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Diffuse Gamma Radiation
C. E. Fichtel, G. A. Simpson*, and D. J. Thompson
NASA/Goddard Space Flight Center, Greenmbelt, MD 20771
ABRSTRACT

An examination of the intensity, energy spectrum, and spatial
distribution of the diffuse y-radiation observed by SAS-2 away from
the galactic plane in the energy range above 35 MeV has shown that it
consists of two-components. One component is generally correlated with
galactic latitudes, the atomic hydrogen column density as deduced from
21 cm measurements, and the continuum radio emission, believed to be
synchrotron emission. It has an energy spectrum similar to that in the
plane and joins smoothly to the intense radiation from the plane. It
i1s therefore presumed to be of galactic origin. The other component is
apparently isotropic, at least on a coarse scale, and has a steep energy
spectrum., No evidence is found for a cosmic ray halo surrounding the
galaxy in the shape of a sphere or oblate spheroid with galactic
dimensions. Constraints for a halo model with significantly larger
dimensions are set on the basis of an upper limit to the y-ray
anisotropy. -

The features of the galactic component of the y-radiation and con-
clusions which can be inferred from the data are: (1) A linear correla-
tion between both the 35 MeV < E < 100 MeV and the > 100 MeV y-ray

intensity and the radio continuum radiation as measured at 150 MHgy.

(2) For lbl > 12.8°, a linear correlation between the y-ray intensity

in the same two energy ranges and the deduced atomic hydrogen column
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density. (3) For |b| < 12.8° and 60° < & < 300°, a correlation between
the y-ray intensity and the atomic hydrogen column density deduced from
the 21 cm emission, but with less y-radiation than would be expected
from the linear extrapolation based on data for'|b+"> 12.8°. (The
magnitude of the decrease suggests that both the cosmic ray density
and the molecular-to-atomic hydrogen ratio decrease beyond the local
region, < 0.5 kpe, for galactic radii larger than that for the solar
system, although the possibility that only one of these two components
decreases dramatically cannot be excluded.) (&) For 300° < & < 60°, a
y-ray intensity from the galactic plane above that suggested by a
linear extrapolation based on data for lb[ > 12.8°, (5) An energy
spectrum of the high latitude y-~rays which is similar to that from the
central galactic plane and hence has a substantially larger intensity
in the 35 MeV to 100 MeV range than that expected from most current
estimates of the interstellar cosmic ray electron spectrum. If this
35 MeV to 100 MeV excess emission is interpreted as being due largely
to cosmic ray electron bremsstrahlung, a significant enhancement in the
low energy (35 MeV to several hundred MeV) cosmic ray electron spectrum
over previously assumed spectra is implied. If the excess is attributéed
to Compton radiation, the electron intensity at > 50 GeV must be sub~
stantially higher than current measurements at the earth suggest. (No
enhancement is necessary for the 1 to 30 GeV range, so there is not
necessarily a conflict with the radio continuum observations.)

The "isotropic” component was found to have the following properties:

=+0.
(1} an energy spectrum which is quite steep, with a 2.85-8_%% di fferential
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power law index for a best fit straight line between 35 MeV and ~ 150
MeV.,, (2) an intemsity above 35 MeV of (6.3+l.4) xlO-5 photons
cmTzster'ls'l, and (3) an extrapolated intensity at 10 MeV which agrees
well with the diffuse "isotropic" intensity measured at low energies.,
Relatively few theoretical models are consistent with the combination

of the observed spectral shape, the intensity, and the lack of strong

anisotropy, and those are not entirely free of other difficulties.

Key words: galaxies: Milky Way - galaxies: structure -

gamma rays: general
I. INTRODUCTLION
There is sﬁbstaﬂtial interest in the diffuse y-radiation from
regions away.%rom the galactic plane because of the several possible
crigins of this radiation, some involving important cosmological

implications and others relating to the nature of our Galaxy. The

possible explanations of‘this’radiation include emission from normal
or exéraordinary galaxies of various types, interactions of the uniwversal
black body radiation and cosmic rays (either primordial or from galactic
leakage), primordial black hole emission, particle-antiparticle inter-
actions at the boundaries of sﬁperclusters of matter and antimattex
resulting from the baryon symmetric big bang theory, as well as.various
galactic models involving priﬁarily-bremsstrahlung and Compton,radiafion.
These latter theories would in general suggest a variation of intensity
with galactic latitude,

A large number of éxpériments have been conducted in an attempt

to study the diffuse radiation. At low y-ray energies, the situation



is rather unclear, in part due to the background problem which has been
encountered in this energy range. At intermediate energies (from about
8 to 35 MeV), the most serious difficulty is probably the lack thus far
of an .adequate. .exposure .opportunity outside the .Earth's .atmosphere.

At higher energies (F > 35 MeV), which is the range to be counsidered
here, the Second Small Astronomy Satellite (SAS-2) has now provided
data which confirm the existence of a diffuse high latitude y-radiation
(Fichtel, Kniffen, and Hartman 1973) first suggested by the 080-3
7-ray data (Kraushaar et al., 1972). .

In a letter summarizing the initial analysis of the entire SAS-2
data set Fichtel et al. (1977) showed that when the existing SAS-2 high
energy data were summarized over galactic longitude, there was a strong
variation with galactic latitude. For the region 10° < lbl < 90°, it
was shown that the summed data were consistent with an expressién of
;he form Cq; + Cz/sin 1b|, corresponding to an isotropic component plus
a galactic disk component._ The ratio C3/Cy was 1a¥ger at 35-100 MeV
than at energies above 100 MeV indicating tpat the apparently isctropic
component on a coarse scale had a steeper energy specirum than the
galactic component. The galactic component intensity joined ;moothly
to the more intense region along the plane reported earlier (Fichtel
et al,, 1975) and had a similar energy spectrum.

In this paper, -2 substantially more detailed analysis of the
diffuse radiation is performed along with a comparison to relevant
data at other wavelengths, including the 21 em emission'from atomic

hydrogen, the radio continuum radiation (a2 large portiom of which is



believed to be synchrotron radiation), and the limited ultraviolet and
radio information on .the local molecular hydrogen. It is found that
there are indeed two quite distinct components to the diffuse radia-
tion, one which shows a gébd correlation with the galactic matter
distribution and the synchrotron radiation, and the other, having a

much steeper energy spectrum, which appears to be isotropic at least

on the scale that it could be examined here., The galactic component

is interpreted in terms‘of its implications for both the local and

more distant regions of the galaxy. The apparently isotropic y-radiation
is then discussed particularly with regard to the constraints placéd on
possible models by the steep energy spectrum, the intensity, and the upper

limit on the anisotropy.

II. OBSERVATION AND ANALYSIS

The principal data sources are: (1) the y-ray sky survey of SAS-2,
in the energy intervals 35 < E < 100 MeV and E > 100 MeV to be dis-
cussed in this paper, (2) the 21 cm summafies of Daltabuilt and Mevyer
(1972), Heiles (1975),and Burton (1976) which provide a measure of the
atomic hﬁdrogen column density, and (3) the 150 MHZ synchrotron radia-
tion survey of Landecker and Wielebinski (1970). In addition, to esti-
mate the molecular hydrogen component, the results of the Copernicus
ultraviolet survey of Savage et al. (1977) and the recent radio survey
of the 'CO emission line analysis by Gordon and Burton (1976) are used.

The SAS-2 y-ray telescope is a 32-level thin plate digitized spark

chamber. A detailed description of the instrument is given by Derdeyn

et al. (L972). The entire SAS-2 celestial y-ray data set, which was -~



collected during the period from November 1972 through June 1973,

has now been analyzed in accordance with procedures described by

Fichtel et al. (1975). The analysis used the detailed sensitivity,
angular response function, y-ray arrival direction accuracy deter-
mination, enérgy measurements, and energy resolution function .(:I;'g:r

determining the true energy spectral shape) determined in the

extensive calibration outlined in that ﬁaper, as well és extengive

(> 80%) réscans of the y-ray event films to search for possible in-
efficiencies and selected earth albedo measurements during the‘satellite's
history to check for possible éhanges in detector performance. Figure 1
shows the regioq of the sky covered by the complete SAS-2 y-ray observa-
-tions. Notice éhat a full strip between the plane and the north pole

exists in the vicinity of £ = 0°

and also for £ =~ 240°, or in the general
anticenter region well away from the intense central region of the
galactic plane.

