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Abstract

Accretion onto black holes is a fundamental process responsible for many high-
energy phenomena in the Universe. The process is highly efficient at converting the
gravitational potential energy of the matter into radiation and kinetic energy. It plays a
vital role in shaping the Universe by governing the growth and evolution of black holes
and driving strong feedback to the environment (e.g., host galaxies of supermassive
black holes) in the form of radiation or outflows. X-ray emission from accretion flows,
observed by space X-ray missions, serves as a powerful tool to probe the properties of
the accretion flow and the innermost spacetime region near the central black hole. The
study of accreting black holes, including active galactic nuclei and black hole X-ray
binaries, has been active since the early days of X-ray astronomy. However, important
open questions remain regarding the structure of the accretion flow and fundamental
properties of black holes.

In this thesis, I present the study of recent X-ray observations of a few black hole
X-ray binaries (XRBs), primarily using pile-up free X-ray telescopes such as Insight—
HXMT and NuSTAR. Analysis of X-ray reflection spectra provides evidence that the
inner edge of the accretion disk of XRBs extends to the innermost stable circular orbit
in their luminous hard state and intermediate states. The “flip-flop” variability observed
in GX 339—4 indicates that the coronal power can change by a factor of 3 on timescales as
short as a few minutes, providing new insight into the mechanism powering the corona.
Additionally, I conducted a systematic study of high-density reflection effects on a sam-
ple of black hole X-ray binaries in the hard state, complementing previous research. I
investigated the properties of disk winds in the famous black hole XRB GRS 1915+105,

demonstrating the significant role of the wind in regulating the accretion process.
Keywords: Black hole; accretion disk; X-ray binary; X-ray reflection spectroscopy;

disk wind
CLC code: 0413.1
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Chapter 1

Introduction

Black holes (BHs) are the most extreme predictions of Einstein’s general theory

of relativity **

. From a purely mathematical point of view, a black hole is a vacuum
solution of Einstein’s field equations. In this solution, all mass is concentrated in the
central singularity which is surrounded by an event horizon, a closed surface from within
which nothing can escape, not even light. By this definition, it is not hard to imagine

that isolated black holes are difficult to see. Indeed black holes are mostly found in

actively interacting systems where a lot of energy is released.

Black holes are probably the simplest objects in the Universe. According to the
“No-hair Theorem”, a black hole is fully characterized by three parameters!>1: the
mass (M), the angular momentum (J) and the electric charge (Q). Since matters that
form black holes are supposed to be mostly neutral, the electric charge for astrophysical
black holes is often thought to be negligible. The spin angular momentum is often
represented by the dimensionless spin parameter a, = ¢J/G M?* where c is the speed of
light and G is the gravitational constant. In 1916, the first solution of Einstein’ s vacuum
field equation was obtained by Karl Schwarzschild!*®!. It describes the spacetime of a
non-spinning (a, = 0), spherically symmetric black hole. The spinning black hole
solution was given nearly half a century later by Roy Kerr in 1963/?’! known as the
Kerr solution (or Kerr metric). The Kerr solution sets a limit for the black hole spin

parameter: —1 < a, < 1.

From an observational point of view, black holes in the Universe can be classified
into two categories based on their masses. Supermassive black holes (SMBH) have
masses 10°-10'° times of the solar mass (M). The strongest evidence of SMBHs is
the measurements of trajectories of stars in the Galactic center (Figure 1-1). These mea-
surements indicate a hidden mass around 4 x 10° M o Within 100 AU radius. It is now

generally believed that SMBHs exist at the center of nearly all galaxies. The other kind

1
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of black holes are stellar-mass black holes with masses usually below 100 M. These
black holes are mostly found in binary systems, either in binary black hole systems de-

tected by gravitational wave measurements*®]

or in black hole-star systems detected
via electromagnetic radiation, primarily in the X-ray band'*”. Black holes with an in-
termediate mass (~ 1000 M ;) have never been firmly detected but there are candidates

and may form a third class of objects.

Kec LA
actic ter Group 1995-2020
-

e

Figure 1-1 Trajectories of stars in the Galactic center. The orbits indicate a central mass of ~ 4 X
10° M. Image created by Prof. Andrea Ghez’s team at UCLA using data from the W. M. Keck
Telescopes. Download link: https://galacticcenter.astro.ucla.edu/images.h

tml.

From Isaac Newton to Albert Einstein, the study of gravity has continued to revolu-
tionize our understanding of the Universe. Black holes, as the most extreme prediction
of Einstein’s general theory of relativity, are potentially ideal objects to explore for new
physics. Furthermore, as will be discussed in later sections, black holes, being the sim-
plest objects, act as the engine for the complex accretion-ejection process, which can
significantly influence the evolution of galaxies and the Universe. Hence, their study is

of greater interest than mere curiosity.

1.1 Black hole accretion systems

Before the detection of gravitational wave (GW) in 2015 by the LIGO-Virgo collab-
oration, the only way to study black holes is through electromagnetic radiation. Black

holes do not emit observable electromagnetic radiation themselves. However, if a black
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1.1 Black hole accretion systems

hole sits in a gas-rich environment, matters can overflow to and be swallowed by the
black hole due to gravity. This process is called accretion. The accretion process is ef-
ficient at converting the gravitational energy of the accreted matter into radiation. The
accretion efficiency is defined as the ratio of the produced energy to the rest-mass en-
ergy (E = Mc?) it consumes, e.g. L,.=nM ¢? where M is the mass accretion rate.
Depending on the spin of the black hole, the accretion efficiency (1) for a thin disk
is between 5%-42%"°"1. In comparison, the efficiency of nuclear fusion reactions that

power the Sun and stars are around 0.3%.

1.1.1 Eddington limit

For accretion to happen, the gravity exerted on the matter must exceed the outward
radiation pressure. This sets a limit of the highest luminosity a source can have. Un-
der the assumption that the system is spherically symmetric, this limit is known as the

“Eddington luminosity”:

4nGMgym,c
Lpgg = ———2 = 1.26 X 10°%%(M/M) erg s (1.1)

Oe

where m,, is the proton mass, G is the gravitational constant, ¢ is the speed of light
and 6, = 6.65 x 1072 cm? is the cross-section for Thomson scattering. Note that the
equation is valid for a plasma of electrons and protons. The “Eddington accretion rate”,
My is the mass accretion rate required to produce Lggg:

. L dd
Migq = —5 (1.2)
nc

An “Eddington ratio”, which is the ratio between the source bolometric luminos-
ity and the Eddington luminosity (Agqq = Lo/ Lggq), 18 often defined to indicate the
accretion rate. This parameter is independent of the black hole mass and is a useful
measure to compare black hole accretion rates over a wide range of black hole masses.

This thesis will focus on “high-accretion” rate systems (i.e., Aggq > 0.001).

1.1.2 Active galactic nucleus

Supermassive black holes can accrete matter from their host galaxies. When the
mass accretion rate is high enough, the radiation emitted by the accretion flow can out-
shine the light from stars in the entire galaxy. In this case, the central SMBH is called

active galactic nucleus (AGN). AGNs are among the most luminous steady radiation
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sources in the Universe. Two classes of AGNs have been established: (1) type 1 AGNs
that present broad permitted emission lines and narrow emission lines in their optical
spectra (2) type 2 AGNs that show only narrow emission lines'*!!. These classes have
been unified using a simple model that postulates all AGNs are fundamentally similar

and different types result from the viewing angle*?!.

Figure 1-2 shows a sketch of the AGN unification model that consists of a central
SMBH, an accretion disk, a broad line region (BLR), a narrow line region (NLR) and
a dusty torus. If the angle between our line of sight and the symmetry axis is too large
(i.e. more edge on), the emission from the accretion disk and the broad line region will
be blocked by the dusty torus. In this case, broad permitted emission lines are not seen.
The narrow lines can still be observed because the narrow line region is more extended.
With a lower inclination angle (i.e. more face on), both the broad line region and the

narrow line region can be observed.

Type 1
*** \
Rl
. Narrow line region

Accretion disk

. 7/

%

SMBH

e | W
* B
Jet

Figure 1-2 A schematic picture of the AGN unification model. A supermassive black hole is sur-
rounded by an accretion disk with a sub-pc length scale. The broad line region consists of high-
density (i.e., the electron density n, > 10% cm™?) and dust-free gas clouds at a distance of 0.01—1 pc
from the BH. Outside the broad line region, there is a dusty torus structure at a scale of 0.1-10 pc.

The narrow line region has low-density (n, < 10° cm™) and ionized gas extending up to 100 pc.



1.1 Black hole accretion systems

The very well known correlations between mass of SMBHs (Mpy) and their
host galaxy properties (e.g., galaxy bulge luminosity Ly, (331 " galaxy bulge mass

My yge 1341 and stellar velocity dispersion of the galaxy bulge o*>1)

suggest that the
growth of SMBHs and galaxies are intrinsically linked*”1. Accretion is an important
channel for the growth of SMBHs. During the accretion period, SMBHs release vast
amounts of energy in the form of radiation or kinetic energy (e.g., outflows, winds and

jets) into the surroundings®®!, which can regulate the star formation in host galaxies.

This is called AGN feedback and is likely the cause of the above relations*’1.

1.1.3 Black hole X-ray binary

For stellar-mass black holes, accretion happens when a companion star is in a close
orbit. The system is identified as X-ray binary (XRB). Black holes in these systems have
mass 4-20 M 1391 and are formed due to collapse of massive stars 401 Depending on
the mass of the companion star, XRBs can be divided into low mass and high mass
XRBs.

In low mass XRBs, the companion star has a mass less than 1 solar mass. If the
volume of the star exceeds the Roche lobe, matter will overflow from the star to the
black hole through the inner Lagrangian point (Figure 1-3). For high mass XRBs in
which the companions are O/B stars with masses ten times heavier than the Sun, the
black hole can accrete from both the Roche lobe overflow and the strong stellar wind
from the star.

In both cases, matter from the companion star forms a disk-like structure around
the central black hole because of the angular momentum. Materials at the outer disk
gradually lose their angular momentum due to viscosity (friction) and spiral inward
slowly towards the black hole. The angular momentum is transported outwards. The
viscous process makes the gas lose energy and angular momentum. This, in turn, makes
the gas fall onto the gravitational well of the BH, so potential energy is converted into
kinetic energy of the gas.

Most black hole X-ray binaries in the Galaxy are transient sources that go into recur-
rent outbursts. Figure 1-4 shows the lightcurve of a prototype low mass XRB, GX 339-4,
obtained by the Monitor of All-sky X-ray Image (MAXI) in the 2-20 keV band*!!. The
source stays at a quiescent state for most of the time during which the luminosity is low

(~10% ergs™!, AEdd ~ 10761421 Every few years (the timescale significantly depends
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Accretion disk

Figure 1-3 An artist’s impression of an X-ray binary system in which a stellar-mass black hole
is accreting matter from its companion star (courtesy of JPL/NASA). The accreted matter form a
disk-like structure around the black hole. A relativistic jet is launched in the direction perpendicular

to the disk.

on particular systems), GX 339-4 undergoes an outburst, with the luminosity increasing

0373 erg s~!). These outbursts typically last for a few

by several orders of magnitude (1
months, making it convenient to track the evolution of the accretion flow across a wide
range of accretion rates. When scaling this timescale to AGNs, the outburst duration
exceeds 10* years, rendering it inaccessible for human observation.

Generally, it is believed that the physics governing the accretion flow in AGNs and

XRBs is very similar*’!

. Itis only necessary to scale the properties (such as temperature
and variability timescale) of the accretion flow according to the mass of the central black
hole!**!. Both types of systems show signatures of an optically thick disk, an energetic
corona and jet (see Sec. 1.2). It has been shown that the X-ray and radio emission

(451 Therefore,

of both systems follow the same correlation on the fundamental plane
studying black hole XRBs helps to understand the general accretion process onto black
holes. During the outburst phase, BH XRBs in the Galaxy are often orders of magnitude
brighter than most AGNss in the sky, and more photons can be collected within a certain

exposure time. This makes XRBs ideal sources to study the accretion process onto black

holes.

1.2 Accretion structure and spectral components

1.2.1 Cold standard disk

When the accretion rate is below some critical value (i.e., Aggg < 0.001), the ac-

cretion flow is geometrically thick and optically thin. The accretion flow has very high
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Figure 1-4 MAXI lightcurve (2-20 ke V) of a prototype low mass black hole X-ray binary, GX 339-

4, that show recurrently outbursts every a few years.

temperature (~ 100 keV for electrons) because the density is too low to have efficient
cooling through radiation and the energy is stored internally as thermal energy. This
is known as the radiatively inefficient accretion flow (RIAF), or advection-dominated
accretion flow (ADAF)!“*7] This hot flow is supposed to be present in low luminosity

AGNs (LLAGNSs) and XRBs in the low-hard/quiescent state [48]

If the accretion rate increases but remains within the sub-Eddington regime (i.e.,
Agqa < 0.3), a geometrically thin and optically thick accretion disk will form. In such
cases, the accretion disk is radiatively efficient, indicating that at every point on the
disk, gas can effectively cool down by radiating energy away. Since the disk is optically
thick, photons will have many interactions before leaving the disk. Therefore, the local
spectrum is a blackbody, and the spectrum of the entire disk is a multi-temperature
blackbody, with higher temperature if closer to the central black hole. The temperature

profile of such disk is given by (i.e., Equation (5.43) in Frank et al. 2002[*1):

1
3GMgyM Fi L 14
T(r) = |——5—[1 - (=] (1.3)
8zor3 r
where r;, 1s the inner disk radius and ¢ is the Stefan-Boltzmann constant. If defining

the radius in units of the gravitational radius, r, = GMBH/CZ, and scaling the mass

7
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accretion rate to the Eddington accretion rate, the temperature profile at r > r;, is:

. 1/4 -3/4
T(r) « M7 [i] lLl (1.4)

Iy

where My is the black hole mass in units of 108 solar masses.

Equation (1.4) shows that more massive black holes have a cooler disk. This is
in agreement with observations that thin accretion disks around supermassive black
holes in AGNs have temperature ~ 10° K. Such disks emit most of their energy in
the UV band of the spectrum, known as the “big blue bump” in the spectral energy
distribution of AGNs. The accretion disks around stellar-mass black holes in XRBs
are much hotter (~ 10’ K) and emit primarily in the X-ray band. This component has
frequently been observed at intermediate and high soft states of BH XRBs when the

disk thermal emission dominates the spectrum (i.e., Figure 1-5).

1.2.2 Corona

It has long been known that the thermal emission from the accretion disk is not
enough to explain the X-ray spectra of accreting black holes!*’!. An additional compo-
nent that has an apparently non-thermal spectral shape, extending up to very high energy
range (100 keV or even MeV), has been ubiquitously detected in AGNs!®!! and XRBs
(i.e., the blue line in the right panel of Figure 1-5). This component takes a power-law-
like shape with a high-energy cutoff. The currently most plausible explanation is that
this power-law continuum is produced by a hot (~ 100 keV or 10° K), optically thin
(z £ 1) plasma, usually referred to as the corona (in analogy with the solar corona),
near the central black hole. Seed photons from the disk can be up-scattered (inverse
Compton scattering) to higher energies by hot electrons in the corona!**~%1. The scat-
tering can happen multiple times, with the probability decreasing with the number of
scatterings. The sum of multiple scatterings results in a power-law spectrum with the
specific photon flux takes the form n(E) ~ E~!. The photon index, I', is determined by
the optical depth (7) and electron temperature (kT,) of the corona. The power-law form
is valid until the photon energy becomes comparable to the energy of thermal elec-
trons in which case photons can no longer gain energy from scatterings. This causes
a high-energy turn-over in the spectrum that can be roughly modeled as an exponen-

tial cutoff: n(E) ~ E~" e F/Ee. The cutoff energy, E.,,, is controlled by the coronal

cut»

electron temperature via E,, ~ 2 — 3 kT,, assuming a slab-like geometry!>*!. This

8
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simple phenomenological model fits well the hard X-ray emission of XRBs and AGNs,

with E_,, often found in 30-300 keV!>*l. There are also self-consistently calculated

[55-56]

models for the spectrum of thermal Comptonization (i.e., the nthcomp model)

[57]

or Comptonization by a non-thermal corona (i.e., the egpair'’' model in which the

distribution of electrons in the corona is not Maxwellian).
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Figure 1-5 (Left) Artist’ s impression of the inner accretion flow near a black hole (courtesy of
JPL/NASA). Arrows with different colors represent emission components: (red) the disk thermal
emission; (blue) the coronal emission; (green) the reflected emission of the disk. (Right) The In-
sight—HXMT observation of the low mass black hole XRB GX 3394 in the intermediate state on
2021 March 27. The red, blue and green lines show spectral components corresponding to the left

panel. The sum is shown as the black solid line.

Little has been known about the nature of the corona, including its formation mech-
anism and geometry. It is not fully understood how the accretion power is transported

(58] There are

into the corona, although magnetic field seems to play an important role
a few speculations about the geometry of the corona. In the lamppost model, the corona
is thought to be a point-like source located along the spin axis of the black hole at a
certain height®~°"1 Physically it might correspond to the base of the jet'®!l (e.g., Fig-
ure. 1-5). This geometry has been widely used in analyzing the X-ray data of accreting
black holes because of the simplicity for calculation and the success in interpreting the
data. The hot inner flow (e.g., ADAF) between a truncated accretion disk and the black
hole has also been proposed to be the corona!®?!. The mechanism to truncate the disk is
still unclear (useful discussions can be found in Liu et al. 2022 [63] ). In this scenario, the
hot inner flow can Comptonize seed photons from the outer cold accretion disk. This

radially extended coronal geometry is now supported by the recent X-ray polarization

measurements of Cygnus X-1 in the hard state using the Imaging X-ray Polarimetry
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Explorer (IXPE)®*. Another popular geometry assumes that the hot corona is lying
above the cold geometrically thin disk, either in the form of a continuous layer embeds
the disk (sandwich corona)?>%! or as individual active regions on the disk (patchy
corona)!°°71  Tllustrations of these geometries can be found in Reynolds & Nowak
20031981 or Bambi et al. 202111 Moreover, the corona might not be a static structure

but be outflowing!’~"11

1.2.3 Reflection

As shown in Figure 1-5, a fraction of the corona emission can reach the distant
observer but the others will be captured and reprocessed by the accretion disk. This
reprocessed emission is called reflection which is a misleading name because photons
are not simply reflected but underwent complicate processes within the disk such as
absorption, emission and scattering. As a consequence, unlike the featureless spectra
of the disk thermal emission and the coronal emission, a number of atomic features are
imprinted in the spectrum of the reflected component. These features will be altered
by relativistic effects near the black holes because the atoms/ions that produce these
features are rapidly orbiting the black hole, and reflected photons must lose energy to
escape the gravitational potential well of the black hole before reaching the observer.
In this way, information about the accretion flow properties (i.e. geometry, ionization
state or element abundances) and the central black hole (i.e., spin) are encoded in the
reflected spectrum. Modeling and analyzing the reflected spectrum serves as a powerful
tool to extract these details!®®!. This technique, called X-ray reflection spectroscopy, is
the main tool used in this thesis. More details for the reflection component and the

reflection technique can be found in Sec. 1.4.

1.2.4 Outflow

In addition to the disk and corona, outflow is also an integral component of the
accretion flow. For example, strong relativistic jets have been detected in both XRBs
and AGNSs. In addition to the jet, which moves perpendicular to the disk, there is another
kind of outflow that travels along the radial direction of the disk with a much slower
velocity. In XRBs, this kind of outflow is known as disk wind (Figure 1-6).

The disk wind manifests as blue-shifted narrow absorption lines by highly ionized

material such as Fe XXV and Fe XXVI (~ 6.7 and 6.96 keV) in the X-ray spectrum.

10
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These features are commonly found in high-inclination systems, indication an equatorial
geometry and an origin from the accretion disk!'!. The disk wind is likely an important
ingredient of the accretion process since it can carry a large amount of mass (often
exceeding the mass accretion rate) away from the disk!’>~"?!. The launch of disk winds
might be related to state transitions of low-mass X-ray binaries!’*!. The anti-correlation
between the jet and wind suggests the wind acts as a quenching mechanism of the jet!”!

but recent studies have found that the two kinds of outflows can coexist!’°! .

SOFT STATE Low in;linat.iog RS High inclination
: —_ 23 o s LMXB Wind!
Geometrically thin disc (H/R<<1) _ - — s
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- g e
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Figure 1-6 A cartoon to show the disk wind in the soft state and the jet in the hard state. Image

adapted from Ponti et al. 2021,

There are still open questions regarding to the disk winds in low mass XRBs, such
as its launching mechanism and state dependence. Based on the properties of the disk
winds, it is believed that either thermal or magnetic pressure serves as the driving mech-
anism. Thermal winds are generated when the outer disk is Compton heated by irradia-
tion from the central source and the thermal velocity exceeds the escape velocity’~78]
In this case, wind is only possible to be launched at radius larger than the Compton radius
at which the thermal velocity equals the escape velocity. Magnetic field can generate
winds without restriction on the launching radius and the outflow velocity. Therefore,
if the launching radius is inside the Compton radius, the wind is generally thought to
have a magnetic origin. However, it is hard to determine the launching radius because

of the strong degeneracy between the density and the launching radius when fitting

the reflection features. Methods based on geometrical considerations often yield mea-
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surements with significant uncertainties!’”!. Absorption features from density-sensitive
metastable levels, such as Fe XXII, serve as reliable indicators of wind density. Using
this method, magnetic winds have been identified in GRO J1655—-40 (80817 However,
even this method has been challenged recently. It is found that the considering cascades
from radiative excitation in accumulating metastable levels can significantly change the
estimation of the wind density ®%!.

The X-ray absorption signature of the disk wind is preferentially and consistently
observed in the soft state of low mass XRBs!!!, disappearing in the hard state (see
Sec. 1-4). This pattern underlines a link between the wind and the inner accretion pro-
cess. One obvious explanation is that the ionizing spectrum in the hard state has more
high energy photons than that of the soft state, so the wind is over-ionized®*!. With de-
tailed photoionization modeling, this scenario has been shown to fail at explaining the

(84851 " Therefore, the wind is either

disappearance of absorption lines in a few cases
not launched or is thermally unstable®! in the hard state.

