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ABSTRACT

We have solved a Fokker-Planck diffusion equation for the dif-
fusion and acceleration of cosmic rays. A time-independent solution
is obtained by assuming that the contributions to the present iﬁtensity
of particles injected at & uniform rate during all past times is equi-
valent to summing the intensities over all future time of particles in-
jected at a given time, We have used continuous deceleration and fluc-
tuations in acceleration to explain the energy spectrum. This gives us
a general expression for a power law Spectrum in which the exponent

varies as

Y = 0.09 fn () + 0.90,

thus allo#ing a very good fit to the experimental energy spectrum.

We then apply & previously developed expression for the produc-~
tion of antiprotons to obtain an injection spectrum. This and the a-
bove solutions are then applied to three extreme cases of possible ori-
gin; The resulting antiproton spectra depend upon whether the ﬁaterial
encountered by primary cosmic ray protons is mostly inside or outside
the regions of acceleration. The relative ratio of‘antiprotons and
protons with E > 10 GeV is expected to be about 10° if the protons

have passed through 2 - 3 gm/cm®.

vi



I. INTRODUCTION

In the past many efforts have been made to predict the intensi-
ty of the antiproton component of the primary cosmic ray flux.,}’223:4
The'possibility of discovering the antiproton in the cosmiﬁ ray flux
led to the first papers. Later attempts were usually made to explain
the lack of observations of antiprotons in the primary cosmic ray flux.
Most of the efforts were hindered by lack of any means of predicting
the production cross section for antinucleons. Recently this has
changed to the extent that one can estimate with some confidence the
order of magnitude of this cross section. The previous efforts con-
sidered only in a rough manner the problems of diffusion, acceleration,
and origin of the antinucleons. 1In this paper, we hope to overcome the
objections mentioned above.-

We will first develop a theoretical framework for the origin of
cosmic rays by solving the sappropriate Fokker-Planck diffusion equa-
tion, We will thén apply the results of this analysis to antiprotons
under the assumptions of different regions of origin and types of ac-
celeration. Finally, the results of this calculation suggest the poss-
ibility of using the antiproton cosmic ray flux to distinguish among

several hypotheses for the origin and history of cosmic ray primaries.



ITI. THE MODEL

We shall censider a slight modification of the usual supernova
origin of cosmic rays.a’E To & large extent this is.a regrouping of
many ideas from numerous sources into a general overall view of the
processes involved. Several new and interesﬁing results emerge that
serve to give a more complete picture.

Consider a supernovae in which-we have three regions. We shall
use the‘word supernovae in the generical sense of including all possi-
ble local sources that satisfy the conditions given. First there will
be a relatively densc central region (the core). Surrounding this in
an approximately spherically symmetric region is matter ejected by the
supernovee (the supernovae shell). This region will contain volumes of
plasma that act as scattering centers. These turbulently moving cen-
ters will have a velocity distribution which will allow a statistical
acceleration and deceleration to take place. The third region(the gal-
axy) is interstellar space within the galaxy, where the sPeétra of cos-
mic ray particles is &assumed identical to that intercepted by the Earth,
This model will only be applied to acceleration and diffusion of pro-
tons and to the subsequent production of antiprotons in proton-proton
collisions. It shares the difficulty common to other models of beingl

unable to explain the mechanism for acqﬁiring the necessary energy for



injection of heavy nuclei. However, it may be possible, within the
framework of this model, to explain this in terms of cloud-cloud colli-
sions. Although we will not consider heavy nuclei we will make exten-~
sive use of info;mation obtained from their isotopic abundances in the
primary flux; namely, that cosmic rays have passed through approxi-
mately 2 - 3 gm/cm® of material.
The course of events in the lifetime of a cosmic ray proton is
thus:
a. The particle is ejected from the core with an energy Einj'
b. In the supernovae shell the particle may be accelerated while dif-
fusing, eventually diffusing out into interstellar space.
¢, In interstellar space the particle is further diffused and perhaps
accelerated until it reaches the Earth.

For antiprotons, three limiting cases are considered:

Case T.

a. The antiprotons are created with an energy Ein in the supernovae

J
shell by collisions of the cosmic ray protons having a spectrum
similar to that observed at Earth, with supernovae gas nuclei
(protons).

b. The antiprotons are accelerated in the process of diffusing out of
the supernovae shell into the galaxy.

