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Origin of the High Energy Extragalactic Diffuse Gamma Ray Background
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Recent x-ray observations have discovered that groups and clusters of galaxies contain many more
baryons in intergalactic gas than in stars. If high-energy cosmic rays are present there with an average
intensity comparable to that observed in our Galaxy, they could produce the extragalactic diffuse gamma

radiation.
PACS numbers: 98.70.Rz, 98.62.Ra, 98.70.Vc

Observations with the gamma ray satellite SAS-II
have shown [1] that in addition to the galactic diffuse
gamma radiation, which varies strongly with direction
and can be explained by cosmic ray interactions in
the galactic interstellar medium, there appears to be
an unaccounted diffuse component which is isotropic
at least on a coarse scale and fits well at low photon
energies to the extragalactic hard x-ray background
radiation. These two features suggest an extragalactic
origin of this isotropic component [1]. Its spectrum in
the energy range 35-300 MeV was fitted [2] by a power
law with a spectral index —-2.35f8j§ and an intensity
1,(> 100 MeV) = (0.7-2.3) X 107% yecm ?s  lsr7! at
energies greater than 100 MeV. Recent analyses [3—5] of
observations with the Energetic Gamma Ray Experiment
Telescope (EGRET) on board the Compton Gamma Ray
Observatory (CGRO) have yielded similar results. For
instance, a detailed analysis [3] of the high-quality data
from “phase 1” of the EGRET observations obtained the
result that the differential intensity of the GBR in the
energy range 50—10 GeV is well represented by

dﬁ =96 X 1077E"* ecm™2s ' sr7 ! GeV 7, (D
dE
with @ = 2.11 * 0.05. Equation (1) yields an intensity
I,(E > 100 MeV) = (1.1 £0.05) X 107> y ecm 2 X
s~ 1sr7! at energies greater than 100 MeV.

Since cosmic ray interactions in the interstellar gas of
our Milky Way (MW) galaxy explain [6,7] most of the
gamma ray emission of the MW, it was suggested [8]
that cosmic ray interactions in external galaxies may ex-
plain the extragalactic diffuse gamma background radi-
ation (GBR). However, it was found that the summed
emission from cosmic ray interactions in external galax-
ies falls short by a large factor (>20) in explaining the
observed intensity of the GBR [9]. This can be seen
easily: The total emissivity of the MW in high en-
ergy gamma rays (E > 100 MeV) was estimated [6] to
be L,(>100 MeV) = 1.3 X 10 ys™!, while its opti-
cal luminosity was estimated [10] to be Lyw = (2.3 *+
0.6) X 10'°Ly. The average luminosity density of the
Universe was measured [11] to be p; = (1.83 * 0.35) X
108 hLoMpc ™3, where Hy = 100k kms™! Mpc ™! is the
Hubble constant. If the gamma ray and optical emis-
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sivities of galaxies are approximately proportional to the
galactic mass, then their ratio is approximately universal
and equal to that of the MW. The intensity of the extra-
galactic GBR is then given by

¢ pLL (>E)
I,(>E) = z : 2
4’7THO LMW
It yields 7,(>100MeV) = (2.6 £ 0.8) X 1077 y X
cm 2s lgrl, independent of the value of 4. This

intensity is smaller by a factor 30—80 than the observed
intensity of the GBR [12].

Whereas the ratio of gas mass to stellar light for the
MW is Mgas/Lyw = 4.8 X 10° Mo/2.3 X 100 Lo =~
0.21Ms/Lo, recent x-ray observations show that this
ratio for clusters and groups of galaxies is larger by al-
most two orders of magnitude [13]. For instance, analy-
ses of recent observations with the ROSAT x-ray
telescope coupled with precise photometric measure-
ments yielded Mg,/Lp =~ 4.4 X 10" Moh3/2/2.4 X
1002Lo = 1927 2My/Le  within a distance of
0.24h1~! Mpc from the center of HCG62 [14], and Mg,
within a distance of 1.5h~! Mpc from the center of the
Coma cluster [15]. These ratios are larger by about
two orders of magnitude than the MW ratio, which was
used in Eq. (2). They suggest that perhaps cosmic ray
interactions with intergalactic gas within groups and
clusters of galaxies [16] have produced the GBR.

