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A B S T R A C T 

We investigate timing and spectral characteristics of the transient X-ray pulsar 2S 1417 −624 during its 2018 outburst with NICER 

follow up observations. We describe the spectra with high-energy cut-off and partial co v ering fraction absorption (PCFA) model 
and present flux-dependent spectral changes of the source during the 2018 outburst. Utilizing the correlation-mode switching 

of the spectral model parameters, we confirm the previously reported sub-critical to critical regime transitions and we argue 
that secondary transition from the gas-dominated to the radiation pressure-dominated disc do not lead us to significant spectral 
changes below 12 keV. Using the existing accretion theories, we model the spin frequency evolution of 2S 1417 −624 and 

investigate the noise processes of a transient X-ray pulsar for the first time using both polynomial and luminosity-dependent 
models for the spin frequency evolution. For the first model, the power density spectrum of the torque fluctuations indicate that 
the source exhibits red noise component ( � ∼ −2) within the time-scales of outburst duration which is typical for disc-fed 

systems. On the other hand, the noise spectrum tends to be white on longer time-scales with high timing noise level that indicates 
an ongoing accretion process in between outburst episodes. For the second model, most of the red noise component is eliminated 

and the noise spectrum is found to be consistent with a white noise structure observed in wind-fed systems. 

Key words: accretion, accretion discs – stars: neutron – pulsars: individual: 2S 1417 −624. 
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 I N T RO D U C T I O N  

S 1417 −624 is a transient Be X-ray binary (BeXB), disco v ered
y Small Astronomy Satellite 3 ( SAS-3 ) in 1978 (Apparao et al.
980 ). Shortly after its disco v ery, 17.64 s (0.5669 Hz) pulsations
ere revealed and the source was observed to spin-up at a rate
f ∼(3-6) × 10 −11 Hz s −1 (Kelley et al. 1981 ). An optical companion
f B1 V e type with ∼16.9 mag was detected, and its distance
as inferred to be between 1.4 and 11.1 kpc (Grindlay, Petro &
cClintock 1984 ). Recent distance estimations provided by Gaia

ielded a result of 9 . 9 + 3 . 1 
−2 . 4 kpc (Bailer-Jones et al. 2018 ); ho we ver,

i et al. ( 2020 ) discussed the possibility of a 20 kpc distance by
ross-resolving the critical luminosity and torque equations on the
istance–magnetic field diagram. The orbital period of the binary
nd the eccentricity of the orbit are determined to be ∼42.19 d and
.446, respectively (Finger, Wilson & Chakrabarty 1996 ; ̇Inam et al.
004 ), which is further refined by the Fermi /GBM team. 1 

The second giant outburst of the source, after its disco v ery
as observed in 1994, and right after it is followed by several

maller Type-I outbursts, all of which were observed by Burst and
 E-mail: ozgurcanozudogru@gmail.com ( ̈OC ̈O); inam@baskent.edu.tr 
S C ¸ İ) 
 https:// gammaray.nsstc.nasa.gov/ gbm/ science/ pulsars/ lightcurves/ 2s1417 
html 

m  

t  

f  

u  

(  

s  

Pub
ransient Source Experiment ( BATSE ) onboard Compton Gamma
ay Observatory (Finger et al. 1996 ). The third outburst during
999–2000 was meticulously kept under observation with Rossi X-
ay Timing Explorer ( RXTE ) apart from BATSE . The correlation
etween pulse fraction and source flux, and a double-peaked pulse
rofile during the outburst were reported ( ̇Inam et al. 2004 ). In
009, the fourth giant outburst was detected by Fermi Gamma-
ay Burst Monitor (GBM), and Burst Alert Telescope (BAT) on-
oard Neil Gehrels Swift Observatory (Beklen, Finger & GBM Pulsar
roject Team 2009 ; Krimm et al. 2009 ), and also observed by RXTE
ubsequently (Gupta et al. 2018 ). This time, along with a double-
eaked pulse profile, triple-peaked pulse profiles were also observed
round the maximum luminosity (Gupta et al. 2018 ). Furthermore,
n anticorrelation between pulse fraction and the source flux was
eported, which was argued to be the result of the change of the
ccretion geometry from pencil beam to a combination of pencil and
an beam (Gupta et al. 2018 ). The fifth outburst in 2018, reaching to
350 mCrab intensity, was the brightest giant outburst so far. It was

bserved that the pulse profiles are evolving into a more complicated
hape with increasing luminosity, becoming quadruple-peaked at
aximum luminosity, which was not observed previously during

he less luminous giant outbursts (Ji et al. 2020 ). Pulse fraction was
ound to be correlated with luminosity in the hard band (25–100 keV)
sing Insight-HXMT [Hard X-ray Modulation Telescope: Zhang et al.
 2014 )] data. During these outbursts, the spin-up rate was found to be
caling up with the increasing pulsed flux, therefore 2S 1417 −624
© 2021 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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s a good candidate for testing accretion models. In 2021 January, 
S 1417 −624 entered another outburst episode, which has faded out 
ince then (Hazra et al. 2021 ; Knies et al. 2021 ). 

The X-ray spectra of 2S 1417 −624 are generally modelled with 
n absorbed power law with a high-energy cut-off, plus an iron 
mission line at ∼6.4–6.8 keV (Finger et al. 1996 ; İnam et al.
004 ). No cyclotron emission features have been observed from 

S 1417 −624 in the energy range of 0.9–79 keV (Gupta, Naik &
aisawal 2019 ). 2S 1417 −624 was also observed in its quiescent
tate with Chandra in 2013 May with 4.7 × 10 −13 erg s −1 cm 

−2 

nabsorbed flux (Tsygankov et al. 2017 ). No pulsations from the 
ource were detected, and it is argued that the quiescent spectrum may
e described by either a power-law model or a thermal component 
ith a temperature of ∼1.5 keV. 
Several studies investigated the timing noise of accretion-powered 

-ray pulsars in terms of statistical correlations or more source- 
pecific time-dependent noise strength variations (e.g. Baykal & 

