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Abstract

X-ray Binaries hosting Neutron Stars (NS-LMXBs) are a fundamental laboratory to study radiation
processes in strong gravity regime. The central NS accretes matter via Roche-lobe overflow from a
companion star, typically a solar mass star or an evolved white dwarf. These sources are amongst the
brightest in X-rays, with spectra well described by a soft thermal emission and a hard Comptonization
component. However, the physical origin of these components is still matter of debate. The thermal
emission is related either to the accretion disk or to the NS surface, whereas the Comptonized component
originates in a hot electron plasma surrounding the NS. In addition to the primary continuum, reflection of
X-ray photons above by accretion disk is detected in several NS-LMXBs, although not in all of them.

The launch of the NASA and Italian Space Agency Imaging X-ray Polarimetry Explorer (IXPE) on
2021 December 9 has opened a new window in X-ray astronomy, providing for the first time space-, time-,
and energy-resolved polarimetric observations. X-ray polarimetry is crucial to constrain the geometry of
the accreting system and the involved physical processes, left unconstrained by spectroscopy alone.

This work presents the first spectro-polarimetric results obtained from IXPE observations of NS-
LMXBs. Several NS-LMXBs were observed by IXPE during the first two-year observational campaign.
Significant polarization has been detected in most of the observed sources, with intriguing and unexpected
results. The observed polarization properties obtained from IXPE observations are also compared with
numerical simulations performed with the Monte Carlo radiative transfer code monk to constrain the
geometry of the accreting systems. monk is a General Relativistic Monte Carlo code able to compute the
polarization of the Comptonized radiation. It was originally developed to study accreting black holes and
has been adapted here to NS-LMXBs by adding the option of seed photons from the NS surface. The
polarization properties strongly depend on the geometry of the accreting system and the Comptonizing
region. Di erent coronal shapes result in significantly di erent X-ray polarization degree and angle,
which can therefore be used to constrain the geometry of the systems. Moreover, the polarization degree
also increases with the inclination of the system. IXPE observations seem to exclude the accretion
disk as the main contribution to the polarization, which can instead be explained as the combination of
Comptonization in a boundary or spreading layer plus reflection. The spreading layer-like geometries
exhibit a quite low polarization in the 2-8 keV range (compared to typical slab-like geometries), but
highly polarized reflected photons contribute significantly to the polarization even if their fraction to the
total flux is relatively small.






List of Publications

Part of this work has been presented in the following papers:

Published

Polarization properties of weakly magnetized neutron stars in low-mass X-ray binaries

Authors: A. Gnarini, F. Ursini, G. Matt, S. Bianchi, F. Capitanio, M. Cocchi, R. Farinelli and W. Zhang
Monthly Notices of the Royal Astronomical Society, Volume 514-2 (2022), DOI: 10.1093/mnras/stac1523

Polarization properties of the weakly magnetized neutron star X-ray binary GS 1826—
238 in the high soft state

Authors: F. Capitanio, S. Fabiani, A. Gnarini, ... and the IXPE Collaboration
The Astrophysical Journal, Volume 943, id.129 (2023), DOT: 10.3847/1538-4357/acae88

Accretion geometry of the neutron star low mass X-ray binary Cyg X-2 from X-ray
polarization measurements

Authors: R. Farinelli, ..., A. Gnarini, ... and the IXPE Collaboration
Monthly Notices of the Royal Astronomical Society, Volume 519-3 (2023), DOI: 10.1093/mnras/stac3726

Discovery of strongly variable X-ray polarization in the neutron star low-mass X-ray
binary transient XTE J1701-462

Authors: M. Cocchi, A. Gnarini, ... and the IXPE Collaboration
Astronomy & Astrophysics, Volume 674, id.L10 (2023), DOI: 10.1051/0004-6361/202346541

X-ray polarimetry and spectroscopy of the neutron star low-mass X-ray binary GX 9+9:
an in-depth study with IXPE and NuSTAR

Authors: F. Ursini, R. Farinelli, A. Gnarini, ... and the IXPE Collaboration
Astronomy & Astrophysics, Volume 676, id.A20 (2023), DOI: 10.1051/0004-6361/202346541

Vii


https://doi.org/10.1093/mnras/stac1523
https://doi.org/10.3847/1538-4357/acae88
https://doi.org/10.1093/mnras/stac3726
https://doi.org/10.1051/0004-6361/202346275
https://doi.org/10.1051/0004-6361/202346541

viii
First detection of X-ray polarization from the accreting neutron star 4U 1820-303

Authors: A. Di Marco, ..., A. Gnarini, ... and the IXPE Collaboration
The Astrophysical Journal Letters, Volume 953, id.L22 (2023), DOI: 10.3847/2041-8213/acec6e

Highly Significant Detection of X-Ray Polarization from the Brightest Accreting Neu-
tron Star Sco X-1

Authors: F. La Monaca, ..., A. Gnarini, ... and the IXPE Collaboration
The Astrophysical Journal Letters, Volume 960, id.L11 (2024), DOI: 10.3847/2041-8213/ad132d

X-Ray Polarized View on the Accretion Geometry in the X-Ray Binary Circinus X-1

Authors: J. Rankin, ..., A. Gnarini, ... and the IXPE Collaboration
The Astrophysical Journal Letters, Volume 961, id.L8 (2024), DOI: 10.3847/2041-8213/ad1832

Polarized Light from Accreting Low Mass X-Ray Binaries

Authors: F. Capitanio, A. Gnarini, S. Fabiani, F. Ursini, R. Farinelli, M. Cocchi, N. Rodriguez Cavero
and L. Marra
Astronomy Reports, Volume 67, Suppl. 2 (2024) DOI: 10.1134/S1063772923140044

X-Ray Polarimetry of the Dipping Accreting Neutron Star 4U 162449

Authors: M. L. Saade, P. Kaaret, A. Gnarini, ... and the IXPE Collaboration
The Astrophysical Journal Letters, Volume 963, id.133 (2024), DOI: 10.3847/1538-4357/ad235a

Discovery of a variable energy-dependent X-ray polarization in the accreting neutron
star GX 5-1

Authors: S. Fabiani, ..., A. Gnarini, ... and the IXPE Collaboration
Astronomy & Astrophysics, Volume 684, id.137 (2024), DOI: 10.1051/0004-6361/202347374

Submitted/Accepted

Polarization Properties of Neutron Star Low-Mass X-ray Binaries with IXPE Observa-
tions

Authors: A. Gnarini, F. Capitanio, M. Cocchi, S. Fabiani, R. Farinelli and F. Ursini
Accepted for publication in Memorie della Societa Astronomica Italiana, 2024

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

Authors: A. Bobrikova, ..., A. Gnarini, ... and the IXPE Collaboration
Submitted to Astronomy & Astrophysics, 2024

In Preparation

Constraining the geometry of the dipping atoll 4U 1624—-49 with X-ray spectroscopy
and polarimetry

Authors: A. Gnarini, M. L. Saade, F. Ursini, S. Bianchi, P. Kaaret, G. Matt, F. Capitanio, and W. Zhang


https://doi.org/10.3847/2041-8213/acec6e
https://iopscience.iop.org/article/10.3847/2041-8213/ad132d
https://iopscience.iop.org/article/10.3847/2041-8213/ad1832
https://doi.org/10.1134/S1063772923140044
https://iopscience.iop.org/article/10.3847/1538-4357/ad235a
https://doi.org/10.1051/0004-6361/202347374

Contents

Listof Publications .. ........ .. .. . .. . . . . Vi
INtroduction . . ... ... 1

- Patone

1 Neutron Stars .. ... ... . . . . ... 5
1.1  ABrief History of Neutron Stars .. ....... ... ... . ... ... . ... ... ... .. ... .. 5
1.2 Physics of Neutron Stars . ... ... 8
1.3 Internal Structure . .. ... ... .. 10
1.4  Global Structure .. ... .. . 12
2 X-Ray Binaries .. ... .. ... 15
2.1 ACCretion .. ... 15
2.1.1 Roche Lobe Overflow . . . . . . .. 16
2.1.2  Accretion Disk Structure . . . . . . .. .. 18
2.1.3 Energy Release . . .. .. . .. 21
2.1.4  Boundary Layer . . . .. .. 22
2.2 Neutron Stars X-ray Binaries .. ....... ... .. 23
2.3 Physical proCesses ... ... ... 26
2.3.1  Compton Scattering . . . . . . . . . 26
2.3.2 Photoelectric Absorption . . . . . .. 27
2.3.3 Reflection . . .. . 28
3 Numerical Setup & Simulations . ........... ... ... ... ... ... ... .. .. .. 35
3.1 MONK 35
3.1.1 Ray-tracing in the Kerr Spacetime . . ... ... .. .. . .. 37



3.1.2
3.1.3
3.2
3.3
3.4
3.5
3.6
3.7

4.1
4.2
421
4.3
43.1
4.3.2
4.4
4.4.1
4.4.2
45
45.1
452
45.3
4.6
4.6.1
4.6.2
4.7
471
472
4.8
4.8.1
4.8.2
4.9
49.1
4.9.2
4.9.3
4.10
4.10.1
4.10.2
4.11

4111
4.11.2

Propagation of the Polarization Vector . .. .. ... .. .. .. .. ... 38
Comptonization . . . . . . . . 41
Numerical Setup . . ... ... 43
Slab Geometry . ... .. 45
Spherical Geometry . . ... ... 46
Torus GEOMELIY . . . .. 47
Wedge GeOMELrY . . .. ... 48
Boundary/Spreading Layer Geometry . ............ ... .. ... ... 49
Spectro-Polarimetric Observations . ........ ... ... .. ... . ... . ... . ..., 53
X-ray Polarimetry ... ... 53
IXPE 55
Data Reduction . . . . .. . ... 55
GS 1826238 . . . .. 56
Observations . . .. .. . ... 57
Spectro-Polarimetric Analysis . . . . . ... . . 58
GX O+ 60
Observations . . .. .. .. . 60
Spectro-Polarimetric Analysis . . . . . . .. 61
AU 1820-303 . . . 64
Observations . . . .. .. ... 65
Radio Observation . . . . .. . .. 66
Spectro-Polarimetric Analysis . . .. . ... .. 67
AU 1624—49 . . . . 70
Observations . . .. .. ... 71
Spectro-Polarimetric Analysis . . . . . . .. 72
Cygnus X—2 . . 75
ODbServations . . . . . . .. 75
Spectro-Polarimetric Analysis . . . . . . ... 77
XTE J1701-462 . . . . . . 80
Observations . . .. .. .. .. 81
Spectro-Polarimetric Analysis . . . . . . ... . 83
GX o= 87
Observations . . .. .. ... 88
Radio ObServations . . . . . . ... 89
Spectro-Polarimetric Analysis . . . .. .. .. 90
SCOIPIUS X—1 .. 94
Observations . . . . .. . ... 94
Polarimetric Analysis . . . . . .. . .. 95
CirCiNUS X—=1 . . .. 96
Observations . . .. .. ... 97
Polarimetric Analysis . . . . . ... 98



5.1
5.2

5.2.1
5.2.2

Al

B.1
B.1.1
B.2
B.2.1
B.3
B.3.1

C1

C.2

C21
C22
C.23
c24
C.25
C.2.6
C.2.7
C.2.8
C.29

ReSUItS . .. 99
Comparison Between Different Geometries ............ ... ... .......... 99
Comparison Between Observations . .............. ... ... ... ... ......... 102
ALOl-SOUICES . . . . . 102
Z-SOUIMCES . . . vttt e 107
COoNCIUSIONS . . . 113
Future Perspectives . . ... ... .. 114
APPENdiCES . . . . . 117
Polarization Properties .. ... ... . ... 117
Stokes Parameters . . ... .. ... 117
X-ray ObServatories .. .. ... 121
NUSTAR 121
Data Reduction . . . . .. . .. 121
NICER . . 122
Data Reduction . . . . . . ... 122
INTEGRAL . .. 122
Data Reduction . . . . . . . .. 123
XSPEC 125
Spectral Fitting . . ... . ... 125
Useful Models . . .. ... .. 126
Bbodyrad . . . ... 126
CompTT 127
Compth . . 127
DiSKDD . . . .o 128
ThCOMP . . . 128
RelXill . 128
TBADS . . o 129
Polconst . . . . 129
Pollin . . 129

References . . .. . . 151






Introduction

Accreting, weakly magnetized Neutron Stars in Low-mass X-ray binaries (NS-LMXBs) are a fundamental
laboratory to study radiation processes in the strong gravity regime. Neutron stars are the endpoints of the
evolution of massive star8f . M. 25M ), the remnants of the supernova explosion which follows

the core collapse and marks the death of the progenitor. With a mass of the order of the solar mass and a
radius of only 10—15 km, NSs are the most compact stellar objects with a surface in the present universe,
reaching densities higher than those of atomic nuclei. The existence of NS was rst proposed by Baade
and Zwicky (1934), less than two years after the discovery of the neutron by Chadwick (1932). Until the
end of the 1960s, NSs were thought to be too faint to be detectable. However, Pacini (1967) showed that
if the NSs were spinning and had large magnetic elds, they would emit electromagnetic radiation that
could have been detected. Indeed, the rst NS was discovered in the same year (PSRA1H&vish

et al. 1968): the observed pulsar exhibits strictly periodic pulses with an extremely regular 1.33730121 s
period. NSs are endowed with extremely strong magnetic elds (d®tb 10'° G in magnetars). The
magnetic eld evolution is coupled to that of the surface temperature. NSs are born vefly hdiot?)

and cool down as they age, dissipating part of their magnetic elds and transferring energy between
poloidal and toroidal magnetic eld components. Weakly magnetized NSs in X-ray binaries are therefore
old system with typical lifetime of the order of billions of years, with typical magnetic elds@f 10

G (Geppert and Urpin, 1994). When a NS is formed in a binary system, it may start accreting matter from
the companion star via Roche-lobe over ow through the inner Lagrangian point. The accreting matter
forms an accretion disk due to its high angular momentum before reaching the NS surface. The accretion
disc emits radiation due to viscous dissipation. Tipycally, approximately 10% of the rest-mass energy
of the accreting matter is emitted, mostly in the X-ray energy range. X-ray binaries are amongst the
brightest sources in the X-ray sky, with luminosities ranging inttt® 10°8 erg’s interval. The brightest
non-transient source of X-rays in the sky (aside from the Sun) is indeed Sco X-1, the rst NS-LMXBs
and extrasolar X-ray source discovered in 1962 (Giacconi et al., 1962).

According to their joint timing and spectral properties in the X-ray band and following their tracks in
the Hard-colotSoft-color diagrams (CCD), NS-LMXBs are traditionally divided into two broad categories:
the high soft stat&-sources and the Atoll-sources. The position in the CCD is also correlated with the
mass accretion rate, which is close to the Eddington lim&-Bources. The X-ray emission of NS-LMXBs
is generally well described by a soft thermal component plus a hard Comptonized emission, but their
physical origin is still uncertain. The soft component could be related either to the accretion disc emission
or to the NS surface radiation, whereas the hard component may originate by Compton scattering of
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soft photons in the hot electron plasma surrounding the NS and near the accretion ow. Furthermore,
several detections of the Fe Kemission line at 6 keV strongly suggest that Compton re ection by a
colder medium (such as the outer accretion disc itself) is a further spectral component to be taken into
account. Although X-ray spectroscopy can provide crucial information on the physical parameters of
the emitting regions (i.e. the soft photon temperature, the plasma optical depth or the inclination of the
system from the re ection features), it is not able to unequivocally disentangle amoeigdi broad-band
models. X-ray polarimetry is the key to distinguish betweeredent scenarios, which can otherwise
equally well describe the spectral and temporal observed properties of NS-LMXBs. The X-ray polarized
radiation strongly depends on the geometry of the accreting system and the Comptonizing region. Both
the polarization degree and angle result to beedent in value and energy dependence betweeerdnt
geometrical con gurations, which can therefore be distinguished. In particular, the polarization degree
increases with increasing deviation from spherical symmetry.

For the rsttime, thanks to the NASA and Italian Space Agency (ABIaging X-ray Polarimetry
Explorer (IXPE; Weisskopf et al. 2016, 2022) mission, it is possible to measure the polarimetric properties
of the X-ray radiation (in the 2—8 keV energy band) coming from NS-LMXB$E was successfully
launched on 2021 December 9 and in its rst two years has observed all major classes of X-ray sources
covering a wide range of luminosities, including several NS-LMXBs (both Atoll- Zrsburces)IXPE
has detected signi cant polarization in most of the observed NS-LMXBs. Interestingly, surprising large
polarization has been observed in some sources, 4p 8% in the wholelXPE band and up to 10%at
high energy, which is quite dicult to explain with standard geometrigssources seems to be the most
polarized NS-LMXBs in the 2—-8 keV band, with a strong dependence of the PD on the position along the
CCD: on the horizontal branch, the radiation is more polarized ( 5%) and starts to decrease as the
sources move along the normal and aring branche4 ( 2%). The direction of the polarization seems
to be consistent with that of the radio jet (i.e. perpendicular to the accretion disc). This result suggests
that most of the observed polarization may originate in the spreading layer around the NS and roughly
perpendicular to the disc plane or from re ection the disc of the soft photons (or a combination of
these two contributions).

The work is organized as follows:

" in Chapter 1, the general properties of the NSs are reviewed, including their classi cation and the
general relativistic structure equations;

in Chapter 2, after introducing the properties of accretion, NS-LMXBs are characterized along with
a detailed description of the main physical processes involved,;

in Chapter 3, the main characteristic of the general relativistic Monte Carlo radiative transfer code
monkare described, together with the spectro-polarimetric results obtained fenedit geometries

of the Comptonizing region;

in Chapter 4, the observations of several NS-LMXBs mad&XBE are reported, with detailed
spectro-polarimetric analyses;

in Chapter 5, the results of the direntlXPE observations are compared with each other and with
numerical simulations in order to study the general properties of the polarized X-ray radiation and
understand the geometry of the accreting system.
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1. Neutron Stars

Neutron stars are born after the gravitational core-collapse Supernova of a star with quite high mass
8M . M. 25M . Massive stars can proceed past the He-burning phase and arrive to synthesize
elements of the iron group, unlike solar mass stars. When the core is made mainly of Fe and Ni, no
exothermic nuclear fusion reactions can take place and the high temperature causes photodisintegration of
nuclei and neutrino production and emission. With no pressure support, the core collapses under its own
gravity, the density starts to increase and, &10'* g cm 3, the nuclei are completely broken up and
matter is mainly composed of neutrons. If the star hascently high mass, the degeneracy pressure of
neutrons can stop the collapse and trigger a shock that propagating outward blows up the star envelope
(Supernova eveptAfter the shock reaches the surface, it produces a splash of radiation in all bands of
the electromagnetic spectrum (EM). In addition, the core collapse itself should be accompanied by a
powerful outburst of neutrino emission and, possibly, of gravitational radiation. Supernova explosions are
accompanied by enormous energy release, a few thiR¥serg in total, mostly in the form of neutrinos.
About 1% of the total energy transforms into the kinetic energy of the ejected explosion, and only a minor
part ( 10* erg) becomes electromagnetic radiation; a smaller part can also be emitted in the form of
gravitational waves. A gravitational collapse of a degenerate stellar core occurs on time scales of 0.1 s. If
the shock wave produced by the core bounce is successful in ejecting the outer layers, it should result
in the appearance of a proto-neutron star with internal temperatur&0*! K (see e.g. Yakovlev et al.,

2005). This proto-NS is hot, opaque to neutrinos and larger than an ordinary NS. It lives for about one
minute and then transforms into an ordinary NS that is transparent to neutrinos. Current estimates of the
supernova explosion rate in the Milky Way are uncertain and give one event per 60-1000 years. The total
number of neutron stars in the Galaxy is estimatetitis 10° but only a very limited fraction of these

can be observed.