In this Letter we show that if high energy cosmic
rays are present in intergalactic space within groups
and clusters with an average intensity comparable to
that observed in the MW [17], they could produce the
observed GBR. We also produce some observational tests
of the cosmic ray origin of the extragalactic GBR.

For the sake of simplicity, let us first ignore cosmic evo-
lution effects (e.g., Hubble expansion, energy redshift, gas
consumption by stellar formation, evolution of the cosmic
ray flux). Bremsstrhalung and inverse Compton scatter-
ing from cosmic ray electrons dominate gamma ray pro-
duction at low energies while 70 production by cosmic
ray nuclei dominate gamma ray production at high ener-
gies [9]. Thus, for a universal cosmic ray flux (same aver-
age intensity and composition) in the intergalactic space
within groups and clusters, the emission is proportional
to the mass of the gas. Detailed averaging of the gas
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to light ratio over field galaxies, groups, and clusters,
using fitted Schechter luminosity functions for galaxies
[11], and for groups and clusters [18] and gas to light
ratios obtained from EINOBS and ROSAT observations,
yields [19] a mean gas to light ratio of (Mg,s/Lg) =
BMgas/Lmw =~ (13 = 6)h~'?Mq/Lo. Consequently, if
cosmic rays are present in the intergalactic space within
groups and clusters with an intensity comparable to that
observed in the MW, then they produce there an extra-
galactic diffuse GBR whose energy spectrum is similar to
that of the galactic diffuse gamma radiation, and its inten-
sity is larger by a factor 8 = (62 + 31)A~'/2 than that
predicted by Eq. (2). Namely, /,(>100 MeV) = (2.0 =
1.2) X 1072 yem 257 'sr™!, where we used the value
h = 0.65 % 0.15, the weighted average of the most recent
measurements of the Hubble constant [20]). This intensity
agrees well within the experimental uncertainties with the
observed intensity of the extragalactic diffuse GBR.

The large formal uncertainty in the above estimate is
due to the uncertain values of the total gamma ray and
optical luminosities of the MW, of the Hubble constant,
and of the ratio of gas to light averaged over field
galaxies, groups, and clusters. They can be avoided,
however, by using an alternative estimate: The x-ray
observations combined with the mean baryon density
deduced from big-bang nucleosynthesis [21] indicate that
a large fraction, f = Mgas/M;7 > 0.8, of the baryons in
the present Universe are in intergalactic gas within groups
and clusters. At higher redshifts, f — 1 because cosmic
evolution transforms gas into stars. Thus, if n, is the
average density of baryons in the Universe, then a fraction
fnyp is in the form of intergalactic gas within groups and
clusters which is exposed to a MW-like cosmic ray flux.
This exposure generates a high energy extragalactic GBR
with an intensity

1,(>E) = cHy ' fnyju(>E), 3)

where jy(>FE) is the total emissivity in high en-
ergy gamma rays per baryon due to cosmic ray
interactions. From cosmic ray interactions in the
MW it was found that [22] jgy(E > 100 MeV) =
(1.8 = 0.2) X 1072y s !sr™!.  Standard big bang
nucleosynthesis (SBBN) theory and the observed abun-
dances of the light elements, H, D, “He, and ’Li
extrapolated to zero age imply that the ratio of the mean
densities of baryons and photons in the Universe is
211 n = np/ny = (1.6 = 0.1) X 1079 The mean
density of background photons measured [23] with
the Cosmic Background Explorer (COBE) satellite is
n, =411 = 8 cm 3.  Consequently, SBBN yields
np = (6.6 = 04) X 1078 cm™3, and from Eq. (3) it
follows that for f = 0.8

1,(>100 MeV) = (1.35 + 0.40) X 10 ycm s 'sr™ !,
4

This intensity is in good agreement with the measured
intensity of the GBR at energies greater than 100 MeV.

