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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.
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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 stars (8M� . 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 (PSR B1919+21; Hewish
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 (up to1014 � 1015 G in magnetars). The
magnetic �eld evolution is coupled to that of the surface temperature. NSs are born very hot (T � 1011)
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 of108 � 1010

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 in the1036 � 1038 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-color/Soft-color diagrams (CCD), NS-LMXBs are traditionally divided into two broad categories:
the high soft stateZ-sources and the Atoll-sources. The position in the CCD is also correlated with the
mass accretion rate, which is close to the Eddington limit inZ-sources. 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 K� emission 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 among di� erent broad-band
models. X-ray polarimetry is the key to distinguish between di� erent 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 be di� erent in value and energy dependence between di� erent
geometrical con�gurations, which can therefore be distinguished. In particular, the polarization degree
increases with increasing deviation from spherical symmetry.

For the �rst time, thanks to the NASA and Italian Space Agency (ASI)Imaging 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-LMXBs.IXPE 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- andZ-sources).IXPE
has detected signi�cant polarization in most of the observed NS-LMXBs. Interestingly, surprising large
polarization has been observed in some sources, up to4 � 5% in the wholeIXPE band and up to� 10%at
high energy, which is quite di� cult to explain with standard geometries.Z-sources 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 (� 4 � 5%) and starts to decrease as the
sources move along the normal and �aring branches (� 1 � 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 o� the disc of the soft photons (or a combination of
these two contributions).

The work is organized as follows:
ˆ in Chapter 1, the general properties of the NSs are reviewed, including their classi�cation and the

general relativistic structure equations;
ˆ in Chapter 2, after introducing the properties of accretion, NS-LMXBs are characterized along with

a detailed description of the main physical processes involved;
ˆ in Chapter 3, the main characteristic of the general relativistic Monte Carlo radiative transfer code

monkare described, together with the spectro-polarimetric results obtained for di� erent geometries
of the Comptonizing region;

ˆ in Chapter 4, the observations of several NS-LMXBs made byIXPE are reported, with detailed
spectro-polarimetric analyses;

ˆ in Chapter 5, the results of the di� erentIXPE 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
8 M� . 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, at� & 1014 g cm� 3, the nuclei are completely broken up and
matter is mainly composed of neutrons. If the star has su� ciently high mass, the degeneracy pressure of
neutrons can stop the collapse and trigger a shock that propagating outward blows up the star envelope
(Supernova event). After 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 times1053 erg 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 (� 1049 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 temperatureT � 1011 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 estimated as108 � 109 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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6 Chapter 1. Neutron Stars

I 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 stars� “unheimliche Sterne”, weird 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:

[NSs] 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 gradual “accretion” 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 pressureP on the mass density� (or the associated energy densityE = � c2) and on
the temperatureT 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 considered atT = 0.
Tolman (1939) and independently Oppenheimer and Volko� (1939) 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 Volko� (1939) 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 static NS,Mmax � 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 temperature of� 106 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� 1 (Giacconi et al., 1962), discovered with rocket experiments, followed by



Chapter 1. Neutron Stars 7

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 of “Unknown Pleasures” by 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 X� 1 stands out as the brightest observable X-ray source in the sky. In
1967, by studying the X-ray and Optical observations of Sco X� 1, Shklovsky (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 (� 1013 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 di� ered 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 B1919+21, was located far
from the solar system. By the beginning of February 1968, three further pulsars (PSR B1133+16, PSR
B0834+06, and PSR B0950+08) 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 shortP = 33ms (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 could e� ciently
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 several di� erent
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:

�Erad = �
2

3c3
jm̈j2 = �

B2
polR

6
NS
 4 sin2 �

6c3
(1.1)

wherem is the magnetic dipole moment,Bpol is the magnetic �eld strength at the magnetic pole,� is
the angle between the dipole axis and the star spin axis,RNS is the stellar radius and
 = 2�= P the star
angular frequency. The spin periodP of PSRs (typically in the range� 0:01 � 1 s) is measured from
the pulsations they show in the radio band. By equating�Erad given by equation(1.1)with the rotational
energy losses�Erot = I 
 �
 it results

�


 3

= �
B2RNS sin2 �

6Ic3
; (1.2)

whereI 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 equation forBpol and considering a
typical NS with massMNS = 1:4 M� and radiusRNS = 10 km (and soI � 1045 g cm2), the intensity of the
dipolar magnetic �eld, assuming that all rotational loss�Erot is converted into radiation power�Erad is

Bpol =

s
6Ic3

4� 2R6
NS sin2 �

P �P � 3:2 � 1019
p

P �PG (1.3)

with �P the spin-down rate, typically� 10� 16 � 10� 12 s s� 1.
Integrating equation (1.2) over time, starting from star birtht = 0 up to current timet = tc, one has

1

 2(tc)

=
2B2R6

NS sin2 �

6Ic3
tc ; (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 fortc, one obtains

tc =
1
2

P
�P

; (1.5)

that is called thecharacteristic ageof the star. Actually,tc is a good approximation of the real star age
(which can be evaluated through di� erent methods, e.g. from the kinematics or the cooling properties
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Figure 1.2: Neutron stars population in theP � �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 (AXPs/SGRs). 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 today.P and �P play
a fundamental role in characterizing the properties of NSs and the Galactic NS population is usually
represented in theP � �P diagram, shown in Figure 1.2. Data are taken from the Australian Telescope
National Facility Catalogue1 (ATNF Catalogue, Manchester et al., 2005).

Rotation powered PSRsare the most abundant population and �ll the central region of the plot with
typical periods of 0.1–1 s and magnetic �elds of� 1012 G. Most of them are noted for their pulsed radio
activity, although they are also visible in other bands, i.e. X- and
 -rays.Millisecond PSRsare placed in
the bottom-left corner at small values ofP and �P, with low magnetic �elds� 108 G. Their fast rotation
originates in the spin-up by accretion from a companion star in binary systems (recycled pulsars, see
e.g. Patruno and Watts, 2021). TheX-ray Dim Isolated NSs(XDINs) 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 known asMagni�cent Seven(see e.g. Turolla, 2009).Magnetars,
observationally identi�ed asAnomalous X-ray pulsars(AXPs) andSoft Gamma Repeaters(SGRs), are
found in the upper right corner with a very strong spin-down magnetic �eld (& 1013 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 Transients(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).

1https://www.atnf.csiro.au/research/pulsar/psrcat/expert.html
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1.3 Internal Structure
A NS can be divided into di� erent layered regions as shown in Figure 1.3 (Haensel et al., 2007):

ˆ The outer region (atmosphere) is 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 temperatureTs � 3 � 106 K) to a few millimeters in a cold one (Ts � 3 � 105 K).
Very cold or ultra-magnetized NSs may have a solid or liquid surface.

ˆ Theenvelope(or ocean) is about 100 m thick and is made up of a Coulomb liquid of ions and
electrons with relatively low density (� . 109 g cm� 3). 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.

ˆ The outer part of thecrust is 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 (� � 109 � 1010 g cm� 3, up to� 1014 g cm� 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 make up theinner crust. The thickness
of the entire crust is about 1 km.

ˆ The next layer is themantlein 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.

ˆ Theouter corehas extremely high densities (0:5 � 0 . � . 2 � 0, where� 0 is the normal nuclear
density) at which matter consists in a plasma of protons, neutrons and leptons (npe� -matter). The
thickness of the outer core is generally of the order of a few kilometers and makes up the bulk of
the NS mass.

