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A B S T R A C T 

A new giant outburst of the Be X-ray binary RX J0520.5–6932 was detected and subsequently observed with several space-borne 
and ground-based instruments. This study presents a comprehensive analysis of the optical and X-ray data, focusing on the spectral 
and timing characteristics of selected X-ray observations. A joint fit of spectra from simultaneous observations performed by the 
X-ray telescope (XRT) on the Neil Gehrels Swift Observatory ( Swift ) and Nuclear Spectroscopic Telescope ARray ( NuSTAR ) 
provides broad-band parameter constraints, including a cyclotron resonant scattering feature (CRSF) at 32 . 2 

+ 0 . 8 
−0 . 7 keV with no 

significant energy change since 2014, and a weaker Fe line. Independent spectral analyses of observations by the Lobster Eye 
Imager for Astronomy, Einstein Probe ( EP ), Swift –XRT, and NuSTAR demonstrate the consistency of parameters across different 
bands. Luminosity variations during the current outburst were tracked. The light curve of the Optical Gravitational Lensing 

Experiment (OGLE) aligns with the X-ray data in both 2014 and 2024. Spin evolution o v er 10 yr is studied after adding Fermi 
Gamma-ray Burst Monitor data, improving the orbital parameters, with an estimated orbital period of 24.39 d, slightly differing 

from OGLE data. Despite intrinsic spin-up during outbursts, a spin-down of ∼0.04 s o v er 10.3 yr is suggested. For the new 

outburst, the pulse profiles indicate a complicated energy-dependent shape, with decreases around 15 and 25 keV in the pulsed 

fraction, a first for an extragalactic source. Phase-resolved NuSTAR data indicate variations in parameters such as flux, photon 

index, and CRSF energy with rotation phase. 

K ey words: pulsars: indi vidual: RX J0520.5–6932 – Magellanic Clouds – X-rays: binaries. 
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 I N T RO D U C T I O N  

e/X-ray binaries (BeXRBs) are a subclass of high-mass X-ray 
inaries (HMXBs) that consists of a Be star and a compact object,
ypically a neutron star (NS) (see Reig 2011 for a re vie w). Most
eXRBs have a transient nature, characterized by two types of 
utb ursts. Type I outb ursts are periodic and occur at the periastron
assage of the NS, originating from the interaction with the Be
tar’s circumstellar disc. Type II outbursts are more intense and less
 E-mail: hnyang@nao.cas.cn (HNY); ge v as@phys.uoa.gr (GV) 
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requent, often associated with significant changes in the Be star’s 
isc. 
RX J0520.5–6932 (hereafter J0520) is located in the Large 
agellanic Cloud (LMC) and was initially disco v ered by ROSAT

bservations (Schmidtke et al. 1994 ), while it has historically 
xhibited both Type I and major outb ursts. A major outb urst was
eported to happen in 1995 which was detected in optical and X-ray
Edge et al. 2004 ). During a Type I outburst, J0520 showed coherent
-ray pulsations at ∼8.04 s and spectral properties consistent with 
 BeXRB (Vasilopoulos et al. 2014a ). In 2014, its X-ray luminosity
eached levels near the Eddington limit for an NS (Vasilopoulos et al.
014b ). During this period, observations with Nuclear Spectroscopic 
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Figure 1. The optical and X-ray light curves of the 2024 outburst. Within 
the same panels, the data from the 2014 outburst were o v erplotted for visual 
comparison, which (marked as red) are shifted by an integer number (i.e. 
154) of P orb = 24 . 39 d, a value derived by the updated ephemeris (see 
Section 3.2.2 ). Then, the 0-epoch of 2014 data corresponds to MJD-56544 
d. Vertical dotted lines mark orbital cycles phased at the periastron passages 
based on the parameters in Section 3.2.2 . Top panel: Swift –XRT light curves 
in 2024 (black triangle) and 2014 (red triangle), with the magenta- and cyan- 
dashed lines representing the time of NuSTAR observations in 2024 and 
2014, respectively. Middle panel: LEIA (black square) and EP –WXT (black 
star) light curves in 2024, with upper limits plotted as grey triangles if the 
object was not detected in one-shot observations. Rebinning can provide 
tighter flux constraints, which will be presented later. The magenta-dashed 
line represents the time of NuSTAR observations in 2024, the same as the 
middle panel. Bottom panel: OGLE light curves in 2024 (black dot) and 2014 
(red dot). 
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elescope ARray ( NuSTAR ; Harrison et al. 2013 ) revealed a cyclotron
esonant scattering feature (CRSF), indicating a strong magnetic field
Tendulkar et al. 2014 ). Recent studies have modelled the accretion
orque and orbital parameters of this system, providing insights into
he behaviour of matter under extreme conditions (Karaferias et al.
023 ). 
At the end of 2024 March, a new outburst from J0520 was

etected (Semena et al. 2024 ; Sharma et al. 2024 ; Zhang et al.
024 ) by a number of instruments, including the Mikhail P avlinsk y
stronomical Roentgen Telescope–X-ray Concentrator (ART-XC)

elescope on board the Spektr–Roentgen–Gamma ( SRG ) observatory
P avlinsk y et al. 2021 ), the Neutron star Interior Composition
xplorer ( NICER ) (Gendreau et al. 2016 ), the Wide-field X-ray
elescope ( WXT ) on board the newly launched Einstein Probe
ission ( EP ; Yuan et al. 2022 ), as well as the EP pathfinder Lobster
ye Ima g er for Astronomy ( LEIA ; Zhang et al. 2022 ; Ling et al. 2023 ).
 NuSTAR Directors Discretionary Time (DDT) observation (PI: C.
aitra) was performed to characterize the hard X-ray spectrum.

he Neil Gehrels Swift Observatory ( Swift ; Gehrels et al. 2004 )
ollo wed the e volution of the soft X-ray emission with several
onitoring observations, with one such observation performed
ithin the NuSTAR observation period, facilitating a joint analysis.
dditionally, long-term monitoring of LMC by LEIA provided the
ariation on the soft X-ray flux and parameters of the object. NICER
lso performed high-cadence monitoring throughout the outburst
hase. Further analysis was also performed with data from the
ptical Gravitational Lensing Experiment (OGLE; Udalski et al.
992 ) and Fermi Gamma-ray Burst Monitor (GBM; Meegan et al. 
009 ). 
This paper is organized as follows. We describe the observations

nd data reduction in Section 2 . Then, in Section 3 , we detail the X-
ay properties derived from the various data sets, including spectral
nd timing analyses. In Section 4 , we discuss the characteristics
f this outburst and compare it with the 2014 outburst. Section 5
ummarizes the results and conclusions of this work. 

 OBSERVATION S  A N D  DATA  R E D U C T I O N  

.1 Multiwavelength data 

he earliest report on the current outburst from J0520 dates back
o UT 2024 March 29 by ART-XC on board the SRG observatory
Semena et al. 2024 ), which was promptly confirmed by NICER and
EIA (Sharma et al. 2024 ; Zhang et al. 2024 ). In fact, an increase

n the X-ray flux of this source has already been detected by EP –
XT as early as March 22 during its commissioning phase. Since

ts launch in 2022, the EP pathfinder LEIA has been monitoring
he LMC on a daily basis. These data, either in single snapshots
several hundred seconds) or after stacking, reveal no significant X-
ays from the source prior to the EP –WXT detection on the 22nd.
herefore, the outburst is likely to have just started around March
2 and peaked around March 29. A NuSTAR DDT observation was
romptly performed following the reported detection, which was
ointed by a simultaneous Swift observation. Subsequently, Swift
arried out multiple observations of the object. The outburst of J0520
n 2014 was also observed by NuSTAR , offering the opportunity to
nalyse its X-ray behaviour o v er a long time-scale of a decade.
etailed observational logs are presented in Table A1 , including
ata from two NuSTAR observations 80001002002 and 80001002004
n 2014, hereafter referred to as observations 2014n1 and 2014n2,
espectiv ely. Moreo v er, NICER also performed high-cadence follow-
p observations since April, which we include in this work for flux
NRAS 536, 1357–1373 (2025) 
omparison and the detailed study will be presented in Sharma et al.
in preparation). 

