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i 1. Introductien

The high luminosities and rapid var1abi11t1es o*c compact X -ray sources
Lestify strongly to enormous denstty of photons in the product'lon reg'fons
Under such cend1tions free escaping of hard gama rays from the\sources,
even at their' efficiént prnduct‘ion , is great1y Suppressed "ue to (e e’)
photpproduct'lon provided that the t_assen_t;ia‘l bearr:*.nu ‘of radiation 15 ahbsent.
‘Herterich [1] was. the f.'l:'rst who stres"sed tﬁe)si'gniﬂéance of this m-ocesf.
in compact ga]actic X- ray sources.. .Copious pair pror!uct'!on as 2 resuTt of
photon photon col‘lis1ons apparently’ takes p1ace aTso 1n the sources of
. gan'ma ray bursts and 1n the nuc1e1 of act1ve galax'fes and uuasars (e.o.

[2]. G- | |
‘Basing on the obsér’ved X-ray Fluxes 'b'n'ly and sﬁpnosim th;t'x-rays are
approximately 1sotropicaT'Iy d'lstnbuted in the sourte, one rnav obtain the
model-independent upper’ Hm’ft on the production reg1on size Rc ) _a_t which
pair_production on X-rays -becmnés ine‘vitatﬂe‘ Indeed, usihg the apprqx'lnta-te“

“Formula for optical depth to photon-photon 'coll_isi'ons [1]

’c“g = R-.éa'ng-(eEs) 12,5E, , o N . m




' : 2mich e -
where nx(w«)_},(‘%-)z ﬁ‘b—c’d-% ES: ﬁEﬁE_ 60 = 1.7-10 2

from the condition @}321 "' we obtain, e.a. for E5= 100 pey

-

R.>610°(d/1kpt) [&, (10keV) /1072 cmils ey ™ Jem

where ¢ . is the distance 6 the source and CP,( {10 ke¥) 95 the Y-rav

_‘ cr B
flux at the energy © = 10%eV. Particularly R~ 2z-10cw for, Cva x-1
1

{ d = 2.5 kpe and P, (18 kev) ~ 5~ lﬂ_?cm_zs—

R.~3 - 10 em for 3¢ 273 1

kev-1} ‘and

d =867 ¥pc at He= 55 briMoc ) and

2
¢ { ~10 keﬁ‘) ~6- 10 % . kel"l}._ respectively.

On the pther hand, it F&j1m¢< from the variahitities nf these sources

- that the 1inear sizes of the 0 key @hoton procduction réﬂ'}m{s da 'not ex-

ceed those values. and henee’> T, >1 . if the radiation is not hichly

beamed. A similar situation fakes pleaze in many other rrmract Y ray sewrces.-

both of galactic and extragéﬁéctic' erinin. Thus,. if hard camma-ravs are in
some way ‘formed in ihe compack Y-ray source. then they intéract efficiently

with ambiant X-ray field befﬁ{ée ‘esczping from the source. However the coﬁdi—

tion ’C:n >4 does not raa?‘y mean that the source is ooaaua l'!’m- oamea -

rays. coetertores rrmdoces i the cmstns of

gamna rays with amb*lent X-ray acaw‘-’ires +he eneroy E"-’~EE {d 1 this

o uEme ¥.rays, meorures A Rink anerdy nhotnn,
L}

.

the latter gaining approximatgl. 1t& whele ergros oF tfs dpcident etectren

) [5—7]. The processes of bremggtrablisnn ans armitilation ot nnnthema'ﬁrw‘
" electrons and positrond may af"i*-.‘ i the Fommp tmn of hiok eneroy carma.

rays [B 9] These gamrha'_ - 'i'h-eﬂ inieraciine with arbient photons

'agam produce (n [ ) pairs., mf se on. 7T 7S pbviews that the spectruw of

the emerge gamma-radiation \-rﬂ". Tz Tremes —~gialy @ ta the development of

AT e



the high-energ_y electromagnet'lc cascade in the source.

. 1In this paper. we 1nvest1gate the deve1opment of reTat'lv‘lstic ‘electron-
photon showers in compact X-ray sources. ] .
The dynamics of re!,atiyiistj_c _;casca_gle sho_wé_\'-_s" _1n\h§t p']asma:' has been

studiled By Monte-Carlo techn'lque; When mod‘éill'ing caacag!e., it yas'_ a:ss_ut_ned

that the plasma-target ‘s Stétiunary, i,e, the plasﬁa perturt_&ati@n# -due to
relativistic electron- and _gamma-ray bonbardmént :wer'é admitted né"g‘!igib‘ie
Th1s assumption is made essentiaﬂy for a]l -the cases under considerat‘lon

‘ ‘Here we r;estr'fct our considerat'l on to nonreTat‘Iv‘lstic medfum, i.e,

- it $ assumed that the mean energy of photons “and electrons of pIasma s less
than mc = 0.5 MeV. Montherma'l -particles of e‘lectron-photon showers: -are l
being traced up to ‘Lthg* ;;a_ngrgx .E:"JI‘QO‘_ke“i, Clater.on 1t is admi tted. -the1r
'“1nstant'; thermalﬁat‘ibn 1n-the plasma. Evidently tne, energy carried by
those: particTes fnto th&mdium must be, ‘Less ‘than total, Tnner .energy. _

In studying‘ the. dynanrlcs of e'lectrmnagnetic cascade, 4eve‘loned in hot
" plasmas, we:took into account the fo‘l'rwing processes
- pafr productdon in photon‘photon co111sfons.
- < inverse Canpton scattering of- electrons (positrnns) on target pho-
tons; . : ' . .

