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ABSTRACT

The ASCA spectra of ~ 20 Magnetic Cataclysmic Variables are presented.
Owing to the high spectral resolution of the SIS, we successfully resolved
the iron Ko emission line into the fluorescent (6.4 keV) and the plasma (6.7
and 7.0 keV) components. By comparing the ionization temperature, which
is obtained from the intensity ratio of the plasma line components of iron,
with the continuum temperature, we have obtained the evidence that the
post-shock plasma has a temperature distribution. Detailed analysis indicates
that the observed temperature distribution is consistent with that expected
from the post-shock plasma model in the bremsstrahlung-cooling domain. In
the framework of this post-shock plasma model, we have constrained the mass
of the white dwarf in totally nine intermediate polars, and obtained the iron
abundances. The obtained masses are generally consistent with the previous
X-ray work. We have found that the iron abundance is generally sub-Solar,
and its distribution probably peaks at 0.2-0.60. We have also shown that the
reflection from the white dwarf surface makes significant contribution to the

observed the fluorescent iron K« emission line.

Subject headings: accretion, accretion disks — novae, cataclysmic variables —

stars: abundances — stars: masses — white dwarfs — X-rays: stars



_ 3 _
1. Introduction

Magnetic Cataclysmic Variables (mCVs) are binaries composed of a Roche Lobe filling
low mass main sequence star and a magnetized white dwarf. Matter spilt over the Roche
Lobe of the main sequencé star is funneled by the magnetic field of the white dwarf, and
accretes preferentially onto the magnetic pole(s). Since the accretion flow becomes highly
supersonic as it approaches the white dwarf, a strong steady shock occurs close to the white
dwarf surface, and the accreting matter turns into hot plasma with 7' ~ 10® K at the shock

front, which radiates hard X-rays.

mCVs have been classified into two categories. One is an intermediate polar (Patterson
1994 and references therein, Hellier 1996) whose emission mainly appears in the hard X-ray
band. The white dwarf rotation is faster than the orbital revolution typically by an order
of magnitude. The other is a polar (Cropper 1990 and references therein) which mainly
emits soft X-ray rather than the hard X-ray. The soft X-ray emission originates from the
white dwarf surface, and has the blackbody spectrum with the temperature of 10-60 eV.
Another characteristics of the polar is the highly polarized infrared to optical emission.
This emission component is considered to be the cyclotron emission in the post-shock hot
plasma. Magnetic field of the white dwarf in the polar is so strong (10-60 MG) that the
white dwarf rotation and the orbital revolution are synchronized. It has been a matter of
debate why the emission spectra of the polar and the intermediate polar are so different.
Based on the ROSAT observations, Beuermann and Burwitz (1995) indicate that the
magnetic field strength plays a crucial role for differentiating the EUV to X-ray emission

distribution.

The distinction between the polar and the intermediate polar has been, however,
gradually unclear these days in that some polars show a slight asynchronism (V1500 Cyg:
Stockman et al.1988, BY Cam: Silber et al.1992, RX J1940.2-1025: Watson et al.1995),
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some intermediate polars show polarization in optical (BG CMi: Penning et al.1986,
RX J1712-24: Buckley et al.1995, Buckley et al.1997, PQ Gem: Rosen et al.1993), and
have the soft X-ray emission (PQ Gem: Mason et al.1992, Duck et al.1994, RX J0558+535
and RX J1914.4+2456: Haberl & Motch 1995).

Matter in the accretion column is considered to fall onto the white dwarf almost
radially at the free fall velocity. The temperature of the plasma hence reflects the depth of

gravitational potential of the white dwarf and can be written as

3GM M R \!
ks = g R M= 16 <O.5M@> (lﬂg[cm]) [keV] (1)

(Aizu 1973) where M and R are the mass and the radius of the white dwarf, 4 is the mean

molecular weight whose value is 0.615 for Solar abundance plasma, and my is the mass of
hydrogen atom. Below the shock front, the plasma is cooled by the thermal bremsstrahlung
in hard X-ray band and the optical cyclotron emission as it descends the column, and
settles eventually onto the white dwarf. A number of theoretical models have been proposed
to predict the radial profiles of temperature and the density in the post-shock plasma
(Hoshi 1973, Aizu 1973, Inoue 1975, Fabian et al.1976, Lamb & Masters 1979, Frank et
al.1983, Imamura et al. 1987, Wu et al.1994, Wu et al.1995, Woerk & Beuermann 1996). It
is generally accepted that the post-shock plasma is cooled by the thermal bremsstrahlung
in the intermediate polar (Fujimoto & Ishida 1997) which is believed to have a weaker
magnetic field than the polar in general. In this case, the radial profiles of the accretion
column is described by Aizu model (Aizu 1973), in which the density, the temperature,
and the velocity profiles are analytically solved by combining conservation laws of mass,
momentum, and energy including the thermal bremsstrahlung cooling. In the polar, on the
other hand, the cyclotron emission is mainly at work close to the shock front, because of the
high magnetic field and a probably lower plasma density (Lamb & Masters 1979). Even in

the polar, however, the bremsstrahlung cooling gradually dominates the cyclotron cooling
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as the plasma descends the accretion column, for the plasma is compressed by the cooling
effects. Wu et al. (1994, 1995) derived analytic formula to describe the radial profiles of
the post-shock plasma in the polar with various magnetic field strengths and the plasma

densities by taking the cyclotron cooling into account.

By measuring the shock temperature, we can set a constraint between the mass and
the radius of the white dwarf, as in eq.(1). On the other hand, the mass-radius relation
of the white dwarf was well established (Hamada & Salpeter 1961) and a simple analytic

formula is obtained by Nauenberg (1972) as

1.44 M\ 23 Mo\
( M ) _<1.44M@) [em] @

Therefore, we can evaluate the mass and the radius of the white dwaif separately from

R = 0.78 x 10°

eq.(1) and (2) by measuring the shock temperature.

