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POPULATION PROP£RTIES OF AGN IN THE SOFT X-RAY BAND
D.M. Worrall
Harvard-Smithsonian Center for Astrophysics

ABSTRACT

Maximum-likelihood analysis can be used to separate the
intrinsic dispersion of spectral index from the measur
ing errors for X-ray observed samples of AGN. Published
samples are consistent with a single mean spectral index
and intrinsic dispersion (0- '" 0.74 , 0' '" 0.2). A finite
0' tends to introduce selection biases, compels the use
of large samples in searches for intrinsic properties, and
can mask quite substantial trends in X-ray spectral index
with other source properties. On the evidence of recent
work, the only property which convincingly appears to
affect 0- is the relative strength of radio emission, and
t he connection between radio and X-ray luminosity is
discussed. Observed trends to flatter AGN X-ray spec
tral components with higher energy may be important in
evaluating the composite spectrum of AGN contributing
to the cosmic X-ray background.
.

discuss X-ray spectral and luminosity trends as a function
of other properties, but X-ray variability is outside the
scope of this review.

2. DIVERSITY OF X-RAY SPECTRAL INDICES
begin by considering X-ray spectra, and ask if spec
t ral parameters show trends with other source properties.
T he difficulties involved here are that the measurements
often have one or more of the following properties:
(a). The measuring errors are fairly large compared to
the variation in spectral index under investigation .
(b). Some objects (the brighter ones, or those observed
for the longest time) are measured more precisely than
the majority of others.
(c). The measuring errors are asymmetric.

Keywords: AGN X-ray spectra, AGN population prop
erties, radio sources, cosmic X-ray background, quasars,
BL Lac objects.

1.

INTRODUCTION

T his paper will discuss the soft X-ray properties of pop
ulations of sources selected by various properties other
than their X-ray emission. Some reasons for doing this
are to try to understand
(a) which intrinsic properties, such as total Iuminosi ty
and redshift, have some bearing on the X-ray emission.
These relationships are important if we wish to estimate
the contribution of sources t o the cosmic X-ray back
ground (CXRB) by means of their luminosity functions,
or if we wish to use spectral mismatches to constrain the
contributions of known types of sources to the CXRB;
and
(b) to which other radiations the X-rays are most closely
related. This helps us to understand which energy
production mechanisms are impor·t ant in producing the
X-rays. Where we have good evidence that the X-ray
emitting region is physically different from the regions
emitting lower-frequency radiation, we can study such
things as the relative isotropy of the emission in the dif
ferent wave bands.

These properties r';'ther challenge statistical techniques
of searching for correlations of spectral index with other
parameters within samples. Therefore, most of what I
discuss will use the well-defined statistical procedure of
comparing the populations of differently-selected samples
using maximum-likelihood analysis.
First, let us consider how we can evaluate the diversity of
spectral index within a sample, since in comparing spec
t ral indices for two samples it is important to estimate
not only the population mean but the dispersion of the
population, which I shall call the intrinsic dispersion .
2. 1.
Method assuming Spectral-Index Measurements
are Normally Distributed

If the assumption is made that both the measurements
and underlying spectral-index distribution have normal
distributions, then the population mean spectral index,
0-, and intrinsic dispersion, 0', may be evaluated from
individual results , ai ± O'i , by maximizing the likelihood
given by

L=

IT [J27r(O'2 + O'n
1

i

This paper will be biased towards results obtained with
the Einstein Observatory Imaging Proportional Counter
(IPC), since this detector has provided us with the largest
statistical samples of the faintest X-ray sources. I will

exp

(

-

(ai 2 (0'2

0-)2 ) ]
2

+ 0',)

(1)

In practice, this is done by minimizing -21n L, which is
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TAB LE 1
(1 )
Sample

(3)
(2)
Number Energy
r ange
of
sources/ (keV)
obser vations

HEAO-1 A2 Seyferts
SSS Seyferts/QSOs
IPC QSOs
Ginga Seyferts/ QSOs
EXOSAT Seyferts
IPC Seyferts