1.1 A Brief History of Neutron Stars

The existence of astrophysical objects supported by the neutron degenerate gas pressure, in analogy to the
case of white dwarfs which are supported by electron degenerate gas pressure, was rst proposed in the
1930s by Baade and Zwicky (1934) and then con rmed later on with the discovery of Pulsars (Hewish

et al., 1968). Before the discovery of the neutron by Chadwick (1932), Landau improvised the concept of
NSs in a discussion with Bohr and Rosenfeld in March 1931 (Rosenfeld, 1974; Yakovlev et al., 2013) :
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| recall when the news on the neutron discovery reached Copenhagen, we had a lively
discussion on the same evening about the prospects opened by this discovery. In the course
of it Landau improvised the conception of neutron stafsinheimliche Sterrfeweird stars,

which would be invisible and unknown to us unless by colliding with visible stars they would
originate explosions, which might be supernovae. Somewhat later, he published a paper with
Ivanenko in which he again mentioned neutron stars as systems to which quantum mechanics
would not be applicable.

Landau was able to derive the maximum mass of white dwarfs independently of Chandrasekhar (1931)
and speculated on the possible existence of more compact stars than white dwarfs, with matter close to
nuclear density. However, the only solution which Landau could propose violates quantum mechanics,
since it was a problem to construct atomic nuclei without neutrons because the Heisenberg principle
forbids to localize the electrons within the nuclei. The theoretical prediction of NSs was made by Baade
and Zwicky (1934a) proposing an explanation of the energy release in supernova explosions:

With all reserve we advance the view that supernovae represent the transitions from ordinary
stars to neutron stars, which in their nal stages consist of extremely closely packed neutrons.

In the forthcoming publication, Baade and Zwicky (1934b) delve deeper into the concept of NSs:

[NSH may possess a very small radius and an extremely high density. As neutrons can be
packed much more closely than ordinary nuclei and electrons, the “gravitational packing”
energy in a cold neutron star may become very large, and, under certain circumstances, may
far exceed the ordinary nuclear packing fractions.

Afterwards, Gamow and Landau separately proposed that the core of any (normal) star could potentially
host a NS. This hypothesis implied a graduat¢retior? of stellar material onto its core, with the release

of gravitational energy during the accretion process potentially providing the stellar energy. However,
very soon the idea was almost forgotten when Bethe and Critch eld (1938) showed that the energy of
stars is provided by thermonuclear reactions.

The most crucial ingredient of NSs is the equation of state (EOS) of dense matter in its interior.
The dependence of pressi®n the mass density(or the associated energy dendity: ¢) and on
the temperatur@ of matter must be speci ed. Since NSs are mainly composed of strongly degenerate
fermions, the temperature dependence can be neglected and the EOS can be consideref. at
Tolman (1939) and independently Oppenheimer and Vol d®39) derived the equation of hydrostatic
equilibrium for a spherically symmetric star in the framework of General Relativity, the so-called Tolman-
Oppenheimer-Volko (TOV) equation. Tolman (1939) was able to obtain some exact solutions of the
TOV equation. Even if these solutions do not correspond to any realistic EOS of the NS matter, they allow
to understand the existence of a maximum mass of NSs. Oppenheimer and Y8i89) solved NS
models for the simplest EOS considering a NS made of a non-interacting strongly degenerate relativistic
gas of neutrons and found the maximum (gravitational) mass for a stable statidd Mo, 0:71 M
(Oppenheimer-Volko mass limit).

In the 1960s, motivated by the attempts to discover NSs, the rst studies on the thermal emission from
cooling NSs were proposed (Tsuruta and Cameron 1966; see also Yakovlev et al. 1999), emphasizing
the strong dependence of the cooling rate on neutrino emission processes and pointing out that this
dependence can be used to explore the EOS of dense matter by comparing theoretical cooling models
with observations of thermal radiation from NSs. A standard NS with surface temperatureE®K
emits soft X-rays that can not be detected by ground-based facilities. The rst X-ray detectors were
launched on rockets and balloons at the beginning of the 1960s. The rst cosmic X-ray source of non-solar
origin detected was Sco X (Giacconi et al., 1962), discovered with rocket experiments, followed by
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Figure 1.1: The rst ever detection of a pulsar CP 1919 obtained by Jocelyn Bell on 1967 August 6 (Hewish et al.,
1968).Right Panel successive pulses of CP 1919 occuring every 1.337 s superimposed vertically (Mitton, 1977,
also famous worldwide for being the cover affiknown Pleasurésy Joy Division).

other several X-ray sources (Giacconi et al., 1972). Located in the constellation Scorpius at a distance
of approximately 2.8 kpc, Sco XL stands out as the brightest observable X-ray source in the sky. In
1967, by studying the X-ray and Optical observations of Scd XShklovsky (1967) concluded that

the radiation comes from a NS accreting matter from a companion star, so the rst NS-LMXBs was
discovered. The discovery sparked signi cant interest in NSs. However, initial attempts to establish a
clear link between the NSs and newly discovered compact X-ray sources failed. In particular, Bowyer
et al. (1964) estimated the size of the X-ray source in the Crab Nebula obtaining a size much larger than
expected for a NS (10 km). Ironically, the Crab Nebula turned out to be an exception: the Nebula
indeed hosted a NS, the famous Crab pulsar, hidden within a supernova remnant with the active pulsar at
its center, driving expansion and radiation.

On 1967 August 6, Jocelyn Bell - a graduate student supervised by Antony Hewish - discovered
a weak variable radio source (Hewish et al., 1968) with the new radio telescope in Cambridge. This
telescope diered from the other ones by a good temporal resolution in order to study scintillations of radio
sources while their radiation passes through inhomogeneities of the solar wind in interplanetary space.
Although scintillations from ordinary radio sources are stronger during the day, when the telescope is
pointed closer to the Sun, a new weak variable source was detected during the night. The observations also
indicated that the source had emitted strictly periodic pulses with a perfectly stable period of 1.3373012 s
(Figure 1.1). This led to the speculation that these signals were arti cially produced, perhaps by space
satellites or even by an extraterrestrial civilization (the so-called “little green men”, LGM). It took several
weeks to realize that the rapidly pulsating source, a pulsar now called PSR-BABMas located far
from the solar system. By the beginning of February 1968, three further pulsars (PSRBH1BSR
B0834+06, and PSR B095(D8) were identi ed. In the last ten months of 1968, more than 100 pulsars
were detected and discovered. In 1974 Hewish was awarded the Nobel Prize for the discovery of pulsars,
but “in some circles, controversy still lingers over the decision of the Swedish Academy not to include
Ms Bell in the award (Will, 1994). The discovery of the Crab pulsar provided a crucial hint that the
discovered sources were indeed rotating magnetized NSs instead of oscillating white dwarfs or NSs (Gold,
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1968): its measured pulsation period appeared to be very Bro@3 ms (Comella et al., 1969) and the

white dwarfs could not sustain such a rapid rotation, as they would be destroyed by centrifugal forces.
Pacini (1967) demonstrated that a rapidly rotating NS with a strong dipole magnetic eld coualdrely
transform its rotational energy into radiation, suggesting that the rotational energy loss is the same as
produced by a rotating magnetic dipole in vacuum. Therefore, pulsars are spinning NSs with magnetic
moments inclined with respect to the spin axes. Radio emission is produced in the magnetosphere outside
the star and is beamed along the magnetic axis. The beamed radiation rotates with the star, and a pulsar
is detected if its beam crosses the Earth. The rotational energy and momentum are carried away by the
released EM radiation, causing regular slow spin-down of the pulsar (increasing the pulse period).

1.2 Physics of Neutron Stars

Soon after the observational discovery by Hewish et al. (1968), NSs were identi ed as radio pulsars
(PSRs), which exhibit regular pulsations in the radio band. Although the existence of severahdi

types of NS sources has been con rmed by observations, the number of detected radio PSRs is by far
the largest. The energy that sustains pulsar emission is supplied by their fast rotation via the braking
operated by their intense magnetic eld, which is usually assumed to be dipolar. A rotating dipole emits
electromagnetic energy according to the Larmor formula:

BgolRﬁs 4 sin?
6c3

wherem is the magnetic dipole momerB,, is the magnetic eld strength at the magnetic polés
the angle between the dipole axis and the star spin Bxisis the stellar radius and= 2 =P the star
angular frequency. The spin peri®dof PSRs (typically in the range 0:01 1 s) is measured from
the pulsations they show in the radio band. By equainggiven by equatioril.1)with the rotational
energy lossekq; = | it results

Erad = _Jmlz = (1.1)

5 ,
6lc3

wherel is the stellar moment of inertia and, as it can be seen from the minus sign at the right-hand side,

the rotational motion of the star slows down. Solving the previous equatids,§pand considering a

typical NS with mas$Viys = 1:4M and radiusRys = 10km (and sd  10*®g cn), the intensity of the

dipolar magnetic eld, assuming that all rotational Idssg; is converted into radiation powéi;,q is

S

6lc3

PP 32 109 PPG (1.3)
4 2R sir? ' '

Bpol =

with P the spin-down rate, typically 10 16 10 2ss 1,
Integrating equation (1.2) over time, starting from star hirthO up to current timé = t;, one has

1 2BRgsir?
2t 6lc3

te; (1.4)

where the magnetic eld has been considered as constant and, since the star slows down, it has been
assumed (0) (tc). Then, solving fot;, one obtains
1P
te==—; 1.5
=55 (1.5)
that is called theharacteristic agef the star. Actuallyf; is a good approximation of the real star age
(which can be evaluated through érent methods, e.g. from the kinematics or the cooling properties
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Figure 1.2: Neutron stars population in the P diagram. The labels refer to the observational properties of the

NS: rotation powered pulsars (PSRs), X-ray Dim Isolated NSs (XINs), Anomalous X-ray pulsars (AXPs), Rotating
Radio Transients (RRATS) and Magnetars (AX3GRs). The High Energy (HE) label is assigned to PSRs or
RRATs with pulsed emission from radio to higher frequencies and energies. Magenta circles indicate the NS in
binary system. The dashed lines represent constant magnetic eld while the dotted ones the constant characteristic
age. The brown line correspond to the Death line.

of the source) if indeed the spin period of the star at birth is much smaller than that RodagtP play

a fundamental role in characterizing the properties of NSs and the Galactic NS population is usually
represented in thB P diagram, shown in Figure 1.2. Data are taken from the Australian Telescope
National Facility Catalogue(ATNF Catalogue, Manchester et al., 2005).

Rotation powered PSRse the most abundant population and |l the central region of the plot with
typical periods of 0.1-1 s and magnetic elds ofL0*? G. Most of them are noted for their pulsed radio
activity, although they are also visible in other bands, i.e. X- amdys.Millisecond PSRare placed in
the bottom-left corner at small values®fandP, with low magnetic elds 108 G. Their fast rotation
originates in the spin-up by accretion from a companion star in binary systenoyxled pulsarssee
e.g. Patruno and Watts, 2021). TXeaay Dim Isolated NSEXDINS) are a very small class of isolated,
middle-aged objects exhibiting a very soft, purely thermal X-ray spectrum with typical temperatures of
0.05-0.1 keV and a very large X-ray-to-optical ux ratio, without radio emission. So far, only seven of
these NS have been discovered, also knowilagni cent Sever{see e.g. Turolla, 2009Magnetars
observationally identi ed a&\nomalous X-ray pulsaf@XPs) andSoft Gamma RepeatefSGRS), are
found in the upper right corner with a very strong spin-down magnetic &ld@? G) and a young age.
They are bright in the X-rays, with transient activity such as high-energy bursts and outbursts powered
by the fast dissipation of the strong magnetic eld (see e.g. Turolla et al., 2015; Kaspi and Beloborodov,
2017). Rotating Radio Transienf®RRATS) are isolated NSs that emit short and bright radio bursts of
2—-30 ms duration in a irregular way, without direct observations of the rotational period. The available
estimates were inferred from the time intervals between radio bursts (McLaughlin et al., 2006; Mereghetti,
2011).

Ihitps://iwww.atnf.csiro.au/research/pulsar/psrcat/expert.html
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1.3 Internal Structure

A NS can be divided into dierent layered regions as shown in Figure 1.3 (Haensel et al., 2007):

~

The outer regiondtmospherkis a thin plasma layer where the spectrum of thermal electromagnetic
NS radiation is formed, mainly composed of heavy elements (Fe, Ni) and possibly H and He coming
from accreted interstellar medium. The atmosphere layer is very thin due to the strong gravity of
the neutron star, but can be optically thick. The spectrum, beaming and polarization of emerging
radiation can be determined theoretically by solving the radiation transfer problem in atmospheric
layers. The thickness of the atmosphere varies from about ten centimeters in a hot NS (with an
e ective surface temperatufe 3 10° K) to a few millimeters in a cold onélg 3 10° K).

Very cold or ultra-magnetized NSs may have a solid or liquid surface.

The envelopgor ocear) is about 100 m thick and is made up of a Coulomb liquid of ions and
electrons with relatively low density ( 10° g cm ). It is the region with the largest temperature

and pressure gradients, while the density decreases smoothly. Together with the atmosphere, it
represents only a very small fraction of the total mass.

The outer part of therustis mainly composed by a Coulomb lattice of Fe nuclei, free neutrons and
ultra-relativistic degenerate electrons. The nuclei are increasingly rich in neutrons as the density
increases ( 10° 10'°gcm 3, upto 10" gcm 3) as a result of electron capture. The transition
between the crust and the envelope takes place at a density below which the matter is in a liquid
state. Free degenerate neutrons, electrons and heavy nuclei makeénnetieust The thickness

of the entire crust is about 1 km.

The next layer is thenantlein which the nuclei are condensed in a super uid. Due to the high
energy given by the Coulomb interaction, the nuclei are deformed into cylindrical or planar forms
(nuclear pasta The existence of the mantle is strictly correlated to the stability of nuclei and its
very existence is hence debated.

The outer corehas extremely high densitie€% o. . 2 g, where g is the normal nuclear
density) at which matter consists in a plasma of protons, neutrons and lepfmsnjatter). The
thickness of the outer core is generally of the order of a few kilometers and makes up the bulk of
the NS mass.

The central partifiner cor@ has a very high density and exists only for stars viiti& 1.5M .

The inner core composition is still not well understood. Classically, it is described as a super uid
of baryons, most of which are neutrons. Neutrons degeneracy pressure can maintain the star
against gravity. The presence of heavy particles, mainlyand * hyperons, is also possible

(npe  -matter). But there is the possibility to have instead exotic state matter hyperons, like the
formation of Bose-Einstein condensateobr mesons or a quark-gluon plasma.

For a cold non-accreting NS, complete thermodynamic equilibrium can be assumed with respect to all
interactions at zero temperature. For a given baryon dengjtgharge neutrality and-equilibrium,

the ground state is the one that minimize the total energy density. -Eleilibrium corresponds to the
chemical equilibrium reached betweeinect andinverse -decay

8 J—
3n!l e +p+ ¢
Ze +p! N+ o

Only degenerate neutrons can provide the pressure to sustain the star against gravity. However, the
inverse -decay may occur only if protons and electrons are completely degenerate because in this case
their energy, which corresponds to the Fermi energy, can compensate for the proton-neutron mass defect
Q=m, my' 25me' 1:3MeV. Complete degeneracy is reached in the limit of temperature going to
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Figure 1.3: Schematic representation of a NS structure (Haensel et al., 2007).

zero and the Fermi-Dirac distribution function at thermodynamic equilibrium becomes

1 [T o
1+eE )TT°

where is the chemical potential ar&ld(EF E) is the Heaviside step function. The Fermi energy is

f(T) = (Er B

alsodenedafr= (T! 0)=m& 1+ xﬁ, with xg being the adimensional Fermi momentum as a
function of the number density

Xp — == — (1.6)

and wheree = 2299  10° mi/s is the speed of light artu= 4:135 10 eV sis the Planck constant.

