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A B S T R A C T

MAXI J1535–571 underwent dramatic and transient outbursts accompanied by accretion flow. Hard X-radiations
are produced due to thermal–and inverse–comptonization of soft photons by high-temperature electrons. The
variations/fluctuations of components of the accretion flow rates and their fractional X-ray emissions/flux
variability contributions at different epochs infer the spectral states. In this study, we utilized MAXI J1535–571
data observed by the three X-ray missions/detectors (MAXI/GSC, NuSTAR, and SWIFT/BAT) on the same and/or
close-in epochs. Each detector’s data were separately reduced and analyzed using HEASoft v6.28 and its software
packages alongside the standard pipeline product software of each detector. Thereafter, the MAXI J1535–571
data were simultaneously fitted in XSPEC version 12.10.1f and modelled using selected analytical and
phenomenological models (AP-model) to examine the photon index–NBMC saturation effect and variations of
components of the accretion flow rates. Moreover, the TCAF model was used on MAXI J1535–571 data to
determine the correlation of components of the accretion flow rates. The AP– and TCAF–models gave a statis-
tically acceptable fit with a reduced Chi-squared value of ≤ 1.2, and their spectral results were compared. The
best-fit photon index of ~ 2.0–2.20 affirms that MAXI J1535–571 is in its rising phase; the hard-intermediate
state. The correlation of mass accretion rates suggests that their variations/fluctuations could be responsible
for the dynamics and geometry of the accretion flow.

1.0. Introduction

Low Mass X-ray Black Hole Binaries (LMXBHBs) are a compact bi-
nary system that contains a black hole and a donor star. Black holes grow
in mass due to gravitation and magneto-hydrodynamic processes. The
ejecting particles from the inner Lagrange point of the donor star
accumulate around the black hole via Roche lobe overflow mechanisms.
This enriches the black hole alongside the formation of an accretion disk
on timescales. When the mass accretion rate of the black hole ap-
proaches that of the Eddington limit, centrifugal–, radiation pressure–,
and magneto-rotational–processes initiate and mediate accretion-
ejection coupling. This creates shear-driven turbulence that stirs up
the accretion disk. As a result, rapid instabilities and enhanced viscosity
on large length scales trigger an outburst, and the accretion flow
(outflow matter) is driven by advection, radiative, and hydrodynamic
processes [1–9]. The accretion flow consists of optically thick– and
optically thin– plasma according to the truncated disk model. This

plasma explains the thermal (multi-temperature black body) and
power-law (non-thermal or comptonized) component radiations origi-
nating from the accretion disk and Compton cloud/corona respectively
[10,11]. In the same vein, the TCAF model assumes that Keplerian flow
and sub-Keplerian flow are the components of the accretion flow that
explain the thermal (soft) and power-law/comptonized radiations
respectively [12,13]. The significance of both models is that hard X-rays
are produced when soft photons are thermally or inverse comptonized
by high-temperature electrons, but their mechanisms differ. The trun-
cated disk model assumes that the accretion disk is truncated outside the
innermost stable circular orbit (ISCO) and the hot, radiatively inefficient
optically thin plasma develops inside it. On the other hand, the TCAF
model assumes CENBOL (CENtrifugal pressure supported BOundary
Layer) with the Keplerian flow sandwiched in between the
sub-Keplerian flow, and the emerging soft photons are conveyed to the
sub-Keplerian (post-shock) region via magnetic activities and buoyancy
[10,14–18]. The gradual manifestation of the soft photons in the

* Correspondence author.
E-mail addresses: ceze@gouni.edu.ng (A.C. Eze), romanus.eze@unn.edu.ng (R.N.C. Eze), augustine.chukwude@unn.edu.ng (A.E. Chukwude), madufidelis@

gouni.edu.ng (F.O. Madu).

Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier.com/locate/astropartphys

https://doi.org/10.1016/j.astropartphys.2024.103076
Received 11 June 2024; Received in revised form 17 November 2024; Accepted 20 December 2024

Astroparticle Physics 166 (2025) 103076 

Available online 24 December 2024 
0927-6505/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0001-7575-9650
https://orcid.org/0000-0001-7575-9650
mailto:ceze@gouni.edu.ng
mailto:romanus.eze@unn.edu.ng
mailto:augustine.chukwude@unn.edu.ng
mailto:madufidelis@gouni.edu.ng
mailto:madufidelis@gouni.edu.ng
www.sciencedirect.com/science/journal/09276505
https://www.elsevier.com/locate/astropartphys
https://doi.org/10.1016/j.astropartphys.2024.103076
https://doi.org/10.1016/j.astropartphys.2024.103076
https://doi.org/10.1016/j.astropartphys.2024.103076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.astropartphys.2024.103076&domain=pdf


post-shock region (Compton cloud/corona), as the outburst progresses,
dilutes the heating process and mediate cooling [12,19–21]. This leads
to a decrease in the size/height alongside the temperature of the
post-shock region as well as softening of the hardness of the X-ray
spectrum and spectral states [13,19,22]. Four spectral states (hard state;
HS, hard-intermediate state; HIMS, soft-intermediate state; SIMS, and
soft state; SS) have been identified [7,23–25]. These spectral states are
regulated by the evolution of accretion flow properties {mass accretion
rate (Ṁ), photon index (Γ), temperature, luminosity, etc.; [20,26–28]}.
The energy radiated during the outburst evolution/spectral states is an
indication of stored mass on timescales (Ṁ) during quiescence [29].
Besides, the X-ray flux variability of BHCs is strongly linked to the mass
accretion rate variations/fluctuations [7,11,17,23,30,31]. Moreover,
the power-law photon index (Γ) varies from lower to higher values
during the hard-to-soft spectral state transition and tends to saturate
with an increase in the normalization parameter of the bmcmodel (Nbmc:
which is directly proportional to optically thick (disk) flow mass ac-
cretion rate; [21,32,33]). The Γ− Nbmc track varies for different sources
and even for the same source at different epochs [34]. The traces of
convergent flow are observed not only in the soft states (SS and SIMS),
but also in the HIMS and HS [12]. Hence, the saturation effect, X-ray flux
variability, and spectral states are tied to the accretion flow properties.
Probing the spectral properties of BHCs during their outburst evolution
could give clues on the structure, dynamics, and geometry of accretion
flow on timescales.