In addition to X-ray observations, the brightening of J0520 in
ptical was also recorded previously(e.g. Edge et al. 2004 ). As a
ong-term optical surv e y project, OGLE started monitoring the LMC
uring the second phase of the surv e y (Udalski, K ubiak & Szymanski
997 ). J0520 is listed in the X-Ray variables OGLE Monitoring
XROM) system 

1 (Udalski 2008 ) and monitored continuously to
his day. For purposes of comparison, we plotted the OGLE I band
agnitudes for the counterpart of J0520 and the Swift –XRT count

ates o v er time in both 2024 and 2014 outbursts in Fig. 1 . The light
urves of LEIA and EP –WXT during the current outburst are also
lotted in the same figure. 

https://ogle.astrouw.edu.pl/ogle4/xrom/xrom.html


RX J0520.5-6932: the 2024 outburst 1359 

Figure 2. The single-exposure images from EP –WXT and LEIA with exposure times of 1210 and 840 s, respectively. Left panel: 1-CMOS EP –WXT image 
(9 . 3 ◦ × 9 . 3 ◦), co v ering 1/48 of the total EP –WXT field of view. Middle panel: In the EP –WXT image, a 4 ◦ × 4 ◦ region around J0520 is enlarged, with nearby 
bright sources labelled. Right panel: 1-CMOS LEIA image (9 . 3 ◦ × 9 . 3 ◦), co v ering 1/4 of the total LEIA field of view. The 4 ◦ × 4 ◦ region of the middle panel is 
marked with a white box in the left and right panels. 
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.2 LEIA and EP 

0520 was detected by LEIA on 2024 March 29 (Zhang et al.
024 ), and has been monitored by LEIA 1–2 times daily since
he initial detection. As the pathfinder of EP –WXT , the data of
EIA were processed and calibrated using the standard data analysis 

ool wxtpipeline (version 0.1.0) and the calibration database 
 CALDB ) designed for the EP (Liu et al. in preparation), to produce
leaned event files (Zhang et al. 2022 ). The images of EP –WXT
nd LEIA are shown in Fig 2 . The CALDB is generated based on
he results of on-ground and in-orbit calibration campaigns of the 
EIA instrument (Cheng et al. 2024 and Cheng et al. in preparation).
roducts including spectrum and light curve were extracted using 

he wxtproducts tool in wxtpipeline , during which a circular 
egion with a radius of 67 pixels (1 pixel � 0.136 arcmin) and an
nnulus region with inner and outer radii of 134 and 268 pixels were
efined as the source and background regions, respectively. 
To impro v e spectral fitting, the spectra collected during various 

napshots (based on the count rate and observation cadence) were 
ombined using the addspec tool assuming exposure as weights 
it provided consistent results when counts rather than exposure was 
sed as weights), which ensures a minimum of 200 net counts in
ach combined spectrum. 

In fact, the LMC was observed by EP –WXT on March 22 and April
5, during which the source was detected. This pushed the estimated 
eginning epoch of the current outburst back by approximately one 
eek. The data were processed in the same way as for LEIA by using

he EP –WXT CALDB instead. 

.3 Swift 

uring the new outburst, J0520 was observed several times by 
wift from 2024 April to July (see Table A1 ). The standard
rtpipeline version 0.13.5 and CALDB version 20240506 were 
sed for the Swift –XRT data reduction of these observations. After 
xtracting the images with the xselect tool, we used ximage to 
etermine the pile-up effect on PC mode data. For PC mode, the
ource region was an annulus with an inner radius of 6 pixels and an
uter radius of 20 pixels to reduce the pile-up effect, where 1 pixel
orresponds to 2.357 arcsec. For the background region, a circle 
ith a radius of 50 pixels was used. For WT mode, source and back-
round photons were extracted from circular regions with radii of 
 pixels. 

.4 NuSTAR 

0520 was observed by NuSTAR on UT 2024 April 12 for an exposure
ime of 18.9 ks. The NuSTAR data were reduced with nupipeline
ersion 0.4.8 and CALDB version 20240315. Circular regions with 
adii of 100 arcsec were defined as source and background regions,
espectively. Spectra and light curves of the two Focal Plane Modules
FPMs), FPMA and FPMB, were then generated with nuproducts 
ersion 0.3.2. Photon times were corrected to the equi v alent time at
he Solar system barycenter by using the barycorr tool. 

.5 Fermi 

he GBM Accreting Pulsars Program has been particularly suc- 
essful in monitoring X-ray pulsars during outbursts and providing 
ight curves and spin period evolution measurements via an online 
atabase 2 (Malacaria et al. 2020 ). For each source pulse frequency
nd pulsed flux measurements in the 12–50 keV band using the NaI
etectors are provided. We used publicly available GBM data for our
odelling. 

 X-RAY  PROPERTIES  

.1 Spectral analysis 

.1.1 Joint fit 

ll the spectra extracted from LEIA , EP –WXT , Swift –XRT, and
uSTAR observations were fitted using XSPEC version 12.11.1 

Arnaud 1996 ). Initially, we performed a joint fit of the Swift –XRT
MNRAS 536, 1357–1373 (2025) 

https://gammaray.msfc.nasa.gov/gbm/science/pulsars.html
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Table 1. Joint-fitting results. 

Component Parameter Value 

const ∗tbabs(powerlaw ∗fdcut) 
constant a C WT 0 . 893 + 0 . 124 

−0 . 111 

C FPMA 1 . 170 + 0 . 113 
−0 . 101 

C FPMB 1 . 162 + 0 . 113 
−0 . 100 

tbabs N H 0 . 065 + 0 . 053 
−0 . 044 

powerlaw PhoIndex 0 . 793 + 0 . 021 
−0 . 022 

norm 0 . 019 + 0 . 002 
−0 . 002 

fdcut E cutoff (keV) 14 . 9 + 0 . 4 −0 . 4 

E fold (keV) 5 . 28 + 0 . 10 
−0 . 10 

Total cstat/dof 2951.79/2796 
const ∗tbabs(powerlaw ∗fdcut ∗gabs) 
constant a C WT 0 . 893 + 0 . 124 

−0 . 111 

C FPMA 1 . 147 + 0 . 110 
−0 . 099 

C FPMB 1 . 140 + 0 . 110 
−0 . 098 

tbabs N H 0 . 036 + 0 . 051 
−0 . 036 

powerlaw PhoIndex 0 . 687 + 0 . 039 
−0 . 041 

norm 0 . 021 + 0 . 002 
−0 . 002 

fdcut E cutoff (keV) 10 . 3 + 1 . 5 −1 . 6 

E fold (keV) 7 . 58 + 0 . 32 
−0 . 31 

gabs E CRSF (keV) 32 . 1 + 0 . 7 −0 . 7 

σCRSF (keV) 6 . 48 + 0 . 63 
−0 . 56 

Strength 14 . 5 + 3 . 0 −2 . 5 

Total cstat/dof 2744.17/2793 
const ∗tbabs(powerlaw ∗fdcut ∗gabs + gauss) 
constant a C WT 0 . 893 + 0 . 124 

−0 . 112 

C FPMA 1 . 168 + 0 . 113 
−0 . 101 

C FPMB 1 . 161 + 0 . 112 
−0 . 100 

tbabs N H 0 . 046 + 0 . 051 
−0 . 042 

powerlaw PhoIndex 0 . 750 + 0 . 046 
−0 . 044 

norm 0 . 021 + 0 . 002 
−0 . 002 

fdcut E cutoff (keV) 12 . 8 + 2 . 1 −1 . 8 

E fold (keV) 7 . 49 + 0 . 33 
−0 . 32 

gabs E CRSF (keV) 32 . 2 + 0 . 8 −0 . 7 

σCRSF (keV) 7 . 00 + 0 . 80 
−0 . 66 

Strength 16 . 4 + 4 . 1 −3 . 1 

gauss E Fe (keV) 6 . 51 + 0 . 09 
−0 . 10 

σFe (keV) 0 . 273 + 0 . 147 
−0 . 104 

norm 0 . 000 164 + 0 . 000 058 
−0 . 000 046 

Total cstat/dof 2692.40/2790 

a Cross-normalization constants. 
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nd NuSTAR spectra using the data from April 12 and 13, which
ere rebinned using grppha to ensure at least 1 count per bin.
-statistic was used to e v aluate the fit. Abundances from Wilms,
llen & McCray ( 2000 ) and cross-sections from Verner et al. ( 1996 )
ere adopted. The cross-normalization constant was frozen at unity

or XRT (PC mode) and allowed to vary for XRT (WT mode), FPMA,
nd FPMB. Uncertainties hereafter indicate 90 per cent confidence
ntervals unless stated otherwise. 

