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The density of radiating electrons in the galactic halo is re-examined
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in the light of recent cosumic-ray data. A flux Qh(r;) ~ 0.8 x 10 °E

2 -1 . . R :
(cm™ sec sr Gev) in 0.6 - 3.5 Gev is proposed; this is one to two per cent .
of the quiescent primary proton flux and is higher than estimates used pre- 1
viously in deriving the halo magnetic field from radio brightness measure-
ments and models of the halo. The halo field implied by such a flux is
~ (2 - 3.5) x 10 geuss; the lower figure corresponds to the waiform radio
emissivity originally given for the halo by Baldwin, the higher to Mills's i

velue for the central regions. Higher field estimates obtained anzlogously

by other authors are discussed.
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trhe course of estimatiing the inverse Compton radiation from the

[
3

nzlo of our Calaxy (Felten and Morrison 1963, Felten 1965) we have had
cccasion to redo and update the familiar comparison (Biermenn and Davis

1960, Woltjer 1961) vetween data on primary cosmic-ray electrons and on

the radlo brightness of the (Galaxy at high latitudes. Since this comparison
is cof substantial independent interest we have thought it suitable for pre-
sentztion in tThis separate paper.

It would be an exaggeration to describe the halo as a welil-kuown radio
source. Zarly models of cosmic-ray acceleration and diffusion (Fermi 1949,
195L; Morrison, Olbert and Rossi 1954) and radio emission (Westerhout and
Ocr: 1951) in the Galaxy were dased on spiral-arm and disk structures and
tock no account of a halo. Shklovsky (1952) was the first to propose a
halo model, and the idea galned currency in the West through the work of
Baldwin (1955), who succeeded in fitting galactic radio isophotes with
simple homogeneous spherical and sSpheroldal models of the halo having radiil
& 10-16 kpe. He observed also a similar nalo around the Andromeda galaxy
(}31) having radius R, ~ 1007 of arc or 16 kpc and a volume emissivity some
six times smaller than that of our halo. This Andromeda halo was subse-
guently observed by a multitude of experimenters (Seeger, Westerhout and
Comway 1957; Henbury Brown and Hazard 1959; Baldwin and Costain 1960;
Leibacher 1964), with its reported sizes ranging as high as R ~ 5° or 50
kpc, though the higher-frequency, higher-resolution studies (lLarge, Mathewson
and Haslam 1G59; Kraus 1964; De Jong 1965) generally gave considerably smaller
dimenslons. It now appears that most other external galaxies do not show halo
emission (Te Jong 1965). Recently there has been a retreat from the halo

concept among observers, and Baldwin himself (1963) has recanted and attributed

the radio "halo" of our Galaxy to sidelobe errors. Nevertheless even the skep-
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tical paper of XKraus (1G6L) on Andromeds gives substantial evidence of an
emitting region much larger than his resolution, and in any case there are

theoretical arguxents (Parker 1965) for postulating a halo around our Calaxy,

N

whnether or not it is easily detecizble. Tor & recent discussion of the observa-

In this situation an elaborate model of the halo would clearly be presump-

tuous. We take Bzldwin's simplest homogensous spherical model, having Rh ~ 16

kpe 5 x th 1t yr =5 x 1022 CIi.

~

L relativistic electron gyratirng in a magnetic field (Schwinger 1949, Oort

- - s . - L a=16 2
and VWalraven 1956) generates syachroiron radiation at a rate 9.9 x 10 y2B¢

/ N , . . c s o - 4 2 .
ev/sec, where B, (in microgauss) is the perpendicular component and y = n/moc is

the Lorentz factor. The spectral distribution has characteristic frequency

v (i) & 4.2 x10° ¥ B, (1)

with B, again in uyg . If the energy spectrum of electrons in a region of

cosumlc space is of the power-law form

£

a(y)dy mn ¥ dy em (2)

£

and the region also contains a chaotlc B-field, then the expected synchroiron

Tt o e e
brigntness tempera

ure of this region on the celestial sphere is

T 1.6 x 105¢ 2y3-8 , (2 7 _%:’Qr '\'%3
T(v) & 1.6 x 107(k.9 x 107)7"" n_[R(1t yr) J[B(ug)J = [M(Me)] » (3)

where R 1s the dimension of the radiating region along the line of sight.
We will discuss elsewhere (Felten and Morrison 1966) the derivation and limi-
tations of this formuils; tThe approximations involved, mainly assumptions of
isotropy for the particle velocity and B-field distributions and a delta-

Tunction Treatment ol the single-particle emission spectrum, are familiar
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(Zoyle 1980, Ginzburg and Syrovatskil 1565).
We mey derive m Tor the halo electrons from cbservations of tne lemper-
ature spectral lrdex, -(m + 3)/2. Even for the best observed freguency range

