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ABSTRACT

We present analyses of an Intermediate Polar, IGR J15094-6649, based on the archival optical data obtained from the Transiting
Exoplanet Survey 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 =4 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, however,
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
flow. However, the complex 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 INTRODUCTION

IGR J15094-6649 (hereafter IGR1509) is an intermediate polar (IP)
in which a white dwarf (WD) accretes material from the mass
donating secondary via Roche-lobe overflow (Warner 1995). The
IPs are known as asynchronized binaries (i.e. P, < P, where P, and
Pq are spin and orbital periods, respectively) with a WD magnetic
field strength of <10 MG. The optical and X-ray signals in IPs are
modulated on the spin period, orbital period, beat period (P,_g) ,
and other side-bands (Patterson 1994). A characteristic feature of
these systems is the presence of multiple periodicities in the X-ray
and optical bands due to complex interactions between the spin and
orbital modulations either through variations of the accretion rate or
through the reprocessing of primary radiation by other components
of the system. The existence of multiple periodic components is
an important diagnostic tool for determining the IP nature of a
potential member of this class. Moreover, the accretion occurs in
these systems with three different mechanisms, viz; disc-fed, disc-
less, and disc-overflow (see Hameury, King & Lasota 1986; Rosen,
Mason & Cordova 1988; Lubow 1989; Ferrario & Wickramasinghe
1999). An accretion disc is usually formed in the IPs and truncated
at the magnetospheric radius where the magnetic pressure exceeds
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the ram pressure and subsequently the accreting material channels
in accretion columns towards the poles of the WD and referred to
as ‘disc-fed” IPs (Rosen et al. 1988). In the ‘disc-less (or stream-
fed)’ IPs, the accreting material is directly channelled towards the
magnetic pole of the WD without an intervening disc with the high
magnetic fields of the WD (Hameury et al. 1986; Hellier 1991;
Wynn & King 1992). A combination of both disc-fed and stream-fed
(known as ‘disc-overflow’; Hellier 1995) accretion also occurs in the
IPs, where an accretion disc is present, but matter from the stream
overpasses the disc (Hellier et al. 1989; Lubow 1989; Armitage &
Livio 1996). These modes of accretions can be identified with the
presence of a wide range of X-ray and optical frequencies (Wynn &
King 1992; Norton, Beardmore & Taylor 1996). In the disc-fed
accretion, strong modulations are expected to occur at the WD spin
frequency (Kim & Beuermann 1995). However, in the pure stream-
fed systems, the beat frequency is dominating (Wynn & King 1992).
For a disc-overflow accretion, modulations at both spin and beat
frequencies are expected to occur and the main difference lies in
the varying power/amplitude between the two (Hellier 1993; Norton
et al. 1997).

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

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 2024 + 0.1
Photometer Sector 39 2021-05-27 06:34:49 2414.5 2142 + 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

rays (Aizu 1973). So, a multitemperature plasma model is generally
required to quantify the temperature distribution in the post-shock
region (PSR) (Done, Osborne & Beardmore 1995). The UV and
soft X-ray components (<2 keV) mainly arise because of the
reprocessing of hard X-ray photons from the surface of the WD,
however, the cyclotron radiation at optical wavelength is seen due
to the reprocessing of high energy X-rays in the surface layers
of the disc (including the hotspot) and/or the atmosphere of the
secondary. The soft X-ray spectral component can be modelled
using blackbody emission which is usually dominant in polars.
However, some IPs also possess soft X-ray emissions which can
be modelled by using a blackbody component with a temperature
more than that of the polars and are referred to as ‘soft-IPs’ (for
detail see, Haberl & Motch 1995; Evans & Hellier 2007). The
observed radiation in IPs interacts with its surroundings like the WD
surface, the accretion disc, the accretion curtain, and any circumstel-
lar medium that might exist and undergo photoelectric absorption
which produces strong modulations and these modulations are more
pronounced in the soft energy bands. The high-energy X-rays are
also expected to be highly absorbed by cold matter and reprocessed
and/or reflected by the WD surface (Matt, Perola & Piro 1991;
Done et al. 1992; Beardmore et al. 1995). The detection of the
reflection in the IPs can be confirmed with the observed Compton
reflection hump and the presence of fluorescent Fe K« emission
line in their X-ray spectra. Therefore, a broad-band X-ray spec-
troscopy is required to understand the effect of both absorption and
reflection.

IGR1509 was discovered by Revnivtsev et al. (2006) in the
INTEGRAL/IBIS all-sky survey in the 17-60keV energy range.
Barlow et al. (2006) further explored the INTEGRAL/IBIS data in
the 20-100 keV energy band and derived a best-fitted temperature
of 13.8 £ 5.1 keV along with the X-ray flux of 1.38 x 107!
erg s~' 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
of 5.89 £ 0.01 h and 809.424 + 0.018 s using spectroscopic and
photometric observations, respectively, and classified this system
as an IP. Butters et al. (2009) further confirmed the IP classifica-
tion of IGR1509 with the detection of the X-ray spin period of
809.7 & 0.6 s using the RXTE observations. Strong spin-modulated
circular polarization was detected for IGR1509 (see Potter et al.
2012), consistent with cyclotron emission from a WD. Based on
the detection of strong circular polarization, it was suggested that
along with the disc, IGR1509 has an extended accretion curtain and
may have a connection with either polars or soft X-ray-emitting

IPs. Later, Bernardini et al. (2012) reported the X-ray spin period of
808.7 £ 0.1 s along with the harmonic of the beat and 2w-£2 side-band
using the XMM-Newton observations and interpreted that IGR1509
belongs to the class of disc-overflow IPs. Recently, Shaw et al. (2020)
presented a legacy survey of 19 MCVs, including IGR1509 with
the NuSTAR. They fitted the NuSTAR spectra in the 20-78 keV
energy band using the PSR X-ray spectral model and derived the
WD mass of 0.73 £ 0.06 M for IGR1509. In the light of earlier
studies, the beat period was not clearly detected which is essential to
probe the true nature or accretion geometry of an IP. Therefore, with
a motivation to ascertain its true accretion geometry, we present
the detailed optical analysis using the long, uninterrupted, high-
cadence TESS observations. Moreover, the broad-band Suzaku and
contemporaneous Swift and NuSTAR X-ray observations encouraged
us to unveil the nature of this IP in much greater detail. This paper is
organized as follows: Section 2 summarizes archival optical and X-
ray observations and their data reduction description. Analyses and
the results of the optical and X-ray data are described in Section 3.
Finally, we present a discussion and conclusions in Sections 4 and 5,
respectively.

