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Abstract. We propose that the important relationship be-
tween 3C 273 and 3C 279, the first two extragalactic sources
detected at > 100 MeV energies, is their superluminal nature.
In support of this conjecture, we propose a kinematic focus-
ing mechanism, based on Compton scattering of accretion-disk
photons by relativistic nonthermal electrons in the jet, that
preferentially emits gamma rays in the superluminal direction.
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1. Introduction

Observations with the telescopes on the Compton Gamma Ray
Observatory (GRO), launched on April 5th, 1991, have resulted
in the discovery of the optically violent variable quasar 3C279
(z=0.538) as a strong high-energy gamma ray source (Hartman
et al.1992). It must have increased in gamma ray intensity at
least by a factor of 8 since 1982, since it was not seen by COS-
B. This increase has also been seen at radio and X-ray wave-
lengths (Makino et al.1989, 1991). Furthermore, the new obser-
vations with the EGRET detector on GRO show that 3C273
has diminished in intensity considerably. 3C273 is known to be
strongly variable at radio frequencies (Aller et al.1985). In the
galactic anticenter a possible new variable gamma ray source is
apparent in the EGRET data (Kanbach et al. 1992). It could
be associated with the quasar 05284134, whose flat radio spec-
trum is known to vary between 1 and 5 Jy (Aller et al.1985).
05284134 is also a prominent VLBI source (Charlot 1990).
Although the incoming GRO data are still preliminary, it
seems significant that all three powerful extragalactic gamma
ray sources (3C279, 3C273, 0528+134) are variable flat spec-
trum radio sources and compact VLBI sources and two (3C279,
3C273) are classical superluminal radio sources (Whitney et
al.1971, Unwin et al.1989). So far no BL-Lac object has
emerged as a strong gamma ray source, albeit simple Doppler-
boosting models of relativistically beamed emission blobs
would favour them as prominent gamma ray sources. Here
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we propose a gamma ray radiation mechanism, based on in-
verse Compton scattering of accretion disk photons by rel-
ativistic nonthermal electrons in the jet, that preferentially
emits gamma rays in the superluminal direction.

2. Anisotropic inverse Compton scattering model in
relativistically beamed emission blobs

In the relativistic jet model of Blandford and Rees (1978),
blobs of magnetized plasma with bulk velocity Bc and Lorentz
factor I' = (1 — B?)~'/2 erupt from the central nucleus at
nearly right angles to the plane of the accretion disk. Rel-
ativistic electrons with a quasi-isotropic distribution in the
rest frame of the blob (BF) produce incoherent synchotron ra-
diation which, because of the blob’s motion, is focused into
a cone with half-angle ~ '™ about the jet axis in the ob-
server’s frame (OF). The maximum apparent transverse ve-
locity Bgpp"c = Blc is observed when the angle 85 between
the blob’s velocity vector and the direction to the observer is
given by 8% = cos™! u} = cos™! B (see Fig. 1). The possible
existence of sources showing apparent transverse velocities ex-
ceeding ¢ was predicted by Rees (1966). The first-discovered
and brightest known SLs, 3C 279 and 3C 273, respectively,
each have exhibited SL components with Sapp, > 8 (Porcas
1987).

We depart from this standard model for jets from AGN

(Blandford and Konigl 1979; Marscher 1980) only by as-
suming that the relativistic radio-emitting electrons are ho-
mogeneously distributed throughout the blob, and that the
randomly-oriented magnetic field has uniform strength every-
where in the blob. This simplification does not affect the central
result, and can be relaxed in more detailed treatments. We also
assume that
(1) the energetic electrons have an isotropic energy distribution
in the BF;
(2) the accretion-disk source and the core of the AGN emit
target photons isotropically with spectrum Npx(€*) [photons
s™' ¢*~!] in the OF, where ¢* = hv*/m.c? is the dimension-
less photon energy (asterisks refer to quantities measured in
the OF). These photons illuminate the outflowing blob from
behind;
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Fig. 1. Cartoon illustrating the proposed model
for high-energy radiation from extragalactic radio
sources. A plasma blob moving with speed Bc fo-
cuses its radio emission into a forward cone in the

(3) photons passing through the blob follow trajectories paral-
lel to the jet axis. This last is true if the blob is sufficiently far
from from the central source.
(4) the blob is optically thin to Thomson scattering along the
jet axis, which is necessary to produce highly polarized radio
emission (Blandford and Rees 1978).

