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GAMMA-RAY EVIDENCE FOR A GALACTIC HALO

F. W. Stecker

Laboratory for High Enerpgy Astrophysics
NASA Goddard Space Flight Center
Greenblet, Maryvland U.S.A.

Abstract: y-ray data favor a cosmic-ray propagation halo comparable wi*h
the thickness of the primary radio emission disk of our Calaxy and the
halo seen around NCC891,

1. DEFINITIONS OF GALACTIC HALOS

We define a galactic halo to be a rcegion contailning relativistic particles
in significant enough numbers :. have obsevvable effects. Such a region
must also extend above and below the galactic plane for a distance larger
than twice the scale height of the source region. Using these defini-
tions, we distinguish between a cosmic-ray electron halo and a cosmic-ray
nucleon halo, the former occupying a volume less than or equal to that
occupled by the latter because electrons can suffer significant energy
loss by synchrotron emission and Compton interactions during their life-
time whereas nucle’ do not. The electron halo is manifested through ob-
servations of radio synchrotron emission and x-ray and y-ray production
from Compton interactions., The nucleon halo, which plays a significant
role in the dynamics of the interstellar medium and in determining the
propagation characteristics of cosmic rays, is not divectly observable by
y-ray astronomy because of the extremely tenuwous nature of the gas far
from the galactic plane. (Cosmic ray nucleons must interact with gas in
order to produce observable y-rays). However, indirect arguments using
data on the distribution of y-radiation in the plane can be used to place
limits on the dimensions of the nucleoon halo (Stecker and Jones 1977).
y-ray observations provide the only means for studying the nucleon halo.

Both electron and nucleon halos can be separated into two rvegions. There
fs (1) a rogion where particle propagation is dominated by diffusion and
there is a significant probability for particles in the region to return
to the plane. Since this region will generally have the form of a thick
disk, T will call {t the diffusion disk. (2) ! also define a region where
convection or free escape dowinates over ddffusion, Particles in this
region will not return to the propagation disk (Jones 1978). This region,
which I will call the exodisk, (Stecker 1977) will generally have a lower
particle density but may still have obscrvable radio emission (Webster
1975). We will consider only dynamical (Ipavich 1975, Jokipii 1976,
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Owens and Jokipii 1977) and diffusion halos to be phvsically plausible;
trapping, closed or "leaky box" models have no physical basis and also
contradict evidence of large scale gradients in the galactic cosmic rvay
distribution (Stecker 1977, Stecker and Jones 1977),

2, EXISTENCE OF A PROPAGATION DISK

The y=ray data from both SAS=2 (Fichtel et al, 1975) and COS-B (Bennett

et al, 1977) require that cosmic-ravs not be strictly confined to spiral
arms; they must ditfuse into a larger propagation region, 1f cosmic rays
were strictly confined to well defined spirvral avms with a large arm in-
terarm gas ratio, as in the gas (Roberts 1977}, the result would be spiral
arm peaks in the y-ray longitude distribution which would be too pronounced
and too intense in comparison to the data (Stecker 1977, Stecker and Jones
1977). As a specific example, we may note the lack of a Sagittarius arm
feature at € = 50° in the y-rav data,

Further evidence for a propagation disk comes from analysis of the non-
thermal radio continuum data which shows that confinement of cosmic rays

to spiral arms is untenable (French and Osborne 1976) and that there is

a strong disk component of nonthermal emission (Price 1974), Most measure-
ments of VBe in the cosmic-ravs (e.g. Carcia=Munoz et al, 1977) indicate
that cosmic rays have a mean lifetime in the range (1-2)x107 yr and have
traversed a gas of mean density during that time of 0,15-0,3 em™ 3, 1If

this is indeed the case, the cosnic rays within ~ 1 kpe of us must have
spent most of their time in regions of quite low density since the mean
density in the galactic disk in the solar vicinity 1s ~ 1 em™3 (Gordon

and Burton 1976, Jeniins 1977), The 1086 sitvation is still not completely
settled (see summaries of the data given by Stecker and Jones 1977 and
Ormes and Freier 1978), Ormes and Freier (1978) have shown that one can
build a model of cosmic-~rav propagation which Is consistent with the data
on cosmic-ray composition as we’l as the radio and y-ray data assuming a
mean cosmic vav age of (1-2)x10° vr, Dynamical considerations (Badhwar
and Stephens 1975, Parker 1977) also favor a thick propagation disk model,