30
15/ 28
33
10/12
38/ > 64
38/53

2-50
0.75-4 .5
0.1- 3.5
2-35
0.1-10
0.1-3.5

(4)
Reference

(5)
Best fit and
90% confidence
range of 17
(S Tnin + 4.6)t

Mushot zky 1984 [Ref. 3]
P et re et al. 1984 [Ref. 4]
W ilkes and E lvis 1987 [Ref. 5]
Makino et al. 1988 [Ref. 6]
T urner and Po unds 1989 [Ref. 7]
Kruper et al. 1989 [Ref. 8]

0.15 ;
0.27;
0.3 0;
0.24;
0.15;
0.19;

(7)
(6)
Notes
90%
confidence
range of Ii
(STn in + 4.6)t

0.10-0 .21 0.62-0 .76
0.18-0.40 0.55-0.82
0.20- 0.44 0.57- 0.9
0.16-0.41 0.58- 0.91
0.11- 0.21 0.67- 0.79
0.10-0 .31 0.75-0 .97

1

2
3

t

Assuming 2 interest ing p aram et ers. (Results in columns 5 and 6 are not indep endent ).
Notes:
1. Similar results are obtained for the subsam ple of 11 Seyfe rts observed jointly wit h HEAO- 1 A2 and A4 over
the 2-165 keY energy band [Rothschild et al. 1983; Ref. 9] . Result for 17 is 0.14;0.09- 0.25 . Result for Ii is 0.58
0.78.
2. For the medium-energy detectors only (2- 10 keY) , the paper reports > 67 observations of 41 sources. Results
are similar: 0.14;0.1-0.2 for 17, and 0.65-0.78 for Ii .
3. Paper reports 57 observations of 41 Seyferts for which uncertainties in 0' are const rain ed . However, I have excluded the 4 observations with spectral indices> 2.517 from the mean , as noted in Ref. 8. Inclusion of these 4
observations gives the largest dispersion of any of the samples: 0.4 1; 0.31-0.54 , with an Ii of 0.72-1.04 .

equivalent t o minimizing the func t ion

The 90% joint-confidence contour for Ii and 17 is then
given by connecting points at STn in
4.6. This method
was used in calculating the mean and intrinsic dis
persion for sources detected in the Einstein IPC Ex
tended Medium-Sensitivity Survey (EMSS) [Maccacaro
et al. (1988) and Wolter (1989); Refs. 1 and 2] .

+

Note that l7i should be the 117 uncertain t y in O'i for one
interesting parameter, and usually this is not a published
result. However, it can be esti mated by scaling, as is done
in the next section where I have applied equation (2) con
sistently to various published samples. T he uncertainty
corresponding to X:"in + 2.3 is estimated as 1.5217 . Other
estimates are as follows :
X:"in

+ 2.7
+ 4.6
+ 6.0

-

1.65/1
2.1517
2.4517

2.2. Results for Published Samples. assuming Spectral
Index Measurements are Normally Dist ribut ed
Table 1 and Figure 1 give results of applying equation
(2) to some published samples. The results show that :
(a) . All the samples give an intrinsic dispersion of spec
tral index of greater than zero at more than 90% confi
dence for 2 interesting paramet ers (> 97% confidence if
17 is the only int eresting paramet er). Most of t he authors
do indeed ,note that their sam ples are inconsist ent with
a. !lingle spectral index.

