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ABSTRACT

We compare the optical to soft X-ray spectral energy distributions (SEDs) of a sample of bright low-redshift
(0.048 < z < 0.155), radio-quiet quasars, with a range of thermal models which have been proposed to explain
the optical/UV/soft X-ray quasar emission: (1) optically thin emission from an ionized plasma, (2) optically
thick emission from the innermost regions of an accretion disk in Schwarzschild and Kerr geometries. We
presented ROSAT PSPC observations of these quasars in an earlier paper. Here our goals are to search for
the signature of thermal emission in the quasar SEDs, and to investigate whether a single component is domi-
nating at different frequencies.

We find that isothermal optically thin plasma models can explain the observed soft X-ray color and the
mean optical-ultraviolet (OUV) color. However, they predict an ultraviolet (1325 A) luminosity a factor of 3 to
10 times lower than observed. Pure disk models, even in a Kerr geometry, do not have the necessary flexibility
to account for the observed OUV and soft X-ray luminosities. Additional components are needed both in the
optical and in the soft X-rays (e.g., a hot corona can explain the soft X-ray color). The most constrained
modification of pure disk models, is the assumption of an underlying power-law component extending from
the infrared (3 ym) to the X-ray. This can explain both the OUV and soft X-ray colors and luminosities and
does not exceed the 3 um luminosity, where a contribution from hot dust is likely to be important. We also
discuss the possibility that the observed soft X-ray color and luminosity are dominated by reflection from the
ionized surface of the accretion disk.

While modifications of both optically thin plasma models and pure disk models might account for the
observed SED, we do not find any strong evidence that the OUV bump and soft X-ray emission are one and
the same component. Likewise, we do not find any strong argument which definitely argues in favor of
thermal models.

Subject headings: quasars: general — X-rays: galaxies

1. INTRODUCTION

The most striking property of the continuum of unbeamed
quasars (simply quasars hereafter) is the fact that it extends
over at least seven decades in frequency, from 100 ym to 100
keV, maintaining a similar luminosity per decade. The most
prominent feature of a quasar’s spectral energy distribution
(SED) is the blue bump which dominates the optical/
ultraviolet (OUV) emission and contains 2 50% of the energy
output. The blue bump could have a broad maximum in the
1300-1000 A range, as suggested by Malkan (1988), or could
extend into the so far unobserved extreme-UV region, if some
intrinsic reddening is present. The observed soft X-ray flux is in
most cases lower than that predicted by extrapolating the UV
flux with the typical spectral indices measured at wavelengths
longer than ~1000 A. This requires a sharp drop in the
extreme UV region. The soft X-ray flux (<1 keV), however, is
higher than the extrapolation of the higher energy (2-10 keV)
power law. This low-energy X-ray turn-up, commonly known
as the soft X-ray excess, is generally interpreted as the high-

! This paper is based in part on data obtained on the Multiple Mirror
Telescope (MMT), a joint facility of the Smithsonian Institution and the
University of Arizona.

2 Postal address: Osservatorio Astronomico di Roma, via dell’Osservatorio
5, Monteporzio-Catone (RM), 100040 Italy; fiore@cfa.harvard.edu.
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energy tail of the blue bump. Although such a connection is
suggestive given that both components increase into the unob-
servable extreme-UV, no direct evidence yet exists. However it
is clear that the combination of OUV and soft X-ray data will
provide invaluable constraints on models which seek to
explain both components, such as thermal emission from an
accretion disk (e.g., Shields 1978; Malkan & Sargent 1982;
Czerny & Elvis 1987; Sun & Malkan 1989; and Laor 1990, on
the OUYV side; Turner & Pounds 1988 and Elvis et al. 1991,
from the X-ray side), and optically thin free-free (see Barvainis
1993 for a review).

The soft X-ray excess was recognized as a distinct and
common component below 1 keV of the X-ray spectra of
Seyfert 1 galaxies and quasars in both EXOSAT and Einstein
data (Turner & Pounds 1989; Wilkes & Elvis 1987; Masnou et
al. 1992). However, the poor energy resolution of both instru-
ments at these energies resulted in little or no information
about the spectral form. The softer energy band and improved
resolution of the ROSAT (Triimper 1983) PSPC (Pfeffermann
et al. 1987) provides us with our first opportunity to study the
spectrum of the soft excess and thus to realize its full potential
as a constraint on models for the OUV/X-ray continuum.

We observed a sample of low-redshift, radio-quiet quasars
selected to be the brightest with known soft excesses, to acquire
high signal-to-noise (>100 o) spectra with the PSPC. The
analysis of these X-ray observations is reported in a compan-
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ion paper (Fiore et al. 1994, hereafter Paper I). The main
results from this paper are the following:

1. The PSPC spectra span a broad range of slopes (1.3 <
ag < 2.3, where F, oc v~ %) and are steeper than at higher ener-
gies (typically 2-10 keV) by Aag = 0.5-1. They are dominated
by the soft X-ray excess.

2. The deviations from a single power-law model in the
0.2-2 keV band are small but still significant. The “break
point” between the hard and soft components is in all cases
above 0.7 keV. The PSPC spectra exclude “narrow” models,
such as a single line or a blackbody, for the soft X-ray
component.

3. The strength of any line emission feature in the soft X-ray
band is small (less than 10%-20% of the counts in each
channel), unless the continuum is complicated.

Here we present the optical to soft X-ray SEDs of the
quasars and compare them with the predictions of a wide
range of thermal models which have been proposed to explain
the OUV/soft X-ray quasar emission: ( 1) optlcally thin plasma
emission, (2) optically thick thermal emission from the inner-
most regions of an accretion disk in Schwarzschild and Kerr
geometries. Our aims are to search for the signature of thermal
emission in the quasar SEDs and to investigate whether a
single component is dominating at different frequencies or
rather if the quasar SEDs are best reproduced by the super-
position of different components.

2. THE SOFT X-RAY COMPONENT AND THE BIG BLUE BUMP

A longstanding question in quasar research is whether the
soft X-ray emission and the OUV blue bump are one and the
same component. The most direct way to verify this is to
search for simultaneous/correlated variations in both the UV
and soft X-ray emission. Unfortunately simultaneous UV and
soft X-ray observations of longer than a few hours are difficult
to schedule with ROSAT and IUE and have so far been per-
formed only for a few, very bright objects like the BL Lacertae
object PKS 2155 — 304 (Edelson et al. 1995).

A number of quasars have been observed nearly simulta-
neously by IUE and ROSAT during the ROSAT All-Sky
Survey (Walter et al. 1995). These authors found that in six out
of eight cases the shape of the UV to soft X-ray component is
similar, while the relative strength of the UV emission com-
pared to the hard X-ray power law varies by a factor of 10 over
the sample.

