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The anisotropy of ultra-high-energy (E > 10'®eV) cosmic rays is studied in the single-pulsed-
source diffusion model. It is shown that for short duration of the production pulse
(*‘instantaneous source”) the anisotropy decreases with increasing energy. The increase in
anisotropy with energy for longer duration is not as significant as in stationary diffusion models.
A model of the origin of the ultra-high-energy (£ > 10'*~10'"" ¢V ) cosmic rays is considered
where they are generated in a nearby active galactic nucleus (NGC 4151 or Cen A ). The spectra
and their anisotropies are calculated in these models. The anisotropy may be at most 10-20% for

E~10"eV.

1.INTRODUCTION

At the present time it is generally accepted'™ (see also
the reviews in Refs. 4 and 5) that the end of the cosmic ray
(CR) spectrum is of extra-galactic origin. Three types of
extra-galactic models are discussed in the literature: 1) me-
tagalactic model with® and without’ evolution of the sources
taken into account; 2) a local supercluster model' on the
assumption of many sources, and 3) a single-source model,’
whose role is played by the Virgo galactic cluster in the Local
supercluster.

The present work is devoted to the single-source model.
Interest in this model is due, in part, to the fact that it is
possible here to form the spectrum without the blackbody
cutoff. Let us imagine that the source of ultra-high-energy
(CR) consists of only very powerful rare sources (for exam-
ple, quasars of a definite type or very powerful Seyfert galax-
ies). For an observer close to such a source, the spectrum of
the CR will be determined in the main by the source, and
owing to the short propagation time of the particles the
blackbody cutoff of the spectrum will be shifted to higher
energies or be altogether absent. It may be that this situation
occurs in reality because of the accidental proximity of our
Galaxy to the powerful Seyfert type I galaxy NGC 4151
(# = 13.2 Mpc for a Hubble constant H, = 75 km/sec*-Mpc,
which we shall use throughout). However this is not the only
possibility. The source could be a nearby “‘extinguished” gal-
axy, the activity of whose nucleus ended 10*~10” years ago,
and the cosmic rays reach us only now due to the long propa-
gation time. In such a case it is hard to indicate a concrete
galaxy as the source.

From estimates of the duration 7, g and the calculated
propagation time for the cosmic rays, 7., < 10° years, for
distances r<10-20 Mpc the model of a source with an active
nucleus, that would be currently observable, seems pre-
ferred. Indeed, if one supposes that the energetics of the ga-
lactic nucleus is ensured by gas accretion by a massive black
hole, then for powerful sources with luminosity of the order
of Eddington luminosity L g4y = 1.3-10°* M, /M, erg/sec,
the duration of the active phase amounts to 7,y ~M,/
L g44, where M, is the mass of the black hole, M, is the mass
of the accreted gas, and M, is the mass of the Sun. Under the
natural assumption that M, ~M,, we obtain 7,gx =~4-10°
years. For a source with L < L 4, this time is even larger.

This paper is devoted to a phenomenological study of
the spectra and the anisotropy of ultra-high energy cosmic
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rays in the single-source model. We shall make use of the
generally accepted concept, that the particles may be accel-
erated to ultra-high energies in active galactic nuclei (see
Refs. 8-12, and also the reviews in Refs. 4, 5 and the litera-
ture cited therein) and will suppose that the particle produc-
tion spectrum is given by a power law in the entire energy
interval from E, ;, ~1 GeV up to the highest observed ener-
gies, and the luminosity in the accelerated particles equals
L, . The neutron mechanism for the particles’ escape from
the galactic nucleus'” results in a pure proton content of the
cosmic rays emitted by the source. It should be noted that
the acceleration of the particles in active galactic nuclei is an
unsolved problem. The presence of high electric potential in
the accretion disk®” does not yet mean acceleration of the
particles to corresponding energies. The electrodynamics of
the accretion disk is analogous to the electrodynamics of a
pulsar with free discharge. The acceleration is related to the
component £ of the electric field along the direction of the
magnetic field. The free discharge models are too poorly de-
veloped to provide quantitative predictions for the maximal
acceleration energy.

