
I 
.( 

HHAEKC 3649 

~ 
~HCKHA ~H3~~ECKH~ ~HCTMTYT 

Pr e pri n t YERPHI-1269(55)-90 

hrWULf' !bN2"'4USf' f'LUSf'SOl'S 
PFBAHCK"'1V1 <t>"'13"'14EC~"'1V1 "'1HCT"'1TYT 

YE REV AN PHYS I CS INSTITUTE 
------------------------------------------------------------------------------------------------------------------~----------------------------------­'~~----------------------------------------------

A. M. ll.TOYAN 

RELATI V!S '1' :'.: '.: NEPTRONS IN AGN. 

:AMMA RAYS OF HIGH AND VERY HIGH ENERGIES. 



Prep rint YER PHI-12 69(5 5)-90 

A.M . ATOYA N 

RELATI VI STI C NEUTRONS IN AGN . 

I I . GAMMA·-RA YS OF HIGH AND VERY HI GH ENERGIES. 

In the fr ames o f the AGN model propos e d in Paper I , the 

pr ob l e m o f the el e ctromagne tic cascade in a spatially 

non -hom ogeneous field of ba c kgro und ph otons i ni t i at e d d ue to 

p~opag a t i on of re l a t ivisti c neu~1ons (RNs) from the p r o t on 

acc e leration regi on r~r 0Nl0 and t h e ir d e ca y at large rad i i, 

r 0 <r <l0
7

- 10
8

, i s cons i dered ( t h e N- cas c a de ). In con trast to the 

H-cascade initiated by the r el a tivis t ic · e l e c trons and 

gamma - ray ,.; fL·om t ht· reg i on of r:O: r
0

·, which i s s i mil ar to the 

ordi n ary pair-ph oton c a s cades in t he s p a ti a ll y h omogeneous 

fi e l c of s oft photons, the r adiat i on s pectra res u lting fr om the 

N-cascad e ca n b e d escribed by the p owe r-law f unct ions grad uall y 

s t ee p e ning wi th increasing g amma -ray e n e r gi es. The int e gral 

l uminosity L of the AGN radi at i on f r om the submill i me t er to mx 
X- r ay bands is the general parameter d e f ini ng the N- c as cade 

dev elopment . The features of the hi gh-energ y and 

very - high-energy gamma-radiat i on resu l ting from the N- cascade 

are i nvestigated. I t is shown tha t t h e model propos ed c a n 

p rov ide significant f l ux e s of very high energy ( E?: lTeV) 

gamma- r ays from the bright extragalact i c sources 

re latively l ow lurr.inositi es L ( ~ 10 44 -1 0 4 5 erg/ s ) . 
-mx 
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l. Introduction 

At present the most widespread idea concerning the main 

powerhouse for electromagnetic radiation of active galactic 

nuclei {including quasars, hereafter AGN) is that gravitational 

potential energy of matter accreting onto a supermassive black 

bole (BH) is responsible for their extremely high luminosities 

{e.g., see review papers [l,2]). One of the arising problems 

then is to provide high efficiencies of the rest-mass to 

radiation energy conversion ~=L/Mc2NO.l, (L and M being the 

luminosity and the accretion rate, respectively), otherwise the 

high luminosities of AGN comparable with their Eddington ones 

{e.g., for Seyfert galaxies L/~E?d~0.5, see [3]) would r equire 

dimensionless accretion rates m=Hc
2

/LEdd»lO. The characteristic 

timescale for a significant increase of the mass of AGN (or 
• • 8 

supposed BH), AtH=M/H={4.5/m)•lO yr, being taken into account, 

these high accretion rates seem to be inconsistent with a 

presumable "lifet i me" of AGN , tAGN<!:l0
8

yr [4]. 

Since the maximal energy per proton in accretion plasma at 

the dimensionless distance r=R/R from BH cannot exceed 
g 

m c 2/2r , (R being the gravitational radius), then, obviously, 
p q 

the magnitudes of ~0.1 may be achieved only in the case when 

in the range ~r0Nl0 a significant fraction of the kinetic 

3 



possibilities can lead, in particular, to realization of the 

accretion plasma turbulent reactor (APTR) model considered in 

[2]. In this paper we suppose that the first cooling mechanism 

dominates. In this case the relativistic electrons (both e+ and 
\. 

- ' e ) and gamma-rays, resulting from the decay of secondary 

particles (predominantly of pions) in pp collisions, initiate 

the electromagnetic cascade of electrons and gamma-quanta in 

the background field of low-frequency (from submillimeter to 

. X-ray bands) photons. It should be stressed at once, that the 

relatively small, dense BL clouds occupy a negligible fraction 

of the volume of AGN. Therefore here they can be considered 

only as numerous sites for the RP energy sink and of production 

of initial gall"l!la-rays and electrons, whereas the cascade is 

developed generally in the intercloud space. 

The gamna-ray spectra resulting from the electromagnetic 

cascade in spatially homogeneous field of background soft 

photons in compact sources have been considered earlier in 

[3-7] (hereafter, ff-cascade). In the model unde r consideration 

the electromagnetic cascade of this type ( in the homogeneous 

field of soft photons at r.Srmx' see paper I) is in fact 

initiated by the gamma-rays and electrons produced in the RP 

acceleration range r~r0 . The main goal of this paper , however , 

is to investigate the electromagnetic cascade that is due to 

radial propagation of RNs outward the main power-house of AGN. 

Two general features of this cascade are, that (a) it is 

developed in spatially non - homogeneous field of the 

low-frequency photons with the number density decreasing as r-
2 

at r>r 
mx 

and (b) the characteristic energy of 

cascade-initiating particles, resulting from the neutron 

initial 

decay 

and further nuclear pp interactions, linearly increases with 

4 

increasing r (s~e Paper I). The combination of these two 

factors brings to the spectra of high-energy gamma-rays, 

resulting from that cascade (hereafter, N-cascade), quite 

different from the spectra resulting from the ff-cascades, 

considered previously. In the model under consideration the 

ff-cascade in the region of r
0

<r<rmax is responsible for the 

resulting spectra of gamma-rays with moderate energies, 

~lOOMeV. Below we consider the possibility for gamma-rays of 

much higher energies, lOOMeV~~lOOTeV, to escape from AGN due 

to the N-cascade developed at distances ro~r~raN107 -10 8 . 

2. Initial Production Functions 

To find the production functions of i nitial electrons and 

gamma-rays in the range r0~r:sra' the equilibrium local spectra 

of the secondary protons resulting predominantly from the 

decay of the RNs with Lorentz-facto~s r ~r N10
7

-10
8 

(see 
::.t. n esc 

paper I) should be first obtained. At large distances from the 

RP acceleration region, r»lO, the secondary RP production is 

owing mainly to the decay of 

Lorentz-factors 

RNs ·wit h characteristic 

rd = adr (II.l) 

with ad=l .1M
8

. Below at all radii r>r
0 

only this proces s 

taken into account, the contribution from ny collisions in 

region r
0

<r<r N10 2 -10 3 being neglected. Notice that 
mx 

is 

the 

this 

approximation is absolutely accurate for the power-law spectra 

of the RNs with the maximal Lorentz-factors r not exce edinQ 
7 8 ~ax 

rescNlO -10 (see Eq.(I.21)). From Eqs.(I.31-I.37) t he rel evant 

secondary RP production spectrum is obtained: 
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-{a+l) adm r -2 
q (r,x)=Bx exp{- ~-P-~r 

p m x 
e 

{II.2) 

where x=E /m c
2 

is the dimensionless energy of the protons, and 
P e 

B 
'7)n~Edd (a- 2 ) lm~Ol+l 

3 2 2-0l 
4rrm c R T

0
(1-r ) 

p g 0 

(It. 3) 

Here r 0 =min{rmax'resc}, T 0~900s is the neutron lifetime, and 

'7) N0.03 is the efficiency of the rest-mass-to-RN-energy 
n 

conversion in the RP acceleration region rSr
0

. 

Suppose now that veff=veff(r) is the effective frequency of 

the pp collisions of these protons at a given r. Then the 

energy loss rate of the RPs can be written as 

. 
x = -v· K x 

ef f p 
(II.4) 

Here K (N0.5) is the inelasticity coefficient at pp collisions. 
p 

The equilibrium spectra of the local RP distribution functions 

can be found from the standard kinetic equation in the 

continuous energy loss approximation, resulting in 

00 

N (r,x) 
p 

1 J q (r,x
1

)dx
1 

. 
x p 

(II.5) 
-x 

With account of Eq.(II.2) one may see 
-(a+l) 

x«xd:(m /m )rd, and N (r,x)~x for 
P e P 

that 

x>>xd. 

N (r,x)~l/x 
p 

Note that 

at 

the 

main part of the RP energy is in the range of xNxd·, where the 

transition from the hard to the soft power-law behaviour of 

this spectrum takes place. 

