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ABSTRACT

Aims. We aim to identify new intermediate polars (IPs) in XMM-Newton observations from a list of promising candidates. By selecting
targets not previously known to be X-ray bright we aim to uncover evidence for an X-ray underluminous IP subpopulation.

Methods. We performed period searches on the XMM-Newton X-ray and optical data of our targets to seek both the spin and orbital
periods, which differ in IPs. We also investigated the X-ray spectra to find the hot plasma emission shown by these objects. With
archival Swift data we coarsely investigated the long-term X-ray variability, and with archival optical data from a variety of catalogues,
we compared the optical to X-ray luminosity to identify X-ray faint objects. This paper presents the first XMM-Newton observation
of the prototype IP, DQ Her.

Results. We find firm evidence for HZ Pup, V349 Aqr, and IGR J18151-1052 being IPs, with likely white dwarf spin periods of
1552, 390, and 390s, respectively. The former two have luminosities typical of IPs, and the latter is strongly absorbed and with
unknown distance. GI Mon and V1084 Her are apparently non-magnetic CVs with interesting short-term variability unrelated to WD
spin. V533 Her is probably a magnetic CV and remains a good IP candidate, while V1039 Cen is possibly a polar. The remaining

©ESO 2020

candidates were too faint to allow for any firm conclusions.
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1. Introduction

« Intermediate polars (IPs) are cataclysmic variables (CVs) in
which the white dwarf’s (WD) strong magnetic field (~ 10 MG)
suppresses the inner part of the accretion disc and largely gov-
erns the flow of accreting matter, but it is not powerful enough to
Q0 synchronise the WD’s spin to the binary orbit. Material reaches
the WD surface by coupling onto magnetic field lines and falling
. quasi-radially. IPs are therefore important laboratories for study-
L) ing accretion processes in a variety of modes and in an environ-
ment of strong magnetic and gravitational fields. For a review,
see , for example, ).

The radially infalling matter forms a shock above the WD
= surface at the magnetic pole. Copious X-rays are emitted in the
_, post-shock region in the form of bremsstrahlung, with luminos-
x ity typically reaching ~ 10 erg/s, well-described by a plasma
temperature of 20-50 keV, including prominent iron emission
lines at 6.4-7.0 keV. These spectra, depending on the shape of
the accretion column, can appear as either cooling flows or as
photoionisation spectra (for example [Mukai et al! 2003). The
amount of intrinsic absorption is highly variable among systems
and, although most IPs exhibit a suppression of X-ray photons at
low (< 2 keV) energies, ROSAT and XMM-Newton have uncov-
ered ’soft IPs’, with low intrinsic absorption and a pronounced
black-body like component at low energies (kT,, =~ 50¢eV, for
example, Mason et al! [1992}; |Staude et al! [2006). The magnetic
axis is usually offset from the WD spin axis, leading to modula-

tions of the optical and X-ray light curves at the spin period.
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Possible IP candidates are usually discovered in optical sur-
veys such as SDSS or IPHAS on the basis of their distinctive
emission lines, or in X-ray surveys from their hard X-ray spectra.
Confirming a candidate depends on several observational signa-
tures (for example [Patterson[1994). The most important of these
is the confirmation of two periods in both X-ray and optical pho-
tometry. These demonstrate that the orbital and WD spin periods
are different, thus distinguishing them from the more strongly
magnetic, spin period synchronised, polars. The optical emission
lines, and a hard X-ray spectrum, indicate a magnetic CV. X-ray
observations with high timing and spectral sensitivity are there-
fore crucial for identifying IPs; see, for example, m
(M) for a recent IP confirmation by this method.

IPs are also suspected to contribute much of the Galactic
Ridge X-ray Emission (GRXE), a diffuse-looking X-ray back-

round concentrated around the Galactic plane m
), whose nature remained unknown for over 20 years. The
discovery of the 6.4-7.0 keV iron triplet (Ebisawa et all 2008)
implies that its origin is plasma of temperature 2-10 keV. A re-
cent Chandra observation determined that 80% of the GRXE
can be resolved into numerous individually faint point sources
' [2009). The nature of these objects is still
uncertain. Above 10 keV the IPs are expected to dominate
(Warwick et all[2014)), and at softer energies they are joined by
polars, dwarf novae, and coronally active main sequence stars.
The IPs therefore seem to represent an important part of the X-
ray emission of the Galaxy, and of other galaxies.

Even though there are likely many IPs in the Galaxy, only

around fifty have been definitively identified as such. The X-

ray underluminous subpopulation (Pretorius & Mukai 2014) is
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even more elusive, with only AE Aqr, DQ Her, and V902 Mon
having prev1ously been discovered in soft X-rays (for exam-
ple 2012) and DO Dra, V1025 Cen, and
EX Hya found to be underluminous in the Swift-BAT energy
range of 14-195keV (Pretorius & Mukai 2014). Furthermore,
some of these may only appear faint because of obscuration by
their accretion discs.

We reviewed the literature regarding all unconfirmed IP can-
didates, as listed in the iphome lis{]. Typically, these targets
have shown either two optical photometric periods or hard X-ray
emission detected serendipitously, and a few have been classi-
fied as possible magnetic CVs on the basis of their optical emis-
sion lines. Some are known to be CVs solely because of a past
nova eruption. From this list of candidates we excluded Galac-
tic centre sources, which are likely to give very low X-ray flux
and suffer from source confusion. Several other good candidates
were not considered, because they did not have good observing
opportunities with XMM-Newton.

XMM-Newton observing time was obtained for eleven IPs
and IP candidates. Here we present the results, refine the X-ray
spectral characteristics of this population, their X-ray to UV flux
ratios, and seek spin period modulations. We use an observation
of the prototype X-ray underluminous IP, DQ Her to develop the
methods necessary to do this.

We also use archival Swift data to characterise their long-
term X-ray variability and utilise archival optical data, such as
that collected by the AAVSO, to determine their long and short
term optical variability. A twelfth IP candidate in this observ-
ing campaign, V902 Mon, was published already in

), in which we found that V902 Mon is an X-ray underlu-
minous IP. A more extensive catalogue, based on the methodol-
ogy of this paper, incorporating all archival and previously un-
published XMM-Newton and Swift observations of IPs and IP
candidates will be presented in a subsequent paper.

A brief literature review for all sources considered in this
campaign is given below in order of increasing right ascension.

2. Review of sources
2.1. Gl Mon

This object was confirmed as a CV through optical spectroscopy,
but it has only a very weak He line and the other emission lines
were not detectable (Liu & Hu 2000). It probably has an orbital
period of 4.33 hr and a tentative second period of 48.6 min,
which is possibly the white dwarf spin period

2004). Longer photometry to confirm the shorter period would
be a benefit. A 0.1 magnitude dip lasting 45 minutes may be an
eclipse, but if so, the orbital period would have to be longer than
4.8 hours (Rodriguez-Gil & Torred[2005). The system went nova

in 1918 (Adams & Joy[1918).

2.2. HZ Pup

The orbital period is 5.11 hr, and some periodicities around
1200-1400 seconds have been interpreted as the spin period and

various beat periods (Abbott & Shafter [1997), but these, so far,

have been far from conclusive. Its distance is estimated to be

about 1 kgc dEr_e_LoIms_&_ngngZ_Q(ﬂ) This system went nova

in 1963

2.3. V597 Pup

This CV system underwent a nova eruption in 2007
dRcr_e;m_e_t_a]JIZM) It became visible in soft X-rays in January
2008 (Ness et all 2008), and later photometry showed it to be
eclipsing with a period of 2.67 hr and a possible spin period of

524 s (Warner & Woudi[2009).

