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THE DISTRIBUTION OF RELATIVISTIC ELECTRONS IN THE
GALAXY AND THE SPECTRUM OF SYNCHROTRON RADIO EMISSION

S. I. Syrovat-skii

P. N, Lebedev Physical Institute, Academy of Sciences, USSR

The problem of the diffusion of particles is solved, taking into account
the regular changes of the particle energy during this process, The spatial dis-
tribution and the energy spectrum of electrons, whose energy changes because
of radiation emission in the magnetic field, were found on the assumption that
the sources occupy an ellipsoidal volume and inject into interstellar space rela=
tivistic electrons with an energy spectrum QE™Yo, The case when the distribution
of the sources coincides with the flat subsystem of the galaxy and y, = 2 is con-~
sidered in detail. The energy spectra of electrons along the line of sight in
different directions and the corresponding intensities of synchrotron radia-
tion were calculated, It is shown that the energy spectrum of electrons along
the line of sight can be represented in a limited energy region by the expression
KE'Y, where y varies within the limits 2 < y < 3, depending on the choice of
the diffusion coefficient. The choice of the diffusion coefficient of relativistic
particles in interstellar space equal to D = 10® cm/sec and the intensity of the
sources (the coefficient in the source spectrum) Q = 10% ergs/sec give agreement
between the theoretical and observed spectra of nonthermal radio emission of
the galaxy in the frequency region v > 10 Mc.

At the present time, it appears that the galactic nonthermal radio radiation is widely accepted to be the
radiation from relativistic electrons moving in the galactic magnetic fields [1]. In this connection it is of interest
to carry out a more detailed investigation of the spectrum and the intensity of this radiation,including such features
as the distribution and source spectrum of the relativistic electrons, the diffusion of electrons towards the outer
reglons of the galaxy, and the energy losses incurred during diffusion. The estimates made in [2] show that these
factors can be used to account for the observed’dependence of the intensity and spectrum of the radio radiation
on the galactic coordinates. In the following, this problem is solved in its general form and the electron-energy
spectrum and the intensity of the radiation as a function of the direction of observation are also calculated on the
assumption that the sources are situated near the galactic plane and produce electrons with the energy spectrum
Q(E) = QE™2, The results obtained show that with a reasonable choice of the parameters it is possible to obtain
a satisfactory agreement between theory and the observational data and also to make an independent estimate of
the diffusion coefficient for relativistic electrons moving in interstellar space.

1. The Distribution Function

We shall describe the spatial and energy distribution of the particles at a given time by the function f@,E,t).
If the distribution of particles is governed by the diffusion in space, the continuous loss or gain in energy during
the diffusion process, the disappearance of the particles as the result of collisions, and the presence of the sources,
then the distribution function f(r, E, t) satisfies the following equation:
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5 BN + 5 =Q(x, E, 1). v

G = DAJ |-
In this equation A {s the Laplace operator, D = D(E) is the diffusion coefficient which, in general, is energy-de-

pendent,
a dr;

{s the rate at which the energy of the particles changes as the result of losses or the rate of gain of energy during
the diffusion process, T is the average lifetime of the particles determined by the collisions which remove them
from the process (nuclear interactions in the case of nucleons and heavy nuclei, radiation losses due to the emis~
sion of a high-energy quantum in the case of electrons, etc.), and, finally, Q(r, E, t) is the intensity of the sources
or the rate at which the particles are produced (per unit volume, per unit energy interval), The possibility of fluc-
tuations of the particle energy is not taken into account in Eq. (1), otherwise a term of the form 9%f/0E?* would
appear in (1). In a number of cases and, in particular, in the problem of electron diffusion investigated below this
term is not important,

It is not difficult to obtain the general solution of Eq. (1) for infinite space, With this aim, we make use of
Green's function for Eq. (1),satisfying the following equation:

O DA (B + L =8 — ) 8(E— Eo)d(t —1,). &)

With the substitution (it is assumed that B(E)# 0)

~UT

and the transformation to the new independent variables

E
dE
t' ==t —t,where (I, E)) = S B—(l;_,‘ - 5)
E,
and
I SRAD) 6
n= 7 4E (6)
E,
Equation (3) can be transformed into the heat~conduction equation .
I3/ o B ’
63\3 — A = e—t71 BT (M) o (r— 1) & (1 — 1) . M
The solution of Eq. (7) for infinite space is given by
o= e’ _B(E) ey 2L —1o) (8)
| B (Eo) | (4mn)2
Going back to the function f, we obtain
hj 1 S e-——(l‘—l’,)zﬂxl —
/(ra E, t, Tos Eov to) = [B ()] e/’ (41&)% 8 (t — 1, T)’ 9)
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where 1 and ) are given by expressions (5) and (6). The appearance of the § -function in Eq. (9) reflects the regu-
lar nature of the energy variation, as a result of which the energy at any given time is a single-valued function of
the initial energy E,. '

with the help of Green's function (9), we can obtain the general solution of Eq, (1) for an arbitrary distribu~
tion of sources, namely,