Consider now the local (at given r) production spectra of 

the relativisti~ electrons, ~he gamma-rays, and the neutrinos, 
. - --

resulting from the ~ecays of the secondary particles (mainly of · 

pions) produced in the nuclear pp interactions: 

6 

ns 

p + p + N + E n. , 
i=l 

1 
(II.6) 

0 
n + 2r , (II. 7) 

+ + n- + 
+ µ- + v + e- + v + 2v 

µ e µ 
(II.8) 

Here N is . for '1:he leading nv..cleon (the proton or the neutron), 

and n is the multiplicity of the secondary pions. At these s . 
collisions the mean energy of the leading nuc.leon aniotints the 

fraction (1-K )=0.57±0.01 of the incident proton energy E , and 
p . . p 

the remaining fraction/ K =0.43+0.01 of E is carried away 
. ) p p 

mainly by a few energetic pions (see, e.g., [8]). Since the 

mean energy of each from these pions is <E >~0.15E_, we note ·n · ~ 

that the inelasticity K 
p 

corresponds on the average to 

production of three energetic pions per each collision. Taking 

further into account, that at multiplicities ns sufficiently 

high (practically, at energies Ep>lOOGeV) the probability to 
. 0 + 

observe the energetic p1ons are almo~t the same for n , n and 
n 

s 
S!-

n , the sum En. in the right hand 
. 1 1 

side of Eq.(II.6) may be in 

. 1= . 0 + 
effect substituted by (rr + n + n ) with the energy of each 

pion E =0.15E (corresponding to the inelasticity K =0.45). 
n P P . 

This approach corresponds to 6-functional approximation to the 

differential cross-section for production of energetic pions of 

different signs s=O,+,­ dO' (E )/dE =o 6{E -0.15E ), 
s n n pp n p 

o ~4·lo- 26cm2 • This approximation 
pp 

enables to estimate 

with 

the 

relevant production functions of the pions and of their decay 

products with energies 1!2100MeV. · For energies E:SlOOMeV the 

6-functional approximation cannot be applied. At these ene~gies 

the resulting electrons, ga11111a-rays, and neutrinos have flat 
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sttectra. 

the mean energy .,..-Since at the decay of the 0 n -meson 

gmima-quantum produced is 

production function at given 

<E >=0.5E =0.075Eo, the 
Y n 

gmLQ 

r can be estimated as: 

To 

q(O)(r,&) = 2Veff 
r 

If (r,&/0.075) 
p 

0.075 

find the characteristic energies 

«JI][.9)}) 

of the ......u-w···-• 
paE:t:icles in the decays of charged pions, mind tha.tt: time B11111m 

+ + 
a..tri.Do produced at the pion decay, n-+µ-+v , on tlke ~ 

µ 
c&Eries tbe [1-(m /m )

2
]/2!dl.21 fraction of the ini.1tiialll Riiam 

µ n 
en.au. Taking further into account, that the mean ~ cdt 

eac:la secondary particle resulting from the muon ~ is 

afiiCoaiaately equal to the 1/3 of the muon energy (since· iim tbe 

auaa Emit frame the electron is relativistic, 

obtaia tllat the electron carries on the average 

Ee=pec)., ve 

~26~ cdt the 

initi.llI pion energy. For E =0.15£ this correapond5 to 
n P 

<E ~.G39E . The neutrinos carry the re11aining ~74~ of the 
e P 

pima eaergy, therefore the mean energy per neutrino 

<E ~.037£ . (The mean energy of the first auon neutrino is 
.. p 

sli~ly smaller, and the mean energies of the second v and of 

the ve are slightly greater, than this value. 

ho.ever, that for qualitative considerations 

µ 
It i s obvioas, 

this difference 

caa be neglected). So, in the 6-functional approJlimation used, 
+ -the production spectra of the electrons (both e and e ) and 

tbe 81nltrinos can be written as: 

q~O) (r ,y) 
2v _ eff 

- o:o3i •P(r,y/0.039) (II.10) 

lveff 
'1(r,&) = C>.037 •P(r,e/0.037) ·• (11.11) 

BereF is the electron Lorents-factor (this variable should not 

8 

be confused with the similar notation r for gamma-rays, e.g., 

at yy collisions). It is worth noting, that since the RP 

distribution function NP~l/veff' then the production functions 

in Eqs.(II.9-II.ll) depend ·only on the local production rate of 

the RPs, q (r,x), and do not depend on the local 
p 

frequency veff" 

Taking into account that the secondary 

pp collision 

gamma-rays . 

electrons and neutrinos carry away K =0.45 
p 

fraction .of the 

incident proton energy per collision, the resulting 

distribution of the local power E :E (r) released initially in . p p 

the RPs between these secondaries can be readily found, 

E./E =<E >/EK. Then, 
s p s p p 

'-..... 

E /E = o . 33 
r P 

E /E = o.1a 
e P 

F: ;F: = o.49 
v p 

pr.12) 

(II.13) 

(II.14) 

So, in the model under consideration half ~f the total 

power Wn ' transported by the RNs from the RP acceleration 

regiop. 

whereas 

r~r0 , goes at large 

the second half 

relativistic electrons and 

r to 

of W 
n 

the neutrino 

is transformed 

gamma-rays initiating the 

flux 

production, 

to · the 

N-cascade 

of those in the region r
0

<r<l0
7

-10
8 

The differential 

neutrinos is obtained by integrating Eq.(II.11) over the AGN 

vo l ume .. In the range of dimensionless ene·rgies 

O. 037m /m <e<O. 037f
0
m /m this resu.l ts in the neutrino flux 

p e p e 

N(n)(e) 
v 

0.49 
~ ~ dd(a-2) [ m ]a-2 n E 0.037 ....E ·e-a 
m c 2(1-r2-a) me 

e O 

(II.15) 
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repeating the power-law spectrum of the RPs in the acceleration 

range ~r0 . Note, that the total flux of neutrinos escaping AGN 

is determined by both the neutrinos produced at r>r
0

, and the 

ones created directly in the RP acceleration region ~r0 . 

Taking into account that in this region the powers 

W ~ ~ /3 (see paper I), and that the flux given by Eq.(II.15} n v P 

corresponds to the half of the RN power W , the total neutrino 
· •(tot) •(n) n 

flux can be estimated as N ~3N . So, about half of the RP . IJ IJ 
• - • 2 

acceleration power W =~ Mc is carried out from the 
p p • 

acceleration range ~r0 b7 the neutrinos. About the 1/3 of WP 

is transformed into relativistic electrons and ganma-rays in 

the region r<r0 , which then initiate •the H-~ascade in the 

region r0:5:~r · . The remaining ""1/6 of W , or ""W /2, goes to 
~ P n 

production of ultrarelativistic electrons and gamma-rays, 

initiating the N-cas·cade at distances r
0

<r<ra""l0 7-108 

3. The Main Processes and Parameters of the Cascade 

The following processes can be important for development of 

an electromagnetic cascade in the background field n
0
(r,c

0
) of 

soft photons:· 

a) the photoproduction of + e -e pairs at photon-photon 
collisions; 

b} the inverse Compton scattering (ICS} of the relativistic 

electr~ns off the soft photons; 

c) the synchrotron emission of the electrons in the ambient 

magnetic field B(r); 

d} the bremsstrahlung and the ionization energy losses of 

the electrons in the thermal accretion plasma; 

e} the e+-e- annihilation of the relativistic positrons on 

10 

~ 

the ambient thermal negatrons. 

In compliance with the paper I, the background soft photons 

are described by the spectral number density 

no(r •fo) 
WO 

--2 ~r(r)t=>o<co)/co ' 
m c 

e 

(II.16) 

where ~r:,?r(r) and w
0 

are given by Eqs.(I.3) and (I.4), 

respectively. Since the spectral luminosity of AGN in the range 

from submillimeter wavelengths uptox-rays can be ~enerally 

described by the power-law index a ~l. whereas in the radio-' ~ to-submillimeter range the spectra are flat or inverted, for 

the numerical calculations 

photon spectra of the form 

below we suggest 

a 
rm 

co 
~ (& ) = A • a +Ol 
00 )mxrm 

(co +e c 

the background 

.(II.17) 

for the "soft" photon dimensionless energy c
0 

up to e
0
"'1. Here 

& (""10~ 7 ) is the characteristic energy, co~responding to the 
c 

low-frequency cutoff (or flatteni~f) of the spectrum in 

submillimeter-IR range (for & =10._ 7 the cutoff frequency c . 

v =m c
2
c /h:lclo

13
Hz). The coefficient A corresponds to the 

c e c · 
normalization J~0d&0=1. For analytical estimations further on 

we use the typical power-law index amx=l. In the numerical 

calculations the spectra with different a ~l and a ~O in 
mx rm 

Eq.(II.17) are considered. 