Acceleration by shock wave fronts in active galactic nu-
clei'’~'?is, apparently, limited by photopion energy losses.'*

This article is organized as follows. In Sec. 2 we discuss
the possibility of diffusion propagation of ultra-high energy
particles in the Local galactic supercluster. In Sec. 3 we ob-
tain general restrictions on the diffusion coefficient. In Sec. 4
we give general formulas for the spectra and anisotropy. In
Sec. 5 we find an analytic solution for the anisotropy in the
case of “instantaneous source” (duration of the production
pulse T'much less than the propagation time). In Sec. 6 we
give results of numerical calculations of spectra and aniso-
tropy and give their interpretation. A comparison with ob-
servations is made. In the Conclusion we formulate the main
results.

2.ONTHE POSSIBILITY OF DIFFUSION PROPAGATION OF
PARTICLESIN THE LOCAL SUPERCLUSTER

Diffusion propagation of ultra-high energy protons in
the Local galactic supercluster was studied in Ref. 15. In
that paper a study was made of the problem of particle scat-
tering by magnetic clouds of linear dimension / and regular
field H on the assumption of a small mean scattering angle of
the particle by the cloud 6~1/r,, <1 (where r,, is the Lar-
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mor radius of the particle). At a distance from the source
r < r,, where

ro=161/30%, (N

the particles propagate practically in straight lines and the
angular distribution of the particles, observed a time ¢ after
emission, is described by the Gauss law

n(t,0)=At"" exp(—102/2ctd?).

The probability of finding a proton at a distance r>r,
from the source is equal to the probability of translation of
the particle from the equilibrium location as a result of fluc-
tuations, described by the Gaussian distribution

F=(32/3n?) (cli/0%)".

In this fashion propagation for r> r, has the diffusion char-
acter with diffusion coefficient given by

D(E)=(32/3n*)%cl/68* < E*, (2)
For cloud parameters assumed in Ref. 15, /~0.1 Mpc and
H~10"% G, the protons propagate in the Supercluster
(r=~20Mpc) practically rectilinearly, beginning with an en-
ergy of E~1-10" eV, which contradicts the single-source
model. In the diffusion model® the same cloud parameters
are used (/=~0.1 Mpc, H~10"2 G, but a different energy
dependence of the diffusion coefficient is assumed,
D(E) « E*, which may be due to a distribution of the clouds
in the quantity /H).

In the cited papers, the parameters of the magnetic field
in the Local supercluster were chosen arbitrarily. The struc-
ture of the magnetic field may be primary or produced in a
specific manner in the Local supercluster. We wish to dis-
cuss the possibility of producing the structure of a quasiregu-
lar field by the galactic wind. This mechanism was discussed
in Ref. 16 for the production of the large-scale field in the
halo of our Galaxy. It is assumed in the galactic-wind picture
that a hot gas with “frozen in”” magnetic field escapes from
the galaxy with a velocity in excess of parabolic v, =~3-10’
cm/sec. Although the appearance of the wind has been dis-
cussed in several papers (see, for example, Refs. 17, 18), this
phenomenon cannot be viewed as proven and in fact an alter-
native process is possible: accretion of metagalactic gas by
the galaxy.'*?"

For further estimates we assume parameters for the ga-
lactic wind used in Ref. 16: luminosity L, = 5-10*" erg/sec
of the galaxy in the form of the galactic wind and velocity
v, =~ 1-10* cm/sec. The galactic wind fills around the galaxy
a bubble of radius equal to half the average distance R
between galaxies in the Local supercluster. For a spatial den-
sity?' of galaxies in the supercluster of n, =1-107"° cm™*
we have R ~ 1 Mpc. The wind energy density in the bubble is

0y~ Lyl s~2-10~1" erg/cm?,

where T, 5 =~ 1-10'" yearsis the age of the Local supercluster.

