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A B S T R A C T 

We present a timing and noise analysis of the Be/X-ray binary system Swift J0243.6 + 6124 during its 2017–2018 super-Eddington 

outburst using NICER /XTI observations. We apply a synthetic pulse timing analysis to enrich the Fermi /GBM spin frequency 

history of the source with the new measurements from NICER /XTI. We show that the pulse profiles switch from double-peaked 

to single-peaked when the X-ray luminosity drops below ∼7 × 10 

36 erg s −1 . We suggest that this transitional luminosity is 
associated with the transition from a pencil beam pattern to a hybrid beam pattern when the Coulomb interactions become 
inef fecti ve to decelerate the accretion flow, which implies a dipolar magnetic field strength of ∼5 × 10 

12 G. We also obtained 

the power density spectra (PDS) of the spin frequency deri v ati ve fluctuations. The red noise component of the PDS is found 

to be steeper ( ω 

−3.36 ) than the other transient accreting sources. We find significantly high noise strength estimates abo v e the 
super-Eddington luminosity levels, which may arise from the torque fluctuations due to interactions with the quadrupole fields 
at such levels. 

Key words: accretion, accretion discs – methods: data analysis – pulsars: individual: Swift J0243.6 + 6124. 
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 I N T RO D U C T I O N  

 new transient binary system in our Galaxy, Swift J0243.6 + 6124,
as disco v ered at the onset of the outburst phase (Kennea et al.
017 ). Initial analyses showed that the system consists of a pulsar
ith an ∼9.8 s spinning period (Kennea et al. 2017 ) and an O9.5Ve

ype companion with long-term optical and infrared variabilities 
imilar to the common Be/X-ray binary systems (Kouroubatzakis 
t al. 2017 ; Reig, F abre gat & Alfonso-Garz ́on 2020 ). Using optical
bservations, Reig et al. ( 2020 ) estimated the distance of the system
o be ∼5 kpc, whereas the Gaia EDR2 estimated distance was 6.8 + 1 . 5 

−1 . 1 

pc (Bailer-Jones et al. 2018 ). Adopting the Gaia EDR2 distance, 
he maximum brightness of Swift J0243.6 + 6124 was estimated to 
e ∼2 × 10 39 erg s −1 at the peak of the outburst (Tsygankov et al.
018 ; Doroshenko et al. 2020 ). On the other hand, the source distance
id: 465628193526364416) is revised as 5.2 ± 0.3 kpc in the Gaia 
DR3 catalogue (Bailer-Jones et al. 2021 ). When the distance of
5 kpc is taken into account, the peak luminosity would be ∼1 × 10 39 

rg s −1 , which is still higher than the Eddington limit for such a
eutron star (Reig et al. 2020 ); thus, Swift J0243.6 + 6124 is classified
s an ultraluminous X-ray Pulsar (ULXP), the first ever detected in 
ur own Galaxy. 
Numerous studies regarding the temporal and spectral properties 

f Swift J0243.6 + 6124 have been conducted in attempt to compre-
end the physical dynamics of this unique source (Jaisawal, Naik 
 Chenevez 2018 ; Tsygankov et al. 2018 ; van den Eijnden et al.

018 ; Wilson-Hodge et al. 2018 ; Tao et al. 2019 ; Doroshenko et al.
020 ; Kong et al. 2020 , 2022 ; Sugizaki et al. 2020 ; Wang et al.
 E-mail: mserim@metu.edu.tr 
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020 ; Bykov et al. 2022 ; Liu et al. 2022b ). Detailed investigations
evealed that both temporal and spectral features, including shape 
f the power spectra, pulse profiles, and energy spectra, change 
ystematically at two different transitional luminosity levels (for 
.8 kpc), L 1 ∼ 1.5 × 10 37 erg s −1 and L 2 ∼ 4.5 × 10 38 erg s −1 (Wilson-
odge et al. 2018 ; Doroshenko et al. 2020 ; Kong et al. 2020 ).
hus, these transitional luminosity levels L 1 and L 2 are interpreted 
s transitions of subcritical to supercritical accretion regime and 
upercritical to radiation pressure dominated disc (RPD) accretion 
e gime, respectiv ely (Doroshenko et al. 2020 ). As a reminder for
he discussions throughout the paper, using the new Gaia distance 
f 5.2 kpc, the transitional luminosity levels are calculated as 
 1 = 8.8 × 10 36 and L 2 = 2.6 × 10 38 erg s −1 , respectively. 
Despite the e xtensiv e studies, the magnetic field configuration of