ˆ The central part (inner core) has a very high density and exists only for stars withM & 1:5 M� .
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, mainly� � and� + hyperons, is also possible
(npe� �� -matter). But there is the possibility to have instead exotic state matter hyperons, like the
formation of Bose-Einstein condensates ofK or � 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 densitynB, charge neutrality and� -equilibrium,
the ground state is the one that minimize the total energy density. The� -equilibrium corresponds to the
chemical equilibrium reached betweendirect andinverse� -decay:

8
>><
>>:
n ! e� + p + �̄ e

e� + p ! n + � e :

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 = mn � mp ' 2:5me ' 1:3 MeV. 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

f (T) =
1

1 + e(E� � )=T

T! 0
����! � (EF � E)

where� is the chemical potential and� (EF � E) is the Heaviside step function. The Fermi energy is

also de�ned asEF = � (T ! 0) = mc2
q

1 + x2
F , with xF being the adimensional Fermi momentum as a

function of the number densityn

xF �
pF

mc
=

h
mc

� 3n
8�

� 1
3

: (1.6)

and wherec = 2:99� 108 m/s is the speed of light andh = 4:135� 10� 15 eV s is 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�ned asTF = kBEF ' 1012 K. Furthermore, the density is so high that
degenerate electrons also become relativistic (xF;e � 1) while neutrons and protons remain non-relativistic
(xF;n; xF;p � 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 : (1.7)

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

mec2
q

1 + x2
e + mpc2

q
1 + x2

p = mnc2
q

1 + x2
n (1.8)

and combining with charge neutrality condition, we can obtain the neutron to proton ratioR in the NS

R =
nn

np
= x3

n

� 4(1+ x2
n)

x4
n + 4Qx2

n=mn + 4(Q2 � m2
e)=m2

n

�3=2
(1.9)

which can be related to mass density as

� = mnnn

�
1 +

np

nn

�
= mn

8�
3

� mnc
h

�3
x3

n

�
1 +

1
R

�
: (1.10)

Taking this relation to the high density limit, one sees that the ratios between the number densities of the
particles go asnn : 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 divided insoft, moderateandsti�
with respect to the compressibility of the matter. A small maximum mass is associated with sti� models,
whereas the opposite occurs for soft models. The maximum mass can provide a comparison with the
observations, as the heaviest known NS massM = 2:14+0:10

� 0:09 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 di� cult 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 rotation (P . 1 ms) or extremely strong �elds,B & 1018 G
(Haskell et al., 2006). However, the present values ofP andB, 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)

R�� �
1
2

Rg�� = 8� T�� (1.11)

whereR�� is the Ricci curvature tensor coming from the contraction of the Riemann curvature tensor,
R = g�� R�� is the Ricci scalar andg�� is the spacetime metric. The stress-energy tensorT�� takes into
account pressure, electromagnetic and elastic stresses. Using spherical coordinated(r; �; ' ), it is possible
to write the most general form of a non-rotating, spherically symmetric spacetime (Misner et al., 1973) as

ds2 = � e2� (r)dt2 + e2� (r)dr2 + r2(d� 2 + sin2� d' 2) : (1.12)

The presence of matter forr < R� , whereR� is the stellar radius, modi�es the metric (interior Schwarzschild
solution). Describing matter as a perfect �uid of energy density� , isotropic pressureP and 4-velocityu� ,
the function� in the metric coe� cient can be computed as

� (r) = �
1
2

ln
�
1 �

2m(r)
r2

�

while the lapse function e2� (r) is determined by

d� (r)
dr

=
m(r)
r2

�
1 +

4� r3P
m(r)

��
1 �

2m(r)
r

� � 1
(1.13)

with the boundary condition at the stellar radiuse2� (R� ) = 1 � 2M=R� whereM � m(R� ) is the total
gravitational mass of the central object. We de�ne the enclosed gravitational mass within a radiusr as

m(r) = 4�
Z r

0
� (r̃)r̃2dr̃

where� is the mass-energy density. In the empty space surrounding a spherically symmetric distribution
of matter, i.e.P = � = 0, theexteriorSchwarzschild solution is recovered. The total radius of the star
is determined by the conditionP(R) = 0. The hydrostatic equilibrium condition in this con�guration is
described by the Tolman-Oppenheimer-Volko� equation (Tolman, 1939; Oppenheimer and Volko� , 1939)
and the pressure pro�leP(r) is

dP(r)
dr

= � (� + P)
d� (r)

dr
: (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
coordinate (t; r; �; � ), the Kerr metric line element can be written as (Bardeen et al., 1972):

ds2 = �
�
1 �

2Mr
� 2

�
dt2 �

4Mra sin2 �
� 2

d� dt +
� 2

�
dr2+

+ � 2d� 2 +
�
r2 + a2 +

2Mra2 sin2 �
� 2

�
sin2 � d� 2 ;

(1.15)

whereM is the mass of the central object,a = J=M is the angular momentum per unit mass (0 � a � M)
and� and� 2 are de�ned as:

� � r2 � 2Mr + a2 ;

� 2 � r2 + a2 cos2 � :
(1.16)

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 equations(1.11). In the
limit r ! 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 �elds fort and�
associated to two conserved quantities for particles motion

E � � gt� u� = � pt (1.17)

L � g�� u� = p� (1.18)

whereu� is the particle four-velocity,p� the four-momentum andE 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 uniquely determined using the Carter
constant (Carter, 1968)

Q = p� + cos2 � [a2(� 2 � p2
t ) + p2

� sin� 2 � ] : (1.19)

For equatorial orbits, the Carter constant must vanish (Q = 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
ds

 
@L
@�x�

!
�

@L
@x� = 0 with L = g��

dx�

ds
dx�

ds
: (1.20)

Using the conserved quantities for equatorial orbits, the particles motion is described by

r3
 
dr
d�

!2

= [r(r2 + a2) + 2Ma2]E2 � 4aLME � (r � 2M)L2 � r� : (1.21)

However, there is a di� erence between Schwarzschild and Kerr spacetime: while in the former case, each
L corresponds to only one value ofE, in Kerr E depends ona and not ona2, 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 orbitrms can be determined from
the e� ective potentialVe� . In particular, the derivative ofVe� with respect tor has to be null evaluated at
r = rms leading to the following equation (Misner et al., 1973)

r2
ms � 6Mrms + 8aM1=2r1=2

ms � 3a2 = 0 (1.22)
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and its solution will be

rms = M
(

3 + Z2 �
h
(3 � Z1)(3 + Z1 + 2Z2)

i 1=2
�

(1.23)

whereZ1 andZ2 are de�ned as:

Z1 = 1 +
 
1 �

a2

M2

!1=3"�
1 +

a
M

�1=3
+

�
1 �

a
M

�1=3
#

and Z2 =
 
3

a2

M2
+ Z2

1

!1=2

:

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

ˆ a = 0 (Static BH): the circular motion becomes unstable at distancesr < 6M;

ˆ 0 < a=M � 1 (Slowly rotating BH): the region of stable motion shifts closer towards the event
horizon,rms � 6M � 4

p
6aM=3;

ˆ a = 1 (Extreme-spin BH): in this limit case, the innermost stable circular orbit coincides with the
gravitational radius of BH for co-rotating orbits,rms = M, while it broadens up torms = 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 at di� erent scales. By de�nition, accretion represents the
gradual accumulation of matter onto an object under the e� ects 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 massM and radiusR, the gravitational
potential energy released by the accretion of a massm onto its surface is

� Eacc =
GMm

R
: (2.1)

If the central body accretes matter continously at a rate�M, in the time interval� t it will liberates the
energy

� Egrav =
GM �M� t

R
: (2.2)

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

Lacc =
GM �M

R
= � �Mc2 (2.3)

where� is the accretion e� ciency. For a �xed mass accretion rate, the accretion luminosityLacc increases
with the compactnessM=R of the accreting object. The e� ciency of the accretion mainly depends on the
speci�c energy at the inner edge of the accretion diskr in, assuming that the torque there is negligible

� = 1 �

r

1 �
2M
3r in

: (2.4)
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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 ofRNS � 10 km, assuming that the accretion �ow stops onto the NS surface, the typical e� ciency
is

� NS �
GMNS

RNS
� 15%: (2.5)

Therefore, despite its extra compactness, a stellar mass BH may not be more e� cient in 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 factor(me=mp)2 smaller. If there is
a population of elements other than hydrogen that have retained some bound electrons, the e� ective cross
section resulting from the absorption of photons in spectral lines can considerably exceed the Thomson
cross section� T . 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 net e� ect is that radiation pushes the electron-proton pairs
against the total gravitational force acting on each pair at a radial distancer from the center. The limiting
luminosity for which the two forces compensate for each other is

GMmp

D2
=

LEdd� T

4� D2c
�! LEdd =

4� GMmpc
� T

' 1:26� 1038
 

M
M�

!
erg s� 1 (2.6)

whereLEdd 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

�MEdd ' 1:5 � 10� 8
 

R
10 km

!
M�

yr
: (2.7)

Any additional mass is blown o� by 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 di� erent 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-calledRoche 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 o� the 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, composed of thedonor
star with massM2 and the compact object with massM1, 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 e� 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 potential� R on the plane orthogonal to the angular
velocity ! . TheLagrangepointsL1, L2, L3, L4 andL5 are de�ned byr � R = 0. The pointL1 is known as theseddle
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

@v
@t

+ (v � r ) v = �
r P
�

� 2! � v � ! � (! � r ) � r � G (2.8)

where the left hand side represents the total derivative of the �uid velocityv and 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 system! can be computed from Kepler's
law in terms of a unit vector ˆen as

! =

r
GM
a3

ên ; (2.9)

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 totalRochepotential as

� R = � G + � C = �
GM1

jr � r1j
�

GM2

jr � r2j
�

1
2

(! � r )2 (2.10)

wherer1 andr2 are the position vectors of the centres of the two stars. The locus of points in which that
potential is constant is calledequipotential surfaceand 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 byr � R = 0 are calledLagrange points. The shape of the equipotentials is
entirely governed by the mass ratioq = M2=M1, while the overall scale depends on the binary separation
a.