During outbursts, many BeXRBs exhibit a X-ray spectral shape
hat can be described by a power-law model with an exponen-
ial cutoff (e.g. Coburn et al. 2002 ). Preliminary fits indicate
hat the power-law model combined with a high-energy cut-
ff ( highecut ) and cutoff power law ( cutoffpl ) deviates
rom the data at high and low energies, respectively. We fit the
oint spectra using a power-law model with a Fermi–Dirac cut-
ff ( constant ∗tbabs ∗powerlaw ∗fdcut ) as the continuum.
o we ver, the simple continuum fitting did not match the data

atisfactorily, with a cstat value of 2951.79 for 2796 degrees of
reedom (dof). By adding an absorption component to account for a
RSF, the fitting significantly impro v es to cstat/dof = 2744.17/2793.
here is also a Fe emission line component present at ∼6.5 keV. By

ncluding a Gaussian line the cstat/dof for the joint fit could further
e reduced to 2692.40/2790. The equi v alent width of the Fe line is
6 + 18 

−13 eV. The specific spectral parameters are listed in Table 1 . 
Additionally, both of the other two models used by Tendulkar

t al. ( 2014 ), a thermally comptonized continuum ( nthcomp ) and
 cutoff power law ( cutoffpl ) with a blackbody component
 bbody ), provided a worse fit for the data, whose parameters
re listed in Table A2 . The data with the best-fitting model and
esiduals of different models are shown in Fig. 3 . Under different
odels, the CRSF energy is fitted consistently, indicating that this

ey parameter is model-independent. We also considered a partial
o v ering model, which has been used to describe HMXBs (e.g.
 ̈urst et al. 2014 ; Xiao et al. 2024 ), with a simple cutof f po wer

aw. Ho we ver, this model did not provide an improved fit. We con-
ider const ∗tbabs(powerlaw ∗fdcut ∗gabs + gauss) as
he best-fitting model for the simultaneous observations of Swift –
RT and NuSTAR , which also enables a more ef fecti ve comparison
ith previous results in 2014. 

.1.2 Fit for individual observations 

ext, the LEIA and Swift –XRT data from individual epochs were
tted by an absorbed power-law model with hydrogen column
ensity N H frozen at 4 . 6 × 10 20 cm 

−2 , the value of the best-fitting
odel from the joint fit. The same value was also used as N H for

he individual NuSTAR observation. Only the NuSTAR observation,
hich could be rebinned to achieve at least 20 photons in each bin, is

uitable to use χ2 statistic. The FPMA and FPMB spectra were tied
uring the fit, with the constant parameter for FPMA frozen as unity
ut FPMB free. As for the other models used in Section 3.1.1 , while a
t with a blackbody component also yields satisfactory χ2 statistics,

t does not provide physically reasonable parameters. In the case of
wift –XRT and LEIA , there is also at least 1 count per bin, and C-
tatistic is used to estimate the goodness of fit due to the insufficient
tatistical quality (Kaastra 2017 ). The spectrum of one epoch from
EIA , together with the spectrum of EP –WXT during the same period,

s plotted in Fig. 4 as an example. 
Based on the spectral fitting results, the absorption-corrected

ux for each Swift –XRT and LEIA observation was estimated and
ight curves are shown in Fig. 5 . LEIA observations of J0520 were
ignificantly affected by the presence of the nearby bright supernova
NRAS 536, 1357–1373 (2025) 
emnant N132D (MCSNR J0525–6938, Maggi et al. 2016 ), resulting
n large uncertainties in the soft band. Therefore, we used data in the
.5–5-keV band for fitting and analysis. The fluxes derived from the
wift –XRT spectra were also calculated within the same energy band.
he fluxes in the 1.5–5-keV range from NICER observations of J0520
uring the same period are also included in Fig. 5 for comparison.
he comprehensive analysis of the NICER data is detailed in another
tudy (Sharma et al. in preparation). 

To estimate the bolometric X-ray luminosity, which is related
o the accretion rate and could be used for analysing the spin
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Figure 3. Swift –XRT and NuSTAR unfolded spectra with fit results 
and residuals for different models. Top panel: spectra with their 
best-fitting const ∗tbabs(powerlaw ∗fdcut ∗gabs + gauss) 
models. Second panel: residual of the continuum- 
only model: const ∗tbabs ∗powerlaw ∗fdcut . Third 
panel: residual of the continuum model after adding 
an absorption component indicating a CRSF: const ∗
tbabs ∗powerlaw ∗fdcut ∗gabs . Fourth panel: 
residual of the best-fitting model: const ∗tbabs 
(powerlaw ∗fdcut ∗gabs + gauss) . Fifth panel: residual of 
the model: const ∗tbabs(nthcomp ∗gabs + gauss) . Bottom 

panel: residual of the model: const ∗tbabs(cutoffpl ∗
gabs + gauss + bbody) . 
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Figure 4. The LEIA and EP –WXT spectra derived during the same period, 
along with the best-fitting absorbed power-law model. 

Figure 5. LEIA and Swift –XRT light curves. Top panel: the evolution of 
unabsorbed flux in 1.5–5 keV from LEIA and Swift –XRT and correspond- 
ing bolometric X-ray luminosity using the correction based on the joint 
spectral fit. For comparison, the NICER data of J0520 during the same 
period are also included, which are studied in detail by Sharma et al. (in 
preparation). Middle panel: the evolution of the photon Index during the 
outburst. Bottom panel: the unabsorbed fluxes in 3–79 keV from NuSTAR 

observations in 2014 and 2024, together with the corresponding bolometric 
X-ray luminosities. The luminosity of the 2024 NuSTAR observation is 
estimated based on the joint-fitting result, and then a correction for NuSTAR 

3–79 keV flux is calculated and applied to the observations 2014n1 and 
2014n2. 
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volution of the NS, we calculated the 1.5–5 keV flux from the
oint fit and then computed the broad-band X-ray luminosity L X 

y setting the constant for FPMA to unity. The bolometric correction 
as calculated to be ∼ 6 . 55, and applied to estimate the bolometric
-ray luminosity in Fig. 5 . 
The NuSTAR data of the 2024 outburst, with its spectra shown in

ig. 6 , were also compared with the data from the 2014 outburst. The
istributions of parameters derived from Markov chain Monte Carlo 
MCMC) simulations are illustrated in Fig. 7 . For the photon index
nd E cutoff , which are degenerated with each other, the E cutoff from
he ne w observ ation is near that of 2014n2, while the photon index
MNRAS 536, 1357–1373 (2025) 



1362 H. N. Yang et al. 

M

Figure 6. NuSTAR spectra fit results and residuals for 
different models. Top panel: spectra with their best-fitting 
const ∗tbabs ∗cflux(powerlaw ∗fdcut ∗gabs + gauss) models. 
Second to sixth panels are residuals corresponding to models in Table A3 . 
The spectra from the 2014 outburst observed by NuSTAR appear similar to 
those from 2024; therefore, only a comparison of the specific parameters is 
presented in Fig. 7 . 
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s closer to 2014n1. The strength of the CRSF also shows variations
hen compared to the observations in 2014, with the current outburst

howing larger line width and depth. 