A more indirect method is through the statistical properties
of the UV and soft X-ray emission of a sample of quasars.
Walter & Fink (1993) have reported a strong correlation
between the soft X-ray (PSPC) spectral indices and the ratio
between the flux at 1350 A and that at 2 keV in a sample of
about 50 quasars. Under the assumption that the PSPC spec-
tral index is a good indicator of the strength of the soft excess,
this was interpreted as evidence that the soft X-ray emission
and OUYV emission are part of the same component: a O-UV-
X-ray bump. There are-some concerns about this analysis. We
note that: (1) the Walter and Fink sample is soft X-ray selected,
since it includes only the brightest quasars in the ROSAT
All-Sky Survey. Then, the PSPC spectral index and the 2 keV
flux are strongly correlated quantities, since 2 keV is the upper
end of the PSPC band: in a flux-limited soft X-ray survey a
source with a low 2 keV flux is likely to have also a steep PSPC
spectral index. (2) The Walter and Fink sample is very heter-
ogeneous. It contains: low-luminosity Seyfert galaxies and
high-luminosity, high-redshift quasars, sources with strong and

faint blue bumps; radio-loud and radio-quiet objects; strongly
absorbed and unabsorbed sources. The correlations between |
these properties and the luminosity in the optical, UV, and soft
X-ray bands are all complicated and could drive, at least in
part, the Walter and Fink correlation.

Laor et al. (1994) report a result similar to the Walter and
Fink correlation. They found a significant correlation between
the PSPC spectral index and the optical (3000 A) to X-ray
(2 keV) rest frame spectral index aqy in a sample of 10 optically
selected, z < 0.4 ({z) =0.22), Mz < —23 quasars (three of
which are radio-loud). Being optically selected, this small
sample does not suffer from the selection bias mentioned
above.

As an example we plot in Figure 1 ooy as a function of the *
PSPC best-fit single power-law energy index az.> We include the
Laor et al. (1994) radio quiet objects, the sample presented in
Paper I (four objects are PG quasars, and the remaining two,
NAB 0205 +024 and Mrk 205 have a comparably strong blue
bump), and all the radio-quiet PG quasars in the Walter and
Fink sample which have small Galactic Ny and z < 0.4. The
combined sample consists of 22 objects, all radio-quiet, with a
strong blue bump, without significant intrinsic absorption and
spanning a large range in optical luminosity (—26 < My <
—21). We estimate that a spread in agy of +0.1 is introduced
by the fact that the observations in OUV and X-ray are not
simultaneous (from the data in Tables 1 and 2, see below). It is
not clear whether or not the amplitude of the long-term UV
variability is correlated with the luminosity. O’Brien et al.
(1988) found some evidence for an inverse correlation, but their
sample of high luminosity objects was small. For the sample
presented in this paper there is no evidence for a correlation
between the amplitude of the UV variability and luminosity.
We therefore assume that the spread in agy is roughly similar
at all luminosities. For the objects in the sample presented in
this paper the optical luminosity has been corrected for the
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F1G. 1.—PSPC energy index plotted against the OUV to X-ray energy
index aqy for the quasars of the sample presented in this paper (squares), the
radio-quiet quasars in the Laor et al. (1994) sample (circles), and the PG
objects in the sample of Walter & Fink (1993) with z < 0.4 (triangles). Open
symbols identify high-luminosity quasars (M, < —23.5), filled symbols iden-
tify low-luminosity quasars (M5 > —23.5).
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contribution from the host galaxy, while the objects in the
Laor et al. and Walter and Fink samples were not so corrected.
We note however that the contribution of the host galaxy
should be small even in low-luminosity objects at 3000 A (see
the galaxy template in Elvis et al. 1994a), thus affecting agx
only slightly.

The correlation between ag and ooy is quite good for the
high optical luminosity objects (11 objects with My < —23.5,
linear correlation coefficient equal to 0.855 corresponding to a
probability of 99.95%). The linear correlation coefficient for
the whole sample is lower (r = 0.60, corresponding to a prob-
ability of 99.6%). In fact, the four points which deviate most
from the correlation are all lower optical luminosity sources.
Two of these sources, PG 1440+356 (Mrk 478) and PG
1244 + 026 have a very steep PSPC slope but their soft X-ray
luminosity is comparable or even higher than their UV lumi-
nosity, unlike all the other sources in the sample. PG
1440+ 356 is one of the few quasars detected at ~0.1 keV by
the ROSAT Wide Field Camera (Pounds et al. 1993). Another
Wide Field Camera source (RE 1034+ 398) has a very steep
PSPC spectrum (Puchnarewicz et al. 1995), flat apx and soft
X-ray luminosity higher than the UV luminosity. Pounds
(1994) and Fiore & Eivis (1995) suggested that these sources
could belong to a separate class of quasars, sources that emit
the most of the power in soft X-rays, unlike the majority of
optically selected quasars. Fiore & Elvis (1995) suggested that
these source could resemble Galactic black hole candidates in
the high (and soft) state.

Assuming that the PSPC spectrum of radio-quiet, strong
blue bump sources, is made up of two distinct components, a
steep one dominating below ~ 1-2 keV and a hard one domi-
nating at higher energies, the correlation in Figure 1 can be
interpreted in two ways. Either (1) the intensity of the soft
component is more or less the same in all sources while that of
the hard one varies over a broad range, or (2) the intensity of
the soft component varies over a broad range in these sources
while that of the hard one is more or less the same. The signifi-
cantly larger scatter in the 2 keV luminosity found by Laor et
al. (1994) with respect to that in the 0.3 keV luminosity, argues
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for the first case. This suggests that, in high optical luminosity
sources at least, a correlation between the blue bump and the
soft X-ray component, does indeed exist. However, this does
not prove that the luminosity in different frequency bands
arises from the same emission component. In the following
sections we test the single component hypothesis by discussing
the ability of various models to reproduce both X-ray and
OUV data.

3. OBSERVATIONAL DATA

3.1. X-Ray Data

The numerical results of the spectral fitting from Paper I are
given in Table 1. Table 1 lists the soft X-ray monochromatic
luminosities vL, at 0.4 keV and 1 keV (soft component only),
the soft component energy index (F,oc v™*%), and 2 keV
monochromatic luminosity (soft plus hard components) for the
quasars in our sample. They are from Paper I and were
obtained by fitting to the PSPC data a two power-law model,
or a power law plus thermal bremsstrahlung model, with low
energy absorption (Ny was limited to values greater than the
Galactic column along the line of sight). The power law plus
thermal bremsstrahlung model gives a fit of quality compara-
ble to the two power-law model in all sources but PG
1426+ 015, where it produces a significantly worse 2 (see
Paper I). Errors on the luminosities represent 1 ¢ confidence
intervals for four interesting parameters.