Note that we used a mean baryon density which is
implied [21] by the recent measurements of the abundance
of deuterium in a high-redshift low-metallicity cloud [24]
[(1.9—2.5) X 10™* by number] and also by the current
best determinations [25] of the primordial abundance of
4He(22.9 + 0.5% by mass). However, if the primordial
abundance of deuterium is that observed in the local
interstellar medium [26] [(1.6579%%) X 1075] or that
deduced from the solar system abundances [27], then n,
and consequently /,,(>E) are larger by approximately a
factor of two.

We will now consider cosmic evolution effects in a
Friedman-Robertson-Walker universe with a zero cosmo-
logical constant and a scaled density ) = p/p., where
Pe = 3H}/87G with G being Newton’s constant of
gravity. In this universe, a population of gamma ray
sources s with differential luminosities L (E) <« E~%, a
number density at the present epoch n,, and evolution
functions f,(z) (which describe how the intrinsic lumi-
nosities of sources s change with redshift z) generate a
diffuse extragalactic GBR at the present cosmic epoch,
z = 0, whose intensity is given by

fs (Z)dZ

dl ®
d—gzzx%m‘s“c—f 1 e O
m HoJo (Qz + DV2(1 + 2)

In Eqgs. (2)—(5) we have neglected gamma ray absorption
in the intergalactic space which becomes important only
for E, > 500 GeV due to e*e™ pair production in colli-
sion with the intergalactic IR, visible, and UV background
radiations [28]. The most uncertain factor in Eq. (5) is
the evolution of the intracluster cosmic ray flux. We have
investigated various plausible cosmic ray evolutions and
found out that they can change the predicted intensity
of the GBR as given by Eq. (4) by less than a factor 2.
For instance, if the intensity of intracluster cosmic rays is
time independent, then the redshift of the gamma ray ener-
gies due to the cosmic expansion decreases the predicted
GBR by a factor K = (1/(a + Q/2 — 1) = 0.9 — 0.6
for o = 2.11 = 0.05and 0.10 = Q = 1. Thus for h =
0.65 = 0.15 and Q) = 0.15 * 0.05 (the current best ob-
servational estimates of these parameters) we predict that

1,(>100 MeV) = (1.2 = 0.4) X 10 3y em 25 sr !,
(6)

The above prediction is in good agreement with the ob-
served intensity of the extragalactic GBR. This is also
demonstrated in Fig. 1 which presents a comparison be-
tween the observed and predicted differential intensities
of the extragalactic GBR. For energies greater than
100 MeV, the extragalactic GBR produced by cosmic rays
is expected to have the same spectrum as that of gamma
rays emitted by the MW with an integral intensity given
by Eq. (6) [29]. Figure 1 clearly demonstrates that cos-
mic rays with an average intensity in the intergalactic
space of groups and clusters comparable to that observed
in the Milky Way could produce the observed extragalac-
tic GBR at energies greater than 100 MeV.
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FIG. 1. Comparison between the predicted (thick line) extra-

galactic GBR produced by a universal MW-like cosmic ray
flux in groups and clusters [Eq. (6)] and the observed high-
energy GBR. The dashed, dotted, and full lines are the spec-
trum of the extragalactic GBR derived by Fichtel, Simpson, and
Thompson [1] from SAS-2 observations, by Osborne et al. [3]
from phase I of EGRET observations on CGRO, and by Digel
et al. [5] from EGRET/CGRO observations of the Orion region,
respectively. The actual data points of the measured GBR by
Hunter et al. [4] and by Digel et al. [5] from EGRET/CGRO
observations of the Ophiuchus and Orion regions, respectively,
are also displayed.

The cosmic ray origin of the GBR can be further tested
in future observations.

(1) Nearby gas-rich clusters which were observed
with the ROSAT x-ray telescope, such as the Coma
cluster [15] (D = 70k~ Mpc), the Perseus cluster [30]
(D = 55h~! Mpc), and the Virgo cluster [31] (D =
14h~" Mpc), may be detected by EGRET in high energy
gamma rays. The expected gamma ray flux from these
clusters at a luminosity distance D is given by
Mgast[>(1 + Z)E] (7)

m,D?
For the Coma cluster, My, = (9.0 = 2.6) X
103h=5/2M¢ within a radius of 100 arcmin from its
center [15]. Consequently, its expected gamma ray flux
at Earth is F,,(>100 MeV) = 0.5 X 107 7ycm s~ .

