close to the
NS surface can be further scattered in the wind above the disk
(Tomaru et al. 2024; Nitindala et al. 2025) or be reflected from
the disk (Lapidus & Sunyaev 1985), which could lead to a higher
PD of the emission. Observational results leave much space for
further improvements to the current SL model.

6. Summary

We developed a theoretical model for the emission from the SL
of the WMNS. We derived exact analytic expressions for the
Stokes parameters of the emission. We accounted for the special
relativistic effects and light bending when calculating the PA.

We computed the emission from the source with various
geometries of the SL, and we accounted for the velocity of mat-
ter. We studied the impact of the inclination, matter velocity, and
the geometrical configuration of the SL on the polarization of
the observed emission. We calculated the polarization from the
Inogamov-Sunyaev SL, where both the velocity of the matter
and the intensity of the emission are functions of colatitude.

‘We showed that for all the tested scenarios, the PD of the
emission does not exceed 1.5%. Recent observations of the IXPE
satellite showed that WMNSs emit light with stronger polariza-
tion, especially at higher energies. Hence, the SL, at least the cur-
rent model, cannot be the only mechanism to explain the data. A

higher polarization of the harder component of the WMNS spec-
trum can come from the reflection of the SL emission from the
disk, scattering of the SL emission in the wind above the accre-
tion disk, the emission from the jet, and others. Developing the
emission models for these processes is the next step for further
investigation of WMNSs. We also note the significant variability
of the PA with energy that is observed in the emission of the SL.

The developed model can support the IXPE data analysis,
and it was successfully used to interpret the already existing
results of IXPE. Combined with other tools and methods, it can
shed new light on the geometry of the WMNSs and their emis-
sion mechanisms.
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ABSTRACT

‘When modeling the emission from an X-ray binary system, we often assume that the rotational axis of the compact object is aligned
with that of the binary system. While often considered irrelevant for spectroscopic observations, the orientation of the binary system
is crucial for polarimetric properties. With the recent advent of X-ray polarimetric observations enabled by the Imaging X-ray Po-
larimetry Explorer (IXPE), indications of a possible misalignment of the neutron star rotational axis with respect to the binary axis
have been reported. Following these indications, we present an analytical model for the polarimetric properties of emission arising
from a spreading layer on an inclined weakly magnetized neutron star (WMNS). We discuss the expected polarimetric properties and
study the impact of geometrical parameters of the system on the polarization of WMNS emission. We compare our results with those
for aligned systems. Finally, we discuss applications of the model to recent and upcoming X-ray polarimetric observations with IXPE

and mention the suggestions for further development of the model.

Key words. methods: analytical — polarization — stars: neutron — X-rays: binaries

1. Introduction

In an X-ray binary with a weakly magnetized neutron star
(WMNS), the accretion flow is barely affected by the magne-
tosphere of the neutron star (NS) and is instead shaped by grav-
ity. Once the companion star fills its Roche lobe, matter from
the outer layers of the companion star is transferred from the
companion star and is driven towards the NS. The matter trans-
ferred through the inner Lagrangian point carries a high spe-
cific angular momentumy; it circulates around the NS, forming
an accretion disk (Shakura & Sunyaev 1973). In WMNS sys-
tems, the mass accretion rate is so high that the accretion disk
can push the magnetosphere towards the NS surface or even
burying it beneath the NS surface. Consequently, the accretion
disk is either mildly affected by the magnetosphere or reaches
the NS surface unaffected by the magnetic field; in either sce-
nario, matter accretes onto the equatorial region of the NS rather
than onto the magnetic field poles as in pulsars. As the accre-
tion disk reaches the NS surface, the matter is forced to de-
celerate rapidly from near-Keplerian velocities in the accretion
disk to the rotational velocity of the NS surface before set-
tling onto the NS. A so-called boundary layer (BL; see, e.g.,
Shakura & Sunyaev 1988) is formed. The accreted matter can
subsequently spread over the NS surface, forming a spreading
layer (SL, Inogamov & Sunyaev 1999).!

The spectrum of WMNS systems is traditionally decom-
posed into two main components: the softer disk emission and
the harder emission from the BL/SL. Additional spectral fea-

* Corresponding author: anna. a.bobrikova@utu. fi
! We note here that the terms BL and SL have been conflated in the lit-
erature; in this paper, we use BL to denote the boundary region between
the accretion disk and the NS surface, and SL for the extension of the
accretion flow onto the NS surface.

tures include reflection of the harder component from the disk
and scattering of the emission in the wind above the disk.
In spectroscopy, the disk and BL/SL components are often
hard to distinguish. Timing analysis helps distinguish these
components, since BL/SL emission is expected to vary on
much faster timescales. For instance, quasi-periodic oscillations
(QPOs) have been shown to be associated with the BL/SL re-
gion (Gilfanov et al. 2003; Revnivtsev & Gilfanov 2006). How-
ever, timing cannot determine the exact geometry of the accre-
tion flow or distinguish between the BL and SL configurations.

Polarimetry holds promise to investigate the geometry of bi-
nary systems. With the launch of the Imaging X-ray Polarime-
try Explorer (IXPE; Weisskopf et al. 2022) in December 2021,
it became possible, for the first time, to measure with high preci-
sion the polarization degree (PD) and polarization angle (PA) of
WMNS X-ray emission. In addition to providing information on
the geometrical configuration of the system, polarimetric proper-
ties carry information about the processes affecting the emission
as it travels from the source to the observer, since X-ray emis-
sion becomes polarized through scattering, reflection, or interac-
tion with the magnetic field. In recent years, more than twenty
WMNS systems have been observed with IXPE, and observa-
tions of many of these systems have provided constraints on the
source geometry.

