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ABSTRACT

Results are reported on observations obtained with the Oriented Scintillation
Spectrometer Experiment (OSSE) instrument on the Compton Gamma Ray
Observatory (CGRO) of 17 active galactic nuclei known to exhibit blazar
properties at other wavelengths. These observations span the period from
1991 June through 1994 May. Of the 33 high-confidence EGRET detections of
blazars during CGRO observing phases 1 and 2 (1991 May 16 - 1993 Sept. 7),
OSSE has observed 8 and detected 5, namely 3C 273, 3C 279, PKS 0528+134,
CTA 102, and 3C 454.3. Additionally, OSSE has detected the BL LAC sources
H 1517+65.6 and PKS 2155-304, which were not detected with EGRET.
Variablility in the energy band 50 — 150 keV is observed for all of the detected
AGN. The OSSE blazar sources are all well described by simple power law
models with photon number indices, , , varying from 1.0 to 2.1 among sources.
When combined with available, although not necessarily contemporaneous,
COMPTEL and EGRET observations, 4 out of 5 detected blazars show clear
evidence for spectral breaks between the hard X-ray and medium energy
gamma-ray bands. The exception is the combined OSSE/EGRET data for
3C 279 during 1991 October, where a simple power-law with , ~ 1.9 works
equally well. Gamma-ray evidence for beaming in CTA 102, PKS 05284134,
and 3C 454.3 is presented.

Subject headings: Galaxies: Active, Galaxies: BL Lacertae Objects, Galaxies:

Quasars, Gamma Rays: Spectra
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1. Introduction

The discovery of a large number of active galactic nuclei (AGNs) emitting > 100 MeV
gamma rays by the EGRET instrument on CGRO has stimulated considerable interest
in the high-energy and multifrequency behavior of these objects. Before the launch of
CGRO, some AGNs were known to emit in the hard X-ray and soft gamma-ray ( 2 0.1
MeV) range (see, e.g., Rothschild et al. 1983; Bassani & Dean 1983), but the only quasar
detected at photon energies £ > 1 MeV was the nearby quasar 3C 273. Although this
source was not detected at soft gamma-ray energies, it was detected at £ > 50 MeV with
the COS-B experiment (Swanenburg et al. 1978). The EGRET team has now reported 25
high-confidence detections of AGNs at £ > 100 MeV in CGRO observing phase 1 (Fichtel
et al. 1994) and 8 more high-confidence detections of AGNs in phase 2 (von Montigny et
al. 1995). These AGNs are all associated with compact, flat spectrum radio sources which
are often found to exhibit superluminal motion, rapid optical variability, and high optical
polarization. These sources differ from Seyfert AGNs at hard X-ray energies by displaying
a broader range of spectral indices (Williams et al. 1992; Sambruna et al. 1994). This class
of objects, which includes BL Lacs and highly polarized and optically violently variable

quasars, is generally referred to as blazars.

Blazars are thought to be AGNs with jets that are nearly aligned along the line of
sight to the observer. The spectra of bright blazars generally have two broad maxima.
Between radio and optical frequencies, blazars exhibit broad v F, spectral peaks occurring
between ~ 10! and 10'* Hz (e.g., Impey 1987). This emission is usually attributed to
Doppler-boosted synchrotron radiation emitted by nonthermal electrons in a relativistically
outflowing plasma. The new high-energy observations demonstrate the presence of a second
broad spectral peak at gamma-ray energies. Nearly simultaneous observations show that
the gamma-ray emission of 3C 279 dominates its bolometric luminosity (Maraschi et al.
1994); on the basis of non-contemporaneous observations (von Montigny et al. 1995), this is
apparently the case for several other quasars as well. The OSSE observations are important
to the study of blazars because they help establish the energy of the peak of the vF,
spectra and the magnitudes of the spectral breaks from the hard X-ray and medium energy
gamma-ray regimes. Unlike arguments for gamma-ray transparency in the EGRET energy
range (Mattox et al. 1993; Maraschi et al. 1992), gamma-ray transparency arguments based
on observations in the soft gamma-ray regime require no additional assumptions about the
source location of the soft photons.

In this paper we report on OSSE observations of 17 blazars and give spectral results
on seven of these sources detected during the period from 1991 June to 1994 May. The
blazars detected are 3C 273, 3C 279, CTA 102, PKS 0528+134, 3C 454.3, H 1517+465.6,



—4 -

and PKS 2155-304, of which the first five have also been detected with EGRET. In § 2 we
describe the observations, present results of temporal and spectral analyses of the data,
and describe the multiwavelength character of the blazars detected with OSSE. In § 3
the implications of the observations on models of blazars are considered. We present our

conclusions in § 4.

2. Observations and Analysis

2.1. Instrument Description and Blazar Observations

The Oriented Scintillation Spectrometer Experiment, one of four instruments on
CGRO, is designed to detect gamma rays in the 0.05 — 10 MeV range. OSSE comprises four
independent phoswich spectrometers of identical design that are each actively shielded and
passively collimated. Tungsten collimators define a 3.8° x 11.4° full-width at half-maximum

(FWHM) gamma-ray aperture.