Understanding these open questions is crucial for comprehending the accretion-
ejection paradigm. It might hold the key to understanding the long-lasting question
of the state transition mechanism in low-mass BH XRBs. The mechanism driving disk
winds in XRBs may also be applicable to AGNSs. In such cases, the central supermassive
black hole can generate feedback to the host galaxy, triggering black hole-galaxy coevo-

lution*®!. In this thesis, the disk wind signature in the famous BH XRB GRS 19154105

will be studied.

1.3 Outburst of X-ray binaries

Some black hole X-ray binaries are persistent sources, which means they have been
active in X-rays since their discovery (i.e., Cygnus X-1). Most Galactic black hole
XRBs are transient sources that spend most of their time in quiescence and occasionally
go into outburst. The outburst is thought to be caused by instabilities, e.g. thermal-
viscous instability, at the outer part of the disk that result in an increased mass accretion
rate 87881
The outbursts of black hole X-ray binaries provide ideal observational data for study-
ing accretion physics across several orders of magnitude of the mass accretion rate. It

has long been found that typical outburst of BH XRBs follows a certain patter that can be

traced on the so-called hardness-intensity diagram (HID)!"1, Figure 1-7 shows HIDs
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for outbursts for three bright BH XRBs. To plot this diagram, the X-ray hardness is
simply defined as the ratio between count rate in a hard X-ray band and a soft X-ray
band and the intensity is the total count rate of the detector. Note that there is no rigid
definition of the soft, hard X-ray bands or the intensity. It is not the exact numbers of
the hardness or the intensity but the evolution trend (see the grey arrows in Figure 1-7)
that matters. Other methods, such as the root mean square (rms)-intensity diagram "]
and the “hue angle” based on the power spectrum!”!! have also been used to trace the
evolution of the outburst. These tools share the same spirit as the HID, which is to un-
derstand how the sources transition among different spectral states during an outburst.

Evolutions of spectral and timing properties along the track of HID are summarized

below.
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Figure 1-7 Hardness-intensity diagram for outbursts of three black hole XRBs with MAXI data.
Grey arrows are used to indicate the evolution of a typical outburst on the diagram. The dashed lines

denote the launch of powerful jets.

1.3.1 Hard state

At the initial phase of the outburst, the source first enters the low hard (LH) state
after emerging from quiescence. This corresponds to region A in Figure 1-7 (low lu-
minosity and high hardness). As the accretion rate gets higher, the source continues

to get brighter but remains in the hard state (from A to B). As shown in Figure 1-8,
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the energy spectrum for the hard state is dominated by the power-law like non-thermal
emission (photon index ~ 1.7) from the corona, with minimal contribution from the
thermal emission of the disk. The intrinsic variability is high, with root-mean-square
(rms) up to 30%, as shown by the power density spectra (PDS). Moreover, in the PDS of
hard state (and intermediate states), narrow peaks, known as quasi-periodic oscillations
(QPOs), are frequently detected on top of the broadband noise. The central frequency of
the QPO increases with the luminosity, along with slight softening of the photon index
(I') of the coronal emission and the decreasing of the coronal temperature!*?!. Compact
and optically thick jets are found in the hard state and the radio emission from the jet

[93]

positively correlates with the X-ray luminosity'””'. X-ray disk wind is rarely detected

in the hard state but recently there is evidence for wind signatures in the UV, optical

and infrared bands**°]
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Figure 1-8 A sketch of the hardness-intensity diagram which shows temporal evolution for a typical
outburst of black hole low mass XRBs. Representative energy spectrum and power spectrum for each

state are plotted. Image adapted from Wang et al. 2022

1.3.2 Intermediate states

At a certain luminosity, which varies from source to source and may even differ from
one outburst to another for the same source, the system undergoes a state transition. This
transition spans from the hard state to the soft state (from B to C in Figure 1-7), pass-

ing through the hard intermediate state (HIMS) and the soft intermediate state (SIMS).
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The transition is along with increasing contribution from the disk thermal emission and
steepening of the coronal power-law emission. After the turn (B), the source enters
HIMS, with its energy spectrum continuing to soften. Meanwhile, the QPO frequency
also keeps increasing. HIMS and SIMS are difficult to distinguish from the energy spec-
trum, the transition from HIMS to SIMS is defined by the appearance of type-B QPOs
in the PDS!®”!. There are three types of QPOs (type A, B and C) for BH XRBs!?7=%81,
but a detailed explanation is out of the scope of this thesis. During the hard-to-soft state
transition, the compact slower-moving jet becomes unstable, and a ballistic powerful

optically-thin radio jet appears!”!.

1.3.3 Soft state

At the end of the SIMS, the disk thermal emission dominates the source spectrum.
However, before entering the soft state, an anomalous very high state (VHS) sometimes
appears, with an amplified steep (I" ~ 2.5) power-law component. The luminosity of
this power-law component is comparable to the strong disk thermal emission.

The soft state energy spectrum is dominated by thermal emission (> 75%) from the
disk with the characteristic temperature of ~ 1 keV. This state is often observed when
the source is bright, hence earning the the name high soft (HS) state. The variability
is suppressed (rms < 5%) and QPOs are absent or very weak in the soft state. Radio
jet emission from the core often disappears while X-ray wind is ubiquitously detected
in high inclination systems. UV and optical winds are not found but infrared wind still
exists in the soft state! %1,

The source usually stays a large fraction of the time in the soft state, during which its

luminosity gradually decreases. Then the source transitions back to LH via SIMS and

HIMS (from D to A in Figure 1-7) at a lower luminosity than the hard-to-soft transition.

1.3.4 Open questions

It is generally believed that the optically thick accretion disk is truncated at large
radius in the LH state when the luminosity is low. In between the truncation radius and
the black hole is an optically thin hot flow that can serve as the corona to Comptonize
seed photons from the disk. The disk moves towards the black hole as the accretion rate
increases. This disk truncation scenario has commonly been used to explain the state

[62]

transition of low mass BH XRBs'”~'. Observationally, there is evidence to show that
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the accretion disk is indeed truncated at larger radius (> 100 Rg) at LH state (Aggq <
0.001)!"°1. In the HS state, the disk is believed to reach the ISCO!'?'=1021,

Significant debates still exist regarding whether the disk is truncated at the lumi-
nous hard state (region B in Figure 1-7) or in the intermediate states. Measurements of
the inner disk radius from spectral and timing properties in these states can yield sig-

nificantly controversial results!! %3104l

. Consequently, the mechanism that triggers the
state transition remains unclear. Understanding the evolution of the inner disk radius
is of broader importance since it is related to the radiative efficiency of the accretion
process. One of the topics of this thesis is to study the state transition of the low mass

X-ray binary GX 339—4 using X-ray reflection spectroscopy.

1.4 X-ray reflection spectroscopy

1.4.1 Local reflection

Photons incident to the disk can undergo photoelectric absorption by the material
in the disk atmosphere!!*>~1%1 For example, photons with energy higher than 7.1 keV
can be absorbed by a neutral iron atom (Fe I), removing an electron from the K shell
(n = 1). This causes a photoelectric absorption edge in the reflection spectrum. In the
meantime, an electron from the L shell (» = 2) can transition to the K shell, emitting
an X-ray photon with energy of 6.4 keV (iron Ka). The photon can escape, producing a
fluorescence line in the reflection spectrum or be reabsorbed and eject an electron from
a higher level (Auger de-excitation). This process happens for not only iron, but all
other elements in the disk. However, the fluorescent probability increases with atomic
number (~ Z* for neutral matter). Given iron’s large atomic number, high abundance,
and the fact that the X-ray continuum flux often decreases with energy, the iron Ka line
at 6.4 keV stands out to be the strongest fluorescent line. The other reason that iron lines
are important is that there are not many other lines around 6.4 keV, while there are a lot
of lines below 4 keV. When the spectrum gets blurred (Sec. 1.4.2), these lines below
4 keV all merge together. Due to the spin-orbit interaction, the iron Ka line has two
components, Ka; at 6.404 keV and Ka, at 6.391 keV, that cannot be resolved by the
spectrometers used in this thesis. Associated with the Ka line, there is also a iron Kf
line at 7.06 keV. Iron fluorescent lines have been detected since 1980s by instruments

like Ginga and EXOSAT!'"Y-1%°1 " With modern instruments such as Suzaku, XMM-
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Newton or NuSTAR, the narrow iron Ka line is found to be almost omnipresent in the
X-ray spectra of type 1 and type 2 AGNs!!1%],

For ionized iron, less electrons are available to screen the inner K shell, the energy
for both the photoelectric absorption threshold and the iron Ke line are increased. The
iron Kea line energy is 6.45 keV in Fe XVII, 6.7 keV in Fe XXV and 6.9 keV in Fe
XXVI. The energy for the K shell absorption edge also increase from 7.1 keV in Fe I
to 7.8 keV for Fe XVIII and 9.3 keV for Fe XXVI. Therefore, the ionization state of

the disk atmosphere is an importance parameter controlling the shape of the reflection

spectrum.
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Figure 1-9  Solid lines: rest-frame reflection spectra for different ionization states of the disk. The
grey dashed line represent the incident energy spectrum which is a cutoff power-law with I' = 2

and E

cut

=300 keV. The reflection spectra are generated with the xi11ver model assuming an iron

abundance three times of the solar value and an electron density n,=10"> cm™.

The photoelectric absorption cross-section (o) decreases with energy (~ E —3)
while the cross-section for electron scattering (o) is nearly constant with energy. The

electron scattering cross-section (o,,) 1s equivalent to o,,, at E ~ 12 keV for cos-

S
mic abundances. Above this energy, the scattering process starts to dominate, thus
high-energy photons tend to be Compton scattered back out of the disk. Since the disk
temperature is low, the high-energy photons will lose energy for this scattering process

(Compton down-scattering). The combination of the iron absorption edge (7.1-9.3 keV,
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depending on the ion) and the Compton down-scattering of high-energy photons leads
to Compton hump peaked around 20-30 keV that appears above the power-law contin-
uum from the coronal''!!. This hump feature was observed not long after the detection
of the iron line emission!' 1.

The ionization state of the material can be described by the ionization parameter:

_4rnF
n

¢ (1.5)

(S

2 571y is the incident flux (from the corona) integrated

where F (in units of erg cm™
between 13.6 eV and 13.6 keV and n, is the electron density (in units of cm™). Fig-
ure 1-9 shows how the reflection spectrum in the local rest-frame can be impacted by the
1onization parameter. The spectra in Figure 1-9 are generated with one of the most ad-
vanced reflection models, xillver [106] ~ At lower ionization, there are more bounded
electrons, therefore strong absorption and prominent fluorescent lines are seen below

10 keV. Both the absorption and emission features get weak for highly ionized reflect-

ing material as electrons for low-Z elements are almost fully striped.
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Figure 1-10 rest-frame reflection spectra for different electron density of the disk. The reflection
spectra are generated with the xi1lvercp model assuming an iron abundance three times of the
solar value and an ionization parameter £=100 erg cm s~'. The incident spectrum is a Comptonized

continuum with I = 2 and k7T,=60 keV.

The electron density, n., not only plays a role in defining the ionization parameter
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but also has its own impact on the reflection spectrum. A higher density makes the
free-free (i.e., bremsstrahlung) heating-cooling being dominant in the disk, therefore

increasing the temperature of the disk surface!!?]

. The main effect of increasing the
density on the reflection spectrum is to boost the thermal continuum in the soft X-ray
band (< 2 keV, see Figure 1-10). Previous reflection models assume an electron density
of 1013 cm™3 11061141 "\yhich is only appropriate for the disk of very massive black holes
> 10 M, o) according to the standard accretion disk model 571101 Tt was recently
founded that the disk for AGNs with less massive black holes indeed requires a higher

density!”-!!]

. Reflection by a high-density disk is a plausible explanation of the “soft
excess” component in the X-ray spectra of some Seyfert galaxies'!!~!8] The disk in
XRBs has a higher density that the of AGNs, therefore the high-density effect should
be stronger. However, this effect has only been studied in a few individual XRBs. To
completely study this effect, part of this thesis will focus on the high-density reflection
spectra for BH XRBs.

The element abundances are critical parameters to calculate the local reflection spec-
trum. Current reflection models often assume the solar abundance for calculation with
the exception of the iron abundance. The abundance of iron controls the strength of the
Fe Ka line and the absorption edge. It can be measured from the observed reflection
spectrum. In some cases, the iron abundance has been found to be super high (e.g., 10
times of the solar iron abundance). The super-solar iron abundance is partly attributed to

the previous models’ oversight of the high-density effect!®!. More detailed discussions

can be found in later sections.

1.4.2 Relativistic reflection

As shown in Figure 1-9, atomic lines are emitted at specific energies that correspond
to the differences between energy levels in the atom. These correspond to the narrow
emission lines in the spectrum in the local rest-frame of the reflecting material. The
local reflection spectrum is determined by the incident coronal radiation (a power-law-
like spectrum parameterized by the photon index I' and the cutoff energy E_,) and
the physical properties of the disk (density, ionization state and element abundances).
These parameters are illustrated in Figure 1-11. However, to understand the observed
reflection spectrum, a number of other (relativistic) effects must be considered.

Figure 1-12 shows how a zero-width line (delta line) emitted by the accretion disk is

19



Chapter 1  Introduction

Reflection BH spin (a.)
“\Inclin,ati’éln (i)
—
: lonization state (&)
| ————— Iron abundance (Ag.)
I Riy Electron density (n.)

Inner disk radius

Figure 1-11 A sketch of the disk corona system with the parameters that are relevant to the reflec-

tion spectrum.

distorted and skewed into a broad line profile. The material that emit the line is orbiting
the black hole so the line will be Doppler shifted due to be motion. This effect produces
a double-peaked line profile since there is always material that move away from the ob-
server (redshift) and move towards the observer (blueshift). Considering emission from
the outer disk, the double-peaked line profile is symmetric about the rest-frame energy
of the line. At the innermost region of the disk, the material is orbiting with a high ve-
locity (up to half of the speed of light), so beaming effect will be significant, enhancing
the blueshifted peak. Moreover, gravitational redshift also gets stronger when getting
closer to the black hole, leading to a “red wing” in the line profile. Combining all these
effects and integrating over the whole disk produces a relativistically broadened line

profile shown at the bottom of Figure 1-12.

The inner disk radius (R;,, Figure 1-11) is an important parameter that controls the
relativistic reflection spectrum. As explained above, a smaller R;, makes the broad line
profile extends to lower energy (Figure 1-13). This makes it possible to measure R;,
through analyzing the reflection spectrum. The innermost stable circular orbit (ISCO)
is the last orbit that the disk can extend to. At radii smaller than the ISCO, the orbit
is no longer stable and the material directly plunges into the event horizon instead of
forming a disk. With the right observations when R;, is at ISCO, the relativistically

broadened emission lines can be used to measure the size of ISCO (in units of Rg).
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Figure 1-12  Sketch of how a narrow line with energy at v,,, is broadened by the relativistic effects.

Image adapted from Fabian et al. 20005,

This is equivalent to measure the spin of the accreting black hole because the ISCO
size is a monotonic function of black hole spin (Figure 1-13). Since the length scale
measured by the reflection spectrum is in units of gravitational radius (R,), so the black
hole mass is not relevant. This property makes the relativistic reflection spectroscopy

currently the only method to measure black holes spins in both XRBs and AGNs.

The inclination angle (i), which is the angle between the black hole spin axis and
the line of sight (Figure 1-11), is another parameter that can be measured using the
relativistically reflection spectrum. For a higher inclination angle (i.e., a more edge-on

view), the separation between the peaks in the double-peaked profile will be larger.

The incident radiation from the corona is undoubtedly a critical factor in determining
the reflection spectrum. The spectrum of the incident coronal emission can be parame-
terized by its photon index (1) and cutoff energy (E,,,) although current models usually
allow a few “flavors” of the coronal spectrum. The other vital component is the emissiv-
ity profile, which is the radial dependence of the intensity of the reflected emission (e(r),
equal to the incident intensity given energy balance at each site of the disk). In principle
the emissivity profile is determined by the coronal geometry. As explained in Sec. 1.2.2,
this geometry is still unknown. Therefore, phenomenological emissivity profiles, e.g., a

simple power-law or broken power-law (¢ « 1/r%n for R;, < r < Ry, and € o 1/r%ut for
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Figure 1-13  (Left) The broad iron line profile as a function of the inner disk radius (R,,). The line
profiles are generated with the relline model. The other parameter required to make the plot are:
line energy (6.4 keV), index for a power-law emissivity profile (¢ = 3), black hole spin (a, = 0.998)
and inclination (i = 30"). (Right) The ISCO radius in Boyer-Lindquist coordinates as a function of

black hole spin (a,).

Ry, < r < R, where Ry, is the breaking radius), are often employed to fit the observed
reflection spectrum. In practice, the measured emissivity profile with this method can be
compared to theoretical predictions of different coronal geometries'''*~'?°1 " Alterna-
tively, a coronal geometry can be assumed (often a point source, or lamppost above the
black hole) and the model can be directly fit to the full reflection spectrum to measure
the coronal parameters (e.g., the height of the lamppost)[°%!.

In reality, the relativistic broadening applies not only to emission lines but the entire
local reflection spectrum. This can be simply done by convolving the relativistically
broadened kernel for a single line to the rest-frame reflection spectrum because emission
from each energy can essentially be treated at a single line. As shown in Figure 1-14,
the Compton hump is still seen after considering relativistic effects. The strong, narrow
Fe Ka line is broadened into a broad line profile. Moreover, emission lines by lighter
elements at lower energies are smoothed by relativistic effects. Therefore, prominent
features for relativistic reflection spectrum are a broad iron line around 6-7 keV and a
Compton hump peaked at 20-30 keV. These features have been ubiquitously found in

various kinds of accretion systems such as AGNs and XRBs (see Figure 1-15).

1.4.3 Reflection models

In the early age of X-ray reflection spectroscopy, reflection models only consider

relativistic effects on a single line (Fe Ka). This is done by implementing the transfer
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Figure 1-14 rest-frame reflection (black) and relativistic reflection (red) spectra for an accretion
disk extending to the innermost circular orbit. The red spectrum is shifted vertically for visual clarity.
The reflection spectra are generated by convolving the relativistic broadening kernel relconv with
the xi1lver model. An iron abundance three times of the solar value and an ionization parameter
£=100 erg cm s~' are assumed. The incident spectrum is a Comptonized continuum with I = 2

and kT,=60 keV.

function mechanism proposed by Cunningham 1975!2!! that is still being used today.
The first model of this kind is disk1ine!'??!, which is only valid for a, = 0. Oth-

[123]

ers models valid for any spin were developed later. These include laor , kyr—

line[124], kerrdisk!?®! and re11inel!?9].

With data quality of current observations, it is necessary to consider relativistic
broadening of the full local reflection model (as described in Sec. 1.4.1) instead of only
the Fe Ka line. The most advanced models for the local reflection spectrum are re—

[127] [106] " The full relativistic reflection model can be calcu-

flionx and xillver
lated by applying the relativistic broadening kernels (e.g., relconv) to the local reflec-
tion model. This approach neglects the fact that the emission angle (6,) from the disk
surface is be different from the inclination angle (i) of the observer. Therefore, angle-
resolved full relativistic reflection models have been developed such as re1xi11 !4,
relxill nk![!?8 , relfkerr (129-130] , kyn [124] and reltrans!®!. Details of

comparisons for these models can be found in Bambi et al. 20211,
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Figure 1-15 The observed relativistic reflection features in AGN (top), black hole XRB (middle)
and neutron star XRB (bottom) with NuSTAR observations. In each case, we fit the data with a
simple absorbed continuum model and plot the data to model ratio. The broad iron line around

7 keV and the Compton hump peaked around 30 keV are clearly seen.

1.5 Thesis outline

This thesis focuses on recent X-ray observations of black hole X-ray binaries us-
ing Insight-HXMT, NuSTAR and Swift. In Chapter 2, the hard-to-soft transition of
GX 3394 is studied using Insight-HXMT data. Following the state transition, the
sources shows a unique variability pattern (“flip-flop”), which is explored in Chapter 3.
Chapter 4 delves into the high-density reflection effect in X-ray binaries. Additionally,
Chapter 5 presents the analysis of disk wind absorption signatures in GRS 1915+4105.
Each chapter discusses detailed data analysis procedures and provides a physical inter-
pretation of the observational data. Chapter 6 summarizes the research presented in this
thesis and propose future plans to strengthen our understanding of black hole accretion

systems.
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Chapter 2

The hard to soft transition of GX 339—4
as seen by Insight-HXMT

2.1 Introduction

The outbursts of BH XRBs are characterized by orders of magnitude changes in the
X-ray luminosity and transitions between various spectral states'' 371331 (see Sec. 1.3).
These states include the low hard (LH) state when the source spectrum is dominated by
a non-thermal power-law-like continuum from the corona, and the high soft (HS) state,
during which the thermal emission from the optically thick accretion disk dominates.
The disk truncation scenario is commonly employed to explain the state transition!?-0%]
but it remains to be known at which point the disk exactly reaches the ISCO and the
mechanism triggering the state transition remain elusive.

Relativistic reflection component, namely the reprocessed coronal emission by the
optically thick accretion disk near the black hole, is a powerful tool to probe the space-

[69,134-136] and the geometry of the accreting system [20.137-1391 " Ope of

time properties
the key features of the relativistic reflection component is the broad iron line around 6.4
keV, arising from the skewed iron K lines due to the strong relativistic effect near the
black hole!*!'?°! | This is why this broad line feature can be utilized to map the innermost
regions surrounding the accreting black hole!'??! (see Sec. 1.4).

GX 3394 1s a classical low mass X-ray binary located at 8—12 kpc with a black hole
mass estimated to be 4-11 M, (1401 "Strong relativistic reflection signatures have been
identified in this source in both the hard and soft states*%1#1=142] " Previous studies have
indicated that the black hole in GX 339—4 exhibits a very high spin (a, ~ 0.95[20:1431),
The inclination angle of the accretion disk should have an intermediate value!'*~144],

This source undergoes bright outbursts every few years, making it an ideal object

for studying the accretion flow across different spectral states. Recently, the hard-
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to-soft transition of GX 339—4 has been investigated by Sridhar et al. 2020!'*! us-
ing RXTE/PCA data, focusing on reflection analysis. The inner edge of the accretion
disk was found to be close to ISCO during the transition. Beginning in February 2021,
GX 3394 entered a new outburst that lasted for several months. The hard to soft transi-
tion of this outburst was captured by the Chinese X-ray satellite Hard X-ray Modulation
Telescope (dubbed Insight—-HXMT!'4®1) Therefore, we study the Insight—HXMT data
to understand the evolution of the accretion geometry.