Since the early stages of X-ray astronomy, various theoreti-
cal models for the expected polarized emission of binary systems
have been developed in preparation for X-ray polarimetric ob-
servations. For instance, the polarimetric properties of accretion
disks were studied in Rees (1975) based on pioneering work of
Chandrasekhar (1960) and Sobolev (1963), under the assump-
tion of electron-scattering-dominated disk atmospheres. Rela-
tivistic effects were later incorporated into the model by, e.g.,
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Connors et al. (1980), Dovciak et al. (2008), and Loktev et al.
(2022). Currently, for linear polarization in the IXPE energy
range, the expected PD is 2% for moderate inclination, rising
to 6% for i = 80° (Loktev et al. 2022). Polarization is expected
to be aligned with the accretion disk plane.

For the BL/SL, polarimetric expectations strongly depend
on the geometry of the region. Both pioneering analytical
works (Sunyaev & Titarchuk 1985; Lapidus & Sunyaev 1985)
and modern numerical simulations, e.g., Gnarini et al. (2022),
predict that emission arising from a BL configuration of the
accretion flow is polarized in the plane of the accretion disk,
whereas for the SL configuration, the emission is expected to
be polarized perpendicular to the disk plane. In recent analyti-
cal modeling, Bobrikova et al. (2025, hereafter B25) calculated
that the PD of the SL is not expected to exceed 1.5% and that
the emission is polarized in the plane perpendicular to the ac-
cretion disk, with minor variations depending on the energy and
geometrical configuration of the system. Similar conclusions are
presented in Farinelli et al. (2024).

Both scattering in the wind (Nitindala et al. 2025) and re-
flection from the accretion disk (Lapidus & Sunyaev 1985; Matt
1993; Poutanen et al. 1996) are expected to boost the total po-
larization of the WMNS emission. However, the contributions
of reflection component to the total flux are usually small, and
the scattered fraction is low for the systems observed from low
and medium inclinations Nitindala et al. (2025), so the general
expected PD of WMNS systems remains relatively low.

However, recent IXPE observations have shown that for
many sources the observed PD values significantly exceed theo-
retical expectations (see, e.g., Ursini et al. 2024; Di Marco 2025;
Gnarini et al. 2025, for reviews). In several cases, at higher ener-
gies, where the Comptonized component is expected to dominate
the flux, the PD exceeded 10%. Among possible explanations for
the high PD, scattering in the wind and reflection from the disk
are usually mentioned (see, among many others, Gnarini et al.
2025); however, not all the systems are known to have strong
winds or to show signs of reflection. For instance, GX 5-1 is
known for a lack of reflection features (Homan et al. 2018) and
does not show signs of a strong wind in X-ray spectroscopy, yet
the observed PD exceeds 4% at higher energies (Fabiani et al.
2024). One possible explanation for the unexpectedly high PD
in these systems is a breaking of the axial symmetry.

Another known issue is the PA of the continuum compo-
nents: although theoretically the PA of the Comptonized com-
ponent is expected to be aligned with or orthogonal to that of
the disk, for several sources, a PA difference of about 60° has
been observed. Notably, the young X-ray binary Cir X-1 was
one such source, and in this source, a misalignment between the
rotational axis of the NS and the binary axis was suggested as
a possible explanation (Rankin et al. 2024), since hints of mis-
alignment such as precession of the accretion disk and twisted
jets had already been observed in this system (Coriat et al. 2019;
Cowie et al. 2025).

Here, we introduce an analytical model of polarized SL
emission from a misaligned NS. In Sect. 2 we present the model,
describing the physical properties of the SL emission, its prop-
agation, and the geometrical configuration of the system. In
Sect. 3 we present the results of our study of the impact of var-
ious system parameters on the observed emission. We discuss
the application of our model to previous IXPE observations in
Sect. 4. Finally, we conclude in Sect. 5.
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Fig. 1. Geometry of the problem. The rotational axis of the NS w is
misaligned relative to the rotational axis of the binary system (z) by
an angle 7. The rotational axis of the NS forms the azimuthal angle ®
(marked with a purple solid line) with the direction to the observer (l}).
The inclinations of the binary system, i, and of the NS, i., are indicated
by black dotted and brown dashed lines, respectively. The SL is shown
in dark purple and is confined between co-latitudes 6,,;, (marked with a
blue dashed line) and O, = 180° — Opin. The accretion disk lies in the
xy plane; it is omitted from the sketch for clarity.

2. Model setup

The geometry of the system is shown in Fig. 1. We consider
a spherical NS of radius R and mass M with a SL centered at
the NS equator and extending between the co-latitudes of the
SL edges, Omin and Oya = 180° — 6pin. The matter in the SL
flows counterclockwise with the equatorial velocity B.q and the
velocity decreasing towards the poles as described in Eq. (A.4).
The SL emission is assumed to correspond to the constant effec-
tive temperature Tet and is modeled as a semi-infinite electron-
scattering-dominated plane-parallel slab.

We assume that the rotation axis of the binary system is
aligned with the z-coordinate axis, and the accretion disk lies
in the xy-coordinate plane. The coordinates are chosen so that
the vector in the direction of the observer & lies in the xz plane
and makes an angle i with the binary rotation axis, giving
k = (sini, 0, cos i). )

We assume that the NS rotational axis @ is misaligned with
respect to the rotational axis of the binary system by an angle
7 and to form an azimuthal angle ® with the direction to the
observer k in the xy-plane:

& = (sinncos @, sin7y sin @, cos 7). 2)
The NS inclination i,, defined as the angle between the direction
to the observer and the NS rotational axis @, is given by

(3)

cosi, = k- & = cosi cosn+ sinisinzncos .
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To relate the current model to the axisymmetric case pre-
sented in B25, where the NS rotation axis was aligned with the
orbital axis, we move to the coordinate system associated with
the NS. We then define all the necessary vectors in that new coor-
dinate system, which we refer to as the “NS frame”, and denote
their coordinates with the subscript *. Here, z, is aligned with
the NS rotational axis @ = (0,0, 1), and we define the coordi-
nate axes as follows:

£, = §,x®=(k-dcosi,)/sini,,

g, = bdx k/sini,, 4)
2 = 0.