It should be noted here that Eq.(II.16} represents the 

spectr.al . number ~si ty of the background photons, . integrated 

over their propagation directions. Therefore,to utilize this 

number density in further calculations, we should assume, 

strictly speaking, that the local distributions· of the 
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background radiation are isotropical. Obviously, this is va l id 

in the region r~rmx responsible for this radiation, whereas at 

r»rmx the photons propagates radially outwards.Nevertheless, at 

these large radii also the Eq.(II.16) can be used for 

calculation of the ICS gamma-ray production functions averaged 

over directions of incident relativistic electrons. This is 

possible as the electrons quickly become isotrefp~eal in ambient 
/ 

tangled magnetic fields. Some anisotropy of , those production 

functions, as well as the pronounced radial anisotropy" of the 

background radiation field at large r, should not have an 

essential impact on the N-cascade, since the gamma-ray 

absorption coefficient ~ (r,e,8) (per unit dimensionless rr 
pathlength dl) at photon-photon collisions essentially differs 

from the mean, ~ (r,e) (averaged over the collision angle e 
rr · ~ ~ 

between the gamma-ray wave vector k and the radius-vector r), 

only for a small fraction of the cascade gamma-rays, namely, 

for the ones propagating inside a narrow cone with (1-cosG)«l. 

For all other directions of ~ the value of ~ (r,e,e) is close _ _ rr 
to the mean, ~ =~ (r,e). Some difference between them should rr rr 
not have a significant effect on the gamma-ray spectra 

resulting from the N-cascade, since in those cases when the 

.ganna-rays are produced in the region r opaque to absorption, 

~ •r>l, they are absorbed in the same space region they were rr . 
produced, whereas in case of their production in the optically 

transparent region ~ r<l, the gamma quanta leave the spherical rr 
source, both irrespective of the anisotropy of the local 

absorption coefficient. The accretion plasma density in the 

region up to the accretion radius, ~ra, is given by Eq.(I.l). 

The characteristic magnitude of tangled magnetic field, B(r), 

in the accretion plasma is determined from the assumption that 

12 

its energy density amounts to some fraction 6 ~l of the thermal 
B ' 

electron energy ~ensity in the plasma, which yields [2]: 

. {r-5/4 , 
4 1/2 • :..112 

B(r) ~ l.4•10 6B m M8 -1/2 -3/4 
· r* r 

r~r* 
G (II.18) 

, r<r* 

Here r*~10 3 
is the critical radius below which the 

becomes a two-temperature one, T >T with T ~const~10 9K. 
plasma 

p e e 

+ 
a) Photoproduction of e -e pairs. 

The production spectrum qe(r,y) of the electrons (both 
+ 

e 

and e ), in unit volume per unit time due to absorption of 

gamma-rays in the field n
0
(r,e

0
) of soft photons, is determined 

using the relevant cross-section o (y,e
0

,e) rr 
Ref.[9]. The spectrum can be presented as 

with 

q (r,y) = '{> JS (y,e) n (r,e) de, 
e r rr r 

s (y ,e) vr 
2cW

0 
--2-
m c 

e 
I 

'Po<eo) 
a (y,e

0
,e) +---de 

rr e 0 " 

calculated in 

' 
( II.19) 

(II.20) 

Here n (r,e) is the spectral number density of gamma-rays with 
r 

the dimensionless energy e=E/m c
2

. The factor 2 in Eq.(II.20) 
e 

corresponds to creation of two electrons per collision. Then 

the frequency of photon-photon collisions is: 

e 
l.) ( r ,e) = rr 'Pr J s (y,e) dy/2 . 

1 rr ) 
(II.21) 

For analytical estimations the relevant expression of Herterich 

[10], resulting in 

v (r ,e) rr 
- 5 aOWO 
- 4 mec 'Pr '{> 0 (4/e), (II.22) 
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-25 2 
where o

0
=l.7•10 cm , may be used. For the typical spectrum 

90or&~
1 

at e
0

>ec, the optical thickness of the source in the 

region Nr with respect to absorption of a gamma-ray with energy 

e<l/e* is estimated as 

-1 
T (e,e) ~ 0.4(L /O.lLEdd)r & ' rr mx 

(II.23} 

Then there can be found the maximal energy of gamma-rays that 

can escape AGN from the radii Nr (>rmx): 

& Se = 2.5(L /0.lL ddf r esc mx E 
(II. 24) 

One easily concludes from this equation, that the high-energy 

(HE} gamma-rays, E >lGeV (or dimensionless &>2000}, can escape 
r 

AGN only if they are emitted at large distances from the BH, 

r~10 3 . Very high energy (VHE) gamma-rays, ~lTeV, should be 

produced at much larger radii, r~10 6 , to be able to leave the 

source. 

Let us now estimate the characteristic energy ein(r) of the 

initial ga11111a-rays at a given r, resulting from inelastic pp 

interactions and further decay of the secondary rr-mesons. 

Taking into ~ccount that the characteristic energy of these 

ga!IBICl-rays is related with the energy of parent 

· E NO.lE , and using the Eq.(II.l}, we obtain: 
r P 

ein(r) ~ 200 K
8 

r • 

Then it follows from Eq.(II.24) and Eq.(II.25), that 

RPs as 

{II.25) 

at r>r 
mx 

the ratio ein/eesc depends only on the integral luminosity 

in the soft photons, being independent of r. For typical 

L 
mx 

AGN 

under masses O.~M8Sl0 and lwninosities L NO.lLEdd 

consideration (corresponding to io
44

SL Sl01.ilerg/s) this ratio mx 
is within lOS&. /& Sl0

3
. In this case the electromagnetic 

in esc 
N-cascade in AGN should be developed. 

14 

b) ICS of electrons. 

The characteristic Compton cooling time t
0

(r,y) of the 

relativistic electrons bei,ng considered, note that the main 

contribution to the energy loss rate r=<artat) is due to 

electron scattering off the soft photons for which the 

parameter b=4ye0 <1 (i.e., th~ res scattering in Thomson limit), 

whereas the contribution to r due to electron scattering off 

the photons with e 0 >1/4y corresponding to the Klein-Nishina 

limit is neg l igible. (As it is shown by Zdziarskii [ll].. even 

for the extremely hard spectra of the soft photons with a NO , 
mx 

the main contribution to the energy losses of electrons is due 

to· the photons in the energy range & 
0 
<l/ 4y ). Therefore, to 

estimate the Compton cooling time t (r ,y)=r! lrl, we can use the 
2• 2 c 

known equation m c r=-(4/3)o er W [12], where the energy 
e T y 

density W at given y relates to the soft photons energy r 
density in the range e

0
Sl/4y. Then using Eqs.(rI . 16) and 

(Ir.17), for electrons in the energy -1 
range r«r*=e

0 
we find: 

-1 
t 0 (r,y) ~ B.3 MB (Lmx/0.lLEdd) 

-1 -1 
Y 'P r ' {s) (rI.26) 

Comparing Eq.(rr.26) with the chara ct e ristic accretion time of 

pfasma , 

3 3/2 
ta(r) ~ 2•10 MB r , (s), (rL27} 

we conclude, that at all radii r~ra and at least f or y> lOO 

spec tra ne(r, y ) of relativistic electrons are d e fined by 

local production and cooling processes. 

the 

the 

The spectrum of gamma-rays produced a t r e s of 

elec t rons can be written in the form: 
relativistic 

q . (r,e) = tp J s (e,y) n (r, y ) dy . (II.2B) r r c e 

He re S0 (e,y) i s the ganvna-ray spectrum produced at the res of 
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l 

an electron with a given r: 
deo 

oc(e
0

,e,r) ~0 Ce 0 ) ~ cw0 J s (e,rl = --c 2 m c 
e 

(II. 2 9) 

where o c(e
0

,.e ,r) is the relevant differential cross 

calculated in Ref.(13]. Since for the electromagnetic 

section 

cascade 

the efficiency of emission of gamma-rays with energies e 

electron energy r is very 
comparable with the initial 

important, it is of interest to consider the characteristic 

efficiency of the Compton process with respect to emission of 

energetic gamma-rays: 

r J e Sc(e ,y) dy 

l'J (x) = 
xr (II. 30) 

c r J e s (e ,r) dr 
l c 

with x=c/ySl. In 'Fig.l the !CS efficiencies l') (x) for different c 

amx and ecr are presented. 

c) Synchrotron Radiation 

Since the characteristic frequency of synchrotron photons 

is v ~0.3v 8r 2 with v
8
:eB/2nm c (see (14]), the dimensionless 

s e 2 
energy of these photons, e =hv /m c , is reduced to s s e 

-5/4 
-10 1/2 •l/2 -1/2 2{r ' r~r* 

es(r) = 3•10 6
8 

m M
8 

r _112 _314 . (II.31) 
r* r , r<r* 

of initial 
Then, using Eq.(II.25) for typical energies 

gauma-rays and electrons at a given r we calculate that the 

maximum energy of synchrotron photons is reached at large 

radii, rS10 8 , and corresponds to X-rays. Therefore, the account 
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of synchrotron radiation should lead to significant decrease of 

