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Abstract. We study the timing and spectral properties of the X-ray pulsar 2S 1553-542 using the NuSTAR and
NICER during the outburst in January—February 2021. During the outburst, the spin period of the neutron star
was P ~ 9.2822 s based on NuSTAR data. The pulse profiles are studied using different NICER observations,
which implies that the profile is more or less sinusoidal with a single peak and the beaming patterns are dominated
mainly by the pencil beam. The NICER spectra of the source are studied for different days of the outburst. They
can be well described by a model consisting of a blackbody emission, power law and photoelectric absorption
component. The variation of spectral parameters with luminosity is studied over the outburst. The photon
index shows anti-correlation with luminosity below the critical luminosity, which implies that the source was
accreting in the sub-critical accretion regime during the NICER observations. We also report the anti-correlation
between pulsed fraction (PF) and luminosity of the 2S 1553-542 using NICER observations. The evolution of
spin-up rate with luminosity is studied during the outburst, which implies that both are strongly correlated. The
torque-luminosity model is applied to estimate the magnetic field at different spin-up rates. The magnetic field
is estimated to be ~2.56 x 102 G from the torque-luminosity model using the source distance of 20 kpc. The
magnetic field is also estimated using the critical luminosity, consistent with our findings.
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1. Introduction

During the Galactic plane survey, the X-ray transient
2S 1553-542 was discovered using Small Astronomy
Satellite 3 (SAS-3) in 1975 (Apparao et al. 1978).
A strong pulsation with the period of 9.3 was found
(Kelley et al. 1983) with an orbital period Py of
nearly 30 d. During the outburst in 2007-2008, the
spectral and timing properties of the X-ray pulsar
were studied using the Rossi X-ray Timing Explorer
(RXTE) (Pahari & Pal 2012). The RXTE allowed us
to improve the orbital parameters of the system and to
trace the spectral evolution in the energy range of 2.5—
30 keV. During the outburst, the spin period Pgpin was
9.2829 + 0.0003 s with period derivative P ~ 107 s
s~! and the pulsed fraction showed a negative correla-
tion with the time of the outburst. The pulse profile
was single-peaked and featureless, and variability in
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the pulse profile was observed during the outburst. An
energy-dependent pulse profile was also studied, but
no significant variation was found in the pulse profile
with energy. Significant variability of the pulse fraction
was observed in RXTE/PCA observations and PF was
decreased with the decay of the flaring activity. The
power density spectrum showed an interesting feature.
The fundamental line with its five harmonics was visi-
ble. The variation of different spectral parameters with
different orbital phases was studied, and it was shown
that the source hard X-ray spectra in all available inten-
sity states could be well explained with the combination
of abroken power law and a blackbody component (with
temperature varying between 2.5 and 4 keV) (Pahari &
Pal 2012).

The X-ray pulsar 2S 15553-542 went through another
outburst in 2015. During this outburst, the temporal and
spectral properties of the source were studied using
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Chandra and NuSTAR data (Tsygankov ef al. 2016).
Based on the Fermi/GBM data, the orbital parameters of
the system were substantially improved, which allowed
determining the spin period of the neutron star P =
9.27880(3) s and a local spin-up P = —7.5 x 10710 g
s~ ! due to the mass accretion during the NuSTAR obser-
vations. Assuming accretion from the disc and using
standard torque models, the distance to the system was
estimated as d = 20 £ 4 kpc. From the timing anal-
ysis, the single-peak-shaped pulse profile was found
with a barely noticeable dependence on energy, which
is quite similar to the previous results (Pahari & Pal
2012). The cyclotron absorption feature near 23.5 keV
was found during the declining stage of the outburst
with a corresponding magnetic field strength ~3 x 10!?
G (Tsygankov et al. 2016). During the 2021 outburst,
the energy spectrum was studied using NuSTAR, and
the luminosity dependence of the cyclotron line was
investigated (Malacaria et al. 2022). A state transition
is reported above the critical luminosity of 4 x 1037
erg s~! (Malacaria et al. 2022).