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
�

r P � r � R = 0 (2.11)



18 Chapter 2. X-Ray Binaries

and since the surface of the star is in hydrostatic equilibrium

r P = 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 parametersq anda of the system will vary: asM1 increases accreting matter whileM2

decreases, the mass ratioq will change over time; because of the redistribution of the angular momentum
within the system, the binary separationa and the periodP will also be altered during the mass transfer
process.

Since the Roche geometry is determined bya andq, it is important to verify the e� ect 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 values ofq is given by the approximate analytical formula
(Eggleton, 1983):

R2 = a �
0:49q2=3

0:6q2=3 + ln(1 + q1=3)
= a � f (q) : (2.13)

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

dR2

R2
=

da
a

+
d f(q)
f (q)

�
da
a

(2.14)

where the approximation holds asf (q) depends weakly onq. 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
a su� ciently long time. By combining the angular momentum conservation with the third Kepler law:

M1a2
1! + M2a2

2! = constant and 4� 2a3 = G(M1 + M2)Porb (2.15)

wherea1 anda2 are the distances of the two stars from the center of mass andPorb is the orbital binary
period, the binary separation variation over time can be written as

da
a

=
2
3

dPorb

Porb
=

2(q � 1)
q + 1

dq
q

: (2.16)

Sincedq is always negative asM2 is losing mass in favor ofM1, 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 a su� 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

v? � b1! � 100
 

M1

M�

!1=3

(1 + q)1=3
 

P
1 day

! � 1=3

km=s and vk . cs � 10

r
T

104 K
km=s (2.17)
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whereb1 is the distance ofL1 with respect to the center ofM1 andcs is the speed of sound in the envelope
of the donor star, since the gas is pushed throughL1 by pressure forces. Therefore, as the gas emerges
throughL1, 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:

ˆ the donor star in the binary system has negligible gravitational in�uence on the disk;

ˆ the self-gravitation of the disk is not important;

ˆ the disk is axisymmetric (@� = 0) and in stationary state (@t = 0);

ˆ the disk is thin, i.e.h(r) � r;

ˆ particles move around the compact object on Keplerian circular orbits;

ˆ 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 S�adowski et al., 2011; Abramowicz and Fragile, 2013).

The �rst fundamental equation is therest mass conservation

r � (� u� ) = 0 (2.18)

where� is the rest mass density andu� the four-velocity. The second fundamental equation that describes
the �uid dynamics is

r � T �
� = 0 (2.19)

where the stress-energy tensor is de�ned as:

T �
� = u� u� (P + � ) + Pg�

� � t�� + u� q� + u� q� (2.20)

whereP is the total pressure,� is the gas internal energy,q� is the radiative energy �ux. The viscous stress
tensort�� is then given by

t�� = ��� �
� (2.21)

with � the kinematic viscosity coe� cient 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 �
� = u� u� (P + � + b2) + (P + b2=2)g�

� � b� b� + u� q� + u� q� (2.22)

where the �uid-frame magnetic �eldb� is related to the reference-frame magnetic �eldB� :

b� =
1
ut B� (u� u� + � �

� ) : (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 overr andz the mass conservation (Eq. 2.18), the mass accretion
rate �M is

�M = � 2� r� V (2.24)
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where the disk surface density� and the �uid radial velocity measured in the local rest frame are introduced
as

� �
Z +h

� h
� dz (2.25)

V �
1
�

Z +h

� h
� urdz: (2.26)

Considering the� –component of Eq. 2.19, the general form of theangular momentum conservationis

r � (T �
� � � ) = 0 (2.27)

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

�M
2�

(L � Lin) = � 2hr2t� r (2.28)

whereL = 
 r2 is the angular momentum per unit mass,
 is angular velocity of the �uid andLin is the
angular momentum at the inner edge of the disk, assuming vanishing torque at the inner boundary.

Evaluating now thet–component of Eq. 2.19, the general form of theenergy conservation equation

r � (T �
� � � ) = 0 (2.29)

where� � is the Killing vector related to time symmetry of the Kerr metric. After integration overz
(similarly to Landau, 1932), the energy balance equation can be obtained as

� T
"
ut @S

@t
+ ur @S

@r

#
= Qvis � Qrad (2.30)

whereS is the entropy per unit mass and on the right hand side the local viscous heat generation rateQvis

and the radiative cooling rate are de�ned as (Abramowicz et al., 1996)

Qvis = T �� � �� � 2Tr� � r� and Qrad =
32� T4

3� �
(2.31)

where� is the Stefan-Boltzmann constant and� is the opacity.
After vertical integration, thevertical hydrostatic equilibrium(i.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

dP
dz

= �g = P0
Mz
r3

(2.32)

which has the same form as in the Newtonian case but with di� erent tidal gravitation accelerationg.
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

txy = �
@vx
@y

(2.33)

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
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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�c 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 between di� erentially rotating annuli
is

tr� = �
 
@v�
@r

�
v�

r

!
= � r

@

@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 viscosity e� ects,
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

� � vturb lturb (2.35)

wherevturb andlturb are respectively the typical turbolent motion velocity and length scale. Assuming that
the velocity of turbulent elements cannot exceed the speed of soundcs and that their typical size cannot
be larger than the thickness of the diskh, one gets

v . csh : (2.36)

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

tr� � � �� 
 and csh =
c2

s



�

P
� 


(2.37)

one can �nd that
jtr� j < P �! tr� = � � P (2.38)

where an adimensional viscosity parameter� � 1 has been introduced (the so-called� -prescription,
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
temperatureT(R) related to the dissipation rate

� T4(R) = D(R) =
3GM� �M

8� R3

"
1 �

� R�

R

�1=2#
(2.39)

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

I � =
2h� 3

c2

1
eh�=kT(R) � 1

: (2.40)

Considering an observer distantD from the system whose line of sight angle with respect to the normal of
the disk plane isi, the observed �ux is

F� =
2� cosi

D2

Z Rout

R�

I � RdR=
4� h� 3 cosi
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R�

RdR
eh�=kT(R) � 1

(2.41)



22 Chapter 2. X-Ray Binaries

Figure 2.2: Accretion disk spectrum (left panel) with a radial temperature pro�leT / r � 3=4 (right panel). The disk
has been divided into ten annular regions, whose blackbody spectra are represented with di� erent colors, 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 di� erent temperatures (Figure 2.2, see also Frank et al. 1992). Forh� � kT(Rout), each
local spectrum assumes the Rayleigh-Jeans form, while forh� � kT(R� ) each Planck function takes the
Wien form 8

>><
>>:

B� (T) / � 2T for h� � kT(Rout)

B� (T) / 2h� 3

c2 e� h�=kT for h� � kT(R� )
(2.42)

For intermediate frequencieskT(Rout) � h� � kT(R� ), the integrated spectrum is a “stretched-out”
blackbody,F� / � 1=3. The total luminosity emitted by the whole disk is

Ldisk = 2
Z Rout

R�

D(R)2� RdR=
3GM �M
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dR
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2R�
=

1
2

Lacc (2.43)

whereRout ! 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 value
 Kep to the angular velocity of the NS surface
 NS in aboundary
layer of radial extensionb (Figure 2.3). For a thin disk,b � RNS and thus the velocity is very close to
the Keplerian value atRNS + b (whered
 =dr = 0) and then starts to decrease towards the NS, but ifb is
instead comparable toRNS, 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�c energy di� erence
between the Keplerian velocity atR� 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)

LBL =
GM �M

2R�

"
1 �


 �


 K

#2

(2.44)
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Figure 2.3:Left panel: Schematic representation of the boundary/spreading layer between the accretion disk and
the NS surface, extending up to a latitude� m. Right panel: Radial dependence of the NS, spreading layer and disk
velocity. The velocity decreases from its Keplerian value
 Kep to the angular velocity of the NS surface
 NS in the
boundary layer (Inogamov and Sunyaev, 1999; Popham and Sunyaev, 2001).

andLBL will reduce to halfLacc for 
 � � 
 K as expected. The luminosity radiated by the boundary
layer is emitted through a region of radial extentH on 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

4� R� H� T4
BL =

GM �M
2R�

"
1 �
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 K

#2

�! TBL �
 
R�

H

!1=4

T� (2.45)

whereT� is the characteristic blackbody temperature of the disk.
The region of the accretion disk where the gas begins to decelerate is theboundary layer, while

thespreading layeris 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 the di� erent ways of mass transfer and the type of the donor star:

ˆ In high-mass X-ray binaries(HMXBs), 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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ˆ In theBe binaries, the 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).

