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Abstract We study RXTE PCA data for the high mass X-ray binary source SMC X-1 between 2003–10

and 2003–12 when the source was in its high states. The source is found to be frequently bursting which

can be seen as flares in lightcurves that occur at a rate of one every 800 s, with an average of 4–5 Type

II X-ray bursts per hour. We note that typically a burst was short, lasting for a few tens of seconds in

addition to a few long bursts spanning more than a hundred seconds that were also observed. The flares

apparently occupied 2.5% of the total observing time of 225.5 ks. We note a total of 272 flares with

mean FWHM of the flare ∼21 s. The rms variability and aperiodic variability are independent of flares.

As observed, the pulse profiles of the lightcurves do not change their shape, implying that there is no

change in the geometry of an accretion disk due to a burst. The hardness ratio and rms variability of

lightcurves exhibit no correlation with the flares. The flare fraction shows a positive correlation with the

peak-to-peak ratio of the primary and secondary peaks of the pulse profile. The observed hardening or

softening of the spectrum cannot be correlated with the flaring rate but may be due to the interstellar

absorption of X-rays as evident from the change in hydrogen column density (nH). It is found that the

luminosity of the source increases with the flaring rate. Considering that the viscous timescale is equal

to the mean recurrence time of flares, we fixed the viscosity parameter α ∼ 0.16.

Key words: accretion — accretion discs — pulsar: individual (SMC X-1) — stars: neutron — X-rays:

binaries — X-ray: burst

1 INTRODUCTION

SMC X-1 is a high mass X-ray binary (HMXB) system

in the Small Magellanic Cloud (SMC). A Type II X-ray

burst from the source was discovered by Angelini et al.

(1991) along with aperiodic variability of 0.01 Hz. It was

discovered while comparing the burst with MXB 1730–

355, which is known as a “Rapid Burster” (Lewin et al.

1976). The burst is considered to be due to viscous insta-

bility in the accretion disk characterised by a sharp rise

and decay in the count rate of the lightcurve, with recur-

rence time ranging from ∼10 s to 1 h.

It may be pointed out here that a Type I X-ray burst

(Lewin & Joss 1983) arises from a thermonuclear origin

and displays a sharp rise and exponential decay in the in-

tensity observed in the lightcurve along with a recurrence

time of hours or days. The spectrum of a Type I burst is

consistent with that of a blackbody followed by spectral

softening in the burst decay. It was observed that in a

“Rapid Burster” the average fluxes emitted in Type II X-

ray bursts were 120 times larger than the average fluxes

emitted in Type I X-ray bursts (Hoffman et al. 1978). The

observed ratio of time-averaged persistent flux to time-

averaged Type I X-ray burst flux lies between 10 and 103

(Lewin et al. 1993).

SMC X-1 is an HMXB system with a neutron star

(Price et al. 1971) and the B0 supergiant SK 160 with

mass ∼ 17.2 M⊙ having an orbital period of ∼ 3.9 days

(Schreier et al. 1972). The X-ray source is eclipsed by

the companion for 0.6 days. The source is found to have

a regular spin up state ∼ 3.279×10−11 Hz s−1 (Davison

1977; Wojdowski et al. 2000) with no spin down state

as has been recorded in the source. The source is ob-

served to have an orbital decay rate of ∼ 3.4×10−6 yr−1
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(Levine et al. 1993; Wojdowski et al. 2000). It has been

reported that SMC X-1 shows an aperiodic variation

of ∼ (55 − 60) d due to obstruction of X-rays com-

ing from the source by its tilted precessing accretion

disk (Wojdowski et al. 2000). It is also regarded as an

“intermediate-stage source” (Moon et al. 2003) between

low-mass X-ray binaries (LMXBs) and X-ray pulsars

along with some interesting intermediate-stage sources

having a magnetic field from 108 to 1011 G and which un-

dergoes either Type I or II X-ray bursts, or both, and may

or may not have coherent pulsation. Examples of these

types of sources are “the Bursting Pulsar” GRO J1744–

28 (Fishman et al. 1995) which shows Type II charac-

teristic bursts along with coherent pulsation, “the Rapid

Burster” MXB 1730–355 (Lewin et al. 1976) undergoing

both Type I and Type II X-ray bursts and “the Accreting

Milli-second pulsar” SAX J1808.4–3658 (in in ’t Zand

et al. 1998) which undergoes Type I X-ray bursts with

coherent pulsation.

SMC X-1 and GRO J1744–28 have some properties

in common, namely both of them undergo Type II bursts

with coherent pulsation (Li & van den Heuvel 1997).

Their spin periods are also very small; for SMC X-1

it is ∼ 0.71 s and that for GRO J1744-28 is ∼ 0.47 s.

They have steady spin up in their spin with the measured

magnetic field value ∼ 1011 G (Bildsten & Brown 1997)

and luminosity below an Eddington limit. However in

the case of GRO 1744–28, bursts occur at a higher rate

than SMC X-1, although they also differ in burst pattern.

The analysis of Rossi X-ray Timing Explorer (RXTE)

Proportional Counter Array (PCA) data targeting SMC

X-1 by Moon et al. (2003) found that the flare occupies

3% of the total observing time and is spread over differ-

ent orbital phases, and is strongly correlated with vari-

ability in the lightcurve. The flare fraction is found to in-

crease with the peak to peak ratio of the pulse profile. The

properties of SMC X-1 do not differ very much during

the flaring period from those of the normal state. Here,

we study detailed properties of Type II X-ray bursts from

SMC X-1 by making use of RXTE PCA data between

2003–10 and 2003–12. The organization of the paper is

as follows: In Section 2 we discuss the data reduction to

analyze the source. In Section 3 study of lightcurves with

flares is presented. Section 4 is concerned with study

of the pulse profile, hardness ratio and spectrum of the

source. Section 5 deals with study of the correlation be-

tween bursts with different parameters and also investi-

gates the relation of luminosity with flaring rate. Finally

a discussion is given in Section 6.

2 DATA SELECTION AND REDUCTION

To investigate the source SMC X-1, we used RXTE PCA

data. PCA has an array of five proportional counter units

(PCUs), namely PCU 0, PCU 1, PCU 2, PCU 3 and

PCU 4 (Jahoda et al. 2006). PCU 0 suffered propane loss

in the year 2000. PCU 3 and PCU 4 were regularly rested

to avoid breakdown. Out of the above mentioned counter

units, data from PCU 2 will be employed here for anal-

ysis as it was the only PCU unit that did not suffer any

breakdown and was operating all the time. PCU 2 is the

best calibrated counter unit as verified by fitting the Crab

spectrum simply with a power law (PL).

The data reduction was done using HEASOFT ver

6.11. For spectral analysis, standard 2 mode of RXTE

PCA data was used which has 129 channels and de-

fault binning of 16 s. The data from only the top Xe-

layer of PCU 2 were considered. The response matrix for

the top layer has been obtained using FTOOL PCARSP.

The background spectra were extracted using the tool

RUNPCABACKEST taking a bright source background

model. The source spectra were then produced by sub-

tracting these background spectra with the total spectra

in XSPEC. Here the energy range for a spectrum under

consideration lies in the range 3–18 keV. We have not

considered data above 18 keV as the spectrum in that case

is dominated by background and good fitting may not be

possible. A systematic error of 2% was added to all spec-

tra.

Timing analysis was carried out using the

GOODXENON mode of RXTE PCA data. The

lightcurves were extracted from the GOODXENON

data using the mission specific tool SEEXTRCT for the

whole available energy range and all layers of PCU

2 with background correction. Background correction

was applied by subtracting the background lightcurve

from the total lightcurve using lcmath. The background

lightcurve was extracted using the background model for

the bright source. The reference frame of photon arrival

time was transformed to the barycentre with the help of

FTOOL FAXBARY using JPL DE400 ephemeris. The set

of data where the elevation of the telescope was <10◦

and 30 min after the passage from the South Atlantic

Anamoly (SAA) has been considered in this paper for

data reduction and analysis.

3 LIGHTCURVES AND FLARES

For our analysis, in addition to flares, we searched for all

RXTE PCA data available for SMC X-1 between 2003–
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10 and 2003–12. The data we have considered lie in two

high states, h1 and h2, as observed in the RXTE ASM

lightcurve of the source, as shown in Figure 1. The tech-

nique used by Moon et al. (2003) to search for flares

is followed in this work. All the photon counts which

were 3σ above the mean are considered to be a flare in

a lightcurve. The data were divided into 110 data seg-

ments, with each segment having duration ∼ 2050 s.

Hence, we have 110 lightcurves, each of which has been

plotted and analyzed.

The time spent by a burst varies from burst to burst

where some of them last for a few tens of seconds to

much more than that. To determine the duration of a

burst, we fit each flare with a Gaussian model to obtain

the width ‘w’ of the flare. Consequently the full width at

half maximum (FWHM) of a flare may be obtained by

using the relation FWHM = 2.35482w, which we take

as the duration of a burst. The reduced χ2 of the fitting

varies from 2.3 to 3.56. We began with the lightcurves

that have a 4 s time resolution. We found 272 such cases

of flares with mean FWHM of ∼ 21 s and mean stan-

dard deviation of ∼ 8 s. Therefore out of 225.5 ks, we

note 5.7 ks as the time of flaring. Thus it is clear that

the source is flare active for ∼2.5% of the total time

which is close to the value reported earlier by Moon et al.

(2003). The left panel of Figure 2 shows the lightcurves

for four different observations, with a time resolution of

4 s and the corresponding normalised power spectra on

the right. It is observed from the plot that the recurrence

time between flares varies from a few hundred to a few

thousand. The average value of recurrence time between

flares from the above analysis is ∼ 800 s. The number of

flares, width of flares and recurrence time are found to be

the same for the lightcurves having time resolutions of

2 s, 6 s and 8 s.

For power spectra we use data with the time reso-

lution of 0.075 s and we plot them using the XRONOS

tool POWSPEC with normalization = −2. The value

of normalization gives us the white noise normalised

power spectra with their integral yields fractional root

mean square (rms) variability. The power spectra corre-

sponding to four lightcurves (left Fig. 2) are displayed in

the right panel of Figure 2. The rms variabilities of the

four lightcurves obtained from the power spectra are es-

timated to be (a) 30.86%, (b) 31.2%, (c) 31.2% and (d)

30.6%. Thus during all four observations the source is

found to show the same variability, i.e. the source was

equally variable.

Along with the coherent peak at frequency equal to

the frequency of rotation of the pulsar (∼ 1.41 Hz), peaks

are also observed in frequencies which are integral mul-

tiples of the rotational frequency. Due to presence of ape-

riodic components some rise in power spectra is seen at

low frequency range. For the power spectrum (d) it is

noted that as we go to the low frequency region (from 1

to 0.005 Hz), power rises moderately and at ∼ 0.019 Hz

a broad peak exists. A similar rise is seen in the right of

Figure 2(c) at the same frequency as the flat top.

It is observed that during some flares the count rate

reached up to many times the mean value, while, in some

cases, flares were found to last for more than hundreds of

seconds (Fig. 3). Generally, the bursts are single peaked

(Fig. 2), however large bursts were found to have multi-

ple peaks before they finally decayed to the mean value

as shown in Figure 3. The left panel of Figure 3 shows

a lightcurve with a flare of duration ∼ 50 s consisting

of two sharp peaks. The first peak arises because of a

sharp increase in the count rate, reaching∼1350 s−1 then

sharply falls to ∼510 s−1, followed once again by an in-

crease in count rate giving a second peak of ∼1320 s−1

which falls rapidly below 500 s−1. The situation is such

that one burst is followed by another one immediately.