The X-ray pulsar went through an outburst after a
quiescence of nearly six years as detected by Burst
Alert Telescope (BAT) onboard Swift and Gas Slit
Camera (GSC) onboard MAXI on January 2021
(Mandal et al. 2021). The X-ray flux started to increase
in early January of 2021, and the duration of the
outburst was nearly six weeks. We study different tem-
poral and spectral properties of the X-ray pulsar in
the soft X-ray band using the Neutron star Interior
Composition Explorer (NICER) and in the hard X-ray
band using the Nuclear Spectroscopic Telescope Array
(NuSTAR). We also look for the evolution of the timing
and spectral properties in broadband during the outburst
in 2021 using NICER and NuSTAR data. The emission
mechanism, beaming patterns, and accretion regime are
investigated using timing and spectral study during the
outburst.

We have studied the variation of photon index and
pulse fraction with luminosity during the outburst. We
also look at the evolution of the pulse profile, spin-up
rates and beaming patterns of the source at different
luminosities. We look for any correlation between the
spin-up rates and luminosity for the source during the
outburst. The torque-luminosity model is used to esti-
mate the magnetic dipole moment and magnetic field
from the spin-up rates and luminosity correlation.

The data reduction and analysis methods are dis-
cussed in Section 2. We have summarized the results
of the current study in Section 3. The discussion
and conclusion are summarized in Sections 4 and 5,
respectively.
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2. Observation and data analysis

An outburst from the X-ray pulsar 2S 1553-542 was
detected in 2021 and followed up using different satel-
lites in multi-wavelength regions. The Burst Alert
Telescope (BAT) onboard The Neil Gehrels Swift
Observatory (Gehrels et al. 2004) is sensitive to hard
X-ray (15-50 keV) (Krimm et al. 2013). To study the
evolution of the outburst, we utilize data from various
all-sky X-ray monitors, including Swift/BAT (15-50
keV), MAXI/GSC (2-20 keV), Fermi/GBM (12-25
keV). NuSTAR data was taken at the peak of the 2021
outburst and NICER data were taken on various days of
the outburst. We used HEASOFT version 6.28 for the
data reduction and analysis.

We have used the results of the BAT transient moni-
tor during the outburst provided by the BAT team. The
flux peaked in the third week of January and continued
for around six weeks as seen by the Swift/BAT. In the
present study, we used the measurements of spin fre-
quency and 12-25 keV pulsed flux measurements with
the Fermi/GBM (Camero-Arranz et al. 2009; Finger
et al. 2009). The Fermi/GBM also detected the out-
burst from 2S 1553-542, which continued for almost
six weeks with a peak pulsed flux of ~0.24 keV cm™2
s~1 on MID 59240.

2.1 NuSTAR observation

The NuSTAR observatory comes with two co-aligned,
identical X-ray telescope systems operating in a wide
energy range of 3—79 keV. Separate solid-state CdZnTe
pixel detector systems in each telescope, usually referred
to as focal plane modules A and B (FPMA and FPMB;
Harrison et al. 2013), have a spectral resolution of
400 eV at 10 keV and 900 eV at 68 keV (FWHM),
respectively. NuSTAR performed an observation of 2S
15553-542 close to the peak of the outburst (MJD
59236.95) with a total exposure of 28.35 ks. The obser-
vation log of NuSTAR is shown in Table 1. The data is
reduced using the NuSTARDAS pipeline provided
under HEASOFT with the latest caldb and we defined
the source and background using ds9. The light curve
and spectra of the source and background are generated
from circular regions centering the source with radii of
50 arcsec and 100 arcsec using nuproducts scripts
provided by the NuSTARDAS pipeline. The light
curve has been extracted using the science event data
in different energy ranges with bin sizes of 0.1 s for
both the modules (FPMA/FPMB) of NuSTAR. The
efsearch task in FTOOLS is used to find the best
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Table 1. Log of NuSTAR and NICER observations