2.4. V1039 Cen

This CV has an orbital period of 5.92 hr, and a subtle sec-
ond period of 720 s interpreted as possibly the spin period
(Woudt et all 2005). The system underwent a nova eruption in
2001 (Liller et all2001).

2.5. V1084 Her (1RXS J164345.2+340236)

This source is an optically bright CV with a 2.6 hr or 2.9 hr
orbltal period (Mickaelian et all2002), thought to be an SW Sex
ar (Patterson et all 2002). Rodriguez-Gil et all (2009) found a

per10d1c1ty of 19.4 min which they interpreted as half of the beat
period between the WD spin and orbital periods. This implies a
spin of 31.7 min (for the longer possible orbital period) but there
are optical quasi-periodic oscillations (QPOs) of ~ 1000 s so the
spin period is still uncertain. It is a somewhat faint source in the

ROSAT All-Sky Survey (RASS) at 0.05 ¢/s (Voges et all[1999).

2.6. DQ Her

DQ Her is the prototype star for the intermediate polars and the
subject of a vast body of academic literature too extensive to
summarise here; seem (@) for a review. It is a deeply
eclipsing system with a probable 71 s spin period (Walkeil ),
though Zhang et al| (1995) show strong evidence that the spin
period is actually twice as long, and that its orbital period is
4.65 hours. Its distance was estimated to be about 525 pc by

(2007), but Gaia data shows it to be somewhat closer
(494 + 6 pc; see Table[d). The eclipse timings show a 14 yr sinu-
soidal modulation, but this is unlikely to be due to a circumbi-

nary third object (Patterson et al![1978). This system went nova
(m [1934)

in 1934 .

DQ Her is quite X-ray faint. It was not detectable in
Swift-BAT (Brunschweiger et all 2009). A series of pointed
ROSAT observations totalling 13ks gave a flux of 1.2 X
10713 erg s~! cm™2 in the 0.1-2 keV band, with no evidence of X-
ray eclipses [1996). It was fainter by a factor of 3 in
two Chandra observations, totalling 69 ks, and showed shallow
X-ray eclipses (Mukai et al![2003).

2.7. IGR J18151-1052

This object is a moderately bright hard X-ray source discov-
ered by INTEGRAL (0.018 c¢/s in the Swift 1-10 keV range,

[2009). Masetti et al! (2013) presented optical
spectra of INTEGRAL discovered X-ray sources and classify

this object as a CV, likely a magnetic CV, based on the appear-
ance of Hel and Hell lines. The spectrum appeared reddened
through strong absorption in the interstellar medium, perhaps
not too surprising given its location at only two degrees above
the galactic plane (galactic latitude 18 degrees). Its X-ray flux
in Swift-BAT was 1.4 x 10! erg's ~' cm™ in the 14-195 keV
band (Cusumano et all 2010). Its possible magnetic CV nature

and hard X-ray spectrum make it an IP candidate, though as yet

! https://asd.gsfc.nasa.gov/Koji.Mukai/iphome/catalog/alpierhimbo information regarding its possible periods.
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2.8. V4745 Sgr

Nova Sgr 2003 (Brown et all2003) was suggested as an IP can-
didate on the basis of a 5 hour orbital period and a possible spin

of 1489 s (Dobrotka et all 2006). Its dlstance was roughly esti-
mated to be between 9 and 19 kpc 20053), but Gaia

measurements suggest it is s1gn1ﬁcant1y closer see Table [I It

was detected in a Swift observation (Schwarz et all2011).

2.9. V533 Her

This system underwent a nova eruption in 1963. It has an or-
bital period of 3.53 hr, and phase-dependent absorption in some
of its emission lines suggest that it is an SW Sextantis star
dIhQ];s_t_ens_Qn_&_Ta;dQﬂ ). A 63.6 s pulsation observed by
[Pattersorl (1979) is very likely to be the spin period, but it had
vanished within a few years (for example Robinson & Nather
[1983) and has not been seen since. Another period, 23.33 min, is

suggested (Rodriguez-Gil & Martinez-Pais 2002) based on vari-

ations in the equivalent width of emission lines.

2.10. V1425 Aql (Nova Agl 1995)
This CV went nova in 1995 (Nakano et all[1995), and was found
[Retter et all

to have resumed accretion just 15 months later by

(1998). Those authors found three periodicities: 6.14 hours,
5188 s, and 6825 s, which they interpreted as the orbital, spin,
and beat periods, respectively.

2.11. SDSS J223843.84+010820.7 (V349 Aqr)

Recognized as a CV by Berg et all (1992), it is a probable in-
termediate polar. A 6.7 min spin period is likely and its or-
bital period is either two hours or, more likely, 3.226 hours

(Szkody et all2003; Woudt et al![2004; [Southworth et al!2008).

3. Observations and Methods
3.1. XMM-Newton

The core of our observing campaign is eleven XMM-Newton ob-
servations that were performed as part of AO17-080411. These
were taken between 2017 Apr and 2019 Mar, giving a total of
388.5ks of observing time. All were performed in the same ob-
serving modes to ensure consistency between observations.

3.1.1. EPIC and RGS

XMM- Newton carries five X-ray instruments: the EPIC-pn cam-
era 2001), two EPIC-MOS (Turner et all 2001)
instruments, and two Reflection Grating Spectrometers (RGS;
lden Herder et all 2001). Owing to the faintness of the sources,
we have not used the RGS in this study.

For each source we extract EPIC spectra with a minimum
of 16 counts per bin, and analyse these with version 12.9.1n of
Xspec (IE\%@). The choice of 16 counts per bin is a bal-
ance between retaining the validity of the y statistic and retaining
fine spectral resolution. Counts above about 15 have generally
been considered sufficiently Gaussian (Humphrey et al! 2009).
Although the C-statistic (Idm@) is believed to be less biased
than y? and can be used with few counts per spectral bin obtain-
ing uncertainties on fit parameters with it is laborious

) and the correct methods have not yet been incorporated
into spectral fitting tools. We therefore stay with y? and reserve

the use of C-stat for fine spectral analyses with few counts per
bin.

Unless otherwise specified, EPIC observations were per-
formed in full frame mode with the thin filter and the OM op-
erated in fast mode with the UVW!1 filter. The X-ray data were
reduced with the emchain and epchain tasks for the MOS and
pn cameras respectively, and the OM data were reduced with
the omichain and omfchain tasks. The sizes of the source and
background extraction regions were different from object to ob-
ject, and were chosen to maximise signal-to-noise.

For some spectra where fine features such as emission lines
are sought we also analysed unbinned spectra and obtain uncer-
tainties on the best fits using the methods developed by
(2017). XMM-Newton spectra were fit for all three EPIC instru-
ments jointly, between 0.2 and 10.0keV. For the determination of
bolometric X-ray fluxes we then extended the energy range using
XSpec’s energies command and determined the flux with the
cflux convolution model with all other parameters temporarily
frozen. Uncertainties on spectral parameters and flux determina-
tions were found using the steppar command and are at the 1o
level. We assumed Solar abundances, using the abundance table
of |Anders & Grevesse (1989) unless otherwise specified. Since
galactic ny along the line of sight to our sources is an order of
magnitude smaller than ng intrinsic to the source (see Table [T,
we did not include it in our spectral fits.

We also gave bolometric luminosities, converted from the
fluxes via the distance determinations and uncertainties on
them, for each of the sources given in the catalogue of
|B_a116LlQn.Qs_e_t_alJ (2018). Uncertainties on luminosity were cal-
culated with the standard propagation of errors, assuming the
uncertainties on the fluxes and distances are two-sided normal
distributions.

The photon arrival times were corrected to the Solar Sys-
tem barycentre using the barycorr task. We used the H-test
(de Jager et all [1989) to search for periodicities in the photon
arrival times. This test resembles the Rayleigh method but is
more powerful for detecting pulses of arbitrary shape, includ-
ing multiple-peaked profiles. A spinning WD with two accreting
poles may show such a two-peaked profile.

