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1 INTRODUCTION

ABSTRACT

Stellar-mass black hole binary systems in the luminous X-ray states show a strong quasi-
periodic oscillation (QPO) in their Comptonized emission. The frequency of this feature
correlates with the ratio of a disc to Comptonized emission rather than with total luminosity.
Hence, it changes dramatically during spectral transitions between the hard and soft states. Its
amplitude is also strongest in these intermediate states, making them an important test of QPO
models. However, these have complex spectra which generally require a disc and two separate
Comptonization components, making it difficult to uniquely derive the spectral parameters.
We build a new energy-conserving model of the accretion flow, SSSED model, which assumes a
fixed radial emissivity but with a changing emission mechanism. This is similar to the AGNSED
model in XSPEC but tuned to be more suitable for stellar mass black holes. It uses a combination
of the disc luminosity and temperature to constrain the inner radius of the (colour temperature
corrected) blackbody disc, separating this from the more complex Comptonization spectra
emitted inwards of this radius. We show a pilot study of this model fit to hundreds of RXTE
spectra of the black hole binary XTE J1550 — 564. We show that the derived disc radius tightly
anticorrelates with the central frequencies of the low-frequency QPO detected in the same
observations. The relation is consistent with the quantitative predictions of Lense—Thirring
precession of the entire inner Comptonization regions for the assumed system parameters. This
supports the scenario that low-frequency QPOs are caused by Lense—Thirring precession.

Key words: accretion, accretion discs—stars: individual (XTE J1550 — 564)—X-rays:
binaries.

keV to hundreds of keV. Therefore, there are at least two high-
energy electron populations that can provide hard X-ray emission:

Stellar black hole binaries (hereafter BHBs) are characterized by
large intensity variation and various spectral states. The spectral
states are classified mainly based on the ratio of the soft spectral
component to the hard spectral component. The soft component
is well understood as multitemperature blackbody emission from
the optically thick accretion disc, while the hard component is
considered to be the result of inverse Compton scattering of seed
blackbody photons from the disc by high-energy thermal or non-
thermal electrons. The soft state is characterized by a dominant
thermal disc component below several keV seen together with
a weak power-law-like tail of photon index I' ~ 2.0-2.2 which
extends beyond 500 keV (Grove et al. 1998; Gierlifiski et al. 1999).
By contrast, the hard state is instead dominated by a hard (I" ~
1.4-1.7) power-law with a thermal cutoff at around a few tens of
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one consists of steep non-thermal electrons, and the other consists
of hot (approximately several tens of keV) thermal electrons. The
former is most clearly important in the soft state, while the latter
dominates the hard state.

The spectra in the intermediate states show a more complex
structure. The intermediate states [further subdivided into the soft
and hard intermediate states (SIMS and HIMS) e.g. Belloni et al.
2005; Remillard & McClintock 2006] have spectra in which both
the disc and Compton tail are seen, but the tail is much stronger
than in the soft state but much softer (I' > 2.2) than in the hard state
(e.g. Zdziarski et al. 2001; Zycki, Done & Smith 2001; Gierlifiski &
Done 2003). They can be fit either by two different Comptonizing
plasmsas, or a single plasma which has a hybrid (thermal plus non-
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thermal) electron distribution such as the EQPAIR model’ by Paolo
Coppi (e.g. Hjalmarsdotter, Axelsson & Done 2016)

The disc inner radius can be derived from fitting the expected
sum of blackbody spectral models to the data for the expected
disc emissivity using a non-relativistic (Shakura & Sunyaev 1973)
or relativistic (Novikov & Thorne 1973) standard disc emissivity.
These show that this inner radius is generally constant in soft state
spectra, as expected if the disc extends down to the innermost stable
circular orbit (ISCO) (e.g. the reviews by Done, Gierlinski & Kubota
2007; Inoue 2022 and references therein). The SIMS spectra are
likely consistent with a similar inner radius (e.g. Kubota, Makishima
& Ebisawa 2001; Kubota & Makishima 2004). In contrast, the
question of whether the disc reaches the ISCO or is truncated in the
HIMS and hard state remains debated. Energetically, the dominant
hard X-ray emission is most easily explained with a composite
accretion flow, where the thin disc truncates at some radius larger
than the ISCO, transitioning into an inner hot geometrically thick
accretion flow. However, this is claimed to be inconsistent with
the results on the inner radius derived from fitting the best current
models of the reflected emission from an irradiated accretion disc
(e.g. Wang-Ji et al. 2018).

The fast time variability offers an independent way to characterize
the spectral states. Low-frequency quasi-periodic oscillations (LF-
QPOs) are commonly observed in the Comptonization component
in the HIMS, SIMS and bright hard state (Ingram & Motta 2019
and references therein). Several models have been suggested to
explain the origin of LF-QPOs but the one which is currently most
popular is the Lense-Thirring (hereafter LT) precession (Stella
& Vietri 1998) of the entire hot Comptonization region inwards
of the standard disc truncation (Ingram, Done & Fragile 2009,
hereafter IDF09; Motta et al. 2014). This model could be tested
by measuring the truncation radius between the disc and corona,
and correlating it with the measured QPO frequency. However, it
is difficult to measure the disc-corona truncation radius from the
disc continuum in the states where the QPO is strongest as these
typically show strong, complex Comptonization, making the disc
parameters difficult to uniquely determine.

Here, we impose additional constraints from energy conservation
in order to derive the disc radius across several hundreds of Rossi X-
ray Timing Explorer (RXTE) data of a stellar BHB, XTE J1550 — 56
(Smith 1989). This is now a standard idea in fitting AGN spectra
(Done et al. 2012; Kubota & Done 2018) but was first actually
suggested for these complex intermediate state spectra in BHB
(Done & Kubota 2006). We use this to trace the time evolution of the
size of the Comptonizing corona for all spectral states, and compare
it with the LF-QPO frequency seen in the same data sets. We show
that the transition radius between the disc and Comptonization
regions tightly anticorrelates with the LF-QPO centroid frequency,
unlike the scatter (parallel tracks) seen in when plotting the LF-QPO
against absolute flux. We show that the transition radius derived
from the spectral modelling matches fairly well with the quantitative
prediction of LT precession of the Comptonizing regions.

In Section 2, we present a summary of RXTE observations of
XTE J1550 — 564 and an overview of its spectral and timing
features. In Section 3, we describe the details of the new model.
We analyse the spectral data with the new model and determine
the disc-corona geometry for several spectral states in Section 4.
In Section 5, we compare the result of spectral analyses to LF-
QPO frequencies and discuss the validity of LT precession, and we
summarize the results of our study in Section 6.

Uhttps://heasarc.gsfc.nasa.gov/xanadu/xspec/models/eqpair.html

2 OVERVIEW OF SPECTRAL AND TIMING
PROPERTIES OF XTE J1550-564

XTE J1550 — 564 is a well-studied transient BHB, with five
outbursts which were extensively observed with RXTE. The system
parameters are fairly well known, at d = 4.4f8:g kpc, with orbital
inclination angle i = 75° % 4° and black hole mass M = 9.1 + 0.6
Mo, respectively (Orosz et al. 2002, 2011). The Galactic absorption
column from X-ray spectral fits of Ny=(7.5-10)x 10*' cm™2
(Tomsick, Corbel & Kaaret 2001; Miller et al. 2003; Corbel,
Tomsick & Kaaret 2006) is similar to that expected along the line
of sight of Ny = 9 x 10?! cm~?(Dickey & Lockman 1990), and
makes only a small impact on the spectrum above 3 keV measured
by RXTE.

The first two outbursts showed large intensity variations, exhibit-
ing all the states (soft, SIMS, HIMS, and hard state), together with
strong LF-QPOs, while the latter three outbursts remained in the
hard states indicating failed outbursts. Therefore, we focus on the
first two outbursts in this study.

Fig. 1 shows the 3-20 keV PCA light-curve normalized to 1
PCU unit (top panel), and the corresponding time evolution of the
hardness ratio (hereafter HR) of 6-20 keV count rate to the 3—-6 keV
count rate (middle panel). The first outburst is divided into two semi-
outbursts, each of which is indicated by red and orange colours, and
the second outburst is coloured in cyan. The central frequencies
of fundamental QPO and its higher/lower harmonics are plotted
in the bottom panel of Fig. 1, Type-C and Type-B QPOs marked
with black circles and dark grey triangles, respectively, and Type-
A and the other unclear structures marked with light grey crosses.
Here, Type-C QPOs are typically observed, and show strong and
narrow features with broadband, flat-topped noise. Their QPOs are
well represented by Lorentzian. Type-B QPOs are also narrow and
strong but without strong broad-band noise, and their structures are
reproduced by Gaussian. Type-A QPOs are weak and broad features
(Ingram & Motta 2019, and references therein).

