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Abstract

In this paper we test if the ~0.3—-15 keV XMM-Newton EPIC pn spectral continuum of IPs can be described by the
thermal Comptonization COMPTT model. We used publicly observations of 12 IPs (AE Aqr, EX Hya, V1025 Cen,
V2731 Oph, RX J2133.7+5107, PQ Gem, NY Lup, V2400 Oph, IGR J00234+6141, IGR J17195-4100, V1223
Sgr, and XY Ari). We find that our modeling is capable of fitting well the average spectral continuum of these
sources. In this framework, UV /soft X-ray seed photons (with (kT;) of 0.096 & 0.013 keV) coming presumably
from the star surface are scattered off by electrons present in an optically thick plasma (with (kT.) of
3.05 +0.16 keV and optical depth (7) of 9.5 £ 0.6 for plane geometry) located nearby (on top) to the more central
seed photon emission regions. A soft blackbody (BBODY) component is observed in 5 out of the 13 observations
analyzed, with a mean temperature (k7},;) of 0.095 + 0.004 keV. We observed that the spectra of IPs show in
general two photon indices I', which are driven by the source luminosity and optical depth. Low luminosity IPs
show (") of 1.83 £ 0.19, whereas high luminosity IPs show lower (I") of 1.34 £ 0.02. Moreover, the good spectral
fits of PQ Gem and V2400 Oph indicate that the polar subclass of CVs may be successfully described by the
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thermal Comptonization as well.

Unified Astronomy Thesaurus concepts: X-ray binary stars (1811)

1. Introduction

Intermediate polars (IPs) are asynchronous rotating (Pgpin <
P.,) magnetic Cataclysmic Variables (mCVs). In these systems,
the magnetic field (B~ 10°"7 G) of the white dwarf (WD) is
strong enough to influence the accretion flow, disrupting the
accretion disk. The accretion flow is expected to attach to the
magnetic field lines of the WD at the magnetosphere radius—
being directed toward the magnetic pole caps of the star. It has
been suggested that the accretion flow forms the ‘“‘accretion
curtain” region above the magnetic poles. In this region the
accretion flow is geometrically thin, arc-shaped, and tall (Kuulkers
et al. 2006). Some IPs are expected to accrete like in the polar
subclass of mCVs—that is, directly through a stream (disk-less
or stream-fed IPs). The accreting stream can overflow the disk
(disk-overflow accretion) or completely replace it (see, e.g.,
Warner 1995; Kuulkers et al. 2006, and references therein).

It is currently accepted that hard X-rays are formed due to
the shock produced by the interaction of the material in the
accreting column with the WD. The post-shock region cools
emitting hard X-rays and its emission has been described by
thermal bremsstrahlung or thermal bremsstrahlung based
models. In the frame of this standard scenario, it has been
suggested that the plasma temperature of this region is typically
in the ~5-60 keV range (Warner 1995; Hellier 2001).

The existing analyses of IPs (like in nonmagnetic CVs
(nmCVs)) are inhomogeneous: different spectral models have
been used to describe their X-ray spectra. For example: Mukai
et al. (2003) demonstrated that a Chandra spectrum of the
IP EX Hya is well fitted by a cooling flow model, as well
as the spectra of the DNe U Gem, SS Cyg and the old nova
V603 Aql. In contrast, the Chandra spectra of the IPs
V1223 Srg, AOPsc and GK Per are inconsistent with such a

model; Landi et al. (2009) presented a spectral analysis of 22
CVs observed with INTEGRALIBIS (20-100keV energy
range). Their analysis indicated that the best-fit model is a
thermal bremsstrahlung with an average temperature (k7) ~
22keV. The authors obtained similar results (temperatures in
the ~16-35keV range) when combining not simultaneous
(~0.3-100 keV) Swift/XRT and IBIS data of 11 sources. Xu
et al. (2016) analyzed 16 IPs using SUZAKU data. They
modeled their spectra with the single temperature optically thin
thermal plasma APEC model (with metalicity set to zero) and
obtained temperatures all above ~15keV.

Summing up, the spectral models used to fit IPs spectra are
basically the same as those used to fit nmCVs spectra: the
continuum is described either by bremsstrahlung or by thermal
optically thin plasma models, like the APEC code’ or MEKAL
code (which simultaneously model the emission lines) and their
variations. If required by the data, either more than one
optically thin plasma temperature or cooling flow model is used
to describe the data. It is important to notice that all these
models have bremsstrahlung emission as their basis describing
the continuum emission.

In mCVs a soft X-ray component has been observed in the
broadband X-ray spectrum. This component was discovered by
ROSAT and is typically described by a blackbody emission
with temperatures ranging from a few up to ~100eV (Mason
et al. 1992; Burwitz et al. 1996; de Martino et al.
2004, 2006a, 2006b). In IPs this soft X-ray emission is
believed to originate just like in polars, that is, around the
accreting poles by the reprocessing of the hard emission on the
WD surface (de Martino et al. 2004, 2006b, 2006a). The

7 Calculated using the ATOMDB code, more information can be found at
http://atomdb.org/; and their variations VAPEC and VVAPEC.
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Table 1
Log of the XMM-Newton Epic-pn Observations of IPs in Our Sample
Source Obs. ID Data Mode Start Time (UTC) End Time (UTC) Exp (ks)
AE Aqr 0111180201 Imaging 2001-11-07 23:45:53 2001-11-08 03:38:17 12.3
EX Hya 0111020101 Imaging 2000-07-01 08:07:39 2000-07-01 20:05:10 30.2
V1025 Cen 0673140501 Imaging 2012-01-01 22:50:42 2012-01-02 02:48:30 13.3
V2731 Oph 0302100201 Imaging 2005-08-29 07:05:40 2005-08-29 10:13:31 10.5
RX J2133.7 4+ 5107 0302100101 Imaging 2005-05-29 13:32:59 2005-05-29 17:19:24 12.7
PQ Gem 0109510301 Imaging 2002-10-07 23:13:51 2002-10-08 09:07:21 249
NY Lup 0105460301 Imaging 2000-09-07 10:43:41 2000-09-07 16:10:31 17.3
NY Lup 0105460501 Imaging 2001-08-24 16:35:06 2001-08-24 20:46:58 13.5
V2400 Oph 0105460601 Imaging 2001-08-30 15:36:48 2001-08-30 19:56:46 13.7
IGR J00234 + 6141 0501230201 Imaging 2007-07-10 05:58:25 2007-07-10 12:54:50 21.7
IGR J17195-4100 0601270201 Imaging 2009-09-03 06:57:59 2009-09-03 15:51:53 27.6
V1223 Sgr 0145050101 Imaging 2003-04-13 12:40:18 2003-04-13 23:22:08 27.0
XY Ari 0501370101 Imaging 2008-02-14 18:46:45 2008-02-15 04:16:08 25.6

blackbody fluxes indicate fractional areas of only ~10> of the
WD surface for the soft X-ray emission region (Haberl &
Motch 1995). Interestingly, not all IPs show this blackbody
component. Evans & Hellier (2007), performing a systematic
spectral analysis of XMM-Newton data, stated that this soft
blackbody is likely a common component in the X-ray spectra
of IPs, suggesting that the lack of the observation of this
component can in general be explained by geometrical effects.
Namely, depending on the system inclination and the magnetic
colatitude (see their Figure 5), the polar region and hence the
blackbody component could be hidden by the accretion curtain.