(b). The top plot of Figure 1 shows that the best-fit 17
tends to a larger value in lower-energy samples with a
greater mix of source type and relative radio strength .
The samples are not independent ; some sources share
similar energy bands , and some sources are in common
t o more more than 1 sa mple . Nevertheless, it is perhaps
surprising that there is actually a small range of 17 which
is consist ent with all the samples. Not only is that true,
but the pair, 17 = 0.2, and Ii = 0.74 , lie just about within
the 90% joint-confidence con tour in 17 and Ii (and cer
tainly within the 95% contour) for each sample (Figure
1) . Thus, all these samples could be drawn from the
same population described by a Gaussian with a mean Ii
of 0.74 and an intrinsic dispersion of 0.2.
I emphasize this result not to conclude that there are
no differences between the populations from which these
samples are d rawn , i.e., that there are no trends of spec
tral index with the mix of source type, or the X-ray
energy band of the measurements, but more to point
out that 'we are hampered in discovering such trends
by the degree to which the underlying distributions of
these samples are similar compared with current mea
suring uncertainties. Moreover, a non-negligible intrinsic
dispersion , as suggested by these published samples, may
introduce selection biases which are difficult to quantify:
These may be of two types:
(a) . The bias from the selection property itself. Ob
jects are more likely to meet the threshold for a hard-X
ray-selected sample if they have relatively hard spectra,
and conversely for a soft-X-ray-selected sample. Even if
the sample is complete, and selected by some property
other than t he X-r ay, the X-ray energy-band m ay make
some difference since the measuring errors for sources

r
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more matched in spectra to the band pass are likely to
be smaller, giving these sources more weight.
(b). T he bias introduced by the brightest sources which,
if the intrinsic dispersion is broad, may, by misfortune,
lie on the wings of the population distribution. The
population properties determined for a sample (whether
by weighted mean or maximum likelihood methods) are
dominated by the objects with the smallest measuring
errors.
90%-confidence uncertainties for 2 interesting parameters

choose a large number of model parameters and deter
mine the shape of the distribution of a. In practice, the
data currently available warrant something simple and
symmetrical. Therefore, a reasonable choice for the in
trinsic distribution is a Gaussian distribution with 2 free
parameters, the mean and the standard deviation. (See
also Worrall and Wilkes 1989, Ref. 10, for appropriate
equations.) Unfortunately, unlike using the assumption
of symmetrical measuring errors, the method can't be
applied to published data, since a X 2 contour-plot for a
source contains insufficient information to determine the
likelihood distribution of spectral index.

0.5.,...------------------,

2.4.
Dependence of X-ray Spectral Index on Radio
properties, z, and Luminosity

I
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2.4.1. The Wilkes and Elvis sample
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Wilkes and Elvis (1987; Ref. 5) were the first to claim
a trend of the spectral index flattening with increas
ing radio-loudness for a sample of 33 optically or radio
selected AGN, which were observed as targets with the
Einstein IPC, and which were detected with ~ 300 net
counts. Figure 2 shows the result of performing t he
maximum-likelihood analysis described in §2.3 on t his
sample of 33 objects broken into various subsamples.
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Figure 1: Underlying distribution of spectral indices
inferred from various published samples, using equa
tion (2) . T!,> p - the intrinsic dispersion, u. Bottom
- t he allowed range of a assuming u = 0.2 (i.e., the
range of a for which the line u = 0.2 lies within the
90% joint-confidence contour of a and u).
Method where Measurements are not assumed
2.3.
t o be Normally Distributed
The method for finding the intrinsic distribution of spec
t ral indices can be improved. That is, we can evalu
ate the mean and dispersion without making the rather
poor assumption that the measurements of spectral index
are normally distributed. (We know that this is a poor
assumption from the experience of fitting AGN spectra
to a power-law model with free absorption and finding
. banana-shaped contours of allowed a and N H.)
For the improved method, for every source, we step
through values of a, making a spectral fit each time, to
evaluate the likelihood distribution ofa for that source.
We convolve this likelihood distribution with a param
eterized model distribution for the population. In the
same way as above, we combine likelihoods for all the
sources and minimize a function S. The function S con
tains all the parameters which represent the model dis
tribution, and we can solve for the best-fit parameter val
ues and their confidence regions. In principle, we could
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Figure 2: 90% confidence contours (2 interesting
parameters) of mean spectral index and intrinsic
dispersion for subsamples of the Wilkes and Elvis
sources selected by radio property. Top - fits where
the line of sight absorption column density, param
eterized by N H, is a free parameter. Bottom - fits
where N H is fixed to the galactic value, using Stark
et all 1984 (Ref. 11). Subsamples are: Dotted line
- 15 radio-quiet sources; Solid line - 11 flat-radio
spectrum (FRS) compact sources; Dashed line  7
steep-radio-spectrum (SRS) extended sources.
Figure 2 shows a separation of mean spectral index be
tween radio-loud and radio-quiet sources. Wilkes and
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Elvis didn't divide the radio-loud sources by radio spec
t rum, but this is done in Figure 2 where we see that
t he contours overlap. Therefore, when the measuring er
rors are taken into account, as they are here, we can
not conclude that steep-radio-spectrum (SRS) and flat
radio-spectrum (FRS) sources are drawn from different
spectral-index populations. This result does not support
t he claim of Boroson (1989; Ref. 12), who compared the
distributions of the FRS and SRS sources ignoring their
measuring errors, and concluded that the two samples
were drawn from different distributions at the 95% con
fidence level.

