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ABSTRACT 
First-order Fermi acceleration in collisionless shocks is supposed to operate in the central regions of active 

galactic nuclei (AGNs). Most of the shock energy is channeled into relativistic protons. Protons are effectively 
“ cooled ” as a result of interactions with the soft radiation produced by accreting matter. Among final prod- 
ucts of such collisions are ultra-high-energy photons. For a certain range of parameters, we find that a sub- 
stantial part of these photons leak out of the central region. They are absorbed by radio photons within 1 pc 
or escape much further, being uniformly absorbed within 10-30 kpc by the background microwave radiation. 
The above outcome depends upon the compactness of the central source. In both cases ultrarelativistic pairs 
are created. These pairs cool by means of synchrotron radiation in the interstellar magnetic field and form 
either compact hard y-ray sources (~ 104-106 MeV) or extended X-ray and y-ray halos (0.01-100 MeV) 
around AGNs. Detection of such radiation would strongly support the hypothesis that proton-photon injec- 
tion of ultrarelativistic pairs is responsible for nonthermal radiation from AGNs. 
Subject headings: quasars — galaxies: nuclei — particle acceleration — radiation mechanisms 

I. INTRODUCTION 

As was proposed by Sikora et al (1987, hereafter SKBS), 
relativistic electrons/positrons, responsible for nonthermal 
radiation of AGNs, can result from a pair cascade, initiated by 
injection of ultrarelativistic pairs by ultrarelativistic protons 
and supported by synchrotron radiation. It was shown by 
several authors that relativistic protons can be produced effi- 
ciently in collisionless shocks (Ellison and Eichler 1984; Bland- 
ford and Eichler 1987). They are cooled by interactions with 
cold matter, i.e., in proton-proton collisions (Protheroe and 
Kazanas 1983; Kazanas and Ellison 1986; Zdziarski 1986) and 
by interactions with soft radiation resulting in meson or 
electron-positron pair production (Blumenthal 1970; Colgate 
1983; SKBS). For strong shocks, supposed to operate in the 
central regions of AGNs, SKBS have shown that the most 
efficient cooling mechanism of ultrarelativistic protons is pho- 
tomeson production. Mesons decay into ultra-high-energy 
(UHE) photons (>1014eV), ultrarelativistic electrons/ 
positrons, and neutrinos. The latter escape, while photons and 
e+/e~ induce an electromagnetic pair cascade sustained by 
synchrotron radiation. Such a model avoids the difficulties of 
direct energy transfer from shocks to relativistic electrons. 

In this paper we raise the possibility that the UHE photons 
in fact can leak out of the central region. We calculate the 
fraction of escaping photons and discuss their importance for 
our understanding of the ongoing physical processes in the 
galactic nuclei. 

In the first place, the escaping photons can be absorbed by 
radio photons in the central radio source. The latter is related 
geometrically and probably physically to the broad emission 
line region (Preuss and Fosbury 1983). In the second place, the 
UHE photons can escape to the interstellar medium, provided 
that the AGN has a low radio emission compactness. They will 
be effectively absorbed by the microwave background radi- 
ation with a mean free path ~ 10-30 kpc (e.g., Gould and 

1 Now at Theoretical Astrophysics, California Institute of Technology, 
Pasadena, California. 

Rephaeli 1978). In both cases the yy absorption creates 
ultrarelativistic pairs which subsequently cool via synchrotron 
radiation. The spectral shape of the synchrotron radiation and 
its frequency range will depend upon the spectrum of the UHE 
radiation leaked out from the central source, as well as on the 
external magnetic fields. We show that the energy of this radi- 
ation will concentrate in the hard y-rays if produced in the 
central radio source, and in the hard X-rays to mid-y-rays if 
produced in the extended halo. The halo nonthermal radiation, 
when detected, can provide an independent estimate for the 
mass of the black hole in the AGN. We restrict ourselves to the 
theoretical aspects of the problem. 

The outline of this paper is as follows : in § II we analyze the 
formation of UHE spectrum inside the central source. In § III 
we calculate the escape probability of the UHE photons, the 
energy spectra of created electron-positron pairs, and their 
synchrotron radiation in the external regions. Conclusions are 
presented in § IV. 