Neglecting redshift corrections, the flux of target photons
from the central source seen by the observer is given by

-\ ~~ NPh(C‘)
(") = — 1)
where d is the distance between the observer and the AGN.
In the BF, photons have energy ¢ = I'(1 — B)e* < €*, due to
the Doppler effect. From the invariance (Rybicki and Lightman
1979, Ch.4) of npn(e, 2)/€?, we find that the differential photon
density in the BF is given by

npn(e, Q) =

-1, (2)

where r is the distance of the blob from the central source
and p is the direction cosine of the photons in the BF. We
describe the electron distribution in the BF by the function
ne(v,R) [electrons cm™ 47! sr™!], where v is the electron
Lorentz factor. For the isotropic case, ne(7y, ) = ne(y)/4r.
The angle-dependent scattered photon number spectrum in

the BF is given by (Reynolds 1982, Dermer 1990)

fiph(€s, Qs )—c/ de fdn/ dv fgdnc (1 - Bcos )

npn(€, Q) ne(n, e) Q ph cm™2s  ster™ ™! (3)
where the subscript 8 refers to scattered quantities, cos ¢ — p.
when g = 1, and d*0/de,dQ, is the differential scattering cross
section.

The electrons that produce the nonthermal radio emission
are highly relativistic, so that ¥ > 1. If the accretion-disk
photons are in the UV to X-ray range, €* ~ 10™* —10~!, and
thus € € 1. We treat the Thomson limit of Compton scattering,
where ve(1 — Bp.) € 1. The average energy ¢, of scattered
photons in the BF is =~ v%¢(1 — Bue), and these photons are
beamed into a cone with half-angle angle 8, ~ v~! < 1 about
the original direction of the electron’s motion. We therefore
approximate the differential Compton cross section by

d’o
desds

2 7T ble— 7 €(1 = Bue)] 8(us — o). (4)

observer’s frame. Relativistic electrons in the blob
also scatter radiation from the central source. The
most energetic of these photons are scattered pref-
erentially in the direction cos8? = 2 - B~! ~ B.

Substituting equations (4) and (2) into equation (3), and trans-
forming back to the OF using the invariance of npn(€s, ps)/¢s,

we ﬁnd that
/
1

giving the photon emissivity per unit emission time. We have
introduced the abbreviation

_ 14+B8B—ps(B+B)
T (14 B)T2(1 — Bu3)?

or d*D?
272

: ) (5),

hph(f:)l‘;) = 7772

> D*(1 - u)

(6))

where the latter approximation holds for relativistic electrons,
B =~ 1, and D denotes the familiar Doppler factor

=[0(1 - Bul)]™ (7).

To determine the observed energy flux S;°° per unit re-
ception time (Zdziarski et al.1991), we multiply Eq.(5) by
¢; and note that the two time intervals are related through
trec = tem(1 — Bp3). For a blob with volume V' = V,/T,
S1ec(ex, 1) = Vaernpn(er, ut)/27d’T(1 — By?). Thus the ob-
servable flux density of inverse Compton scattered photons in
terms of the number flux of target photons observed directly
from the central source, is given by

Vi o€t D?

SICC(CL l‘:) = 472

(e o]
/ dvyy7?
1

2.1. Discussion of the inverse Compton fluz (8)

R (8).

Let us first consider the é-function properties of equation (8),
i.e. we adopt

ne(v) = ned(y — %) (9a)
and
B(c*) = Pob(c” — € (9%).

The energy of a scattered photon emitted into a given di-
rection is related to the original photon energy &* through the
expression

Y

5 (10).

mlm
,g
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Fig. 2. Angle-dependences of the ratio of the photon en-
ergy before and after scattering as measured by an ob-
server (solid curve, and of the relative amount of en-
ergy in scattered photons per unit reception time Fi(u})
(dashed curve). In this calculation, the blob’s Lorentz fac-
tor ' = 5 and the electrons’ Lorentz factor v+ = 100.
The most energetic photons are scattered in the direc-
tion 8% = cos~!(2 — B~!) = 11.7°, and the largest frac-
tion of photon energy is scattered in the direction 9:' ]
cos~1[(3B—1)/2B] = 8.2°. The maximum apparent super-
luminal velocity is observed at the angle cos™! B = 11.5°.
For a power law energy dependence ne () o ~~2 of the dif-
ferential relativistic electron density in the blob the dashed
curve Fj is directly proportional to the angular depen-

