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THE X-RAY SPECTRA OF BLAZARS OBSERVED WITH EXOSAT
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ABSTRACT

A systematic analysis of the X-ray spectra (0.1-10 keV) of all blazars observed with EXOSAT is presented.
The objects include 16 X-ray-selected BL Lac objects (XBLs), five radio-selected BL Lac objects (RBLs), and
five highly polarized quasars (HPQs). Comparing the results of single-power-law fits for the different classes,
we find that XBLs have steeper X-ray spectra than HPQs (average photon indices <I') ~ 2.20*3:17 and
1.6270:34, respectively). The X-ray luminosities of XBLs and RBLs are similar, while HPQs tend to be some-
what more luminous. For the three groups, a correlation between the average medium-energy luminosity and
the average spectral index is found, in the sense that sources of higher luminosity have flatter spectra. For
repeatedly observed objects (XBLs), the spectra harden systematically with increasing intensity. For seven (out
of 16) XBLs, corresponding to the brightest objects in the sample, the X-ray spectrum is significantly better
described by a convex, broken—power-law model than by a single power law. The results are discussed in the

framework of current models for blazars.

Subject headings: BL Lacertae objects: general — quasars: general — X-rays: galaxies

1. INTRODUCTION

BL Lacertae objects are active galactic nuclei (AGNSs) char-
acterized by a high degree (>3%) of linear polarization in the
optical, dramatic variability at almost all frequencies, and
weak or absent emission lines (e.g., Angel & Stockmann 1980;
Bregman 1990). Highly polarized and optically violently vari-
able quasars (HPQs and OVVs) share with BL Lac objects the
properties associated with a strong nonthermal continuum
but, at the same time, exhibit spectral features typical of ordi-
nary quasars, such as emission lines and the blue bump. While
the lack of these features represents an intrinsic difference
between BL Lac objects and HPQs (e.g, Padovani 1992;
Ghisellini et al. 1993), there seems to be a substantial continuity
between the two classes from the point of view of the non-
thermal component, hence the definition of blazars to include
all the sources where the observed continuum is dominated by
nonthermal emission.

The spectral energy distribution of blazars, extending
smoothly from the radio to the ultraviolet band, is thought to
derive from synchrotron radiation from a relativistic jet point-
ing close to the line of sight (Blandford & Rees 1978). In the
X-ray band the situation is less clear. The synchrotron and
inverse Compton processes are the most likely explanations
(e.g., Jones, O’Dell, & Stein 1974; Ghisellini, Maraschi, &
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Treves 1985). The first mechanism requires very high magnetic
fields and particle energies; the latter is bound to the radiation
energy density in the source, which depends strongly on the
beaming factor. The two processes may coexist, and one or the
other may prevail in individual objects or statistically in a class
of objects. The X-ray spectra and variability expected in the
two cases are quite different. Therefore, a study of the X-ray
properties of blazars is crucial for understanding the physical
conditions in these sources. In addition, the recent detection of
a number of blazars in y-rays (e.g., Hunter et al. 1993; Hartman
et al. 1993; Thompson et al. 1993) makes the study of the X-ray
to y-ray connection of particular interest.

BL Lac objects are well-known X-ray emitters (Schwartz et
al. 1979; Schwartz & Ku 1983). A number of them have been
discovered in X-ray surveys (Piccinotti et al. 1982; Stocke et al.
1991; Giommi et al. 1991). X-ray-selected BL Lac objects
(XBLs) seem to differ from the radio-selected BL Lac objects
(RBLs) in many properties (Stocke et al. 1985; Ledden &
O’Dell 1985; Stocke et al. 1990), except that the X-ray lumi-
nosity distributions are similar (Maraschi et al. 1986; Padovani
& Urry 1990).

Our knowledge of the X-ray spectra of BL Lac objects is still
rather limited. From a sample of 13 objects, observed with the
Einstein imaging proportional counter (IPC), Madejski & Sch-
wartz (1989) found an average photon index of ~2.1 in the
energy range 0.2-4 keV. In a review of EXOSAT results
obtained by different authors for some (12) individual objects,
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Maraschi & Maccagni (1988) gave a mean value of ~2.5 in
0.1-10 keV. The Ginga distributions of three XBLs gave an
average slope of >2.7 in the 2-35 keV range (Ohashi 1989),
while for two RBLs a mean of ~ 1.8 was found.