OSSE observations consist of a sequence of two-minute observations of a source field
alternated with two-minute offset-pointed background measurements. The two-minute
duration is selected to be short relative to the typical orbital background variations. When
possible, source-free field offsets 4.5° on either side of the source position along the detector
scan plane are used for background observations. Different background field configurations
are used when required to avoid fields confused with likely gamma-ray sources. Quadratic
interpolation in time amoung the measured background intervals is used to estimate the
background during the source observation. The background estimates are then subtracted
from the associated source accumulations to form two-minute difference spectra. These
spectra are further screened for environmental effects and transient phenomena. Screened
2-minute spectra are then summed into daily average spectra and finally into spectra
averaged over the entire observation interval. A more detailed description of OSSE, its

performance, and spectral data analysis procedures can be found in Johnson et al. (1993).

In the period 1991 June thru 1994 May, OSSE observed 6 BL Lac sources and 11 QSOs
in 45 separate observations. Observations made in support of CGRO guest investigations

are not presented here. The characteristics of the observed blazars are summarized in
Table 1. Checks in the EGRET or OSSE columns of the table indicate positive detection

by that instrument in one or more observations.

Unlike the other instruments on CGRO, OSSE’s small field of view requires the

selection of specific targets for observation. Generally, two sources are selected for each
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observation interval - one in the field of view of COMPTEL and EGRET, and the other
approximately 90° away so that it may be observed when the first source is occulted by the

Earth. Thus, it is possible for OSSE to observe targets without simultaneous observation

from COMPTEL and EGRET.

The OSSE targets are selected when the CGRO observation timeline is being developed,
well before the observation. Consequently, during the first year of the CGRO mission,
most of the OSSE AGN targets were selected based on historical X-ray and gamma-ray
measurements. OSSE observations of the EGRET-discovered gamma-ray emitting blazars
could not be scheduled until the later phases of the mission. Since OSSE’s 192° of
motion permit viewing of targets outside the field of view of COMPTEL and EGRET,
the constraints on the CGRO viewing timeline occasionally required scheduling of OSSE
blazar targets at orientations which did not permit simultaneous COMPTEL/EGRET
observations. Table 2 summarizes the OSSE blazar observations and indicates those
observation intervals which provided simultaneous coverage with COMPTEL/EGRET. Also
provided are the detected fluxes from the sources in the 0.05 — 0.15 MeV, 0.15 — 0.5 MeV
and 0.5 — 1.0 MeV energy bands. Upper limits are specified at the 95% confidence level, or
20. As indicated in the table, most objects were observed during more than one viewing
period (VP). In such cases, the first entry for the source is the weighted average of all the
observations. The last column in the table indicates the total live time of high quality
data on the source in detector-seconds. As seen in Table 2, four sources are detected at a
significance of 5o or greater; they are, in order of decreasing significance, 3C 273, 3C 279,
PKS 05284134, and PKS 2155-304. Three additional sources are detected at a significance
of 30 or greater: CTA 102, H 1517+65.6, and 3C 454.3. OSSE has only upper limits for
4C 15.05, MRK 421 and QSO 07164714, three sources positively detected with EGRET.
A more detailed discussion of the results for 3C 273 is presented elsewhere (Johnson et al.

1995).

Only OSSE data from those blazar observations with positive detections (here defined
as > 30) have been used in this analysis. For PKS 0528+134, however, the first two
observations were very short and consequently produced detections or upper limits with
lower significance but consistent with the same flux found in the longer viewing period. The
spectra from all three observations of PKS 05284134 were therefore summed together to
produce an average spectrum. Omitting the short observing periods from the analysis did

not produce statistically different results.

2.2. Temporal Analysis



-6 -

The time dependences of the integral photon fluxes in the 0.05 — 0.15 MeV range are
shown in Figure 1 for the OSSE blazars 3C 273, 3C 279, PKS 0528+134, and CTA 102,
respectively. The data within each viewing period for each source have been averaged
into 3- to 4-day intervals. Searches for variability in sources detected with weak (3-50)
significance, such as PKS 2155-304, were not improved by subdividing data into smaller
viewing periods and are, therefore, not displayed in the figure. Variability can be seen in
all of the sources shown in Figure 1, although statistically significant (> 20) variability for
3C 279, CTA 102, 3C 454.3, and PKS 2155-304 is only found by comparing the average

fluxes between different viewing periods (see Table 2).