In NSs we can always assume complete degeneracy for all species because the temperature is much
lower than the Fermi temperature de nedBs= kgEr ' 102 K. Furthermore, the density is so high that
degenerate electrons also become relativisiie (1) while neutrons and protons remain non-relativistic
(Xen XFp  1). Finally, the -equilibrium can be expressed using the Saha equation for the chemical
potentials equilibrium, neglecting the contribution of neutrino£ -= 0):

e+ p = n (17)

At zero temperature, chemical potentials are given by Fermi energies so that equation (1.7) reads

q q q
mec? 1+x3+mpc® 1+x3=mnc® 1+% (1.8)

and combining with charge neutrality condition, we can obtain the neutron to protorfriatiie NS

4(1+ X2 32
R= =3 ( X”)2 (1.9)
Np Xq + 4Qxg=my + 4(Q2 M)A,
which can be related to mass density as
n 3
=y 1+ = e, L (1.10)

Nn 3 h R

Taking this relation to the high density limit, one sees that the ratios between the number densities of the
particles go asi, : np : ne = 8 : 1: 1 This relation can be used as a rule-of-thumb for the whole NS; in
particular, the presence of charged particles is crucial for the generation of magnetic elds.
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The macroscopic properties of NSs strictly depend on the details of the dense-matter EOS. For a
given EOS describing the structure of the core and the crust of the NS, a maximum predicted NS mass
and the corresponding radius are associated. The EOS models can be didd&drionderateandsti
with respect to the compressibility of the matter. A small maximum mass is associated withostels,
whereas the opposite occurs for soft models. The maximum mass can provide a comparison with the
observations, as the heaviest known NS nMss 2:14*325 M (Cromartie et al., 2020) is bigger than
what many EOS predicted. Furthermore, assuming that the isotropic pressure on the surface is zero, a
prediction of the NS radius can be derived. Knowing the mass-radius relation precisely would put strict
constraints on the EOS itself. However, it is extremely clillt to measure with any precision the mass

and especially the radius of a NS (see Haensel et al., 2007, and references therein for more details)

1.4 Global Structure

Spherical symmetry can be assumed for the matter distribution in neutron stars with high accuracy.
Deformations could be induced by very fast rotatién (1 ms) or extremely strong eldB & 108 G

(Haskell et al., 2006). However, the present valueB ahdB, as derived from observations, are outside
these ranges. The equilibrium con guration of the neutron star crust is the result of the competition
between pressure, electromagnetic and elastic stresses and the gravitational pull. The global structure can
be derived from Einstein's equations (Einstein, 1915)

1
R Ry =8T (1.11)

whereR is the Ricci curvature tensor coming from the contraction of the Riemann curvature tensor,
R=g R isthe Ricciscalarang is the spacetime metric. The stress-energy temsotakes into
account pressure, electromagnetic and elastic stresses. Using spherical coofdinatgdt is possible
to write the most general form of a non-rotating, spherically symmetric spacetime (Misner et al., 1973) as

d= & Od?+ e Odr? +r2(d 2+ sir? d' ?): (1.12)

The presence of matter fok R , whereR is the stellar radius, modi es the metrim{erior Schwarzschild
solution). Describing matter as a perfect uid of energy densitysotropic pressur® and 4-velocityu ,
the function in the metric coe cient can be computed as

(= %In 1 ZTS)

while the lapse function%e () is determined by

d (r) _ m(r) 1+4 r3p 1 2m(r) 1
dr 12 m(r) r

(1.13)

with the boundary condition at the stellar radefs®) = 1 2M=R whereM m(R) is the total
gravitational mass of the central object. We de ne the enclosed gravitational mass within arraslius

Z r

m(r) = 4 (F)FdF
0
where is the mass-energy density. In the empty space surrounding a spherically symmetric distribution
of matter, i.e.P = = 0, theexterior Schwarzschild solution is recovered. The total radius of the star
is determined by the conditid®(R) = 0. The hydrostatic equilibrium condition in this con guration is
described by the Tolman-Oppenheimer-Volkequation (Tolman, 1939; Oppenheimer and Volk939)
and the pressure pro 18(r) is
d ().

dr

ar (+P)

(1.14)
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The TOV equation completely determines the structure of a spherically symmetric body of isotropic
material in equilibrium. We can recover the Newtonian limit simply by setting the exponential terms
e =e =1

For a rotating object such as a NS, the spherical symmetry is no longer valid. The spacetime outside
a NS can be modelled, at the rst order, using the Kerr metric (Kerr, 1963). Using Boyer-Lindquist
coordinatef;r; ; ), the Kerr metric line element can be written as (Bardeen et al., 1972):

2M AMra sir? 2
d¢= 1 =0 d@2 TN g de+ —dr?+
, (1.15)
2
v 242+ 2agle 2Mra23|n2 Si? d 2:
whereM is the mass of the central objeat= J=M is the angular momentum per unit maés (a M)
and and 2 are de ned as:

r2 2Mr+a?;

1.16
r’ + aco¥ : (1.16)

2

Hartle and Thorne (1968) derived the actual spacetime metric that describes the exterior of a slowly and
rigidly rotating, stationary and axially symmetric body as a solution of Einstein's equdtichk) In the
limitr!1 | the Kerr metric reduces to Minkowski's metric in polar coordinates, i.e. is asymptotically
at, while for a! 0 (with M, 0) the Schwarzschild metric is recovered.

Being stationary and axisymmetric, the Kerr metric admits two Killing vector eldstfand
associated to two conserved quantities for particles motion

E g u = p 2.17)

L gu=p (1.18)

whereu is the particle four-velocityp the four-momentum anB andL are respectively the conserved
energy and angular momentum at in nity (Misner et al., 1973). Along with these two quantities and the
particle rest mass, the equation of motion in Kerr spacetime can be uniguely determined using the Carter
constant (Carter, 1968)

Q=p +cos [a*( %2 pd)+p?sin? ]: (1.19)

For equatorial orbits, the Carter constant must van@hk (0). The equation of motion for particles or
photons can be derived by minimizing the action, which is equivalent to the Eulero-Lagrange equations:

d@_! @ dx dx

CTS@ @:0 with L =g EE (1.20)
Using the conserved quantities for equatorial orbits, the particles motion is described by
dr!2
r3 T = [r(r?+ a®) + 2Ma®]E? 4aLME (r 2M)L? r (1.21)

However, there is a dierence between Schwarzschild and Kerr spacetime: while in the former case, each
L corresponds to only one value Bf in Kerr E depends orm and not ore?, i.e. it has a sign. This
implies that the scenario of a prograde (concordant) or retrograde (discordant) orbit around the BH or
NS is di erent. The radius of the innermost marginally stable circular ogkitan be determined from

the e ective potentiaVe . In particular, the derivative df, with respect ta has to be null evaluated at

Ir = rms leading to the following equation (Misner et al., 1973)

r2s 6Mrms+8aMPri2 3a2=0 (1.22)
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and its solution will be ( h |
=2
fms=M 3+Z, (3 Z1)B+Zi+225) (1.23)

whereZ; andZ, are de ned as:

" # "
zi=1+1 & = 1+ 2%, 29 andZ-3a2+ZZH
1= M2 M M 27 Tz T 1

For di erent values of the spin, the innermost stable circular orbit varies:

~

a = 0 (Static BH): the circular motion becomes unstable at distaneeSM;

“0<aM 1 (Slowlyﬁgtating BH): the region of stable motion shifts closer towards the event
horizon,r,;s 6M 4 6aM=3;

a = 1 (Extreme-spin BH): in this limit case, the innermost stable circular orbit coincides with the
gravitational radius of BH for co-rotating orbitsys = M, while it broadens up to,s= 9M for
counter-rotating orbits.



2. X-Ray Binaries

Accretion plays a crucial role in several elds of astrophysics. Most celestial objects (such as galaxies, stars
and planets) are formed by accretion processes atdit scales. By de nition, accretion represents the
gradual accumulation of matter onto an object under thexts of gravity. The extraction of gravitational
potential energy from matter accreting onto a gravitating body is now known to be the main source
of power in several types of close binary systems. Therefore, accretion is a natural and very powerful
mechanism for producing high-energy radiation and powering the most luminous objects in the Universe.

2.1 Accretion

As matter comes closer to a gravitational body, such as a compact object, it releases gravitational potential
energy, which turns the accreting object into a highly powerful source of energy, e.g. for binary systems,
active galactic nuclei or quasars. Taking into account a body of iMaamsd radiusR, the gravitational
potential energy released by the accretion of a masato its surface is

GMm
Eacc= — 2.1
acc R ( )
If the central body accretes matter continously at a ktén the time interval t it will liberates the
energy

GMM t
Egra\/: T . (22)

If the energy is radiated away at the same rate at which it liberated, the luminosity due to the accretion
process is

Lace= —— = MC2 (23)

where is the accretion eciency. For a xed mass accretion rate, the accretion lumindsityincreases
with the compactnessl=R of the accreting object. The eciency of the accretion mainly depends on the
speci ¢ energy at the inner edge of the accretion djskassuming that the torque there is negligible

r—

2M
=1 1 :

Tl (2.4)

15
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The e ciency will be smaller for inner edge far from the innermost stable circular orbit, ranging from
6% for non-rotating BHs to 42%for maximum spinning BHs. For a solar mass NS with a typical
radius ofRys 10km, assuming that the accretion ow stops onto the NS surface, the typicakacy
is
GMns
s

Therefore, despite its extra compactness, a stellar mass BH may not be nudeatan the conversion of
gravitational potential energy to radiation than a NS of similar mass (Frank et al., 1992).

In binary systems with a central compact object, matter coming from the companion star and accreting
onto the central object can generate large luminosities. However, if the accretion of matter becomes too
important, the radiation pressure will limit the accretion rate and consequently the observed luminosity.
Considering steady spherical symmetric accretion and assuming that the accreting matter is mainly
made up of fully ionized hydrogen, the radiation exerts a force mainly on the free electrons through
Thomson scattering, since the scattering cross section for protons is a(fa(g;iaurrp)2 smaller. If there is
a population of elements other than hydrogen that have retained some bound electronectikie eross
section resulting from the absorption of photons in spectral lines can considerably exceed the Thomson
cross section 1. The outward radial force on each electron corresponds to the rate at which the electron
absorbs momentum from the radiant energy ux. Protons are dragged with the electron because of the
attractive electrostatic Coulomb force. The neget is that radiation pushes the electron-proton pairs
against the total gravitational force acting on each pair at a radial distédrma the center. The limiting
luminosity for which the two forces compensate for each other is

NS 15%: (25)

GM L 4 GMmyc M
M _lew T Legg = €. 106 1078 o erg st (2.6)

D2 4 D2 T

whereLggyq is the Eddington luminosity. At higher luminosities, the outward radiation pressure would
exceed the inward gravitational attraction and accretion would be halted. For accretion-powered objects,
the Eddington limit implies a limit on the steady accretion rate. The mass accretion rate corresponding to
the Eddington luminosity is |
R M

Mggg' 15 108 ——— —: 2.7

Edd 10km yr 27
Any additional mass is blown oby radiation pressure. However, it should be noted that the previous
derivation assumes a steady and spherically symmetric accretion ow mainly composed of fully ionized
hydrogen. For dierent geometries of the accretion ow and in realistic situations, the previous Eddington

limit relation provides only a “crude” estimate.

2.1.1 Roche Lobe Over ow

In an interacting binary system, one of the main processes for the transfer of matter between the two
objects is the so-calleRoche lobe over ow During their evolutionary lifetimes, if one of the stars
increases its size (or their binary separation shrinks) to the point where the gravitational pull of the
companion can strip othe outer layers of its envelope, the matter starts owing between the two objects.
Let us consider a test particle moving in the gravitational eld of a binary system, composeddufrtoe

star with masdM, and the compact object with makls, both rotating around the center of mass. The
orbit of a test particle in the gravitational potential due to the two massive stars orbiting each other under
the in uence of their gravitational attractions can be assumed to be circular, as the test particle does
not perturb the orbits of the two stars (Frank et al., 1992). This is usually a good approximation for
binary systems, as tidal ects tend to circularize originally eccentric orbits on timescales shorter than
the average time over which mass transfer occurs. Moreover, the two massive stars are assumed to be
“centrally condensed” and can be considered as point-like masses. The motion of the gas particles (which
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Figure 2.1: Deprojected equipotential surfaces of the Roche poteptal the plane orthogonal to the angular
velocity! . TheLagrangepointsL,, L, Ls, L4 andLs are de ned byr g = 0. The pointL; is known as theeddle
point and it is crossed by matter in motion from the donor towards the accretor.

belong to the donor star) is governed by the Euler equation

@+(vr)v: re 2 v (o) r g (2.8)
@
where the left hand side represents the total derivative of the uid velacégd the right hand side
contains the pressure gradient, the Coriolis and Centrifugal terms and the gradient of the gravitation
potential g of the system. The angular velocity of the binary systewan be computed from Kepler's
law in terms of a unit vectog,"as
| = GM & (2.9)
! 7 o :
wherea is the binary separation, i.e. the distance between the centres of mass of the two masses.
Since the centrifugal force admits a potential, we can de ne the Raahepotential as

GM; GMy
jroraj jrorg

wherer 1 andr, are the position vectors of the centres of the two stars. The locus of points in which that
potential is constant is callezfjuipotential surfacand for this case it corresponds to the surface on which

the gravitational force excerted by the two masses on the test mass is balanced by the centrifugal force (see
Figure 2.1). The points de ned iy r = 0 are called_agrange pointsThe shape of the equipotentials is
entirely governed by the mass rati= M>=M3, while the overall scale depends on the binary separation

a

R= g+ c= %o r)? (2.10)

In order to understand how the mass transfer is triggered, let us consider the donor star, which is
evolving slowly so that its surface can be seen, to a rst approximation, to be at rest. The Euler equation
for a particle on the star surface, since for the previous assumption the Coriolis contribution vanishes,

reads as follows 1
-rP r r=0 (2.11)
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and since the surface of the star is in hydrostatic equilibrium
rP=0 (2.12)

the star surface turns out to be an equipotential surface. Until the surface of the donor star is smaller
than its Roche lobe, there is no ow of matter related to gravitational attraction of the compact star and
so the binary system is detached and mass transfer could only proceed through winds. Let us assume
that for some reason, possibly related to stellar evolution, the donor star expands to the point where its
surface entirely lls its Roche lobe. Any perturbation around the inner Lagrange point (L1; Figure 2.1)
will push matter into the Roche lobe of the compact star, starting the accretion mechanism. When mass
transfer begins, the parameteranda of the system will vary: a$/l; increases accreting matter whitg
decreases, the mass ragiavill change over time; because of the redistribution of the angular momentum
within the system, the binary separat@and the period will also be altered during the mass transfer
process.

Since the Roche geometry is determinedabgndq, it is important to verify the eect of their
variations with time, checking whether the Roche lobe of the donor star will shrink or swell. In particular,
in the former case, the Roche lobe-over ow process will be self-sustaining for some time. Each lobe is
characterized by an average radius de ned as the radius of a sphere that has the same volume as the lobe.
Due to the complicated form of the Roche potential (Equation 2.10), numerical calculations are required
to compute the lobes radii; a good t for all valuesmis given by the approximate analytical formula
(Eggleton, 1983):

0:49¢%3
=a f(0): 2.13
0:6 0=+ In(1 + 1) a 1@ ( )

The variation of the lobe size over time can be written as

dR, _da df(g) da
R a + @ a (2.14)

R, =a

where the approximation holds &¢&q) depends weakly og. Therefore, when the orbital separation
decreases, the radius of the Roche lobe decreases at the same time until it reaches or becomes smaller
than the radius of the donor star itself. In this case, the Roche lobe over ow regime can take place and for
asu ciently long time. By combining the angular momentum conservation with the third Kepler law:

Mia2l + Mpad! = constant and #a®= G(My+ M2)Porp (2.15)

wherea; anday are the distances of the two stars from the center of masPanib the orbital binary
period, the binary separation variation over time can be written as
da_ 2dPop _ 2(9 1)dg.

a 3 Por q+1l q

(2.16)

Sincedqis always negative all, is losing mass in favor o4, for q & 1 (i.e. the accreting object has a
smaller mass than the donor one), the Roche lobe of the donor star shrinks while the star increases its
volume while the binary system loses angular momentum and therefore the mass transfer will continue
for asu ciently long time.

2.1.2 Accretion Disk Structure

As a consequence of the Roche lobe over ow process, the transferring material has rather high speci c
angular momentum, so that it cannot accrete directly onto the mass-capturing star. The components of
particles stream velocity in a non-rotating frame along and perpendicular to the line of centers are

h=s 1= r

Mi 15 P T
! 100 — 1+ —_— km= . 10 —— km= 2.17
v, by 00 M 1+q Tday m=s and W. ¢cs 10 1K m=s ( )
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whereb; is the distance of; with respect to the center ®fl; andcs is the speed of sound in the envelope

of the donor star, since the gas is pushed thrdughy pressure forces. Therefore, as the gas emerges
throughL,, its stream will be almost orthogonal to the line of centers forming a disk around the compact
object (see Frank et al., 1992, for more details).

The steady-state structure of the disk is governed by the equation of (magneto)hydrodynamics, since
the characteristic macroscopic length of the disk (i.e. its thickness) is much greater than the mean free
path of collisions of microscopic particles. This model was introduced by Shakura and Sunyaev (1973)
with several assumptions that are common to most models that describe accretion disks:

" the donor star in the binary system has negligible gravitational in uence on the disk;
the self-gravitation of the disk is not important;

the disk is axisymmetric@® = 0) and in stationary stateg{= 0);

" the diskis thin, i.eh(r) r;

particles move around the compact object on Keplerian circular orbits;

~

the disk is radiatively e cient, i.e. radiative cooling is the only cooling mechanism.

This model was upgraded right after by Novikov and Thorne (1973) including General Relativity assuming

the Kerr spacetime metric and introducing a very convenient formalism of splitting all the relations into

Newtonian limits times GR corrections (see also Sadowski et al., 2011; Abramowicz and Fragile, 2013).
The rst fundamental equation is threst mass conservation

r ( U)=0 (218)

where is the rest mass density andthe four-velocity. The second fundamental equation that describes
the uid dynamics is
rT=0 (2.19)

where the stress-energy tensor is de ned as:
T =uu (P+ )+Pg t +uqg +ugq (2.20)

whereP is the total pressure,is the gas internal energy, is the radiative energy ux. The viscous stress
tensort is then given by
t = (2.21)

with  the kinematic viscosity coecient and the shear tensor of the velocity eld. Assuming that the
internal energy density of the gas is much smaller than the gravitational binding energy, we can neglect
the contribution of . When the viscosity results directly from magneto-rotational instability (Abramowicz
and Fragile, 2013), the stress-energy tensor is

T =uu (P+ +b>)+(P+b’2)g bb+uq+ugq (2.22)

where the uid-frame magnetic eldb is related to the reference-frame magnetic &d
1
b =EB(uu+ ): (2.23)

These general relations are used to build all relativistic hydrodynamical models of accretion disks. For
stationary, axisymmetric accretion ow in the non-relativistic limit, these two equations become the
Navier-Stokes equations. Integrating ovemdz the mass conservation (Eg. 2.18), the mass accretion
rateM is

M= 2r V (2.24)
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where the disk surface densityand the uid radial velocity measured in the local rest frame are introduced
as 7
+h

dz (2.25)
h
Z +h

1
AV udz: (2.26)
h

Considering the —component of Eq. 2.19, the general form of #mgular momentum conservati
rT )=0 (2.27)

where = @ is the Killing vector along associated to axial symmetry of the Kerr metric. Integrating
Eq. 2.27 over andz, assuming that the only non-vanishing component of the stress-energy tehgor is
the nal angular momentum conservation can be written as

M
> (L Lin)= 2hr?t (2.28)

whereL = r? s the angular momentum per unit massis angular velocity of the uid and.;, is the
angular momentum at the inner edge of the disk, assuming vanishing torque at the inner boundary.
Evaluating now thé—component of Eq. 2.19, the general form of &mergy conservation equation

where s the Killing vector related to time symmetry of the Kerr metric. After integration aver
(similarly to Landau, 1932), the energy balance equation can be obtained as
" #
@ @
Tu=+UuU—= =Q 2.30

@ @ Qws Qrad ( )
whereS is the entropy per unit mass and on the right hand side the local viscous heat generatiqg rate
and the radiative cooling rate are de ned as (Abramowicz et al., 1996)

32 T4
3

Quis=T 2" and Qrad = (2.31)
where is the Stefan-Boltzmann constant anid the opacity.
After vertical integration, theertical hydrostatic equilibriungi.e. the —component of Eq. 2.19) can
be derived assuming that the pressure gradient is balanced by the vertical component of the gravitational

force
dPp _ Mz

- 9TE
which has the same form as in the Newtonian case but witbrdit tidal gravitation acceleratian
In accretion disks, the angular momentum is therefore transported by viscosity. Let us consider a
parallel shear ow where the upper layer moves at a higher velocity and momentum is transferred from
the top to the bottom. This leads to deceleration of the upper layer and acceleration of the bottom layer.
Viscosity plays a role in reducing shear and promoting the formation of uniform layers. The horizontal
viscous force exerted on the unit surface of the interface plane is

t_@y
YT @y

where on the right hand side there are  is the coe cient of dynamical viscosity and the velocity
gradient along the normal direction. In the accretion disk case, we do not deal with parallel layers but

(2.32)

(2.33)
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with di erentially rotating annuli, with rotational velocity increasing in Keplerian ows inward. As a
consequence, viscosity will transfer the angular momentum from the inner annulus to the outer one. This
results in the loss of angular momentum by matter, causing it to move inward. If the accretion disk is
truncated at a speci ¢ outer radius and there is no external force acting on it, the outermost annuli will
receive all of the transported angular momentum and move outward towards in nity. The viscous force
per unit area acting in the azimuthal direction of the interface plane betweerediially rotating annuli

is !

