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A B S T R A C T 

The Be/X-ray binary pulsar RX J0440.9 + 4431 went through a giant outburst in December 2022 with a peak flux of ∼2.3 Crab 

in 15–50 keV. We studied the broad-band timing and spectral properties of RX J0440.9 + 4431 using four AstroSat observations, 
where the source transited between subcritical and supercritical accretion regimes. Pulsations were detected significantly above 
100 keV. The pulse profiles were found to be highly luminosity- and energy-dependent. A significant evolution in the pulse profile 
shape near the peak of the outburst indicates a possible change in the accretion mode and beaming patterns of RX J0440.9 + 4431. 
The rms pulsed fraction was luminosity- and energy-dependent, with a concave-like feature around 20–30 keV. The depth of 
this feature varied with luminosity, indicating changes in the accretion column height and proportion of reflected photons. The 
broad-band continuum spectra were best fitted with a two-component Comptonization model with a blackbody component or 
a two-blackbody component model with a thermal Comptonization component. A quasi-periodic oscillation (QPO) at 60 mHz 
was detected at a luminosity of 2 . 6 × 10 

37 erg s −1 , which evolved into 42 mHz at 1 . 5 × 10 

37 erg s −1 . The QPO rms were found 

to be energy dependent with an o v erall increasing trend with energy. For the first time, we found the QPO frequency varying 

with photon energy in an X-ray pulsar, which poses a challenge in explaining the QPO with current models such as the Keplarian 

and beat frequency model. Hence, more physically moti v ated models are required to understand the physical mechanism behind 

the mHz QPOs. 

Key words: accretion, accretion disc – stars: magnetic field – stars: neutron – pulsars: individual: RX J0440.9 + 4431, LS V + 44 

17 – X-rays: binaries. 
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 I N T RO D U C T I O N  

ne significant subgroup of high-mass X-ray binaries (HMXBs) is
e/X-ray binaries (BeXRBs; Liu, van Paradijs & van den Heuvel
006 ). These systems consist of a neutron star in an eccentric
rbit around a Be star (Reig 2011 ; Mushtukov & Tsygankov 2022 ).
lassical Be stars are B-type stars with emission lines in their spectra

where the letter ‘e’ indicates emission), especially hydrogen lines
rom the Balmer series, and sometimes helium and iron lines (Porter
 Rivinius 2003 ; Reig et al. 2005 ). The optical emission primarily

omes from the Be star, while the X-ray emission reflects the physical
tate near the neutron star. BeXRBs are recognized for featuring two
istinct types of X-ray outbursts: Type-I and Type-II. Type-I X-ray
utbursts typically originate around the periastron point of a neutron
tar, whereas Type-II X-ray outbursts, which may be related to the
arping of the outermost region of the circumstellar disc, can take
lace at any orbital phase (Okazaki, Hayasaki & Moritani 2013 ). 
 E-mail: rahul1607kumar@gmail.com (RS); 
anojmandal@mcconline.org.in (MM) 
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The resonant scattering of continuum photons with electrons pro-
uces absorption-like features in the energy spectrum. In the presence
f strong magnetic fields, electron orbital energy is quantized into
andau levels (Meszaros 1992 ). In HMXBs, cyclotron resonant
cattering features (CRSFs) are mostly observed in the energy range
f 10–100 keV (Staubert et al. 2019 ). The cyclotron line energy
 E c ) is used to estimate the magnetic field strength of a neutron
tar, following the relation E c = 11 . 6 B 12 n (1 + z) −1 keV, where B 12 

s the magnetic field strength in the unit of 10 12 G, n = 1 , 2 , 3 , . . .
s the number of Landau levels, and z is the gravitational redshift.
ariations in the geometry and dynamics of accretion flow across

he magnetic poles of the neutron star can affect these cyclotron line
cattering features. 

Strong outbursts, often recorded from some X-ray pulsars (e.g.
A 0535 + 262, EXO 2030 + 375, 4U 0115 + 63, KS 1947 + 300; Reig
 Nespoli 2013 ; Mandal & Pal 2022 ) can produce such high X-ray

uminosities that the accretion column begins to rise due to emerging
adiation, halting the accretion abo v e the neutron star surface via a
adiation-dominated shock. This threshold luminosity is known as the
critical luminosity’ (Mushtukov et al. 2015 ). The critical luminosity
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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lays a crucial role in defining two distinct accretion re gimes, abo v e
hich the beaming patterns and accretion mechanism of the pulsars 
 volve significantly. Belo w the critical luminosity, accretion occurs 
n the subcritical regime, where a ‘pencil beam’ of X-ray emission
orms as accreting material falls freely onto the neutron star’s surface 
Basko & Sunyaev 1975 ). In this case, photons propagate along 
he magnetic field lines as emission escapes from the top of the
olumn in the pencil beam pattern (Burnard, Arons & Klein 1991 ).
t higher luminosities ( L x ≥ 10 37 erg s −1 ), an accretion-dominated 

hock is thought to appear close to the critical luminosity, leading to a
hange in beaming patterns and a spectral shape. In the supercritical 
egime, the radiation pressure becomes strong enough to stop the 
ccreting matter abo v e the neutron star, resulting in a radiation-
ominated shock (Basko & Sunyaev 1976 ; Becker et al. 2012 ). This
egime is characterized by fan-beam patterns or a combination of 
encil and fan-beam patterns. Ho we ver, the actual beaming patterns 
an sometimes be more complex than the simple fan or pencil 
eam patterns (Kraus et al. 1995 ; Blum & Kraus 2000 ; Becker
t al. 2012 ). 

.1 RX J0440.9 + 4431 

he BeXRB pulsar RX J0440.9 + 4431 was disco v ered with ROSAT
uring a Galactic plane surv e y (Motch et al. 1997 ). The long-term
ptical/infrared study revealed that the optical counterpart of the 
ource is BSD 24–491/LS V + 44 17, with a spectral type of B0.2V
Motch et al. 1997 ; Reig et al. 2005 ). The distance to the source was
nitially found to be 3.3 ± 0.5 kpc (Reig et al. 2005 ), and later, a

ore precise distance of ∼2.44 kpc was suggested by Bailer-Jones 
t al. ( 2021 ) using data from Gaia DR3. From the spectroscopy
esults, Reig et al. ( 2005 ) reported the H α line exhibiting a variable
ouble peak shape, with a correlation observed between the infrared 
agnitude and equi v alent width of the H α line. The RXTE /PCA light

urves confirmed an X-ray pulsation of 202.5 ±0.5 s in the 3–20 keV
nergy band (Reig & Roche 1999 ). 

X-ray outbursts were detected from the source between 2010 
nd 2011. Ferrigno et al. ( 2013 ) estimated the orbital period of
X J0440.9 + 4431 to be ∼150 d based on three consecutive X-ray
utbursts in the Swift /BAT light curve. During the 2010 outburst,
sygankov, Krivonos & Lutovinov ( 2012 ) used RXTE , Swift , and

NTEGRAL to study several spectral and timing properties of RX 

0440.9 + 4431. Tsygankov et al. ( 2012 ) reported a pulse period
f 205.0 ± 0 . 1 s during the 2010 September outburst. The pulse
rofile had a single peak feature and was nearly sinusoidal. The pulse
rofile was neither dependent on luminosity nor energy (Tsygankov 
t al. 2012 ). The INTEGRAL spectral analysis of the source detected
 cyclotron line at 32 keV, estimating the magnetic field to be
 . 2 × 10 12 G (Tsygankov et al. 2012 ). Based on the timing analysis
f the XMM –Newton data, La Palombara et al. ( 2012 ) estimated
he spin period to be ∼204.96 s, with an average spin-down rate of
 × 10 −9 s s −1 o v er 13 yr. 
After more than a decade of inactivity, RX J0440.9 + 4431 went

hrough a giant outburst in December 2022, continuing for nearly 
our months. The X-ray flux reached nearly 2.3 Crab as observed by
he Swift /BAT (15–50 keV). The outburst was monitored in different 
avelengths from radio to X-ray (Nakajima et al. 2022 ; Coley et al.
023 ; Kumari et al. 2023 ; Pal et al. 2023 ; Salganik et al. 2023 ; Mandal
t al. 2023b ; van den Eijnden et al. 2024 ). Using INTEGRAL and
uSTAR observations, Salganik et al. ( 2023 ) examined the spectra 
f RX J0440.9 + 4431 and did not find any signature of CRSF.
wo Comptonized components were used to characterize the source 
pectrum during the outburst (Salganik et al. 2023 ). The source also
howed a significant evolution of pulse profile and spectral hardness 
ear a critical luminosity, indicating a change in the accretion modes
Li et al. 2023 ; Mandal et al. 2023a ). 