However, the flare shown in the right panel of Figure 3

is long, ∼300 s, and has multiple peaks; the highest peak

has a count rate of ∼1000 s−1, signalling the instability

lasts for a long time and comes to a normal stable state

with slow rise and decay in intensity with multiple peaks.

The burst per hour per observation for the first high state

(h1) as shown in Figure 1 is ∼5 h−1 and for the second

(h2) we note ∼4 h−1. However, for the complete obser-

vation, the average number of bursts per hour was ∼5

and the average time between two bursts may be set as

∼800 s.

4 PULSE PROFILE, HARDNESS RATIO AND

ENERGY SPECTRA

The binary orbit of SMC X-1 is found to be nearly circu-

lar (Levine et al. 1993; Wojdowski et al. 2000; Raichur

& Paul 2010). As the neutron star moves in its circular

binary orbit there are delays in the pulse arrival time be-

cause of orbital modulation, i.e. when the neutron star

is close to an observer, the pulse will arrive sooner than

when the neutron star is away from the observer. In order

to get a correct pulse profile, the arrival time of a pulse

must be corrected so that we get an arrival time which

also includes the effect of orbital modulation. If t′n and

tn are the times of emission and arrival respectively then
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they are related to each other and to the orbit of the neu-

tron star through forb(t′n) (Deeter et al. 1981) as

t′n = t0 + nPs +
1

2
n2ṖsPs ,

tn = t′n + forb(t′n) ,

where Ps and Ṗs are respectively the spin period and time

derivative of the spin period for the neutron star. For a

circular orbit, forb(t
′
n) takes the form

forb = ax sin i cos ln ,

ln = 2π(t′n − E)/Porb + π/2 ,

where ln is the mean orbital longitude at time t′n, E is

the epoch when the mean orbital longitude is equal to

π/2 and axsini is the projected semi-major axis with ‘i’

being the angle of inclination between the line of sight

and orbital angular momentum vector.

We have used the value of epochs and other orbital

parameters from Raichur & Paul (2010) for the orbital

correction. The orbital corrected pulse profiles are shown

in Figure 4. The pulse fraction of (a) and (d) is 20%

whereas for (b) and (c) it is 30%. All the pulse profiles

have their secondary peak at a phase ∼0.78 and primary

at ∼0.28. The secondary peaks of all four lightcurves co-

incide with each other. Except for the change in pulse

fraction, there is no significant change in the pulse pro-

files.

The hardness ratios for the four observations were

obtained by dividing the 7–16 keV energy X-ray photon

count rate by the 3–7 keV energy X-ray photons count

rate. The average hardness ratios for the four lightcurves

are 0.9 ± 0.03, 0.897 ± 0.035, 0.8563 ± 0.031 and

0.837 ± 0.031 respectively, as displayed in Figure 5(a),

5(b), 5(c) and 5(d). The average hardness ratios for the

four observations do not vary significantly. Also there is

no noticeable change in hardness ratio in any of the four

lightcurves during a burst. Therefore, the hardness ratio

may not be correlated with flares from the source. We can

check this invariance in the hardness ratio by studying the

energy spectra of the source.

The energy spectra for four observations are shown

in Figure 6. The models we have used for fitting

these spectra are PHABS to estimate the photoelec-

tric absorption of the photon by an interstellar medium,

POWERLAW, HIGHECUT for the non-thermal emis-

sion of the source and GAUSSIAN for the iron line. The

Gaussian peak for an iron line is fixed at 6.7 keV. The

best fit parameters of the fit are shown in Table 1. For all

observations, the PL indices are nearly the same; for the

first three it is ∼1, as displayed in Figure 6(a), 6(b) and

6(c) whereas it is ∼1.1 for Figure 6(d). None of the best

fit parameters changed significantly for the four spectra.

Considering the distance of SMC X-1 from the observ-

ing point at 65 kpc (Keller & Wood 2006; Naik & Paul

2004) the luminosity of the source is measured, which for

the four observations are are 6.787×1038, 6.302×1038,

6.211×1038 and 5.862×1038 erg s−1 respectively for

Figure 6(a), 6(b) 6(c) and 6(d). The variation of the nH

value may be due to partial obscuration of the neutron

star by the precessing accretion disk or X-ray eclipses.

Another possibility for the variation may be an arti-

fact of a simple POWERLAW model or the tails of the

soft excess components affecting our result (Inam et al.

2010). The photoelectric absorption by interstellar matter

is dominant in the lower energy range but as we cannot

go below an energy of 3 keV due to the limitation of our

instrument, it is not possible to constrain the nH value

precisely.

4.1 Variation of the Spectral Parameter with Orbital

Phase and Flux

To study the variation of different spectral parameters

over the binary orbit, the available spectra in the en-

ergy range 3–18 keV are fitted with the models discussed

above, and the reduced χ2 of the fitting lies between 1

and 2. We plotted the hydrogen column density (nH) and

photon index with orbital phase. Spectral flux between

the energy range 3–18 keV was also plotted with phase.

From the left panel of Figure (7), we can see that there is

no abrupt change in the photon index or nH value with or-

bital phase. It is evident from Figure 7(c) that the flux lies

between 0.992±0.001×10−9 and 1.7326±0.001×10−9.

The maximum flux is at an orbital phase of 0.44 and

the minimum at 0.16. The minimum of the nH value is

1.01662 × 1022 cm−2 and it happens when the flux is

maximum. As is evident from Figure 7(a), 7(c) and 7(d),

the spectrum is a bit softer at phase 0.17 with the max-

imum value of the photon index, i.e. 1.16604 ± 0.3048,

along with the maximum value of hydrogen density col-

umn 2.4156 × 1022. The spectrum becomes harder with

photon index 0.9574 ± 0.02 as the flux becomes max-

imum. From Figure 7(b) and 7(d) we can see there is

no correlation of spectral softening or hardening with ei-

ther phase or flux. The small hardening of the spectrum

with minimum hydrogen density column may be because

of the low absorption of hard X-ray by the interstellar

medium, which also results in maximum flux observed
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Fig. 4 Orbital corrected pulse profiles of the four lightcurves displayed in the left panel of Figs. 2(a), (b), (c) and (d) folded at

∼0.7 s; blue (a), purple (b), green (c) and black (d) .
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Fig. 5 Hardness ratio of four observations (a), (b), (c) and (d) obtained by dividing the X-ray photon count rate of 16 keV by

3-7 keV plotted with the time resolution of 8 s.

Table 1 The best-fit parameters of the fit. χ2
ν

is the reduced chi-square of the fit for 29◦ of freedom. nH is the hydrogen column

density of intervening interstellar matter. α is the PL index. Ecutoff and Efold are the cutoff energy and e-folding energy of the model

HIGHECUT expressed in keV respectively. The measured flux is for energy range 3–18 keV and in the unit 10−9 erg s−1 cm−2.

Observation a b c d

nH 2.062± 1.023 1.014± 1.06 1.604± 1.043 1.968± 1.019

α 1.066±0.202 1.004±0.219 1.084±0.218 1.122±0.202

Efold 17.868±4.726 16.521±4.457 17.723±5.078 17.080±4.143

Ecutoff 5.998±1.045 5.870±1.074 5.837±1.147 6.002±1.218

flux 1.345 1.247 1.229 1.160

χ2
ν

1.682 1.375 1.890 1.563
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Fig. 6 Energy spectra (d) along with their best-fit spectra. The lower panel of each spectrum is the ∆χ2 of the fit, which is the ratio

of the difference of the observed data and the model value to the corresponding error.

at that phase. Similarly, the small softening of the spec-

trum may result from an increase in absorption of X-rays

by the interstellar medium. The overall variation of the

flux may be due to variation in the accretion rate of the

neutron star.

5 CORRELATION OF THE FLARES WITH

TIME, PHASE PEAK TO PEAK RATIO AND

ORBITAL PHASE

The number of flares observed depends on the total ob-

servation time as shown in Figure 8(a). Thus it may be

concluded that if the observation time is longer, greater

numbers of flares may be observed. We did not find any

correlation of the flare fraction with rms variability of the

lightcurve of the source. The rms variability was found to

lie between ∼ 30% − 33% with an average of ∼ 31%.

To investigate the correlation of the flares with pulse pro-

file peak-to-peak ratio, we divide the flare fraction of a

particular observation by time so the flare fraction is now

measured in % h−1 and plotted with the peak-to-peak

ratio of secondary to primary peaks of the pulse pro-

files. The flare fraction per hour shows some correlation

with the peak-to-peak ratio (Fig. 8b), as there is a rela-

tive increase in the flare fraction per hour. However it is

evident from Figure 8(c) that no correlation of the flare

fraction with orbital phase exists. The flare fraction/h is

constant from ∼ 0.05 to ∼ 0.3 then starts decreasing

except near 0.2 where a change is observed; it is noted

that near 0.56 an increase in the flare fraction is also ob-

served. This variation of flare fraction with orbital phase
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Fig. 7 The variations of nH, photon index of PL and flux are displayed in panels (a), (b) and (c) respectively, whereas panels (d)

and (e) give the variation of photon index and nH with flux respectively.

may be due to the varying accretion rate of the neutron

star, which changes the number of bursts observed. To

know whether flaring is the reason behind the change in

photon index, which results in the softening or hardening

of the spectrum, we plotted the photon index of the spec-

trum with respect to the flare fraction/h of different obser-

vations (Fig. 8f). As observed in Figure (8f), one cannot

correlate the change in photon index with the change in

flare fraction, however the spectrum looks harder when

the flare fraction/h(%) is ∼ 10. As there is no correlation

of photon index with flare fraction, one can conclude that

the hardening of the spectrum in this case may be due to

a decrease in absorption by the interstellar medium, not

due the increase in flaring rate.

The variation of spin period of the neutron star with

luminosity of the source is depicted in Figure 8(d). The

spin periods were obtained by using the timing tool

EFSEARCH in orbitally corrected data obtained by fol-

lowing the method described in Section 4. The spin

period in our observations lies between ∼0.7033 and

∼0.7057 with the luminosity ranging from 3.9×1038 to

7.8×1038 erg s−1. The spin-up rate is found to be directly

proportional to PL
3/2

38
where (P ) is the spin of the neu-

tron star and (L38) is the luminosity of the source. As the

spin up rate Ṗ is small, about ∼ 3.279 × 10−11 Hz s−1

(Davison 1977; Wojdowski et al. 2000) and the two high

states are separated by ∼50 d, there is negligible spin

up. Hence the variation of the spin (P ) with luminosity

(L38) is PL
3/2

38
= constant (Ghosh & Lamb 1979). In our

case, we do not see such variation of spin for the source

with its luminosity, which may be because of the fact that

the data we have considered span a few months of obser-

vations of the source. It can be possible to find the rela-

tion between luminosity and spin, and also possibly the

relation between spin-up rate, spin and luminosity with

the help of long term study of the source. But in a source

like SMC X-1, it is harder to study the spin-luminosity

relation because of superorbital modulation of luminos-

ity which causes the luminosity to vary in an aperiodic

manner. The luminosity of the source increases with the

increase in flares as evident from Figure 8(e), i.e. the lu-

minosity of the source has a strong positive correlation

with flares.