Start time Date Exposure
Instrument (MID) (yyyy-mm-dd) (ks) Obs. ID
NuSTAR 59236.95 2021-01-22 28.3 90701302002
NICER 59268.08 2021-02-23 1.4 3202030101 (Obs 1)
59271.62 2021-02-26 2.0 3202030102 (Obs 2)
59272.02 2021-02-27 0.4 3202030103 (Obs 3)
59274.02 2021-03-01 0.3 3202030104 (Obs 4)
period in the time series of the barycenter and back- 80
ground corrected data sets. The folding method of the
light curve over a trial period is used to get the best 60
period by x? maximizing process (Leahy 1987) over
32 phase bins in each period. After getting the best spin - 40 t } ﬁ l J
period, pulse profiles are obtained using the efo1d task é l mm “ J } l } l ]
in FTOOLS by folding light curves with the best spin £ 20f } H } { l
period. = ] } l ] h
ol “ |
2.2 NICER observation 0l l
The NICER onboard the International Space Station is 0 10 20 30 40 50 60 70

a non-imaging, soft X-ray telescope. The main part of
NICER is the X-ray Timing Instrument (XTI), which
operates in a soft X-ray region (0.2-12 keV) (Gendreau
et al. 2016). NICER observed the source for one week
during the declining phase of the outburst. Table 1 sum-
marizes the log of NICER observations used for the
current study. The NICER data has been processed with
NICERDAS in HEASOFT. We have created clean event
files by applying the standard calibration and filtering
tool nicerl? to the unfiltered data. We have extracted
light curves for different energy ranges with a bin size of
0.1 s and spectra using XSELECT. The task barycorr
is used to apply barycentric corrections for timing
analysis.

We have fitted the NICER spectra in XSPEC with
the redistribution matrix file (RMF) and NICER ancil-
lary response file (ARF) provided by NICER team.!
We also extracted NICER spectra for different days of
the outburst during the declining phase. The good time
intervals are selected for the timing analysis accord-
ing to the following criteria: The ISS was not in the
South Atlantic Anomaly (SAA) zone, the source ele-
vation was >20° above the Earth limb, and the source
direction was at least 30° from the bright Earth. The

! https://heasarc.gsfc.nasa.gov/docs/nicer/proposals/nicer_tools.
html.

Time (MJD-59200)

Figure 1. Swift/BAT (15-50 keV) detects an outburst form
25 1553-542 during January—February 2021.

background corresponding to each epoch of the obser-
vation was simulated by using the nibackgen3C50?
tool (Remillard et al. 2022).

3. Results

The X-ray pulsar 2S 15553-542 went through an
outburst during January—February 2021, detected by
Fermi/GBM, Swift/BAT®> and MAXI/GSC which
reached a maximum flux during the last week of Jan-
uary 2021. We used MAXI (Matsuoka et al. 2009) final
data products (light curves) as well as the Fermi (Fin-
ger et al. 2009; Meegan et al. 2009) pulse frequencies
and pulsed flux evolution data. Figure 1 shows the varia-
tion of flux during the outburst using Swift/BAT (15-50
keV). The total duration of the outburst was around six
weeks, which started in the first week of January 2021
and continued till the second week of February 2021.

thtps://heasarc. gsfc.nasa.gov/docs/nicer/tools/
nicer_bkg_est_tools.html.

3https:// swift.gsfc.nasa.gov/results/transients/.
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Figure 2. Energy dependent pulse profiles of 2S 15553-542 using data from NuSTAR observation during the 2021 outburst.

We have summarized the results of the timing and spec-
tral analysis of 2S 15553-542 during the recent outburst
in 2021 using data from NuSTAR and NICER.