Combined timing and spectral studies suggested a state transition 
rom the subcritical to the supercritical accretion regime (Salganik 
t al. 2023 ; Mandal et al. 2023a ), with changes in emission mecha-
isms and beaming patterns near the transition point. The variation of
ulsed fraction (PF; 30–100 keV) with luminosity showed a change 
n correlation close to the critical luminosity, potentially related to 
he change in the accretion mechanism (Li et al. 2023 ). As luminosity
ncreased, the iron emission line evolved from a narrow to a broad
eature, showing a substantial correlation with the X-ray (Mandal 
t al. 2023a ). The magnetic field was also estimated to be of the
rder of 10 12 or 10 13 G based on the different theoretical models. A
agnetic field of the order of 10 13 G was estimated from the torque

uminosity model (Salganik et al. 2023 ). 
The X-ray polarization properties of RX J0440.9 + 4431 were 

tudied at two different luminosity levels during the outburst using 
maging X-ray polarimetry explorer (Doroshenko et al. 2023 ). The 
ource w as lik ely observed in both supercritical and subcritical
tates, showing significantly different emission-region geometries 
ssociated with the presence of accretion columns and hot spots. The
hase-resolved polarimetry indicated the presence of an unpulsed 
olarized component along with the polarized radiation from the 
ulsar, constraining the pulsar geometry with a pulsar inclination of 
 p ≈ 108 ◦ and a magnetic obliquity of θp ≈ 48 ◦ (Doroshenko et al.
023 ). 
Malacaria et al. ( 2024 ) reported the detection of ∼0.2 Hz quasi-

eriodic oscillation (QPO) in RX J0440.9 + 4431 using data from
ermi /GBM, observed only above a certain luminosity and at 
pecific pulse phases of the neutron star. This QPO is thought to
riginate when X-ray luminosity is near the supercritical accretion 
egime, where emission patterns change abo v e a certain luminosity
Malacaria et al. 2024 ). Similarly, Li et al. ( 2024 ) identified variable
POs at 0.14, 0.18, 0.21, and 0.3 Hz using Insight /HXMT data,
hich also appeared in the supercritical re gime. Additionally, the y
bserv ed e xcess power in the power spectra, which was modelled
y adding another Lorentzian component with centroid frequencies 
round 0.37–0.48 Hz. 

The source was also followed up using AstroSat during different 
hases of the outburst. The broad-band co v erage of AstroSat allowed
s to explore the source properties in the wide energy range by
ombining data from SXT, LAXPC, and CZTI. In this paper, we
tilized AstroSat observations to explore the evolution of several 
pectral and timing properties of RX J0440.9 + 4431. The structure
f the paper is as follows: Section 2 describes the data reduction
nd analysis techniques. The timing (pulse and quasi-periodic) and 
pectral analysis results are summarized in Section 3 . The results are
iscussed and concluded in Section 4 . 

 OBSERVATI ON  A N D  DATA  ANALYSI S  

stroSat is India’s first dedicated multiwavelength astronomy satel- 
ite (Agrawal 2006 ; Singh et al. 2014 ), launched in 2015. It has
ve principal payloads on board: (i) the Soft X-ray Telescope 
SXT), (ii) the Large Area X-ray Proportional Counters (LAX- 
Cs), (iii) the Cadmium-Zinc-Telluride Imager (CZTI), (iv) the 
ltra-Violet Imaging Telescope (UVIT), and (v) the Scanning 
ky Monitor (SSM). Table 1 gives the log of observations used

n this work. We analysed data from SXT, LAXPC, and CZTI
nstruments. 
MNRAS 534, 1028–1042 (2024) 
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Table 1. The log of AstroSat observations of RX J0440.9 + 4431 analysed in this work. The spin period and luminosity value quoted are from Sections 3.1 and 
3.3 . 

Obs Obs-ID Date Exposure Luminosity Spin Period 
No. (yy-mm-dd) MJD (ks) (erg s −1 ) (s) 

1 T05 074T01 9000005472 2023-01-11 59 955 22 0 . 33 × 10 37 207.789 (1) 
2 T05 086T01 9000005496 2023-02-05 59 980 46 3 . 3 × 10 37 206.5118 (2) 
3 T05 086T01 9000005518 2023-02-25 60 000 53 2 . 6 × 10 37 205.3518 (1) 
4 T05 086T01 9000005534 2023-03-07 60 010 51 1 . 5 × 10 37 204.9997 (1) 
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.1 LAXPC 

AXPC is one of the primary instruments aboard AstroSat . It consists
f three co-aligned identical proportional counters (LAXPC10,
AXPC20, and LAXPC30) that work in the energy range of 3–
0 keV. Each LAXPC detector independently records the arri v al
ime of each photon with a time resolution of 10 μs and has five
ayers (for details see Yadav et al. 2016 ; Antia et al. 2017 ). As
AXPC10 was operating at low gain and detector LAXPC30 1 was
witched off during the observation, we used only the LAXPC20
etector for our analysis. We used the data collected in the Event
nalysis (EA) mode and processed using the L AXPC S OFT 2 version
.4.4 software package to extract light curves and spectra. LAXPC
etectors have a dead-time of 42 μs, and the extracted products are
ead-time corrected. The background in LAXPC is estimated from
he blank sky observations (see Antia et al. 2017 , for details). We
ave used corresponding response files to obtain channel-to-energy
onversion information while performing energy-resolved analysis. 

We corrected the LAXPC photon arri v al times to the Solar system
arycentre by using the AS1BARY 

3 tool. We used the best available
osition of the source, R.A. (J2000) = 04 h 40 m 59 . 33 s and Dec.
J2000) = 44 ◦31 ′ 49 . 258 ′′ (Gaia Collaboration 2021 ). 

.2 SXT 

he SXT is a focusing X-ray telescope with CCD in the focal plane
hat can perform X-ray imaging and spectroscopy in the 0.3–7 keV
nergy range (Singh et al. 2016 , 2017 ). RX J0440.9 + 4431 was
bserved in the Photon Counting (PC) mode with SXT (Table 1 ).
evel 1 data were processed with AS1SXTLevel2-1.4b pipeline
oftware to produce level 2 clean event files. The level 2 cleaned
les from individual orbits were merged using the SXT event merger

ool (Julia code). The merged event file was then used to extract
mages, light curves, and spectra using the XSELECT task, provided
s part of HEASOFT version 6.31.1. A circular region with a radius
f 16 arcmin centred on the source was used. For observations 1,
, and 4, the source count rate was below the threshold value of
ileup ( < 40 counts s −1 ) in the PC mode. 4 For observation 2, the
ource count rate was significantly abo v e the threshold of pileup
 > 40 counts s −1 ). To mitigate the effect of the pileup, the source
ounts were excluded from the central region of the point-spread
unction until the source count rate became below the threshold
ate for the pileup. An annulus region with an inner radius of
.5 arcmin and an outer radius of 16 arcmin was chosen. We also
hecked for pile-up effects in these observations using the method
NRAS 534, 1028–1042 (2024) 

 LAXPC30 has been switched off since 8 March 2018 due to abnormal gain 
hanges; see, http:// astrosat-ssc.iucaa.in/ . 
 http:// www.tifr.res.in/ ∼astrosat laxpc/ LaxpcSoft.html 
 http:// astrosat-ssc.iucaa.in/ ?q=data and analysis 
 https:// www.tifr.res.in/ ∼astrosat sxt/ instrument.html 
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escribed by Sridhar et al. ( 2019 ) and Chakraborty et al. ( 2020 ).
or spectral analysis, we have used the blank sky SXT spectrum
s background (SkyBkg sxt LE0p35 R16p0 v05 Gd0to12.pha) and
pectral redistribution matrix file (sxt pc mat g0to12.rmf) provided
y the SXT team. 5 We generated the correct off-axis auxiliary
esponse files (ARF) using the sxtARFModule tool from the on-
xis ARF (sxt pc excl00 v04 20190608.arf) provided by the SXT
nstrument team. 