ˆ In low-mass X-ray binaries(LMXBs), 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 pointL1. The 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-color/Soft-color diagrams (CCDs) or hardness-intensity diagrams (HIDs, Hasinger and van der
Klis, 1989; van der Klis, 1989; van der Klis, 2006):

ˆ High Soft StateZ-sources (> 1038 erg/s)

ˆ High Soft State Bright Atoll sources (1037 � 1038 erg/s)

ˆ Low Hard State Atoll sources (� 1036 erg/s)

Z-sources trace out aZ-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): theHorizontal 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, 2006).Z-sources can be
further divided into two subgroups: Cyg X–2-like sources (e.g. Cyg X–2, GX 5–1, GX 340+0) displaying
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 17+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 view, theZ-sources
are characterized by parameters that remain relatively stable during the motion along theZ-track (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; Iaria et al., 2004; Farinelli et al., 2005; Paizis et al., 2006;
Migliari and Fender, 2006). Atoll-sources cover a wide range in luminosities, from 0.1%LEdd up to about
50%LEdd (van der Klis, 2006), accreting at relatively low rates (compared toZ-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 curvedbanana branchin 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 into theupper banana, thelower banana
and thelower left bananabased 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. XTE J1701� 462
(Lin et al. 2009a; more details in Section 4.8) or GS 1826� 238 (Sánchez-Fernández 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 Muñoz-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 panel) andZ-sources (right panel). For both types of NS-LMXBs the
expected direction of increasing mass accretion rate�m is indicated (Migliari and Fender, 2006). For Atolls, the
sources pass through the island state (IS) towards the lower (LB) and upper banana branches (UB).Z-sources move
along three branches: the horizontal (HB), the normal (NB) and the �aring branch (FB).

in the spreading layer close to the NS (eastern model,Mitsuda et al., 1984, 1989). The opposite occurs
in thewestern model(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- andZ-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 line at� 6 keV, 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'Aì et al., 2009; Ludlam
et al., 2019; Iaria et al., 2020; Ludlam et al., 2022; Saavedra et al., 2023). The overall spectra ofZ-sources
and bright Atolls are very soft, compared to hard state sources with an high-energy cut-o� above� 100
keV (Barret et al., 2000; Barret and Olive, 2002). However, an additional strong component above 30–40
keV (transient hard tail) 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 spectra ofZ-sources 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 of theZ-track 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).
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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 (h� � mec2), photons are scattered elastically in a random direction by free
charge particles and the EM frequency does not change after the interaction (Thomson scattering; Rybicki
and Lightman 1979). In this low-energy limit, the electric �eldE of 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 factorcos� . The average scattering cross section for
unpolarized EM radiation is

d� T

d

=

1 + cos2 �
2

r2
0 (2.46)

wherer0 is the classical electron radius
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e2

4�� 0mec2
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The integrated Thomson cross section can be derived from Eq. 2.46 as
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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 photon (Compton scattering). When the energy and momentum conservation
during the scattering are combined, the shift in wavelength and energy can be easily derived.

� f � � =
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(1 � cos� ) and E f =
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1 + E
mec2 (1 � cos� )

(2.49)

and the energy variation depends only on the scattering angle� (Rybicki 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 the di� erential cross section
has been derived by Klein and Nishina (1929), assuming free electrons at rest, as
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and, in the non-relativistic regime,E � mec2 andE f ! E, so the Thomson cross section (Eq. 2.46)
is recovered. The net e� 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�c direction� is
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wherex = h�=(mec2).
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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 Eqs. 2.49 (inverse Compton scattering; Rybicki
and Lightman 1979). The average relative energy gained by the photon during a single scattering is

� E
E

=
PC

� cUrad
=

4
3


 2� 2 (2.52)

whereE = h� is the energy of the photon,PC is the power emitted by Compton scattering by an electron
with Lorentz factor


PC =
4
3

� cUrad
 2� 2 (2.53)

andUrad is the radiation energy density before the scattering. As a consequence, low-energy photons
are converted into high-energy photons by a factor
 2. Therefore, 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 with su� cient 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
E

=
4kTe � h�

mec2
(2.54)

whereTe 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� T l (2.55)

wherene is the electron density andl the typical size of the electron distribution. The probability that
a photon can cross the electron plasma without scattering ise� � . When� < 1, most of the photons do
not interact with electrons and pass directly through the plasma. If� > 1, the photons are scattered� 2

times on average before leaving the plasma and the mean free path is� = l=�. The importance of inverse
Compton scattering is described by the Compton parametery, which represents the average energy gain
of photons when crossing the electron distribution. Ify > 1 the Comptonized spectrum has more energy
than the seed photon spectrum and the Comptonization is important, while fory � 1 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 cut-o� and 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 decreases. If� � 1, 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� / � 2e� � (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 keV. Thephotoelectric
absorptionconsists in the absorption of a photon by an atom and the release of a bound electron. When an
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incident photon interacts with an atom, it transfers all of its energy to the atom. If the energy of the photon
exceeds the energy levelEl , an electron is emitted from that level. The remaining energy is manifested as
the kinetic energy of the ejected electron:

Ee = h� � El : (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 as� � 3. Furthermore, the absorption cross
section is strongly in�uenced by the atomic numberZ of 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
El � h� � mec2 for the emission of electrons from the K-shells of an atom is (Karzas and Latter, 1961;
Rybicki and Lightman, 1979)
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where� = e2=2� 0hc is the �ne structure constant. The photoelectric absorption cross section is then
summed up over all the di� erent elements, weighted by their cosmic abundances

� tot(E) =
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nH

X

i

ni � i(E) (2.59)

wherenH 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 anabsorption edgein 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 photons (E
 . 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 characteristicCompton humpin the spectrum at� 30 keV. Additionally, there is an
emission line spectrum resulting from the �uorescent K� lines of the most abundant metals (Figure 2.5,
left panel). 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 �ll the vacancy. The emitting photon may also be absorbed by
another electron in the atom, leading to its release from the atom (the so-calledAuger electron). These
e� ects after photoelectric absorption lead to the emission of �uorescent lines at precise energies that
correspond to the energy level di� erences 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, 1997).Right panel: X-ray re�ection spectrum from ionized matter for
di� erent values of the ionization parameter� (Fabian 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 theK� line 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 now byX-Ray
Imaging and Spectroscopy Mission(XRISM, 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 di� erent 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

� (r) =
4� F(r)

ne
(2.60)

whereF(r) is the incident �ux per unit area andne is the electron density (Reynolds and Nowak, 2003).
For weakly ionized disks (� < 100erg cm s� 1), 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 increases (100 . � . 500erg cm s� 1), 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 (500. � . 5000erg cm s� 1), all low-Z elements are completely ionized
to allow the Auger e� ect, 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 regime (� > 5000
erg cm s� 1), 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�c energy in the local rest frame corresponding
to the energy gaps between di� erent 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 di� erent 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 panel) is caused by the interplay of Doppler and transverse-Doppler shifts, relativistic beaming and
gravitational redshifting. Theleft panelshows the symmetric double peaked pro�les from two narrow annuli on a
non-relativistic disk. In the second panel, the e� ects 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 di� erent regions of the disk and the broadest corresponds to the inner radius (Fabian
et al., 2000).

consequently to the redshift and blueshift e� ect 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 one (Doppler boosting). 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�nity (transverse Doppler shiftand is beamed in
the direction of motion. The net e� 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 relativistic e� ects
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 combined e� ects
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)

�
dI (�; �; � )

d�
= I (�; �; � ) �

3�
16�

Z +1

� 1

Z 2�

0
S(�; �; � 0; � 0)I (�; � 0; � 0)d� 0d� 0 � F(�; �; � ) (2.61)

whereI = (I l ; Ir ; IU ; IV) is the intensity of radiation,F = (Fl ; Fr ; FU ; FV) is the source function and
S(�; �; � 0; � 0) is the Rayleigh phase matrix. The directions in the meridian plane and perpendicular to
it are referred to asl andr, while U andV denote the Stokes parameters.� is 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 and� (E) is de�ned as

� (E) =
� sc(E)

� sc(E) + � ph(E)
(2.62)
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Figure 2.7: Comparison of relativistic iron line pro�les for di� erent inclinations (10� , 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 to 30RG.

with � sc and � ph being the scattering and photoelectric absorption cross-sections respectively. The
polarization is then calculated as

� =

q
(I l � Ir )2 + I2

U + I2
V

I l + Ir
and  =

1
2

arctan
 

IU

Ir � I l

!
: (2.63)

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

I =
1X

k=0

I k : (2.64)

Therefore, the radiative transfer equation forI k is

�
dI k(�; � )

d�
= I k(�; �; � ) �

3�
8

Z +1

� 1
S(�; � 0)I k� 1(�; � 0)d� 0 : k � 1 : (2.65)

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)

S =
 
2(1 � � 2)(1 � � 02) + � 2� 02 � 2

� 02 1

!
: (2.66)

SinceI k is proportional to� k, 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 �uxF illuminates the disk with an angle� 0 with respect to the normal direction
with an initial polarizationPi = (Fr � Fl)=(Fr + Fl), after one scattering, the resulting polarization is
(Matt, 1993)

P1(�; � 0) =
(1 � � 2)(3� 2

0 � 1) + 3Pi(1 � � 2)(1 � � 2
0)

2(1 � � 2)(1 � � 2
0) + (1 + � 2)(1 + � 2

0) + Pi(3� 2 � 1)(1 � � 2
0)

: (2.67)
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Figure 2.8: Polarization degree (upper panels) and angle (lower panels) of the once-scattered radiation as a function
of the azimuthal angle, for an unpolarized incident radiation with di� erent choices of� and� 0 (Matt, 1993).