3.1.2. Optical monitor

The optical monitor (OM; Mason et al! 2001) on XMM-Newton
is an optical/ultraviolet telescope with a diameter of 30 cm. It
provides time-resolved optical data simultaneous with the X-ray
observations. We operated this telescope with the UVW1 filter
in imaging and fast modes in all observations. The UVW1 filter

has an effective wavelength of 291 0A (Kirsch et all 2004).

For each observation we barycentre corrected the light curve
time stamps and performed a period search using the Analysis-
of-Variance (AoV) method (for example -

) to attempt to find an IP spin period.

3.2. Swift
The X-Ray Telescope (XRT; Burrows et al! 2005) on Swift is a

focusing instrument sensitive in the 0.3-10keV range. We sought
all Swift observations of intermediate polar candidates within the
11.8 arcmin radius of Swift XRT’s field of view.

We found that many of these observations of IP candidates
were short duration or serendipitous off-axis exposures. Thus,
when a source is visible in the Swift XRT data; see Section[3.2.1]
there will typically not be enough photons to extract a spectrum.
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To study the long-term X-ray luminosity of the source we there-
fore proceed as follows. We assumed that the source exhibits the
same spectral shape for the Swift observations as it does for the
XMM-Newton pointing, with possibly different levels of normal-
isation.

We then calculated background subtracted counts and used
the fakeit of Xspec to calculate the spectrum normalisation
necessary to deliver that number of photons. Since our source
and background counts are low, Poissonian statistics apply and
it is not correct to assume X, the subtracted counts, are equal to
the source region counts s minus the area weighted background
counts b/A. Instead, the probability distribution function for X
is:

S

P(Xls,b,A) « e¥ Z (j)(b +5—)I(A+ DXT,

i=0

ey

as shown by[Loredd (1992). We obtained 1o~ upper and lower un-
certainties using the procedure described in m (1991),
which yields the smallest interval containing both the peak of
the distribution and 68.27% of its area. The luminosity derived
for the XMM-Newton observation then gives an estimate for the
luminosity of the Swift observations, assuming the same spectral
shape.

3.2.1. X-ray Telescope

We reduced the XRT data using the Swift XRTPIPELINE task and
corrected the photon arrival times to the Solar System barycentre
using the BARYCORR task of FTOOLS (Mﬁ).

3.2.2. Burst Alert Telescope

Swift also carries the high energy coded aperture Burst Alert
Telescope, but our sources are too faint to be detected in the BAT.

3.2.3. Ultraviolet Optical Telescope (UVOT)

The UVOT instrument is a visual/ultraviolet telescope analogous
to the OM on XMM-Newton. Although the exposure times were
generally too short to perform period searches for all but a few
of the longest observations, we used the UVOT to detect gen-
eral optical variability and populate spectral energy distributions
(SEDs).

3.3. Optical observations
3.3.1. AAVSO

We downloaded all AAVSO observations of the targets, in all
available energy bands. We discarded any that were limiting
magnitudes, that is, nondetections. The timestamps were cor-
rected from JD to the Solar System barycentre using light travel
times with Astropy (Astropy Collaboration et all I_gZ_Ql_§ 2018).
Since the observations were performed at numerous locations on
Earth, but light travel time from one point on Earth to another is
negligible compared to the uncertainties in the time stamps, we
used the centre of the Earth as the geographic reference point.

With the barycentre-corrected time stamps we also per-
formed AoV period searches, thus making our analysis sensitive
to periodicities present over timescales longer than the XMM-
Newton pointings.
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Several sources also have white-light photometry from the
Catalina Sky Survey (CSS; ). For these we add
the barycentre-corrected CSS points to the AAVSO points to in-
crease the sensitivity of our period searches.

3.3.2. TUBITAK

We performed one observation of GI Mon with the 1 m T100
telescope at TUBITAK National Observatory on the night of
2018 Jan 26. The data were reduced with IRAF (Tody ).
The exposures were 70 s long and performed with the V filter.

3.3.3. Other archives

To aid in characterising the X-ray to optical luminosities of the
IP candidates we constructed an SED for each source. The SEDs
are populated with data points from XMM-Newtonand Swift X-
ray data points where available.

The low energy segment of the SEDs incorporates data from
the optical telescopes on XMM and Swift, as well as data from
AAVSO. We have also used archival data from surveys such as
the Sloan Digital Sky Survey (SDSS; Blanton et al![2017), the
Two-Micron All Sky Survey (2MASS; [Skrutskie et al! 2006),
the Wide-field Infrared Survey (WISE; Wright et al! 2010), the
Galaxy Evolution Explorer (GALEX Martin et al! 2005), the
Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS; [Chambers et al! 2016), the Visible and Infrared Sur-
vey Telescope for Astronomy (VISTA; 2012), and
SkyMapper (Wolf et al!2018).

For each source we plotted the frequency-dependent lumi-
nosity (vL,), and the uncertainties incorporate both the uncer-
tainties on the flux measurements and on the distance to the
source. For V1425 Aql and IGR J18151-1052, where we have
no distance estimate, we plotted the frequency-dependent flux
(vF,) instead. The effective wavelengths and zero points for each
instrumental filter are given in table [B.11

3.3.4. Gaia distances

The Gaia telescope has, in its second data release, provided par-
allax measurements for most of the IP candidates in our sam-
ple (Gaia Collaboration et all 2018dJ8). Only V1425 Agl and
IGR J18151-1052 could not be identified in the Gaia catalogue.
Distances, and uncertainties on the distances, have been calcu-

lated via a probabilistic model by Bailer-Jones et all (2018). The

distances and their 1o~ uncertainties are given in Table[T]

4. Results

We report the results of each source in order of increasing right
ascension, except that we put DQ Her first as the prototype faint
IP. The complete log of X-ray observations is given in Table[ATl

4.1. DQ Her

We observed DQ Her for 41.9ks with XMM-Newton on 2017
Apr 19. Our source extraction regions were circles of radius 20,
8.8, and 8.9 arcsec for the EPIC-pn, MOS1, and MOS2 cam-
eras, respectively, and the background regions were large nearby
circles. The observation was affected by moderately high back-
ground for the final 40% of the exposure, with good time inter-
vals (GTIs) judged by eye. Background-subtracted light curves
were produced using the epiclccorr task for all three EPIC
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Table 1. Distances to IP candidates in pc from the Gaia catalogue.
No distance measurement could be obtained for V1425 Aql or for
IGR J18151-1052. Galactic ny are derived from the 3D dust maps of
HI4PI Collaboration et al! (2016). Sources with unknown distances or

declinations south of —30° are omitted.

Source Distance (pc) ny (cm™)
GI Mon 2850f288 4.0 x 10%
HZ Pup 2300500 4.0 x 10%
V597 Pup 3000*3390

V1039 Cen 2200f§§80 .

V1084 Her 434+ 6 1.0 x 10%°
DQ Her 494 + 6 2.5 % 10%
IGR J18151-1052 .

V4745 Sgr 4600’3388 .

V533 Her 1 165’:12 3.0 x 10%°
V1425 Aql .. e

V349 Aqr 2200f288 2.5 % 10%

cameras and are shown in the top panel of Figure [CTl They are
divided into time bins of 600s, and span an energy range of 0.2
to 10.0keV. The OM light curve has a 10 s binning and is shown
in the second panel of Figure[C. [l

The left central panels of the Figure show the X-ray and
UV (top and bottom) light curves folded on the linear orbital
ephemeris given in [Zhang et al| (1995). The X-ray data is di-
vided into 20 bins and the UV data into 50 bins. The right middle
panels show the data folded on the 71.067 s spin period, with the
eclipse (0.875 < ¢orp < 1.125) omitted.