wift J0243.6 + 6124 is not yet clear. Initial studies have demonstrated
hat the source pulsations are still detectable at luminosities as low
s 10 34 –10 35 erg s −1 , which indicates that the propeller regime has
ot yet been attained at such low luminosities; consequently, the 
ulsar should have a very compact magnetosphere to allow accretion 
o continue, which confines the upper limit of the magnetic field
trength to 3 × 10 12 G (Tsygankov et al. 2018 ; Doroshenko et al.
020 ). Phase-resolved spectral analysis of NuSTAR observations at 
ifferent luminosity levels hints for a thick super-Eddington disc with 
n inner radius of 2–3 × 10 7 cm and a weakly variable reflection
omponent, signifying a magnetic field strength 3 × 10 12 G if the
eld is dipolar (Bykov et al. 2022 ). On the other hand, the disco v ery
f a cyclotron resonance scattering feature (CRSF) in the spectrum 

f Swift J0243.6 + 6124 at ∼120–146 keV, which is only visible in
ertain phases around the peak of the outburst (Kong et al. 2022 )
mplies a magnetic field strength of ∼1.6 × 10 13 G near the surface
f the pulsar. Nevertheless, it is suggested that the observed CRSF
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Orbital parameters provided by the Fermi /GBM team, which are 
used to correct the photon arri v al times prior to our timing analysis. 

P orb 27.698899 d 
T π /2 58116.097 MJD 

a x sin i 115.531 lt-s 
ω −74.05 deg 
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2 https:// gammaray.nsstc.nasa.gov/ gbm/ science/ pulsars/ lightcurves/ swiftj02 
43.html 
3 https:// swift.gsfc.nasa.gov/ results/ transients/weak/ SwiftJ0243.6p6124 
4 At this stage, it should be noted that the choice of a polynomial model 
order is rather arbitrary; none the less, the synthetic residual reconstruction 
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s actually associated with multipole fields (Kong et al. 2022 ) and
he dipolar component of the field strength should be in the range
f 3–9 × 10 12 G in order to describe the observed properties of
he source coherently (Doroshenko et al. 2020 ). The accretion disc
ossibly penetrates into the magnetosphere more than expected, and
he disc interactions are dominated by multipole components of the
eld at high luminosities (Doroshenko et al. 2020 ; Kong et al. 2022 ).
With its ultraluminous episode and unique properties, the source

as been the target of many studies, especially in probing the nature
f neutron star accretion at very high luminosities (Doroshenko,
sygankov & Santangelo 2018 ; Eijnden et al. 2018 ; Wilson-Hodge
t al. 2018 ; Jaisawal et al. 2019 ; Kong et al. 2020 , 2022 ; Bykov et al.
022 ). In this study, we investigate the timing properties of Swift
0243.6 + 6124, focusing mostly on its moderately luminous stages
 ∼10 36 –10 37 erg s −1 ) towards the end of the outburst in 2017–2018,
uring which the source remained in a subcritical accretion state. We
escribe the data and the rele v ant screening processes used for timing
nalysis in Section 2 . In Section 3 , we represent the pulse timing
nalyses that are used for measuring spin frequencies and generating
ulse profiles. In addition, we also demonstrate our results on the
orque fluctuations on different timescales and luminosities. Lastly,
n Section 4 , we re vie w and discuss the results of our study in the light
f the systematic luminosity-dependent evolution of pulse profiles. 

 DATA  

eutron Star Interior Composition Explorer ( NICER ) is stationed
n International Space Station (ISS) since 2017 June and operated
y NASA. Its primary instrument, X-Ray Timing Instrument (XTI),
onsists of an aligned array of 56 X-ray concentrators and focal plane
odules (FPM) collecting photons from an ∼30 arcmin 2 field onto

ilicon field detectors in each FPM. These detectors are capable of
oft X-ray spectroscopy with 0.2–12 keV energy range and < 300 ns
iming precision with ∼1900 cm 

2 cumulati ve ef fecti ve area at 1.5 keV
Gendreau et al. 2016 ). 

Swift J0243.6 + 6124 has 214 NICER /XTI observations in the
ICER master catalogue between 2017 October 3 and 2019 June
 (MJD 58029–58641), corresponding to the outbursts in this study.
mong those, we utilize the observations prior to the rapid decline
f the source luminosity at the end of 2019 February. Data reduction
f the observations is done with HEASOFT v6.29 using the most
ecent calibration files at the time ( CALDB release xti20210707 )
or NICER . The clean events and filter files for screening data are
eproduced by employing the standard level 2 data processing steps
rovided by the nicerl2 tool. Good time intervals (GTI) are
elected adopting the default screening parameters recommended
y the NICER team. 1 ISS is outside the predefined Southern Atlantic
nomaly (SAA) region, a minimum of 38 of the 56 detectors are

nabled, the pointing offset is less than 0.015 ◦, the source is at least
5 ◦ away from the dark Earth limb and 30 ◦ away from the bright
arth limb. The event files between MJD 58029–58531 are merged
sing the nimpumerge tool, event time-series are barycentred using
arycorr with the JPL ephemeris DE430, and the light curves
ith a time resolution of 0.1 s are extracted with XSELECT . We also

orrected the photon arri v al times of the generated NICER /XTI light
urve prior to the timing analyses described below with the orbital
olution provided by the Fermi /GBM Accreting Pulsars Program
APP) team (See Table 1 ). 

