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ABSTRACT

We report results of the first broadband observation of the transient X-ray pulsar GRO J1008—-57 performed
in the quiescent state. Observations were conducted quasi-simultaneously with the Mikhail Pavlinsky ART-
XC telescope on board SRG and NuSTAR right before the beginning of a Type I outburst. GRO J1008—-57 was
detected in the state with the lowest observed luminosity around several x10** erg s~'and consequently accreting
from the cold disk. Timing analysis allowed to significantly detect pulsations during this state for the first time.
The observed pulsed fraction of about 20% is, however, almost three times lower than in brighter states when the
accretion proceeds through the standard disk. We traced the evolution of the broadband spectrum of the source
on a scale of three orders of magnitude in luminosity and found that at the lowest luminosities the spectrum
transforms into the double-hump structure similarly to other X-ray pulsars accreting at low luminosities (X
Persei, GX 304-1, A 0535+262) reinforcing conclusion that this spectral shape is typical for these objects.

Keywords: pulsars: individual (GRO J1008—-57) — stars: neutron — X-rays: binaries

1. INTRODUCTION

A significant progress in studies of strongly magnetized
neutron stars in binary systems (a.k.a. X-ray pulsars, XRPs)
has been made over the last years due to extraordinary tech-
nical capabilities of the currently operating X-ray observato-
ries. As a result, the range of observable luminosities from
such objects extended over nine orders of magnitude from
Lx ~ 10% — 10" erg s™! for pulsating ultra luminous X-
ray sources (Bachetti et al. 2014; Fiirst et al. 2016; Israel
et al. 2017; Rodriguez Castillo et al. 2020; Doroshenko et al.
2020) to Lx ~ 1032 — 10* erg s~!' for XRPs in quiescent
state (see e.g., Campana et al. 2002; Doroshenko et al. 2014;
Wijnands & Degenaar 2016; Tsygankov et al. 2017b), allow-
ing to study absolutely different regimes of accretion onto
highly magnetized neutron stars (NSs). In addition to the
improved technical characteristics, the flexibility in arrange-

Corresponding author: A. Lutovinov

aal @iki.rssi.ru

ment for long-term monitoring campaigns played a major
role. For instance, Swift/XRT data allowed to discover transi-
tions of several XRPs to the propeller regime, caused by the
centrifugal inhibition of accretion (see, e.g., Tsygankov et al.
2016; Lutovinov et al. 2017, 2019; Semena et al. 2019). For
slower pulsars a new regime of the accretion, from a low-
ionized (cold) accretion disk, was discovered (Tsygankov
et al. 2017a). This regime is characterized by the transition
of accretion to a quasi-stable state with the luminosity of the
order of Lx ~ 10* — 10% erg s~!. Broadband observations
of several pulsars at this low luminosity level demonstrated
also a rather complex shape consisting of two components —
a low-energy thermal component and a high-energy one, pre-
sumably associated with the cyclotron radiation (Tsygankov
et al. 2019b,a; Mushtukov et al. 2020).

Since physics of interaction of the cold disk with the strong
magnetic field of the NS is still unexplored, any additional
observations in this state are of vital importance. The first
pulsar where the accretion from the cold disk was discovered
is GROJ1008-57, a long-period (P ~ 94 s) transient XRP
in the binary system with the Be star as a normal companion
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Table 1. List of GRO J1008—-57 observations utilized in this work.

ObsID Start date  Start MJID  Exp. (ks) Ppin, 8¢
NuSTAR

80001001002 2012-11-30  56261.36 12.5 93.5727(2)
90001003002 2014-12-03  56994.81 22.3 93.4429(4)
90001003004 2015-01-27 57049.74 12.5 93.3606(2)
90401338002 2018-10-17 58408.67 45.3 93.2207(2)

90501357002 2020-01-01  58849.79 452 93.20(1)

SRG/ART-XC
2019-12-11  58828.60 30.8 93.24(3)

¢ barycentric and binary corrections were applied. Orbital
parameters were taken from Kiihnel et al. (2013)

and with an orbital period of ~ 250 days (Levine & Corbet
2006; Coe et al. 2007; Kuehnel et al. 2012). The pulsar was
discovered in 1993 with the CGRO observatory (Stollberg
et al. 1993). The neutron star is strongly magnetized with
magnetic field of ~ 8 x 10'? G estimated from the cyclotron
line discovered around 75-90 keV (Shrader et al. 1999; Ya-
mamoto et al. 2013; Ge et al. 2020).