The X-ray light curve shows clear variability, including a
possible shallow eclipse feature in the second orbital cycle. It is,
however, not apparent in the first cycle. The eclipse is obvious in
the UV data, and is marginally detected in EPIC-pn. There is no
hint of the spin period in either X-rays or UV. To roughly quan-
tify any potential variability in the phase-folded light curves, we
attempted to fit these to a constant. For the orbital phase folded
data the probability of no variability was less than 10~ for all
three instruments. For the spin period we could not rule out the
null hypothesis.

We applied our period search methods to DQ Her because
it is eclipsing, and has a short spin period with a strong integer
multiple alias. We combined the barycentre-corrected AAVSO
and CSS data, as discussed above, and sought periodicities be-
tween 60s and 18,000s. The orbital period of 4.65 hours was
obvious but we did not recover the likely spin period of 71 or
142s, which is unsurprising given the long exposure times of
the optical observations. The H-test applied to the photon arrival
times did not show the spin period, and the XMM-Newton ob-
servation was too short to find the orbital period via the usual
period searches. Since X-ray periodicities often manifest only at
lower energies [1989), we divided the photon
list in half by energy and ran the H-test again on the low and high
energy halves individually. The division was at 0.99keV, and we
did not find any signal.

Using the source and background regions described above,
we extracted spectra for DQ Her for all three EPIC instruments.
We binned the spectra into groups and used Xspec
[1996) fit the data between 0.2 and 10.0keV for the MOS instru-
ments and between 0.2 and 5.0keV for EPIC-pn owing to very

Table 2. Spectral fit for DQ Her. Absorbed fluxes and luminosities are
calculated in the 0.2-10.0 keV energy range, errors are 1o uncertainties

nH 1.2+0.3x10*>cm™

cvr. fract 86f§%

kT, 0.27 £ 0.02keV

norm; 9.6f%:4 x 107

kT, 0.84*0CkeV

normy 7.03:2 x 1073

X2 1.05 (151)

Flux 8.56+0.21 x 107" ergecm 257!
Lum 2.50 £ 0.08 x 10%ergs!

low counts at high energy with that instrument. None of the other
sources were affected in this way so for all other targets we use
the energy range 0.2—-10.0keV for all instruments. We obtained
a good spectral fit to the X-ray data with a partially covered two-
temperature APEC plasma. The fit is summarised in Table2land
displayed in the bottom left panel of Figure The plasma
temperatures are rather low, suggesting extensive reprocessing.

We also saw strong emission from the iron line complex
around 6.4-7.0keV. There were not enough photons above 5 keV
to reliably measure the continuum, so we cannot confidently
measure the equivalent widths of the lines. However, the con-
tribution of the 6.4 keV fluorescent iron line is likely to be quite
large because the best-fit line energy is artificially low. This is
evidence of significant scattering in the DQ Her system.

In the bottom right hand panel of Figure we show the
SED of DQ Her from infrared to X-rays. This plot has been
assembled from numerous archives. The X-ray data have been
binned by a factor of 50 to avoid cluttering the graph; we have
done the same for the SEDs of all the other targets. It shows a
clear stellar energy distribution up to about 10'> Hz, and mod-
erate variability in optical and UV- as expected for a CV. The
X-ray region again demonstrates the very soft spectrum.

In the SED panel we indicate the relative flux uncertainty
arising from the uncertainty in the Gaia distance measurement
with a red marker. Since the distance to DQ Her is known very
precisely this marker is very small but for other sources, where
we repeat the same procedure, it can be quite large. Measurement
uncertainties are indicated on individual data points, although
these are often also smaller than the marker used to plot them. In
all cases uncertainties are at the 1o level.

4.2. Gl Mon

Our XMM-Newton observation of GI Mon was 35 ks long, and
was not at all affected by soft proton flaring. Our source ex-
traction regions were circles of radius 13.4, 8.8, and 11.3 arcsec
for the EPIC-PN, MOSI1, and MOS2 instruments, respectively.
As for DQ Her, we used large circular regions for the back-
ground. The background-subtracted light curves for the EPIC
instruments and OM are shown in the top two panels of Fig-
ure[C.2] The X-ray and UV light curves display some variability
but to the eye there is no obvious periodicity.

We performed a period search on the X-ray photon arrival
times using the H-test method, but there was no significant sig-
nal. Similarly, the AoV method applied to the OM data showed
no periodicities. In the central panels of Figure we show
the X-ray and UV light curves folded on the suggested orbital
and spin periods of Woudt et al (2004). There is no conspicuous
modulation, but there may be a low-amplitude and irregularly-
shaped signal at the orbital period. As for DQ Her, we attempted
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Fig. 1. GI Mon TUBITAK light curve, showing variability but no obvi-
ous periodicity

Table 3. Single-temperature X-ray spectral fit for GI Mon. Fluxes and
luminosities are in the 0.2-10.0keV range, errors are 1o uncertainties

nH 9.75‘:3 x 102 cm™2
kT > 10keV
norm 2.9f8'2 x 1073

P% 1.33 (19)
Flux 4.9+0.3x 10 ergem™2s7!
Lum  4.7"12x 10¥ergs™

to fit this with a constant and found the hypothesis of no vari-
ability is disfavoured with a probability of less than 107,

To estimate how intense a signal would have been detectable,
we generated faked X-ray photon event lists with the same length
and average count rate as the real observations, a period of 1,000
seconds, and a range of pulsed fractions. We then ran the H-test
on these simulated lists. A pulsed fraction of 40% would still
have been detectable for GI Mon. Similarly, we found that a 5%
pulsed fraction for the UV data would still have been detectable.

The X-ray spectrum of GI Mon could be adequately fitted
with an absorbed one-temperature APEC model (phabs*apec;
spectral parameters and y? given in Table3). The luminosity in
the 0.2-10keV range was around 4.7*}3 x 10*ergs™" suggest-
ing that, if it is an IP, it is around an order of magnitude fainter
than a typical member of the class. The apparently high plasma
temperature is also suggestive of this interpretation.

In Figure [l we show the TUBITAK light curve of GI Mon.
Although there is obvious short-term variability in the light
curve, there is no sign of any periodicity. We confirmed this neg-
ative result with an AoV period search. The SED (bottom right
panel of Figure shows little variability in optical and UV,
but a very hard X-ray spectrum consistent with a hot plasma.

4.3. HZ Pup

Our XMM-Newton observation of HZ Pup was 42.8 ks long. For
the EPIC instruments we used source and background extraction
regions of 11.1,22, and 22 arcsec for the PN, MOS1, and MOS2
cameras respectively. The top panel of Figure [C3]shows the X-
ray light curves for all three instruments, background subtracted

and binned into intervals of 30s in an energy range of 0.2 to
10keV.
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Fig. 2. Periodicities for HZ Pup in X-rays (dashed curve, H-statistic)
and UVWI1 (solid curve, AoV statistic). Vertical dotted lines indicate
the 1210.9 s spin period and the likely 1292.6 s w — Q beat frequency.
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The most conspicuous feature of the X-ray light curve of
HZ Pup is the obvious modulation at ~ 20 min, matching the can-
didate spin period found by [Abbott & Shafter (1997). We used
the H-test method on the EPIC-pn data to search for periodici-
ties between 1000 and 1600 seconds to identify the spin period
and candidate beat periods identified in that study. We found the
spin period to be 1210.90 + 0.58 s, with the uncertainty obtained
with the bootstrapping method (Efron[1979). None of the other
periods suggested in |Abbott & Shafter ) was present in X-
rays; see Figure 21

We also sought periodicities in the OM light curves, us-
ing the AoV method. Two obvious signals are present: the
spin period at 1210.9s and a slightly weaker signal at 1292.6s
as shown in Figure 2l This second periodicity corresponds to
the w — Q (spin frequency minus orbital frequency) beat in
|Abbott & Shafter (1997). The beat frequency is absent in X-rays.

