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ABSTRACT

We report results of the spectral and timing analysis of the Be/X-ray pulsar SXP 4.78 using
the data obtained during its recent outburst with NuSTAR, Swift, Chandra, and NICER
observatories. Using an overall evolution of the system luminosity, spectral analysis, and
variability power spectrum we obtain constraints on the neutron star magnetic field strength.
We found a rapid evolution of the variability power spectrum during the rise of the outburst,
and absence of the significant changes during the flux decay. Several low frequency quasi-
periodic oscillation features are found to emerge on the different stages of the outburst, but
no clear clues on their origin were found in the energy spectrum and overall flux behaviour.
We use several indirect methods to estimate the magnetic field strength on the neutron star
surface and found that most of them suggest magnetic field B < 2 x 10'? G. The strictest
upper limit comes from the absence of the cyclotron absorption features in the energy spectra
and suggests relatively weak magnetic field B < 6 x 10'! G.)
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1 INTRODUCTION

Discovery of pulsating ultraluminous X-ray sources (Bachetti et al.
2014; Fiirst et al. 2016; Israel et al. 2017a,b; Rodriguez Castillo
et al. 2019) unambiguously showed that neutron stars (NSs) can
exceed their Eddington limit by orders of magnitude. One of the
necessary condition for existence of such a high luminosity was
proposed to be a superstrong magnetar-like magnetic field which
may significantly reduce the scattering cross-section (Mushtukov
et al. 2015; Tong 2015). The magnetic field also regulates the mass
accretion rate reaching the NS surface and therefore the limiting
luminosity (Lipunov 1982; Chashkina et al. 2019). Bright transient
X-ray pulsars (XRPs) can be considered as a connecting link
between a well-studied sample of moderately bright sources with
known magnetic field and ultraluminous XRPs. In order to reveal
this possible link one need to determine magnetic field strength in
the brightest representatives of the XRPs family. Do ultraluminous
XRPs form a new class of systems or they are usual high-mass X-ray
binaries (HMXBs), occasionally accreting at the super-Eddington
rate, is still an open question.
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To approach answering this question it is important to study
usual XRPs at high luminosities. A significant fraction of such
systems appears to be binaries with Be star companion (Walter et al.
2015) at highly elliptical orbits, referred to as Be X-ray binaries or
BeXRBs. They are transient systems, demonstrating different types
of outbursts (see review by Reig 2011). During so-called Type II
outbursts these systems often reach or even exceed the Eddington
limit (see e.g. Tsygankov et al. 2017b, 2018), which make them
good candidates to search connections with ULX pulsars and to
study the accretion at high rates.

SXP4.78 (or XTEJ0052—723) was discovered by the RXTE
observatory during scanning observations of the Small Magellanic
Cloud in 2000 December (Corbet, Marshall & Markwardt 2001).
These observations revealed a bright X-ray source with coherent
pulsations at ~4.782 s and a double-peaked pulse profile (Laycock
et al. 2003). Four more outbursts from this source were detected
by RXTE (Klus et al. 2014) during which its luminosity reached
~10% erg s~! (Laycock et al. 2003), assuming the distance of
60.3 kpc. Taking into account such a transient behaviour the source
was suggested to be a BeXRB, although it was impossible to
achieve a precise localization with these scanning observations and
to determine its optical counterpart. There were several attempts to
estimate the magnetic field strength of SXP 4.78, but an insufficient
sensitivity, low number of observations, and neglect of the orbital
motion lead to a wide range of possible values of the magnetic field

Published by Oxford University Press on behalf of the Royal Astronomical Society

6102 J8QWBAON G0 U0 Jasn oiselry uolsidoijA uning Aq €£0€85S/SSEE/S/061/10BISqe-aj01e/seIuW/woo dnoolwapese//:sdiy woll pepeojumod


http://orcid.org/0000-0001-8931-1320
http://orcid.org/0000-0002-9679-0793
http://orcid.org/0000-0002-0983-0049
mailto:san@iki.rssi.ru
mailto:aal@iki.rssi.ru
mailto:i.a.mereminskiy@gmail.com
mailto:stsygankov@gmail.com

3356 A. N. Semena et al.

in the range 10''—4 x 10" G (Laycock et al. 2003; Klus et al. 2014;
Shi, Zhang & Li 2015).

The source once again went into the outburst in 2018 November
and was detected by the Swift observatory (Coe et al. 2018). A
precise localization of SXP 4.78 obtained with the XRT telescope
on board of Swift allowed an identification of its optical counterpart
— the bright star [M2002] SMC 20671. Monageng et al. (2019)
investigated optical spectra of this star and deduced its class as
B0.5-1V-V with a strong emission Ha line thereby confirming a
Be-nature of the system. These authors inspected also the long-
term optical variability of the object with the OGLE project data
and found no clear signatures of the orbital period. The outburst
was observed extensively by many orbital X-ray observatories and
telescopes providing a vast amount of data in the broad energy
band (0.2-78 keV). Based on the NuSTAR observation on 2018
November 15-17, Antoniou et al. (2018) reported an evidence for
a cyclotron resonance scattering feature (CRSF) at ~10 keV, which
is still unconfirmed.

