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Abstract

There had been long-standing fundamental problems in the spectral studies of accreting
neutron stars (NSs) in low-mass X-ray binaries involving the X-ray spectral decomposition,
the relations between subtypes (mainly atoll and Z sources), and the origins of different X-
ray states. Atoll sources are less luminous and have both hard and soft spectral states, while
Z sources have three distinct branches (horizontal(HB)/normal(NB)/flaring(FB)) whose
spectra are mostly soft.

I analyzed more than twelve-year RXTE observations (~ 2500 in total) of four atoll
sources Aql X—1, 4U 1608-522, 4U 1705-44, and 4U 1636-536. I developed a hybrid spec-
tral model for accreting NSs. In this model, atoll hard-state spectra are described by a
single-temperature blackbody (BB), presumed to model emission from the boundary layer
where the accreted material impacts the NS surface, and a strong Comptonized compo-
nent, modeled by a cutoffpl power law (CPL). Atoll soft-state spectra are described by two
thermal components, i.e., a multicolor disk (MCD) and a BB, with additional weak Comp-
tonized component, modeled by a single power law. I found that the accretion disk in most
of the soft state is truncated at a constant value, most probably at the innermost stable
circular orbit (ISCO), predicted by general relativity. This allows us to derive upper limits
of magnetic fields on the NS surface of the above four atoll sources. The apparent emission
area of the boundary layer is small, ~1/16 of the whole NS surface, but is fairly constant,
spanning the hard and soft states. All this was not seen if the classical models for thermal
emission plus high Comptonization were used instead. By tracking the accretion rate onto
the NS surface, I inferred a strong mass jet in the hard state. My study of 4U 170544
using broadband spectra from Suzaku and BeppoSAX supported the above results.

From my spectral study of the above four atoll sources, I also found that in a part of
the soft state with frequent occurrences of kilohertz quasi-periodic oscillations (kHz QPOs),
the accretion disk appears to be truncated at larger radii than in other parts of the soft
state where the disk is presumably truncated at the ISCO. Thus the production of kHz
QPOs in accreting NSs should be closely related to the behavior of the accretion disk. It
is well known that the kHz QPO amplitude spectrum tracks the BB, even though we see
no changes in the BB spectral evolution track when kHz QPOs are present. The simplest
interpretation is that accretion oscillations are imparted in the inner disk and then seen as
the waves impact the NS surface in the boundary layer.

The transient XTE J1701-462 (2006-2007) is the only source known to exhibit properties
of both the Z and atoll types. I carried out the state/branch classifications of all the ~900
RXTE observations. The Z-source branches evolved substantially in the X-ray color-color
diagram during this outburst. In the decay, the HB, NB and FB disappeared successively,
with the NB/FB transition evolving to the atoll-source soft state. Spectral analyses using
my new spectral model show that the inner disk radius maintains at a nearly constant



value, presumably at ISCO, when the source behaves as an atoll source in the soft state, but
increases with accretion rates when the source behaves as a Z source at high luminosity. We
interpreted this as local Eddington limit effects and advection domination in the accretion
disk. The disks in the two Z vertices probably represent two stable accretion configurations,
and we speculate that the lower (NB/FB) vertex represents a standard thin disk and the
upper (HB/NB) vertex a slim disk. The changes in the accretion rate are responsible
for movement of Z-source branches and the evolution from one source type to another.
However, the three Z-source branches are caused by three mechanisms that operate at a
roughly constant accretion rate. The FB is an instability tied to the Eddington limit. It is
formed as the inner disk radius temporarily decreases toward the ISCO. The NB is traced
out mostly due to changes in the boundary layer emission area, as a result of the system
transiting from a standard thin disk to a slim disk. The HB is formed with the increase in
Comptonization, consistent with strong radio emission detected from this branch.

Thesis Supervisor: Ronald A. Remillard
Title: Principal Research Scientist

Thesis Co-supervisor: Deepto Chakrabarty
Title: Professor of Physics
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Chapter 1

Introduction

This thesis is dedicated to the study of accretion physics in low-mass X-ray binaries (LMXBs),
in which a neutron star (NS) or a stellar-mass black hole (BH) accretes matter from a low-
mass companion star through an accretion disk. Intense X-ray emission is released from the
inner accretion disk and/or the boundary layer produced by impact of the accretion flow
on the NS surface. LMXBs are important cosmic laboratories for studying the properties
of strong gravitational fields and dense matter. X-ray spectral studies of the BHs are in
an advanced stage, e.g., spin parameters have been derived from relativistic accretion disk
models for several BHs [e.g., Shafee et al., 2006]. NS binaries show many spectral differ-
ences from the BHs, and their spectral studies can provide additional valuable information
on accretion processes and the nature of the NSs. However, progress had been impeded by
the long-standing ambiguity about the spectral decomposition for the NSs. The work of
this thesis devises a new way to model the spectra of weakly magnetized bright NS LMXBs,
and offers new physical interpretations of spectral evolution of different subclasses.
In this introduction, I will first describe the general properties of X-ray binaries in §1.1.

I then describe different classes of LMXBs.

1.1 X-ray binary systems

A normal star is supported against its strong gravity by pressure of interior hot gas heated
by nuclear burning. As all the nuclear energy is exhausted, it has to collapse to a much
denser state. The end product is a compact object, which can be a white dwarf (WD), a NS
or a BH, depending on the mass (M ). A WD is supported by electron degeneracy pressure,
and has mass believed to be below the Chandrasekhar limit, about 1.4 Mg (Mg is the
mass of the sun hereafter), and radius about a few thousand kilometer. A NS is supported
by neutron degeneracy pressure, and has mass believed to be between 1.4 and 3 My and
radius 10 to 20 km. If the compact object has mass above 3 M), there is no known force
to support it, and it might be a singularity, or a quantum element of unknown size. Such a
compact object is called a BH. In practical terms, the size of a BH is characterized by its
event horizon, which is 2GM/c? ~ 3M /Mg km, where M is the BH gravitational mass, G
is the gravitation constant, and c is the light speed in vacuum.

After formation, compact objects will simply cool off and lose energy, and they will
become almost invisible relics if left isolated. They can become spectacular objects, i.e.,
strong emitters, again if there is mass accretion onto them. X-ray binaries are the class
bright X-ray sources associated with accreting NSs or BHs. In an X-ray binary, high rates
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Figure 1-1: Artist’s impression of a low-mass X-ray binary [Rob Hynes 2001].

of mass accretion (M ) from the companion to the compact object can be transient or
persistent. A significant amount of gravitational energy is transformed into thermal energy
as the mass from the companion spirals through the accretion disk toward the compact
object. Observations show that the inner disk reached temperatures 2 1 keV, and most of
the photons are released in X-rays. A more quantitative description of this scenario is given
in Chapter 3. X-ray astronomy started with the discovery of the X-ray binary Sco X-1 in
1960s [Giacconi et al., 1962]. Since then, more than 200 X-ray binaries have been discovered
[Guseinov et al., 2000]. Our understanding of these sources have been significantly improved
in the past decade by the launch of X-ray telescopes with unprecedented capabilities, such
as the Rossi X-ray Timing Explorer (RXTE ), BeppoSAX, the Chandra X-ray observatory,
XMM-Newton, and Suzaku. I refer to Shapiro and Teukolsky [1983], Lewin et al. [1997],
Frank et al. [2002], Lewin and van der Klis [2006] for basic concepts and reviews of X-ray
binaries. Figure 1-2 shows some sample X-ray long-term light curves from ASM onboard
RXTE . They are from seven NS X-ray binaries, which will be studied in detail in this
thesis.

Optical studies of X-ray binaries can reveal the physical properties of the companion
[Charles and Coe, 2006]. The mass of the companion is one of the most important factors
determining the properties of X-ray binaries. If the mass of the companion is massive
(2 10Ms), the X-ray binaries are called high-mass X-ray binaries (HMXBs). Otherwise, if
the mass of the companion is < 2Mg, they are called low-mass X-ray binaries (LMXBs).
Because the companion is small, the two stars in LMXBs must be close to each other
in order to transfer substantial mass from the NS or BH to the companion. The mass
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RXTE/ASM. These sources will be studied in detail in this thesis.
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transfer in LMXBs is normally through the inner Lagrangian point as the companion fills
its Roche lobe (Figure 1-1). HMXBs, which mostly have giant or supergiant O and B stars
as the companions, can also transfer mass via filling their Roche lobes. However, most
HMXBs transfer mass via a vigorous stellar wind, in which case the separation between the
companion and the compact object can be large.

The lifetimes of HMXBs are short, ~ 10° — 107 yr, as they are determined by the
evolution timescales of the high-mass companions. On the other hand, the lifetimes of
LMXBs are longer, ~ 107 — 10 yr, and they are determined by the mass-transfer process
governed by binary evolution [Tauris and van den Heuvel, 2006]. Thus, HMXBs are found
mostly near the Galactic plane, where young massive stars lie, while LMXBs are found
mostly towards the Galactic center and in globular clusters. It is believed that a HMXB
is formed as the massive companion survived the supernova explosion of its primary, while
a LMXB is probably formed via gravitational capture of a NS or BH in the places with
high number density of stars, such as the Galactic center and globular clusters. The NS
in LMXBs can also be formed by the accretion-induced collapse of a WD. The NS in
HMXBs mostly appears as an accretion-powered pulsar, while most NS LMXBs show weak
or absence of periodic pulsations.

1.2 Physics in X-ray binaries: why we study them

X-ray binaries provide important cosmic settings for us to study accretion physics. The
characteristics of emission from X-ray binaries, from radio to X-ray, or even gamma ray
photon energies, vary with the mass accretion rate (M ), and depend on many physical
parameters, especially the nature of the compact object (NS or BH), its mass, the magnetic
fields, and the spin of the compact object. We are still developing our understanding of
accretion physics, and there are a wide variety of interesting accretion phenomena, such as
jets and quasi-periodic X-ray oscillations with limited understanding as to how they depend
on the physical parameters.

X-ray binaries also provide unique opportunities to probe the effects of general relativity
and the properties of dense matter. The general relativistic effects around the NS and
BH are many orders of magnitude stronger than those probed by other tests of general
relativity [Psaltis, 2004]. The interior of the NS is denser than atomic nuclei and occupies
an environment distinct from both the early Universe and current terrestrial experiments
[Hands, 2001].

Here, I briefly introduce one area at the cutting edge of studies of X-ray binaries, i.e.,
the measurement of BH spin parameters a, [Remillard and McClintock, 2006], in order to
show the progress that we have made thus far in study of X-ray binaries. There are several
ways that have been used to measure the BH spin parameters, especially the continuum
spectral fitting and Fe K line profile. The main idea for the method of continuum spectral
fitting is that the spectral fitting can give the information of the radius Rj, of the inner
edge of the accretion disk, which can be assumed to be the innermost stable orbit Risco
predicted by general relativity. Rigco depends only on the BH mass and spin a, [Zhang
et al., 1997, Gierliniski et al., 2001]. Therefore, the estimated size of the inner accretion disk
can constrain the BH spin if the mass is known from binary dynamics. The spectra used
in such studies are normally taken from the thermal state, where the disk emission in the
form of radiated heat dominates the spectra. The assumption of R;, to be Rigco is based
on the phenomenon that the inferred Rj, from the spectral fitting is roughly constant over
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Figure 1-3: The sample CDs (upper panels) and HIDs (lower panels) of NS X-ray binaries.
The panels for the columns from the left to the right correspond to the atoll source 4U
170544, the “GX” atoll source GX 941, the Sco-like Z source GX 17+2, and the Cyg-like
Z source GX 34040, respectively. The data are all from RXTE/PCA. The data of atoll
sources span more than ten years, and exposure for each data point is up to 4 ks. Data of
GX 1742 are from 1999 October 3-12, and those of GX 34040 are from 2001 January 11—
15, with exposure for each data point 128 s. The annotations HS, TS, and SS refer to the
hard, transitional, and soft states of atoll sources, respectively, while the annotations HB,
NB, and FB refer to the horizontal, normal, and flaring branches of Z sources respectively.
See §1.5 for more information.

some range of luminosity, which is believed to be the signature of Rigsco. Such a technique
requires many system parameters such as the orbital inclination, distance and BH mass
to be well known and involved considerations of many effects such as general relativity
and spectral hardening. The Galactic LMXB GRS 19154105 is measured to have spin
parameter a, > 0.98 [McClintock et al., 2006].

The BH spin measurement based on Fe K line profile comes from the consideration that
the relativistic beaming and gravitational redshift can serve to distort the emission line
profile [Miller, 2007]. The extent of this distortion depends on the inner disk radius Ry,
and the fitting of Fe K line can constrain the value of Rj,. By assuming R;, to be Risco, a«
can be obtained if the BH mass is known, as above. The Fe line emission is believed to be
the response of an accretion disk to irradiation by an external source of hard X-rays, which
is sometimes seen in the spectra of X-ray binaries. The spin of XTE J1650-500 is suggested
to be nearly the maximum using this technique [Miller et al., 2002, Miniutti et al., 2004].
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Figure 1-4: The sample unfolded energy spectra (left panels) and power density spectra

(right panels) of the BH X-ray binary GRO J1655-40 in different X-ray spectral states.

The energy spectra are fit with a multi-color disk (red dotted line), a simple power-law or a
cutoff power-law (green dot-dashed line), and a Gaussian Fe line (cyan double-dot-dashed
line). The total model fit is shown as a black solid line. Both the energy and power density
spectra have been rebinned to improve the signal to noise ratio. The data for top to bottom
panels are from observations of RXTFE on 1997 August 14, 1997 March 24, 1996 August

29, respectively.
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Figure 1-6: The same as Figure 1-5, but for the millisecond and slow accretion-powered
X-ray pulsars SAX J1808.4-3658 (upper panels; 2002 October 18) and V 0332453 (low
panels; 2005 February 13). The energy spectrum from V 0332453 is fitted with a cutoff
power-law with the cyclotron resonant lines modeled by three Gaussian absorption lines.
Only the total model plus the Gaussian Fe line is shown for this source.
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1.3 Techniques used to study X-ray binaries

The information of X-ray binaries is gained from studies of the photons that they emit. The
wavelength coverage extends both from radio to X-rays, and to gamma rays. The spectral
and timing properties are utilized to understand the source spectral evolution and to reveal
the physical parameters. I describe below the techniques that are normally used in the
X-ray band. Currently we cannot resolve the LMXBs using direct imaging techniques in
X-rays. Thus the techniques used to study them naturally fall into two categories, spectral
and timing studies.

The spectral studies include both photometric analyses and spectral fitting methods. In
the photometric analyses, X-ray colors are used. An X-ray color is a hardness ratio between
the photon counts in two different energy bands and is a rough measure for spectral slope.
Two X-ray colors are normally used, i.e., soft and hard colors. They correspond to lower
and higher ranges, respectively, where the energy bands are defined. For example, in this
thesis, the soft color is defined as the ratio of the counts in the (3.6-5.0)/(2.2-3.6) keV
bands, and the hard color is the ratio in the (8.6-18.0)/(5.0-8.6) keV bands. By defining
these two colors over appropriate timescales, we can track X-ray spectral variations. The
conventional practice is to show a color-color diagram (CD), with the hard color vs. the
soft color, and a hardness-intensity diagram (HID), with one color vs. the intensity, i.e., the
sum of the count rates in the four bands. Different source types normally display different
patterns in the CD or HID. Their patterns normally correspond to several source states or
branches. Some examples of CD/HIDs for different types of sources are presented shown
in Figure 1-3, using the above definition of colors. I note that the CD/HID is typically
combined with timing properties (e.g., power density spectra; see below) so that the source
states/branches can be distinguished more effectively.

The spectral fitting method is used in order to obtain more physically meaningful inter-
pretations of the X-ray spectra and evolution. Spectra can be accumulated based on time
bins (time-resolved spectra) or their positions in the CD/HID (color-resolved spectra). In
either way, a single spectrum is intended to characterize a particular condition. Then the
spectra are fit against physical models to obtain the physical parameters. This is often car-
ried out using the X-ray spectral fitting package XSPEC, which is distributed by NASA and
includes many theoretical models [Arnaud, 1996]. Compared with the photometric method,
the spectral fitting method heavily depends on the models used, and in some cases, different
models lead to very different results, which is called model degeneracy (see, e.g., Chapter
4).

The left panels of Figures 1-4—1-7 show the sample spectral fit of the energy spectra from
different classes of X-ray binaries in different spectral states/branches. It can be seen that X-
ray binaries typically show a composite spectrum, i.e., several spectral components needed to
explain the whole spectrum. The continuum spectral components for X-ray binaries can be
broadly grouped into two classes, i.e., thermal and non-thermal. In this thesis, the thermal
components specifically refer to a single temperature blackbody (BB), or a composite of
multicolor blackbody such as a multicolor disk (MCD). Non-thermal components typically
have a wide energy range, extending into hard X-rays and have a flatter spectral energy
distribution than thermal components. The most common non-thermal component seen
in X-ray binaries is Comptonization emission. In this thesis, Comptonization refers to
the inverse Compton scattering, i.e., photon energies are boosted due to interaction of
photons with energetic electrons. More detailed description of X-ray emission mechanisms
is presented in Chapter 3.
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Timing studies provide information on the properties of rapid variabilities. X-ray emis-
sion from X-ray binaries is stochastic process, and the mathematical tool used mostly is
Fourier analysis. The Fourier power spectrum of the X-ray count time series measures that
variance as a function of Fourier frequency v in terms of the power density P,(v). Several
broad features are normally seen in a typical power density spectrum, and they are believed
to correspond to different types of noises. There are sometimes components in the power
density spectrum which show discrete peaks. When such features are resolved and thought
to arise from non-coherent processes, they are called quasi-periodic oscillations (QPOs).
For X-ray pulsars (coherent modulations with some smearing in frequency due to the bi-
nary motion or spin changes), the peak at their spin frequency can be extremely sharp,
sometimes with width <1 Hz. The right panels of Figures 1-4-1-7 show the sample power
density spectra from different classes of X-ray binaries in different spectral states/branches.
The timing study involves investigation of how different power density spectral components
vary as source spectra evolve, with the goal to understand their origins.

1.4 BH and NS X-ray binaries

Based on the nature of the compact object, X-ray binaries are classified into NS and BH
types. So far, we cannot obtain direct evidence of the event horizon to prove the existence
of BHs. Thus, the classifications of NS and BH X-ray binaries are mostly based on empirical
methods attached to theoretical arguments. The strongest evidence for BHs is currently
considered to be the measurement of a gravitational mass for a compact object larger than
the upper limit in mass for a NS. The upper bound of the NS mass is ~3 M [Rhoades
and Ruffini, 1974]. This approach is carried out by measuring the binary mass function,
f = PwK3/2rG = Msin®i/(1 + ¢)?, where P,y is the orbital period, K3 is the half-
amplitude of the velocity curve of the companion, M is the mass of the compact object,
i is the orbital inclination angle, and ¢ is the ratio of the masses of the companion to the
compact object. The mass function gives the lower limit of the mass of the compact object,
through optical observations of velocity curves of the companions.

The classification of a compact object in the X-ray binary into a NS is warranted if
coherent pulsations or type I X-ray bursts are detected. The coherent pulsations, which are
at the spin frequency of the NS, is believed to be due to the channeling of accreting material
along magnetic field line onto the magnetic poles that are misaligned with the NS rotation
axis. The focusing of accretion at the magnetic poles produces hot spots, which rotate in
and out of view and cause pulsations. BHs cannot produce a magnetic field to channel the
accreting material. There are also no hot spots because a solid surface is required to make
them. Type I X-ray bursts (or superbursts) are another signature of a NS, because they
are believed represent violent nuclear burning as the accreting material is compressed and
heated. Again this requires a solid surface to store the accreted H and He until detonation
occurs. The differences in spectral/timing properties are also invoked to distinguish NS
and BH X-ray binaries [e.g., Done and Gierliriski, 2003, Sunyaev and Revnivtsev, 2000].
However, on the whole remarkable spectral and timing similarities exist between NSs and
BHs, especially in low luminosity states (see Figures 1-4-1-5).

The BH X-ray binaries are mostly LMXBs, but several of them are known to be HMXBs
[McClintock and Remillard, 2006]. Their continuum energy spectra mostly exhibit a com-
posite shape consisting of a thermal and a nonthermal component. The thermal component
is well modeled by a multi-color disk, while the nonthermal component is usually modeled
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by a power-law model (Figure 1-4). There are three dominant active emission states for
BH X-ray binaries: thermal, hard, and steep power-law [Remillard and McClintock, 2006].
Roughly speaking, the hard state is dominated by the power-law component with initial
photon index around 1.7, while the thermal state is dominated by the thermal disk emission.
The important characteristics of the steep power-law state are that the initial photon index
of the power-law component is around 2.5 (much higher than that in the hard state), and
that there are often strong QPOs (Figure 1-4).

The NS X-ray binaries can be classified based on whether they pulse or show type I X-ray
bursts. Coherent pulsations are observational manifestation of strong magnetic field in the
compact object. The classical accretion-powered pulsars are those with spin periods of the
order of one second or more, and they are called slow accretion-powered pulsars (compared
with millisecond pulsars). They are commonly seen in HMXBs, and this is because HMXBs
are young systems and their magnetic fields are not expected to evolve away from its high
birth value due to accretion. LMXBs mostly are old systems, and their prolonged phase of
accretion is thought to have suppressed the magnetic fields of the NS [Psaltis, 2004]. One
sample of energy and power density spectra of the slow accretion-powered X-ray pulsar
V 0332+53 (with spin period 4.375 s) is shown in the lower panels in Figure 1-6. Clear
cyclotron absorption lines are seen. The millisecond accretion-powered X-ray pulsars are
one special class of LMXBs that have magnetic field strong enough to produce coherent
pulsations at their fast spin frequencies (v > 100 Hz). It should be noted that whether the
magnetic field is strong enough to produce coherent pulsations depends the accretion rate
too. In the millisecond accretion-powered pulsars, the magnetic field is about 108 G, much
lower than 10" G often seen in slow accretion-powered pulsars, but their accretion rates
are low on the whole too, among the lowest in the known LMXB population. The energy
spectra of millisecond accretion-powered pulsars are mostly hard (Figure 1-6).

The weakly magnetized accreting NSs are mostly found in LMXBs. They can be clas-
sified into Z and atoll sources [Hasinger and van der Klis, 1989]. They will be focus of this
thesis. Thus their properties will be presented in the next section in more detail. Weakly
magnetized accreting NSs normally show type I X-ray bursts, but generally no strong co-
herent pulsations, except the millisecond accretion-powered pulsars.

1.5 Weakly magnetized NS LM XBs

Z and atoll sources are the two main classes of weakly magnetized NS LMXBs. They are
classified based on their X-ray spectral and timing properties [Hasinger and van der Klis,
1989, van der Klis, 2006]. They were named after the patterns that they trace out in the
CDs or HIDs [Hasinger and van der Klis, 1989]. Figure 1-3 shows the CD/HIDs of two atoll
sources (first two columns) and two Z sources (last two columns). It should be noted that
atoll sources originally were thought to have only atoll patterns in the CD/HIDs, but with
extensive coverage by RXTE , some atoll sources can have Z-like patterns [Muno et al., 2002,
Gierlinski and Done, 2002a], such as those in the first column in Figure 1-3. However, Z and
atoll sources are still two distinct classes with differences in many aspects. Their patterns
have different orientation, color ranges, evolution timescales. Z sources typically radiate at
luminosities close to Eddington luminosity (Lgpp), while atoll sources cover a lower and
larger luminosity range (~0.001-0.5 Lgpp). Furthermore, the spectra of Z sources are very
soft on all three branches of the “Z”, whereas the spectra of atoll sources are soft at high
luminosities, but hard when they are faint (Figures 1-5 and 1-7). Properties like the rapid

28



X-ray variability and the order in which the branches are traced out are also different for
the two classes [Barret and Olive, 2002, van Straaten et al., 2003, Reig et al., 2004, van der
Klis, 2006]. As denoted in Figure 1-3, the upper, diagonal and lower branches of the Z-
shaped tracks for Z sources are called horizontal, normal and flaring branches (HB/NB/FB),
respectively, while for atoll sources, they are called the hard, transitional and soft states
(HS/TS/SS), respectively (or extreme island, island, and banana states, respectively). As
will be shown in §5, the differences between Z and atoll sources are due to their different
mass accretion rates.

Atoll sources include ordinary atoll sources and “GX” atoll sources. “GX” atoll sources
include GX 341, GX 9+1, and GX 949 (GX 13+1 is sometimes included in this class, but
it shows some peculiar behavior) [van der Klis, 2006]. They are all in the galactic bulge and
are all persistent, with luminosity believed to be roughly higher than ordinary atoll sources.
“GX” atoll sources are only observed in the soft state thus far. Some ordinary atoll sources
are persistent (e.g., 4U 1636-53 and 4U 1705-44), while the others are transient (e.g., Aql
X-1 and 4U 1608-52; Figure 1-2).

As mentioned above, Z sources have three distinct branches. Based on the shape and
orientation of their branches, the six classical Z sources were further divided into two sub-
classes [Kuulkers et al., 1994]: Cyg-like (Cyg X-2, GX 34040, and GX 5-1) and Sco-like
(Sco X-1, GX 1742, and GX 349+2; Figure 1-3). In addition to movement along the “Z”
tracks, the Z tracks themselves display slow shifts and shape changes in CDs/HIDs. These
so-called secular changes are most apparent in Cyg X-2. XTE J1701-462 is a new transient
accreting NS X-ray binary, with a long outburst in 20062007 (Figure 1-2). It exhibited
both Z source and atoll source behavior.

One of the most important tasks of understanding accreting NSs is to reveal the origin
of their spectral evolution. This includes not only the origin of different states/branches,
but also the origin of secular changes of 7 source tracks and transformation of source types.
To achieve this, we need to have a correct spectral model for these systems. However, the
spectral modeling of accreting NSs has been controversial for a long time [see Barret, 2001,
for a review].

1.6 Organization and content of thesis

The main focus of this thesis is on the spectral evolution of weakly magnetized accreting
NS X-ray binaries. They include both Z and atoll sources. This investigation considers the
spectral decomposition problem of these systems, the physical origin of spectral evolution,
and the transformation from one source type to the other.

Chapter 2 introduces the X-ray observatories RXTFE , Suzaku, and BeppoSAX, and their
data analysis methods. They will be used extensively in this thesis.

Chapter 3 describes in more detail some fundamental accretion physics and the X-ray
emission mechanisms relevant to X-ray binaries.

Chapter 4 is a published paper on the spectral modeling for atoll sources, concentrating
on two transients Aql X—1 and 4U 1608-52. I compare different models that have been
used for these systems and come up with a new way to model the spectra of these systems.
The new model is shown to describe the spectral evolution of atoll sources better in terms
of some desirability criteria, including Lx o T% evolution for the multicolor disk (MCD)
component, and the similarity to black holes (BHs) for correlated timing/spectral behavior.

Chapter 5 examines our new spectral model (Chapter 4) to the highly variable atoll
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source 4U 170544 using the extended soft X-ray sensitivities of Suzaku and BeppoSAX.

Chapter 6 applies our new spectral model on two persistent atoll sources 4U 1636-536
and 4U 1705-44. In this paper, I examine the soft state more carefully by comparing the
results from the part of the soft state with kHz QPOs detected with those from other parts.
Because this difference from Chapter 4, I also include Aql X—1 and 4U 1608-52 in this
chapter. The conclusions in this chapter are mostly the same as those in Chapter 4, but I
also find a close relation between the kHz QPOs and the accretion disk.

Chapter 7 is a published paper on the spectral evolution of XTE J1701-462. Physical
interpretations are given for the 3 branches of Z sources, and I explain the cause of the
transformation between 7 and atoll types.

In Chapter 8, I present the study of type I X-ray bursts from XTE J1701-462 and
estimate the distance to this system.

In Chapter 9, I study the Sco-like Z source GX 1742 in order to see whether our
interpretations of Z tracks of XTE J1701-462 apply to persistent Z sources.

I summarize our study results of NS X-ray binaries and present the complete picture of
their spectral evolution and transformation of source types in Chapter 10. The conclusions
are presented in Chapter 10.
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Chapter 2

X-ray Observatory and Data
Analyses

In this chapter I briefly describe the Rossi X-ray Timing Fxplorer, Suzaku, and BeppoSAX,
which are the X-ray observatories that provide the data used in this thesis. I will describe
the relevant data reduction techniques that are common to the detailed studies reported in
the later chapters.

2.1 The Rossi X-ray Timing Explorer

The Rossi X-ray Timing Explorer [RXTE , Bradt et al., 1993] is an X-ray mission, which
features unprecedented time resolution in combination with moderate spectral resolution
to explore the variability of X-ray sources. It was launched on December 30, 1995 from
NASA’s Kennedy Space Center by a Delta II rocket into its intended low-earth circular
orbit at an altitude of 580 km, corresponding to an orbital period of about 90 minutes,
with an inclination of 23°. A diagram of the RXTE is shown in Figure 2-1, with three
major instruments labeled, i.e., the Proportional Counter Array [PCA; Jahoda et al., 1996],
the High Energy X-ray Timing Experiment [HEXTE; Rothschild et al., 1998], and the
All-Sky Monitor [ASM; Levine et al., 1996]. The PCA and the HEXTE are collimated
(non-focusing) pointed instruments, while the ASM is a coded-mask imaging instrument
designed to survey the sky with a wide viewing angle. RXTFE has been carrying out science
observations for more than 12 years, far surpassing its required lifetime of two years.

2.1.1 Instruments

The PCA is an array of five Proportional Counters Units (PCUs) with a large total collecting
area of 6500 cm?. It can detect sources as faint as 0.1 mCrab. It only carries out pointed
observations, with the FWHM spatial resolution confined to be 1° by the collimator. It is
sensitive to energy range 2.5-60 keV with energy resolution < 18% at 6 keV. The PCA has
been well calibrated, based on observations of the Crab Nebula. The data can be collected
at time resolution of 1 us. The PCA data, which are processed by the Experiment Data
System before telemetered, are collected in a variety of modes corresponding to different
combinations of time and energy resolution in order to stay within the mission’s telemetry
limit. However, there are two modes, known as ‘standardl’ and ‘standard?2’, that are made
for every observation. Standardl data contain 0.125-s full-energy-band light curves for
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Figure 2-1: Diagram of the RXTFE spacecraft, with major instruments labeled. Figure
courtesy of the NASA High Energy Astrophysics Science Archive Research Center/Goddard
Space Flight Center (HEASARC/GSFC).
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every PCU and for different types of instrument background rates. Standard2 data has a
time resolution of 16s and 129 energy channels covering the full energy range of the PCA
detectors. Some of the PCUs suffer breakdown and trip off if they are not regularly “rested”.
This means that any individual observation may contain data from 1 to 5 operating PCUs.

The HEXTE is composed of two clusters (A and B) consisting of four “phoswich” scin-
tillation detectors each. These two clusters rock on and off the source along mutually
orthogonal directions for realtime background measurements. Cluster A started experienc-
ing rocking problems in 2006, and since then it was fixed in the on-source position. The
detectors are sensitive to high-energy X-rays from 15-250 keV. The energy resolution is
15% at 60 keV. The FWHM spatial resolution for the HEXTE is also 1°. Each cluster has
collecting area of 800 cm?. The time resolution can be as high as 8 us. The HEXTE has
one standard mode that is used for every observation. This mode has 16-s time resolution
and 64 spectral channels.

The ASM consists of three wide-angle shadow cameras equipped with proportional coun-
ters with a total collecting area of 90 cm?. It scans about 80% of the sky every 90 minutes,
with additional gaps if the satellite orbit crosses through the South Atlantic Anomaly. It
can monitor sources of 30 mCrab or brighter, and have spatial resolution of 3’ x 5. The
ASM standard products consist of light curves and color measurements for each of the ~566
sources (at the present time) in the ASM catalogue.

2.1.2 Data Analyses

The studies of X-ray binaries rely on their spectral and timing information and involve
creation of light curves, energy spectra, color diagrams, and power density spectra, etc.,
on appropriate timescales. The data analyses typically start with filtering of the data for
proper observing conditions, accumulate data over energy /time bins, and transform in ways
depending the types of data products, and finally compare/fit them with spectral/timing
models as needed. Most observatories, including RXTFE |, Suzaku and BeppoSAX, provide
main data products in the FITS (Flexible Image Transport System) format. They can be
analyzed using the FTOOLS software package, which is part of the HEAsoft provided by
NASA’s High Energy Astrophysics Science Archive Research Center (HEASARC). FTOOLS
provides general and mission-specific tools to manipulate FITS files. In the following I
describe the procedures used in most part of this thesis to reduce data from RXTE . I will
start with the PCA first.

Some standard criteria were used to filter the PCA data: the earth-limb elevation angle
was required to be larger than 10°, and the spacecraft pointing offset was required to be
< 0.02°. For faint observations, we additionally excluded data within 30 minutes of the peak
of South Atlantic Anomaly passage or times with large trapped electron contamination.
In most part of this thesis, the focus is on spectral evolution, and only the persistent
emission due to gravitational accretion is relevant. Emission due to stable nuclear burning
might present, but is negligible compared with the persistent emission due to gravitational
accretion (Chapter 3). Sometimes, however, the source emission can be dominated by
unstable nuclear burning leading to type I X-ray bursts, which occurs over very short
intervals (a few seconds to minutes). Such intervals should be excluded. In this thesis, I
exclude data of 20 seconds before and 200 seconds after type I X-ray bursts [see Remillard
et al., 2006a)].

To create PCA spectra, “standard 2” data were normally used. As the PCA is a colli-
mated instrument and is always pointed at the source during an observation, the background
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is not directly available, but is estimated by models, which are provided by the PCA team.
As suggested by the PCA team, I used appropriate faint/bright background models when
the source had intensity lower or higher than 40 counts/s/PCU, respectively. The integra-
tion time for each spectrum depends on source variability. It can be one spectrum for each
observation, or one spectrum for several observations, or several spectra for one observation.
When necessary, the integration time can be selected based on positions in the CD/HIDs.
In order to carry out spectral fitting and because of PCA response varying with time, I
create and select response files appropriate to the time of each spectrum that is analyzed.

The hard/soft colors used in the CD/HIDs are based on PCA spectra. Soft and hard
colors were defined as the ratios of the background-subtracted counts in the (3.6-5.0)/(2.2—
3.6) keV bands and the (8.6-18.0)/(5.0-8.6) keV bands, respectively [Muno et al., 2002].
We normalized the raw count rates from each PCU with the help of observations of the
Crab Nebula. For each PCA gain epoch, we computed linear fits (vs. time) to normalize
the Crab count rates to target values of 550, 550, 850, and 570 counts/s/PCU in these four
energy bands. The CD/HIDs using PCA data presented in this thesis are all normalized in
this way.

In timing analyses, the common mathematical tool is the power density spectra calcu-
lated through discrete Fourier transform. PCA data instead of HEXTE data are normally
used for timing analyses, since accreting NSs emit photons most intensely at energies below
20 keV. Data with high time resolutions are necessary in order to probe rapid variability.
Thus binned or event mode data, instead of standard mode data, are used for this purpose.
Detailed calculation of power density spectra is presented in the Appendix A. They are
normally Leahy-normalized and have Poisson noise subtracted. The deadtime correction is
also necessary for sources with high intensity. The resulting power density spectra can be fit
with model consisting of different noise components and QPOs. The power continuum can
be integrated over some frequency range (0.1-10 Hz in this thesis) to obtain the fractional
root-mean-square values, to characterize source variability in that frequency range.

In this thesis, the HEXTE data are only used to create spectra that have integration
time matching that of PCA spectra. The background spectra can be directly made from
off-source observation data. Most of observations of Cluster A after 2006 only have on-
source observation data due to rocking problems, and the background should be estimated
using the hextebackest tool. It is based on the off-source observations of Cluster B. The
deadtime correction for HEXTE data is made using the program provided by the HEXTE
team. The response file for each cluster of the HEXTE has been the same throughout the
RXTE mission and is provided directly by the HEXTE team.

2.2  Suzaku

Suzaku [Mitsuda et al., 2007] is Japan’s fifth X-ray astronomy mission and was launched in
August 2005. The goal of this mission is to carry out high resolution spectroscopy and wide-
band observations of high energy astronomical phenomena. It covers the energy range 0.2—
600 keV with the two instruments, i.e., X-ray CCDs [X-ray Imaging Spectrometer; XIS;0.2—
12 keV Koyama et al., 2007], and the hard X-ray detector [HXD; 10-600 keV Takahashi
et al., 2007]. Suzaku also carries a third instrument, an X-ray micro-calorimeter (X-ray
Spectrometer; XRS), but the XRS lost all its cryogen before routine scientific observations
could begin. The XISs and HXD are imaging and collimated instruments respectively.
Broadband spectral feature and high energy resolution of this X-ray observatory make it
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et al., 2007].
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highly suitable for X-ray binary studies.

2.2.1 Instruments
XISs

The Suzaku X-ray CCD instrument consists of four XIS cameras. They employ X-ray
sensitive silicon charge-coupled devices (CCDs), which are operated in a photon-counting
mode. In general, X-ray CCDs operate by converting an incident X-ray photon into a
charge cloud, with the magnitude of charge proportional to the energy of the absorbed X-
ray. This charge is then shifted out onto the gate of an output transistor via an application
of time-varying electrical potential. This results in a voltage level (often referred to as
“pulse height”) proportional to the energy of the X-ray photon.

The four Suzaku XISs are named XIS0, 1, 2 and 3, each located in the focal plane of an
X-ray Telescope. XIS2 has not been used for scientific observations since November 2006,
due to a large amount of charge leakage. XIS1 uses a back-illuminated CCDs, while the
other three use front-illuminated CCDs. The CCD performance gradually degrades in space
due to the radiation damage. This is because of the accumulation of charge traps that are
produced by cosmic-rays. One of the important features of the XIS is the capability to
inject small amounts of charge to the pixels. Periodic charge injection is quite useful to fill
the charge traps, and to make them almost harmless. This method is called the spaced-row
charge injection (SCI), and the SCI has been adopted as a standard method since AO-2 to
cope with the increase of the radiation damage.

There are two different kinds of on-board data processing modes for XISs, i.e., the Clock
and Editing modes. The Clock modes describe how the CCD clocks are driven, and this
determines the exposure time, exposure region, and time resolution. The Clock modes
include normal modes, which is explained in more detail below, and Parallel Sum Mode,
in which the pixel data from multiple rows are summed in the Y-direction on the CCD,
and the sum is put in the Pixel RAM as a single row. The Editing modes specify how
detected events are edited, and this determines the format of the XIS data telemetry. One
example of edit modes is the 5 x 5 observation mode, in which all the pulse heights of the
25 pixels centered at the event center are sent to the telemetry. There are also 3 x 3 and
2 X 2 observation modes.

In the Normal Clock mode, the Window and Burst options can be specified, otherwise
all the pixels on the CCD are read out every 8 seconds. The Window and Burst options
are important when observing bright X-ray binaries, because the pile-up problem can be
reduced by faster readout times. Pile-up occurs when more than one photon strikes in the
same or adjacent pixels in one CCD readout frame. The Window option allows shorter
exposure times by reading out more frequently only a portion of the CCD. The full CCD
has 1024x1024 pixels. When the Window width is 256x1024 pixels (1/4 Window), the
exposure time becomes a quarter of that without the Window option (i.e., 2 s), and the
Pixel RAM is filled with the data from four successive exposures. Similarly, there can be
1/8 or 1/32 Window options. In the Burst option, an extra deadtime ¢ is introduced for
every exposure. If the pixel is read out, say, every 2 s for 1/4 Window, the live time is
2-t s in every exposure. The Burst and Window options are independent and may be used
simultaneously. They can effectively reduce the pile-up problem. For example, the XIS
team expects that a point source as bright as 12.5 counts/s/XIS can be observed with the
pile-up problem being negligible if neither options are specified. Then if the 1/N Window

36



option and deadtime of ¢ s for the Burst option are specified, a point source as bright
as 12.5x N x 8/(8 — Nt) counts/s/XIS can be observed with the pile-up problem being
negligible.

HXD

The HXD is a hard X-ray scintillating instrument, and has a main purpose to extend the
bandpass of the Suzaku observatory to the highest feasible energies, thus allowing broad-
band studies of celestial objects. The HXD sensor is a compound-eye instrument, consisting
of 16 main detectors. Each unit actually consists of two types of detectors: a GSO/BGO
phoswich counter, and 2mm-thick PIN silicon diodes located inside the well, but in front
of the GSO scintillator. The PIN diodes are mainly sensitive below ~ 60 keV, while the
GSO/BGO phoswich counter (scintillator) is sensitive above ~ 40keV. The HXD features
an effective area of ~ 160 cm? at 20 keV, and ~ 260 cm? at 100 keV. The energy resolution
is ~ 4.0 keV (FWHM) for the PIN diodes, and 7.6/v/E% (FWHM) for the scintillators,
where F is energy in MeV. The HXD time resolution is 61 us.

2.2.2 Data Analyses

The extraction of light curves or spectra of XISs can be done within the program xselect
provided by FTOOLS. As this thesis deals with X-ray binaries and they can be treated
as point sources, one spatial region on the CCD measures the source, while a different
other region away from the source position can be used to measure the background. A
radius of 250 pixels (260”) of the circular source extraction region can ensure that 99% of
the flux of a point source is included. For bright sources, the background region can be
significant contaminated by source emission, but in this case, background subtraction might
be unnecessary, as the source is so much brighter than the background. As the response of
XISs varies with time, response files close in time to each spectrum must be created, and
we used the xisrmfgen and xissimarfgen provided by the XIS team to accomplish this
task.

When the sources are bright, the XIS CCDs can still experience serious event pile-up,
even when the Window and Burst options are used. Normally, the center region with serious
pile-up should be excluded. In this thesis, I estimated the pile-up fraction of each CCD pixel
using two publicly available tools aeattcor.sl and pileup_estimate.sl. Their results
were used to exclude regions with the local pile-up fraction > 5%. For more information of
both tools, we refer to the website http://space.mit.edu/CXC /software/suzaku/.

The extraction of light curves or spectra for the HXD/PIN and the HXD/GSO can also
be carried out in xselect program in FTOOLS. The procedures are very similar between
the PIN and GSO, and I here describe them for the HXD/PIN only. As it is a collimated
instrument, no spatial extraction region needs to be specified. The background includes two
parts, i.e., the cosmic X-ray background and the non X-ray background. The non X-ray
background is distributed to users as simulated event files tailored to each observation. The
cosmic X-ray background can be simulated based on the typical cosmic X-ray background
model using XSPEC. The response files for the HXD/PIN are provided by the HXD team
for different instrument setting epochs.
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Figure 2-3: Diagram of the BeppoSAX spacecraft, with major instruments labeled [Boella
et al., 1997a].

2.3 BeppoSAX

BeppoSAX was a past X-ray mission which operated from 1996 April 30 till 2002 April 30.
It was a program of the Italian Space agency with participation of the Netherlands Agency
for Aerospace programs. One of its important goals was to make broad band spectroscopy
of different classes of X-ray sources, with the energy coverage 0.1-300 keV. It carried four
narrow field instruments (Figure 2-3): the Low Energy Concentrator Spectrometer [0.1-10
keV, LECS; Parmar et al., 1997], the Medium Energy Concentrator Spectrometer [1.3—-10
keV, MECS; Boella et al., 1997b], the High Pressure Proportional Gas Scintillation Counter
[8-50 keV, HPGSPC; Manzo et al., 1997], and the Phoswich Detection System [15-300 keV,
PDS; Frontera et al., 1997]. The LECS and MECS are imaging instruments, while the
HPGSPC and PDS are collimated instruments. The HPGSPC had operation problems and
has no data publicly available. Thus below I only focus on the other three instruments.
BeppoSAX also carried two coded mask proportional counters (Wide Field Cameras, WFC;
Figure 2-3), that provide access to large regions of the sky in the range 2-30 keV. Each
WEFC has a field of view of 20° x 20° (FWHM) with a resolution of 5. In this thesis, the
WEC is not used and thus is not described in detail.

2.3.1 Instruments
LECS and MECS

The MECS is a set of three identical grazing incidence telescopes with a double-cone geom-
etry. The detectors were position sensitive gas scintillation proportional counters in their
focal planes. Three units are named as MECSI1, 2, 3. They have total effective area 150
cm? at 6 keV, FOV 56’ in diameter, angular resolution 1.2" at 6 keV, and energy resolution
depending on energy E as 8 x (E/6keV)~%5% (FWHM). MECS1 did not operate for very
long, and there are no data available after 1997 May 7.
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The LECS had only one unit and was almost identical to the MECS units, except that
it had a thinner window that allows photons with lower energies down to 0.1 keV to pass
through. High background contamination made the LECS data above 4 keV unusable. The
LECS has total effective area 22 cm? at 0.28 keV, FOV 37’ in diameter, angular resolution
3.5 at 0.25 keV, and energy resolution depending on energy E as 8 x (E/6keV) 5%

PDS

The PDS detector consisted of 4 actively shielded Nal(T1)/CsI(Na) phoswich scintillators,
with a total geometric area of 795 cm? and a field of view of 1.3° (FWHM). The total
effective area was 600 cm? at 80 keV, and the energy resolution was slightly better than
15% at 60 keV.

Great care was taken to minimize the PDS background level. The detector materials
were selected with low residual radioactivity. The phoswich technique provides an efficient
active shielding of the Nal(T1) detector over 27 solid angle, the lateral AC shielding system
provides a rejection of the unwanted photons and charged particles, the AC top shield
provides an efficient rejection of charged particles, in particular electrons.

The observation strategy of the PDS was very similar to RXTE/HEXTE. It continu-
ously monitored background and source+background sky positions by rocking with both
collimators in a cyclic law faction. While one of the two collimators pointed to the source
the other one pointed to a blank (non source-contaminated) sky position for background
measurement. During each cycle, positions of the two collimators were swapped: the one
pointing to the source was moved to monitor the background and vice versa.

2.3.2 Data Analyses

The data analyses of the LECS, MECS and PDS were carried out using the program xs-
elect provided by FTOOL. The response files for spectral analyses were provided by the
instrument teams, but for the imaging instruments LECS and MECS, only some particular
circular extraction regions (8, 6', etc. in radius) should be used, and the particular selection
for a given observation depends on the brightness of the source.

The background of the LECS and MECS varied with the position of the detector. Thus,
the simple use of the background extraction regions to estimate the background was not
feasible. One standard method is to use the ’blank field’ observations. Briefly, the back-
ground was extracted from the "black field” observations using the source extraction region
and was rescaled by comparing the count rates in a background region from the ’black
field’ observations and the source observation. For the LECS, this only works for the faint
observation, as the bright source contaminates the background region. It does not work for
sources located at low galactic latitudes either, as these sources have Galactic ridge emis-
sion background that is not included in the ’'black field’ observations. Parmar et al. [1999]
provided another method that worked for these cases, i.e., sources that are bright and/or
in the low galactic latitudes. This method was based on the quantitative estimates of how
the source emission contaminated the background region and how the background varied
with the position of the detector. This method was used in this thesis, as our sources are
all bright and at low galactic latitudes.

The PDS was a collimated instrument with cyclic on and off-source observations. Thus
the background of the PDS can be directly estimated from the off-source observations.
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However, there is one additional analysis requirement for the PDS data prior to spectral
extraction, i.e., screening for “spikes”. These events were due to single particle hits that
illuminated one crystal and created fluorescence cascades. As they normally resulted in
momentary higher count rates than most sources, spikes can be excluded by excluding high
intensity intervals.
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Chapter 3

Accretion Physics and X-ray
Emission Mechanisms

3.1 Accretion physics

One of the main differences between an X-ray binary and an isolated compact object is
that material from the companion can accrete onto the compact object through the Roche
lobe or stellar wind. As the members of binaries orbit around each other, the accreting
material possesses angular momentum relative to the compact object and tends to form
an accretion disk. It is one main common X-ray emission component in X-ray binaries.
For weakly magnetized NS LMXBs, the class of X-ray binaries studied in this thesis, the
accreting material is expected to finally impact the surface of the NS, and we will show
evidence suggesting that the hot accreting gas forms an equitorial belt, which is illustrated
in Figure 3-1. There are possibly other significant emission components, such as a jet and
a corona of hot tenuous gas (Figure 3-1), although not all of these components mentioned
above might be present simultaneously. This section is devoted to describe accretion physics
relevant to this thesis.

3.1.1 Spherically symmetric accretion and Eddington luminosity

We start with the simple case of spherical accretion, i.e., symmetric radial infall, and intro-
duce the concept of Eddington limit. For a body of mass M and radius r,, the gravitational
potential energy released by the accretion of a mass m onto its surface is (in Newtonian
approximation)

AFEace = GMm/ry, (3.1)

where G is the gravitation constant. For a NS with M = 1.4My and r, = 10 km, AF,.. =
0.21mc?, where ¢ is the speed of light. For comparison, the nuclear energy released from

burning hydrogen to helium is
AFEp. = 0.007mc?, (3.2)

about one thirtieth of gravitational potential energy released. Burning to heavier elements
such as Fe increases a little more release of nuclear energy, changing 0.007 to 0.009 in the
above expression. Thus accretion onto NSs or BHs can be powerful emitters, with luminosity
Lace ~ GMM /7, (M is the mass accretion rate), if the gravitational potential energy is
converted in some way into electromagnetic radiation.
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Figure 3-1: The main X-ray emission components in weakly magnetized NS LMXBs. The
relative importance of these components varies with different X-ray states.

The wavelength of emission in accreting systems can be estimated as follows. If it
is emitted as a blackbody spectrum (see §3.2.1) uniformly over area 472, the blackbody
temperature would be

Typ = (Lacc/47rr>%a)1/4a (3'3)

where o is the Stefan-Boltzmann constant. An accretion rate of M = 106 g s~ is typically
seen in close binary systems. If we assume that all of its available gravitational energy is
converted to heat, then T}, would be about 1 keV for the NS case (using M = 1.4Mg and
r« = 10 km), with the spectrum strongest in the X-ray band (i.e., 1-10 keV). Applying
the above argument to the WD case (M ~ Mg, r. ~ 5000 km), it can be found that the
emission is strongest in the ultraviolet region. Thus binaries with strong X-ray emission
probably contain NSs or BHs, instead of WDs.