Flux variations for 3C 273 from VP 3 to VP 8 indicate variation by as much as a
factor of three on time scales of =~ 2 months, and day-to-day variations as large as 25%
are seen for VP 3 alone, suggesting source variablility over the two week period at > 2.50
significance (Johnson et al. 1995). Variability by a factor of ~ 2 is observed for 3C 279 over
the period of a year (i.e., between VPs 10 and 39, 91/263 - 92/251). The three-day flux
averages of PKS 0528+134 in the May 1994 observation are only weakly consistent with a
constant flux (x? probability ~ 5 x 107%). CTA 102 observations are also inconsistent with
a constant flux (x* probability ~ 6 x 1073) over a period of 2 months (i.e., between VPs
317 and 323). Inter-period variability was found for PKS 2155-304 and 3C 454.3 as well.

2.3. Spectral Analysis

The spectral fitting procedure consists of folding model photon spectra through the
OSSE response matrix and adjusting the model parameters to minimize, through a x? test,
the deviations between the model count spectrum and the observed count spectrum. Using
the OSSE data alone, the spectra are reasonably well described by single power-law models,
N(E) = F,(E/E,)"VdE, as indicated in Table 3. The uncertainties in this table are 68%
confidence limits (Ax? = 2.28). The last column represents the statistical probability of

observing a x” value larger than the measured value, if the model truly represents the data.

When OSSE data are combined with the COMPTEL and EGRET measurements,
there is evidence for significant softening in the spectra, particularly between the OSSE and
EGRET energy bands. We have modeled these softenings of the spectra as broken power
laws and have fit the combined OSSE, COMPTEL and EGRET data for 5 sources. For
3C 279, where we compare OSSE data for VP 10 and EGRET data (Kniffen et al. 1993)
for VP 11, either a simple power law model with , = 1.93 4+ 0.02 or a broken power law are
acceptable over the entire fit range. The best fits are tabulated in Table 4 and displayed

in Figure 2. Model uncertainties are determined by the the 68% confidence interval for
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joint variation of four interesting parameters (Ax? = 4.70). It is important to recognize
that most of the data sets represent non-contemporaneous observations; only for the VP 3
observation of 3C 273 are there contemporaneous OSSE, COMPTEL, and EGRET data.
Source variations between the epoch of the OSSE observation and that of the COMPTEL
and EGRET measurements could affect both the energy of the power law break and the
magnitude of the break. However, these observations clearly indicate that the emitted
power of these blazars is strongly peaked at MeV energies. Large A, (A, > 0.5) is found
in 4 of these 5 sources, the most extreme being CTA 102, where A, = 1.7 £0.7.

Two of the six sources listed in Table 3, PKS 2155-304 and H 1517+65.6, have not
been positively detected with EGRET. Figure 3 shows the derived OSSE spectra and best
fit power law models for these sources with the corresponding 20 upper limits from EGRET
(Fichtel et al. 1994). The OSSE/EGRET data for PKS 2155-304 are contemporaneous (VP
42), but the data for H 1517+65.6 are not (OSSE data is from VP 212 and EGRET data is
from VP 22). Clearly, a break in the spectrum is required in both sources between 200 keV
and 100 MeV. For the remaining three EGRET blazars observed with OSSE (4C 15.05,
MRK 421, and QSO 0716+714), only upper limits were obtained. These upper limits are
not in conflict with extrapolations of their EGRET spectra into the OSSE energy range
(see Fichtel et al. 1994).

2.4. X-Ray and Gamma-Ray Properties of Detected Blazars

EGRET first reported detection of 3C 279 during VP 3 (Bertsch et al. 1991; Hartman
et al. 1992); significant variation in the > 100 MeV intensity was observed during a < 2
day interval (Kanbach et al. 1992; Kniffen et al. 1993). The spectrum during VP 3 is well
fit by a single power law from > 100 MeV to ~ 3 GeV with , = 1.9 (Fichtel et al. 1994).
The gamma-ray emission decreased after the flare but was still detectable when observed
with OSSE during VP 10 and with EGRET during VP 11. The > 100 MeV flux dropped
by a factor of > 6 in VP 11 from its peak in VP 3; the spectrum was found to soften to
, = 2.1 in independent fits made to OSSE and EGRET data. Combined data from OSSE
and EGRET during VP 10 and 11, respectively, are consistent with a single power law with

index , & 1.9, as given in Table 3.

The quasar CTA 102 was observed four times with the EGRET instrument, with a
photon spectrum well represented by a power law with , = 2.6 + 0.2 (Nolan et al. 1993),
one of the softest blazars observed with EGRET. The only published report of X-rays
from CTA 102 was the detection with the Einstein Observatory (Zamorani et al. 1981;
Worrall et al. 1987) at a flux level of 0.4 pJy near 1 keV. OSSE observed CTA 102 in
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three viewing periods, with only VP 323 providing a positive detection at the 40 level. The
blazar 3C 454.3 is separated from CTA 102 by ~ 8° and was alternately observed with
CTA 102 during VPs 317 and 323. Care was taken so that the two were well isolated in the
OSSE scan direction during these observations. Fitting OSSE data alone reveals a hard
power-law spectrum with , ~ 1.0. Fits to the combined non-contemporaneous COMPTEL
and EGRET data with OSSE show the greatest break in the spectral index of all the

sources reported here (A, =~ 1.7).