.2 Timing analysis 

.2.1 Periodic signal search 

he NuSTAR observation with long exposure time ( ∼19 ks, see
able A1 ) was used to search for any probable periodic signal.
he barycenter-corrected event files were used to generate light
urves with a time bin of 0.01s for FPMA and FPMB, which were
ombined for further timing analysis. By using the efsearch tool,
e find a periodic signal at ∼8.03 s in the barycenter-corrected
ata from the NuSTAR observation, which is close to the value
eported by Vasilopoulos et al. ( 2014a ) and Tendulkar et al. ( 2014 ).
 significant signal of similar frequency was also identified in the
omb–Scargle Periodograms of NuSTAR , as shown in Fig. 8 . To
stimate the uncertainty of the period, we generated a series of 1000
imulated light curves following the method of Gotthelf, Vasisht &
otani ( 1999 ) for the NuSTAR observation. The distribution of
NRAS 536, 1357–1373 (2025) 
easured periods of these simulated light curves corresponds well
o a Gaussian function. We derived the 1 σ uncertainty from the
tandard deviation of this distribution, thus the detected period is
 . 029 875 ± 0 . 000 015 s. 
The NuSTAR light curve was folded based on this pulse pe-

iod with the starting epoch of MJD 60412.0. To investigate the
ulse features of different energy bands, the counts distribution
n the current observation is examined. We first divide the data at
0 keV, where the counts before 40 keV account for 99 per cent
f total observation. The 3–40 keV data were then divided at
0 keV. For the data before 20 keV, we further divided them at
 keV for the counts in 3–8 and 8–20 keV at the same level.
ulse profiles of 3–8, 8–20, 20–40, and 40–79 keV were generated
sing the light curves in these different bandpasses, which are
hown in Fig. 9 together with the average profile of the total
and. 
The profiles show dramatic changes in different bands. The total

ulse profile is characterized by its multipeak shape, which originates
ainly from the 3–8 and 8–20 keV photons. The primary and

econdary peaks at phases ∼0.3 and ∼0.05, which are separated
y a single narrow dip, are sharper than the tertiary peak at the phase
f ∼0.8. In contrast, the 20–40 keV profile only shows a single pulse
hat rapidly increases and decreases with a maximum at phase ∼0.3.
t is hard to distinguish pulses in the 40–79 keV profile due to the
ow count rate abo v e 40 keV. 

Given that Swift –XRT WT mode observations also provide
ata of high time resolution, we also checked the first two Swift
bservations 00032671090 (briefly referred to as s090 hereafter)
nd 00032671091 (s091 hereafter) of which the WT mode ex-
osure time is longer than 100s. The Lomb–Scargle periodogram
alculated based on the light curve of s090 did not reveal any
eriodic signals, which may be due to its relatively short expo-
ure time. The observation s091 exposure was divided into two
arts, the first part lasts for 18 s and the second part lasts for
87 s, with a gap of ∼45400 s between them. We only use the
econd one as the main part for further timing analysis. Similar
o the NuSTAR observation, the Lomb–Scargle periodogram of
091 also displays a significant signal at ∼0.1245 Hz, as shown in
ig. 10 . 
Considering the duration of 587 s, the periodicity searching on

091 data could be subject to large uncertainty and is difficult to
stimate. Consequently, the light curves of s090 and s091 were folded
ccording to the same period measured using data from NuSTAR ,
ith MJD 20 412 and 20416.28 selected as the starting epoch,

espectively. Both profiles exhibit at least one pulse, with the results
or s090 appearing particularly noisy. Fig. 10 shows the pulse profile
f s091. 

.2.2 Improved orbital solution 

he 2014 outburst of the system lasted for several binary orbits and
nabled detailed modelling of the orbital motion and intrinsic spin-
p (see Karaferias et al. 2023 ). Ho we ver, the ne w outburst requires
xtrapolating the orbital solution over 10 yr yielding a spin-down
rend during the 2024 outburst, which is not consistent with a major
utburst. This is mainly a result of the limited accuracy of the prior
olution, and the data acquired in the new outburst provides an
xcellent opportunity to improve the measured orbital period of the
ystem. 

Keplerian orbits are characterized by five orbital elements: the
rbital period ( P orb ), the orbital eccentricity ( e), the argument
f periastron ( ω), the projected semimajor axis ( a sin i in light-
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Figure 7. NuSTAR contours of const ∗tbabs ∗cflux(powerlaw ∗fdcut ∗gabs + gauss) model for 2024 observation, comparing with observations 
2014n1 and 2014n2. 
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econds), and the time of mean longitude of 90 ◦ ( T π/ 2 ) for the
rbital phase. The intrinsic spin-up is associated with the size 
f the inner radius of the accretion disc and the mass accre-
ion rate, which, in turn, can be tied to the observed luminos-
ty of the system (see e.g. P arfre y, Spitko vsk y & Beloborodov
016 ). 
For the modelling, we followed the Bayesian approach outlined 

n Karaferias et al. ( 2023 ). The method employs a nested sampling
lgorithm for Bayesian parameter estimation, obtaining posterior 
3

istributions for both standard accretion torque models and binary 
rbital parameters. To derive the posterior probability distributions 
nd Bayesian evidence, we used the MLFriends nested sampling 
C algorithm (Skilling 2004 ; Buchner 2019 ), implemented via 

he ULTRANEST 3 package (Buchner 2021 ). This method was ap- 
lied on the bright outburst of J0520 (Karaferias et al. 2023 ),
hile the same method had been used in constraining orbital 
MNRAS 536, 1357–1373 (2025) 
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Figur e 8. Lomb–Scar gle periodogram of NuSTAR data. The dashed red line 
marks the 99.73 per cent (3 σ ) confidence level obtained from the simulation. 

Figure 9. NuSTAR pulse profile in different bandpasses for 2024 outburst. 
Top panel: the total pulse profile from 3–79 keV. Second to fifth panels show 

the 3–8, 8–20, 20–40, and 40–79 keV pulse profiles, respectively. The pulse 
profiles are plotted with 1 σ error bars. 
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Figur e 10. The Lomb–Scar gle periodogram and pulse profile with 1 σ error 
bars of Swift –XRT WT mode second part data from observation s091. The 
dashed red line marks the 99.73 per cent (3 σ ) confidence level obtained from 

the simulation. 
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4 To a v oid any confusion in Karaferias et al. ( 2023 ) the magnetic field quoted 
in tables is the equatorial field, while here we report the polar B field strength, 
i.e. factor of 2 stronger. 
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eriods with systems with noisy data (see Vasilopoulos et al.
022 ). 
For the 2014 outburst, we used the Fermi /GBM frequency mea-

urements and Swift /BAT data as a proxy for the bolometric X-ray
uminosity L X . For 2024, we used the GBM frequencies (only four
NRAS 536, 1357–1373 (2025) 
vailable data points) and one NuSTAR measurement, while for L X 

e used data presented in Fig. 5 . We assumed that for the accretion
aterial, all dynamical energy is converted to radiation and adopted

he canonical NS parameters, i.e. 1.4 M � and 12 km. The magnetic
eld B is another free parameter of the model 4 while for the induced
ccreting torques we followed Ghosh & Lamb ( 1979 ), assuming a
atio of magnetic radius to Alfven radius of 0.5. We also introduced a
ump condition for the frequency between the two outbursts, thus we
se F 0 and F 1 as reference frequencies at the start of each outburst.
inally, we introduced an excess noise term log f to account for

he systematic scatter and noise of our data not included in the
tatistical uncertainties of the measurements and model. Our results
or the 2024 epoch are shown in Fig. 12 , while the corner plot of
he parameters and their values are presented in Fig. A1 and Table 2 .
he evidence ln Z of our fit is also included in the table, which
ives the marginal likelihood and can be used as a measure of the
oodness of fit. The two solutions exhibit only minor differences in
he residuals. Only the results of Solution II, in which the orbital
eriod is closer to the reported optical period (Vasilopoulos et al.
014a ), are presented. A discussion of the two different solutions
ill be provided in Section 4.1 . 

.2.3 Phase-r esolved measur ements 

ased on the detected period and epoch setting in Section 3.2.1 , we
enerate several good time intervals (gtis), corresponding to different
hase bins, to trace spectral changes during different rotation phases.
he photons from the NuSTAR observation of the new outburst were
ivided into 10 equal phase bins and then new spectra were extracted
nd binned to ensure at least 20 photons in each bin, in the same way
s the total observation. 

The best-fitting model of both joint-fitting result and NuSTAR
tting result was used to fit the phase-resolved spectra from FPMA
nd FPMB in all phase bins. The 20 spectra were fit simultaneously,
ith FPMA and FPMB spectra in each phase bin tied. The N H 
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Figure 11. NuSTAR phase energy heat-maps for 2014 and 2024 observations (i.e. Obsids: 80001002002 and 91001317002). Each energy bin is normalized by 
subtracting the average pulse intensity and subtracted by the standard deviation of the energy bin. For clarity, we plot the 3–50 keV pulse profile. We note the 
sharp dip before the main peak in the 2014 data is not present in the 2024 data, which do, ho we ver, sho w a more complex peak structure and are more energy 
dependent. In particular, the 2024 data reveal a change in pulse shape around phase 0.9–1.0 and energy 15–20 keV (see right panel, log ( E) ∼ 1 . 2). In addition, 
the main peak drifts from phase ∼0.2 at lower energies to phase ∼0.35 around 30 keV, while the main trough at phase ∼0.6 begins to fill up at higher energies. 
Nevertheless, both data sets become more noisy above 30 keV where background starts to dominate. 