The direction to the observer in this system is

f = (sini,, 0, cos i,),. 5)

Introducing the co-latitude 6 and the azimuthal angle ¢, which
specify a point on the NS surface in that coordinate system, we
can define the normal to the surface element:
il = (sin @ cos ¢, sin 0sin ¢, cos O).. 6)
This geometry is used to calculate the polarized emission from
the SL on an aligned NS using the formalism presented in
Suleimanov et al. (2020) and B25. For completeness, we provide
the necessary formulae in Appendix A. We assume that the spec-
trum of the local emission can be described by a diluted black-
body
4 ’ ’ 1

IE,((X ) = aes(@ )FBE’(ﬁ:Teﬂ),

c

()

where Bg is the Planck function, f. is the color correc-
tion factor, and ae(a’) = 0.421 + 0.868cosa’ is an ap-
proximation to the angular distribution of radiation intensity
from a semi-infinite, electron-scattering-dominated atmosphere
(Chandrasekhar & Breen 1947) as a function of the zenith angle
o’ in the local comoving frame of the gas. The Stokes vector
(flux) produced by a SL surface element dS is given by

dF(E) 1
dF(E) =| dFo(E) ] = dFE[ P(a’)cos2y |, (8)
dFy(E) P(a’)sin 2y

where P is the PD at the zenith angle o’, calculated using the ap-
proximation (Chandrasekhar 1960) for a semi-infinite electron-
scattering-dominated atmosphere. The PA y is calculated using
the formula derived in Poutanen (2020b) that accounts for cor-
rections caused by the relativistic motion of the SL matter and
light bending in the Schwarzschild metric.

The misalignment must be included in the PA calculation.
The PA is measured counterclockwise with respect to the orbital
axis as Yot = X +Xm. Where the angle y, is the position angle of
the NS rotational axis measured eastward (i.e. counterclockwise)
from the projection of the orbital axis onto the sky. To compute
Xm, We introduce the polarization basis related to the orbital co-
ordinate system:

. -k
é = z : C,OSI = (—cosi,0,sini), )
st
& = == =(0,-1,0). (10)
simi

The polarization basis related to the coordinate system of the
misaligned NS is similarly defined as

. o - kcosi, 1 smnco's(l)—'smlcost*
e, = — = - sinn sin ® , (1)
Sin i, SIn L COS7) — COS i COS i,
kxa
& = =22 (12)
k sini,
Then, we calculate y;, using
cosnsini — sinzcosicos @
P
cosym = &&= — . (13)
sini,
R o nn sinn sin @
sin = & & =———
Xm St sini,
or
sinn sin @
tan yp, = (14)

sinncosicos ® — cosnsini’

Once the Stokes flux produced by a surface element is es-
timated, we can then integrate over the whole SL. To account
for light bending, we introduce the visibility condition for the
surface element cosa > 0, as in Suleimanov et al. (2020) (see
Appendix A). The misalignment of the NS rotational axis with
the accretion disk axis requires one more visibility condition.
The observer cannot see the parts of the NS covered by the ac-
cretion disk, which is mathematically expressed as the inequality
fi-Z > 0. Since 7 is defined in the coordinate system associated
with the NS, we need Z in the same coordinate system:

(cosi—cosncosi,)/sini,
—sinisinnsin®/ sini,
cosn

. (15)

*

2=R-2.0.-52-0=

The second visibility condition 72 - Z > 0 then takes the form
(16)

where @, is the azimuth of the orbital angular momentum vector
in the NS frame and

cos7cos 6 + sinnsinf cos(D,. — @) > 0,

cos ®, = (sinncosi— cosnsinicos D)/ sin i,

sin ®, = —sinisin ®/ sini.. an

Thus, for 6 < 7/2 — 5, an element is visible for any ¢,
whereas for 6 > m/2 + n it is invisible. In the intermediate
regime, 7/2 - n < 6 < m/2 + n, the visibility condition reads
cos(®, — ¢) > —cotfcotn, which is equivalent to |D, — ¢| <
¢o = n — arccos(cot f cot ).

The total polarized flux from the SL is then calculated as
follows:

Fi(E) R 5
F(E) = | FolE) |= 75 ff cosa D (6VI-u)  (18)
FU(E) cos >0
nz>0
1
X I’E,(a’,e)[ P(a’) cos 2xior | dcos 6 de.
P(a’) sin 2y o
Here u = Rs/R is the NS compactness, Rs = 2GM/c? is the

Schwarzschild radius, D is the lensing factor, I7, is the intensity
of escaping radiation in the comoving frame, and D is the dis-
tance to the source. Finally, we obtain the polarimetric properties
of the SL emission:

2 2
IFQ+FU

Pobs = F,

19)
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Fig. 2. A sketch of a SL on the surface of a NS with compactness u = 0.34 as seen by a distant observer. The matter in the SL flows counterclock-
wise. The main regions of the SL are shown in different colors: red (zone A) is the flank of the SL with approaching flow; blue (zone B) is the
flank of the SL with receding flow; green (zone C) is the main body of the SL; and yellow (zone D) is the back of the SL that is visible in some
geometrical configurations due to light bending around the NS. For clarity, the accretion disk is omitted from the sketch.

