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SOFT X-RAY SPECTRAL OBSERVATIONS OF QUASARS AND HIGH
X-RAY LUMINOSITY SEYFERT GALAXIES
R. Petrel, R.F. Mushotzky, J.H. Krolik?, and S.S. Holt
Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center
Greenbelt, Maryland 20771
ABSTRACT
We present results of the analysis of 28 Einstein SSS observations of 15
high X-ray Tuminosity (Lx > 10435 erg s~1) quasars and Seyfert type I
nuclei. The 0.75-4.5 keV spectra are in general well fit by a simple model
consisting of a power law plus absorption by cold gas. The average spectral
index <o> is 0.66+.36, consistent with <a> for the spectrum of these objects
above 2 keV. In all but one case, we find no evidence for intrinsic
absorption, with an upper limit of 2 x 1021 cm2. We also find no evidence
* for partial covering of the active nucleus by dense, cold matter (NH > 1022

cm'z); the average upper limit on the partial covering fraction is 0.5. There
is no obvious correlation between spectral index and 0.75-4.5 keV X-ray

Tuminosity (which ranges from 3 x 1043 o 1047 erg 5’1) or with other source
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properties. The lack of irtrinsic X-ray absorption allows us to place
constraints on the density and temperature of the brecad-l1ine emission region,

the narrow 1ine emission region, and the intergalactic medium.

Subject headings: galaxies: nucleij--galaxies: Seyfert--Quasars--X-rays:
sources-~-X-rays: spectra

Suggested running title: X-Ray Spectra of AGN

INAS/NRC Research Associate
2Harvard/$mithsonian Center for Astrophysics, Cambridge, MA 02138
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I. INTRODUCTION

Prior to the launch of the HEAO series of satellites, the study of X-ray
emission from active galactic nuclei (AGN) was Timited to 1ittle more than the
fdentification and measurement of the Tuminosity of the brightest X-ray AGN.
Approximately 20 X-ray emitting AGN were discovered by sounding rocket
instruments and early X-ray satellite experiments (Uhuru, Ariel 5, SAS-C); of
these, two were quasars (3C273 - Bowyer et al. 1970; and QSO 0241+622 -
Apparao et al. 1978) and the majority of the remainder were Seyfert type I
galaxies (Tananbaum et al. 1978; Elvis et al. 1978). Since the flux from even
the brightest AGN is no more than 10-3 of the Crab, proportional counters with
Timited spectral resolution and pass bands (typically 2-10 keV) were unable to
characterize their spectra.

The more sophisticated, wider bandpass proportional counters comprising
the HEAO-1 A2 experiment doubled the catalog of detected AGN and facilitated
the first systematic invastigations of their X-ray spectral properties.
Mushotzky et al. (1980,1983) reported that the spectra of the 14 most Tuminous
Seyfert I galaxies (Ly > 5 x 1043 erg s~1) are generally consistent with a
single power law of index o ~ 0.7 over more than a decade in energy (2-40
keV), with no apparent abscrption from cold gas in the 1ine of sight in excess
of that expected from our cwn galaxy. Moreover, Mushotzky (1982) found that
Narrow Emission Line Galaxies (NELG) appear to possess X-ray spectral slopes
indistinauishable from those of Seyferts type I (a ~ 0.7 + 0.1 for 14 Syl and
5 NELG), but are inherently less luminous and display evidence of cold gas
with column densities of greater than 1 x 1022 cm=2 in the line of sight.
Interestingly, the spectral indices of the two quasars sufficiently bright to
permit spectroscopy by HEAO-1 AZ are inconsistent with this "universal"

value: 3C 273 has a flatter slope (a = 0.410.02; Worrall et al, 1979) and the

.
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slope of Q0241+622 is marginally steeper (o = 0.9 (+0.5,-.03), Worrall et al.
1980). The X-ray spectral properties of BL Lac objects are clearly very
different from those of the Seyfert type I nuclei (e.g. Holt 1981).

HEAO-2, the Einstein Observatory, carried in its focal plane array the
Solid State Spectrometer (SSS), which was capable of carrying out
high-sensitivity, moderate resolution spectroscopy in the 0.5-4.5 keV band.

It was thus useful for investigating possible differences in the low energy
AGN continuum spectra from their higher energy form (e.g., changes of spectral
slope, evidence for absorption, 1ine emission and edges). 1In this paper we
discuss the soft X-ray spectral properties of the high X-ray luminosity AGN in
the SSS data base: Seyferts type I and quasars. These are the objects in
which no evidence of absorption was found in ohservations ahove 2 keV.

Our sample of high Tuminosity AGN consists of 15 sources: 3 quasars and
12 Seyferts. We find that with the moderate spectral resolution (E/AE ~ 20)
afforded by the SSS, the spectra of most of these display no strong features;
they are best fit by a single power Taw plus absorption. The average spectral
index of the sample is 0.66 + 0.36. We find no strong evidence for a second
spectral component, either thermal or non-thermal, with a single possible
exception (3C 120). In addition, there is no evidence for absorbing material
intrinsic to these sources with Ny > 2 x 1021 cm2,

Section Il of this paper contains a description of the observations and
the data reduction technique, while the results of model fitting to the
spectra are presented in Section III. In Section IV, we compare our inferred
spectral indices, column densities and fluxes to values obtained in other
X-ray observations, and discuss the upper iimits to X-ray-determined covering
fractions (Holt et al. 1980). The implications Gf our measurements as regards

the nature of the source of X-ray emission and the absorbing medium intrinsic
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to the AGN are discussed in Section V. In Section VI we summarize our
principal results and state our conclusions.
IT. OBSERVATIONS AND ANALYSIS PROCEDURE
The SSS 1is a non-dispersive Si{Li) spectrometer with energy resolution

of ~ 160 eV (FWHM) approximately independent of energy over its operating

range of 0.5-4.5 keV. Detailed descriptions of the instrument can be found in
' Joyce et al. (1978) and Holt et al. (1979). Refinements in the understanding

of systematic effects in the pulse-height spectra (detector background and ice

buildup on the detector surface) now allow us to utilize nearly the full

energy range of the instrument, wit: properly inflated errors in spectral

parameters to account for the remaining uncertainties in the contribution of

these contaminants. However, since weak sources, such as some of those

discussed here, can suffer most from systematic errors that predominantly

affect the four Towest pulse height channels (0.5-0.75 keV), these channels
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are excluded from all spectral analyses discussed here in order to generate a

uniform response across the sample.

A11 SSS observations are accompanied by measurements using the coaligned
Monitor Proportional Counter (MPC), providing coverage in the 1.5-10 keV i
band. Independent spectral fitting of the MPC data (Halpern 1982) provides a
simultaneous extension of the ohserved spectral range to higher energies, with
' considerable overlap.

The AGN discussed here have been selected from the SSS observation

catalog on the basis of their 2-10 keV luminosity: these are all the AGN with ;T
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Lo.1g greater than 3 x 1043 erg sl that yielded useful datad. Fifteen AGN,

3observations of three other high Tuminosity AGN, NRAO 530, 3C 279, and Ton
256, yielded no useful data. NRAO 530 and 3C 279 produced too low a signal,
and HEAO-2 was mispointed 40' away from Ton 256.