Although several authors have already reported the QPO frequen-
cies (e.g. Sobczak et al. 2000; Remillard et al. 2002; Rodriguez et al.
2004), we re-estimated the frequencies using binned mode data to
systematically examine their behaviour. The centroid frequencies
were determined by fitting the power spectral densities (PSDs)
with Lorentzians and/or Gaussians. The calculated frequencies were
found to be consistent with the previous results. The LF-QPOs are
detected in the SIMS, HIMS, and brighter hard state in both rising
and decaying phases (HR > 0.5 and count rates exceeding 100—
200 cts - s~' - PCU™).

Fig. 2a shows the hardness-intensity diagram (HID) of these
outbursts. Data points showing LF-QPOs are identified by different
(boldface) symbols, as in the bottom panel in Fig. 1, whereas
observations without QPOs are marked by small dots. We select
observations corresponding to characteristic points on this diagram,
marked A-F. These are also shown on the time history (Fig. 1) for
reference, and identified in Table 1.

Figs 2b and ¢ show the central frequency of the fundamental LF-
QPO, v, plotted against the PCA count rate and HR, respectively.
Itis clearly evident from Fig. 2b that there are *parallel tracks’, with
the same LF-QPO frequency seen at very different mass accretion
rates (i.e. intensity). Typically the LF-QPOs are seen at higher flux
in the fast rise than in the slow decay, and at a different flux level for
the fast rise in each outburst. However, these separate tracks merge
together when the LF-QPO frequency is plotted instead against
HR (Fig. 2c). This shows that the spectral shape (i.e. disc-corona
geometry) is more important than overall luminosity in determining
Ve.
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Figure 1. Light curve of PCA count rate normalized to 1 PCU unit in the 3-20 keV range (top) and evolution of hardness ratio (HR) of the 620 keV count rate
to the 3-6 keV count rate (second panel). The first and second parts of the first outburst are coloured in red and orange, while the second outburst is coloured
in cyan. The lower panel shows the central frequencies of LF-QPOs in solid symbols, with harmonics/sub-harmonics as open symbols. Type-C are denoted by
black circles, Type-B by dark grey triangles and Type-A and the other unclear structures with light grey crosses. Red stars indicate an irregular type of QPO at

which the count rate reached maximum and the strong jet was observed.
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Figure 2. Data from Fig. 1 plotted as (a) Hardness-Intensity, (b) Intensity-QPO centroid frequency and (c) Hardness-QPO centroid frequency, also includes the
locations of the selected observations A—F which characterize the source behaviour in different spectral states and/or different luminosity. Colours indicating
the outburst time are the same as in Fig. 1, as are symbols indicating the QPO types. In panel (a), the data points without QPO features are shown as small

dots, whereas in (b) and (c) the dots are larger so the points can be seen.

Table 1. Observational data for sample spectra. QPO types were referred from Remillard et al. (2002).

D ObsID Observation start date MJD PCA exposure Rate Spectral state QPO type*
(s) (counts - s~ - PCU™!)
A 30191-01-38-00 1998/11/01 23:56:32 51118 3456 746.6 soft -
B 30191-01-32-00 1998/10/20 22:52:48 51106 880 3064.3 SIMS B
C 30191-01-28-02 1998/10/12 06:33:20 51098 1632 2305.5 HIMS3 C
D 30191-01-14-00 1998/09/28 08:12:48 51084 4704 2644.9 HIMS2 C
E 30188-06-01-02 1998/09/10 01:37:20 51066 3424 1885.9 HIMS1 C
F 30188-06-03-00 1998/09/08 00:09:52 51064 5664 873.7 hard C
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3 CONSTRUCTION OF THE SSSED MODEL

3.1 Model description

3.1.1 Concept of the model

As introduced in Section 1, the soft spectral component is generally
considered as being produced by the optically thick standard disc,
which extends close to the ISCO in the soft state but is truncated far
from the ISCO in the hard state. The Comptonization component
requires an electron population which is pre-dominantly thermal in
the hard state, while non-thermal electrons are evident in the soft
state. This change in accretion flow properties makes it difficult to
fit the entire outburst with a single model, and transition spectra are
especially complicated as they probably require all components so
are very difficult to decompose uniquely.

We build on the model used to constrain similarly complex
AGN spectra. The data are often fit with radially stratified models,
where an outer blackbody emitting standard disc transitions to
a Comptonized disc, where the optically thick material does not
quite thermalize but instead is Comptonized in warm plasma to
form the soft X-ray excess. The disc truncates in the inner regions,
with the flow forming a hot, optically thin plasma close to the black
hole (the AGNSED model in XSPEC: Kubota & Done 2018). This
model is (generally) able to uniquely fit to the complex data even
with the absorption gap in the EUV because the components are
energetically constrained by the disc emissivity assuming the mass
accretion rate is constant with radius.

We tailor this approach to be more tuned to BHBs, and especially
to their intermediate spectra where there are clearly two Compton
components as well as a (truncated) disc. The key concept is that the
flow is radially stratified such that the accretion power is emitted
as (colour-corrected) blackbody radiation at r > r¢,, While it is
emitted as inverse-Comptonization by both the thermal and non-
thermal corona at r < r,. All the emission is constrained by the
standard disc emissivity by Shakura & Sunyaev (1973), with M
constant with radius. Past work has clearly shown that we can
use the temperature and luminosity of the disc component in the
high/soft state to determine the mass accretion rate and inner radius
of the disc. Here, we will use the same idea to derive the geometry
of the more complex states, using the shape and luminosity of the
low-temperature soft component to derive the mass accretion rate
through the unComptonized disc and its inner radius in the SIMS,
HIMS and hard states, with the remaining radial emissivity used to
power the Comptonized emission.

3.1.2 Assumed geometries and emissivity

The AGNSED model has a truncated outer blackbody disc which is not
colour temperature corrected as this was assumed to be subsumed
into the warm Comptonization region. The higher temperatures of
BHB mean that this is not appropriate so we explicitly include
the expected colour temperature correction to the blackbody disc
emission as citeoptxagnf. This has assumed angle dependence
XCOS 1.

The Comptonizing coronal regions of rj, < r < re, are less well
defined. They can have seed photons from a passive disc below the
corona which reprocesses the illuminating flux (e.g. Petrucci et al.
2013), or from external direct illumination from the outer disc,
or the soft Compton region. External seed photons (from outside
rather than from passive disc reprocessing) will add to the emitted
luminosity at that radius, making the emissivity at a given radius

themal (f) + non-thermal (1-f) corona

standard thin disc

Pl

passive disc

emissivity

Tin Tcor T

Figure 3. Sketch of model geometry and radial emissivity profile.

not exactly defined. The angular radiation pattern is also not well
defined. If the Comptonization region is radially extended over the
passive disc then it might be oxcosi or a larger-scale height flow
might be more isotropic.

We want to make a model that can be used across all the
data, yet both seed photon source(s) and geometry are probably
changing with spectral state. After some experimentation, we make
a pragmatic choice to fix the seed photon source as reprocessing
from a passive disc underneath the Comptonizing coronae, and
to assume these emit isotropically. Then the local luminosity at
radius r Fooi(r) = Leor(r)/(4md?), while the observed flux from the
outer disc (r > reo) is represented as Fyige(r) = Lgisccos i/(2md?).
This geometry of the code is shown in Fig. 3, but we stress
that assumption of an underlying passive disc is so as to easily
determine a seed photon energy for the model.

We neglect irradiation of the outer disc by the Comptonization
regions as this has negligible effects on the X-ray spectra of BHBs in
the luminous disc states. Reprocessing can affect the disc emission
in the hard state because the intrinsic disc luminosity is small
compared to the irradiating Compton luminosity. However, the disc
temperature is also low so it is difficult to tightly constrain from
RXTE data in this state. We also neglect general relativistic ray trac-
ing as we assume these are subsumed into the inclination/geometry
uncertainties detailed above.