There is not much prior high-energy information on H 1517465.6. It was detected with
Finstein (Elvis et al. 1992), but little spectral information was obtained. Fits to OSSE

data reveal a spectrum with , ~ 1.9.

PKS 05284134 was first detected at gamma-ray energies (> 100 MeV) with EGRET
(Kanbach et al. 1992) during two CGRO observations towards the galactic anticentre at the
beginning of the mission (April and May 1991). The high-energy spectral index in the 100
MeV-1 GeV range was reported to be 2.6 + 0.1 (Hunter et al. 1993). This quasar exhibits
variability of its > 100 MeV emission on a time scale < 2 days and is a COMPTEL source
(Schonfelder 1994). The power-law fit to the average OSSE spectrum for PKS 05284134
shows a hard index of , = 1.2 + 0.3. Fitting the OSSE data with non-contemporaneous
EGRET data shows a break in the spectrum around E ~ 17 MeV with A, =~ 1.1. It is
important to note that there is a 3 year gap between the OSSE and COMPTEL/EGRET
data, and that the EGRET data used in this analysis is not from any of the reported flares
of this source in the > 100 MeV energy range (von Montingny et al. 1995).

PKS 2155-304 is one of the most intensively studied AGNs. It is well-known for its
short time scales of variability at optical to X-ray wavelengths. It was first discovered as an
X-ray source with the HEAO 1 satellite (Schwartz et al. 1979; Griffiths et al. 1979). The
X-ray luminosity typically ranges over a factor of 10, with a factor of 4 increase in 4 hours
reported on one occasion from EXOSAT observations (Morini et al. 1986). The source also
exhibited a high degree of variability during observations with the Ginga satellite, with a
dynamic range of a factor of 7 in the 2 — 6 keV band among five different observations
(Sembay et al. 1993). It has a steep hard X-ray spectrum with photon index typically in the
range 1.5 <, < 2.5 (e.g., Urry et al. 1986). Spectral fits to the 1989 October 2 Ginga data
reveal a photon index of , = 1.60 £ 0.01 above 4 keV (Sembay et al. 1993). NGC 7172, a
potentially confusing source in the Seyfert 2 class (~ 1.8° from PKS 2155-304), is contained
in the OSSE source field of VP 42. The other periods (VP 319 and VP 319.5) were designed
to isolate the contributions of NGC 7172 and PKS 2155-304. Unfortunately, neither target

was detectable during these observations.

High energy gamma radiation was observed from the OVV quasar 3C 454.3 with
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EGRET during VP 19 (92/023 - 92/037). Its high-energy emission showed a power law

photon spectrum with , = 2.2+ 0.1 (Hartman et al. 1993). The flux density (> 100 MeV)
was observed to vary within the range (0.4 — 1.4) x 107° photon cm™?s™! on a time scale of
less than a week. The Ginga observations of 3C 454.3 show its spectrum to be softer than
those seen from most other OVV X-ray spectra (Ohashi et al. 1989b). The power-law fit to

the OSSE spectrum alone reveals an index with , ~ 1.5.
3. Discussion

We now consider the implications of the OSSE observations on the standard model for
blazars (e.g., Blandford & Rees 1978; Blandford & Konigl 1979). In this model, jet emission
is produced by plasma that is ejected at relativistic speeds from an accreting supermassive
black hole. The OSSE observations address the question of beaming in two ways: through
the Elliot-Shapiro (1974) relation, modified to the gamma-ray regime (Dermer & Gehrels
1995), and through gamma-ray transparency arguments (e.g., Stecker & Tsuruta 1972;
Maraschi, Ghisselini, & Celotti 1992; Blandford 1993; Mattox 1993; Dermer & Gehrels
1995), also modified to the OSSE energy range.

3.1. Luminosity and Mass Estimates

The Elliot-Shapiro relation tests for beaming by noting that a lower limit to the mass
is derived from the inferred isotropic luminosity, assuming Eddington-limited accretion.
If the source accretes below the Eddington limit, then even larger black hole masses are
implied. An upper limit to the mass is inferred from the emission size scale implied by the
variability time scale using light travel time arguments, since the size scale must be larger

than a few Schwarzschild radii. If the two mass limits conflict, beaming is implied.

We first calculate the minimum black hole masses implied by the OSSE observations,
assuming that the radiation is isotropically emitted and produced by Eddington-limited
accretion onto a supermassive black hole. Denoting the observed photon flux by ®(¢)
[photons cm ™2 s™'e™!], where the dimensionless photon energy € = hv/m.c?, the luminosity

produced by a source at redshift z over an energy band ¢ to ¢, is given by

L[(1 + 2)e, (1 + 2)ed] ~ %/ dee® (i) . (1)
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The luminosity distance d;, = 2cf(z)/Hy, where f(z) = 1 + z — (1 + 2)'/2, appropriate to a
go = 1/2 cosmology. The luminosities inferred from the OSSE observations of blazars are
given in Table 5. The inferred isotropic luminosities in the OSSE energy range, redshifted
back to the cosmological frame, are in the range ~ 10%°-10*° ergs s~'. The inferred value
of 4.6 x 10*® ergs s~! measured for PKS 0528+134 would represent the most luminous
quiescently radiating source known, assuming that the photons are isotropically emitted,
which is probably not correct as we show below. The blazar luminosities extend, of course,
to much lower values. For example, the OSSE upper limit for Mrk 421 implies that its
inferred isotropic luminosity is ~ 10** ergs s='.