-+oo [+ t
10 50 = NS ae, Samy \ at, 0 Byt 100 B 10 By 1), (10)

—oC 0 —00

where dry is an element of volume. In particular, problems in which the particle-source intensity is independent
of the time, i. e., the process is stationary, are of interest. In the case of a stationary process, because of (9), (10)
the source function has the form

14

10 By wg )= dtg (0, By 45wy, By 1) =

—00
! - e—(r—ro)!/'él ..__1.__.
(dmn)e [ B(L)|

e¥T for t>0,

0, for =<Z0. (11)

An analogous expression was derived in [3]. The above expressions are applicable to the diffusion of any type of
particle.* We use these expressions below in the investigation of the electron diffusion.

2. The Distribution of Relativistic Electrons in the Galaxy

For the problem of diffusion in the galaxy and the determination of the electron spectrum we can restrict
ourselves to the investigation of the stationary conditions since there are no reasons for considering that the num-~-
ber of relativistic electrons supplied by the sources is appreciably time-dependent, Therefore, we shall use the
source function (11) for the stationary case,

To caiculate the spatial distribution and the spectrum of the sources we have to know the source distribution

-Q(xg, Eg). We shall assume that the sources supply electrons, on the average, with the same energy spectrum and,

consequently,

Q(r, Ly) = Q4 (ro) Q2 (£4), (12)

where Qq(xp) is the spatial distribution of the sources,

At the present time two main possibilities for the origin of relativistic cosmic electrons are being considered
[11: 1) their generation in gaseous nebulae — the envelopes of novae and supernovae, and 2) the production of
relativistic electrons in nuclear interactions of heavy cosmic-ray particles. In the first case, the distribution of
the sources coincides with the distribution of gaseous nebulae which form a flat subsystem in the galaxy. Roughly
speaking, this sub\system forms an ellipsoid of revolution with a semimajor axis a ~10-15kpc and a semiminor
axis b =~ 100-150pc, In the second case, the electrons are produced throughout the whole volume of the galaxy
occupied by the cosmic rays, However, since the density of the cosmic-ray particles is apparently greater near
the galactic plane than away from it and since approximately one-half of the interstellar matter is concentrated
near the galactic plane in the flat subsystem, then the majority of the nuclear collisions will take place in the

* In the case of protons and heavy nuclel the influence of the galactic boundary has to be taken into account,

In the case of electrons with an energy of ~ 10° ev this effect is negligible since they practically do not reach
the boundary because of the energy losses to radiation in the magnetic fields,
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same region as that taken above for the first case. Therefore, it is reasonable to assume that the spatial distribu~
tion of the sources is described by an ellipsoid of revolution with semiaxes a and b and can be described analy-
tically by the Gaussian distribution function

Q1 (ry) = ;—,73(1—2[, exp {— (22 + y2)/a® — (22/6%)}. (13)

With this notation the distribution function is normalized to unity, the normalization constant being incorporated
into Qq(E,). Expression (13) is sufficiently general since it includes various axially symmetric distributions from
a spherical (a = b) to a flat one (b = 0). The spatial distribution of electrons from the sources described by (13) is
found with the help of Eq. (11):

Feo
1, E; By =\\§ 01 (v 1, B v, By, . s

—00

After an elementary integration we obtain

z? 4 y? 22 }
T OXP {‘ pL S T Y

f(r. E; B)=1TBE]] ~ wh@+aVe+ o
0, for ©<0.

for >0,

(15)

In Eq. (15) the energy dependence of the diffusion coefficient, as indicated in expression (6), is taken into account.
This energy dependence is important only for particle energies for which the radius of curvature Ry in the mag~
netic field is comparable to the dimensions of the nonuniformities of the field I , i. e., when

Ry — Bo%ﬁ > 1. (16)
According to the estimates available, the intensity of the interstellar magnetic field is 3+ 10™® to 107° oersted.
For definiteness, in the following we take H = 7-107° oersted as the most probable value. For I 10 pc = 3.10%
cm,condition (16) is satisfied only for a particle energy E ?» 6-10% ev. Since the major contribution to the ob-
served radio radiation is given by electrons with a considerably lower energy (< 10! ev), in the following we as-
sume that D = const, and, consequently, expressions (5) and (6) give

A= Dr, anmn

In order to express T as a function of E, it is necessary to adopt a specific expression for the rate of energy
variation given by expression (2). During the diffusion process the electron energy decreases as the result of radia-
tion emission in the magnetic field, as well as ionization and radiation losses,* Moreover, the electron energy
can increase as the result of acceleration in interstellar magnetic fields. It appears that in the case of electrons
moving in the interstellar medium the losses are considerably greater than any possible energy increase [1]. There-
fore, in the following we shall not consider the possibility of acceleration. The relative importance of the differ-
ent processes leading to the loss of energy by relativistic electrons has been investigated in detail in [1, 4].