In this paper, based on the data from Swift, NICER, NuSTAR,
XMM-Newton, and Chandra observatories, we carried out compre-
hensive timing and spectral analysis of the source properties during
the 2018 super-Eddington Type II outburst with the main aim to
constrain the unknown strength of the magnetic field in this system.
In Section 2, we describe the available data and their reduction.
Section 3 presents the results of the timing analysis and magnetic
field estimations from the propeller effect and power spectra. In
Section 4, we investigate the X-ray spectrum of the source and
present a search for the cyclotron line. The summary of results
obtained with different methods is provided in Section 5.

2 OBSERVATIONS AND DATA REDUCTION

After the detection of the new X-ray outburst of SXP4.78 by the
Swift observatory, it was frequently monitored with NICER and
Swift/XRT, counting up 69 and 34 observations, correspondingly,
distributed over 2018 November—2019 February. Also, there were
three long NuSTAR pointings near the outburst peak. At the late stage
of the outburst we initiated the Chandra Target-of-Opportunity
observation (PI Lutovinov), which was performed on 2019 March
1. To estimate the lowest possible flux of SXP4.78, we used
also archived observations with the XMM-Newton observatory,
performed in 2007-2016.

Depending on the capabilities of instruments, these data were
utilized for spectral and/or timing analysis. Whenever energy
spectra are obtained they were grouped to have at least 30 counts per
bin with grppha tool. The final data analysis (timing and spectral)
was performed with the HEASOFT 6.25 (Heasarc, 2014)software
package. All uncertainties are quoted at the 1o confidence level, if
not stated otherwise.

2.1 NuSTAR data

The NuSTAR space observatory consists of two identical X-ray
telescope modules, each equipped with independent mirror systems
and focal plane detector units, also referred to as FPMA and FPMB
(Harrison et al. 2013). It provides X-ray imaging, spectroscopy, and
timing in the energy range of 3—79 keV with the angular resolution
of 18 arcsec (FWHM) and spectral resolution of 400 eV (FWHM)
at 10 keV.

NuSTAR performed three observations of SXP 4.78 during the
outburst, all were held near its maximum (see Table 1). Hereafter
we refer to these observations as first, second, and third ones
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Table 1. NuSTAR observations of SXP4.78 and measured pulse periods,
and quasi simultaneous Swift/XRT observations.

ObsID Date Exposure, ks Period, s
NuSTAR

30361003002 2018-11-15 74.5 4.781607 = 0.000005

30361003004  2018-11-24 383 4.781671 9000001

30361003006 2018-11-27 732 4781656 = 0.000001

Swift

00010977003 2018-11-16 4.9

00010977004 2018-11-25 6.9

00031998011 2018-11-27 5.9

based on their chronological order. To process the NuSTAR data
we used the standard NUSTARDAS 1.8.0 software as distributed with
the HEASOFT 6.25 package and the CALDB version 20181030. The
standard LCMATH tool was used to combine the light curves of
the NuSTAR modules to improve statistics for the timing analysis.
Source data were extracted from a circular region with radius of
90 arcsec, centred at its position. Background data were extracted
using a region of an equivalent area away from the source position.
Observational data have no signs of a contamination by a stray-light
or ghost rays.

2.2 NICER data

The Neutron star Interior Composition Explorer (NICER) is an
International Space Station payload consisting of 56 ‘concentrator’
optics above silicon drift detectors operating in the 0.2-12 keV
energy band (Gendreau et al. 2016). It provides more than 2000 cm?
effective area in the soft X-rays, excellent timing capabilities and
CCD-like spectral resolution. Due to the availability of the NuSTAR
and Swift/XRT data, well calibrated and suitable for the broad-band
spectral analysis, we used the NICER data only for the analysis of
the temporal properties of the source.

The data reduction was performed with the standard NICERDAS
software (V00S5). We applied a barycentric correction to all cleaned
event lists. As it was discussed by Prigozhin et al. (2016) so-called
‘hard tails’, produced by the high-energy particles, can be observed
in the NICER energy spectra. This component of the spectrum
introduces an additional stochastic noise which has a complex
shape in the power spectra (see e.g. Sanna et al. 2018). In order
to reduce the impact of this noise in our data we applied additional
filtering criterion to the NICER data, following Bult et al. (2018).
Initially, we build a light curve in the 1200-1500 PI channels range
(corresponding to 12-15 keV energy band, where the instrument
has negligible effective area). After that new good time intervals,
including only those part of the light curve with the count rate
below 1 count per second, were created. Note that this procedure
usually leads to the loss of ~10 percent of the exposure time in
each individual observation.