In the amalysis to. be presented here, the galaxy has been divided
into eight parts, which are shown in Figure 1. Region A encompasses
the inner galaxy, regions B and F allow study of directions tangent fo
the solar circle, and regions C through E display the anticenter. Each
of regions A through E includes all latitudes with lbl < 60° and all
longitudes for which SAS~2 y-ray observations exist with the exception
of the regions in which the stromng contributions from the Vela pulsar
PSR 0833-45 (Thompson et al. 1975 and Thompson et al. 1977a), Cygnus
X-3 (Lamb et al, 1977b), the Crab pulsar PSR 0531421 (Rniffen et al,

1974 and Thompson et al, 1977) and the y-ray source at £=195°, b=+5°

(Thompson et al, 1977b) exist. Regions for which b > 60° and b < -60°



(G and H respectively) have also been included in our analysis. The
choice of the analysis regions -was determined to a significént degree
by the availability of y-ray observations and the pﬁbton statistics.
For purposes of orientation, the E > 100 MeV and the 35 MeV < E
< 100 MeV y-ray intensities are plotted as a function of galactic
latitude for regions A through F in Figures 2 and 3. (See the caption
to Figure 2 regarding the reason for the latitude interval boundaries
not being integers.) Notice first that there is a significant wvariation
with latitude.
Note also in Figure 2 that near £=0°, thgre ;s an excess on the
positive latitude side of the plane in the 60° < £ < 100° and the
100° < £ < 150° intervals and on the negative side in the 210° < ¢
< 250° intexrval. This éffect is similar to thg "hat brim" effect_seen
in the galactic matter distribution, and is presumably a reflection
of large-scale galactic structure.

- L. -

In order that they may be compared to the y-ray data, the column

densities of atomic hydrogen, Ny, and the 150 MH, brightness tempera-
ture, L.y have been averaged over longitude within narrow latitude
intervals for each of the regions in which y-ray data exist. TFor
direct comparison to the y-ray data, these‘intgnsity measurements have
been defocused" to tgke into account the lesser angular resolution of
the »-ray observations. The knowlédge of the molecular hydrogen in the
local region is not sufficient to make a similar comparison, and it will
be discussed later:

The correlations between the atomic hydrogen column density and

both the low energy and high energy y-ray emission are shown in Figures



4 and 5 fqr Ibl > 12,8°, 1In these figures, points near the origin,
having small column densities, correspond to high latitude y~-ray obser-
vations, since the shortest paths out of the galackic disk are at high
latitudes. For the same reason, these points represent predominantly
local matter. The lgw-latitude data correspond to high columm densities,
and include radiation from the more distant regions in the survey.

The local y-ray matter correlation is described rather well by a
linear relationship of the foxm:

where Nyy is the column density of atomic hydrogen in units of atomSIsz,

2 1.-1

and 17 is the y-ray intensity in units of protoms cm “ster ~s ~. The
straight line shown on each sub-figure of Figures 4 and 5 is the least
squares fit to the combined observations froﬁ all the sky intervals
with |b| = 12.8°. Each fit has Xz/\, = 0.8 where v is the number of
degrees of freedom. In view of the thickness of the matter disk, the
latitude of 12,8° corresponds to a distance of about 500 pc to‘the
point of ome scale height from the plane. Within the uncertainties

of the measurements all of the regions are seen to be comsistent with
this single curve. The values of "A" and "B" in equation (1) are:

26 9

- -1
3.0 x 10 photons cm™ -1g-1 2

ster (atoms/cm™) and 1,0 x 1072 photons

em~2ster-1s-1 for E > 100 MeV and 4.3 x 10—26 photons cm"zster"]-s.:"1
(*-’:11:011'15;/cm2)ml d 4.9 10-5 -2 11
: and 4.9 x photons cm "ster s © for 35 MeV < E <

100 MeV, The uncertainties in these numbers are illustrated in Figures

4 and.5 since the coupling of the errors precludes giving a single



meaningful one-parameter error estimate. Clearly the first term
represents a source which is proportional to the matter density and
the second term represents an isotropic component., The 35 MeV < E

< 100 MeV interval has a relatively larger "B" term, implying a steep
energy spectrum for the isotropic component, at least on a coarse
scale,

The low latitude intensities, involving integrals over more distant
points, show significant deviations from the linear relationship. Imn alil
regions for which data exist free of substantial clearly established point
source contributions except A (See Figure 1), the low latitude points
fall below the previously determined line, as seen in Figures 6 and 7.
In these regions, the y-ray intensity from the low latitudes corresponds
to a substantial contribution Ffrom regions lying at distances from the
galactic center greater'than that of the Sun. By contrast,in region A
the y-ray intensity within a few degrees of b=0° lies above an extrapo-
lation of the same straight line.

For comparison to the continuum radiation, the 150 MH, survey
of Landecker and Wielebinski (1970) was used, The 150 MH, radiation
has characteristics which are very similar to those of the y-ray
emission. Figure 8 shows the 150 MH; observations plotted as a function
of the 21 cm column demsity. For ‘bl > 12.8° the relationship between
the brightness temperature and the matter demsity may be well repre-
sented(xg/u = 1.2)by T150 = (1'5SXIO_19)NEI +165, The uncertainties

in these numbers are given in the f:f.guren Since the temperature T150
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is directly proportiomal to intensity, this expression is identical in
form to that of equation (1). TFor regions away from the galactic center,
the low-latitude 150 MH, data points fall below the line, in the same
manner as the y-radiation illustrated in Figure 6.

The correlation between the 1530 MHZ continuum radiation and the

35-100 MeV y-ray data is shown in Figure 9. This figure shows a good
linear correlation between the y-ray and 150 MHZ intensities (XZ/v=1_Q)
with no evidence of a significant deviation from linearity or a non-
zero intercept. The least squares fit straight lipe and its error are
shown in the figure. The E > 100 MeV y-ray intensities show a similar
correlation. In addition, on a large scale the v-radiation, the 21 cm
column density, and the 150 MHy; brightness temperature are all reasonably
consistent with a function of the form C;4C,/sin |b] for [b]| > 10°, as
noted previously foxr the y-rays (Fichtel et al, 1977).and for the 21 cm
column density (e.g. Heiles, 1976). This relationship is in fact to be
expected for any form of diffuse radiation o:iginating in the disk of
the galaxy, simply from the geometry of a thin disk.

Finally, the energy .distribution of the diffuse radiation was
examined as a function of latitude and longitude. These data are shown
in Figure 10. ¥For this comparison it was necessary to multiply the high
energy (> 100 MeV) y-ray intensities by an appropriate resolution
function (thereby in effect defocusing the high energy data) so that
they would be directly comparable to the 35-100 MeV y-ray measurements,
for which there is a poorer amgular resolution. A least squares analysis

of these data shows that a linear correlation is consistent with the
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data, as shown in Figure 10, (x2/v=0.8). The straight line, in fact,
fits the data within‘uncertainti?s over the entire latitude and longitude
range inecluded in the data set, There is no evidence for a variation in
y-ray energy spectrum with direction, although within present uncer-
tainties ihe possibility of more than one major source with a somewhat
different energy spectrum cannot be eliminated., Finally, the intexcept
not being at (0,0) is another indication of the different spectral shape
of the isotropic component,

Because of the limited energy resolution of the detector the
energy spectrum cannot be determined in fine detail. Further, the
previously determined constants, "A™ and "B" for equation (1) cannot
be used directly in determining the constants of an assumed spectral
shape, but must be used together with the energy resolution function
(Fichtel et al., 1975) and an assumed spectrum, Lf power law spectra
are assumed, for the "isotropic" component a differential index of
2.85f8:gg and intensities above 35 MeV and 100 MeV of (6.3j1.4)x10d5
and (O.9jp.4)x10-5 photons em 25 Lsterl respectively are obtained.
For the galactic component, a differential spectral index of 1.7+0.3

and intensities above 35 and 100 MeV of (6,941.7)x10~ 20 Ny and

(3-3i0-8)X10_26 Ny photons em 25 lster1

regpectively are obtained.
These correspond ﬁo intensities of .0 i0.4)x10'5 and (O.SiOQZ)xlo_S

-2.~1 -1 ;
photons cm “s “ster © for galactic latitudes near the pole and

-5 _ .
(8.342.1)x10 7 and (4.0 +1.0)x10 > photons em~ 25 Lster™! for a typical

region with a galactic latitude of about 15°. If a combination of a
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a nuclear intéraction ("71°™) and power law spectrum (of the Compton or
bréméstrahlung type spectral index) is assumed, almost identical results
are obtained primarily because a relatively large power law component
fmist bé assumed, The two deduced spectra afe showm iﬁdividuélly togethet
with their sum in Figure 11l. These two spectra are very similar (agreeing
within the indicated uncertainties) to those determined earlier assuming
Gy + Czlsin|b| dependence for the y-~rays (Fichtel et al. 1977).
Finally, there is the matter of calculating the degree of isotropy
of the "isotropic" compoqeﬁt. To accomplish this goal, the gélactic disk
component has to be subtracted first in a manner which is as unbiased as
possible, 7The material already presented has shown that the atomic
hydrogen column density, the synchrotron radiation, and the y-radiation
are all linearly correlated with each other for ‘bl > 12.8° on the coarse
scale being considered heyxe, In the next section, it will be seen that
because éf the nature of the distribution of the two components involved
in each of the interactions believed to be relevant, theoretical con-
gsiderations also indicate that the major components of the iocal galactic
y-radiation should be proportional to either the matter column density
{high energy, nuclear interactions, and bremsstrahlung) or the cosmic
ray electron column density (Compton radiation) which is approximately
represented by the continuum radiation. Since the matter columm
density has no known component beyond the galactic disk whereas the
continuum radiat?on may very Well‘have,the previously determined linear
correlation between thé HY column density and the y-ray intensity wa;

used to determine the multiplying factor for the column density.