2 OBSERVATIONS AND DATA REDUCTION

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

2.1 Optical observations

IGR1509 was observed by TESS with camera 2 in sectors 12, 38,
and 39 on 2019 May 21 at UT 10:45:32, 2021 April 29 at UT
08:34:07, and 2021 May 27 at UT 06:34:49, respectively, at a
cadence of 2 min. There is a gap of almost 22 months 9 d between
the observations in sectors 12 and 38, however, a gap of 1 d 5 h
between sectors 38 and 39. The TESS bandpass extends from 600
to 1000 nm with an effective wavelength of 800 nm (see Ricker
et al. 2015, for details). TESS observations are broken up into
sectors, each lasting two orbits, or about 27.4 d, and conducts its
downlink of data while at perigee. This results in a small gap in
the data compared to the overall run length. The data were stored
under Mikulski Archive for Space Telescopes (MAST) data archive!
with identification number ‘TIC 261698173’. The TESS pipeline

Uhttps://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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provides two flux values: simple aperture photometry (SAP) and pre-
search data conditioned SAP (PDCSAP). The PDCSAP light curve
attempts to remove instrumental systematic variations by fitting and
removing those signals that are common to all stars on the same
CCD.2 We saw no significant differences in the two light curves and
elected to use the PDCSAP data for our analysis. Data taken during
an anomalous event had quality flags greater than O in the FITS
file. We have considered only the data points with the ‘QUALITY
flag’ = 0.

We also utilized the public photometry data base of the All-Sky
Automated Survey for Supernovae (ASAS-SN3; Shappee et al. 2014;
Kochanek et al. 2017) and downloaded long-term light curves for
IGR1509. Further, the optical photometry data of IGR1509 was also
collected from the American Association of Variable Star Observers
(AAVSO*; Kafka 2021) data base, which was observed in between
2007 and 2019. Its long-term AAVSO and ASAS-SN light curves
are easily accessible online.

2.2 X-ray observations
2.2.1 Suzaku

The Suzaku observations of IGR1509 were carried out on 2011
January 27 at 16:52:31 (UT) with an offset of 0.366 arcmin, using
X-ray Imaging Spectrometers (XIS; Koyama et al. 2007) and Hard X-
ray Detector (HXD; Takahashi et al. 2007). XIS and HXD observe in
the 0.2—-12.0 and 10-600 keV energy ranges, respectively. The HXD
consists of two detectors: the GSO well-type phoswich counters
and the silicon PIN diodes. For XIS and HXD-PIN detectors the
exposure times were 49.5 and 48.0 ks, respectively. Using XSELECT,
the task AEPIPELINE (version 1.1.0) with the latest calibration files
was used for reprocessing the XIS data. The data were reduced
under the standard screening criteria. The task AEBARYCEN was
used for the barycentric corrections in the event files. The X-ray
light curves and spectra from XIS instruments were extracted from
a circular region with a radius of 180 arcsec around the source
whereas the background was taken near the source-free region
with the same radius as the source region. The rmf and arf files
were generated for the XIS detector using the FTOOLS tasks
XISRMFGEN and XISSIMARFGEN. The background-subtracted light
curves and spectra were generated from a back-illuminated (BI-
XIS1) CCD camera and two front-illuminated (FI) CCD cameras
(XISO and XIS3). XISO and XIS3 light curves were combined using
LCMATH (Blackburn 1995) task for further timing analysis. Spectra
from FI CCDs were added using ADDASCASPEC. The FI and BI
spectra were grouped using GRPPHA to have at least 20 counts

per bin.

To analyse the HXD-PIN data, we have used the non-X-ray
background (NXB) files and response matrix files provided by
the HXD team.” We have downloaded the appropriate ‘tuned’
background (updated version of ‘bgd_d’; METHOD=LCFITDT and
version of METHODV = “2.0ver0804°) files for our observation.
Since the background event files have own good time intervals
(GTlIs), so to merge the good time intervals and to obtain a common
value for the PIN background and source event files, we have used
the task MGTIME. We then extracted the source and background

2See section 2.1 of TESS archive manual available at https://outerspace.stsci
.edu/display/TESS/2.0+-+Data+Product + Overview
3https://asas-sn.osu.edu/variables

“https://www.aavso.org/

Shttp://www.astro.isas.jaxa.jp/suzaku/analysis/hxd/
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spectra with GTI. We have corrected HXD-PIN data for the dead
time of the observed spectrum, as required. The exposure of the
PIN background was also corrected to compensate 10 times higher
event rate of PIN background event file than the real background.
Finally, the contribution from the cosmic X-ray background was
subtracted from the source spectrum, using the appropriate cos-
mic X-ray background flat response file provided by the HXD
team.

