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R. J. Protherce and D. Kazanas

Laboratory for High Energy Astrophysics
NASA/Goddard Space Flight Center, and the
University of Maryland

‘I. ABSTRACT

A model for a class of quasars and active galactic nuclei is
described in which a shock around a massive black hole randomizes
the i{nfall kinetic energy of spherically accreting matter .
producing a non-thermal spectrum of high energy protoas. These
protons may be responsible for the secondary production {(via v
decay) of the radio emitting high energy electrons and also of
high energy v-rays (via 1° decay and fnverse Compton {nteracticzs
of the electrons). The correlati{on between radio and y-ray
enission implied by the model {8 {n good agreement with obser-
vations of 3C273. Obsgervation of the flux of high energy neutricos
fron quasars may provide a test for the model.

1I. INTRODUCTION

Accretion onto compact obiects has long been considered as an
energy source to pover quasars (Lynden Bell 1969) and {s thought
to be the only mechanism capable of satisfying their enormous
power requirements. Radfo, X-rav and yvy-rav observations show that
some quasars and active galactic nmucliei emit roughly the same
enerzy per decade (1.e. per logarithmic energy {interval, d 1og303)
froax radio to X-ray energles and, {n the case of 3C273, to y-rav
enerzies. Relativistic particles required to ‘account for the
observed radto, X and y-ray emissfon may result from acceleratioca™ -
in shocks via a first-order acceleratfon mechanisa (Protherce and
Kazanag, 1982). This oechanisa, efficient {(up to 98 percent:
Axford 1981) in transforming Airected kinetic energy !{nto
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relativistic particle energy, has already been proposed to account
for the observed cosmic ray spectru (Bell 1978a, b: Axford, Leer
and Skadron, 1977; Blandford and Ostriker, 1978: Cowsik and Lee,
1981). For strong shocks, this process naturally produces a pover
law spectrum with {ndex -2, 1.e., equal energy per decade. The
nuclear i{nteraction of protons accelerated by this process results

in production of y-rays and secondary electrons responsible for

synchrotron and inverse Compton emission.

III. PARTICLE ACCELERATION AND RADIATION PROCESSES

A shock around a massive black hole may serve both to
randomize the infall kinetic energy of the gas and also to produce
a non-thermal distribution of high energy (relativistic) protons.
Because of the high photon energy densities (3 200 erg ca™3 for
3C273 {f the source region has dimensions less than 1017 cm) and
the magnetic fields present, electrons will suffer severe Compton
and synchrotron losses, effectively prohibiting their direct
acceleration. We shall, therefofe. consider here secondary
electrons resulting from nuclear colltsions of the non-thermal
proton distribution via pion production. Relativistic protons
with kinetic energl{es much greater thsn the gravitatfonal
potentfal of the black hole, do not readily fall into {t. They
can provide suffic{ent pressure to satisfy the fump conditions
across the ghock, the pos{tifon of the shock being then fixed by
the balance betueen {niection and removal of relativistic protons
behind {t. Gamma-ray production via u°decay and via {averse
Compton scattering of the relativistic electrons are congidered.

The gpectrum of protons accelerated by, the shock has 1 power
lav momentua dependence, f.e., Q (p) = K p ' (protons Cev-l ¢ 8’1).
Por a strong shock (compression ratio -pé), I'=2. The relati-
vistic protons are assumed to be trapped within a radius comparable
to the shock radius by magnetic fields which are tied to the
infalling matter. The matter density in this reglon is agssumed to
be sufficilently high that the relativistic protons are depleted
mainly by nucleatr {nteractions with consequent plon production.

The production gpectrum of y-rays, Q’ (E), resulting from
70 decay (Stecker 1971) has been calculated and {s plotted in
Figure 1(a) vhere it 13 normalfzed to the proton production
spectrum at high energies, E™2. The production gpectrum of
gsecondary electrons Qe(E) (e+e—) frem w-u~-e decay has been
calculated and {s also plotted in Figure 1(a). Above ~ 1 GeV,
Qu(E) ~ @ _(E) = 0.15 QD(E) for T = 2: the remaining energy goes
into neutilno production, Q (E) » 0.7 Q (E). To obtain the abdsolute
normal{zation of QD(E) for u30273, we shall consider {ts g?served
rad{o-optical spectrum. 1f we attridute the flat (F_~ v ') part
of the spectrum from the radi{o to the visihle to synchrotron '
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radiation, then the total electron luminosity, 2.3E2 Q™°%(E), is
approximately 2(1 + a)/a times the iynchrotron lumlnosity. where a {8
the ratf{o of energy densities {n the magnetic and radiation fields.
Qet°t(E) is the rate of production of electrons at high energies
(electrons erg -1 ) and 1is equal to Q (E) plus the production
gspectrum of electrons and positrons tesulting from photon-photon
pair production interactions.

