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ABSTRACT

Using multi-wave band data for 61 y-ray—loud blazars (17 BL Lacertae objects and 44 flat-spectrum
radio quasars [FSRQs]), we have studied the possible correlation between flux densities (Fg, Fg, Fo, Fx,
and F)) in the radio, infrared, optical, X-ray, and y-ray wave bands, in both the low and high states. For
some blazars, it is hard to determine whether they are in a low or a high state because only one data
point is available for each of them; initially, we exclude these blazars in our analysis. However, we
include these blazars in later analysis by temporarily assuming them to be in a low state or a high state.
Our main results are as follows. There are very strong correlations between Fx and F, and between F,
and Fy in both low and high states. However, a strong correlation between Fy and Fy exists only in the
low state. No definite correlation is found between y-ray flux density and those of lower energy bands;
however, there are hints of anticorrelation between F, and Fx as well as F, and F, and a positive corre-
lation between F, and Fy. From these results we suggest that (1) photons from infrared to X-rays are
emitted by the same particles via synchrotron radiation and (2) if y-rays are mainly produced by an
inverse Compton scattering mechanism, it seems that the up-scattered soft photons are from external
photons rather than synchrotron photons.

Subject headings: galaxies: active — gamma rays: observations — radiation mechanisms: nonthermal —

quasars: general — X-rays: galaxies

1. INTRODUCTION

More than 60 y-ray sources detected by EGRET around
1 GeV have been identified as blazars (Fichtel et al. 1994;
von Montigny et al. 1995; Thompson et al. 1995; Nolan et
al. 1996; Sreekumar et al. 1996; Lin et al. 1996; Dingus et al.
1996; Hartman et al. 1999). Furthermore, the Whipple
Observatory has detected three BL Lac objects above 300
GeV: Mrk 421 (Punch et al. 1992), Mrk 501 (Quinn et al.
1996), and PKS 2344 4 514 (Catanese et al. 1998); the last
one has not been detected yet by EGRET. Although the
origin of the strong and variable high-energy emission is
still not clear, the properties of the detected blazars strongly
suggest that relativistic motion and beaming of the emitted
radiation are required. Theoretically, a large y-ray lumi-
nosity emitted in a compact volume is attenuated via
photon-photon absorption, a mechanism that tends to rep-
rocess y-rays into softer (mainly X-ray) photons (Dondi &
Ghisellini et al. 1995). For GeV or TeV energies, a high
density of soft photons is required for photon-photon pair
production. Many models have been proposed to explain
the origin of the blazar y-ray emission, including synchro-
tron self-Compton (e.g., Maraschi et al. 1992), inverse
Compton scattering on photons produced by the accretion
disk (Dermer, Schlickeiser, & Mastichiadis 1992; Zhang &
Cheng 1997), scattered by ambient material, or reprocessed
by the broad-line clouds (Sikora, Begelman, & Rees
1994; Blandford 1993; Blandford & Levinson 1995; Xie,
Zhang, & Fan 1997), synchrotron emission by ultrarelati-
vistic electrons and positrons (e.g., Ghisellini et al. 1993;
Cheng, Yu, & Ding 1993), and electromagnetic cascade by
collision of ultrarelativistic nucleons (e.g., Mannheim &
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Biermann 1992; Mannheim 1993; Cheng & Ding 1994).
However, there is no consensus yet on the dominant emis-
sion process. These emission models imply various corre-
lations in different wavelengths that can be used to
distinguish among them observationally. Of course, simul-
taneous multiwavelength observations and the variability
in various bands are more useful for establishing the corre-
lation of y-ray emission with emission across the electro-
magnetic spectrum from radio to X-ray. This is the key to
understanding the origin of y-ray emission. Dondi & Ghi-
sellini (1995) have studied the correlation between y-ray
emission and the emission in the radio, optical, and X-rays
in the form of luminosity for the entire sample of sources
detected by EGRET. They found that the y-ray luminosity
is better correlated with the radio luminosity than with the
optical or the X-ray luminosity. Xie et al. (1997) found that
the y-ray luminosity is better correlated with the infrared
luminosity than with that from the optical or X-ray bands.
However, in a flux-limited sample that covers a wide range
of redshift, a correlation can appear in luminosity even
though there is no intrinsic correlation in the sources
because the luminosity is strongly correlated with redshift
(Miicke et al. 1997). We use correlations between flux den-
sities in different wave bands because they are less suscep-
tible to such distortions.