GRO J1008—-57 shows both giant irregular type II outbursts
and regular type I outbursts associated with the passage of a
neutron star through the periastron. A typical duration of the
type I outburst is about 30 days with the maximum luminos-
ity of Lx ~ 10¥ erg s™! (assuming distance to the source of
~ 5.8 kpc, Riquelme et al. 2012) and decay time of several
days. A transition to the regime of the accretion from the
cold disk happens around one month after the peak of the
outburst when the luminosity drops to Lx ~ 103 erg s™! and
then remains almost constant slowly decreasing until the next
outburst (Tsygankov et al. 2017a).

The most puzzling property of this state in GRO J1008—-57
is a significant decrease of the pulsed fraction, which dropped
from ~ 50% in the bright state to below ~ 20% (upper limit)
in the low one (Tsygankov et al. 2017a). Also the spectrum
shape in the low state in a wider energy range (above 10 keV)
is still unknown, since no sensitive observations in broad en-
ergy band were performed until now. In this work we present
results of the dedicated observations of GRO J1008-57 in
the regime of the accretion from the cold disk done with the
Mikhail Pavlinsky ART-XC telescope on board the SRG mis-
sion, and the NuSTAR observatory. High quality of the data
allowed to detect for the first time the pulsations in such a
low state and to trace an evolution of the source broad band
spectrum in a wide range of luminosities.

2. OBSERVATIONS AND DATA ANALYSIS

The SRG observatory was successively launched to the or-
bit with the Proton rocket on Jul 13, 2019. The scientific
payload includes two X-ray telescopes, eRosita (working en-
ergy range of 0.2 — 10 keV) and the Mikhail Pavlinsky ART-

XC telescope (working energy range of 4 — 30 keV), which
are primary designed to carry out the all-sky survey with un-
precedented sensitivity.

ART-XC is a grazing incidence focusing X-ray telescope
which provides imaging, timing and spectroscopy in the 4-
30 keV energy range (Pavlinsky et al. 2021). The telescope
consists of seven identical modules with the total effective
area of ~ 450 cm? at 6 keV, angular resolution of 45”, energy
resolution of 1.4 keV at 6 keV and timing resolution of 23
us.

During the calibration and performance verification phase
(CalPV) conducted soon after the launch, the observatory
performed a number of scanning and pointing observations of
multiple fields and sources, including GRO J1008-57. This
source was observed on Dec 11, 2019 in the pointing mode
with the total exposure of 30 ks. The ART-XC telescope
was a primary instrument in this observation and worked in
a nominal regime. ART-XC data were processed with the
analysis software arTPrRODUCTS V0.9 with the cALDB version
20200401. Brief description of the ART-XC analysis soft-
ware can be found in Pavlinsky et al. (2021).

Preliminary analysis of ART-XC data showed that
GROJ1008-57 was significantly detected (Fig. 1 upper
panel) with the flux of ~ 3 x 1072 ergs™' cm™2 in the 4 — 12
keV energy band, that is, close to the minimal values regis-
tered from the source (Tsygankov et al. 2017a). Pulsations
with the period of 93.24 s from the source were confidently
detected with ART-XC with ~ 30 significance (see middle
and bottom panels in Fig. 1). We note that, as shown in
the same figure, pulsations with the same period are also de-
tected with NuSTAR, where significance of the pulsed sig-
nal detection is even higher with false alarm probability of
~2.3%x107%. It is the first time when pulsations have been de-
tected from the source while in the “cold disk” state. To bet-
ter characterize spectral and timing properties of the pulsar in
the low luminosity state in the broad energy band, we also re-
quested observations with the NuSTAR observatory. Thanks
to the efforts of the NuSTAR team, observations had been
carried out just twenty days after the SRG/ART-XC point-
ing. The preliminary analysis showed that between ART-XC
and NuSTAR observations the source flux was increased by
~ 30%. Nevertheless considering the slow evolution of flux
and spectral parameters of the source quiescence (Tsygankov
et al. 2017a), the SRG/ART-XC and NuSTAR observations
can be considered quasi-simultaneous.

