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Abstract We have studied the timing and spectral proper-
ties of the BeXB 4U 1901+03 during the 2019 outburst us-
ing NuSTAR, Swift, and NICER observations. Flares are in
all observations and were of tens to hundreds of seconds du-
ration. Pulse profiles were changing significantly with time
and the luminosity of the source. An increase in the height
of the peak of the pulse profiles was observed with energy.
The pulse fraction increases with energy and at the end of
the outburst. The variation of the pulse profile with time
indicates the transition of the pulsar in different accretion
regimes. The absorption like feature at 10 keV shows a pos-
itive correlation with the luminosity and along with other
spectral parameters this feature was also pulse phase depen-
dent. As the distance to the source is not precisely known
we cannot confirm this feature to be CSRF and also cannot
ignore other possible explanations of the feature. Another
absorption like feature about 30 keV was observed in the
spectra of the last two NuSTAR observations and has line
energy of about 30.37 £ 0.55 and 30.23 £ 0.62 keV, respec-
tively. We have also studied the variation of the line energy,
width, and optical depth of this feature with pulse phase. The
softening of the spectrum along with the increase in pulse
fraction at the end of the outburst and absence of pulsation
after 58665.09 MJD suggest that the pulsar has entered a
propeller phase, also an abrupt decrease in Swift-XRT flux
supports the fact.
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1 Introduction

X-ray binaries (XRB) falls under the broad class of binary
stars. One of the components of X-ray binary is compact
object (white dwarf, neutron star and black hole). Depend-
ing upon the mass of the companion star, X-ray binaries are
classified into High Mass X-ray Binaries (HMXBs) and Low
Mass X-ray Binaries (LMXBs). XRBs with neutron star are
further classified into Be X-ray Binaries (BeXBs) and Su-
per Giant X-ray Binaries (SGXBs) (Reig 2011). BeXBs con-
sist of normal Be star along with the neutron star. They are
mostly transient in nature and are observable during a bright
outburst.

The X-ray source 4U 1901+03 is a BeXB which was first
detected in 1970-1971 by Uhuru mission. The source was
not observed for few decades but it was finally observed in
2003 when the source appeared again during a giant outburst
(Galloway et al. 2005). The Rossi X-ray Timing Explorer ob-
servations of 2003 outburst revealed the source to be a pul-
sar with a pulse period of 2.763 s and orbital period of 22.58
days (Galloway et al. 2005). Reference James et al. (2011)
observed X-ray flares, broadening of pulse frequency and
quasi-periodic oscillation (QPO) in the source. The flares
were 100-300 s long lasting, stronger and more frequently
observed during the peak of the outburst. The frequency of
QPO is centered around ~0.135 Hz with the r.m.s. value of
18.5 £ 3.1 per cent.

The residue of the best fitted spectra of the source showed
a significant deviation near 10 keV, this 10 keV feature were
observed during 2003 by Reig and Milonaki (2016), Gal-
loway et al. (2005) in the spectra of the pulsar. This feature
was found to be dependent on the flux Reig and Milonaki
(2016) and possibly be a cyclotron line. The pulse profile
of a pulsar varies throughout an outburst and indicates dif-
ferent accretion regimes (Basko and Sunyaev 1976; Becker
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et al. 2012; Mushtukov et al. 2015), the study of the pulse
profiles of 4U 1901+03 predicted that the object passed
through different accretion regimes during the outburst Reig
and Milonaki (2016). These regimes are defined by a certain
value of luminosity called critical luminosity (Basko and
Sunyaev 1976; Becker et al. 2012; Mushtukov et al. 2015).
The critical luminosity (L.,;;) is define as luminosity above
which the radiation pressure is strong enough to stop the ac-
creting matter at a certain distance above the neutron star.
The super-critical regime is reached when the luminosity of
the pulsar (L) is greater than L.;;. In this case radiation
dominated shock wave is formed which moves up to few
kilometers above the neutron star. However, for sub-critical
regime Ly < L.i;, accreting material are capable of reach-
ing onto the surface of neutron star with heating it. In the
case of the super-critical regime X-ray photons escape from
the side surface of the accretion column perpendicular to the
magnetic field lines thus forming fan shaped beam but for
sub-critical regime the emission is parallel to the magnetic
field which come out as a pencil beam pattern consisting
of pulsed component with simple pulse profile. The pulse
profile associated with the fan shaped beam pattern is, how-
ever, complex in shape and in some cases mixture of fan
and pencil shape beam pattern are also observed. The abrupt
change in the correlation of the photon index with the flux
also indicates the translation from super-critical regime to
sub-critical regime (Reig and Nespoli 2013).

The recent outburst of the X-ray source 4U 1901+03 was
detected on February 2019 by MAXI/GSC (Nakajima et al.
2019) and Swift/BAT (Kennea et al. 2019). Reference Ji et al.
(2020) using Insight-HMXT and NICER observations found
dozens of flares during 2019 outburst of the pulsar which
were 1.5 times brighter than the persistent emission of the
object. The shape of the pulse profiles during flares were
found different from that of the persistent emission. How-
ever, at a comparable luminosities pulse profiles were sim-
ilar to that of the persistent emission which indicates that
the accretion onto the neutron star is only dependent on the
mass accretion rate. Reference Lei et al. (2009) observed de-
pendence of spectrum on phase and found that at beginning
of the outburst the optical depth of Compton scattering was
maximum near the major peak phase while during decay it
was away from the main peak of the pulse profile. They ob-
served that the flux of the Fe emission line was independent
of the phase suggesting the origin of this line to be the accre-
tion disk. Using torque models Tuo et al. (2020) studied the
correlation between intrinsic spin frequency derivative and
bolometric flux. The authors also estimated the distance to
the pulsar to be 12.4 + 0.2 kpc. Reference Nabizadeh et al.
(2020) studied the spectral evolution of the source using In-
sight-HXMT and NuSTAR observations. They also studied
the 10 keV feature of the source and also observed 30 keV
feature in the NuSTAR data. Reference Beri et al. (2020)
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showed that this feature has fulfilled all the necessary con-
dition for being CRSF.