There is an upper limit, i.e., the Eddington limit, for the radiation that the accretion
system can have, whereby there are so many photons experiencing Thomson scattering
interactions with infalling particles, mainly free electrons, that the net outward force can
stop the accretion process. The scattering cross-section for the proton is much smaller
than that for the electron, but the attractive electrostatic Coulomb force between electrons
and protons are strong enough that stopping of electrons requires stopping of protons too.
Thus we can treat the accreting particles as electron-proton pairs, assuming that accreting
material is mainly hydrogen and is fully ionized. Each pair at a radial distance r has a
total gravitational force GM (my, + me)/r? =~ GMm,/r?, but also experiences an outward
radiation force equal to the rate at which it absorbs momentum o1S/c. Here op = 6.7 x
10725 cm? is the Thomson scattering cross-section, and S is the radiant energy flux and is
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equal to L/4mr? if spherical symmetry is assumed. The accretion would be stopped if these
two forces balance each other, i.e., GMmy/ r? = orL/4mcr?, and we obtain the Eddington
luminosity

Lpqq = 4nGMmyc/or ~ 1.26 x 103 (M /M) erg s (3.4)

If the accreting material is pure helium, each nucleus has two extra neutrons and has nearly
four times the mass of a proton, while the radiation pressure would act on two free electrons.
Thus the Eddington luminosity would be larger. More generally, we can assuming the mass
fraction of hydrogen to be X and that the accreting material consists of hydrogen and
helium. Then the Eddington luminosity becomes

Lpad = 87GMmyc/(1 4+ X)op ~ 2.51 x 103 (M/My)/(1 + X) erg s . (3.5)

The above canonical Eddington luminosity (Equation 3.5) is given under the assumption
of spherical symmetry and in the Newtonian limit. It is independent of the radial distance.
The relativistic Eddington luminosity for a local observer at r is instead given by [see e.g.,
Shapiro and Teukolsky, 1983, p396; nonrotational compact object case],

Lgddrel(r) = [87GMmpe/(1 + X)or][1 — 2GM /1P| 7? = [8nGMmye/(1 4+ X)or](1 + 2).

(3.6)
In the above expression, 1 + z = [I — 2GM/rc*]~'/? is the redshift factor. It has a value
of almost 1.31 at the surface of the NS with M = 1.4Ms and r, = 10 km. The extra
factor 1 4 z comes from the relativistic correction of the gravity force. The corresponding
Eddington luminosity measured by a distant observer is

Liddreloo = [87GMmye/(1 + X)or][1 — 2GM /r?)? = [8rGMmye/(1 + X)or] /(1 + 2).
(3.7)

The Eddington limit can also refer to the accretion rate M, and in this case it represents
the accretion rate when the accretion luminosity reaches Lrqq. It can also provide a reference
scale for the flux and the temperature. The Eddington flux is Fgqq = Lgaq/477?, or
Frddrel = LEdd rel/ 4712, at a spherical emitting surface with radius r. The corresponding
relativistic value measured by a distant observer is Frdd rel,co = LEdd el 00/ 47 D?, where D is
the distance of the source. The Eddington temperature at a spherical emitting surface with
radius r is the effective temperature corresponding to the Eddington flux, i.e., cTgqq = Frad,
or 0Tkddyrel = FRddre. The (relativistic) Eddington temperature observed by a distant
observer is related to the above local values by correcting for the redshift of photons and is
in fact a color temperature for the distant observer [Goldman, 1979, Marshall, 1982, Lewin
et al., 1993]

1 8rGMmyc 1/4
T _ p 1 -3
Edd,rel,c0 fC <47TO'T’2 (1 + X)O'T ( + Z) )

MY 12 M 2.95 km\*/® .
= - T aee e —1/4
(2.10 keV)fC< @) (10 km) <1 — > (14 X)~4,
(3.8)

where I have included color correction factor f. due to Compton scattering normally seen
in X-ray binaries (§3.2). Using r = r, = 10 km, M = 1.4Mg, and f. = 1.4 [Madej et al.,
2004], I obtain Thdd,rel,c0=2-20, 2.28, and 2.61 keV for X=1.0, 0.7, and 0.0, respectively.
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3.1.2 The standard thin disk

The standard thin disk refers to a specific type of accretion disk which is geometrically thin
and optically thick. Such systems can be described in cylindrical coordinates (r,p,z), with
the coordinate center being the center of the compact object, the disk in the plane of z = 0,
and the rotation in the ¢-direction. I will limit to the case of the Newtonian limit in this
and the next section. The relativistic accretion disk will be described in §3.1.6.

First a simple picture of the formation of accretion disk is described. Most LMXBs
accrete material through Roche lobe (in contrast, mostly through capture of the stellar
wind for HMXBs). This can occur when the secondary evolves and increases its radius or
the binary separation shrinks so that the gravitational force of the primary is strong enough
to attract the outer layers of the secondary. The material mostly flows though the inner
Lagrange point L1 where the gravity forces from both members are equal in absolute value.
The particles there are presumably pushed by pressure forces and thus have a velocity about
the sound of the speed toward the primary. In the perpendicular direction, their velocity
in most cases are much larger, due to orbital motion of the binary system. It can thus be
assumed that the particles are released from rest at Ly, with a given angular momentum
with respect to the primary. Due to the influence of the secondary, these particles will not
have circular orbits, but assume elliptical orbits. With a lot of particles, or a continuous
stream, it will intersect itself. Some energy should be dissipated, and the stream will tend to
follow a circular orbit under a given angular momentum. This orbit (circularization radius)
can be shown to be so close to the primary that the stream is mostly under the influence of
the primary. With some dissipative processes (see below), which result in the loss of energy
and angular momentum, the streams can spiral slowly inwards toward the primary through
a series of approximately circular orbits and form an accretion disk.

The accretion disks extract gravitational potential energy and convert it into radiation.
This can happen due to viscous torques. The precise nature of the relevant viscosity is
still poorly understood. However, considerable progress has been achieved in some areas
despite this lack of knowledge, mostly because theories can be scaled to observations without
having an accurate knowledge of the efficiency, which depends on the elusive knowledge of
the absolute values of the mass accretion rates and viscosity. The rough picture of how
viscosity plays role in the accretion disk can be described as follows. In the accretion
disk, the material roughly follows Keplerian rotation and thus moves with different angular
velocity at different radii. Due to such differential rotation, the motion of particles in the
radial direction implies transportation of momentum and exertion of torque by the inner
part of the disk to the outer part. The force is in the ¢-direction and is given by, per unit
area,

Orpy ~ —pONTEY, (3.9)

where p is the density, © is the speed of the motion that transports the momentum, A
is the mean free path, and 2 is the angular velocity, with the derivative respective to r
denoted by €. There is still debate on what kind of motion of the particles that transports
the momentum and creates the viscosity that we refer to here. The molecular viscosity
(with A and ¢ being the mean free path and the thermal speed respectively) turns out to
be far too weak to bring about the viscous dissipation and angular momentum transport
that we require in the accretion disk. The turbulent motion is one candidate, with A and
v being the size and turnover velocity of the largest turbulent eddies. Currently the most
promising mechanism to produce the turbulence that we need for the accretion disk is
the magnetorotational instability [MRI; Balbus and Hawley, 1991, Chandrasekhar, 1960,
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Velikhov, 1959]. This will be discussed in more detail in §3.1.6. It should be noted that
the simple a-description of accretion disk might not be valid any more if the turbulence
is produced by the magnetorotational instability. Considering that the size of the largest
turbulent eddies cannot exceed the disk thickness H and that the turnover velocity is
unlikely to be supersonic, the viscosity has been written as follows [Shakura and Syunyaev,
1973,

v =M = acH, (3.10)

where ¢g is the sound speed. In this a-prescription of viscosity, we expect o < 1, with values
of 0.1 or 0.01 being often used in the literature. It should be noted that this does not mean
that we know more about viscosity in this prescription. There is also no reason to believe
that « is constant throughout the disk. Under the thin disk assumption, we can view the
disk as a two dimensional flow. The torque exerted by the outer ring on the inner one is

7(R) = 2mrv e, (3.11)

where > = pH is the surface density.

In the following, the emission spectrum of the accretion disk will be derived, under the
assumption that the disk is geometrically thin, optically thick and in the steady state, with
the angular frequency assuming the Keplerian value Q = Qg = (GM/r3)'/? and the radial
velocity v, being small. Thus the specific angular momentum is vGMr, and the specific
dynamic energy (kinetic plus gravitational energy) is —GM /2r. The mass accretion is given
as M = 27>v,. Consider an annulus of the disk with the outer radius r + dr and the inner
radius r. In the steady state, there is no change of the angular momentum for this annulus
of the disk, so input angular momentum plus the torque at r + dr is equal to that at » and
thus is constant, i.e.,

<7‘ + Mer) v <7‘ + MT‘2Q> = const. (3.12)
r+dr r

Suppose there is a radius ry where the torque 7 is zero, and then we have
T+ Mr2Q = Mr2Q(ro). (3.13)

The main function of the viscous stress is to convert the kinetic energy into heat. Assume
that the luminosity of that annulus of the disk is dL, which should be equal to input
dynamic energy plus the work by the viscous torque per unit time, again from the steady
state assumption. Thus

dL:{ML4meq+ﬂ§ —~“ﬂ—GMﬂﬂ+TQL:JWM—GMﬂﬂ+dUm

(3.14)
Using Equation 3.13 and assuming blackbody radiation from both the top and the bottom
of the annulus with area 27rdr, we have

r—4dr

dL

_ 3GMM ro\1/2] . "
=75 [1 - (7> ] dr = (4rrdr)oT?, (3.15)

where o is the Stefan-Boltzmann constant. Thus the blackbody temperature depends on
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radius as
3G M royi2]) !

T_{m[l—<7> ]} . (3.16)
Two comments follow. First, in the derivation above, the exact form of the viscosity is
not required. This is surprising, but is also important as the form of the emission spectrum
and its dependence on M, r, etc. are known, even though the viscosity is poorly understood
at present. Second, rg can be inner radius of the disk, and this can be due to innermost stable
circular orbit (ISCO), prescribed by general relativity (in the derivation above, however, we
only assume Newtonian approximation). If the disk is truncated by the solid surface of the
compact object, there should be a boundary layer just outside the surface of the compact
object (Figure 3-1). Within this boundary layer, the angular frequency € of the accreting
material should decrease to the surface angular frequency. Thus there is a maximum of
near the surface, where the viscosity torque is zero as ' is zero (Equation 3.11). Thus r
is the radius where the maximum of €2 is achieved. It can be shown that this is very close
to the surface of the compact object. Thus rg can be simply assumed to be the radius of

the compact object. In summary, ry in Equation 3.16 can be ISCO or the radius of the
compact object r, (rg & ) if 7, is outside its ISCO.

3.1.3 The magnetorotational instability

In the last section, the unknown nature of the viscosity was parametrized by a coefficient
a. Now it is widely recognized that MRI can lead to turbulence that can transport the
angular momentum in the accretion disk. We refer to Balbus [2003] for a review.

The physics of MRI is not complicated and can be explained using mechanical analogy.
Consider a Keplerian accretion disk in the presence of a weak axial magnetic field. The
magnetic field has the magnetic tension acting on two radially neighboring fluid elements.
This magnetic tension can be imagined as a massless spring. As in a Keplerian accretion
disk the inner fluid element has a larger angular frequency than the outer one (d2/dr < 0.0),
the inner fluid element is then forced by the spring to slow down and thus reduce its angular
momentum and move to a lower orbit. In contrast, the outer fluid element is forced by the
spring to spring up, increase its angular momentum, and move to an outer orbit. The above
process will increase the separation of the above two fluid elements, and so does the spring
tension. Thus the process runs away. It should be noted that the angular transport is not
some nonlinear consequence of this instability but is the very cause of the linear instability.

With recognition of the presence of MRI in accretion disks, there is a question of whether
the standard thin accretion is still valid. Recently, Shafee et al. [2008] carried out three-
dimensional general relativistic magnetohydrodynamic simulations of a geometrically thin
accretion disk around a nonspinning black hole (the relativistic accretion disk will be ad-
dressed later). They found that the specific angular momentum profile of the inflowing
magnetized gas deviated by less than 2% from that of the standard thin disk model.

3.1.4 Local Eddington limit in the accretion disk

In §3.1.1, the derivation of the Eddington luminosity was given for the case of spherical
accretion (Equation 3.5). In the Newtonian limit, both the gravity and the radiation forces
vary as r—2, and such a critical luminosity is a single value applying to the whole space. Due
to special geometry of the accretion disk, the Eddington limit can be reached locally. In a
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standard thin disk, the locally generated luminosity varies as 3, and radiation pressure
most effectively moves matter in the vertical direction, while the vertical component of
gravity force roughly varies as r 2, if we assume that the thickness of the disk scales linearly
with 7 (H o r%/8 for the a-disk). At large M, one can imagine that the inner part of the
disk can reach the local Eddington limit, while at fairly outside, the disk can still be a
standard thin disk, producing thermal radiation.

Thus there is a transition zone, outside of which the standard disk is still valid and inside
of which the radiative force overcomes the gravity and the standard picture of the thin disk
is violated. The radius of the transition zone (r¢;) can be roughly derived as follows. The
gravity force on a pair of electron-proton in the vertical direction is —GMzmy/ (r? + z2)3/ 2,
where my, is the proton mass, while the radiation force is o1 F/¢, where F is the radiative flux
in the vertical direction and is F = oT* = [3GM M /(87r*)][1 — (ro/r)"/?] (Equation 3.16).
Suppose that when z = kr the gravity force in the vertical direction reaches maximum,
which is —[GMmy,/r?|[k/(1 + k?)%/2]. The critical radius is obtained when the above two

forces are equal,
1/2
To |y (7"_0>
7"CI' 7"CI'

where Lgqq is Equation 3.5. The left-hand side of the above equation achieves the max-
imum of 4/27 when ro, = 9r9/4. Using k = 1/v/2 in the Newtonian limit [McClintock
et al., 2006], we see that when GM M /70, which is roughly the luminosity for the NS case,
exceeds v/3Lgaq ~ 1.73Lgqq, there should be some inner parts of the disk reaching the local
Eddington limit. The above k value of 1/1/2 seems too large for the disk to be qualified as
a geometrically thin disk. If we use k = 0.1, the critical value of GM M /To becomes about
0.44 Lgqq.

The quantitative picture for the part of the disk inside r. is quite uncertain. It is
possible that the disk inside r¢, is slim-disk like, where there is little mass loss and photon
trapping takes place. The photon trapping effect refers to the situation when the mass
accretion timescale is shorter than the mean travel time for photons to reach the surface
to radiate away so that photons are trapped inside the accreting material and go together
onto the compact object (advection dominated). It is also possible that there is significant
mass outflow, along the vertical direction, as there the radiation pressure force overcomes
the gravity force. In reality, there might be both the mass loss and the photon trapping
simultaneously, as supported by simulations [e.g., Ohsuga and Mineshige, 2007].

. LEdd 2k
 GMM o 3(1 + k2)3/2

(3.17)

3.1.5 Accretion timescales

In the following several important timescales in the accretion disk are introduced. They are
dynamical, viscous and thermal timescales [Frank et al., 1985]. The dynamical timescale is
the shortest characteristic timescale of the disk

t¢~7‘/’l)¢ NQ_l, (318)

where vy is the azimuthal velocity. If there are flares on the surface of the disk, it will
produce quasi-periodic oscillations corresponding to the above timescale in the emission
and can be present in the power density spectra of the emission light curve. The timescale
corresponding to perturbations in the z-direction of the disk is ¢, = H/cs and can be shown
to be just about t4. The viscous timescale tyisc ~ 7 /v, gives the timescale on which matter
diffuses through the disk under the effect of the viscous torque. The thermal timescale ¢y
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is the timescale for re-adjustment to thermal equilibrium, and can be defined as the heat
content divided by the dissipation rate per unit disk area. Under the a-prescription, the
above timescales can be shown to have the following numerical values [Frank et al., 1985,
Equation 5.69:

ty oty oty ~ 01 [ 2L o ( ! )3/2
~ ~ ~ 0. P — m
¢ ™ ba 7 Alth M, 10 km °

. —3/10
b gt [ My
e (1016 g/s Mg 10 km

Thus the dynamical and thermal timescales are of the order of milliseconds in the accretion
disk around the NS, while the viscous timescale is of the order of seconds.

(3.19)

3.1.6 The relativistic accretion disk

For an accretion disk around the compact objects (NSs and BHs), the general relativistic
effects must present. One of the most important effects is the presence of the ISCO, pre-
scribed by the general relativity. For a nonspinning compact object, the ISCO is at a radius
of Risco = 6GM/c?, i.e., three times of the Schwarzschild radius Ry = 2GM/c%. For a
black hole with an extreme spin (spin parameter a, = 1), Rijsco = Rs. In a standard thin
disk (not magnetized), the torque is expected to be zero at the ISCO. Therefore the small-
est inner radius of a standard thin disk is at the ISCO. The continuum spectral modeling
indicates a constant apparent inner disk radius for some black holes over about one order
of magnitude variation in luminosity in the black hole soft state. This has been suspected
to be the signature of the presence of the ISCO and has been used to infer the spin of black
holes (Chapter 1). Under the description of the magnetohydrodynamical turbulence (due
to MRI; see above), it is possible that there is still torque at the ISCO, i.e., the disk is not
truncated at the ISCO. Shafee et al. [2008] showed that for a geometrically thin disk around
a nonspinning black hole, the magnetic torque at the radius of the ISCO is only ~2% of
the inward flux of angular momentum at this radius. Thus, the ISCO can still be assumed
to be the smallest inner disk radius for a geometrically thin disk. It should be noted that
the effect of the ISCO on the observable properties of the accretion disk is gone, or not
obvious, when the accretion rate is high, because the particles at the inner disk will be far
from following Keplerian motion.

The general relativistic effects on the emission spectrum from the accretion disk around
the compact object should be very important too. The redshift factor 1+ z is 1.22 at the
ISCO. The spectral models for the accretion disk around the compact object should includes
all relativistic effects, such as gravitational redshift, frame dragging, Doppler boosting, light
bending, and self-irradiation of the disk [Li et al., 2005, Davis and Hubeny, 2006], which
will be discussed more in §3.2.1.

3.1.7 ADAF and slim disk

In the above, we just concentrate on the standard disk which is geometrically thin and
optically thick. They correspond to modest accretion rates. At a very low accretion rate,
the disk is supposed to be in the optically-thin advection-dominated state, i.e., optically-
thin ADAF e.g., Ichimaru, 1977, Narayan and Yi, 1994]. In such an accretion flow, the
radiation is very inefficient, and the energy transport is dominated by advection. The flow
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is quasi-spherical, and the gas rotates at much less than the Keplerian angular velocity. The
gas temperature is very high, nearly virial. The emergent spectrum is non-thermal, often
with a strong Comptonization component. A jet might be present in such an accretion
flow, due to its large thermal energy. Such a model is often used to explain the hard-state
spectra in X-ray binaries.

At high accretion rates (of the order of the Eddington limit), the accretion flow should
be optically thick ADAF or slim disk. As in the optically thin ADAF, such an accretion
flow is cooled by advection, a phenomenon known as photon-trapping effect, and thus is
relatively radiatively ineffective [Abramowicz et al., 1988]. However, because of its high
optical depth, it emits thermal-like spectra. The luminosity from such a disk is around the
Eddington luminosity. To fit the spectra from a slim disk, a common method is to have the
local disk temperature T'(r) proportional to r~P, with p left free in the fit. The value of p
is 0.75 for the standard disk model (Equation 3.16), and is smaller when radial advection
is important [Okajima et al., 2006].

3.1.8 The boundary layer

The final fate of the accreting material is different for different types of the compact object
in X-ray binaries. For the BH systems, the accreting material will plunge into the event
horizon. For the NS systems, the accreting material will fall onto the surface of the NS,
but the picture can be complicated by the presence of the magnetic field. Under the weak
magnetic field assumption, the picture of how the accretion disk joins with the surface of the
NS can depends, in part, on whether the NS is larger than the ISCO or not. The surface
lies within the ISCO for most NSs with “soft” equations of state and outside the ISCO
for NSs with “stiff” equations of state [Kluzniak and Wagoner, 1985]. If the NS is larger
than the ISCO, the boundary layer would be part of the accretion disk and can be roughly
defined to be within the radius where the angular frequency €2 achieves its maximum (such
that Q', and thus the viscosity torque, is zero; Equation 3.11). The detailed structure of
the boundary layer, its evolution with the accretion rate, and the spectral properties still
need a lot of studies. Here we briefly review some results from some theoretical studies. We
will assume that the boundary layer is an equatorial belt, as in most studies [see, however,
Inogamov and Sunyaev, 1999].

Sibgatullin and Sunyaev [2000] derived simple approximation formulas illustrating the
dependence of the efficiency of energy release in the accretion disk and in the boundary
layer on the NS spin frequency for various NS equations of state (The ISCO can be inside
or outside the NS surface, depending on parameters chosen). The ratio of the luminosity
of the boundary layer to that of the accretion disk always increases with decrease in the
spin frequency. For a spin frequency of 0.5 kHz, which is typical in the NS LMXBs, the
luminosity of the boundary layer is about comparable to that of the accretion disk in most
of the NS equations of state that they addressed.

When the accretion disk extends to the surface of the NS, the boundary layer will
be dynamically coupled to the accretion disk closely. One of the models for this case is by
Popham and Sunyaev [2001]. They modeled the boundary layer as part of the disk, using the
slim disk equations, which contain terms that allow for large deviations from the standard
thin Keplerian disk with efficient cooling. In the modeling Newtonian approximation is
made. Using slim disk equations a simplified, one-dimensional geometry to the boundary
layer is applied in such model, which is a poor approximation as radial structure changes
dramatically, similar to the vertical direction. With these problems borne in mind, this

49



model predicts a hot, optically thin boundary layer with emergent X-ray spectrum very
hard at low accretion rates, and at high accretion rates, the boundary layer is optically
thick and can produce a quasi-Planckian spectrum. The extent of the boundary layer
increases with the accretion rate.

When the accretion disk is truncated by the ISCO which is well outside the NS surface,
the boundary layer should be dynamically well decoupled from the accretion disk (Figure 3-
1). One of the models for such a case is by Kluzniak and Wilson [1991]. Accreting material
crosses the 'gap’ between the disk and the star in free fall and then strikes the NS surface at
a shallow angle, creating a hot equatorial accretion belt with a temperature inversion. At
low accretion rates, the accretion flow through the gap is optically thin to X-rays escaped
from the boundary layer, and the emergent spectrum can be hard. However, it should be
noted that this depends on the angle of the incidence of the infalling matter assumed. For
large angles of incidence, the emission from the boundary layer can be close to blackbody
spectra [Alme and Wilson, 1973].

The width of the belt is about the 1 km or less (for accretion rates not too large), but
it depends on the thickness of the infalling flow Kluzniak and Wilson [1991]. Abramowicz
et al. [1978] shows the existence of the cusp of the equipotential surface with the presence
of the ISCO, resulting in the sharp cusp on the inner edge of the accreting disk. Thus the
thickness of the disk can be forced to be small near the ISCO, until the inner part of the
disk reaches the local Eddington limit (at this point, the radial velocity of the accretion
flow is large so that the ISCO effect is negligible).

Inogamov and Sunyaev [1999] modeled the boundary layer in a quite different way from
others. In their models, the accreting material touches the NS surface with Keplerian
rotation velocity and is decelerated by friction against the dense, slowly rotating neutron
star surface. The energy release takes place on the stellar surface in a latitudinal belt whose
width increases with the accretion rate. In such a model, the boundary layer is treated as
part of the star rather than part of the disk. There are two latitudinal rings of enhanced
brightness, which are symmetric about the equator in the upper and lower hemispheres
and shift from the equatorial zone to higher latitudes as the accrete rate increases. The
radiating belt broadens as the accretion rate increases. The extra high frequency noise near
1 kHz seen only in the power density spectrum of the accreting NS (not in the BHs) can be
attributed to such a spreading layer [Sunyaev and Revnivtsev, 2000].

In all the above models, the magnetic field is assumed to be dynamically unimportant.
To see how weak the magnetic field should be to have the above pictures relevant, we can
compare the Alfvén radius ra, the radius at which the magnetic pressure is roughly the sum
of the ram and gas pressure, with the radius of the NS. It is roughly [Frank et al., 1985,
Equation 6.20]

MANYT e 107 I —2/7 B\
~1 - S - — — k 2
ra ~ 15ka <M@> <10 km> <1037 erg/s> (108 G) o (3:20)

where B is the magnetic field strength at the surface of the NS and ka is the correction
from the spherical accretion to the disk accretion and is about 0.5. Thus, if the magnetic
field is weaker than 10 G, it would become dynamically unimportant if the luminosity is
above about 10%7 erg/s.
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3.2 X-ray emission mechanisms

In the following I introduce the typical spectra seen in the X-ray binaries and explain their
emission mechanisms. Only the blackbody and inverse Compton scattering spectra are
extensively used in this thesis. Others are included for completeness. In X-ray wavelength,
the radiation is normally treated as photons, instead of waves. A photon is characterized
by its energy hr, where h is Planck constant and v is its frequency, and its direction. Its
momentum is given as p = hr/c. Many processes can produce/absorb photons or modify
their properties (energy and/or direction).

3.2.1 Blackbody radiation and multicolor disk blackbody
Blackbody radiation

Thermal radiation, radiation emitted by matter in thermal equilibrium, is common in as-
trophysics. Blackbody radiation is a special form of thermal radiation, which itself is in
thermal equilibrium. The emitting material should be optically thick, and the photons are
scattered, absorbed, and re-emitted, many times prior to being emitted from the surface.
The specific intensity is given as (unit: W m~2 Hz~! sr—1)

2hv? 1

I(v,T) = 2 ohv/kT _ 71’

(3.21)

where k is Boltzmann constant. We see that the shape and the magnitude of the specific
intensity are uniquely specified when the temperature is defined. It is possible to have a
gray body which emits a spectrum of blackbody shape but of less intensity, but this is not
blackbody radiation. We can calculate the flux from a blackbody surface of unit area

w/2 27
F = / / I(v,T) cos O sin @dvdfdep = oT*, (3.22)
0=0 Jo=0Jv

where 0 = 1257;#:3 = 5.67078 W m—2 K=, the Stefan-Boltzmann constant. The radiation

pressure inside the blackbody medium is

w/2 2w 4
P = / / MZ cos? 0 sin dvdfdg = ﬂ, (3.23)
=0 Jop=0Jv C 3

where a = 4o/c.

The peak power happens at vpeax With hipeac = 2.82KT, a relation known as Wien
Displacement Law. At frequencies significantly less than the peak frequency, the blackbody
function varies linearly with the temperature and quadratically with frequency (Rayleigh-
Jeans law):

2k
H%prgﬂf (3.24)
At frequency hv > kT, we have Wien’s law:
2hv3
I, T) ::-:gé-e—hv/kT (3.25)

The blackbody specific intensity (or flux ¢7%) is the maximum that can be emitted by
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Figure 3-2: Luminosity versus inner disk temperature from the fit of DISKBB to the
soft-state spectra of several BH X-ray binaries [Done et al., 2007]. Gray points show the
range of uncertainty due to mass and distance estimates. The solid lines are L oc T* lines.

a thermal source. The blackbody specific intensity is therefore sometimes called the black-
body limit of specific intensity. As will be introduced below (Bremsstrahlung spectrum),
the optically thin emission has a relation: I(v,T) o g(v, T)neni AT~ exp(—hv/kT) (see
Equation 3.30). When the densities of the ions and electrons increase and the cloud is still
optically thin, the intensity measured will increase. To some point, it will become optically
thick to low frequency, and specific intensity there will reach the blackbody limit. With
the increase of the densities, the higher and higher frequencies reach this limit. Finally the
cloud becomes optically thick at all frequencies of interest and the spectrum has become
identical to the blackbody function.

Here I introduce the concepts of the color temperature T, and the effective temperature
Teg. T, characterizes the spectral shape of a spectrum. It can be obtained by fitting
the spectral data to a blackbody curve without regard to the magnitude. T,g is obtained
by equating UTC4ff to the actual total flux emitted at the source. The ratio of the color
temperature to the effective temperature by definition is the color correction factor f. =
Te/Tes-

The blackbody spectrum with a temperature varying with time is one of the character-
istics of type I X-ray bursts. The emission from the boundary layer on the accreting NS
can also resemble the blackbody spectrum when the accretion rate is not too low.

Multicolor disk blackbody

The standard accretion disk, which is geometrically thin and optically thick, also emits
a blackbody spectrum at each radius whose temperature depends on the radius as Equa-
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Figure 3-3: Comparison between two XSPEC thermal models DISKBB (dashed line) and
DISK (dotted line).
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Figure 3-4: Comparison of DISKBB (dot-dashed lines) with relativistic disk models BH-
SPEC (dotted lines) and KERRBB (dashed lines). The spectra on the left and on the right
correspond to log(L/Lg4a) = —1.5 and -0.5, respectively.
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tion 3.16. Neglecting the term 1 — (ro/r)"/? in Equation 3.16, we have T' o r~3/4. The
observed spectrum would be

cos @ [Tout 87T7’i2n cos [Tm /7 \ /3 dT
F = D2 /T 27TT[(V, T)dT = W /Tom <f> I(V, T)f7 (326)

in

where 0 is the disk inclination with respect to the line of sight, D is the distance, and the
subscripts ’in’ and ’out’ denote the quantities at the inner and outer boundaries of the disk.
Equation 3.26 is implemented as DISKBB in XSPEC, and is also called MCD in this thesis.
There are only two parameters for this model, i.e., T}, and rfn cos §/D?. The luminosity of
the disk is rout

Lisk = / drroTh(r)dr = 472 o T, (3.27)

Tin

assuming rout > Tin. Accreting systems impose a boundary condition on 7, e.g., for
black holes, the disk is truncated at a constant radius of the ISCO (§3.1.6), and we have
Laigk Tli (Figure 3-2). This thesis will show that this also seems to be true for a specific
class of accreting NSs, i.e, atoll sources, as well.

The model DISK in XSPEC implements Equation 3.16 without neglecting the term
1 — (rg/r)/2. This model requires four parameters, i.e., L/Lgqq (Lgaq is Equation 3.5 with
X =0.7), M, ry, and 2cosf/D?. The disk luminosity is L = GM M /2r¢. The difference
between models DISK and DISKBB is minor when fitting actual spectra, and their param-
eters can be related as follows. Tj, in model DISKBB is about the maximum temperature
in Equation 3.16, which is (3GM M /8mord)'/463/27-7/* = 1.285(L/Lgaq)"/*(10 km /rq)/?
keV and is obtained at r = (49/36)rq, while i, = (7/3)/2(7/6)3r¢ [Kubota et al., 1998].
Figure 3-3 shows the spectra of models DISKBB and DISK. For model DISK, I assume
M =1.4Mg, L = 0.1Lgqq, 70 at ISCO, 8 = 0.0, and D = 10 kpc. For model DISKBB, the
parameters are obtained using the above relations. From Figure 3-3, we see that significant
differences between these two models are only seen below 0.1 keV, an energy range that few
X-ray detectors are designed for. Thus neglecting the term 1 — (ro/ 7’)1/ 2 in Equation 3.16
is practical, and model DISKBB, which is simpler, is often used.

The real disk spectrum from X-ray binaries should experience strong relativistic effect
due to the extreme compactness of the NSs/BHs. There is also the question of radiative
transfer, where there is expected to be a hot disk atmosphere that can Comptonize the
photons coming out of the disk and modify the disk spectrum. The two commonly used
and more realistic disk spectral models are KERRBB [Li et al., 2005] and BHSPEC [Davis
and Hubeny, 2006] in XSPEC. Model KERRBB includes all relativistic effects, such as
gravitational redshift, frame dragging, Doppler boosting, light bending, and self-irradiation
of the disk. Model BHSPEC does not include self-irradiation. One main difference between
KERRBB and BHSPEC is the treatment of the hardening effect. KERRBB uses a color-
corrected blackbody prescription with the hardening factor being one of its key parameters,
while BHSPEC uses stellar atmospheres-like calculations of disk annuli to self-consistently
calculate the vertical structure and radiative transfer. Both models have the accretion
rate/luminosity and the spin parameter as their key fit parameters.

To compare DISKBB with BHSPEC and KERRBB, I simulated two spectra using model
BHSPEC and Suzaku responses, with log(L/Lgqq) = —1.5 and -0.5, respectively. The other
parameters are M = 1.4Mg), a,=0 (spin parameter), § = 60°, D = 10 kpc, and the viscosity
parameter o = 0.1. Then both spectra are fit with KERRBB and DISKBB for the energy
range 1.0-10 keV. The results are shown in Figure 3-4. On the whole model, DISKBB can

o4



well describe the high energy part of the spectra obtained from simulation of the relativistic
models, and this can help us to monitor spectral changes when the mass and distance of
the compact object are unknown. The values of ry; of DISKBB from fitting the above
spectra differ about 10% while the luminosity differs by one order of magnitude. Thus it
is nearly constant. However, to relate the best-fitting parameter of DISKBB to the real
system parameter, a series of corrections are required [Zhang et al., 1996].

3.2.2 Inverse Compton Scattering

Compton scattering refers to the process in which high energy photons (hv comparable
to or larger than mec?> = 511 keV, where m, is the electron mass) will transfer a portion
of its momentum and energy to the electron. In the opposite sense, inverse Compton
scattering refers to the process in which high-energy electrons transfer momentum to lower-
energy photons, boosting the photons to higher energies. The spectrum is generally quite
complicated, and mostly depends on the temperature or energy distribution of the seed
photons, the temperature, the optical depth 7, and the geometry of the hot plasma. The
energy would be changed after emerging from the hot plasma by a factor called Compton
y parameter. For the case of non-relativistic thermal electrons, this parameter is given as,

AKT.

y= max (7, 7°). (3.28)

MeC2

In this thesis, and also in the X-ray astronomy, inverse Compton scattering is normally
referred to as Comptonization. Comptonization is expected to be commonplace in X-ray
binaries, because accretion disks are usually accompanied by a hot corona [Shakura and
Syunyaev, 1973]. In this thesis, the Comptonization model is approximated by one of the
following: a broken power-law model (bknpower in XSPEC, hereafter BPL), a cutoff power-
law model (cutoffpl in XSPEC, hereafter CPL), or the Comptonization model by Titarchuk
[1994] (CompTT in XSPEC). The CompTT model computes the Comptonization of a
Wien input spectrum of seed photons by a hot (single temperature) plasma with a uniform
covering geometry. On the other hand, the BPL or CPL model can be considered as a
functional approximation for Comptonization under complex conditions or in combination
with another radiation process like synchrotron radiation.

3.2.3 Bremsstrahlung

Here I limit the discussion to the thermal Bremsstrahlung emission from an optically thin
plasma. A plasma is a cloud of ionized atoms or molecules. To maintain an ionized condi-
tion, the plasma must be sufficiently hot. The radiation arises when electrons are accelerated
in near collisions with ions and thereby emit photons. In an electron-ion near collision, the
less-massive electron undergoes a large acceleration and radiate some of its energy. The
emissivity is given by (unit: W m=3 Hz~!),

e—hu/kT

. T) dv = Crg(v, T, 2) Z*neni— 75—

dv (3.29)

where O = 6.8 x 10751J m3 K/ 2 n. and n; are the number densities of electrons and ions
respectively, and Z is the atomic number of the ion. The Gaunt factor, g(v, T, Z) is a slowly
varying function of v that derives from the exact quantum-mechanical calculation of the
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electron-ion collisions. If Z = 1 and the plasma cloud is uniform, the intensity is
—hv/kT
ex

P An?

iz Ane (3.30)

C
I, T) = —g(v,T)

where A is the extent of the plasma along the light of sight. The Bremsstrahlung spectrum
is often seen in the hot gas that envelopes clusters of galaxies.
3.2.4 Synchrotron Emission

Synchrotron radiation is electromagnetic radiation, similar to cyclotron radiation, but gen-
erated by the acceleration of ultrarelativistic (i.e., moving near the speed of light) charged
particles through magnetic fields. The volume emissivity for the case of a power-law distri-
bution of electrons (with index p) is given by,

j(v)dv o« BU=P)/2,+1)/2, (3.31)

Synchrotron radiation is commonly seen in pulsars. However, this thesis primarily deals
with non-pulsing X-ray binaries where synchrotron radiation is not important.
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Chapter 4

Evaluating Spectral Models and
the X-ray States of Neutron-Star
X-ray Transients

Abstract

We analyze the X-ray spectra of the neutron-star (NS) X-ray transients Aql X-1 and 4U
1608-52, obtained with RXTF during more than twenty outbursts. Our aim is to properly
decompose the spectral components and to study their evolution across the hard and soft X-
ray states. We test commonly used spectral models and evaluate their performance against
desirability criteria, including Lx o T* evolution for the multicolor disk (MCD) component,
and similarity to black holes (BHs) for correlated timing/spectral behavior. None of the
classical models for thermal emission plus Comptonization perform well in the soft state.
Instead, we devise a hybrid model: for the hard state a single-temperature blackbody (BB)
plus a broken power-law (BPL) and for the soft state two thermal components (MCD and
BB) plus a constrained BPL. This model produces Lx oc T* tracks for both the MCD
and BB, and it aligns the spectral/timing correlations of these NSs with the properties of
accreting BHs. The visible BB emission area is very small (~ 1/16 of the NS surface), but
it remains roughly constant over a wide range of Lx that spans both the hard and soft
states. We discuss implications of a small and constant boundary layer in terms of the
presence of an innermost stable circular orbit that lies outside the NS. Finally, if the BB
luminosity tracks the overall accretion rate, then we find that the Comptonization in the
hard state has surprisingly high radiative efficiency, compared to MCD emission in the soft
state. Alternatively, if we assume that the radiative efficiency of a jet in the hard state
must be less than the MCD efficiency in the soft state, while relaxing presumptions about
the accretion rate, then our results may suggest substantial mass outflow in the jet.

This chapter is adapted from the paper “Evaluating Spectral Models and the X-Ray
States of Neutron Star X-Ray Transients” by Dacheng Lin, Ronald A. Remillard, & Jeroen
Homan, published in The Astrophysical Journal, 2007, Vol. 667, p. 1073-1086.

4.1 Introduction

In low-mass X-ray binaries (LMXBs), a neutron star (NS) or stellar-mass black hole (BH)
accretes matter from a Roche-lobe filling, low-mass companion star through an accretion
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disk. X-rays are produced by the inner accretion disk and/or the boundary layer formed
by impact of the accretion flow with the NS surface. The luminous and weakly magnetized
NS LMXBs are classified into atoll and Z sources based on their X-ray spectral and timing
properties [Hasinger and van der Klis, 1989]. In a color-color diagram, Z sources trace out
roughly Z-shaped tracks within hours to a day or so. Their X-ray spectra are normally
soft in all three branches of the “Z”, i.e., most of the flux is emitted below 20 keV. Atoll
sources, however, show more dramatic spectral changes, albeit on longer time scales (days
to weeks); their spectra are usually soft at high luminosities and hard when they are faint.

Recently, it was found that some atoll sources can also exhibit Z-shaped tracks in the
color-color diagram when they are observed over a large range of luminosity [Muno et al.,
2002, Gierlinski and Done, 2002a]. However, it was noted by several authors [Barret and
Olive, 2002, van Straaten et al., 2003, Reig et al., 2004, van der Klis, 2006] that the properties
of atoll sources (e.g., rapid X-ray variability, the order in which branches are traced out)
are very different from those of the Z sources. The spectral states of atoll sources in the
upper, diagonal and lower branches of these Z-shaped tracks are often referred to as the
“extreme island”, “island”, and “banana” states/branches, respectively. However, in this
paper we will use the terms “hard”, “transitional”, and “soft” states, respectively.

The spectral modeling of accreting NSs has been controversial for a long time [see Barret,
2001, for a review|. In the soft state, the spectra are generally described by models that
include a soft/thermal and a hard/Comptonized component. Based on the choice of the
thermal and Comptonized components, there are two classical models, often referred to as
the Eastern model [after Mitsuda et al., 1989] and the Western model [after White et al.,
1988]. In the Fastern model, the thermal and Comptonized components are described by
a multicolor disk blackbody (MCD) and a weakly Comptonized blackbody, respectively. In
the Western model, the thermal component is a single-temperature blackbody (BB) from
the boundary layer and there is Comptonized emission from the disk. The color temperature
for the thermal component (i.e., the temperature at the inner disk radius kT},q for a disk
model or KTy, for a boundary layer model) is typically in the range of ~ 0.5-2.0 keV [e.g.,
Barret et al., 2000, Oosterbroek et al., 2001, Di Salvo et al., 2000a, Iaria et al., 2005]. For
the Comptonized component, the same authors reported a plasma temperature of ~ 2-3
keV and a large optical depth of ~ 5-15 in the soft state (for a spherical geometry).

In the hard state, the spectra are dominated by a hard/Comptonized component, but
a soft /thermal component is generally still required [Christian and Swank, 1997, Barret
et al., 2000, Church and Balucinska-Church, 2001, Gierliniski and Done, 2002b]. The thermal
component can be either a BB or a MCD, but the latter seems to be ruled out by the inferred
inner disk radii that are unphysically small. The color temperature of this component is
typically < 1 keV [e.g., Barret et al., 2003, Church and Baluciriska-Church, 2001]. The
inferred plasma electron temperature of the Comptonized component is typically a few tens
of keV and its optical depth is ~ 2-3 in the hard state (for a spherical geometry). The
hard state of atoll sources is considered by some authors to be associated with a steady jet
[e.g., Fender, 2006, Migliari and Fender, 2006]. The inverse Compton spectrum could then
arise from the base of the jet, and synchrotron emission would contribute seed photons and
perhaps a secondary contribution to the X-ray spectrum [Markoff et al., 2005].

In the past, various approaches have been made to further our understanding of X-ray
spectra of accreting NSs. These include: (1) spectral surveys of a large number of sources,
covering a wide range of luminosities [Church and Baluciriska-Church, 2001, Christian and
Swank, 1997], (2) detailed studies of a large number of observations from a single outburst
of a NS X-ray transient [Gierliriski and Done, 2002b, Maccarone and Coppi, 2003b, Maitra
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and Bailyn, 2004], (3) Fourier frequency resolved X-ray spectroscopy [Gilfanov et al., 2003,
Olive et al., 2003], and (4) comparisons of spectral and timing properties to those of BH
LMXBs, to understand which features might be the result of the presence/absence of a
solid surface [Wijnands, 2001, Barret, 2001, Done and Gierliriski, 2003]. However, a general
consensus on the appropriate X-ray spectral model for the various subtypes and states of
accreting NSs has not been achieved.

In this paper we present an extensive study of a large number of observations of two
NS transients Aql X-1 and 4U 1608-52, using data obtained with the Rossi X-ray Timing
Ezxplorer [RXTE , Bradt et al., 1993], during more than twenty individual outbursts. There
are several advantages of using this archive. First, it allows us to compare the evolution
of spectral properties of different outbursts systematically. Second, we can examine the
behavior of a specific spectral component with changes in accretion rate, capitalizing on the
wide range in luminosity exhibited by these atoll-type transients. Third, compared with
surveys using just a few observations but many sources, we can reduce the problems due
to our poor knowledge of the parameters of the sources (e.g., the distance, inclination, and
absorption).

The goal of this paper is to find a spectral model that can well describe the X-ray spectra
of NS X-ray transients. Although the NS X-ray transients often change luminosity by several
orders of magnitude and show substantial diversity in outbursts, their well organized color-
color and color-intensity diagrams clearly show that their spectral evolution tracks are
narrow and thus repeatable. This compels the efforts to unlock spectral models for NS
systems to explain the well-behaved sources in terms of accretion physics, and also to
further investigate the differences and similarities between BHs and NSs.

Aqgl X-1 and 4U 1608-52 have been classified as atoll sources [Hasinger and van der
Klis, 1989, Reig et al., 2000]. Recently, Reig et al. [2004] and van Straaten et al. [2003]
analyzed the general timing properties of these two sources. Here we will concentrate on
their spectral properties. We describe our data reduction scheme in §4.2 and show the
long-term light curves and color-color diagrams in §4.3. We perform and evaluate detailed
spectral modeling in §4.4. In §4.5, we compare timing properties with BHs in order to
further evaluate the spectral models. We argue that a particular model is most suitable
for these NS transients, and then we further explore the ramifications of this model for
X-ray states and the physical properties of accretions in §4.6 and §4.7. Finally we give our
summary and discussion.

4.2 Observations and data reduction

For our analysis, we used all of the available RXTFE observations of Aql X-1 and 4U 1608-52
prior to 2006 January 1. Data were analyzed from the Proportional Counter Array [PCA;
Jahoda et al., 1996] and the High Energy X-ray Timing Experiment [HEXTE; Rothschild
et al., 1998] instruments. We utilized the best-calibrated detector units of each instrument,
which are Proportional Counter Unit 2 (PCU 2) for the PCA and Cluster A for the HEXTE,
and we extracted the average pulse-height spectra, one for each RXTFE observation. All
spectral extractions and analyses utilized the FTOOLS software package version 6.0.4. Some
standard criteria were used to filter the data: data of 20 seconds before and 200 seconds
after type I X-ray bursts were excluded [see Remillard et al., 2006a]; the earth-limb elevation
angle was required to be larger than 10°; the spacecraft pointing offset was required to be
< 0.02°. For faint observations, we additionally excluded data within 30 minutes of the

99



Table 4.1. X-ray Sources and Observations Prior to 2006 January 1

number of total/used  Time of total/used Ny Distance
Source name observations observations (ks) (1022cm—2) (kpc)
Aql X-1 393/333 1402/1252 0.5 5
4U 1608-52 523/459 1310/1204 1.0 3.6

peak of South Atlantic Anomaly passage or with large trapped electron contamination.

We only considered observations that yielded data from the PCA, HEXTE and relevant
spacecraft telemetry. Only observations with PCA intensity (background subtracted) larger
than 10 counts/s/PCU were used. We required the exposure of the spectra to be larger
than five minutes for faint observations (source intensity lower than 40 counts/s/PCU) and
two minutes for bright observations. Appropriate faint/bright background models were
used when the source had intensity lower or higher than 40 counts/s/PCU. For the PCA,
the spectra were extracted from “standard 2” data collection mode and the response files
were created so that they were never offset from the time of each observation by more
than 20 days. For the HEXTE, the program HXTLCURYV was used for spectral extraction,
background subtraction, and deadtime correction. Finally, we applied systematic errors
of 0.8% for PCA channel 0-39 (about below 18 keV) and 2% for PCA channel 40-128
[Kreykenbohm et al., 2004, Jahoda et al., 2006]. No systematic errors were applied for
HEXTE data. A summary of the observations and other source properties is given in
Table 4.1. All further analyses and spectral fits were uniformly applied to each selected
observation.

4.3 Light curves and color-color diagrams

The long-term light and color curves of Aql X-1 and 4U 1608-52 are shown in Figure 4-1.
This figure combines data from the PCA and the RXTE All-Sky Monitor [ASM; Levine
et al., 1996]. Typically, outbursts start in the hard state, evolve to the soft state, and finally
return to the hard state during the decay. However, outbursts can be quite different from
each other, e.g., in amplitude and duration. Moreover, in some outbursts the source did
not enter the soft state.

For each observation we calculated X-ray colors, in a manner similar to Muno et al.
[2002]. Soft and hard colors were defined as the ratios of the background-subtracted counts
in the (3.6-5.0)/(2.2-3.6) keV bands and the (8.6-18.0)/(5.0-8.6) keV bands, respectively.
We normalized the raw count rates from each PCU with the help of observations of the Crab
Nebula. For each PCA gain epoch, we computed linear fits (vs. time) to normalize the Crab
count rates to target values of 550, 550, 850, and 570 counts/s/PCU in these four energy
bands. The normalized color-color and color-intensity diagrams in Figure 4-2 resemble
those in Muno et al. [2002], although our figure includes more data and we used a different
normalization scheme for the softest energy bands. Although these two sources are atoll
sources, their tracks in the color-color diagrams are Z-shaped, owing to their large range of
luminosities. We combined the hard color and PCA intensity to pragmatically define the
source states as shown in Figure 4-2. The hard state has a hard color > 0.65 (Aql X-1) or
> 0.6 (4U 1608-52); the soft state has a PCA intensity > 400 counts/s/PCU and a hard
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Figure 4-1: Long-term light and color curves of Aql X-1 and 4U 1608-52, showing a
large variety of outburst properties. Grey solid lines are from RXTE ASM and discrete
symbols are from PCA observations representing different spectral states: hard (square),
transitional (triangle), and soft (cross). The dashed line (hard color = 0.5) is a reference
to help distinguish the different states.
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Figure 4-2: Normalized color-color and color-intensity diagrams of Aql X—1 and 4U 1608
52 from ten years of pointed RXTFE PCA observations. The PCA intensity is the total count
rate from PCU2. The hard, transitional, and soft states are represented by blue squares,
green triangles, and red crosses, respectively. The uncertainties are at 1 o confidence and
are normally smaller than the symbol size.
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Figure 4-3: The HEXTE intensity in two hard energy bands versus the PCA intensity at
3-20 keV. The solid lines show linear fits for these measurements. The hard and soft states
appear increasingly different when they are compared using more widely spaced energy
bands.

color < 0.5 or a PCA intensity < 400 counts/s/PCU and a hard color < 0.36 (Aql X-1) or
< 0.41 (4U 1608-52). All of the remaining observations are referred to as the transitional
state. For all figures in this paper, the hard, transitional, and soft states are represented by
blue squares, green triangles, and red crosses, respectively. We note that strong hysteresis
is observed in both sources, that is, the hard-soft transition generally occurs at higher X-
ray flux compared to the soft-hard transition [e.g., Maccarone and Coppi, 2003a]. The
transitional-state observations are mostly from the decay phases of the outbursts, since the
rise is often sparsely covered.

Figure 4-3 shows the relation of source intensities in more widely spaced energy bands.
The top panels are the HEXTE 20-50 keV intensity versus the PCA 3-20 keV intensity. The
most striking aspect of these panels is that there are two nearly linear tracks corresponding
to the soft and hard states. The bottom panels are the HEXTE 50-150 keV intensity versus
the PCA 3-20 keV intensity. We can still see the linear track in the hard state, but the
sources are generally not detected above 50 keV in the soft state.

