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THE GALACTIC MAGNETIC FIELD DERIVED FROM COSMIC-RAY ELECTRONS

H. OKUDA* and Y. TANAKA**
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An estimate of the galactic magnetic field is obtained by com-
bining new results on the cosmic-ray electron spectrum with
recent radio data. The lower and upper limits of the magnetic
field in the galactic disk, derived from two alternative models of

1. Introduction

A number of estimates of the galactic magnetic field,
based either on observational data or on theoretical
considerations, have been published. Among the va-
rious methods that have been proposed, combination
of the non-thermal radio emission with data on cosmic-
ray electrons provides a suitable method for estimating
a large-scale magnetic field. Since this method was first
introduced (BIERMANN and DaAvis, 1960), the observa-
tional data on the radio spectrum as well as on the
cosmic-ray electrons have become much more accurate
and reliable. In the present work a new estimate of the
magnetic field strength in the galactic disk is obtained
with the aid of these data.

2. The synchrotron radiation

The non-thermal radio emission is interpreted as due
to relativistic electrons moving in the interstellar mag-
netic field. This process is fully described by the theory
of synchrotron radiation (cf. GINZBURG, 1958).

If the cosmic-ray electrons have an energy spectrum
of the form
N(E)ydE = N.E"?"dE

cm~?-sec” ! - sterad”! - GeV ™!, 6))
the volume emissivity of synchrotron radiation &(v) is
determined by
e(v) = 5.43x 10732 U(y)(4.64 x 10°y "t N H @+ V)2

v O D 2erg . cm T3 secT ! sterad " - Hz 7Y, (2)
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field configuration, are (0.5-1.0) X 10~® G near the solar system
and (1.0-2.0) X 10~® G near the galactic centre. The magnetic
field in the halo is estimated to exceed 2.5 x 10-¢ G.

where H, = Hsin 0 is the magnetic field component
(in Gauss) perpendicular to the line of sight, 0 is the
angle between the field and the line of sight, and U(y)
a slowly varying function of y. With y = 2.4 we have
U(2.4) = 0.105. Thus, for given &(v) and the electron
spectrum the magnetic field H, can be obtained from
eq. (2).

3. The observational data

The energy spectrum of cosmic-ray electrons mea-
sured by several groups (BLEEKER et al., 1967; DANIEL
and STEPHENS, 1966; L’HEUREUX and MEYER, 1967;
WEeBBER and CHOTKOWSKI, 1967) is shown in figure 1.
A significant change of the slope is observed around 1
to 2 GeV. Although most of the observations were
made in the period of minimum solar activity, this
effect may possibly be due to residual solar modula-
tion. However, there is some evidence indicating the
absence of solar modulation effect for cosmic-ray elec-
trons (L_HEUREUX et al., 1967; BLEEKER et al., 1967).
In the following discussion we assume, therefore, that
the cosmic-ray electrons in interstellar space have the
same spectrum as that presented in figure 1, and are
distributed uniformly throughout the Galaxy.

In the energy range between 2 and 10 GeV this spec-
trum can be approximated by

N(E) =8x10 3E~2>*
cm™2-sec”!-sterad™ - GeV™l. 3)

The value of the exponent, y = 2.4, gives a radio spec-
tral index « = (y—1)/2 = 0.7, which is in agreement
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with the values determined from recent radio observa-
tions for the frequency range above 85 MHz (PURTON,
1966; WIELEBINSKI, private communication).

Several surveys of the non-thermal radio emission
have been made with sufficiently narrow beamwidths
to resolve the galactic disk. Here we adopt the surveys
at 85.5 (HILL ef al., 1958), 408 (LARGE et al., 1961), and
1440 MHz (MATHEWSON et al., 1962). In the last two
papers the non-thermal component was separated from
the thermal one by the method introduced by WESTER-
HOUT (1958). The survey at 404 MHz with a larger
beamwidth (7°.5) (PAULINY-ToTH and SHAKESHAFT,
1962) is also included to cover the anti-centre region.

The longitudinal variation of the non-thermal com-
ponent in the galactic plane (b™ = 0°) is reproduced in
figure 2. The brightness temperatures observed at dif-
ferent frequencies were converted to values at 404 MHz
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Figure 1. Theobserved energy spectrum of cosmic-ray electrons.
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Figure 2. The longitudinal variation of the non-thermal radio

component in the galactic plane. The observed brightness tem-

peratures have been converted to values at 404 MHz according
to v=%7,

on the assumption that the brightness temperature is
proportional to v~2-7 as derived from egs. (2) and (3).
The agreement among thesesurveysissatisfactory. Aver-
age values are used in the following estimates.
Suppose we draw a circle around the galactic centre
through the solar system. If the emissivity distribution
in the disk is assumed to be axially symmetric about the
galactic centre, the average volume emissivity along the
line of sight inside this circle (the inner part of the
Galaxy) at a given longitude /" can be calculated by

ey = [T(™) — T("+180°)]/2R, cos I,  (4)

where R, = 10 kpc is the distance between the Sun and
the galactic centre. The quantity {e(/'!)> obtained from
the data of figure 2 is plotted against /" in figure 3. The
average emissivity strongly increases toward the direc-
tion of the galactic centre.

4. The magnetic field in the galactic disk

Two alternative models of the magnetic field con-
figuration in the disk are considered here. Both models
can explain the radio observations.