If Pi (or � 0) is equal to 1,P1 does not depend on� 0 (or Pi) and is given by(1 � � 2)=(1+ � 2). If there is no
axial symmetry for the incident radiation, the results also depend on� � � 0 (see Figure 2.8 in Matt 1993),
where� and� 0 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 relativistic e� ects on
the radiative transfer could be important. Considering a standard accretion disk, with inner and outer radii
Rin andRout and inclinationi 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 su� ciently small to neglect the relativistic e� 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� ect is 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 observer (redshift) and the half where the matter approaches the observer (blueshift). Due to Doppler
boosting, theblue-half results to be brighter than thered one. Both these e� ects lead to polarization angles
di� erent from0� (i.e. along the accretion disk plane) or90� (i.e. along the symmetry axis), contrary to the
non-relativistic case. Doppler boosting leads to a polarization angle between90� and180� (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 when� em � 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 degree (left) and angle (right) of the re�ected radiation (blue curves) and of the total
radiation (black curves) as a function of the inclination� i , considering an accretion disk withRin = 10 RG and
Rout = 104 RG. The central unpolarized source illuminating the disk is located at heighth = 10 (solid lines) or 20
(dashed line). See Matt (1993) for more details.

of the disk, increasing with the inclination and the outer radius (up to� 30%for an edge-on disk, Matt
1993). When kinematic and relativistic e� 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 (Podgorný 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/ASI Imaging X-ray Polarimetry Explorer(IXPE; 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
compareIXPE observations with theoretical models. The Monte Carlo radiative transfer codemonk
(Zhang et al., 2019), adapted for NS-LMXBs, is able to compute the X-ray polarized radiation coming
from the accreting system for speci�c 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, thesuperphotonsscheme by Dolence et al. (2009) is followed.
A superphoton is a package of several identical photons parameterised by: four-positionx� , wave vector
k� and polarization vectorf � , which need to be propagated along the geodesics, its energy at in�nity
E1 , weightw and polarization degree� . The weightw � 1 is a pure number that represents the ratio of
photons to superphotons, i.e.dN = wdNs (whereNs is the number of superphotons andN the 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 withkTNS 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):

F� = I �
1
ut cos� emdS d
 (3.1)

whereI � is the speci�c intensity,1=ut is the factor to transforms time from the disk �uid rest frame to a

35
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distant observer's frame,� em is the polar emission angle with respect to the disk norm in the disk �uid rest
frame,dS is the proper area andd
 is the solid angle. The number of photons emitted per unit time in the
distant observer's frame is also an invariant

�N =
Z

F�

h�
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

1
ut =

s

1 �
2
r

+
4
 a

r
� 
 2

 
r2 + a2 +

2a2

r

!
(3.3)

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


 =
1

r3=2 + a
(3.4)

and the proper area is (Wilkins and Fabian, 2012)

dS =
2�� �
p

�

s

r2 + a2 +
2a2r
� 2

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

v� =
(
 � ! )A

r2
p

�
(3.6)

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

� =
1

q
1 � v2

�

: (3.7)

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 offcol and an e� ective temperature ofTe� (Shakura and Sunyaev, 1973)

I � = flimb
1

f 4
col

2h� 3

c2

1
eh�=kB flimbTe� � 1

; (3.8)

where flimb is the limb-darkening factor and the number of photons emitted per unit time is

�N =
4� (3)k3

B

c2h3

flimb cos� emdS d
 T3
e�

fcol ut (3.9)

with � being the Riemann zeta function. So, from each annulus,Ns photons are sampled, each with weight
w = �N=Ns into the solid angled
 . The energies of the sampled photons at in�nity follow the Planckian
distribution with a temperature ofgfcolTe� , whereg = � 1=k� U � is the redshift factor andU � is the disk
particle four-velocity. To sample the Planckian distribution, the rejection method is used (see Pozdnyakov
et al., 1983).

If the polarization option is switched o� , 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), as in Dov�ciak et al. (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 ChandrasekharH-functions (Chandrasekhar, 1960).

The energy and polarization spectra can be reconstructed by counting superphotons arriving at in�nity.
For an observer at inclinationi, the luminosity density at energyE (in counts per unit time per energy
interval) is

LE =
4�

P
k wk

� E�

(3.10)

where� E is the energy bin width,�
 = 2� [cos(i � � i=2) � cos(i + � i=2)] is the solid angle subtended
by the inclination bin� i and the sum is performed over all superphotons with� 1 2 (i � � i=2; i + � i=2]
andE1 2 (E � � E=2; E + � E=2], with E1 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 parameterV is always null. For the other two Stokes parameters:

QE =
4�

P
k wk� k cos 2 k

� E�


UE =
4�

P
k wk� k sin 2 k

� E�


(3.11)

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

PD =
q

q2
E + u2

E and PA=
1
2

arctan
 
qE

uE

!
(3.12)

whereqE = QE=IE anduE = UE=IE are the normalizedQ andU Stokes parameters at energyE. In monk,
the polarization is de�ned parallel to the accretion disk plane if the polarization angle is 90� and parallel
to the symmetry axis (i.e. orthogonal to the accretion disk) if the polarization angle is 0� or 180� .

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 motion forr and� (Zhang et al., 2019). The
two methods give consistent results.

The propagation of photon is described by

dx�

d�
= k� (3.13)

where� is the a� ne parameter, which is normalised in order to havekt = � 1. The propagation ofk� is
then given by the geodesic equation

dx�

d�
= � � �

�� k� k� (3.14)

where� �
�� are the Christo� el symbols.

In Kerr spacetime, the Hamilton-Jacobi equation is separable (Carter, 1968). As a result, the following
two integrals ofr and� � cos� are related (Chandrasekhar, 1983)

I = sr

Z
dr

p
R(r)

= s�

Z
d�

p
M(� )

(3.15)
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wheresr ; s� = � 1, set in such a way that the integrals are always positive. For massless particles

R(r) = r4 + (a2 � l2 + Q)r2 + 2[Q + (l � a)2]r � a2Q (3.16)

M(� ) = Q + (a2 � l2 � Q)� 2 � a2� 4 : (3.17)

Considering a superphoton atx�
0 with wave vectork�

0 and settingI = 0, the photon trajectory along the
geodesic can be evaluated in the following way: for each step,I ! I + dI and the Equation 3.15 is solved
for r and� . At any step, one can solve fork� givenl � Lz=E1 , Q and the signs ofkr andk� following
Carter (1968). The a� ne parameter can be obtained by

� =
Z

r2dr
p

R(r)
+ a2

Z
� 2d�

p
M(� )

: (3.18)

For axisymmetric con�guration and not considering variability properties, the evaluation oft and� 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,
thesim5 package (Bursa, 2017, 2018) has been used. Emitted photons propagating in Kerr spacetime
a� ected by the presence of the BH or NS experience GR e� ects. Once photons leave the atmosphere, their
energies are modi�ed by the gravitational redshift and Doppler e� ects and the polarization vector can be
rotated due to aberration and light-bending e� ects (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 a real vectorf � � A� =A whereA� is the wave amplitude vector (Misner et al., 1973). The
polarization vector is orthonormal to the photon wave vector:

f � f� = 1

k� f� = 0
(3.19)

and is parallel transported along null geodesics

k� r � 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 angle	 is
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 �uid, thex� axis is in the
� @� � direction in the plane de�ned by the normal of the diskn� and the momentump�

e of the emitted
photon perpendicular to it, while they� axis lies in the plane of the disk, along the� @� � direction. At
in�nity, the static frame is attached to the sky of the observer withx� andy� 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)

	 = arctan
Y
X

(3.21)

where

X = � (� � asin� o)� 1 � �� 2

Y = (� � asin� o)� 2 � �� 1
(3.22)
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with a de�ned positive when the BH or the NS rotates counter-clockwise. The angle� o is the observer's
inclination, while� 1 and� 2 are components of the complex Penrose-Walker constant of parallel transport
along null geodesics (Walker and Penrose, 1970)

� 1 = arp�
e f t � r [a pt

e � (r2 + a2) p�
e] f � � r(r2 + a2) p�

e f �

� 2 = � rp2
e f t + r[pt

e � ap�
e] f r + arpr

e f �
(3.23)

where the polarization vectorf � is then

f � =
n� � � e (g p�

e � U � )
p

1 � � 2
e

(3.24)

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�c angular momentuma , 0 (see
Ishihara et al., 1988).

