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Abstract. We present broad-band (0.1-90keV) spectral and temporal properties of the three Intermediate Polars,
RE 0751144 (PQ Gem), RX J0558t®353 (V405 Aur) and RX J1712-@2414 (V2400 Oph) based on simultaneous soft and

hard X-ray observations with the BeppoSAX satellite. The analysis of their spectra over the wide energy range of BeppoSAX
instruments allows us to identify the soft and hard X-ray components and to determine simultaneously their temperatures. The
black—body temperatures of the irradiated poles of the white dwarf atmosphere are found to be 60-100 eV, much higher than
those found in their synchronous analogues, the Polars. The temperature of the optically thin post—shock plasma is well con-
strained in RX J1712:62414 and in RE 0754144 (13 and 17 keV) and less precisely determined in RX JO55383. In the

first two systems evidence of subsolar abundances is found, similarly to that estimated in other magnetic Cataclysmic Variables.
A Compton reflection component is present in RX J05583b3 and in RE 0754144 and it is favoured in RXJ1712-8414.

Its origin is likely at the irradiated white dwarf surface. Although these systems share common properties (a soft X-ray compo-
nent and optical polarized radiation), their X-ray power spectra and light curveeaedt energies suggest accretion geome-

tries that cannot be reconciled with a single and simple configuration.

Key words. accretion, accretion discs — binaries: close — stars: individual: REXIZBI1(PQ Gem),
RX J0558.@-5353 (V405 Aur), RX J1712:62414 (V2400 Oph) — X-rays: binaries

1. Introduction (or stream) accretion without an intervening disc. This latter

. ... configuration is encountered in Polars, where the accretion ma-
Intermediate Polars (IPs) are the hardest X-ray emlttlngr g

Cataclysmic Variables (CVs) containing a magnetized WhiERNiaI directly flows towards the magnetic poles of the white
dwarf (WD) that is accreting material from a late-type Main
Sequence star. Unlike the strongly magnetiz&d { 10—
230 MG) orbitally phase—locked Polars for whidPy,, =
Protwp, the magnetic field of the white dwarf is not stron
enough B < 10 MG) to lock its rotation to the binary orbit
and thusPewp < Porp. IPs typically populate the long pe-
riod distribution of magnetic CVs, whilst Polars are general

found at short orbital periods. Hence, the wide orbits and t Cencies in the X-rav power spectra. such as the orfitand
low magnetic fields in IPs can allow the formation of an agl yP P '

cretion disc, which is truncated at the magnetospheric radicil%:.e beat (or synodicy - &, indicate a disc-overflow accre-

However, other accretion configurations can occurr in IPs, SUCH.| whose relative proportion can vary from system to system
' 9 ' -~ and with time (Hellier 1991; Wynn & King 1992; Norton et al.

as the complex disc-overflow, where the stream of matter er{Bgz) Only one system, RX J17424 (V2400 Oph) is known

the secondary star OVETpasses the accretion disc and 'S.dt]cz)i%'ate to be pulsed at the beat period (Buckley et al. 1997),
neled towards the magnetic poles (Hellier 1991) or the d|retﬁt : . :
us being an unigue example of a discless IP.

Send gprint requests toD. de Martino, The X-ray emission of IPs is hard and optically thin
e-mail:demartino@na.astro.it (KTgrems ~ 5—30keV), originating from the post-shock region