While the light curves in Figure 4-1 show substantial diversity in outburst amplitude
and duration for a given source, Figures 4-2 and 4-3 show that the superposition of all
observations on color-color and color-intensity diagrams shows well organized spectral states
and very common behaviors in these two sources. The aim of this paper is to capitalize
on this organization and the comprehensive RXTF data archive, in order to determine the
best way to model the X-ray spectra across these different states.
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Table 4.2. The spectral models

Hard State Soft/Transitional State

Model #*  Description X2 (o)P Problems® Description X2 ()P Problems®
1 BPL+MCD  0.93(0.21),0.88(0.16) R BPL+MCD 0.99(0.38),1.07(0.36) RLP
2cold CompTT+MCD 1.00(0.28),0.90(0.17) R CompTT+MCD 1.04(0.39),0.93(0.25) RLP
2hot CompTT+MCD R CompTT+MCD LP
3 BPL+BB 0.94(0.21),0.90(0.17) — BPL+-BB 1.06(0.41),1.24(0.49) P
4eold CompTT+BB 0.99(0.24),0.93(0.19) — CompTT+BB  0.95(0.33),0.90(0.25) P
4hot CompTT+BB T CompTT+BB TP
5d MCD+BB 1.23(0.36),1.17(0.38)
6 BPL+BB 0.94(0.21),0.90(0.17) — MCD+BB+CBPL 1.15(0.30),1.02(0.27) —

Note. — All models also include an interstellar absorption component and a Gaussian line. The notations BPL,

MCD, BB and CompTT refer the bknpower, diskbb, bbodyrad, and comptt models in XSPEC, respectively. CBPL
is a constrained BPL with the break energy Ej, fixed at 20 keV and the initial photon index I'y forced to be

smaller than 2.5. “...” means that the information is not available or meaningless because the corresponding model
113 ”

does not work. “—” means that none of the four problems listed in §4.4.2 is found to apply to the corresponding
model/spectral state.
2The subscripts cold and hot denote the cold-seed-photon models and hot-seed-photon models, respectively.
bThe mean x2 and standard deviation. The two columns are for Aql X—1 and 4U 1608-52, respectively.
“See §4.4.2 for the meanings of these characters.

dOnly observations in the soft state are fitted with this model. The mean x2 for this model is from observations
with source intensity > 800 counts/s/PCU.

4.4 Spectral modeling

4.4.1 Spectral models and assumptions

In this work, we fitted the X-ray spectra of Aql X-1 and 4U 1608-52 with several different
models. The PCA and HEXTE pulse-height spectra were fitted jointly over the energy
range 2.6-23.0 keV and 20.0-150.0 keV, respectively, allowing the normalization of the
HEXTE spectrum, relative to the PCA spectrum, to float between 0.7 and 1.3. For soft-
state observations, HEXTE spectra were used up to 50 keV because the flux at higher
photon energies was negligible (Figure 4-3).

In the typical description of the NS continuum spectra, some form of pure thermal
radiation is often combined with another radiation process, commonly presumed to be
some form of Comptonization, although synchrotron radiation might also be involved (§1).
Hereafter, we simply refer to emission other than the pure thermal radiation as the “Comp-
tonized” component. Two forms of thermal radiation were considered: BB and MCD
models (bbodyrad and diskbb in XSPEC respectively). The BB model provides the color
temperature (kT ) and the apparent radius (Rpy,; isotropic assumption) of the BB emission
area, while the MCD model provides the apparent inner disk radius (Rycq) and the color
temperature at the inner disk radius (kTeq)-

As for the modeling of the Comptonized component, we considered both a broken
power-law model (bknpower in XSPEC, hereafter BPL) and the Comptonization model by
Titarchuk [1994] (CompTT in XSPEC). The CompTT model computes the Comptonization
of a Wien input spectrum of “seed photons” by a hot (single temperature) plasma with a
uniform covering geometry. On the other hand, the BPL component can be considered as a
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Table 4.3. Best-fitting parameters of two sample spectra

Data Model kTs keV  kTe keV T kT meds ETob keV' Niped, Nobp - x2(d.o.f)
Hard-state sample CompTT+MCD(cold) <0.35 143150 6.07703° 1791007 L7903 1.49(78)
Hard-state sample CompTT+MCD(hot) 1.16709% 155710 5.547552 1.0075-05 44.87102 1.32(78)
Hard-state sample CompTT+BB(cold) <04 150700 2537005 1.2170-0% 8.971 T 1.25(78)
Hard-state sample CompTT+BB(hot)  1.037012 16.67)3 2.24751] 0.6710 52 227.97531 1.59(78)
Soft-state sample CompTT+MCD(cold) <0.5 25707 16.67532 1.7075-08 68.77225  1.27(53)
Soft-state sample CompTT+MCD(hot) 1.02+503 26707 101703 <07 0.95(53)
Soft-state sample CompTT+BB(cold) <05 25701 6.087537 1.2475-04 164.17379 1.07(53)
Soft-state sample CompTT+BB(hot)  1.027003 2.6701 4.667515 <05 0.95(53)

Note. — The detailed information of these two spectra are given at the beginning of §4.4.2 and their unfolded
spectra are shown in Figures 4 and 5. The notations “cold” and “hot” refer to the cold and hot-seed-photon models
respectively (see §4.4.2). For CompTT+MCD models, a spherical geometry was assumed for CompTT component,
while for CompTT+BB models, a disk geometry was assumed instead. Ny,.q and Ny}, are normalizations (in unit
of km? at distance 10 kpc) of MCD and BB, respectively.

functional approximation for Comptonization under complex conditions or in combination
with another radiation process like synchrotron radiation. We gave these two models an
equal opportunity to handle the effects of Comptonization when we tested different kinds
of spectral decomposition. Thus BPL or CompTT was combined with BB and/or MCD in
a variety of ways, as summarized in Table 4.2. The BPL model has four parameters: two
photon indices, a break energy (Ey) and a normalization parameter. The CompTT model
is parametrized by the seed-photon temperature (kTy), the plasma electron temperature
(kTe), the optical depth (7), a parameter describing the geometry of the Comptonizing
cloud (either spherical or disk-like), and a normalization parameter.

All models also included a Gaussian line. Its central line energy was constrained to be
between 6.2-7.3 keV, targeting the Fe line 6.4 keV [Asai et al., 2000]. The average best-
fitting value was ~ 6.6 keV for both sources. The intrinsic width of the Gaussian line (o)
was fixed at 0.1 keV. This is consistent with the ASCA result of Church and Baluciriska-
Church [2001]. The PCA has energy resolution ~ 1 keV, limiting the need for a precise
value. An interstellar absorption component was also included with the hydrogen column
fixed at Ny = 0.5 x 10?2 cm™2 for Agl X-1 [Church and Balucitiska-Church, 2001] and
1.0 x 10?2 cm ™2 for 4U 1608-52 [Penninx et al., 1989]. Since no eclipses or absorption dips
have been observed, the two sources are likely not high-inclination systems and we assumed
their binary inclinations to be 60°. We scaled the luminosity and radius related quantities
using distances of 5 kpc for Agl X-1 [Rutledge et al., 2001] and 3.6 kpc for 4U 1608-52
[Natalucci et al., 2000], unless indicated otherwise.

4.4.2 Comptonized + thermal two-component models
The problem of model degeneracy

First we consider models with two continuum components: one is Comptonized and the
other is thermal (Models 1-4 in Table 4.2). It turns out that the spectral fitting is in-
herently non-unique. To illustrate the contribution of each component and the problem of
model degeneracy, we use two observations of Aql X-1. One is a hard-state observation on
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Figure 4-4: The unfolded spectra and residuals of two sample observations of Aql X-1
using different kinds of models. One is in the hard state and the other in the soft state.
The panels for models with CompTT are from spectral fits with seed-photon temperatures
< 0.5 keV (cold-seed-photon models). The total model fit is shown as a solid line, the
Comptonized component as a dotted line, the thermal component as a dashed line, and
the Gaussian line as a dot-dashed line.
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Figure 4-5: The unfolded spectra and residuals of two sample observations of Aql X-1
with best-fitting kT 2 1 keV using Model CompTT+MCD (hot-seed-photon model). The
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total model fit is shown as a solid line, the Comptonized component as a dotted line, the
thermal component as a dashed line, and the Gaussian line as a dot-dashed line.

2004 February 21 (hard color 0.73, intensity 178.5 counts/s/PCU), the other is a soft-state
observation on 2000 October 27 (hard color 0.33, intensity 1262 counts/s/PCU).

Figures 4-4 and 4-5 show the unfolded spectra of these two observations using different
Comptonized + thermal models. All models give acceptable spectral fits, despite the fact
that the spectra each contain well over 10° counts. Figure 4-4 shows that there is not only
degeneracy from the choice of the thermal component (i.e., BB or MCD), but also from
the choice of the Comptonized component (i.e., BPL or CompTT). Moreover, even if we
choose Model CompTT+MCD or CompTT+BB, there are still two competing x? minima,
one with best-fitting k75 < 0.5 keV and the other with best-fitting k75 = 1 keV. Their
corresponding unfolded spectra can be seen in Figures 4-4 and 4-5, respectively. Table 4.3
gives the detailed results using the CompTT+MCD and CompTT+BB models for our two
representative spectra. Hereafter, we call models with best-fitting kT, = 1 keV “hot-seed-

~

photon models” and models with best-fitting k7; < 0.5 keV “cold-seed-photon models”.
Hot-seed-photon models require that the modeling of the Comptonized component takes
into account the spectral curvature expected from having the seed photons close to the
observed bandpass [Done et al., 2002]. We note that the temperature of the chosen thermal
component increases and its normalization decreases significantly when the seed-photon

model flips from the hot to cold solution, for a given observation.

Examination of the other observations shows that this seed-photon problem is quite
general. CompTT+MCD and CompTT+BB models (Table 4.2) yield two solutions each:
photon temperature kT 2 1 keV and kTy < 0.5 keV. The inferred parameters of the thermal
component are also quite different (Table 4.3 and references following). For the soft-state
observations, the inferred temperature of the thermal component is typically > 1 keV for
the cold-seed-photon models [e.g., Barret et al., 2000, Oosterbroek et al., 2001, White et al.,
1988]. Otherwise, if the hot-seed-photon models are used, the temperature of the thermal
component is normally < 1 keV and thus less than kT [e.g., Di Salvo et al., 2000a,b, Iaria
et al., 2005]. For the hard-state observations, if BB is used as the thermal component, the
size of the BB emission area is typically very small, ~ 2 km, for the cold-seed-photon models
[e.g., Barret et al., 2003, Church and Balucinska-Church, 2001, Gierlinski and Done, 2002b].
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However, with the hot-seed-photon models, the BB emission area can be comparable to the
size of the NS [e.g., Barret et al., 2000, Natalucci et al., 2000, Guainazzi et al., 1998].
Replacement of BB with MCD in cold-seed-photon models yields very small inner disk radii
as already found by other authors (see references in §1). We also point out that many of the
references cited above made use of broad band spectra from BeppoSAX. This means that the
seed-photon problem is also present for instruments that have extended low-energy spectral
coverage (see also Farinelli et al. [2005]). We also analyzed the BeppoSAX observations of
Aqgl X-1 and 4U 1608-52 and found the same problem to be present.

The low-energy limit of PCA is 2.3-3.0 keV, depending on the gain setting epoch. We
cannot constrain k7Ty in the cold-seed-photon models because the peak energy flux of the
seed-photon spectrum (Wien approximation) is at 3k7y < 1.5 keV. On the other hand, for
the hot-seed-photon models, the fits to PCA spectra produce a cool thermal component
in the soft state making it is difficult to constrain the temperature and normalization of
this component, and sometimes the thermal component is even not required [Gierliniski and
Done, 2002b].

Efforts to resolve model degeneracy

As outlined in the previous section, there is a degeneracy in X-ray spectral models for
NS LMXBs. The problem is based on the fact that acceptable fits (2 criteria) can be
obtained for either the hard or soft states by using any combination of two ambiguous
components: a thermal spectrum (BB or MCD) plus a Comptonized component (BPL, hot-
seed CompTT, or cold-seed CompTT). The various models convey (very) different pictures
for the structures and energetics of NS accretion.

In our descriptions of various model details, we have begun to mention arguments that
have been offered to evaluate competing models in terms of physical implications derived
from the fitted spectral results. This strategy of performance-based evaluations of spectral
models is most effective when there is a self-consistency issue at stake. Multiple evaluation
criteria will help us to choose a spectral model that may be superior in overall suitability.
Useful considerations can involve single parameters, spectral evolution, and the relationship
between the hard and soft states. The comparison between the atoll sources and BHs can
provide further constraints on this choice. Below we list one such consideration used in the
literature, followed by three considerations offered in this paper. We describe them in term
of problems that are encountered in a particular model/spectral state, and we track these
problems in the fourth and seventh columns of Table 4.2.

1. “R” problem: the inner disk radius in models with MCD is too small, i.e., much less
than the size of the NS [Church and Balucinska-Church, 2001, Gierliriski and Done,
2002b].

2. “L” problem: Lcq o Técd (i.e., constant inner disk radii) for MCD component is not
satisfied for any meaningful range of luminosity in the soft state; We note that BH
systems do show Lycq o T1 4 when they are in the soft (thermal) state [Kubota and
Done, 2004].

3. “T” problem: kT5 > Kk'Ti,, in models with BB; if we attribute the BB component to the
boundary layer and accept that the boundary layer should have a higher temperature
than the disk [Mitsuda et al., 1989, Popham and Sunyaev, 2001], kT seems unlikely
to be larger than kTi,y,.
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4. “P” problem: the Comptonization fraction is not consistent with the power density
spectrum, assuming that a comparison of atoll sources and BHs in timing properties
is relevant. We will explain this in more detail in §4.5.

In the definition of the “L” problem, we use the phrase “over some range of luminos-
ity” in recognition of the possibility that the disk may deviate from the MCD’s geometric
assumptions, as do BH accretion disks at high Ly,.q [Kubota and Done, 2004]. To help
evaluate the “R” problem, we inferred the NS radii of our two sources from the spectral
fitting to Type I X-ray bursts (denoted as Rpyst). During the decay phase of some bursts,
an approximately constant burst emission area is derived when temporal series of the burst
are fitted with a BB model after subtracting the average persistent emission to isolate the
burst from other radiation components. Such an emission area is expected to be roughly
similar to the apparent size of the NS [Lewin et al., 1993]. Our fits using PCA data gave
Rpust ~ 8 km for Agl X-1 and ~ 7.2 km for 4U 1608-52 (at distances in Table 4.1), which
are consistent with previous results [e.g., Koyama et al., 1981, Nakamura et al., 1989]. How-
ever, we note that these values are given without any corrections, e.g., hardening factors
and surface occultation by the inner disk. These issues are further discussed in §4.6.

Model fit results

We fitted the observations of Aql X-1 and 4U 1608-52 using Models 1-4 in Table 4.2. The
PCA does not allow us to gain meaningful constraints on the properties of the (cool) thermal
components using the hot-seed-photon models, as explained above. Thus, for models with
CompTT, we just show results of cold-seed-photon solutions. In these models, kT < kT,
(KT, is typically 2-3 keV in the soft state and several tens of keV in the hard state), and
kT is far below the PCA energy limit. Thus, the Wien approximation of the input seed
photon is valid.

The top four rows in Figures 4-6, 4-7 and 4-8 show the fit results for the commonly
used Comptonized + thermal models. They correspond to Models 1, 2.414, 3, and 4.qq in
Table 4.2, where we also list the mean 2 values. The errors represent 90% confidence limits
for a single parameter, and the circled points are those with relatively large errors. There
is not only strong similarity between these two sources, but also strong similarity between
the results of these four models. The extreme difference of the hard and soft states can also
be seen in these plots.

Figure 4-6 shows the variation of the color temperature of the thermal components
(kTyp for BB and kT},q for MCD) with the PCA intensity. All four models show that the
temperature of the thermal components of both sources increases with intensity in the hard
state. In contrast, the temperature is almost constant (for models with BPL) or decreases
(for models with CompTT) with increasing luminosity in the soft state.

Figure 4-7 shows the luminosity of the thermal component versus its color temperature,
KTy, or kTmeq. For reference, we also show the lines for constant radius, assuming Ly =
4rR?0T*. The NS radii (§4.4.2) are shown with dotted lines in this figure. The dashed
lines correspond to R = 1.9 km and 1.3 km for Agl X-1 and 4U 1608-52, respectively; they
are derived from the fit to the BB radius values obtained from Model 6 (see below). With
increasing luminosity in the respective thermal component, R,,.q or Ry}, increases in the
soft state. For the case of MCD-related Models 1 and 2,4, this behavior in the soft state
contradicts the basic prediction of the accretion disk model and warrants the “L” problem
in Table 4.2. Besides, from the comparison with the Ry lines, we find that the inner
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Figure 4-6: Variation of the temperature of the thermal component (kT};, for BB and
kT mea for MCD) with the PCA intensity. Cold-seed-photon solutions are shown for Models
with CompTT.
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Figure 4-7: The luminosity of the thermal component versus its characteristic tempera-
ture. Models 5 and 6 produce luminosity evolution for BB and MCD components in the
soft state (red crosses) that are nearly parallel to reference lines, which show Lx oc T with
constant emitting surface area. The dotted lines correspond to the NS burst radii (§4.4.2)
and the dashed lines correspond to R = 1.9 km and 1.3 km for Aql X-1 and 4U 1608-52,
respectively, assuming Lx = 4rR?0T*.
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Figure 4-8: The luminosity of the Comptonized component versus the luminosity of the
thermal component(s). The dashed and dotted lines are for reference. They connect the
points where the ratio of the luminosities of the thermal component and the Comptonized
component is 1.0 and 0.07, respectively. The latter is a typical value for the hard state.
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disk radius Rcq in the hard state and some part of the soft state is simply too small, even
after taking into account expected correction factors (see §4.6). This is consistent with the
results of Gierliriski and Done [2002b] and Church and Baluciiiska-Church [2001]. Thus,
the “R” problem also applies to these two models.

For BB-related Models 3 and 4.4, the luminosity evolution of the effective radius is
tied to the evolution of the boundary layer, which is much less certain. This is why the
“L” problem is not applied to the BB component in Table 4.2. If we attribute the thermal
component BB to the boundary layer, it would imply that the boundary layer is measured
with almost constant surface area in the hard state, but it spreads out with constant color
temperature in the soft state. One possible explanation for the constant color temperature
during the spreading of the boundary layer is that the local flux reaches the Eddington
limit. The spreading layer model [Suleimanov and Poutanen, 2006] predicts that the color
temperature of the boundary layer is ~ 2.4 keV for a NS with R,s = 15 km and M = 1.4Mg,
and solar composition of the accreting matter (smaller R,s would predict higher value). A
problem with this interpretation for our results of Model 3 or 4.,q is that the critical
value of the temperature for area expansion is ~ 1.5 keV. Higher temperatures are only
seen during Type I X-ray bursts from these two sources with maxima normally > 2.5 keV.
Thus, the critical value of the temperature ~ 1.5 keV from Models 3 and 4.,q does not
match expectations for boundary layer spreading. We will show later that these two models
are also disfavored from strong similarities of the timing properties between BH and NS
LMXBs.

In Figure 4-8 we investigate the luminosity evolution of the Comptonized component
(BPL or CompTT) versus the thermal component(s) (BB or MCD or their sum if both are
used). For the thermal component the bolometric luminosity is used while for the Comp-
tonized component we integrated from 1 keV to 200 keV for CompTT and from 1.5 keV
to 200 keV for BPL. The 1.5 keV lower limit for the BPL integration is chosen so that
this component does not extend below the temperature of the MCD in the soft state, i.e.,
when the BPL is steep and the lower limit matters. The errors of the luminosity of BPL,
CompTT and MCD primarily depend on the uncertainties in their respective normaliza-
tions. In Figure 4-8 we also show two reference lines: dashed and dotted. They connect the
points where the ratio of the luminosities of the thermal component and the Comptonized
component is 1.0 and 0.07, respectively. The latter is a typical value for the hard state.
In both the hard and soft states, the luminosity of the Comptonized component increases
with the luminosity of the thermal component, but the two states follow different tracks. In
the soft state, the luminosities of these two components are relatively close to each other,
while in the hard state, the luminosity of the thermal component is only ~ 10% of the
Comptonized component.

The uncertainties for the thermal-component luminosity from the hot-seed-photon mod-
els are quite large from PCA data in the soft state. However, hot-seed-photon models with
BB as the thermal component have the “T” problem (§4.4.2). Hot-seed-photon models with
MCD as the thermal component have the “L” problem in the soft state [Gierliriski and Done,
2002b, Done et al., 2002] and the “R” problem in the hard state from our investigation (not
shown).

Since the luminosity evolution of the thermal component in the soft state is either in
violation of the basic model (MCD) or, at best, suspicious (BB), we continued to investigate
alternative models such as those in the next section.
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Figure 4-9: The unfolded spectra and residuals of two sample soft-state observations of
Aql X1 using Model 6. The total model fit is shown as a solid line, the MCD component
as a dotted line, the BB component as a dashed line, the CBPL component as a dot-
dot-dashed line, and the Gaussian line as a dot-dashed line. The high-Lx observation is
the same as the sample soft-state observation seen in Figures 4-4 and 4-5. The low-Lx
observations is on 1999 June 3 (hard color 0.32, intensity 243 counts/s/PCU).

|l 4U 1608-52

o

©
o
.

©
~
T

©
N
:

Fraction of Comptonized L,
o
o
L
r
[

0.0 ‘
1072 1072 0.1

1 0.01
L/ Leoo

Figure 4-10: The fraction of Comptonized luminosity versus the total luminosity, using
Model 6. Lgpp = 1.8 x 103® erg/s, assuming M,s = 1.4M, for both sources.

4.4.3 Double thermal models

Early analyses of NS spectra in the soft state considered the possibility that we might
detect thermal components from both the disk and boundary layer [Mitsuda et al., 1984].
This “double thermal” model (i.e., MCD+BB or Model 5 in Table 4.2) was applied to the
soft-state observations of Aql X-1 and 4U 1608-52, and the results are shown in the fifth
row of panels in Figures 4-6 and 4-7. Data points for this model are omitted when y?2 is > 2
(only for this model). It turns out that this model works very well in the soft state when
the luminosity is high, but with the decreasing luminosity, ¥ becomes large. Either source
gives a mean y2 ~ 1.2 and ~ 3.5 for observations with source intensity > 800 counts/s/PCU
and < 500 counts/s/PCU, respectively (also see Table 4.2). However, Model 5 is remarkably
successful in its implication that the disk and the boundary layer both remain at constant
sizes for a substantial range of luminosity (Figure 4-7). Moreover, the inferred size of the
boundary layer is close to that inferred by Models 3 and 4.1q for the hard state. The failure
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of Model 5 for soft-state observations at lower luminosity is apparently due to small levels of
Comptonization, since the fit residuals are pointing chronically positive at photon energies
above 15 keV (PCA data).

Given the interesting luminosity evolution for the soft state with Model 5 (no Comp-
tonization), we added a weakly Comptonized component, while continuing to assume that
both the MCD and BB are visible in the soft state. The difficulty here is how to model
weak Comptonization by adding a third component. Freely adding a BPL or CompTT
component is obviously not feasible, because BPL or CompTT plus one thermal component
is sufficient to model the entire spectrum as shown by Models 1-4. As a first attempt,
we tried several forms of constrained CompTT (e.g., couple kTy to kTpy, or kTpcq; force
kT, > 10 keV; or do both), but the fits always yielded large fractions of Comptonization for
low-luminosity observations in the soft state. This problem could be due to RXTE’s lack
of low-energy coverage.

On the other hand, we found that the entire soft state remains weakly Comptonized
if we adopt the following constrained BPL (CBPL) model: the break energy is fixed at
20 keV (the best-fitting break energy is typically > 20 keV in the hard state and is ~ 15
keV in the soft state from Models 1 and 3), and the initial photon index is required to be
< 2.5 [a typical initial photon index in the soft state of BHs is also about 2.5; Remillard
and McClintock, 2006]. Therefore, we define Model 6 as follows: the hard state is still
modeled by BPL+BB (no BPL constraints; same as Model 3 for the hard state) and the
soft /transitional states are modeled by MCD+BB+CBPL. Figure 4-9 shows the unfolded
spectra of two soft-state observations using this model, one at low luminosity and the other
at high luminosity.

The bottom row of panels of Figures 4-6, 4-7 and 4-8 show the results obtained for
Model 6. Figure 4-6 shows that with the increase in the intensity, k7}}, increases both in
the hard and soft states, with the tracks that are clearly separated. The BB temperature
reaches a maximum ~ 2.5 keV for Aql X-1 and ~ 3.0 keV for 4U 1608-52, similar to the
peak temperatures of Type I X-ray bursts from these two sources [Koyama et al., 1981,
Nakamura et al., 1989, Galloway et al., 2008]. The temperature at the inner disk radius
kT inea increases from ~ 0.5 to 2.0 keV, also correlated with the intensity.

In Figure 4-7, we see that Model 6 remarkably produces results where Lx oc 7% for both
the MCD and BB components in the soft state. Furthermore, the inferred emission areas
of the boundary layer from the hard and soft states have essentially the same value. The
emission area of the boundary layer is small compared with the size of the NS. We realize
that the size of the BB emission area slightly increases with decreasing luminosity in the
hard state, especially for 4U 1608-52. However, we note that the BB curve lies well below
the line of Ryt at all luminosities.

In Figure 4-8, we show the luminosity of the Comptonized component versus the total
luminosity of the double thermal components. The behavior in the soft state for Model 6
is quite different from that in the first four models. Here, with increasing luminosity of the
thermal components (i.e. Lpy, + Lied), the luminosity of the Comptonized component first
increases and then decreases. At the highest luminosities, the Comptonized component is
negligible, as implied by the success of Model 5 in the same region. Figure 4-10 shows the
fraction of the Comptonized luminosity versus the total luminosity. It looks similar to the
color-intensity diagram in Figure 4-2, suggesting that the hard color tracks the degree of
Comptonization fairly well.

It should be noted that there are other kinds of weak-Comptonization approximations
like constrained power-law (photon index < 2.5) or constrained cutoff power-law (photon
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Figure 4-11: The integrated rms power in the power density spectrum (0.1-10 Hz and
energy band 2-40 keV) versus the hard color.

index < 2.5 and cutoff energy > 10 keV) that gave results for the soft state that are similar
to those obtained using CBPL. For the hard state, Figures 6-8 show that the Model 4.4
(CompTT+BB) gives similar results to Model 6 in terms of the properties of the thermal
component and the fraction of Comptonization. Model 6 is successful, but there are no
claims that it is either a unique solution to the problem, nor an adequate depiction of
Comptonization other than the estimate for the fraction of energy related to Comptoniza-
tion.

4.5 Timing properties and comparison with black holes

Compared to Models 1-4, the use of a double thermal model + CBPL (i.e., Model 6) for Aql
X-1 and 4U 1608-52 produces dramatically different results for the luminosity evolution of
the thermal components in the soft state and for the implied significance of Comptonization
in the soft state.

There are strong similarities in timing properties between the BH and NS LMXBs (see,
e.g., Wijnands [2001]), which can be used to further assess these differences. In Figure 4-
11, we show the integrated root-mean-square (rms) power in the power density spectrum
(0.1-10 Hz and energy band 2-40 keV) versus the hard color for Aql X-1 and 4U 1608-52.
The two sources show very similar timing properties. The rms, normalized as a fraction
of the source’s mean count rate, is very small (< 0.05) in the soft state, and the values
increase with the hard color progressing through the transitional and hard states. The
rms versus hard-color relations from Figure 4-11 can be compared with similar plots for
BHs in Remillard and McClintock [2006] (panels g in their Figures 4-9). Based on such a
comparison we conclude that, when considered in a model-independent manner, the way
in which the strength of the X-ray variability changes as a function of spectral hardness is
very similar for BHs and our two NS transients. Since the hard color effectively traces the
fractional contribution of the thermal and Comptonized components to the X-ray spectrum
in BH systems, it is interesting to see which of our spectral models conserves this similarity
when rms is plotted versus the fractional contribution of the thermal component(s).

In Figure 4-12 we present such a plot for the same 6 BH binaries analyzed by Remillard
and McClintock [2006]. Two different integration limits were investigated for the thermal
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and Comptonized luminosities, but the overall behavior was insensitive to our exact choice.
It can be seen that for BHs in the soft state, the luminosity fraction of the thermal compo-
nent is quite high (2 75%) and the rms is very small < 0.05. For Aql X-1 and 4U 1608-52 we
plot the rms versus the fraction of thermal luminosity for Models 1, 3, and 6 in Figure 4-13.
Note that in case of Model 6 the sum of MCD and BB was used to determine the fractional
contribution of the thermal components. Comparing Figures 4-12 and 4-13 one can see that
only Model 6 reproduces the same dependence of rms on fractional thermal luminosity for
Aql X-1 and 4U 1608-52, as for the six BHs. In Models 1 and 3, the luminosity fraction
of the thermal component can be as low as 40% and 20%, respectively, while continuing to
show very low values of rms power. Similar results are obtained for Models 2 and 4 (cold
and hot included for both cases). Hence, for the models outlined in Table 4.2 only Model
6 links weak Comptonization with low rms power, as is clearly evident in the properties of
BHs. Models 14 for the soft state are therefore described as having the “P” problem (see
§4.4.2 and Table 4.2).

4.6 Physical interpretations of model 6 for thermal compo-
nents

Since Model 6 has many attractive advantages over the other models, we further explore its
implications in terms of the physical properties of the accretion flow in both the hard and
soft states.

There is a well known difficulty in deriving true radii from the apparent dimensions
(i.e., Rpp, Rpust, and Rpcq extracted from model components of the X-ray spectrum BB,
BBpust; and MCD, respectively). Nevertheless, the small value of Ry, and the nearly
constant values of Ry, and Rp,.q across a large range in luminosity motivate cautious efforts
to discuss physical interpretations.

If we assume the BB emission area to be a latitudinally symmetric equatorial belt, then
the BB emission area of the belt should be

Apery = 47 Nop D3 f 15 (4,6) km?, (4.1)

where Ny, = Rﬁb / D%Okpc is the normalization of the BB component (isotropic assumption),
f represents a spectral hardening factor (sometimes expressed as the ratio of the color to
effective temperature), and k is a geometrical correction factor taking into account the
emitting geometry and any occultations by the accretion stream. The k factor depends
on the disk inclination (), the latitude range (from the NS equator) of surface emission
(). We note that this factor is also strongly dependent on the properties of the occulting
accretion stream. Unless otherwise indicated, we assume a geometrically thin but optically
thick accretion stream so that the half belt on the other side of the accretion stream is
invisible to the observer. To have some sense of this k factor, we give two examples:
k(i =60°,6 = 10°) = 1.69, and k(i = 60°,6 = 90°) = 1.33. From this perspective, the area
of the NS, e.g., for Aql X-1 in this study is:

Aps = 47 Npurst D3owpe f k(4,6 = 90°) km?, (4.2)

assuming that the entire NS surface is radiating (using the asymptotic value of Ry, late
in the burst). This expression conveys the difficulty in gaining accurate inferences of NS
sizes from X-ray burst measurements. The raw values for Ry, given in §4.4.2 ignore f
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and k.

Perhaps of greater interest is the effort to understand a key measurement result of this
paper: Rph/Rpurst = 0.25 (Npp/Npust =~ 1/16) for Aql X-1. If we assume that the f values
cancel in these different applications of the BB model and use the fact Ayet/Ans = sind,
we obtain

Nbbk(iaé) _ k(l>5)
Npwstk(i,6 = 90°)  16k(i,8 = 90°)

sin § (4.3)
In this case, the Rpp/Rpust value is equivalent to an equatorial belt with a half-angle of
Opelt = 9° for ¢ = 30°, or dper =~ 6° for i = 60°. We stress that this scaling estimate ignores
the annular half width of the occulting stream (Jgtream) itself. A more realistic estimate is
Obelt 2 Ostream + 6° for ¢ = 60°, implying k& > 1.

Regardless of the details of 0, we must confront the implication of measuring Npp /Nyurst ~
1/16, noting that Nyt is the asymptotic value that should screen out effect of the radius
expansion and momentary disruption in the occulting stream (§4.4.2). How is it possible
that accreting NSs could maintain an almost uniformly small area of BB emission through
hard and soft states that span such a wide range in luminosity (i.e., 0.005 to 0.5 Lgpp)?
Such simple results suggest a picture in which a geometrically thin accretion stream feeds
a rather well-defined impact zone, where the accreting gas may efficiently release energy
before spreading over the remainder of the NS surface. Since the scale height of the inner
accretion disk is expected to increase with the accretion rate, it is difficult to understand
our results without the help of an inner-most stable circular orbit (ISCO). As illustrated for
BHs, the effective potential of an ISCO creates a pinch on the vertical structure of the accre-
tion stream that can suppress variations in the scale height of the inner disk [Abramowicz
et al., 1978]. To the extent that Model 6 remains viable with further scrutiny, the small
size of Ryp over a large range in luminosity should be examined as a means to infer that
these NSs lie within their ISCOs. This may provide another observational link to general
relativity, while providing potential constraints on the NS equation of state.

The ability of Model 6 to restore the expected luminosity evolution of the MCD com-
ponent motivates efforts to compare the MCD radius and relative luminosity to the results
determined for the BB component. In Figure 4-7, it is evident that the raw values of Rycq
are only slightly less than the values of Ryt (dotted line) for Agql X-1 and 4U 1608-52.
Given the uncertainty in the different correction factors that must be applied, respectively,
to the disk and the burst radii in order to derive physical sizes, our results may still be con-
sistent with expectations framed by the preceding discussion, i.e., that Rns < Risco S Raisk-

The comparison of BB and MCD luminosities is a trickier topic. The apparent luminosity
of the boundary layer (Lyp) is about one third of that of the disk (Ly,q) in the soft state,
neglecting the weak Comptonization. In contrast, we might expect Ly, 2 Lmeq if the
boundary layer is inside the NS ISCO, as sketched above, where the accreting material may
impact the surface with a large relative velocity that includes a component along the radial
path. We note, however, that while L,,.q is estimated in a true bolometric sense, this is
not the case for Ly,. We need to correct Ly, by k(i,0) (Equation 4.1) due to the geometry
of the boundary layer and occultation by the accretion stream. For Aql X-1, it is ~ 1.7
(1 = 60°) or ~ 2.6 (i = 30°), and these factions can become much larger if dstream ~ Obelt,
as noted above. We conclude that there is considerable uncertainty in our final results as
to whether the total energy losses at the boundary layer are less than the total bolometric

luminosity of the other spectral components.
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Figure 4-14: The luminosity evolution of different spectral components (middle panel)
during the 2000 outburst of Aql X-1, as viewed with Model 6. Blue, green, and red
symbols denote hard, transitional, and soft states, as done previously. Note that the MCD
component (points connected by a solid red line) is not directly visible with the PCA in
the hard state. The top panel shows the PCA count rate (2-30 keV). The bottom panel
shows the ratio: (Lupi + Lmed) / Lob, and the value is clearly highest in the hard state,
when Comptonization appears to dominate the X-ray spectrum.

4.7 Physical consequences of model 6 for the hard state

Figure 4-14 shows the luminosity evolution with time during a well-covered outburst of
Aql X-1 in 2000. The light curve of this outburst is shown on the top panel. The middle
panel shows the luminosity evolution of each spectral component, using our hybrid Model
6, where the BPL and MCD dominate the apparent luminosity of the hard and soft states,
respectively. The bolometric BB luminosity (L) curve resembles the total luminosity
curve, and it provides a reference measurement that allows us to further compare the hard
and soft states. The ratio of BPL (isotropic) and MCD (bolometric) luminosities (Lyp +
Lieq) to Ly, is shown in the bottom panel. We note that the values of this ratio are
elevated, in part, by the k factor described for Eq. 1. Nevertheless the high luminosity of
the hard state, relative to Ly, is apparent in the bottom panel of Figure 4-14.

To compare the hard and soft state luminosities in a more global manner, Figure 4-
15 shows (Lppl + Limcd) versus Ly, for all of the RXTE observations of Agl X-1 and 4U
1608-52. The behavior of these two sources is quite similar. The hard and soft states are
largely separated by vertical lines near L, ~ 1036 erg/s (uncorrected). Here, the hard-
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Figure 4-15: The luminosity of non-BB components (i.e., BPL+MCD) versus the lumi-
nosity of the BB component. At the transitional BB luminosity that separates hard and
soft states, the hard-state BPL appears to be very luminous compared to the soft-state
MCD. The two reference lines, dashed and dotted lines, connect the points where the ra-
tio of the luminosities of the BB component and the non-BB components is 1.0 and 0.07,
respectively.

state values for (Lppi + Limca) are clearly higher than those for the soft state, by a factor of
~ 6. For the hard state, the vertical axis represents Comptonization, since 90% of the total
luminosity in the hard state is due to Lyp. In the soft state, the vertical axis is effectively
the disk luminosity. On the horizontal axis, we assume that Ly}, represents emission from
the boundary layer, and we can then use the nearly constant value of Ry}, across the hard
and soft states to motivate the presumption that Ly quantifies the mass accretion rate
onto the NS surface. Using these assumptions, there are still different ways to interpret
Figure 4-15.

First, if we further assume that the total accretion rate (M) flows into a boundary layer
with constant dpeyr, then Ly, effectively tracks (M ), and we can compare hard and soft
states in terms of their radiation efficiency. Unlike Ly, Lycq and Ly, are not expected to
require large correction factors, although the origin of the BPL is very uncertain. We would
then conclude from Figure 4-15 that Comptonization in the hard state has higher radiative
efficiency than thermal disk emission in the soft state, and this occurs across a wide range
in the accretion rate. This idea is a radical departure from expectations.

Alternatively, we can refrain from making assumptions about M, and choose a line of
constant (Lppl + Limed) in Figure 4-15. Quite generally, then, one would conclude that less
mass reaches the NS surface in the hard state, compared to the soft state, for a given level
of luminosity on the vertical axis. This might suggest that the majority of the mass flow
is disrupted from the normal path to the NS in the hard state. Given the expectation for
radio jets in the hard state of accreting NS LMXBs [e.g., Fender, 2006, Migliari and Fender,
2006], this could further imply that a significant fraction of mass accretion in the hard state
is redirected to outflow in the jet. The energy source for this scenario could be problematic.

Finally, it is also possible that some of our preliminary assumptions are incorrect.
Changes in accretion geometry across the state boundary, e.g., from correlated jumps in
Obelt and dgiream, would be one way to invalidate the assumption that Ly, uniformly tracks
the NS surface accretion rate across both states. All of these ideas need to be investigated
for other sources and in different ways.
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4.8 Summary and discussion

We have analyzed ten years of RXTE observations of two NS X-ray transients, Aql X-
1 and 4U 1608-52, through more than twenty individual outbursts. Although there is
much variety in these outbursts, the spectral and timing properties are well organized, as
has been demonstrated in previous investigations [Muno et al., 2002, Gierlinski and Done,
2002a]. It is also well known that several different models may adequately fit the X-ray
spectra of NS LMXBs, while each one may convey very different physical implications,
e.g., the temperatures and sizes of the emitting regions. We therefore attempted to design
performance-based criteria for evaluating these models, hoping to gain insights on a model’s
self consistency, while taking advantage of the large data archive for these two atoll-transient
prototypes.

Among these criteria, there is an important quantity, which is the energy fraction for
Comptonization, i.e., how much energy is directly visible as pure thermal radiation and what
remaining fraction is diverted and expressed as inverse Compton radiation. This quantity
is interesting from an accretion-energetics point of view. It can be calculated from any of
these models, and furthermore, it is the gateway for comparing NSs and BHs in terms of
the relationship between energetics and the measured timing properties.

First we examined the classical two-component models with a Comptonized component
(BPL or CompTT) and a thermal component (MCD or BB). We confirmed that many
combinations can describe the X-ray spectra successfully. Moreover there are two possible
seed-photon solutions for models that utilize CompTT, a problem that is also present for
instruments with extended low-energy coverage like BeppoSAX. In the soft state, the two-
component models behaved poorly for a variety of reasons shown in Table 4.2, Figure 4-7,
and Figures 4-12-4-13. We then progressed to consider a double-thermal model (MCD+BB)
for the soft state, and we found a need to account for weak Comptonization at the low-Lx
end of the soft-state track. We then devised a hybrid “Model 6” in which the hard state
is modeled by BB+BPL while the soft state is modeled by MCD+BB+CBPL, where the
third component is a constrained BPL (F}, = 20 keV and I';y < 2.5) that can assume the
role of weak Comptonization.

It turns out that Model 6 offers three great advantages over the classical Comptonized
+ thermal Models. (1) It produces an Lx o T* relation for both the MCD and BB in the
soft state with a sufficiently large value for the inner disk radius (compared to the NS radius
inferred from Type I bursts). (2) The emission area of the BB extends from the hard to the
soft state with essentially the same value. (3) The fraction of Comptonization inferred by
this model is also consistent with that for BHs for given values of rms power in the power
density spectra. When BH binaries are in the thermal state, the Comptonization fractions in
the energy spectra are very low and the rms power is also very low, rms < 0.05. Atoll sources
in the soft state show similar rms values, but only Model 6 implies low Comptonization for
the soft state.

With regard to previous investigations of NS X-ray spectra (§1), our Model 6 splices
together the Western model for the hard state (BB + a heavily Comptonized disk) and
a three-component model for the transitional and soft states (BB + MCD + constrained
BPL) that represents a BB plus a very weakly Comptonized disk. The soft-state portion
of this model was heavily influenced by the original version of the Eastern model (Mitsuda
et al. 1984). We further note that low Comptonization solutions (7 ~ 1; kT, > 20 keV)
for the soft state were derived with a two-component Eastern model for 4U 1608-52 with
Tenma data (Mitsuda et al. 1989), and these are the closest results that we can find to
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those (soft state) of Model 6.

The ad hoc scheme in Model 6 to handle weak Comptonization with the CBPL compo-
nent for the soft state is obviously a topic that needs further work. Model 6 for the soft state
is a three-component continuum model. We did not try to test three-component models in
an open-handed manner. Instead, we focused on low-Comptonization solutions, progressing
from the success of Model 5 (no Comptonization). The CBPL used in this paper is just one
possible solution; our investigation showed that constrained power-law with photon index
< 2.5 or constrained cutoff power-law with photon index < 2.5 and cutoff energy > 10
keV would also produce similar results to those obtained with the CBPL. As other alter-
natives, we tried to add a constrained version of CompTT to the two thermal components,
by coupling kTy to kT or kTneq, or requiring k7, > 10 keV, or doing both. However,
the fits always yielded very strong Comptonization in the low-luminosity soft state, but
the fit residuals for Model 5 suggested that only weak Comptonization is present in the
low-luminosity soft state. This could be due to the limited low-energy coverage of RXTE
data. We investigated BeppoSAX, which has extended low-energy coverage, for possible
new insight. Unfortunately, each X-ray source has only one soft-state observation from
BeppoSAX, and both of them are at high luminosity. Future observations with broad-band
instruments like Suzaku could be important to this issue. As for the hard state, Model 6
uses BB+BPL. Replacement of BPL with CompTT does not change our conclusions for
the properties of the BB component and the fraction of Comptonization as long as the
cold-seed-photon solution is used.

There is a question of whether we could also see a thermal disk in the hard state,
where the trend from Figure 4-8 would imply kTp,cq < 0.5 keV. Such disks have in fact
been observed in the hard state of a number of BH X-ray transients [Miller et al., 2006a,b,
Rykoff et al., 2007], with instruments that have better sensitivity at low energies than
RXTE. However, being able to detect these components in NSs is not only a matter of low-
energy sensitivity. One also needs a relatively low interstellar absorption. Moreover, in NSs
a disk would not be the only thermal component contributing around 0.5 keV, since there
is also emission from the boundary layer, and it is difficult to disentangle the contribution
from the two components at low luminosities when the spectrum is not dominated by these
thermal components.

If the boundary layer is an equatorial belt of BB emission, then Model 6 implies that
the visible surface area of the belt remains nearly constant, with Nyp/Npuyss ~ 1/16, over
a wide range in Lx (0.005-0.5 Lgqq). Current theories predict that the geometry and
physical processes in the boundary layer should vary significantly with Lx [e.g., Inogamov
and Sunyaev, 1999, Popham and Sunyaev, 2001, Kluzniak and Wagoner, 1985], and some
observations have been interpreted in such a manner [Church et al., 2002]. Our results are
much simpler than expected, suggesting that a geometrically thin accretion stream impacts
a rather well-defined surface area, where the gas radiates efficiently before spreading over
the NS. This scenario would seem to require that the NS lies within its ISCO, which pinches
the vertical structure of the accretion stream [Abramowicz et al., 1978] as it flows toward
the NS. This topic must be investigated in further detail.
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Chapter 5

Suzaku and BeppoSAX X-ray Spectra
of the Persistently Accreting
Neutron-Star Binary 4U 1705-44

Abstract

We report the spectral modeling of 4U 1705-44 using the broad-band spectra made by
Suzaku in 2006-2008 and by BeppoSAX in 2000. The soft-state continuum spectra are
modeled by two thermal components, one of which is a multicolor accretion disk and the
other is a single-temperature blackbody to describe the boundary layer, with additional
weak Comptonization using a simple power law or the SIMPL model by Steiner et al.
The hard-state continuum spectra are modeled by a single-temperature blackbody for the
boundary layer plus strong Comptonization, modeled by a cutoff power law. While we
are unable to derive reliable conclusions about the physical properties of the disk in the
hard state, the accretion disk in the soft state seems to approximately follow L oc T32.
The deviation from L oc T* might be caused by two main factors: a luminosity-dependent
spectral hardening factor, and/or real change of the inner disk radius in the some part of
the soft state. The boundary layer is consistent with L oc T, with an apparent emission
area about 1/14 of the surface of the neutron star. Based on the disk and boundary layer
behavior, we infer that the accretion disk for most of our soft-state observations is truncated
by the ISCO, rather than by the surface of the NS. If this interpretation is correct, the
magnetic field on the surface of the NS in 4U 1705-44 is estimated to be less than about
1.9 x 10® G. Broad relativistic Fe lines are also detected in each spectrum and are modeled
with the diskline model. The strength of the Fe lines is found to correlate well with the
boundary layer emission in the soft state. In the hard state, the Fe lines seem to be due to
illumination of the accretion disk by the strong Comptonization emission.

5.1 Introduction

There are two main classes of luminous and weakly magnetized neutron stars (NSs) in
low-mass X-ray binaries (LMXBs), i.e., atoll and Z sources, named after the patterns that
they trace out in X-ray color-color diagrams (CDs) or hardness-intensity diagrams (HIDs)
[Hasinger and van der Klis, 1989, van der Klis, 2006]. Atoll sources have lower luminosities
(~0.001-0.5 Lgpp) than Z sources and have two distinct X-ray states, i.e., hard (energy
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spectra are roughly flat with power-law photon index near 1.7) and soft states (energy
spectra follow exponential decrease above ~10 keV), plus a “transitional” state between
these two. The hard, transitional and soft states of atoll sources are also often referred to
as the “extreme island”, “island”, and “banana” states/branches, respectively. Z sources
only have soft spectra, but there are three distinct branches with different spectral and
timing behaviors. Recently, Lin et al. [2009b, Chapter 7] and Homan et al. [2009] analyzed
a transiently accreting NS, XTE J1701-462, which changed from the Z-source to the atoll-
source behavior as the outburst decayed from near/super Eddington luminosity (Lgpp) to
almost quiescence. These results confirmed that the behavior differences are due to their
different mass accretion rates.

The spectral modeling of NS LMXBs has been controversial for a long time [see Barret,
2001, for a review|. The continuum of soft spectra in both atoll and Z sources are generally
described by two-component models that include a soft/thermal and a hard/Comptonized
component [e.g., Barret et al., 2000, Oosterbroek et al., 2001, Di Salvo et al., 2000a, Iaria
et al., 2005], and there have been two classical models, often referred to as the Fastern
model [after Mitsuda et al., 1989] and the Western model [after White et al., 1988], with
different choices of the thermal and Comptonized components. In the FEastern model,
the thermal and Comptonized components are described by a multicolor disk blackbody
(MCD) and a Comptonized blackbody, respectively. In the Western model, the thermal
component is a single-temperature blackbody (BB) from the boundary layer, and there
is Comptonized emission from the disk. In the hard state, the spectra are dominated by
a hard/Comptonized component, but a soft/thermal component is generally still required
[Christian and Swank, 1997, Barret et al., 2000, Church and Baluciniska-Church, 2001,
Gierlinski and Done, 2002b]. Lin et al. [2007b, Chapter 4] implemented the commonly used
two-component models for two classical transient atoll sources, i.e., Aql X-1 and 4U 1608-
52, and outlined the problem of model degeneracy for accreting NSs, not only from the
choices of the thermal components, but also from the detailed description of Comptonized
components (i.e., the scattering corona geometry, the seed photon temperature, etc.). The
physical interpretation of the spectral evolution of these atoll sources from different models
are also very different from each other. However, none of the tested models produce results
similar to those of black-hole X-ray binaries, i.e., Lx o< T tracks for the MCD component
and weak Comptonization for the soft-state spectra [Remillard and McClintock, 2006].

Lin et al. [2007b, Chapter 4] devised a hybrid model for atoll sources: a BB to describe
the boundary layer plus a broken power law for the hard state, and two strong thermal com-
ponents (MCD and BB) plus a constrained broken power law (when needed) for the soft
state. This choice for the soft state offers a weak-Comptonization solution that differs from
the strong Comptonization solution of the two-component models that had previously dom-
inated the literature. The results of the application of the hybrid model can be summarized
as follows: both the MCD and BB evolve approximately as Lx oc T*, the spectral /timing
correlations of these NSs are aligned with the properties of accreting black holes, and the
visible BB emission area is very small but roughly constant over a wide range of Lx that
spans both the hard and soft states. Lin et al. [2009b] applied this X-ray spectral model
to XTE J1701-462, and results similar to the above were also obtained for the observa-
tions when the source showed the atoll-source behavior. Deviations of the MCD from the
Lx o< T* track were observed with the inner disk showing a luminosity-dependent radius
expansion when the source was bright and behaved as a Z source. This was interpreted as
an effect of the local Eddington limit.

The hybrid spectral model is still empirical, especially the modeling of Comptonization.
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Figure 5-1: The long-term RXTE /ASM light curve of 4U 1705-44. Discrete symbols
represent different spectral states from different pointed observatories: BeppoSAX/Suzaku
hard state (diamond/square) and BeppoSAX/Suzaku soft state (triangle/cross).

Moreover, this model has only been applied thus far to extensive data obtained with the
Rossi X-ray Timing Explorer (RXTE ). It has two pointing instruments, which cover the
energy range from ~2.5 to 250 keV. However, there is quite significant emission from X-
ray binaries below this energy range, as the characteristic temperatures of the thermal
components are normally below 3 keV. Thus it is important to test this model using broad-
band spectra that extend to photon energies below the sensitivity range of RXTE .