2.2.2 NuSTAR

IGR1509 was observed with the hard X-ray focusing observatory
NuSTAR (Harrison et al. 2013) on 2018 July 19 at 23:24:37 (UT)
for the exposure time of 41.3 ks with an offset of 2.139 arcmin.
NuSTAR consists of two co-aligned telescopes and the two focal plane
modules, FPMA and FPMB, and observes in the 3-79 keV energy
range. The standard NuSTAR Data Analysis Software (NSUTARDAS
v1.4.1) was used for the data reduction. The unfiltered events were
first reprocessed by using NUPIPELINE in the presence of the updated
version of Calibration data files (CALDB 20191219) and then the
science quality events were obtained after reprocessing. The NuSTAR
source light curves and spectra were extracted by selecting a circular
region of 70 arcsec around the source position. We used different
extraction regions for FPMA and FPMB modules of the NuSTAR,
based on respective images of each module, to consider the relative
astrometric offset between them. To avoid contamination from
the source photons, the background light curves and spectra were
accumulated by considering the same size circular region centred
around 4 arcmin away from the source and located on the same
detector chip as the source. The barycentric corrected light curves,
spectra, effective area files, and response matrices were obtained via
NUPRODUCTS package. All spectra were binned with a minimum of
20 counts per energy bin.

2.2.3 Swift

IGR1509 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 (uUT) with offsets of 1.907,
3.279, and 3.084 arcmin, respectively. For these three epochs of
observations, the exposure times were 0.3, 0.7, and 6 ks, respectively.
We excluded observations of the epoch 2018 June 23 due to their
short exposure and used observations of two successive epochs 2018
July 19 and 20 for further timing and spectral analyses. The Swift
consists of three instruments: the wide-field Burst Alert Telescope
(BAT; Barthelmy et al. 2005), which covers 15-350 keV energy
range; the narrow-field instruments: the X-ray Telescope (XRT;
Burrows et al. 2005) observes in 0.3-10.0 keV energy range, and
the UV/Optical Telescope (UVOT; Roming et al. 2005) with filters
covering 1700-6500 A. The task XRTPIPELINE (version 0.13.4) along
with the latest calibration files were used to produce the cleaned
and calibrated event files. The barycentric corrected source light
curves and spectra were extracted by selecting a circular region
of 60arcsec radius. The background was chosen from a nearby
source-free region with a similar size to that of the source. An
ancillary response file was also calculated for correcting the loss
of the counts due to hot columns and bad pixels using exposure
maps with the task XRTMKARF and used the response matrix file,
swxpc0to12s6_20130101v014.rmf provided by the Swift team. All
spectra from the Swift/XRT were grouped with a minimum of 20
counts per bin.

20 Areniga 90 uo 1senb Aq €1¥£60./9519/v/12S/l0IME/SEIUL/WOo0"dNo-ojwapede//:Sdny Wwoly papeojumoq


https://outerspace.stsci.edu/display/TESS/2.0+-+Data+Product+Overview
https://asas-sn.osu.edu/variables
https://www.aavso.org/
http://www.astro.isas.jaxa.jp/suzaku/analysis/hxd/

A disc-dominated IP IGR J15094-6649 6159
r T T T T T T T T T T T T T
13.8} i
o 1441 o ‘E .
E I ® AAVSO-2007 I
2 15.011% aveazets H T
= H#¢ AAVSO-2016
| AAVS0-2017
¢ AAVSO-2019
15.611; 2o -
ASAS-SN2018 .
1E3 TESS-2019
e TESS-2021
162 I I " 1 " " 1 " " 1 " " 1 " 1 " 1 "
4500 5500 6500 7500 8500 9500
BJD (2450000+)
(a)
T T T T T T d
240+
- L
~
é 200+
= L
2
w 160f
120
1 I 1 I 1 I %4 I 1 I 1 I 1 %4
25 35 45 740 750 760
BJD(2458600+)
(b)
T v/T T v/T T T
240}
)
~
1200}
L
X
=}
iL 160
120}
L 1 A 1 A 1 L 1
43 44 734 735 762 763 764
BJD(2458600+)

(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.
3 ANALYSIS AND RESULTS

3.1 TESS

3.1.1 Light curves and power spectra

Fig. 1(a) shows the AAVSO, ASAS-SN, and TESS light curves of
IGR1509 where the variable nature of the source is clearly evident. To
probe IGR1509 in more detail in the optical band, we have closely
inspected its temporal properties using the long-term continuous
TESS observations. For better representation, the TESS light curves
of IGR1509 are binned with a bin size of 0.025 for sectors 12, 38, and
39 (see Fig. 1b). The zoomed-in version of the two continuous days
observations of sectors 12, 38, and 39 are shown in Fig. 1(c). The
periodic behaviour of the light curves was searched by performing

the Lomb-Scargle (LS; Lomb 1976; Scargle 1982) periodogram
algorithm for all three sectors separately and are shown in Fig. 2. We
have detected six dominant peaks corresponding to the frequencies
Q, 0-Q2, o, 2w, 3(w—22), and 3w in the LS power spectrum of
each sector. The significance of these detected peaks was obtained
by calculating the false alarm probability (Horne & Baliunas 1986).
All detected peaks are found to be significant above 95 percent
confidence level. Periods corresponding to these six dominant peaks
were also derived from the combined TESS data of all three sectors,
which are well consistent with the periods derived from each sector
and are given in Table 2.

We have also inspected the periodic variability by folding the TESS
light curves using the time of the first AAVSO-2007 observation,
BID = 2454223.434948911 as the reference epoch and spin period

MNRAS 521, 6156-6169 (2023)
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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 ke V), NuSTAR (3-78 keV), and Swift (0.3-10.0 keV) observations.

Telescopes Epoch Periods
Pq Plo-9) Py Py P3w-20) P,
() (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 4 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. T represents the periods derived from the combined TESS observations of all three sectors 12, 38, and 39.
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Figure 2. LS power spectra as obtained from the TESS observations for
sectors 12, 38, and 39.
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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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of 809.49584 s, which is derived more precisely from the combined
TESS observations of all three sectors (see Table 2). The TESS spin-
phase-folded light curves with phase bin of 0.02 are shown in Fig. 3,
which reveals a broad hump during a rotation of the WD in IGR1509.