3.1 Evolution of timing parameters

We have investigated the evolution of the different tim-
ing parameters during the outburst using NuSTAR, and
NICER observations. The spin period of the pulsar dur-
ing the outburst was P = 9.2822 £ 0.0001 s using
NuSTAR data, which is consistent with the pulse period
evolution history as recorded with Fermi/GBM during
the outburst.*

We also look at the energy dependence of pulse
profiles as well as the temporal variation of pulse
profiles during the outburst. Figure 2 shows the energy-
dependent pulse profiles for different energy ranges of
NuSTAR observation. The variation of the pulse profile
over different energy bands is shown in Figure 2. The
pulse profile shows a single-peaked, nearly sinusoidal
nature. The pulse profile shows an evolution near the
fundamental cyclotron line energy ~27 keV (Malacaria
et al. 2022) as the scattering cross-section changes near
CRSF, the emission mechanism, and the beaming pat-
tern are affected. Figure 2 also shows that in the energy
ranges of 25-30 keV, the pulse profile changes, which
corresponds to the CRSF line energy.

Pulse Fraction (PF) variation with energy is stud-
ied during the NuSTAR observation. PF can be defined
as the ratio between the difference of maximum inten-
sity (Imax) and minimum intensity (/iip) to their sum:

4https:// gammaray.nsstc.nasa.gov/gbm/science/pulsars.

[(Imax — Imin)/ (Imax + Imin)]. We have also calculated
the RMS pulse fraction using the following formula:

L[ 3
PF = — =0, 1
WL;(,) p)} (1)

where N is the total number of phase bins, p; is the
count rate in the ith phase bin of the pulse profile and p
is the average count rate. Figure 3 shows the variation
of PF for different energy ranges for which the energy-
resolved pulse profile is studied. The horizontal bars
represent the energy ranges for which the PF is calcu-
lated. The PF shows a positive correlation with energy.
We have found that the RMS pulse fraction increases
from ~55% (3-10 keV) to ~90% (40-50 keV) during
the NuSTAR observation.

Figure 3 shows the variation of pulse fraction with
energy using NuSTAR data. Figure 3 shows local
maxima near ~27 keV, which is close to the CRSF
fundamental line. The scattering cross-section changes
near the CRSF, which affects the beaming pattern
and pulse profile. We have found a local feature in the
pulsed fraction near the cyclotron line at 27 keV and
the pulse profile (25-30 keV) also showed an evolution
near this energy. The beaming pattern may be affected
near the cyclotron line energy, which impacts on timing
parameters.

Figure 4 shows the evolution of the spin period
and pulsed flux (12-25 keV) during the outburst using
Fermi/GBM and the corresponding spin periods pro-
vided by Fermi/GBM are shown in the upper panel of
the figure. The pulsed flux reached a maximum value
of ~0.24 keV cm™2 s~!. The top panel of this figure
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Figure 3. Evolution of pulse fraction with energy using
NuSTAR observation. The horizontal error bars indicate the
energy range for which PF is estimated and the vertical
error bars indicate the errors of corresponding measurements,
respectively. The figure shows local maxima near cyclotron
line energy ~27 keV.

implies that the pulse period of the X-ray pulsar contin-
uously decreased during the outburst.

The evolution of pulse profiles is studied using differ-
ent NICER observations at different luminosity levels
during the outburst. Figure 8 shows pulse profiles for
different NICER observations. The pulse profiles do
not show significant evolution during different NICER
observations. The NICER profiles are more or less sin-
gle peaks and nearly sinusoidal during observations.

We look for any correlation between the spin-up
rate and luminosity for the source. We have used the
values of spin-frequencies during the outburst, which
are provided by the Fermi/GBM team. We utilized
18 spin frequency (v) measurements made during our
study. The spin frequency measurements were taken
at equal intervals of about four days. Each of the
three subsequent frequency measurements with time
was fitted using a linear function. The spin-up rate (V)
was determined from the slope of the linear function
during a 12-day interval using the x? minimization
method. The method was then repeated for the follow-
ing three frequency measurements, and so on, Kabiraj
& Paul (2020). As a result, from 18 spin frequencies,
we obtained six spin-up rates. We have also included
21 frequency measurements from the 2015 outburst to
obtain good fitting results, which provided additional
seven spin-up rates.