Additionally, we make use of the pulse frequency his-
ory of Swift J0243.6 + 6124 which is publicly shared through
NRAS 522, 6115–6122 (2023) 

 https:// heasarc.gsfc.nasa.gov/ lheasoft/ftools/ headas/nicerl2.html 

c
p
r

ermi /GBM (Gamma-ray Burst Monitor) monitoring program web-
ite 2 (Malacaria et al. 2020 ) and the regularly updated Swift /BAT
ight curves maintained by the Swift /BAT team 

3 (Krimm et al. 2013 ).
he compiled Fermi /GBM frequency history is orbit-corrected and
ncapsulates the range between 2017 October 1 and 2019 January
4 (MJD 58027–58497). We used the Swift /BAT daily average light
urve, which has an energy range of 15–50 keV, from the discovery
f the source in 2017 October up to 2019 February. Doroshenko et al.
 2020 ) argued that 2–150 keV count rates for Insight-HXMT appear
o be consistent with those measured by Swift /BAT, and the Swift /BAT
ount rates can be roughly converted to bolometric luminosity using
 scaling factor ∼8.2 × 10 38 , assuming a source distance of 6.8 kpc.
n this article, we utilise the Gaia EDR3 distance (5.2 kpc) and revise
caling factor for the Swift /BAT count rate–luminosity conversion to
4.8 × 10 38 to estimate the bolometric luminosity, unless otherwise

tated. 

 TI MI NG  ANALYSI S  A N D  RESULTS  

.1 Synthetic pulse timing 

uring its outburst phase in 2017–2018, the X-ray luminosity of
wift J0243.6 + 6124 varies by five orders of magnitude. At the same
ime, the accretion geometry, and consequently the pulse profiles,
rastically alter at different accretion regimes (Wilson-Hodge et al.
018 ; Doroshenko et al. 2020 ). In particular, the pulse profiles are
hown to be double-peaked at subcritical regime ( L x < L 1 ) and evolve
nto a single-peaked shape at supercritical regime ( L 1 < L x < L 2 ),
hen again transform into a double-peaked structure at the highest
uminosities ( L 2 < L x ) (Doroshenko et al. 2020 ). Moreo v er, the spin-
p rate during the initial stages of the outburst is very strong, reaching
p to 2.2 × 10 −10 Hz s −1 (Doroshenko et al. 2018 ). The frequency
eri v ati ve leads to a phase shift of one cycle on a time-scale of 

√ 

2 / | ̇ν|
Acuner et al. 2014 ); and with the reported high spin-up rate during
he outburst (Doroshenko et al. 2018 ; Wilson-Hodge et al. 2018 ),
his time-scale becomes as short as ∼1.1 d. Combined with the
ulse profile variations, employing phase-coherent timing technique
ecomes unfa v ourable at the luminous stages of the outb urst. Making
se of the refined orbital solution provided by Fermi /GBM team,
e used the following approach to measure the pulse frequencies

rom the NICER data, which reside within the same time interval
s the Fermi /GBM measurements: We first divide the Fermi /GBM
ulse frequency measurements into four different segments, each
f which is fitted with a different polynomial model to represent the
requenc y evolution o v er time, and obtain a synthetic timing solution 4 
ompensates for the possible deviations from the model. In principle, the 
rocedure can be applied for any polynomial order, provided that the 
econstructed pulse profiles are compatible with the actual profiles. 

https://heasarc.gsfc.nasa.gov/lheasoft/ftools/headas/nicerl2.html
https://gammaray.nsstc.nasa.gov/gbm/science/pulsars/lightcurves/swiftj0243.html
https://swift.gsfc.nasa.gov/results/transients/weak/SwiftJ0243.6p6124
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Table 2. The timing parameters obtained for four different intervals. Note that the synthetic timing solutions 
for all the intervals are established by fitting the existing Fermi /GBM frequencies. 