¢. The antiproton flux is then diffused throughout the éalaxy, but

without further acceleration or production of additional antipro-

tons.



N
In this case, all the matter encountered by cosmic ray protons
during their history of acceleration and diffusion is assumed to be in
the supernovae shell, Acceleration of protons and antiprotons occurs

only in the supernovae shell.

Case II.
a. The proton is injected into the galaxy from the supernovae shell to
be accelerated while diffusing in the galaxy.
b, This proton flux interacts with interstellar matter to produce
antiprotons.
¢, The antiprotons are then accelerated and diffused in the galaxy.
In this case, all the matter encountered by cosmic ray protons
is assumed located in interstellar space. Acceleration of protons and

antiprotons occurs only in galactic space.

Case III.

a. The proton component is accelerated within the supernovae shell but
without traversing a large amount of matter (< < 3 gm/cm?).

b. These protons, while diffusing throughout the galaxy without fur-
ther acceleration, interact with interstellar matter to produce the
entiprotons.

c. The antiprotons then diffuse through galactic space without accel-
eration.

The most likely case would be some combination of the above

cases.,



III. EQUATION DESCRIBING PARTICLES IN A DIFFUSION REGION

The equation that describes the differential concentration

spectrum of cosmic rays in a diffusion region can be written as®

an d f<aE) N 1 * [{aE®)
®-rrgplEn) s 45D n) s

=11
]
O

(1)

where the integral of n over the volume of the region in question is
the density of particles.

The first two terms on the left hand side of Eq. (1) are the
usual diffusion terms. We have assumed that the diffusion coefficient,
D, is not a function of E, ﬁ; t. In doing this we have ignored pos-
sible effects caused by the change of structure (and scalés) of the in-
homogenetics in the diffusion region. In an exploding shell D may
vary; however, thc time over which we shall apply this equation is
short compared to the ligétime of the shell. This allows us, as an ap-
proximation, to ignore the time dependence of D. Furthermore, we shall
apply Eq. (1) in an energy range that is low enough so that we can as-
sume D is not energy dependent. |

In the third and fourth terms of Eq. (1) we account for the ac-
celeration and energy loss in collisions which produce & continuous
. change in the cosmic ray particle cenergies. The third term arises from
the mean statistical energy change of cosmic ray particles. The fourth

term takes into account the statistical fluctuations



6
in the energy change. These two terms are of the type found in Fokker-
Planck equations. We will make the usual assumption that other terms
which might be added to Eq. (1) mey be neglected.®

The last term comes from the removal intersaction processes in
which the particles interact with the medium to produce particles other
than the particle in question. We should remark here that this equa~-
tion, as writteh, is valid only for one type of particle. We could
easily extend it to include many particles by proper subscripting and
summation, and changing the removal interaction term and the source
term, Here T is the mean lifetime with respect to the removal inter-
action. Q ié, obviously, the source term (see appendixB ).

We shall consider the case where
-
Q = q(E, r) &§(t - to) (2)

We can solve Eq. (1) by applying the Mellin transformation

G(S, ;: t) = J Es-l n(E, ;9 t) dE - (3)
5 - .
and
ke D= | e D @ W
‘o

to Eq. (1) to obtain



% . b - [(s-1)a + (s-1)(s-2)b] + & = xb(t - o) (5)

2

where we have set

By setting
- - v
E’w(s’ r, t) = f(r, S, t) h(S: t) , (6)

we obtain the twr equations

%% - [(s-1)a + (s-1)(s-2)b] h + 2 = 0 , (7)
%-szfugég—j-ﬁlé(t—to) . (8)

The sélution to BEq. (7) is given by
' t
h(s, t) = exp [(s-1)at+ (s-1)(s-2)b t - T ] (%)

We can solve Eq. (8) by the use of Fourier transforms’ to obtain

-t Wt ® H%%EL7T
! = - -t -
£(7,t) = —x at’ e Lf e U (@ ,e)darr (10)
s < § .

(bm)¥2 I (t-t1)¥?




where

Vi = (s-D)a + (s-1)(s-2)b - ¥
R® = ‘-I.’.' - ;|2 ’ (11)
X = x 8(t - to).