- brmsstrah]ung and . ahnihﬂat‘lon of’ e'lectrons and posi'crons,

- scatteﬁng of - suwatherna‘t e'lectrons on: the p‘[asma e‘lectppns (Mﬁﬂer

- and: Bhabha sv:atter'rng)'- )

-Compton scattering and (e & )-pair production by ‘gamma-rays on- the '

-e‘lectrons and: ructei of plasma; ’ . . : .

L synchrotron energy ‘Iosses of re1ativist1c electrons. _.
In the radiati on-domina-_tg_d ‘plasma.{ Prud P jas } “the ﬁrst ~two rprocesses
bhy the main role in the cascadede\rq}dptngnt ,_,_.thpugh_.ithg in_tgl:actf-ons with




am'bient thermal elecirons (especially the annihﬂatioh‘of thermalized po-
sitrons) aTso become essent1a1 in forming the gamna ray spectrurﬂ in the Jow-
energy ( ~me? } regfon '

Cons1der' now the microscopic pro’cesses ‘responsible for the cascade de-
ve'lopment 1n hot plasmas. T e B ’ -

2. Interaction Processes
A. Pair Production in _PhotOn-Photbn Collisions.

’1’he total “cross section of the process is de+er-m1ned by exnresswn

' ‘(e ER [10] )

T 1 (3 B ) f ﬁo B
Gpp =2 -ﬁo)ﬁo 22~tn +2(ﬁo 2)] :
where Pa—-:ee/mda is the cTaSsica'l .radius of the‘zﬂectron, ='v/c

is the velocity.of the electron (positren) 'Fn the centre- of-momentum (c m.}
frame . I _ )

‘ Let EE and @' be the enerﬁies‘of the two "co’lT'ldf'ng photons, and
8 be the ang]e oF co'l‘lisibn. The reIat'lon between E«Y s uf ﬁa “and
B8 can be found from the condition of relativistic 1nvar1ance of the

total four-momentum:

g

' - 42 s(q_gl)-Ye (£)
Za:rEJU cos8)=4E,; ; . Eo—(i-ﬁo)‘ g : o
' - . . . £
. v
where Eg is'the electron [positron) enerny in the c.m.-frame. _
The probability of gamma-ray absorption on the unit length when passing

th'rough isotropically. distributed photon gds with density: n{wy is

+ Ir the following for simplicity we take C=h

]
3

[}
[
.
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-

dT 4 o f. . . . e \
*aip—:é‘§S6PP”(".°)“"_°°59)S"9-8°[ed“)' oy
I. .'. ' ’ — N
latroducing 8= 1 ces 8) and passina €rom the inteoration
aver O to the int’egra}ﬂ on-over - S one obtains'
- - . )
d : rs -
Gtee . 9T, m n(w)LP(S (co))da)
dx | By
1/55
where -
So(c-)) p(S) 73

P (Se (@) = Ssa(s)ds 6(5) wa Sk

Ana!,rtica1 integrat 1on of iﬁ 6] has been per‘Forrrec' by Aeyld  ars ~
'Schr_eder 1_1]. The asym ptct‘lc ewnrgssiﬂnq for the “unction ‘«P(So) have
a form . ' ‘ -

. 2_
p(50) = 25 (EntsS,™2)+ EnSo (En'hS072) " T
167 (Bnks.+ 9f8)+ .. T S d1, L

+ . £ P

t]o(so)— —(50-1)/2 * ———(s —1)/2 (1597/420)(5 -1)/2 L
. 1 << '

The different1a1 cross sectwon of the process can he wriften as

‘e.g. [10])

1

d6pp

%‘;— -ﬁ)ﬁou dQ, o o




.where ) ) . .
C - {+2825in°0" ~ B (1+sin*6")
e (1~ P cos?0")?

z

— —

* - .- - .

87 is an angle between_ vectors K and P in the c.m,-frame; P is

the momentum of one of the electrons. .
The energfes 6f the produced electro- in the 'Iabora!_fory (L) frame are

equzal to . : ) o
=y + : *

Y@ (12 B cosb ), SL)
and the em1§§iop angles relative to“total momentum K, * Ky, are
- {101
S sin@

a . ,l Béi-ar‘ctg[ gc(g/p;rcose’)J

Here ol
- fKe+Kal i adyve
gl S G P

The spectrum of the secondary’ e'lectrons and positrons in the case oF
1sotrop1c and monoenergetic f‘ie'ld of ‘Iow -energy photons (W« { } has the
form [4]

dN L ant [ 4P g dw(E-Ee)Ee N
. dEBe T 402E} [_(E‘Ee)Ee bn E ! : (n
2wE-1)E s
- 8o + LEEDE (- /o) lrper]s
where Ep=F+ -, E= EA’ . The varfation range of Ee is de-

.ter-min_ed from the kineynatic§ of the reaction . .