For electrons, the radiation length in hydrogen fs approximately 62 g/cm?, If we take into account the pres-
ence of helium atoms in the intetstellar matter (about 10%), this value will increase by approximately 6% since
the bremsstrahlung losses are proportional to Z (Z + 1), so that the losses in helium relative to those in hydrogen
will be higher by a factor of three although the mass of a helium atom is four times as great as that of hydrogen.

* The losses due to the inverse Compton effect can be neglected by comparison with the processes considered,

as has been shown in [1].
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Taking into account the composition of interstellar matter, we can take the average radiation loss to be*
dE _
(—7{, ad = 9.3.10718 nkE . (18)
From this it follows that the time in which the energy decreases by a factor e is given by

T =1/(9.3-107n) = 1.1-10% 2 sec. (19)

If we assume that the average density of interstellar matter in the total volume of the galaxy (including the galac-
tic corona) is n = 0,01 cm~3,** then

t=1.1-10" sec = 3.5 10° years (20)

Since there is a high probability that during the time T the electron emits a quantum whose energy is comparable
with the initial energy of the electron, we can give approximately the same meaning to the time T as that given
in Eq. (1).

The energy lost by a relativistic electron as the result of synchrotron emission is given by the expression
— o7 = 3.94.1071% H’| E? ev/sec, (21)

where E is the electron energy in electron volts, and H_L is the component of the magnetic field perpendicular to
the instantaneous velocity of the particle. The value H = 7.107® oersted is taken for the average magnetic field
intensity. If the velocities are distributed isotropically,*** then the average value s

2 (A s 9 = % H? = 3.3.10 oersted)’, (22)
With this value of H, , expression (21) becomes

dE =BE?, B=1.3.10"2 ev '.sec™, (23)

Integrating Eq. (23), we find

‘=“SB—E2=5E"E‘ o (24)
E
From this it follows that the time during which the energy is halved is

t, = o (25
s = BE, " :

For Ey = 10% ev, £y, = 7.7-10% sec = 2.4-10° years, Comparing this value with the lifetime T governed by the
radiation losses (20), we see that for electrons of energy E = 10® ev radiation losses can be neglected by compari-
son with the losses due to the emission of radiation in the magnetic field. This also means that in the energy

* The value of the numerical factor in (18) has been increased by 15% as compared to the value given in [1] to
take into account the composition of interstellar gas.

** This value is obtained if we assume that the total mass of gas in the galaxy is 10°Mg=2-10*% g, and that the
volume of the galaxy is approximately equal to 10%® cm?,

**+ The assumption made about the isotropic distribution of the velocities of the relativistic electrons is valid if
the magnetic field varies little in the transition from the galactic disc to the corona, or if the adiabatic invariant
for the particle is not conserved as the result of the accumulation of scattering deflections due to collisions with
the small-scale nonuniformities of the magnetic field.
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region E > 10°® ev, we can put /T o 1 in Eq. (15) since for electrons the lifetime is mainly determined by the
radiation losses (the fnverse Compton effect is unimportant, while absorption by cosmic bodies is completely insig~
nificant).

The ioriization losses in atomic hydrogen are given by [1, 4]

— (ﬁ)ion‘ = 7.62¢107%n <20.1 + 3ln ;w—‘) ev/see. (26)

These losses are weakly dependent on the energy and therefore by comparison with the synchrotron losses they are
important only at the lowest electron energies (E ~ 10® ev) that are of interest to us. For E = 10® ev, Eq. (26) gives
—(dE/dt)jop = 2.7+107" n ev/sec; for n = 0.01, as adopted above for the average value for the galaxy, the foniza-
tion loss is 2.7-107° ev/sec. On the other hand, the synchrotron losses (23) at this energy are 1.3-1077 ev/sec,

i. e., approximately one-half of the fonization losses. However, already at an energy of 2.10® ev the synchrotron
losses will be twice as great as the fonization losses and will become dominant. A more accurate estimate of n,

as well as the evaluation of the contribution from regions of fonized hydrogen in which at E & 10® ev the losses

are more than twice as great as those in atomic hydrogen, can lead to a change in the value of the upper limit

to the energy at which the ionization losses become important, However, it is clear that this limiting energy can~
not be too different from 10% ev, since it varies with the density only as n¥%,

In the following we neglect ionization losses, which is valid for electrons with energies higher than several
times 10® ev, and we must keep in mind that the results obtained are not applicable to electrons with an energy
E=<10%ev.