The motivation of the present paper is to investigate the
Be X-ray source 4U 1901+03 using Swift, NuSTAR and
NICER observation during 2019 outburst. The bursts are dif-
ferent from the thermonuclear burst which is characterize by
sharp rise and exponential decay. We estimated the average
duration of flares and number of flares in each NuSTAR ob-
servation and also studied the variation of pulse profile and
pulse fraction with time and energy. We have simultaneously
fitted NuSTAR and Swift-XRT spectra in a broad 0.5-79 keV
range and also performed phase-resolved spectral analysis
to study the variation of spectral parameters with phase. We
have studied the variation of the 10 keV feature with lumi-
nosity and phase. The phase variation of 30 keV feature in
last two NuSTAR were studied.

2 Observation and data reduction

During the recent outburst Nuclear Spectroscopic Telescope
Array (NuSTAR) observed the source four times. NuSTAR
consist of two co-aligned telescopes operating in the en-
ergy range 3-79 keV, each telescope has its own focal plane
module consisting of a solid state CdZnTe detector (Harri-
son et al. 2013). The observed data reduction was carried
on HEASOFT V6.26.1. We use clean event files obtained
from unfiltered event files making use of the mission spe-
cific command NUPIPELINE. These cleaned event files were
then used to extract light curves and spectra for analysis. We
took a 90” circular region around the bright region of the
image as the source region and consider another region of
the same size away from the bright region as background re-
gion. We use the above regions to extract light curves and
the relevant spectra with the help of a tool NUPRODUCTS.
The background subtraction of the light curves is done using
LCMATH, and the light curves from two focal plane mod-
ules (FPMA & FPMB) are combined using the same tool.
The barycentric correction of the light curves are done us-
ing frool BARYCORR. All the spectra are fitted in XSPEC
v12.10.1f (Arnaud 1996). Here the four NuSTAR observa-
tions are referred to as Obs1, Obs2, Obs3 and Obs4, respec-
tively.

The standard screening and reprocessing of Swift-XRT
unfiltered event files were done using XRTPIPELINE. For our
analysis, we took Swift-XRT observations done in Windows
Timing (WT) mode having good timing resolution. A cir-
cular region of 20 pixels around the optical position of 4U
1901+03 was considered as the source region, another re-
gion of the same area but away from the central region was
taken as the background region. Using these region files we
extracted light curves and spectra in XSELECT. An ancil-
lary response (ARF) file was created using a XRTMKARF,
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Fig. 1 The upper panel shows Swift-BAT light curves of 4U 1901+03
during 2019 outburst in 15-50 keV energy range. The down arrows
and vertical lines indicates four NuSTAR observations. The middle
panel shows variation of Swift-XRT flux in 0.5-10 keV energy range.
Fluxes are in the order of 10~ and are obtained by using the com-
mand flux in XSPEC for Swift-XRT spectra fitted by POWERLAW
model. The bottom panel represents change in Pulse fraction with time,
the square and circle symbols are for Swift-XRT (0.5-10.0 keV) and
NICER (0.2-12 keV), respectively

whereas the response matrix file was obtained from the latest
calibration database files. The background correction of the
light curves was made with the help of LCMATH. Finally us-
ing XRTLCCORR we created light curves which is corrected
from telescope vignetting and point spread function. After
58637.08 MJID Swift-XRT observations were made in Pho-
ton Counting (PC) mode and the source was only detected
in one observation. So we used NICER observations made
after 58637.08 to study the variation of pulse profile with
time. The standard data screening and reduction were made
using NICERL2. Light curves in 0.2—-12 keV energy range
and having a binning of 1 ms were extract from the NICER
clean event files. We also applied a barycentric correction to
the Swift-XRT and NICER light curves.

3 Analysis and results
3.1 Light curves, pulse profiles and pulse fraction

The four different NuSTAR observations were taken during
different stages of the outburst are depicted in the Fig. 1.
Light curves having time resolution of 4 s were plotted us-
ing ftool Icurve. The flares in the light curves of the pul-
sar are observed in all observations (Fig. 2). The duration
of these flares was tens to hundreds of seconds. The bursts
were more frequent and longer enough during the peak pe-
riod of the outburst (Ji et al. (2020), James et al. (2011)).
Considering a flare on to a part of light curve having count
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Fig.2 Light curves showing some of the bursts observed in four NuS-
TAR observations. The burst present in the light curves is indicated by
up arrow

Table 1 Four NuSTAR observations indicated by their observation IDs
along with the date of observation, exposure and the pulse period of
pulsar. The pulse period is obtained using light curves in 3-79 keV
energy range

obsld Date of Obs Exposure Py

(MJD) (ks)
90501305001 58531.121 17.85 2.76415 £ 0.00001
90502307002 58549.308 12.25 2.76152 £ 0.00002
90502307004 58584.946 21.45 2.76211 % 0.00006
90501324002 58615.752 45.12 2.76054 £ 0.00001

rate 30 level above the mean we estimated duration for first
two observations for 5-6 per hour and for another two ob-
servations its was 3—4 per hour. The beginning and end of
a flare is considered to be a lowest point of flare below the
mean. The mean duration of a burst for the first observation
was ~135 s whereas for the second observation the mean
was found ~62.18 s. However, it is found that for the last
two observations the mean burst durations were ~98.13 and
95.35s.