The galactic disk y-ray component determined in this manner was then
subtracted from the total to find the y-ray component-not associated
with the galactic disk in the various regions of the sky being con-
sidered. This approach does attribute a small center-to-anticenter
dependence to the galactic disk 7-ray component, incidentally.
The ratio of the average residual (and larger portion) of
the 35-100 MeV y-ray intensity in the directions (300° < £ < 60°,
20° < |b| < 40°) to that from (100° < £ < 250°, 20° < |b| < 40°) was

then determined. The ratio was fouhd to be 1.10 40.19* with a cox-

*For the reader who ‘may be interested, the similar ratic for the total

y-ray intensity before subtracting the galactic component is 1.2440.15

responding 987 confidence upper limit of 1.48. Hence, there is no
evidence for a residual center-to-anticenter anisotropy. The ratio
between the average y-ray intensity from regions with Ib[ > 60° to
that from 20°<|b] < 40° is found to be 0.87 +0.09. This result
naturally aréﬁes agéinst a thin oblate spheroid. Both of these rat;os
will be discussed-in terms of constraints on specific models in
section III.
III, DISCUSSION

From the material presented in the previous section it is
apparent, both on the basis of the latitude and the energy distribu-
tions, that the y-radiation comnsists of two components, one galactic
based on its latitude and longitude distribution and its correlat;on
with the matter distribution,and the other apparently isotropic, at
least on a coarse scale, with a relatively ;teep spectrum, These two

components will now be treated separately,
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a) The Local Galactic Component

Based on its angular distribution and intensity, the y-ray.emission
f;om the galactic plane has generally been assumed to result primarily
from cosmic ray interactions with matter, with a mueh'smaller contribution
from localized §6uFféces. The latter dre discussed lat&r ia this subsection.
Calculations related to other production mechanisms in the local galactic
region including Compton radiation from cosmic ray electrons interacting
with starlight, infrared photons, and the blackbody radiation show that
these may also make a contribution, but that synchrotron radiation is
quite negligible (e.g. Schlickeiser and Thielheim, 1976; Worrall and Strong,
1977, Fichtel et al., 1976; Piccinotti and Bignami, 1976; and Stecker, 1977).
It seems reasonable to test the assumption that the latitude dependent
portion of the high-latitude y-ray emission also has its origin principally

in cosmic ray matter interactions in view of the similar energy spectrum, its cor-

relation with the 21 cm emission, and its smooth connection #o the
radiation from the galactic plane. This hypothesis, which will now be
pursued, will be seen to have some difficulties with the observed

intensity and possibly the energy spectrum. Explanations for the
differences will be suggested.

Along a line of sight in the direction (4,b) for the range of para-
meters being considered here, the y-ray intensity produced by interactions

between cosmic rays and matter can be shown (Fichtel et al. 1976) to be

given by the expression:

= !‘.._. 1 _—
I(Ey,ﬂ,b) Zr [ ar [Syn(hy,r-O)gn(r,ﬂso)fm(rsﬁ,b)

»t—s}:a (Ey,r=0)ge(r,£,b) £ (r,4,b) 2)
; ,

- ) 2
+ =
57 (Eysr 0)g (r,£,b) £ (r,£,b)]

e
S
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where fm is the ratio of the total interstellat gas density .at a-dis-

tance r from the sun in the direction (£,b) to -that at r=0, S& repre-
n

represents the y-rays produced per second per e’ in interactions of

nucleonic cosmic rays (with the intensity and spectral distribution in.

the solar vicinity) with the interstellar gas, and S and § are

e 7&

P S
similar functions for primary and secondary cosmic ray electroms,

respectively. g and g_ express the spatial variation with galactic

position of the ratio of the primary cosmic~ray nucleon and electron
components respectively to their interstellar value in the solar
viecinity.

It is seen readily from equation (2) that, if the cosmic ray
primary electron component is proportional to the cosmic ray nucleon
component, as is commonly assumed, and if the secondary electron
component is small compared to the primary electron component locally
as the positron data suggest, the y-ray intensity is simply proportional
to the integral over the product of the ratios of the cosmic ray inten-
sity and matter density to their local values.

Hence equation (2) may then be fewritten in the approximate form

ﬁ b = =
I(Ey, >D) 715 dr Sycr(Ey,r 0) g (r.&,b) £,(xr,L,b) (3)

where the subscript cr refers to the combination of the cosmic ray

»

electrons and protons.
With regard to the matter, as has already been noted, a reasonably
accurate estimate of the atomic hydrogen column density in any direction

can be obtained from the Z1 cm measurements; however, the current status
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of the knowledge of the other major component, namely the molecular
hydrogen, is much less- clear. A detailed picture of the molecular
hydrogen density or even the column density does not exist. From the
(197f) estiﬁaﬁe the fréction of the gas in molecular form to be at
least 0.25 and possibly as high as 0.5. Although not directly applicable
to the locél region, the large-scale survey of Gordon and Burton (1976)
indicates that the fraction of gas in molecular form may be about 0.5
for an average distance of 10 kpc from the galactic center. Thus a.
reagsonable range for the awverage ratio of the molecular hydroger density
to the atomic hydrogen density in the local region of the galaxy appears
to be 0.3 to 1.0. There is the additional comsideration that molecular
hydrogen is generally believed to be preferemtially concentrated in
clouds; however, if, as will be discussed later it is true that the
cosmic ray density is uniform on a sacle of the average cloud-to-cloud
dimension, this difference in distribution between the atomic and
molecular hydrogen is not of concern here., Other tracers of the total
matter, such as interstellar reddening and galaxy counts, are
generally correlated with the HI column density in a linear manner £or
the local region (Heiles, 1976), although there are some small scale
differences,

A consi&eration in relation té the bremsstrahlung radiation is
the percentage of helium nuclei and heavier nuclei in the intersteilar
med%um, because of the Z(Z+1) dependence of this radiation. TFichtel

et al, (1976) assumed the helium-to-hydrogen ratio to be 0,10 and the
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heavy-to-hydrogen ratio to be 0.01 leading to contributions relative

to hydrogen of 0.30 and 0.25 respectively. There seems to be no basis
for changing these estimates, although there is substantial uncertainty
in them. TIf the interstellar medium were particularly rich in heavy
nuclei, the bremsstrahlung could be somewhat larger, but in fact a
heavy-to-hydrogen ratio of 0.01 appearsito be on the high side of
current estimates.

Turning now to the ¥-ray source functions, S7 in equation (3)

er
y in turn is the sum of Sy 5
n e eP

consists of the sum of Sy and Sy s where 8

the primary electron contribution, and a small correction for the

secondary electron term. For S7 (E > 100 MeV) there is the recent
n

-26
value of 13,0x10 photons (E > 100 MeV) cmeS'l from the work by

Fichtel et al. (1977b) and Kniffen, Fichtel, and Thompson (1977) based
on the earlier calculations of Stecker (1973), but using more recent

values for the parameters. For 57 {E > 100 MeV) the same authors give
e

~-26 -3 )
3.5x10 ““photons cm ~s These numbers are based on there being 1.04

protons and electrons, or "atoms", per cm® in either atomic or molecular

form, a helium-to~hydrogen ratio of 0.1, and a heavy-nuclei-to-~hydrogen
ratio of 0.01l. Using the same procedures, values of 3.3x10_26 photons
em~ 35 L for Szl (35 MeV < E < 100 MeV) and 5.9x10726 photons em3s™Y for

S7 (35 MeV < E < 100)MeV axe obtained. More recently Savage et al.
e . -
(1977) have estimated the number of "atoms” cm 3 to be 1.15 or possibly

slightly larger, and hence Sy (E > 100 MeV)and Sy ( > 100 MeV) would
n e

-26 .
become 14.4x10 and 3.9x10726 photons em 3s™! vespectively, and
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S7 (35 MeV < E < 100 MeV) and Sy-(35 MeV < E < 100 MeV) become .
n e

3.6x10“26ph0t0ns cm_f's-1 and 605x10-26photons cm-BS- » respectively,

-3 -1
s

Hence, S, (E > 100 MeV) becomes 18°3k10-26bhotons cm and
cr

S7 (35 MeV < E < 100 MeV) becomes 10.1x10" 26 photons cm'3s"1. If it
er

is assumed that there might be as much as a factor of three more
molecular hydrogen, i.e. that the molecular-to-atomic hydrogen ratio

is 1.0 rather than 0.3, then 8, (E > 100 MeV) and Sy

(35 MeV < E
'ér cr -t

< 100 MeV) might be as large as 27.5x10" 26 photons em 5”1 and

15.2 x 10-26photons em™3s71 respectively.
In addition to the uncertainty in 8§ due to the uncertainty in

the molecular hydrogen density, there is :E uncertainty in the electron
bremgstrahlung contribution (which results primarily from electromns in

the 10 to a few hundred MeV range; which in turn is determined largely by
the lack of knowledge of the electron cosmic ray spectrum in the apprepriate
energy range. From an analysis of these uncertainties, Shukla and