and

c08(2xobs) = Fo/(PobsF1),  sin(2xobs) = Fu /(PobsFr). (20)

3. Results

We applied the formalism developed in Sect. 2 to study the ef-
fects of the misalignment in the system on the observed spec-
tral and polarimetric properties. We use dimensionless variables,
such as the photon energy:

‘= E
fekpTeir”

where kg is the Boltzmann constant. We scaled the observed flux

to the typical flux at the NS surface osg T:ﬂ and the ratio of the

distance squared to the emitting area, to introduce the dimen-
sionless luminosity (Stokes vector):

D* EFg 15 4
— =— D (6V1 - (a
R U'SBT::"- = j;cosa ( u) aes(@’)

2n

xl, =

4 1
X - P(a’) cos 2ot (22)

< ] dcosf do,
e =1 P(@’)sin 2y

where A is the fraction of the NS surface covered by the SL
and X’ = x/(6 V1 — u) is the dimensionless photon energy in the
comoving frame (see Appendix A for details).

The results are sensitive to several parameters: the azimuthal
angle @, the obliquity angle 7, the orbital inclination i, the co-
latitude of the SL edge Opin, the dimensionless equatorial veloc-
ity Beq (see Appendix A), and the photon energy x. The parame-
ter combinations used in the simulations presented in this section
are listed in Table 1.

In Fig. 2, a sketch of a SL on the surface of an misaligned
WMNS with compactness u = 0.34 is shown. The main regions
of the SL are marked in different colors. These regions make sig-
nificantly different contributions to both the luminosity and the
polarimetric properties of the SL emission. Regarding the lumi-
nosity, Zone C accounts for the majority of the emission, Zone
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Table 1. List of parameters used in the simulations presented in this
section.

Figure [ n i Onin
(deg) (deg) (deg) (deg)
Fig. 3 (a) 0 v 75 60
Fig.3(b) 45 v 75 60
Fig. 3 (c) 90 v 75 60
Fig.4(a) 45 15 v 75
Fig.4(b) 45 15 75 v
Fig. 4 (¢) v 15 75 75
Fig. 5 (a) - - 30 90-7p
Fig. 5 (b) - - 50 90-n
Fig. 5 (c) - - 70  90-7p
Fig. 6 (a) - 15 - 75
Fig. 6 (b) - 30 = 60

n_n

Notes. Parameters varied along the plot axes are indicated by a "—" sign.
The letter "v" indicates that multiple values of the parameter are used
and specified in the corresponding plot legend. The equatorial velocity
is fixed at By = 0.35 for all studies presented in this section. The energy
is fixed at E = 5 keV for Figs. 5 and 6.

A contributes at higher energies, Zone B contributes at lower
energies, and Zone D is only visible in some cases. For a plane-
parallel slab, the polarimetric properties depend on the angle be-
tween the slab surface normal and the direction to the observer:
the larger this angle, the larger the PD. This means that Zones A
(approaching flow on the flank of the SL) and B (receding flow
on the other flank of the SL) emit more strongly polarized light
in the direction of the observer than Zone C (main body of the
SL), whereas emission from Zone C is mostly unpolarized. Zone
D (back of the SL) has a PD similar to those of Zones A and B,
although the PA is different: since the emission from a plane-
parallel slab is polarized in the plane of the slab surface, the PA
of the emission from Zone D is almost orthogonal to those of
Zones A and B.
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Fig. 3. Dimensionless luminosity x/,, PD, and PA as functions of the dimensionless photon energy, x. Fiducial parameter values are listed in
Table 1. Blue, orange, green, and red lines correspond to obliquity angles 7 of 1°, 10°, 20°, and 30°, respectively. Azimuthal angle ® is 0° in panels

(a)—(a"), 45° in panels (b)—~(b"), and 90° in panels (c)—(c").

3.1. Tilt effects on the polarization signatures

In this section, we study the effect of the azimuthal angle ® and
the obliquity 7 on the energy dependence of luminosity, PD, and
PA. We chose a rather wide SL with 6,;, = 60° and 6,,.x = 120°,
so that varying 1 up to 30° would not break the continuity of the
accretion flow. We fixed the inclination at i = 75° and the SL
equatorial velocity to S.q = 0.35; for these parameters, a rela-
tively high PD is expected (B25). The combination pf parame-
ters used for each case is listed in Table 1.

In Fig. 3, we consider three different values of the azimuthal
angle, @, of 0°, 45°, and 90°. For each case, we show the di-
mensionless luminosity, PD, and PA for four different values of
the misalignment angle 7. In panels (a)—(a”), the observer is in
the plane formed by the NS and disk axes (we denote this plane
by 7). The dimensionless luminosity decreases with the obliquity
angle n, while PD increases with 7. In all cases, the emission is
polarized perpendicular to the disk.

The increase in PD is caused by the partial coverage of Zone
C by the accretion disk. As 7 increases, the contribution of Zone
C to the total flux decreases, while the contributions of Zones
A and B become more important. The reduced contribution of

Zone C therefore leads to an increase in the net polarization. At
higher energies, the contribution of Zone A becomes dominant.
This explains both the increase in PD at higher energies and the
slight change in PA with energy.

In panels (c)—(c”) of Fig. 3, the plane 7 is orthogonal to the
xz-plane, in which the observer vector k lies. In this geometry,
changes in obliquity have a weaker effect on PD. The main effect
of changing the obliquity appears at lower energies, where PD
decreases with increasing obliquity. The PA, on the other hand,
changes significantly with , with PA ~ —.