The bubble is filled with a regular magnetic field, ex-
ported from the galaxy by the wind. Let us find it from the
equipartition condition

Hx (8nw,) =210 G. (3)

It is easy to convince oneself that a bubble with these param-
eters has the negligibly small measure of Faraday rotation
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~107* rad/m? and cannot, therefore, be detected in polar-
ization experiments. The energy of a proton trapped in the
bubble equals

E,~eHR~2-10" eV,

and the maximum energy, for which the diffusion approxi-
mation is valid, is larger than E| as a result of scattering on
various bubbles. The Bohm diffusion coefficient is

D(E)='[sruc=~2-10*(E/10* eV)cm?/sec.

The estimates given above are, of course, quite rough; in
particular they refer to average quantities only. In the calcu-
lations that follow we shall make use of the phenomenologi-
cal expression for the diffusion coefficient

D(E)=D,(E/10" eV)? (4)

with D,~ (1-5)+10* ¢cm?/sec and =0.5-0.8. In practice
the assumption on the size of D, is more critical here, since
particles with E < 1-10'"” eV have, most likely, galactic ori-
gins, and in the interval 10'°~10% eV of interest a change in
S from 0.5 to 1 (or from 0.8 to 1) has no significant effect on
the results presented below.

3.GENERAL RESTRICTIONS ON THE DIFFUSION
COEFFICIENT AT ULTRA-HIGH ENERGIES

We consider first a stationary single source. An upper
bound on the diffusion coefficient follows from the require-
ment that the diffusion propagation time ¢, =~ #/6D should
be larger than the time for direct flight ¢ = r/c:

Diax<<'[ere. (5)

In particular for NGC 4151 we have D, <2-10* cm?/sec.
Let us note that D(E) = 3-10* (E /10" eV)' cm*/sec,
which is the diffusion coefficient used in Ref. 2, exceeds D,.,,,
for an energy E>1-10" V.

On the other hand, EZ 5-10' eV, when photopion re-
actions become significant, a lower bound on the diffusion
coefficient results. It is due to neutron production in colli-
sions with relict photons. The nucleon diffusion path length
1, is longer in this case than the neutron decay path length
cr,E/m,c?, where 7, is the neutron lifetime and m,, is its
mass (we ignore the contribution of the proton to the diffu-
sion path length). This means that the diffusion coefficient
must satisfy the condition

D(E)>1,E/[3m,=1,5-10*(E/5-10** eV) cm¥/sec.  (6)

Let us note that the bounds, Eqgs. (5) and (6), have the
character of strong inequalities; for Eq. (6) this is due, in
part, to the fact that the energy is higher at the instant of
production than of observation. A comparison of these
bounds shows that for a stationary source at a distance
r~10-20 Mpc for an energy E~ (0.5-1)-10*" eV diffusion
propagation should be replaced by quasirectilinear propaga-
tion, and the anisotropy should drastically increase.

For a nonstationary source, which injects particles in
the form of a short pulse of duration T« ¢, where 7 is the time
interval between the turning on of the source and the obser-
vation, the restriction, Eq. (5), is formally removed. The
diffusion coefficient D(E) may exceed D,,,, , and this means
that at some instant of time prior to observation a large di-
rect stream of particles with energy higher than E passed
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through the observation point. At the instant of observation
t, on the other hand, the stream of particles with this energy
is suppressed by a factor # =¥ or even stronger, if the parti-
cles suffered an energy loss.

4. SPECTRUM AND ANISOTROPY (GENERAL FORMULAS)

We consider a source at a distance » from the observer,
emitting protons in the form of pulses of duration 7. We
suppose that the differential production spectrum has the
form

Q(E) =K (E+En) =1, (7
where E, is the kinetic energy of the proton, E, ~1GeVisa
normalization energy, ¥ is the production exponent, and the

constant K is expressed in terms of the luminosity of the
source in accelerated protons:

K=y(y—1)L,EN". (8)

The equation for the density of particles n(r,E,t) in the space
around the source has the form??