The NuSTAR observatory consists of two identical X-ray
telescope modules, referred to as FPMA and FPMB (Harri-
son et al. 2013). It provides X-ray imaging, spectroscopy
and timing capabilities in the energy range of 3-79 keV. NuS-
TAR performed an observation of GRO J1008—57 on Jan 1,
2020 (ObsID 90501357002) in the state with approximately
the same intensity as during the SRG/ART-XC observation.
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Figure 1. Upper panel SRG/ART-XC detection of GRO J1008—-57
in the low luminosity state. middle panel Z% periodograms for
the SRG/ART-XC and NuSTAR observations are shown by red and
black lines (together with the expected 30~ noise upper limit esti-
mated as described in Brazier (1994) assuming 22% pulsed frac-
tion). Bottom panel The source light curve measured with ART-XC
in the 4-12 keV energy band and folded with the period of 93.24 s
(middle panel).
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Figure 2. Two-dimensional bolometrically corrected orbital light
curve of GROJ1008-57 obtained in 2016 with Swift/XRT (ma-
genta filled circles). Bolometric fluxes that were measured with
SRG/ART-XC and NuSTAR observations are shown with light green
and black colors points, respectively. Orbital parameters were taken
from Kiihnel et al. (2013).

To compare spectral and timing properties of
GRO J1008-57 in the low state with those during the high
state, we also re-analyzed archival NuSTAR observations
of the source. In particular, observations performed on
Nov 30 2012 (ObsID 80001001002), Dec 3 2014 (ObsID
90001003002), Jan 27 2015 (ObsID 90001003004), and Oct
17 2018 (ObsID 90401338002) were used. All NuSTAR data
were processed with the standard NuSTAR Data Analysis
Software (NusTARDAS) v1.8.0 provided under HEASOFT v6.25
with the caLbB version 20200826.

Finally, Swift/XRT observed the source simultaneously
with NuSTAR on Jan 1, 2020 in the photon counting mode
with the exposure of ~ 2 ks (ObsID 00089019001). We
used these data to extend the source spectrum into low en-
ergies and to compare directly with ART-XC results. Other
Swift/XRT observations simultaneous with above mentioned
NuSTAR ones were used to study the broad band spectra of
GRO J1008-57. The data were processed using the online
tools! (Evans et al. 2009) provided by the UK Swift Science
Data Centre.

All spectra obtained in four brightest states were grouped
to have at least 25 counts per bin using the GrRPPHA tool. Spec-

1 http://www.swift.ac.uk/user_objects/
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Figure 3. Pulse profiles of GROJ1008-57 as seen by NuSTAR in
the energy band of 3-79 keV at different luminosities.

tra obtained by NuSTAR, Swift/XRT and SRG/ART-XC in the
lowest state were binned to have at least one count per en-
ergy bin and modeled using W-statistic (Wachter et al. 1979).
The final data analysis (timing and spectral) was performed
with the HEAsOFT 6.25 software package. All uncertainties
are quoted at the 1o confidence level, if not stated otherwise.
Finally, the spectra were also rebinned for plotting in XspEc.

3. RESULTS

The orbital light curve of GROJ1008-57 showing esti-
mated bolometric luminosity over a full orbital cycle is pre-
sented in Fig. 2 (Swift/XRT data are adopted from Tsygankov
et al. 2017a). Observations with NuSTAR and SRG/ART-
XC are marked by black and light green points, respec-
tively. Note that the observations in Dec, 2019 — Jan, 2020
have been performed around orbital phases 0.65-0.75, where
the source luminosity is minimal at a few times 10°* erg
s~!. Below we discuss the temporal and spectral properties
of GROJ1008-57 in the low luminosity state and compare
them with those observed at higher luminosities.

3.1. Timing analysis

As was already mentioned in the Introduction, pulsations
from GRO J1008-57 in the cold-disk state were not detected
using Swift/XRT and Chandra data (Tsygankov et al. 2017a).
One of the main goals of our observations was either to find
pulsations or to put a more stringent upper limit on the pulsed
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Figure 4. Dependence of the pulsed fraction of GRO J1008-57 in
the 3-79 keV energy band as a function of luminosity as observed
by NuSTAR. Vertical dashed line represents the luminosity Loq =
2x 10* erg s~!, which corresponds to the switch of the accretion to
the cold-disk state (Tsygankov et al. 2017a).

fraction which was previously estimated at ~ 20% (Tsy-
gankov et al. 2017a).