In this standard spectral modeling, the X-ray emission can
appear highly absorbed within the accretion flow (with
Ny~ 102 cm™2). Therefore, fits including an extra cold
medium totally covering the source or partially ionized
covering absorbers (which varies with the orbital phase) are
commonly found in the literature (see, e.g., Norton &
Watson 1989; Ishida et al. 1994; Landi et al. 2009). A
reflection component (from the WD surface) is also expected
and used in the spectral modeling of IPs (see, e.g., Cropper
et al. 1998; Beardmore et al. 2000).

Fluorescent Fe K, lines have been observed in most of the
IPs (see, e.g., Ishida 1991; Norton et al. 1991; Hellier et al.
1998; Xu et al. 2016). The moderate spectral resolution of
instruments on board Chandra, XMM-Newton, and Suzaku
shows that usually up to three emission lines are present in the
~6.4-7.0keV range of the spectra. These lines are usually
modeled by simple Gaussian components and their centroid
energies usually correspond to the cold (neutral) fluorescent Fe
K, line at 6.4keV, and the He- and H-like Fe lines at 6.7 and
7.0keV, respectively. It is important to notice, however, that
more complex line profiles have been reported in these sources
(see, e.g., Ishida et al. 1992; Titarchuk et al. 2009). In this
standard framework, these lines are believed to be produced by
irradiation (or reflection) of hard X-rays on material present on
the star surface or somewhere in the accretion flow near the
compact object: in the pre-shock material—this interpretation is
based on the observation of Doppler-shifted red-wing (red-
shifted) line in e.g., GK Per—and/or in the lower velocity base
of the accretion columns—this interpretation is based on the
absence of Doppler shifts in the H- and He-like components
(Hellier & Mukai 2004).

As one can clearly see, the Comptonization process is not the
standard one which has been used to describe the X-ray
continuum of IPs. We tested if the thermal Comptonization

could successfully describe the X-ray continuum of these
sources based on the following points: (1) the standard spectral
modeling of IPs is found to be similar to nmCVs; (2) the
continua of nmCVs can be successfully described by thermal
Comptonization (Maiolino et al. 2020, hereafter Paper 1); (3)
the XMM-Newton Epic pn spectra of the IP GKPer is
successfully fitted by the thermal COMPTT model in XSPEC
(Titarchuk et al. 2009); and (4) IPs partially shares geometric/
structural similarities with both nmCVs and low mass X-ray
binaries (LMXBs).

Accordingly with the catalog of IPs and IP candidates
provided by NASA,® 11 out of the 12 IPs present in our sample
(AE Agr, EX Hya, V1025 Cen, V2731 Oph, RX J2133.7
+5107, PQ Gem, NY Lup, V2400 Oph, IGR J00234+6141,
V1223 Sgr, and XY Ari) are classified as ironclad IPs, while 1
(IGR J17195-4100) is a confirmed IP.

This paper is organized as follows: in Section 2 we briefly
present the XMM-Newton data reduction, in Section 3 we
show the results of the spectral analysis, in Section 4 we
discuss our results, demonstrate some examples of the spectral
modeling in the standard framework for some sources in our
sample, and present the new thermal Comptonization modeling
for IPs. Finally, in Section 5 we summarize our main results
and conclusions.

2. Data Reduction

The XMM-Newton Epic-pn data reduction was performed
through the Science Analysis Software SAS version 14.0.0.
Table 1 shows the log of the 13 observations present in our
sample. All observations are taken in imaging mode, which
allows the extraction of spectra and light curves in the 0.3 to
15keV energy range. All spectra and light curves were
extracted strictly following the Users Guide to the XMM-
Newton Science Analysis System Team (XMM-Newton
Science Operations Centre Team 2014), and the XMM-Newton
ABC Guide (Snowden et al. 2014).

Standard filters were applied on the EVL through the
evselect task: taking only good events from the PN camera
(using #XMMEA_EP), using single and doubles events (i.e.,
using pattern < 4) in the energy range selected, and omitting
parts of the detector area like border pixels (and columns with
higher offset) for which the patter type and the total energy is
known with significantly lower precision (using FLAG==0).

8 http://asd.gsfc.nasa.gov /Koji.Mukai/iphome /catalog /alpha.html
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We used the SAS task epatplot to check for pile-up. We
found that only the observations of AE Aqr and V2400
Oph were affected by pile-up. In these two cases, in order to
mitigate this effect, an inner circle of radius equal to 150
physical unity was excised from the source extraction region
during data reprocessing.

In the extraction of light curves, the background subtraction
was done accordingly through the SAS task epiclccor,
which performs corrections at once for various effects affecting
the detection efficiency.

We investigated spectral variability in each observation of
our sample by computing hardness ratios (HRs) with light
curves produced in three energy ranges: 0.3-5.0keV,
5.0-8.0keV, and 8.0-15.0keV. We observed significant
variation (pulses) only in the 5.0-8.0/0.3-5.0 HR of EX
Hya. In this case we have not observed spectral differences
(except for differences in the normalization) when fitting its
spectrum with filter in time—that is, not considering the data
taken during the time of the peaks in the 5.0-8.0/0.3-5.0 HR.
This result was expected since the pulses are produced by
minima in the 0.3-5.0keV light curve. Therefore, we have
considered the total EPIC-pn exposure time in all final spectral
analyses. The photon redistribution matrix (rmf) and the
ancillary (arf) files were created through the rmfgen and
arfgen task, respectively. All spectra were rebinned in order
to have at least 25 counts for each background-subtracted
channel.

3. Spectral Analysis

The spectral analysis was performed with the XSPEC
astrophysical spectral package (Arnaud 1996) version 12.8.2.
The 0.3—15keV spectral continua were modeled with a soft
blackbody component (when required by the data) plus a
thermal Comptonization component, modified by a photo-
electric absorption (TBABS model in XSPEC) due to the
presence of absorber material (hydrogen column Ny) in the line
of sight of the source.

The blackbody component was modeled by the BBODY
model in XSPEC, and the Comptonization component was
modeled by the thermal COMPTT model in XSPEC
(Titarchuk 1994; Hua & Titarchuk 1995; Titarchuk &
Lyubarskij 1995), considering a cylindrical (plane) geometry.
In this model, soft seed photons of temperature k7, are
scattered off by electrons present in a hot plasma (Compton
cloud) with temperature k7, and Thomson optical depth 7.

When residuals were evident in the ~6.4-7.0keV energy
range, up to three Gaussian components (named in our analysis
as Gaussian;, Gaussian, and Gaussians) were added to the total
model to account for the neutral, He- and H-like Fe lines usually
observed in this energy range. When additional spectral features
were observed (mainly in the E < 2.5 keV band) extra Gaussian
components (named in our analysis as Gaussiang g .. ;) were
added to the total model.