all either quasars or Seyferts type I, satisfy this criterion. These objects
are listed in Table 1, along with their positions, classifications, redshifts,
and the specifics of each SSS observation. A total of 28 useful observations
were carried out, averaging 6.8 X 103 s in duration. Accompanying the’
description of each observation is a auality flag. The observations fell
naturally into three quality classes (1, 2 and 3, where 1 represents the high
quality), depending on both the overall signal-to-noise of the data and the
confidence with which systematic effects due to contamination by ice and
instrumental background could be modelled. Each of the 28 observations
satisfies the condition that the total number of counts in the pulse height
spectrum ascribed to the source considerably exceeds those ascribed to g
background effects, in i der that systematic uncertainties remain less }
significant than statistical uncertainties. In contrast, the signal-to-noise
level in the MPC is ~ 1:15 for these sources.
While the energy resolution advantage of the SSS over the HEAO-]1 A2 i
proportional counters (a factor of ~ 5 at 3 yéV) is important for the
identification of sharp features, the two instruments have roughly the same
ratio of total energy range to FWHM resolution (~ 25). For the
characterization of smooth continua, they are therefore equivalent for
comparable errors in each FWHM energy bin. (The MPC, on the other hand, is

distinctly inferior in this respect by a factor of 3).
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Spectral model fitting of the SSS pulse height data is carried out via a
technique described in detail elsewhere (see e.g. Holt et al. 1980). The
starting point for all the data analysis described here is the assumption of a
power-Taw continuum viewed through a uniform, cold absorbing gas of universal
abundance. We have used the absorption model of Morrison and McCammon (1983),
which includes the most up-to-date atomic cross sections and cosmic
abundances. Uncertainties in systematic effects are treated 1ike spectral
fitting parameters, so that they act to increase the acceptable fit ranges of
the interesting source parameters. If, and only if, the fit to a simple
power-law spectrum is unacceptable, do we attempt a fit with more complicated
models. Previously reported examples of such model refinements for AGN have
been the postulation of a two-component power-lTaw form for ESO 141-G55
(Mushotzky et al. 1980), and the suggestion that there is both nonuniformity
and enhan¢ed metallicity in cold gas absorption in the direction of NGC 4151
(Holt ot al. 1980). Clearly, such refinements in general are merited only by
data of high statistical quality that have been found inconsistent with a
simple power-law fit.

IIT. RESULTS OF MODEL FITTING
a. Simple model (power law plus absorption)

Tahle 2 contains the best fit parameters for a single power law plus
absorption model for each of the 28 observations. Columns in Table 2
represent the normalization, the spectral energy index a, the column density
Ny, the ranges in a and Ny and the reduced chi-squared xi. In all observations
the number of degrees of freedom v is equal to 58. Free parameters in the
model are the normalization, a, Ny and a multiplier to a small,
non-predictable component of the nominal background model. The ranges

2
of a and Ny were defined using (Xmin +6) which gives ~ 90 percent confidence
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1imits for 3 interesting parameters or ~ 95 percent confidence 1imits for 2
interesting parameters {(Lampton, Margon and Bowyer 1976); we chose such error
bounds so that potential contamination by systematic effects is less 1ikely to
affect our conclusions than might less conservative 1imits. For most of the
fits, however, the choice of a slightly less conservative set of confidence
Timits (i.e., X;in + 4.6: 90 percent confidence for 2 interesting parameters)
does not reduce the allowed range of « and Ny significantly.

As an {ilustration of the quality of the model fits to the data, the
variation in data quality from source to source, and the level at which
systematic and random errors come into play, we display in Figure 1 examples
of data representing the three quality levels and their corresponding best fit
spectra. For each data set displayed, the left panel shows the best fit
pulse-height spectrum (solid 1ine) overlayed on the actual pulse-height data,
and the right panel shows the input photon spectrum deconvolved from
instrumental response. Quality 1 data are represented by the second
MCG 2-58-22 observation (1a-b) and IC 4329A (1 c-d). Note in hoth la and lc
the high quality of the data (small error bars across the 0.75 - 4.5 keV band)
and the fidelity with which the best fit spectrum reproduces the data.

Quality 2 data are represented by III Zwicky 2(le-f). Observations of this
quality have lower signals or less exposure than the best quality observations
aind thus tend to have large error bars at higher energies; consequently, the
allowed range of fitting parameters to quality 2 data tend to be larger than
for quality 1 data. 3C 111 (1 g-h) and NRAO 140 (1 i-j) exemplify the lowest
quality data, where the weak source fluxes and systematic uncertainties tend
to produce relatively wide acceptable parameter ranges and/or large values

of x%-' Since these quality 3 data are of insufficient quality to merit

fitting with more detailed spectra, we will restrict our modelling of them to
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the simple case (power law plus absorption).
In Figure 2 we have plotted the integral x% distribution of our single
power law fits. The dashed cuive represints an integral xs distribution for

58. In order to determine whether vur fits are

28 observations and v
consistent with the x% distribution, we have applied the Kolmogorov-Smirnov
test to the histogram in Figure 2. The resulting probability of 0.63 suggests
that our fits are in fact consistent with a x% distribution Therefore, when
the spectra of the AGN in our sample are considered collectively, the simplest
model consistent with previous broader band observations (Rothschild et ail.
1983), a power law plus absorption, provides an adequate description of
them.
b.  Multicomponent models

Although we cannot reject the hypothesis that the simple model discussed

above provides an adequate fit to our spectra taken as a whole, we can still

2
v

fit to the simple model can be rejected at the 90 percent confidence level.

seek improvements in x= in those quality 1 and 2 observations for which the
This is done by adding fitting parameters to the model spectra. In order to
reject the simple model with 58 degrees of freedom, xi must be larger than
1.25. There are only 3 quality 1 and 2 observations for which this is the
case: the second NGC 7469 ohservation and the first and fifth 3C 120
observations.

The three modifications to the simple power law plus absorption model we
have made in an attempt to better characterize the spectra of these three
observations are not completely arbitrary; they correspond to effects Qe might
expect to see in the soft X-ray spectrum of an AGN. They are the addition of
i) a second, steeper power law (a "soft excess"), ii) a second absorbing

column with Ny > 1022 ¢n=3 (a "partial covering") and iii) a Raymond-Smith
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thermal plasma model (Raymond and Smith 1977, 1979), redshifted to the rest
frame of the AGN.

A preferred modification of the simple power Taw model exists for each of
the three observations. For the NGC 7469 observation, th& addition of a
second power law component produced a marginally significant improvement:
although the F-test suggests this model is preferred at the 90% percent
confidence Tevel, the 67 percent confidence bounds on the flux from the second
component includes zero. The inclusion of a redshifted Raymond-Smith plasma
provided substantially improved fits for both 3C 120 observations; using the
F-test, we find that in both cases the simple power law model is excluded with
better than 98 percent confidence.

The existence of a preferred multicomponent model in each instance above
raises the possibility that the fits to many more of the quality 1 and 2
spectra may be similarly improved by the addition of parameters. We have
therefore applied the three modifications described above to all the other
quality 1 and 2 observations (for which acceptable single power law models do
exist). In only one instance out of 19 does a multicomponent model

2 such that the F-test prefers it at a confidence level exceeding 90

reduce x
percent (Fairall 9, Obs. 2; with a partial covering model). As with the NGC
7469 model above, however, the 67 percent confidence bounds for the flux of
the second component includes zero. Since we expect two of the 22 quality 1
and 2 observations to have spectra which will be improved at the 90 percent
Tevel by the addition of components, we conclude that the only spectra for
which strong evidence of a second component exists are those of 3C 120.