II. PRODUCTION OF UHE PHOTONS BY RELATIVISTIC PROTONS IN 
ACTIVE GALACTIC NUCLEI 

According to the recently developed theory of particle accel- 
eration in collisionless shocks (see review by Blandford and 
Eichler 1987), relativistic protons are produced at a rate 
described well by a power-law function, (V^,)^ oc y^r, with 
F < 2 for the compression ratio >4 (yp is a proton Lorentz 
factor). An upper limit on the proton energy follows either 
from the constraint on the proton acceleration time, which 
cannot exceed its cooling time, or from the comparison of the 
shock size to the proton gyroradius (whichever constraint gives 
the smaller yp). In the case of AGNs having dense soft radiation 
with the spectral index ots < 1.2, the cooling of the most rela- 
tivistic protons is dominated by photomeson production of 
neutral pions, and the maximal proton energy is given by 
facc = tpy (see Fig. 2 of SKBS), where 
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594 SIKORA AND SHLOSMAN Vol. 336 

is the time scale of proton acceleration and 

tpy oc rMBH/lya
pil + t/3) 

is the time scale of proton cooling due to interaction with the 
soft radiation field. The parameters are r = R(GMBH/c2)~1/2, a 
is the accretion velocity/free-fall velocity, B is the magnetic 
field intensity at radius r, MBH is the mass of the central black 
hole, / = LaT/4nRmec

3 is the compactness parameter related 
to the nonthermal luminosity L of the AGN, and t = crTNeR 
is the optical thickness for Thomson scattering. Note that for 
the Eddington luminosity, i.e., L = LEdd, and r = 10, the com- 
pactness of the source is / ^ 200. 

Introducing the parameter eB = (B/Beq)2, where Beq = 
(SnGMBHmpNp/R)1,2 is the equipartition magnetic field, we 
obtain 

y p, max = 5.7 x 108 a3€BM8 ~[1/4 

gl(l + T/3)2r3/2J 5 (1) 

where €rad = L/Mc2 is the radiation efficiency, M8 = MBH/108 

M0, and g is a geometrical factor describing departure from 
spherical accretion: M = 47iR2gNpmpvin. Here vin is the inflow 
(accretion) velocity. The spectral index of soft radiation, as has 
been taken equal to unity, as explained at the end of this 
section (see Appendix A for the numerical factor in yPtmax). 

Since the time scale of proton cooling increases as the 
proton energy decreases, there is a certain value, 

yp,i = 4.8 X 107 oc 
/r1/2(l + t/3) ’ (2) 

below which the cooling time scale tpy is longer than the accre- 
tion time scale (eq. [Al]), tin oc r3/2MBHoc~\ and therefore pro- 
duction of mesons by protons with yp < yp x can be ignored 
(see Appendix A for the numerical factor in yPfi). The values of 
7P,max and 7p,i* multiplied by a factor Knmp/2me ^ 240 (where 
Kn ~ 0.26 is an average fraction of proton energy transferred 
to mesons per interaction; Stecker 1968), determine the limits 
^o,max = hvo,max/mec and Xoimin = hvo,min/Mec of the UHE 
photon spectrum dominated by n° decay.2 The spectral index 
of such photons is the same as for protons, so the UHE photon 
production rate is hxo oc Xq r, where x0 ~ 240yp. 

Most UHE photons are absorbed by the AGN’s soft radi- 
ation, producing ultrarelativistic pairs. Since the cutoff of the 
soft radiation in AGNs, believed to result from self- 
synchrotron absorption, is in the far-infrared at 10“8 < xabs < 
10"7 (Edelson 1987), electrons with ye > x0 min cannot be 
cooled effectively by the Compton processes, since scattering 
occurs in the Klein-Nishina regime, i.e., xahsye > 1. These elec- 
trons are cooled predominantly via synchrotron radiation. The 
synchrotron spectrum extends up to 

xByt - 1.5 x 101 1 
1 + */3 erad gr3/2 ’ 

(3) 

2 Photomeson production on relativistic protons is dominated by two 
branches of comparable cross sections, py -► pn° and py -► rm+, followed by 
decays, n°-*2y and n+->p+vft, P+e+vevß. Ultrarelativistic positrons 
produce UHE photons, but since three-fourths of the energy in the second 
branch is taken away by neutrinos, the first branch dominates as a source of 
such photons. For the neutrons, analogically, more UHE photons follow 
ny -► nn° than ny ^ pn~. 