In this paper we investigate the bright atoll source, 4U 1705-44, which was observed
seven times in 2006-2008 by Suzaku [Mitsuda et al., 2007]. One of the important features
of Suzaku is its broad energy band (0.2-600 keV). We also analyzed two observations of 4U
1705-44 made with BeppoSAX (0.1-300 keV) in 2000. Both Suzaku and BeppoSAX addi-
tionally provide better energy resolutions than RXTE (~ 2%, 8%, 18% at 6 keV (FWHM)
respectively), and this capability can be used to better resolve the broad Fe emission lines.
Broad Fe lines are commonly seen in X-ray binaries and provide another tool for investi-
gating the accretion flow around compact objects [e.g., Miller, 2007, Cackett et al., 2008a,
2009c].

4U 1705-44 has been classified as an atoll source [Hasinger and van der Klis, 1989].
Timing studies, including the findings of kilohertz quasi-periodic oscillations (kHz QPOs),
have been carried out for this sources using observations with RXTE [Ford et al., 1998,
Barret and Olive, 2002, Olive et al., 2003]. Spectral studies of this source have also been
carried out, using different kinds of X-ray detectors and spectral models [e.g., Barret and
Olive, 2002, Di Salvo et al., 2005, Fiocchi et al., 2007, Piraino et al., 2007, Homan et al.,
2009, Reis et al., 2009, Di Salvo et al., 2009]. Several of these authors also reported detection
of a broad relativistic Fe line from this source. In this paper we will concentrate on the
spectral properties of this source. We describe our data reduction scheme in §5.2, and also
present the long-term light curves and color-color diagrams. We perform detailed spectral
modeling in §5.3, for which we provide our physical interpretations in §5.4. Finally we give
our summary and discussion.

5.2 Observations and data reduction
The long-term light curve of 4U 1705-44 is shown in Figure 5-1. The gray solid line is from

the RXTE All-Sky Monitor [ASM; Levine et al., 1996], and we can see that the source
displays persistent X-ray emission, with one or two strong intensity cycles per year. These
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Figure 5-2: Color-color and hardness-intensity diagrams of 4U 1705-44 based on Suzaku
observations in 2006-2008, with bin size 128 s. The squares are from observation 401046010,
and the crosses from the other observations. For the definitions of the colors, see the text.
One-o statistical error bars are also shown.

Table 5.1. The Suzaku observations of 4U 170544 in 20062008

Observation 1D 401046010 401046020 401046030 402051010 402051020 402051030 402051040
Spectral ID suzl suz2 suz3 suz4,5uzb suz6 suzT suz8
Observation Date 2006/08/29 2006/09/18 2006/10/06 2007/09/05 2007/10/08 2008/02/20 2008/03/18
Exposure of XIS/PIN (ks)®  10.1/13.0  12.7/12.1  13.0/12.2 2.1/8.0 3.9/14.5  18.4/17.3  2.9/10.94
XIS Detectors Analyzed 0123 0123 0123 013 013 013 013
Window Option 1/4 1/4 1/4 1/4 1/4 1/4 1/4
Exposure in Burst Option (s) 1.6 2.0 2.0 0.5 0.5 2.0 0.5
XISO Count Rate (Cts/s)b 17.1 87.7 39.4 279.1 192.7 82.8 187.2
Soft Color® 0.81 +0.03 0.73 £0.01 0.65 4+ 0.02 0.79 £ 0.01,0.83 £ 0.01 0.73 £0.02 0.66 £+ 0.01 0.78 4 0.02
Hard Color® 0.39 +0.03 0.13 £0.01 0.10 £ 0.01 0.10 £ 0.01,0.11 £ 0.01 0.10 £0.01 0.12 £ 0.01 0.11 + 0.01
Radius of Central Region

With >5% pile-up (pixels)d 0 55 32 52 39 60 35
Radius of Central Region

With >10% pile-up (pixcls)d 0 39 21 35 24 42 24
Spectral state hard soft soft soft soft soft soft

2The dead time and burst clock options have been taken into account. All XIS detectors have the same exposure time, and the
values given are for one detector only.

bTotal time-averaged count rates, including central regions typically with serious pile-up.

©The values of colors are the average values corresponding to each spectrum, with one-o error bars included.

dThe values vary among different XIS detectors and can differ from the values given by up to 3 pixels.

cycles correspond to state-transition cycles [Homan et al., 2009]. Discrete plot symbols show
the time and spectral states during different pointed observations. The data reduction and
spectral analyses are described below.

5.2.1 Suzaku data

Suzaku made seven observations of 4U 1705-44 in 2006-2008. The detailed information
of these observations is given in Table 5.1. Both the X-ray Imaging Spectrometer [0.2-12
keV, XIS; Koyama et al., 2007] and the Hard X-ray Detector [10-600 keV, HXD; Takahashi
et al., 2007] instruments were used during these observations. There are four XIS detectors,
numbered as 0 to 3, and each has a 1024 x1024-pixel X-ray-sensitive CCD at the focus of
each of the four X-ray telescopes. The CCD in XIS1 is back-illuminated, and the CCDs
in the other three XIS detectors are front-illuminated. The effective area of the three
front-illuminated CCDs in XIS0, XIS2 and XIS3 are very similar, but the back-illuminated

88



CCD has an increased effective area at low energies (<1 keV) with a small decrease at
higher energies. XIS2 was damaged in 2006 November, and its data are analyzed only for
the first three observations. The HXD instrument includes both PIN diodes (10-70 keV)
and GSO scintillators (30-600 keV). Both the PIN and GSO are collimated (non-focusing)
instruments.

As 4U 1705-44 is normally a bright X-ray source, observations of this source with the
XIS are affected by the pile-up problem, i.e., when more than one photon strikes in the same
or adjacent pixels in one CCD readout frame. Observers often use the so-called window
and burst options to reduce this problem. All of these seven observations were made using
1/4 window (Table 5.1), in which the CCD was read out every 2 s (compared with the
usual 8-s read-out time), but only recording data from a 256x1024-pixel strip. With the
burst option, the exposure time per frame can be reduced further by introducing a dead
time. Table 5.1 gives the live exposure time per frame in the burst option adopted for each
observation.

Even with both window and burst options utilized, most XIS observations of 4U 1705-
44 still suffer from event pile-up in the image center. To solve this problem, we excluded
the image center from the event extraction region, and the events were extracted from an
annular region to obtain the energy spectra. In order to determine the radius of the central
exclusion region, we took the following steps to estimate the pile-up fraction, i.e., the ratio of
events lost via grade or energy migration to the events expected in the absence of pile-up, at
different positions of the CCD. First, we applied the publicly available tool aesattcor.sl by
John E. Davis to obtain a new attitude file. This tool corrects the effects of thermal flexing
of the Suzaku spacecraft and obtains more accurate estimate of the spacecraft attitude.
For all our seven observations, the above attitude correction produced sharper PSF images.
We then applied the new attitude file and updated the XIS event files using the FTOOL
xiscoord program. Finally, we used the publicly available tool pileup_estimate.sl by
Michael A. Nowak to estimate the pile-up fraction at different positions of the CCD.

In Table 5.1 we list the radii of the central circular regions that contain most of the
XIS CCD pixels with local pile-up fractions that exceed 5% and 10%, respectively. They
vary with observations, due to different intensity levels and different burst options adopted
for each observation. The unfiltered pile-up fractions integrated over the whole CCDs are
about 10-15% for all observations except for the observation 401046010 (~3%). We used
annular regions to extract spectra (circular regions are used for observation 401046010).
The outer radii of the annular regions were set to be about 110 pixels, which is limited
by the 1/4 window option. Two cases of inner radii are used, corresponding to 5% and
10% pile-up exclusion regions. The integrated pile-up fractions of all annular regions are
~3% and ~5%, corresponding to excluding local 5% and 10% pile-up regions, respectively.
Using the models for the soft-state spectra, which include MCD and BB components, we
find that the spectral fitting results using 10% pile-up exclusion regions show systematic
decrease in the soft-component (MCD) flux and increase in the hard-component (BB) flux,
by about 3%, compared with the results using 5% pile-up exclusion regions. The differences
in most cases are about within the error bars at 90%-confidence level, and the conclusions
of this paper hold for either case. For simplicity, we only show results using the 5% pile-up
exclusion regions below.

4U 1705-44 is in the direction toward the Galactic ridge, and the background consists
of non-X-ray (particle) background, absorbed cosmic X-ray background, and Galactic ridge
emission. Even though our source can be regarded as a point source, there is no background
region for us to estimate the background. This is because the PSF of the XIS is so spread
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out and our source during these seven observations was so bright that the source emission
dominates over the background (1-10 keV) over the whole 1/4 window. For the background
region of two 250" x 230" boxes at the two ends of 1/4 window (~ 250" from the image
center), the count rate was found to increase roughly linearly (~1.7%) with the total count
rate over the whole window. Using the above background region of our faintest observation
401046010, we found that the background in general is smaller than the statistical error
bars of the spectra extracted from annular regions described above at any energy within
1.0-10 keV. It is typically < 0.6%, but can be as high as 1-4% around 1.0 and 10 keV for
faint observations 401046010 and 401046030.

We estimated the background spectra as follows. The non-X-ray background varies with
time, and we estimate it using the xisnxbgen tool, based on the night Earth data by Suzaku.
For the X-ray background, including the cosmic X-ray background and Galactic ridge emis-
sion, we used observation 100026030 by Suzaku. It is specific for observing the background
emission around the supernova remnant RX J1713-3946, and the pointing direction of this
observation has a 184" offset from 4U 1705-44. We used a circular region with a radius of
400 pixels to extract the background emission and subtracted the non X-ray background
estimated by the xisnxbgen tool to obtain the X-ray background. Using the background
files thus obtained, we find that the spectral fitting results are almost identical to the cases
without background subtractions, and the values of x? are decreased by values < 4 (with
degree of freedom typically > 1000; the maximum is achieved for the faintest observation
401046010).

The response files of the XIS for each observation were generated using the xisresp
script which uses the xisrmfgen and xissimarfgen tools (specifying 1% accuracy). They
take into account the time variation of the energy response and the specific extraction region
for each observation and each XIS detector and used the calibration files released in 2009
April. The shape of the spectra from XIS0, XIS2 and XIS3 on the whole are very similar,
but the normalizations are not always consistent with each other at a 90% confidence level,
based on our spectral fitting. This is consistent with the current flux calibration uncertainty
of small extraction regions, as in our case. Thus we did not choose to add the spectra
together, but fit them separately instead, by introducing relative normalizations.

We also extracted the PIN spectra. The non X-ray and cosmic X-ray backgrounds are
taken into account. The non X-ray background is calculated from the background event files
distributed by the HXD team. The cosmic X-ray background is from the model by Boldt
[1987], and its flux is about 5% of the background for PIN. The response files provided by
the HXD team were used. The GSO data were not used, considering the large uncertainty
of calibration and low signal to noise ratios above 40 keV.

The CD/HID of these observations are shown in Figure 5-2. We defined soft and hard
colors as the ratios of the count rates in the (3.6-5.0)/(2.2-3.6) keV bands and the (11.0-
20.0)/(5.0-8.6) keV bands, respectively. The count rates of the lowest three energy bands
were from all XIS detectors except XIS2 using the whole 1/4 window CCD (i.e., no pile-
up region excluded) and having deadtime in burst option corrected. XIS2 was not used
for this because it was not on for all observations. The energy band 11.0-20.0 keV was
from the PIN with the background subtracted and the deadtime correction made. The
CD and HID of seven Suzaku observations are shown in Figure 5-2, using 128-s data. The
intensity shown is from the energy band 2.2-8.6 keV. Two type I X-ray bursts were found
in observation 402051010, and data around them are not included in Figure 5-2 or our
spectral analysis. The data points with hard color larger than 0.2 (square symbols) are
all from observation 401046010, indicating that only this observation was in the hard state
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Table 5.2. The BeppoSAX observations of 4U 170544

Observation ID 21292001 21292002
Spectral ID saxl sar2
Observation Date 2000,/08/20 2000/10/03
Exposure of LECS/MECS/PDS (ks) 20.6/20.7/9.1 14.6/14.5/6.4
MECS2 Count Rate (cts/s) 27.6 4.5
Spectral state soft hard

while all other observations (cross symbols) were in the soft state.

In the CD/HID, most observations show little variation, and we calculated one spectrum
for each observation, except for observation 402051010. This observation is the brightest
and shows two intensity levels (~200 and ~240 counts/s/XIS (2.2-8.6 keV)). We created
two corresponding spectra, as we found that their best-fitting spectral parameters are not
consistent with each other at the 90% confidence level (§5.3). In the end, we have eight
spectra from Suzaku observations, and they are denoted as suzl—suz8 hereafter (Table 5.1).
We rebinned the spectra by factors of 2 and 4 for energies below and above 2.55 keV,
respectively, and further rebinning was made so that every bin has at least 40 counts and
x? minimization criterion can be used in our spectra fitting.

5.2.2 BeppoSAX data

There are two pointed observations of 4U 1705-44 with BeppoSAX, one on 2000 August 20
in the soft state and the other on 2000 October 3 in the hard state [Table 5.2; Fiocchi et al.,
2007]. The publicly available data are from three narrow field instruments: the Low Energy
Concentrator Spectrometer [0.1-10 keV, LECS; Parmar et al., 1997], the Medium Energy
Concentrator Spectrometer [1.3-10 keV, MECS; Boella et al., 1997b], and the Phoswich
Detection System [15-300 keV, PDS; Frontera et al., 1997]. There are three MECS units
(MECSL, 2, 3), but no data from MECS]1 are available during these two observations. Thus
we used only data from MECS2 and 3. We extracted two spectra, one for the soft-state
observation and the other for the hard-state observation, and they are denoted as sax1 and
sax2 hereafter (Table 5.2). The LECS and MECS data were extracted from circular regions
of 8 radius centered on the source position. As our source is in the direction of the Galactic
ridge, we cannot use “blank fields” measurement for background subtraction for the LECS.
Instead, we used the semi-annuli method [Parmar et al., 1999]. For the MECS, the Galactic
ridge emission should not be important as its Be window filters out a lot of low energy
emission [Boella et al., 1997b]. Thus we used the “blank fields” method for the MECS as
described in the instrument analysis guide. The PDS spectra were also extracted, with the
background rejection method based on fixed Rise Time thresholds. The background of PDS
spectra was obtained using observations during off-source intervals. All the spectra for each
instrument were finally rebinned using the publicly available template files to sample the
instrument resolution with the same number of channels at all energies.
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Figure 5-3: Example of unfolded spectra from different states using different models.
The total model fit is shown as a black solid line. The MCD component (if included) is
shown by a red dotted line, the BB component by a blue dashed line, the PL/CPL/SIMPL
component by a green dot-dashed line, and the Fe line (modeled by the diskline model)
by a cyan triple-dot-dashed line. For the SIMPL(MCD)+BB model, the MCD component
shown is the unscattered part, and the plotted SIMPL component refers to the scattered
part.
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5.3 Spectral modeling

5.3.1 Spectral models and assumptions

We fit all ten spectra, suzl-suz8 from Suzaku (two from observation 402051010), and sax1—
sax2 from BeppoSAX. For Suzaku, we jointly fit spectra from XIS0, XIS1, XIS2 (when
available), XIS3 and the PIN. We used the energy bands with good calibration and high
signal to noise ratios for each instrument: 1.2-1.7 and 1.9-9.5 keV for all XIS detectors, and
11.0-40.0 keV for the PIN. The normalization for each instrument is left free. The spectral
fit results quoted later are all referenced to XISO, as it has the best flux calibration. For
BeppoSAX spectra, we jointly fit the LECS, MECS2, MECS3, and PDS. We utilized the
1.0-3.5 keV energy band for the LECS, 1.7-10.0 keV for the MECS, and 15.0-40.0 keV
for the PDS (15.0-150.0 keV for the hard-state spectrum sax2). Their normalizations are
also left free, but that of PDS relative to MECS was constrained to the range 0.77-0.93, a
90% confidence interval provided by the instrument analysis guide. The spectral fit results
quoted later are all referenced to MECS2 (results from MECS3 differ by < 2%). The fit of
the Crab Nebula from the MECS using a single power law gives the photon index 2.1 and
normalization 9.23, while the XIS gives 2.1 and 9.55, respectively. Thus the normalizations
from both observatories appear to differ by less than 5%.

For the soft-state spectra, we tested three models for the continuum spectra: MCD+BB,
MCD+BB+PL, and, SIMPL(MCD)+BB, respectively, where PL is a power law and SIMPL
is a simple Comptonization model by Steiner et al. [2008]. MCD (diskbb in XSPEC) has
two parameters: one is the temperature kTycp at the apparent inner disk radius Ryicp,
and the other is the normalization Nyiep = (Bymep km/Diokpe)? cos i, where Diggpe is the
distance to the source in unit of 10 kpc and ¢ is the disk inclination. BB (bbodyrad in
XSPEC) assumes an isotropic blackbody spherical surface with radius Rpp and has two
parameters, i.e., the temperature A7 and the normalization Ngg = (RBBkm/ DlOkpC)z.
PL is parametrized by the photon index of power law I'pr, and the normalization Npr,
(photons keV~! em~2 s7! at 1 keV). SIMPL (in XSPEC12) is an empirical convolution
model of Comptonization in which a fraction of the photons from an input seed spectrum
is scattered into a power-law component. This model has only two free parameters, i.e.,
the photon power-law index I'syvpr, and the scattered fraction fgo. In addition, there is a
flag parameter to control whether all the scattered photons are up-scattered in energy or
are both up- and down-scattered. We assumed that the Comptonization seed photons are
from the disk, and we specified that all the scattered photons are up-scattered in energy.
We found that inclusion of down-scattering only changed our results within error bars. The
best-fitting photon power-law index I'spypr, turns out to be high (> 4) in most cases, a
regime where the model is not suitable [Steiner et al., 2008]. Thus we constrained I'spvpr,
to be less than 2.5, a value typically seen in the black-hole cases. No constraint on I'py, in
the PL model was used, and the best-fitting values are all less than 2.5.

All models included an absorption component (we use model wabs in XSPEC). A large
range of the value of hydrogen column density Ny ((1.2-2.4) x10%2 cm~2) were reported
in the literature [e.g., Di Salvo et al., 2005, Piraino et al., 2007, Fiocchi et al., 2007],
probably due to different energy bands and/or different spectral models used. We started
with modeling the soft-state continuum spectra, i.e., excluding the Fe line region 4.2-8.2
keV, to estimate Ng. We first fit the seven Suzaku soft-state continuum spectra with
models SIMPL(MCD)+BB and MCD+BB+PL, with the parameter of Ny left free. The
model SIMPL(MCD)+BB gives an average of Ny = 1.67 x 10?2 cm ™2, with the standard
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deviation and averaged error bar 0.03 and 0.01 x10?? cm~2, respectively (The error bars
are at 90% confidence level through out this paper, unless otherwise indicated). The model
MCD+BB+PL gives a consistent, but slightly larger and less constrained, value (Npg =
1.74 x 10?2 cm™2, with the standard deviation and averaged error bar 0.07 and 0.04 x 1022
cm 2, respectively). The BeppoSAX soft-state spectrum gives Ny = (1.67f8:85) x10%? cm ™2
with model SIMPL(MCD)+BB, and (1.78 £ 0.11) x 10?2 ¢cm~2 with model MCD+BB+PL.
Since these two values are consistent within errors, we used the better constrained value of
Ny, i.e., 1.67 x 10?2 cm™2, in the final spectral fitting of soft-state spectra.

The two hard-state continuum spectra saz2 and suzl were fit with a BB plus a Comp-
tonized component. We tested three choices of the Comptonization component: a broken
power law (BPL; bknpower in XSPEC), a cut-off power law (CPL; cutoffpl in XSPEC),
and the Comptonization model by Titarchuk [1994] (CompTT in XSPEC). BPL has two
power laws connected at the break energy. CPL has an additional parameter, i.e., the cutoff
energy Feyt, compared with PL. CompTT is an analytic model describing Comptonization
of soft photons in a hot plasma. We found model CPL+BB performs the best, followed
by BPL+BB and CompTT+BB, in terms of the x? values. Using spectrum sax2, which
extends to 150 keV (instead of 40 keV for spectrum suz1), and assuming Ny = 1.67 x 10?2
cm™2, we obtained the values of x?/v 151.7/131, 193.7/130, and 342.7/130 for models
CPL+BB, BPL+BB and CompTT+BB, respectively (excluding the Fe line region 4.2-8.2
keV). The order of performance of these models remains the same if we left Ny free, and also
when we analyzed spectrum suz1. The spectral parameters of the BB from these models are
in general similar (the temperature kTpp ~ 1 keV, and the normalization Npg < 20), and
the Comptonization fractions are all above 90%. Below we adopt the results from model
CPL+BB.

The fit of the CPL model to the BeppoSAX hard-state 15.0-150.0 keV spectrum (the
BB contributes little at energies above 15.0 keV) gives a cutoff energy of 46 + 7 keV. The
cutoff energy cannot be well constrained from spectrum suz1, for which we used energies
only up to 40 keV. Thus we fixed the cutoff energy to be 46 keV when we fit spectra saz?2
and suzl. The best-fitting N from model CPL+BB is about 1.9 x 10?2 cm ™2 (the average
from both spectra sax2 and suzl). The larger inferred Ny from the hard-state spectra than
that from the soft-state spectra might be a systematic effect of different ways of handling
the Comptonization at the low energy; here we simply used the power-law form extending
to low energy [see also Steiner et al., 2008]. We present results for the hard state using both
Ny = 1.9 and 1.67 x 10?2 cm~2.

There are strong broad Fe lines in all spectra [see also Reis et al., 2009]. They were either
modeled by broad Gaussian lines or by the diskline (included in XSPEC) model [Fabian
et al., 1989]. The diskline model describes line emission from a relativistic accretion disk. Its
parameters are: the line energy Fjie in unit of keV, the power law dependence of emissivity
(B), the disk inner and outer radii in units of GM/c? (G is the gravitation constant, M
the mass of the compact object, and ¢ the light speed), the disk inclination 4, and the
normalization (photons cm~2 s~!). Figure 5-3 shows some examples of unfolded spectra at
different states using different models, with the Fe lines modeled by the diskline model. The
top panel shows the hard-state spectrum sax2 using model CPL+BB. The lower two panels
show the soft-state spectrum suz2 using models MCD+BB+PL and SIMPL(MCD)+BB,
respectively.

We scaled the luminosity and radius related quantities using a distance of 7.4 kpc [Haberl
and Titarchuk, 1995], unless indicated otherwise. The flux and its error bars are all calcu-
lated over an energy band of 0.001-200 keV (1.5-200 keV for CPL/PL components) using
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Figure 5-4: The luminosity of the thermal components versus their characteristic tem-
peratures. The panels in the left column show the results of the fit with the Fe line region
(4.2-8.2 keV) excluded, while the panels in the right column show the fitting results with
the Fe line modeled by the diskline model. The symbols in each panel denote different spec-
tral states and different observatories: BeppoSAX hard (black diamond) and soft (black
triangle) states, and Suzaku hard (blue square) and soft (red crosses) states. For the case
of Model SIMPL(MCD)+BB, the MCD component shown refers to the original seed spec-
trum (i.e., before scattering). The dotted lines correspond to the NS burst radius of 7.4 km
(see the text), and the dashed lines correspond to R = 2.0 km, assuming Lx = 47 R?0T*.

the cflux model in XSPEC12. As there is little emission of the thermal components outside
the above energy band, the values are essentially bolometric for thermal components. For
the MCD component, we assume the inclination to be 30°, from the fitting of Fe lines (see
below).

5.3.2 Spectral fit results

The spectral fitting results of the thermal components (MCD and BB) from all tested models
are shown in Figure 5-4, and results of all spectral components from some models are tabu-
lated in Tables 5.3 (MCD+BB+PL+diskline; soft state), 5.4 (SIMPL(MCD)+BB+diskline;
soft state), and 5.5 (CPL+BB+diskline; hard state). The panels on the left in Figure 5-4
show the results of the fit with the Fe line region 4.2-8.2 keV excluded, while those on the
right show the corresponding results with Fe lines fit by the diskline model. The red crosses
and the black stars are for soft-state spectra suz2—suz8 and sax1, respectively, and the pan-
els from the top to the bottom correspond to continuum models MCD+BB, MCD+BB+PL,
and SIMPL(MCD)+BB respectively. For model SIMPL(MCD)+BB, the MCD component
shown is the original value before scattering. The blue squares and the black diamonds are
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Figure 5-6: The luminosity of the MCD component plus Comptonization versus the
BB luminosity. The results are from model MCD+BB+PL+diskline, and thus the Comp-
tonization is modeled by PL. Model SIMPL(MCD)+BB+diskline gives similar results. The
dashed and dotted lines mark the ratios of 1 and 0.05 of the BB luminosity versus the MCD
component plus Comptonization luminosity, respectively.
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Table 5.3.

Spectral modeling results of soft-state

observations using

MCD+BB+PL+diskline
ETyep (keV) Nyep kTgp (keV) NpB TpL Npy, Eline (keV) B EW (ev) x2(v) Lx, Edd
+0.01 +10 +0.02 +0.65 +0.19 +0.012 +0.07 +0.43 +44
suzg  0.8279:0L 111l 1.8118‘[[))% 647718%53, 2.051((}igg 0.01575-612 6'5218‘88 74‘4018‘38 1651352, 1.15(2485) 0.039 + 0.001
suz2 118 £0.02  63+4 2117007 8.467)-%0 2107012 0.044 £0.015 6.75F 00 —4.21770-2% 208T22 1.18(2570) 0.092 + 0.002
suz7  1.07+£0.01  110%% 2.13+0.03 7.9978:53 2.1170-17 0.028 £ 0.016 67875 0%  —4.55T0-21 202727 1.24(1949) 0.095 + 0.001
+0.03 +6 +0.03 +0.77 +0.18 +0.039 +0.11 +0.70 +40
sax1 1.221883 98+ 2.07188% 15.98;015157 1.9318%(Z 0.0511888% 6.8518ég 74471;8_gg 2231%? 1.43(189) 0.164 + 0.003
suz6  1.4370 07 78£2 2317000 9.69705% 1.5072:80 0.004F500¢  6.8070 0% —3.3770-5¢ 19072 1.23(1913) 0.183 £ 0.003
suz8  1.54700% 5445 2.28+0.04 114277133 2.1070-1% 0.075 £ 0.034 6.6979:01  —3.4270-35 204712 1.17(1910) 0.193 £ 0.006
) +0.06 +2.21 +0.66 +0.020 +0.09 +0.40 +36
suzd 1A72+700>1[315 56 $65 2.43 :foo.lo; 9'441%'88 1.50+3 " 0A00418’3% 6A6118’?§ 72.8618&% 11912% 1.09(1756) 0.250 + 0.012
suzb 197048 44F9 2.491000 9.5075-30 1501316 0.00310-0%0  6.84F0 12 —4.0770-50 135F37 1.02(1726) 0.291 £+ 0.030
Note. — Listed in order of the source total luminosity. See §5.3.1 for the meaning of each parameter. The normalizations of the MCD

and BB models are based on assumption of the distance to the source of 10 kpc. For the diskline model, the inclination is fixed at 30°,
and inner disk radius at GGJ\/I/C2 (see text). EW is the equivalent width of Fe modeled by the diskline model, but it is not a parameter of
the model. The last column is the total luminosity in unit of the Eddington luminosity (§5.3.2), and the error bars are calculated based
on simple error propagation from individual spectral components.

Table 5.4. Spectral modeling results of soft-state observations using
SIMPL(MCD)+BB+diskline
kTvep (keV) Nmep kTgp (keV)  Npgp FsivmpL fsc Ejine (keV) B EW (ev) x2(v) Lx Edd
suz3 0.80£0.01 130F% 1.79 £0.02 6.907033% 2.50_, 1, 0.0670:0% 6.5270-07 4367019 15673% 1.14(2485) 0.041 % 0.001
suz2  1.12+£0.02 7975 2.04+0.04 9777032 250 (1, 0.06 £0.01 6.76 +£0.05 —4.36103) 201725 1.18(2570) 0.096 + 0.002
suz7  1.05+£0.01 122%35 2.00+£0.03 8437050 250 14 0.034+0.01 6.78 +£0.05 —4.577050 108727 1.24(1949) 0.098 + 0.002
) +1 +0.92 +0.01 +0.09 +0.69 +38
saxl  1.19 foob(? 113+l 2.04 :foobozs 167318%L 2.50_¢ 19 0'0513‘83 6.88186471 74.8118‘23 2311% 1.39(189) 0.170 =+ 0.003
. . 6 : : :

suz6 1427900 so+2 2207002 10.0170:50 2.50_ 4, 0.01F700%  6.80F007 —3.357010 187720 1.22(1914) 0.185 £ 0.003
suz8 1.45+0.03 68+£3 2.22+0.04 13.487137 2.50_( 50 0.03+0.01 6.71709% —3.6670-31 18271! 1.17(1910) 0.201 % 0.004

+5 +0.05 +2.30 +0.00 +0.12 +0.48 +34
suzd  1.71 foo,lgs 571471 2.4110-05 94781%_86 2.43_ a5 040118'8% 646118_(1)3 72,90;8@ 12012& 1.09(1757) 0.251 = 0.012
suzs  1.8970-12  45tT 2.47+0.00 9.987309 242 oo 0007000 6.84700% 4057952 133720 1.02(1727) 0.289 + 0.026

Note. — Same as Table 5.3, but for model SIMPL(MCD)-+BB+diskline.

Table 5.5. Spectral modeling results of hard-state observations using BB+CPL+diskline
Ng (102 em™2) Tgg (keV) NpB TcpL NcpL Eljne (keV) B EW (ev) x2(v) Lx Bdd
suzl 1.67f 0.9370-0% 1867078 1.2%0-07 0.053 £ 0.002 6.82F0 07 —4.71F038 177F52 1.13(2476) 0.053 + 0.001
sax2 1.67f 1.25+£0.05 6.97752 1.36+0.010.115+0.004 6.84_( ,, -2.579%% 1217127 1.39(206) 0.070 + 0.001
suzl 1.9f 0.93 £0.02 12.6171'5} 1.38 +0.01 0.080 £ 0.002 6.82 £0.07 —4.987977 146793 1.12(2476) 0.045 £ 0.001
. +0.08 +2.00 +1.06 +111
sax2 1.0f 1151008 6.1572:90 142 £ 0.01 0.138 £ 0.005 6.93_¢ 4, —3.4171:99 1007111 1.12(206) 0.070 + 0.001

Note. — Same as Table 5.3, but for model BB4+CPL+diskline and for the hard-state data. The cutoff energy of the CPL is fixed
at 46 keV.
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for hard-state spectra suzl and sazx2, respectively, and the results using model CPL+BB
are repeated in the middle and bottom panels (using Ny = 1.9 x 10?2 cm™?2), but not in
the top panels (as explained below). The dotted lines in Figure 5-4 correspond to the NS
burst radius of Rpue ~ 7.4 km (at a distance of 7.4 kpc), assuming Lx = 4mR?cT*. The
NS radius was derived from spectral fitting to Type I X-ray bursts of this source using
RXTE data [see also Gottwald et al., 1989]. The dashed lines correspond to R = 2.0 km,
which is about the average visible BB emission size.

The details of fitting of the Fe line with the diskline model are as follows. We initially
did not constrain the disk inclination. The best-fitting values are in the range of 20-30°.
However, the line energies tend to reach 6.97 keV, the upper limit allowed by the Fe line.
Fixing the disk inclination to be 30° only increases the x? values typically <10 (for > 1000
degrees of freedom), but most of the best-fitting line energies are in the range of 6.4-6.97
keV. Thus we fixed the disk inclination to be ¢ = 30°. For most of the soft-state spectra, the
inner disk radius inferred from the diskline model reaches 6 GM/c?, the innermost stable
circular orbit, which is consistent with our continuum modeling (§5.4). Thus in the final
fitting, we fix it to be 6 GM/c?. For the hard-state spectra, the Fe lines are much weaker,
and the best-fitting inner disk radius in the diskline model is quite uncertain. The lower
error bar reaches 6 GM/c? for the two observatories using both Ny = 1.9 and 1.67 x 10?2
cm~2. For simplicity, we then fixed the inner disk radius in the diskline model to be 6
G M /c? for the hard-state spectra to derive the final results. The obtained Fe line flux and
equivalent width are not sensitive to such details.

From Figure 5-4, we see that the MCD and BB components roughly follow the L o T*
tracks (which implies a constant apparent emission area) for all models, with the extent of
deviation described in §5.4. The inner disk radius is comparable with the NS radius, while
the visible BB emission is about 1/14 of the NS surface in both the hard and the soft states.
The kTyicp has values from ~0.8 to 1.9 keV, and kTgg from ~1.8 to 2.5 keV. These results
are consistent with the results for XTE J1701-462, which shows a much large luminosity
range [Lin et al., 2009b]. Results of the MCD and BB components with Fe lines fit with
the diskline model in general are consistent with those without the Fe line region excluded
in the fit for each continuum model, to within 10% for Nycp and within 20% for the Ngg.
Spectrum sazl gives larger differences (~ 40% for Npp), probably because of its smaller
energy band and lower energy resolution (only five channels above 10 keV and none in the
energy band of 10-15 keV).

Detailed investigation of Comptonization follows. The black-hole X-ray binaries show
weak Comptonization in the soft/thermal state [Remillard and McClintock, 2006]. The
relevance of weak Comptonization models to the soft state of accreting NS is also one of the
main differences between our spectral model and the classical two-components models found
in the literature (§5.1). Figure 5-5 plots the fraction of Comptonized luminosity versus the
total luminosity. The total luminosity is normalized by the Eddington luminosity Lgpp,
which is derived from the type I X-ray bursts showing photospheric radial expansion and
corresponds to an average peak flux of about 4 x 1078 erg cm™2 s~! [Galloway et al., 2006].
Figure 5-5 illustrates the results obtained with the model MCD+BB+PL+diskline. It
shows that Comptonization only constitutes < 10% of the emission in the soft state, but
> 90% in the hard state. For the soft-state data, the fraction of Comptonized luminosity
decreases with luminosity on the whole. Spectra suz4 and suz5 have the highest luminosity,
and the inclusion of Comptonized components in the fit only marginally improves the x?
values, i.e., a reduction < 3 for = 1000 degrees of freedom. This is also true for model
SIMPL(MCD)+BB.
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Results of the thermal components between models MCD+BB+PL and SIMPL(MCD)+BB

are generally similar, but differences of > 20% can occur in some cases (e.g., 26% for Nyicp
from the spectrum suz2; compare Table 5.3-5.4). Due to weak Comptonization in the soft
state, model MCD+BB in general also gives similar results of the thermal components (e.g.,
flux differs < 5% and Npp by < 20%) and acceptable reduced x? values (< 2.0; but 2.1 for
sax1 with Fe line region fit with model diskline). The largest differences in best-fitting spec-
tral parameters from model MCD+BB compared with those from models MCD+BB+PL
and SIMPL(MCD)+BB are from BeppoSAX spectrum saxl (Npp differs by ~50%). Due
to strong Comptonization in the hard state, fit of model MCD—+BB for the hard-state spec-
tra suzl and saz2 gives very large values of x? compared with model CPL+BB and very
unphysical results (e.g., Nyicp < 2). Thus these results are not shown in the top panels in
Figure 5-4.

More details of the fit results of the hard-state spectra follow. Table 5.5 gives the fit
results of hard-state spectra using model CPL+BB-+diskline. It lists results for two cases,
corresponding to Ny = 1.67 and 1.9 x 10?2 cm ™2 respectively. Using N = 1.9 x 10%? cm ™2
tends to give a smaller BB emission area and a higher photon index of the CPL model.
It also gives more similar values of the photon index between spectra saz2 and suzl than
using Ny = 1.67 x 10?2 cm~2. Both values of Ny give high fractions of Comptonization,
>90%.

One of our main goals of using the broad-band spectra is to check whether there is still
thermal accretion disk emission in the hard state. We tried to include the MCD component
in the hard-state spectra (suzl and sax2) with model CPL+MCD+BB, with either the Fe
modeled with the diskline model or with the Fe region excluded in the fit. Ny was either
fixed at 1.67 or 1.9 x10?2 cm™2, or left free in the fit. The best-fitting values of kThicp
tend to go below 0.2 keV, with upper limit at a 90%-confidence level < 0.25 keV. The
normalizations of the MCD component Nycp are not well constrained but mostly have
lower limits > 3000, much larger than the values seen in the soft state. For the cases of
Ny = 1.67 x 10?2 cm™2, we found that kTyicp < 0.1 keV and lower limit of Nycp can be
zero. Thus, if we assume a physically visible disk, then we cannot exclude either possibility,
i.e., that the disk in the hard state might be truncated at a very large radius and/or the
temperature is below 0.1 keV. For all cases, the flux of the MCD component is < 2% of the
total flux (absorbed or unabsorbed; 1-200 keV).

The BB component presents in both the hard and soft states, and it can trace the
emission from the boundary layer. We can compare this component with the other spectral
components to infer different accretion processes in different states. We plot in Figure 5-
6 the luminosity of the MCD component plus Comptonization (PL/CPL) versus the BB
luminosity from model MCD+BB+PL. Model SIMPL(MCD)+BB gives similar results. The
hard-state data (diamond and square symbols) are from model CPL+BB. If we assume
the Comptonization energy comes from the accretion disk, Figure 5-6 shows the energy
released in the disk versus that released in the boundary layer. The dashed and dotted lines
correspond to the ratios of 1 and 0.05 of the BB luminosity versus the MCD component plus
Comptonization luminosity, respectively. They are about the average values for the soft-
and hard-state observations, respectively. This means that there is a much lower portion
of energy released in the boundary layer in the hard state than in the soft state. Similar
results were interpreted as a consequence of a strong jet in the hard state in Lin et al.
[2007b, Chapter 4].
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5.3.3 Relativistic Fe lines

We first fit the Fe line with a Gaussian line. The results of the continuum components on the
whole are very similar to those with Fe lines modeled by the diskline model, whose results
will be shown below. However, the central line energies tend to reach 6.4 keV or lower.
We constrained the central line energy to be within 6.4-6.97 keV (allowed Fe line energies),
and obtained the FWHM of about 1.2 keV. The obtained line equivalent width and flux
show much larger uncertainty than those obtained using the diskline model. Considering
the broad, relativistic feature of the Fe lines from this source [e.g., Reis et al., 2009, Di
Salvo et al., 2009], we focus on the results using the diskline model hereafter.

The results of fitting Fe lines with the diskline model are shown in Figure 5-7. For
the soft state, we only show results using model MCD+BB+PL for continuum spectra, as
model SIMPL(MCD)+BB gives very similar results. The lower eight panels are for soft-
state spectra and have been shown (top to bottom) in order of increasing source luminosity.
The upper two panels show hard-state spectra that are fit with model CPL+BB. All spectra
show a broad feature of the Fe emission line [see also Reis et al., 2009]. Tables 5.3 and 5.4
give the Fe line equivalent width for each soft-state spectrum. Figure 5-8 plots these results
using model MCD+BB+PL for the continuum spectra. There is a possible weak trend
that the Fe line equivalent width first increases and then decreases with increasing source
luminosity, varying between about 120 and 230 eV.

Fe emission lines in X-ray binaries are believed to be the most obvious reaction of an
accretion disk to irradiation by an external source of hard X-rays due to a combination of
high fluorescent yield and large cosmic abundance [Miller, 2007]. Photons with high energy
(>6.4 keV) can potentially eject an Iron K-shell electron, and de-excitation of the resulting
ion can lead to a Ko line photon. To investigate the irradiation source of the Fe lines, we
show in Figure 5-9 the dependence of the Fe energy line flux on the BB energy flux (upper
panel) and Comptonization (PL/CPL) flux (lower panel). The soft-state data show that
the Fe line flux increases monotonically with the BB flux, but has no clear dependence on
the Comptonization flux. This might imply that it is the boundary layer emission that
illuminates the accretion disk and produces the Fe line [see also Cackett et al., 2009b]. The
Fe line energy flux is about 3% of the BB energy flux (solid lines), but the ratio is lower
for the lower-luminosity spectra, especially suz3 (2%). This is probably because as the BB
temperature increases with luminosity, a larger and larger fraction of the BB emission can
have photons with energy above the Fe line energy to be available as the Fe line irradiation
source. The total visible Fe line photon flux is about 7-8% of the visible BB photon flux
above 6.4 keV for all soft-state spectra.

The hard-state data (diamond/square symbols) in Figure 5-9 in the upper panel show
that there is much higher Fe line flux relative to the BB continuum in the hard state
compared to the soft state. This might indicate that the BB emission is not the only
source illuminating the accretion disk to produce the Fe line in the hard state. From the
lower panel, we can see that there is strong Comptonization flux (PL/CPL components)
available in the hard state. However, using the reference lines and comparing the upper
and lower panels, we see that the Comptonization emission is not as efficient as the BB
emission to illuminate the accretion disk and produce the Fe line. This can be explained
if the Comptonization emission is located farther away from the accretion disk than the
boundary layer. We also caution, again, that some BB flux may be screened from the
observer’s view by the accretion disk.
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Figure 5-7: Fe lines of all spectra, fit by the diskline model. The upper two panels are
for the hard state (spectra sax2 and suzl), while others for the soft state. The soft-state
continuum is fit by model MCD+BB+PL, while model SIMPL(MCD)+BB gives similar
results. From top to bottom, the source luminosity increases, except for the hard-state
spectra sax2 and suzl, which are put on the top panels and have luminosities between
that of suz3 and suz2.
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Figure 5-8: The variation of the equivalent width of the Fe lines with the source luminos-
ity, for soft-state data only. The continuum spectra are fit by model MCD+BB+PL, and
model SIMPL(MCD)+BB gives quite similar results.
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Figure 5-9: Dependence of Fe line flux on the BB flux (upper panel) and Comptonization
flux (PL/CPL components; lower panel). The solid lines mark the ratio of 3% of the Fe
line flux over the BB flux or the Comptonization flux.
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5.4 Discussion

5.4.1 Inner disk radius

In Lin et al. [2007b, Chapter 4], our spectral modeling of two atoll sources, i.e., Aql X-1
and 4U 1608-522, using the MCD+BB model plus weak Comptonization showed the MCD
behavior close to the Lyicp o Tf/ICD track. In contrast, classical two-component models
resulted in constant or slightly decreasing temperatures of the thermal component (MCD or
BB) with increasing luminosity. We note, however, that in that study we used RXTFE data
and the MCD component in the low-luminosity soft state could not be well constrained
and the power index of the weak Comptonization had to be imposed to be < 2.5. In this
study, we used Suzaku and BeppoSAX spectra, which extend to energy 1 keV, and the
MCD components are well constrained for all soft-state spectra. The power index of the
PL component is also well constrained from spectral fit. All this motivates us to evaluate
how closely the MCD component follows the Lycp o< 1; 16[CD track more quantitatively.

Our spectral modeling of broad-band spectra of 4U 1705-44 shows a track that is flat-
ter than the Lyiop o< Tf/ICD relation, with more than an order of magnitude variation in
luminosity. There is a slight decrease of Ryicp at higher luminosity. Spectral fitting with
Comptonization modeled by PL suggests Lyicp T&%ﬁo'l, while fitting with Comptoniza-
tion modeled by SIMPL results in Lyicp o T I\?;['éjgo'l. Such deviations have been seen in
several black-hole X-ray binaries, and it is normally believed to be due to the spectral hard-
ening effect, instead of real change in the inner disk radius [Shafee et al., 2006, Davis et al.,
2006]. Spectral hardening arises when the electron scattering dominates over absorption as
the main opacity source. In such a situation, the local specific flux in the disk appears as a
simple dilute blackbody with a color temperature higher than the effective temperature by
a factor of fo [Shimura and Takahara, 1995]. This factor slightly increases with luminos-
ity /temperature. Based on a simple analytic estimate of the hardening factor, Davis et al.
[2006] suggested a Lyicp TI\?}[CD relation. It should be noted that the extent to which the
hardening factor depends on luminosity can vary with inclinations, mass of the compact
object, etc. A detailed numeric simulation to obtain how the hardening factor behaves for
an accreting NS is worthwhile but is beyond the scope of this paper.

We note that there are possibly other factors causing the above deviation. One is
real change of the inner disk radius in some part of the soft state. Lin et al. (2009, in
preparation) reports that the inner disk radius appears to be larger in the so-called lower
left banana of the soft state than in other parts of the soft state, where the inner disk radius
appears to be much more constant. The lower left banana branch, with smallest values of
the soft color in the soft state, is associated with frequent occurrences of kHz QPOs [van
der Klis, 2006]. Although Suzaku has PIN data with high time resolution, low PIN count
rates and weakness of kHz QPOs in 4U 1705-44 make it difficult to search for kHz QPOs
directly to see whether any of our observations are in the lower left banana. However, based
on the soft color, we can see that spectra suz3 and suz7 are in the leftmost part of the soft
state (with the smallest values of the soft color among our Suzaku soft-state observations;
Table 5.1). The two spectra did have larger best-fitting inner disk radii than other soft-state
observations (Tables 5.3-5.4). For example, even though spectra suz2 and suz7 both have
luminosity about 0.1 Lggq (Tables 5.3-5.4), spectrum suz7 has a much larger inferred inner
disk radius, by about 30% (well above the uncertainty), than spectrum suz2. Thus it is
possible that suz3 and suz7 are in the lower left banana. Excluding these two spectra,
Suzaku soft-state observations suggest a relation approximately of Lyicp o Tl%/f(ﬁJD' It is also
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possible that the above deviation of our results from the Lyicp o Tf/ICD relation is due to
our simple descriptions of the weak Comptonization and the boundary layer.

Modeling using a more realistic spectral model for the accretion disk can potentially
address directly whether the inner disk radius is constant and might even obtain its real
value. Such a model should not only include all relativistic effects (gravitational redshift,
frame dragging, Doppler boosting, light bending, and self-irradiation, etc.), such as the
KERRBB model [Li et al., 2005], but also need careful calculation of the disk structure and
radiative transfer, such as the BHSPEC model [Davis and Hubeny, 2006]. The illumination
of the boundary layer on the disk might also need to be considered. Such a model has not
been developed yet. Moreover, such a way of modeling requires fairly accurate information
of system parameters such as the mass of the compact object, the inclination, and the
distance [McClintock et al., 2006]. In addition, an accurate modeling of the disk also
requires accurate modeling of other components, and so the boundary layer, as a simple
blackbody description is another concern. Due to the above difficulties, treatments with
significant efforts would be required in order to obtain meaningful results.

5.4.2 Constraint on the magnetic field in 4U 1705-44

We perform a rough estimate of the magnetic field in 4U 1705-44, under the assumption
that the disk is truncated at the ISCO in our soft-state observations. This requires the
magnetic field to be dynamically unimportant for these soft-state observations. That is,
the Alfvén radius ra, the radius at which the magnetic pressure is roughly the sum of the
ram and gas pressure, should be smaller than the ISCO. Based on Equations 6.19-6.20 in
Frank et al. [1985], we have

1/7 10/7 —2/7 4)7
A ~ 7.5 ka ) (Mxs _Bxs L B km,  (5.1)
0.5 Mg, 10 km 1037 erg/s 108 G

where B is the magnetic field strength at the surface of the NS and ka is the correction
from the spherical accretion to disk accretion and is about 0.5. This formula assumes a
dipole magnetic field. We further assume Myg = 1.4 Mg (such that R;, = 12.4 km), and
Rns = 10 km. The above expression shows that our obtained value of B will only weakly
depend on the NS mass (a power of 1/4). Using L = 1037 erg/s, from the faintest soft-state
spectrum suz2, and the constraint 7y < Rj,, we find B < 1.9 x 10® G. This limit should be
larger by 60% if in fact R;, for suz2 is larger by 30% (see above). We can also assume that
ra is less than Rys, which would decrease the above limit by 30%.

5.4.3 The boundary layer

We see that the apparent emission area of the boundary layer, modeled by BB, is roughly
constant from the hard to the soft states with the luminosity of the boundary layer covering
~0.003-0.11 Lgpp. Spectral fitting with Comptonization modeled by PL and Fe lines by
the diskline model suggests Lpp o< T; é‘éio'l, while fitting with Comptonization modeled by
SIMPL results in Lyicp o 7] fj['%%o'l (the above results were obtained with spectrum saxl
excluded; Npp from this spectrum is much larger than those from other spectra (Table 5.3—
5.4) and varies the most with models (§5.3.2)). The apparent area of the boundary layer is
only about 1/14 of the size of the NS, from simple comparison with the size of NS inferred
from Type I X-ray bursts. The factor 1/14 might be a little larger due to special geometry
of the boundary layer, which is generally believed to be an equatorial belt [Lin et al., 2007b,
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Chapter 4]. We note that there are scatterings in the inferred apparent emission area of the
boundary layer. The fractional variation is about 25%, larger than the typical error bars
(10%). Whether this is real or due to instrumental effects is unclear.

Whether the above results imply that the real boundary layer is small and nearly con-
stant depends on the radiative transfer process in the atmosphere above the boundary layer,
i.e., the hardening effect as discussed above for the disk spectra. The small BB emission
area is reminiscent of the well known spectral modeling problem of the NS thermal emission
in quiescence, i.e., the BB fit of its thermal component produced inferred radii too small
for theoretical NS size estimate, whereas models taking into account the radiative transfer
in the hydrogen atmosphere give radius estimate much closer to theoretical expectation
of the size of NSs [e.g., Rutledge et al., 1999]. However, all our observations are quite
bright (> 103 erg/s), and the emission should be due to active accretion. At such a high
accretion rate, a pure hydrogen atmosphere is not expected [Brown et al., 1998], and the
above problem might not apply to our case. Our conclusion of small size of the boundary
layer is based on the assumption that the modification of the bursting atmosphere on burst
emergent spectra is similar to that of the boundary layer emission. This assumption might
be valid if most of the heat in the boundary layer is generated in a layer as deep as that for
burst nuclear burning. We note that the small inferred size of the boundary layer agrees
with the theoretical expectation of most of the boundary layer models at sub-Eddington
accretion rates [Kluzniak and Wilson, 1991, Inogamov and Sunyaev, 1999, Popham and
Sunyaev, 2001]. Thus it is quite possible that the boundary layer emission area is indeed
small for our observations.

If the behavior of the hardening factor for the boundary layer is similar to that for
the burst emission, then one might expect little deviation of Lgp o< TéB for the boundary
layer, as the hardening factor is quite independent of the temperature for burst emission at
sub-Eddington limit [Madej et al., 2004, Ozel, 2006]. For example, for a NS with mass 1.4
Mg, and radius 10 km, Table 2 from Madej et al. [2004] suggests an approximate relation of
Lpp Tég for Tgp within 1.1-2.5 keV (most of our observations fall into this range). Thus,
our results of the boundary layer closely following Lpp TéB might imply little change of
the real boundary layer emission area for our observations.