In this chapter, we aim at studying the relativistic reflection spectra of GX 3394
during its 2021 outburst with Insight—HXMT data. In Sec. 2.2, we describe the data
reduction process. The spectral fitting results are presented in Sec. 2.3. We discuss the

results in Sec. 2.4.

2.2 Observation and data reduction

The Insight—HXMT satellite monitored the 2021 outburst of GX 339-4 with ob-
servations conducted nearly every day (refer to Fig. 2-1). Commencing from March
25, 2021, the source underwent a rapid transition from the hard state to the soft state
within approximately one week. Unfortunately, the soft-to-hard transition, expected
to occur at a lower luminosity, was not captured due to the high background levels of
the Insight—HXMT. This study aims to examine the system’s evolution during the state
transition. Therefore, we have selected observation data from the Insight—HXMT dur-
ing this transition period and are investigating their broadband energy spectra. Further
details regarding the chosen Insight—-HXMT observations are provided in the appendix.

The low-energy (LE), medium-energy (ME) and high-energy (HE) detectors on-
board Insight~HXMT cover the energy range of 1-250 keV!!*"~151 The energy spectra
are extracted following the HXMT Data Reduction Guide v2.04% and using the software
HXMTDAS v2.04. The background spectra are estimated using the scripts hebkgmap,
mebkgmap and lebkgmap[151_153]. As indicated in Tab. 2-3, short exposures on the
same day are merged to increase the signal to noise ratio. Before merging the data, we
first check the lightcurve and hardness ratio and confirm that there are no significant

flares or dips. In the end, we obtain energy spectra for seven epochs. The spectra are

® The guide can be found from here: http://hxmtweb.ihep.ac.cn/SoftDoc/496. jhtml. We follow
the extraction approach provided here: https://code.ihep.ac.cn/Jjldirac/insight-hxmt-code—-

collection/-/tree/master/version2.04.
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Figure 2-1 (left): The observation log of GX 339—4 from Insight—~HXMT Low Energy (LE) instru-
ments. The hardness is defined as the ratio between count rates in 4-10 keV and 2—4 keV. (right):
The hardness intensity diagram of GX 339—4 from Insight-HXMT. Each point represents data from

one day and is marked with the epoch number. The red color denotes the observations analyzed in

this work. Figures adapted from Liu et al. 2023a'*.

then binned using ftgrouppha to ensure a minimal signal to noise ratio of 25 before
fitting them to physical models. We use data in 2-10 keV, 10-25 keV and 30-100 keV
bands for LE, ME and HE respectively.

2.3 Spectral analysis

Spectral fittings are conducted with XSPEC v12.11.1 1541 we implement element
abundances of Wilm et al. 2000!'%! for galactic absorption and cross-sections of Verner
et al. 199611791, 4?2 statistics are used to find the best-fit values and uncertainties (at

90% confidence level unless otherwise specified) of parameters.

2.3.1 Relativistic reflection features

As the initial step, we fit the seven spectra simultaneously using a simple absorbed
continuum model which consists of a multicolor disk component (diskbb[157]), a
power-law component with a high energy cutoff (cutoffpl) and a Galactic absorp-
tion model (tbabs[lss]). In XSPEC notation, the model reads as constant *
tbabs * ( diskbb + cutoffpl ). The constant is required to fit the
cross-normalization between the three instruments onboard Insight—~HXMT. The col-
umn density (Ny) of the tbabs is tied across all spectra.

The ratios between the data and the best-fit models for the seven spectra are de-
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Figure = 2-2 Data to model ratios for an  absorbed continuum  model
tbabs* (diskbb+cutoffpl) for the seven epochs. The vertical line marks the position

of 6.4 keV. Data are rebinned for visual clarity.

picted in Fig. 2-2, aiding in the identification of any missing model components. No-
tably, common features observed in Fig. 2-2 include a broad excess around 6-7 keV
and a hump around 30 keV. These characteristics are frequently observed in the X-ray

spectra of black hole X-ray binaries!®2%138]

and can be explained by the reflection of
corona emission by the optically thick accretion disk!'>” (see Sec. 1.4). The vertical
dashed line in Fig. 2-2 indicates the position of the neutral iron Ka fluorescent line (6.4
keV). The broad emission profile around this line arises from relativistically skewed iron
K lines. Furthermore, the “Compton hump” around 30 keV results from the electron

downscattering of high-energy photons and photoelectric absorption on the disk!'*>!,

2.3.2 Spectral fitting with reflection models

To fit the relativistic reflection features, we implement the widely used reflection
model relxill v1.43U%  The full model in XSPEC is constant * tbabs
* ( diskbb + relxill + cutoffpl ) (Model 1). With this model, we
can measure parameters of the system, such as the black hole spin (a,,), the inclination
angle (i) of the inner accretion disk with respect to our line of sight and the size of

the disk inner edge (R;,). The seven spectra are fitted simultaneously. The column
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density of the Galactic absorption (Ng), the black hole spin, the inclination angle and
the iron abundance of the system should not change on the short timescale we are seeing.
Therefore, these parameters are tied across all seven spectra during the spectral fitting.
The reflection fraction parameter of relxill is set to —1 to make the model returns
only the reflection component. The outer radius of the disk R, is fixed at 400 R,

(where Rg = GM/c? is the gravitational radius, M is the black hole mass).

Lamppost geometry

The emissivity profile, which is the radial dependence of the intensity of the reflected
emission, is a crucial component of the reflection model. In principle, if the corona
geometry is known, the emissivity profile can be self-consistently calculated. Hence,
we incorporate the re1xil11p model (Model 1A), one of the modelsinthe relxill

[60] , Wherein the corona exists as a

package. This model assumes a lamppost geometry
point source above the black hole at a certain height (4). Demonstrating a favorable fit
with y2/d.0.f=3697.6/3384, the model’s best-fit values are presented in Tab. 2-1. The
spectral components and residuals of the best-fit model are plotted in Fig. 2-3, where
significant unresolved features are not seen. With this model, we can conduct fittings
with both the spin parameter and the inner disk radius left free. Typically, there exists

607, However, our data have the

a strong degeneracy between these two parameters
potential to break this degeneracy as the disk extends very close to the ISCO! . If
we set the spin parameter at the maximum value allowed by the model (a, = 0.998),
R;, remains unconstrained for Epoch 1 but falls below twice the ISCO for Epoch 4 to 7
(x*/d.0.f=3697.6/3385). Furthermore, if we fix R;, at the ISCO for all epochs, the spin

is measured to be 0.93 + 0.01 (;(z/d.o.f=3704.0/3391).

Broken power-law emissivity

Another approach commonly employed to treat the emissivity profile is to phe-
nomenologically fit it with a broken power-law (i.e., ¢ « 1/rfn for Ry, < r < Ry,
and € « 1/rfou for Ry < r < R, where R, represents the breaking radius). We
explore both the power-law emissivity (g;, = ¢,,,) and the broken power-law emissivity
(implemented with the model rel1xi11) to seek a more suitable description of the data.

In the latter scenario, we set the outer index at a fixed value of 3 (g,,, = 3), consistent
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2.3 Spectral analysis

with the value predicted by the Newtonian limit for a compact corona. Additionally,
for the initial three epochs, the inner index (g;,) and the breaking radius (Ry,;) cannot be
constrained by the data. We fix g, at 3 for these datasets. The broken power-law emis-
sivity yields improved statistics ( 22V = 3673.1/3383), with the y? reduced by 13 with
2 additional free parameters. The best-fit values for the broken power-law emissivity

(Model 1B) are presented in Tab. 2-4.

High-density reflection

The disk density (n,) in the aforementioned models is fixed at 10! cm™3. While this
value might be suitable for massive black holes, XRBs with stellar-mass black holes are

[6=71 " Therefore, we employ the relxil1D model

known to exhibit higher densities
(assuming a broken power-law emissivity, Model 1C) where log (ne) 1s permitted to vary
between 15 and 193], The best-fit parameters are outlined in Tab. 2-5. Compared to
the previous model, the high-density model marginally enhances the 7’ by 9 with 7
additional degrees of freedom and yields consistent constraints on the spin parameter
and the inclination angle. Specifically, five out of the seven observations necessitate
a higher density than 10" cm™. The measurements of the ionization parameter are

consistently lower. This outcome is anticipated as a higher density results in stronger

soft X-ray emission, similar to the effect of an higher ionization parameter.

The Comptonized continuum

The models tested above yield satisfactory fits to the data. However, the column
density of the tbabs component appears to be higher than previously reported in other
spectral analyses (e.g., 7.7 + 0.2 X 10?! cm™2 in Parker et al. 20161143, using the same
versions of abundances and cross-sections). This inconsistency is reconciled by substi-
tuting the cut of fp1 model with a physically motivated Comptonization model, nt h—
comp?>°! | Furthermore, the reflection component is replaced with the corresponding
variant, relxillcp (Model 2). We link the seed photon temperature for the nth—
comp model to the T;, parameter in diskbb. The best-fit parameters for this model
are shown in Tab. 2-6. Compared to relxill, this model improves the statistics by
Ay? = 64 while reducing the column density of Galactic absorption to 7.3 + 0.6 x 10%!

cm™2. This discrepancy arises because the Comptonization model incorporates cutoffs
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Chapter 2 The hard to soft transition of GX 339—4 as seen by Insight—-HXMT

at both low and high energy ends, rendering the X-ray luminosity estimates from the
Comptonization model more realistic than those from the cutoffpl model. Addi-
tionally, it’s noteworthy that our data are insufficient to accurately constrain the coronal

temperature (or the high energy cutoff).

Distant reflector

The spectra of GX 339—4 might require a distant reflection component to accommo-

[22,145]

date a potential narrow-line feature . To explore this possibility, we add Model

11061611 " The relativistic reflection model assumes a

1A with a xillver componen
broken power-law emissivity profile. We fix the ionization parameter of this distant
reflection component at log(¢) = 0, while linking the other parameters of the distant re-
flector to their counterparts in the relativistic reflection component. Incorporating this
component marginally improves the y? by only 10 with 7 additional free parameters.
To evaluate whether our data quality enables the detection of a distant reflector, we
conduct a simulation involving 1000 spectra. These spectra incorporate a model com-
prising a distant reflection component. We utilize the response files, exposure time,
and model parameters from our Epoch 5, characterized by the longest exposure. The
flux (0.1-100 keV) of the distant reflection component is set to 2% of the rela-
tivistic component. Subsequently, we perform fittings on the spectra using two models:
one without the distant reflection and the other incorporating it. Remarkably, the latter
model consistently yields better statistics with 4 2% > 50 and one more degree of free-
dom, indicating the potential detectability of the distant component if present. Thus,
we infer that, for the observation with the lengthiest exposure time, the distant reflec-
tion component can be identified if its flux exceeds 2% of the relativistic component.
The absence of detection of the distant component in our analysis might be attributed
to its flux being below the limit imposed by our data quality. Similarly, in!®!, no distant

reflection is deemed necessary for the intermediate state of GX 339—4.

Comptonization of the reflection component

The power-law emission originates from the inverse Compton scattering of disk
photons by the hot electrons (although alternative explanations have been pro-

posed 19271931 "1t is notable that a portion of the reflected emission should also inter-
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Figure 2-3 The best-fit model components for the seven epochs and the corresponding residuals
with the model tbabs* (diskbb+relxilllp+cutoffpl). The black solid line represents
the total model. The magenta, red and green dashed lines are for the corona emission, the disk

component and the reflected component respectively.
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Chapter 2 The hard to soft transition of GX 339—4 as seen by Insight—-HXMT

cept the corona and undergoes Comptonization. Therefore, a consistent model should

incorporate the Comptonized reflection spectrum 22104

. We explore this scenario us-
ing the Compton scattering kernel s implcut ', The complete model is denoted as
tbabs*simplcut* (diskbb+relxillcp) (Model 3). The photonindex (I') and
electron temperature (k7T,) of simplcut are linked to the corresponding parameters
in relxillcp. Additionally, the Compton scattering kernel introduces two more pa-
rameters: the reflection fraction R and the scattered fraction f.. We set the reflection
fraction parameter to the flux ratio between the reflection and power-law components in
the 20—40 keV band derived from Model 2 and allow the scattered fraction parameter
to vary freely.

With this model, we assume an equal fraction of the disk photons and the reflected
photons are scattered by the corona. The best-fit parameters are shown in Tab. 2-7.
We observe that including the effect of Comptonization of the disk and reflection pho-
tons does not significantly alter the measurements of parameters such as T}, I', and
R;,. Similarly, the measurements of the spin and inclination parameters remain unaf-

fected. However, the scattered fraction decreases from 0.12 to 0.07, potentially indicat-

ing changes in the disk-corona system during the transition.

The refhiden model

In the relxi11 model, the ionization balance on the disk is calculated using only
the incident corona emission. However, in reality, we would expect that the thermal
emission from the disk can also affect the ionization state. This is particularly impor-
tant in XRBs since the disk temperature of XRBs can be very high (around 1 keV), and
the thermal emission can dominate the X-ray spectra. In some cases, the disk emission
has been found to contribute significantly to the ionization state, and models assum-
ing the primary continuum to be only a blackbody have been successful in fitting the

data[165-1671

. However, in the intermediate states, the strength of the disk and power-
law components are comparable (see Fig. 2-3 and Tab. 2-1). Consequently, considering
only one of the components (disk or corona) to ionize the disk atmosphere is not appro-
priate.

Therefore, we implement the re fhiden model, which is specifically designed for

[168]

accreting stellar-mass black holes . In this model, the disk atmosphere is ionized
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2.4 Discussion

by the combination of a power-law component from above and a blackbody from be-
low. It is important to note that here the blackbody is assumed to be single-temperature,
which differs from the multi-temperature disk blackbody component. The model also
includes the effect of Comptonization in the accretion disk. The full model reads as
tbabs * simplcut * relconv * refhiden (Model 4). The broaden-

[126] j5 required to account for the relativistic effects. Since the

ing kernel relconv
disk thermal emission is already incorporated in refhiden, there is no need to add
an additional disk component. The parameters in the refhiden model include: the
hydrogen number density on the disk (H4.,), the temperature of the blackbody from
the disk (kT,), the flux ratio between the power-law and blackbody components, and
the power-law index I' (Illum/BB). We link I' of the refhiden model to the same

parameter in simplcut. To better constrain the evolution of other parameters, we fix

the black hole spin at 0.998 for the fitting.

The model provides an acceptable fit (y2/v = 3788.8/3386), and the best-fit pa-
rameters are shown in Tab. 2-8. The variations of spectral parameters from this model
during the state transition are shown in the right panels of Fig. 2-4 and can be compared
with those from Model 1A in the left panels. The re fhiden model gives a blackbody
temperature (kT;,,) that is systematically lower than the T}, found in other fits with the
diskbb model. This is within expectation because the temperature in refhiden is
the effective mid-plane temperature of the disk. The disk surface temperature would
be higher after including the effect of color correction (see the discussion in Reis et al.
2008°1). Moreover, di skbb assumes a multi-temperature blackbody while a single
temperature is used in refhiden. This is probably also affecting the value of the scat-
tering fraction (f,.) of simplcut, but the decreasing trend of this parameter along
with the transition is retained. The number density of hydrogen is higher at the early
phase of the transition (the first two epochs). One parameter of refhiden that clearly
changes through the transition is the flux ratio between the illuminating power-law and

the blackbody from the disk mid-plane.
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Figure 2-4 The evolution of spectral parameters along with X-ray hardness of the source. The
definition of the hardness is the same as in Fig. 2-1. Lower and upper limits are marked with arrows.
Panels in the left show the parametes from Model 1A except the scattering fraction ( f,,, from Model
3). In the third panel in the left, the red color represents estimation of the inner disk radius from the
normalization parameter of diskbb of Model 3 and the size of the ISCO is chosen for a black hole
with a, = 0.95. The reflection strength (R,) is defined as the ratio between the observed flux of the
reflected and the direct corona emission in the 0.1-100 keV band. Parameters from Model 4 with

the refhiden model are shown in the right panels.
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2.4 Discussion

2.4.1 Evolution of the disc-corona system

During the transition from the hard to the soft state, GX 339—4 exhibits a progressive
increase in X-ray brightness. Fig. 2-4 illustrates how the spectral parameters change
with the X-ray hardness of the source. The state transition is marked by a decrease
in hardness. This phenomenon appears to correlate with a steepening of the corona
emission component, as evidenced by the evolution of the photon index (I") from 1.7
to 2.5 (refer to the top panel of Fig. 2-4). Concurrently, the X-ray luminosity rises from
10% to 20% of the Eddington limit, assuming a black hole mass of 10 M, and a distance
of 8 kpc (see Tab. 2-6). There is a notable trend of the inner disk temperature increasing
from 0.5 to 0.76 keV. Additionally, the contribution of the disk component (in the 0.1—
100 keV band) rises from 13% to 35%. This increase in soft cooling photons might

account for the softening of the corona emission!'%"!.

Regarding the coronal temperature (kT},), the data present challenges in constraining
this parameter. Only lower limits are found for Epoch 2-7 (refer to Tab.2-6), although
these lower limits still exceed the measurement of Epoch 1. This subtle trend of an
increasing coronal temperature during the state transition aligns with prior broadband

U711 It diverges from the trend

spectral analyses of GX 339-4114>-1701 and other systems
of a decreasing coronal temperature with luminosity in the hard state'””’, believed to
be a consequence of stronger cooling by the seed photons. The state transition dynam-
ics might entail a reduction in optical depth!!%!7?1 leading to diminished scattering
between the seed photons and corona electrons and subsequently increase the coronal
temperature. Note that this rise in coronal temperature could be limited by the run-away

electron-positron pair production process within the corona>*!,

Another parameter of significant interest is the inner radius of the accretion disk
(R;,)- Previous reflection-based investigations have already studied the accretion ge-
ometry of GX 339—4 during the hard state. In the study by Garcia et al. 2015*°!, which
examined a luminosity range spanning from 1.7% to 17% of the Eddington limit (Lgy,)
using data from RXTE/PCA, R;, was determined to be close to the ISCO (< 5Rgcq)-

Conversely, "]

, studying similar luminosity levels with XMM-Newton data in timing
mode, observed substantial disk truncation (see also Ref!?!1). This discrepancy might

be attributed to the intricate pile-up effect in timing mode, which can impact the iron K
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line!'”?!. Investigations into luminosity levels below 1% of the Eddington luminosity

have also been conducted using reflection models!!®18:22:138]

. These studies suggest
that R;, tends to decrease with increasing luminosity, reaching approximately 20 R,
when the luminosity exceeds 1% of the Eddington limit (see Fig. 6 of Garcia et al.

201601741y,

Our investigation delves into the reflection spectra of GX 339-4 throughout the
hard-to-soft transition, encompassing the luminosity spectrum from 10% to 20% Lggy.
The outcomes reveal that R;, lacks constraint in Epoch 1, likely owing to the limited
statistics of the data, given that Epoch 1 has the shortest exposure time among all epochs.
Subsequent to Epoch 2, R;, aligns with the ISCO in certain models and remains several
times below the ISCO in others, indicative of the relative stability of the inner disk edge
across the state transition. Additionally, the inner disc radius can be approximated using
the normalization parameter of the diskbb model!'”>!. Using values from Model 3,
which considers both transmitted and scattered disk photons, the findings, depicted in
Fig. 2-4 in red, presume a distance of 8 kpc, a black hole mass of 10 M, an inclination
of 40 deg, a color correction factor of 1.7, and a relativistic correction factor of 0.412.
Once more, this illustrates the inner disk radius’s constancy throughout the transition,
although the absolute values warrant caution due to systematic uncertainties in mass,

distance, and color correction assumptions.

Similar findings have been reported by Sridhar et al.2020!'*! who studied the
2002-2003 and 2004-2005 outbursts of GX 339—4 employing data from RXTE/PCA.
In their study, with the black hole spin set at 0.998, R;, was observed to approach prox-
imity to the ISCO at the outset of the transition for both outbursts, despite the transition
luminosity varying by a factor of 3. Additionally, the stability of the disk throughout the
state transition has been observed in other systems as well, such as XTE J1550—564!'7°!

and MAXI J1820+070U771,

The corona height exhibits a similar trend to R;,, remaining unconstrained in Epoch
1 and staying close to the black hole (< 6 R,) in subsequent observations. When the
primary source is in close proximity to the black hole, the light-bending effect causes
its radiation to be concentrated towards the innermost region of the accretion disk %",
This phenomenon aligns with our findings, particularly evident with the broken power-

law emissivity, yielding a steep inner emissivity index (see Tab. 2-4). Additionally, we
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introduce an empirical reflection strength parameter (Ry), representing the ratio between
the reflected and the power-law flux in the 0.1-100 keV band. This is similar to the
reflection fraction parameter (R¢), which indicates the ratio between the corona intensity
illuminating the disk and reaching the observer!! 78! Variations in the reflection strength

may signify changes in the disk-corona system!'”"!.

The lowest panel on the left of
Fig. 2-4 reveals no significant fluctuations in this parameter, aligning with the prediction

of the stable inner disk radius.

We note that relativistic reflection analysis utilizing a single lamppost geometry
may primarily probe the regions of the corona close to the black hole, as they pre-

[177]

dominantly contribute to the reflection emissivity see . In practice, two-lamppost

[180]

reflection models have been used to mimic a vertically extended corona . The upper

lamppost could potentially account for the narrow cores observed in the iron band, often

174]

attributed to a distant reflector!'”*l. We do not explore further in this aspect since our

data does not require the presence of a narrow iron line.

