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A B S T R A C T 

Here, we present the results of our multiwavelength campaign aimed at classifying Swift J170800 −402551.8 as part of the 
Swift Deep Galactic Plane Surv e y (DGPS). We utilized Target of Opportunity (ToO) observations with the Neil Gehrels Swift 
Observatory , Chandr a X-r ay Observatory , Neutron star Interior Composition Explorer (NICER ), X-ray Multi-Mirror Mission 

(XMM–Newton ), Nuclear Spectroscopic Telescope Array ( NuSTAR ), and the Southern African Large Telescope (SALT), as well 
as multiwavelength archi v al observ ations from Gaia , VST Photometric H α Surv e y, and VISTA Variables in the Via Lactea. 
The source displays a periodicity of 784 s in our XMM–Newton observation. The X-ray spectrum ( XMM–Newton and NuSTAR ) 
can be described by thermal bremsstrahlung radiation with a temperature of kT ≈ 30 keV. The phase-folded X-ray light curve 
displays a double-peaked, energy-dependent pulse profile. We used Chandra to precisely localize the source, allowing us to 

identify and study the multiwavelength counterpart. Spectroscopy with SALT identified a Balmer H α line, and potential He I 
lines, from the optical counterpart. The faintness of the counterpart ( r ≈ 21 AB mag) fa v ours a low-mass donor star. Based on 

these criteria, we classify Swift J170800 −402551.8 as a candidate intermediate polar cataclysmic variable, where the spin period 

of the white dwarf is 784 s. 

Key words: binaries: general – novae, cataclysmic variables – X-rays: general. 
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 I N T RO D U C T I O N  

he Galactic X-ray sky harbours a variety of high-energy sources 
ncluding magnetars, low-mass X-ray binaries (LMXBs), high-mass 
-ray binaries (HMXBs), neutron stars (NS), and cataclysmic vari- 

bles (CVs). Each of these source classes display distinct behaviours, 
ut o v erlaps in a few common properties, such as their hard X-ray
mission, periodicity, and optical emission line spectra. The confident 
lassification of these sources is challenging for the faint X-ray 
opulation (i.e. X-ray fluxes below 10 −11 erg cm 

2 s −1 ), and can,
n many cases, rely on serendipitously detecting outbursts or flaring 
ctivity. Many of these sources are classified based on their X-ray 
ehaviour (e.g. magnetars, LMXBs, HMXBs; Kaspi & Beloborodov 
017 ; Kretschmar et al. 2019 ), while others are largely found in
ptical surv e ys (e.g. CVs; Oliv eira et al. 2020 ; Szkody et al. 2020 ). 
The Swift Deep Galactic Plane Surv e y (DGPS; O’Connor et al.

023b ) utilized the Neil Gehrels Swift Observatory (Gehrels et al. 
004 ) X-ray Telescope (XRT; Burrows et al. 2005 ) to conduct a
urv e y of 40 deg 2 of the Galactic plane (GP). The surv e y co v ered
egions of Galactic longitude 10 < | l | < 30 deg and latitude | b |
 0.5 deg. In total, the survey is made up of 380 XRT tiles, each
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aving a duration of 5 ks. The surv e y identified 928 unique X-ray
ources, of which 348 ( ∼40 per cent) were previously unknown.
e have carried out multiple extensi ve follo w-up campaigns of

nclassified sources found in the surv e y. These include an LMXB
Gorgone et al. 2019 ), an intermediate polar (IP) CV (Gorgone et al.
021 ), a polar CV (O’Connor et al. 2023a ), and a Be X-ray binary
BeXRB; O’Connor et al. 2022 ). 

CVs are interacting binaries comprising a white dwarf (WD) in 
n orbit with a main-sequence star (Warner 1995 ). If the magnetic
eld of the WD is strong ( > 1 MG) then the systems are referred to
s magnetic CVs, and are generally strong X-ray emitter (de Martino
t al. 2020 ; Shaw et al. 2020 ). Magnetic CVs come in two fla v ours:
olars (e.g. AM Herculis; Cropper 1990 ) or IPs (e.g. DQ Herculis;
atterson 1994 ). In polar CVs, the magnetic field strength is strong
nough ( > 10 MG) to fully disrupt the formation of an accretion
isc (Ramsay & Cropper 2007 ), and also causes the WD spin and
rbital periods to become locked (synchronous rotation). Whereas 
n IP systems, the accretion disc is only partially disrupted (Mukai
017 ), and the weaker magnetic field does not lock the motion of
he system (asynchronous rotation; Norton, Wynn & Somerscales 
004 ). In these systems, the spin period of the WD is instead usually
ignificantly shorter than the orbital period of the binary. IPs further
eparate themselves from polars through their more luminous, and 
ess variable, X-ray emission (Mukai 2017 ). 
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Here, we present our multiwavelength analysis [X-ray, optical,
nd infrared (IR)] of Swift J170800 −402551.8, hereafter referred to
s J1708. The source was first detected with Swift in 2012 (Reynolds
t al. 2013 ), despite earlier (less sensitive) X-ray observations from
he Advanced Satellite for Cosmology and Astrophysics ( ASCA ) and
OSAT co v ering its position. We carried out ToO observations with
MM–Newton , NuSTAR , and NICER to study the X-ray spectrum and
earch for coherent pulsations. We also utilized a Chandra ToO to
ocalize the optical and IR counterpart, which we then observed with
outhern African Large Telescope (SALT). We further analysed IR

ight curves of the counterpart to search for variability, and compiled
vailable optical and IR photometry to study the spectral energy
istribution (SED). 
Based on these data, we determine that J1708 is likely an accreting

inary and we consider multiple interpretations for the source as
ither an HMXB, LMXB, or magnetic CV. We further discuss our
bservations and data analysis in Section 2 . The results are discussed
n Section 3 , and our interpretation and conclusions regarding the
ource classification are presented in Sections 4 and 5 . Error bars
re reported at the 1 σ level and upper limits at the 3 σ level, unless
therwise stated. 

