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Riisume. — Les collisions entre les particules de grande énergie du rayonnement cosmique et le gaz interstellaire pro-
duisent des rayonnements secondaires variés, dont des pions neutres qui se dégradent en rayons v trés énergétiques.
On emploie le modéle hydrodynamique de LANDAU-MILERHIN des chocs proton-proton pour calculer le spectre des
pions produits qui correspondent & des rayons ~ cosmiques d’énergie supérieure 6 10 GeV. On obtient une fonction-
source pour ces rayons en combinant les spectres de production et de dégradation des pions avec les données sur le
fluz de proton du rayonnement cosmique primaire. Le spectre y résultant n’obéit pas & la méme loi de puissance que
les spectres déduits de I’hypothése usuelle d’une raie unique pour les pions dans le systéme du centre de masse des
deux protons. L’intensité des rayons y énergétiques dans I’espace est calculée & partir d’un modéle simple d’ Univers.
On compare les résultats & des estimations plus anciennes de la photoproduction des protons et I’on trouve que les

chocs proton-proton et proton-photon semblent contribuer de fagon sensiblement égale a Vintensité du rayonnement
v intergalactique d’énergie supérieure ¢ 10'5 eV.

ABSTRACT. — Collisions of high energy cosmic rays with intergalactic gas produce various secondaries, including neutral
pions that decay into high energy vy rays. The LANDAU-MILEKHIN hydrodynamical model for proton-proton
collisions is used to calculate the pion production spectrum corresponding to cosmic y rays of energy above 10 Gev.
A source function for these high energy y rays in space is found by combining the pion production and decay spectra
with the primary cosmic ray proton flux. The resulting y ray spectrum follows a different power law than spectra
based upon the usual assumption of a line spectrum for the pions in the center of mass system of the colliding protons.
The high energy y ray intensity in space is calculated for a simple model universe. By comparison with previous
estimates for the proton photoproduction process, it is found that proton-proton and proton-photon collisions appear
to contribute about the same order of magnitude to the intergalactic y ray intensity above ~ 1018 V.

Pesiome. — CTONIKHOBERHA MEKAY YaCTHOAMH KOCMHUECKOTO M3JIyUeRHS GOJNbINON HHEPTHH K MeX3Be3THHM
Ta30M MOPOMKIAIOT Pas3JIMYHEE BTODHUYHEIE MBIYUEHHA, CPeIM KOTODHX HeHTpalbHEHE NMHOHEE IIEPeXo0-
JAllEe B OYEHb SHEpTeTHUeCKHe Jy4yd Y. IIpuMeHeHa THADPOJMHAMHYECKad MOAeNb cOyXapeHmi mpo-
TOROPOTOH JlaHgay-MujexuHA [JA BHUHNCAEHHSA CIEKTPa MOPOMITAHEHX NHOHOB, COOTBETCTBYIOIIHX
KOCMHYECKHM JydaM vy ¢ 9Heprume#t mpepmmalomefi 10 raB. Iloxyuera (YHKOHA-HCTOYEHK JJA STHX
ayuell, KOMOMHHDYSA CIOEKTPH 00pa3oBaEHAM paclajfa IHOHOB € JaHHHMH O IPOTOHHOM IIOTOKE
IePBHYHOTO KOCMHYECKOTO H3IyuYeHHA. BHTeKamuil CIEeKTh He YAOBIETBOPAET TOMY e CTENeHHOMY
33KOHY, UYTO COEKTDH BHIBeJeHHEE U3 00HYHOH I'HIOTe3H eIUHCTBEHHOR JHEHMH JJA IHOHOB B CHCTEME
IEeHTPa MACCH K3 ABYX IPOTOHOB. HTEHCUBHOCTH S3HEPTeTHUYECKHX JydYel v B MPOCTPAHCTBE BRHIYHCIEHA
ucxoada u3 mpocToit Moxenm BceexenHo#.

PesyIbTaTH CpaBHEHH ¢ 0o0Jiee XaBHEMM ONEeHKaMH (OTOIOPOMIEHHA IPOTOHOB H HafifjleRo, 4TO
COyJapeHHA IPOTOH-OPOTOE ¥ HPOTOH-HOTOE MOBHAMMOMY YJacTBYI0 B NOBOJILHO paBHO# Mepe B
HHTEHCHBHOCTH MEKTAJIaKTHYECKOTO MBIYYEHHA Yy ¢ 3Heprhe#t mpespmmatomedt 10 1% 3B.

photons in interstellar and intergalactic space.
In addition, the collisions of high energy cosmic
ray protons with gas nuclei and photons will pro-
duce gamma rays [1].

