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ABSTRACT

The black hole candidate MAXI J1348-630 was discovered on January 26th, 2019, with the Gas Slit Camera (GSC) on-board

MAXI. We report a detailed spectral analysis of this source by using the archived data of NuSTAR. A total of 9 observations

covered the complete outburst evolution of MAXI J1348-630 from the hard state to the soft state and finally back to the hard

state. Additionally, the intermediate state is found in the transition from the hard state to the soft state. We use the state-of-art

reflection model relxill family to fit all the 9 spectra, and the spectra from two focal plane module detectors of NuSTAR are

jointly fitted for each observation. In particular, we concentrate on the results of the black hole spin parameter and the inclination

of the accretion disk. Based on the analysis of the inner radius of the accretion disk, we obtain the spin parameter 0∗ = 0.78+0.04
−0.04

,

and the inclination angle of the inner disk 8 = 29.2+0.3
−0.5

degrees. Furthermore, we also find that when the black hole is in the

hard state, the accretion disk would show a significant truncation. The high iron abundance and ionization of the accretion disk

obtained in the fitting results can be possibly explained by the high density of the accretion disk.

Key words: NuSTAR, black hole physics — X-ray: binaries — stars individual: (MAXI J1348-630) — accretion disks

1 INTRODUCTION

The study of black hole X-ray binary (BHXRB) is an important re-

search field in astrophysics, and it consists of a black hole and a com-

panion star. Based on their X-ray light-curve properties, BHXRBs

can be classified into two categories: persistent and transient sources.

Most are transients, and only a few persistent sources have been

found, such as LMC X-1, Cygnus X-1, M33 X-7 and IC 10 X-1.

MAXI J1348-630 was discovered by the Gas Slit Camera (GSC) on-

board MAXI (Yatabe et al. 2019) as a new, bright BHXRB transient

at the position RA(J2000) = 13h48m12s.79 ± 0.03 and Dec(J2000)

= -63d16′28′′ .48 ± 0.04 (Kennea & Negoro 2019) on January 26th,

2019. Radio observations of the Australia Compact Telescope array

(ATCA) detected a radio counterpart consistent with the X-ray posi-

tion (Russell et al. 2019). According to the canonical state classifica-

tion (Fender et al. 2004; Homan & Belloni 2005), MAXI J1348-630

underwent different spectral states, namely, the low/hard state, the

hard intermediate state, the soft intermediate state and the high/soft

state throughout its outburst.

Since its discovery, several efforts have been made to explore

its physical properties. In the previous research, the archived data of

★ E-mail: nanjia@nao.cas.cn
† E-mail: lgou@nao.cas.cn

Neutron star Interior Composition Explorer (NICER, Gendreau et al.

2016) were used to study the outburst evolution and timing proper-

ties of MAXI J1348-630 (Zhang et al. 2020). Specifically, time lags

of the type-B quasi-periodic oscillations (QPOs) were reported in

Belloni et al. (2020) by using NICER data of MAXI J1348-630. A

detailed time-lag analysis of MAXI J1348-630 had been carried out

by using Insight-HXMT over a broad energy band, and they found

that the observed time-lag between the radiations of the accretion

disk and the corona leads naturally to the hysteresis effect and the

"q"-diagram.(Weng et al. 2021). Assuming a face-on disk around a

non-spinning black hole, Tominaga et al. (2020) fitted spectra ob-

tained by MAXI/GSC and Swift/XRT, deriving the source distance

� = 4 kpc and the black hole mass " = 7 "⊙. In another research,

using the Australian Square Kilometre Array Pathfinder (ASKAP)

and MeerKAT Data, Chauhan et al. (2021) reported H i absorption

spectra of MAXI J1348-630, and determined the source distance to

be 2.2+0.5
−0.6

kpc. Simultaneous radio (with MeerKAT and ATCA) and

X-ray (with MAXI and Swift/XRT) observations were used to detect

and track the evolution of the compact and transient jets, and the

system underwent at least 4 hard-state-only reflares after the main

outburst (Carotenuto et al. 2021). Moreover, the discovery of a giant

dust scattering ring around the black hole transient MAXI J1348-

630 with SRG/eROSITA was reported in Lamer et al. (2020), and

combining the data from SRG/eROSITA, XMM-Newton, MAXI and

© 0000 The Authors
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Gaia, the geometrical distance of MAXI J1348-630 was estimated

to be � = 3.39 kpc with a statistical uncertainty of 1.1%. Given

the source distance (� = 3.39 kpc), the black hole mass was further

estimated to be 11±2 "⊙ . In addition, Jana et al. (2020) used TCAF

model to fit the combined spectra from MAXI/GSC, Swift/XRT and

Swift/BAT, obtaining the black hole mass to be " = 9.1+1.6
−1.2

"⊙ .

Saha et al. (2021) made a multi-wavelength study of MAXI J1348-

630, and they firstly analyzed the broadband spectra of the black hole

which covers the radio, optical, ultraviolet and X-ray energy bands.