Since the Penrose-Walker constant� pw is conserved along null geodesics, instead of propagatingf �

using Equation 3.20,monkkeep record step by step of� pw. Only when a photon interacts with an electron
via Compton scattering, the code solves the parallel transport forf � computing the polarization and the
wave vector after the interaction, and subsequently re-evaluate� pw as Connors et al. (1980)

� pw = � 2 � i� 1 (3.25)

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

f � ! f � + �̃ k� (3.26)

where�̃ is an arbitrary real number. By selectingf t = 0, the other three vector components off � can be
derived from Equations 3.19 and 3.20.

Given� and� pw, to evaluate the Stokes parameters (I ; Q;U;V) at in�nity, the procedure by Li et al.
(2009) is followed. The Stokes parameterI represents the total intensity of the radiation, whileQ andU
are related to the linear polarization.V represents the circular polarization and is null for linear polarization
(Appendix A). An arbitrary radiation �eld can be decomposed into di� erent components: an unpolarized
one, with Stokes parameters

f(1 � � )I ; 0; 0; 0g; (3.27)

and a completely polarized component with Stokes parameters

f� I ; 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:

Ip � � I

Q = Ip cos 2 

U = Ip sin 2 

(3.29)

or equivalently
Q + iU = Ipe2i : (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
 obs. The Stokes parameters of the beam are

fIp,obs; Qobs;Uobs; 0g: (3.31)

Summing over the radiation received from all the in�nitesimal elements using the superposition theorem

hIp,obsi =
1

�
 obs

Z
Ip,obsd
 obs (3.32)

and

hQobsi + ihUobsi =
1

�
 obs

Z
Ip,obse2i obsd
 obs (3.33)

where the Stokes parameters are averaged over solid angle, and�
 obs is 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 have di� erent values of obs 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 change in along 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

hIu,obsi =
1

�
 obs

Z
Iu,obsd
 obs ; (3.34)

whereIu,obs � Iobs� Ip,obs. By combining Equations(3.32)and(3.34), the total intensity can be computed

hIu,obsi + hIp,obsi =
1

�
 obs

Z
(Iu,obs+ Ip,obs)d
 obs =

1
�
 obs

Z
Iobsd
 obs = hIobsi (3.35)

and is found to be conserved. SinceIEloc=E3
loc (whereEloc is the photon energy measured by a local

observer) is invariant along the null geodesic (Misner et al., 1973), Equation(3.33)can be rewritten as
(Connors et al., 1980):

hQobsi + ihUobsi =
1

�
 obs

Z
g3PemIeme2i obsd
 obs ; (3.36)

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

hIobsi =
1

�
 obs

Z
g3Iemd
 obs : (3.37)

The observed average polarization degree is then computed by

hPi =
1

hIobsi

p
hQobsi 2 + hUobsi 2 (3.38)

while the observed average polarization angle is determined by

sin 2h i =
hUobsi

p
hQobsi 2 + hUobsi 2

and cos 2h i =
hQobsi

p
hQobsi 2 + hUobsi 2

: (3.39)
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The solution of this equation is
h i = h i pr + n� (3.40)

wheren is any integer number, while the primitive angleh i pr de�ned in the [0; � ] range is

h i pr =

8
>><
>>:

1
2 arccos� Q when hUobsi > 0 ; 0 < h i pr < �

2

� � 1
2 arccos� Q when hUobsi < 0 ; �

2 < h i pr < �
; (3.41)

where

� Q �
hQobsip

hQobsi 2 + hUobsi 2
: (3.42)

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

� 0

� 0;� (� ) k� U � j� d� (3.43)

where� 0 and� 1 are the a� ne parameters of the superphoton at the beginning and the end of the step,
and� 0;� is the scattering coe� cient in the �uid rest frame. The superphoton energy in the �uid frame is
E0 = � k� U � E1 . The scattering coe� cient of the superphoton with respect to a population of electrons
can be evaluated as (Pozdnyakov et al., 1983):

� 0;� =
Z

dNe

d3p
(1 � � e� e) � (x) d3p ; (3.44)

wheredNe
d3p is the electron velocity distribution,� e = cos� e while � e is the angle between the momenta of

the photon and the electron,� e � ve=c is the electron velocity,
 e is the Lorentz factor of the electron,� (x)
is the scattering cross section andx = 
 ex0(1 � � e� e) is the dimensionless photon energy in the electron
rest frame, withx0 � E=(mec2) andme is the electron rest mass.

In the electron rest frame, the di� erential scattering cross section is (Berestetskii et al., 1971; Connors
et al., 1980):

d�
d


=
r2
0

2

 
x0

x

!2"
x
x0 +

x0

x
� sin2 � 0 � sin2 � 0(Xs cos 2� 0+ Ys sin 2� 0)

#
(3.45)

wherer0 is the classical electron radius,x0 is photon energy after scattering, and� 0 and� 0 are the polar
and azimuthal angles of the photon wave vector after scattering. The coordinate system is de�ned with
thez-axis aligned with the photon wave vector, whereas thex- andy-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 = � cos 2 and Ys = � sin 2 : (3.46)

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

� (x) = � r2
0
1
x

" 
1 �

2
x

�
2
x2

!
ln(1 + 2x) +

1
2

+
4
x

�
1

2(1+ 2x)2

#
(3.47)

which is independent of the polarization degree. For thermal electrons with temperatureTe, the electron
velocity distribution is the Maxwell-Jüttner distribution:

dNe

d
 e
/


 2
e� 3

� TK2(1=�T)
e� 
 e=�T (3.48)
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where� T � kBTe=mec2 is the dimensionless electron temperature andK2 is 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 beingP = 1 � e� � . For optically thin coronae, a bias factorb � 1 is
introduced, following Pozdnyakov et al. (1983) and Dolence et al. (2009) to enhance the statistics at high
energy, so that the scattering probability will becomeP = 1� e� b� , and after the scattering the superphoton
“splits” into two superphotons with appropriate weights. The condition for scattering is� � P, 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 momentumpe = [
 eme; 
 emev] :

P(pe) /
dNe

d3p
(1 � � e� e) � 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 choice,� is set in such a way that the polarization vector in the electron rest frame
satis�es f t

e = 0. Taking into account a set of Cartesian coordinates in which thez- andx- axes are aligned
with the wave and the polarization vector, the di� erential cross section for the photon to be scattered into
a solid angled
 0 centering at the polar angle� 0 and azimuthal angle� 0 is
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wherex0 is the dimensionless photon energy after scattering and is related with� 0 by the Compton recoil
relation:

x0 =
x

1 + x(1 � cos� 0)
: (3.51)

The integrated probability density ofx0 will be

p(x0) =
1

� KN

� r2
0

x2

"
x
x0 +

x0

x
� sin2 � 0

#
; (3.52)

which is independent on the polarization degree. The scattering polar angle� 0 is found by the Compton
recoil relation(3.51), after samplingx0 following (Kahn, 1954). The probability density distribution of
the scattering azimuthal angle� 0 is

p(� 0jx0; � ) =
p(x0; � 0; � )

p(x0)
=

1
2�

�
� sin2 � 0 cos 2� 0

2� ( x
x0 + x0

x � sin2 � 0)
: (3.53)

The photon wave vector in the electron rest frame after scatteringk0
e can be found knowing� 0 and� 0.