In this paper, we collect 61 y-ray—loud blazars and
restudy in detail the correlation between the flux densities of
different wave bands. Briefly, we make a statistical analysis
of F,and Fy, F,and F,, F, and Fg, F, and Fg, Fx and F,,
Fy and Fg, Fx and Fg, F, and Fg, F, and Fg, and Fy and
Fy. It should be pointed out that in view of the large varia-
tions in the flux of all the bands considered, simultaneous
observations should be used. Unfortunately, only a small
number of EGRET sources have multi-wave band fluxes;
thus, most of the multiband observations used here are not
simultaneous. Lacking simultaneous multi-wave band data
for the sources, we seek to define the minimum flux in differ-
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ent bands for those objects in which flux variability has
been observed. For the outburst phase, we use the
maximum observed flux in each band. From the obser-
vations (Webb et al. 1988; Xie et al. 1992, 1996), we see that
the timescale of the quiescent phase is much longer than
that of the outburst phase. In the wide range of theoretical
models, the outburst is likely to be produced by more
complex physical processes. Therefore, the quiescent state is
simpler for understanding emission mechanisms. We chose
the lowest fluxes, irrespective of the date of observations, in
all wave bands for all of the y-ray—loud blazars. Of course, it
is difficult to determine the low y-ray state with present
EGRET data because of the low sensitivity and dynamic
range of EGRET data; in many cases the low y-ray state
could be well below the lowest fluxes or upper limits
because EGRET-detected blazars are heavily biased toward
detection of objects in high states. For this reason we have
also studied the correlation between F, and other bands’
flux densities in the high state and that between the average
y-ray flux and the low state of the lower energy bands.

2. DATA DESCRIPTION

The relevant data for 61 y-ray-loud blazars are listed in
Table 1. The columns in this table are as follows.

1. IAU name.

2. Other name.

3. Redshift z.

4. Classification of the source (HP = highly polarized
quasar; LP = low-polarization quasar; NP = no known
polarization measurements; RQ = flat-spectrum radio
quasar; BL = BL Lacertae object) according to the criteria
of Ghisellini et al. (1993).

5. Flux density (Fg) in millijanskys in the K band: the
first entry is for the high state, the second for the low state;
the arrangement is the same for other bands.

6. References for near-IR data.

7. 1keV X-ray flux density (Fy) in microjanskys.

8. References for X-ray data.

9. y-ray flux above 100 MeV (F,) in units of 107’
photonscm ™25~ 1,

10. References for y-ray data.

11. 5 GHz radio flux density (F) in janskys.

12. References for radio data.

13. V band optical flux density (F,) in millijanskys.

14. References for optical data.

In Table 1, all but two objects (0906+430 and
2005—489) have y-ray fluxes in both the high and low
states. For those two objects, we cannot be certain whether
they are in a high state or a low state (the former is more
likely). In the following analysis, we will consider three pos-
sible cases: (1) excluding the two objects, (2) assuming them
to be in a high state (more likely), and (3) assuming them to
be in a low state. A similar process is adopted for the data of
other wave bands. For the X-ray band, flux densities are
available for 55 blazars, but only 40 have been detected in
both high and low states. Twenty-one of 25 with near-IR
(K-band) observations show observations in both the high
and low states. In the optical band (V' band), all 61 blazars
have fluxes, but only 51 of them have fluxes in both high
and low states. Finally, for the radio band, 54 of 61 objects
have been observed in both high and low states.

3. CORRELATION ANALYSIS OF FLUX DENSITIES
BETWEEN VARIOUS WAVE BANDS

We convert the y-ray photon flux into flux density at a
given energy E (GeV), as follows. First, let

%ZNOE_“"“, 1)

where N, is a normalization and «,, is the photon spectral

index given in the third EGRET catalog (Hartman et al.
1999); integrating the above relation from 100 MeV to 10
GeV and setting it equal to the observed photon flux, we get
Ngy. Second, we determine the average energy of the
photons, (E). Then the flux density at (E) GeV is obtained
by multiplying relation (1) by <E); ie., F(ggev)y =
{E(GeV))N (E(GeV)) %,

All flux densities are k-corrected according to F, =
F°(1 + z)*~1, where « is the spectral index (f, oc v~ %) and
oag = 0.0, ap =or = 1.0, and ax = 1.47 for BL Lacertae
objects, and ay = 0.87 for other sources (Comastri et al.
1997). Finally, a,, = o?® — 1.

