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A B S T R A C T 

We present analyses of an Intermediate Polar, IGR J15094-6649, based on the archi v al optical data obtained from the Transiting 

Exoplanet Surv e y Satellite ( TESS ) and X-ray data obtained from the Suzaku , NuSTAR , and Neil Gehrels Swift Observatory 

( Swift ). Present analysis confirms and refines the previously reported spin period of IGR J15094-6649 as 809.49584 ± 0.00075 s. 
Clear evidence of a beat period of 841.67376 ± 0.00082 s is found during the long-term TESS optical observations, which was not 
evident in the earlier studies. The dominance of X-ray and optical spin pulse unveils the disc-fed dominance accretion, ho we ver, 
the presence of an additional beat frequency indicates that part of the accreting material also flows along the magnetic field lines. 
The energy-dependent spin pulsations in the low ( < 10 keV) energy band are due to the photoelectric absorption in the accretion 

flo w. Ho we v er, the comple x absorbers may be responsible to produce low amplitude spin modulations via Compton scattering 

in the hard ( > 10 keV) energy band and indicate that the height of the X-ray emitting region may be negligible. The observed 

double-humped X-ray profiles with a pronounced dip are indicative of the photoelectric absorption in the intervening accretion 

stream. Analysis of the X-ray spectra reveals the complexity of the X-ray emission, being composed of multitemperature plasma 
components with a soft excess, reflection, and suffers from strong absorption. 

Key words: accretion, accretion discs – stars: individual: IGR J15094-6649 – novae, cataclysmic variables. 

1

I  

i  

d  

I  

P  

fi  

m  

a  

t  

a  

o  

t  

o  

a  

p  

t  

l  

M  

1  

a  

�

t  

i  

a  

f  

m  

m  

W  

(  

I  

o  

L  

p  

K  

a  

f  

f  

F  

f  

t  

e
 

t  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/6156/7093413 by guest on 06 February 2024
 I N T RO D U C T I O N  

GR J15094-6649 (hereafter IGR1509) is an intermediate polar (IP)
n which a white dwarf (WD) accretes material from the mass
onating secondary via Roche-lobe o v erflow (Warner 1995 ). The
Ps are known as asynchronized binaries (i.e. P ω <P �, where P ω and
 � are spin and orbital periods, respectively) with a WD magnetic
eld strength of < 10 MG. The optical and X-ray signals in IPs are
odulated on the spin period, orbital period, beat period ( P ω −�) ,

nd other side-bands (Patterson 1994 ). A characteristic feature of
hese systems is the presence of multiple periodicities in the X-ray
nd optical bands due to complex interactions between the spin and
rbital modulations either through variations of the accretion rate or
hrough the reprocessing of primary radiation by other components
f the system. The existence of multiple periodic components is
n important diagnostic tool for determining the IP nature of a
otential member of this class. Moreo v er, the accretion occurs in
hese systems with three different mechanisms, viz; disc-fed, disc-
ess, and disc-o v erflow (see Hameury, King & Lasota 1986 ; Rosen,

ason & Cordova 1988 ; Lubow 1989 ; Ferrario & Wickramasinghe
999 ). An accretion disc is usually formed in the IPs and truncated
t the magnetospheric radius where the magnetic pressure exceeds
 E-mail: arti.joshi@iiap.res.in , aartijoshiphysics@gmail.com 
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he ram pressure and subsequently the accreting material channels
n accretion columns towards the poles of the WD and referred to
s ‘disc-fed’ IPs (Rosen et al. 1988 ). In the ‘disc-less (or stream-
ed)’ IPs, the accreting material is directly channelled towards the
agnetic pole of the WD without an intervening disc with the high
agnetic fields of the WD (Hameury et al. 1986 ; Hellier 1991 ;
ynn & King 1992 ). A combination of both disc-fed and stream-fed

known as ‘disc-o v erflow’; Hellier 1995 ) accretion also occurs in the
Ps, where an accretion disc is present, but matter from the stream
 v erpasses the disc (Hellier et al. 1989 ; Lubow 1989 ; Armitage &
ivio 1996 ). These modes of accretions can be identified with the
resence of a wide range of X-ray and optical frequencies (Wynn &
ing 1992 ; Norton, Beardmore & Taylor 1996 ). In the disc-fed

ccretion, strong modulations are expected to occur at the WD spin
requency (Kim & Beuermann 1995 ). Ho we ver, in the pure stream-
ed systems, the beat frequency is dominating (Wynn & King 1992 ).
or a disc-overflow accretion, modulations at both spin and beat
requencies are expected to occur and the main difference lies in
he v arying po wer/amplitude between the two (Hellier 1993 ; Norton
t al. 1997 ). 

In the IPs, the magnetically channelled accretion column impacts
he WD surface, and strong shocks are formed in the accretion
olumns that heat the plasma up to a high temperature, about ∼100
K. The shocked gas subsequently cools as it falls towards the

urface of the WD via thermal bremsstrahlung emitting hard X-
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Table 1. Log of the TESS , Suzaku , NuSTAR , and Swift observations of IGR1509. 

Satellite Instrument Sector or Date of Obs. Time of Obs. Integration time Mean flux (e − s −1 ) 
Observation ID (YYYY-MM-DD) (UT) (ks) or mean count rate (Cts s −1 ) 

TESS Photometer Sector 12 2019-05-21 10:45:32 2413 .6 169.5 ± 0.1 
Photometer Sector 38 2021-04-29 08:34:07 2306 .5 202.4 ± 0.1 
Photometer Sector 39 2021-05-27 06:34:49 2414 .5 214.2 ± 0.1 

Suzaku XIS-FI 405007010 2011-01-27 16:52:31 49 .5 1.031 ± 0.004 
XIS-BI 405007010 2011-01-27 16:52:31 49 .5 0.531 ± 0.003 

HXD-PIN 405007010 2011-01-27 16:52:31 48 .0 0.085 ± 0.004 
NuSTAR FPMA/FPMB 30460013002 2018-07-19 23:24:37 41 .3 1.74 ± 0.01 
Swift XRT 00088619001 2018-06-23 17:05:42 0 .3 0.28 ± 0.03 

XRT 00088619002 2018-07-19 23:45:03 0 .7 0.20 ± 0.02 
XRT 00088619003 2018-07-20 00:59:57 6 .0 0.20 ± 0.01 
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ays (Aizu 1973 ). So, a multitemperature plasma model is generally 
equired to quantify the temperature distribution in the post-shock 
egion (PSR) (Done, Osborne & Beardmore 1995 ). The UV and 
oft X-ray components ( < 2 keV) mainly arise because of the
eprocessing of hard X-ray photons from the surface of the WD, 
o we v er, the c yclotron radiation at optical wavelength is seen due
o the reprocessing of high energy X-rays in the surface layers 
f the disc (including the hotspot) and/or the atmosphere of the 
econdary. The soft X-ray spectral component can be modelled 
sing blackbody emission which is usually dominant in polars. 
o we ver, some IPs also possess soft X-ray emissions which can
e modelled by using a blackbody component with a temperature 
ore than that of the polars and are referred to as ‘soft-IPs’ (for

etail see, Haberl & Motch 1995 ; Evans & Hellier 2007 ). The
bserved radiation in IPs interacts with its surroundings like the WD 

urface, the accretion disc, the accretion curtain, and any circumstel- 
ar medium that might exist and undergo photoelectric absorption 
hich produces strong modulations and these modulations are more 
ronounced in the soft energy bands. The high-energy X-rays are 
lso expected to be highly absorbed by cold matter and reprocessed 
nd/or reflected by the WD surface (Matt, Perola & Piro 1991 ;
one et al. 1992 ; Beardmore et al. 1995 ). The detection of the

eflection in the IPs can be confirmed with the observed Compton 
eflection hump and the presence of fluorescent Fe K α emission 
ine in their X-ray spectra. Therefore, a broad-band X-ray spec- 
roscopy is required to understand the effect of both absorption and 
eflection. 