The best-fitting parameters of the continuum and fit quality
are shown in Table 2. The Gaussian components of the Fe
complex are shown in Table 3, whereas the other lines are
shown in Table 4.

In all fits, the hydrogen column density Ny was first fixed to the
value given by the HI4PI survey (HI4PI Collaboration et al. 2016).
However, in nine observations (in EX Hya, V1025 Cen,
RXJ2133.745107, V2400 Oph, IGR J00234+4-6141, IGR J17195-
4100, XY Ari, V1223 Sgr, and NY Lup Obs. ID 0105460301) a

Maiolino et al.

satisfactory fit was attained only when this parameter was set to
vary freely.

We noticed that the presence of complex residuals in the soft
~0.3-1.0keV band in EX Hya, V2731 Oph and V1223 Sgr
worsened the fit quality. These residuals are likely caused by
the contribution of a forest of emission lines in this band. In
V1223 Sgr, for example, lines likely from O VII at 0.574 keV
and N VII at ~0.5keV are evident. We observed that the
modeling of these features (with Gaussian components) does
not strongly affect the best-fitting parameters of the continuum
(COMPTT component), and hence we did not consider this soft
energy range in our final fit.

The presence of the soft BBODY component is necessary in
our total spectral modeling of EX Hya, RXJ2133.7+5107,
V1223 Sgr and NY Lup. In EX Hya, RXJ2133.74-5107, and
NY Lup spectra a fit with reduced x? (Xfe &) < 2.0 is attained
only if this component is present. For the other observations we
checked the presence of this extra component by means of the
F-test defined in terms of the ratio between the normalized y*
(e.g., Paper I, and references therein). In V1223 Sgr the
probability of chance improvement (PCI) when adding the
extra component is marginal, equal to 1.7 x 10~>. However,
when the fit is performed in the total 0.3—15keV energy band
the presence of the soft BBODY component is more evident,
with PCI of 9 x 10~ or even lower (~10~"?) depending on the
modeling of the strong and complex residual excesses present
in the soft ~0.5-1.2 keV energy band. Therefore we decided to
keep the BBODY component in our final total modeling.

Interestingly, in the analysis of PQGem, a BBODY
component of kT, of 8873 eV is apparently present at first,
with PCT of 2.2 x 107", However, in this case strong residuals
remain in the soft energy band (E < 1 keV), and when
Gaussian components are included to take these residuals into
account the new PCI for the BBODY is equal to 42%. Therefore,
in this case we did not consider the soft BBODY component in
our final total modeling.

Figure 1 shows the best spectral fits in AE Aqr, V1025 Cen,
and HX Hya. Figure 2 shows the best spectral fits in
V2731 Oph, RXJ2133.745107, PQ Gem, and V2400 Oph.
Figure 3 shows the best spectral fits in IGR J00234+6141, IGR
17195-4100, XY Ari, and V1223 Sgr. Finally, Figure 4 shows
the best spectral fits in NY Lup Obs. 0105460301 and
0105460501, respectively.

3.1. Spectral Lines

For each spectrum, we investigated the presence of each
Gaussian component by means of the simftest script in XSPEC.
The probability that data are consistent with the total model
without considering each of these components (shown in
Tables 3 and 4) is low—compatible with zero.

In 8 out of the 13 spectra present in our sample we observed
all the three emission lines of the ~6.4—7.0 keV Fe complex (in
EX Hya, PQGem, V2400 Oph, IGRJ17195-4100, XY Ari,
V1223 Sgr, and in both observations of NY Lup; see Table 3).
In these observations: (a) in general, the Gaussian; component
is compatible, within errors, with the neutral Fe K, line at 6.4
keV; only NY Lup Obs. ID 0105460501 shows a Gaussian,
centroid energy at 1.5¢ from the neutral Fe K,,; (b) in general,
the centroid energy of the Gaussian, component is compatible,
within errors, with the He-like Fe line at 6.7 keV and/or 6.675
keV; EX Hya shows a Gaussian, with centroid energy at 13¢c
(due to the small error bar) and 5.0 from the 6.7 and 6.675 keV
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Table 2
Spectral Analysis Using the Thermal COMPTT Model to Describe the ~0.3 to 15.0 keV Continuum of the IPs

Maiolino et al.

Component TBABS BBODY COMPTT Xfcd /d.o.f AE" (keV)

Parameters Ny (10%%) KTy, (keV)  normé® kT, (keV) kT, (keV) T norm?®

Source

AE Aqr 537 x 1072 0.060709%  2.07%5¢ 59704 7.3102 1.19/549  0.3-15

EX Hya 0.28+0:9¢ 0.08979003 227§ 0.10° 3.051017 6357938 267%0%  1.18/1726  1.0—15

V1025 Cen 0.01+0:03¢ 01811008 3.179¢ 71593 2.5+04 1.15/398  0.3-15

V2731 Oph 0.156" 0.0189%% 3207932 12,6104 251590 1.06/696  1.0—15

RX J2133.7 0.13440913 0.105500%  0.1755093] 0.17+50¢ 330597 104704 1954092 1.12/1047  0.3-15
+5107

PQ Gem 0.033° 0.13100%¢ 2721088 11.6970%F  2.4010%  0.96/1461  0.5-15

V2400 Oph 0.004+0:007¢ 0.10850010 2371098 11.8793 7203 1.04/1235  0.3-15

IGR 0.167+391 0.134+0913 2847026 9. g+0¢ 0.87%9%  0.92/725  0.3-15
J00234+-6141

IGR J17195-4100  0.091+J99¢ 0.10050013 273459 10647030 488103  1.13/1703  0.3-15

XY Ari 429708 0.1° 4297041 8.0%03 2135002 1.12/837  0.3-15

V1223 Sgr 0.5175% 0.10599! 22404 0.109° 297704 10.0593 108793 1.06/1870  1.0—15

NY Lup® 0.1009319 0.09573%%3  0.118613:9012 0.06810000  3.13%013 10287938 346100 1.02/1373  0.3-15

NY Lup® 0.218° 0.084793%2 0957998 0.02150%¢  3.9103 9.1593 57403 1.04/1281 0.5-15

Notes. The GAUSSIAN components are shown in Tables 3 and 4. Uncertainties at 90% confidence level.

a _
atoms.cm ™.

b
Parameter frozen.
¢ Parameter pegged at hard limit.
4 Obs. ID 0105460301.
© Obs. ID 0105460501.
f Spectral energy range.
& %107,

lines, respectively, and V1223 Sgr shows a Gaussian, line at 20
from the 6.7 keV line; and (c) only V2400 Oph, IGR J17195-
4100 and XY Ari show a Gaussians component with centroid
energy compatible, within errors, with the H-like Fe line at 7.0
keV; PQ Gem, V1223 Sgr, and NY Lup Obs. ID 0105460301
show Gaussian; centroid energy at 2¢ from this line, while HX
Hya and NY Lup Obs. ID 0105460501 show centroid energies
at 40 and 1.50, respectively.

