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ABSTRACT

We present here some initial results of a detailed calculation of the cosmo-
logical y -ray spectrum from matter-antimatter annihilation in the universe. The
similarity of the calculated spectrum with the present observations of the y-ray
background spectrum above 1 MeV suggests that such observations may be evi-
dence of the existence of antimatter on a large scale in the universe. Quantitative
comparison of the calculations with the existing observations indicates that the
product of interacting matter and antimatter densities at present is 'iip' 0o Dz o2

4 x 10°2%% ecm™S.

*NAS-NRC Postdoctoral Resident Research Associate



COSMIC MATTER-ANTIMATTER ANNIHILATION

AND THE ,-RAY BACKGROUND SPECTRUM

I. INTRODUCTION

The question of the existence of antimatter on a cosmological scale is one
of the most basic problems of physics and cosmology. Recently it has taken on
added interest because of the suggested possible role of antimatter in galaxy
formation and the evolution of the universe (Alvén, 1965; Harrison, 1967; Omnés,
1949) . It has long been recognized that the most promising way to search for
evidence of antimatter on a cosmological scale is to attempt to observe y -rays
of cosmic origin which would be produced by the decay of neutral pions arising
from matter-antimatter annihilation. In order to determine the annihilation-
origin of such y-rays, one must first calculate the y-ray spectrum which would
be produced by such annihilations so that the calculated spectrum may be com-

pared with observational data on the y-ray background spectrum for possible

identification.

For the purpose of discussion, we define the terms "RG' and '""CR'" as fol-
lows. An RG (rest-gas) proton (or antiproton) is one possessing negligible kinetic
energy with respect to the surrounding gas in an astronomical system. For ex-
ample, nuclei of the galactic interstellar gas clouds from which stars are formed
may be considered RG nuclei. A CR (cosmic-ray) proton (or antiproton) would
be one possessing relativistic energy. We may thus envision four sitﬁations for

discussion in which matter and antimatter might interact:

(1) RG matter + RG antimatter (RG-RG)

(2) RG matter + CR antimatter (RG-CR)



(3) CR matter + RG antimatter (CR-RG)

(4) CR matter + CR antimatter (CR-CR)

Although astrophysics has revealed many surprising phenomena, we would
be hard put to imagine a system in which the number of RG nuclei did not greatly
outnumber the number of CR nuclei. Indeed, the evolution of such a system from
a more balanced one would violate the second law of thermodynamics. There-
fore, if we let the number of RG nuclei in a typical system be N and the number
of CR nuclei in the system be of the order €N, with ¢ << 1, then typical inter-

action rates would have the properties

R(RG-CR) R(CR-RG) y
R(RG-RG) ~ R(RG-RG) " € (1)

R(CR-CR) R(CR-CR) .
R(CR-RG) ~ R(RG-CR) ~ € (2)

and

R(CR-CR)

___~€2
R(RG-RG)

@3)
We will thus assume that the likelihood of CR-CR interactions is negligible

compared to the likelihood of RG-CR or CR-RG interactions that will produce

v-rays of similar characteristics, and we may limit ourselves to the discussion

of RG-RG and RG-CR (or CR-RG) interactions.

II. THE y-RAY SOURCE SPECTRUM

The 7y -ray source spectrum from p-p interactions of the RG-CR type is

given by



Swo-cn B, ) 470, (1) [ BBy ) ) [ a0, 5, 5p

(4)

1
X L S fds(E'yIEs)

d

For interactions of the CR-RG type, we use the corresponding expression

qCR_ié(Ey,?) = 4'71115(?)f(1Ep I (Ep’ ?) ZJ‘(IESJS (E 'Ep)

) Z éydRyd fas (EylEs)
d

In equations (4) and (5), the quantity n(f) is the number of target nucleons
in the medium per cubic certimeter as a functiun of position; I@,F) is the dif-
ferential cosmic-ray particle flux in em™2 -s~!-sr~!-GeV~!. The subscript p
stands for proton, p for antiproton, s for secondary particle produced in the col-
lision, and d for decay mode. The production function o (ESIEP) represents the
cross section for production of secondary particles of type s and energy E_ in a
collision of primary energy E , { , represents the number of » -rays produced
in the decay mode d, R, is the branching ratio for the decay mode d (the proba-
bility that a secondary particle s will decay via mode d) and f (Ey IES) is the
normalized distribution function representing the probability that a secondary
particle with energy E _ will decay to produce a y-ray of energy E 4+ For the

purposes of discussion, we will restrict ourselves to p-p interactions.

