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A B S T R A C T 

Based on the X-ray observations from XMM–Newton and Swift , and optical observations from Transiting Exoplanet Survey 
Satellite ( TESS ) and AAVSO, we present temporal and spectral properties of probable intermediate polar SWIFT J0503.7-2819. 
The X-ray light curve shows two distinctive features, where possibly the second pole seems to be active during the middle 
of the XMM–Newton observations. Present analysis confirms and also refines the previously reported orbital period of SWIFT 

J0503.7-2819 as 81.65 ± 0.04 min. The X-ray and optical variations of this target have been found to occur at the period of 
∼65 min, which we propose as the spin period of the white dwarf. The energy-dependent modulation at this period, which are 
due to the photoelectric absorption in the accretion flow, also assures this conjecture. Two-temperature thermal plasma model 
well explains the X-ray spectra with temperatures of ∼150 eV and ∼18.5 keV, which is absorbed by a dense material with an 

average equi v alent hydrogen column density of 3.8 × 10 

22 cm 

−2 that partially co v ers ∼27 per cent of the X-ray source. An 

attempt is made to understand the accretion flow in this system using the present data of SWIFT J0503.7-2819. If the proposed 

spin period is indeed the actual period, then SWIFT J0503.7-2819 could be the first nearly synchronous intermediate polar below 

the period gap. 

Key words: accretion, accretion discs – stars: individual: (SWIFT J0503.7-2819) – stars: magnetic field – cataclysmic variables. 
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 I N T RO D U C T I O N  

ntermediate polars (IPs) are the low magnetic field strength ( B ∼
0 6 –10 7 G) subclass of magnetic cataclysmic variables (MCVs). 
hese are interacting binary systems containing a Roche lobe filling 

ate-type secondary star that transfers material to a magnetic white 
warf (WD; see Warner 1983 ; Patterson 1994 ; Hellier 1995 , for a
ull re vie w of IPs). The magnetic field of the WD plays a vital role in
ontrolling the motion of the accretion flow within the effective mag- 
etospheric radius. It also channels the accreting material towards 
he surface of the WD in the proximity of the magnetic poles. When
he accreting matter reaches supersonic velocities, it forms a post- 
hock re gion abo v e the WD surface. The post-shock region is hot
 ∼10–80 keV) and the flow cools down via bremsstrahlung radiation 
mitting in the hard X-rays (Warner 1995 ) and cyclotron radiation 
Aizu 1973 ), which depends on the magnetic field strength of the WD. 
Ps are asynchronous systems and the majority of them follow the 
synchronism relation as P ω ∼ 0.1 P � , where P ω and P � are the spin
eriod of WD and orbital period of the binary system, respectively. 
urther, the orbital period distribution of these systems shows the 
rbital periods longer than the ‘period gap’ of 2–3 h (Scaringi et al.
010 ). Ho we ver, there is only one confirmed system, namely Paloma
Schwarz et al. 2007 ; Joshi et al. 2016 ; Dutta & Rana 2022 ; Littlefield
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t al. 2022 ), which falls in the category of nearly synchronous IP, with
 ω ∼ (0.7–0.9) P � . These systems are thought to be in the process
f attaining synchronism and evolving into polars (Norton, Wynn & 

omerscales 2004 ). 
With the magnetic field strength of the WD < 10 MG, an accretion

isc can form, which is disrupted at the magnetospheric radius. 
ence, the material is accreted either through an accretion disc 
r an accretion stream or a combination of both. Therefore, three
ccretion scenarios are believed to occur in IPs: disc-fed, stream-fed, 
nd disc-o v erflow, depending upon the magnetic field strength of
D, mass accretion rate, and binary orbital separation. In the disc-

ed accretion, the inner edge of the accretion disc is truncated at the
agnetosphere radius, which results in the formation of ‘accretion 

urtains’ near the magnetic poles of the WD (Rosen, Mason &
ordova 1988 ). A strong modulation at the spin frequency of the
D (Kim & Beuermann 1995 ; Norton, Beardmore & Taylor 1996 )

ndicates the accretion to be occurring via a disc. In the disc-less
r stream-fed accretion, the high magnetic field of the WD prevents
he formation of a disc and infalling material is channelized along
he magnetic field lines to the pole caps (Hameury, King & Lasota
986 ). Modulation at the lower orbital sideband of the spin frequency, 
.e. beat ( ω −�) frequency (Hellier 1991 ; Wynn & King 1992 ;
orton 1993 ) is a true indicator of stream-fed accretion. If there

s an asymmetry between the magnetic poles, stream-fed accretion 
an also produce a modulation at the spin frequency, in addition
o that at the beat frequency. Wynn & King ( 1992 ) showed the
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mportance of 2 ω −� frequency in distinguishing between these two
odes of accretion in hard X-ray regimes. The 2 ω −� frequency is

nly present in disc-less systems along with sometimes dominant
component, ω −� , and ω . The disc-o v erflow accretion (Lubow

989 ; Armitage & Livio 1996 ), where both disc-fed and stream-fed
ccretions can occur as an accretion disc is present but a part of the
ccretion stream skips the disc and directly interacts with the WD
agnetosphere (Hellier et al. 1989 ; King & Lasota 1991 ). For a disc-
 v erflow accretion, modulations at both ω and ω − � frequencies are
xpected to occur (see Hellier 1991 , 1993 ). 