Fig. 1: (a) Production

g spectra of electrons
o (Q,), v-rays from =°
:" decay (0;,) and y-rays
g? from inverse Compton
Se interactions for a = 1
g (Qgc) relative to the
production rate of
protons. Separate curves
E L are given for Qy¢
< 3 corresponding to
= - 4 = 0and 1. (b) Total
< : ptoduction rate of Y~rays
e for & = 1 relative to
2 3 the rldio synchrotron
-~ 3 luminosity for different
w 0% PR o' values of a.
€ (Gav) '

Assuming the electrong are trapped within the shock radius,
R, and lose energy by inverse Compton and synchrotrom radiatioan,
the ambient spectrum of electrons, N,(E), is determined by

tot _d (dE o .
Q, "(B) - G {3 F.CB} =0, . (n |
vhere, dE/dt = ~ 3.97 x 102 (1 +a) U__ E? erg 5=, and U 4 1s

the radiation energy density, taken to be Lp,.,1/7R“c. For
inverse Compton interactions, the y-ray production rate {g,

Qe (®) =f = §_(E") | F 2t on(€) o(E,e.2)cdeldaE (D)
vhere v = E'/mcz, a , (€) ts §He number density of photons in the
radiation fleld (phggons cm © erg ). and o(B,c,B') is the
differential cross section for an inverse Compton interaction in
which an electron of energy B' interacts with a photon of energy
€, boosting its energy to E.

We have solved equation (1) for the tuo extreme cases where
the source is optically thin (4__ = 0) or thick (3  =1) to
Y-ray pair production interactions. (% {s the pro{'biuty that a
y-ray will annih{late wi{th an X-ray ph ton prodecing an electron-
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positron pair). The resulting {nverse Comptoun v-ray production
spectra are plotted {mn Figure 1(a) for these two cases and a = 1.

IV. GAMMA-RAY SPECTRUM OF 3C273

The observed y-rav spectrum will be the total y-ray
production spectrum (Qﬂ + Q..) modified by photon-photon pair
production interactions! To calculate this effect, we must know .
the radfus of the obiect, R. Ve shall obtain R from the frequency
belov which the synchrotron radiation beconmes optically thick to
synchrotron self agbsorptfon. Solving equatfon (1), the number
density of reaat{vtst(c electrong of energy E within the source {3
n(E) sn E °, where n_ = (4.9 x 10! ¢ y/(a R). For
this spec?rum. the Freqﬁency below whichsx?ﬁghrotgg%tgélf
absorption becomes important, vl, ts given by Pacholczyk (1970),

- 2/7 27 5/7

v, = 2C,(SC¢) n, B, (3)
vhere B, {38 the component of magnetic field perpendicular to the
line of "sight (B, = .8(B>), S »~ 1.3 R {3 the average distance

o

through the source, C, and C; are coastants. The synchrotron self . .-

absorption does not result i{n a gsharp spectral break {n 3C273.
This mav he understood in terms of non—uniform radfal distribu-~
tions of electron density and magnetic field (Condon and Dressel,
1973). v appeas?/{a be in t?e ranz; Ix10tl - 1032 for 3C273,
hence we }1nd Ra Y e 5x10l7 - cm and (B>a w14 - 75
gauss.

We can now use these estimates of the radfus to obtain the
photon deasity in the X-ray region from the obgerved X-ray flux
data and hence the effects of pair production interactions on the
Y-ray spectrum. The optical depth to Y-rays of energy E s
TWE) = S [ n_ (e) o (B.€) de where n;(c) s the mumber density of
photons of eRergy €, aand o(E,¢) is tge differental cross section
for pair production interactions of y-rays of energy E with
photons of energy :, (Heftler, 1954). We have used X-ray data of
Worrall et al. (19795 and Primini et al. (1979) sad the assumed

radius to obtain nph(e).