In obtaining the shock temperature, one has to construct a multi-temperature
continuum spectrum model according to the theoretical temperature and density profiles
of the accretion column, and compare it to the observed spectrum. There are, however,
some practical difficulties for this. The continuum spectrum of mCVs in hard X-ray band
undergoes a strong photo-electric absorption (Norton & Watson 1989), and it cannot be
characterized by a single hydrogen column density. In addition to this, since the shock
occurs close to the white dwarf surface, a reflected X-ray emission from the white dwarf
surface further complicates the shape of the continuum spectrum (Beardmore et al.1995,
Done et al.1995, Done & Magdziarz 1998). These absorption/reflection effects prevent us
from measuring the shape of the X-ray continuum precisely. The X-ray spectra of mCVs
obtained by Ginga (Ishida & Fujimoto 1995, Ishida 1991) can be successfully fitted by a
single temperature thermal bremsstrahlung with the temperature of 10-40 keV undergoing
multi-column absorption (so-called ”partial-covering absorption” model, hereafter we refer

to this as PCA model). This fact suggests that the multi-column absorption effect appears
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more significantly in the observed spectra than the multi-temperature effect.

In spite of the difficulties, some certain progresses have been made. Cropper et al.
(1998) have constructed a continuum model according to the theoretical prediction by Wu et
al. (1994, 1995). Assuming a moderately ionized absorber, they successfully fit this model
to the Ginga spectra of mCVs, and obtained the shock temperature and hence the mass of
the white dwarf. Done & Magdziarz (1998) have taken into account Ny distribution of the
absorber, the reflection, and the temperature distribution of the plasma, and successfully

modelled the X-ray spectra of BY Cam.

The SIS onboard ASCA has an energy-resolving power (E/AE = 50) roughly ten
times as great as any detectors so far in orbit, which enable us to discern the iron K
lines of the thermal plasma origin (6.67 keV and 6.97 keV for He-like and hydrogenic iron,
respectively) from the fluorescent iron K« line which generally appears at 6.40 keV. The
ASCA SIS thus provides us with an absolutely new probe to diagnose the hot plasma —
measurement of the emission lines. By making use of this high spectral resolution, Hellier,
Mukai, & Osborne (1998) already analyzed the iron line spectra of 15 mCVs, and found
a broadening of the lines from the plasma probably as a result of the resonance trapping.
The emission lines will be of essential importance in improving our understanding of the

state of the post-shock plasma in mCVs.

In this paper, we present results of hard X-ray spectroscopy of some 20 mCVs
observed by ASCA. Since the temperature dependence of the emissivity of the thermal
bremsstrahlung and that of the iron line are different, we can expect to obtain different
temperatures from the continuum and the lines, if the post-shock plasma reaily has a
temperature distribution as predicted by a number of theories. This would provide us with
a new information for investigating the shock temperature and the temperature distribution

in the post-shock plasma. In § 2, we describe how the observations were conducted, and
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explain the data analysis method. In § 3, we present our results from the iron line and
the continuum analysis. We make discussions based on the results in § 4, and provide

summaries in § 9.

2. Observation

The Advanced Satellite for Cosmology and Astrophysics (ASCA) (Tanaka et al.1994)
has observed ~30 mCVs since its launch on 1993 Feb 20. ASCA is equipped with four
equivalent Wolter I type thin foil-nested X-ray telescope modules (XRT; Serlemitsos et
al.1995) whose focal length is 3.5 m. Two kinds of detectors are adopted for ASCA. One
is the SIS (Solid-state Imaging Spectrometer) which adopts X-ray CCD camera (Burke
et al.1991, Burke et al.1994, Yamashita et al.1997). The SIS is characterized by its high
spectral resolution (E/AE = 50 at 5.9 keV) and high sensitivity in lower X-ray energy down
to ~0.4 keV. The field of view of the SIS is a square with 11’ x 11" in 1-CCD readout mode.
The other is the GIS (Gas Imaging Spectrometer) which is a gas scintillation proportional
counter (Ohashi et al.1996, Makishima et al.1996). The GIS has a wide field of view (a
circle with 25’ in radius), a high time resolution and a high sensitivity in high energy band
up to 10 keV, although its spectral resolution is worse than the SIS by a factor of four. In
the common focal plane of the XRTs, two equivalent modules of the SIS and the GIS for

each are mounted, which are referred to as SISO, SIS1, GIS2, and GIS3, respectively.

In this paper, we compile results from observations of 23 targets (29 pointings)
from 1993 May to 1996 Oct. All these data are already in the public archive. We have

summarized the observation status of each source in table 1.
EDITOR: PLACE TABLE 1 HERE.

All the GIS observations were performed with the Pulse-Height normal mode (PH normal
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mode) in which 0.7-10 keV band is covered with 1024 evenly spaced energy channels. On

the other hand, the SIS observations are carried out either with Faint mode or Bright mode.
These modes cover 0.4-10 keV band with 4096 and 2048 energy channels, respectively. We
have made a reduction of the Faint mode data into the Bright mode format before screening

the data, only if these two modes coexist in one observation.

In extracting photons from a target, we have adopted a circular aperture centered on
the X-ray image of each target, with radii of 4’ and 6’ for the SIS and the GIS, respectively.
For background, we have used the entire chip outside the source integration region for the
SIS, while an annulus region whose radius is the same as the distance between the boresight

of the XRT and the center of the source integration region is used for the GIS.

To obtain spectra of the SIS and the GIS, we have adopted the following data selection
criteria. We have discarded data taken when the field of view is within 5° from the earth
rim. For the SIS, we have further excluded the data while the field of view is within 20°
from the bright earth rim. The data during the spacecraft passing through the SAA are
not used. In table 1, we have summarized the effective exposure time and the counting rate
for each source after these selections are made. In addition to these selections, we further
set one criterion of only accepting £he data taken while all the four detectors were normally
observing the target simultaneously, in order to combine the spectra of the SIS and the
GIS. We then summed the spectra of SISO and SIS1 and made the SIS spectrum, and did
the same for the GIS spectrum. In fitting the spectra, we combine the SIS and the GIS
spectra thus obtained, and fit them simultaneously using XSPEC (v9.01) in XANADU
package, although only the SIS spectra will be shown hereafter. The errors quoted hereafter

are always those at the 90% confidence level.
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3. Analysis and Results

3.1. Iron Emission Lines and lonization Temperature

We show the spectra of mCVs observed with ASCA in the band 5-10 keV in Fig. 1.