]
g;_ D(B) Vit —— [b(E)n]=Q(E) (2 0(t)0(T ),
(9
where r, is the distance from the production point, 7, is the
production instant, and b(E) = — dE /dt describes the en-

ergy losses of the protons during propagation; at the ultra-
high energies considered here the losses are determined by
the interaction with relict radiation:

P+ Yrel—"p+e++e_y P+ Yrel-*n'i'X'

The energy losses calculated by us are given in Ref. 23. We
search for a solution of Eq. (9) by the Syrovatskii method,**
by going over to the variables

Eg
1(E,E,)=E§%, (10)
Fs ’ ’
A(E,E,)=ED—(5(—;%€— (1
Here the Green function is
FOVE, bk Eg t) = —o SR GV

b(E)
and the solution of Eq. (9) is

(4mr)

T KE;™ expl—r*/40(E, Ey)]
”"’E’”‘oj‘w‘ b(E)  Lenh (B, E)T*

X 0(t—1)0(T—t+1).

Replacing the f-functions by the limits on the integration
over E, we obtain finally for the density of protons with
energy E at a distance rat the instant of observation ¢, assum-
ing that the source was turned on at time zero:

HENE

1
n(E, r, t) =K—5—(E5

I ap. -+ eXPl—T/40(E,E)) ]
e Ce [47A (B E) 1"

L(E,t-T)E
(12)
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where the function £(E,t) connects the proton energy E at
the instant of observation to the proton energy E, at the
instant of production ¢, = 0:

E,=E(E,t)E. (13)

The function £ (E,t) is found by numerical integration of the
equation dE /dt = — b(E).
The anisotropy is calculated from the expression

3 D(E) ,6n(E,r,t) ' (14)
8(B)=— n(E,r,1) ar I’
where
l on(E,r,t) l
or
YENDE
r —1+1) exp[—r*/4M(E,E,) ]
=2nK ——— dE.E; ™"
b<E>5(E,,j_T,E T [AnM(E )T

(15)

Before going to numerical results we make two general
remarks.

1. The function, Eq. (12), makes it possible to find the
current density j(E,r,t) = (¢/4mw)n(E,r,t) as a function of
the distance from the source r, the maximal propagation
time' ¢ and the energy E. In a previous paper’® we have
calculated the spectrum of a single source for fixed time of
propagation. The characteristic feature of the spectrum is
the blackbody cutoff and the hump due to slowed-down par-
ticles. The spectrum, Eq. (12), differs from the spectra of
Ref. 23 by a distribution of various times of propagation.
Naturally, the spectra of Eq. (12) look qualitatively the
same as those in Ref. 23. The spectra also coincide quantita-
tively in the case of the instantaneous source.

2. In our problem the instant of turning on the source
(taken as zero) and the moment of observation ¢ are fixed.
Even for T'>¢ this problem does not reduce to stationary
diffusion, and this is why one gets the unusual dependence of
the anisotropy on energy.

5.ANISOTROPY IN THE CASE OF INSTANTANEOUS SOURCE

There exists the widely disseminated dogma that if the
diffusion coefficient increases with energy, then so does the
anisotropy. In our problem this is not so and, in particular,
the anisotropy may decrease with increasing energy. To ob-
tain an understanding of the physics of this phenomenon we
consider here the analytically soluble case of the instanta-
neous (7'<t) source.

The instantaneous source is characterized by the fact
that # becomes the propagation time and the production en-
ergy becomes a function of £ and ¢ only. For T'<¢ the inte-
grand in Egs. (12) and (15) changes little; one power of
A(E,E,) in the denominator in Eq. (15) may be taken out-
side the integral and then we obtain from Eq. (14)

3D (E) r
2 ME,t)

If D(E) = D, then it follows from Eq. (11) that

8(E)= (16)

A(E,t)=Dyt(E,E;) =Dt
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and from Eq. (16) we obtain the familiar expression
8=08,=3r/2ct (17)

Let us consider now the case D(E) = D,E® and |dE/
dt| =b(E) = E /7, where 7, is the characteristic slowing-
down time. Then we integrate Eq. (11) to obtain A(E,?),
which when substituted into Eq. (16) gives

8=06,z/ (e—1), (18)

where x = Bt /7,,.