The scattering fraction parameter (f ) within simplcut is intricately linked to
the geometry of the disk-corona system and the optical depth of the corona. Examining
Fig. 2-4, we observe that, except for Epoch 1, f . derived from Model 3 exhibits a ten-
tative decreasing trend throughout the transition, albeit with considerable uncertainties.
This trend becomes more apparent in Model 4 (refer to the right panel of Fig. 2-4). In the
fitemploying refhiden, we see that the flux ratio between the illuminating power-law
component and the blackbody component from the disk (Illum/BB) decreases notably
by a factor of 3 from Epoch 1 to Epoch 7. Meanwhile, the temperature of the disk
mid-plane (7};,) undergoes only marginal changes within a narrow range (0.4-0.5 keV).
Considering these patterns of variation and the stable nature of the inner disk radius, we
posit that the state transition is more likely linked to the properties of the corona rather
than the inner edge of the disk. This proposition finds support in recent studies on the
reverberation lag of black hole transients!?, where the elongation of the lag across the
hard-to-soft transition is interpreted as indicative of a vertically expanding jet. Similar
corona behaviors have also been observed in other sources through the analysis of lag

spectra with Comptonization models!'’!181-1841

The ionization parameter & is defined as & = L/nr* where L is the ionizing luminos-

ity, n is the density and r is the distance to the illuminating source. We do not observe
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significant variations in the ionization parameter. This aligns with our expectations,
considering that the source luminosity undergoes only a twofold change. If the density
and distance remain constant, any variation in the ionization parameter would likely be
comparable to the uncertainties in its fitting. Across all seven epochs, a high ionization
parameter (log(&) > 3.6) consistently emerges as necessary to adequately fit the reflec-
tion spectra. This high ionization state remains consistent with prior investigations of

GX 339—4 at comparable luminosity levels!*!

. With the measured ionization param-
eter and the known source luminosity, we can calculate the disk density and compare it
with our measurements (e.g. Tab. 2-5). Using the Equ. 9 of Zdziarski et al. 2020181,
we calculate a disk density of n y, ~ 1022 cm~3 with the averaged illuminating flux and
ionization parameter in Tab. 2-5. This value is higher than what we measured with the
relxillD model and exceeds the upper limit (10" cm™3)® allowed by the model. A
similar discrepancy has been noted in other intermediate data sets of GX 33941851,
This inconsistency could potentially be rationalized if the inner disk radius were 30
times larger than the ISCO, although this explanation would conflict with the presence

of the broad iron line observed in our data. Further advancements in developing reflec-

tion models would be instrumental in gaining a deeper understanding of this issue.

2.4.2 Measurement of system parameters

By simultaneously fitting the seven spectra using relativistic reflection models, we
are able to determine the black hole spin parameter of GX 339-4. Assuming a lamppost
geometry, we obtain a constraint of a, > 0.95. However, when employing a broken
power-law emissivity in re1xill, which yields the lowest y> among all models, we
obtain a constraint of a, > 0.86 (see Fig. 2-5). This measurement reaffirms the high
spin nature of the black hole in GX 3394, consistent with previous studies conducted
during both the hard!!*?%18] and soft states!'**!

Previous reflection-based analyses have constrained the disk inclination angle of
GX 339-4 to be between 30° and 60°1?%1**  Additionally, through the study of the
near-infrared light curve of GX 339-4, Heida et al. 20171871 determined the orbital

140]

inclination to fall within 37° and 78°. A more recent study by Ref!!*’!| which incorpo-

® Note that in the latest version of relxill, which was released after writing of this paper, the density is allowed
to vary up to 10® cm™. See http://www.sternwarte.uni-erlangen.de/~dauser/research/re

1xill/.
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rated evolutionary models for the donor, updated the inclination to approximately 40°—
60°. Our measurement of the inclination angle of the inner accretion disk ranges from
35 to 43 degrees, consistent with previous studies utilizing different methodologies.
We also observe slight variations in the constraint on the inclination when considering
different treatments of the emissivity profile, with values of 42.0’3:2 for the lamppost
geometry and 36.6:’}:2 for the broken power-law emissivity (see Fig. 2-5). These dif-
ferences in parameter measurements due to systematic uncertainties are anticipated in

reflection spectroscopy [188-189]

, stemming from our incomplete understanding of the
system. It is essential to consider these systematic uncertainties when reporting param-
eter measurements obtained with disk reflection models. Other sources of systematic
uncertainties include model simplifications (e.g., discussed in Tripathi et al. 20211797y

or instrumental effects (see the review in Bambi et al. 2021 [69] ).

We consistently observe a very high iron abundance in our analyses, typically ap-
proaching ten times the solar value. However, it is important to note that this mea-
surement may not accurately reflect the true abundance of the system. The issue of a
super-solar iron abundance in relativistic reflection modeling is well known! =131,
Studies have demonstrated that allowing the electron density (n,) of the disk to exceed
the assumed standard value in the reflection model (log(ne/cm_3) = 15) could po-

tentially alleviate the high iron abundance!®®!

. However, even with a higher-density
model, we still observe a very high iron abundance (Ag, > 8.6). Another approach
to address this high iron abundance issue involves permitting different photon indices

L1441 However,

for the directly observed primary emission and the reflection spectrum
this adjustment does not substantially lower the iron abundance, with A, > 9.0 still
observed. Note that the structure of the corona may be more complex than the simple

configuration of two uniform plasma clouds!'**

. Additionally, previous studies have
suggested that neglecting the effects of returning radiation could impact the measure-
ment of the iron abundance, although more recent investigations have not found strong
evidence for this effect!! 1971 Alternatively, the possibility exists that the high iron
abundance is genuine and is caused by radiative levitation of metal ions in the inner

[198]

regions of the accretion disk . Further investigations and refinements in modeling

techniques are needed to better understand and address this issue.
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Figure 2-5 The y? contours for the black hole spin and the inclination parameters for the lamppost
geometry and broken power-law emissivity. The horizontal lines represent the 1o, 26 and 3¢ con-

fidence levels for a single parameter of interest.

2.5 Conclusion

In this work, we analyzed the broadband spectra (2-100 keV) of GX 3394 dur-
ing the bright state transition of its 2021 outburst observed by Insight-HXMT. Strong
relativistic reflection features were found in the spectra, which allowed us to study the
evolution of the disk-corona system during the transition. The main results are the fol-

lowing:

e The hard to soft transition is associated with a stronger contribution of the disk
thermal component to the X-ray spectrum and a steepening of the power-law emis-

sion.

e The inner disk radius stays close to the ISCO during the transition. This is even
true when we consider a reflection model that assumes the ionzing continuum to
be a combination of the corona emission from above and a blackbody emission

from below.

e [f assuming a lamppost geometry, the mesured corona height is always close to

the black hole.

e The scattering fraction, which is the fraction of the disk photons that are scattered

by the hot corona, decreases along with the transition.

e The data provide constraint on the black hole spin (a, > 0.86) and the inclination

parameter (i &~ 35°—43°) of the system.
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2.5 Conclusion

Table 2-3  Insight—-HXMT observations of GX 339—4 analyzed in this paper
Reference name Date! obsID Exposure (ks) Start time  Stop time
LE ME HE MJD MJD

Epoch 1 20210325 P030402403702 1.86 3.31 230 59298.012 59298.151
P030402403703 59298.151 59298.289

Epoch 2 20210326 P030402403801 3.46 5.75 7.95 59299.602 59299.776
P030402403802 59299.776  59299.909

P030402403803 59299.909 59300.003

Epoch 3 20210327 P030402403901 2.40 3.86 3.88 59300.796 59300.923
P030402403902 59300.923 59301.059

Epoch 4 20210328 P030402403903 7.25 129 13.2 59301.059 59301.204
P030402403904 59301.204 59301.343

P030402403905 59301.343 59301.498

P030402403906 59301.498 59301.634

P030402403907 59301.634 59301.794

P030402403908 59301.794 59301.916

P030402403909 59301.916 59302.052

Epoch 5 20210329 P030402403910 7.46 13.3 13.6 59302.052 59302.189
P030402403911 59302.189 59302.347

P030402403912 59302.347 59302.515

P030402403913 59302.515 59302.648

P030402403914 59302.648 59302.787

P030402403915 59302.787 59302.961

P030402403916 59302.961 59303.120

Epoch 6 20210330 P030402403917 5.63 11.2 11.4 59303.120 59303.260
P030402403918 59303.260 59303.399

P030402403919 59303.399 59303.551

P030402403920 59303.551 59303.684

P030402403921 59303.684 59303.816

P030402403922 59303.816 59303.949

P030402403923 59303.949 59304.081

Epoch 7 20210331 P030402403924 4.57 9.95 10.2 59304.081 59304.214
P030402403925 59304.214 59304.346

P030402403926 59304.346  59304.479

P030402403927 59304.479 59304.611

P030402403928 59304.611 59304.743

P030402403929 59304.743 59304.876

P030402403930 59304.876 59305.037

Note. (1) The observation date is presented in the form of yyyymmdd.
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Chapter 3

Rapidly alternating flux states of
GX 339—4 during its 2021 outburst
captured by Insight-HXMT

3.1 Introduction

The outbursts of XRBs typically last for weeks to months (with extreme cases lasting
years to decades)!*?!. This suggests that the geometry of the disk-corona system can
undergo changes on these timescales!'¥. The coronal emission is known to exhibit faster
variability, such as low-frequency quasi-periodic oscillations in the range of 0.05 to 30
Hz (corresponding to timescales from milliseconds to tens of seconds)!!*”!. Studying

these variability enables to understand the interaction within the disk-corona system %!

and changes of the structures of the system 3291

GX 3394 entered a new outburst in 2021, which was captured by Insight-HXMT.
Fig. 3-1 shows the HID of this outburst. The source spent some time in the hard state
followed by a fast transition (around a week) to the soft state. The spectra for the hard-to-
soft transition have been investigated in Chapter 2. At the end of this transition, marked
by the red stars on the HID (April 01, 20201), the source was found to exhibit rapid
changes of flux in the hard X-ray band as shown in Fig. 3-2. This variability happens on
a timescale of less than one orbit of Insight—~HXMT (1.5 hours). This kind of variability
1s different from the state transition we have seen, with a shorter timescale and smaller
amplitude. Moreover, it is apparently not the kind of variability seen for QPOs and
broadband noise in PDS. Similar patterns have only been reported in a few cases and
are identified as “flip-flop” (see Bogensberger et al. 20201?°!1). The mechanism that

drives this kind of variability is still poorly understood.

In this Chapter, we investigate the hard X-ray alternating states by analyzing its
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Insight-HXMT
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The hardness intensity diagram of the 2021 outburst of GX 339-4. Data are extracted

from Insight—-HXMT observations. Each point represents data from one day. The two observations

analyzed in this work are marked with red stars. The hardness is defined using the count rate.

Table 3-1

Insight—HXMT observations of GX 339-4 analyzed in this paper.
Date obsID Exposure (ks)1
LE ME
2021-04-01 P030402404301-07 5.4 15.0
2021-04-02 P030402404308-15 5.9 15.0

Note. (1) We show the total exposure time of all observations in one day.

time-resolved broadband spectra from Insight—HXMT. We present the data reduction

procedure in Sec. 3.2. Overview of the alternating X-ray flux states is presented in

Sec. 3.3. The spectral fitting results are described in Sec. 3.4. We discuss the results in

Sec. 3.5.

3.2 Observations and data reduction

The procedures to extract lightcurves and spectra for Insight-HXMT are explained

in Chapter. 2. The LE data in the 2-9 keV band and ME data in the 815 keV band are

used in this work. Data above 15 keV are ignored because of the very high background.

For the use of jy? statistics, spectra are binned to ensure a minimal counts of 30 for every

energy bin.
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Figure 3-2 Lightcurves of GX 339—4 by Insight-HXMT in 4-10 keV (panel 1) and 2—4 keV (panel
2). The evolution of the hardness ratio is shown in panel 3. The source enters a low flux state at
52 ks that lasts for about 100 ks. Two brief high flux states emerge from the low flux interval on a
timescale less than one orbit. The flux change is more prominent in 4-10 ke V. Different colors mark

the four spectra extracted from the observation (see Sec. 3.4).

3.3 Alternating X-ray Flux States

In Fig.3-2, we present the light curves of GX 339—4 on the 1st and 2nd of April
2021. The corresponding hardness and intensity plotted on the HID are indicated in
Fig. 3-1. Instances of data gaps in the light curves are attributed to the telescope’s low
Earth orbit or traversing the South Atlantic Anomaly (SAA).

Panel (1) illustrates that the observed 4-10 keV count rate of GX 3394 experi-
enced a sudden decrease by a factor of 1.28 at 52 ks since the onset of observations.
Subsequently, GX 3394 reverted to its original high flux level during the subsequent
orbit of observation at 58 ks. Another brief period of high flux state occurred around
93 ks. Both the initial and subsequent high flux states, highlighted in yellow in Fig.3-2,
exhibited similar observed X-ray flux levels.

The 4-10 keV count rate exhibited a change by a factor of 1.28, indicating a more

pronounced alteration in the hard X-ray flux compared to the soft X-ray flux. Consis-
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tently, the X-ray hardness of GX 3394, defined as the count rate ratio between the 4-10
keV and 2—4 keV bands, remained higher during the high flux state than in the low flux
state.

The two brief high flux states endured for periods shorter than the orbital period
of the telescope. Given their rapid transition, occurring in less than the orbital period,
Insight—-HXMT did not capture the shift from the high to low flux states®.

To ensure that unknown instrumental issues did not spur the observed high flux
states, we cross-checked observations from other missions in the archive. Notably, the
second rise in flux was captured by other missions, including NuSTAR and Swift (refer to
Fig 3-7). Our analysis focuses solely on the Insight-HXMT observations of GX 3394,
while detailed spectral analysis of NuSTAR and Swift data is deferred to future work by
Garcia et al.

In summary, we observe that GX 3394 swiftly oscillated between two flux states
in the X-ray band during the intermediate state. The high flux states endured for brief
periods comparable to the orbital period of the telescope. Throughout these alternating
flux states, the 4—10 keV count rate of GX 339—4 escalated by a factor of 1.28, whereas

the 2—4 keV count rate rose by a factor of 1.05.

3.4 Spectral Analysis

In this section, we conduct an analysis of the X-ray spectra observed during both
the high and low flux states. To explore how the spectral components evolve alongside
the X-ray flux, we extract spectra from four distinct intervals as indicated in panel (3) of
Fig. 3-2. These intervals correspond to: before the flux drop (Spec 1), two alternating
high flux periods during the extended dip (Spec 2), and the low flux intervals before
(Spec 3) and after (Spec 4) the second brief high flux state.

The four spectra are depicted in the left panel of Fig. 3-3. Notably, all spectra are
soft with a pronounced blackbody-like component in the soft energy band. Comparing
Spec 1 and Spec 2, there are no discernible differences. However, transitioning from
the high flux (Spec 1/2) to the low flux (Spec 3/4) state, the spectra primarily vary in
the hard X-ray range (> 4 keV).

We conduct spectral analysis using xspec v12.11.1. Elemental abundances

@ The Swift observation of GX 339—4 captured the state transition from the high to low flux states. Refer to Ap-

pendix 3-7 for further details.

52



3.4 Spectral Analysis

are adopted from Anders et al. (1989) (2021 "and cross-sections from Verner et al.
(1996)11°°1 . Unless explicitly stated otherwise, errors in this study are quoted at the

90% confidence level.

3.4.1 Spectral models

We begin by focusing on Spec 1 to establish a baseline model applicable to all spec-
tra. X-ray spectra from LMXRBs typically exhibit contributions from thermal emis-
sion originating from the accretion disk and a power-law component from a hot corona.
Therefore, as a preliminary step, we fit Spec 1 using the model tbabs * ( diskbb
+ nthcomp ). The tbabs model' 1 accounts for Galactic absorption and involves

[157]

only one free parameter (Ny). The diskbb model characterizes the thermal emis-

sion from a multi-color accretion disk, while nt hcomp (55561

represents the power-law
component. Given that the reflection component from an optically thick accretion disk
often contributes significantly to the spectrum within the energy range of the iron K
emission, we exclude data in the 4-8 keV band when fitting the continuum model. The
residuals of the data to the best-fit continuum model are depicted in the right panel of
Fig.3-3. Notably, there is evidence of a prominent and broad Fe K emission line around
6-7 keV, indicating the presence of a relativistic reflection component originating from
the accretion disk.

Therefore, we incorporate a reflection component into the model and simultaneously
fit the four spectra. Given the potential variability in the electron density of the disk of
GX 339-4 during the outburst!®!| we employ the reflection model reflionx!!%,
which allows for variable electron density. However, it is important to note that re—
flionx describes only non-relativistic reflection from the accretion disk. To ade-
quately capture relativistic effects, we include the broadening kernel re1conv %1201,
Therefore, the full model is expressed as tbabs * (diskbb + nthcomp +
relconv * reflionx) in XSPEC notation.

The spin of the black hole is set at the maximum value to estimate the inner radius
of the disk using the reflection model. This assumption of a high black hole spin aligns
with previous measurements!''4*! . In this model, the iron abundance is fixed at the solar
value. The electron temperature (kT,) of the power-law component is also fixed at 100

keV, as this parameter cannot be constrained reliably. We assume a power-law emissiv-

ity profile and allow the index (g) to vary freely. This model yields a satisfactory fit for
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Spec 1 ( 7% /v=846/884). We explored the possibility of a broken power-law emissivity
profile by fixing the outer index at 3 and letting the breaking radius (R;,) vary freely.
However, this adjustment only marginally improved the 7’ by 2, with no significant
impact on the best-fit parameters. Hence, we conclude that a power-law emissivity pro-
file is sufficient to describe the data adequately. Note that there is a narrow peak in
the iron line profile (visible in the right panel of Fig. 3-3). The narrow core, centered
at 6.7 keV, rules out the possibility of reprocessing by a distant neutral reflector. Ad-
ditionally, including a non-relativistic reflection component did not lead to a better fit.
The line energy aligns with the emission of Fe XXV, suggesting it may originate from
highly ionized material in the system, such as the accretion disk wind outside the line of
sight. However, it’s currently impossible to ascertain its precise origin with the avail-
able data. Moreover, the narrow line is unlikely to significantly impact the analysis of

the relativistically broadened iron line profile.

We measure an inner disk temperature of 0.73 keV for the di skbb component,
which dominates the soft X-ray band (accounting for 60% of the flux in the 2—15 keV
range). Additionally, the fit requires a very soft power-law component (I" > 2.9). Using
the relativistic reflection model, we infer an inclination angle of approximately 40 de-
grees for the inner disk. Furthermore, we find evidence of slight truncation of the inner
disk edge at around 2 R, (R, = GM /c?, the gravitational radius) assuming a maximum

black hole spin (a, = 0.998).

The index in the emissivity profile, which is steeper than the canonical value in the
Newtonian limit (g = 3), may result from light bending effects when the corona is in
close proximity to the black hole. To account for this, we replace the kernel rel-
conv with relconv_1p. In this model, the corona is assumed to be a point source
positioned at a certain height (h) above the black hole, and the emissivity profile is
self-consistently calculated. This modified model yields a fit statistic of y%/v=844/884.
Additionally, we find that the corona height is constrained to within 3 R, of the black

hole at a 90% confidence level.

We will further discuss the geometry of the innermost accretion region, including

R;, and h, in the following section.
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3.4 Spectral Analysis

3.4.2 Spectral variability

Having achieved a satisfactory model for Spec 1, incorporating both the thermal
emission and reflection from the accretion disk, we extend this model to analyze Spec
2-4 and investigate the spectral variability of GX 339—4. Given the short timescale
of observation, we anticipate that the inclination of the disk and the column density
of Galactic absorption remain constant; therefore, we link these parameters across the
spectra. Additionally, we link the electron density and the inner radius of the disk among

the spectra.

The best-fit parameters are summarized in Tab. 3-2. Notably, the temperature of
the inner disk remains relatively stable at around 0.7 keV across both the low and high
flux states. The inclination angle of the inner disk is around 40 degrees, consistent with

[20,186]

findings from previous investigations . Although the electron density parameter

(n,) exhibits a loose constraint (log(ne) < 20), its value aligns with prior studies con-

+0.12

016 as reported by Jiang et al. 2019101,

ducted during the very high state (e.g., 18.93
The limited energy range of the Insight—~HXMT LE data contributes to the weak con-
straint on the density parameter, with its impact confined primarily to the soft X-ray
band (e.g., <3 keV!!!>198) " Additionally, the inner disk is observed to be slightly trun-
cated at approximately 2 R,. In Fig. 3-4, we depict the 4 7z contour of the inner disk
radius alongside the location of the innermost stable circular orbit (ISCO) for various

spin values. Remarkably, this measurement of the inner radius is consistent with the

ISCO (3 — o) assumption under a black hole spin value of 0.95.

Employing the reconv_1p model, we observe that the estimated corona heights
from the four spectra exhibit consistency within uncertainties. Furthermore, we investi-
gated a scenario wherein the corona height remains constant. The constraint on A after
linking it across the four spectra is shown by the black line on the right side of Fig. 3-4.
Evidently, this analysis suggests that the corona must be situated proximate to the black

hole, with a distance of less than 3 Rg.

The best-fit model and corresponding spectral components are illustrated in Fig. 3-5,
accompanied by the residuals. It is apparent that the changes in the diskbb compo-
nent are minimal. However, noticeable alterations occur in the reflection and power-law
components, which primarily contribute to the variance observed in the hard X-ray band

across the four spectra. In Fig. 3-6, we depict the evolution of several spectral param-
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Figure 3-3  (Left): Spectra of the four intervals as defined in Fig 3-2. The LE (2-9 keV) and ME (8-
15 keV) data are marked with filled circle and diamond respectively. The spectra are obtained using
setplot area command in xspec and are only shown for demonstration purposes. (Right):
Data to model ratio of Spec 1 to a simple absorbed continuum model. Data are binned for visual

clarity.

eters with the X-ray flux of the source. The data indicate a requirement for a very soft
(I' > 2.5) index for the power-law component, although it is challenging to discern
how I" fluctuates due to considerable uncertainty. Notably, the flux of the power-law
emission decreases by a factor of 4 from the high flux to the low flux states. Similarly,
the flux of the reflection component also decreases, albeit by a factor of 1.6. While
the reflection strength, defined as the ratio between the reflection and power-law com-
ponents, exhibits tentative evidence of increasing from the high to low flux states, this

trend lacks significance when considering the associated uncertainty.

3.5 Discussion

At the end of the hard to soft transition during the 2021 outburst of GX 3394,
Insight-HXMT detected two brief high flux states (Fig. 3-2) lasting for a duration com-
parable to the orbital period of the telescope. This indicates rapid alternation between
two distinct flux states. Particularly noteworthy is the more pronounced change in flux
observed in the hard X-ray band (Fig. 3-3), which rules out variable local absorption as
the primary cause of these fluctuations.