HE cl!ti.d VHE gamina-ray flux escaping AGN if the characteristic 

synchrotron cooling time ts(r,y) of the cascade electrons would 

be comparable with or less than their Compton cooling time 

find: t (r,r). Using Eq.(II.18) for the magnetic fieldB,we 
c s/2 

r~r* 
- 1 • -1 -l{r 

ts(r,r) ~ 3 . 9 6 8 m M8 r 312 
, (s). (II.32) 

r*r , r<r* 

From comparison of Eqs.(II.32) and (II.26) we conclud~ that the 

ratio tc/ts decreases with increasing r. For the N-cascade in 

the region of r~10 3 responsible for formation of the spectra of 

. HE gamma-rays escaping AGN, the Eqs.(II.26) and (II.32) bring 

to the ratio t /t SO.l. Note, however, that Eq.(II.26) for the 
c s 

Compton cooling time is valid for the electron energies 

r<<:r*=l/ec. Accurate numerical calculations show that tc(r,y) 

may be significantly higher than the one corresponding to 

Eq.(II.26) (see Fig.2). It means that the efficiency of 

N-cascade for the VHE gamma-rays may be affected by the 

magnetic field in a greater extent. ~lhan in the HE range, e~10 3 

(E2:1GeV). 

c) Ionization and Bremsstrahlung Energy Losses of Electrons 

The electron energy loss rates in these processes are 

defined by the expressions: 

2 
-rion = 2"re nTcAion ' 

-rbr 
2 

2nr e nTcrAbr 

where r ~2.S•lo- 13 cm is the classical radius of 
e 

fully i onized plasma Aion~70 and Abr~O.l (see, 
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(II.33) 

(II.34) 

electron. For 

e.g. (12]) . 

I 



) 

Using the Eq.(I.l) for the accretion plasma density nT, the 

ionization cooling time can be found: 

t. ~ 20 ~-1 M 3/2 (S) ion 8 r r • . (II. 35) 

It follows from comparison of Eqs.(II.26) and (II.35) _ that 

in the whole accretion region ~r (~10 8 ) and at least for 
a 

electrons with r~10 2 
the ICS energy losses significantly exceed 

the ionization ones. 

From Eqs.(II.33) and (II.34) we can see that for moderately 

relativistic electrons, r~lOO, the bremsstrahlung energy losses 

are significantly less than ionization losses (tbr»tion), 

whereas for more energetic electrons the Compton cooling 

dominates throughout the whole volume of AGN. In Fig.2 the 

cooling times, tion' tbr'and tc,related to synchrotron cooling 

time ts , are shown. Obviously, at all energies the 

bremsstrahlung losses can be neglected. 

d) e+e- Pair Annihilation 

The relativistic positrons produced at photon-photon 

collisions may annihilate on the ambient thermal electrons of 

the accretion plasma. Using the annihilation cross section of 

relativistic positrons with r»l, o ::l<1Tr
2
lnr/r (e.g., see [15]}, 

the annihilation time t =(o cnT)~~ iseobtained: 
an an 

3 ·-1 3/2 -1 (s) t = 2. 7• 10 m M
8 

r r ln y , · an (II.36) 

Comparing this with Eq.(II.26) we see that already at r~lOO the 

Compton cooling rate exceeds the positron annihilation rate at 

least by two orders of magnitude. It means that annihilation of 

relativistic positrons is . not important for the HE pair-photon 
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cascade. Moreover, this process is not significant at lower 

energies (y<lOO) 'as well, since even in the extreme case when 

both the Compton and the synchrotron energy losses are 

completely neglected, no more than ~20% of the positrons may 

annihilate prior to be thermalized in the accretion plasma due 

to ionization losses only [16]. 

4. Kinetic Equation for Relativistic Electrons 

As is shown above, the spectral number density ne(r,r) of 
+ -

electrons (both e and e ) is defined by the local (at a given 

ri processes of their production and cooling. Then, at all r 

the equation describing ne(r,r) is similar to the familiar 

stationary kinetic equation in a spatially homogeneous, space 

(see, e.g., BG [13 ] or Zdziarskii [11]): 

qe(r.r)-ne(r.r>fcr(r,r1 )dr1 +Jcr(r1 .r)ne(r,r1 }dy1 
0, (II.37) 

where qe(r,y) is the electron product.ion 
-:.~ 

time and in unit volume), and Cr(r.r
1

"l is 

spectrum (per unit 

the probability of 

electron transition (in unit time) from a state with energy r 

to a state with energy r
1

. For the Compton process 

c(c)(r,r-e) =~ s (e.r), where s (e,r) is defined by the 
r r c c · 

Eq.(II.29). In the general case each process contributes 

additively to the resulting kernel of 

c =Ec(i). 
r . r 

1 

Eq. (I I . 3 7) , i.e. 

The electron production function 

initial production function q(O) of 
e 

pair production given by Eqs.(II.19) 

qe(r,y) includes both · the 
+ -

Eq.(II.10) and the e e 

and (II.20). In principle, 

the annihilation term for relativistic positrons should be also 

included in qe(r,y) with the negative sign. However, as it has 
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been shown above, this process can be neglected. 

In the continuous energy 1 oss approximation (Ci.r /r«l) the 

distribution of the relativistic electrons is written simi lar 

to Eq.(II.5) for RPs: 

ne(r,y) 
l 00 

J qe(r, y l)dyl 
-r r 

(I I. 38) 

where r is the dimensionless energy loss rate of e lectrons . In 

the catastrophic energy loss limit, when the electron may lose 

a significant fraction of its energy in a single collision 

(li.r/r~l), the analytical solution of Eq . (II . 37) in the general 

case is not obtained. In a particular case, when electrons lose 

their energy at res in the field of soft photons having hard 

spectra n
0

(c
0

)cu: 
-()l 

with 0<0t<2' the analytical solution of 

Eq.(II.37) has been suggested by Zdziarskii [ ll]. 

In this section we suggest a solution of Eq . (I I. 37) in 

6-functional approximation to the kernel Cr(r.r
1

} , which in 

principle allows us to consider arbitrary production functions 

q , and to take into account, along with Compton losses, other 
e 

kinds of energy losses (in particular, synchrotron and 

ionization losses) as well. 

Let the mean energy lost by the electr~n per collision be 

equal to li.=li.(r,y), and the collision frequency ve=ve(r. r ). Note 

that 

r 
v (r. r l = J dr 1 c <r.r 1 > e 

1 
r 

(II.39) 

1 r 
lJ. ( r, r ' = v e ( r , r ' I ( r -r l ) c r ( r • r 1 ' dy l . (I I. 40) 

The 6-functional approximation for the kernel c=c of the 
r 

integral Eq.(II.37) (hereafter in this section we omit r for 

convenience) satisfying Eqs.(II.39) and (II.40) is written as: 
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c(r .rl) = ve(r) 6(rl - y+li.(r)) 

Then Eq.(II.37) is reduced to 

ve(rl)ne(rl) 
q (r) - v (r)n (y) + iJli.(v ) 

e e e '1 

1-~ I r 1=rMCrl 

Here li.{y) is the function " inverse" to li.(r) defined 

condition: 

if 

then 

r' = r - li.(rl • 

r = r' +i.(r' l 

Denoting F =n v , the Eq.(II.42) is rewritten as: r e e 

(II . 41) 

(II.42) 

by the 

(II.43) 

(II.44) 

F(y) = qe(y) + D(y
1

) F(y
1

) , (II.45} 

where D(rl=l/(1 - oli./oy), and r 1=r+i.(y) . To solve this equation, 

giv en r: 
we define the following sequence {y.} 

1 r of 

r 0 = r 

ri = ri -1 + li.(yi-1) ' at 

Tpen the Eq.(II.45) is reduced to .the 

equations 

discrete 

i ;:: 1. 

sequence 

F(y. ) = q (y . ) + D(y .+l) F(y.+l) ' 
1 e 1 1 1 , 

r i 

of 

for a 

(II.46~t 
.- . .:::·· . .. :­... ~ 1i :; 

chained 

(II.47) 

where i;::o. The solution of thi s equat i on i s found by 

substitutions resulting in the expression for n =F / v : 
e e e 

- 1 { 00 [ i n <r l = v - <r l q <r l + E q <r. l n 
e e e i=l e i j=l D(yj)]} . (II.48 : 

<n i s the mul tiplication symbol). Taking into a c c ount t ha t : o r 

rea l ist i c p roduct i on spectra t h e value of qe (;· : ·: an !'e a ~ . »:·" c' 

ze r o for i >i _ ( i . e . q (r.>r )=O fo r i >i \ '". ~ curr.-i.- .er mo ,._ e 1 max ma x 
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over i in Eq.{II.48) is in fact restricted by i~i 
max 

This 

expression together with the definition of the sequence {y.} 
i r 

in Eq.{II.46) represent the general solution of the kinetic 

equation for the relativistic electron distribution function in 

the 6-functional approximation for the kernel C(y,y
1

) in 

Eq.(II.37). It should be noted, however, that in this form it 

cannot be practically used for numerical calculations, since 

for the electron energies in the continuous energy loss domain, 

6(y)/y«l, the sequence of {y.} is too large, i »l. In ir ~x 

respect it is useful to obtain the relation between 

solutions given by Eqs.(II.38) and (II.48). It follows 

Eqs.(II.43) and (II.44) that 

this 

the 

from 

.6.cr> = 4[r+4<r>l (II.49) 