EDITOR: PLACE FIGURE 1 HERE.

Because of statistical limit, detailed structure of the iron emission lines are not very clear
for some sources. Nevertheless, the fluorescent K« line (~ 6.4 keV) and the lines from the
hot plasma (He-like iron K« line at 6.68 keV and hydrogenic at 6.97 keV) are evidently

resolved for some sources (e.g. (h) and (i) AM Her, (j) BY Cam, (n) V1223 Sgr and so on).

In evaluating the intensity of each line component, we have adopted following method.
We have first neglected the energy range between 6.0-7.2 keV, and have fitted the spectrum
with the thermal bremsstrahlung with the photoelectric absorption. In this fitting, hydrogen
column density of the photoelectric absorption is determined solely by the depth of the iron
K-edge at ~ 7.1 keV. Then we have retrieved the data points in the band 6.0-7.2 keV, have
inserted three Gaussians which represent the fluorescent and the plasma line components,
and have fitted the spectrum again. In this spectral fitting, we have fixed all the continuum
parameters at the values determined by the continuum fit excluding 6.0-7.2 keV. For the
sources with poor statistics, we have constrained the central energy of the hydrogenic K«
line to be 1.04 times of that of the He-like line. For some sources, we have also fixed the

central energy of the fluorescent iron K« line at 6.40 keV.

The resulting spectral parameters are summarized in table 2.

EDITOR: PLACE TABLE 2 HERE.
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Th¢ table contains the central energies, intensities, and equivalent widths of the three iron
line components, and the ionization temperature (k7},,). If the plasma is isothermal and
in ionization equilibrium, the intensity ratio of He-like and hydrogenic K« lines is a unique
function of the plasma temperature (Mewe et al.1985). This plasma temperature is defined
to be the ionization temperature for the given intensity ratio. In mCVs, the obtained
lonization temperature gives an average over the entire post-shock plasma if there is a

temperature distribution in the plasma (§§ 4.1).

We have also listed in table 2 the hydrogen column density of the absorber (VH,edge )
the continuum temperature (kT,on;), and the continuum temperatures measured by Ginga
(kTginga) (Ishida 1991). The continuum temperatures (kT.on;) quoted in this table are

derived in the next section.

3.2. Continuum Temperature

As described in § 1, the continuum temperature of mCVs observed by Ginga distributes
in the range 10-40 keV (Ishida & Fujimoto 1995). Thus it seems difficult to evaluate it from
the ASCA data, because they cover only up to ~ 10 keV. In addition, the multi-column
absorption and the reflection from the white dwarf surface makes the temperature evaluation
further difficult. If we neglect the absorption/reflection effects and fit the spectrum by the
thermal bremsstrahlung with a photoelectric absorption with a single hydrogen column

density, resulting temperature becomes higher than the real temperature (Done et al.1995,

Done & Magdziarz 1998).

In spite of these difficulties, it is still possible to estimate the continuum temperature

from ASCA data. The photoelectric absorption in the spectrum of mCVs can be represented
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by PCA model as
folE) = ZCi exp(—Nn0(E)) fr(E) (3)

where f; and fo are the incident and the observed spectra, o(E) is the cross section of the
photoelectric absorption by matter with Solar abundance (Morrison & McCammon 1983),
Ny is the hydrogen column density of the i—th column, C; is the covering fraction of the

i—th column which satisfies
Y C; =1L
Note that ¢(E) in eq. (3) varies oc E~3 (Rybicki & Lightman 1979). Therefore, no matter

how large Ny is, there is a critical energy E¢ ;, above which energy
NH,,'O'(E) <1 (E > EC’,').

In this regime, the exponential term in eq. (3) can be expanded, and eq. (3) is transformed

folB) = exp (=[S Cuin] oB) 5E) (> o) (@

by adopting only the leading term, where Ec = max[E¢,, Ecy,...]. Equation (4) thus
implies that we can substitute the photoelectric absorption with a single hydrogen column

density ¥; C; Ny ; for the PCA model in the energy band above Ec.

The value of E¢, however, should be different from source to source, and it is not
known a priori. Therefore we have repeated the spectral fitting by changing the lower
boundary (Eg) of the energy band used in the fitting while the upper boundary energy is
fixed at 10 keV. In evaluating the continuum temperature, we neglect the band 6.0-7.2 keV

in order to avoid the iron emission lines, as in §§ 3.1. Examples of the result are shown in

Fig. 2 for AM Her and TV Col.

EDITOR: PLACE FIGURE 2 HERE.
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Here we used a single temperature thermal bremsstrahlung for the intrinsic continuum
model. If Eyp is low enough, the resulting temperature is unrealistically high. This is a
result of the hardening of the spectrum due to the multi-column densities described above.
As we‘ shift Eyp to a higher energy, the resulting temperature goes down and seems to
converge to a constant value. This occurs in Erg > 4 keV (= E¢) for both sources in
Fig. 2, which is the regime in which the observed spectrum is described by eq.(4). We have
adopted Erp which gives the shortest error bar for the temperature in this regime for each
source, and have listed in table 2 as AT,.,,, together with that determined from Ginga data
(Ishida 1991). Ginga and ASCA temperatures show a reasonable agreement, although the

errors of ASCA temperatures are larger in general because of a limited energy band.

Note that it is believed that there is a temperature distribution in the post-shock hot
plasma, whereas we have adopted the single temperature thermal bremsstrahlung as the
continuum model. Therefore the tabulated temperatures should probably be considered as
a kind of averaged ones over the entire post-shock plasma. Note also that, although we have
taken into account the effect of absorption on the temperature evaluation carefully, it has
been pointed out that the resulting average temperature is even reduced if one models the
reflection carefully (Done et al.1995, Done & Magdziarz 1998). This point will be discussed
in §§4.1.

3.3. Line of Sight Absorption

We have attempted to obtain the amount of the line of sight absorption by the spectral

fitting. In doing this, we have adopted the following techniques.

1. We have adopted a single temperature thermal bremsstrahlung as a continuum

spectral model. The temperature of the thermal bremsstrahlung is fixed basically at
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the value measured by Ginga, because of its better statistical quality.