SWIFT J0503.7-2819 (hereafter J0503) was found to be a variable
-ray source in the Swift -XRT images of the field and UV bright

tar in the Swift UV O T by Halpern & Thorstensen ( 2015 ). It is
ocated at a distance of 837 + 60 

−43 pc (Bailer-Jones et al. 2021 ). The
ptical spectrum of J0503 showed typical features of a CV: strong
almer, He I , and He II lines on a blue continuum, with He II λ4686

oughly equal in strength to H β (Halpern & Thorstensen 2015 ). The
 alue of equi v alent width ratio He II /H β between 0.5 and 1 suggests
hat J0503 could be an IP (Marchesini et al. 2019 ). From radial-
elocity periodogram analysis and time-series photometric analysis,
alpern & Thorstensen ( 2015 ) also derived the orbital period of the

ystem to be 81.60(7) min. Further, Halpern ( 2022 ) discusses that
he derived spectroscopic period might not necessarily be the true
rbital period. Halpern & Thorstensen ( 2015 ) also found a signal at
75.2 s, which was provisionally suggested to be the spin period of
he WD. J0503 is classified as a probable IP in the IP catalogue of
oji Mukai. 1 

During the final preparation of this manuscript, Halpern ( 2022 )
ublished the timing properties of the source using XMM–Newton
nd TESS data sets, which we have also used in this study along with
AVSO and Swift observations. The significant difference presented
ere and in Halpern ( 2022 ) is that the author did not study the X-ray
pectral properties, which is generally considered a powerful tool
o understand the physical properties of the mass accretion flow in
hese accreting systems. Further, the timing analysis presented here
s slightly different from that done by Halpern ( 2022 ). The paper
s structured as follows. Section 2 describes the observations and
ata used for this study. Section 3 contains our analysis and results.
inally, the discussion and conclusions are presented in Sections 4
nd 5 , respectively. 

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

.1 XMM–Newton obser v ations 

0503 was observed by the XMM–Newton satellite (Jansen et al.
001 ) using the European Photon Imaging Camera (EPIC; Str ̈uder
t al. 2001 ; Turner et al. 2001 ) on 2018 March 7 at 10:45:51
UT) with an offset of 0.012 arcmin (observation ID: 0801780301).
he exposure times for the p-n junction (PN) and metal oxide
emiconductor (MOS) detectors were 26.6 and 25 ks, respectively.
e have used the standard XMM–Newton SCIENCE ANALYSIS SYSTEM

 SAS ) software package (version 20.0.0) with the latest calibration
les at the time of analysis 2 for the data reduction. We have followed

he SAS analysis thread 3 for data reduction and used SAS tools epproc
nd emproc to produce calibrated event files. We have also corrected
 vent arri v al times to the Solar system barycentre with the barycen
NRAS 517, 1667–1677 (2022) 

 https:// asd.gsfc.nasa.gov/ Koji.Mukai/iphome/ catalog/ alpha.html 
 ht tps://www.cosmos.esa.int /web/xmm- newton/current- calibration- files 
 ht tps://www.cosmos.esa.int /web/xmm- newton/sas- threads 

4

5

.

ask. We have inspected the data for the high background proton flares
nd found that these were free from this effect. We have also checked
he existence of pile-up using the epatplot task but did not find any
ignificant presence of it. To a v oid the background contrib ution at
igher energies, we have carried out further analyses in the energy
ange of 0.3–10.0 keV. We have chosen a circular source region with
 30 arcsec radius centring the source and a circular background
egion with a similar size to that of the source from the same CCD
o extract the final light curve, spectrum, and detector response files.
he spectra have been rebinned with the grppha tool to minimum
0 counts per bin. Further, temporal and spectral analyses were done
sing HEASOFT version 6.29. J0503 was also observed using the
ptical monitor (OM; Mason et al. 2001 ) in the V filter for a total
xposure time of 25.4 ks. OM fast mode data were reprocessed with
he task omfchain and the individual exposures were merged together
o get the summed light curve file. 

.2 Swift obser v ations 

0503 was first observed by the Swift on two occasions, 2010 June
 at 11:28:00 (UT) and 2010 June 9 at 04:28:59 (UT) using X-ray
elescope (XRT; Burrows et al. 2005 ) with offsets of 4.1 arcmin
observation ID: 00041156001) and 4.7 arcmin (observation ID:
0041156002), respectiv ely. The e xposure times for two IDs were
271 and 1782 s, respectively. The XRT observes in the 0.3–10.0 keV
nergy range. The task xrtpipeline (version 0.13.6) along with the
atest calibration files were used to produce the cleaned and calibrated
vent files. The barycentric correction was applied to both event files
sing the task barycorr . The source light curves and spectra were
xtracted by selecting a circular region of 22 arcsec radius. The
ackground was chosen from a nearby source-free region with a 50
rcsec radius. An exposure map was built using the task xrtexpomap
o correct for the loss of flux caused by some of the CCD pixels not
eing used to collect data. The output of this task was then used to
ake an ancillary response file to correct the loss of the counts due to

ot columns and bad pixels with the task xrtmkarf . We have used the
esponse matrix file, swxpc0to12s6 20090101v014.rmf, provided by
he Swift team. Both spectra from the XRT were rebinned using the
rppha for a minimum of one count per bin and spectral fits were
erformed using the C-statistics. 