In this geometry, the accretion disk partially covers Zone B.
The contribution of Zone B is most prominent at lower energies,
where PD decreases with increasing obliquity. As 7 increases, a
larger fraction of Zone B is covered, reducing the contribution
of Zone B to the total emission. Since the emission from Zone B
is more strongly polarized than that from Zone C, this leads to a
decrease in PD. The emission then comes mainly from Zones A
and C, and PA is determined by the orientation of Zone A with
respect to the accretion disk plane. Since this orientation depends
on 7, this produces a correlation between the predicted PA and
obliquity 7.
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T
= Onin = 15°
= Oin = 30°
— O = 60°

= Omin = 75°

Fig. 4. Dimensionless luminosity x/,, PD, and PA as functions of the dimensionless photon energy, x. Fiducial parameter values are listed in
Table 1. Panels (a)-(a”): the orbital inclination is varied; blue, orange, and green lines correspond to 30°, 60°, and 90°, respectively. Panels (b)—
(b”): the co-latitude of the SL edge 6, is varied; blue, orange, green, and red lines correspond to 15 °, 30°, 60°, and 75°, respectively. Solid lines
correspond to 7 = 15°, while dashed lines correspond to the aligned case with 7 = 0° from B25. Panels (c)—(c”): the azimuthal angle ® is varied;

the lines, colored according to the inferno palette, correspond to —135°,

The case of ® = 45° in panels (b)-(b”) is less straightfor-
ward. It shows intermediate PD and a complex PA dependence
on 77, as expected for a combination of the behaviors seen in pan-
els (a)—(a”) and (c)—(c”). In this geometry, parts of both Zones
B and C are covered by the accretion disk, so the mechanisms
present in the two previous cases are present simultaneously. For
PD, these two effects together result in little dependence of PD
on 7. For PA, the orientation of Zone A with respect to the ac-
cretion disk plane remains a dominant factor, as in panel (c”),
although the PA-n relation is mildly affected by the different az-
imuthal angle ®.

3.2. Parameter space study

Next, we considered the effects of changing the orbital inclina-
tion i, the co-latitude of the SL edge Opin, and the azimuthal an-
gle O for a fixed obliquity 7 = 15°. The full set of parameters for
each panel is given in Table 1. The results are shown in Fig. 4.
Panels (a)—(a”) illustrate the effect of changing the orbital
inclination iyy. The results show the standard trend of PD in-
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—90°, —45°, 0°, 45°, 90°, 135°, and 180°, respectively.

creasing with orbital inclination and PA varying slightly around
the direction orthogonal to the disk plane (B25). In the case of
i = 30°, all four Zones contribute to the flux, while for the other
two cases, Zone D does not. Panel (a) shows a shift in the peak
energy, which is associated with the Doppler effect. For a fixed
velocity Beq, the Doppler effect is stronger at higher inclinations,
because the projection of the velocity onto the direction to the
observer is larger at higher inclinations in the current configura-
tion of the system.

In panels (b)—(b”), we showed the impact of the SL width
by varying the edge co-latitude Oy;,. For comparison, we also
showed the corresponding results for an aligned star with dashed
lines (B25). Since dimensionless luminosity is normalized to the
surface area of the SL, panel (b) shows almost no effect of Oy,
on x/,. Panel (b’) shows that, similarly to the aligned case (B25),
the narrower the SL, the higher the PD. In the case of Oy, = 15°,
most of the NS surface is covered by the SL, and the geometry of
the SL approaches a sphere, which contributes to depolarization
(B25). This effect weakens with increasing Oyyip.
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Fig. 5. Contour plots of PD and PA as functions of obliquity 77 and azimuthal angle ®. Panels (a)—(a’): orbital inclination i = 30°; panels (b)—(b’):
i = 50°; panels (c)—(c’): i = 70°. Remaining parameter values are listed in Table 1.

The misalignment in this case contributes to a minor increase
in PD for O, = 75° and 6, = 60°, while the emission from
a wider SL seems almost unaffected by the misalignment. Sim-
ilarly, PA is mildly affected by the misalignment, with the dif-
ference being more noticeable for narrower SLs with O, = 75°
and Opin = 60°. The reason behind this change with respect to
the case of 7 = 0° again lies in the partial covering of Zone C by
the accretion disk and the slight asymmetry introduced by ob-

serving the system from @ = 45°. This effect is less present for
a wider SL, where emission is depolarized.

In panels (c)—(c”), we show the effect of varying the az-
imuthal angle ®. The dimensionless luminosity shown in panel
(c) strongly depends on ®. For ® = 0° or 180°, the problem is
axially symmetric, similar to the case presented in Fig. 3, panels
(a)-(a”). Zones A and B contribute equally to the flux. However,
for 0° < ® < 180°, Zone B is partially or completely covered
by the accretion disk, and hence the peak energy increases. For
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Fig. 6. Contour plots of PD and PA as functions of the azimuthal angle ® and the cosine of the orbital inclination cos i. Panels (a)—(a’): obliquity
1 = 15°; panels (b)—(b’): 7 = 30°. Remaining parameter values are listed in Table 1.

—180° < @ < 0°, the situation is reversed: Zone A is partially or
completely covered by the accretion disk, and the peak energy
decreases. Since the luminosity is normalized to the full surface
area of the SL, not to the visible part, the peak luminosity also
changes significantly, increasing by an order of magnitude be-
tween the case of ® = 0°, where Zone C is covered by the accre-
tion disk, and the case of ® = 180°, where a larger fraction of
Zone C is visible, since the star is tilted in the direction opposite
to the observer.

‘We note that for ® = 0° and @ = —45°, the PD is higher than
in other cases. The PA varies within a range of approximately
20° as @ changes, first slowly decreasing as @ increases from
—45° to 135°, and then slowly increasing for the other hemi-
sphere. This is caused by the fact that PA mostly depends on the
minimal co-latitude that is covered by the SL, which changes
slowly with the azimuthal angle in the misaligned case. For a
larger obliquity angle 7, a larger variation in PA is expected.