The source was observed 69 times in the period from 2018
November 10 to 2019 March 12 (ObsIDs 12004101[01-69]). For
our analysis we used all these data, excluding observations with
ObsIDs 1200410110 and 1200410141 for which we could not make
the barycentric correction. After the filtering we obtained 90.5 ks
of the total exposure. For the following analysis we use events
registered in 50-800 PI channels corresponding to the 0.5-8 keV
energy band.
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Table 2. XMM-Newton observations of SXP 4.78.

ObsID Date Exposure Flux upper limit
ks ergs—! cm—?
0500980101 2007-06-23 24 7.0 x 10713
0601210701 2009-09-27 37 25 %1071
0793182901 2016-10-14 35 32 x 1075

2.3 Swift data

The Neil Gehrels Swift Observatory (Gehrels et al. 2004) carries
several instruments including the glazing mirror X-ray telescope
(XRT) allowing to perform imaging, spectral, and timing analysis
in soft X-rays (Burrows et al. 2000). The telescope can operate in
the imaging and timing modes. SXP 4.78 was observed 35 times
since its first detection on 2018 November 9 till the last detection
on 2019 February 24. A median exposure of the single observation
was about 1 ks. Only five of these observations were performed in
windowed timing mode, therefore we used Swift/XRT data only
for spectral analysis. The spectra were produced by the online tool
(Evans et al. 2009). The data analysis was restricted to the 0.8-9 keV
energy band.

2.4 Chandra data

At the late stage, when the source became too weak for Swift/XRT,
we employed the Chandra observatory to determine the source
state and measure its flux. The observation was carried out on 2019
March 1 (Obsld. 22095). The standard CIAO package (Fruscione,
2006) with latest calibration files was used to analyse these data.
First, the obtained data were reprocessed to produce the sky map in
the 0.5-7 keV energy band. No significant background variations
over the course of observation were found. Usage of the WAVDETECT
procedure yields a 2.70 detection of the source at 0.44 arcsec away
from the optical counterpart of SXP4.78. This offset is consistent
both with measured uncertainties on the source position and the
typical Chandra astrometric precision.

2.5 XMM-Newton data

The field of SXP 4.78 was observed with the XMM—-Newton obser-
vatory three times in the past, but the source was never detected.
Nevertheless the knowledge of the source flux in the quiescent state
is important for understanding the presence of the propeller regime
and estimation of the magnetic field. Therefore we used the FLIX
service (Carrera et al. 2007)" to estimate the 40 upper limits on the
source flux in these observations. The obtained limits are presented
in Table 2.

2.6 Bolometric correction

The 2018 outburst of SXP4.78 was well covered by monitoring
observations with Swift/XRT and NICER instruments, allowing
us for the first time to examine its profile in details from the
rise to the decline. It is necessary to note that these monitoring
programs were performed in the X-ray range with energies not
exceeding 10-12 keV, but for estimations of physical properties of
the source (e.g. the magnetic field) we need to know its bolometric
luminosity (we consider it as a luminosity in the 0.1-100 keV

Thttps://www.ledas.ac.uk/flix/flix_dr7.html

Magnetic field of SXP4.78 3357

energy band). To reconstruct the broad-band spectrum of the source
and to calculate the bolometric correction we used three NuSTAR
(and nearly simultaneous Swift/XRT) observations as reference
points (see Section 4 for details). It was found that the bolometric
correction from the luminosity in the 0.5-8 keV energy band
slightly varied as Ky >~ (2.2—2.4), but the spectral shape remained
approximately the same. Therefore, in the following as a bolometric
correction we adopted Ky, = 2.3.

3 TIMING ANALYSIS

As it was mentioned in the introduction, the RXTE data allowed
measurements of some timing properties of SXP4.78 (pulsations,
pulse profiles, etc.). However, the small number of the available
observations prevented in depth timing studies of the source,
especially at low luminosities. In this section, we perform the timing
analysis of newly available data in the X-ray band, accumulated
with NuSTAR and NICER during the recent outburst of the source.
Swift/XRT data were used also in order to trace the overall evolution
of the source luminosity during the outburst.

3.1 Long term temporal behaviour

The overall outburst profile is shown in Fig. 1. The first detection
corresponds to 2018 November 9 (MJD 58431) when the source
was revealed by Swift/XRT with the bolometric luminosity of Ly
~ 7 x 10¥ erg s~'. In the beginning of the outburst the source
underwent fast rise, increasing its luminosity by a hundred times
over nine days and reaching 10® erg s~!. Then the growth rate
was decreased and in the consecutive dozen days the luminosity
has increased from 10% to 2.5 x 10% erg s~!. After reaching the
maximum a gradual decay started, lasting for approximately 50 d.
As soon as the luminosity has decreased down to Ly >~ 2 x 10%7 erg
s~!, anearly power-law decay switched to a faster decay. Eventually,
the source was not detected by Swift/XRT with the upper limit of
Lol < 4.1 x 10% erg s7'(20') on 2019 January 27 (MJD 58510)
during a long (~4 ks) observation.