The X-ray emission in IPs is generally strongly pulsed at
the spinP,: = 1/w period of the white dwarf, indicating that
material accretes onto the magnetic poles via a disc, as it loses
emory of the orbital motion (disc-fed systems). This mate-
rial flows onto the poles in an arc—shaped accretion curtain
Rosen et al. 1988). However, not all systems are found to pulse
%nly at the white dwarf rotation. The presence of additional fre-
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above the magnetic pole. These hard X-rays are highly ab- LECS light curves and spectra have been extracted using a
sorbed by cold material (column densities up t*n2) circular region centred on the sources with a radius of 8 arcmin
within the accretion flow (Ishida et al. 1994) and are expectéal RE 0751 and RX J1712 and 6 arcmin for the faint RX J0558.
to be reflected by the WD atmosphere (Beardmore et al. 199%ie MECS light curves and spectra for all three sources have
Done et al. 1995; Matt 1999; Ezuka & Ishida 1999; de Martinoeen extracted with a 4 arcmin radius. While the whole LECS
et al. 2001). Unlike Polars, which also show a strong sdiand was used for timing analysis, the spectra from this instru-
X-ray black-body component (20-50eV), only three sysnent have been analyzed only below 4 keV due to calibration
tems, RE0754144 (PQ Gem), RX J0558:3353 (V405 Aur) problems at higher energies. For both intruments, the back-
and the faint RXJ0512:23241 (UU Col), were discovered asground was measured and subtracted using the same detec
soft X-ray IPs (Mason et al. 1992; Haberl et al. 1994; Burwitor regions during blank field pointings. The PDS light curves
& Reinsch 2001). The first two are also known to show circand spectra were extracted using a standard routine provided
lar polarized optical emission, suggesting a close link of sdfy the BeppoSAX Data Center (SDC). We conservatively ex-
X-ray IPs to the Polars. Indeed the soft X-ray emission inacted the data in the energy range 13-90keV, above which
Polars is due to reprocessing, in the white dwarf atmosphettee sources are hardly detected. The procedure allows rejec-
of hard X-rays and cyclotron radiation, which are emitted frotion of particle background events, as well as spikes caused
the post-shock region. In particular, the relative proportion bfy single-particle hits, which produce fluorescent cascades that
hard-to-soft X-ray emissions was found to depend on the mage mainly recorded below 30 keV. The background spectrum is
netic field strength and local mass accretion rate (Voelk &valuated for each of the two half arrays accumulating ffie o
Beuermann 1998). Hence, the soft IPs might be consideredsasrce spectra. The background light curves are constructed by
true non-synchronous Polars and probably as their progenitdirsear interpolation between twoffe-source pointings in each
Why most IPs do not show such a soft X-ray componentis stiltray. Then the spectra and light curves from the two arrays
an open question. are merged together to construct the background spectrum and
In this paper we present BeppoSAX observdight curve for final subtraction.
tions of RE075%144(PQGem) (henceforth REO0751), Neton-source exposure times and count rates for the three
RX J0558.6-5353 (V405 Aur) (henceforth RXJ0558) andsources are reported in Table 1.
RXJ1712.6-2414 (V2400 Oph) (henceforth RX J1712), which
together with RXJ0028:#6917(V709Cas) (de Martino 3 Timing analysis
et al. 2001) are so far the only IPs for which a simultaneous
broad-band X-ray coverage has been performed. All thrAesearch for periodicities was performed on light curves ex-
IPs are characterized by circular polarization in their opticBcted in the MECS energy range between 1-10keV. For sake
emission. Also, while the first two were discovered as sd¥f clarity, the left panels of Figs. 1, 3 and 5 report the extracted
X_ray IPs by ROSAT, RXJ1712 was on|y recenﬂy foundight curves with a binning time of 60s. They show clear peri-
by XMM-Newton (Haberl 2002) to possess a soft, but h&dic pulses on time scale of minutes, with no apparent variabil-
(80—100eV) X-ray component. Here we discuss their tempot@1 on timescales of hours, implying no orbital modulations.
and spectral properties over the wide energy range of the
BeppoSAX instruments. 3.1. The spin pulse characteristics in RX J0558
RX J0558 was discovered as a soft IP by Haberl et al. (1994)
2. Observations and data reduction with an X-ray period of 272s. This period is also confirmed
by optical photometry (Skillman 1996; Allan et al. 1996). A
The BeppoSAX satellite (Boella et al. 1997) performed pointédrther detailed re-analysis of the ROSAT data showed that
observations of RXJ0558 in Oct. 1996, RE0751 in NOoRX J0558 is dominated by the 272s period below 0.7 keV,
1996 and RXJ1712 in Aug. 1998 with its co-aligned Narrowhilst at higher energies it shows a 545 s periodicity, indicat-
Field Instruments (NFI), covering the wide 0.1-300keV efing that the latter is the spin period of the white dwarf and
ergy range, as detailed in Table 1. All three sources were @&e soft X-ray period is related to the first harmonic of the
tected with the LECS (0.1-10keV) and MECS (1-10keV) irspin frequency (Allan et al. 1996). Hence, our timing anal-
struments. ysis was done on LECS soft 0.1-0.4keV, 0.4-1keV bands
Due to the failure of one of the three MECS units imnd on the whole range of the MECS instrument. The light
May 1997, RX J1712 MECS data were collected by two unitsurves were extracted with a binning size of 68s (LECS) and
Because of LECS orbital limitations, LECS exposures weB82 s (MECS) and Fourier analysed using the DFT algorithm
much shorter than those of the MECS (but see also Sect. 3(Deeming 1975). In order to remove the windowingeets
The PDS (13-300keV) is a collimated instrument, whicbf unevenly sampled data due to the BeppoSAX orbit, the
monitors the background continuously switching two (of thELEAN algorithm (Roberts et al. 1987) has been applied. The
four) detectors with a dwell time of 96 s. While RE 0751 andorresponding power spectra (the DFT and CLEANED) are
RXJ0O558 are detected up to 90keV, for RXJ1712, the prestrown in the right panels of Fig. 1. Similarly to the ROSAT
ence of a bright close-by cluster of galaxies, which heavily coobservations, they do not reveal the 4.15h orbital period. A
taminates count rates above 13 keV, the PDS data could nostreng peak at 545 s is detected in the MECS band, while be-
safely extracted. low 1 keV no periodicity is found (middle and lower panels).
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Table 1.BeppoSAX observations of RX J0558, RE 0751 and RX J1712.

Object Date MECS LECS PDS Fleix
Texpolks)t  Count Rated  Tepdks)t  Count Rated  Teqpdks)®  Count Rateb

RXJ0558 Oct. 7-8, 1996 44.8 0.27 13.7 0.09 84.4 0.32 2.79

RE 0751 Nov. 9-12, 1996 114.7 0.32 27.5 0.15 1104 0.38 5.30

RXJ1712  Aug. 17-19, 1998 82.6 0.50 33.0 0.28 - - 3.12

! Total on-source exposure time.