.3 CZTI 

he Cadmium Zinc Telluride Imager (CZTI) is a hard X-ray
nstrument operating in the 20–200 keV energy range with a coded

ask aperture to subtract the background (Bhalerao et al. 2017 ).
t has four independent quadrants, each with 16 pixelated detector
odules. CZTI provides an angular resolution of 8 arcmin with a
eld of view of 4.6 ◦× 4.6 ◦. The CZTI data were reduced using the
ZTI data analysis pipeline version 3.0. We used the cztpipeline

ool to generate level-2 cleaned event files from the level-1 data.
he spectrum and light curves were extracted using cztbindata .
he spectrum from all four quadrants of CZTI was added using
ztaddspec . The light curves for different energy ranges were
inned at 1 s time bins and barycenter corrected using AS1BARY tool.
he spectra are used in the energy range of 20–150 keV for Obs. 2, 3,
nd 4. For Obs. 1, we have used the CZTI light curves and spectra for
he energy range of 20–50 keV. The final data products (light curves
nd spectra) are created for the mentioned energy ranges, beyond
hich the source has poor count statistics. 

 RESULTS  

ig. 1 presents the 15–50 keV Swift /BAT light curve (Krimm et al.
013 ) of the 2022–2023 giant outburst of RX J0440.9 + 4431, where
he peak flux reached a record-high value of ∼2.3 Crab near MJD
9976. AstroSat observed the source at four epochs at different phases
f the outburst and luminosity, marked with vertical dashed lines in
ig. 1 . 
The evolution of the hardness ratio of RX J0440.9 + 4431 with

ntensity during these AstroSat observations is shown in Fig. 2 . The
ardness ratio is estimated from the ratio of the count rate in the
nergy band 10–30 keV and 3–10 keV of LAXPC. A significant
ariation in the hardness ratio with the source intensity is observed,
ndicating different phases of outburst. A detailed study using
ICER observations traced the source state transition of the RX

0440.9 + 4431 during the giant outburst in 2022, indicating a state
ransition from subcritical to supercritical regime occurred at MJD
9969–59970 and opposite transition on MJD 59 995 (Salganik et al.
023 ; Mandal et al. 2023a ). 
 http:// www.tifr.res.in/ ∼astrosat sxt/ dataanalysis.html 

http://astrosat-ssc.iucaa.in/
http://www.tifr.res.in/~astrosat_laxpc/LaxpcSoft.html
http://astrosat-ssc.iucaa.in/?q=data_and_analysis
https://www.tifr.res.in/~astrosat_sxt/instrument.html
http://www.tifr.res.in/~astrosat_sxt/dataanalysis.html
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Figure 1. The Swift /BAT light curve of RX J0440.9 + 4431 during its 2022–
2023 outburst binned at 2 d. The vertical magenta lines represent the epoch 
of AstroSat observations. 
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In our study, the AstroSat observation close to the peak belongs to
he supercritical state of the source, while other observations were 
erformed in the subcritical state of the source (Salganik et al. 2023 ;
andal et al. 2023a ). A significant evolution in temporal and spectral

roperties is expected between these observations. The AstroSat 
bserv ations allo wed us to probe the broad-band view of the source
t different accretion regimes. 

.1 Pulse timing analysis 

he 1-s binned background-corrected light curves from LAXPC in 
he 3–80 keV energy range were used to search for periodicity from
he AstroSat observations during the outburst. The epoch-folding 
echnique w as emplo yed by using the efsearch task to find the
ptimal period by folding the light curve over a trial period range
nd maximizing χ2 (Leahy 1987 ) as a function of the period across
2 phase bins. The bootstrap method (Luto vino v, Tsyganko v &
hern yako va 2012 ) was used to determine the uncertainty in the
stimated spin periods by simulating 1000 light curves, as explained 
n Sharma et al. ( 2023a ). During the AstroSat observations, the spin
eriod of RX J0440.9 + 4431 varied between 207.789 to 204.9997 s;
etails are summarized in Table 1 . The spin-period is consistent with
he Fermi /GBM (Malacaria et al. 2020 ) and NICER measurements
Mandal et al. 2023a ), and the spin-up of RX J0440.9 + 4431 is
vident during the outburst. 

The determining optimal spin periods were used to produce pulse 
rofiles by folding light curves from SXT, LAXPC, and CZTI
nstruments using the efold task. During the AstroSat observations, 
he source also exhibited significant changes in pulse profile shape. 
he pulse profile in 0.5–150 keV is shown in Fig. 3 for different
stroSat observations during the outburst. The SXT (0.5–7 keV), 
AXPC (3–80 keV), and CZTI (20–150 keV) pulse profiles are 
hown in the top, middle, and bottom panels of Fig. 3 . For observation
, the CZTI pulse profile was detected up to 50 keV due to poor
ource count at high energy. The multipeak feature is observed at
ower luminosity levels with an additional dip-like feature at low 

nergies (La Palombara et al. 2012 ; Tsygankov et al. 2012 ; Usui
t al. 2012 ; Mandal et al. 2023a ), whereas a single asymmetric broad
eak feature with a minor peak (or two wings with phase separation
f ∼0.2; Li et al. 2023 ; Salganik et al. 2023 ) is visible in the pulse
rofiles (during Obs. 2) at the peak of the outburst. During the decay
hase of the outburst (Obs 3 and 4), the pulse profile evolves back to
 multipeaked feature with more complexity. A similar behaviour of 
ulse profiles at different luminosities was reported previously (Li 
t al. 2023 ; Salganik et al. 2023 ; Mandal et al. 2023a ). 

Fig. 4 shows the energy-dependence of pulse profiles from four 
ifferent AstroSat observations from LAXPC in the 3–80 keV range 
t different luminosities of the outburst (Fig. A1 present the individ-
al energy-resolved pulse profiles). Strong energy dependence was 
vident in the pulse profiles. In Obs 1, the pulse profile shows a highly
nergy-dependent complex dual-peak feature. The main peak ( ∼1 
hase) significantly evolved with energy. The right wing of the main
eak grows sharply with an increase in energy and becomes a more
rominent feature abo v e 40 keV, a narrower peak at the ∼1 . 2 phase.
t the peak of the outburst (during Obs 2), the pulse profile evolved

nto a single broad peak with a minor peak feature before the main
eak, which was strongly energy-dependent. The main peak showed 
 sharp increase in intensity with increasing energy. The main and
inor peaks shifted to the right, and their separation decreased with

ncreasing energy. 
With the decay of the outburst (Obs 3 and Obs 4), the pulse profile

volved back to a multipeak nature with a strong energy dependency 
nd dip-like feature at low energies. During Obs 3, the pulse peak
hifted to the right, with minima remaining at phase ∼0.5. A minor
eak around 0.6–0.7 phase becomes apparent at higher energies. In 
iddle energies (15–48 keV), a dip-like feature also appears on the
ain peak and separates it into wings. This dip shifts from phase 0.1

o 0.2 with the pulse peak. Similar to Obs 1, the right wing of the
eak evolved into a sharp peak at phase ∼1 . 2 at higher energies. 

The pulse profile was more complex during Obs 4, with three
eaks and a dip-like feature in the right wing of the main peak. The
ontribution significantly changed for these peaks with energies. 
he dominance of the peak from main (at phase ∼1) to secondary (at
hase ∼0.7) changed abo v e ∼25 keV. In this case, the right wing of
he main peak (at phase ∼1) diminished with an increase of energy
nd started to evolve into a sharp peak at phase ∼0.35 abo v e 48 keV,
imilar to Obs 1 and 3. 

We also studied the energy-resolved pulse profiles from CZTI in 
he energies up to 150 keV, shown in Fig. A2 . The pulse profiles
re shown for the energy ranges 20–50 keV, 50–100 keV, and 100–
50 keV. At higher luminosity (Obs 2), the pulse profile showed a
road single peak feature with a minor peak in 20–150 keV, similar
o LAXPC. In the decay phase of the outburst (Obs 3 and Obs
), the pulse profile exhibited a multipeak feature which evolved 
MNRAS 534, 1028–1042 (2024) 
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Figure 3. The pulse profiles of RX J0440.9 + 4431 from AstroSat –SXT, LAXPC, and CZTI observations during different phases of the outburst. Pulsations in 
the observation were detected up to 50 keV, while for observations 2, 3, and 4, pulsations were detected up to 150 keV. 
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ignificantly with energy and luminosity. Abo v e 100 keV, only the
rimary peak stands out, while minor peaks are not clear. 