We shall further assume that the source has a power law spectrum de-
fined by

\Y)

- \ T e -
a(E, r)dE = vqo<§g %E 8(r - ro) for Eo SE <SE_

NURRESIRN

(12)
= 0 for E < Eq and E 2 By
such that
En
- ! \V - -
x(s) = Jﬁ gs~t vdo Q%%> %E 8(r - ry)
Eo
= x,(s) exp [s ¢n ] 8(t - ;;) (13)
where

S=v-1

X, (s) = Eﬁ%&v"f)' [(%) i 1] [ ] (Emyjl

In the above E, is the minimum injection energy and E, is the

meximum injection energy. If we insert this in Eq. (lO),
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- o - Y1ty =~ Tor + 5 In Eo
£(r, s, t) = —AS e D7 (14)
(hﬂDw)wz

where T = t - to and R = r - r,. Then we can write the solution to

Eq. (5)

Yy T R + 5 dn By
-t 1 = i
g7, s, t) = 2208 o (15)

(LrDr)¥®

To obtain the solution to Eq. (1) we must take the inverse Mellin

transformation

1 c+im -
-l -
n(E, r, t) = =— { g(s, r, t) E §as ,

2ni
c=im
L
. Br - T o+ ,
n(E, T, t) = S s | w) @ as (16)
(4rpr)¥? Vel

where
(s) =+ - s fn (go) + [(s-1)a + (s-1)(s-2)b] 7 .
We can use the method of steepest descent®

c+ie .
-é%rf S(Z)‘ezh(z) dz as &(z) e“(ZO)

c~j® (en)w (2 lh"(ZO)l)ya

, (17)

a
where zg is the root of %—E)- =0 and h" = 9—2 , to obtain an
' dz
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s !
approximate solution to Eq. (16). Let the solution to di'(s) 0 be

ds
'8o» then
4 =§%,an (%To-) +3b2;a ,
3s) = 4 (55) 3°(s) , (18)
and
_ Em\(so-l—v)
- Voo 1 B-E-g) i l] 8
n(E,7,t) = ' (£2) ° exp (A) (19)

(85-1-v) (4mbr)¥2 (Lwpr)??

3
R
where A = (s, - 1)a 7T 'I]I_]Tl'r+ (s = 1)(s; - 2)b 7.

3l

To estimate the error in the integration used to obtain

Eq. (19), we note that we can write®

Jf’g(z) Jn(z) 4 th(z) -ve nZO a 4" (2> > 1) (19a)

If we neglect the terms with n > O, we will want to know the value of

%]é;' . We find thaf

En
a3 M) o,
(2)5/3( b'r)aln(-g;)

We have used here the results of later analysis to estimate bT and
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assumed that Ln(gg)/tn(%g) ~l. Therefore, the approximation involved
in using Eq. (17), which amounts to retaining only the first term of
Eq. (192), is a good one for the magnitudes of the parameters which we
will encounter. |

Since the intensity of cosmic radiation in the galaxy seems to
be time independent, we are interested in a steady state solution. We
wish to sum the contributions to the present cosmic ray concentration
of particles injected at all past times. 1If the rate of superno&ae ex-
plosions and generation of plasma turbulence has been uniform in past
time, this is equivalent to summing over the history of the accelera~
tion and diffusion process for a group of particles which had been in-
-jected at the same time, This equivalence assumption is very important
since it allows us to directly utilize-the comparatively simple mathe-

matical snalysis outlined above to obtain directly measurable rela-

tions. To do this we evaluate the integral

]
I}

WE, 7) = J‘ n(E, T, T) a1 . (20)

By the use of Laplace integration,8

[5-]

Jﬁ o(x) ekh(x) dx ~ p(a) ekh(a) /%EE"TET R

o

where a is the rdot of(dh/dx) = 0 and h" = &°h/aé .

We can evaluate Eq. (20) to find



| s (v, -v-1) ] - Sae) JRIP 1o
NED) - v o [&;?)(Yl v l)_i]e 5 £5£§ T (go)Y (e1)

. s AN
where K = 2%n¥? (\(1-\)-1)b]’?D"'d [l - (ﬁ%) ]

= 1 E 3b-a
Yy 2bTo 4n (Eg) e o
= a!a—b} E 3b-a
Y e &) T

= Ub '

To = a{a-b)
In an analysis similar to that given above we find.that in this inte-
gration the error in dropping higher order terms is approximately 2%.
The mean number of cosmic ray particles per unit volume in the region
within a sphere of radius Rp is given by
3 L} ib

n(E) = J NWE,r) dVv = J WE,r) bmrPdr

or
i 2 oy /B A(Y -v-1) A
(5)az vquo"“Y(%,m;R‘;—o)exr{- = - aab J[(‘%) 1 1) (Eb)Y'l dE
nio = - - E, "
(g D) O
m