¨
 ̆gelman 1993 ; D’Alessandro et al. 1995 ; Baykal 1997 ; Bildsten

t al. 1997 ). Timing noise can originate from internal and external
orques acting on the neutron star. In the case of accretion-powered 
-ray pulsars, Baykal & Ö ̆gelman ( 1993 ) suggested that the timing
oise is connected to mass accretion by revealing a statistical 
orrelation with X-ray luminosity. Bildsten et al. ( 1997 ) examined 
he power density spectra of the torque fluctuations of eight persistent
ystems to probe the nature of the accretion in these systems. They
eported white torque-noise structure in known wind-fed systems, 
onsistent with the expectations from the simulations of timing noise 
n such systems (Fryxell & Taam 1988 ), since their spin frequency
volution can be characterized as random shots of independent torque 
uctuations. On the other hand, disc-fed systems should exhibit a 

ong-term correlation of accretion torques which can lead to red-noise 
omponents in the power density spectra of the torque fluctuations. 
o far, timing noise studies focus only on persistent and isolated 
ources. In this paper, we present a study of the torque fluctuations
f a transient system using luminosity-dependent spin frequency 
odelling for the first time. 

 OBSERVATIONS  A N D  DATA  R E D U C T I O N  

n this study, we use target of opportunity observations of 2S 

417 −624 during its outburst in 2018, which were taken by the
eutron Star Inner Composition Explorer ( NICER ) X-Ray Timing 

nstrument (XTI) stationed at the International Space Station and 
perated by NASA (Gendreau et al. 2016 ). NICER /XTI detects soft
-rays in energy range 0.2–12 keV with high timing resolution 
f about 100 ns. It has 56 co-aligned X-ray concentrators that 
ocus X-rays to Focal Plane Modules composed of silicon drift 
etectors (Prigozhin et al. 2012 ). Out of 56 detectors, four are
nactive since launch and two detectors (14, 34) are reported to have
ncreased instrumental noise 2 occasionally. Therefore these detectors 
re excluded from our analysis. 

NICER master archive catalogue contains 85 observations of 
S 1417 −624 between 2018 April 1 and September 3. 17 of the
bservations have zero or very low exposures ( < 100 s) after data
creening therefore we use 68 observations which add up to a 
otal exposure of 82.9 ks (see Table 1 ). We implement the most
ecent calibration files 3 (version of 2020 July 22) available at the 
 https:// heasarc.gsfc.nasa.gov/ docs/nicer/data analysis/ nicer analysis tips. 
tml 
 https:// heasarc.gsfc.nasa.gov/ docs/heasarc/caldb/data/ nicer/ xti/ index.html 

4

5
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u

ime of the analysis. We use gain calibration file version 6 in our
nalysis. In the data reduction and calibration process, we used 
ICERDAS version 7a which is issued within HEASOFT v6.28. 4 The 
lean events and mkf files are reproduced by using standard level
 data processing steps ( NICERL2 tool) with the default parameters
ecommended by the NICER team. These include screening off times 
hen the pointing offset is greater than 0.015 ◦, the distance to the
right earth limb is greater than 30 ◦, the distance to the dark earth
imb is greater than 15 ◦, and also times within the South Atlantic
nomaly. 
The source and background spectra of each observation are ex- 

racted with the background estimator tool NIBACKGEN3C50 version 
 using 2020 gain calibration, one of the recommended tools by
he NICER team. 5 During the spectral analysis, data below 0.8 keV
re excluded due to high background count rates comparable to 
ource spectrum. Generated spectra are rebinned to have at least 
0 counts per bin via grppha tool. Data below 0.8 keV are
xcluded during spectral analysis, because of calibration issues. 
efore applying version ‘20170601v004’ of the ancillary response 
le and version ‘20170601v002’ of the redistribution matrix file, we 
djust them for the exclusion of noisy detectors as recommended. 6 

pectra are modelled with XSPEC v12.11.1. For the timing anal- 
sis, event time-series are corrected for the barycenter of the 
olar system using barycorr tool with JPL ephemeris DE430. 
ight curves are extracted in XSELECT with a time resolution of
.125 s. 

 SPECTRAL  ANALYSI S  

e investigate 0.8–12 keV spectra of 68 NICER observations of 2S
417 −624, co v ering a time span of ∼150 d during its outburst in
018. The spectra of 2S 1417 −624 can be described by photoelectric
bsorption and power law with a high-energy cut-off model, and also
n additional Gaussian component to characterize the iron fluorescent 
ine around ∼6.4–6.7 keV (Finger et al. 1996 ; ̇Inam et al. 2004 ). Even
hough stated model is sufficient to explain the spectral continuum at
ower flux levels, the spectra at higher flux levels become more
omplicated and they require additional components to properly 
escribe the data. For example, Gupta et al. ( 2019 ) investigated the
pectra (0.9–79 keV) of 2S 1417 −624 with NuSTAR and Swift /XRT
hich almost simultaneously observed the source at the peak of 

he outburst in 2018. They tested several alternative models to 
epresent the data that include addition of a thermal component (with
T ∼ 0.94 keV) or a partial co v ering fraction absorption
PCFA). 

.1 Time-averaged spectra 

n order to observe the features in the NICER spectrum during the
eak of the 2018 outburst, we merge the event files between MJD
8233.1–58252.1 with the tool nimpumerge and create a time- 
veraged spectrum for the peak of the outburst. The total exposure
s 31.1 ks during this time interval. We add a systematic error of
 per cent during the analysis of the merged spectrum during the
eak of the outburst. We first model this spectrum with a model
omposed of an absorbed power law with a high-energy cutoff and a
 https:// heasarc.gsfc.nasa.gov/ docs/software/ lheasoft /download.ht ml 
 https:// heasarc.gsfc.nasa.gov/ docs/nicer/t ools/nicer bkg est t ools.html 
 https:// heasarc.gsfc.nasa.gov/ docs/nicer/analysis threads/arf -rmf -precomp 
ted/
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Table 1. List of NICER observations used in this work. 