In RXJ2133.745107 we only observed the Gaussian; and
Gaussian; components. The centroid energy of the Gaussian;
(appears blueshifted) at 1.40 from the neutral Fe line, while the
centroid energy of the Gaussians (appears redshifted) at 2.75¢
from the H-like Fe line. In V1025 Cen, AE Aqr, and
IGR J00234+4-6141 spectra, we observed only the Gaussian,
component, which appears in general compatible with the He-
like Fe line. Only V1025 Cen shows a centroid Gaussian
energy apparently blueshifted at 20 from the He-like Fe line.
However, the peak of this feature is exactly at 6.7 keV.

Finally, the V2731 spectrum shows only a broad Gaussian,
component, with centroid energy compatible with neutral Fe
line (see Table 3).

AE Agr, EX Hya, V1025 Cen, PQGem, V2400,
IGR J17195-4100, and the two observations of NY Lup show
lines other than the Fe lines in the 6.4-7.0keV energy range
(see Table 4). These features are present mainly in the soft
X-ray spectra (E < 1.5-2.5 keV).

In AE Aqr, we observed a strong and relatively broad excess
in the soft X-ray energy band (from ~0.7 to 1.1 keV) peaked at
~0.9keV (this peak is compatible with either Ne IX, Ni XIX,
Ca XVII, or Fe XIX ion transitions). This feature, identified as
Gaussiang component in Table 4, has a centroid energy at
0.837091 keV, which is compatible with line emission from

Fe Xv1I ion at 0.826 keV, or Fe XIX at 0.823 keV. This source
still show residual trends in the E (2.5 keV energy range (see
Figure 1, top left panel), which may have contributed for a
worse spectral fit quality in this source. These residuals are
peaked at ~1.4keV, 1.9keV, and 2.4keV, which could
possibly be produced by line emissions from Mg, Si, and S
ions, respectively.

V2400 Oph shows an absorption line, identified as
Gaussiang component in Table 4. This line shows a centroid
energy at O.808f8[8}2 keV, which could be absorption of either
Ca XVII (at 0.8 keV), Fe XVI (at 0.805 keV), Fe XV1I (at 0.802
or 0.812 keV), or Fe X1X (at 0.823 or 0.819 keV) photons. It is
important to stress, however, that this centroid energy is close,
within errors, to the Fe XVII line energy at 0.826 keV, which is
(as previously stated) possibly present in the spectra of AE Aqr
as well.

As in AE Aqr, PQ Gem shows a residual excess peaked at
~0.9 keV. The modeling of this feature, identified as Gaussiang
component in Table 4, leads to a centroid Gaussian energy at
0.8970:03 keV. This Gaussian component is compatible with
either Ni XIX (at 0.884 or 0.900 keV) or Ca XVII (at 0.886
keV) ion line emission, and it is very close to Fe XIX (0.918
keV) and Ne IX (at 0.914 keV) ion line emissions. A strong and
broad additional trend, peaked at ~0.57 keV, is observed in this
source. The energy of this peak is compatible with the
resonance O VII line at 0.574 keV, and it is close to the K, line
of O vII at 0.559 keV. However, the modeling of this trend
with a symmetric Gaussian (identified as Gaussian, in Table 4)
leads to a centroid energy of 0.52%303 keV, compatible with
lines from N VII (at 0.500 keV) and N VI (at 0.522 keV) line
emissions, and very close to N VI line emission at 0.498 keV.



Table 3
GAUSSIAN Components Present in the ~6.4-7.0 keV Energy Range of the Fe Emission Line Complex
Gaussian; Gaussian, Gaussians
E, o1 norm;° EW, E, g norm,® EW, E; o3 norms°® EW;
Source
AE Aqr 6.690+0:92¢ 0.05+0:04 15593 82174
EX Hya 6.3975%3 0.02° 31458 2478 6.65910:003 0.04° 33.74190 350113 6.961001 0.02° 12,1597 10878
V1025 Cen 6.7873%4 0.17+9:5% 45793 3248
V2731 Oph 6.42+09% 0397912 10.5723 47251%
RX J2133.7+5107 6.4311093 0.117593 gas; 2681338 6.897004 0.07° 22407 9377
PQ Gem 6.38+0:0% 0.1079%% 4+ 154774 6.6610:0% 0.02° 1.9+9¢ 63738 6.9470%3 0.0c2° 15704 5873%
V2400 Oph 6.39700 0.07+:08 1053 15033 6.7 0.07° 743 95738 6.9610:04 0.07° 5.6114 98733
IGR 10023446141 6.70+093 0.23%993 2.7+0% 386143
IGR J17195-4100 6391092 0.07° 52403 5416, 6.709% 0.07° 29103 11973 697705 0.07° 29706 81+17
XY Ari 6.4375%2 0.07° 16457 63757 6.6819% 0.07° 2.4797 103752 700405 0.07° 1.415¢ 66733
V1223 Sgr 6.40739! 0.02° 9.4+08 887¢ 6.681001 0.02° 8.2+08 7378 6.9670% 0.05° 69792 7143
NY Lup® 6.3810:0 0.07° 51457 14572 6.6775% 0.07° 42407 113 6.9410%3 0.07° 3.6797 11222
NY Lup? 6.3710:%2 0.07° 55703 13273 6.6810:92 0.07° 6.4707 13973 697739 0.04° 55108 12073

Notes. Uncertainties at 90% confidence level.

 Parameter frozen.

® Parameter pegged at hard limit.

© Obs. ID 0105460301.
9 0bs. ID 0105460501.

¢ %107,
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Table 4
Other Lines Observed in the Spectrum the IPs in Our Sample

Component Parameter Unit AE Aqr EX Hya V1025 Cen PQ Gem V2400 Oph IGR J17195-4100 NY Lup* NY Lup®
Gaussian, E, keV 0.52+002 0.57%501
on eV 0.101% 0.05%063
EW, Y 492732 5476,
Gaussiang Eg keV 0.83391 0.84410012 0.8910:03 0.808 1001
5 keV 017100 0.02° 008505 0.059750%
EW; Y 608", 24+7 57+39 —34+12
Gaussiane Ec keV 1. 107f8j88; 1.015 f8j8 i g 0'98t8:8% 0'99t8:8?‘
e keV 0.02¢ 0.077-4918 0.10%88  0.15:953
EW, eV 1543 63713 59+13 15173
Gaussianp, Ep keV 134470008
op keV 0.02°
EW,, Y 1473
Gaussiang Eg keV 14737900
o5 keV 0.02°
EWp eV 2443
Gaussiany Ep keV 1.84870.008
op keV 0.02°
EWy eV 2073
Gaussiang Es keV 1.99540608 1.987064
oG keV 0.005¢ 0.075°¢
EWg eV 2872 341
Gaussiany  Ep keV 244470010 246100
on keV 0.02¢ 0.02°
EWy eV 1974 38+12
Gaussian, E; keV 2.6 lfgfgll
oy keV 0.02°¢
EW, eV 2473
Gaussiany E; keV 3.91 ngiggi
ay keV 0024"
EW, Y 18413
Gaussiang Ex keV 7321—8;85
ok keV 0.06¢
EWx eV 8813
Gaussian; E; keV 8.217°0.03
or keV 0.02¢
EW, eV 46713

Notes. Uncertainties at 90% confidence level.
4 Obs. ID 0105460301.