 OBSERVATIONS  A N D  DATA  ANALYSIS  

.1 X-ray data 

.1.1 Swift 

he field of J1708 has been observed by the Swift XRT on six
ccasions since 2012 (Table 1 ), including as part of the DGPS
O’Connor et al. 2023b ). We analysed these data using the methods
utlined by O’Connor et al. ( 2023b ). In these observations, J1708
isplays a mean count rate of (2.0 ± 0.2) × 10 −2 cts s −1 . No flaring or
utbursts were disco v ered in the archi v al light curve. Utilizing these
RT observ ations, we deri ve an enhanced position (Ev ans et al.
009 ) of RA, DEC (J2000) = 17 h 08 m 00 . s 30, −40 ◦25 ′ 54.9 ′ ′ with an
ccuracy of 2.4 ′ ′ [90 per cent confidence level (CL)]. 

.1.2 XMM–Newton 

e used one of our appro v ed XMM–Ne wton ToOs to observe
1708 (ID: 082186; PI: Kouveliotou) for 40 ks with the EPIC-pn
nd MOS (MOS1/MOS2) cameras in full frame mode using the
edium filter. The data were reduced and analysed using tasks
ith the Science Analysis System ( SAS v18.0.0 ) software. We

xtracted the source photons in a circular region (30 ′ ′ ) identified by
he eregionanalyse task. The background photons were taken
rom an annulus surrounding the source with radii of 60 ′ ′ and 100 ′ ′ ,
espectively. Spectra were grouped to a minimum of 1 count per bin.
he response matrix and ancillary response files were obtained using

he rmfgen and arfgen tasks, respectively. The event arrival times
ere barycentre corrected to the Solar system using the barycen

ask. 

.1.3 NuSTAR 

 40 ks NuSTAR observation of J1708 was carried out simultane-
usly to our XMM–Newton ToO (see Table 1 ) through the DGPS
uSTAR Le gac y Surv e y Program. 1 We used standard tasks within
NRAS 525, 5015–5024 (2023) 
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5

he NuSTAR Data Analysis Software pipeline ( NUSTARDAS v2.1.1)
ithin HEASOFT v6.29c to extract light curves and spectra from a

ircular region of size 60 ′ ′ from both FPMA and FPMB. The arri v al
ime of photons were barycentre-corrected to the Solar system. 2 The
pectra were grouped to a minimum of 15 counts per bin. 

.1.4 Chandra 

e used one of our appro v ed Chandr a Cycle 23 ToOs (ID: 23500070;
I: Kouveliotou) to target J1708 (ObsID: 25174) for a total of 2.5
s exposure. The Chandra data were retrieved from the Chandra
ata Archive. 3 We reprocessed the data using the CIAO v4.14 data

eduction package with CALDB version 4.9.6, and filtered the events to
he energy range 0.5–7 keV. Source detection was performed using
he wavdetect task. J1708 is localized to RA, DEC (J2000) =
7 h 08 m 00 . s 43, −40 ◦25 ′ 53.86 ′ ′ . Due to the short exposure, there are
o other sources detected. Given the lack of other sources in the
eld, we cannot correct the native astrometry. We adopt a systematic
ncertainty of 0.8 ′ ′ at the 90 per cent CL 

4 for the source position. 

.1.5 NICER 

ICER observations of J1708 were obtained under our Cycle 3 pro-
ram (ID: 4050; PI: Kouveliotou) using the X-ray timing instrument
XTI; Gendreau et al. 2016 ). We analysed two NICER observations
ObsIDs: 4550030101 and 4550030102) using NICERDAS v.10a and
ALDB xti20221001 from HEASOFT v.6.31.1. After retrieving the

atest geomagnetic data with the task geomag , we processed the raw
ission data using nicerl2 to generate filtered, cleaned event files

nd barycentred them with barycorr . We then used nicerl3-
pect to produce the spectral files and SCORPEON background
odels. The source is only marginally detected in these observations.
e note that a prominent oxygen K α emission line is visible in the

pectra, which is due to Earth’s atmosphere and not intrinsic to our
ource (K. Gendreau, pri v ate communication). 

.2 Optical/infrared data 

.2.1 Archival multiwavelength data 

e searched the VizieR 5 data base (Ochsenbein, Bauer & Marcout
000 ) for an optical and IR source consistent with the X-ray localiza-
ion of J1708. We identified two stars within the XRT localization.
hese sources are found in Gaia EDR3 (Gaia Collaboration 2020 ),

he VIRAC catalogue (Smith et al. 2018 ) of the VISTA Variables in
he Via Lactea (VVV) surv e y, and the VST Photometric H α Surv e y
VPHAS; Drew et al. 2014 , 2016 ) catalogue: (i) Star A ( Gaia source
D: 5966886124607467136) is a blue source residing in the north-
ast portion of the XRT position and (ii) Star B is a very red source
nly detected in the IR in the VVV surv e y. We note that Star A is
onsistent with the Chandra localization of J1708 (Section 2.1.4 ),
hich disfa v ours an association to Star B. 
A finding chart using the VVV data is visible in Fig. 1 and