Cesarsky (1977) conclude that an upper limit to the electron source

function is about 50% larger than the source function used here. Such

a picture would Ee consistent with the closed galaxy model (Rasmussen

and Peters, 1976). On the other hand, Webber (1977) has argued on the

basis of radio data that the interstellar electron spectrum (in the

energy range above 1 Gé@ is actually lower than the stardard demodulated spectrum
(Cummings, 1973). The y-ray spectrum observed here and that observed in the
galactic plane (Fichtel et al. 1975; and Bennett et al. 1977) are consisteﬁf

with a larger electron contribution or some other similar power law spectral

component. If the possibility of a 50% larger electron intensity is
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considered, Sy (E> 100 MeV) and S (35 MeV < E < 100 MeV) would have
cr (o4

values of 30.4x10-26 photons cm-'?’s-1 and 20.1}:10—26 photons em gL

respectively, Hence, from these considerations, the range of values

for s, (E > 100 MeV) and Sy (35 MeV < E < 100 MeV) are (1.8 to 3.0) x

cr cr

10725 3.-1 -25

photon em 25! ang (1.0 to 2.0)x10 -1

photon cm-3s respectively.
If the cosmic ray density in the local region is essentially
constant near the plane (The justification for this assumption will be
discussed in the next paragraph.) where the great majority of the cosmic
ray matter intevactions occur, then gcr of equation (3) becomes 1,0 and

equation (3) becomes:
8
4
L;{Ep,2,b) = ik dr
ﬁ( 3% ) 4T I fm (&)

Assuming that in the local region the ratio of molecular hydrogen to
the total matter is invariant on a broad scale averaged over a column

as discussed before, equation (4) becomes

- S N
Iﬁ(Eﬂazzb) - 7cr HI!Q b!

41 pa

(3)

where NHI(ﬂ,b) = I 0y {(r,,b) dr is the column density of atomic
hydrogen which can be determined from 21 cm radio observations and Pa

is the local atomic hydrogen density. pa is taken to be . 0.86 atoms

em™3 to be consistent with the value used in determining S7 .
cr

Then

-26
L, (B> 100 MeV,2,b) = (1.7 to 2.8)x10 ~ N_(£,b) (6)

cr
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-26
I7 (35 MeV < E < 100 MeV,%,b) = (0.9 to 1.9)x10 N, (2;b) (7)
cx

There are several considerations supporting the point of view that -
the cosmic ray distribution is relatively uniform in the vicinity
(£ 0.5 kpc) of the solar system. TFirst, the observed cosmic ray
anisotropy is extremely small. Further, whereas the cosmic rays are
expected t9 be correlated with matter on the scale of galactic arms
within the plane because the cosmic rays and magnetic fields on a
broad scale can only be held by the gravitational attraction of the
mafter (Parker, 1966 and 1969), the cosmic rays are expected to Ee‘
uniform on ; cloud-to~-cloud scale within the plane, although va?yiﬁg
with height above the plane (Kniffen, Fichtel, and Thompson, 1977).

The concept of local uniform cosmic ray density is also supported by
the analysis of Freier, Gilman, and Waddington (1977) who show that the
level of the y-ray emission can only be explained if the cosmic rays-
are uniform locally since the predicted y-ray emission would be much
too large for the cosmic rays to be proportiomal to the matter on the
scale of clouds. TFurther, since the magnetic fields are expected to
bulge significantly between the clouds, the scale height of the cosmic
rays is expected to be large compared to that of the matter (e.g.
Parker, 1966; Bignami et al. 1975; Kniffen et al. 1977). This concept_
is supported by the large scale height (~ 0.75 kpcj observed for the
radio continuum radiation (e.g. Baldwin, 1976). If it is assumed that’
the electron density and magnetic field energy density both have the

same distribution on the average and that it is gaussian, then since
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the synchrotron radiation is proportional to the product of the two,
the scale height of each individually is /2 x 0.75 kpc.

This scale height becomes important in the consideration of the
Compton radiation. Following the work of Fichtel et al. (1977), the
calculations on which the work was based, and assuming a gaussian
electron distribution perpendicular to the plane with a scale height
of /2 x 0,75 kpc, the Compton radiation resulting from cosmic ray
electrons interacting with the blackbody radiation is given by the

following equations:

-5 - - -1 -
I, (B > 100 MeV) = 0.074 x 10" [sin|b| ] photons em “ster™'s™" (8)

-5 - - -1 -
Is (35 MeV<g< 100 MeV)=0.117x10 [Sinlbl] lphotons cm 2ster 15 L )]

bb
The combined contribution from the infrared radiation and starlight is
much more difficult te estimate not only because the average photon
density in the plane is not very well known, but also its variation
with height above the plane is poorly known. The effective scale height
appears to be much smaller (~ 0.2 kpc based on the paper of Lambrecht,
1965) than that estimated for the electrons, so that even though the
combined source function in the plane is slightly larger (Fichtel et
al. 1976 and Piccinotti and Bignami, 1976), the net contribution is

apparently smaller and is estimated to be:

Io . (E >100 Mev)=0.025x1073(sin|b| ) *photons em 2ster-’s1 (10)
s,ir
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s,ir

Io (35 MeV< E< 100 MeV)=o,039x10'5(sin|b|)-l photons cm™2ster™ s~ 1 (11)

Henqe?‘on this basis the combined estimate for Compton radiation is:

-5 - -1 -
I, (E > 100 MeV) = 0.10x10 . (sin|b|)~! photons cm 2oter tsL (12)

- -1 - ‘
I (35 MeV< E< 100 MeV)=0.16x10 S(Sin‘bi) photons em~2ster=lsL (13>

The uncertainty in these last two numbers is quite large, in part due

to the substantial uncertainty in the electron spectrum in the relevant
range for the blackbody Compton radiation, namely ome to several hundred
GeV (e.g. Hartman, Miller, and Prince, 1977), partially due to the lack
of knowledge offthe electron density distribution perpendicular to the
plane, and in part due to the uncertainty in the starlight and infrared
photon distributions. A factor of two uncertainty is tentatively -
assigned to these estimates,

Tt is perhaps worth mentioning that the starlight and infrared
contéibutions above the plane may be relatively more important’in the
cent£a1 reéion of the galaxy, and this possibility should be kept in
mind when ex;mining low latitudes in the central galactic region. The
Compton compénent will be mentioned again in the next section Whére
the "isotropic) component is discussed.

The discussion of the predictions of the intensities is summarized
in Table I and compared, to .the observed intensities using typical NHI
values for a given latitude. 1In both energy bands, the ranges of

values allowed by the observations overlaps the upper end of the range
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of values suggested by the theoretical considerations given here. The
distribution between the two energy ranges as well as the intensity
does, however, suggest that there is a relatively important and perhaps
laxger Compton or bremsstrahlung type.spectrum contribution since the
cosmic ray nucleon, matter interaction contribution is relatively
better known and has a spectrum which by itself is inconsistent with
the observed spectrum, It is important to note that a similar situa-
tion for both the absolute intemnsity of the (35 MeV < E < 100 MeV)
radiation and its ratio to the (E > 100 teV) radiation had been found
previously for the galactic plane radiation (Fichtel et al,, 1975 and
Bemnett et al., 1977). Therefore, this situation is not peculiar to
the high latitude galactic radiation, but is a general feature of the
galactic emission at all latitudes.

In considering the possible origin of this larger than predicted .
galactic radiation (primarily in the lower energy region) three possi-
bilities seem most likely. These are a large bremsstrahlung contribu-
tion, a larger Compton component, and a significant point source
contribution. The latter is a possibility which- is difficult to verify
or deny with the limited angular resolution of current experiments.

It does, however, seem a bit ad hoc to postulate a class of low-luminosity
y-ray sources with relatively steep spectra to explain these observa-
tions., The SAS-2 results show no evidence of high-~latitude y-ray sources,
with a typical 2g upper limit of about 2x1070 photons (E >100 MEV)cmfzs"l,
and COS-B has also reported mno source with a latitude greater than

lbl = 7° (Hermsen et al, 1977).
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Regarding the possibility of-a larger bremsstrahlung contribution,
it would be possible to have a larger electron intensity in the lower
energy (35 MeV to several hundred MeV) region relevant to the y-rays
being discussed here without demanding a larger ;ntensity in the higher
energy region which is relevant for synchrotron radiation. It should
be realized, however, that the required bremsstrahlung spectrum implies
an electron intensity which is about thxee to five times that assumed
by Fichtel et a2l. (1976) baséd on the work of Daugherty et al., (1975)
in the lower emnergy region, if it is to be the explanation in itself,
It is about three if the meolecular-to-atomic hydrogen mass ratio of
1,0 is assumed and the larger number if the molecular-to-atomic

hydrogen mass ratio is assumed to be one-third.

If the Compton component is to be the primary contributor, from
the earlier discussion it is reasonable to assume that.the mxeeds Is due
to a larger than expected cosmic ray electron, blackbody interacticn and
not elecfron, starlight and infrared interactions since the latter is the
smaller component and is already defined within relatively narrow limits.
It is true that thé électron spectrum is relatively poorly known above
about 50 GeV, but there are some reasons for believing that the current
best estimate used here cannot be exceeded by mucﬁ. First, the most recent
spectral measurement (referenced earlier) of many which have beén made lies
a bit below this estimate. Secondly, theoretical considerations om galactic
trapping and escape are very uncertain, but, if there is an energy-dependent
escape mode it more likély would lead to relatively fewér high energy

electrons at greater distances above the plane. There is little
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experimental evidence to argue against a very thick electron disk of
lower electron density (thereby avoiding a major conflict with the

radio synchrotron data) which would increase the volume for the eiectrons
and hence the Compton radiation.