1.1. Outburst evolution of MAXI J1535–571

MAXI J1535–571 outburst was detected on September 02, 2017
(MJD58001; [35]) in the constellation Norma by Monitor of All-sky
X-ray Image satellite (MAXI/GSC; [36]). Swift/BAT (Swift/Burst Alert
Telescope) followed suit in observing it on September 5, 2017 [37].
Moreover, Nuclear Spectroscopic Telescope Array (NuSTAR)
co-observed MAXI J1535–571 on September 7, 2017 (MJD 58,003;
[38]), and multi-wavelength observations have also been reported [8,
39,40]. MAXI J1535–571 distance of 4.5–6.5 kpcs in the Galactic center
at RA; 15h 35m 19.73s and Dec; − 57◦ 13′ 48′’ respectively have been
constrained [41,42]. The onset of the outburst was dramatic with an
average hard X-ray flux of 1.25 × 10− 9erg cm− 2 s− 1 which rapidly
increased to 5.3 × 10− 8 erg cm− 2 s− 1 and later attained 12 × 10− 8 erg
cm− 2 s− 1 in the 2 – 20 keV energy bands [43]. This happened between
September 02–10, 2017 and these epochs indicate the hard spectral
state. MAXI J1535–57 moved to the hard-intermediate state (HIMS) on
September 12, 2017, and stayed in this epoch till September 18, 2017,
before it moved to the soft-intermediate (SIMS) on September 19 to 24,
2017. Thereafter, MAXI J1535–57 exhibited soft spectral (SS) charac-
teristics on January 19, 2018 [43,44]. The hard-to-soft spectral transi-
tion is accompanied by an increase in the power-law photon index. A
photon index of ~ 1.97 to 2.3 indicates that MAXI J1535–57 is in the
intermediate spectral state [43–45]. Also, a “short-lived” inter-
mittent/flickering behavior accompanied by enhanced magnetic and
re-flares activities has been seen in the intermediate state [38,42,46],
but the physical mechanism(s) responsible for the MAXI J1535–571′s
flickering behavior, X-ray flux variability, dynamics, and geometry of
the accretion flow is ongoing.

In this paper, spectral analysis of MAXI J1535–571 was carried out to
explain the physical mechanism responsible for the saturation effect in
the accretion flow characteristics and determine the variations/fluctu-
ations of mass accretion flow rates. Section 2 describes the data acqui-
sition and reduction. Spectral analysis/fitting and modelling techniques
and results are presented in section 3. The discussion and conclusion are
presented in Section 4. Moreover, it is worth noting that we are sub-
mitting another manuscript/paper on spectral analysis of MAXI
J1535–571 dataset observed on September 14, 2017, to elucidate the
saturation effect, track/anti-correlation of components of the accretion
flow rates and other accretion flow characteristics with one another,

dynamic of the accretion flow, and explains the origin of power-law
photon index–Quasi-Periodic Oscillation frequency (Γ–vQPO) relation,
and intermittent/flickering behavior of the accretion flow.

2. DATA acquisition and reduction

This study utilized two simultaneous MAXI/GSC, SWIFT/BAT, and
NuSTAR datasets on September 14, 2017, when the source was in the
hard-intermediate state [43,44]. On this day, NuSTAR performed two
observations with exposures of ~ 2 ks starting from UT 05:11:09 and
13:16:09 which end at UT 09:51:09 and 20:16:09 (OBSIDs; 80,402,302,
002 and 80,402,302,004) respectively. Hereafter, we call these two
epochs as Epoch-A and Epoch-B respectively. We downloaded the
NuSTAR data from the HEASARC archive1 and reprocessed them using
the standard pipeline tool nupipeline version 1.6 with the NuSTAR
CALDB version 20,170,817. The time-averaged spectra and their
response files were made for the individual OBSIDs using nuproducts
included in HEASoft version 6.26.1. Here the source extraction region
was defined as a circle with 80 arc-minutes centered at the source po-
sition. The background region was defined as 100 ’’ in a source-free
area. We also used the MAXI/GSC and Swift/BAT data overlapping the
two NuSTAR observations. For the MAXI/GSC, we obtained the
time-averaged spectra from UT 03:36:00 to 06:00:00 for Epoch-A and
from UT 17:35:59 to 19:59:59 for Epoch-B through the ondemand web
interface2. The source events were extracted from a circular region with
an 80 arc-minute radius which covers about 90 % of the source’s flux.
The background spectrum extraction was made in a blank-sky area near
the source region using a circular region of 150 arc-minute radius. For
the Swift/BAT, we downloaded the survey-mode data starting from UT
05:02:51 and 14:23:29 to 5:21:58 and 14:41:58 for Epoch-A and
Epoch-B respectively from the HEASARC archive and reduced with the
Swift/BAT CALDB released on 2017 October 16. We reduced the data
with the HEASoft FTOOL batsurvey and created the time-averaged
spectra and the response files with the dedicated script make_-
survey_pha from the batsurvey products.