In Paper I we compared the PSPC results concerning the
soft component intensity with those obtained with previous
satellites, finding that they always agree within the errors: In
spite of the low energy resolution of the EXOSAT LE and the
Einstein IPC several authors estimated the shape of the soft
X-ray component in a number of quasars. In particular, Com-
astri et al. (1992) fitted the EXOSAT ME/LE data with a two
power-law model (with Ny fixed to the Galactic value) for a
sample of six quasars, three of which are in common with our
sample. They found a soft component energy index agg of
3.3373:%S in PG 1211+143, 3323329 in TON 1542 (PG
1229 +204), and 2.66*2-33 in PG 1426+ 015. For each source
the EXOSAT indices and PSPC indices in Table 1 are consis-

TABLE 1
X-RAY OBSERVATIONS

Name vL, (04 keV)™® VL, (1 keV)™®  agd* vL, (2 keV)™¢ VL, (1325 AP

NAB 0205+024°...... 8077172 1604333 28+05 107739

) SUTTRURR 5.53*140 0.78+3:39 1.18+9:98 22
PG 1211+143°........ 2461992 0743333 23%41 0.56+3:3¢
e, 1644078 025+918 0.62+968 0.6
Mrk 205 .............. 1.1539:2 0313933 2341 092+9:93
oo, 0.77+93¢ 0.124*3:3, 0.94+5:28 03
TON 1542¢ ............ 0.71+9:43 013570225 24%1¢ 0.44+9:92

| ZSTUUUUR 0417229 0.005%9:993 0451297 08
PG 1244+026°........ 0.72+9:12 02279943 23388 0.088+9:012

F oo 0.49+3:1¢ 0.090*3:952 0.099+9:312 02
PG 1426+015°........ 321594 1.69+9:22 18494 1.43+3:42
2T 2224934 0.14413:312 1.56%9:12 0.7

# Units of 10** ergs s !.

b Soft X-ray component.

¢F, oc v7es,

4 Total X-ray luminosity.

¢ Two power-law fit.

f Power-law + thermal bremsstrahlung fit.
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tent with each other, within the rather large errors. However,
the EXOSAT best fit spectral indices are in all cases steeper by
Aa ~ 1 than the PSPC best fit indices, and the break energy of
~0.6 keV estimated by Comastri et al. (1992) falls short than
the typical break energy of 1 keV found in Paper I. There could
therefore be a systematic offset between the EXOSAT and the
PSPC measurements. We note that the Comastri et al. indices
were obtained by fitting the data from two distinct experiments
(the ME and the LE). Since the ME starts to be sensitive only
above 1 keV, while the peak of the LE sensitivity is below this
energy, the best-fit parameters could be largely affected by
inaccuracies in the relative calibration of the two instruments.
For example a soft component slope steeper than the actual
one would be easily obtained if, given the same incident spec-
trum, the normalization in the LE were systematically higher
than that in the ME (also see the discussions on the relative
calibration of two instruments in Masnou et al. 1992, and in
Paper I). On the other hand, the energy band and resolution of
the PSPC allow a quite accurate determination of the shape of
the soft component of bright quasars. In Paper I we showed
that calibration uncertainties currently limit this ability and
forced us to adopt very conservative errors on the parameters
describing the soft X-ray component. We remark here that the
offset between the EXOSAT and PSPC results is in all cases
smaller than the statistical 4+ systematic uncertainties.

Masnou et al. (1992) fitted the IPC/MPC data with a broken
power-law model (with Ny fixed to the Galactic value) for a
sample of seven quasars, two of which are in common with the
present sample. For these two quasars they found a low-energy
slope of agg = 2.6 (NAB 0205+ 024) and agg = 1.47 (Mrk 205).
These slopes are consistent with the ones obtained from our
analysis (see Table 1).

Saxton et al. (1993) fitted the EXOSAT ME/LE data of a
sample of 12 quasars parameterized the soft excess as a thermal
bremsstrahlung model with a fixed temperature of 0.2 keV,
close to the best fit temperature obtained fitting this model to
the composite spectrum of the six quasars in our sample in
Paper 1.

3.2. IR-Optical-UV Data

Table 2 gives the infrared (3 um), optical (5500 A), and UV
(2500 and 1325 A) monochromatic luminosities (vL,). When
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more than one infrared, optical or UV observation is available
we report the maximum and minimum observed luminosities
including errors, the number of observations and their date '
span. As a reference we also give in Table 2 the average agx of
these quasars. The mean agy in the sample is 1.47, slightly
lower than the mean value of 1.525 found by Laor et al. (1994)
for a complete sample of optically selected, low-redshift, radio-
quiet quasars (a difference of 0.06 in xgyx corresponds to a 40%
difference in the optical to X-ray luminosity ratio). When avail-
able, the infrared, optical, and UV luminosities were extracted
from the “Atlas of Quasar Energy Distributions” (Elvis et al.
1994a). Additional optical spectrophotometric data were
included for NAB 0205+ 024 and PG 1244+ 026 (see below).
The data from TON 1542 include optical data from Neuge- |,
bauer et al. (1987), IR data from Rudy, Levan, & Rodriguez-
Espinosa (1982), and archival IUE spectra.

The IUE data were corrected for the reduction in the effi-
ciency of the cameras with the time (Bohlin & Grillmar 1988).
Following the procedures in Elvis et al. (1994a), the data were
corrected for reddening, shifted to the rest frame and corrected
for the contribution of the host galaxy using the galaxy tem-
plate given in Table 16 of Elvis et al. (1994a). These authors
showed that the contribution of the host galaxy can be impor-
tant (220%) for My, < —25[vL,(5500 A) < 2 x 10*]. Direct
measurements of the host galaxy were used in two cases (NAB
0205+ 024 and PG 1211 + 143). In two cases (Mrk 205 and PG
1426 + 015) we used the H-band luminosity of the host galaxy
in the Elvis et al. sample [log L(H) = 44.67 32, but note that in
Mrk 205 we modified the upper error bar, so as not to over-
predict the total H-band luminosity]. In the remaining two
cases the observed H-band luminosity is lower than the mean
host galaxy luminosity in Elvis et al. (1994a), and we assumed
therefore that the host galaxy luminosity in these objects is a
little lower than the observed H luminosity. In all cases we
used highly conservative error bars on the host galaxy lumi-
nosity. Table 2 lists the host galaxy normalization in the H
band for each quasar. Mrk 205 was quoted as a “weak bump
quasar” by McDowell et al. (1989), showing a very steep
optical to UV slope, but this slope turns out to be consistent
with the quasar average slope (f, ~ —0.1) if the contribution
from the host galaxy is close to the mean value in Elvis et al.
(1994a). The errors on the host galaxy luminosity have been