2 Net count rates in units of cts’s

3 PDS total exposure times relative to two units (see text).

4 PDS net count rates in 13—90 keV range.

50.1-10keV phase averaged absorbed flux in units of“Edg cnm? s as derived from best fit parameters in Table 2.
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Fig. 1. Left: the net MECS 60 s binned light curve of RX J0588ght: the DFT (dotted line) and CLEANED (solid line) spectra in the MECS
(1-10keV), and two LECS (0.1-0.5 keV) and (0.5-1 keV) bands, show a strong signal at the 545 s rotational period of the white dwarf only in
the MECS band.

Differently from the ROSAT data, the first harmonic is alsmaximum, however, does not correspond to the maximum ob-
clearly detected in the hard X-rays. Consistency checks on #erved in the hard X-rays and therefore the MECS light curve
LECS 1-10keV band show that the 545 s period is present bass been fit with a composite sinusoidal function accounting
at a very low level. As noted in Sect. 2., thiextive exposure for the base and second harmonic frequencies. We derive:
of LECS instrument was very shor 14 ks) over a 65 ks of ob-
serving time, during which no data were acquired di6 ks. HJIDinax = 2 450 364159695(2)- 0.006311(6) E.
We then performed separate analysis of the first (19 ks) and s€lasis ephemeris is less precise than the one derived from
ond (25 ks) interval, having arffective on-source time 6f7 ks ROSAT data (Allan et al. 1996), probably due to the low
only. We could detect the 545s modulation only in the firsttatistics of the BeppoSAX light curve and to the non sinu-
interval, implying that the lack of detection of the soft X-ragoidal shape of the hard X-ray pulsation. However, it allows
modulation is due to the low quality of LECS data and to th& proper phasing of the hard X-ray maximum as shown in
small number {25) of spin cycles covered. Here we note thagig. 2, left panel. As for the LECS instrument, the lack of mod-
ASCA observations carried out during the same period and glation in the high energy PDS data is probably due to the
multaneously with SAX for-5 hrs confirm the presence of thdimited quality. As expected, the modulation in the 1-10keV
272 s modulation in the soft 0.4-0.6 keV band with an amplband is not sinusoidal with a broad shoulder maximum and
tude of~34% (Mukai et al. 1997). Hence the LECS soft X-ray shallow minimum and hints of a secondary pulse feature.
band for this source will not be discussed further for variabilitfhe pulsed fraction (max-mjaverage) is 56% in the 1-2keV
purposes. band and~40-45% in the 2-5keV and 5-10keV bands. The
Allan et al. (1996) provide a spin ephemeris based dmrdness ratios [245-2keV] and [5-1@2-5keV], tracing the
the soft X-ray double-humped light curve. The time of thelmard component (right panels of Fig. 2 do not show significant
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Fig. 2. Left: folded light curves for RX JO558 in flerent energy ranges from 1 to 40 keV using the ephemeris quoted in thRigxt. the
hardness ratios in MECS bands show no spectral dependence of the spin pulsation (see text).

variations with spin phase, confirming the lack of energpropagated phase errordg = 0.03). The light curves confirm
dependent modulation in the hard bands. The spin variabilitye very complex morphology, detected previously by ROSAT,
of the hard component is then due to aspect angle changeS&ofga, ASCA and RXTE (Duck et al. 1994; Mason 1997,
the emitting region. Kiziloglu et al. 1998; James et al. 2002). In the 0.1-0.4keV
band (as well as in the 0.1-0.5keV one, used by Duck et al.
. C 1994) the pulse profile is single peaked, with count rates in-
8.2. The spin modulation in RE 0751 creasing by a factor of 4, with a hardly detectable narrow dip of
RE 0751 was the first soft X-ray IP to be discovered frof.06+ 0.01 width in phase. In the higher 0.4-1keV range, the
the ROSAT survey (Mason et al. 1992). A period derivativéip increases in breadth (0.1 in phase) and in place of the broad
P = 1.1x 10%ss! was subsequently found from X-ray andninimum observed in the softer band, a secondary maximum
optical timings of the 833 s white dwarf rotational period spars observed, making the overall modulation highly structured,
ning five years (Mason 1997), indicating that the white dwavfith large excursions throughout the spin cycle. The modula-
is spinning down at the largest rate ever found in an IP. Its B&@n at energies higher than 1 keV shows an increase in depth
haviour in both soft and hard X-ray bands has never been mopfithe dip feature up to 5keV. When compared to GINGA or
tored simultaneously. The BeppoSAX MECS (1-10keV ) ligthSCA data, the pulse is not double-peaked with primary and
curve reported in Fig. 3 (left panel) clearly shows the presenggcondary maxima of the same intensity, but rather consists of
of rapid pulses and the absence of variability at the 5.2 h @-more structured primary maximum and a weaker secondary
bital period. The DFT and CLEANED power spectrum in thenaximum which is detected up to 5keV. Alternatively, a sec-
LECS 0.1-0.4keV, 0.4-1keV and MECS 1-10keV range agadary dip at = 0.55, more pronounced in the 2-5keV range,
reported in the right panels of Fig. 3. Above 1keV, the powénight be present, simulating a double-peaked light curve. The
spectrum shows a strong signal at the 833 s spin period ang@dulation becomes very sinusoidal at 5-10keV, with no ap-
higher harmonics up to the third. In the 0.4-1keV range, iparent hint of a secondary maximum, which is instead ob-
stead, the signal at these frequencies is at the noise level. Hggyed by Ginga and broadly resembles that observed by RXTE
the CLEAN algorithm does not detect even the base frequen@ames et al. 2002). In the harder band (10-40keV), again, we
Below 0.4 keV the signal at the base frequency is strong agatannot detect any modulation due to the limited statistics of
but not those at the higher harmonics. This indicates that tRB'S data. The BeppoSAX data confirm the energy dependence
833's modulation is structured in the hard X-rays, then mosth the dip which is not visible above 5 keV. The hardness ratios
disappears at decreasing energies and appears again as a $ved§2-5keV] and [0.4-D.1-0.4keV] show a dierent be-
single pulse below 0.4 keV. haviour. Above 2 keV, the spectrum hardens during the dip and
The energy dependent behaviour of the spin modulation Hiis still hard at spin maximum and is softer at spin minimum.
been inspected in fierent energy bands from 0.1 to 40 keVA hardening is also observed around phase 0.55. This confirms
In Fig. 4, we report the folded rotational pulses using tH&at the dip as well as the underlying modulation is energy de-
quadratic ephemeris provided by Mason (1997), which is bageghdent. There is probably an additional absorption component
on the stable presence of a narrow dip and is accurate enotigi produces the secondary dip, thus indicating that the ab-
to extrapolate to the BeppoSAX observation epoch (i.e. tBerbing material in the accretion flow is very structured. On
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Fig. 3. Left: the net 60s binned light curve of RE 07Right: the DFT (dotted line) and CLEANED (solid line) spectra in the MECS (1-