.1.1 Pulsed fraction 

he variation of the rms PF with energy is also studied during
if ferent AstroSat observ ations. The rms PF is estimated using the
ollowing (Wilson-Hodge et al. 2018 ), 

F rms = 

1 

p̄ 

√ 

N 

[ 

N ∑ 

i= 1 

( p i − p̄ ) 2 
] 

1 
2 

, (1) 

here N is the number of phase bins, p̄ is the average count rate,
nd p i is the count rate in the i th phase bin of the pulse profile. The
Fs changed significantly during the outburst and showed strong

uminosity and energy dependence. The variation of the PF with
nergy during different AstroSat observations is shown in Fig. 5 . The
Fs are found to be higher close to the peak of the outburst and as

he outburst evolved, the PF showed comparatively low value. 
The PF shows a ne gativ e correlation below the energy of 25 keV,

nd the correlation turns positiv e abo v e 25 keV (Li et al. 2023 ;
NRAS 534, 1028–1042 (2024) 
alganik et al. 2023 ). In Obs 1, the PF decreased from ∼27 per cent
o 20 per cent below 30 keV, and abo v e this energy range, the PF
ncreased back to 26 per cent at 68–80 keV. Near the peak of the
utburst (Obs 2), the PF decreased from ∼50 per cent to ∼42 per cent
elow 25 keV and showed a sharp increase up to ∼64 per cent abo v e
5 keV. In Obs 3, the PF decreases from ∼38 per cent to 22 per cent in
he 3–30 keV energy range, and afterward, the PF increases up to ∼33
er cent at 68–80 keV. In Obs 4, the PF decreased from ∼30 per cent
o 13 per cent below 30 keV and increased to ∼18 per cent afterward.
uring all AstroSat observations, the PF showed a minor dip close

o the energy 6–7 keV, similar to NuSTAR observations (Salganik
t al. 2023 ). This local minimum feature in PF is evident around
he fluorescence iron line. A concave-like feature is evident in the
F plots around 20–30 keV, probably due to the scattering of high
nergy photons in the neutron star atmosphere, which reduces the
mplitude of the pulsed emission (Li et al. 2023 ). 

.2 Quasi-periodic variability 

o investigate variability, we constructed the power density spectrum
PDS) using LAXPC data in the 3–80 keV energy range across
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Figure 4. Colourmap of the energy dependence of the pulse profiles from four AstroSat /LAXPC observations at different luminosity levels of the outburst. The 
colour bar on top represents the normalized intensity of pulse profiles. 
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Figure 5. Variation of rms PF with energy from all four AstroSat LAXPC 
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ll four observations. The LAXPC light curves were binned at 
.1 sec and divided into ∼819.2 sec segments to calculate the 
ourier transform. The resulting power spectra were averaged and 
ebinned geometrically by a factor of 1.02. The power spectra were 
alculated using rms normalization, with Poisson noise subtracted 
sing FTOOL powspec norm = -2 . Each PDS exhibited narrow 

eaks at the spin frequency of the pulsar ( ∼5 mHz) with their multiple
armonics and red noise. Additionally, the PDS from observations 3 
nd 4 showed a narrow excess in the power around 60 and 42 mHz,
espectively, indicating a QPO. 

The aperiodic noise in accreting X-ray pulsar can be explained 
y the propagating fluctuations in mass accretion rate occurring 
n the accretion disc (e.g. Lyubarskii 1997 ; Churazo v, Gilfano v &
e vni vtse v 2001 ; Re vni vtse v et al. 2009 ), and PDS can be described
sing a characteristic power-law shape with a break. The break 
requency is associated with the change of the disc-like accretion flow 

o the magnetospheric flow influenced by the interaction between the 
ccretion disc and the compact object, the role of magnetic fields and
ass accretion rate (Re vni vtse v et al. 2009 ; Mushtukov et al. 2019 ).
he PDS can also be described by a sum of Lorentzian functions (e.g.
elloni, Psaltis & van der Klis 2002 ; Reig 2008 ). The Lorentzian
rofile is a function of frequency and is defined as 

 ( ν) = 

r 2 � 

2 π

1 

( ν − ν0 ) 2 + ( �/ 2) 2 
, (2) 

here ν0 is the centroid frequency, � is the full width at half-
aximum (FWHM), and r is the integrated fractional rms. The 

uality factor of Lorentzian Q = ν0 /� is used to differentiate if
 feature is a QPO or noise. The components with Q > 2 are
enerally considered as QPOs, otherwise band-limited noise (e.g. 
elloni et al. 2002 ). 
To accurately measure the fractional variability of the QPO, we 

orrected the light curve of observations 3 and 4 for spin modulations, 
s higher order harmonic can interfere with QPO modelling. We 
odelled the mean pulse profile with a high-order harmonic Fourier 

unction to remo v e the spin modulations (see Finger , W ilson &
armon 1996 ). Fig. 6 shows the PDS of RX J0440.9 + 4431 from
AXPC20 in the 0.0005–0.5 Hz range, derived from the spin- 
odulation-corrected light curves of observations 3 (left) and 4 

right), respecti vely. The PDS sho wed a broad noise with excess
ower due to a QPO. The PDS continuum can be well-modelled
ith two broad Lorentzians centred at zero frequenc y. F or broad
oise components, the centroid frequency ν0 was close to zero, and 
 was adjusted to fit the characteristic frequency 6 of the feature

Belloni et al. 2002 ). A third Lorentzian component was used to
odel the QPO feature. The QPOs exhibited a quality factor of > 2

or both observations and rms of 8.5 per cent and 7.5 per cent for
bservations 3 and 4, respectively. Table 2 summarizes the best- 
tting model parameters for QPOs. The significance of the QPOs 
as measured by taking the ratio between the normalization of the
orentanzian function and its 1 σ error. 
MNRAS 534, 1028–1042 (2024) 
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Figure 6. The 3–80 keV PDS of RX J0440.9 + 4431 from LAXPC data of observation 3 (left) and 4 (right). PDS can be modelled with two Loretzian functions 
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Table 2. The best-fitting parameters of the PDS for the AstroSat observation 
3 and 4. Reported errors are at a 90 per cent confidence level for a single 
parameter. 

Component Parameter Obs 3 Obs 4 

Lore 1 Freq., ν0 (Hz) 0 fixed 0 fixed 

FWHM, � (Hz) 0 . 014 ± 0 . 002 0 . 0103 + 0 . 0014 
−0 . 0011 

rms (per cent) 17 . 9 ± 0 . 7 15 . 5 ± 0 . 6 
Lore 2 Freq., ν0 (Hz) 0 fixed 0 fixed 

FWHM, � (Hz) 0 . 278 ± 0 . 015 0 . 300 ± 0 . 012 
rms (per cent) 29 . 3 ± 0 . 6 22 . 8 ± 0 . 3 

Lore 3 Freq., ν0 (Hz) 0 . 060 ± 0 . 001 0 . 042 ± 0 . 001 
FWHM, � (Hz) 0 . 021 ± 0 . 005 0 . 017 + 0 . 004 

−0 . 003 
rms (per cent) 8 . 5 ± 0 . 8 7 . 5 ± 0 . 5 

Quality factor, Q 2.8 2.4 
Significance ( σ ) 17 25 

χ2 / dof 234/151 233/151 
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We also investigated the energy dependence of the QPOs. The
DS was extracted in narrower energy bands and modelled with a
imilar approach as the energy-average PDS. The variation of the
PO characteristics (centre frequency, FWHM, and rms amplitude)

s a function of energy is shown in Fig. 7 . The QPOs exhibited
 clear energy dependence. For observation 3, the central frequency
aried between 55 . 7 ± 1 . 2 mHz and 61 . 0 ± 0 . 9 mHz, and the FWHM
ncreased with energy . Additionally , the QPO rms decreased up to

10 keV and then increased abo v e this energy. In observation 4,
PO central frequency decreased with energy from 43 . 6 ± 0 . 6 mHz

o 39 . 2 ± 0 . 7 mHz. The QPO rms sho wed a similar v ariation as of
bservation 3. 
QPOs were also detected in the CZTI light curv es. F or Obs 3, a

PO was observed at 55 . 5 ± 1 . 4 mHz with an rms of 12.1 ± 1.5
er cent, while for Obs 4, a QPO was detected at 40 . 5 ± 1 . 8 mHz
ith an rms of 15.5 ± 2.9 per cent in the 20–150 keV energy band

Fig. A3 ). We also examined the energy-resolved light curve of CZTI
o look for the evolution of QPO parameters. For Obs 3, the QPO
as detected in the energy range of 20–50 and 50–100 keV, with

ms increasing from 9.5 ± 1.3 per cent to 23 ± 2 per cent with
ncreasing energy, consistent with LAXPC results. No QPO feature
NRAS 534, 1028–1042 (2024) 
as detected abo v e the 100 keV range. F or obs 4, no QPO was
ignificantly detected in the energy-resolved light curves. 