TABLE 2
INFRARED-ULTRAVIOLET OBSERVATIONS

vL,(3 pm) vL (5500 A) vL (2500 A) vL (1325 A)
Name Redshift log vL(H)* of Galaxy (No.; Dates) (No.; Dates) (No.; Dates) (No.; Dates) dox®
NAB 0205+024...... 0.155 44.19 + 0.04 9.4+2-9 8.1-11.5 33+1 31+4 1.57
1; 85/9 3; 78/2-91/9 1; 82/12 1; 82/12
PG 1211+143........ 0.085 43.36%3:9% 10.9-14.7 9.7-16.6 23.4-27.8 19.1-31.3 1.64
S; 81/5-88/4 6; 80/6-88/9 2; 85/12-87/2 2; 83/12-85/2
Mrk 205 .............. 0.070 44.6013-2° 1.7-4.2 1.6%3-2 1.8-73 3.3-6.1 1.27
3; 76/6-85/6 1;72/5 2; 78/7-83/2 2; 78/7-83/2
TON 1542 ............ 0.064 444891 3171953 2617573 75+ 02 102 + 0.3 147
1; 81/5 1; 80/11 1; 82/5 1; 82/5
PG 1244+026........ 0.048 43.7619:1 0.39%3:97 0.53-0.92 1.06 + 0.05 1.06 + 0.05 1.41
1;83/2 2; 7/80-5/91 1; 83/2 1; 83/2
PG 1426 +015........ 0.086 4460103 59-12.1 2.6-1.3 22.3-28.4 249-42.8 1.48
5; 81/7-88/5 6; 80/7-88/9 2; 83/2-85/5 2; 83/2-85/5

® Units of 10** ergs s ™ *.
 log [1(2500 AY/L(2 keV)]

ox 2.6057

b

° Galaxy subtraction for TON 1542 used the mean values given in Elviset al. 1994: L, = 474 x 10** ergss™*;r, = 10X kpc.

4 Galaxy normalization chosen to match the rest frame H luminosity.
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propagated to find the uncertainties on the luminosity at
optical and UV frequencies

Optical spectrophotometry was obtained for two of the
quasars: NAB 0205 + 024 and PG 1244+ 026; on the Multiple
Mirror Telescope (MMT) using the MMT spectrograph and
the red channel on 1991 September 15 and 1991 May 17,
respectively (the PSPC observations of these quasars were per-
formed in 1992 January and 1991 December, respectively). On
both dates conditions were photometric. Two spectra were
obtained, the first through a wide slit (5" x 180”) to ensure
photometric accuracy and the second through a narrow slit
(1.5” x 180") for improved spectral-resolution (~20 A) and
signal-to-noise. The 150 lines mm ~! grating was used yielding
a wavelength range of ~3800-7600 A. The spectra were
reduced in the standard manner using IRAF. The wide-slit
observation was flux calibrated with reference to a nearby
standard star observed sequentially with the quasar. The con-
tinuum shape and level of the narrow-slit spectrum were then
normalized to agree with this flux calibrated spectrum. Contin-
uum fluxes at 5500 A measured from these spectra are present-
ed in Table 2. The spectra will be presented in a later paper.

The errors contain the evaluated uncertainty on all the
above corrections, in addition to the statistical uncertainty. In
the case of the IUE data a further 3% systematic uncertainty is
folded into the errors (Bohlin 1980). The data in different bands
are not simultaneous. Variations of a factor of ~ 2 were record-
ed for these quasars in optical and UV and of a factor of 5 in
X-ray. The uncertainty due to source variability is generally
larger than the quoted (statistical + systematic) errors.

4. MODELING THE INFRARED TO SOFT X-RAY SPECTRAL
ENERGY DISTRIBUTIONS OF QUASARS

4.1. Optically Thin Plasma Models
4.1.1. The Model

Thermal bremsstrahlung at temperatures of 10°-107 K
emitted by an optically thin gas cloud is a candidate mecha-
nism to produce the OUV/soft X-ray bump in quasar spectra
(Barvainis 1993). We calculate the free-free contribution for a
spherical and isothermal cloud assuming that the cloud has
radius (R) and density (n,) consistent with an optical depth less
than 1 (T = [1,(t, + 11" < 1; where 7, are the free-free
and 7., the electron scattering optical depths). The bremsstrah-
lung luminosity is calculated using (Rybicki & Lightman
1979):

L,=9.5 x 10_38<§ 7rR3)n¢fT_”2

X exp (— :—;);;H ergss™! Hz™!,
where gy is the Gaunt factor calculated using an approx-
imation given by Gronenschild & Mewe (1978).

In the soft X-ray band the free-free emission from the ionized
plasma represents only part of the total emission, since recom-
bination, 2-photon, and line emission from the same plasma
can also be important, depending on the temperature
(Raymond & Smith 1977). We calculated the 2-photon and
recombination continua as in Raymond & Smith (1977). We
do not include line emission in our modeling but we discuss
in the next sections how it can effect the spectral shape and
intensity.

4.1.2. Comparison with the Data

We plot in Figure 2 the 3 um-2 keV SEDs of the six quasars,
galaxy subtracted and including only the soft X-ray com-
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F1G. 2—IR to soft X-ray SEDs of the six quasars (after the subtraction of
the galaxy contribution and of the high-energy X-ray power law): NAB
0205+ 024: open triangles; PG 1211+ 143: filled squares; Mrk 205: filled
circles; TON 1542: filled triangles; PG 1244+026: open squares; PG
1426 +015: open circles. Upper panel: the solid lines represent the free-free
continuum for T = 3 x 10° K and two normalizations; the dashed line rep-
resents the free-free continuum for T = 10° K. Lower panel: the solid line
represents the sum of the continua from an optically thin plasma with T = 10°
K; the short-dashed line is the free-free continuum; the long-dashed line is the
recombination continuum; the dot-dashed line is the two-photon continuum.

ponent. On the upper panel we also plot free-free models, for
T=10%° and T =3 x 10%, that roughly encompass the
observed SED. On the lower panel we plot the free-free,
2-photon and recombination continua, as well as the sum of
these continua, for T = 10° K. At this temperature free-free
emission dominates the OUV part of the spectrum but the
harder recombination continuum dominates the soft X-ray
part of the spectrum. Note the numerous, rather deep edges
present in the total continuum.

Rather than attempt a formal fit of these models to the data,
we make use of color diagrams to evaluate their flexibility and
to evaluate the range of the parameters for which they are able
to reproduce the data (also see Siemiginowska et al. 1995).

In Figure 3 we plot the soft X-ray color [vL,(1 keV)/vL,(0.4
keV), soft component only], against the OUV color [vL (1325
A)/vL (5500 A)] for the six quasars. The soft X-ray color is
calculated using the X-ray monochromatic luminosities in
Table 2. The dotted line with open squares shows the predic-
tions of pure bremsstrahlung models with temperatures in the
range 10°-107 K. The additional contribution of recombi-
nation and 2-photon continua would increase by a factor of 6
the continuum at 0.4 keV and by a factor of 30 the continuum
at 1 keV for T = 10° K thus increasing the soft X-ray color by
a factor of 5. For T = 107 K the contribution of recombination
and 2-photon continua would increase the flux at 0.4 keV by a
factor of 1.2 and the flux at 1 keV by a factor of 1.4, thus
increasing the X-ray color by 9%. Filled squares show soft
X-ray color predicted in these two cases.