A crude estimation of the pulse period of the pulsar can
be obtained by a Fourier transformation of the light curve.
Therefore, we consider NuSTAR light curves with binning
of 1 ms to estimate the pulse period and to obtain the pulse
profile. Final estimation of the pulse period was then ob-
tained with the help of EFSEARCH using the initial esti-
mated value. The pulse periods for the four NuSTAR ob-
servations is shown in Table 1. The uncertainty associated
with the pulse periods are estimated using the method de-
scribed in Boldin et al. (2013). We can see from Table 1 that
the pulse period is not fixed but varies throughout the out-
burst. The evolution of the pulse period of an X-ray pulsar
is caused by the transfer of the angular momentum from the
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accretion disk (Ghosh and Lamb 1979; Wang 1987). During
an outburst large amounts of matter are accreted onto the
neutron star along with the transfer of angular momentum
which causes an accelerating torque to act on the neutron
star. This accelerating torque causes an increase in the in-
trinsic spin frequency or decrease in the spin period of the
pulsar. Pulse profiles are obtained by folding light curves
in the 3—79 keV energy range about the pulse period of the
pulsar using the tool EFOLD. For 0.5-10 keV Swift-XRT we
extracted light curves having binning of 0.0018 s and pulse
profiles were extract using the above procedures. Pulse pro-
files were observed to be evolving with time. For NuSTAR
pulse profile at 58531.12 MIJD is sinusoidal in shape (Fig. 3
first column) which later evolved into double peaked with
one main peak at 58549.31 MJD (Fig. 3 second column). At
about 58584.95 MJD the pulse profile was consist of a sin-
gle peak (Fig. 3 third column) having a notch and finally at
58615.75 MID pulse profile becomes broad with single peak
(Fig. 3 fourth column) but the shape is found different from
that of the first observation (Fig. 3). The variation of the
pulse profile with time were also studied using Swift-XRT
observations (Fig. 4). The pulse profile at 58532.03 MJD
was two peaked with a strong primary peak. At 58541.33
MID the second peak merged with the primary peak and
at 58568.16 MJD the pulse profile was nearly single peaked
with a notch. At 58581.05 MJD the pulse profile was a broad
single peak. From 58607.54-58637.08 MJD pulse profiles
were observed were almost the same and were having a
broad single peak. The pulse profile at 58665.09 MJD is
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Fig. 4 Variation of pulse profile with time. Pulse profiles from
58532.03 to 58637.08 MJD are obtained by folding Swift-XRT
lightcurve. For Swift-XRT the significant level of pulse periods were
greater than 30. The broadening of the Swift-XRT pulse profiles can
be due to the short exposure time of the instrument so that there is not
enough photons count rate to fold about the pulse period. The last pulse
profile at 58665.09 MJD is obtained by folding the NICER lightcurve
in 0.2-12 keV energy range (Obsld. 2200570141)

obtained by folding the NICER light curve and consists of
a single peak sharp compared to Swift-XRT pulse profiles
in between 58607.54-58637.08 MJD. After 58665.09 MJD
no further pulsation was observed in the source. In order
to study the energy dependence of the pulse profile, we ex-
tract the light curves at different energy ranges using NuS-
TAR observations. For Obsl the pulse profiles at different
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Fig. 5 Variation of the pulse fraction of the pulse profile with energy
obtained using NuSTAR observations

energy bands are almost sinusoidal in shape (Fig. 3). Pulse
profiles in the energy bands 7-12 and 3-79 keV are almost
the same and as we move in hard X-ray region above 12 keV
an increase in the height of the peaks of the pulse profiles
is observed. For Obs2 (Fig. 3), pulse profiles in 3-7, 7-12,
12-18 and 3-79 keV are double peaked whereas none sig-
nificant second peak was observed in the energy band 18-24
and 24-32 keV, however, an increase in height of the pri-
mary peak is observed in these energy bands. The 3—7 and
3-79 keV pulse profiles for Obs3 (Fig. 3) were having nearly
a single peak with a notch near ~0.5, above 7 keV the pulse
profiles were not so smooth and were associated with large
errors. In the case of Obs4 the pulse profiles at different en-
ergy bands were almost sinusoidal in shape, pulse profiles in
energy bands 7-12 and 3-79 keV are almost the same, how-
ever, above 18 keV large errors were associated with each
the of normalized count rates.

We define a pulse fraction (PF) parameter as PF =
(pmax - pmin)/(pmux + pmin)» where Pmax and Pmin are
the maximum and minimum intensities of a pulse profile. In
Fig. 5, PF is plotted with respect to energy for four NuSTAR
observations. The pulse fraction follows a complex varia-
tion with energy but there is an overall increase in its value
with energy in all four observations. For Obs1 pulse frac-
tion increases almost monotonically with energy (black).
Pulse fractions in Obs2 increase slowly between 5-15 keV
but above 15 keV pulse fraction increases rapidly (red). For
the third observation (blue) pulse fractions increase slowly
between 5-12 keV and remain almost constant between
12-21 keV and above 21 keV pulse fraction increases again.
In the last observation there is overall increase in pulse frac-
tions between 5-25 keV and above 25 keV the pulse frac-
tion remained almost constant. It is evident in Fig. 5 that the
pulse fraction is steeper for the first two observations when
the luminosity was higher than the last two observations.

Table 2 Variation of pulse fraction with energy four different observa-
tions

Energy Obsl Obs2 0bs3 Obs4
(keV)
5 3.854+0.15 11.92+0.02 3.22+£0.01 6.284+0.01
8.5 5.890+£0.01 12.98+£0.34 5.13£0.01 10.08+0.03
9.5 6.63+0.01 13.32+£0.03 5.01+0.01 8.014+0.02
12 10.14+0.02 14.83+£0.05 6.424+0.03 12.9240.02
15 14.60£0.06 15.81+£0.03 6.75+£0.03 10.62+0.02
17 17.97+£0.09 20.11+£0.06  6.59+0.11 14.7940.07
21 21.12+0.17 26.67+0.02 7.20+£0.01 12.70£0.01
23 2225+0.22 28.86+0.03 8.41+0.01 17.124+0.02
26 26.40+£0.46 36.56+0.66 12.284+0.25 16.54+0.03
28 26.34+£0.40 32.89+0.51 11.78+0.23 16.54+0.25
30 30.24+£0.82 34.44+1.00 14274+052 17.8+0.51

Thus the pulse fraction in different energy ranges is high if
the luminosity is high. The variation of the pulse fraction for
different observations is also shown in Table 2.