oth stars are labelled for clarity. We note that neither source is
etected with Swift /UV O T or the XMM–Newton Optical/UV Monitor
 https:// cda.harvard.edu/ chaser/ 
 https:// cxc.cfa.harvard.edu/ cal/ ASPECT/celmon/ 
 ht tp://vizier.cds.unist ra.fr/viz-bin/VizieR 

https://www.nustar.caltech.edu/page/59#g9
https://heasarc.gsfc.nasa.gov/ftools/caldb/help/barycorr.html
https://cda.harvard.edu/chaser/
https://cxc.cfa.harvard.edu/cal/ASPECT/celmon/
http://vizier.cds.unistra.fr/viz-bin/VizieR
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Table 1. Log of X-ray observations used in this work, including from Swift , NICER , Chandra , NuSTAR , and XMM–Newton . 
Observations after 2012 were obtained through DGPS operations (O’Connor et al. 2023b ) or through appro v ed DGPS follow-up 
programmes. 

Start time ( UT ) Telescope Instrument Exposure (s) ObsID 

2012-07-22 09:58:59 Swift XRT 613 00043282001 
2012-07-26 21:24:59 Swift XRT 634 00043289001 
2020-01-26 02:59:37 Swift XRT 4693 03110768001 
2020-03-24 05:01:09 NuSTAR FPMA/B 41334 90601310002 
2020-03-24 06:43:47 XMM–Newton MOS/PN 40800 0821860301 
2020-03-24 11:33:35 Swift XRT 1650 00089032001 
2020-05-21 21:57:36 Swift XRT 82 03110768002 
2020-06-09 21:49:35 Swift XRT 245 03110768003 
2022-03-07 12:20:06 Chandra ACIS-I 2580 25174 
2022-03-07 20:11:36 NICER XTI 5298 4 550030101 
2022-03-08 05:29:34 NICER XTI 9488 4 550030102 

Figure 1. RGB image of the field of J1708 using three VVV filters: red = 

K s , green = H , and blue = J . The XRT enhanced position with radius 2.4 ′ ′ is 
displayed by a light green circle. The Chandra localization (0.8 ′ ′ ) is displayed 
by the magenta circle, and fa v ours Star A as the counterpart. North is up and 
east is to the left. 
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Table 2. Photometry of the optical/IR counterpart to J1708. 
The magnitudes m λ are reported in the AB magnitude system. 
Limiting magnitudes from VPHAS are at the 5 σ level (Drew 

et al. 2014 ). 

Source Filter m λ (mag) 

Gaia G 20.67 ± 0.02 
Gaia G BP 21.6 ± 0.2 
Gaia G RP 19.73 ± 0.10 
VPHAS u > 21.7 
VPHAS g > 22.8 
VPHAS H α 19.59 ± 0.06 
VPHAS r 20.93 ± 0.10 
VPHAS i 20.06 ± 0.05 
VIRAC Z 19.90 ± 0.15 
VIRAC Y 19.1 ± 0.2 
VIRAC J 18.92 ± 0.15 
VIRAC H 18.02 ± 0.10 
VIRAC K 18.14 ± 0.15 

Figure 2. IR light curves in the K s filter (AB magnitude) from archi v al VVV 

observations. Star A is shown in blue, Star B in purple, and a reference star 
is displayed in grey. The dashed lines show the median magnitude for each 
object. Star A displays significant variability compared both to the reference 
object and Star B. 
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elescope, likely due to dust in our Galaxy. We include the archi v al
hotometry (AB system) of Star A in Table 2 . 
The VPHAS photometry indicates that the source is likely a 

trong H α emitter. Therefore, we performed optical spectroscopy 
see Section 2.2.3 ) to confirm the presence of H α. 

.2.2 VVV light curve 

e used the VVV monitoring data to build a light curve in the
 s band to search for IR variability. We first retrieved all data
o v ering the position of the source from the Vista Science Archive.
e performed point spread function (PSF) photometry on 104 VVV 

mages, each in the K s band, using a combination of SExtractor
Bertin & Arnouts 1996 ) and PSFEx (Bertin 2011 ). The photometry
as calibrated using the VVV catalogue, and we applied standard 
ega to AB magnitude offsets. We utilized the same 10 reference
tars to produce PSF models in all images. The results are presented
n Fig. 2 . 
MNRAS 525, 5015–5024 (2023) 
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Figure 3. SALT/RSS spectra of Star A obtained on 2022 March 28 (PG0300; 
lower resolution) and 2022 April 28 (PG900; higher resolution). The spectra 
are not corrected for e xtinction, and hav e been smoothed for display purposes 
using a Savitzky–Golay filter. The light grey line marks a telluric region, and 
the chip gaps are visible at 5250 and 6300 Å in the red spectrum (top) and 
5000 Å in the blue spectrum (bottom). 
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.2.3 Southern African Large Telescope (SALT) 

iven the indication of H α from VPHAS, we targeted the counterpart
ith the Robert Stobie Spectrograph (RSS; Burgh et al. 2003 ;
obulnicky et al. 2003 ; Smith et al. 2006 ) mounted on the 11-m
ALT (Buckley, Swart & Meiring 2006 ) on 2022 March 28 starting
t 00:17:29 UT . A spectrum was acquired using the PG0300 grating,
ielding a central wavelength of 6210 Å, with a total exposure of
500 s. A second epoch of spectroscopy was acquired on 2022 April
8 starting at 21:57:57 UT using the higher resolution PG900 grating
ith a series of two exposures of 1200 s each. The spectrum was

educed using the PYSALT package (Crawford et al. 2010 ) and flux
alibrated using the spectrophotometric standard star HILT600. We
urther scaled the spectrum to match the VPHAS photometry, and
ombined the two exposures. Our spectra display a clear emission
ine consistent with H α (Fig. 3 ), and tentative lines of He I . There are
o emission lines detected at < 5500 Å. This is likely due to rapidly
ecreasing signal-to-noise ratio given the source faintness at these
avelengths: g > 22.8 mag compared to r ≈ 21 mag. 

