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ABSTRACT

Diffuse galactic continuum +-ray emission in the 0.75-30 MeV range from the inner Galaxy has been studied
using data from COMPTEL on the Compton Gamma-Ray Observatory. Observations of the inner Galaxy from
the Sky Survey have been used. The imaging properties of COMPTEL enable spatial analysis of the y-ray
distribution using model fitting. A model based on atomic and molecular gas distributions in the Galaxy has been
used to derive the emissivity spectrum of the y-ray emission and this spectrum is compared with theoretical
estimates of bremsstrahlung emission from cosmic-ray electrons.

Subject headings: diffuse radiation — gamma rays: observations

1. INTRODUCTION

The diffuse continuum +vy-ray emission from the Galactic
plane at MeV energies is believed to originate mainly in brems-
strahlung interactions of cosmic-ray electrons with interstellar
gas. Measurement of the y-ray spectrum at low energies there-
fore provides important constraints on the spectrum and prop-
agation of cosmic-ray electrons. This information is comple-
mentary to results from radio synchrotron and direct
measurements of electrons. Together with cosmic-ray compo-
sition studies of nucleons the aim is to gain a consistent picture
of cosmic-ray origin and propagation including such questions
as the nature of the sources, the size of the propagation region
(e.g., existence of a “halo’”) and the relative roles of diffusion
and convection. Because of the large energy losses due to ion-
ization, low-energy electrons are especially sensitive to Galac-
tic propagation effects. Energy losses are related to the gas dis-
tribution at low energies (ionization and bremsstrahlung) and
to magnetic fields and radiation density (synchrotron and in-
verse Compton emission) at high energies; it follows that the
electron spectrum is sensitive to the spatial properties of the
propagation process.

Observations at MeV energies are difficult and until now
have mainly been made with nonimaging detectors which give
a wide-angle average of the emission to be measured. The
COMPTEL instrument on the Compton Gamma-Ray Obser-
vatory has sufficient imaging capability to allow a sensitive
measurement of the diffuse radiation. Preliminary mapping of
the Galactic plane (see Bloemen et al. 1994) shows that the
ridge can be detected; the energy spectrum may then be deter-
mined by model fitting. The present approach to COMPTEL
data analysis has been largely influenced by that for the COS B

data (Bloemen et al. 1986; Strong et al. 1988); in that work it
was found possible to separate the components of diffuse emis-
sion associated with atomic and molecular gas in the Galaxy,
and further to determine the large-scale emissivity gradient;
COMPTEL data do not yet allow such a detailed analysis and
the modeling is relatively simple by comparison. However the
component separation should become possible as the database
expands to cover the full Galactic plane with good exposure.

2. OBSERVATIONS AND METHOD

The principles of COMPTEL measurements are given in
detail by Schonfelder et al. (1993). For each incident photon
detected by the instrument, the energy deposits and interaction
locations in the upper and lower detectors are measured. The
Compton scatter angle ¢ is computed from the measured en-
ergy deposits, and the photons are binned in a three-dimen-
sional data space consisting of the scatter direction and ¢. The
response of the instrument in this data space to a given inci-
dent ~y-ray intensity distribution is computed on the basis of
the knowledge of the instrument configuration as a function of
time, the pre-launch calibration and simulations. Hence, given
a parameterized model of the sky, the values of the parameters
can be determined by model fitting in the data space described
above.

We assume the continuum radiation originates in cosmic-
ray interactions with interstellar gas, and therefore use the rela-
tion

I,=4—‘irNH+IB (1)
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where I is the y-ray intensity (cm™*s™"), gis the y-ray emissiv-

ity per H atom, Ny is the total hydrogen gas column density
and I is a celestial background term. Ny, is taken from H1and
CO surveys, assuming that the molecular hydrogen column
density is related to the integrated CO temperature by

N, _ 2.3 X 10%° molecules cm™2 (K km s~!)~!
Cco

as determined from COS B data by Strong et al. (1988) and
supported by various other methods (Schloerb et al. 1990;
Kent et al. 1991).