The mass accretion rate M is assumed to be constant throughout
the accretion flow from ry, to oy, but the efficiency is now defined
as in Newtonian gravity as n = 0.5 - (rm/rg)*'. Since ry, may now
change, we normalise the mass accretion rate to the Eddington ac-
cretion rate defined without including efficiency, so 71 = M/ Mgyq,
where Mgy is defined as Mggqc? = Lgga. A changing inner radius
could be a real aspect of a large-scale height flow, either from
magnetic connection allowing it to tap the gravitational potential
inwards of the ISCO, or Lense-Thirring torques which truncate
the flow above the ISCO. Alternatively it could just be a small
compensation for some of the geometry uncertainties (inclination
dependence and relativistic ray tracing) noted above. We term this
model SSSED (meaning Shakura—Sunyaev SED), with emissivity
e(r) = 3GMMf(r)/(871r3) where f(r) = (1 — /rin/7).

Details of spectral parameters of the SSSED model are shown in
Appendix A.

MNRAS 528, 1668-1684 (2024)
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3.1.3 Regions of comptonizing components

It is very clear from the data that there is thermal Comptonization
in the hard state, and non-thermal in the soft state. However, many
good-quality spectra extending over a broad bandpass require that
there are two Compton components, e.g. Yamada et al. (2013)
and Basak et al. (2017) for Cyg X-1, Zdziarski et al. (2021)
for MAXI J1820 + 070, and Kubota & Done (2004) and Hjal-
marsdotter, Axelsson & Done (2016), Connors et al. (2019) for
XTE J1550 — 564.

To allow the model to fit across all spectral states, we allow the en-
ergy to be released through hot thermal and/or non-thermal inverse
Compton scattering within r.,,. We assume the same emissivity as
for the standard disc region. This would not be appropriate for the
advection-dominated accretion flow (ADAF; Narayan et al. 1998)
in faint states with m < 0.1, where the emissivity is significantly
lower than that of the standard disc. However, in this paper, we
focus on the luminous X-ray states where 7 is larger than 0.1.

We used the NTHCOMP model (Zdziarski, Johnson & Magdziarz
1996; Zycki, Done & Smith 1999) to model the Comptonized
emission as in AGNSED model. The NTHCOMP model describes
thermal Comptonization parametrized by photon index I' and
electron temperature k7.. However, we also use this model to
describe the effect of non-thermal Comptonization from a steep
power-law electron distribution. A power-law electron distribution
produces a power law from inverse Compton scattering, similarly
to a Maxwellian (thermal) distribution. The major difference is that
thermal electrons produce a cutoff in the spectrum at ~3kT,, which
is not present in the non-thermal case. Instead, a steep electron
distribution has a spectral break at 511 keV from the Klein—Nishima
cross-section (see e.g. Hjalmarsdotter, Axelsson & Done 2016).
This can be well approximated by thermal Comptonization with
kT, =300 keV in data which do not extend beyond ~150-200 keV,
so we use the NTHCOMP model for this case also. Therefore, in this
paper, the term ‘non-thermal’ is employed to signify the absence of a
discernible cut-off within the observed energy band. We allow there
to be both thermal and ‘non-thermal’ electrons in the same region,
parametrized by the fraction of accretion power, fi, in the thermal
Compton, and #ityen = (1 — fin)m in non-thermal Comptonization.

We assume the seed photons come from a passive disc underneath
the Comptonization region. In this case, all the accretion power is
supplied to the corona, while the disc itself is originally completely
dark. The corona irradiates the disc, which reprocesses the radiation
into a blackbody which is as hot as the original standard disc (see e.g.
Kubota & Done 2018). Therefore, the seed photon temperature for
the local Comptonization is set to be the colour-corrected passive
disc temperature at radius r. We calculate the released accretion
power for a given m at radius r, and normalize NTHCOMP emission
to suit for the predicted local luminosity at r. This is the same
method employed for the disc-corona region in AGNSED model. We
note that the corona intercepts all the photons from the disc, so there
is no reflection component from this where the corona is optically
thick.

4 ANALYSES AND RESULTS

For spectral analyses, we utilized 3-20 keV spectral data from the
PCA and 20-150 keV data from the High-Energy X-ray Timing
Experiment (HEXTE). The source and background spectral files
and the response matrix files, were obtained from the standard data

MNRAS 528, 1668-1684 (2024)

products provided by the RXTE guest observer facility.? To take
systematic uncertainty on calibrations into account,® 0.5 per cent
systematic errors were included to each energy bin.

In addition to the continuum emission modelled by the SSSED
model, we included a Gaussian line and smeared edge (SMEDGE)
to approximately model the reflection features as well as complex
absorption and emission features around ~6—10 keV. Since the disc
is expected to be highly ionized, the shape of the reflected emission
is similar to that of the original hard X-ray component, except
for the iron structures around 6-20 keV. Therefore, for efficient
computation time we opted to use the phenomenological SMEDGE
and Gaussian models instead of employing a full reflection code
for all the spectral data.

The spectrum is modified by interstellar absorption, modelled
using TBABS with the abundance given by Wilms, Allen & McCray
(2000), so the total XSPEC model is described as

tbabs * (smedge * SSsed + Gaussian)

where the values of M, Ny, d and i are fixed to be 9 Mg,
9.0 x 10?! cm™2, 4.4 kpc and 75°, respectively. We also fixed
the width of SMEDGE at 5 keV. We constrain the edge energy to be
7.2-9.2 keV, central energy E. and o of Gaussian to be 6.2—-6.9 and
0.1-0.8 keV, respectively, and photon indices of two Comptonizing
components in SSSED to be 1.4-4.0. The normalizations between
PCA and HEXTE were adjusted by adding CONSTANT parameter to
the model description, and the presented parameters are based on
the PCA normalization.

We examine the effect of reflection in more detail in a series of
Appendices. First, we demonstrate that simpler disc plus single
Compton and its full reflection cannot fit all the spectra (see
Appendix B). We then demonstrate that our SSSED geometry is
not significantly changed from including full reflection on both
Compton components compared to the much simpler and faster
phenomenological approach used here (see Appendix C).

4.1 Example spectral fits to each state

We first demonstrate that the model can fit all the separate spectral
states seen during the outburst, and that the key parameters that
are 1o and m, are not much changed by more detailed reflection
modelling.

Figs 4a—f show the spectra of observations A-F (identified
in Fig. 2a) with the best-fitting SSSED model, with parameters
shown in Table 2. The model components are colour-coded with
magenta for the outer standard disc, blue for the non-thermal steep
Compton component, and green for thermal Compton component.
Considering the HR values and count rate, as well as the PSDs
(showninFig. D1 in Appendix D), the spectral states of observations
A, B, C, D, E, and F are consistent with the soft state, SIMS,
(softer)HIMS, HIMS, (harder)HIMS and bright hard state [as in
previous spectral analyses e.g. Kubota & Makishima (2004), Kubota
& Done (2004)].

Following the typical spectral studies of the soft state spectra, the
fitting of the soft state data did not include the thermal Comptonizing
component (Fig. 4a). In the SIMS (Fig. 4b), it generally also requires
a very steep power-law like component (I' = 2.5-4, with an upper
limit of 4) together with the non-thermal Comptonizing corona
(kT, = 300 keV and I' > 2). The HIMS (Figs 4c—e), most clearly

Zhttps://heasarc.gsfc.nasa.gov/docs/xte/recipes/stdprod_guide html
3https://heasarc.gsfc.nasa.gov/docs/xte/pca/doc/rmf/pcarmf-11.7/
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Figure 4. Unabsorbed, deconvolved spectra of observations A—F with the best-fitting SSSED model and residuals between the data and models. Model
component of the thermal and non-thermal Comptonizing corona regions are shown in green and blue, respectively, and that of the outer standard disc is in
magenta. In observation F, the higher and lower temperature thermal Comptonizing components are shown in blue and green, respectively.

Table 2. The best-fitting parameters of SSSED model for observations A—F. The values of M, Ny, d, and i are fixed to be 9 Mg, 9.0 x 102! cm™2, 4.4 kpc and
75°, respectively. The width of the SMEDGE is fixed to be 5 keV. T Values in the parentheses are fixed. *Parameters hit the lower or upper limit.