S-Ji-de ) B s 5 (elt-de )

’




- - g Exytw -+ -
The electron spectrum is symmetric relative to eneruy 2 ‘

In the case of EX #@ -this point corresponds to the minfmum of the
spectrum, the spectrum displaying twe strong maxima, symmetric w1 th 'r.espe_:ct
to the wimimum. At EF"“’ '_ the maxima ap#roach eac_h"other. and in the
case of EI =w fuse tog_éther, blringi_ng to the logarithmical diver-
gency of the spectrum, wh‘icﬁ does not hgweve'r' Tead to the divergency of the
t;ataI cross sectit;n [4]

" The spectrum'sha:pe &ep/enc_ls strongly on the parameter S5 = Cr.)EXj
At S5, 1<1 the secondary electrons have a flat spectrum. 1€

S >1 -, i:he maxima become' more expréssive,_ one of the electrons oain-
ing ap'proxfmate‘ly the whole energy of the hiuh-enérqy oamﬁa-ﬁﬁantum
( Ee~ E&' ) [4] The spectrum of produced e‘Iectrons evidently can ke
smoothed, if the field photuns have some broad distr'lbution Function n(u)}
The Monte-Carlo stmulation of the pa'lr' character15t1cs for arbitrary distri-
bution of f'lé(1d photons M (w) based on the cross section (9) and kinema-
tic relatfonship (10) is described in the Appe'rrldix.

B. Compton Effect.

The total cross section of the Compton scatter! ng of the photon with
ener‘gy @ and the e'lectron w'lth energy Ee in the L-frame is equa1 to

(e.g. [10])

7

12
6, = 25”5 [(1 4/x, a/xe)fn(Hx)+Ve+8/x1‘172(1+x¢) 2], v
where X y= 2wEe(1-f cos 6) B} ;8 s the’scatterinq anale
and B -is the électron v:e1ocity in the 1 -frame. -

The probability 'of_thé electron collision on the unft_ Tenth passing

Hl i bt "



trough isotropically distributed bhotcn ga-s with density n(w). is

dt’c.__i__ d 1 - Yeim &
= SS?.Gcn(r.o)(f BrosB)sinfdBdw.

Changing variatle integration for & by X, one chtains

.dt’c - ﬂma 1 2°° -2. ‘ ) - {1°‘r
where o |
Xm(f“'ﬁ)_- . '
LP(Xw(“’)):g X6 (X )dx,; _ ‘ *
T Rty | ) P
6;: (X,')f- 6;(7(0/237'_‘?2 5. _ X.fo:_ECI)Ee. - .‘ . .
' Affer int’eg'ration over Xt ForLF(X,O) ‘ wq—.have '
A8
En(1 %) (14)
l‘F(xio) FU’ﬁ) F(! fs) Xmﬁ K‘LS ax .
Xy (1 Ja) : -

F(z): tn (ﬁx 0Z) (i E +9+8/%0Z) +.o._5/(x“_, z+1).

The d1fferent1a'| ‘cross section of the process can he expressed through -
re"iat1v1st1c 1nvar1ants X, 20)0(504*0)9) and X, = EGJO(E +wocoss g
{e.g. [10] ):

Uodd 2%,

d6c < r;2 2w

18y -



where

Uo= 35; ':C(fa+4("<a )*‘4( -5 =

o and E &) "'1) are energies ‘of photen and e'lectron and 6
is the angle between momenta. K and K' in the c.m, -frame
Re1ationship between W, and part'lc'les parame‘ters in the L—frame fs

deternined from the condition (P+K)E=inV -

o Xt
‘-J. 2 1+x,

-

The energies and emission angles {relative to total momentum) of pho_ton

and electron in the L-frame after scattering are

degon(i-gees8?), . am
Ee=Yewo(1%£.P,0567);

. 6 o =._ . : .
! :ar‘ctg_[ﬁ:‘gg@];_ ) : (an
sin8"
o o 62 G—F‘Ctg[ Xlr‘(ﬁc/ﬁo"'cose')]
where
Jpq*‘KIJ

Fer@w "Xcz(f"'ﬁ )Vz P, ='C°O/Eo. S

In the case of the irverse Comptomscatteﬂng ( Ee {» @ ) of re-

c -

latfvistic e]ectrons on the 1sotrop1ca'|'ly distributed photon ‘F'le1d the
spectrum of sing1e scattered photons essentia'lly depends on parameter

= ZHBEe At B <<‘I the spectrum monotonous‘ly decreases with
increasing energy of scattered photon [12] In the opp051 te Hmit { E>» 1

a strong rise of the spectrum is revealed near the upper ’k'lnematic eays.

11




) . _bEe
(}o—vooma¢ BT , 1.e. affer the sing]e scatterinn hiah- enerqy

photon is produced, the Tatter gaining approximately the whole eneray of thP
relativistic electron [5—7].

‘ The cross section of the process becomes essentially simplier when
high-energy photons are scattered by‘nonrelativxst1c electrons, 1.e. the
condition Ee 1<<w (11rect Compton scatterina) holds. ”articularTy,

the total cross section is descr1bed'b&.Eqs.(12) with 2,=2@

( B -"zO; Ee EXE ) and the d}fferentia! cross sectien 1s
: ' {18}
dco IR U I J_)J
d6, = Tr? 5= [__(.;1 (co' *e(m W
v,;here Er: (Da(‘]-cosea')/[f + ( 1 - 00593-)] + 1 ‘,
and @' varies within the Tinits  ©/(1+20) £ '€ ©
The scattering angles of photon and‘electron are respectively -
By =oarctg(1- 1'/0)'— ch) (19) .
~ces0y B ‘
achg [(T*W)J 2+w(w+2)(1‘ ¢056y)
“

‘The Monte~Car]p s1mu1a¢10n of parameters of scattered. electrons and

photons for erbitrary initial diétributions is described in the Appéndfx.

v
s

C. Annihi1at{on of Electron-Positren Pairs.

The total cross section.of free annihilation of ar electron-positron
pair (neglecting the formation of positronium prior to anqihi1at1on) into
two photons is (e.g. [}d] ) -

12




»

o _@? - agl - . C ton
ot G 0 el

S Ee=q o . - -
7 where ..ﬁa = ?:Tij" s E+ is the p?s_itron energyAin the- rest frame

of the electron.