Figure 12. Frequency evolution during the 2014 and 2024 outbursts of J0520 based on the calculation in 3.2.2 . Barycentric corrections have been performed 
for GBM (orange) and NuSTAR (red) frequency measurements, thus the variability seen is due to binary orbital effects and intrinsic spin-up of the accreting NS. 
With shaded regions, we plot the prediction bands from the posterior probability distribution using 1 σ (dark grey) and 98 per cent confidence intervals (light 
grey). In both panels, we also plot the intrinsic spin-up due to accretion based on the adopted torque model (dot–dashed green line). The residuals are estimated 
based on the deviation from the model derived from the values in Table 2 and for both solutions (orange versus magenta points), ho we ver, the prediction band 
is only presented for the 24.3886 d orbital period (i.e. Solution II). 
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s frozen at the best-fitting value of joint fit. Due to the weak
ntensity of the Fe lines, we fixed the central energy and width of the
aussian component at the v alue deri ved from the phase-averaged 

pectra, allowing only its normalization to be a free parameter. 
reliminary fits show that the E fold values of the fdcut component 
o not vary significantly o v er various phases, and are not related
o the other parameters. Thus, to better investigate the variations 
f CRSFs, we also fixed the E fold parameters at the average value.
his approach facilitates a more detailed examination of the CRSF 

ehaviour while maintaining constraints grounded in the broader 
pectral characteristics. 
t
In order to estimate the uncertainty of each parameter and measure
he variation in different phase bins, we run an MCMC simulation of
 × 10 5 steps with a 2 × 10 5 step burn-in. The results are shown in
ig. 13 . 

 DI SCUSSI ON  

.1 Orbital and optical periodicities 

n this work, we have derived an updated orbital solution based on
he spin period evolution during two major outbursts separated by 
MNRAS 536, 1357–1373 (2025) 



1366 H. N. Yang et al. 

M

Figure 13. NuSTAR model parameters as a function of phases. Errors represent 90 per cent confidence intervals from MCMC (200 000 step MCMC run with a 
200 000 step burn-in). The 90 per cent error region shown as a grey-shadowed area comes from random sampling under distributions of log flux and is re-scaled 
in other panels to indicate the general flux variation. 

Figure 14. Optical profile folded for periods derived by the timing analysis. Data obtained prior to 2020 are marked with black points while two more recent 
OGLE IV epochs are marked with colours. In the left panel, we plot all available OGLE data, while in the other two we only plot data before 2011 and after 
2022 so phase drifts are easier to notice. All data are de-trended and two epochs of major outbursts have been removed for clarity. 
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0 yr. Prior to the 2024 outburst, the best estimates of the orbital
eriod were 23.93 ±0 . 07 d (Kuehnel et al. 2014 ) and 23.97 ±
.06 d (Karaferias et al. 2023 ). Our solution derived similar orbital
arameters within uncertainties apart for the orbital period. We note
hat there is a de generac y in the solutions presented in Section 3.2.2
oncerning the orbital period, that has to do with the number of
rbital cycles between the two outbursts. In terms of goodness of fit
see log evidence) a period of 23.91 d might be preferred, ho we ver, a
eriod of 24.38 d is closer to the reported optical period (i.e. 24.43 d,
asilopoulos et al. 2014a ). 
We analysed the publicly available OGLE data that co v er 14.2 yr 5 

o provide an updated comparison with the optical period. We
e-trended the OGLE I band data and e v aluated a Lomb–Scargle
eriodogram for the complete data set as well as subsets of data (see
pplication Treiber et al. 2021 ). The optical period varied between
NRAS 536, 1357–1373 (2025) 

 OGLE XROM project: https:// ogle.astrouw.edu.pl/ ogle4/ xrom/ rx-j0520.5- 
932.html . 

i  

e  

t  

w  
4.4 and 24.45 d, while by folding the data the optimal alignment of
ll epochs was obtained for a period of 24.41 d, as shown in Fig. 14 .
e note that for the period derived from the pulse evolution there is

 gradual offset (0.15 in phase) between optical data obtained o v er
he 14-yr period. We also attempted to fit the pulse period evolution
ith a prior for the orbital period between 24.4 and 24.45 d and

he solution could not fully align the 2014 and 2024 data. More
omplicated models like adopting a variable orbital period are not
 xplored. Nev ertheless, the shift in the optical data would require
 change of 0.05 d o v er 14 yr or, about 10 −5 d/d or 5 min per year
hich is quite high to explain in terms of binary orbital evolution

v en at e xtreme accretion rates (King & Lasota 2021 ; Vasilopoulos
t al. 2021 ). Thus, the optical period being a beat period of the orbital
eriod would be a more realistic scenario. 
The orbital period derived from outburst modulations could be

nfluenced by the precession of the Be disc. Orbital phase shifts or
ven jumps could also happen (e.g. Wilson et al. 2002 ). Ho we ver,
he optical and X-ray data of J0520 during the two outbursts are
ell-aligned, suggesting a possible connection between them. If the

https://ogle.astrouw.edu.pl/ogle4/xrom/rx-j0520.5-6932.html
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Figure 15. NuSTAR pulsed fraction as a function of energy for the 2014 and 
2024 NuSTAR observations. 

Table 2. Orbital and torque model parameters of J0520. 

Parameter Solution I Solution II Units 

log( B) 11.996 ± 0.009 12.005 ± 0.014 G 

e 0.048 ± 0.012 0.05 ± 0.019 –
P orb 23.9188 ± 0.0007 24.3886 ± 0.0012 d 
ω 243 ± 15 256 ± 27 o 

a sin i 106.1 ± 1.3 108.3 ± 2.0 light-second 
T π/ 2 56 666.47 ± 0.05 56 666.17 ± 0.08 MJD 

F 0 124.3930 ± 0.0007 124.3919 ± 0.0011 Hz 
F 1 124.5315 ± 0.0008 124.5306 ± 0.0013 Hz 
ln ( f ) −13.36 ± 0.15 −12.81 ± 0.16 
ln ( Z) 348.232 ± 0.548 338.549 ± 0.587 
MJD ref ( F 0 ) 56 645.3 (fixed) 
MJD ref ( F 1 ) 60 398.169 (fixed) 
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wo periods ( ∼24.39 versus ∼24.41 d) are connected via the same
eat effect then it would suggest a superorbital period of about 76 yr.
n the other hand if Solution I is adopted, then the beat period
f the optical ( ∼24.41 d) and orbital period ( ∼23.92 d) should be
3.2 yr, indicating that the 2014 and 2024 outbursts are separated 

y three such cycles. At this point, it is not possible to strongly argue
n fa v our of either orbital solution, as a third major outb urst would
nable impro v ement of the orbital solution. Our conclusion is that
he periods search from optical data and X-ray data (pulse timing) 
annot agree on a single solution, but there can be a mismatch of as
ow as 0.02 d between the two periods. 

.2 Optical and X-ray alignment 

dge et al. ( 2004 ) revealed that J0520 experienced an outburst
etected in both optical and X-ray in 1995. The data from OGLE,
wift –XRT, LEIA , and EP also provide monitoring of the system’s
utbursts in both optical and X-ray bands co v ering the years 2014
nd 2024. The impro v ed period of 24.39 d, 6 derived from the X-ray
ata, matches perfectly with the OGLE light curve not only in the last
 yr but also for the 10 yr, indicating a relatively stable periodicity
 Adopting either the 24.39 d or 23.92 d orbital period has no effect in our 
esults or in Fig. 1 . 

p
o  

t
a  
f the system. The sudden changes in optical flux correspond well
ith the X-ray outbursts in both outbursts, while the rise and peak of

he X-ray flux precede those of the optical flux. The major outburst
f BeXRB is associated with changes in the circumstellar disc of
he Be star, which can trigger a high mass accretion rate on to the
S, leaving traces in both optical and X-ray bands (e.g. Chhotaray

t al. 2023 ). Additionally, the simultaneous rises in optical and X-
ay, similar to the 2017–2018 giant outburst of Swift J0243.6 + 6124,
oints to an alternative explanation of X-ray irradiation of the Be-star
isc (Alfonso-Garz ́on et al. 2024 , Vasilopoulos in preparation). 