@v v’ @
tr @ T r @ (2.34)

As the nature of the viscous processes in accretion disks was not well understood at the outset, Shakura
and Sunyaev (1973) proposed a sophisticated and plausible framework for accounting for vis@udgy e
assuming that the origin of viscosity is somehow linked to turbulence within the gas-dynamical ow. The
kinematic viscosity coe cient can be assumed to be

Veurb lturb (2.35)

wherewy, andlyr, are respectively the typical turbolent motion velocity and length scale. Assuming that
the velocity of turbulent elements cannot exceed the speed of sgamdl that their typical size cannot
be larger than the thickness of the dislone gets

V. Csh: (2.36)

Using the vertical equilibrium equation (Eqg. 2.32) and comparing it with the stress tensor in the azimuthal
direction (Eq. 2.34)

¢z P

tr and csh= — (2.37)

one can nd that
<P ! t = P (2.38)

where an adimensional viscosity parameter 1 has been introduced (the so-callegbrescription
Shakura and Sunyaev, 1973).

2.1.3 Energy Release

The viscous dissipation of energy possessed by uid particles occurs within the disk and the heating is
radiated locally. The standard geometrically thin and optically thick accretion disk implies that photons
scatter many times before being emitted from the disk surface, so particles and photons continuously
transfer kinetic energies. As a consequence, each element of the disk surface radiates as a blackbody with
temperaturd (R) related to the dissipation rate

1] #
3GM M 1 R 12

8 R3 R

whereM andR are respectively the mass and radius of the accretion object. Thus, the (local) blackbody
spectrum emitted by each element of the disk surface is

T4R) = D(R) = (2.39)

=2 3 1 _

T2 kTR 1
Considering an observer distdbtfrom the system whose line of sight angle with respect to the normal of
the disk plane i$, the observed ux is

(2.40)

Z Z
1 Rout 3 1 F\’out
E = 2 cosi | RdR= 4 h °cosi _RdR (2.41)
D2 R c2D? R e=KIR 1
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Figure 2.2: Accretion disk spectrum (left panel) with a radial temperature pio/ler 3 (right panel). The disk
has been divided into ten annular regions, whose blackbody spectra are representedesgifit diolors, from the
hotter inner region in purple to the colder outer region in orange.

which is independent of the disk viscosity and it is roughly a superposition of many subsequent blackbody
spectra at slightly dierent temperatures (Figure 2.2, see also Frank et al. 1992 ForkT(Ry.¢), each

local spectrum assumes the Rayleigh-Jeans form, while for kT(R ) each Planck function takes the
Wien form 8
3B (T)/ 2T forh  KT(Rou)

PB(T)/ 22e KT forh  KT(R)

For intermediate frequencidd (Rou) h kT(R ), the integrated spectrum is a “stretched-out”
blackbody,F / 3. The total luminosity emitted by the whole disk is

(2.42)

z z #
Rout 3GMM ~ Rou R ®2drR GMM 1
Lgisk = 2 D(R)2 RdR= 1 — —=——"—=Z2L
disk R R 2 R R R2 2R o -ace

(2.43)
whereR,! 1 is assumed. Half of the available energy is radiated as matter moves slowly spiraling
towards the central object.

2.1.4 Boundary Layer

If the central object is a NS, the accretion disk could extend all the way down to the star surface. In a
realistic situation, since the NS rotates slower than the accretion disk, the disk material begins to decrease
the velocity from its Keplerian valuekep to the angular velocity of the NS surfaces in aboundary
layer of radial extensiom (Figure 2.3). For a thin diskh  Rys and thus the velocity is very close to
the Keplerian value d&ys + b (whered =dr = 0) and then starts to decrease towards the NS, Huisif
instead comparable Rys, there is no more a boundary layer and the disk will become thick (Frank et al.,
1992). For strong magnetized NSs (e.g. Pulsars), the inner regions of the disk could be disrupted by the
magnetic eld and the accretion ow will be redirected onto the magnetic poles.

The luminosity radiated by the boundary layer can be easily derived from the speci ¢ eneeggiite
between the Keplerian velocity Bt and a particle with angular velocity on the star, including also the
stress contribution on the “edge” on the star surface (see Frank et al., 1992)

! %

le,=—=—1 — 2.44
e (2.4
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Figure 2.3:Left panel Schematic representation of the boundspyeading layer between the accretion disk and
the NS surface, extending up to a latituge Right panel Radial dependence of the NS, spreading layer and disk
velocity. The velocity decreases from its Keplerian valug, to the angular velocity of the NS surfaces in the
boundary layer (Inogamov and Sunyaev, 1999; Popham and Sunyaev, 2001).

andLg_ will reduce to halfL g for k as expected. The luminosity radiated by the boundary
layer is emitted through a region of radial extéhon the two faces of the disk. If the accretion rate is
high enough, the boundary layer will be optically thick and radiate roughly as a blackbody. With the
knowledge of the emitted luminosity, the characteristic boundary layer blackbody temperature is
n I _
GMM % R

4 _
4RHTg="p=1 — ' Ta 4 T (2.45)

whereT is the characteristic blackbody temperature of the disk.

The region of the accretion disk where the gas begins to deceleratebsundary layer while
the spreading layeiis considered as the gas approaches the NS surface and extends to high latitudes
(Inogamov and Sunyaev, 1999; Suleimanov and Poutanen, 2006). For low mass accretion rates, the hot
inner ow smoothly joins the optically thin boundary layer and the NS surface provides soft seed photons
to the observed spectra (Done et al., 2007). When the accretion rate increases, the temperature of the
NS increases and the disk eventually moves inward, with the hot inner ow collapsing into a thin disk.
The boundary thus becomes optically thick to electron scatterings, but not completely thermalized into a
blackbody (Popham and Sunyaev, 2001).

2.2 Neutron Stars X-ray Binaries

Compact objects in binary systems regularly accrete mass from the companion star and X-ray binary
systems are often classi ed based on theadent ways of mass transfer and the type of the donor star:

" In high-mass X-ray binarieEHMXBSs), the donor star is an early-type massive star (typically a
O or B star) with strong high-velocity stellar winds, which constantly transfer mass towards the
compact object (Hoyle and Lyttleton, 1939; Bondi and Hoyle, 1944; Bondi, 1952). If the star is
already close to its Roche lobe limit, the wind will be particularly focused along the binary axis
(Friend and Castor, 1982).
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" In theBe binariesthe donor is a fast rotating Be star (characterized by a spectrum with hydrogen
emission lines) with an equatorial circumstellar gas disk (Porter and Rivinius, 2003).

In low-mass X-ray binarieLMXBs), the donor is a main sequence, evolved star or a white dwarf
(typically lower than 1 M ) and the central object is surrounded by an accretion disk fed by
Roche-lobe over ow passing through the inner Lagrange pbintThe accreted matter could
eventually hit the stellar surface and generate EM radiation primarily in X-ray wavelengths. The
accretion disk also emits radiations by viscous dissipation and both of these emissions are powered
by the gravitational potential energy release (see Section 2.1).

Weakly magnetized NS-LMXBs are traditionally classi ed into a few broad categories according to their
joint timing and spectral properties in the “classic” X-ray band (1-10 keV) and following their tracks in
the Hard-colofSoft-color diagrams (CCDs) or hardness-intensity diagrams (HIDs, Hasinger and van der
Klis, 1989; van der Klis, 1989; van der Klis, 2006):

" High Soft Statez-sources¥ 10°8 erg's)
" High Soft State Bright Atoll sources (30 1038 erg’s)
" Low Hard State Atoll sources (10°¢ erg's)

Z-sources trace out&-shaped tracks in the CCDs and HIDs on timescales of hours to a day, consisting of
three branches (Hasinger and van der Klis, 1989; Church et al., 2006)otimontal Branch(HB), the
Normal Branch(NB) and theFlaring Branch(FB). The luminosities and the accretion rate increase while
the sources move from the HB to the FB (van der Klis, 2006; Migliari and Fender, 20&®)urces can be
further divided into two subgroups: Cyg X-2-like sources (e.g. Cyg X-2, GX 5-1, Gx@udisplaying
the full Z-track with full HB, NB and FB but with weak aring; on the other hand, in Sco X-1-like sources
(e.g. Sco X-1, GX 1¥2, GX 349+2) there is hardly any HB, but aring is strong and frequent with
large increases in X-ray intensity (Church et al., 2012). From the spectral point of viedsiherces
are characterized by parameters that remain relatively stable during the motion al@gabk (Di
Salvo et al., 2000; Farinelli et al., 2009). The most noticeable transient feature is instead a hard X-ray
excess above 30 keV, which occurs along the HB and appears to be correlated with radio jet emission
(D'Amico et al., 2001; Di Salvo et al., 2002; laria et al., 2004, Farinelli et al., 2005; Paizis et al., 2006;
Migliari and Fender, 2006). Atoll-sources cover a wide range in luminosities, from Dgl@aip to about
50% Lggq (van der Klis, 2006), accreting at relatively low rates (compared-sources; Migliari and
Fender 2006). Many of these sources frequently exhibit X-ray bursts. At high luminosities (or accretion
rate), Atoll-sources trace out a well-de ned curveanana branchn the CCDs or HIDs, along which
sources move back and forth on timescales of hours to day, sometimes showing also secular motion not
a ecting the variability. The banana branch is further divided intauyger bananathelower banana
and thelower left banandased on timing properties (i.e. low-frequency noise and kHz quasi-periodic
oscillations; van der Klis et al. 1990). The harder regions of the CCD patterns are traced out at lower
luminosities and the motion is often much slower (from days to weeks), forming isolated patches in the
CCD or HIDs (theisland state Hasinger and van der Klis 1989). In this state, the motion of the source
does not often follow a well-de ned track, since the secular motion and the branch motion have similar
timescales. The majority of persistent NS-LMXBs are generally observed in the High Soft State (HSS),
with only a few Atolls observed persistently in the Low Hard State (LHS), but most transients and some
persistent sources can easily perform state transitions from one state to the other, e.g. XTBG2701
(Lin et al. 2009a; more details in Section 4.8) or GS 18288 (Sanchez-Fernandez et al. 2020; more
details in Section 4.3). The timing and spectral properties of weakly magnetized NS-LMXBs are very
similar to those observed in BH-LMXBs (see Mufioz-Darias et al., 2014; Motta et al., 2017).

The X-ray emission of NS-LMXBs is generally modelled with two main spectral components: a soft
thermal emission produced by the relatively cold and optically thick accretion disk and a harder component
related to the inverse Compton scattering of these soft photons by the hot electron plasma in the corona or
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Figure 2.4: Typical CCD of Atoll left pane) and Z-sources right pane). For both types of NS-LMXBs the
expected direction of increasing mass accretionmai®indicated (Migliari and Fender, 2006). For Atolls, the
sources pass through the island state (IS) towards the lower (LB) and upper banana branchés@UuRes move
along three branches: the horizontal (HB), the normal (NB) and the aring branch (FB).

in the spreading layer close to the N&agtern modelMitsuda et al., 1984, 1989). The opposite occurs

in thewestern mode{White et al., 1988): the hotter, NS population is directly detected and modelled

by pure blackbody while the cold, disk photons are Compton-upscattered by the electron corona. These
two models are largely degenerate spectroscopically; however, frequency-resolved spectra of a sample
of Atoll- and Z-sources show lower kHz quasi-periodic oscillations with the same spectral shapes of the
boundary layer (i.e. Comptonized) component (Gilfanov et al., 2003; Revnivtsev and Gilfanov, 2006;
Revnivtsev et al., 2013). Since the most rapid variability is associated with the boundary layer rather
than the disk, this strongly points in favor of an Eastern-like scenario (see also review by Done et al.,
2007). However, it is reasonable to think that both soft seed photon populations get scattered in the corona
(Cocchi et al., 2011). Moreover, the frequent observation of a Fe emission lin@ le¢V, especially in
Z-sources, strongly suggests that Compton re ection by a colder medium (such as the outer accretion
disk itself) is a further spectral component that needs to be taken into account (D'Ai et al., 2009; Ludlam
etal., 2019; laria et al., 2020; Ludlam et al., 2022; Saavedra et al., 2023). The overall sp@etauntes

and bright Atolls are very soft, compared to hard state sources with an high-energy abtwe 100

keV (Barret et al., 2000; Barret and Olive, 2002). However, an additional strong component above 30—40
keV (transient hard tai) was occasionally detected in some sources in the soft state. The rst detection
was in the Sco X-1 spectrum, with a hard component dominating the spectrum above 40 keV (Peterson
and Jacobson, 1966). The observations of these transient hard tails in the sp2estaiofes are strictly
correlated with the HB positions in the CCD (D'Amico et al., 2001; Di Salvo et al., 2002; Farinelli et al.,
2005) and with the radio emission (Paizis et al., 2006; Migliari and Fender, 2006; Migliari et al., 2007).
Hard states are associated with weak radio emission, which increases in the intermediate state (along the
HB) when the accretion rate is higher and then is quenched in the soft state (Fender and Hendry, 2000;
Paizis et al., 2006; Fender et al., 2007), corresponding to the NB and FB Bftthek and accretion

rates very close to the critical (Eddington) values. Hard tails may possibly be produced by scattering in a
jet-like out ow (Reig and Kyla s, 2016).



26 Chapter 2. X-Ray Binaries

2.3 Physical processes

The accretion disk, the corona and the boundary layer constitute a fairly complex system in which important
interactions could take place. The main processes involved in the interaction between high-energy photons
and atoms or electrons are Compton scattering, photoelectric absorption, and electron-positron pair
production (Rybicki and Lightman, 1979; Bradt, 2008; Longair, 2011).

2.3.1 Compton Scattering

In the non-relativistic limit mec?), photons are scattered elastically in a random direction by free
charge particles and the EM frequency does not change after the interddtamgon scatterindrybicki
and Lightman 1979). In this low-energy limit, the electric efdof the incident radiation accelerates the
electron, which in turn re-emits a photon at the same frequency as the incident EM wave, according to the
Larmor formula (Eq. 1.1). As the electric eld must always be perpendicular to the propagation direction,
its component in the scattering plane is reduced by a factsr. The average scattering cross section for
unpolarized EM radiation is

d v _ 1+cog 2

2.46
d 2 0 (2.46)
whererg is the classical electron radius
e,2 15
= ——— = 2:81794 10 ¥®'m: (2.47)
4 omeC?
The integrated Thomson cross section can be derived from Eq. 2.46 as
z, Z, q 3
t= d  d(cos )d—T = grg = 6:65246 10 2m?: (2.48)
0 1

If photon energy is comparable or greater with respect to the electron rest mass energy, non-classical
e ects have to be considered. In this case, the momentum transferred from the photon to the electron can
not be neglected and the scattering becomes inelastic, resulting in a decrease in energy and an increase
in the wavelength of the photo@€ompton scattering When the energy and momentum conservation
during the scattering are combined, the shift in wavelength and energy can be easily derived.

E
1+ %(1 cos )

h
f = H?(l cos) and Ef= (2.49)

and the energy variation depends only on the scattering ar{§gbicki and Lightman, 1979). Compton
scattering results in being not isotropic, so the probability that a photon will be scattered is higher when
is close to 0. The fully relativistic angular distribution of the scattering and therdntial cross section
has been derived by Klein and Nishina (1929), assuming free electrons at rest, as

2" #
dw T6Ef E  Ef
e J— .
5 B E T E sin? (2.50)

and, in the non-relativistic regim& mec? andE; ! E, so the Thomson cross section (Eq. 2.46)
is recovered. The net ect is to reduce the cross section from its classical value as the photon energy
becomes large. The probability of a photon being scattered in a speci ¢ diredson

Z n #

d kn . 3 1+x 2x(1+Xx) 1 1+ 3x

_ 2sind =3 ¢ X 20T 0400+ S ina2n)
=g Qzsind =g = ek N2 o inlr2) moe

(2.51)

wherex = h =(mec?).
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Photons that interact via Compton scattering with electrons not at rest in the reference frame of the
observer may also gain energy, contrary to the results of Egs. ibvge Compton scatteringybicki
and Lightman 1979). The average relative energy gained by the photon during a single scattering is

E__Fc _2% (2.52)

whereE = h is the energy of the photoR¢ is the power emitted by Compton scattering by an electron
with Lorentz factor

4
Pc == CUaq 2 2 (2.53)

3
andU,4q is the radiation energy density before the scattering. As a consequence, low-energy photons
are converted into high-energy photons by a facforTherefore, inverse Compton scattering is a very
e cient process to create very high-energy photons.

When a population of cold photons interact with a region of free electrons witltisat optical
depth, the inverse Compton scattering modi es the photon spectrum. On average, the incoming photons
are scattered to higher energies if they are less energetic than the electron population. On the other hand,
photons are scattered to lower energies if they are more energetic than free photons. The average energy
variation of the photons per collision is (Ghisellini, 2013)

E_4Te h

= s (2.54)

whereT, is the temperature of electron population, assuming a quasi-thermal Maxwellian distribution of
electrons.
The average number of scatterings is strictly related to the optical depth of the electron plasma

=ne 7l (2.55)

whereng is the electron density arildhe typical size of the electron distribution. The probability that

a photon can cross the electron plasma without scatterieg.idVhen < 1, most of the photons do

not interact with electrons and pass directly through the plasma: I1, the photons are scattere#l

times on average before leaving the plasma and the mean free pathlis. The importance of inverse
Compton scattering is described by the Compton parargetehich represents the average energy gain

of photons when crossing the electron distributiory ¥ 1 the Comptonized spectrum has more energy

than the seed photon spectrum and the Comptonization is important, whyle fdak the photon spectrum

is not modi ed (Pozdnyakov et al., 1983; Zdziarski, 1988; Ghisellini, 2013). The nal Comptonization
spectrum is a power-law spectrum with a high-energy cutiod the spectral shape depends mainly on

the temperature and the optical depth of the plasma. When the temperature or the optical depth increases,
the spectral slope becomes harder and the spectral index of the power-law decreasesl,|the
equilibrium between photons and electrons is reached and the temperature will be the same. Since photons
are conserved, the spectrum has a Wien shape

F/ 2 (2.56)
which is harder than a blackbody at low frequencies.