Linear regression is applied to the relevant data to
analyze the correlation of flux densities between different
wave bands in both high and low states. The analysis
results are given in Table 2. The principal results are as
follows.

1. There is a weak anticorrelation between F, and Fy in
the low state for 39 objects with observations in both low
and high states (see Fig. 1a and Table 2).

2. If we assume that the sources with only one measure-
ment of y-ray or X-ray emission in Table 1 are in their low
states, then the number of the sample is 55. A weak corre-
lation between F, and Fy is obtained (see Table 2).

3. There are also weak correlations between F,
both low and high states (see Fig. 1a and Table 2).

4. There is no clear correlation between F, and Fy; the
correlation coefficient r = —0.10 in the low state for 20
sources (see Fig. 1c).

5. There is no correlation between F, and Fy in the high
state (see Table 2), but a weak correlation can be found in
the low state (see Fig. 1d and Table 2).

6. From Table 2 and Figure 2a, one can see that there is a
strong correlation between Fy and F, in both states for 39
sources. There is a strong correlation between Fy and F in
the low state (see Fig. 2b) and a weak correlation in the high
state for 22 sources (see Table 2). However, there is no
correlation between Fyx and Fj in either the low state (see
Fig. 2¢) or the high state (Table 2).

7. For 21 sources whose infrared fluxes in the two states
have been detected, we find strong correlation between F,
and Fy in both states (see Fig. 2d and Table 2).

8. For F, and Fy, there is no correlation for the low state
(Fig. 3a), but a weak correlation is found for the high state
(see Table 2). There is no correlation between Fy and Fy in
either the low (Fig. 3b) or the high state (Table 2).

9. For radio-selected BL Lac objects, there is no corre-
lation between the fluxes of different wave bands in either
low or high states except for F, ~ Fx and F, ~ Fx in the
low state (see Table 2).

10. We also considered the correlation between the
average y-ray data (Hartman et al. 1999) and the data of the
lower energy bands in the low state. Results similar to those