The variation of the pulse fraction with time and flux
were studied using Swift-XRT observations. The pulse frac-
tion was found to increase initially between 58531.77-
58549.43 MIJD from 0.17-0.33 and decreases to 0.16
at 58551.23 MJD and remain almost constant between
58556.14-58566.91 MJID. However, in between 58568.16-
58637.08 MID the pulse fraction increases from 0.22 to 0.34
(bottom panel of Fig. 1). The variation of the pulse fraction
with flux in 0.5-10 keV energy range is shown in bottom
panel of Fig. 9. The pulse fraction decreases from 0.34-0.10
as flux increases from 0.64-3.43 x 1072 ergcm=2s~! and
increases from 0.11 to 0.33 between 3.43-3.68 x 107
ergcm2s~! and abruptly decreases to 0.15 at 3.96 x
1072 ergem™2s~!. Thus as we go below 3.43 x 107
ergecm 2 s~ ! there is increase in pulse fractions. So as the
outburst decays the pulse fraction increases.

3.2 Spectral analysis

The three NuSTAR observations Obsl, Obs2 and Obs4
were close to three Swift observations having obslds
00088846001, 00088849001 and 00088870001, respec-
tively. So we fitted Swift-XRT and NuSTAR (FPMA & B)
spectra simultaneously in 0.5-79.0 keV energy range, here
Swift spectra were in 0.5-10 keV energy range and NuS-
TAR in 3-79 keV range. However, there is a slight mismatch
between the Swift-XRT and NuSTAR data points while fit-
ting their spectra simultaneously which has been reported
earlier by Bellm et al. (2014). A CONSTANT model was
used while fitting XRT and NuSTAR spectra simultane-
ously which take into account the instrumental uncertainties
and also non-simultaneity of the observations. The spec-
tra were fitted with two different combinations of models.
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Fig. 6 Unfolded spectra of NuSTAR Obs1 and Swift-XRT observation
fitted with Model 1. The bottom and middle panels shows residuals
after without and with the GABS model. Black indicates Swift-XRT
spectra, red and green indicate NuSTAR FPMA & B spectra, respec-
tively

First, we used the combination of CONSTANT, PHABS,
BLACKBODY, CUTOFFPL and GAUSSIAN and in the
second case we replaced the CUTOFFPL with the model
COMPTT which describes the Comptonization of the soft
photon in hot plasma. Let us define Model I to be CON-
STANT*PHABS*(CUTOFFPL+GAUSSIAN) and Model I1
to be CONSTANT*PHABS*(COMPTT+GAUSSIAN). The
cross section for the PHABS was chosen to be vern and the
abundance was set to angr. The optical depth of the Com-
tonizing region in Model II was obtained using disk geom-
etry. However, in both cases, large negative residuals were
observed near 10 keV. So we incorporated the Gaussian ab-
sorption model GABS in both cases. However, the HIGHE-
CUT model did not fit the spectra well and large residuals
were observed near the cutoff energy of the model.

When Model I was used to fit Obsl and Obs2 without
GABS model a wave like a feature in the residuals between
3-30 keV energy range with large negative residuals near
10 keV were observed causing the fitting to be unaccept-
able (Fig. 6). An addition of GABS model fitted the spectra
well. The reduced x2 were about 1.76 and 1.52 for the first
two cases, respectively, before the addition of GABS model
which is unacceptable and after the addition its values were
about 1.02 and 1.11, respectively.

In the case of NuSTAR Obs3 there were no Swift ob-
servations close to the NuSTAR observation, so we fitted
3-79 keV FPMA & B spectra. The spectra were fitted well
with Model I along with the GABS. As observed by Coley
et al. (2019) we too observed some negative residuals near
30 keV indicating another absorption like feature and possi-
bly a Cyclotron Resonant Scattering Feature (CSRF). Fitting
this absorption like feature with GABS model Coley et al.
(2019) found the energy of the line to be 31 keV with width
3.1 keV and optical depth about 1.1. So we added another
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Fig. 7 Fitted spectra of NuSTAR Obs3 in 3-79 keV energy range.
Panel (a) shows residuals for Model I whereas panel (b) is for resid-
uals for Modell*GABS models and (c¢) shows residuals for Mod-
ell*GABS*GABS models

GABS model and searched for an absorption feature near
30 keV (see Fig. 7), the best fitted value of the line energy
was 30.37 keV. The width and the depth of this absorption
line were 1.79 keV and 0.11, respectively.

The simultaneous fitting of Swift-XRT and NuSTAR Obs4
using Model I without GABS was not good as wave like fea-
ture was observed with large negative residuals near 10 keV.
So we also used two GABS models one for 10 keV and an-
other for 30 keV absorption like features, the spectra were
fitted very well with reduced x2 of the fitting about 1.01.
However, the first absorption like feature was observed at
7.04 keV which is much below what we have observed in
three previous cases. The second feature was observed at
30.23 keV with width and optical depth about 1.04 keV and
0.07, respectively.

The spectra were also fitted well by Model II along
with the GABS model. The column density is found to
lie between 2.32-3.75 x 10?2 cm™2 (Table 3). The input
soft temperature (7p) of COMPTT model varies between
0.75-1.33 keV. The plasma temperature (k7') and the plasma
optical depth () of this model are between 4.52-4.81 keV
and 4.56-4.96, respectively. When the 10 keV feature was
fitted with the absorption model the line energy was 11.32,
10.87, 9.57 and 10.03 keV for four NuSTAR observations,
respectively. The width and the optical depth of this feature
are in the range of 1.57-4.02 keV and 0.07-0.17. An absorp-
tion like feature around 30 keV was also observed in Obs3
and Obs4, so we used another GABS model and found the
line energy of this feature to be about 30.09 and 31.18 keV.