The apparent correlation between the cosmic rays and the matter
distribution in the spiral arms mentioned earlier might be thought to
argue against a scale height much larger thaﬁ the arm dimensions {(~ 1
kpe), It should, however, be kept in mind that this correlation is
observed in the inner galaxy, and, in the less defined outer part of
the galaxy where the cosmic rays may also not be tied to the plane as
strongly, the scale height for electrons might be larger.

In view of these considerations, it is worth examining the non-
thermal radio emission in more detail, As noted earlier, it ig generally
associated with the galactic disk, but has a scale height of about 0.75
kpc rather than the much smaller ones for galactic atomic and molecular
hydrogen, .12 and .05 kpc, respectively. The scale height for the .
continuum radiation is consistent with the concept of the cosmic rays
and magnetic fields being tied to the plane by the material in the
more dense regions of the clouds. Clearly the correlation between the
Compton radiation and the continuum emission would be expected to be
quite good even though the scale height of the former would be expected
to be slightly larger as discussed before.

The physical connection between the continuum radiation and column
density of matter at high latirudes is not direct, although, as shown

in Figure 8, observatiomally there is a strong correlation between the
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twWo. Thé_effect may-be largely one of gecmetry, in whiéh réughly disk-
like di;tributions of matter and higﬂ energy electrons show a correla-
tion;because-the§ both have--approximately &sin-ba'l T;titude’dependences
even though they occupy d;fﬁerent regimes in height above the plane.
This argument may also explain the continuum radiation's cp%relation
with the disk component of thg y-radiation (Figure 9), if it is accepted
that locally the cosmic rays are uniform over the %egion the matter -
occup!ies°

The fapt that the best least squares line passes nearly through
the (0,0) point in Figure 9 is probably fortuitous because both the
35 MeV < E < 100 MeV y-ray emission and the continuum radio emission”
have major "isotropic” components which are likeiy to be of different
origin, as will be discussed in section IIlc.

Figure 9 gives a comparison between the intermediate energy y-ray
emission and the continuum emission, which shows that on a coarse scale
the_correlqtion is in fact gemerally quite good. The approximately
linear relationship is to be expected for the reasons outlined in the
previous paragraph, and the consideration that, although the y-ray
bremsstrahlung radiation comes primarily from electrons in a range
Wh;cﬁ barely overlags in energy, generally falling below that of the
synchrotron radiation, which in turn falls below that of the Compton.
blackquy radiation, the electron spectrum probably does not vary much

at least in the local region of the galaxy.
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b) More Distant Galactic Plane Regions

Previous studies of the high energy y-rays coming from the galactic
plane have suggested that either both the cosmic ray intensity and the
molecular-to-atomic hydrogen ratio increase toward the central part of
the galaxy or one of the two increases dramatically (e.g. Bignami and
Fichtel, 1974; Paul et al, 1974; Schlickeiser and Thielheim, 1974;
Bignami et al. 1975; Paul et al. 1975; Stecker et al., 1975; Stecker,
1976; Puget et al. 1976; Paul et al. 1976), The conceﬁt that both
increase is the more likely assuming the galactic dynamic balance
described by Parker (1966 and 1969) and applied to the galactic y-rays
by Bignami and Fichtel (1974) is essentially correct. It has also
been noted that the intensity of the high energy y-radiation from the
plane in the region away from the center (270° < £ < 90°) suggests the
cosmic ray intensity is less than the local wvalue (Dodds, Strong, and
Wolfendale, 1972)., With the data presented in Section IXI, it 1Is now

possible to look at these considerations and especially the latter in

more detail. It should be kept in mind, however that unresolved point

sources may be making a contribution.

For small latitudes, marked deviations from a linear relationship
between the y-ray emission and the 21 cm column density were observed
in Figures 6 and 7 for those regions where data exist. 1In all the
longitude intervals except 300° < £ < 60°, the y-ray intensity falls
below the line derived from the high latitude regions, 1In each of
these intervals, the low latitude data include a substantial contribu-
tion from regions which lie beyond the solar cirele. These more distant

regions are generally in the lower density outer galaxy. The observed
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depression of the y-ray intens;ty belov the line observed for these
regions is then consistent with the concept that the cosmic ray density
is coupled to the total matter density on a large scale, and is hence
Tower in these regions.

On the other hamd, in the region encompassing the galactic center,
the y-ray intensity actually lies above the line deduced for the local
region for low galactic latitudes. Again, this is consistent with the
concept of cosmic-ray and matter coupling.,

In addition, studies of the 2.6 mm CO line (e.g. Scoville and
Solomon, 1975; Burton et al. 1975) indicate that the molecular hydrogen

in the galactic plane does not follow the same distribution as the

atomic hydrogen. Although some caution must be used in using the’CO data

to deduce HZ densities, it seems probable that the Hz densities are relatively
larger toward the galactic center than the HI demsities and relatively

smaller towa;d the outer parts of the Galaxy. Thus, the molecular-to-atomic
hydrogen ratio would be smaller in the outer Galaxy contrary to the assumption

of a constant ratio for the local region leading to a decrease in the ¥~ray

emission., Conversely the inverse would be true for the 360° < 4 < 60° region,
Thus, it seems most reasonable to explain the observed deviation
in terms of a combination of a decrease in the molecular-to-atomic
hydrogen ratio and in the cosmic ray density in the outer Galaxy and
a combination of increases in both the quantities in the inner Galaxy,
rather than variation in either quantity alone, For example, being
more quantitative, to explain the result on the basis of molecular

hydrogen alone would require nearly all the molecular hydrogen to vanish .
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within about 0.5 kpc of the solar system, Since regions B and F are
generally tangential to the solar circle, such a rapid decline in
molecular hydrogen would imply that the solar system is in a very
unique position in the Galaxy, a conclusion which is physically un-
appealing at best., Secomrd, the decline in molecular hydrogen would
not account for the similar deviation seen in Figure & comparing the

150 Mi., and NHI data.

The results here then support the concept of the variation of the

cosmic ray demsity in assoclation with the matter demnsity on the scale
of arms and large features, and, as seen in the previous section, argue
against cosmic ray density variations on a cloud-to-cloud scale. (The
cosmic ray density is, of course, also believed to vary with height
above the plane in the manner described previously,) The results here
do suggest a larger local matter density than assumed earlier. This
result would imply a relatively lower cosmic ray density in other parts
of the Galaxy than used by Kniffen, Fichtel, and Thompson (1977), since
the cosmic ray density is normalized to the local matter density. How-

ever, the increased source function approximately compensates, and the

general agreement remains. A major contribution from unresolved point
sources could, of course, affect this discussion, A substantial y-ray
intensity from point sources in the imner galaxy would probably weaken
the argument for a cosmic ray density increase there; however, the con~
clusion of a low cosmic ray flux in the outer galaxy would seem to remain
or be strengthened.
c. The ILsotropic Component

Although there is clearly a substantial apparently isotropic y-ray
excess beyond the galactic disk component which was discussed in the
last section, it should be kept in mind that, with the SAS-2 resolution
of about 4.5° in the 35-100 MeV range and the limited statistics,

isotropy has only been established on a rather coarse scale, However,
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the degree of isotropy which has been established,and the steep emexgy
spectrum, which also distinguishes it from the galactic disk radiation,
will be seen to place strong constraints on models for the origin of

this component. In the next few péragrabhs, thé gélactic and extra-
galactic hypotheses for the origin of this isotropic component will
be examined.

Galactic theories for the origin of the isotropic y-radiation are
generally built around a galactic halo which has the shape of a sphere
or thick oblate spheroiﬁ and is populated with cosmic rays held by
weak magnetic fields, The source of the y-rays in the halo is Comptbn
radiation from cosmic ray electrons interacting with the blackbédy
radiation and to varying degrees, depending on the model, with escaping
starlight and infrared radiationm. The matter and stellar distributions
appear to preclude bremsstrahlung or peint source models, ‘and the
synchrotron inteﬁsity is just too low to conéribute significantly to
the isotropic flux, )