Model 1: The magnetic field strength is constant over
the entire disk, and the lines of force wind uniformly
around the galactic centre. In this case the longitudinal
variation of the emissivity is determined by the relation
g oc (sin 0)7FV/2 [see eq. (2)]. If a mean angular devia-
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Figure 3. The average volume emissivity along the line of sight

in the inner part of the Galaxy as a function of galactic longitude.
The curves have been normalized at /' = 0°.

tion of 20° from the circle is introduced, either system-
atic or random, the result agrees with the observation
as shown by the broken line in figure 3.

Model 2: The orientation of the magnetic field is
completely random and, therefore, the emission is iso-
tropic. The magnetic field strength, and hence the
volume emissivity, increases toward the galactic centre.
A volume emissivity of the form

&(R) = &y exp (—2.5 R/Ry), &)

where R is the distance from the centre, gives a good
agreement with the observations. This is indicated by
the dotted curve in figure 3.

We have estimated for these two models, what mag-
netic field strength in the galactic disk must be intro-
duced into eq. (2) in order to make the match shown
in figure 3 quantitatively correct. The results are as
follows:

Model 1 (winding field of uniform strength)

(Hy =1.1<{H,> =10x107° G; (6)
Model 2 (randomly oriented field)

(HY = 124<H,) = 20x10" % exp (—1.5 R/R,) G;
@)

hence (H) = 2.0x 10”5 G near the galactic centre,
and (H) = 5x 10~ % G near the solar system.

It can be shown that the values obtained from these
two extreme models in egs. (6) and (7) essentially give
the lower and the upper limits for the strength of the
large-scale magnetic field in the disk. The possible
range of values thus found is:

near the solar system  (0.5-1.0)x 107° G, ®)
near the galactic centre (1.0-2.0)x107° G.

The actual situation appears to be intermediate be-
tween models 1 and 2. This fact is borne out if we
apply these two models to the anti-centre region in
order to account for the observed brightness temper-
ature of 40 °K at 404 MHz (see figure 2). Model 1
results in a distance of 2 kpc from the Sun to the outer
boundary of the disk, which seems rather too short.
Model 2 gives a brightness temperature of 15 °K, which
is too low, even if the integration of (5) is extended to
infinite distance.

In the preceding discussion we assumed a uniform
distribution of cosmic-ray electrons in the galactic disk.
However, the observed longitudinal variation of the
radio emission (figure 3) can also be explained in terms
of a larger concentration of cosmic-ray electrons to-
wards the galactic centre. The following consideration
may be relevant in assessing this alternative.

The energy density of cosmic rays in the vicinity of
the Earth is about 1 eV - cm™3. This is equal to an
energy density of the magnetic field of 0.6 x 1075 G,
comparable with the value near the solar system esti-
mated above. This fact may be considered as an equili-
brium condition for the confinement of cosmic rays in
the magnetic field. If this equipartition of energy is
assumed to hold near the galactic centre as well, the
cosmic-ray intensity there could be as much as four
times the value observed near the Earth, and the equili-
brium magnetic field turns out to be 1.2x107° G,
provided the fraction of electrons in the cosmic-ray
particles is constant everywhere.

It is unlikely that the cosmic-ray intensity near the
galactic centre is much greater than this limit. Other-
wise, the cosmic-ray energy density would largely ex-
ceed that of the magnetic field, since a larger electron
intensity necessitates a weaker magnetic field in order
to explain the given radio emission. Such a state would
not be compatible with a stable confinement of cosmic
rays.
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5. The magnetic field in the halo

Large ambiguities are present in the characteristics
of the halo as compared with the disk. In particular,
the dimension of the halo, the distribution of cosmic-
ray electrons, and the contribution of the extragalactic
radio component, are uncertain. We tentatively assume
that the thickness of the halo in the polar direction is
10 kpc at the position of the Sun, and that the cosmic-
ray electrons are distributed uniformly in the halo with
the same intensity as in the disk [eq. (3)].

The observed brightness temperature at 404 MHz in
the polar direction is about 20 °K (PAULINY-TOTH and
SHAKESHAFT, 1962). If the half-width of the radio disk
is assumed to be 0.2 kpc, the contribution of the disk
component in this direction is about 1 to 3 °K depend-
ing on whether model 2 or 1 is used. The contribution
of the extragalactic component has been estimated to
be of the order of 30 per cent or less (SHAIN, 1959;
TURTLE et al., 1962; YATES and WIELEBINSKI, 1966).
Thus we take 12 °K for the halo contribution. As-
suming a random magnetic field, we obtain

(HYpao = 2.5x107° G.

Several estimates of the halo magnetic field under simi-
lar assumptions have recently been published and give
values in the same range as above (SIRONI, 1965; FEL-
TEN, 1966).

It seems probable, however, that the average density
of cosmic-ray electrons in the halo would be lower than
that in the disk. Moreover, a smaller halo extension
than that assumed here, seems more likely. On account
of these two effects, the actual value of the field in the
halo may well be larger than 2.5x 107 ¢ G.

There appears to be good evidence that the radio
spectral index increases with increasing frequency
(YATEs and WIELEBINSKI, 1966; YATES, 1966). A numer-
ical calculation of the radio spectrum in the direction
of the halo has been carried out (OKUDA, 1968) starting
from the observed spectrum of cosmic-ray electrons as
presented in figure 1. The good agreement between the
results of this machine computation and the observed
radio spectrum in the frequency range 10400 MHz
supports the view that the value of the halo magnetic

field estimated above is not far from the reality, and
that the interstellar spectrum of cosmic-ray electrons
has a bend around 1 to 2 GeV similar to that in figure 1.
This bend accounts for the observed curvature of the
radio spectrum (TANAKA, 1967).
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