In a BHXRB, thermal photons emitted from the accretion disk are

up-scattered by the hot electrons in the corona, and some of the re-

sulting hard X-ray photons will then be absorbed and reprocessed by

the disk, producing the reflection spectrum. A typical reflection spec-

trum mainly contains the fluorescent iron KU emission line, absorp-

tion edge and Compton hump features (Fabian et al. 1989). Under the

combined effects of Doppler shifts, beaming and gravitational red-

shifts close to the black hole, the originally narrow iron KU emission

line is broadened to show an asymmetric profile. The value of the

inner edge of the accretion disk can be determined from the profile

(especially the red wing) of the broadened iron KU emission line. As-

suming that the inner radius of the accretion disk would extend to the

inner stable circle orbit (ISCO), the spin parameter can be inferred by

the relation between spin and ISCO radius (Bardeen et al. 1972). It

is generally believed that the inner radius of the accretion disk would

extend to the ISCO in the high/soft state (Gierliński & Done 2004;

Steiner et al. 2010). However, in the hard state, the geometry of the

accretion disk is still controversial. Many works have shown that the

accretion disk is truncated at a larger radius (Gierliński et al. 2008;

Tomsick et al. 2008; Cabanac et al. 2009; Basak et al. 2017) and the

inner region would be filled by an advection-dominated accretion

flow (Esin et al. 1997), while Rykoff et al. (2007); Reis et al. (2010);

Xu et al. (2018) showed that the accretion disk could possibly extend

to ISCO even in the hard state. Therefore, the spin result would be

affected when the disk truncation occurs.

Due to the merits of the broad energy band of 3-79 keV, NuSTAR

(Harrison et al. 2010) is an ideal mission for exploring the black hole

reflection properties. In this work, we investigate the archived NuS-

TAR data of MAXI J1348-630 to analyze the black hole reflection

component. The archived data with 9 spectra cover the complete evo-

lution of the transient outburst, spanning the hard state, intermediate

state and soft state. Using the most sophisticated reflection model to

fit the spectra, we can not only constrain the black hole spin param-

eter and the inclination angle of the inner disk, but also explore the

truncation problem of the accretion disk. Currently, a high-density

version of the reflection model, relxillD with the maximum den-

sity to be 1019 cm−3, is also available, providing a proper tool to

investigate the high iron abundance effect.

This paper is organized as follows. In section 2, we describe the

observations and data reduction of MAXI J1348-630. In section 3, we

present the spectral analysis results. In section 4, we discuss the disk

truncation problem and different reflection models, and also explore

the parameter space of the spin parameter and the inclination angle.

In section 5, we summarize the results and present our conclusion.

2 OBSERVATIONS AND DATA REDUCTION

For the first main outburst, the observations of NuSTAR started from

MJD 58515, and ended in MJD 58627. We obtained the daily aver-
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Figure 1. Upper panel: MAXI/GSC light curves of MAXI J1348-630 in 2.0-

20.0 keV. The colorful dashed vertical line represents the observation of

NuSTAR. Lower panel: time evolution of the hardness ratio (4-20 keV/2-4

keV). Since the first two observations are taken very close in time, the two

vertical dashed lines on the left side of the figure seems overlapped.

aged light curve from MAXI/GSC1 (Matsuoka et al. 2009), and the

NuSTAR observation dates are marked with colorful dashed verti-

cal lines in the light curve in Figure 1. The hardness ratio plot of

MAXI J1348-630 is also shown in the same figure. As we can see,

there are 9 NuSTAR observations in total and, for convenience, the 9

observations are designated as SP1-SP9, respectively, according to

their observation time. Based on the hardness ratio, we can define

the states of the source. The state of the source, the exposure time

and the count rate with different instrument are listed in Table 1.

We use NuSTARDAS pipeline v2.0.0 with the calibration database

(CALDB) version 202103152 to process the NuSTAR data3. The

NuSTAR source spectra are extracted following the standard pro-

cedure4, additionally setting saacalc=2, saamode = OPTIMIZED

and tentacle = no to filter background flares caused by enhanced

solar activity. We use a circle (with r = 120′′) centered on the source

to extract the source spectra, and the background spectra are extracted

using the same-size circle from a source-free region. The spectra are

then grouped to have at least 25 per bin. In the fitting process, and

fitted over the energy band of 3-79 keV.

We use XSPEC v12.11.15 to fit the spectra. If not specifically

mentioned, all uncertainties quoted in this paper are given at 90%

confidence level.

3 SPECTRAL ANALYSIS AND RESULTS

For a total number of 9 observations of NuSTAR, we use a simple ab-

sorbed broken powerlaw model constant*tbabs*cutoffpl to fit

all the spectra. The model constant is used to reconcile the calibra-

tion difference between the FPMA and FPMB detectors, and tbabs

is the interstellar medium (ISM) absorption model. We adopt the

cross-sections in Verner et al. (1996) and abundances in Wilms et al.

(2000). Due to the lack of the spectra below 3 keV, the column den-

sity could not be constrained, and we fix the column density at 0.86

× 1022cm−2, which is the fitting result using Swift/XRT spectra in

Tominaga et al. (2020), When we fit the spectra at this point, we

1 http://maxi.riken. jp
2 https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/caldb_supported_missions.html
3 https://heasarc.gsfc.nasa.gov/FTP/nustar/data/
4 https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
5 https://heasarc.gsfc.nasa.gov/xanadu/xspec
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Table 1. Observation log of MAXI J1348-630

NuSTAR

ObsID MJD Statea Instrument Exposure Count rateb

(ks) (cts s−1)

80402315002 58515.13 Hard state FPMA 3.04 960

SP1 FPMB 3.21 842

80402315004 58515.47 Hard state FPMA 0.48 736

SP2 FPMB 3.21 778

80402315006 58520.63 Intermediate state FPMA 4.52 1278

SP3 FPMB 4.83 1182

80402315008 58525.26 Soft state FPMA 4.64 1107

SP4 FPMB 5.08 1003

80402315010 58550.37 Soft state FPMA 9.71 375

SP5 FPMB 10.55 331

80402315012 58576.81 Soft state FPMA 12.49 122

SP6 FPMB 12.92 109

80502304002 58655.40 Hard state FPMA 13.78 205

SP7 FPMB 3.21 188

80502304004 58660.05 Hard state FPMA 15.37 177

SP8 FPMB 15.77 163

80502304006 58672.37 Hard state FPMA 17.18 117

SP9 FPMB 17.46 108

Notes. 0 Classification of spectral states according to Carotenuto et al.

