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direct support to the conclusion that both single
positive pion formation in nucleon-nucleon colli-
sions at an energy of 660 mev and pair formation

of pions at energies of 1720 and 2300 mev are
essentially due to strong meson-nucleon interaction

in the intermediate P3/2'3/2 state.

5. The ratio of yields of positive and negative
pions increases with energy up to 160-180 mev in
the center-of-mass system. The ratio of integral
yeilds of positive and negative pions is noticeably
lower than the values predicted by theory based
on the assumption that formation and decay in the

intermediate 133/2’3/2 state are independent.
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The fundamental diffusion equation deduced by Terletskiil

for cosmic ray protons

emitted in magnetized interstellar space during a short period of time by a concentrated
source of given energy is solved. It is shown that consideration of the particles which
remain after collision of cosmic ray protons with protons of the interstellar gas leads
to a power spectrum similar to that observed experimentally, if the source is assumed to
be a supernova which appeared in the center of the galaxy over 10 8 years ago.

THE distribution function of cosmic ray protons
in interstellar space f (r, E, ¢ ) can be found
from the diffusion equation for cosmic ray parti-
cles.** In full form, with account taken of parti-
cles that remain after the collision of cosmic ray
protons with the protons of an interstellar gas,
this equation was found in Ref. 1 :
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where [l}' is the Laplace operator, o is a coeffi-
cient characterizing the mean increase of energy

er unit time (dE / dt =aF ), T is the mean
ifetime of a particle up to its collision with an
atom of interstellar gas, () is the density of sources
of particles, D is the amount of energy of the
first particle that insures meson formation in a
collision vith motionless particles, a; and a,

are the amounts of energ(y possessed by the’two
particles after collision (@, ta; + a, =1).

To find the particle spectrum, definite assump-
tions must be made on the particle sources. We
assume that the primary cosmic ray protons arise
in outbursts of nova and supernovas' 7, are first
accelerated in the expanding envelopes of the stars,
and then are ejected into the interstellar medium.
Acceleration in the envelopes of the stars is
controlled by the action of the statistical mechan-
ism of Fermi.® In this case, there do not arise
the usud difficulties, associated with the fact that
this mechanism begins to operate only for energies
which exceed the threshold energy detemined by
ionizttion losses to the surrounding medium. o
Actually, for envelopes expanding at o =10 ~"/sec
(see Rez 9), the threshold energy for protons is
negligibly small and does not exceed t}l)le initial
kinetic energy associated with particles in the
explosion o%a star.

urther acceleration to the limiting energies occurs
upon multiple collisions with the turbulent pulsa-
tions of the interstellar gas,* i. e., by the Fermi
mechanism.

It is evident that acceleration in the envelope
of thesta is possible up to a certain limiting
energy E which is determined by the condition
that l:he. radius of curvature r of the trajectory of
the particle in a magnetic field # of the envelope
C.Ol‘resp0nding to the energy £ ought to be many
times smaller than the radius of the envelope p .
The diffusion path length of the particles, /.

= [ V6D: 1172 | where ¢ is the acceleration

:!me, ought also not to exceed p , i.e., the condi-
ion

p>r=E/[300H, p>L=V6Dl (2
ought to be satisfied.

On the other hand, the energy E and the time ¢
are connected in approximate fashion:

E ~ e, (3)
3ecause of (2) and (3), the particle can be found

“fit.hin the limits of the envelope only during a
finite time ¢

According to Refs. 9, 10, taking

p =~ 101° cm,

H=~ 107" oe,

1

’

D= 10% cp?/sec, a~107 sec
ve estimae [ from (2) and (3) ] the acceleration
time of the particle in the envelope of the star up
to the threshold energy tobe . ~ 1010 gec
or ~ 300 years. 0

Thus, we can assume that, at time ty ~ 300
years after eruption of the star, particles are gener-
z.i_ted from the resulting envelope and are accelerated
ip the medium to the energy £ 0 ( E, =10 10 ev ).

Particles with such an energy can accelerate in
interstellar space. Therefore we can represent the
sources which generate particles in interstellar
space in the form

Q=Quo(t—ty)d(r—ry)o(E—Ey); (4)
Q, = strength of source.