The existence of thermal line emission in the 3C 120 spectrum in this
data has been previously suggested by Holt (1979); however, Holt reported only

on Observation 1, and he fit a collection of discrete lines to the spectrum
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rather than a composite Raymond-Smith model. For both observations, the best
fit temperature is ~ 1 keV and the thermal component represents 10-20 percent
of the 0.75-4.5 keV flux in a narrow band around 1 keV. The required volume
emission measure of thermal gas is ~ 2 X 1066 cp-3 (assuming Ho = 50 km s-1
Mpc“l); this is a factor of ~ 10-1000 higher than what one might expect on the
basis of typically quoted values of the radius (1017 cm) and density (106-107
cm™3) of the intercloud gas in the broad 1ine region of an AGN (Krolik and
London 1983; Davidson and Netzer 1979, and references therein), the most
Tikely source of thermal X-rays. If we are truly detecting thermal line
emission from 3C 120, then either the broad 1ine region is larger and/or
denser than expected, or the emission arises elsewhere in the galaxy.
IV. The Soft X-Ray Properties of the High X-Ray Luminosity AGN

As can be seen from Table 2 and the discussion above, the best
characterization of the 0.75-4.5 keV spectra of our sample of high X-ray
Tuminosity AGN is a single power law plus a small amount of absorption. Only
in one source does a strong suggestion of spectral features appear. We now
discuss the X-ray properties of these AGN collectively and compare them to
other X-ray measurements.
a, Spectral Index

A histogram of our inferred o for all the observations is shown in
Figure 3. The various degrees of shading indicate where in the histogram the
different quality observations fall; note the tendency of the poorest quality
data to contribute lower o values to the sample. The mean value of « for all
our observations is 0.66+0.36. We find the same mean o if we instead average
by source. This <a> is consistent with the <a> values for X-ray emitting
Seyferts type I and NELG's in the 2-40 keV band (Mushotzky et al. 1980;
Mushotzky 1982,1983), for 50 Seyfert galaxies and quasars observed by the
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Einstein MPC in the 1,5-10 keV band (Halpern 1982), and for the 2-165 keV
spectra of 12 AGN (Rothschild et al. 1983). As can be seen by the size of the
typical error depicted in Figure 3, much of the spread in o may be due to
measurement error. There is also no inconsistency in the Targer variance
compared to that found by Mushotzky (1982, 1983) using HEAO-1 A2: the A2
spectra are deeper exposures with a larger detector and contain more than &
times the number of cor. <s in a typical SSS spectrum. We therefore believe
that, with certain exceptions Tike 3C 273 and ESO 141-G55, the intrinsic
spread in « among AGN may be quite small (see Rothschild et al. for a similar
discussion and conclusion).

In addition to comparing the ensemble properties of our sample with those
from other instruments, we may compare our values of o on a source-by~source
basis with ihcse from HEAO-1 A2 and on an observation-by-observation basis :
with tipse from the Einstein MPC. Such comparisons are made in Table 3, which ;
contains the inferred spectral indices from each instrument, and in Figures 4a |
and 4b, in which the HEAO-1 A2 and the MPC values are plotted against the SSS
values, Except for 3C 382 and ESO 141-6554, the SSS values are consistent

“Recent work (Tennant 1983) has shown that the variable soft excess in ESO

141-G55 reported by Mushotzky et al. (1980) is not associated with the active

galaxy. We have used a single power Taw model with = 0.8 for the HEAO-1 !
data.

with those of HEAO-1 A2. While the allowed ranges of o from the MPC and the
SSS are generally consistent, the majority of MPC best fit values are slightly
Targer than the SSS values. This is most Tikely due to some unknown

systematic uncertainty and is a small effect which does not influence our
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conclusions regarding the entire sample. We conclude that both collectively
and individually the spectral indices of the high X-ray Tuminosity AGN show no
variation from 0.75 to above 100 keV.

B. Absorption

Since the SSS bandpass extends below that of either the WMC or the A2
MED, it is more sensitive to low-energy absorption, Given the flat spectrum
typical of AGN and the average data quality in our sample, the SSS allows
measurement of the total column density (galactic plus intrinsic) as Tow
as ~ 2 x 1021 cm™2, about a factor of five lower than the MPC or the HEAO-1
MED. Although there are some sources for which the formal upper Timit on Ny
is well below this value (e.g. NRAO 140--see Table 1) and there are some
spectra whose quality might allow a more stringent upper bound on Ny (e.g. IC
4329A or 3C 273), we will use 2 X 1021 cm2 as a mean sensitivity for all
sources because it is representative of our sample as a whole.

In Figure §, we plot the best fit Ny values {with their formal error
ranges from Table 1) against the galactic Ny in the line of sight (Burstein
and Heiles 1982). In the case of Q0241+622, we use Ny = 8.8 x 1021 cm‘z,
obtained from 21 cm measurements in the direction of the quasar (Margon and
Kwitter 1978). In Figure 6 we plot a histogram of the differences between the
SSS Ny value and the galactic Ny; a positive value represents the amount of
absorbing material intrinsic to a source. From these two figures it is quite

apparent that, aside from IC 4329A, we find no evidence of absorbing gas

intrinsic to the high X-ray luminosity AGN with an upper limit of 2 X 1021 cm-

2, It should be noted that intrinsic absorption effects will not be masked by

redshift for this group of AGN: the redshifts for all are less than 0.04,
with the exceptions 3C 273 (z = 0.15) and NRAO 140 (z = 1.25).
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C. Covering Fraction

Although our spectral modelling of the SSS data from high X-ray
Tuminosity AGN favors a simple power law plus absorption, we cannot rule out
models which include some small contrib:tion from other spectral components.
It is of interest to systematically place upper 1imits on the possiblie

cntribution of some of these. We are primarily interested in components
whose existence is expected either on theoretical grounds or on the basis of
their presence in other AGN spectra.

One component for which we can use our data to place upper limits is the
partial covering of the X-ray source by "coid" (T ~ 104 K) clouds in the Tine
of sight with Ny > 1 x 1022 ¢cm~2,  Such partial covering has been obseived by
the SSS in NGC 4151 (Holt et al. 1980), as well as in some other Tow
Tuminosity AGN (Reichert et al. 1983). Also, theoretical models of the
broadline region in AGN generally require column densities of this order of
magnitude (Kwan and Krolik 1979, 1981). High partial covering (> 90 percent)
by thick clouds is highly unlikely in the high X-ray Tuminosity AGN: if it is
present, positive column densities would have been suggested by the HEAO-1 A2
MED, which was sensitive to column densities > 1022 cn~2 for mostly covered
sources.

To place upper 1imits on the covering fraction in the quality 1 and 2
observations, we have systematically added into our spectral model increasing
amounts of a second absorbed component until x& increased by 6 from its
mimimum value. The value of o has been allowed to vary within the range
allowed by the single power law fits. The maximum allowed value of NH varies
from observation to observation; for a given observation, it was determined
from the upper limit on the optical depths of the absorption edges of Mg, Si,

and S, assuming normal cosmic abundances. The upper 1imits on the covering
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fraction are compiled in Table 4, along with the maximum value of Ny

allowed. The mean upper 1imit on the covering fraction is 0.5210.15, with
individual Timits ranging from 0.25 to 0.78. For the quality 1 observations
the average is 0.40£0.11, for the quality 2 observation it is 0.63t0.10; the
upper limit on the covered fraction increases with decreasing data quality.
We conclude that the high X-ray luminosity AGN are mostly or fully uncovered,
in contrast to the AGN with Tower X-ray luminosity (Reichert et al. 1983;
Mushotzky 1982; Lawrence and Elvis 1982).

One special case exists in our data: IC 4329A, whose absorption column
greatly exceeds the galactic value. The absorption measured in the X-ray band
is consistent with the optical interstellar absorption in this galaxy (Wilson
and Penston 1979). This suggests that the IC 4329A nucleus is fully covered;
the Tow Ny (<1022 cm‘z) suggests this covering is produced by material
external to the active region. If this is so, then this represents the first
measurement of the column density of the interstellar medium in another
galaxy. Two tests for partial covering are possible in IC 4329A. First, we
assume the measured Ny is from outside the active region (i.e., associated
with the main body of the galaxy), and place a 1imit on the fraction of
additional, high column density (NH > 1022 cm‘z) gas allowed. This is similar
to the approach taken for all the other AGN; the result (covering fraction
less than 0.42) is contained in Table 4. The second test places an upper
1imit on the "uncovered" fraction of the nucleus; we systematically add a
higher percentage of covering by material with only the (local) galactic
column density. The upper 1imit on the uncovered fraction found in this way
is 9 percent. Moreover, the largest allowed value of Ny of the covered
fraction is 8 x 1021 cm'z, supporting the inference * we are observing

covering from a site other than the active region.
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D. Fluxes and Variability
The SSS counting rates from these sources are too lTow to permit a search

for variability on short time scales (less than an observation length) as can
be performed by instruments with larger collecting areas (see, e.g., Tennant
and Mushotzky 1983). On the other hand, we believe the quality of the data do
allow, if reasonable caution is exercised, searches for flux (and model
parameter) variations over time scales between observations (1-200 days).
Because of the effects of systematics on the total count rate in the SSS, any
given flux measurement is probably accurate to no more than 10 percent.
Therefore, flux variations are to be believed only if the ratio of the change
in flux to the average flux IAf/FI is at least as large as 20 percent.