Obs. A B C D E F
state soft SIMS HIMS3 HIMS2 HIMS1 hard
parameters of the SSSED

log 7i 0.16779031 0.38700° 0.26210:005 0.26010:9% 0.115 % 0.009 —0.038 0007
Fin(rg) 5.467018 4.475% @.57f 57" 4.5f @.57f
Feor(rg) 7.521532 9.6%58 11.9+03 151792 254713 28.6708

T th 2.02 £ 0.03 2.341093 2.26%0% 2.22%01¢ 1.99+0-08 1.679 £ 0.013
kTe(keV) 300yt (300)f (300)f (300)f (300 46110

fin Of 0.16 % 0.06 0.28 +£0.13 0.52+0.16 0.48 %+ 0.09 0.22+003
Tin - 4.0755" 2237013 208751, 1707505 1407550
kTe(keV) — .0)f ©.0)f 8.6+ 1.0 8.7103 10.2%03
Parameters of SMEDGE and Gaussian

Eegge(keV) 9.011015* 8.9+03 8.3104 7.82+0:2¢8 776103 7.571004
Timax 0.89F011* 0.5610.08 0.527310 0.4770% 0.341598 0.42 + 0.04
Ec(keV) 6.5+ 0.17 6.36+0% 6.20+0:96 6.27+0:07 6.34 4 0.08 6.31 +0.11
akeV) 0.807000+ 0.7773% 0.667024 0.51792% 0.507518 0.18702
norm (x 1073) 713113 3610 37t 3613 2479 4770
EW(eV) 190733 13273 165772 13578 129738 56115
x2(dof) 109.3(116) 119.2(114) 90.3(115) 89.2(114) 113.6(114) 131.7(113)
need a combination of thermal and non-thermal Comptonization to We now discuss in more detail the fits to each state.

fit the data. The bright hard state (Fig. 4f), is difficult to fit with
the thermal and ‘non-thermal’ approach due to the shape of the

cutoff. However, this can work with similar luminosities derived 4.2 The soft state and SIMS: inner radius

for the total Comptonized emission with more detailed reflection )
modelling (Appendix C). This does not change the derived radii and In order to evaluate ri,, the SSSED model was first applied to the
luminosity significantly (see Appendix C). spectra in the soft state. As exemplified by observation A shown

in Table 2 and Fig. 4a, all the data in the soft state were well
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reproduced with the model of a disc and a single non-thermal
steep Comptonization (so we fix fi, = 0) except for one anomalous
spectrum on MJD 51262 (ObsID 40401-01-64-00).

In the soft state, the value of r;, were found to be almost constant
at (5-5.5)r,, which corresponds to spin parameter of a* = 0.15, by
considering ry, = risco- When the sample spectra of observation A
(the typical soft state) was fit by replacing SSSED to KERRBB (Li
et al. 2005)* plus NTHCOMP, the spin parameter was estimated to be
a* = 0.15 £ 0.01 with m = 4.37 £ 0.07, which was exactly same
as that obtained by 7y, in the SSSED model.

We examined the data from the SIMS. We allow both thermal and
non-thermal Comptonization, though the thermal Comptonization
is not always required. Fig. 4b illustrates the SIMS spectrum
(observation B), where the weaker and steeper (I'y, = 4) Comp-
tonization (green) is seen between the outer disc (magenta) and
the flatter non-thermal corona (blue). As seen in this figure, the
additional steep component is much weaker and steeper than the
flatter Comptonizing component, and thus it was not able to be
distinguished whether it is thermal (with a cut-off) or non-thermal
(without a cut-off). Instead, we fixed k7. at 9 keV, which is an
average value of the thermal Comptonization component in the
HIMS (see Section 4.3). It is important to note that the uncertainty
of kT, does not affect the fitting result.

In the SIMS, the values of r;, were found to be ~4.5r, on average.
Details of r;, in the SIMS are presented in Appendix E. The value of
4.5r is slightly smaller than r;, of (5.0-5.5)r in the soft state, and
the difference is statistically significant, since x?2 values become
much worse if spectra in the SIMS were fit with the SSSED by
fixing ri, at 5.5r,. This could be a real effect, where the non-thermal
region is given additional emissivity from magnetic connection
across the ISCO, but it seems more likely that it arises from the
model uncertainties and approximations (e.g. slight difference from
isotropic geometry in the corona region, geometry changes coupled
with relativistic effects, or slight difference of inclination angle).
Consequently, we refer the average value of 4.5r, as an apparent
reference value for constant r;, (i.e. similar to ris,) in the SIMS.
This difference, which is up to 20 per cent, could be the systematic
uncertainty to estimate absolute values of corona radius re;.

4.3 The HIMS

The HIMS spectra required the inclusion of both thermal and non-
thermal Comptonization components. The examples of spectral fits
of HIMS data are shown in Fig. 4c—e. Fig. 5 presents the evolution
of the spectral parameters in the HIMS and hard state.

The outer radius of the disc-corona region, r.,, was observed
to be much larger than that in the soft state and SIMS. As a
result, and the temperature of outer thin disc, T(7co), is too low
to be constrained in the energy range of the PCA, despite the high
luminosities. Therefore, throughout the spectral fit, the values of
rin were fixed to be an average value of ri, in the SIMS, 4.5r, (see
Section 4.2). Moreover, to achieve satisfactory xf values, the hot
Comptonizing component with thermal cut off (represented by the
green lines in Figs 4c—e) is always necessary, and fi, v, and kT,
were treated as a free parameter. In this figure, the same SIMS
data were analysed in the same manner as described in Section 4.2,
but with a fixed value of r;, at 4.5r,. This was done to facilitate a

4KERRBB was used under the condition of zero torque at the inner boundary,
without limb-darkening and self-irradiation, and with a hardening factor of
1.7 (Shimura & Takahara 1995).

MNRAS 528, 1668-1684 (2024)

comparison of the results with those obtained in the HIMS and hard
state, without considering uncertainties.

As seen in the second bottom panels of Fig. 5, almost all the data
points in the HIMS were successfully reproduced with the SSSED,
except for the data obtained around a strong radio jet event on
MIJD 51076-51077° (Hannikainen et al. 2009). These data probably
indicate that there are additional processes from the jet, which are
not included in the baseline SSSED model. We thus exclude these
data from our discussion based on the SSSED model.

During the first outburst in the HIMS phase, the size of the
corona region, 7eor, was ~25ry(= 6ri,) at the onset (MJID 51066),
decreasing to ~16r,(~ 4r;;) on MID 51068. Except for the radio jet
duration, it underwent a change to approximately (11-15)r, by MJD
51087, gradually decreasing to (11-13)r, during the softer HIMS
phase (MJD 51095-51101), and eventually reaching (8—10)r, in
the SIMS phase (MJD 51106-51115). From MJD 51066 to 51087,
the contributions of thermal and non-thermal Comptonization were
almost equal, with f, ranging from 0.4 to 0.6. However, from MJD
51095 to 51101, shortly before the start of the SIMS phase, the value
of fi, decreased to 0.1-0.2. Therefore, we categorize the epochs
into HIMS1 (MJD 51066-51068), HIMS2 (MJD 51068-51087),
and HIMS3 (MJD 51087-51095), ranging from hard to soft. In the
second outburst, the HIMS data on MJD 51660 are consistent with
those of HIMS3 based on the values of fi, and r.,. Additionally, the
data on MJD 51675-51680 are likely in the HIMS phase but are
difficult to distinguish due to their faintness.

During the HIMS1 phase of the first outburst, the non-thermal
Comptonizing component was observed to have a spectral index of
'y ~ 2.0, which then evolved to become steeper, reaching values of
2.2 ~2.3. This steeper spectral index was maintained throughout the
HIMS?2 and HIMS3 phases. Similarly, the thermal Comptonization
component showed variations, starting with a harder spectrum
characterized by I' ~ 1.7 and kT, ~ 9 keV, and then transitioning
to a softer spectrum with I' = 2-2.2. During the fitting of the
HIMS3 data, the weaker thermal component did not allow for a
reliable determination of k7T, so it was fixed at an average value of
9 keV. During HIMS1, y-parameter and optical depth 7 of thermal
Comptonizing corona varied from 7., ~ 7 and y ~ 3 to ts ~ 5 and
y~ 1

4.4 The hard state: rising and decaying phases

The hard state spectra in the bright rising phase of the outbursts (until
MID51065 in the first outburst and MJD51644-51655 in the second
outburst) posed challenges when fitting them using the framework of
thermal and non-thermal Comptonization. The reduced chi-squared
values were relatively high with hard spectral index of 'y, ~ 1.7,
with XVZ value of 1.4 with d.o.f. of 114 on MJD51064 (observation F)
in the rising phase of the first outburst, and x? values ranging from
1.4 to 1.8 with d.o.f. of 108 on MJID51644-51655 in the second
outburst. There is no clear evidence of a disc in these spectra, so we
again fix rj, to 4.57, as seen in the SIMS (see Section 4.2).