® Obs. ID 0105460501.

¢ Parameter frozen.

IGR J17195-4100 shows only one line emission with peak
and centroid Gaussian energy at 0.57701 keV (see Gaussiany
component in Table 4). In comparison with PQ Gem, this
feature appears rather weak.

The two NY Lup spectra show a broad excess peaked at
~1.01-1.10keV (with Gaussian centroid energy at ~1keV in
both observations). This line is compatible with Ne X (at 1.022
keV), Fe XVII (at 0.976 and 1.023 keV), Fe XX (at 0.992 and
1.008 keV) and Fe XXI (at 1.008 keV) line emission. It appears
stronger in Obs. ID 0105460501 than in Obs. ID 0105460301
(see Gaussianc component in Table 4).

The source V1025 Cen shows four line emissions, identified
as Gaussiang, Gaussiane, Gaussiang, and Gaussiang in
Table 4. The centroid energy of Gaussiang is at 1.50 from
the Fe XVII line emission at 0.826keV. Gaussianc is
compatible within errors with Ne X and Fe XXI line emissions
at 1.022 and 1.008 keV, respectively. Gaussiang is compatible
within errors with Si XIV line emission at 2.007 keV. Finally,

Gaussiany agrees perfectly with S XV line emission at
2.460keV.

Apart from the Fe line complex, the source EX Hya shows
ten line emissions, identified by Gaussianc,_ ; components in
Table 4. Gaussian D, E, J, and L, agree within errors with Ni
XXVI (at 1.348 keV), Mg XII (at 1.473), Ca XIX (at 3.903 keV),
and Fe XXVI (at 8.212 keV) line emissions, respectively.
Whereas, Gaussian C, F, G, H, I, and K, is at 2.3, 1.7, 2.0, 1.45,
1.3, and 1.050, respectively, from the Fe XXIII (1.123 keV), Si
XIII (at 1.865 keV), Si X1v(at 2.007 keV), S XV (at 2.460 keV),
S XVI (at 2.623 keV), and Ni XXVII (at 7.799 keV) line
emissions, respectively.

4. Discussion

Following Paper I, in this paper we test if the thermal
Comptonization could describe the X-ray continuum of IPs.
We obtained that the thermal COMPTT model can, in general,
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Figure 1. XMM-Newton EPIC pn spectra (in black) and the best-fit total model (solid red line). Top left panel: spectrum of AE Aqr in the 0.3-15.0 keV energy range,
and the best-fit total model TBABS*[COMPTT-+(2)GAUSSIAN COMPONENTS]. Top right panel: spectrum of V1025 in the 0.3-15.0 keV energy range, and the best-fit
total model TBABS*[COMPTT+(5)GAUSSIAN COMPONENTS]. Bottom left panel: spectrum of EX Hya in the 1.0-15.0 keV energy range, and the best-fit total model
TBABS*[COMPTT+(13)GAUSSIAN COMPONENTS]. Bottom right panel: unfolded spectrum of EX Hya in the 1.0-15.0 keV energy range; the total model in red, the
BBODY component in blue, the COMPTT component in magenta, and the GAUSSIAN components in dashed red lines. See Tables 2—4.

successfully describe the XMM-Newton Epic-pn average
continuum of the IPs in our sample. In all 13 observations
we obtained X?e 4 Of ~1.0 (see Table 2). However, in five
observations we did not obtain a satisfactory fit in the
total 0.3-15 keV XMM-Newton Epic-pn energy range. In these
cases, our total model is not able to account for the more
complex and subtleties of the soft (E <1 keV) X-ray spectral
shape seen in EX Hya, V2731 Oph, V1223 Sgr, PQ Gem and
NY Lup Obs. ID 010546050. Our modeling is capable of
describing the spectra of V2731 Oph and V1223 Sgr in the
1.0-15keV energy range, and PQ Gem and NY Lup in the
0.5-15 keV energy range, respectively—with best-fitting para-
meters in agreement with the values found for the other
sources. The COMPTT component shows a mean seed photon
temperature (kT;) of 0.096 +0.013keV, a mean electron
temperature (kT,) in the Compton cloud of 3.05 +0.16 keV,
and a mean optical depth (7) of 9.5+ 0.6.

4.1. Soft X-Ray Component

We observed an additional soft blackbody (BBODY) comp-
onent in 5 out of the 13 spectra in our sample (in EX Hya,
RXJ2133.74-5107, V1223 Sgr, NY Lup Obs. ID 0105460301,
and Obs. ID 0105460501). This BBODY component shows a

mean temperature (kTy,p,) of 0.095 + 0.004 eV, and it is in general
compatible with values reported in the literature. For example,
Anzolin et al. (2009) stated the presence of a blackbody with a
temperature of ~100eV in the average (using 0.3—100 keV
XMM-Newton, the same Obs. ID present in our sample, and
SUZAKU spectra) spectra of RX J2133.7+5107. In our analysis
this source showed a blackbody component of 1053 eV, which
is in agreement with the literature. The source NY Lup is another
IP well known for showing a soft blackbody X-ray component
(Potter et al. 1997). Namely, Haberl et al. (2002) using the same
XMM-Newton Epic-pn observation present in our sample, found
a blackbody of ~84-97eV. A value of ~104eV (Evans &
Hellier 2007; Katajainen et al. 2010) is reported in the literature
as well. In our analyses, we found a BBODY component of 9573
eV and 8473 eV, respectively, in the two observations of NY Lup
analyzed (see Table 2, lines 15 and 16)—which are in agreement
with the values reported in the literature.

A soft blackbody component is reported in V2400 Oph as
well. For example, de Martino et al. (2004) using BeppoSAX
data found a blackbody component of 103 + 10eV, Evans &
Hellier (2007) revealed a temperature of 117733 eV for this
component using the same observation presented in this
paper, and Joshi et al. (2019) showed a blackbody component
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Figure 2. XMM-Newton EPIC pn spectra (in black) and the best-fit total model (solid red line). Top left panel: spectrum of V2731 Oph in the 1.0-15.0 keV energy
range, and the best-fit total model TBABS*[COMPTT+GAUSSIAN]. Top right panel: spectrum of RX J2133.745107 in the 0.3-15.0 keV energy range, and the best-fit
total model TBABS*[COMPTT+(2)GAUSSIAN COMPONENTS]. Bottom left panel: spectrum of PQ Gem in the 0.5-15.0 keV energy range, and the best-fit total model
TBABS*[COMPTT+(5)GAUSSIAN COMPONENTS]. Bottom right panel: spectrum of V2400 Oph in the 0.3-15.0 keV energy range, and the best-fit total model

TBABS[COMPTT+(4)GAUSSIAN COMPONENTS]. See Tables 2—4.

with an average temperature of ~98 eV in the XMM-Newton
and SUZAKU spectra. However, in our analysis of
V2400 Oph average spectrum a blackbody component was
not required by the data. A possible reason for not observing
this component could be the different software version used for
the data reduction and the different spectral total modeling
(framework) used to describe the data. Similarly, in
V2731 Oph a blackbody component (of ~90 eV) is reported
in the literature (de Martino et al. 2008), but we did not find this
component in our analysis.