where xB = J3/Æcrit and Bcrxi = m2 c2/hc ^ 4.4 x 1013 G. This is 
much above the value 

x* - 1.7 x 102 1 
(1 + t/3)/ ’ (4) 

at which the optical thickness for pair production Tyy= 1. 
Thus, most of the synchrotron radiation is absorbed and the 
next generation of pairs is produced. Since xBye max > 1, the 
pair cascade proceeds through at least three generations of 
electrons and photons (Svensson 1987). As a result, the emerg- 
ing spectrum can be approximated by one or two power-law 
branches with the spectral index as: 

where 

for Max (xc ; xabs) < x < x* , 
for xabs < x < xc, if xc > xabs, (5) 

= (x*/4)xfl = 2.3 x 10 7(eB/agerad Ma /3r
3/2)1/2 . (6) 

The flattening of the spectrum below xc (if xc > xabs) takes 
place because radiation is produced at these frequencies by 
pairs which have cooled from higher energies (ye > xJ2\ 
rather than by pairs directly injected by photons with x < x*, 
at which Tyy(x) < 1. 

Note that the UHE photons with energies x0 > 109 interact 
mostly with photons having energies around xabs (far-infrared). 
Thus, the break in the spectrum significantly decreases the 
absorption of the UHE photons if xc > xabs. It will only insig- 
nificantly alter the proton cooling rate, since protons interact 
mostly with near-infrared and optical photons. 

III. THE LEAKAGE OF UHE PHOTONS FROM ACTIVE 
GALACTIC NUCLEI 

The spectrum of UHE photons leaking from the central 
source is 

KSoC = rixotlcsÁXo) > (7) 
where r¡esc(x0) is the escape probability for a single photon with 
energy x0. The escape probability of the photons depends 
upon their energy through the optical thickness for yy pair 
production, xyy{x0). Clearly drjeJdTyy < 0. Since x0 > 
240)^ ! > l/xabs, we have dTyy(x0)/dx0 < 0. Thus, the leaked 
UHE photon spectrum is flatter than the primary one, and its 
energy peaks strongly around x0,max « 240yp>max. To specify 
the functions Tyy(x0) and r¡esc(Tyy), the volume distributions of 
the far-IR and the UHE photon emission must be known. In 
our calculations we have adopted (for zyy 1) 

, 1 - exp [-tJxq)] 1_ 
”esc\X0J T (x ) - T (x )’ (8) 

which approximates the idealized case, when both photon 
populations are uniformly produced over the volume. The 
UHE photons, hence, are assumed to be uniformly and iso- 
tropically distributed in the center and have a radial 
(anisotropic) distribution outside. In calculations of Tyy(x0) we 
have included an optically thin part of the soft photon spec- 
trum nx oc x-(as+1), as well as its thick part, nx oc x3/2 (for x < 
xabs). In Figure 1 we demonstrate the dependence of the escape 
probability, rjesc, on the UHE photon energy, x0, param- 
eterized by the mass of the central black hole, MBH, and by the 
compactness parameter, /. The relations presumed there can be 
roughly approximated by equation (B8). 
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log hi/ (GeV) 
4 5 6 7 8 

Fig. 1.—Escape probability for the UHE photons as a function of their 
energy x0, for MBH = 106 and 109 M0, and for different values of the com- 
pactness parameter /. Other parameters have been fixed at eB = 1, erad = 0.01, 
a = 0.5, g = 0.5, r = 10, and F = 1.5. 

Depending on the compactness of the central radio source, 
the escaping UHE photons can be absorbed inside Æ ~ 1 pc 
by the radio photons or can penetrate the interstellar region. In 
the latter case, they can propagate up to the distances of ~ 10- 
30 kpc, determined by the mean free path of the UHE photons 
in the background microwave radiation (Gould and Rephaeli 
1978 and references therein). The radio source is transparent at 
a frequency v for a UHE photon, if 

44.5 
R_ 

1030 ergs s-1 Hz-Wl Pc. 
< 1 . 

(9) 

There are AGNs for which condition (9) is violated (e g., 
Pearson and Readhead 1983; Preuss and Foxbury 1983). 
However, on the basis of the present data we cannot rule out 
the possibility that some AGNs (maybe the majority) have 
radio sources too weak or too diffuse to absorb the UHE 

photons (Condon et al. 1981; Unger et al 1986; Condon, 
Gower, and Hutchings 1987). Both cases are considered below. 

a) Tyy <4 1 in the Radio Source 
Let us approximate the probability of absorption of the 

UHE photon in the background microwave field at a distance 
R by ~R/Rmax(x0)> where Rmax(x0) is equal to the mean free 
path of the UHE photons in the background radiation. The 
absorption rate of the UHE photons in the shell of thickness 
AR located at distance R from the central source is given then 
by 

h^0
s(R)4nR2 dR LlSoC AR 

x0 mec
2 Rmax(x0) 

(10) 

Rmax(xo) shown in Figure 2 for the present epoch and 
depends solely on the energy density of the background 
photons. 