The implied minimum black hole mass for Eddington-limited accretion in the Thomson
regime is given by Mg < L7/(1.26 x 10%® ergs s™'), where Ly is the total luminosity for
emission in the Thomson regime, ¢ < 1. Using the Klein-Nishina cross section, «(€) (given
by Pozdnyakov, Sobol, & Sunyaev 1983; Dermer & Gehrels 1995), the radiation force
exerted through Compton scattering from a point source of isotropic emission with spectral

luminosity L(€) is given by

or? / de L(e 2)

47r1° c

Eddington-limited accretion for a hydrogen plasma implies that | Fg | = —-GMmy+/r* >
| Fc |. We obtain an expression for the minimum mass of a black hole which is assumed to

emit isotropic radiation by steady, Eddington-limited accretion, in units of 103 M, given by

ME < drds (m.c?)(1 + z) 72 /6u(1+Z)
g ~ (

de &
1.26 x 10% ass (

1+2) € &(¢). (3)
The implied minimum black hole masses are listed in Table 5 for the OSSE

blazars, under the assumptions of isotropic radiation and Eddington-limited accretion. The
measurement of PKS 0528134 implies the largest black hole mass, namely M 2 7 x 10° M.
The inferred black hole masses for CTA 102 and 3C 454.3 are also 2 10° M, and the black
hole masses are 2 107-103 M, for the other 3 sources. Using light travel time arguments
and assuming a spherical geometry with radius R, the minimum size scale of the emission
site is R < ¢btops/(1 + z), where 8t,p5 is the measured variability time scale. Because R
must be greater than the Schwarzshild radius Rs = 2GM/c* = 3.0 x 103 Mg cm, 6t p,
implies a maximum black hole mass. For PKS 05284134, the maximum mass implied
from the variability time scale is nearly equal to the minimum mass implied from the
Eddington-limited argument. If further observations show a statistically significant conflict

between the two implied mass determinations, then the assumption of isotropic emission
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would be called into question.> The other OSSE blazars listed in Table 5 are less luminous

or variable, so the Elliot-Shapiro relation also does not imply beaming for them.

3.2. Gamma Ray Transparency

Gamma-ray transparency arguments (Mattox et al. 1993; Maraschi, Ghisselini, &
Celotti 1992; Blandford 1993) provide an independent test for beaming. These arguments
proceed as follows: Assume that the source is at rest in the cosmological frame so that
the observed gamma-ray variability time scale 6%, implies a maximum emission-region
size scale R < cbtops/(1 + z), from simple light travel-time arguments. If X-rays observed
from blazars are produced in the same region as the gamma rays, then the pair production
optical depth 7., for gamma rays above 100 MeV greatly exceeds unity for 16334382
(Mattox et al. 1993), 3C 279 (Maraschi et al. 1992), and PKS 0528+134, so that beaming
is implied. Beaming is not required if one considers only the photon attenuation of gamma
rays in the EGRET energy range which interact with other gamma rays (Dermer & Gehrels
1995). Becker & Kafatos (1995) show that gamma rays do not need to be produced at large
distances from the central source if the X-rays are assumed to be produced in an accretion
disk, and that the angle-dependent v+ opacity provides intrinsic collimation of the gamma

rays.

Here we derive the pair production optical depth of photons in the OSSE energy
range interacting with other photons in this range, so that no additional assumptions are

necessary. From the formulation of Gould & Schréder (1967), we can write

(@)= R [ de oy (s) nnle) (4)

2/61

where

npn(€) de = ];lgc ¢ [(61/:_1 :_)22)] de (5)

is the differential number of photons per unit volume with € between ¢ and € + de (see
equation 1). The invariant quantity s = 2ee;, and the pair-production cross-section o-(s)
is quoted in Gould & Schréder (1967). Substituting equation 5 into equation 4, we obtain

3A two-week observation of PKS 05284134 with OSSE, COMPTEL, and EGRET is
scheduled for VP 413 (1995 Mar 7 - 1995 Mar 21).
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12

Pl = oo [ - de 7,1(5)0(¢) (6)

where ®(¢) is the measured OSSE photon flux in dimensionless units, and ¢ and ¢, are

2
1 (142)2 ’6’]

the smallest and largest photon energies measured from a given source with OSSE (see
Table 5). Here we have assumed that photons are emitted from a homogeneous spherical
region with size scale R < cbtops/(1 + 2).