We have used the NuSTAR data to estimate unab-
sorbed flux (3—79 keV) during the NuSTAR observation
of the 2021 outburst. We calculate the conversion factor
by which the GBM pulsed flux is related to the total flux
from the NuSTAR observation. We multiplied all GBM
fluxes with the estimated conversion factor to convert
them into the total flux. We have used the average value
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Figure 4. The variation of the spin period during the out-
burst using Fermi/GBM is shown with blue circles. The
red asterisks show the pulse period calculated from NuS-
TAR observation. The bottom panel shows the evolution of
pulsed flux (12-25 ke V) using Fermi/GBM. The vertical bars
represent errors in corresponding measurements.

of total flux for three consecutive points over the same
intervals, which are used to determine v. Finally, the
X-ray flux estimates the luminosity for a source distance
of ~20 kpc (Tsygankov et al. 2016). The X-ray lumi-
nosity of the source is estimated from the Fermi/GBM
pulsed flux provided by GBM team by multiplying a
flux conversion factor of 6.85 x 107 erg keV ™.

The variation of spin-up rate with luminosity is shown
in Figure 7. The variation of spin-up rate with lumi-
nosity is fitted using a power law, which indicates the
spin-up rate and luminosity are positively correlated.
The spin frequency derivatives vary between ~(0.4—
2.0) x 10~ Hz s~!, which is estimated from spin fre-
quency evolution history as provided by Fermi/GBM.
The luminosity is varied between ~(3-8) x 10°7 erg
s~!, which is estimated from the Fermi/GBM pulsed
flux using a multiplying factor.

3.2 Phase average energy spectra

We have studied the energy spectra for different out-
burst days using NICER observations and looked for the
variation of different spectral parameters. The energy
spectra with the best-fitted model are shown in Figure 5,
where the bottom panels of Figure 5 show the residu-
als. We have extracted the energy spectrum for different
observations from NICER and fitted them in XSPEC,
independently varying the model parameters for differ-
ent models. The energy spectrum of the X-ray pulsar
can be well fitted with a power-law (power law in
XSPEC) and a blackbody emission component (bbody
in XSPEC) along with photoelectric absorption (phabs
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in XSPEC). The spectra in the energy range of 0.6-10
keV is well described by blackbody emission with tem-
perature (kTpp) ~ 0.9-1.3 keV and a neutral absorption
of an equivalent hydrogen column density ~3.5 x 10>
cm™2. Table 2 shows the evolution of different spec-
tral parameters with the best-fitted values for different
outburst days. The photon index varied between ~(0.2
and 1.1) during different NICER observations. For the
NICER observations 3 and 4, the spectra are fitted well
with a power law component along with a photoelec-
tric absorption. The additional black body component
is unnecessary to fit these two NICER spectra.

3.3 Luminosity dependence of pulsed fraction and
photon index

We have looked for the variation of photon index and
pulsed fraction with luminosity during the outburst.

counts s™! keV~!

0.1

oF +

AT
T

1 2 5
Energy (keV)

(data—model)/error

'

Figure 5. NICER energy spectrum for Obs 3, fitted with
phabs x (power law). Residuals are shown in the bottom pan-
els of the figure.
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The top panel of Figure 6 shows the variation of the
photon index with luminosity. The photon index is
estimated from the power-law continuum of energy
spectra. The top panel of Figure 6 shows a weak anti-
correlation between the photon index and luminosity.
The bottom panel of Figure 6 shows the evolution
of PF with luminosity using NICER observations. A
negative correlation between luminosity and pulse frac-
tion is observed during NICER observations below the
luminosity of 1.8 x 1037 erg s~!. The pulsed fraction
varies between 40% and 48 % as estimated using NICER
observations. The luminosity varies between (1.25-
1.70) x 1037 erg s~! during the NICER observation.
The luminosity is estimated for a source distance of 20
kpc from NICER flux in the energy range of 0.6—10 ke V.