The d'lfferent';i:‘ﬂ cross section of the ﬁrdcess in the ¢.m.-frame may hé

expressad in the form {e.g. [10] 3

: 2 (213
. ‘_d5=2—° ﬁﬁ"ud.Q :

i }+2Lﬁzstne* - B¥( 1+sin‘*‘6"‘)
BeZ (1' 82 cos®8™ )%

where

P

-

T 8% s the angle between P and-.»—.!; , and .}3 is the vélocity. of ’.

electron (positron) in the e.m. —frame .
Energies and ang‘les of emftted annihi'lat'lon photons re‘lat'ive to the -

direction of imt‘ia'l posftron in the rest frame of electron are

i

o Eied A y
s )
sin6™ ] ' B
N B » ar'c’lzg[ Ye (33 +cose’*) ,
whé?-a Y= 1~ﬁa)"'/a' R - —.‘

In the genera‘l case the method for Monte Carlo s1m1ati\n of parareters ;
of annihilation photons for arb1trary distribut'lons of- e1ectrons 'Is describ-

ed in the Appendix

In the case of rest e'lectrons, 1.e, when supratherma‘l posftrons are.

. 1njected in coid medfum ( E+>> KT«1{ }, annibﬂat‘lon takﬂs p'lace both

13,
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before and after thermalization of positrons. Ennihilation of sunrathermal

positrons Teads to continudus spectrum of photons [9,"4]

dN_sm[(w

dw ~E+FP+ E+*2 CD) ( N E++4 CB)

""l‘( E o +

1 -
. LB cwc T (Ear iRy,

where P, and E4 are fnit1a1 rnomentum and enrergy of annthilatimn posit-

- ron in the L—frame )
.

The spectrum (23} d':sp?ays two stronq maxima syrmetric with resnect to

: Es+td

‘the point of minimum (dmm,‘ é . The.maxima are reached near two

edges of kinematic range {23}. In the case of annihilation of relativistic

positrons { E, » 1 ) “with rest electrons the maxima are reached fn the

poirts wW=0,5 and " @=E4t05 | i.e.one of the annihilation

photons gains approximate]y the whole energy of the positron i

’1owever only .small portidn of re‘lat‘lvist'lc positrons rnanage to annthi- |

late before therma_‘l':zation. Due to fonization, Compton anrd synchrotron ener-
gy losses the mair_; part of positrons annihilate af.tér' tﬁermaHzatim in the
zedium, As-a’ result, the 0.51l1 1ine and pérhap§ 3-photon continuum of posit-
ronium are. formed. The ann'lh'ﬁatién sbectrum formed in cold medium‘ .
(T+£ 1065() has. been considered in detail by Ramaty and co-wor‘kers [13 14]
‘In the hot p1asma (T > IOGK) (e e ) pairs annthilate ma'hﬂy in the 'Free
state before the format'lon of positronium.

Annfhﬂation spectrum of hot Maxweﬁian plasmas has been recent'ly ca?—

culated by a number o‘F authors In twoﬁextreme Timits the radiation saec_trum

may be exgressed in a simp'le ana‘iytica'l * forrn [15 16]

Hereafter we use the physfca't constants m  and C exp'l'lc‘lt'ly

)

1 '

E+ ;)’f‘&) )] ; ., | _ (?3?

&



. 2\/‘—}" —AZ/Q . .
g&)i:n*n‘A mcaj"‘ (‘1+ 'A)e, Bwxz<mc? = 120

g . i E ' .
an _ Tree —w/@mc -
&B“”*n‘ W(EHQEQ O”‘Ca ' 8w »mee 12

(n,=0,5616; A=w/mc®-{; @ KT/mc?).

At 10\: temperatures ("' kKT << mel ) the.s_nec.trym has a maximum at’
'@_‘,m =me +3/4 KT the méan enerqy of nho'tons-be-im equal  to
Cw>=mc2 +3/2KkT . The F¥HM of the Yine is caual to EW x
© g% mc? T ‘ _ _ .

At re'la.tivist{c températurés (kT » r}lca -} the max"TrnurrE{n* smectrun

is at Wengze 2 MC +1,2 KT i the mean energy of photons Ts eoua‘l to

<w>= me2+2kT  and FM '-— 2.5 KT . L

0. Pair Production by Gamma-Rays, _Bremsgtré’hiung' and Scattering of

~

Electrons and Positrdnﬁ in the Bases.’
A Tot of rev1éws are dévoted to these processes. Since here we examine -
" the development of the electromegnetic cascade in nonre?atﬁrigt'lc n'lasn\ﬂas‘ .
we mdy assume that the plasma's :e]pi'ztron; and’ ions'are in rest. Th’eref‘oré
~we may use el 1\devé1 opé"d-métheds aprTied for .s'l-rriu]atfnn e1ec£r6macnetic
cascade showers 'in the gases Here we appHed the s1mu!at'lon methods sugoests
ed by Messel and Crawford [17] In the calewlations catastrophic events were
considered to be only those at which the energy of the'“se:ondary products
_-of' ‘react'ions (k,nock—on‘ electrons; b&emsstm-h'!ung phatfms) -exceeded ldﬂ k'e‘V-.
For the Iower' energies of secondaries cont‘lnuous eneray’ 1osses ;!ue't"o -

_bremsstrahlung and et L e arjd e -e scatterings have been mtroduced

. '_1'5

: 12 G
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E. Synchrotron Radiation. i !