To characterise how the X-ray spectrum of HZ Pup varies
with the WD spin we extracted two sets of phase-folded spectra:
the bright and faint spin phases, using the interval 0.0 < ¢, <
0.5 for the bright phase and 0.58 < ¢gpin < 0.92 for the faint
phase; see Figure[C3l The spin phase zero point is arbitrary- we
used the XMM-Newton zero time.

For the faint phase we found that a single-temperature APEC
plasma plus a Gaussian around 6.4 keV, all subject to a partially
covering absorber, gave an excellent fit (see Tab. H). Owing to
the faintness of the source, the APEC temperature was uncon-
strained if left free so we fixed it at 15keV.

The same model, allowing for luminosity and covering
fraction variation (see sec. .I1), does not fit the bright-
phase spectrum. Strong residuals below 0.3keV, around 1keV,
and the iron lines indicate that a second plasma compo-
nent is needed. We held the faint phase spectrum fixed
and superimposed a second APEC plus Gaussian model
(ie. pcfabs;*(apec;+gauss;)+pcfabs;*(apecy+gauss;)).
This new component required a Gaussian line around 0.5keV,
but no additional iron line emission.

The brightness and width of the iron line Gaussian compo-
nent in the faint phase suggests that we might be able to re-
solve the three individual lines. To do this we re-extracted the
faint phase spectra with one count per bin and fit them be-
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Table 4. Spectral fit for faint and bright spin phases of HZ Pup. The
bright phase consists of an absorbed APEC+gauss component super-
imposed upon the faint phase spectrum. Fluxes are in the 0.2-10.0 keV
range, and the flux for the bright phase spectrum is only for the additive
component. Uncertainties are at the 1o~ level.

Faint continuum

nH, 11.6 + 1.1 x 10*2cm™2
cvr. fract; 952+ 0.5%

kT, 15keV

norm; 1.22 +£0.05x 1073
Line energy, 6.47 + 0.05keV

Line width; 0.19 + 0.04 keV

Line norm; 1.55%022 % 107

-0.23
Additional bright phase emission

nH, 1457038 X 107
cvr. fract, 67.87 5%

kT, 64_7keV

normy 1.14 £ 0.04 x 1073
Line energy» 0.52170013keV

0.106j§f0}g keV

14570265 104

0.828 (122)

1.054 (463)

6.55 092 x 10" ergs™ cm™

w04 33 -1

1.6755 x 1077 ergs

6.16*955 x 1072 ergs~! cm™2
x 103 ergs™!

Line width,

Line norm,

X2 (faint phase)

X2 (bright phase)

Flux (faint continuum)
Lum (faint continuum)
Flux (bright component)

: L.
Lum (bright component)  3.9% ¢

tween 5.5 and 7.5 keV with the C-statistic. The goodness-of-fit
was estimated using the method of ). We used a
bremsstrahlung of fixed temperature 15 keV to represent the con-
tinuum and three Gaussians for the lines. The energies of the He-
like and H-like iron lines were fixed to 6.698 keV and 6.927keV,
respectively (see Table 1 of Mewe et all[1983) but the energy of
the fluorescence line near 6.4 keV was left variable. The widths
and normalisations of all three lines were allowed to vary.

This experiment gave a C-statistic of 402.1 for 496 degrees
of freedom. The method described by [Kaastrd predicts
403.1 with a standard deviation of 23.7. We have therefore found
a statistically good fit. The equivalent width of the fluorescent
line was 270eV. This value is higher than the 150eV typically
found in magnetic CVs ), and higher than most of
the IPs studied by [Ezuka & Ishidd (1999), but similar to other
soft IPs such as NY Lup (Haberl et al! 2002), and much lower
than the 1.4 keV found for V902 Mon by Worpel et al! (2018).
This result suggests that scattering is present but less important
in HZ Pup than for those two sources. Since the iron line emis-
sion is constant throughout the WD spin, it is likely that this
source accretes at two poles and that the iron line arises from the
perpetually visible pole.

The SED for HZ Pup shows the typical optical/UV be-
haviour, but its most striking feature is the X-ray portion. After a
steady decrease below 2 x 10'7 Hz, it increases again. This hard
X-ray spectrum is again typical of IPs.

4.4. V597 Pup

Our XMM-Newton observation of V597 Pup was 30.2ks long
and was unaffected by flaring, except for the last 2ks. V597 Pup
was very faint in the X-ray data and was only visible after re-
moving the flaring interval, and then only in EPIC-pn. Using

Table 5. Single-temperature X-ray spectral fit for V1039 Cen
(pcfabs*apec). Fluxes and luminosities are bolometric, errors are 1o
uncertainties

nH 11709 x 10* cm™

cvrFrac 0.94+0.04

kT 7.9t keV

norm 6.7:')% x 107

P% 0.87 (40)

Flux 9.6 +0.6 x 107 ergecm 257!

Luminosity 5.6f§é x 103 ergs™!

equation [I] with circular source and background regions of 10
and 40 arcsec respectively, we get a count rate of 8.83:‘2‘ x 1074
counts per second. There were only 60 source region photons,
not enough to extract a spectrum, but for a plasma model of
temperature 15keV this count rate gives a bolometric flux of
7.5739 x 10" P ergs™' cm™2. The distance to the source is not
well known (see Table [I), and its luminosity can be estimated
only to the order of ~ 103! ergs™!. The source is visible in the
OM data, but very faint, at an AB magnitude of myyw; = 21.0,
and we could not get a meaningful light curve or period search
from it.

There are eighteen Swift observations of V597 Pup. Of these,
all but the last were monitoring it after its 2007 nova eruption.
These are not useful for characterising the IP luminosity function
because it was still bright, but are potentially useful for finding
the spin period. The final Swift observation was taken after the
XMM-Newton one, but the source is not visible in X-rays or in
UVv.

To attempt to find the spin period of V597 Pup, we combined
the event lists of all the Swift observations except the last into
one and performed a H-test on their barycentre-corrected arrival
times. There was no signal other than Swift’s orbital period and
its aliases. Since the source is very faint in the XMM-Newton
data, and has little data in optical archives, we did not produce
an overview graph for it.

4.5. V1039 Cen

The XMM-Newton observation was 32 ks long. It was affected by
some periods of slight flaring, but these are not severe enough to
adversely affect the data analysis. We used extraction regions of
9.8, 10.6, and 9.2 arcsec for PN, MOS1, and MOS?2 respectively.

The source was faint in the X-ray data. We were able to
extract a coarse light curve, on 600s binning (Figure top
panel). The source appears to be variable, and the phase-folded
light curve seems to confirm the 5.9 hour orbital period sug-
gested by Woudtet all (2005) in EPIC-pn (Figure third
panel) but there is no indication of a spin periodicity. V1039 Cen
has faded almost to undetectability in UV, with a mean magni-
tude of myyw; = 21.4. The light curve hints at some variability
but, again, we do not see any periodicity at the proposed spin pe-
riod. Following the same method as for GI Mon in Section £.2]
we found that the pulsed fraction is less than 33% for both the
X-rays and UV.