Obs. ID Time (MJD) Exposure (s) Obs. ID Time (MJD) Exposure (s) Obs. ID Time (MJD) Exposure (s) 

1200130101 58209.51 563 1200130133 58260.00 1890 1200130156 58297.42 1718 
1200130104 58214.49 986 1200130134 58261.16 373 1200130157 58298.45 894 
1200130105 58215.01 399 1200130135 58262.07 1068 1200130158 58299.67 497 
1200130106 58219.38 199 1200130136 58263.23 1034 1200130160 58301.47 655 
1200130107 58222.00 592 1200130137 58264.07 1223 1200130165 58308.24 1594 
1200130108 58223.03 1063 1200130138 58268.16 517 1200130166 58310.18 879 
1200130109 58224.06 120 1200130139 58269.38 1209 1200130167 58311.33 1140 
1200130110 58225.02 268 1200130140 58271.18 1593 1200130168 58312.43 1112 
1200130114 58233.12 3938 1200130141 58272.53 2692 1200130169 58317.56 707 
1200130115 58236.34 1520 1200130142 58273.37 637 1200130171 58321.55 901 
1200130116 58237.56 1334 1200130143 58274.34 1044 1200130172 58322.77 307 
1200130117 58238.07 1808 1200130144 58275.04 1570 1200130173 58323.68 718 
1200130118 58239.30 2231 1200130145 58276.01 2366 1200130174 58324.64 720 
1200130119 58240.79 1219 1200130146 58278.65 963 1200130175 58326.12 1292 
1200130120 58241.22 3743 1200130147 58279.03 920 1200130176 58327.73 114 
1200130122 58244.12 1222 1200130148 58280.06 1815 1200130177 58328.82 822 
1200130123 58245.08 1133 1200130149 58282.19 685 1200130178 58329.79 534 
1200130124 58246.05 3426 1200130150 58283.99 888 1200130179 58330.89 596 
1200130126 58248.11 3603 1200130151 58289.06 1373 1200130181 58338.77 1488 
1200130127 58249.92 562 1200130152 58290.67 1865 1200130183 58348.23 590 
1200130128 58250.05 1800 1200130153 58292.08 1164 1200130184 58354.34 724 
1200130129 58251.15 2780 1200130154 58293.75 476 1200130185 58364.75 540 
1200130130 58252.05 779 1200130155 58296.13 1669 
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aussian component at 6.4 keV for iron K α emission line. Ho we ver
his fit is inadequate with a reduced χ2 of 1.66. Therefore we try the
odel that includes a thermal component represented by a blackbody

BB) emission. The best-fitting parameters of this model are given
n Table 2 as Model 2. Addition of the BB component decreases
he reduced χ2 to 0.88 which implies that this model o v erfits the
ata. Furthermore, BB temperature is estimated to be 0.56 keV
hich is less than the estimation of Gupta et al. ( 2019 ). The BB

mission radius calculated from the normalization of BBODYRAD
odel assuming a distance of 9.9 kpc ( GAIA value) is about 8.0 km.
ince we aim to search for a time evolution of spectral parameters,
e also try this model for single observations and notice that the
B component cannot be resolved in all observations. Moreo v er

he photon index evolution cannot be traced correctly because lower
hoton index values are found when BB is added to the model only
n some of the observations. 

Next we model the merged spectrum during the peak of the
utburst using a model composed of an absorbed power law with
 high-energy cutoff plus a partial co v ering absorber. Fixing the
ydrogen column density of the photoelectric absorption model
 n H 1 ) to 1.12 × 10 22 atoms cm 

−2 , that is the galactic average 7 in
he direction of 2S 1417 −624, the hydrogen column density of the
artial co v ering absorber ( n H 2 ) would characterize the absorbing
aterial in the vicinity of the source. This model gives an acceptable
t with a reduced χ2 of 0.98. The best-fitting parameters are given

n Table 2 as Model 1 and the energy spectrum is shown in Fig. 1 .
t has been observed that in some cases spectra of Be/X-ray binaries
equire an additional absorber to establish an adequate continuum
odel (Naik et al. 2011 ; Jaisawal, Naik & Epili 2016 ; Epili et al.

017 ). We use this model for single observations and perceive that it is
uccessful for all of the observations, therefore suitable to investigate
ime-resolved spectra. 
 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ xraybg/xraybg.pl 
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.2 T ime-r esolved spectra 

ingle observation exposures are varying from 3.9 to 0.1 ks and are
enerally below 1 ks (see Table 1 ). During the spectral analysis of
ingle observations high-energy cutoff is excluded from Model 1 and
o systematic error is added. Since we confront with weak iron line
n low exposure and low flux observations, we fix the line energy
nd sigma to their best-fitting values found from the time-averaged
pectrum during the peak of the outburst. Therefore, we trace the
ariation of the co v ering fraction and column density of the PCFA
odel, photon index, and unabsorbed flux. 
The results obtained from the spectral modelling of single ob-

ervations are illustrated in Fig. 2 . Overall, the model provides
 statistically adequate description of individual spectra, with
2 < 1.1 in almost all cases. Unabsorbed flux measurements in
.8–12 keV energy band (Fig. 2 , top left-hand panel) exhibits a
imilar profile with the one observed in 15–50 keV Swift /BAT count
ate. Time evolution of the PCFA model parameters and photon index
how sporadic correlations and anticorrelations with flux. Hence, we
urther examine flux dependence of the parameters (Fig. 2 , right-
and panel). Furthermore, we also illustrate the corresponding flux
evels of accretion regime transitions, L crit and L ZoneA as reported by
i et al. ( 2020 ). The flux levels that correspond to L crit and L ZoneA 

re interpolated by using the NICER flux measurements at the dates
lose to the accretion regime turnovers reported by Ji et al. ( 2020 )
MJD ∼58308 for L crit and MJD ∼58260 for L ZoneA ). Both partial
o v ering fraction and the photon index are in anticorrelation with
he flux up to L crit ; ho we v er, their correlations change abo v e this
ux level. Second transition level, which corresponds to L ZoneA , do
ot reflect significant changes in the flux dependence of spectral
arameters. When the source luminosity is below L crit , the co v ering
raction and photon index decreases from ∼0.6 to ∼0.2 and ∼1.1
o ∼0.6, respectively, as the source luminosity increases (Pearson
orrelation coefficients, p , −0.75 and −0.71, respectiv ely). Ev en
hough the spectral softening is not very prominent at supercritical
egime (photon indices remain in the range from ∼0.6 to ∼0.7),

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xraybg/xraybg.pl
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Table 2. List of spectral parameters for the peak of the outburst obtained 
via analysis of merged observations between MJD 58233.1–58252.1. Model 1 is 
PHABS ∗PCFABS ∗(POW ∗HIGH + GAU) and model 2 is PHABS ∗(POW ∗HIGH + 

BBODYRAD + GAU) . Uncertainties are given for 90 per cent confidence interval. 