The bremsstrahlung model can reproduce the observed soft
X-ray color for temperatures in the range 2-5 x 10 K (0.15-
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FiG. 3.—Soft X-ray color [vL (1 keV)/vL,(0.4 keV), soft component only],
plotted against the OUV color [vL (1325 f{)/va(SSOO A)]. Filled and open
circles with error bars identify the six quasars, the dashed error bars indicate
the error resulting from a power law plus free-free fit (Paper I). In these cases
(open circles) (PG 1211+ 143, Mrk 205, and PG 1426+ 015) the quasars have
been observed by IUE more than once and we plot the OUV color obtained
using both the maximum and minimum optical and UV flux. The dotted line
identifies the prediction of a pure free-free model as a function of temperature
with open boxes indicating: 1, 2, 3, 5, 10 x 10® K (soft X-ray color increases
with temperature). The filled boxes indicate the soft X-ray color predicted
including the contribution of 2-photon and recombination continua for
T = 10° and T = 107 K. Dashed lines identify accretion disk models in a Kerr
geometry. Filled hexagons and triangles indicate five disk inclinations, u =
cos 6 =1,0.75, 0.5, 0.2, 0.1 (soft X-ray color increases with inclination) with
M = 10® Mg and accretion rates 0.3Lgy, and 0.8Lgy,. Open hexagons and
triangles identify disk models with M = 107 M, for the same inclinations and
accretion rates.

0.4 keV). Including the contribution of 2-photon and recombi-
nation continua yields a lower limit of ~1.5 x 10° K on the
temperature. These models can also reproduce the observed
OUY color.

In Table 1 we also list the upper limits on the 1325 A predict-
ed luminosity calculated by extrapolating the best X-ray fit (for
the power-law plus thermal bremsstrahlung model) into the
UV. Because of the large extrapolation and the uncertainty on
the contribution of the recombination and 2-photon continua
in the X-ray band (which would lower the best fit temperature
and raise the normalization, and hence produce higher UV
luminosity), we assumed as upper limit on the predicted UV
luminosity twice the best fit value. In Figure 4 we plot the
observed 1325 A luminosities versus the predicted ones. When
more than one IUE observation is available we used the small-
est observed 1325 A luminosity. Figure 4 shows that the model
underpredicts the 1325 A luminosity by a factor 3 to 10.

4.1.3. Discussion

Optically thin plasma models can reproduce the observed
soft X-ray color for temperatures in the range 1.5-5 x 10° K
(0.13-0.4 keV). At these temperatures line emission can also be
important in the X-ray band. The main emission lines,
assuming collisional equilibrium, for temperatures 106 < T <
5 x 10° K, are the iron L complex at about 0.9 keV and the O
vit and O vt Ka lines at 0.57 and 0.65 keV. However, the
ionization state of the soft X-ray emitting gas in quasar nuclei

vL,(13254) Predicted

F1G. 4—Observed 1325 A luminosity plotted against that predicted by the
best-fit power-law plus thermal bremsstrahlung model for the X-ray spectrum
of the six quasars. The predicted luminosity upper limits are twice the best-fit
luminosity from X-ray spectral fitting.

is unlikely to be controlled by collisions only, and photoioniza-
tion is likely to be important, especially in the innermost
regions close to the hard X-ray source. This strong radiation
field could reduce the line emission intensities. Recent calcu-
lations by Kriss (1994) show that in the case of plasma in
photoionization equilibrium the O vir and O vir K« lines are
still very strong. Paper I limits the amount of line emission in
the six quasars in the 0.5-1 keV energy range (in most cases
there is a deficit of counts with respect to a power-law model
rather than an excess, see Figs. 1 and 3 in Paper I). It should be
said however that emission features have been seen in the Ein-
stein SSS spectra of some other quasars (Turner et al. 1992). In
particular features, interpreted as oxygen lines in the frame-
work of an ionized absorber model, have been recently seen in
the X-ray spectrum of the Seyfert galaxy NGC 3783 (George,
Turner, & Netzer 1995). The lack of strong emission in the
quasars discussed in this paper argues against emission from
isothermal optically thin ionized gas as the main contributor
to the soft X-ray spectrum of these sources (see Paper I, §§ 3.5
and 3.6), unless the soft X-ray emission lines are optically thick
while the continuum is optically thin. Since at temperatures of
interest (T < 107 K) most of the cooling is in the emission lines,
this requires high plasma densities. In some free-free models
the assumed gas density is very high (~10'5 cm ™3, case 2 in
Barvainis 1993). Whether such a density is high enough to
suppress line emission efficiently should be investigated in
detail.

Optically thin plasma models predict OUV colors consistent
with the observed ones (taking into account the large uncer-
tainties due to source variability and the fact that the observa-
tions were not simultaneous). This color, however, is not very
sensitive to temperature for T = 5 x 10° K, i.e., in the range
for which the models can explain the soft X-ray color (~15%
change in the OUV color). Therefore, these models would not
be able to produce the soft X-ray color higher than ~0.001
and at the same time give a spread in the OUV color. Detect-
ing, through simultaneous observations in optical and UV, a
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large spread in the OUV color in a sample of quasars with
strong soft excesses and soft X-ray color higher than ~0.001
would therefore be a critical test for the single-temperature
free-free models.

The best-fit power-law plus free-free models to the PSPC
data underpredicts the UV luminosity of the six quasars. The
reason is that the fit forces a high temperature, locating the
maximum of the emission in the soft X-ray, while the highest
luminosities are actually observed in the UV band. Fitting the
X-ray data with the power-law plus free-free model while
requiring that the predicted 1325 A luminosity matches the
observed value, yields 2 much worse than in the previous
cases (by Ax? = 20 to 100) and temperatures between 0.05 and
0.13 keV (the best fit temperature in the fits with free thermal
component normalization is between 0.15 and 0.3 keV in all
cases). As mentioned before, for T < 107 K the contribution of
the recombination continuum would significantly harden the
spectrum, but still not enough to explain the soft X-ray color
for the temperatures which would fit the OUV part of the
spectrum.

In summary, the single temperature optically thin plasma
models are probably too simple to explain both the OUV and
soft X-ray component of these quasars simultaneously. The
strong constraints posed by the present data could be relaxed
by dropping the hypothesis that the OUV and soft X-ray emis-
sion are dominated by a single component. Optically thin
plasma at increasing temperatures could dominate the optical
to soft X-ray quasar SED. This conclusion is somewhat ironic,
since one of the most celebrated results of optically thin plasma
models for the quasar blue bump (see, e.g., Barvainis 1993) is
the natural explanation of the simultaneous variations at dif-
ferent wavelength, observed in a few, typically low-luminosity
(Lyo < 10*° ergs s~') quasars, due to a single physical com-
ponent dominating the OUYV emission.