In our investigation to discern which emission components are varying alongside the
source flux, we segmented the two-day observation into four intervals based on alternat-

ing properties and analyzed the spectral components within each interval. To model the
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Figure 3-4 Left panel: The 4y* confidence contours of the inner disk radius for the two models.
The orange vertical lines mark the radius of ISCO for a, = 0.998, 0.99, 0.98 and 0.95 respectively
(from left to right). Right panel: The 4y confidence contours for the corona height (h) of the four
spectra. In both panels, the horizontal dashed lines represent the 1, 2 and 30 confidence levels.
Colors are coded as in Fig 3-5, while the magenta line represents the result when linking s between

the four spectra.
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Figure 3-5 (Left): The best-fit models and the corresponding residuals to the four spectra with
model tbabs* (diskbb+nthcomp+relconv*reflionx). The LE and ME data are marked
with filled circle and diamond markers respectively. (Right): The same as the left plot but with the
relativistic broadening kernel replaced by relconv_1p. The full models are plotted in solid lines.
The disk, power-law and reflection components are plotted in dashed, dotted and dash—dotted lines

respectively.
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Figure 3-6 Relations of the some spectral parameters with the total X-ray flux in the energy range

2-15 keV. Lower and upper limits are marked with arrows.

broadband spectra, we incorporated contributions from disk thermal emission, power-
law emission originating from the hot corona, and the relativistic reflection component
from the optically thick accretion disk. Our analysis reveals that the fluctuations in the
hard X-ray band flux (Fig. 3-5) are primarily driven by variations in the corona emission
and the disk reflection component, while the disk thermal emission remains relatively

stable.

3.5.1 The inner radius of the disk

After fitting the relativistic reflection model to the data, we ascertain that the disk
might exhibit a slight truncation at 2 R, when assuming a maximum black hole spin
(a, = 0.998)®. The inner disk radius estimated from the normalization parameter of
diskbb is approximately 4 X (D/8 kpc)(10M o/ Mypy) R, assuming a color correction
factor of 1.7 and an inclination of 40 degrees. Utilizing the median values from the
measurements of '*1 (M = 7.5M_, D = 10 kpc) yields an inner radius of 6.6 R,.
This estimate surpasses that obtained from modeling the relativistic reflection features.
However, significant uncertainty persists in the current measurements of the system’s
[187]

distance and black hole mass. Considering the lower limit of the distance derived by

(5kpc), we derive an inner radius size of 2.5R,, closely aligned with the measurement

@ If the spin is 0.95, which aligns with previous measurements using relativistic reflection®'**! | the disk’s trunca-

tion is consistent with non-truncation.
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from relativistic reflection.

There appears to be a tentative trend suggesting that the disk inner radius, as mea-
sured with the disk component, is larger in the low flux state. However, the uncertainties
are too significant to draw a robust conclusion. The change in disk flux within the 2—15
keV band is less than 15% from Spec 1 to Spec 4. The temperature of the inner edge
of the disk remains similarly stable. Likewise, the inner radius of the disk, as measured
by the reflection model, remains constant throughout our observation period. Even dur-
ing the rapidly alternating flux states, the inner disk radius remains constant within the

bounds of our measurement uncertainty.

3.5.2 The geometry of the corona during the state transition

In our analysis, we adopt a power-law-shaped emissivity profile and an emissivity
with the lamppost geometry. Across all four spectra, the best-fit value of the power-
law index (g) falls within the range of 4-5 and remains consistent. Notably, this index
is steeper than the expectation from the Newtonian limit (¢ = 3). Such steepening
can occur when the corona is positioned close to the black hole, causing photons to
concentrate near the black hole due to light bending effects. This interpretation finds
support in our results with relconv_1p, which yield an upper limit for the corona

height of 3.2 R,.

Regarding the corona emission, we observe a notable decrease in its flux by a factor
of 4 from Spec 1 to Spec 4, accompanied by a decrease in the reflection component by a
factor of 1.6. An intriguing pattern is that the best-fit value of the reflection strength, de-
fined as the ratio between the reflected and directly observed corona emission, appears
to increase from the high flux to low flux states. However, due to considerable uncer-
tainties, a definitive conclusion cannot be drawn. Considering that the corona height
remains consistent across all four spectra, it is possible that the reflection strength re-
mains constant. This suggests that the observed alternating states are likely a result of

variations in the corona power.

However, it is impossible to see if the photon index changes between the low and
high flux states. This is because we do not have data above 15 keV and the soft X-ray

band is dominated by the disk emission.
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3.5 Discussion

3.5.3 The power of the corona

We conducted an analysis of GX 339—4 using Insight-HXMT data during its inter-
mediate state. Throughout the observational period, GX 339—4 exhibited rapid alter-
nations between high and low flux states in the hard X-ray band, while the soft X-ray
emission remained relatively stable. Notably, the high flux state persisted only briefly,
comparable to the orbital period of the telescope. Furthermore, the transition occurred
between orbits of Insight—-HXMT and was not captured by our observations. Additional
details regarding the transition observation can be found in Appendix A, which covers

the Swift observation.

The Insight—HXMT observations of GX 3394 reveal signatures of both disk re-
flection and thermal emission from the inner accretion disk. A thorough analysis indi-
cates that the thermal emission from the disk remains consistent throughout the state
transition, in line with the observed stability of the soft X-ray emission (refer to Fig. 3-
3). However, the variability observed in the hard X-ray flux transition is attributed to
changes in the non-thermal emission, including both the power-law continuum from the

corona and the reflected emission from the disk.

Detailed reflection modeling indicates that the inner geometry of the accretion re-
gion remains stable. Specifically, the inner radius of the accretion disk stays proximate
to ISCO at approximately 2 R,. Assuming a maximum black hole (BH) spin, our find-
ings imply a potential slight truncation of the disk. However, it’s crucial to highlight
that our measurement remains consistent with a non-truncated disk within a 3-sigma

uncertainty range.

The geometry of the coronal region remains unchanged during the observed rapid
alternations in flux states. Both the emissivity profiles of the disk, modeled using both
a power law and a lamppost model, show no significant variations. Although there is
tentative evidence indicating a higher reflection strength in the high flux state compared
to the low flux state, the disparity is not statistically significant. These measurements
are consistent within the ranges of uncertainty, suggesting a constant geometry of the

corona in GX 339-4.

The rapid fluctuations observed in the coronal power law intensity by Insight—
HXMT may be attributed to variations in the coronal heating mechanism. In BH XRBs,

the hard X-ray continuum arises from the Compton scattering of lower-energy disk pho-
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[203]

tons . To sustain the corona, a heating mechanism is necessary, with one widely

accepted model involving the magnetic field. Pair production in the magnetosphere
surrounding a black hole is thought to be a significant contributor to this process?**!.
While the disk appears relatively stable during the observed state transition, sudden al-
terations in the magnetic field could lead to increased release of accretion power from
the disk to the corona.

Future X-ray observations focusing on these rapidly alternating flux states during
the intermediate transition phase could provide valuable insights into this phenomenon.
Observing the precise moments of these rapid state transitions is crucial for unraveling
this mystery. However, most current X-ray missions lack the capability for non-stop
monitoring due to their low-Earth orbits. Future X-ray missions, such as Arcus?%!,

which operate on high Earth orbits, hold promise for continuously observing GX 3394

over several days, enabling more comprehensive investigations.

3.5.4 The reflection component

The strong relativistic reflection features enable us to constrain important parameters
like the radius of the disk inner edge and the corona height. Another vital parameter is
the electron density of the accretion disk, which can significantly influence the fit in the
soft X-ray band!'®*!. Using the re £1ionx model, we obtain a constraint of log(ne) <

11131 offers a wider

20 for the electron density. Alternatively, the relxi11D mode
range of 15 < log(ne) < 19. This model provides a more accurate treatment of atomic
physics compared to ref1ionx. To evaluate the impact of different reflection models
on our results, we apply the relxil11pD model to the four spectra simultaneously.
The best-fit parameters resulting from this analysis are listed in Tab. 3-3.

Comparing the fit results obtained with the re1xi111pD model to those with re—
f1lionx, we observe no significant alterations in the measurements of parameters such
as the inner radius of the disk, the height of the corona, or the inclination angle. How-
ever, the constraint on the electron density is noticeably tighter, yielding an upper limit
of log(ne) = 16.7. This finding generally aligns with the result obtained from the re—
flionx model (see Tab. 3-2) Additionally, we can estimate the electron density using
the definition of the ionization parameter (¢ = 4z F, /n), where F,, is the irradiating

[185]

flux on the disk and n is the electron density. Following equation (8) in , we ob-

tain an electron density of approximately ~ 10%2 cm™3 for Specl, assuming a reflection
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fraction R = 1. However, this value is several orders of magnitude higher than that
derived from spectral fitting. The substantial discrepancy cannot be solely attributed to
uncertainties in the irradiating flux or other parameters. Further analysis of reflection

spectra in the soft state is required to elucidate the disparity between the two methods.

3.5.5 Compare with other sources

The rapid alternation between flux states observed in our study bears resemblance to
the "flip-flop” transitions first identified in GX 339—4[2°°! " These transitions manifest
as abrupt shifts between higher and lower flux levels over short timescales, typically on
the order of minutes. While flip-flops are relatively rare and have only been observed
in a handful of sources (see Bogensberger et al. 2020*°!! and references therein), our
findings differ from previous observations of flip-flops. Typically, flip-flops are de-

(97,207 , whereas the transitions observed in

tected during or after the very high state
our study occur before the onset of the soft state. This distinction may explain the
presence of strong reflection features in our data, which are not commonly observed in
flip-flop events. Changes in power spectra and the occurrence of quasi-periodic oscilla-

[201,208] However, we

tions (QPOs) are frequently associated with flip-flop transitions
do not observe any QPOs, and the power spectra resemble those typical of a soft state,
characterized by minimal power. Therefore, the transitions observed in our study share
similarities with the "late flip-flops” observed in Swift J1658.2-4242[2011,

Spectral fitting of the flip-flops in Swift J1658.2-4242 has indicated that the change
of the inner disk temperature is responsible for the spectral variability. In contrast,
we observe nearly consistent temperatures for both the low and high flux states. The
variability primarily arises from changes in coronal power, while the disk temperature
remains stable. Analogous behaviors have been found during the soft state of certain

X-ray binaries!! %291

3.6 Conclusions
During the 2021 outburst of GX 339—4, we found that the source rapidly alternates

between a low and high flux state. Spectral analysis on its time-resolved spectra shows

that:

1. The flux change is confined in the hard X-ray band (> 4 keV) and is regulated by

the power-law emission and the reflected emission.
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Figure 3-7 Lightcurves of GX 3394 by Insight—HXMT, NuSTAR and Swift.

2. The strength of the disk thermal emission and the inner radius of the accretion

disk do not change with the flux.

3. The corona is close to the black hole (3 R,). There is no evidence for changes in
the corona geometry when the flux changes, which suggests the change is in the

intrinsic power of the corona.

3.7 Appendix

The NuSTAR lightcurve is extracted from the observation on 2021 April 1st with
obsID: 90702303011. The data are first processed with the tool nupipeline ver
0.4.8. We then extract the lightcurve using the tool nuproducts with the source
region being a 180 arcsec circle. The background product is extracted from a circular
region with the same size near the source.

The Swift/XRT lightcurve is extracted from the observation (obsID: 00014218002)
on the same day. Data are processed with tools xrtpipeline ver 0.13.5 and xs—
elect. Source lightcurve is extracted from a circular region of 100 arcsec and the

background region is near the source with the same size.
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Table 3-3 Best-fit values of the four spectra with the model rel1xi111pD.

Model Parameter Spec 1 Spec 2 Spec3 Spec 4
tbabs Ny (102 cm™) 0.937007
: +0.016 +0.019 +0.012 +0.013
diskbb T, (keV)  0.731700/° 072870015 07047003 0.718700
+260 +350 +360 +350
Norm 27007380 30007350 37001350 3600133
relxilllpD h (Rg) <25 <31 <2.1 <2.6
a, 0.998*
. +2.7
i (deg) 39.575
+0.19
Ri, (R,) 216101
log(n,) <16.7
+0.21 +0.3 +0.2 +0.13
log(&) 4.22751 4.1571, 4.20%56 3.997 )55
r >29 >29 > 2.8 >29
+120 +8 +70 +2
Norm 107, 65 5075, 975
nthecomp Norm 0307012 0.18*0 1% <0.2 <0.1
72ld.of 3129/3380

As shown in Fig. 3-7, the brief high flux state at 93 ks is captured by Insight—-HXMT,
NuSTAR and Swift. In particular, Swift/XRT captures the continuous flux drop from the
high to the low flux state (panel (3) of Fig. 3-7), which takes around 400 s. However,

the exact moment of the flux increase is not captured.
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Chapter 4

High-density reflection spectroscopy of
black hole X-ray binaries in the hard

state

4.1 Introduction

The accretion process is widely regarded as the driving force behind numerous high-
energy phenomena in the Universe, including active galactic nuclei (AGNs) and X-ray

binaries (XRBs). Furthermore, it plays a pivotal role in our understanding of the growth

[38,210-211]

of supermassive black holes (SMBHs) and galaxies . X-ray emissions serve

as a potent tool for investigating the innermost regions of accreting black holes!?!?=2131.

One of the primary components in the X-ray spectra of black holes is the power-law
continuum with a high-energy cutoff. This component is believed to originate from in-
verse Compton scattering of seed photons by a hot plasma, known as the corona, situated
in close proximity to the black hole!®>?!#l The emission from this coronal region can
illuminate the optically thick accretion disk, giving rise to reflected emission charac-

terized by fluorescent emission, photoelectric absorption, and the Compton scattering

[105-106]

hump . Owing to strong relativistic effects near the black hole, the observed

[122,126,215]

reflected features exhibit significant skewing and harbor rich information

[69,134-135,216]

about the spacetime geometry and the geometry of the disk-corona sys-

tem [120:217-218]

. This technique has been effectively employed in numerous studies of
both black hole XRBs and AGNs?-136:192:2191,

Previous reflection models have typically assumed a disk electron density of
log(ne/cm_3) = 15. While this value is suitable for very massive black holes (e.g.,
Mgy > 108 M, o) found in AGNs (2201 "standard disk models!''>! predict higher den-

sities for less massive black holes. Reflection-based analyses of AGNs have revealed
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that disk densities greater than log(ne/cm_3) = 15 are sometimes necessary for su-
permassive black holes (SMBHs) with Mpy < 107 M, with the measured densities

[7,11]

consistent with predictions of a radiation pressure-dominated disk . The adoption

of a high-density reflection model has enabled the explanation of the “’soft excess” fea-

[221]

ture observed in many Seyfert galaxies without the need for an additional com-

ponent!' ¥ Furthermore, the soft X-ray reverberation signature lends support to the
reflection origin of the soft excess!*>*72%31.

Furthermore, an increased density within the disk could help resolve the puzzle
of super-solar iron abundance observed in certain reflection spectral models!®®. As
the standard disk model suggests an inverse relationship between the disk density and
the product of black hole mass and the square of the Eddington-scaled accretion rate
(M, BHm2) for a disk dominated by radiation pressure (Eq. 4.1!''1), we anticipate even
greater densities within the accretion disks of XRBs, particularly in the hard state. While
analyses of individual sources have supported this notion, the measured densities within
the disks are generally lower than the theoretical predictions for disks dominated by
radiation or gas pressure (refer to Fig. 8 of Jiang et al. 201911

Previous high-density reflection modelling of black hole XRBs has only been con-

ducted for a small number of sources!6-8-13.167.224-231]

. Moreover, on the log(n,)—
log(MBHmz) diagram, there is still an obvious gap between the XRBs and AGNs sam-
ple (see Fig. 8 of Jiang et al. 2019!7!). In this chapter, we undertake a systematic
analysis on the broadband X-ray spectra of six black hole XRBs in the hard state that
have not been investigated with high-density reflection models. The data selection and

reduction are described in Sec. 4.2. Sec. 4.3 explains the spectral analysis. In Sec. 4.4

we discuss the results.

4.2 Observations and data reduction

We have chosen six black hole XRBs from the BlackCAT catalog®®*”!. These
sources all have distance measurements available, allowing us to estimate their bolomet-
ric luminosities through broadband spectral fitting. Additionally, we have ensured that
the sources were observed by NuSTAR to capture the Compton hump. Information about
the selected sources is presented in Tab. 4-1. For those sources lacking measurements

of their black hole mass, we have assumed a value of 10+ 1 M throughout this study to

® https://www.astro.puc.cl/BlackCAT/transients.php
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4.2 Observations and data reduction

Table 4-1 Selected sources in this work

Source Distance (kpc) Mass (M) Inclination (°) Ref
MAXI J1535-571 41799 - - 1
GRS 1739-278 6-8.5 - - 2
GS 135464 25-61 - <79 (binary) 3
IGR J17091-3624 11-17 8.7-15.6 - 4,5
H 1743-322 8.5+0.8 - 75+3(Get) 6
V404 Cyg 239+0.14  9.0%2 67" (binary) 7.8

Note. Selected sources and their properties. For references about the measurements of
the distance, mass and inclination angle: (1) Chauhan et al. 2019 (2341 (2) Greiner et
al. 19962331 (3) Casares et al. 2009 (2361, (4) Rodriguez et al. 2011 (2371, (5) Iyer et al.
20152381, (6) Steiner et al. 20121%1; (7) Miller-Jones et al. 2009(*°!; (8) Khargharia
et al. 2010%4%1, Note that there is still debate on the distance of GS 1354—64 (also
known as BW Cir). A smaller value has been reported by Gandhi et al. 201912411

calculate the Eddington-scaled luminosity. We have selected NuSTAR observations in
the hard state for each source, specifically targeting those displaying relativistic reflec-
tion features. A prominent characteristic of reflection by high-density accretion disks is
the enhanced soft X-ray emission!’!. Consequently, we have included contemporaneous
(on the same day) Swift data whenever possible. Details of the selected observations are
outlined in Tab. 4-2. Note that a few other sources may also meet our selection criteria,
but they have already been investigated using reflection models incorporating variable
electron density (e.g., GX 339-4, Jiang et al. 2019b[°!; GRS 1716-249, Jiang et al.
202011 4U 1630-47, King et al. 2014[2*?1 Connors et al. 20211°71; MAXI J1348-
630, Chakraborty et al. 202112*11). These sources are excluded from the analysis in this
study. MAXI J18204070 also meets the selection criteria, but its accretion geometry is

still under debate!'®%2331 We intend to explore this source in a future publication.
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4.2.1 NuSTAR

We produce cleaned event files for both FPMA and FPMB using the tool
nupipeline v0.4.9 and the calibration version 20220301. The source spectra are
then extracted from circular regions centered on the sources with the nuproducts
task. The background spectra are extracted from source-free areas with polygon regions
created with ds 9. Note that for V404 Cyg, five flux-resolved spectra are extracted from

the two observations (see details in Sec. 4.6.2).

422  Swift

The Swift/XRT data are all in the Window Timing (WT) mode and are free from
pile-up effects. The cleaned events files are produced using xrtpipeline v0.13.7
and the last calibration files as of September 2021. We extract the source spectra from
circular regions centered on the source with a radius of 100 arcsec. The background
regions are chosen to be annuli with an inner radius of 110 arcsec and an outer radius

of 200 arcsec. We only include events with grade 0.

4.3 Spectral analysis

We perform spectral fittings using XSPEC v12.12.115%. The NuSTAR data are
utilized in the 3—79 keV band, while the Swift data cover the 1-10 keV band. To ensure
statistical robustness, all data are grouped to maintain a minimum of 30 counts per bin.
We adopt the element abundances from Wilm et al. 2000!'%°! and the cross-sections
from Verner et al. 1996!'°%1. Model parameter values and uncertainties (unless stated
otherwise, at a 90% confidence level) are determined using y? statistics to obtain the
best-fit results.

As the first step, we fit the broadband spectra of each source using a simple ab-
sorbed continuum model: constant * tbabs * ( diskbb + nthcomp
). The constant model is utilized to account for the cross-normalization between
instruments. Galactic interstellar medium absorption is modelled by tbabs >, The
diskbb component!!>’! is employed to characterize the thermal emission from the
multicolor accretion disk. Additionally, the coronal emission is modeled using the

Comptonization model nthcomp >77°

. The data-to-model ratios for this fitting are
displayed in Fig. 4-1. Common features observed in the plots of Fig. 4-1 include a broad

line feature around 67 keV and a hump above 20 keV, which are recognized indica-
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1597 " In certain instances, such

tors of a relativistic reflection component in the spectra
as GRS 1739-278, a pronounced tail above 50keV is also observed. This high-energy
excess may originate from additional emission from the jets. Alternatively, it could
arise from the corona being a hybrid plasma containing both thermal and non-thermal

242]

particles!>*?l. The presence of a non-thermal component can reduce the coronal tem-

perature, resulting in the production of more hard X-ray photons compared to the pure

thermal model °7-2%31

Next, we proceed to model the reflection features using relativistic reflection mod-
els: constant * tbabs * ( cflux * nthcomp + cflux * rel-
conv * reflionx_HD). In this model, reflionx_HD® represents a rest-frame

disk reflection model computed with the re f1ionx code!!?”]

. The incident spectrum
onto the accretion disk is assumed to be described by nthcomp. We link the pho-
ton index (I7) and the coronal temperature (kT,) parameters between nthcomp and
reflionx_HD. Other free parameters of the reflection model include the ionization
parameter & = Linr* (where L is the ionizing luminosity from the primary source, n is
the density, and r is the distance from the ionizing source), the iron abundance (Ag,),
and the electron density, which can vary between log(ne/cm_3) = 15-22. The con-

[60.126] 5 essential to incorporate relativistic effects. In this

volution kernel relconv
way, the model calculates the angle-averaged spectrum with only minor biases (smaller
than the statistical errors) in the estimates of some parameters for low disk viewing an-
gles!>** This model encompasses parameters such as the black hole spin (a,), the disk
inclination angle (i), the inner disk radius (R;,), and the emissivity profile. Here, we
fix the spin parameter to constrain R;,. Specifically, the spin is fixed at a, = 0.2 for
H1743-322D1, a, = 0 for IGR J17091-3624 (see Sec. 4.6.2), and at the maximum value
(0.998) for the other sources (see Sec. 4.6.2 for details). The inclination angle and the
inner disk radius are left free during the fit. Regarding the emissivity profile, we employ
a broken power-law profile. In cases where g, and R, are not constrained, a power-law
emissivity (g;, = q,,) 1S used instead. Additionally, we incorporate a c £ 1ux model on

each additive component to calculate the flux in the 0.1-100keV band. It’s important

to note that in some instances, a distant reflection component, a disk thermal emission

® The model is available for download from https://www.michaelparker.space/reflionx-model

s. The fits file used here is ref1ionx_HD_nthcomp_v2.fits.
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component, or additional absorption components are necessary to adequately fit the data
(see Fig. 4-10 and Sec. 4.6.2 for details).