 RESULTS  

.1 Timing analysis 

he X-ray light curves from our simultaneous NuSTAR and XMM–
ewton ToO are displayed in Fig. 4 . We searched the XMM–Newton
ata for coherent and quasi-coherent signals using periodogram
nalysis (Huppenkothen et al. 2019 ). Averaging periodograms from
ll three detectors (PN/MOS1/MOS2) and comparing the highest
utlier in the averaged periodogram against a null hypothesis of pure
etector noise, we reject the null hypothesis at a significance level
f p = 2.6 × 10 −26 for the highest outlier at 1.2753992 × 10 −3 

z, corresponding to 784 s, an extremely strong rejection of the null
ypothesis. The signal is significantly detected at a high confidence in
ndividual detectors (MOS1: p = 2.3 × 10 −8 ; PN: p = 1.10 × 10 −12 ).
he threshold for a 3 σ detection, corrected for the number of

requencies searched, is p < 1.4 × 10 −6 . We note a clear peak at the
rst harmonic (exactly twice the frequency) of the detected signal
see Fig. 5 ). Ho we ver, the periodogram also re veals the presence of
NRAS 525, 5015–5024 (2023) 
tochastic variability (red noise) in the data, which might contribute
ignificantly to the power observed at the relevant frequencies. We
hus follow the procedure of Vaughan ( 2010 ) to estimate the posterior
redictive probability for the presence of a periodic signal in the
resence of red noise, using a simple power-law model and a constant
s our baseline model. We emplo y Mark ov chain Monte Carlo
ampling with wide, uninformative priors to draw from the posterior
or the model parameters and generate simulated periodograms in
rder to sample the posterior predictive distribution for the highest
utlier. We find a posterior predictive p -value for the highest outlier
n the averaged periodogram across the three detectors of p = 0.0011
corrected for the number of trials). Thus, the significance of the
ignal is at the > 3 σ level in the XMM–Newton data. 

Ho we ver, no significant coherent pulsation is detected in a simul-
aneous NuSTAR observation using the same method. We find that
his is likely due to the data gaps caused by the low earth orbit
f the satellite. Similarly, we do not find the signal in our NICER
bservations, likely due to the faintness of the source and the large
aps in the data. 

The phase-folded XMM–Newton light curve (Fig. 6 ) displays
ultiple peaks with a significant energy dependence. The first peak

s seen abo v e 2 keV, the second peak is e xclusiv ely seen below 5 keV.
he energy dependence of the spin period implies that the system may
ave a variable accretion column or partial covering fraction. The
MS pulsed fraction decreases with energy from 59 ± 5 per cent at
.5–2 keV to 21 ± 2 per cent at from 2–5 keV to 12 ± 3 per cent
t 5–10 keV. The o v erall RMS pulsed fraction is 19 ± 2 per cent in
he 0.5–10 keV energy range. 

Despite the fact we do not find any significant signal in the NuSTAR
ata, we fold the light curve at the 784 s period to test the presence
f a signal. We obtain a 3 σ upper limit to the RMS pulsed fraction
f < 9 per cent in 3 −10 keV and < 8 per cent in 3 −79 keV. The
apidly decreasing pulsed fraction observed in the XMM–Newton
ata may contribute to the difficulty in extracting the signal from the
uSTAR data. 
While we do not observe any other significant signals in our data

t lower frequencies, in Fig. 4 we have marked three times of minima
n the XMM–Newton /PN light curve. These minima are separated by

12 000 s ( ∼3.3 h). This may be the orbital period of the system, but
i ven the lo w significance, and the orbital gaps in the NuSTAR data,
e cannot confirm this feature. Future observations are required to
etermine if this is a coherent orbital period. 

.2 Spectral analysis 

he time-averaged spectra from our simultaneous XMM–Newton
PN/MOS1/MOS2) and NuSTAR (FPMA/FPMB) observations ap-
ear featureless, with no clear emission or absorption lines. We
ointly model these spectra using XSPEC 12.12.0 (Arnaud 1996 ).

e applied the interstellar medium abundance table from Wilms,
llen & McCray ( 2000 ) and the photoelectric absorption cross-

ections presented by Verner et al. ( 1996 ). The best-fitting model
arameters were derived by minimizing the Cash statistic (Cash
979 ). The spectra are displayed in Fig. 7 . 
Using an absorbed power-law model ( con ∗tbabs ∗pow ), we find

 hydrogen column density N H = (5.0 ± 0.2) × 10 22 cm 

−2 and
hoton index � = 1.47 ± 0.03 with Cstat = 639 for 576 dof. This
odel has significant residuals at < 2 keV, implying that a further

artial co v ering absorber may be required. Adding an additional
omponent ( pcfabs ) impro v es the fit statistic (Cstat = 518 for
74 dof) and remo v es the low-energy residuals. In this case, we
nd N H , tbabs = (2 . 9 ± 0 . 3) × 10 22 cm 

−2 , N H , pcfabs = (13 . 5 + 2 . 2 
−1 . 9 ) ×
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Figure 4. X-ray light curves from NuSTAR (150 s bins; 3–79 keV) and XMM–Newton (150 s bins; 0.3–10 keV) observations. The dashed grey vertical lines 
mark the time of minima observed in the XMM–Newton /PN light curve. The lines are each separated by 12 000 s. 