Folding the UV light curve on the orbital period and candi-
date spin period found in [Woudt et all (2005) gave no obvious
signal due to the source’s faintness (Figure [C4] fifth and sixth
panels). We extracted an X-ray spectrum of V1039 Cen and ob-
tained a good fit using a partially absorbed APEC model; see
Table[§land the bottom left panel of Figure [C.4l
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Table 6. Spectral fit for V1084 Her (pcfabs*(apec + apec +
gaussian). Fluxes and luminosities are bolometric, errors are 1o~ un-
certainties

nH 124904 x 102 cm™

cvr. fract 0.61 +£0.03

kT, 0.93*0.03 keV

norm; 9.7+13x107

kT, 6.1 + 0.4keV

norm, 8.3+03x10*

Line energ.  6.36%) 0> keV

Linenorm 2.8+0.7x 107

P% 1.22 (498)

abs. flux 1.80 £0.02 x 10 ergem 257!
abs. lum 4.05 +0.09 x 10°"erg s™!

The SED for this source is very sparse owing to its faint-
ness and the highly uncertain distance. We did not observe any
obvious stellar component attributable to the donor, and the X-
ray energy distribution rises steadily with increasing frequency,
indicating that this is a hard X-ray source.

4.6. V1084 Her

The XMM-Newton observation of V1084 Her was 24 ks long.
The observation was unaffected by soft proton flaring. We ex-
tracted source region photons from circles of radius 15.9, 18.4,
and 22 arcsec from PN, MOS1, and MOS2 respectively.

The X-ray light curve (see top panel of Figure
shows slight orbital modulation at the 2.9 hr period found by
Mickaelian et al) (2002) as well as intense shorter-term variabil-
ity. The orbital modulation is more clear in the phase folded
panel. In the OM light curve the orbit is also clearly visible, and
there is also an indication of shorter term variability. Our period
searches clearly revealed the orbital period, and also found slight
evidence for a shorter signal at 1,549 s in both the X-rays and in
the UV. The peaks and troughs of the two light curves do not
coincide, however, and the light curves folded on this period are
only convincing in the UV, so this 26 min signal can only be re-
garded as tentative. Furthermore, the signal was only visible in
the higher energy half of the X-ray photon list, so associating it
with the spin period is dubious. The overall phase-folded light
curve was distinguishable from a constant with a probability of
about 1072, which is only a marginal detection.

We were able to get a decent fit to the XMM-Newton X-ray
data using a spectrum consisting of a partially absorbed two-
temperature APEC model plus a Gaussian near 6.4keV; see Fig-
ure[C3] The width of the Gaussian was fixed at effectively zero.
Our best-fit spectral parameters are given in Table 6]

The source was visible in all six Swift observations, so we
used the method described in Sect. to track its X-ray lumi-
nosity. We found that the X-ray flux of the source is mildly vari-
able, ranging from 1.2 — 2.1 x 1072 ergs™' cm2; see Figure[3

The spectral energy distribution (see bottom right panel of
Fig. shows, as usual, the stellar behaviour at long wave-
lengths. The variability in optical and UV is very pronounced,
and the X-ray region becomes flat above v > 10'7 Hz and may
rise again at 10'® Hz.

4.7. IGR J18151-1052

This object was very bright in X-rays but almost undetectable in
UV. The X-ray light curve (top panel of Figure [C.6)) shows ob-
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Fig. 3. Long-term X-ray light curve of V1084 Her. The first six obser-
vations were performed by Swift and the last by XMM-Newton

Table 7. Spectral fit for IGR J18151-1052 (phabs*pcfabs* (apec +
apec + gaussian). Errors are at the 1o level and fluxes are in the
0.2-10.0keV range.

nH; 1.25f8:8‘31 x 10%2 cm™>
nH, 15.7+0.9 x 10*2 cm ™2
Cover Fract 76.5f?}%

kT, > 46.6keV
norm; 2.16’:0%

kT, 8.66fg;§kev
norm, 1.20f0:%(1)

Line energ. 6.41 +0.01keV
Line norm 1.08 £0.11 x 1073
Line eq. wd. 223 +23eV

P% 0.92 (777)
Absorbed flux  1.18+0.01 x 10~ ergs™! cm™

vious and intense variability on timescales of minutes, whereas
the UV light curve contains very little data.

In the X-ray data, we found a very conspicuous period of
390.5s. Given the length of the observation, 39.9 ks, we would
have been sensitive to an orbital period of up to two or three
hours, but we found no significant longer period. Although IPs
are frequently found to have an orbital period of the order of ten

times longer than the spin, it is not always visible in X-rays (for
example m).

As for DQ Her we then divided the photon lists into high and
low energy halves and performed the H-test again on both lists.
The division was at 4.505keV. This is at a much higher energy
than the other sources for which we performed this test because
of the significantly higher absorption. Even so, we recovered the
390 s signal in both energy ranges.

We extracted an X-ray spectrum for this source and fit it
with a two-temperature APEC plasma, with extra emission at
the 6.4 keV iron line, modified by one absorber for interstellar
material and a partially covering absorber representing local ma-
terial (phabs*pcfabs*(apec + apec + gaussian); see Fig-
ure and Table[7l We found that we could not omit either of
the absorbers, or either of the plasma components, and still ob-
tain an adequate fit. Owing to its proximity to the Galactic plane,
and therefore significant absorption, we do not have enough op-
tical data points to make an SED worthwhile.
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4.8. V4745 Sgr

The Swift observation shows V4745 Sgr visible in 2007 Aug,
four years after its nova eruption, but it had faded to unde-
tectability in X-rays by 2018 for our 38.2 ks observation. To es-
timate its flux we assumed a 15keV APEC spectrum with in-
terstellar absorption of 9.0 x 10%° cm™? (Schwarz et all 2011))
and used the fakeit command of Xspec to produce a simu-
lated spectrum. Then simple photon counting gives a flux of
3.6 + 0.7 x 10713 ergs~! cm~2 for the Swift observation and an
upper limit of 2 x 10715 ergs™' cm=2 for the XMM-Newton ob-
servation assuming we would have required ten source photons
to identify it by eye. At its furthest plausible distance of 8.4 kpc
(see Table[T) the maximum X-ray luminosity is 2 x 103! ergs'.

It was still visible in UV in the XMM-Newton observation as
a faint source of myyw; = 18.9. We have only enough data to
produce a partial SED, which is shown in Figure [

1035 -
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Fig. 4. Spectral energy distribution for V4745 Sgr. The vertical red line
indicates the uncertainty in luminosity arising from the uncertainty in
the distance.

4.9. V533 Her

We have one XMM-Newton observation of this source, lasting
29.4ks, and it is not significantly affected by periods of high
background. The H-test applied to the arrival times of photons
from all X-ray instruments showed no obviously significant pe-
riodicity; there is only a marginal indication of signal around
1349 s (see Figure [C7). Variability is seemingly detected in
EPIC-pn at that period; the null hypothesis has probability less
than one part in 3,000.

There was no sign of the 1,400s period found by
Rodriguez-Gil & Martinez-Pais (2002) or the former 63.6s pe-
riodicity (Pattersonl[1979). A pulsed fraction of 10% would have
been detectable in X-rays.

The OM light curve (see Figure clearly shows the
3.53 hr orbital modulation of the system but there is no sign of
this feature in X-rays. Nor is there any evidence for the previ-
ously suggested spin periods at 63.6 and 1400s. The possible

Table 8. Spectral fit for V533 Her (phabs* (apec+apec)). Uncertain-
ties are at the 1o~ level and flux is in the 0.2-10.0 keV range.

nH 7.27099 x 10*' cm™
KT, 0.156£002 kev
norm, I.Sj‘l‘:g x 1073

KT, 9438 kev

normy 3.2+0.1x 107

X2 0.944 (224)
Absorbed flux 5.1+0.1 x 10" P ergs™' cm™2

Absorbed luminosity 8.3+0.5 x 10*! erg s~

Table 9. Spectral fit for V1425 Aql (phabs*apec). Fluxes are in the 0.2
to 10.0 keV range and uncertainties are 1o.

nH 11743} x 10%2 cm™2

kT 6.974%keV

normy 8.2’:1%:'32 x 107

X2 0.84 (20)

Flux 5.740.6 x 10"*ergs™! cm™2

1,349 s feature is not present in optical even after subtracting the
orbital modulation from it.