We can alse compare the SSS flux for each source with the flux measured
simultaneously by the MPC and at other times by HEAO-1 A2. Despite the
general consistency between the spectral indices inferred from the SSS, the
MPC and the HEAO-1 data, inferring the flux in one band by extrapolating the
spectrum measured in another is inherently less reliable than is a direct
comparison at a common energy value. As a hasis for flux comparison we
therefore use fj, the flux in a 1 keV band centered at 3 keV. This spectral
band is common in all three.instruments.

In Table 5 we 1ist the values of f3 of the observed AGN as measured by
the SSS, the MPC and the HEAO-1 A2. For each SSS observation we also list the
inferred flux within the instrumental bandpass (0.75-4.5 keV) corrected for
galactic absorption. For most of these observations, the 2-10 keV MPC flux,
and hence f3, is also uncertain by 10 percent due to systematic effects
(Halpern 1982, Tennant 1983). The HEAO-1 A2 fluxes are uncertain by ~ 10
percerit due to fluctuations in the X-ray background (Tennant and Mushotzky

1983). The SSS fluxes and the MPC fluxes at 3 keV are generally consistent at
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the 20 percent level. In addition, both the SSS and MPC fluxes tend to be
consistent with the A2 fluxes at 3 keV, suggesting that, in general, the flux
of a high X-ray luminosity AGN is weakly varijable, showing flux variations of
no more than 30 percent (typically) over a time scale of > 1 year. There are
only a few indications of Targe amplitude variability (IAf3/f3| > 1) on this
timescale: III Zw 2, Q0241+622, 3C 273, and IC 4329A.

Returning to the question of flux variability among SSS observations, we
find that of the six sources observed muitiply, two are definitely
variable (lAf3/;éi > 20 percent) and two show evidence of
variability ('Afsj;$| ~ 20 percent). For the two variable sources, 3C 273 and
3C 120, the sense and the magnitude of the flux changes as detected by the MPC
are consistent with the SSS variability (~ 50 percent increase in flux over
200 days in 3C 273; 70 percent decrease in 182 days, followed by a 6 percent
increase in 15 days in 3C 120). This is also the case for the two marginally
variable sources, Mkn 509 and NGC 7469.

The only source displaying any real evidence of spectral variability is
3C 120, for which o varies from 1 to 0.2 and back to 1 over 200 days. This
source is thus unique in our sample in its both spectral properties and its
temporal behavior. A discussion of the physics involved in the variability of
spectral shape, and in the appearance of X-ray line emission, is beyond the
scope of the present publication.

E. Correlations with Luminosity and Spectral Index

In Table 6, we have listed the AGN in our sample in decreasing order by
<Lggs>, their average intrinsic (i.e. absorption removed) 0.75-4.5 keV
Tuminosity. In order to discuss possiktle correlations between the soft X-ray
spectral index and luminosity and quantities inferred from measurements in

other bands, we have included <L¢ ¢ > along with the average spectral

o pea:
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index aggs”s S well as values of Tog(vLv) representative of three wavebands
(3 keV - X-ray; 1450 A - ultraviolet; 3.5 uym - infrared) and the luminosities
in two 1ines, Hg and [0 III]. The Tine and 3.5 um luminosities are taken from
the compilation of Lawrence and Elvis (1982); the 1450 A Tuminosities are
taken from Wu, Boggess and Gull (1983) except for 3C 273 (Ulrich et al.

1980). Use of va as opposed to Lv permits a more straightforward comparison
of relative power radiated in each band. Al11 Tuminosities have been
calculated assuming an Ho of 50 km s"1 Mpc'l (Lawrence and Elvis 1982; Wu,
Boggess and Gull 1982). The final column in Tab1e‘6 contains the measured
slopes of the ultraviolet nonthermal continuum (Malkan and Sargent 1982).

It has been established that a strong correlation exists between the 2-10
keV Tuminosity and all the non-X-ray band quantities in Table 6 (Lawrence and
Eivis 1982; Wu, Boggess and Gull 1983). Since our SSS measurements of the
high X-ray luminosity AGN have demonstrated that the 0.75-4.5 spectrum is
simply an extension of the 2-10 keV spectral behavior, it is clear that <lLggg”
will also correlate with all of these quantities.

In Figure 7 we have plotted <Lggg”> Versus <agg o> The solid vertical
line in Figure 7 represents the mean o above 2 keV; the flanking dashed lines
represent the dispersion about this mean. Over the 3.5 orders of magnitude in
Tuminosity covered by our sample, <agcs> and <Lggg> are independent of one
another; the probability of a correlation is less than 40 percent. If we
consider the twelve Seyferts (closed circles) or the three quasars
independently, we find no real evidence of a <“sss>'<LSSS> correlation in
either subset.(the probability in each case is less than 40 percent), nor do

we find a systematic difference in <o & between Seyferts and quasars. This

ss
suggests that the mechanism producing the X-rays in AGN is independent of the

production rate across three and one half orders of magnitude in Tuminosity
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and independent of AGN type. This luminosity independence of spectral shape

has been noted by Mushotzky (1983), whose observations cover a different

Tuminosity band (1042.5 ¢ Ly < 1045 erg s-1) at somewhat higher energies (2-20

keV). With the inclusion of NRAO 140, we have extended by an order of
magnitude the range of X-ray luminosities over which the independence of
spectral shape has been observed.

Since the quantities Hg, OIII, L3 g5 and Liggg a11 scale with <Lgqo>, we

can conclude that all these quanties are also approximately independent of the

spectral shape in the X-ray band.
V. DISCUSSION
A. The Universal Spectral Shape
' One of our most striking results is the simplicity with which it is
possible to describe the X-ray continua of these active galactic nuclei. The
mean spectral indices over the photon energy range 0.5-60 keV are all
approximately the same: (“Sss)g(“MPC)z(“HEAO—l) = 0.7 (this paper; Halpern
1982; Mushotzky et al. 1980). Moreover, the scatter in the spectral indices
is small, X £0.35. This universality of spectrum is made even more striking
by the fact that very similarly-shaped spectra are seen in a wide variety of
other observations: the radio continua of spiral galaxies, classical double
radio sources, supernova remnants, etc. Several conclusions follow from our
finding that the X-ray spectra of active galactic nuclei follow this
“universal” power-lTaw (Rothschild et al. 1983).
First, the smoothness of the X-ray spectrum of active galaxies over a
range of two orders of magnitude in photon energy suggests that whatever
mechanism produces the X-ray photons has no special energy scale over a very

broad range. Meszaros (1983) has pointed out that optically thin

bremsstrahlung from plasma whose emission measure per temperature is inversely
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proportional to temperature (as would be produced, for example, by spherical
free-fall in which the temperature scales inversely with radius) produces a
spectrum with spectral index roughly 0.6-0.7 over essentially the entire range
of photon energies between the minimum and maximum temperatures. Models of
this class, in which a wide range of temperatures contribute, can be
consistent with the observed X-ray spectra.

Similarly, some, but not all, nonthermal mechanisms may be able to
produce spectra such as these. Synchrotron-based models (with or without
Comptonization: e.g. Mushotzky 1977) yield power-law spectra, but they require
electron acceleration mechanisms which produce the right electron distribution
function. Non-relativistic Comptonization models (e.g. Katz 1976) may also be
able to account for the soft end of the spectrum, but the diffusion
approximation which 1ies behind them breaks down when the spectrum extends up
to photon energies greater than ~ 0.1 mecz.