10keV), and two LECS (0.1-0.4 keV) and (0.4-1 keV) bands. The hard X-rays show strong signals at the 833 s frequency and higher harmonics.

The softer band is instead dominated by the spin frequency only, while in the 0.4—1 keV band the spin signal is not significant.
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Fig. 4. Left: folded light curves of RE 0751 in fierent energy ranges from 0.1 to 40 keV using Mason’s quadratic ephemeris (Ra$).
the hardness ratios in two soft LECS bands and two MECS bands show substdiigrehdes.

the other hand, the soft X-rays harden at spin minimum, irfthis led to the identification of the longer 1003 s period as the
plying that either the X—ray reprocessing region is hardest, &modic period between the 3.42h orbital and the 927 s white
that there is an additional contribution of a harder emitting rdwarf spin periods, thus making RXJ1712 the only discless
gion seen at spin phases between 0.6—-0.9. This aspect willB&nown so far, where accretion occurs via pole-flipping each
reconsidered in Sects. 4 and 5. half of a beat cycle. The MECS (1-10keV) band light curve

is shown in the left panel of Fig. 5. The DFT and CLEANED

power spectra are reported in the right panels of that figure.
3.3. The beat pulsation of RXJ1712 A strong signal at the synodic frequency is detected in the

harder bands>(1keV), whilst in the softer 0.1-KeV range
This system was discovered as a hard X-ray IP (Haberl tRis frequency is not detected, although evidence of power
Motch 1995) pulsating at a period of 1003 s, but with a 927s found between between 100 and 198dNo power is
period in its optical polarised light (Buckley et al. 1995, 1997).
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Fig.5. Left: the net MECS 60 s binned light curve of RXJ17R2ght: the DFT (dotted line) and CLEANED (solid line) spectra in the MECS
(1-10keV), and LECS (0.1-1keV) bands. The hard X-rays are strongly modulated at the 1003 s synodic period while the soft X-ray b
appears to be unmodulated at this frequency.

observed at the 927 s spin and 3.42 h orbital frequencies, coambined LECS, MECS and PDS data for RXJ0558 and
firming the ROSAT and RXTE results (Hellier & BeardmordrE 0751 allowing the study from 0.1 to 90 keV. For RX J1712
2002). Consistency checks on the LECS data have been camiredused the LECS and MECS data only and hence spectra
out and the strong beat pulsation is present ffedént bands are limited from 0.1 to 10 keV. We have adopted a composite
above 1keV. model consisting of an isothermal plasma emission (MEKAL)
To study the energy dependence of beat pulses, we obtaindith temperaturekTharq and metal abundance A (in number
the time of X-ray maximum for our BeppoSAX data set by with respect to solar), a black—body component with temper-
sinusoidal fit to the MECS (1-10keV) light curve: HJR = aturekTgg, two cold media consisting of a simple absorber
2451 063.62405(5). We then folded the light curves ffedent with column densityNy and a partial covering absorber with
energy bands as shown in Fig. 6 (left panel). The modulationlumn densityNycrans)and covering fractiolCr. The model
is stronger in the hard bands, with a pulsed fraction of 80&so includes a Gaussian fixedsat 6.4 keV to account for the
in the 5—-10keV range, 60% in the 2-5keV band and 50% iron K, fluorescent line and a Compton reflection component,
the 1-2keV range. In this latter range the modulation is nafth relative normalizatiomR, which represents the solid angle
sinusoidal, with a structured minimum. The 0.1-1keV rangaibtended by the material in units ofr2or an average view-
instead shows excursions up to 60% over the synodic cycle, ialg angle fixed to 62 The iron and other element abundances
though an underlying sinusoidal trend might be present. Théthis component (REFLECT in XSPEC) have been linked
softer bands (below 2 keV) might be indicative of dfeiient to the abundance of the MEKAL model. A Compton reflec-
emission component. A hardening at pulse maximum is ofien component has been demonstrated to be present in mCVs
served above 2keV, while at lower energies no variations dlmth Polars and IPs) (Done et al. 1995; Matt 1999; Ezuka &
detected (Fig. 6, right panels). The hardening at pulse mabghida 1999; Matt et al. 2000; de Martino et al. 2001). Here we
mum in this discless system is similar to that observed in Polanate that the BeppoSAX data are not of enough quality to de-
(Matt et al. 2000), which accrete via a column fed directly fromive the multi-temperature structure of the post—shock region.
the stream. Hence, pulse maxima are observed when the ¢otleed a power law temperature profile (CEMEKL in XSPEC)
umn points towards the observer and the absorption is magives worse fits with respect to an isothermal plasma. Hence,
mum, with the hardest regions contributing most. The lack wfe are unable to estimate the white dwarf masses as we lack
strong pulsations below 1 keV and the fact that the X-ray mokliable shock temperatures. In Table 2, we report the results
ulation does not vanish at pulse minimum (which is seen @i the spectral fits with the mentioned model, which are shown
Polars) suggest an additional source of X-rays. This aspect willFig. 7. Here we note that for RXJ1712, because of the lack
be discussed in Sect. 5. of PDS data, we first assumed no reflection (Re= 0). We
also allowed for this parameter to change and obtained an up-
per limit of 0.16. This is however unrealistic for the larg&/
of the iron line and the low abundances and, therefore, we as-