Similarly, QPOs were detected in the SXT light curves (binned at
he SXT readout time of 2.3775 s). In the 0.5–7 keV energy range, a
PO was observed at 58.8 ± 1.1 mHz with an rms of 8.6 ±0.9 per cent

or Obs 3, and 41.5 ± 1.5 mHz with an rms of 12.8 ± 2.5 per cent
or Obs 4 (Fig. A3 ). For Obs 3, the QPO from the energy-resolved
XT light curves also showed energy dependence, consistent with
AXPC results. The QPO frequencies were 39.8 ± 2.2, 43.9 ±
.8 and 46.2 ± 2.3 mHz with rms of 17.4 ± 3.6 per cent, 11.3 ±
.8 per cent and 12.1 ± 2.4 per cent for the energy range of 0.5–2,
–4 and 4–7 keV, respectiv ely. F or obs 4, no significant QPO was
etected in the energy-resolved SXT light curves. 

.3 Broad-band spectral analysis 

o study the broad-band spectrum of RX J0440.9 + 4431, we per-
ormed a combined spectral analysis of SXT, LAXPC20, and CZTI
ata. The spectra were modelled and analysed using XSPEC version
2.13.0c (Arnaud 1996 ). We consider the LAXPC20 data up to
5 keV for the spectral fitting due to larger uncertainty in background
stimation around the K-fluorescence energy of Xe at 30 keV (Antia
t al. 2017 ; Sharma et al. 2020 ; Beri et al. 2021 ). The SXT data
n the energy range of 1–7 keV are used for the combined spectral
tting. The CZTI spectra are used for 20–150 keV for obs. 2 to 4,
nd for observation 1, the CZTI spectra are used up to 50 keV due
o poor source count statistics abo v e 50 keV. The SXT, LAXPC, and
ZTI spectra were grouped using FTGROUPPHA using the optimal
inning scheme of Kaastra & Bleeker ( 2016 ) with a minimum of
5 counts per bin. We added a constant component to represent the
ross-calibration between the three instruments. During the fitting,
he constant was fixed to 1 for the LAXPC and allowed it to vary
or SXT and CZTI. After the launch of AstroSat , the gain of the
XT instrument has been changed by a few tens of eV (e.g. Beri
t al. 2021 , 2023 ), and as per suggestions of the SXT team, we
pplied a gain correction to the SXT spectra with a slope fixed to
.0 and a best-fitting offset between −50 eV to 20 eV. A systematic
ncertainty of 1–2 per cent was used during spectral fitting. The
ultiplicative model tbabs was used to account for the line-of-
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Figure 7. Variation of the QPO parameters with energy for the LAXPC observations 3 (left) and 4 (right). 
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ight absorption with abundance from Wilms, Allen & McCray 
 2000 ). 

The X-ray spectra of X-ray pulsars are usually described by 
he cutof f po wer law ( cutoffpl ) or power law with high-energy
xponential cutoff ( highecut ∗powerlaw ), a combination of two 
e gativ e and positiv e power la ws with e xponential cutoff ( NPEX ),
nd thermal Compotnization component ( compTT ). The broad- 
and spectra from AstroSat could not be adequately fitted with a 
ingle continuum model. Although adding a soft thermal component 
mpro v ed the fit statistics, it was still not satisfactory, except for
bserv ation 1. Ho we ver, the addition of another soft component
rovided a satisfactory fit to the spectra. Irrespective of the model 
sed, SXT spectra of Obs 2, 3, and 4 showed emission-like features
round 1.9 and 2.3 keV, possibly due to mismatch calibration of Si K
nd Au M edges. Consequently, we excluded the 1.6–2.6 keV energy 
ange from the SXT spectra of observations 2, 3, and 4. For Obs
, which had the lowest flux, such features were not present. We
lso ignore below 1.15 keV of SXT spectra to mitigate low-energy 
alibration issues. 
The broad-band spectra from SXT + LAXPC + CZTI can be well
escribed with a bbodyrad + bbodyrad + compTT model (here- 
fter, Model M1). The thermally Comptonized model compTT 
Titarchuk 1994 ) is characterized by the soft seed photons at temper-
ture kT 0 , which are Comptonized with hot plasma at temperature
T e and optical depth τ . Following Li et al. ( 2023 ) and Salganik
t al. ( 2023 ), we also tested a two-component compTT model
ith a soft thermal component model (Model M2). Model M2 

equired an additional edge component at 10 keV to fully describe the
ontinuum and provide a satisfactory fit (Manikantan, Paul & Rana 
023 ). For Obs 1, a second compTT component was not necessary.
dditionally, a neutral Fe K emission line was detected in Obs 2, 3,

nd 4 with equi v alent widths of ∼23–40 eV. For Obs1, an upper limit
n the Fe-line equi v alent width of < 16 eV was found. 
The best-fitting broad-band energy spectra for four different 

stroSat observations at different phases of the outburst are shown 
n Fig. 8 . Table 3 summarizes the best-fitting spectral parameters for
odels M1 and M2. For Model M1, the soft thermal blackbody tem-

erature ranged between ∼0.27–0.37 keV, while the hot blackbody 
MNRAS 534, 1028–1042 (2024) 
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M

Table 3. Best-fitting spectral parameters of RX J0440.9 + 4431 with spectral models M1 [ tbabs ×(bbodyrad + bbodyrad + compTT + Gaussian) ] and 
M2 [ tbabs ×(bbodyrad + compTT + compTT + Gaussian) ×edge ]. All errors and upper limits reported in this table are at a 90 per cent confidence level 
( �χ2 = 2 . 7). 

Model Parameters M1 M2 
Obs 1 Obs 2 Obs 3 Obs 4 Obs 1 c Obs 2 Obs 3 Obs 4 

tbabs N H (10 22 cm 

−2 ) 1 . 1 ± 0 . 2 0 . 54 ± 0 . 10 1 . 34 ± 0 . 15 1 . 7 ± 0 . 2 1 . 08 ± 0 . 17 0 . 52 ± 0 . 11 1 . 20 ± 0 . 17 1 . 6 ± 0 . 2 

Bbodyrad 1 kT BB (keV) 0 . 32 ± 0 . 03 0 . 366 ± 0 . 018 0 . 281 + 0 . 015 
−0 . 014 0 . 269 ± 0 . 015 0 . 35 ± 0 . 03 0 . 38 ± 0 . 02 0 . 31 ± 0 . 02 0 . 29 ± 0 . 02 

Norm 1084 + 694 
−500 5705 + 1982 

−1454 22335 + 10531 
−7119 20847 + 12056 

−7396 975 + 682 
−414 5554 + 2112 

−1484 13258 + 7054 
−4536 12465 + 8939 

−4759 

R BB (km) 8 . 0 + 2 . 6 −1 . 8 18 . 4 + 3 . 2 −2 . 3 36 . 5 + 8 . 6 −5 . 8 35 . 2 + 10 . 2 
−6 . 2 7 . 6 + 2 . 7 −1 . 6 18 . 2 + 3 . 4 −2 . 4 28 . 1 + 7 . 5 −4 . 8 27 . 2 + 9 . 8 −5 . 2 