Second, the spectrum of active galaxies does not match the spectrum of
the cosmic X-ray background. The measured spectrum of the cosmic background
in the photon eneray range from 3 keV to 60 keV is very well fit by thermal
bremsstrahlung at a temperature of 40 keV, so that the spectral index from 3
keV to ~ 30 keV is = 0.4 (Marshall et al. 1980). It is customary to assume
that this spectrum extrapolates smoothly down to 0.5 keV; actual measurements
are made difficult by local galactic emissicn and absorption. If we share
this assumption, it is clear that the narrowness of the distribution of
spectral shapes in our sample precludes an origin for the cosmic X-ray
background in galaxies of this type (DeZotti et al. 1982).

A11 but three of the objects in our sample are Seyfert galaxies, rather
than quasars, so it remains possible that the quasars which are widely

regarded as generating a large fraction of the few keV X-ray background
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(Zamorani et al. 1981; Avni and Tananbaum 1982) may have a different mean
spectrum. A1l that it is possible to say at this point is that the three
quasars in our sample do not demand this possibility. |

One important issue concerning the shape of the continuum spectrum which
has not been resolved hy our results is the value of the energy at which the

X-ray slope a. . connects with the slope as measured in the ultraviolet a,

$S v’
As reported in Malkan and Sargent (1982) and Wu, Boggess and Gull (1983), a
naive extrapolation of the shape of the UV continuum out to the X-ray band
results in the two spectra intersecting somewhere between 0.5 and 2 keV. If
this were the case, our SSS observations would have required a second, steeper
power law component in addition to the power law consistent with that at
higher energies. Stated more clearly, the SSS observations would have
required a "soft excess". The fact that our observations require no such soft
excess means that the UV and X-ray slopes join at some energy less than 0.75
keV. On the basis of the Malkan and Sargent results, we can infer that the
X-ray and UV slopes do not join smoothly; between 1000 A (~ 12 eV) and 750 eV,
the continuum spectrum must experience a sharp turnover which 1links the UV
continuum slope to the X-ray slope.
B. The Lack of Soft X-Ray Absorption

We have found that, with one exception (IC 4329A), luminous Seyfert
galaxies and quasars exhibit 1ittle or no intrinsic soft X-ray absorption. In
this section we will examine the implications of our measurements for each of
three possible sites of X-ray opacity: the broad emission-line region
immediately surrounding the source of the X-ray emission; the narrow
emission-line region, typically 100-1000 times farther away; and the
intergalactic medium. As sensitive as they are, our measurements say littie

of interest about the interstellar medium of the parent galaxy; a further
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increase in sensitivity by a factor of three or so would be necessary before
1t would be possible to detect column densities of the magnitude typically
observed along axial lines of sight to the centers of spiral galaxjes.
i. The broad emission-1ine region

The generally accepted view of the broad emission-1ine region in Type
1 Seyfert galaxies and quasars is that it is a volume of radius = 0.05
(Lion/1044 erg s~1)1/2 pc (Lion is the ionizing luminosity, i.e. the portion
between 1 and 1000 Rydbergs), filled primarily by a very hot, rather rarefied
plasma within which a large number of very small (~ 1013 cm), dense (~ 109 -
1010 cm“3), cool (= 104 K) clouds are embedded in rough pressure equif1br1um
(Davidson and Netzer 1979; Kroljk, McKee, and Tarter 1981). The hydrogen
nusleus column density across this region due to the hot intercioud medium
alone is approximately:

1/2

P P, als
= 1.3 x 102 Iy 7id (A3 Tony g2 (1)

Ny
c

where p is the pressure in units of K cm'3, subscripts h and c refer
respectively to the hot intercloud medium and the cool clouds, 5c,13 is the
cloud pressure in units of 1013 k cm‘3, Thg is the temperature of the hot
medium in units of 108 K, Lion aq 15 Ljgq in units of 10% erg s°1, and & is
the radiation pressure to gas pressure ratio (Krolik, McKee, and Tarter
1981). If this hot intercloud medium were not mostly ionized, our
measurements w6u1d be in clear contradiction with this standard picture.

However, under such conditions of strong photoionization and high
temperature, oxygen (which makes the single largest contribution to the
opacity in the range from 0.8 - 3 keV: Morrison and McCammon 1983) is almost

entirely stripped of electrons. Making the approximation that all oxygen
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nuclei have at most one electron remaining, we find that the ratio of 0*7 to

0*® number density is:

"‘4 "‘1.18
n(0+7) 2.1 x 10 Th8

o

8y T <172 i ‘
n0™) & Tg® F /Fyo, + 016 exp[0.10(1 1/Th8)/(1+2.5Th8)]

(2)

under conditions of jonization equilibrium, but not necessarily radiative
equilibrium (i.e. the temperature may be determined by other processes than
radiative heating and cooling: see Krolik, McKee, and Tarter 1981 and Krolik
ard London 1983 for examples). The quantity Fy is the flux from the oxygen
edge (0.87 keV) to 500 keV; Fion is the fonizing flux from 1 to 103 Rydberg.
For typical Seyfert galaxy and quasar spectra, Fy/Fion ® 1 = 2 (Rothschild et
al. 1983 for X-ray spectra; Wu, Boggess, and Gull 1983 for UV spectra).
Studies of the line-emitting properties of the ¢louds have shown that 0.3

< E <2 (Kwan and Krolik 1981); photoionization dominates collisional

x]

jonization in these circumstances. Combining Eqs. 1 and 2 then gives a lower

1imit on the temperature of the hot intercloud medium:

0.19 (Fion ﬁh 0.37

[ L
-0.56, "¢,13 “ion,44 -1
( ) F 5 Nabs, 21’ (3)
Cc

where Napo is the upper 1imit on the equivalent hydrogen column density in
units of 1021 cm=2, Note that the two orders of magnitude greater luminosity
found in quasars than Seyferts only raises this Tower limit by about a factor
of two.

In some theoretical models of quasar accretion (Shields and McKee 1981;
Krolik and London 1983), the temperature of the hot intercloud medium can be
as low as ~ 107 K (depending on the free parameters of the model). Thus, the

lower limit from the SSS data provides a significant constraint on models of
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the hot intercloud medium, typically Tng 2 0.3 for Seyferts and Tpg > 0.8 for
quasars.

It is also possible that one of the cool cleuds may obscure the source of
X-rays. If a cloud were to 1ie along the 1ine of sight to the X-ray source,
it would present an optical depth in partially-ionized oxygen equivalent to at
least 1022 cm=2 (Kwan and Krolik 1979), but it is an open question whether a
single such cloud is large enough to cover the entire source. If this is so,
and if we assume that the apriori probability distribution for the cloud
covering fraction is uniform over the interval 0-1, then we conclude from the
fact that a broad-line cloud covers the source in none of our fifteen
observations that at the 90 percent confidence level the mean covering
fraction is less than 15 percent.

If the clouds are individually too small to cover the X-ray source, the
first column of Table IV presents our upper 1imits on covering fractions. The
second column of Table IV gives the covering fraction predicted by comparing

the HB Tuminosity L(HB) to the observed ionizing Tuminosity:

L(Hs)/Lion) (ﬁc’13
B

0.01

g /A
d cs) (4)

A
ra
) (Tl

C = 0.15 (

where we have used the Hg emissivity per unit area computed by Kwan and Krolik
(1981). Apaq/Acs 1s the ratio of the clouds' radiating surface areas to their
cross sections, while Lion is calculated by assigning a power-law index of -2
to the ultraviolet spectrum from 1450 A to the soft X-ray regime, and
extrapolating the observed X-ray spectrum to 13.6 keV. The figures in Table
IV are computed with all the scaling factors of Eq. 4 set equal to unity. The
covering fraction predicted by the HR Tuminosity for one object, MCG 2-58-22,

is almost exactly egual to our upper limit for that object, but all the other
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predicted covering fractions are rather smaller than the upper 1imits,

Because the medel parameters (ﬁc’13, g, the cloud column density, Apadq/Acs:
and the continuum shape) and the model calculations (because of
approximations, uncertainty in the atomic data, etc.) are uncertain by at
Teast factors of two, there would only be a real contradiction {f the
predicted covering fraction exceeded the upper 1imits by an order of magnitude
or more.

