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Abstract

GX 339-4 is one of the most thoroughly-studied black hole X-ray binaries, known
for its regular outbursts (approximately every two years), with flux variations span-
ning over three orders of magnitude. In this work, I conducted a broadband analysis
of X-ray spectra of the source captured during the outburst it underwent in 2021,
combining NuSTAR and NICER data. Aiming to utilise simultaneous or quasi-
simultaneous observations, corresponding to a temporal separation of at most one
day between end and start time of different instances, I carefully selected 13 observa-
tions from NuSTAR, and 24 observations from NICER, resulting in a total exposure
of more than 330 ks, grouped in 11 multi-mission spectral epochs. With the oppor-
tunity to track the source throughout the entirety of its outburst, I constrained the
evolution of the accretion geometry by incorporating: a multi-temperature black-
body accretion disk model, a Comptonized corona power-law, and a relativistic
reflection component to reproduce the reprocessing in the disk of high-energy pho-
tons from the corona. Moreover, I implemented a self-consistent treatment of the
Comptonization of both disk and reflection photons, and measured the black hole
spin. Results of my investigation point to a scenario in which the inner region of
the accretion disk is modestly truncated in the bright hard state and during the
entire state transition (Rin ≲ 2RISCO), progressively moving closer to the black
hole and extending up to the innermost stable circular orbit (ISCO) radius in the
soft state. The data also suggests an intense variability of the coronal size and
physical properties, showing an initially extended corona comprised by a thermal
electron distribution reducing in size and presenting a non-thermal component after
the state transition; and is consistent with a near-maximal value of the black hole
spin (a∗ = 0.9974+0.0002

−0.0004), in good agreement with estimates from previous studies.
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Chapter 1

Introduction

More than a century has passed since Albert Einstein completely revolutionised our
physical understanding of the universe with his theory of general relativity (GR)
(Einstein 1916). With a combination of mathematical elegance and outstanding
agreement with observations, GR is one of the pillars of modern Physics, but also
one of the roots of its present incompleteness; it provided theoretical predictions
that took tens of years to confirm, and some that will hardly ever be proven or
disproven. In this thesis I will focus on one of its most exciting predictions: black
holes (BHs). I will start by giving a short overview of their most relevant character-
istics, before treating accretion onto BHs and the astrophysical systems we observe
to study it.

1.1 Black Holes
In a general relativistic context, a BH is a region of spacetime in which the grav-
itational field is so intense that it generates a spacetime singularity enclosed in
an event horizon. Matter and radiation crossing the event horizon surface will be
increasingly pulled towards the central singularity, surrendering the possibility of
leaving this region ever again. According to the no-hair theorem of general relativity,
BHs are completely characterized by their mass (M), their angular momentum (J),
and their electric charge (Q). Two black holes sharing these three parameters are
observationally undistinguishable, making them the simplest macroscopic objects
in the universe. Being composed by mostly neutral matter, astrophysical BHs are
generally believed to have negligible electric charge, leaving solely mass and angular
momentum as observable quantities.

The angular momentum of a BH is often expressed as a dimensionless spin param-
eter a∗ = cJ/(GM2), where c is the speed of light, and G is the gravitational con-
stant. Depending on this dimensionless spin parameter (hereafter just spin), there
exist two analytical solutions to Einstein’s Field Equations: a static and spheri-
cally symmetric spacetime corresponding to a non-rotating black hole (i.e., a∗ = 0;
Schwarzschild 1916), and a stationary, axisymmetric spacetime corresponding to a
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rotating BH (i.e., −1 ≤ a∗ ≤ 1; Kerr 1963), where the + (-) sign represents a coro-
tating (counterrotating) BH with respect to our definition for the orientation of the
axis parallel to the spin. The upper and lower limits on Kerr black holes’ spin are
crucial to guarantee the existence of the event horizon concealing the singularity, as
values beyond these limits would imply a naked singularity exposed to the outside
universe, a possibility deemed unphysical by Penrose’s cosmic censorship conjecture
(Penrose 1969).

Notwithstanding the solid mathematical formalism, for several decades the physi-
cal existence of BHs was a highly debated topic in the astronomy community. It
was thanks to X-ray observations that in the early 1970s the first stellar-mass BH
candidate was identified in Cygnus X-1 (Bolton 1972; Webster and Murdin 1972).
Since then, owing to the outstanding advancements in detector development and
observational methods, an increasing number of BH sources have been discovered.
These are usually divided into two main classes: supermassive black holes (SMBHs)
spanning from ∼ 105 up to ∼ 1010 or more solar masses (M⊙); and the aforemen-
tioned stellar-mass BHs, comprising objects with masses below 100 M⊙. Despite
the existence of some candidates (see, e.g., Abbott et al. 2020; Vitral et al. 2023;
Häberle et al. 2024), definitive confirmation of BHs in the intermediate mass gap
remains arduous.

The challenge of observing objects which are black by definition, and hence do
not emit electromagnetic radiation of any kind, is not trivial. At the present day,
however, BHs have been successfully observed with a diverse array of methods and
approaches. Dynamical measurements of the orbits of stars around SMBHs in galac-
tic centers provide both an indication of their existence and an estimate of their
mass (e.g., Ghez et al. 2008); the first groundbreaking observation of gravitational
waves (GWs) from a merger of two stellar-mass black holes by LIGO (Abbott et
al. 2016) paved the way for the dawn of multi-messenger astronomy and yielded
yet another confirmation of Einstein’s theory of general relativity; while the Event
Horizon Telescope Collaboration (2019) has recently produced the first image of
the regions surrounding a SMBH and emitting in the radio band. Each of these
methods is, however, strongly dependent on the specific mass range of the observed
object, and limited by current instruments and facilities. On the contrary, thanks
to the great similarities between the signatures of physical processes governing the
behaviour of matter in regions close to black holes’ event horizons, observations
in the X-rays enable probing systems belonging to different classes with the same
method.

1.2 Accretion onto Black Holes
The gravitational pull exerted by a compact object drives part of the surrounding
matter towards falling onto the object itself, in a process which takes the name of
accretion. Considering a BH sitting in a gas-rich environment, matter initially at
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rest and in absence of magnetic fields will experience radial infall towards the BH,
being accreted without the emission of radiation. However, if the infalling matter
possesses non-zero initial angular momentum from its orbital motion, at some dis-
tance from the BH centrifugal forces will become comparable to the gravitational
one, causing the accreting gas to move on elliptical orbits and eventually condense
into a circumstellar disk structure around the central compact object, the accretion
disk. The centrifugal barrier will hence prevent matter from further approaching
the BH, unless a process capable of transporting angular momentum outwards takes
place. In the standard scenario of a geometrically thin and optically thick accre-
tion disk, friction between adjacent layers of the disk dissipates angular momentum
of the orbiting matter, leading to the conversion of gravitational energy into ther-
mal emission radiated away from the disk surface (e.g., Shakura & Sunyaev 1973).
This mechanism contributes to powering some of the most energetic and luminous
sources observed in the universe in the form of relativistic jets, present in both
stellar-mass and supermassive BHs. The resulting accretion luminosity, stemming
from the release of gravitational energy as thermal radiation, can be written as:

Lacc = ηṀc2 , (1.1)

where Ṁ is the mass accretion rate (i.e., mass accreted per unit time), and the
accretion efficiency η (i.e., ratio between energy produced and rest-mass energy) for
a thin disk is in the range 5% - 42% depending on the spin (Thorne 1974). For
reference, the efficiency of nuclear fusions powering stars can be estimated to be
less than 1%. Owing to the large efficiency of the accretion process, emitted pho-
tons scattering into accreting matter in more external layers may reach an outward
radiation pressure large enough to overcome the gravitational pull of the BH on
infalling gas. This feedback process which regulates the accretion rate up to even
inhibiting it, sets a theoretical limit to the highest accretion luminosity a source can
have. Under the assumption of spherical symmetry of the system, this boundary is
known as the Eddington limit, and amounts to a luminosity:

LEdd = 4πGMBHmpc

σT
= 1.26 × 1038

(
M

M⊙

)
erg s−1 , (1.2)

where mp is the proton mass, σT = 6.65×10−25 cm−2 is the Thomson cross section,
and M⊙ = 1.988 × 1033 g is the mass of the Sun. It is also possible to define the
Eddington accretion rate ṀEdd = LEdd/(ηc2) (i.e., mass accretion rate required
to reach LEdd), and the Eddington ratio Lbol/LEdd, where Lbol is the bolometric
luminosity of the source.

Up to this point we have assumed the BH to be situated in a gas-rich environment
without actually discussing the physical scenarios leading to this. In the following
paragraphs I will give an overview of different accreting BHs, including the source
of the accreting matter and the effect they have on their surroundings.
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1.3 Active Galactic Nuclei
It is generally believed that most (if not all) galaxies host a supermassive black hole
at their center, measuring between 105 and 1010 times the mass of the Sun. Our
own Milky Way galaxy is no exception to this: trajectories of stars in the galactic
center provide evidence for an apparently invisible object of about 4 × 106 M⊙ con-
centrated in a 100 AU radius (e.g., Genzel et al. 2010; Gillessen et al. 2017). In
fact, shortly after the groundbreaking work leading to the first direct image of the
shadow of a SMBH (Event Horizon Telescope Collaboration 2019), further findings
were released from observations of SgrA* (Event Horizon Telescope Collaboration
2022), precisely the SMBH at the center of our galaxy.

These unprecedented results showcase radio emission from SMBHs and matter they
accrete from the surrounding gas-dense environments in galactic centers. In some
cases the mass accretion rate can be so high to result in radiation that completely
outshines the total contribution from stars in the whole galaxy. When in this state
the central SMBH is referred to as an active galactic nucleus (AGN), placing among
the brightest non-transient sources in the universe.

Historically, observations of bright emission from distant galaxies and raging from
radio to gamma-rays, ensued the identification of several different kinds of objects.
Early AGN classifications were solely based on phenomenological features, with the
interpretation of different spectra with different theoretical models leading to the
assumption of a Zoo of sources (Quasars, Seyfert galaxies, Radio galaxies, Blazars).
Through the years, however, a joint effort brought to a unified classification, iden-
tifying differences between type I and type II AGN and blazars as stemming from
a combination of different viewing angles between the system’s symmetry axis and
our line of sight (LoS). More specifically, type I AGN present both broad and nar-
row emission lines in their optical spectra, while type II exclusively show narrow
lines (Beckmann & Shrader 2012).

As shown by the sketch in Figure 1.1, AGN systems comprise the central SMBH
with an accretion disk and a jet, surrounded by dust-free gas clouds forming a broad
line region (BLR) and narrow line region (NLR), and by a dust torus. Observing
with a near face-on view (i.e., small inclination angle between LoS and AGN jet) will
lead to the identification of the source as a blazar. Increasing the inclination angle
will result in the observation of both broad and narrow emission line features in the
spectrum, respectively from the BLR and NLR, and hence in a type I AGN. Finally,
near edge-on views of the system cause emission from the BLR to be obscured by the
dusty torus, while leaving radiation coming from the NLR unaffected (type II AGN).
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Figure 1.1. Schematic representation of the AGN unification model, with a classification
depending on the observing angle and on jet emission. In the standard picture, a
supermassive black hole is surrounded by an accretion disk with a sub-pc lenghtscale.
The broad line region consists of high-density (ne > 108 cm−3) dust-free gas clouds,
at a distance of 0.01 − 1 pc from the BH. A dusty torus then extends from 0.1 to 10
pc; while the low-density (ne < 106 cm−3) ionized gas forming the narrow line region
stretches up to 100 pc. (Beckmann & Shrader 2012; graphic by Marie-Luise Menzel).

Furthermore, supermassive black holes strongly affect their surrounding environ-
ments up to galactic scales: their growth and evolution is strongly coupled to that
of their host galaxies. During active periods due to enhanced accretion, SMBHs re-
lease enormous amounts of energy in the galaxy in the form of radiative and kinetic
processes (e.g., outflows, winds, jets, ...). This AGN feedback mechanism can favour
or inhibit star formation, leaving an imprint on the host galaxy. In this context,
the study of accreting SMBHs constitutes a way of probing strong gravity regimes
and galactic evolution.

The dynamical timescales for accreting black hole systems are limited by causality to
be at most of order τ ∼ Rg

c , where Rg = GMBH
c2 ≈ 1.5 km

(MBH
M⊙

)
is the BH’s gravita-

tional radius. Therefore, typical time frames for accretion processes directly depend
on the BH mass, posing a significant challenge for studying AGN phenomenology
and variability, as observations are limited by human lifetimes. However, the vastly
similar phenomenology between AGN and accreting stellar-mass BHs, makes it pos-
sible to infer crucial properties of the former systems by observing the latter.
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1.4 X-ray Binaries
The gravitational collapse of massive star progenitors (i.e., M ≳ 8M⊙) results in
the birth of a compact object remnant: either a neutron star (NS) or a black hole.
Stellar-mass BHs are formed in the gravitational collapse of progenitors M ≳ 30M⊙
or, less frequently, in mergers of binary and multiple systems. It has been speculated
that a large fraction (up to half) of all stars in our galaxy are in binary systems,
result that we do not expect to vary considerably for other galaxies (Duchêne and
Kraus 2013). If the progenitor star is in a binary system which remains bound after
the stellar collapse, the BH remnant will start accreting matter from its companion
star, given that the latter is in a close enough orbit.

Owing to the extreme gravity regimes resulting in prominent X-ray emission, the
system is referred to as a black hole X-ray binary (BHXRB). Limited by strong
intergalactic absorption and current instrumental resolution, NS and BH X-ray
binaries have mostly been observed in our galaxy and neighbouring ones, for a total
of ∼500 sources, 72 of which are BHXRBs (Corral-Santana et al. 2016). BHs in
X-ray binaries are generally between 4 and 20 solar masses and are further classified
depending on the donor star’s mass:

• in a high mass X-ray binary (HMXB) the companion has mass M2 ≳ 5M⊙,

• in a low mass X-ray binary (LMXB) the companion has mass M2 ≲ 1M⊙.