For a nearby source (¢1<7,/) we have 6 =§,, for a
distant source (> 7,/3) we have § =8,xe ~* <&, For real-
istic energy losses (see Ref. 23 and the scheme in Fig. 1)
b(EY/E=T1,,=B,' at low energies and b(E)/
E=r7,=B,"' at high energies, and 7,,<7,,. In other
words, at low energies the source is nearby (6 =9,,), while at
high energies the source is distant (§=8xe *~ <§é,), i.e.,
the anisotropy decreases with energy.

For a physical interpretation we turn to formula (16)
and rewrite it in the form §(E) =6, D(E)t/A(E,t). The
numerator D(E)¢ is the square of the distance traveled by
the particle in time # under the condition of constancy of its
energy. The quantity

Eg(E,t)

AE,t)= j. D(E")

E

dE’
dE'/dt

—[p@ar

has the meaning of the square of the distance traveled in time
t with the change in the particle energy taken into account.
At low energies, when the change in the energy is insignifi-
cant,i.e. (E ~'dE /dt)t<1, we have

AME,t)=D(E)t, 8=d..

At high energies, when the energy losses are significant, we
have

D(E')>D(E), A(E,t)>D(E)t

and the anisotropy 8 <6,

We give the analytic solution for anisotropy in the case
D(E) = D,E" and for a very close to realistic description of
energy losses (see Fig. 1):

Bo, E<E07
dE
—;‘—-—Et—= Bo(E/Eo)a, E0<E<E11
B, E>E..

We consider the realistic case B | ' <t < B ', when the cut-
off energy E., determined in Fig. 1 by the point of intersec-

£ de/at
3
Bf——————
|
e — -t
1
[
: |
B |
0 b
I I
& EE E
FIG. 1. Dependence of the energy losses E  'dE /dt = — b(E)/E on the

energy E:r—propagation time, E.—cutoff energy.
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tion of the straight line # ~' with the losses curve, is less than
E,

Since the integral in Eq. (11) can be evaluated analyti-
cally and 6 (E) is calculated according to Eq. (16), the prob-
lem reduces to the calculation of the production energy, with
the energy losses indicated above taken into account. As a
result of simple calculations we obtain the following expres-
sions for the production energy and the anisotropy:
for E < E,exp( — Byt)

E.(E,t)=E exp(Bit),
forEy<E<E,(1 +aBt) "
E (E,t)=E[1—aBt(E/E,)*]~"*,

8= 8, (19)

(20)
8 (E)=08,(a—B)Bit[1— (EJ/E)~ "]~ (E/E,)*
for E,(1 + aBt) "“<E<E,
Eg(E,t)=E[1——aBot(E/Eo)°‘]'”°‘, 1<t,,
Ey(E,t)=E, exp[B.(t—t))], =ty 21

6=605B0t( 5—0) ’ (%—) = { exp[pB, (t—t,) ]

B )

where ¢, is determined by the equation E, (E,t,) = E|, and,
lastly, for E> E,

E,(E, t)=E exp(Bit), 6=06,&[exp(&)—11-", (22)

where x = 8B,t. The energy dependence of the anisotropy,
determined by Egs. (19)-(22), is shown schematically in
Fig. 2.