Such a behaviour is typical for fast rotating NSs in transient
BeXRBs and indicates the transition of the system to the propeller
regime (Illarionov & Sunyaev 1975). Therefore, after the beginning
of the rapid flux decay we initiated the Chandra ToO observation
with the main aim to observe the source in the quiescence state.
The observation was performed on 2019 March 1. Despite only
the marginal detection of the source it still had an important
scientific significance. The source count rate in the 0.5-7 keV
energy band was estimated with the SRCFLUX tool of the CIAO
package as 3.7 x 10~* s~! with the 90 per cent confidence interval
being (1.5-7.4)x 10~* s~!. Assuming a blackbody spectrum with
the temperature of k7" = 0.5 keV that is expected and observed
for sources in the propeller regime (see e.g. Tsygankov et al.
2016; Wijnands & Degenaar 2016), and the absorption column of
2 x 10?' cm~2 (Kalberla et al. 2005), we estimated an unabsorbed
source flux of 3.7 x 107 erg s~' cm™ and the corresponding
intrinsic luminosity of L, >~ 1.6 x 10*erg s™' for the distance
of 60.3 kpc. Such a luminosity agrees well with usual values for
HMXBs in the propeller state (Tsygankov et al. 2016; Wijnands &
Degenaar 2016; Tsygankov et al. 2017a; Lutovinov et al. 2017,
2019).

As it was mentioned above, the source was traced until the
Swift/XRT non-detection at the luminosity of Ly, < 4.1 x 10% erg
s~! (Fig. 1). Using this value as the upper limit on the critical
luminosity of the transition to the propeller regime we can constrain
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Figure 1. Evolution of the SXP 4.78 bolometric luminosity during the outburst, as measured by Swift/XRT (green points with error bar), NuSTAR (red), and
NICER (black). The Chandra observations in the quiescent state are shown by the blue error bar. The dashed horizontal line represents the critical luminosity
at which the source should switch to the ‘propeller mode” for the magnetic field strength of 10'> G. The dotted horizontal line demonstrates the upper limit for
the source luminosity derived from XMM-Newton data obtained in 2009 (ObsID. 0601210701).

the NS magnetic field of SXP4.78 as (see e.g. Tsygankov et al.
2016):

Biy = 0.5L > P7OM RSPk, (1)

where Bj, is the magnetic field strength in 102 G, Ls; is the
luminosity in 10¥” erg s=!, P is the spin period in seconds, M| 4 is the
NS mass in units of 1.4 Mg, Re is the NS radius in units of 10° cm,
and k is the ratio of the magnetospheric radius to the Alfvén one,
usually taken as 0.5 (Campana et al. 2018). Substituting measured
values for the source luminosity and the pulse period, and using
current results of the NS radius estimations Rs = 1.2 (Suleimanov
et al. 2017b, a; Nattild et al. 2017) we can estimate an upper limit
on the magnetic field strength as B < 1.5 x 102 G.

3.2 Power spectrum

Power spectra of accreting systems can provide important infor-
mation about the geometry and properties of the accretion disc.
In the broad frequency range, the power spectra can be described
by a sum of several power-law or broad Lorentzian components
(Reig 2008). At low frequencies, the power spectrum is usually
a white noise P(f) = const, transiting to the P(f) oc f~' at higher
frequencies. The P(f) oc f~! segment of the power spectrum is
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thought to be produced by perturbations propagating in the accretion
disc (Lyubarskii 1997). Above a certain break frequency it transits
to even steeper power law P(f) oc f~2. Revnivtsev et al. (2009)
suggested that this break frequency corresponds to a Keplerian
frequency at the inner edge of the magnetically truncated accretion
disc. Thus the detection of such a break in the power spectrum
of XRPs and its evolution with the source luminosity can give an
independent estimate of the magnetic field strength in the system
(Revnivtsev et al. 2009).

In the following, we investigate the variability properties of
SXP4.78 in terms of its power spectrum and describe it with a
combination of broad noise components and coherent pulsations.
First, we analysed power spectra of each separate NuSTAR and
NICER observation in the 3-78 and 0.5-8 keV energy bands,
respectively. We found that during first 12 d of the outburst the
power spectrum had a form of a broken power-law continuum
(usually referred to as band-limited noise) and a broad hump-
like feature at low frequencies (5 x 107*-5 x 1073 Hz). The
presence of the excessive low-frequency variability was reported
earlier by Guillot et al. (2018) based on the first portion of the
NICER data. Interestingly, this feature disappears as the outburst
evolves and the luminosity increases. Therefore, in order to measure
the power spectrum of SXP 4.78 with a good accuracy and to trace
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Figure 2. Power spectra of SXP 4.78, obtained with NICER (black crosses) and NuSTAR (red crosses) in four epochs of the outburst (see text and Fig. 1). The
black line represents the broken power-law model, which fits the NICER data in the epoch II (top right panel). The grey dashed line on the top left panel shows
the band-limited noise model with an additional Lorentzian introduced to describe the low-frequency QPO.

its evolution over the outburst, we split all available data into
four epochs (Fig 1): (i) beginning of the outburst (MJD 58436—
58442), (ii) near the outburst maximum (MJD 58445-58460), (iii)
slow decay (MJD 58460-58475), and (iv) exponential decay (MJD
58475-58500) and reconstructed power spectra for each of them
(Fig. 2).