For the timing analysis both the barycentric and binary cor-
rections were applied to the light curves using the orbital
ephemerides reported by Kiihnel et al. (2013). As a result
we were able to significantly detect pulsations in the low state
with the period of P =~ 93.2 s in both SRG/ART-XC and NuS-
TAR datasets (see Table 1 and Fig. 1, middle panel). To com-
pare obtained values with measured ones in brighter states
and to construct corresponding pulse profiles the same anal-
ysis was also performed for other four NuSTAR observations.
The results are summarized in Table 1. Uncertainties for the
pulse period values were determined from the simulated light
curves using epoch folding on bootstraped lightcurves as de-
scribed in detail by Boldin et al. (2013).

The pulse profile of GRO J1008—57 in the bright state ex-
hibits two-peaks structure with a relatively high pulsed frac-
tion. The evolution of the pulse profile as a function of lu-
minosity based on the NuSTAR data is presented in Fig. 3.
Some minor variations can be observed, mainly in the first
peak. However, in spite of three orders of magnitude dif-
ference in the observed source flux, the pulse profile shape
remains remarkably stable.
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Figure 5. Unfolded spectra of GROJ1008-57 obtained with
NuSTAR (black and red points), Swift/XRT (green points) and
SRG/ART-XC (magenta points) in different luminosity states. Only
three spectra (NuSTAR ObsIDs are 80001001002, 900010003004
and 90501357002) of five are shown for clarity. Corresponding
residuals for the lowest luminosity state of GROJ1008-57 are
shown at the lower panel.

In contrast to that, the pulsed fraction? demonstrates more
puzzling behaviour as a function of the source luminosity
(Fig. 4). It is seen from the figure, that in the bright state
the pulse fraction has relatively high values depending on
the flux from ~ 70% to ~ 50%. Moreover, at high lumi-
nosity levels it also appears to anti-correlate with the flux,
which is typical for the majority of XRPs in the hard X-ray
band (Lutovinov & Tsygankov 2009). However, at some lu-
minosity (probably coinciding with the transitional luminos-
ity to the cold-disk accretion, although available data does
not allow to determine this time accurately) this dependence
breaks down resulting in a very strong drop of the pulsed
fraction to 22 + 3%. Note, that the pulsed fraction measured
by SRG/ART-XC in the 4-12 keV energy range is approxi-
mately the same 20 + 5%.

3.2. Spectral analysis

Spectra of XRPs provide an important information about
the physical mechanisms of the formation of the radiation
under extreme conditions in the vicinity of neutron stars
and its subsequent interaction with the surrounding matter

2 defined as PF = (Frmax — Fmin)/(Fmax + Fmin), Where Fax and Fi, are

maximum and minimum fluxes in the pulse profile, respectively

in strong magnetic fields. These processes are quite complex
and not fully understood yet, which makes it difficult to de-
velop physically motivated spectral models.

Therefore, spectra of XRPs have long been described by
one-component phenomenological models (such as a power
law with a high energy exponential cutoff, a.k.a. HIGHCUT or
CUTOFFPL in XsPEC), modified by the absorption at lower en-
ergies and, in some cases, by the cyclotron absorption lines
(see, e.g., White et al. 1983; Coburn et al. 2002; Filippova
et al. 2005; Walter et al. 2015). Expanding the available en-
ergy range and increasing the sensitivity of modern instru-
ments made it possible to study spectra of accreting neutron
stars in a wide range of luminosities including periods of qui-
escence. It required the development of new approaches to
the analysis of the spectral information and the use of mul-
ticomponent models to describe the continuum, although, as
before, these models largely remain phenomenological.

The observed spectrum of GRO J1008—57 was usually de-
scribed with the aforementioned phenomenological models,
like a cutoff power-law, Fermi-Dirac cutoff powerlaw, or
combination of negative and positive powerlaws with an ex-
ponential cutoff (see, e.g., Coe et al. 2007; Yamamoto et al.
2014) modified by additional components to account for the
interstellar absorption, soft excess, fluorescent iron line and
cyclotron line around 80keV (see, e.g., Kiihnel et al. 2013;
Bellm et al. 2014).