(2021). 1 Count rate is measured in 3.0-79.0 keV for FPMA and FPMB

respectively.

only consider the energy intervals of 3-4, 8-12, 40-79 keV without

reflection component effect. After applying the model, we notice that

SP1 and SP2 have an obvious reflection component, which belongs

to the hard state. SP3 (in the intermediate state) and SP4-6 (in the

soft state) present a soft excess feature. SP7-9 are the observations

when the source go back to the hard state. Considering that the disk

thermal radiation would dominate the low energy band, we add the

thermal component diskbb to the initial model. It turns out that all

the spectra including the hard state spectra (e.g. SP1), the intermedi-

ate state spectra (e.g. SP3) and the soft state spectra (e.g. SP4) show a

remarkable reflection feature. From the residual plots, we can clearly

see a broad iron line between 5 keV and 7 keV and Compton hump

feature above 15 keV. The unfolded spectrum and the ratio of data to

model are presented in Figure 2.

Then, we use a preliminary phenomenological model

constant*tbabs*(diskbb+gaussian+cutoffpl) to fit the spec-

tra. The model gaussian represents the iron KU emission line. The

central energy of the gaussian line is frozen at 6.4 keV. Under the

new model configuration, the fitting has been effectively improved,

e.g., SP3 has a reduced j2
a=1.654(= 4346.07/2627). Although the

diskbb and gaussian could well fit the disk and emission line

components, respectively, the Compton hump feature above 15 keV

as well as a high-energy cutoff still exist in the data model ratio plot.

Next, we try to replace the phenomenological model cutoffpl

with the physical model nthcomp. Nthcomp is a more realistic de-

scription of the continuum shape from the thermal Comptonization

than an exponentially cutoff powerlaw. In this model, the high en-

ergy cutoff is sharper than an exponential, and is parameterized by

the electron temperature (:)e). Another major difference is that it in-

corporates the low energy rollover. Using the more reasonable model

nthcomp, the reduced chi-squared value improves slightly. The fitting

statistics is j2
a =1.618 (= 4252.20/2627).

Apparently, although a better fitting result is obtained after using

the nthcomp model, there still exist some residuals. Therefore we

replace the model nthcomp with the reflection model relxillCp6

(Dauser et al. 2014; García et al. 2014) . The complete model is ex-

pressed as constant*tbabs*(diskbb+relxillCp), which is our

final adopted model. This sophisticated model relxillCp is widely

used in black hole binary systems (Xu et al. 2018; Wang-Ji et al.

2018; You et al. 2021). It is the combination of the reflection model

xillver (Garcia & Kallman 2010; García et al. 2011; Garcia et al.

2013) and the relativistic model relline (Dauser et al. 2010, 2013).

The model of the incident spectrum for the reflection model is

nthcomp, which is a Comptonization continuum. The reflection

model contains the following parameters: inner radius ('in), outer

radius ('out), break radius ('br), which distinguish the inner disk

reflection and outer disk reflection; inner index (@in), outer index

(@out), which describe the reflection emissivity in the inner and outer

region, respectively; spin parameter (0∗), inclination angle (8), red-

shift to the source (I), photon index (Γ), ionization parameter of the

accretion disk (in logarithmic scale, logb) that ranges from 0 (neutral)

to 4.7 (highly ionized); iron abundance (�Fe), electron temperature in

the corona (:)e), reflection fraction ('f) and normalization (Norm).

Due to the worse constraint on the emissivity index, we assume the

canonical case (@out = @in = 3, Fabian et al. 1989). We jointly fit

the spectra from FPMA and FPMB detectors for each observation,

and the corresponding parameters of the two spectra are linked to

each other except the factor constant during each fit. We set the outer

radius of the accretion disk at its default value 'out = 400'g (gravi-

tational radius 'g = �"/22). Since MAXI J1348-630 is a Galactic

source, so we set the redshift at I = 0, and all the other parameters

are allowed to vary. After considering the contribution from the re-

flection component, our adopted final model achieves a much better

fit, which can be readily seen from the spectral fit plot as an example

for spectrum SP3 in Figure 3. The detailed fitting results of all the

spectra are listed in Table 2. From Table 2, we could see that there ex-

ist obvious differences between the fitting results for different states,

which we will discuss in detail in the Section 4. Because the fits to the

spectra in the intermediate and soft states give the consistent results

in the spin parameter (i.e., the inner radius), we thus jointly fit all the

spectra in both states to get a better constraint on the spin parameter,

and the results are listed in Table 3. Assuming 'in = 'ISCO, the spin

parameter is measured to be 0∗ = 0.78+0.04
−0.04

, which is our adopted

spin parameter for MAXI J1348-630. The inclination angle is also

tightly constrained to be 8 = 29.2+0.3
−0.5

degrees. Our fit shows that the

accretion disk is highly-ionized with logb = 4.33+0.02
−0.04

, and the iron

abundance is �Fe > 9.05.