Theoretical models involving a galactic halo ha&e générally
postulated a halo with dimensions of the order of the galaxy and hence
a radius, at least in the plane, of about 15 kpc., The implications of
a much larger halo will be considered later. Since the sun is about
10 kpc from the ga}actic center, if such a halo exists and is résponsiblé
for the y-rays, a very marked anisotropy would be seen, with the y-ray
intensity from the general direction of the galactic axis being much larger

than that from the same latitudes in the anticenter direction. In fact,

no such anisotropy is seen; specifically the ratio of the average.
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intensity im the (300° < £ < 60°, 20° < tbl < 40°) region to that in
the (100° < & < 250°, 20° < |b| < 40°) region was found in Section TI
to be 1.10 +0.19 compared to a calculated value for the same ratio
of 2,85 for a model with a uniform cosmic ray sphere with a 15 kpc
radius. - The result for a thick oblate spheroid is similar. .
it is also of interest to consider the possibility of a halo of
larger dimensions. If the region is assumed to be spherical and have
a uniform cosmic ray density, the upper limit (2¢) set for the anisotropy
demands that the radius be at least 45 kpcs. Finally, it is also
possible to set constraints on the oblateness of such a region which
might be in the shape of an oblate spheroid. The ratio between the
absolute value of the polar axis vector and the radius of the circle
in the plane is found to be 0.80%+0.15 based on the intensity for
Ib‘ > 60° compared to that for 20° < |b| < 40° given in Section II.
This result argues against a major deviation
from a spherical shape, under the assumptions which have been used here,
It might be suggested that within the framework of a galactic
oblate spheroidal or spherical halo, a Compton component might have a
different and particularly weaker dependence on galactic longitude.
However, the analysis in Section IIIb and related general arguments
would actually suggest the opposite, if anything, since the cosmic ray
intensity most likely decreases in the outer regioms of the Galaxy and
increases toward the center. Thus, the Compton disk radiation would
be expected to show a stronger, not weaker, longitude dependence than

the conservative (but probably less realistic) assumption of uniformity.
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This conclusion is probably significantly amplified when diffusion is
taken into account, for three reasons: 1) an outwardly decreasing
electron density would result from the diffusiom, 2)-the diffusion and .
escape parameters would most likely be position and energy dependent
in such a way as to enhance the anisotropy, and 3) the older electroms,
which have had the greater energy loss at high enerxgies tending to
steepen the epergy spectrum and preferentially suppressing the higher
energy electrons which produce the relevant Compton y-rays are more
Likely to be in the outer regions.

Next, the possibility of a much larger halo can be explored.
Based on the results given in section II, the electron halo would have
to have a radius of the order of 45 kpc or more for Compton radiation
from cosmic ray electrons interacting with the black body radiation to
explain the isotropic component., This again a conservative limit
because, as above, it is more likely that the electron density especially
in the relevant energy range would be larger toward the center; hence, -
if this possibility is being considered, a substantially larger radius
would be a better choice for a tentative model. With a dimension of.
this size, one is then in effect considering an intergalactic model .
gince, if other galaxies are similar, the halos would be beginning to
overlap. Further since the required density decreases only as the
‘inverse of the radius, but the number of electrons to fill the volume
increases as the cube of the radius, the increase in the required

number of electrons would be proportional to rz_ In turn, this demands

a major increase in source strength or electron age which implies



greater energy loss and hence a still larger source. The difficulties

of the intergalactic theories (principally intensity) are then rapidly

approached.

The differential electron spectrum would have t6 be quite steep,
with the spectral index being 511 for a power law, because of the
relationship m, = (mg +1)/2 between the y-ray and electron spectral
indices for the Compton radiation. If the escape time from the halo
is large compared to 107 years for most of the electrons in the halo,
as it probably is since this is a typical estimate for the lifetime
of cosmic rays in the disk, the spectrum for the electrons with
energies relevant to 102 MeV ¥-rays, that is near 105 MeV, will be

substantially steeper than that observed in the Galaxy, due to Compton

energy loss by the electrons. In the case of equilibrium and no escape,

the spectral index would be only one power greater or about 3.8 (e.g.
Owens and Jokippi, 1977) however, diffusion considerations, which lead
to the younger electrons being nearer the disk, combined with the
likelihood of an energy dependent escape mechanism, make an index in
the range calculated above, i.e. 4 to 6, seem reasonable, The diffi-
culties discussed earlier, however, suggest that it is not worth pur-
suing specific large halo models since only a rather ad hoc model
could simultaneously satiséy the intensity and isotropy constraints.
Among'the extragalactic theories, primordial black hole emission
(Page and Hawking, 1976) universal primordial cosmic ray interactions

(Stecker, 1971), interactions of cosmic rays leaking from galaxies

(e.g. Felten, 1973), and emission from normal galaxies {(e.g. Strong,

33
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Wolfendale, and Worrall, 1976) all face the combined problems of the
steep energy spectrum and the intensity level, _Speéificglly; if it

is assumed that normal galaxies are represented by our own, the )
galactic y-ray emission above 100 MeV would be inadequate by from over

one to two orders of magnitude and cosmic rays escap?ng from the

galaxies interacting with inktergalactic blackbody radiation by an even

much larger factor. Galactic evolutionary consideration may make normal
galaxies a somewhat more likely candidate (Lich£ et al,, 1977); however,
somewhat more interesting possibilitieé appear to be radiéfion frOm
exceptional galaxies, such as radio galaxies, Seyferts, and Q80's (how-
ever, if the radiation originates with electron interactions, the electron
spectrum must be quite steep), or the y-rav emission (Stecker et ai; 1971,
and Stecker 1977) from the matter-antimatter interactions in the-baryon'
symmetric big bang (Harrison 1969, and Omnes 1969),

The y-ray spectrum predicted from the latter theory is showm in
comparison with the data in Figure 11, It must be remembered that,
whereas the calculation of the y-ray spectrum is‘straightforward‘in
the baryon-symmetric big-bang theory, there is substantial questioﬂ
as to whether the required separation into regions'of matter and
antimatter which ultimately become superclusters can occur (e.g. -
Steigman, 1974). 1In spite of this serious reservation, the very steeb
energy spectrum, which results primarily from the energy shifted m°
spectrum from p-E annihilation integrated over cosmological timés,
predicted by this theory is a strong point in its favor, or at least

in favor of some cosmological model involving low energy w° decay.
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The question of radiation from exceptional galaxies is a rather
speculative one because very little data exist. Until further evidence
is available, it must remain as a possible explanation; however, the
combination of the intensity and the energy spectrum remains a matter
of concern for such theories. Some specific conslderations are dis-
cussed by Worrall (1977) and the reader is referred to this thesis
for further amplification of this problem.

In summary, it seems fair to say that there is no single explana-
tion for the diffuse radiation which is without difficulties or reserva-
tions. The status of the experimental data does not seem to justify
consideration of a combination of several origins in detail for the
isotropic compenent, but it is conceivable that both Compton radiation
from a region of diffusion of cosmic rays from the thick disk discussed
in sections III-A and III-B and extragalactic radiation of some form
may be combining to give the observed "isotropie" radiation.

IV. SUMMARY

An examination of the intensity, energy spectrum, and spatial
distribution of the diffuse y-radiation observed by SAS-2 in the energy
range above 35 MeV has shown. that it consists of two components. One
component is generally correlated with galactic latitude, the atomic
hydrogen column density, and the continuum radio emission. It has an
energy spectrum similar to that in the plane, and joins smoothly to the.
intense radiation from the plane, which has been examined in some detail’
previously. It is therefore presumed to be of galactic origin. The other

component is apparently isotropic, at least on a coarse scale, and
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has a quite steep energy spectrum. The features -of the galactic
component of the y-radiation and conclusions which~”can be inferred
from the data are now summarized first:

*There is a strong linear correlation between both the 35 Mev~
< E < 100 MeV and the > 100 MeV y-ray intensity and the radio
continuum radiation as measured at 150 MHZ'

*For |b|> 12.80, there is a good linear correlation between the
y-ray intensity in the same two energy ranges and the deduced
atomic hydrogen column density. The constant residual y-ray-
intensity at the extrapolation to zero column deﬂsity implies
an "isotropic" +y-ray component, whose properties are summarized
below.

-For [bl < 12.8° and 60° < 8§ < 3000, there remains a correlation
between the y-ray intensity and the atomic hydrogen column density
deduced from the 21 cm emission, but there is less y-radiation
than would be expected from the linear extrapolation based on
data for [b] > 12.8°. The magnitude of the decrease implies -that
most likely both-the cosmic ray density and the molecﬁlarﬁfo—atomic
hydrogen ratio decrease relative to the local region for galactic
radii larger than that for the solar system, although the
possibility that only one of these two components decreases’
dramatically cannot be excluded.

For 300° < & < 600, the y-ray intensity from the galactié plane
actually is well above that suggested by a linear extrapolation

based on data forh3| > 12.8°. This result dimplieg that either



the cosmic ray density and.the molecular-to~atomic hydrogen
ratio both increase in the principal features in the inner
galaxy or one of the two increases dramatically. Previous
studies of the galactic plane along suggest that the most
plausible assumption is that both quantities increase.
+The energy spectra of the y-rays from the galactic plane and
from the high latitudes are the same within uncertainties. This
similarity and the smooth connection in intensity suggest a
similar origin.
+There is a larger intensity in the 35 MeV to 100 MeV range
relative to that above 100 MeV than expected from most current
estimates of the cosmic ray electron spectrum. If this 35 MeV
to iOO MeV excess emission is interpreted as being due largely
to cosmic ray electron bremsstrahlung, a significant (v3 times)
enhancement in the low energy (35 MeV to several hundred MeV)
cosmic ray electron spectrum over previously assumed spectra is
implied. 1If the excess is attributed largely to Compton
radiation, the electron intensity above 50 GeV must be sub-
stantially above that given by current measurements at the earth.
No enhancement ig necessary for the 1 to 30 GeV range, so
there is not necessarily a confliect with the radio continuum
observations. A much larger low rigidity solar modulation would,
however, be implied for the cosmic ray electrons.