2. For the sources for which ASCA and Ginga temperatures are inconsistent, or ASCA
measurement has a better statistical quality, or there is no Ginga measurerﬁent, we
have adopted ASCA temperature. We have fixed the temperature either at 5, 10, 15,
20 keV closest to the best-fit value obtained by ASCA with the method described in
§§ 3.27(table 2).

3. We have modelled the absorber by PCA model basically with two different hydrogen
column densities. We have used PCA model with three different column densities, if
the two columns is not acceptable at the 90% confidence level, or the three columns are

recommended by the F-test. We have assumed Solar abundance for the composition

of the absorber (Morrison & McCammon 1983).

4. In the process of the spectral fitting, we have found several emission lines other than
those from iron. We have added Gaussians to represent them based on the F-test

recommendation.

The results of the fit are shown in Fig. 3. The best fit parameters are listed in table 3.

EDITOR: PLACE FIGURE 3 HERE.

EDITOR: PLACE TABLE 3 HERE.

The table contains adopted temperatures, hydrogen column densities and their covering
fractions (Ny; and C; in eq.(3) and (4)), observed and absorption-corrected fluxes,

bolometric luminosities with the distance assumed to be 100 pc (= 47 D?*Fx where
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D =100 pc). In addition, for later discussion, we have also tabulated effective hydrogen

column density, Ny o, appeared in the bracket of eq.(4)

Nuest = ZCi Nu (5)

and the equivalent widths of the fluorescent iron K« line (the same as those in table 2) for

easier reference in §§ 4.3.

We summarize some special treatments applied for each source in course of spectral

fitting below.

EF Eri — In addition to iron emission lines, He-like and hydrogenic Oxygen lines
(0.568 keV and 0.654 keV, respectively) are required. They are significant at more than

99% confidence level from the F-test.

BL Hyi — The spectrum of BL Hyi can be fitted by the photoelectric absorption with a
single hydrogen column density, not by PCA-model.

RX J1802.141804 — The spectrum of RX J1802+1804 requires a distribution in the
plasma temperature rather than in the absorption column density. The only mCV that has
been known to show a multi-temperature plasma emission in the continuum spectrum is
EX Hya (see below). As in EX Hya, this feature is probably a direct observational evidence
of the cooling of the post-shock hot plasma (Ishida et al.1998).

QS Tel — As in BL Hyi, the spectrum can be fitted by a single temperature thermal
bremsstrahlung with a single hydrogen column density, although it is possible this is a

result of statistical limitation.
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EX Hya — The spectrum of EX Hya requires a distribution in the plasma temperature
rather than in the absorption column densities. This point is already discussed by several
authors (Singh & Swank 1993, Ishida et al.1994a, Ishida et al.1994b, Fujimoto & Ishida
1997). Here we adopt the two temperature thermal bremsstrahlung with a common simple
absorber, although the fit is not acceptable (x2 = 1.88). EX Hya requires a series of
hydrogenic and He-like emission lines from Ne, Mg, Si, S, Ar and Fe, which are also

discussed in detail by Fujimoto and ishida (1997).

V1223 Sgr — He-like and hydrogenic K« emission lines from O, Mg, Si and S are
necessary to fit the spectrum. All these lines are proved to be significant at more than 90%

confidence level from the F'-test.

AO Psc — He-like and hydrogenic Ka emission lines from O and Si are inserted. They

are significant at more than 95% confidence level.

TV Col — He-like and hydrogenic Ne K« lines are significant at more than 99%

confidence level.

AE Aqr — Asin EX Hya, the spectrum requires two plasma temperatures. We therefore
fit the spectrum with two temperature R&S model with the photoelectric absorption with a
single hydrogen column density. Note, however, that the white dwarf in AE Aqr rotates so
quickly (P = 33 s) that the accreting matter is possibly blown away before settling onto the
white dwarf surface due to a propeller effect (Wynn & King 1995). It is thus possible that
the X-ray emission observed by ASCA originates from somewhere close to Alfvén surface.

We have added He-like and hydrogenic K« emission lines from Ne, Mg, Si and S.
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GK Per in outburst — This is the only source that requires PCA model with four

different hydrogen column densities. In addition to this, there is a sign of the soft X-ray
component at the lower energy end. This hump can be fitted by the blackbody spectrum
with the temperature of 70 eV. It is necessary to include a Gaussian representing He-like

Ne Ka emission line.

4. Discussion
4.1. Temperature Distribution in the Post-Shock Hot Plasma

In §§ 3.1 and 3.2, we have derived the plasma temperatures measured from the iron
emission lines (ionization temperature) and from the continuum (continuum temperature),
both of which are listed in table 2. In Fig. 4(a) we have shown a scattered plot between

these two temperatures.

EDITOR: PLACE FIGURE 4 HERE.

The dotted line indicates ionization temperature = continuum temperature. Because of
limited statistics, each data point is not constrained very well. Nevertheless, it is clear that

the lonization temperatures are systematically lower than the continuum temperatures.

Note, however, that the continuum temperatures shown in Fig. 4(a) are probably higher
than the true averaged temperatures, because we do not take into account the hardening of
the spectrum caused by the reflection explicitly (§§ 3.2). Beardmore et al.(1995) evaluated
the temperature of AM Her by the PCA model and the single temperature thermal
bremsstrahlung with and without the reflection. The resulting temperatures are 13.5 keV
and ~ 20 keV with and without the reflection, respectively (see their table 3). Done et

al.(1995) did the same analysis for Ginga spectra of EF Eri, and obtained 11 keV and
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14.4 keV, respectively. Note that we have mentioned in §§ 3.2 that the ASCA temperatures
are consistent with those obtained by Ginga, which strongly indicates that our analysis
underestimates the average continuum temperature. These results, however, suggest that
the difference is at the level of 20-40 %. Therefore, we have made the maximum 40 %
correction for the continuum temperature of the dotted line, and have drawn as a dot-dash
line in Fig. 4(a). Even with respect to the dot-dash line, some 80 % of all the data points
still distribute in the area of the lower ionization temperature. Therefore, we consider that
the lonization temperature of iron is lower than the continuum temperature collectively,
although it is difficult to claim this for the individual sources because of the statistical

limitation.