Evidence for downward curvature was found by Madejski &
Schwartz (1989) for a sample of six objects, using simultaneous
Einstein IPC and MPC data. Convex spectra were also seen in
the EXOSAT observations of PKS 0548 — 322 (Barr, Giommi,
& Maccagni 1988). Downward curvature was indicated to be a
general property of BL Lac objects by Barr et al. (1989), based
on the cumulative analysis of 17 objects.

Deviations from the above behavior, e.g., the presence of a
hard tail, were reported in a few cases. For the bright object
PKS 2155—304 a flattening of the spectrum above 10 keV was
detected in the HEAO 1 data (Urry & Mushotzky 1982) but
not confirmed by observations at later epochs (Ohashi et al.
1989; Treves et al. 1989; Sembay et al. 1993). A hard tail was
recently detected in BL Lac itself (Kii et al. 1991).

Within the blazar class there seems to be some difference in
the X-ray spectral shape of the different subgroups. An inter-
esting comparison was performed for a sample of BL Lac
objects (six XBLs and 24 RBLs), highly polarized quasars
(HPQs) (12), and flat radio spectrum quasars (19) by Worrall &
Wilkes (1990), on the basis of the Einstein IPC spectra, indicat-
ing that the BL Lac objects have, on average, steeper slopes
than the latter two groups. This result refers to a relatively soft
energy range (0.1-2.4 keV).

The EXOSAT satellite instrumentation comprising a low-
energy (LE; 0.04-2.0 keV) imaging telescope and a medium-
energy (ME; 1-20 keV) proportional counter, had an effective
range of almost two decades and was therefore well suited to
gather broad-band spectral information (White & Peacock
1988). In order to have a complete and uniform data set, we
systematically analyzed all the spectra from the EXOSAT
database referring to blazars. These include 93 observations for
26 blazars (16 XBLs, five RBLs, and five HPQs). Results of four
BL Lac objects appearing in the HEAO 1 all-sky survey were
presented in a separate paper (Sambruna et al. 1993, hereafter
S93). Of the 93 spectra used here, 22 are unpublished. A com-
plete description of the analysis, together with spectral fits to
each of the 93 observations is given in a separate paper
(Sambruna et al. 1994, hereafter Paper I).

Here we use the results reported in Paper I to discuss the
spectral properties of each object and of different classes of
objects. In the case of four repeatedly observed XBLs, spectral
variability is examined. The paper is structured as follows. In
§ 2 we summarize the information about the data set and the
spectral fits. The average results for individual objects are
reported in § 3, where also the spectral variability of the better-
observed XBLs is addressed. The average properties of the
different classes of blazars are compared in § 4. The principal
findings are discussed in § 5.

2. ANALYSIS

2.1. Data Set

A full discussion of the adopted criteria and of the procedure
of data reduction is given in Paper I and S93. Briefly, using a
number of published blazar lists, we searched the EXOSAT
database for observations useful for spectral analysis. All the
objects having at least one ME spectrum of sufficient quality to
allow for spectral fitting were retained. In all cases a source was
also significantly (>3 o) detected in the LE experiment. Few

cases of possible confusion (more than one source in the LE
field) occurred; these are discussed in Paper 1. The resulting list
of objects is reported in Table 1A, with the number of observa-
tions used (in parentheses), the redshifts (col. [2]), and some
references for the previously published EXOSAT data (col.
[13]). The classification of BL Lac objects as RBL or XBL is
based on the ratio between the X-ray and the radio fluxes
(Ledden & O’Dell 1985). The distinction between HPQs and
BL Lac objects is sometimes ambiguous. We included PKS
0537 —441 in the HPQ group, since a broad Mg 11 line of high
luminosity has been observed, while PKS 0521—365 was
included in the RBL group, since the observed lines are narrow
and of low luminosity (Paper I).

It is clear from the above that the objects considered do not
represent a statistically complete sample in the sense of a flux-
limited survey. Nevertheless, from the point of view of the
X-ray spectral properties they are a representative sample,
since they include all the blazars observed with EXOSAT.

2.2. Spectral Fits

In Paper I we considered both the ME spectra alone and the
combined LE + ME data, obtained by adding the LE data
points from the various filters to the ME spectra. Each spec-
trum was fitted with a single power law with absorption, either
fixed at the Galactic value (model al) or allowed to vary
(model a2). In most cases, the resulting y> was unacceptably
high. In addition, the column densities obtained with the latter
model were found to be slightly higher than the Galactic
values, and the spectral slopes from fitting the ME + LE data
flatter than those obtained from the ME data alone. This moti-
vated us to consider spectral models allowing for a possible
convex spectrum. We therefore considered a broken—power-
law model (model b) and a single-power-law model with a
low-energy absorption edge (model ¢). In fact, in a large
number of cases (40%), corresponding to the best exposed
spectra, model b gives significantly better fits than model al
and in most cases better than model c. For completeness we
give here the analytical expressions adopted for model b:

dN . Jexp [—Nyo(E)] x ET if E<E,,
dE exp [—Nyo(E)] x E2?"TE"T2 if E>E,,

where I'; and T, are the photon indices below and above the
break energy E,, respectively.