We also explore the correlation between the spin parameter and

the inclination angle with the command ‘steppar’. The step size for

the spin parameter is set to be 0.012 from 0.4 to 1.0, and the step

size for the inclination angle is 0.1 degrees from 25 degrees to 35

degrees. Then we made a contour plot for the spin parameter and

inclination angle (see Figure 4), and it shows a clear positive cor-

relation between them, which is consistent with the previous works

(García et al. 2018b; Dong et al. 2020b).

6 http://www.sternwarte.uni-erlangen.de/ dauser/research/relxill

MNRAS 000, 1–7 (0000)
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Table 2. Best-fitting Parameters with Relativistic Models, inner radius is fixed at 'ISCO

Spectral Parameter SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9

components

NuSTAR

TBabs #H (× 1022cm−2) 0.86† 0.86† 0.86† 0.86† 0.86† 0.86† 0.86† 0.86† 0.86†

Diskbb :)in (keV) 0.46+0.05
−0.04

0.50+0.07
−0.07

0.68+0.01
−0.01

0.76+0.01
−0.01

0.68+0.01
−0.01

0.57+0.01
−0.01

0.69+0.07
−0.08

0.67+0.10
−0.09

0.61+0.12
−0.16

1.70+1.98
−0.89

0.98+2.10
−0.63

1.94+0.15
−0.11

2.26+0.04
−0.06

1.84+0.04
−0.04

2.35+0.06
−0.06

0.02+0.02
−0.01

0.02+0.03
−0.01

0.02+0.07
−0.01

relxillCp a∗ 0.23+0.26
−0.39

−0.998+0.42 0.84+0.11
−0.15

0.72+0.09
−0.07

0.60+0.14
−0.21

0.77+0.01
−0.14

−0.70+0.92 0.09+0.48
−0.70

−0.998+1.03

i (deg) 33.9+2.2
−2.3

27.6+5.0
−4.5

31.7+3.6
−1.6

29.5+1.5
−1.1

27.0+1.4
−1.5

24.8+1.8
−6.3

22.6+7.0
−3.7

28.0+3.8
−4.1

28.1+4.1
−2.2

Γ 1.694+0.005
−0.008

1.687+0.017
−0.009

2.235+0.005
−0.006

2.353+0.007
−0.009

2.195+0.007
−0.005

2.116+0.008
−0.008

1.629+0.012
−0.004

1.623+0.010
−0.007

1.633+0.008
−0.009

AFe 1.96+0.48
−0.29

2.52+1.28
−1.24

> 8.67 > 7.06 > 9.65 > 9.44 3.75+0.87
−0.84

3.37+0.71
−0.68

1.60+0.78
−0.31

logb 3.30+0.12
−0.05

3.49+0.15
−0.22

> 4.63 4.59+0.05
−0.18

4.32+0.05
−0.04

4.20+0.04
−0.05

3.36+0.10
−0.17

3.21+0.08
−0.07

3.03+0.08
−0.12

'ref 0.20+0.02
−0.02

0.17+0.04
−0.04

0.54+0.06
−0.05

0.48+0.07
−0.04

0.63+0.06
−0.06

1.10−0.14
−0.13

0.10+0.03
−0.01

0.12+0.03
−0.02

0.15+0.03
−0.02

norm 0.194+0.002
−0.005

0.190+0.006
−0.003

0.190+0.006
−0.006

0.125+0.005
−0.004

0.028+0.001
−0.001

0.006+0.001
−0.001

0.042+0.001
−0.001

0.038+0.006
−0.001

0.028+0.005
−0.002

:)e 25.5+1.2
−1.0

22.5+2.4
−1.6

> 225.7 > 140.9 > 296.6 > 205.0 37.0+5.5
−3.0

22.5+2.4
−1.6

> 52.4

�FPMB 1.02 1.02 1.00 1.00 0.99 0.99 1.00 1.01 1.01

j2/a 3343.18/3179 2492.26/239 2944.39/2624 2518.75/2188 2340.29/2143 1815.32/1723 3523.42/3193 3381.67/3203 3282.81/3072

j2
a 1.051 1.040 1.122 1.151 1.092 1.054 1.103 1.056 1.068

Notes. The best-fitting parameters obtained by NuSTAR observations with model constant*tBabs*(diskbb+relxillCp). The parameters with the

symbol “†” indicate they are fixed at values given.

4 DISCUSSION

4.1 The truncation of the inner disk

In section 3, we use the physical model including relxillcp to fit

all the 9 X-ray spectra and obtain the relevant parameters of this black

hole transient. However, among these parameters, we notice that the

spin parameter of MAXI J1348-630 varies greatly for different states.

A relatively low spin parameter (corresponding to a larger inner

radius of the accretion disk) is obtained for the hard state spectra,

while the higher spin parameter (corresponding to a smaller radius of

the accretion disk) are derived from the spectra in the intermediate

state and soft state. The standard accretion disk theory holds that

the accretion disk will be truncated in the hard state, and would

extend to the ISCO radius when it evolves into the soft state and

the intermediate state. Clearly our results from fitting the iron line

profile follow the trend above, so in the case of MAXI J1348-630, we

believe that the inner disk of the black hole is truncated when it is in

the hard state, and the low spin parameter doesn’t reflect the actual

spin value of the black hole.