In integrating Eq. (22) from E to ® to obtain the integral con-
centration, we note that the result is dominated by the behavior of the’
integrand near the lower limit of integration, E. Therefore, we may
approximate the result by holding y fixed in the integrand and equal to

its correct value at E. Integrating, we obtain:



[ o]
Ia)

n(E)-J n(E) dE
E

2 e
ve, ;3 Ro . T fa‘bl .
Vo To Y(é’hDTo)expL- TQ T T a } r’hm‘Ys-v l} /E0>Y-l

Y \5~ (23)
"2 5% vy (v-1) [1 - @;”) ] T ’

ala - b) , & b - a
where v, = —i-ggz—l Ln(ﬁg) + =5

If we had used a monoenergetic source term (qdE = go 6(E - Eo)), we

~would have found

v

vz, 3 FRo~ :
W7o Y(Znrc) o)1 /R AY-L
) gy ool - @) @3
it Y-

To obtain the integral cnergy flux, J(E), we note that

ci(E) { particles
J(E) ) hﬂ k Cma‘ sec +« 8T > (2’4.)



IV. THE FOKKER - PLANCK COEFFICIENTS

Fermi has shown that the change in encrgy of a particle upon

being "scattered" by a moving center is given by®
AE = E[I®(1 + 2B B cos & + B®) - 1] (25)

where Bc » v = velocity of the particle, Bc = V = velocity of the scat-
tering center and € is the angle between v and V. However, Laster,
Lenchek and Singerlo have shown thet there is an important deceleration
term when one considers magnetically turbulent scattering centers which
are receding {rom each other with a velocity AVy/R in the case of
spherical expansion from a common center. Here Ve is the expansion ve-
locity, A is the mean frce path between cenﬁers and R is the radius of
the expansion. (This mechanism was first proposed by Ginzburg,
Pikel'ner and Shklovskiill in one of the original articles dealing
with the supernovae origin of cosmic rays.) Following the Russian
group, we will write the deceleration term as

v Vg A

- ———E (25a)
c® R

Laster, Lenchek and Singer have shown that for a continually weakening
magnetic field B that there is a betatron deceleration. In this case
the deceleration term would be (2v Vg A)/(3c®R), where Vo is now the
rate at which the Larmor radius is increasing.

The collision probability, ¥(Vv, cos 8) dv d(cos 8), is propor-
tional to the relative velocity given by*?

13



1k

Zf - (3° + B® - 2P B cos & - B B? sin® 0)¥®

(26)
¢ 1 -p Bcos 9
and tb the velocity distribution, f(v), of the scattering centers:
- v, £ (V) av d(cos 8)
Y av d(cos 8) = (e7)

Jﬂj' v, f(V) av d(cos 8)

We will assume that cos 8 is isotropically (uniformly) distributed.

Recall that we have defined

(AE) op o S(EE)?)

& =m s
BAt B At

If we combine Egs. (25) and (258) and expand the result and Eq. (26),

keeping terms up -to order of Ba, we find that

am§§2-2k+’2—k§2 , (28)
3 3
2b o 2(K° - Wk B?) + %~§z , (28a)
where \
v Ve A 2V Ve A
k-Eo - or
¢ R 3¢” R

i
C___'?
os}
[M
—
—~
<l
~
o]
<1

B

Here we have used

({oE)™y = Jnj(AE)n Y av d(cos 8)



V. SIZE ESTIMATES

In order to calculate the fluxes in which we are interested, we

must have some estimate of the extent of the supernovae shell. We will

find this by calculating that point at which the density of cosmic rays

coming from the shell is equal to the density of cosmic rays in galac-

- tic space(thus assumed to be equal to the intensity at the Earth), At

the perimeter of the supernovae shell the diffusion characteristics

will be the same as those of interstellar space. It is in this region

that we can say that the supernovae shell ends. With this in mind, re-

call that for & source at the origin with unit density at a time t = O,

we can write

1
N, . °(R,t) = ————
C.R. (um)a'Z
’ 3 N:£-]
= KEﬂLct)
where
D=3,

‘-Rz \
exXp KE-I-)—E)

’

S w3RPN _
eXp \Fet/ (29)

L = transport mean free path in interstellar space.