Component Parameters Model 1 Model 2 

phabs n H 1 (10 22 cm 

−2 ) 1.12 (fixed) 1.07 ± 0.01 
pcfabs n H 2 (10 22 cm 

−2 ) 55.0 + 5 . 3 −4 . 8 –

Co v ering fraction 0.24 ± 0.02 –
powerlaw � 0.738 ± 0.004 0.43 ± 0.02 

norm (10 −2 ) 8.5 ± 0.2 4.1 ± 0.2 
highecut E cut (keV) 8.3 + 0 . 2 −0 . 3 6.7 ± 0.1 

E fold (keV) 19.0 + 3 . 8 −2 . 8 19.5 + 2 . 0 −1 . 8 

bbodyrad kT (keV) – 0.56 + 0 . 01 
−0 . 02 

R 

a (km) – 8.0 + 0 . 3 −0 . 2 

Gaussian Line energy (keV) 6.40 ± 0.02 6.40 ± 0.01 
σ (keV) 0.07 ± 0.02 0.09 ± 0.02 

norm (10 −4 ) 6.6 ± 0.8 6.5 ± 0.8 
Equi v alent width (eV) 30 + 4 −3 36 + 4 −3 

Blackbody flux b – 0.63 + 0 . 06 
−0 . 05 

Unabsorbed flux b 23.5 ± 0.5 19.36 ± 0.07 

χ2 
Red ( d.o.f. ) 0.98 (1104) 0.88 (1103) 

Notes. a Blackbody emitting radius is calculated assuming a distance of 9.9 kpc. 
b 0.8–12 keV flux values are given in units of 10 −10 er g cm 
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he flux measurements still seem to be moderately correlated with 
he photon index (with p ∼ 0.7 for supercritical and zoneA regimes 
ombined). Beyond L crit , the covering fraction becomes uncorrelated 
nd resides in the range from ∼0.1 to ∼0.3. On the other hand, the
olumn density of the PCFA remains more or less constant below L crit 

nd becomes strongly correlated with the flux abo v e the critical level
 p ∼ 0.93 for supercritical and zoneA regimes combined), reaching 
p to ∼6 × 10 23 atoms cm 

−2 when the source is brightest. 

 TIMIN G  A NALYSIS  

.1 Pulse frequency measurements 

S 1417 −624 is regularly monitored with Fermi /GBM (Meegan 
t al. 2009 ) during its outburst in 2018 and the GBM Accreting
ulsars Program (GAPP) team shares out their timing analysis and 
ulsed flux measurement results through their web page. 8 The spin 
requency measurements of the GAPP team are provided as orbitally 
orrected for Doppler delays with a slightly impro v ed v ersion of the
rbital solution reported by ̇Inam et al. ( 2004 ). For our analysis, we
ake use of the orbitally corrected frequency history generated by 

he GAPP team. For the NICER /XTI observations, we first apply 
rbital correction to the light curve (Fig. 3 ) with the orbital solution
escribed by the GAPP team. Then, we seek for local timing solutions 
co v ering a time span of ∼70 d) in Fermi /GBM frequency history
y fitting 6th order polynomials within each segment. The timing 
arameters of each segment is listed in Table 3 . Afterwards, we fold
he NICER observations on the local timing solutions to obtain the 
ulse profiles (with 20 phase bins) for each observation. When the 
bservation sequence has a gap less than half-day, they are combined 
o generate one single pulse profile. The pulse profiles are described 
nalytically in the form of harmonic functions (Deeter & Boynton 
 https:// gammaray.nsstc.nasa.gov/ gbm/ science/ pulsars/ lightcurves/ 2s1417 
html 

9

1

982 ) and cross-correlated to calculate pulse arri v al times (TOAs).
or each local segment, the cross-correlation analysis is performed 
y taking the luminosity-dependent pulse profile variability (Ji et al. 
020 ) into account (i.e. we solely employ the pulses with same
rofiles in each segment). Ho we ver, complex luminosity-dependent 
ulse shape and high spin-up rates during the outburst make it hard
o obtain a phase coherent timing solution for long time spans.
nstead, we use the solutions obtained by fitting the Fermi /GBM
easurements and we calculate piecewise derivative of the pulse 
OAs by fitting a linear model to each sequential TOA pair. By
tilizing the slope of each fit, δν = δφ/( t 2 −t 1 ), where t 1 and t 2 are
he time of the first and second pulse of TOA pair , we con vert them
nto spin frequency measurements at the mid-time of each interval 
see C ¸ erri-Serim et al. 2019 for applications). Uncertainty in spin 
requency measurements are derived from 1 σ error ranges of slopes 
btained during the fit. The spin frequency history generated from 

ICER observations are illustrated in Fig. 5 (upper panel) along with
he spin frequency history provided by the GAPP team. 