IGR1509 was disco v ered by Re vni vtse v et al. ( 2006 ) in the
NTEGRAL/IBIS all-sk y surv e y in the 17–60 keV energy range.
arlow et al. ( 2006 ) further explored the INTEGRAL/IBIS data in

he 20–100 keV energy band and derived a best-fitted temperature 
f 13.8 ± 5.1 keV along with the X-ray flux of 1.38 × 10 −11 

rg s −1 cm 

−2 . Based on the optical spectroscopy, Masetti et al.
 2006 ) tentatively classified IGR1509 as an IP. Later, Pretorius
 2009 ) provided a clear detection of the orbital and spin periods
f 5.89 ± 0.01 h and 809.424 ± 0.018 s using spectroscopic and 
hotometric observ ations, respecti vely, and classified this system 

s an IP. Butters et al. ( 2009 ) further confirmed the IP classifica-
ion of IGR1509 with the detection of the X-ray spin period of
09.7 ± 0.6 s using the RXTE observations. Strong spin-modulated 
ircular polarization was detected for IGR1509 (see Potter et al. 
012 ), consistent with cyclotron emission from a WD. Based on 
he detection of strong circular polarization, it was suggested that 
long with the disc, IGR1509 has an extended accretion curtain and 
ay have a connection with either polars or soft X-ray-emitting 
Ps. Later, Bernardini et al. ( 2012 ) reported the X-ray spin period of
08.7 ± 0.1 s along with the harmonic of the beat and 2 ω- � side-band
sing the XMM–Newton observations and interpreted that IGR1509 
elongs to the class of disc-o v erflow IPs. Recently, Sha w et al. ( 2020 )
resented a le gac y surv e y of 19 MCVs, including IGR1509 with
he NuSTAR . They fitted the NuSTAR spectra in the 20–78 keV
nergy band using the PSR X-ray spectral model and derived the
D mass of 0.73 ± 0.06 M � for IGR1509. In the light of earlier

tudies, the beat period was not clearly detected which is essential to
robe the true nature or accretion geometry of an IP. Therefore, with
 moti v ation to ascertain its true accretion geometry, we present
he detailed optical analysis using the long, uninterrupted, high- 
adence TESS observations. Moreo v er, the broad-band Suzaku and 
ontemporaneous Swift and NuSTAR X-ray observations encouraged 
s to unveil the nature of this IP in much greater detail. This paper is
rganized as follows: Section 2 summarizes archi v al optical and X-
ay observations and their data reduction description. Analyses and 
he results of the optical and X-ray data are described in Section 3 .
inally, we present a discussion and conclusions in Sections 4 and 5 ,
espectively. 

 OBSERVATI ONS  A N D  DATA  R E D U C T I O N  

 detailed log of optical and X-ray observations of IGR1509 is given
n Table 1 . We have described the details of each observation in the
orthcoming subsections. 

.1 Optical obser v ations 

GR1509 was observed by TESS with camera 2 in sectors 12, 38,
nd 39 on 2019 May 21 at UT 10:45:32, 2021 April 29 at UT
8:34:07, and 2021 May 27 at UT 06:34:49, respectively, at a
adence of 2 min. There is a gap of almost 22 months 9 d between
he observations in sectors 12 and 38, ho we ver, a gap of 1 d 5 h
etween sectors 38 and 39. The TESS bandpass extends from 600
o 1000 nm with an ef fecti v e wav elength of 800 nm (see Ricker
t al. 2015 , for details). TESS observations are broken up into
ectors, each lasting two orbits, or about 27.4 d, and conducts its
ownlink of data while at perigee. This results in a small gap in
he data compared to the o v erall run length. The data were stored
nder Mikulski Archive for Space Telescopes (MAST) data archive 1 

ith identification number ‘TIC 261698173’. The TESS pipeline 
MNRAS 521, 6156–6169 (2023) 
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rovides two flux values: simple aperture photometry (SAP) and pre-
earch data conditioned SAP (PDCSAP). The PDCSAP light curve
ttempts to remo v e instrumental systematic variations by fitting and
emoving those signals that are common to all stars on the same
CD. 2 We saw no significant differences in the two light curves and
lected to use the PDCSAP data for our analysis. Data taken during
n anomalous event had quality flags greater than 0 in the FITS
le. We have considered only the data points with the ‘QUALITY
ag’ = 0. 
We also utilized the public photometry data base of the All-Sky

utomated Surv e y for Superno vae (ASAS-SN 

3 ; Shappee et al. 2014 ;
ochanek et al. 2017 ) and downloaded long-term light curves for

GR1509. Further, the optical photometry data of IGR1509 was also
ollected from the American Association of Variable Star Observers
AAVSO 

4 ; Kafka 2021 ) data base, which was observed in between
007 and 2019. Its long-term AAVSO and ASAS-SN light curves
re easily accessible online. 

.2 X-ray obser v ations 

.2.1 Suzaku 

he Suzaku observations of IGR1509 were carried out on 2011
anuary 27 at 16:52:31 ( UT ) with an offset of 0.366 arcmin, using
-ray Imaging Spectrometers (XIS; Koyama et al. 2007 ) and Hard X-

ay Detector (HXD; Takahashi et al. 2007 ). XIS and HXD observe in
he 0.2–12.0 and 10–600 keV energy ranges, respectively. The HXD
onsists of two detectors: the GSO well-type phoswich counters
nd the silicon PIN diodes. For XIS and HXD-PIN detectors the
xposure times were 49.5 and 48.0 ks, respectively. Using XSELECT ,
he task AEPIPELINE (version 1.1.0) with the latest calibration files
as used for reprocessing the XIS data. The data were reduced
nder the standard screening criteria. The task AEBARYCEN was
sed for the barycentric corrections in the event files. The X-ray
ight curves and spectra from XIS instruments were extracted from
 circular region with a radius of 180 arcsec around the source
hereas the background w as tak en near the source-free region
ith the same radius as the source region. The rmf and arf files
ere generated for the XIS detector using the FTOOLS tasks
ISRMFGEN and XISSIMARFGEN . The background-subtracted light
urves and spectra were generated from a back-illuminated (BI-
IS1) CCD camera and two front-illuminated (FI) CCD cameras

XIS0 and XIS3). XIS0 and XIS3 light curves were combined using
CMATH (Blackburn 1995 ) task for further timing analysis. Spectra
rom FI CCDs were added using ADDASCASPEC . The FI and BI
pectra were grouped using GRPPHA to have at least 20 counts 
er bin. 

To analyse the HXD-PIN data, we have used the non-X-ray
ackground (NXB) files and response matrix files provided by
he HXD team. 5 We have downloaded the appropriate ‘tuned’
ackground (updated version of ‘ bgd d’; METHOD = LCFITDT and
ersion of METHODV = ‘2.0ver0804’) files for our observation.
ince the background event files have own good time intervals
GTIs), so to merge the good time intervals and to obtain a common
alue for the PIN background and source event files, we have used
he task MGTIME . We then extracted the source and background
NRAS 521, 6156–6169 (2023) 
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pectra with GTI. We have corrected HXD-PIN data for the dead
ime of the observed spectrum, as required. The exposure of the
IN background was also corrected to compensate 10 times higher
vent rate of PIN background event file than the real background.
inally, the contribution from the cosmic X-ray background was
ubtracted from the source spectrum, using the appropriate cos-
ic X-ray background flat response file provided by the HXD

eam. 