For the Perseus cluster, Mg = (1.2 = 0.3) X
1044h5/2M, within a radius of 100 arcmin from its
center [32]. Consequently, its expected gamma ray flux
at Earth is F,(>100 MeV) = 1.0 X 1077y cm 25!
For the core region of Virgo around the elliptical galaxy
M87, Mgy = (2.0 * 0.3) X 1031 5/2M¢ within a ra-
dius of 2.5° [31], and its expected gamma ray flux at earth
is  F,(>100 MeV) = (22 £ 0.3) X 107 7ycm™2s™ .
Such fluxed are marginally detectable by EGRET.
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F,(>E) =

However, a positive detection by EGRET of such time
independent gamma ray fluxes from the directions of the
Coma and Perseus clusters and from the core region of
Virgo around M87 will provide supportive evidence for
the universality of cosmic rays in galaxies, groups, and
clusters and for the cosmic ray origin of the extragalactic
GBR. Conversely, a failure to detect gamma rays from
the Coma, Perseus, and Virgo (the halo around MS87)
clusters by EGRET can be used to set a limit on the
cosmic ray intensity in these clusters, on the validity of
the universality of cosmic rays in clusters and groups, and
on the validity of the cosmic ray origin of the extragalac-
tic GBR.

(2) The extragalactic GBR and the Galactic GBR
produced by cosmic rays must exhibit the same power-
law spectrum as that of the high energy cosmic ray flux.
Namely, their power index increases gradually from o ~
2.1 = 0.1 around 1 GeV to a ~ 2.67 around 100 GeV.
Beyond 500 GeV the power index of the Galactic GBR
remains that of the MW cosmic rays (~2.7) while that
of the extragalactic GBR increases due to e"e™ pair
production off extragalactic UV, V, and IR background
photons [28].

(3) Cosmic ray interactions in extragalactic gas also
produce a high energy extragalactic neutrino background
radiation (NBR), with intensity proportional to the cosmic
ray intensity [33]:

dl,, _edlcr
IE 1.5 X 10 JE -

Such NBR may dominate the atmospheric neutrino back-
ground at energies beyond 2 X 10° TeV and may be de-
tected by the new generation of neutrino telescopes under
construction [33].

Other explanations of the origin of the GBR have been
proposed [9]. They include the summed emission from
discrete sources such as active galactic nuclei (AGN),
radio galaxies, Seyfert galaxies, and BL Lac objects, and
more speculative diffuse sources such as matter-antimatter
annihilation, cosmic strings, annihilation of dark matter
particles, and decay of particles relics from the Big-Bang.
However, most of these explanations have been later
questioned by observations [9].

Perhaps the most promising of these explanations has
been that the GBR is the sum of gamma ray emission
from unresolved AGN [34]. When this explanation was
suggested, only the relatively nearby quasar 3C 273 had
been seen in high energy (£ > 100 MeV) gamma rays
[35]. Since the launch of the CGRO in 1991, the EGRET
instrument has detected additional 32 AGN in high energy
gamma rays [36], all of which seem to belong to the
“blazar” class. Although it is difficult to see how the
observed isotropic GBR can be produced by the highly
beamed emission from blazars, many of which have a
much harder spectrum than that of the GBR, apparently,
with additional ad hoc assumptions (which may be true)
the observed GBR can be explained as the summed
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emission from blazars [37]. Such a GBR produced by
blazars is expected to exhibit significant angular and
time variability, while a GBR produced by cosmic ray
interactions in groups and clusters is expected to be highly
isotropic and time independent. Moreover, the power
index of a high energy GBR produced by blazars is
—2.06 = 0.05 up to 500 GeV. (This is the power index
of Mk 421, the only blazar that has been detected in
both GeV and TeV gamma rays, by EGRET and by the
Whipple Observatory, [38] respectively. It was assumed
to represent well the power index of the high energy
gamma ray emission by blazars.) These features may
also help distinguish between the proposed cosmic ray and
blazar origins of the extragalactic GBR.
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