If only synchrotron losses are taken into account, which is possible in view of the estimates made above,
then because of (15) and (17) the distribution function for electrons emitted from monoenergetic sources with an
initial energy E, is given by

2 + yz z2
exp {-— z —_—— }
1 a? 4 4D b2 + 4D
E; = =
76 B B = gm—m, (a®44Dr) Vb2 + 4D for =>0, @1
f(r, E; E0)=O . for ‘C<0'
where
E
dE 1 1
t_—_._Sm:ﬁ_E_m. (28)

The distribution function f(x, E) will be determined when the source energy specttum-Qp(Ey) is known. In
general, for a given energy interval the source spectrum can be taken to be of the form

Q:(Ey) =QE;™ for E,<E,<E,, (29)

where Q and y, are constants. From Eq. (27) the electron distribution function for this case is

100 By = 7(r, B; E)) Qu (B dE, =

E,
__Q S Eo~ " dE, exp {_ it }
=/ BE? (¢ + 4D7) VB + 4Dt a®+4Dc b+ 4D<f ” (30)
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Because of (27), the value of Emin in the above expression is the largest of the quantities E and E;, The influence
of the other regions of the source spectrum will be negligible. if the condition E;y =< E =< E, is satisfled. If this is so,
then the lower limit of integration in (30) is E, while the upper limit with sufficlent accuracy can be put equal to
infinity. Electrons with energles 10° < E < 10! ev contribute to the nonthermal component of the galactic radio
radiation. Therefore, the simple expression (30) can be used if the energy spectrum 4t the source can be written
as a power function (29) in the energy interval 10%-10" ey, We assume that this condition is satisfled.

Let us transform Eq. (30) and choose as the integration variable

4D E
t="m=n(1—%), (31)
where
4D
= @pE (32)
Further, let
bﬂ
distances will be measured in units of a. Then
Q B : Yo—2
, E) = __(ei w2 g (8T {_ﬁ__}
7 B = 4D) E §(1+5)Vp+g P\ T T rre 4

In the calculations that follow, the value of the source~spectrum exponent is taken to be
To = 2. (35)

This choice is based on the assumption that the spectrum of relativistic electrons injected into interstellar space
cannot be very much different from the energy spectrum of the other cosmic-ray particles for which y =1.9-2.2
in the energy range under consideration. This assumption appears to be valid both for the case when the electrons
are accelerated by some type of primary source, as well as for the case when the electrons are produced in the
nuclear interactions of the heavy cosmic=-ray particles [1].

For yy = 2, expression (34) leads to the following electron distribution:

L] . _zz+ya 23
f(r. E) = Q E-z“_exp{ 1+¢ _P+E}
°

: —t dt. 36

4n’2aD (A+86Vp+E ¢ (%6
In particular, at the galactic center (r = 0)

- Q pa_2 Vi—p(Vn+p—Vp) 37

10, E) 4n'raD VV1—par°tg 1—p+VpVptq @n

At the center of the galaxy, the number of electrons per unit volume with energies E = Eq is
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©o Mo
-~ _ Qe 1 Vi—p(Vatp—Vp)
N(E>E,) —_EY /(0, E)dE - 5o D VTij are tg — 15 Vit dn, (38)

where
4D ‘
Mo = ZBE, " (39)
Let us introduce the integration variable
——__Yp+a=Vp
w=VI— P, Vs Ve 0
and let
Ve
8= 41
YVi—p 1)
Then
s ¢
y _ aB u 4 3 -
N(E>E,) = PRy Ty T § T—sap 2T tg udu =
_ QaB (14 u?) arc tg ug—uo (1 — Suo)
T whpViop 2 (1 — SupP ' “2)
where v, is the value of (40) when g = . With the conditions
8€1l and g8, ) (43)
it is easy to show that
N(E> Ey) = -3 ((1+1,) are tgV/ 7, — Vgl (44)

8n'/2 D?