If now we assume a generation rate for cosmic rays, GC R.? with the

properties

15



0O for t<0

0
i

C.R.

SC.R. = constant for t > 0

we have for the density of cosmic rays (at a distance R from the source)

after a time t,

t
r 1 L
No 5. (R) = JO Go g, No(Rst') at (30)
Then
3 Y3 v -2 -a/t'
N g, (R) = Sqp. (HﬂLc)- L t e dt (31)

where we have taken & = 3R /4Le. Let x = a/t, so that

°0

S / ¥2
C.R. - -
NC R (R) = R 3 c> J“/tx Y3 e X ax
.R. LT N

#)

Iz V3

3 h’LC 8

= Sc.z. (hm:) ( > r@@) - v, PI (32)
' 3R

and Yy is the incomplete gamma function. The assymptotic limit of

r@ - v, %) as t — o is approximately 1.77. We shall use this in

our calculations. It is known that N Rﬁld—lo/cm?. If we then take

C.R.
the limit of the supernovae shell as that point at which the density of
cosmic rays is equal to that of interstellar space, we obtain the radi-

us of a typical source. This is what we shall do by setting Eq. (31)
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equal to 107*°/cm’. We will teke L ~10°° cm’ and §, ; =2 x 10%°.°
Thus R =~ 5pc = 1.5 x 10°° cm.
The average amount of matter traversed, x (in gm/cm?) is given

vy

X =P ¢ Ters

where p is the mean density. The effective mean lifetime, Terf, is

given in Appendix A’to be

T A~ T D
eff ~ leak ~ PXc ?
-]
R
A lh (l-’-——%—),
" 8. ng S.
or
— 3
R Y
X% —— (33)
2
RL
2(l+———a-)
S¢
where

S = nean radius of scattering centefg,
n. = mean density of scattering centers,
RL = Larmor radius of particles within the scattering centers,
2h = smallest dimension of diffusion region.

Let us now consider each case and how the above x and p are related to

it.
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Case I,
(A1l the acceleration and most of the material traversed is within the

supernovae shell.)

Xgps the amount of material traversed in the supernovae shell,
is some function of the total amount of material traversed, we take to
be 2.5 gm/cm?. We see that the amount traversed in the galaxy, xG, is
just X, = 2.5 (en/em®) - Xgy. From Eq. (32) we can find approximutely
the effective dimension of the galaxy. When we use the values for SC,

n,, and R given in Appendix A and take P ~ 107° atom/cm® we obtain the

relation between XG and h shown in Fig. 1.

Case 1I.

(A1l the accelerution and all of the material traversed is in the

Falaxy. )

Here the entire 2.5 gm/cmz of materiul traversed is located in
galdctic space. Again we will use the vulues given in Appendix A and

take P ~ 107 atom/em® to find that h =~ 12.5 kpe.

Case III.
(ALl the acceleration is within the supernovae shell, but most of the

material traversed is in the galaxy.)

Referring agoin to Fig. 1, x, =~ 2.5 gm/cm?, so h ~ 12.5 kpe,

G



VI. THE PROTON SPECTRUM

A, Proton Spectrum when all the Acceleration is within the Supernovae

Shell.

The equations that we have developed above apply to the diffu-
sion process within the acceleration region. However, after escaping
from this region, the particles must diffuse through the galaxy. Al-
though, in this extreme case, they are not further accelerated, they
will have collisions with interstellar scattering centers. We can de-

.

scribe this steady-state process by the equ.ationld

Po-F 2 2 son) | (3)

wl >

where

scalar flux,

> B8
]

= mean free path,
s = source density (number of particles injected per sec
per unit volume),

n

number of collisions with scattering centers.
For the case of spherical symmetry we find that in the fundamental mode

with a point source at the center

9, m) = 2 sin (GF) &7/ (35)
2a°r

19



where
2

3a

N =
A2

b

a = radius of spherical region (galaxy) ,

s = strength of point source .