.3 TESS , ASAS-SN, and AAVSO obser v ations 

he TESS observations of J0503 were carried out during sector 32
rom 2020 No v ember 19 to 2020 December 16 at a cadence of 2 min.
he total observing time was ∼26 d with a small gap of ∼1.66 d

n the middle due to the downlink of data at perigee. The TESS
andpass extends from 600 to 1000 nm with an ef fecti v e wav elength
f 800 nm (see Ricker et al. 2015 , for details). The data were
vailable at Mikulski Archive for Space Telescopes (MAST) data
rchive 4 with a unique identification number ‘686160823’. The TESS
ipeline provides two flux values: simple aperture photometry (SAP)
nd pre-search data conditioned SAP (PDCSAP). The PDCSAP
ight curve attempts to remove instrumental systematic variations
y fitting and removing those signals that are common to all stars
n the same CCD. 5 In this way, aperiodic variability might be
emo v ed from the data. PDCSAP also corrects for the amount of
 ht tps://mast .stsci.edu/portal/Mashup/Clients/Mast/Port al.html 
 see section 2.1 of TESS archive manual available at https://outerspace.stsci 
edu/display/TESS/2.0+-+Data+Product + Overview 

https://asd.gsfc.nasa.gov/Koji.Mukai/iphome/catalog/alpha.html
https://www.cosmos.esa.int/web/xmm-newton/current-calibration-files
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
https://outerspace.stsci.edu/display/TESS/2.0+-+Data+Product+Overview
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Figure 1. EPIC light curves in the 0.3–10.0 keV energy range and OM light 
curve in V filter binned in 30 s intervals. 
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ux captured by the photometric aperture and crowding from known 
earby stars, while SAP does not. 6 In order to assure that any
periodic variability has not been remo v ed from PDCSAP data, we
ave performed the periodogram analysis of both SAP and PDCSAP 

ata. Both SAP and PDCSAP data resulted in similar power spectra 
ndicating that PDCSAP data of J0503 can be safely used for further
nalysis. Therefore, we have considered PDCSAP flux values with 
he ‘quality flag’ value of 0. We have also utilized the publicly
vailable V -band data of J0503 from All-Sky Automated Survey for
upernovae (ASAS-SN 

7 ; Shappee et al. 2014 ; Kochanek et al. 2017 )
nd American Association of Variable Star Observers (AAVSO 

8 ; 
afka 2021 ) CV -band (unfiltered data with a V -band zero-point) data

o represent the long-term variability of the source. The unavailability 
f simultaneous data points between TESS and ground-based data did 
ot provide us with any means to compare these data sets. 

 DATA  ANALYSIS  A N D  RESULTS  

.1 Timing analysis 

.1.1 X-ray light curves and power spectra 

he background-subtracted X-ray light curves of J0503 obtained 
rom the XMM–Newton observations in the 0.3–10.0 keV energy 
and are shown in the top two panels of Fig. 1 . The temporal binning
f 30 s was used to extract the light curve for MOS and PN detectors.
oth light curves show continuous and periodic intensity variations. 

f we closely inspect both light curves, we see two distinctive features:
road minima, which co v er two different time spans (i.e. up to 10 ks
rom the start of observations and 22 ks to the end of observations)
nd no broad minima between 10 and 22 ks of X-ray observations.
alpern ( 2022 ) suggested that these broad minima are due to the self-

clipse of a single active accretion region, whereas the middle part 
f the light curves shows that a second accretion region (possibly,
he second pole) becomes active during this duration. Therefore, we 
efer to broad minima timings of the X-ray light curve as accretion
rom pole-1, whereas the middle timings of the X-ray light curve as
ccretion from pole-2. 

To find the periodicities in the data, we have performed Lomb–
cargle (LS) periodogram analysis (Lomb 1976 ; Scargle 1982 ). 
 see section 2.0 of TESS archive manual available at https://outerspace.stsci 
edu/display/TESS/2.0+-+Data+Product + Overview 

 https:// asas-sn.osu.edu/ variables 
 https:// www.aavso.org/ 

o  

a  

a  

r  

(  

p

he top panels of Figs 2 (a) and (b) show LS power spectra in the
.3–10.0 keV energy band. The energy-resolved power spectra 
n 0.3–1.0 keV, 1.0–2.0 keV, 2.0–5.0 keV, and 5.0–10.0 keV are
lso shown in the lower panels of Figs 2 (a) and (b). The periods
orresponding to the significant peaks in the power spectra of the
.3–10.0 keV energy band are given in Table 1 . The significance of
hese detected peaks was determined by calculating the false alarm 

robability (FAP; Horne & Baliunas 1986 ). The horizontal dashed 
ine in each power spectrum represents the 90 per cent confidence 
evel. If the light curve has intrinsic red noise variability, then FAP
eeds to be considered as a conserv ati ve limit. The dominant peak
orresponds to a period of ∼65 min, which we assign as the spin
eriod of the WD. The period of ∼84 min was identified as the
rbital period of the binary system and consistent with the earlier
nding (Halpern & Thorstensen 2015 ). We have inferred the beat
eriod (P ω − �) of ∼332 min using the precisely determined values
f P ω and P � from the power spectral analysis of the longer spanned
ESS light curve (see Section 3.1.2 for details). The beat period
btained from MOS and PN is well within a 1 σ level of this inferred
 alue. The other deri ved periods can be identified as P 2 � , P 2 ω , P 3 ω ,
 4 ω , P 2( ω − �) , P 3( ω − �) , P ω + �, P 2( ω + �) , P ω + 2 �, and P 2 ω − �. We
ave detected P ω − � , P 2( ω − �) , and P 3( ω − �) in the power spectra,
nlike Halpern ( 2022 ). The reason for this could be either combining
oth MOS and PN data sets or a large temporal binning in his work.
urther, the inferred value of P 2 ω − � comes out to be ∼55 min, which
losely matches the period we have obtained in the X-ray power
pectra (see Table 1 and Fig. 2 ). Fig. 3 shows background-subtracted
-ray light curves of J0503 in the 0.3–10.0 keV energy band

s obtained from the two observations of Swift-XRT . The sparse
ata points resulted in a very noisy power spectrum and the real
requencies were found to be hidden under the noise. Therefore, we
ave not shown the power spectrum obtained from the XRT data. 