I

Wilkes and Elvis found excess counts in the lowest IPC
channels, such that there was a tendency for t he best-fit
N H t o be less than that inferred for the galaxy from 21 cm
radio observations (Stark et al. 1984; Ref. 11). This result
seemed to be in general agreement with the fact t hat soft
excesses had already been reported for a few individual
sources wit h the HEAO- l A2 experiment and wi th EX
OSAT [see references in Turner and Pounds (1989; Ref. 7)
and Kruper, Urry and Canizares (1989; Ref. 8)]' and,
part icularly due to EXOSAT measurements, are how be
lieved to be a common feature of AGN (e.g., Pounds, this
volume ). For results as to how high an energy the soft
excess permeates t he IPC band see t he papers of Urry
and of Wilkes et al. in this vol ume. Here, I wish t o in
vest igate how much t he assumption of fixing N H t o t he
Galactic value affect s t he results from the maximum like
lihood analysis. T he results are evident from comparing
the lower and upper plots in Figure 2:
(a), The relative conclusions one would d r aw abou t the
difference between the subsamples broken by radio prop
erty is the same as for free N H.
(b). When NH is fixed t o the galactic value, the disper
sion gi ven by each subsample increases. This is what one
might exped since, by fixing the value of N H, t he li ke
lihood distri bution of each source with 0' becomes more
peaked .
(c) . The contours have all moved to higher spectral index
by a value of", 0.1. This is consistent wit h a mixing of
some steep-spectru m soft emission.
2.4 .2. T he C anizares and White analysis
The first attem pt to study spectral i ndex as a functio n
not only of radio index , but of redshift and luminosity,
was performed by Canizares and White (1 989; Ref. 13),
again using Ein8tein IPC data. Rather than 33 object s,
they used observations of about 70 QSOs at overlapping
and higher luminosity and redshift t han the Wilkes and
Elvis sources. The Canizares and White method was
to assume that every source in a subsample h ad a sin
gle spectral index - i.e., assume t he intrinsic dispersion
was zero. They then summed the X2 values from all the
sources for a fit with a given set of parameters, and solved
for the best~ fit spectral index and errors. They t est ed to
see if an absorption systemat ically larger than the galac
tic N H val ue for each source gave an improved fit for
the composit e. Since they found this not t o be true,
they went on t o assume a galactic N H for each source.
T hey didn't test for negative residual N H values, i.e., soft
excesses, but argued that in the higher redshift sources
t hese would, in any case, be pushed below t he IPC ob
served band. T he main results were as follows:
(a ). The steep-radio-spectrum and flat-radio-spectrum

