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The gamma-ray production mechanisms in Cyg A-3 are dis-

cussed. It is shown that the observed features of gamma-ray

spectra can be satisfactorily explained by a model in the

framework of which ganwa-rays are produced due to photomeson

processes a& interactions of accelerated protons with ambient

low-frequency radiation.
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Препринт ВЖ-932(ЬЗ)-86

Ф.А.АГАРОНЯН

О ПРОИСХОЖДЕНИИ ШЗШ-КВАНТОВ СВЕРХВЫСОКИХ

ШЕР1ИЙ ОТ РШТГСНОВСКОГО ИСТОЧНИКА ЛЕБЕДЬ Х-3

Обсуждаются механизмы генерации гамма-излучения в рентге

новском источнике ЛебедьХ-З.Показано, что наблюдаемые особен-

\ ности в спектре гамма-квантов сверхвысоких энергий удовлетво-

I рительно объясняются в рамках модели, предполагающей обраэо-

1 ваше гамма-квантов в результате фоторождения 5Г - мезонов

/' при столкновениях ускоренных частиц (протонов и ядер) с окру-

1 жавдим полем низкочастотного излучения.

; Ереванский физический институт

i Ереван 1966



1. Introduction

The X-ray source Cyg L-Ъ is of particular interest among

Dther astrophysical objects. V/e 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 cosiaic-

-ray origin. This is the only known source emitting electromag-

netic radiation in the range from radiowaves to gamma-rays of

12
ultrahigh energies. The source luminosity in the range 10 -

- 10 eV exceeds 10-" erg/s, which is comparable 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 a neutron

star. At present, there are developed two models of particle

acceleration up tp ultrahigh energies in Cyg X-3. In the model

of /estrand and Eichler [1] it is assumed that the particles

are accelerated by a young pulsar, ileauwhile, in the model of

Chanmugam and Brecher [2] the particles are assumed to accele-

rate in thft accretion disk which is formed when matter falls



onto the neutron star from its normal companion star.

Both models are far from describing the real situation in

Cyg S.-3* The available data are presumably insufficient to

construct a more realistic model of particle acceleration in

Cyg it-3. Meanwhile, the set of data in various energy ranges

enables one to investigate the production process of gamma-rays,

being secondary products of interactions of accelerated partic-

les.

In the present paper we give arguments favouring that the

observed radiation from Cyg £-3 is the ersult of the decay of

mesons produced under collisions of accelerated protons

both with ambient gas and low-frequency radiation.

2. opectrum of Gamma Radiation from Cyg i-3

A drawback for gamma-ray observations of Gyg A-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 radiation [3]• Therefore we can speak

only about "mean" gamma-ray spectrum of Gyg i-3. She gamma-ray

observations of Cyg X-3 were performed in 4 spectral ranges:

108 - 109 eV, 1011 - 1013 eV, ~10 1 4 eV and »10 1 5 eV.

In contrast with ultrahigh energy region, at low energies

(10 -10 eV) there takes place an obvious discrepancy between

results obtained by various groups, in particular, the balloon-

-borne measurements of the Moscow iingineering-Physical Institute

the SAS-2 and COo В data. Possible reasons for the discrepancy

arc discussed in a. recent review [3j •

i'ig. 1 ahows an integral ^amiaa-ray spectrum of Cyg X-3 in



the energy range 10
11
-10

1
 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 '[О^-ЛО*
6
* eV, as well as of a possible cutoff at S

y
»3x

15
10'^ eV. These spectral peculiarities become more evident

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

wave background radiation (MBR).

When gamma-rays traverse the isotropic photon field with a

typical energy £ , the (e+e~) production cross section, ave-

raged over all angles, depends only on parameter z=EY£ /m c^;
о е

starting from the threshold value 2=1 the cross section in-

creases rapidly to the maximum at z=3, and then decreases

slowly as тГ In z. In the case of Planclcian distribution of

MBR (temperature Tp =2.7 K) the free path A is minimal at

Е„ ~ 10'* eV, being equal to Л (~10'-> eV) =£8 kpc. For gamma-

rays of lower energies the free path sharply increases (reaching

~ 20 kpc and ""30 Mpc at gamma-ray energies 5"10 ™ eV, and

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

reaction owing to which gamma-rays interact only with the Wien

"tail" of the MBR. The free path increases also at E^ »10 1 & eV,
since in this case 2*»*

In Pig.1 photon fluxes are shown with account of corrections

for the absorption on MBR. As far as photons with B« » 10 ' 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 steeper in the range 101^-10*' eV,



but partially "masks" the cutoff at iS« ̂ 3«1O
1 5
 eV.

The interactions of accelerated protons as well as of elec-

trons may, in principle, lead to production of secondary gamma-

rays in Cyg i-3. Under conditions of high density of low-fre-

quency radiation and magnetic field, the raost essential mecha-

nic.; of gaiaraa-ray production in Cyg A-3» associated with the

electron component, is inverse Compton scattering. However, the

^аааа-гау spectrum formed as a result of this process does not

agree with the observed spectrum of Cyg X-3. Besides, electron

acceleration up to iS
e
~10 eV seeias rahter problematic beca-

use of catastrophic energy losses ( ~^ ) in the source. £>o, a

"proton" version for the origin of gamma-rays from Gyg л-3 is

логе probable.