Recent measurements of the GRO J1008—57 broadband
spectrum during an outburst with the HMXT observatory
showed that it can be described by two-components (power
law with high-energy exponential cutoff plus black body) ab-
sorbed continuum model with the cyclotron absorption line
at the energy of ~ 90 keV (Ge et al. 2020). It is important
to note that the line was robustly detected and its parameters
were measured with very high significance.

Following previous works, we tried to describe the con-
tinuum of the source in a wide range of luminosities with a
combination of two components. All of these combinations
were modified by the low-energy absorption in the form of
pHABS model in the xspec package and by the cyclotron ab-
sorption line (in the form of the GaBs model in the xspec pack-
age) with the energy and width fixed at values obtained by
(Ge et al. 2020). The line depth was a free parameter. For-
mally, the line energy is outside of the working energy range
of the NuSTAR observatory, but due to the significant width
and depth the absorption feature affects the cutoft energy and
thus need to be included in the model.

We fitted the source continuum spectra with different com-
bination of xspEc models previously used by other authors:
BBODY+HIGHCUT , BBODY+CUTOFFPL, HIGHCUT + GAUSSIAN, HIGH-
CUT + COMPTT, BBODY+COMPTT, COMPTT+COMPTT. It was found
that the combination of the two Comptonization components
best describes the source spectrum in all states. Note, that
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Table 2. Best-fitting results for the GRO J1008—57 broadband spec-

tra in different luminosity states

LuTovINOV ET AL.

Parameter” Low-energy part High-energy part
80001001002

Ty, keV 0.30 £ 0.05 3.19+0.15

Ty, keV 1.89 +0.05 8.87 +0.15

T 12.8£0.3 3.73+0.12

Ny 1.14 £0.10

Ere, keV 6.55+0.01

OFe, keV 0.28 £0.01

Teyes 1.23+£0.18

Cg 1.030 + 0.001

Cxrr 1.132 £ 0.005

Fx,ergs™ cm™ 2.08 x 1078

x* (d.o.f) 1.07 (3236)
90001003004

Ty, keV 0.28 + 0.06 428 £0.25

Ty, keV 2.22 +0.06 120+ 1.4

Tp 11.87 £0.30 224 +0.41

Ny 1.36 £ 0.09

Ere, keV 6.59 +0.01

OFe, keV 0.28 £0.01

Teyes 2.14 £0.36

Cg 1.015 + 0.001

Cxrr 1.297 £ 0.006

Fy,ergs™' cm™ 1.50 x 1078

x* (d.o.f) 1.10 (2702)
90401338002

Ty, keV 0.33£0.53 3.36 £0.20

Ty, keV 1.73 £0.07 148 +£2.7

T 13.8+£3.6 1.7+04

Ny 1.45+0.71

EFfe, keV 6.34 £0.02

e, keV 0.2 (fix)

Teyes 1.83 £0.56

Cg 1.034 + 0.002

Fx, ergs™ cm™ 1.34 x 107°

x* (d.o.f) 1.01 (1783)
90001003002

Ty, keV 0.74 £0.23 3.20 £ 0.32

Ty, keV 1.76 £ 0.27 20+ 16

T 11.8 +4.1 12+1.2

Ny 0.66 +£0.29

EFfe, keV 6.4 (fix)

OFe, keV 0.2 (fix)

Teyer 0.8+1.0

Cg 1.027 £ 0.004

Cxgrr 1.120 + 0.042

Fyx, ergs™ cm™ 8.11x 10710

x? (d.o.f.) 1.00 (1356)

Parameter” Low-energy part High-energy part
90501357002

To, keV 0.25+0.53 >5

Ty, keV 35+3.1 23+19

T 44+1.6 >55

Nu 25+1.5

Cy 1.042 +0.022

CxRrr 0.84+£0.11

CART-XC 0.65 +0.02

Fx,ergs™'cm™ 1.50 x 107"

x? (d.o.f) 1.01 (1592)

“ Here Ty, 7, and T are the plasma temperature, plasma optical
depth, temperature of the seed photons for the compTT model. Fluxes
are given in the 0.5-100 keV energy range.

earlier two Comptonization components were proposed by
Ferrigno et al. (2009) to fit the spectra of super-critical X-ray
pulsar 4U 0115463 where the model was motivated to ac-
count for the influence of bulk and thermal Comptonization
in accretion column supported by radiation pressure (Becker
& Wolff 2007). This model, however, is not applicable in the
case of sub-critical accretion, which considered in this paper.