sources divide, such that SRS sources are intermediat e
between radio-quiet and FRS sources in their X-ray spec
trum.
(b). There i~ no necessary trend in spectral index with
either redshift or luminosity.
2.4. 3. The Brunner et al. analysis
Moving deeper into the IPC dat a, Wil kes and T anan
baum have been systematically extr acting and analy zing
quasar and AGN data, as p art of a project to produce
a publicly available results datab ase for these sources.
Objects are only being included if they were optically or
radio-selected , as opposed t o X-r ay selected (see Wil kes
et al. 1989; Ref. 14). Nearly all the objects that were IPC
targets are now in t he d atabase, which as of September
1989 contains 628 observations of 507 different sou rces.
Brunner et al. 1989 (Ref. 15) h ave used d at a from the
fi rst 317 sources in order to study the vari ation of X-ray
spectra with radio properties, redshift , and X- ray lumi
nosity. The sample of objects is much larger than was
used in previous work, although t he brightest objects are
in t he Wilkes an d Elvir" and Canizares and W hit e, sam
ples , and many of the sources are quite faint. However,
we are able to use a maximum-li kelihood analysis, simi
lar t o that described in §2.3, for the investigation . The
one modification to the analysis is that we calculate the
likelihood dis t ribution of spectral index for each source
by means of the h ardness ratio , instead of through the
usu al spectral-fi tt ing methods. We assume the measu red
counts in the soft and hard bands are the best estimates
of counts drawn from Poisson distributions. We then
make many simulated trials, evaluating the h ard ness ra
tio and the corresponding spectral index each time, and
use this to dete rm ine the likelihood distri but ion of spec
t ral index for the sou rce. Then , as before , we convolve
t he li kelihood distribution with a n assumed model distri
bution, combine d ata from all the sources in ,a su bsample ,
and determine t he mean spectral index and dispersion f9r
the population . Since we use the h ardness rat io , rather
t han the distribution of observed counts in several energy
bins, we are not at liberty to consider the absorption to
be a free parameter, and so we adopt the galactic 21 cm
value for each source.
Results for the 317 sources split by radio cat egory give
a remarkably similar se paration in a to that found for
the much smaller Wilkes and El vis sample (Figure 2).
Results for t he large sample are affected negligibly if the
Wilkes and Elvis sources are excluded from it . Therefore ,
the Brunner et 'al. wor k h as confirmed t he difference in
mean X-ray spectral index bet ween radio-loud and radio
quiet quasars for a m uc h larger sample of sources. Al
though the Brunn er et al. an alysis was performed for
fixed N H, the Q values match the upper graph of Figure
2 more closely that they do the lower graph . This sug
gests t hat t he soft excesses which cause the Wilkes and
Elvis-sample curves to move to steeper indices by about
0.1 when the assumption of fixed N H is m ade, are not
dominating the large r and higher redsh ift sample. (The
median redshift for the Wilkes and Elvis sample is '" 0.2;
for t he Brunner et al. sample it is '" 0.7) .
Figure 3 shows results for the Brunner et al. sample di
vided by radio property and into 2 redshift bins, at a
dividing redshift of 0.8. A division by X-ray luminosity
gives similar results (see paper by Brunner et al. in this
volume) . The main results are as follows:

r
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(a ). We agree with Canizares and White (1989; Ref. 13)
that at least for the radio-quiet and SRS objects, there
is not a strong dependence of spectral index on redshift.
(b) . A new result is that the intrinsic dispersion is not
negligible. T his contradicts the assumption of Canizares
and White t hat there is no intrinsic dispersion, and it
means that despite our larger samples, we claim larger
uncertainties on the values of Q. This is unfortunate
because it implies that future X-ray missions using more
sensitive detectors will still need large numbers of sources
to sample adequately the underlying source populations.
(c). Our radio quiet and steep radio spectrum samples
show a trend to a larger dispersion for the lower z objects.
T his may be due to one or more of the following:
- A larger weight contributed by the brightest, best con
strained, sources, which tend to be those of lowest z.
- Soft excesses causing excess dispersion. Soft excesses
are more likely to be redshifted out of the observed
band in higher redshift sources.
- A greater mix of different types of object at low z.
(d) . The F RS objects are the only ones which suggest
t here might be a trend of Q with redshift, and that is in
the direction of a flattening with redshift. Taken together
with the SRS objects, this may suggest a two-component
model for the FRS sources, with a flatter X-ray compo
nent kicking in as one goes to higher energies.