Interval 1 Interval 2 Interval 3 Interval 4 

Timing range (MJD) 58027–58162 58162–58239 58299–58497 58450–58531 
Epoch (MJD) 58 050 58 200 58 350 58 500 
ν (Hz) 0.1015335(20) 0.1021289(2) 0.1021046(2) 0.10210146(7) 
d ν/d t (10 −10 Hz s −1 ) 1.02(2) −0.0161(4) −0.0180(9) 0.0730(10) 
d 2 ν/d t 2 (10 −17 Hz s −2 ) 9.85(31) −0.0109(45) 0.0265(36) −0.408(13) 
d 3 ν/d t 3 (10 −24 Hz s −3 ) −49.4(35) – −0.0158(32) −4.52(23) 
d 4 ν/d t 4 (10 −31 Hz s −4 ) −9.86(90) – −0.0139(22) 35.9(29) 
d 5 ν/d t 5 (10 −36 Hz s −5 ) 158.2(109) – 0.0556(51) 3.69(41) 
d 6 ν/d t 6 (10 −41 Hz s −6 ) −9.77(66) – – −0.114(59) 
d 7 ν/d t 7 (10 −47 Hz s −7 ) 2.41(17) – – –

Figure 1. Upper panel: Fermi /GBM spin frequency history (black dots) 
and the synthetic timing solution (red curve) obtained from polynomial 
fitting in the interval 1 (see Table 2 for timing parameters). Middle panel: 
The frequency residuals of the synthetic timing solution. Lower panel: The 
synthetic phase residual model obtained from Fermi /GBM residuals (blue 
curve), the residuals of time of arri v als (TOAs) of the NICER observations 
(gray dots) when folded with the corresponding timing solution and the 
shifted NICER TOA residuals (red dots) according to the expected phase 
residual model. 
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see Table 2 ). Using these timing solutions, we then calculate the
eviations of the Fermi /GBM frequencies from the model to extract 
ts residuals. Utilizing a linear spline interpolation of the Fermi /GBM
requency residual data set νr , we convert them to a synthetic phase
esidual model � r using integration: 

 r ( t) = 

∫ t 

t 0 

νr ( t 
′ )d t ′ , (1) 

here t 0 indicates the start time of the se gment. Ne xt, we fold the
rbitally corrected NICER light curve with the same synthetic timing 
olution to generate its phase residuals. Finally, we shift the NICER
hase residuals to match with the synthetic phase residual model 
btained from Fermi /GBM (see Fig. 1 ). 
In the first interval, the luminosity of the source changes sub-
tantially, resulting in significant deviations from the polynomial 
escription of the rapid frequency e volution. Ho we ver, the phase
esiduals of NICER observations become compatible with the syn- 
hetic residual model when they are shifted with expected integers in
hase domain. The only exceptions are the pulse profile variations 
t different episodes (Doroshenko et al. 2020 ) that are needed to be
aken into account. Thus, we further allow phase shifts for the pulses
n the supercritical regime by �φ ∼ 0.5, corresponding to the phase 
ifference between the peaks of the double-peaked and one-peaked 
rofiles (see fig. 4 of Doroshenko et al. ( 2020 )) to accord them with
he expected synthetic phase residuals (see Fig. 1 , bottom panel). On
he other hand, during the late stages of the outburst (at the interval
, 3, and 4), the source luminosity is rather low ( L x � 8 × 10 37 erg
 

−1 ), and Swift J0243.6 + 6124 continues to accrete only in subcritical
egime (i.e. L x < L 1 ). Therefore, the synthetic phase residuals reside
ithin a single cycle for the corresponding synthetic timing solutions 
iven in Table 2 . 
Finally, in order to convert synthetic timing solutions to pulse fre-

uency measurements, we use each consecutive pair of pulse arri v als
n the NICER residual set. Each pair is fitted with a linear function
ν = δφ/( t 2 − t 1 ) where t 1 and t 2 are the arri v al times of the first
nd second pulses in the pair, and δφ is the phase difference between
he pair used for fitting. Each fit is transformed into a spin frequency

easurement at the corresponding interval’s midpoint by using the 
requency correction δν over the synthetic timing solutions [for ap- 
lications, see C ¸ erri-Serim et al. ( 2019 ); Serim et al. ( 2022 )]. The 1 σ
rror ranges of the slope are used as a gauge of the uncertainty in the
pin frequency measurements. Fig. 2 demonstrates the spin frequency 
istory measured from NICER observations whose results are consis- 
ent with the spin frequency history shared by the Fermi /GBM APP
eam. 

As it can be seen from the frequency history presented in Fig.
 , apart from the initial stages of the Type II outburst, Swift
0243.6 + 6124 also spins up between MJD ∼58470–58510. After- 
ards, as the flux diminishes o v er time, the frequenc y evolution

rend returns back to the spin-down stage with an av erage frequenc y
eri v ati ve of ∼−1.6 × 10 −12 Hz s −1 , which is comparable to the
verage spin-down rate ∼−1.8 × 10 −12 Hz s −1 observed between 
JD 58150–58460. 
Interestingly, when the pulse profiles obtained from the timing 

nalysis at low flux states are examined, the pulses seem to exhibit
ingle-peaked profiles at very low flux levels. To illustrate this 
ehaviour more clearly, we present the luminosity-sorted pulse 
rofiles (normalized to [0, 1] range) of all observations after MJD
8 300 in Fig. 3 . A systematic change in the profiles emerges at
MNRAS 522, 6115–6122 (2023) 

art/stad1407_f1.eps
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Figure 2. Top panel: The spin frequency history of Swift J0243.6 + 6124 generated for all intervals. The shaded regions represent corresponding time intervals. 
The inset panels show the same frequencies in the marked regions with a different scale for better viewing. Bottom panels: The resultant NICER TOA residuals 
of the synthetic timing solutions. 