4. Discussion

We present the results from timing and spectral analysis
of 2S 1553-542 during the recent outburst in January—
February 2021 using the NuSTAR and NICER data. The
critical luminosity for 2S 1553-542 is estimated to be
~3.7x 103" erg s~! by Becker et al. (2012). The energy
dependence of the pulse profile is studied to investi-
gate the evolution of the individual peaks and beaming
pattern of the pulse profile of the pulsar with different
energies. The pulse profile shows a single peak and a
nearly sinusoidal nature. In the energy range of 25-30
keV, the pulse profile shows an additional feature that
is close to the line energy. The pulse fraction shows a
trend to increase with energy, which is typical for an
X-ray pulsar (viz., Lutovinov & Tsygankov 2009). The
pulse fraction shows a local feature near the cyclotron
line energy during the NuSTAR observation. We study
the temporal variability of the pulse profile and pulse

Table 2. Spectral fitting parameters for best-fitted models for different NICER observations

NICER
Model Parameters Obs 1 Obs 2 Obs 3 Obs 4
Ny 30+£03 32403 38402 35402
phabs x (po + bb) r 0.62703 067702  1.084£0.08 1.0+0.1
KTy (keV) 12703 1of)l2 - -
normyy, 1073 1.234+£0.6 0.6+0.4 - -
Reduced x? (d.o.f) 1.13(606)  1.07 (626)  1.02(220)  0.99 (174)
Total flux (0.6-10 keV) 3.55 3.04 2.87 2.63

Ny: hydrogen column density (1022, cm™2), T power-law photon index, kTpp: blackbody temperature, flux:

(10_10, erg cm—2

s_l). All reported errors are at 1o c.l., obtained from err tool from XSPEC.
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Figure 6. Evolution of photon index and pulsed fraction
with luminosity. Luminosity is estimated from the NICER
X-ray flux in the energy range of 0.6—10 keV for a source
distance of 20 kpc.

fraction during the outburst using NuSTAR and NICER
observations during the outburst. Earlier, the pulse frac-
tion varied with time during the outburst and decreased
gradually with the outburst, as observed by Pahari &
Pal (2012).

The beaming pattern of a pulsar is affected by its
luminosity. When the source luminosity goes below the
critical luminosity (subcritical regime), accreting mate-
rial falls directly on the surface of the neutron star,
producing a ‘pencil beam’ X-ray emission. Emission
escapes from the top of the column for the pencil beam
pattern (Burnard et al. 1991). However, the beaming
patterns can be more complex than a pencil or fan beam
(Kraus et al. 1995; Becker et al. 2012). The pulse profile
of the pulsar 2S 1553—-542 during the 2021 outburst is a
nearly single peak feature. These patterns are governed
mainly by the ‘pencil beam’ form.

Critical luminosity (L) is important to define two
accretion regimes of a source. In the subcritical regime,
the source luminosity is lower than the critical lumi-
nosity, and at the critical luminosity, a state transition
occurs from the subcritical to the supercritical regime.
The radiation pressure in the supercritical regime is high
enough to stop accreting matter at a distance above the
neutron star, generating a radiation-dominated shock
(Basko & Sunyaev 1976; Becker et al. 2012). In the
subcritical regime, accreted material reaches the sur-
face of a neutron star through nuclear collisions with
atmospheric protons or Coulomb collisions with ther-
mal electrons (Harding 1994). Changes in cyclotron line
energy, pulse profiles and spectral shape can be used to
probe these accretion regimes (Parmar ez al. 1989; Reig
& Nespoli 2013).
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Near the cyclotron line energy, a distinct change in
pulse profile and pulsed fraction was reported for a
few sources, such as 1A 1118-61, Her X-1, GX 301-
2, and 1A 0535+262 (Mandal & Pal 2022). Earlier,
Lutovinov & Tsygankov (2009) summarized different
sources for which a distinct change in pulse profile and
pulse fraction was observed. A non-uniform increase in
pulsed fraction with energy was observed for different
sources like V 0332453, Vela X-1, Her X-1, GX 1+4,
1A 05354262, and 4U 0115463 and a local maxima
near cyclotron line energy and harmonics was found
(Lutovinov & Tsygankov 2009).