Figure 5. Periodogram of our XMM–Newton /PN data. A significant signal 
exists at 1.2753992 × 10 −3 Hz, with multiple harmonics also detected. The 
dotted black line marks a 3 σ significance. 
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Figure 6. Phase folded light curve from XMM–Newton in multiple en- 
ergy bands (0.5–2, 2–5, 5–10, 0.5–10 keV) using a period of 784 s 
(1.2753992 × 10 −3 Hz). 
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0 22 cm 

−2 , partial co v ering fraction of 0.70 ± 0.04, and photon
ndex � = 1.74 ± 0.05. The absorbed X-ray flux at the time of
hese observations is ≈(1.85–2.08) × 10 −12 erg cm 

−2 s −1 and the 
nabsorbed (0.3 10 keV) flux is ≈(3 −4) × 10 −12 erg cm 

−2 s −1 . 
We also tested an absorbed cut-off power-law 

 con ∗tbabs ∗cutoffpl ) and a Comptonization model 
ompTT in XSPEC ( con ∗tbabs ∗CompTT ; Titarchuk 1994 ). 
he Comptonization model is described by the temperature of seed 
hotons kT 0 that are then Comptonized by a plasma of temperature 
T 1 with optical depth τ . For the cut-of f po wer-law, we obtain N H 
MNRAS 525, 5015–5024 (2023) 
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M

Figure 7. Top panel: Best-fitting models to the X-ray spectra obtained 
simultaneously with NuSTAR and XMM–Newton . Bottom panels: fit residuals 
for two different spectral models with continuum emission due to thermal 
bremsstrahlung radiation. 
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Figure 8. VVV K s -band single epoch images of the IR counterpart to J1708, 
which is labelled in blue as Star A (left circle). The nearby Star B is 
also labelled for comparison (right circle). The blue and red circles show 

the location of both stars, respectively. The left image shows the faintest 
observation of Star A, and the right image displays the brightest epoch. North 
is up and east is to the left. 
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 (3.3 ± 0.2) × 10 22 cm 

−2 and photon index � = 0.66 ± 0.05 with
ut-off energy E cut = 11 ± 2 keV. Whereas, for the Comptonization
odel, we derive kT 0 = 1.2 ± 0.04 keV and kT 1 ≈ 21.5 keV
ith optical depth τ ≈ 2.2 for N H = (0.90 ± 0.15) × 10 22 cm 

−2 

Cstat = 517 for 574 dof). The parameters kT 1 and τ are largely
nconstrained by the model. These two models provide a similar
escription of the data, and do not require the addition of another
bsorption component. 

We also tested a thermal bremsstrahlung model ( bremss ) and
ound that it provides a similarly good description for a temperature
T ≈ 45 keV (Cstat = 599 for 576 dof). In this case, ho we ver,
e find that the addition of a partial co v ering fraction is required

o remo v e the low-energy residuals (Fig. 7 ). After adding this
omponent ( pcfabs ), we derive N H, tbabs = (2 . 2 ± 0 . 4) × 10 22 

m 

−2 , N H, pcfabs = (9 . 3 + 1 . 9 
−1 . 4 ) × 10 22 cm 

−2 , partial co v ering fraction
f 0.65 ± 0.08, and temperature kT = 29.5 ± 3.5 keV with Cstat
 521 for 574 dof. Moti v ated by the bremsstrahlung solution, we

onsidered also an mkcflow model, which correctly accounts for
oth a bremsstrahlung continuum and line cooling with the inclusion
f multiple plasma lines (He-like at 6.7 k eV and H-lik e at 6.97 keV).
e find that this model is largely unconstrained by our data, but does

lso require a pcfabs component. While there is no clear indication
f a preferred model based on our analyses, we can conclude that the
ource is a luminous hard X-ray emitter with an absorbing column
hat is likely in excess of the Galactic value of N H = 1.6 × 10 22 cm 

−2 

Willingale et al. 2013 ). 
We performed an additional check to search for the significance of

 6.4 keV iron fluorescence line in the data. We added an additional
aussian emission component ( gauss ) with fixed energy 6.4 keV

nd fixed width 0.1 keV to our best-fitting model. We derive a
 σ upper limit to the equi v alent width (EW) of this component of
 166 eV. Therefore, while our spectra appear featureless, we cannot

xclude additional emission components using these observations
lone. 
NRAS 525, 5015–5024 (2023) 
As a last step, we investigated the phase-resolved spectra of J1708.
e used the SAS software to produce phase-resolved spectra and

esponses for phases with a pulse (on-pulse) and without a pulse
off-pulse), see Fig. 6 . We define the on-pulse phases as between
.1 −0.3 and 0.4 −0.8, and the off-pulse phases are all others. The
wo spectra vary only marginally below 3 keV, which we attribute to
 slight change in partial co v ering fraction with phase. We derive a
igher partial co v ering fraction during the off-pulse phases. A change
n the partial co v ering fraction is typically how X-ray variability in
Ps displays itself, and this is not unexpected. 