3. LATITUDE DISTRIBUTION OF y-RAYS AND THE ELECTRON HALO

Fiehtel et al. (1978) have considered the latitude distribution of y-rays
observed by SAS-2 to be made up of two components of the form A+BNyy.
Component A has a very steep energy spectrum, It is most likely of cosmo-
logical origin (Stecker 1977, 1978a) and is so isotrvopic as to exclude
large quasispherical halos with radii{ less than 45 kpe (Fichtel et al,
1978), The isotropy and energy spectrum observations rule out the large
y-ray halo models discussed by Worrall and Strong (1977) (although thin
halo models considered by Worrall (1977) are consistent with the conclu-
sions of this section), We will thus consider that any extended y-ray halo
ewlth dimensions ~ 10-20 kpec be either non-existent or too weak to he
observable at present, a conclusion which has interesting implications

tor high energy cosmology (Stecker 1978bh,) We do, however, consider the
possibility that the component designated by Fichtel et al. (1978) as
BNp1s which they have shown to have roughly linear dependence on Nyp for
lblﬁlﬂ“. can also represent the sum of a number of disk components which



scale roughly as cselbl. Such a rough dependence has previously been
shown by Fichtel et al. (1977). This component can also include a con-
tribution from Compton interactions of cosmic ray electrons in the radio
disk (Stecker 1977) as well as bremsstrahlung and n*-decay y-rays arising
from cosmic ray interactions with both HI and H2 in the gas disk., The
electron halo will theér be identified with a thick disk-shaped propagation
region which extends somewhat further than the radio disk if the magnetic
field falls off with distance from the plane. Y-rays from this “electron
halo" then arise from Compton interactions between electrons and the
various photon fields (starlight, fsr infrared, universal microwave) in
the galactic neighdborhood. In support »f this hypothesis we note that
Fichtel et al. (1978) have also founT a geod correlation between the Y-
ray flux and 150 MHz radio flux for b|>10’. Working from this type of
wodel Schlickeiser and Thielheim (1977) have cbtained an effective half-
thickness of the electron halo h ~ 3 kpe. JTtecker and Jones, taking
various uncertainties into account have obtained the results h = 242 kpc.

To reexamine tuis problem here, we first consider the y-rays arising in the
matter disk from n'-Jdecay and bremsstrahlung ("WB). Using the reddening
data of Heiles (1976) and the relation bhetween reddening and total hydro-
goen column density Nypoeo given by Jenkins (1977), the n*-decay produc-
tion rate of Stecker 18’0). and the bremsstrahlung production rate cal-
culated using the low energy electron spectrum derived by Goldstein et al.
(1970), we estimate the integral y-ray flux above energy Ey, J(ZE, ), to
lie within the region in Figure 1, bounded by upper and lower limits
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Figure 1. Integral fluxes in the directions of the

galactic poles (see text).
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designated by (VL) and (ML), Figure 1 also shows the data on the [so-
tropic and disk component (shown shaded) given by Fichtel et al. (1978),
All of these results are shown ,or b = 90%, The remaining curve, mavked
C, shows the estimated flux of Compton y-rays from an electron halo of
halt-thickness h = 1.5 kpe. Such a component when added to the wiB
component will provide a better it to the data, supporting the hypothesis
of a thin disk shaped electron halo. This result agrees with analysis

of the radio data by 1Mlovaisky and Lequeux (1972) and Baldwin (1977),
However, the large uncertainties in both the y-rvay data and the theove-
tical caleulations sust be emphasired.