6 DISCUSSION

The source SMC X-1 emits Type II bursts with the mean

recurrence time of ∼800 s and for 2.5% of the observed

time the source was bursting. The Type II bursts are

due to Lightman-Eardley (LE) instability, which devel-

ops in the viscous accretion disk. The average number

of bursts per hour is found to be ∼ 4 − 5. Thus SMC

X-1 is an HMXB “bursting pulsar.” We notice a large

burst of very short duration and one with long duration

with multiple peaks. However, the observed pulse pro-

files do not change their shape despite the fact that the

different observations were carried out in different burst-

ing states, signalling that the accretion disk geometry has

not changed because of the burst. The peak-to-peak ratio

of the spin-phase increases with the increase in flaring
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fraction is shown. Panel (f) displays the variation in photon index of the spectrum with flare fraction per hour.

rate which may be due to the greater rate of accretion of

matter at the cooler pole as compared to the hotter pole

of the neutron star during bursts (Moon et al. 2003). We

suspect that the increase in accretion rate above leads to

the associated instability, so the increase in accretion rate

may cause nearly equal accretion of matter at both the

poles, resulting in nearly equal primary and secondary

peaks as observed in the pulse profile. The luminosity of

the source is found to increase with the increase in flaring

rate as the conversion of matter into radiation takes place

at a higher rate than during a normal state.

LE instability is seen when the radiation pressure

becomes dominant and is a major contributor to the to-

tal pressure. The instability is followed by thermal and

surface density instability. The global nature of the in-

stability was investigated by Taam & Lin (1984) and

Lasota & Pelat (1991) who found that the instabil-

ity results in bursts which recur after a few seconds.

This phenomenon was similar to the three outbursts ob-

served in the lightcurve of GRO J1744–28 during 1996

(Cannizzo 1996), which had outbursts of ∼ 10 s and re-

currence times of ∼1000 s. According to Cannizzo, the

fast timescale seen by Taam & Lin (1984) and Lasota

& Pelat (1991) was because they set the viscosity pa-

rameter ‘α’ (Shakura & Sunyaev 1973) equal to one

and considered the inner radius (rinner) of the accre-

tion disk equal to the neutron star radius. (R ∼10 km).

It has been pointed out that for outbursts to occur in

GRO J1744–28, the accretion rate must exceed the criti-

cal value by a small amount at which the radiation pres-

sure is comparable to the gas pressure. Taking a rea-

sonable value of α (less than 1 and rinner greater than

R), the viscous timescale at the critical condition has

been found to equal tν,crit = 1200r0.58
8 m0.79 s, where

r8 = rinner/108 cm, m = M/M⊙ and M is the mass of

the neutron star which is in good agreement with the re-

currence time of the burst in GRO J1744-28 provided by

rinner = 107.5 cm and M = 1.4 M⊙ (Cannizzo 1996),

tν,crit ∼800 s. The burst from SMC X-1 is similar to that

of GRO 1744–28 but we note that the post-flare dip is ab-

sent in the former. The absence of the dip in the former

may be due to the slow accumulation of matter after the

burst or because of the release of only a certain amount

of accumulated matter during the burst so that after the

burst intensity is found at the persistent level. Another

possibility for there being no dip observed in the SMC

X-1 after the burst may be due to the increase in accre-

tion rate just after the burst.
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There was no correlation between flare fraction/h,

nH and flux with the orbital phase. There is no evidence

of a change in the nature of the spectrum because of

flares. The small softening or hardening of the spectrum

was not due to flares but may be due to varying interstel-

lar absorption. The spectrum of the burst for SMC X-1

shows similar properties to GRO J1744–28 as there is no

spectral softening, but it is also inconsistent with the as-

sociated blackbody, and the photon index is ∼1.2 and the

high cutoff energy is 14 keV (Sazonov et al. 1996). We

may conclude that the bursts in the two X-ray binaries are

due to LE instability with a comparable magnetic field.

Due to the presence of a low magnetic field, the tran-

sition region (between the radiation dominated and gas

pressure dominated region) is located near the inner edge

of the disk (Li & van den Heuvel 1997), therefore, the

instability develops inside the disk which is not carried

far and heats the surrounding matter because of increas-

ing viscosity. The heated matter is then accreted onto the

neutron star producing a burst. From Moon et al. (2003),

in the transition region between the radiation dominant

and pressure dominant regions, the viscous timescale is

α = 216Ṁ17/t
3

2

visc
,

where Ṁ17 is the accretion rate on the order of 1017 and

tvisc is the viscous timescale. Taking the typical value of

Ṁ17 = 20 g ms−1 and tvisc = 800 s, α ∼ 0.16. If the re-

currence of the burst occurs on the same timescale as that

of the viscous timescale then we can say α ∼ 0.16. The

accumulation of a huge amount of matter during a short

time may lead to large bursts in a short time. However,

if accumulation of matter happens slowly it results in in-

stability that develops in a large area for a long time over

the disk, causing long bursts with multiple peaks.

The aperiodic variability of the power spectra can

be a possible low frequency quasi-periodic oscillation

(QPO) because of interaction of the magnetosphere of

the pulsar with the inner edge of the accretion disk as ob-

served in EXO 2030+375 and Cen X-3 or “peaked low

frequency noise” seen in LMXRB’s Sco X-1 and GX

17+2 (Angelini et al. 1991). Our observation suggests

that the flaring activity of the pulsar bears no correla-

tion with this aperiodic variability as seen in Figure 2, in

which the aperiodic variability exists whether the number

of flares increases or decreases. The rms variability of the

lightcurves of the sources is observed to be independent

of the flares, implying the source was varying equally all

the time.
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ABSTRACT
We present here the timing and spectral analysis of the accreting millisecond pulsar (AMXP)
Swift J1756.9−2508 during its recent outburst in 2018 using Swift and NUSTAR observations.
The simultaneous fitting of the Swift and NUSTAR spectra indicates that the source was in
the hard state with a cut-off energy of about 74.58 keV. We also study in detail the pulse
profile of the AMXP and its dependence on energy. The colour–colour diagram of the source
is different from those previously reported. We performed phase- and time-resolved spectral
analysis using NUSTAR data. Pulse phase-resolved spectra were fitted with a power-law model
and significant changes in the spectral parameters with pulse phase were observed. The orbital
phase and time-resolved spectra were fitted with a cut-off power-law model. The column
density and photon index obtained from orbital phase spectral analysis were found to show
some anticorrelation with the flux. Through time-resolved spectral analysis, we observed that
the spectral parameters show positive correlation with each other and with the flux. We do
not observe a softening of the spectrum with time. No emission lines or Compton bump were
observed in the spectrum of the AMXP.

Key words: stars: neutron – pulsars: general – pulsars: individual: Swift J1756.9−2508 – X-
rays: binaries – accretion.

1 IN T RO D U C T I O N

Accreting millisecond X-ray pulsars (AMXPs) belong to a subgroup
of low-mass X-ray binaries (LMXBs) which contain a neutron star
rotating at a speed of a few milliseconds. The first AMXP, SAX
J1808.4−3658, was dicovered by Wijnands & van der Klis (1998)
using the Rossi X-ray Timing Explorer (RXTE). Swift J1756.9−2508
(hereafter J1756.9) was the eighth accreting millisecond X-ray
pulsar discovered in 2007 (Krimm et al. 2007a) using the Swift Burst
Alert Telescope (BAT). After the detection of the source, further
observations were carried out by the Swift X-ray telescope and
RXTE missions and further analysis confirmed that it is an accreting
millisecond pulsar with a spin period of 5.5 ms (182 Hz) and an
orbital period of 54.7 min (Markwardt & Krimm 2007; Krimm et al.
2007b). The source is transient in nature and only visible during an
outburst: a very fast rise and subsequent exponential decay in count
rate are observed during its outbursts. The minimum mass of the
companion of the neutron star in the AMXP lies between 0.0067
and 0.0086 M�, which is He-dominated (Krimm et al. 2007b).

The source was once again detected by the Swift BAT and RXTE
PCA during its second outburst in 2009 after the first outburst
in 2007 (Patruno et al. 2009b). The long-term spin behaviour

� E-mail: binayrai21@gmail.com (BR); bcpaul@associates.iucaa.in (BCP)

of J1756.9 was studied by Patruno, Altamirano & Messenger
(2010b), Bult et al. (2018b) and Sanna et al. (2018b). The long-
term spin and orbital evolution of the AMXP studied by Bult
et al. (2018b), using previous RXTE observations of the 2007 and
2009 outbursts combined with Neutron star Interior Composition
Explorer (NICER) observations of the 2018 outburst, estimated the
upper limit of the orbital period derivative as | Ṗb |< 7.4 × 10−13

s s−1. The long-term spin rate helped us to constrain the magnetic
field, which was estimated to be 3.1 × 108 G (Sanna et al. 2018b).
The result of the timing analysis during its second outburst reveals an
upper limit in frequency derivative within an outburst of 3 × 10−13

Hz s−1 (Patruno et al. 2010b). Bult et al. (2018b) corrected the
coordinates of the source through astrometric analysis of the pulse
arrival time: the corrected coordinates are R.A. = 17h56m57.18s ±
0.08s, Dec. = −25◦0

′
27.8

′′ ± 3.5
′′
. The pulse profiles are found to

depend on different outburst phases (Patruno et al. 2010b).
The 2018 outburst was first discovered by the INTErnational

Gamma-Ray Astrophysics Laboratory (INTEGRAL) while observ-
ing the weak X-ray burster IGR J17379−374 during April 1–2 and
the Galactic centre region during 2018 April 2–3 (Mereminskiy
et al. 2018). No outbursts were reported after 2009 until 2018.
From the NICER observation on 2018 April 3, it was claimed that
the source is J1756.9 with 182-Hz pulsation (Bult et al. 2018a). A
new outburst from J1756.9 was detected by NICER and Swift–XRT
while preparing this manuscript (Sanna et al. 2019): the NICER

C© 2019 The Author(s)
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light curve showed a decay in count rate of 2.5 count s−1 per day
and the 0.3–10 keV unabsorbed flux was 3.78 × 10−10 erg cm−2 s−1.

Linares et al. (2008) found strong broad-band flat-topped noise at
∼ 0.1 Hz throughout the outburst that happened during 2007, which
is similar to all other AMXPs and to other LMXBs in the hard state.
They found a hard tail in the energy spectrum, which extended up to
100 keV. Sanna et al. (2018b) investigated the source using XMM–
Newton, NICER and NUSTAR observations and reported that the
source is in a hard state with non-thermal emission. The absence
of a Compton hump or emission line was observed by them in the
spectrum of the AMXP. The orbital parameters of J1756.9 during the
2018 outburst have been given by Bult et al. (2018b) and Sanna et al.
(2018b) and hence we use the values of orbital parameters given in
Table 3 of Sanna et al. (2018b) for the NUSTAR observation in our
analysis.

2 O B S E RVAT I O N S A N D DATA R E D U C T I O N

Data reduction was performed using HEASOFT (v 6.22.1). For the
spectral analysis of the Swift–XRT data, we reduced the date using
xrtpipeline (v 0.13.4). Then spectra and light curves were
generated using the photon-counting mode level 2 clean event
file. For three observations with observation IDs 00088662001,
00030952019 and 00030952020, the count rate is greater then
0.5 count s−1 and thus pile-up effects are not negligible. In order
to minimize pile-up effects, we extracted the source event from
an annular region with inner and outer radii of 3 and 23 pixels,
respectively, around the source centre, ignoring a circular region of
3 pixels around the source centre for all observations. A circular
region of radius 20 pixels away from the source was used to
extract the background event. As the source is contaminated by
bright source GX 5–1, the background region is therefore chosen
in such way that it includes maximum contamination. The ancillary
response file has been generated using the tool xrtmkarf. Out of
seven Swift observations during 2018 April, the source is clearly
visible for four different observations.

