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Abstract

The power-law emission and reflection component provide valuable insights into the accretion process around a
black hole. In this work, thanks to the broadband spectra coverage of the Nuclear Spectroscopic Telescope Array,
we study the spectral properties for a sample of low-mass black hole X-ray binaries (BHXRBs). We find that there
is a positive correlation between the photon index I' and the reflection fraction R (the ratio of the coronal intensity
that illuminates the disk to the coronal intensity that reaches the observer), consistent with previous studies, but
except for MAXI J18204-070. It is quite interesting that this source also deviates from the well-known “V”’-shaped
correlation between the photon index I' and the X-ray luminosity log Lx, when it is in the bright hard state. More
spemﬁcally, the A-shaped correlation between I" and logLy is observed, as the luminosity decreases by a factor of 3
in a narrow range from ~10°® to 10°"-> ergs ~!. Furthermore, we discover a strong positive correlation between R
and the X-ray luminosity for BHXRBs in the hard state, which puts a constraint on the disk-corona coupling and
the evolution.

Unified Astronomy Thesaurus concepts: Black hole physics (159); X-ray transient sources (1852); Accretion (14);
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Stellar accretion disks (1579)

1. Introduction

The primary X-ray emission in X-ray binaries and active
galactic nuclei (AGNs) produced via inverse Compton
scattering of the soft photons in the hot compact region, often
referred to as corona, is described by a power law with a high
energy cutoff (Done et al. 2007; You et al. 2012; Yuan &
Narayan 2014). A reflection component, which is believed to
be produced by the illumination of the reflecting medium by
the primary X-ray, is also observed. The reflection component
is composed of fluorescent emission lines and a hump in the
range of ~20-40keV. We use the photon index I' to describe
the slope of the primary X-ray, which indicates the fraction of
the energy from the soft seed photons deposited into the
corona. The reflection fraction R is used to indicate the fraction
of the primary X-ray intercepted by the reflection medium,
namely, the relative cold disk (Garcia et al. 2013). The
correlations between the X-ray properties (e.g., I' and broad-
band luminosity Ly) and R imply the geometric and physical
properties of the accretion flow around the central object (Wu
& Gu 2008; Plant et al. 2014; You et al. 2021).

The positive correlation between I' and R was found for the
black hole X-ray binary (BHXRB) GX 339-4 in the hard state
by fitting Ginga spectra (Ueda et al. 1994). Zdziarski et al.
(1999) reported a similar correlation in Seyfert galaxies and in
the hard state of four binary systems, and provided evidence for
the reflective medium as the dominant source for seed photons
to the corona. The correlation was also studied by analyzing
RXTE/PCA data for GX 339-4 and Cyg X-1 hard state
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(Gilfanov et al. 1999; Revnivtsev et al. 2001), and for the
sample of low-mass X-ray binaries (LMXBs; Steiner et al.
2016). However, the physical interpretation of this correlation
is still under debate, which might be either the evolution of the
inner radius (Zdziarski et al. 1999; Qiao & Liu 2017; Liu &
Qiao 2022) in the scenario of the truncated disk, or the bulk
velocity of the corona with respect to the disk (Beloboro-
dov 1999). As for the correlation between Lx and R, it was
found that the R gradually increases as the source luminosity
rises for GX 339-4 in the hard state, which was interpreted in
the scenario of the truncated disk (Plant et al. 2014). However,
a statistical study of the correlation between Ly and R for a
sample of LMXBs is required, in order to not only verify the
observational correlation but also well understand the physical
origin behind this correlation.

The Nuclear Spectroscopic Telescope Array (NuSTAR) is
the first focusing telescope above 10 keV (Harrison et al. 2013).
The high signal-to-noise ratio and broad energy band provide a
good opportunity to better study the primary X-ray and the
reflection hump, compared to previous spectral studies
(Diaz et al. 2020; Draghis et al. 2020; Connors et al. 2021;
Marino et al. 2021; Tripathi et al. 2021; Feng et al. 2022;
Prabhakar et al. 2022; Rout et al. 2022). The correlation between
I" and R by analyzing NuSTAR spectra has been recently
reported for Seyfert galaxies (Ezhikode et al. 2020; Panagiotou
& Walter 2020) and radio galaxies (Kang et al. 2020).

The motivation of this work is to statistically study the
correlations between the X-ray properties (I' and Ly) and R, in
a sample of stellar-mass black hole systems in the hard state,
using NuSTAR archived data. This paper is organized as
follows. In Section 2, we present the sample selection and data
reduction. In Section 3, we give the spectral analysis and the
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Figure 1. Overview of all observations, except the observation of 4U 1630-472 on MJD 56723 and the observation of H1743-322 on MJD 57251, due to background
counts dominating their spectra. The net count rate within 3—78 kev and HRs are shown in the upper and lower panels, respectively. The HR is defined as the count
rate within the energy band of 10-78 keV divided by the count rate within 3—10 keV. Here, we only show an overview of FPMA for clarity.

best-fit results. Finally, the discussions and conclusions are
presented in Section 4.

2. Sample and Data Reduction

In this work, we adopt the NuSTAR sample of 17 LMXBs
constructed by Yan et al. (2020), consisting of 165 observa-
tions downloaded from HEASARC. The data reduction was
performed through the NUPIPELINE task of NUSTARDAS
included in HEAsoft 6.29.

We set saamode = optimized and tentacle = yes to
filter passages through the South Atlantic Anomaly, and set
arfmlicorr = yes to correct the temperature dependence of
the multilayer insulation (MLI) for the FPMA data (Madsen
et al. 2020). For the bright sources, we use STA-
TUS==b0000xxx00xxxx000 to reprocess the data’.
CALDB version 2021115 is used for the calibration. We
extract the source spectra within a uniform radius of 90” at the
source position, and the background spectra within an annulus
defined between 180" and 200”.

An overview of all data is presented in Figure 1, in which the
observation of 4U 1630-472 on MJD 56723 (30001016002)
and the observation of HI1743-322 on MIJD 57251
(80002040006) are excluded, due to the spectra being
dominated by the background. We plot the count rate within
3-78keV and the hardness ratio (HR) defined as the
10-78 keV count rate divided by the 3—10keV count rate in
the upper and lower panels, respectively. In this work, we aim
to study the correlations between the X-ray primary and the
disk reflection of LMXBs in the hard state. We set HR > 0.3 as
the selection criterion for the hard state. In this condition,
observations of 4U 1630-472, MAXI J1631-479, and V4641
Sgr are excluded. Furthermore, we also exclude observations
for which the spectral fits do not require the reflection

6 https: / /heasarc.gsfc.nasa.gov/docs /nustar/analysis /

component, in the sense that those spectra can be well
described by an absorbed power-law model, or an absorbed
power-law plus diskbb model.

Additionally, the observations of V404 Cyg on MJD 57198
(ObsID: 90102007002) and MJID 57199 (ObsID: 90102007003),
and GRS 1915+105 on MJID 58608 (ObsID: 90501321002) and
MIJD 58623 (ObsID: 30502008002), are excluded, the spectra of
which are quite complex and cannot be well fitted in our
preliminary analysis with the reflection model (Xlz, > 2). For
V404 Cyg in the 2015 outburst, strong flares were observed,
which were thought to be related to transient jet activity of
ejecting plasma close to a BH. The corresponding spectral fitting
to the NuSTAR observations on MJD 57198 and 57199
suggested that an X-ray source is close to a BH with a height
smaller than 6 R, and its spectra are extremely hard with I' ~ 1.4
(Walton et al. 2017). For GRS 1915+105, the NuSTAR
observations indicated that it was also in the flaring state on
MIJD 58608 and 58623, given the clear detection of the
absorption features in the spectral residual, which were attributed
to the accretion disk winds (Koljonen & Tomsick 2020;
Aramburu Sanchez et al. 2020). Therefore, the final sample in
this work is composed of 12 LMXBs with 69 observations in
total. Detailed information is provided in Tables 1 and 2.