Figure 1.2. Artist’s impression of a black hole X-ray binary, depicting a stellar-mass BH
accreting matter from a donor star. The material being transferred forms an accretion
disk around the central engine, and a highly collimated relativistic jet is launched in
the direction orthogonal to disk. Image credits: J. Paice, P. Gandhi (University of
Southampton, IUCAA).
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The LMXB scenario sees the mass donor evolving to fill its Roche lobe (i.e., region
enclosed in a critical gravitational equipotential surface of a binary system), and
material being then transferred through the inner Lagrangian point L1 onto the
compact object, in a process which takes the name of Roche lobe overflow. These
systems are typically older than their high mass counterparts, with the companion
star typically being M-K class and hence optically fainter than the compact object:
LX/Lopt ≲ 0.1. It is therefore challenging to accurately constrain masses, inclina-
tion and other binary parameters of LMXBs.

On the contrary, HMXBs are younger systems characterized by strong optical and
ultraviolet (UV) emission by the early-type companion (typically O-B class with
Teff ∼ 104 − 105 K), even exceeding the X-ray luminosity. Furthermore, accretion
is driven by both Roche lobe overflow, and strong stellar winds from the massive
donor star being captured by the compact object.

The majority of black hole X-ray binary sources in our galaxy are transient sources,
alternating long periods of quiescence characterized by the low luminosity of the
system, and recurrent outburst episodes with a luminosity increase by several or-
ders of magnitude due to enhanced accretion.

1.5 Motivation and Outline
Although our understanding of BHs has grown exponentially in the last decades,
and despite them probably being the simplest macroscopic objects in the known
universe, many questions remain unanswered. For instance, measuring black hole
masses and spins is critical to conduct population studies to shed light onto the
physical mechanisms driving formation and growth of SMBHs, and on the inter-
mediate mass gap and the existence of intermediate-mass BHs. Investigating the
behaviour of accretion flows in BHXRBs, which is thought to scale up to SMBHs,
provides valuable insights about the formation and launching of the observed pow-
erful relativistic jets, and enables the study of strong gravity effects near the event
horizon, in an effort to test general relativity and explore the possibilities for new
physics. For this reasons, this work will provide a detailed analysis of the variability
and evolution of the inner accretion flows of the black hole X-ray binary GX 339-4,
with the aim to constrain the evolution of its accretion geometry, and measure the
BH spin.

The thesis is structured as follows: in Chapter 2 I will give an overview of the X-ray
reflection spectroscopy technique used to study accretion onto BHs and measure
their spin; in Chapter 3 I will present the scientific case of interest, the observa-
tions employed and the data reduction and spectral analysis employed to pursue
the targeted goals; in Chapter 4 I will show our results and discuss their possible
implications; before concluding and exploring future prospects for complementary
analyses in Chapter 5.
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Chapter 2

Observing Accreting Black
Holes

As already discussed, the no-hair theorem states that BHs are completely charac-
terized by just two quantities: their mass and their spin. The former can mostly
be accurately estimated without needing to delve into the strong gravity regions
in the immediate vicinities of the BH, and governed by general relativistic effects.
Owing to great leap in the development of astronomical optics and detectors, we
are able to constrain the movement of stars around BHs with incredible accuracy,
hence obtaining precise dynamical measurements of their mass without significant
observational efforts. On the contrary, accurately constraining the spin of a BH
is a considerably more demanding endeavour, since it requires probing regions of
spacetime heavily affected by the BH general relativistic nature. In this chapter we
will explore the basics of how those measurements are conducted, starting from the
first essential ingredient: modelling the X-ray spectral signature of the BH.

2.1 Spectral contributions
The closer matter gets to a BH, the more forcibly it is drawn to rotate around the
BH itself, following geodesics imprinted into spacetime by its immense drag. In this
scenario, gas in the form of hot and ionized plasma interacts with itself and with
radiation, undergoing different processes and producing prominent emission. For
stellar-mass BHs the spectral energy distribution (SED) is dominated by X-rays,
while for SMBHs emission is mostly concentrated in the optical and UV bands.
The sum of all these processes produce the different contributions to the system’s
spectrum, which are usually classified in 3 major spectral signatures, giving an
opportunity to probe the phenomenology and geometry of matter around a BH.

2.1.1 Accretion disk

In the following regime of sub-Eddington mass accretion rate:

0.001 ≲
Ṁ

ṀEdd
≲ 0.3 , (2.1)
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the accretion disk is assumed to be geometrically thin and optically thick, mean-
ing that the semi-thickness of the disk h at the radial coordinate r is such that
h/r << 1, and the mean free path of photons inside the disk l = 1/(σn), where σ is
the photon scattering cross section and n the number density of scattering particles
in the disk, is l << h. In these conditions the gas and photons in the accretion
disk are in local thermal equilibrium. Each point on the disk surface is expected to
emit a blackbody-like spectrum, with its temperature depending on the local orbital
velocity and corresponding radial distance from the BH.

As long as the accretion disk is optically thick, its local effective temperature approx-
imately scales as ∼ M−1/4 R−3/4, where M is the BH mass and R is the disk radius
(Bambi et al. 2021). Integrating this emission radially over the whole disk results
in a peculiar multi-temperature blackbody spectrum, peaked at Epeak ≈ 2.36 kTin,
where k is the Boltzmann constant, and Tin is the colour temperature at the disk
inner edge Rin. Here, the colour temperature Tin is a correction to the total effec-
tive temperature Teff (i.e., the temperature of a blackbody emitting the same total
energy per unit area as the disk), achieved by considering a colour correction factor
κ. Tin is in fact the temperature inferred from fitting a blackbody to the observed
disk spectrum, and it is usually larger than Teff as a result of several processes mod-
ifying the emitted disk spectrum. For instance, the up-scattering of lower energy
photons from outer regions in the inner parts of the disk, and opacity effects due
to the disk’s non-homogeneous optical depth, all lead to a modified spectrum with
respect to a standard blackbody. Considering a pure hydrogen plasma, the inner
disk colour temperature is given by

Tin = κ

[
(Ld/LE) mP c5

2GM r3
in η σSB σT

]1/4

, (2.2)

where rin is the inner accretion disk radius in units of gravitational radii, Ld/LE is
the ratio between the disk luminosity and the Eddington luminosity, mP is the pro-
ton mass, η ∼ 0.1 is the accretion efficiency, σSB is the Stefan-Boltzmann constant,
σT is the Thomson cross section, and κ ≈ 1.5 − 2.0 (Davis et al. 2005) is the colour
correction factor. By normalizing for typical values, we numerically obtain

Epeak ≈ 2.9 keV κ

1.7

(
Ld

LE

)1/4(
η

0.1

)−1/4(
M

10 M⊙

)−1/4(
rin
2

)−3/4
. (2.3)

Therefore, assuming the disk to extend up to the innermost stable circular orbit
(ISCO) radius, we find that emission from the accretion disk in supermassive black
holes peaks in the UV band at around 1−100 eV, while for disks of stellar-mass BHs
it peaks in the soft X-rays1 at around 0.1 − 1 keV. A typical thermal disk spectrum
is shown in Figure 2.1.

1The X-ray band typically encompasses the energy range 0.1 − 100 keV, and is divided into soft
X-rays (below 10 keV) and hard X-rays (above 10 keV).
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Figure 2.1. Simplified representation of the superposition of single-temperature black-
body emissions from different regions of an accretion disk around a black hole. (Adapted
from Woitke 2015).

2.1.2 Corona

Besides the expected thermal disk blackbody, an additional component was ubiq-
uitously detected already in the early observations of accreting stellar-mass and
supermassive black holes (see, e.g., Haymes & Harnden 1970; Schreier et al. 1971;
Lightman & Shapiro 1975; Elvis et al. 1978). This apparently non-thermal emis-
sion is shaped as a power law with a high energy cutoff, and is thought to originate
from a hot (∼ 100 keV or ∼ 109 K) ionized, and optically thin (τ ≲ 1) plasma
distribution, located close to the BH. This emitting region is commonly referred to
as corona, and the nature of features such as its formation mechanism, its stability,
and its geometry, constitute an active area of investigation. As for its emission, the
most plausible scenario is that of Compton up-scattering of soft photons, emitted
from the accretion disk, by hot coronal electrons. Through multiple scatterings
a single source photon is Comptonized by electrons in the corona, resulting in a
specific photon flux2 n(E) ∼ E−Γ, where the photon index Γ will depend on the
coronal optical depth τ , and electron temperature Te.

The total seed spectrum from the disk is hence shifted to harder energies, as show-
cased in Figure 2.2, but limited by the electron energy Ee = kTe. More specifically,
as a source photon gains energy through consecutive scatterings, its energy ap-
proaches Ee, reducing the likelihood of further up-scatterings and resulting in an
exponential rollover ∼ e−E/Ecut .

2Specific photon flux is defined as the number of emitted photons per unit time, area and energy;
and hence measured in photons s−1 cm−2.
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If we assume the disk to have uniform thickness along the radial direction (i.e.,
slab-like geometry) the cutoff energy Ecut is precisely determined by the coronal
electron energy, Ecut ∼ 2 − 3 kTe, and is generally between 30 and 300 keV.

Figure 2.2. Non-thermal continuum spectrum Lhard originating from the energy gain
due to the Comptonization of seed photons Lsoft by hot (kTe) coronal electrons. Image
credits: A. Zdziarski (Centrum Astronomiczne M. Kopernika).

2.2 X-ray reflection spectroscopy
For some sources, however, modelling the spectrum with only a disk blackbody and
a Comptonized continuum, is not sufficient. Namely, prominent residuals around 7
and 20 − 30 keV, provide evidence for the need of a more sophisticated model. In
fact, photons up-scattered in the corona can be emitted towards the accretion disk,
where they may undergo various interactions and processes before finally escaping in
the direction of the observer. Spectroscopical studies of the features imprinted into
these reflected photons, can provide important insights about the inner accretion
flow and the strong gravity region in which it is situated (e.g., Bambi et al. 2021).

Figure 2.3. Observed relativistic reflection features of the BHXRB GX 339-4 from
NuSTAR and NICER data (rebinned for visual purposes). The figure shows the ratio
between data, and a model comprising thermal disk emission and a Comptonized con-
tinuum component.
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2.2.1 Reflection spectrum

Being the accretion disk optically thick, incoming photons from the corona are re-
processed in the very upper layers of the disk itself (i.e., the disk atmosphere).
Here, X-ray photons undergo photoelectric absorption (σabs(E) ∼ E−3), and elec-
tron scattering (σes(E) ∼ const.), where the former (latter) process is dominant
below (above) E ≈ 12 keV.

Photons absorbed by atoms in the disk ionize a K-shell electron (n=1), leading
to an absorption edge in the spectrum. An electron from the outer L-shell (n=2)
will then fill the gap left in the K-shell by emitting an X-ray photon with energy
equal to the transition energy between valence levels at play. At this point, if the
emitted photon manages to escape, it contributes to a fluorescence line in the spec-
trum, otherwise it is reabsorbed and leads to the emission of a higher level electron
called an Auger electron. Although many elements in the disk undergo this pro-
cess, the probability for photoelectric absorption drastically increases for heavier
species (∼ Z4). Being iron the most stable (and hence one of the most abundant)
elements, and considering the fact that the X-ray continuum flux decreases with
increasing energy, fluorescent emission by neutral iron Kα at 6.4 keV results in the
most prominent line in the spectrum.

Figure 2.4. Local (black) and relativistic (red) reflection spectra for an accretion disk
extending to the innermost stable circular orbit. Starting from an incident spectrum
in the form of Comptonized continuum (Γ = 2, kTe = 60 keV), the emission in the
rest-frame of the gas in the disk is calculated with the xillver model, assuming an
iron abundance with respect to the solar value AFe = 3, and a ionization parameter
ξ = 100 erg cm s−1. Relativistic effects are computed by convolving the local reflection
spectrum with the relativistic broadening kernel relconv, and are shifted downwards
for visual clarity. Image courtesy of Honghui Liu.
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As intuitive to think, if iron is ionized, the line shifts to higher energies: from 6.4
keV for Fe I, up to 6.9 keV for Fe XXVI. Several additional lines from other elements
are also present below 4 keV, but result hardly distinguishable in the blurred spec-
trum detected by a distant observer. Together with emission lines, photoelectric
effect also causes absorption edges, which for iron are placed between 7.1 keV (Fe
I) and 9.3 keV (Fe XXVI). This, combined with Compton down-scattering of high
energy photons, originates an excess above the power law continuum peaked around
20 − 30 keV, namely the Compton hump (George & Fabian 1991).

The diagnostic power of X-ray reflection spectroscopy strongly relies on the effect
that inner accretion disk physics has on the detected spectrum. In fact, the local
reflection spectrum in the rest frame of the gas in the disk is profoundly modified by
several relativistic effects driven by the strong gravity regime. For instance, Figure
2.5 shows how, starting from a narrow emission line in the local spectrum, rotation
of the accretion disk will generate a two-sided line profile due to Doppler shift with
respect to the observer. Owing to the relativistic motion of the disk material, the
beaming effect will enhance the blueshifted peak. Furthermore, photons escaping
the black hole’s pull experience strong gravitational redshift, leading to a “red wing”
in the line profile, more pronounced the closer their emission point is to the BH.
The combination of all these features imprinted on the overall spectrum produces
broadened and skewed emission lines, carrying insights about the physical parame-
ters of the system.