During the recent outburst, NUSTAR observed the source twice
with observation IDs 90402313002 and 90402313004. From anal-
ysis of the NUSTAR data, we found that the source is only visible in
the former observation, as the source has returned to the quiescent
state in the latter case. The data from the first observation were taken
for further analysis. For NUSTAR, standard screening and filtering
are carried out by the NUSTAR data analysis software (NUSTARDAS)
version 1.9.3. We have selected a circular region of radius 90 arcsec
to extract source and background event files. The final products,
i.e. spectra and light curves, were generated using NUPRODUCTS.
The light curves were then background-corrected using lcmath.
We then combined background-corrected light curves from FPMA
(Focal Plane module A) and FPMB (Focal Plane Module B) using
lcmath. The barycentric correction of the light curves was then
performed using barycorr.

3 DATA A NA LY SIS AND RESULTS

3.1 Light curve

The light curves of the AMXP during the outburst are shown in
Fig. 1; blue indicates NUSTAR, whereas black and red represent
Swift BAT1 and XRT light curves, respectively, which shows that

1http://swift.gsfc.nasa.gov/results
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Figure 1. Light curves of AMXP Swift J1756.9−2508: black represents
the Swift–BAT count rates and red represents Swift–XRT count rates. As
the Swift–XRT count rate is greater than that for BAT, in order to plot both
Swift–XRT and BAT light curves in a single panel, we rescaled the XRT
count rate by a factor of 0.0132. The vertical dashed line indicates the date
of the NUSTAR observation, 90402313002. The inset shows the light curve
of the NUSTAR (blue) observation.
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Figure 2. The colour–colour diagram of AMXP Swift J1756.9−2508 using
NUSTAR observations.

the source approaches a quiescent state quickly. From the NUSTAR
light curve, we observed that the count rate decreases by ∼ 3.15
count s−1 or by 15 per cent in ∼ 84.5 ks, so the count rate decreases
at a rate of ∼3.22 count s−1 per day. The NUSTAR light curve can
be fitted linearly and the slope of the fitted line was estimated to
be ∼ 3.63 count s−1 per day; if we consider a constant decay rate
of 3.63 count s−1, then after six days the count rate will reduce
by ∼ 22 count s−1, which is why the source is undetectable in the
second NUSTAR observation, as the second observation was made
nearly six days after the first. The light curve of J1756.9 observed by
Patruno et al. (2010b) during the 2007, 2009 outburst was found to
have two different phases: the first is the slow decay phase, which
lasts for ∼ 5 days, and then the fast decay phase, which has a
time-scale of ∼ 2 days.
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Figure 3. Pulse profile of Swift J1756.9−2508 in five different energy
ranges during its 2018 outburst. The pulse profiles were fitted with two
harmonic components and black represented the best-fitting line. Blue and
red lines represent the fundamental and second harmonic components of the
pulse profiles.

3.1.1 Colour–colour diagram

The colour–colour diagram (Fig. 2) was obtained by plotting hard
colour with respect to soft colour. The soft colour is defined as
the ratio of 5–8 keV to 3–5 keV count rates, whereas hard colour
is the ratio of 8–14 keV to 14–22 keV count rates. The colour–
colour diagram differs from that reported earlier by Patruno et al.
(2010b). The soft colour ranges from ∼(1.0–2.7), whereas the hard
colour ranges from ∼(0.2–0.5), but most of the soft colour lies in
range ∼ (1.2–1.8), corresponding to hard colour that lies in range
∼ (0.25–0.4).

3.2 Pulse profiles

We estimated the pulse period using the χ2 maximization technique
with the help of task efsearch and folded the 3–79 keV energy
range light curve into 10 phase bins about the estimated spin period,
i.e. Ps ∼ 5.4925 ms. The 3–79 keV pulse profile of J1756.9 is found
to deviate from sinusoidal, due to the non-negligible contribution of
the second harmonic (Fig. 3), as observed by Bult et al. (2018b) and
Sanna et al. (2018b). The pulse profiles are fitted with two sinusoidal
functions (fundamental and second harmonic) to understand in
depth the contribution of the first two harmonic components; the
black line in Fig. 3 is the best-fitting line. In order to understand
the dependence of the pulse profile on energy, we folded the light
curves of four different energy bands, namely 3–7, 7–17, 17–35 and
35–79 keV, each having 10 phase bins, as shown in Fig. 3. From
the figure, we can see that the pulse profile varies in shape with
energy. Pulse profiles were observed to deviate significantly from
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Figure 4. The normalized amplitudes of fundamental and second harmon-
ics of the pulse profile as a function of energy are shown in the upper and
middle panels, respectively. The bottom panel shows the variation of pulse
fraction with energy. Two different definitions of pulse fraction are used:
PFrms and PFarea. PFrms and PFarea are represented by red and black points,
respectively, in the figure, with 1σ error bars. The dashed line represents
best-fitting constant line and the black line represents the best-fitting straight
line.

a sinusoidal shape, which indicates the presence of the second
harmonic component. Pulse profiles in 17–35 and 35–79 keV
ranges are seen to deviate much more from sinusoidal than the other
three, while the pulse profile in range 35–79 keV is observed to be
double-peaked. The variation of pulse profiles with time during the
2007 and 2009 outbursts of J1756.9 was studied by Patruno et al.
(2010b). The above study by Patruno et al. (2010b) leads to the
fact that the pulse profiles were sinusoidal at the beginning of the
outburst, evolved into a skewed shape during a slow decay and
thereafter became double-peaked during a fast decay. It is further
found that the variation in pulse shape is related to the variation
of pulse amplitude and the variability of pulse phase with time.
The pulse profiles in the two outbursts had similar evolution, with
similar shapes for similar orbital phases.

3.2.1 Pulse morphology

To understand in detail the dependence of the pulse profile on
energy, we followed the procedure described by Tendulkar et al.
(2015). The basic idea is to decompose the pulses into Fourier
harmonics: for that, we define two Fourier coefficients ak and bk

such that

ak = 1

N

N∑
j=1

pj cos

[
2πjk

N

]
, (1)

bk = 1

N

N∑
j=1

pj sin

[
2πjk

N

]
, (2)

where N is the number of phase bins, j and k denote the phase
bins and Fourier harmonics, respectively, and pj is the count rate
of the jth phase bin. The strength of each Fourier component is
defined by Ak =

√
a2

k + b2
k . We define another quantity A, such

that A =
√∑M

k=1 A2
k . Since the contribution of higher overtones is

negligible in the pulse profile of AMXPs (Patruno & Watts 2012),
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Figure 5. The simultaneously fitted spectra of J1756.9 as observed by
NUSTAR (FPMA – red and FPMB – blue) and Swift (black) are shown in
the upper panel and the bottom panel shows the residue of the fitting.

the Fourier coefficients for higher harmonics are very small, so
we consider only up to three harmonics in this analysis, such that
M = 3. The variation of the normalized amplitude of first harmonic
A1/A and second harmonic A2/A is shown in Fig. 4. The normalized
amplitude of the first harmonic increases at first up to 26 keV and
thereafter shows a small increase up to 42 keV, finally decreasing in
value at ∼55 keV, whereas the normalized amplitude of the second
harmonic decreases with increasing energy, between 26–42 keV a
small decrease in its value is observed and at ∼55 keV an increase
in its value can be seen. The overall variation of the normalized
amplitude of the first and second harmonics is fitted by a constant
and straight line: we found that the normalized amplitude of the first
harmonic shows a slow increase in value with energy, whereas that
of the second harmonic shows a slow decrease in value with energy.

3.2.2 Pulse fraction

The pulse fraction (PF) is used to measure the strength of the
pulsation and can be defined in different ways. We use two different
definitions: the first one is the root-mean-square (rms) pulse fraction,
which uses the two Fourier coefficients we have described earlier
and is defined as

PFrms =
√

2
∑M

k=1

[(
a2

k + b2
k

) − (
σ 2

ak
+ σ 2

bk

)]
a0

, (3)

where ak and bk are Fourier coefficients defined by the above
equations and σak

and σbk
are the uncertainties associated with

ak and bk, which are given by

σ 2
a
k

= 1

N2

N∑
j=1

p2
j cos2

[
2πjk

N

]
, (4)

σ 2
b
k

= 1

N2

N∑
j=1

p2
j sin2

[
2πjk

N

]
. (5)

In the second definition, the pulse fraction is defined as per Gonzalez
et al. (2010) and is given by

PFarea =
∑N

j=1(pj − pmin)∑N

j=1 pj

. (6)

Table 1. The best-fitting model parameter obtained by
simultaneous fitting of Swift and NUSTAR (FPMA and
FPMB) spectra.

nH(× 1022) 8.64 ± 0.49 cm−2

kT 0.53 ± 0.02 keV
photon index (α) 1.75 ± 0.02
cut-off energy (Ec) 74.58 ± 6.04 keV
χ2

ν /dof 0.993/4731

The variation of the pulse fraction with energy is shown in the
bottom panel of Fig. 4. Both PFrms and PFarea increase slowly with
energy in range 5–26 keV and decrease a bit at ∼42 keV, before
increasing abruptly at 55 keV. The variations of PFarea are steeper
than those of PFrms. As high-energy photons are less than low-
energy photons, PFarea is found to be biased towards high values,
due to low statistics in the high-energy range, as argued by An et al.
(2015).

3.3 Spectral analysis

Spectral fittings were performed in XSPEC v12.9.1p (Arnaud et al.
1996). We simultaneously fitted 3.0–79.0 keV spectra of NUSTAR
(FPMA and FPMB) observations with those of the 0.3–10.0 keV
Swift (XRT) observation (obs Id-00088662001), which is close to
the NUSTAR observation (Figure 5). In order to fit spectra simul-
taneously, we include cross-calibration constants using a model
CONSTANT, which accounts for the uncertainty in the instrument
calibrations and also the lack of simultaneity of observations by
Swift and NUSTAR. The spectra were fitted with CONSTANT, WABS,
BLACKBODY and CUT-OFFPL.

The estimated value of the column density was ∼8.64 ×
1022 cm−2, which is much higher than the expected value of the
column density in the direction of the source,2 ∼1 × 1022 cm−2.
The column density value is close to that obtained by Sanna et al.
(2018b). We found that the spectrum is hard and flat with a cut-off
energy of about 74.58 keV, which is in agreement with the value
of cut-off energy given by Sanna et al. (2018b) after performing
simultaneous fitting of NUSTAR and XMM–Newton spectra of the
source. As observed earlier (Krimm et al. 2007b; Bult et al. 2018a;
Sanna et al. 2018b), the source is highly obscured along the line of
sight, which is predicted by the large value of column density. We
do not find any emission or absorption lines in the spectra. Sanna
et al. (2018b) reported the upper limit on the width of the iron line
to be 5 eV. The best-fitting spectral parameters are given in Table 1.
The 0.3–79.0 keV flux was found to be 6.48 × 10−10 erg cm−2 s−1;
taking the distance of the source to be 8 kpc (Krimm et al. 2007b),
we found the luminosity to be 4.96 × 1036 erg s−1. The value of the
photon index (α) is higher than reported by Sanna et al. (2018b),
with cut-off energy Ec close to the value they have reported, which is
∼75 keV. The blackbody temperature is found to be about 0.53 keV.
Fitting only the 3–79 keV NUSTAR spectra using WABS and CUT-
OFFPL gave us α and Ec of about 1.68 and 68.17 keV, respectively,
with χ2

ν ∼ 0.97.