0 ."
FLAT
RADIO
SPECTRUM

" 0.2
0.1
0

STEEP
RADIO
SPECTRUM

0 .3

2.4.4. Spectral constraints from sources contributing to
t he CXRB
A number of authors have demonstrated t he mismatch
between the HEAO- l A2 C XRB spectrum (Marshall et
al. 1980; Ref. 16) and AGN with mean power-law spec
t ral indices of "" 0.7 (e.g., Refs. 17- 19). This mismatch
limits the contributions from known ty pes of AGN , and
requires the residual emission to be of flat spectrum or
high temperature. However, Schwart z and Tucker (1 988;
Ref. 20) have demonstrated t hat a larger contribution
can be accommodated if AGN spectra are concave (flat
t en with increasing energy). Schwartz, Q ia'1 and T ucker,
t his volume, calculate the in tegrated C X R B spectrum
from sources with concave spectra and which are from a
population which evolves in X-ray luminosity but not in
spectral shape. Although the examples don't fit in detail
the CXRB spectrum in the 20-50 keY energy band , the
overall shape is a reasonable match t o t he 3-100 keY spec
trum of the CXRB (and falls below up per limits in t he
0.2-2 keY energy band), especially given the oversimplifi
cations of the spectral models and of ass uming t he same
spectral-parameter values for each source.

Schwartz, Qian and Tucker find that their concave spec
tral models are as good as a power law with a soft excess
in fitting the 33 Wilkes and Elvis objects. Moreover, the
steepest parts of the fits confirm the X-ray spectral dif
ference between radio-loud and radio-quiet sources, and
their results support a finite dispersion in spectral-index
values: no one set of model parameters fits more than
66% of the sources (at 95% confidence).

0 .4

tr

dispersion, similar to that foun d by Wolter (1 989; Ref. 2)
in the analysis of 308 X-ray-selected sources from the
Einstein EMSS. This dispersion is broad enough to be
able to mask quite substantial trends in X-ray spectral
index with other source properties.

The average amount of power-law spectral-index fl at
tening with energy required by the Schwart z, Qian and
Tucker calculations is ",,0.25 per decade. From Figure 3,
with the information that the median redshi fts for the
z > 0.8 and z < 0.2 objects are 2.0 and 0.1, we would
expect a change in a of only 0.1 between the subsamples
at different redshift, in the sense of a flatter mean spec
trum in the highest redshift band . Such a flattening is
not ruled out by the results of Figure 3.

0.5

0.3
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Figure 3: 90% confidence contours (2 interesting pa.
rameters) of mean spectral index and intrinsic dis
persion for subsamples of the Brunner et al. sources
selected by radio property and redshift, from the
work of Ref. 15. The number of objects in each sub
sample is given in parentheses.
A major point I'd like to emphasize is the rather large

The first measurement of a quasar X-ray spectrum flat
tening with increasing energy was the HEAO-1 A2 spec
trum of 3C 273 , published by Worrall et al. (1 979;
Ref. 21). The 99% joint-confidence contours of power-law
spectral index and N H, measured simultaneously with
the argon detector (sensitive between 2 and 20 keY) and
the xenon detector (sensitive between 2 and 60 keY) did
not overlap, in the sense that the xenon detector indi
cated a flatter spectrum. The X-ray spectrum of 3C 273
is now known to display small variations in spectral in
dex with time, and a variable soft excess (Turner et
al. 1989; Ref. 22). Spectral flattening with increasing en
ergy now appears to be a common feature at low X-ray
energies through the prevalence of 'soft excess' emission
(see §2.4.1). More recently, Kruper, Urry and Can~zares
(1989; Ref. 8) have claimed that the mean spectralmdex
for a sample of Seyfert galaxies measured with the Ein
stein IPC (0.1- 3.5 keY) is steeper by ",,0.3 than its cor
responding value from HEAO-l A2 observations (2 - 50
keY). The new result by Pounds (this volume) of a hard
excess in the average Ginga spectrum of Seyfert galax
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ies lends further support to an average AGN displaying
an X-ray spectrum which is more complex thana sin
gle power law. The objections against a relatively large
contribution to the CXRB from AGN, made on the basis
of spectral mismatches, may need re-evaluating, taking
into account the more complex spectral shapes which are
indicated.