In order to test this picture, we also made another fit by fixing the

spin parameter at the maximum value 0.998, and letting the radius

of inner disk fit freely in the reflection model. The fitting results are

presented in Table 4, and as shown in Table 4, the inner disk radius

varies from ∼ 4 - 10 'ISCO to ∼ 2 'ISCO in all cases. Apparently the

spectra in the hard state give a larger inner radius, and the spectra

in the intermediate and soft states (e.g. SP3-SP6) gives a relatively

smaller inner radius, implying that the disk may have been truncated

in the hard state, which is consistent with our the traditional picture

for the accretion disk.

Based on the analysis above, we take the spin parameter from the

joint fit for the spectra in the intermediate and soft states to be our

final spin parameter.

4.2 Reflection flux

In this section, we investigate the relative contribution from the re-

flection component. In order to calculate the relative contribution, we

have to use the convolution model cflux to calculate the flux of each

model component. To calculate the flux of the power law component

and the flux of the reflection component separately, we change the

model to const*tbabs*(diskbb+nthcomp+relxillcp), fixing

the Refl_frac at -1 in relxillcp to represent the reflection compo-

nent. In Table 5, we list the flux of each component as well as the

proportion of the reflection component for all the spectra.

As is shown in Table 5, the reflection component flux ratio of

the MAXI J1348-630 in the hard state is only about 10%, while

in the intermedia and soft states, the contribution of the reflection

component to the total spectrum can reach up to 20% even above,

which shows that it exists a relatively strong reflection component.

Since the reflection feature is quite prominent in the intermediate and

soft states, the fitting process is less likely affected by the models, and

the corresponding spin parameters should be much more reliable.

Noted that usually the reflection component in the high/soft state is

relatively weaker compared to the one in the low/hard state, however,

the source shows some contrary trend, probably it is related to the

exact corona configuration around the black hole, which needs to be

investigated in great detail later.

4.3 High iron abundance

In the spectral analysis carried out in Section 3, we notice that the

fitting results in the intermediate and soft states prefer a high iron

abundance and a high ionization parameter. It is noted that when the

high density model of the reflection is applied to some black hole

systems, the iron abundance will be lowered (Dong et al. 2020a;

MNRAS 000, 1–7 (0000)
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Table 3. Best-fitting Parameters with Relativistic Models, inner radius were

frozen at ISCO

Spectral Parameter jointly fitted

components

NuSTAR

TBabs #H (× 1022cm−2) 0.86†

Diskbb :)in (keV) 0.69+0.04
−0.04

(SP3)

0.77+0.01
−0.01

(SP4)

0.66+0.01
−0.01

(SP5)

0.58+0.01
−0.01

(SP6)

NDiskbb (×104) 1.70+0.04
−0.04

(SP3)

2.23+0.03
−0.03

(SP4)

2.25+0.03
−0.04

(SP5)

2.30+0.04
−0.05

(SP6)

relxillCp a∗ 0.78+0.04
−0.04

i (deg) 29.2+0.3
−0.5

Γ 2.255+0.005
−0.007

(SP3)

2.360+0.007
−0.007

(SP4)

2.199+0.004
−0.004

(SP5)

2.093+0.009
−0.007

(SP6)

AFe > 9.05

logb 4.33+0.02
−0.04

'ref 0.30+0.01
−0.01

(SP3)

0.38+0.01
−0.02

(SP4)

0.76+0.04
−0.04

(SP5)

1.71+0.15
−0.20

(SP6)

norm 0.233+0.003
−0.004

(SP3)

0.139+0.003
−0.003

(SP4)

0.027+0.001
−0.001

(SP5)

0.004+0.001
−0.001

(SP6)

:)e 193.0+66.8
−82.6

(SP3)

149.8+94.8
−39.7

(SP4)

> 349.5(SP5)

> 270.0(SP6)

�FPMB 1.00

j2/a 10268.64/8693

j2
a 1.181

Notes. The best-fit parameters obtained by jointly NuSTAR observations

for model const*tbabs*(diskbb+relxillcp). The parameters with

the symbol “†” indicate they are fixed at values given.

Chakraborty et al. 2021), indicating the high ionization parameter

could possibly be an artifact of the model. Therefore we look into

the effect for the source MAXI J1348 as well.

We replace the reflection model relxillcp with relxillD in

our adopted model above, and relxillD (García et al. 2016) is

the same as the standard reflection model relxill but allows

a higher density for the accretion disk (between 1015 to 1019

cm−3). In addition, it has a default value of high energy cutoff

at 300 keV, which is consistent with the high electron tempera-

ture of the corona in intermediate state and soft state. Except for

replacing the reflection model component with a high density ver-

sion, other components remain the same, so our current model is

const*tbabs*(diskbb+nthcomp+relxillD). We find that after

increasing the density of the disk, the iron abundance decrease greatly

as well as the ionization has a lower value, as is shown in the Table 6.

Even though, we notice that all the spin parameters for the high den-

sity version of reflection model are consistent with the ones for the

default density version. Therefore, our final adopted spin parameter

are not affected.

We notice that, compared to the high abundance value in the soft

and intermediate states in Table 2, the abundance value in the hard

state is relatively lower, which is probably related to the lower disk

component and also the relatively weaker reflection component. As

discussed in García et al. (2018a), the high-density of the accretion

disk will contribute to the spectra in both sides: the contributions to

the soft-energy component by the free-free heating, and to the line

emission and photoelectric absorption. Even though, the large iron

abundances required in reflection models to fit the spectra is an open

question, and is still under investigation.