and F, in
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TABLE 2

X y N A, A, r P Class Type Note
log F, log Fx (high state) 39 —-291 —0.15 —0.33 0.03 RQ+BL
24 —2.68 0.12 0.23 0.26 RQ
15 —3.13 —0.13 —0.40 0.13 BL
55 —2.94 —0.12 —0.27 0.04 RQ+BL Add 16 sources
log F, log Fy (low state) 39 —3.64 —0.18 —0.40 0.01 RQ+BL
24 —3.53 —0.11 —0.24 0.25 RQ
15 —-3.71 —0.15 —0.34 0.21 BL
55 —3.65 —0.17 —0.37 59 x 1073 RQ+BL Add 14 sources
55 —349 —0.10 —0.19 0.16 RQ+BL Using Hartman’s data
log F, log F, (high state) 50 —-29 —0.14 —0.34 0.015 RQ+BL
35 —2.80 0.05 0.10 0.54 RQ
15 —291 —0.27 —047 0.07 BL e
58 —291 —0.11 —0.30 0.02 RQ+BL Add 8 sources
log F, log F, (low state) 60 —3.62 —0.15 —0.34 0.016 RQ+BL
43 —3.56 —0.11 —0.23 0.19 RQ
15 —291 —0.27 —047 0.072 BL e
60 —3.62 —0.13 —0.32 0.012 RQ+BL Add 10 sources
60 —3.46 —0.06 —0.12 0.36 RQ+BL Using Hartman’s data
log F, log Fy (high state) 20 —2.69 —0.20 —0.38 0.09 RQ+BL e
23 —2.70 —0.19 —0.43 0.038 RQ+BL Add 3 sources
log F, log Fy (low state) 20 —3.58 —0.06 —0.10 0.65 RQ+BL ...
25 —3.56 —0.05 —0.09 0.65 RQ+BL Add 5 sources
25 —3.34 —0.13 —0.24 0.24 RQ+BL Using Hartman’s data
log F, log Fy (high state) 59 —292 0.09 0.11 0.4 RQ+BL
43 —2.82 0.25 0.30 0.05 RQ Excluding 3C273
16 —3.20 0.06 0.09 0.74 BL
log F, log Fy (low state) 59 —349 0.23 0.32 0.01 RQ+BL Excluding 3C273
43 —3.50 —0.01 —0.02 0.89 RQ
16 —3.59 0.28 0.48 0.056 BL
60 —337 0.29 0.37 36 x 1073 RQ+BL Using Hartman’s data
log Fy log F, (high state) 39 —0.24 0.71 0.77 1.05 x 107° RQ+BL
23 —0.28 0.53 0.74 57 x 1073 RQ
16 —0.85 1.32 0.74 1.0 x 1073 BL
54 —0.35 0.77 0.78 2.6 x 10712 RQ+BL Add 15 sources
log Fy log F, (low state) 39 —0.25 0.79 0.84 1.15 x 107t RO+BL
23 —0.44 0.53 0.58 1.79 x 1073 RQ Excluding 3C273
16 —0.26 0.95 0.88 6.25 x 1077 BL
54 —0.31 0.71 0.77 1.1 x 107 RQ+BL Add 15 sources
log Fy log Fy (high state) 21 —0.67 0.70 0.52 0.01 RQ+BL
8 —0.60 0.55 0.67 0.072 RQ
13 —0.76 0.80 0.33 0.27 BL
log Fyx log F (low state) 21 —091 0.99 0.76 56 x 1073 RQ+BL
8 —0.95 1.42 0.90 212 x 1073 RQ
13 —0.92 0.91 0.68 0.01 BL e
27 —1.04 1.05 0.75 1.34 x 1073 RQ+BL Add 4 sources
log Fyx log Fy (high state) 39 —0.13 0.33 0.15 0.37 RQ+BL
22 —0.61 0.67 0.53 0.01 RQ Excluding 3C273
16 0.66 —0.50 —0.20 0.45 BL e
54 —0.62 0.18 0.13 0.35 RQ+BL Add 16 sources®
log Fyx log Fy (low state) 39 —0.54 0.17 0.12 0.45 RQ+BL
23 —0.78 0.40 0.36 0.09 RQ
16 —0.13 0.22 0.17 0.52 BL
55 —0.62 0.18 0.13 0.35 RQ+BL Add 16 sources
log F, log Fy (high state) 21 —0.52 0.93 0.83 29 x 10°°¢ RQ+BL
8 —0.68 1.08 0.94 59 x 1074 RQ
13 0.20 0.52 0.42 0.15 BL e
25 —0.45 0.09 0.88 55 x 107° RQ+BL Add 4 sources
log F, log F (low state) 21 —0.62 0.93 0.81 1.0 x 1073 RQ+BL
8 —0.69 1.24 0.90 23 x 1073 RQ
13 —0.55 0.81 0.71 70 x 1073 BL
25 —-0.77 0.99 0.74 20 x 1073 RQ+BL Add 4 sources
log F, log Fy (high state) 47 —0.02 0.82 0.34 0.02 RQ+BL Excluding 3C273
32 —0.44 1.02 0.60 246 x 1074 RQ
16 0.11 0.14 —0.07 0.80 BL
59 —0.13 0.93 0.40 1.5 x 1073 RQ+BL Add 12 sources®
log F, log Fy (low state) 48 —0.38 0.34 0.24 0.10 RQ+BL



TABLE 2—Continued

x y N A, A, r P Class Type Note
32 —0.62 0.64 0.50 32 x 1073 RQ
16 0.11 0.14 0.13 0.64 BL
59 —0.51 0.09 0.05 0.68 RQ+BL Add 11 sources
log Fy log Fy (high state) 21 1.38 0.31 0.22 0.34 RQ+BL
8 0.59 0.87 0.59 0.12 RQ
13 0.94 0.40 0.40 0.17 BL .
25 1.06 0.65 0.39 0.05 RQ+BL Add 4 sources
log Fy log F (low state) 21 0.68 0.21 0.22 0.33 RQ+BL
8 0.23 0.53 0.70 0.05 RQ
13 1.68 0.16 0.15 0.61 BL
25 0.63 0.21 0.22 0.29 RQ+BL Add 4 sources