Now we combine our results for the accretion disk and the boundary layer to discuss
their implication of accretion configuration in 4U 1705-44. From the above, we have seen
that the inner disk radius is possibly constant during those soft-state observations (possibly
except those in the lower left banana), under the uncertainty of the spectral hardening
factor. For the black hole cases, this is normally associated with the ISCO. For the NS
cases, there is another possibility, i.e., the accretion disk is truncated by the NS surface.
The main difficulty in determining whether the accretion disk is truncated by the NS surface
or at the ISCO is that the ISCO is quite close to the surface of the NS. The above two cases
can be differentiated if the NS confined inside its ISCO or not can result in quite different
spectral evolution behavior of the boundary layer and the accretion disk. If the accretion
disk extends all the way down to the surface of the NS, the boundary layer and the disk are
dynamically coupled. Popham and Sunyaev [2001] modeled the boundary layer as part of
the disk, using the slim disk equations and Newtonian approximation, and found that the
transition radius of the accretion disk to the boundary layer increased with the accretion
rate. Our results suggest that the increase in the luminosity of the boundary layer and the
accretion disk results in increase most in characteristic temperatures, instead of in emission
areas, and might suggest that the boundary layer is not fully coupled with the accretion
disk. Thus the accretion disk is probably truncated by the ISCO if our spectral model is

105



correct [Lin et al., 2007b, Chapter 4]. The small size of the boundary layer might require
that the disk is always geometrically thin. Abramowicz et al. [1978] showed the existence of
the cusp of the equipotential surface with the presence of the ISCO, resulting in the sharp
cusp on the inner edge of the accreting disk. Thus the thickness of the disk can be forced
to be small near the ISCO. All the above pictures need to be confirmed by modeling the
accretion disk and boundary layer together, with the general relativistic effects taken into
account.

5.5 Conclusion

We have fit the broad-band spectra of 4U 1705-44 obtained with Suzaku and BeppoSAX.
The continuum model for the soft-state spectra consists of double thermal components,
one of which is a multicolor accretion disk and the other is a single-temperature blackbody
boundary layer, with additional weak Comptonization, modeled by simple power law or by
the SIMPL model by Steiner et al. [2008]. The model for the hard-state continuum spec-
tra consists a single-temperature blackbody boundary layer and a strong Comptonization
component, modeled by a cutoff power law.

The accretion disk in the soft state seems to approximately follow a L oc T3 track.
There are two main factors that might act together to cause its deviation from L oc T4.
One is the luminosity-dependent spectral hardening factor. The other is that the inner disk
radius is really changed in some part of the soft state. We found no significant contribution
of the thermal disk in our hard-state spectra above 1 keV, and the disk might be truncated
at a large radius and /or has a low temperature (< 0.1 keV). The boundary layer is consistent
with L oc T#, with emission size about 1/14 of the whole surface of the neutron star. Small
size of the boundary layer and no evidence for dynamical coupling between the accretion
disk and the boundary layer over more than one order of magnitude change in the luminosity
lead us to interpret that the accretion disk is truncated by the ISCO, instead of the surface of
the NS. However, detailed numerical simulation with general relativistic effect incorporated
is required to confirm this interpretation. Assuming that the disk is truncated by the ISCO,
we estimated the magnetic field of in 4U 1705-44 to be less than about 1.9 x 10% G.

Broad relativistic Fe lines are also detected in each spectrum. We modeled them with
the diskline model and found that the strength of the Fe line correlates well with the
boundary layer emission in the soft state, with the Fe line flux about 3% of the flux from
the boundary layer. In the hard state, our results suggest that the Fe lines are due to
the strong Comptonization emission. However, the Comptonization emission in the hard
state seems to illuminate the accretion disk and produce the Fe line not as efficiently as the
boundary layer emission in the soft state, probably because the boundary layer is closer to
the accretion disk.
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Chapter 6

Spectral Study of Accreting
Neutron-Star X-ray Sources and
Hint on Origins of Kilohertz
Quasi-periodic Oscillations

Abstract

We have analyzed four neutron-star (NS) atoll sources, Aql X-1, 4U 1608-522, 4U 1705-44,
and 4U 1636-536, using their observations over more than twelve years with RXTE. Their
spectra are fit with our new NS spectral model. In this model, the hard-state observations
are fit with a strong Comptonized component, described by a cutoff power law, and a
thermal (boundary layer) component, described by a single-temperature blackbody (BB).
The soft-state observations are fit with two thermal components, i.e., a BB and a multi-color
disk (MCD), with additional weak Comptonization described by a constrained power law or
the empirical convolution Comptonization model by Steiner et al. (when needed). Different
from our previous studies, here we divide the soft state into different parts based on the
occurrences of kilohertz quasi-periodic oscillations (kHz QPOs) and positions in the color-
color diagram to have a more detailed examination on their spectral behavior. We show
that the X-ray spectral evolution in the two persistent sources 4U 1705-44 and 4U 1636-536
are similar to the transients Aql X-1 and 4U 1608-522 in many aspects. We find that the
disks for all four sources approximately follow L oc T* tracks (constant apparent inner disk
radius) in the soft state where no kHz QPOs occur. We also find that the disks seem to
truncate at larger radii in the soft state where kHz QPOs occur, indicating a close relation
between the kHz QPOs and the accretion disk. Further considering that kHz QPOs are
more significant at higher photon energies and are quite probably from the emission from
the boundary layer, one possible explanation for kHz QPOs in accreting NSs is that they
are due to modulation of the accretion rate into the boundary layer. The boundary layers
for all four sources are roughly constant from the hard to the soft state, and their sizes are
~1/16 of the whole NS surfaces, consistent with the study in Lin et al. (2007, Chapter 4).
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6.1 Introduction

The luminous and weakly magnetized neutron stars (NSs) in low-mass X-ray binaries
(LMXBs) are classified into atoll and Z sources, named after the patterns that they trace
out in X-ray color-color diagrams (CDs) or hardness-intensity diagrams (HIDs), based on
their X-ray spectral and timing properties [Hasinger and van der Klis, 1989, van der Klis,
2006]. Although extensive coverage by the Rossi X-ray Timing Ezplorer (RXTE ) has
shown that atoll sources can also similar patterns in the CD/HIDs, i.e., Z-like shapes, as
Z sources [Muno et al., 2002, Gierliriski and Done, 2002a], these two classes are different
from each other in shape/orientation of the Z patterns, evolution timescales, luminosity
ranges, spectral types and timing properties [Barret and Olive, 2002, van Straaten et al.,
2003, Reig et al., 2004, van der Klis, 2006]. Recently Lin et al. [2009b] and Homan et al.
[2009] analyzed a transient accreting NS, XTE J1701-462, which showed behavior of a Z
source to that of an atoll source as the outburst decayed from near/super Eddington lumi-
nosity (Lgqgq) to almost quiescence, and confirmed that the differences between Z and atoll
sources are due to their different mass accretion rates. Atoll sources have lower luminosities,
(~0.001-0.5 Lgqq), and have two distinct X-ray states, i.e., hard (significant emission above
20 keV) and soft states, plus the transitional state. The hard, transitional and soft states
of atoll sources are also often referred to as the “extreme island”, “island”, and “banana”
states/branches, respectively. The spectra of Z sources are mostly soft, and their upper,
diagonal and lower branches of the Z-shaped tracks are called horizontal, normal and flaring
branches, respectively. These branches are different from each other in many aspects, such
as spectral evolution timescales and fast variability.

The atoll soft state can be further subdivided into the upper banana where the <1 Hz
power-law noise dominates, the lower banana where several dominant 10 Hz band limited
noises occur, and the lower left banana where twin kilohertz quasi-periodic oscillations
(kHz QPOs) are observed. During the decay of XTE J1701-462 in its 2006-2007 outburst,
the Z-source horizontal, normal and flaring branches disappeared successively, with the
vertex between the normal and flaring branches becoming the atoll lower banana [Lin et al.,
2009b, Homan et al., 2009]. The Z-source flaring branch might be just the atoll-source upper
banana. However, the flaring branch in XTE J1701-462 is better defined and stronger in
the CD/HID than the upper banana seen in typical atoll sources, and the association of the
Z-source flaring branch with the atoll-source upper banana still needs further investigation.

Spectral modeling of weakly magnetized accreting NSs has been controversial for decades
[see Barret, 2001, for a review|. Compared with black-hole X-ray binaries, there should
exist a boundary layer, where the accreted materials impact on the NS surface, in the
accreting NSs. X-ray emission from the boundary layer is believed to be comparable to
that from the accretion disk. Moreover, they cover energy bands close to each other, ~1—
20 keV. All this leads to the main difficulty in decomposing the spectra from accreting
NSs. The classical models consist of two continuum components, i.e., a soft/thermal and
a hard/Comptonized component [White et al., 1988, Mitsuda et al., 1989, Christian and
Swank, 1997, Barret et al., 2000, Oosterbroek et al., 2001, Church and Baluciniska-Church,
2001, Di Salvo et al., 2000a, Gierliriski and Done, 2002b, ITaria et al., 2005]. The thermal
component is normally chosen to be either a single-temperature blackbody (BB) for the
boundary layer or a multicolor disk blackbody (MCD). Lin et al. [2007b, hereafter LRH07]
implemented the commonly used two-component models for two classical transient atoll
sources, i.e., Aql X-1 and 4U 1608-52, and showed strong spectral model degeneracy for
accreting NSs, not only from the choices of the thermal components, but also from the
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detailed description of Comptonized components (the scattering corona geometry, the seed
photon temperature, etc.). The pictures of the spectral evolution of these atoll sources
are very different from different models. However, none of the tested models produce
Lx o< T* tracks for the thermal component (MCD or BB), and they all result in strong
Comptonization, for the soft-state spectra, in contrast with the picture from the black-hole
binaries [Remillard and McClintock, 2006].

LRHO7 further devised a hybrid model for atoll sources: a BB to describe the boundary
layer plus a strong Comptonized component for the hard state, and two strong thermal
components (MCD and BB) plus a weak Comptonized component (when needed) for the
soft state. The results from this model are very different from those from the classical two-
component models (see above), and can be summarized as follows: both the MCD and BB
evolve approximately as Lx oc T4, the spectral /timing correlations of these NSs are aligned
with the properties of accreting black holes, and the visible BB emission area is very small
but roughly constant over a wide range of Lx that spans both the hard and soft states. We
also applied this model XTE J1701-462, and results similar to the above were also found
for the observations in the atoll-source stage. Deviation of the MCD from the Lx o T*
track was observed with the inner disk showing a luminosity-dependent expansion at high
luminosity when the source behaved as a Z source at high luminosity.

In this paper we continue our spectral study of atoll sources using data obtained with
the Rossi X-ray Timing Explorer [RXTE , Bradt et al., 1993], and the goals are manifold.
We test our spectral model on two persistent atoll sources 4U 1705-44 and 4U 1636-536
[Hasinger and van der Klis, 1989]. Compared with LRHO7, in this study, we have a closer
look at the soft state in order to see any different spectral behavior associated with different
parts of the soft state (lower left banana, lower banana, and upper banana). As our model
is still partially empirical, especially for the Comptonized component, the effect of this
component on the spectral fit results will be addressed in more detail, including application
of a new Comptonization model, i.e., SIMPL by Steiner et al. [2008]. Considering the
above differences from LRHO7 and the recent significant improvement of calibration of the
Proportional Counter Array [PCA; Jahoda et al., 1996] on board RXTE , this study still
includes Aql X-1 and 4U 1608-522, which were analyzed in LRHO7.

Some detailed timing studies of these four atoll sources, including the findings of kHz
QPOs, have been carried out. [e.g., Zhang et al., 1996, Berger et al., 1996, Wijnands et al.,
1997c, Ford et al., 1998, Zhang et al., 1998b, Barret and Olive, 2002, van Straaten et al.,
2003, Olive et al., 2003, Reig et al., 2004, Barret et al., 2007]. Here we will concentrate
on their spectral properties, with analyses of kHz QPOs also included, as they are related
to our spectral results. We describe our data reduction scheme in §6.2 and show the long-
term light curves and color-color diagrams in §6.3. The spectral variability is given in §6.4.
The search of the kHz QPOs for these sources are presented in §6.5. We perform detailed
spectral modeling in §6.6. We discuss our spectral results and implications of the origin of
kHz QPOs in §6.7. Finally we give our summary.

6.2 Observations and data reduction
For our analysis, we used all of the RXTFE observations of Aql X-1, 4U 1608-522, 4U 1705-44
and 4U 1636-536 as of 2009 June 30. Data were analyzed from the PCA (2-60 keV) and

the High Energy X-ray Timing Experiment [HEXTE;15-250 keV Rothschild et al., 1998]
instruments. The PCA has five Proportional Counter Units (PCUs). Their calibration was
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Table 6.1. Observations and State Definitions for Each Source

Aql X-1 4U 1608-522 4U 1705-44 4U 1636-536
Number of total/used ob- 476/423 932/807 335/331 1063/1035
servations
Time of total/used obser- 1564,/1458 1797/1632 897/897 3339/3315
vations (ks)
HS Def. HC>0.6 HC>0.6 HC>0.64 HC>0.64
Time (ks/%) 662/45 828/51 350/39 309/9
TS Def. — — — —
Time (ks/%) 54/4 87/5 61/7 639/19
SS/LLB Def. HC<0.37 & SC<0.96 HC<0.41 & SC<1.06 HC<0.44 & SC<1.17 HC<0.46 & SC<1.05
Time (ks/%) 173/12 289/18 136/15 1424/43
Def HC<0.37 & 0.96<SC<1.0 HC<0.41 & 1.06<SC<1.1 HC<0.44 & 1.17<SC<1.25 HC<0.46 & SC>1.05
SS/LB : HC<0.34 & SC>1.0 HC<0.4 & SC>1.1 HC<0.39 & SC>1.25
Time (ks/%) 509/35 357/22 281/31 857/26
SS/UB Def. 0.34<HC<0.45 & SC>1.0 0.4<HC<O0.5 & SC>1.1 0.39<HC<0.45 & SC>1.25 0.46<HC<0.52 & SC>1.05
Time (ks/%) 59/4 70/4 69/8 86/3
Note. — Color ranges are given for the hard state (HS), soft state (SS) lower left banana (LLB), lower banana (LB) and upper banana

(UB). All of the remaining observations are referred to as the transitional state.

significantly improved (HEAsoft 6.7), and we used data from all PCUs. The HEXTE has
two clusters (A and B), and both of them were also used. We used the same standard
criteria to filter the data as described in LRHO07, and only observations with source count
rates >10 counts/s/PCU were used. Data before 1996 April 15 (PCA epoches 1 & 2) are
not used considering bad calibration at low energy. Deadtime corrections for PCA and
HEXTE data were also applied.

We created spectra for both the PCA and HEXTE instruments. To avoid large spectra
variations, we created pulse-height spectra with integration time required to be <4 ks. The
observational gap in each spectrum is required to be < 500 s (this is normally smaller than
the observation gaps induced by earth occultations and South Atlantic Anomaly passages).
For the PCA, the spectra were extracted from “standard 2” data collection mode, and the
response files were created so that they were never offset from the time of each observation
by more than 20 days. We ignore channels 1-3 (numbering from 1 to 129) and energy above
50 keV for our spectral fitting and applied systematic errors of 0.5% for all channels. We
created the HEXTE spectra to match the PCA spectra in observation time. No systematic
errors were applied for HEXTE data. A summary of the observations is given in Table 6.1.

In order to classify the spectral states/branches, we calculated the CD/HIDs. We cal-
culated X-ray colors as described in LRHO7. We normalized the raw count rates from each
PCU using observations of the Crab Nebula, and we defined soft and hard colors as the
ratios of the normalized background-subtracted count rates in the (3.6-5.0)/(2.2-3.6) keV
bands and the (8.6-18.0)/(5.0-8.6) keV bands, respectively. The values of colors are then
averaged over all PCUs. Throughout the paper, all PCA intensity values are normalized
and correspond to the sum count rate of these four energy bands. The difference between
the normalized intensity and the raw total PCA count rate is normally <5%.

6.3 Light curves and color-color diagrams

Figure 6-1 shows the long-term light and color curves of Aql X-1 and 4U 1608-522 (a) and
4U 1705-44 and 4U 1636-536 (b) in 1996-2009. This figure combines data from the PCA
and the RXTE All-Sky Monitor [ASM; Levine et al., 1996]. These four sources show quite
different long-term accretion behavior during this period. Aql X-1 and 4U 1608-522 show
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Figure 6-1: Long-term light and color curves of transient (a; Agql X—1 and 4U 1608-
522) and persistent (b; 4U 170544 and 4U 1636-536) atoll sources. Grey solid lines are
from RXTE ASM, and discrete symbols are from PCA observations representing different
spectral states (see Figure 6-2). The dashed line (hard color = 0.5) is a reference to help
distinguish the different states.
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Figure 6-2: Color-color and hardness-intensity diagrams of transient (a; Aql X-1 and
4U 1608-522) and persistent (b; 4U 170544 and 4U 1636-536) atoll sources. The atoll-
source states (HS: hard state (blue squares); TS: transitional state (green triangles); SS:
soft state (purple circles for lower left banana, red crosses for lower banana, and black stars
for upper banana)) are labeled in the color-color diagram of Aql X-1. One-o uncertainties
are also shown and are normally smaller than the symbol size.
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Figure 6-3: The HEXTE intensity in two hard energy bands versus the PCA intensity.
The solid lines show linear fits for these measurements. The hard and soft states appear
increasingly different when they are compared using more widely spaced energy bands. The
meanings of symbols are the same as Figure 6-2
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about one active outburst per year, while at other times, they are almost in quiescence.
4U 1705-44 shows one or two active outbursts every year with durations ~ 100 — 200 days,
while maintaining weak persistent accretion in the between. The outbursts normally start
in the hard state, evolve to the soft state, and finally return to the hard state during the
decay. 4U 1636-536 maintains at active accretion from 1996 till 2003, after which the source
experiences regular small outbursts. Unlike Aql X-1 and 4U 1608-52, both 4U 1705-44 and
4U 1636-536 maintain at modest accretion in addition to active outbursts in the interval
shown in Figure 6-1, with intensity always above 10 counts/s/PCU (2 mCrab).

The CD/HIDs of these four sources are shown in Figure 6-2. Although they are atoll
sources, their patterns in the CD/HIDs are Z-shaped, owing to their large range of lumi-
nosities. The hard-state track of 4U 1636-536, however, is not as extended as the other
three sources. This is due to the fact that 4U 1636-536 was not observed to be in very low
hard state; its intensity observed by the PCA is always >50 counts/s/PCU.

We use the CDs to pragmatically define the source states/branches as shown in Figure 6-
2. The observations are classified into the hard, transitional, and soft states, with the soft
state is further subdivided into the lower left banana, lower banana, and upper banana
branches (§6.1). In Table 6.1, we give the color ranges adopted for each state/branch for
each source. We first define the three states, with the upper part of the pattern in the CD
assigned to be the hard state and the lower part to be the soft state. For the soft state,
we then search for kHz QPOs (§6.5) and choose the range of soft color for the lower left
banana so that all kHz QPOs found are in this branch. The soft-state observations left are
assigned to be lower banana and upper banana. We do not define the color ranges for these
two branches based on detailed timing analysis, but base on the fact that the upper banana
tends to stay at the lower end of the pattern in the CD and tends to have hard colors higher
than those of the lower banana. For all figures in this paper, the hard state, transitional
state, soft-state lower left banana, lower banana, and upper banana are represented by blue
squares, green triangles, purple circles, red crosses, black stars, respectively. The detailed
analysis of how the sources evolve through the CD/HIDs in time and the strong hysteresis
(i.e., the hard-soft transition generally occurs at higher X-ray flux compared to the soft-hard
transition) present in these sources are beyond the scope of this paper.

As in LRHO09, we show the relation of source intensities in more widely spaced energy
bands, in Figure 6-3. The top panels are the HEXTE 20-50 keV intensity versus the
PCA intensity (2.2-18 keV; §6.2). The most striking aspect of these panels is that there
are two nearly linear tracks corresponding to the soft and hard states, with that of the
soft state is far below the hard-state one, for all source. The ratio of the HEXTE 20—
50 keV intensity versus the PCA intensity for the hard state is > 15 times of that for
the soft state for all sources. The bottom panels are the HEXTE 50-150 keV intensity
versus the PCA intensity. We can still see the linear track in the hard state, but the
sources are generally not detected above 50 keV in the soft state. These results support our
classifications of the hard/transitional/soft states above. However, within the bandwidth
and statistical capabilities of HEXTE measurements, we cannot see differences in the soft
state subdivisions in Figure 6-3.

6.4 Spectral variability

We quantify the spectral variability of these sources, as follows. The spectra that we created
as described in §6.2 on average have exposure 2.3, 1.6, 2.1, and 2.2 ks, respectively, for Aql
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Figure 6-4: The fractional spectral variations within each spectrum in two energy
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X-1, 4U 1608-522, 4U 1705-44 and 4U 1636-536. We calculate spectral variations using
quanta of 32-s data. we are interested in the source variability (i.e., in excess of statistics).
Thus we subtract the sample variance from the variance due to Poisson noise. Finally
the Poisson-subtracted sample standard deviation ¢ is divided by the sample mean p to
obtain the fractional Poisson-subtracted spectral variations o /. We conduct these variance
analyses for both intensities and colors.

Figures 6-4 and 6-5 show the fractional Poisson-subtracted spectral variations using the
2.2-3.6 keV and 8.6-18 keV intensities and the soft and hard colors, respectively. We see
that the spectral variations characterized by these quantities are generally smaller than 3%
(dashed lines). There are two exceptions. One is the hard state at low intensity. The other
is the soft state at high intensity, including the lower banana and upper banana, and this is
true for all four sources. We note that in the lower banana the 8.6-18 keV intensity shows
variations above 3%, while this is not true for the hard color, which means that the spectral
variation at high energy comes from the change in the normalization, but not the spectral
shape. In the upper banana, both the spectral shape and normalization change above 3%.
However, all quantities shown here indicate that the spectral variations for the spectra that
we created in §6.2 are almost all < 10%, and they should be able to be used for spectral
modeling directly, which we carry out in §6.6.

6.5 Kilohertz quasi-periodic oscillations

These four atoll sources are all shown to exhibit single (Aql X-1 and 4U 1705-44) or twin
(4U 1608-522 and 4U 1636-536) kHz QPOs (§6.1). They normally occur around the lower
left banana. The frequencies can shift with time. They are around 600-900 Hz (lower kHz
QPOs) in the lower left banana and can decrease to < 200 Hz in the transitional state.
We also did brief kHz QPO search for each source in order to define the lower left banana
for our observations as follows. We created Poisson-noise subtracted power density spectra
using (2-40 keV), one per time interval corresponding to energy spectra, using data with
fast collection modes. Then the power density spectra were fit with a single power law
and one or two Lorentzian functions describing the kHz QPOs over a frequency range of
200-1500 Hz.

The upper limit of the soft color of the lower left banana given in Table 6.1 for each
source is defined to about the maximal soft color of the soft-state observations that have
kHz QPOs above a three-o level (in term of the normalization of the Lorentzian function),
except for 4U 1705-44. For the lower left banana defined in Table 6.1, we found that Aql X-
1, 4U 1608-522, and 4U 1636-536 respectively have 49%, 46%, and 54% of the observations
with kHz QPOs above a three-o level. The kHz QPOs in 4U 1705-44 are much weaker and
require much detailed analysis, which is beyond the scope of this paper. Thus the definition
of the lower left banana for 4U 1705-44 should be taken as an assumption.

6.6 Spectral modeling

6.6.1 Spectral models and assumptions

In this work, we fit the X-ray spectra of Aql X-1, 4U 1608-522, 4U 1705-44 and 4U 1636-536
with several different models. The pulse-height spectra of five PCUs and two HEXTE clus-
ters were fit jointly over the energy range 2.7-40.0 keV and 20.0-150.0 keV, respectively,
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Table 6.2. Physical Parameters Assumed in Spectral Study

Aql X-1 4U 1608-522 4U 1705-44 4U 1636-536

Ng (1022 cm—2) 0.5 1.0 1.67 0.4
Distance (kpc) 5 3.6 74 5.9
Inclination (°) 60 60 30 60
Ere 6.63+£0.08 6.62+0.11 6.46+0.05  6.80£0.08
ore (keV) 0.3 0.3 0.43 0.43
Rpurst (km) 8 7.2 7.4 6.5
<Fpeax> (1079 89 132 39.3 40

erg cm 2 s71)

References al,a2,a3,d3 bl,b2,d3 cl,c2,c3,d3 al,d1,d2,d3

Note. — References: al Church and Baluciniska-Church 2001; a2
Rutledge et al. 2001; a3 Koyama et al. 1981; bl Penninx et al. 1989; b2
Nakamura et al. 1989; c¢1 Lin et al. 2009 (in preparation); c2 Haberl
and Titarchuk 1995; c3 Gottwald et al. 1989; d1 Fiocchi et al. 2006; d2
Augusteijn et al. 1998; d3 Galloway et al. 2008

allowing the relative normalizations of different instruments to be free. For soft-state obser-
vations, HEXTE spectra were used up to 50 keV because the flux at higher photon energies
was negligible (Figure 6-3).

In this paper, we continue to fit the spectra of these atoll sources with our hybrid
model, i.e., Model 6 in LRHO7, but with some minor modifications. This model consists
of a BB to describe the boundary layer plus a strong Comptonized component for the
hard state, and two strong thermal components (MCD and BB) plus a weak Comptonized
component (when needed) for the soft state. The choice of description of the Comptonized
component is somewhat empirical and is not unique either. For the hard state, either a
broken power law or the Comptonization model by Titarchuk [1994] (CompTT in XSPEC;
the seed photon temperature < 0.5 keV) works well, as far as behavior of the BB and
fractions of Comptonization are concerned. In our study of broad-band spectra of 4U 1705-
44 observed with Suzaku and BeppoSAX (Lin et al. 2009, in preparation), we found that a
cutoff power law (CPL) is better than the above two descriptions for the Comptonization
in the hard state, in terms of the values of x2. Thus in this paper, we use a CPL to describe
the Comptonization in the hard state. In the soft state, the Comptonization is in general
very weak, and for simplicity, we fit it with a single power law (PL), with constraint of the
photon power-law index I'p, < 2.5 (2.2 for 4U 1705-44; Lin et al. 2009, in preparation).
We note that such a constraint is not necessary for broad-band spectra (Lin et al. 2009,
in preparation). In the transitional state, we still fit the Comptonization with a CPL, with
constraints of photon power-law index I'cpy, < 2.5 and the cutoff energy Fcpr, > 20 keV
(see below). We hereafter refer to the above hybrid model as MCD+BB+PL. We note that
a MCD is not included in this model for the hard state. This might be because there is no
thermal disk in the hard state. The lower energy boundary of the PCA (>2.7 keV) can also
make this component invisible in the spectra even if it is present.

The BB model provides the color temperature (kTpp) and the apparent radius (Rpp;
isotropic assumption) of the BB emission area, while the MCD model provides the apparent
inner disk radius (Rymep) and the color temperature at the inner disk radius (K7yicp). The
CPL model has three parameters: a photon index (I'cpr), a cutoff energy (Ecpr) and a
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normalization parameter.

In LRHO7, we find that a double thermal model of MCD+BB is enough to describe the
soft state at high intensity and produce the results of the MCD and the BB close to Lx oc T*
tracks. Only at the low-intensity soft and transitional states, a weak Comptonization is
necessary. The model MCD+BB will also be used to fit the spectra to show what part of
observations can still be fit without a PL.

In this paper, we also fit the spectra by fitting the Comptonization in the soft state with
a recently developed Comptonization model, i.e., SIMPL by Steiner et al. [2008]. This is
an empirical convolution model of Comptonization in which a fraction of the photons in
an input seed spectrum is scattered into a power-law component. It requires that the seed
spectrum is partially visible and it counts the photons scattered into the power law, so that
the original seed spectrum and the lower-energy turnover of the Comptonized power law are
self-consistently tracked. These features are not designed into the other Comptonization
models described above. This model has only two free parameters, i.e., the photon power-
law index I' and the scattered fraction fgc, in addition to a flag denoting whether all the
scattered photons are up-scattered in energy or are both up- and down-scattered. We
assume that the Comptonization is from the disk and that the seed photons are from the
disk. We specify that all the scattered photons are up-scattered in energy only. We find
that inclusion of down-scattering only change our results normally within error bars. We
denote this combined model as SIMPL(MCD)+BB. We did not apply SIMPL to the hard
and transitional states, as there is no MCD in our model or the MCD is poorly constrained.

In a summary, we will show results for three models: MCD+BB, MCD+BB-+PL, and
SIMPL(MCD)+BB. All models also included a Gaussian Iron line. Its central line energy
FEp. was initially left free in the fit and was then fixed to be the average values in the final
fits (Table 6.2). We also fixed the intrinsic width of the Gaussian line ope, with values
also given in Table 6.2. As the Fe lines are intrinsically broad from 4U 1705-44 and 4U
1636-536, their values of op. were fixed at a higher value (0.43 keV) than those for Aql
X-1 and 4U 1608-522 (0.3 keV). We note that the PCA has energy resolution ~ 1 keV,
limiting the need for a precise value of op.. An interstellar absorption component was also
included with the hydrogen column fixed; see Table 6.2 and references therein. To estimate
the disk luminosity, we need the binary inclinations, which are poorly known for all four
systems. Since no eclipses or absorption dips have been observed, these sources are likely
not high-inclination systems, and we assumed their binary inclinations to be 60° (30° for
4U 1705-44; Lin et al. 2009, in preparation). We scaled the luminosity and radius related
quantities using distances given in Table 6.2, unless indicated otherwise.

6.6.2 Spectral fit results

Figure 6-6 shows the luminosity of the thermal components, i.e., MCD and BB, versus their
characteristic temperatures, kIgg or kThmcp. The errors represent 90% confidence limits
for a single parameter. For reference, we also show the lines for constant radius, assuming
Lx = 4nR?0T*. The NS radii are shown with dotted lines in this figure. They are inferred
from our spectral fitting to Type I X-ray bursts (denoted as Rypyst), and are consistent
with previous studies (see Table 6.2 and references therein). The dashed lines correspond
to R = 2.0, 1.3, 2.0, and 1.5 km for Aql X-1, 4U 1608-522, 4U 1705-44, and 4U 1636-536,
respectively. They are derived from the fit to the BB radius values obtained from model
MCD+BB+PL.

The top panels in Figure 6-6 show the results for Model MCD+BB. Only results of
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Figure 6-6: The luminosity of the thermal components versus their characteristic tem-
peratures. The meanings of the symbols are the same as Figure 6-2. All models produce
luminosity evolution for BB and MCD components in most part of the soft state that
are nearly parallel to reference dotted/dashed lines, which show Lx o< T* with constant
emitting surface area. The dotted lines correspond to the NS burst radii (Table 6.2) and
the dashed lines correspond to R = 2.0, 1.3, 2.0, and 1.5 km for Aql X-1, 4U 1608-522,
4U 170544 and 4U 1636-536, respectively, assuming Lx = 4mR20T*.

119



& Rgg (km)

RMCD

& Rgg (km)

RMCD

& Rgg (km)

RMCD

Ruco & Rgg (km)

4U 1608-522 4U 1705—44 4U 1636-536
&2 :
EKE
3
&
ol \ oll. \ \ \
100 1000 100 1000 100 1000 100 1000
PCA Intensity (counts/s/PCU) PCA Intensity (counts/s/PCU)
ol , €
,,,,,,,, % D{E
3
EK%
o La \

1.0 1.1 1.0 1.1 1.2
Soft Color

(a)

Soft Color

(b)

Figure 6-7: The apparent inner disk radius and size of the boundary layer in the soft
state from model MCD+BB+PL. The upper panels show their dependence on intensity,
while the lower panels on the soft color. The meanings of the symbols are the same as
Figure 6-2, and the reference dotted/dashed lines are the same as those in Figure 6-6.
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Figure 6-8: The same as Figure 6-7 but from model SIMPL(MCD)+BB.
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Figure 6-9: The power-law index and cutoff energy of the cutoff power-law in the fit of
atoll-source hard state. The meanings of the symbols are the same as Figure 6-2.
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Figure 6-10: The fraction of Comptonized luminosity versus the total luminosity. The
meanings of the symbols are the same as Figure 6-2.
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Figure 6-11: The luminosity of non-BB components (i.e., PL4+MCD or SIMPL(MCD))
versus the luminosity of the BB component. At the transitional BB luminosity that sep-
arates hard and soft states, the hard-state CPL appears to be very luminous compared
to the soft-state MCD. The three reference lines (dashed, dot-dashed, and dotted), con-
nect the points where the ratio of the luminosities of the BB component and the non-BB
components is 1.0, 0.4, and 0.07, respectively.

fits with reduced y? values < 2 are shown. We see that the model can only work for the
high-intensity soft states, i.e., the lower and upper bananas. However, for those with good
fit, the MCD and BB both roughly follow Lx o< T* tracks.

The middle panels in Figure 6-6 are for model MCD+BB+PL. For clarity, we only plot
data points with small error bars, i.e., if the difference between the upper and lower limits
(90% confidence) of the temperatures of the thermal components is <0.7 keV. Data excluded
mostly are the MCD component in the transitional state, where the kTyicp is much lower
than 1 keV and the MCD cannot be well constrained due to the PCA’s limited energy
range (> 2.7 keV). We see that both the MCD in the soft state for all four sources mostly
follow Lx o< T* tracks. However, the detailed behavior seems to be a little complicated
when comparing between the lower left banana and other parts of the soft state, which will
be probed in more detail below. The inner disk radius for each source is comparable with
the NS radius inferred from the bursts, but more quantitative comparison is prohibited by
limited information of distance, inclination, and other parameters such as the hardening
factors for the disk and burst spectra. The BB also nearly follows Lx oc T* tracks for all
sources, spanning from the hard to soft states. The apparent BB emission areas are quite
small and are only about 1/16 of the size of the NSs (see above).

The bottom panels in Figure 6-6 are for model SIMPL(MCD)+BB. For the hard and
transitional states, model MCD+BB+PL is still used (i.e., CPL+BB for the hard state,
MCD+BB+CPL for the transitional state). The data for the MCD show the values before
Comptonization. On the whole the results using SIMPL(MCD)+BB is similar to those from
model MCD+BB+PL, but subtle differences occur, e.g., the best-fitting values of Rycp
from this model is systematically larger than those from model MCD+BB+PL.

A closer look at spectral fit results for different parts of the soft state follows, in order
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to reveal their difference in spectral evolution. We plot in Figure 6-7 the apparent inner
disk radius Rycp and the size of the boundary layer (Rpp) in the soft state, inferred from
model MCD+BB+PL. The upper panels show their dependence on intensity, while the
lower panels on the soft color. We note that the hard color is fairly constant in the soft
state and that the soft color basically tracks the position in the CD for the soft state. we
see in Figure 6-7 that although the inferred Rycp in general have larger uncertainties in
the lower left banana than in other parts of the soft state, they on the whole have larger
values in the lower left banana than in the lower banana or upper banana, when comparing
observations with similar intensity. The plot against the soft color shows that Rycp is
rather independent of the soft color in the lower banana and upper banana, but assumes
larger values in the lower left banana. It seems that Rycp increases with decrease in the
soft color, but we cannot rule out that this is due to the energy band limitation of the
instrument. The above results seem to be also supported by model SIMPL(MCD)+BB, as
shown in Figure 6-8.

As far as Rpp is concerned, it is quite independent of intensity and the soft color,
from Figures 6-7-6-8. However, for all sources and from both models MCD+BB+PL and
SIMPL(MCD)+BB, Rpp seems to be larger in the upper banana than in the lower banana,
which might suggest that the difference between the upper banana and the lower banana
comes from the boundary layer emission. We note that this difference is just modest,
about 20-40% larger for the upper banana in terms of the total apparent BB emission area,
depending on sources.

Now we focus on Comptonization, starting with the hard state. We plot in Figure 6-9
the best-fitting values of I'cpr, and Ecpr, from the CPL model. I'cpy, is roughly constant in
the hard state, but slight decrease with increase in intensity is seen, especially for the case
of 4U 1705-44. The cutoff energy Ecpy, is typically large (>100 keV) at low intensity (<100
counts/s/PCU), but decreases with increase in intensity at high intensity. The minimum is
about 20-30 keV for all sources. In the transitional state, the Comptonization is still strong
for observations close to the hard state, we found that the fit still preferred introduction of
cutoff energy, in terms of the values of y2. That is why we still use the CPL to describe
Comptonization in the transitional state. However, we need constraints of the photon
power-law index, similar to the soft state, and the cutoff energy Ecpy, > 20 keV (otherwise
it will become smaller than 10 keV when the spectra become soft). Using a single power
law tends to obtain smaller normalizations for the BB.

Figure 6-10 shows the fraction of the Comptonized luminosity versus the total luminosity
for both model MCD+BB+PL and model SIMPL(MCD)+BB. The total luminosity is
normalized by the Eddington luminosity Lggq. The Lggq is derived from the type I X-
ray bursts showing photospheric radial expansion. Its corresponding average peak flux
<Fyeax> for each source is listed in Table 6.2 [Galloway et al., 2008]. For 4U 1636-536,
there are two groups of type I X-ray bursts showing photospheric radial expansion, and
they have different peak flux. It is possible that the group with high peak flux is due to
pure helium burning [Galloway et al., 2006]. Thus we adopt the value from the group with
lower peak flux, as this group should have more similar material composition to that of the
disk. Figure 6-10 shows that the Comptonization emission contributes more than 90% of
the total emission in the hard state, and about less than 70% in the soft state. In the soft
state, it decreases with increase in luminosity and is almost zero at high luminosity. From
this figure, we also see that the peak luminosity for these sources is about 0.3-0.4 Lgqq.

Figure 6-11 shows Lpr, + Lyiep (For model SIMPL(MCD)+BB, it is the MCD plus its
Comptonization emission) versus Lpp. Both models (MCD+BB+PL and SIMPL(MCD)+BB)
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Figure 6-12: The integrated rms power in the power density spectrum (0.1-10 Hz and
energy band 2-40 keV) versus the hard color.

give similar results. The behavior of these four sources also resembles each other. The
Lpr1, + Lyiep relative to Lpp is significantly higher in the hard state than in the soft state.
For the hard state, the vertical axis represents Comptonization, since > 90% of the total
luminosity in the hard state is due to Lcpr,. In the soft state, the vertical axis is effectively
the disk luminosity. On the horizontal axis, we assume that Lgp represents emission from
the boundary layer. From the dot-dashed reference line, the BB emission is about 40% of
the disk emission in the soft state. We always note in Figures like 6-11 that we expect Ly, to
track the mass accretion rate reaching the NS surface, with caveats for significant changes
in either the radiative efficiency or the viewing geometry, including any obscuration of the
boundary layer by the inner disk. Taken at face value, one possible explanation for the
relatively low BB emission in the hard state, compared to the soft state, when referenced
to Lpr, + Lycp, is substantial mass loss via the hard state jet.

6.7 Timing properties and comparison with spectral fit re-
sults

6.7.1 Rapid variability and Comptonization

In Figure 6-12, we show the integrated root-mean-square (rms) power in the power density
spectrum (0.1-10 Hz and energy band 2-40 keV) versus the hard color, as in LRH07, where
it was shown that Aql X-1 and 4U 1608-522 have similar rms versus hard color relations to
BHs [Remillard and McClintock, 2006]. Figure 6-12 shows that this is also true for 4U 1705-
44 and 4U 1636-536. The rms, normalized to a fraction of the source’s mean count rate, is
very small (< 0.05) in the soft state, and the values increase with the hard color progressing
through the transitional and hard states. In BH systems, the hard color effectively traces the
fractional contribution of the thermal and Comptonized components to the X-ray spectrum
in BH systems. The above similarity of the rms versus hard color relations between BH and
NS systems motivates examination of whether our spectral models conserves this similarity
when rms is plotted versus the fractional contribution of the thermal component(s). This
has been shown to be true for Aql X-1 and 4U 1608-522 in LRHO07, and we show in Figure 6-
13 for all four sources. As shown in Figure 12 in LRHO7, for six BHs in the soft state, the
luminosity fraction of the thermal component is quite high (2 75%) and the rms is very
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Figure 6-13: The rms versus the fraction of luminosity contained in BB and/or MCD
components as evaluated for different spectral models.

small < 0.05. Comparing Figure 12 in LRH07 and Figure 6-13, one can see that all four
NS sources reproduce the same dependence of rms on fractional thermal luminosity as for
the six BHs.

6.7.2 Kilohertz quasi-periodic oscillations in the lower left banana

We have seen that the disk seems to truncate at larger radii in the lower left banana of
the soft state where kHz QPOs are detected than in the lower banana and upper banana.
The apparent inner disk radius Ryicp seems quite constant in the lower banana and upper
banana. In the lower left banana, the fit results indicate that Ryicp appears to increases as
the source becomes closer to the transitional state, but we caution the large uncertainties
there. We note that occurrences of frequency-shifting kHz QPOs in the lower left banana
is special to accreting NSs, as they are not detected in black-hole X-ray binaries [van der
Klis, 2006].

The frequent occurrences of kHz QPOs and special disk behavior in the lower banana,
compared with other parts of the soft state, suggest that kHz QPOs are tied to distinct
spectral changes in which the inner disk appears to be larger than its normal soft-state value.
We see no spectral changes tied to the BB component when kHz QPOs are present. On the
other hand, it is well known that kHz QPOs in the accreting NS has larger fractional root-
mean-square at higher photon energies [van der Klis, 2006]. In their study of 4U 1608-522
and GX 340-+0 using Fourier frequency resolved X-ray spectroscopy, Gilfanov et al. [2003]
argued that the kHz QPOs in accreting NSs should be from emission from the boundary
layer. Based on the above results, one explanation for the kHz QPOs in accreting NSs
is that they are due to modulation of the accretion rate into the boundary layer [van der
Klis, 2006]. The fast shifting of the kHz QPO frequency (on timescales of hours) and the
uncertainties of our spectral fit results in the lower left banana requires a lot of effort to
calculate the quantitative relation between the kHz QPO frequency and inner disk radii,
which should be important to constrain the kHz QPO models. This will be done in the
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future.

6.8 Summary and discussion

We have spectrally modeled four (NS) atoll sources, Aql X-1, 4U 1608-522, 4U 1705-44,
and 4U 1636-536, using their observations over more than twelve years with RXTE . We
use the new NS spectral model that we developed in LRHO7 and Lin et al. (2009, in
preparation). The hard-state observations were fit with a model consisting of a strong
Comptonized component, described by a CPL, and a thermal (boundary layer) component,
described by a BB. The soft-state observations were fit with two thermal components, i.e.,
a BB and a MCD, with additional weak Comptonization described by a constrained PL or
the empirical convolution Comptonization model by Steiner et al. (when needed). One of
the main differences of this study from LRHO7 is that we divide the soft state into different
parts based on the occurrences of kHz QP Os and positions in the CD to have a more detailed
examination on their spectral behavior.

We show that the X-ray spectral evolution in the two persistently accreting NSs 4U
1705-44 and 4U 1636-536 are similar to the transients Aql X-1 and 4U 1608-522 in many
aspects. We find that the disks for all four sources approximately follow L oc T* tracks
(constant apparent inner disk radius) in the soft state where no kHz QPOs occurs. By
identifying kHz QPOs, we find that the disks seem to truncate at larger radii in the soft
state where kHz QPOs occur, indicating a close relation between the kHz QPOs and the
accretion disk. Further considering that kHz QPOs are more significant at higher photon
energies and are quite probably from the emission from the boundary layer, one possible
explanation for kHz QPOs in accreting NSs is that they are due to modulation of the
accretion rate into the boundary layer. The boundary layers for all four sources are roughly
constant from the hard to the soft state, and their sizes are ~1/16 of the whole NS surfaces
(see also LRHO7).

We see that our results are quite robust against the specific choice of the Comptonization
model. We have tested a constrained PL and SIMPL in this paper and a constrained broken
power law in LRHO7 in the soft state, and for the hard state, we test a CPL here and a
broken power law and CompTT in LRH07. We see that they infer similar behavior of
the thermal components (MCD and BB) and the fraction of Comptonization on the whole
(compare the results for Aql X-1 and 4U 1608-522).
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Chapter 7

Spectral States of XTE J1701-462:
Link between Z and Atoll Sources

Abstract

We have analyzed 866 RXTFE observations of the 2006-2007 outburst of the accreting neu-
tron star XTE J1701-462, during which the source evolves from super-Eddington luminosi-
ties to quiescence. The X-ray color evolution first resembles the Cyg X-2 subgroup of Z
sources, with frequent excursions on the horizontal and normal branches (HB/NB). The
source then decays and evolves to the Sco X-1 subgroup, with increasing focus on the flar-
ing branch (FB) and the lower vertex of the “Z”. Finally, the FB subsides, and the source
transforms into an atoll source, with the lower vertex evolving to the atoll soft state. Spec-
tral analyses suggest that the atoll stage is characterized by a constant inner disk radius,
while the Z stages exhibit a luminosity-dependent expansion of the inner disk, which we
interpret as effects related to the local Eddington limit. Contrary to the view that the mass
accretion rate (1) changes along the Z, we find that changes in 1 are instead responsible
for the secular evolution of the Z and the subclasses. Motion along the Z branches appears
to be caused by three different mechanisms that may operate at roughly constant 7. For
the Sco X-1-like Z stage, we find that the FB is an instability track that proceeds off the
lower vertex when the inner disk radius shrinks from the value set by the X-ray luminosity
toward the value measured for the atoll soft state. Excursions up the NB occur when the
apparent size of the boundary layer increases while the disk exhibits little change. The HB
is associated with Comptonization of the disk emission. The Z branches for the Cyg X-2-like
stage are more complicated, and their origin is unclear. Finally, our spectral results lead us
to hypothesize that the lower and upper Z vertices correspond to a standard thin disk and
a slim disk, respectively.

This chapter is adapted from the paper “Spectral States of XTE J1701-462: Link Be-
tween Z and Atoll Sources” by Dacheng Lin, Ronald A. Remillard, & Jeroen Homan, pub-
lished in The Astrophysical Journal, 2009, Vol. 696, p. 1257-1277.

7.1 Introduction
Based on their X-ray spectral and timing properties, the luminous and weakly magnetized

neutron stars (NSs) in low-mass X-ray binaries (LMXBs) are classified into atoll and Z
sources, named after the patterns that they trace out in X-ray color-color diagrams (CDs)
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Figure 7-1: CDs and HIDs of the Cyg-like Z source GX 340+0 (MJD 51920-51925) and
the Sco-like Z source GX 1742 (MJD 51454-51464), with bin size 128 s. The typical error
bars for the colors are shown in the top left panel; errors in the intensity are negligible.
The Z-source branches (HB, NB, and FB) are labeled in the CDs. ’A’, 'B’, ’C’, and ’'D’ in
the HIDs mark key positions in the Z tracks: the left end of HB, HB/NB vertex, NB/FB
vertex, and the right end of FB, respectively. Their corresponding spectra are shown in
Figure 7-2.

or hardness-intensity diagrams (HIDs) [Hasinger and van der Klis, 1989, van der Klis, 2006].
Z sources typically radiate at luminosities close to Eddington luminosity (Lgpp), and they
trace out roughly Z-shaped tracks in CDs/HIDs within a few days. Atoll sources cover a
lower and larger luminosity range (~0.001-0.5 Lgpp), and they trace out their patterns in
CDs/HIDs on longer timescales (days to weeks). Although extensive coverage by the Rossi
X-ray Timing Explorer (RXTE ) has shown that atoll patterns can have Z-like shapes
[Muno et al., 2002, Gierliriski and Done, 2002a], they are different from the Z-source tracks
in shape, color ranges, and evolution timescales. Furthermore, the spectra of Z sources are
very soft on all three branches of the “Z”, whereas the spectra of atoll sources are soft at
high luminosities, but hard when they are faint. Properties like the rapid X-ray variability
and the order in which the branches are traced out are also different for the two classes
[Barret and Olive, 2002, van Straaten et al., 2003, Reig et al., 2004, van der Klis, 2006].
The upper, diagonal and lower branches of the Z-shaped tracks for Z sources are called
horizontal, normal and flaring branches (HB/NB/FB), respectively, while for atoll sources,
they are called the extreme island, island, and banana states. To stay consistent with our
previous work on atoll sources, however, we refer to the atoll branches as hard, transitional
and soft states (HS/TS/SS), respectively.

Based on the shape and orientation of their branches, the six classical Z sources were
further divided into two subgroups [Kuulkers et al., 1994]: Cyg-like (Cyg X-2, GX 34040,
and GX 5-1) and Sco-like (Sco X-1, GX 1742, and GX 349+2). We show sample CDs and
HIDs for these subgroups in Figure 7-1. The spectra from key positions along the “Z” are
shown in Figure 7-2. We also plot the ratios of these spectra at the two ends of each branch
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Figure 7-2: PCA spectra of GX 340+0 and GX 1742 from key positions along their 7
tracks. The solid, dashed, dotted, and dot-dashed lines correspond to labels ’A’~’D’ in
Figure 7-1 respectively. The ratios of the spectra from the two ends of each branch are
shown in the bottom panels. Spectra with high total PCA intensity are divided by those
with lower total PCA intensity in order to show that on each branch the intensity increases
in a different energy range.
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Figure 7-3: Upper panel: the RXTE ASM one-day-averaged light curve of XTE J1701—
462 during its 2006—2007 outburst; lower panel: the RXTE PCA 32-s luminosity curve,
from spectral fits with a MCD-+BB model and assuming the source distance to be 8.8 kpc
and system inclination 70° (§7.4). The two circles mark the peak luminosities (persistent
emission subtracted) of two type I X-ray bursts, detected from this source during the decay
of the outburst. These two bursts showed photospheric radius expansion, thus indicating
the Eddington limit.
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(bottom panels) to show that the motion along each Z branch is the result of spectral changes
in different energy ranges. The spectral differences between the two subgroups are quite
apparent, especially in the case of the FB (red dot-dashed lines in Figure 7-2). Although
the branches have the same names for each subgroup, their origins are possibly different.
In addition to movement along the “Z” tracks, the Z tracks themselves display slow shifts
and shape changes in CDs/HIDs. These so-called secular changes are most apparent in Cyg
X-2.