Figure 2.5. Representation of the relativistic effects modifying a narrow emission line
with energy νem (Fabian et al. 2000).
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2.2.2 Impact of model parameters

Many physical parameters of the system have an impact on the shape of the reflec-
tion spectrum. To this end, it is possible to define the ionization parameter

ξ ≡ 4πF

ne
, (2.4)

where F is the incident flux from the corona between 13.6 eV and 13.6 keV, and ne is
the disk’s electron number density. For lower ionization states more bounded elec-
trons are available to interact with incoming photons, leading to more pronounced
absorption and emission lines, with the opposite happening for higher ionization
states. Furthermore, a larger density results in higher disk surface temperature due
to enhanced free-free processes, also amplifying softer contributions to the spectrum,
while higher elemental abundances (especially iron abundance AFe) strengthen line
features.

Figure 2.6. Sketch of the disk corona system, with the most relevant parameters con-
tributing to the reflection spectrum.

The most crucial parameter for X-ray reflection spectroscopy is probably the inner
accretion disk radius Rin, which can span from coinciding with the general rela-
tivistic innermost stable circular orbit (ISCO) radius RISCO, to being truncated far
from it. Rin profoundly impacts the shape of the iron line: a disk extending all
the way to the ISCO results in an elongated red wing of the broadened iron line.
Moreover, being the ISCO a monotonic function of the BH spin, measuring Rin also
provides a way to estimate the spin itself. The iron line profile is also modified
by the inclination angle i between the BH spin axis and our line of sight: a more
face-on view of the system leads the two peaks in the line profile to merge due to
the absence of the Doppler effect.
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The last determining factors are the characteristics of the coronal emission, which
can be described by its photon index Γ, cutoff energy Ecut, and emissivity profile.
The latter describes the radial dependence of the intensity of the reflected emission
ϵ(r), by assuming a balance between this and the incident intensity at each point of
the disk. Two main approaches can be taken: assuming a coronal geometry auto-
matically determines an emissivity profile but makes the analysis model-dependent,
while a more conservative model-independent approach can be taken by using a
phenomenological broken power law profile

ϵ(r) ∼

r−qin for r < Rbr

r−qout for r > Rbr
, (2.5)

where Rbr is the breaking radius, and qin and qout respectively the inner and outer
emissivity indices. Furthermore, if qin = qout the emissivity is a simple power law.

2.3 Outbursts of Black Hole X-ray Binaries
Although not the only determining factor, mass accretion rate is crucial in shaping
both spectral features and overall flux of radiation emitted by accreting black holes.
Observing the associated spectral variability of AGN is strongly limited by the dy-
namical timescales of the processes at play, far out of reach for humanly-possible
studies. For BHXRBs, however, the much smaller length scales involved in the
phenomena make observing long-term evolutions of the accretion flow feasible. The
majority of these sources are transient, and undergo frequent outbursts thought to
stem from instabilities (e.g., thermal viscous and magnetorotational instabilities),
triggering an increase in the mass accretion rate that can approach the Eddington
limit, and last weeks to months.

Figure 2.7. MAXI light curve showcasing the count-rate evolution of GX 339-4 in the
time period between the years 2011 (∼ MJD 55500) and 2024 (∼ MJD 60500).
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In particular, if mass transfer from the companion is greater than the accretion
rate onto the central BH, matter starts accumulating in the cooler outer regions of
the disk, causing a slow temperature rise. At around ∼ 4000 K, initially neutral
hydrogen starts becoming ionized, driving a viscosity increase and allowing for more
efficient outwards transfer of angular momentum. The accretion rate is therefore
enhanced, resulting in an increasing X-ray luminosity, but also exceeding the bi-
nary mass transfer rate. This ultimately causes the disk’s mass, temperature, and
viscosity to drop, causing the luminosity to decay, and the outburst to end (Fender
& Belloni 2012).

On this basis, it is possible to identify different states of a transient source, de-
pending on the mass accretion rate and other physical properties, and possessing
profoundly different spectral signatures. Transient BHXRBs spend most of their
time in a quiescent state, namely a period of reduced accretion in which the X-ray
source is relatively faint. During quiescence, the mass accretion rate is several or-
ders of magnitude below the Eddington limit, and the spectrum is rather hard, with
extremely low or completely absent soft emission from the disk.

In general, spectral states are set apart by comparing their hardness ratio:

Hardness ratio = Hard X-ray flux
Soft X-ray flux , (2.6)

where the definition of hard and soft X-ray bands is case-dependent, without a
strict convention adopted. During an outburst, the transition of a source between
different spectral states can be tracked through its path in the hardness-intensity
diagram (HID), a plot depicting the X-ray flux as a function of the hardness ratio.
As shown in Figure 2.8, typical outbursts trace a peculiar q-shaped anticlockwise
path in the HID, starting from quiescence and progressively increasing in flux and
transitioning to softer spectral states before returning to their original hard and
faint quiescent state.
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Figure 2.8. Simplified representation of the hardness-intensity diagram (HID) showing
the temporal evolution of a typical outburst of BHXRBs (Adapted from Wang et al.
2022).

Low Hard State

While persistent black hole X-ray binary sources (e.g., Cygnus X-1) are observed
as emitting at a somewhat steady X-ray flux, transient systems usually found in a
quiescent state can transition into increased luminosity states due to mechanisms
enhancing their accretion rate. When these mechanisms are triggered, the source
starts undergoing an outburst by entering a state characterized by low luminosity
and high hardness, thus deemed low hard state. Through the evolution the accre-
tion rate increases, as does the luminosity, while hardness remains rather constant,
hence we see a vertical transition in the HID. The spectrum is dominated by coronal
non-thermal emission, with its characteristic power law shape having photon index
Γ ∼ 1.6 − 1.7 and a high energy cutoff, while the contribution of the disk thermal
emission is negligible. Outflows are observed both in form of disk winds at lower
energy bands (UV, optical, infrared (IR)), and of a compact radio jet (Belloni 2005).
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Figure 2.9. Spectrum of a hard state observation of GX 339-4 from NuSTAR and NICER.

Intermediate States

Through time, the luminosity continues to increase while simultaneously the spec-
trum becomes softer, corresponding to a rising contribution from the disk. In this
hard intermediate state the radio emission becomes steeper, and the outflow veloc-
ity increases rapidly, originating a fast relativistic jet (Fender, Belloni, and Gallo
2004), marked in the HID by the crossing of a so-called “jet-line”.

Figure 2.10. Spectrum of a hard intermediate state observation of GX 339-4 from
NuSTAR and NICER.

During the phase transition, the source keeps moving along the top horizontal
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branch in the HID with a progressive softening of the non-thermal continuum,
reaching a photon index Γ ∼ 2.4 − 2.5. In this soft intermediate state the ther-
mal disk component starts dominating over the coronal power law, and the source
reaches maximum brightness.

Figure 2.11. Spectrum of a soft intermediate state observation of GX 339-4 from NuS-
TAR and NICER.

High Soft State

The peak luminosity point also corresponds to the softest spectrum: the inner disk
temperature reaches ∼ 1 keV, with the thermal component being up to orders of
magnitude brighter than the Comptonized continuum. Jet emission in the radio
usually reduces down to becoming negligible, while other kinds of outflows such as
disk winds can be detected in the X-rays. During this high soft state, the source’s
brightness starts gradually decreasing, initiating the decaying phase of the outburst.
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Figure 2.12. Spectrum of a soft state observation of GX 339-4 from NuSTAR and
NICER.

After the luminosity decay following the high soft state, the source undergoes an op-
posite phase transition from softer to harder spectra. The outburst then ends with
a progressive decrease of the mass accretion rate, leading the source to transition
through intermediate states and low hard state for a second time, before eventually
settling again in a quiescent state.

2.4 Open Questions
Leveraging X-ray reflection spectroscopy to study outbursts of BHXRBs provides
an outstanding tool for tackling the many unanswered questions that still surround
the field of black hole accretion. In the following paragraphs I will give an overview
of the two major problems this thesis aims to investigate.

2.4.1 Inner Accretion Disk Radius

A marker to track BH systems’ variability and spectral evolution is the inner ra-
dius (Rin) at which the accretion disk is truncated, and matter transitions to a hot
(∼ 109 K), optically thin flow radially plunging into the black hole. If the accretion
rate is inside a certain range (i.e., 0.001 ṀEdd ≲ Ṁ ≲ 0.3 ṀEdd), a geometrically
thin and optically thick disk forms. The inner regions of such a disk are capable
of efficient radiative cooling, leading to temperatures of ∼ 107 K for BHXRBs and
∼ 105 K for AGN, and extend up to ISCO radius (Steiner, McClintock, et al. 2010).
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Figure 2.13. Schematic illustration of an accreting BH system comprising a geometrically
thin and optically thick accretion disk (grey) extending up to the ISCO radius (RISCO),
and a hot flow of matter (red) plunging into the BH.

If the accretion rate is below some critical value (Ṁ ≲ 0.001 ṀEdd), the inner disk is
expected to be truncated far from the ISCO radius, and replaced by a geometrically
thick and optically thin advection-dominated accretion flow (ADAF) (Narayan and
Yi 1994). Owing to the low density, the flow is unable to efficiently cool through
the emission of radiation, and hence becomes much hotter (kTe ∼ 100 keV) than
the inner disk temperature. This scenario is depicted in the sketch in Figure 2.14,
and is expected to well model the behaviour of accreting BHs in quiescent and low
hard states (Bambi et al. 2021), but is also found to be a possible unstable solution
for larger mass accretion rates (e.g., Andrzej A. Zdziarski, Gierliński, et al. 2004).

Figure 2.14. Schematic illustration of an accreting BH system comprising a truncated
accretion disk (grey), and a hot, geometrically thick and optically thin flow of matter
plunging into the BH as an advection-dominated accretion flow (red).

In intermediate accretion rate states however, the problem of disk truncation is
still open, with many possibilities being investigated, and observational results still
not being in perfect agreement with each other. The transition between truncated
disk and disk at the ISCO could either happen smoothly, or abruptly. To this end,
relativistic reflection spectroscopy is a crucial tool for investigating the evolution
of the inner accretion disk regions throughout an outburst, and more specifically
in the high-flux hard states such as the intermediate ones were open problems still
lie. In fact, it is especially in such spectral states that reflection features are most
prominent, providing an accurate probe of the inner disk truncation radius by con-
straining the shape of the red-tail of the iron line.



2.4 Open Questions 22

2.4.2 Coronal Geometry

X-ray reflection spectroscopy also enables investigating the nature of the corona,
in an effort to broaden our understanding of its formation mechanism, stability,
and geometry. In fact, there is still a lack of consensus about the mechanisms
exploiting accretion power to fuel and sustain the hot and rarefied gas comprising
it. Magnetohydrodynamic instabilities in the accretion flow, magnetic reconnection,
and interaction with the black hole spin, could all be contributing factors, and lead
to a static corona structure or to an outflowing scenario (e.g., Beloborodov 1999;
Poutanen, Veledina, and Beloborodov 2023).

Although still unclear, the exact morphology of this hot plasma near the BH is of
great importance, as it impacts the illumination and subsequent emissivity profile
of the reflecting accretion disk (see, e.g., Wilkins & Fabian 2012; Gonzalez et al.
2017). Figure 2.15 showcases some examples of possible corona geometries.

Figure 2.15. Sketch representation of possible corona geometries: spherical geometry
(top left panel), sandwich geometry (top right panel), toroidal geometry (bottom left
panel), and lamppost geometry (bottom right panel).

Shapiro, Lightman, and Eardley (1976) first introduced a scenario in which the in-
ner region of the disk is hot and up-scatters soft photons from outer regions of the
disk, while also enshrouding the black hole as a spherical corona. However, Imaging
X-ray Polarimetry Explorer (IXPE; Weisskopf et al. 2022) data of Cygnus X-1 the
seems to disfavour this spherical geometry, unable to produce the observed polar-
ization signature (Krawczynski et al. 2022). These innovative results favour instead
elongated coronae on the accretion disk plane, such as the so-called sandwich ge-
ometry, in which the corona is a hot, slab-like structure which might correspond to
an accretion disk atmosphere (Haardt & Maraschi 1991; 1993); or a toroidal corona
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which extends beyond the inner accretion disk radius (Poutanen & Svensson 1996)
as an advection-dominated accretion flow (Esin, McClintock, and Narayan 1997).

Another model is that of a compact corona aligned with the black hole spin axis
(Martocchia & Matt 1996), namely a lamppost geometry, which could physically be
interpreted as the base of the jet (Markoff, Nowak, and Jörn Wilms 2005). Despite
having been widely adopted for its simple implementation and good agreement with
observational data, the lamppost corona model also seems to be disfavoured by re-
cent results by Saade et al. (2024), who compared several works comprising IXPE
observations of accreting BHs, and found the polarization signature to be mostly
consistent with a slab-like corona and accretion geometry to be widely similar be-
tween supermassive and stellar-mass BHs.
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Chapter 3

Scientific Case and Methods

In order to investigate the open problems described in the previous chapter, I con-
ducted a broadband X-ray spectral analysis of a black hole X-ray binary, employing
relativistic reflection spectroscopy techniques on data from the Nuclear Spectro-
scopic Telescope Array (NuSTAR; Harrison et al. 2013), and the Neutron star
Interior Composition ExploreR (NICER; Gendreau et al. 2016). In this chapter,
I will discuss the object of this study, namely GX 339-4, together with giving an
overview of the selected observations of its outburst in 2021. Subsequently, I will
present the data reduction process, giving an overview of the telescopes providing
this data, before summarizing the spectral analysis models employed in this work.

3.1 The source: GX 339-4
GX 339-4 is commonly referred to as the archetypal black hole X-ray binary, ow-
ing to its transient nature, with frequent outbursts every 1-3 years, and prominent
relativistic reflection features found in its spectrum in both hard and soft states
(e.g., García et al. 2015; Miller et al. 2004; Liu et al. 2022). It was discovered in
1973 by Markert et al. (1973), and has since then been one of the most extensively
studied accreting BH sources across all wavelengths. By analyzing its near-infrared
spectrum, Heida et al. (2017) have constrained the mass of the BH to be between
2.3 and 9.5 M⊙, and placed a lower limit to the distance at 5 kpc.

