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FROL CYG X-3

The gemma-ray production mechanisms in Cyg 4i-3 are dis-
cussed. It is shown that the observed features of gamma-rsy
specira can be satisfactorily explained by a model in the
framework of which gamma-rays are produced due to photomeson
processes af interactions of accelerated protons with ambient

low-frequency radiation.
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0 INPONCXOEIEHN T'AlM:-KBAHTOB CBEPXBnCOKMX
GHEPTMA OT PEHTIZHOBCKOTO MCTOYHUKA JEBEND X-3

OdcyXxnavnTcA MeXaHHW3MH IeHepaly IaMva-H3JydeHHs B DeHTIe
HOEBCKOM HcTOYHEKe JedemsrX-3.lJoxkasano, ITO HasiniaeMie 0COGeH-
HOCTH B CIEKTpEe IaMma-KBARHTOB CBEDXBHCOKWX dHepralt ymoBieTBO-
PHTEJBHO OCBACHANTCA B PAMKAX MOXeJH, Opemmosarammet o6paso-
BaHWe TAMMA-KBAHTOB B pesyJbTaTe foTopoxmeHmMA I - Me30HOB
OpH CTOJNKHOBOHHAX YCKODEHHHX WacTull (IPOTOHOB H AEEP) C OKDY-
XAIMM IIOJIeM HHSKOYACTOTHOrO K3JyueHM:d.
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1. Introduction

The X-ray source Cyg £-3 is of particular interest among
>ther astrophysical objects. We can say without exaggeration
_that Cyg X=3 is the most popular object in the 80-ies, parti-
cularly for specialists dealing with the problem of the cosiic-
-rgy origin. This is the only known source emitting electroniag-
netic radiation in the range from radiowaves to gamma-rays oi
ultrahigh energies. The source luminosity in the range 1012 -
- 1016 eV exceeds 1037 erg/s, which is comparuble to that of
the Galaxy in cosmic rays in the same energy range. Hence Cyg
X-3 can explain an appreciable portion of ultrahigh-energy
cosmic rays flux.

The radiation periodicity, 4.8 hr, revealed in various
ranges of the spectrum of Cyg X-3 undoubtedly‘indicates that the
observed radiation has a unique nature and is produced in close
binary system, one of the components of which is & neutron
star. &t present, there are developed two models of particle
acceleration up tp ultrahigh energies in Cyg X-3. In the mode:
of Vestrand and Bichler [1] it is assumed that the particles
are accelerated by a young pulsar. ileaiiwhile, in the model of
Chanmugam and Brecher [2] the particles are assumed to accele-

rate in the accretion disk which is formed when matter falls
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onto the neutron star from its normal companion star,

Both models are fer from describing tﬁe real situation in
Cyg X-3. The available data are presumebly insufficient to
construct a more realistic model of particle acceleration in
Cyg £-3. ileanwhile, the set of data in various energy ranges
enables one to investigate the production process of gamma-rays,
being secondary products of intéractions of accelerated partic-
les.

In the present paper we give arguments favouring that the
observed radiation from Cyg X-3 is the ersult of the decay of

mesons produced under collisions of accelerated protons

both with ambient gas and low-frequency radiation.

2. dpectrum of Gamme Rediation from Cyg X-3

A drawback for gamaa~ray observations of Cyg 4£-3 is, that
they were carried out with different detectors and methods at
different times and without separation of periodical and sta-
tionary components of radietion [3]. Therefore we can speak
only about "mean" gemma-ray spectrum of Cyg X-3. The gamma-ray
observations of Cyg X-3 were performed in 4 spectrasl ranges:
108 - 102 ev, 10" = 10"3 ev, ~10™ ev ana 2107 ev.

In contrast with ultrahigh energy region, at low energies
(108-109'eV) there takes place an obvious discrepancy between
results obtained by various groups, in particular, the balloon-
-borne measurements of the iloscow sngineering-rhysical Instituse
the S.i5~2 and COL B data. Possible reasons for the discrepuacy
ure discussed in z recent review [3].

Fige.1 shows un integral gamau-ray spectrum of Cyg X-3 in
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the energy range 1011-1016 eV. The set of data obtained in this

energy range, even with account of available uncertainties,

indicates at a tendency of the spectrum flattening in the

range 1013‘—1014 eV, as well as of a possible cutoff at Eb’ >3x
1015 eV. These spectral peculiarities become more evident

when tahing into account gemma-ray absorption on cosmic micro-

wave background radiation (MBﬁ).