3.1.2 One-day time-resolved TESS power spectra and phased light
curves

Using the unique capability of the long baseline of the TESS, we have
inspected the evolution of the power spectra in consecutive one-day
time segments. Each sector data was divided into consecutive one-
day segments. In this way, we have a total of 27, 26, and 27 data
segments for sectors 12, 38, and 39, respectively. Each one-day data
was further used for LS periodogram analysis. Figs 4(a), (b), and (c)
show trailed power spectra with a 1-d increment for sectors 12, 38,
and 39, respectively. A significant spin peak is detected in each day’s
observation of all three sectors. However, the 2 and 2w frequencies
are sporadic throughout the time-resolved power spectra, which are
sometimes significant and sometimes lie below the confidence level.
But no significant 3w and 3(w — 2%2) frequencies were detected
in one day power spectra of IGR1509. In contrast to combined
power spectra, a significant w — 2 signal is not detected during
one-day observations of IGR1509 for all three sectors. However,
as the bin size increases up to the minimum of seven consecutive
days or beyond that, the beat frequency was found to be present
with a 90 percent confidence level for all three sectors 12, 38,
and 39.

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

3.2 Suzaku

3.2.1 Light curves and power spectra

Background-subtracted X-ray light curves of IGR1509 were obtained
from the XIS-FI, XIS-BI, and HXD-PIN instruments with the
temporal binning of 16, 16, and 128 s, respectively which are shown
in Fig. 6(a). We have performed a period analysis by applying the LS
method to the XIS-FI data. Fig. 7(a) shows the LS power spectra of
the XIS-FI data in the 0.3-10.0, 0.3-3.0, 3-6, and 6-10 keV energy
bands. 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 Q, w — €2, w, and 2w frequency region.

peak in the hard 6-10 keV energy band. The peak power of these
significant peaks is found to decrease towards the harder energy
bands. Apart from these peaks, a significant frequency corresponding
to the period of P,,;, = 1627.2 8.9 s is also detected in the 6-10 keV
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Figure 5. Evolution of the spin pulse profiles during the TESS observations for sectors 12, 38, and 39.

energy band power spectrum. The derived significant periods in the
0.3-10.0 keV energy band are given in Table 2.

3.2.2 Energy-dependent periodic variations

The periodic variability was also inspected in three energy bands:
0.3-3.0, 3-6, and 6-10 keV using XIS-FI observations. We have
folded the XIS-FI light curves using the same epoch as mentioned
above in Section 3.1.1 and by considering accumulated timing
uncertainty over a spin period of 809.49584 s. Energy-dependent
X-ray spin pulse profiles obtained from the XIS-FI observations are
shown in Fig. 7(b). We have also extracted the spin-phase-folded
light curves for the HXD-PIN observations in the 12-50 keV energy
band. No significant spin modulations are detected in the 12-50 keV
energy band (see Fig. 7b). Spin-phase-folded light curves are found
to be energy-dependent and appear to be decreasing in amplitude as
moving toward hard energies. This is also evident from the power
spectrum where the peak power of the spin frequency is found to
be decreasing towards harder energy bands. In each phased light
curve, double-peaked spin modulations are clearly seen which are
found to be more prominent at lower energies and almost constant
at higher energies. We have also extracted the spin-phase-folded
hardness ratio curves, HR1 and HR2, where HR1 is the ratio of the
count rates in 3-6 keV to count rates in 0.3-3.0 keV energy bands,
and HR?2 is the ratio of the count rates in 6-10 keV to count rates
in 3—6 keV energy bands and are shown in the bottom two panels
of Fig. 7(b). The HR1 and HR2 curve displays a strong modulation
and is 180° out of phase with respect to the intensity modulation, i.e.
the maximum in the hardness ratio curve is observed at the lowest
intensity. We have also estimated the degree of spin pulsations with
[(Imax —Imin)/(Imax + Imin)] X 100 percent, where I, and Iy, are
maximum and minimum intensities in a pulse profile, respectively.
The derived values of the pulsed fraction are given in Table 3,
which clearly shows a decreasing trend as the energy increases. It
decreased from 73 =+ 2 percent in the 0.3-3.0 keV energy band to
22 + 3 per cent in the 6-10 keV energy band. However, no significant
periodic variation was detected in the 12-50 keV energy band.

3.3 NuSTAR

3.3.1 Light curves and power spectra

Background-subtracted X-ray light curves were obtained from the
FPMA and FPMB instruments of the NuSTAR with the temporal
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binning of 10 s. Both FPMA and FPMB light curves were combined
using the task LCMATH and the combined light curve in the 3—
78 keV energy band is shown in Fig. 6(b). Using the LS method,
we performed the periodogram analysis in the 3-78, 3—6, 610, and
10-30keV energy bands. The NuSTAR LS power spectra are shown in
Fig. 8(a). We have detected three significant periods corresponding to
the frequencies w, 2w, and 3w in the 3-78 keV energy band, which are
well consistent with the periods derived from the TESS and Suzaku
observations. In contrast to the Suzaku, the marginal detection of
the X-ray beat frequency also appears to be present in the NuSTAR
power spectra which is well consistent with the optical beat frequency
derived from the TESS observations. The periods corresponding to
the frequencies w, w—£2, 2w, and 3w in the 3—78 keV energy band are
given in Table 2. A significant peak marked with an arrow near 47 d~!
frequency region is also observed in the 3-78 and 6-10 keV energy
band which is corresponding to the period of 1822.1 £ 11.3s. This
peak has no possible relation with other present frequencies found in
the power spectrum. Four other periods which are a combination
of the spin and orbital frequencies as P,_3q = 937.2 &+ 2.9 s,
P,i3q = 7137 £ 1.7 s, Pyy_30 = 4352 + 0.6 s, and
Pyyi30 = 379.0 £ 0.5 s are also seen in the NuSTAR power
spectra.