These results from direct observations are consistent with findings from spectral
and timing analysis of GX 339-4 X-ray data (e.g., Parker, J. A. Tomsick, Kennea,
et al. 2016; Sreehari et al. 2019), while in a recent work Zdziarski, Ziółkowski, and
Mikołajewska (2019) implemented detailed evolutionary models for the companion
star on data by Heida et al. (2017) and Buxton et al. (2012), finding a BH mass of
4 − 11 M⊙, a distance of 8 − 12 kpc, and a binary inclination angle 37◦ < i < 78◦.
The orbital period of the binary is estimated at Porb = 1.7587 ± 0.0005 days, and
the mass donor is thought to be a K1-2 type star measuring between 0.5 and 1.4
M⊙ (Zdziarski et al. 2019), making the system a low mass X-ray binary.
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Previous studies also found the black hole in GX 339-4 to be consistent with a high
spin value (a∗ ≈ 0.95, García et al. 2015; Parker, J. A. Tomsick, Kennea, et al.
2016; a∗ > 0.86, Liu et al. 2023). The inclination angle of the accretion disk has
been consistently constrained by X-ray reflection spectroscopy measurements to be
in the range 35 to 50 degrees (e.g., Liu et al. 2023, 2022; Wang-Ji et al. 2018; García
et al. 2015).

Parameter Value Unit Reference
Black hole mass 4 − 11 M⊙ Zdziarski et al. 2019
Companion mass 0.5 − 1.4 M⊙ Zdziarski et al. 2019
Distance 8 − 12 kpc Zdziarski et al. 2019
Binary inclination 37 − 78 degrees Zdziarski et al. 2019
Orbital period 1.7587 ± 0.0005 days Zdziarski et al. 2019
Black hole spin > 0.86 Liu et al. 2023

Table 3.1. Key parameters of the black hole X-ray binary GX 339-4.

Past GX 339-4 outbursts have been extensively studied using a wide array of tele-
scopes, although results from different analyses have not always been consistent. For
instance, Plant et al. (2015) reported the disk being largely truncated (Rin > 100Rg)
throughout the entire low hard state (at luminosities 0.1% − 15% the Eddington
limit) from several X-ray Multi-Mirror (XMM-Newton; Jansen et al. 2001) observa-
tions. Conversely, Fürst et al. (2015) utilized NuSTAR and Swift X-Ray Telescope
(XRT; Gehrels et al. 2004; Burrows et al. 2005) observations of the 2013 hard-only
outburst (i.e., the source failed to transition to a soft state), finding no evidence
of a strongly truncated inner accretion disk radius Rin ≲ 100 Rg at luminosities
spanning 1% to 6% LEdd.

Wang et al. (2018, 2020) investigated the low hard state of the 2015, 2017 and 2019
failed outbursts with NuSTAR, NICER and Swift/XRT, reporting modest trunca-
tion (3 Rg < Rin < 15 Rg) between 0.5% and 5% LEdd and larger truncation (Rin
> 49 Rg) at luminosity 0.5% LEdd. Furthermore, Liu et al. (2023) considered pre-
cisely the 2021 outburst observed by the Hard X-ray Modulation Telescope (Insight-
HXMT; S.-N. Zhang et al. 2020), and found Rin close to the ISCO (Rin ≲ 3.2 Rg)
for the whole hard to soft transition in the range 10% − 35% LEdd.

In this context, our work provides an independent study of the 2021 outburst,
leveraging the broad and continuous (i.e., without any gaps) spectral coverage and
negligible pile-up effect of NuSTAR and NICER. By largely extending the lumi-
nosity range probed (0.05% − 20% LEdd) and refining the analysis techniques, this
study offers new insights into the evolution of the inner accretion disk geometry.
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Results are then compared with those of Liu et al. (2023) and other previous in-
vestigations to explore the consistency of disk truncation across different outbursts
and luminosity regimes. Precisely to enable efficient comparisons with previous
works, and to estimate the luminosity of the source and derive its Eddington ratio,
a BH mass of 10 M⊙ and a distance of 8 kpc are assumed for GX 339-4 in this thesis.

3.2 Observations of the 2021 outburst
At the beginning of 2021, a sudden flux increase from GX 339-4 was detected by
the Monitor All-sky X-ray Image (MAXI; Matsuoka et al. 2009), drawing the at-
tention of several telescopes around the globe. Among those, multiple observational
campaigns of the source were conducted by NuSTAR, and by NICER, providing a
wealth of data to thoroughly investigate the evolution of BHXRB accretion prop-
erties with outstanding broadband coverage and spectral resolution.

As displayed in Figure 3.1MAXI is a wide-field X-ray telescope mounted on the In-
ternational Space Station (ISS), and performing a full sky survey of X-ray sources
every 96 minutes (ISS orbit time). It was developed by the Japanese Aerospace
Exploration Agency (JAXA) and launched in 2009, with the main objectives of
providing early detection of X-ray transient events and long-term monitoring of the
intensity fluctuation of known X-ray sources. MAXI light curve data products in
four energy bands (2 − 20 keV, 2 − 4 keV, 4 − 10 keV, 10 − 20 keV) were publicly
available and obtained from the mission’s website1.

Figure 3.1. Side view of the MAXI sensor mounted on the Japanese Experiment Module
- Exposed Facility aboard the International Space Station. Image credits: National
Aeronautics and Space Administration (NASA).

1http://maxi.riken.jp/top/index.html

http://maxi.riken.jp/top/index.html
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Mass accretion rate enhancement in GX 339-4 led to an outburst starting in late
January 2021, with a transition back to quiescence taking place in early November
of the same year. As showcased by Figure 3.2, this outburst was followed in its
entirety by MAXI, and comprised a count rate increase by more than two orders of
magnitude with respect to quiescence values of ∼ 0.01 photons cm−2 s−1.

Figure 3.2. MAXI light curve of the 2021 outburst of GX 339-4. Observations by NuS-
TAR and NICER in the time frame of the outburst were projected onto the respective
MAXI observation closest in time, hence they do not constitute an accurate represen-
tation of NuSTAR and NICER detected count rates, but merely a way to visualize and
select observations on the basis of their date and time.

Since for the purpose of conducting X-ray reflection spectroscopy analyses, good
coverage and spectral resolution in the hard X-ray band (especially between ∼ 5
and ∼ 40 keV) is crucial, the presence of NuSTAR observations was the discrimi-
nant factor in the evaluation of the dataset to be considered. Therefore, all of the
13 NuSTAR observations of GX 339-4 during the 2021 outburst were taken into
account. To this regard, Figure 3.2 provides a complete overview of how NuSTAR
data is widespread over the entire rise of the outburst, while for the decaying phase
only three observations at its very end are present.

Aiming to extend the sensitivity in the soft X-ray band, quasi-simultaneous NICER
data were also taken into consideration: observations ending up to one day in ad-
vance or starting up to one day following NuSTAR time frames, were grouped for
spectral analysis as comprising a single observing epoch. Adopting this strategy
resulted in a dataset including the 13 aforementioned NuSTAR observations, and
24 quasi-simultaneous NICER observations.
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Furthermore, being 3 NuSTAR high flux observations quasi-simultaneous them-
selves, the complete dataset is composed of 11 different epochs. As already men-
tioned, the first 8 epochs are rather evenly-spaced and describe the rising part
of the outburst up until its very peak, while the last 3 fall in the late decaying
phase. Beyond broadening the energy coverage and improving spectral resolution,
a multi-mission approach also contributes to strengthening the result’s statistical
significance by increasing the observing time and hence total counts, and to min-
imizing individual instrument-specific systematics (e.g., calibration uncertainties,
detector responses, or background noise), enhancing the robustness and reliability
of the analysis compared to single-instrument studies.

As a means to give a first categorization of the dataset, the HID of the outburst was
plotted: Figure 3.3 gives a clear view of the complete source evolution. Most impor-
tantly, the diagram’s q-shape, characteristic of BHXRB outbursts, gives a strong
confirmation of the occurred state transition, and of the NuSTAR and NICER cover-
age of all spectral states during the hard-to-soft rise. From this description, reading
the HID as a counter-clockwise transition gives the opportunity to roughly start
subdividing epochs into low hard, intermediate and high soft states.

Figure 3.3. MAXI hardness-intensity diagram of the 2021 outburst of GX 339-4. For
visual clarity, only data points with relative errors below 0.7 are plotted. Observations
by NuSTAR and NICER in the time frame of the outburst were projected onto the
respective MAXI observation closest in time, hence they do not constitute an accurate
representation of NuSTAR and NICER detected count rates, but merely a way to visu-
alize and select observations on the basis of their date and time.
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3.3 Data Reduction and Products Extraction
A detailed overview of the complete dataset is provided in Table A.1. All NuS-
TAR and NICER data were publicly available and obtained from NASA’s High
Energy Astrophysics Science Archive Research Center (HEASARC)2. Furthermore,
a thorough review of the dataset confirmed the absence of any flagged issues such as
increased solar activity or non-standard instrument settings, ensuring all observa-
tions were suitable for processing through the respective pipelines and Calibration
Database (CALDB), part of HEASARC’s software suite (HEASoft).

3.3.1 NuSTAR

The Nuclear Spectroscopic Telescope Array is a mission of the NASA Small Ex-
plorers program launched on June 13, 2012, and still operational to this day. It
was launched from Kwajalein Atoll in the Republic of the Marshall Islands into a
low-Earth, near-equatorial orbit. NuSTAR originates from a collaboration between
NASA’s Jet Propulsion Laboratory and the California Institute of Technology, and
is the first hard X-ray focusing telescope, opening a new window onto the high
energy universe thanks to its broad observing bandpass and outstanding spectral
resolution. It is equipped with a deployable mast, granting a 10.14 m focal length to
its two co-aligned grazing-incidence conical optics (Hailey et al. 2010). NuSTAR’s
telescopes consists of two separate Focal Plane Modules (FPMs) labelled FPMA and
FPMB, similar but not identical. Each focusing optic has its own FPM, consist-
ing of solid state Cadmium-Zinc-Telluride (CdZnTe) pixel detectors (state-of-the-art
room temperature semiconductors), with by a Cesium-Iodide (CsI) anti-coincidence
shield surrounding the detectors’ housings (Harrison et al. 2010). Each focal plane
(or detector unit) comprises four CdZnTe sensors placed in a 2 × 2 array, and mea-
suring arrival time, energy and position of the interaction of each incident X-ray.

Figure 3.4. Artist’s concept of NuSTAR on orbit. Image credits: NASA/Jet Propulsion
Laboratory.

2https://heasarc.gsfc.nasa.gov/

https://heasarc.gsfc.nasa.gov/
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NuSTAR covers a wide energy bandpass from 3 keV to 79 keV, extending the sen-
sitivity of focusing far beyond the ∼ 10 keV high energy cutoff which limited most
previous X-ray satellites. It offers exceptional energy resolution of 400 eV at 10
keV and of 900 eV at 60 keV (full-width half-maximum, FWHM), and a temporal
resolution of ∼ 0.1 ms. The angular resolution is of 18 arcseconds (FWHM) with a
12′ × 12′ field of view, providing high spatial resolution and sensitivity over a broad
sky area. Furthermore, the detectors’ readout system is able to avoid pulse pile-up
(i.e., multiple incoming photons being detected as a single higher-energy event) and
can measure fluxes with 1% accuracy even at incident rates up to 104 counts per
second (Harrison et al. 2010).

NuSTAR observations were processed with the latest NuSTAR Data Analysis Soft-
ware (NuSTARDAS) package version 2.1.4 released on August 22, 2024, as part of
HEASoft version 6.34, and employing CALDB fpm20240812 calibration files. As
recommended by the NuSTAR Team, Stage 1 and 2 data processing was performed
through the nupipeline script, which automatically runs in sequence all the neces-
sary calibration tasks for both FPMA and FPMB, and generates calibrated, cleaned
and filtered Level 2 event files3. More specifcally, Stage 1 data reduction comprises
various calibration steps, such as bad pixels flagging, energy and gain correction,
and the conversion of raw coordinates into sky coordinates; while Stage 2 is devoted
to the screening of event files by calculating passages of the South Atlantic Anomaly,
filtering and generating Good Time Intervals, generating sky exposure maps, and
calculating detector focal plane and optics coordinates from sky coordinates.

Subsequently, for each cleaned and calibrated Level 2 event file, the source was ex-
tracted from a region centered on GX 339-4 coordinates and enclosed in a radius of
100 arcseconds. Similarly, the background was extracted from a circular, source-free
region of radius 130 arcseconds in the opposite corner of the detector. Figure 3.5
(a) and (b) show an example of source and background regions extraction on the
SAOImage DS9 application, respectively for FPMA and FPMB.

3For more detailed information on the data reduction and product extraction practices recom-
mended by the NuSTAR Team, refer to the NuSTARDAS users guide at https://heasarc.gsfc.
nasa.gov/docs/nustar/analysis/nustar_swguide.pdf

https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf


3.3 Data Reduction and Products Extraction 31

(a) FPMA source and background regions. (b) FPMB source and background regions.

Figure 3.5. SAOImage DS9 visualization of the Level 2 Event file from a NuSTAR
intermediate state observation (ObsID 90702303005) from both Focal Plane Modules.
The time-integrated counts are shown in logarithmic scale, as well as the source (red)
and background (cyan) selected circular regions for products extraction.

Finally, Stage 3 is dedicated to computing high-level scientific products, extracted
from the processing of Level 2 event files and of other auxiliary files generated dur-
ing previous data reduction steps. In this regard, the nuproducts task was used
to generate source and background light-curves and spectra, redistribution matrix
and ancillary response files, and source image file in sky coordinates, in order to
implement spectral analysis as described in the following section.