To demonstrate the influence on the spectral parameter measurements resulting from
incorporating a variable electron density, we further conduct fittings for each spectrum
by setting log(ne) to 15, a value commonly utilized by traditional reflection models.
The best-fit parameters from these two sets of fittings are presented in Tab. 4-3 and
Tab. 4-4. Additionally, we test the re1xi11 model!''*! with log(ne) = 15 (refer to
Sec. 4.6.1 and Tab. 4-5).

Figure 4-2 illustrates an example of high-density reflection observed in GRS 1739—
278. The determined electron density for this source is log(ne/crn_3) = 19.0 + 0.4.
Allowing the electron density to vary as a free parameter improves the y2 by 60 with one
additional degree of freedom (refer to Tab. 4-3 and Tab. 4-4). If the density were fixed
at log (ne/cm_3) = 15 (without re-fitting the spectrum), the reflection component in the
soft X-ray band would appear suppressed, leading to an apparent excess in the residuals
below 2 keV (refer to the third panel of Fig. 4-2). Conversely, increasing the density
to log(ne/cm"3) = 22 would noticeably strengthen the soft X-ray emission. This is
attributed to the stronger free-free process on the disk with higher density, potentially

resulting in an increase of the disk surface temperature (see the left panel of Fig. 4-6).

4.4 Results and Discussion

4.4.1 Comparisons with the low density model

In this section, we discuss the influence of the high-density reflection model on spec-
tral parameters in comparison to the conventional low-density model. Fig. 4-3 presents
the measurements of the disk ionization parameter, the iron abundance, and the reflec-
tion fraction. It is evident that when assuming a disk density of log(ne/cm_3 ) = 15,
the ionization parameter is consistently overestimated. This discrepancy likely arises
because increasing the ionization parameter leads to stronger soft X-ray emissions in
the reflected spectrum (see Fig. 3 of Garcia et al. 2013['°'1), thereby resembling the
effects of high-density reflection (see Fig. 4 of Garcia et al. 20161131y,

When employing relativistic reflection models to analyze X-ray spectra of XRBs
and AGNs, a super-solar iron abundance is often found!'**~'%31 | Some studies have sug-

[6,8]

gested that high-density models might reduce the inferred iron abundance'®'. How-
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Table 4-2 Summary of observations analyzed in this work

Source Obs ID Exposure  Start date Obs ID Exp. (ks)
(NuSTAR) (ks) yyyy-mm-dd (Swift) (Swift)
MAXI J1535-571 90301013002 10.3 2017-09-07
GRS 1739-278 80002018002 29.7 2014-03-26 00033203003 1.9
GS 1354-64 90101006002 24.0 2015-06-13 00033811005 2.0
90101006004 29.7 2015-07-11 00033811017 0.2
90101006006 35.3 2015-08-06
IGR J17091-3624 80001041002 43.3 2016-03-07 00031921099 1.5
80202014002 20.2 2016-03-12 00031921104 1.9
80202014004 20.7 2016-03-14 00031921106 1.0
H 1743-322 80001044002 50.4 2014-09-18
80001044004 61.1 2014-09-23
80001044006 25.7 2014-10-09
80002040002 28.3 2015-07-03
80202012002 65.9 2016-03-13
80202012004 65.7 2016-03-15
90401335002 38.4 2018-09-19
80202012006 65.7 2018-09-26
V404 Cyg 90102007002 17.7 2015-06-24
90102007003 6.2 2015-06-25
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MAXI J1535-571 GRS 1739-278

N
1.4+ %

014 ¢
) HMM% 1.ow@;¢m ﬁ————

510 20 5 510 20 50
Energy (keV) Energy (keV)

GS 1354-64

| A +H | |

IGR J17091-3624

Ratio
Ratio

0

0.9——=5—"""1p 20 50 %95 Do 20 50
Energy (keV) Energy (keV)
' _H1743-322 . L V404Cyg —
1.1h + 1.41 +
+
sty ' H_ i
B _+ ﬂ + S
+
0.9 —""10 20 50 08510 20 50
Energy (keV) Energy (keV)

Figure4-1 Data to model ratio when fitting with a simple absorbed continuum model: constant
* tbabs * ( diskbb + nthcomp ). Only one observation is shown for each source. The
black and red colors represent data from FPMA and FPMB respectively. Data are rebinned for visual

clarity.
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Figure 4-2 Upper: The black solid line shows the best-fit reflection component for GRS 1739-278
with a disk density of 10'® cm™. The red dashed and magenta dotted lines represent the cases when
the density is set to 10" cm™ and 10%> cm™ respectively without changing the other parameters.
Lower three panels: The data to model ratios for the three cases in the upper panel. The blue, black

and red data represent Swift-XRT, NuSTAR-FPMA and NuSTAR-FPMB respectively.
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ever, we do not observe this effect in our dataset (see the middle panel of Fig. 4-3),
possibly because the majority of our observations do not require a super-solar iron abun-
dance, even when assuming log(ne/cm_3 ) = 15.

We define the reflection strength parameter (R,) as the ratio of energy flux between
the reflected and coronal emissions in the 0.1-100 keV band. Fig. 4-3 demonstrates that,
except for V 404Cyg, the model incorporating variable n, consistently yields a higher
reflection strength. As depicted in Fig. 4-2, the appearance of additional thermalized
emission in the soft bands contributes to extra emission, possibly explaining the corre-
lated increase in reflection strength with density.

Itis crucial to assess whether the assumption of electron density affects the measure-
ments of the inner disk radius. This is particularly important because black hole spin
measurements via X-ray reflection spectroscopy rely on accurately determining the size
of the Innermost Stable Circular Orbit (ISCO)!**!. The constraints on R, for each ob-
servation are illustrated in Fig. 4-4 by plotting the distribution of 42 as a function of
the inner disk radius. It reveals that allowing n, to vary freely provides consistent mea-
surements of R;, compared to the scenario with fixed n,. This consistency is expected
because R;, is primarily constrained by the red wing of the broad iron line due to the

gravitational redshift effect, which is independent of the disk density.

4.4.2 Disk densities

In the left panel of Fig. 4-5, we illustrate our measurements of the disk density
(log(n,)) versus log( Mgyri?). Previous studies in the literature of XRBs (the left clus-
ter) and AGNs (the right cluster), which predominantly cover the parameter space of
log(Mpgym?) < 0 and log(Mgyrm®) > 4, are indicated in grey. Our data points fall
within the gap 0 < log(MBHmz) < 3. Overall, we observe that XRBs necessitate a
significantly higher disk density compared to AGNs. Moreover, among our 21 spectra,
16 exhibit a disk density exceeding log(ne) = 15.

[116]

According to , the density of radiation pressure-dominated standard disk ']

follows:

n, = 1 Mor1R3/Zn‘r2[1—(Rin/R)”z]-z[g'(l— N3 4.1)
O-TRS 27

where a = 0.1 is the viscosity parameter, o = 6.64 X 1072% c¢m? is the cross-section

for Thomson scattering, R; is the Schwarzschild radius, R is the disc radius in units
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Figure 4-3 Comparison between the parameter measurements with the ref1ionx_HD model that

has a variable electron density and that with a fixed density at log(ne/cm_3) = 15. The left panel

is for the disk ionization parameter, the middle panel is for the iron abundance and the right panel

is for the reflection strength (the energy flux ratio between the reflected and coronal emission in the

0.1-100 keV band). Colors are coded as in Fig. 4-5.
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Figure 4-4 Ay v.s. R, for each observation obtained with st eppar command in XSPEC. For the
ISCO size, we assume a, = 0.2 for H 1743-32251 a, = 0 for IGR J17091-3624 (see Sec. 4.6.2) and
a, = 0.998 for the other sources. The horizontal grey lines represent the case Ay> = 2.706 (90%
confidence level for one parameter of interest). Data are offset in the vertical direction for visual
clarity. The regions between 4 y*-R, and 4y* = 2.706 are shaded with magenta (n, free) and grey
(n, = 10") colors. The grey areas result after a mirror symmetry transformation with respect to the

horizontal lines. For sources with multiple observations, the sequence follows Tab. 4-2

of R, m is the dimensionless mass accretion rate defined as i1 = Ly /nLgyq (1 is the
accretion efficiency that is 0.32 for a, = 0.998 and 0.057 for a, = 0, Thorne*), &’
is the conversion factor in the radiative diffusion equation that is chosen to be unity
by!!"51 and £ is the fraction of accretion power transported from the disc to the corona.
The solutions for different values of f are plotted in the left panel of Fig. 4-5. It’s
apparent that the majority of the AGN data (located in the lower right cluster) can be
accounted for by these solutions, exhibiting a range of f values from 0.0 to 0.9 under
the assumption of & = 1. However, with the exception of a few observations featuring
the highest accretion rates, most of the disk density measurements for black hole XRBs
fall below the theoretical predictions.

We note that a considerable fraction (13/21) of our samples falls within the range
of Ly, /Lggg < 10%. In such cases, the gas pressure may play a significant role in

[116]

sustaining the disk, especially when f is large According to!'' the radius at

which the radiation pressure (P,q) equals the gas pressure (Py,) is determined by:

R
(1 — R-112)16121

= 40.5(a Mg/ 10M o) 921 [e (1 = £)197 (4.2)

On the left-hand side of this equation, the minimum is reached when R =~ 5.7. Con-
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Figure 4-5 (Left) The variation of the disk electron density (log(ne)) with log(M Bﬁmz), where
i = Mc*/Lgyy = Lyy/MLgyy The lines in light blue represent solutions of a radiation pressure-
dominated disk for different values of f assuming & = 1 and R = R,. The dashed dark-red line
represents the solution for a gas pressure-dominated disk with f = 0. (Right) The variation of
the dimensionless mass accretion rate with the black hole mass. The orange lines show threshold
mass accretion rates for a few values of f and R = 5.7 R, below which the disk is dominated by
gas pressure. The line in light blue shows the solution for f = 0.7 and R = 20 R_. The data in
grey represent samples from Jiang et al.® (GX 339—4), Jiang et al.” (17 AGNs), Tomsick et al.®
(Cygnus X-1), Jiang et al.” (GRS 1716-249), Liu et al.' (GX 339-4) and Mallick et al.'' (13

low-mass AGNSs). Our results are marked with other colors.

sequently, given specific values for Mgy, f, and 1, the left-hand side can always be
larger than the right-hand side, indicating dominance of gas pressure in the disk. In the
right panel of Fig. 4-5, we show the threshold 7 as a function of Mgy for several values
of f. Based on the fitting of the AGN sample,!'!! found f ~ 0.7. As seen, the AGN
sample is well above the threshold line for f = 0.7, suggesting that the radiation pres-
sure should be important. However, this is not the case for our XRB sample, indicating
the important role of gas pressure. In the left panel of Fig. 4-5, we also present the so-
lution for a gas pressure-dominated disk, which still predicts a disk density larger than
our measurements by two orders of magnitude. One possible explanation could be that
the reflection model only probes the density of the disk surface. The current reflection
models assume a uniform density in the vertical direction, which may not be the case in
reality. Developing reflection models that consider the vertical density structure of the

disk would be important to understand this issue.
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Figure 4-6 (Left) The temperature at the Thomson depth of 7 = 1 of the corona-illuminated disk
as a function of the density. The coronal emission component and the disk properties are assumed
to be the mean values from our samples (I" = 1.7, E,,,=100 keV, =100 erg cm s™' and Ag,=1).
The calculation is conducted with the ref1ionx code. (Right) The relation between the incident

radiation pressure and the gas thermal pressure from this work. The grey line marks where P, ; = P,.

In!'!1 the authors identify a equilibrium between the incident radiation pressure
(Pog = Lidnr*c = &n./Anc, where L represents the corona luminosity) and the thermal
pressure of the disk gas (P, = n.kgT). We investigate this scenario within our XRBs
sample. The radiation pressure can be directly computed from the measured spectral
parameters. To determine the gas thermal pressure, we utilize the reflionx code
to derive the temperature at the Thomson depth = = 1 for log(ne) = 16 — 22 (see
the left panel of Fig. 4-6). The parameters for the reflection calculation are set to the
sample average: I' = 1.7, E_ =100 keV, £=100 erg cm s~! and Ag.=1. The results
are shown in the right panel of Fig. 4-6, where the dashed line represents P.,q = Py,.
As observed, there indeed exists a equilibrium between the incident radiation pressure
and the thermal pressure of the gas. It’s important to note that in this comparison, we

disregard the influence of the magnetic field and the radiation pressure from the disk.

4.4.3 Disk inner radius

The inner disk radius (R;,) is a crucial parameter for understanding the accretion
process. The disk truncation scenario has been widely employed to explain the dis-

tinct states of XRBs!%?l. It is generally believed that the standard cold accretion disk

[15]

is truncated at large radius in the low luminosity hard state while it extends to

the innermost stable circular orbit (ISCO) in the high luminosity soft state!!1=10%],
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Nonetheless, ongoing debate persists regarding whether the disk is truncated in the
bright hard state!**>=2°1_ We plot our reflection-based measurements of the inner disk
radius against the Eddington-scaled luminosity in Fig. 4-7, alongside previous measure-
ments in the hard state of GX 3394, which stands as one of the most extensively studied
sources concerning R;, (see also Fig. 8 of Wang et al. 2018!??1). For GX 3394, the
measurements of R;, from timing mode data of XMM-Newton EPIC/pn consistently ex-
ceed those from NuSTAR or RXTE data. This may be due to the complex pile-up effects
that are hard to eliminate (see the discussion in of Want et al. 2018 (2] ).

Our measurements of R;, from six black hole XRBs in the hard state broadly align
with the trend observed in GX 3394, and we extend this trend to the regime where
L/Lggq > 20%. We see that a small R;, (< 10 Ry) is required when L/Lgq4q > 1% even
though all the data in Fig. 4-7 are from the hard state. For L/Lgyy > 10%, almost all
measurements are consistent with R;, being smaller than twice the ISCO size (assuming
a, = 0.998). These results support the scenario that the inner disk radius can indeed
reach the ISCO in the bright hard state. Although it appears that the H 1743-322 disk
is truncated at a large radius in the hard state, the black hole in this system exhibits a
low spin as measured by the independent continuum-fitting method (a, ~ 0.251) and
thus yielding a large ISCO size (Rigco = 5.3 Ry, see the magenta dashed line in Fig. 4-
7). Things are more complicated for IGR J17091-3624 given that its black hole spin

parameter is still uncertain (see Sec. 4.6.2).

4.4.4 Inclination angle

In our analysis, we consistently treat the inclination as a free parameter. This ap-
proach enables a comparison between the inclination angle derived from reflection mod-
eling and those obtained through alternative methods, often pertaining to the inclination
of the jet or the binary system. Notably, for GS 1354-64, only an upper limit of 79° has

been established for its binary inclination based on the absence of X-ray eclipses(>*®!.

Conversely, a stringent constraint on the binary inclination of V 404Cyg (671? °, 12401y
contrasts with the lower value derived from the reflection analysis.
Indeed, similar disparities between the inclination angles derived from reflection

spectra and those obtained through other means have been observed in various sources.

For instance, in the case of Cygnus X-1, reflection spectra consistently indicate an incli-

+0.77
-0.57

0[136,219,247]

nation around 40 , whereas its binary inclination is measured at 27.51
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Figure 4-7 The evolution of the inner disk radius with the Eddington-scaled luminosity. Our results
are color-coded as in Fig. 4-5. The data in black and grey are from previous measurements of
GX 339-411221 where the grey stars mark the measurements with data in the timing mode of XMM-
Newton EPIC/pn. The grey and magenta dashed horizontal lines represent the ISCO radii for a, =
0.998 and 0.2 respectively.

°[2481 "1t’s important to note that relativistic reflection spectra primarily probe the in-
ner portion of the accretion disk, which may not necessarily align with the orbital in-
clination. This discrepancy can arise from the presence of a warped disk, where the

[249]

orientation of the inner disk deviates from the orbital plane . Simulations suggest

that such misalignments between the black hole spin axis and the orbital angular mo-

[250-2511 ' While observational evidence

mentum could be common in black hole XRBs
of warped disks has been detected in a few sources, such as MAXI J1535-571 [252] and
MAXI J1820+0702337254 | the impact of a warped disk on relativistic reflection spectra

warrants further investigation, although it falls outside the scope of this study.

For H 1743-322, Steiner et al. 2012°! determined an inclination angle of 75° + 3°
for its large-scale ballistic jets, which are believed to align with the black hole spin axis.
According to the Bardeen-Petterson effect!?>”], the inner disk region should also align
with the spin axis. However, the reflection model suggests a lower inclination angle of
30°—40°. We note that inclination angle measurements derived from reflection analysis
can be affected by systematic uncertainties, such as uncertainties in the corona geometry
or simplifications in the model calculations (see discussions in Bambi et al. 2021°7),
In some cases, the systematic uncertainty can be as large as ~ 30°?°*>>"] This could

potentially explain the observed discrepancy.
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4.4.5 Reflection strength

Note that the reflection strength (Ry;,) defined in this work differs from the reflection

fraction (R;) parameter inl178]

. R; represents the ratio between the corona intensity
shining on the disk and that reaching infinity, and it is determined by the accretion

geometry. On the other hand, R, could be influenced by the inclination between the

str

line-of-sight and the black hole spin axis!'"®!

. Despite this distinction, in our sample,
most sources exhibit inclinations in the range of 20°-30° (except for MAXI J1535-571).

Therefore, R, can still provide insight into the disk-corona geometry. In the left panel

str

of Fig. 4-8, we illustrate the relationship between R, and the Eddington-scaled X-

Str
ray luminosity from our analysis. We observe no strong correlation between the two
parameters, with a Pearson correlation coefficient (r) of 0.32 (1 —p = 75%). We further
explore the correlation between the photon index and the reflection strength (see the

middle panel of Fig. 4-8) but still find no strong correlation (r = 0.22,1 — p = 66%).

4.4.6 Photon index

It is well known in the literature that a positive statistical correlation exists between
the Eddington ratio (Aggq = Lypo/Lggqq) and X-ray photon index (I") at high accretion
rates in AGNs[232%%-2591 and XRBs!?0-202] " Conversely, at low accretion rates (e.g.
Apad < 1%120372941) "4 negative correlation is often observed®°°1 At extremely
low accretion rates (e.g. Aggq < 107, T has been found to saturate>°7->7%! " This
switch between correlation behaviors may suggest transition between different accre-

tion modes 271272

. We investigate this correlation with our sample in the right panel
of Fig.4-8. All our data fall within the range of Agyy > 1% and are divided into two
branches on the I'-Agyy diagram. In the lower branch, the data for V 404Cyg are not
from canonical outbursts but rather from strong repeated flaring events lasting less than
1 ks (see Sec. 4.6.2). Furthermore, these flaring events might be linked to transient jet

activities rather than changes in the mass accretion rate!?’’!

. This may explain why
I remains stable despite fluctuations in X-ray luminosity exceeding one order of mag-
nitude. Apart from V 404Cyg, the data for GS 1354—64 also deviate from the trend
observed in other sources. When considering only the upper branch, a strong positive
correlation between the two parameters emerges (r = 0.83,1 — p = 99.96%). Addi-
tionally, we include in Fig. 4-8 the statistical relationship identified in AGNs by!**!,

which aligns well with our upper branch. This suggests that variations in the mass ac-
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Figure 4-8 (Left) The relation between the reflection strength parameter (R, defined as the flux
ratio between the reflected component and the power-law component in 0.1-100 keV band) and the
Eddington-scaled luminosity. (Middle) The relation between R, and the photon index I". (Right)
The variation between the photon index I' and Eddington-scaled luminosity. The line in green

represents the statistical relation in AGNs found by >,

cretion rate influence the physical properties of the hot corona similarly in both XRBs

and AGNs.

4.4.7 The corona properties in the compactness-temperature
plane

The coronal properties can be studied on the compactness-temperature (£—©) plane.

The compactness is defined as:
_L ot
Rmc3

4

(4.3)

where L is the luminosity, R is the source radius assuming a spherical geometry, ot
the Thomson cross section and m, the electron mass. By examining a sample of NusS-
TAR measurements from both AGNs and black hole XRBs plotted on the compactness-

temperature plane, Fabian et al. 2015°% observed that most of the measurements
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are clustered near the limit set by electron-positron pair production!”’*!. This clus-
tering provides support for the significance of pair production in the corona. Pair
production processes can lead to runaway production, effectively distributing energy
and consequently limiting the coronal temperature below the pair production thresh-
0ldP7:07:275-2761 = Additionally, the presence of many sources above the electron-
electron coupling line suggests that energetic electrons may not undergo sufficient ther-
malization, indicating the potential existence of a magnetized and hybrid plasma con-

taining both thermal and non-thermal particles!?’’—>78!

. Incorporating a non-thermal
component in the plasma would tend to reduce the temperature of the thermal compo-
nent and result in a high-energy excess compared to spectra produced by purely thermal
Comptonization. This characteristic aligns well with the data for GRS 1739-278, which
exhibits the lowest observed coronal temperature in the sample. Fabian et al. 2017 [>*!
further investigated the hybrid plasma scenario using a sample of AGNs and found that a
non-thermal fraction of 10%-30% could adequately account for the properties observed
in most objects.