Equation 6 is integrated using the best fit power-law parameters for the OSSE blazars
given in Table 3. Table b5 lists values of the pair-production optical depth for photons of
energy 1 MeV at the present epoch. As shown in Figures 2 and 3, all blazars except 3C 279
and PKS 2155-304 were observed by OSSE at energies above 1 MeV. We see from Table 5
that CTA 102, PKS 05284134, and 3C 454.3 have 7.,,(1 MeV) > 1, and that the largest
pair production opacity is &~ 250 for PKS 0528+134. Thus the intrinsic spectrum of photons
near E ~ (1+ z) MeV would be attenuated by orders of magnitude, if the gamma rays were
produced isotropically in a stationary source. The gamma-ray transparency constraints
can be weakened if a nonspherical geometry is considered, or if the < 500 keV and 2 500
keV emission sites are at separate locations, but the smoothness of the OSSE gamma-ray
spectra does not suggest the existence of two distinct spectral components. Hence, the
detection of gamma rays up to 1 MeV in PKS 0528+134, CTA 102, and 3C 454.3 provides

evidence in favor of beaming.
3.3. Constraints on Models from Spectral Observations

Values of A, > 0.5 are measured in combined non-contemporaneous OSSE/EGRET
observations of four gamma-ray blazars, as seen from Table 4. Spectral breaks significantly
greater than 0.5 are in conflict with the simplest versions of one-component, time-integrated
Compton cooling jet models (Dermer & Schlickeiser 1993; Sikora, Begelman, & Rees 1993)
which predict that A, = 0.5. Compton models with the injection of mono-energetic rather
than power-law electrons (e.g., Melia & Konigl 1989; Protheroe, Mastichiadis, & Dermer
1992) can produce spectral index changes > 0.5, but cannot produce an X-ray spectrum
harder than , = 1.5. Power-law fits to the data from CTA 102, PKS 0528+134, and
3C 454.3 (see Table 4), however, do show , < 1.5. Cascades intitiated by photo-meson
production from high-energy protons (Mannheim and Biermann 1992) may fit the spectral
data, but do not produce rapidly variable emission because of the relatively small proton

energy-loss rates. Spectral breaks > 0.5 are also produced in hot accretion disk models (e.g.
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Becker & Kafatos 1994) due to incomplete cooling by pion-decay electrons and positrons,

but require extremely massive (~ 10'°My) black holes.

4. Conclusions

Observations with CGRO show that gamma-ray blazars constitute an extraordinarily
luminous class of quiescently radiating sources. We find that the luminosities of gamma-ray
blazars in the OSSE energy range between 50 keV and 1 MeV extend to ~ 5 x 10

ergs s~ ', assuming that the gamma rays are isotropically emitted. Of the 25 blazars

detected at high-confidence with EGRET during Phase 1 (Fichtel et al. 1994), OSSE
has observed 8 and detected 5. Comparison of the fluxes and spectral indices measured
in the OSSE and EGRET energy ranges implies that the spectra of these sources soften
between the two energy ranges. Spectral softening between low- and medium-energy
gamma-rays is also suggested by the comparison of the relatively few COMPTEL detections
of blazars compared with the number detected with EGRET (Schénfelder 1994). The
non-contemporaneous spectra shown in Figure 2 illustrate this behavior, which appears to

be a generic feature of gamma-ray blazars.

Of the five EGRET blazars detected with OSSE, four show clear evidence of spectral
softening in the 1 — 15 MeV energy range when fit with non-contemporaneous COMPTEL
and EGRET data. The exception to this is 3C 279 during 1991 October, where a simple
power-law model with , = 1.93 £ 0.02 works as well as a broken power law. The spectral
breaks, A, , in these four cases range from 0.6 — 1.4, the most extreme being CTA 102.
These results provide strong constraints on external scattering blazar models. OSSE
has detected two additional blazars that have not been reported as EGRET sources.
Extrapolation to high energies of the spectral fits to PKS 2155-304 and H 1517+465.6 also
imply spectral softening between the OSSE and EGRET energy ranges (see Figure 3).

The blazar PKS 0528+134 is the brightest quiescently radiating source known, if
one assumes that the high-energy radiation is isotropically emitted. Gamma-ray emission
from CTA 102, PKS 05284134, and 3C 454.3 would be severely attenuated at 1 MeV
photon energies if the emitting regions are stationary, so that either relativistic outflow or
anisotropic gamma-ray emission is implied for these sources. OSSE gamma-ray observations
presently provide the strongest evidence for beaming from gamma-ray data alone, and are in
accord with the scenario that blazar radiation is anisotropically emitted from relativistically

outflowing jets.

We thank B. McBreen for providing the PKS 2155-304 data associated with the CGRO
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Table 1: Characteristics of Blazars Observed With OSSE
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Flux® Flux® Flux® Observ.