While high energy electrons dissipate energy

1. INTRODUCTION.

Cosmic gamma rays with energies above
100 MeV are expected to be produced by the

bremsstrahlung of high energy electrons against
intergalactic gas, and by the (inverse) Compton
scattering of high energy electrons with thermal
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more rapidly than protons, it has been estimated
that gamma ray production by electrons is impor-
tant in the “low” energy range 100 MeV-
100 GeV [2]. The physics of these electron pro-
cesses is well understood and the accuracy of the
calculations of the gamma flux is limited only
by the astrophysical data. However, the physics
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of high energy proton collisions is not well-known,
and the calculations to date of the resulting gamma
ray flux are based on very simple models.

In the present paper, a more exact treatment
of the production of gamma rays by proton-proton
collisions is given than in earlier simple calcula-
tions. The gamma rays result from the prompt
decay of neutral pions produced in the collisions.

The other significant proton -collision process

which produces gamma rays is photoproduction ;
this occurs when protons undergo collisions with
thermal photons in space [3] :

(1) Y+ p—>n°+ o

The nonelectromagnetic process considered here
occurs when high energy protons collide with gas
nuclei :

2 p+p—>p+ p+ ant 4+ bn— + cno.

The relative importance of Eqs (1) and (2)
depends, among other things, on the relative
densities of photons and gas in interstellar and
intergalactic space. In the present paper, it is
assumed that production of gamma rays above
10 GeV occurs predominantly in intergalactic
space. Recent downward revision [4] of the
estimates of the thermal photon density in inter-
galactic space suggests that the p — p process,
Eq. (2), dominates the photoproduction process
at lower energies.

The source function for the production of
gamma rays in intergalactic space by proton-
proton collisions, ¢, (E,) em—3 sterad— Gev—1s~1,
is given by

Ej (Ey)
o(Ey) = n o, fE Loy, PEp i) mn(E)
t 4

EY (Ep.Ey)
® % f " de fn(Ey, B fr(Er, Br)

Er(Ep.Ey)

where n protons em—2 is the intergalactic gas
density, o, cm? is the total cross section for
production of pions in proton-proton collisions
(o, is approximately energy independent at high
energies),

i(Ey) = K, E;™ cm—2 Sterad—? Gev—™" g1

is the intergalactic cosmic ray proton intensity,
m(Ey) is the pion multiplicity, fy=(Es, E) dE, is
the fraction of pions produced in the range E.
to E, + dE, by cosmic ray protons with energy E,,
and fr,(E., E,) is the energy spectrum of the pion
decay. Both f,, and f,, are normalized to unity.
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The functional forms of the integration limits
depend explicitly on the shape of the pion energy
distribution, fy. [6]. In the present paper, it is
assumed that the intergalactic cosmic ray intensity
above about 100 GeV is comparable to the measu-
red galactic cosmic ray intensity.

In Section 2 the LANDAU-MILEKHIN hydrodyna-
mical model solution for f,. will be briefly discussed
and the exact model solution of Eq. (3) will be
presented along with an approximate form which
is convenient for examining the energy spectrum.
In Section 3 a relativistic Euclidian world model,
with absorption, is used as the framework in
which the calculations of the high energy y ray
background radiation are made.

2. PioN AND Y RAY PRODUCTION IN SPACE.

The LaNDAU hydrodynamical model of high
energy nucleon-nucleon collisions describes the
nucleons as colliding relativistic fluids, and their
subsequent decay as the expansion and decompo-
sition of the composite nucleonic fluid into pions,
nucleons, kaons, etc.... This model is theoreti-
cally plausible and, in the light of present cosmic
ray data, very acceptable in the energy region
above 650-GeV incident proton energy. This can
be seen by reviewing some of the predictions for
the model [6 through 8]. The pion multiplicity
is predicted to follow an E}* law, where E, is
the cosmic ray proton energy. This is in agree-
ment with a large portion of available data [9]).
Observational and experimental data on the
asymmetrical angular distribution of the produced
pions can be reasonably fitted by the hydrodyna-
mical model [5 and 10]. Lastly, observational
data indicate that a small fraction of the collision

- products carries off a large fraction of the available

kinetic energy. This action can also be explained
by using the hydrodynamical model.