The "“isotropic" component was found to have the following

properties and implicaticns:
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«It appears to exist for all seven regions of the sky examined.
-The intensity above 35 MeV is (6.3 + 1.4) x iO—S photons cm_z

ster_1 51.

*The energy spectrum is quite staeﬁ, having a 2.85 i_gigg
differential power law index for a best f£it straight line
between 35 MeV and ~150 MeV.

*When extrapolated to 10 MeV, this deduced power law joins
smoothly to the diffuse "isotropic" intensity measured at
low energies (0.1 to 10 MeV).

*Relatively few theoretical models are consistent with the
combination of the observed spectral shape intensity and lack
of strong anisotropy; and thosé are not entirely free of other
difficulties,

°The origin of this "isotropic' y-ray emission must, however,
be considered a major open question with further high sensi-

tivity medsurements of the intensity, uniformity, and energy

spectrum being very important.
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Comparison of Predicted® and Observed Gamma Ray Intensities

A. Polar Region (NHI(typical) = 2.4x1020 atoms/cmz)

Energy Range

Cosmic Ray Nucleon, Matter Interactions
Cosmic Ray Electron, Matter Interaction
All Compton Interac?ions

Total Predicted

0bserved+

o}

B. b =15 (N, (typical) = 11x10%°

Energy Range

Cosmic Ray Nucleon, Matter Interaction
Cosmic Ray Electron, Matter Interaction
All Compton Interactions

Total Predicted

Observed+

(35-100 MeV)

0.08-0.12)x10
(0.14-0.33)x10
(0:08—0.32}x10_

(0.30-0.77)x10"

(0.8310.21)x10

atoms/cmz)

- (35-100 MeV)
(0.37-0.55)x10"
(0.64=1.51)x10
(0.31-1.24)x10"

(1.3-3.3)x107°

(4.0+0.8)x10™°

5

5

5

5

5

5

5

5

%A range of predicted valued is given, rather than a specific

value, as discussed in the text.

(>100 MeV)

(G.32-0.48)x10

{0.08-0.20)x10"

(0.05-0.20)x10"

5

5

5

(0.45-0.88)x10"°

(0.76+0.19)x10"

2
+

(>100 MeV)
(1.47~-2.20)x10

(0.20-0.80x10

(2.0-3.9)x10">

(2.0-3.9)x10">

(3.6+0.7)x10

-}-
The errors quoted for the observed intensities reflect systematic

uncertainties and the estimated uncertainty in separating the two

components, which for example, do not effect ratios of total y-ray

JAntensities in the same measured energy intervals.

5

5

5



REFERENCES 40

Baldwin, J. E. 1976, in The Structure and Content of the Calaxy and

Galactic Gamma Rays, WASA CP-Q02, pt 189.

Bennett, K., Bignami, G. F., Buccheri, R., Hermsen, W., Kanbach, G.,
Lebrun, F., Mayer-Hasselwander, H. A., Paul, J. A,, Piccinotti,_
G., Secarsi, L., Soroka, F., Swanenburg, B. N., and Wills, R. D., 1977

Froceedings of the 12th ESIAB Symposium, Frascati, Eurcpean Space

Agency, 83.

Bignami, G. F. and Fichtel, C. E, 1974, Ap J. letters 189, L65.

Bignami, G. F., Fichtelf C. E., Kniffen, D. A., and Thompson, D. J. 1975,
Ap. J., 199, S54.

Bratolyubova-Tsulukidze, L. I., Grigorov, N, L., Kalinkin, L. F., Melioransky,
A. 8., Pryakhin, Ye. A., Savenho, I. A., Yufarkin, V. Ya. 1971,

Geomagnetism and Agrqﬁomy (Soviet), 11, 585.

Burton, W. B. 1976, in The Structure and Content of the Galaxy and Galactic

Gamma Rays,- NASA CP-002., p. 163.

Burton, W. B., Gordon, M. A., Bania, T. M., and Lockman, F. J. 1975, Ap. J.,

202, 30.
Cummings, A. C. 1973,‘Php Thesis, Cal. Tech., Pasadena.

Daltabuit, E., and Meyer, S. 1972, Astron. and Astrophys, 20, 415.

Daniel, R. R., Joseph,LG., and Lavakare, P, J, 1972, Ap., and Space Sci.,
18, 462,

Daniel, R. F. and Lavakare, P. J. 1975, l4th-Intl. Cosmic Ray Conf., 1, 23.

Daugherty, J. K., Harfman, R, C., and Schmidt, P. A. 1975, Ab. J., 188, 493,

Derdeyn, S. M., Ehrmann, C. H., Fichtel, C., E., Kniffen, D. A., and Ross,

R. W. 1972, Nucl, Imstr. and Methods, 98, 557.



41

Dodds, D., Strong A. W., and Wolfendale, A. W. 1975, Mon Mat. R.A.S.

176, 345, )

Felten, J. W. 1973, in X- and Gamma-Ray Astronomy, (Bradt and Giaconni,
eds.), published by the I.A.U., 258,

Fichtel, C. E., Kniffen, D. A., and Hartman, R. C. 1973, Ap. J. Letters,
186, 199.

Fichtel, C. E., Hartman, R. C., Kniffen, D. A., Thompson, D, J., Bignami,

G. F., Dgelman, H. B., Uzel, M. E., and Ttmer, T. 1975, Ap. J. 198,

ety

163,

Fichtel, G, E., Hartman, R. C., Kniffen, D. A., Thompson, D. J., Ugelman,
H. B., Ozel, M. E., and Timer, T. 1977a, Ap. J. Letters, 217,
19.

Fichtel, G. E., Kniffen, D. A., and Thompson, D. J., 1977b, Proceedings

of 12th ESIAB Symposium, Frascati ESA SP 124, 95

Fichtel, C, E., Kniffen, D. A., Thompson, D. J., Bignami, G, F., and
Cheung, C. Y. 1976, Ap. J., 208, 211.

Freier, P. Gilman, C., and Waddington, C. J. 1977, Ap. J., 213,588,

Fukada, Y. Haygkawa, S., Kashara, I., Makino, F., and Tanaka, Y. 1975,
Nature, 254, 398.

Gordon, M. A., and Burton, W. B. 1976, 208, 346.

Harrison, E. R. 1967, Phys. Rev. Letters 18, 101l.

Hartman, G., Miller, D., Prince, T. 1977, Proceedings of the 15th

Tnternational Cosmic Ray Conference, 1, Bulgarian Academy

of Sciences, 366.

Heiles, C. 1975, Astron. and Astrophys. Suppl. 20, 37.



42
Heiles, C. 1976, Ap. J., 204, 379,

Hermsen, W., Bennett, K., Bignami, G. F., Boella, G., Buccheri, R.,
Higdon, J. C., Kanbach, G., Lichti, G. G., Masnou, J, L., Maver-

Hasselwander, H. A., Paul, J. A,, Scarsi, L., Swanenburg, B. N.,

Taylor, B. G., and Wills, R. D. 1977, Proc. 12th ESIAR Symp-oéium,
ESA §p-124. ' '
Herterich, W., Pinkau, K., Rothermel, H., and Sommer, M. 1973, 13tﬂ
- Intl. Cosmic Ray Cbné., 1, 21.
Hopper, V. D., Mace, O. B., Thomas, J. A., Albats, P., Frye, G. M., Jr.,
Thomson, G. B., and Staib, J. A. 1973, Ap. J. Letters, 186, L55.
Kniffen, D. Ao, Fichtel, C.E., and Thoﬁpson, D, J. 1977, Ap. J. 215, 765.
Kniffen,-D: A., BHartman, R. C., Thompson, D. J., Bignami, G. F., Fichtel,
C. E., Ugelman, H.,, and Tamer, T. 1974, Natire, 251, 397.

Kraushaar, W. L., Clark, G. W., Garmire, G. P.,, Borken, R., Higbie, P.,
Leong, V., and Thorsos, T. 1972, Ap. J;, 177, 341. -

Kuo, Fu-Shong, Frye, G. M,, Jr., and Zych, A, D. 1973, Ap. J. lLetters,
186, 151.

Lamb, R, C., Fichtel, C. ﬁ,, Hartman, R. C., Kniffen, D. A., and Thompson,
D. J. 1977, Ap. J. Letters 212, 1.-66.

Lambrecht, H. 1965, Numerical Data and Functional Relationships in Science

and Technology, Vol, I, ed. H, H, Voigt (Berlin, Springer-Verlag).

p. 662,

Landecker, T. L., and Wielebinski, R., 1970, Australian J. Phys. Suppl.
16, 1.

Lichti, G. G., Bignami, G, F., and Paul, J. A., 1977, Proc. of 12th
ESLAB Symposium ESA SP-124, 207.

Mazets, E. P., Golenetskii, S. V., Il'inskii, V. N., Gur'yan, Yu. A.,

and Kharitonova, T. V. 1975, Ap. and Sp. Sci., 33, 347.



43

Omnes, R. 1969, Phys. Rev. Letters, 23, 38,

Owens, A. J., and Jokipii, J. R. 1977, Ap, J.,215, 685.