Tﬁe total number of particles inbthe sphere per unit time is

a
A(n, a) = kf ¢(;, n) ¥ r® dr =2 X s e"n/Nl (36)
o

Then the integral flux is given by

[+ +]

1 a® s _-n/N
3@ = k| A, 0) e w E 2 o/ (31)
n . en
In the above analysis we have assumed that all of the particles came
from a single "prototype" supernovae. Thus we can use Eq. (23) for the

number per unit volume in the supernovae to obtain for the source term

s = N(E) v, Vi - ‘ (38)
a8

. . . 14
where Q is the rate of occurrence of supernovae. We will use Zwicky's

result of one supernovae per 360 years.
We can estimate the number of collisions with the gas clouds,
n, by noting that the collision rate is given by c/k and the mean dif-

<
fusion time is given by T ng%g 5



and

The minirnum injection kinetic energy of the proton is a few
hundred MeV, and Eg, the minimum total cnergy of the proton, is to a
good approximation, equal to mp. But this is also very close to the
maximun injection energy. We arc then led to consider the case of a
monoenergetic source term.
/ 4 .
= 4/3 11 a”, we find, com-

If we write Vo = 4/3 T Ro® and V

N Gal
bining Eas. (23a), (37) and (38), that the proton spectrum at the

Earth would be

s vz 3 Ro° o
Ko o To "V (F> WF&') To a-b) 1T | Foyv -1 N
c &) (39)

J(E) = , ; pl- 7 - - 5 2
2“7/2 b)/d A. (Y-l\ T 2

We can only obtain a satisfactory fit to the experimental data

for the energy spectrun vhen we assume a continuous deceleration and
have & ~ - ,9 b, llerc we have assumcdvthat the deceleration is mainly
due to the expansion to the supernovae shell, liote that in doing this
e have a bélancing of continuous acceleration against deceleration.

While deceleration dominates, an acceleration process rust also be

present. Ginzburg and Syrovatskii®(p. 324) did not consider the pos-

sibility of negative "a'" when they reached their conclusion that
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fluctuations would not play ean important role in overcoming the diffi-
culty that none of the solutions of the Fokker-Planck equation appear
to agree with the observed spectrum. Our assumption of negative "a"
not only resolves this difficulty, allowing a good fit to the observed
spactrum, but follows from a reasonable choice of astrophysical para-
neters, as indicated above. In the case of deceleration dominating
("a" negative), the primary cosmic ray spectrum is entirely attribu-
table to the conéequences of statistical fluctuations.

When we apply the above results to the measured energy spectrum
we obtain the results shown in Figs. 2 and 3. The experimentally sug-
gested curve of WOlfenaale15 for the variation of the exponent with
en2rgy is in good agrecement with our result of ¥ = 0.09‘£n(E/m§) + 0.9.
Thz shaded areas in Fig. 3 are those proposed by H. Bradt, et g;.,ls

anl S. I. Nikol'skii.”

We have used gp as a free parameter to adjust
the normalization. To obtain an estimatc of Eg we have used EQ s

6 < 107*°, the value appropriate to the Orion Nebulae.®

B. The Proton Spectrum when all the Acceleration is within the Galaxy.
Here we shall assume that the scattering centers are the inter-
st21lar gas clouds with B° ~ 2 x 107%°, Again we shall teke a = -,9b,
i.2., deceleration dominates. But, for the galactic case, the most
non

likely cause for negative "a" is betatron deceleration. Thus, we have

the same results as those of Section VI-A.



VII. THE ANTIPROTON SPECTRUM

We shall now calculate the antiproton spectrum for the three

cases described in Section II.

Case I. (All the acceleration and most of the material traversed is
within the supernovae shell.)

If the total mass within the supernovae shell is 10 mg, the
density is about 10 hydrogen atoms/cma. We chose the mean free path,
A, to be approximately 0.7 x-lO15 crn so that the average amount of ma-
terial traversed by & proton is 2.5 gm/cm?. These choices are consis-
tenﬂ with the astrophysical parameters appropriate to a supernovae
shell (See Sec. IV and Appendix A). If we now use the definition and
expreésion for the differential injection spectrum given in Appendix B
we obtain the results shown in Fig. 4. We have used the experimental-
1y measured spectrunm since, according to Egs. (23 and (39), the spec-
trum in the supernovae shell and near the Earth should be similar in

shape. The differential antiproton spectrum was found by direct numer-

ical integration of the following equation

B =pa | ZE ) o . (40)
Eth

We want to fit the results with an expression of the form
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Va,! E-E) %b 24

q(EWAE - E
(1-(E,/En) ) for B SESE

m

=0 for E<E ad E>E , (k1)

where o, Eo, E_, and v are adjustable parameters.

m?
We obtain a good fit and preserve equal areas under the curves
when go ~ 4.6 x 107*% (P Gev/cm® sec), Eo = 1 GeV, Ep = 4 x 10° GeV
and v = 1.56. Inserting these numbers for the antiproton injection
spectrum along with the same values for the astrophysical quantities
employed for the proton spectrum (Sec. VI-A) into Eq. (23), we obtain
the antiproton spectrum given in Fig. 5. v is different than that for
the proton spectrum because Em/Eo ~ U4 x 10° for antiprotons. This re-
- Em“Ya'V
sults in an energy dependence of thc coefficient | (ES) - lJ » in
Eq. (23) for the antiproton spectrum.