3.3.1 Pulse phase-resolved spectral analysis

Phase-resolved spectral analysis is carried out with the NUSTAR
observation of J1756.9. We took a 5-ks long segment of data and,

2https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl?
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Figure 6. Variation of nH (upper), photon index (bottom) and flux (lower)
with respect to phase.

Table 2. Table showing the spectral parameters in different phases. χ2
ν is

the reduced chi-square.

Phase nH(× 1022) Photon index Flux (× 10−10) χ2
ν

φ cm−2 α erg cm−2 s
−1

0.0-0.2 5.53. ± 1.99 1.86 ± 0.06 7.666. ± 0.051 0.89
0.2-0.4 6.57 ± 1.95 1.80 ± 0.06 7.750 ± 0.050 0.92
0.4-0.6 4.99 ± 1.26 1.75 ± 0.06 7.727 ± 0.049 0.94
0.6-0.8 6.52 ± 2.01 1.79 ± 0.06 7.794 ± 0.051 0.94
0.8-1.0 4.75 ± 2.03 1.83 ± 0.06 7.669 ± 0.050 0.97

Note. ∗The flux is calculated in the 3–79 keV energy range.

after that, energy spectra for five equal phase bins, i.e. φ = 0.0–0.2,
0.2–0.4, 0.4–0.6, 0.6–0.8, 0.8–1.0, were extracted using a good time
interval (gti) created using the observed spin period of J1756.9. We
fit the 3–79 keV spectrum with CONSTANT, WABS and POWERLAW

models. The flux was determined using the model CFLUX. The two
constants CFPMA and CFPMB were kept frozen to unity. The variation
of the spectral parameters with phase is given in Fig. 6. The photon
index is found to be maximum during the initial phase 0.0–0.2 and
then decreases, reaching a minimum at 0.4–0.6 before once again
increasing. The column density value does not show systematic
variation with phase, but seems to follow a repeated pattern of rise
and fall. The flux increases with phase, reaching a maximum in
region 0.6–0.8, then decreases. The values of spectral parameters at
different phases are shown in Table 2.

3.3.2 Orbital phase-resolved spectral analysis

Using the values of the orbital period and epoch given by Sanna et al.
(2018b), we studied the orbital phase-resolved spectra of the source
produced using NUSTAR data. For this, we divided the orbit into
10 phases and then created good time interval (gti) files. With the
help of the gti files, we extracted the spectrum for each phase then
simultaneously fitted the NUSTAR FPMA and FPMB spectra using
WABS (to estimate the photoelectric absorption) and CUT-OFFPL (to
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Figure 7. Variation of spectral parameters with orbital phase. The flux on a
scale of 10−10 is shown in the upper panel (red). The bottom panel shows the
variation of cut-off energy Ec. The variation of photon index α and column
density nH are shown in blue and green, respectively.

estimate the contribution of non-thermal components in the spec-
trum) models. The flux was calculated using the convolution model
CFLUX. The variation of spectral parameters with phase is given in
Fig. 7. The spectral parameters at different phases are displayed
in Table A1. The flux first increases then decreases and again
follows the same pattern, reaching a maximum of 5.99 × 10−10

erg cm−2 s−1 between phases 0.5 and 0.6 and decreasing to reach a
minimum value of 5.56 × 10−10 erg cm−2 s−1 between 0.8 and 0.9.
The variation of photon index (α) is such that it decreases first from a
maximum value of 1.79, then increases. Similarly, column density
(nH) first decreases from a maximum value of 4.7 × 1022 cm2,
then rises sharply between 0.3 and 0.4, falls quickly, increases and
becomes almost constant between 0.6 and 1.0. Ec also decreases
from a maximum value of 66.7 keV between 0.0 and 0.5. In order
to understand the correlation of spectral parameters with flux, we
plot spectral parameters with flux. As is evident from Fig. 8, the
column density and photon index show an anticorrelation with the
flux, however Ec shows a correlation with both flux and photon
index.

3.3.3 Time-resolved spectral analysis

To know the detailed variation of the spectrum with time, we
perform a time-resolved spectrum analysis. For this, a total exposure
of 39.5 ks was divided into 14 segments each of ∼2.8 ks. The
spectrum from each segment was then extracted and fitted. Each
spectrum was fitted using CUT-OFFPL to estimate the contribution
of non-thermal emission to the energy spectra. For estimation of
photoelectric absorption, we used WABS in both cases. To determine
the flux, we used the convolution model CFLUX. The constants were
kept fixed at unity. The best-fitting parameters are given in Table A2.
The variation of different spectral parameters is shown in Fig. 9.
If we look at the figure, the flux is decreasing with time, which
is obvious. The spectral parameters do not increase or decrease
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Figure 8. Figure showing variation of the spectral parameters with flux.
The red line represents the best-fitting straight line. Panels (a), (b) and (c)
show the variation of column density, photon index and cut-off energy with
flux, respectively, and the bottom panel (d) shows the variation of cut-off
energy with photon index.

Table 3. The best-fitting model parameters for different observations from
Swift–XRT.

Obs ID Date of obs nH Photon index∗ Flux∗∗ χ2
ν

(MJD) (×1022 cm−2) (α) (erg cm−2 s
−1

)

00030952018 58210.67 6.55 ± 2.85 1.52 ± 0.64 13.93 0.85
00088662001 58216.77 6.06 ± 0.59 1.75 ± 0.18 14.96 0.76
00030952019 58217.78 7.99 ± 1.07 2.31 ± 0.30 10.82 0.71
00030952020 58218.38 4.08 ± 1.35 0.94 ± 0.47 6.67 0.73

Notes. ∗ χ2
ν is the reduced chi-square.

∗∗ Flux is on a scale of 10−11.

regularly, but show a series of increases and decreases with time. At
the last segment, however, there is an abrupt increase in spectral
parameters. We searched for the iron line using the GAUSSIAN

model: we first fitted the spectra keeping the Gaussian peak fixed
at 6.4 keV; after that, we set it free to take any value and again
fitted the spectra, but did not find any iron emission lines. It will be
only possible through upcoming missions with very high spectral
resolution to make it clear whether an iron line is present or not
in J1756.9 and other AMXPs. We did not find any softening or
hardening of the spectrum of J1756.9 with time. The photon index
(α), nH and Ec show some variation with flux, which can be seen
in Fig. 10. Also, in some segments they follow the same pattern, so
there could be some correlations between nH, α and Ec (Fig. 10d),
which indicates the fact that with the generation of high-energy
X-ray photons in the source there is an increase in their absorption,
resulting in softening of the spectrum and an increase in nH value,
but a significant number of high-energy X-ray photons can still
reach the detector.

We also fitted the 0.3–10.0 keV spectra of J1756.9 observed
by Swift–XRT using the simple POWERLAW model. The spectral
parameters of different observations are given in Table 3, along
with their observation IDs with the date. The photon index is found
to increase from 1.52 to 2.31 between 58210.67 and 58217.78
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Figure 9. Variation of spectral parameters with time. The figure in red in
the top panel is the flux on a scale of 10−10. The bottom panel shows the
variation of cut-off energy Ec. The variation of photon index α is shown in
blue. The variation of nH is shown in green. The time shown in the figure
starts after 58216.358 MJD.
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Figure 10. Variation of (a) nH, (b) cut-off energy (Ec) and (c) photon index
(α) with flux, respectively, obtained from time-resolved spectroscopy; the
flux is on a scale of 10−10. Panel (d) shows the variation of Ec with respect
to α.

MJD and then decreases; at 58218.38 MJD, it was found to be
0.94. The flux increases between 58210.67 and 58216.77 MJD
and then decreases in later observations, its maximum value being
14.96 × 10−11 at 58216.75. The spectrum is found to be softer
as the flux increases, which we have observed in time-resolved
spectroscopy of NUSTAR data of J1756.9.
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4 D ISCUSSION AND CONCLUSION

The outburst in AMXP J1756.9 was observed to decay very quickly,
as a ∼ 15 per cent decrease in count rate was observed in just 84.5
ks. We investigated in detail the change in the morphology of the
pulse profile with energy. The 3–79 keV pulse profile of J1756.9 is
found to deviate from a sinusoidal shape due to the presence of the
second harmonic. Changes in the morphology of the pulse profile
with energy can be seen: for 3–7, 7–17 and 17–35 keV, the pulse
profile is non-sinusoidal, while the 35–79 keV pulse profile is found
to be double-peaked. The normalized amplitudes of the first and
second harmonics are found to increase and decrease with energy,
respectively. A similar variation in the fractional amplitudes of the
first and second harmonics of Swift J1756.9−2508 was observed by
Patruno et al. (2010b) and Sanna et al. (2018b) using NUSTAR and
XMM–Newton observations and Bult et al. (2018b) using NICER
observations. Almost all AMXPs show a dependence of the pulse
profile and fractional amplitude on energy (Patruno & Watts 2012):
for example, the fractional amplitude of Aql X-1 (Casella et al.
2008), SAX J1748.9−202 (Patruno et al. 2009a) and IGR J17379–
3747 (Bult et al. 2019) increases with energy. There are also some
AMXPs with fractional amplitudes that decrease with energy, like
XTE J0929−314 (Galloway et al. 2007) and HETE J1900.1−2455
(Galloway et al. 2007). Some AMXPs show a complex variation of
fractional amplitude, where increases and decreases in its value are
observed for different energies (see Patruno et al. 2010a; Falanga
2005). The increase in the pulse fraction with energy can be
explained in terms of the toy model given by Alexander & Sergey
(2008), according to which the X-ray-emitting region becomes
smaller and smaller with increasing energy and hence become more
pulsed. A similar explanation has been given by Patruno & Watts
(2012) to explain the dependence of the fractional amplitude of
AMXPs on energy. According to them, as the energy increases,
the amplitude of pulsation of blackbody radiation emitted from hot
spots also increases. We did not find any aperiodic signal or broad-
band noise in the power-density spectrum of J1756.9 at ∼ 0.1 Hz,
as reported by Linares et al. (2008) using RXTE data.

The 0.3–79.0 keV energy spectrum was found to be hard and
flat with a cut-off energy of 74.58 keV, which may be due to
Comptonization of low-energy photons. The hard state of J1756.9
with high cut-off energy during the 2018 outburst was reported by
Sanna et al. (2018b). We studied in detail the spectrum of Swift
J1756.9−2508 and performed phase-resolved and time-resolved
spectroscopy using NUSTAR observations. It is noted that the
spectral parameters show variation with pulse phase; the nH value
does not show a systematic variation with phase, whereas the photon
index is found to decrease initially with phase, attain a minimum
between 0.4 and 0.6 and then increase. The flux increases between
0.0 and 0.8 and then decreases abruptly during the end phase. The
photon index is found to be maximum when the flux is minimum;
this may be due to the absorption of X-rays during these phases.
The variation of optical depth at different viewing angles can also
account for the variation of photon index and flux with phase
(Pravdo 1977). The variation in spectral parameters and flux for
different pulse phases indicates the presence of anisotropy in the
accretion column near the hotspot.