2.3.2 Photoelectric Absorption

X-ray photons may also be absorbed by particles in the interstellar medium between the source and
the observer (e.g. interstellar dust or material in molecular clouds) or from the companion star and the
accretion disk. This is the dominant process for low photon energies, below 1-10 kephdtoelectric

absorptionconsists in the absorption of a photon by an atom and the release of a bound electron. When an



28 Chapter 2. X-Ray Binaries

incident photon interacts with an atom, it transfers all of its energy to the atom. If the energy of the photon
exceeds the energy levig], an electron is emitted from that level. The remaining energy is manifested as
the kinetic energy of the ejected electron:

Ee=h E: (2.57)

As the energy of a photon increases, its likelihood of ejecting more tightly bound electrons from the
nucleus also increases. The probability of absorbing photons depends on the energy. Low-energy X-rays
have a higher likelihood of being absorbed compared to high-energy X-rays. This is because the cross
section for photoelectric absorption decreases approximately’asurthermore, the absorption cross
section is strongly in uenced by the atomic numiZeof the elements. Consequently, the contribution of
heavier elements to the overall absorption cross section is more signi cant at X-ray energies, although
they are less abundant than hydrogen. The photoelectric absorption cross section for photons with energy
E, h mec? for the emission of electrons from the K-shells of an atom is (Karzas and Latter, 1961;
Rybicki and Lightman, 1979)

|
P ™
=42 1 425”%

(2.58)
where = €=2 ghcis the ne structure constant. The photoelectric absorption cross section is then
summed up over all the derent elements, weighted by their cosmic abundances
1 X
wo(E)=— i i(E) (2.59)
NH

whereny is the abundance of hydrogen, the most abundant element. When the energy of the photon
corresponds to the ionization state of the absorbing element, the probability of absorbing it dramatically
increases. This results in absorption edgén the spectrum.

2.3.3 Re ection

In addition to thermal emission, the X-ray photons coming from the NS or from the boundary layer
may also be re ected by the disk itself (Fabian et al., 1989). Re ection occurs when photons interact
with electrons in the surrounding material, leading to various physical phenomena. In X-ray binary
systems, re ection becomes particularly important when the accreting compact object emits a strong
X-ray continuum. The continuum radiation can illuminate the surrounding material in the disk, causing
X-ray photons to scatter or be absorbed and subsequently re-emitted. The interaction probability depends
on the energy of the photon and the composition and ionization state of the matter. The re ection spectrum
depends on the incident radiation spectrum (Fabian et al., 2000).

In the accretion disk, incident photons may undergo photoelectric absorption or Compton scattering
depending on their energy. Soft X-ray photohks ( 15keV) are mainly absorbed in the cold medium
and reprocessed at higher energies, whereas hard X-ray photons are rarely absorbed and are predominantly
Compton scattered at lower energies until they are emitted from the system or photoabsorbed. These
e ects lead to the characterisompton humjin the spectrum at 30 keV. Additionally, there is an
emission line spectrum resulting from the uorescent lies of the most abundant metals (Figure 2.5,
left pane). After that X-ray photons undergo photoelectric absorption by the material in the accretion disk,
they can be re-emitted via Auger de-excitation or through the emission of a uorescent line. Following
the K-shell photoabsorption by a high-energy photon, the inner shell electron of an atom is removed and
electron cascades from higher shells will Il the vacancy. The emitting photon may also be absorbed by
another electron in the atom, leading to its release from the atom (the so-&atiedelectroh These
e ects after photoelectric absorption lead to the emission of uorescent lines at precise energies that
correspond to the energy level @rences within the ion.
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Figure 2.5:Left panel X-ray re ection spectrum obtained for an incident power-law spectrum (dashed line) on a
cold gas with cosmic abundances (Reynolds, 19Bht panel X-ray re ection spectrum from ionized matter for
di erent values of the ionization parametdiFabian et al., 2000).

Due to the iron abundance and the large absorption cross section for K-shell electrons, the strongest
X-ray emission line expected from accretion disks around a BH or a NS Is tHme of iron (Matt et al.,
1997). This line appears when an X-ray photon at 7.1 keV is absorbed, allowing the transition from the L-
to the K-shell, emitting a doublet line centered at 6.4 keV (for neutral iron), which could not be resolved
by the last generation of X-ray telescopes but could now be observed for the rst time ngwRlay
Imaging and Spectroscopy MissiGRRISM a JAXA X-ray space telescope in partnership with NASA
launched on 2023 September 6). The emission line depends on both the abundances and the ionization
states of the dierent species. In particular, atomic abundances will have an impact on the intensities of
the di erent uorescent lines, whereas ionization states regulate the energies and intensities of the lines
(Fabian et al., 1989). The ionization parameter is de ned as

4 F(n)
Ne

(r)= (2.60)
whereF(r) is the incident ux per unit area am, is the electron density (Reynolds and Nowak, 2003).
For weakly ionized disks (< 100erg cm s?), the iron line is expected at 6.4 keV with a weak iron
absorption edge at 7.1 keV and the spectrum shows strong absorption features below 10 keV and weak
Compton scattering of the continuum. As ionization increa$66 ( . 500erg cm s?), the iron is

more ionized (predominantly Fe XVII-Fe XXIII, with a vacancy in their L-shells) reducing the intensity of
theK line. For high ionization§00. . 5000erg cm s?), all low-Z elements are completely ionized

to allow the Auger eect, while Fe XXV and Fe XXVI emit lines respectively at 6.67 and 6.97 keV with
the corresponding absorption edges increased to 8.85 and 9.28 keV. In the fully ionized regis@00

erg cm s1), the disk is too ionized to show any atomic signature. No iron lines or edges are then visible
(see Figure 2.5; Fabian et al. 2000).

Radiation is emitted in a narrow spectral line at the speci ¢ energy in the local rest frame corresponding
to the energy gaps between drent levels (see Figure 2.6, left panel). The observed energy can be shifted
depending on the emitting location in the disk and the line pro le has to be integrated over the entire
accretion disk. Each contribution is weighted by the projected area of the disk as seen by the observer and
the nal line is then extended over a range of dient energies. For a static observer at in nity, the line
will be Doppler shifted due to the disk rotation. If the disk is observed almost edge-on (at high inclination),
the emission line shape becomes a double-peak pro le symmetric about the rest-frame energy of the line,
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Figure 2.6: E ects produced by special and general relativity on the line pro le. The pro le of the broad iron
line (right pane) is caused by the interplay of Doppler and transverse-Doppler shifts, relativistic beaming and
gravitational redshifting. Thieft panelshows the symmetric double peaked pro les from two narrow annuli on a
non-relativistic disk. In the second panel, theeets of transverse Doppler shifting and relativistic beaming (Special
Relativity e ects) have been included, while in the third panel the gravitational redshift is added. The two lines
indicate the emission from two derent regions of the disk and the broadest corresponds to the inner radius (Fabian
et al., 2000).

consequently to the redshift and blueshifeet for the material rotating with respect to the observer. If

the matter orbits very close to the BH or NS, the Doppler enhancement of the ux becomes important
and the blue peak will have more ux than the red oB®ppler boostiny However, special relativistic

e ects must be taken into account since the velocity of the disk is quite high, e.g. at the innermost stable
circular orbit the velocity is about half the speed of light. The emission is then further redshifted due to
time dilation with respect to the observer at rest at in nitsasverse Doppler shitind is beamed in

the direction of motion. The net ect on the line pro le is to make it asymmetric and shifted about the
rest-frame energy of the emission (see Figure 2.6, middle panels). In addition, general relatiestsc e

are not negligible (Cunningham, 1975). The strong gravitational eld around the BH or NS induces the
gravitational redshift of the emission and the line pro le is shifted to lower energy as the matter of the
accretion disk moves closer to the central object (see Figure 2.6, right panel). All these comlgioed e

lead to the observed relativistically broadened line pro le (Fabian et al., 1989; Laor, 1991; Matt et al.,
1993). The line pro le strongly depends on the extension of the disk (i.e. the inner and outer radii), on the
inclination and on the spin parameters of the BH. The higher the inclination, the broader the emission line
pro le, which also extends at higher energies (Figure 2.7). Furthermore, the radial dependence of the line
emissivity can in uence the nal shape of the line (Fabian et al., 1989). Therefore, the overall line pro le
can be used as a sensitive diagnostic to determine the inclination of the system, as well as the location of
the line emission region.

If the geometry con guration of the matter on which the photons are re ected is not spherical (as the
accretion disk), a certain amount of linear polarization of the re ected radiation is expected (Matt, 1993).
For an optically thick atmosphere above the disk, externally illuminated by a central point-like source, the
radiative transfer equation for a plane-parallel layer can be written as (Chandrasekhar, 1960; Matt, 1993)

dic;; ) g 222 o o 6 o400
——=1(; ) = SGr %G %A R ) (2.61)
d 16 1 0
wherel = (I}; Iy; lu; lv) is the intensity of radiationk = (Fy; Fr; Fy; Fv) is the source function and
S(; ;% 9is the Rayleigh phase matrix. The directions in the meridian plane and perpendicular to

it are referred to akandr, while U andV denote the Stokes parameterds the optical depth along
the normal direction (= 0 at the upper bound), is the cosine of the angle between the direction of the
photon and the normal axis,is the azimuthal angle andE) is de ned as

—_ SC( E)
E=—®+ ©

(2.62)
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Figure 2.7: Comparison of relativistic iron line pro les for dérent inclinations (19 30 , 60 and 80) and between
an accretion disk around a Schwarzschild BH (narrower line) and a near-extremal Kerr BH (broader line; Fabian
et al. 2000). The disk extends from the innermost stable orbit up &30

with scand pn being the scattering and photoelectric absorption cross-sections respectively. The
polarization is then calculated as

[

(I 1)2+15+13 1 ly

= T v Y and =§arctanI UI| : (2.63)
r r

Following Sunyaev and Titarchuk (1985), the intensity can be written as the sum of the intensity of the
radiation scatterek times

X
1= 1k (2.64)
k=0
Therefore, the radiative transfer equation ifors
z
k¢ - +1
TE Doy 20 Ts o 900 k1 (2.65)
1

where the dependence is neglected consider axial symmetry, which is reasonable for the accretion disk.
For this con guration, the Rayleigh phase matrix is (Chandrasekhar, 1960)
!
2 @ 2@ 2
g= 21 A ) (2.66)
Sincelk is proportional to ¥, in the energy band where the photoelectric absorption dominates over
scattering, only a few terms in Equation 2.64 contribute signi cantly.
If an external radiation w¢ illuminates the disk with an angle with respect to the normal direction

with an initial polarizationP; = (F, F))XF + F|), after one scattering, the resulting polarization is
(Matt, 1993)

1 3BF 1+3REL A1 ) _
21 1 H+(A+ 3+ P+PAE2 A P

PY(; o) = (2.67)



32 Chapter 2. X-Ray Binaries

Figure 2.8: Polarization degreefper panelsand anglelpwer panel} of the once-scattered radiation as a function
of the azimuthal angle, for an unpolarized incident radiation witledént choices of and o (Matt, 1993).

If P; (or o)is equal to 1P* does not depend om (or P;) and is given by1 21+ ?2). If there is no
axial symmetry for the incident radiation, the results also depend ong (see Figure 2.8 in Matt 1993),
where and g are the azimuthal coordinates of the re ected and incident photons, respectively, and, in
this case, the third Stokes parameter is no longer null.

For accretion disks around a black hole or a weakly magnetized neutron star, the relativgste @n
the radiative transfer could be important. Considering a standard accretion disk, with inner and outer radii
Rn andRyt and inclination illuminated by a source of (unpolarized) photons idealized as a point, located
at heighth above the disk plane on its symmetry axis, the reprocessing of the primary photons occurs
on a scale size suciently small to neglect the relativistic ects within the matter inside the accretion
disk rotating with Keplerian velocity. Therefore, the kinematic and relativistic corrections are applied
only to incident and emerging radiation, producing noticeable changes in the polarization properties. The
rst e ectis the rotation of the polarization plane along the photon orbit (Connors et al., 1980; Chen
and Eardley, 1991), particularly relevant for low inclination angles (Laor, 1991). The second (more
relevant) factor is the symmetry breaking between the half of the disk where the matter goes away from
the observerrédshif) and the half where the matter approaches the obsdrtgrghif). Due to Doppler
boosting, thélue-half results to be brighter than tined one. Both these e=cts lead to polarization angles
di erentfromO (i.e. along the accretion disk plane)@0 (i.e. along the symmetry axis), contrary to the
non-relativistic case. Doppler boosting leads to a polarization angle be@@eamd180 (Matt, 1993).
At very high inclinations, the polarization degree is smaller compared to the results without relativistic
e ects, since light de ection due to the central compact object enhances the contribution of low-polarized
photons emitted from the far region of the accretion disk, with respect to the observer (Matt et al., 1992;
Matt and Perola, 1992). At lower inclinations, Doppler boosting leads to higher values of the polarization
degree, in particular wheney, 0, where the emitted photons are highly polarized.

The polarization degree of the re ected radiation strongly depends on the geometrical parameters
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Figure 2.9: Polarization degrekeft) and angle right) of the re ected radiation (blue curves) and of the total
radiation (black curves) as a function of the inclinatignconsidering an accretion disk witk, = 10 Rg and
Rout = 10 Rs. The central unpolarized source illuminating the disk is located at hiight0 (solid lines) or 20
(dashed line). See Matt (1993) for more details.

of the disk, increasing with the inclination and the outer radius (up 30%for an edge-on disk, Matt
1993). When kinematic and relativistic ects are included, the expected polarization is higher, except
at very high inclinations. The polarization angle rotates depending on the inclination, ranging between
90 and 180 (see Figure 2.9). These results have been con rmed by more recent Monte Carlo numerical
simulations (Podgorny et al., 2022), showing that re ection can locally induce large polarization despite
multiple scatterings and other depolarization factors.






3. Numerical Setup & Simulations

The polarization properties of the X-ray radiation coming from NS-LMXBs can be studied for the rst
time thanks to the NASA\SI Imaging X-ray Polarimetry ExplorefiXPE; Weisskopf et al. 2016, 2022;
more details in Section 4.2). Combining spectral and polarimetric observations is crucial to constrain
several di erent physical parameters of the NS and the accreting system, in particular to try to understand
the con guration and dimensions of the Comptonizing region. Numerical simulations are required to
comparelXPE observations with theoretical models. The Monte Carlo radiative transferrnodé&
(Zhang et al., 2019), adapted for NS-LMXBs, is able to compute the X-ray polarized radiation coming
from the accreting system for speci ¢ coronal geometries including all special and general relativistic
e ects.

3.1 MONK

monkis a general relativistic Monte Carlo radiative transfer code capable of computing the spectral and
polarization properties of Comptonized radiation coming from the corona in a BH or NS X-ray Binary
or AGN, along with direct radiation from the standard accretion disk (Zhang et al., 2019). The code has
been adapted for NS-LMXBs by also including ray-tracing and scattering of photons emitted from the NS
surface (Gnarini et al., 2022).

To account for disk and NS emissivities, thgerphotonscheme by Dolence et al. (2009) is followed.
A superphoton is a package of several identical photons parameterised by: four-positi@ve vector
k and polarization vectof , which need to be propagated along the geodesics, its energy at in nity
E; , weightw and polarization degree The weightw 1 is a pure number that represents the ratio of
photons to superphotons, i@N = wdNs (whereNg is the number of superphotons aNdhe number of
“ordinary’ photons). The weight has the physical meaning of the photon generation rate per unit time in
observer frame far from the source. Compared to ordinary photons, a superphoton can also “split” into
multiple superphotons. A simple blackbody spectrum Withs is assumed to model the unpolarized NS
surface emission of superphotons. Taking into account an optically thick accretion disk on the equatorial
plane, the ux density de ned as follows is a relativistic invariant (Kulkarni et al., 2011; Schnittman and
Krolik, 2013):

1
F =1 Jcos emdSd (3.1

wherel is the speci ¢ intensityl=u' is the factor to transforms time from the disk uid rest frame to a

35



36 Chapter 3. Numerical Setup & Simulations

distant observer's frameen is the polar emission angle with respect to the disk norm in the disk uid rest
frame,dSis the proper area ardl is the solid angle. The number of photons emitted per unit time in the
distant observer's frame is also an invariant

z

F
N=  —d: (3.2)

Considering the Kerr spacetime in Boyer-Lindquist coordinate (Eq. 1.15), for photons emitted from an
annulus in the equatorial plane of the disk
S 1

5!
+4Ta 2r2+a2+27a (3.3)

1
a- !

=1IN

where is the angular velocity of the disk uid, which for a Keplerian disk is

1
= (3.4)
and the proper area is (Wilkins and Fabian, 2012)
s
2 2ar
dS= p= r2+a2+ —-dr (3.5)

where is the Lorentzian factor of disk uid as measured by a zero angular momentum observer. The
velocity along the direction as measured by a stationary observer is

vV = —ﬁ_— (36)

where! is the frame-dragging angular velocity, hence the Lorentzian factor

1
= =" 3.7)
1V

The Novikov-Thorne emissivity pro le with zero torque at the inner edge of the disk is considered
(Novikov and Thorne, 1973), while the local spectrum is the color-corrected blackbody with a color
correction factor off.o; and an e ective temperature df, (Shakura and Sunyaev, 1973)

12h3 1
l= f"mbf_4 c2 eh=kefimTe 71’ (3-8)
col
where fiimp is the limb-darkening factor and the number of photons emitted per unit time is
4 (3)k3 fiimp COS emdSd T3
_ ( ) g 'limb em e (3.9)

CZ h3 fco| Ut

with  being the Riemann zeta function. So, from each anniNyghotons are sampled, each with weight
w = N=Ng into the solid angl@ . The energies of the sampled photons at in nity follow the Planckian
distribution with a temperature off.oTe , whereg= 1=k U is the redshift factor and is the disk
particle four-velocity. To sample the Planckian distribution, the rejection method is used (see Pozdnyakov
etal., 1983).

If the polarization option is switched ¢ the disk emission is assumed to be isotropic in the local
frame, and the seed superphotons emitted by the disk are unpolarized. Otherwise, the disk atmosphere is
modelled as a semi-in nite plane atmosphere (Chandrasekhar, 1960), ascrakeval. (2008) and Li
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et al. (2009) to compute the polarization properties and the angular distribution of the seed superphotons.
In this case, the polarization angle is perpendicular to the meridian plane, i.e. the plane containing both the
symmetry axis and the line of sight to the observer, and the polarization degree increases monotonically
with the polar emission angle. Given the emission angle, the intensity and polarization degree of the
radiation can be calculated using Chandrasekhé&unctions (Chandrasekhar, 1960).