.1.2 Optical light curves and power spectra 

he optical light curves of J0503 are shown in the bottom panel of
igs 1 and 4 from OM and TESS , respectively. The inset of Fig. 4 also
hows a close-up of some variability cycles. The long-term variable 
ight curve is shown in Fig. 5 , where ASAS-SN and AAVSO data
oints are plotted together. As explained earlier, we have performed 
he LS periodogram analysis to search for the periodicity in the
ata. The LS power spectrum is shown in Fig. 6 , where we have
arked the positions of all identified frequencies. These frequencies 

re � , 2 � , ω , and 2 �−ω and the corresponding periods are given
n Table 1 . Due to the better time-cadence and longer observation
uration in TESS and AAVSO than available X-ray data, we were
ble to get more precise values of periods from the optical data. From
he present analysis, we found a dominant peak corresponding to the
rbital period of 81.65 ± 0.04 and 81.63 ± 0.02 min from TESS
nd AAVSO, respectively, which are similar to that derived from 

MM–Newton observations. The second dominant peak, which is 
he second harmonic of the orbital frequency, corresponds to the 
eriod (P 2 �) of 40.82 ± 0.01 min. In OM data, only 2 � frequency
as found to be abo v e the confidence level and the obtained value
f P 2 � is well within a 1 σ level of the period obtained with the TESS
nd AAVSO. We also refined P ω ∼ 65 min available in X-ray data
s 65.53 ± 0.03 and 65.53 ± 0.01 min from TESS and AAVSO,
espectively. In addition to these, a period of 108.22 ± 0.08 min
 TESS ) and 108.14 ± 0.03 min (AAVSO) was also found in the
ower spectrum, which corresponds to the frequency 2 � −ω . 
MNRAS 517, 1667–1677 (2022) 

art/stac2723_f1.eps
https://outerspace.stsci.edu/display/TESS/2.0+-+Data+Product+Overview
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https://www.aavso.org/


1670 N. Rawat et al. 

M

Table 1. Periods corresponding to the dominant frequency peaks in the power spectra of J0503 obtained 
from X-ray (0.3–10.0 keV) and optical ( TESS , OM, and AAVSO) data. 

Identification Period (min) 
MOS PN OM TESS AAVSO 

P � 84.5 ± 4.0 83.4 ± 4.2 – 81.65 ± 0.04 81.63 ± 0.02 
P 2 � 43.3 ± 1.1 – 41.29 ± 1.01 40.81 ± 0.01 40.81 ± 0.01 
P ω 65.7 ± 2.4 64.2 ± 2.5 – 65.53 ± 0.03 65.53 ± 0.01 
P 2 ω 32.8 ± 0.6 – – – –
P 3 ω – 21.9 ± 0.3 – – –
P 4 ω – 16.5 ± 0.2 – – –
P ω − � 295.7 ± 50.7 333.7 ± 69.5 – – –
P 2( ω − �) 161.3 ± 14.8 151.7 ± 13.9 – – –
P 3( ω − �) 110.9 ± 6.9 111.2 ± 7.4 – – –
P 2 � − ω – – – 108.22 ± 0.08 108.14 ± 0.03 
P ω + � 36.2 ± 0.7 36.3 ± 0.8 – – –
P 2( ω + �) – 18.1 ± 0.2 – – –
P ω + 2 � 25.3 ± 0.4 24.9 ± 0.4 – – –
P 2 ω − � 53.8 ± 1.6 – – – –

(a) (b)

Figure 2. Power spectra of J0503 obtained from (a) EPIC-MOS and (b) EPIC-PN data in the different energy bands. From top to bottom, the panels show the 
X-ray power spectra in 0.3–10.0 keV, 5.0–10.0 keV, 2.0–5.0 keV, 1.0–2.0 keV, and 0.3–1.0 keV energy bands, respectively. The grey horizontal dashed line in 
each panel represents the 90 per cent confidence level. Significant frequencies are marked for clear visual inspection. 

Figure 3. Swift -XRT light curves in the 0.3–10.0 keV energy range binned 
in 50 s intervals. 
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.1.3 Periodic intensity variations 

o explore the periodic variability of J0503, we have folded energy-
NRAS 517, 1667–1677 (2022) 
esolved X-ray and optical light curves over our derived spin and
rbital periods. The X-ray and optical light curves were folded with
 binning of 25 and 20 points in a phase, respectively. The reference
ime for folding was taken to be the first point of XMM–Newton
bservations. The X-ray light curves were folded for pole-1 and
ole-2 timings and are shown in Figs 7 and 8 for the spin and orbital
eriods, respectively. The optical spin and orbital folded light curves
re represented in Fig. 9 . We have estimated the pulse fraction with
I max − I min )/(I max + I min ) × 100 per cent, where I max and I min are
aximum and minimum intensities in a pulse profile, respectively.
he spin pulse profiles for pole-1 and pole-2 timings look opposite

o each other. The pole-1 profiles show broad minima with a single
aximum at phase ∼0.4, whereas the pole-2 profile shows broad
axima and narrow minima at phase ∼0.88. The deri ved v alues of

pin pulse fraction in the different energy bands are given in Table 2 .

art/stac2723_f3.eps
art/stac2723_f2.eps
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Figure 4. TESS light curve of J0503. Inset of the figure shows a close-up of some variability cycles. 

Figure 5. Long-term variable light curve of J0503 using ASAS-SN and AAVSO observations. 