First, it should be noted that the power spectra obtained from
NuSTAR and NICER data are in good agreement with each other
for epochs I and II. Secondly, the power spectra in epochs II, III,
and IV can be described with a single zero-centred Lorentzian,
representing a broad noise component, with narrow spikes near the
pulse frequency and its harmonic (Fig. 2). The low-frequency broad
noise does not change its shape and amplitude significantly from
epoch to epoch in spite of two orders of magnitude variations in the
source flux. The overall amplitude of this noise component in both
NuSTAR and NICER energy bands was 14 & 1 per cent (rms/mean)
and the low-frequency break of the component was measured at
Fippr = (3.540.7) x 1073 Hz.

As noted above, in the power spectrum of epoch I, in addition to
the band-limited noise component, the broad hump-like feature at
low frequencies is also significantly detected (Fig. 2). The overall
power by this excessive variation is 15 4 2 percent (rms/mean).

Similar features were observed in a number of BeXRBs at different
stages of outbursts (see Reig 2008) and are known as milliherz quasi-
periodic oscillations (mQPO). Shirakawa & Lai (2002) proposed a
model of the accretion disc wrapped under the influence of the
NS magnetic torque to describe such mQPOs. Authors noted that
the mQPO frequency depends in a complex way on the accretion
disc parameters which are hard to determine from the observations.
Fortunately, among the systems investigated by Shirakawa & Lai
(2002) there is another BeXRB pulsar 4U0115 + 63, which
demonstrated mQPO at 2 mHz when the system has a similar
to SXP4.78 luminosity (9 x 10%7 erg s!). This pulsar has a
pulse period of 3.61 s and known magnetic field strength (B ~
1.3 x 10'? G) due to the cyclotron resonance features found in its
spectrum (White, Swank & Holt 1983). Using a general dependence
of the mQPO frequency on the magnetic moment derived in the
model of Shirakawa & Lai (2002) vopo o i3 we can roughly
estimate the magnetic field in SXP4.78 as B~ 2 x 10" G.

All power spectra of SXP 4.78 at high frequencies approximately
follow a power law (Fig. 2) without an obvious presence of the high-
frequency break, which can be associated with the accretion disc
inner edge. If the propagating fluctuations theory is valid, such a
break should be located at lower frequencies when BeXRBs are
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Figure 3. Power spectrum of SXP4.78 at low frequencies obtained with
NICER and NuSTAR in the epoch IT (MJD 58445-58460).

1.1+
3-8 keV
1.0 1

0.9 1

1.1 1 8-20 keV
1.0 1

0.9 1

1.2 1
20-50 keV

1.0 1

0.8 1

0.0 0.2 0.4 0.6 0.8 1.0

Figure 4. Pulse profile of SXP4.78 in 3-8, 8-20, and 20-50 keV energy
bands according to the NuSTAR data.

less luminous (Revnivtsev et al. 2009). However, it is easy to
show that the significance of the break detection is larger when
the system is bright, because the break frequency decreases with
the luminosity slower than the Poisson noise amplitude. Thus, for
the power spectrum obtained in the brightest epoch (II) we can
constrain Fy, > 5 Hz, placing a lower limit on the accretion disc
inner radius, and therefore, an upper limit on the magnetic field
strength B < 10" G.

Finally, in order to investigate the power spectrum of SXP4.78
in details we used epoch II, which contain two long NuSTAR
observations. A large number of photons allowed us to build the
power spectrum with the higher resolution (Fig. 3) and found
that in line with other components the spectrum has another QPO
with the centroid at (2.12 & 0.06) x 1072 Hz and relative rms
of 1.6 £ 0.2 percent (rms/mean). Note that a similar QPO was
observed in Cen X-3 (Belloni & Hasinger 1990), but no model,
describing its origin was presented.
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Figure 5. Dependence of the pulsed fraction on energy as measured
by the NuSTAR observatory. Observations with ObsID 30361003002,
30361003004, and 30361003006 are shown with the black, red, and green
crosses, respectively.

3.3 Pulsations

A detailed timing analysis is out of scopes of this paper, therefore we
limited ourselves here to only some general information about the
temporal properties of the source, derived from the NuSTAR data.
First of all, pulsations were clearly detected in all three observations
and the pulse period was determined with a high accuracy (see Table
1). Although significant changes of the pulse period are observed,
we cannot draw any conclusions about the angular momentum
transfer (which can also be used for the magnetic field estimations,
see e.g. Klus et al. 2014) in this system because of lack of orbital
ephemeris.