The pulsed fraction exhibits a transition above the
critical luminosity for a few sources. In the supercritical
accretion regime, the pulsed fraction negatively corre-
lates with luminosity. During the 2020 giant outburst,
1A 05354262 showed a positive correlation between
the PF and luminosity in low luminosity and above the
critical luminosity. The correlation was reversed to a
negative correlation (Mandal & Pal 2022). We report
an anti-correlation between the PF and luminosity for
2S 15553-542 during the 2021 outburst. Above the crit-
ical luminosity, the impact from the unpulsed photons
leaving through the side walls of the column increases,
which may affect the beaming patterns of the pulsar.

The 0.6-10 keV NICER spectra are fitted with a
power-law and blackbody along with a photoelectric
absorption model. Earlier, the X-ray spectrum of the
source using XRT (0.5-10 keV) was modeled with sim-
ple model components like power-law or a blackbody
emission along with photoelectric absorption (Lutovi-
nov et al. 2016). Earlier, an iron emission line near 6.4
keV was reported from RXTE and NuSTAR observa-
tions (Pahari & Pal 2012; Tsygankov et al. 2016). We
have added a Gaussian component to the model to check
the significance of the iron emission line, and it did not
improve the goodness of the fit of NICER spectra. The
evolution of different spectral parameters is studied dur-
ing the outburst, which suggests that the spectra from
different NICER observations can be explained with a
simple model like power-law and blackbody along with
photoelectric absorption.

A negative correlation between the photon index and
NICER flux is observed. The photon index decreases
with an increase in X-ray flux, which indicates a
‘harder when brighter’ trend. In the subcritical accretion
regime, the negative correlation implies the harden-
ing of the power-law continuum with flux. Several
sources showed a significant variation in the L — I
diagram close to critical luminosity. The transition from
a negative to positive correlation was seen in the L — I
diagram as luminosity increased (Reig & Nespoli 2013).
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Figure 7. Variation of spin change rate (in unit of 10~!2

Hz s~ 1) with luminosity (in unit of 1037 erg s~!). The dotted

blue line represents the best power-law fit of data points that
gives a power-law index of 1.08 4+ 0.17.

Earlier, in the subcritical regime, a negative correla-
tion was reported for the sources like 1A 1118-612,
GRO J1008-57, XTE J0658—073, and a transition in the
correlation of L — I'" was observed for the sources 1A
0535+262 (Mandal & Pal 2022), 4U 0115+63, EXO
20304375 (Epili et al. 2017; Jaisawal et al. 2021), 2S
1417-624 (Serim et al. 2022) and KS 19474300 (Reig
& Nespoli 2013).

Figure 7 shows that the X-ray pulsar 2S 1553-542
pulse frequency derivatives correlate with luminosity.
A correlation between spin-up rate and X-ray flux was
seen during outbursts for several transient systems.
This correlation was explained in terms of accretion.
For example, GRO J1744-28 (Bildsten et al. 1997),
2S 1417-624 (Finger et al. 1996a; Mandal & Pal
2022b), A 0535+26 (Finger et al. 1996b; Bildsten et al.
1997), EXO 20304375 (Parmar et al. 1989; Reynolds
et al. 1996) and SAX J2103.5+4545 (Baykal et al.
2002) showed correlation between spin-up rate and
X-ray flux.

We have tried to calculating the magnetic dipole
moment and the surface magnetic field of 2S 1553—
542 using the accreting torque model and the observed
spin-up rate. Transient X-ray pulsars are known to have
a correlation between the spin-up rate and luminosity
as (Ghosh & Lamb 1979b; Sugizaki et al. 2017):

) 12 6 3 6
D12 =2.0n82pu3gRg M, 4 1451L3Z7’ @

where (30, V12, Re, M1 4 and 145 are the magnetic dipole
moment, spin frequency derivative, radius, mass and
the moment of inertia of the neutron star given in the
units of 10712 Hz s~ !, 100 G cm?, 10° cm, 14 Mg

J. Astrophys. Astr. (2023) 44:60

and 10 g cm?, respectively. L is the X-ray luminos-
ity in the unit of 1037 erg s~!. According to the Ghosh
& Lamb (1979a,b) model, under slow-rotator condi-
tion, n ~ 1.39 and ¢ ~ 0.52. Therefore, Equation (1)
reduces to Sugizaki et al. (2017):