These expressions allow the relativistic-electron density in the galaxy to be calculated and they will be used in
Section5. '

3. Energy Spectrum of the Electrons Along the Line of Sight

As will be shown in Section 4, in order to determine the spectral intensity of the synchrotron radiation inci-
dent on the earth from different regions of the sky, we have to know the energy spectrum of the electrons along
the line of sight, The latter is obtained by the integration of expression (34) along a chosen direction. Let the
point of observation be situated in the galactic plane (in the model adopted — in the plane of symmetry of the
source distribution (13)), at a distance R from the center. We move the origin of the coordinates to this point, so
that (R, 0, 0) become the coordinates of the galactic center, With this choice of the coordinate system, expres-
sion (36) will take the following form:

” (z—q)* + ¥ 22
exp (— —
fe, B) = —o— E'2S | +8 P+5}de, 45)
, 4m*aD Y (1+8Vp+E
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where

g=Ra (46)
and t = {x, y, z} is the radius vector in the new coordinate system measured in units of a. Transforming to the

spherical coordinates r, %, ¢ whose axls is directed at the galactic pole and integrating along the direction 1 deter-
mined by the angles & and ¢, we have

oo n co

E=S r, E)dl = QF"S "’E_Sex X
BB =110 Byl = 2 e Joup
__ _r*sin®9 —2rgsin 9 cos ¢ + ¢? _r’cos"s}
x{ e PrE S 7
After an integration with respect to r we obtain
.
QE-? dg
= =< —— X
= /'Dog Arovpre 1%
% | _ psin?$sin® @ 4 cos? § + £ (1 — sin? § cos? ¢) ,}
\ (14 8) (psin? b + cos® § 4 E) 7 X
U+O(p+8 T ¢
X [ PEIn® S + co & + & ] eVdy.
+& /s
—[(1+5)(p51;n‘0-1-cos'9+ﬁ]/qsmacoscp (48)

From expression (48) it is possible to obtain the energy spectrum of the electrons along the line of sight for an
arbitrary direction, In particular, for the three typical directions: 1) towards the center (9 = /2, ¢ = 0), 2) towards
the anticenter (8 = /2, ¢ = 1), and 3) towards the pole (9 = 0 or ¢ = ¥)we have

n ©o
ha(B) = = E‘“OS T e :Fq/g,l_ﬂe-”’ dy 49)
and
-
B =g B | v, (50)

/14
The function fg is expressed in terms of the known exponential integral function, The evaluation of the integral

in expression (49) is carried out by means of a series expansion of the integral with respect to y. Since in our case
q=R/a <1, it is sufficient to retain a small number of terms, The result is

E- "/" V 2 3 3¢5
ﬁl,S(E) Q { n+1+ 7)+P_|__ _ [(q—ﬁ(iq__’p)_l—gb( q )X

tiV5  — V= E—
Vi—p (Va+p—Vp) ( ¢ 3¢
= T s ey (6(1—p> =) X
Vatprp—U+nVp | ¢ Vatp—(+n2Vp
X T +45 T +.oo s (51)
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Fig. 1. Fig. 2.

Figures 1 and 2 show, on a logarithmic scale, the curves for f, fy, and f3, as functions of the dimensionless param~
eter

i=i_2bp, (52)

where z is the ratio of the radius of the source distribution to the diffusion pathlength in which the electron with
energy E loses one-half of the energy as the result of synchrotron emission. The curves have been obtained for

P =10"* and two values of the parameter q: 0.6 and 0.8, The functions f are plotted along the vertical axis in
units of

C=%~(’Z§f. (53)

The asymptotic expressions for high values of z, i. e., in the high~-energy region, are

(o]
Q (@B 2 (o
/1'2_>811:D(4D) Vor :§ e dez?, (54)
a
2 2 P
fs_)Sg_D(Z—D@j ez,
For small z
23\
Jr28 —> — g,?—D (}i—DE /2 z%lnz. (55)

If the energy spectrum of the electrons along the line of sight is approximated by the expression k,E”Y over a nar-
row energy interval, then the value of the spectrum exponent y varies from approximately y = 2 in the region of
small z to y = 3 in the region of large z. It should be noted, however, that for small z the above expressions may
turn out to be inapplicable since at low electron energies ionization losses become important.
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4. The Intensity of the Synchrotron Radiation

In the case of an isotropic magnetic field which, in general, is randomly orientated and an isotropic particle-
velocity distribution, the intensity of the synchrotron radiation observed from the given point along some direction
1is given by '

0000 T
1 . — .
Lo =o SSS 1, B)p (s, B, H sin®) ™ dldE sin 3 d9, (56)
000
where ky is the absorption coefficient for the radio waves propagating in the interstellar medium and

p(v, E, Hsin9) = V3 i —

3 [-'Ini;na v S Ky, (z)dz (57

c
v/ve

Is the energy emitted per unit time by a relativistic particle of charge e at an angle 9 to the magnetic field H [5].
In expression (57), K 3(x) is the MacDonald function and

_ 3eHAsind ( E \2
Ve = “Zrme r_rE‘:') : (58)

\'

In (56) it is assumed that the magnetic field intensity is constant in absolute magnitude and the integration is car- .
ried out along the direction of observation.