3.3.2 Energy-dependent periodic variations

Using the approach as described in Section 3.2.2, we have generated
spin-phased light curves in the 3-6, 6-10, and 10-30 keV energy
bands using the NuSTAR observations. All folded light curves were
extracted with the temporal binning of 20 s and are shown in Fig. 8(b).
The NuSTAR spin-phase-folded light curves also exhibit a double-
peaked pulse profile which are more pronounced in the softest energy
bands. We have also extracted, the spin-phase-folded hardness ratio
curves, HR3 and HR4, where HR3 is defined as the ratio of the count
rates in 6-10 keV to count rates in 3—6 keV energy bands, and HR4
is the ratio of the count rates in 10-30 keV to count rates in 6-10 keV
energy bands and are shown in the bottom two panels of Fig. 8(b).
HR3 and HR4 curves exhibit anticorrelated modulations with respect
to the intensity modulation. The fractional amplitude of modulation
was also derived from the NuSTAR folded light curves which are
given in Table 3. The amplitudes of modulation are decreasing
towards higher energies, which decreased from 31 £ 3 percent in
the 3-6 keV energy band to 12 4 3 per cent in the 10-30 keV energy
band.
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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.

3.4 Swift

3.4.1 Light curves and power spectra

Fig. 6(c) shows the X-ray light curves of IGR1509 in the 0.3—
10.0 keV energy band as extracted from two successive epochs
2018 July 19 and 20 of the Swift-XRT observations. The Swift LS
power spectra computed from the light curves with a time bin of
10 s in the 0.3-10.0, 0.3-3.0, 3-6, and 6-10 keV energy bands
and are shown in Fig. 9(a). Four significant periods at frequencies
w, v—, 2w, and 3w are detected in the Swift LS power spectra,
which are well consistent with the periods derived from the TESS,
Suzaku, and NuSTAR observations and are given in Table 2. Similar

A disc-dominated IP IGR J15094-6649 6163

to the NuSTAR, the other side-band frequencies corresponding to
the periods P,_3q = 9373 £ 6.4 s, P,130 = 709.0 £ 3.6 s,
Pry—_30=435.8+ 1.4, and Py, 130 = 378.0 £ 1.0 are also present
in the Swift LS power spectra of IGR1509.

3.4.2 Energy-dependent periodic variations

Spin-phased Swift X-ray light curves in the 0.3-3.0, 3-6, and 6—
10 keV energy bands are shown in Fig. 9(b). The spin pulsations
obtained from the Swift data are also found to be energy-dependent,
where strong modulations are observed in the softest energy band.
The spin-phase-folded hardness ratio curves, HR5 and HR6, defined
similar to HR1 and HR2 were also derived and are shown in the
bottom two panels of Fig. 9(b). The variation of the HRS curve
is anticorrelated with intensity modulation, while, no significant
variations are seen in the HR6 curve and remain constant over the
entire spin cycle. We have also derived the value of the degree of
pulsations from the Swift light curves. In the Swift spin-phased light
curves, the fractional amplitude modulations decreased from 91 & 13
percent (0.3-3.0 keV) to 41 £ 16 percent (3—6 keV) energy bands.
However, no significant periodic variation was detected in the 6—
10 keV energy band.

3.5 X-ray spectral analysis

3.5.1 Suzaku spectral fits

The background-subtracted X-ray spectra obtained for the epoch
2011 of the Suzaku-FI observations in the 0.3—10.0 keV energy band
and the Suzaku-HXD/PIN observations in the 12-50 keV energy
bands are shown in Fig. 10. The strong broad-band continuum along
with the strong complex iron emission line features are clearly seen.
The inset in Fig. 10 shows an enlarged view of the 6.0-7.5 keV energy
range, which contains the line features at 6.4 keV (Fe K«), 6.7 keV
(Fe XXV), and 6.95 keV (Fe XXVI). The X-ray spectral analysis was
performed using XSPEC version-12.12.0 (Arnaud 1996; Dorman &
Arnaud 2001). The spectral fitting in this study was accomplished
by models that were approximately the same as those utilized by
Bernardini et al. (2012) for the XMM-Newton data. We only replaced
the interstellar absorption model wabs with the updated phabs
model and the pcfabs model with the (more appropriate) pwab,
which is a power-law distribution of a covering fraction as a function
of the maximum equivalent hydrogen column Ny .« and the power-
law index for the covering fraction f (Done & Magdziarz 1998). In
addition, we replace the mekal (Mewe, Gronenschild & van den Oord
1985) with mkcflow (Mushotzky & Szymkowiak 1988), a multi-
temperature cooling flow model that is more appropriate for accreting
WDs (see Mukai 2017) along with a Gaussian component with fixed-
line energy and line width at 6.4 and 0.01 keV, respectively. To
know the cross-calibration uncertainties of the distinct instruments, a
constant model component was also included. We have fixed the PIN
cross-normalization constant at 1.16 for the XIS-nominal pointing
position (see Suzaku Memo 2008—06°). The abundance tables and
the photoelectric absorption cross-section ‘becmc’ were taken from
Asplund et al. (2009) and Balucinska-Church & McCammon (1992),
respectively. The redshift required in the mkcflow model cannot be
zero. It was thus fixed to a value of 2.55 x 1077 for a Gaia distance
of 109133 pc (Bailer-Jones et al. 2021). The low temperature of the
mkcflow was fixed to the minimum value allowed by the model as

Oftp://legacy.gsfc.nasa.gov/suzaku/doc/xrt/suzakumemo-2008-06.pdf
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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 3-6keV 6-10keV ~ 10-30keV  12-50 keV
Suzaku 2011 73+£2 33+2 2243 .
NuSTAR 2018 - 31 £3 2342 1243
Swift 2018 91 +£13 41 + 16