Different frequencies dominated by components at different
temperature is the distinguishing feature of another large class
of models: the accretion disk models, which we discuss in turn.

4.2. Accretion Disk Models
4.2.1. The Models

We consider emission from a geometrically thin accretion
disk (outer radius of 1000 Schwarzschild radii) around a super-
massive (10°-10® M) black hole with accretion rates (ri) cor-
responding to 0.01-0.08Lg,; (the Eddington luminosity),
assuming that the locally generated flux is emitted in the verti-
cal direction only. Laor & Netzer(1989) pointed out that this
assumption could be unsafe for m > 0.3. In fact, for such high
accretion rates disks become slim (Abramowicz et al. 1988),
and additional cooling processes should be included (advective
transport of energy in the radial direction. However, Szuszkie-
wicz et al. (1995) show that the spectra of thin and slim accre-
tion disks differ  significantly only when accretion rates are
much higher than the critical one. We limited ourselves to the
sub-Eddington regime only. The error introduced using our
approach instead of the above more detailed calculations for
m > 0.3 should be smaller than all other uncertainties present
in the analysis.

The efficiency of converting the potential energy into radi-
ation is assumed to be equal to 0.08 for a nonrotating
(Schwarzschild) and to 0.324 (Laor & Netzer 1989) for a maxi-
mally rotating (Kerr) black hole. Equations for the disk struc-
ture are taken from Novikov & Thorne (1973) and Page &
Thorne (1974). We calculated the spectrum using the method
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described by Czerny & Elvis (1987, taking into account com-
ments of Maraschi & Molendi 1988; see also Czerny 1993)
which includes electron scattering and Comptonization. For
disk temperatures less than 10° K free-bound transitions are
important and the electron scattering and Compton effects are
correspondingly less significant. It is difficult to estimate this
contribution, since free-bound opacities depend on the ioniza-
tion state of matter and on a large number of transitions of
many different ions. Ross et al. (1992) calculated spectra
emitted by a radiation-dominated disk (in the Schwarzschild
geometry) including free-bound processes from hydrogen and
helium. However, at high frequencies, free-bound opacities
from metals may be more important and may influence the
final spectra strongly and should be taken into account. This
has not been accomplished yet. Since we are interested in the
general shape of the soft X-ray spectra we use the free-bound
approximation of Maraschi & Molendi (1988). For rotating
black holes we use the general relativistic transfer function of
Laor, Netzer, & Piran (1990).

Pure accretion disk models in a Schwarzschild geometry
systematically underpredict the soft X-ray emission for any
choice of parameters that reproduces the OUV observed lumi-
nosity so we will no longer consider these models.

We consider also two modifications of the pure accretion
disk model, namely inclusion of an underlying power law, and
inclusion of a hot corona above the disk (Czerny & Elvis 1987).

4.2.1.1. AnIR-to-X-Ray Underlying Power Law

It is well known that accretion disk models are falling too
steeply to long wavelengths in the optical region. Many pre-
vious modeling attempts (Malkan & Sargent 1982; Sun &
Malkan 1989; Laor 1990) have invoked an additional com-
ponent in the form of an “underlying power law ” that props
up the disk flux in the optical and extends into the IR beneath
the lumps clearly due to thermal dust emission (Clavel, Wam-
steker, & Glass 1989; Barvainis 1992). The normalization of
this power law would be such that it extrapolates quite well
into the X-ray region (Carleton et al. 1987; Elvis et al. 1986).

Independent evidence for such a power law is weak and even
contradictory (see McAlary & Rieke 1988; Green, Anderson,
& Ward 1992) and in at least one quasar (NGC 4051, Done et
al. 1990) there is a strong evidence against a power-law com-
ponent representing the majority of the emission in IR and
X-rays (even if the IR-to-X-ray SED of NGC 4051 actually
resembles a power law, see Fig. 6 in Done et al. 1990). Never-
theless, since we need additional flux in both the optical and
the soft X-ray bands, the minimal assumption is to add the
same component to each, and the simplest form to assume is a
power law. This adds two additional parameters (slope and
normalization of the power-law), but because the model
cannot overpredict either the 3 um or hard X-ray luminosities
it is also more constrained than a simple disk model, and so
has predictive power.

4.2.1.2. Comptonization in a Corona above the Disk

A hot corona above a relatively cool accretion disk has
been discussed by many authors (e.g., Liang & Price 1977;
Begelman, McKee, & Shields 1983; Begelman & McKee 1983;
White & Lightman 1989). The vertical thickness of the corona
is small compared to its horizontal dimension. The corona is
optically thin (r., < 0.8) and has a high temperature (T,
10-50 keV) compared to that of the photons emitted by the
disk. These photons are upscattered by the hot electrons, and
the primary disk emission is modified in that a power law is
produced at frequencies vy < v < kT, /h (with an exponential
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tail ~v* exp (—hv/kT,,) for v > kT, /h; Sunyaev & Titarchuk
1985; Gorecki & Wilczewski 1984; Zdziarski 1985). In the
above expression v, is the typical frequency of the soft photons.
We follow the simplified description of the process given by
Sikora & Zbyszewska (1986) (see also Czerny & Zbyszewska
1991) in the Schwarzschild geometry to find the modified
OUV-to-soft-X-ray disk spectrum.

The energy index of the power law of the Comptonized spec-
trum depends on the optical depth, temperature and geometry
of the corona (Sunyaev & Titarchuk 1985). In Figure 5 we plot
the energy index of the power law of the Comptonized spec-
trum as a function of the corona temperature for three values
of 7.,. The temperature dependence is rapid: for kT, = 50 keV
T, = 0.25 and 0.5 the power-law energy index is 2.0 and 1.5,
respectively. When kT, = 10 keV and 7., = 0.5 the power-law
energy index is 2bout 5. Corona models with low 7., and
kT, < 50 keV cannot explain the hard (2-10 keV) spectrum of
quasars, but only that below ~2 keV. The hard X-ray spec-
trum requires high 7., and high temperatures.

4.2.2. Comparison with the Data

Disk models in a Kerr geometry for two choices of black
hole masses (10”7 M and 10® M), accretion rates (Fig. 6a;
m = 0.1, 0.8) and inclination angles (Fig. 6b; u = cos 6 = 0.25,
1) are compared with the six quasar SED in Figure 6. The
models roughly encompass the observed SED.

In Figure 3 we plot the predicted soft X-ray and OUYV colors
for four families of the Kerr disk models spanning a typical
range of parameters. Pure Kerr disk models cannot reproduce
OUYV color for the range of parameters for which they can
match the observed soft X-ray color (with the exception of PG
1426 +015): they are too “blue.” Only high inclination
(1 = 0.25), high accretion rate (rin = 0.8) models can reproduce
the observed soft X-ray color.
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FiG. 5—Spectral energy index of Comptonized spectrum in the corona
model as a function of the temperature for three values of the optical depth.