.2.2 NuSTAR 

GR1509 was observed with the hard X-ray focusing observatory
uSTAR (Harrison et al. 2013 ) on 2018 July 19 at 23:24:37 ( UT )

or the exposure time of 41.3 ks with an offset of 2.139 arcmin.
uSTAR consists of two co-aligned telescopes and the two focal plane
odules, FPMA and FPMB, and observes in the 3–79 keV energy

ange. The standard NuSTAR Data Analysis Software ( NSUTARDAS
1.4.1 ) was used for the data reduction. The unfiltered events were
rst reprocessed by using NUPIPELINE in the presence of the updated
ersion of Calibration data files (CALDB 20191219) and then the
cience quality events were obtained after reprocessing. The NuSTAR
ource light curves and spectra were extracted by selecting a circular
egion of 70 arcsec around the source position. We used different
 xtraction re gions for FPMA and FPMB modules of the NuSTAR ,
ased on respective images of each module, to consider the relative
strometric offset between them. To a v oid contamination from
he source photons, the background light curves and spectra were
ccumulated by considering the same size circular region centred
round 4 arcmin away from the source and located on the same
etector chip as the source. The barycentric corrected light curves,
pectra, ef fecti ve area files, and response matrices were obtained via
UPRODUCTS package. All spectra were binned with a minimum of
0 counts per energy bin. 

.2.3 Swift 

GR1509 has been observed with the Swift satellite on 3 occasions
2018 June 23 at 17:05:42 ( UT ), 2018 July 19 at 23:45:03

 UT ), and 2018 July 20 at 00:59:57 ( UT ) with offsets of 1.907,
.279, and 3.084 arcmin, respectiv ely. F or these three epochs of
bservations, the exposure times were 0.3, 0.7, and 6 ks, respectively.
e excluded observations of the epoch 2018 June 23 due to their

hort exposure and used observations of two successive epochs 2018
uly 19 and 20 for further timing and spectral analyses. The Swift
onsists of three instruments: the wide-field Burst Alert Telescope
BAT; Barthelmy et al. 2005 ), which co v ers 15–350 keV energy
ange; the narrow-field instruments: the X-ray Telescope (XRT;
urrows et al. 2005 ) observes in 0.3–10.0 keV energy range, and

he UV/Optical Telescope (UV O T; Roming et al. 2005 ) with filters
o v ering 1700–6500 Å. The task XRTPIPELINE (version 0.13.4) along
ith the latest calibration files were used to produce the cleaned

nd calibrated event files. The barycentric corrected source light
urves and spectra were extracted by selecting a circular region
f 60 arcsec radius. The background was chosen from a nearby
ource-free region with a similar size to that of the source. An
ncillary response file was also calculated for correcting the loss
f the counts due to hot columns and bad pixels using exposure
aps with the task XRTMKARF and used the response matrix file,

wxpc 0 to 12 s 6 20130101 v014. rmf provided by the Swift team. All
pectra from the Swift /XRT were grouped with a minimum of 20
ounts per bin. 
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(a)

(b)

(c)

Figure 1. (a) Long-term light curve of IGR1509 as observed from AAVSO, ASAS-SN, and TESS , (b) the full TESS light curves of IGR1509 for sectors 12, 
38, and 39, respectively, where red dots represent the mean flux of each day, and (c) the zoomed version of the two consecutive days of TESS observations for 
sectors 12, 38, and 39, respectively. 
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 ANA LY SIS  A N D  RESULTS  

.1 TESS 

.1.1 Light curves and power spectra 

ig. 1 (a) shows the AAVSO, ASAS-SN, and TESS light curves of
GR1509 where the variable nature of the source is clearly evident. To 
robe IGR1509 in more detail in the optical band, we have closely
nspected its temporal properties using the long-term continuous 
ESS observations. For better representation, the TESS light curves 
f IGR1509 are binned with a bin size of 0.025 for sectors 12, 38, and
9 (see Fig. 1 b). The zoomed-in version of the two continuous days
bservations of sectors 12, 38, and 39 are shown in Fig. 1 (c). The
eriodic behaviour of the light curves was searched by performing 
he Lomb–Scargle (LS; Lomb 1976 ; Scargle 1982 ) periodogram 

lgorithm for all three sectors separately and are shown in Fig. 2 . We
ave detected six dominant peaks corresponding to the frequencies 
, ω - �, ω , 2 ω , 3( ω −2 �), and 3 ω in the LS power spectrum of

ach sector. The significance of these detected peaks was obtained 
y calculating the false alarm probability (Horne & Baliunas 1986 ).
ll detected peaks are found to be significant abo v e 95 per cent

onfidence level. Periods corresponding to these six dominant peaks 
ere also derived from the combined TESS data of all three sectors,
hich are well consistent with the periods derived from each sector

nd are given in Table 2 . 
We have also inspected the periodic variability by folding the TESS

ight curves using the time of the first AAVSO-2007 observation, 
JD = 2454223.434948911 as the reference epoch and spin period 
MNRAS 521, 6156–6169 (2023) 
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M

Table 2. Periods corresponding to dominant peaks in the power spectra of IGR1509 obtained from the LS periodogram analysis of the TESS , Suzaku 
(0.3–10.0 keV), NuSTAR (3–78 keV), and Swift (0.3–10.0 keV) observations. 

Telescopes Epoch Periods 
P � P ( ω −� ) P ω P 2 ω P 3 ( ω −2 �) P 3 ω 
(h) (s) (s) (s) (s) (s) 

TESS 2019-05-21 5.86 ± 0.01 841.73 ± 0.07 809.47 ± 0.06 404.74 ± 0.02 294.80 ± 0.01 269.83 ± 0.01 
2021-04-29 5.87 ± 0.01 841.73 ± 0.07 809.46 ± 0.07 404.74 ± 0.02 294.83 ± 0.01 269.82 ± 0.01 
2021-05-27 5.87 ± 0.01 841.65 ± 0.07 809.48 ± 0.06 404.74 ± 0.02 294.80 ± 0.01 269.83 ± 0.01 
Combined † 5.87213 ± 0.00014 841.67376 ± 0.00082 809.49584 ± 0.00075 404.74791 ± 0.00018 294.81353 ± 0.00010 269.82857 ± 0.00008 

Suzaku 2011-01-27 .... .... 809.14 ± 2.22 404.57 ± 0.55 .... 269.71 ± 0.25 
NuSTAR 2018-07-19 .... 840.57 ± 2.40 808.15 ± 2.23 405.19 ± 0.55 .... 270.12 ± 0.25 
Swift 2018-07-19/20 .... 834.39 ± 5.08 809.70 ± 4.79 404.85 ± 1.19 .... 269.90 ± 0.53 

Note. † represents the periods derived from the combined TESS observations of all three sectors 12, 38, and 39. 

Figure 2. LS power spectra as obtained from the TESS observations for 
sectors 12, 38, and 39. 

Figure 3. Spin pulse profiles with phase bin of 0.02 as obtained from the 
TESS observations for sectors 12, 38, and 39. 
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NRAS 521, 6156–6169 (2023) 
f 809.49584 s, which is derived more precisely from the combined
ESS observations of all three sectors (see Table 2 ). The TESS spin-
hase-folded light curves with phase bin of 0.02 are shown in Fig. 3 ,
hich reveals a broad hump during a rotation of the WD in IGR1509.