Source® VP Date Interval® (0.05 —0.15 MeV)  (0.15— 0.5 MeV) (0.5 — 1.0 MeV) Timed
3C 273 10.63 £ 0.29 1.64 £+ 0.09 0.29 4+ 0.09 22.32
3* 91/167 91/179 17.34 £ 0.48 2.54 4+ 0.16 0.75+ 0.15 8.13
8 91/235 91/248 5.67 £ 0.76 0.91 +0.24 < 0.46 3.76
11* 91/277 91/290 3.58 +£ 0.55 0.65 + 0.17 < 0.32 5.74
36.5 92/226 92/228 15.68 £ 2.23 1.224+0.73 1.55 £ 0.66 0.27
39 92/252 92/256 18.35 £+ 1.37 2.61 +0.44 0.44 4+ 0.41 0.79
204* 92/358 92/364 8.70 + 1.56 1.03 £ 0.49 < 0.90 0.71
205* 92/364 93/005 7.03+1.76 1.68 + 0.54 < 1.00 0.66
206* 93/005 93/012 10.00 £ 1.92 < 1.16 < 1.05 0.52
303.4 93/274 93/290 19.68 £ 1.31 2.33 £ 0.38 < 0.72 0.91
3C 279 3.30 + 0.50 0.43+0.15 0.224+0.14 6.64
10 91/263 91/276 6.22 + 0.65 0.87 + 0.20 < 0.38 3.21
39 92/246 92/251 < 2.41 < 0.80 < 0.73 0.88
204* 92/358 92/364 < 3.23 < 0.96 < 0.89 0.74
205* 92/364 93/005 < 3.67 < 1.12 < 1.03 0.61
206* 93/005 93/012 < 3.78 0.74 + 0.57 < 1.04 0.47
3C 454.3 < 1.19 < 0.36 < 0.33 6.77
317 94/048 94/060 4.46 +1.20 0.47 + 0.37 0.46 + 0.34 2.44
319 94/060 94/067 < 2.93 < 0.88 < 0.83 1.21
319.5 94/074 94/081 < 2.53 < 0.72 < 0.67 1.68
323 94/081 94/090 < 2.18 < 0.66 < 0.61 1.44
4C 04.77 37 92/234 92/240 < 4.70 < 1.58 < 1.47 0.31
4C 15.05 324 94/109 94/116 < 8.74 < 2.60 < 2.36 0.16
CTA 102 1.00 £+ 0.52 0.44 + 0.16 0.35+0.15 5.93
316 94/023 94/032 < 2.02 < 0.62 < 0.57 1.74
317 94/048 94/060 < 1.56 0.41 £ 0.24 0.44 4+ 0.23 2.37
323 94/081 94/095 3.98 +£ 0.95 0.87 + 0.29 0.64 4+ 0.28 1.82
H 1517+65.6 212 93/068 93/082 4.88 +1.26 < 0.76 < 0.70 1.00
MRK 421 < 0.91 < 0.30 < 0.26 5.64
5 91/194 91/206 < 1.63 < 0.52 < 0.49 1.86
6 91/207 91/220 < 1.27 0.34 + 0.22 < 0.42 2.49
9.5 91/256 91/262 < 2.03 < 0.68 < 0.63 1.11
232 93/236 93/238 < 5.62 1.42 + 0.83 1.45 £ 0.80 0.18
PKS 05284134 4.16 + 0.49 0.82 1+ 0.15 0.18+ 0.14 8.71
41 92/283 92/289 3.52 1+ 2.23 < 1.34 < 1.20 0.67
44 92/309 92/322 2.03+1.63 1.37 £ 0.50 < 0.90 1.28
322 94/095 94/109 4.46 + 0.53 0.78 +£ 0.17 0.16 £ 0.15 7.09
PKS 0548-322 31 92/164 92/177 2.60 £+ 2.06 < 1.24 < 1.16 0.42
PKS 2155-304 0.87 + 0.62 < 0.38 < 0.35 4.44
42* 92/289 92/303 4.86 + 0.96 0.45 + 0.29 < 0.54 1.50
319 94/060 94/067 < 2.40 < 0.74 0.58 £ 0.35 1.27
319.5 94/074 94/081 < 2.08 < 0.64 < 0.58 1.68
QSO 02194428 323 94/081 94/095 < 2.22 < 0.70 < 0.66 1.53
QSO 0438-436 325 94/116 94/130 < 2.02 < 0.60 < 0.55 2.58

Table 2: OSSE Blazar Observations

¢ First line for each source is average of all observations
b Year/Day of Year

° in units of 10 3photons cm?s~'MeV ™', Upper limits are 20

d

in units of 10° Det-secs

*Contemporaneous Observations With COMPTEL/EGRET
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Flux® Flux® Flux® Observ.