Considering a new coordinate system with thez-axis aligned withk0
e and

e0
? =

ke � k0
ep

jke � k0
ej

and ek = k0
e � e0

? ; (3.54)

the two normalised Stokes parameters of the scattered photon will be (Connors et al., 1980)

Q0

I
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1
N

[sin2 � 0 � � (1 + cos2 � 0) cos 2� 0]

U0

I
=

2
N

� cos� 0sin 2� 0 ;
(3.55)
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where

N =
x0

x
+

x
x0 � sin2 � 0 � � sin2 � 0cos 2� 0 : (3.56)

As customary, the polarization degree and angle after scattering will be

� 0 =

p
Q02 + U02

I0 and  0 =
1
2

arctan
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Q0

!
(3.57)

and the polarization vector is thenf 0
e = cos 0e0

k+sin 0e0
? . The energy, wave and polarization vectors after

scattering in the Boyer-Lindquist frame can be obtained fromx0, k0
e and f 0

e 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 (e.g.grmonty; Dolence et al. 2009) and observed
spectra. The spectra produced by the new version ofmonkadapted 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. 1996;�Zycki et al. 1999; Farinelli et al. 2008;
Zdziarski et al. 2020).monkrequires several di� erent 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 depth� , the temperaturekTe and the geometrical parameters of the Comptonizing
region.

For all simulations, a standard NS withM = 1:4 M� andR = 12 km has been assumed. Since
photons propagate along null geodesics in Kerr space-time, the spin parametera for the metric is required.
The General Relativistic e� ects 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 periodP is �xed at 3 ms in analogy to the one derived from QPOs by
Wijnands et al. (1998) for Cyg X� 2. For a standard NS, the spin parametera can be derived by adopting
a = 0:47=P(ms) ' 0:16 (see Braje et al. 2000). With this choice ofP anda, the General Relativistic
e� ects are almost maximized for typical NS-LMXB systems. In principle, one could also use the e� ects
of Special and General Relativity to measure the spin parametera of some 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 di� erent NS-LMXB observations (see Revnivtsev and Gilfanov 2006; Farinelli et al.
2008; Iaria et al. 2020). Whenmonksimulations are performed for a speci�c 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

kTbest-�t = kTNS

s

1 �
2GMNS

RNSc2
: (3.58)

The accretion rate�M and the inner disk radiusRin 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) Boundary/Spreading Layer

Figure 3.1: Schematic representation of the di� erent geometries of the Comptonizing region used inmonksimula-
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 accretion rate�MEdd as

�M =
4� GmpM

c� T
�m = �MEdd �m � 1:3987� 1017

 
M
M�

!
�m (3.59)

where �m 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 a� ects the disk contribution to the total �ux: for lower accretion rates, the accretion disk
is colder and therefore it dominates the emission at lower energies (. 0:5 � 1 keV, depending on the
speci�c 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 factorfcol varies with the spectral state (e.g. Merloni et al. 2000), however
slight di� erences will not qualitatively a� ect the results. The color correction factor is then set tofcol = 1:8
for both the spectral states and the di� erent geometries (Shimura and Takahara, 1995). The physical
parameters of the Comptonizing region (i.e. the electron plasma temperaturekTe and 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 plasma (kTe � 3 keV and� � 8 � 10). On
the contrary, hard-state NS-LMXBs show much hotter and more transparent plasma (kTe � 25keV and
� � 1 � 2; Farinelli et al. 2009; Cocchi et al. 2010, 2011; Sánchez-Fernández et al. 2020). These values
for optical depth refer to a spherical Comptonizing region for which� is de�ned radially. However, the
optical depth for a slab geometry is de�ned inmonkas� = ne� 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 of� must 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 observed byIXPE during the �rst two years of operations
includes only NS-LMXBs in Soft state, detailedmonksimulations 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 depth� of the electron plasma was set to8 � 10 depending on its de�nition
for each speci�c con�guration. Some general examples ofmonksimulations 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 angle (left panels) and spectrum (right panel) 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 observed at 60� inclination. 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 radiusRin,
and to co-rotate with the Keplerian disk (Zhang et al., 2019). The vertical thicknessH and 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 two di� erent 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 o� the accretion disk surface. As for re�ected photons (e.g. Matt
1993; Poutanen et al. 1996b), the scattered NS photons are highly polarized (15� 20%) 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 spectrum (E . 5 keV), 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 �ips by� 90� (Tamborra et al., 2018).

The results for the polarization degree and angle of the two di� erent 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 angle (left panels) and spectrum (right panel) 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 observed at 60� inclination. 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 energy& 2 � 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 relativistic e� ects. 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 energies& 2 � 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 e� ects.

3.4 Spherical Geometry
The spherical shell con�guration (Figure 3.1c) is characterized simply by the outerRout and inner radii
Rin, 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 two di� erent components (i.e. the NS and
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Figure 3.4: Polarization degree and angle (left panels) and spectrum (right panel) 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 observed at 60� inclination. 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 parametersQ andU 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 centerDc and the
radiusRc 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 depth� is de�ned radially starting
from the center of the circular section. This geometry represents a pu� ed-up inner region of the disk as
Comptonizing region of the NS and disk photons.

The results for the polarization degree and angle of the two di� erent 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 angle (left panels) and spectrum (right panel) 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 at 60� inclination. 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 relativistic e� ects. 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 outerRout and inner radiiRin, along with the maximum
opening angle� m (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 two di� erent 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 energies (. 3 � 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 angle (left panels) and spectrum (right panel) 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 observed at 60� inclination. 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 by 90� with respect 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 angle� m (measured 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 extension� m increases 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� m is set to45� . The dependence of the PD and PA for di� erent� m is studied in Section 5.1
and also applied for someZ-sources (Section 5.2.2). In the standard boundary/spreading 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 angle (left panels) and spectrum (right panel) 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 observed at 60� inclination.
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 e� ect 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 two di� erent 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 boundary/spreading 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 Explorer(IXPE; Weisskopf et al. 2016, 2022). During the �rst two-year
observational campaign,IXPE 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 observed byIXPE: four soft state Atoll-sources (GS 1826–238,
GX 9+9, 4U 1820–303 and 4U 1624–49) and threeZ-sources (Cyg X–2, XTE J1701–462, GX 5–1).
In this chapter, theIXPE observations of NS-LMXBs are re-analyzed using the same procedure for all
the sources. In particular, all the data fromIXPE 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 model, di� erently from the
IXPE discovery papers. Very recently,IXPE also observed two moreZ-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 of di� erent classes
of astrophysical sources, adding information that can be used to remove degeneracies in models. A
polarimeter is a detector capable of analyzing di� erent angular directions and detecting photons with
respect to these directions. Any linear polarimeter is capable of measuring the azimuthal modulation of
some physical quantityN(� ), around some speci�c direction of polarization� 0 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 (Figure 4.1,left panel). If the radiation is polarized,
one angular direction will be more probable and acos2 � modulation arises (Figure 4.1,right panel). 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 + BP cos2(� � � 0) (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 factor� de�ned for 100% polarized radiation

� =
Nmax

100% � Nmin
100%

Nmax
100%+ Nmin

100%

=
B100%

2A100%+ B100%
(4.2)

whereNmax
100% andNmin

100% are the maximum and minimum number of photons detected in the angular bins
of the modulation histogram for100%polarized radiation. Once� is known for the instrument, the
polarization degree of a source can be derived from the measured value of modulation amplitude

PD =
1
�

BP

2AP + BP
: (4.3)

It is more convenient to de�ne the Stokes parameter for each photonik, qk anduk in the instrument-de�ned
direction� k. The linearity of the Stokes parameters (see also Appendix A) allows to compute the Stokes
parameters ofN events per energy band over the exposure timeT:
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1
T

NX

k=1

ik =
1
T

NX

k=1

1

QN =
1
T

NX

k=1

qk =
1
T

NX

k=1

2 cos(2� k)

UN =
1
T

NX

k=1

uk =
1
T

NX

k=1

2 sin(2� k) :

(4.4)

The measured PD and PA for realistic detectors may be determined as

PD =
1
�

q
Q2

N + U2
N

IN

PA =
1
2

arctan
 
UN

QN

! (4.5)

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 of theMinimum Detectable Polarization
(MDP), which is de�ned as the minimum polarization that can be detected at a con�dence level of99%
(Weisskopf et al., 2010; Strohmayer and Kallman, 2013)

MDP(99%)=
4:29
� R

r
R+ B

T
(4.6)

whereR is the count rate of the source,B is the background count rate andT is 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.



Chapter 4. Spectro-Polarimetric Observations 55

Figure 4.1: Detector response of a polarimeter to unpolarized radiation (�at,left panel) and to polarized radiation
(modulated,right panel).

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,IXPE needs about two orders of magnitude less exposure time to reach
the same sensitivity. It provides imaging capability with� 3000angular resolution over110 �eld of
view, together with 1–2� s timing accuracy and a moderate spectral resolution typical of proportional
counters. Figure 4.2 (left panel) shows a schematic of theIXPE 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 there is thegas-pixel
detector(GPD; Figure 4.2,right panel) that images the photoelectron tracks produced by X-rays absorbed
in the special �ll 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 �lter 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/C
top deck.