.1.2 One-day time-resolved TESS power spectra and phased light 
urves 

sing the unique capability of the long baseline of the TESS , we have
nspected the evolution of the power spectra in consecutive one-day
ime segments. Each sector data was divided into consecutive one-
ay segments. In this way, we have a total of 27, 26, and 27 data
egments for sectors 12, 38, and 39, respectively. Each one-day data
as further used for LS periodogram analysis. Figs 4 (a), (b), and (c)

how trailed power spectra with a 1-d increment for sectors 12, 38,
nd 39, respectively. A significant spin peak is detected in each day’s
bservation of all three sectors. However, the � and 2 ω frequencies
re sporadic throughout the time-resolved power spectra, which are
ometimes significant and sometimes lie below the confidence level.
ut no significant 3 ω and 3( ω − 2 �) frequencies were detected

n one day power spectra of IGR1509. In contrast to combined
ower spectra, a significant ω − � signal is not detected during
ne-day observations of IGR1509 for all three sectors. Ho we ver,
s the bin size increases up to the minimum of seven consecutive
ays or beyond that, the beat frequency was found to be present
ith a 90 per cent confidence level for all three sectors 12, 38,

nd 39. 
Further, to see the evolution of the short-term variations, we have

lso explored the day-wise periodic variation during the rotation of
he WD. Using a similar approach as described in Section 3.1.1 ,
e have folded each day’s light curve with the binning of 20
oints in a phase. Left- to right-hand panels in Fig. 5 represent
he colour composite plots for the one-day spin-phased pulse profile
or all three sectors. Strong single broad-peak spin modulations are
bserved throughout one-day TESS observations in all sectors, which
s consistent with the time-resolved power spectrum. 

.2 Suzaku 

.2.1 Light curves and power spectra 

ackground-subtracted X-ray light curves of IGR1509 were obtained
rom the XIS-FI, XIS-BI, and HXD-PIN instruments with the
emporal binning of 16, 16, and 128 s, respectively which are shown
n Fig. 6 (a). We have performed a period analysis by applying the LS
ethod to the XIS-FI data. Fig. 7 (a) shows the LS power spectra of

he XIS-FI data in the 0.3–10.0, 0.3–3.0, 3–6, and 6–10 keV energy
ands. Similar to the optical TESS power spectra, the prominent spin
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Figure 4. One-day time-resolved power spectra as obtained from the TESS observations for sectors 12, 38, and 39 in the �, ω − �, ω, and 2 ω frequency region. 
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requency is detected in its all-energy band X-ray power spectra. 
long with the ω, two other peaks corresponding to the frequencies 
 ω and 3 ω are also found to be present. All detected peaks are
ignificant and lie abo v e 95 per cent confidence level excluding 3 ω 
eak in the hard 6–10 keV energy band. The peak power of these
ignificant peaks is found to decrease towards the harder energy 
ands. Apart from these peaks, a significant frequency corresponding 
o the period of P ω/2 = 1627.2 ± 8.9 s is also detected in the 6–10 keV
MNRAS 521, 6156–6169 (2023) 
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Figure 5. Evolution of the spin pulse profiles during the TESS observations for sectors 12, 38, and 39. 
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nergy band power spectrum. The derived significant periods in the
.3–10.0 keV energy band are given in Table 2 . 

.2.2 Energy-dependent periodic variations 

he periodic variability was also inspected in three energy bands:
.3–3.0, 3–6, and 6–10 keV using XIS-FI observations. We have
olded the XIS-FI light curves using the same epoch as mentioned
bo v e in Section 3.1.1 and by considering accumulated timing
ncertainty o v er a spin period of 809.49584 s. Energy-dependent
-ray spin pulse profiles obtained from the XIS-FI observations are

hown in Fig. 7 (b). We have also extracted the spin-phase-folded
ight curves for the HXD-PIN observations in the 12–50 keV energy
and. No significant spin modulations are detected in the 12–50 keV
nergy band (see Fig. 7 b). Spin-phase-folded light curves are found
o be energy-dependent and appear to be decreasing in amplitude as
oving toward hard energies. This is also evident from the power

pectrum where the peak power of the spin frequency is found to
e decreasing towards harder energy bands. In each phased light
urve, double-peaked spin modulations are clearly seen which are
ound to be more prominent at lower energies and almost constant
t higher energies. We have also extracted the spin-phase-folded
ardness ratio curves, HR1 and HR2, where HR1 is the ratio of the
ount rates in 3–6 keV to count rates in 0.3–3.0 keV energy bands,
nd HR2 is the ratio of the count rates in 6–10 keV to count rates
n 3–6 keV energy bands and are shown in the bottom two panels
f Fig. 7 (b). The HR1 and HR2 curve displays a strong modulation
nd is 180 ◦ out of phase with respect to the intensity modulation, i.e.
he maximum in the hardness ratio curve is observed at the lowest
ntensity. We have also estimated the degree of spin pulsations 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 deri ved v alues of the pulsed fraction are given in Table 3 ,
hich clearly shows a decreasing trend as the energy increases. It
ecreased from 73 ± 2 per cent in the 0.3–3.0 keV energy band to
2 ± 3 per cent in the 6–10 keV energy band. Ho we ver, no significant
eriodic variation was detected in the 12–50 keV energy band. 

.3 NuSTAR 

.3.1 Light curves and power spectra 

ackground-subtracted X-ray light curves were obtained from the
PMA and FPMB instruments of the NuSTAR with the temporal
NRAS 521, 6156–6169 (2023) 
inning of 10 s. Both FPMA and FPMB light curves were combined
sing the task LCMATH and the combined light curve in the 3–
8 keV energy band is shown in Fig. 6 (b). Using the LS method,
e performed the periodogram analysis in the 3–78, 3–6, 6–10, and
0–30 keV energy bands. The NuSTAR LS power spectra are shown in
ig. 8 (a). We have detected three significant periods corresponding to

he frequencies ω , 2 ω , and 3 ω in the 3–78 keV energy band, which are
ell consistent with the periods derived from the TESS and Suzaku
bservations. In contrast to the Suzaku , the marginal detection of
he X-ray beat frequency also appears to be present in the NuSTAR
ower spectra which is well consistent with the optical beat frequency
erived from the TESS observations. The periods corresponding to
he frequencies ω , ω −�, 2 ω , and 3 ω in the 3–78 keV energy band are
iven in Table 2 . A significant peak marked with an arrow near 47 d −1 

requenc y re gion is also observ ed in the 3–78 and 6–10 keV energy
and which is corresponding to the period of 1822.1 ± 11.3 s. This
eak has no possible relation with other present frequencies found in
he power spectrum. Four other periods which are a combination
f the spin and orbital frequencies as P ω −3 � = 937.2 ± 2.9 s,
 ω + 3 � = 713.7 ± 1.7 s, P 2 ω −3 � = 435.2 ± 0.6 s, and
 2 ω + 3 � = 379.0 ± 0.5 s are also seen in the NuSTAR power
pectra. 

.3.2 Energy-dependent periodic variations 

sing the approach as described in Section 3.2.2 , we have generated
pin-phased light curves in the 3–6, 6–10, and 10–30 keV energy
ands using the NuSTAR observations. All folded light curves were
xtracted with the temporal binning of 20 s and are shown in Fig. 8 (b).
he NuSTAR spin-phase-folded light curves also exhibit a double-
eaked pulse profile which are more pronounced in the softest energy
ands. We have also extracted, the spin-phase-folded hardness ratio
urves, HR3 and HR4, where HR3 is defined as the ratio of the count
ates in 6–10 keV to count rates in 3–6 keV energy bands, and HR4
s the ratio of the count rates in 10–30 keV to count rates in 6–10 keV
nergy bands and are shown in the bottom two panels of Fig. 8 (b).
R3 and HR4 curves exhibit anticorrelated modulations with respect

o the intensity modulation. The fractional amplitude of modulation
as also derived from the NuSTAR folded light curves which are
iven in Table 3 . The amplitudes of modulation are decreasing
owards higher energies, which decreased from 31 ± 3 per cent in
he 3–6 keV energy band to 12 ± 3 per cent in the 10–30 keV energy
and. 
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(a)

(b)

(c)

Figure 6. X-ray light curves of IGR1509 as obtained from the (a) Suzaku , 
(b) NuSTAR , and (c) Swift observations in the 0.3–10.0 keV (XIS-FI/BI), 
12–50 keV (HXD-PIN), 3–78 keV (FPMA/FPMB), and 0.3–10.0 keV (XRT) 
energy bands. 