Case ITI. (All the acceleration and most of the material traversed is

in galactic space.)

With a change in go we can use the results obtained in Case I
(Sec. VII and Fig. 5) for the injection spectrum. The. density of mat-
ter is approximately one hydrogen atom per em®.  Thus dp will be de-
creased by a factor of ten. This is consistent with passing through
2.5 gm/cm® before leaking out of the galaxy. If we now insért-this in-
formation and the values for the astrophysical quantities into Eq. (39),
but with the power law solution (Eq. (23a)), we obtain the antiproton

flux shown in Fig. 6.
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Case III. (The production and diffusion of antiprotohs within the ga-
laxy without acceleration.)

The injection spectra will be the same as in Case II, and is
shown in Fig. L. Again we can use EqQ. (37) and the values of the as-
trophysical parameters to obtain the antiproton spectrum shown in Fig.
7. Since the antiprotons are produced and diffused in a region where
no acceleration takes place, the shape of the injection spectrum is
preserved. It should be noted that this antiproton spectrum decreases

much more rapidly with increasing energy than for Cases I and 1I.



VIII. DISCUSSION AND CONCLUSIONS

We have made the assumption that the cosmic ray concentration
(and thus flux) can be described by a Fokker-Planck diffusion equation
(Eq. (1)) and that an average over the history of a typical group of
injected particies gives the time independent solution of direct physi-
cal interest. It is then shown that the observed spectrum is the re-
sult of continuous deceleration and fluctuations in acceleration. What
we are observing,then, is the result of the fluctuations. We have ap-
plied this model to various possible regions of origins of the proton
and antiproton components. It is found that the model gives a remarka-
bly good fit to the observed integral energy spectrum of primary pro-
tons (Fig. 2), with a power law dependence in which the exponent itself

is a weak functibn of the energy:
E
Y = 0.09 n (-ra) + 0.9

The fit is not sensitive to the particular type of velocity distribu-
tion of scattering centers giving rise to the Fermi acceleration term
and assumes an isotropic distribution of angles between the particle
and scattering cloﬁd velocity vectors. Also, the fit is relatively in-
dependent of whether tﬁe particles are accelerated in local regions,
such as supernovae, or in the galaxy. The fit is not good at high
energies (above approximately 10 GeV). If, however, there is another

component that contributes significantly only at energies above 107 GeV

26
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and of slope 1.6, we could obtain the observed spectra. This component
could be from cosmic rays that have enough energy to escape from their
galaxies and then be accelerated on a megagalactic ;cale to the very
high energy at which they are observed.*®

We see that in comparing the case where all the acceleration is
within the supernovae (Case I) to that in which all the acceleration is
within the galaxy (Case II) that the shape of the final spectrum is the
same if the Fokker-Planck coefficients are the same. The fact that the
antiproton intensity is the same in Case I and Case II is due to the
assumption in each case that the primary protons have passed through an
average of 2.5 gm/cm? of hydrogen. We have assumed in the analysis
that the mean free path, A, is a constant. Above an energy of ldéu—
10° GeV this is no longer true. Thus we have not extended eur: results
above this limit.

When one considers the case of no acceleration (Case III), sim-
ply antiproton creation and diffusion, one notices a marked change in
the slope of the spectrum. Obviously, the high energy porﬁion of the
spectrum is enhanced by acceleration in Cases I and II. Previously,
investigators have only considered creation and sometimes, in a very
approximate manner, diffusion, which most closely corresponds to our
Case III. While the antiprotbn spectrum shape and total intensity
mainly depend upon dv/dp in p - p production collisions for Case III,
they depend mostly upon acceleration processes for Cases I and II.
Since the expected spectra contrast so sharply, it appears that when
the antiproton spectrum is measured, a clear choice can be made between

Case I or II vs. Case III.
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We should state that although we have considered here superno-
vae shells, the results would also apply to other sources. Perhaps one
should consider novae, moving envelopes of stars, etc.