The spectral fitting by Model I estimated blackbody tem-
perature was about 0.20-0.31 keV. The iron emission line
was estimated to lie between 6.52—6.61 keV. For all four
cases, the flux were estimated in 3-79 keV energy range.
The best fitted spectral parameters are shown in Table 3. The
thermal component was also observed in the spectra fitted
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Table 3 Best fitted spectral

parameters of 4U 1901+03 for Spectral parameters Obs1+Swift Obs2+Swift Obs3 Obs4+Swift
four different cases using Model
Iand Model II. @ and Ey are Model I
photon index and highecut ng (cm~2) 3.80+0.12 4.03 +£0.07 2.97+0.43 3.74+0.23
energy of the CUTOFFPL kT (keV) 0.20 + 0.04 0.23+0.02 0.31+0.05 0.15+0.07
model. Egqps and Ef, are
energy of absorption and Fe o 0.51+0.02 0.46 +0.02 0.34 +£0.01 0.80+0.02
lines, respectively. Tgqps is the Ey (keV) 7.26£0.12 6.82 +0.02 6.21 +0.08 6.87 +£0.02
optical depth. ogaps and ore are g, - (kev) 6.5240.03 6.5240.07 6.49 £0.02 6.61£0.08
the widths of absorption and Fe
line. The subscript gabs1 and OFe (keV) 0.20+0.02 0.32£0.02 0.30£0.07 0.18 £ 0.04
gabs, are for two GABS Egaps, (keV) 10.71 £0.11 11.65 £ 0.04 10.14 £0.01 7.04 £0.33
models-dTge column f}ensi? ) Ogabs; (keV) 432+0.12 2.49 £+ 0.09 4.12+0.14 6.54 +£0.23
(1’(’)’5’2);12 agz ?Bef;‘ the scale o Teabs, 0.26 +0.05 0.18 +0.03 0.33+0.05 0.53+0.07
ergem™2 s~ respectively. To, Egaps, (keV) 30.37£0.55 30.23 +£0.62
kT and 7 are the spectral Ogabs, (keV) 1.79+£0.34 1.04+£0.35
parameters of the COMPTT Teabs, 0.1140.07 0.0740.03
model. Flux were calculated in o +121 +0.80 4023 0.90
3-79 keV energy range. Errors Slux (ergem™"s77) 6.45157%1 7.527074 5.015, 7 2.56Z0 41
quoted are within 90% x2 1.02 1.11 0.98 1.01
confidence interval
Model IT
ng (cm™2) 2.32+0.02 2.40 £ 0.05 2.70+0.13 3.75+£0.45
kT (keV) 0.27 £0.05 0.39 £ 0.04 0.47 £0.02 0.28 £0.08
To (keV) 1.27 £0.07 1.08 £ 0.08 1.33+£0.17 0.75+0.11
kT (keV) 4.81 +0.05 4.58 +0.05 4.52 +0.06 4.634+0.11
T 4.944+0.05 4.89+0.13 4.81+0.07 4.56+0.15
EFr. (keV) 6.52 £0.07 6.454+0.02 6.61 £0.07 6.56 £0.50
ore (keV) 0.27 +£0.05 0.23 £0.04 0.24 +0.04 0.22 +£0.05
Egapbs, (keV) 11.32+0.36 10.87 +£0.03 9.57 £0.64 10.03 £0.27
Ogabs; (keV) 2.01+0.15 1.57+0.21 3.54 £0.50 3.68+£0.12
Tgabs, 0.09 £0.04 0.07 £0.02 0.17 +£0.05 0.14 +£0.07
Egaps, (keV) 30.09 +£0.57 31.18+£0.48
Ogabs, (keV) 2.10£0.55 4.04+0.25
Tgabs, 0.15+0.07 0.10 +£0.06
-2 1 +0.51 +0.61 +0.45 0.51
flux (ergecm™“s™") 6.417 05, 7.497 067 415757, 2.51%0 55
x2 1.01 1.11 1.00 0.99

with Model II. The estimated flux were 6.45 x 10_9,7.52
x 1072, 5.01 x 1072 and 2.56 x 107? ergcm_2 s7L re-
spectively. Thus the luminosity of the pulsar in 3-79 keV
were 1.24 x 1037 D3, 1.44 x 107 D2, 9.59 x 10**D? and
4.89 x 1036D‘% ergs~! for four the cases, respectively. The
10 keV absorption like feature was dependent on flux or lu-
minosity and thus increases or decreases with the increase
or decrease in flux or luminosity, from Table 3 we can note
that as flux decreases from 7.52 x 1072 to 2.56 x 107°
ergcm 2 s~ ! the line energy of the feature decreases from
11.65 to 7.04 keV. Thus the line energy of the feature shows
a positive correlation with the source luminosity. The ab-
sorption feature near the 30 keV was only observed in the
last two NuSTAR observations. This feature was also present
in the spectra fitted with Model II. However, when the spec-
tra were fitted with Model II the 10 keV feature does not

show the same variation with flux or luminosity as seen in
the case of spectral fitting with Model I but shows some
positive correlation with flux or luminosity. The observed
flux and Er, were almost the same in the two cases. In or-
der to check whether the origin of the 30 keV absorption
like feature in spectra of the last two NuSTAR observations
was due to Compton reflection, we fitted these spectra with
the Compton reflection models like PEXRAV, PEXRIV and
PEXMON. However, these models were not consistent with
the observed spectra of the pulsar. So we rejected the possi-
ble origin of this feature due to Compton reflection.

3.2.1 Fitting of Swift-BAT spectra

The 0.5-10 keV Swift-BAT spectra were fitted with PHABS
and POWERLAW models. The power-law model fitted the
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spectra well and no additional models was required. As the
pulsar slowly fades the photon index increase or in other
words with decrease in flux the photon index increases
(Fig. 9). Thus the spectra were softer near the end of the
outburst. As the flux varies between 0.13-39.60 x 1010
ergcm ™! s~! the photon index varies between 1.03-2.1. The
column density was observed to lie between 3.20-4.31 x
10?2 cm~2. The softening of the spectra of the pulsar at the
end of an outburst was also observed by Reig and Milonaki
(2016).