3

3

F
1
2  

p  

1  

a  

ω  

w  

S  

t
t  

P  

i

3

S
1  

o
w
T
s  

b  

i
v  

e  

p  

c
p  

H
1

3

3

T
2  

a
b  

w  

T  

r  

(  

p
A  

b  

B  

t
m  

w  

o  

l  

a  

1  

t
W  

l  

k
c  

c
p  

t
A  

r
z  

o  

m  

6 ftp://legac y.gsfc.nasa.go v/suzaku/doc/xrt/suzakumemo- 2008- 06.pdf

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/521/4/6156/7093413 by guest on 06 February 2024
.4 Swift 

.4.1 Light curves and power spectra 

ig. 6 (c) shows the X-ray light curves of IGR1509 in the 0.3–
0.0 keV energy band as extracted from two successive epochs 
018 July 19 and 20 of the Swift -XRT observations. The Swift LS
ower spectra computed from the light curves with a time bin of
0 s in the 0.3–10.0, 0.3–3.0, 3–6, and 6–10 keV energy bands
nd are shown in Fig. 9 (a). Four significant periods at frequencies
 , ω −�, 2 ω , and 3 ω are detected in the Swift LS power spectra,
hich are well consistent with the periods derived from the TESS ,
uzaku , and NuSTAR observations and are given in Table 2 . Similar
o the NuSTAR , the other side-band frequencies corresponding to 
he periods P ω −3 � = 937.3 ± 6.4 s, P ω + 3 � = 709.0 ± 3.6 s,
 2 ω −3 � = 435.8 ± 1.4 s, and P 2 ω + 3 � = 378.0 ± 1.0 are also present

n the Swift LS power spectra of IGR1509. 

.4.2 Energy-dependent periodic variations 

pin-phased Swift X-ray light curves in the 0.3–3.0, 3–6, and 6–
0 keV energy bands are shown in Fig. 9 (b). The spin pulsations
btained from the Swift data are also found to be energy-dependent, 
here strong modulations are observed in the softest energy band. 
he spin-phase-folded hardness ratio curves, HR5 and HR6, defined 
imilar to HR1 and HR2 were also derived and are shown in the
ottom two panels of Fig. 9 (b). The variation of the HR5 curve
s anticorrelated with intensity modulation, while, no significant 
ariations are seen in the HR6 curve and remain constant o v er the
ntire spin cycle. We have also derived the value of the degree of
ulsations from the Swift light curves. In the Swift spin-phased light
urves, the fractional amplitude modulations decreased from 91 ± 13 
er cent (0.3–3.0 keV) to 41 ± 16 per cent (3–6 keV) energy bands.
o we ver, no significant periodic variation was detected in the 6–
0 keV energy band. 

.5 X-ray spectral analysis 

.5.1 Suzaku spectral fits 

he background-subtracted X-ray spectra obtained for the epoch 
011 of the Suzaku -FI observations in the 0.3–10.0 keV energy band
nd the Suzaku -HXD/PIN observations in the 12–50 keV energy 
ands are shown in Fig. 10 . The strong broad-band continuum along
ith the strong complex iron emission line features are clearly seen.
he inset in Fig. 10 shows an enlarged view of the 6.0–7.5 keV energy

ange, which contains the line features at 6.4 keV (Fe K α), 6.7 keV
Fe XXV), and 6.95 keV (Fe XXVI). The X-ray spectral analysis was
erformed using XSPEC version-12.12.0 (Arnaud 1996 ; Dorman & 

rnaud 2001 ). The spectral fitting in this study was accomplished
y models that were approximately the same as those utilized by
ernardini et al. ( 2012 ) for the XMM–Newton data. We only replaced

he interstellar absorption model wabs with the updated phabs 
odel and the pcfabs model with the (more appropriate) pwab ,
hich is a power-law distribution of a co v ering fraction as a function
f the maximum equi v alent hydrogen column N H, max and the power-
a w inde x for the co v ering fraction β (Done & Magdziarz 1998 ). In
ddition, we replace the m ekal (Mewe, Gronenschild & van den Oord
985 ) with mkcflow (Mushotzky & Szymkowiak 1988 ), a multi-
emperature cooling flow model that is more appropriate for accreting 

Ds (see Mukai 2017 ) along with a Gaussian component with fixed-
ine energy and line width at 6.4 and 0.01 keV, respectively. To
now the cross-calibration uncertainties of the distinct instruments, a 
onstant model component was also included. We hav e fix ed the PIN
ross-normalization constant at 1.16 for the XIS-nominal pointing 
osition (see Suzaku Memo 2008 −06 6 ). The abundance tables and
he photoelectric absorption cross-section ‘bcmc’ were taken from 

splund et al. ( 2009 ) and Balucinska-Church & McCammon ( 1992 ),
espectively. The redshift required in the mkcflow model cannot be 
ero. It was thus fixed to a value of 2.55 × 10 −7 for a Gaia distance
f 1091 + 25 

−23 pc (Bailer-Jones et al. 2021 ). The low temperature of the
kcflow was fixed to the minimum value allowed by the model as
MNRAS 521, 6156–6169 (2023) 
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(a) (b)

Figure 7. (a) Top to bottom panel shows the LS X-ray power spectra obtained from the XIS-FI observations of the Suzaku in the 0.3–10.0, 0.3–3.0, 3–6, and 
6–10 keV energy bands, respectively. The horizontal dotted lines represent the 95 per cent confidence level. (b) Energy-dependent X-ray spin pulse profiles 
extracted from the XIS-FI observations in the 0.3–3.0, 3–6, and 6–10 keV energy bands and from the HXD-PIN observations in the 12–50 keV energy band. 
Bottom two panels represent the hardness ratio curves HR1 ( = (3–6)/(0.3–3.0)) and HR2 ( = (6–10)/(3–6)) obtained from the XIS-FI observations of IGR1509. 

Table 3. Energy dependent X-ray spin modulation obtained from the Suzaku , NuSTAR , and Swift 
observations. 

Telescope Epoch Spin modulation (per cent) 
0.3–3.0 keV 3–6 keV 6–10 keV 10–30 keV 12–50 keV 

Suzaku 2011 73 ± 2 33 ± 2 22 ± 3 ··· ···
NuSTAR 2018 ··· 31 ± 3 23 ± 2 12 ± 3 ···
Swift 2018 91 ± 13 41 ± 16 ··· ··· ···
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0.8 eV. We assumed a switch parameter at the value of 2 which
etermines whether the spectrum is computed by using the AtomDB
ata. We hav e fix ed an equi v alent hydrogen column from the phabs
odel to the total Galactic column in the direction of IGR1509,

hat is, at 1.89 × 10 21 cm 

−2 given by the HI4PI survey (HI4PI
ollaboration 2016 ). Moreo v er, to account for the excess in the

oft X-rays, we have used an additional blackbody component as
 = constant ×phabs ×pwab(bb + mkcflow + gauss). With model
, we have found that the spectrum fitted well with the χ2 

ν of
.06. Along with model A, we have obtained the large equi v alent
idth (EW > 100 eV) of the Fe K α emission line and the column
ensity of cold matter is found to be somewhat higher than 2 × 10 23 

m 

−2 (see Inoue 1985 ). This suggests that the bulk of the Fe K α

mission line can be accounted by the absorbers, while there may
lso be a contribution of a Compton reflected continuum from the
D, which is expected to go along with the fluorescent iron line

see Matt et al. 1991 ; Done et al. 1992 ; Ezuka & Ishida 1999 ).
 strong Fe K α emission line with a large EW of 170 eV was
NRAS 521, 6156–6169 (2023) 
lso detected by Bernardini et al. ( 2012 ) using the XMM–Newton
ata. But their data did not allow them to restrict the reflection
omponent. Therefore, to take into account the reflected continuum
f the plasma emission due to the Fe K α at 6.4 keV, we used a
onvolution model reflect with the fixed inclination angle of the
eflecting surface at the default value of cos( i ) = 0.45 as model
 = constant ×phabs ×pwab(bb + reflect ×mkcflow + gauss). Using
odel B, we have found a better fit near the iron line complex region,

ut the value of the reflection scaling factor ( R refl) was derived to be
ore than unity. The reflection component describes the fraction

f downward radiation that is reflected, so, the observed value of
ore than unity is not physical. Thus, we fixed this parameter to

nity allowing cos( i ) to vary as model C, and we obtained fits with
 similar quality as the best-fitting value cos( i ) > 0.30. Unabsorbed
-ray flux in the 0.3–50.0 keV energy band was also calculated using

he ‘ cflux ’ model. The best-fitting parameters as obtained for each
odel are given in Table 4 , where the error bars are quoted with a 90

er cent confidence limit for a single variable parameter. 
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(a) (b)