4. LONGITUDE DISTRIBUTION OF y-RAYS AND THE NUCLEON HALO

Since cosmic ray nucleons do not produce measurable numbers of y-rvays
out of the gas disk of the galaxy, we must resort to indirect determina-
tion of their propagation based on their deduced radial distribution in
the galactic plane. This was the basic (dea proposed (n the analysis

of Stecker and Jones (1977). 1t is based on using a simple isotvopie
diftusion model for cosmic vay propagat fon which seems reasonable it the
propagation regfion does not extend too far from the plane. For non-
fsotropic diftusion with diffusion coetficients perpendicular and parval-
lel to the plane D and Dy, the derived width of the diffusion disk (halo)
need only be scaled by the factor (D /D)2 Jones (1978) has considered
dynamical halos and finds that models with outtlow may be veplaced by
purely diffusive models with smallar effective halo thickness in analy-
ging the y-ray results, This brings us back to the pleture of a ditfu-
sive propagation disk survounded by an exodisk where outflow dominates
over dittusion,

1t has been shown that (f one analyzes the longitule distribution of
y-ray emission in the plane, taking accouwnt of the presence of large
amounts of H» in the inner galaxy, the implied cosmic ray radial dis-
tribut fon closely resembles the distridution of supernovae (SN) in the
Calaxy, implyving a galactic ovigin of cosmic rays (Stecker 1975). The
cosmic ray distributfon {s therefore source dominated on & scale of a
few kKiloparsecs and we therefore expect the diffusion halo to be at
most a few kiloparsecs thick.

Stecker and Jones (1977) have made the conclusion move quantitative

by considering various models having boundaries such that at a distance
L= 2h trom the plane the cosmic ray density drops to 0. The planes
detined by |z] = L roughly correspond to the boundary between the
diffusion disk and the exodisk. Using SN and pulsar source distributions,
yeoray emissivity distvibutions were computed for various values of L
and compared for probability of fit with the SAS-2 data. The results
varied from a ~ 30 to 40 percent probability of it for L=2h=1 kpc to
a o~ 5 to 20 percent probability of fit for l=2h=3 kpe to a probability
fit of the order of a few percent for h = 2.5 kpe. Thus, within the
framework of the analysis it appears that the cosmic rvay nucleon "halo"
has an effective half width h < 3 kpe. Measurements of the energy
spectrum of galactic y-rays (Bennett et al. 1977, Kniffen et al. 1978)
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indicate that perbaps up to ~ 505 of the radiation above 100 MeV may be
from electron bremsstrahlung. However it is still reasonable to assume
that the electrons and nucleons have the same source distribution,
Uning the results of the previous section which indicate a compavable
width for the electron diffusion disk, it follows that the result for
the nucleon diffusion disk h < Ikpe, should still be valid.
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Figure ?. Relative column density of cosmic ray nuclei as

seen from outside the Galaxy for the diffusion
model of Stecker and Jones with L = 3 kpe.

NGC 82I
A=6cm

Figure 3. Contour plot of 6cm emission {rom NCC891, a galaxy
similar to ours but with stronger radio emission and
a strong nuclear emission component (Allen et al,

1978). Note the similarity to the halo model shown
in Figure 2.



Figure 4, Cross sectional contours of constant cosmic ray i
in the r-Z plane for diffusion halos with L = 1,3 and 10 k
Stecker and Jones 1977) The effect of the increased supern
density in the "Great Galactic Ring" at 5-6 kpc is seen in i
location of the peaks. Scales are in units of 10 kpe.
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Figure 5. L = 3 kpc contours from Figure 4 superimposed on a
graph of NGCB91 (courtesy Hale Obscrvatories) to illustrat.
scale of the halo models discussed in the text.
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