We studied the broad-band spectra by means of spectral fegnedR = 1.
(using XSPEC) to the phase—averaged spectra. We used the

4. The broad-band spectral properties
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Fig. 6. Left: folded light curves of RXJ1712 in flerent energy ranges from 0.1 to 10 k&ight: the hardness ratios in two soft LECS bands
and two MECS hard bands showindfdrent behaviour with respect to other IPs.

Table 2. Spectral fits to the grand-average spectra of RE 074its, the partial covering (up to 40%) cold absorber has instead
RXJ0558 and RXJ1712. The adopted model is described in the textuch higher densities than that of the galactic medium and its
Quoted errors refer to 90% confidence level for the parameter @figin is intrisic to the systems. As will be seen in Sect. 4.1,

interest. this intrinsic absorber is likely to be more complex, but this ap-

proximation allows us to identify in a simple way, the presence
of localized cold material close to the X-ray source.

Parameter REOQ75114 RXJ055853 RXJ1712-24

s 0.58 52 3.73% 4613 The black—body component is found to be ubiquitous in
N7 octabs) 4.828 5.121 11.8%1 all three systems with temperature that are at the higher end
Cr 0.390% 0.42°005 0.3400 of the temperature range found in Po_lars (20-60eV). The
kT3 56@ 73@ 1031 hottest black—body component is found in RXJ1712 (100eV)
fB *124 ;;‘1‘ *f which confirms the surprising results of Haberl (2002) ob-
KThara 1753 34Ty 135 tained from XMM-Newton observations for this source and
Les/Lhard ~0.4 ~0.8 ~0.7 1RXS J154814.5-452845 (Haberl et al. 2002). Very hot tem-
A 0.335%; 11793 0.36'912 peratures are not observed in Polars. The relatively high black—
EWS 18856 26072 1573 body temperature in RX JO558 is within errors compatible with
R 5 o1 19117 1 the earlier ROSAT results by Haberl & Motch (1995). For
=11 =10 ) 5 H H H
> RE 0751, our spectral fit gives a slightly higher temperature but
Ared 1.07 1.22 1.01 is still consistent within errors with that derived by Duck et al.

1 Hydrogen column density accounting for the interstellar absorptiog'ggﬂ') from ROSAT observations at 46 eV, but not with the

in units of 16° 2. one determined from ASCA (James et al. 2002) which however
2 Column density of the partial absorber in units of@m-2. was not well constrained. Here we note that James et al. (2002)
3 Temperature in units of eV. also fix the temperature of this component to the ROSAT value
4 Temperature in units of keV. in their ASCA phase—average spectral fit, but in the phase—
5 Equivalent width of the 6.4 keV Gaussian in units of eV. resolved analysis the temperature is fixed to the value of 83 eV,
6 Relative normalization of the reflection component in unitsafl2  found for the spectrum at maximum. The normalizations of the
is fixed in RXJ1712 (see text). black—body components are loosely constrained (60—70% un-
certainty).

For all three sources, the column densities of the sim- The average temperature of the optically thin post—shock
ple absorber are compatible within errors with the ROSAjlasma is well constrained except for RXJ0558 which also
determinations (Haberl & Motch 1995; Duck et al. 1994) anldas a poorly determined abundance. For this parameter we also
are also in agreement with the estimateskgfy obtained find indication of underabundances in RXJ1712 and RE0751.
from UV spectra (Mouchet et al. 1998; de Martino et al. 1998fzuka & Ishida (1999) also find that magnetic CVs generally
These are lower or at most equal to the galactic column derdisplay subsolar iron abundances. The temperatures of the hard
ties in the direction of the three sources, implying that the sifX-ray component are substantially lower than those derived ex-
ple absorber can be regarded as of interstellar origin. From tteding the reflection, which is however required by the data.



1016 D. de Martino et al.: BeppoSAX observations of soft X-ray intermediate polars

RX 0751+14

T T of Ris very loosely constrained due to the lack of usable PDS
1 data; for this source, a non-negligible contribution from the
+ ittt partial covering absorber is also expected, given the large col-
t 3 umn density. Although poorly constrained, the ratios between
bolometric black—body and hard X-ray components are found

to be close to unity in RXJ0558 and RXJ1712, and lower in
RE0751.