Figure 8. (a) Top to bottom panel shows the LS X-ray power spectra as obtained from the NuSTAR observations in the 3–78, 3–6, 6–10, and 10–30 keV energy 
bands, respectively. The horizontal dotted lines represent the 95 per cent confidence level. (b) Energy-dependent X-ray spin pulse profiles in the 3–6, 6–10, and 
10–30 keV energy bands and hardness ratio curves HR3 ( = (6 −10)/(3 −6)) and HR4 ( = (10 −30)/(6 −10)) obtained from the NuSTAR observations of IGR1509. 
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.5.2 Swift and NuSTAR spectral fits 

e have also investigated IGR1509 by the spectral fitting of the 
ontemporaneous Swift -XRT and NuSTAR -FPMA/FPMB observa- 
ions of the epoch 2018 in the 0.3–10.0 keV and 3–78 keV energy
ands, respecti vely, and are sho wn in Fig. 10 . The iron line complex
egion is also seen in both the Swift and NuSTAR spectra. Similar
o the approach as described for the Suzaku spectral fitting (see 
ection 3.5.1 ), we first investigated the Swift and NuSTAR spectra 

n the 0.3–78.0 keV energy band using model A which provides a
etter fit to the spectra. A large EW of the Fe K α emission was also
bserved in the Swift and NuSTAR spectra which further provides a 
int of occurrence of X-ray reflection in the system. Therefore, to 
ake into account the occurrence of the X-ray reflection and iron line
omple x re gion, we hav e used a reflect model as model B. With
odel B, we have found a better fit, but again with the unphysical

alue of R refl > 1. Thus, we fixed this parameter to unity, allowing
os( i ) to vary as model C which provides a more satisfactory fit
ith χ2 

ν of 0.95. In this way, we have adopted model C as a best-
tting model for the Swift and NuSTAR spectra of the epoch 2018.
he unabsorbed X-ray flux in the 0.3–78.0 keV energy band was 
lso calculated for all these models. The best-fitting parameters as 
btained for each model are given in Table 4 . 
In order to see the role of absorbers at pulse maximum (0.8–

.0) and pulse minimum (0.5–0.7) phases, the Suzaku -XIS and 
ontemporaneous Swift and NuSTAR spectra were also extracted at 
hese phases. The spectral fitting was performed by using the best-
tting model C as described abo v e for av erage spectra, keeping fix ed

he Galactic absorption component, plasma temperatures, and abun- 
ance values of the mkcflow , and the parameters of the blackbody
omponents at the values obtained from the average spectral fitting. 
e have also used the same fixed parameters which were adopted

or their average spectral fitting. The free parameters were pwab 
omponents ( N H, max and β), the plasma normalizations ( n mkcflow ), and
he normalization of the Gaussian component ( n g 6.4 ). Unabsorbed X-
ay fluxes were also derived in the 0.3–10.0 and 0.3–78.0 keV energy
ands for the Suzaku -XIS and contemporaneous Swift and NuSTAR 

pectra, respectively. Resulting spectral parameters are summarized 
n Table 5 , where the error bars are quoted with a 90 per cent
onfidence limit for a single variable parameter. 

 DI SCUSSI ON  

ased on the wealth of optical and X-ray observations, we explored
he detailed optical and X-ray properties of an IP IGR1509. We have
erived three prominent X-ray and optical frequencies at ω , 2 ω , and
 ω which are well-consistent with the frequencies obtained from 

he previous X-ray and optical observations (see Butters et al. 2009 ;
retorius 2009 ; Bernardini et al. 2012 ; Potter et al. 2012 ). Using the

onger spanned TESS light curves, we refined the spin period more
recisely as 809.49584 ± 0.00075 s. Additionally, the significant 
−� frequency is present in the optical band and also a marginal
etection in X-rays. This is for the first time, we have detected an
nambiguous ω−� frequency in the study of IGR1509. The presence 
f ω − � seems intrinsic because if ω − � would have been the
rbital modulation of ω, then ω + � should be present in the power
pectrum with almost same power as ω −�, which is contrary to what
MNRAS 521, 6156–6169 (2023) 
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Figure 9. (a) Top to bottom panel shows the LS X-ray power spectra as obtained from the Swift observations in the 0.3–10.0, 0.3–3.0, 3–6, and 6–10 keV energy 
bands, respectively. The horizontal dotted lines represent the 95 per cent confidence level. (b) Energy-dependent X-ray spin pulse profiles in the 0.3–3.0, 3–6, 
and 6–10 keV energy bands and hardness ratio curves HR5 ( = (3 −6)/(0.3 −3.0)) and HR6 ( = (6 −10)/(3 −6)) obtained from the Swift observations of IGR1509. 
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e observed. Hence, the ω − � modulation seems to be originating
rom the accretion through the stream. Additionally, � and 3 ( ω−2 �)
requencies are also present in the TESS optical power spectrum,
nlike X-rays. The obscurations of the WD by the material rotating
n the binary frame or an eclipse of the hotspot by an optically thick
isc may be responsible for the orbital modulation (Warner 1986 ).
o we ver, non-detection of the orbital modulation in X-rays is not

urprising, since orbital modulation in IPs are largely confined to soft
nergy bands. Moreo v er, four other side-band frequencies ω−3 �,
 + 3 �, 2 ω −3 �, and 2 ω + 3 � located at both sides of frequencies ω
nd 2 ω are present in the NuSTAR and Swift power spectrum. The
rigin of these frequencies could be due to the amplitude modulation
f the frequencies ω and 2 ω at thrice of the orbital frequency (see
arner 1986 ). Unfortunately, their spacing does not correspond to

ne-third of the orbital period as well as the peak power of these
requencies is not al w ays nearly the same, which provides a hint
hat these might be the spacecraft orbital aliases. All the observed
-ray and optical periodicities undoubtedly confirm the IP nature
f IGR1509. Also, the presence of strong spin modulation in X-ray
nd optical bands indicates that the IGR1509 unveils the disc-fed
ominance accretion. Ho we ver, the detection of an additional beat
requency indicates that part of the accreting material also flows
irectly towards the WD along the magnetic field lines (for detail see
ynn & King 1992 ; Ferrario & Wickramasinghe 1999 ). 
X-ray modulation at the spin frequency is the definitive char-

cteristic of the IPs, which can arise due to the two mechanisms:
ne is photoelectric absorption or electron scattering in the infalling
aterial (Rosen et al. 1988 ; Rosen 1992 ; Kim & Beuermann 1995 )
NRAS 521, 6156–6169 (2023) 
nd the second one is self-occultation of emission regions by the
D (King & Shaviv 1984 ). The observed X-ray spin pulse profiles