Previous workers have suggested that there is a tendency for the
less-Tuminous Seyfert galaxies to have greater covering fractions (Holt et al.
1980; Mushotzky 1982; Lawrence and Elvis 1982). There is no such correlation
in our data, either in the covering fractions predicted from the
ratio L(HB)/LiQn or in the upper Timits derived from the lack of soft X-ray
absorption. These findings may not be inconsistent, due to the narrower range
of luminosities covered by our sample than by the others.

ii. The narrow emission-line region
a. Gas column density

The generally accepted picture of the narrow emission-1ine region 1is
qualitatively similar to that of the broad 1ine region, but the densities are
lower, the distances are Targer, and the physical conditions in general are
known in less detail. The radius is thought to be ~ 30 L%g§,44 pc, the
internal cioud densities around 10% cm“3, and the individual c¢loud column
densities ~ several x 1021 ¢p~2 (Ferland 1981, Ferland and Mushotzky 1982).
The predicted column density of hot gas in the narrow line region is 10 - 1000
times smaller than in the broad line region, so the lower limit on the

temperature is about 10 times weaker:

Pl 0.19 F,. P 0.37
. -.~0.56 , ¢,8 1on,44 ion " h -1
lhg > 0.022 = { 5 ) - Nabs,21) (5)
[
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where ﬁc,s is the narrow 1ine cloud pressure in units of 108 K cm3, and
Nabs,Zl is the column density in the narrow 1ine region in units of 1021
cm~2, From (5) we find that at Lyo, ~ 10%% erg/sec, Tpg 2 .03 for the
interclioud medium in the narrow 1ine region.

Provided that the column density of the narrow 1ine clouds 1s really at
least 1021 cm"z, the arguments giving 1imits on cloud coveriny fraction carry
through for the narrow 1ine clouds just as for the broad 1ine clouds, so we
will not repeat them here,

b, Dust
One aspect of the narrow 1ine region does differ from the broad 1line

region, however. A number of workers have proposed, for diverse reasons, that

3

there is a significant dust content in the narrow line region. If the

—

standard dust to gas ratio found in our galaxy applies to Seyfert galaxies, a
column density of 2 x 102l Ay cm™2 would be implied (Gorenstein 1975; Ryter,
Cesarsky, and Audouze 1975). Even if Seyfert galaxies have no oxygen in the
gas phase that retains any electrons, the oxygen in the dust would still
present an equivalent absorbing column density of 1 x 1021 Ay cm™2 so Tong as
its chemical composition (silicates and water ice in addition to graphite) and
size distribution were the same as in our galaxy (Fireman 1974; Mathis, Rumpl,
and Nordsieck 1977). Our upper 1imits of ~ 2 x 1021 cm2 on the effective
hydrogen column density therefore pose an upper 1imit on A, of ~ 0.5 ~ 1, with
the larger value applying when the only unstripped oxygen in the Tine of sight
is in dust grains. As we shall discuss, certain arguments for dust are
consistent with these upper 1imits, while others are in marginal
contradiction.

Rieke (1978) proposed that the 10u radiation he observed from Styfert
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galaxies was due to thermal emission by dust. It is possible to compare the
amount cof dust required with our upper 1imits by the following argument.
Suppose that the infrared flux is defined to be vFv(lou) and the ultraviolet
flux available for reradiation is vFv(1450A). Then the ratio of infrared to
ultraviolet flux is:

;ﬁ5-= Lexp(ty450) - 1771 (6)
where T1450 is the dust absorption optical depth at 1450 A. Using the data
presented by Rieke (1978) and Wu, Boggess, and Gull (1983), it is then
possible to find 1450 for five Seyfert galaxies from our sample (III Zw 2,
3C 120, Mkn 509, NGC 7469, and NGC 5548). The reddening curve given by Savage
and Mathis (1979) provides a conversion to E(B-V), and a standard R
factor (= 3 - 3.3) converts the result to A,. Following this procedure, we
find that it is possible for these five galaxies to generate their 10n flux by
reradiation from dust, for the implied A,'s never exceed ~ 0.6. The
corresponding T1450 hever exceeds 1.5, If the infrared flux is significantly
larger than vFv(IOu), the required dust extinction will be in c¢onflict with
our upper limits.

Another argument for a similar amount of dust in the narrow line region
has been given by Netzer and Davidson (1979). In order to account for several
broad-1ine ratios that are redder than would conventionally be expected, they
suggested that A, = 0.6. Given the minimal conversion between dust reddening
and absorbing column density, this much dust wouid be permitted in most of our
galaxies (including, of course, the ones listed in the previous paragraph),
but would be marginally ruled out in Fairall 9, NRAO 140, and 3C 273.

Finally, high-resoiution studies of the narrow line profiles (Vitilek
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1983) have shown that their characteristic asymmetry suggests a dust optical
depth at 5000 A of roughly unity. Again, fol]owiﬁg the minimal conversion
from dust reddening to absorbing column density, A, = 1 is marginally
consistent with all but one of our observations, and consistent with the IC
4329A observation.

jii. The intergalactic medium

It is unknown whether the intergalactic medium contains any signjficant
abundance of heavy elements. Various theoretical proposals have been made in
which an early generation of stars (Population III) contaminates the
primordial hydrogen/helium mix of the universe with heavier elements (Rees
1978ab; Hartquist and Cameron 1977), or merged supernova explosions in young
galaxies eject processed material into the intergalactic medium (Bookbinder et
al. 1980; Ostriker and Cowie 1981). If the intergalactic medium has a density
near closure, possesses close to a solar abundance of oxygen, and is not too ']
hot, then it should present a sigsificant opacity to soft X-rays that traverse
cosmological distances (Shapiro and Bahcall 1980).

Our best data on a distant object is for 3C 273, in which the upper bound f
of effective hydrogen column density (i.e. unstripped oxygen column density
scaled by the solar abundance of oxygen) is = 2 X 1021 cp=2.  This Vimit may
be interpreted as either an upper Timit on the density of oxygen at fixed
temperature (which may be more conveniently expressed by the product of oxygen
abundance and gas density relative to closure), or as a lower limit on the ‘
temperature of the intergalactic medium. An approximate calculation (which
takes no account of the redshift of 3C 273 in distorting the energy-dependence §
of the oxygen-edge opacity) gives the following expression for the effective

hydrogen column density to 3C 273:
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18 -1.176
Nepp(3C 273) = 7.5 x 10°° Tigu*a® (1 + 2.47 Ty o) (7)

x expl0.10(1/T gy o = 1)Iha X(0)/X (0) cm™

where TIGM,B is the temperature of the intergalactic medium in units of 108 K,
h is the Hubble constant in units of 50 km s-1 Mpc'l, Q is the density
relative to closure, X(0) 1s the oxygen abundance relative to hydrogen, and we
have assumed both collisional ionization equilibrium and that all wxygen is
either 0*7 or 0%8. Eq. 8 gives, for example, an upper Timit
to haX(0)/X,(0) of = 6 for Tygy = 107 K, or a Tower 1imit to the temperature
of 5 x 108 K for haX(0)/x (0) = 1.
VI. SUMMARY AND CONCLUSIONS

We have presented the results of fitting 28 Einstein SSS spectra of 15
AGH whose 2-10 keV Tuminosities exceed 3 x 1043 erg s”1l, We have found the
following:
1. The spectra are consistent with a single power law plus absorption. The
average spectral index is 0.66+0.36, consistent with that inferred from
simultaneous MPC measurements and earlier HEAO-1 A2 measurements. For all but
one AGN, we find an upper 1imit on the intrinsic column density of 2 x 1021
cm=2.
2. We place upper limits on the fraction of each AGN covered by material
with Ny > 1022 ¢p~2 (i.e., broad line clouds) in the range 0.2-0.8, with an
average of 0.5.
3. We find that, in general, the flux of a high X-ray Tuminosity AGN is

weakly variable, showing variations of typically 30 percent on a time scale of

greater than 1 year. Of six objects observed more than once by the SSS, anly

3C 273 and 3C 120 show variations greater than 50 percent about their average

flux on time scales less than 200 days. Only 3C 120 shows any suggestion of
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variability of its spectral parameters.