The variation of the photon index and column density with
orbital phase were the same, but show some anticorrelation with
flux, whereas Ec shows different variation with flux. From Fig. 8,
it is observed that nH and α decrease with increasing flux. The
anticorrelation of α means that an increase in flux causes the
spectrum to become hard. This may be due to an increase in optical
depth with the increase in mass accretion during different orbital
phases. No spectral softening is seen with time, but the spectral

parameters are correlated among themselves and with the flux. Thus,
an increase in flux results in softening of the spectrum. A decrease
in photon index and flux with time is also observed from Swift–XRT
observations. The softening of the spectrum with increasing flux was
observed in Aql X-1 by Zhang, Yu & Zhang (1998): according to
them, this indicates the fact that the pulsar is in propeller phase. The
cut-off energy Ec in both orbital phase and the time-resolved spectral
analysis shows a positive correlation with flux. Ec is associated with
the plasma temperature of the emission region (Soong et al. 1990)
and plasma temperature increases with flux; hence Ec will increase
with flux. It is also noted that no emission and absorption lines were
seen in the spectra as observed by Sanna et al. (2018b); however,
an emission line was observed in J1756.9 in the 6–7 keV energy
range in the 2009 outburst by Patruno et al. (2010b), suggesting the
presence of a possible iron line, but they were unable to constrain
its line energy and width, due to the poor energy resolution of
RXTE–PCA. Sanna et al. (2018b) estimated the upper limit of the
non-detected iron line in the 2018 outburst to be 5 keV by assuming
a line energy of 6.5 keV and a width of 0.23 keV. No emission lines
or reflection features were observed in AMXP IGR J17379−3747
during the 2018 outbursts (Sanna et al. 2018a).
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APPENDIX A : VARIATION O F D IFFERENT
SPECTRAL PARAMETERS W ITH ORBITAL
PHASE AND TIME

Table A1. Variation of spectral parameters with orbital phase, the time is
offset by 58216.358 MJD. The flux is calculated between 3 and 79 keV and
χ2

ν is the reduced chi-square.

Phase nH Photon index Ec Flux χν
2

(1022 cm−2) (α) (erg) (×10−10 erg cm−2)

0.0–0.1 4.7 ± 0.4 1.79 ± 0.04 66.7 ± 11.4 5.77 ± 0.13 0.97
0.1–0.2 3.8 ± 0.3 1.74 ± 0.04 58.4 ± 8.6 5.91 ± 0.12 0.91
0.2–0.3 3.4 ± 0.4 1.67 ± 0.04 48.8 ± 6.4 5.70 ± 0.12 0.91
0.3–0.4 4.2 ± 0.4 1.68 ± 0.04 47.6 ± 6.1 5.89 ± 0.13 0.88
0.4–0.5 3.1 ± 0.4 1.64 ± 0.04 45.6 ± 5.8 5.78 ± 0.12 0.86
0.5–0.6 3.7 ± 0.4 1.67 ± 0.04 62.4 ± 10.8 5.99 ± 0.11 0.87
0.6–0.7 4.7 ± 0.4 1.77 ± 0.05 64.3 ± 12.6 5.82 ± 0.13 0.83
0.7–0.8 4.1 ± 0.4 1.69 ± 0.05 46.5 ± 7.2 5.61 ± 0.12 0.90
0.8–0.9 4.7 ± 0.4 1.78 ± 0.05 59.8 ± 11.0 5.56 ± 0.11 0.85
0.9–1.0 4.6 ± 0.4 1.76 ± 0.04 59.3 ± 10.1 5.70 ± 0.13 0.90

Table A2. Variation of spectral parameters with time, the time is offset by
58216.358 MJD. The flux is calculated between 3 and 79 keV and χ2

ν is the
reduced chi-square.

Time nH Photon index Ec Flux χν
2

(ksec) (1022 cm−2) (α) (erg) (×10−10 erg cm−2)

0–3.3 4.2 ± 0.5 1.70 ± 0.06 52.0 ± 9.6 6.27 ± 0.32 0.87
6–9 4.4 ± 0.6 1.80 ± 0.06 61.7 ± 15.2 5.98 ± 0.29 0.86
12–15 3.6 ± 0.5 1.63 ± 0.06 37.3 ± 5.5 5.76 ± 0.33 0.90
17–21 4.1 ± 0.4 1.74 ± 0.05 60.6 ± 12.9 6.05 ± 0.33 0.86
23–26 4.9 ± 0.5 1.79 ± 0.05 62.5 ± 13.7 5.84 ± 0.35 0.78
29–32 4.2 ± 0.5 1.74 ± 0.05 52.4 ± 10.0 5.75 ± 0.29 0.90
35–38 4.6 ± 0.5 1.75 ± 0.05 54.5 ± 10.5 5.66 ± 0.33 0.85
41–44 4.4 ± 0.5 1.74 ± 0.06 52.3 ± 10.2 5.52 ± 0.34 0.91
46–50 4.1 ± 0.5 1.73 ± 0.06 53.2 ± 10.6 5.48 ± 0.37 0.86
52–55 3.8 ± 0.5 1.74 ± 0.06 51.0 ± 9.6 5.27 ± 0.35 0.81
58–63 4.5 ± 0.6 1.77 ± 0.06 57.2 ± 12.0 5.49 ± 0.31 0.88
65–70 4.3 ± 0.4 1.77 ± 0.06 63.8 ± 14.9 5.49 ± 0.33 0.78
71–76 4.0 ± 0.6 1.72 ± 0.06 44.3 ± 8.2 4.99 ± 0.30 0.97
76–84 4.3 ± 0.5 1.77 ± 0.06 63.8 ± 14.9 5.49 ± 0.33 0.78
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Abstract We have studied the timing and spectral
properties of the BeXB 4U 1901+03 during the 2019
outburst using NuSTAR, Swift, and NICER observa-
tions. Flares are in all observations and were of tens
to hundreds of seconds duration. 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 out-
burst. The variation of the pulse profile with time indi-
cates the transition of the pulsar in different accretion
regimes. The absorption like feature at 10 keV shows a
positive correlation with the luminosity and along with
other spectral parameters this feature was also pulse
phase dependent. As the distance to the source is not
precisely known hence we cannot confirm this feature
to be CSRF and also cannot ignore other possible ex-
planations of the feature. Another absorption like fea-
ture 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 respectively. 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 pulsar has
entered propeller phase, also 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 bi-
nary stars. One of the component of X-ray binary is
compact object (white dwarf, neutron star and black
hole). Depending upon the mass of the companion star,
X-ray binaries are classified into High Mass X-ray Bi-
naries (HMXB) and Low Mass X-ray Binaries(LMXB).
XRBs with neutron star is further classified into Be X-
ray Binaries (BeXB) and Super Giant X-ray Binaries
(SGXB) (Reig 2011). BeXBs consist 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 fi-
nally observed in 2003 when the source appeared again
during a giant outburst (Galloway et al. 2005). The
Rossi X-ray Timing Explorer observations of 2003 out-
burst revealed the source to be a pulsar with a pulse
period of 2.763 s and orbital period of 22.58 days (Gal-
loway et al. 2005). James et al. (2011) observed X-ray
flares, broadening of pulse frequency and qausi-periodic
oscillation (QPO) in the source. The flares were 100-
300 s long lasting, stronger and more frequently ob-
served 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 & Milon-
aki (2016); Galloway et al. (2005) in the spectra of
the pulsar. This feature was found to be dependent
on the flux Reig & Milonaki (2016) and possibly be
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a cyclotron line. The pulse profile of a pulsar varies

throughout an outburst and indicates different accre-

tion regimes (Basko & Sunyaev 1976; Becker et al. 2012;

Mushtukov et al. 2015) ,the study of the pulse pro-

files of 4U 1901+03 predicted that the object passed

through different accretion regimes during the outburst

Reig & Milonaki (2016). These regimes are defined by

a certain value of luminosity called critical luminosity

(Basko & Sunyaev 1976; Becker et al. 2012; Mushtukov

et al. 2015). The critical luminosity (Lcrit) is define as

luminosity above which the radiation pressure is strong

enough to stop the accreting matter at a certain dis-

tance above the neutron star. The super-critical regime

is reached when the luminosity of the pulsar (LX) is

greater than Lcrit. In this case radiation dominated

shock wave is formed which moves up to few kilome-

ters above the neutron star. However for sub-critical

regime LX < Lcrit, accreting material are capable of

reaching onto the surface of neutron star with heating

it. In 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 emis-

sion 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 however complex

in shape and in some cases mixture of fan and pen-

cil 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 & Nespoli 2013).

The recent outburst of the X-ray source 4U 1901+03

was detected on February 2019 by MAXI/GSC (Naka-

jima et al. 2019) and Swift/BAT (Kennea et al. 2019).

Ji et al. (2020) using Insight-HMXT and NICER obser-

vations found dozens of flares during 2019 outburst of

the pulsar which were 1.5 times brighter than the per-

sistent emission of the object. The shape of the pulse

profiles during flares were found different from that of

the persistent emission. However, at a comparable lu-

minosities pulse profiles were similar to that of the per-

sistent emission which indicates that the accretion onto

the neutron star is only dependent on the mass accre-

tion rate. Lei et al. (2009) observed dependence 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 de-

cay it was away from the main peak of the pulse profile.

They observed that the flux of Fe emission line was in-

dependent of the phase suggesting the origin of this

line to be accretion 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. Nabizadeh et al. (2020) studied the spectral evo-

lution of the source using Insight-HXMT and NuSTAR

observations. They also studied the 10 keV feature of

the source and also observed 30 keV feature in the NuS-

TAR data. Beri et al. (2020) showed that this feature

has fulfilled all the necessary condition 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 different 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 observation 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 study the variation of the 10 keV feature with

luminosity 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 Tele-

scope Array (NuSTAR) observed the source four times.

NuSTAR consist of two co-aligned telescopes operating

in the energy range 3-79 keV, each telescope has its own

focal plane module consisting of a solid state CdZnTe

detector (Harrison et al. 2013). Observed data reduc-

tion were carried on heasoft v6.26.1. We use clean

event files obtained from unfiltered event files mak-
ing use of the mission specific command nupipeline.

These cleaned event files were then used to extract light

curves and spectra for analysis. We took a 90′′ circu-

lar 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 region.

We use the above regions to extract light curves and

the relevant spectra with the help of a tool nuprod-

ucts. The background subtraction of the light curves

is done using lcmath, and the light curves from two

focal plane modules (FPMA & FPMB) are combined

using the same tool. The barycentric correction of the

light curves are done using ftool barycorr. All the

spectra are fitted in xspec v12.10.1f (Arnaud 1996).

From hereafter the four NuSTAR observations are re-

ferred as Obs1, Obs2, Obs3 and Obs4 respectively.

The standard screening and reprocessing of Swift-

XRT unfiltered event files were done using xrt-
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pipeline. For our analysis, we took Swift-XRT ob-

servations done in Windows Timing (WT) mode hav-

ing good timing resolution. A circular region of 20

pixels around the optical position of 4U 1901+03 was

considered as the source region, another region 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 ancillary response (ARF) file was created using a

xrtmkarf, whereas the response matrics file was ob-

tained from the latest calibration database files. The

background correction of the light curves was made

with the help of lcmath. Finally using xrtlccorr we

created light curves which is corrected from telescope

vignetting and point spread function. After 58637.08

MJD Swift-XRT observations were made in Photon

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 using ftool lcurve. The flares in the light

curves of the pulsar are observed in all observations

(Fig.2). The duration of these flare were tens to hun-

dreds of seconds. The bursts were more frequent and

longer enough during the peak period of the outburst

(Ji et al. (2020),James et al. (2011)). Considering a

flare on to a part of light curve having count rate 3σ

level above the mean we estimated duration for first

two observations for (5-6) per hour and for another two

observations 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 burst for the

first observation was ∼135 s whereas for the second ob-

servation the means was found ∼62.18 s. However, it is

found that for the last two observations the mean burst

duration were ∼98.13 and 95.35 s.