If the post-shock plasma is isothermal and in ionization equilibrium, the ionization
temperature and the continuum temperature should be equal. The lower ionization
temperature thus indicates at least either one of these two conditions is broken. A well
known example of ionization non-equilibrium is a supernova remnant in which the ionization
temperature is lower than the continuum temperature in general (Tsunemi et al.1986).
Masai (1984) calculated temporal evolution of the ionization distributions of abundant
heavy elements immersed in the ambient thermal plasma, and concluded that the elements
become in ionization equilibrium with the plasma if n.t > 10'2cm™3s, where n, is the
electron density, and f is the elapsed time since the matter is shocked. In the post-shock
plasma, however, n.t is estimated to be as great as ~ 10'%cm™3s (Fujimoto & Ishida 1997),
where we adopt the cooling time of the plasma as ¢. Therefore it is impossible to attribute

the lower ionization temperature to the ionization non-equilibrium.

The remaining possibility is thus a temperature distribution in the post-shock hot
plasma. As shown in Fujimoto and Ishida (1997), the emissivities of He-like and hydrogenic

iron K« lines peak at kT ~ 5 keV and ~ 10 keV, respectively. The continuum emissivity
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is, on the other hand, proportional to T'/2, namely always weighted to higher temperature
regions. Therefore, the ionization temperature is expected to be lower than continuum
temperature if there is a temperature distribution in the plasma. The observed loWer
ionization temperature indicates that the post-shock plasma is not uniform and has a

temperature distribution.

As a next step, we have attempted to evaluate the temperature distribution
quantitatively. As we commented at the end of §§ 3.2, the continuum temperature shown in
the abscissa of Fig. 4(a) is not the shock temperature but a kind of the average temperature.
In order to obtain the shock temperature from the observed continuum temperature, Wu et
al. (1995) developed so-called the “quick fix” method to convert the continuum temperature
to the shock temperature, and applied to the Ginga data. As mentioned in §§ 3.2, Ginga
and ASCA continuum temperatures are basically consistent. Therefore, we have applied
this method to the ASCA data, and have plotted the ionization temperature versus the
converted shock temperature in Fig. 4(b). Since the X-ray-emitting plasma is considered to
be in the bremsstrahlung-cooling domain (Lamb & Masters 1979), we assume B = 0 in the

process of conversion with the quick-fix method.

We next consider a theoretical relation between the ionization temperature and the
shock temperature. In the bremsstrahlung-cooling domain (Lamb & Masters 1979), the
radial profiles of the temperature and the density of the post-shock plasma are subject
to Aizu model (Aizu 1973, see § 1 also). Combining this with the atomic data table by
Mewe et al. (1985), Fujimoto and Ishida (1997) calculated the intensities of hydrogenic
and He-like iron K« emission lines (see their eq.(4)) expected from the entire-post-shock
plasma, and obtained the average ionization temperature as a function of kTs and kT (see
their eq.(5)). In Fig. 4(b) also shown are the relation between the shock temperature and

the average ionization temperature thus calculated with kTy = 0, 2, and 4 keV. The relation
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between the shock temperature and the ionization temperature is not very much affected
by the base temperature as long as it is lower than 2 keV. If it is higher than this, the
ionization temperature becomes higher for a given shock temperature. This is because the
intensity of the He-like iron K« line is more reduced because of a higher base temperature,
below which the plasma is considered to be optically thick for the line emission. Although
statistical quality of data is not very good, the temperature distribution observed by ASCA
is consistent with that expected from Aizu model (Aizu 1973). Therefore, we hereafter

assume Aizu model for the density and the temperature profiles of the post-shock plasma.

A few remarks are in order here. First, base temperatures have been measured
observationally for several sources. They are 0.8 £ 0.2 keV for EX Hya (Fujimoto & Ishida
1997), < 2 keV for AO Psc (Hellier et al.1996), < 0.5 keV for V1223 Sgr (Fujimoto 1996).
Therefore it seems reasonable to assume k7Tg < 2 keV hereafter for the post-shock plasma.
Second, we have assumed B = 0 in converting the continuum temperature into the shock
temperature in Fig. 4(b). This is, however, not a good assumption for polars. In polars, the
post-shock plasma is believed to be in the cyclotron-cooling domain near the shock front.
Therefore, the values of the shock temperature of polars plotted in Fig. 4(b) are not really
the shock temperatures but the temperatures at which the bremsstrahlung cooling starts to

dominate the cyclotron cooling (Wu et al. 1994, Wu et al.1995).

4,2. Mass of the White Dwarf in Intermediate Polars

As described in § 1, we can derive the mass of the white dwarf if the shock temperature
is known, with an aid of the mass-radius relation (Nauenberg 1972). Since we have obtained
the relation between the shock temperature and the ionization temperature based on Aizu
model (shown in Fig. 4(b)), we can obtain a theoretical relation between the mass of the

white dwarf and the ionization temperature which is observable, as shown in Fig. 5.
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EDITOR: PLACE FIGURE 5 HERE.

Again we show the cases for kTg = 0, 2, and 4 keV. As the base temperature increases,
the ionization temperature also increases for a given mass of the white dwarf, because the

intensity of He-like iron A« line is more reduced than that of hydrogenic K« line.

By making use of this figure, we can evaluate the mass of the white dwarf from the
observed ionization temperature. In table 4, we list the ionization temperatures, which are

the same as those listed in table 2, and masses of the white dwarf thus obtained.

EDITOR: PLACE TABLE 4 HERE.

In addition to AO Psc (Hellier et al.1996), EX Hya (Fujimoto & Ishida 1997), and V1223 Sgr
(Fujimoto 1996), we have obtained mass constraints for 6 other intermediate polars —
RX J1712-24, RX J0558+535, FO Aqr, TV Col, TX Col, and GK Per. As described at the
end of §§ 4.1, we have assumed kTg < 2 keV, and have used the curve of kTg = 0 keV.
The ionization temperature of the polars should be regarded as the average only over the

bremsstrahlung-cooling domain. Hence we do not tabulate the masses of the polars.