3. Spectral Analysis

We perform the spectral fitting in XSPEC 12.11.1 (Arnaud
1996). We account for the Galactic absorption using TBabs
(Wilms et al. 2000). The column density (Ny) was fixed to
the values presented in Table 1, most of which are obtained
from the previous NuSTAR spectral analysis in the litera-
ture We adopt a relativistic reflection model relxillCp
(Garcia et al. 2013; Dauser et al. 2014; Garcia et al. 2014), to
account for the reprocessed emission between the disk and
corona. This reflection model contains both the direct
Comptonization from the corona and its reflection on the


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

THE ASTROPHYSICAL JOURNAL, 945:65 (16pp), 2023 March 1 You et al.
Table 1

Basic Information on the BHXRBs
Source Ny (10 cm ™) Inclination (°) Mass (M) Distance (kpc) References
GRS 1716-249 0.6 6 [11, [2]
GRS 1739-278 2.3 7.5 [31, [4]
GRS 19154105 6.11 60+5 12.4 8.6 [51, [6]
GS 1354-64 0.7 <79 7.6 7 [71, [81, [9]
GX 3394 0.41 37-78 5.9 9 [10], [11]
H1743-322 2.3 8.5 [12], [13]
IGR J17091-3624 1.59 12 [14], [27]
MAXI J1348-630 0.86 2.2 [15], [16]
MAXIT J1535-571 5.5 4.1 [17], [18]
MAXI J1813-095 0.82 6 [19], [26]
MAXIT J1820+070 0.15 63+3 8.48 2.96 [20], [21], [28]
Swift J1753.5-0127 0.2 >40 74 8.42 [22], [23], [24], [25]

Note. [1] Bharali et al. (2019); [2] Saikia et al. (2022); [3] Miller et al. (2015); [4] Yan & Yu (2017); [5] Miller et al. (2013); [6] Reid et al. (2014); [7] El-Batal et al.
(2016); [8] Casares et al. (2009); [9] Gandhi et al. (2019); [10] Wang-Ji et al. (2018); [11] Heida et al. (2017); [12] Chand et al. (2020); [13] Steiner et al. (2012); [14]
Xu et al. (2017); [15] Chakraborty et al. (2021); [16] Chauhan et al. (2021); [17] Dong et al. (2022); [18] Chauhan et al. (2019); [19] Jiang et al. (2022); [20] Uttley
et al. (2018); [21] Atri et al. (2020); [22] Shaw et al. (2016b); [23] Neustroev et al. (2014); [24] Shaw et al. (2016a); [25] Gandhi et al. (2019); [26] Jana et al. (2021);

[27] Tyer et al. (2015); [28] Torres et al. (2020).

disk. Therefore, TBabs*relxillCp in XSPEC notation, is
used to fit spectra in our sample. A possible disk component
(diskbb) and a nonrelativistic reflection model xi11lverCp
will be added if they can significantly improve the fitting. The
nonrelativistic reflection component xi1l1lverCp may origi-
nate from the distant disk reflection. So, the ionization
parameter is fixed at a low value with log& = 0.5, for
simplicity. And the Comptonization parameters (the electron
temperature and the photon index) in xillverCp are linked
to the ones in relxil1Cp (Buisson et al. 2019; You et al.
2021). Note that, for the reflection model relxillCp, no
specific geometry of the Comptonization source is assumed,
but with an artificial broken power-law emissivity. Alternative
reflection models with significant findings of spectral com-
plexity are also available in the literature (Mahmoud &
Done 2018; Zdziarski et al. 2021a, 2021b; Kawamura et al.
2022).

As for relxil1Cp, the inclination angle i is left free in the
spectral fitting, except GRS 19154105, MAXI J1820+4-070,
and GX 339-4. The inclination angles of the first two sources
are adopted from the measurements of jet inclination angles
(Reid et al. 2014; Atri et al. 2020), i.e., i = 60° for GRS 1915
4105 and i = 63° for MAXI J1820+070. However, we notice
that there is a large misalignment (>40°) between the
inclination angles of the jet and binary orbit in MAXI J1820
4070 (Poutanen et al. 2022). As for GX 339-4, the binary
inclination is constrained to be 37° < i < 78° from the VLT/
X-shooter observations. Moreover, as suggested by Zdziarski
et al. (2019), the inclination of this source is unlikely to be
high, which is supported by the absence of the disk winds
(Ponti et al. 2012) and the track on the hardness—intensity
diagram (Mufioz-Darias et al. 2013). In the preliminary
spectral fits of GX 339-4, the inclination is pegged at a lower
limit. Therefore, the inclination angle of this source is fixed at
i=40° in the following fits. In this work, we aim at
determining the connection between the corona and accretion
disk, while the robust estimate of the BH spin a, for an
individual source of the sample is beyond the scope of this
paper. Therefore, for simplicity, we fix the BH spin
ay =0.998 for the NuSTAR sample here. The photon index
T', reflection parameter R, the electron temperature k7., the

iron abundance Ag., and normalization were free parameters
in the spectral fits.

For a given source, the two free parameters, i.e., the
inclination of the binary system and the Fe abundance of
the accretion disk, are expected to be constant. Therefore,
we perform joint fits to multi-epoch spectra for a given
source, in the sense that the two parameters between the
multi-spectra are linked. Given that (i) the complexity in
configuring the xcm files for the joint fits with the complex
reflection model, and (2) the reported rip occurring in early
2016 in the MLI associated with FPMA, which resulted in an
increased photon flux in FPMA spectra of bright sources’, we
will only use the FPMB spectra in the energy band
of 3-78keV, for each observation. For MAXI J1820-+070,
due to the complex fitting model (the disk component, the
relativistic reflection and the nonrelativistic reflection) and
there being 18 spectra in total, we divide these spectra into two
data sets: one for the rising hard state before MJD = 58303,
and the other one for the decaying hard state after
MID = 58303 (Buisson et al. 2019). The iron abundance of
the second data set is fixed at the best-fitting value of the
second data sets, in order to keep this parameter constant
during the outburst in 2018.

The best-fitting results are obtained by implementing a
Markov Chain Monte Carlo (MCMC) algorithm in XSPEC to
create a chain of parameter values whose density gives the
probability distribution for that parameter. The analysis of the
probability distributions derived from the MCMC chains is
implemented using the corner package Foreman-Mackey et al.
(2013). The best-fit results for each free parameter are taken as
the medians of the corresponding posterior distributions, and
the error bars correspond to the 68% confidence interval (1o
uncertainty).

The best-fitting results are presented in Table 3. Once the
best-fitting result is derived, we then use the convolution model
cflux to estimate the unobserved 3-78 keV X-ray fluxes of the
relxillCp component.