The free parameters of the model are g, I, and the instru-
mental background level. Since the instrumental background
is rather high and not known a priori, its treatment is critical in
obtaining a reliable result. We use high-latitude observations
as the basis for our estimates, assuming that the shape of this
background is the same in the instrument system for all obser-
vations. To obtain a good estimate of the average background
shape several high-latitude observations were summed and the
result slightly smoothed. The absolute level of instrumental
background was determined by the fitting in data space.

3. GAMMA-RAY EMISSIVITY SPECTRUM

Table 1 summarizes the 10 observations used in this work.
The data for the observations were combined by adding the
counts and computing the effective response for the combined
data set.

The fit to equation (1) in four energy ranges gave compati-
ble values for ¢ when each of the observations was analyzed
separately; therefore a fit to the combined data set is justified
and is used in what follows. We can conclude that the Galactic
continuum radiation was indeed detected and the emissivities
can be reasonably interpreted in terms of emission from the
interstellar medium. Table 2 summarizes the results.

Figure 1 shows the emissivity spectrum of the inner Galaxy
based on the present results and also values obtained from the
application of a similar method fitting COS B data to the same
gas model Strong et al. (1988). The COMPTEL points are
consistent with a spectral index of —2.0 and this slope is used to
convert the values for each energy range to a differential spec-
trum in this plot. Errors on the COMPTEL points are esti-
mated to be about 30%, including statistical and systematic
errors. The spectrum is in agreement with a smooth connec-

TABLE 1
SUMMARY OF COMPTEL OBSERVATIONS USED

Observation Target ! b
20 ...l Cyg X-1 73° +3°
S o Galactic Center 0 —4
70 cooeinn.... Cyg X-3 70 -8
75 cieeen. Gal 025—-14 25 —14
8 Vela PSR 263 -6

130 ....o..le Gal 025-14 25 —14
4 ............. Eta Car 285 -1
20 i SS 433 40 +1
23 e Cir X-1 322 +3
34 Cas A 109 -2

Vol. 92

TABLE 2
INNER GALAXY EMISSIVITIES FOR INTEGRAL ENERGY RANGES

Energy range (MeV) 0.75-1.0 1.0-3.0 3.0-10.0 10.0-30.0

q/dm (107 sr's7h) L., 2.6 4.8 1.6 0.41

tion to the COS B spectrum. Although our values represent
strictly an upper limit since there may be some contribution
from point sources in the Galactic plane, the continuity with
the higher energy results suggests that we are in fact mainly
detecting diffuse emission at least in the higher energy ranges.
This point is discussed further in the context of the theoretical
modeling (§ 4).

In order to compare with other experimental results for the
Galactic center region, where the results are normally given as
a flux per radian integrated over latitude, we use, for the
COMPTEL and COS B intensities, the quantity

+20°

q

Y 4w J 0

Nydb (2)

averaged over —30° < / < +30°. Figure 2 shows the longitude
dependence of ff;(ﬁf Nyudb for reference. Figure 3 shows a
compilation of results for the flux in the inner Galaxy; note
that such a comparison is at best approximate because of the
very different angular responses of the various instruments and
the fact that the observations refer to different regions of the
Galactic plane. Nevertheless the COMPTEL result is consis-
tent with the overall spectrumn; it suggests, however, that the
true spectrum is about a factor of 2 lower than the “best guess”
of Gehrels & Tueller (1992). The difficulty of comparison un-
derlines the need for a uniform analysis method for different
instruments; note that the approach used here could be applied
to data from other instruments and this would allow direct
comparison of results (as is the case for the COMPTEL and
COS B analysis shown in Fig. 1).

4. INTERPRETATION: SPECTRUM OF COSMIC-RAY
ELECTRONS

The low-energy interstellar electron spectrum is not directly
measurable (due to solar modulation) so we have to rely on
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FIG. 1.—Emissivity spectrum of the inner Galaxy derived from
COMPTEL data together with values from a similar analysis of COS B
data (Strong et al. 1988).