3.3. Monochromatic polarization as a function of orientation

After studying the energy dependence of spectropolarimetric
properties, we fixed the photon energy and calculated PD and PA
for all possible combinations of obliquity 7 and azimuthal angle
®. We linked the co-latitude of the SL edge to the obliquity an-
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gle through the relation 6, = 90° — 1, so that there is never a
gap between the SL and the accretion disk. In this configuration,
the SL is wider for systems with larger misalignment. We kept
the same equatorial flow velocity B.q = 0.35. To characterize
the average PD and PA in the IXPE energy range, we chose to
study monochromatic polarization at £ = 5 keV. In the previ-
ous section, we used the dimensionless energy x, and since the
energy is now expressed in keV, we also had to fix the effective
temperature T and the color correction f; for the SL. Based on
spectroscopic studies of WMNSs, we adopted f. Ter = 2 keV.
As before, all the parameter values for each simulation are listed
in Table 1.

In Fig. 5, the results are shown for three different orbital in-
clinations, i, of 30°, 50°, and 70°. The case of the lowest orbital
inclination presented in panel (a) shows PD < 0.5%, except for
the region of 7 < 15°. For small 7, the width of the SL plays a
crucial role, significantly increasing the polarization. Panels (b)
and (c) show that, for moderate or high inclination, PD can re-
main higher than 1% even at larger values of , which in this sim-
ulation correspond to a rather wide SL. We note that PD reaches
its maximum for —45° < ® < 0°. Contrary to the results shown
in panels (a’), (b’), and (c’) of Fig. 3, PD is higher for smaller
obliquity angles in this simulation. Here, 1 is connected to the
SL width, and the effect of the SL width on PD dominates the
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Table 2. Probability (in %) of detecting PD higher than the threshold
for different obliquity values.

7 (deg)
PD (%) 5 20 25 30

>0.5 39 50 48 55 46 36

>1.0 28 25 21 17 12 18
> 1.5 15 12 92 61 30 04
>20 29 08 00 00 00 00

behavior, while in Fig. 3, the SL width was fixed. The PA is
strongly influenced by the obliquity, as seen in panels (b”) and
(c”) of Fig. 3. The behavior of the polarimetric properties shows
a common topology for different inclinations; for instance, the
PD maxima occur in similar regions in panels (b) and (c). PA
depends strongly on both ® and 7 at all considered inclinations.

Next, we investigated the probability of detecting the PD
higher than the threshold for a fixed obliquity 7. For this study,
we assumed a flat distribution for both cosi and ®@. The results
are shown in Fig. 6. We show the constant PD contours for two
values of obliquity, 1, of 15° and 30°. Contrary to panels (a’) and
(b’) of Fig. 3, where the highest PD was expected for n = 30°,
here we observe the decrease of PD with misalignment; this
is due to the fact that SL is wider for n = 30°, since we set
Omin = 90° — 1. The calculated probabilities of observing a PD
higher than the threshold value are given in Table 2. We consid-
ered six obliquity values and four PD levels. We did not consider
n > 30°, since PD drops rapidly at higher obliquity due to an in-
crease in the SL width. Since the probability distribution of 7 is
likely not flat, to understand the true probability of observing the
system at a given level of PD, we need to convolve the reported
probabilities with the probability distribution of 7 in the WMNS
population. We can, however, conclude that only for a few val-
ues of i does the probability of observing a PD higher than 1%
exceed 20%, and the 2% PD level is rarely reached, with a prob-
ability exceeding 1% only for n = 5°.

4. Discussion

The results presented in Sect. 3 show several important trends.
Regarding the spectrum, the main result is that misalignment af-
fects the spectral shape, an effect that should be taken into ac-
count when performing the spectral decomposition. For the PD,
we note that breaking the axial symmetry increases the expected
PD with respect to the aligned case presented in B25, with PD
exceeding 2% for some parameter combinations (see Table 2 for
examples). Regarding the PA, we conclude that misalignment in
the system allows the polarization plane to take any orientation.

Before comparing the model predictions with the observa-
tional results, it is important to discuss the possibility of mis-
alignment in a WMNS system. When an X-ray binary is formed
following the collapse of a normal star into a compact object, the
rotation axis of the compact object is not required to be aligned
with the orbital axis (Wang et al. 2006). The accretion process
reduces the obliquity, since angular momentum is transferred
from the disk to the NS via the accretion flow. The timescale
for the alignment process depends on the mass accretion rate,
magnetic field strength, rotation rate of the NS, and other pa-
rameters.

Theoretical expectations for the alignment time in bina-
ries are discussed in the literature for several subclasses of
sources: for instance, de Kool & van Paradijs (1987) estimated
the alignment time for millisecond pulsars at ~ 10® years, while

Abolmasov et al. (2024) suggests a significantly shorter align-
ment time for strongly magnetized NSs. Martin et al. (2008) es-
timated an alignment time of 107 years for the black hole X-
ray binary GRO J1655-40 is reported. However, no theoretical
expectations have been derived for WMNSs. Although most of
these objects are considered to be rather old (e.g. the age esti-
mate of Cyg X-2 is 4 x 10® yr; King & Ritter 1999), some are
known to be considerably younger, and possibly young enough
to remain misaligned. For instance, the age of Sco X-1 is esti-
mated to be 7 x 10° yr (Kar et al. 2025), while Cir X-1 is less
than 5 x 103 yr old (Heinz et al. 2013). The alignment time can
also be extended by additional factors related to binary evolution
and by events occurring during it. For instance, if the accretion
process has been episodic, or if the binary system is particularly
wide, the accretion-driven alignment could take a significantly
longer time (Laycock et al. 2025).