The further process of acceleration of the
particle in interstellar space is described by Eq.
(1) with Q from (4). For the solution of this
equation we multiply both sides by E and carry
out the following change of variables:

E =¢e*, u=Ef(E)
After substitution Eq. (1) is simplified:

ou 0%u 1
(7—DA,u—oca—x2 + 7 [u(x)

(5)
—u (x4 A) —u(x+ Ay)]
= QB (1 — 1) & (x — x,) 3 (£ — b,);
Ay =In(l/a;), A,= In(1/a,).

) We look for a solution in the form of a Fourier
integral

ulr, % ) =5 | € F (uor, dp (©
and obtain for F the equation
(7

oF

F . .
a—t——DArF+1}L2F+ —TT(I —e"”'Al——e‘*‘A-)

= Qe "N d(r—r,)d (t —1t,).

We set
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F(r, p, t) = Qy(n, ) X (r, p, 1), (8)

O (1, 1) = exp{— 1 [ap? - = (1 — e —etoay) |}

Substitutinff (8) in (7), we get for X the inhomo-

geneous diffusion equation, the solution of which
has the form
v Qe
p; il @, (ty)

9
r—r,)? 1 !
X exp {“ ADE—1) S (D (t— to)e

Thus, the solution of Eq. (5) has the form
[ ) = Oy exp {(r — o)/ 4D (£ — t)}
ST (D@ — )1

X exp{— f;tO}l’,

(10)

u (1,

where

[ = c){exp {iix (x — Xxq4)

—_0

(1D

ap? (t — 1) + S0 et 4 ef.u-Az]} dp.

Now everything is reduced to the calculation of
the integral (11). Introducing the notation

E —_—
x-xozlna—»c,

b oy w=a(t—1y),
’ [

) = i — oo o (e ),

we write the integral in the form

o
1 — \ 0)’,](‘0,) d:;

— 0

and compute its value by the method of steepest

descents, assuming that » is a large parameter.
For the computation we must find the line of
steepest descent

20/ 8’ :
Imf(p)=s— % 55 -+ —;Te“*\rc’ sin (A s) (12)

B A
-+ - e sin (A, 5) = const

and the saddle point, which is determined from
the eqaion

(13)
ALB’ eggz} =0,

) il ot Sy 2

[

b=to

where z = ip, . It is then easy to show that

saddle point p = — ; z = { o, lies on the imagi-
nary axis in the upper half plane:

(14)

20’ ! C A
s———% ss—}—%—e—ﬁxﬁsm(’_\ls)

+ e e—*°sin (A,s) =0,

7

where = s +io. We now specify the contour

determined by this equation. We show tha o is an
even function of s . Denoting the left side of Eq.

(14) by F (s, 0 (s) ), we have
F(s,s(—s)=F(—¢", 3(s"))
=F(—s, a(s))=0.

It then follows that o (s ) = ¢ ( —s ) and the line
of steepest descent is symmetrical relative to the
imaginary axis.

We write Eq. (14) in the form
® 207 A0
=)

_]_g(Az—Al)cSi" (S_\,s)+ sin (SAgs)

(15)

=0

and construct a nomogram for the graphical in-
vestigation of this equation.
We erect vertical axes V. and Y, on the plane,

perpendicular to the X axis and a certain curve Y,
the coordinaes of a point of which we shall denote

as (x4 ,y, ). We connect the points with the
coordinates Yy and y, onthe axes Y, and ¥, by
a straight line and find the point of intersection of
this line with the curve ¥ fFig. 1).

We then have the relation

—n+2+plt—2)=0 (16)
F.quaion (16) coincides with Eq. (15) if
ys = sin (A;8) /s,

—yy=sin(A,s)/s, 1 [ X3 =1 —elBa—Aila

L5 l‘—,(l = o)eA=".
X3 B ®

With increase in s, the points y, and y, undergo

damped oscillations about the points y, = ¥y =0.

The point x, , y, has a damped oscillation about

the point Yy 04 )= 0, which corresponds to

0o = » / 2a . Therefore the contour of
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integraion has the form shown in Fig. 2.

1% 14
2 v !
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yz ﬂ
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Fic. 2

The rest of the

over the contour
then

[ = % exp {x Re f (p)} dp. an
C

. Since Im f(p)=0onC,

:=Sexp{x[_3_°£_s2 _l_f.f;, G2
B’ A B’
57 08 (Ay5) €717 - —cos (A, 5) e—Azo}}d(sHG).

The integral over d o vanishes.

The principal contribution to the integral comes
from the cutting off of the contour of integration
which runs to the saddle point.

We have

I = exp {—»sy + o' oo} Sexp {—a's?