80.8 eV. We assumed a switch parameter at the value of 2 which
determines whether the spectrum is computed by using the AtomDB
data. We have fixed an equivalent hydrogen column from the phabs
model to the total Galactic column in the direction of IGR1509,
that is, at 1.89 x 10*' cm™2 given by the HI4PI survey (HI4PI
Collaboration 2016). Moreover, to account for the excess in the
soft X-rays, we have used an additional blackbody component as
A = constantx phabs x pwab(bb+mkcflow + gauss). With model
A, we have found that the spectrum fitted well with the x? of
1.06. Along with model A, we have obtained the large equivalent
width (EW > 100 eV) of the Fe K« emission line and the column
density of cold matter is found to be somewhat higher than 2 x 10%
cm™2 (see Inoue 1985). This suggests that the bulk of the Fe K«
emission line can be accounted by the absorbers, while there may
also be a contribution of a Compton reflected continuum from the
WD, which is expected to go along with the fluorescent iron line
(see Matt et al. 1991; Done et al. 1992; Ezuka & Ishida 1999).
A strong Fe Ko emission line with a large EW of 170 eV was

MNRAS 521, 6156-6169 (2023)

also detected by Bernardini et al. (2012) using the XMM—-Newton
data. But their data did not allow them to restrict the reflection
component. Therefore, to take into account the reflected continuum
of the plasma emission due to the Fe K« at 6.4 keV, we used a
convolution model reflect with the fixed inclination angle of the
reflecting surface at the default value of cos(i) = 0.45 as model
B = constantx phabs x pwab(bb+reflect xmkcflow + gauss). Using
model B, we have found a better fit near the iron line complex region,
but the value of the reflection scaling factor (R..;) was derived to be
more than unity. The reflection component describes the fraction
of downward radiation that is reflected, so, the observed value of
more than unity is not physical. Thus, we fixed this parameter to
unity allowing cos(i) to vary as model C, and we obtained fits with
a similar quality as the best-fitting value cos(i) > 0.30. Unabsorbed
X-ray flux in the 0.3-50.0 keV energy band was also calculated using
the ‘cf1ux’ model. The best-fitting parameters as obtained for each
model are given in Table 4, where the error bars are quoted with a 90
per cent confidence limit for a single variable parameter.
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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.

3.5.2 Swift and NuSTAR spectral fits

We have also investigated IGR1509 by the spectral fitting of the
contemporaneous Swift-XRT and NuSTAR-FPMA/FPMB observa-
tions of the epoch 2018 in the 0.3-10.0 keV and 3-78 keV energy
bands, respectively, and are shown in Fig. 10. The iron line complex
region is also seen in both the Swift and NuSTAR spectra. Similar
to the approach as described for the Suzaku spectral fitting (see
Section 3.5.1), we first investigated the Swift and NuSTAR spectra
in the 0.3-78.0 keV energy band using model A which provides a
better fit to the spectra. A large EW of the Fe K« emission was also
observed in the Swift and NuSTAR spectra which further provides a
hint of occurrence of X-ray reflection in the system. Therefore, to
take into account the occurrence of the X-ray reflection and iron line
complex region, we have used a reflect model as model B. With
model B, we have found a better fit, but again with the unphysical
value of R,y > 1. Thus, we fixed this parameter to unity, allowing
cos(i) to vary as model C which provides a more satisfactory fit
with x2 of 0.95. In this way, we have adopted model C as a best-
fitting model for the Swift and NuSTAR spectra of the epoch 2018.
The unabsorbed X-ray flux in the 0.3-78.0 keV energy band was
also calculated for all these models. The best-fitting parameters as
obtained for each model are given in Table 4.

In order to see the role of absorbers at pulse maximum (0.8—
1.0) and pulse minimum (0.5-0.7) phases, the Suzaku-XIS and
contemporaneous Swift and NuSTAR spectra were also extracted at
these phases. The spectral fitting was performed by using the best-
fitting model C as described above for average spectra, keeping fixed
the Galactic absorption component, plasma temperatures, and abun-

dance values of the mkcf1ow, and the parameters of the blackbody
components at the values obtained from the average spectral fitting.
We have also used the same fixed parameters which were adopted
for their average spectral fitting. The free parameters were pwab
components (N, max and B), the plasma normalizations (70w ), and
the normalization of the Gaussian component (146 4). Unabsorbed X-
ray fluxes were also derived in the 0.3-10.0 and 0.3-78.0 keV energy
bands for the Suzaku-XIS and contemporaneous Swift and NuSTAR
spectra, respectively. Resulting spectral parameters are summarized
in Table 5, where the error bars are quoted with a 90 percent
confidence limit for a single variable parameter.

4 DISCUSSION

Based on the wealth of optical and X-ray observations, we explored
the detailed optical and X-ray properties of an IP IGR1509. We have
derived three prominent X-ray and optical frequencies at w, 2w, and
3w which are well-consistent with the frequencies obtained from
the previous X-ray and optical observations (see Butters et al. 2009;
Pretorius 2009; Bernardini et al. 2012; Potter et al. 2012). Using the
longer spanned TESS light curves, we refined the spin period more
precisely as 809.49584 + 0.00075 s. Additionally, the significant
w—S2 frequency is present in the optical band and also a marginal
detection in X-rays. This is for the first time, we have detected an
unambiguous w— 2 frequency in the study of IGR1509. The presence
of w — Q2 seems intrinsic because if @ — €2 would have been the
orbital modulation of w, then w + €2 should be present in the power
spectrum with almost same power as w — €2, which is contrary to what
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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.