Bbodyrad 2 kT BB (keV) 1 . 58 ± 0 . 05 1 . 65 ± 0 . 03 1 . 71 ± 0 . 03 1 . 65 ± 0 . 03 – – – –

Norm 20 . 9 ± 2 . 0 102 . 6 ± 6 75 ± 4 56 . 5 ± 3 . 6 – – – –

R BB (km) 1 . 11 ± 0 . 05 2 . 46 ± 0 . 07 2 . 11 ± 0 . 06 1 . 83 ± 0 . 06 – – – –

Gaussian E Line (keV) – 6 . 33 ± 0 . 08 6 . 4 ± 0 . 1 6 . 46 + 0 . 05 
−0 . 08 – 6 . 31 ± 0 . 08 6 . 39 ± 0 . 10 6 . 45 ± 0 . 06 

σ (keV) – 0 . 15 + 0 . 08 
−0 . 06 0 . 14 + 0 . 10 

−0 . 08 0 . 03 + 0 . 11 
−0 . 03 – 0 . 15 + 0 . 08 

−0 . 05 0 . 13 + 0 . 09 
−0 . 07 0 . 04 + 0 . 12 

−0 . 04 

Norm – 5 . 4 + 2 . 0 −1 . 8 3 . 5 ± 1 . 5 1 . 6 + 1 . 0 −0 . 8 – 5 . 43 + 2 . 2 −1 . 4 3 . 4 + 1 . 6 −1 . 1 1 . 75 ± 0 . 08 

EQW (eV) < 15 39 ± 14 32 ± 14 23 ± 12 < 16 39 + 14 
−18 31 + 13 

−19 25 + 8 −13 

compTT 1 kT 0 (keV) 3 . 59 ± 0 . 25 4 . 04 ± 0 . 11 3 . 9 ± 0 . 1 3 . 63 ± 0 . 12 1 . 22 ± 0 . 04 1 . 25 ± 0 . 04 1 . 31 + 0 . 05 
−0 . 04 1 . 27 ± 0 . 04 

kT e (keV) > 12 14 . 1 ± 0 . 3 17 . 0 ± 0 . 4 19 . 9 + 0 . 9 −0 . 8 13 . 2 + 4 . 1 −2 . 1 13 . 5 ± 0 . 3 16 . 0 + 0 . 5 −1 . 0 6 . 7 + 0 . 6 −1 . 9 

τ < 2 2 . 37 ± 0 . 09 2 . 05 ± 0 . 08 1 . 74 ± 0 . 11 2 . 46 + 0 . 33 
−0 . 46 3 . 11 + 0 . 15 

−0 . 10 2 . 7 + 1 . 7 −0 . 2 4 . 3 + 2 . 9 −0 . 2 

Norm (10 −3 ) 4 . 2 + 10 . 1 
−0 . 8 × 10 −4 0 . 122 ± 0 . 003 0 . 0696 ± 0 . 0025 0 . 0334 ±

0 . 0019 
0 . 026 + 0 . 005 

−0 . 006 0 . 174 + 0 . 004 
−0 . 001 0 . 102 + 0 . 02 

−0 . 04 0 . 17 ± 0 . 05 

compTT 2 kT e (keV) – – – – – 5 . 5 + 0 . 04 
−0 . 25 5 . 8 + 1 . 1 −0 . 7 15 . 8 + 3 . 0 −0 . 9 

τ – – – – – 200 p 8 . 2 p −3 . 6 6 . 0 p −3 . 9 

Norm – – – – – 0 . 054 + 0 . 008 
−0 . 004 0 . 068 + 0 . 18 

−0 . 04 0 . 013 + 0 . 047 
−0 . 008 

edge E (keV) – – – – 9 . 62 ± 0 . 72 9 . 7 ± 0 . 4 9 . 9 ± 0 . 4 9 . 9 ± 0 . 4 

depth – – – – 0 . 10 ± 0 . 04 0 . 09 ± 0 . 03 0 . 09 ± 0 . 03 0 . 09 ± 0 . 02 

C SXT 1 . 12 ± 0 . 03 0 . 83 ± 0 . 01 1 . 07 ± 0 . 01 1 . 09 ± 0 . 01 1 . 12 ± 0 . 03 0 . 83 ± 0 . 01 1 . 08 ± 0 . 01 1 . 10 ± 0 . 01 

C CZTI 1 . 08 ± 0 . 08 1 . 079 ± 0 . 015 1 . 026 ± 0 . 014 1 . 06 ± 0 . 02 1 . 03 ± 0 . 07 1 . 08 ± 0 . 02 1 . 03 ± 0 . 02 1 . 06 ± 0 . 02 

Flux a 1 −150 keV 4 . 7 × 10 −9 4 . 7 × 10 −8 3 . 6 × 10 −8 2 . 1 × 10 −8 4 . 5 × 10 −9 4 . 7 × 10 −8 3 . 6 × 10 −8 2 . 1 × 10 −8 

Luminosity b 1 −150 keV 3 . 3 × 10 36 3 . 3 × 10 37 2 . 6 × 10 37 1 . 5 × 10 37 3 . 2 × 10 36 3 . 3 × 10 37 2 . 6 × 10 37 1 . 5 × 10 37 

χ2 /dof 141.5/110 146.9/129 155.5/127 172.9/126 142.7/110 137.6/126 137.5/123 153.2/123 

Notes. p Pegged. 
a Unabsorbed flux in the units of erg cm 

−2 s −1 . 
b Unabsorbed X-ray luminosity in the units of erg s −1 , assuming a source distance of 2.44 kpc. 
c Only one compTT component was required. 
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emperature was ∼1.6–1.7 keV. The radius of the blackbody emission
egion was estimated from the normalization of the blackbody
omponent, which is scaled by ( R BB /D 10 ) 2 , where D 10 is the distance
n units of 10 kpc (see Table 3 ). The compTT component suggested
 very hot seed source with a temperature of ∼3.6–4.0 keV, an
lectron temperature ( kT e ) of 12–20 keV, and a plasma optical depth
f ∼2. Ho we ver, for Obs 1, the electron temperature and plasma
ptical depth were not well-constrained. In Model M2, the thermal
omponent was similarly soft, with temperatures akin to those in
odel M1. The seed photon temperatures ( kT 0 ) were tied together for

oth compTT humps and ranged between 1.2–1.3 keV. The compTT
omponents exhibited a plasma temperature of ∼6–7 keV and ∼13–
6 keV. The unabsorbed X-ray luminosity in the energy range of
–150 keV varied between (0.33–3.3) × 10 37 erg s −1 during the four
stroSat observations, for a source distance of 2.44 kpc (Bailer-Jones
t al. 2021 ). 

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

e report the findings of spectral and temporal analysis of RX
0440.9 + 4431 using data from AstroSat observations during its
iant outburst of 2022–2023. A state transition from the subcritical
NRAS 534, 1028–1042 (2024) 
o the supercritical accretion regime was identified, and the source
xhibited a significant evolution in the hardness ratio (Li et al. 2023 ;
alganik et al. 2023 ; Mandal et al. 2023a ). The spectral-timing results
nd source luminosity measured during the AstroSat observations
ndicate that Obs 1, 3, and 4 were in the subcritical regime, while
bs 2 was in the supercritical regime. These AstroSat observations

llowed us to probe the broad-band nature of the source at different
ccretion regimes. 

.1 Quasi-periodic variability 

POs are typically exhibited by accreting high magnetic field X-
ay pulsars at frequencies of a few tens of mHz and are associated
ith phenomena related to the inner accretion disc (Angelini, Stella
 Parmar 1989 ; Finger et al. 1996 ; Paul & Rao 1998 ; Kaur et al.

007 ; De v asia et al. 2011 ; Sharma et al. 2023a ; Sharma, Jain & Paul
023b ; Manikantan et al. 2024 ). The characteristics of QPOs and
heir evolution with time and energy have been used to understand
he physical processes leading to QPO generation, the size of the
mitting region, and their connection with the spectral parameters
Finger 1998 ; Manikantan et al. 2024 ). We detected QPOs in RX
0440.9 + 4431 at 60 and 42 mHz when the source was detected at a
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Table 4. Characteristics of the observed QPOs. 