It can be shown [5] that the hydrodynamical
model predicts the pion energy spectrum to be
of the form

1 _l-ln'ﬁ‘
4) fon(E?, Ep) & o € 2L 2Es,
Ex
where
E,
L =0.56 lnm—i- 1.6
and

L+ E, /M)
= 2 —_— Y
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where p is the pion mass and M, the proton mass.
Using this form of f,,, along with the well-known
square pulse shaped energy spectrum of the n°
decay, the y ray source function is found to be
given by

e—1B/aB+1

1
(5) gy(Ey) o ~ m

g

.[1—®(uvm+—l—)]'

Vg + 1
+‘i‘_“1‘;_*“_’"’[1_<p(u{\/4"p—li—l)]

et +uIVE

T ol v+ 1)+ 1)

where
=1.5(n—1)

u~—14+ [1—|—2[]n Ey +1,6]]:lz

V2ue?

O(z) = \/ f—c ﬁ "t g1,

A log plot (see Fig. 1) of ¢,(E,) versus energy E,,
as given by Eq. (5), suggests that the complicated
expression given by Eq. (5) might be approximated
by the simple power law

(6) qY(EY) o E‘Y_v’

where v is a slowly varying function of the y ray
energy. Over a large part of the y ray energy
spectrum, it is possible to make the approximation

(7) va 3.2,

and

when yis given as 2.6 [4]. The present results can
be compared directly with those of GINzBURG and
SYROVATSKI [4], who made a calculation similar
to the above, except that they made some rather
crude approximations about the pion’s energy
in order to obtain f,,. The approximations used
by GmvzBURG and SYROVATSEI are in lieu of a
pion production model. Employing their para-
meters [4], Eq. (6) can be written as

(8) a(Ey) dEy ~ 4nop, B2 dEy,
whereas they find

s 44
(9) a+(By) dBy ~ "t B33 By,

Iv is seen that the present, more detailed calcula-
tion suggests a more rapidly changing energy
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(a) GINZBURG-SYROVATSKII model ; (b) Hydrodynamic model,

spectrum. It should be noted that Eqgs (8) and (9)
give about equal y ray fluxes at energies of 1012 eV,
whereas Eq. (8) gives a flux which is reduced by
a factor of 1000 from that of the GiNzBURG- SYRO-
VATSKII model at 101% eV.

3. THE HIGH ENERGY Yy
RAY BACKGROUND IN SPACE.

In order to calculate the high energy y ray
background of intergalactic space, it is necessary
to employ a definite cosmological model, so that y
ray production from distant sources may be taken
into account in a reasonable manner. For the
present estimate, it is sufficient to consider a
universe which is expanding uniformly. In addi-
tion, the theoretical description of the high energy
vy ray flux requires an examination of the processes
by which v rays are attenuated. In an expanding
universe model, y rays are attenuated by the rela-
tive motion of the sources and the observer, as
well as by their interaction with particles and waves
in intergalactic space.

First consider the attenuation due to scattering.
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The Compton scattering cross section can be
approximated by

2 1
1) o) =i g (ln mi* + 5),

r, = qi/41tm;

where

and
m; = mass of particle with charge g;.

Table I presents the absorption coefficient -k
for y rays of energy 2 X 10 eV, and the optical
depth < over a distance R = 10%*® c¢cm = Hubble
radius. The unimportance of attenuation by
Compton scattering of y rays with energy of
2 X 10 eV can be clearly seen. Eq. (10) shows
that y rays with energy greater than 2 x 10 1% eV
will be even less attenuated by Compton scatte-
ring.

TABLE 1

CoMPTON SCATTERING LOSSES

n k T
Electrons... 10—5cm—3 7 x 10~ cm—! 10—°
Protons . 10-5cm—3 1 X 1037 cm—1! 10—°

The scattering of y rays by static potentials
has been studied with regard to both pion produc-
tion and elastic (DELBRUCK) scattering [11]. Unfor-
tunately, all of these calculations are for the elec-
trostatic Coulomb field of a nucleus [11 and 12].
In intergalactic space only magnetic fields are
expected to be appreciable, and since a magnetic
field is described by a vector potential field, a
direct comparison cannot be made to the electric
field scattering. However, an order of magnitude
calculation [5] indicates that this type of scatte-
ring will be reduced by a factor of 10%® (using a
conservatively high estimate of the intergalactic
magnetic field of 10—° gauss) from elastic photon-
photon scattering.