3.3.2 NICER

The Neutron star Interior Composition ExploreR is a NASA Explorer Mission of
Opportunity launched on June 3, 2017, from the John F. Kennedy Space Center
in Florida, and deployed as an external attached payload aboard the International
Space Station. The observatory is led by NASA’s Goddard Space Flight Center in
collaboration with the Massachusetts Institute of Technology. NICER’s hearth is
the X-ray Timing Instrument (XTI), an highly modular collection of 56 co-aligned
X-ray concentrators acting as grazing-incidence optics (Balsamo et al. 2012; Oka-
jima et al. 2016), each with an associated silicon-drift detector (Prigozhin et al.
2016).
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Figure 3.6. External view of NICER’s X-ray Timing Instrument mounted on the Inter-
national Space Station. Image credits: NASA.

XTI provides high-throughput and low-background soft X-ray timing and spec-
troscopy. More specifically, it is capable of an unprecedented time-tagging resolu-
tion of under 300 ns, the highest of any astronomy instrument previously flown,
and great energy resolution in its 0.2-12 keV bandpass (85 eV at 1 keV, and 137 eV
at 6 keV; Prigozhin et al. 2016). Furthermore, NICER is free from photon pile-up
effects, a vastly problematic issue which has caused significant systematics in previ-
ous X-ray reflection spectroscopy studies (e.g., Miller et al. 2006; Reis et al. 2008;
Done & Diaz Trigo 2010).

NICER observations were processed employing the latest NICER Data Analysis
Software (NICERDAS) version 12 and the CALDB xti20240206 calibration files re-
leased on February 27, 2024. The steps recommended by the NICER Team were fol-
lowed by running the standard pipeline processing script, nicerl2, designed to per-
form Level 2 analysis including calibration, screening, and filtering of NICER data.
Furthermore, extraction of high-level scientific products was performed with the
dedicated pipeline tools nicerl3-lc and nicerl3-spect, generating light-curves,
source and background spectra, and instrumental response and effective area files.
Background spectra were computed by employing the scorpeon model, which takes
into account contributions from the South Atlantic Anomaly, cosmic rays, polar and
precipitating electrons, the cosmic X-ray background and galactic X-ray halo, and
other non-X-ray backgrounds.

3.4 Spectral Analysis and Models
All resulting NuSTAR and NICER spectra were associated with their respective
background and instrumental response files, and grouped with the ftgrouppha task
in HEASoft. Using the optimal binning strategy (Kaastra & Bleeker 2016), and the
additional constraint of a minimum of 30 counts per spectral bin with the optmin
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mode, ensured good statistical significance to each spectral bin, therefore enabling
the use of the χ2 statistics to find best-fit values. Spectral analysis was conducted
with XSPEC v12.14.1 (Arnaud 1996), a command-driven, interactive, X-ray spec-
tral fitting-program, which is completely detector independent, and currently the
most widely-used spectral analysis software in high energy astrophysics.

With the aim to work with the broadest possible spectral band for each individual
epoch, all non-background-limited data was considered for each observation, only
ignoring spectral bins with signal-to-noise ratio S/N > 1, and those outside of the
NuSTAR (3 − 79 keV) and NICER bandpass (0.2 − 12 keV). This approach is jus-
tified by the grouping of data with an optimal binning strategy and a minimum of
30 counts per bin, which ensures the validity of χ2-based statistical fitting meth-
ods, as the Gaussian approximation for uncertainties holds. The balance between
leveraging the full spectral information and maintaining robust fitting procedures,
especially crucial in extremal spectral regions where the signal is faint but still sta-
tistically significant, is key to accurately constrain the coronal temperature, highly
dependent on the high energy cutoff.

Table A.2 provides a detailed overview of each Epoch’s noticed energy range for
spectral analysis with XSPEC, from which is already possible to notice some spectral
features of the observations. For instance, Epochs 5 through 8 showcase a pro-
gressive decrease of the NuSTAR S/N at high energies, owing to the weakening of
the harder non-thermal component consistent with a hard-to-soft state transition.
Although Epochs 10 and 11 also show a reduced NuSTAR energy band, a similar
reduction of the high energy range can be observed in NICER data as well, sug-
gesting the S/N decrease to stem from lower count rates. The same is not observed
for the previously considered observations, which maintain stable S/N for the hard
range of NICER spectra.

The analysis and fitting of spectra evolving across different epochs of the outburst
has required the use of several XSPEC models for the individual components pre-
sented in Chapter 2.1 and 2.2. Absorption by grains in the interstellar medium
(ISM) was accounted for via the Tübingen-Boulder multiplicative models (Wilms
et al. 2000), which calculate the observed spectrum on the basis of the galactic
extinction of the emitted X-rays. In particular, TBabs allows for fitting the sole
equivalent hydrogen column density nH , while TBFeO additionally enables estimat-
ing the oxygen O and iron Fe abundances, and redshift z.

The soft thermal component was described with the diskbb multicolor disk model
(Mitsuda et al. 1984), assuming an optically thick and geometrically thin disk,
with a temperature profile T (r) ∝ r−3/4 leading to the observed spectrum being
a superposition of blackbody radiation from annuli at different temperatures, and
depending from the inner disk temperature Tin and a normalization factor.
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In order to model the hard X-ray component, two different models were tested,
namely nthComp (Zdziarski et al. 1996; Życki et al. 1999) and simplcut (Steiner et
al. 2017). The former is an additive model, and describes the spectrum produced
by inverse Compton scattering of soft seed photons in a hot corona depending on a
seed photon temperature kTbb, an asymptotic power law photon index Γ, an electron
temperature kTe, and a normalization factor. Conversely, the latter is a convolution
model aimed at providing a fully self-consistent description of the Comptonization
process. More specifically, it ensures that the Compton power law photons once
originated as thermal disk emission by linking the two with a scattered fraction
parameter fsc (i.e., fraction of accretion disk photons which are Compton scattered
by the corona) depending on the geometry and optical depth of the corona; and also
accounts for the possibility of reflection photons being once again Compton scat-
tered by the corona (see the reflection Comptonization component in Figure 3.7).
simplcut gives the possibility to choose between two scattering kernels: nthcomp
itself, and a custom exponential cutoff implementation4. Besides fsc, other model
parameters are, as for nthcomp, the spectral index Γ, the electron temperature kTe

shaping the high energy cutoff, substituted by Ecut for the second scattering kernel,
and a reflection fraction RF defined as the ratio between scattered photons which
return to illuminate the disk and those reaching infinity.

Figure 3.7. Sketch of the disk-corona model with the main spectral components: disk
thermal emission (red), Comptonization of seed disk photons (blue), reflection of coronal
emission (green), Comptonization of the reflection component (magenta).

As regards the reflection component, spectral modelling of relativistic reflection fea-
tures started with the simple superposing of the iron Kα broadened emission edge
to the standard thermal and power law components (e.g., diskline by Fabian et
al. 1989; and laor by Laor 1991). The quality of current spectral data, however,
has allowed for the development of advanced spectral models which take into con-
sideration the complete local reflection spectrum (e.g., reflionx by Ross & Fabian
2005; and xillver by García & Kallman 2010). The observed reflection spectrum

4For additional information refer to Steiner et al. 2017
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is then computed by applying a convolution model to the accretion disk rest-frame
reflection, which accounts for broadening of line profiles due to relativistic effects.
However, this approach neglects possibility of observing photons emitted with angle
θe different from the disk inclination angle i, due to the effect of light bending in
the strong gravity region. Therefore, the current most advanced reflection models
directly combine local reflection and relativistic effects, while also taking into ac-
count deflection of light rays by the black hole’s gravitational field (e.g., relxill
by García et al. 2014; Dauser et al. 2014; and kyn by Dovčiak et al. 2004). For a
comprehensive review of the development and comparisons between reflection mod-
els see, e.g., Bambi et al. 2021.

This work made use of relxill5, which combines the xillver reflection code and
the relline broadening kernel (Dauser et al. 2010), and currently is the most
popular and most advanced reflection model. Similarly to Figure 2.6, relxill de-
scribes an observed spectrum depending on key parameters of the accretion disk
such as inclination angle i, inner disk radius Rin, electron density ne, ionization
state ξ, and iron abundance AFe; on coronal emission properties (photon index Γ,
electron temperature kTe, and emissivity profile); and on the black hole spin a∗.
Another important parameter is the reflection fraction Rf , defined as the ratio of
the intensity of the primary source irradiating the disk and the intensity directly
going to infinity (Dauser et al. 2016)6.

5https://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
6Note that this reflection fraction is not the same as the one defined in the simplcut model

https://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/
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Chapter 4

Spectral Fitting Results and
Discussion

This chapter presents the results and discussion of the spectral analysis grounded on
methods and model components described in Chapter 3. Two primary models were
employed for this study: a continuum-only model (M1) to assess baseline spectral
properties, and a reflection-inclusive model (M2) to conduct a detailed investigation
of accretion disk truncation and coronal geometry. Both models considered for the
analysis described herein make use of the elemental abundances measured in Wilms
et al. (2000), and of photoelectric cross section values by Verner et al. (1996).
Uncertainties are reported at 90% confidence level unless specifically noted.

The following section provides an overview of M1 fitting results, which serve as a
benchmark for identifying the reflection signature analyzed and discussed in later
sections.

4.1 Model 1 (no reflection)
As a means to assess the presence and strength of reflection features, the 11 epochs
were first individually fitted with a simple absorbed continuum model (M1). This
model comprises a multicolor disk component (diskbb) representing the thermal
disk emission, a Comptonized component (nthComp) describing the high energy
emission from up-scattering of disk photons in the corona, and an absorption com-
ponent (TBabs) accounting for X-ray absorption by the ISM along the LoS. Instru-
mental cross-normalizations were included via constant factors to address any flux
calibration offsets between instruments. The final model in XSPEC notation reads:

constant × TBabs × (diskbb + nthComp) .

In order to assure consistency between model components, the Tin diskbb parameter
was tied to the kTbb parameter of nthComp. Furthermore, since NuSTAR observa-
tions are composed by FPMA and FPMB data, the former was taken as reference
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by freezing its cross-normalization constant to one, while constants for FPMB and
NICER’s XTI were left free to vary independently for each epoch. In case of multiple
observations by the same telescope in a single epoch, cross-normalization constants
referring to the same instrument were tied to each other. The same approach was
adopted for Model 2, described in the following section.

In Table 4.1, presenting M1 spectral fitting results, the magnitude of χ2 values over
degrees of freedom (d.o.f.) clearly indicates this model constitutes a rather poor
fit to the data. In fact, apart from the last two epochs in the decaying part of the
outburst, every other fit presents one or more strong contributions to the residuals
due to both astrophysical and instrumental effects. For instance, the discrepancies
between different NICER observations in Epochs 1, 5 and 9 clearly show that the
source variability can be so intense to produce significant flux differences even on
timescales of hours.

Data below 2 keV show an evident excess in the residuals, which seems to get
stronger with increasing flux and soft disk emission during the rise of the outburst,
while still maintaining a certain characteristic shape. Being ubiquitously present
in mild-to-strong soft emission epochs, and consistent between different NICER ob-
servations in a same epoch, the nature of these residuals may be instrumental (i.e.,
stemming from XTI calibration systematics). This issue is known and documented
in the literature (see, e.g, Adegoke et al. 2024; Svoboda et al. 2024; Steiner et al.
2024), and an astrophysical contribution to this effect cannot be excluded. In partic-
ular, it has been suggested that the excess might be partly imputable to absorption
edge structures and related effects being more complicated than captured by TBabs
and TBFeO as well as most other interstellar medium absorption models.

Furthermore, focusing on higher energies promptly reveals features we would expect
to originate from relativistic reflection. In fact, M1 residuals across most epochs
present a prominent excess around 6.4 keV followed by strong absorption around
7 − 12 keV, and, in some cases, by a large hump between 15 and 40 keV. These
features are largely consistent with relativistic reflection signatures, and hence mo-
tivate further analysis incorporating a model taking into account the reprocessing
of hard coronal photons in the accretion disk atmosphere which will be described
in the coming Section 4.2.

Although generally speaking best-fit results for M1 parameters cannot be confidently
interpreted as statistically meaningful, owing to the poorness of the fits themselves,
some considerations and trends can nonetheless be extrapolated from Table 4.1.
Firstly, despite not being fully consistent between different epochs, estimates for
hydrogen column density along the LoS indicate values ∼ 0.55−0.65×1022 cm−3, in
agreement with previous reflection spectroscopy studies of GX 339-4 (e.g., Liu et al.
2022), and slightly higher than galactic NH surveys reporting values of ∼ 0.39×1022
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Epoch NH (1022 cm−3) Tin (keV) Γ kTe (keV) χ2/d.o.f.