QPO Obs 3 Obs 4 

νk (mHz) 60 42 
r k (km) 10 . 9 × 10 3 13 . 9 × 10 3 

L X (erg s −1 ) 2 . 6 × 10 37 1 . 5 × 10 37 

ṁ (g s −1 ) 1 . 4 × 10 17 0 . 8 × 10 17 

B (G) 7 . 3 × 10 13 8 . 4 × 10 13 
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uminosity of 2 . 6 × 10 37 erg s −1 and 1 . 5 × 10 37 erg s −1 , respectively
Table 4 ). Both QPOs were found in the subcritical phase (Obs 3 and
). Previously, QPOs have been detected in the subcritical regimes 
f some source, such as in KS 1947 + 300 (James et al. 2010 ), while
n some other X-ray pulsars, QPOs were detected in supercritical 
egime e.g. 1A 0535 + 262 (Finger et al. 1996 ; Reig 2008 ) and EXO
030 + 375 (Angelini et al. 1989 ). The non-detection of QPOs in
he first two observations suggests that QPO presence is a transient 
henomenon, similar to several other accreting pulsars (Raichur & 

aul 2008 ; James et al. 2010 ; Nespoli & Reig 2011 ; Rikame et al.
022 ; Sharma et al. 2023a , 2023b ; Chhotaray et al. 2024 ; Manikantan
t al. 2024 ). 

The observed QPOs in X-ray pulsars can be explained with the 
ost commonly used models: the Keplerian frequency model (KFM; 

an der Klis 1989 ) in which QPOs result from an accreting inhomo-
eneity in the accretion disc rotating at the magnetospheric radius 
ith the Keplerian disc frequency, νQPO = νk ; and the beat frequency 
odel (BFM; Alpar & Shaham 1985 ; Lamb et al. 1985 ), which

ttributes QPOs to the modulations in the mass accretion rate at the
eat frequency between the orbital frequency of the inner accretion 
isc and spin frequency of the neutron star, νQPO = νbeat = νk − νspin . 
s the radius of the inner accretion disc scales by the mass accretion

ate or the X-ray luminosity, the Keplerian frequency of the inner 
ccretion disc (and thereby the QPO frequency) is expected to 
how a positive correlation with luminosity in both KFM and BFM
Angelini et al. 1989 ; Finger et al. 1996 ; Finger 1998 ; Mukherjee et al.
006 ). 
Malacaria et al. ( 2024 ) and Li et al. ( 2024 ) reported pulse phase-

ependent transient QPOs in RX J0440.9 + 4431 at ∼0.2 Hz and
.14–0.5 Hz, respectively, when source luminosity (1–79 k eV) w as 
 3 × 10 37 erg s −1 . Abo v e this luminosity, during the right wing of

ulse profile peaks, flares were generated on a time-scale of seconds 
y an increase in the hard photons and have been detected with Fermi -
BM and Insight -HXMT (Li et al. 2024 ; Malacaria et al. 2024 ).
he 0.2–0.5 Hz QPOs were manifested as large modulations in these 
ares. These QPOs, ho we ver, did not depend on the source luminosity
nd cannot be explained with the KFM or BFM (Li et al. 2024 ). The
POs detected in the current work show luminosity dependence, 
here QPO frequency decreases from 60 mHz to 42 mHz with a
ecrease in luminosity. Therefore, both low-frequency QPOs can 
e explained with the KFM or BFM. The non-detection of mHz 
POs in previous studies may be linked to the evolution of physical

onditions within the accretion disc, particularly changes in viscosity 
nd the propagation of instabilities. Specifically, the hot part of the 
isc ef fecti vely contributes to the propagating fluctuations in the 
ass accretion rate. The evolution of the outburst and dynamics of

he accretion disc can affect the PDS of aperiodic variability and the
ccurrence of QPOs at low frequencies (Mushtukov et al. 2019 ). 
The Keplerian frequency at the inner disc radius r k is given by 

 k = 

(G M NS 

4 π2 ν2 
k 

)1 / 3 
, (3) 
here M NS is the neutron star mass. The inner accretion disc is
xpected to terminate at the magnetospheric radius ( r m 

) or Alfven
adius ( r A = r m 

/k), where the energy density of the magnetic field
alances the kinetic energy density of the infalling material (Davies 
 Pringle 1981 ). Since the QPO frequency is much higher than

he spin frequency, νQPO ∼ νk , KFM and BFM are indistinguish- 
ble and have similar radii at which the QPOs are generated.
herefore, assuming r k = r m 

, the magnetic field strength ( B =
 μ/R 

3 ) at the surface of a neutron star can be estimated using the
ormula, 

 = 2 . 31 × 10 12 
( k 

0 . 5 

)−7 / 4 ( M NS 

1 . 4 M 	

)5 / 6 
R 

−3 
6 ṁ 

1 / 2 
17 ν

−7 / 6 
k G , (4) 

here k is the coupling constant usually taken to be 0.5 for disc
ccretion (Ghosh & Lamb 1979 ; Mushtukov & Tsygankov 2022 ),
 6 is the radius of the neutron star in units of 10 6 cm, and ṁ 17 is

he mass accretion rate in units of 10 17 g s −1 . The X-ray luminosity
n the 1–150 k eV w as used to estimate the mass accretion rate ( ̇m )
sing L X = GM NS ṁ /R = ηṁ c 2 , where η is the accretion efficiency,
ssumed to be 0.207 (Sibgatullin & Sunyaev 2000 ) for a neutron star
ith a radius of 10 km and mass of 1.4 M 	. The estimated value of

he inner accretion disc radius and the magnetic field strength for
he two observed QPOs are given in Table 4 . RX J0440.9 + 4431
s inferred to have a relatively high magnetic field of the order of
0 13 G compared to typical X-ray pulsars. Ho we ver, the estimated
agnetic field strength is subject to uncertainties from various 

ariables such as coupling constant k and accretion efficiency η. Pre-
ious studies also suggested a comparatively higher magnetic field 
trength ( ∼10 13 G) using different approaches for this X-ray pulsar
Salganik et al. 2023 ; Mandal et al. 2023a ; Li et al. 2024 ; Malacaria
t al. 2024 ). 

.1.1 Energy-dependence of QPO 

oth QPOs showed energy dependence in the broad energy band 
f 3–80 keV (Fig. 7 ). The rms of both QPOs first decreased with
nergy up to 10–15 keV, then increased thereafter to 25 per cent
nd 15 per cent for 60 mHz and 42 mHz QPOs, respectively.
ome X-ray pulsars, e.g. KS 1947 + 300, XTE J1858 + 034, IGR
19294 + 1816, 4U 1626–67, have shown a correlation between 
PO rms and energy (e.g. Mukherjee et al. 2006 ; James et al.
010 ; Manikantan et al. 2024 ). Ho we ver, such behaviour is not
een in general. The increasing trend of rms with energy in RX
0440.9 + 4431 abo v e 15 keV indicates that these aperiodic oscilla-
ions are more likely due to variations in the hot plasma (Sharma et al.
023a ). 
Previously, no trends in the QPO parameters, such as centre 

requenc y and width, e xcept the fractional rms amplitude, as a
unction of energy in X-ray pulsars were found (e.g. Finger 1998 ;
ames et al. 2010 ; Ma et al. 2022 ; Sharma et al. 2023a ; Manikantan
t al. 2024 ). The mHz QPO observed in RX J0440.9 + 4431 clearly
howed energy dependence on the QPO frequency as well. The 
PO frequency for the 60 mHz QPO varied between 56 mHz and
1 mHz, showing an increasing trend up to 10–15 keV, followed by
 decrease. Meanwhile, for QPO at 42 mHz, a decreasing trend in
he QPO frequency was observed with energy. The QPO frequency 
ecreased from 43 . 6(6) mHz at 3–5 keV to 39 . 2(7) mHz abo v e
5 keV. Additionally, an increase in rms is observed with the decrease
n the QPO frequency (see Fig. A4 ). These properties pose a
hallenge for the KFM and BFM. More sophisticated models are 
equired to elucidate an explanation of the mHz QPO observed 
Bozzo et al. 2009 ; Ma et al. 2022 ). 
MNRAS 534, 1028–1042 (2024) 
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.2 Pulse timing properties 

uring the outburst, AstroSat observations were used to study the
volution of the spin period, pulse profile, rms PF, and emission
echanism of RX J0440.9 + 4431. We found that the pulse profile

volves significantly with energy and luminosity. Near the peak of the
utburst (abo v e critical luminosity), the pulse profile evolves from
 dual-peak feature to a broad single-peak feature consisting of a
inor peak. A multipeak pattern with strong energy dependence re-

merges in the pulse profile during the decay phase of the outburst. A
imilar behaviour has been observed in other X-ray pulsars (e.g. Beri
 Paul 2017 ; Epili et al. 2017 ; Wilson-Hodge et al. 2018 ; Chhotaray

t al. 2024 ). 
A phase difference was observed between the high-energy peak

nd low-energy peak of the pulse profiles, varying with luminosity.
he difference in peak phase is more prominent during outburst decay