The situation for matter-antimatter annihilations occurring near rest is
somewhat different. In this case, we will 1ind it more convenient to speak of

particle densities instead of fluxes or intensities. We thus make the transformation



n, (T) n, (r)<v>
[(lEk L. LK T) = g fdv vi(v) = B vra— (6)

where v is the relative velocity between the ~nnihilating nucleon and antinucleon,
which we can consider to be a thermal velocity, and f (v) is a normalized distri-
bution function representing the distribution of relative velocities between the

interacting nucleons.

The y-ray source spectrum from p-p interactions at or near rest is given by

(lgc-ié(Eyv?): np(?)n-ﬁ(?) ‘[ dvf(v)v Z f dE o, (Eslv)
(7)

x Z L aR,afaq (E,|E,)
d

We therefore define the emission measure B as

B = Jf dlnp(?)ns(?) (8)
It follows from equation (7) that
1 >
Ieg-re(E)) = 7, | dla(®) « B (9)
where 1 is the distance along the line of sight.

III. CROSS SECTIONS FOR PROTON-ANTIPROTON

ANNIHILATIONS NEAR REST

We now state more precisely what we mean by a ''rest gas." We define a
rest gas to be a gas of particles such that no particle in the gas has an energy

greater than 286 MeV. This rather liberal definition of rest is sufficient to



insure that the only secondary particles produced in RG-RG interactions that
yield y-rays are secondary mesons produced by nucleon-antinucleon annihilation.

Our restriction leaves out interactions of the type
ptp-p+p+n° (10)

since the threshold for reactions of this type is 286 MeV.

Since the threshold for nonannihilation, inelastic, p-p interactions that pro-
duce particles other than 7°-mesons is even greater, it follows that in the RG-
RG case, only annihilations; i.e., reactions of the form

p + P — bosons (11)

neutral pions

v -rays
need be considered.

Table 1 lists the experimental cross sections for free p-p annihilation as a
function of incident antiproton kinetic energy at accelerator energies. Also

listed are A_,, and the product of the annihilation cross section (¢,) and cms

cms

velocity (Z...). It can be seen from table 1 that the product of cms velocity and

cms

annihilation cross section is constant over a very large energy range. For non-

relativistic energies,

1
Bems 3B (B<<1) (12)

A being the relative velocity of the particles. We find experimentally that

4.8 x 1002 am? 1.4 x 10”15 cm3-s~!
O, X 3 ~ v (13)




At all energies above 25 MeV, we find that table 1 agrees with the theoretical

cross section

er
Op = B, (14)
taking
r. = 0.87 x 10713 om (15)

p

as the proton (or antiproton) radius and using the model of Koba and Takeda

(1958) in which the nucleon acts as a black absorbing sphere of radius r,.

At lower energies (< 10 MeV, which correspond to annihilations of matter
and antimatter gases at a temperature <10!! K), coulomb forces play a dominant
role in the matter-antimatter interaction process. At energies < 100 eV, bound
systems of protons and antiprotons can be formed as an intermediate stage be-
fore annihilation. The situation is similar to the cace of positronium formation
(Stecker 1969). As in that case, we find that under astrophysical conditions, the
lifetime of the p-p system against annihilation is much shorter than its lifetime
against breakup, so that the cross section for bound-state formation becomes
the effective annihilation cross section. Until recently the effect of coulomb
interactions on matter-antimatter annihilation was largely neglected and theo-
retical cross sections for bound-state formation processes had not been calcu-
lated. However, recently Morgan and Hughes (1970) have calculated the cross

sections for the radiative capture processes

e +et =1 +y (16)
and

p+p—1I +vy (17)



and the atomic processes

H+H- Hp + (II, or e™ + e*) (18)
H, + H -~ ﬂp + (Il or e +e*)+ (Horp t e7) (19)
H, + ﬁz = 2?1‘) + (various combinations of 227, 2e%) (20)
H2 + ﬁ2—~ﬂp + (II, or e" +e7) + (various combinations of p, p. e', and 1e7) (21)
p+tH-1 +e* (22)
p+ﬁz—'ﬂp+(ﬂeore’+o')*(ﬁorﬁ’re’) (23)
e" +H-1_+p (24)

and
et +H-T +p (25)

where we have used the symbols !! , and [, to denote the bound states of the
p-p and e -e* systems, respectively. Reactions (24) and (25) have already been
discussed with regard to the annihilation of secondary cosmic-ray positrons in
a tenuous neutral hydrogen gas (Stecker 1969). The cross sections for these
reactions were calculated by Cheshire (1964). With regard to p-p annihilation
in intergalactic space, three processes in particular can be expected to be of

the greatest importance:

(1) Direct annihilations, such as (11), at energies greater than 10 MeV,
where the cross section can be well represented by equations (14) and

(15).