3.0. Spectral analysis and results

3.1. Spectral analysis

The spectral analysis was done using XSPEC version 12.10.1f. A
combination of analytical, phenomenological, and physical models [12,
21,27,30,47] was used to estimate the mass accretion flow rates and
obtain their correlation. Modelling the X-ray spectrum of BHCs with the
bulk motion comptonization (bmc) model reveals how soft photons of
the accretion flow undergo thermal comptonization in the presence of
hot electrons. The photon index (Γ = α + 1, where α is the energy
spectral index) and normalization parameter are linearly correlated, but
Γ saturates with further increase in normalization parameter [48,49].
This correlation gives clues to spectral states [33]. Modelling the spec-
tral states (HS, HIMS, SIMS, SS) of BHCs with the bmc model alongside a
Gaussianmodel and other XSPEC models gives a good statistical spectral
fit [50,51]. The temperature (Ti) of the optically thick flow/plasma
where the X-ray soft photons are produced is [27];

Ti=
[
3GM⊙Ṁop.thickflow

8πσBr3i

(

1 − β
̅̅̅̅̅
Ri
ri

√ )]1/4

. (1)

Where G, M, Ṁop.thickflow, and σB is the gravitational constant, the
mass of the black hole in the Solar unit, optically thick flow (accretion
disk) mass accretion rate, and Stefan-Boltzmann constant (5.6692 ×

10–5 erg cm-2 K-4 s-1) respectively. The parameter β in Eq. (1) defines the

1 https://heasarc.gsfc.nasa.gov/docs/archive.htm.
2 http://maxi.riken.jp/mxondem/.
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inner boundary condition of the disk. It is either 0 (non-relativistic
approximation) or 1 (relativistic approximation). The “apparent” inner
disk radius (ri; in kilometers) was estimated from the normalization (k)
parameter of the diskbb [52];

ri =
( κ

cosθ

)1/2
×D, (2)

where D is the distance of the source in kpc, and θ is the angle of
inclination of the system.

The real radius (Ri) of the optically thick flow/plasma was obtained
by introducing a correction factor (ξ; [27]);

Ri= ξ.K2.ri, (3)

where K is the hardening factor [a ratio of color temperature to an

effective temperature (1.7 – 2.0)] and ξ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

3/7 × (6/7)3
√

= 0.5 ≃ 1
[48,53]. We adopted relativistic approximation (β = 1) and substituted
eqn. (3) into eqn. (1);

T4
max=

3GM⊙Ṁop.thickflow

8πσBr3i

(

1 −
̅̅̅̅̅̅̅̅̅
ξ.K2

√
)

. (4)

The X-ray luminosity and mass accretion rate of the optically thick
flow are related as follows;

Lop.thickflow=
3GM⊙Ṁop.thickflow

2Ri
×

(

1 −
̅̅̅̅̅̅̅̅̅
ξ.K2

√
)

. (5)

The X-ray flux of the optically thick flow/plasma is;

Fop.thickflow =
Lop.thickflow × cosθ

2πD2 (6)

The X-ray flux of the accretion flow is the Fop.thickflow plus X-ray flux
of the optically thin flow (Fop.thinflow); [10,54]);

Fop.thickflow+Fop.thinflow2cosθ=0.0165

[
r2i cosθ

(D/10kpc)2

](
Ti

1keV

)3

×photonss− 1cm− 2.

(7)

The X-ray emission from the optically thin flow is isotropic and
thermally Comptonized with luminosity;

Lop.thinflow =4πD2Fop.thinflow, (8)

where the Fop.thinflow is the X-ray flux (in the corona due to scattered
photons) and D is the distance of the source. The mass accretion rate of
the optically thin flow/corona is [54];

Ṁop.thinflow=
Lop.thinflow

ηc2 , (9)

where c, η, and Lop.thinflow is the velocity of light, radiative coefficient
flow, and luminosity of the optically thin flow/plasma respectively. The
value of radiative efficiency flow (η) ranges from 0.001 to 1. For a non-
rotating black hole, η = 0.8 is assumed since its value is much greater
than 0.1 for radiatively inefficient flow/plasma [54]. Moreover, the
mass accretion flow rates [Keplerian (disk; mdotd) and sub-Keplerian
(halo; mdoth)] of MAXI J1535–571 can be constrained directly using
the physical (TCAF) model. Moreover, TCAF model gives the following
accretion flow properties; (i) compression ratio (R = ρ+ /ρ− ; ρ+ & ρ− is
the density of the post-shock and pre-shock matter respectively), (ii)
mass of the black hole (Mbh) in the Solar unit, (iii) location of the shock
(Xs in units of Schwarzschild radius; rg = 2GMbh /c2), and (iv) norm
(equivalent to

(
4πD2)− 1

× cos(θ); where θ = angle of inclination, andD=

distance of the source in kpc) respectively [55–57].
While fitting the MAXI J1535–571 Epoch-A and Epoch-B data, the

energy bands where there is a low signal-to-noise ratio were ignored
using the XSPEC ignore command. In Epoch-A, data within 15–140 keV,

3.2–79 keV, and 3.2–20 keV bands were used for Swift/BAT, NuSTAR,
and MAXI/GSC detectors respectively. In the same vein, data within
15–100 keV, 2.0–13 keV, and 3.0– 40 keV bands were used in Epoch-B
for Swift/BAT, MAXI/GSC, and NuSTAR detectors respectively. To take
account of the X-ray spectrum absorption by neutral material and
instrumental artifacts, the multiplicative “tbabs” [58] and
cross-calibration constant (const) energy-independent components were
used. The Epoch-A data were first fitted/modelled using const*tbabs*
(bmc). This gives a very high reduced Chi-squared value of 6.85
(191.86/28). This is above the acceptable limit, and as a result, the
spectral fitting was re-normalized and modelled again using const*tbabs*
(bmc*highecut). This gives a reduced Chi-squared value of 2.295
(59.66/26). The F-statistic test was performed to determine the signifi-
cance of the high energy cutoff model, and an F-test/probability value of
28.806/2.541 × 10–7 was obtained. The highecut (high energy cutoff)
model gives the cutoff energy and e-fold energy of the electron in keV.