As previously stated, a soft blackbody component was not
necessary to describe the XMM-Newton data of PQ Gem in our
final modeling (that is, when Gaussian components were added
to the total model to account for emission features in E <
1keV). The BBODY temperature of 8873 eV found when
considering this component is slightly higher than those
pointed out in the literature of ~50-60eV (see Evans &
Hellier 2007, and references therein; who analyzed the same
data set in the standard multi plasma temperature framework).

Evans & Hellier (2007), using the standard spectral
modeling, did not state the presence of a blackbody component
in the spectrum of V1223 Sgr. In our framework, on the other
hand, we observed a weak blackbody with a temperature of

100 £ 10eV when fitting in the 1.0-15.0keV energy range.
However, when using the total 0.3-15keV energy band we
observed that the temperature of this component is found in the
20-40eV range, which depends on the modeling of the
residual soft (E <1 keV) X-ray excesses.

Suleimanov et al. (2016) stated that the soft excess in the
(XIS + HXD) SUZAKU spectrum of EX Hya can be modeled
by either a blackbody or an APEC component with
kT ~ 200 eV, which is approximately twice the temperature
found by our analysis.

Therefore, we found that the presence and the temperature of
this soft X-ray component can depend on the modeling of the
lines present in the soft energy range, the total spectral model,
and (as expected) the spectral energy range analyzed.

4.2. Continuum Spectral Shape in IPs

In general, the shape of a Comptonization spectrum is
composed of four parts: a blackbody hump, a power-law, a
high energy tail, and a transition region between these parts.

The energy spectral index « of the spectra in our sample
ranges (within errors) from 0.20 to 1.2, with a mean value («)
equal to 0.45 £ 0.07. Namely, we observed a bimodal space for
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Figure 3. XMM-Newton EPIC pn spectra (in black) and the best-fit total model (solid red line). Top left panel: spectrum of IGR J00234+-6141 in the 0.3-15.0 keV
energy range, and the best-fit total model TBABS*[COMPTT+GAUSSIAN]. Top right panel: spectrum of IGR 17195-4100 in the 0.3-15.0 keV energy range, and the
best-fit total model TBABS*[COMPTT+(4)GAUSSIAN COMPONENTS]. Bottom left panel: spectrum of XY Ari in the 0.3-15.0 keV energy range, and the best-fit total
model TBABS*[COMPTT+(3)GAUSSIAN COMPONENTS]. Bottom right panel: spectrum of V1223 Sgr in the 1.0-15.0 keV energy range, and the best-fit total model

TBABS[COMPTT+(3)GAUSSIAN COMPONENTS]. See Tables 2—4.

o. In ten observations with the Comptonization parameter y
(v ~ 4kT, 7% /mec®) 22 (and (1) of 10.4+0.4), we obtained
spectral index (a) of 0.34 £ 0.02. On the other hand, in the
three observations (AE Aqr, EX Hya, and V1025 Cen) with y
<1.0 (and lowest 7 among the sources, with (7) equal to
6.5704), we obtained the highest a, with (o) equal to
0.83 £0.19.

Titarchuk et al. (2009), using the Wabs*(compTT+Gaussian)
model in XSPEC but different spectral energy range and
Compton cloud geometry, found an acceptable spectral fit
(Xfe 1 =73.6/77 ~1.0) to a XMM-Newton spectrum of the
IP GK Per. The authors reported higher best-fitting parameters
for their thermal COMPTT component (k7 equal to 1.05 &
0.57keV, kT, equal to 53+£0.5keV, and 7 equal to
20.9 4 1.8; which gives a equal to 0.2173:39). In comparison
with our modeling, the different spectral energy band and
Compton cloud geometry likely contributed to a difference
observed in kT, and 7 parameters. In particular, if one uses a
spherical geometry then the optical depth of the Compton cloud
increases. For the sources of our sample, we obtained (7) of
~20. It is important to stress, however, that different plasma
geometry (sphere or plane) does not affect the shape of the
resulting spectra.

For optically thick Compton clouds with 7>> 1 all soft
photons illuminating a cloud are strongly Comptonized.
Consequently, it can be expected that the power-law portion
of the spectrum should be relatively small (or even not present
at all), and in this case the emergent spectrum is close to a Wien
shape (Hua & Titarchuk 1995).

The photon index I' (I'= a + 1) of about 1.30 found in the
majority of the sources in our sample may indicate a spectral
dichotomy between nmCVs and the majority of IPs; the photon
index I' ~ 1.85 is reported in nmCVs (Paper I) when broadband
spectral analysis is considered. The difference between these
spectra lies in the fact that the spectra of the IPs with I' ~ 1.30
approach a Wien shape (Sunyaev & Titarchuk 1980). This
lower photon index is likely caused by the increase in the
luminosity, which consequently changes the physical condi-
tions in the Compton cloud (that is, it increases its optical
depth).

The sources AE Aqr, EXHya, and V1025 Cen show (I')
compatible, within errors, with that found in nmCVs. In this
case the spectral formation is similar to that in nmCVs.

Table 5 shows the unabsorbed fluxes of our total modeling,
the spectral COMPTT component (from which luminosity has
been computed), and the BBODY component when present. In
Figure 5, despite (a) the large errors on luminosity estimates
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Figure 4. XMM-Newton EPIC pn spectra (in black) and the best-fit total model (solid red line). Left panel: spectrum of Obs. ID 0105460301 in the 0.3-15.0 keV
energy range, and the best-fit total model TBABS*[COMPTT-+(4)GAUSSIAN COMPONENTS]. Right panel: spectrum of Obs. ID 0105460501 in the 0.5-15.0 keV energy
range, and the best-fit total model TBABS*[COMPTT-+(4)GAUSSIAN COMPONENTS]. See Tables 2—4.

due to the large errors on distance estimates, and (b) the narrow
range of physical Comptonization parameters shared by most
of the IPs analyzed, one can see a negative correlation between
I and L, where I' decreases with increase in L.

Namely, I" ~ 1.3 is found for the sources with luminosity of
about ~10°3 erg sfl, whereas I' ~ 2 is found for the faint IPs
with ~10°" ergs™'. This bimodal spectral (or photon) index
observed in Figure 5 follows the bimodal X-ray luminosity L
observed in IPs, which demonstrated two peaks at L~ 10°'
and ~ 10*3 erg s~ (Pretorius & Mukai 2014).