3. INFLUENCE OF RADIO ON X-RAY EMISSION
3.1. X-ray dependence on radio and optical emission
Since the only property which convincingly appears to
affect the X-ray spectral index (at least in the Einstein
IPC data) is radio loudness, for the rest of this paper I'll
discuss the connection between radio and X-ray luminos
ity.
The result that for a given optical luminosity, radio
loud quasars are stronger X-ray emitters than radio-quiet
quasars was first reported by Ku, Helfand and Lucy
(1980; Ref. 23), and Zamorani et al. (1981; Ref. 24).
Since then there have been a number of studies which to
different degrees have related nuclear and/or extended
radio luminosity with X-ray luminosity (e.g., Refs. 25
32). I think we should bear in mind, though, that this
excess X-ray emission from radio-loud QSOs is not or
ders of magnitude, but at most a factor of 5 (see e.g.,
Figure 1a of Ref. 30). It would be desirable to under
stand the X-ray luminosity in terms of the luminosity
in a complete range of lower-frequency bands. However,
I think this is difficult to do with present samples in a
model-independent way, and, to illustrate why I reach
this conclusion, let ,me comment on the complications of
relating just the X-ray and radio emission.

power.
3.2.2.
objects

Two-component X-ray emission from BL Lac

The argument mentioned in §3.2.1 as evidence for 2 com
ponents in the X-ray emission of radio-loud quasars, may
help us understand a puzzle in the relationship between
core-dominated quasars and BL Lac objects. This puz
zle arises from the suggestion that for BL Lac objects
the X-ray emission is less beamed than the radio or opti
cal emission (Refs. 33-35), presumably through dilution
by isotropic X-ray emission. However, as shown in Fig
ure 4, core-dominated BL Lac objects (for which beamed
and isotropic X-rays should then be mixed) and core
dominated quasars (for which X-rays related to the ra
dio core should dominate, see above) appear to share a
correlation of radio and X-ray luminosity (Worrall 1988;
Ref. 36). The solution (Ref. 10) may be a combination of
the facts that the BL Lac objects are lower in luminosity
than the quasars and that the slope of the correlation
is flatter than unity. This implies more X-rays per unit
core radio luminosity for the BL Lac objects than for the
quasars, and, by anak,gy with the argument in §3.2.1,
allows additional (isotrojJic) X-ray emission to be mixed
with beamed emission in BL Lac objects.
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3.2. X-ray dependence on radio emission only
3.2.1. Two-component X-ray emission from quasars
The evidence for the X-ray emission being related
only partially to core radio emission for radio galaxies
(Ref. 28) and for quasars (Refs. 29,31), came from a sim
ilar argument. When one plots X-ray emission against
core radio emission, what is seen is that objects with
lower core radio luminosity seem to produce more X-rays
per unit of core radio than do sources with higher core lu
minosity. The natural interpretation of this is that there
is a second component which is larger in the core-weak
objects, as long as one believes that (a) all the cores are
similar and, (b), that the core radio and core X-ray lu
minosities should be roughly proportional, on average,
perhaps because the X-ray emission from the core is re
lated to the radio by Synchrotron self-Compton radia-·
tion. However, in these samples the sources with strong
extended emission are those with weak cores, so that the
data can be interpreted as the X-ray emission arising
from 2 components, one related to the extended radio
emission, and one related to the radio core. The mix
of these components in the observed X-ray emission de
pends on the relative core dominance of the radio source.
Details of model interpretations (Refs. 29, 31-32) differ.
However, what seems to me to be the biggest problem in
these studies at present is the inadequacy of the samples.
The radio sources with X-ray data tend to have either
weak cores and strong lobes, or strong cores and weak
lobes, which makes it difficult to separate out the depen
dence of the X-ray emission on the core radio emission
and on the lobe emission, which is an indicator of total
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Figure 4: 2 keY vs 5 GHz spectral luminosities for
core-dominated, radio-selected, BL Lac objects and
quasars, from Worrall (1988; Ref. 36). Luminosities
are in units of ergs S-l Hz- 1 for H 0 = 50 km S-l
Mpc- 1 • The two lines are for slope unity and for the
best-fit slope of 0.82.
The danger of using luminosity-luminosity plots to infer
correlations has been emphasized recently by Bloom and
Marscher (1989; Ref. 37), who show that VLBI and X-ray
flux densities for an inhomogeneous set of radio sources
are poorly correlated, whereas common distance-factor
spreading gives a good VLBI/X-ray luminosity correla
tion. To show that this effect does not dominate the Wor
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rall (1988; Ref. 36) correlation, I have divided the sam
ple into 3 bands by radio luminosity, and examined the
radio/X-ray flux-flux relationship for each band. Each
subsample is fitted to the form
log I" = slope (log Ir
and results (with