10*
107
10° _ -~ Scattered
-7 Photon Energy
10'2’T.|..L.11..LL1|,
180 150 120 90 60 30

-

0

)

Equation (10) can also be obtained by making a series of trans-
formations of a photon’s energy and angle from the OF to the
BF and then to the electron rest frame, and then retracing the
steps after scattering. Figure 2 shows values of the ratio (10)
for a blob moving with I' = 5, and for isotropically-distributed
electrons with ¥ = 100 in the BF. As can be seen, the scat-
tered photon energy is increased relative to the original photon
energy at all angles except in the extreme forward direction,
where p =1 and €;/€* = 1/2. The weak forward scattering is
a consequence of the factor (1 — Bp.), which reduces both the
scattering rate (Eq. 3) and the photon energy (Eq. 4) in the
electron’s rest frame. The energy increase is greatest at shallow
angles with respect to the forward direction. The angle p} 0,
of the peak scattered energy is

. B+28B*-§

Hsmazr =

L

7 +Or ) (1),

1 *
B(B+B) ~2TB ML
If ¥ > T, then B = 1 and p} ez — 2 — B™'. If the blob
is also moving at relativistic speeds such that T' > 1, which
indeed is required for SL effects, then B =~ 1 — (2I'*)!, and
Bimaz = B = psy. This is equal to the observer’s direction
at which the apparent SL velocity is greatest. The maximum
value of the scattered photon energy is given, from equations
(10) and (11), by (€3/€")mas = ¥ (B+B)*/48B(1+B) — ¥*/2,
where the limiting expression holds when ¥ > I' > 1.

We can also determine the directional dependence of the to-
tal energy in scattered photons from monoenergetic relativis-
tic electrons and target photons by evaluating the quantity
f0°° de;S7°°(€5, pt)- The principal angular dependence of this
quantity, given by

Fi(u})=[14 BB — ui(8 + B)I’/(1 — Bu3)°

~ (14 B)’T°D°(1 — u3)? (12),
is also plotted in Fig. 2. In the limit 4 > T, the greatest amount
of energy in scattered photons per interval of u} is produced
in the direction

1 1

L _ —_ I
Hep ~ (3B —1)/2B — psp + 17~ Tem

+0(I™%)  (13),

which is close to the superluminal direction p%; .

dence F3(s = 3,u?) (see Eq.15) of the inverse Compton
0 scattered energy flux in gamma rays; for ' = 5 we have
Fp(s = 3,u3) = 1.63-1075F (p3). I ' = 10, the most
energetic photons are scattered at the superluminal angle
5.7°, with the bulk of the energy scattered in the direction
9;‘, g = 4.1°

Our results show that SL radio sources should scatter the
most energetic photons in this direction, with the largest frac-
tion of photon energy scattered at a slightly shallower angle.
However, the amount and energy of photon emission scattered
directly forward is weak. Thus SL radio sources should be
strong v-ray emitters, but if observations are made directly
down the symmetry axis of the jet, we should see very little X-
ray and y-ray emission. According to the unified AGN scenario
(e.g. Blandford and Konigl 1979, Scheuer and Readhead 1979,
Barthel 1989), BL Lac objects are sources where we happen
to be looking very nearly directly down the jet axis. Thus we
conclude that for this radiation mechanism SL radio sources
should be strong v-ray sources, and BL Lac objects should be
weak y-ray sources.

2.2. Influence of a power law energy distribution functions for
relativistic electrons

Although the mono-energetic distribution of relativistic elec-
trons and target photons provides clear insight into the kine-
matic focusing mechanism of our anisotropic inverse Comp-
ton model, these distribution functions are not very realistic
when modelling the broadband emission from extragalactic ra-
dio sources. The gamma ray observations of 3C279 have re-
vealed a power law behaviour S o (€3)™1°%%! (Hartman et
al.1991) of the gamma ray energy flux over the full EGRET en-
ergy range, while the anisotropic Compton model with mono-
energetic electrons and target photons would yield a mono-
energetic inverse Compton scattered photon spectrum at each
viewing angle. We therefore consider the effects of a power-
law energy distribution of the radiating electrons, given by
ne(y) = noy™® for 1 << 1 < ¥ < 72, and zero otherwise,
on the angular distribution of the Compton-scattered photons.
The EGRET spectral measurements suggest that the value of
8 =~ 3.0. Since earlier studies of the inverse Compton process
(e.g. Schlickeiser 1979) have revealed only a slight dependence
of the Compton scattered photon flux on the actual target pho-
ton distribution function we adopt the monoenergetic distribu-
tion (9b) for ease of exposition. We then obtain from Eq.(8)
that