We illustrate the data from our sample on the compactness-temperature diagram
alongside theoretical predictions from hybrid plasma models, aiming to elucidate the
physical characteristics of thecorona during the hard state (refer to Fig. 4-9). The com-
putations of the theoretical lines are conducted using the egpair model®”1®. In this
context, the non-thermal fraction, denoted as the ratio between the compactness pa-
rameter attributable to non-thermal components and the total heating power (£,,/¢},),
plays a pivotal role. For a constant heating power, an increase in the non-thermal frac-
tion corresponds to a reduction in the equilibrium temperature. We assume a corona
size of 10 R,, which is a reasonable value given existing measurements on AGNs with
X-ray reflection modelling or reverberation analysis!!!'%>!7-2791

In Fig. 4-9, it is evident that all our measurements fall below the theoretical line
representing purely thermal plasma. Notably, a considerable portion (15 out of 21) of
our dataset lies below the curve corresponding to Z,,,/¢}, = 30%, indicating a potentially
higher non-thermal contribution. It’s worth mentioning that the hybrid plasma model

has been previously employed in the analysis of various black hole XRBs!?4%280-2831

® The description of the model can be found here: http://www.astro.yale.edu/coppi/egpair/eq
pap4 .ps. The model is available in XSPEC: https://heasarc.gsfc.nasa.gov/xanadu/xspec/man

ual/XSmodelEgpair.html
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revealing that a substantial non-thermal fraction is necessary, particularly in the hard
state[284-2861

For individual sources, both GS 1354—-64 and IGR J17091-3624 exhibit the antic-
ipated trend for a pair-dominated plasma, wherein the coronal temperature decreases
as the radiation compactness increases. Remarkably, even the flux-resolved data of
V404Cyg adhere to this trend, despite the short timescale of the flaring activities an-
alyzed here, lasting approximately a few kiloseconds (see Sec. 4.6.2). In the case of
H 1743-322, two observations stand out as outliers with higher temperatures compared
to the other six observations exhibiting a similar level of radiation compactness. This
discrepancy may suggest a lower non-thermal fraction, although it is also plausible that
the assumption of a 10R, corona size is too conservative for these particular observa-
tions. However, this seems less likely given that the measurements of R;, for these
two observations are consistent with the assumed corona size. It is noteworthy that
these two outliers correspond to the so-called "failed” outbursts*®’!, during which the
source remains in the low hard state exclusively.

We delve deeper into the outliers observed in H 1743-322 by examining the cor-
relation between X-ray and radio luminosity. This particular source exhibits a known
transition between two distinct radio-X-ray correlations: the “radio loud” and “radio
quiet” branches!”*!. Hence, we investigate whether our inferred high/low non-thermal
fraction aligns with the source being situated on either the radio loud or radio quiet
branch. This alignment might be expected if, for instance, the non-thermal fraction is
linked to the properties of the jet. However, our analysis does not reveal such a cor-
respondence. Only one of our outliers has a simultaneous radio observation, and it
corresponds to the radio quiet branch (with a 1.28 GHz flux density of 0.88 +0.05 mlJy;

Williams et al. *%® ), similar to several of the non-outliers.

4.5 Conclusion

In this work, we analyzed the broadband X-ray spectra of six stellar-mass black
hole XRBs in the hard state with data from NuSTAR and Swift. The purpose is to test
the effect of X-ray reflection by a high-density accretion disk. The main results are as

follow:

e The model with the disk electron density fixed at 1015 cm™3 systematically over-

estimates the ionization degree of the disk atmosphere. The measurement of the
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Figure 4-9 The relation between the coronal temperature and and the dimensionless compactness

parameter from our analysis. The grey dashed lines are theoretical predictions of a hybrid plasma

with £,/¢, = 1, where ¢}, is the total heating parameter and £ is the compactness of the soft photons.

From right to left, the lines represent solutions with a non-thermal fraction (¢, /¢},) of 0, 0.01, 0.05,

0.1, 0.2, 0.3, 0.4 and 0.6 respectively.
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inner disk radius is not affected by the assumption of disk density.

e The X-ray spectra of black hole XRBs require a higher disk density than that
of AGNSs. For the selected observations in this work, the accretion disk should
be dominated by gas pressure. However, the measured densities are lower than
either the prediction of gas or radiation pressure-dominated disk. The discrepancy

might represent the vertical density structure of the disk.

e From our analysis and previous measurements, we find that the inner disk radius

can be close to the ISCO in the hard state.

e We find that the reflection strength is not correlated to the Eddington ratio or pho-
ton index. There is a strong correlation between the Eddington ratio and photon

index which is in good agreement with the statistical relation found in AGNs.

e The coronal temperature is lower than the prediction of a purely thermal plasma

and can be explained by a hybrid plasma with a non-thermal fraction around 30%.

4.6 Appendix

4.6.1 Modeling with relxillcp

Besides the ref1ionx-based models, the relxill 1141 model is also commonly
used to fit relativistic reflection spectra. To compare our results with existed analysis in
the literature, we replace the reflection component with the model re1xil1cp (Model
2), which is a flavor of the package relxill v1.4.3. This model assumes a electron
density of the disk log(ne/cm_3) = 15%. Moreover, relativistic effects are properly

[106,161] and

taken into account by combining the rest-frame reflection code xillver
the relativistic broadening code re11ine!®%!?°l The reflection fraction is set to -1 so
the model returns only the reflection component. The best-fit parameters are shown in

Tab. 4-5.

@ Note that the latest version of relxillcp allows a variable electron density in the range log(ne/cm‘3)= 15-20

(see http://www.sternwarte.uni-erlangen.de/~dauser/research/relxill/)
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4.6 Appendix

4.6.2 Spectral analysis results for individual sources

GRS 1739-278

GRS 1739-278 was initially discovered in 1996 by the Granat satellite!?31. Its es-
timated distance ranges from 6 to 8.5 kpc!>*>!. A NuSTAR observation of this source
was previously analyzed by Miller et al. 2015%°!| albeit without the inclusion of Swift
(Swift) data. In their study, both reflionx and relxill-based reflection models
were tested, revealing a high black hole spin (a, = 0.8 + 0.2), an intermediate inclina-
tion (20°-40°), and an inner disk radius close to the ISCO. Our reflection modeling yields
similar measurements (refer to Tab 4-4 and Tab 4-5). The notably low temperature of
the corona was previously identified by Miller et al. 2015°%1. Another NuSTAR obser-
vation of GRS 1739-278 exists in the archive (obsID: 80101050002) from September

2015, but the reflection features in this observation are too weak 2!

GS 1354-64

GS 1354-64, a Galactic black hole candidate, was first discovered in 1987 [292] De-

spite extensive study, only a lower limit of approximately 8 M, has been determined for

its black hole mass, and its distance remains uncertain, ranging from 25 to 61 kpc!>!.

The first two observations in June and July, as analyzed in our study, were previously

examined by El-Batal et al. 2016/%°*! | albeit without including the Swift data. In their

[293]

analysis, , a substantial truncation of the accretion disk was observed in the June ob-

servation using a low-density relxil1l model, consistent with our findings presented
in Table 4-5. Furthermore, the high disk inclination and small inner disk radius mea-

sured from the July observation align with previous investigations?**~241.

IGR J17091-3624

GRJ17091-3624 is a Galactic black hole candidate located at a distance estimated

[237]

to be between 11 kpc and 17 kpc , although debates persist regarding its precise

distance [2%°]

. The determination of its black hole spin parameter remains uncertain,
with previous studies reporting conflicting results, including measurements indicating
both negative spin'***7! and high spin (a, >0.9) (298]

The three NuSTAR and Swift observations included in our analysis were previously
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examined by Xu et al. 2017’1 using low-density reflection models based on relx-
i11. By assuming a, = 0.998, Xu et al. 2017%°! found evidence of a truncated disk
Ry, ~ ZORg) and an intermediate disk inclination angle (i ~ 30° — 40°), findings that

are consistent with our analysis results (see Table 4-5).

V404 Cyg

V404 Cyg is a dynamically confirmed black hole X-ray binary situated at a distance
of 2.39 + 0.14 kpc!>**!. The estimated mass of the black hole in this system is ap-
proximately 9.0f8:§M o (2401 " The two observations of V404Cyg analyzed in this study
exhibit significant flaring variability, as shown in Figure 2 of Walton et al. 2017731,
with the count rate per focal plane module (FPM) ranging from 100 to more than 10*
ct s71. Refl?’*! demonstrated the presence of strong relativistic reflection features in
the X-ray spectra of V404 Cyg, indicating the possibility of constraining the black hole
spin parameter by dividing the data according to flux levels and excluding data with
deep absorption edges. We adopt a similar data processing approach to Walton et al.
20172731 and extract spectra for five flux levels, as outlined in Table 1 of*731,

To model the spectra of V404 Cyg, additional components need to be incorporated,
including a neutral local absorption layer, an ionized absorption layer, and a distant
reflection component. The ionized absorption is characterized using a grid calculated
with XSTARP-301 " The complete Model 2 for this source is described as follows:
constant * tbabsgal * (tbabslocal * xstar * (cflux * nthcomp
+ cflux * relxillcp) + cflux * xillvercp). Here, the column density
for Galactic absorption is fixed at 10%2 cm™2, while the absorption column locally to
the source is treated as a free parameter. The ionization state of the distant reflection
component (xillvercp) is set to log(¢) = 0, with the other parameters linked to the

relativistic reflection component.

H 1743-322

H 1743-322 was discovered in 1977891 It is located at 8.5 + 0.8 kpc and the jet
inclination is 75° + 3°1°). The continuum fitting method indicates a black hole spin
around a, ~ 0.20°7.13%3] estimated the black hole mass to be 11.213:82 M, using the

two-component advective flow (TCAF) solution and the correlation between photon
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index and frequency of the quasi-periodic oscillation (QPO).
There are eleven NuSTAR observation in the archive, three of which do not show

reflection features. The other eight observations analyzed in this work are all in the

[304]

hard state. The two observations from 2016 have been analyzed by and a truncated

disk was found. However, our analysis with re1xi11cp model requires a disk extends
to the ISCO. This difference is possibly due to the fact that we treat the inclination angle

as a free parameter while in®%*! it is fixed at 75°. The two 2018 observations have also

[287]

been analyzed with reflection models assuming a fixed inclination angle and again

their measurements on R;, are larger than ours.

MAXI J1535-571

MAXI J1535-571 is a black hole candidate discovered in 201731 It is located at

234]

a distance of 4.1:’8:2 kpc!?*#1. Previous reflection analysis indicates a high black hole

[252,306 [306]

spin and high inclination angle 1. Following , we include a disk component
and a distant reflection component to the full model to fit the NuSTAR data. The high

inclination angle is well recovered with our fit (see Tab 4-5).
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Figure 4-10 The best-fit model components (top panels) and the corresponding residual plots (bot-

tom panels) for observations analyzed in this work.
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Chapter 5

The disk wind in GRS 1915+105 as seen
by Insight-HXMT

5.1 Introduction

Ionized absorption winds have been commonly detected in the X-ray spectra of low

[307-311]

mass X-ray binary systems . In many observations, these winds are found to

be outflowing with respect to the central compact objects!’>*!>=17 ' The winds mani-
fest as blueshifted narrow absorption lines, e.g., Fe XXV or Fe XXVI. The features are
preferentially detected in high inclination systems (see Fig. 2 of Ponti et al. 2012'1),
suggesting an equatorial geometry and an origin from the accretion disk.

Over the past two decades, our understanding has grown regarding the significance
of disk winds in the accretion process of black holes. These winds can carry a mass

comparable to or even larger than the accretion rate at the inner disk!"*!*!. The initia-

tion of disk winds may coincide with state transitions in low-mass X-ray binaries!’>7*!,

[75]

Observations indicating an inverse relationship between wind and jet activity sug-

gest that the wind could serve as an alternative mechanism to suppress the jet (although
see Homan et al. 2016!7°1). Furthermore, the detection of disk winds appears to be

correlated with the spectral states of black hole transients. Most disk winds have been

[1,81] [307]

observed in the soft state , with rare detections in the hard state . It remains

unclear whether this scarcity in the hard state is due to non-launching of the wind (or

its non-alignment with the line of sight)??**!®1 "or if the wind is consistently launched

but highly ionized!®*! or thermally unstable %191,

Outflows may originate from various mechanisms such as thermal pressure!’’~"%1,

(3201 or radiation pressure**!=3??] However, distinguishing between

magnetic pressure
these launching mechanisms is challenging due to the complexities involved in deter-

mining the density and radial position of the disk wind. Additionally, multiple mech-
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anisms could simultaneously drive the disk winds, and their relative significance may
vary with the accretion state* %]

Studying the disk wind in low mass X-ray binaries (LMXRBs) could potentially
provide insights into the accretion environment within active galactic nuclei (AGNSs).
Recent research suggests a plausible link between the broad line region (BLR) observed
in AGNs and the disk winds originating from stellar-mass black holes®%*?3! " If the
wind carries substantial momentum, it may also play a role in providing feedback to the
surrounding environment!*?4!

GRS 19154105 has been pivotal in advancing our understanding of disk winds. It
stands out as one of the rare sources exhibiting evidence of magnetically driven disk
winds 7?31 Furthermore, this source demonstrates a distinct separation between jets
and disk winds!”>!. Additionally, the light curve of GRS 19154105 often showcases
significant amplitude variations on timescales ranging from tens of seconds to kilosec-
onds, providing an excellent opportunity to explore the correlation between the inner
disk, outer disk, and jet [72,315]

In this chapter, we analyze three observations (Fig. 5-1) of GRS 1915+105 by In-
sight-HXMT!'#®] that show disk wind absorption signatures. The three observations
show different variability patterns (see Fig. 5-2) but similar signatures of ionized ab-
sorption (see Fig. 5-3). With these data, we have the opportunity to study the disk

wind, its variability on short (hundreds seconds) and long (months) timescales and its

connection to different variability classes in GRS 1915+105.

5.2 Observations and data reduction
Insight—HXMT observed GRS 1915+105 three times during periods when the

source exhibited a “soft state” in 2017 (as depicted in Fig. 5-1). The source main-
tained its spectral soft state for nearly a year, during which a persistent disk wind was
observed®''!. Further information regarding the three Insight—HXMT observations is
provided in Tab. 5-1.

Insight-HXMT is the first Chinese X-ray telescope, which consists of low-energy
(LE), medium-energy (ME) and high-energy (HE) detectors that cover the energy range
of 1-250 keV!'*7=1591 The lightcurves and spectra are extracted following the official

user guide® and using the software HXMTDAS ver 2.04. We estimate the background

® http://www.hxmt.cn/SoftDoc/67.jhtml
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Figure 5-1 Light curves of GRS 19154105 in Crab units by MAXI/GSC (2-20 keV) and
Swift/BAT (15-50 keV). The hardness in the lower panel is defined as the ratio between the Swift
and MAXI count rate in Crab units (Swift/MAXI). The vertical lines mark the three Insight—HXMT

observations analyzed in this work.

using standalone scripts hebkgmap, mebkgmap and lebkgmap!!=1331 We screen
good time intervals with the recommended criteria, i.e., the elevation angle > 10 degree
the geomagnetic cutoff rigidity > 8 GeV, the pointing offset angle < 0.1 and at least 300
s away from the South Atlantic Anomaly (SAA).

We fit data from Insight-HXMT Low Energy X-ray Telescope (LE) in the energy
range 2-9 keV and Medium Energy X-ray Telescope (ME) in 10-20 keV. Data from the
High Energy X-ray Telescope (HE) are not included because of the low source count

rate and high background.
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Table 5-1 Insight-HXMT observations of GRS 1915+105 analyzed in this paper

Reference name Date! obsID Exposure (ks) Flux? EW3 (eV)
H1 20170717(18) P0101330001 26.6 1.192+£0.01  20.8*17
H2 20170727 P0101310001 10.4 1.513+0.03  16.6"30
H3 20171029(30) P0101310002 23.3 2583 +0.01 27.77}3

Note. (1) The observation date is presented in the form of yyyymmdd. (2) The
observed flux (in units of 1078 erg cm™2 s~! in 2-10 keV) is calculated from the
best-fit model in XSPEC. (3) The equivalent width of the Fe XX VI Lya absorption

line.

5.3 Data analysis

The Insight-HXMT spectra of GRS 19154105 are analyzed with XSPEC
v12.10.1f15% The cross section is set to be Verner et al. 1996!'°°! and the element
abundances to be Wilm et al. 2000!'>%). In this manuscript, the uncertainties are quoted

at 90% confidence level.

5.3.1 The light curve

GRS 19154105 is an exceptional source since it does not go into outbursts or trace
certain patterns on the hardness intensity diagram (HID) compared to other canoni-
cal LMXRBSs, such as GX 339-4. Since its discovery in 1992 by WATCH[**°! | GRS
19154105 has remained consistently bright. Its light curve can be categorized into 14
distinct classes based on variability patterns and color-color diagrams (CCDs) 2?7321
In Fig. 5-2, we present typical light curves from three observations. During epochs 1
and 2, the LE count rate exhibits significant oscillations with an amplitude exceeding a
factor of 3 over a timescale of 200 seconds. In contrast, epoch 3 does not display such
pronounced variability. Comparing the light curves and CCD (not shown here) to the

[327]

work of , we determine that epochs 1 and 2 correspond to class k', while epoch 3

corresponds to class 6.

5.3.2 The continuum and absorption lines

Model 1. As an initial step, we employ a broadband spectral fitting approach using
a multicolor disk component (diskbb,">") plus a Comptonized component (nth-
comp 7%, Additionally, we incorporate the t babs model to account for absorption

by the interstellar medium (ISM), with its column density linked across all observations.
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Figure 5-2 The LE (1-10 keV) light curve and the hardness ratio of GRS 1915+105 for the three
epochs. For every epoch, only 1000 s (bin size 1 s) data are shown. The hardness ratio is defined
as ratio between the count rates in the range of 4-10 keV and 1-4 keV. The red dashed line in the
panel for Epoch 1 denotes the threshold used to divide this observation to low and high flux states

(see Sec. 5.4.2).

The residuals from the best-fit are illustrated in the top panel of Fig. 5-3, revealing po-
tential missing components in the current model. Notably, an excess below 3 keV and a
hump in the iron band are evident. A deep trough at 7 keV indicates the presence of ab-
sorption by highly ionized iron species (e.g., Fe XXVI Lya). Additionally, absorption
attributed to Fe XX VI Lyp (at 8.25 keV) 1s detected with a significance of 4o for epochs
1 and 3. Furthermore, the absorption line corresponding to Fe XXVI 1s—4p transition
(at 8.7keV) is notably significant only in epoch 3 (30).

Model 2. The prominent hump centered around 6.4 keV in Fig. 5-3 signifies the
presence of a reflection component originating from the optically thick accretion disk
surrounding the black hole, a characteristic feature commonly observed in the X-ray

16,9,122,158,2191 "1 account for this, we introduce a

spectra of black hole X-ray binaries
relativistic reflection component (re1xil1,!!*) into the model, along with two nar-
row negative Gaussian lines (6=10 eV) to model the absorption by highly ionized iron.
Although this model provides an acceptable fit ( 221v=3564/2906), residual curvature
1s still noticeable in the 5-6 keV range (refer to the middle panel of Fig. 5-3).

Model 3. Lastly, we note that partially covered absorbers have previously been ap-
plied to fit the X-ray spectra of GRS 19154105 during its flaring events>>*311 We

also incorporate a partial covering absorption component (pcfabs) into the fitting of

the three spectra. In this fit, we find that the diskbb component is not statistically
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Figure 5-3 (Left 1): Residuals to an absorbed continuum model tbabs* (diskbb + nth-
comp) for the three epochs. The two vertical grey lines mark the positions of absorption by Fe XX VI
Lya and Fe XXVI Lyp. (Left 2): Residuals to the model tbabs* (diskbb + nthcomp +
relxill) with absorption lines fitted with two extra negative gaussian. (Left 3): Residuals to
the model tbabs*pcfabs* (nthcomp + gaussian) with two additional absorption gaus-
sian lines. (Right): A zoomed in version of panel 1 on the left with the three observations plotted

separately. Data are rebinned for visual clarity.

required to fit the continuum since its inclusion only marginally improves the fit by
Ay? ~ 3 compared to the model without it. Additionally, we discover that a gaus-
sian line centered at 6.4 keV, rather than a relxill component, is sufficient to fit
the reflection features present in the spectra. In XSPEC notation, the model used here
is tbabs*pcfabs* (nthcomp+gauss+gauss2+gauss3), where gauss2 and
gauss 3 are two negative gaussians to account for the iron absorption lines. This model
yields improved fit statistics ( 72/v=3138/2911) compared to the relativistic reflection
model and exhibits fewer features in the residuals within the 5-6 keV range (refer to
Fig. 5-3). The equivalent width (EW) of the Fe XX VI Lya absorption line, as deter-
mined by this model, is presented in Tab. 5-1, indicating that the strongest absorption

is observed during epoch 3.

Note that the broadband X-ray spectra of the three observations exhibit complexity,
and the objective of this paper does not involve an in-depth exploration of their na-
ture. Our focus lies in fitting the broadband X-ray spectra to unveil absorption features

attributable to the disk wind and ascertain the most suitable model for describing the
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continuum. Consequently, the best-fit parameters of the continuum model should be

regarded as phenomenological outcomes.

5.3.3 The absorption wind

Time-averaged analysis

To derive the physical properties such as ionization state and column density of
the disk wind based on the absorption signatures, we employ XSTAR (version 2.2)
codeP00 to calculate a grid model. This grid model is constructed assuming
the absorption-corrected best-fit continuum model obtained from Model 1 (refer to
Sec. 5.3.2). We set the turbulent velocity to 1000 km s~! and the density (n) to 10'2
cm ™. Applying the grid model to the three observations, we model the continuum with
partially absorbed corona emission. The final model in XSPEC notation is: tbabsxs—
tarpcfabs* (nthcomp+gauss) (Model 4). We simultaneously fit the three obser-
vations with the column density (Ny) of tbabs and the cross normalization constant
between LE and ME tied across observations. Note that this single-zone absorption
model already yields an acceptable fit (y2/d.0.f=3201/2914).