+£cos (A;s) e=21% 4 B'cos (A,5) =449} dis,

) Setting e = (o’ )-2/5 | expanding the integrand
in a series in s and limiting ourselves to the first
3 terms of the expansion, we get

roblem reduces to the inte%ration

’ ’
= exp4—xg,}-oa'c2 e B
p{ x 0+ S +6Al0° eAlco

, A?Bl A2BI \
X l/n/(oc + ZeAl“"’ + 29A2’°° )-'[1 +O(a'="0)).

Thus, the desired fundamental solution of Eq.
1) is

| B Q
He > D)= ey (18)
X exp {— o (6 — x) —x — =T

Af A2) R
X [0( + ﬁe-A'°° + ﬁ: €—"\"°’J

Hence it follows that

= - t,
f(r, E, 1) =E~¥¢(r, 1) 19)

where y = 1+ 0, and ¢ (r, ¢ )does not de-

pend on E . Consequently, the exponent y of the

power spectrum of the primary component of the

cosmic rays is determined by the quantity o,=- z

which is a root of the transcendental Eq. ad).
The exponent y satisfies the equation

20/
A )

A8

x

+

e=tur—1 4 Ao a0,
s’

Recalling the definitions of o “, 3, », and
assuming that for our galaxy the factor o T'=0.6
(see Refs. 7,8 ), we obtain

0,6 E
m lnE; (20)

=12y —1)— Aje=20—1 — A, p—2s(v—1),

In the collision of two protons of high energy,

one of the collidin§ protons carries away the
principal amount of energy, and the energy of the
second is less than 1/5 the initial energy of the

colliding particles.* The estimates

*Private communication of N. L. Grigorov; see also
Ref. 11.
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and are accelerated to high energies, or are parti-
a,=0.1; a,=06; A; =23 ana 4,=0.5. cles with areal increase in energy per unit time
above the average increase, corresponding to
then follow. . a T =0.6. . .
A nomogram is shown in Fig. 3 for the solution It then follows that the source of }])artlcles vyhlch
of Eq. (20). It is evident from the nomogram that reach the leoarth with comparatively low energies
< » < < <1010 (E~ 10 ev ) and consequently, vhich are
for0.4 = oo "= 6and3 = E/E_ = 10"", L q Y .
o< accelerated in interstellar sdpace for a comparatively
the exponent is confined to the range 2 =y = 3. short time must be Nova and Supernova which
In particul.arz in accord with the experlmgntal erupted about T years ago. The source of parti-
dat'a, f?r an ”“t_‘al energy of E4 = 5 x10° ev, cles that age acce{eGrated to the highest energies
which is approximately equal to the energy oftlgalo (E~ 10 *®* =10'® ev ), and which consequently

protons, we obtain for the energy £ ~ 10
ev in the case of 0. “ = 0. 6, y = 2.2.

It follows from the nomogram that o “must be
greder than 0.6 in order to determine the spectrum
in the range of very high energies.

For example,

for E~5-1011eV 1 =205 for &« =2.75; (91)

for E~10%eV 1=3 for o =4.

This means that the high energy primary particles
are long-lived particles t—1tq) TP&} .

which experience a large number of collisions with
the turbulent pulsations of the interstellar material

remain in the interstellar fields a fa longer time,
must be stars that erupted ( 1— 10) T years ago.
Thus the spectrum is formed by particles which
arise at different times as the result of the ex-
plosion of many stars, in which the protons of
each of the explosions contribute to the power
spectrum of the energy. Therefore it is quite
apparent that the fundamental solution ought to be
integrated over the variables ro,to and £, of

the separate explosions.
_ From the estimates (21) of the time (¢—¢_ )
it follows that the sources of the primary cosmic ray

particles are located in 5}31e center of the galaxy
at a distance of r ~ 10 %% cm from the earth.
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Actually, taking the time ¢ — ¢ = as the time required
for particles to travel a diffusion path from source
to earth, we get, by Eq. (21):

(t—1ty) ~(1-+10)T ~ (1 +10)- 1016 sec
and setting [ ~ 10'? cm, v ~ 1010 cm/sec, we get
r~V vt —ty) ~10% cm.

This analysis makes possible the assumption
that the cosmic ray protons observed at present
arose as the result of very many explosions of
Nova and Supernova which tooz place at the center
of the %alaxy at different times ( approximately
4 x10% — 3 x 10° years ago ) and were then

acceleraed by the electromagnetic fields of
interstellar space.
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