We extracted an X-ray spectrum for the entire observation,
for all three instruments, and fit the spectra with an absorbed
two-temperature APEC (phabs* (apec+apec)). The results are
shown in Table 8] The SED for this source shows it to be very
Iuminous optically, but its X-ray luminosity is relatively low and
it lacks any hint of a soft component.

4.10. V1425 Aql

This source V1425 Aql was very faint in the XMM-Newton ob-
servation, and we could extract only a very coarse spectrum from
the EPIC-pn and EPIC-MOSI1 instruments. The source was not
visible in MOS2. The spectrum was adequately fitted with an ab-
sorbed one-temperature APEC plasma; see Table [9 We did not
have enough photons to perform a meaningful period search or
to construct light curves.

The optical counterpart to the 1995 nova V1425 Aql is a faint
bluish object at 19:05:26.73 -1:42:4.2 (Nakano et al![1995), ap-
proximately 1.7" northwest of a brighter star found in Palomar
plates by (1995). It is not in the Gaia DR2 catalogue, so
we do not have a distance estimate for it, and there are only
r and z magnitudes visible in PanSTARRS (PSO J190526.729-
014204.142).

There was no detectable periodicity in the OM data.
V1425 Aql was not visible in any of the six Swift observations,
with either the XRT or the UVOT. Owing to the lack of data in
other wavebands, we have omitted the full-page overview of this
source in the Appendix.

4.11. V349 Agr

We have one XMM-Newton observation, 34.8ks long, and
three Swift observations of this source. There were two peri-
ods of moderately elevated background but these were not se-
vere enough to significantly affect the spectra. The Swift point-
ings total 4.1 ks and were acquired a few years before the XMM
observation.

The H-test period search applied to the barycentre-corrected
EPIC-pn source region event list gives a very strong signal at
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Fig. 5. Long-term X-ray light curve of V349 Aqr. The first three points
are Swift observations; the final two points are the faint and bright phase
XMM points as described in Table [I0]

390.15s. This period is very likely the IP spin period, even
though Woudt et all (2004) proposed this to be the 1/Py,;, +
1/P,» beat period. The stronger optical period at 403.7 s (pro-
posed as the spin period byﬁeﬁ] ), then, is in fact the
1/Pgpin+1/P,, beat period. The orbital period, inferred from the
separation of these periods, P, = 3.23 hr, remains unchanged.
The spin-folded phase-folded light curve is shown in Figure[C.8]
The AoV method applied to the OM data gave a hint of the 390 s
periodicity, but the phase-folded light curve is consistent with no
variability with 70% probability.

As for DQ Her we divided the pn photon list into high and
low energy halves- for this source the division was at 1.8keV.
The 390 s signal was much stronger for the low energy half than
for the high energy half, although it was significantly detected
in both. The orbital period of 3.23 hours inferred bym

) was not detected in any of our period searches, at either
X-ray or UV wavelengths. Neither was the tentative 2.0 hour

period suggested from spectroscopy by ISzkody et al! (2003).
To characterise the X-ray spectrum of V349 Aqr, we ex-

tracted bright and faint spin phase spectra. We then fitted the
faint spectra jointly with a partially absorbed two-temperature
plasma (pcfabs* (apec+apec)). We used the same spectral pa-
rameters for the bright and faint spectra, except that we allowed
the normalisations of the plasma components and the plasma
covering fraction to vary between them. This differs from the
approach taken for HZ Pup, which did not give a good fit in this
case. The results are given in Table [0l V349 Aqr has an X-ray
luminosity relatively bright compared to its optical flux (see SED
in Figure[C.8) and requires a two temperature APEC models to
achieve a good fit.

The source is visible in all three Swift observations, suggest-
ing that it is a persistently active source. None of the observations
were long enough to give enough photons for a spectral fit, so we
estimated the source’s flux as described in Sect[3.2] The results
are shown in Figure[3l The source is clearly variable.

5. Conclusion

We confirmed that HZ Pup is an IP. Its spin modulation of 1552 s
in X-rays is indisputable. Its phase-averaged bolometric lumi-
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nosity is around 6.8 x 10*3 erg s™! so it is a typical IP and not one
of the sought-after X-ray underluminous IPs.

Our results confirm that V349 Aqr is an IP. We have found a
390 s periodicity in X-rays that demonstrates that the 404 s sig-
nal earlier found optically is the beat period. We have therefore
confirmed distinct spin and sideband periods in optical and X-
rays. The X-ray luminosity of this object is 5.7 x 10*? ergs~!.
This value makes it one of the typical X-ray bright IPs, and not
one of the X-ray underluminous population.

The highly absorbed object IGR J18151-1052 has a signifi-
cant periodicity at 390.8 s. This may be evidence of WD spin, but
the source is so faint optically that identifying its nature is chal-
lenging. If it is an intermediate polar, as seems likely, its X-ray
flux is comparable to those of the normal members of the class at
a distance of several kiloparsecs. Owing to its optical faintness,
we do not have a Gaia distance for it nor do we know anything
about the companion star, so we cannot currently characterise its
X-ray luminosity. Further observations aimed at discovering its
orbital period would be helpful.

Although several of our targets have periodicities of around
390s, this is unlikely to be a systematic effect. We tested this
by performing period searches on areas of background in these
observations, and other sources in the field, and in no case did
we find the 390s signal. Additionally, this period is consistent
with the beat period found for V349 Aqr. The signal found in
our sources is therefore real and their similarity is coincidental.
Interestingly, the previously known intermediate polar CC Scl
also has a spin period of 390s (Woudt et all2012).

Of the remaining targets, GI Mon showed plasma emission
but neither spin nor orbital periods were evident. It is therefore
probably not a magnetic CV, although its strong short-term op-
tical variability makes it an interesting source for follow-up ob-
servations. The southern source V1039 Cen was faint owing to
its great distance, but the orbital modulation was clear in X-rays.
The lack of a shorter periodicity attributable to a distinct spin pe-
riod, as well as the somewhat low plasma temperature, suggests
that it is a polar magnetic CV rather than an IP but we cannot
rule out the latter possibility.

V1084 Her is an interesting object. The orbital period is clear
in both X-rays and UV, and there are inconclusive hints of a
shorter periodicity of around 26 minutes. This signal is not ob-
viously attributable to a rapid WD spin, and the plasma tem-
perature is low enough to suggest that, if magnetic at all, this
object is also a polar CV rather than an IP. However, the blue

continuum and emission line properties (Mickaelian et al![2002)

and the presence of what seems to be a negative superhump in

the photometry (Patterson et all [2002) suggest the presence of
p y g8 p

an accretion disc. The circular polarisation should also be mod-

ulated on the spin period, which was found not to be the case by
iguez-Gi (2009). We therefore conclude the object is
probably not a magnetic CV.

The former nova V1425 Aql has now faded almost to unde-
tectability and we were unable to confirm either an orbital or a
spin period. This source may not be a magnetic CV at all.

The former nova V533 Her showed clear orbital modulation
at optical/UV wavelengths but not in X-rays. Similarly, we found
a possible signal in X-rays at 1349, but this could not be de-
tected in the OM data. The classification of V533 Her as an IP is
therefore still plausible, but could not be confirmed here. Its SED
indicates a hard but faint X-ray spectrum, suggestive of a low X-
ray luminosity IP. V533 Her remains a promising candidate for
future observations.