Figure 3. Luminosity-dependent pulse profile evolution of Swift 
J0243.6 + 6124 for the observations after MJD 58300. The pulse profiles 
are normalized to [0, 1] and plotted for two cycles for clarity. 
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 luminosity level of ∼7 × 10 36 erg s −1 , marking a potential new
ransitional level for the alteration of the accretion geometry. As the
uminosity decreases, the main peak gradually fades away and the
econdary peak grows stronger. It is also interesting to note that the
ource tends to exhibit spin-down episodes below this luminosity
evel. 

.2 Timing noise 

sing the whole frequency history enriched with NICER mea-
urements, we investigate the temporal noise behaviour of Swift
0243.6 + 6124. To estimate the amplitude of the timing noise at
ifferent time-scales, we proceed with the rms-value technique
eveloped by Boynton et al. ( 1972 ), Deeter ( 1984 ), and Cordes
 Downs ( 1985 ). This technique utilizes the rms values of the

iming residuals 〈 σ r ( m , T ) 〉 that are acquired after eliminating the
olynomial trend of order m from the data set of duration T . Then,
he associated noise strength S r can be calculated via: 

 r = 

〈 σr ( m, T ) 〉 
〈 σr ( m, 1) 〉 u 

1 

T 2 r−1 
, (2) 

here r specifies the red noise order, and 〈 σ r ( m , 1) 〉 u denotes the
nit noise strength normalization factor for T = 1 d and S r = 1.
ur calculations are performed with the associated normalization

actors gauged through direct e v aluations (Deeter 1984 , Table 1).
e start by estimating the noise strength of the maximal time-span

f the data T max and iterate the calculations for halved time-scales
 T max /2 n for n = 1, 2, 3,..). Then, we aggregate the noise strength
easurements in each time-scale into logarithmically binned power

ensity estimates. The uncertainties of power density estimates are

art/stad1407_f2.eps
art/stad1407_f3.eps
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Figure 4. Upper panel: The spin frequency history of Swift J0243.6 + 6124. 
Middle panel: Bolometric source luminosity converted from 15 to 50 keV 

Swift/BAT count rates, assuming d = 5.2 kpc. Bottom panel: Frequency 
residuals after eliminating νmodel ( t ). 
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Figure 5. PDS of the spin frequency deri v ati ves using quadratic polynomial 
trends (red) and luminosity-dependent intrinsic spin frequency evolution 
model (blue), along with the measuremental noise levels (green). The 
uncertainties of power density estimates are expressed as 1 σ confidence 
intervals, determined by the number of independent estimates present within. 
Corresponding fits of the PDSs are shown as maroon and dark blue lines. 
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etermined from 1 σ confidence intervals, depending on the number 
f independent noise strength estimates enclosed during generation 
f the power density estimate in each time-scale, as described in 
eeter et al. ( 1987 ). The distribution of the power density estimates

s a function of time-scale (or analysis frequency ω ≡ 1/ T ) generates
 power density spectrum (PDS) of the spin frequency deri v ati ve
uctuations P � ̇ν . We check for the stability of the PDS profile for
ifferent polynomial orders and proceed with the lowest stable order, 
 = 2, quadratic polynomial trends, for the input frequency series

o characterize the regular spin evolution of Swift J0243.6 + 6124, 
ssuming the residues after the removal of the trend constitute the 
iming noise. In order to check the validity of the power density
stimates in each time-scale, we also present the corresponding mea- 
uremental noise levels by taking the measuremental uncertainties 
f the frequency data set ( σ i ) into account (green crosses in Fig. 5 ),

hich are calculated via 
∑ N 

i σ 2 
i 

N T 〈 σr ( m, 1) 〉 u . The measuremental noise level 
rovides a precursor to a noise level at which the measuremental 
rror range becomes dominant o v er the fluctuations in the data set. 