V12 = kLS, 3)

2

where k = 2.O,u370 and o = g. For the nominal values
of I45 = Rg = M 4 = 1, measurements of the v vs. L
give a rough estimation of the magnetic dipole moment
of the pulsar. From the L vs. ¥ plot, we have calculated
k and o as 1.92£0.58 and 1.08 £ 0.17, respectively,
using the best-fit results. The estimated « value is close
to the theoretical value. Figure 7 shows the correlation
between the spin-up rate and luminosity and the dotted
line represents the best-fitted result. From the best-fit
result, we may write Equation (2) as:

Do = (1.92 £ 0.58) L3507, @

The magnetic dipole moment of the pulsar can be writ-
ten in the form:

2
2013y = 1.92 £ 0.58; 30 = 0.87 £ 0.01. (5)

The surface magnetic field can be calculated from the
magnetic moment (u30) and radius (Re) of the pulsar
as:

1
30 = 5312R2¢(x)’ (6)
¢ (x) is the correlation factor, for typical NS, ¢ (x) ~
0.68. The magnetic field can be written as:

812:2)(_ (7)

for u3g =~ 0.87, the magnetic field is estimated to be
~(2.56 £ 0.03) x 102 G.

We have also estimated the magnetic field corre-
sponding to the critical luminosity. Earlier, the criti-
cal luminosity was reported to be 4 x 1037 erg s~!
(Malacaria et al. 2022). For a typical neutron star, the
magnetic field is related to the critical luminosity as
Becker et al. (2012),

B \1
Leritical = 1.5 x 10%7 (1012G) erg s7L (8)

The magnetic field corresponding to the critical lumi-
nosity 4 x 10°” erg s ! is estimated to be 2.5 x 10> G for
a source distance of 20 kpc. This value of the estimated
magnetic field closely matches our results.



J. Astrophys. Astr. (2023) 44:60

5. Conclusion

We summarized the results of the timing and spectral
analysis of the poorly studied X-ray pulsar during the
outburst in 2021. The spin period of the neutron star
was found to be P ~ 9.2822 s based on NuSTAR data.
The pulse profile using NuSTAR shows a single peak
feature, and near the cyclotron line energy, an additional
feature in the pulse profile is observed. The beaming pat-
terns were mostly dominated by pencil beams during the
NICER and NuSTAR observations. The pulse fraction
positively correlates with energy with a local feature
near the cyclotron line energy. The pulse fraction shows
anegative correlation with luminosity (Lx < 1.8x 1037
erg s~ 1) for NICER observations. The source enters the
supercritical regime at the highest flux above the crit-
ical luminosity. The spectrum can be described using
an absorbed power law with a blackbody component. A
variation of the photon index with luminosity is stud-
ied, which implies that the photon index decreases with
an increase in luminosity during NICER observations.
The negative correlation implies that the source was
in the sub-critical accretion regime during those obser-
vations. The variation of spin-up rate with luminosity
is studied for 2S 1553-542 during the outburst, which
suggests the spin-up rate is strongly correlated with
luminosity. The magnetic field is estimated using the
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torque-luminosity model with different spin-up rates.
The magnetic field is calculated to be 2.56 x 10'2 G
from the torque-luminosity model for a source distance
of 20 kpc.
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Appendix. Pulse profile evolution from NICER

observations

Figure 8 shows the pulse profiles of 2S 1553-542 during
different NICER observations.

NICER Obs 1
T

Normalized Intensity

NICER Obs 2
T

Normalized Intensity

L L L L L
0 0.5 1 15 2
Pulse Phase

NICER Obs 3

L L
0 0.5 1 1.5
Pulse Phase
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L L =
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Figure 8. Pulse profiles of 2S 15553-542 for different NICER observations during the outburst. The top left shows the
pulse profile for NICER Obs 1, the top right is Obs 2, the bottom left shows the pulse profile for Obs 3 and the bottom right

shows the pulse profile for Obs 4.
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