n IGR1509 are found to be energy dependent, where strong modula-
ions are observed in the soft X-ray energy bands. Also, the hardness
atio curve displays a strong modulation which are anticorrelated with
espect to the intensity modulation. Therefore, the first possibility, i.e.
he photoelectric absorption seems to be most feasible for the X-ray
pin modulation in IGR1509, similar to the majority of IPs validating
he ‘accretion curtain’ model (see Norton & Watson 1989 , for
etails). In this model, the spin modulations are minimum when the
ccretion curtain points towards the observer where the absorption
ffect is maximum, and vice-v ersa. Thus, the observ ed strong soft
nergy ( < 10 keV) rotational modulations and hardening at the
inimum intensity can be attributed to the accretion curtain scenario

nd is generally explained with variable complex absorbers. On the
ther hand, either tall shocks or reflection is generally thought to
e responsible for strong hard X-ray spin modulations ( > 10 keV) in
he IPs depending on phased or antiphased spin light-curve variations
ith respect to a low energy pulsation (Mukai 1999 ; De Martino et al.
001 ). Ho we ver, if the spin modulations are of the order of 10 per cent
r small, the complex absorbers may be responsible to produce a
pin modulation of such amplitudes via Compton scattering (Rosen
992 ). The amplitudes of spin modulations of IGR1509 are close to
his order or less at hard energies, so this possibility seems to be the

ost feasible rather than the tall shocks or reflection. Considering
lso no significant hard energy spin modulation, we infer that the
eight of the X-ray emitting region may be negligible or closer to the
D surface. Moreo v er, the X-ray light curves are double-humped

art/stad933_f9.eps
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Figure 10. Best-fitted X-ray spectra obtained from the Suzaku -XIS/(FI-magenta; BI-blue) and PIN (black) in the 0.3–10.0 and 12–50 keV energy bands, 
respectively. The zoomed Suzaku -FI and BI spectra around the Fe-line region are shown in the inset. The best-fitted combined Swift (XRT-grey) and NuSTAR 

(FPMA-green; FPMB-red) spectra in the 0.3–10.0 and 3–78 keV energy bands, respectively are also shown in the same plot. The bottom panel shows the spectral 
residuals obtained after fitting the broad-band spectra with respect to best-fitted model C (see in the text for more detail). 

Table 4. Spectral parameters obtained from the best-fitting models to the average Suzaku (epoch 2011), and contemporaneous Swift and NuSTAR (epoch 2018) 
observations. 

Epoch pwab blackbody reflect mkcflow gaussian X-ray Flux χ2 
ν (dof) 

Model( ↓ ) N H, max β kT bb n bb R refl Cosi kT A z n mkcflow n g 6.4 EW g 6.4 f X 

2011 † A > 5.6 −0.75 + 0 . 07 
−0 . 01 97 + 3 −3 3.92 + 5 . 46 

−0 . 62 .. .. > 34 0.63 + 0 . 13 
−0 . 29 4.34 + 9 . 09 

−0 . 35 2.86 + 1 . 05 
−0 . 42 126 + 32 

−10 7.16 + 0 . 04 
−0 . 04 1.06(3093) 

B 2.0 + 0 . 9 −0 . 6 −0.75 + 0 . 02 
−0 . 02 87 + 3 −3 2.14 + 0 . 65 

−0 . 52 5.4 + 1 . 8 −1 . 6 0.45 ∗ 30 + 5 −4 0.35 + 0 . 07 
−0 . 06 3.97 + 1 . 11 

−0 . 84 1.73 + 0 . 38 
−0 . 31 100 + 29 

−14 4.84 + 0 . 03 
−0 . 03 1.05(3093) 

C > 4.4 −0.70 + 0 . 01 
−0 . 02 89 + 3 −2 4.76 + 1 . 72 

−1 . 14 1 ∗ > 0.30 30 + 14 
−3 0.39 + 0 . 17 

−0 . 05 8.32 + 5 . 79 
−3 . 66 2.63 + 0 . 58 

−0 . 32 99 + 29 
−14 5.26 + 0 . 03 

−0 . 03 1.04(3092) 

2018 ‡ A 78.9 + 29 . 0 
−22 . 1 −0.66 + 0 . 03 

−0 . 02 84 + 9 −9 29.17 + 15 . 54 
−9 . 50 .. .. 23 + 3 −3 0.14 + 0 . 04 

−0 . 04 32.3 + 12 . 58 
−8 . 48 8.31 + 2 . 04 

−1 . 56 134 + 17 
−19 24.94 + 0 . 18 

−0 . 19 0.94(986) 

B 7.9 + 6 . 5 −3 . 0 −0.73 + 0 . 03 
−0 . 02 81 + 9 −9 8.96 + 4 . 47 

−2 . 77 1.9 + 0 . 8 −0 . 7 0.45 ∗ 27 + 3 −2 0.14 + 0 . 04 
−0 . 04 10.2 + 2 . 29 

−1 . 42 3.61 + 0 . 87 
−0 . 69 132 + 23 

−18 9.79 + 0 . 07 
−0 . 07 0.95(985) 

C 11.0 + 4 . 8 −2 . 6 −0.72 + 0 . 01 
−0 . 02 81 + 9 −9 10.43 + 5 . 01 

−3 . 08 1 ∗ > 0.62 27 + 3 −3 0.14 + 0 . 04 
−0 . 04 11.6 + 2 . 09 

−1 . 74 4.00 + 0 . 76 
−0 . 67 146 + 16 

−23 10.83 + 0 . 10 
−0 . 10 0.95(985) 

Notes. † = XIS + PIN and ‡ = XRT + FPMA/FPMB. A , B , and C are the best-fitted models for the epochs 2011 and 2018 (see the text of the Sections 3.5.1 and 3.5.2 for more detail of each model). 
∗ represents fixed parameter, N H, max is the maximum equi v alent hydrogen column in units of 10 23 cm 

−2 and β is the power-law index for the covering fraction. kT bb is the blackbody temperature 
in units of eV, n bb is the normalization constant of blackbody component in units of 10 −4 . R refl is reflection scaling factor and Cosi is the inclination angle of the reflecting surface. kT is the high 
temperature of mkcflow model in units of keV, n mkcflow is the normalization of the mkcflow model in units of 10 −10 M � yr −1 , n g 6.4 is normalization constant of the Gaussian component in units of 
10 −5 , EW g 6.4 is the equi v alent width of Fe K α in units of eV, and f X is the unabsorbed X-ray flux derived in the 0.3–50.0 and 0.3–78.0 keV energy bands in units of 10 −11 erg cm 

−2 s −1 for epochs 
2011 and 2018, respectively. All the errors are within a 90 per cent confidence interval for a single parameter ( 	 χ2 = 2.706). 
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ith a pronounced dip near phases ∼0.5–0.7. Based on the double- 
umped feature one can assume IGR1509 to be a two-pole accretor, 
ut our analysis reveals that the dip between these phases is due
o the photoelectric absorption in the intervening accretion stream. 
his is also evident from the hardness ratio curve, where the hardness

atio curve shows a substantial increase near the pronounced dip. The 
mount of absorption is also found to be large at this prominent dip
hase of 0.5–0.7 (see Table 5 ). This, in turn, minimizes the possibility
f a second accretion region or accretion from the second pole. No
ign of cyclotron emission from the ne gativ e pole or detection of
ositive-only circular polarization reported by Potter et al. ( 2012 ) 
lso suggests one-pole accretion geometry in IGR1509. The observed 
ingle-peaked spin modulations in optical domain can be interpreted 
ith the standard accretion-curtain model. In this model, optical 

mission originates from the accretion curtains between the inner disc 
nd the WD. If they are optically thick, their varying aspect produces
odulations during WD rotation. In this case, a single-peaked pulse 
ith a maximum is observed when the upper pole points away from

he observer (Hellier 1991 , 1995 ; Kim & Beuermann 1996 ). 
X-ray spectra obtained from the Suzaku and the contemporaneous 

wift and NuSTAR observations in the 0.3–50.0 and 0.3–78.0 keV 

nergy bands are well-modelled by a thick absorber with average 
MNRAS 521, 6156–6169 (2023) 
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Table 5. Best-fitting spectral parameters derived from the spectral fitting of the Suzaku -XIS and contemporaneous Swift -XRT and NuSTAR - 
FPMA/FPMB observations at phases of maximum (0.8–1.0) and minimum (0.5–0.7) of spin pulsation. 