When gamme-rays traverse the isotropic photon field with a
typicel energy & , the (ete™) production cross section, ave-
raged over all angles, depends only on parsmeter z:Exe /m§c4;
starting from the threshold value z=1 the cross section in-
creases rapidly to the maximwa at 2=3, and then decreases
slowly as 2'1 In 2. In the case of Planckian distribution of
MBR (temperature Tp =2.7 K) the free path A is minimsl at
Ey ~ 1012 eV, being equal to A (~ 1012 eV) %8 kpc. For gemma~
rays of lower energies the free path sharply increases (reaching

~ 20 kpc and ~30 ldpc at gamma-ray energies 5-1014 eV, and

1014 eV, respectively), due to the threshold nature of the

reaction owing to which gamma-rays interact only with the Vien
"tail" of the MBR, The free path increases also at Ex2>1015 ev,
since in this case E ~ 3xTrEy>1

In Fig.1 photon fluxes are shown with account of corrections
for the absorption on MBR. As far as photons with EX >>'1015 eV
are exposed to more intensive absorption (approximately by a
factor of 3), the corrected spectrum (corresponding to the spec-~
trum of the source) possesses more distinctly pronounced pecu-
liarities than the observed one. The absorption on MBR not only

makes the observed spectrum stéeper in the range 1013-1015 ev,
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but partially "masks" the cutoff at Sx > 3-1015 eV,

<he interactions of uccelerzated protons as well as of elec-
trons may, in principle, lead to production of secondary gamna-
ruys in Cyg £-3. Under conditions of high density of low-fre-
quency radiation and magnetie ficld, the most essential mecha-
nisi: of gamme-ray production in Oyg 4-3, associated with the

’

eleciron component, is inverse Compton scattering. However, the
garuia-ray spectrum formed s a result of this process does not
agrece with the observed spectrum of Cyg X-3. Besides, electron
acceleration up to Ee~1015 eV seeins rahter problematic beca-
use of catasirophic energy losses ('VEZ) in the source. 5o, o
"proton" version for the origin of gamma-rays from Cyg 4£-3 is
aore probable,

In 8ll at present existing theoretical models it is aasumed
that gamma-ruys are produced due to procuction and decay of
0 ~ mesons occurring in interactions of acceleruated protons
with the surrounding matter (see, e.g. [4]).However, to explain
the above-quoted peculiarities in radiation spectrum of Cyg £-3
by (p-p) interactions, rather hard end artificial assumptions
on the spectrum of accelerated protons are required. Indeed, if

N

accelerated protons distributed by a "standard" power law
_ -r
JP(E)‘HE (1)

interact with hydrogen medium of density ny , then the gamma-
ray spectrum in the range ]Ex » 100 eV can be approximated

in the form [5]:

qv';"(ex)ﬂf(r)sf,f (Ey/f)nu-AEY (2)



where 65: is the cross section of inelestic p~p interactions
at the proton energy Eafiy /$($~0.2); function @(r) weakly
depends on I and at variation of I' from 2.2 to 2.7, varies
within limits 0.01-0.05 [5].

From the comparison of Eq.(2) with the observed spectrum
therq follows that in order to explain the gammi-ray specirum
of Cyg X-3 by (p-p) interactions, the co.fresponding peculiari-
ties in the acwelerated rro%or srectrum are needed. However,
such peculiarities, first, contradict to the observed power-law
spectrum of ultrshigh-energy cosmic rsays, and ,second, cannot
be provided by any reasonable acceleration machanism.

The assumption on ultrahigh-energy gamma-ray production in

Cyg X=3 due to (p-p) interactions may be expluined partly by :
the fact that in the low-energy range (Ey ~ 100 MeV) p-p inter-
actions, as shown by GOS' B observations, play a very important
role in gamma-ray production. However, at ultrahigh energies,
protons efficiently interact not only with matter, but also
with low-frequency radiation, the most important process in the
latter case being the inverse photoproduction of 8 mesons
(PY—=%°—>x% ). So long as in the proton rest frame the thre-
shold energy of gamma-rays is about 100 MeV, then at a given
energy of low-frequency photons € the pions will be produced
at proton energy E>1O16(E /‘l()eV)"1 eV, If accelerated protons
are distributed by the power law (1), then the spectrum of
gamma-rays and neutrino from secondary f meson decays has

the form [6]:

PY

on EIQs E.1 :
= (3
Yyo

-(r
G!\)(EXQ/EO (ren Exp) Es
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where QX" = 2031’6.'3' Ney* E;"/z"(rﬂ)q 3 6',,'—-"2-10'28 cm2;
E1'- NEs/5; E 2035 (mpc?‘)z/’s'. Parameto;- n characterizes a
kinematics of & —=Y¥v decays being equal to '1; ~ 0.5 and

o~ 0.2 , respectively; Npp and £ are density and mean
energy of low-frequency photons in the source.