Previously Laycock et al. (2003) reported a double-peaked pulse
profile in the 3—-10 keV band. Here we used NuSTAR data to study
the dependence of the pulse profile and the pulse fraction with
energy. The pulse profile has a double-peaked shape, which does not
change strongly with energy. We also did not found any significant
evolution of the pulse profile between three NuSTAR observations,
therefore only data from the brightest NuSTAR observation (Ob-
sID 30361003006) are presented in Fig. 4.

The pulsed fraction, calculated as PF = (Fpax — Fmin)/(Fmax +
Fin), where Fp.x and Fy;, are the maximum and minimum count
rates in the profile, respectively, grows with the energy, that is
typical for bright XRPs (Lutovinov & Tsygankov 2009), and does
not evolve significantly from one NuSTAR observation to another
(Fig. 5). No additional peculiarities, which previously were detected
for several XRPs near the cyclotron line energy (Tsygankov et al.
2007; Ferrigno et al. 2009; Lutovinov & Tsygankov 2009), were
found in the pulsed fraction behaviour of SXP4.78.

4 SPECTRAL ANALYSIS

The spectral analysis is by far the most reliable method to estimate
the magnetic field strength through the detection of cyclotron
absorption lines in spectra of XRPs (see Staubert et al. 2019,
for the recent review). Soon after the discovery of SXP4.78,
Laycock et al. (2003) investigated its spectrum with RXTE/PCA
and found that it can be well described with the bremsstrahlung
emission without any cyclotron absorption features. Recently, a
preliminary spectral analysis performed over the first NuSTAR
observation (ObsID 30361003002) revealed an evidence for the
possible absorption feature at ~10keV (Antoniou et al. 2018).
Assuming that this spectral feature may appear to be a cyclotron
absorption line, authors estimated the magnetic field of the object
as B~ 0.9 x 102 G.

6102 J8QWBAON G0 U0 Jasn oiselry uolsidoijA uning Aq €£0€85S/SSEE/S/061/10BISqe-aj01e/seIuW/woo dnoolwapese//:sdiy woll pepeojumod



10_1; x - Feline
= e == bhody
% s Ry cutoffpl
5 (2)
‘m —'—'5.\.
g N,
L\lo \b
% -2 \4 .
.&ﬂ 10 [ \' ]
a8 | \
= \
I‘\ \.
L = T T T T
4_ -
2 il || | i “, I M ’ + (b)_’_ 7
S o wuiﬁ‘,‘!‘ulm Lt R 1

1y H‘MHI i

it ‘H Ll

5 10 20 50
Energy, keV

Figure 6. (a) Energy spectrum of SXP4.78 obtained with the NuSTAR
observatory (ObsID 30361003002). The black and red crosses correspond
to data from FPMA and FPMB, respectively. The black line shows the best-
fitting model. (b—e) Residuals from different models (see text for details).
The spectrum and residuals were rebinned in the figure to make deviations
more apparent.

In this section a detailed analysis of the SXP 4.78 X-ray spectrum
was performed to examine the possible presence of the cyclotron
absorption line and to approximate the source spectrum in the broad
energy range in the best way.

4.1 Spectra of SXP4.78, measured with NuSTAR

The spectrum of SXP4.78 is typical for accreting XRPs and
demonstrates an exponential cut-off at high energies (Fig. 6a).
Therefore, as a first step, we attempted to approximate spectra
obtained with the NuSTAR observatory, by the power-law model
with an exponential cut-off at high energies (CUTOFFPL in the XSPEC
package) and additional iron emission line at 6.4 keV in the form of
the Gaussian. Note that the same model was used by Antoniou
et al. (2018) for the analysis of the first NuSTAR observation

Magnetic field of SXP4.78 3361

(ObsID 30361003002). In agreement with these authors, we found
that this model does not describe well the source spectrum. In
particular, the residuals demonstrate a wave-like structure with some
deficit of photons around 10 keV (Fig. 6b). A formal inclusion to the
model of an absorption component in the form of the GABC model at
the energy of E¢y =9.78 £ 0.15 keV, width of 2.41 £ 0.29 keV, and
depth of 7eyc = 0.0831( 017 improves the fit and flattens the residuals
(Fig. 6¢). Other parameters of the best-fitting model are the photon
index I' = 0.55 £ 0.02, the cut-off energy E., = 7.80 £ 0.12 keV,
and the iron line energy Ep. = 6.38 & 0.07 keV; the iron line width
was fixed at 0.3 keV, the value obtained by fitting the spectrum
obtained during the third NuSTAR observation (with largest photon
statistics) with this parameter free.