.3 Multiwav elength counter part 

sing archi v al observ ations (Section 2.2.1 ) from Gaia , VVV, and
PHAS, we identified Star A (Fig. 1 ) as the likely counterpart to

1708, given its coincidence to our Chandra localization (Section
.1.4 ). Follow-up spectroscopy with SALT (Section 2.2.3 ) revealed
ultiple emission features (Fig. 3 ) including a clear detection of H α

nd evidence for three He I lines. 
In Fig. 2 , we present the K s -band light curve of Star A compared

o both Star B and a nearby reference star. In comparison to the
eference objects, Star A displays significant variability of ±0.7 mag
this is a range and not a standard deviation) around a median value
f K s ≈ 18.3 AB mag. Thus, the variability amplitude is ≈1.4 mag,
ompared to ≈0.5 mag for a nearby star of similar faintness, due
ikely to variable seeing and the complex background in the crowded
eld. We searched the photometry using a Lomb–Scargle analysis,
ut, due to the sparse sampling of the data, no significant periodic
ignals were reco v ered. 

As additional evidence, we display a finding chart showing a
omparison between the faintest and brightest detections of Star
 from the VVV data (Fig. 8 ). On MJD 55711 (left image), we
easure a brightness of K s = 19.0 ± 0.4 AB mag and on MJD 56537

right image) we derive K s = 17.62 ± 0.05 AB mag. Both epochs
ave seeing of 1.1 ′ ′ and 1.0 ′ ′ , respectively, which has no significant
mpact on the image comparison. Comparing the photometry from
hese epochs, the variability amplitude is 1.4 ± 0.4 mag. Based on
ur photometry, we suggest that Star A is significantly variable. 
The emission lines, and significant IR variability, imply that

ccretion is ongoing in the system, and that the dominant source
f emission observed in our SED (Fig. 9 ) is due to an accretion disc
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Figure 9. Archi v al optical and IR SED of the multiwavelength counterpart 
(Star A) compared to different stellar atmosphere models (Kurucz 1993 ). 
Downward triangles represent 3 σ upper limits. The data are not corrected for 
the unknown extinction. The uncertainty in the K s -band photometry reflects 
the ±0.7 mag variability in the VVV data. 
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r column. Therefore, the potential donor star contribution is likely 
 v ershadowed, and for this reason we do not attempt to classify a
tellar type using the observed archi v al photometry. 

Ho we ver, for comparison, we display multiple absorbed stellar 
EDs (Kurucz 1993 ) to set tentative constraints to the type of
onor star (Fig. 9 ). As there is no Gaia parallax measurement, the
istance to the source is unconstrained, but likely to be at least a few
pc. Utilizing the N H = (0.9–3.3) × 10 22 derived from the X-ray 
pectra ( comptt and cutoffpl models), and assuming the G ̈uver 
 Özel ( 2009 ) relation between optical extinction and hydrogen 

olumn density we find A V = 4 −15 mag. This is significantly
ess than the full Galactic value along the line of sight ( A V =
4 mag; Schlafly & Finkbeiner 2011 ), although we caution that 
he G ̈uver & Özel ( 2009 ) relation may not apply here given the
ossibility of additional extinction and absorption intrinsic to the 
ystem. Furthermore, comparing this to Galactic extinction maps 
Am ̂ ores et al. 2021 ) suggests an approximate distance of between
 and 5 kpc for Galactic l , b = 346.165251 deg, −0.015251 deg,
ut this is also likely a highly uncertain estimate. In any case, we
etermine that it is likely safe to assume that the distance to J1708 is
t least a few kpc. 

We find that, due to the counterpart’s faintness ( r = 20.93 ± 0.10
B mag), the SED disfa v ours a high-mass donor star, and instead

uggests that low-mass donor stars (e.g. M dwarfs) are more consis-
ent with the data (Fig. 9 ). High-mass donor stars require increasingly
urther distances and larger values of extinction to be consistent with 
he data, even ignoring the contribution from accretion. 

Furthermore, by inspecting archi v al Spitzer images from the 
alactic Le gac y Infrared Mid-Plane Surv e y Extraordinaire (Ben-

amin et al. 2003 ) we confirm that no source is detected at the position
f Star A. As Spitzer is largely unaffected by Galactic extinction, we
onsider this a robust constraint against a high-mass counterpart, 
hich would require a distance > 20 kpc to not be detected abo v e
.6 μm (see e.g. O’Connor et al. 2022 ). 

 DISCUSSION  

ue to our detection of a hard X-ray spectrum and H α emission
eature, we consider it likely that J1708 is an accreting binary. In
hat follows, we consider multiple interpretations of the source as 

ither an HMXB, LMXB, or magnetic CV. 
.1 Interpretation as a high-mass X-ray binary (HMXB) 

he coherent periodicity of 784 s is consistent with the observed spin
eriods of NSs in BeXRB systems (Corbet 1984 ; Corbet, Coley &
rimm 2017 ). We note, ho we ver, that a decreasing pulsed fraction
ith energy is atypical for a BeXRB. Moreo v er, in order for a massive

tellar companion to be consistent with the observed SED (Fig. 9 ), we
ould require that the source is both highly extinct ( A V � 50 mag) and

t a large distance ( � 20 kpc). The lack of an IR detection in archi v al
pitzer observations of the field is strange for a BeXRB. Assuming a
istance of 20 kpc, the persistent X-ray luminosity is ≈2 × 10 35 erg
 

−1 , which would imply an intermediate luminosity BeXRB (Reig 
 Roche 1999 ). We disfa v our other classes of HMXBs, such as

upergiant fast X-ray transients, due to the lack of observed flaring
r outbursts in archi v al X-ray observations. 