The diskbb model was added to explain the multi-black body
component radiations and to constrain the true radius and temperature
of the accretion disk/optically thick flow/plasma [59]. This did not
significantly improve the fit statistic with an F-test/probability value of
1.215/ 0.332 and a reduced Chi-squared of 2.220 (48.86/22). The diskbb
model is associated with gross formalism and this was corrected by
adding the grad (general relativistic accretion disk model; [60]). The fit
statistic did not improve as such with an F-test/probability of
1.156/0.294 and a reduced Chi-squared of 2.205 (46.31/ 21). Though
the diskbb or grad model explains the thermal components of X-radia-
tions originating from the accretion disk, another reason for adding the
grad model was to constrain the spectral fit parameters (mass of the
black hole, distance and inclination angle of the source, mass accretion
rate of the optically thick flow, and spectral hardening factor). Later, a
Gaussian (gaus) model was added to explain the reflection component of
the accretion flow. This improved the fit statistic with a reduced
Chi-squared value of 1.88 (30.10/16) and an F-test/probability of
1.723/0.186. The inclination angle and distance of the source were
“thawed” and “steppar” from 4.5 kpc to 6.5 kpc and 45◦ to 60◦ respec-
tively to see if the fit statistic would improve, and later a systematic error
of 2 % was used. This gives an acceptable reduced Chi-squared value of
1.246 (18.70/15) with an F-test/probability value of 9.144/8.54 × 10–3.
The composite model is const*tbabs*(bmc*highecut+diskbb+grad+gaus;
hereafter AP-model). To ascertain the consistent value of the photon
index, we modeled the Epoch–A data again with const*tbabs*
(PL+diskbb), and a photon index value of 2.1 was obtained. The PL is a
cold matter power-law absorption model that explain the X-ray trans-
mission and Compton scattering of soft photons around an isotropic
source [61]. The PL model gives the power-law photon index, absorp-
tion column density and other parameters.

The photon index–normalization parameter (Γ–Nbmc) track charac-
teristics were obtained using the bmc model’s–fitted parameters. We
assumed relativistic approximation (β = 1), and utilized the diskbb and
grad model’s-fitted parameters in MATLAB written codes of physical
Eqs. (2–9) to estimate the optically thin flow/plasma mass accretion
rates. The radius of the optically thick flow was estimated from the
normalization (k) of diskbb using Eqn. (2& 3). It is worth noting that Ri is
a little boost of ri. Whether Ri or ri is substituted in Eq. (5) shows no
significant change in value of Lop.thickflow. This could be probably a close-
in epoch observed data were used. As a result, using Ri to represent the
true inner radius of the optically thick flow where the seed soft photons
originate is not bad. The inclination angle (58◦), distance (6.5 kpc), and
mass of the black hole (9.8 Mʘ) employed in Eqn. (2) were constrained
from grad model. The luminosity of the optically thick flow was esti-
mated using Eqn. (5). The optically thick flow mass accretion rate (Ṁop.

thickflow) and hardness factor (K) value of 1.7 employed in Eqn. (5) were
constrained from the gradmodel. Eqn. (6) was used to estimate the X-ray
flux of the optically thick flow. Eqs. (7), (8), and (9) were used to esti-
mate the X-ray flux, luminosity, and mass accretion rate of the optically
thin flow (Ṁop.thinflow) respectively. The units of optically thick flow
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mass accretion rate (Ṁop.thickflow) and optically thin mass accretion rate
(Ṁop.thinflow) is in kilograms/second. Moreover, the Epoch–A data was
modelled with const*tbabs alongside the TCAF model [const*tbabs*
(TCAF_v0.3.2_R1)] to constrain the Keplerian flow (mdotd), and sub-
Keplerian flow (mdoth) mass accretion rates (in Eddington limit), and
the mass of the black hole (Mbh). This gives a reduced Chi-squared value
of 1.338 (24.09/18). Thereafter, a Gaussianmodel was added to account
for the reflection components of the accretion flow. This improved the fit
statistic with a reduced Chi-squared value of 1.108 (17.73/16) and an F-
test/probability value of 2.86/0.086. While fitting, mdotd and mdoth
were linear “steppar” to run 80 iterations, and their contour plot was
obtained. For Epoch–B, we repeated the same techniques of fitting/
modelling as in Epoch–A. Modelling the Epoch–B data using const*tbabs*
(bmc) gives an unacceptable reduced Chi-squared value of 2.25
(1090.91/ 484). The fitting was re-normalized and the data was
modelled again using const*tbabs*(bmc*highecut). The fit statistic
improved with a reduced Chi-squared value of 1.56 (752.10/482) and
an F-test/probability value of 108.567/1.18929 × 10–39. The diskbb
model was added and the fit statistic improved with a reduced Chi-
squared value of 1.1087 (532.15/480) and an F-test/probability value
of 99.197/8.750 × 10–37. Subsequently, the grad and gaus model were
added one after the other. These improved the fit statistic with a reduced
Chi-squared value of 1.085 (515.82/475) and 1.0269 (484.69/472)
alongside an F-test/probability value of 31.0831/1.91096 × 10–35 and
10.105/1.834 × 10–06 respectively. Thereafter, the consistent value of
the photon index was checked using const*tbabs*(PL+diskbb), and a
photon index value of 2.2 was obtained. The Γ–Nbmc correlation and the
estimation of the optically thin flow and optically thick (disk) flow mass
accretion rates for Epoch–B were determined using the same techniques
employed in Epoch–A. Later, the fitting was re-normalized and modelled
again using const*tbabs*(TCAF_v0.3.2_R1). This gives a reduced Chi-
squared value of 2.265 (1092.07/482). Adding a Gaussian model
improved the fit statistic with a reduced Chi-squared value of 1.526
(731.01/ 479) and an F-test/probability value of 78.8625/1.790 ×