The source AE Aqr has magnetic field (Byp ~ 10° G) in the
lower range of IPs, and shows similarities with nmCV spectra:
L~ 10 erg s™', presence of a broad and strong excess in the
soft X-ray energy band (<1 keV) peaked at ~0.9keV (with
centroid Gaussian energy at 0.839! keV), and photon index
I' ~2—all characteristics found in nmCV spectra in the
thermal Comptonization framework (Paper I). It is important
to notice, however, that strong and broad emission lines peaked
at ~0.9-1.01 keV are also observed in other IPs (see Table 4).
Therefore, the high spectral index in the IP AE Aqr, as well as
in EX Hya and V1025 Cen, can be related to close physical
conditions in faint IPs and nmCVs for X-ray emission in the
Compton. Luna et al. (2010) stated that EX Hya shows spectral
features of both magnetic and nmCVs, when analyzing the
Chandra spectrum of this source in the standard framework of
the post-shock region models (see also Mukai et al. 2003).

Comparing the best-fitting parameters of the COMPTT
component found in the present work with those found in
nmCVs through XMM-Newton data, we see that the temper-
ature of the electrons in the Compton cloud in IPs is about two
(or more) times lower (kT, ranges from ~5.99 to 8.72keV in
nmCVs) while the optical depth (for plane geometry) is around
two (or more) times higher (7 ranges from 2.65 to 4.73 in
nmCVs) (Paper I).

It is also important to point out that AE Aqr also shares
characteristics with young spin-powered pulsars in the
2-20keV range (see Oruru & Meintjes 2012). AE Aqr is a
peculiar nova-like, which hosts the fastest spinning WD
(Pgpin =33 s) (Wynn et al. 1997), which is spinning down at
f;pin =564 x 1074 57! rate (van Heerden & Meintjes 2015
and references therein). Gotthelf (2003) observed that the
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2-10keV Chandra spectra of young rotation-powered pulsars
show photon indices such that 0.6 < T' < 2.1. Interestingly, the
nine young rotation-powered pulsars studied by them showed
mean photon index (I') ~ 1.4, which is close to the mean value
found in this study for IPs.

4.3. Some Examples of Previous Spectral Analyses and
Comparison with Our Results

The standard spectral modeling of IPs is not homogeneous.
That is, their spectra have been described by either up to three
optically thin plasma temperatures or cooling flow models—
exactly like in nmCVs. For example, the emission
component < 10keV of AE Aqr has been fitted by multi-
temperature models (Terada et al. 2008; Oruru &
Meintjes 2012). Terada et al. (2008) using Suzaku data, fitted
the X-ray spectra of AE Aqr using multi-thermal components,
with temperatures of 2.970%0 keV and 0.53"13 keV. The
excess above the extrapolated hard X-ray emission data was
explained by either a third thermal component of 54707 keV
or a power law with a photon index of 1.12083. de Martino
et al. (2008) described the 0.2-100keV XMM-Newton and
INTEGRAL spectra of V2731 Oph by multi-temperature
thermal plasma with temperature ranging from 0.17 to
60 keV (plus a hot blackbody of ~90 eV, as previously stated).
Anzolin et al. (2009) modeled the 0.3—-100 keV XMM-Newton
and INTEGRAL average spectra of RX J2133.7+5107 and
IGR J00234+4-6141 (their data sample contains the same XMM-
Newton Epic pn observations presented in this paper). In
addition to the optically thick blackbody component of
~100eV (previously mentioned), the authors described the
spectra by means of (a) 2 and (b) 3 different MEKAL
components, and (c) by a multi-temperature CEMEKL. For the
fit considering two MEKAL components, the authors found a
low (kT ~0.17 keV) and an intermediate temperature (kKT ~10
keV). The additional third component shows kT > 27 keV. For
the cooling flow CEMEKL model the authors stated a maximal
CEMEKL temperature in the 40-95 keV range (see Tables 4 and
5 in Anzolin et al. 2009).

Haberl et al. (2002), using the same XMM-Newton EPIC
observation of NY Lup presented in our sample (Obs. ID
0105460301), fitted a multi-temperature plasma component to
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Table 5
Unabsorbed Flux Found for Our Total Modeling, the COMPTT and BBODY Components (in the ~0.3 to 15 keV; See Tables 2—4)
Source Flux (Total) Flux (CompTT) Flux (Blackbody) Distance Refs
107" ergem 257! 107" ergem 257! 107" ergs™ ' em™2 pc
AE Agr 1.088 000 0.8590006 10273 1
EX Hya 13.5670.93 11.857094 0.707%001 64.5%12 2
V1025 Cen 2.481109%2 2.37410:0%6 110 2
V2731 Oph 2851048 2754041 >1000 2
RX J2133.7+5107 4257008 3.22+08 0.9479%3 >600 3
PQ Gem 3.27759%8 3.0510% 510775 2
NY Lup® 462190 3.89+008 0.57938 690+139 4
NY Lup® 9.33+003 520150 3.8550%
V2400 Oph 6.48%013 6.637992 2807139 2
IGR J00234+6141 0.997004 0.96:004 300 5
IGR J17195-4100 5164092 501759 110 6
XY Ari 3.34+004 3.284092 7
V1223 Sgr 11.971} 11.4970:04 0.162799%2 527434 2,5,89
Notes.

2 Obs. ID 0105460301.
® Obs. ID 0105460501.

References. 1. Friedjung (1997); 2. Pretorius & Mukai (2014, and references therein); 3. Bonnet-Bidaud et al. (2006); 4. de Martino et al. (2006a); 5. (Barlow et al.
2006, and references therein); 6. Masetti et al. (2006); 7. Littlefair et al. (2001); 8. Beuermann et al. (2004); 9. Nwaffiah & Eze (2014).

the 0.1-12keV NY Lup spectrum, and stated a maximum
temperature of ~60keV. Joshi et al. (2019) used two MEKAL
components, with kT ~7 and kT, ~26keV, to explain the
0.3-50keV SUZAKU spectra of V2400 Oph; and one MEKAL
component with kT ~ 10keV to describe the XMM-Newton
spectra. Xu et al. (2016) using SUZAKU data fitted a single
thermal plasma temperature APEC model to the 2-10keV
continuum of several IPs. They stated a plasma temperature of
65.971%3 keV in RX J2133.7+5107, 32.673%7 keV in PQ Gem,
43.5M1L76 keV in NY Lup, 22.8739 keV in V2400 Oph,
26.67349 keV in V1223 Sgr, 30.5°30¢ keV in IGR J17195-
4100, and 39.67¢%] and 31.67%¢ keV in XY Ari, respectively.

In comparison with the standard scenario, when only one
optically thin thermal plasma temperature is used, the
Comptonization model can give temperatures ~10 times lower
(when they are determined applying the 0.3-15keV XMM-
Newton spectra).