1 0.66+0.01
−0.02 0.14±0.01 1.57+0.006

−0.008 93+243
−35 4349/798

2 0.56±0.01 0.31+0.03
−0.01 1.616+0.002

−0.003 95+31
−17 3540/651

3 0.586+0.007
−0.004 0.29+0.01

−0.004 1.68+0.002
−0.001 990p

−496 6806/769
4 0.562±0.005 0.331+0.007

−0.009 1.704±0.001 1000p
−493 7701/858

5 0.703±0.002 0.532+0.005
−0.007 2.283±0.003 1000p

−42 24071/847
6 0.573±0.002 0.828±0.001 2.38±0.01 1000p

−235 6109/703
7 0.597±0.002 0.850±0.001 1.96+0.03

−0.02 36+47
−10 2758/653

8 0.617±0.002 0.843±0.001 1.53±0.03 8.0±0.5 2451/874
9 0.52±0.01 0.251±0.008 1.68±0.004 1000p

−651 4614/919
10 1.2+0.3

−0.2 0.13±0.02 1.69+0.02
−0.01 940p

p 338/280
11 0.7+0.03

−0.02 0.1f 1.73+0.03
−0.02 997p

p 332/318

Table 4.1. M1 best-fit results for each Epoch. p and p flags indicate the parameter was
pegged at the upper or lower bound during the fitting process, implying a lower or
upper limit respectively, while f indicates the parameter was frozen during the fit.

cm−3 (HI4PI Collaboration 2016; Kalberla et al. 2005; Dickey & Lockman 1990).
The inner accretion disk temperature and photon index behave as expected, increas-
ing with the progressive mass accretion rate enhancement throughout the outburst,
corresponding to a hotter disk and softer spectra, and going back to low hard state
typical values for the last three epochs. Furthermore, the high energy excess driven
by the Compton hump significantly hinders the fits’ constraining power on the cut-
off energy in the hard X-rays, and hence on the coronal electron temperature. A
similar effect might also lead to the unexpectedly low power law photon index values
for Epochs 7 and 8, in which the source is supposed to be in a soft state (Γ ∼ 2.5−3).

In the following pages, M1 best-fit spectra and residuals are presented in chrono-
logical order from Figure 4.1 to Figure 4.6, giving a first overlook of the anticipated
state transition of the source. The red thermal disk component, and overall flux,
progressively get stronger until reaching the outburst peak in Epoch 8, where, con-
versely, the blue coronal emission is at its weakest. Subsequently, the outburst decay
described by Epochs 9, 10 and 11, presenting a decreasing flux trend (reduced by
up three orders of magnitude between the outburst peak and the last epoch) and
weakening disk component.
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(a) Epoch 1

(b) Epoch 2

Figure 4.1. M1 best-fit spectrum for GX 339-4 in Epoch 1 (a) and Epoch 2 (b). The
upper panels show NuSTAR and NICER data (black data points), the best-fit spectrum
(green solid line), the continuum component (red dashed line), and the Comptonization
component (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 3

(b) Epoch 4

Figure 4.2. M1 best-fit spectrum for GX 339-4 in Epoch 3 (a) and Epoch 4 (b). The upper
panels show NuSTAR and NICER data (black data points), the best-fit spectrum (green
solid line), the thermal disk component (red dashed line), and the Comptonization
continuum (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 5

(b) Epoch 6

Figure 4.3. M1 best-fit spectrum for GX 339-4 in Epoch 5 (a) and Epoch 6 (b). The upper
panels show NuSTAR and NICER data (black data points), the best-fit spectrum (green
solid line), the thermal disk component (red dashed line), and the Comptonization
continuum (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 7

(b) Epoch 8

Figure 4.4. M1 best-fit spectrum for GX 339-4 in Epoch 7 (a) and Epoch 8 (b). The upper
panels show NuSTAR and NICER data (black data points), the best-fit spectrum (green
solid line), the thermal disk component (red dashed line), and the Comptonization
continuum (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 9

(b) Epoch 10

Figure 4.5. M1 best-fit spectrum for GX 339-4 in Epoch 9 (a) and Epoch 10 (b).
The upper panels show NuSTAR and NICER data (black data points), the best-fit
spectrum (green solid line), the thermal disk component (red dashed line), and the
Comptonization continuum (blue dashed-dotted line). The lower panels indicate the
residuals between NICER XTI observations (navy blue gradient) and NuSTAR FPMA
(dark red) and FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 11

Figure 4.6. M1 best-fit spectrum for GX 339-4 in Epoch 11 (a). The upper panels
show NuSTAR and NICER data (black data points), the best-fit spectrum (green solid
line), the thermal disk component (red dashed line), and the Comptonization continuum
(blue dashed-dotted line). The lower panels indicate the residuals between NICER XTI
observations (navy blue gradient) and NuSTAR FPMA (dark red) and FPMB (orange)
observations, and the best-fit model (black solid line).

The valuable insights both into possible systematics affecting the data, and into the
physical behaviour of the source, given by M1 spectral fitting, will be treated more
thoroughly in the following section by implementing a reflection-inclusive model.

4.2 Model 2 (reflection-inclusive)
To fully characterize the impact of disk reprocessing on the spectrum, a second,
more complete model (M2) was considered. The most important change with re-
spect to M1 was the introduction of the relxillCp component, where the “Cp”
suffix indicates that the seed spectrum illuminating the disk is a power law con-
tinuum originating from Comptonization. relxill models do not allow for an
arbitrary illuminating spectrum, but instead consider Comptonization originated
from a seed disk temperature of kT∗ = 50 eV resulting in a power law extending
to energies uder 0.1 keV and thus an overprediction of low energy flux of BHXRBs
(Ubach et al. 2024). For the purpose of solving this issue, we implemented the
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nthratio1 model component, which is based upon nthComp and used to first-order
correct the aforementioned relxill soft excess.

The second step was to include a self-consistent treatment of Comptonization with
simplcut. This convolution model implementation, however, brought some in-
compatibilities with nthratio: the definition and behaviour of the power law high
energy cutoff in simplcut triggered several model computation errors for nthratio.
In particular, values of kTe below 25 keV seemed to destabilize the overall fitting
process by conflicting with nthratio’s soft energy normalization. This occurrences
ultimately led to the consideration of alternatives for correcting relxill’s low en-
ergy flux overestimation.

Thus, as a substitute to nthratio, a multiplicative broken power law model mbknpo
was adopted following the approach of Svoboda et al. 2024. This model applies a
break to the power law shape of the reflection component below a certain reference
energy, hence causing the photon spectrum to have a turn over and follow the red
tail of a multicolour disk below this energy, preventing the unphysical runaway flux
issue. In XSPEC notation mbknpo is defined as:

mdef mbknpo
max(E, B) − B

|E − B + ϵ|
+

(
1 − max(E, B) − B

|E − B + ϵ|

)
·
(

E

B

)I

: mul , (4.1)

where B is the break energy, I is the index used for the correction at E < B, and
ϵ ≡ 10−7 is a constant to prevent the divergence of numerical calculations. Through-
out the spectral fitting process, the break energy is fixed to B = kTdisk ×4.5, derived
from empirical exploration of Comptonization models (Ubach et al. 2024), and the
spectral index is fixed to I = Γ − 1.5 (Svoboda et al. 2024, Steiner et al. 2024),
where Γ is the photon index of the illuminating component.

In order to assess the combination of NICER instrumental features under 2 keV and
the complex LoS-dependent ISM composition, resulting in the prominent excess in
the soft band residuals discussed in Section 4.1, the TBabs interstellar medium ab-
sorption model was replaced by TBFeO. The new configuration enabled exploring
non-solar abundance settings for oxygen and iron, vastly improving the spectral fits
quality. The complete model (M2) is the following:

constant × TBFeO × (simplcut × (diskbb + relxillCp × mbknpo)) .

The remaining residuals were then treated by introducing narrow emission edges
and absorption gaussians, by employing the edge and gabs model components in

1https://github.com/garciafederico/nthratio

https://github.com/garciafederico/nthratio
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XSPEC. Figure 4.7 gives an overview of the effect this approach had on the fitting
process by comparing selected best-fit results for M2 with and without accounting
for the remaining soft band NICER features with two edge components. In this
instance, the great similarity in the features’ shape across different observing epochs
provides support for their interpretation as originating from imperfect instrumental
calibration. The improvements in the total χ2 were calculated to be ∆χ2 = 22,
∆χ2 = 215, ∆χ2 = 156, and ∆χ2 = 85 corresponding to four additional d.o.f.,
respectively for Epochs 5, 6, 7, and 8, fully supporting the approach taken.

Figure 4.7. Residuals between NICER XTI observations (navy blue gradient) and NuS-
TAR FPMA (dark red) and FPMB (orange) observations, and the best-fit for M2 (black
solid line), for Epochs 5, 6, 7, and 8, corresponding to the soft state of the source.
Epochs are vertically shifted for visual purposes, and are ordered from bottom (thus
corresponding to Epoch 5) to top (Epoch 8). The right panel shows the complete model,
considering narrow edges to fit remaining line features in the soft band; while the left
panel is produced without the introduction of gaussian absorptions and edges.

All M2 spectral fitting was performed tying together model parameters across all
the NICER and NuSTAR observations in a same epoch, with the obvious exception
of cross-normalization constants. Additionally, common parameters between model
components, such as simplcut’s and relxillCp’s Γ and kTe, were tied together
to assure consistency. Unless otherwise indicated, the spin parameter of the BH
was fixed to its maximal value of a∗ = 0.998, while, being the source galactic, the
redshift was fixed to zero. The reflection fraction parameter in relxill was fixed
to −1, as the continuum component is already provided by simplcut, while the
reflection fraction parameter in simplcut itself was fixed to 1 in order to avoid
degeneracy with the scattering fraction. A phenomenological power law emissivity
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with index q was assumed, since implementing a broken power law profile failed to
bring even a modest improvement of the fits for any epoch, therefore indicating a
power law emissivity is enough to fit the data.

Joint fitting for interstellar absorption parameters estimation

For the sake of conducting a consistent and accurate treatment of interstellar ab-
sorption, and considering that NH, Fe and O columns should be the same regardless
of the source state, joint fitting of several epochs throughout different spectral states
was performed to best estimate column densities, and then utilize the inferred val-
ues for fitting individual epochs. To best incorporate the phase transition, together
with low hard and high soft states, the analysis was performed by combining and
jointly fitting Epochs 1, 4, 5, 6, and 9 with M2.

In this process, state-independent parameters such as instruments’ cross-normalization
constants, absorption edges below 2 keV, disk inclination i, disk iron abundance AFe,
and most importantly NH, Fe and O interstellar abundances, were tied together be-
tween epochs; while all the remaining state-dependent parameters (i.e., Γ, fsctr,
kTe, Tin, Rin, q, log ξ, and log N) were tied together between observations of a
same epoch, but left free to vary between different epochs corresponding to differ-
ent source states. The results of the spectral fitting are presented in Table 4.2.

NH (1022 cm−3) O (solar) Fe (solar) χ2 / d.o.f. χ2
red

0.58 ± 0.01 1.26 ± 0.04 1.15 + 0.07
− 0.09 5033 / 3496 1.440

Table 4.2. M2 joint fitting results for ISM elemental abundances. Oxygen and iron
abundances are given with respect to the solar value.

Furthermore, as already mentioned in Section 4.1, the source showed variability so
intense to produce significant flux differences even on timescales of hours, leading
to prominent discrepancies between different NICER observations belonging to the
same epoch, either due to enhanced source variability, or to increased background
levels. For instance, M1 spectral fits for Epochs 1, 3, 5 and 9 are affected by this
issue. In order to account for these large inter-observation differences, not corrected
by standard cross-normalization methods, the crabcorr model was implemented
(Steiner et al. 2010), nevertheless, residual mismatches in spectral shape remained.
Considering the need for a more flexible strategy, the photon index Γ was allowed
to vary between NICER observations within the same epoch. However, despite
providing a marked improvement to the spectral fit (∆χ2 = 4322 for 6 additional
d.o.f.), this approach did not fully solve the issue. Thus, observations presenting
very strong flux inconsistencies were removed from consideration in the respective
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previously mentioned epochs, in order to reach a satisfactory quality of the analysis.

NICER observations identified by ObsIDs 3133010106, 4133010104, and 4133010261
captured periods of very intense source variability, and were hence removed from
the respective Epochs 1, 5, and 9. Additionally observations 3558010601 and
4652010101 were also removed from consideration in Epochs 3 and 9 respectively,
due to their high background levels compared to other NICER observations in the
same epochs.

Additionally, from Figure 4.7 is also possible to notice some discrepancy between
the intensity detected by NICER and by NuSTAR around 3 − 5 keV. Similar issues
have already been encountered in numerous recent studies (e.g., Tao et al. 2019;
Nath et al. 2024; Steiner et al. 2024). There have been some indications that these
slight inconsistencies in the low energy band may stem from NuSTAR calibration
issues (Madsen et al. 2020; Chakraborty et al. 2021). In our case, these discrepan-
cies were evaluated to not significantly affect our estimates, and hence treated as
negligible in the overall spectral fitting process.