The results of the fits to all individual observations with the
above models are reported in Paper 1. In the following we
report the results obtained combining individual observations
of each object and groups of objects using the cumulative y2
statistics as described by Barr et al. (1989). The statistical sig-
nificance of a y*> improvement was estimated using the F-test
(Bevington 1969), with the standard threshold at Pp = 95%.
The acceptance probability P,, test was also adopted.

3. RESULTS

In order to obtain fluxes and spectral parameters appropri-
ate for individual objects we have to average over different
observations. A first approach is to take the weighted average
of the values and the corresponding weighted error, derived
from individual errors estimated on the basis of confidence
contours. The resulting weighted errors are usually quite small.

However, in at least four cases (Mrk 421, Mrk 501, PKS
2005 —489, and PKS 2155 —304, that is, the brightest and best
observed objects), there is clear evidence of variability not only
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in the fluxes but also in the spectral parameters. This means
that values derived from different observations differ more
than expected from the errors on individual observations. In
these cases the only meaningful way of characterizing the spec-
tral shape of each object is to take a simple mean and assign
the corresponding rms dispersion as uncertainty. In fact, in
order to estimate a 90% confidence uncertainty we multiplied
the rms dispersion by 1.6.

In other cases variability may be suspected, though not defi-
nitely proved. We therefore computed both weighted averages
and simple means, and associated errors for the relevant quan-
tities. The results are reported in Table 1. Columns (1) and (2)
give the name of the object (the number of used observations is
reported in parentheses) and its redshift. For each object with
more than one observation the first line reports the weighted
averages and 90% errors, the second line the simple means and
1.6 rms dispersions for the relevant quantities. The average flux
densities at 1 keV, obtained from the fits to the LE + ME data
with modal al, are given in column (3). The comparison of the
measurement error and dispersion gives clear evidence for
large variability for the four well-observed XBLs. A study of
the temporal variability was performed by Giommi et al.
(1990). For the objects with only one spectrum, we report in
Table 1 the fitted parameters with the measurement errors.

The spectral index obtained from fitting the 0.1-10 keV data
(LE + ME) for each object with a single power law (model al),
averaged as described above, is given in column (4). Columns
(5)—(6) give the reduced y? per degree of freedom and the corre-
sponding acceptance probabilities for model al, obtained com-
bining all the available observations The y? values and degrees
of freedom were obtained by adding the corresponding single
x? values and degrees of freedom.

Spectral indices, averaged as above, break energies, y2/dof,
and acceptance probabilities for the broken-power-law model
(model b), are given in columns (7)—(11). Because the break
energy is poorly determined in some individual observations
(see Paper I, a simple average of this parameter is given in
Table 1 (col. [9]). The errors are the 1.6 rms dispersions.
Column (12) gives the probability P that the y? improvement
of model b with respect to model al is significant. We report
only the cases in which Py is greater than or equal to the
standard threshold of 95%.

For Mrk 421, Mrk 501, PKS 2005—489, and PKS
2155—304, for which there is significant evidence of spectral
variability, we report in Table 1B the average parameters for
different intensity states, defined by grouping the observations
in steps of 0.3 in the logarithm of the 2-6 keV flux (see § 3.2 for
more details).

In order not to underestimate the error on the average spec-
tral index, in the following we will use, for the spectral param-
eters of all objects with more than one observation, the simple
mean and the corresponding 1.6 rms dispersion uncertainty.

3.1. XBLs

The distribution of the photon indices derived with the
single-power-law model al for XBLs is shown in Figure 1
(solid line). For comparison, the photon indices derived from
the fits with model a2 (free Ny;) to the same data (dashed line)
and with model al to the ME data only (dotted line) are also
plotted in a separate panel. In all cases the derived photon
indices are rather steep, ranging mostly between 2.0 and 3.0.
The average photon indices for the ME data with model al
and for the LE + ME data with models al and a2 are 2.49,
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FiG. 1—Distributions of spectral indices from the fits with single-power-
law models for the different classes of sources. Solid line: fit to the LE + ME
data with fixed Ny. Dashed line: fit to the LE + ME data with free Ny,. Dotted
line: fit to the ME data with fixed Ny,. The arrows mark the positions of the
mean values. The distributions have been obtained from the simple mean
values reported in Table 1A. Irrespective of the fitted model, the XBL distribu-
tions span a range of steeper values than for HPQs.