0.1
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counts/sec/keV
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T
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. , H 4.1. Phase—resolved spectral variations

To investigate in more detail the spectral behaviour of pulsa-
_>_—|_—_.[_W PWW%M _J[#-Ljrh-mmﬁm tions, we performed fits to the spectra at maximum and mini-
mum of the pulse cycle of the three sources and also to the dip
spectrum of RE 0751. We used only LECS and MECS data due
RX J0558+53 Energy {kel) to the lack of variability in the PDS. The spectral fits consist
of a composite model of a MEKAL plus black—body compo-

-+ nent, the interstellar column density, the partial absorber and a
¥ 4 Gaussian line fixed at 6.4 keV. For RE0751 and RX J0558, we
also included the reflection component as this is expected to be
angle—dependent (Matt 1999). We have therefore fixed the in-

terstellar hydrogen column densities to the values found from
‘_ the fits of the phase—averaged spectra. Also the temperature anc

residuals
—5
0—0.01 0 0.01 10

1
—
—_—

0.0
T

Counts/sec/keV
1073
T

abundance of the optically thin plasma are fixed at the values

1074
T

. : obtained from the phase—averaged spectra. This was done be-
3 —+ W + + 1 cause the former is an average temperature over the emitting
o ;FJ%}WWWN —+—_F+— +-++4++4-+ post—shock region and the latter is not expected to change with
E phase. The temperature of the black—body, the partial covering
" parameters, the normalization of the Gaussian and those of the
Energy (keV) hard and black—body components as well as the reflection pa-

- - rameter are kept free. In Table 2 we report the results of the
spectral fits for the three systems.

RX J1712 shows an increase of the partial covering ab-
sorber (both in column density and covering fraction) at beat
maximum which is consistent with the behaviour observed
in the hardness ratios (hardening at maximum). On the other
hand, the fits do not indicate variations of the temperature of
the black—body component. The normalizations of the black—
body and of the optically thin component increase at beat max-
imum and thus the ratio of their bolometric luminosities re-

:H_JFH # {;ﬁ’f{#&* i}wwﬁ mains. constant. This implies that the spectral chan_ges are due
H

residuals
-0.01 0 0.01
T

=]

.1

RX J1712-24

counts/sec/keV

to variations of the absorber and of the normalizations of the
black—body and of the hard X-ray component. H\W of the
Em,g, (ke) " 6.4keV iron line obtained for these two phases does not vary
ithin errors. The unabsorbed bolometric flux of the hot black—
jody component ranges betwee-1.64x 10ergcnr?s’
at beat maximum and minimum respectively. The lack of clear
modulation at the synodic frequency in the softest band might
then be due to the concurrence of phasing of the high density
The 6.4 keV iron lin€EWs are too large to be accounted for bybsorbing material which increases when the black-body area
the partial covering absorber (Inoue 1985; Matt 2002), and thigjargest.
are likely produced by the white dwarf surface along with the RXJ0558 shows a fierent behaviour; the partial covering
Compton reflection component (Matt 1999), as also found fabsorber (both column density and covering fraction) is con-
the IP RX J0028.85917 (de Martino et al. 2001). For RE 0751stant within errors at spin maximum and minimum. The spin
the lineEW is consistent with the measured valueRyfeven variability is then only due to changes in the normalization of
allowing for the low iron abundance (Matt et al. 1997). Ththe optically thin component which varies by a factor of 1.3 be-
same is true for RX J0558 when the rather large errors are comeen the two phases. The black—body component is constant
sidered, even if the value &W, taken at face value, appearsiue to the lack of variability in the LECS data. Its average un-
rather large when compared B For RX J1712, the value absorbed bolometric flux is4x10 *tergcnt?s™t. The ratio