(2) Direct annihilations at energies below 10 MeV, where the mutual cou-

lomb attraction of the proton and antiproton distort the wave functions




of the two particles with a resultant increase in the direct-annihilation
cross section. When the cross section given by equation (14) is cor-
rected for this effect, the cross-section formula becomes modified to

2
2ma /3 Tl

o 1= exp(-2ra/p) ,3cm (26)

where - is the fine structure constant. For p-p interactions at ener-

gies much less than 4 MeV, where 7 << 27a, equation (26) reduces to

e b B << 2ma 27

Thus, at an energy of about 4 MeV, there is a transition in the velocity
dependence of the annihilation cross section from o, ~ 571 to o, ~ 572,
The same is true for electron-positron interactions at energies of the

order of 2 keV where 3 »~ 27a.

(3) In interactions between neutral atomic gases of hydrogen and antihydro-
gen at thermal energies, the H-H rearrangement collision, reaction (18),
becomes the dominant mode of p-p annihilation. Morgan and Hughes
(1970) have calculated the annihilation cross section for this reac-
tion and found that for energies between 10~° and 1 eV (corre-
sponding to thermal velocities at temperatures between 10 K and

10* K)

1
]
12

(0.31.a,)% 054 (28)

where a, is the Bohr radius of the hydrogen atom.



Radiative capture reactions of the form of equation (17) can be shown to be
insignificant. The cross section for annihilations of this type (Morgan and

Hughes, 1970) is

128 [ ™) A ,\—z 3] oy
oo © == |In{F)+0.20 + 0.25(% = (29)
: [ Y ¥

Equation (29) is accurate to within at least 1 percent when 2 < « /7 and is exact
in the limit as 5 — 0. The radiative capture cross section for the electron-
positron system, viz, e* + e~ = Il_+ o, is given by the same formula without the
quantity (me/mp)z. For p-p annihilations at all energies of interest o, = << o,;
however, in the case of eleciron-positron annihilation (in an ionized medium)

a

> o, for interactions at energies less than 20 eV.

» T

In figure 1 we give the cross section versus temperature, energy, and
thermal velocity for the reactions expected to be of importance for cosmological
problems (intergalactic p-p annihilations). Figure 2 shows the values for total-
annihilation cross section times velocity (proportional to the annihilation rate)
based on the calculations of Morgan and Hughes, which should be valid for astro-
physical and cosmological problems at the temperatures and kinetic energies

indicated.*

*In interactions between partially ionized atomic gases of hydrogen and antihydrogen, reaction (22)
and its charge conjugate analogue should also be considered. Morgan and Hughes find the cross
section for this reaction to be

Oosii pon = (0.057 ao)2 B-1

for temperatures between (.1 and 3000K. When partial ionization as a function of temperature is
taken into account using the Saha equation, it is found that the total effective cross section is
well approximated by (28) for temperatures < 5000K and by (26) or (27) for greater temperatures.

~



We may now make use of equations (17), (18), (27), and (28) in order to
reduce equation (7) to a simpler form. To do this, let us assume that matter-
antimatter annihilations are taking place at thermal energies in three tempera-

ture regions defined as

Region I: 101K <TZ< 103K
Region II: 104 K <T< 101K (30)
Region III: 10 KS<T<10* K

It follows from the equations cited above that in each of these regions the
annihilation cross section varies as some inverse power of the velocity. We can
write an expression for this cross section for each of the temperature regions

defined above thus

-1
\"
Region I: U(ESIV) ~ Oy (E)
w1
Region II: o(E lv) ~ o (E> (31)
. v\-0.64
Region III: o(Elv) =~ oyqg (E)
where
oy = 4.8 x 10726 cm?
oy = 2.2x 107% cn? (32)
and
o = 2.6 x 10718 cm?