4. The spectral indices of these AGN are uncorrelated with their 0.75-4.5
keV Tuminosities, over the luminosity range 43.5 < Tog (Lgog) < 47. This
suggests that the X-ray production mechanism is indepgndent of the production
rate over 3.5 orders of magnitude in Tuminosity.

5. Down to 0.75 keV, we observe no evidence of a "soft excess". This
indicates that the UV spectrum must steepen between 13.6 and 500 eV.

6. The upper limit on the intrinsic column density allows us to place
meaningful Tower limits on the temperature of the intercloud medium in both
the broad 1ine region (T > 2.6 x 107 K) and the narrow line region (Z.é x 106

K), and of the intergaiactic medium.
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Observation Log = High Luminosity AGN
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TABLE 2 OF POOR QUALITY

8est Fits to Single Power Law (a)

B . O D W " B o B G WD Bow D e P W W SO B9 WD O B T B G 0 S O U N S S O U D e o 4o ) A S W W PP N e R W A S D T s SUD e S RS Neie WD G W S B e S s

Source Obs. Norm. Spectral Range oMU Range Xy
Index (ot (b €10® cn® (b c)
IITl Zw 2 0.0050 0.673 0.30-1.29 1.016 0.00-3.20 0.91
Fairall.,9 1 0.0098 0958 0.90~1.50 0.000 0.00~1,40 1.19
2 €.0089 0.575 De55-0495 0.000 0.00+0.80 .99
NRADO 140 0.0053 0.907 0«75-1.15 0.00 0.00-0.50 1.51
3C 111 0.0045 -0.007 -0.40-1.05 1.£55 0.00-24.0 1.23
3C 120 1 0.0171 1.091 0.92~-1.42 1.857 1.15-3425 1.26
2 c.0083 0444 0e32-0.75 0.000 0.00-1.50 0.97
3 0.003%3 0203 ~0.09-0.63 0.910 0.00-2.78 0.88
4 C.0034 0.102 =0.19-0.65 0.618 0.00-3.10 0.98
L 0.0170 1.083 0.7B8-1.49 24751 1.70~3.90 1.51
MCG 8-11-11 0.0081 0.759 0.38-1.138 2.771 0.70-5.60 1.14
3C 273 1 0.0275 0.487 0.32-0465% 3.117 2.20-4.10 1.19
2 C.0156 0.398 0.29-0.€3 0.144 0.00~1.00 0.88
3 0.0133 0.473 0.32-0.67 De413 0.00-1.20 1.10
4 0,0135 De392 0.22-0.62 0566 0.00~1.50N 1.10
IC 432%4 0.0322 0.B816 Deb64~-1,01 54365 4.40-6.40 Da97
3C 382 C.0032 0.108 =0,22-0.87 0.626 0.00-3.90 0.83
ESD 141-G55 C.0143 1.377 0.93-1.89 1.389 0.00-3.20 0.90
Mkn 509 i 0.0109 0.502 0.60-1.23 1.763 0.60-3.30 1.21
2 0.0116 1.152 0.56-1.83 3.927 1.30-7.70 1.13
3 0.0072 0.750 0a35-1.22 1.731 0.10-4.00 1.11
NGC 74569 1 C.0103 0.756 0.54-1.00 0.596 0.00-1.56 0«94
2 0-0105 00977 0.72"‘1.34 0'566 0-00"1-78 1034
3 0.0145 0.527 0.69-1.18 0.625 0.00-1.52 1.05
MCG 2-58-22 1 0.0074 0,575 0.30~-0.98 0.782 0.00-2.41 0.98
2 0.0065 0.495 0.406-0.78 0.008 0.00-0.98 0.73

Ca) Power law spectrum is of the form dF/dE = (Norm.) x E™% x exp =CoCEIN,)

keV em~2 s~ kev™ .
(b) Range is bounded by Lwin t 6o

(c) v = 58.
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Comparison of Spectral Indices

e " D Bt ot A Y S D WD o BN e A5 S D MDD P . SO SO U AP WS B IS G TS RN AT NS TR N T G S U U W G DA G S NS A S0 P N e B S R D P S TR0 4 S N SO NP VT G . U A RS R B g N e

TARL

1111

3

Source Obs,. $SS MPC (c) HEADL A=-2
o Range (3) o Range (b) « Range (b)) Refa
II] Zw 2 0.673 0.30-1.20 0.63 0.31=0.56
Fairall 9 1 0.959%8 0.90-2.50 1e66 1.35-2.11
2 0.575 0.55-0.95 0.97 0.83~1.,22
Q02414622 0.789 0.40~1.15 0e26 =0.05-0.55 0.93 0.90~0.98 d
. ic 111 =04007T =0e40~=1.50 0.49 Da25~0.55 0.77 0u63~0.91 e
3C 120 1 1.035% 0.87=1.40 D.74 D.67-0.82
2 Debbd 0.32-0.75 0.83 0.70~0.97
3 0.203 =-0.09-0.¢£3 .76 De43=0.99 0.78 0.72-0.84 f
(’ 0-102 "'0-19“0-66
5 1.083 0.78~1.40 0.78 0.72=-0.90
MCG 8-11-11 0759 0.38~1.1% 1.09 0.90=1,30 D.66 D.46~0c96 ¢
3C 273 1 0487 0«32-0.66 0.52 De48=0a57
2 0-398 0.29"'0.63
3 0.47" 0-32"0-67 0050 0-‘05"'0.55 0-101 0039—0043 h
l’ 0.392 G-ZZ"‘O-BZ
IC 4329A 0.915 0.54-1.01 0.638 0.63=-0.73 076 Deb56~0.96 e
NGC 5548 0.260 =D.25-1.18 D40 Ne21~0.60 0.60 0e.40~1.00 g
0.70 0.62-0.78 f
3C 382 Del083 ~=D0.22-0.87 Cet B 0.30~0.76 0.95 075115 e
ESD 141-G55 1.377 0.93-1.89 1.14 1.02~1.26 0.80 0.40-1.20 ¢
Mkn 509 1 0.902 0.60~1.23 0.91 Ne83~0.99
2 1.153 0056"1-88 0087 0079"0‘96 0063 0-58"'0078 g
3 0.750 0.35-1.22 De64 0.60~0.68 f
) NGC 7469 1 0756 0.54-1.00 1.04 0.97-1.11
2 0977 DaT2-1.34 0.954 0,83~-1.11 0.70 0e50~1.10 e
3 0.927 0.69~-1.18
MCG 2-58-22 1 0.575 0.30-0.98 0.63 0.58~0.80 0«65 0.59~0.75 @
2 De495 0.40~-C.78 D.72 0.61-0.81
Ca) Kom + Ea Ce) Mushotzky (1982b).
(b Lt frabe (f) Rothschild et al. €1983).
(c) Halpern (19382). (g) Mushotzky et al. (1980).