There was no clear evidence of a non-thermal power-law-like
Comptonizing component in these spectra. Instead, the dominant
spectral component appeared to be hot thermal Comptonization
with a relatively hard photon index (I" < 2). However, these spectra
could not be adequately reproduced using a single Comptonization
model (see details in Appendix B). Previous studies of the bright
hard state by Kawamura et al. (2022, 2023) have suggested the

5The fits were not improved even if the the value of I'y, was not constrained.
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presence of multitemperature Comptonization to explain similar
complex spectral features, and Yamada et al. (2013) also suggested
the two-temperature Comptonization for Cyg X-1 in the hard state.

Therefore, we attempted to fit these spectra with the same SSSED
model but allowing the temperature (k7.) of both Comptonizing
components to vary freely. As aresult, the spectra were successfully
reproduced by employing two thermal Comptonization compo-
nents: one with a higher temperature (k7. = 40-70 keV) and a
photon index of I' = 1.6-1.8 (i.e. s = 3-2, y = 3-2), and the other
with a lower temperature (k7. ~ 10 keV) and a photon index of I

= 1.4-1.6 (i.e. very large 7o, = 9—7 and y = 7-4). Fig. 4f shows an
extreme case of this spectral fit taken from observation F. While the
presence of two thermal Comptonization components in the spectra
of the bright hard state during the rising phase of the outbursts
provides insight into the evolution of non-thermal Comptonization,
investigating the detailed structure of the hard state is beyond the
scope of this paper. Instead, we utilised the estimated values of reo,
obtained from the improved spectral fits as a result of this analysis.

During the decaying phase of the outburst, the spectra in the
low/hard state were successfully reproduced using a single hot

MNRAS 528, 1668-1684 (2024)

$20z Aieniga4 6z uo Jasn weyin( Jo Ausieaiun Aq G2/€152/8991/2/82S/20ne/seiuw/woo dno oiwapese//:sdiy woll papeojumod



1676

A. Kubota et al.

10 1

R 700
.* % X“:ﬁ A L
_ % c @F e =
L4 & A - 600
L .‘ .;’
~ D
z L 500
> o
2 ® 8
S . = ° L 400 @
g E =)
& - B S
o - - 300
(o] .
P € L 200
E 100
-08 -06 -04 -0.2 0.0 0.2 0.4 0.6
log mdot

Figure 6. QPO centroid frequency, v, versus logri. Clearly there is the
same ‘parallel tracks’ behaviour as in Fig. 2 b of QPO centroid versus
intensity, as 1 is closely related to intensity. The locations of observations
B-F are indicated with open squares. Values of ri, in the hard state, HIMS,
and SIMS are fixed at 4.5rg, and the soft state data (without fixing ry,) are
identified with grey open circles. Type-C and Type-B QPOs are identified
with circles and triangles, respectively, while Type-A QPOs and the other
unclear structures are identified with crosses. Colour-coded according to
observation dates of MID — 51000.

thermal Comptonization component. As the system transitioned
from the HIMS to the hard state (between MJD 51680 and
51682), the spectral characteristics changed, with a dominant hot
Comptonizing component and no significant contribution from a
steep non-thermal hard X-ray component originating from the disc-
corona region. The spectra were well described by a single hot
Comptonization component with a photon index of I' = 1.6-1.7
and electron temperature of k7. > 50 keV. The coronal radii were
found to extend further as 20r, to 30r,. However, during this phase,
the accretion rate (logrnz) was determined to be less than —0.5,
corresponding to only 3 per cent of the Eddington luminosity. As a
result, it is expected that the ADAF (Narayan et al. 1998) is realized
instead of the assumed Shakura—Sunyaev emissivity.

4.5 Summary of model parameters from the fits

Fig. 5 shows how the derived parameters of the SSSED change across
the outburst. There is a very nice smooth variation in 7., With time
despite the large changes in spectral shape, with Comptonization
changing between thermal and non-thermal. The fits are generally
very good (the very poor fits around a strong radio jet event on MJD
51076-51077 noted above are excluded from the analysis).

5 DISCUSSION

5.1 Anticorrelation between the corona size and LF-QPOs

We now explore how the QPO depends on the SSSED model
parameters. Fig. 6 shows the QPO frequency versus the overall mass
accretion rate, log . This shows the same parallel track behaviour
as in Fig. 2b as the derived m1 is closely linked to the observed
intensity. Instead, it is clear that the QPO frequency depends more
tightly on the spectral shape (Fig. 2¢), which is determined mainly
by 7cor in the SSSED model.

Fig. 7a presents the QPO centroid frequency plotted against the

MNRAS 528, 1668-1684 (2024)

estimated r.,. This figure clearly illustrates the strong anticorrela-
tion between v, and r.., throughout all phases of the outburst. In or-
der to account for potential systematic uncertainties in determining
7eor during the hard state, the data points corresponding to the hard
state are displayed with fainter colours. It is important to note that
the low/hard state with logrm < —0.5 likely exhibits the influence
of an ADAF, which is not accounted for in the SSSED model.
Similarly, the bright/hard state displays a complex corona structure
(see Section 4.4). Additionally, in the hard state, the reverberation
signal suggests a strong enhancement of outer disc emission due
to reprocessing caused by irradiation from Comptonizing emission.
Such reprocessing effects are not included in the SSSED model,
which may lead to inaccuracies.

By excluding the data points from the hard state, we find that
the anticorrelation between r., and v, can be approximated by
power-law relationship: v, = 434 - (rwr/rg)‘l'865 Hz. Similarly, the
relation ship of ve = 874 - (reor/rg)~>'?6 was obtained by the HIMS
data alone.® Indeed, the observed anticorrelation between v, and
Teor provides an empirical description of the relationship between
QPO centroid frequency and the extent of the hard X-ray corona.
This relationship holds consistently across different outbursts, as
represented by the variation in colour, as well as different types of
QPOs, as represented by the different symbols used in the plot. This
suggests a robust connection between the QPO properties and the
characteristics of the corona, emphasizing the significance of the
corona in driving the QPO behaviour.

This conclusion is consistent with a previous study by Marcel
et al. (2020) which also found that the frequency of QPOs is related
to the energy-conservation of an inner jet-emitting disc (Ferreira
et al. 2006; Marcel et al. 2019) and an outer standard disc, based on
radio, X-ray, and y-ray observations.

5.2 Comparison between the observation and the LT
prediction

In order to compare the observed anticorrelation between v, and
reor With theoretical predictions proposed to explain the LF-QPOs,
we focus on investigating the relativistic Lense—Thirring precession
scenario in this paper.

The relativistic LT precession was first proposed as a candidate
to cause LF-QPOs by Stella & Vietri (1998), and it has been exten-
sively studied since by many authors including IDF09 and Motta
et al. (2014). IDF09 coupled the mechanism with the truncated
disc/hot inner flow geometry to predict an anticorrelation between
V. and the inner radius of the truncated disc (which corresponds
to the outer radius of geometrically thick hot inner flow). Fig. 7 b
shows the same v.-ro, plot as in Fig. 7 a but colour coded by log 1.

In Fig. 7b, the predicted v.-r.o relations based on LT precession
scenario by IDF(9 are overlaid with dashed lines for spin parameters
of a* =0.3,0.5, 0.7, and 0.998 (lower to upper lines). The predicted
lines are taken from Fig. 5 in IDF09 (though we note that these are
for a fiducial mass of 10 Mg rather than the 9 Mg, used here). The
observed v.—r. relations are consistent with the LT prediction. This
result is strongly supporting LT precession as a probable candidate
for the origin of the LF-QPOs. However, there is still some scatter
in the data points around the predicted lines. They do not exactly
pick out a single spin parameter track in the LT models, though they
are supposed to concentrate on the lines a* = 0.5-0.7.

SPower-laws of v = 2359 - (rcm/rg)—2559 Hz was obtained with all the data
including the hard state.
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Figure 7. QPO centroid frequency, v., versus outer radius of Comptonizing region, Teor/rg. Values of riy in the hard state, HIMS, and SIMS are fixed at
4.5rg, and the soft state data (without fixing ri,) are identified with grey open circles. The data points from the hard state shown in fainter colour. QPO
types are identified with the same symbols in Fig. 6. (a) Colour-coded according to observation dates of MJD — 51000. Blue lines represent the best-fitting
power-law. The blue dotted line (all the data), solid line (without the hard state data), and dash-dotted line (the HIMS data alone) represent v, = 2359 - rc’o%559,

ve =434 1o 1865 ‘and v, = 874 - rc_of“(’, respectively. (b) Colour-coded according to log riz. Overlaid are the relations between LT precession frequency and

the outer radius of a hot flow (taken from Fig. 5 in IDF09) for spins of a* = 0.3 (black), 0.5 (dark grey), 0.7 (light grey), and 0.998 (lighter grey), shifted up
by a factor of 1.11(= 10 Mp/9 Mg).