2.30, and 2.42, respectively, while the corresponding standard
deviations are 0.41, 0.32, and 0.34.

For seven out of 16 XBLs, the average spectrum is better
described by the broken—power-law model with high signifi-
cance (Pr 2 99.9%); these include the brighter sources in the
XBL group. Downward curvature is found in all cases, that is,
the spectrum steepens at high energies. Among the remaining
nine objects, for I Zw 186 neither the single power law nor the
broken power law is acceptable (see below). For MS 0317418
only the broken power law is acceptable. For the other seven
sources both the single-power-law and the broken—power-law
models are acceptable, with a marginal improvement of the 2
for the second model (except for EXO 0507—04 and MS
1402+ 04). If the F-test is performed for the cumulated y2 of
this group of objects, the broken power law gives a highly
significant improvement.

The results of cumulating all the XBL spectra are reported in
Table 2. We also report the results obtained for model a2 and
model c (see below). Separate values are given for Mrk 421 and
PKS 2155—304, for which the statistics are higher. From
Table 2 it is apparent that the single-power-law models al and
a2 are inadequate, while the broken—power-law model is
acceptable as a general model for the class.

Because of the lack of spectral resolution in the LE experi-
ment, the curvature observed in the spectra of XBL could be
due to some low-energy discrete absorption. For this reason
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TABLE 2
CUMULATIVE RESULTS
MoDEL al MODEL a2 MoODEL b MODEL ¢
PowER LAw, FIXED Ny Power Law, FRee N BROKEN POWER LAaw POWER LAW + EDGE

OBJECTS xZ2/dof P, x2/dof P, x2/dof P, Pg? x2/dof P, P
XBLs(all)® ............... 1.53/914 <107° 1.12/873 9x 1073 098/855 0.61 >0999 1.38/860 <10~° 0975
RBLs(all) ................ 1.63/171 35x 1077 1.17/161 0.07 1.05/157 0.30 >0999 1.28/157 0.01 >0.999

HPQs(ll)................ 1.20/288 0.01 0.98/276 0.59 0.95/275 0.70 >0.999 ... . ...
Mrk421 ......oceenennn. 1.56/346 <107° 1.36/332 1x107% 1.06/321 0.22 >0.999 1.16/327 24 x 1072 >0.999
PKS 2155-304 .......... 3.67/362 <107° 1.71/347 <107° 1.26/340 8 x 10™* >0999 162/338 <107° >0.999

* With respect to model al.
® Without Mrk 421 and PKS 2155—304.

we also tried fitting with a single-power-law + low-energy
absorption edge (model c), which could mimic a spectral flat-
tening in the soft X-ray range. The results are reported in
Paper 1. Only in a few cases does the latter model give results
superior to the broken—power-law model. This occurs for
H1426+428, 1 Zw 186, and PKS 2005 —489. In three other
cases it is equivalent to the broken power law (H0414 + 009,
EXO 0507 —04, MS 1402 + 04). However, considering all the
XBL spectra together, model c is not an acceptable representa-
tion of the data, although it gives a significant improvement
with respect to the single-power-law model (Table 2).

We conclude that the XBL spectra in the 0.1-10 keV range
are generally curved and can be described by broken power
laws, while a single-power-law + low-energy feature may
apply in some cases but not for the whole group.

3.2. Repeatedly Observed X BLs

The four bright XBLs Mrk 421, Mrk 501, PKS 2005 — 489,
and PKS 2155—304 were observed by EXOSAT on several
occasions with different fluxes. We grouped the observations in
intensity states (cases labeled A-D) by dividing the 2-6 keV
flux range for each source into logarithmic intervals of width
0.3 (see notes to Table 1). For PKS 2005—489, state A was
obtained from the three low states of 85/145, 85/276, and
85/289, while state B refers to the high states of 84/254 and
84/287. The spectral parameters for each intensity state
obtained with the cumulative > method are reported in Table
1B.

Comparing the slopes obtained with the single—power-law
model, it is clear that for each source the spectra change sys-
tematically with intensity, becoming harder when the intensity
increases. In Figures 2a-2d (lower panels) we plot the photon
indices for each observation (from Paper I) against the 2—-6 keV
count rates for each object. For all sources the correlation
between I' and intensity is significant at the 99.9% level (from a
Spearman-Kendall test). Note that in the case of Mrk 421 the
photon index “saturates” at I ~ 2 for high intensity, as found
by George, Warwick, & Bromage (1988a). The behavior of
PKS 2155 —304 appears less regular.