.2 Torque–luminosity modelling 

n order to investigate the torque–luminosity correlation of the 
ource, we measure the spin frequency deri v ati ve ( ̇ν) by fitting a
inear function to each consecutive three spin frequency measure- 

ents. The uncertainty in ν̇ measurements are calculated from the 
rror range of the slope of the linear function on 1 σ level. X-
ay luminosity of 2S 1417 −624 (at 10 kpc and D 10 ≡ d /10 kpc)
s calculated from the count rate history provided by SWIFT /BAT
eam 

9 (Krimm et al. 2013 ) by multiplying a flux conversion factor
f 1.13 × 10 −7 erg cts −1 (Ji et al. 2020 ). Furthermore, to estimate
he X-ray luminosity ( L x ) at times corresponding to that of the ν̇
easurements, we use linear spline interpolation with interp1d 10 
 https:// swift.gsfc.nasa.gov/ results/ transients/ 
0 https://docs.scip y.org/doc/scip y/r efer ence/tutor ial/interpolate.html 
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Figure 1. 0.8–12 keV energy spectrum of 2S 1417 −624 for the peak of the outburst obtained by merging observations between MJD 58233.1–58252.1. Panel 
A shows the data and the best fit (solid line) for PHABS ∗PCFABS ∗(POW ∗HIGH + GAU) model. The dotted curve indicates the Gaussian component fitted at 
6.4 keV for the Fe K α emission. Panel D demonstrates the ratio of data to this model, whereas panel B is the ratio for PHABS ∗POW ∗HIGH model and panel C 

is the ratio for PHABS ∗(POW ∗HIGH + BBODYRAD + GAU) model. 
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ool of scipy library of Python. During the interpolation, we scale
he uncertainty in luminosity by 5 per cent for systematic errors.
he spin-up rate versus L x variation is shown in Fig. 4 . Since most
f the disc–magnetosphere interaction models (e.g. Ghosh & Lamb
979 ; Lo v elace, Romano va & Bisno vatyi-Kogan 1995 ; Klu ́zniak &
appaport 2007 ) suggest a relation between X-ray luminosity and

he spin-up rate in the form of ν̇ ∝ L 

α
x , we model the relation as: 

˙model = β L 

α
x , (1) 

here the coefficient β and index α are allowed to vary. The fitting
rocedure yields β = 7.0 ± 0.4 and α = 0.89 ± 0.03. It should be
oted that the power-law dependence on luminosity is compatible
ith the disc accretion model introduced by Ghosh & Lamb ( 1979 )
hich envisages α = 6/7 ∼ 0.86. Making use of ν̇model parameters,
e generate a model series for the frequency evolution as: 

model ( t) = ν0 + 

∫ t 

t 0 

ν̇model ( t 
′ )d t ′ , (2) 

here t 0 is the time of burst onset and ν0 is the spin frequency
t t 0 . The numerical integration is carried out using the composite
rapezoidal rule. The resultant νmodel ( t ) which o v erlays the spin fre-
uency measurements is demonstrated in Fig. 5 . The spin frequency
NRAS 510, 1438–1449 (2022) 
volution of 2S 1417 −624 is adequately described by the constructed
odel, νmodel ( t ), within the residuals of few μHz. 

.3 Noise strength analysis 

n order to understand the noise processes that lead to observed pulse
requency fluctuations, we examine the residuals after removing
model from the spin frequency measurements. The pulse frequency
uctuations are analysed using the root-mean-square (rms) residual
ethod developed by Cordes ( 1980 ) and Deeter ( 1984 ). In this

echnique, spin evolution of a pulsar is described as polynomials
f degree m , and the mean squared values of residuals 〈 σ 2 

R ( m, T ) 〉
re used to estimate the r th-order red noise strength S r on a time-scale
 . After removing the regular spin-up trend, the noise strength can
e estimated as: 

 r = T 2 r−1 〈 σ 2 
R ( m, T ) 〉 

〈 σ 2 
R ( m, 1) 〉 u 

, (3) 

here 〈 σ 2 
R ( m, 1) 〉 u is the normalization coefficient of unit noise

trength. The normalization coefficient can be estimated by measur-
ng the expected mean square of residuals after removal of m th degree
olynomial for the unit strength red noise ( S r = 1) on unit time-scale

art/stab3547_f1.eps
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Figure 2. Left-hand panel: The time evolution of the spectral parameters of 2S 1417 −624 during its outburst in 2018. Right-hand panel: The flux dependence 
of the model parameters. The flux levels associated with the accretion regime transitions L crit and L ZoneA (see the text) are indicated with vertical dashed lines. 
Uncertainties are given for 90 per cent confidence interval. 
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 T = 1). The normalization coefficients for different orders of red
oise r and degree of polynomials m can be calculated via numerical
imulations (Scott, Finger & Wilson 2003 ) or direct e v aluations
Deeter 1984 ). While using νmodel to describe the spin frequency 
volution, we estimate the normalization coefficient of the simulated 
ata series after the removal of νmodel . 
We calculate the noise strength at various time-scales depending 

n the data sampling rate of the spin frequency measurements. 
urthermore, we also include previous spin frequency measurements 
rovided by BATSE team 

11 in order to extend the maximum time- 
cale of the noise strength estimations and to obtain statistical 
mpro v ements for power density estimates. Hence, we also perform 

xact analysis procedure to the BATSE measurements as well. In 
ach time-scale, the noise strength measurements are logarithmically 
veraged and combined into a single power estimate. Finally, by 
apping the power density estimates to the corresponding analysis 

requencies ( F a = 1/ T , where T is the time-scale in which the noise
nalysis is performed), we generate the power density spectra of pulse 
requency fluctuations (Fig. 6 ). In order to understand the effect of the
ccretion model on the shape of the power density spectra, we also
onstruct a power density spectrum of the same data set without em-
loying νmodel . Videlicet, we investigate the residuals after removal 
f quadratic polynomial trends in the data set ( m = 2) for each time-
1 https:// gammaray.nsstc.nasa.gov/ batse/ pulsar/ 

w
e
t

cale and calculate the corresponding power density estimates. When 
model is not employed, we make use of normalization coefficients 

ntroduced in tables 1 and 2 of Deeter ( 1984 ). 
We find that without employing the νmodel , the power density spec-

rum possesses a red noise component with a slope of ∼–2 in between
he analysis frequencies −1.3 � log(F a ) � −2.2. On longer time-
cales (i.e. log(F a ) � −2.2), the spectral shape is flattened out and
ltered to a white noise structure (Fig. 6 , left-hand panel). In this case,
he noise strength, S r , varies in the range of ∼10 −18 Hz s −2 to ∼10 −16 

z s −2 . On the other hand, if the νmodel is used as a model for describ-
ng the rotational evolution of the source, the noise level is reduced
pproximately 2 orders of magnitude for the time-scales in which a
ignificant power density estimate is attained and the power density 
pectrum results in a flat shape ( S r ∼ 10 −18 Hz s −2 ) that is consistent
ith white noise structures in all time-scales (Fig. 6 , right-hand
anel). In both cases, the power density spectra are dominated by
easuremental noise level for analysis frequencies higher than −1.3. 