The energy spectrum of Y-rays escaping from the source s
then down by a factor, (1 - e “)/t, from that at production. For
3C273 this factor {s plotted as a function of enmergy in Figure 2(a)
for varf{ous assuzed radi{i. We gee that the source {s optically
thick to v-rays above ~ 100 MeV for radi{ {n the range obtained
earl{er. We have therefore plotted {n f{gure 1(b) the y-ray
spectrunm at production (Q__ + QI ) for 3 = 3 and for values of
a ranging from 1 to 1/16. 'The ogserved T—FZv lu=zinogity (Hermsen
et al., 1981) is compared in Figure 2(b) with our prediction
takiag into account photon-photon absorption and {3 found

e

et -

-

A

L wra-e



- e e e e 14 A s g e g v S
B EERIFL AL e L e R b B e AR e et st A R AL i S I =

. ea - F e e y C.—

ORIGINAL FAGE (S
OF POOR QUALITY

BB AALLL ]
8.3

Pig. 2: (a) Reduction factor
applied to predicted optically
thin vY-ray spectra for 3C273
for varlous assumed radii in
order to obtain the expected
y-ray emigsion. (b) Gamma-ray
Tuminosity of 3C273 based on
the observed gpectrum (Hermsen
et al., 1981) compared with
the luminosity predicted for
a = 1/10 and for the range of
radi{ obtained as described {a
the text.

U=, (1-0% )¢

7-RAY LUMINOSITY {org 87dsc™)

to Be in good agreement with the prediction fora = 0.1 and R ~
1017 ce. This radius 1s consistent with that we ohtained earlier

by considering the radio spectrum some 12 decades lower in energy.

V. CORCLUSIONS

. Pe have discussed a model for a clagss of quasars and active
galactic nuclel, gauged to 3C273. It focuses on the high energy
particleg in these obfiects which are responsible for the radio and
Y-ray emissfion and predicts a correlation between these two
extreze parts of the gpectrum which appears to be in good
agreenxent with observations of 3C273. The model provides
estimates of the central source radius and 1&9 uagnes%c fleld. If
the total observed luainosity (L 1° 2x10°" erg 8 ) {s due to
gravitational energy release at gggasurface of the sheek, and the
relativistic particle pressure balances the accretion rzm
pressure pvz. then the radius inferred above implies a mass
of ~ 1010 My aud an accretion rate of ~102 ¥, yrl.

The egtimated radfus 13 compatibdle with varisbility time
scales of the order of several months which have been observed
(Worrall et al. 1979). Variability reported on much shorter time
scales {~ 1 day) (Marshall, Varwick and Pounds, 1981) wou.d .
clearly be incompatible with our model. However, the gtatistical

gignificance of these data 13 low and they may also be compatidble -

with a much longer tize sgcale variability. It {s {@portant to
point ocut here that a radius of ~ 1 light day would render 3C273
completely opaque to Y-rays of energles greater than a few MeV,
contrary to observation. :
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Pair production by high energy y-rays and production of
electrons by pion decay throughout the source volume avoids the
Compton Catastrophe (Hoyle, Burbidge and Sargent, 1966) and allows
a8 higher energy density in the radiation field than i{n the
magnetic field (1.e. a ¢ 1). The model also provides a situation
similar to that considered in the literature for the formation of
fets (Soith et al. 1980), {.e., a8 hot gas (the relativistic
particles) underneath a cold gas (the fnfalling cold gas).

Based on this model, one would expect emission of high energy
Y-rays froa other quasars and active galactic nuclei. So far, Cen
A 13 the oanly other source detected in high energy y-rays
(Grindlay et al., 1975). ‘The observed flux 1s compatible with
that predicted by a simple model for Cen A (Razanas and Protheroe
1982) similar to that discussed here for 3C273.

Finally, the mbdel predicts a'higher flux of high energy
neutrinos than i{n models where electronglgre directly accele-

" rated. We predict a flux of ~ 1.4 x 10 x (142a) neutriros (all

types) ca2 57! above 1 TeV for 3¢273. This may be within the
detection capability of the proposed DUMARD neutrino telescope
(Stenger, 1981) and thus may provide a test of the model.

We are indebted to R. P. Mushotzky for providing advice on
problems associated with extragalactic obiects. We also thank D.
C. Ellison, R. Ramsty, R. A. Shafer, R. Silberbarg, W. A. Stein,
C. M. Urry, and A. U. Wolfendale for useful discussions.
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