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
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Fig. 1 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 10−9 and obtained by using the command flux in XSPEC
for Swift-XRT spectra fitted by POWERLAW model. Bot-
tom 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.
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obsId Date of Obs (MJD) Exposure (ks) Ps
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

Table 1 Table showing 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.

with binning of 1 ms to estimate the pulse period and

to obtain the pulse profile. Final estimation of the pulse

period was then obtained with the help of efsearch

using the initial estimated value. The pulse periods

for the four NuSTAR observations is shown in table 1.

The uncertainty associated with the pulse periods are

estimated using the method described in Boldin et al.

(2013). We can see from table 1 that the pulse period is

not fixed but varies throughout the outburst. The evo-

lution of the pulse period of an X-ray pulsar is caused by

the transfer of the angular momentum from the accre-

tion disk (Ghosh & Lamb 1979; Wang 1987). During

an outburst large amount of matters are accreted onto

the neutron star along with the transfer of angular mo-

mentum which causes an accelerating torque to act on

the neutron star. This accelerating torque causes an in-

crease in the intrinsic spin frequency or decrease in the

spin period of the pulsar. Pulse profiles are obtained

by folding light curves in 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 ex-

tract using the above procedures. Pulse profiles were

observed to be evolving with time. For NuSTAR pulse

profile at 58531.12 MJD 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 single peak (Fig. 3 third column) having

a notch and finally at 58615.75 MJD pulse profile be-

comes 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 observa-

tions (Fig. 4). The pulse profile at 58532.03 MJD was

two peaked with a strong primary peak. At 58541.33

MJD 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 obtained by folding NICER light curve

and consist of a single peak which sharp compared to

Swift-XRT pulse profiles in between 58607.54-58637.08

MJD. After 58665.09 MJD no further pulsation was ob-

served in the source. In order to study the energy de-

pendence of the pulse profile, we extract the light curves

at different energy ranges using NuSTAR observations.

For Obs1 the pulse profiles at different 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 significant second peak was observed in the en-

ergy band 18-24 and 24-32 keV however an increase in

height of the primary 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 energy bands

were almost sinusoidal in shape, pulse profiles in energy

bands 7-12 and 3-79 keV are almost the same however

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)/(pmax+pmin), where pmax and pmin are

the maximum and minimum intensities of a pulse pro-

file. In Fig. 5, PF is plotted with respect to energy

for four NuSTAR observations. The pulse fraction fol-

lows a complex variation with energy but there is an

overall increase in its value with energy in all four ob-

servations. For Obs1 pulse fraction 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 increases slowly be-

tween 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 increases

in pulse fractions between 5-25 keV and above 25 keV

the pulse fraction remained almost constant. It is ev-

ident Fig. 5 that the pulse fraction is steeper for the

first two observations when the luminosity was higher

than the last two observations. Thus the pulse fraction
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Fig. 3 Pulse profiles for different NuSTAR observations and variation of pulse profile with energies. Figures (a),(b),(c)
and (d) are for the 58531.12, 58549.31, 58584.95 and 58615.75 MJD respectively.

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 fraction was found to increase initially between
58531.77-58549.43 MJD from 0.17-0.33 and decreases
to 0.16 at 58551.23 MJD and remain almost constant
between 58556.14-58566.91 MJD. However in between
58568.16-58637.08 MJD the pulse fraction increases
from 0.22 to 0.34 (bottom panel of fig 1). The vari-
ation of the pulse fraction with flux in 0.5-10 keV en-
ergy range is shown in bottom panel of figure 9. The
pulse fraction decreases from 0.34-0.10 as flux increases
from 0.64-3.43×10−9 erg cm−2 s−1 and increases from
0.11 to 0.33 between 3.43-3.68×10−9 erg cm−2 s−1 and
abruptly decreases to 0.15 at 3.96×10−9 erg cm−2 s−1.
Thus as we go below 3.43×10−9 erg cm−2 s−1 there is
increase in pulse fractions. So as the outburst decays
the pulse fraction increases.

3.2 Spectral Analysis

The three NuSTAR observations Obs1, Obs2 and Obs4
were close to three Swift observations having obsIds

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 en-
ergy range and NuSTAR in 3-79 keV range. How-
ever, there is a slight mismatch between the Swift-
XRT and NuSTAR data points while fitting their
spectra simultaneously which has been reported ear-
lier by Bellm et al. (2014). A CONSTANT model
was used while fitting XRT and NuSTAR spectra
simultaneously which take into accounts the instru-
mental uncertainties and also non-simultaneity of
the observations. The spectra were fitted with two
different combinations of models. First, we used
the combination of CONSTANT, PHABS, BLACK-
BODY, CUTOFFPL and GAUSSIAN and in the sec-
ond 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 CONSTANT*PHABS*(CUTOFFPL+GAUSSIAN)
and Model II 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 Comtonizing region in Model
II was obtained using disk geometry. However, in both

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6

Table 2 Variation of pulse fraction with energy four different observations.

Energy (keV) Obs1 Obs2 Obs3 Obs4

5 3.85±0.15 11.92±0.02 3.22±0.01 6.28±0.01

8.5 5.89±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 8.01±0.02

12 10.14±0.02 14.83±0.05 6.42±0.03 12.92±0.02

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 14.79±0.07

21 21.12±0.17 26.67±0.02 7.20±0.01 12.70±0.01

23 22.25±0.22 28.86±0.03 8.41±0.01 17.12±0.02

26 26.40±0.46 36.56±0.66 12.28±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 14.27±0.52 17.8±0.51

Spectral parameters Obs1+Swift Obs2+Swift Obs3 Obs4+Swift

Model I

nH (cm−2) 3.80±0.12 4.03±0.07 2.97±0.43 3.74±0.23

kT (keV) 0.20 ±0.04 0.23±0.02 0.31±0.05 0.15±0.07

α 0.51±0.02 0.46±0.02 0.34±0.01 0.80±0.02

EH (keV) 7.26±0.12 6.82±0.02 6.21±0.08 6.87±0.02

EFe (keV) 6.52±0.03 6.52±0.07 6.49±0.02 6.61±0.08

σFe (keV) 0.20±0.02 0.32±0.02 0.30±0.07 0.18±0.04

Egabs1 (keV) 10.71±0.11 11.65±0.04 10.14±0.01 7.04±0.33

σgabs1 (keV) 4.32±0.12 2.49±0.09 4.12±0.14 6.54±0.23

τgabs1 0.26±0.05 0.18±0.03 0.33±0.05 0.53±0.07

Egabs2 (keV) ... ... 30.37±0.55 30.23±0.62

σgabs2 (keV) ... ... 1.79±0.34 1.04±0.35

τgabs2 ... ... 0.11±0.07 0.07±0.03

flux (erg cm−2 s−1) 6.45+1.21
−0.61 7.52+0.80

−0.74 5.01+0.23
−0.1 2.560.90−0.41

χ2
ν 1.02 1.11 0.98 1.01

Model II

nH (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

T0 (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 4.63±0.11

τ 4.94±0.05 4.89±0.13 4.81±0.07 4.56±0.15

EFe (keV) 6.52±0.07 6.45±0.02 6.61±0.07 6.56±0.50

σFe (keV) 0.27±0.05 0.23±0.04 0.24±0.04 0.22±0.05

Egabs1 (keV) 11.32±0.36 10.87±0.03 9.57±0.64 10.03±0.27

σgabs1 (keV) 2.01±0.15 1.57±0.21 3.54±0.50 3.68±0.12

τgabs1 0.09±0.04 0.07±0.02 0.17±0.05 0.14±0.07

Egabs2 (keV) ... ... 30.09±0.57 31.18±0.48

σgabs2 (keV) ... ... 2.10±0.55 4.04±0.25

τgabs2 ... ... 0.15±0.07 0.10±0.06

flux (erg cm−2 s−1) 6.41+0.51
−0.54 7.49+0.61

−0.67 4.15+0.45
−0.70 2.510.51−0.25

χ2
ν 1.01 1.11 1.00 0.99

Table 3 Best fitted spectral parameters of 4U 1901+03 for four different cases using Model I and Model II. α and EH

are photon index and highecut energy of the CUTOFFPL model. Egabs and EFe are energy of absorption and Fe lines
respectively. τgabs is the optical depth. σgabs and σFe are the widths of absorption and Fe line. The subscript gabs1 and
gabs2 are for two GABS models. The column density (nH) and flux are in the scale of 1022 and 10−9 respectively. T0, kT
and τ are the spectral parameters of the COMPTT model. Flux were calculated in 3-79 keV energy range. Errors quoted
are within 90% confidence interval.
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Fig. 5 Variation of the pulse fraction of the pulse profile
with energy obtained using NuSTAR observations.

cases, large negative residuals were observed near 10

keV. So we incorporated the Gaussian absorption model

GABS in both cases. However, the HIGHECUT 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 Obs1 and Obs2 with-

out GABS model a wave like a feature in the residu-

als between 3-30 keV energy range with large negative

residuals near 10 keV were observed causing the fitting

to be unacceptable (Fig. 6). An addition of GABS

model fitted the spectra well. The reduced χ2 were

about 1.76 and 1.52 for the first two cases respectively

before the addition of GABS model which is unaccept-

able and after the addition it’s values were about 1.02

and 1.11 respectively.

In the case of NuSTAR Obs3 there were no Swift

observations 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 ob-

served by Coley et al. (2019) we too observed some

negative residuals near 30 keV indicating another ab-

sorption like feature and possibly 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 GABS

model and searched for an absorption feature near 30

keV (see Fig. 7), the best fitted value of 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 feature was observed with large negative resid-

uals near 10 keV. So we also used two GABS models

one for 10 keV and another for 30 keV absorption like

features, the spectra were fitted very well with reduced

χ2 of the fitting about 1.01. However, the first ab-

sorption 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 2.32-3.75×1022 cm−2 (Table 3). The in-

put soft temperature (T0) of COMPTT model varies

between 0.75-1.33 keV. The plasma temperature (kT )

and the plasma optical depth (τ) of this model are be-

tween 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
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Fig. 7 Fitted spectra of NuSTAR Obs3 in 3-79 keV en-
ergy range. Panel (a) shows residuals for Model I where
as panel (b) is residuals for ModelI*GABS models and
(c)shows residuals for ModelI*GABS*GABS models.