 DI SCUSSI ON  

n this study, we examine the characteristics of the BeXB 2S
417 −624 through spectral and timing analysis of the NICER
bservations during its outburst in 2018. In the spectral analysis, 
e model the individual spectra of each observation with high- 

nergy cut-off and partial co v ering fraction absorption (PCFA) model 
o investigate the flux-dependent spectral variations of the source 
MNRAS 510, 1438–1449 (2022) 

art/stab3547_f2.eps
https://gammaray.nsstc.nasa.gov/batse/pulsar/


1444 M. M. Serim et al. 

Figure 3. One-day binned light curve of 2S 1417 −624 obtained from NICER /XTI observations in 0.8–12 keV energy band. 

Table 3. Table of timing parameters obtained from modelling the spin frequency measurements 
provided by the GAPP team. MJD range indicates the time range of input data used for polynomial 
fitting. The number given in parentheses represents the 1 σ uncertainty in the least significant digit 
of a stated value. 

Interval 1 Interval 2 Interval 3 

MJD range 58210.5–58277 58243–58312 58280–58350 
Epoch (MJD) 58243.0(6) 58277.02(7) 58318.99(2) 
ν (Hz) 0.0572491(1) 0.05737625(8) 0.0574503(2) 
d ν/dt (10 −11 Hz s −1 ) 5.630(3) 3.034(3) 0.950(3) 
d 2 ν/dt 2 (10 −18 Hz s −2 ) −2.51(1) −6.65(1) −3.19(1) 
d 3 ν/dt 3 (10 −23 Hz s −3 ) −1.450(1) 0.3199(9) 0.5883(8) 
d 4 ν/dt 4 (10 −30 Hz s −4 ) 6.693(1) −0.450(1) −0.714(1) 
d 5 ν/dt 5 (10 −36 Hz s −5 ) 8.769(6) −3.187(1) −7.849(1) 
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hroughout the 2018 outburst for the first time. We observe that
hoton index exhibits an anticorrelation with 0.8–12 keV flux below
0.7 × 10 −9 erg s −1 cm 

−2 . Such an anticorrelation was also observed
n both 1999 ( ̇Inam et al. 2004 ) and 2009 outbursts (Gupta et al.
018 ), for which the source was interpreted to be in subcritical
ccretion regime. In this regime, the height of the emission region
nside the accretion column suggested to be inversely proportional
o the X-ray luminosity (Becker et al. 2012 ). The Comptonization
akes place in the zone, between the radiative shock and neutron star
urface. This zone shrinks as the luminosity increases which leads
o an increase in the optical depth. Thus, the spectrum gets harder,
hich eventually yields an anticorrelation between luminosity and
hoton index (Reig & Nespoli 2013 ). The 2018 outburst of the
ource was significantly more luminous than the previous outbursts
Ji et al. 2020 ), allowing us to examine a broader luminosity range.

e find that the relation between the photon index and 0.8–12 keV
NRAS 510, 1438–1449 (2022) 
ux switches from anticorrelation to a slight positive correlation
bo v e ∼0.7 × 10 −9 erg s −1 cm 

−2 level (Fig. 2 ). The transitional
ux level is consistent with the L crit estimates that are deduced
rom variations of the pulse profile morphology and pulse fraction–
uminosity correlations (Gupta et al. 2018 ; Ji et al. 2020 ). Beyond
his flux level, the source possibly enters to supercritical accretion
egime in which the radiation pressure is high enough to halt the
ccretion flow at a certain height abo v e the pulsar, thus the beam
eometry is altered from pencil beam to fan beam (Becker et al.
012 ). In this case, Comptonization diminishes since the accelerating
eed electrons are reduced due to the shock in the accretion column
Becker et al. 2012 ), giving rise to the observed positive correlation
etween photon index and flux. We observe the effect of this
ransition on the co v ering fraction and the column density of partially
o v ering absorber n H 2 as well. The n H 2 values remain uncorrelated
elow L crit and significantly rise abo v e L crit . Some transient X-ray

art/stab3547_f3.eps
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Figure 4. The spin-up rate versus luminosity relation of 2S 1417 −624. The solid red line indicates the best fit for the ̇νmodel . 
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inaries are shown to have an increased absorption on the phases that
re associated with the dips in their pulse profile [e.g. GRO J1008-
7: Naik et al. ( 2011 ), GX 304-1: Jaisawal et al. ( 2016 )]. Ji et al.
 2020 ) studied the pulse profile evolution of 2S 1417–624 during
he outburst in 2018 with the same NICER data set. In their study,
hey reported that the pulse profiles have complex shape and are 
uminosity dependent. It is interesting to note that abo v e L crit , the
ulse profiles exhibit another dip [see fig. 2 of Ji et al. ( 2020 ), around
hase 0.6]. The increased absorption at the supercritical regime may 
lso be associated with this observed changes in the pulse profile. 
n the other hand, it is also possible that n H 2 may increase due to

he absorption of the material around the neutron star if there is a
ormation of an envelope around the neutron star that resembles the 
ase of Swift J0243.6 + 6124 (Zhang et al. 2019 ). 