A more important process, conmected with interactions of tharged nart-
icles with moderate magnetic fields, s the synchrotron radiation of elec-
trons. The spectrﬁm of the radiation has an asymmetrf6a1 shape with maximym

at thé engrgy
. w=5'10-_5(Ee/mca)zH_LeV

where in the case of chaotic: fields H] ='§‘f12 .

Hence; - amd gamm&-fays-can Bé efficiently produced due to this oro-
cess only at extreme magnetic fields Qnd electron énergies. That is why in
calculations this process as well as the Compten écatter1nq of relativistic
-electrons on the. Tow-frequency (oﬁticaT, radio) photons have been treated
from the point of view of energy losses of electrons. For the rate of con-

t1nuous (noncatastrnphrc) energy losses we used the we11 known formula [}2]

' dE _ 32 2. . 2
~ at -~ g—fra CWEM'(Ee/mCE) ) . (?6_)
\ S
where WEM =W, + Ha/83|_ is the summary energy density of magnetic

field and Tow-frequency photons.

3% Results

2

The most important parameter characterizing development of electroman-
netic cascade fnitiated hy re]at1vfst1c electrons and/or aémma ravs in phofon

gas is. the_optical deoth to photon-photon collisions. Evidently at Jﬁ'<1

-the region is transparent for gamma-rays and hence the efficiency of electron-

phofon;shower'formation is regligible.

~

In Figs.la,b,c the escaping spectra of gamma-rays from the active re-

16.



gion normalized per 1nc'id.ent darticle are presented aésumjlnn ‘that srherical
reg1on is isotronicaﬂ'y and homooeneouﬂy filled with the monoeneraetfc

X-ray photons and densv‘y of m'lt'latmn cascade monoenerget‘ic and isotropic
gamma-rays reduces with 1ncreas1nq the radius as % . The !ast assumntion
is inessential, espee?any at 3}( »q It can be seen from the comnarilsnnn

of Figs.la and 1t with Fig.2, which corresnonds to the case. when the ini-

" tiating gamna- rays are produced in po1nt source, located 'in the centre of

spherical X-ray photon cloud _
The: spectra in ths la,b,c correspond to the va‘lues of optical depths

t”-nx R- 6” : 1, 10 and 100, respect‘ive'ly My is the densitv
of ambient-X-rays, R is the radius of the active renfon, ‘and 6;5- is
the tote1 pair- product'ibn Eross section : averaged ever LTI It wag assumed
that the plasma particle density 1s essentfally 'Iess than the phnton density
in active region of cascade development. Due to.general syrmr-etry of the re-
'g'fon the results depend only on the prodnct nyR . From Fig.la (‘C’w ‘f
it Fo]'lows that approximatew ha!f of the 'In'ItTaT gamma rays escane Free?v

from the region. The rest lead to the production of secondary photons elec-

trons and positrons, ~ 10% of fnit‘fal energy being released in nhotons anq

~40% in electrons and pos‘ltrons The spectrum of escaping photons essen-
tially depends both on ambient X-ray energy a)a' and on initial gamma—ray
energy. .
'I.’he escaping gamma-ray spectrum is standardized when_ 'increa‘sfng; the
optical depth ’C’w ._Indleed, at T&’b’ - 10.(_Fig.1b) the power-Taw snect;um
of secondary' photons in the range of EXS' E ='2mzc£.70.)o { E. befng
the threshold of photoproduction corresponding to <COS 8>=0 Yis ‘orwed

practica]'ty independent of inttfal energy of photon' ahnve the enerqy Ec

the spectrum is steepen1ng and further. on ft-becomes somewhat harder due to

‘scaping of h'igh energy gamma-rays produced on periphery o‘ the active re-

b _ '




fﬁon. More ;chan 70% of initial gamma-ray eneroy is transforred into seconda-
ry photons. \"n‘th the energy < E. -, for vhick *ho saurce is transnarent'

and a.pprnximat‘cw 15—203‘-! trans")r“ef' inta escaping rﬂatwwc‘tr elactroreg
and rositrens. The ‘ca'lcu'latmns -show that the resug?s depenrt vienkly on the
source georatry and in-itjsﬂ spectrum of garma-ravs. I®'s interestine +o note
that the si\r-f‘i'la'r results are ohtained ra!so in the case when 'éhe cascade is
inj‘tfated'by relativistic electrons. )

. The spectruh of se;:dndary nhotons comes to compTete stendard at extre_rré
values of the optical depth TA’J This is seen from Fin.1c which corres-
ronds ‘to ’C’M = 100. The energy spectra have power-law bhehaviour with power .
index =1, up to the energy Ec .and cut-off sharnly at By 2 E. .
At such” gr'eat values of 'E'XJ the most efficient production of positrons
and e'lectrons takes place: ~ 2 .pairs per one initiating particle with

Eo= 200me2 , and ~ 20 pairs for ~ F,= 2000 me? . Due to Compton
energy 1655es, only the neglinible part of these electrons [ ~n.1%) e;cane
*hraugh the actwe regien’ hav1ng relativistic energfes, and their Tummesfty :
is not grea“ter than ~ 1% of the garma-ray one. These resuTts have sfmp‘le
physical exp'[anation. Indged, at tYJ- >>'i s the maximm nurber of elec

) tron-positron pairs produced -by a sinqgle inftiating particle is equal te

K~ Eo/Ec"—“‘.Eo c,_)o/mac‘* , where [, 1is the energy of inftiatinc vart-
icle, @o s the field photon energy, At E = 200mc?  and )