The fits with the broken—power-law model yield significantly
convex spectra in the highest intensity states, for all the objects,
while in some of the fainter states there is no evidence of curva-
ture. This may simply be due to insufficient statistics in the
faint states, at least for Mrk 501 and PKS 2005 —489.

For Mrk 421 the fit with the broken—power-law model is
significantly better than the fit with the single-power-law
model in the three higher states, B, C, and D, but in states B
and C a concave spectrum is derived comparing the (weighted

average) values of I'; and I',, with an indication of flattening
above a few keV. This argues for a qualitative change in spec-
tral shape.

We note that for the low states of PKS 2155 — 304 the power
law + edge model is better than (A; y? = 1.43/34) or equivalent
(B; x% = 1.20/115) to model b, while for the higher intensity
states it is definitely worse (C; y? = 1.28/135; D: y? = 3.50/53).

The low-energy photon index I'; for each observation is
plotted in Figures 2a—-2d (upper panels) against the 2-6 keV
intensity for the cases where the determination is significant. It
follows closely the behavior of the single—power-law index
mentioned above. Thus the hardening cannot be attributed
simply to a change in the break energy.

The fits to the single spectra with both models b and c are
reported in detail in Paper I, where comparison with the pre-
viously published EXOSAT and with data from other satellites
is also given.

3.3. RBLs

The distributions of spectral indices from the single—~power-
law fits (models al and a2) for RBLs are shown in Figure 1 (see
figure legend). The average photon indices are 2.43, 1.88, and
2.61 for the ME data (model al) and the LE + ME data
(models al and a2), respectively, with corresponding standard
deviations 0.90, 0.63, and 0.90. The spread is rather wide
despite the small number of objects. Note the very soft spec-
trum of OJ 287.

The broken—power-law model is favored for three sources
(3C 66A, PKS 0521 —365, and 3C 371), and in the first two
yields a convex spectrum. However, in 3C 66A the flattening at
lower energy is probably due to absorption by intervening
matter (see Paper I). In fact the fit with a single power
law + free absorption is equivalent to the fit with the broken
power law, and yields Ny in excess of the Galactic value. For
3C 371 the spectrum appears to be concave, showing a steep
soft excess and a flatter high-energy photon index. An equiva-
lent fit is obtained with the power-law + edge model.

Because of the limited statistics, it is difficult to make general
statements on the spectral shapes of RBLs. On the other hand,
from a cumulative analysis of all the RBL spectra, the broken—
power-law model is significantly preferred with respect to the
single—power-law model and is an acceptable representation of
the data (Table 2). The power-law + edge model also yields a
highly significant improvement, although the fit is still poor.

3.4. HPQs

The distribution of photon indices of HPQs from the fits
with model al is shown in Figure 1 (solid line), together with
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the distributions obtained from the fits with the other single—
power-law models (see figure legend). They fall in a remarkably
narrow range (1.2-1.7), with mean 1.50 and standard deviation
0.17. The average photon indices for the ME data, model al,
and for the LE + ME data, model a2, are 1.65 and 1.56, with
standard deviations 0.41 and 0.31, respectively.

From Table 1 it is apparent that the single-power-
law + Galactic absorption model is a good representation of
the spectra of three of the present HPQs, except for 3C 390.3
and PKS 1510 —08, for which it yields a rather high y2. For 3C
390.3 the broken power law gives a better fit in two observa-
tions (see, however, Paper I). In the case of PKS 1510—08,
possible evidence for a feature at ~ 5.0 keV is present, and the
fit with the power law + a Gaussian model gives a marginal
improvement (see Paper I). Comparing the results of a cumula-
tive fitting of the whole group with models al, a2, and b (Table
2), it is seen that for HPQs allowing Ny to vary gives an
acceptable result, equivalent to introducing the broken—power-
law model. We conclude that for this group there is no evi-
dence of intrinsic curvature of the continuum, and that a
single-power-law model is an adequate representation of the
EXOSAT data.

4. AVERAGE PROPERTIES

In the following, we indicate the photon indices from the fits
to the ME data with model al and to the LE + ME data with
models al and a2 as I'yy, ' M, and T,y y, respectively. The
luminosities were calculated assuming H, = 50 kms ™! Mpc ™!
and g, = 0.5. For each object we assumed the simple mean
values and the rms multiplied by 1.6 (see above). Our conclu-
sions are not affected if the weighted averages and errors are
used instead.