.2 Interpretation as a low-mass X-ray binary (LMXB) 

he observed spin periods of NSs in LMXB systems are of the
rder of milliseconds (e.g. 400 Hz; Gusako v, Chuguno v & Kantor
014 ). This is significantly shorter than our observed 784 s (13 min)
ignal. In addition, coherent pulsations and a high pulsed fraction 
re atypical for LMXBs, which tend only to show millisecond 
ulsations transiently during outbursts (Dib et al. 2005 ; Patruno, 
ette & Messenger 2018 ). Assuming a tentative distance of 3 −5 kpc,

he source has a 0.3 −10 keV X-ray luminosity of 10 33 −34 erg s −1 ,
hich is at the extremely faint end of the LMXB luminosity function

Re vni vtse v et al. 2008b , 2011 ). 
On the other hand, a rare subclass of LMXB display short

rbital periods ( < 80 min), e.g. 4U 1820–30 (Priedhorsky & Terrell
984 ; Stella, Priedhorsky & White 1987 ), 4U 1543–624 (Wang &
hakrabarty 2004 ), and 2S 0918–549 (in’t Zand et al. 2005 ). The
etection of an H α emission line in our optical spectra implies a
ydrogen-rich donor star, which is inconsistent with such a short 
rbital period (e.g. Nelemans & Jonker 2010 ). As only a handful
f these sources are known, we consider the interpretation of an
ltrashort period LMXB unlikely, due also to the lack of X-ray bursts
r variability. 

.3 Interpretation as a cataclysmic variable (CV) 

ere, we consider the possibility that J1708 is a magnetic CV based
n the follo wing e vidence: (i) a hard X-ray spectrum, (ii) a decreasing
ulsed fraction with energy, (iii) a likely low-mass donor star, and (iv)
ultiwav elength variability. Moreo v er, the 784 s signal is a typical

pin period for WDs in CVs. 
The X-ray flux of J1708 has remained largely constant (within 

rrors) since its first disco v ery in 2012. The absorbed X-ray flux
0.3 −10 keV) in all of our soft X-ray observations ( Swift , XMM–
e wton , NICER , and Chandr a ) is ≈2 × 10 −12 erg cm 

−2 s −1 . The X-
ay spectra fa v our a partially co v ered thermal bremsstrahlung model,
hich is typically observed in IP CVs (e.g. Tomsick et al. 2016 ;
ukai 2017 ; Shaw et al. 2020 ; Gorgone et al. 2021 ; Hare et al.

021 ). Our data quality is not high enough to constrain a reflection
omponent, or to detect emission features. Typical magnetic CVs 
isplay a 6.4 keV fluorescent, 6.7 keV He-like, and 6.97 keV H-
ike Fe K lines. Using our X-ray spectra, we set an upper limit of
 166 eV to the EW of the Fe fluorescence line at 6.4 keV. This

alue is consistent with the measurements (EW ≈ 93 eV) from other
agnetic CVs (Romanus, Saitou & Ebisawa 2015 ), see also Ezuka
 Ishida ( 1999 ), and does not rule out such a classification. 
MNRAS 525, 5015–5024 (2023) 
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The source X-ray luminosity of 10 33 −34 erg s −1 , assuming a
istance of 3 −5 kpc, is consistent with luminous IPs detected with the
NTErnational Gamma-Ray Astrophysics Laboratory ( INTEGRAL),
ee Re vni vtse v et al. 2008a ; de Martino et al. 2020 . Based on the
ard X-ray spectrum, decreasing pulsed fraction, and high X-ray
uminosity, we suggest that J1708 is an IP CV. Polar CVs instead
ho w a lo wer X-ray luminosity and are synchronous, such that the
rbital and spin periods are locked. The 13 min periodicity therefore
trongly disfa v ours a polar CV interpretation. 

Typically, the X-ray light curves of IPs are dominated by periodic
odulations (on spin, orbital, and occasional sideband periods) but

re otherwise flat within a given X-ray observation (Taylor et al. 1997 ;
e Martino et al. 2001 ; Hellier, Beardmore & Mukai 2002 ). Fig. 4
hows the X-ray light curves from simultaneous XMM–Newton and
uSTAR observations. While the source variability is not extreme, it

s slightly more than expected for an IP. This does not conclusively
xclude our interpretation of the source as an IP, but requires further
nvestigation. We note that there is a hint of a repeated structure
ith period ∼3.3 h in the XMM–Newton light curve (Fig. 4 ), which
ould explain the observed X-ray variability as the orbital period
f the binary. Confirmation of the orbital period would solidify our
nterpretation. 

An alternative possibility is that J1708 is an AM Canum Ve-
aticorum (AM CVn) system, such as the 10 min helium binary
S Ceti (Downes & Shara 1993 ). These short-period binaries are
nown to have hydrogen-deficient donor stars (Nelemans & Jonker
010 ). Therefore, the optical spectra of these systems are dominated
y emission lines from the He II Pickering series (B 

↪ 
akowska et al.

021 ), which mimics the Balmer series (albeit with additional lines).
o we ver, as we find no evidence for He II λ5411 in our spectra,
e cannot confirm this interpretation. Under the assumption that

he bright emission feature is H α, we can exclude a short-period
inary. 

.3.1 Origin of the pulse profile 

hile the decreasing pulsed fraction is typical of CVs (Mukai 2017 ),
he multipeaked, energy-dependent pulse profile is not a common
eature. The predominant cause of the X-ray spin modulation is
hought to be absorption in the pre-shock flow from the so-called
ccretion curtains (Norton & Watson 1989 ), although occultation
f the emission region can also contribute (King & Shaviv 1984 ).
enerally, IPs display X-ray spin modulations that can be approx-

mated by a single sinusoidal profile (e.g. Norton & Watson 1989 ;
ernardini et al. 2012 ). Ho we ver, a handful of IPs display double

inusoidal profiles with two peaks per cycle (Norton et al. 1999 ), e.g.
O Aqr (Norton et al. 1992 ) and PQ Gem (Duck et al. 1994 ). 
In fact, the spin profile of PQ Gem (Duck et al. 1994 ) appears

imilar to J1708 abo v e 0.6 keV, where the X-ray emission is
ominated by the shock. At energies < 0.5 keV, the X-ray emission
rom PQ Gem is dominated by an optically thick, blackbody-like
omponent emitted from the WD surface, which is not observed in
708. 