The spectrum of created electrons/positrons is roughly equal 
to Ñye(R) = 4ñ^s(R), where ye = x0/2. We neglect the asym- 
metry between the energies of created particles, since it cannot 
alter our results by a factor larger than 2. Assuming equal 
energies drastically simplifies the calculations. The pairs are 
cooled by Compton interactions with background photons or 
by synchrotron radiation in the interstellar magnetic fields. If 
the intensity of the magnetic field is BlSM >0.1 /xG, synchro- 
tron cooling is more efficient (Protheroe 1986), and this case is 
considered by us hereafter (note the change of notation for 
interstellar magnetic field and xB>ISM). The amount of synchro- 
tron radiation emitted per unit frequency and per unit volume 
is 

ùs^n(R)dx ^ ÿe me c2Nye dye , (11) 

where x is the dimensionless frequency of the synchrotron 
photon, which is related to the electron energy as x ^ xB ISM, 
and ye is the rate of electron cooling. For the steady state 
electron flow in the energy space we have 

JVe.max 
Nyedye, (12) 

Max (ye; le,i) 

where yeA= x0,min/2 and ye,max = x0,max/2. Finally, combining 
equations (11) and (12), we get the spectrum of synchrotron 
radiation emitted in the dR shell : 

dLT 
dR AnR2hT{R) 

lnR2mec
2 

(^b, ism) 1/2 

j Ve, max 

jMax (ye; ye.i) 
N.JR)dy e (13) 

L0 1 f*°— ruj^xo^dxp 
I0 (xxB .ISm)1^2 JMax (xo,min; xo) ^maxO^o) 

where L0 is the total luminosity of the UHE radiation pro- 
duced inside the central source, x0 = 2(x/xBi iSm)1/2 an<^ 

i *0, max 
ío = x¿~rdx0 . (14) 

J*0, min 

Note that because most of the UHE photons are reprocessed 
just in the central source, L0 is equal to the luminosity L of the 
nonthermal component of AGNs. 

The synchrotron spectra produced in halo shells of thickness 
AR = 1 kpc at any distance R < Min [Rmax(x0)] are shown for 
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log hi/(GeV) 
5 6 7 8 9 

Fig. 2—Mean free path of the UHE photons interacting with the microwave background radiation, as a function of their energy x0. In addition, the range of the 
emerging spectrum of the UHE radiation is shown : A1Bi (for 106 M0, / = 1), A2 B1 (for 106 MQ, / = 0.1), A,B3 (for 109 M0, / = 1), and A, B, (for 109 M„, / = 0 1) 
Other parameters are as in Fig. 1. 

a set of parameters on Figure 3. Clearly these spectra peak 
close to the high-energy cutoifs. The spectrum shapes for the 
cases x0j min < x0 Xo,max 

can be calculated from equation (13) 
using the approximate relations rçesc(*o) - V/(*o) x¿"Al 

and Kmax(*o) A A2, where 0 < Ai < 1 (see eq. [B4]) and 
0 < À2 < 1 for x0 > 1010 (see Fig. 2). Hence we obtain, using 
x0 oc x1/2, 

Fxx oc x1 _r/2+(A2_Al)/2 . (15) 

Therefore, for F < 2 and (A2 — Ai)/2 < 1, Fx x has a maximum 
value close to the high-energy limit. 

In all cases for x < xl5 where xx = x0 minxBylsJ4, the spec- 
trum Fxx is proportional to x1/2, since it is produced only by 
electrons cooled to the corresponding energies [ye ~ 
(x/xB ism)1/2] without direct injection of electrons with such 
energies. 

In Figure 4 we demonstrate the halo spectra, Fx totx, inte- 
grated over the radius R. Most of the nonthermal energy 
is radiated in the 0.1—100 MeV band for black hole masses 
~106-1010 M0 and ÆISM ~ 1 ^¿G, characteristic of large-scale 
galactic magnetic field (e.g., Asseo and Sol 1987) and references 
therein). 