Investigations of y rays scattered by photons
have indicated that elastic scattering is conside-
rably less important than electron pair production
scattering [5, 12 and 13]. The major problem
for calculating the absorption of y rays by photons
is the complete lack of information concerning
some portions of the electromagnetic spectrum
in space [13], and the disagreement on the hypo-
thesized electromagnetic energy density [4 and 12].
NikisHov [12], using photon densities of the
order of 0.1 eV ¢cm—3, and GoLDREICH and MoOR-
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RISON [13], using measured radio wave intensities,
find absorption coefficients of the order of
10—26 em—! for some ranges of gamma ray energy ;
cf. Table II. If the thermal photon density
10—3 eV cm—3 suggested by Ginzeure and Syro-
VATSKII [4] is used, photon scattering of y rays
may be negligible in the 102 eV region, but is
probably appreciable for gamma rays above
1018 eV,

TABLE II

PHOTON-PHOTON SCATTERING LOSSES *

Ey(eV) 1011 1012 1013 | 1018 10 1020
1027 k(cm—1) 0.05 7 2 05 25 5
< 0.005 0.7 0.2 5 25 50

(*) The first two lines adapted from Nikismov (Ref. 12)
and from GorLpreicH and MorrisoN (Ref. 13). The third
line gives the optical depth for an intergalactic thermal photon
energy density of 10—3 eV cm—3 and R = 102 cm.

The combined effect of the cosmological red
shift and scattering will be considered now in a
simple expanding Euclidian universe in which
the red shift energy and number effects, but not
solid angle effects, will be considered. At a
distance z from the observer, the photon-photon
scattering absorption coefficient of vy rays produced
at a distance r(r > z) is defined by means of the
integral

(11)  kE,, ) = A  des alee) o(Er, €a), |

where E, is the energy a y ray must have when
produced at r in order to be measured as having
energy E, at the observer :

— E'
1 4+ Hr
with H = Hubble constant ~ 10—% cm—!. In
Eq. (11) ns(es) is the number of photons of energy
€z cm—3 at z, and o (E,, ) is the photon-photon
scattering cross section.

The intergalactic y ray intensity is then given by

. 12H Ef
(12) jo(Ey) dEy = A i ﬂ( Hl

exp (-— 'Ar k(E,,x) dx) dE,,

where ¢, is given in Eq. (8). The upper limit for
the distance, one-half the Hubble radius, limits
the calculation to y rays from the nearer part of

E,
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the observable universe, and, hopefully, increases
the validity of the present nonrelativistic calcula-
tion.

Using the fact that the photon-photon pair
production cross section has a strong maximum
near threshold, and assuming that the intergalactic
photon density is approximately constant over
the time R/2¢ ~ 5 X 10° years, the y ray flux can
be evaluated approximately. Of course, the
approximate spectrum follows the same power
law, E7®%, as the source function.

The results of our calculation are compared
in Figure 2 (attenuation above 108 eV is neglec-
ted) with those of HaAyakxawaA and Yamamoro [3]
for photoproduction. Their original fluxes, based
on a thermal photon density of 0.2 eV cm—3, are
presented as well as the scaled down fluxes based
upon a density of 10—2 eV em—2. The low and
high energy ends of the spectrum calculated by
Havagawa and Yamamoro depend on the density
of hard and soft thermal photons, respectively.
‘While cosmological considerations enter into these
photon densities, it is usually assumed that these
densities are not particularly high. Thus, it
appears that with large uncertainties due to the
paucity of information about intergalactic matter
and radiation, the proton-proton production pro-
cess dominates photo-production below ~ 1015eV,
while above 101 eV the contributions of the two
processes appear to be of the same order of magni-
tude.

The y ray estimates are compared with the
extensive air shower measurements by BURBIDGE
and GouLp [2]. A comparison of our calculations
with the results of CEUDAROV and JELLEY, and
details of the calculations outlined here are pre-
sented in [5].

In conclusion, it is noted again that the model
of pion production used is an extremely important
factor in the calculation of the y ray spectrum.
Thus, using a reasonable model of the strong inte-
raction between protons leads to a cosmic y ray
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production spectrum with a different spectrum
law from that usually obtained by simple appro-
ximations.
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