Page, D. N. and Hawking, S. W. 1976, Ap. J., 206, 1.

Parker, E. N. 1966, Ap. J., 145, 8l1.

Parker, E. N. 1969, Space Sci. Rev., 9, 654.

Parlier, B., Forichom, M., Montmerle, T. Agrinier, B., Boella, G.,

Scarsi, L., Niel, M;, and Palmeira, R, 1975, l&th Intl, Cosmic

Ray Conf., 1, 14,

Paul, J., Cassé, M,, and Cesarsky, C. J. 1974, Proceedings of the 9th

ESIAB Symposium, ESRO SP-106, 246,

Paul, J., Cassé, M., and Cesarsky, C. J. 1975, Proc. l4th Intl. Cosmic

Ray Conf., 1, 59.
Paul, i., Gassé,_Mo, and Cesarsky, C. J. 19?6, Ap. J., 207, 62,
Piccinotti, G., and Bignami, G. F. 1976, Astron. and Astrophys. 52, 69,
Puget, J. L., Ryter, C., Serra, G., and Bignami, G. 1976, Astron. and
Astrophys. 50, 247.

Rasmussen, I. L,, and Peters, B, 1975, Proc. 1l4th Intl, Cosmic Ray

Conf, 12, 4102.
Savage, B. D., Bohlin, R. C., Drake, J. F., and Budich, W. 1977, "I.

A Survey of Interstellar Molecular Hydrogen', Wisconsin Astrophysics

Preprint Number 46.
Schlickeiser, R., and Thielheim, K. O. 1974, Astron. and Astrophys. 34,
169.
Schiickeiser, R, and Thielheim, K. 0. 1976, Nature, 261, 478, 1976.
Schonfelder, V., Lichti, &., Daugherty, J., and Moyano, C. 1975, l4th

Intl. Cosmic Ray Conf., 1, 8.
Schonfelder, V., Graier, U., and Daugherty, J. 1977, Ap. J., 217,306.



44

Scoville, N. Z., and Solomon, P, M, 1975, Ap. J. (letters), 199, L105.

Share, G. H., Kinzer, R, L., and Seeman, N. 1974, Ap. J., lgl, 511,

Shukla, P, G., and Cedarsky, C, J. 1977, "Bremsstrahluné Gamma Radiation
from thé Galaxy", submitted to Astron. and Astrophys.

Stecker, F. W. 1971, Cosmic Gamma Rays, NASA SP-249, U.S. Government

Printing Office, Washington, D.C.
Stecker, ¥. W. 1973, Ap. J., 185, 499,

Stecker, F. W. 1976, in-The Structure and Content of the Galaxy and

Galactic Gamma Rays, NASA CP-002, p. 315.

Stecker, F. W. 1977, Ap. J, 212, 60.

Stecker, F. W., and Jones, F., 1977, Ap. J. 217, 843.

Stecker, F: W., Morgan, D. L., and Bredekamp, J. 1971, Phys. Rev. Letters,
27, 1469,

Stecker, F. W., Solomon, P. M,, Scoville; N. Z., and Ryter, C. E.- 1975,
Ap. Js 201, 90:

Steigman, 'G. 1974, Internaticnal Astronomical Union Syﬁpoéium No. 63,

Reidel Pub. Co., 374.

Strong, A. W., Wolfendale, A. W., and Worrall, D. M. 1976, J. Phys.

A: Math. Gem., 9, 1553.

Thompson, D. J., Fichtel, Co’E., Hartman, R, C., Kniffen, D. A., and
Lamb, R. C. 1977b, Ap. J., 213, 252,

Thompson, D. J., Fichtel, C. E., Kniffen, D. A., and OUgelman, H, B.
1975, Ap. J. (Letters), 200, L79.

Thompson, D. J., Fichtel, C, E., Kniffen, D, A., and Ugelman, H. B.
1977&,'Ap.'j. (Letters) 214, 117.

Trombka, J. I., byer, C.”8., Evans, L, G., Bielefeld, M;:J;, Seltzer,

S. M., and Metzger, A. E. 1977, Ap. J., 212, 925.



45
Vedrenne, G., Albernhe, F., Martin, I., and Talon, R, 1971, Astx. and
Ap., 15, 50.

Webber, W. R. 1977, Proceedings of the 15th International Cosmic Ray

Conference, 1, Bulgarian Academy of Sciences, 373.
Worrall, D. M. 1977, Phb Thesis, University of Durham.

Worrall, D. M., and Strong, A. W. 1977, Astron. Astrophys., 57, 229,



FIGURE CAPTIONS

Figure 1 Diagram of the sky in galactic coordinates showing the

Figure 2

Figure 3

portion of the sky viewed by SAS-2 (shaded) and the

regions used in-the present .analysis, which are bounded by
dark lines and designated by letters.

Distribution of y-ray (E > 100 MeV) intensities as a ,
function of galactic latitude for the indicated longitude
intervals. Points for Ib| > 61.0° represent data summed
over all longitudes and are indicated by open circles.
Latitude division boundaries are not necessarily integers
because the regions represent sums of smaller areas formed
from dividing the sky inteo equal solid-angle regions formed
by fixed longitude intervals and 72 latitude intervals. The

intensities shown are based on assuming a tvpical spectrum;

however, since the actual values are somewhat affected by the

46

energy spectral shape because of the finite energy resolution,

the reader is referred to the later parts of this paper for

improved estimates of the intensity and energy spectrum based

on a two-component analysis and specific energy spectra.
Distribution of y-ray (35 MeV < E < 100 MeV) intensities
as a function of galactic latitude for the indicated
longitude interwvals, Points for Ibi > 61.0° represent
data summed over all longitudes and are indicated by open

circles. See also the comments in the caption for Fig. 2



Figure 4

Figure 5

Figure 6

47
Distribution of y-ray (EY > 100 MeV) intensity as a function
of atomic hydrogen column density deduced from 21 cm radio
data for |b]| > 12.8° for the indicated longitude and
latitude intervalg, Error bars shown on the y-ray Intensities
are statistical. An uncertainty of approximately 10% should
be attached to the 21 em column densities. The solid. line
is the best fit to all the data points shown. Upper right:
acceptable (l¢ above the minimum ﬁz ) values of the fitted
parameters in the equation IY = A-NHI + B.
Distribution of y-ray (35 MeV < EY < 100 MeV) intensity as
a function of atomic hydrogen column density deduced from
21 cm radio data for |b| > 12.8° for the indicated longitude
and latitude intervals. Error bars shown on the ;—ray
intensities are statistical. An uncertainty of approximately
10%Z should be attached to the 21 em column densities. The
solid line is the best fit to all the data points except the
point at (1.8, 1.1) in the region 250% <g< 3600 (this
anomalous point is incompatible with any linear fit to the

rest of the data). Upper right: acceptable (lg above the

2
minimum [ ) values of the fitted parameters in the eguation

Distribution of y-ray (EYE_lOO MeV) intensity as a funection
of atomic hydrogen column density deduced from 21 cm radio
data for Ibl <60° for the indicated longitude intervalé. The

longitude intervals not shown did not have meaningful data



Figure 7

Figure 8

Figure 9
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for the present purpose because of known voint source
contributions. The solid line is the one derived from the

high-latitude data shown in Fig. 4.

‘Distribution of y-ray (35 Mev< E, < 100" MeV) intensity as

a function of atomic hydrogen column density deduced from

21 em radio data for |b] < 60° for the indicated longitude
intervals. The longitude intervals not shown did not have
meaningful data for the present purpose because of knoun
point source contributions. The solid line is the one
derived from the high-latitude data shown in figure 5,

150 MHz brightness temperature as a function of atomic
hydrogen column density for |b| <60° and the indicated
longitude ranges. The estimated uncertainties are approximately
10% for the 21 em column densities and 15% for the 150 Miz
brightness temperatures. The solid line is the best fit

to all the data with |b[t>12.80, averaged over the same
regions used for the y-ray studies. inset: acceptable

{lo above the minimum'K?) values for the fitted parameters
in the equation I150 = A NHI + B, using only data with

[b]> 12.8°.

Gamma-ray intensity (35 MeV< E< 100 MeV) as a function of
150 MHz brightness temperature.- Only typical error bars are
shown because of the high data density of the figure. The
estimated uncertainty inthe 150 MHz brightness temperatures

is approximately 15%. Straight line is the best fit to all



Figure 10

Figure 11

49
the data points. Imset: acceptable (1¢ above the minimum
‘f{z) values of the fitted parameters in the equation IY =
A IlSO + B.
(35 MeV< E< 100 MeV) y~ray intensity as a function of (E> 100 MeV)
yY-ray intensity. Only typical uncertainty limits.are shown
because of the high data density of the figure. The high
energy yY-ray data have been "defocused" for comparison to the
35-100 MeV data, as described in the text. The straight line is
the best fit to all the data points. Inset: acceptable
(1o above the minimum,xz) values for the fitted parameters
A

in the equation I + B.

35-100 = & Ts100

Gamma-ray spectrum for the "isoktropic! component of this work,
together with other data and the theoretical spectral shape
predicted by the baryon symmetric big bang theory discussed

in the text,.
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