3.2.2 Phase resolved spectral analysis

In order to understand the variation of spectral parame-
ters with pulse phase we performed phase-resolved spectral
analysis of the NuSTAR observations. For phase-resolved
spectral analysis we have divided each pulse into 10 equal
segments (Fig. 8). For each segment, a good time interval
(gti) is created using XSELECT and using this gti file FPMA
& B spectra were produced. Each of the spectrum was fit-
ted in 3-79 keV energy range with CONSTANT, PHABS,
CUTOFFPL, GAUSSIAN and GABS models. Flux is es-
timated in the 3-79 keV energy range. Spectral parame-
ters are found to vary significantly with the phases. From
the phase-resolved spectroscopy of Obsl, the photon in-
dex (o) and the highecut energy (Epy) were observed to
show some anti-correlation with the flux. The flux varies be-
tween 6.40-7.02 x 1072 ergcm™2s~! whereas « and Ey
varies between 0.19-0.366 and 6.08-6.64 keV, respectively.
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Fig. 9 Variation of photon index and pulse fraction with Swift-XRT
flux in 0.5-10 keV energy range

The column density lies between 0.80-1.54 x 10*2 cm™2.
The variation of the Fe emission line (Ef,) follows a com-
plex pattern, its value decreases from 6.56 to 6.44 keV and
then increase from 6.52 to 6.6 keV in between phase 0.2 to
0.6 and then decreases again, however, an abrupt increase
in its value is observed between 0.9—-1.0. The absorption
like feature (Eg4ps,) Was also observed to show some anti-
correlation with the flux and lies between 10.12—-11.02 ke V.
However, the width (o44ps, ) and optical depth (Tgapy, ) of the
line have two peak and also shows anti-correlation with the
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E1gaps and lies between 3.23-5.08 keV and 0.15-0.34, re-
spectively.

From phase-resolved spectral analysis of Obs2 the pho-
ton index and E'y have some positive correlation with flux.
Flux in this case decreases in between 0.0-0.3 from 7.89
x 1072 t0 7.79 x 10~° erg cm—2s1, in between 0.4-0.8
the flux increases reaching a maximum value 8.1 x 10~
ergem~2s~! at 0.7-0.8. The variation of the Fe line with
the phase is complex. The absorption feature Egqps, in be-
tween phase interval 0.0-0.1 is 11.38 keV and reaches a
maximum value of 11.6 keV in between 0.1-0.2 and then
decreases reaching a minimum of 11.07 keV at 0.9-1.0.
Ogabs; from 2.65 keV at 0.0-0.1 increases to reach a value of
3.12 keV after that it decreases reaching a minimum value
of 2.06 keV in between phase 0.5-0.6 and increases then
decreases again. The maximum value of ogaps, is 3.50 keV
and was observed at 0.7-0.8. The optical depth (tgaps, ) de-
creases from 0.15 at 0.0-0.1 to 0.10 at 0.6-0.7 and then in-
creases abruptly to 0.17 and decreases again. The column
density varies between 1.14-1.77 x 10?> cm™2.

In Obs3 the variation of flux with phase is such that it
exhibits two peaks one in between the phase 0.2-0.3 and an-
other in between 0.7-0.8. The photon index and Eg follows
the flux and have two peaks. The Fe line from 6.58 keV de-
creases to reach a minimum value 6.43 keV in the phase
interval 0.2-0.3 and increases reaching a peak in the in-
terval 0.5-0.6 after that it again decreases and increases to
reach a maximum value of 6.61 keV in the interval 0.9-1.0.
From Fig. 8, we can see that the variation in Egp, is quite
different from the two previous cases. The energy of the
10 keV feature Egups, decrease from 9.87 keV in between
0.0-0.3 followed by an increase and decrease. In the inter-
val 0.4-0.6 the value E,qp5, increases again followed by a
sharp decrease reaching 8.57 keV and after that, it increases
again. As we can see from the figure the width of the line
Ogabs; Shows negative correlation with the Egqps, . The opti-
cal depth (7g4ps,) does not varies much in the phase interval
0.0-0.6, however, its variation with phase is similar to that
of the Eg4ps, and varies between 0.28-0.46. In this case the
column density varies between 0.38-1.72 x 10?> cm™2.

From the phase-resolved spectral analysis of the fourth
NuSTAR observation, we found that the flux lies between
2.53-2.72 x 1072 ergem~2s~!. The minimum value of
photon index 0.39 was observed at phase interval 0.4-0.5
and the maximum value of 1.04 was observed at 0.5-0.6.
The cutoff energy (Ep) was within 5.94-7.09 keV en-
ergy range. The value of column density (ng) lies between
1.54-3.63 x 10?2 cm~!. The iron fluorescence line was ly-
ing between 6.45-6.64 keV with its width in 21-380 eV en-
ergy range. The 10 keV feature was found to vary between
5.84-8.79 keV. The width and the optical depth of the fea-
ture were lying between 1.97-5.59 keV and 0.68-0.99, re-
spectively.

36
40
9 32
w35 f 1 8
1528
30 24
10 _
3, f i #
» o
£6 8 6.0
o G
4 © 45
2 3.0
0.8 0.6
% h i
g 20.4
S 5
0.4 e
0.2
0.2
0

0.0 0.5 1.0 1.5
phase

Fig. 10 Variation of 30 keV absorption feature with phase for Obs3
(first column) and Obs4 (second column). Egups2, Ogabs2 and Teaps2
are the line energy, width and the optical depth of the feature

The absorption like feature of about 30 keV in Obs3 was
also found to depend on the pulse phase (Fig. 10). The es-
timated line energy increases from 29.38 to 38.24 keV be-
tween the phase interval 0.0-0.4 and decreases to 33.38 keV,
after that it increases to 33.88 keV and decreases again to
30.33 keV. In the phase interval 0.7—-1.0 the line energy in-
creases from 29.89-36.21 keV. The width o445, and optical
depth Tgups, of the feature also varies with the pulse phase
and was found to lie between 2.17-7.16 keV and 0.2-0.7,
respectively. For the Obs4 the 30 keV feature was found to
vary between 27.6-33.51 keV with its width lying between
3.29-6.41 keV and depth varying between 0.17-0.42.

We also fitted phase-resolved spectra of Obs1 and Obs2
with GABS model in order to check the presence of 30 keV
absorption like feature. For Obsl the line energy and
width of the feature varies between 31.24-38.76 keV and
0.75-6.15 keV, respectively and in the phase interval 0.7-0.8
and 0.8-0.9 the feature was absent. In the case of Obs2 the
energy of the feature is between 28.90-35.48 keV with a
width lying between 0.77-6.06 keV. However, for phase in-
tervals 0.5-0.6 and 0.8-0.9 of Obs2 the value of o455, and
Teabs, Were unrealistic so we did not considered there val-
ues.