Figure 6. Optical power spectra of J0503 as obtained from TESS , AAVSO, and OM. The grey horizontal dashed line represents the 90 per cent confidence 
level. Major frequencies are marked for clear visual inspection. 
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n explicit energy dependency is seen for both pole-1 and pole-2, 
here the spin pulsation is more prominent at lower energies. The 
M light curve shows no spin modulation; ho we ver, in the TESS spin

olded light curve, the pulse fraction is found to be 3 ± 1 per cent.
e have also examined the hardness ratio (HR) curves for the spin

hase defined as HR1, HR2, and HR3 between the hard and soft
nergy count rates and the corresponding light curves are shown in 
ig. 10 . HR1 is the ratio of the count rate in the 5.0–10.0 keV to
.0–5.0 keV energy band, i.e. HR1 = (5–10)/(2–5). HR2 is the ratio
f the count rate in the 2.0–5.0 keV to 1.0–2.0 keV energy band, i.e.
R2 = (2–5)/(1–2), whereas HR3 is the ratio of the count rate in the
.0–2.0 keV to 0.3–1.0 keV energy band, i.e. HR3 = (1–2)/(0.3–1).
ll three HR curves for both poles seem to be 180 ◦ out of phase to

he intensity modulation, i.e. the maximum of the HR curve occurs
t the lowest intensity. 
MNRAS 517, 1667–1677 (2022) 
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(a) (b)

Figur e 7. Ener gy-dependent folded light curves of (a) pole-1 and (b) pole-2 data at the spin period of 65.53 min. 

(a) (b)

Figur e 8. Ener gy-dependent folded light curves of (a) pole-1 and (b) pole-2 data at the orbital period of 81.65 min. 
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Similar to spin folded profiles, the orbital phase folded light curve
rofiles for pole-1 and pole-2 are found opposite to each other. The
ole-1 profiles show broad minima with a single maximum at phase
0.2. On the other hand, pole-2 profiles show broad maxima and

arrow minima at phase ∼0.9. The derived values of orbital pulse
ractions in the different energy bands are shown in Table 2 . A
lear energy dependency can be seen for both poles as the orbital
ulsations are more prominent at lower energies. Similar to HR
urves for the spin phase, we have also determined HRs for the orbital
hase. The HR curves for the orbital phase in shown in Fig. 11 .
ll three HR curves for both poles appear to be opposite to the

ntensity modulation. Further, OM and TESS orbital-folded light
NRAS 517, 1667–1677 (2022) 

o  
urves showed a double-humped profile (see Fig. 9 ). The values
f orbital pulse fractions in TESS and OM are 12 ± 1 per cent and
6 ± 4 per cent, respectively. 

.2 X-ray spectral analysis 

The background-subtracted EPIC PN and MOS spectra of J0503 are
hown in Fig. 12 (a). The X-ray spectral analysis was performed
n the energy range 0.3–10.0 keV using XSPEC version 12.12.0
Arnaud 1996 ; Dorman & Arnaud 2001 ). In order to understand
he X-ray emission, we attempted various models or combinations
f models to fit the spectra. These models were astrophysical
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(a) (b)

Figure 9. (a) TESS and (b) OM folded light curves at orbital and spin periods. 

(a) (b)

Figure 10. Hardness ratio curves HR1, HR2, and HR3 of (a) pole-1 and (b) pole-2 data where HR1 is the ratio of the count rate in 5.0–10.0 keV to the count 
rate in the 2.0–5.0 keV energy bands, i.e. HR1 = (5–10)/(2–5), HR2 is the ratio of the count rate in 2.0–5.0 keV to the count rate in 1.0–2.0 keV energy bands, 
i.e. HR2 = (2–5)/(1–2), and HR3 is the ratio of the count rate in 1.0–2.0 keV to the count rate in 0.3–1.0 keV energy bands, i.e. HR3 = (1–2)/(0.3–1). 
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lasma emission code ( apec ; Smith et al. 2001 ) and cooling-flow
lasma emission model ( mkcflow ; Mushotzky & Szymkowiak 
988 ) along with the phabs component to account for the interstellar 
bsorption. The abundance tables and the photoelectric absorption 
ross-section ‘bcmc’ were taken from Asplund et al. ( 2009 ) and
alucinska-Church & McCammon ( 1992 ), respectively. To account 

or the emission feature seen near the 6.4 keV in the X-ray spectra
see the inset of Fig. 12 a), we have used a Gaussian component
t the fixed-line energy of 6.4 keV and line width of 0.02 keV
long with all the abo v e models. We first employed the model
 = phabs ×(apec + gauss) , in which the model parameters

qui v alent hydrogen column density (N H ) and temperature were 
egged at the minimum and the maximum value allowed by the 
odel. Therefore, for further spectral fitting, we hav e fix ed the
 H value to the total Galactic column in the direction of J0503 of
.08 × 10 20 cm 

−2 (Kalberla et al. 2005 ). With the fixed N H value, we
ere able to constrain the temperature and other spectral parameters 
ith a reduced χ2 ( χ2 

ν ) value of 1.16. The majority of the X-ray
pectra of MCVs suffer from the local absorbers; therefore, to account
or the local absorption effect in the spectral fitting, we have included
he model pwab as B = phabs ×pwab ×(apec + gauss) . The
odel pwab is a power-law distribution of the co v ering fraction as
 function of maximum equi v alent hydrogen column N H , max and the
ower-la w inde x for the co v ering fraction β (Done & Magdziarz
998 ). Unfortunately, the spectral fitting could not be constrained 
ith model B. Further, accretion post-shock regions are expected 

o exhibit a temperature gradient due to the cooling of the gas
pproaching the WD surface. Therefore, we used the mkcflow com- 
onent as model C = phabs ×pwab ×(mkcflow + gauss) ,
n which we fixed the lower temperature value of mkcflow to
MNRAS 517, 1667–1677 (2022) 
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(a) (b)

Figure 11. Hardness ratio curves HR1, HR2, and HR3 of (a) pole-1 and (b) pole-2 data where HR1 is the ratio of the count rate in 5.0–10.0 keV to the count 
rate in the 2.0–5.0 keV energy bands, i.e. HR1 = (5–10)/(2–5), HR2 is the ratio of the count rate in 2.0–5.0 keV to the count rate in 1.0–2.0 keV energy bands, 
i.e. HR2 = (2–5)/(1–2), and HR3 is the ratio of the count rate in 1.0–2.0 keV to the count rate in 0.3–1.0 keV energy bands, i.e. HR3 = (1–2)/(0.3–1). 