4.1. Spectral Index

Comparing the spectral index distributions shown in Figure
1 for the different subgroups of blazars, it is clear that, irrespec-
tive of the fitted model, the spectral indices of XBLs are steeper
than those of HPQs. The distribution for RBLs is, unfor-
tunately, poorly defined.

A maximum-likelihood analysis (e.g., Maccacaro et al. 1988)
of all the distributions, assuming that, in each case, the spectral
indices have an intrinsic Gaussian distribution with center <I")
and width g, gives the results reported in Table 3A (best-fit
values and 90% errors) for Iy, 'y m, and ',y . Figure 3a-3c
show the 90% confidence contours in the {I")-¢ plane, which
confirm that the X-ray spectra of HPQs are significantly flatter
than those of XBLs. Again, the large uncertainties prevent any
firm statement concerning RBLs. However, there is weak indi-
cation that the ME spectral indices for RBLs are flatter than
for XBLs (Table 3A and Figs. 3a-3b).

In Figure 3, note that in the case of XBLs the confidence
contours for I'yy and I',; v (dotted and dashed lines) are nearly
coincident and enclose a region of steeper spectral indices than
the I';;y contour (solid line). As discussed in Paper I, this
indicates that the spectra are curved, and suggested to us to
consider model b.

Worrall & Wilkes (1990) studied the Einstein IPC data for a
sample of 12 HPQs, 24 RBLs and six XBLs. The average
slopes reported by these authors for HPQs (1.5) and for RBLs
(2.0) agree with those obtained here, while the slope obtained
for XBLs (2.0) is flatter than that of Table 3A (2.2-2.4). Since
the energy range of the Einstein IPC (0.2-3.5 keV) was lower
than that of the EXOSAT data, this is additional evidence that

475
TABLE 3
AVERAGE X-RAY PROPERTIES OF THE EXOSAT BLAZARS
A. SINGLE-POWER-LAW MODELS
Average
Indices XBLs RBLs HPQs
0} (2 (3) @
[€ IV JTRTe 2.40 + 0.20 1911533 1.655:38
O treeinninns 0.191518 0.0(<0.52) 0.0(<0.81)
[4 ITTV) e 2201817 1.85%5:25 1.6215:34
O terenennanns 0211817 0.5215:34 0.0(<0.29)
[TV I 2371018 20818517 1.6819:42
G e 0.17:5:13 0.26+5:%2 0.0(<0.81)
B. BROKEN-POWER-LAW MODEL
Property XBLs*
(Eyy (keV) ....... 303 + 1.12
14 IFD OO 2241038
Oy oo 0287933
[4 1) JETUTUT RO 2.5419:54
Oy eveneiininins 0.0(<0.70)
C. LuMiNosITY
Property XBL RBL HPQ XBL-RBL All
1) @ 3) @ ®) (6)
(log Lyg) -....... 44.76 44.62 45.54 44.73 4490
O eeieaieneanianns 0.71 1.10 0.81 0.77 0.83
og Lig) ........ 45.33 45.34 45.34 4533 45.33
O rieneieaieannanns 0.68 1.68 0.67 091 0.86

2 From the XBLs significantly curved in Table 1A.

the XBL spectra become steeper with increasing energy. We
report in Table 3B the average spectral parameters obtained
with the broken—power-law model for the seven XBLs signifi-
cantly curved in Table 1. The average energy of the break,
~3.0 keV, is a simple mean. The low- and high-energy spectral
indices were derived using the maximum-likelihood method.
Although the cumulative y2 shows that the curvature is highly
significant for the XBL class (see above), the average low- and
high-energy spectral indices in Table 3B are not different
within the 90% errors. This is likely to be due to the dispersion
introduced by the variability of the single objects (see above).

4.2. Luminosity

Average X-ray luminosities were computed for all the
objects of known redshift in the ME (2-6 keV) and LE (0.1-2.0
keV) ranges, assuming isotropic emission. The luminosities in
the LE and ME energy ranges (L, g, Lyg) Were obtained from
the incident fluxes reported in Paper I.

The histograms of the ME and LE luminosities are plotted
in Figure 4 for XBLs, RBLs, and HPQs. The corresponding
averages and standard deviations from a simple mean are
reported in Table 3C. The histograms for XBLs, RBLs, and
HPQs span similar luminosity intervals, from 10*3-% to 104¢-5
ergs s~ 1. Note the exceptionally high LE luminosity of OJ 287
(1.6 x 10*7 ergs s~ !). The average values for the three groups
of objects are indistinguishable at the present level of statistics
(Table 3C). It should be noted, however, that four HPQs are
among the most luminous objects in the sample, and the one at
low luminosity, 3C 390.3, may be a spurious classification (e.g.,
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LE + ME data with fixed Ny. Dashed line and asterisk: fit to the LE + ME
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Eracleous & Halpern 1993). If so, one could argue that HPQs
are more luminous with respect to BL Lac objects.