The total luminosity of the halo synchrotron radiation is 
given by Lesc = ÇescL0, where ¿esc is the efficiency of escape for 
the UHE radiation, namely, 

£esc = _ i*olmin dxp Xq *7esc(*o) 
Í'XO.max Av v-1 - *0,inin UX0 X0 

(16a) 

Using the approximation for Tyy(x0) and rjesc(x0) given by equa- 
tion (B8) will yield 

Í/ 1/2 AlM8
1/2 for xc < xabs, 

[l-1 ~AlM¿1/2 for xc > xabs. 
(16b) 

In Figure 5 we superpose the lines of constant £esc on the 
curves of total halo luminosity, Lesc, versus L0, for different 
Mbh and /. 

b) Tyy > 1 in the Radio Source 

This case is more uncertain for the numerical treatment than 
case a, because we do not know the spatial distribution and the 
spectrum of the radiation absorber, which is now the radio 
source. Nevertheless, if we assume that the magnetic field BTS is 
approximately constant over the entire volume of the radio 
source with the radius RTS, it is possible to avoid these uncer- 
tainties, computing the spectrum of the synchrotron radiation 
from the whole region at once. By modifying equations (11) 
and (12), applying them to the yy absorption region as a whole, 
and replacing xB>ISM by xB>rs = J5rs/Bcrit, we obtain 

LT = 
L0 1 

Io (xXB>rs)1/2 

J*0,max 

Max (jco,min; xo) 
>1eJXo)XOr dx0 , (17) 

where .\0 = 2(x/xB rs)
il2. Since the function t]esc(x0)x0 

r is very 
flat, ~x¿~r, the resulting LsJn is well approximated by the 
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log hv (MeV) 

-4 -3 -2-10 I 2 3 

log X 

Fig. 3.—Synchrotron spectra of AGN halo shells with thickness AR = 1 kpc, for different MBH and /, in units of ergs s-1. The interstellar magnetic field is 
BlSM = 1 piG. Other parameters are as in Fig. 1. 

log hv (MeV) 

-4 -3-2-1 0 I 2 3 

log X 

Fig. 4.—Integrated (over R) synchrotron spectra of the AGN halo for differentMBH and /, in units of ergs s-1. The interstellar magnetic field is BlsM ^ 
2{R/\ kpc) - 2/3 fiG. Other parameters are as in Fig. 1. 
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598 SIKORA AND SHLOSMAN Vol. 336 

Fig. 5.—Total halo luminosity vs. nonthermal AGN luminosity for different MBH and /. Also shown are the lines of constant efficiency for escaping UHE 
radiation. Other parameters are as in Fig. 1. 

power law with slope ß = 0.5 up to x ~ xmax and by the cutoff 
above it. So, energetically the spectrum peaks around xmax, 
which is now BJBlSM times larger than in case a. If the mag- 
netic and thermal energy densities are comparable in the broad 
emission line region of the AGN, the magnetic field is Brs ~ 
0.01 G and the resulting spectra peak at /ivmax ~ 104-106 MeV 
for the black hole masses ~106-1010 M0. The shape of the 
high-energy cutoff in the spectrum depends upon the magnetic 
field distribution. The cutoff will have an extended high-energy 
tail composed of maxima produced at different radii. Using the 
same arguments, the total halo synchrotron spectra (Fig. 4) will 
have the high-energy tails, while the dR shells will have the 
sharp cutoffs (Fig. 3). However, if xmax > Xi = 100 (RJRcen)/ 
(1 + t/3)/, where Rcen is the size of the central region, then the 
pair cascade must be involved. The latter is caused by absorp- 
tion of hard y-rays by the IR-optical photons from the central 
source and sustained by Compton process on these photons. It 
provides reshaping of the synchrotron spectrum and shifts xmax 
down to x1? at which iyy = 1. 

Recently Rees (1987) proposed that the magnetic fields in the 
broad emission line regions of AGNs can be as high as ~ 1 G, 
being responsible for the confinement of the emission-line 
clouds. Then hvmax ~ 108 MeV, and the energetically domi- 
nant fraction of the synchrotron radiation, at Xi < x < 108, is 
absorbed by the IR photons which are produced locally or 
centrally. As a result, the next generation of pairs will emerge 
and cool mainly through a synchrotron mechanism, because 
now B2/Sn > LlR/4nR2c. The resulting spectrum cuts off at 
hv < 102 MeV, where it cannot compete with the radiation 
from the central source. Thus, for Æ ~ 1 G, the high-energy 
spectrum, around x1? produced in the ~1 pc region is deter- 
mined by the first generation of the synchrotron radiation, 
which is cut off at X! and has luminosity reduced by a factor 
~(Xmax/*i)1/2‘ Hence, the lower Ærs, the higher are the lumi- 
nosities of the compact 104-106 MeV y-ray source predicted 
by our model. 