For comparison, we have also tabulated the results of Cropper et al. (1998) who
obtained the masses from analysis of the Ginga continuum spectra. There are five
intermediate polars for which the mass is determined with both methods. Except for
TV Col, the results from the other four intermediate polars show a reasonable agreement

between the two methods.

The emission line is a local structure in the spectrum, and hence almost free from the
complicated absorption/reflection appearing in the continuum spectrum (see § 1). Our line
spectroscopy method still suffers from a statistical limitation, and shows somewhat larger

errors than those in Cropper et al. (1998). This problem will, however, be resolved in the
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near future with a larger effective area in the iron line energy band of XMM and ASTRO-E.

4.3. Iron Abundances

In Fig. 6(a), we have plotted the equivalent width of the iron emission lines versus the

ionization temperature.

EDITOR: PLACE FIGURE 6 HERE.

From a statistical point of view, we have adopted the sum of the equivalent widths of

hydrogenic and He-like K« lines.

The continuum intensity from the multi-temperature plasma at the iron line energy
can be calculated with the same process as the line emission, just by replacing the line
emissivity with the continuum emissivity. The intensity ratio of the line to the continuum
gives the theoretical prediction of the equivalent width from the plasma subject to Aizu
model. Comparing the observed equivalent width to the prediction, we can evaluate the
abundance of iron. In doing this, we have adopted the continuum emissivity model of the
optically thin thermal plasma from Mewe et al.(1986), and folded it with the temperature
and the density profiles of Aizu model. We then have calculated the theoretical equivalent
width as a function of the ionization temperature for the plasma with Solar composition
(Morrison & McCammon 1983). The cases of KTy = 0, 2, and 4 keV are also shown
in Fig. 6(a). By comparing the data with the curve of kTg = 0 keV, we have obtained
the abundances of each mCV, which are listed in table 4. We have found that the iron

abundance of mCVs is sub-Solar in general.

The distribution of the iron abundance is shown in Fig. 6(b). Note that we have not

considered the error quoted in table 4 and accumulated the data just by referring to the
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central values. We have omitted RX J1802+1804 and AE Aqr because of their huge errors.
The distribution probably peaks at 0.2-0.60.

Note that the post-shock plasma is optically thick for the resonance trapping of the
iron Ao emission. Done et al. (1995), for example, estimated its optical depth to be 25.
One may thus consider this affects the abundance estimation made here. Nevertheless, we
believe our conclusion that the iron abundance is sub-Solar needs not to be changed for the
following two reasons. First, the electron excited to 2p state by trapping the Ko photon
from other iron atom can be relaxed only by emitting A« photon for He-like and hydrogenic
iroﬁ. Therefore, the resonance trapping just works as a scattering, and we observe K«
photons from the entire post-shock plasma, although they are retarded from the continuum
emission. Second, as a result of the optically thick effect, the emergent iron K« photons
are no longer isotropic. If the shape of the post-shock accretion region is a geometrically
thin slab, for example, they are preferentially emitted upward and downward. However,
this effect is probably washed out because our conclusion is derived from evaluation of the
rotational phase-averaged spectra of a number of targets. We can thus expect that we have

observed the post-shock plasma uniformly from various directions.

Finally, we have to stress again that the sub-Solar abundance is true only “collectively”
for mCVs, and one must be careful in estimating the abundance for individual sources by
the Ko emission line. Recently, some polars are found that show extraordinarily large
equivalent width of iron Ko emission line such as AX J2315—592 (Misaki et al.1996) and
RX J1802+1804 (Ishida et al.1998). A common feature of these two polars is that the
accreting pole is always on a visible hemisphere of the white dwarf, and it is expected that
we observe them mainly close to a pole-on geometry. Therefore, although it is possible that
they really have a high iron abundance, it is also possible that the iron K« emission is

enhanced in this direction as a result of the optically thick effect of the resonance trapping.
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The latter is possible to be true if the shape of the emission region is a geometrically thin

slab.

4.4. Origin of the Fluorescent Iron Ka Line

In §§ 3.1 and 3.3, we have evaluated the equivalent width of the fluorescent iron K«
line (at 6.4 keV) and the line of sight absorption, respectively. Since the fluorescent iron
Ko line is emitted via reprocess from matter surrounding the post-shock hot plasma, one

can expect some relation between the equivalent width and the line of sight absorption.

Assuming a point-like X-ray source is surrounded by matter with a column density of
Ny by 47 solid angle, Inoue (1985) derived a simple relation between the equivalent width

and Ny as
Ny
1021cm—2

EW = [eV] (6)

for the case that the X-ray spectrum is a power-law with the photon index (') of 1.1. As
shown in §§3.3, however, thickness of matter surrounding the post-shock plasma is not
uniform, for the absorption is represented by PCA model, and the X-ray spectrum is not

the power-law but the thermal bremsstrahlung. In this case, eq.(6) is modified as

2w = o3 () 1V
where a is a correction factor for the X-ray spectral shape. In the case of PCA model,
the equivalent width is the sum of contribution from surrounding matter with different
thickness, weighted by the solid angle. Here the solid angle should represent a real spatial
distribution of matter, although it is impossible to know that in principle, because the
accretion-pole geometry with respect to the observer is fixed. Owing to the rotation of
the white dwarf, however, we may well assume that the covering fractions evaluated with

the phase-average spectra approximately represent the real spatial distribution of matter
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surrounding the post-shock plasma, as far as we treat many sources collectively. Then we
can set §);/47 equal to the covering fraction of i-th column (= Ci) in eq.(3). Hence, the

above equation can be transformed using eq.(5) as

where Ny o is listed in table 3.

The correction factor « is obtained as follows. The equivalent width expected for a

given incident spectrum f; satisfies

1 o . ,
FW « mé[{edse jI(E)UFe(EKedge,E)dE, (8)

where Eyeqpe and Eg, are the energies of the iron K-edge and the K« line which are 7.1
and 6.4 keV, respectively. OFe( Enedge, F) is the cross section of the iron K-edge (Reilman
& Manson 1978, Reilman & Manson 1979). Since & = 1 for the power-law with I' = 1.1,
« for the thermal bremsstrahlung is obtained as the ratio of eq.(8) with f; of the thermal
bremsstrahlung to that of the power-law with I' = 1.1. For the thermal bremsstrahlung
spectrum with the temperatures of 10, 15 and 20 keV, a becomes 0.67, 0.74, and 0.78,

respectively.