With the exception of a thin layer close to the galactic plane which contains the clouds of fonized hydrogen,
the absorption coefficient k, for the radio-frequency range of interest is everywhere small [6]. We therefore, neg-
lect absorption. Taking into account that

{70 Byt = (B (59)
0

is the energy spectrum of the electrons along the line of sight in the given direction, we can rewrite expression(56)
for k, =0 as

L) =4 g sin 9 d 9 g #1(E) p (v, E,H sin 9) dE. (60)
0 0

Let us assume that in an energy interval E; < E < E, the electron spectrum along the line of sight can be represen-
ted as

fl (E) =1 klE"'Y. (61)
Substituting (57) and (61) into expression (60) and transforming to a new integration variable o
v . 4mme me?,\2
Y= = ey () 62)
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we obtain

V—.?T o3 3e (y—1)/2 b " )
I, (v) = E?W [m] k; H(Y+1)/2y—'(‘(~—l)l28 (sin §)(r+3)ie d,t}g y(Y—l)l‘zdy% K., (z)dz, (63)
0 Yz ;l

where y,; and y, are the values of y given by (62) for E = E; and E = E,, respectively.
The evaluation of the integrals on the right-hand side of expression (63) shows* that for 2 < y= 3, provided

that

¥1<0.03 and Y>3, (64)
where

Y =ysin$ — %‘;’%(%f”)’y, (65)

the integration of expression (63) with respect to x can be extended to the region from 0 to o, the error incurred
being less than 15%. This means that the major contribution (more than 85%) to the radiation with the frequency
v is given by electrons with energies ‘

1 4dnme v\'Is E 1 dmme v\
('3' 3e F) <mc“\<\(0.03 3e F) (66)

Hence, the departureof the spectrum outside this region from the spectrum (61) inside for the energy interval given
by expression (66) will not appreciably affect the intensity of the radiation of frequency v.

For a field of H = 7-107® oersted, condition (66) reduces to
9.4.107 Vv—< E< 54100V, 67)
where the frequency is expressed in megacycles and the energy in electron volts, Thus, if in the energy interval

5410V < E < 5.4-105/ v, ( 68)

the energy spectrum of the electrons along the line of sight can be represented in the form given by expression(Gl)
with a constant exponent vy, then the intensity of the synchrotron radiation in the frequency interval vy <v < vy
is determined sufficiently accurately when expression (63) is integrated with respect to y from 0 to oo,

Replacing the limits of integration in (63) y, and y, by 0 and m, respectively, and taking into account that
(cf. also [7])

: ()
§(Sin 9)rtokdy =)= P_(T‘f'f)_ (69)
and
§ yor-Disdy S:K-,_ (o) do = 207 p(3 ) p (Bt (10)

* The evaluation of the integral is carried out by the expansion of the function Kg/y(x) into a series or an asymp=
totic series for small and large x, respectively. Since the calculation is not complicated, although fairly lengthy,
we do not give the details_here. The evaluation for large y has been carried out in [7],
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we find the final expression for the intensity of the synchrotron radiation:

10) = A() o (s ) H k0=, | (1)
where
V3 3'Wz 3y —1\ r (3y + 19 F(Y+5)
2 Y — Y + 4
A = 5575 () ()T (1 )—ﬁ.—f 12)
r (%)
In particular,
A(2,3)=0.0352; A(2,5)=0.0284; A(2,64) = 0.0246. (13)

5, Comparison with Observational Data and Estimation of Parameters

From expressions (36), (48), and (71) it is possible to calculate the distribution and the spectrum of the rela-
tivistic electrons in the galaxy, the spectrum of the electrons along the line of sight in an arbitrary direction, and
the spectral distribution of the synchrotron radiation observed in this direction. For this the following quantities
have to be known: the diffusion coefficient of the interstellar medium D, the intensity of the sources of the rela-
tivistic electrons Q, the parameters a and b describing the distribution of the sources, and R,the distance between
the point of observation and the galactic center. The last three parameters can be set sufficiently reliably on the
assumption that the source distribution coincides with the flat subsystem of the galaxy. The thickness of the latter
is 200~300 pcand the radius is equal to 10~15 kpc, Therefore, taking into account that the results are insensitive
to changes in p for small p, we take

p=2=10 (14)

The value of the parameter q = R/a appears to lie within the limits 0.6 and 0.8 if we assume that the sun is at a
distance of R = 7.2 kpc from the galactic center and that the semimajor axis of the source distribution is some-
what smaller than the radius of the galactic disc, Further evaluations will be carried out simultaneously for these
two cases, namely,

¢g=0.6; a=12kpc =3.7-10% cm; (75)
g=0.8, a= 9kpc = 2.8:10%2 cm. (76)

At the present time there are no independent measurements available from which we could estimate reliably
the values of the parameters D and Q. We shall therefore formulate the problem in a somewhat different way.
Namely, we shall show that the results obtained from expressions (36), (48), and (71) can be fitted to the observa-
tional data for definite values of the parameters D and Q and in this way we shall evaluate these quantities.