In our spectral modeling we used only a simple photoeletric
absorption component. The presence of dense absorber material
partially covering the X-ray source is not required. In the
standard framework, however, one or more partial covering
absorbers components are commonly necessary in the total
modeling for a good description of the data (see Section 1). For
example, in V2400 Oph and NY Lup about ~50% of the X-ray
source is stated to be partially covered by a dense absorber (see,
e.g., Haberl et al. 2002; Evans & Hellier 2007; Joshi et al.
2019). In contrast, we see in our modeling that in 6 out of 13
observations the hydrogen column component is attenuated by
a ~2-20 factor. Only in three spectra (in EX Hya, XY Ari, and
V1223 Sgr; see Table 2), are the average spectra absorbed by a
denser hydrogen column, which indicates the presence of dense
material likely located somewhere within or close to the
system. In four observations we obtained satisfactory fits by
setting and freezing the hydrogen column Ny parameter equal
to the value given by the HI4PI survey.
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4.4. The Comptonization Scenario in IPs and Future
Perspectives

In our interpretation, the UV/soft X-ray seed photons
characterized by their color temperature kT in the ~15-210 eV
energy range are Comptonized by hot electrons of
(kT.)3.05+0.16keV in the Compton plasma around the
WD, which is presumably the accretion columns themselves.
The seed photons are likely coming from the WD surface (see
Figure 6(a)). In the case of high luminosity (I'~1.3), a
possible scenario is that the accretion columns are destroyed by
high radiation pressure caused by high specific accretion rate
(accretion rate per unit area) on the polar cap, and as a result
emission escapes from a quasi-spherical region formed on the
star surface (see Figure 6(b)).

The additional soft blackbody component characterized by
(kTyp,) of 95 =4 eV, as previously mentioned, is a well known
component necessary to account for the soft X-ray emission of
some IPs. This component likely corresponds to photons
coming from the heated region on the WD surface or
photosphere—from the region near the magnetic pole caps,
where the accreting material is dumped, or somewhere else if
dense blobs of matter penetrate into the WD photosphere. Part
of these soft photons is subject to be Comptonized by the
accretion column (the optically thick plasma located near the
soft seed photons site).

Interestingly, a good spectral fit was obtained for the PQ
Gem and V2400 Oph. These both systems share some
characteristics with the polar subclass of mCVs. Namely,
PQ Gem is an unusual mCV because it shows a strong soft
X-ray component, it is polarized in the optical/infrared (IR)
wave bands (Potter et al. 1997), and it has an estimated
magnetic field strength B ~ 8-21 x 10° G (Vaeth et al. 1996;
Piirola et al. 1993)—which are characteristics of polars. On the
other hand, it shows a spin period of 833.4 s (Mason 1997) and
an orbital period of 5.19 hr (Hellier et al. 1994)—which are
typical of IPs. V2400 Oph is the most polarized IP, leading to
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Figure S. Photon index I" vs. luminosity of the unabsorbed Comptonization (COMPTT) component in the (~0.3—15 keV) energy band (see Tables 2 and 5). Red arrow

indicates lower limit on the luminosity.

the highest magnetic field estimate for any IP (B ~9—27 x 10°
G), overlapping with the range for low-field polars (Buckley
et al. 1995; Vaeth 1997). In addition, Buckley et al. (1995)
showed a strong evidence for a disk-less accretion mechanism
in this source. They found that the polarized light varies at
927s, which was interpreted as the WD spin period. The
X-rays are pulsed at 1003 s, corresponding to the beat period
between the orbital (3.42 hr) and spin cycles. The source does
not show any X-ray modulations at the orbital or spin cycles,
and the detection of the beat period is expected to be observed
in disk-less IPs, showing the signature of pole-flipping
accretion (see Joshi et al. 2019 and references therein for a
discussion on the nature of the accretion mechanism in this
source).

It is worthwhile to emphasize that the presence of an
accretion disk is not essential when one uses the Comptoniza-
tion model. Therefore, we conclude that the good spectral fits
of the PQ Gem and IP V2400 Oph spectra is evidence that the
thermal Comptonization may describe the spectral continuum
of the polar subclass of mCVs as well.

It is important to stress, however, that this study is energy
band limited, considering only ~0.3-15keV XMM-Newton
spectra. A future study including broader spectral band (E >
15 keV) may better constrain the range of physical parameters
in the Comptonization framework and consequently the
spectral indices. Therefore, the analysis of a bigger sample of
IP spectra—in different states and WD spin phases—consider-
ing data from broadband X-ray missions is highly suitable for a
complete characterization and understanding of IPs (and CVs
in general) in the Comptonization framework.
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5. Summary and Conclusions

We found that the thermal COMPTT model can in general
successfully fit the continuum of all IPs (13 XMM-Newton
Epic-pn observations) in our sample. In this scenario the
continuum is produced by seed photons with a mean color
temperature (kT,) of 0.096 +0.013 keV being Comptonized
by electrons with a mean plasma temperature (k7.) 3.05 +
0.16 keV located in an optically thick plasma around the central
source. In our interpretation, the UV /soft X-ray seed photons
are coming from the WD surface (most likely from the region
surrounding the magnetic polar caps) and are being Comp-
tonized by hot electrons of (a) the accretion columns or (b)
the Compton cloud around the magnetic pole caps of the star.
This last case may occur when accretion columns are not
present, namely when I' ~ 1.3 and the source has high specific
accretion rate.

The spectra of EX Hya, NYLup, V1223 Sgr, and
RXJ2133.74+5107 show an additional soft X-ray BBODY
component, with mean temperature (k7,,) of 95+4eV,
necessary to account for the soft X-ray emission in their
spectra. We observed that the presence of this component can
strongly depend on both the spectral modeling of the lines in
the ~0.5-1.2keV soft energy band and the total spectral
modeling. This emission likely comes from the star surface,
from the heated region surrounding the star magnetic pole caps.
Thus, a portion of these photons may be Comptonized by the
electrons in the accretion columns or Compton cloud located
nearby, surrounding, and on top of the soft seed photon
emission regions.

Furthermore, we observed a dichotomy in the spectral shape
of IPs, which is driven by the source luminosity and optical
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Figure 6. (a) The general scenario of Comptonization in IPs: UV /soft X-ray photons from the star surface (red arrows) are Comptonized by electrons in the optically
thick plasma present in the accretion columns. (b) The accretion column is destroyed if the local luminosity on the top of the polar caps is greater than the Eddington.
In this case, the UV/soft X-ray photons coming from the star surface are Comptonized by the optically thick plasma (Compton cloud) around the seed photon

emission sites.

depth of the Compton plasma—since (kT;) and (kT.) does not
change between these two groups of spectra. IPs of high
luminosity (L ~ 10**"% ergs™") and 7 ((7) of 10.4 4 4) show
relatively small T' ((I') = 1.34 +£0.02; which indicates the
almost saturated Comptonization in the Compton cloud).
Whereas IPs of lower luminosity (L~ 10*! ergs™") and 7
({1) of 6.5+ 0.4) show higher I'. In this case, (I') is equal to
1.83 £ 0.19, which is exactly what is observed in nmCVs. This
may indicate closer (intermediate) physical conditions between
faint IPs and nmCVs for X-ray emission in the Comptonization
framework.

The good spectral fits obtained for the PQ Gem and V2400
Oph sources indicate that thermal Comptonization may also
describe the spectral continuum of the polar subclass of mCVs.
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