Using the expansion of the function 6(y+6) over the power-law 

series of 4/y«l in the range of continuous energy losses of the 

electrons, the relation between the functions 6 and 6 is 

readily found: 

.6.<r > 
4(y) 
iJMr > 

1- -ar 
- D( y )•6(y) · (II .50) 

In compliance with the definition of the sequence {y.} , 
_ i r in 

Eq.(II.46), we find that 6(yi)=yi+l-ri=4(yi+l). Then 

4 <ri)D(yi)=4 (yi)=A(yi+l). that range of in the It means 
i 

continuous energy losses 6(y
1

) .n1.D(y.)=6(y. 
1

J=r. 
1

-y. for each 
]~ 1 i+ i+ 1 

sequence of {y.} . Multiplying the both sides of Eq.(II.48) by 
i r 

4Cr
1

>=r
1

-y, the equation for ne(y) can be reduced to the form: 

ne(y) 
1 

v e (y )6 (y) 

i 

rcr 

{ J qe(x)dx + 
r 

i 

[ 

max 
+ 4 q <r > + E q <r. l 

er e er i=J+l e i 
n ocr.>]} 

j=J+l 1 
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(II.51) 

Here 6cr=A(rJ_1 ), the critical energy rcr=rJ' and the number · J 

is the last number i, for which the relation (II.SO) is (and 

can be) applied. Since the electron energy loss rate can be 

written as 

-r = v e Cr>- ACr > , (II.52) 

we.see that Eq.(II.51) completely coincides with the solution 

of the kinetic equation in continuous energy loss 

approximation, Eq.(II.38), if the relevant condition, _·4(y)/y«l, 

is valid for all r up to rmax· At the same time, Eq.(II.51) is 

continuously transformed into Eq.(II.48) . at y=ycr' if Ycr<ymax' 

so that at r~rcr the Eq.(II.48) can be wsed. For numerical 

calculations the critical energy Yer was chosen from the 

condition 6 e(0.05-0.1), and in this case the characteristic 
er · 

number (imax-J)~50, which is not too large for the nfunerical 

calculations. Note that Eq.(II.51) allows one to take easily 

into account (along with the . Compton losses) those energy . 
losses which contribute to r at r«~"cr' in particular, the 

ionization ones. 

5. Gamma-Radiation 

In this section we obtain the gamma-ray distribution 

function n (r,&) resulting at a given rate of their production 
r 

q (r,&) (in the solid angle 4n) and absorption coefficient 
r 

x ( r ,& ) • rr 
Note that the radiation emitted at some site !

1 
in the unit 

volume a!d
3
rl, creates at a given! the photon n~er density 

... 33 2++ 2 ++ 
6n = q (r

1
,&)exp(-4T)R d r

1
/4ncR (r-r

1
) , where 4T=AT(r,r

1
,&) r r . q g · . 

is the optical thickness with respect to ganma-ray absorption 

way 
+ + 

from r
1 

-to r. The at photon-photon collisions on the 

23 



integration of 6n along the straight line corresponding to a . r 
given direction of gamma- ray propagation, results in the 

expression for the differential. number density (dn /dD.) of the . r 
gamma-rays within the solid angle dD., which represents in fact 

the general solution of the relevant transport equation for 

gamma-rays [17). The local number density n (r,&) in the solid 
r 

angle 4rr may be obtained by integrating 6n over the volume 
r 

r1~r (Nl0
8
). For the spherically symmetric ·source under max 

consideration this brings to 
r 

max 
n ( r ,& ) 
r 

JG (r,r1,c) 
r r 

qr(rl ,&) drl 

with 

Gr(r ,r1 ,&) 
R 

- g 2 
- - r 2c 1 

0 

J
l 

2 

:cose · 

_
1 

r +r
1
-2rr

1
cose 

-AT(r,r
1
e,c) 

e 

(II.53) 

(II. 54) 

Here e is the angle between the radius-vectors 1and1
1

. In the 

case under consideration the optical thickness AT is . due to 

absorption of gamma-quanta in the soft photons field no(r ,£0) 

defined by Eqs.(II.16) and (II.17). Taking into account that 

the absorption coefficient ~ =v R /c, where the collision 
rr rr g 

frequency v is given by Eqs.(II.20) and (II.21), we find . rr 

AT(r,r
1

,e,c) 
R 

g 

c 

Ar 

J v er· .s> dl , 
0 rr {II.55) 

where Ar=l11-11=1r2 +r~--;rr 1 cose. The integration is carried out 

along the straight line from 1 1 to1, r':l1' I• 1=11•-1
1

1, and 

1• is the radius vector on this line. 

In the region optically thick for gamma-rays with energy&, 

i.e. corresponding to the characteristic local thickness 

T(r,e)=x {r,c)•r»l, the Eqs.(11.53) and {11.54) for n (r,&) rr · r 
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are significantly simplified. Indeed, in this case the 

integration over 'the entire source volume in Eq . (II.54) is 

efficiently reduced to integration over the small region with 

Ar«r (due to significant in.crease of AT with increasing Ar), 

therefore Eq.(II.55) can be reduced to AT-;,a; (r,&)R Ar/c. 
2 rr g . 

Taking also into account that 2rrr
1
dr

1
dcose corresponds to the 

unit volume d
3

r
1 

which can be re~ritten as d
3

r
1

=2rrAr 2dArdcose' 

in the spherical coordinates with the center at a given t ce· 
. -+ -+ -+ ... 

being the angle between the vectors r and Ar=r
1

·-r), the 

Eq.(II.54) is reduced to 

n (r,&) 
r 

q ( r ,£) 
r 

v ( r ,& ) 
rr 

(II.56) 

This expression for n (r,&) in optically thick region is r 
defined only by the local values of gamma-ray absorpti~n and 

emission coefficients, and is analogous to the well known 

expression for the photon number density 

homogeneous medium . The numerical calculations 

Eq.(II.56) provides a sufficient accuracy for 

at T(r,&)~5. 

in infinite 

show that the 

n (r,c) already 
r 

6. Numerical Calculations of the Cascade Equations 

The relations obtained above make it possible to solve 

numerically the problem of electron-photon cascades initiated 

in a spatially non-homogeneous field of soft photons due to 

propagation of RNs from the core of AGN (ff-cascade). 

Since · the local number densities n and n are determined 
e r 

by the sum of cascade electrons and gamma-rays of different 

generations, they can be represented as: 

(O) oo {i) 
n (r,&) = n (r,c) +En (r,&) , (II.57) 
r r i=l r 
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ne(r ,y) = 

In compliance with this, 

~ n(i)(r,y) 
i=l e 

the relevant 

gamma-rays and electrons are: 

production 

(O) oo (') 
q (r,c) = q (r,c) + E q l. (r,&) , 
r r i=l r 

q (r,y) = ~ q(i)(r,y) 
e i=l e 

(II .58) 

functions of 

(II.59) 

(II. 60) 

These equations correspond to the definition according to which 

the electrons of the i-th generation are produced due to 

absorption of a definite fraction of gamma-rays of the (i-1)-th 

generation, and further on - due to !CS of those electrons the 

gamma-rays of the i-th generation are produced. Note that for 

the sake of convenience of the numerical calculations, the 

initial electron . ptoduction function q(O)' Eq.(II.10), is 
e 

related by definition to the electrons of the first generation, 
. (O) (l') (1) 
i.e. q +q +q . 

e e e 
All the functions in the cascade equations are represented 

as one-, two-, or three-dimensional table functions with 

logarithmically equidistant scales of variables, i.e. 

xk 
1

/x.. =S =const. In this way the large space region lO~r:Sl0 9 

+ x . x . 11 
and the energy range l~,*"10 are covered. At the first stage 

of calculations the kernels S (y,c) and S (c,y) (i.e., the rr c 
relevant table functions S (l,J) and S (l,J)) of the integrals rr c 
in Eqs.(II.19) and (II.28) are calculated for the given 

background field of the soft photons n
0
(r,c

0
) defined by the 

frequenc) parameters &0 , Lmx/LEdd' arm ,and amx" Then the 

v (r,c) of photon-photon collisions and the kernel rr · Gr ( r, r 1 ,c) 

the Compton of the integral in Eq.(Il.53) are determined. For 

process the collision frequency vc(r,y) and the mean electron 

energy loss per scattering ~c(y) are found. From the condition 
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If. 
t 

~c<rcr)=(0.05-0.1) the critical value of the electron energ1 

r is determined, above which the electron distribution er · 
ne(r,y) should be obtained using Eq.(11.51). Then for each 

discrete value rcr from the logarithmically equidistant set for 

the electron energy, the sequence of {y.} (and {D(y. )} ) 
i r i r 

satisfying Eq.(II.46) is calculated. 