In conclusion, we would like to emphasize that the final ex-
pression, Eq. (23), obtained in Section III for the flux is a general
result that can be applied to any type of acceleration mechanism or ve-
locity distribution of scattering centers where the processes have been
going on at a constant rate for at least as long as the storage time
for cosmic ray particles. The approximations made are very broad and
are usually fulfilled when one 18 considering high energy cosmic ray

phenomena.



APPENDIX A

The Lifetime for Leakage from a Region of Space

We will follow- & method indicated-by Morrison®® to find the
mean free path for e particle to leak out of a given region. of space.
One usually assumes that a particle will diffuse through space collid-

ing with "magnetic clouds". Let N be the number of magnetic scat-

leak

terings before a particle leaks out of a region. Then

N A -
. . leak t
Teax = Llifetime for leakage = ———— (A1)

where Kt is the mean free path between collisions for particles with a

velocity c¢. Recall that in the case of a three-dimensional random-walk

problem

(h®) = mean sq. distance in h direction reached after N collisions

2NA®
= . (A2
y (42)
Then we will have leakage when h z:l/g the smallest dimension of the

region of space in question. Then

3n°
N w S———
lea.k 2 )\3

or

29
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Because we are using a simplifed version of transport theory,

we will use the transport mean free path
N, = | (ak)

where A = mean distance betwecen deflections in the magnetic field,

(cos 8) = mean cosine of angle of deflection. Recall that the Larmor
radius RL is given by
n v,

: , A5
RL Ze |B| ()

or for protons in space®°

3.52 x 10°° E

R = GeV  (in 1ight years).
|| B,
microgeauss
1.079 x 10™° E _
- GeV  (4n parsecs). (A6)
|z| B
Bgauss

If RL of the diffusing particle is small compared to the diameter of

the magnetic cloud, S,, then 8 > T/2 and we have

A, m A& 1 (R << 8) A
t "Scanc L (AT)
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where
n, = density of diffusing clouds in space.

If R < S_, we have (8) m -g’- and
L

o & 2

Then, following E. Parker,21 we can write as a fair approximation

2

1 ' R
A = 1L+ —— (A9)
t "8 P \ Y |

C
We will take for the physical parameters Sc = 30 pc,
3 22

7 = 1.66 x 1072* gm/em® n, =3x 107°% pc™®,%2 ana

B=5x 10°° gauss.®



APPENDIX B -

The Production Rate

The differential rate at which antiprotons are produced in a

given volume with momenta between p and p + dp is given by

dg’,’ " Ww(E
\?1%} dp = dp-p J -Eé—)- N(E) dE (B1)
Ein
whare
P = density of hydrogen in the region in question,

QELEl = differential cross-section for the production in a p-p colli-
sion of an antiproton of momentum p by a proton with.labora-
tory energy, E,

N(E) = differential eneréy spectrum of the primary cosmic ray spec-

trum,

E = threshold energy for production of antiprotons.

th
The production . rate is given by
b dq .
qQ = J @dp (B2)
(o}
To obtain an expression for the differential cross-section du/dp we

will use the results of J. R. Wayland and T. Bowen:*®

a%g

. Ha ! ' 1 '
Ha = kT K1(Tg~ exp (- %L Y1+ E%~) Eﬁgi , (B3)
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where the primed quantities are in the center-of-mass system and

"longitudinal temperature',

3
]

To = '"transverse temperature',

Ha = (P‘L2 + mg) >

2

b = (P” +m2) s

p = nomentum of produced secondary ,

m = mass of produced secondary ,
2Vo

2
2 c
ham C‘To K2 (%;—
Vo = interaction volume .

As we are working with high energies, d?c/dpdﬂ decreases very rapidly
with increasing 8. Therefore, we can write cos 0 ~ 1 and sin 6 = 0,

and extend the range of integration over 0 to «. Thus we have

N .3 . 1302 , 23 v; ' '
@ [RIEE (g eyre | @I ooty ) i areas,
o EY(1-8)) Tov(1-67) J (BY)
£ eo DB o'/ | )
whare

2 m
® = 2T’ Ko (3) K,

43

m'? = ¥(p - BE)® + n®
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Figure 1. The dimension of the galaxy as a function of the

amount of material traversed,
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