ITI

10



We will write for all three regions

-5
o(E lv) = o <\E> f(E) (33)

where &, is the exponent of the power-law velocity dependence of o (E,|v) as

given in equation (31) and where, as in previcus discussions

-~

" dE, f(E,) = 1 (34)
0

-

If we assume that the velocity distribution of the interacting nucleons and
antinucleons is thermal and can be represented by the normalized maxwellian

distribution

3/2 2
£ (V) = \/3 <k—mT> v2 exp (- ;]va> (35)

at some given temperature T; and in addition, if we define a normalized energy

spectrum of the -radiation in the rest frame of the gas,

L, E(Eq) = Z JdES f(E,) Z yaRg fas (B olE)) (36)
s d
and smear it out by the distribution function,

- mc? b _ mc? Ey B Eyo 2
D(EylEVO) -\ 27kT ©XP 2kT E =7y

¥0

to take account of the thermal Doppler broadening of the y-ray spectrum, we

may write equation (7) in the form

$ 4 |




- - - 2\% [ m\3¥2

mv2

. Jdv v exp ( 3;5) deyoD@y!Eyo) f(E,0) (38)

Equation (38) may be further reduced by elimination of the first integral to read

5.
— -t _ s 2 _ _1
Agg-rg () 1) = ny(r) n () o, ¢ 167—77‘4 F(2 2>

ok T\ (17%)
x ( - ) dEyoD(E7|E70) f(E, o) (39)

where [ (X) is the gamma function.

In region I, ; = 1, and therefore, from equation (7),

Jdvf(v) vo,ev’l = aIchv f(v) vev? = alcfdv f(v)

= o3¢ (40)

since f dv f (v) = 1 by definition.

We therefore find that in region I,

9gg- e (B, r) = p (F) ni(?) UICCYJ dE'xOD(EylEyo) f(Eyo)
for 1017 K < T £ 1013K (41)

In temperature regions II and III, we cannot make the simplification given

by equation (40); however, we can make a different simplification. In these

12



temperature regions, < << 1, and Doppler broadening due to thermal effects
provides only a negligible distortion on the y-ray spectrum. Thus, in these

temperature regions, we may write

D(E |E, ) ~ 8(E, - E ) (B<<1) (42)
and therefore
JdE (D(E,E ) f(E ) = f(E)) (43)

In region II, 6,, = 2, and by reducing equation (39) and making use of tke
approximation (43), we obtain
2mc? '

"
ARe-i6 (B, T) = 0y (F) ns(7) oy Cg"r( WkT) f(E))

for 104K < T £ 10" K (44)

In region III, 5,,,= 0.64, and again reducing equation (39) and using the

approximation (43), we find

>y - s - 2 2k T 0.18“
Ue-G (B T) = 0y (T) ng(T) oyqpcl, ;,l—/,r(l'68) 2 f(E)

mc —l

for 10K < T < 10 K (45)

IV. MESON AND »-RAY PRODUCTION IN p-p ANNIHILATIONS

Both the experimental data and the simple statistical model of Matsuda
(1966) indicate that in p-p annihilations at rest, o -meson production is an order

of magnitude less important than pion production and that production of other

13




mesons is at least two orders of magnitude less frequent than pion production,
(see table 2) Table 3 shows the decay schemes of these mesons that lead to
final-state  -rays and other relevant data. Table 4 shows some recent data
on meson production indicating that about 20 percent of the -rays produced
arise through nonpionic meson production. The largest nonpion contribution to

the »-ray spectrum is due to the p-meson decay schemes

pt = mt 4 70 (46)

|->7+7

The o meson is an isospin triplet (T = 1) constructed from two pions, each
having T = 1. Evaluation of the Clebsch-Gordon coefficients for this construc-

tion yields

lo* ) = V—li).(|77*)|77° y = |79 |7*y)
1

%) = 75(|w*>|w' Y= |77t y) (47)
1

|p" y = ﬁ(ho)lw’ ) = |77')|77°)).

Since the o construction does not contain any |7°)|79) terms,
|(W0W0|p0)|2 = 0 (48)
and, therefore,
p° A 70 + w0 (49)
Gamma-rays from p* decay (reaction (46) ) possess an average energy

of 210 MeV, not much different from the 190-MeV average energy given to

v -rays from the directly produced pions that are an order of magnitude more

14



frequent. Because other mescns are produced even less frequently than the o
mesons, we can conclude that mesons other than pions have a negligible effect

on the total y-ray spectrum from p-p annihilation.