In Fig. 7(a), we have plotted the observed equivalent width (EWgps) of the fluorescent

iron Ka line versus Ny o, both of which are listed in table 3.
EDITOR: PLACE FIGURE 7 HERE.

We have also drawn the expected relation (eq.(7)) with the incident thermal bremsstrahlung
spectrum of k7' = 10 and 20 keV. Although a statistics is limited, we can at least claim
that the data points locate above the expected lines on the whole. Since the measured

abundance is generally sub-Solar (table 4), whereas the expected relation is calculated



- 25 —

in the case of Solar abundance, this tendency would be more conspicuous if we make a

correction for the abundance.

It has been pointed out that the white dwarf surface is probably a non-negligible source
of the fluorescent iron A« emission line (Beardmore et al.1995, Done & Magdziarz 1998).
Since the reflectivity of the white dwarf surface is not very high (at most 0.3 at 10 keV),
the continuum spectral shape is not affected by the reflected component so much. However,
the equivalent width of the fluorescent line with respect to the reflected continuum is as
great as a few keV (Inoue 1985). Therefore, the fluorescent iron line can appear on the
observed continuum with an equivalent width as much as ~100 eV even if the line of sight

absorption is negligibly small.

We have thus attempted to explain the amount of the observed equivalent width by the
sum of contributions from the line of sight absorber and that from the white dwarf surface.
In doing this, we have to make an abundance correction for the white dwarf component to
compare different sources with different abundances. Note that this is not necessary for the
absorber component, because both the equivalent width and Ny scale in proportion to the
abundance, and thus eq.(6) holds irrespectively of the abundance. The corrected equivalent

width to Solar abundance EW,, of each source is calculated by
EW.r = EWg — (EW(Z) — EW(Zp)) [eV] (9)

where EW s is the observed equivalent width, EW(Z) is the equivalent width expected from
the white dwarf surface with the iron abundance of Z. George and Fabian (1991) calculated
equivalent widths of K« emission lines from heavy elements in various configurations and
abundances of reflectors. They obtained EW(Z;) = 100 eV in the case that the reflector
subtends 27 solid angle over the thermal bremsstrahlung X-ray source (kT = 10 — 20 keV)
and the angle between the observer’s line of sight and the normal of the reflecting surface is

60°.



— 26 —

In Fig. 7(b), we have plotted EW,,, of mCVs versus Ny er. For abundance correction,
we have used the values listed in table 4. Some data points for which we are not able to
obtain the abundance value are omitted in converting the data from Fig. 7(a). In Fig. 7(b)
also drawn are dashed curves which are

EWew = EW(Zs) + = (—‘N“L_) eV] (10)

2 \10%l¢m—2

in which o =0.67 (kT'=10 keV) and 0.78 (kT=20 keV). The factor 1/2 in the second
term of the right side is introduced, because now we consider that the white dwarf surface
occupies 27 solid angle and hence the absorber should be considered to subtend the rest 27
solid angle, not 47. The data points scatter around the dashed curves representing eq.(10),
and indicates that the amount of the observed fluorescent iron Ko emission line can be
explained by the sum of contributions from the white dwarf surface and the matter in the
line of sight. The latter is probably in the pre-shock accretion column. It is particularly
important to note that the equivalent width as great as 100 eV is found even from the
targets showing a weak absorption Nuer < 10%2cm~2. This is a clear observational evidence
that the reflection from the white dwarf generally makes a significant contribution to the

fluorescent iron Ka line in mCVs.

We would like to make some remarks here. First, some recent works adopt a continuous
distribution for the covering fraction of the absorber rather than several discrete values as
in PCA-model (Norton et al.1991, Done & Magdziarz 1998). They generally assume that
the covering fraction obeys the power-law of Ny, namely o Ny A Although a continuous
distribution for the covering fraction is probably more realistic, the absorption structure is
really complex and it is difficult to predict the distribution function of the covering fraction.
Generally, the maximum column in the continuous distribution model is larger than the
greatest column in PCA model. Both models can be, however, consistent because PCA

model samples the continuous distribution of the column with a limited number of discrete
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Second, recent works (including this paper) have started to show that there is a
temperature distribution in the post-shock plasma (Fujimoto & Ishida 1997, Done &
Magdziarz 1998, Ishida et al.1998). One of the differences of the multi-temperature plasma
emission from a single temperature one is that the spectrum is softer in a lower energy band.
If a single temperature thermal bremsstrahlung model with the absorption is applied to this
multi-temperature plasma emission spectrum, one may expect that Ny is underestimated.
However, Done et al.(1995) show that the continuum shape of the single temperature
thermal bremsstrahlung and the multi-temperature one is small in the band below 10 keV,
and hence the underestimation of Ny is expected to be small. As a matter of fact, although
the covering fraction and the hydrogen column density of each PCA component (C; and

Ny ; in eq.(4)) slightly alter if we substitute so-called Boltzmann model spectrum
F(E) = A-ETe B/FT

which can mimic the multi-temperature thermal bremsstrahlung, for the thermal
bremsstrahlung, resulting effective hydrogen column density (Nys: €q.(4)), which is the
key parameter to predict the equivalent width in eq.(7), does not change more than ~ 10 %.
This is because Ny (¢ is determined in the fitting mainly by the depth of the iron K-edge
at 7.1 keV. Since this is a local structure in the continuum spectrum, Ny . becomes free

from overall spectral shape.