7 https: / /heasarc.gsfc.nasa.gov /docs /nustar/nustar_faq.html#MLI
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Table 2
NuSTAR Observation Details

Source ObsID Detector MID Exp. (s) Counts (s 1) HR
GRS 1716-249 80201034006 FPMA 57758.50 6046.56 113.90 £ 0.14 0.47
FPMB 57758.50 6134.49 108.20 + 0.13 0.46

80201034007 FPMA 57781.32 42,465.19 129.50 £+ 0.06 0.48
FPMB 57781.32 43,515.15 119.30 £ 0.05 0.47

90202055002 FPMA 57850.61 17,897.52 125.40 £ 0.08 0.40
FPMB 57850.61 18,259.78 115.70 + 0.08 0.39

90202055004 FPMA 57853.70 15,797.47 121.70 £+ 0.09 0.38
FPMB 57853.70 16,100.69 112.70 + 0.08 0.36

GRS 1739-278 80101050002 FPMA 57280.89 41,241.62 0.35 +0.00 0.50
FPMB 57280.89 40,965.48 0.38 + 0.00 0.43

80102101002 FPMA 57660.89 26,310.03 3.14 £0.01 0.49
FPMB 57660.89 26,102.79 3.00 +0.01 0.47

80102101004 FPMA 57680.63 25,897.14 0.88 +0.01 0.49
FPMB 57680.63 25,703.41 0.88 + 0.01 0.46

80102101005 FPMA 57692.85 27,021.16 1.93 +0.01 0.49
FPMB 57692.85 26,903.39 1.78 £ 0.01 0.47

GRS 19154105 10002004001 FPMA 56111.06 14,696.17 195.00 £ 0.12 0.32
FPMB 56111.06 15,114.49 181.70 £ 0.11 0.32

80401312002 FPMA 58277.51 26,167.74 82.96 + 0.06 0.33
FPMB 58277.51 26,396.31 76.44 £+ 0.05 0.32

90202045002 FPMA 57806.17 13,903.36 169.20 £ 0.11 0.31
FPMB 57806.17 14,093.44 158.60 + 0.11 0.30

GS 1354-64 90101006002 FPMA 57186.30 24,021.18 6.94 +0.02 0.60
FPMB 57186.30 23,694.70 6.37 +0.02 0.58

90101006004 FPMA 57214.59 28,797.52 48.24 +0.04 0.52
FPMB 57214.59 28,624.73 44.72 £ 0.04 0.50

90101006006 FPMA 57240.31 34,965.82 54.92 + 0.04 0.47
FPMB 57240.31 35,030.46 51.89 + 0.04 0.46

GX 3394 80001013002 FPMA 56516.01 35,090.43 10.41 £ 0.02 0.53
FPMB 56516.01 35,098.32 10.15 £ 0.02 0.52

80001013004 FPMA 56520.75 20,794.25 17.41 £ 0.03 0.53
FPMB 56520.75 20,834.18 16.42 £ 0.03 0.52

80001013006 FPMA 56528.54 23,152.06 27.74 £+ 0.03 0.52
FPMB 56528.54 23,244.36 26.10 £ 0.03 0.51

80001013008 FPMA 56538.44 43,189.25 36.39 + 0.03 0.51
FPMB 56538.44 43438.82 34.54 £ 0.03 0.50

80001013010 FPMA 56582.00 97,569.81 6.16 + 0.01 0.50
FPMB 56582.00 97,944.22 5.87 +0.01 0.49

80001015001 FPMA 57035.24 10377.22 103.70 £ 0.10 0.38
FPMB 57035.24 10,549.82 96.38 + 0.10 0.37

80102011002 FPMA 57262.56 18,249.12 18.76 + 0.03 0.39
FPMB 57262.56 17,658.19 17.54 £ 0.03 0.38

80102011004 FPMA 57267.53 17370.83 16.44 £+ 0.03 0.45
FPMB 57267.53 17,202.23 15.33 £ 0.03 0.44

80102011006 FPMA 57272.63 16,239.13 13.87 £ 0.03 0.47
FPMB 57272.63 16,091.85 13.03 £ 0.03 0.45

80102011010 FPMA 57282.43 35,689.01 7.70 £ 0.01 0.49
FPMB 57282.43 35,563.32 7.27 +0.01 0.47

80102011012 FPMA 57295.06 41332.23 4.15 +0.01 0.48
FPMB 57295.06 41,322.83 3.87 £0.01 0.46

80302304002 FPMA 58028.15 20,523.68 2.38 +0.01 0.48
FPMB 58028.15 20,767.70 2.23+0.01 0.46

80302304004 FPMA 58051.58 17,046.56 21.97 +£0.04 0.51
FPMB 58051.58 16,956.34 20.58 + 0.04 0.50

80302304005 FPMA 58059.90 18,515.38 19.72 £+ 0.03 0.51
FPMB 58059.90 18,534.54 18.39 £+ 0.03 0.49

80502325008 FPMA 58959.06 22,397.06 10.33 +0.02 0.44
FPMB 58959.06 22,166.46 9.57 +0.02 0.43

90401369004 FPMA 58488.63 3621.66 13.05 £ 0.06 0.52
FPMB 58488.63 3616.51 12.04 + 0.06 0.50
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Table 2
(Continued)

Source ObsID Detector MID Exp. (s) Counts (s™1) HR
H1743-322 80001044002 FPMA 56918.66 50,252.45 26.22 £ 0.02 0.57
FPMB 56918.66 50,387.07 25.39 +0.02 0.55