At the same time, it is well known that the XRP spectra have
a more complex continuum shape than the power law with an
exponential cutoff and often several components are required to
describe them (Becker & Wolff 2007; Doroshenko et al. 2012;
Farinelli et al. 2012; Tsygankov, Krivonos & Lutovinov 2012). We
found that this fully applies to the object under study. In particular,
an addition to the CUTOFFPL model of the thermal component in
the form of the blackbody model with the temperature of kTgp =~
1.17keV improves the fit quality similarly to adding the cyclotron
line (Fig. 6d). Moreover, using another continuum model in the form
of the comptonized emission (COMPTT model in the XSPEC package)
allows us to describe the source spectrum much better that with the
CUTOFFPL model without a need to include the cyclotron absorption
line (Fig. 6e).

The same analysis was carried out for two other NuSTAR
observations of SXP 4.78, and similar results were obtained. Using
of the CUTOFFPL model for the description of the continuum
lead again to the wave-like structures in the residuals, which can
be compensated by addition of the broad absorption features at
energy E. >~ 11 and 12.3 keV with depths of 7. ~ 0.065 and
0.14 for observations 30361003004 and 30361003006, respectively.
Similarly to the previous case, addition of the blackbody component
with the temperature k7' >~ 1.3 keV or using the COMPTT continuum
model allows us to improve both fits without a need for the cyclotron
absorption line.

Summarizing all above we can conclude the relative broadness
of the possible absorption feature, its small depth and proximity to
the power-law cutoff energy as well as the better approximation of
spectra with other models suggests the complexity of the spectral
continuum in SXP4.78, rather than requires the presence of the
cyclotron absorption line.

4.2 Broad-band phase-averaged spectra

To reconstruct the broad-band spectra of SXP4.78 we used all
three NuSTAR observations with overlapping the data obtained with
Swift/XRT (see Table 1). To take into account the uncertainty in the
instrument calibrations, cross-calibration constants between them
were included in all spectral models (the Crpyp and Cxgry constants
correspond to the cross-calibrations of the FPMB module and the
XRT telescope to the FPMA module, respectively). Given the lack
of sensitive observations at lower energies we fixed the value of the
interstellar absorption column at 2 x 10*! cm™2, which is typical
in the direction to the Small Magellanic Cloud (Kalberla et al.
2005).

To describe the SXP4.78 spectrum in the broad energy range
(see Fig. 7a) we used the same models that were considered
in Section 4.1. It was found that the COMPTT model is unable
to approximate the broad-band spectrum and an addition of the
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Figure 7. (a) The spectrum of SXP 4.78 obtained during the first NuSTAR
and simultaneous Swift/XRT observations and unfolded with TBABS (CUT-
OFFPL + BBODY + BBODY -+ GAUSS) model. (b) The residuals for such a
model without one of the blackbodies. (c) Residuals for the full model.

blackbody component is required in the same way as it was required
for the CUTOFFPL model earlier. The performed analysis showed that
both combined models, CUTOFFPL + BBODY and COMPTT + BBODY,
describe all three broad-band spectra equally well, but the CUTOFFPL
model has fewer parameters. Therefore in the following analysis
we used the CUTOFFPL + BBODY model as a base one. As before an
additional Gaussian component to describe a prominent emission
line at 6.4 keV with the fixed width at 0.3 keV was added to the
model.

This model approximates the source spectrum quite well, but
nevertheless at the residuals panel a very soft excess at energies
<1 keV is clearly visible (Fig. 7b). Such an excess was previously
detected in spectra of several XRPs and was proposed to originate
from the material at the inner edge of the accretion disc heated by
the central source (Hickox, Narayan & Kallman 2004). To describe
it we added another blackbody component, which improved the fit
quality (Fig. 7c).

Results of the approximation of spectra of SXP4.78 with the
model of PHABS*(CUTOFPL+4 BBODY + BBODY + GAUS) are pre-
sented in Fig. 7, corresponding best-fitting parameters are summa-
rized in Table 3. Itis clearly seen that the model fits well to all spectra
and again shows no systematic deviations which would imply the
presence of absorption features. The ‘high-temperature’ blackbody
component with kTgg >~ 1.1—1.3 keV is often registered in spectra
of Be-XRBs (see e.g. La Palombara et al. 2012; Tsygankov et al.
2012; Bartlett, Coe & Ho 2013; Fornasini et al. 2017) and can be
connected with the emission of the hot parts of the accretion column
or hotspots around these columns, arising by interception of their

MNRAS 490, 3355-3364 (2019)

Table 3. Best-fitting parameters of broad-band spectra of SXP 4.78.