There are several questions regarding the Z sources that remain unanswered: e.g., what
is the nature of the Z branches, how do they relate to the spectral states of atoll sources, and
how are the two Z subclasses related? A unique opportunity to improve our understanding
of Z sources arose with the discovery in 2006 of XTE J1701-462 [Remillard et al., 2006b],
the first NS transient to show all the characteristics of a Z source [Homan et al., 2007b]. In
the first 10 weeks of its ~600-day outburst, XTE J1701-462 transformed from a Cyg-like
into a Sco-like Z source [Homan et al., 2007b], and during the decay it evolved further into
an atoll source [Homan et al., 2007c]. The upper and lower panels of Figure 7-3 show light
curves of the outburst, using data from, respectively, the All-Sky Monitor [ASM; Levine
et al., 1996] and the Proportional Counter Array [PCA; Bradt et al., 1993, Jahoda et al.,
1996] on board RXTE . The latter one shows the luminosity as obtained from spectral fits
(see §7.4 for more details). The two circles correspond to the peak luminosities of two type I
X-ray bursts (persistent emission subtracted) which showed photospheric radius expansion
[Lin et al., 2007a, 2009a]. In terms of a single value of Eddington limit (however, see §7.7),
we see from this figure that the source reached super-Eddington luminosities during the
peak of its outburst, assuming orbital inclination to be 70°.

The large dynamic range in luminosity of XTE J1701-462, from super-Eddington down
to near-quiescence, also implies significant changes in the mass accretion rate (ri). This
allows one to investigate the relevance of 7 to the questions that we posed above. The
study by Homan et al. [2007b] suggests that differences in 1 are responsible for the Z-
source subclasses, with the Cyg-like sources accreting at higher rates. Initial results from
the end phase of the outburst suggest that the differences between Z and atoll sources are
also purely the results of a difference in 1, with a lower 1 for the atoll class [Homan et al.,
2007c].

Concerning the role of m in the evolution along the Z tracks, we note that results from
multi-wavelength campaigns have been interpreted as monotonically increases in 1 from the
HB, through the NB, to the FB [e.g., Hasinger et al., 1990, Vrtilek et al., 1990]. However,
this classical view is inconsistent with the fact that the X-ray intensity decreases as Z
sources move along the NB in the direction of the FB. In recent years, several alternatives
have been proposed. Based on the behavior of the 0.1-200 keV flux as reported by Di
Salvo et al. [2000b] and on a comparison with black hole systems, Homan et al. [2002]
suggested that mm might be constant along the Z track, with motion along the “Z” being
caused by an unknown parameter. Church et al. [2008] used X-ray spectral fits to claim
that m increases in the direction opposite to the classical view, being lowest on the FB,
which is a branch proposed to be driven by unstable nuclear burning. Finally, based on the
observed change between Cyg-like and Sco-like Z-source behavior in the NS transient XTE
J1701-462, Homan et al. [2007b] proposed that secular changes in Z sources are the result
of changes in 1 and that the position along the “Z” is determined by 7 normalized by its
long term average. Definitive conclusions on the role of 77 have been hindered by the lack
of a spectral model that lets us unambiguously track the evolution of physical components
along the 7Z track.

131



A major difficulty in interpreting the X-ray spectra of NS LMXBs has been the problem
of model degeneracy, i.e., significantly different models providing acceptable fits to the
same data [Lin et al., 2007b, Chapter 4, hereafter LRHO7]. In the classical framework
of two-component models for the continuum spectra of NS LMXBs, one component is
thermal, and the other is Comptonized. The thermal component can be either a single-
temperature blackbody (BB), used to describe the boundary layer, or a multicolor disk
blackbody (MCD), while there are choices for the nature of the Comptonized component,
with no clear advantages for any set of combination of these two components. As far as Z
sources are concerned, Done et al. [2002], Agrawal and Sreekumar [2003], and D’A{ et al.
[2007] used a model of Comptonization plus a MCD to fit the spectra of Cyg X-2, GX
34942 and Sco X-1, respectively, while Di Salvo et al. [2000b, 2001, 2002] used a model
of Comptonization plus a BB for GX 1742, GX 349+2 and Cyg X-2. The model used by
Church et al. [2008] for their study of GX 340+0 also consisted of a BB plus Comptonization,
with the latter approximated by a cut-off power law.

In LRHO7, we showed for two atoll type transients that the commonly used spectral
models for thermal emission plus Comptonization are not favored for the SS, because they
fail to satisfy various desirability criteria, such as Lx o< T* evolution for the MCD compo-
nent and similarity to black holes for correlated timing/spectral behavior. In an attempt to
solve this, we devised a hybrid model: a BB to describe the boundary layer plus a broken
power-law (BPL) for the HS, and two strong thermal components (MCD and BB) plus a
constrained BPL (when needed) for the SS. The results from this model are summarized as
follows: both the MCD and BB evolve as Lx oc T%, the spectral /timing correlations of these
NSs are aligned with the properties of accreting black holes, and the visible BB emission
area is very small but roughly constant over a wide range of Lx that spans both the HS
and SS. We note that this model is still partially empirical, especially the (constrained)
BPL description of Comptonization. We also note that the boundary layer spectrum was
reported to be broader than a BB in the Z-source HB and atoll-source SS [Gilfanov et al.,
2003, Revnivtsev and Gilfanov, 2006]. However, it is also possible that the broadening is
caused by rapid variability of a Comptonized component and its blending with a BB in
these states/branches.

Considering the success of this spectral model for atoll sources, we intend to apply it to
XTE J1701-462. This unique source was observed on an almost daily basis with RXTFE dur-
ing its outburst. In this work, we present a color/spectral analysis of all RXTE observations
from the 2006-2007 outburst of XTE J1701-462, as part of our campaign to understand
this source (Lin et al. 2009a (type I X-ray bursts, Chapter 8); Homan et al. 2009 (transition
from a Z to an atoll source); Fridriksson et al. 2009 (quiescence)). The goal of this paper
is to improve our understanding of the physical processes that drive the evolution along
the Z-source tracks and the link between the Z-source branches and atoll-source states. A
description of our data set and reduction techniques is given in §7.2. In §7.3, we present an
analysis of the CDs/HIDs. States and branches are classified for the entire outburst, and
we study the global evolution of the Z/atoll tracks. Using our state/branch classification, in
§7.4 we present our spectral fit results as a function of increasing source luminosity. Each of
the Z-source branches and transitions between them (i.e., the vertices) is examined in terms
of repeatable patterns in the evolution of spectral parameters. Results of a brief investiga-
tion of timing properties are presented in §7.5. In §7.6, we present a physical interpretation
of the evolution of the source and some of the branches and vertices of the Z track, and
we discuss the role of m. A comparison with other NS LMXBs is also given. Finally, we
summarize our main conclusions in §7.7.
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7.2 Observations and data reduction

We analyzed all 866 pointed observations (~3 Ms) of XTE J1701-462 from the 20062007
outburst made with the PCA and the High Energy X-ray Timing Experiment [HEXTE;
Rothschild et al., 1998] instruments. For the PCA we only used data from Proportional
Counter Unit (PCU) 2, which is the best-calibrated unit. For the HEXTE only Cluster B
data were used, because all the observations of this outburst were made after 2006 January,
when Cluster A started experiencing frequent problems with rocking between the source
and background positions. We used the same standard criteria to filter the data as described
in LRHO7. Only observations with PCA intensity (background subtracted) larger than 10
counts/s/PCU were considered. Appropriate faint/bright background models were used
when the source had intensity lower /higher than 40 counts/s/PCU. Deadtime corrections
for PCA and HEXTE data were also applied.

To spectrally model the evolution of the source during the entire outburst, we must
create pulse-height spectra on an appropriate timescale. This timescale should be short
enough to characterize the spectral evolution, but also long enough to minimize statistical
uncertainties. XTE J1701-462 showed rapid spectral variations on some occasions, especially
on the FB. To characterize these variations, we created spectra with exposures of 32 s and
960 s, from “standard 2” data of PCU 2. The 960-s spectra were created by combining
30 sequential 32-s spectra with a maximum observational gap <500 s. Although we allow
several gaps in a 960-s spectrum, in the end all such spectra have time span <1600 s. Longer
observation gaps than 500 s limit the exposure to <960 s. If a spectrum had an exposure
<320 s, it was combined with the preceding spectrum if the time gap between them was
<500 s; otherwise it was omitted. The final selection of spectra for modeling was based on
our understanding of the source variability, using the 32-s and 960-s spectra (see §7.3.4).

Once we had spectra from the PCA for spectral modeling, we created the response file
for each spectrum using HEAsoft version 6.4. An investigation of Crab Nebula observations
revealed that the low energy channels still showed calibration issues after 2006. Therefore,
we used channels 4-50 (numbering from 1 to 129; ~2.7-23.0 keV) for our spectral fitting
and applied systematic errors of 0.8% for channels 5-39 (below 18 keV) and 2% for channels
4 and 40-50. We created the HEXTE spectra to match the PCA spectra in observation
time. No systematic errors were applied for HEXTE data.

The observations of XTE J1701-462 were contaminated with a small amount of diffuse
Galactic emission within the large field of view of the PCA (~1°) [Fridriksson et al., 2009].
Count rates near the end of the outburst, between Modified Julian Day (MJD) 54321 and
54342, reached a constant level, ~2 counts/s/PCU (after the normal background subtrac-
tion), due to this diffuse component. The next RXTE pointed observation of this source
was nearly 5 months later and indicated a similar level of residual flux. To correct for the
diffuse emission, we created a spectrum from the observations between MJD 54321 and
54342 and applied it as an extra background correction. We only did this for observations
between MJD 54300 and 54321, when the source intensity was < 300 counts/s/PCU and
the diffuse emission could skew the spectral results significantly.

In order to study the source evolution in a model-independent manner, we also examined
the CDs/HIDs of XTE J1701-462. We calculated X-ray colors as described in LRH07. We
normalized the raw count rates from PCU 2 using observations of the Crab Nebula, and
we defined soft and hard colors as the ratios of the normalized background-subtracted
count rates in the (3.6-5.0)/(2.2-3.6) keV bands and the (8.6-18.0)/(5.0-8.6) keV bands,
respectively. Throughout the paper, all PCA intensity values are normalized and correspond
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Figure 7-4: RXTFE PCA 32-s light curves of XTE J1701-462 in two energy bands during
the 2006-2007 outburst. The typical error bars are smaller than the symbol size. The
outburst is divided into five stages. In stages I-IV, the source showed characteristics of
7 source, with the HB, NB and FB marked by blue squares, green triangles, red crosses,
respectively. We also mark the HB/NB and the NB/FB vertices by olive pentagrams and
black diamonds, respectively (Figure 7-6). In stage V, the source showed characteristics of
an atoll source, with the HS and SS marked by blue filled circles and purple hexagrams,
respectively. The ’'a’ and ’b’ in each stage mark the sample intervals for which detailed
source properties are shown in §7.3.4 and §7.4.3.

to the sum count rate of these four energy bands. The difference between the normalized
intensity and the raw total PCA count rate is normally <5%.

7.3 Light curves and color-color diagrams

7.3.1 Source state/branch classification

Normalized light curves, CDs and HIDs of the outburst of XTE J1701-462 are shown in
Figures 7-4 and 7-5. The two light curves in Figure 7-4 have bin size 32 s, and they show
count rates from the 2.2-3.6 and 8.6-18.0 keV energy bands, respectively. They are quite
different, with the high-energy curve showing rapid and strong flaring, and the low-energy
curve showing a ~25-day modulation [Homan et al., 2007b] that varies in strength with
time. The CDs and HIDs in Figure 7-5 were made from 960-s spectra to minimize the
statistical uncertainties. The entire outburst is divided into five time stages, denoted by
Roman numerals I-V. Their boundaries are marked by vertical dot-dashed lines in Figure 7-
4, and the CDs and HIDs corresponding to each of the stages can be found in Figure 7-5.
The boundaries between the stages are somewhat arbitrary, but are based on the following
considerations: (I/II, MJD 53783) the source switches from Cyg-like to Sco-like Z source
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Figure 7-5: The CDs and HIDs for the five stages of the outburst defined in Figure 7-4.
The bin size is ~960 s for stages I-1V, while for stage V each data point corresponds either
to one PCA observation or several observations combined (when the count rates are <30
counts/s/PCU). The meaning of the symbols are the same as in Figures 7-4 and 7-6. The
solid and dashed lines are used to define the source branches. The typical error bars are
smaller than the symbol size. The dot-dashed line is aligned with the NB in the CD of
stage I and is shown in other panels of CDs for reference .
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in this paper.

136



behavior in the CD, as reported in Homan et al. [2007b]; (II/III, MJD 53929) the long-term
modulations at low energies become weaker and slower; (III/IV, MJD 54232) the long-term
modulations disappear, and the final decay starts; (IV/V, MJD 54303) the flaring at high
energies ends.

Most of the observations in stages I-II were analyzed in detail by Homan et al. [2007D]
and shown to exhibit Z-source characteristics. Stage 1 is characteristic of a Cyg-like Z
source, and stages II-III are similar to the Sco-like Z sources (Figure 7-5). In stage IV
the source is similar to some of the bright atoll sources, such as GX 941 and GX 9+9
[Homan et al., 2007a]. While in those sources the observed flaring would be referred to as
an upper banana branch, our analysis (see below) shows that it is simply a lower luminosity
version of the flaring branch. In our view, the flaring is one of the defining characteristics
that separate the Sco-like Z sources from the atoll sources. Thus we group stage IV with
stages I-1IT and refer to them as the Z (source) stages. In stage V, XTE J1701-462 showed
characteristics of an atoll source [Homan et al., 2007c|, and we will refer to this stage as
the atoll (source) stage. Finally, we note that the secular changes in stages II and III are
mainly the result of the long-term modulations.

An important step toward understanding the evolution of the source is the classification
of the observations in terms of states and branches. For sources showing substantial secular
changes, this is normally done by dividing the data sets into smaller subsets, in order to
identify clear tracks in the CDs/HIDs [e.g., Wijnands et al., 1997b, Homan et al., 2007b].
The observations of XTE J1701-462 are not long and dense enough (typically one hour per
day) to do this for the entire data set, as the secular changes often smear the Z tracks
before they are completely covered. A different way of classification is therefore necessary.
Fortunately, we can take advantage of the fact that each branch shows systematic evolution
in the CDs/HIDs of each of the stages. The HID for the entire outburst is shown in Figure 7-
6; the position of the Z vertices throughout the outburst is marked by the solid and dashed
lines, and the plot symbols that we use to differentiate the states/branches are given for
reference (see below). We note that clear vertex lines are still seen if we define colors using
the different energy bands that were used in Homan et al. [2007b].

The atoll stage V is divided into the HS (blue filled circle, with HC > 0.55) and SS
(purple hexagram). Since little short-time variation is seen in stage V, each data point
in Figure 7-5 corresponds to one entire PCA observation, and we also combine several
observations when the source intensity is <30 counts/s/PCU. These same data intervals for
stage V are used for spectral analysis in §7.4.

The branch classification strategy for Z stages proceeds as follows. Stages II-IV are
Sco-like, and we focus on them first. In these stages, the HB, NB, FB, HB/NB vertex
and NB/FB vertex are marked by (open) blue square, green triangle and red cross, olive
pentagram and black diamond symbols, respectively (Figure 7-6). We made a preliminary
branch classification in the CDs by hand, using data in ~10-day time intervals, and found
that the NB/FB vertex always hovers near the bottom of the corresponding HID. During
the outburst the motion of this vertex is described well by a single line (i.e., the solid line) in
the HID of Figure 7-6. Data below this line are identified as NB/FB vertex in stages II-1V.
This line is also shown in the HIDs of stages I and V in Figure 7-5 for reference. The FB in
stages II-1V is most easily identified in the CDs; it can be separated from other branches
by simple lines (solid lines in the CDs of Figure 7-5 for stages II-III), while excluding the
NB/FB vertex points described above. In stage IV, the HB and NB are absent, and the FB
consists of all the points that remain after the NB/FB vertex points are identified.

For stages II and III, the HB, NB and HB/NB vertex classifications still need to be

137



Table 7.1. Statistics for observation time of the source in different states/branches

observation time in ks and (percentage of the total)

Source state/branch I 11 111 v A%
HB 96 (55) 90 (9) 40 (3) 0 (0) —
HB/NB vertex 10 (6) 42 (4)  33(3) 0 (0) —
NB 52 (31) 228 (24) 178 (14) 0 (0) —
NB/FB vertex 2(1) 201 (21) 291 (24) 77 (33) —
FB 12 (7) 408 (42) 687 (56) 156 (67) —

SS - — — — 54 (58)

HS — — — — 40 (42)

defined. We first manually identified HB/NB vertex points based on the CDs and HIDs for
a few short intervals (~10 days). Again, we found that they lie near a single line in the
HIDs, i.e., the dashed line in Figure 7-6. This dashed line is also shown for reference in the
HIDs of Figure 7-5. We identify the observations with a HC value within 0.01 of this line
as the HB/NB vertex, excluding those on the FB, which were identified earlier. The other
observations above and below this line were identified as the HB and NB respectively. At
this point, the branch classification for Sco-like Z stages I1-1V is complete. The classification
process can be summarized as follows: the NB/FB vertex is identified by a line near the
bottom of HIDs, the FB is separated from other branches in the CDs, and the HB/NB
vertex lies around a single line in the HIDs, above and below which are the HB and NB
respectively (excluding the FB and NB/FB vertex).

Cyg-like stage I spans about one month and mainly consists of two tracks. It shows
strong dips (lower panel in Figure 7-4). The solid line which limits the NB/FB vertex in
stages II-1V in the HIDs also applies to this stage (Figure 7-5), with the ‘dipping’ FB falling
below the line, rather than above it. The boundary between the HB and NB is defined by a
constant HC line in the CD. The HB/NB vertex points for the two main tracks are identified
by hand. They fall close to the extension of the vertex line found for stages I[I-1V, as shown
in Figure 7-6 (dashed line). The HB, NB, FB, HB/NB vertex and NB/FB vertex in this
stage are marked by (filled) blue square, green triangle and red cross, olive pentagram and
black diamond symbols, respectively (Figure 7-6).

7.3.2 Source evolution and relations between source types

With the classification of the source states/branches in place, we now investigate the global
evolution of XTE J1701-462 during this outburst. Table 7.1 gives a summary of the amount
of time that the source is observed in the different branches/states of each stage. Although
these values are somewhat dependent on the definition of the boundaries between the source
states/branches, it is quite clear that the fractions of time that the source stays on the HB
and NB decrease with the evolution of the outburst with that on the HB decreasing faster.
The source stays on the NB/FB vertex and the FB more and more frequently from stage
I to stage IV. Moreover, while the source spends most of the time (>90%) on the HB and
NB in stage I, it is not observed on the HB and NB at all in stage IV. We note that during
each stage, the source often moves back and forth along the NB or the FB without entering
another branch (Figure 7-4). Although there are no discontinuous jumps from one branch
to another, the source often reverses its direction within a branch. We do not see a clear
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constraint as to when a source enters a specific branch, which seems to be random. The only
exception is the occurrence of the HB during stages II and III, which appears mostly, but
not exclusively, around the peaks of the long term modulation as observed in the low-energy
light curve (Figure 7-4).

Following the disappearance of the HB and NB during stage IV, the FB disappears
in stage V, and the original NB/FB vertex smoothly evolves into an atoll track. This is
reflected both in the light curves (Figure 7-4) and in the HID (Figure 7-6). Moreover, there
is no observational evidence that suggests that the HB evolves into the atoll SS or the atoll
HS as 1 decreases [Muno et al., 2002, Gierliniski and Done, 2002a, Homan et al., 2007b].
Another interesting phenomenon seen in Figure 7-6 is that the distance between the HB/NB
vertex and the NB/FB vertex in the HID decreases with intensity (or equivalently, the NB
shortens as the intensity decreases). In the HID, the HB/NB vertex line crosses that of the
NB/FB vertex near the point where the FB disappears and the atoll track starts.

The Cyg-like HB/NB and NB/FB vertices seem to be natural extensions of Sco-like ones
at high intensity (Figure 7-6). The Cyg-like NB also resembles the Sco-like ones. However,
there are clear differences between the Cyg-like dipping FB and Sco-like strong FB. The HB
in the Cyg-like stage is also very distinctive. It spans a much larger range of intensity than
in other stages (Figure 7-6). However, in contrast with the FB, whose pointing direction
switches from downward to upward in the HID as soon as the source enters stage II, the
HB seems to transit more slowly, as it is still nearly horizontal and has significant range
of intensity in stage II, especially at high intensity (Figure 7-5). This can be seen more
clearly from sample intervals in §7.3.4. The HB becomes vertical only when the intensity is
~800-1300 counts/s/PCU (Figure 7-6). It is interesting to see in Figure 7-6 that the nearly
horizontal part of the Cyg-like HB (excluding the upturn) is closely aligned with the line
traced out by the HB/NB vertex. This might hint at some connection between that part
of the Cyg-like HB and the HB/NB vertex in the Sco-like Z stages. The upturn of the HB
of the Cyg-like stage happens to have an intensity similar to the Sco-like HB. Considering
that they are both vertical in the HID, they might be related, which we investigate based
on spectral and timing properties later in this work.

7.3.3 Evolution speed along branches

Clues regarding the physical origin of each Z branch might be reflected in the timescales on
which the source evolves along it. We therefore measure the speed at which XTE J1701-462
moves along its Z track. Such speed measurements have been made in the past for other Z
sources [e.g., Wijnands et al., 1997b, Homan et al., 2002]. These authors used a rank number
to track the source position along the Z track, which is scaled to the full length of the NB.
This is very difficult to implement for XTE J1701-462, as it shows large secular changes
of the tracks in the CDs/HIDs, making it hard to universally assign a rank number for all
tracks. Instead, we measure the speed for each branch separately, by choosing a quantity X
that changes substantially and is suitable for tracing the position along that branch. The
normalized position in that branch can then be expressed as S = (X — Xpin)/(Xmax — Xmin)
where the maximum (Xyax) and minimum (X,,;,) values are obtained in a time-dependent
manner. When sequential data points have position numbers S; and S;;1 and centroid
temporal separation At, the speed at position (S; 4+ S;+1)/2 is calculated as |S;11 — S;|/At.
This method is hereafter referred to as the rank-shift method. Using the normalized position
in a branch, we also calculate a second measure of evolution speed, which is the inverse
value of the fraction of the time that the source spends at each position of the branch. This
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method is valid under the assumption that our sampling does not bias the results.

For the FB and the NB/FB vertex, our speed measurement utilizes the intensity in
the energy band 8.6-18.0 keV, since it shows strong changes (Figure 7-4). The source
moves very fast along the FB, and 32-s spectra are used. We find that the intensity in
this band maintains nearly constant minimum (~100 counts/s/PCU) and maximum levels
(~350 counts/s/PCU) during stages II-III. Thus we set Xy, = 100 counts/s/PCU and
Xmax = 350 counts/s/PCU for stages ITI-1II. For stage IV, the range of the intensity at 8.6-
18.0 keV on the FB changes with time. Thus we divide stage IV into intervals of 20 days
and dynamically define Xy, and Xy, for each interval. Stage I has few FB observations,
which are all dipping; they are not investigated.

The rank-shift results for the FB are shown in the left panel of Figure 7-7, using dotted,
dashed and dot-dashed lines for stages II, III, and IV respectively. The NB/FB vertex has
position number 0.0. We average the speed for ten bins along the FB. The statistical errors
are very small, but the sample standard deviations per bin have values of order the speed.
It is clear that the speed increases by about an order of magnitude as the source ascends
the FB. The plot shows a slight decrease in speed at the tip of the FB, but this may be
an artifact of the source reversing its direction at this position; if the speed at the top of
the FB is high, this can occur within the timescale of our 32-s measurements. Based on
the measured speed, we estimate that it takes ~10 minutes for XTE J1701-462 to cross the
FB in one direction. The right panel of Figure 7-7 is the inverse of the fraction of the time
that XTE J1701-462 spends at each position of the FB. This result resembles the rank-shift
method, in support of our finding that the speed increases as XTE J1701-462 ascends the
FB.

The situation for the NB is more complicated. Figure 7-4 suggests that the intensity
at 8.6-18.0 keV is also a good tracer for the position along the NB; the NB is much more
pronounced here than in the low energy band. Samples of the NB show that it takes much
longer time, about several hours, for XTE J1701-462 to travel across the NB. Hence, we
use 960-s spectra to reduce the effect of short-time fluctuations. We only select intervals
with complete tracks of the NB, i.e., including both the HB/NB and NB/FB vertices. Only
stages II and III are considered, since only these two stages provide sufficient data. The
results are shown in Figure 7-8. Because of its shorter range, the NB is divided into eight
bins. Again we show the rank-shift method on the left and the method of the inverse
fraction of time on the right. The NB/FB and HB/NB vertices have position numbers 0.0
and 1.0, respectively. Both stages and both methods give a common result: the speeds at
the HB/NB and NB/FB vertices are much smaller than in the middle of the NB. Based on
the speed measured here, we estimate that it takes about 3 hours for the source to cross
the NB (excluding the first and last bins, assumed to be occupied by the vertices). The
NB and FB branch crossing times have been independently confirmed from light curves and
CDs/HIDs.

It is harder to measure the speed along the HB. Data samples (§7.3.4) show that it
takes ~a day for the source to trace out the HB, a timescale at which the secular changes
of 7 tracks become significant. The intensity decreases at high energy, but increases at low
energy as the source climbs up the HB from the HB/NB vertex (§7.3.4). This suggests that
a broad hardness ratio like (2.2-3.6 keV)/(8.6-18.0 keV) can be an effective means to track
the source position on the HB. However, even this quantity only changes by at most 20%
in stages II-111. Moreover, the end point of the HB is not well defined, which impedes our
efforts to measure the evolution speed along the HB.

In summary, for the Sco-like Z branches it takes ~10 minutes, ~3 hours, and ~a day
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for the source to go through the FB, NB, and HB respectively. The NB/FB vertex appears
to represent a point of increased stability, compared to the adjoining branches, since the
source evolves much slower when it enters this vertex. Figure 7-8 shows that the source
slows down as it enters the HB/NB vertex from the NB, but we do not know whether the
evolution speeds up as the source leaves the HB/NB vertex along the HB. Figures 7-7 and
7-8 can be interpreted to suggest that the FB and NB are unstable configurations relative to
their ending vertices. We cannot say much about the Cyg-like Z stage I, due to insufficient

observations, but a few samples also shows that the source moves much slower on the HB
than on the NB or FB.

7.3.4 Selection of spectra for spectral fits

In this section, we examine the variability of XTE J1701-462 in different energy bands. The
variability results will guide the data selection for our spectral fits, to be conducted over the
entire outburst. We also investigate in detail the properties of a few sample intervals that
exhibit evolution along Z branches. These samples will also be used later for our spectral
analysis, to help us understand the physical causes of evolution along each branch.

Variability in different energy bands

The spectra in the atoll stage V show little variation within a typical PCA observation
(Figure 7-4), and the spectrum of complete observations can be used for spectral fitting.
However, variations are more significant and faster during the Z stages I-IV. We quantify
the variations of the spectra within the time span of each 960-s spectrum using the 32-s
spectra that it contains (see §7.2). We calculate the sample standard deviations (o) and
the means (u) of the source intensity in the low and high energy bands and plot the fraction
of variability (os/u) in Figure 7-9. In the low energy band the intensity varies little (~2%)
within ~960 s in all branches, except for stage I where it varies up to ~25% on the dipping
FB.

In the high energy band, the source intensity on the FB can vary up to 30% within ~960
s, while the HB and the NB typically show <10% variability. Also plotted in Figure 7-9
is the sample standard deviation of the hard color (omc), again using the quanta of 32-s
spectra within a given 960-s spectrum. Its variability is similar to the source intensity at
high energy: opc is <0.02 (~4%) except on the FB where it can be up to 0.08 (~15%).

For a 960-s spectrum we adopt the following criteria for steady conditions: opc <
0.02 and ogs/p (8.6 — 18.0keV) < 10%. The steady 960-s spectra generally have excellent
statistics for spectral modeling. We obtain 2374 such spectra in the Z stages, about 79% of
the total. Almost all non-steady intervals are on the FB.

Sample intervals

We now examine several sample Z tracks from the time intervals marked in Figure 7-4, cor-
responding to MJD 53756.6-53767.3, 53870.5-53876.2, 53893.0-53898.0, 54112.0-54119.0,
54188.0-54196.5, 54268.5-54277.0, and 54290.0-54299.0, respectively. These intervals span
about five to ten days and are selected based on their small secular changes in the CDs/HIDs.
Their light curves, CDs and HIDs are shown in Figure 7-10; the first and second columns
are the light curves and CDs, respectively, and HIDs are plotted in the third and fourth
columns. The light curves have bin size 32 s as in Figure 7-4, but in this case the intensity
is the sum of all four energy bands (2.2-18.0 keV). From the light curves, we see that the
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Figure 7-10: Light curves, CDs and HIDs of the sample intervals marked in Figure 7-4.
The light curves are from 32-s spectra and the CDs from ~ 960-s spectra. The HIDs for
the steady (§7.3) and non-steady spectra (circled in the CDs) are shown in the third and
fourth columns, respectively. The non-steady HIDs use the 32-s subintervals, and spectra
within each box shown in these HIDs are combined to form a spectrum used for spectral
fitting in §7.4.3.
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Figure 7-11: Comparison of the PCA spectra of XTE J1701-462 in key positions along
the Z tracks from the sample intervals (§7.3.4). Blue dotted lines represent the ratio of
the spectra at the HB/NB vertex relative to the left end of the HB. Green dashed lines
show the ratio of the spectra at the HB/NB vertex relative to the NB/FB vertex. Red
dot-dashed lines show the ratio of the spectra at the outer end of FB relative to the NB/FB
vertex.
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source evolves back and forth between different branches more than once in each sample
interval. However, the corresponding CDs and HIDs (960-s bin size) each show only a single
track. We therefore conclude that the secular changes in each sample interval are small.
For the HIDs we differentiate two types of 960-s spectra. Data points from steady intervals
are plotted in the third column. The steady 960-s spectra are used for spectral fitting with-
out further grouping. We circle the non-steady 960-s spectra in the CDs and show their
corresponding HIDs in the fourth column using their 32-s subintervals. To gain statistical
precision, while avoiding spectral variability, we use boxes in the HIDs to group similar 32-s
spectra and produce one spectrum per box (with exposures >300 s) for spectral fitting in
87.4.

We can compare the CDs/HIDs of the sample intervals from XTE J1701-462 with those
from other Z sources (Figure 7-1). To aid in this comparison we plot in Figure 7-11 the
ratios of spectra from key positions along the Z tracks in these sample intervals, analogous
to what is displayed in Figure 7-2. The blue dotted lines correspond to the ratio of the
spectra at the HB/NB vertex relative to the open end of the HB, the green dashed lines
show the ratio of the spectra at the HB/NB vertex relative to the NB/FB vertex, and the
red dot-dashed lines show the ratio of the spectra at the outer end of the FB relative to
the NB/FB vertex. The ratios are defined to divide spectra with higher PCA intensity by
ones with lower PCA intensity. The comparison of Figures 7-10-7-11 with Figures 7-1-7-2
confirms that stage I is consistent with being Cyg-like, while stages II-IV are Sco-like.

Figure 7-11 (blue dotted lines) shows that when the source descends the HB toward the
HB/NB vertex, the intensity increases at low energies, but decreases at high energies. The
pivot point is ~20 keV in interval la, decreasing to ~10 keV in the later intervals. We note
that the HB in the interval Ila seems to represent conditions that are still in transition from
a Cyg-like to a Sco-like Z source based on such spectrum ratio. This is consistent with the
fact that the HB in this interval spans a large intensity range and appears horizontal in the
HID, similar to Cyg-like sources (Figures 7-1). The increase in the intensity as the source
moves from the NB/FB vertex to the HB/NB vertex (green dashed line) reaches maximum
at energies > 10 keV. Moreover, in later intervals the intensity is almost constant below 7
keV. As for the FB, in interval Ia the intensity decreases as the source evolves along the FB
from the NB/FB vertex, signifying a ‘dipping’ FB [Homan et al., 2007b]. This is different
from the typical Cyg-like Z sources (Figures 7-1-7-2), where intensity initially increases
from the NB/FB vertex along the FB, sometimes followed by dips that appear midway
along the FB. The FB of XTE J1701-462 in stage I only shows dipping. This dipping
increases suddenly at energies between 10-20 keV (Figure 7-11), perhaps indicating some
type of occultation effect. In the Sco-like stages, the FB is quite long in the CDs/HIDs and
the source intensity increases when moving away from the NB/FB vertex, most obviously
in the high energy band 10-30 keV. All these details support the conclusion that stages
II-1V are Sco-like.

7.4 Spectral modeling

7.4.1 Spectral models and assumptions

We used the hybrid model from LRHO7 (Model 6) to fit the X-ray spectra of XTE J1701-462.
In this model, the soft-state spectra are fit with a combination of MCD, BB, and CBPL.
The CBPL component is a constrained broken power-law (E}, = 20 keV and I'; < 2.5) that
can assume the role of weak Comptonization. The atoll hard-state spectra are fit with a
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Figure 7-12: The fraction of the Lcppr, with one-o error bars in the SS of atoll stage and
in the steady spectra from all the Z stages.

combination of BB and BPL.

As in LRHO7, the PCA and HEXTE pulse-height spectra were fitted jointly, with the
normalization of the HEXTE spectrum relative to the PCA spectrum allowed to float be-
tween 0.7 and 1.3 (the average best-fitting value is 0.9940.12). For the PCA spectra, we
used energy channels 4-50, corresponding to 2.7-23 keV. For the HEXTE spectra, we used
20.0-80.0 keV for hard-state observations and 20.0-50.0 keV for soft-state ones. A Gaussian
line was also included in the fit, with its central line energy constrained to be between 6.2—
7.3 keV (the average best-fitting value is ~6.5 keV) and the intrinsic width of the Gaussian
line (o) fixed at 0.3 keV. Interstellar absorption was taken into account with the hydrogen
column density fixed at Ng = 2.0 x 10?2 cm™2. The values of the hydrogen column den-
sity and the intrinsic width of the Gaussian line were based on joined fit of simultaneous
observations of this source with Swift and RXTE .

The orbital inclination of the binary system cannot be very high (<75), as eclipses or
absorption dips were not observed in this source. However, the Fe emission line is quite weak
(equivalent width <50 eV), compared to other Z sources [e.g., White et al., 1986, Cackett
et al., 2008b], and this could imply that the inclination is not very low, either [Fabian et al.,
2000]. In this paper, a binary inclination of 70° was assumed. The luminosity and radius-
related quantities were calculated using a distance of 8.8 kpc, inferred from type I X-ray
bursts that showed photospheric radius expansion [Lin et al., 2007a, 2009a].

LRHO7 showed that the CBPL component is only required at low-Lx soft-state obser-
vations. At higher Lx, most spectra can be fit by the MCD+BB model. In Figure 7-12, we
show the fraction of the Lgoppr, using steady 960-s spectra in Z stages and all spectra in the
atoll SS (§7.3.4). The Lcppr, was obtained by integrating from 1.5 keV to 200 keV. The
choice of the upper limit is not critical since I'y is normally >2. The majority (~91%) of
the steady spectra in the Z stages have Logpy, that is less than 10% of the total luminosity.
There are two situations when the CBPL component contributes significantly. The first is
when the source intensity is low, at the end of the Z stage and in the atoll SS. The second
is when the source enters the HB in the Sco-like Z stages or the upturn of the HB in the
Cyg-like Z stage (~800-1300 counts/s/PCU; Figure 7-6). In the top panel of Figure 7-13,
we show a sample spectrum with a hard tail extending above 100 keV, from the upturn
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Figure 7-13: Examples of unfolded spectra at different states/branches. The total model
fit is shown as a solid line, and it consists of an MCD component (dotted line), a BB
(dashed line), a CBPL component (dot-dot-dashed line), and a Gaussian line (dot-dashed

line). The spectrum at the top panel shows the detection of a hard tail on the HB.
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of the HB in sample interval Ia. It is a combination of six observations made on 2006
February 2-3, with observation IDs 91106-02-02-12 and 91106-02-03-[01-05]. The combined
spectrum has an total exposure of 15 ks, a hard color of 0.39 and an intensity near 1260
counts/s/PCU.

We also fit the steady 960-s spectra in the Z stages using the MCD-+BB model, i.e.
without the CBPL to account for a possible hard tail. About 90% of these spectra have an
increase in the total 2 smaller than 4.6 (compared to the MCD+BB+CBPL model), a 90%
confidence level criterion for the inclusion of the CBPL in the final fit for each spectrum.
The initial photon index I'; often reaches the hard limit in the fit of soft spectra so that
the CBPL has only two free parameters in practice.

Figure 7-13 illustrates the unfolded spectra in different states/branches. The spectrum
at the top panel is the one that we used to show the detection of a hard tail (see above).
The sample spectra corresponding to the Z-source HB/NB vertex, NB, NB/FB vertex
and FB are all from sample interval Ila, and all have exposures ~960 s and intensities
~1200 counts/s/PCU. There is no CBPL component in these unfolded spectra, because
the inclusion of such a component does not improve the x? (see above). The spectrum
corresponding to the atoll-source SS is from observation 93703-01-02-11, with an exposure
of 6155 s and an intensity of 181 counts/s/PCU. The spectrum corresponding to the atoll-
source HS is a combination of observations 93703-01-03-14 and 93703-01-03-16, with an
exposure of 13 ks and an intensity of 17 counts/s/PCU.

The spectral fit results are shown in the following sections. For clarity, we only plot
data points with small error bars, i.e., if the difference between the upper and lower limits
(90% confidence) of the temperature of the thermal components is smaller than 0.7 keV. In
the end, 1.1% and 2.4% of the data points for the MCD and BB components are omitted,
respectively.

7.4.2 Atoll source stage

Since our spectral model was developed for observations of transient atoll sources, we begin
the fitting process of XTE J1701-462 with the atoll stage (V). We compare our results with
those from LRHO7, to see whether the spectral evolution in stage V is consistent with the
behavior of other atoll sources. The CD and HID for this stage are shown in the bottom
panel of Figure 7-5. The spectral fits show that the fraction of the Lcppr, can reach more
than 30% in the SS (Figure 7-12). The HS observations are very faint and are dominated
by the BPL component (~95%) with initial photon index ~2. The spectral fit results for
the MCD and BB components are shown in Figure 7-14.

The left panel shows the luminosity of each thermal component versus its color temper-
ature, kTpp or kTyicp. For reference, we also show the lines for constant radius, assuming
Lx = 4wosg R?*T*. The NS radius (8 km), inferred from type I X-ray bursts for an assumed
distance of 8.8 kpc [Lin et al., 2009a, Chapter 8|, is shown with dot-dot-dashed lines in
Figure 7-14. The dot-dashed lines correspond to R = 6.0 km, and the dashed lines to
R = 1.7 km. These latter two values are derived from the fit to the obtained best-fitting
Ryiep and Ry values, respectively. The inner disk radius is comparable with the inferred
NS radius. However, we note that these values have large systematic uncertainties, since
accurate measurements require knowledge of the distance, inclination, and other parameters
such as the hardening factors for the disk and burst spectra.

The most remarkable result seen in Figure 7-14 is that the disk and boundary com-
ponents evolve roughly along Lx o< T* tracks, consistent with LRHO7 results for Agl X-1
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Figure 7-14: Spectral fitting results for the atoll stage of the outburst (stage V), using
MCD+BB+CBPL for the SS and BB+BPL for the HS. There is no MCD component for
the HS, and the blue filled circles correspond to the BB in all panels. The luminosities of
the thermal components (MCD/BB) are plotted against their characteristic temperatures
and the PCA intensity in the left and middle panels, respectively. The data points for the
BB component in the SS in the middle panel are connected by a dot-dashed line for clarity.
The right panel shows the characteristic emission size of the thermal component versus the
PCA intensity. The dot-dot-dashed line corresponds to the size of the NS inferred from
type I X-ray bursts. The dotted and dashed lines correspond to R = 6.0 km and R = 1.7
km, respectively, assuming Lx = 47 R?0spT*.

and 4U 1608-52. Moreover, the boundary layer is small and remains nearly constant in size
throughout the SS. This can be seen in the right panel of Figure 7-14, which shows the
best-fitting Ryiop and Rpp versus the source intensity. Rpp cannot be constrained very
well in the HS, but its values are marginally consistent with those from the SS.

In the middle panel of Figure 7-14, we show the luminosity of each component (the MCD
and BB) versus the PCA intensity. This plot makes it easy to link the spectral results to
the HID in Figure 7-5. To help distinguish the two spectral components, the data points
for the BB results in the SS are connected by a dot-dashed line.

7.4.3 Z Source Stages

The spectral evolution in the Z stages is more complex. To understand the physical processes
that drive the evolution of Z sources along different branches, we carried out spectral fits for
the samples of the Z tracks that were discussed earlier (time intervals marked in Figure 7-
4 and light curves, CDs and HIDs shown in Figure 7-10). As explained in §7.3.4, we fit
steady 960-s spectra directly, and we use box selections in the HIDs to combine 32-s spectra
accumulated from the non-steady intervals. The spectral fitting results for the sample
intervals are shown in Figure 7-15, one row for each interval. The quantities plotted in the
three panels of each row are the same as for Figure 7-14. The results are discussed below,
one Z branch or vertex at a time.

In addition to our consideration of these sample intervals, we also fit all the steady 960-s
spectra of the four Z stages. The results are shown in Figure 7-16 for each branch/vertex.
Some spectral results for non-steady observations in the sample intervals are also included
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Figure 7-15: The spectral fitting results for the sample intervals (see §7.3.4). As in
Figure 7-14, the luminosities of thermal components (MCD/BB) are shown versus their
characteristic temperatures and versus the PCA intensity. The right column shows the
characteristic emission size of the thermal component versus the PCA intensity. Each row
of panels corresponds to one sample interval. The dotted line and dashed line in Figure 7-14
are replotted here for reference. In each panel, results of the MCD are always at the top,
and those of the BB at the bottom.
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Figure 7-16: The same as Figure 7-15, but combining all observations throughout the
Z stages of the outburst. From the top to the bottom, the rows correspond to the HB,
HB/NB vertex, NB, NB/FB vertex, and FB respectively. The results are derived from the
steady 960-s spectra plus the spectra created from the boxes shown in Figure 7-10.
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Figure 7-17: The emission sizes of the thermal components versus the total Lx for the
NB/FB vertex and the atoll source stage V.

in this figure. The dotted and dashed constant radius lines from Figure 7-14 are again
shown in Figures 7-15 and 7-16 for reference.

The NB/FB vertex

We begin the assessment of our spectral results for the 7 stages by considering the evolution
of the NB/FB vertex (black diamond symbols), which is globally shown to be well organized
in Figure 7-16. When the Z-source behavior departs from the atoll track (Figure 7-14), the
disk no longer follows the Lyicp o< 1; ﬁCD relationship, and Rycp begins to increase with
intensity.

To see this effect more clearly, we plot the radii of the thermal components versus the
total Lx in units of Lgpp for the NB/FB vertex in Figure 7-17, with the results from the
atoll track in stage V also included for comparison. Lgpp is taken to be 3.79 x 1038 erg/s.
This value was estimated to be the Eddington luminosity for NS type I X-ray bursts showing
photospheric radius expansion [Kuulkers et al., 2003]. This value was also used to infer the
distance of 8.8 kpc for XTE J1701-462 [Lin et al., 2009a, Chapter 8]. We note that the same
results would be obtained if we take the net flux from the spectral fit, while correcting the
MCD term by inclination effect, and then divide by the average maximum flux measured
for the two radius expansion bursts. Finally, we note that Lx gpp is a quantity that is
useful for scaling purposes only, since proper considerations of the Eddington limit should
consider the disk and boundary layer of Z sources separately (§7.6), and, in addition, it is
likely that a portion of the BB flux is obscured by the disk (LRHOT7).

In Figure 7-17, we see that the inner disk radius remains constant, at a value presumed to
represent the innermost stable circular orbit (ISCO), until Lx reaches ~0.2 Lgpp. Above
this luminosity, the inner disk radius increases with luminosity. This is quite possibly a
signature of the local Eddington limit in the disk and will be further discussed in §7.6.
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When XTE J1701-462 deviates from the Lycp o< 1; ﬁCD track, its evolution is consistent
with Lyicp o 1 1\7IéD’ or equivalently Lyicp o< Rvep, with Tyiep slightly decreasing with
Lyvicp.-

In contrast to the behavior of the disk radius, the boundary layer (Rpg ~ 1.7 km)
maintained its small (nearly constant) size from the atoll stage to all observations in the
NB/FB vertex, with luminosity ranging from ~0.01 to 1 Lgpp. These results suggest an
intimate relation between the atoll track and the NB/FB vertex.

The FB

The behavior of the FB is evaluated from the results of the sample intervals, shown in red
cross symbols in Figures 7-15. Besides the two constant radius lines, we also plot solid lines
for which Lyicp o T; &/S’D. These lines describe the relationship between disk luminosity
and inner disk temperature when the source has a variable inner disk radius at a constant

accretion rate, as shown in the following. The disk temperature T" at radius R is [Hayakawa,
1981]

Mo \ /4
3G m) (71)

T(R) = ( 22
(B) <87TJSBR3

where M is the mass of the NS. Evaluating the above equation at the inner disk radius and
considering that Lyicp = 4mosp RyepThicp [Mitsuda et al., 1984], we obtain

3G Mm\ */?
) T (72)

Lyicp = 4mosi (
8mosp

A constant 7 then leads to Lyep o< T; f/[/é’D, as represented by the red solid lines in Figure 7-
15.

This figure shows that the FB tracks closely follow the red solid lines, implying that
the disk evolution is consistent with an inner disk radius varying under the condition of a
constant m. In the NB/FB vertex the disk is truncated at a larger radius than in the atoll
stage. The FB is traced out when the disk refills temporarily and the inner radius shrinks
to the value seen in the atoll stage, which is presumed to be the ISCO. As 1 increases, the
disk in the NB/FB vertex is truncated at a progressively larger radius, thereby shifting and
lengthening the constant i line along which the disk evolves on the FB. The superposition
of these tracks can be seen in the left bottom panel of Figure 7-16.

The BB component contributes less as the source ascends the FB, especially in the
intervals from stages II-1II. At the same time, the temperature appears to increase, while
the effective radius sharply decreases. We have no interpretation for these effects, and it is
also possible that the results are affected by systematic problems with our model when one
component (BB, in this case) contributes a small fraction of the flux. The FB of interval Ia
is of the dipping type, and its spectra cannot be fit well by the MCD+BB+CBPL model.
Therefore, the results for the FB of this interval are not shown.

The NB

Results from the sample intervals (Figure 7-15) show that, as the source ascends the NB in
the Sco-like stages II-11I, the MCD component seems to remain unchanged, while the BB
radius increases at constant temperature. The latter effect causes an increase in the source
intensity at energies around 10-30 keV, with almost no change at energies <7 keV (green
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Figure 7-18: The difference of spectra for the two ends of the NB during interval IIla.
The spectrum is fit with a BB model (solid line) excluding the region 4.5-8 keV around
the Fe line. The success of this model confirms that the evolution along the NB during this
Sco-like Z stage is mostly due to the changes of the boundary layer emission area.

dashed lines in Figure 7-11). Since the NB is mainly the result of a changing BB radius, it
is interesting to see whether the difference of the spectra from the two ends of the NB can
be fit by a BB model. We test this on the NB in sample interval IITa. Excluding the region
around the Fe line near 6.4 keV, the resulting spectrum (Figure 7-18) can indeed be fit by
a BB, with temperature kT = 2.71 £ 0.03 keV. This temperature is close to that of the
individual spectra on this particular NB, confirming that the source evolution along the NB
is mostly due to an increase in the normalization of the BB at constant temperature. The
difference spectrum shows a dip around the Fe line, indicating that the Fe line emission is
stronger at the lower part of the NB, despite the fact that the source intensity at the lower
part of the NB is lower.

On the NB of interval Ia the BB still changes very significantly, but in that case there is
also a clear change in the MCD parameters, roughly consistent with evolution at a constant
m through the disk (Figure 7-15). From the NB/FB vertex toward the HB/NB vertex,
Lyicp and kTyiep increase while Ryicp decreases. The Lgg and Rpp also increase. All this
results in a large increase in the source intensity, at energies around 10-30 keV (Figure 7-11).

The possible origins of the BB increase on the Sco-like NB are discussed in §7.6. The
coupled changes in the MCD and BB components for the Cyg-like NB seem to be compli-
cated, and we have no simple picture of the corresponding physical changes.

The HB/NB vertex

Similar to the NB/FB vertex, the behavior of HB/NB vertex in the HID is well organized,
i.e., it evolves along a single line in Figure 7-6. Since there is little change in the MCD
component on the NB of the Sco-like stages, the differences between the MCD quantities
of the HB/NB vertex and those of the NB/FB vertex are small (Figure 7-15). Only when
the luminosity increases above a certain value do their differences become significant. This
is reflected in the global spectral results for the HB/NB vertex in Figure 7-16: kTyicp in
the HB/NB vertex hovers around 1.6 keV, whereas kTyicp in the NB/FB vertex shows a
slight decrease at high luminosity.

Both Rpp and Rycp increase with intensity. The visible BB effective radius always
appears smaller than the disk radius and never reaches the values of the inner disk radius
seen in the atoll stage. Both Lyicp and Lpp increase with intensity, but Lycp increases
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Figure 7-19: The emission sizes of the thermal components versus the total Lx for the
HB/NB vertex.

much faster.

Although the Cyg-like and Sco-like Z tracks are quite different, the data points of HB/NB
vertex in Cyg-like Z stage I seem to lie along the high-Lx extension of the points of the
HB/NB vertex in the Sco-like Z stages II-1V. Figure 7-19 shows the emission sizes Ryicp
and Rpp of the thermal components with respect to the total Lx, instead of the intensity.
The HB/NB vertex extends from ~0.4 to 1.7 Eddington luminosity, and the Rycp and
Rgpp both increase with luminosity. However, there is a gap between 0.9-1.4 Lgpp.

The HB

The HB is first investigated using the sample observations (Figure 7-15). In general, Lyicp
decreases as the source ascends the HB away from the HB/NB vertex. This causes changes
in the spectrum at low energies, as shown in Figure 7-11 (blue dotted lines). The BB
component, however, varies little. In contrast with the decrease in the intensity at low
energy, there is an increase in the intensity at high energies, going out along the HB.
This is mostly due to an increase of the Comptonized component (Figure 7-12), which
for the Cyg-like Z stage mostly occurs on the upturn of the HB. The significant detection
of Comptonization on the HB of the Z stages is consistent with a series of discoveries of
hard tails in other Z sources [Paizis et al., 2006, Farinelli et al., 2005, Di Salvo et al., 2001,
D’Amico et al., 2001, Di Salvo et al., 2000b], although there are claims of hard tail detections
on branches other than the HB in some of these reports.