Thus, if in the production r¢gion of gamma-rays besides
the gas component also low-frequency radiation tekes plece,
then the gamma-ray spectrum will consist of two (pp- and py )
components. Fig.2 shows a differential spectrum of total gamma-
radiation. The spectrum is charascterized by three features:

a) the first low-energy part is due mostly to p-p interactions
and has a power-law behaviour with an index l'x = 3 b, in the
energy range EK ~ E*, when contributions from pp and p photong

uqualize, the total spectrum of gamma-rays flattens:

(FHDY(rYy no 68 Yr
(4)

*»
E ~5E'[ 40w Neh 6o

An essential flattening tak?s place when EE—E-: £ 0.3 .
The value of &* does not depend on the coefficient A and
is determined only by the ratio n“/nph and the values of §
and [ ; ¢) in the energy rangevEx » By the gamma-ray spec-
trum is already entirely due to py - photons. The specirum has
8 power-law behaviour with an index l"‘x = l“+A1 .

Thus, the spectrum of gamma~radiation due to superposition
of pp- and py ~ photons has two peculiarities - flaitening at
By~ BE* and cutoff at Ey~ By, which depend only on parameters
characterizing the production region of gamma-rays, nemely on

Ny / Npp and € . '



Fig.3 shows integrel spectra of total gamma-radiation

~rat =ret
B T e/ OB -Eg/E)), Eg<E,

q(> Ex) =< re1 l‘ﬂ (5)
Bre ey BB gy sET ) By > Ey

Since at the given value of [ the relation between S and
@ is determined from the condition th, (E‘) q‘ (Ex) + where

E*= §E1, then, expressing the‘p_hoton energy in terms of E1,

one can unambiguously'determine the shape of spectrum (5) versus
perameter § = F(ny/npy,, €,7) . From the comparison of Fig.3

and Fig.1 follows that for Cyg X-3 parameter § approximately

equals to 0.1 .

Thus, having known the peculiarities of gamma-ray spectrum
in a wide energy range, one can obtain an important information
concerning the conditions of acceleration and interaction of
ultrahigh-energy particles in Cyg X-3: by cutoff in the gamma-
ray spectrum at energy E, one can estimate the mean energy
of low-frequency -hotons: & -10(E1/3-1015 ev)~! eV, while by
the spectrum slope above E.| one can determine the value of in-
dex of the accelerated proton spectrum ( I' = Iy (EK > E1) -
122.142.5). Note,that in the enmergy range Ey < Ex~10'% ov
the photon spectrum must have a power-law beliaviour with an
index [y (By « E*)~ [~2.192.5 , wich is in agreement with
the data of Cyg X~3 (see Fig.1). At given values of § and I

one can obtain the ratio
n o ()(D) 6
Ny 40X 6o g (6)

At F~0.1and [=2.3 we got ngy/n, ~10’. If the low-frequen-
o radiation is in thermodynamic equilibrium with the medium,




then the radietion temperature is kT, ~ 3 eV, and photon den-
3ity nNMph ~'1G15 photons/cm?. Héncg we obtain rIan1O"3nPh~
~10%2 en3,

The free path of gamma rays in the field of black-~body ra-
dietion with kT ~3 eV is Ayr~5-10'% cm at By ~ 10 eV,
Preciselj of the same order turms out the value of free path of
protons relative to the - meson photoproduction: Apy =(nph6o)"=

='5-1012 cm. Hence, even in case of rectilinear leakage of
protons from the source 'APX ~ AXK’ i.e. an appreciable portion
>f photons will freely leave the source.

i more probable region of gamme-ray production seems to be
the normal star atmosphere irradiated by high-energy protons
accelerated near the relativistic object. However, we do not,
exclude a possibility of gamma-ray production inlthe vicinity
of relativistic object either, e.g. in the accretion disk aro-
und the neutron star.