It should be noted that the latter procedure should be 

carried out only in case of a relatively weak magnetic field in 

the accretion plasma (6
8
«1), when the role of the magnetic 

fields is reduced mainly to isotropization of the local 

electron distributions not contributing significantly to the 

total electron energy loss rate. At the same time, in case of 

magnetic fields close to equipartition with the thermal 

electrons of accretion plasma, 6
8
Nl, the synchrotron cooling of 

ultrarelativistic electrons With r~r Nc10
6

-10
7

) becomes 
er 

greater than the Compton cooling rate (see Fig.2). Therefore, 

in this case the Eq.(I.J.38) in the continuous energy loss 

approximation is valid for all energies y. 

At the second stage of calculations the initial production 
(O) 

spectra of electrons 

respectively, at 

Eqs.(II.2-Il.5) and 

(O) 
q ( r ,& ) 

e 
and gamma-rays, 

<r:S -1 9 ro- _rmax- 0 are 

Eqs.(II.9),(11,10). 

and q (r ,&) , 
r 

obtained using 

(II.56), the number density of initial 

Using Eqs.(II.53) and 
lO) ganma-quanta n (r,c) 
r 

is found, and then, using Eq.(II.19), the production function 
(1) 

qe (r ,&) for the cascade electrons of the first generation is 

obtained. Note that q(l) additively includes the initial 
e 

electron production function q(O) as well. The further sequence 
. . . cf> Ci> Ci+1> Ci+1> Ci+1> of calculations is obvious: q +n +q +n +q . The 

e e r r e 
spectrum of ganwna-rays escaping AGN is determined from the 

relation H (c)=4ncR
2

r
2 

n (r ,&),which implies the radial r g max r max 
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propagation of gamma-rays in the outer regions of AGN, ~r 
max 

The direct calculaeions of N (c) using ·the gamma-ray production 
r 

spectrum q (r,c) and r the optical thickness aT(rmax'r,e,c) 

testify to the validity of this assumption. 

7. Results and Discussion 

As is known, the basic parameter defining the 

characteristic features of the electron-photon cascade in a 

spatially homogeneous field of soft photons, i.e. of the 

ff-cascade, is the source compactness parameter which is 

proportional to the ratio L
0

/R, where L
0 

is luminosity, and R 

is the char~cteristic size of the source (Guilbert ·et al. [18) 

defined the compactness parameter l:L0oT/R
0

mec
3

; in AKV the 

compactness parameter was defined as i.i:L0Rg/LEddR0=(me/2rrmp)l ). 

In case of an electromagnetic cascade initiated by the RNs in a 

spatially non-homogeneous field of background photons, i.e. for 

the N-cascade under consideration, it is impossible to 

determine the source size analogous to R
0 

of the ff-cascade, 

since the gamma-ray spectra of different energies are formed in 

different scales of r:R/R . At the same time, it is 
g 

that the ff-cascade is initiated due to RNs outgoing 

proton acceleration region r~r0 , and 

distances from this region. Since 

decaying 

in this 

essential 

from the 

at large 

case the 

characteristic length scale related with the 

lifetime T 
0

:><900s ._ i.e. Rn =CT 
0

:><2. 7·· 10
13 

cm is the 

sources, then we .are left with the effective 

neutron decay 

same for all 

"compactness" 

parameter for the N-~ascade depending only on the integral 

llllllinosity L of the soft photons from submillimeter up to 
llllt 

I-ray ranges. 

Ind.~. for the typical pover-law index 
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a ~l 
mx 

we obtain 

(using Eqs.(II.23)) that the characteristic thickness of the 

source at r>rmx with respect to absorption of initial 

gamma-rays with the .typical energy c in Cr) given by Eq. (II. 25) 

does not depend on r, and can be written as: 
- 43 -1 
T ~ (L /l.5•10 erg•s ) yy mx (II. 61) 

So, at luminosities L less than 
43 -1 mx 

the critical one, 

Lcr=l.5•10 erg•s , the electromagnetic N-cascade 

VHE gamma-rays and electrons is not developed, 

of HE 

and 

and 

the 

gamma-rays proauced at r»r
0 

easily escape AGN. At luminosities 

L >L the spectrum of HE and VHE gamma-rays escaping AGN mx er 

results from several cycles of the N-cascade. Since in each of 

these cycles some fraction of the energy is reemitted in the 

energy range E<lOOMeV, the efficiency of the cascade with 

respect to HE and VHE gamma-rays escaping AGN depends 

essentially on the characteristic number of the cascade cycles 

. responsible for formation of the resulting gamma~ray spectra. 

The spectral efficiency of the N-cascade can be defined as: 

L ( >E) 
e(>E):: ~ 

1) Mc 
n 

where L (>E) is the luminosity of the source in 
y • 2 • 

with energies >E, and 1)nMc =Wn is the total power 

(II .62) 

gamma-rays 

carried by 

RNs out from the main power-house of AGN, r~rO (1)nN0.03 is the 

efficiency o~ the accretion plasma rest-mass conversion to the 

energy of RNs, see Paper I). Note that the efficiency e(>E) 

cannot exceed 0.5, since according to Eqs.(II.12) and (II.13) 

only half of the power Wn can be transformed into the initial 

gamma-rays and relativistic. electrons. 

The partial 

contribution of 

efficiencies ei:ei{>E) 

the i-th cascade cycle 
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. which 

to the 

show the 

resulting 



spectral efficiency e=e(>E), are presented in Table 1. The 

value of e 0 corresponds to the g&11111a-rays escaping AGN in the 

zeroth cycle of the cascade, i.e. this fraction of initia l 

gamma-rays does not participate in the cascade. As it is 

from· this table, the resulting efficiency e(>E) is high if 

partial efficiencies of the first two cycles are high, 

seen 

the 

which 
takes place at relatively low Lmx. With increasing Lmx (»Lcr) 

the spectral efficiency decreases, especially ~n ·the VHE range. 

Nevertheless, even at L =lo
46

erg/s (corresponding to initial 
- 3 mx • 
T "'10 !) about 10% of the power W transported by RNs, can be rr n 

transferred to the HE gamma-rays with E>lGeV escaping AGN. At 

the same time, the efficiency of the cascade in the VHE 

is essentially suppressed in the sources with high 

("'10
45

-10
46

erg/s). 

range 

L 
mx 

The spectral efficiencies for L =10 45erg/s and different 
mx 

values of the model parameters are presented in Table 2. It 

should be noted first of all that at the power-law index of 

accelerated protons <l:l<(2+2.2) the efficiency of the N-cascade 
is within e(>MeV)~(25+40)%, 

and e( >GeV)"'(5+25)%, 

e(>TeV)"'(0.3+3)%. At steeper spectra of RNs (Ol"'2.5) the 

efficiency is significantly below these limits, since the power 

contained in the VHE part of the spectrum of RNs is much less 

than at the hard spectra, a-2. 

It is seen from the results in Table 2 (at a=2.0, Olmx=l.2, 

but different~ and 08 ), that the equipartition magnetic field 

of ~ccretio~ pl~kna (08 =1) ~esults in a definite supp~ession of 

t:he cascade efficiency. The suppression factor · generally does. 

not ezceed -1.s , and it may increase up to "'2 in the VHE 
range 

( a ·t lr'3 ) . At the sa.e time, at relatively weak magnetic fields 

(al~y at 6~~0 . 1 ) their influence on the resulting gamma-ray 
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spectra is negligible. It i s worth not ing that in t his case the 

spectral luminosity L (E) depends 
r 

linearly on the accretion 

rate m. 

The effici encies e( >E) at different a mx in Table 2 being 

considered, we can conclude that at least at amx~l the spectra 

of gamma-rays escaping AGN depends weakly on amx· At the same 

time, these spectra in the VHE range depend signif i cant l y on 

the cutoff (or flattening ) of the soft pho ton spectrum p
0

(e
0

) 

at e
0

<ec, and on the power- l aw exponent arm in Eq.(II.17 ) . In 

Figs.3a,b the gamma-ray spectra resulting from the N-cascade 

are presented. Note that at gamma-ray energies e :E/m c 2~3 /c a 
e c 

noticeable flattening of the spectra occurs, which i s connected 

with the transition of the res process of the ultrarelativ i stic 

electrons from the Thompson scattering regime to 

relativistic Klein- Nishina limit at energies .r » r*:l/e . 
c 

Another peculiarity of the gamma-ray spectra is 

t he 

their 

flattening also at lower energies, &"'&th' where eth(SlOO) 

corresponds to the threshold energy below which the AGN region 

rSr "'10
2

-10
3

, responsible for formation of the background sof t 
mx 

photon spectra , is transparent for gamma-rays with c<eth" This 

peculiarity is due to the fact that the N-cascade is subdivided 

into two parts. Namely, the part of the neutron-induced cascade 

that is developed in the region rSr 
mx 

H-cascade type (i.e. in the homogeneous 

is relat e d to t h e 

field of background 

photons), resulting in hard spectra of gamma-rays with moderate 

energies, eSeth' The second part of the N-cascade is developed 

in a spatially non-homogeneous field of the background soft 
-2 

photons, n
0

cx r 

of the gamma-·r~y 

at r>r , and is responsible for the formation 
mx 

spectra of AGN in the HE and VHE range, e>>cth" 

The total gamma-ray spectrum in the model under consideration 
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is dete rmin ed not only by the N- cascade at r » r
0

, but also by 

the H-cascade initiateu by the gamma-rays and electrons 

resulting from FP collisions at rSr
0

. The H-cascade is 

developed in the space region r
0
SrSrmx' and it 

the gamma - ray spectra at energies cScth " Since 

con tributes to 

the total power 

i n these electron s and gamma-rays is approximately equal to the 

power carried out by the RNs, w '.>< w re 
contr ibution o f the H-cascade to 

n 

the 

( see Paptr 

resulting 

I) , this 

gamma- ray 

spectrum should be significant. The accurate exploration of the 

H-cascade s pectra i s done elsewhere. He re f or a qualitat i ve 

account of•this cascade we take advantage of the result s 

obtained by AKV, according to which the gamma-ray spectra 

resu lting from the H-cascade, may be approximated 

- 0.5 -c/c th 
LH(c) = A c e 

as: 

(I I.63 ) 

wher e A 

luminosity 

is f ound from 
(tot) , • 

LH =Y) Wye 

the normalizati on of the integra l 

where r,'~0.5 is the efficiency of the 

H- cascade. 