If we assume that the large majority of v-rays from RG-RG interactions

arise through 7° decay, equation (36) reduces to

f(E [m ag, 200 (50
) e )
! JEy+(m#?/4Ey) (Eﬂ2 - m”2),&

The process
ptp -7 (51)
is, of course, forbidden by conservation of momentum. The process
p+p—m0 + 0 (52)

is also forbidden since p-p annihilations at rest occur predominantly from the

S states of the p-p system.

The selection rule that forbids reaction (52) follows from conservation of

G conjugation parity.

The process of G conjugation is an extension of charge (C) conjugation,

which holds for neutral as well as charged particles. It is defined as

G = Ce'™ (53)
where C is the charge-conjugation operator and T, is the second component of
the isospin vector. From (53) we can show the commutation relation

[T,G] = 0 (54)

15




Thus, we may describe particle states as simultaneous eigenstates of both

GandT.

It can be shown (Sakurai, 1964) that systems having baryon number 0 are

in an eigenstate of G. The p-p system is just such a system. For this system

G = (_ 1)L+S+T (55)
where L, S, and T are the orbital, spin, and isospin quantum numbers of the
state, respectively.

In a state consisting of a single pion, L = 0,S = 0, T = 1, and, therefore,

G = - 1. In a final state consisting of { pions, G is given by
G = (-1 (56)
The selection rules (55) and (56) indicate that for an S-state annihilation

(L = 0), the final state consisting of two neutral pions is strictly forbidden

(Lee and Yang, 1956) .

Therefore, the extremum 7 -ray energies that we would expect from this

decay would result from interactions of the type

p+§—°77*+77'+770 (57)

resulting in pions with the given maximum energy

1
Eno,max 2(2mp) [(2mp)2 o m,,20 - (2mﬂi)2] (58)

= m -

m;
— 2~ 923 MeV
P m

Hiw

16



Thus, the annihilation -rays are limited to the energy region

—;[E - (E° ~mE] S K 2 l[1-:0 + (E2

70, min 70 max T T, max 70, max

-m2)%] (59)

or 5 MeV < Ey < 919 MeV.

The process
Ptp =y ty (60)

may also occur; but this process, involving the electromagnetic emission (em)

of two photons, is of the order

o 2.6 x 10730 cm?
o,, = a’o

em A strong - ﬁ (61)

and therefore this process may be neglected as a significant contribution to

v =ray production.

V. THE GAMMA-RAY SPECTRUM FROM

PROTON-ANTIPROTON ANNIHILATIONS AT REST

As we showed in the previous section, we can neglect the contribution from
the decay of mesons other than neutral pions in calculations of the y-ray spec-
trum from p-p annihilations at rest. The normalized 7 -ray spectrum was cal-
culated numerically from the relation (50) with the normalized distribution
function f,(E,) taken from the calculations of Maksimenko (1958), based on the

statistical theory of multiple particle production.

The resultant spectrum, up to 750 MeV, is shown in figure 3. Frye and
Smith (1966) have recently calculated the ¥-ray spectrum from p-p annihilation
up to 500 MeV, based on recent measurements of charged pions from p-p anni-

hilation by the Columbia University group. The excellent agreement between

17




the results of figure 3 and the calculations of Frye and Smith not only serves as
a mutual check on the calculations but also supports cur previous conclusion
that mesons other than pions have a negligible effect on the total y-ray spectrum

from p-p annihilation at rest.

VI. REDSHIFTED SPECTRA

For cosmologi. 1l » -ray production, the quantity B defined by equation (8)

becomes
. dl
B- | dz n, (z) n5(2) 33 (62)
7 is defined as the redshift suffered by a photon originating at a distance 1.

The derivative

dl c
dz  H (1+2)? (1+Q2)

where H, is the Hubble constant and (0 ~ 10° cm® n_ ; and the densities

n (z) = n, o(1+ i
and (63)
ns(z) = ng o(1+ z)3
(see, e.g., McVittie 1965) .
Defining
B, = (ﬁ%) N o N5 (64)

we find by taking account of the effects of redshift, expansion, and time dilatation

in the expanding universe

18



-5

=) (a2

(1 + 02y A [(1+2)E,] (65)

dz [T(2z)] (

where i = II, Ill; oy; = 2; &;,;= 0.64; 0;; = 1.1 x 10°?" em?; ¢ [,= 2.6 x 1078

em?; G, (E)) = L, f,(E,) where f ,(E ) is shown in figure 3; and T, is the matter

temperature of the universe, which is a function of z. The matter temperature

2.7K (1 + 2) for z 2 150
T(z) »~

1.8 x 10-2K (1+2)2 for z < 150 (66)
(Zel'dovich, et al., 1969).