Black hole spin measurement joint fitting

Aiming to obtain an estimate of the black hole spin, the same five epochs and fit-
ting strategy as for the interstellar absorption parameters estimation (i.e., Epochs
1, 4, 5, 6, and 9) were considered. Notably, considering observations spanning dif-
ferent spectral states of the source contributed to breaking the degeneracy between
inner disk radius and BH spin, allowing for a simultaneous inference of the two
parameters. Furthermore, joint fitting also enabled a more accurate estimate of
state-independent parameters such as the inclination angle and iron abundance of
the disk, the results of which are provided in Table 4.3, together with the measured
BH spin values.

a∗ i (deg) AFe (solar) χ2 / d.o.f. χ2
red

0.9974 + 0.0002
− 0.0004 45.4 ± 0.1 4.28 ± 0.03 5020 / 3495 1.436

Table 4.3. M2 joint fitting results for the BH spin, disk inclination angle and iron
abundance.
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Individual epoch fitting

Each epoch of the outburst was then fitted individually, considering M2 and fixing
the values for the NH, Fe, and O columns to those obtained from multi-epoch fitting
(Table 4.2). Low energy features in the NICER data were considered individually
for each epoch by multiplying one or two edge or gabs components to the standard
M2, in order to provide the best possible treatment. Furthermore, owing the low
flux levels in Epochs 10 and 11 leading to rather weak reflection features, the disk
inclination angle and emissivity profile were frozen (respectively to i = 40◦ and
q = 3) during spectral fits for these data groups. The resulting spectra for each
epoch of the outburst are plotted in the following pages.
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(a) Epoch 1

(b) Epoch 2

Figure 4.8. M2 best-fit spectrum for GX 339-4 in Epoch 1 (a) and Epoch 2 (b). The
upper panels show NuSTAR and NICER data (black data points), the best-fit spectrum
(green solid line), the continuum component (red dashed line), and the Comptonization
component (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 3

(b) Epoch 4

Figure 4.9. M2 best-fit spectrum for GX 339-4 in Epoch 3 (a) and Epoch 4 (b). The
upper panels show NuSTAR and NICER data (black data points), the best-fit spectrum
(green solid line), the continuum component (red dashed line), and the Comptonization
component (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 5

(b) Epoch 6

Figure 4.10. M2 best-fit spectrum for GX 339-4 in Epoch 5 (a) and Epoch 6 (b). The
upper panels show NuSTAR and NICER data (black data points), the best-fit spectrum
(green solid line), the continuum component (red dashed line), and the Comptonization
component (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 7

(b) Epoch 8

Figure 4.11. M2 best-fit spectrum for GX 339-4 in Epoch 7 (a) and Epoch 8 (b). The
upper panels show NuSTAR and NICER data (black data points), the best-fit spectrum
(green solid line), the continuum component (red dashed line), and the Comptonization
component (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).
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(a) Epoch 9

(b) Epoch 10

Figure 4.12. M2 best-fit spectrum for GX 339-4 in Epoch 9 (a) and Epoch 10 (b). The
upper panels show NuSTAR and NICER data (black data points), the best-fit spectrum
(green solid line), the continuum component (red dashed line), and the Comptonization
component (blue dashed-dotted line). The lower panels indicate the residuals between
NICER XTI observations (navy blue gradient) and NuSTAR FPMA (dark red) and
FPMB (orange) observations, and the best-fit model (black solid line).



4.2 Model 2 (reflection-inclusive) 55

(a) Epoch 11

Figure 4.13. M2 best-fit spectrum for GX 339-4 in Epoch 11 (a). The upper panels
show NuSTAR and NICER data (black data points), the best-fit spectrum (green solid
line), the continuum component (red dashed line), and the Comptonization component
(blue dashed-dotted line). The lower panels indicate the residuals between NICER XTI
observations (navy blue gradient) and NuSTAR FPMA (dark red) and FPMB (orange)
observations, and the best-fit model (black solid line).

M2 spectral fitting results for the most important model parameters are presented
in Table 4.4 and Table 4.5. In order to estimate the flux emitted by the source,
neglecting the effect of interstellar absorption, the cflux convolution model was
employed in addition to M2. Notable trends between model parameters and the
source luminosity and their implications will be further explored in the subsequent
discussion section (4.3).
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Epoch LEdd (%) Γ fsctr kTe (keV) Tin (keV) i (deg)
1 1.335+0.006

−0.010 1.571±0.008 0.05+0.66
−0.02 301p

−174 0.02+0.01
−0.02 41.0±3.0

2 5.29+0.02
−0.08 1.742+0.005

−0.006 0.61+0.03
−0.02 143+115

−49 0.171+0.003
−0.004 46.0+3.0

−2.0

3 9.02+0.02
−0.09 1.738+0.006

−0.003 0.52±0.01 400p
−29 0.336+0.013

−0.008 42.7+0.7
−0.8

4 9.97+0.01
−0.03 1.733±0.003 0.563+0.008

−0.007 49+1
−2 0.67±0.02 36.0+1.0

−2.0

5 12.98+0.06
−0.04 2.111+0.005

−0.008 0.228+0.014
−0.007 400p

−201 0.534+0.005
−0.006 42.0+1.0

−2.0

6 14.83±0.04 2.229+0.005
−0.012 0.0429+0.0006

−0.0023 400p
−83 0.772±0.002 33.0±1.0

7 17.48+0.06
−0.08 2.23±0.02 0.018±0.001 400p

−187 0.811+0.001
−0.002 31.0±2.0

8 17.6+0.10
−0.05 2.75+0.03

−0.05 0.0096+0.0012
−0.0007 400p

−178 0.8261+0.0010
−0.0009 41.0±1.0

9 0.98+0.007
−0.006 1.638+0.01

−0.011 0.32+0.01
−0.02 319p

−191 0.187+0.007
−0.008 44.0+9.0

−13.0

10 0.49+0.13
−0.07 1.70+0.02

−0.01 0.07+0.07
−0.01 29+334

−10 0.07+0.01
−0.02 40.0f

11 0.078+0.002
−0.015 1.7±0.1 0.07+0.07

−0.01 25+21
p 0.04+0.12

p 40.0f

Table 4.4. M2 best-fit results for each Epoch. p and p flags indicate the parameter was
pegged at the upper or lower bound during the fitting process, implying a lower or
upper limit respectively, while f indicates the parameter was frozen during the fit.

Epoch Rin (Rg) q log ξ log N (cm−3) AFe (solar) χ2/d.o.f. χ2
red

1 4.1+0.7
−0.5 10.0p

−2.0 3.13+0.03
−0.05 17.21+0.1

−0.09 10.0p
−0.7 798/672 1.187

2 3.5+0.4
−0.5 5.0+1.2

−0.9 1.7+0.06
−0.39 15.0+0.08

p 4.1+0.3
−0.2 817/648 1.261

3 4.0±0.2 10.0p
−0.8 3.22±0.02 16.0+0.2

−0.6 3.9±0.1 826/633 1.305
4 1.7+0.2

−1.7 2.96±0.07 2.87±0.03 19.52±0.06 4.9+0.7
−0.2 1149/847 1.357

5 1.5+0.1
−0.2 3.8±0.1 2.87±0.02 20.0p

−0.05 2.7±0.2 939/646 1.454
6 2.3±0.2 3.46+0.11

−0.09 2.63+0.04
−0.02 19.7+0.1

−0.2 5.0+0.1
−0.2 856/688 1.245

7 1.6+0.8
−1.6 3.3+0.2

−0.1 2.88+0.05
−0.06 19.0±0.1 9.0p

−2.0 723/653 1.108
8 1.0±1.0 3.0+0.2

−0.1 1.3+0.07
−0.1 18.25+0.18

−0.09 10.0p
−0.7 1224/866 1.413

9 2.9+0.8
−0.6 10.0p

−3.0 3.6+0.06
−0.05 20.0p

−0.4 8.0p
−3.0 710/634 1.120

10 120p
−28 3.0f 0.01+1.85

−0.01 19.0+0.6
−1.5 8.0p

−4.0 333/283 1.175
11 107p

−8 3.0f 3.7+0.2
−0.6 20.0p

−2.0 2.0±1.0 364/356 1.022

Table 4.5. M2 best-fit results for each Epoch. p and p flags indicate the parameter was
pegged at the upper or lower bound during the fitting process, implying a lower or
upper limit respectively, while f indicates the parameter was frozen during the fit.
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4.3 Discussion
Single-epoch spectral fitting for M2 provided statistically acceptable results across
the different stages of the outburst, with reduced χ2 values consistently close to
unity, indicating a reliable agreement between the model and the observed spec-
tra. The analysis followed the spectral evolution of the source from the hard state
through the intermediate state and into the soft state, enabling us to probe and
characterize its evolving spectral behaviour.

Spectral states

Combining the evolution of the shape of the broadband energy spectrum of the
source across all epochs, and the trend of Γ and Tin, it is possible to identify the
different spectral states through which GX 339-4 transitioned during the 2021 out-
burst. In particular, the source can be classified as being in the low hard state for
Epochs 1 to 4 and 9 to 11, owing to photon index values below 1.8, as shown in Fig-
ure 4.14. Additionally, figure 4.15, describes how the rising inner disk temperature
in these epochs is correlated to the increase in Eddington ratio and hence to the
mass accretion rate, with Epochs 2, 3, and 4 being up to two orders of magnitude
brighter than their lower flux counterparts (bright low hard state).
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Figure 4.14. M2 best-fit results for the evolution of the photon index Γ across the 11
epochs, plotted as a function of the unabsorbed flux in the 0.01 − 100 keV energy band,
and of the Eddington ratio.
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As the source transitioned through intermediate states, both the photon index and
the disk contribution increased with respect to the low hard state, indicating the
progressive softening of the spectrum to Γ ≈ 2.2 as the disk became hotter. This is
the scenario that best describes Epochs 5, 6, and 7: in the former the contribution to
the total flux is rather balanced between disk thermal emission and coronal Comp-
tonization, subsequently the inner disk temperature increases from 0.5 to reaching
0.8 keV in the latter two epochs, with the disk completely dominating the spectrum
over coronal emission.
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Figure 4.15. M2 best-fit results for the evolution of the inner accretion disk temperature
Tin across the 11 epochs, plotted as a function of the unabsorbed flux in the 0.01 − 100
keV energy band, and of the Eddington ratio.

The completion of the hard-to-soft state transition is then testified by Epoch 8,
when the source reaches the high soft state (Γ = 2.75+0.03

−0.05) with Eddington ratio
L/LEdd = (17.6 ± 0.1)%, before the final decaying phase with the aforementioned
low hard states of Epochs 9 to 11.

Inner disk radius

The inner accretion disk radius is a crucial parameter to understand the accretion
process and its geometry. In this context, Figure 4.16 displays our findings regard-
ing the evolution of Rin, suggesting modest disk truncation in the bright hard state,
and the inner disk being located close to the innermost stable circular orbit radius
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in the softer states.
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Figure 4.16. M2 best-fit results for the evolution of the inner accretion disk radius Rin
across the 11 epochs, plotted as a function of the unabsorbed flux in the 0.01 − 100 keV
energy band, and of the Eddington ratio. The horizontal grey line represents the ISCO
radius for a BH with spin a∗ = 0.998.

More specifically, for luminosities between 1 and 10% the Eddington limit, cor-
responding to the low hard state Epochs 1, 2, 3, and 9, the accretion disk re-
mains modestly truncated around 4 Rg. Wang et al. (2018; 2020) investigated
GX 339-4 in the same luminosity range finding modest truncation in this range
(3 Rg ≲ Rin ≲ 15 Rg), and larger truncation (Rin > 49 Rg) for luminosities below
0.5% LEdd, in agreement with the lower limits of ∼ 100 Rg found in our study for
Epochs 10 and 11.

As the luminosity increases above 10% LEdd with the state transition, we find that
the disk progressively moves closer to BH. In particular, our results are consistent
with a scenario where the accretion disk’s inner edge extends up to the ISCO radius
in the soft state, with Epochs 4 to 8 all showing values of Rin below 3 Rg. Con-
sidering that an Insight-HXMT analysis of GX 339-4 during this same outburst by
Liu et al. (2023) found similar evidence against strong disk truncation in this lu-
minosity range, our results provide additional and mission-independent supporting
evidence to the hypothesis that the disk is already close to the ISCO from the very
early stages of the hard-to-soft transition, when the source is in the bright hard state.
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Aiming to further test this hypothesis and to provide a comprehensive picture of
past studies of black hole X-ray binary sources, we compared our results to data
from Liu et al. (2023) in Figure 4.17. Measurements for GX 339-4 are reported in
red for this thesis and in black and grey for other studies of the source (Miller et al.
2006; Reis et al. 2008; Tomsick et al. 2008; 2009; Shidatsu et al. 2011; Kolehmainen
et al. 2014; Garcia et al. 2015; Plant et al. 2015; Basak & Zdziarski 2016; Wang-
Ji et al. 2018; Liu et al. 2023). In particular, results from timing mode data of
XMM-Newton in grey show disagreement with measurements by other instruments,
finding a strongly truncated disk even at large fractions of the Eddington limit.
However, this may be due to complex pile-up effects introducing systematics in the
measurements (see the discussion by Wang-Ji et al. 2018).
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Figure 4.17. Evolution of the inner accretion disk radius as a function of the Eddington-
scaled luminosity. Red data points represent results of this work, while data in black and
grey are from previous studies of GX 339-4 (Miller et al. 2006; Reis et al. 2008; Tomsick
et al. 2008; 2009; Shidatsu et al. 2011; Kolehmainen et al. 2014; Garcia et al. 2015;
Plant et al. 2015; Basak & Zdziarski 2016; Wang-Ji et al. 2018; Liu et al. 2023), with
measurements marked by grey stars referring to XMM-Newton observations. Additional
colour-coded data from six other sources (Liu et al. 2023) is reported. The grey and
magenta horizontal dashed lines represent the ISCO radius for a BH with spin 0.998
and 0.2 (corresponding to the spin estimated for H 1743-332) respectively.

Furthermore, apart from the clear trend noticeable in GX 339-4 measurements, data
from six other sources yields additional evidence that the inner disk can indeed reach
the ISCO in the bright hard state, with almost all measurements being consistent
with Rin being truncated at radii smaller than 2 RISCO (Liu et al. 2023).
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Corona

The results of this study probe the geometry and evolution of the corona during the
outburst. Specifically, the variability in the high-energy cutoff and scattered frac-
tion offers valuable insights about the coronal size, height, and physical properties.
Being the high-energy cutoff in the X-ray spectrum directly related to the electron
temperature in the corona, it provides information about the nature of the electron
distribution, while the scattered fraction reflects the strength of the Comptoniza-
tion component, which weakens as the disk emission dominates in softer states.

During the hard state, the electron distribution in the corona is generally thought to
be thermal, characterized by a Maxwellian distribution (e.g., Zdziarski et al. 1996),
allowing for more accurate constraints of the limited electron temperature via the
high-energy cutoff in the spectrum. As the source transitions to the intermediate
and soft states, coronal emission gets weaker and more efficient cooling of thermal
electrons would be observed as lower cutoff energies in the spectrum. Conversely,
our findings reported in Figure 4.18 suggest an increase of the coronal electron tem-
perature with the source brightening. This tendency of the spectrum to extend to
higher energies, might be explained by the distribution of coronal electrons devel-
oping a significant non-thermal component. Non-thermal coronal models have been
proposed to explain such behaviour, where a fraction of the electron population
possesses a power law distribution, likely linked to magnetic reconnection events in
the corona (e.g., Liu et al. 2024).
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Figure 4.18. M2 best-fit results for the evolution of the coronal electron temperature
kTe across the 11 epochs, plotted as a function of the unabsorbed flux in the 0.01 − 100
keV energy band, and of the Eddington ratio.