(d) Worrall et al. (1980)3 DSG-8. C(h) Worrall et al. (1979).
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TARLE 4

Partisl Covering Fraction Uppaer Limits

90 T B N N S D s A ) ot Tk B T R PN B U AN W WD M ek B (9 G e S e O S e b WO W S S W T S W S 0 DR A0 M b B S e WD S g N NS GO G AN G (i T NS O S BB IR S0 U M UG S e S P S VR e O

Source Cbse Maximum Upper Limit on Covering
LT Covering Fraction Fractior (a)
€19 em )

ITT 2w 2 7.0 D.68 0.22
Fairall 9 1 208 D.71 0-35
2 bald Dehl
aCc 120 1 Tet 0.9 0.09
2 4.5 Deb58

344 Te3 D73
5 5.0 D.55
MCG 8~11-11 bed DebD
3Cc 273 1 2.1 0,25 0.08
2 242 N.29
2 20 0.30
4 35 De36
IC 4329A 1.4 Nab2
Mkn 509 1 3.5 0ué45 043
2 8.3 0.78
3 3.3 0.53
NGC 7459 1 3.3 De43 De24
2 3.3 0.57
3 3.4 D.38
MCG 2-58-22 1 4.8 Da57 [T )
2 3.9 Deb

Ca) Derivation of covering fraction desecribed in §V B i

. o
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TABLE 5

Measured 3 keV Fluxes (a)

AV TS ST KO0 S S D TP TS GRSS W SO Y ord Y S D GO B8 B WD T e N S O WD Gt SO (U G A NS SO0 G Wy Y T TR DS TR TR Y D T 0 SR TS D U TV s B I O MG O U AW D D G0 e s I s G e B0 Uk R e A e U S M

Source Obs. 15 c10”"” erg om™* 57
SS8S BPC (b)) HEAD1 A=2 Rofe

IIXI Zw 2 3.85 4012 5.6y €4.6 c
Fairall 9 1 .28 6459 4ol c

2 6.86 3.03
Q0241+522 4499 5427 42 = Tub d
NRAD 140 2.93 5.82 3.5 e
3C 111 7.50 T.86 T3 f
ac 12¢ 1 8.34 B.78 Y g

2 8.15 776

3 4.99 4437

4 4,85

5 8.36 T«51
MCG 8=-11-11 5.78 5440 8uby 3et h
3C 273 1 25.9 2249 19.3 i

2 16.2 14.8

3 13.2 14.5

4 14,1 17.8
IC 4329A 21.2 37.0 9.5 f
NGC 5548 £.%6 5.70 10.0 h
3C 382 4.52 4208 6.9 f
ESO 141~-G55 5.12 5.3%6 8.0 h
Mkn 509 1 6.53 T.89 Seby Teb h

2 5.29 6426

3 5.09 5¢74
NGC 7469 1 Ta65 T.88 bae2 £

2 £.80 6.76

3 8.45 917
MCG 2~58=-22 1 6.53 be96 7.8 f

2 6.05 636
(a) Flux in 1 keV band centered &t 3 keV.
(b) Halpern (1982). (f) Mushotzky (1983).
(c) Piccionotti et al. (1982). (g) Ro*hschild et al. (1983).
(d) Worrall et al. (1980). (h) Mushotzky =t al. (1981).
(e) Marshall et al. (19793). {i) Werrall et al. C(1979).
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Beher Properties of Dbserved AGN (a)

T S S B 0 G et g W RS IO S o) AU S S D Mt Nh W ADD (U W A U ey B Wy SR S D SV (S B B Bt el T8 AN Sl S D RS GO G G U e S SR O R ) I D (i 00 OB B R W B O B R D I S W R e ST

log log (YL, log
Source Loy 7 KAy D 3 keV 14504 3e5 MM CHABY

(b (c) Cd) (d)
NRAD 1490 45496 0.907 46,72
3C 273 65,81 0.438 454,65 46,70 464,26 44438
III 2w 2 44471 C.673 44452 444,51 45403 43.23
3¢ 111 44,37 -0.C07 444,33 44 .66 42.84
Fairall 9 hbelb 0.83%6 44,12 44,99 46,495 43,36
MCG 2-58-22 444,25 0,535 44,19 44,60 44 .82 43.28
3C 382 44433 0.108 h4.23
ESO 141-G55 44,24 1.377 43,87 44,71 44 .60 42.50
Q02414622 4422 0.789 44,00
Mkn 509 44.13 C.225 42.89 44 .52 46 .69 42.98
aC 120 bha1t 0.534 43,83 63.83 44449 42.16
IC 4329A 43486 0e816 63.64 44417 41.76
MCG 8-11-11 43.62 0.759 43442 44 .08 41.64
NGC 7469 43.56 0.8R7 43.35 43447 44.76 42.10
NGC 5548 43439 0.260 43.31 43.99 43.88 4197
Ca) H = 50 km s™! Mpc~! assumed.

(b)
(c)
(d)
Ce)

Intrinsic luminosity in D.75-4.5 keV band.

log

(QITD)

(d)

43.18
42.75
42412
42443
42.78

41.80

42.46
42,19
6157
41.88
41.92

41.88

o yy
Ce)

1.120.1

l.04041

1.140.1

Wuy Boggess and Gull (1983), except 3C 273 from Ulrich et al. €1980).

Lawrence and Elvis (31982).

Malkan and Sargent (1%82).
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FIGURE CAPTIONS

Figure 1 -- Examples of 0.75-4.5 keV spectra of high X-ray luminosity active

galactic nuclei from the Einstein $SS. Displayed on the left are pulse
height spectra with the best fit simple spectral model (power law plus
absorption) superposed. Shown on the right are the input photon spectra
correspending to the best fit model, after deconvolution from the SSS
response function. Examples of all three data quality levels are
displayed: 1IC 4329A(a,b) and MCG 2-58-22 (c,d) are quality 1; III Zw 2
(e,f) is quality 2; 3C 111 (g,h) and NRAO 140 (i,j) are quality 3.

2

Figure 2 -- The integral Xy distribution for a single power law fit to 28 SSS

observations of high X-ray luminosity AGN. The dashed curve represents
the expected integral xs distribution for 58 degrees of freedom.
Application of a Kolmogornov-Smirnov test indicates that the distribution
obtained from the fits is consistent with the expected distribution at

the 67 percent confidence Tevel.

Figure 3 -- A histogram of the inferred values of the spectral index « for 28

SSS observations of 15 high X-ray Tuminosity AGN. The various degrees of
hatching represent the three data quality levels. The "typical error"

represents the 90 percent confidence 1imits for a quality 2 spectrum.

Figure 4 -- A comparison of inferred 0.75-4.5 spectral indices from the

SSS (“sss) with spectral indices at higher X-ray energies (see Table
3). (a) Inferred 1.5-10 keV spectral index from Einstein

MPC (“MPC) versus o from data collected simultaneously (Halpern

sss’

WP s i




)

1982). A point is displayed for each observation. (b) Inferred 2-40 KeV

spectral index from HEAD-1 A2 (“HEAO-l A2) versus o.... One point is

SSS
plotted for each object. The open circle represents an 0S0-8 measurement

of the spectrum of Q0241+622.

Figure 5 -~ Galactic column density plotted against column density inferred

from SSS spectral measurements for 15 high X-ray Tuminosity AGN.

Figure 6 -- Residual column density tinferred minus galactic) for 15 high
X-ray Tuminosity AGN. Dashed vertical Tine at 2 x 1021 ¢p2 represents
minimum column density measurable by the SSS in these observations. Only

one object, IC 4329A, has a non-zero residual column density.

Figure 7 -- Average X-ray tuminosity in 0.75-4.5 KeV hand <L ..> versus

average 0.75-4.5 spectral index <a ss” for 15 high X-ray luminosity

s
AGN. Open circles represent quasars; closed circles represent Scyfert I

galaxies. The solid vertical line flanked by dashed 1ines represents the
average value and the variance of the spectral index for energies above 2

keV. No <Lgoo> - <a...> correlation exists from the entire sample or
§SS

s
firom either subset.
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EXAMPLES OF SSS SPECTRA OF HIGH LUMINOSITY AGN

SINGLE POWER LAW MODEL
SUPERPOSED ON

PULSE HEIGHT SPECTRUM DECONVOLVED PHOTON SPECTRUM
) 1 ;f"r’f‘ 1 ] LI ) LI | | 1 | D I L ¥ L LI
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FIGURE 4b
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GALACTIC COLUMN DENSITY VS. X-RAY COLUMN DENSITY
FOR HIGH X-RAY LUMINOSITY AGN
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OF POOR QUALITY
AVERAGE SOFT X-RAY LUMINOSITY

VS. SPECTRAL INDEX
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