In Figure 7 we plot the 0.4 keV soft X-ray component lu-
minosity as a function of the 1325 A luminosity for pure Kerr
disk models. The M = 10’ M, models underpredict the 1325
A luminosity. The M = 10® M, models that could account for
the soft X-ray color tend to overpredict the soft X-ray lumi-
nosity.

We study the effects of the inclusion of an underlying power
law from IR to X-rays by using again the soft X-ray and the
OUY colors. Figure 8 shows these colors with a set of models

Log vL, erg s7!

Log vL, erg s™!

Log Frequency (Hz)

F1G. 6.—IR to soft X-ray SEDs of the six quasars (after the subtraction of the galaxy contribution and of the high-energy X-ray power law): NAB 0205 + 024:
open triangles; PG 1211 + 143 filled squares; Mrk 205: filled circles; TON 1542: filled triangles; PG 1244 +026: open squares; PG 1426 +015: open circles. Solid lines
in () represent accretion disk models in a Kerr geometry with M = 10® M, inclination u = 0.5, and two accretion rates (i = 0.1, 0.8). Dashed lines identify Kerr
disk models with M = 107 M, for the same accretion rates and inclinations. Solid lines in (b) represents Kerr disk models with M = 10® M, accretion rate 0.8 the
critical one and three disk inclinations, u = 1,0.5, 0.2. Dashed lines identify disk models with M = 107 M, for the same accretion rates and inclinations.
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FIG. 7—0.4 keV luminosity plotted against the 1325 A luminosity. Filled
hexagons and triangles identify accretion disk models in a Kerr geometry with
M =10® M, i = 0.3, 0.8, and five disk inclinations from y =1 to p = 0.1.
Open hexagons and triangles identify disk models with M = 107 M, for the
same accretion rates and inclinations.

for two black hole masses (107 M, and 10® M), i = 0.3 and
1= 0.5, agx = 1.25 and three normalizations of the power-law
component. The model can reproduce both the soft X-ray and
the OUYV colors with typical disk parameters. The 3 ym lumi-
nosity predicted by the above models is within the observed
range (Fig. 9). Finally in Figure 10 we plot the 0.4 keV soft
X-ray component luminosity as a function of the 1325 A lumi-
nosity. Also here in most cases the predicted luminosity match

F1G. 9.—Soft X-ray color plotted against the 3 um luminosity. Filled tri-
angles identify disk plus power-law models with M = 108 M, m = 0.3, disk
inclination p = 0.5, and three values of the power law normalization. The
power-law energy index is fixed at 1.25. Open triangles identify disk models
with M = 107 M, for the same accretion rate, inclination, and power-law
slope and normalizations as in the previous case.

that observed. We stress again that these models make use of a
fixed accretion rate and a fixed inclination.

To study the effects of the inclusion of a hot corona we use
the soft X-ray and OUYV colors. These are plotted in Figure 11
along with the expectation of accretion disk plus corona
models for two black hole masses, three accretion rates, 0.1,
0.3, and 0.8m, T, = 10-50 keV and 7. = 0.25-0.5. These
models are able to reproduce the observed soft X-ray and
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F1G. 8.—Soft X-ray color plotted against the OUV color as in Fig. 3. Filled
triangles identify disk plus power-law models with M = 10® M, 1 = 0.3, disk
inclination px = 0.5, and three values of the power-law normalization. The
power-law spectral index is fixed at 1.25. Open triangles identify disk models
with M = 107 M, for the same accretion rate, inclination, power-law spectral
index and normalizations as in the previous case.

F1G. 10.—0.4 keV luminosity plotted against the 1325 A luminosity. Filled
triangles identify disk plus power-law models with M = 10® M, i = 0.3, disk
inclination yu = 0.5, and three values of the power-law normalization. The
power-law slope is fixed at 1.25. Open triangles identify disk models with
M = 107 M, for the same accretion rate, inclination, and power law slope and
normalizations as in the previous case.
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FiG. 11.—Soft X-ray color plotted against the OUV color as in Fig. 3.
Filled hexagons identify accretion disk models in a Schwarzschild geometry
with a hot corona with parameters: M = 108 M, i = 0.1, 0.3, 0.8, kT = 50
keV, and t =0.5. Filled squares identify models with kT = 50 keV and
7 =0.25 and filled triangles models with kT = 10 keV and 7 = 0.5. Open
symbols identify the same models but with M = 10’ M. Higher accretion
rates result in a higher UV to optical color.

OUV colors but they introduce two additional parameters
with respect to the pure disk models.

4.2.3. Discussion

Accretion disk models have been widely used in the past to
model the quasar blue bump. In spite of their popularity a
clear proof that the majority of the OUV emission in the blue
bump actually originates from a disk is still lacking. On the
one hand there is both theoretical (e.g., Czerny 1993) and ob-
servational (e.g., double-peaked Hua lines in radio-galaxies,
Eracleous & Halpern 1994; the broad iron K« lines reportedly
seen by ASCA in a number of Seyfert 1 galaxies, Mushotzky et
al. 1995, especially the double-peaked iron Ka line in MCG
—5-23-16 reported by Weaver 1995) support to the idea that
disks do exist in the innermost regions of quasars. On the other
hand the UV spectra of quasars do not show characteristic
signatures predicted by simple accretion disk models (e.g., the
review of Kinney 1994).

We find that pure accretion disk models are not able to
reproduce the observed optical-to-soft-X-ray SED for the blue
bump and soft X-ray component simultaneously. Even to fit
just three points (the luminosity at 1325 A 0.4 and 1 keV), some
fine tuning seems unavoidable. Furthermore the range of
parameters which give reasonable predictions is particularly
narrow and extreme: high inclination, high accretion rate, and
a black hole mass ~ 10® M. The reason for this apparent lack
of flexibility of Kerr disk models is that to account for the
strength and shape of the soft X-ray component the luminosity
of the spectrum must peak in the soft X-ray region rather than
a decade lower ~10'® Hz as the data suggest. On the other
hand, pure accretion disk models capable of reproducing the
observed quasar UV luminosity are steeper in the soft X-ray
region than the observed spectra.

Adding an IR-to-X-ray power law to the disk models readily
produces colors and luminosities in the observed range of
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soft-X-ray and OUYV simultaneously. Furthermore this com-
bination does not violate the 3 um or hard X-ray constraints.
This success certainly does not prove the existence of an under-
lying power law, but does raise the possibility of its existence
again.

A more physically based additional component is a hot
corona above the disk. The inclusion of this component, not
surprisingly, help in hardening the spectra and in reproducing
the soft X-ray color and luminosity.