we observed. Hence, the w — €2 modulation seems to be originating
from the accretion through the stream. Additionally, €2 and 3 (0—2£2)
frequencies are also present in the TESS optical power spectrum,
unlike X-rays. The obscurations of the WD by the material rotating
in the binary frame or an eclipse of the hotspot by an optically thick
disc may be responsible for the orbital modulation (Warner 1986).
However, non-detection of the orbital modulation in X-rays is not
surprising, since orbital modulation in IPs are largely confined to soft
energy bands. Moreover, four other side-band frequencies w—3€2,
w+3L2, 20—3%2, and 2w+3£2 located at both sides of frequencies w
and 2w are present in the NuSTAR and Swift power spectrum. The
origin of these frequencies could be due to the amplitude modulation
of the frequencies w and 2w at thrice of the orbital frequency (see
Warner 1986). Unfortunately, their spacing does not correspond to
one-third of the orbital period as well as the peak power of these
frequencies is not always nearly the same, which provides a hint
that these might be the spacecraft orbital aliases. All the observed
X-ray and optical periodicities undoubtedly confirm the IP nature
of IGR1509. Also, the presence of strong spin modulation in X-ray
and optical bands indicates that the IGR1509 unveils the disc-fed
dominance accretion. However, the detection of an additional beat
frequency indicates that part of the accreting material also flows
directly towards the WD along the magnetic field lines (for detail see
Wynn & King 1992; Ferrario & Wickramasinghe 1999).

X-ray modulation at the spin frequency is the definitive char-
acteristic of the IPs, which can arise due to the two mechanisms:
one is photoelectric absorption or electron scattering in the infalling
material (Rosen et al. 1988; Rosen 1992; Kim & Beuermann 1995)

MNRAS 521, 6156-6169 (2023)

and the second one is self-occultation of emission regions by the
WD (King & Shaviv 1984). The observed X-ray spin pulse profiles
in IGR1509 are found to be energy dependent, where strong modula-
tions are observed in the soft X-ray energy bands. Also, the hardness
ratio curve displays a strong modulation which are anticorrelated with
respect to the intensity modulation. Therefore, the first possibility, i.e.
the photoelectric absorption seems to be most feasible for the X-ray
spin modulation in IGR1509, similar to the majority of IPs validating
the ‘accretion curtain’ model (see Norton & Watson 1989, for
details). In this model, the spin modulations are minimum when the
accretion curtain points towards the observer where the absorption
effect is maximum, and vice-versa. Thus, the observed strong soft
energy (<10 keV) rotational modulations and hardening at the
minimum intensity can be attributed to the accretion curtain scenario
and is generally explained with variable complex absorbers. On the
other hand, either tall shocks or reflection is generally thought to
be responsible for strong hard X-ray spin modulations (>10 keV) in
the IPs depending on phased or antiphased spin light-curve variations
with respect to a low energy pulsation (Mukai 1999; De Martino et al.
2001). However, if the spin modulations are of the order of 10 per cent
or small, the complex absorbers may be responsible to produce a
spin modulation of such amplitudes via Compton scattering (Rosen
1992). The amplitudes of spin modulations of IGR1509 are close to
this order or less at hard energies, so this possibility seems to be the
most feasible rather than the tall shocks or reflection. Considering
also no significant hard energy spin modulation, we infer that the
height of the X-ray emitting region may be negligible or closer to the
WD surface. Moreover, the X-ray light curves are double-humped
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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 x2 (dof)
Model({) N, max B kT Tbh Reen Cosi kT A, Hmkeflow Ng6.4 EW,64 fx

2011F A >56 —075%01 9713 3.92458 . . >34 0.6370% 434459 2.8610% 12643 7164004 1.06(3093)
B 2,099 —0751002 8773 214108 54718 0450 307 035100 3.97 04 1734538 100t 4.841003 1.05(3093)
C >44 —0.7000,  89%3 4765173 It >030 304 0397007 8.3215%0 2.634033 992 5.261003 1.04(3092)

2018% A 789150 066100 84Ty 29.0777%¢ . 237 014700 323758 83177% 1347 24.9470:18 0.94(986)
B 7.9%%5 —0.73700 8179 89675357 1908 045t 278 014700 102432 361408 132t 9.79+007 0.95(985)
c 11.0758 —0.72709 81ty 10437508 1 >062 277 04700 116479 4.00107% 146135 10.83*010 0.95(985)

Notes. t+ = 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, Ny max 18 the maximum equivalent hydrogen column in units of 10

cm~2 and B is the power-law index for the covering fraction. kTyy is the blackbody temperature

in units of eV, nyy, is the normalization constant of blackbody component in units of 10~*. Ryq 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, npiciow is the normalization of the mkcflow model in units of lO"OMO yr", Nge.4 is normalization constant of the Gaussian component in units of
1075, EW 4 is the equivalent width of Fe Ko in units of eV, and fx 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~!! ergem™=2 s~! for epochs
2011 and 2018, respectively. All the errors are within a 90 per cent confidence interval for a single parameter (A x2 = 2.706).

with a pronounced dip near phases ~0.5-0.7. Based on the double-
humped feature one can assume IGR1509 to be a two-pole accretor,
but our analysis reveals that the dip between these phases is due
to the photoelectric absorption in the intervening accretion stream.
This is also evident from the hardness ratio curve, where the hardness
ratio curve shows a substantial increase near the pronounced dip. The
amount of absorption is also found to be large at this prominent dip
phase of 0.5-0.7 (see Table 5). This, in turn, minimizes the possibility
of a second accretion region or accretion from the second pole. No
sign of cyclotron emission from the negative pole or detection of
positive-only circular polarization reported by Potter et al. (2012)

also suggests one-pole accretion geometry in IGR1509. The observed
single-peaked spin modulations in optical domain can be interpreted
with the standard accretion-curtain model. In this model, optical
emission originates from the accretion curtains between the inner disc
and the WD. If they are optically thick, their varying aspect produces
modulations during WD rotation. In this case, a single-peaked pulse
with a maximum is observed when the upper pole points away from
the observer (Hellier 1991, 1995; Kim & Beuermann 1996).