.3 Spin evolution 

any BeXRBs show spin-up during major outbursts (e.g. Bildsten 
t al. 1997 ; Wilson, Finger & Camero-Arranz 2008 ), which is
ssociated with the accretion-powered nature of the NS. The spin 
volution of a BeXRB during a major outburst is considered to be
elated to various patterns of torque applied to the NS. On the one
and, the system with a luminosity exceeding the Eddington limit 
ccretes material efficiently, resulting in a torque that leads the NS
o spin-up. On the other hand, the coupling of accretion flows with
agnetic field lines tends to spin-down the NS. Consequently, the 

otal torque coming from both sides changes the spin period, which
as been described in many torque models (e.g. Ghosh & Lamb
979 ; Wang 1995 ). For extragalactic systems located in the LMC and
MC, we can only perform detailed torque modelling during major 
utbursts (see applications, Townsend et al. 2017 ; Vasilopoulos et al.
020 ), whereas for these outbursts we typically observe the systems
way from equilibrium. 

The torque model proposed by Ghosh & Lamb ( 1979 ) can be
pplied to magnetic neutron stars accreting matter from a disc, 
specially in a strong accreting regime (as re vie wed and highlighted
y Bozzo et al. 2009 ). For J0520, its spectral characteristics during
he outburst are consistent with those of a strongly accreting source.
y using data from both the 2014 and 2024 outbursts with the torque
odel from Ghosh & Lamb ( 1979 ), the orbital parameters are better

onstrained. Applying this to new outbursts allows for an estima- 
ion of intrinsic spin-up during the outburst period. Our findings 
ndicate that the behaviour during the outburst is consistent with an
ccreting re gime a way from equilibrium and a slow rotator, where
he magnetosphere is much smaller than the co-rotation radius. For 
he particular torque model, we find a magnetic field B around 10 12 

, which is consistent with the findings of Karaferias et al. ( 2023 ).
nother interesting finding is that between the major outbursts, the 

pin period of the system remained almost constant, increasing from 

8.026 to ∼8.03 o v er a period of 10.3 yr, yielding a spin-down
f 4.4 ×10 −4 s yr –1 (see Fig. 12 ). This suggests that the interaction
etween matter and the electromagnetic field is stronger than the 
ccretion of matter. By neglecting the spin-up torque from the accre-
ion flow during the spin-down process, a lower limit of the magnetic
eld strength of B ≥ 7 × 10 11 G can estimated, which is consistent
ith the strength measured by the CRSF (see Wang et al. 2021 ). 

.4 Cyclotr on r esonant scattering featur e 

yclotron resonant scattering features (CRSFs), which have been 
bserv ed in man y HMXB systems, are critical phenomena that
ffer a direct window into the magnetic environments of NS. The
hysics underlying CRSFs is related to the quantized energy levels 
f electrons in the presence of strong magnetic fields of NS, known as
he Landau levels. The scattering cross-section of electrons resonates 
t the discrete energies and gets enhanced to high values. Meanwhile,
MNRAS 536, 1357–1373 (2025) 
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ue to the thermal broadening effects of Landau levels, the photons
ill be absorbed and contribute to the transition of electrons when

hey are of an energy close to the difference between two electron
andau energy levels. The energy at which these absorption lines
ccur directly correlates with the magnetic field strength (Tr ̈umper
t al. 1978 ; Nagel 1981 ), thereby enabling precise measurements of
S magnetic fields (for re vie ws, see e.g. Staubert 2003 ; Heindl et al.
004 ; Caballero & Wilms 2012 ; Maitra 2017 ; Staubert et al. 2019 ). 
Both the joint spectral fitting and NuSTAR spectra show the

resence of a significant CRSF with a centroid energy of ∼32 keV,
hich is similar to that observed during the outburst in 2014. CRSFs
etected both during the 2014 and the current outburst are statistically
ignificant, with the simftest indicating a 100 per cent probability
f significance. The magnetic field strength can be estimated to
e ∼ 3 . 6 × 10 12 G using the 12- B-12 rule (Sch ̈onherr et al. 2007 ),
everal times the value obtained according to the torque model. The
ritical luminosity for a typical NS L crit , which corresponds to the
agnetic field, could then be estimated to be 5 . 9 × 10 37 erg s −1 

Becker et al. 2012 ). Ho we ver, the CRSF of the new outburst shows
 higher line width ( σ ) and depth (strength), which result in an optical
epth of 0 . 9 + 0 . 4 

−0 . 3 , close to the value of observation 2014n2. 
The X-ray luminosity of J0520 during major outbursts exceeds
 crit , implying that it is dominated by radiation pressure near the

tellar surface. The energy of the CRSF at this supercritical regime is
onsidered to be ne gativ ely correlated with luminosity (Becker et al.
012 ). Ho we ver, when compared on a larger time-scale, the anticor-
elated behaviour does not appear in the case of J0520. Compared to
014n2, the luminosity of the current outburst dropped by 50 per cent,
ut the CRSF energy almost stays the same value within measured
ncertainties. Considering the correlation between various spectral
arameters (see Fig. 7 ), the width and depth of the CRSF component
ay influence the estimates of its centroid energy . Additionally , the
RSF energy can also be highly dependent on the precision of the
ontinuum modelling. Nevertheless, the comparison of expected be-
aviour and measured properties between different outbursts is chal-
enging. F or e xample, in the case of SMC X-2, the CRSF energy mea-
ured in two different major outbursts at exactly the same luminosity
e vel was dif ferent by 2 keV (29.5 versus 31.5 k eV, see Jaisaw al et al.
023 ). Over a time-scale of more than a decade, some sources show
ong-term evolution in the CRSF energy (e.g. Staubert et al. 2014 ; La
arola et al. 2016 ; Ji et al. 2019 ). For other sources like 1A 0535 + 262
Kong et al. 2021 ; Shui et al. 2024 ) and V0332 + 53 (Cusumano et al.
016 ) there appears to be an energy drift of CRSF energy with time
ithin the same outburst. Interestingly, the opposite effect was been
bserved in these two systems, with the line energy increasing with
ime for 1A 0535 + 262 and dropping for V0332 + 53. These effects
ould indicate a complex and evolving way of coupling between
agnetic field lines and the disc or a magnetic field burial by an

dvection mechanism. The study of these effects could be the point of
mphasis in future X-ray missions like HEX-P (Ludlam et al. 2023 ).

.5 Pulse profile 

he pulse profile from NuSTAR data shows a multipeak shape and
nergy-dependent pattern, which have been discovered in many
-ray pulsars (e.g. dal Fiume, Frontera & Morelli 1988 ; Ray &
hakrabarty 2002 ; Kreykenbohm et al. 2008 ). Two out of three peaks

n the profile disappear when the energy is larger than 20 keV. As
hown in Fig. 11 , the observed profile during the current outburst
as a different shape from that of the previous outburst in 2014, and
xhibits more significant energy dependence, indicating a varying
ehaviour instead of a stable pattern (see Fig. 11 ). A similar variable
NRAS 536, 1357–1373 (2025) 
ulse shape was also observed from SAX J2103.5 + 4545 (Camero
rranz et al. 2007 ). Despite the pulse profile is suggested to have
o clear correlations with system parameters such as luminosity,
agnetic field strength, spin period, and orbital period (Alonso-
ern ́andez et al. 2022 ), it provides valuable insights into the physical
rocesses in the accretion column. The narrow dip occurring in the
ulse profile in 2024 may be attributed to the interception of our line
f sight by the accretion stream from the inner accretion disc to the
agnetic poles (Cemeljic & Bulik 1998 ; Paul 2017 ). 
We also calculated the pulsed fraction (PF), which refers to the
agnitude of the pulsed component relative to the total emission.