In summary, no significant difference in X-ray luminosity
distribution is apparent between XBLs and RBLs, which span
the same interval in both the LE and the ME energy bands.
This confirms the previous findings of Maraschi et al. (1986),
based mainly on Einstein data gathered from the literature for
a larger sample of objects.

4.3. Correlations

We searched for possible correlations between the spectral
slopes obtained from single-power-law fits (I"yy, I'y; ) and the
luminosities (L g, Lyg) for the three groups of blazars. Using
the Spearman-Kendall rank tests, we found only the corre-
lation between I';; ) and Ly to be significant (99.67%), as is
shown in Figure 5. For the dominant class of the BL Lac
objects the above tests give a correlation significance of

SAMBRUNA ET AL.
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95.32%. Two objects deviate strongly from the general trend.
These are the RBL PKS 0521 —365 and the HPQ 3C 390.3,
whose classifications are uncertain (see above).

The displayed trend is a harder spectral index at higher
luminosity. Note that this correlation is absent when the
average slopes are plotted against the average fluxes. The trend
is analogous to the spectral behavior found for single XBLs
observed at different intensity states (see above).

5. DISCUSSION

The results presented above are of two types. On one hand,
it is found that the X-ray spectra of XBLs are steep and convex,
with a clear trend of flattening with increasing intensity for the
best-observed objects. On the other hand, the spectra of HPQs,
though limited to a few objects, are definitely flatter than those
of XBLs, as previously observed by Worrall & Wilkes (1990) in
the (softer) Einstein band. Among the five RBLs in the sample
we find very different spectra, and no general statement is pos-
sible.

The average X-ray properties of BL Lac objects are distinct
with respect to those of Seyfert galaxies and quasars. Seyfert
galaxies and radio-loud and radio-quiet quasars studied in the
EXOSAT ME band have average slopes ~ 1.7, 1.6, and 1.9,
respectively (Turner & Pounds 1989; Lawson et al. 1992), while
for BL Lac objects we found ~2.4 in the same band. More-
over, the spectral variability behavior is different. In fact, for
Seyfert galaxies the prevailing trend is a softening of the spec-
trum with increasing intensity (Grandi et al. 1992).

It is generally believed that the radiation from blazars is
relativistically beamed (Blandford & Rees 1978) and comes
from an elongated jetlike structure pointing to the observer
(Marscher 1980; Konigl 1981). From the radio to the optical
band the emission mechanism is supposedly synchrotron radi-
ation, but several components are required to explain the flat
radio spectra, i.e., the jet is inhomogeneous. At higher energies
the models are not well established. The jet may still be inho-
mogeneous (e.g., Ghisellini, Maraschi, & Treves 1985; Ghisel-
lini & Maraschi 1989), or a single component may dominate.
Synchrotron emission may extend up to the X-ray band, but a
new component due to inverse Compton scattering is also
expected.

The steep spectra of BL Lac objects, which usually connect
smoothly with an extrapolation from lower frequencies,
suggest that X-rays in these objects are produced via synchro-
tron emission. In this case the radiation derives from the
highest energy electrons. If the jet is inhomogeneous the
observed “curvature” in the spectra can be accounted for in
terms of the inner jet structure. This requires relativistic elec-
trons with power-law energy distributions extending to higher
energies with decreasing dimensions (Ghisellini et al. 1985).

On the other hand, the spectral steepening may be inter-
preted as due to a balance between radiative and expansion/
diffusion losses. The observed spectral variability behavior
agrees with this picture, since it is expected that freshly injected
electrons would show the flatter energy distribution before suf-
fering radiative losses. However, the estimated radiative times
are rather short with respect to the crossing time of the emit-
ting region, unless the beaming factor is higher than generally
estimated (e.g., Ghisellini et al. 1993).