10-L00 e, nowever, there 1ls disagreement whevher the nonthermal spectrum of

[
)
(4]
§
)
! _
5
d‘a
[
/3]
A
[e]
D
9}
fert
jay]
+
(0]
-t
g
]
D
t3
=]
<D
4]
]
3
o
D
o
o]

by & power law with constant m. Near

)

the galactic plane Komesaroll 1961) fournd m constant and =2.2. In later
studies Turtle et al. (1962) claimed that m increases from lower to higher
frequencies, both near the plane and in the direction of the north galactic
pole. This result has not been confirmed in the most recent survey by the
Sydcey group {Wielebinski and Yates 1965), who again find the data consistent
with & constant m e~ 2.3. Zvidently there is still some latitude here Ior
+heoretical models; for purposes of caleculation we assume provisiorally a con-
stant n =~ 2.L, roughly the same as the spectrum of primary cosmic rays above

3 Gev (Singer 1958, p. 269 ff.; Morrison 1661, p. 6 If.).

For the halo, R in equation (3) is the distance from earth to the halo

1

- . 2 2 .
"ooundary"; in the polar directions we have R ﬁsRh - Re , where Re =~ 10 kpc

f

is the earth's distance fromw the galactic center (Fernie 1962); this gives

ATRY

~

1
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R~12 kxpec ~ 4 x 107 1t yr. At v = 178 Mc we find (Turtle and Baldwin 1562)
o

that the total brightness temperature near the north galactic pole is = 140K,

o s o} .- .. - ;
of which = 30 and possibly more appears to be extragalactic in origin (Turtie
et al. 1962). Trese results are consistent with earlier surveys at other fre-

quencies (Shklovsky 1960, p. 47 f£f.). Setting the halo contribution ~110°K at

178 Mc and meking these substitutions in equation (3) we find that
lo 1 -
JB(ue) ] Ta y9x107. (%)

Ar assumed value for B iz the halo will now delermine the nalo electron
spectrum; therefore we umey obtaln some information about B Dby comparing the

resuliing spectrum with ovservations of primary cosmic-ray electrons. In

T




Figure 1 we summarize recent data on the differential erergy spectrum of
electrons in the rarnge 100 Mev - 100 Gev important for radio astronomy. For
some of the experiments the representaticn on such a graph is strongly depen-
dent on the assumed Torm of the electron spectrum; in each such case we have
normalized provisionally by assuming m a~ 2.4. These are all balloon cbserva-
tions, and corrections for secondaries become troublesome for points below a
Tew hundred Mev, so that these points should be regarded as upper limits.

There is clear evidence for a flattening of the spectrum in this region.

The four lines in the figure are halo electron spectra derived Irom

k1)

Lo ~ - 1, ( - o PR 3 )
equations (2) and (&), for m~ 2.4 and four assumed values of B {1, 2, 3
and 5 ug). They are shown as solid lines in the energy ranges which corre-
spond in equation (1) to characteristic frequencies between 10 Mc and LOO Mc;

s in these ranges that comparisons between the radio and cosmic-ray data

(=N

[

t
are most cogent. Clearly the curve for B ~ 2 pg gives the.best fit to the
most recent data of Waddington and Freier, and alsc to the five higher-energy
points; even a smaller B is not excluded, especially when we consider that
the spectrum may well steepen above 5 Gev (Gould and Burbidge 1966). The
resultis of Earl and of L'Heureux and Meyer, on the other hand, lie close ©o
the line B a 5 ug. Meyer (1965), in making a comparison analogous to our
Flgure 1, was impressed by this, and concluded that large values of B and/or

. ) . . . vm L
R are required to make the cosmic-ray and radio-brightness results compatible.

1 . <
Meyer's argument is somewhat oversitated due to the fact that he used for the :
radio brightness a hemisphere average, with no subtraction for the disk conm-

ponent or for extragalactic radiation; but this is a minor point.

We wish to emphasize that the Waddington-Freler and L'Heureux-Meyer spectra,

covering the same energy range but obtained on different dates, are only
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merginally compatible,” and that in such cases it is reascnable to regard the

Waddington (private communication) cautions that poor statistics in the

SR

ovservaticns still meke any conclusions hazardous. Further data were gathered
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discrepancies as manifestations of solar modulation, and to take an upper

envelope of all the data as most Truly representative of the galaclic elec

spectrum in this range. The lower polints, and perhaps also the flatter spectrum
obtained by L'Heureux and Meyer, are then to be interpreted as heliocentric
effects. In the case of Earl's point it 1s a known fact that the proton flux
Curlng the fliignt was also abnormally low. We suggest therefore that the

curve 3 2 4g gives adecuate agreement with the cosmlc-ray observations,

and, adopting

Bhalo A 2 kg (5)

we lzbel this curve as Qh , the halo electron flux:

6(E) ~ 0.8 x 1072572 (e sec st Gev)™ (0.6 SE £3.5) - (6)

Of course the flux cutside 0.6 - 3.5 Gev is not determined by these arguments.
In 2 - 10 Gev. Singer (1958) es es the average "quiescent" primary

proton flux as &(E) ~ C.h4 E-2'15(cm2 sec sr Gev)-l. Our ¢h from egquation

(6) is o~ 1 - 2% of & ; the observed electron/proton ratio at 4.5 Gev

(Agrinier et al. 196k) is (1.5 % 0.4)%. In the strongly modulated range

~ 1 Gev (Earl 1961) the observed ratio is (3 % 1)%, suggesting that solar

modulation does not affect the ratio drastically. Our eguation (6) seems to

be in tolerable agreement with all relevant observations.

Why is our field estimate, 3 a~ 2 pg, smaller than those of previous




authors? There are two reasons: (1) We have adopted a larger electron flux,

el

reflecting more recent data; (2) we nave adopted a halo model with a smaller

radlo emissivity. Our equation (L) corresponds to a uniform emissivity dP/(dev)
=40 -1 8 3 -1

X6 x 1077 erg (ez” sec cps) T =1.k x 20° w(pe” sr cps) T at 81 M, close to

the value derived by Baldwin (1955). Mills (1958), in a more elaborate anslysis

involving an inhomogeneous sphercidal model with central concentration, derived

l...h
'..

wh

a centrel e (after correction for a revision in the galactic

ssivity
Gistance scale) is about 2.5 times ours. (To obtain the same result in a homo-

-

ave to take the characteristic path

N

length in the polar
Girectiozs as =~ 5 kpc rather than 12.) In view of the large emount of radio
Tire structure now known to exist at high latitudes, we suspect that Mills's
emissivity Jor the nhalo 1s too high, and that at least part of the emission is
assignable to the disk; the lower value mey be more nearly correct. Suppose,
however, that we use the higher value; this corresponds to multiplying the
right side of equation (4) by 2.5. The characteristic B-fields for the lines
in Figure 1 must then be increased by a factor (2.5)<l/l'7) ~1.7. With the
low electron flux indicated by the early observations of Critchfield, Ney and
Oleksa (1952), a high 3B is then implied; even multiplying that flux by a

ind

H

factor =3 to account for possible solar modulations, we would still
B > 5 pg. This conclusion was correctly reached by Biermann and Davis (1960)

and by Woltjer (1961).3 But at present it should be emphasized that if the

3

It should be noted that Ginzburg and Syrovatskii (e.g. 196L) have repeatedly :

S 2

considered smaller fields, =~ 3 _g, though they seem to have equivocated sone-

whatl regarding the resultant discrepancy between radioc and cosmic- rey data.

.

halo contains an electron flux like @, as large as or larger than that
di

measurel by Waddington and Freier in 1964, then B for the halo cannot be
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taken >3 - 4 ug even for generous estimates of the radio emissivity.

z

Sironi {1965), in a recent paper similar in spirit
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Tigure B =5 .z ; Thus his result contradicts that offered here. DPart of th
discrepancy results ITrom the Tact thal Sironl almed Tor an upper limit on
B by eschewing any correction for an extragalactic component of Tb' But

a2 larger factor zppears to stem from his unspecified renormalization of all

a single absolute
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measurement at 404 Me (Pauliny-Toth and Shakeshaft 1962). Absolute measure-

[o7]

ments at such high freguencies are compliceted by large corrections, an
different surveys fail to agree in cold regions of the sky (at 400 Mc cf.
Seeger, Stuxpers and van Hurck 1G660). Our rnormalization at 178 Mc is
therefore likely toc be more reliable.  Sironi has aiso lumped polar bright-
ness measurements together with others made near the plane, and with hemi-

sphere averages; his assumed effective path length R ~ 10 kpe 1is too short

or use with such data.
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FIGURE CAPTION
Observaticns of primary coszic-ray electrons (Critchfield, Ney
and Oleksa 1952; Earl 1961; Agririer et al. 1G96L4; Schmoker and
Earl 1905; L'Feureux and Neyer 1985; Daniel and Stephens 19
Bleeker et al. 1955; Waddington and Freier 1965). Where an

assumption regerding spectral shape is necessary to plot the

& Gifferentially, we have normelized provisionally by assuming

& povwer-law spectrum with = =2.L. Also shown are differential

L e S Z .
tie halo, taken as a hoxogerecus sphere of radius 16 kpe. The

or the mean

H,

Y 3 s o ! -
Tour lires correspond to four assumed values (showa)

ragnetic field in the halo.
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