The luminosity of Cyg X-3 in ultrahigh-energy gemma-reys,
if the source radiates isotropically, is l‘K (1012-1016 ev) ~
~1037 erg/s. Hence, at the efficiency of transformation of
accelerated particles energy into gamma rays, ® ~ 0.1, Cyg X-:
can, in principle, maintain the ohserved luminosity of the
Galaxy in cosmic rays (CR) of ultrahigh energies: L.q (%1(ﬂ6eYT“
n/5-1037'erg/s. But besides Cyg X-3, at least two discrete sourc
sources of gamma-rays with EX 3-1015 eV are discovered at pre-
sent: X-ray pulsars Vela X-1 [7] and Her X-1 [8). Se, to avoid
contradictions with the observed fluxes of ultrahigh-energy CR,
we have fo presume that Cyg X-3 radiation has & highly directed

nature (this reduces nearly by an order the energy requirements)
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or 22~ 1. The latter assumption is favoured by a "diffuse"
garma readiation of ultrahigh energles discovered at the Tien
shan EAS array [9]. One can be readily be convinced thes the
>bserved radiation can be called "diffuse" only conventionally,
since it is most probably due to superposition of the unresol-
ved discrete sources, and not to interections of CR with inter-
stellar medium. Indeed, assuming that the CR responsible for
the observed "diffuse" flux of gamma-rays are captured to the
region with é characteristic size{B s for the ratio of lumino-

sities in gamma-rays and in CR we have:

oWy Iy 8 o
% WNem Jer N

where N 1is the scale of magnetic inhomogenieties in the
Galaxy (the free path of gamma-rays with Ex.zf1015 eV on the
MBR directly indicates that gamme-rays are produced within the
Galaxy); JX/ch~1O-3 is the relative content of gamma-rays
in CR at E8.> 5-1014 eV. Substituting the characteristic values
€ ~1 kpc (the Galaxy disk thickness), A ~ 1 pc we obtain
® ~ 1! The strikingness of this result is that if the gamma-
rays are secondary products of CR interactions,Athen_there must
take place an exceptionally efficient mechanism for the trans-
formation of the CR eﬂergy into gamma-rays of ultrahigh energies.
Evidently, the interactions responsible for gamma-ray pro-
duction cannot proceed in the interstellar medium, since the
grammege fravefsed by CR in the intersteliar medium is much
less than 100 g/cm2 - the pfoton free path with respect to
nuclear interactions. In the energy region of interest the

contribution from inverse Compton scattering of electrons on

1



low-frequency photon field is negligible too. Hence, the "dif-
fuse" component of .asmna-rays should, in fact, be the super-
position of contributions of unresolved descrete sources in
which the transformation of accelerated particles emergy into
gamma-rays pro_ceeds more efficiently.

- Thus, from the limitizd size of the production region of
ultrahigh~enargy gamma-rays (< 10 kpc), from ircapability of
commic rays to provide the observed ilux of gamma-rays in the
interstellar medium and, finally, from the large value of the
parameter # (~ 1), we can conclude that the main portion of
cosmic rays (at least in the range 1012107 eV) is accelerated
in the galactic sources. |

If gama-rays are produced at interactions of accelerated
protons with matter, then, as mentioned above, they must travel
~100 g/cm2 prior to their leaving the source. However, in this
case the accelerated nuclei would not be able to escape from the
source due 1;0 a practically complete spallation in ~ 100 g/cm2
of matter. On the other hand, the hypothesis on generation of
ultra.high—energ ganma-rays in p-p collisions leads to fluxes
at EX ~ 100 lleV, exceeding the intensities of COS B sources.

In principle, the photon intensity at E! ~ 100 l‘lev mighf be
"suppresged" assuming very hard spectra of accelerated particles
in the sources, but such spectra do not agree with the. obser-
vations. Therefore, it seems more likely, that pamma-rays are
produced due to - meson photoproduction in collisions of ac-
celerated protons with a surrounding field of low-frequency
‘radiation. In addition to the above-stated argument, based on
spectral peculiarities of Cyg X-3 radiation, this assumption



agreen with the hypothesis that the observed cutoff in the CR
energy spectrum at E~1015 oV as well as the chemical composi-
tion of CR are the result of &'~ meson photoproduction and
nuclei photodisintegration directly in the CR mources [10-12].
The future complex investigations of ultrahigh-energy
gamma~-rays as well as of chemical composition and energy spect-
rum of CR will undoubtedly provide very important information

on the sources of acceleration of ultrahigh-energy particles.
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Figs1 The spectrum of ultrahigh-energy gamma-rays, observed
from Cyg X-3. The dotted symbols correspond to the

fluxes after correction to absorption of gamma-rays on

MBR.
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