Note—The linear regression is obtained by considering x to be the independent variable and assuming a relation
y=A,+ A, x; N is the number of points, r is the correlation coefficient, and p is the chance probability. Units are
janskys for Fy, millijanskys for F,, and F, and microjanskys for Fy and F,. Add to the sources only one measured value
of the flux of y-ray or X-ray or optical or near-IR emission in Table 2. Using Hartman’s data means that the y-ray data are
from the average data given by Hartman et al. 1999 for the four phases.

2 Excluding 3C 273.
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corresponding to the above-mentioned ones have been
found. They are

log F, = (0.29 + 0.10) log Fr — 3.37 + 0.04
withr = 0.37andp = 3.6 x 107 3;

log F, = —(0.13 £+ 0.11) log Fx — 3.34 £+ 0.09
withr = —0.24 and p = 24%;

log F, = —(0.06 + 0.06) log F, — 3.46 + 0.05
withr = —0.12 and p = 36.6%; and

log F, = —(0.10 & 0.07) log Fgx — 3.49 £ 0.06
withr = —0.19 and p = 16%.

In summary, we find strong correlation between Fy and
F, and between F, and Fy in both states and strong corre-
lation between Fx and Fy only in the low state. There is
only very weak anticorrelation between F, and Fy in the
both low and high states. It should be reemphasized that
the high state is not well defined. As seen in Table 1, for
some blazars the differences between fluxes in high and low
states are not significant. We have made the correlation
analysis without any limit in the high state (see Table 2).
Furthermore, we tried to use the condition that there is a
factor of 5 difference of y-ray fluxes between the high and
low states to select samples, but under this condition, many
objects have been excluded, and only a small sample can be
obtained, for which there is no statistical significance.

The high states normally last for hours to days, so the
lack of correlation among various wave bands may simply
reflect the fact that the data of various wave bands were not
taken simultaneously. On the other hand, low states
(quiescent states) can last for many years, so it is much
easier to catch blazars in the quiescent state for various
wave bands, even though the observations are not simulta-
neous.

4. DISCUSSION

4.1. Strong Constraints on Emission Regions of Various
Wave Bands from y-Ray—loud Blazars: RQs and BLs

Table 3 qualitatively summarizes our results on y-ray—
loud blazars (detailed results are shown in Table 2). From
Table 3 we may reach two conclusions: first, radio flux
density is not correlated with those of other wave bands in
either high or low states except for a weak correlation with
y-ray flux density. This strongly suggests that the emission
region of radio photons in the jet is different from the emis-
sion regions of all other wave bands; second, infrared flux

TABLE 3

SUMMARY OF CORRELATION ANALYSIS FOR y-RAY BLAZARS

Fp Fy F, Fy F,
Fp ... None None None P
Fy None . P P None
F, D P . P n
Fy None P P . n
F None n n n

NoTe—P = strong positive correlation, p = weak positive
correlation, N = strong negative correlation, n = weak negative
correlation, and none = no significant correlation.
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density is strongly correlated with optical and X-ray flux
densities in the low state. This indicates that synchrotron
radiation of high-energy electrons in the same emission
region is likely to be responsible for the emission in the
infrared, optical, and X-ray bands.