Measurements of the intensity of the galactic radio radiation show* that in the direction of the galactié
poles where the major part of the radio emission is of nonthermal origin, the effective temperature of the radia-
tion in the frequency interval

10 Mc < v < 400 Mc (M)
can be expressed in the following form:

Teff = 1.8-1028y—2.82, (78)

* See the review of radioastronomical data in [6], as well as [8].
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The corresponding spectral intensity distribution is given by
ke -
Is(v) = 26—2 V¥ e = 5.6.10712y—082, (79)

where the subscript 3 denotes the direction towards the galactic pole. Assuming that the radiationis the synchro-
tron radiation of electrons in a field of H = 7-107° oersted, we can easily find from expression (61) the energy
spectrum of relativistic electrons along the line of sight in the direction of the galactic pole. Comparing (71) and
(79), we find

ky = 4.85.105, 1, = 2.64 (80)

or

fs(E) = 4.85-105 E~264 cm™-erg™, (81)

In view of the conditions (68) and (77), the relativistic electrons have the spectrum given by (81) in the energy
interval

1.7.108 << E<<1.1-10% ey; ‘ (82)

these are the results that follow from the data provided by the radioastronomical observations.

On the other hand, the theoretical spectrum of the electrons along the line of sight in the direction of the
galactic pole is given by expression (50) and, correspondingly, by the curves 3 in Figs. 1 and 2. As we have already
seen, the exponent y for this spectrum varies smoothly from a value close to 2 for small z to y = 3 for large z.

In order to obtain agreement with the observed spectrum (81), we have to determine the interval of log z in which
the average exponent for the curves is equal to 2.64. From (82) and (52) we find that the length of this interval is

lgz, —1gz, =1g1.1.10° —1g1.7-10%8 = 1.8. (83)
This interval of log z for both the cases q = 0.6 and q = 0.8 is centered at the point
lgz == —0.4. (84)

Comparing this value of z and the value E = 1.35- 10% ev obtained for the midpoint of the interval given by (83),
we can establish the scale along the abscissas in Figs. 1 and 2 and estimate the value of the diffusion coefficient
D from expression (52). This leads to the following values:

D = 1.5-10® cm?/sec for q = 0.6;

D=8.5-10% cmz/s_ec for q = 0.8, (85)

The error in the Spectrum exponent obtained from observational data and the approximate nature of the comparison
made between the thepretical and observed spectra (the choice of the value of log z according to expression (84))
can result in a considerable error in the value of the diffusion coefficient, However, calculations have shown that
the values given cannot be changed by more than a factor of two either way. Thus, one of the results of the above
investigation is an independent method for the determination of the diffusion coefficient for relativistic particles
moving in interstellar space.

Since D= ¥,vi , where v is the average velocity of the particles along the magnetic-force line (for a rela-
tivistic particle v ~ 10" cm/sec) and 1 is the effective size of the uniform regjons of the magnetic field, for
D = 10% cm?/sec we find that 1 ~ 3:10% cm = 10 pec, which does not contradict available estimates [9].
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In order to determine the paramter Q, we have to establish the vertical scale (the value of the constant C)
in Figs. 1 and 2 by using the observed spectrum (81). Because of the smooth behavior of the curves in Figs. 1 and
2, we can replace them in the interval given by (83) and (84) by straight-line segments, such that at the point

logz = —0.4, log 'E’- = 0.45 for q = 0.6 and log j‘: = 0.38 for q = 0.8. On the other hand, from (81) we find

that f5 = 5.3-10"2 at an energy E = 1.35.10° ev which corresponds, as has been taken above, to the value log z =
= —0.4. Consequently, C =1.9-10" for q = 0.6 and C = 2.2-10" for q = 0.8. From (53) and (85) with these
values of C, we find )

Q=10 for q = 0.6;

Q=17-10" forq = 0.8. (86)
Knowing Q, we can estimate the energy production of the relativistic~electron sources:
Es
U= S Q(E)EdE =Q1In % = (5—17)-10% ergs/sec. (87
E,

Expressions (29) and (35) have been used to obtain this equation and U is the energy supplied to electrons with
energies in the interval 10®* <E < 10" ev. As has been shown in [1], this power output is available in the envelopes
of novae and supernovae for the generation of relativistic electrons,

Let us estimate the density of relativistic electrons in the galactic plane. For simplicity we use expression
(42) for the density of electrons at the galactic center. Since with the above choice of the parameters, p = 10
and n, = 3.4 for E, = 10° ev [cf. (39)). the conditions given by expression (43) are satisfied and we can make use
of expression (44). This gives

N(E>10°ev) = 8.5-10% cm™, for- g = 0.6;
(88)
N(E>10%y) = 1.4-10"2cm™S, for ¢ = 0.8.