The complication, in the case of J1708, is instead the energy
ependence of the double peaked pulse profile. The light curve
ppears single peaked at both 0.5–2 and 5–10 keV, but a clear
econdary peak arises at 2–5 keV. The peaks display themselves
s a primary (soft) and secondary (hard) pulse (see Fig. 6 ). During
hases 0.4–0.7, we observe the primary peak at low and medium
nergies, while we see a narrower, secondary peak around phase
0.2 at medium and high energies. 
NRAS 525, 5015–5024 (2023) 
While our phase-resolved spectroscopy revealed only marginal
eviations in the X-ray spectra of the on-pulse versus off-pulse emis-
ion, we did derive a higher partial co v ering fraction during the off-
ulse phase. This suggests that the profile is due to phase-dependent
bsorption (Bernardini et al. 2012 ), as opposed to occultation, which
annot explain the energy dependence of the pulses. 

Ho we v er, the comple xity of the pulse profile is further exacerbated
y the equi v alent pulse height of the primary and secondary peaks. As
he main cause for the pulse profiles in IPs is absorption, this means
hat along the line of sight corresponding to each peak the value of
he hydrogen column density should be lower (as we stated abo v e).
o we ver, if the main cause of the energy dependence was varying

bsorption along the line of sight corresponding to the primary and
econdary peaks, it is difficult to explain the lack of a secondary peak
t 0.5–2 keV while maintaining a similar pulse height in 2–5 keV.
his would suggest that along the line of sight corresponding to the
econdary peak, the X-ray spectrum would either have to change
ignificantly compared to the baseline or either be more absorbed,
ut with a higher o v erall flux output along that specific line of sight.
n extra absorption region can create additional features in the spin-

olded light curves at low energies, but cannot make an existing (at
igher energies) feature disappear. This is not easily formulated in
he standard IP picture (e.g. Norton et al. 1992 ). 

Moreo v er, the width of the primary and secondary peak differs.
he primary (soft) peak is wide, while the secondary (hard) peak is
arro wer. The dif ference in peak widths could indicate a geometric
ffect, but the exact mechanism is unclear. Therefore, we cannot
asily explain the pulse profile of the source in the standard IP picture.
o we ver, the other characteristics of J1708 lead us to classify it as a

andidate IP. 

.3.2 Infrared variability 

e hav e unco v ered a significant IR variability with an amplitude of
early 1.5 mag between minimum and maximum brightness (Fig.
 ). The variability does not clearly display itself as high-state versus
o w-state v ariability, and instead is likely due to the sparse sampling
f the spin period (Potter et al. 1997 , 2012 ) and, possibly, orbital
odulation (Zuckerman et al. 1992 ). The potentially low magnetic
eld strength of the WD is likely to lead to cyclotron emission in the
R (West, Berriman & Schmidt 1987 ; Harrison et al. 2007 ), which
ay contribute to the observed variability. Further, optical and IR

bservations with a finer time sampling are required to determine the
xact nature of the variability and how it relates to the observed spin
eriod. 

 C O N C L U S I O N S  

ur multiwavelength follow-up campaign of J1708 identified the
ikely spin period of a compact object (784 s), while the H α and
e I lines from optical spectroscopy confirmed that the system is an

ccreting binary. Due to the faintness of the optical/IR counterpart,
e can disfa v our a massive stellar companion, such as in an HMXB,
espite the spin period falling within the known distribution of NS
pin periods in such systems. Furthermore, a 784 s spin period is
ncredibly slow for an NS in an LMXB, and we exclude this scenario.
ased on these considerations, we suggest J1708 as a candidate IP
V. 
We note that further investigation of J1708 is needed to confirm

he tentative ∼3.3 h orbital period and solidify our classification.
igh speed optical or IR photometry is highly desirable. Additional
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ptical spectroscopy to solidify the spectral features (e.g. He I ) and
earch for lines at < 5500 Å (e.g. H β, He II λ5411, He I λ4686) would
rovide valuable information to aid in the interpretation. 
J1708 is the third X-ray selected magnetic CV identified by the 

wift DGPS (see also Gorgone et al. 2021 ; O’Connor et al. 2023a ).
n the 0.3 −10 keV energy range, the DGPS is complete to X-ray
uminosities of L X ∼ 10 31 –10 33 erg s −1 out to 1 −5 kpc, and, therefore,
s sensitive to bright IPs at these distances. Of the 928 X-ray sources
dentified by the DGPS (O’Connor et al. 2023b ), only 73 sources are
onfidently classified, 10 of which are CVs (6 being IPs). 

We selected unclassified sources with an XRT brightness of 
 10 −12 erg cm 

−2 s −1 for our follow-up campaigns. There are 151
ources satisfying this criterion (the majority of which are classified, 
ee fig. 9 of O’Connor et al. 2023b ), and we observed ∼12 sources
hrough our ToO programmes. Three of these targets (as yet) 
ere classified as magnetic CVs. This may suggest that there is
 significant population of magnetic CVs existing in the survey 
ootprint, but the lack of follow-up observations (and classifications) 
or a more significant number of sources precludes us from drawing 
trong conclusions on the o v erall population from the classified 
opulation. The classification of our other targets is underway. 
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