10–41. The mdotd and mdoth were linear “steppar” to run for 50 iterations
and their contour plot was obtained. This gives a reduced Chi-squared
value of 1.0817 (514.89/476) and an F-test/probability value of
66.598/5.665 × 10–36. However, we spotted in the Epoch–B X-ray
spectrum residuals around 6–7 keV that the MAXI/GSC data (red) were
not well fitted. Given this, the fitting was re-normalized and modelled
again using reflection relativistic (rellxill) models [62]. The data was
modelled using relxillCp alongside diskbb [const*tbabs*(diskbb+
relxillCp)]. This gives a photon index, spin parameter, reflection fraction,
and electron temperature of 2.08, 0.99 (cJ GM2), 4.65, and 54.16 (keV)
with a reduced Chi-squared value of 1.129 (534.01/ 473). Later, the
relxillCpmodel was replaced with relxilllp and modelled again. This gives
a lamp-post height of 6.251 (GM/c2). These fittings/modellings were
repeated for Epoch–A and consistent value of the aforementioned pa-
rameters were obtained. Though these models give a reduced
Chi-squared value of ≤ 1.2, there is no change or difference in the shape
of the X-ray spectrum (fitted/modelled data and residuals) in compari-
son to that of the AP– and TCAF –models. Therefore, we present the
X-ray spectra and spectral parameters of Epoch–A and Epoch–B obtained
using the AP– and TCAF–models in Tables 1 & 2 because they repro-
duced the data well. The errors in each spectral fit parameter of Epoch–A
and Epoch–B were obtained using XSPEC error command. The correla-
tion of the model’s–fitted and estimated parameters was obtained using
MATLAB, and Pearson correlation was used to determine the correlation
coefficient.

3.2. Results

Tables 1 and 2 show the best fit spectral parameters of the AP-model
and TCAF–model respectively. The errors in each spectral parameter are
at a 90 % confidence limit. Table 3 shows the Pearson correlation co-
efficient of the parameters.

Table 1
Best fit spectral parameter of MAXI J1535–571 using AP- models.

Spectral
Parameters

Epoch-A Epoch-B Unit

Constant factor 0.99 ± 0.04 0.91 ± 0.08 ​
NH (3.45+0.25

− 0.16) × 1022 (3.2 ± 0.14) × 1022 cm− 2

kT Bmc 1.43+0.20
− 0.12 1.197+0.621

− 0.230 keV
Γ (α + 1)Bmc 1.845+0.313

− 0.014 1.841+0.254
− 0.140 –

normBmc 2.285 ± 0.13 4.216 ± 0.038 erg s− 1

kpc− 2

Ecut highecut 26.201+0.101
− 1.015 32.102+0.052

− 1.061 keV
Efhighecut 35.246+2.110

− 0.210 39.243+0.001
− 0.092 keV

Tidiskbb 1.412+0.713
− 0.721 1.802+0.052

− 0.036 keV
normdiskbb 253.861+0.780

− 0.103 206.625+0.571
− 0.021 -

Dgrad 6.531+0.031
− 1.410 6.49 ± 0.18 kpc

Θgrad 57.651± 1.36 58.302 ± 0.05 degree
Mbhgrad 9.835+0.248

− 0.011 10.013 ± 0.09 Mʘ

Mddgrad (1.913 ± 0.042) ×
1018

(2.21 ± 0.01) ×
1018

grams/sec

hdgrad 1.701 ± 0.201 1.68 ± 0.07 –
normgrad 65.0242+1.17

− 0.98 68.025+0.011
− 0.705 –

E6.5_gaus (keV) 6.48 ± 0.051 6.56 ± 0.10 ​
sigma_gaus (keV) 3.14 ± 0.431 0.279 ± 0.07 ​
norm_gaus 0.55 ± 0.081 1.86 ± 0.02 ​
χ2 19.70 484.69 –
d.o.f 16 472 –
Rχ2 1.231 1.026 –
NhP 2.34 × 10–01 3.33 × 10–01 –

KTBmc = Temperature of thermal photon of the source, Γ(α +1)Bmc = photon
index (spectral index +1), normBmc= absolute normalization of bmcmodel, Ecut
highecut = cutoff energy, Efhighecut = e-folding energy, Tidiskbb = temperature at
inner regions/ radii of the keplerian disk flow, normdiskbb = normalization
parameter of diskbb model, Dgrad = distance of the source, Θgrad = disk incli-
nation angle, Mbhgrad = mass of the black hole, Mddgrad = optically thick flow
mass accretion rate (Ṁop.thickflow), hdgrad = spectral hardening factor (color
temperature to effective temperature ratio), normgrad = normalization param-
eter of gradmodel, E6.5_gaus = iron emission line energy at 6.5 keV, sigma_gaus
= emission line width, norm_gaus = normalization parameter of the Gaussian
model. χ2 (Chi-squared) = Fit/Test statistics, d.o.f = degree of freedom, Rχ2

=

reduced Chi-squared, NH = hydrogen column density, NhP = Null hypothesis
probability.

Table 2
Best fit spectral parameter of MAXI J1535–571 using TCAF model.