Recently, Haardt & Maraschi (1993) presented a model for
the X-ray spectrum of quasars based on Comptonization of
soft photons by a population of thermal electrons in a hot
corona above a layer of cold reflecting matter. Their models
reproduce well the 2-10 keV spectrum of radio-quiet quasars,
as well as the sharp steepening above ~ 50-100 keV found by
SIGMA, OSSE, and ASCA in the spectra of a number of
quasars (Jourdain et al. 1992; Maisack et al. 1993; Cameron et
al. 1993; Elvis et al. 1994b). The soft X-ray spectrum, as
inferred from Figures 4 and 5 in Haardt & Maraschi (1993),
breaks sharply around a characteristic energy that depends
mainly on the temperature of the cold reflecting layer, which in
turn depends on the physical parameters of the system (the
mass of the central object, the size of the emitting region, and
the luminosity in units of Lgy,). For a black hole mass of 10°
Mg, L = Lgyy, and a size for the X-ray emitting region of 7R,
the temperature is ~50 eV and the break energy is around 1
keV. The slopes below and above the break energy depend on
the temperature of the corona, its optical depth and the incli-
nation of the system to the line of sight. For low optical depth
(t = 0.01) the Axj between the soft and hard slopes is very large
for any inclination: it is large (5-6) for face on systems and
reduces to zero in the case of 7 = 0.2 and nearly edge-on
systems. Our analysis (see Paper I) suggests a break energy at 1
keV and a Aag = 0.5-1. To reproduce our observations the
Haardt and Maraschi models would then require a small black
hole mass and a peculiar inclination. It appears therefore that
these models suffer from problems similar to those of pure disk
models.

Another possible mechanism for hardening the soft X-ray
spectrum from an accretion disk is via irradiation of its surface
by an external X-ray source. Irradiation of the disk not only
modifies the ionization state of the disk surface and produces
an additional soft X-ray component (Ross & Fabian 1993;
Matt, Fabian, & Ross 1993; Zycki et al. 1994), but also affects
the vertical structure of the disk. In addition, the outer parts of
the disk will also be influenced by external irradiation (by the
X-rays and by the UV spectrum generated at small radii, if the
fractional disk thickness increases outward and/or if relativistic
deflection of the light is important, as in disks around a rotat-
ing black hole (Cunningham 1976). This may modify the OUV
slope (Malkan 1991), and irradiation may be the cause for the
flattening of the spectrum in the OUV band with respect to
pure disk models and of the wide range of observed OUV
slopes.

Ross & Fabian calculated the reflection spectrum from a
slab of gas at R = 7Rg under the assumption that the illumi-
nating hard X-ray flux is equal to the soft flux locally produced
in the slab. They found that the ionization parameter of the gas
determines the emerging X-ray spectrum. In their model the
ionization parameter ¢ is directly linked to the accretion rate
(& oc 1i3). Most recently Matt et al. (1993) generalized this
approach calculating the UV and X-ray spectrum from an
accretion disk illuminated by a central X-ray source. In the
models of Ross & Fabian the spectrum flattens by about
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Aoy ~ 0.4 from the 0.3-2 keV region to the 2-20 keV region,
for 0.15 < f < 0.3 and for a black hole mass of 105-10° M. A
similar result is inferred from Figures 4 and 12 in Matt et al.
(1993) for an illuminated accretion disk in a Schwarzschild
geometry with a black hole mass of 10° M, and i S 0.4.

The average PSPC spectral index of low optical luminosity
(Mg > —23), radio-quiet quasars without strong absorption
(28 objects in the Walter & Fink 1993 sample) is 1.44, which
implies a Aoz with respect to the 2-10 keV spectrum similar to
that predicted by Ross and Fabian. On the other hand in the
same sample the average spectral index of the radio-quiet
quasars with Mz < —23 (17 objects) is 1.64 (similar to the
average slope of the radio-quiet quasars in Laor et al. 1994),
steeper than in lower optical luminosity sources. Furthermore,
in 30% of these objects and in half of the sources of the sample
presented in this paper ap > 2 (e.g, NAB 0205+025, PG
12114143, PG 1244+ 026, see Paper I). If the 2-10 keV spec-
trum of these quasars has a slope close to the mean Ginga slope
in Williams et al. (1992), then a A« ~ 1 is implied, significantly
larger than predicted by reflection. The reason is that the inte-
grated intensity of the reflected spectrum in the soft X-ray band
cannot be much greater than the intensity of the ionizing X-ray
continuum at the same energies (unless the X-ray source is
obscured in part, or strongly beamed toward the disk). Reflec-
tion might account for the soft component of low optical lumi-
nosity quasar, but probably it does not dominate the soft
component of the high optical luminosity quasars in the
sample presented in this paper. The luminosity locally gener-
ated (not reprocessed) is likely to be a non-negligible part of the
total soft X-ray luminosity in these sources. PSPC calibration
uncertainties presently limit the strength of this result.

5. CONCLUSIONS

We have compared the observed OUV to soft X-ray SED, of
six, radio-quiet, low-redshift quasars with the predictions of
several competing models. Our main results are as follows:

1. Isothermal optically thin continuum emission from an
ionized plasma cannot explain simultaneously the soft X-ray
color and the luminosity in the optical and UV of the six
quasars. A distribution of temperatures would help in relaxing
the strong constraints posed by the present data. While this is
not inconceivable, this assumption is not justified by the model
itself but represents an “ a posteriori” tuning.

2. On the other hand, accretion disk models naturally
predict that components at different temperature dominate dif-
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ferent frequencies. However, we find that pure disk models,
even in a Kerr geometry, cannot account for the observed
OUYV and soft X-ray colors and luminosities. The rather flat
soft X-ray component slope found by the PSPC requires high
inclinations and high accretion rates, which in turn overesti-
mate the soft X-ray luminosity, when producing the correct
UV luminosity.

3. The soft X-ray color can be explained if the soft X-ray
emission is dominated by an additional component. The
assumption of an underlying power law component extending
from the infrared (3 um) to the X-ray, can explain both the
OUY and, soft X-ray colors and luminosities, while it does not
overpredict the observed 3 um luminosity. The presence of an
optically thin hot (T'S 50 keV) corona around the accretion
disk can explain the soft X-ray color and luminosity.

4. A promising physical model is one involving reflection
from an ionized accretion disk. This might explain the
observed soft X-ray spectrum and luminosity of quasars with a
soft X-ray component not much stronger than the primary
component. However, it cannot readily explain the large soft
excesses found in at least half of the quasars in this sample.

The present analysis, and the absence of strong line features
in the PSPC spectra noted in Paper I, argue against single-
temperature, solar metal abundance, optically thin emission as
the only contributor to the OUV-to-soft-X-ray SED of the
quasars in the sample presented in this paper. Pure disk
models also fail to describe the quasar SED. While modifi-
cations of both optically thin plasma models and pure disk
models might account for the observed SED, we do not find
any strong evidence that the OUV bump and the soft X-ray
emission are one and the same component, and that this
component is thermal in origin. The observed SED could be
produced by different components dominating different wave-
lengths, or by nonthermal emission mechanisms.
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