Note, tha t the g amma-rays with energies 
-3 

X-ray photons c 0~10 
cS10

3 
interact with 

the background Since the radiation 

s pPctrum of AGN in thi s energy range ( a) is in fa c t 

the region r~l0 - 100, and {b ) is described by a hard 

formed i n 

power-law 

spe-::trum with a typical exponent, a ~o.7 
x 

[19-21] (whe1eas 

~ ~ l), then ~he real value of 
mY £ th should be signifi cantly l e ss . 

thal.l l. t would be e xpec ted from the simplified estimation o f 

€-; ..... 

2 3 . 
at r =rmY-· o -J C by Eq. ( II. ~4), i . e. the reasonable r ange 

f 01 
G. th i s c. -{10 - lDO' 

t .. 
Fig. 4 show: .. the results of numerical 

;. a -i 4 J ti u~. sp~"\ .. a ,. 

' . i. .: ! •. !. ... ~ 
lf. 

t ~.I "!. ii . 

. _ 1 oi;ding 

=O. 
""'T 

-.1 •·• 11, 

t c. the 

~ 1,.. 

("; : J l . ..- .,_ 

calculations oi. tht 

characteristic mod ~ 

"I =' e ~ 

8 
E=l , fn~l0 &1~ 

!S <-,,=10 We "'if:_ 

from this figur e that the spectr1m ~H (c ) (do tted curve) in 

principle can account for the spect ra observed from AGN in the 

X-ray and soft gamma-ray bands. M,, , eover, the c ontrib1't. ion o f 

the H-cascade being taken into ac count, the characteristic 

flattening of the tota l gamma-ra y spectrun1 at 

follows after e>: p on<:nt.~.:. '. ~'.:t-eper.1ng o f L:i (•) a t 

at E2'. (0 . l - l}GeV , ber, omes mo re pr onoun ced. 

~.- ·~ t fr (wh ich 

c::: .. th), i.e. 

Starting from these energies , E~( 0. 1-l)GeV, the gamma - ray 

spectrum escaping from AGN i ::; completely due to the 

electromagnetic N-casca de of HE ~nd VHE gamma-rays and 

electrons developed i n '.:he spatial l y non-homogeneous field of 

the background soft p ~otons r 2. r 
mx 

gamma-rays can be approximated a s L (t: )<x c 

The spectra of HE 
-~ 

t with the exponent 

C< 
/ 

related with the power -law inde x ~ of accelerate~ RP~ as 

a = c<- 1 +:. 
) 

(II . 64 ) 

H~~e 6 is a small correction term -0. 1 , dependi ng tirst of all 

on the integral lumin osity L 
n' •.-

the In energy range 

lGeVS ES lOGeV the magnit ud P of th i s t erm is within 6-( 0.0 -0 .03 ) 

for L =10
44

e rg/s, 6 -(0.02 - 0.0 7) for L =lo 45 erg/s, and 

mx L = ' 046 e· g l r mx .-( 0 . 05-0.15) for 
mx - • I __, • 

With the inc r ease o f gi.j1nma- r ay en ergy the resulting 

spectrum gradually steepens. Th is steepeni ng is more pronounced 

for the sour c es with highe r luminosi ties in the 

s ubmillimeter - IR band (see cu:ves 1 and in f i g. 3b). 

Th~re for e, f or different AGN with t he same flu xes detected in 

the energy range, say E! (l -lO)MeV, the fluxe ~ exp e c ted in the 

VEE range, E>lT eV s hould be ~ igni fi cant ! y higher for the 

sou rces with l ower luni nosit i ~ ~ L 
mx 

Fi '<; . 5 presents l h E' 

gamma -r ay fluxes F( >E) e xp e ct e d from the Seyfe rt gal axy NGC 

12?5 anrl the quas'ir ·;c 273 n1 t •,. , fra~~of the model 15fbposed. 
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For both sources the repo r t e d HE gamma- r ay fluxes are on the 
-7 - 2 - 1 

level F(>l0 0MeV)~7·10 cm s (Refs.[22] and [23], 

respectively; notice that the identification for NGC 1275 in 

[22] was presumable). The curves presented are 

the N-cascade gamma-ray flux F1 (>100MeV) = 

assuming that the remaining flux ~F=F-F 1=4•10 - 7 

n o rmalized to 
-7 -2 -1 

3 • 10 cm s , 
-2 - 1 

cm s is due 

to the H- c ascade. The COS B obs ervati onal data in the HE range 

100MeV$E$1GeV [23] as well as the upper limit of the WH I PPLE 

observatory [24] to the VHE gamma-ray flux for 3C273 are also 

shown . In Fig.5 the dash-dotted line is the neutrino flux 

(v +v ) expected from these sources at a=2.0 . In the frames of 
µ µ 

the AGN model proposed, the neutrino fluxes at high energies 

E~lGeV may N~-~ times be greater than t h e gamma- r ay f l uxes. At 

the same time, this difference may be essential in the VHE 

range , sinc e the neutrino spectra simply repeat the power-law 

s p ectra of t he accelerated protons, whereas the gamma - ray 

spec t ra gradua l ly st e epen at higher energies. 

Fina l l y, it should be not ed that the characteristic 
-1 - 1 

n±(r)Nqe(r}/(ta +tan}, densi ty of 

significantl y 

+ -
e e 

1 ess 

pairs, 

than the number density nT(r) 

number 

remains 

of the 

accretion plasma. The numerical calculations show that the 

rati o n+/n is of the order 10 -
2 

at rNlO, and it decreases to 
- -6T -7 7 

n±/nN{lO -10 } at dis t ances rNlQ . 

8. Conclusion 

1. The mai n paramete r defining the development of the 

e l ecttomagnetic N-cascade initiated by RNs is the integral 

l u;iri nosity LIBS o f t h e s our ce from submillimeter t o X-ray bands. 

~t~ crLtica l val u e of L • a b ove which the d eve lopme n t 
Ill 43 

~ - cas caoe ~ecu~es imp~ rtant , is L ~l.5• 1 0 e r g /s. er 

3 4 

of the 

2. In contrast to the electromagnetic cascade in the 

spatially homogeneous field of soft photons (i.e .. the 

H-cascade}, for the neutron-induced N-cascade in the 

non-homogenP.ous field of the soft photons, n0 (r,s 0 )~ 

r>rmx' there i~ no threshold energy above which 

gamm.-ray spectra would occur. The maximal 

the 

energy 

:::patially 
-2 

r at 

resulting 

of the 

gamma-rays escaping from AGN is defined by the maximal e nerg y 

of the ultrarelativistic neutrons that escape from the range 

r $ r responsible for the background soft radiation. 
mx 

3. With increasing L (>L ) the spectral efficiency of 
. mx er 

the N-cascade, e(>E):L (>E}/W (with W being the total power 
y n n 

transported by the RNs .rem the RP acceleration region r:Sr
0

} 

decreases significantly. For the power-law differential spectra 

of the RNs with the exponent a~2, 

changes within e(>GeV)~(o. _~· J l) and 

the cascade efficiency 
. - 2 -3 

e(>GeV}~(6•10 -2•10 ), 

when the luminosity L changes within 10
44

-10
46

erg/s, 
mx 

respectively. Taking into account 
• • 2 

that ryn:Wn/Mc N0 . 03, we 

conclude that the AGN model under consideration may provide 

very high values of the resulting efficiency of the accretion 

plasma rest-mass conversion to HE and VHE gamma-rays: 
L ( >E} 

ry (>E}: _ Y __ = e(>E}•ry 
y • 2 n 

Mc 
(II.65) 

In particular , 
- 2 -3 -3 n ( >GeV)~(lO - 3 • 10 }, and ry (>GeV)~(2·lO -

y •• 2 y 
ITEMc /LEdd~(l-3) the expected 

- 5 
6•10 }. Thus, at accretion rates 

luminosities of AGN in HE and VHE gamma-rays are significant. 