80001044004 FPMA 56923.77 61,278.07 34.86 + 0.02 0.54

FPMB 56923.77 61,339.79 33.88 + 0.02 0.53

80001044006 FPMA 56939.78 25,666.98 31.02 £ 0.03 0.55

FPMB 56939.78 25,721.70 29.17 £+ 0.03 0.53

80002040002 FPMA 57206.13 27,418.52 18.02 £+ 0.03 0.56

FPMB 57206.13 27,603.63 16.53 £+ 0.02 0.54

80202012002 FPMA 57460.07 65,869.27 38.61 +0.02 0.44

FPMB 57460.07 66,283.17 36.43 +0.02 0.43

80202012004 FPMA 57462.29 64,870.79 37.00 + 0.02 0.44

FPMB 57462.29 65,040.59 34.68 + 0.02 0.43

80202012006 FPMA 58387.37 65,702.67 20.10 + 0.02 0.54

FPMB 58387.37 65,610.73 18.99 + 0.02 0.53

90401335002 FPMA 58380.12 38,443.65 32.36 £ 0.03 0.52

FPMB 58380.12 38,425.23 30.52 + 0.03 0.51

IGR J17091-3624 80001041002 FPMA 57454.09 43,297.76 15.80 + 0.02 0.52
FPMB 57454.09 42,957.81 14.75 £ 0.02 0.51

80202014002 FPMA 57459.60 20,239.92 20.64 + 0.03 0.50

FPMB 57459.60 20,278.74 19.23 £ 0.03 0.48

80202014004 FPMA 57461.81 20,700.15 22.79 + 0.03 0.48

FPMB 57461.81 20,515.16 21.24 £ 0.03 0.46

MAXI J1348-630 80402315002 FPMA 58515.13 30,38.04 1043.00 4+ 0.59 0.43
FPMB 58515.13 32,08.37 906.00 £+ 0.53 0.42

80402315004 FPMA 58515.60 736.34 1048.00 + 1.20 0.42

FPMB 58515.60 778.54 911.50 £+ 1.09 0.42

80502304002 FPMA 58655.40 13,783.86 186.80 + 0.12 0.45

FPMB 58655.40 14,172.58 172.20 £ 0.11 0.44

80502304004 FPMA 58660.50 15,367.24 161.90 £+ 0.10 0.47

FPMB 58660.50 15,773.25 149.50 £ 0.10 0.46

80502304006 FPMA 58672.38 17,181.65 107.60 + 0.08 0.48

FPMB 58672.38 17,460.58 100.00 £ 0.08 0.47

MAXI J1535-571 90301013002 FPMA 58003.79 10,142.25 609.40 £+ 0.25 0.41
FPMB 58003.79 10,670.31 549.40 £+ 0.23 0.40

MAXI J1813-095 80402303002 FPMA 58177.50 20,546.62 16.18 £+ 0.03 0.50
FPMB 58177.50 20,002.84 15.16 £ 0.03 0.49

80402303004 FPMA 58183.60 20,433.92 13.43 £+ 0.03 0.49

FPMB 58183.60 20,346.84 12.69 £ 0.03 0.49

80402303006 FPMA 58202.73 23,238.40 14.52 +0.03 0.46

FPMB 58202.73 23,099.06 13.66 + 0.02 0.45

MAXI J1820+070 90401309002 FPMA 58191.94 11,769.40 178.90 £ 0.12 0.56
FPMB 58191.94 11,980.90 169.90 £+ 0.12 0.55

90401309004 FPMA 58198.04 2760.78 735.20 £ 0.52 0.49

FPMB 58198.04 2876.89 663.50 + 0.48 0.48

90401309006 FPMA 58198.30 4539.90 761.20 + 0.41 0.49

FPMB 58198.30 4762.39 681.20 4+ 0.38 0.48

90401309008 FPMA 58201.53 3046.06 776.90 + 0.51 0.48

FPMB 58201.53 3214.09 689.60 £+ 0.47 0.47

90401309010 FPMA 58201.86 2660.36 782.70 £+ 0.54 0.48

FPMB 58201.86 2801.44 697.00 £+ 0.50 0.47

90401309012 FPMA 58212.20 12,334.25 695.40 +0.24 0.47

FPMB 58212.20 12,964.31 624.30 +0.22 0.46

90401309013 FPMA 58224.95 1834.38 672.60 £+ 0.61 0.46

FPMB 58224.95 1934.06 597.70 £+ 0.59 0.45

90401309014 FPMA 58225.29 9208.80 677.90 £+ 0.27 0.46

FPMB 58225.29 9708.55 603.80 + 0.25 0.45

90401309016 FPMA 58241.80 13,792.23 572.90 +0.21 0.43

FPMB 58241.80 14,431.53 514.60 + 0.21 0.42

90401309018 FPMA 58255.16 2733.45 504.50 +0.48 0.42

FPMB 58255.16 2879.63 457.10 £ 0.40 0.41

90401309019 FPMA 58255.63 9444.10 503.40 +0.25 0.42
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Table 2
(Continued)

Source ObsID Detector MID Exp. (s) Counts (s™1) HR
FPMB 58255.63 9938.34 455.80 +£0.21 0.41

90401309021 FPMA 58297.17 21,867.83 301.10 £ 0.12 0.43

FPMB 58297.17 22,852.97 272.20 £ 0.11 0.42

90401309033 FPMA 58388.92 24,892.60 124.20 + 0.07 0.31

FPMB 58388.92 25,342.94 116.50 £+ 0.07 0.31

90401309035 FPMA 58397.30 18,569.88 53.27 £+ 0.05 0.44

FPMB 58397.30 18,640.73 50.71 £ 0.05 0.44

90401309037 FPMA 58404.95 37,682.99 14.04 £+ 0.02 0.42

FPMB 58404.95 37,608.34 13.18 £ 0.02 0.41

90401324002 FPMA 58259.25 6570.79 486.70 + 0.27 0.42

FPMB 58259.25 6931.40 438.00 £ 0.25 0.41

90501311002 FPMA 58567.83 28,666.65 13.82 £ 0.02 0.43

FPMB 58567.83 28,590.56 12.92 £ 0.02 0.42

90501337002 FPMA 58721.31 44,577.57 14.25 +£0.02 0.43

FPMB 58721.31 44,311.46 13.28 £ 0.02 0.43

Swift J1753.5-0127 30001148002 FPMA 56913.42 40,434.75 12.32 £ 0.02 0.42
FPMB 56913.42 40,476.89 11.69 + 0.02 0.41

4. Results and Discussion
4.1. Disk—Corona Relation

The hard X-ray from the corona illuminates the disk, which is
reprocessed within the disk to produce the reflection spectrum
(George & Fabian 1991; Garcia et al. 2013; You et al. 2021;
Klepczarek et al. 2023). Therefore, the reflection spectrum is a
crucial ingredient to study the relation between the corona and
disk (You et al. 2021). We then explore the disk—corona relation
through the correlations between different spectral parameters.

4.1.1. IR Relation

For GRS 1739-278 and Swift J1753.5-0127, the spectra can
be well fitted by a simple Comptonization model nthcomp
(Zdziarski et al. 1996) without the presence of the reflection
features. This means the reflection fraction cannot be well
constrained by the data. Therefore, excluding these two
sources, we examine the correlation between R and I' using
Spearman rank-order test. In order to take into account
uncertainties of the parameters, we perform Monte Carlo
sampling of the R and I' (Curran 2014). We notice that some
observations of MAXI J1820+4070 apparently deviate from this
correlation with a large scatter. The complexity of this source
will be discussed below. If MAXI J1820+-070 is excluded from
the sample, we obtain a correlation between R and I', with the
Spearman’s coefficient of 0.53 at a significance of 3.780.

Furthermore, in order to better understand the physical origin of
the correlation, we need to derive the form of the correlation.
Zdziarski et al. (1999) studied the correlation between I and the R
by fitting a few phenomenological functions to the data. And, they
found that the best model is a power law, R =ul" with u=
14+1.2)x 107, v=12.4+12. Here, we use the 1inmix
algorithm (Kelly 2007) implemented in Python® to fit the above
correlation with a linear function logR = v x logI' + u. The
best-fitting results are v =8.20 £ 1.20, u = —2.38 £0.27 (see
also Figure 2).

The reflection fraction could be approximated as the ratio of
the luminosity of the primary X-ray source with unit luminosity

8 https://github.com/jmeyers314 /linmix

incident on the disk to the one radiated outward to infinity,
R=Lq/(1 — Ly, (D

where L4 is the incident luminosity over the disk (Zdziarski
et al. 1999). And the photon index I" can be estimated from the
Compton amplification factor of the thermal Comptonization A
(Beloborodov 1999),

T~ 2334 — 1)°. 2)

The Compton amplification factor is defined as A=1/L; ,
where L is the power in seed photons scattered in the sphere
(assuming a unit optical depth).

In the scenario of the truncated disk, both the reflection
fraction R and the Compton amplification factor A depend on
the disk truncation radius d, which can be estimated from
Equations (1) and (2) of Zdziarski et al. (1999). In the scenario
of the outflowing X-ray source, assuming the geometry is
steady, both R and A also depend on the outflowing velocity of
the corona, which can be determined from Equations (3) and
(7) of Beloborodov (1999). We plot the predicted correlations
between R and I for these two scenarios, in the case of 6=1/
6, 6=1/8, and 6§ =1/10 (see the dotted and dashed lines). It
can be seen that both scenarios predict positive correlations
between R and I', which are qualitatively consistent with the
observed correlation (except for MAXI J18204-070) in the
NuSTAR sample.