_Voor ®,m,

ST (el ut) = BT Te PP (4 (¢ ey

(14)
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for gamma ray energies between 5e*4? and né*42 and zero oth-
erwise. At all angles we obtain the same power law dependence
of the inverse Compton flux (14) on the gamma ray energy
€; within the two limiting energies provided by the low- and
high-energy cutoffs in the assumed relativistic electron energy
distribution. The principal angular dependence of the inverse
Compton gamma ray flux (14)

Fa(s, p3) = D¥** (1 — p3)o¥0/? (15)
attains its maximum in the direction
. s+3 s+11  , [&-5+007%)
—o3t+3 s+11 16
Bs,F 25+5 s+sB—’I"SL+ ) (16),

which is very close to the SL direction for relativistic flows
(T >> 1). Notice that for s = 3 the function F; is directly pro-
portional to the function Fy given in Eq.(12), Fo(s = 3,p;) =
Fi(13)/[(1 + B)?T®]. Therefore the dashed curve in Fig.2 also
shows the angular dependence of the inverse Compton gamma-
ray energy flux (14) for s = 3. From this variation we empha-
size again the strong directional dependence of the emitted
inverse Compton scattered gamma rays. The greatest amount
of energy in scattered photons is produced in the direction
(16) which for all realistic values of the power law spectral
index s is close to the SL direction. On the other hand, no
gamma rays are produced by this process into the forward di-
rection. Again we note that for this radiation mechanism SL
radio sources should be strong gamma ray sources in contrast
to BL Lac objects, which should be much weaker. In reality,
the directional-dependence of the scattered photons will not be
as strongly peaked as derived here, because of the jet’s finite
opening angle, and the possible presence of photons impinging
from the side of the jet. Nevertheless, a hollow cone emission
geometry is still obtained in more realistic models, and consti-
tutes perhaps the most interesting property of this anisotropic
inverse Compton scattering model.

The importance of this process also depends on whether
synchrotron and synchrotron-self-Compton losses dominate
the total energy-loss rate of the nonthermal electrons in the
Jet. We therefore require that the energy density of the cen-
tral source photons be greater than the magnetic field energy
density at the emission site. Assuming that the soft photons
are emitted isotropically from the central source, we find that
for anisotropic inverse Compton scattering to be important,
the distance r of the blob from the central source must be
< 1.3L142F"1H(;11 pc, where the soft photon luminosity is
given by 10%® L4 erg s~ ! and Ho 1 is the magnetic field strength
at the emission site in units of 0.1 G. Thus this process is im-
portant if the outflowing radio-emitting relativistic electrons
are sufficiently near the central source, or if there are knots
of high magnetic field in the jet near which electrons are ac-
celerated and emit radio emission, surrounded by regions of
low magnetic field into which the relativistic electrons diffuse
and Compton-scatter the soft photons. Both possibilities are
currently being studied by the authors.

3. Summary

We have proposed a model in which the relativistic electrons in
an outflowing blob Comptonize photons from a central source.
This model avoids 4-v pair attenuation of > 100 MeV photons

from a compact highly variable source such as 3C 273 (e.g.
Bassani and Dean 1981) by upscattering UV and X-ray pho-
tons far from the compact nucleus. Correlated multiwavelength
variability could be associated with either the central pho-
ton source or the outflowing blob: each implies different rela-
tionships. The model predicts that superluminal radio sources
are strong gamma ray sources whereas BL-Lac objects should
be much weaker. The gamma ray intensity should be posi-
tively correlated with the existence and velocity of superlumi-
nal blobs, and the proximity of these blobs to the compact core.
Correlated VLBI and EGRET observations can be used to test
this model. More detailed spectral and temporal calculations
will be reported elsewhere.
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