We further investigate whether a second layer of absorption is necessary to ade-
quately fit the spectra. Including a second XSTAR layer improves the y? by 70 with
nine additional degrees of freedom. However, we observe that for epochs 1 and 2, the
column density of the second layer is constrained to the lower limit and has negligi-
ble impact on the continuum. Additionally, the outflowing velocity and ionization state
remain unconstrained. The improvement in 7’ primarily arises from the spectrum of
epoch 3. Therefore, we introduce this second layer only for epoch 3 while keeping a sin-
gle layer of absorption for epochs 1 and 2. We present the best-fit parameters for both
the single-zone and two-zone models in Tab. 5-2, facilitating a straightforward compari-
son of parameter changes resulting from the inclusion of a second absorption zone. The
parameters in Tab. 5-2 reveal that the second absorber of epoch 3 has a notably high out-
flow velocity (approximately 0.05 c). However, a detailed examination of the absorption
lines generated by the second layer indicates that it still accounts for the absorption line
at 7 keV. The high outflow velocity simply shifts the energy of the Fe XXV line (6.70
keV) to 7 keV. Multiple absorption zones have been observed in other LMXRBs [*"%],

Typically, the higher velocity components are associated with higher ionization states,
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Figure 5-4 Spectra and residuals for the best-fit model tbabs*xstar*pcfabs (nthcomp +
gauss) for the three epochs. The spectra are corrected for the effective area of the instruments but

not unfolded from the response. Data are rebinned for visual clarity.
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contrary to our fit. Therefore, the findings of the two-zone model should be interpreted
with caution, and we only present the unfolded spectra and residuals for the single-zone
model in Fig. 5-4. Our discussion will also concentrate on the single-zone model.
From the best-fit parameters of the single-zone model, it is evident that the wind is
outflowing from the X-ray source with a velocity of approximately 1000 km s~'. More-
over, notable variations in the column density of the disk wind are observed. Specifi-
cally, epoch 3 exhibits the highest column density, consistent with the analysis of the
equivalent width of the absorption line. Additionally, the absorption-corrected ionizing
flux increases by a factor of 2 from epoch 1 to epoch 3. Assuming a constant density
and location of the disk wind, the ionization parameter (& = L/nrz) should increase
by Alog(&) = 0.3. The measured variation of the ionization parameter aligns with this
value, albeit the relatively large upper error bar for epoch 1 (refer to Tab. 5-2). This
trend is also observed in the two-zone model, although the substantial uncertainty in

the ionization parameter for epoch 3 precludes definitive conclusions.

Flux-resolved analysis

The light curve in Fig. 5-2 illustrates that the count rate of GRS 19154105 undergoes
fluctuations by a factor of 3 over a timescale of approximately 200 s for epoch 1 and 2.
It is crucial to test whether the physical properties, such as the ionization parameter, of
the disk wind respond to these rapid variations in the ionizing continuum. Considering
that epoch 1 has the longest exposure, we segment this observation into low flux and
high flux states, employing a threshold of 200 counts/s for LE (indicated by the red line
in Fig. 5-2).

Initially, we employ Model 2 to fit the flux-resolved spectra, aiming to determine the
equivalent width of the Fe XX VI Lya absorption line in the low and high flux intervals.

The analysis reveals that the equivalent width evolves from 21 .43'0

6 eV for the low flux

state to 15.93:8 eV for the high flux state. This suggests a lower ionic column density
of Fe XXVI Lya in the high flux state, which could be attributed to a change in the
line-of-sight column density of the wind or to the increased stripping of iron ions due
to the stronger ionizing flux in the high state. It’s important to note that the degeneracy

between these two scenarios may result in parameter degeneracy when fitting with a

photoionization model.
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5.4 Discussion and conclusions

Subsequently, we conduct simultaneous fitting of both spectra with Model 4 using
new XSTAR grids calculated with the low and high flux spectral continuum. It’s im-
portant to note that, despite significant variation in the ionizing flux, it is reasonable
to assume that the absorption gas is in ionization equilibrium, as the recombination

[332]

timescale can be well below 1 s for typical wind densities . In this scenario, when

allowing the column density and outflowing velocity of XSTAR to vary freely between
the two spectra, consistent results are obtained (N 1s 8.4'_%‘5l % 102 cm™ in the low
flux state and 6.4’_%; x 10?2 cm™? in the high flux state). However, the ionization pa-
rameter (log(&)) is only loosely constrained (low: 4.18f8:(1)2, high: 4.05f8:ig), possibly
due to the degeneracy discussed earlier. Additionally, we consider the possibility that
the same wind is observed in both low and high flux states by linking the column den-
sity and velocity of the XSTAR model. This assumption is reasonable given that the
traveling timescale of the wind is much longer than the 200 s timescale we are consider-
ing!*®. The change in fit statistics is minor (4 7’=1 compared to the previous case

where Ny and v are not linked between the two spectra. The results of this model are

presented in Tab. 5-3 and Fig. 5-5.

5.4 Discussion and conclusions

5.4.1 Long timescale variability of the disk wind

In the three soft spectra of GRS 19154105, we detect the presence of a highly ion-
ized (log(é) >4.2) and high column (Nyg ~ 102 cm™2) absorption wind along the
line of sight. Over a period of three months, we find that the ionization state of the
disk wind correlates with changes in the ionizing flux, indicating a photoionization
origin. Notably, Neilsen et al. 2018!!] identified a persistent accretion disk wind
in GRS 19154105 using NICER observations spanning from June to November 2017,
which overlaps well with the time frame of the three observations under study. Neilsen
et al. 2018 found that the Fe XXV absorption line is less common than Fe XXVI,
with the ionization parameter & expected to exceed 10* based on simple line ratio anal-
ysis. Our analysis of Insight-HXMT data confirms these findings. Another intriguing

observation by !l

is that the column density of Fe XXVI remains relatively stable
across the five-month period, suggesting either a consistent total column density or a

balance between variations in total column density and ionization state. However, our
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5.4 Discussion and conclusions

Table 5-3 Best-fit values.

Component Parameter Low Flux  High Flux
TBABS Ny (1072 cm™) 5-6J_r8:g
XSTAR Ny (102 cm™) 7-63:8
log() 415500 4127015
v (kms™h 1000328
PCFABS Ny (102 cm™2) 9-73:2 7-93:?
fe 0397008 045005
NTHCOMP r 276401 2355013
kT, (keV) 3761035 3.3310%
KT, (keV) 1.08%0  1.357033
Norm 2387020 323107
GAUSS Eje (keV) 6.4" 6.4
EW (keV)  0.0467002  0.08+00
Norm O.SOJ_rg:%g 1.81%;
(1072 Phs/cm?/s)
y*dof 2024/1904

Note. Best-fit parameters for the low and high flux state spectra with Model 4.

Parameters with * are fixed during the fit.

analysis reveals a clear change in both the total column density and ionization state (in
the single zone model) of the absorber from epoch 1 to epoch 3, supporting the latter
scenario. The tentative evidence of over-ionization observed in the analysis of short
timescale variability of the wind (see Sec. 5.4.2) further reinforces this interpretation.
It is conceivable that as the X-ray irradiation on the outer disk intensifies, more material
is lifted from the disk into the line of sight. However, the increased ionizing flux also
leads to greater ionization of the wind, ultimately maintaining a relatively steady ionic

column of Fe XXVI.

Epoch 3 exhibits a distinct variability pattern compared to epochs 1 and 2. How-
ever, we do not observe any discernible impact of this difference on the behavior of the
disk wind. The higher column density and ionization parameter observed in epoch 3 ap-
pear to be primarily a consequence of more intense X-ray illumination. In our analysis
employing a two-zone model, we identify a rapid absorber in epoch 3 with an outflow
velocity of approximately 0.05¢. Nevertheless, it’s worth noting that the detection of

this fast absorber lacks strong conviction, as it predominantly fits the same absorption
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line (at 7 keV) as the slower component, with no other detectable signatures.

5.4.2 Short timescale variability of the disk wind

The flux-resolved spectra offer insights into the variability of the disk wind on
timescales of hundreds of seconds. As shown in Fig. 5-5, the spectra illustrate that the
source exhibits a harder spectral state during periods of higher flux. Moreover, spectral
analysis indicates a harder power-law emission during these high-flux states (refer to
Tab. 5-3).

A preliminary analysis of line widths suggests a marginal significance in the change
of equivalent width of the Fe XX VI line at a 90% confidence level (refer to Sec. 5.3.3).
The reduction in equivalent width observed during high-flux intervals implies an in-
crease in ionization of the wind as X-ray luminosity rises. As previously mentioned,
the source spectrum becomes harder during higher flux states, resulting in a greater
abundance of high-energy photons capable of fully stripping the Fe XX VI ions.

The variability of the disk wind in GRS 19154105 on short timescales, ranging
from seconds to kiloseconds, has been investigated using a flux-resolved approach in p,

[72.308,3151 ' To the best of our knowledge, this study represents the first

p, v, and 0 states
examination of disk wind variability in the x state. Our findings align with those of Ueda
et al. 20100°%8! where a weaker absorption line is observed when the hard X-ray flux is
stronger, strongly suggesting photoionization of the disk wind. In Lee et al. 20022971,
it was reported that the variation amplitude of the ionization parameter of the disk wind
was much higher than that of the ionizing flux, indicating changes in the density of
the disk wind on kilosecond timescales. Similarly, Neilsen et al. 2011!7%) identified
density variations on timescales as short as 5 seconds in the p state. However, our flux-
resolved analysis did not reveal any evidence of variation in the ionization parameter

with changes in the source flux (refer to Tab. 5-3). This suggests that we are seeing

changes in the density of the disk wind on a timescale of 200 seconds.

5.4.3 Driving mechanism and mass outflow

The accretion disk wind can be launched by various mechanisms, including radi-
ation, thermal, or magnetic pressure. However, the high ionization state we have ob-
served effectively rules out radiation pressure as the dominant driving mechanism. This

is because radiation pressure primarily operates through UV absorption lines and is
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typically effective only when the ionization parameter (log(€)) is less than 33213331
Thermally driven winds, on the other hand, can only be launched from relatively large
distances, typically on the order of 10* gravitational radii (ry) [77.3341 " Therefore, accu-
rately locating the wind’s origin is essential for determining its driving mechanism.

The upper limit of the wind location can be estimated by simple geometric consid-
eration. Since the wind thickness AR can not exceed its distance to the central black r,
we would have:

Lion (5 1)
Ny¢ .

if assuming Ny = nAR and including the definition of ionization parameter. In this

r<

way, the maximum of the radial location will be 8 X 104Rg, 11x 104Rg and 5 X 104Rg
for absorbers of epoch 1, 2 and 3, respectively. A lower limit can be placed if we assume

that the outflow velocity of the wind is larger than the local escape velocity:

Fanin = 2GMpyvo2 (5.2)

out

This gives a lower boundary of 11 X 104Rg, SX 104Rg and 8 X 104Rg for epoch 1, 2 and
3 for a black hole mass of 12.4 M (3351 "'We note that this is only a loose constraint.
The wind can be much closer than this lower boundary if a substantial amount of its
velocity is perpendicular to the line of sight. Therefore, the lower limit can be further
relaxed to be reconciled with the upper limit. These estimates indicate a launching
radius about 10* ~ 10 R, for the disk wind. This range aligns well with the predictions
of a thermally driven wind, suggesting that magnetic pressure is not necessary to explain
the wind’s behavior.

We can also estimate the mass outflow rate of the disk wind via:

. L,
Mg = fudnrinm vg = fum v(—=) (5.3)
P ar p é

where /47 is the covering factor, f is volume filling factor, my, is the proton mass and p
is the mean atomic weight (¢ = 1.23 with solar abundances). Assuming the parameters
of epoch 3, this gives

M =3.1% 10%(%) gs! (5.4)

The mass accretion rate is estimated as M,.,. = Linc* = 5.6 x 10'® g 57!, where
the efficiency is set to # = 0.1. This comparison shows that, as the covering factor

and volume filling factor approach unity, the mass outflow carried by the wind can be

113



Chapter 5 The disk wind in GRS 1915+105 as seen by Insight—-HXMT

comparable or even larger than the mass accretion rate in the inner disk. The importance

of disk wind in the understanding of accretion process is obvious.
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Chapter 6
Summary and future work

6.1 Summary of previous research

In this thesis, I have studied the X-ray spectra of several black hole X-ray binaries
with the purpose to understand the following aspects: (1) the accretion geometry (or
disk-corona geometry) at different accretion states; (2) the microphysics of the accretion
disk such as the electron density; (3) the disk wind outflow in X-ray binaries. The first
two aspects are studied making use of the relativistic reflection component in the X-ray
spectrum. The analysis takes the advantage of recent X-ray missions (e.g., NuSTAR and
Insight—HXMT) that can provide a broadband coverage to capture the full features of the
coronal emission (e.g., the photon index and the high-energy cutoff) and the reflection

component (e.g., the broad iron line profile and the Compton hump).

Using a sample of black hole X-ray binaries, including MAXI J1535-571,
GRS 1739-278, GS 1354-64, IGR J17091-3624, H 1743-322, and V404 Cyg, ob-
served by NuSTAR and Swift in the hard state, the reflection analysis suggests that the
inner edge of the optically thick accretion disk can already be at the ISCO if the accre-
tion rate is high enough (Chapter 4). This conclusion is strengthened by high-cadence
observations for the hard-to-soft state transition of GX 339-4 by Insight-HXMT. The
observation strategy of Insight—HXMT makes it possible to provide daily monitoring
of the week-long state transition. In addition, the three instruments onboard Insight—
HXMT cover a wide energy band (1-250 keV) and provide good energy resolution
around the iron line (150 eV at 6 keV). These properties make this dataset perfect for
applying the reflection analysis to understand the evolution of the disk-corona system
during the state transition. The fact that we find the disk to be stable during state tran-
sition has important physical implications. It raises questions about the commonly ac-

[133]

cepted disk truncation scenario to explain the state transition and also requires a
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new explanation of what is happening during the transition. Our spectral analysis is
only sensitive to the location of the optically thick accretion disk, but it is difficult to
reveal the structure of the corona. The very steep emissivity profile suggests the corona
to be compact and close to the black hole, so the strong light bending can concentrate
the photons in the inner part of the disk. The steepening of the photon index and the
decreasing scattering fraction possibly indicate that the coronal optical depth to the disk
photons is decreasing along with the state transition. It should be noted that recent in-
vestigations of timing properties (e.g., rms spectra or lag spectra) of BH XRBs provide
tentative evidence that the coronal geometry indeed changes during the state transi-
tion. Phenomenologically, Wang et al. (2022)!?! found that the time lag between the
direct coronal photons and reflected photons increases along with the state transition,
indicating a corona expanding in the vertical direction. Fitting the rms and lag spectra
with more physical models has also shown that the corona changes configuration and
size (e.g., Zhang et al., 2022!'7!1). These analyses, combined with ours, suggest that
changes in coronal properties are responsible for the state transition. However, current
spectral and timing models are subject to a number of uncertainties. More work in the
future is required to validate (or disprove) this idea. Moreover, at the end of the state
transition of GX 339—4, we find that the source alternating rapidly between a high and
a low flux states, which is a result of changing of the coronal power by a factor of 3 on

a timescale of a few minutes.

The hard state sample also allows us to measure the density of the accretion disk.
We find that the disk density of XRBs is higher than the previously assumed value in
reflection models. High-density reflection models are required to correctly model their
X-ray spectra. More importantly, we find that the vertical density structure is important
for XRBs in the hard state. This is revealed by the fact that the density on the disk surface
measured with our reflection model is systematically lower than that of the theoretical
value at the disk mid plane. Physically we also expect a density gradient since the disk
is mainly supported by gas pressure (P = nkT', n is the density) in the vertical direction
in the hard state. This lead to a new concern of current reflection models in the sense
that they all assumed a constant density in the vertical direction, possibly to simplify the
calculation. This might be appropriate for high accretion rate AGNs (e.g., narrow line

Seyfert 1s) because radiation pressure is more important in these sources. A gradient of
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the density will significantly changes the ionization structure in the vertical direction,
therefore altering the line emission and Comptonization within the disk. Moreover,
1onizing instability will cause two distinctive layers on the disk surface: an upper layer
with low density, high temperature and high ionization and a low layer with high density,
low temperature and low ionization!**®!. The transition between the two layers will be
sharp (see Figure 1.23 of Done et al. 2010°71). In this sense, the density structure
is important for both XRBs and AGNs. Implementation of the density structure in
reflection models is required in the future.

The Insight-HXMT observations of GRS 19154105 during its spectrally soft state
enable us to study the evolution of the disk wind on a timescale of months. Moreover,

[327] , which makes it

the source was captured during one of its exotic variability states
possible to also study the response of the disk wind on a short timescale of 200 s. The
wind responds to the ionizing continuum on both long and short timescales. With geo-
metric considerations, we can only roughly estimate the launching radius of the wind,

making it difficult to understand the launching mechanism.

6.2 Future work
6.2.1 Spectral-timing study of the state transition

As mentioned above, the energy spectrum is only sensitive to the geometry of the
cold accretion disk, but the timing properties hold the potential to reveal the coronal
structure. Therefore, a natural extension of our work in the future is to combine the con-
straining power of both spectral and timing analysis. The dataset presented in Chapter
2 would be a good candidate for this, given that Insight~-HXMT has good time reso-
lution. It has to be noted although there is little debate about the spectral components
for XRBs, a few distinctive models exist to explain their X-ray timing products such

reltrans!' and vkompt hdk P,

6.2.2 Disk density at soft state

As of now, the density of the accretion disk has been studied in AGNs [7.111 and hard
state of XRBs!®!. The soft state remains largely unexplored, mainly because the lack of
appropriate reflection models. In the soft state of BH XRBs, the disk thermal emission is
strong, with a peak temperature around 1 keV. This strong thermal emission will for sure

contribute to ionize the disk atmosphere. Therefore, the ionizing continuum should be
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a combination of the coronal emission from above the disk and thermal emission within

the disk. Such models are still in lack (see more discussions in Sec 6.2.3 below).

6.2.3 Improving reflection models

There are four vital ingredients for calculating the full relativistic reflection spec-
trum: (1) the local spectrum (2) the corona geometry, (3) the disk structure and (4) the
relativistic effects. The commonly used models today implement a optically thick geo-
metrically thin accretion disk (e.g., the Novikov-Thorne disk***!). This assumption can
be met if the mass accretion rate is at a moderate value (e.g., 5% < Aggq < 30%)>4).
At higher accretion rates, the disk might be puffed up to form a thick disk which may
bias our measurements if a thin disk model is used to fit the data®**!!. As for the rel-
ativistic effects, standard reflection models usually employ the Kerr metric to describe
the spacetime near the black hole. Metrics beyond Kerr have also been implemented,
with the purpose to test the prediction of general relativity 351361

Significant uncertainties still exist for the calculation of the local reflection spec-
trum. The first one is the vertical density structure as mentioned in Sec. 6.1. For future

work, I will improve current reflection codes by incorporating a density profile along

the vertical direction. The density profile will be derived from predictions of accre-

[115] [342]

tion theories or calculations of hydrostatic equilibrium . The second source of
uncertainty comes from the “hot disk” effect as discussed in Sec. 6.2.2. Current re-
flection models typically incorporate the “cold disk™ assumption, assuming an effective
temperature of approximately 10 eV for the disk. This assumption is in agreement with
observations of AGNs but the disk temperatures of XRBs can often be considerably hot-
ter (~1 keV,!*). The hot disk could provide additional and sometimes stronger thermal
emission than the coronal emission to ionize the disk surface and impacts the reflection
spectrum. Stronger Compton process is also expected in this case. Such effects are par-
ticularly important for XRBs in the intermediate state and the thermally dominant soft
state. The impact has been partly included in the re f1ionx model!'®®! and studied

in some sources !

. The major caveat of the previous reflionx model and related
studies in this context is that the disk was assumed to emit a single-temperature black-
body emission. In reality, the accretion disk exhibits a multi-temperature blackbody
spectrum, with higher temperatures closer to the central black hole. This will lead to a

radius-dependent ionization state of the disk. I plan to develop a relativistic reflection
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model based on the previous re f11ionx model, taking into account multi-temperature
nature of the disk. In this way, the thermal emission from the disk is self-consistently
considered, without the need to include an additional thermal component in data analy-
sis. The model will be the first self-consistent reflection model specifically designed for
XRBs. I will apply the model to NuSTAR/Insight—-HXMT observations of XRBs to: (1)
study the long-debating disk-corona geometry during the state transition (2) measure
more properly the black hole spins in XRBs and compare to gravitational wave sources
in order to understand the interplay between different evolutionary channels (3) measure
the disk density in the soft state.

The geometry of the corona in accreting systems remains poorly understood. How-
ever, it is important for modeling the reflection component as it determines how the
disk is illuminated (see Figure 1-11). Previous reflection analyses have addressed this
by adopting simple geometrical assumptions, such as a lamppost positioned above the
black hole!®" or by fitting the illumination pattern with a phenomenological profile,
often a simple power-law. These simplified assumptions generally yield good fits to
the datal*!. Nevertheless, this unknown geometry also involves significant uncertain-
ties in interpreting the data, which can exceed the statistical uncertainties derived from

[136] , it is shown that the measurements of

data fitting. For example, in Liu et al. 2019
spacetime metric of Cygnus X-1 strongly depends on the assumption of the illumination
pattern. In some cases, the measurements of the disk inclination angle can vary by up

to 30° when different coronal geometry assumptions are employed>>°!.

6.2.4 Spectra-polarimetric study of accreting systems

The Imaging X-ray Polarimetry Explorer (IXPE) mission, launched in 2021, offers
additional insights into the coronal geometry. The two quantities measured by IXPE,
the polarization degree (PD) and polarization angle (PA), reveal the level of asymmetry
and the main orientation of the emitting region. The first IXPE visit of Cygnus X-1
in the hard state already found that the corona should have a slab geometry (extended
in the radial direction!®¥, but see Dexter & Begelman 202413%1), although the exact
configuration has not been figured out. This geometric information can be incorporated
into the reflection analysis to mitigate systematic uncertainties. Furthermore, the reflec-
tion component itself exhibits unique polarization characteristics, such as depolarized

[344]

fluorescent lines . However, the reflection component has been largely ignored in
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polarimetry studies because the lack of proper models. Moreover, in Cygnus X-2, it is
already found that including the polarization of the reflection component can impact the
interpretation of the measurements (Liu et al. in prep).

Therefore, combining the constraining power of spectroscopic and polarimetric
measurements based on X-ray reflection spectroscopy has the potential to unveil the
coronal geometry. Such reflection models should incorporate specific coronal geome-
tries, such as a wedge-shaped corona around the disk or a cone-shaped corona aligned

[345]

with the spin axis with sizes or opening angles as free parameters . The calculation

of how the corona illuminates the accretion disk and produce the reflection spectrum can

be performed using ray-tracing code such as blacklamp>*°!

and the improved local
reflection models mentioned in above sections. Additionally, the polarization proper-
ties of the coronal emission and reflection component with the chosen geometries can
be computed using codes like MONK **"l and STOKES?*®]. There are other codes that

can do similar tasks, such as the Kerrc**! code and the KYN package!!?*!.
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