6.SPECTRA AND ANISOTROPY (NUMERICAL
CALCULATIONS)

Here we give results of numerical calculations of the
spectra and anisotropy according to Eqs. (12), (14) and
(15), where the quantity K is related to the luminosity of the
source by Eq. (8). The diffusion coefficient will be taken as

D(E)=D,(E/10* eV)". (23)

The model is defined by the choice of source (the distance 7
from it, the luminosity in the accelerated protons L,) and
the parameters that characterize the propagation: the time ¢
from the turning on of the source to the instant of observa-
tion (maximal propagation time), duration of the produc-

5/5,

FIG. 2. Energy dependence of the anisotropy for the instantaneous-source
model calculated according to Egs. (19)-(22). 8/6, = x[exp(x) — 1] '
and E=E,(1 +aBt) "".
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tion pulse 7, the quantities D, and 3. Formally we give solu-
tions up to energies 10°-10%' eV, but in fact the maximal
energy for which the diffusion approximation is valid is re-
stricted in accordance with the considerations in Sec. 3.

As an example we give the calculation of the spectrum
and anisotropy for a model where the source was taken to be
the Seyfert galaxy NGC 4151 (» = 13.2 Mpc). The calculat-
ed spectra and anisotropy are shown in Fig. 3 for a luminosi-
ty of the source in accelerated protons L, = 1-10* erg/sec
(the observed luminosity of the source amounts to L ~ 10%°
erg/sec) and time between turning on of the source and ob-
servation ¢ = 3-10® years. The remaining parameters of the
model are indicated in the caption of Fig. 3.

The energy spectra of Fig. 3 are characterized by a late
blackbody cutoff £, =~ 8-10'? eV, and a hump preceding the
cutoff. Naturally, with increased duration of the production
pulse the current increases.

For short duration of the production pulse 7<1-10’
years the anisotropy is described by the universal curve 1
(Fig. 3). It corresponds precisely to the Egs. (19)-(22) for
an instantaneous source, obtained in the preceding section.
A change in the character of the dependence §(E) with in-
creasing T may be understood qualitatively by considering
the anisotropy as 7—¢:

E4(E,t)
6(E)=§PZ(TE)—T j %dEg'(Eg')"”*”(4n7\.)""exp(—r’/4}\.)
Eg(E,1) E \ ’
"o n ™\
| 5 ary (B0 ) exp () |
_3DET 5, (24)
2¢

The integrand in Eq. (24) has a maximum for £, =E,,,
where A (E,E,, ) ~ . For small E, when E, differs little from
E, this maximum lies outside the limits of integration and, as
is easily understood, the quantity (4 ~') may be estimated as
A ~ ' taken at the upper integration limit. One obtains in this
way (1 ="'y = 1/D(E)t and 8(E) =3r/2ct=6, in accor-
dance with numerical calculations. At high energies the lim-
its of integration are moved apart by the energy losses and
the maximum falls inside the limits of integration. In that
case A ~! (E,E ;) should be taken outside the integral at the
maximum point E ; = E, , where A(E,E,, ) ~ 2. This gives
an anisotropy 8 (E) =~3D(E)/2cr that increases with energy
like E?. A gradual transition to this regime can be seen in
Fig. 3.

Against the background of increasing anisotropy a dis-
tinctive dip can be seen in the curves in Fig. 3, corresponding
to the energy at which the photopion hump appears in the
spectrum. This dip is explained by the fact that the hump is
due to protons slowed down from higher energies. As a re-
sult the quantity

E (E)

ME, )= | D(ES)

E

©(E,Eg)

{ D&

0

dE;
dE//dt

increases in a jump as E falls into the region of the hump,
and, according to Eq. (24), this gives a drastic reduction in
anisotropy.

457 Sov. Phys. JETP 69 (3), September 1989

1g I(E) m~2.s~ st eV !

i
ol
Vs
N
7S
W=
N\ z
Vi ! ] L
v’ " " w? £ eV

FIG. 3. The spectra and anisotropy in the model with NGC 4151
(r=13.2 Mpc) as source for ¢ = 3-10" years, y = 1.1, L, = 1-10* erg/
sec, D, = 3-10™ cm?/sec and B = 0.5. The spectral curves are labeled by

the duration of the production pulse 7: 1—1-10° years; 2—1-10" years;
3—1-107 years; 4—1-10* years; 5—2- 10® years; 6—3- 10* years. The ani-
sotropy curves are labeled according to: 1—T7<1-10" years; 2—1-10"

years; 3—2-10* years; 4—2.3-10* years; 5—2.5-10" years; 6—3-10"
years.