residuals
—0.01 0 0.01

o

Fig. 7. From top to bottom: the phase—averaged spectra of RE 075
RXJ0558 and RXJ1712 along their best fit model described n
Table 2. Lower panels show the residuals.
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between this and that of the optically thin component slightjouble—peaked pulse in the soft bands. We cannot derive con-
increases at spin minimum, due to the decrease in the nornsalaints on the soft X-ray variability due to limitations of the
ization of the hard X-ray emission at this phase. Evéof the LECS data. The lack of spin variation of the partial absorbing
iron K, line does not change within the errors, although takingaterial does not fit with the general picture of IPs, where spin
theEWandR at their face values at spin minimum, a decreagrilses are due to aspect angle changes of the emitting regions
might be suggested. The lack of spectral changes does notcaimbined with photoelectric absorption in the accretion cur-
low us to isolate the secondary pole in the hard X-rays at ttesn fed by the disc. Allan et al. (1996) and Norton et al. (1999)
minimum of the spin pulse. proposed that rapid rotators, like RX J0558, possess weak mag-
In RE 0751, we infer a diierent spectral behaviour with re-netic fields, allowing the accretion material to flow onto large
spect to the other two sources. The temperature of the blaskwface areas of the white dwarf. In this configuration the op-
body component as well as tE&V of the iron fluorescent line tical depth along the curtain is smaller than perpendicularly
and reflection do not change with spin phase. The normalizaxd, hence, absorptiofffects, as seen by the observer, can be
tion of the black—body component is about the same duringposite to those encountered in high field IPs. This modified
the maximum and the dip and larger than that during minimuaccretion scenario is not supported by either our observations
by a factor of about 3. The unabsorbed bolometric black—body ROSAT data (Haberl et al. 1994), where the 0.1-2.4keV
flux at maximum and dip is-3x10 't erg cnt?s™%. This indi- pulses did not show any energy dependence. Also, optical po-
cates that the overall soft spin modulation is essentially duel#mized radiation has been detected in RX J0558 (Shakhovskoj
changes in the projected area of the black—body, with no indi-Kolesnikov 1997), indicating that the magnetic field can be
cation of an additional component. The partial absorber largelg high as that in RE0751 and RXJ1712. Furthermore, since
covers the X-ray source during the dip but with a lower columRX J0558 shows a double humped soft X-ray light curve in
density, suggesting photo-electric absorption by an interveniather observations, both poles are visible and hence its inclina-
phase—dependent and very localized material. The reflectiotios is likely larger than 40 The lack of X-ray eclipses also
unrealistically high during the dip, but it indicates that the coldives an upper limit of 80to the binary inclination. In this
material is facing the observer. The partial covering absorber@nge, we should expect changes in the absorption with the spin
also larger (both column density and covering fraction) at spithase, unless the absorbing material is far away from the X-ray
maximum. The emission measure of the optically thin compemitting region. For this system the black—body and optically
nentEM = 2.5+ 0.4 x 10°°cm3, linked to its normalization, thin component mostly balance and hence, we use the hard X-
changes by a factor of 1.2 between maximum and minimunay luminosity to estimate the accretion rate. Assuming a white
but during the dip it is lower by a factor of 2. Why the emisdwarf mass in the range 0.6—1M,, (the latter from Ramsay
sion measure of the hard X-ray component is lower during t8600), we derivV ~ 3—5x 10 (d/100 pcfgs . Due to the
dip phases is not understood. The ratio of the bolometric fluxdagk of magnetic field measures and knowledge of the distance,
of the black—body and the optically thin component is aboute cannot derive the Alfven radius to infer up to what distance
unity during the dip and it is much lower during maximum anthe absorbing material might be located.
minimum (0.5 and 0.2 respectively). Then, the overall pulsa- In RE 0751, the spin modulation is highly structured and
tion at higher energies is due to absorbing material whichesergy dependent, confirming previous results (Duck et al.
different from that causing the dip. Thefdrent shapes of the 1994). We find that details of the medium energy pulsation
modulation between 0.4 and 5keV are likely due to an evehange with respect to previous observations and we derive si-
more complex and structured absorbing material, for which omnultaneous information on the soft and hard spectral compo-
simple modeling of the spectra at the three spin phases caants. The energy-dependent pulses #iected by absorption
not account. Indeed Duck et al. (1994), and similarly Kiziloglerom material partially covering the X-ray source, but with a
etal. (1998), use in their spectral fits two columns witffiedient phase behaviour (minimum at spin minimum), which is not ex-
densities (1& and 1G°cm™2), but the latter is not constrainedpected from the classical accretion curtain scenario. The dip
from their data. However, and unlike Duck et al. (1994), whigature is due to further intervening phase—dependent mate-
conclude that the general rotational modulation is only due tial in the accretion flow which mostly (70%) covers the X-ray
the normalization of each spectral component, we find that itdeurce. The soft X-ray pulsation is instead due to variations
true only for the black—body. in the projected area of the X—ray irradiated polar region. A
strong magnetic field (9-21 MG) has been estimated, with a
dipole dfset of 30 and an inclination angle of 80allowing
two extended arc-shaped accreting regions, placed ahead of the
In these systems, the pulsations are complex affirdint from magnetic poles (Potter et al. 1997). In this model, material cou-
each other. The basicfterence is that RX J0558 and RE 075)les at large radii and travels out of the orbital plane, produc-
are disc—fed systems, while RXJ1712 is a disc—less accirgg large absorptionféects when the accretion region passes
tor. All of them are characterized by a soft and relatively hatirough the line of sight at some phases and in particular the
(60-100eV) and a hard (13—-30keV) optically thin componedip. At pulse maximum and at the dip, the projected area of
whose behaviour at the dominant periodicity reveals great difie black—body component and the absorption are largest, in
ferences. agreement with Potter et al.'s model. The ratio of the bolomet-
RX J0558 was known to show a single-peaked pulsationrat black—body and the hard X-ray luminosities is quite low and
the spin period of the white dwarf in the hard X-rays, but different from that derived by Duck et al. (1994) who instead

5. Discussion
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Table 3. Spectral fits to the maximum and minimum spectra of RE 0751, RXJ0558 and RXJ1712. For RE 0751 the dip spectrum fit is a
reported.