The energy and polarization spectra can be reconstructed by counting superphotons arriving at in nity.
For an observer at inclinatianthe luminosity density at enerdy (in counts per unit time per energy

interval) is =
4
Le =2 kW (3.10)
E
where E is the energy bin width, = 2 [coqi i=2) cogi+ i=2)]is the solid angle subtended
by the inclination bin i and the sum is performed over all superphotons witl2 (i =i+ i=2]

andE; 2 (E E=2;E+ E=2], with E; and 1 the energy and polar angle of the superphotons at
in nity, respectively. As Compton scattering only induces linear polarization (see Section 2.3.1), the
Stokes parametéf is always null. For the other two Stokes parameters:

P
4 W kCOS2 g

Qe = o E
4 (W kSN2 g (3.11)
UE = E

where is the polarization angle measured at in nity in a comoving frame attached to the observer, while
thex andy axes are identi ed ag) and@, respectively. The polarization degree and angle are then, as
customary, de ned as |

q 1 ’
PD= @2+uw and PA= -arctan £
Og + UE 5 Ue

(3.12)

wherege = Qe=lg andug = Ug=lg are the normalize® andU Stokes parameters at energyIn monk
the polarization is de ned parallel to the accretion disk plane if the polarization angle er@0parallel
to the symmetry axis (i.e. orthogonal to the accretion disk) if the polarization angleisi®0 .

3.1.1 Ray-tracing in the Kerr Spacetime

In monktwo independent methods of ray-tracing photons along null geodesics are implemented: the
rst is to integrate the geodesic equation directly, while the second is to consider the separability of the
Hamilton-Jacobi equation and then integrate the equations of motiorafad  (Zhang et al., 2019). The
two methods give consistent results.

The propagation of photon is described by

dx
. (3.13)
where isthe a ne parameter, which is normalised in order to hiave 1. The propagation df is
then given by the geodesic equation
ax -k (3.14)
d
where  are the Christoel symbols.
In Kerr spacetime, the Hamilton-Jacobi equation is separable (Carter, 1968). As a result, the following
two integrals of and  cos are related (Chandrasekhar, 1983)

=5 P==-=5 S (3.15)
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wheres;s = 1, setin such a way that the integrals are always positive. For massless patrticles
R =r*+@ 1P+Qr?+2[Q+( a?r a%Q (3.16)

M()=Q+@ 1> Q) ? a*: (3.17)

Considering a superphotongf with wave vectok, and setting = 0, the photon trajectory along the
geodesic can be evaluated in the following way: for each $tep,| + dl and the Equation 3.15 is solved
forr and . At any step, one can solve far givenl L,=E; , Q and the signs ok’ andk following
Carter (1968). The ane parameter can be obtained by

Z Z
a redr a2 d (3.18)

For axisymmetric con guration and not considering variability properties, the evaluatioaraf is not
considered. The integrals in Equation 3.18 are computed by making use of Carlson's elliptical functions,
following (Rauch and Blandford, 1994; Li et al., 2005; Dexter and Agol, 2009). To perform the ray-tracing,
the sinb package (Bursa, 2017, 2018) has been used. Emitted photons propagating in Kerr spacetime
a ected by the presence of the BH or NS experience G&ts. Once photons leave the atmosphere, their
energies are modi ed by the gravitational redshift and Dopplexats and the polarization vector can be
rotated due to aberration and light-bendingpets (Connors and Stark, 1977; Connors et al., 1980).

3.1.2 Propagation of the Polarization Vector

The polarization state of linearly polarized photons can be described by the invariant scalar polarization
degree and areal vectof A sAwhereA is the wave amplitude vector (Misner et al., 1973). The
polarization vector is orthonormal to the photon wave vector:

r=1 (3.19)
kf=0 '
and is parallel transported along null geodesics
kr f =0: (3.20)

The parallel transport of the polarization vector along the curved trajectory results in a rotation of the
polarization vector with respect to its initial direction. Therefore, the expected polarization fraction and
angle will be modi ed with respect to those at the emission. The change of the polarization aisgle
de ned as the angle by which a vector parallel transported along the light geodesic rotates with respect
to some chosen frame. For the local frame that is comoving with the disk uidx theis is in the

@ direction in the plane de ned by the normal of the diskand the momentum, of the emitted
photon perpendicular to it, while the axis lies in the plane of the disk, along th@ direction. At
in nity, the static frame is attached to the sky of the observer withandy axes, respectively, identi ed
with the two impact parameters de ned as positive in the @ direction, and , de ned as positive in
the@ direction. The rotation of the polarization angle is then given by (Connors et al., 1980)

Y
= arctani (3.21)

where

X= ( asingi1 2

Y=( asiny) > 1 (3.22)
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with a de ned positive when the BH or the NS rotates counter-clockwise. The apdgehe observer's
inclination, while ; and , are components of the complex Penrose-Walker constant of parallel transport
along null geodesics (Walker and Penrose, 1970)

=arpeft rlaph (P+a)pdf 12+ @) potf

3.23
2= rpaft+rlp, ape]f+arpif 52
where the polarization vectdr is then
1 3

The previous equations (3.21, 3.22) also show that a further rotation, the so-called gravitational Faraday
rotation, occurs only if the central BH or NS is rotating with speci ¢ angular momeraumoO (see
Ishihara et al., 1988).

Since the Penrose-Walker constag is conserved along null geodesics, instead of propagditing
using Equation 3.2anonkkeep record step by step gfy. Only when a photon interacts with an electron
via Compton scattering, the code solves the parallel transpoft foomputing the polarization and the
wave vector after the interaction, and subsequently re-evalgates Connors et al. (1980)

pw= 2 1 (3.25)

However, with Equations 3.19 and 3.20, givgw, one can only determink up to an addition of multiple
of k , as these equations are gauge invariant under the transformation

f1of+7k (3.26)

where~ is an arbitrary real number. By selectifi= 0, the other three vector componentsfofcan be
derived from Equations 3.19 and 3.20.
Given and pw, to evaluate the Stokes parametdr€X U; V) at in nity, the procedure by Li et al.

(2009) is followed. The Stokes parameteepresents the total intensity of the radiation, wigdlendU
are related to the linear polarizatiovirepresents the circular polarization and is null for linear polarization
(Appendix A). An arbitrary radiation eld can be decomposed intoatent components: an unpolarized
one, with Stokes parameters

f(1 )I;0;0;00; (3.27)

and a completely polarized component with Stokes parameters
f1,Q,U;Vg; (3.28)

where is the polarization degree. Since the photons emitted by the disk or corona are linearly polarized
(V = 0), the Stokes parameters will be:

|

Q=1lpcos2 (3.29)

U=lpsin2

or equivalently ‘
Q+iU = Ipe” : (3.30)

Thesuperposition theoremstates that when multiple independent light beams are combined, the Stokes
parameters for the resulting combined radiation are obtained by adding up the Stokes parameters of each
individual stream (Chandrasekhar, 1960).
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For the polarized component, a beam of perfectly polarized radiation emitted by an in nitesimal
surface element is considered. This beam is received by an observer along an in nitesimal solid angle
elementd hs The Stokes parameters of the beam are

flp,obs Qobs Uobs 09: (3.31)
Summing over the radiation received from all the in nitesimal elements using the superposition theorem
z
Hpopd = Ip.obs obs (3.32)
obs
and Z
MQobd + 1MJgpd = ) Ip,ob@2I oosd  ops (3.33)
ons

where the Stokes parameters are averaged over solid angle, gpgis the total solid angle subtended
by the source on the sky. Although each in nitesimal element may produce perfectly polarized light, the
radiation observed by the observer may still become partially polarized as a result of averaging. This
occurs because the individual light-rays may haveedént values of ops at the observer. Considering
radiation emitted from the accretion disk or from the corona, even if all emitted beams have the same
polarization in their emitting regions, geodesic propagation can cause a changgoing each null
geodesic and cause a reduction in the observed polarization degree. However, any unpolarized radiation
emitted by the disk or by the NS will remain unpolarized to the observer. As a result, geodesic propagation
and averaging can only reduce the polarization degree (Connors et al., 1980; Li et al., 2009). The intensity
of this unpolarized component is

z

luobd  obs; (3.34)

I’iu,obsi =

obs
wherelyopbs  lobs Ip,obs By combining Equationg3.32)and(3.34) the total intensity can be computed
4 Z

1
(Iu,obs"' Ip,ob§d obs =
obs obs

Hyobd + Hp,obsj = lobsd obs = hlond (3.35)

and is found to be conserved. Siriq;_%czE%C (whereEqc is the photon energy measured by a local
observer) is invariant along the null geodesic (Misner et al., 1973), Equ&ti®8)can be rewritten as
(Connors et al., 1980):

z

MQobd + 1MJgpd = g?)Pem|eme2i sd ops; (3.36)

obs

wherePen, is the degree of polarization of the radiation at the time that radiation is emitted from the disk
surface or the corong,is the redshift factor of the photon (Li et al., 2005). In the same way, the total
intensity can be written as 7

Hobd = g3|emCI obs (3.37)

obs
The observed average polarization degree is then computed by

hPi =

p _ .
Ho MQobd 2 + Mg 2 (3.38)
obd

while the observed average polarization angle is determined by

sinth i = p——=
MQobd 2 + Mo 2

I’Qobsi )
r'Qobsi 2+ I’Uobsi 2

and cosBi=p (3.39)
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The solution of this equation is

hi=hip+n (3.40)
wheren is any integer number, while the primitive anglie o de ned in the [Q ] range is
8
1 h i>0:0<hip<s
iy = §2 ar(icosQ when huobs;. 0:0 |'pr 5 . (3.41)
: 5 arccos q when hJopd <0;5 <hip <
where ot
0 obs (3.42)

|4 n —
hQobd 2 + NJobd 2

3.1.3 Comptonization

As superphotons propagate inside the corona, for each step, the covariant scattering optical depth is
evaluated asYounsi et al. (2012):
Z 1
= o ()kU jd (3.43)
0
where o and i are the a ne parameters of the superphoton at the beginning and the end of the step,
and o. isthe scattering coecient in the uid rest frame. The superphoton energy in the uid frame is
Eo = k U E;. The scattering coecient of the superphoton with respect to a population of electrons
can be evaluated as (Pozdnyakov et al., 1983):

0, = —— (1 ee (X dgp; (3.44)

where;‘T'\'e is the electron velocity distributiong = cos ¢ while ¢ is the angle between the momenta of
the photon and the electron,  Vie=C is the electron velocity, ¢ is the Lorentz factor of the electron(x)
is the scattering cross section and <Xg(1 ¢ ¢) is the dimensionless photon energy in the electron
rest frame, withxg E(mec?) andme is the electron rest mass.

In the electron rest frame, the dirential scattering cross section is (Berestetskii et al., 1971; Connors

etal., 1980): [ #
d_—ﬁ 50.21+£0 sit ¢ sin® qXscos2 %+ Yssin2 9 (3.45)
d 2x X X ® ° '

whererg is the classical electron radiué,is photon energy after scattering, arfdaind ©are the polar

and azimuthal angles of the photon wave vector after scattering. The coordinate system is de ned with
the z-axis aligned with the photon wave vector, whereasthandy-axes are de ned by two orthonormal

unit vectors in the plane perpendicular to the photon wave vector. For a superphoton with polarization
degree and polarization angle:

Xs= cos2 and Ys= sin2: (3.46)

By integrating Equation (3.45), the total Klein-Nishina cross section is obtained:
" | 4

' 1 4 1
In(1+ 2x) +

, 1 . 2 2
_ - -
2 x 2(1+2x)2

X)= rg5— 1 — 3.47
(0= 153 > (3.47)
which is independent of the polarization degree. For thermal electrons with tempé&rgttive electron
velocity distribution is the Maxwell-Juttner distribution:

dNe 23 -
—) ———— e €T 3.48
de 1Kx(1=7) (3.48)
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where 1 kgTe=meC? is the dimensionless electron temperature pds the modi ed Bessel function
of order 2.

The optical depth in the case of a thermal electron can be derived using Equations 3.44, 3.47 and
3.48, with the scattering probability beifty= 1 e . For optically thin coronae, a bias factor 1is
introduced, following Pozdnyakov et al. (1983) and Dolence et al. (2009) to enhance the statistics at high
energy, so that the scattering probability will becofhe 1 e P , and after the scattering the superphoton
“splits” into two superphotons with appropriate weights. The condition for scattering iB, where is
a random number sampled by a uniform distribution between 0 and 1.

If the superphoton is scattered, rst the momentum of the scattering electron is sampled and the
probability density to nd an electron with momentupg = [ eMe; eMeV] :

dNe
P(pe) / dTp(l ee) KN: (3.49)

The probability density distribution is sampled through rejection method, following Pozdnyakov et al.
(1983) and Can eld et al. (1987).

Once the four-velocity of the scattering electron is sampled, the energy, the wave and the polarization
vector of the photon in the electron rest frame are derived with a generic Lorentz transformation. As
required by the gauge choicejs set in such a way that the polarization vector in the electron rest frame
satis es f! = 0. Taking into account a set of Cartesian coordinates in whiclz-thadx- axes are aligned
with the wave and the polarization vector, the eliential cross section for the photon to be scattered into
a solid angled 9 centering at the polar angl€ and azimuthal angle®is

1" #
r2 02 0
%} =2 X; X10+X; si? 0 sin? %cos2© (3.50)

wherex?is the dimensionless photon energy after scattering and is relatedigtthe Compton recoil

relation:
0 X

A X(1 cos 9 : (3:51)
The integrated probability density &f will be
" #
1 xR0 L.
p(xd) = — 2 otx sir? 0 ; (3.52)

which is independent on the polarization degree. The scattering polar &mgfeund by the Compton
recoil relation(3.51), after sampling® following (Kahn, 1954). The probability density distribution of
the scattering azimuthal angl8is

PG %) 1 si? 9cos2?
PO 2 2 (F+2% s 9

X

p( 9% )=

(3.53)

The photon wave vector in the electron rest frame after scattk@ngn be found knowing®and ©.
Considering a new coordinate system with trexis aligned withkS and

ke k9

&= p—x and &=ki € ; (3.54)
Jke  Kgj
the two normalised Stokes parameters of the scattered photon will be (Connors et al., 1980)

[sin © (@+cod 9 cos29
(3.55)
cos %in2 9;
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where 0
XX
N=2+2X si? 0 sir? %cos2°: .
T S Si cos (3.56)
As customary, the polarization degree and angle after scattering will be
P !
@+ ye 0
o_ QF+U o_ 1 U
=0 and =5 arctan o (3.57)

and the polarization vector is théfl = cos %P+sin %3. The energy, wave and polarization vectors after
scattering in the Boyer-Lindquist frame can be obtained fri8yk2 and f2 by a series of transformations
including rotation, generic Lorentz boost, and tetrad transform. Finally, the Walker-Penrose constant of
the superphoton can be evaluated after scattering following Equation (3.25).

3.2 Numerical Setup

monkhave been already tested for BH X-ray binaries and AGNs (Zhang et al., 2019; Ursini et al., 2022),
with excellent agreement with previous numerical codes @monty; Dolence et al. 2009) and observed
spectra. The spectra produced by the new versianaikadapted including the NS photons reproduce
very well those of observations and the most used theoretical models for NS-LMXBs (e.g. Mitsuda et al.
1984; Makishima et al. 1986; Titarchuk 1994; Zdziarski et al. 129@ki et al. 1999; Farinelli et al. 2008;
Zdziarski et al. 2020)monkrequires several derent input parameters (Zhang et al., 2019; Gnarini et al.,
2022): the physical parameters of the NS (i.e. mass, radius, spin period); the accretion rate and the disk
parameters; the optical depththe temperaturkTe and the geometrical parameters of the Comptonizing
region.

For all simulations, a standard NS wih = 1:4 M andR = 12 km has been assumed. Since
photons propagate along null geodesics in Kerr space-time, the spin pararfaatdre metric is required.
The General Relativistic eects on the polarization depend on the value of the spin parameter (Connors
and Stark, 1977; Connors et al., 1980; Ishihara et al., 1988). For typical NS-LMXBs, the NS period
ranges between 2—-10 ms (see also Patruno et al. 2017 for a statistical analysis of the spin distributions of
NS-LMXBs). Therefore, the NS periddis xed at 3 ms in analogy to the one derived from QPOs by
Wijnands et al. (1998) for Cyg X2. For a standard NS, the spin parametean be derived by adopting
a= 047P(m9g ' 0:16 (see Braje et al. 2000). With this choice Bfanda, the General Relativistic
e ects are almost maximized for typical NS-LMXB systems. In principle, one could also usedhtse
of Special and General Relativity to measure the spin parara@isome observed NS-LMXBs, but it is
very challenging with the current technology available.

To derive general polarization properties for standard NS-LMXBs, the temperature of the NS is set
to 1.6 keV, which corresponds to 1.3 keV for the observer. This value is consistent with several best- t
models found for dierent NS-LMXB observations (see Revnivtsev and Gilfanov 2006; Farinelli et al.
2008; laria et al. 2020). Whemonksimulations are performed for a speci ¢ source (see also Sections
5.2.1 and 5.2.2), the temperature of the NS can be derived from the best- t value obtained from the
spectral analysis (e.g. Chapter 4) and considering the gravitational redshift correction

S

_ 2GMys |
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(3.58)

The accretion rat® and the inner disk radiuRy, depend on the spectral state of the NS-LMXB. The

disk can extend down to the boundary layer or NS surface or can be truncated at an arbitrary radius. If
the magnetic eld is high enough, the disk can not extend all the way to the NS surface because of the
magnetic eld that stops the accreting plasma at a position where the magnetic pressure and the plasma
pressure become of the same order. Then, the accreted matter starts owing towards the NS following
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(a) Thin Slab (b) Thick Slab (c) Spherical Shell

(d) Torus (e) Wedge (f) BoundarySpreading Layer

Figure 3.1: Schematic representation of theadent geometries of the Comptonizing region useahamksimula-
tions.

magnetic eld lines. Depending on the spectral states of the NS-LMXB, typical values for the accretion
rate have been considered (Paizis et al., 2006) in terms of the Eddington accretidiajases
!

4 GmyM M
M = C—”bmz Meagm  1:3987 107 == m (3.59)
T

wherem is the adimensional accretion rate. Soft state NS-LXMBs are characterized by a high mass
accretion rate very close to the critical (Eddington) values (Farinelli et al., 2008, 2009) while, for NS-
LMXBs in the Hard state the mass accretion rate is relatively low (Falanga et al., 2006). The accretion
rate mainly aects the disk contribution to the total ux: for lower accretion rates, the accretion disk

is colder and therefore it dominates the emission at lower energi®%( 1 keV, depending on the

speci ¢ geometry) and the spectrum in the 2—8 keV is mainly due to the Comptonized NS photons; as the
accretion rate grows, the disk contribution becomes more and more relevant (dominating up to 3—4 keV)
and its ux is also closer to the NS contribution when the disk is not the main component.