. Eo= 2000 mc? oné finds K~g -ant ~20, reénect'ive'fy, W, he-

ing equal to 0.02'me? . .
‘The preduction an‘d escape of relativistic electrons comes to be most
“e'ffic'ie"ht st Tyy~1: 10. The escaping electron spectra for the valies
of 'C”/ =1and T} X" 10 are presented in Fig. 1. whereas at 'C'Xg“‘f
the escaping electron spectrum s practically the same as the electron pro-
duction one. for greater values of 3.'“’. . the pwe:t;lau,spectrun 1s formed
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. ‘due to Compton scatterings. For example, at '1:¥3f= lﬂ the electron gperay

1

spoctrun TS well approxmafed tbreuqhou; the wide enerﬂy ranre by newer-law
with r”"l 8.-As was mﬂnt1uned the re1a*1v1st1c electron 1umfnesi;y as
distinct from the garema ray one, reduces mth jncreasing the cptical Aenth

XX Sech am ant1cof‘re1ation is neneraﬂy explained-by the +hresho‘lr'1ns=
feature (un]ike the pair productmn process} of the Compton srafterinn

“Se 'Far we assumed that the active renion of cascade deve1mmen'r s

filled yp mamly with A sray "phatons and nenlected 1nferact1ens of relati-
‘vistic part'rdes witk plasma e‘lectrons and fons. The main narameter, cha-
racterizing these interactions is an optica‘l deoth of plasma for "‘hnrsm
scatterine ’C’es Ng R* 61- . Tt fs cbvious thit at moderate valies of
f:és the fnteract1ons with the p1asma nhctons nlay fhe cruci=1 rcln in thn
cascade development as before thou'nh t'!E interactions -with arhiert fhnrﬂa’!
‘electrons (especial'ly the anmhi‘latwn of themaHzed nos1trnns‘l aTsn hocoms
essential in foming the garma- ray spectrum in the Tow- eneruv {-~ me?

-
region.

IR

The spectra of escaping gamma-rays for "'C'w 10 andt Teg=1are

" shown in Fig.4. It was alse assumed that #ield photens are monoenercetic .

v

RS TR e e B B4 a8 1 = e e

m‘th COO- 002 mc? and temperature of p1asn~a in the active region is
30 keV. It sh0u1d be rioted that these assu'r'ptmns have ﬂmstratwe rharacte‘"
orﬂy, however as follows From the calculations, rcv-e realistic and cons1st-

ent assumptmns on plasma parameters (takmq into ac\.our'f thm’"a'!

halbrce

. between - pIaS'na photons and electrons) Tead to zpproxirately sieilar recu Yes
- The distinctive Feature of escaping camma-ray snECtr‘L"" in this case is

the presence of the broad maxioum at Ey~ (1- E)mc , 2sscciate with the

mmhﬂatwn of thermalized positrons. Approxir-ate'ly 75% mf the ercrov of

initiating paruc'les and respectively ."'55” of eneray of escaninc qarma-

rays is released in this broad "'I1ne" ~TIt should be no.ec‘ hewever, that the '

12
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spectruﬂ' in Fig. 4 was obtained on.the assumption that thermaHzed nos‘ftrons

L]

anmhﬂate "mstanﬂy“ In fact the production of’ annfhﬂat'lon photnns is’

sorr-ewhat cie‘layed owing to ‘F'iﬁite anmhﬂa tion time. Indeed, in nonre?at1v15~

t1c plasma the characteristic time of annih-]'lation is '{;an:--(m’ro cne)

—8R/3’C'ES » therefore onIy at 'C'es ?3 the annihilation time he-
comes less ‘thar mean time of photon escape from the active regian "'R/c
Thus the photon spectrum in F1g 4 .is genera]'l_y correct only in the case of
Stationary bombardment of plasme-target by relativistic partic'les. If the
radi_ation'is‘a result of some "burst:', then it s necessary 'to take into
account the real times of photon production qﬁd\propagation_- from the active
region. o :

It should be noted also' that the escape time for the';photons with ener-
gies E&’ > E. is less than that for EX Ee . Indeed only those
‘ .

) photons with . EJ’ > Eg may easﬂy escape -from the source which are oro-

duced in the per'lphery of the active regfon, f.e. in the thin external Tayer

- with the thickness AR~ f/nx 6'“( Therefore the escape t'lrr'e of these

AR , *
_ Photons, equal by the order of magnitude to t~ < = c t'xa’ ;
is, tf! times Tess than that for Eb; < Ep . The accurate caTcu'lations

-,

of the tirnes of photon escape for var1ous energy ranges, presented in Fiq 5,
are in good agreement with this s*frnphfied estimate. It should be emphasized
that the escapmg frorn the transparent outer layer garma-rays, are secondary
products of the photons of various "generations”, nroduced through the whole
track of escape. The input from the photons of d'ffferent “generaﬂons ’

essentially depends on the distribution of 1n1tia'l part'lc‘les tn the active |

region. Particularly, in the case of the point source located at the _cenfre

Stricﬂy speaking, this simplified estimat':on 15 correct for initiatinq
ganma-ray density dependence on the radius r°¢ .