4.2. y-Ray and X-Ray Emission from y-Ray-loud Blazars

The EGRET-detected active galactic nuclei (AGNs) share
many common properties: flat radio spectrum, core domin-
ance, and (for many) superluminal motion (von Montigny et
al. 1995). The most striking common properties of these
EGRET-detected AGNs are the large fraction of the bolo-
metric power in the y-ray bands and the rapid time variabil-
ity, which ranges from as short as a few hours to several
months in the high-energy y-ray emission (see Mattox et al.
1997; Mukherjee et al. 1997; Wehrle et al. 1998; Cheng,
Fan, & Zhang 1999; Fan, Xie, & Bacon 1999). Some of
them are known to be BL Lac objects; many are recognized
as optically violent variable/highly polarized quasars
(OVV/HPQs). It is necessary to study this class of EGRET-
detected AGNs together in order to understand the y-ray
emission mechanism. Using the sample of EGRET-detected
sources listed in the first catalog of EGRET sources, Dondi
& Ghisellini (1995) have found that all of them require rela-
tivistic bulk motion in order to be transparent to the y-ray
emission. Xie et al. (1997) found that the correlation
between the y-rays and the X-rays is not as close as that
between the y-ray and the infrared bands. In the present
paper, we found that the y-rays are anticorrelated with the
X-rays; this anticorrelation for the flux density will dilute
the correlation of luminosity found in the paper by Xie et al.
(1997). A similar anticorrelation was also found in the spec-
tral index plot (see Comastri et al. 1997). However, we
should keep in mind that the low state used here is perhaps
not the true low state of the source; also, the y-rays may be
more strongly beamed than the X-rays. Those effects would
distort the correlation. Nevertheless, the correlation
deserves to be investigated with more data when available.
If this relation really does exist, then it will constrain the
emission models.

4.3. y-Ray and Radio Emission from y-Ray-loud Blazars

The possible correlation between the radio and y-ray
luminosities of blazars has been studied by many authors
(e.g., Padovani et al. 1993; Stecker et al. 1993; Dondi &
Ghisellini 1995; Fan et al. 1998). A good correlation
between radio and y-ray luminosities for the y-ray-loud
blazars was found (e.g., Dondi & Ghisellini 1995). However,
Miicke et al. (1997) have analyzed the correlation between
the radio and y-ray luminosities in detail and found no
correlation. Recently Fan et al. (1998) revisited the corre-
lation between radio and y-ray fluxes using the observed
maximum data in the y-ray and radio bands. They found a
very weak correlation between radio flux at 230 GHz and
the y-ray flux (the correlation coefficient is 0.347 for 44
objects) and almost no correlation between radio flux at 5
GHz and the y-ray flux. From Table 2, our results show no
correlation between radio flux at 5 GHz and y-ray flux in
either the high or the low state, which is consistent with the
result of Fan et al. (1998). (If 3C 273 is excluded, there is a
weak correlation between the y-rays and the radio for the
low state.) It is generally believed that both radio and y-ray
emission from the blazers are strongly beamed; both are
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produced in the jets of the blazars. However, the lack of
correlation between radio and y-ray emission or between
radio and X-ray emission leads us to conclude that the
radio, X-ray, and y-ray emission regions are different.

4.4. Other Wave Band Correlations

For the correlation of optical and y-ray emission, our
results show that there is no correlation in the high state but
a weak anticorrelation (r = —0.34 and p = 1.5%) in the low
state, implying that high y-ray emission is correlated with
low optical emission, consistent with the result of Dondi &
Ghisellini (1995). The correlation between optical and infra-
red flux densities is expected since the two bands are so
close in wavelength; they are both from the synchrotron
process.

To take the correlations of the y-rays and other lower
bands into account, it is interesting to note that there is a
weak anticorrelation between the y-rays and the X-ray and
optical bands, there is almost no correlation between the
y-rays and the infrared, but there is a positive weak corre-
lation between the y-rays and the radio band. If the syn-
chrotron process is responsible for the emissions from the
radio to the X-rays and inverse Compton scattering is
responsible for the y-rays, that inverse Compton scattering
dominates the synchrotron process; an anticorrelation
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should be expected between the y-rays and the optical to
X-ray bands. As for the weak positive correlation between
the y-rays and the radio band, it implies that the same
electron population is responsible for both the radio and
the y-ray bands. If this correlation is valid, it favors the
external Compton (EC) scattering models. However, recent
studies of broadband spectra of blazars indicate that (1) the
synchrotron emission in X-ray-selected BL Lac objects
extends well into X-rays, even to hard X-rays for Mrk 501 in
a large TeV flare, and (2) the synchrotron emission in
FSRQs seems to extend only to soft X-rays; the hard X-rays
are inverse Compton emission, probably from the synchro-
tron self-Compton (SSC) process (Catanese et al. 1997,
Sambruna 1997; Kubo et al. 1998; Mukherjee et al. 1999;
Kataoka et al. 1999; Takahashi, Madejski, & Kubo 1999).
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