IV. DISCUSSION 
We have investigated the formation and escape of UHE 

photons in AGNs. Most of the UHE radiation is absorbed on 
the spot and supports the pair cascade inside the central 

source, but approximately ~1039-1042 ergs s~1 leak out. 
These UHE photons are absorbed either by the radio photons 
inside R ~ 1 pc, or by the background microwave radiation 
within ~30 kpc, the outcome depending on the compactness 
of the central radio source. In both cases the yy absorption 
results in creation of the ultrarelativistic pairs which cool via 
synchrotron radiation. The efficiency of escape depends on two 
parameters—the mass of the black hole and the compactness 
of the source, approximately as 

£esc ^ 1.5 x 10_2(//0.1)_1 0 5 . (18) 

This estimate of £esc follows from relations (16a) and (16b) and 
is valid for xc > xabs, when the flattening of the spectrum 
of synchrotron radiation in AGNs takes place (see § II). 
The value of Ax = 0.2 has been fixed, to provide a close match 
with Figure 5, for the range of MBH ^ 106-1010 M0 and / ^ 
10“2-10. 

When the absorption in the central radio source is negligi- 
ble, the escaping UHE photons from AGNs interact with the 
microwave background radiation and produce pairs. The 
mean free path of UHE photons, Rmax(x0), has been calculated 
and is shown in Figure 2. It is independent of MBH. Pairs in the 
interstellar magnetic field produce a synchrotron halo. This 
radiation has a flat spectrum (ß ~ 0.5, Fv ~ v~ß) extending up 
to 

*max ~ 102rll2My2(BlsJl /¿G), (19) 

as can be seen in Figures 3 and 4. 
The measurement of the halo luminosity, Lesc, provides a 

possibility of observational determination of MBH. If both Lesc 
and the nonthermal luminosity L of the AGN are known, 
Figure 5 can then be used trivially, as a precalculated map, to 
recover the compactness / and the mass MBH. There are, 
however, technical constraints which must be overcome. First, 
to measure the halo nonthermal luminosity, it is necessary to 
have instrumental resolution corresponding to <5 kpc, in 
order to extract the much more luminous central source. The 
instrumental angular resolution must be then c) ~(z/0.01)_1 

arcminutes, where z is the cosmological redshift. Second, the 
absolute luminosity of the halo is quite low, Lesc ~ 1041M¡/2 
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ergs s_1, and hence a high sensitivity is required to detect the 
distant AGNs. 

For the objects where most of the UHE photons are 
absorbed in the central radio source, the compact hard y-ray 
source is formed with the energy output that is peaked at 
~ 10M06 MeV. Direct photons produced in this energy 
range by the central region suffer strong absorption from the 
optical and IR photons. Their emerging luminosity cannot 
compete with the secondary y-rays resulting from the absorp- 
tion of the primary UHE photons in the radio source. Are the 
~ 3 x 105 MeV y-rays detected in Cen A (Grindlay et al 1975) 
produced this way? Future y-ray telescopes should not have 
any difficulties detecting ~ 1041 ergs s"1 at > 104 MeV from 
the nearby AGNs. 

Most of the AGNs are not listed in the radio catalogs and 
are called “radio-quiet.” However, more sensitive surveys 
show that probably all AGNs have some central radio com- 
ponents (Condon et al 1981; Unger et al 1986). No data are 
presently available to estimate whether they are compact 
enough to block the UHE radiation from escaping. It is, there- 
fore, plausible that X- and y-ray nonthermal halos exist around 
AGNs, as our model predicts. 

Detection of compact hard y-ray sources with 
hv > 104 MeV or X- and y-ray halos around AGNs would 
provide a strong argument in favor of efficient proton acceler- 
ation and of proton-photon injection of ultrarelativistic pairs, 
responsible for the formation of nonthermal continua in 
AGNs. 