This is not surprising given the LT model simplicity in IDF09, 5.3 Issues for LT precession models
where the precessing Comptonized region is assumed to have fixed
scale height for all 7. It seems more likely that the Comptonization
geometry is changing during the state transition, so that the scale
height decreases as the Compton cooling becomes larger. This
changes the predicted LT precession frequency, as well as changing
the spectra (by changing the inclination dependence and relativistic
corrections) in a way which is not included in SSSED. Moreover,
the SSSED model also does not include the jet power, yet there is
a steady compact jet in the bright hard state and HIMS spectra
which is powered by the accretion flow (e.g. Fender, Belloni &
Gallo 2005), and there are discrete blobs ejected at the HIMS/SIMS
transition (e.g. Wood et al. 2021).

Perhaps a more serious issue is that the disc-dominated spectra in
this source give a black hole spin of a* ~ 0.15 when fit with KERRBB
or riy = 5.57, for the assumed binary parameters of d = 4.4 kpc, i =
75° and M = 9 Mg, (see section 4.2). This seems very low to cause
the strong precession required to produce the large QPO amplitude
observed. However, we note that there are uncertainties on these
values, and closer distance and higher mass results in larger black
hole spin. Including these system uncertainties gives a wider range
of spin estimates from the disc-dominated spectra, of 0.1 < a* <
0.7 (Davis, Done & Blaes 2006) or —0.11 < a* < 0.76 (Steiner
et al. 2011) with Connors et al. (2020) using the spin of ~0.5 to
encompass all current estimates.

Finally, it is important to note that while the role of LT precession
has been primarily proposed to explain Type-C QPOs, there is no
significant observational difference in the behavior of Type-B (and
A) QPOs in the v.—r relation in view of the frequencies. Our
analysis indicates that both types of QPOs are consistent with the
LT precession scenario, with Type-B (and A) QPOs appearing at
the high v, and small ., end of the v.—r.,, relation, although there
may be some scatterings.

To construct the SSSED model, we utilized the passive disc scenario
to provide seed photons to the Comptonizing component. It should
be noted that LT precession, being a vertical precession, so is
challenging to occur if there are obstacles present in the mid-plane.
However, in the calculations of the SSSED model, the passive disc
primarily serves as a source of seed photons for the coronae. The
specific details of the seed photon structure have minimal impact on
the overall results. Hence, slight variations or changes in the seed
photon structure do not significantly influence the obtained results
in the model. The presence of strong non-thermal Comptonization
in the HIMS and SIMS indicates the need for a substantial source
of seed photons, which can be from strong external irradiation from
the truncated disc and/or the steep Comptonization can provide
seed photons for the thermal Comptonization. Alternatively, the
passive disc can have a clumpy structure, so that the hot plasma
can precess through the mid-plane holes. Such a clumpy structure
may be consistent with optically thick blobs predicted in GRMHD
simulations (Liska et al. 2022).

In fact, there was no significant difference in estimating the size
of the outer corona, r.,, when we changed slightly the corona
geometry. For example, we tried to fit the data with truncated disc-
(non-thermal) corona and inner hot flow geometry, the obtained
Ve—For Telation are almost the same and still consistent with the LT
prediction. Therefore, we can conclude that the estimation of ., is
quite robust, as it is primarily determined by the combination of the
outer disc’s shape and luminosity, as well as the relative luminosity
of the outer disc compared to the Comptonization components.

In addition, LT precession of the entire Comptonized flow
matches (to zeroth order) all the QPO types seen here, not just
the Type-C QPOs, with Type-B and Type-A QPOs appearing at the
smallest .o values in these data rather than being offset as might be
the case if these were really from a different mechanism/geometry
(see e.g. the review by Ingram & Motta 2019).

Totally, the observed v —r.o, relation is consistent with its theo-
retical prediction calculated by IDF09. However, it is important to
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note that the scenario of LT precession as the origin of LF-QPOs
is still being questioned by some authors. For example, Marcel
& Neilsen (2021) demonstrated that the accretion flow can reach
sonic or supersonic speeds in the bright hard state, which prevents
the ‘wave-like’ regime required for solid-body precession to cause
LF-QPOs. This can also result in strong changes in the predicted
QPO frequency due to the magnetic interaction of the precessing
flow with the outer disc (Bollimpalli, Fragile & KluZniak 2023).

Therefore, further theoretical studies including GRMHD simu-
lations are necessary to understand the LF-QPO behaviour. Never-
theless, the observed v.—r., relation can provide a useful guideline
to investigate the validity of theoretical models for LF-QPOs.

6 SUMMARY AND CONCLUSION

We developed the spectral model SSSED by modifying the multi-
component AGN model AGNSED to tailor it for stellar BHBs. We
applied it to the X-ray spectra of XTE J1550 — 564 observed
with RXTE to determine the size of Comptonizing corona in
different states. Except for the data obtained around a strong radio
jet event on MJD 51076-51077 and during the rising phase of
outburst, the SSSED model successfully reproduced the spectra of
XTE J1550 — 564.

In the HIMS, both thermal (k7. = 8-20 keV) and non-thermal
(I' = 2-2.4 without clear cut-off energy) corona were required to
reproduce the Comptonizing component. The outer corona radii
were found to vary from 107, to 257,. In the SIMS, though the hard
emission was dominated by the non-thermal Comptonizing com-
ponent, an additional steeper (I" < 2.5) Comptonizing components
improved the spectral fits with fraction of fi, = 0.1-0.3. The corona
radii were found at (8—10)r,.

The hard state spectra did not require the non-thermal Comptoniz-
ing component. On one hand, in the hard state during the decaying
phase of the second outburst, the spectra were well represented by
a single hot Comptonizing component with I' = 1.6-1.8 and kT, ~
50 keV at r¢or > 207,. On the other hand, spectra in the bright hard
state during the rising phase of the outbursts were difficult to be
fit within the framework of thermal and non-thermal Comptonizing
corona. Instead, the spectra were reproduced with a two-temperature
thermal Comptonizing corona, which is consistent with the findings
suggested by Kawamura et al. (2022), Kawamura et al. (2023).

By comparing the obtained corona outer radii 7., to the centroid
LF-QPO frequency, v., we found a tight anticorrelation between
Ve and 7¢or, described approximately as v, =434 - r_ 187 (without
the hard state data) or 874 - 23 (with the HIMS data alone).
This relation is in remarkably good qualitative and quantitative
agreement with the prediction of LT precession (IDF09). We
conclude that the intermediate states, which show both strong disc
emission and strong LF-QPOs, provide the best data to test QPO
formation models despite the complexity of these spectra.
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APPENDIX A: SPECTRAL PARAMETERS OF
THE SSSED MODEL

Spectral parameters of the SSSED model are summarized in Ta-
ble Al. The model has some switching parameters. If parameter 6 is
negative, the model gives the inner hot Comptonization component.
If parameter 7 is negative, the model gives the Comptonization
component in the passive-disc corona region. If parameter 9 is
negative, the model gives the outer disc. If parameter 12 is —1,
the code will use the self-gravity radius as calculated from Laor &
Netzer (1989). Colour correction is included when parameter 13 is
fixed to be 1, while it is not included when this parameter is fixed
to be 0. For BHB spectra, this parameter should be fixed to be 1.