Table 2. Energy-dependent pulse fractions obtained from spin and orbital 
phase-folded light curves of J0503 for pole-1 and pole-2. 

Energy bands Pulse fraction (per cent) 
(keV) pole-1 pole-2 

Spin Orbital Spin Orbital 

0.3–1.0 53 ± 8 48 ± 8 54 ± 7 48 ± 6 
1.0–2.0 43 ± 11 43 ± 10 40 ± 7 34 ± 7 
2.0–5.0 36 ± 15 37 ± 14 32 ± 7 29 ± 8 
5.0–10.0 – – 22 ± 10 23 ± 11 
0.3–10.0 76 ± 4 70 ± 4 62 ± 3 46 ± 4 

t  

T  

w  

8  

c  

a  

t  

c  

v  

W  

D  

f  

1  

p  

D  

F  

i  

u  

w  

p  

t  

b  

l  

 

S  

d  

w  

w  

T  

E  

u  

l

4

W  

s  

o  

W  

w  

o  

p  

t  

o  

t  

2  

s  

i  

i  

P  

S  

V  

t  

b  

i  

p  

t  

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/517/2/1667/6713957 by U
niversity of D

urham
 user on 31 M

arch 2023
he minimum temperature allowed by the model (0.0808 keV).
he redshift required in the mkcflow model cannot be zero. It
as thus fixed to a value of 1.95 × 10 −7 for a Gaia distance of
37 + 60 

−43 pc (Bailer-Jones et al. 2021 ) and a cosmological Hubble
onstant of 70 km s −1 Mpc −1 . We used the switch parameter with
 value of 2, which determines the spectrum to be computed using
he AtomDB data. With model C, the N H , max value could not be
onstrained and the higher temperature was pegged at the maximum
 alue allo wed by the mkcflow model with a χ2 

ν value of 1.31.
e therefore tried two-temperature plasma components as model
 = phabs ×pwab ×(apec + apec + gauss) . Although we

aced a similar issue as in model C for N H , max , a better χ2 
ν value of

.09 was obtained. Therefore, we replaced the pwab component with
artially co v ering absorption component pcfabs in models C and
. Models E = phabs ×pcfabs ×(mkcflow + gauss) and
 = phabs ×pcfabs ×(apec + apec + gauss) thus resulted

n a significantly better fit than before with slightly impro v ed χ2 
ν val-

es of 1.11 and 1.08, respectively. The F-test showed that the model F
as more significant than E with an F-statistics of 31.8 and a null hy-
othesis probability of 2.2 × 10 −8 . Thus, we adopted the model F as
he best-fitting model for the spectral fitting of J0503. The unabsorbed
olometric flux in the 0.001–100.0 keV energy band was also calcu-
ated by incorporating the cflux model in the best-fitting model F.
NRAS 517, 1667–1677 (2022) 
The background-subtracted X-ray spectra of J0503 obtained from
wift-XRT are shown in Fig. 12 (b). The best-fitting model F, as
iscussed earlier, was used for spectral fitting. The low temperature
as fixed at a value obtained from the EPIC fitting. In this way,
e have obtained a lower limit of high temperature for XRT spectra.
he spectral parameters derived from the simultaneous fitting to both
PIC PN and MOS spectra and XRT spectra of both observations
sing the best-fitting model F together with the 90 per cent confidence
imit for a single parameter are given in Table 3 . 

 DI SCUSSI ON  

e have carried out X-ray and optical timing analyses and X-ray
pectral analysis of a probable IP J0503. From the long-term TESS
bservations, we refined the P � of the system as 81.65 ± 0.04 min.
e speculate that the 65.53 ± 0.03 min periodicity is associated
ith the P ω of the WD. Considering the previously mentioned values
f P � and P ω , the longest duration periodicity present in the X-ray
ower spectra could be associated with the P ω − � . The presence of
hese periodicities in the X-ray and optical data indicates the IP nature
f J0503. Adopting these values of P � and P ω , J0503 might fall in
he category of nearly synchronous IPs with Paloma (Schwarz et al.
007 ; Joshi et al. 2016 ) with P ω /P � = 0.802. If it is truly a nearly
ynchronous IP, it is an important addition to this class because J0503
s the first one with an orbital period less than the ‘period gap’. There
s another category of IPs known as EX Hya-like systems, for which
 ω /P � > 0.1 and P � < 2 h with systems EX Hya (Vogt, Krzeminski &
terken 1980 ) and V1025 Cen (Buckley et al. 1998 ). For EX Hya and
1025 Cen, P ω /P � is 0.68 and 0.42, respectively, which is less than

he value ∼0.8 obtained for J0503. Moreo v er, the evolution of IPs can
e understood from the distribution of their spin and orbital periods
n the P ω - P � plane and the degree of synchronization with the orbital
eriod. The asynchronicity parameter (1-P ω /P �) for J0503 was found
o be ∼19.8 per cent, which suggests that it is slightly away from
he line of synchronization. The obtained value of P ω /P � = 0.802
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(a) (b)

Figure 12. X-ray spectra of J0503 as obtained from (a) EPIC (b) XRT along with the best-fitting model. The zoomed spectra and the model fit around the 
Fe-line region are shown in the inset of the figure. The bottom panel in each figure shows the χ2 contribution of data points for the best-fitting model in terms 
of residual. 

Table 3. Spectral parameters as obtained from the best-fitting model 
F = ‘phabs ×pcfabs ×(apec + apec + gauss)’ to the X-ray spectra as obtained from EPIC and 
XRT (0.3–10.0 keV) observations. All the errors estimated here are with a 90 per cent confidence 
range of a single parameter. 