Parameter RE 075114 RX J0558 53 RXJ1712-24
Maximum  Minimum  Dip  Maximum  Minimum Maximum  Minimum
Nigeans 9073 8335 1063 83%; 617 16.33 9.6
C:  0519% 0363% 0720% 0409% 0483% 04133 02633
kTS, 587 561 537 78 T 1053 108%
Les/Lhard ~05 ~02 ~1 ~04 0.6 ~0.6 ~0.6
EW 17537 1652 196722 290755 260+90 15230 17455
R® 0.79% <07 7.7 <2 <07 1. 1
X2y 0.98 120 0.96 1.01 1.23 1.11 0.96

1 Column density of the partial absorber in units of2€mn 2.

2 Covering fraction of partial absorber.

3 Temperature in units of eV.

4 Equivalent width of the 6.4 keV Gaussian in units of eV.

5 Relative normalization of the reflection component in unitssaf 2

found 2.2-1.5, compared to our 0.5. We note that RE 0751 whe low amplitude of the beat modulation, Hellier & Beardmore
at a similar flux level as that observed during ROSAT observ@&002) suggest that the accretion involved in the pole—flipping
tions. The diferences are, however, within the errors of ous only 25 percent of the total flow. The remaining material
bolometric fluxes. Given the lack of balance between theisecirculating in a diamagnetic blob flow threading the mag-
fluxes in our fits, we use again the bolometric luminosity afetosphere and forming a non—coherent accretion curtain, thus
the hard X-ray component to estimate the mass accretion rataking the spin pulsation undetectable. If so, it is reasonable
Adopting a distance of 400 pc (Patterson 1994), we derive a to-expect spectral changes during the faint phase but our spec-
minosity of 8.3<10%?erg s!, and, assuming a white dwarf massral fits do not show this in both soft and hard X-ray compo-
between 0.6-1.3B, (the latter from Cropper et al. 1998), wenents. Since the bolometric luminosities of the black—-body and
deriveM = 2-8x10%gs™. Adopting a value for the magneticoptically thin components roughly balance, we use the hard X-
moment of X10% G cn?, obtained for a 15 MG field and anray bolometric luminosity to estimate the accretion rate. We as-
average radius corresponding to the above mass range, andusie a conservative distance of 50 pa{iv1997) and a 0.M,
ing the derived mass accretion rate, we find that the Alfvevhite dwarf (Ramsay 2000), thus giving ~ 3 x 104gs?,
radiusra = 0.52(uwp)¥’ (2GMwp) Y7 (M)"27 ~ 4x 10°cm. which changes by a factor efl.7 between maximum and min-
This implies that indeed the material can be captured at laigeum of the beat pulse.
radii.

_ In RX J1712,_the pul_sation_at the synodic period indicatessa conclusions
disc—less accretion, which switches from one pole to the other
each half of a beat cycle. Henceffdiently from Polars or We have presented the first simultaneous soft and hard
disc—fed IPs, where the spin modulation is purely geometricXkray data of the three soft X-ray IPs, REJ0751, RX J0558
in stream—fed systems the poles experience changes in n@ass RXJ1712, over the wide energy range of the BeppoSAX
accretion rate. As already pointed out by Buckley et al. (1993atellite. All three sources have strong X-ray modulation at pe-
and Hellier & Beardmore (2002), the pulsation is not totaftiods identified as the white dwarf rotations in RXJ0558 and
implying that an accreting region is visible during the interRE 0751, and as the synodic period in RXJ1712. We have in-
pulse phases. The absence of an orbital variability typically éerred the temperatures of both post-shock flow and of the
pected in a disc—less configuration indicates that RX J1712ri@diated polar region of the white dwarf. The temperatures
a low inclination system. Indeed, aihclination is reported of the black—body component are very high, up to 80-100eV
by Buckley et al. (1995) and hence the secondary pole is neleRX J0558 and RX J1712, much higher than those found in
observed and the primary pole is mostly visible throughout tilee Polars. The temperature of the hard X-ray emitting region
spin cycle. Our data do not support an additional emitting ris-found between 13-30keV. Furthermore, a Compton reflec-
gion in both soft and hard X-rays. It is thus possible that th®n component is definitely present in RX J0558 and RE 0751,
pole flipping is not total, with the primary pole still accretingvhile in RXJ1712 it is favoured. The reflection likely origi-
but at a lower level, so that at beat minimum we are still viewrates at the white dwarf surface.
ing parts of the accretion flow. Then, when the visible pole is In the three systems, we find fifirences in the peri-
accreting at a higher rate (beat maximum), a higher flux aondic behaviour of the spectral components. We find that
higher absorption are expected as is observed. To accounttfa absorbing material partially covering the X-ray source is
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phase—dependent in REO0751 and RXJ1712 but not Haberl, F., Motch, C., & Zickgraf, F.-J. 2002, A&A, 387, 201
RX J0558. The column densities can be as high 83ctf2, Haberl, F., Thorstensen, J. R., Motch, C., et al. 1994, A&A, 291, 171
as in RXJ1712, which can heavily hamper the detection of sbfgberl, F., & Motch, C. 1995, A&A, 297, L37
X-rays in other hard X-ray IPs. Hell?er, C. 1991, MNRAS, 251, 693
Although these soft X-ray IPs share common propertigd€lier, C., & Beardmonre, A. P. 2002, MNRAS, 331, 407
their X-ray temporal and spectral characteristics suggest acﬁ ida, M., Mukai, K., & Osborne, J. P. 1994, PASJ, 46, L81

. . . . . |zilogly, U., Baykal, A., Alev, M., et al. 1998, Ap&SS, 259, 191
tion patterns that cannot be reconciled with a single and simgle <°c h Ramsay, G., Cropper, M., et al. 2002, MNRAS, 336, 550
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