To illustrate the coupled behavior between the MCD and the CBPL components on the
HB more quantitatively, we plot in Figure 7-20 the fractions of the Lyicp (upper panels)
and the Lyicp + Loppr (lower panels) for sample intervals Ia and I1Ta. The results for all
observations on the HB and HB/NB vertex are also plotted, on the right. We can see that
while the fraction of the Lyjcp on the HB changes by 20% (upper panels), the fraction
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Figure 7-20: The fractions of the Lyiep (upper panels) and Lycp+cppr (lower panels)
on the HB and the HB/NB vertex. Left panels show sample intervals Ia and I1la, while
the right panels show the entire outburst.

of the Lycp + Leppr, maintains a much smoother track over the Sco-like Z tracks. On
shorter timescales, the quantity Lyicp + Loppr changes also very little over a typical Sco-
like HB, e.g., only 5% for interval IITa. The above results imply that in the Sco-like Z stages,
as the source climbs up the HB, thermal emission from the disk is converted into a hard
component by Comptonization. This is also true for the upturn of the HB in the Cyg-like
7 stage. Thus the similarity between the Sco-like HB and the upturn of the Cyg-like HB is
supported by both the fraction of Comptonization and the coupling between the MCD and
CBPL luminosities.

7.5 Broadband variability

Although this work mostly focuses on the spectral properties of XTE J1701-462, timing
properties are important tools for understanding the evolution along atoll and Z tracks.
In LRHO7 we used a measure of the broadband variability to compare the results of our
spectral fits to those obtained for black hole systems. In particular, we focused on the
relation between the fraction of Comptonized flux and the strength of the variability, as
measured by the integrated (fractional) rms in the power density spectrum (PDS; 0.1-10
Hz).

In Figure 7-21 we plot the integrated rms versus the PCA intensity for XTE J1701-462.
Similar to the classical atoll sources, the power is very weak in the atoll SS (<6%) and
increases in the atoll HS. In the Z stages, except for the HB, the power is always very
weak, with typical rms of 2%. Although the Sco-like HB typically has a small intensity
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Figure 7-21: The rms from 0.1-10 Hz for the entire outburst. Elevated continuum power
(i.e., rms > 5%) in the PDS is limited to the Z source HB and atoll source HS.

range (~ 100 counts/s/PCU), the rms can increase quite significantly, by up to 4%, from
the HB/NB vertex to the tip of the HB. We attribute this rms increase to the growing
importance of Comptonization on the HB. This is consistent with the result in LRHO07, in
which we found that the rms is strongly tied to the fraction of the Comptonized component
for both atoll sources and black hole binaries.

On the upturn of the Cyg-like HB the rms increases significantly, another aspect that
makes it similar to the Sco-like HB. However, the rms on the upturn of the Cyg-like HB
is higher than on the Sco-like HB. Moreover, on the non-upturn part of the Cyg-like HB,
the rms already increases strongly, even though the Comptonization fraction remains low
(Figure 7-20). The analysis of the frequency resolved spectroscopy on the typical Cyg-like
Z sources [Gilfanov et al., 2003] indicated that this boost in rms seems to arise from the
boundary layer.

7.6 Discussion

7.6.1 Secular evolution of XTE J1701-462 and the role of m

During its 2006-2007 outburst, XTE J1701-462 successively shows characteristics of Cyg-like
7, Sco-like Z, and atoll sources, and the stages for each source type are clearly correlated
with the X-ray luminosity. The Z tracks move substantially in the HID, while creating
distinct lines for the upper (HB/NB) vertex and the lower (NB/FB) vertex, respectively
(Figure 7-6). The line for the lower vertex smoothly connects to the atoll track. XTE J1701-
462 shows a large dynamic range in luminosity that is typical of X-ray transients, and the
overall shape of the broad band light curve is expected to represent the temporal evolution
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of . It is then straightforward to examine Figure 7-3 and Table 7.1 and conclude that the
transitions between source types and the secular changes in the HID are both driven by the
changes in .

A more detailed accounting of m can be derived from the results of our particular
X-ray spectral model, which tracks the contributions from the MCD, the BB, and weak
Comptonization. We first focus on the MCD, since the disk radiation is always the strongest
component in the spectrum, except for the atoll hard state, and the origin of the radiation
is upstream of any effects of the Eddington limit. We can infer 1 from the MCD model
through [Frank et al., 1985]

. 2LyepRyep

N GM

Figure 7-16 shows that for each of the vertices, both Lyicp and Ryep increase with intensity,
implying that m changes monotonically along each of the two vertex lines. If we use m for
the MCD at the upper luminosity end of the atoll stage as a reference value, then there
is a factor ~30 increase in 7 in the lower vertex at the upper luminosity end of the Sco-
like Z stage (i.e., near 1400 counts/s/PCU), and factors ~40 and ~60 increase at the
brightest points in the lower and upper vertices, respectively, of the Cyg-like Z stage. These
ratios are larger than the corresponding ratios in luminosity or PCA intensity, because, for
the same 1, an increasingly truncated disk produces radiation with decreasing efficiency.
These accretion rates would amplify the sense in which XTE J1701-462 is seen to be an
extraordinary X-ray transient.

(7.3)

Our spectral results for the MCD also provide insights as to how the Eddington limit
might affect the behavior of Z source. In the atoll stage, Ryicp remains constant, and the
value is presumably close to the radius of the ISCO. In the Z stages, Ryicp increases with
Lyicp (and ) along the NB/FB vertex line (Figure 7-17). One may interpret this result
as the effect of the local Eddington limit in the disk. The Eddington limit is reached when
the radiation pressure overcomes the force of gravity. For a spherical case, both gravity
and radiation forces vary as r—2, and the Eddington limit has a single value that covers
all radii. However, in a disk system, both the gravity and radiation forces depend more
complicatedly on 7, and the Eddington limit should be reached locally [Katz, 1980, Fukue,
2004]. In a standard disk (Equation 7.1), the locally generated luminosity varies as r—3,
and radiation pressure most effectively moves matter in the vertical direction, while the
vertical component of gravity force roughly varies as 72, if we assume that the thickness
of the disk scales linearly with . When 1 increases to a certain point, the inner disk must
adjust to the radius where the local Eddington limit is reached, while at larger radii the
disk can continue to produce thermal radiation [Katz, 1980, Fukue, 2004].

Detailed considerations of super-Eddington mass flows in accretion disks have shown
regimes in which the disk is thickened, an advective or quasi-radial accretion flow dominates
the region inside the inner disk radius, and substantial mass may be driven out of the
system [Katz, 1980, Watarai et al., 2000, Mineshige et al., 2000, Fukue, 2004, Ohsuga and
Mineshige, 2007]. Such accretion solutions are often referred to as “slim disk” models.
Structural changes for the slim disk will modify the T'(r) function, so that the emergent
spectrum will no longer resemble the MCD model. However, the divergence between these
models might not be apparent until 7i is much larger than the critical value that first brings
the inner disk to the Eddington limit at the ISCO [Mineshige et al., 2000].

Slim disk models depend on the mass of the compact object and the accretion rate, and
there are additional considerations required for effects of general relativity and of radiative
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transfer through the thick disk. Furthermore, such models are usually applied to accreting
black holes, which are free from the additional emission from the boundary layer and its
illumination of the inner disk. In black hole studies, observers look for evidence of slim
disks in high-luminosity soft-state observations in which the MCD model does not fit the
data well, while a more generic disk model based on the function, 7" oc 7P, constrains p to
be somewhat lower than the value (p = 0.75) required for the MCD [Okajima et al., 2006].
Application of a slim disk model for XTE J1701-462, which requires careful considerations
of the NS boundary layer, is beyond the scope of this investigation. We note, however, that
we do not see a x? barrier for our spectral model when the source is very bright, which
suggests that the deviations between the disk spectrum and the MCD model are not large
in the observed bandpass (3-50 keV).

We have seen that both the upper and the lower vertices evolve along two distinct lines
respectively in the HID over a large overlapping intensity range (Figure 7-6). However, the
variations of the MCD and BB components along the upper vertex line are different from
those along the lower vertex line (Figure 7-16). This might imply that the system is able
to respond to the variations in accretion rates in two different ways along these two vertex
lines. We have discussed two possible disk solutions above (i.e., standard thin disk versus
slim disk), and thus it is possible that the two vertices assume these two different solutions
for disk accretion respectively. This idea will be further discussed in the next section in
terms of the behavior of the source along the NB, which bridges these two vertices.

Our model fits additionally track the apparent conditions in the NS boundary layer, via
the spectral parameters for the BB component. At the lower vertex, it is apparent that Lgp
increases much more slowly than Lycp and even decreases at the highest intensity in the Z-
source stages (Figure 7-16). In addition, there is no evidence for BB radius expansion during
the evolution that spans the atoll stage and the lower vertex in the Z stages (Figure 7-17).
Thus, we can find no clear evidence on the lower vertex track for any critical point at which
Eddington limit is reached in the BB, which is expected to expand and evolve in spectral
shape as the luminosity passes through the Eddington limit [Inogamov and Sunyaev, 1999,
Popham and Sunyaev, 2001]. This casts doubt on the idea that the gradual expansion of
the disk with increasing luminosity at the lower vertex might be some type of disruption
caused by the emission from boundary layer. On face value, our spectral results imply that
significant mass outflow from the inner disk edge (in the Z stages) limits Lpp to levels below
or near the Eddington limit at the surface of the NS.

Other investigations have looked for an Eddington signature in the behavior of the
BB temperature. A value of kTpp ~ 2.4 keV was found to be a high-luminosity limit for
accreting NSs that were studied with the Fourier-frequency resolved spectroscopy technique
[Gilfanov et al., 2003, Revnivtsev and Gilfanov, 2006]. This value is close to the peak
temperature seen in radius expansion bursts [Galloway et al., 2008|, while a peak value
~2.7 keV is found for two such bursts from XTE J1701-462 [Lin et al., 2009a, Chapter
7]. In both Z-vertices, the NB, and the HB (Figure 7-16), kTpp hovers near 2.7 keV, with
a trend toward slightly lower temperature and slightly larger Rpp at highest Lpp. Thus,
unless there is variable obscuration of the BB region that masks more substantial changes
in conditions there, we surmise that at the lower vertex the BB hovers near its Eddington
limit and that the BB inherits an increasingly smaller fraction of the 7 that flows through
the disk, as m increases.

Once the inner disk radius is set by the Eddington limit in the lower (NB/FB) vertex,
the only branch that tries to reverse this condition is the FB. In the upper vertex, there is
a second evolution track for secular variations in which both Rycp and Rpp expand with
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increases in luminosity. It is therefore possible that the mechanism for the NB (i.e., the
addition of quasi-radial flow or some other mechanism) might bring the system to super-
Eddington conditions in both the disk and the boundary layer in the upper (HB/NB) vertex,
while only the disk experiences such conditions in the lower vertex. Our use of the term
”super-Eddington” means, respectively, disk 7 in excess of the Eddington limit when the
inner disk radius is at the ISCO, and boundary layer m in excess of the accretion limit at
which the optical surface still coincides with the NS surface.

7.6.2 Physical processes along the Z branches of XTE J1701-462

We have found that spectral evolution along the Sco-like FB is consistent with a shrinking
of the inner disk radius, while 7 remains constant (Figure 7-15). When we combine the
interpretations for the FB and the NB/FB (lower) vertex, with further consideration of the
increasing evolution speed along the FB (Figure 7-7), we arrive at the following scenario.
For a given value of 7, the Sco-like Z sources accrete matter through a truncated disk, with
inner radius set by a local Eddington limit (not by the ISCO). The FB is an instability
that springs from the NB/FB vertex, and it represents a temporary push by the inner disk
toward the ISCO. The entire FB can be traced out in ~10 minutes, but the evolution is
much faster at the top than at the bottom of the FB (Figure 7-7). Variations at timescales
of ~seconds can easily be seen in the light curve at the top of the FB. Such timescales are
of order the viscous timescales of the inner disk for a viscosity parameter of 0.01 [Frank
et al., 1985, Equation 5.69]. For the dipping FB in the Cyg-like Z stage, limited data and
poor spectral fits prevent us from deriving any conclusions about its nature.

The NB bridges the upper and lower vertices of the Z. The Sco-like NB is traced out
as the result of changes in the BB emission size, while the MCD properties remain nearly
constant. Similar BB changes are seen on the Cyg-like NB, but here the disk also changes,
shrinking in radius at constant  similar to the changes seen for the Sco-like FB. Taken
literally, an increase of m onto the boundary layer, with no observable change in 7 for
the disk, could suggest the onset of a radial or advective flow as a secondary accretion
component. This would require that the total 1 increases slightly (i.e., by 10% or less)
as the source ascends the NB from the lower vertex. This conjecture might be of further
interest toward understanding why NS radio jets begin to be seen when a Z source begins
to ascend the NB, while the jets become stronger and more steady on the HB [Migliari and
Fender, 2006, and references below|. An alternative explanation for the Sco-like NB is that
1 remains constant, but the measured BB area increases as the result of the geometric
changes associated with the boundary layer and/or our line of sight to it. While there are
probably other explanations as well, it is important to point out one important constraint:
the range of the NB at a specific 1 is not arbitrary, as we can see from the two vertex
lines (Figure 7-6). Moreover, the process responsible for tracing out the NB appears to be
another type of instability, as the source evolves faster on the NB than in the two vertices
(§7.3.3).

In §7.6.1 we pointed out that the upper and lower vertices might assume two different
solutions for the disk accretion, as they evolve along two distinct lines in the HID over a
large overlapping intensity range, while the best-fitting results for the two main components
MCD and BB are different. In addition, the two vertices appear to be stable compared with
the evolution along the NB, and the upper vertex is most often seen at higher luminosity
(Figures 7-17 and 7-19). Both the standard and slim disks are possible stable accretion disk
solutions at high accretion rates with the slim disk associated with higher accretion rates
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and an increased amount of radial advection flow (see references in §7.6.1). Also considering
that the increase of the BB emission size along the NB might be explained by an additional
radial flow, we hypothesize that in the upper vertex the disk assumes a slim disk solution
while the disk in the lower vertex is a standard thin disk. In that case, the NB is formed
as the additional radial flow turns on and the source begins the transition to the slim disk.

As demonstrated in §7.4.3, the Sco-like HB is traced out as the thermal emission in the
disk is converted into a hard component by Comptonization, while the combined luminosity
from the disk and Comptonization (i.e., Lyicp + Leppr) remains roughly constant. In the
most variable case, which is sample Ila, the combined luminosity varies by 10% relative
to the mean HB value, and we have shown that this early Sco-like HB has some lingering
characteristics of the Cyg-like stage. Thus it remains quite possible that the Sco-like HB is
traced out at constant m through the disk. The Cyg-like HB consists of a long horizontal
line in the HID, plus an upturn at the far end. The upturn portion exhibits an increase
in Comptonization, in common with the Sco-like HB. However, the non-upturn part of the
Cyg-like HB remains puzzling. Its track in the HID resembles the secular drift in the upper
vertex, which might suggest that it is not a true HB track. However the power continuum
shows strongly elevated continuum power, which is a clear signature of the HB, but from
that standpoint the lack of Comptonization is very surprising. Further investigations of
Cyg-like HB tracks for other sources are needed. Finally, as noted above, radio emission
has been detected on the HB, presumably to be due to jet formation [Fender et al., 2007,
Migliari et al., 2007, Fender and Hendry, 2000, Penninx et al., 1988]. For the Sco-like HB
and the upturn portion of the Cyg-like HB, the association of increased Comptonization
with radio flux follows a general convention for X-ray binaries. However, while the spectrum
in the atoll HS is dominated by Comptonization, only modest Comptonization fractions are
found for the HB in Z sources.

Given the variations in Rycp along the FB and the Comptonization on the HB, we
must use the value of (Ryep X (Lyvep + Leppr)) to trace r through the disk for Z sources.
Our overall conclusion is that for Sco-like Z tracks, 7 remains constant to the level of 10%
or less [see also Homan et al., 2002]. The role of 7i in the evolution along the Z tracks has
been in debate for decades (§7.1). In our analyses, what distinguishes the Z branches is not
m but the different mechanisms that spring from the Z vertices, which are the more stable
reference points along the Z track. The three branches are associated with different forms
of spectral evolution, and our physical interpretations are different from the concept that Z
track evolution is driven by changes in any single parameter.

Unstable nuclear burning was invoked as a mechanism for the FB by Church et al.
[2008], using observations of Cyg-like Z sources. In their scenario, there are no changes in
m. We cannot determine whether this explanation works for the Cyg-like dipping FB of
XTE J1701-462, but it clearly does not work for the FB in the Sco-like stages. We note
that one type I X-ray burst has been observed in a FB during its decay back to the NB/FB
vertex [Lin et al., 2009a, Chapter 7]. We further test this explanation on stage IV as follows.
For a solar abundance, the ratio of the nuclear and gravitational energies is only about 2.5%
[Strohmayer and Bildsten, 2006]. However, the Sco-like FB is frequent (Table 7.1), and the
luminosity variations are very strong. We calculate the net flaring fluence on the FB in
stage IV by subtracting the associated lower vertex flux from each FB flux measurement
and integrating over time, and the non-flaring fluence is simply the total fluence minus the
flaring fluence. Their ratio turns out to be very high, ~33% for stage IV.
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7.6.3 Comparison with other NS LMXBs

Stage I was shown to be very similar to the typical Cyg-like Z sources, especially GX 5-1
and GX 34040, by Homan et al. [2007b] based on the CDs/HIDs and variability. The major
difference is in the FB. Cyg X-2 is similar to XTE J1701-462 in that it also has substantial
secular changes and sometimes even changes between source types [Kuulkers et al., 1996,
Wijnands et al., 1997b]. A more detailed comparison between these two sources could be
valuable.

In Sco-like stages II-11I, XTE J1701-462 is very similar to the Sco-like Z sources. The
color and spectral similarities between XTE J1701-462 and the typical Sco-like Z sources,
shown in Figures 7-2 and 7-11, imply that the spectral fitting results for XTE J1701-462
should also apply to the Sco-like Z sources.

In stage IV, the HB and NB are no longer observed, and the CDs/HIDs resemble those
of the bright persistent GX atoll sources GX 9+1,GX 949, and GX 3+41. These sources
are believed to accrete at accretion rates between those of the classical atoll sources (like
Aqgl X-1 and 4U 1608-52) and those of the Z sources [Hasinger and van der Klis, 1989, van
der Klis, 2006]. Based on patterns traced out in the CDs, they are very similar to XTE
J1701-462 in the Z stage IV. We classify such patterns in the CD/HID for XTE J1701-462
into the NB/FB vertex and the FB, while the bright persistent atoll sources have typical
names “lower banana” and “upper banana” respectively [Hasinger and van der Klis, 1989,
van der Klis, 2006]. It is possible that the lower banana in the GX atoll sources is simply
the NB/FB vertex and the upper banana is the FB. This can be investigated with spectral
fits, e.g., to see whether the upper banana shows evidence for typical FB spectral evolution,
as shown in Figure 7-15.

In the brief atoll stage, XTE J1701-462 resembles the classical transient atoll sources
Aql X-1 and 4U 1608-52 from the CDs/HIDs and spectral fits (LRH07). The emission size
of the boundary layer remains constant across the states, and the inner disk radius remains
constant in the SS. The increase of the Comptonization in the HS is also accompanied by
an increase in continuum power, i.e., the integrated rms in the PDS. We also note that
XTE J1701-462 in the atoll stage has a peak luminosity of ~0.2 Lgpp, while Aql X-1 and
4U 1608-52 show maxima of ~0.35 Lgpp (LRH07). We note that these values are scaling
estimates only, as there might be large corrections required to infer intrinsic emission for
some components, e.g., the BB which might be partially obscured.

7.7 Conclusions

Our results offer a major departure from the classical view of Z sources. The Sco-like Z track
is traced out at nearly constant 1, while the three branches are tied to different physical
mechanisms that function like instabilities tied to the more stable Z vertices. On the other
hand, the secular changes, which are driven by variations in ri, unite, in sequence, all of
the subclasses of atoll and Z sources.

The conclusions 3—6 below are primarily derived from our chosen spectral model, espe-
cially from the MCD component. The behavior of the BB component is more difficult to
understand, as this component might be significantly affected by mass loss, obscuration,
etc. We acknowledge the need to test this model on the persistent Z sources to determine
whether such conclusions can be generalized. We also acknowledge the need to further con-
sider systematic problems associated with the model and with the literal interpretation of
physical quantities derived from the spectral parameters. Finally, there are alternative spec-
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tral models that convey different physical interpretations for the mechanisms of Z branches
[e.g., Church et al., 2008], and detailed comparisons are required for these models and their
associated predictions.

1.

In the nearly-20-month-long outburst in 2006-2007, XTE J1701-462 evolves through
the characteristic behaviors of the Cyg-like Z, Sco-like Z, and atoll sources as its
luminosity decreases from super-Eddington values toward quiescence. Our spectral
fits suggest that as m decreases NS LMXBs change from Cyg-like Z, via Sco-like Z,
to atoll sources.

. As the r decreases, the HB disappears first, followed by the NB, and finally by

the FB. Despite the substantial secular changes during the outburst, the HB/NB and
NB/FB vertices trace out two distinct lines in the HID. With the disappearance of the
FB, the NB/FB vertex smoothly evolves into the atoll track traced out at the lowest
accretion rate, beginning at Lx ~ 0.2 Lgpp. The full length of the NB shortens with
the decrease in luminosity.

. In the atoll SS, the disk maintains a constant inner radius, at a value presumed to

match the ISCO, and the spectral evolution follows Lyicp o 1; ﬁCD. Deviations from
this behavior, in the form of increasing Ryicp with 1, are found in the NB/FB (lower)
vertex during the Z-source stages. The truncated disk at larger radius is attributed
to the effect of reaching the local Eddington limit at the inner disk radius.

. The Sco-like FB is traced out when the disk shrinks back toward the atoll stage value

at constant m. This appears to be an instability in which the disk temporarily moves
to reverse the truncation level set by the NB/FB vertex. The Cyg-like FB, which is of
the “dipping” type in this source, cannot be satisfactorily fit with our spectral model,
and its nature is unknown.

. As the source evolves along the NB from the upper to lower vertices, the main spectral

variation is the apparent size of the BB emission. This might be due to additional
matter supplied to the boundary layer via the onset of a radial flow. Alternatively,
there might be geometric effects that alter our view of the boundary layer while the
source transverses the NB at constant n. The NB seems to represent another type
of instability in Z sources, since spectral evolution is faster on the NB than in its two
connecting vertices.

. The Sco-like HB is traced out when some of the energy in the disk is converted into

a hard X-ray component, presumably via Comptonization, while the disk 7 remains
roughly constant. Increasing continuum power in the PDS is also detected. The Cyg-
like HB is much longer than the Sco-like one. Its upturn resembles the Sco-like HB in
intensity range, strong Comptonization, and continuum power. Thus the upturn of the
Cyg-like HB probably has the same nature as the Sco-like HB. The non-upturn part
of the Cyg-like HB lies along the same line traced by the HB/NB vertex in the HID.
Only weak Comptonization is detected, but there is also strong continuum power,
making this particular portion of the Cyg-like HB to appear unique and puzzling.

Finally we speculate as to how these results can tie into theoretical investigations of
accretion disks at high luminosity. Like the lower vertex, the upper vertex appears
to be a more stable source condition than the Z branches. The upper vertex is
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more commonly seen when the source is at the highest levels of luminosity, and it
is associated with an increased efficiency in the disk for passing matter through to
the boundary layer. These same properties distinguish the slim disk model from the
standard thin disk. We therefore hypothesize that the two vertices coincide with the
two disk models and that evolution up the NB represents the transition to the slim
disk. The HB association with a stronger jet can then be interpreted as an apparent
requirement that the slim disk be in place before the jet is able to attain higher
luminosity, which is coupled to the appearance of increased Comptonization.
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Chapter 8

Type I X-ray Bursts from the
Neutron-star Transient XTE
J1701-462

Abstract

The neutron-star X-ray transient XTE J1701-462 was observed for ~3 Ms with RXTFE dur-
ing its 2006-2007 outburst. Here we report on the discovery of three type-I X-ray bursts
from XTE J1701-462. They occurred as the source was in transition from a Z source to
an atoll source, at ~ 10% of the Eddington luminosity. The first burst was detected in the
Z-source flaring branch; the second in the vertex between the flaring and normal branches;
and the third in the atoll-source soft state. The detection of the burst in the flaring branch
cast doubts on earlier speculations that the flaring branch is due to unstable nuclear burning
of accreted matter. The last two of the three bursts show photospheric radius expansion,
from which we estimate the distance to the source to be 8.8 kpc with a 15% uncertainty.
No significant burst oscillations in the range 30 to 4000 Hz were found during these three
bursts.

This chapter is adapted from the paper “Type I X-ray Bursts from the Neutron-star
Transient XTE J1701-462” by Dacheng Lin, Ronald A. Remillard, & Jeroen Homan, pub-
lished in The Astrophysical Journal, 2009, Vol. 699, p. 60-65.

8.1 Introduction

As accreting H/He-rich matter accumulates on the surface of a neutron star (NS), it is com-
pressed and heated, occasionally leading to violent thermonuclear burning, a phenomenon
known as type I X-ray bursts. Such bursts were discovered during the mid-1970s [Grindlay
et al., 1976, Belian et al., 1976], and many theoretical studies have been made to investigate
their detailed properties [e.g., Joss, 1977, Lamb and Lamb, 1978, Narayan and Heyl, 2003,
Woosley et al., 2004, Cooper and Narayan, 2006]. For reviews, see Lewin et al. [1993],
Cumming [2004], and Strohmayer and Bildsten [2006]. Recently, Galloway et al. [2008]
presented a large sample of bursts (1187 in total) observed by RXTE over a time interval
of more than ten years.

The bursts typically rise very rapidly (<2 s), followed by a slower exponential decay
(~10 s to several minutes). The burst spectra can be fit with a single blackbody (BB)
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[Swank et al., 1977, Hoffman et al., 1977, Galloway et al., 2008]. Burst properties do
depend on the mass accretion rate (m) and the composition of the accreting matter (See
Table 1 by Galloway et al. [2008] and references therein and above). Roughly, for solar
metallicities, the bursts mostly burn helium and have a fast rise when 1 is about 1-10% of
the Eddington limit (1gqq). At higher or lower 72, they burn mixed hydrogen and helium
and have a slower rise and decay. The accreted matter is expected to burn stably at m
close to or above mpqq (although bursts are seen in some Z sources, see below). In bright
bursts, the photospheric layer can be lifted off the NS surface by radiation pressure when
the local X-ray luminosity reaches the Eddington limit. Under certain assumptions, these
bursts can then be used as distance estimators [Basinska et al., 1984, Kuulkers et al., 2003,
Galloway et al., 2003].

Bursts are most frequent in the atoll sources, a class of NS low-mass X-ray binaries
(LMXBs) with 1 typically < 0.571pqq. In contrast, among the six classical Z sources, a
class of NS LMXBs with i close to or above riggq, only GX 1742 has exhibited type I
X-ray bursts, and no bursts have been reported to be in the Z-source flaring branch [Kahn
and Grindlay, 1984, Tawara et al., 1984, Sztajno et al., 1986, Kuulkers et al., 2002]. There
are burst events in Cyg X-2, but their thermonuclear origin is still inconclusive [Kuulkers
et al., 1995, Wijnands et al., 1997b, Galloway et al., 2008]. In this letter, we report an
analysis of X-ray bursts from the NS X-ray binary XTE J1701-462 during its 2006-2007
outburst. XTE J1701-462 is a unique source in that it is the first NS transient that shows
Z-source characteristics [Homan et al., 2007b, Lin et al., 2009b, Chapter 7|. During the
decay of the outburst, it transformed into an atoll source [Lin et al., 2009b, Homan et al.,
2009]. The analyses of comprehensive pointed observations of this outburst by RXTFE have
improved our understanding of LMXB subclasses and the physical processes associated with
the three Z-source branches. Our analysis of its bursts is another part of our campaign to
understand this source.

Preliminary results of the bursts from XTE J1701-462 have been given in Homan et al.
[2007a,c] and Lin et al. [2007a]. In §8.2, we first carry out a systematic search of the
RXTE archive for bursts from this source. We then present the spectral fit results of the
bursts and estimate the distance of this source in §8.3. We describe our search for burst
oscillations in §8.4. Finally we discuss our results and summarize our conclusions in §8.5.

8.2 Observations and burst search

We carried out a systematic search for bursts from XTE J1701-462 during its 2006-2007
outburst. We used all 866 pointed observations (~3 Ms) of XTE J1701-462 made with
the Proportional Counter Array [PCA; Jahoda et al., 1996] on board RXTE. We used
the same scheme as that used by Remillard et al. [2006a], which is briefly described as
follows. PCA 1-s light curves were created for each observation from “standardl” data
mode, which integrates over the full energy range of the instrument (effectively 2-40 keV).
For a time bin ¢, with intensity C(t), we computed the mean b; and the sample standard
deviation o1 using 1-s data in a “background” interval ¢ — 280 to ¢ — 20 and corresponding
values (bg and o9) in another “background” interval ¢ 4+ 180 to t + 280 after it. Then we
tested the joint condition [C(t) — b1] > 5oy and [C(t) — ba] > 5og. If this condition is
satisfied for three sequential data points (at t — 1, ¢t and ¢ + 1), then we claim to find a
burst candidate at t. Candidates are rejected if they are due to detector breakdowns; see
http://heasarc.gsfc.nasa.gov/docs/xte/recipes/pca_breakdown.html for more information.
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Table 8.1.

Three bursts from XTE J1701-462 observed by RXTE

Burst number
Observation 1D

I

93703-01-01-01

II
93703-01-02-00

11T
93703-01-02-08

Persistent
emission

BurstP

Count rate (ctss™!
Soft color
Hard color

PCUY)

Source branch/state®

flux (2.5-25 keV, 1072 ergem~2s71)
flux (Bolometric, 1072 ergem™2s71)

Dimensionless flux

Start time (UT)
Rise time (s)

Decay time scale 71 (s)
Decay time scale 72 (s)

Characteristic time

Peak count rate (ctss~! PCU~1)

scale 7 (s)

Peak flux (107° ergecm™2s71)
Fluence (1077 ergcm™2)

Asymptotic radius (km, at 8.8kpc)

Radius expansion?

Pulsed fraction upper limit

396
1.35
0.46
FB
4.45£0.07
6.17£0.12
0.15040.004

2007/07/17 12:24:22

0.5
4.1+0.3
10.6+5.0
5.61+0.2
2248
27.2+1.0
1.5240.03
7.9£1.5
N
37.9%

301
1.28
0.44
NB/FB vertex
3.38+0.04
4.9040.10
0.119£0.003

2007/07/20 14:14:04

1.5
2.61+0.2
5.6£1.9
5.54+0.2

3382
39.2+1.1
2.16£0.03
8.0+1.6
Y
14.6%

176
1.22
0.49

atoll SS
1.9940.02
2.94+40.05
0.07240.002

2007/07/25 13:39:24

1.5
3.4+0.3
8.5+4.7
6.4+0.2

3465
42.9£1.2
2.76+0.04
7.9 £1.3
Y
51.4%

aThe source branch/state classification is from Lin et al. [2009b, Chapter 7]. FB: flaring branch; NB/FB vertex: the

transition between the normal and flaring branches; atoll SS: atoll-source soft state

bPersistent emission subtracted
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Figure 8-1: The one-day ASM light curve (upper panel) and 32-s PCA light curve (lower
panel). The three prominences in the decay of the PCA light curve are type I X-ray bursts,
where 1-s data are used.
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Figure 8-2: The color-color and hardness-intensity diagrams for observations between
MJD 54260 and 54315 in the decay of the 2006-2007 outburst of XTE J1701-462. Blue
filled circles for atoll-source hard state, purple hexagram for atoll-source soft state, red
cross for Z-source flaring branch and black diamond for the normal/flaring branch vertex.
The circled points mark the location of the bursts.

Using the above scheme we find three burst candidates. They are on 2007 July 17, 20,
and 25, during observations 93703-01-01-01, 93703-01-02-00, and 93703-01-02-08. We
number them I, II, and III, respectively (see Table 8.1 for details). All three bursts have
the above condition satisfied for ~20 sequential data points. The upper panel of Figure 8-1
shows the one-day light curve from the All-Sky Monitor [ASM; Levine et al., 1996], while
the lower panel shows the 32-s light curve from the Proportional Counter Unit (PCU) 2
of the PCA, with 1-s bin size used for the three observations with bursts detected to show
these bursts more clearly. The three bursts occur around the transition of XTE J1701-462
from the stage characteristic of a Z source to that of an atoll source.

Figure 8-2 shows the color-color diagram and hardness-intensity diagram for observations
from Modified Julian Day (MJD) 54260 to 54315 in the decay of the outburst. The soft
color and hard color are the count rate ratios in the (3.6-5.0)/(2.2-3.6) keV bands and
the (8.6-18.0)/(5.0-8.6) keV bands, respectively. Each data point has an integration time
~960 s for observations before MJD 54304, but corresponds to an entire observation for
later observations, which show little spectral variability. Several observations are further
combined when intensity is <30 countss~! PCU~!. The figure is symbol-coded: blue filled
circles for atoll-source hard state, purple hexagrams for atoll-source soft state, red crosses
for Z-source flaring branch (FB) and black diamonds for the transition between the Z-
source normal branch and the flaring branch (NB/FB vertex). The classification of the
states/branches is from Lin et al. [2009b, Chapter 7].

During the time interval for data shown in Figure 8-2, the source is not observed to
enter the Z-source NB or horizontal branch. The longest FB sequences in this interval show
the same spectral evolution and timing properties as the FB at higher luminosity when
all Z-source branches observed [Lin et al., 2009b, Homan et al., 2009]. Given the shape of
the color track shown in Figure 8-2 and in view of the low persistent luminosity (~10% of
Lgpp, see below), one could also classify the FB in Figure 8-2 as the atoll-source upper
banana branch. The evolution of the color tracks shown in Lin et al. [2009b, Chapter 7] and
Homan et al. [2009] suggests that the atoll-source upper banana branch and the Z-source
FB as defined by Hasinger and van der Klis [1989] describe a similar phenomenon, albeit at
different luminosities. In this paper, we will follow the state/branch classification scheme
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Figure 8-3: The results of the spectral fits of time-resolved spectra of the three bursts
detected from XTE J1701-462 during its 2006-2007 outburst. The latter two bursts show
photospheric radius expansion.

by Lin et al. [2009b, Chapter 7], in which the Z-source FB phenomenon can be observed
down to luminosities typically associated with atoll sources.

In Figure 8-2, we circle the data points where the bursts are detected. Burst I is
in the FB. In fact, it occurs in the decay of a flare, as the source is moving down the
FB in the direction of the NB/FB vertex. Burst II is in the NB/FB vertex, and burst
III in the atoll-source soft state. The count rate, soft color, hard color, and flux of the
persistent emission are also given in Table 8.1. The flux is estimated using a model of a
multi-color disk plus a single-temperature blackbody (BB) [Lin et al., 2009b, Chapter 7],
with both 2.5-25 keV and bolometric values given. The conversion of flux to luminosity is
complicated by uncertainties in several important parameters, such as the source distance,
the disk inclination and the occultation factor of the BB, and is therefore not carried out
here. Instead, we give in Table 8.1 the dimensionless flux, i.e., the ratio of the bolometric
persistent flux to the Eddington flux inferred from the radius expansion bursts (see below).
Based on this parameter, the m when the bursts are detected is roughly 10% of mgqq.

8.3 Burst spectral fits

We used a standard procedure to do spectral fits of the three bursts: create time-resolved
spectra, use the persistent emission around the burst as background, and fit the spectra
with a BB model [e.g., Galloway et al., 2008]. We used a 15-s interval that ended 35 s before
the burst to define the persistent emission. Event mode data with 64 channels and 125-us
time resolution were used. Only PCUs 0 and 2 were on during the observations in which the
above three bursts were detected. Considering that the spectral calibration of PCU 0 has
been bad at energies lower than 10 keV since the loss of the propane layer in 2000, we only
used data from PCU 2. We note that Lin et al. [2007a] used data from both PCUs. The
peak count rates of these bursts are quite high (~3500 counts/s/PCU), but by comparing
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Figure 8-4: The burst luminosity versus blackbody temperature. The arrows show the
direction of burst evolution. The dashed lines correspond to Rgg = 8 km.

with the count rates from “standardl” mode data, we found no telemetry saturation in
the event mode data. The integration time of the spectra was set to be 0.5 s around the
peak and increased as the count rate decreased to maintain sufficient statistics to constrain
the spectral parameters. An energy range of 3.5-20 keV was used, and 0.8% systematic
errors were applied. Deadtime corrections were also made as suggested by RXTE team.
The response files were created using HEAsoft version 6.4. A hydrogen column density
Ny = 2.0 x 10?2 cm ™2 was assumed; it was inferred from spectral fitting of the persistent
emission [Lin et al., 2009b, Chapter 7].

The results of our spectral fits are shown in Figure 8-3. There are five panels for
each burst (all with persistent emission background subtracted); PCA intensity, bolometric
luminosity, BB temperature k7pp, BB radius Rpp, and reduced y? are all shown versus
time. The luminosity and radius were calculated at a distance of 8.8 kpc (see below). The
low values of reduced y? suggest that the net burst spectra are well fit by a BB. The fast
rise and slow cooling decay confirm that these bursts are bona fide type I X-ray bursts.

The most important feature that Figure 8-3 shows is that the two brightest bursts (II
and IIT) show photospheric radius expansion, as indicated by the anti-correlation between
the temperature and radius when the luminosity reaches its peak: the temperature de-
creases from ~2.5 keV to ~1.8 keV while the radius increases from ~10 km to ~20 km.
Radius expansion bursts are also often studied in terms of the BB luminosity versus the
temperature, as shown in Figure 8-4. In this figure, the arrows indicate the direction of the
temporal evolution. As shown in the panels for bursts II and III, the source tends to evolve
along a horizontal line (constant luminosity) during the radius expansion/contraction phase
but along a (dashed) diagonal line (constant radius) during the cooling decay phase.

We use these radius expansion bursts to estimate the distance to XTE J1701-462. The
peak flux in bursts II and III are given in Table 8.1 with an average value of 41.1+0.8 X
1072 ergem™2s~!. Using the empirically determined Eddington luminosity 3.79 + 0.15 x
103 ergs~! for bursts showing photospheric radius expansion [Kuulkers et al., 2003, with
uncertainty 15%)], we derive a distance of 8.8 kpc. Using a theoretical expression for the
Eddington limit (see equation 8 in Galloway et al. [2008]) and assuming a 1.4 solar-mass
NS with a radius of 10 km, we obtain a distance of 7.3+0.1 kpc for H-poor case (H-fraction
X =0) and 5.6+0.1 kpc for H-rich case (X = 0.7). We assumed that the peak luminosity
is reached when the photosphere has settled back on the NS surface [Galloway et al., 2008],
which is roughly true in this case (Figure 8-3). Hereafter, we use the value derived by the
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empirical method, i.e., 8.8 kpc.

The other properties of the bursts are listed in Table 8.1. The start time was defined
to be the time when the burst flux first exceeded 25% of the peak flux, and the rise time is
the interval that it takes for the burst flux to increase from 25% to 90% of the peak value
[Galloway et al., 2008]. We see that all three bursts rise very rapidly, i.e., within ~1 s.
Such bursts are probably due to Helium burning, which is consistent with the m (~10%
of mipqq) during these bursts (§8.1). The bursts show exponential decays but cannot be fit
with a single exponential curve. Thus, as in Galloway et al. [2008], we divide the decay
(using the bolometric flux curve) into two parts and fit each with an exponential curve with
independent decay constants 7 and 75. These bursts decay rapidly, on time scales of several
seconds. The fluence in Table 8.1 is estimated by summing the fluxes over the burst and
integrating the final exponential curve to account for the additional flux beyond the data
window. The characteristic time scale 7 is the fluence divided by the peak flux. It is ~6 s
for all bursts.

As the bursts decay, the radius tends to remain at an asymptotic value, as also shown in
Figure 8-4. We calculate the asymptotic radius in the burst tails using data when the burst
flux decays from 80% to 20% of the peak value. The asymtotic radius for each burst is also
listed in Table 8.1 with an average of 841 km at a distance of 8.8 kpc (corresponding to the
dashed line in Figure 8-4). We note that there is a slight increase in emission area in burst
IIT as the decay progresses, as can be seen in Figure 8-4, the cause of which is unknown.
The effects of redshift and spectral hardening should be corrected for in order to obtain the
actual size of the NS [Lewin et al., 1993]. If a 1.4 solar-mass NS and a hardening factor of
1.4 [e.g. Madej et al., 2004] are assumed, then the actual size of the NS is ~ 13 km.

8.4 Burst oscillation search

We searched each burst for coherent pulsations in the frequency range 30 to 4000 Hz using
Fourier techniques. We computed power spectra throughout each burst using sliding 1, 2,
3 and 4-s windows with a step of 0.125 s. The investigated energy bands were 2-60, 2—-10,
and 10-30 keV. We found no significant signal. To estimate the upper limits, we used the
set of Leahy-normalized power spectra [Leahy et al., 1983] with a 1-s window so as to take
into account possible frequency drifts.

The upper limit for each burst was then determined as follows [see also Vaughan et al.,
1994]: (1) we searched for the largest observed power P4, in the 2-60 keV band; (2) we fit
the noise powers of the power spectrum in which we found P,,,, with a constant plus power
law model; (3) we divided by the continuum model and multiplied by 2 to re-normalize
the power spectrum [see, e.g., Israel and Stella, 1996, Watts and Strohmayer, 2006] and
(4) we estimated the upper limits at a 99% confidence level using the Groth distribution
[Groth, 1975, Vaughan et al., 1994]. The pulsed fraction upper limits are listed in Table 8.1.
They are relatively high and not very constraining, compared with the typically observed
amplitudes of oscillations of a few ten percent [Strohmayer and Bildsten, 2006].

8.5 Discussions and conclusions

We find three type I X-ray bursts from the 866 RXTE pointed observations (~3 Ms) of
the NS transient XTE J1701-462 during its 2006-2007 outburst. These bursts are detected
during the decay of the outburst. The persistent emission of the observations containing
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these three bursts is weak, with fluxes ~ 10% of the Eddington limit. Based on the source
state/branch classifications by Lin et al. [2009b, Chapter 7|, the first burst is detected in
the Z-source flaring branch; the second in the flaring/normal branch vertex; and the third
in the atoll-source soft state.

Detailed spectral fits confirm these bursts as type I X-ray bursts. The last two of the
three bursts show strong photospheric radius expansion with a peak flux of 41.140.8 x 10~
ergem 257!, Assuming an Eddington luminosity of 3.79 4+ 0.15 x 10%® ergs™! [Kuulkers
et al., 2003], we estimate a distance of 8.8 kpc for XTE J1701-462 with 15% systematic
uncertainty. We find no significant burst oscillations between 30-4000 Hz.

The distance to XTE J1701-462 was initially estimated by Homan et al. [2007b]. They
gave a distance of 14.7 £+ 3 kpc by comparing the flux in the NB/FB vertex in a Sco-like
Z-source interval with that of Sco X-1 (which has a distance of 2.8+ 0.3 kpc, as determined
by radio parallax measurements). This value is higher than that derived here using radius
expansion bursts. A possible explanation for such a discrepancy is a difference in the
inclination of these two systems. The orbital inclination of Sco X-1 is ~40° [Fomalont
et al., 2001, Steeghs and Casares, 2002]. The above discrepancy can be explained if XTE
J1701-462 has orbital inclination of 70°, as roughly estimated by Lin et al. [2009b, Chapter
7] based on the weak iron emission lines detected, assuming that the flux is dominated by
the disk emission.

The occurrence of the burst near the end of the outburst is consistent with XTE J1701-
462 turning into an atoll source. Atoll source are known to be much more prolific bursters
than Z sources. Among the six classical Z sources, only GX 1742 has exhibited type I
X-ray bursts (§8.1). These sources accrete at high 1, close to or above mpgqq, as inferred
from its radius expansion bursts. GX 17+2 has both short (7 < 10 s) and long (7 > 100 s)
bursts. Burst-like events from Cyg X-2 are very short (7 ~ 3 s), and many of them do not
show cooling during burst decay. Thus their thermonuclear origin is inconclusive [Kuulkers
et al., 1995, Wijnands et al., 1997b, Galloway et al., 2008]. XTE J1701-462 is different in
that its bursts are detected when it accretes at low m, ~10% of mggq and that all bursts
are short (7 ~ 6 s). From the 7 and the burst profiles (fast rise and short duration), these
bursts are consistent with Helium burning. Such bursts are often seen in the atoll sources
in their banana branch [Galloway et al., 2008].

So far no bursts have been detected in the FB (except in the NB/FB vertex) from GX
1742 [Kuulkers et al., 2002], while the thermonuclear origin of the Burst-like events from
Cyg X-2 is inconclusive (see references above). While the detection of burst I from XTE
J1701-462 in a low luminosity FB might not be unique, given the abundance of burst in
the atoll upper banana branch [Galloway et al., 2008], it does cast doubt on the speculation
that the Z-source FB is caused by unstable nuclear burning [Church et al., 2006]. Lin et al.
[2009b, Chapter 7] offered an additional argument that the FB cannot be due to unstable
nuclear burning, as the energy released to produce the FB would require a much higher
m than is observed. Lin et al. [2009b, Chapter 7| propose an alternative explanation for
the FB, in which the inner disk radius contracts temporarily from an Eddington-expanded
value toward the innermost stable circular orbits.

The burst rate of XTE J1701-462 over the entire outburst is ~1 Ms™!. However, the
burst rate depends on 7 and is expected to be zero at 7 close to mpqq [Remillard et al.,
2006a, Galloway et al., 2008]. While this result is consistent with the fact that we do not
observe bursts during the bright phase of the outburst for XTE J1701-462 and in most
of Z sources, it does raise the question of why the Z source GX 17+2 shows type-I X-ray
bursts. One possible explanation could be that bursts are possible at high 7, but only

174



in the narrow r-range occupied by GX 174+2. We test this hypothesis by estimating the
expected number of bursts from XTE J1701-462, for the duration when it was similar to GX
174+2. We estimate that XTE J1701-462 has ~0.5-Ms of exposure when it resembles GX
17+2, i.e., with all three Sco-like Z branches traced out, and thus has a similar m as well.
However, XTE J1701-462 has no burst detected in this ~0.5-Ms interval, while we would
have expected to see ~6 bursts, based on the burst rate of GX 1742 (12 bursts observed in
1 Ms with RXTE [Galloway et al., 2008]). Thus the burst rate in GX 17+2 is much higher
than XTE J1701-462 at similar 7. It suggests that bursts in GX 17+2 are not only due
to its specific 72, but might also depend on other factors such as the NS parameters or the
chemical composition of the accreted material.

The three bursts are detected at m ~ 10% mgqq, with the burst rate about one per ten
hours, considering that the source is observed for several tens of hours around such 2. This
is consistent with the average value, ~12 hours from Galloway et al. [2008] or ~6 hours
from Remillard et al. [2006a], corresponding to the above .

This research has made use of data obtained from the High Energy Astrophysics Science
Archive Research Center (HEASARC), provided by NASA’s Goddard Space Flight Center.
TB acknowledges support from ASI through grant 1/088/06/0.
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Chapter 9

Spectral Properties of GX 17+2

Abstract

RXTE observed Sco X-1-like Z source GX 1742 extensively between MJD 51454.1 and
51463.3, with 67 pointed observations made (~270 ks). The spectral properties of this
source strongly depend on the positions on the Z track. The spectral modeling shows
that its three branches of Z track might be traced out due to three different mechanisms
that are likely to operate at constant mass accretion rate. The horizontal branch is due
to the increase of Comptonization. The most obvious change in the normal branch from
our model is the boundary layer emission layer area, which might be the result of the
additional radial/advective flow. The source climbs up the flaring branch as the inner disk
radius decreases at constant mass accretion rate. All this is consistent with the study of
XTE J1701-462 by Lin et al. [2009b, Chapter 7].

9.1 Introduction

Six of the persistently bright neutron star (NS) low-mass X-ray binaries (LMXBs) are
classified as 7 sources, named after the patterns that they trace out in X-ray color-color
diagrams (CDs) or hardness-intensity diagrams (HIDs), based on the timing and spectral
properties [Hasinger and van der Klis, 1989, van der Klis, 2006]. These sources are Sco X—1,
GX 1742, GX 34942, GX 34040, GX 5-1, and Cyg X-2. The upper, diagonal and lower
branches of the Z-shaped tracks for these Z sources are called horizontal, normal and flaring
branches (HB/NB/FB), respectively. Based on the shape and orientation of the Z tracks,
these Z sources are further divided into two subgroups, with the first three called Sco-like Z
sources and the latter three called Cyg-like [Kuulkers et al., 1994]. The Sco-like Z sources
have the more vertical HB and the stronger FB than the Cyg-like types. The Z tracks can
also move in the CDs/HIDs (secular changes), most substantially in Cyg X-2.

Recent studies of a transient Z source XTE J1701-462 significantly improve our under-
standing of the evolution in Z sources and their links to the atoll transients, another class of
NS LMXBs with lower Lx than Z sources [Homan et al., 2007b, Lin et al., 2009b, Chapter 7,
hereafter LRH09]. XTE J1701-462 experienced a long outburst in 2006-2007, and it showed
characteristics of Cyg-like Z, Sco-like Z and atoll sources successively [Homan et al., 2007b,
Lin et al., 2009b]. Although XTE J1701-462 experienced substantial secular changes of Z
tracks, the upper (HB/NB) and lower (NB/FB) vertices each evolve in the HID in a well or-
ganized way, along two distinct lines respectively (LRH09). The HB, NB, and FB disappear
successively, with the lower vertex finally left and forming the atoll soft-state track. Using
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the spectral model that was successfully applied to the atoll transients [Lin et al., 2007b,
Chapter 4], LRH09 showed that it is the mass accretion rate (M) that drives the secular
changes of Z tracks and the transitions of source types. While the inner disk radius remains
constant in the atoll stage, the inner disk in 7 stage shows a luminosity-dependent expan-
sion, which was interpreted as effects of the local Eddington limit. However, the motion
along the Z branches appears to be caused by three different mechanism that, especially for
Sco-like types, may operate at roughly constant M (LRH09). The source climbed up the
HB as Comptonization of the disk emission increased, up the NB as the the apparent size
of the boundary layer increases, and up the FB as the inner disk radius decreases toward
the value seen in the atoll soft state, presumably the innermost stable circular orbit.