It follows that equations (65) and (66) together with the bounded form of the
function G, (E.) yield source spectra of the form E T as shown in table 5 when
absorption effects can be neglected.

At high redshifts, when pair production and Compton scattering become

important, it becomes necessary to solve a cosmological-photon-transport

(CPT) equation in order to determine the y-ray spectrum.

VII. THE COSMOLOGICAL-PHOTON-TRANSPORT EQUATION

The cosmological-photon-transport (CPT) equation for x-rays and y-rays
has been discussed at great length by Arons (1971a, b). Our formulation differs

from his basically only in the definition of the y -ray intensity, I. Our intensity

19




is defined as a photon intensity in units of photons per cin?-s-sr-MeV (or in
energy units of 0.511 MeV = m_c?). The intensity defined by Arons is in terms
of an energy flux rather than a photon flux. The energy flux decreases more
sharply with redshift than the photon flux, since the energy of each photon suffers
an adiabatic expansion loss as the universe expands. Thus, the form of the CPT

equauoun use  here is slightly different than that used by Arons.

Definingy = 1+ z,and ¢ = E /m c?, we can write the CPT equation as

follows

A

d [ de
51 (v73 I(ey)) + 5 (g% Y I(e‘-y)> = ¥ Qu(ey)

1“‘6

(67)

b(

€)
-n(y) o,(e) cy 3 I(e,y) + n(y) cy™3 [ de' o(ele') I(e',y)

€

where y 3 I ie the specific comoving photon intensity in the expanding universe,
Q A(c,y) is the source term of y-rays produced in matter-antimatter annihila-
tions, and n (y) is the average gas density in the intergalactic medium. The
quantity d <¢/dt describes the energy loss rate of photons due to the expansion

of the universe which is given by

= edy _
qE = aat - '[Hoyz\/l-Q+Qy] (68)

(see, e.g., McVittic 1965). The second term on the right hand side of equation (67)

< |n

describes the absorption of » -rays by intergalactic gas due to pair-production
and Compton scattering. The integral term describes the transport of photons

being scattered down in enerey by Compton interactions.



The partial derivative

(69)

Substitution of equations (68) and (69) in equation (67) and subsequent simpli-

fication yields the CPT equation in the form

‘8_1_+'BI_ 9] y? 7
Y3y €9e T Mo o aray |7 F

(70)

b(e) G, (€)
oy 3
= e o(ele) I - N5 0 a4, Y o(y)

€

where
H,
g, = =~ 10723 om? (71)
u ncc
and
n, = 3H02/877G ~ 1075 om™3.

The upper limit on the Compton-scattering integral,

r

e/(1- 2€), €<

N =

n

b(e) < ; (72)

N =

and the interaction velocity function

oa [T)] v [TY)]
o(y) = (73)

o}
u
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Y e ..

and

QA(€1Y)
GA(€) -

c = 74
n, (y) ns(y) @(y) e

is the y-ray source term normalized per interaction as shown in figure (3).

We further define

m

(75)
and

= ~ 2.5 x 1072 (% (76)

where r is the classical radius of the electron. We then introduce a dimension-

less absorption term A (¢) = A_(€)+ A (¢) to take account of both Compton
scattering and pair production where

A _ 2+2e(2+ 2 In(l+ 2¢) In(1+2€)  2+6¢
(&) = T\ T+ 2 € >+

€ (1+ 2€)2 (70

and

3.25 x 1073 L(e¢), L(e)

= (3.12 lne = 8.07) 2 0
A(e) = (78)
0 , L(¢) <O
A dimensionless transfer function is also defined as
2 12 2 1 2 '
B(ele) = —— |5 -=+ +-1"—7+5.+i (79)
(6')4 € € (€|)2 €2 €€ € €

(Heitler 1954).
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Using these definitions, we obtain the final form for the CPT equation as

used in the numerical calculations

r

B_! ' _L]:. 21 + r 2 7y 4 hN=H “A(e 1
y ay c P € s vy (.\ r) > ()
(80)
ﬁﬁ_n fA(»_) " b(e)
- 4,"")’3 ‘I’(Y)‘“,J de' B(ele') I(e')
€