To take into account a strong emission feature associated
with the fluorescent iron emission line around 6.4 keV, a cor-
responding component in the Gaussian form was added also
to the model in line with the photo-absorption and cyclotron
resonant scattering feature discussed above. The final best-fit
parameters (including model flux) are summarized in Table
2. The energy spectra of GRO J1008—-57 are shown in Fig. 5.

The source and background spectra from both the FPMA
and FPMB modules of NuSTAR as well as from the
Swift/XRT and SRG/ART-XC telescopes were used for si-
multaneous fitting. To take into account the uncertainty in the
NuSTAR modules calibrations and potentially slightly differ-
ent source flux during the (not strictly simultaneous) obser-
vations by different observatories, cross-calibration constants
between them were included in all spectral models. The
Cg, Cxgrr and Cagrr-xc constants from Table 2 correspond
to the cross-calibrations of the FPMB module, the XRT tele-
scope to the FPMA module and the ART-XC telescope to the
FPMA module, respectively. The value of Carr-xc reflects
the source flux change between ART-XC and NuSTAR obser-
vations connected either with its slow brightening towards
the next outburst or with its local short-term variability. Nev-
ertheless the spectrum remains practically unchanged that al-
low us to fit ART-XC and NuSTAR data simultaneously.

4. DISCUSSION AND CONCLUSION

In this work we presented results of the first dedicated
broadband observations of GROJ1008-57 in the low state
using data of NuSTAR and SRG/ART-XC. Timing analysis
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from both instruments resulted in the significant detection of
pulsations from the source with the pulsed fraction of ~ 20%),
that is several times lower than in the bright state.

One of the possible explanation of such a behaviour is an
increase of the emitting region on the NS surface as a result
of the deeper penetration of the cold disk into the pulsar mag-
netosphere. More detailed discussion of that requires model
of the interaction of the cold disk with magnetic field and is
out of scope of the current paper.

Another possibility is related to the structure of a NS at-
mosphere at low mass accretion rates. According to nu-
merical simulations, the upper layer of the atmosphere is
overheated up to temperatures ~ 100keV (Suleimanov et al.
2018; Mushtukov et al. 2020). The photons which leave the
atmosphere at larger angles to the normal are originated (or
experience the last scattering) from smaller optical depth in
the atmosphere. In the case of temperature increasing with
the optical depth, the intensity of radiation tends to be larger
along the normal. In the case of the inverse temperature
structure (when the upper layers are hotter than the underly-
ing ones), the intensity increases with the angle to the normal
and, thus, the beam pattern generated by a hot spot with an
overheated upper layer is expected to be compressed in the
direction perpendicular to the stellar surface. Such a modi-
fication of the beam pattern can result in a reduction of the
pulsed fraction.

The qualitative similarity of the pulse profiles (see Fig. 3)
in different luminosity states allows us to speculate that in
all cases, we see the source in the same regime of accretion
(Basko & Sunyaev 1976; Gnedin & Sunyaev 1973; Mush-
tukov et al. 2015). Accounting for a strong magnetic field

strength at the NS surface, we conclude that the source is still
in a sub-critical regime even at L ~ 10*® ergs~'. It puts valu-
able limitations to the critical luminosity at extremely strong
field strength: L > 10% ergs™! for B~ 7 x 1012 G.

We were able for the first time to trace the evolution of the
broadband spectrum of the source on a scale of three orders
of magnitude in luminosity. It was shown that in all states
it can be adequately described by a two-component model
with a clear division of the components into soft and hard
ones. The spectrum in the high state is in good agreement
with the results of previous studies, in which the classical
"power-law with high energy cutoff” model and an additional
blackbody component was used. At the lowest state, the
spectrum shape becomes a double-hump one. Such a shape is
already proved to be typical for XRPs with low mass accre-
tion rate (Doroshenko et al. 2012; Tsygankov et al. 2019b,a;
Doroshenko et al. 2021). The tentative peak energy of the
hard spectral component is consistent with the position of the
cyclotron line at about 80-90 keV, but its temperature is not
limited due to low statistics. This is in line with the explana-
tion of this component due to the emission of cyclotron pho-
tons in the NS atmosphere caused by collisional excitation
of electrons to upper Landau levels and consequent Comp-
tonization by hot electron gas (Mushtukov et al. 2020).
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