In this work, we concentrate on the spectral modeling of the Sco-like Z source GX 17+2
with the goal to check whether its spectral evolution is similar to the Sco-like Z stage in
XTE J1701-462. Figure 9-1 is one-day-averaged light curve of GX 1742 from RXTFE All-
Sky Monitor [ASM; Levine et al., 1996] and shows a quite constant intensity (~45 counts/s)
except occasional flares. This might indicate the overall properties of GX 17+2 do not vary
over a long time scale. Indeed, the secular changes of the Z track in GX 17+2 are observed
to quite small [Wijnands et al., 1997a, Homan et al., 2002]. Thus we concentrate on its one
specific Z track from the 67 pointed observations (~270 ks) during MJD 51454.1-51463.3. In
this work, we fit the spectra of GX 17+2 with the model consisting of a single-temperature
blackbody (BB), used to describe the boundary layer, a multicolor disk blackbody (MCD),
and a broken power-law (CBPL) for weak Comptonization. We have used this model to fit
the soft spectra of atoll transients and those of XTE J1701-462 (LRHO09).

Spectral fits of GX 1742 have been carried out for GX 1742 in several other studies.
Di Salvo et al. [2000b] fit a BeppoSAX observation covering the HB and NB with a BB
plus a Comptonized component for the continuum spectra. They found a hard tail in the
HB, which was fit by a power law and contributed ~8% of the source flux. This component
gradually faded as the source moved toward the NB, where it was no longer detectable.
Similar conclusions were drawn from the analyses of another BeppoSAX observation by
Farinelli et al. [2005]. The detection of the hard tail on the HB is consistent with the
spectral fit results from LRHO9 for XTE J1701-462 though a different model was used, as
mentioned above. From the model used by Di Salvo et al. [2000b], the spectral evolution
across the HB to the lower NB was ascribed mainly to a monotonic decrease of the electron
temperature and optical depth of the Comptonized component. No conclusion on the nature
of the FB was made as their observation did not cover this branch.

Detailed timing analyses of GX 1742 were made before [Kuulkers et al., 1997, Wijnands
et al., 1997a, Homan et al., 2002]. The timing studies of Homan et al. [2002] covered the
observations analyzed in this work, while here we concentrate on the spectral modeling. In
§9.2, we describe the reduction of the data and present the CDs/HIDs, with the procedure
for the creation of the spectra for modeling also given. The spectral fit results are given in
§9.3. Finally we discuss and conclude our results.

9.2 Observations and color-color diagrams

RXTE observed GX 1742 extensively between MJD 51454.1 and 51463.3, with 67 pointed
observations made (~270 ks). A clean Z track was traced out from these observations, as
shown in the following, and was analyzed in detail in this study. We used data made with
the Proportional Counter Array [PCA; Jahoda et al., 1996] and the High Energy X-ray
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Figure 9-1: RXTE ASM one-day-averaged light curves of GX 1742 spanning ~12 years.
The dashed lines mark the interval MJD 51454.1-51463.3, during which PCA pointed
observations are analyzed in details in this work.
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Figure 9-2: RXTFE PCA 32-s light curves of GX 1742 during MJD 51454.1-51463.3 in
two energy bands. The typical error bars are smaller than the symbol size. The HB, NB
and FB are marked by blue squares, green triangles, red crosses, respectively.
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Figure 9-3: The color-color and hardness-intensity diagrams for observations of GX 17+2
between MJD 51454 and 51464. Upper panels: 32-s spectra are used, and the splines that
are used for the S, parameterization are shown. Lower panels: S,-resolved spectra are
used, and the splines are repeated here for reference.
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Figure 9-4: The ratios of the spectra on the two ends of each branch. Spectra with high
total PCA intensity are divided by those with lower total PCA intensity in order to show
that on each branch the intensity increases in a different energy range.

Timing Experiment [HEXTE; Rothschild et al., 1998] instruments. The best-calibrated
detector units of each instrument were utilized, which are Proportional Counter Unit 2
(PCU 2) for the PCA and Cluster A for the HEXTE. We used the same standard criteria
to filter the data as described in [Lin et al., 2007b, Chapter 4]. Background was estimated
using the bright background model as the source always had very high intensity, >1000
counts/s/PCU, during these observations. Dead time corrections for the PCA and HEXTE
data were also applied.

In order to study the source evolution in a model-independent manner and to create
spectra for later spectra modeling, we also examined the CD/HID of GX 17+2. We calcu-
lated X-ray colors as described in [Lin et al., 2007b, Chapter 4], with the soft and hard col-
ors (SCs/HCs) defined as the ratios of the Crab-Nebula-normalized background-subtracted
count rates in the (3.6-5.0)/(2.2-3.6) keV bands and the (8.6-18.0)/(5.0-8.6) keV bands,
respectively.

We first created the spectra with exposure of 32 s from “standard 2” data of PCU 2 and
show the light curves in Figure 9-2 and the CD and HID in the upper panels of Figure 9-
3. The light curves in Figure 9-2 show the (normalized) PCA intensities in two energy
bands (2.2-3.6 keV and 8.6-18.0 keV). The HB, NB, and FB is denoted by the blue square,
green triangle, and red cross symbols, respectively. The NB and FB are quite mixed in the
CD/HID. Fortunately, the source entered the FB only between MJD 51461.2 and 51463.3,
as can be seen from the light curves, and thus data points in this time interval are identified
as the FB. We note that the source might in fact still enter the NB occasionally, based
on the occasional detection of normal branch oscillations (NBOs) at ~7 Hz, during this
interval. The NBOs is at lower frequency than the flaring branch oscillations (FBOs, 214
Hz), and they are not observed to occur simultaneously [Homan et al., 2002]. Thus they
may be indicators of the NB and FB, respectively. Using the NBOs and FBOs to classify
the NB and FB requires very detailed timing analyses and is out of the scope of this paper.
The transition from the HB to the NB is quite smooth. Their boundary is defined to be
HC ~ 0.45 (strictly S, = 1, see below).

The data points are normally assigned a rank number to track the position along the Z
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track [Hasinger et al., 1990, Hertz et al., 1992]. This can be done by creating the splines
along the Z track, and the rank number S, along the splines depends on the spline length,
which is scaled to the full length of the NB. The rank number for each data point is
obtained by projecting to the splines. This was normally done in the CD. Considering that
the scattering is quite large in the CD in the current case, we create the splines in the HID
instead and show them in the top right panel of Figure 9-3. We note that there is large
overlap of lower parts of the FB and the NB in the HID. Considering that the FB can be
mostly separated from the other branches in time (see above), we create a spline for the
FB (FB spline) and another one for the portion of the track consisting of the HB and NB
(HB/NB spline) separately. These two splines are independent except a common normal
point. All the normal points for these splines are assigned by hand. S, in the common
normal point of these two splines is set to be 2.0, while the point with HC 0.45 in the
HB/NB spline has S, assigned to be 1.0. S, at other points in the splines are determined
by their distances along the splines to these two points. Considering the different units of
HC and intensity, we divide them by their characteristic number first, 0.45 for the HC 2000
cts/s/PUC, before calculating the distances. Finally, the values of S, for data points in
the FB and data points in the HB and NB are determined by projecting onto the FB and
the HB/NB spines, respectively. The boundary between the HB and NB is defined to be
S, =1.

We create spectra for spectral fit based on S,. The CD and HID of these S,-resolved
spectra are shown in the bottom panels. As in LRHO09, we calculate the ratios of spectra
in different branches in order to investigate how the spectral changes depend on the energy
in each branch. These ratios are shown in Figure 9-4, with the ranges of S, for the spectra
used to create these ratios also labeled. The blue dotted line corresponds to the HB and
shows that the intensity increases at energies below ~9 keV but decreases at higher energies
as the source descends the HB. This is reflected on the anti-correlated variations of the HB
data points in the light curves in Figure 9-2, most obviously around MJD 51457. The green
dashed line corresponds to the NB. Although the intensity increases over the whole energy
range shown as the source evolves up the NB, the increase becomes dramatically only above
~7 keV. This can also be seen in the light curves in Figure 9-2, where the 2.2-3.6 keV light
curve varies much less than the 8.6-18.0 keV one in the NB (green triangles). The increase
of the intensity in the FB is also in the high energies 10-30 keV (red dot-dashed line), but
is smoother over all the energies relative to the NB. The properties of GX 17+2 described
above are quite similar to XTE J1701-462 in the Sco-like stage (LRH09).

9.3 Spectral modeling

We carried out the spectral fit of the S,-resolved spectra by the PCA and the HEXTE
jointly, with the normalization of the HEXTE spectrum relative to the PCA spectrum
allowed to float between 0.7 and 1.3. The creation of PCA spectra has been described
above. We used channels 4-50 (numbering from 1 to 129; ~2.8-23.0 keV) for our spectral
fitting and applied systematic errors of 0.8% for channels 4-39 (below 18 keV) and 2% for
channels 40-50. We created the HEXTE spectra to match the PCA spectra in observation
time. No systematic errors were applied for HEXTE data. Only 20.0-50.0 keV was used
for HEXTE spectra.

The model MCD+BB+CBPL was used, with a Gaussian line and interstellar absorption
also included. The central line energy of the Gaussian line was fixed at 6.7 keV, and the
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Figure 9-5: The results of the spectral fit of S,-resolved spectra. The luminosities of
the thermal components (MCD/BB) are plotted against their characteristic temperatures.
The dotted line is a constant radius line inferred from the Type I X-ray bursts, while the
red solid line is a constant M line.

intrinsic width was constrained to be smalled than 1 keV [Ercan, 1988, Di Salvo et al., 2000b,
Farinelli et al., 2005]. The hydrogen column density was fixed at Ny = 2.4 x 10?2 ecm~2,
which was based our joined fit of simultaneous observations of this source with BeppoSAX
and RXTFE using the above model.

The results of spectral fit are shown in Figures 9-5-9-6. Figure 9-5 plots the luminosities
of the thermal components MCD and BB versus their characteristic temperatures, while
Figure 9-6 plots the spectral fit results as a function of the rank number S,. All error bars
given are at 90% confidence level, and the error bar of the rank number for each data point
in Figure 9-6 corresponds to the range of S, of each S,-resolved spectrum. Lyicp and Lgg
are bolometric, and Lgppr, is calculated by integrating from 1.5 to 200 keV. The source
distance of 8 kpc is used [Kuulkers et al., 2002], and disk inclination is assumed to be 60°.
The doted and dashes lines in Figures 9-5 are constant radius lines of R = 8 km and R = 2
km, respectively, assuming Lx = 4rosg R*T*. They are shown here for reference.

These two figures show that in the HB Lyicp decreases as the source climbs up the HB,
while Lpp changes relatively much less. In contrast, Lcoppr, increases correspondingly. In
panel 4 of Figure 9-6, the filled blue squares show the sum of Lycp and Lcppr,, which is
changed <16%, much less than either individual component, in the HB. Using the assump-
tions that we have, the Comptonization can account for ~60% of the variations of the MCD
in the HB. The estimate of the amount that the Comptonized component can account for
the variations of the MCD component in the HB requires the precise factors like the disk
inclination, the exact form of Comptonization, and the lower energy boundary used to in-
tegrate the luminosity of the Comptonized component. Considering all these uncertainties,
it is possible that the source evolves above the HB due to Comptonization.

Figures 9-5-9-6 show that compared with the MCD and CBPL components, the BB
component, especially its normalization, changes the most (a factor of two) in the NB. In
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fact, the CBPL component is almost undetectable in the NB (panel 1 in Figure 9-6). Thus
based on our model, the change of intensity above ~7 keV (green line in Figure 9-4) is
mostly due to the BB component. However, the BB is just a small component, and thus
the total luminosity (panel 8 in Figure 9-6) is changed by ~20% only in the NB.

The variations of the MCD component in the FB follow a red solid line in Figure 9-5.
This line describes the relation between Lyicp and Tycp with varying Ryiep at constant
M, ie., Lycp x T, ﬁ/gD (LRHO09), indicating that the FB is traced out due to the variation
of the inner disk radius at constant M, within 16% for this case. Ryep decreases from ~12
km to ~8 km, while Tyicp increases from ~1.7 keV at the lower vertex to 2.5 keV at the
tip of the FB. The emission of the BB component also increases as the source climbs up the
FB, mostly due to the normalization. As in the NB, there is little detection of the CBPL
component in the FB (panel 1 in Figure 9-6).

9.4 Conclusions and discussions

GX 1742 is well covered by RXTE between MJD 51454.1 and 51463.3, with 67 pointed
observations made (~270 ks). Analyses of these observations show that GX 17+2 has very
similar spectral properties to XTE J1701-462 in the Sco-like stage. Our application of
model MCD+BB+CBPL leads to conclusions as follows.

The Comptonization is only significantly detected in the HB. This is consistent with
the study of the HB and NB by Di Salvo et al. [2000b], while our results also show little
detection of Comptonization in the FB. From our model, the BB component is almost
unchanged, while Lyicp varies and is strongly anti-correlated with Lcoppr, in the HB. As
there is little change of Lyicp + LepprL (S16%) in the HB, we surmise the HB is traced out
due to the increase of Comptonization at roughly constant accretion rate.

The NB is most characterized by the variation of the emission area of the boundary
layer, with other spectral parameters including the boundary layer temperature seldom
changed. The total luminosity also shows little change, <20%. This was suggested to be
due to onset of some radial/advective flow in LRH09. The cause of the additional flow is
uncertain. One possibility was suggested in LRH09 to be the transition of a standard thin
disk in the lower vertex to a slim disk in the upper vertex.

The disk in the FB seems to be due to the decrease of Ryicp at constant M , within 16%.
This was interpreted as an instability that proceeds off the lower vertex in LRH09. The
study of XTE J1701-462 suggested that at the high accretion rate, the disk truncates at a
radius outside the innermost stable circular orbit (ISCO), maybe due to the local Eddington
limit effect, at the lower vertex in this case. The FB is then traced out as the inner disk
radius decreases from the value set at the lower vertex toward the ISCO at constant M.

From our model, the inferred accretion rate stays roughly (within ~20%) constant over
the whole track. This is consistent with the 0.1-200 keV flux from the study of the HB
and NB by Di Salvo et al. [2000b], even if a different spectral model was used. We note,
however, that the flux in the FB does vary substantially, for a factor of two. Based on
the little variation of the total flux in the HB and NB and the comparison with the black
hole candidates, Homan et al. [2002] suggested that M along the Z track might be constant
while the spectral changes were ascribed to an unknown parameter. From the results of the
spectral analyses above, we have suggested that the Z track is traced out by three types of
mechanism that might operate at constant M.

The BB component on the whole track seems to stay at a nearly constant temperature,
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~2.6-2.9 keV while the emission area can vary for a factor of two. This might hint that the
boundary layer reaches the local Eddington limit on the surface of the NS. This explanation
is further supported by the following two results. First, the above temperature is very close
to the peak temperature observed in the radius-expansion bursts from this source [Kuulkers
et al., 2002]. Second, it is also very close to the temperature of ~2.4 keV inferred from the
study of a set of sources that span a large range of accretion rate, including GX 1742, using
the Fourier-frequency resolved spectroscopy technique [Gilfanov et al., 2003, Revnivtsev and
Gilfanov, 2006].
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Chapter 10

Physical Interpretations of
Accretion in NS LMXBs

Abstract

In this chapter, we first give a high-level summary of the main results of this thesis. Then
we give a detailed description of results from our spectral studies regarding the different
classes of NS LMXBEs, first in the context of color-color and hardness-intensity diagrams,
and then on the basis of spectral fits that use our new spectral model. In the following
section, the physical origins of spectral evolution and the physical properties of NS LMXBs
are discussed. This chapter is written to be as self-contained as possible, with references to
previous chapters liberally given.

10.1 Brief summary of results of this thesis

This thesis investigates the thirty-year-old problem of spectral decomposition for weakly
magnetized NS LMXBs. Although many models could fit their spectra, the inferred spec-
tral parameters did not describe behavior that was self-consistent with the physics of an
accretion disk: the disk did not follow the L o T relation, and sometimes had a too small
inner radius. Comptonization was inferred to be very strong in the soft state, which was
inconsistent with the timing/spectral properties of accretion disks in black hole binaries,
where soft X-ray spectra and low values of continuum power (in power density spectra) are
associated with low fraction of Comptonization.

Based on studies of thousands of RXTFE observations of one subclass of weakly mag-
netized NS LMXBEs, i.e., atoll sources, we offer a way of modeling the X-ray spectrum of
NS LMXBs that does yield L oc 7% behavior. We further derive a Comptonization fraction
that does scale with rms continuum power. This same model goes on to provide new pic-
tures of the spectral states of atoll sources, physical interpretations for the three branches
of Z sources, an explanation that the Z and atoll subclasses are simply related by the mass
accretion rate, and a signature for the effects of reaching the local Eddington limit in the
inner part of the disk for Z sources. This new model also provides an interesting connection
of kHz QPOs with spectral properties of the disk, which makes it promising to reveal the
origins of kHz QPOs. This work revises our understanding of the similarities and differences
between NS and black hole accretion disks. Finally, a proper understanding of the way to
deconvolve the disk continuum and the boundary layer in NS LMXBs is an essential step
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toward our learning how to use continuum spectra to constrain the equation of state of NS.

Our understanding of the accretion process in weakly magnetized NS LMXBs begins
with our new way of modeling the spectra of atoll and Z sources in their soft state (see
also Chapter 4). The main difference between the new and the classical models is that our
new model has double thermal components that dominate the soft-state spectra. Comp-
tonization in the form of a weak power law (and the third spectral component) is only on
the low-luminosity power of the soft state. Based on this model, we have the following
interpretations of spectral states of atoll sources: the disk is truncated at a constant radius,
presumably the ISCO in most of the soft state, while the boundary layer also has a roughly
constant emission area over the large range in luminosity that bridges the hard and the soft
states. Weak Comptonization is seen in the soft state, which makes their timing/spectral
properties more aligned with those of black hole X-ray binaries. In the hard state, strong
Comptonization is found, and it is probably due to a jet. We also find that the disk seems
to be truncated at a larger radius in the part of the soft state that coincides with frequent
occurrences of kHz QPOs, which contributes evidence relevant to solving the origin of kHz
QPOs.

Based on a spectral study of a new transient source, XTE J1701-462, we find that
different subclasses of weakly magnetized NS LMXBs are due to different mass accretion
rates (see also Chapter 7). At high mass accretion rates, the source behaves as a Z source,
and the change of accretion rates results in secular changes (i.e., pattern shifts) in the HID.
At low accretion rates, the source behaves as an atoll source. The inner disk radius is not
constant but increase with luminosity in the stage when the source behaves as a Z source.
In the lower Z vertex, this effect is attributed to the maintaining of the local Eddington
limit in the inner part of the disk. In the upper Z vertex, the disk appears to be truncated
by advection from a slim disk. We have new explanations for three spectral branches of Z
sources: they seem to be due to three different physical mechanisms that might operate at
constant mass accretion rates. Rapid evolution along these branches suggests a nature of
instability, compared to the vertices. The flaring branch is traced out as the inner part of
the disk temporarily refills, with the inner disk radius decreasing from the value found in
the adjacent lower vertex. The normal branch is characterized by change of the emission
area of the boundary layer, and we suggest that it is due to the switch from a standard thin
disk to a slim disk. The horizontal branch is formed due to increase in Comptonization,
consistent with strong radio emission detected in this branch.

10.2 Detailed summary of the spectral study results

10.2.1 Color-color and hardness-intensity diagrams

Color-color and hardness-intensity diagrams (see Chapter 1) are useful tools to characterize
and differentiate different classes of NS LMXBs. For all plots in this section, we normalize
the count rates in the four energy bands 2.2-3.6, 3.6-5.0, 5.0-8.6, and 8.6-18.0 keV to those
of the Crab Nebula, and define the soft and hard colors as the ratios of the count rates in
the (3.6-5.0)/(2.2-3.6) and (8.6-18.0)/(5.0-8.6) keV energy bands. The intensity is the sum
count rate in these four energy bands. All data in this section are from RXTE , averaging
over all available PCUs.

Figure 10-1 (see also Figure 6-2) shows the color-color and hardness-intensity diagrams
for four atoll sources, and Figure 10-2 (see also Figure 7-1) for two Z sources. Atoll and Z
sources, being two main classes of weakly magnetized NS LMXBs, show different patterns in
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Figure 10-1: Color-color and hardness-intensity diagrams of transient (a) and persistent
(b) atoll sources. The bin size is constrained to be < 4 ks. The atoll-source states (HS:
hard state (blue squares); TS: transitional state (green triangles); SS: soft state (purple
circles, red crosses, and black stars)) are labeled in the color-color diagram for Aql X-1.
See also Figure 6-2.
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Figure 10-2: Color-color and hardness-intensity diagrams of the Cyg-like Z source
GX 34040 (MJD 51920-51925) and the Sco-like Z source GX 17+2 (MJD 51454-51464),
with bin size 32 s. The typical error bars for the colors are shown in the top left panel;
errors in the intensity are negligible. The Z-source branches (HB, NB, and FB) are labeled
in the color-color diagrams. See also Figure 7-1.
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Figure 10-3: Color-color and hardness-intensity diagrams of the transient Z source
XTE J1701-462 in three time intervals. Panels in the first column are from MJD 54303—
54315.3, when the source behaves as an atoll source. Panels in the second column are from
MJD 54112-54119, when the source behaves as a Sco-like Z source. Panels in the last
column are from MJD 53756.6-53767.3, when the source behaves as a Cyg-like Z source.
The bin size is 32 s for the second and last columns, while for the first column, it is a whole
observation or longer. For the meaning of symbols, refer to Figure 10-4
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Figure 10-4: The complete HID of the outburst of XTE J1701-462 in 2006-2007. For
reference, a legend of all different symbols is shown in the upper right corner. The solid and
dashed lines mark the rough track that the lower and upper Z vertices follow, respectively.
The bin size is 960 s for data when the source behaves as a Z source, and it is a whole
observation or longer when the source behaves as an atoll source. See also Figure 7-6
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Figure 10-5: Source evolution in the hardness-intensity diagram. This links the behavior
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the color-color and hardness-intensity diagrams. Atoll sources have relatively slow spectral
evolution (weeks to months), and span low luminosity (~0.001-0.5 Lgqq). They have a hard
state (HS; spectra are dominated by a power law with photon index ~1.7) and a soft state
(SS; spectra decrease exponentially above 10 keV), plus a transitional state (TS). Z sources
have faster spectral evolution (days to weeks) and emit at high luminosity (~Lggq). They
have three distinctive branches (horizontal, normal and flaring branches (HB/NB/FB);
Figure 10-2). Although spectra on all three branches are mostly soft, these three branches
are different from each other in many aspects (e.g., evolution timescales, radio emission,
fast variability). Z sources are further classified into two subgroups based on the length and
orientation of their “Z” tracks (Figure 10-2): Cyg-like (Cyg X2, GX 340+0, and GX 5-1)
and Sco-like (Sco X-1, GX 1742, and GX 349+2).

Some special notes follow. For atoll sources (Figure 10-1), the three states, i.e., hard,
transitional, and soft states, are also called in the literature extreme island, island, banana
states, respectively. The banana state is further divided into lower left banana (with twin
kHz QPOs), lower banana (with several 10 Hz band limited noises), and upper banana
(dominated by a < 1 Hz power-law noise). They are denoted as purple circles, red crosses,
and black stars, respectively, in Figure 10-1 (see Chapter 6).

For Z sources, the “Z” tracks for some sources move little over years in the color-color and
hardness-intensity diagrams (e.g., gx340+0), but for others, the “Z” tracks can move fast,
over timescales of days to weeks, especially Cyg X—2 and the recently discovered transient
7 source XTE J1701-461, which we discuss now.

XTE J1701-461 experienced a long outburst in 2006-2007. In Figure 10-3 (see also
Figures 7-5 and 7-10), samples of the color-color and hardness-intensity diagrams of this
source in three time intervals are shown. The source was first observed at high luminosity,
and it behaved as a Cyg-like Z source (compare the panels of the last column in Figure 10-3
with the panels of the first column in Figure 10-2). As the source luminosity decreased,
tracks similar to those of the Sco-like Z sources were traced out (compare the panels of the
second column in Figure 10-3 with the panels of the second column in Figure 10-2). As the
source luminosity decreased further, the source shows behaviors typical of an atoll source
(compare the panels of the first columns in Figure 10-3 with Figure 10-1). Thus this source
clearly shows that different classes of Z sources are due to different levels of mass accretion
rates.

The hardness-intensity diagram for this whole outburst is shown in Figure 10-4 (see also
Figure 7-6), with a legend of all different symbols denoting different spectral states/branches
included (note that different bin sizes are used, compared with Figure 10-3). The overall
intensity decreases with the outburst. In this diagram, we see that the lower (black dia-
monds) and upper (olive pentagrams) Z vertices (transitions between branches) lie along
two distinct lines, with the lower vertex smoothly evolved into the atoll track traced out
at the lowest luminosity. The upper vertex disappears earlier than the lower vertex in this
outburst, and no direct connection between the upper vertex and the atoll track is observed.
However, the normal branch seems to shorten in this diagram, i.e., the two vertices become
close, as the source intensity decreases. Figure 10-5 sketches the source evolution in the
hardness-intensity diagram based on the above behavior of XTE J1701-461.

10.2.2 Summary of spectral fit results

In this section, spectral fit results for several NS LMXBs using our new spectral model
are collected from previous chapters to be compared and summarized. In our model, atoll
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Figure 10-6: Example of unfolded spectra at different states using different models. The
total model fit is shown as a black solid line. The MCD component (if included) is shown by
ared dotted line, the BB component by a blue dashed line, the PL/CPL/SIMPL component
by a green dot-dashed line, and a Fe line (modeled by the diskline model) by a cyan triple-
dot-dashed line. For the SIMPL(MCD)+BB model, the MCD component shown is the
unscattered part, and the plotted SIMPL component refers to the scattered part. See also

Figure 5-3.
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Figure 10-7: Spectral fit results of transient (a) and persistent (b) atoll sources. The bin
size is constrained to be < 4 ks. The data here correspond to those in Figure 10-1. See
also Figure 6-6.
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Figure 10-8: Fit results of broad-band spectra of 4U 1705-44 observed by Suzaku and
BeppoSAX. The panels in the left column show the results of the fit with the Fe line
region (4.2-8.2 keV) excluded, while the panels in the right column show the fitting results
with the Fe line modeled by the diskline model. The symbols in each panel denote different
spectral states and different observatories: BeppoSAX hard (black diamond) and soft (black
triangle) states, and Suzaku hard (blue square) and soft (red crosses) states. For the case
of Model SIMPL(MCD)+BB, the MCD component shown refers to the original (before
scattering) emission. The dotted lines correspond to the NS burst radius of 7.4 km, and
the dashed lines correspond to R = 2.0 km, assuming Lx = 47 R?cT*. See also Figure 5-4.
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Figure 10-9: Spectral fit results of transient source XTE J1701-462. Only results of
the atoll hard state (filled blue circles), atoll soft state (purple hexagrams), the lower Z
vertex (black diamonds), and the upper Z vertex (olive pentagrams) are shown. See also
Figures 7-17 and 7-19.
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Figure 10-10: The results of the spectral fit of Z source GX 174+2. The spectra were ob-
tained by rebinning data according their position in the hardness-intensity diagram shown
in Figure 10-2. The luminosities of the thermal components (MCD/BB) are plotted against
their characteristic temperatures. The dotted line is a constant radius line inferred from
the Type I X-ray bursts, while the red solid line is a constant M line. see also Figure 9-5.
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hard-state spectra are described by a single temperature blackbody (BB), presumed to
model emission from the boundary layer where the accreted material impacts on the NS
surface, and a strong Comptonized component, modeled by a cutoffpl power law (CPL;
Figure 10-6). Atoll soft-state spectra are described by two thermal components, i.e., a
multicolor disk (MCD) and a BB, with additional weak Comptonized component, modeled
by a single power law or by a simple convolution Comptonization model (SIMPL) by Steiner
et al. [2008]. Compared with the classical two-component models (one thermal and the
other Comptonized), our model gives results of the thermal component much closer to
the L oc T* track (constant apparent emission area) and requires only a small fraction of
Comptonization in the soft state, as shown in the following (see also Chapters 4-6).

Figure 10-7 (see Chapter 6) shows the spectral fit results for the four atoll sources shown
in Figure 10-1. The first row in Figure 10-7 shows the results from model MCD-+BB, i.e., no
Comptonized component. Only fits with values of reduced x? smaller than 2.0 are shown.
A majority of the soft-state spectra can be fit with this model, with a slight sign that both
MCD and BB roughly follow the L oc T track. The second row in Figure 10-7 shows the
results of soft-state data modeled by MCD+BB+PL, combined with those of the hard-state
data modeled by BB4+CPL. We see that the MCD in the soft state (excluding the lower
left banana, where kHz QPOs are detected; see below) evolves close to the L oc T* track.
The BB is also close to the L oc T* track, from the hard to the soft states. All this is in
contrast with the results from the classical two-component models, which has the thermal
components roughly maintaining at constant temperatures in the soft state (see Chapter 4).
We note that although both MCD and BB have constant emission areas on the whole, there
are scatters in the results whereby individual measurements can differ by 30-40%. Whether
this is real or due to systematic uncertainties is unknown to us. We cannot quantitatively
estimate the systematic deviation from the L oc T track using RXTE data, in part because
of the lack of spectral response < 2 keV. The similarity of results for modeling the weak
Comptonization modeled by SIMPL or by PL is a common conclusion and is not further
discussed here.

The atoll-source lower left banana is special in that a lot of kHz QPOs are detected
(see Chapter 6). We see in Figure 10-7 that the MCD systematically has larger best-fitting
inner disk radius in the lower left banana than in other parts of the soft state. This might
hint on the close relation between the accretion disk and kHz QPOs in accreting NSs.

The results of the fit of the broad-band energy spectra of 4U 1705-44 observed by
Suzaku and BeppoSAX is shown in Figure 10-8 (see Chapter 5). The BB appears to follow
the L o< T* track. The MCD component instead shows a deviation in which L oc 732, This
deviation from L o< T* can be explained by the luminosity-dependent spectral hardening
factor. Spectral hardening arises when the electron scattering dominates over absorption as
photons escape the disk through a hot atmosphere. In such a situation, the local specific flux
in the disk appears as a simple dilute blackbody with a color temperature higher than the
effective temperature by a factor of f., [Shimura and Takahara, 1995]. This factor slightly
increases with luminosity /temperature [Davis et al., 2006]. We also note that the above
deviation might be real in some observations associated with kHz QPOs (their occurrences
are hard to check using Suzaku data).

We also apply our spectral model to the transient source XTE J1701-462, which shows
both Z and atoll source behavior as shown above (see Chapter 7). In Figure 10-9 (see also
Figures 7-17 and 7-19), we show the spectral fit results. Only results of the atoll hard
state (filled blue circles), the atoll soft state (purple hexagrams), the lower Z vertex (black
diamonds; left panel), and the upper Z vertex (olive pentagrams; right panel) are shown.

197



Jet Corona

Atoll Hard State Atoll Soft State

Figure 10-11: The sketches of the atoll source states based on our spectral study of
several atoll sources. The radiative regions are colored. In the hard state, the disk is not
seen, perhaps because the temperature is lower than the limit of instrumental sensitivity,
and the inner radius of the disk in the hard state is therefore uncertain.

As we showed above, the two Z vertices lie along two distinct lines in the hardness-intensity
diagram, with the lower vertex directly connected to the atoll track. The vertices can track
the secular move of the “Z” track for Z sources. Thus this plot shows the connection between
atoll and Z sources. Figure 10-9 shows that the inner disk radius is roughly constant when
the source behaves as an atoll source, but in the vertices, it increases with luminosity. The
BB emission area is seldom changed from the atoll hard to the soft state, and also in the
lower vertex. However, in the upper vertex, it increases with luminosity. We note that the
track of the MCD/BB for the lower vertex is different from that for the upper vertex, which
might imply that they belong to two different accretion configurations.

To understand the spectral evolution in the Z-source branches, we show in Figure 10-10
(see also Figure 9-5) the fit results of the Sco-like Z source GX 1742, which has better
data quality than XTE J1701-462 for a single track. The red line in this figure shows a
constant M line, i.e., Lycp o Tf/[/é’D. This shows the relation between disk luminosity
and the temperature at the inner disk radius when the inner disk varies in radius under a
constant M (assuming a standard thin disk). This figure shows that the MCD in the flaring
branch (red crosses) follows this line. In the normal branch (green triangles), the disk
is little changed, but the BB emission area increases from the lower vertex to the upper
vertex, under a nearly constant temperature. In the horizontal branches (blue squares),
the MCD changes obviously, but it is not the case for the BB. It can be shown that the
total luminosity of the MCD plus the Comptonized component (PL) is roughly constant,
to within 20%. We note that the above results apply to Sco-like Z sources. For Cyg-like Z
sources, the spectral evolution appears to be more complicated.
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10.3 Physical interpretations derived from spectral analyses

10.3.1 A new spectral model for weakly magnetized NS LM XBs

One of the most important results of this thesis is that we obtain a new way to model the
spectra of weakly magnetized NS LMXBs. In this model, the soft state is described by
two main thermal components, i.e., a MCD and a BB (for the boundary layer), with addi-
tional weak Comptonization, while the hard state is described by a strong Comptonization
component and a BB (Thus far, there is no evidence that the MCD can be seen in the
hard state). The scenario that the new model describes can be illustrated in Figure 10-11.
This new model gives spectral fit results for weakly magnetized NS LMXBs physically more
reasonable than the classical two-component models. The value of the inner disk radius
from our new model is consistent with being about or larger than the NS radius. The disk
roughly follows a L oc T track in most of the soft state. The Comptonization fraction is
small (<30%) in the soft state, which makes the timing/spectral properties of weakly mag-
netized NS LMXBs more aligned with BH X-ray binaries. None of classical two-component
models can reproduce all the above results [Lin et al., 2007b, Chapter 4].

10.3.2 The accretion disk inner radius and the boundary layer effective
area in atoll sources

Now we discuss the physical implications from our spectral study of weakly magnetized NS
LMXBs, with most of physics being covered in Chapter 3. We start with atoll sources. Our
model suggests that for several atoll sources the MCD in the soft state (excluding the lower
left banana where kHz QPOs occur) roughly follows a L oc T* track, allowing for small
deviation due to the luminosity-dependent spectral hardening. The apparent inner disk
radius is comparable to the apparent size of the NS inferred from the Type I X-ray burst.
Thus the disk in the atoll soft state is probably a standard thin disk. In the hard state,
PCA data have lower energy boundary around 2.7 keV and do not allow us to constrain
the MCD component. When we use the broad-band spectra from 4U 1705-44 observed by
Suzaku and BeppoSA X, which cover energies down to ~1 keV, we find the color temperature
of the disk must be less than 0.2 keV if there is any visible accretion disk.

The boundary layer, described as a BB in our model, follows a L o T* track from
the atoll hard to soft states. The boundary layer area is roughly 1/16 of the whole NS
surface, based on simple comparison between the apparent BB areas from the persistent
emission and those from the bursts. Its luminosity is about 10% or less of the total source
luminosity in the hard state, but is comparable to the MCD luminosity in the soft state.
One interpretation of this difference is the strong mass outflow in the hard state. This
seems to be consistent with the radio detection of jets in the atoll hard state. Based on the
above results, we can speculate the accretion scenario as shown in Figure 10-11.

10.3.3 NS radius vs. the ISCO in atoll sources

In a summary, our spectral model for the atoll sources suggests that the disk might be
truncated at a constant radius in most of the soft state and that the boundary layer area
is small but is also nearly constant from the hard to soft states. If these results are correct,
then there is a question of whether the disk is truncated by the ISCO or by the NS surface.
The main difficulty in determining whether the accretion disk is truncated by the NS surface
or at the ISCO is that the ISCO is quite close to the surface of the NS. The above two cases
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can be differentiated if the NS confined inside its ISCO or not can result in quite different
spectral evolution behavior of the boundary layer and the accretion disk. If the accretion
disk extends all the way down to the surface of the NS, the boundary layer and the disk are
dynamically coupled. Popham and Sunyaev [2001] modeled the boundary layer as part of
the disk, using the slim disk equations and Newtonian approximation, and found that the
transition radius of the accretion disk to the boundary layer increased with the accretion
rate. Our results suggest that the increase in the luminosity of the boundary layer and
the accretion disk mostly results in increase in characteristic temperatures, instead of in
emission areas, and might suggest that the boundary layer is not fully coupled with the
accretion disk. Thus the accretion is quite probably truncated by the ISCO. The small size
of the boundary layer might require that the disk is always geometrically thin. Based on
the disk luminosity above, the ratio of the disk maximum thickness to the distance to the
NS center is about less than 0.1 from McClintock et al. [2006]. Besides, Abramowicz et al.
[1978] showed the existence of the cusp of the equipotential surface with the presence of
the ISCO, resulting in the sharp cusp on the inner edge of the accreting disk. Thus the
thickness of the disk can be forced to be small near the ISCO. All the above pictures need to
be confirmed by modeling the accretion disk and boundary layer together, with the general
relativistic effect taken into account.

10.3.4 Magnetic fields of the NS in atoll sources

No matter whether the disk is truncated at the ISCO or by the NS surface, the magnetic
field of the NS should be dynamically unimportant, if the thermal accretion disk goes all
the way down to near the NS. This requires the Alfvén radius ra, the radius at which the
magnetic pressure is roughly the sum of the ram and gas pressure, should be smaller than
the inner disk radius. Based on Equations 6.19-6.20 in Frank et al. [1985], we have

e T ka\ ( Mxs YT Ras \'17 L 2T BT km,  (10.1)
AT\ 05 Mg 10 km 1037 erg/s 108 G ’ '

where B is the magnetic field strength at the surface of the NS and k4 is the correction from
the spherical accretion to disk accretion and is about 0.5. This formula assumes a dipole-like
magnetic field. Now we assume the NS mass to be 1.4 solar mass and radius 10 km, and
assume the disk is truncated at the radius of the ISCO. Using the lowest luminosity of 1037
erg/s (0.04 Lygq) of 4U 170544 in the soft state (from Suzaku/RXTE observations; see
Chapter 5-6), the magnetic field strength at the surface of the NS in 4U 1705-44 should be
less than about 1.9 x 10® G. The soft-state lowest luminosity for Aql X-1, 4U 1608-522 and
4U 1636-536 are about 0.02, 0.01, and 0.07 and should have magnetic fields weaker than 1.2,
1.0, 2.5 x10® G, respectively, at the surface of the NS in their systems. Considering that the
boundary layer area is seldom changed from the hard to the soft state, the magnetic field
might be even weaker than the above value. The hard-state lowest luminosity is <0.004,
<0.004, 0.01, and 0.05 Lgqgq, which corresponds to upper limit of the magnetic field of 0.6,
0.6, 1.0, 2.1 x10® G from the above equation, for Agl X-1, 4U 1608-522, 4U 1705-44, and
4U 1636-536, respectively.

Some special notes follow. The above estimates are based on some simplified assump-
tions, without addressing the questions of whether the stellar magnetic field is dipolar,
whether the magnetic moment is parallel to the NS spin axis, etc. [Psaltis and Chakrabarty,
1999]. The inferred magnetic field for the above atoll sources is roughly consistent with other
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reports [e.g., Psaltis and Lamb, 1998, Di Salvo and Burderi, 2003, Casella et al., 2008]. Lit-
tle coherent pulsation is detected from persistent emission of these sources (see, however,
detection of coherent millisecond X-ray pulsation lasting for ~150 s from Aql X1 by Casella
et al. [2008]). The millisecond X-ray pulsars are also reported to have comparable magnetic
fields [e.g., Psaltis and Chakrabarty, 1999, Cackett et al., 2009a]. Different accretion rates
might be an important factor in explaining the detection of coherent pulsation from mil-
lisecond X-ray pulsars but not from nonpulsing atoll sources though they have comparable
magnetic fields, considering that millisecond X-ray pulsars are almost the faintest class in
NS LMXBs [van der Klis, 2006]. However, there might be other factors (viewing angles,
alignment of magnetic moment with NS spin axis, etc. [Psaltis and Chakrabarty, 1999]).

We also note that our results do not seem to support the explanation of “propeller” effect
for the hard state [e.g., Zhang et al., 1998a, Chen et al., 2006]. This explanation suggests
that the transition from the soft to hard states in accreting NSs is due to the centrifugal
barrier of the magnetic field. It is based on the observations of significant decrease of the
BB flux and overall flux, which is argued against by Rappaport et al. [2004], and hardening
of the power-law component (the spectra are fit with BB+PL). Although our results do not
violate these observations, we find that the BB emission area are essentially similar from
the hard to the soft state. If the propeller effects take place, we should observe significantly
different BB emission area. Our results are more consistent with the jet explanation of the
hard state (see above).

10.3.5 Investigation of kilohertz quasi-periodic oscillations in atoll sources

Atoll sources are known to exhibit kHz QPOs in the lower left banana branch in the soft
state. This part is normally the final stop of the source in the soft state before entering the
transitional state and returning back to the hard state (it is hard to observe the transition
from the hard to the soft states). We note that (lower) kHz QPO frequency normally
decreases from 700-900 Hz in this part to < 500 in the transitional state and can show
shifts on timescales of hours. We also note that such kHz QPOs are not observed in black-
hole X-ray binaries.

A lot of models have been suggested for kHz QPOs, including beat-frequency, relativistic
precession and relativistic resonance models [van der Klis, 2006]. Our spectral results show
interesting behavior related to kHz QPOs, which thus might shed light on their origin. In
our fit of four atoll sources (see Chapter 6), we find that the apparent inner disk radius
appears to be larger in the lower left banana than in other parts of the soft state. There
is a sign (that still needs to be confirmed) that the inner disk radius might increase as the
source gets close to the transitional state. Thus our results suggest a close relation between
kHz QPOs in atoll sources and the accretion disk. It is well known that kHz QPOs in the
accreting NS has larger fractional root-mean-square at higher photon energies [van der Klis,
2006]. In their study of 4U 1608-522 and GX 340+0 using Fourier frequency resolved X-ray
spectroscopy, Gilfanov et al. [2003] argued that the kHz QPOs in accreting NSs should be
from emission from the boundary layer. Based on the above results, one explanation for the
kHz QPOs in accreting NSs is that they are due to modulation of the accretion rate into
the boundary layer [van der Klis, 2006]. This new information still needs to be combined
with the existing models for kHz QPOs, such as the beat-frequency model by Miller et al.
[1998], in order to understand their origins in the end.
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10.3.6 Relation between source types and the role of mass accretion rates

XTE J1701-462 is a unique source to study the relation between source types (see Chapter
7). It experiences the behavior of a Cyg-like Z source, a Sco-like Z source, and an atoll source
as the overall intensity decreases in its 2006-2007 outburst. This hints on the picture that
the change of source behavior from one type to another and the secular changes (seen in the
color-color /hardness-intensity diagrams) are due to changes in the mass accretion rate M.
Its two vertices of Z-source tracks move along two distinct lines in the hardness-intensity
diagrams with the lower vertex directly connected to the atoll track at low luminosity.
We can use the vertex lines plus the atoll track to trace the source spectral evolution.
Using the MCD component in our model, we see that M ~ 2Lvicp Ryviep/GM - decreases
monotonically along the lower vertex line toward the atoll track and along the upper vertex
line, supporting the idea that the secular changes of Z tracks and the change of the source
behavior from a Cyg-like Z source, a Sco-like Z source, to an atoll source are due the changes
in M.

10.3.7 Accretion disk and boundary layer in Z sources and the Eddington
limit

Again using its Z vertices and atoll track of XTE J1701-462, we can examine its overall
behavior of the accretion disk and boundary layer (see Chapter 7). Our spectral results
show that the disk is probably truncated at the ISCO when the source behaves as an atoll
source in the soft state. However, in the Z vertices, the apparent inner disk radius increases
with luminosity. This might be because the inner part of the disk is reaching the Eddington
limit. That is, when M increases to some point, the temperature at the inner disk radius
becomes too high, and the local Eddington limit in the disk vertical direction is reached
so that there is mass outflow in that direction while the mass can still continue to accrete
(see Chapter 3). As M increases, more and more part of the inner disk reaches the local
Eddington limit, and we see increase in the inner disk radius. If this is true, we expect hot
gas outflow. We note that the increase of the apparent inner disk radius might also be due
to the thickness of the disk and thus domination of the advection as the cooling mechanism.
Advection makes the accretion become radiatively less effective in the inner part of the disk
and thus can make the inner disk radius appear to increase, which we discuss below.

The boundary layer in XTE J1701-462 appears to maintain at a constant emission area
in the atoll track, similar to our results for the typical atoll sources. In the lower vertex,
the boundary layer appears to change little (temperature and area). The temperature there
is about the peak value seen in the atoll track, which is about 2.7 keV and is about the
peak value seen in the type I X-ray bursts showing photospheric expansion from this source
[Lin et al., 2009a]. As shown in Chapter 3, such a temperature is about the Eddington
temperature on the NS surface. The area is small and is about the value seen in the atoll
track. All this might suggest that the accretion flow onto the NS surface is not thick and
that the local Eddington limit in the boundary layer has influence on the accretion flow so
that the accretion rate onto the boundary layer is maintained at a constant level.

In the upper vertex, the boundary layer emission area increases with luminosity, with
the temperature still maintains at about 2.7 keV. This is a strong sign that the boundary
layer reaches the local Eddington limit. We note that the peak value of the boundary layer
emission area in the upper vertex is smaller than the whole NS surface inferred from type
I X-ray bursts. We also note that although the boundary layer in the upper vertex also
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reaches the local Eddington limit but has more area than in the lower vertex, it does not
necessarily mean that it should have very strong influence on the accretion flow like the
behavior of the lower vertex suggested above. This is because in the upper vertex, the
accretion flow might be thick and have a lot of mass flow in at high velocity. In this case,
large mass accretion rates onto the boundary layer forces the boundary layer to expand but
stay at the Eddington temperature.

10.3.8 Speculations for different disk solutions for the vertices of Z sources

We continue to address the Z vertices. They draw our attention above because they can
be used to track the secular changes of Z tracks. Now we focus them further because they
appear to represent stable accretion configurations. This is based on the observation that
the source seems to evolve slower in the vertices than in the branches (at least the flaring and
normal branches; see Chapter 7). Our spectral fit results further suggest that the accretion
configuration is different in different vertices (the MCD and BB components behave in
different ways; e.g., the BB is little changed in the lower vertex, but has the emission area
increase with luminosity in the upper vertex). Thus we have the idea that the accretion
system in the two vertices represents two different stable accretion configurations, while the
branches are due to some types of instabilities.

We now speculate as to how these results can tie into theoretical investigations of ac-
cretion disks at high luminosity. Based on the study of the normal branch, which connects
the upper and lower vertices, there appears to be more mass accreted onto the boundary
layer in the upper vertex than in the lower vertex, when the mass accretion rate into the
disk from outside is similar. Combined this and the above results, we hypothesize that the
disk in the upper vertex is a slim disk while in the lower vertex it is a standard thin disk.
Then the evolution up the normal branch represents the transition to the slim disk.

A brief summary of the picture that we have concerning the two Z vertices follows. The
upper vertex represents a slim disk with advection dominated in the inner disk. The lower
vertex represents a standard thin disk, with the inner disk experiencing hot gas outflow due
to local Eddington limit. Thanks to the above different accretion flows, the boundary layer
in the upper vertex have more emission area, though the accretion rate into the disk from
outside is similar for these two vertices.

10.3.9 The physical nature of different branches in Z sources

Finally, we address the physical interpretations for different branches of Z sources. We only
concentrate on Sco-like Z sources, as Cyg-like Z tracks show more complicated behavior and
their origins are more difficult to understand. The flaring branch of Z sources is connected
to the other part of Z track at the lower vertex. Our spectral modeling suggests that it is
traced out when the disk shrinks back at constant M toward the value assumed when the
source is atoll-like (presumably the ISCO). As mentioned above, the disk is truncated at
a larger radius in the lower vertex than the value seen when the source is atoll-like. The
flaring branch evolves on timescales of 10 minutes and much faster (seconds) at the end of
the flaring branch. This is about the thermal timescale in the disk around NSs (see Chapter
3). Thus the flaring branch appears to be an instability in which the disk temporarily moves
to reverse the truncation level set by the NB/FB vertex.

As the source evolves along the NB from the upper to lower vertices, the main spectral
variation is the apparent size of the BB emission. This might be due to additional matter
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supplied to the boundary layer via the onset of a radial flow. This is possible from the
picture that we have for the two vertices that the normal branch connects. The Sco-like
horizontal branch is traced out when some of the energy in the disk is converted into a
hard X-ray component, presumably via Comptonization, while the disk 7 remains roughly
constant. Strong radio emission has been observed in this branch.

We have seen that these three branches of (Sco-like) Z tracks represent three different
physical mechanisms, which appear to operate at a nearly constant M for a single Z track.
They probably represent three different instabilities that origin from the two relatively
stable Z vertices.
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Appendix A

Timing Analyses

This appendix describes the Fourier transform technique that is commonly used in the X-
ray timing study. Some terminologies will also be introduced. Suppose there are a sequence
of N numbers z (k= 0, 1, ..., N —1). In X-ray timing study, xj is normally the X-ray
photon counts per time step 7. The discrete Fourier transform of this sequence is defined

as,
aj = NN Lay kN j=-N/2,...,N/2 -1, (A1)
where 7 is the imaginary number with > = —1. The inverse discrete Fourier transform is
given by
L eWN/2-1  omijk/N
T = sz:/—N/zaje 2mijk/N k=0,..,N —1. (A.2)

The Parseval’s theorem states,

_ 1 nj2-1
S lanl? = L2 sl (A3)

The variance for the sequence (assumed to be real numbers) is given by

1 _ 1 N2
var(ay) = (e - 2)° = mzj:/_N/WOW. (A.4)

Some definitions follow. The sample period 7" is defined to be N7. The frequency (in
unit of hertz) is v; = j/T. The maximal frequency is called Nyguist frequency, which is
equal to N/2T. The total number of photons is Ny, = Xpx, = ao.

The power spectrum, following the normalization by Leahy et al. [1983], is defined as,

2
P; = ——|a;|?, j=-N/2,..,N/2 —1. (A.5)
Nph

The power density spectrum is defined as P;T'.

The variance is related to the power spectrum as,

N, _ 1
var(zy) = N—Pgl <Z;V:/f 1Pj + §PN/2> . (A.6)
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The fractional root-mean-square (rms) variation is defined as,

N/2—1
\/var () 2P + 1Py (A7)

T =

x Nph

For the rms over some frequency range, one just needs to set the sum range to the corre-
sponding frequency range. In practice, deadtime correction has to be made first, and the
Poisson noise is subtracted.
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