Similar to the case of Swift J0243 + 6124 (Doroshenko et al.
020 ), Ji et al. ( 2020 ) suggests that another transition takes place
etween gas dominated disc and radiation dominated disc for 2S 

417 −624 at the luminosity level L zoneA ∼ 7 × 10 37 D 

2 
10 erg s −1 . At

his stage, the radiation pressure becomes so strong that it influences 
he disc structure and leads to alterations in the emission region 
nd the pulse profile. The transition to L zoneA is shown to affect the
ulse profile shape [Swift J0243 + 6124, Doroshenko et al. ( 2020 );
S 1417 −624, Ji et al. ( 2020 )]. Furthermore, when studying the
ardness ratio of 2–20 keV to 15–50 keV emission (i.e. MAXI
nd Fermi /GBM count rates), Doroshenko et al. ( 2020 ) noticed
hat L zoneA transition also leads to an increase in the soft emission
f Swift J0243 + 6124. We do not find any significant change in
ux dependence of spectral features in supercritical regime and 
adiation pressure dominated disc regime in our analysis for 2S 

417 −624 within 0.8–12 keV band. It should be noted that Wilson-
odge et al. ( 2018 ) investigated the hardness intensity diagrams 
n both soft ([7–10 k eV]/[4–7 k eV] bands with NICER ) and hard
nergy bands ([12–16 keV]/[8–12 keV] bands with Fermi /GBM) 
or Swift J0243 + 6124. In the hardness intensity diagrams within
he hard band, they noticed a transition which takes place in a
igher luminosity level than L crit [perhaps due to L zoneA transi- 
ion; Doroshenko et al. ( 2020 )], but attributed to different reasons.
o we ver, in the hardness intensity diagram obtained with NICER ,

hey noticed only the first transition which is taking place at
 crit level. Thus, L zoneA transition may lead to observable spectral 
hanges in higher energy bands [e.g. as in the case of Swift
0243 + 6124; Kong et al. ( 2020 )] but the consequences of such a
ransition are possibly not reflected or resolvable on the spectra below 

12 keV in our study of 2S 1417 −624. Therefore, observations
ith X-ray missions which are sensitive to photons in a broader

nergy range, such as NuSTAR or HXMT , are required to reveal
he changes in the spectral features that are expected for L zoneA 

ransition. 
In the timing analysis, we enrich the frequency measurements 

rovided by Fermi GAPP team with additional measurements ob- 
ained from NICER observations. We first use this spin frequency 
istory to model the relation between observed spin-up rates and 
he luminosity calculated for 10 kpc distance (see Section 4.2). 

e find that the correlation between these two parameters can 
e described as ν̇12 = (7 . 0 ± 0 . 4) × L 

0 . 89 ±0 . 03 
37 . Provided that the

bserved X-ray luminosity is proportional to the total bolometric 
uminosity, this correlation can be interpreted as accretion from a 
isc when there is a net positive torque on the pulsar (Ghosh & Lamb
979 ). Correlation between the spin-up rate and X-ray luminosity 
n different X-ray energy bands was observed in this outburst and
he previous outbursts of 2S 1417 −624 (e.g. Finger et al. 1996 ;
nam et al. 2004 ; Ji et al. 2020 ), and also in other transient systems
MNRAS 510, 1438–1449 (2022) 
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Figure 5. Upper panel: The spin frequency evolution of 2S 1417 −624 during its outburst in 2018. Blue squares: NICER /XTI, black dots: Fermi /GBM, solid 
red line: νmodel ( t ). Bottom panel: Residuals after the removal of νmodel ( t ) from the spin frequency measurements. 

Figure 6. The power density spectra of pulse frequency fluctuations of 2S 1417 −624, generated from the residuals after removing νmodel (right-hand panel) 
and from the residuals after removing polynomial models (left-hand panel). The black crosses indicate the measuremental noise levels. 
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e.g. GRO J1744 −28, (Bildsten et al. 1997 ); SAX J2103.5 + 4545,
Baykal et al. 2007 ); Swift J0243.6 + 6124, (Zhang et al. 2019 )]. The
ower-la w inde x found from modelling the correlation is consistent
ith the Ghosh & Lamb picture which predicts the index as α =
/7. In this case, the relation between the luminosity and spin-up
ate can be described as (Ghosh & Lamb 1979 ; Sugizaki et al.
017 ): 

˙12 = 1 . 4 μ2 / 7 
30 n ( ω s ) R 

6 / 7 
6 M 

−3 / 7 
1 . 4 I −1 L 

6 / 7 
37 , (4) 
45 

NRAS 510, 1438–1449 (2022) 
here ν̇12 is the spin-up rate (in 10 −12 Hz s −1 ), μ30 is the magnetic
ipole moment (in Gauss cm 

3 ), n ( ω s ) is the fastness parameter, R 6 

s the neutron star radius (in 10 6 cm), M 1.4 is the mass of the pulsar
in 1.4 M 
), I 45 is the moment of inertia (in 10 45 gr cm 

2 ), and L 37 is
he bolometric luminosity (in 10 37 erg s −1 ). For slow rotators, such
s 2S 1417 −624, the fastness parameter can be approximated as
 ( ω s ) ∼ 1.4. If the calculations are proceeded for 10 kpc distance
ith the typical neutron star parameters such as R 6 ∼ 1, M 1.4 ∼ 1, and

 45 ∼ 1, it leads to a magnetar-like dipole field strength of ∼10 14 G

art/stab3547_f5.eps
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Figure 7. Top panel: The power spectrum (in black) is created by splitting the NICER /XTI light curve (Obs. ID. 1200130123, taken on MJD 58245) into 64 s 
time intervals (using 512 bins with 0.125 s rebinning time), averaging these time intervals into one frame [in order to increase the statistical significance of the 
spectral features; van der Klis ( 1988 )], and rebinning the resulting spectrum by 2. A smooth broken power law with a Lorentzian component is fitted to the 
power spectrum (in red). Bottom panel: The power spectrum is normalized by dividing it to the modelled continuum, and the result is multiplied by two. The 
dashed grey lines indicate 1, 2, 3, and 4 sigma levels of significances. 
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hich seems implausible. This issue was also noticed by Sugizaki 
t al. ( 2017 ) and Ji et al. ( 2020 ). While studying the outburst in 2009,
ugizaki et al. ( 2017 ) used a correction factor of ∼4.5 between