120,



“of X.—ray.cﬂoud with ’C‘a,J 5\1 al? escapi;q photéns ars of the secondary
origin. In this case -t'heldifferences of escape tires of camma-ravs with va-
ricus -energies are compensated by the shift of their jroductior times and
‘therefore 211 photons Eexceot the thérpa'l annihilation ones) emerne fro—
the source almost smu'ltaneousiy for the time "'R/c after injection of ’
1rnt1at1ng paruc?es, the radlatlon +r‘ams‘w* e‘F‘ec?s for reTativistic part-
1c?gs be'mg inessential. Thus, at ’ﬁC'”. =10 the rhotons: w'lt'h‘ enernies
07.2'rnc Eb’ & E, escape frér\ﬁ the active"réuwn dur"inu the time
~1.13 R/c 1t is due to the fact that the photons are generally pr-ona-
gated in the direction of initiating particles, and hence they "delay”
on'!y at 0.13 R/c ' ‘ . l
A1 the above calcu'latmns are parfor-med under assumptwn that the mag-
netic field in the active region is absent, and the density of low-frequen\,v
(opticﬂ ra'd;io)‘ ‘radiation is 'rec‘lig'iMe. Evidently this atrmission is correc*l
if synchrotron and Compton 'Iosses on low-'Frequency phofuns are cuhst:r\haﬂy
_1ess than the Compton _energy losses on X-rays: )
dE ) Lo (2R o
- ati)xwrrfc(;n—fs Wy [ En8-11/6],
‘where Wy is energy density of x:raysl;. (=nx -w,).

“ From the cocnparisbn UfA(ZG) and (27) we ‘Firnd\
‘ 32 W
(g_tE)EM/(gE) = 22 W (n’ic) (mca) [Eﬂg ”/5]

' . .
Thus, we may neglect synchrotron ant Compton Tosses on the 1ow-freguency

radi ation provided

Wx >0252/[En8 11/6] -B=4Eecoo/macl‘f_ B
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Particularly, for  (,= 10 keV and ‘_Ee= 100 ¥eV Wy /Wepm 2102
Otherwﬂsé{ the development of the cascade will strongly be suppress-
ed due to synchrétfon“and Compton'(nohcatastrophﬁc) 1dsse§.
So faf we have been di;cussing the cascade development tn monoenérnetic'“
Y-ray field in order tp perceive cbviousTy the résﬁ}ts. Thounh the trye ‘
specira of‘f{er photons smoothen sliahtly . these results, the phtainped
featufés of cascade development reﬁafn §a1id. The formatinﬁ of electron- . .
.photon,showers in the real astrophysical objects is-considered in our peyt
paper, Relativist1c electron- photon showers inftiated in outer Tavers of
. — accretion disks around massive black holes were consfdered earlier hy Burns

.

and Lovelace [13] . ' . - . . | )

The apthoré are‘thankfuj to ﬁtM.Atoyan for valuahle Mscussinng,

.
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“_ BPPENDIY } .

A.1. Simulation of C?mptcn ﬁcattering of Relativistic Electrons.

. The characteristics of secondaries after Comptor scattering in the '
™~ *

‘L-frame are unambiguously defined by the scattering angle 8 in the

c.m.-frame {cf. Sec.2). The' frécuen'cy distribution for c=cos 8 is

d6c/d:t 43Tr?:
K( ) ‘ _" 2(116c

Y
coouo : (a1

It is conven‘lgnt to present ,{A.l) in ths form (e.n.[lg])

P(:c) ﬂf(ac)g,(ac), o

where A isa consta'nt, f(x) is some ‘Finfte and snnoth'lv varyfno

functien, and

A\l

1 .
gg(x)dx=1' -
L -1 , .
- . . : ‘
It s advisable (from the viewpeint of calculation efficiency) to
perform. the simu}atidn of 3 by two ways according to the value of fnva-
' riant‘ XT:EC{)E(f‘ﬁ COSB) 5 the energy Wo and collision anale -

. 8 are defi ned beforehand by simu‘lat'mg the narameters of photon F1e1r'

2
: re
1. Let g(ac) = 0.5 and" ﬁ*e—{(?g?ﬁ* . Then (ac)-u_a,_

Since 'inequa_'l%ty ‘ f(JC)‘.é 2((&5&' Eo) takes‘uiace;,\the _randdmvvariﬂh]e
may be chosen by. _ . l ) T

a) select ‘two random unifort numbers within the range (0 1): r, r; ;
b) d_etermine L= 2VT| i, '

¢) Ealeulate: f(xo) and accept X =Xo .oroviced
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y <§(%e)/2(wo * Eo) ;
- 3f rejected,‘l repeat anew with ftem a)
2. Let - ) : . : -) : .
()= f .
3 (1+wom/ED)(Eo/mofnt(wo/za)/F wo/zo)J ’

_ 2aTrE 1"'&)0/50 - —
“_q— X4 6, Eﬂ( 1- wo/Eo ) ‘: -

Then

- < ’

f(2)= Uy ~5—< 2 . R

f( ) uD XQ ‘ )

. - ' Cae . oo ) ]
In this case preliminary sampling of 2 is perfor-med_ by formula

[ (-1'+\a>¢/Eo)r" 'TEI,, : - T
XLo == =2, .
(1' "wo/Ec)qhi . f ) :

o

and this value 'Is accepted if o

- (wo)/z : — ' B

The efficiency of the f"lpst procedure is equal to

-x. 6(;/89”‘ (I.)o ) ) o .. . _/

e

and of the second one -

' el - o

&

AR “ 1+ws/Ep
. . - - : 2 —— Y
1. . \u,qfi_' ‘L c//2+9Tr} En ( -® /(Eo/)'
A X< e,_- and e,I approach 2/3 (6,6, = r)
and at . Xy >q ey approaches 0 as En"x1/>(, s and €r .