In all at present existing theoretical models it is assumed

that gamma-ruys are produced due to production and decay of

ЯГ- mesons occurring in interactions of accelerated protons

with the surrounding matter (see, e.g. [4]).However, to explain

the above-quoted peculiarities in radiation spectrum of Cyg X-3

by (p-p) interactions, rather hard and artificial assumptions-

on the spectrum of accelerated protons are required. Indeed, if

accelerated protons distributed by a "standard" power law

interact with hydrogen medium of density n
H
 , then the gamma-

ray spectrum in the range Бу ^ 100 iieV can be approximated

in the form [53
:



г* РР

where O ^ is the cross section of inelastic p-p interactions

at the proton energy EaJSy /f ( f ~ 0.2); function *f(,r) weakly

depends on Г and at variation of Г from 2.2 to 2.7, varies

within limits 0.01-0.05 [5].

Prom the comparison of Eq.(2) with the observed spectrum

there follows that in order to explain the gamma-ray spectrum

of Cyg 2-3 by (p-p) interactions, the corresponding peculiari-

ties in the accelerated jrrô ô  spectrum are needed. However,

such peculiarities, first, contradict to the observed power-lav/

spectrum of ultrahigh-energy cosmic rays, and .second, cannot

be provided by any reasonable acceleration machauism.

The assumption on ultrahigh-energy gamma-ray production in

Cyg 2-3 due to (p-p) interactions may be explained partly by

the fact that in the low-energy range (Ej ~ 100 MeV) p-p inter-

actions, as shown by COS В 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 St mesons

(Py-*-3T
e
-»-)$). 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 >101t>(6/10eV)"1 eV. If accelerated protons

are distributed by the power law (1), then the spectrum of

gamma-rays and neutrino from secondary Я meson decays has

the form [6]:

С
 =
 \ c
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/ 6 . Parameter ц characterizes a

kinematics of 3t~*"^0 decays being equal to Hv~0«5 and

ц^^О.г , respectively; П
р ь
 and Б are density and mean

energy of low-frequency photons in the source.

Thus, if in the production region of gamma-rays besides

the gas component also low-frequency radiation takes place,

then the gamma-ray spectrum will consist of two (pp- and p jf )

components. Pig.2 shows a differential spectrum of total ganma-

radiation. The spectrum is characterized 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 Гу = Г ; b) in the

energy range E v ~ E * , when contributions from pp and p photons

uquolize, the total spectrum of gamma-rays flattens:

E*
An essential flattening takes place when i s — £ 0.3 .

The value of E* does not depend on the coefficient Я and

is determined only by the ratio П
н
/При and the values of £

and Г ; с) in the energy range By > E* the gamma-ray spec-

trum is already entirely due to py — photons. The spectrum has

a power-law behaviour with an index Гу - Г+1.

Thus, the spectrum of gamma-radiation due to superposition

of pp- and p jf •— photons has two peculiarities - flattening at

Bw ~ J2* and cutoff at B« ~ £.., which depend only on parameters

characterizing the production region of gaama-rays, namely on

f\H/nph and I .

8



Pig.3 shows integral spectra of total gamma-radiation

Ei (Ej/E«) +QyEi(1+1/r-Ey/E|), Ey4£ t

~'***/e I \~r*l Q*Ei -Г с

=i (t̂ /Ei) 4—p—(Ey/E«) » Ey > E
t

Since at the given value of Г the relation between S\ and

Q is determined from the condition 'W 1
E
J)

 = <
K (

E
Jr) » where

E*« |В^, then» expressing the photon energy in terms of E
1
,

one can unambiguously determine the shape of spectrum (5) versub

parameter £ s F (Пн/ПрЬ, 6», Г) . From the comparison of Pig.3

and Pig.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
1
 one can estimate the mean energy

of low-frequency -Viotons: 6 « Ю ^ / З - Ю
1
^ eV)"

1
 eV, while by

the spectrum slope above E
1
 one can determine the value of in-

dex of the accelerated proton spectrum ( Г
к
 Гу (Ev> E^) -

1*2.1+2.5). Note,that in the energy range E ^ « E * - 1 0
H
 eV

the photon spectrum must have a power-law behaviour with an

index Гу (Еу«Е*)~ Г-2.1*2.5 , wich is in agreement with

the data of Cyg X-3 (see Pig.1). At given values of £ and Г

one can obtain the ratio

HfL̂ c*- (r»imo 6ffПН " Э 4 0 » 6o S (6)

At ^-'O.I and Га2.3 we get flpt,/nH ~1Cp. If the low-frequen-

qf -radiation i s in theimodynamic equilibrium with the medium,



then the radiation temperature is kT
r
 * 3 eY, and photon den-

sity n
p
h «* 10 * photons/cm . Hence we obtain П

н
 ~ Ю ^ П р ь *

~ 1 0
1 2
 cm"

3
.