Spectral Parameters Epoch-A Epoch-B Unit

Constant factor 0.97 ± 0.11 1.00 ± 0.01 ​
NH (2.84 ± 0.10) × 1022 (3.61 ± 0.15) × 1022 cm− 2

mdotd 0.621 ± 0.010 0.794+0.113
− 0.012 ṀEdd

mdoth 0.586+0.007
− 0.019 0.572 ± 0.02 ṀEdd

mbh 9.520 ± 0.03 9.621+0.162
− 0.141 Mʘ

Xs 42.187+1.108
− 0.024 39.057+2.012

− 0.005 rs

R 3.98 ± 0.06 4.002+0.001
− 0.08 –

norm 32.932 ± 1.020 38.132+0.467
− 0.501 –

E6.5 6.492+0.007
− 0.0.02 6.520 ± 0.01 keV

Esigma 0.196 ± 0.054 0.215+0.105
− 0.081 keV

normgaus 1.201 ± 0.02 1.160 ± 0.095 –
χ2 20.10 496.82 –
d.o.f 17 462 –
Rχ2 1.18 1.07 –
NhP 2.64 × 10–01 4.120 × 10–01 –

mdotd = Keplerian flow mass accretion rate, mdoth = Sub-Keplerian flow (halo)
mass accretion rate, R = shock compression ratio, Xs = shock location in unit of
Schwarzschild radius, norm = normalization parameter of TCAF, E6.5 = iron
emission line at 6.5 keV, norm_gaus = normalization value of Gaussian model,
χ2 (Chi-squared)= Fit/Test statistics, d.o.f = degree of freedom, Rχ2

=reduced
Chi-squared, NH = hydrogen column density, NhP = Null hypothesis probability.
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Fig. 1 and 3 is the X-ray spectrum of Epoch-A and Epoch-B obtained
using the AP-model respectively. Fig. 2 and 4 is the X-ray spectrum of
Epoch-A and Epoch-B obtained using the TCAF model respectively. In
the upper panel, the fitted data are represented by crosses; the Swift/BAT
data is black, MAXI/GSC data is green, and NuSTAR data is red in Fig. 1
and Fig. 2 whereas in Fig. 3 and Fig. 4, the Swift/BAT data is black,
MAXI/GSC data is red, and NuSTAR data is green. The models are rep-
resented by solid thick, broken, and curved lines. The peak of the dotted
curve in Fig. 1–4 corresponds to the 6.5 keV iron emission line. The
bottom panel of Fig. 1–Fig. 4, shows the ratio of the fitted data to the
models. Both the AP-model and the TCAF model reproduced the data
very well with a good statistical fit and a reduced Chi-squared value of ≤
1.2. We deem it unnecessary to include the X-ray spectra of Epoch-A and
Epoch-B obtained using other models because of space. Fig. 5 and Fig. 6
show the correlation of photon index (Γ)− normalization (Nbmc) with
error bars for Epoch-A and Epoch-B respectively. In Fig. 5, the photon
index (Γ) increases in unison with the normalization parameter of the
bmc and saturates at some points as Nbmc further increases. In Fig. 6, as Γ
increases from 1.491 to 1.538, Nbmc increases from 0.385 to 0.3929, and
an indication of saturation effect is evidenced when Γ increases from

1.538 to 1.57 and Nbmc= 0.3929–0.4167. Thereafter, both parameters
increase in unison. Therefore, Γ and Nbmc are positively correlated (see
Table 3). Fig. 7 and Fig. 8 show the correlation of optically thin flow
mass accretion rate (Ṁop.thinflow) and optically thick flow mass accretion
rate (Ṁop.thickflow) with error bar for Epoch-A and Epoch-B (unit; Kilo-
gram per seconds) obtained using AP-models respectively. The Ṁop.

thickflow and Ṁop.thickflow increases in unison, but as one parameter de-
creases the other parameter remains relatively constant and vice versa.
This irregular pattern is an indication that both parameters vary. The
Ṁop.thickflow and Ṁop.thickflow are positively correlated at some points and
anti-correlated at some other points (see Fig. 7& 8). Fig. 9 and Fig. 10
show the correlation of sub-Keplerian mass accretion rate (mdoth) and
Keplerian mass accretion rate (mdotd) with the error bar for Epoch-A and
Epoch-B (in Eddington mass accretion rate unit) obtained using the
TCAF model respectively. While mdoth decreases, mdotd is relatively
constant, and vice versa. These parameters are negatively or anti-
correlated. The mdoth and mdotd have negative correlation values.
Hence, both the prediction of AP-model and TCAF model are reliable
because the Keplerian flow contains optically thick plasma while the
sub-Keplerian flow contains optically thin plasma (See [12]).

Table 3
Pearson correlation of parameters.

Figure parameter Correlation
coefficient (R)

P-value Lower
bound

Upper
bound

Direction and strength of
correlation

Is the correlation test statistically
significant?

Fig. 5 Γ vs Nbmc– Epoch-A 0.9264 <0.0001 0.8663 0.9600 Very strong positive yes
Fig. 6 Γ vs Nbmc– Epoch-B 0.8318 <0.0001 0.7526 0.8873 Very strong positive yes
Fig. 7 Ṁop.thinflow vs Ṁop.thickflow–

Epoch-A
0.6519 0.0008 0.3277 0.8387 strong positive yes

Fig. 8 Ṁop.thinflow vs Ṁop.thickflow–
Epoch-B

0.5967 <0.0001 0.4455 0.7148 strong positive yes

Fig. 9 mdoth vs mdotd–Epoch-A –0.6493 <0.0001 –0.7271 –0.5549 strong negative yes
Fig. 10 mdoth vs mdotd–Epoch-B – 0.4530 <0.0001 –0.5620 –0.3285 Moderate negative yes

Γ = photon index, Nbmc=normalization parameter of the bmc model, Ṁop.thinflow =optically thin flow mass accretion rate, Ṁop.thickflow=optically thick mass accretion rate, mdoth=sub-Keplerian

flow mass accretion rate, mdotd = Keplerian mass accretion rate. The p-value <0.0001 indicates that the actual value p-value is too small for the MATLAB software to display.