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://cdsads.u-strasbg.fr/cgi-bin/nph-bib_query?1994ApJS...92..425S&amp;db_key=AST

JS. 092 47550

]

r 992

No. 2, 1994

6.0x102! E T T T

5.0x10% F
40x102
s0x102' |

2.0x1021

Integrol of NH, cm-2 rodion

1.0x102! E—

ok P DR 1 Pl PRSP
200 100 ] -100 -200
Longitude

F1G. 2.—Total gas column density (H 1 and H,) from 21 cm and CO
surveys integrated over —20° < b < +20°.

model calculations to obtain predictions of the y-ray emissiv-
ity from bremsstrahlung. Spectra for the homogeneous
(“leaky-box) model of cosmic-ray propagation have been
calculated by Ip & Axford (1985) and Skibo & Ramaty (1993)
for particular choices of model parameters. A typical set of
parameters which fits the cosmic-ray nucleon composition
data (Webber 1990) is: mean path length (X = Bcp7) = 10.88
gem 2 for E,<4GeV,=249E % gcm 2 for E,> 4 GeV. For
a mean cosmic-ray lifetime r = 2.5 X 107 yr this implies a
mean gas density of p = 0.3 cm™3. The shape of the spectrum
over the 1-1000 MeV range is effectively determined by Xy
which fixes the energy losses by ionization and bremsstrah-
lung. We have therefore computed spectra for various Xy to
illustrate to what extent the observations constrain this parame-
ter (Fig. 4). The electron injection spectrum is assumed to
have a constant index of —2.4 (Webber 1983); the interstellar
spectrum is normalized at 1 GeV to the value derived from an
analysis of COS B data (Strong 1985).

The resulting y-ray spectrum is shown in Figure 5; we have
added to the bremsstrahlung the ¢ emissivity from Dermer
(1986). The value of Xy (<4 GeV') which best fits the data is 8
g cm ™~ which is in good agreement with the value derived from
composition data. However, although the average level (1-30
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FiG. 3.—Compilation of flux measurements for inner Galaxy. Fluxes
are integrated over latitude.
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Fi1G. 4.—Electron spectra for leaky-box models for various values of
grammage (Xy). Spectra are normalized at 1 GeV to the value derived
from COS B y-ray data (Strong 1985).

MeV) is consistent with this prediction, the observed spectral
shape is somewhat steeper ( E 2); the expected spectral flatten-
ing at low energies due to ionization losses is not apparent,
although the measurement errors are large enough that the 8 g
cm ™2 spectrum cannot definitely be excluded. A possible expla-
nation for the steeper spectrum is that the low-energy emission
has a significant contribution from unresolved point-sources
which are interpreted as diffuse emission in our model fitting
as suggested by the preliminary COMPTEL imaging results
(Bloemen et al. 1994). If this is so then our emissivities repre-
sent only upper limits on the true values. If bremsstrahlung
does indeed dominate this would imply an upturn in the elec-
tron spectrum at low energies. Another possibility is inverse
Compton emission which has a steeper spectrum and may be
important at these energies (see, e.g., Bloemen 1985; Youssefi
& Strong 1991).

5. CONCLUSIONS

The present results were derived using only a small part of
the COMPTEL Sky-Survey, and already significant con-
straints can be placed on the interstellar electron spectrum.
The analysis will be extended to the entire Galactic plane, and
on the basis of the present analysis a further improvement in
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FI1G. 5.—Predicted y-ray emissivity from bremsstrahlung based on
electron spectra (Fig. 4) for various Xj;, compared with COMPTEL and
COS B results. The solid line above 10 MeV is the sum of bremsstrahlung
and w° emission.
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our knowledge of the low-energy «y-ray continuum can be ex-
pected. The question of the interpretation of the spectral slope,
which does not clearly show the behavior expected from ioniza-
tion losses of electrons, will have to be studied further and the
possibility of other components such as unresolved point
sources and inverse-Compton emission investigated. The sepa-
ration into components related to atomic and molecular gas in
the Galaxy, as was done for COS B, should be possible with the

full Sky Survey database. Combination with complementary
OSSE and EGRET results will then be an important step in
unravelling the components of the diffuse y-ray emission from
the Galaxy.

The CGRO project has been supported by DARA under the
grant 50 QV 9096 (MPE) and by NASA under grant NAS5-
26645 (UNH).
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