It is interesting to note that the inner jet region may be the
site of one (or more) strong relativistic shocks responsible for
continuous particle acceleration. An exact solution for the
transport equation which may be appropriate for this case was
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given by Bregman (1985), who showed that the integrated syn-
chrotron spectrum is a power law at low energies, steepening
gradually at high energies. The steepening expected in the
model is larger than observed ; however, it is conceivable that a

Photon Index
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FiG. 5—Correlation between the photon indices from the fit to the
LE + ME data with a single-power-law model (fixed Ny) and the ME lumi-
nosity (2-6 keV). Filled circles: XBLs; open circles: RBLs; crosses: HPQs. The
correlation is significant at 99.7% according to a Spearman-Kendall test, and
goes in the sense of flatter spectra for higher luminosities. The RBLs and HPQs
which do not follow the general trend are PKS 0521 —365 and 3C 390.3,
respectively.

more realistic treatment could reproduce the observed behav-
ior. In this model the radiative losses are balanced by the shock
acceleration, so that the timescale difficulty mentioned above
may, perhaps, be overcome. Further work along this line is
needed.

In contrast to XBLs, HPQs have flat X-ray spectra, well
above an extrapolation of the optical UV spectra, suggesting a
different origin. It is natural to interpret this component as due
to inverse Compton scattering of the relativistic electrons emit-
ting the synchrotron photons either on the synchrotron
photons themselves or on other photons external to the jet. A
model of the latter type was examined by Melia & Konigl
(1989), who considered inverse Compton scattering by colli-
mated ultrarelativistic particles on the thermal photons
emitted by an accretion disk. The emergent X-ray spectrum
consists of a convex component in the region below 10 keV,
due to first-order Compton scattering, which mimics the shape
of the thermal emission from the disk, and a flat, high-energy
(>10 keV) tail, which represents the higher order scattering.
Thus, an inverse Compton component in blazars is expected in
several models and is a natural explanation for the flat X-ray
spectra observed in HPQs.

Recently y-rays have been detected by the EGRET experi-
ment on board the Compton Gamma Ray Observatory (GRO)
for 26 objects (Hartman 1993), four of which are part of the
present sample. It is remarkable that only one, Mrk 421,
belongs to the XBLs, the group which is brightest in X-rays. It
is also worth recalling that Mrk 421 is the only XBL which at
times shows a slight concavity (see states A, B, C in Table 1B
and Paper I), which may be associated with a flat component
emerging at high energy. The other three (3C 66A, PKS
0521 —385, and PKS 0537 —441) are among the eight objects
in the sample with spectra flatter than 1.6. It is therefore likely

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1994ApJ...434..468S

478 SAMBRUNA ET AL.

that the flat component observed in X-rays is directly con-
nected with the observed y-rays (Maraschi 1992; Treves et al.
1993).

A more subtle question is why the inverse Compton com-
ponent is more prominent in HPQs than in BL Lac objects. A
basic distinction between the two classes could be the presence
of the UV bump and the associated broad-line region. In fact,
it has been shown that most BL Lac objects have similar
beaming factors and intrinsically weaker emission lines than
HPQs (Padovani 1992; Ghisellini et al. 1993). If so, it would
follow that the energy density of “ ambient ” photons as seen by
the jet dominates the radiation density of synchrotron
photons.

6. SUMMARY AND CONCLUSIONS

We have studied the X-ray spectra of 26 blazars in the 0.1-10
keV range, using the full EXOSAT database. The sample,
which is not the result of a flux-limited survey, contains 16
XBLs, five RBLs, and five HPQs. Our main results are the
following:

1. The X-ray spectra of XBL are steep, <[') =220*3-11. A
broken—power-law model gives significantly better spectral fits
for seven out of 16 objects and for the remaining ones taken
cumulatively.

2. The distributions of spectral indices of XBLs and HPQs
are different, HPQs having flatter slopes, <I') = 1.62*3:33.

3. In the four XBLs for which repeated observations are
available, the spectra flatten with increasing intensity. The
same trend is exhibited by the low-energy photon index of the
broken—power-law model.

4. For the three groups, the average spectral index is corre-
lated with the ME luminosity, being flatter at higher lumi-
nosities.

5. The X-ray luminosity distributions span similar ranges
for the three groups, although HPQs tend to cluster at the
higher luminosity end.

Both the steepness of the X-ray spectra and the variability
properties of XBLs are probably a consequence of the domin-
ance of the emission from a relativistic jet, and the likely emis-
sion mechanism is synchrotron emission by continuously
reaccelerated particles. The flat spectra of HPQs can be under-
stood as highly beamed inverse Compton photons produced
by scattering of the relativistic photons in the jet either on the
synchrotron photons or on the thermal photons of the UV
bump. Future observations with greater sensitivity in a compa-
rable energy range, possibly simultaneous with y-ray observa-
tions, are needed to measure the relative importance of the two
components for a much wider sample.
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