Among our sample, we were able to confirm the IP nature
for two systems with high amplitude short period optical oscil-
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Table 10. Spectral fit for V349 Aqr (pcfabs* (apec+apec)). Fluxes are in the 0.2 to 10.0 keV range and uncertainties are 1o

faint bright
nH 1.31f8§3 x 102 cm™2
Covering fraction 73.2538% 53.6%35%
kT, 1.32tg;§g keV
norm 291179 x 107 3.08% o8 x 107
kT, > 32keV
norm, 3.94’:8'}‘2 x 107 6.37’:8'% x 1074
P% 1.01 (339)
Abs. flux 7.8+02x 10 PergsTem™ 13.3+0.2x 10 Pergs ' cm™
Abs. Lum. 4.5f%:g x 107 ergs™! 7.7f‘3‘:(5) x 107 ergs™!

lations well above 2%: HZ Pup (> 40 mmag; [Abbott & Shafterl
[1997) and V349 Agr (> 30 mmag; Woudt et al] 2004). For the
highly obscured IGR J18151-1052 we have no good optical pho-
tometry. These sources showed X-ray spin period modulations
of the order of 50%. Empirically, therefore, such high ampli-
tude optical modulations are good indicators of their IP nature.
For lower amplitude modulations, which may represent flicker-
ing or QPOs, we advocate a more cautious approach, to verify
the persistence and coherence of such periods before accepting
the sources as likely IPs.

Of the remaining unconfirmed candidates, only V597 Pup
and V4745 Sgr have luminosities at or below the 103! ergs™!
necessary to consider them possible members of the underlu-
minous IP class (the latter may be very much fainter). Further
observations of these objects would be helpful.
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Appendix A: X-ray Observation log

Sources are ordered by increasing right ascension, and in
chronological order for each source. The lengths of the obser-
vations are those of the X-ray instruments; the exposures of the

BAT instrument on Swift and the UV telescopes on both satellites
may be slightly different.

Appendix B: Optical telescope filter effective
wavelengths and zero points
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Table A.1. Observation log. Sources are given in order of right ascen-

sion, and observations are ordered chronologically per source.

Source Obsid Date inst length

(ks)
GI Mon 0804110401  2018-04-16 XMM 35.0
HZ Pup 0804110501  2018-04-21 XMM 42.8
V597 Pup 00031024001 2007-11-20  Swift 1.8
V597 Pup 00031024002 2007-12-11  Swift 1.9
V597 Pup 00031024003 2008-01-08  Swift 1.9
V597 Pup 00031024004 2008-01-17  Swift 4.1
V597 Pup 00031024005 2008-01-24  Swift 4.9
V597 Pup 00031024006 2008-02-17  Swift 2.5
V597 Pup 00031024007 2008-03-13  Swift 1.8
V597 Pup 00031024008 2008-04-27  Swift 2.2
V597 Pup 00031024009 2009-01-06  Swift 3.7
V597 Pup 00031024010  2009-01-14  Swift 6.6
V597 Pup 00031024011  2009-01-15  Swift 6.7
V597 Pup 00031024012 2009-01-27  Swift 1.0
V597 Pup 00031024013  2009-02-10  Swift 1.7
V597 Pup 00031024014 2009-02-24  Swift 1.3
V597 Pup 00031024015 2009-03-11  Swift 1.5
V597 Pup 00031024016  2009-03-24  Swift 1.2
V597 Pup 00090252001  2009-06-20  Swift 5.1
V597 Pup 0804110901  2018-04-07 XMM 30.2
V597 Pup 03100352001 2018-10-13  Swift 1.1
V1039 Cen 0804110201  2018-03-07 XMM 32.0
V1084 Her 00087575001 2017-11-07  Swift 0.7
V1084 Her 00087575002 2017-11-08  Swift 32
V1084 Her 00087575003 2017-11-09  Swift 34
V1084 Her 00087575004 2017-11-14  Swift 1.7
V1084 Her 00087575005 2017-11-15  Swift 2.2
V1084 Her 00087575007 2017-11-19  Swift 2.5
V1084 Her 0804110101  2018-01-22 XMM 24.0
DQ Her 0804111201  2017-04-19 XMM 41.9
V533 Her 0804110301  2017-05-17 XMM 29.4
IGR J18151 0823310801  2019-03-18 XMM 39.9
V4745 Sgr 00035220001  2007-08-05  Swift 4.8
V4745 Sgr 0804110701  2018-04-06 XMM 38.2
V1425 Aql 00045873001 2012-11-15  Swift 0.3
V1425 Aql 00045873002 2014-12-01  Swift 0.6
V1425 Aql 00045873003 2015-02-21  Swift 0.3
V1425 Aql 00045873004 2015-11-23  Swift 0.2
V1425 Aql 00045873005 2016-03-16  Swift 0.3
V1425 Aql 0804110601  2017-10-23 XMM 40.3
V1425 Aql 00045873006 2018-12-02  Swift 2.6
V349 Aqr 00045759001 2012-04-19  Swift 1.9
V349 Aqr 00045759002 2013-04-20  Swift 0.3
V349 Aqr 00045759003 2013-07-02  Swift 1.9
V349 Aqr 0804110801  2017-11-24 XMM 34.8

Table B.1. Optical telescope filter effective wavelengths and zero points

Filter Inst Eff 1 (A) Zero refs
point (Jy)
FUV  GALEX 1539 515 1
w2 Swift-UVOT 1928 3631 2
w2 XMM-OM 2210 3631 3
M2 Swift-UVOT 2246 3631 2
M2 XMM-OM 2310 3631 3
NUV  GALEX 2316 782 1
W1 Swift-UVOT 2600 3631 2
W1 XMM-OM 2910 3631 3
U XMM-OM 3440 3631 3
U Swift-UVOT 3465 3631 2
u SkyMapper 3525 3631 4
U SDSS 3557 3631 5
v SkyMapper 3840 3631 4
B XMM-OM 4340 3631 3
B AAVSO 4361 3631 N/A
B Swift-UVOT 4392 3631 2
G PanSTARRS 4810 3631 6
G SDSS 4825 3631 5
g SkyMapper 5100 3631 4
White CRTS 5400 3631 N/A
A% XMM-OM 5430 3631 3
v AAVSO 5448 3631 N/A
v Swift 5468 3631 2
r SkyMapper 6170 3631 4
R PanSTARRS 6170 3631 6
R SDSS 6254 3631 5
R AAVSO 6407 3631 N/A
I PanSTARRS 7520 3631 6
I SDSS 7668 3631 5
i SkyMapper 7790 3631 4
I AAVSO 7980 3631 N/A
Z PanSTARRS 8660 3631 6
Z VISTA 8770 3631 7
Z SDSS 9114 3631 5
z SkyMapper 9160 3631 4
Y PanSTARRS 9620 3631 6
Y VISTA 10200 3631 7
J 2MASS 12350 1594 8
J VISTA 12520 3631 7
H VISTA 16450 3631 7
H 2MASS 16620 1024 8
Ks VISTA 21470 3631 7
K 2MASS 21590 6066.8 8
Wi WISE 33680  306.682 9
w2 WISE 46180 170.663 9
W3 WISE 120820 29.045 9
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Fig. C.3. Top panels: X-ray and UV light curves of HZ Pup; Middle panels: phase folded on orbital and spin periods; Bottom panels: X-ray
spectrum and SED.
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Fig. C.4. Top panels: X-ray and UV light curves of V1039 Cen; Middle panels: phase folded on the orbital and spin periods found inWoudt et al.
(2003);Bottom panels: X-ray spectrum and SED.
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Fig. C.7. Top panels: X-ray and UV light curves of V533 Her; Middle panels: phase folded on spin period; Bottom panel: X-ray spectrum.
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