4 Discussion

We present Be X-ray pulsar 4U 1901+03 analysis which has
undergone short bursts of tens to hundreds of seconds. The
burst of the X-ray pulsar can be due to instability in accretion
disk burst (Lightman and Eardley 1974; Taam et al. 1988;
Lasota and Pelat 1991; Cannizzo 1996) similar to the burst
observed in other sources namely, SMC X-1, GRO J1744-28
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and MXB 1730-355 (Moon et al. 2003; Rai et al. 2018; Fish-
man et al. 1995; Lewin et al. 1976). Pulse profiles show vari-
ation with both time and flux and are similar to that observed
by (Lei et al. 2009; Reig and Milonaki 2016; Ji et al. 2020).
From the NuSTAR observations, we found that the pulse pro-
file having a single peak evolved into a double peak with one
main peak and once again became a single peak (Fig. 3).
Similar variations were observed in Swiff-XRT pulse pro-
files (Fig. 4). The height of the pulse profile peak increases
with the increase in energy. Also, the double peaked pulse
profile in Obs2 evolves into a single peaked profile at hard
energy range. The pulse fraction is found to increase with
the increase in energy and at the end of the outburst. As the
X-ray emitting region gets smaller with an increase in en-
ergy and becomes more pulse as a result the pulse fraction
increases (Alexander and Sergey 2008).

From the NuSTAR observations, we observed that the
pulse profile (Fig. 3) is sinusoidal in shape at a luminosity
of 1.24 x 1037 D3, which evolves into a double peak pulse
profile with one main peak at 1.44 x 1037Di ergs~!. The
second peak of the pulse profile disappears and becomes a
single peak with a notch near ~0.5 when the luminosity of
the pulsar becomes 9.59 x 1036D§ ergs~!. With the fur-
ther decrease in luminosity, the notch disappears and the
pulse profile becomes a single peak and this happens at
4.89 x 1036DZ ergs~!. Similar variations were observed in
Swift-XRT pulse profiles (Fig. 4). Thus 4U 1901+03 shows
a luminosity dependent pulse profile having a double peak
at high luminosity and a single peak at high luminosity. The
complex variation of pulse profiles can be due to a change in
emission beam pattern with luminosity (see Sect. 1), which
can be due to either fan and pencil beam pattern or mix-
ture of these two beam pattern (Chen et al. 2008; Ji et al.
2020; Reig and Milonaki 2016). The fan shape beam pat-
tern is dominant at the high luminosity whereas pencil beam
pattern being dominating at the low luminosity states out-
burst (Chen et al. 2008; Reig and Milonaki 2016; Ji et al.
2020). The simple single peak pulse profile during Obsl
and Obs4 can be due to the source in the sub-critical re-
gion where the pencil shape beam pattern dominates the fan
shape beam pattern. The significant variation of pulse pro-
file in Obs2 and Obs3 from Obsl and Obs4 can be due to
the fan shape beam pattern or a mixture of fan and pencil
shape beam pattern. We did not observe an abrupt change in
the correlation between the flux and photon were seen sug-
gesting the source was in which indicates that there was no
transition between super-critical to sub-critical regimes. It
might be possible that the source has not reached the pure
super-critical regime during the outburst (Chen et al. 2008;
Reig and Milonaki 2016).

The 10 keV absorption like feature was observed in all
four NuSTAR observations of the pulsar and was found to
increase with the luminosity. Also, the width and optical
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depth of the feature varies for different observations. The
energy, width and optical depth of the feature is within the
range observed by Reig and Milonaki (2016). It was ob-
served that accreting pulsars show a positive correlation of
the cyclotron line energy with the luminosity in sub-critical
regime and a negative correlation in super-critical regime
(Becker et al. 2012; Mushtukov et al. 2015). If the pulsar
was in sub-critical regime most of the time during the out-
burst as discussed above then the observed positive corre-
lation of the 10 keV feature hints to be a cyclotron line. In
addition to that the strong dependence of this feature on the
viewing angle i.e. on pulse phase like cyclotron line which
also show a strong dependence on the pulse phase (Isen-
berg et al. 1998; Heindl et al. 2004; Reig and Milonaki
2016) also support this feature to be a cyclotron line. The
width and optical depth of the 10 keV features are within
the range given by Coburn et al. (2002) for other pulsars.
The 10 keV feature was observed in pulsars having CRSF
or not at all and was found to depend on the pulse phase
(Coburn et al. 2002). Considering the canonical value of
neutron star parameters, the theoretically calculated value of
critical luminosity was found by Becker et al. (2012) to be
Leric ~1.49 x 103 B}Y'" thus for this feature to be CRSF
the critical luminosity must be ~ 10°7 ergs~'. Assuming
the distance of the source to be 3 kpc Bailer et al. (2018)
observed luminosity lies between 2.69-8.04 x 10%° ergs™!
which is below the critical luminosity. Reference Reig and
Milonaki (2016) noted that for the L peqr/Lerir ~ 1 the dis-
tance should not be larger than ~4 kpc. Thus for the es-
timated luminosity to be less than the critical luminosity
the distance of the source must be less than 4 kpc. How-
ever, Strader et al. (2019) noted that the distance of the ob-
ject measured by the Bailer et al. (2018) was not well con-
strained because the parallax of the star in Gaia DR2 was
insignificant and considering PS1 reddening maps along the
direction of the source (Green et al. 2018) concluded that
the distance must be greater than 12 kpc. Recently Tuo et al.
(2020) with the help of torque model and evolution of pulse
profile during outburst estimated the distance of the source
to be about 12.4 kpc. Assuming the distance of the source as
12.4 kpc the observed luminosity lies between 4.59-13.74
x 1037 erg s~! which is close to or above the critical lu-
minosity and raises doubt about this feature being CRSF.
Reference Mushtukov et al. (2015) showed that the critical
luminosity is not a monotonic function of magnetic field and
for pulsars having cyclotron energy about 10 keV the critical
luminosity can reach a minimum value of few 1030 ergs—!.
If this is the case then even if the source is at a distance
of 3 kpc the observed luminosity will be at or above the
critical luminosity. In NuSTAR spectra weak residuals are
observed around 10 keV due to the tungsten L-edge of the
NuSTAR optics (Madsen et al. 2015; Fiirst et al. 2013). The
10 keV feature in other pulsars were present in the spectra
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of different instruments of different satellites (Coburn et al.
(2002)) like in the case of 4U 1901403 where this feature
was observed by RXTE (Reig and Milonaki 2016) and In-
sight-HMXT (Nabizadeh et al. 2020), thus clearing doubt
about the instrumental origin of the feature. We have also
seen that the feature is present even if we used another con-
tinuum model COMPTT instead of CUTOFFPL. Nabizadeh
et al. (2020) showed that when NuSTAR Obs3 spectra were
fitted by a two-component model consisting of two POW-
ERLAW*HIGHECUT along with GAUSSIAN and PHABS
models no residuals were left near 10 keV and also no ad-
ditional absorption model around 10 keV was needed when
this two-component model was used to fit Insight-HMXT
spectra. However, the authors also argued that transition
from the typical cutoff power-law spectral shape to two-
component spectral shape occurs at low luminosities about
1034-36 erg s~! which indicates that the source distance
must be small. Thus without proper estimation of the dis-
tance, we cannot be sure about the feature to be CSRF. It is
equally possible that this feature can be an inherent feature
of the accreting X-rays pulsars or due to the departure of our
phenomenological models used in fitting the spectra Coburn
et al. (2002). The change in the hydrogen column density
np for different NuSTAR observations or in phase-resolved
spectral analysis can be as a result of absorption of photons
by the interstellar medium.