'approaches 0.5 (6 "'*'23]‘(‘0 Zn X,/x‘) . The efﬂciencies of the two'
methods become equa1 at X1 £
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A.2. Simulation of Pair Production and Annitilation Processes.

The .characteristics of secondaries produced in the nrocesses of nafr’
photoproduction (PP} and annihilation (A) are Adefingd by the emission anale
6% in the c.m.-frame. The frequency distributiens for X =cos B for

i

. PP and A are respaectively

. dBep/dx _ GRS T Por ta 2
FI)DP (x)= 6’;:;:-; =72 6PPC‘)0 Ue ;
d6 /d @Rt 4 : -
Pa(x) : G. - - T Mu 7 (A_'Z) )

Simulation of = , as.in the'case with Compton scatterina, was ner-

formed in.two ways accordmg to the value of B, . which equals to
V2 S -~ Ye . '
—(EE—MQ—- and ,—(6—‘1-——9— for PP and A, respectivelv. For’

Wo Ee

PP .the energy We and collision angle £  are cbtained beforehand hy

simulating the parameters of photen field.

O girs
1. Let . g(ac)= n.5 and “ﬁPP:_G;f-# 3 ﬂd:—é@:—&?ﬁ,
_' i+p8 -
for PP and A, respectively. Then f(:x:) = 4,4 —f-ﬁ_e . . The orelimi-
. ] A .

nary sanipling of x is performed by formula Xp=2f -1 , and this

value is a&epted i< f(q:o)/( rﬁ; )

-

1ﬁ°
2. Let (%)= e 2)2 o and flop= (To/2Bopip) b 73

ond R (157/ 26280, ) b0 75 "“ L vence fla)<2(i2-)(pEV2)

25




The preﬁ'minafy sampling of & s performed by formula .

) . 148, \2r-1
x, 1- () .,
{+Ps )21 ' -
-. Bl |
and-this value is accepted if [ <‘f{xo)/(2(f2-"f)(ﬁ:+~f§)) <«

© The.efficiencies of the first method are equal to

.

efP- Gep ﬁ)s 4 "e“: ‘ 265 8,2 _ .
T -_‘fmeﬁo(f“ﬁe)/(f-pf)‘ 7 | T ﬂrce(‘f".ﬁa)/(‘f.‘ﬁ.f) H

and of the secbnd one ' - ks - -
e 26met ca..  26afiel _.
T~ gqp2 pndtPe oLt VLTI
LA nTg(reep) O TE T (2= DR V2) ({557

A.3. Simulation of Parémet,ersI of F'Ield. Phbtons.

3

It is assumed in c}a‘lculatfons_ that the field photons a}'e eiétr:lbu.téd

isotrepically. Then, }he azimuth andrzen"ith" angles are sa@?ed.by formula
cosO=2r-t , ypeodar

where I’;_.. arid; 7 are random uniform numbers within the range (0‘..1).

'In the case of power-law energy spectrum of f1e'|d photons | .
{ n(w) ~w ; Wy fw €, } the photon energy s sampied
by formila C B

o

and ir the case of blackbody radiation by formula '[19] ' !
. . »

- L - Si-)-
ngdﬂ" . (1_ r;)-w’.uf]f/ﬂ )

.

’, N . .25
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W= ;KTren (""1.['}. Q)/Tl )

se the nurber defined hy the condition .

where l‘{

‘_{1 1'202rq<1

1 m ZJ-3<12021’2,<Z.J L m=2,5,...
‘It should be Howﬂwer roted that such an mr‘e’enf’em sar !mmr ot r'ﬂ 3
ters of field photons is true only in *Hr case of throshelfless redctions.
in par‘_lftnar, for Compton scat»ermc B.:t in the caszoof eair npeductd .n
process with trje “thresho’ ; -W the simulation nerneture
'2&' somawhat ioxr:pEicatéd. Thus for pewer-iaw spectra of field rhotons

w=[ro,

058 = 21 (1~ 7/Ey@2) I

and in the case of blackbody rgdiation

-4 -
2@l 1, on s mas 00,07

|

lmen(;@g)/qm* | Krr (KTr) I/Mmen<t
( KTr )/M< [%)r C:T:l ]/M

W= —KT.H‘.’_n”(r'1 r'z)/qm)"
- KTy fn (\.f':)/’q‘fﬁ)‘_* (%)Q/M >0
N I L

v‘,‘ 7‘m¥q
M—?.*Z K
Kz . kL . .
'ZM@%G/C&;MU) ; f/g xé/(e™1)dex
=t . - : '}/KTr

M= exP[:j‘?;o%T}] [(i-w*/xTr) r2je"/KTr+2].
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Fig.1.~

Fig.3.

" Fig.4.

Fig.5. Escaping times of photons {n Case I (1n the units

FIGURE CAPTIONS .

Ganma -ray spectra escap1ng from the active reqion of cascade -

deveiopment per fncident partic1e4 The density of in1t1at1nq

cascade gamma-rays reduces by the radius as

_a) t’es =0,

Escaping marma-ray srectra per incident parfic1e in the case

Ty ™15 b) Cogon, . ’C;,-lo; 5}

(Case 1)

'E,’,'5 =0,

G0

of point source of initiating gamma- rays, 1ocated at the centre

of spherica

1 X-r2y photon cToud {Case 1I}.

The spectra of escaping‘e1ectrqns (positrons) per 1ncjﬂent

narticle at

Tes =0 in the Case I.

Escaping gamma-ray spectra per incfdent particle at

and (Ces

=1 in the Case I.

.cascadg initiated by~ gamma -ravs;

- cascade initiated by electrons.

.32
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