5 CONCLUSION

In this work, we have analyzed the NuSTAR archived data for the

black hole MAXI J1348-630, and studied their corresponding spec-

tral properties over the energy range between 3-79 keV. We find that

all the available spectra show a relatively strong reflection feature,

therefore, using our adopted model combination including a more

physical relativistic reflection model relxillCp, we have fitted all

the 9 spectra and obtained a good fit for all the spectra. It shows

that we obtain a lower black hole spin value in the hard state, and a

relatively higher spin value in the intermediate and soft states, which

is consistent with the standard accretion disk theory that the accre-

tion disk will be truncated in the hard state and it will extend to

the ISCO radius in the soft state, or occasionally in the intermediate

state. Because the spectra in the intermediate and soft states give the

consistent results, and we have fitted the spectra in the both states.

In this case, the spin parameter is 0∗ = 0.78+0.04
−0.04

at 90% statistical

confidence, and the inclination angle is 8 = 29.2+0.3
−0.5

degrees.

We also look into the effect of higher accretion disk model to

the spin parameter, and it turns out that the spin parameter is not

affected, so we take the spin parameter for the standard reflection

model above as our adopted one, indicating that MAXI J1348-630

has an intermediate spin.
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Table 4. Best-fitting Parameters with Relativistic Models, 0∗ is fixed at 0.998

Spectral Parameter SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9

components

NuSTAR

TBabs #H (× 1022cm−2) 0.86† 0.86† 0.86† 0.86† 0.86† 0.86† 0.86† 0.86† 0.86†

Diskbb :)in (keV) 0.45+0.04
−0.04

0.53+0.11
−0.09

0.67+0.01
−0.01

0.76+0.01
−0.01

0.68+0.01
−0.01

0.57+0.01
−0.01

0.69+0.07
−0.08

0.66+0.10
−0.09

0.53+0.18
−0.11

NDiskbb (×104) 2.04+2.36
−1.06

0.49+1.80
−0.35

2.03+0.09
−0.14

2.27+0.04
−0.06

1.86+0.04
−0.04

2.37+0.06
−0.06

0.02+0.02
−0.01

0.02+0.03
−0.01

0.03+0.17
−0.02

relxillCp Rin(RISCO) 3.63+0.90
−0.63

11.91+4.75
−3.27

1.73+0.45
−0.18

2.36+0.19
−0.20

2.63+0.14
−0.21

2.34+0.28
−0.34

6.03+1.30
2.20

4.25+1.70
−1.08

9.70+5.53
−3.80

i (deg) 34.5+2.3
−2.2

27.6+4.3
−14.5

32.7+0.8
−0.8

30.6+1.5
−1.1

28.4+1.4
−1.5

25.7+1.4
−1.5

22.9+7.3
−3.4

28.2+3.8
−4.1

27.1+3.4
−3.9

Γ 1.694+0.005
−0.008

1.703+0.005
−0.035

2.236+0.005
−0.005

2.355+0.007
−0.009

2.198+0.007
−0.005

2.117+0.008
−0.008

1.629+0.012
−0.004

1.623+0.010
−0.007

1.641+0.005
−0.017

AFe 2.03+0.47
−0.28

1.14+3.83
−0.21

> 8.97 > 7.28 > 9.65 > 9.38 3.79+0.87
−0.86

3.39+0.65
−0.65

1.01+0.44
−0.13

logb 3.30+0.12
−0.05

3.30+0.63
−0.03

4.63+0.04
−0.04

4.57+0.05
−0.17

4.30+0.04
−0.03

4.19+0.03
−0.06

3.36+0.10
−0.17

3.21+0.08
−0.07

2.96+0.08
−0.07

'ref 0.20+0.02
−0.02

0.17+0.04
−0.02

0.57+0.05
−0.10

0.49+0.05
−0.04

0.64+0.05
−0.05

1.12−0.13
−0.15

0.10+0.03
−0.01

0.12+0.03
−0.02

0.17+0.02
−0.01

norm 0.194+0.001
−0.004

0.195+0.003
−0.012

0.190+0.008
−0.007

0.127+0.004
−0.005

0.028+0.001
−0.001

0.006+0.001
−0.001

0.042+0.001
−0.001

0.038+0.001
−0.001

0.033+0.001
−0.007

:)e 25.4+1.3
−1.0

27.6+1.1
−2.9

> 227.1 > 131.6 > 350.9 > 270.6 36.9+5.5
−3.0

42.1+10.2
−5.0

> 54.5

�FPMB 1.02 1.02 1.00 1.00 0.99 0.99 1.00 1.01 1.01

j2/a 3342.52/3179 2485.22/2395 2945.78/2624 2509.41/2188 2343.91/2143 1810.32/1723 3522.99/3193 3381.39/3203 3282.52/3072

j2
a 1.051 1.038 1.123 1.147 1.094 1.050 1.103 1.056 1.068

Notes. The best-fitting parameters obtained by NuSTAR observations with model constant*tBabs*(diskbb+relxillCp). The parameters with the

symbol “†” indicate they are fixed at values given.