X-ray spectra obtained from the Suzaku and the contemporaneous
Swift and NuSTAR observations in the 0.3-50.0 and 0.3-78.0 keV
energy bands are well-modelled by a thick absorber with average
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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 Ny, max (x10%3 cm™2) 25703 4.6%03 71764 11.8753
p S080%%  04s'dE 0008 064
Mkcflow Honkefiow (x10710) Mgy yr~! 1072400 10.50% 56 16.157049 15.82150¢
Gaussian ng6.4 (x107) 2.5970% 2447080 3.6971%8 5.60720
EW64 10573 8672 111732 122758
X-ray flux fx03 —10.0(% 10~ erg em~2 57 6.04f8:82 5.68t8:8§ . .
fxo03 - 78.0(x 10" Mergem=2 s~1) . . 12.567519 12.4010%
x2 (dof) 1.09(1149) 1.06(612) 0.85(439) 1.01(354)

hydrogen column densities of >4.4 x 10?* and ~11 x 10%* cm™2

with power-law indexes of —0.70 and —0.72 for covering fraction,
a multitemperature cooling flow model at maximum temperatures
of ~30 and ~27 keV, along with blackbody temperatures of ~89
and ~81 eV, respectively. The hydrogen column density is found to
be slightly higher than that previously reported by Bernardini et al.
(2012). On the other hand, the maximum temperature appears to
be close to their derived high temperature component. Similar to
IGR1509, a high blackbody temperature was also observed in some
other IPs (see Haberl, Motch & Zickgraf 2002; De Martino et al.
2004; Evans & Hellier 2007; Anzolin et al. 2008; Joshi, Pandey &
Singh 2019, etc.), which are generally referred to as the soft IPs. The
observed blackbody temperature more than 80 eV places IGR1509
in the class of these soft-IPs, which can be explained with the heated
region near the accretion footprints which is not hidden by the
accretion curtains depending upon the system inclination and the
magnetic colatitude (see Evans & Hellier 2007). The strong circular
polarization reported by Potter et al. (2012) also supports the presence
of the soft X-ray emission in IGR1509. A similar feature was
observed by Evans & Hellier (2004) for the IPs PQ Gem, V405 Aur,
and V2400 Oph, which reveals a strong polarization and possesses a
soft blackbody emission component. The lack of blackbody emission
during previous XMM-Newton observations of IGR1509 could be
attributed to a more dispersed accretion region, which can reduce
the local heating rate and cause a decrease in the temperature of
the soft X-ray component. We have also derived unabsorbed soft
(F,) X-ray fluxes of 2.1701 x 107! and 4.0%02x 10" ergem 2 57!
from the blackbody model in the 0.3-50.0 and 0.3-78.0 keV energy
bands, respectively, and hard (F,) X-ray fluxes of 4.43%)03x 10"
and 5.7070:0 x 107" ergem™2 s~ from the mkc £ 1ow model in the
0.3-50.0 and 0.3-78.0 keV energy bands, respectively. The softness
ratio, F/4F), was then calculated as ~0.12 and ~0.17 for Suzaku and
the contemporaneous Swift and NuSTAR observations, respectively,
which seems close to the softness ratios observed for some other soft-
IPs (see Evans & Hellier 2007). We have also determined the size
of the accretion footprint from the soft X-ray flux. The unabsorbed
soft X-ray fluxes of 2.1 x 107" and 4 x 10~ ergcm~2 s~! and the
temperatures of 89 and 81 eV implies an emitting area of ~1 x 10
and ~1.3 x 10" cm? for the Suzaku and the contemporaneous Swift
and NuSTAR observations, respectively. The WD mass of 0.73 = 0.06
Mg (Shaw et al. 2020) thus implies the observed blackbody emitting
area covers an order of ~10~° of the WD surface of IGR1509.
This area is consistent with other estimates for the accretion area
in IPs (Hellier 1997). The phase-dependent analysis reveals that
the absorption component is anticorrelated with the X-ray flux or
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plasma normalization, that is, the absorption component is found to
be large at the pulse minimum phase and small at the pulse maximum
phase (see Table 5). Such variations are compatible with the widely
accepted classical curtain scenario (Rosen et al. 1988). The phase-
dependent variability is also seen in the fluorescent emission line
components ngs 4 and EW,e 4. The observed values of ng6 4 and EW e 4
are lower during the epoch 2011 of the Suzaku observations than the
epoch 2018 of the Swift and NuSTAR observations. This could be due
to a different viewing angle onto the accretion column or due to the
variable abundance of the ambient medium during different epoch of
observations (see Schwope et al. 2020).

5 CONCLUSIONS

To conclude, we find the following characteristics of IGR1509, which
are well explained by present optical and X-ray observations —

(1) A more precise spin period of 809.49584 + 0.00075 s and
orbital period of 5.87213 £ 0.00014 h is derived using the long-
baseline high-cadence optical photometric TESS observations which
are well consistent with the previously reported values.

(ii) For the first time, an unambiguous beat period of
841.67376 £ 0.00082 s is detected in IGR1509.

(iii) Although, the detection of strong X-ray and optical frequen-
cies w, 2w, and 3w suggests that IGR1509 might be accreting
predominantly via disc, however, the detection of an additional beat
frequency in the present data indicates that part of the accreting
material also flows directly toward the WD along the magnetic field
lines.

(iv) The photoelectric absorption appears responsible for the soft
X-ray (<10 keV) modulation. However, the complex absorbers may
responsible to produce low amplitude spin modulations via Compton
scattering in the hard (>10 keV) energy band and indicates that the
height of the X-ray emitting region may be negligible or close to the
WD surface.

(v) The observed double-humped X-ray profiles with a pro-
nounced dip is indicative of the photoelectric absorption in the
intervening accretion stream.

(vi) A multitemperature plasma component, intrinsic absorption,
reflection, and a soft component are found to be viable to explain
the average X-ray spectra. The soft X-ray blackbody temperature is
found to be in the range of 80-90 eV which places this system in
the class of soft IPs. The estimated blackbody emitting area covers
~1073 of the WD surface of IGR1509.
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