Some observations of MAXI J1820+070 apparently deviate
from the positive R-I" correlation above. It seems that there is a
negative correlation between R and I' in MAXI J1820+070.
We notice that Insight-HXMT also monitored this source with
higher cadence and in a broader energy band (2-150keV)
during the outburst in 2018, which was comprehensively
studied in You et al. (2021). In order to study the evolution of
MAXI J18204-070, we also plot the I' and R obtained from
You et al. (2021) in Figure 3.” Combining the results from both

° At the time of preparing the publication of You et al. (2021), relxill

v1.4.0 was the latest available version, with the bug fixed in v1.4.3, see http://
www.sternwarte.uni-erlangen.de/ ~dauser/research /relxill/. In this work,
using the latest version of relxill, the spectral fits to Insight-HXMT spectra
are updated.
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Table 3
Best-fitting Results of the NuSTAR Sample

ObsID Tin (keV) Nisk q i (deg.) Riy (Risco) r log § Are kT, (keV) Ry Npot (x107%) Nyip (x107%) /v

GRS 1716249 @
80201034006  0.45799! 2609.8+99%3 2.5703 9.8792 461908 158450000 3.91500 2.8793 485739 0.16°0%3 267.47193 -
80201034007  0.46100! 292754419 10.0" 7.9+03 15155999 4.06*3%2 339473 039700 292,14 ; - X069
90202055002  0.49%99! 2050.2344 3.375¢ 8.37 1 166379307 411705 400* 0.48+0.04 191.9733 -
90202055004 051799 1634.4+2304 10.0* 6377333 L771509%  3.94+0%7 8774177 0217534 217. 2*12 ) -

GRS 1739-278 ®
80101050002 - - - - 1.82470933 - - 113139 - 442438 -
80102101002 - - - - - 1.6873943 - - > 344 - 265.51%9 - 2
80102101004 - - - - - 1.69970:03% - - > 304 - 82.61%7 -
80102101005 - - - - - 1.6700018 - - > 175.6 - 166.8732 -

GRS 1915+105 ©
10002004001 0.3579%} 184770.97343352 22591 60" 2.8193 19421595 4.50" 3.7551 16.6%03 2.54+012 141.173% 309139
80401312002  0.48104! 6891.3+10618 3.8%97 84712 195219996 401798 65.792 1.27+94) 108.042 150119 o
90202045002  0.407531 53310.079838% 24192 33411 1.97075%%  4.4073% 35.2511 2.7679% 127.6134 19.7733

GS 1354-64 @
90101006002 - - 4.4%32 29.03] 5691384 150579919 3.0370% 0.5* 46.174%° 0.1470:03 2031148 -
90101006004 - - 27712 9.8714° 1.62370.997 2.97t8.8§ 18.749 0.24+998 83.67 14 - B
90101006006 - - 4, 6*2 2 4414374 166370303 3.4870%8 19.1+9¢ 0.25+3:% 824128 -
GX 339-4 @
80001013002 - - 2487083 40 1.181000 1.58570002 ] 934003 53751 240.8%21 0255009 36.6103 .
80001013004 - - 2857002 1.0* 158870902 3.0150%4 3169732 0.275t8‘882 59.0104 -
80001013006 - - 6.2510:%4 4137043 15915093 2.970%7 400" 0.272+9:003 94.95_3 -
80001013008 - - 2.8310:%¢ 1.0* 1579793 3.0979% 400* 0.31075:9%
80001013010 - - 2.04709% 31437042 1598709 1.7370% 67.9139 01277399 18.2793 -
80001015001 - - 2.87°0% 1.0* 1.752109%  3.44139! 48.8119 0.31173:5% 198.7119 -
80102011002 - - 7.46799% 3.47799 17480993 3511002 400* 0.395+99%3 38.3%0¢ - R
80102011004 - - 507409 2.88+093 1.6691599%  3.3075% 400" 0.25479:004 432794 -
80102011006 - - 10.0" 3.6319% 1.656709%  2.9975%3 400* 0.239*9:9% 41.1*53 -
80102011010 - - 2331003 1.3470 3? 1.64079992 300199 400" 016543093 24.7%9$ -
80102011012 - - 2,660 11.65793] 1657750008 2.6250:03 187.21% 0.1699:003 11.9%0% -
80302304002 - - 1734093 1.0* 16489902 293708 47,6719 0.165753%4 57591 -
80302304004 - - 10.0" 3.33+09¢ 156475998 3.1640%2 400* 0.31879:3% 81.0%24 -
80302304005 - - 10.0" 2,950 1612999 3.0274Q2 400* 0.28673.99¢ 664793 -
80502325008 - - 2,809 1.0 168170503 3.1870% 400" 0.2567 5998 28.9104 -
90401369004 - - 0.0" 1.0* 158140900 1.91%043 903431 0.160*5:9%2 43,0197 -
H1743-322 @

80001044002 - - 27503 51.9720 44532 16421009 18701 0.5* 150.1735 0.34799% 76.071% -
80001044004 - - 2393 424903 169010906 2,011 88.9175 0.38+9:93 852413 -
80001044006 - - 19792 8.3197 169079999 14493 76.8158 0.4375% 73.8+1¢ -
80002040002 - - 22493 6.9708 1.630t3_85§ 0.1° 290.07192 0.29100 57.2+13 - 1D
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80402315004 0.53+gfg§ 0 0-3;622)91;:8 22402 17341 40408 MAXI J1348-630 © 37 26003 453108 ] 3603
80502304002 0.58-002 755'01113233 10.0* o o L68TIOMT  3sgi0m oyl
80502304004 0 5412'.?)11 M-8oe01 26551 3 '51&3 3 1.688700%  3.4570%3 o ;5'53)5 0.18* 567 1930.9+193
o 1 32 =02 +0 3+l y 217, _
$0502304006  0.59°301 209.0%4455 31703 o 16442505 3-43f3.‘z)§ ’ 3;' % 017255t 1952.1°203
—0.02 335.3:23? 5 4401 7.855% 1.639+0-008 004 89.679_14»7 0.25+001 ;28.(4 _
. o 5.9719 oo 321500 +17.8 003 444.57107 - 7810
97 +0.005 80.3 4
0 12 1.637599% 3.0970.07 9-143 0.16101 415, 7
0301013002 0.40°051 217048.3730274.2 . 89.573¢ 0 1618:3; 4197741 - -
- 37368029 59434 564761 33407 MAXI J1535-571 © - 10-001 287.5f443 R
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Table 3
(Continued)
ObsID T;y (keV) Naisk q i(deg)  Rin (Risco) r log & Are KT, (keV) R Nt (X107 Ny (x107% /v
Swift J1753.5-0127 ®
30001148002 - - - - - 173623954 - . > 55.8 - - - 1069.5

987

Notes. The letter “a” indicates the spectral model TBabs™ (diskbb+relxi11Cp) adopted in the sources. The letter “b” indicates the spectral model TBabs*nthcomp adopted in the sources. The letter “c” indicates
the spectral model TBabs® (diskbb+relxillCp+xillverCp) adopted in the sources. The letter “d” indicates the spectral model TBabs*relxillCp adopted in the sources. The symbol “*” indicates the
parameters are pegged at lower/upper limit adopted in the spectral fits. The symbol “i” indicates the parameters are fixed at the values given in Table 1. The symbol “...” indicates the parameters are linked in the joint fits
for a given source. The symbol “-” for T;, and Ny;s in the diskbb model indicates that the disk component is not required in the fits for a given observation. T;, = 0.05 keV and Ny = 107 are fixed in the joint fits.
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6=1/8

6=1/10

GRS1716-249
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GS1354-64
GX339-4
H1743-322
IGRJ17091-3624
MAXIJ1348-630
MAXIJ1535-571
MAXIJ1813-095
MAXIJ1820+070
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Figure 2. The relationship between I" and R. GRS 1739-278 and Swift J1753.5-0127 are not included, due to that the spectra can be well fitted by a simple
Comptonization model without the presence of the reflection features. The solid line denotes the best-fitting result excluding MAXI J1820+4-070 (open red circle). We
also calculate the relationship between I' and R based on the models proposed by Zdziarski et al. (1999, shown in dotted lines) and Beloborodov (1999, shown in
dashed lines). The blue, green, and purple colors correspond to § = 1/6, § = 1/8, and § = 1/10, respectively, in Equation (2).
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Figure 3. The relationship between I" and R for MAXI J1820+4-070 in the rising
hard state during the outburst rise in 2018 (before MJD = 58303), in which the
estimations from the spectral fitting to both NuSTAR (blue points) and Insight-
HXMT (red points) observations are included. The color of each point
corresponds to the observation MJD, with the color bar on the right.