4.2.1 Data Reduction

Data reduction and analysis ofIXPE observations have been performed using theIXPE collaboration
software toolixpeobssimsoftware 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). Theixpeobssimtools includexppicorr to locally apply energy calibration with
in-�ight calibration sources,xpselect to �lter data andxpbin to apply di� erent binning algorithms
for generating images and spectra. The rebinning and the spectro-polarimetric analysis were performed
using HEASOFTftools includingxspec. The normalized Stokes parametersQ=I andU=I, as well as
their uncertainties, are calculated using thePCUBEbinning algorithm ofixpeobssim, which assumes that
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Figure 4.2: Schematic of theIXPE 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 bothxspecand theixpeobssimtoolsPCUBEhave been compared: while
xspecrequires the de�nition of a spectro-polarimetric model,ixpeobssimallows a model independent
analysis that computes the polarization only on the basis of detected photons. The uncertainties from the
xspecanalysis are computed with theerror 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. Withixpeobssimsuch contours are derived as described in Weisskopf et al. (2010);
Strohmayer and Kallman (2013); Muleri (2022) by using the parameters obtained by thePCUBEalgorithm
itself. In xspecthe contours are obtained using thesteppar 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 using a� 2 with 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 radii of18000and24000,
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 withixpeobssimis 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 analysis withxspec, using the
parameterstokes=Neff in xselect. Since the modulation factor is signi�cantly a� ected 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 used for theQ andU
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 discovered byGingain 1988 (Makino, 1988). It was
classi�ed as an Atoll source in the hard spectral state until 2016 (Cocchi et al., 2011; Sánchez-Fernández
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; Zam�r et al., 2012). For this reason, it is also known as “clocked burster”.
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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 2022-03-30 01:17:00 6.4
NICER 5050310104 2022-03-31 00:20:00 1.2

INTEGRAL 19700050001 2022-03-28 17:23:38 139/108.4

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 cm� 2 s� 1 (top) and hardness
ratio (10–20 keV/2–20 keV,bottom) as a function of time in MJD. The green line correspond to theIXPEobservation.
Flux variations among the light curve are mostly due to the MAXI spurious modulation (Mihara et al., 2022).Right
panel: GS 1826–238IXPE 2–8 keV light curve in units of cps (top) and Hard Color (5–8 keV/3–5 keV,bottom) 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 withIXPE (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 occultations.IXPEdata were extracted as described in Section 4.2.1, considering
12000source 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 CCD/HID 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 Appendix B.2.1.INTEGRAL
(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-X2.INTEGRALdata has been
reduced following the procedure described in the Appendix B.3.1. A systematic error of 1.5% was 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� on the �ux of � 10� 11 erg cm� 2 s� 1 in the 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 keV/2–20 keV) that spans one year from 2021
September 28. After the major state transition to HSS (MJD� 57500), the large and periodic (P � 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 nH (1022 cm� 2) 0.52+0:02
� 0:02

diskbb kTin (keV) 0.91+0:04
� 0:05

Rin (km) 11.93+0:98
� 0:69

bbodyrad kT (keV) 1.32+0:11
� 0:12

Rbb (km) 6.75+1:59
� 1:06

thcomp kTe (keV) [2.8]
� 6.44+1:05

� 0:95

� 2=d.o.f. 200.9/151
Fdisk=Ftot (2–8 keV) 54.7%
Fcomp=Ftot (2–8 keV) 45.3%
Ftot (erg s� 1 cm� 2) 3:97� 10� 9

Notes.A 7 kpc distance is assumed to computed
the inner radiusRin andRbb from normalizations.

Table 4.2: Best-�t Spectral Parameters obtained
from the NICER andINTEGRALdata. The errors
are at the 90% con�dence level for a single parame-
ter.

Figure 4.4: Best-�t of theNuSTARandINTEGRALdecon-
volved spectra GS 1826–238. The model includesdiskbb
(dashed dotted line),thcomp*bbodyrad (dashed line) and
gaussian (dotted line) with residuals in units of� . The
spectral parameters are given in Table 4.2.

oscillation in the MAXI light curves (Mihara et al., 2022). TheIXPE observation time, coordinated with
NICER andINTEGRAL, is highlighted by the green line. TheIXPE light curve and the hard color (5–8
keV/3–5 keV) are substantially constant within all observation (Figure 4.3,right panel). However, due
to an improper correction of the telescope vignetting caused by the o� -axis pointing during theIXPE
pointing of GS 1826–238, theIXPE spectra were not compatible with NICER+JEM-X spectra. Due to
the brightness of the source, the induced systematic e� ect is highly signi�cant in the energy spectrum1.
On the other hand, since the Stokes parametersQ=I andU=I are normalized quantities of photon counts,
their derivation is not in�uenced by di� erent changes in e� ciency over energy for single DU and PD and
PA are not a� ected (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 componentdiskbb (Mitsuda et al.
1984, see also Appendix C.2.4) and a harder boundary layer/corona emission (e.g. Popham and Sunyaev
2001; Revnivtsev et al. 2013). Comptonized emission is modelled using the convolution modelthcomp
(Zdziarski et al. 2020, see Appendix C.2.5 for more details) applied to a simple blackbody (bbodyrad,
see also Appendix C.2.1). The covering factorf of thcomp represents the fraction of Comptonized
seed photons. Whenf is close to 1, all photons from the boundary layerbbodyrad are Comptonized.
Both components are modi�ed by interstellar absorption usingTBabs(Appendix C.2.7), withvern
cross-section (Verner et al., 1996) andwilm 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, somegaussian components and an absorptionedge have been added. The
�rst gaussian component peaks at1:71� 0:04 keV and with line width0:06� 0:01 keV, while the other

1https://heasarc.gsfc.nasa.gov/FTP/ixpe/data/obs/01/01002801/README



Chapter 4. Spectro-Polarimetric Observations 59

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 xspecby summing the events from the three DUs. Contours correspond to the 68.27%, 95.45% and 99.73%
con�dence levels derived using a� 2 with two degrees of freedom (see also Capitanio et al. 2023).

two narrow components are respectively at2:41 � 0:02 keV and2:66� 0:03 keV. 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). Assuming a distance to the source of 7 kpc, the normalization ofdiskbb
corresponds to an inner disk radius of� 12

p
cosi km. The size of the seed photon-emitting region can be

estimated from the best-�t normalization ofbbodyrad, 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� 7 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 observed byIXPE in the 2–8 keV, 2–4 keV and 4–8 keV
energy bands obtained withixpeobssimare 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 ixpeobssim(as described in Baldini et al. 2022) and fromxspec. The resulting1� upper limits from
ixpeobssim(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 fromxspec(0.69%, 0.91%, and 1.48%, respectively).
Thexspec3� 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 �t is performed by applying a constant polarization
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Source Satellite Obs. ID Start Date (UT) Net Exp. (ks)

GX 9+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 GX 9+9 (Ursini et al., 2023a).

throughpolconst (Appendix C.2.8) to the best-�t model found from NICER+JEM-X data. To derive the
polarization parameters (PD and PA), all spectral parameters ofTBabs, diskbb andthcomp*bbodyrad
were �xed to the best-�t value. At both low and high energies, theIXPE 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 theIXPE/I spectra with thegain fit command inxspec. The gain
parameters of theQ andU spectra are then linked to those of theI spectra for each DU. The energy shift
was calculated using the relationE0 = E=� � � , where� is the gain slope and� the o� set. The resulting
slope is1:067� 0:003, 1:135� 0:003, 1:055� 0:003keV� 1 for the three DUs respectively, while the o� 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 theIXPE observation respectively in the 2–4, 4–8 and 2–8 keV energy bands and are
consistent with those obtained withixpeobssim(Capitanio et al., 2023). As expected, the PD is compatible
with null polarization and the PA is unconstrained even at a 1� con�dence level.

4.4 GX 9+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; Iaria et al., 2020). The
average X-ray �ux in the 2-20 keV band is� 200 mCrab (Iaria 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; Iaria et al., 2020). From the relativistic re�ection component, the inclination has been estimated to
be 40� –50� , consistent with the upper limit of 70� indicated by the lack of X-ray eclipses (Schaefer, 1990;
Savolainen et al., 2009).

4.4.1 Observations

IXPE observed GX 9+9 (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. ID 30801021002, see Table 4.3). Science data
were extracted as described in Section 4.2.1 considering12000source extraction radius. GX 9+9 was
also observed byNuSTARfrom 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 theIXPE 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 with6000radius while the source radius is12000,
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 range. GX 9+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 2009 (� 56000MJD; Asai et al.
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