Table 5. The flux of each model component and reflection component ratio

ObsID Flux (erg/cm2/s) reflection component ratio

diskbb nthcomp relxillcp total flux

SP1 4.349 × 10−10 1.011 × 10−7 1.479 × 10−8 1.162 × 10−7 12.7%

SP2 4.317 × 10−10 1.008 × 10−7 1.482 × 10−8 1.162 × 10−7 12.7%

SP3 8.988 × 10−9 4.472 × 10−8 2.170 × 10−8 7.518 × 10−8 28.8%

SP4 2.364 × 10−8 2.230 × 10−8 9.850 × 10−9 5.595 × 10−8 17.6%

SP5 8.598 × 10−9 7.071 × 10−8 3.936 × 10−9 1.955 × 10−8 20.1%

SP6 3.233 × 10−9 1.792 × 10−9 1.669 × 10−9 6.700 × 10−9 24.9%

SP7 1.289 × 10−10 2.078 × 10−8 1.741 × 10−9 2.264 × 10−8 7.7%

SP8 9.049 × 10−11 1.823 × 10−8 1.605 × 10−9 1.992 × 10−8 8.1%

SP9 3.537 × 10−11 1.200 × 10−8 1.404 × 10−9 1.346 × 10−8 10.4%

acknowledges the support of National Natural Science Foundation

of China (NSFC grant No. U1938105) and the President Fund of

Xiamen University (No. 20720190051).

DATA AVAILABILITY

The data underlying this article are observed by NuSTAR which is

accessed from

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

REFERENCES

Bardeen J. M., Press W. H., Teukolsky S. A., 1972, The Astrophysical Journal,

178, 347

Basak R., Zdziarski A. A., Parker M., Islam N., 2017, Monthly Notices of the

Royal Astronomical Society, 472, 4220

Belloni T. M., Zhang L., Kylafis N. D., Reig P., Altamirano D., 2020, Monthly

Notices of the Royal Astronomical Society, 496, 4366

Cabanac C., Fender R., Dunn R., Körding E., 2009, Monthly Notices of the

Royal Astronomical Society, 396, 1415

Carotenuto F., et al., 2021, Monthly Notices of the Royal Astronomical Soci-

ety, 504, 444

Chakraborty S., Ratheesh A., Bhattacharyya S., Tomsick J. A., Tombesi F.,

Fukumura K., Jaisawal G. K., 2021, Monthly Notices of the Royal As-

tronomical Society, 508, 475

Chauhan J., et al., 2021, Monthly Notices of the Royal Astronomical Society:

Letters, 501, L60

Dauser T., Wilms J., Reynolds C., Brenneman L., 2010, Monthly Notices of

the Royal Astronomical Society, 409, 1534

Dauser T., Garcia J., Wilms J., Böck M., Brenneman L. W., Falanga M.,

MNRAS 000, 1–7 (0000)

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


MAXI J1348-630 7

Table 6. Best-fitting Parameters with High Density Relativistic Reflection Models

Spectral Parameter SP3 SP4 SP5 SP6

components

NuSTAR

TBabs #H (× 1022cm−2) 0.86† 0.86† 0.86† 0.86†

Diskbb :)in (keV) 0.68+0.01
−0.01

0.75+0.01
−0.01

0.67+0.01
−0.01

0.57+0.01
−0.01

NDiskbb (×104) 1.87+0.03
−0.10

2.40+0.06
−0.03

1.90+0.04
−0.04

2.46+0.06
−0.03

nthcomp :)e 274.5−273.4 980.9−806.8 998.4−470.4 1000.0−470.4

Γ 2.230+0.009
−0.010

2.310+0.010
−0.017

2.189+0.011
−0.009

2.123+0.011
−0.009

Nnthcomp 6.05+0.48
−0.43

2.48+0.48
−0.43

0.96+0.03
−0.04

0.28+0.03
−0.04

relxillD a∗ 0.85+0.05
−0.11

0.74+0.05
−0.11

0.64+0.14
−0.16

0.77+0.14
−0.16

i (deg) 27.8+1.5
−0.9

18.0+2.4
−4.0

20.6+2.5
−1.6

20.3+1.5
−0.9

AFe 2.34+0.42
−0.45

3.27+2.14
−0.52

5.66+1.84
−0.86

9.05−1.41

logb 3.70+0.03
−0.03

3.91+0.28
−0.06

3.83+0.13
−0.07

4.01+0.08
−0.07

'ref −1 5 −1 5 −1 5 −1 5

#relxill(Cp) 0.128+0.011
−0.014

0.086+0.008
−0.020

0.019+0.001
−0.001

0.007+0.001
−0.002

logN > 18.94 > 18.64 > 18.66 18.02+0.51
−0.34

�FPMB 1.00 1.00 1.00 1.00

j2/a 2925.29/2623 2381.33/2187 2307.00/2142 1800.77/1726

j2
a 1.115 1.089 1.077 1.043

Notes. The best-fit parameters obtained by fitting the SP3 spectrum for high density reflection model

const*tbabs*(diskbb+nthcomp+relxillD). The parameters with “†” indicate they are fixed at val-

ues given.