NuSTAR and Insight-HXMT, it is evident that (i) the reflection
fraction is indeed large and can reach up to ~2 during the peak
of the rising hard state (around MJD 58200); (ii) there is indeed
a negative correlation, where the reflection fraction rapidly
decreases from ~2.0 to 0.25, as I increases in a narrow range
from 1.55-1.7. The Spearman coefficient is —0.59 at a
significance of 5.88c.

4.1.2. R-Ly Correlation

We then study the possible correlation between R and logLy
for this NuSTAR sample. The Spearman coefficient of the
correlation between R and Ly is 0.66 at a significance of 5.02 o.
This positive correlation can be explained in the truncated disk
model. It is hard to directly compute the Comptonization
luminosity L¢, but it is proportional to the luminosity Lg of the
seed photons which are scattered in the X-ray source, i.e.,
Lc < Lg (Poutanen et al. 2018). The reflection fraction R is
computed with Equation (1), and Lg is computed using
Equations (1) and (2) of Zdziarski et al. (1999). Lg is a

10

function of the truncation radius d of the accretion disk. The
model prediction of the R—Lx correlation is plotted in Figure 4,
as a dashed line. The observations roughly follow the model
prediction below ~5 x 107 erg s~!, and apparently deviate
from it at higher luminosity.

The positive correlation between R and Ly for MAXI J1820
4070 is much more evident than the one for the sample study
above. For clarity, we plot the estimates R and log Ly in
Figure 5, including the results of both NuSTAR and Insight-
HXMT during the rising hard state of the outburst in 2018. It can
be seen that these combined estimates do show a positive
correlation, with the reflection fraction rapidly increasing over
one order of magnitude as the luminosity increases by a factor of
3. The Spearman coefficient is 0.8 at a significance of 9.40.

In the truncated disk model (Esin et al. 1997; Done et al.
2007; Qiao & Liu 2012), it is proposed that the outer disk
truncation radius decreases with the mass accretion rate, which
leads to the softening of the spectrum. If assuming the inner
Comptonization source (i.e., advection-dominated accretion
flow) is static, the reflection fraction will increase with the mass
accretion rate (i.e., the luminosity), given that the reflection
fraction increases as the truncation radius decreases (Zdziarski
et al. 1999). Plant et al. (2014) carried out a systematic analysis
of the reflection spectrum throughout three outbursts of GX
339-4. It was found that R gradually increases as the source
luminosity for this source in the hard state, which was
interpreted in the scenario of the truncated disk. In De Marco
et al. (2017), the X-ray reverberation lags in GX 339-4 were
measured in the hard state, which were found to decrease as a
function of X-ray luminosity. In the truncated disk model, the
decrease in the lag amplitude suggests a decrease in the relative
distance between the disk and corona, which may lead to an
increase in the reflection fraction. Therefore, the positive
correlation Lx—R derived in this work, is consistent with
previous spectral and timing studies. Recently, in Sridhar et al.
(2020), the RXTE observations of GX 339-4 in the 2002 and
2004 outbursts were reanalyzed. They found that the reflection
strengths in the 2002-2003 outburst with high X-ray flux is
larger than the ones in the 2004—2005 outburst with low X-ray
flux (see their Tables 2 and 3).



THE ASTROPHYSICAL JOURNAL, 945:65 (16pp), 2023 March 1

You et al.

m B @ GRS1716-249
B GRsi1915+105
WV Gsi1354-64
1k m o || @ Gx3304
o ® @@ g A HI743-322
O ‘ IGRI17091-3624
P o) ._/’ P> MAXII1348-630
=~ @ @ Maxuis3ssTI
Sty @@ < MAXII1813-095
g)‘ P Y > @ .’ @ MAXU1820+070
- ®©
0.1F |
10% 10|37 10I38
Lx (erg/s)

Figure 4. Correlation between R and the X-ray luminosity Ly of the relxil11Cp component in 3-78 keV for the NuSTAR sample. GRS 1739-278 and Swift
J1753.5-0127 are not included, due to that the spectra can be well fitted by a simple Comptonization model without the presence of the reflection features.
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Figure 5. Correlation between R and the X-ray luminosity Ly of the relxi11Cp component in 3—78 keV for MAXI J1820+070 in the rising hard state during the
outburst rise in 2018 (before MJD = 58303), in which the estimates from the spectral fits to both NuSTAR (star points) and Insight-HXMT (circle points) observations
are included. The color of each point corresponds to the observation MJD, with the color bar on the right.

4.1.3. R;,—Lx Correlation

In this work, the disk inner radius is estimated from the
spectral fits with the reflection model. In Figure 6, we plot the
evolution of the disk inner radius with the X-ray luminosity of
the reflection model in 3-78 keV, which shows that the disk is
truncated in the hard state. We fit the correlation with the linear
function Equation (3), by replacing X and Y with logL, and
logR;, and excluding all the lower limits of R;,. The best-fit
result is plotted as the solid line. The best-fitting slope is —0.12,
which indicates a negative correlation. The Spearman coefficient
of the correlation for the data is —0.04 at the significance of 0.25
o. Due to the large scatter, we cannot draw a conclusion that a
negative correlation between R and L exists among the sample.

By recalibrating the RXTE data to better precision, Garcia
et al. (2015b) reanalyzed six composite RXTE spectra of GX
339-4 in the hard state, with the luminosity spanning by one
order of magnitude. The reflection model relxill was used
to measure the inner disk radius. They found that the disk is
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slightly truncated by a few gravitational radii R, at a few
percent of Eddington, and the disk inner radius tends to
decrease with the source luminosity. The same conclusion of
the evolution of the disk inner radii with the source luminosities
for GX 339-4 was also drawn in Plant et al. (2015). Recently,
the same timing analysis was also applied to MAXI J1820
+070 by De Marco et al. (2021). It was found that the
frequency of thermal reverberation lags steadily increases
during the outburst in 2018, implying that the relative distance
between the X-ray source and the disk decreases (i.e., the
decrease of the inner radius of the disk) as the source softens.

In this work, the disk component is required in the spectral
fits to the NuSTAR data for some of the sources in the sample,
e.g., MAXI J1820+070. The inner radius can also be estimated
from the normalization of the diskbb (Kubota et al. 1998).
However, in the spectral fits to Insight-HXMT observations of
MAXI J820+4-070, the estimated R;, from the diskbb compo-
nents is larger than the ISCO, while the disk inner radius is
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Figure 6. Correlation between R;, and the X-ray luminosity Ly of the relxil1Cp component in 3-78 keV for the NuSTAR sample. GRS 1739-278 and Swift
J1753.5-0127 are not included, due to that the spectra can be well fitted by a simple Comptonization model without the presence of the reflection features.
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Figure 7. Correlation between photon index I' and the X-ray luminosity Lx of the re1x1i11Cp component in 3—78 keV for the NuSTAR sample. The different colors
and symbols indicate the different sources, just the same as the figure legend in Figure 1.

fixed at ISCO (You et al. 2021) in the relativistic reflection
model, based on the spectral/timing results in Kara et al.
(2019). Such a disagreement would indicate that the diskbb
components are only phenomenological descriptions of the
complex spectra (Zdziarski et al. 2022b). More importantly, the
estimate of R;, from the diskbb component also strongly
depends on the boundary condition and the color hardening
factor (Kubota & Makishima 2004; Sridhar et al. 2020;
Zdziarski et al. 2022a).