4. At lower energies, E$100MeV, the gamma-ray spectrum is 

due to an electromagnetic cascade in the spatially homogeneous 

field of soft photons in the region r:Sr 
mx 

contribution to the gamma - ray spectra of the 

A 

source 

significant 

at these 

energies is connect e d wi th the H-cascade initiated by the 
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I 

initial gamma-rays and relativistic electrons produced in the 

proton acceleration region rSr
0

. This cascade should result in 

formation of hard spectra from the X-ray up to soft gamma-ray 

bands, which steepen exponentially above some threshold energy, 

Eth"'(3-lOO)MeV. At energies E>>Eth the AG!l spectra are 

completely defined by the N-cascade, and can be described by 

the power-law functions L (E)c.:E 
r 

-a 
r with slightly different 

exponents a in each decade of energy E. In the HE range 1 E"'1Ge~ r 
the exponent a =a-1+6 with 6 not exceeding "'0.1 {Eq.(II.64)). 

r 
So, for a"'2 a noticeable flattening of the gamma-ray spectrum 

of AGN at E2:3Eth should be expected. In this respect the 

observations of the known extragalactic sources of soft 

gamma-radiation in the HE band lOOMeV<E <lOGeV, which will be 

possible with GAMMA-I and EGRET (GRO) gamma-ray telescopes, 

will be very informative. 

5. Wi th the gamma-ray energy increasing towards the VHE 

range, the spectrum L (E) steepens gradually, the steepening 
r 

being faster for the sources with higher luminosities L 
mx 

Therefore, the model proposed predicts that for observations in 

the VHE range, E2:TeV, more favourable · are those AGN which: a) 

have relatively low integral luminosities in the submillimeter 
44 45 

up to X-ray bands, Lmx<(lO -10 ) erg/s; 

b) reveal significant fluxes of soft gamma-rays, E2:MeV; c) have 

broad emission line features in the IR-optical band (which is 

an evidence for the presence of relatively dense BL clouds at 

R<lkpc wherein.the relati1tistic protons can be efficiently 

cooled). note that .both extragalactic sources reported so far 

as the VHE ganma-ray emitters, Cen A [25 · and M31 [26], meet 

of all the nearby Seyfert galaxy NGC4151 with the luminosity 

L Nlo
44

erg/s should be indicated as a favourable candidate for mx ' 
VHE gamma-ray observations. Other candidates are the Seyfert 

galaxies NGC 1275 and MCG 8-11-11 having the luminosities 

L s10
45

erg/s. When considering more powerful AGN (such as mx 
N-galaxies and quasars), the VHE gamma-ray fluxes expected from 

-12 -2 -1 them are very low, F(~TeV)SlO cm s . 

6. Another peculiarity of the gamma-ray spectra of AGN in 

the frames of the model proposed, is their flattening at 
N 2 2 

E"'E=3{m c ) /hv , where v corresponds to the 
e . c c low-frequency 

cutoff of the AGN spectrum in the IR-submillimeter band . For 

the typical values of v "'lo 13Hz, 
N 13 C 
E"'2•10 eV. However, already at 

the characteristic energy 

energies E2:(5-7)•10 13ev the 

gamma-ray flux should drastically steepen due to absorption of 

the ultra-high-energy gamma-rays on the microwave background 

radiation, TMBR~2.7K, in the intergalactic space (27,28]. 

Therefore, the flattening of the VHE gamma-ray spectra of AGN 

can be observable only for the sources with v ~2·10 13 Hz. 
c 

7.At energies E"'GeV the neutrino fluxes is only "'( 2-3) 

times higher than the gamma-ray ones. This difference may 

become essentially greater in the VHE range due to a 

significant steepening of the gamma-ray spectra of the powerful 

sources. Therefore, for the most powerful extragalactic sources 

(e.g., the quasar 3C273, see Fig.5) the VHE neutrino 

observations by the DUMAND installation may become more 

effective than the gamma-ray observations of the same AGN by 

the existing gamma-ray Cherenkov telescopes. 

Acknowledgements. I thank Dr. F.A.Aharonian for many useful 

these conditions. ' I discussions. 

Amongst other known sources of soft gamma-radiation , first 
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Table 1 

The partial contributions ei(>E) of the i-th cycle of the 

N-cascade into the resulting spectral efficiency e(>E) at 

different luminosities L . The model parameters are: a=2.0, 
8 mx -7 • 

r 0"10, amx=l.2, arm=O, .:c=lO , rmx=300, 0
8

=1, m=l . 

L 
mx 

10
44

erg/s l0
45

erg/s l0
46

erg/s 

E > l GeV 1 TeV 1 Gev 1 TeV 1 GeV l TeV 

i=O 9.50 25.0 l. 37 7.86 0 .11 0.91 

i=l ,49.6 49.0 27. 0 31. 5 13.0 15.7 

i=2 131.3 21. 7 43.6 41.0 41. 8 44.5 

e. le i= 3 I 8.22 3.94 22.l 16.6 33.l 30.4 
l 

(%) 
i=41 

l.19 0.38 5.17 2.76 l".l. 3 7.51 

i= 5 0 .11 0.02 0.64 0.23 l. 57 0.83 

i=6 - - 0.06 0.01 \) .13 0.05 

e = r; e. 0.24 0 .060 
. l 

0.18 0.020 0 .09!:1 0.0022 
l 

Table 2 

T~e spectral efficiency e(>E) of the N- cascade for different 

values of the model parameters a, a m, 6 . The other model 
mx B 

parameters are fixed at: 
-7 45 

arm=O, .: c =lO ,rmx=300, Lmx=lO erg/s, M
8

=1. 

.~ Ot m 
mx 6B e(>MeV) e( >GeV) e(>TeV) 

2 .0 l. 2 3 
0 0.42 0.21 0.25 
l .0. 27 0.13 0.010 

2.0 l. 2 l 
0 0.42 0.21 0.25 
l 0.37 0.18 0.020 

1.8 l. 2 1 1 0.43 0.31 0.056 
2 . 2 1. 2 1 1 0.26 0.060 0.0034 
2.2 1.0 1 1 0.27 0.062 0.0035 
2.5 1 . 2 l l 0.14 0.0058 0.00017 1 - - - - - --· ·- - - --- --'--- · - - - ---

~ 8 
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Fig .4 Th e s p ec t ral l uminos ity L(&) f or AGN with M8 =1 in a wide 

range of photon ene rgies & a t characteristic parameters 

of the a cc r e t ion p l asma ~=l, 6 B=l , of the soft radiation 
45 3 - 7 

L =10 erg/s , r =10 , a =1 . 2 , a =O, & =10 , and o f 
mx 

8 
mx mx r m c 

the RNs r
0

=10 , a= 2,, a nd ~n=0 . 03 . The s hort dashed, the 

l ong dashe d a nd t h e dash-dotted curves are for the 

ba_ckground s oft photons, the I CS a nd the synchrotron 

radiation, respectivel y. Th e dotted curve is f or the 

H-cascade initiat ed by the relat ivis tic el ectrons a n d 

gamma - rays produced i n t he proton acc el e ration r egion 

r~ r0 (in the Eq.(II.63) it is supposed t h a t &t h =lO) . The 

total spectrum is presented by the so lid line. 

Fig.5 The HE a nd VHE gamma- ray fl u xes expected f rom the qua sar 

3C273 (dashed curve) and t h e Seyfert gal a xy NGC 127 5 

(solid c u rve) fo r the power-law distributi on functions 

o f acc e lerated RPs with exponents a=2.0 and a =2 . 3 (the 

upper and lower curves, respectively ). The dotted cur ve 

corresponds to the total gamma- ray spectrum from 3C273, 

i n cluding the con tribut ion from the H-cascade 

(Et h=l OOMeV). For 3C273 the COS B data [23] in the HE 

r ange a s well as the recent upper limit of the WHIPPLE 

observatory [24] to the VHE ga11111a-ray flux are given. 

The dashed line corresponds to the neutrino fluxes 

expected from these s ources at a =2 . 0 . 

-~ e; 
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A.M. AT051H 

PEJl5lTMBMCTKME HE~TPOHH B 51L[PAX AKTMBHHX rAl!AKTMK 

2. rAMMA-M3AY4EHME BHCOKMX M 04EHb BHCOKMX 3HEPrM~ 
(Ha aHr]MHCKOM ~3l:iKe, nepeso,a r.A. nan~Ha) 
Pe.aaKTOp A. n. MyKa~H 

TexHM4eCKMH pe.aaKTop A.C.A6paMHH 

no.anMcaHo a ne4aTb 25/IX-90 8~01461 
Ocpc eTHa~ ne4aTb . Y4.M3.a.n. 2 
3aK.TMn. 257 

qlopMaT 60x84x16 
TMpa~ 299 ~K3 . U . 30 k 

MH.aeKc 3649 

0Tne4aTaHo B EpesaHCKOM q>li3M4eCKOM MHCTMTYTe 
EpeaaH-36, yn. EpaTbes AnMxaH~H 2. 
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