Also the color correction factof;q varies with the spectral state (e.g. Merloni et al. 2000), however
slight di erences will not qualitatively aect the results. The color correction factor is then sdgdo= 1.8
for both the spectral states and the elient geometries (Shimura and Takahara, 1995). The physical
parameters of the Comptonizing region (i.e. the electron plasma tempekaguaed the optical depth

) are xed according to the spectral state of the NS-LMXB. In the soft state, the Comptonizing region
is characterized by lower temperatures and a more opaque pl&¥ma 8keVand 8 10). On
the contrary, hard-state NS-LMXBs show much hotter and more transparent pkiemaZ5b keV and

1 2; Farinelli et al. 2009; Cocchi et al. 2010, 2011; SAnchez-Fernandez et al. 2020). These values
for optical depth refer to a spherical Comptonizing region for whithde ned radially. However, the
optical depth for a slab geometry is de nedrimonkas = ng th, whereh is the half-thickness of the
slab (Zhang et al. 2019, see also Titarchuk 1994; Poutanen et al. 1996a for the same de nition). Therefore,
to obtain a similar spectral shape, the value afust be a factor of 2 smaller than the radial one for a
geometrically thick slab or a factor of 4 smaller for a geometrically thin slab (see Ursini et al. 2022 for
more details).

Since the entire sample of NS-LMXBs observedIBPE during the rst two years of operations
includes only NS-LMXBs in Soft state, detail@sonksimulations have been produced only considering
these kinds of sources. Therefore, the temperature of the Comptonizing region was xed at 3 keV for all
geometries, while the optical depttof the electron plasma was set8o 10depending on its de nition
for each speci ¢ con guration. Some general examplesmainksimulations for Hard state NS-LMXBs
are reported in Gnarini et al. (2022) for a thick slab and a spherical shell con guration. In particular, for
Hard state NS-LMXBs the expected polarization is slightly higher than typical Soft state NS-LMXBs,
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Figure 3.2: Polarization degree and andgdt(panel$ and spectrumright pane) of NS and disk photons (respec-
tively, blue and red lines) as a function of energy considering a geometrically thin slab Comptonizing region. Each
contribution includes the direct radiation directly observed. The system is observedmatlBttion. The PA in
monkis measured from the projection of the rotation axis onto the sky plane.

mainly because the emission in the 2—8 keV energy range is due to only the Comptonized NS photons, as
the disk photons, which are expected to be polarized orthogonally to the Comptonized NS photons, are
only a small fraction of the total ux.

3.3 Slab Geometry

The slab con guration is assumed to cover part or all of the disk, starting from the inner disk Ragius
and to co-rotate with the Keplerian disk (Zhang et al., 2019). The vertical thiclkhessl the radial
extension R of the corona can vary in order to reproduce a (geometrically) thin slab covering all the
disk (Figure 3.1a) or a thicker slab that covers part of the disk and the NS surface (Figure 3.1b, see also
Gnarini et al. 2022).

The results for the polarization degree and angle of the twerént components (i.e. the NS and the
disk seed photons) are shown in Figure 3.2 for a thin slab con guration. For this geometry, the accretion
disk is completely covered by a geometrically thin slab and only a few disk photons are directly observed
without being Compton scattered. The NS component includes the direct emission from the NS surface
along with the NS seed photons scattered in the Comptonizing region. The main contribution seems to
come from the NS photons that hit the slab from above and are scattered toward the observer, in a similar
way to the re ection of soft photons othe accretion disk surface. As for re ected photons (e.g. Matt
1993; Poutanen et al. 1996b), the scattered NS photons are highly polditize@@%) orthogonally to
the meridian plane. The disk photons are less polarized and contribute signi cantly to the polarization
only at low energies.(1 2 keV). The predicted PD for the disk contribution is consistent with the
classical results for a semi-in nite plane parallel atmosphere (Chandrasekhar, 1960) in the low-energy
part of the spectrumE. 5keV), where unscattered and few-scattered components dominate the total
disk emission. The multi-scattered photons that travelled the most through the slab become dominant at
higher energies and as a consequence the PD increases and the PA i@byTamborra et al., 2018).

The results for the polarization degree and angle of the twerént components (i.e. the NS and the
disk seed photons) are shown in Figure 3.3 for a geometrically thick slab con guration. As before, the
NS component includes the direct photons emitted from the NS surface, together with the NS photons
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Figure 3.3: Polarization degree and andgdt(panel$ and spectrumright pane) of NS and disk photons (respec-
tively, blue and red lines) as a function of energy considering a geometrically thick slab Comptonizing region. Each
contribution includes the direct radiation directly observed. The system is observedmatlBttion. The PA in
monkis measured from the projection of the rotation axis onto the sky plane.

scattered in the Comptonizing region. Similarly, the disk component is made of the disk photons directly
detected and those scattered in the corona. As the thickness of the thick slab is comparable to the NS
radius, most of the NS seed photons will hit the corona and eventually get scattered towards the observer,
with a signi cant fraction hitting instead the underlying disk. The scattered NS hot photons are expected
to be the dominant contribution for ener§y2 3 keV, with a polarization degree reaching values up to
4-5% (for high inclinations). The polarization angle of the scattered NS photons is almost perpendicular
to the disk plane. The misalignment is due to special and general relativistitse At lower energies,

the total ux is dominated by direct disk emission and the polarization is close to the classical result
(Chandrasekhar, 1960), if the disk seed photons are assumed to be polarized. When unpolarized seed
photons are considered, the disk radiation directly observed will not contribute to the polarization signal
and the expected polarization degree will be lower. The scattered disk photons contribute signi cantly to
the disk polarization at energi€s2 3 keV, as can be noted from the polarization degree and angle. The
rotation of the polarization angle of the disk component is related to the scattered disk photons, along
with special and general relativistic ects.

3.4 Spherical Geometry

The spherical shell con guration (Figure 3.1c) is characterized simply by the Bgiteaind inner radii

Rn, which can be assumed to be very close to the surface of the NS. Depending on the radial extension of
the shell, the disk could be partially covered by the corona itself, which will therefore intercept mostly the
high-energy photons emitted by the inner region of the disk (Gnarini et al., 2022). These photons will
be Compton scattered by the electron plasma in the shell towards the observer or towards the NS or the
disk (and then get absorbed). The spherical shell con guration is assumed to be stationary (Zhang et al.,
2019). This is a quite reasonable assumption for a spherically symmetric con guration; the rotation of the
electron plasma could indeed break the symmetry of the system and increase the polarization but it can be
veri ed that the PD is always quite small (in particular it is always below 0.5% for the NS contribution;
Figure 5.1)

The results for the polarization degree and angle of the tweréint components (i.e. the NS and
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Figure 3.4: Polarization degree and andédt(panel3 and spectrumr{ght pane) of NS and disk photons (re-
spectively, blue and red lines) as a function of energy considering a spherical shell Comptonizing region. Each
contribution includes the direct radiation directly observed. The system is observedmatlBttion. The PA in

monkis measured from the projection of the rotation axis onto the sky plane.

the disk) are shown in Figure 3.4. The disk component includes the direct emission of the disk and the
disk seed photons scattered in the Comptonizing region. Most of the NS seed photons are scattered in the
spherical shell corona surrounding the surface of the NS. However, the NS component also includes the
NS photons passing through the corona without being scattered. As the shell extends from the NS surface
up to the inner disk radius, only a small fraction of the disk photons are Comptonized in the spherical shell
and their contribution to the total ux is quite small. The ux is dominated by the direct disk emission

for low energies( 3 4 keV) and by the scattered NS photons for higher energies. Since both the
NS and the Comptonizing region are spherically symmetric, the polarization related to the scattered NS
photons should be zero. The non-zero results are simply artifacts of the nite statistic (due to the fact
that the polarization degree can assume only positive values) and give an idea of the uncertainty in the
simulation. As a sanity check, it has been veri ed that the Stokes paranigtrdU oscillate around

zero (Gnarini et al., 2022). The only contribution to the polarization is due to disk photons directly
observed at in nity, since only a small fraction is Comptonized inside the spherical shell. Therefore, the
polarization signi cantly depends on the intrinsic polarization of the disk photons: if the disk photons
are polarized, the resulting polarization is the same as Chandrasekhar (1960) at low energies and starts
to decrease as the NS contribution becomes more signi cant at higher energies; if the disk photons are
unpolarized, neither the disk nor the NS components are polarized and the total polarization is zero.

3.5 Torus Geometry

The torus con guration (Figure 3.1d) is characterized by the radial distance of the &rréed the
radiusR; of the circular section. Depending on the position and the radial extension, the torus can
cover part of the disk (very similar to the thick slab con guration; Gnarini et al. 2022) and the electron
plasma is assumed to co-rotate with the Keplerian disk. The optical déptle ned radially starting
from the center of the circular section. This geometry representsedup inner region of the disk as
Comptonizing region of the NS and disk photons.

The results for the polarization degree and angle of the tweréint components (i.e. the NS and the
disk) are shown in Figure 3.5. The NS component includes the direct photons emitted from the NS surface
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Figure 3.5: Polarization degree and andgdt(panel$ and spectrumright pane) of NS and disk photons (respec-
tively, blue and red lines) as a function of energy considering a toroidal Comptonizing region. Each contribution
includes the direct radiation directly observed. The system is observed atdiBation. The PA inmonkis
measured from the projection of the rotation axis onto the sky plane.

along with Comptonized radiation. The disk component consists of the disk photons directly detected and
those scattered in the corona. Similarly to the thick slab con guration, as the radius of the torus section
is comparable to the NS radius, most of the NS seed photons pass through the Comptonizing region
and eventually get scattered towards the observer, with a signi cant fraction absorbed by the underlying
disk. The scattered NS photons are the main contribution to the total ux in the high-energy part of the
spectrum, with a quite high polarization degree increasing with energy. The polarization angle of the
scattered NS photons is almost perpendicular to the disk plane. The small misalignment and the rotation
with energy are due to special and general relativistigots. At lower energies, the total ux is dominated

by the direct disk emission. If the disk seed photons are considered to be polarized, the total polarization
is close to the classical results Chandrasekhar (1960). Multi-scattered disk photons contribute to the disk
polarization for energies above 4-5 keV, resulting in an increase of the polarization degree and a rotation
of the polarization angle.

3.6 Wedge Geometry

The wedge con guration (Figure 3.1e) is built to roughly mimic the equatorial boundary layer (Popham
and Sunyaev 2001; see also Poutanen et al. 2018) and corresponds to a spherical shell without the polar
caps. This geometry is characterized by the oRgr and inner radiR,, along with the maximum
opening angle, (measured from the accretion disk plane). In particular, the wedge radially extends from
the NS surface up to the inner edge of the accretion disk. For this geometry, the electron plasma rotates
with Keplerian velocity and its optical depth is measured in the radial direction from the NS surface.

The results for the polarization degree and angle of the tweréint components (i.e. the NS and the
disk) are shown in Figure 3.6. The disk component includes the direct emission directly detected by the
observer, along with disk photons scattered in the corona. Similarly to the spherical shell con guration, the
direct disk emission is the dominant contribution to the total ux at low energie3 ( 4 keV), while the
scattered NS photons contribute signi cantly at higher energies. The fraction of the disk photons passing
through the corona and getting scattered increases the polarization degree of the disk at higher energies.
At lower energies, the polarization of the disk strongly depends on the choice of the intrinsic polarization:
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Figure 3.6: Polarization degree and andgdt(panel$ and spectrumright pane) of NS and disk photons (respec-
tively, blue and red lines) as a function of energy considering a wedge con guration of the Comptonizing region.
Each contribution includes the direct radiation directly observed. The system is observednatiation. The PA

in monkis measured from the projection of the rotation axis onto the sky plane.

if the disk photons are polarized, the total polarization is similar to the classical Chandrasekhar (1960)
results, while the disk photons are less polarized when intrinsic polarization is not considered. As the
wedge is a quite symmetric con guration, the resulting polarization expected from the Compton scattering
of soft seed photons is low (between 1-2%). To the rst approximation, the wedge is almost perpendicular
to the disk plane. Therefore, the polarization angle is expected to be rotated iwt®0@espect to that of

the polarized radiation emerging from the electron-scattering dominated disk atmosphere (Chandrasekhar,
1960).

3.7 Boundary/Spreading Layer Geometry

In order to have a better description of the polarization properties of the radiation emitted by the equatorial
boundary layer, an additional ellipsoidal shell has been built around the NS equator (Figure 3.1f). The
elliptical shell is characterized by a semi-major axis that coincides with the inner disk radius and covers
part of the surface of the NS up to the maximum opening anglgneasured from the accretion disk
plane). As the accretion rate increases, the radial and latitudinal extension of the spreading layer can
vary: at low accretion rates, the inner edge of the disk is located further from the NS surface and the
spreading layer extends mainly radially, with lower maximum opening angle (i.e. the boundary layer
con guration); at higher accretion rate, the latitudinal extensigrincreases and the spreading layer
covers a larger region of the NS surface (up to the entire NS surface when the accretion rate is close to the
Eddington limit Inogamov and Sunyaev 1999; Popham and Sunyaev 2001). The latitude dependence of
the rotation velocity of the boundary layer plasma is required to compute the maximum opening angle
m- TO study the polarimetric properties of a “general” spreading layer-like con guration, the maximum
opening angle is set to45 . The dependence of the PD and PA forelient , is studied in Section 5.1
and also applied for soni&sources (Section 5.2.2). In the standard boundargading layer models,
the accreting matter rapidly decelerates its rotation inside the boundary layer from the Keplerian disk
velocity to the rotational velocity of the NS (Section 2.1.4; Inogamov and Sunyaev 1999). However, in
monksimulations (up to now) the electron plasma is assumed to rotate with Keplerian velocity. This is
however a reasonable assumption: the rotational velocity “breaks” the symmetry of the system, creating
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Figure 3.7: Polarization degree and andgdt(panel$ and spectrumright pane) of NS and disk photons (respec-
tively, blue and red lines) as a function of energy considering a spreading layer-like geometry of the Comptonizing
region. Each contribution includes the direct radiation directly observed. The system is observeihelirGdion.

The PA inmonkis measured from the projection of the rotation axis onto the sky plane.

a preferential direction for emitted photons; not accounting for the drop from the Keplerian to the NS
rotational velocity, this eect is maximized having only the Keplerian velocity. Therefore, the resulting
polarization is a kind of upper limit obtainable for this shape of the Comptonizing region. For this class
of geometries, the optical depth of the electron plasma is measured in the radial direction from the NS
surface.

The results for the polarization degree and angle of the tweréint components (i.e. the NS and the
disk) are represented in Figure 3.7. The disk component includes the photons emitted from the accretion
disk and directly detected by the observer without any Compton scattering, along with the Comptonized
disk radiation. The NS direct and scattered photons contribute signi cantly to the emission at higher
energies& 3 4 keV) and result to be low-polarized (1%) with direction perpendicular to the accretion
disk plane, as the spreading layer is at zero order approximation perpendicular to the meridian plane. The
direct disk emission dominates at lower energies, with polarization vector along the meridian plane (if
polarized; Chandrasekhar 1960). Only a few photons from the disk will be scattered as the spreading layer
extends between the NS and the inner edge of the accretion disk. The expected polarization is very similar
to that of the wedge con guration, as expected since these two types of geometries are built in order to
approximate the boundaspreading layer geometry.
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4. Spectro-Polarimetric Observations

The exact nature of the X-ray emitting regions in NS-LMXBs remains elusive, since the models are
spectroscopically degenerate. X-ray polarimetry can signi cantly constrain the geometry of the accreting
system together with its physical properties. X-ray polarimetric studies are now a reality thanks to the
Imaging X-ray Polarimetry Explore(IXPE, Weisskopf et al. 2016, 2022). During the rst two-year
observational campaighXPE observed all major classes of galactic and extragalactic X-ray sources,
providing space, energy and time-resolved polarimetry (Weisskopf et al., 2022). Among all these X-
ray sources, several NS-LMXBs were observedX®E: four soft state Atoll-sources (GS 1826—-238,

GX 9+9, 4U 1820-303 and 4U 1624-49) and theesources (Cyg X—2, XTE J1701-462, GX 5-1).

In this chapter, th&XPE observations of NS-LMXBs are re-analyzed using the same procedure for all
the sources. In particular, all the data fréXPE and other X-ray facilities have been reduced using

all the standard tools and the latest calibration les available. The joint spectro-polarimetric analysis is
performed considering the same physical model to t the observed spectra. This choice was made to allow
for a direct comparison between the various sources using the same spectral medehtti from the

IXPE discovery papers. Very recentlPE also observed two moié-sources (Cir X—1 and Sco X-1)

for which only the polarimetric analysis is reported.

4.1 X-ray Polarimetry

X-ray polarimetry can be a powerful tool for studying the physics and geometry efelit classes

of astrophysical sources, adding information that can be used to remove degeneracies in models. A
polarimeter is a detector capable of analyzingedent angular directions and detecting photons with
respect to these directions. Any linear polarimeter is capable of measuring the azimuthal modulation of
some physical quantitid( ), around some speci ¢ direction of polarizatiog in the xy-polarization

plane (see the review by Fabiani 2018 for more details). If the radiation is not polarized, every angular
direction has the same probability; thus the number of photons detected, as a function of the angular
directions, is the same and the detector response is at (Figuréeft.pane). If the radiation is polarized,

one angular direction will be more probable anco® modulation arises (Figure 4.fight pane). This
modulation depends on the dipole interaction between the photon and the interacting electron of an atom
in the sensitive volume of the polarimeter. The modulation function is de ned as

N()=Ap+Bpcod( o) (4.1)
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whereAp is the at term andBp is the modulated term. The modulated fraction of the detector response
is given by the modulation factorde ned for 100% polarized radiation
Nioose Niooos B10oo% 4.2)

NI+ N0y, 2A100%+ B1oowe

whereNji%, and N;“Oig% are the maximum and minimum number of photons detected in the angular bins
of the modulation histogram far00% polarized radiation. Once is known for the instrument, the

polarization degree of a source can be derived from the measured value of modulation amplitude

1 Bp

PD=-- " .
2Ap + Bp

4.3)

Itis more convenient to de ne the Stokes parameter for each phgtgonandu in the instrument-de ned
direction . The linearity of the Stokes parameters (see also Appendix A) allows to compute the Stokes
parameters ol events per energy band over the exposure fime

|-1Wi -1Xq1
N— == k — =
T k=1 T k=1
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The measured PD and PA for realistic detectors may be determined as

-
1 QutUR

PD= =
N (4.5)

PA= 1arctan ﬂ
2 N
with some uncertainty in the measurement, which is a combination of both statistical and instrumental
errors, calculated from (playing a major role in the description of quality of a polarimetric instrument).
The event-by-event calculation of Stokes parameters does not provide expected values identical to those
obtained by tting the modulation function: the obtained values are proportional, with the constant
of proportionality being the number of bins in the modulation curve. However, the two approaches
are completely equivalent since the observable quantities are the PD and PA, which are invariant for
proportional Stokes parameters (Muleri, 2022).
The detectability of a source can be estimated by means dflithienum Detectable Polarization
(MDP), which is de ned as the minimum polarization that can be detected at a con dence |8&%wof
(Weisskopf et al., 2010; Strohmayer and Kallman, 2013)

r
429 R+B
MDP(99%)= —= =

(4.6)

whereRis the count rate of the sourd8,s the background count rate afds the net observation time.