Fukumura K., Reynolds C. S., 2013, Monthly Notices of the Royal As-

tronomical Society, 430, 1694

Dauser T., García J., Parker M., Fabian A., Wilms J., 2014, Monthly Notices

of the Royal Astronomical Society: Letters, 444, L100

Dong Y., García J. A., Liu Z., Zhao X., Zheng X., Gou L., 2020a, Monthly

Notices of the Royal Astronomical Society, 493, 2178

Dong Y., García J. A., Steiner J. F., Gou L., 2020b, Monthly Notices of the

Royal Astronomical Society, 493, 4409

Esin A. A., McClintock J. E., Narayan R., 1997, The Astrophysical Journal,

489, 865

Fabian A., Rees M., Stella L., White N. E., 1989, Monthly Notices of the

Royal Astronomical Society, 238, 729

Fender R. P., Belloni T. M., Gallo E., 2004, Monthly Notices of the Royal

Astronomical Society, 355, 1105

Garcia J., Kallman T. R., 2010, The Astrophysical Journal, 718, 695

García J., Kallman T., Mushotzky R., 2011, The Astrophysical Journal, 731,

131

Garcia J., Dauser T., Reynolds C., Kallman T., McClintock J., Wilms J.,

Eikmann W., 2013, The Astrophysical Journal, 768, 146

García J., et al., 2014, The Astrophysical Journal, 782, 76

García J. A., Fabian A. C., Kallman T. R., Dauser T., Parker M. L., McClin-

tock J. E., Steiner J. F., Wilms J., 2016, Monthly Notices of the Royal

Astronomical Society, 462, 751

García J., Kallman T., Bautista M., Mendoza C., Deprince J., Palmeri P.,

Quinet P., 2018a, arXiv preprint arXiv:1805.00581

García J. A., et al., 2018b, The Astrophysical Journal, 864, 25

Gendreau K. C., et al., 2016, in Space telescopes and instrumentation 2016:

Ultraviolet to gamma ray. p. 99051H

Gierliński M., Done C., 2004, Monthly Notices of the Royal Astronomical

Society, 347, 885

Gierliński M., Done C., Page K., 2008, Monthly Notices of the Royal Astro-

nomical Society, 388, 753

Harrison F. A., et al., 2010, in Space Telescopes and Instrumentation 2010:

Ultraviolet to Gamma Ray. p. 77320S

Homan J., Belloni T., 2005, in , Astrophysics and Space Science. Springer,

pp 107–117

Jana A., Debnath D., Chatterjee D., Chatterjee K., Chakrabarti S. K., Naik

S., Bhowmick R., Kumari N., 2020, The Astrophysical Journal, 897, 3

Kennea J. A., Negoro H., 2019, The Astronomer’s Telegram, 12434, 1

Lamer G., Schwope A., Predehl P., Traulsen I., Wilms J., Freyberg M., 2020,

arXiv preprint arXiv:2012.11754

Matsuoka M., et al., 2009, Publications of the Astronomical Society of Japan,

61, 999

Reis R., Fabian A., Miller J., 2010, Monthly Notices of the Royal Astronomical

Society, 402, 836

Russell T., Anderson G., Miller-Jones J., Degenaar N., Eĳnden J. v., Sivakoff

G. R., Tetarenko A., 2019, The astronomer’s telegram, 12456, 1

Rykoff E., Miller J., Steeghs D., Torres M., 2007, The Astrophysical Journal,

666, 1129

Saha D., Pal S., Mandal M., Manna A., 2021, arXiv preprint

arXiv:2104.09926

Steiner J. F., McClintock J. E., Remillard R. A., Gou L., Yamada S., Narayan

R., 2010, The Astrophysical Journal Letters, 718, L117

Tominaga M., et al., 2020, The Astrophysical Journal Letters, 899, L20

Tomsick J. A., et al., 2008, The Astrophysical Journal, 680, 593

Verner D., Ferland G. J., Korista K., Yakovlev D., 1996, arXiv preprint astro-

ph/9601009

Wang-Ji J., et al., 2018, The Astrophysical Journal, 855, 61

Weng S.-S., Cai Z.-Y., Zhang S.-N., Zhang W., Chen Y.-P., Huang Y., Tao L.,

2021, arXiv preprint arXiv:2102.09138

Wilms J., Allen A., McCray R., 2000, The Astrophysical Journal, 542, 914

Xu Y., et al., 2018, The Astrophysical Journal Letters, 852, L34

Yatabe F., et al., 2019, The Astronomer’s Telegram, 12425, 1

You B., et al., 2021, Nature communications, 12, 1

Zhang L., et al., 2020, Monthly Notices of the Royal Astronomical Society,

499, 851

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–7 (0000)

https://ui.adsabs.harvard.edu/abs/2019ATel12434....1K
https://ui.adsabs.harvard.edu/abs/2019ATel12425....1Y


8 Nan Jia et al.

10−3

0.01

0.1

1

10

100

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  
ke

V
−

1
Unfolded Spectrum

105 20 50

1

1.1

ra
tio

Energy (keV)

(a) SP1

10−3

0.01

0.1

1

10

100

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  
ke

V
−

1

Unfolded Spectrum

105 20 50

1

1.1

1.2

ra
tio

Energy (keV)

(b) SP3

10−3

0.01

0.1

1

10

100

no
rm

al
iz

ed
 c

ou
nt

s 
s−

1  
ke

V
−

1

Unfolded Spectrum

105 20 50

1

1.1

1.2

ra
tio

Energy (keV)

(c) SP4

Figure 2. Data/model residuals of the spectra SP1, SP3 and SP4 to the

best-fitting result from phenomenological model. FPMA and FPMB data are

plotted in black and red, respectively.
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Figure 3. Data/model residuals of the spectrum SP3 to the best-fitting results

from model const ∗ tbabs ∗ (diskbb + relxillcp). FPMA and FPMB

data are plotted in black and red, respectively.
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