For the scattered fraction, a decreasing trend is generally expected, consistent with
the weakening of coronal features and the increasing dominance of the disk’s ther-
mal emission during the spectral evolution. The declining trend followed by our
results and displayed in Figure 4.19, may be interpreted as an initially extended
corona progressively reducing in size, hence resulting in less scatterings of seed disk
photons. Similar results were found in a recent study by Fan et al. (2024).
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Figure 4.19. M2 best-fit results for the evolution of the scattered fraction fsctr across
7 of the 11 epochs, plotted as a function of the unabsorbed flux in the 0.01 − 100 keV
energy band, and of the Eddington ratio.

However, we also observe low values of the scattered fraction in lower flux obser-
vations for Epochs 1, 9, 10, and 11, which were excluded from plotting in Figure
4.19 for visual purposes, but can be found in Table 4.4. These could result from
a degeneracy between the reflection and continuum components, arising because
the reflection features can mimic parts of the coronal emission, especially when the
reflection fraction is high, or the continuum is faint.

Black hole spin

As anticipated in Section 4.2, joint fitting several epochs of the outburst has allowed
for an estimation of the BH spin parameter for GX 339-4, finding a∗ = 0.9974+0.0002

−0.0004.
Similar near-maximal spin values are in good agreement with those reported in pre-
vious reflection spectroscopy measurements, for instance Ludlam et al. 2015 found
a lower limit of 0.97, and Parker et al. 2016 measured a∗ to be 0.95+0.02

−0.08. Addition-
ally, a recent study by Shyam et al. 2024 estimated a∗ ∼ 0.99, providing further
support to the hypothesis that GX 339-4 harbours a rapidly spinning black hole.

However, despite the satisfactory agreement with past result and good statistical
significance, the estimation of the BH spin strongly relies on the assumptions made
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about the coronal geometry, which might introduce systematics in the measurement.
Testing alternative coronal geometries through various emissivity configurations, is
beneficial to assess the influence of model assumptions on the inferred spin value.
Exploring these variations can improve the reliability of spin constraints obtained
from reflection spectroscopy and reduce potential biases linked to disk illumination
asymmetries and coronal structure, and represents a key focus for future research.

Inclination angle and iron abundance

Besides the estimation of the black hole spin, jointly fitting epochs from different
spectral states provided a powerful tool to obtain more credible and accurate mea-
surements of parameters that are expected to stay constant between observations.
Furthermore, in our case the estimates of the accretion disk inclination angle and
iron abundance obtained by jointly fitting Epochs 1, 4, 5, 6, and 9, provided an ad-
ditional comparison to assess the accuracy of individual epoch fitting results, shown
in Figures 4.20 and 4.21.
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Figure 4.20. M2 best-fit results for the evolution of the inclination angle of the accretion
disk across the first 9 epochs, plotted as a function of the unabsorbed flux in the
0.01 − 100 keV energy band, and of the Eddington ratio. The inclination angle for
Epochs 10 and 11 was frozen to 40◦ to best constrain other model parameters in these
very low flux states.
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In general, the constraints for i obtained from single-epoch fitting show consistency
with a value between 30◦ and 50◦, with the majority of the estimates clustering
around 40◦ to 45◦, in good agreement with the value of 45.4◦ ± 0.1◦, obtained by
jointly fitting several epochs. Additionally, our results are consistent with infrared
studies of the binary inclination angle 37◦ < ibinary < 78◦ (Zdziarski et al. 2019).
It is important to note, however, that relativistic reflection methods only enable
probing the inner regions of the accretion disk, the inclination of which may not
coincide with the binary orbital inclination, as a warped disk structure might be
present (e.g., Pringle 1996).

Regarding AFe, the majority of results from fitting individual epochs show partial
agreement with the joint fitting estimate of 4.28 ± 0.03. Notably, all measurements
indicate significantly super-solar values, which deviate from typical expectations for
GX 339-4. Since the source is a low mass X-ray binary, such elevated iron abun-
dances are somewhat unexpected, as the donor star is likely a low-mass, evolved
star, generally not associated with enhanced metallicity.
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Figure 4.21. M2 best-fit results for the evolution of the iron abundance of the accretion
disk AFe across the 11 epochs, plotted as a function of the unabsorbed flux in the
0.01 − 100 keV energy band, and of the Eddington ratio.
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However, super-solar iron abundances are a commonly reported outcome in X-ray
reflection spectroscopy studies of accreting BHs, and are not unique to GX 339-4
(e.g., Parker et al. 2015; Walton et al. 2017). García et al. 2018 argue that this
issue may be attributed to shortcomings in current reflection models, particularly
at high disk densities. These model inaccuracies may either be due to unexplored
physical mechanism in the disk contributing to the spectral signature or to limi-
tations in current atomic data used for modelling. However, the presence of high
iron abundances remains an open question in the field, emphasizing the need for
improved theoretical models and more precise atomic data.
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Chapter 5

Conclusions and Future
Prospects

In this thesis, I investigated the evolution of the accretion geometry of the black
hole X-ray binary GX 339–4 during the outburst it underwent in 2021. Making
use of 13 observations from NuSTAR and 24 quasi-simultaneous observations from
NICER, grouped in 11 multi-mission epochs, I was able to probe the variability of
the source throughout the entirety of the outburst and especially track the hard-
to-soft state transition. Leveraging the broadband X-ray coverage obtained by
combining NuSTAR and NICER data, I employed the state-of-the-art relativistic
reflection spectroscopy model relxill to constrain spectral features originating
from the reprocessing of high energy photons from the corona by the accretion disk
atmosphere. The full model additionally comprised a multi-temperature blackbody
accretion disk component, and a self-consistent treatment of the inverse Compton
scattering of seed disk photons in the corona, aiming at a photon-conserving and
reflection Comptonization-inclusive treatment.

Implementing both single and multi-epoch spectral fitting, the source was found
to fully transition to a soft state, completing the characteristic “q-shaped” path
in the hardness-intensity diagram. The overall quality of the fits strengthens the
confidence in the physical reliability of the parameters derived from this model,
and in the trends observed in the evolution of the spectral components. Results of
this investigation point to a scenario in which the inner edge of the accretion disk
is modestly truncated in the bright hard state and during the entire state transi-
tion (Rin ≲ 2RISCO), in agreement with recent evidence for this and other BHXRB
sources (e.g., Liu et al. 2023). Subsequently, the disk progressively moves closer
to the BH and extends up to the innermost stable circular orbit radius in the soft
state. Furthermore, our results are consistent with an extended corona which is
both steadily decreasing in size and characterized by a growing non-thermal elec-
tron distribution throughout the state transition. Additionally, we find the black
hole spin to be a∗ = 0.9974+0.0002

−0.0004, in good agreement with estimates of a near
maximally-spinning BH from previous studies (Parker et al. 2016; Liu et al. 2023).
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Key goals for future work are to extend the BH spin estimation by exploring alterna-
tive coronal geometries, as different configurations could influence the strength and
shape of reflection features and emissivity profiles, and to additionally implement
a relativistic disk model to fully combine reflection spectroscopy, and the comple-
mentary method for spin measurements: continuum-fitting.

By refining the spectral modelling, exploring a broader range of physical scenarios,
and employing self-consistent methods for spin estimation, future work will aim
to achieve a deeper understanding of the accretion dynamics and the fundamental
properties of GX 339–4, further contributing to the study of accreting black holes
and their extreme environments.
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Appendix A

Observations Tables
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Epoch Telescope / Instrument Observation ID Start Time Exposure [s]
Epoch 1 NuSTAR / FPM 90702303001 2021-01-23 21:46:09 25071

NICER / XTI 3133010104 2021-01-23 17:26:25 496
NICER / XTI 3133010105 2021-01-23 23:39:07 3968
NICER / XTI 3133010106 2021-01-25 00:27:31 2454

Epoch 2 NuSTAR / FPM 90702303003 2021-02-05 23:56:09 21926
NICER / XTI 3133010116 2021-02-05 04:51:20 1086

Epoch 3 NuSTAR / FPM 90702303005 2021-02-20 10:06:09 20948
NICER / XTI 3558010501 2021-02-20 03:52:17 1541
NICER / XTI 3558010601 2021-02-21 03:09:50 2282

Epoch 4 NuSTAR / FPM 90702303007 2021-03-07 23:46:09 23416
NICER / XTI 3558010902 2021-03-07 04:11:11 4532
NICER / XTI 3558010903 2021-03-08 00:20:20 10998

Epoch 5 NuSTAR / FPM 90702303009 2021-03-26 12:06:09 15788
NICER / XTI 4133010103 2021-03-26 03:22:39 6111
NICER / XTI 4133010104 2021-03-27 01:04:53 8709

Epoch 6 NuSTAR / FPM 90702303011 2021-04-01 19:21:09 14753
NICER / XTI 4133010109 2021-04-01 00:21:20 16128
NICER / XTI 4133010110 2021-04-02 01:08:40 12205

Epoch 7 NuSTAR / FPM 90702303013 2021-04-23 19:41:09 20143
NICER / XTI 4133010130 2021-04-23 01:04:32 3097
NICER / XTI 4133010131 2021-04-24 01:55:40 3442

Epoch 8 NuSTAR / FPM 80601302002 2021-05-04 23:01:09 13590
NuSTAR / FPM 80601302004 2021-05-05 10:06:09 4058
NuSTAR / FPM 80601302006 2021-05-05 14:56:09 2401

NICER / XTI 4133010141 2021-05-04 12:33:38 840
NICER / XTI 4133010142 2021-05-05 21:07:46 320

Epoch 9 NuSTAR / FPM 80702316002 2021-10-10 02:06:09 21326
NICER / XTI 4652010101 2021-10-10 02:16:35 6257
NICER / XTI 4590010201 2021-10-10 17:47:20 1955
NICER / XTI 4133010260 2021-10-10 20:52:40 857
NICER / XTI 4133010261 2021-10-11 01:40:20 2636

Epoch 10 NuSTAR / FPM 80702316004 2021-10-20 02:01:09 21341
NICER / XTI 4133010267 2021-10-20 22:44:03 189

Epoch 11 NuSTAR / FPM 80702316005 2021-11-02 08:26:09 17821
NICER / XTI 4133010279 2021-11-02 01:40:17 45
NICER / XTI 4652010501 2021-11-02 17:08:58 99
NICER / XTI 4652010502 2021-11-03 00:53:35 349

Table A.1. Selected observations of GX 339-4 during the 2021 outburst.
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Epoch Telescope / Instrument Date Spectral bandpass
Epoch 1 NuSTAR / FPM 2021-01-23 3.0 − 79.0 keV

NICER / XTI 2021-01-23 0.4 − 10.0 keV
NICER / XTI 2021-01-23 0.4 − 10.0 keV
NICER / XTI 2021-01-23 0.4 − 10.0 keV

Epoch 2 NuSTAR / FPM 2021-02-05 3.0 − 79.0 keV
NICER / XTI 2021-02-05 0.3 − 11.2 keV

Epoch 3 NuSTAR / FPM 2021-02-20 3.0 − 79.0 keV
NICER / XTI 2021-02-20 0.2 − 7.0 keV
NICER / XTI 2021-02-20 0.2 − 7.0 keV

Epoch 4 NuSTAR / FPM 2021-03-07 3.0 − 79.0 keV
NICER / XTI 2021-03-07 0.2 − 10.0 keV
NICER / XTI 2021-03-07 0.2 − 10.0 keV

Epoch 5 NuSTAR / FPM 2021-03-26 3.0 − 79.0 keV
NICER / XTI 2021-03-26 0.2 − 11.5 keV
NICER / XTI 2021-03-26 0.2 − 11.5 keV

Epoch 6 NuSTAR / FPM 2021-04-01 3.0 − 60.0 keV
NICER / XTI 2021-04-01 0.2 − 8.0 keV
NICER / XTI 2021-04-01 0.2 − 10.5 keV

Epoch 7 NuSTAR / FPM 2021-04-23 3.0 − 60.0 keV
NICER / XTI 2021-04-23 0.2 − 8.2 keV
NICER / XTI 2021-04-23 0.2 − 10.7 keV

Epoch 8 NuSTAR / FPM 2021-05-05 3.0 − 50.0 keV
NuSTAR / FPM 2021-05-05 3.0 − 50.0 keV
NuSTAR / FPM 2021-05-05 3.0 − 50.0 keV

NICER / XTI 2021-05-05 0.2 − 10.0 keV
NICER / XTI 2021-05-05 0.2 − 9.2 keV

Epoch 9 NuSTAR / FPM 2021-10-10 3.0 − 79.0 keV
NICER / XTI 2021-10-10 0.3 − 10.3 keV
NICER / XTI 2021-10-10 0.3 − 10.3 keV
NICER / XTI 2021-10-10 0.3 − 10.3 keV
NICER / XTI 2021-10-10 0.3 − 10.3 keV

Epoch 10 NuSTAR / FPM 2021-10-20 3.0 − 40.0 keV
NICER / XTI 2021-10-20 0.7 − 4.0 keV

Epoch 11 NuSTAR / FPM 2021-11-02 3.0 − 30.0 keV
NICER / XTI 2021-11-02 0.8 − 7.0 keV
NICER / XTI 2021-11-02 0.8 − 7.0 keV
NICER / XTI 2021-11-02 0.8 − 7.0 keV

Table A.2. Overview of the energy channels noticed for each observation with observation
dates.
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