Cir X-1 as the first and most compelling candidate for a
potentially misaligned WMNS. Apart from being the youngest
known WMNS system, Cir X-1 is known to have precessing
jets (Cowie etal. 2025) and a high eccentricity of 0.4-0.45
(Jonker et al. 2007; Johnston et al. 2016), with even higher val-
ues reported in the earlier work, e.g., 0.94 in Tauris et al. (1999).
The presence of a kick during the supernova event in this system
has been discussed as a possible explanation for both the jets and
the eccentricity, and with an age of less than 10* yr, there may
not have been sufficient time for the NS rotational axis to align
with the orbital axis through accretion.

The IXPE observation of Cir X-1 in August 2023 revealed
strong PA variability with spectral hardness and source state, as
well as a PA that was misaligned with both the assumed disk
plane and the jet axis. Obliquity in the system has been suggested
as one of the possible explanations for the observed polarimetric
behavior. Rankin et al. (2024) suggest that, based on the tem-
poral evolution of PA, Cir X-1 exhibited different accretion-flow
geometries during the observations, with the geometry during P3
including an SL. During that part of the observation, Cir X-1 had
a PD of 1.4% and a PA= —12° neither orthogonal nor aligned
with the jet position angle reported to be between —40° and
—70°. If we assume the jet direction to be orthogonal to the ac-
cretion disk plane, the observed PA would correspond to 30° and
60° in our simulations. As shown in Fig. 5, such a PA is expected
for an azimuthal angle ® between ~ —135° and ~ —45° and an
obliquity 7 larger than ~ 30°. More precise constraints on 7 are
difficult to derive due to the uncertainty in the PA. We note that
the exact numbers also depend on the inclination of the system
and other parameters that are assumed rather than inferred, in the
simulations. Accounting for both PD and PA does not tighten the
constraints; Fig. 5 illustrates that PD does not reach 1.4% within
the stated ranges of obliquity and azimuthal angles in our simula-
tion, at least for the selected set of parameters. We can, however,
conclude from Fig. 5 that higher inclinations are favored, since
PD in the selected region rises with inclination. This could be in-
terpreted as a hint of a relatively high inclination of the system.
However, we note that the PD prediction is strongly affected by
assumptions regarding the SL structure and composition; while
we consider only scattering off electrons, introducing ions and
accounting for absorption in the SL could significantly increase
the expected PD (Ratheesh et al. 2024). Given these uncertain-
ties, we do not derive any tighter constraints on the Cir X-1 ge-
ometry from the PD predictions.

Apart from Cir X-1, a few other systems have exhibited signs
of misalignment based on IXPE observations. For instance, in
GX 5-1, a variability of PA with energy by 60° was reported
(Fabiani et al. 2024), which can be reproduced by our model. In
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GX 13+1, misalignment could serve as an explanation for the
PA variability with time (Bobrikova et al. 2024; Li et al. 2025).
Although both of these systems are considered old, with an ap-
proximate age of 10® yr, little is known about the duration of
their active accretion phase. We neither favor nor rule out mis-
alignment as a possibility in these systems; rather, we provide
a model to investigate the polarimetric properties of these ob-
jects under the assumption of misalignment. We look forward to
studying the results of further spectropolarimetric observations
of these systems.

5. Summary

We developed a model for the spectropolarimetric properties of
the emission of a SL on a tilted WMNS, whose rotational axis is
not aligned with that of the binary system. We investigated how
luminosity, PD, and PA depend on energy and on the geometri-
cal parameters of the system, such as the obliquity angle 7, the
azimuthal angle @, the inclination of the binary system i, and the
co-latitude of the SL edge Opin.

‘We conclude that the expected polarimetric properties of the
SL emission depend strongly on the geometrical parameters of
the system. First, we find that breaking the axial symmetry con-
tributes to an increase in the PD of the SL emission. Addition-
ally, we show that misalignment in the system could explain
why the observed PA is neither aligned with nor orthogonal
to the assumed disk plane or binary rotational axis. Consistent
with the aligned case studied in B25, PD increases with energy
and inclination and decreases with increasing SL width. We find
that a higher PD is predicted for azimuthal angles in the range
@ = —45°-0°. The effect of the obliquity angle strongly de-
pends on the SL width, which is connected to the mass accretion
rate (Inogamov & Sunyaev 1999). For luminous systems with a
wider SL, PD is higher for larger values of 7, as seen in Fig. 3; in
less luminous systems, where the width of the layer is connected
to the obliquity as shown in Sect. 3.3, PD is higher for lower
obliquity.

In recent years, observations of several systems have shown
indications of misalignment, and in this paper we predict their
polarimetric properties under the assumption of misalignment.
The formalism derived here can be used to interpret existing
and upcoming spectropolarimetric observations of WMNSs. The
misalignment scenario can be realized in cases in which transfer
of angular momentum from the accretion disk has not signifi-
cantly altered the orientation of the NS rotational axis. The most
natural candidates for this scenario are young systems such as
Cir X-1. Older systems like GX 13+1 and other WMNSs require
episodic mass transfer or additional mechanisms to reduce the
effect of the accretion process on the NS spin; in such cases, a
non-negligible obliquity may persist even in older systems.
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Appendix A: Polarized emission from an aligned
spreading layer