Source® VP Date Interval® (0.05—0.15 MeV)  (0.15—0.5 MeV) (0.5 — 1.0 MeV) Timed
QSO 07164714 < 1.21 < 0.42 < 0.33 4.15
230 93/208 93/215 < 1.86 < 0.96 < 0.58 1.31
319* 94/060 94/067 < 1.59 < 0.48 < 0.44 2.84
QSO 0736+016 3 91/168 91/179 < 1.36 < 0.46 < 0.45 2.62
QSO 0834-201 < 2.16 < 0.68 < 0.64 1.52
41 92/283 92/289 < 4.52 < 1.38 < 1.29 0.36
44 92/309 92/322 < 2.47 < 0.78 0.38 + 0.37 1.16
QSO 1028+313 < 1.13 < 0.40 < 0.38 5.71
301 93/230 93/236 < 3.01 < 0.88 0.56 + 0.41 0.63
322* 94/095 94/109 < 1.54 < 0.46 < 0.42 3.16
326* 94/130 94/137 1.63 +1.00 < 0.59 < 0.54 1.92

Table 2 (cont)

¢ First line for each source is average of all observations
b Year/Day of Year

° in units of 10~3photons cm*s~'MeV ™!, Upper limits are 20

4 in units of 10° Det-secs

*Contemporaneous Observations With COMPTEL/EGRET
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Flux®

2

Power-law  x?/dof  x
Source Date @ 100 keV Index® Prob.
3C 273 91/167 - 91/179 13.5%53 17104 20.5/23  0.61
3C 279 91/263 - 91/276  4.6705 2.1104 6.2/6  0.40
3C 454.3 94/048 - 94/060  4.11]2 1.5798 6.3/4  0.17
CTA 102 94/081 - 94/095  2.87}9 1.075:7 9.1/6  0.17
H 15174656 93/068 - 93/080  3.6™17 1.970% 3.2/5  0.67
PKS 05284134 92/283 - 94/109  2.7703 1.27903 52/5  0.39
PKS 2155-304  92/298 - 92/303 3.8 1.8708 3.3/5  0.66

Table 3: Spectral Fits to OSSE Observations Using Single Power-Law Model

¢ in units of 10 photons cm™ s~ 'MeV ™!

b differential photon number index
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Source Ereat(MeV) | tower A, x?/dof x?* Prob.
3C 273 1.0799 L7 07701 27.6/28  0.49
3C 279 3.61300- 1.8792  0.3703 11.6/14  0.64
3C 2792 : 1.9370%2 . 14.6/16  0.55
3C 454.3 10.075%° L7992 05703 12.1/9 0.21
CTA 102 2.3126:0 1.0%9% 1.7t 11.7/14  0.63
PKS 05284134 17.01339 1.570% 11792 11.5/14  0.65

Table 4: Power Law with Break for OSSE, COMPTEL and EGRET Fits. NOTE: Only data

from 3C 273 is contemporaneous among the instruments.

¢ Single Power Law Fit
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Source 8tops(days) z €,€° Luminosity® Mg min® Msgma® 7o0(E = 1 MeV)
3C 273 3 0.158 [0.1, 2.0] 1.3 15 920 11

3C 279 334 0.540 [0.1, 1.8] 14 4.7 1.9 x 10* 7.2 x 1072
3C 454.3 12 0.859 [0.1, 3.9] 90 14 560 13

CTA 102 21 1.037 [0.1, 2.8] 170 25 890 13

PKS 0528+134 3 2.06 [0.1,2.4] 460 70 85 250

PKS 2155-304 853 0.117 [0.1, 3.3] 0.73 0.21 6.6 x 10* 3.9x 10

Table 5: Pair Production Optical Depths and Black Hole Mass Limits of Gamma Ray AGNs

¢ ¢ = E/mc?
510" ergs s™',h =1
¢ Derived assuming Eddington-limited accretion with the isotropic luminosity

4 Based on variablity observations
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Fig. 1.— The time-averaged flux in the 50 — 150 keV band from (a) 3C 273, (b) 3C 279,
(c) PKS 05284134, and (d) CTA 102 observed with OSSE. Each data point represents the
average flux for a contiguous 3 — 4 day period. CGRO viewing period numbers are displayed
above the data points. Negative fluxes are due to background estimation uncertainties and

are not statistically significant.

Fig. 2.— The Compton GRO spectrum of five blazars are displayed as E? x differential
photon flux. The solid line indicates the best fit to each of the data as a broken power law.
Only the COMPTEL and EGRET data for 3C 273 is contemporaneous with OSSE data.
(a) COMPTEL data from Williams (1995); EGRET data from von Montigny et al. (1993)
and Fichtel et al. (1994) (b) EGRET data from Kniffen et al. (1993). (c) COMPTEL data
from Blom et al. (1995); EGRET data from Nolan et al. (1993). (d) COMPTEL data from
Collmar et al. (1994); EGRET data from Hunter et al. (1993). (¢) COMPTEL data from
Blom et al. (1995); EGRET data from Hartman et al. (1993).

Fig. 3.— The deconvolved photon spectra measured for PKS 2155-304 and H 15174656,
respectively, are displayed as E? x differential photon flux with their best fit power law
models. EGRET data for both sources are from Fichtel et al. 1994.