The free path of gamma rays in the field of black-body ra-

diation with kT
r
 ~3 eV is Aj

r
~5.1O

1 2
 cm at iSy ~ 10

1 5
 eV.

Precisely of the same order turns, out the value of free path of

protons relative to the ft- meson photoproduction: Л
Р
у =(П

р
ьб

0
)" ar

12
«5*10 cm. Hence, even in case of rectilinear leakage of

protons from the source Лру ~ Ayy , i»e» an appreciable portion

jf photons will freely leave the source.

A more probable region of gamma-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 in the 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 gamma-rays,

if the source radiates isotropically, is L Y (10
12
-10

1
° e V ) ~

37
~
J
\Q

Ji
 erg/s. Hence, at the efficiency of transformation of

accelerated particles energy into gamma rays, 38 ~ 0.1, Gyg X-3

can, in principle, maintain the observed luminosity of the

Galaxy in cosmic rays (CR) of ultrahigh energies: L
C R
 (i10

1
°eVJ'

v

37 •
л/5«1Сг' erg/s. But besides Cyg X-3» at least two discrete sourci

sources of gamma-rays with By > 10 eV are discovered at pre-

sent: X-ray pulsars Vela X-1 [7] and Her X-1 [8], So, to avoid

contradictions with the observed fluxes of ultrahigh-energy CR,

we have to presume that Cyg X-3 radiation has a highly directed

nature (this reduces nearly by an order the energy requirements)

10



or 3£~ 1. The latter assumption is favoured by a "diffuse"

gamma radiation of ultrahigh energies discovered at the lien

Лап EAS array [9]. One can be readily be convinced thet the

observed radiation can be called "diffuse" only conventionally,

since it is most probably due to superposition of the unresol-

ved discrete sources, and not to interactions 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 a characteristic size 6 , for the ratio of, lumino-

sities in gamma-rays and in CR we have:

„ w
y
 ь е

 (7
)

where Л is the scale of magnetic inhomogenieties in the

Galaxy (the free path of gamma-rays with E» ^ 10 •* eV on the

ШЖ. directly indicates that gamma-rays are produced within the

Galaxy); 3^/D
CR
'

w
10 is the relative content of gamma-rays

in CR at 3v-> 5« Ю ^ eV. Substituting the characteristic values

£ ~ 1 kpc (the Galaxy disk thickness), Л *~ 1 pc we obtain

36 ~ 1 '• The strikingness of this result is that if the gamma-

rays are secondary products of CR interactions, then there must

take place an exceptionally efficient mechanism for the trans-

formation of the CR energy into gamma-rays of ultrahigh energies.

Evidently, the interactions responsible for gamma-ray pro-

duction cannot proceed in the interstellar medium, since the

grammage traversed by CR in the interstellar medium is much

less than 100 g/cm - the proton free path with respect to

nuclear interactions. In the energy region of interest the

contribution from inverse Compton scattering of electrons on

11



low-frequency photon field is negligible too. Hence» the "dif-

fuse" component of gamma-rays should, in fact, be the super-

position of contributions of unresolved descrete sources in

which the transformation of accelerated particles energy into

gamma-rays proceeds more efficiently.

Thus, from the limited size of the production region of

ultrahigh-enargy gamma-rays (£10 kpc), from incapability of

cosmic rays to provide the observed iluz of gamma-rays in the

interstellar medium and, finally, from the large value of the

parameter Ш (~1), we can conclude that the main portion of

cosmic rays (at least in the range 10
1
^-10

1
' eV) is accelerated

in the galactic sources.

If gasma-rays are produced at interactions of accelerated

protons with matter, then, as mentioned above, they must travel

~100 g/cm prior to their leaving the source. However, in this

case the accelerated nuclei would not be able to escape from the

source due to a practically complete spallation in ~100 g/cm

of matter. On the other hand, the hypothesis on generation of

ultrahigh-energy gamma-rays in p-p collisions leads to fluxes

at Б у "100 UeV, exceeding the intensities of COS В sources.

In principle, the photon intensity at В. ~ 100 MeV might be

"suppressed" asauming 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 Ж- meson photoproduction in collisions of ac-

celerated protons with a surrounding field of low-frequency

radiation. In addition to H» above-stated argument, based on

spectral peculiarities of Cyg 1-3 radiation, this assumption

12



agrees with the hypothesis that the observed cutoff in the CR

energy spectrum at E~101-> eV as well aa the chemical composi-

tion of CH are the result of Jt- meson photoproduction and

nuclei photodisintegration directly in the CB sources [10-123*

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*

13
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Pig. 1 The spectrum of ultrahigh-energy ganima-rays, observed

from Cyg Z-3. The dotted symbols correspond to the

fluxes after correction to absorption of gamma-rays on

HBR.
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