VIII. COMPARISON OF CALCULATED y-RAY SPECTRUM FROM
COSMOLOGICAL MATTER-ANTIMATTER ANNIHILATION

WITH OBSERVATIONS

The function I, (E., y = 1)/0, (13 ,, obtained by numerical solution of the
CPT equation using the method of characteristics, is shown by the solid line in
figure 4. If we chose a value for n, , ns , of 4 x 10726 c¢cm~5 for the product
of the mean densities of interacting matter and antimatter at present (z = 0), we
obtain a theoretical annihilation spectrum compatible in both form and intensity
to the observed spectrum of cosmic background y-radiation above 1 MeV as is
shown in curve A of figure 5. We conclude that the observations of Vette, et al.
(1970), which indicate a marked deviation from the power-law X-ray spectrum
(curve X), may be evidence of the existence of antimatter on a cosmological

scale. This conclusion, however, is subject to the following conditions:

(1) There must be an additional power-law background component of X-rays
below 1 MeV of another origin. Our calculations of the annihilation -ray spec-
trum below 1 MeV (not presented in their entirety here) fall well below the ob-

served power-law spectrum in that energy range
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(2) The peak in the calculated annihilation spectrum near 1 MeV is caused
by absorption and scattering of the ) -rays by interactions with an intergalactic

medium having an average density near the critical value n. ~ 1075 em™3.

(3) There is strong evidence that at a redshift of z~ 2.5 (or perhaps some-
what greater) the intergalactic medium is strongly ionized and equation (3) does
not noid (Gunn and Peterson 1965, Rees 1969). At the redshift where reionization
occurs there will be a rapid drop in the cross section for annihilation (see
figure 1) resulting in a sharp steepening of the y -ray spectrum at an energy
E . ~50MeV. Above E , . the spectrum will drop off much more rapidly than
the power-law dependence ~E_~?-%¢ shown in figure 3. Assuming that the re-
ionization of the intergalactic medium takes place at a redshift of 2.5, we obtain

the dashed line shown in figure 5 for the high-energy end of the annihilation

spectrum.

(4) The observational data on the y-ray spectrum above 1 MeV do not
provide enough information at present to yield a unique identification of their
origin. There have been several alternative attempts to explain the background
flux as being due to the decay of neutral pions produced by cosmic-ray inter-
actions at high redshifts (the protar hypothesis (Stecker 1969a, 1969b, 1971)),
galactic electron bremsstrahlung (Rees and Silk 1970), extragalactic electron
bremsstrahlung (Silk 1970) extragalactic proton bremsstrahlung (Brown 1970)
and nuclear emission lines (Clayton and Silk 1969). More recent work shows
that none of these alternatives except the protar hypothesis seems capable of

explaining both the form and intensity of the observed flux (Vette, et al. 1970,

Stecker, et al. 1971, Stecker and Morgan 1971, Jones 1971).* The form of the

* . -~ - .
A suggested explanation by Sunyaev (ZhETF Pis. Red. 12, 381 (1970) ). has recegtl
attention. He suggests that bremsstrahlvngz radéa%ionl’ {Zr{)}’n“reia{gv stic elec-
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-ray spectrum produced as a result of coesmic-ray interactions at high redshifts
is shown in the curve marked CR in figure 5. It can be seen from figure 5 that
definitive measurements of the cosmic »-ray background spectrum above 6 MeV
will provide an observational test between the protar hypothesis (curve CR) and
the annihilation hypothesis (curve A). The annihilation hypothesis predicts a
steepening in the background spectrum above 50 MeV whereas the protar hy-
pothesis predicts a steepening in the spectrum at about 7 GeV (Fazio and
Stecker 1970). Should future investigations indicate that the background
v-radiation above 1 MeV is not due primarily to matter-antimatter annihilation,

this will place an upper limit on the product i ; 1. , of the order of 107%¢ em™S.

trons in the nuclei of Seyfert galaxies would have a spectrum consistent
with the Vette, et al. results and have a sharp cutoff above 20 MeV con-
sistent with the upper limits at higher energies. The sharp cutoff at 20
MeV suggested by Sunyaev has been disputed by Prilutsky,Ochelov,Rozental
and Shukalov (U.S.S.R. Academy of Sciences Institute for Space Research
Preprint #51,1970). The problem of pruducing a high enough intensity of
gamma-rays from this mechanism has been discussed by Bisnovaty-Kogan and
Sunyaev (Ap. Lett. 7, 237 (1971)).