t has been known that PF is correlated with energy, and the shape
hanges in connection to some characteristic features such as the
RSF and the Fe line (e.g. Ferrigno et al. 2009 ; Luto vino v &
syg ankov 2009 ; Tsyg anko v, Luto vino v & Serber 2010 ; Wang et al.
022 ; Tobrej et al. 2023 ). The PF has already been recognized
s a tool for detecting the presence of certain features (Ferrigno,
’A ̀ı & Ambrosi 2023 ). To investigate the energy dependence of

he PF that was evident in Fig. 11 we followed Ferrigno et al.
 2023 ) and computed the PF by adopting the fast Fourier transform
ethodology described in their paper. We computed PF FFT for 2014

nd 2024 observations and the results are plotted in Fig. 15 . In both
bservations the PF increases with energy up to ∼25 keV where there
s a drop centred around the CRSF. Ho we ver, due to background
oise, we cannot resolve the PF evolution above 30 keV. In both the
014 data, we find a drop in PF around the Fe kα line (6.4 keV),
hich is more evident in the first observ ation. Ho we ver, this feature

s not evident in the 2024 data, perhaps due to lower statistics, or
ecreased pulsed intensity. The decrease of PF around the Fe kα line
s consistent with reprocessing away from the NS surface (Hickox,
arayan & Kallman 2004 ). The intriguing finding is that in the 2024
ata, we notice a decrease of PF around 15 keV that matches the
nergy where the pulse profile changes (see Fig. 11 ). The behaviour
f the 2024 data is quite similar to 4U 1626–67 that was observed
ith NuSTAR (see Obsid 30101029002 in Ferrigno et al. 2023 ). To
ur knowledge, this is the first time this decrease in PF is observed
n an extragalactic source. 

In the phase-resolved spectral analysis, the visibility of the sec-
ndary and tertiary peaks is suppressed due to the selection of phase
in size and boundaries, although the o v erall trend is consistent with
he folded light curve in Fig. 9 . Except for flux variations, Fig. 13
lso shows variations in the continuum and the CRSF component
s a function of the rotation phase. Specifically, the photon index
nd E cutoff , as two parameters with significant correlations (see
ig. 7 ), indicate an inverse relation with flux. When the flux increases
ith phase, they decrease, and vice versa. In other words, J0520

ppears softer between the peaks of the pulse profile, a characteristic
ommonly observed in similar systems (e.g. XTE J1946 + 274, see
aitra & Paul 2013 ; 4U 1907 + 09, see Varun et al. 2019 ), likely

ndicating phase-dependent modulation in the emission properties.
n the other hand, the E CRSF profile shows a lag of �φ ≈ 0 . 3 com-
ared to the flux, which is similar to the small lags observed in other
bjects (e.g. Cen X-3, see Suchy et al. 2008 ; Yang et al. 2023 ; GX
01-2, see Suchy et al. 2012 ). There may be an inverse relationship
etween the width and depth of the CRSF and E CRSF , although no
onclusions can be drawn due to the high level of uncertainty. 

 C O N C L U S I O N S  

ased on observations from several instruments including LEIA , EP ,
wift , NuSTAR , and Fermi , our study provides spectral and timing
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nalyses of the recent 2024 outburst of J0520 and investigates its
ehaviour in optical and X-ray within a long time span of a decade. 
EP detected the earliest brightening on March 22. The high- 

adence sampling by LEIA during the flare suggests that the peak 
f the outburst occurred around the 29th, allowing observation of the 
ux evolution during the event. 
Joint spectral fitting using Swift and NuSTAR data, as well as

ndividual fits of observations, indicate that despite the luminosity 
ecreasing by 50 per cent compared to the previous outburst, the 
pectral shape remains generally unchanged. The observed CRSF 

nergy is almost the same as the previous outburst in 2014. Notably,
he Fe line intensity has significantly weakened. 

By modelling the accretion torque and orbital parameters of the 
ystem with the X-ray data from 2014 and 2024, we have improved
he orbital period to 24.39 d, allowing us to derive the intrinsic spin-
p trend during the outbursts. Ho we ver, the orbital period obtained
rom X-ray data is not completely consistent with that from optical 
ata, which may need a new major outburst to further impro v e the
olution. 

The NuSTAR data from the two outbursts, separated by a decade, 
e vealed v ariations in the pulse profile, that in 2024 a more compli-
ated structure and energy dependence are observed. PF of the current 
utburst, although showing no clue of drop near the Fe line which is
vident in PF of 2014, indicates a new significant decrease around 
5 keV. There are also drops in PF around the CRSF in both 2014
nd 2024 data. J0520 can then be reported as the first extragalactic
ource that shows such decreases in PF. 

Additionally, various spectral parameters show different correla- 
ions with the spin phase. The change of flux with the rotation phase is
ligned with the opposite tendency of photon index and cutoff energy, 
hile the energy of CRSF suggests a lag compared to the flux. 
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able A1. Observational log. 

bsID Instrument Start time (UTC) Stop time (UTC) MJD Exposure (s) Rate (count s -1 ) HR 

a 

0032671090 Swift –XRT (PC) 2024-04-13 00:30:39 2024-04-13 00:37:53 60413 434 2.9 1.3 
Swift –XRT (WT) 2024-04-13 00:28:52 2024-04-13 00:30:38 60413 105 5.7 1.4 

0032671091 Swift –XRT (PC) 2024-04-16 01:09:23 2024-04-16 01:20:52 60416 690 3.2 1.5 
Swift –XRT (WT) 2024-04-16 01:09:11 2024-04-16 13:55:56 60416 605 6.5 1.4 

0032671093 Swift –XRT (PC) 2024-04-30 04:53:18 2024-04-30 09:37:54 60430 537 2.4 1.2 
0032671094 Swift –XRT (PC) 2024-05-01 23:10:00 2024-05-01 23:27:54 60431 1073 2.8 1.8 
0032671095 Swift –XRT (PC) 2024-05-07 00:59:13 2024-05-07 21:44:53 60437 1750 2.8 1.6 
0032671096 Swift –XRT (PC) 2024-05-14 05:02:04 2024-05-14 08:18:53 60444 1204 2.8 1.6 
0032671098 Swift –XRT (PC) 2024-05-17 05:30:02 2024-05-17 05:39:53 60447 592 3.0 1.8 
0032671101 Swift –XRT (PC) 2024-06-04 00:07:13 2024-06-04 11:16:53 60465 1259 2.5 1.4 
0032671102 Swift –XRT (PC) 2024-06-07 05:35:21 2024-06-07 05:48:54 60468 812 2.5 1.4 
0032671103 Swift –XRT (PC) 2024-06-11 01:13:05 2024-06-11 21:43:53 60472 1698 2.4 1.4 
0032671104 Swift –XRT (PC) 2024-06-14 02:58:04 2024-06-14 03:20:53 60475 1364 2.2 1.6 
0032671105 Swift –XRT (PC) 2024-06-17 22:33:56 2024-06-17 22:55:53 60478 1311 2.1 1.5 
0032671106 Swift –XRT (PC) 2024-06-20 19:51:35 2024-06-20 20:12:54 60481 1274 2.0 1.4 
0032671107 Swift –XRT (PC) 2024-06-23 23:36:18 2024-06-23 23:56:52 60484 1229 1.8 1.5 
0032671108 Swift –XRT (PC) 2024-06-26 05:19:07 2024-06-26 05:38:53 60487 1181 1.7 1.5 
0032671109 Swift –XRT (PC) 2024-06-29 18:17:45 2024-06-29 18:40:54 60490 1381 1.7 1.4 
0032671110 Swift –XRT (PC) 2024-07-02 00:03:15 2024-07-02 06:35:54 60493 1518 1.6 1.6 
0032671111 Swift–XRT (PC) 2024-07-05 14:43:15 2024-07-05 14:58:53 60495 934 1.5 1.7 
1001317002 NuSTAR –FPMA 2024-04-12 20:41:09 2024-04-13 06:36:09 60412 18919 12.4 –

NuSTAR –FPMB 2024-04-12 20:41:09 2024-04-13 06:36:09 60412 18787 11.5 –
Archi v al) 
0001002002 NuSTAR –FPMA 2014-01-22 20:16:07 2014-01-23 11:36:07 56679 27754 16.3 –

NuSTAR –FPMB 2014-01-22 20:16:07 2014-01-23 11:36:07 56679 27738 15.7 –
0001002004 NuSTAR –FPMA 2014-01-24 23:56:07 2014-01-25 18:31:07 56681 33237 18.5 –

NuSTAR –FPMB 2014-01-24 23:56:07 2014-01-25 18:31:07 56681 33321 17.0 –

 Hardness ratio for Swift –XRT: counts ratio of (2–10 keV)/(0.3–2 keV). 