To calculate the polarized emission from the SL, we first de-
rived an equation for the polarized flux coming from a small
surface element dF, and then integrated that emission over the
whole visible surface of the SL in the coordinate system asso-
ciated with the NS rotation axis. Main equations have been de-
rived in Poutanen (2020a) and Suleimanov et al. (2020). For the
assumed spherical NS, the surface normal 7 coincides with the
radius-vector of the element 7 and thus the angle ¥ between it
and the direction to the observer & is

coswzIAc-ﬁ:cosi*cosf)wksini*sinf)cosqs, (A.1)
where ¢ = 0 when the element was closest to the observer.
The emission angle a(y) (i.e., the angle to the surface normal
in the external frame) was calculated using Beloborodov (2002)
approximation

cosa(y) = IACO Az 1 —(1-u)(l-cosy), (A.2)

with the visibility condition for the surface element being
cosa > 0. Here, u = Rs/R is the NS compactness, and ko is
the unit vector of the photon momentum close to the surface,

sinal%+sin(zp—a)ﬁ

ko= A3
0 Sny (A3)
Similarly to B25, we defined the velocity of the material in
the SL by the direction of the unit vector & = (- sin ¢, cos ¢, 0)..
and the amplitude (in units of speed of light) as a function of

latitude

A
B(O) = Poqsin = %sinezfx /ﬁ sinf,

with A < 1 being a proportionality coefficient that scales
equatorial velocity relative to the Keplerian velocity vgepl
in the Schwarzschild metric (Luminet 1979). The angle be-
tween the velocity vector and the photon direction is then
(Poutanen & Gierliriski 2003):

(A4)

sina sin

LLEY S
siny

cosé=0- ko = a sini, sing . (A.5)

sin
We calculated the observed flux at energy E from the surface
element with area dS = R*d cos 8d¢ as follows:

dFg = IgdQops = Dcos a%,
where D is the lensing factor that is equal to one in the Be-
loborodov approximation.

To account accurately for the relativistic effects of the matter
rotation, we moved to the frame co-rotating with the SL mat-
ter. We considered the SL element to be an electron-dominated
semi-infinite slab (Chandrasekhar 1960; Sobolev 1963) so that
we could compute the angular distribution and polarization of
the escaping radiation. We assumed the local intensity I}, (a’, 6)
to have a diluted blackbody shape, same as in Suleimanov et al.
(2020) and B25, given by Eq. (7). The angle @’ made by the
photon momentum with the surface normal in the co-rotating
frame is related to the emission angle a defined in Eq. (A.2) as
(Poutanen & Gierlinski 2003)

(A.6)

cosa’ = §cosa, (A7)

where § is the Doppler factor
1

= — A8
y(1 = Bcosé) (A8)
and y is the Lorentz factor
1
YO) = ——. (A.9)
VI-5%0)

The local intensity I7, can depend on co-latitude 6 but we
consider here the effective temperature and the color correction
factors to be constant throughout the SL. The observed intensity
is related to the local one:

E\} 3
Iy = (E) Iy, 6) = (VT —u) I, (A.10)
The total observed flux coming from the surface element was
calculated as
Rz 3 4 ’

dFE:ﬁcosaZ)((S\/l—u) I.(',6)d cos 6 dg, (A.11)
where D is the distance to the source.

Polarimetric properties of the SL emission can be described
by the Stokes vector:

dF(E) 1
dF(E) =| dFo(E) ]:dFE[ Pcos2y |, (A.12)
dFy(E) Psin2y

where P is the PD of the escaping radiation, and y is
the PA. We calculated PD using the approximation from
Viironen & Poutanen (2004) for a semi-infinite electron-
scattering-dominated atmosphere (Chandrasekhar 1960):
_1-cose?
1+3.582cosa’
and the PA with the formulae derived by Poutanen (2020b):

sindsing + B8 A

P = Pe(@') = 1171, (A.13)

tany = —— — - - s A.14
X —sini, cos 6 + cos i, sin 6 cos ¢i, — Bsing C ( )
where
sin cos @ — cos
A = = l/lB+7, - ¢(cos¢—Bcos¢),
sina sina siny
B = sini,sin@ + cosi, cosfcos ¢, (A.15)
sin COs @ — COS .
C = — d cosf + —————— ¢(COSl* —cosfcosi).
sina sina siny

These equations account for the effects of rotation of polarization
plane because of relativistic motion as well as for light bending
in the Schwarzschild metric.

Article number, page 11

45

50

55

60



	Acknowledgements
	Table of Contents
	Abbreviations
	List of Original Publications
	X-ray polarimetry
	Polarimetric properties of light
	Thomson vs. Compton scattering
	Imaging X-ray Polarimetry Explorer

	Neutron stars
	Formation and main characteristics
	Internal structure and the equation of state
	Neutron star zoo
	Neutron stars in low-mass X-ray binaries
	NS-LMXB evolution
	Accretion via Roche Lobe overflow


	Non-pulsating weakly magnetized neutron stars
	Main characteristics
	Spectral components
	Boundary layer
	Spreading layer
	Accretion disk truncation

	Classification and state transitions
	X-ray polarimetry of weakly magnetized neutron stars
	Theoretical predictions
	Observational results

	GX 13+1

	Accreting millisecond pulsars
	Main characteristics
	Pulse profile
	X-ray polarimetry of accreting millisecond pulsars

	Future prospects
	New X-ray polarimetric instruments
	Weakly magnetized neutron stars
	Accretion millisecond pulsars

	Summary of the original publications
	Polarized radiation from an accretion shock in accreting millisecond pulsars using exact Compton scattering formalism
	Discovery of a strong rotation of the X-ray polarization angle in the galactic burster GX 13+1
	New polarimetric study of the galactic burster GX 13+1
	Polarized radiation from the spreading layer of weakly magnetized neutron stars
	Breaking the symmetry: X-ray polarization from a spreading layer on a tilted weakly magnetized neutron star

	List of References
	Original Publications