1.57-4.02 keV and 0.07-0.17. An absorption 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
temperature was about 0.20-0.31 keV. The iron emis-
sion 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 with Model II. The esti-
mated flux were 6.45×10−9,7.52×10−9, 5.01×10−9 and
2.56×10−9 erg cm−2 s−1 respectively. Thus the lu-
minosity of the pulsar in 3-79 keV were 1.24×1037D2

4,
1.44×1037D2

4, 9.59×1036D2
4 and 4.89×1036D2

4 erg s−1

for four the cases respectively. The 10 keV absorption
like feature was dependent on flux or luminosity 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 7.52×10−9 to 2.56×10−9 erg cm−2

s−1 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
absorption 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. How-
ever, when the spectra 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 EFe were
almost the same in the two cases. In order to check
whether the origin of the 30 keV absorption like fea-
ture in spectra of the last two NuSTAR observations
was due to Compton reflection, we fitted these spec-
tra 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 possible 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 spectra well and no additional mod-
els 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 0.13-39.60×10−10 erg cm−1 s−1 the pho-
ton index varies between 1.03-2.1. The column density
was observed to lie between 3.20-4.31×1022 cm−2. The
softening of the spectra of the pulsar at the end of an
outburst was also observed by Reig & Milonaki (2016).
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3.2.2 Phase Resolved Spectral Analysis

In order to understand the variation of spectral parame-

ters with pulse phase we performed phase resolved spec-

tral analysis of the NuSTAR observations. For phase re-

solved 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 fitted in 3-79 keV energy range

with CONSTANT, PHABS, CUTOFFPL, GAUSSIAN

and GABS models. Flux is estimated in the 3-79 keV

energy range. Spectral parameters are found to vary

significantly with the phases. From the phase-resolved

spectroscopy of Obs1, the photon index (α) and the

highecut energy (EH) were observed to show some anti-

correlation with the flux. The flux varies between 6.40-

7.02×10−9 erg cm−2 s−1 whereas α and EH varies be-

tween 0.19-0.366 and 6.08-6.64 keV respectively. The

column density lies between 0.80-1.54 ×1022 cm−2. The

variation of the Fe emission line (EFe) 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 (Egabs1) was also observed to

show some anti-correlation with the flux and lies be-

tween 10.12-11.02 keV. However the width (σgabs1) and

optical depth (τgabs1) of the line have two peak and also

shows anti-correlation with the E1gabs and lies between

3.23-5.08 keV and 0.15-0.34 respectively.

From phase-resolved spectral analysis of Obs2 the

photon index and EH have some positive correlation

with flux. Flux in this case decreases in between 0.0-0.3

from 7.89×10−9 to 7.79×10−9 erg cm−2 s−1, in between

0.4-0.8 the the flux increases reaching a maximum value

8.1×10−9 erg cm−2 s−1 at 0.7-0.8. The variation of the

Fe line with the phase is complex. The absorption fea-

ture Egabs1 in between phase interval 0.0-0.1 is 11.38

keV and reaches a maximum value of 11.6 keV in be-

tween 0.1-0.2 and then decreases reaching a minimum

of 11.07 keV at 0.9-1.0. σgabs1 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 be-

tween phase 0.5-0.6 and increases then decreases again.

The maximum value of σgabs1 is 3.50 kev and was ob-

served at 0.7-0.8. The optical depth (τgabs1) decreases

from 0.15 at 0.0-0.1 to 0.10 at 0.6-0.7 and then increases

abruptly to 0.17 and decreases again. The column den-

sity varies between 1.14-1.77×1022 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 another in between 0.7-0.8. The photon index and

EH follows the flux and have two peaks. The Fe line

from 6.58 keV decreases to reach a minimum value 6.43

keV in the phase interval 0.2-0.3 and increases reaching

a peak in the interval 0.5-0.6 after that it again de-

creases 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 Egabs1 is quite different from the

two previous cases. The energy of the 10 keV feature

Egabs1 decrease from 9.87 keV in between 0.0-0.3 fol-

lowed by an increase and decrease. In the interval 0.4-

0.6 the value Egabs1 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 σgabs1 shows negative correlation with the Egabs1 .

The optical depth (τgabs1) does not varies much in the

phase interval 0.0-0.6, however its variation with phase

is similar to that of the Egabs1 and varies between 0.28-

0.46. In this case the column density varies between

0.38-1.72×1022 cm−2.

From the phase-resolved spectral analysis of the

fourth NuSTAR observation, we found that the flux

lies between 2.53-2.72×10−9 erg cm−2 s−1. The mini-

mum value of photon index 0.39 was observed at phase

interval 0.4-0.5 and the maximum value of 1.04 was ob-

served at 0.5-0.6. The cutoff energy (EH) was within

5.94-7.09 keV energy range. The value of column den-

sity (nH) lies between 1.54-3.63×1022 cm−1. The iron

fluorescence line was lying between 6.45-6.64 keV with

its width in 21-380 eV energy range. The 10 keV feature

was found to vary between 5.84-8.79 keV. The width

and the optical depth of the feature were lying between

1.97-5.59 keV and 0.68-0.99 respectively.

The absorption like feature of about 30 keV in Obs3

was also found to depend on the pulse phase (Figure

10). The estimated line energy increases from 29.38

to 38.24 keV between the phase interval 0.0-0.4 and de-

creases 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 increases from 29.89-36.21 keV.

The width σgabs2 and optical depth τgabs2 of the fea-

ture 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 Obs1 the line en-

ergy and width of the feature varies between 31.24-38.76

keV and 0.75-6.15 keV respectively and in the phase in-

terval 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.
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However for phase intervals 0.5-0.6 and 0.8-0.9 of Obs2

the value of σgabs2 and τgabs2 were unrealistic so we did

not considered there values.

4 Discussion

We present Be X-ray pulsar 4U 1901+03 analysis which

has undergone short bursts of tens to hundreds of sec-

onds. The burst of the X-ray pulsar can be due to

instability in accretion disk burst (Taam et al. 1988;

Lasota & Pelat 1991; Cannizzo 1996) similar to the

burst observed in other sources namely, SMC X-1, GRO

J1744-28 and MXB 1730-355 (Moon et al. 2003; Rai et

al. 2018; Fishman et al. 1995; Lewin et al. 1976). Pulse

profiles show variation with both time and flux and are

similar to that observed by (Lei et al. 2009; Reig &

Milonaki 2016; Ji et al. 2020). From the NuSTAR

observations, we found that the pulse profile 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 Swift-XRT pulse

profiles (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

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 energy and becomes more pulse as a

result the pulse fraction increases (Alexander & Sergey

2008).

From the NuSTAR observations, we observed that

pulse profile (Fig. 3) is sinusoidal in shape at a lu-

minosity of 1.24×1037D2
4, which evolves into a double

peak pulse profile with one main peak at 1.44×1037D2
4

erg s−1. 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 9.59×1036D2
4 erg

s−1. With the further decrease in luminosity, the notch

disappears and the pulse profile becomes a single peak

and this happens at 4.89×1036D2
4 erg s−1. Similar

variations were observed in Swift-XRT pulse profiles

(Fig.4). Thus 4U 1901+03 shows 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 section 1),

which can be due to either fan and pencil beam pattern

or mixture of these two beam pattern (Chen et al. 2008;

Ji et al. 2020; Reig & Milonaki 2016). The fan shape

beam pattern being dominated at the high luminosity

whereas pencil beam pattern being dominating at the

low luminosity states outburst (Chen et al. 2008; Reig &

Milonaki 2016; Ji et al. 2020). The simple single peak

pulse profile during Obs1 and Obs4 can be due to the

source in the sub-critical region where the pencil shape

beam pattern dominates the fan shape beam pattern.

The significant variation of pulse profile in Obs2 and

Obs3 from Obs1 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 out-

burst (Chen et al. 2008; Reig & 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 depth of the feature varies for different ob-

servations. The energy, width and optical depth of the

feature is within the range observed by Reig & Milon-

aki (2016). It was observed that accreting pulsars

show a positive correlation of the cyclotron line energy

with the luminosity in sub-critical regime and an ega-

tive 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 outburst as

discussed above then the observed positive correlation

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 (Isenberg et al. 1998; Heindl et al. 2004; Reig &

Milonaki 2016) also support this feature to be a cy-

clotron 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 Lcrit ∼ 1.49 × 1037B
16/15
12 , thus for this feature to

be CRSF the critical luminosity must be ∼ 1037 erg

s−1. Assuming the distance of the source to be 3 kpc

Bailer et al. (2018) observed luminosity lies between

2.69-8.04×1036 erg s−1 which is below the critical lu-

minosity. Reig & Milonaki (2016) noted that for the

Lpeak/Lcrit ∼ 1 the distance should not be larger than

∼4 kpc. Thus for estimated luminosity to be less than

the critical luminosity the distance of the source must

be less than 4 kpc. However, Strader et al. (2019) noted

that the distance of the object measured by the Bailer

et al. (2018) was not a well constraint because the par-
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allax of the star in Gaia DR2 was insignificant and con-

sidering 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 be-

tween 4.59-13.74×1037 erg s−1 which is close to or above

the critical luminosity and raises doubt about this fea-

ture being CRSF. 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 mini-

mum value of few 1036 erg s−1. 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 tungsten L-edge of the NuSTAR optics

(Madsen et al. 2015; Fürst et al. 2013). The 10 keV

feature in other pulsars were present in the spectra of

different instruments of different satellites (Coburn et

al. (2002)) like in the case of 4U 1901+03 where this

feature was observed by RXTE (Reig & Milonaki 2016)

and Insight-HMXT (Nabizadeh et al. 2020), thus clear-

ing doubt about the instrumental origin of the feature.

We have also seen that the feature is present even if

we used another continuum model COMPTT instead of

CUTOFFPL.Nabizadeh et al. (2020) showed that when

NuSTAR Obs3 spectra were fitted bya two components

model consisting of two POWERLAW*HIGHECUT

along with GAUSSIAN and PHABS models no residu-

als were left near 10 keV and also no additional absorp-

tion model around 10 keV was needed when this two

component model was used to fit Insight-HMXT spec-

tra. 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−1, which indicates that the source

distance must be small. Thus without proper estima-

tion of the distance, 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 mod-

els used in fitting the spectra Coburn et al. (2002). The

change in the hydrogen column density nH for differ-

ent 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 respectively 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 observed in the phase-averaged spectra of Obs1
and Obs2 it was observed in the phase-resolved spectra
of these observations. 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 cyclotron line by studying the variation of line en-
ergy 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 observed cyclotron line can thus
be originated from accretion column (Schönherr 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 column 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 during which
an observer is able to see some parts of the column
(Molkov et al. 2019). In such a case, the magnetic field
in the visible part of the accretion column is not so var-
ied 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 neutron star (see eg. Mushtukov et al.
(2018)).

When the magnetospheric radius rm becomes greater
than the co-rotational radius rco then the centrifugal
force will prevent the material from falling onto the
neutron star this is known as Propeller Effect (Illari-
onov & Sunyaev 1975; Stella et al. 1986). As the pro-
peller effect set in there is an abrupt decrease in the
flux along with the absence of pulsation and even cause
non-detection of the source. Here the co-rotational ra-
dius is defined as the radius where the keplerian angular
velocity equals the spin angular velocity of the neutron
star. The magnetospheric radius depends 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 magnetospheric ra-
dius and reach neutron star. As the mass accretion rate
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decreases the magnetospheric radius increase 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 pulsation was detected after 58665.09, also the

flux abruptly decreases from 6.37×10−10 at 58637.08

MJD to 1.31×10−11 erg s−1 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 & Milon-

aki 2016; Zhang et al. 1998). As the accretion of

matter onto the neutron star ceases when rm = rco

this implies that B=4.8×1010P 7/6

(
flux

10−9ergs−1

)1/2

×(
d

1kpc

)(
M

1.4M�

)1/3 (
R

106cm

)−5/2
G (Cui 1997)),

here 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 6.37×10−10 erg cm−2

s−1 in 0.5-10.0 keV observed at 58637.08 MJD, which

is the minimum flux estimated in Swift-XRT observa-

tions when the source was still pulsating and assuming

the distance to the source to lie between 3-12.5 kpc the

magnetic field of the neutron star lies 0.38-1.56×1012 G,

assuming canonical values of mass and radius. How-

ever, 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 ex-

actly known. Taking the cyclotron line energy to be 30

keV the estimated magnetic field of the neutron star

will be about 2.59×1012 G and if it is so the distance

to the source must be greater than 12.5 kpc.
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