Model Parameters XMM–Newton Swift -XRT 

pcfabs N H, pcf (10 22 cm 

−2 ) 3 . 8 + 1 . 4 −1 . 1 1 . 0 + 3 . 3 −0 . 6 

pcf (per cent) 27 + 6 −6 48 + 39 
−21 

apec T 1 (eV) 153 + 20 
−26 153 † 

Z 1 (Z �) 0 . 6 + 0 . 3 −0 . 2 0.6 † 

N 1 (10 −4 ) 1 . 1 + 0 . 9 −0 . 4 1 . 9 + 19 . 5 
−1 . 9 

apec T 2 (keV) 18 . 5 + 6 . 0 −4 . 1 > 11.0 

Z 2 (Z �) 0.6 (tied with Z 1 ) 0.6 † 

N 2 (10 −3 ) 2 . 2 + 0 . 1 −0 . 1 3 . 2 + 1 . 2 −0 . 7 

Gaussian F g (10 −6 ) 3 . 4 + 1 . 3 −1 . 3 0 . 18 + 0 . 23 
−0 . 16 

bolometric flux F bol (10 −12 erg cm 

−2 s −1 ) 8 . 41 + 0 . 08 
−0 . 08 6 . 1 + 0 . 5 −0 . 5 

bolometric luminosity L bol (10 32 erg s −1 ) 7 . 07 + 0 . 07 
−0 . 07 5 . 1 + 0 . 4 −0 . 4 

χ2 
ν (dof) 1.08(1115) 0.79(336) 

Note. † indicates that the parameter value is kept fixed at the value obtained from the EPIC spectral 
fitting. N H, pcf is the partial co v ering absorber density i.e. absorption due to the partial co v ering of the 
X-ray source by the neutral hydrogen column; pcf is the co v ering fraction of the partial absorber; T 1 

and T 2 are the apec temperatures; N 1 and N 2 are the normalization constants of apec; Z 1 is the metal 
abundance relative to the solar value; F g is the line flux of the Fe K α in terms of photons cm 

−2 s −1 ; F bol 

is the unabsorbed bolometric flux derived for 0.001–100.0 keV energy band; L bol is the corresponding 
bolometric luminosity calculated by assuming a distance of 837 pc. 
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lso satisfies the synchronization condition P ω /P � > 0.6 derived by 
orton et al. ( 2004 ). The reason for J0503 not being synchronized

ould be that the secondary star has a low magnetic moment and
herefore it is unable to come into synchronism, similar to the nearly
ynchronous IPs and EX Hya-like systems as suggested by Norton 
t al. ( 2004 ). 
2  

ω  
.1 Go v erning accretion mechanism 

he X-ray and optical power spectra of IPs serve as an important
iagnostic to understand the mode of accretion in these systems. The
-ray power spectra of J0503 have shown the presence of major

requencies such as ω , � , ω −� , 2( ω −�) , 3( ω −�), ω + � , and
 ω −� , while the optical power spectra have shown only � , 2 � ,
 , and 2 �−ω frequencies. These results somewhat match model
MNRAS 517, 1667–1677 (2022) 
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 of Halpern ( 2022 ) in terms of the identification of ω frequency.
till, the difference lies in the absence of ω −� , its harmonics,
nd 2 ω −� in the X-ray power spectra of the author, which are the
rimary frequency components to look for while explaining accretion
cenarios in IPs. The possible mechanisms of the presence of these
requencies are described in the forthcoming paragraphs. 

The orbital modulation in the X-ray light curves of IPs is generally
xplained by any of the following mechanisms: (i) Whenever the
ccretion stream impacts the disc or the magnetosphere, depending
n the mode of accretion, it throws material out of the orbital plane.
bscuration of X-rays by such material rotating in the binary frame
ight produce orbital modulation. (ii) Photoelectric absorption of
-rays by the material rotating in the binary frame also produces

he orbital modulation, which is energy-dependent. (iii) In the
isc-o v erflow accretion scenario, an interaction between intrinsic
odulations at the spin and beat periods leads to the apparent
odulation at the orbital period. As we will proceed, we will see

hat the matter is not accreting via disc-o v erflow accretion. Further,
he energy-dependent orbital phase folded light curves for pole-1
nd pole-2 show dominant modulation in softer energy bands and
odulation decreases with increasing energy. Therefore, the most

ikely mechanism for the orbital modulation in X-rays for J0503
s the photoelectric absorption of X-rays by the material rotating
n the binary frame, whereas the broad minima in the folded light
urves of pole-1 also suggest that the orbital modulation could be
ue to the obscuration by the material in the binary frame along with
hotoelectric absorption. 
On the other hand, X-ray modulation at the spin frequency is the

efinitive characteristic of the IPs, which can arise due to the two
echanisms: (i) photoelectric absorption and electron scattering in

he infalling material and (ii) self-occultation of emission regions
y the WD. The values of spin pulse fraction for pole-1 and pole-
 are energy-dependent, which decrease with increasing energy.
herefore, photoelectric absorption in the accretion flow could be the
ain reason for the spin modulation in J0503, similar to the majority

f IPs validating the ‘accretion curtain’ model (see Norton & Watson
989 , for details). Further, optical spin pulsation is seen due to the
bsorption of X-rays by a structure locked to the WD, such as an
ccretion curtain (Warner 1986 ). 