Observation NUOBS02 NUOBS04 NUOBS06
Ny, 10?! cm—2 2 (fixed) 2 (fixed) 2 (fixed)

r 0.19 £ 0.03 0.46 £ 0.03 0.32 £ 0.05
Ecu, keV 7.00 £ 0.18 7.92 £0.12 7.56 £0.16
Normy, 1073 5.6+0.7 12.6 £0.7 104 £ 1.1
Ere, keV 6.41 £ 0.07 6.49 £ 0.05 6.52 £0.03
Normge, 107 0.87 £0.11 1.54 £0.17 1.58 £0.14
EWp, eV 3946 46"7 4743
kTgp, keV 1.10 £ 0.03 1.26 £ 0.02 1.32 £ 0.01
Rgp. km 9.2703 8.5+04 10.1£0.3
kTgg, s, keV 0.21 £0.03 0.12+£0.2 0.21 £0.03
Rgp, 5, km 148137 8081587 163135
Crpm 1.016 £0.003  1.020£0.003  1.021 £ 0.002
Cxrr 1.058 £0.015  1.000 +£0.012  0.969 = 0.022
x24 1.003 1.003 1.009
d.o.f. 1715 1692 1669

emission by the surface of the NS (Poutanen et al. 2013). The typical
size of the emission region determined from the data agrees well
with such an explanation.

The ‘soft’ blackbody component has a temperature in the range
of 0.1-0.2 keV consistent with the study by Hickox et al. (2004).
Following these authors we can estimate the inner radius of the
accretion disc, assuming that it is responsible for this emission and
has the height-to-radius ratio H/R = 0.1. For the first and third
NuSTAR observations (where parameters of the soft component
are better constrained) we get an estimation of the inner radius as
Rin ~ 10® cm that corresponds to the magnetic field strength B ~
0.6 x 1012 G.

4.3 Cyclotron line search in the broad-band spectrum

To test finally the hypothesis of a possible presence of a cyclotron
absorption line in the spectra of SXP4.78, we used an approach
proposed by Tsygankov & Lutovinov (2005) and recently updated
by Shtykovsky et al. (2017). The best-fitting model was modified by
adding the GABS component. After that, the cyclotron line energy
E.y was varied within the 5-55 keV energy range with the step
of 0.5 keV. A corresponding line width was varied with the step
of 0.5 keV within the range of 1-6 keV (but smaller than E,./2).
For each pair of cyclotron line parameters the position and width
were fixed in the GABS model component, the resulting model was
used to approximate the spectrum and the confidence interval for
the optical depth of the cyclotron line was calculated. As a result,
none of the combination of the line energy and its width results in
a significant improvement of the fit and only the upper limit for
the optical depth 7y < 0.06 (90 per cent confidence interval) was
obtained. This upper limit indicates the absence of the cyclotron
feature in the 5-55 keV energy range that allows us to put a limit
on the possible strength of the magnetic field on the surface of the
NS in SXP4.78 B < 6 x 10" Gor B > 6.6 x 10" G.

Cyclotron absorption lines often demonstrate variations with the
pulse phase (see e.g. Burderi et al. 2000; Kreykenbohm et al.
2004), therefore their presence can be more prominent in the phase-
resolved spectra. Considering such possibility, we inspected the
phase-resolved spectra, but did not find any additional indication in
favour of cyclotron absorption lines.
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5 CONCLUSIONS

In this work we considered temporal and spectral properties of
the Be XRP SXP 4.78 in order to estimate the strength of the
NS magnetic field in this system. Despite the previously reported
detection of the cyclotron absorption line at 10.3 & 0.2 keV in
the NuSTAR spectrum (Antoniou et al. 2018), we found that the
majority of spectral models typically used to fit spectra of XRPs do
not require an absorption feature in the 5-55 keV energy band. This
implies that the magnetic field is either weaker than 0.6 x 10'> G
or stronger than 6.6 x 10'? G.

A few more indirect methods were applied to further constrain
the magnetic field strength. Particularly, the long-term temporal
behaviour of the source flux points to the transition of SXP4.78 to
the propeller regime. An upper limit to the transitional luminosity
~4 x 10 erg s~! corresponds to the upper limit on the magnetic
field strength ~10'> G. Another evidence of the relatively weak
magnetic field in the source comes from shape of the noise power
spectrum. We were able to obtain a lower limit on the break
frequency corresponding to the Keplerian frequency at the accretion
disc inner edge as fi > 5 Hz. This frequency corresponds to the
magnetospheric radius around 10® cm and, hence, the magnetic field
lower than ~10'?> G. Similar magnetic field strength was obtained
from parameters of the soft blackbody component in the energy
spectrum of the pulsar associated with the emission from the inner
edge of the accretion disc.

Finally, we were able to discover a millihertz QPO in the power
spectrum at ~1.6 mHz, which may originate from the precession of
the magnetically wrapped disc (Shirakawa & Lai 2002), providing
information about the magnetic field strength. Using measured QPO
frequency we derived the magnetic field strength of B~ 2 x 10'? G.
Summarizing all the above, we can conclude that SXP 4.78 contains
arelatively weakly magnetized NS with the magnetic field strength
lower than 10'? G.
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