Note on recent experimental results: Trombka (private communication) has
indicated that a receht reanalysis of the Ranger 3 results above 1 MeV is
in agreement with the measurements of Vette, et al. Golenetsky (Moscow
Seminar on Cosmic-Rays and Astrophysics 1971) has reported that new upper
limits obtained by a detector aboard the low-altitude Cosmos 135 satellite
for Y-rays of energies up to 3 MeV are in conflict with the measurements
of Vette, et al.
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Table 1

Experimental Cross Sections for p-p Annihilation as a

Function of Incident Antiproton Kinetic Energy

TE' MeV o, Mb [5’.5. cms BB' Tar mb Reference
25to 40 192 + 34 0.13 25 Loken and Derrick (1963).
45 175 +45 15 26 Cork et al. (1962).
40to 50 155 27 .16 25 Loken and Derrick (1963) .
55to 80 118 + 26 .20 24 Loken and Derrick (1963) .
90 101 + 9 22 22 Cork et al. (1962).
145 99 =+ 8 .28 28 Cork et al. (1962).
245 66 + 6 .36 24 Cork et al. (1962).
7000 23.6 + 34 | 24 Ferbel et al. (1965) .
Table 2

Average Energies and Production Rates for Various Particles

Produced in p-p Annihilations at Rest
[ Matsuda, 1966]

T, Average Calculated Experimental
particle or pair energy, MeV production rate production rate
m 380 3.96 3.94 + 0.33
o 850 2.3 x 1071 (2.5 + 0.6) x 107!
w 940 4.2 x 1072 (4.5 + 0.7) x 1072
7 860 2.4 x 1072 (1.4 + 0.5) x 1072
KK (K)660 3.1x 1072 (3.3 + 1.6) x 10°2
KK*, KK* 20.6 x 1073 (8.8 +1.8)x 107
K* K* (K*)980 3.8x 1073 (3.9 + 0.7) x 1073
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Table 3

Decay Modes, Branching Ratios, and y-Ray Multiplicities
for Various Particles Produced in p-p Annihilations

Branching ratio,

Decay mode R (WR
pt = nt 4+ 70 ~1.00 2.0
w =7t 4+ + 70 .89 1.78

- 70 + .10 .30
N YTy .386 .78
- 379 or 70 + 2y .308 1.5
-mt + 7" + 70 .250 5
-mt+n +y .055 .05
Kt— 7t + 70" 215 43
K%~ n% + 00 .155 .62
Ky< K§ =70 + 70 + 70 .133 .80
Ky<n* +7° ¢+ n0 .067 i |
K¥-K+7 - -

“Other 7y-ray-producing decay modes have negligible branching ratios.
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Table 4

Production Rates for Various Meson-Producing Channels
in p-p Annihilations at Rest
[From Baltay et al., 1964]

Channel Rate, % L, ¢, R
g 7° 1.4 0.2 2 2.8
ot mt 2.9 £0.4 2 5.8
POt 5.8 103 0 0
00 o0 0.4 +0.3 0 0
o0 7t 7m0 7.3 +1.7 2 14.6
ot ntat T 44 +1.8 ) 12.8
R AR i 3.8 0.4 2 7.6
0 7t 7 @ 1.2 +0.3 ~2.6 3.1
o? o0 .7 £0.3 2 —
n° o0 0.22 + 0.17 ~2.6 -

*Includes cases where 7* 77 were from o° decay.

Table 5

Exponents of Cosmological Power-Law Annihilation y-Ray Spectra

70 MeV
Q z E70 o VT —— 8 r

1+ 2)

1 0-150 500 keV-70 MeV 0.64 2.86

150-1000 70 keV-500 keV 0.64 2.08

103-10° < 70 keV 2 2.00

>0 0-150 500 keV-70 MeV 0.64 3.36

150-1000 70 keV-500 keV 0.64 3.18

103-10° <70 keV 2 2.50
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Figure 1. Proton-antiproton annihilation cross sections as a function of temperature and kinetic

energy for free nucleons and atoms (Morgan and Hughes, 1970). The curve marked o
takes into account the mutual coulomb attraction between the proton and antiproton;
the curve marked o, is an extrapolation from the accelerator data that fails to take
this effect into account.
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Figure 3. Normalized y-ray spectrum from p—p annihilation
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The cosmological y-ray annihilation spectrum calculated by numerical solution of the
CPT equation (equation (80)) for () = 1. The solid line represents the complete so-
lution. The other curves show the effect of neglecting the absorption and scattering

terms in the CPT equation.
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Figure 5. Observations of the y-ray background spectrum together with

the theoretical spectra discussed in the text.
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