Fig. 1. X-ray spectrum of Epoch-A obtained using selected analytical and phenomenological models (AP-model). In the upper panel, the fitted data are shown by crosses; the
Swift/BAT data is black, the MAXI/GSC data is green, and the NuSTAR data is red. The fitted AP-models are represented by the solid thick, broken, and curved dotted
lines. The peak of the dotted curve corresponds to the 6.5 keV iron emission line. The ratio of the fitted data to the AP-models is shown in the lower panel.
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So, the AP-model and physical model (TCAF) explain the compo-
nents of the accretion flow and their mass accretion rates with different
perceptions, but with the same context. The context is that the accretion
flow consists of two components. Moreover, hard X-rays are produced

during the hard spectral state when the outside ISCO of the accretion
disk is truncated and inefficient radiative hot plasma thermally
comptonized the soft photons (truncated disk model; AP-model). In the
same vein, TCAF presumes that hard X-rays are produced when the soft

Fig. 2. X-ray spectrum of Epoch-A obtained using the TCAF model. In the upper panel, the fitted data are shown by crosses; the Swift/BAT data is black, MAXI/GSC
data is green, and NuSTAR data is red, whereas the TCAF +gaus models are represented by the solid thick and dotted lines. The peak of the dotted curve corresponds
to the 6.5 keV emission line. The ratio of the fitted data to the models is shown in the lower panel.

Fig. 3. X-ray spectrum of Epoch-B obtained using selected analytical and phenomenological models (AP-models). In the upper panel, the fitted data are shown by
crosses; the Swift/BAT data is black, the MAXI/GSC data is red, and the NuSTAR data is green. The fitted AP-model are represented by solid thick, broken, and curved
lines. The peak of the dotted curve corresponds to the iron emission line at 6.5 keV. The ratio of the fitted data to the AP-models is shown in the lower panel.
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photons from the Keplerian region are conveyed through magnetic ac-
tivities to the sub-Keplerian region where they are inverse-comptonize
by hot electrons. The TCAF assumes CENBOL while the truncated disk

model (AP-model) assumed ISCO. Therefore, when the prediction of one
model is correct, the other is reliable. The combination of these models
reveals the dynamical behavior of accretion flow and its components

Fig. 4. X-ray spectrum of Epoch-B obtained using the TCAF model. In the upper panel, the fitted data are shown by crosses; the Swift/BAT data is black, MAXI/GSC
data is red, and NuSTAR data is green, whereas the fitted TCAF+gaus models is represented by the solid thick and dotted lines. The broken line parabolic curve in the
upper panel is the Gaussian model which is peak corresponds to the 6.5 keV emission line. The ratio of the fitted data to the models is shown in the lower panel.

Fig. 5. Correlation between photon index and Normalization parameter of Bmc model for Epoch-A. The data is diamond(blue) and the error associated with each
data is the black solid dashed line.
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Fig. 6. Correlation between photon index and Normalization parameter of Bmc model for Epoch-B. The data is circled asterisk(magenta) and the error associated
with each data is the black cross.

Fig. 7. Correlation between optically thin and optically thick mass accretion rates of Epoch-A_AP-model. The data is an asterisk(*; magenta) and the error associated
with each data is the black solid dash line.
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(driven by activities/viscosity) around the black hole as the outburst
progresses. Hence, components of the accretion flow rates seem to vary
and positively or negatively correlate to one another, fluctuate, and
saturate at different phases as the outburst progresses. Fig. 11 and
Fig. 12 show the contour plot of the mdotd and mdoth at three different
intervals for Epoch-A and Epoch-B respectively. These contour plots
were obtained by linear “steppar” techniques to simultaneously run
different iterations of mdotd and mdoth concurrently. This is why the
value of mdotd and mdoth in the vertical and horizontal axes of Fig. 11
and Fig. 12 is different from what was inferred in Table 2. An inspection

of Fig. 11 and Fig. 12 shows a “zig-zag” pattern though it is more
elaborate in Fig. 11. This “zig-zag” pattern shows a strong correlation
between mdotd and mdoth. Moreover, the TCAFmodel-fitted spectra give
the probable mass of the black hole in the range of ~ 9.5–9.62 Mʘ with
an average value of 9.57 Mʘ whereas the AP-model gives probable mass
of the black hole in the range of 9.6–10 Mʘ with an average value of 9.9
Mʘ. This agrees with the previous studies on BHCs [63–65]. However,
there might be uncertainty in the model-fitted mass of the black hole due
to measurements. It is worth noting that there are “data gaps” in
Fig. 6–Fig. 10 which we believe are associated with instruments or there

Fig. 8. Correlation between optically thin and optically thick mass accretion rates of Epoch-B_AP-model. The data is the hexagram(red), and the error associated with
each data is the black cross.

Fig. 9. Correlation between sub-Keplerian and Keplerian mass accretion rates of Epoch-A_TCAF model. The data is the asterisk (*; magenta), and the error associated
with each data is the black solid dash line.
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is an obscuration in the observation line of sight and/or lower statistics
from the spectra data.

4. Discussion and conclusion

We can deduce from our spectral analysis and results that MAXI
J1535–571 accretion flow components are distinct and are represented

Fig. 10. Correlation between sub-Keplerian and Keplerian mass accretion rates of Epoch-B_TCAF model. The data is circled (cyan) and the error associated with each
data is black cross.