4.2. Luminosity-dependent Corona Properties
4.2.1. I-Ly Correlation

In this work, we do the spectral fitting for the NuSTAR
sample of LMXBs using the relativistic reflection model. The
broadband luminosity and the corona properties, including the
electron temperature and the photon index, can be well
measured, so that we could statistically study the dependence
of the corona properties on the X-ray luminosity. For the
accreting BH sources (including AGNs and BHXRBSs), it was
found that there is a “V”’-shaped correlation between the photon
index I and logLx (Yamaoka et al. 2005; Wu & Gu 2008;
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Yang et al. 2015; Yan et al. 2020), i.e.,

X —X)+ X X
LHX -X)+ Y X

XC)»
X,).

Y(X) = 3)

<
2

In this work, we investigate this correlation for the NuSTAR
sample of LMXBs. The derived I" and logLy from the spectral
fitting are plotted in Figure 7. Apparently, there is a also “V”-
shaped correlation between I' and logLy. Following Yan et al.
(2020), we fit the correlation with the broken linear function
Equation (3), by replacing X and Y with logL, and I'. The best-
fit result is plotted as the solid line in Figure 7. The correlation
is broken at the luminosity log Lx = 37.35, below which the
slope is —0.06, and above which the slope is 0.29. The
Spearman coefficients of the correlation for the data below and
above this broken luminosity are —0.30 and 0.39 at the
significances of 1.430 and 1.910, respectively. Due to the
larger scatter between different sources, the negative/positive
correlation below/above the broken luminosity are not very
significant. This is consistent with previous studies on AGNs
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Figure 8. The relationship between I' and the X-ray luminosity Ly of the re1xil1Cp component in 3—78 keV for MAXI J1820+-070 in the rising hard state during
the outburst rise in 2018 (before MJID = 58303), in which the estimates from the spectral fits to both NuSTAR and Insight-HXMT observations are included. The
color of each point corresponds to the observation MJD, with the color bar on the right. The dashed line roughly corresponds to MJD = 58250.

and BHXRBs (Wu & Gu 2008; Yang et al. 2015; Yan et al.
2020).

In Figure 8, we plot the estimates I" and log (Lx) from both
this work and You et al. (2021), for MAXI J1820+070.
Meanwhile, we associate each data point with the corresp-
onding MJD, indicated as the color bar on the right. It can be
seen that the NuSTAR results are consistent with the Insight-
HXMT ones. More importantly, we notice an interesting “A”-
shaped correlation between the photon index I' and logLy, as
the luminosity decreases by a factor of 3 in the narrow range
from ~10°® to 10%7° ergs™'. More specifically, T' first
increases as Ly decreases. But, after around MJD = 58250
(see the dashed line in Figure 8), I' starts to decrease as Lx
continually decreases. We note that Wang et al. (2020b)
studied the evolution of the temporal properties of MAXI
J1820+4-070 over the same time with Insight-HXMT data sets.
They also found the different behaviors of the HR, the
fractional rms, and time lag before and after MJD 58,257,
which suggests a transition occurred around this point.

4.2.2. kT Ly Correlation

It was also found that there is a “A”-shaped correlation
between the electron temperature k7, and logLy (Yan et al.
2020). Note that Yan et al. (2020) were not aimed at deriving the
exact value of kT,, but instead at the trend of the k7.-Lx
correlation. So the spectral fitting was simply carried out by the
use of the Comptonization model (nthcomp) without consider-
ing the role of the reflection comyonent. This is acceptable for
the low-luminosity regime <10°" ergs™', since the reflection
emission in this case is systematically weak (Fiirst et al. 2016;
Beri et al. 2019). However, the estimate of k7. is probably
affected by the relativistic reflection components, for the high-
luminosity regime >10°7 ergs ', which is covered by the
sample in this work (Fabian et al. 2015; Garcia et al. 2015a).
Therefore, it is essential for us to revisit the k7.—Lx correlation
using the measurements from the spectral fitting with the
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relativistic reflection model. We plot the kT, and Ly derived
from the spectral fitting with the reflection model in Figure 9,
which appear to still display the “A”-shaped correlation between
them. We fit the correlation with the broken linear function
Equation (3), by replacing X and Y with logL, and log k7, and
excluding all the lower limits of k7. The best-fitting result is
plotted as the dashed line. The correlation is broken at the
luminosity logLy = 37.20, below which the slope is 0.62, and
above which the correlation is —0.93. The Spearman coefficients
of the correlation for the data below and above this broken
luminosity are 0.50 and -0.61 at the significances of 1.420 and
3.160, respectively. This is qualitatively consistent with previous
studies on BHXRBs (Yan et al. 2020).

5. Conclusions

In this work, we systematically study the evolution of the
primary X-ray and the reflection component, for the NuSTAR
sample of LMXBs in the hard state. The photon index I' and
the reflection fraction R are well constrained. We find that R is
positively correlated with I" for the sample except for MAXI
J1820+070. The positive R—I" correlation is consistent with
previous studies of LMXBs (Ueda et al. 1994; Zdziarski et al.
1999; Steiner et al. 2016) and AGNs (Diaz et al. 2020; Draghis
et al. 2020; Connors et al. 2021). The I'—R correlation could be
explained in the scenarios of both the truncated disk and the
outflowing X-ray source. Then we calculate the X-ray
luminosity of the reflection model between 3 and 78 keV. It
is interesting that there is a strong positive correlation between
R and the X-ray luminosity for BHXRBs in the hard state,
which puts a constraint on the disk-corona coupling and the
evolution. Moreover, We report “V”-shaped correlation
between I and logL, and “A”-shaped correlation between kT,
and logL,, which is in agreement with previous results.
Combining the NuSTAR and Insight-HXMT results obtained
from (You et al. 2021), we find a negative R—I" correlation and
a “A”-shaped correlation between I" and logL, for MAXI J1820
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Figure 9. Correlation between the electron temperature k7, and the X-ray luminosity Ly in 3-78 keV for the NuSTAR sample.

4070 in the bright hard state. The physical mechanism behind
the particular behavior of MAXI J1820+4-070 is unknown. It
challenges our knowledge of the accretion flow of black hole
binary, and needs further exploration in the future.
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Appendix
Comparison with the Existing Constraints

A.1. GRS 1716-249

The spectral analysis for the four epochs, i.e., 80201034006,
80201034007, 90202055002, and 90202055004, was also done
by Jiang et al. (2020). In their spectral fits, the power-law
model cutoffpl is used to account for the coronal emission,
and the relconvlp®reflionx is adopted to model the
relativistic disk reflection, where kerrconv is a relativistic
blurring function based on ray-tracing simulations (Brenneman
& Reynolds 2006) and reflionx accounts for the reflection
from an ionized accretion disk of constant density (Ross &
Fabian 2005). Their results show that the inclination angle is
low with i~30° and the accretion disk is of low iron
abundance and highly ionized, which are consistent with our
results. The Comptonization continua are harder with the
photon index in the range of 1.3—1.5 than the ones in our fitting
results, and the reflection fraction is about 0.25. Note that, the
modeling of the relativistic disk reflection with relconvl-
p‘reflionx is based on the assumption of a simple lamppost
geometry, and more importantly, the empirical reflection
fraction in relconvlp*reflionx is different from the
physical reflection fraction in the reflection model
relxillCp adopted in our work (Dauser et al. 2016).
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A.2. GRS 1739-278

The four NuSTAR spectra of GRS 1739-278 studied in this
work are well described by a power-law continuum with an
exponential cutoff, which agrees with the results in previous
studies (Fiirst et al. 2016; Yan et al. 2020). Joint fits of XMM-
Newton and NuSTAR for one epoch observation on MJD
57281 (ObsID: 80101050002) by Fiirst et al. (2016) revealed
the signatures of reflection. Their spectral fits indicate a low
reflection fraction with R = 0.043 for a hard spectrum with
photon index I' = 1.39, which agrees well with the low end of
the R-I" correlation.