If we take into account that in the vicinity of the sun the electron density must be smaller by approximately a
factor eqz, as shown by equation (36), then the values (88) are not in contradiction with the available data on the
density of the relativistic electrons at the earth [1, 4].

Thus, the evaluation of the parameters leads to values which lie within acceptable limits and which are al-
most the same as those commonly adopted [1].

Up to now we have investigated the spectrum (50) in the direction of the galactic pole and by comparing it
with the observed spectrum we were able to estimate the unknown parameters, In addition to this spectrum, the
above analysis also gives us the spectra. in the direction of the galactic center and anticenter (49). As can be seen
from Figs. 1 and 2 (curve 2), the spectrum in the direction of the anticenter for the interval of log z under con-
sideration [(83), (84)] is very close to the spectrum in the direction of the galactic pole, although it is somewhat
less steep than the latter (the average exponent is y, = 2,5 in the interval considered). It appears that this is in
agreement with observations [6].

Let us determine the spectrum in the direction of the galactic center. In the interval of log z given by (83)
and (84), the average exponent of the electron spectrum is equal to (curve 1, Figs. 1 and 2)

y1 = 2.30, _ (89)
With the values of D and Q given by (85) and (86), it is not difficult to determine the value of the coefficient K
in the spectrum of the electrons along the line of sight (61) and the corresponding spectrum of the synchrotron

radiation (71) with the help of expression (49) or the curves 1 in Figs, 1 and 2. This leads to the following ex-
pressions for the intensity distribution of the radiation:
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J;=9.6-10"13y708  for q=0.6;

. 90
I3 = 1.3.10712y7085 | for ¢ = 0.8. ©9

From this it follows that the effective temperature of the radiation incident along the direction from the galactic
center is given by

T1=3.1-10%*v7265  for = 0.6;
(91)
T,=4.2.10%vy7265 for ¢ =0.8.

In particular, for a wavelength of A = 3,5 m this leads to a temperature of 3000°K for q = 0.6 and 4000°K for q =

= 0.8. The spectrum given by (91) does not include the radiation from the galactic nucleus, which according to
available data is fairly appreciable, as well as the thermal radiation from clouds of fonized gas. Since both of
these effects are operative only in the immediate vicinity of the galactic plane, it is possible to eliminate them
from the observations through the use of receivers with a high resolving power and the extrapolation of the observed
intensity from higher latitudes to the region of the galactic center. The preliminary data obtained in this way*
[10] appear to be in agreement with (91)., It should also be noted that the difference between the spectra in the
direction of the pole (78) and in the direction of the galactic center (91) is in agreement with the observed con~-
centration of the radio emission towards the galactic center and its frequency dependence [6].

Thus, within the framework of the above investigation of the diffusion of relativistic electrons supplied by
sources situated in the galactic plane, the energy losses due to the radiation in the magnetic fields being taken
into account, it is possible to explain the main observations made in the frequency interval 10~400 Mc. It is not
possible to extend the results obtained to the frequency region below 10 Mc, since for electrons with energies
E < 10% ev (cf. (82)) the ionization losses neglected above become important, In this connection it should be
noted that according to the latest data [8], the spectrum of radio radiation changes appreciably for v< 10 Mc;
in the range from 2-10 Mc the intensity is practically independent of the frequency. If this change is governed
by a change in the electron spectrum as the result of ionization losses, then the estimate of the average gas den-
sity in the total volume of the galaxy,n ~ 0.01 cm™?, made above receives an independent confirmation,

More accurate data on the radio radiation observed in different directions will make it possible to increase
the accuracy of the determinations of the various parameters and also to determine the value of q which lies with~
in the limits 0.6-0.8. The numerical estimates made must be regarded as preliminary, particularly since it is
possible that the source-spectrum exponent is slightly different from that adopted by us (35).

In conclusion, we note that the results obtained are valid both when the relativistic electrons are secondaries
from the nuclear interaction of heavy cosmic-ray particles, as well as when they are directly produced in sources,
The problem of which of these processes plays the dominant role requires a special investigation.
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