Fig. 11. Contour plot of mdoth and mdotd_Epoch-A at different confidence levels. The plus sign “+” represents the minimum fit-statistic (2.601 × 102). The second and
third fit-statistic level is 2.647 × 102, and 2.693 × 102 respectively. The color bar on the right hand is the delta-fit statistic.
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by the optically thick flow/plasma and optically thin flow/plasma based
on the adopted AP-model (XSPEC; [10,11,33,48,49]). Also, we can
deduce from our spectral analysis and results that the MAXI J1535–571
accretion flow consists of Keplerian flow and sub-Keplerian flow com-
ponents based on the adopted TCAFmodel [66]. The sub-Keplerian flow
contains optically thin plasma while the Keplerian flow contains opti-
cally thick plasma [12]. These components of the accretion flow vary,
coexist with one another, and explain the power law and multi-color
X-radiations of MAXI J1535–571. The optically thin flow is geometri-
cally thick whereas the optically thick flow is geometrically thin [11].
The 6.5 keV iron emission line, reflection fraction of 4.65, and lamp-post
height of 6.251 (GM/c2) are an indication of reflection components of
X-radiations [62]. The variations/fluctuations of components of the
accretion flow rates significantly contribute to the hard X-ray emissions
via thermal and inverse comptonization processes and decipher the
energy spectral index [11,12,54,67]. The best-fit photon index in the
range of 2.0–2.2 indicates that MAXI J1535–571 is in the
hard-intermediate state (see; [43,44]). We were able to obtain Γ− Nbmc
track of MAXI J1535–571 that depicts the photon index saturation effect
as has been reported by Nakahira et al. [43] which is similar to the same
phenomena seen in other Galactic sources [21,33,68,69]. The saturation
effect is an indication of converging flow [16,49] which begins when the
cooling process gradually douses the heating [70]. This suggests that the
saturation effect in the photon index as Nbmc increases is tied to varia-
tions/fluctuations of components of the accretion flow rates. We were
able to obtain the variations in optically thick and optically thin mass
accretion flow rates as; Ṁop.thickflow = 34.5408 – 35.1669 and Ṁop.thinflow
= 53.9815 – 61.0229 for Epoch-A, Ṁop.thickflow = 34.5421 – 35.309 and
Ṁop.thinflow = 54.9874 – 62.1253 for Epoch-B (AP-models; all units in log
kgs-1) respectively. The value of Ṁop.thickflow inferred in Table 1 is ob-
tained after “steppar” techniques. The optically thin and optically thick
mass accretion rates vary in unison at some points, but when the opti-
cally thin mass accretion rate is gradually decreasing, the optically thick
mass accretion rate is relatively constant and vice versa (see Fig. 7 and
8). This is a result of the truncation of the outer region of the innermost
stable circular orbit and the comptonization of soft photons by

high-temperature electrons [10,11]. The Ṁop.thickflow and Ṁop.thinflow are
positively correlated and anti-correlated at some points. Also, we were
able to obtain the variations in Keplerian and sub-Keplerian mass ac-
cretion rates directly from the TCAF model as; mdotd = 0.001 –
0.00192093 and mdoth = 0.00258958 – 0.0227373 for Epoch-A, mdotd =

0.001 – 0.00200254 and mdoth = 0.00221824 – 0.03346 for Epoch-B (all
units in log Eddington limit) respectively.

When the sub-Keplerian mass accretion rate is decreasing, the Kep-
lerian mass accretion rate is relatively constant and when the sub-
Keplerian mass accretion rate is relatively constant, the Keplerian
mass accretion rate is increasing (see Fig. 9 and 10). This irregular
pattern in variations of sub-Keplerian and Keplerian mass accretion rates
suggests that both parameters vary. This agrees with the results of Nandi
et al. [71] who observed similar phenomena during the hard or
hard-intermediate spectral state of BHCs. Hence, mdoth and mdotd are
anti-correlated and their correlation is statistically significant (see;
Table 3). It is worth noting that the value of mdotd and mdoth plotted in
Fig. 9 and Fig. 10 were obtained using model-fitted values while the
values of mdotd and mdoth inferred in Table 2 were obtained from
additional technique. The mdotd and mdoth were “steppar” separately
one at a time and their values inferred in Table 2 were obtained.
Moreover, we were able to obtain elaborate variations/fluctuations of
mdoth and mdotd at three different confidence intervals. The “zig-zag”
pattern depicts that mdoth and mdotd are strongly correlated (see Fig. 11
and 12). The value of mdotd and mdoth inferred in Table 2 indicates that
the accretion rate ratio (ARR; mdoth/ mdotd) in each Epoch-A and
Epoch-B spectrum is 0.943 and 0.720 respectively. This implies that the
ARR decreases during the rising outburst phases [65,71,72]. The
decrease in the accretion rate ratio (ARR) indicates that the Keplerian
flow gradually increases and interacts at varying distances with the
sub-Keplerian flow as their mass accretion rate change [12]. This
strongly affects the hardness of X-ray emissions/flux variability [43,44,
66,71,72]. This suggests that the variations/fluctuations of the compo-
nents of the accretion rates (mdoth & mdotd) initiate, mediate, and
regulate the fractions of both the hard and soft components of the X-ray
radiations [12,19,34,65,73]. Therefore, components of the accretion

Fig. 12. Contour plot of mdoth and mdotd_Epoch-B at different confidence levels. The plus sign “+” represents the minimum fit-statistic (8.633 × 102). The second and
third fit statistic level is 8.656 × 102, and 8.725 × 102 respectively. The color bar on the right hand is the delta-fit statistic.
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flow rates vary/fluctuate and their variations/fluctuations suggest that
the accretion flow is dynamic. Hence, mdoth and mdotd seem to be the
intrinsic properties/parameters that regulate the dynamics, structure,
and geometry of the accretion flow.
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