A.3. GRS 1915+105

The NuSTAR spectrum of GRS 1915+105 in 2012 (ObsID:
10002004001) was analyzed in previous studies with the
reflection model (Miller et al. 2013; Zhang et al. 2019b, 2019a;
Shreeram & Ingram 2020). In Miller et al. (2013), the spectral
model mainly consists of (kerrconvxreflionx)
+cutoffpl. Assuming the disk inner edge being at ISCO,
their best fits prefer a high BH spin with @ = 0.98 and a large
inclination angle for this binary system with i=72° and
strongly exclude the fitting results with a much high cutoff
energy. As a comparison, in our fits of this observation with the
assumptions of @ = 0.998 and i = 60°, the fitted inner radius of
the disk is about 2 Rjgco, and the electron temperature kT, is
about 17 keV. However, the derived photon index in our fits is
about 1.9, which is larger than the one (~1.7) in Miller et al.
(2013). The same observation was also studied using the
relativistic reflection models relxill _NK (Bambi et al.
2017), which belongs to the RELXILL family (Zhang et al.
2019b, 2019a; Shreeram & Ingram 2020). The fitted photon
index in those studies is large with I" = 2.13, instead.

A4. GS 1354-64

The three NuSTAR spectra of GS 1354-64 were analyzed by
Yan et al. 2020 in which the Comptonization model
(nthcomp) is adopted, while the disk reflection is not
included, for simplicity. In their spectral fits, the photon index
of the Comptonization continuum is I' = 1.49, 1.57, 1.65, and
the fitted electron temperature is low with k7T, ~ 10-20 keV,
which are consistent with the results in this work.

Moreover, two of the three NuSTAR spectra (ObsID:
90101006002, 90101006004), were also analyzed in previous
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studies with the reflection model (El-Batal et al. 2016; Xu et al.
2018b; Tripathi et al. 2021). El-Batal et al. (2016) found a
large truncation radius for the accretion disk with Ry, =
7002 Risco for 90101006002, but a small truncation radius,
which is close to Risco for 90101006004 In this work, we also
find the similar results that the disk is truncated at a large radius
with Ry, ~ 44ﬁ;Rlsco for 90101006002, but at a small radius

Rin = 987158 Risco  for 90101006004. And a low iron
abundance with Ag. ~ 0.5 is preferred in both El-Batal et al.
2016 and our work.

A5. GX 3394

The NuSTAR spectra of GX 339-4 studied in this work
mainly consist of the observations in 2013 (Fiirst et al. 2015;
Wang-Ji et al. 2018; Jiang et al. 2019), 2015 (Wang-Ji et al.
2018; Jiang et al. 2019), and 2017 (Garcia et al. 2019; Wang
et al. 2020a). For the observations in 2013 (ObsID:
80001013002-04-06-08-10) and 2015 (ObsID: 80102011002-
04-06-10-12), the reflection models in the re1xi11 family are
implemented by Wang-Ji et al. (2018) in the joint fits to
NuSTAR and Swift data. In their results, the inclination angle
is constrained with i ~40°, which supports the assumption of
the inclination angle in our fits. And the electron temperatures
are found to be large with k7, ~ hundreds of kiloelectronvolts
and the disk inner radii are close to the ISCO, which are
consistent with our fitting results. The constrained photon index
is in the range of 1.5-1.7, as we find in this work. And both
Wang-Ji et al. (2018) and our work found that the spectra prefer
a high iron abundance. Note that, such a high iron over-
abundance may be due to the assumed constant electron density
of the accretion disk 7. = 10" cm™> (Jiang et al. 2019).

A.6. H1743-322

The NuSTAR spectra of H1743-322 were also analyzed with
the phenomenological models (Yan et al. 2020; Wang et al.
2022) and the reflection models in the relxill family
(Ingram et al. 2016; Chand et al. 2020; Stiele & Kong 2021). A
low iron abundance with Ag. ~ 0.5 and a small disk truncation
radius of a few times Rigco are suggested in the spectral fits
(Ingram et al. 2016; Stiele & Kong 2021). And the fitted
photon index and the reflection fraction by Stiele & Kong
(2021) follow the derived correlation in this work.

A.7. IGR J17091-3624

The NuSTAR spectra of IGR J17091-3624 were analyzed by
Xu et al. 2017 with the reflection models in the relxill
family. In their spectral results, the constrained inner radii are
about tens of gravitational radii, and the iron abundance is low
with Ag. ~ 0.7, which are consistent with the results in this
work. And the fitted photon index and the reflection fraction are
slightly lower than the ones in our results.

A.8. MAXI J1348-630

Two of the NuSTAR spectra of MAXI J1348-630 studied in
this work (ObsIDs: 80402315002 and 80402315004) were also
analyzed in Chakraborty et al. (2021) and Jia et al. (2022) with
the reflection models in the relxil1 family. In their results,
the disk temperature at the inner radius is about 0.5 keV. For
the Comptonizing source, the photon index I' ~ 1.7, and the
electron temperature k7.~ 30keV. These measurements are
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consistent with the ones in this work. We notice that the disk in
their fits is truncated at ~10R,, while the inner radius in our
results is about ~5R,. Furthermore, their reflection fraction is

slightly smaller than the one in our fits.

A.9. MAXI J1535-571

The NuSTAR spectra of MAXI J1348-630 were analyzed by
Xu et al. (2018a) and Dong et al. (2022). The observation
(ObsID = 90301013002) was fitted by Xu et al. (2018a) with
different flavors of the reflection models in the relxill
family. Our fitting results, in terms of the disk properties (the
inner temperature kTyy,, iron abundance, and the ionization
parameter), the Comptonization spectrum (the electron temp-
erature k7, and the photon index), and the reflection fraction,
are consistent with the ones in Xu et al. (2018a).

A.10. MAXI J1813-095

The three NuSTAR spectra of MAXI J1813-095 were
stacked by Jiang et al. (2022) for the spectral analysis with the
reflection models in the relxill family. In their results, the
inclination of the source is found to be low with i ~ 22°, which
supports our conclusion of a low inclination angle of i ~ 18°.
And, the disk properties (the inner temperature Tj,, iron
abundance, and the ionization parameter), the Comptonization
spectrum (the electron temperature k7, and the photon index) in
our fits are consistent with the ones in Jiang et al. (2022).

A.11. MAXI J1820+070

The NuSTAR spectra of MAXI J18204-070 in the 2018
outburst were analyzed by Buisson et al. (2019) with a dual-
lamppost model (two lampposts at different coronal heights)
relxilllpCp in the relxill family. In their results, the
inclination angle is fitted to be ~30°, while it is fixed with
i =63° (Atri et al. 2020) in this work. Note that there is a large
misalignment (>40°) between the inclination angle of the jet and
the binary orbit in MAXI J1820+070 (Poutanen et al. 2022).

A.12. Swift J1753.5-0127

The NuSTAR spectra of Swift J1753.5-0127 studied in this
work are well described by a power-law continuum with an
exponential cutoff. The Comptonization spectrum, in terms of
the electron temperature k7, and the photon index, in our fits
are consistent with the results in previous studies (Yan et al.
2020), which include the Swift data as well.
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