MNRAS 528, 1668-1684 (2024)

APPENDIX B: SECOND COMPTON
COMPONENT AND REFLECTION HUMP
BASED ON CANONICAL DISKBB AND
NTHCOMP MODELLING

We illustrate how the spectral fit changes with a single Comptoniz-
ing component and two Comptonizing components, including full
reflection structures. The analysis is based on canonical DISKBB
(Mitsuda et al. 1984; Makishima et al. 1986) and NTHCOMP
modelling. The reflected emission of the Comptonizing emission
components is represented by using the XSPEC convolution model
XILCONV blurred by KDBLUR. The convolution model XILCONV’
is the update version of RFXCONV (Done & Gierlinski 2006;
Kolehmainen, Done & Dfaz Trigo 2011) by C. Done, and describes
an angle-dependent reflection from an ionized disc and includes
parameters such as the relative reflection normalization, REL_REFL,
ionization parameter, log &, inclination angle, cos i, iron abundance,
and cutoff energy E.,. The model combines an ionized disc
table from the XILVER model (Garcia et al. 2013) with Compton
reflection code by Magdziarz & Zdziarski (1995). The KDBLUR
model describes general relativistic blurring around a non-spinning
black hole based on DISKLINE model (Fabian et al. 1989),
The description of XSPEC is

tbabs * (diskbb + kdblur * xilconv * nthcomp + Gaussian)

where the seed photon temperature of NTHCOMP was tied to kT, of
DISKBB, and the seed photon distribution type of NTHCOMP was set
to DISKBB. The parameters E. and o of Gaussian are constrained to
the range of 6.2-6.9 and 0.1-0.8 keV, respectively. The parameters
for inclination, iron abundance, E.,, and outer radius of reflection
for KDBLUR and XILCONV were fixed at 75°, 1, 300 keV and 400r,,
respectively. The other parameters including & -parameter, REL_REFL
and inner radius of reflection, r, in, Were left as free parameters.

Figs Bla—f and Table B1 show the resulting spectral fits for
observations A-F. For observations A—C, characterized by weaker
NTHCOMP components compared to observations D-F, satisfactory
fits were achieved with x2 in the range of 0.91-1.4. While XILCONV
reproduces not only the reflection continuum but also emission lines,
the iron line produced by the reflected emission is significantly
blurred. The observed iron line cannot be reproduced solely by
the blurred reflection, and the additional Gaussians are statistically
important. The significance of the Gaussians is examined by fitting
with and without them. The chi-squared values without the Gaussian
and F-values for improvement the fit with Gaussian were shown
together in Table B1, where F is defined as (Ax2/x2)/Av. It is
possible that a large fraction of the iron line does not originate
from the single reflection but rather from other sources such as
winds and/or the other reflected emission from very outer disc as
suggested by Connors et al. (2019).

For observations D, E, and F, the fit were considerably less
satisfactory with x2 of 2.0, 3.9, and 1.9, respectively. Therefore,
we proceeded to fit these spectra with ‘DISKBB plus two NTH-
COMP’ incorporating full reflection. For observations D and E, the
spectra were well reproduced by introducing a second Compton
component with I' > 2.0 and k7. = 300 keV, indicating non-
thermal Comptonization. The best-fitting parameters are presented
in Table B2, and the corresponding spectra are presented in Figs B2a
and b. However, observation F (the bright hard state) exhibited
a remarkably harder spectrum with an evident thermal cutoff,

7https://heasarc.gsfc.nasa.gov/xanadu/xspec/models/xilconv.html
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Figure B1. Unabsorbed, deconvolved spectra of observations A-F fitted with ‘TBABS*(DISKBB+KDBLUR*XILCONV#NTHCOMP+GAUSSIAN)’. DISKBB and
NTHCOMP components are coloured with magenta and blue, respectively. The reflected emission of NTHCOMP is shown with blue dotted line. The model

components are based on the parameters shown in Table B1.
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Figure B2. Unabsorbed, deconvolved spectra of observations D-F fitted with ‘TBABS*(DISKBB+KDBLUR*XILCONV:(NTHCOMP-+NTHCOMP)+GAUSSIAN)’.
DISKBB, higher and lower temperature NTHCOMP components are coloured with magenta, blue, and green, respectively. The reflected emissions of two
NTHCOMP are shown with blue and green dotted lines. The model components are based on the best-fitting parameters shown in Table B2.

rendering the additional Compton component with I' > 2.0 with
kT, =300keV ineffective in reproducing the spectra. Consequently,
when we employed two thermal Comptonized components for the
fit, satisfactory results were achieved, as shown in Table B2 and
Fig. B2c.

APPENDIX C: THE SSSED FITS WITH
BLURRED REFLECTION

To observe the difference between using SMEDGE and full reflection
continuum, we attempted to fit the six sample spectra by replacing
SMEDGE with the fully ionized reflection code XILCONV. The
Gaussian component remained statistically important, similar to
the case of the canonical DISKBB and NTHCOMP fit with reflection
in Appendix B. The resulting XSPEC model is:

thbabs x (SSsed + kdblur * xilconv x SSsed(coronae) + Gaussian)

The parameters used for XILCONV and KDBLUR were the same as in
Appendix B. The reflection component was blurred using KDBLUR
model which describes the general relativistic blurring with 8 =
—3 and rref, ou = 400r,. Since the value of o of Gaussian was not
well constrained for observations B—F, we fixed it to be 0.3 keV,
and constrained to be 0.1-0.8 keV for observation A. Additionally,
except for observations A and B, the best-fitting value of the inner
radius for the reflection rf i, Was consistent with rq,; of SSSED
within 90 per cent uncertainties when it was remained as a free
parameter. Therefore, we tied 7ief, in tO 7cor fOr observations C-F.
Similar to the approach taken with the phenomenological SMEDGE
fit, the inner radius was fixed at 4.5r, for observations C-F, even
though slightly larger r;;, was estimated for observation B (the
SIMS). Additionally, k7. of the thermal Comptonizing component
was fixed at 9 keV for observations B and C.
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Table B1. The best-fitting parameters of ‘TBABS#(DISKBB4KDBLUR*XILCONV#NTHCOMP+GAUSSIAN" model for observations A-F. The system parameters
are fixed at the same values as Table 2. Errors are not estimated for observations D to F due to bad chi-squared values. T The best-fitting electron temperature
of NTHCOMP were found at their upper limit of 300 keV, and thus they were fixed. *Parameters hit the lower or upper limit. #Chi-squared values for the same
fits without Gaussian component, and F-values calculated as F = (Ax?2/ Xf) /Av, representing the improvement due to the Gaussian component.

Obs. A B C D E F
state soft SIMS HIMS3 HIMS2 HIMS1 hard
Parameters of DISKBB
KTy (keV) 0.82870:002 1.00875:907 0.837902 0.553 0.844 0.941
Fin (rg) 50.710¢ 40.9%03 4313 55.5 2.95 6.5
Parameters of NTHCOMP

0.008 0.03
r 2.05 +£0.02 2.428%000% 244700 2.33 2.01 1.74
kT.(keV) (300)f (300)f (300)f 29.9 21.6 38.8
Norm 0.13870.010 2.18+007 3.6703 7.46 247 0.779
Parameters of KDBLUR, XILCONV, and Gaussian
Fret, in(rg) 22706 2.2133 24755 252 111 8.15
rel_refl 1.8+02 0.877519 0.947016 1.01 1.22 1.23
log & 3.01150 3.197582 173701 2.77 2.06 1.99
Ec (keV) 6.587013 6.597919 6.267004 6.20% 6.20% 6.20
o (keV) 0.80+0.00+ 0.800:00% 0.6670 0.10% 0.10% 0.10x
norm (x 1073) 7.2+33 3812 41£8 3.45 7.48 45
EW (eV) 20017 157 £ 12 190 + 37 12 37 53
x? (dof) 137.6(115) 161.7(115) 105.0(115) 222.9(114)  445.4(114) 200.4(114)
x? (dof) 319.6(118) 293.3(118) 519.8(118) 2265(117)  450.7(117) 246.6(117)
F-value*(Adof) 50.7(3) 31.203) 151.4(3) - - -

Table B2. Same as Table Bl but with two Comptonizing components.
Spectral fits for observations D-F were shown. Symbols are the same as

Table B1.
Obs. D E F
state HIMS2 HIMS1 hard
Parameters of DISKBB
KTin(keV) 0.687903 0.78 + 0.08 0.81791¢
Fin(rg) 46110 <6.8 8.1+83
Parameters of NTHCOMP
+0.06 +0.03 —+0.018
r 2.0015:98 2.00109 171010918
kTe(keV) (300)f (300)f 63138
+2.60 +0.17 +0.04
Norm 0.77"5 06 1.29% 010 0.677 08
+0.018 —+0.015 —+0.04
r 2.24275014 175070029 1470 00
kTe(keV) 11.4797 9.227047 11207
Norm 4.5704 1067595 0.09970:0%

Parameters of KDBLUR, XILCONV, and Gaussian

Tref, in(Tg) 3045%{ 25 36
rel_refl 0.67 + 0.06 0.51 + 0.06
E. (keV) 6.2010:05 6.31 % 0.09
o (keV) 0.3)f 0.3)f
norm (x 1073) 17+6 1474
EW (eV) 59 +21 75+
%2 (dof) 83.2 (114) 106.6 (114)
%2 (dof)* 104.1 (116) 145.0 (116)

F-value®*(Adof) 14.3(2) 20.5 (2)

8
13*%
0.06
0.53%007
0.09
6'26J—r0‘00*
0.3)f
1.5
6.2713
18
745
134.4 (113)
160.4 (115)

10.9 (2)
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C1 Summary

The unabsorbed spectra with the best-fitting reflection continuum
(plus Gaussian) are shown in Figs Cla—f based on the best-fitting
parameters shown in Table C1. The model with the reflection
continuum and a Gaussian successfully reproduced the spectra
for observations B-E (the SIMS and HIMS). As discussed in
Sections 4.2—4.3, the geometry parameters of ri, and r., obtained
with full reflections were consistent with those approximately
obtained by using SMEDGE.