As observed by Nabizadeh et al. (2020) and Coley et al.
(2019) when Obs3 and Obs4+Swift spectra were fitted some
negative residuals were observed near 30 keV and fitting the
spectra with absorption model we estimated the line energy
about 30.37 and 30.23 keV for these observations, respec-
tively, and were consistent with the value estimated by the
authors. However, no negative residuals near 30 keV were
observed in the first two NuSTAR spectra which were having
higher flux compared to the last two observations. In Obs3
and Obs4 the line energy of the 30 keV feature shows pulse
phase variation. Despite the fact that this feature was not ob-
served in the phase-averaged spectra of Obsl and Obs2 it
was observed in the phase-resolved spectra of these obser-
vations. However, in Obs1 and Obs2 this feature was not
observable in some phases. Beri et al. (2020) have given
sufficient evidence for this feature to be a cyclotron line by
studying the variation of the line energy with luminosity and
pulse phase. The authors also observed an abrupt change in
the pulse profiles around the line energy of the feature. In
X-ray pulsars with a high mass accretion rate, the accretion
columns will appear to be confined by the strong magnetic
field of the neutron star and are supported by internal radia-
tion pressure. Thus the observed cyclotron line can thus be
originated from accretion column (Schonherr et al. 2014) or
due to X-rays reflected from the neutron star’s atmosphere
(Poutanen et al. 2013). The absence of the cyclotron line in
some observed energy spectra of the XRBs can possibly due

to a large gradient of B-field strength over the visible col-
umn height or the latitude on the surface of a neutron star.
The appearance of cyclotron line in certain pulse phases can
be due to the partial eclipsing of the accretion column dur-
ing which an observer is able to see some parts of the col-
umn (Molkov et al. 2019). In such a case, the magnetic field
in the visible part of the accretion column is not so varied
and we can observe cyclotron line in these phases like in the
case of GRO J2058+42 (Molkov et al. 2019). This can also
be due to the gravitational bending of light as it affects the
visibility of both the accretion columns and the neutron star
(see e.g. Mushtukov et al. (2018)).

When the magnetospheric radius r,, becomes greater
than the co-rotational radius r., then the centrifugal force
will prevent the material from falling onto the neutron star
this is known as Propeller Effect (Illarionov and Sunyaev
1975; Stella et al. 1986). As the propeller effect set in there
is an abrupt decrease in the flux along with the absence
of pulsation and even causes non-detection of the source.
Here the co-rotational radius is defined as the radius where
the keplerian angular velocity equals the spin angular ve-
locity of the neutron star. The magnetospheric radius de-
pends on the mass accretion rate, during a bright phase
of an outburst the magnetospheric radius is less than the
co-rotational radius so that matter can cross the magneto-
spheric radius and reach neutron star. As the mass accretion
rate decreases the magnetospheric radius increases and can
reach a point when this radius will become equal to the co-
rotational radius and at this stage propeller phase sets in.
From the NICER observations, we found that the no pul-
sation was detected after 58665.09, also the flux abruptly
decreases from 6.37 x 107!% at 58637.08 MJD to 1.31 x
1071 ergs™! at 58667.45 MJD which indicates that the
pulsar has entered propeller phase. The increase in pulse
fraction and the softening of the spectrum at the end of the
outburst also support our argument (Tsygankov et al. 2016;
Reig and Milonaki 2016; Zhang et al. 1998). As the accre-
tion of matter onto the neutron star ceases when ry,, = r¢,
flux

2
—_— x
10—9 erg s_1>

d M ONB R N2 .
G (Cui 1997)), here
1 kpc /) \ 1.4Mg 106 cm

flux is the minimum bolometric X-ray when the pulsation
was still detectable and d is the distance to the source. Using
Swift-XRT flux 6.37 x 10710 ergem™2 57! in 0.5-10.0 keV
observed at 58637.08 MJD, which is the minimum flux esti-
mated in Swift-XRT observations when the source was still
pulsating and assuming the distance to the source to lie be-
tween 3—12.5 kpc the magnetic field of the neutron star lies
0.38-1.56 x 10!% G, assuming canonical values of mass and
radius. However, the estimated magnetic field is associated
with uncertainties as bolometric correction of the flux was
not done and also the above minimum flux was not exactly

this implies that B = 4.8 x 1010 p7/6 (
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known. Taking the cyclotron line energy to be 30 keV the
estimated magnetic field of the neutron star will be about
2.59 x 10'2 G and if it is so the distance to the source must
be greater than 12.5 kpc.
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