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Abstract The gamma-ray background is still a subject under greattdelddl phenom-
ena in the universe emitting gamma-rays can contributectiiras diffuse emission or as
an isotropic component from unresolved point sources. Tiestipn of the origin of the
extragalactic component cannot be answered without datgrgithe galactic emission. To
discuss in detail all models resulting in gamma-ray backgdocontributions is far beyond
the scope of this paper. Therefore the focus will be on rgeeblications on the extragalactic
high energy £100 MeV) part of the gamma-ray background.
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1 INTRODUCTION

The first gamma photon ever detected by astronomers was groaccid photon possibly of galactic origin.
Since then observations have improved and a lot of ideas eee introduced to explain the data. It is
still under debate what causes diffuse emission. Is it agidrradiation due to particle processes in our
Galaxy or in the universe or just a faint residue by gammasmyrces which are too dim to be detected
by recent telescopes and observatories. The gamma-ragtoacid signal is so important because it is a
strict upper limit for theoretical models of possible camttion. For example, models including number
density of the extragalactic contribution by unresolvethpsources has to predict a gamma-ray flux which
is below the observed signal. If gamma rays and neutrinopraduced in the same process, one can also
derive an upper limit for the neutrino background using tkteagjalactic component of the diffuse gamma-
ray observation. The paper will focus on energies above 168V lind is organized as follows. A brief
summary of observations will be followed by the question Hovdetermine the galactic flux. The next
section will focus on different contributions by unresalvgoint sources after showing a general method
for the calculation, including cascade emission whichiigated by the annihilation of gamma-ray and low
energy background photons. In the last chapter other dessiitribution will be discussed.

2 OBSERVATIONS

In 1965 Kraushaar published the first detection of a gammainaton above 100 MeV. The total flux was
F =3x10"*cm~2 s ! sr ! (Kraushaar et al. 1965) which is still a factor of 20 higheartthe number
of recent observations. A few years later the same authdrsped results of the OSO-3 satellite which
not only showed an isotropic component but also could djsish between a strong galactic and a fainter
extragalactic component (Kraushaar et al. 1972). The fisttsum above 35 MeV could be derived with
data from SAS-2 with a spectral index of —2.35 (Thomson & &th982). This number is very close to
the —2.1 which can be fitted to the extragalactic data také&émBGRET (Sreekumar 1998). GLAST which
to be launched by the end of this or the beginning of next yalhbe able to improve the observation due
to its much better resolution and sensitivity. After detegthe total signal the problem of distinguishing of
galactic and extragalactic components occurs.
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3 GALACTIC EMISSION

The determination of galactic emission which is more thaa order of magnitude higher is crucial. The
sky map has to be divided into several regions to get diftefter levels. The extragalactic component is
assumed to be isotropic, which leads to the same flux and the spectrum for each region. A theoretical
model has to be developed for the galactic component (GBubAraction for each region with this model
should lead to the same residue, which is the extragalamtiponent. The uncertainties can be reduced by
fitting only the shape of the galactic flux but not the absolatiele. By introducing a normalization factor
(c1) for each sky region the dependence on fluctuations in gasitéem in the interstellar radiation field
and in the cosmic ray densities can be reduced. In our Galexinteractions of cosmic-ray protons with
the interstellar gas and electrons interacting with stglleotons are believed to be the main mechanisms
of gamma-ray emission. At MeV energies inverse Comptorteséay) and bremsstrahlung are dominating
the flux, while the GeV photons are produced in neutral piocaggStecker 1977). A first analysis of
Sreekumar et al. (1998) led to a spectrum which could be fitjethe power law with the spectral index
of « = —2.1. Using an updated galactic model, Strong, Moskalenko & Rei(2004) recalculated the
EGRET data and found a smaller flux with an excess above 1 GeV.

The idea that another galactic contribution could come fdark matter (DM) annihilation was pre-
sented by De Boer et al. (2005). The excess in the EGRET datgedbGeV is then explained by a dark
matter annihilation signal from Weakly Interacting MassRarticles (WIMPS) in a mass range freab0
to 100 GeV. The resulting extragalactic gamma-ray backgglavas published by De Boer et al. (2007) and
is closer to the results of Strong, Moskalenko & Reimer (2004

This would lead to a formalism where for every given diregfioin the sky the flux can be written as

Fops(E) =c1 - Fop + Fegp + ¢2 - Foum 1)

while the dark matter contribution is still under discussi&or example in a recent study Stecker,
Hunter & Kniffen (2007) were re-examining in detail the sdl@d GeV “anomaly”. They found that instead
of an astrophysical phenomenon it could be explained byecting the flux sensitivity of EGRET above
1 GeV. Their analysis confirmed the results by Sreekumar. ¢€1998).

Another very detailed analysis of the background detertitinas published by Keshet, Waxman &
Loeb (2004). They show that methods previously used to ifyetite Galactic emission depend on the
Galactic tracers used and on the part of the sky examinedrfrparison to the other results they found a
quite low flux at 1 GeV in their analysis.

Keeping the problems of data analysis and galactic emissionind we will proceed with possible
interpretations of the extragalactic component.

4 FAINT COSMIC SOURCES

4.1 Method

To calculate the total flux contribution to the extragaladiackground by a population of unresolved
sources, the following equation is used

AN 1 [ dV. [* dN dN'
dE, dQ ~ 4r ), dz |, dVdLdE,

(z) dL dz, 2

with dN*/dE. (z) as the intrinsic gamma-ray flu{V,. /dz as the cosmological volume elemeht,, as the
total luminosity of the weakest source and the luminosityctiondN/(dV dL).