In addition to the aforementioned standard method for PDS 

eneration for torque fluctuations, we also follow the approach 
escribed in Serim et al. ( 2022 ) to see the effects of the accretion
orques on the PDS. In principle, this approach offers a different 
erspective on the same PDS, with the only distinction being the 
inimization of torque fluctuations arising from disc accretion. It 

hould be noted that in both cases, the input frequency data set
s already decoupled from orbital Doppler delays using the orbital 
arameters given in Table 1 . Therefore, we assume that the orbital
odulations in the frequencies are completely remo v ed and the y

o longer contribute to the noise strength measurements. In this 
ase, we utilize a simple power-law relation between the spin-up 
ate and the luminosity, which is modified with a constant spin-
own rate ( ̇νmodel = βL 

α + ν̇0 ) to account for the stable spin-down
pisodes observed in the frequency history of the source. Then, the 
uminosity-dependent frequency evolution model is built as (Serim 
t al. 2022 ): 

model ( t) = ν0 + 

∫ t 

t 0 

ν̇model ( t 
′ )d t ′ , (3) 

here ν0 is the spin frequency at the time of the burst onset t 0 .
nstead of polynomial driven residuals built in the standard approach, 
he residuals obtained from the elimination of νmodel is assumed to 
nherit the noise component for this case (see Fig. 4 ). 

In both cases, generated PDSs of spin frequency deri v ati ve
uctuations are modelled with a broken power-law model: 

 � ̇ν = 

{
S r, 1 ω 


 if ω < ω b 

S r, 2 if ω > ω b 
, (4) 

here ω b is the break analysis frequency and 
 is the power-law
ndex of the red noise component (Fig. 5 ). The fitting procedure
s carried out by orthogonal distance regression (ODR) using the 
YTHON library of SciPy . We report the uncertainties of the best fit
arameters with 1 σ confidence level. 
For the standard approach, in which polynomial trends are used, 

e find that the PDS of the frequency deri v ati ves is evolving as
 

−3.36 ± 0.64 within the range 1/46 � ω � 1/500 d −1 , which points
ut a steeper red noise component when compared with the other
ccreting sources (Bildsten et al. 1997 ; Baykal et al. 2007 ; Serim
t al. 2022 ; Serim, Serim & Baykal 2023 ). The steepness of this
ed component is comparable to the case of 4U 1626–67 (Bildsten
t al. 1997 ; Serim et al. 2023 ); ho we ver, the time-scales within
hich they are observed are dissimilar. The PDS continuum break 
ccurs at ω b � 1/46 d −1 and evolves towards a flatter continuum at
igher analysis frequencies (i.e. becomes a white noise component, 
 r ,2 = (6.76 ± 0.16) × 10 −19 Hz 2 s −2 Hz −1 ), implying uncorrelated

orque fluctuations at shorter time-scales. When the regular frequency 
volution model is substituted for the luminosity-dependent model, 
he power density estimate at the longest time-scale is reduced by a
actor of > 100. The steepness of the red noise component is also
educed to ω 

−0.91 ± 0.38 but it does not completely vanish unlike 
he case of 2S 1417–624 (Serim et al. 2022 ). It implies that either
he luminosity-dependent model (at least through a simple power- 
aw relation) does not remove all of the red noise component of
MNRAS 522, 6115–6122 (2023) 
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M

Figure 6. The distribution of noise strength estimates using the standard 
method on the time-scale of 15 d as a function of luminosity. The dashed 
grey lines indicate the transitional luminosity levels L 1 (left) and L 2 (right), 
which are calculated for a distance of 5.2 kpc. The shaded regions reflect 
the uncertainties in the interpretation of the corresponding transitional 
luminosities in the literature. The measurements below L 2 are rebinned by a 
factor of 2 for visual purposes. 
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he PDS, or merely the standard disc component, which generally
ontributes to PDS spectra as ω 

−2 (Bildsten et al. 1997 ; Serim
t al. 2023 ), is subtracted from the PDS continuum. At higher
nalysis frequencies ( ω b ≈ 1/27 d −1 ), the PDS carries the same
tructure as the former case, with the white noise normalization
 r ,2 = (5.25 ± 0.17) × 10 −19 Hz 2 s −2 Hz −1 . 
In order to understand the nature of the strong red noise component

n the PDS of torque fluctuations, we further check the luminosity
ependence of the timing noise strengths. Hence, we split the
requency history into ∼15 d long segments and calculate the noise
trengths for each of them using the standard method described
bo v e. Ne xt, using the Swift /BAT count rates, we calculate the
uminosity range for each interval 5 . The distribution of the noise
trength estimates as a function of luminosity is illustrated in Fig. 6 .
he luminosity dependence of the noise strength estimates yields an

ntriguing distribution. The noise strength amplitudes remain more
r less constant up to the transitional luminosity level L 2 with a slight
e-escalation between L 1 and L 2 . The S r values significantly rise (by
 factor of ∼10) abo v e L 2 . It indicates a possible change in the nature
f torque fluctuations abo v e L 2 . 