lIT

3.0) - 1.0 + intercept

TABLE 2
best-fit slope

luminosity
range

I

-

(3)

errors) are given in Table 2.

0.86 ± 0.2
0.76 ± 0.13
0.75 ± 0.13

log lr < 10 34
10 34 ::; log lr < 1035
log lr ~ 10 35

intercept
(for slope=0.8)
0.41
0.19
-0.04

± 0.11
± 0.08
± 0.06

The result that the value of the intercept for fits to equa
tion (3) decreases with increasing luminosity is consistent
with a slope of less than 1.0 in the luminosity/luminosity
correlation, and suggests that common distance-factor
spreading is not dominating the correlation.

4.

CONCLUSIONS

The trends of X-ray spectrum and luminosity with
other AGN properties have been discussed. Maximum
likelihood analysis can be used to separate the intrinsic
dispersion of spectral index from the measuring errors
for X-ray observed samples of AGN. Published (not en
tirely independent) samples are consistent with a single
mean spectral index and intrinsic dispersion (a ~ 0.74,
IT ~ 0.2), although the best-fit IT tends to a larger value in
lower-energy samples with a greater mix of source type
and relative radio strength . A finite IT tends to intro
duce selection biases, and implies that future X-ray mis
sions using more sensitive detectors will still need large
numbers of sources to sample adequately the underlying
source populations.
The degree to which the underlying distributions are sim
ilar compared to current measuring uncertainties ham-
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pers investigations of the trend in X- ray spectral slope
with other source properties. Recent work has been re
viewed, and it is concluded that the only property which
convincingly appears to affect a is the relative strength of
radio emission. This is in the sense of a flatter X-ray spec
tral index for radio-loud AGN. Evidence for any differ
ence in X-ray spectral index between core-dominated flat
radio-spectrum (FRS) and lobe-dominated steep-radio
spectrum (SRS) quasars is weak. When measuring er
rors and a finite intrinsic dispersion of spectral index are
taken into account, the X-ray spectral populations from
which FRS and SRS quasars are drawn are not necessar
ily different, although there is a tendency (stronger for
higher redshift/luminosity sources) for FRS sources to
have flatter indices. Ther.e is evidence that radio quasars
and BL Lac objects may emit both beamed and isotropic
X-ray radiation, although current samples have short
comings for separating out if and how core and lobe ra
dio strength are independent tracers of X-ray emitting
components.
There is growing evidence (much of it presented in this
volume) that, although AGN fit one-component power
law spectra over restricted X-ray energy bands, their full
X-ray spectra are more complex. This, t oo, hampers
our ability to determine spectral trends wit h emission at
other wavelengths, redshift or luminosity, although the
problem is lessened if the source-frame energies of such
features are known through their association with physi
cal phenomenon. It will be important t o re-evaluate the
composite spectrum of AGN contributing to t he CXRB
taking into account such features. In particular, the
objection against a relatively large contribution to the
CXRB from AGN, made on the basis of spectral mis
matches, is alleviated if reports of AGN X- ray spectral
flattening with increasing energy are accommodated.
Financial support from NASA contract NAS8-30751 and
the Smithsonian Research Opportunities Fu nd is grate
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