=29
=Jg
vo=d/
>
o
To=a2
s
IS
@
T
E -J4
3
=z -JJ
-Jb
-J7
wr
JIt
5
20+
R
< —
—
VZ
) | ﬂ/ J
0" 0" w?  Eev
FIG. 4. Same as Fig. 3 for t = 1-10” years. The spectral curves correspond

to: 1—T = 1-10° years; 2—1-10° years; 3—1-10 years; 4—1-10" years;
5—3-10" years; 6—1-10” years. The anisotropy curves: 1—7<1-10’
years; 2—3- 10® years; 3—5-10% years; 4—7-10" years; 5—1-10° years.
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As the maximal propagation time increases to z = 1-10°
years (Fig. 4) the following changes take place: a) the black-
body cutoff energy of the spectrum is shifted to lower values
(E.=5-10" eV) resulting in the hump becoming more
prominent; b) the cutoff of the spectrum becomes sharper;
¢) the anisotropy decreases and, in particular, so does its
low-energy value §, = 3r/2ct.

As was explained in Sec. 3 for the instantaneous source
(T<t) (thecurves 1,2 in Fig. 3), the restriction, Eq. (5), on
the diffusion coefficient is absent and the given results are
valid up to E=~1-10* eV. The diffusion description of the
curves 4-6 in Fig. 3 after the break is of progressively worse
precision; in fact a transition to quasirectilinear propagation
of particles takes place as the anisotropy increases.

As a second candidate for a single source we may take
the nearby (» = 3.5 Mpc) radiogalaxy Cen A (NGC 5128)
with total luminosity L~1-10* erg/sec. The calculated
spectrum of this source differs little from the spectra given in
Figs. 3 and 4, except that for T~ the blackbody cutoff is
even less noticeable. This source is of interest for the inter-
pretation of the data obtained at Haverah Park®® and Syd-
ney.?® These data show no break in the spectrum up to ener-
gies E~2-107 V.

And, lastly, if the time interval between the turning on
of the source and the observation is X 1-10° years, then the
source may appear at the present time as a normal galaxy. At
a distance r~ 10 Mpc the characteristic spectrum and ani-
sotropy will look as in Figs. 3 and 4.

We have compared the calculated spectra with the data
obtained at various setups for E> (0.3-1)-10'° eV. We as-
sume that at lower energies the calculated spectrum joins up
with the spectrum generated by other sources, for example

galactic or distant metagalactic ones, forming diffuse radi-
ation.

At the present time a contradiction exists between the
data of various setups for EX 3-10'" eV. We can describe
best with the help of our spectra the measurements of the
setups at Haverah Park?® and the “Fly’s eye”.?” In Fig. 5(a),
we show a comparison of the calculations with the data ob-
tained at these setups. Curve 1 corresponds to the model
with NGC 4151 as source with y = 1.1, L, = 2-10* erg/
sec, t = T = 3-10% years, D, = 1-10** cm?/sec and 8 = 0.5.
Curves 2 and 3 correspond to the model with Cen A as
source with y=1.1, L, = 1-10*! erg/sec, t = T =3-10*
years, D, =3-10** cm?/sec and S =0.8 (curve 2) and
y=11, L,=110% erg/sec, t=T=3-10" years,
D, = 1-10* cm?/sec and B = 0.5 (curve 3). The predicted
anisotropy at E=1-10'"" eV amounts to 25%, 42%, and
19% respectively for the curves 1-3.