 DISCUSSION  A N D  C O N C L U S I O N  

e analyse the NICER /XTI data set and enrich the spin frequency
istory of Swift J0243.6 + 6124 with new measurements. The late-
tage evolution of spin frequency indicates another torque reversal
round MJD ∼58510, after which the source entered a new spin-
own phase. When the frequency evolution of Swift J0243.6 + 6124
s examined, the spin-down phases seem to occur systematically at
uminosities below ∼7 × 10 36 erg s −1 . It has already been shown
hat the source pulsations were observable at luminosities down to
0 34 –10 35 erg s −1 , implying that propeller stage is not yet attained
t such lo w le v els (Tsyganko v et al. 2018 ; Doroshenko et al. 2020 ),
NRAS 522, 6115–6122 (2023) 

 See Section 2 for the conversion of Swift /BAT count rates to luminosity. 

t  

t  

t  
nd therefore the spin-down phase is not associated with propeller
egime. 

The pulse profile evolution of Swift J0243.6 + 6124 is very in-
riguing. At luminosities below ∼7 × 10 36 erg s −1 , the pulse
rofiles are single peaked. Between ∼ 7 × 10 36 erg s −1 < L x <

 1 , a secondary peak component emerges and gains strength with
ncreasing luminosity; thus, the profiles become double peaked.
urthermore, when L x > L 1 , the pulse profiles become single-
eaked again. The transformation of the pulse profiles around
 x ∼ 7 × 10 36 erg s −1 indicates a new transition in the accretion
eometry. According to Becker et al. ( 2012 ), the critical X-ray
uminosity ( L 1 ) specifies the onset of the transition from fan beam
o pencil beam; ho we ver, the transition does not immediately take
lace. There is an intermediate accretion regime L coul < L x < L 1 

here the final phase of the deceleration of the accreted material
s experienced through Coulomb braking in the plasma. In such a
egime, a hybrid combination of both fan and pencil beam patterns is
xpected (Blum & Kraus 2000 ; Becker et al. 2012 ). They specify a
imiting luminosity below which Coulomb interactions are no longer
f fecti ve enough to stop the accretion flow. This transition luminosity
s given by 

 coul 
 1 . 17 × 10 37 B 

−1 / 3 
12 � 

−7 / 12 
0 . 1 τ

7 / 12 
20 M 

11 / 8 
1 . 4 R 

13 / 24 
10 erg s −1 , (5) 

here B 12 ≡ B /10 12 G is the dipolar magnetic field strength
f the pulsar, � 0.1 ≡ � /0.1 is a dimensionless parameter ac-
ounting for various physical processes such as the possible role
f plasma shielding, τ 20 ≡ τ /20 is the Thomson optical depth,
 1.4 ≡ M /1.4 M � is the pulsar mass, and R 10 ≡ R /10 km is the

ulsar radius. Below this luminosity, the accretion flow is suggested
o be decelerated via gas-mediated shock near the stellar surface and
he radiation from the polar caps fully transforms to a pencil beam
attern. In addition, according to this model, the pencil beam pattern
hould also persist at lower luminosity levels ( L x < < L coul ). Actually,
uch a single-peaked pulse profile was observed by Doroshenko et al.
 2020 ) with an 80 ks NuSTAR observation around the luminosity level
f ∼3 × 10 34 erg s −1 . If we consider the transition at 7 × 10 36 erg s −1 

s L coul , neglecting the normalized dimensionless parameters of about
nity and using typical neutron star parameters, then the magnetic
eld of the source can be estimated as 4.7 × 10 12 G. Furthermore,
hen the previously reported critical luminosity level (Wilson-Hodge

t al. 2018 ; Doroshenko et al. 2020 ), L 1 , of the onset of the transition
rom hybrid pattern to fan beam is updated for the same distance, it
esults in a magnetic field strength of 5.3 × 10 12 G. Thus, magnetic
eld strength estimations obtained from both transitional levels
ecome consistent at 5.2 kpc. Therefore, we suggest that the dipolar
agnetic field strength of Swift J0243.6 + 6124 can be confined to a

ange of ∼(4.7–5.3) × 10 12 G. 
On the other hand, we also investigated the PDS of the spin

requency deri v ati ve fluctuations using the fairly sampled spin
requency data set which is improved with new measurements
btained from NICER /XTI observations. We extract two different
DSs using different models to describe regular rotational evolution.
he first one utilizes the standard polynomial-driven approach, and

he second one makes use of a luminosity-dependent spin frequency
volution model. Both PDSs exhibit bimodal behaviour in which the
igh analysis frequency ( ω b ∼ 1/46 d −1 for the former, ω b ∼ 1/27 d −1 