We do not see equal power at ω −� and ω + � ; therefore, we
an safely assume that the beat period is not entirely caused by
he amplitude modulation of spin frequency at the orbital period. A
light asymmetry in the powers of ω −� and ω + � frequencies in
he 0.3–10.0 keV band suggests that an intrinsic beat modulation is
resent in the system due to the accretion taking place via a stream.
he modulation at the ω −� frequency arises as the accretion stream
ips between the magnetic poles twice for every rotation of the WD
ith respect to the binary frame. 
To explore the possibility of dominant accretion mechanism, we

dopt the models given by Wynn & King ( 1992 ) and Ferrario &
ickramasinghe ( 1999 ). Considering the symmetric model given

y Wynn & King ( 1992 ) and adopting the same terminology
sed, with high values of the angle of inclination (i) and co-
atitude (m), for which the condition i + m > 90 ◦+ β satisfies,
tream-fed accretion produces modulation at frequencies ω −� ,

, 2 ω − � , 2 ω − 3 � etc. The strongest of these would be ω ±
 − � = 2 ω − � or � . While the asymmetric model produces

imilar power spectra with an addition of the presence of ω peak.
he model includes asymmetry by differing in pole cap luminosities
nd size. Further, the power of the spin peak is proportional to the
egree of asymmetry introduced. Extreme differences between the
ole caps can cause ω to become dominant and modulation at the
NRAS 517, 1667–1677 (2022) 
eaker ω + � sideband also becomes evident. We emphasize that
he presence of 2 ω −� in the power spectra of J0503 cannot be
onsidered associated with the orbital modulation of 2 ω because
rbital modulation of a weak signal at 2 ω cannot produce a much
igher signal at 2 ω −� . According to Wynn & King ( 1992 ), the
est way to distinguish between the stream-fed and disc-fed systems
s in the hard X-ray re gimes. The y hav e shown that the stream-
ed systems produce power at ω , ω −� , and 2 ω −�, although
ne of the latter two should al w ays be present, while disc-accreting
ystems produce power at ω only. We have seen that in hard X-
ay bands ( > 5.0 keV), only ω −� , � , and ω + � are present
n the power spectra of J0503, which indicates that the stream-fed
ccretion is the feasible accretion scenario for J0503. Moreo v er,
errario & Wickramasinghe ( 1999 ) have shown the importance of
tream extensions while determining the characteristics of power
pectra. As the azimuthal extension of the source of matter in the
rbital plane increases, ω becomes prominent even in the stream-fed
ccretions and ω −� could be absent in this scenario (see the top
anel of Fig. 7 for δ φ = 180 ◦ in Ferrario & Wickramasinghe 1999 ),
hich we have also seen in the optical power spectra of J0503. All

hese features can be attributed to that J0503 might be predominantly
ccreting via stream during present observations. 

.2 The post-shock region: two-temperature structure 

he average EPIC spectra suggest that the X-ray post-shock emitting
egion has a two-temperature structure which is characterized by a
ow ( ∼150 eV) and a high ( ∼18.5 keV) component with a partial
o v ering absorber of equi v alent hydrogen column of ∼3.8 × 10 22 

m 

−2 and a co v ering fraction of ∼27 per cent. Assuming the maxi-
um temperature (18.5 keV) derived from the spectral fitting as the

hock temperature and adopting the WD mass–radius relationship of
auenberg ( 1972 ), we have calculated WD mass to be 0.54 + 0 . 18 

−0 . 12 M �.
imilar low-mass values have been found in EX Hya (Fujimoto &
shida 1997 ) and HT Cam (de Martino et al. 2005 ). Using the value
f unabsorbed bolometric luminosity (7.07 × 10 32 erg s −1 ) derived
rom the spectral fitting and equating this to the accretion luminosity
 acc = GM WD Ṁ /R WD , we have calculated mass accretion rate ( ̇M )

o be 1.44 × 10 −10 M � yr −1 , which is in the range of the expected
ass accretion rate for IPs. The shock height in an accretion column

an be described by the relationship H = 5.45 × 10 8 Ṁ 

−1 
16 f −2 M 

3 / 2 
WD 

 

1 / 2 
WD (Frank, King & Raine 1992 ), where Ṁ 

−1 
16 is the mass accretion

ate in units of 10 16 g s −1 , f −2 is the fractional area in units of 10 −2 ,
nd M WD and R WD are the mass and the radius of WD in solar units,
espectiv ely. We hav e assumed the fractional area to be 10 −3 (see
osen 1992 , for details). Using the derived values of Ṁ , M WD , and
 WD the value of shock height was thus found to be 2.76 × 10 6 cm
r 0.003 R WD . 

 C O N C L U S I O N S  

e conclude our findings as follows: 

(i) The orbital period derived from X-ray, TESS , and AAVSO data
s well consistent with the previously reported value. 

(ii) The ∼65 min periodicity found in X-ray and optical data could
e attributed to the spin period of the WD. If it is so, then J0503 would
e the first nearly synchronous IP (P ω /P � ∼ 0.8) below the period
ap. 

(iii) The presence of ω , � , ω −� , 2( ω −�) , 3( ω −�), ω + � ,
nd 2 ω −� frequencies indicates that J0503 might be accreting
redominantly via stream-fed accretion. 
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(iv) The energy-dependent spin pulsations for pole-1 and pole-2 
re due to the photoelectric absorption in the accretion flow, which 
s one of the unique characteristics of the majority of the IPs. 

(v) The post-shock emitting region is well explained by the 
resence of two temperatures: low ( ∼150 eV) and high ( ∼18.5 keV).
(vi) A partial co v ering absorber of equi v alent hydrogen column

f ∼3.8 × 10 22 cm 

−2 and a co v ering fraction of ∼27 per cent was
ound to be reasonable to explain the X-ray spectrum. 

(vii) We have estimated WD mass, mass accretion rate, and shock 
eight to be ∼0.54 M �, 1.44 × 10 −10 M � yr −1 , and 2.76 × 10 6 cm
0.003 R WD ), respectively. 
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