In Fig. 5(b), the curves 1 and 2 correspond to the NGC
4151 model with the following parameters: y =1.1,
L, =3-10* erg/sec, t=1-10" years, T=5-10" years,
D, =3-10* cm?/sec and f=0.5 (curve 1) and ¥ = 1.1,
L,=1-10% erg/sec, t=1-10" years, T=5-10" years,
D(, = 1-10* cm?/sec and B = 0.5 (curve 2). The curves 3
and 4 correspond to the Cen A model with the following
parameters: ¥ = 1.3, L, =7-10*" erg/sec, t=T=1-10"
years, D, = 1-10** cm?®/sec and S =0.5 (curve 3) and
y=11,L, = 1.5-10* erg/sec, t = 1-10° years, T = 5-10"
years, D, = 3-10* cm?/sec and 8 = 0.5 (curve 4). The ani-
sotropy for E = 1:10'° eV amounts t0 8.2%, 7.8%, 14% and
2.2% respectively for the curves 1-4.

As can be seen from the figures, we can describe best the
spectrum of the “Fly’seye” for EX 1-10'* eV. The predicted

FIG. 5. Comparison ofthe spectra measured by the
setup at Haverah Park®® (a) and “Fly’s eye™*” (b)
with the spectra of the single-source model. The
parameters corresponding to each curve are given
“in the text.
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anisotropy amounts to 2-10% for E = 1-10'? eV and 2-20%
for E=5-10"¢V.

7.CONCLUSION

The single-source diffusion models can be naturally di-
vided into two classes: stationary source (stationary diffu-
sion) and pulsed source (nonstationary diffusion). A model
of a stationary source, taken to be the Virgo cluster, was
discussed in Ref. 2. This model requires very high luminosity
L, ~10* erg/sec, which is difficult to ascribe to either one
galaxy in the cluster or the total energy output of several
active galaxies. ‘

In the case of diffusion models with a single stationary
source there exist two general restrictions, Egs. (5) and (6),
on the diffusion coefficient. These restrictions show that for
asource at a distance of 10-20 Mpc there occurs at an energy
of (5-10)-10'" eV a transition to quasirectilinear propaga-
tion, characterized by a larger anisotropy. This conclusion
applies also to pulsed sources with production pulse dura-
tion T of the order of the time of propagation.

Diffusion models with pulsed sources, characterized by
T <t, predict an anisotropy that decreases with increasing
energy. As T is increased a general tendency appears for an
anisotropy that increases with energy, however at the energy
where the spectrum has the photopion bump the anisotropy
has a local minimum. The low-energy limit of the anisotropy
is in all cases equal to 8, = 3r/2ct, where r is the distance
from the source and ¢ the time between the turning-on of the
source and observation.

The energy spectra are characterized by a late black-
body cutoff and a dip at low energies. For large ¢ the black-
body cutoff is quite sharp. For t~#?/D and T~ the black-
body effect on the spectrum can be quite insignificant.
Realistic candidates for the single source are NGC 4151,
Cen A and NGC 4051. The possibility of an extinguished
source also exists.

The main prediction of our models is the relatively low
anisotropy (~10-20% for E~1-10' eV) with a direction
to the source.

For NGC 4151 for an anisotropy not exceeding 20—
30% at an energy of E~1-10' eV the spectrum has a black-
“body cutoff at E < 10°” eV and a noticeable photopion hump
preceding the cutoff. For a choice of parameters that shift
the cutoff energy to higher values the anisotropy increases.
For the Cen A source the spectrum may practically have no
cutoff at low anisotropy. For an energy E between 10" and
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10'? eV the calculated spectra should join up with the galac-
tic spectrum or the diffuse metagalactic spectrum.

From among the data obtained at various setups we are
able to describe best with the help of our models the spec-
trum observed at the setup “Fly’s eye.”

The authors are grateful to V. I. Dokuchaev for useful
discussions.

"In the sense of the deviation of Eq. (12), ¢ has the meaning of the time
from the turning-on of the source to the moment of detection. Particles
emitted after the source was turned on have a propagation time less than
t. The shortest propagation time, r — 7, belongs to particles emitted at
the moment when the source was turned off.
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