or the latter case) noise components are flat while the low analysis
requency components carry red noise. It should be noted that the
bserved break frequencies are rather close to the orbital period of
he source ( ∼27.7 d). The white noise components in the PDS of
he spin frequency deri v ati ve fluctuations are generally attributed to
he uncorrelated torque fluctuations generated via wind accretion
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rom the companion (Boynton et al. 1972 ; Deeter & Boynton 1985 ;
ildsten et al. 1997 ; Serim et al. 2023 ). Hence, the high analysis

requency white noise component of Swift J0243.6 + 6124 may hint 
t the accretion from the stellar wind of its companion, which is
f fecti ve on timescales less than the orbital period of the source.
evertheless, the long-term spin evolution and fluctuations are 
o v erned by the disc interactions. 
In general, for the sources that are presumed to have an accretion

isc, the red noise continuum with ω 

−2 dependence sets in at low
ime-scales, which are possibly saturated at viscous time-scales 
Bildsten et al. 1997 ; Serim et al. 2023 ). Even though the number
f studies is limited, the PDSs of the torque fluctuations of transient
ccreting sources demonstrate that steepness of red noise components 
lso seem to occur as ∼ω 

−2 (e.g. SAX J2103.5 + 4545, Baykal et al.
 2007 ); 2S 1417–624, Serim et al. ( 2022 )). Utilizing the standard
DS generation method, we find that the steepness of the red noise
omponent of Swift J0243.6 + 6124 is significantly higher ( ∼ω 

−3.36 )
hen compared with other accreting sources (Serim et al. 2023 ). 
uch a steep red noise component is only observed in ultracompact 
inary system 4U 1626–67 (Bildsten et al. 1997 ; Serim et al. 2023 )
nd in several magnetars (Woods et al. 2002 ; C ¸ erri-Serim et al.
019 ); ho we ver, the timescales in which the component arise are
ifferent than the case of Swift J0243.6 + 6124. To be more specific,
he red noise component of the PDS of Swift J0243.6 + 6124 develops
pproximately on the orbital time-scales, whereas the red noise in 
U 1626–67 is present on timescales longer than ∼1000 d (Bildsten
t al. 1997 ; Serim et al. 2023 ). In the case of SGR 1806–20 and
GR 1900 + 14, the red noise components are observed on time-
cales longer than ∼100 d and the onset time-scale of the red noise
omponents are attributed to a threshold for which these magnetars 
ecome burst active (Woods et al. 2002 ). Therefore, we believe that
he strong red noise component observed in Swift J0243.6 + 6124 
riginates from different physical processes than the aforementioned 
ases. To understand the nature of this component, we used the 
rocedure described in Serim et al. ( 2022 ) where the rotational
volution is prescribed by a simple torque model. In the case of
S 1417–624 (Serim et al. 2022 ), this model almost completely 
liminates the red noise component associated with disc accretion; 
o we ver, for Swift J0243.6 + 6124, the results are slightly peculiar.
he steepness is reduced from ∼ω 

−3 to ω 

−1 but the red noise structure
oes not entirely vanish. This situation may originate from different 
actors. First, it is possible that the model used in Fig. 4 provides an
 v ersimplistic view for ν̇–L x correlation, thus more complex models 
e.g. Karaferias et al. 2023 ) are required to eliminate this component.
econdly, if the ω 

−1 dependence has a physical origin, then it may
ndicate that ω 

−2 dependence observed for the disc component is 
ubtracted. Noting that the steepness and strength of the torque 
uctuations are generally attributed to the nature of the magnetic 
eld (Woods et al. 2002 ; C ¸ erri-Serim et al. 2019 ), it is possible that

he remaining red noise component might be of magnetic origin. 
herefore, we further investigate the luminosity dependence of the 
oise strength estimations to inspect the nature of torque fluctuations 
t dif ferent le vels (see Fig. 6 ). We find that the noise strengths remain
oughly constant up to the critical luminosity level L 2 , above which
he RPD accretion disc regime sets in (Doroshenko et al. 2020 ).

hen the source luminosity exceeds L 2 , the noise strength estimates 
uddenly increase by a factor of 10, which suggest a possible change
n the nature of torque fluctuations abo v e this lev el. Moreo v er, it
s recently shown that that the torque–luminosity relation of Swift 
0243.6 + 6124 flattens at the RPD regime (Karaferias et al. 2023 ;
iu et al. 2022a ). Hence, as the luminosity increases, the torque
 x ertions become less efficient and more noisy, which may originate
rom the interactions with the quadruple components of the field 
Long, Romanova & Lovelace 2007 ). In addition, the observed CRSF
as evident only in certain pulse phases at the peak of the outburst,

nd it is attributed to the multipole component of the field (Kong
t al. 2022 ). Thus, the e xcess noise strength abo v e the transitional
evel L 2 bolsters the idea that multipole components should play an
mportant role in torque interactions at super-Eddington luminosity 
evels (Doroshenko et al. 2020 ; Kong et al. 2022 ). 
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