Finally, we emphasize that quantitative results presented in 
this paper should be taken with caution, mostly because of the 
very simplified treatment of the escape probability. We have 
ignored the self-consistent approach to the y-ray transfer 
problem, omitting the transit zone, where the radiation field 
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becomes anisotropic. Since most of the UHE photons which 
escape are formed in this surface layer, the actual escape prob- 
ability can be affected strongly by the anisotropy and the inho- 
mogeneity in this zone. We would like to note here a very 
interesting case which was not considered by us because of its 
sensitivity to the conditions in the transit region, but which can 
provide higher escape efficiencies. If shocks are not distributed 
uniformly over the central volume but rather are distributed 
arounds its outer edge, the absorption of the UHE photons 
will be sharply reduced. 

Another omitted factor which can alter our results, but now 
in their “negative direction,” is the magnetophoton opacity, 
i.e., opacity for pair creation due to photon interaction with 
virtual quanta of the magnetic field (e.g., Erber 1966). As a 
result of this process photons with x 1 xB are effectively 
absorbed. Because of the pair cascade operating in the transit 
zone, the energy of the photons with x > xB 1 is transferred to 
the photons with x < xB, and a fraction of it, determined by the 
yy absorption, will escape. The magnetophoton opacity would 
have its greatest effect on the low-mass Galactic compact 
sources, such as Cygnus X-3, where it would completely block 
all the UHE photons in the source. The low-mass sources have 
been excluded from our analysis for this reason. 
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APPENDIX A 

RELEVANT TIMES SCALES 

The time scales expressed as functions of parameters €rad, eB, g, a, r, l, and M8 defined in the text are given below. 

Accretion time scale onto the central black hole : 

tin ^ 5 X 102 r3/2M8 s; (Al) 

Proton acceleration time scale in a collisionless shock : 

tacc ~ 7.3 x 10- 
-J^idMsr .7/2 

17p S, 3 7 UP ‘ orCßl J 

Proton cooling time scale due to interaction with a soft radiation field with spectral index as ~ 1. 

t ~24xl010 —^ s. 
(1+T/3)/yp 

(A2) 

(A3) 

From tacc = tpy we obtain the numerical factor 5.7 x 108 in the formula for yp>max (eq. [1]), and from tin - tpy we obtain the 
numerical factor 4.8 x 107 in the formula for yp j (eq. [2]). 
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APPENDIX B 

OPTICAL THICKNESS FOR PHOTON-PHOTON PAIR CREATION 

The optical depth for photon-photon pair creation is calculated according to 

4R f00 n rVxôï 
r-JXo) = — -f dx (Tyy(x')x'3 dx' X0 Jl/xo X jl 

4/? f00 f00 n 
= -T <rrl(x')x'3 dx' \ ÿdx. X0 Jl Jx'2/xo X 

F or the power-law photon spectrum we write nx = Csx~1~<x and 

rT!(x0) = ^ x'-^dx'. 
(2 + as) Ji <tt 

For the photon spectrum, 

n =\Csx~b¡
l2x312 for x < xabs, 

X_lcsx-2 for x > xabs, 

and x0 > 1 /xabs, the optical thickness Tyy(x0) is found by us to be well approximated by 

Tyy(x0) ^ (1 + T/^ \l In (x0 xabs) - O.?] , 
X0Xa L® J 

where C, = Cs RaT/(l + t/3). Formula (B4) was obtained from equation (B3), using the asymptotic form of <7yy(x') for x' !> 1: 

(ryy(x')*^T2I[ln(4x'2)-l]. 

(Bl) 

(B2) 

(B3) 

(B4) 

(B5) 

If xc, defined by equation (6), is greater than xabs, then the spectrum changes slope from a = 1 at x > xc to a — 0.5 at x < xc. For this 
case we obtain 

V/xq) : (i + t/3)c; [In (x0 x;bs) - 0.6] , 

where x;bs = xabs(xabs/xc)
1/6 and C¡ = C,/xc

1/2. 
In our parameterization the frequency xabs, at which the optical thickness for self-synchrotron absorption equals unity, is 

xabs = 6.4 x 10-8(3 + F) 7(^-) 
1/14 j 

„11/28 
5/14 

for a = 1. 
Since Ci oc /, we get an approximate dependence of the photon escape probability, f/esc, on x0, Mß,and /: 

7esc(x0> l, Mbh) ^ T“lx0) cc x0 x¡Jl cc 

whenTyy 1. 

fxo l 217M8 
5/7 for xc < xabs, 

{x0 r 314Mg 3/4 for xc > xabs, 

(B6) 

(B7) 

(B8) 
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