he measured spin-up rate and the spin-up rate that is used for the
hosh & Lamb model assuming a fixed magnetic field strength of
.6 × 10 12 G for 2S 1417 −624. Ji et al. ( 2020 ) suggested that either
he source is located at twice the distance of the Gaia estimate,
r the torque models should be modified by quadrupole fields to 
xplain higher torques generated at such luminosity levels. Long, 
omanova & Lovelace ( 2007 ) investigated the pure dipole, pure 
uadrupole and mixed dipole/quadrupole fields, and their effects on 
ccretion torques. Even though mixed fields may help us explain the 
omplex pulse profiles, as in the case of 2S 1417 −624, existence of
uadrupole fields essentially reduces the net positive torque e x erted 
n to the pulsar (Long et al. 2007 ). Hence, quadrupole fields seems
o be an unlikely explanation for high-accretion torques observed 
n 2S 1417 −624. Nevertheless, if the source is located at a greater
istance than the Gaia estimate (e.g. 20 kpc; Ji et al. 2020 ), then it
s possible to reduce the dipolar field strength of pulsar to canonical
alues (of the order of 10 12 G). One other possibility is that 2S
417 −624 may host an unexpectedly low mass neutron star, like 
MC X-1 (Kaper et al. 2006 ), which can at least partially explain

he higher accretion torques generated at such luminosity levels. We 
lso seek for quasi-periodic oscillations (QPOs) within the Fourier 
pectra of the source with an aim of comparing the inferred inner
isc radii of the accretion models. We observe low signal-to-ratio 
eatures around ∼1.2 Hz in one observation right after the peak of
he outb urst, b ut unfortunately none of these features are statistically
ignificant enough to be classified as a QPO (e.g. see Fig. 7 ).
he QPOs are generally associated with the inhomogeneities at 

nner accretion disc. If this tentative feature is assumed as a QPO
hose centroid frequency corresponds to the orbital Keplerian 

requency νk , then the inner disc radius can be estimated via
 0 = ( 

√ 

GM / 2 πνk ) 2 / 3 , which yields ∼1.5 × 10 8 cm. The inner disc
adius can also be expressed as r 0 ∼ 0 . 52 μ4 / 7 (2 GM ) −1 / 7 Ṁ 

−2 / 7 ,
here Ṁ is the mass accretion rate (Ghosh & Lamb 1979 ). When

he feature is observed, the source luminosity was ∼ 1 × 10 38 ( D 

2 
10 )

rg s −1 . Using the relation L � GM Ṁ /R, this tentative feature
mplies a dipolar magnetic field strength on the order of 10 12 G.
o we ver, we stress that the signal is too weak to reach a definite

onclusion. Therefore, an independent magnetic field strength 
easurement using cyclotron lines is crucial to understand the 

ature of 2S 1417 −624 as suggested by Ji et al. ( 2020 ) and also
ontinuous monitoring campaigns during outburst are also important 
or revealing QPO features. 

Torque fluctuations and the timing noise properties of many 
solated pulsars and persistent accretion powered pulsars have been 
tudied in the literature (Baykal & Ö ̆gelman 1993 ; D’Alessandro
t al. 1995 ; Baykal 1997 ; Bildsten et al. 1997 ). In this study, we use
ll the spin frequency and flux measurements provided by BATSE ,
wift /BAT, and Fermi /GBM; and we, for the first time, examine
he power density spectrum of the pulse frequency fluctuations of 
 transient system, namely 2S 1417 −624, for two different cases.
n the first approach, we extracted the power density spectrum 
MNRAS 510, 1438–1449 (2022) 
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sing the standard technique (Deeter 1984 ) where the residuals after
uadratic polynomial trends are used for noise strength calculations.
n the second approach, we construct the power density spectrum
or the residuals after describing the frequency evolution with νmodel ,
hich is obtained from the torque–luminosity relation. The second

pproach is performed with an aim of understanding the effect of
isc accretion torques on the power density spectrum. 
In the first case, we find a power density spectrum with a steep

ed noise component ( � ∼ −2) in the analysis frequency range of
1.3 � log(F a ) � −2.2, and the power density estimates drifts from
10 −18 Hz s −2 to ∼10 −16 Hz s −2 for lower analysis frequencies.
any persistent systems, which accrete from a disc, are shown

o have red noise components in the power density spectrum. For
 xample, Cen X-3 e xhibits a red noise component with � ∼ −1
nd its noise strength varies in the range of ∼10 −18 to ∼10 −16 

z s −2 (Bildsten et al. 1997 ). SAX J2103.5 + 4545 shows similar
oise strength levels and has the steepest red noise component with
 ∼ −2.13 among high mass X-ray binaries (Baykal et al. 2007 ).
he noise strength levels and red noise steepness found for 2S
417 −624 are consistent with aforementioned disc-fed systems,
hich confirms the formation of a transient disc on the time-scales
f the outburst duration. For longer time-scales, (i.e. log( F a ) �
2.2), the power density spectrum is flattened out to S r ∼ 10 −16 

z s −2 level. This high level of timing noise may indicate that the
ccretion still continues in the quiescent phases between outbursts,
ossibly due to the cold disc which is depleted after the outbursts as
uggested by Tsygankov et al. ( 2017 ). 

In the second case, when the νmodel is used as a model for describing
he rotational evolution of the source, we obtain a flat power density
pectrum with S r ∼ 10 −18 Hz s −2 . The shape of the power spectrum is
ompatible with white torque-noise structure and it has two important
spects. First, the spin frequency evolution generated from disc
odels is adequate to describe the observed spin frequencies and

onveniently eliminates almost all of the red noise component of the
ower spectrum that arises from disc accretion. Secondly, assuming
hat the contribution of the disc is remo v ed from the power density
pectrum, the remaining noise level is also in agreement with wind-
ed systems. For example, wind-fed systems such as Vela X-1, 4U
538 −52, and GX 301 −2 are also known to exhibit white noise
tructures and these sources have power spectra with noise strengths
n the range of 10 −20 –10 −18 Hz s −2 (Bildsten et al. 1997 ). This
ay indicate that 2S 1417 −624 is also subject to lo w-le vel wind
aterial from the companion, apart from the accretion disc which

s more dominant and enduring for all time-scales. In both power
pectra, unfortunately the power density estimates are dominated
y measuremental noise levels for analysis frequencies higher than
og( F a ) ∼–1.3, which prevents us from examining the timing noise
n dynamical time-scales. Thus, continuous and more precise spin
requency measurements are required to understand the neutron star’s
nterior response in the case of accretion. 
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