In addition, except for the hard state (observation F), the addi-
tional Gaussian component remained significant (see F-values in
Table C1) and had an equivalent width of above 50 eV, indicating
contributions from other locations such as winds, or very outer disc
as suggested by Connors et al. (2020). Therefore, the smoothed edge
structure that determines the reflection ratio is likely influenced
by absorption lines and edges produced by such winds. Indeed,
XTE J1550 — 564 is a highly inclined source, and the contribution
from winds is expected to be significant. Complex absorption
structures can be clearly observed in the 7-10 keV range, which
vary with changes in ionization states. These complex absorption
structures, when combined with the reflection structure, can lead
to the possibility of overestimating the values of REL_REFL, which
were estimated to be relatively large as 0.7-1 (Table C1).

These issues could potentially be resolved with data sets of
finer spectral resolution. However, the analysis performed with
our RXTE data has already surpassed the intended scope of this
paper, and a detailed investigation of absorption/reflection structures
is beyond its focus. Instead—, we adopted a phenomenological
approach using the SMEDGE and Gaussian models and estimated
the uncertainty without full reflection modelling to be less than
10 per cent and most likely around 5-8 per cent.
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C2 The soft state and SIMS

The spectrum of observation A was not well reproduced (x? = 156.5
for degree of freedom of 116) and the model required large reflection

1683

continuum with REL_REFL=2 (upper limit). The SIMS spectrum

of observation B was well reproduced by replacing SMEDGE with
blurred reflection (see Tables 2 and C1), and the estimated values
of ry, and r.,, are consistent with those estimated using SMEDGE.
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Figure C1. Unabsorbed, deconvolved spectra of observations A-F fitted with SSSED with blurred reflection by using KDBLUR and XILCONV. The model
components are based on the best-fitting values shown in Table C1. Colours are the same as Fig. 4, and reflection components are shown with dotted lines.

Table C1. The best-fitting parameters of *TBABS*(SSSED+KDBLUR*XILCONV*SSSEDcoronae+GAUSSIAN)’. *The fitting values reach their lower or upper
limits. T The values in the parentheses are fixed. $The inner radius for reflection is tied to reor. $The values of iron abundance, outer radius for reflection and
inclination angle are fixed at nominal values: i.e. Zge = 1, ref, out = 400rg, ixilconv = 75°. #Same as Tables B1 and B2, Chi-squared values for the same fits

without Gaussian component, and F-values calculated as F = (Ax?2/ X,%) /Av, representing the improvement due to the Gaussian component.

Obs. A B C D E F
state soft SIMS HIMS3 HIMS?2 HIMS1 hard
Parameters of the SSSED

log 7i 0.13773:000 0.36 % 0.03 0.206 + 0.003 0.204 % 0.006 0.037 % 0.009 —0.09710013
Fin (7g) 537100 4.647024 @.5)f @.5)f @5t @.5)f
Feor (7g) 6.702+0-042 9.3798 10.727308 13.367517 23.8%17 27.3%12
T - 40705 262206 22587011 18075 140075 600,
KTe (keV) — Ot ) 11.1793 9.8703 12.875%
. 2.10970:50 2.26 £ 0.03 2.26 £ 0.08 2.0775%8, 2.0100, 17747509
KTe (keV) 300yt (300)f (300)* (300) 300yt 198502
o o 03179 025%310 067407 04748 02083813
Parameters of KDBLURY, XILCONVY, and Gaussian

Fret,in (Tg) 22793 6.8+ (10.72)8 (13.36)8 (23.8)" (27.3)8
rel_refl 2400« 0.977936 1.0+0:00¢ 0.86 + 0.08 0.697597 0.68 + 0.07
E. (keV) 6627405 6317711, 621755, 6237053 624" 6207555,
o (keV) 0.807000 0.3)f 0.3)f 0.3)f (0.3)f (0.3)f
norm (x 1073) 7.1£06 1614 1942 26+3 1242 21+ 1.1
EW (eV) 200 £ 17 s6t1e 8249 96 £ 11 64 £ 11 24 +13
x? (dof) 156.5 (116) 1223 (115) 1033 (117) 91.4 (116) 93.0 (116) 156.1 (115)
x? (dofy* 638.7 (119) 146.8 (117) 276.2 (119) 309.6 (118) 158.2 (118) 166.6 (117)
F-value*(Adof) 119.1 3) 11.5(2) 97.3 (2) 138.4 (2) 407 (2) 3.9(2)
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On closer inspection, the best-fitting value of r, increased by
4 per cent from (4.4703)r, to (4.6703)r,, while that of r.,, decreased
by 3 per cent from (9.674:)r, to (9.3 5)r,.

C3 The HIMS

We again compare the results with SMEDGE and with blurred
reflection for the HIMS data of observations C, D and E (Table C1).
The values of r, were found to decrease from (11.9 & 0.3)r, to
(1072508 rg, from (15150 ¢)ry to (13.4703)r,, and from (2577)r,
to (23.8féj;)rg for the fixed ry, at 4.5r,, corresponding to decreases
of 10 per cent, 11 per cent, and 5 per cent, respectively. If we
consider 4 per cent increase in r, (see Section 4.2) and change the
fixed value of r;, from 4.5r, to 4.7r,, changes in r.,; become only

MNRAS 528, 1668-1684 (2024)

6 per cent, 8 per cent, and 1 per cent, for observations C, D, and E,
respectively.

C4 The bright hard state

In contrast to the SIMS and HIMS, the goodness of fit significantly
deteriorated when we replaced SMEDGE with the blurred reflection
continuum for observation F (Table C1). Additionally, the electron
temperature of the higher temperature Compton component was
found to be much higher, exceeding >100 keV. Therefore, a
more detailed analyses is required for the two thermal Comp-
tonizations. However, the estimated value of r., was consistent
between SMEDGE and reflection modellings, and detailed studies to
investigate two-temperature Comptonization is beyond the scope of
this paper.
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Figure D1. PSD normalized to average count rate for observations A-F, in the energy bands of 2—4.5 keV (orange), 4.5-15 keV (green), 15-34 keV (blue),
and 34-120 keV (purple). The light curves in the energy range of 2-4.5, 4.5-15, 15-34, and 34-120 keV were extracted from PCA channels of 0-10 ch,

11-35 ch, 36-79 ch, and 80-255 ch, respectively.

APPENDIX D: POWER SPECTRAL DENSITY
OF OBSERVATIONS A-F

Fig. D1 displays the PSDs in observations A-F, normalized to the
average PCA count rate. In this figure, the PSDs were obtained in
different energy bands, including 2—4.5 keV (orange), 4.5-15 keV
(green), 15-34 keV (blue), and 34-120 keV (purple). The PSDs of
2-15 and 15-120 keV were obtained using binned mode and event
mode, respectively.

These figures demonstrate that the soft state data of observations
A does not exhibit any significant time variation, whereas the HIMS
and hard state data of observations C—F exhibit significant intensity

variations accompanied by strong Type-C QPOs. This is consistent
with the association between the QPO types and spectral states

shown e.g. by Motta et al. (2011). In the intermediate case of
observation B, strong Type-B QPOs are clearly visible, while the

overall variation remains negligible.

APPENDIX E: THE INNER RADII IN THE SIMS

Fig. E1 shows the evolution of the ry, values with the SSSED model
in the SIMS. The top panel shows r;,, which is almost constant at
4.5r.
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Figure E1. Time history of 7, in the SIMS. The reduced chi-squared values are plotted in the bottom panels. Dashed lines represent ry, = 4.5r¢ (top) and
Xf = 1 (bottom). Left, middle, and right panels correspond to red, orange, and cyan in Fig. 1.
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