A signal with a modulation corresponding to a polarization lower than the MDP is compatible with a
statistical uctuation for an unpolarized source and, therefore, no positive detection of polarization can be
claimed.
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Figure 4.1: Detector response of a polarimeter to unpolarized radiationdfapane) and to polarized radiation
(modulatedright pane).

4.2 IXPE

IXPE (Weisskopf et al., 2016, 2022) is a joint NASA-Italian Space Agency (ASI) Small Explorer Mission
selected in early 2017 and launched on 2021 December 9 on a SpaceX Falcon 9 from NASA's Kennedy
Space Center (LC-39A) in Florida, with a 2-year baseline mission. Compared to the previous X-ray
polarimetric mission on OSO-8<PE needs about two orders of magnitude less exposure time to reach
the same sensitivity. It provides imaging capability with30°°angular resolution ovet1° eld of

view, together with 1-2 s timing accuracy and a moderate spectral resolution typical of proportional
counters. Figure 4.2€ft pane) shows a schematic of thH¥PE observatory and its key payload elements.
The payload consists of three identical X-ray telescopes with identical mirror modules and identical
polarization-sensitive imaging detector units (DUs) at their focus. Inside each DU thereyestipexel
detector(GPD; Figure 4.2right pane) that images the photoelectron tracks produced by X-rays absorbed

in the special Il gas (Costa et al., 2001). The initial emission direction of the photoelectron determines
the polarization of the source, whereas the initial interaction point and the total charge in the track provide
the location and energy of the absorbed X-ray, respectively. Once constructed and environmentally
tested, each DU went through a comprehensive calibration to characterize the response to both polarized
and unpolarized radiation and to measure the spectral, spatial, and timing performance. The DUs were
also integrated into the detector service units (DSUs) and illuminated with X-ray sources (with known
polarization and position angle) to test the operation of the instrument in the ight con guration. To also
enable in- ight calibration monitoring, each DU is equipped with a Iter and calibration wheel assembly
that contain various radioactive sources that can be rotated in front of the GPD to provide for monitoring
gain, energy resolution, spurious modulation and the modulation factor (Muleri et al., 2018; Ferrazzoli
et al., 2020; Rankin et al., 2022). Data from the detectors are handled by the DSU, located under the S
top deck.

4.2.1 Data Reduction

Data reduction and analysis ¥PE observations have been performed usinglXfE collaboration
software toolxpeobssirmoftware v.30.5.2 (Baldini et al., 2022) and the HEASOFT tools v.6.32 (Nasa
High Energy Astrophysics Science Archive Research Center, 2014), with the latest calibration les
(CALDB v.20230526). Théxpeobssirtools includexppicorr to locally apply energy calibration with

in- ight calibration sourcesxpselect to Iter data andxpbin to apply di erent binning algorithms

for generating images and spectra. The rebinning and the spectro-polarimetric analysis were performed
using HEASOFTitools includingxspec The normalized Stokes paramet&s andU=l, as well as

their uncertainties, are calculated using B@UBEBinning algorithm ofixpeobssinwhich assumes that
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Figure 4.2: Schematic of thXPE Observatory (Weisskopf et al., 2016, 2022) and the polarization-sensitive
gas-pixel detectors (Costa et al., 2001).

they are not correlated and that PD and PA are independent (Kislat et al., 2015). The results of the
polarimetric analysis obtained with batspecand theixpeobssirtools PCUBBRave been compared: while
xspecaequires the de nition of a spectro-polarimetric modeheobssirallows a model independent
analysis that computes the polarization only on the basis of detected photons. The uncertainties from the
xspea@nalysis are computed with tleeror command for one parameter of interest. It is worth noting

that the PD and PA are not independent. The contours representing the 68.27%, 95.45% and 99.73%
con dence levels of the joint measurement of the PD and PA are a more appropriate method to represent
the uncertainties. Witixpeobssimuch contours are derived as described in Weisskopf et al. (2010);
Strohmayer and Kallman (2013); Muleri (2022) by using the parameters obtained BZthBEIgorithm

itself. Inxspecahe contours are obtained using #teppar command for two parameters of interest. The
upper limits to the PD are based upon its error in one dimension, without regard to the value of the PA.
Therefore, they are computed usingZwith one degree of freedom.

The source and background regions were selected from the image of each DU. The source is located
in a circular region, where the extraction radii have been calculated through an iterative process that
leads to the maximization of the signal-to-noise ratio (SNR) in the 2—8 keV energy band, similar to the
approach described in (Piconcelli et al. 2004, see also Marinucci et al. 2022; Ursini et al. 2023b). The
background is always extracted from an annular region with internal and external ra8iP8and2409
respectively. Following the prescription by (Di Marco et al., 2023b) for bright sources, the background
has not been subtracted. In fact, background subtraction does not signi cantly alter the results, especially
the polarimetric measurements. Data analysis ixpeobssirns performed following the unweighted
method: equal weights are assigned to each photo-electron track, regardless of its shape. The weighted
analysis method presented in Di Marco et al. (2022) was applied for data analysispéfusing the
parametestokes=Neff in xselect Since the modulation factor is signi cantly acted by weights, a
weighting scheme using the photo-electron track ellipticity is considered, providing the best sensitivity
and reducing the spurious modulation. A constant energy binning of 0.2 keV was usedpariak)

Stokes spectra, along with an SNR greater than 3 in each spectral channel for the intensity spectra.

4.3 GS 1826-238

GS 1826-238 is a well-known accreting NS-LMXB discovereddiggain 1988 (Makino, 1988). It was

classi ed as an Atoll source in the hard spectral state until 2016 (Cocchi et al., 2011; Sanchez-Fernandez
et al., 2020), after which GS 1826—-238 underwent a major transition to the high soft state. The peculiarity
of this source was the presence of extremely regular X-ray bursts over a range of several years (Cocchi
et al., 2000; Zamr et al., 2012). For this reason, it is also knowncscked burstet.
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Source Satellite Obs. ID Start Date (UT)  Net Exp. (ks)

GS 1826-238  IXPE 01002801 2022-03-29 07:14:28 85.0
NICER 5050310101 2022-03-28 02:32:40 7.2
NICER 5050310102 2022-03-29 00:20:20 9.5
NICER 5050310103 2022-03-3001:17:00 6.4
NICER 5050310104 2022-03-31 00:20:00 1.2
INTEGRAL 19700050001 2022-03-28 17:23:38 139108.4

Table 4.1: Log of simultaneous observations of the Atoll-source GS 1826—238 (Capitanio et al., 2023).

Figure 4.3:Left panel GS 1826—-238 MAXI 2—20 keV light curve in units of photons éms * (top) and hardness
ratio (10—20 keV2-20 keV,botton) as a function of time in MJD. The green line correspond td¥iE observation.
Flux variations among the light curve are mostly due to the MAXI spurious modulation (Mihara et al., RO@2{).
panel GS 1826-238XPE 2-8 keV light curve in units of cpsdp) and Hard Color (5-8 kek8-5 keV,botton) as a

function of the observational time (see also Capitanio et al. 2023). Each bin corresponds to 120 s.

4.3.1 Observations

The observation of GS 1826-238 witkPE (Capitanio et al., 2023) was carried out from 2022 March 29
07:14:28 UT to 2022 March 31 09:20:06 UT (see Table 4.1), for a total net exposure time of 85 ks after
taking into account Earth occultationn¥XPE data were extracted as described in Section 4.2.1, considering
120P%source extraction radius. NICER (Gendreau et al. 2016, see also Appendix B.2) performed four
observations of GS 1826—238 with continuous exposure between 2022 March 28 02:32:40 UT and 2022
March 31 00:43:00 UT. The source moves along the ¢€D but remains at quite constant hard color.
The four NICER spectra are summed up before the spectro-polarimetric analysis (see Table 4.1). Data
have been extracted and reduced following the procedure described in the AppendiXNBTEGRAL
(Winkler et al. 2003, see also Appendix B.3) observed the source from 2022-03-28 17:25 to 2022-03-30
23:43:32 UT for a total of 139 ks for JEM-X1 and 108.4 ks for JEM-XRTEGRALdata has been
reduced following the procedure described in the Appendix B.3.1. A systematic errof6efvas added
in quadrature for spectral analysis. Only JEM-X data were used for spectral extraction because IBIS, the
ray energy detector (Lebrun et al., 2003), did not detect the source (and therefore the high-energy tail)
with an upper limit of 3 onthe uxof 10 *ergcm?s 'inthe 28—40 keV range.

The left panel of Figure 4.3 reports the 2—20 keV MAXI (Matsuoka et al., 2009) light curve of
GS 1826-238, along with the hardness ratio (10-20/Re®0 keV) that spans one year from 2021
September 28. After the major state transition to HSS (MJ&Y500), the large and periodiP ( 72
days) ux variations correspond to only slight variations in the hardness ratio, probably due to a spurious
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Model Parameter Best-t
TBabs Ny (10?2 cm 2) 0.52"3%
diskbb kT (keV) 0.92[*828‘51
Rin (km) 11.9309%8
bbodyrad KT (keV) 1.32913
1:59
Rob (km) 6.75 75
thcomp kTe (keV) [2.8]
6.4 igs
2-d.o.f. 200.9151
Faisk=Ftot (2—8 keV) 54.7%
Fcomp=Ftot (2-8 keV) 45.3%
Fiot (€rg st cm 2) 397 10°

Notes.A 7 kpc distance is assumed to computed

the inner radiu®;, andRy,, from normalizations. .
Figure 4.4: Best- t of theNuSTARARNdINTEGRALdecon-

Table 4.2: Best-t Spectral Parameters obtainegblved spectra GS 1826—238. The model includiekbb
from the NICER andNTEGRALdata. The errors (dashed dotted linejhcomp*bbodyrad (dashed line) and
are at the 9% con dence level for a single parame-gaussian (dotted line) with residuals in units of. The
ter. spectral parameters are given in Table 4.2.

oscillation in the MAXI light curves (Mihara et al., 2022). ThéPE observation time, coordinated with
NICER andINTEGRAL is highlighted by the green line. ThEPE light curve and the hard color (5-8
keV/3-5 keV) are substantially constant within all observation (FigurergBt pane). However, due
to an improper correction of the telescope vignetting caused by trexis pointing during théXPE
pointing of GS 1826—-238, thXPE spectra were not compatible with NICEREM-X spectra. Due to
the brightness of the source, the induced systematctes highly signi cant in the energy spectrdm
On the other hand, since the Stokes paramé&@etsandU= are normalized quantities of photon counts,
their derivation is not in uenced by dierent changes in eciency over energy for single DU and PD and
PA are not aected (Capitanio et al., 2023; Farinelli et al., 2023).

4.3.2 Spectro-Polarimetric Analysis

The model used for the tting procedure is a multicolor disk blackbody compadiskbb (Mitsuda et al.

1984, see also Appendix C.2.4) and a harder boundary/tayena emission (e.g. Popham and Sunyaev
2001; Revnivtsev et al. 2013). Comptonized emission is modelled using the convolutionthremhep
(Zdziarski et al. 2020, see Appendix C.2.5 for more details) applied to a simple blackijmatjy(ad,

see also Appendix C.2.1). The covering facfoof thcomp represents the fraction of Comptonized
seed photons. Whehis close to 1, all photons from the boundary lapbodyrad are Comptonized.

Both components are modi ed by interstellar absorption udiBgbs (Appendix C.2.7), withvern
cross-section (Verner et al., 1996) aniim abundances (Wilms et al., 2000). No re ection component or
iron line was observed in the spectra. The spectral parameters obtained from the tting procedure are
reported in Table 4.2 and the corresponding spectrum with the best- t model is shown in Figure 4.4. To
improve the quality of the t, the covering factor and the electron temperature are xed. The features
in the residuals are due to NICER instrumental issues (Miller et al., 2018; Strohmayer et al., 2018). To
deal with these residuals, sorgaussian components and an absorptiedge have been added. The

rst gaussian component peaks at71 0:04 keV and with line width0:06 0:01 keV, while the other

https://heasarc.gsfc.nasa.gov/FTP/ixpe/data/obs/01/01002801/README
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Figure 4.5: Stokes parameters of GS 1826—238 in the 2—-8 keV, 2—4 keV and 4-8 keV energy bands for DU1 (blue),
DU2 (orange), DU3 (green) and by summing all the events of the three DUs (black) (Capitanio et al., 2023).

Figure 4.6: Polarization contours for GS 1826—238 in the 2—8 keV, 2—4 keV and 4-8 keV energy bands obtained
with xspedyy summing the events from the three DUs. Contours correspond to the 68.27%, 95.45% and 99.73%
con dence levels derived using & with two degrees of freedom (see also Capitanio et al. 2023).

two narrow components are respectivelRatl 0.02keV and2:66 0:03keV. The spectral parameters
remain consistent within the errors. The spectrum of GS 1826—238 is consistent with typical spectra for a
weakly magnetized NS-LMXB in the soft state, with low temperature and highly opaque electron plasma
(see e.g. Paizis et al. 2006). Assuminq)a_distance to the source of 7 kpc, the normalizdiskivlof
corresponds to an inner disk radius ofi2" cosi km. The size of the seed photon-emitting region can be
estimated from the best- t normalization bbodyrad, assuming that all seed photons are Comptonized
and computing the ux and the emission area (see also in 't Zand et al. 1999). The estimated seed photon
region size is equivalent to a spherical radius of km. This result is consistent with the seed photons
originating in a region smaller than the entire NS, such as the boundary layer.

The Stokes parameters of GS 1826—-238 observdXB¥ in the 2—-8 keV, 2—-4 keV and 4-8 keV
energy bands obtained witkpeobssirare reported in Figure 4.5. No detection of polarization can be
claimed, with no signi cant variation over time. Only upper limits can be found in each energy range both
from ixpeobssirtas described in Baldini et al. 2022) and frespec The resultingl  upper limits from
ixpeobssir(0.84%, 0.85%, and 0.94% in the 2—-8, 2—4, and 4-8 keV range, respectively; see Capitanio et al.
2023) are somewhat larger than the estimates using a Bayesian approach presented by Maier et al. (2014),
but are consistent with the corresponding limits freeped0.69%, 0.91%, and 1.48%, respectively).
Thexspe@ upper limits (99.73% con dence level) are 1.48%, 1.76%, and 2.45%, while the Bayesian
approach gives rather consistent limits of 1.41%, 1.44%, and 2.37%. In any case, the PA is unconstrained
in the three energy bands. The spectro-polarimetric tis performed by applying a constant polarization
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Source Satellite Obs. ID Start Date (UT)  Net Exp. (ks)

GX9+9 IXPE 01002401 2022-10-09 11:33:38 92.5
NuSTAR 30801021002 2022-10-09 10:21:09 39.4

Table 4.3: Log of simultaneous observations of the bright Atoll-sources-€X(9rsini et al., 2023a).

throughpolconst (Appendix C.2.8) to the best- t model found from NICEREM-X data. To derive the
polarization parameters (PD and PA), all spectral parameteérBabs diskbb andthcomp*bbodyrad

were xed to the best- t value. At both low and high energies, tK®E data di er signi cantly with
respect to the best- t model. This is probably related to calibration issues, already observed in other
sources (Taverna et al., 2022; Krawczynski et al., 2022; Marinucci et al., 2022), and to improper correction
of IXPE vignetting due to o-axis pointing. To correct for these deviations, a gain shift correction is
applied to the response les of tHXPE/lI spectra with thegain fit command inxspec The gain
parameters of th® andU spectra are then linked to those of thepectra for each DU. The energy shift

was calculated using the relati@ = E= , Where is the gain slope andthe o set. The resulting

slope is1:067 0:003 1:135 0:003 1:055 0:003keV ! for the three DUs respectively, while the set

in each of them is 0:135 0:064, 0:.087 0:009, 0:049 0:010 keV. Figure 4.6 reports the contours

of the PD and PA of th&XPE observation respectively in the 2—4, 4-8 and 2—-8 keV energy bands and are
consistent with those obtained wittpeobssirfCapitanio et al., 2023). As expected, the PD is compatible
with null polarization and the PA is unconstrained even at a&dn dence level.

4.4 GX9+9

GX 9+9, also known as 4U 1728-16, is a NS-LMXB discovered during a sounding rocket observation
of the Galactic center (Bradt et al., 1968). It has been classi ed as a bright Atoll source (Hasinger and
van der Klis, 1989), whose light curve shows a 4.2 h modulation in both the optical and the X-ray bands
(Hertz and Wood, 1988; Schaefer, 1990). Its distance is not well known, the estimates range between 5
kpc (Christian and Swank, 1997) and 10 kpc (Savolainen et al., 2009). This source has been consistently
observed in a bright soft state (Gladstone et al., 2007; Savolainen et al., 2009; laria et al., 2020). The
average X-ray ux in the 2-20 keV band i200 mCrab (laria et al., 2020), and the X-ray spectrum is

well represented by a two-component emission model plus re ection (Kong et al., 2006; Savolainen et al.,
2009; laria et al., 2020). From the relativistic re ection component, the inclination has been estimated to
be 40-50, consistent with the upper limit of 70ndicated by the lack of X-ray eclipses (Schaefer, 1990;
Savolainen et al., 2009).

4.4.1 Observations

IXPE observed GX 99 (Ursini et al., 2023a) between 2022 October 9 11:33:38 UT and October 11
13:19:10 UT for a net exposure time of 92.5 ks (Obs. 1D 30801021002, see Table 4.3). Science data
were extracted as described in Section 4.2.1 considdé@@¥source extraction radius. GX9 was

also observed biNuSTARrom 2022 October 9 10:21:09 UT to October 10 14:51:09 UT, with a net
exposure of 38.5 ks, simultaneously with the rst half of ti¢*E exposure. The cleaned and calibrated
data have been extracted following the procedure described in the Appendix B.1.1. For both detectors,
the background was extracted from a circular region WifPradius while the source radius 123°

found by following the signal-to-noise ratio maximization procedure (Piconcelli et al., 2004). Since the
background starts dominating above 30 keV, the data are considered to be in the 3-30 keV rang8. GX 9
exhibits complex long-term X-ray variability (Kotze and Charles, 2010), however the MAXI light curve
shows a quite constant baseline and small amplitude variations from 2008000MJD; Asai et al.
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