Finally, we consider the effect of the reflected continuum on the evaluation of Ny .4
which has so far been assumed to originate solely from the matter in the line of sight.
Although the intensity of the reflected continuum is at most of order ~ 0.1 of that of
the direct component, it shows a strong iron K-edge in its spectrum, which may affect
our estimation of the line of sight Ny.s. We have thus attempted to perform a spectral

simulation with ”fakeit” command in the XSPEC package. As an incident spectral model,
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we have assumed a power-law with ' = 1.3 undergoing the photoelectric absorption with a
single hydrogen column density Ny, cloud- We have added to this a component reflected from
the white dwarf surface with Solar abundance (”plrefi” model in XSPEC). Here we have
assumed that the white dwarf surface subtends 27 solid angle, and the angle between the
line of sight and the normal of the surface is 60°. We then have made simulated spectra for
various Ny coud Which includes totally 500,000 photons for each, fitted it by the power-law
with PCA model, and obtained resulting Ny .5 according to eq.(5). In Fig. 8, we show a

relation between Ny o4 and N e

EDITOR: PLACE FIGURE 8 HERE.

It is now revealed that the observed Ny e probably includes an offset of 1022cm—2 brought
about by the continuum reflected from the white dwarf surface. Equation (7) indicates,
however, that this offset amounts only to several eV in the equivalent width. Thus we
consider it is effectively not necessary to make any correction to the relation between the

equivalent width and Ny .« (Fig. 7).

5. Conclusion

We have presented ASCA data of ~ 20 mCVs, with a particular stress on the iron
emission lines. The high spectral resolution of the ASCA SIS enables us to resolve
the hydrogenic and He-like iron Ko emission lines. The intensity ratio of these two line
components provides us with a completely new probe to diagnose the post-shock hot plasma,
namely the ionization temperature. Since the temperature dependence of the volume
emissivity is different between the continuum and the lines, the continuum temperature
and the ionization temperature are different if the plasma has a temperature distribution.

The ASCA observations really show that the ionization temperatures are lower than the
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continuum temperatures in general, which is the first clear observational evidence of the
existence of a temperature distribution in the post-shock hot plasma. From a detailed
analysis, we have shown that the observed relation between the continuum temperature and
the ionization temperature is consistent with that expected from the post-shock plasma

being cooled by the optically thin thermal plasma emission (Aizu 1973).

In the framework of Aizu model, we have set constraint on the masses of 9 intermediate
polars (see also Hellier et al.1996, Fujimoto & Ishida 1997, Fujimoto 1996) with our line
spectroscopy method. We have compared the masses obtained here and those from Cropper
et al. (1998) who derived the masses by evaluating the Ginga continuum spectra, and found

reasonable agreements between them.

Within the framework of Aizu mode, we can obtain the expected equivalent width
of the iron Ka lines. By comparing this to that observed, we have evaluated the iron
abundances of mCVs observed by ASCA. We have shown that the iron abundances of

mCVs are generally sub-Solar, and the distribution probably peaks at 0.2-0.6%.

The ASCA SIS can also resolve the fluorescent iron K« emission line from the plasma
iron line components. We have investigated the equivalent width of the fluorescence
component in relation with the line of sight absorption. The equivalent widths as great as
~ 100 eV are found even from sources whose spectra show the absorption with Ny smaller
than 10*2cm~2. Detailed analysis indicates that the reflection from the white dwarf surface

makes significant contribution to the observed fluorescent iron K« line.
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Fig. 1.— ASCA SIS spectra of mCVs in the band 5-10 keV. In the upper plot of each
panel, crosses are the data points and the histogram is the model composed of the thermal
bremsstrahlung undergoing the photoelectric absorption plus three Gaussian lines. The lower
plot indicates fit residuals in the unit of o. Note that although only the SIS results are shown,

the fits are carried out simultaneously with the GIS and the SIS.

Fig. 2.— Examples of evaluating the continuum temperature for AM Her and TV Col,
Each spectrum is fitted by the thermal bremsstrahlung with the photoelectric absorption
represented by a single hydrogen column density in the band Eyg-10 keV. If Epg is low
enough, the fitting results in a very high temperature due to a hardening by the partial-
covering absorber. As we shift Epp to higher energies, The temperature converges to a real

value (see the text).

Fig. 3.— ASCA SIS spectra of mCVs in the full energy band. They are basically represented
by a single temperature thermal bremsstrahlung undergoing a partial-covering absorption
with two or three column densities. Exceptions are EX Hya, AE Aqr and RX J1802+1804
in which the spectrum requires multi-temperature thermal bremsstrahlung. In addition to
iron emission lines, some spectra show evidence of other emission lines such as Ne, Mg, Si,
S and Ar. For detail, see §§ 3.3. Note that although only the SIS spectra are shown, the fits

are performed simultaneously with the SIS and the GIS.

Fig. 4.— (a) A scattered plot between the ionization temperature and the continuum
temperature. The latter is generally higher than the former, indicating a temperature
distribution in the post-shock hot plasma. The dotted line implies ionization temperature =
continuum temperature. The dot-dash line is drawn with 40 % correction of the continuum
temperature to the dotted line, which implies the correction for the hardening of the spectrum
brought about by the reflection from the white dwarf. (b) The same plot as (a) but the

continuum temperature is corrected to the shock temperature according to Wu et al. (1994,
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1995). Dashed curves indicate predictions by Aizu model with the base temperature of 0, 2,
and 4 keV.

Fig. 5.— Theoretical relation between the mass of the white dwarf and the ionization

temperature expected from Aizu model. We show cases for the base temperature = 0, 2,

4 keV.

Fig. 6.— (a) A scattered plot between the ionization temperature and the summed equivalent
width of the hydrogenic and He-like iron K « lines. Curves shown are relations expected from
Aizu model with Solar abundance accreting matter with the base temperature of 0, 2, 4 keV.

(b) Abundance Distribution.

Fig. 7.— (a) A scattered plot between the effective hydrogen column density and the
equivalent width of the fluorescent iron K« emission line. Dotted lines show expected
relations when a point-like thermal bremsstrahlung source is surrounded by a uniform
absorber by 47 solid angle. (b) The same as (a) but the equivalent width of each source is
corrected in the case of Solar abundance. The dashed curves represent the equivalent widths

expected from the sum of contributions from the white dwarf surface and the line of sight

absorber (eq.(10)).

Fig. 8.— Simulated relation between observed Ny .4 and Ny which is purely from the line
of sight absorber (Ny.oud). It is possible that the observed Ny includes the offset of

10%2cm™2 brought about by the reflection from the white dwarf surface.
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