Model Parameters Suzaku Swift and NuSTAR 

Pulse maximum Pulse minimum Pulse maximum Pulse minimum 

pwab N H, max ( ×10 23 cm 

−2 ) 2.5 + 0 . 3 −0 . 9 4.6 + 1 . 4 −0 . 7 7.1 + 6 . 4 −3 . 1 11.8 + 4 . 3 −3 . 3 

β −0.80 + 0 . 02 
−0 . 02 −0.48 + 0 . 02 

−0 . 02 −0.80 + 0 . 05 
−0 . 04 −0.64 + 0 . 05 

−0 . 04 

Mkcflow n mkcflow ( ×10 −10 ) M � yr −1 10.72 + 0 . 02 
−0 . 02 10.50 + 1 . 12 

−0 . 62 16.15 + 0 . 10 
−0 . 85 15.82 + 1 . 04 

−0 . 96 

Gaussian n g 6.4 ( ×10 −5 ) 2.59 + 0 . 98 
−0 . 57 2.44 + 0 . 80 

−0 . 80 3.69 + 1 . 71 
−1 . 59 5.60 + 2 . 05 

−1 . 99 

EW g 6.4 105 + 16 
−29 86 + 27 

−19 111 + 39 
−46 122 + 88 

−24 

X-ray flux f X 0.3 − 10.0 ( ×10 −11 erg cm 

−2 s −1 ) 6.04 + 0 . 05 
−0 . 06 5.68 + 0 . 08 

−0 . 08 .. .. 

f X 0.3 − 78.0 ( ×10 −11 erg cm 

−2 s −1 ) .. .. 12.56 + 0 . 19 
−0 . 19 12.40 + 0 . 22 

−0 . 22 

χ2 
ν (dof) 1.09(1149) 1.06(612) 0.85(439) 1.01(354) 
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ydrogen column densities of > 4.4 × 10 23 and ∼11 × 10 23 cm 

−2 

ith power-la w inde x es of −0.70 and −0.72 for co v ering fraction,
 multitemperature cooling flow model at maximum temperatures
f ∼30 and ∼27 keV, along with blackbody temperatures of ∼89
nd ∼81 eV, respectively. The hydrogen column density is found to
e slightly higher than that previously reported by Bernardini et al.
 2012 ). On the other hand, the maximum temperature appears to
e close to their derived high temperature component. Similar to
GR1509, a high blackbody temperature was also observed in some
ther IPs (see Haberl, Motch & Zickgraf 2002 ; De Martino et al.
004 ; Evans & Hellier 2007 ; Anzolin et al. 2008 ; Joshi, P ande y &
ingh 2019 , etc.), which are generally referred to as the soft IPs. The
bserved blackbody temperature more than 80 eV places IGR1509
n the class of these soft-IPs, which can be explained with the heated
egion near the accretion footprints which is not hidden by the
ccretion curtains depending upon the system inclination and the
agnetic colatitude (see Evans & Hellier 2007 ). The strong circular

olarization reported by Potter et al. ( 2012 ) also supports the presence
f the soft X-ray emission in IGR1509. A similar feature was
bserved by Evans & Hellier ( 2004 ) for the IPs PQ Gem, V405 Aur,
nd V2400 Oph, which reveals a strong polarization and possesses a
oft blackbody emission component. The lack of blackbody emission
uring previous XMM–Newton observations of IGR1509 could be
ttributed to a more dispersed accretion region, which can reduce
he local heating rate and cause a decrease in the temperature of
he soft X-ray component. We have also derived unabsorbed soft
 F s ) X-ray fluxes of 2.1 + 0 . 1 

−0 . 1 ×10 −11 and 4.0 + 0 . 5 
−0 . 6 ×10 −11 erg cm 

−2 s −1 

rom the blackbody model in the 0.3–50.0 and 0.3–78.0 keV energy
ands, respectively, and hard ( F h ) X-ray fluxes of 4.43 + 0 . 03 

−0 . 03 ×10 −11 

nd 5.70 + 0 . 04 
−0 . 04 ×10 −11 erg cm 

−2 s −1 from the mkcflow model in the
.3–50.0 and 0.3–78.0 keV energy bands, respectively. The softness
atio, F s /4 F h , was then calculated as ∼0.12 and ∼0.17 for Suzaku and
he contemporaneous Swift and NuSTAR observ ations, respecti vely,
hich seems close to the softness ratios observed for some other soft-

Ps (see Evans & Hellier 2007 ). We have also determined the size
f the accretion footprint from the soft X-ray flux. The unabsorbed
oft X-ray fluxes of 2.1 × 10 −11 and 4 × 10 −11 erg cm 

−2 s −1 and the
emperatures of 89 and 81 eV implies an emitting area of ∼1 × 10 14 

nd ∼1.3 × 10 14 cm 

2 for the Suzaku and the contemporaneous Swift
nd NuSTAR observ ations, respecti vely. The WD mass of 0.73 ± 0.06
 � (Shaw et al. 2020 ) thus implies the observed blackbody emitting

rea co v ers an order of ∼10 −5 of the WD surface of IGR1509.
his area is consistent with other estimates for the accretion area

n IPs (Hellier 1997 ). The phase-dependent analysis reveals that
he absorption component is anticorrelated with the X-ray flux or
NRAS 521, 6156–6169 (2023) 
lasma normalization, that is, the absorption component is found to
e large at the pulse minimum phase and small at the pulse maximum
hase (see Table 5 ). Such variations are compatible with the widely
ccepted classical curtain scenario (Rosen et al. 1988 ). The phase-
ependent variability is also seen in the fluorescent emission line
omponents n g 6.4 and EW g 6.4 . The observed values of n g 6.4 and EW g 6.4 

re lower during the epoch 2011 of the Suzaku observations than the
poch 2018 of the Swift and NuSTAR observations. This could be due
o a different viewing angle onto the accretion column or due to the
ariable abundance of the ambient medium during different epoch of
bservations (see Schwope et al. 2020 ). 

 C O N C L U S I O N S  

o conclude, we find the following characteristics of IGR1509, which
re well explained by present optical and X-ray observations −

(i) A more precise spin period of 809.49584 ± 0.00075 s and
rbital period of 5.87213 ± 0.00014 h is derived using the long-
aseline high-cadence optical photometric TESS observations which
re well consistent with the previously reported values. 

(ii) For the first time, an unambiguous beat period of
41.67376 ± 0.00082 s is detected in IGR1509. 
(iii) Although, the detection of strong X-ray and optical frequen-

ies ω , 2 ω , and 3 ω suggests that IGR1509 might be accreting
redominantly via disc, ho we ver, the detection of an additional beat
requency in the present data indicates that part of the accreting
aterial also flows directly toward the WD along the magnetic field

ines. 
(iv) The photoelectric absorption appears responsible for the soft

-ray ( < 10 keV) modulation. Ho we v er, the comple x absorbers may
esponsible to produce low amplitude spin modulations via Compton
cattering in the hard ( > 10 keV) energy band and indicates that the
eight of the X-ray emitting region may be negligible or close to the
D surface. 
(v) The observed double-humped X-ray profiles with a pro-

ounced dip is indicative of the photoelectric absorption in the
ntervening accretion stream. 

(vi) A multitemperature plasma component, intrinsic absorption,
eflection, and a soft component are found to be viable to explain
he average X-ray spectra. The soft X-ray blackbody temperature is
ound to be in the range of 80–90 eV which places this system in
he class of soft IPs. The estimated blackbody emitting area co v ers

10 −5 of the WD surface of IGR1509. 
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