Table A2. Joint fit results of additional models. 

Component Parameter Value 

const ∗tbabs(nthcomp ∗gabs + gauss) 
constant a C WT 0 . 888 + 0 . 124 

−0 . 115 

C FPMA 1 . 298 + 0 . 128 
−0 . 112 

C FPMB 1 . 290 + 0 . 182 
−0 . 114 

tbabs N H 0 . 216 + 0 . 066 
−0 . 027 

nthcomp Gamma 1 . 365 + 0 . 008 
−0 . 009 

kT e (keV) 5 . 01 + 0 . 17 
−0 . 20 

kT bb (keV) 0 . 041 + 0 . 080 
−0 . 041 

norm 0 . 026 + 0 . 003 
−0 . 003 

gabs E CRSF (keV) 32 . 6 + 0 . 9 −0 . 9 

σCRSF (keV) 8 . 52 + 0 . 80 
−0 . 86 

Strength 23 . 2 + 5 . 7 −5 . 3 

gauss E Fe (keV) 6 . 14 + 0 . 19 
−0 . 31 

σFe (keV) 1 . 26 + 0 . 41 
−0 . 31 

norm 0 . 000 82 + 0 . 000 29 
−0 . 000 24 

Total cstat/dof 2734.23/2790 
const ∗tbabs(cutoffpl ∗gabs + gauss + bbody) 

constant a C WT 0 . 894 + 0 . 125 
−0 . 112 

Table A2 – continued 

Component Parameter Value 

C FPMA 1 . 194 + 0 . 120 
−0 . 107 

C FPMB 1 . 187 + 0 . 119 
−0 . 106 

tbabs N H 0 . 072 + 0 . 065 
−0 . 053 

cutoffPL PhoIndex 0 . 789 + 0 . 130 
−0 . 118 

HighECut (keV) 10 . 1 + 1 . 0 −0 . 8 

norm 0 . 020 + 0 . 003 
−0 . 002 

gabs E CRSF (keV) 31 . 0 + 0 . 6 −0 . 6 

σCRSF (keV) 5 . 22 + 0 . 47 
−0 . 47 

Strength 24 . 9 + 5 . 7 −4 . 5 

gauss E Fe (keV) 6 . 49 + 0 . 10 
−0 . 13 

σFe (keV) 0 . 286 + 0 . 198 
−0 . 111 

norm 0 . 000168 + 0 . 000071 
−0 . 000048 

bb kT (keV) 3 . 97 + 0 . 16 
−0 . 13 

norm 0 . 00326 + 0 . 00042 
−0 . 00040 

Total cstat/dof 2696.49/2789 

a Cross-normalization constants. 
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Table A3. Spectral fits to NuSTAR Observation. 

Component Parameter Value 

const ∗tbabs ∗cflux(powerlaw ∗fdcut) 
constant C FPMB 

a 0 . 994 + 0 . 005 
−0 . 005 

cflux log 10 Flux b (erg cm 

−2 s −1 ) −9 . 15 + 0 . 002 
−0 . 002 

powerlaw PhoIndex 0 . 802 + 0 . 020 
−0 . 021 

fdcut E cutoff (keV) 15 . 1 + 0 . 39 
−0 . 41 

E fold (keV) 5 . 17 + 0 . 10 
−0 . 10 

Total χ2 /dof 1536 . 20 / 1151 

const ∗tbabs ∗cflux(powerlaw ∗fdcut ∗gabs) 
constant C FPMB 

a 0 . 994 + 0 . 005 
−0 . 005 

cflux log 10 Flux b −9 . 14 + 0 . 002 
−0 . 002 

powerlaw PhoIndex 0 . 698 + 0 . 037 
−0 . 038 

fdcut E cutoff (keV) 10 . 8 + 1 . 39 
−1 . 46 

E fold (keV) 7 . 39 + 0 . 31 
−0 . 30 

gabs E CRSF (keV) 31 . 6 + 0 . 68 
−0 . 63 

σCRSF (keV) 6 . 26 + 0 . 60 
−0 . 54 

Strength 13 . 4 + 2 . 67 
−2 . 30 

Total χ2 /dof 1343 . 19 / 1148 

const ∗tbabs ∗cflux(powerlaw ∗fdcut ∗gabs + gauss) 

constant C FPMB 
a 0 . 993 + 0 . 005 

−0 . 005 

cflux log 10 Flux b (erg cm 

−2 s −1 ) −9 . 14 + 0 . 002 
−0 . 002 

powerlaw PhoIndex 0 . 761 + 0 . 045 
−0 . 042 

fdcut E cutoff (keV) 13 . 3 + 2 . 07 
−1 . 68 

E fold (keV) 7 . 30 + 0 . 31 
−0 . 30 

gabs E CRSF (keV) 31 . 7 + 0 . 72 
−0 . 67 

σCRSF (keV) 6 . 81 + 0 . 79 
−0 . 65 

Strength 15 . 4 + 3 . 82 
−2 . 90 

gauss E Fe (keV) 6 . 51 + 0 . 09 
−0 . 10 

σFe (keV) 0 . 28 + 0 . 14 
−0 . 10 

norm 

c 0 . 0082 + 0 . 0028 
−0 . 0022 

Total χ2 /dof 1289 . 75 / 1145 

const ∗tbabs ∗cflux(nthcomp ∗gabs + gauss) 

constant C FPMB 
a 0 . 994 + 0 . 005 

−0 . 005 

cflux log 10 Flux b (erg cm 

−2 s −1 ) −9 . 14 + 0 . 002 
−0 . 002 

Table A3 – continued 

Component Parameter Value 

nthcomp Gamma 1 . 37 + 0 . 007 
−0 . 008 

kT e (keV) 4 . 88 + 0 . 14 
−0 . 18 

kT bb (keV) 0 . 141 + 0 . 509 
−0 . 141 

gabs E CRSF (keV) 32 . 0 + 0 . 83 
−0 . 82 

σCRSF (keV) 8 . 00 + 0 . 54 
−0 . 72 

Strength 20 . 1 + 4 . 85 
−4 . 61 

gauss E Fe (keV) 6 . 16 + 0 . 16 
−0 . 23 

σFe (keV) 1 . 20 + 0 . 34 
−0 . 28 

norm 

c 0 . 0304 + 0 . 0306 
−0 . 0085 

Total χ2 /dof 1305 . 46 / 1145 

const ∗tbabs ∗cflux(cutoffpl ∗gabs + gauss + bbody) 

constant C FPMB 
a 0 . 994 + 0 . 005 

−0 . 005 

cflux log 10 Flux b (erg cm 

−2 s −1 ) −9 . 14 + 0 . 003 
−0 . 002 

cutoffPL PhoIndex 1 . 16 + 0 . 30 
−0 . 34 

HighECut (keV) 12 . 9 + 4 . 20 
−3 . 09 

gabs E CRSF (keV) 30 . 1 + 0 . 75 
−0 . 58 

Table A3 – continued 

Component Parameter Value 

σCRSF (keV) 4 . 48 + 0 . 68 
−0 . 58 

Strength 22 . 5 + 5 . 12 
−4 . 00 

gauss E Fe (keV) 6 . 21 + 0 . 34 
−0 . 26 

σFe (keV) 0 . 70 + 0 . 34 
−0 . 48 

norm 

c 0 . 0142 + 0 . 0069 
−0 . 0073 

bb kT (keV) 3 . 75 + 0 . 19 
−0 . 09 

norm 

c 0 . 151 + 0 . 017 
−0 . 020 

Total χ2 /dof 1287 . 12 / 1144 

a Cross-normalization constant that is free for FPMB data but frozen to unity 
for FPMA data. 
b 3–79 keV flux. 
c Due to the use of cflux the normalization of another model is related 
to the normalization of powerlaw or nthcomp or cutoffPL , which is 
frozen to 1. 
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Figure A1. Corner plot of the torque and orbital modelling for the joint fit on the 2014 and 2024 data. 
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