Obs 3 and 4), suggesting that high-energy photons and low-energy
hotons do not originate from the same direction. Earlier, several
tudies were performed using NICER , Insight /HXMT, NuSTAR to
robe the evolution of the pulse profile, and it was found that the
ulse profile evolved from a double peak feature to a single peak
eature abo v e the critical luminosity (Li et al. 2023 ; Salganik et al.
023 ; Mandal et al. 2023a ), which is consistent with our results.
he pulse profiles are found to depend on both the energy and

uminosity, probably indicating a change in accretion mode as well
s in the beaming patterns of the source and their dependence on the
nergy and mass accretion rate. The changes in the emission pattern
ypically lead to variations in the observed pulse profile shape and
he spectral shape (Mandal et al. 2023a ). Additionally, an absorption
ip is evident in the pulse profiles during the subcritical regime,
hich diminishes with increasing energy and disappears in hard X-

ays. This dip is most prominent in the SXT light curves (Fig. 3 ),
ikely caused by the absorption or scattering of X-ray emission by
he accretion stream abo v e the neutron star (Tsygankov et al. 2012 ;
sui et al. 2012 ; Salganik et al. 2023 ). Ho we ver, this absorption dip

s not observed in the supercritical regime, probably due to a change
n the geometry of the accretion stream with critical luminosity. 

The rms PF also shows a significant variation in energy and
uminosity. The PF decreases with energy up to ∼25 keV, and abo v e
his energy, PF shows an increasing trend with energy, similar to other
-ray pulsars (Luto vino v & Tsygankov 2009 ). A local minimum

eature in the variation of PF with energy is evident around the
uorescence iron line (Salganik et al. 2023 ). Earlier, the detailed

iming study with Insight /HXMT showed a concave-like feature
round 20–30 keV in the plot of the PF (Li et al. 2023 ). The concave-
ike feature was more prominent below the critical luminosity. The
oncave was weaker abo v e the critical luminosity, which is probably
ue to the lower fraction of reflected photons and the higher accretion
olumn (Li et al. 2023 ). The AstroSat timing results also showed this
oncave-like feature around 25 keV. Abo v e the critical luminosity
supercritical regime), the accretion column is higher than the lower
uminosity (subcritical regime), and the accretion column results in
 lower probability of photon scattering, which results in a weaker
onca ve. The conca ve near 20–30 keV suggests a dilution of reflected
hotons o v er this energy range. The concav e depth is linked with the
roportion of reflected photons, which is also related to the height of
he accretion column (Poutanen et al. 2013 ). 

.3 Spectral properties 

he broad-band spectra of RX J0440.9 + 4431 were studied using
XT, LAXPC, and CZTI during four dif ferent observ ations at
NRAS 534, 1028–1042 (2024) 
arious phases of the outburst. During Obs 1, the source was
etected up to 50 keV, while for the subsequent observations, the
etection extended up to 150 keV. The broad-band continuum of RX
0440.9 + 4431 can be well described using two thermal components
ith a Comptonized emission model (M1) or a two-component
omptonization model ( compTT + compTT ) with a soft thermal
omponent (M2). The compTT spectra in accreting X-ray pulsars are
enerally considered to be a consequence of thermal Comptonization
rocesses, wherein the seed photons originating from the NS hotspots
et the thermal energy of the accreting gas (Becker & Wolff
007 ). 
In Model M1, two thermal blackbody components yielded tem-

eratures of ∼0.3 and ∼1.6 keV with emission radii of tens of km
nd 1–2 km, respectively. These two blackbody components may
e associated with the thermal emission from the photosphere of
ptically thick outflows and from the top of the accretion column,
espectively. The compTT component had a seed source temperature
f ∼3.6–4 keV with a plasma temperature of ∼12–20 keV. This hot
eed emission likely originates from the hotspot of the neutron star
see Tao et al. 2019 ; Beri et al. 2021 ). 

In Model M2, a two-component continuum model
 compTT + compTT ) with a soft thermal component along
ith an edge was used. The AstroSat spectra suggested a seed
hoton temperature of ∼1.3 keV tied for the two humps. The
wo Comptonization components showed electron temperatures of
3–16 keV for hot and 5–6 keV for relatively colder components.
or Obs 1, 2, and 3, the hotter component was dominating, while
or Obs 4, the colder component became more significant. A
imilar model with two components ( compTT + compTT ) with
lackbody has been previously used to describe the broad-band
pectra of RX J0440.9 + 4431 (Li et al. 2023 ; Salganik et al. 2023 ).
o we ver, this two-component compTT model is generally used to
escribe the X-ray pulsar spectra at low luminosity ( � 10 35 erg s −1 ;
oroshenk o et al. 2012 ; Tsygank o v et al. 2019a , b ; Luto vino v et al.
021 ; Sokolova-Lapa et al. 2021 ), but also see, Doroshenko et al.
 2020 ). The exact origin of the high-energy component is unclear
ut is likely due to the combined effect of cyclotron emission and
hermally Comptonized emission from a thin, o v erheated layer of
he NS atmosphere (Tsygankov et al. 2019a ). 

The iron emission line was significantly detected in Obs 2, 3, and
, irrespective of the model used, with equi v alent widths to be low
23–40 eV. A similar lo w equi v alent width of the Fe line was found

n disc-fed X-ray pulsars such as SMC X–1, LMC X–4, and 4U
626–67 (Paul et al. 2002 ; Sharma et al. 2023b ). Ho we ver, NuSTAR
pectra suggest a higher equi v alent width for the Fe-line at higher
uminosity (Salganik et al. 2023 ). 

The source was at different accretion luminosity ( L X ∼
 . 33 –3 . 3 × 10 37 erg s −1 ) during AstroSat observations, with a state
ransition between the subcritical and supercritical regime. These
wo accretion regimes are defined by the critical luminosity, abo v e
hich the beaming patterns of the pulsar and accretion mechanism

volved significantly (Basko & Sunyaev 1975 , 1976 ; Becker et al.
012 ; Mushtuko v et al. 2015 ). F or RX J0440.9 + 4431, the critical
uminosity was found to be ∼3 × 10 37 erg s −1 (Li et al. 2023 ;
alganik et al. 2023 ; Mandal et al. 2023a ). During the outburst,

he AstroSat observations implied a significant change in pulse
rofiles abo v e a certain luminosity, corresponding to the change
n accretion regime and resulting in a possible change in the
eaming patterns. Also, we did not find any absorption line due to
he cyclotron resonance scattering feature at hard X-rays, coherent
ith a magnetic field strength greater than 10 13 G (Salganik et al.
023 ). 
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Figur e A2. Ener gy resolved pulse profiles of RX J0440.9 + 4431 using AstroSat /CZTI observations during peak and decay phases of the outburst. Pulsations 
were detected up to 150 keV in observations 2, 3, and 4. The y -axis represents the normalized intensity of pulse profiles. 
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Figure A3. The PDS of RX J0440.9 + 4431 from SXT (in 0.5–7 keV) and CZTI (in 20–150 keV) data of observation 3 (left) and 4 (right). Similar to LAXPC, 
both PDS can be modelled with three Loretzian functions: two for the noise and one to model the QPO at ∼60 mHz and ∼40 mHz for observations 3 and 4, 
respectively. 
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Figure A4. The QPO frequency versus rms amplitude for two different 
AstroSat -LAXPC observations. The colour bar represents the energy. The 
red and magenta squares are measurements from CZTI for the energy range 
of 20–50 keV and 50–100 keV, respectively. The orange points represent 
measurements from SXT for the energy ranges of 0.5–2, 2–4 and 4–7 keV. 
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