A template spectrurdN/dE., can be derived by averaging observed gamma-ray spectrader-a
tain source population. If no observations are availablthemretical model has to be developed based
on average parameters derived from observations in othegleregths. Crucial for the calculation is the
gamma-ray luminosity functiodN/(dLdV'). If a statistical relevant number of sources have been tietec
in gamma rays a local luminosity function can be derivedudig a term for density and/or luminosity
evolution. Without gamma-ray observations the lumino&ityction has to be calculated using observations
in a different energy range and a correlation function.
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4.2 Absorption and Cascade Emission

Is the gamma-ray spectrum of an extragalactic source exigmhal energies above 20 GeV, extragalactic
absorption due to photon-photon pair production with lowrgy background photons has to be taken into
account. The produced electron-positron pair is init@gm inverse Compton - pair cascade which leads
to a gamma-ray flux by secondary photon production. For alsimpalytical description equation 2 can
be modified by taking absorption and the first generation obisdary gamma-ray photons from cascade
emission into account

dN 1 [ dV, [ dN
- = — ——
dE,dQ ~ 4x )y dz J,. dVdL
dN* dN°¢
(2 4L d 3
|:dE’7(Z)+ dEry (Z):| € ZS? ( )

with the cascade emissialiv®/dE., (=, L) and pair creation optical depths, > 1.

For a detailed calculation a monte carlo cascade code hasusdn. The absorption is due to a pho-
ton background at ultraviolet, optical and infrared enesgivhich is produced by stars in galaxies. The
measurements of the so called extragalactic backgrountidig leaving room for uncertainties within one
order of magnitude. For other redshifts no direct obsepwatcan be obtained. Models for the extragalactic
background light (EBL) have been developed by several asisee the review by Hauser & Dwek 2001).
To calculate the absorption and cascade emission for a gidpuiof sources at low and high redshift the
redshift evolution of the EBL has to be taken into accourg.(8alamon & Stecker 1998, Kneiske et al.
2002, 2004). The models include optically selected gatagied infrared galaxies by spectral synthesis
models, a cosmic star formation rate and the physics of tteestellar medium. The result is the optical
to infrared flux as a function of redshift, where the opticaitps due to direct starlight while the infrared
emission is re-radiated starlight by interstellar dust. 8del based on Kneiske et al. (2004) is shown for
four selected redshifts in Fig. 1. The EBL model takes nevenladions into account by choosing values
for model parameters as stated in figure 1.

The electrons and positrons interact via inverse Comptatiesing with cosmic microwave photons.
The interaction takes place at a distance of a few hundredtdpcfew Gpc depending on the energy of
the primary photon (Protheroe & Stanev 1993). This is oetsiflthe large scale cosmic structure where
the magnetic field is assumed to be very small. Depending eratitual strength of the magnetic field
the secondary gamma-rays are beamed into the same dirastite primaries and would simply add to
the primary flux. In case of a high magnetic field, they areritlisted isotropically in a halo around the
gamma-ray source.

4.3 Star Forming Galaxies

Based on the fact that high energy gamma-ray emission hasdiserved in our own Galaxy a so called
guaranteed flux from other galaxies can be calculated.dRavi Fields (2002) used a power law fit of the
Galactic spectrum with a spectral break at 850 MeV, a totalngass of 0'° M, a gas density of 1 cr
and a star formation of 3.2/, yr—! to get luminosity at gamma-ray energies for a Milky-Wayelialaxy.
Integrating the luminosity with the cosmic star formatiaierup to a redshift of 5, they got a flux of 2 and
6 x 107 GeV cnt 2 s7! sr! for a star formation without and with dust correction regjpety. Most of
the flux is emitted by galaxies with redshifts smaller thaa 1.

The same authors have calculated contribution by unidedt#GRET sources (Pavlidou et al. 2007).
The idea s, if these sources are of extragalactic origip teatribute as a distinct extragalactic population.
If these sources are located within the Galaxy, their capatés in external galaxies could contribute to the
unresolved emission from theses systems. For this caillcnlato assumptions had to be made. The first
is that all unidentified EGRET sources without counterpegtia fact one class of objects, so that a flux
distribution can be obtained. The second assumption ighedtux distribution can be extrapolated to the
faint end. The result is in agreement within the confidenitirof the EGRET background data by Strong
et al. (2004). This is quite interesting although it is qiesble that unidentified EGRET sources can be
taken as distinct class of objects.



222 T. M. Kneiske

T LN LR | T T rrrrr| T LB R | T T T T rIrr

E
3
o
e
o 3
o 3
7, 3
o :
‘n
3
> .
=
1 ] ] ] N
102 » I ] ] 7]
10°F =0 =
10'F /__/_\ : E
0 L 1 1 L1 1111 l 1 1 L1 1 111 l 1 1 L1 1111 l 1 1 L1 1 1 l:
100
10" 10 10" 10 10°

A [microns]

Fig.1 The metagalactic radiation field for four selected redshifor data point references, a detailed
model description and parameter definition see Kneiske €@04, 2007). The values for the shown EBL
model are: SFR:=(3.5, -1.2, 1.2, 0.1), SRRz=(4.5, 0, 1.0, 0.1),£.=0; & = pow(10, —23.4). They
are chosen to account for recent observations by the ifsatellite SPITZER.

A more extreme class of star forming galaxies are the starlund luminous infrared galaxies (LIG).
They have high infrared luminosities, high gas densities star formation rates which are a factor of ten
higher than in the Milky Way. Therefore they are very gooddidates for high energy gamma-ray emission
although it has not been detected yet. Based on the assumtiptibrelativistic protons lose nearly all their
energy due to pion production within a luminous infraredaggland that the observed radio synchrotron
flux is only emitted by secondary electrons Thompson, Quiag&a®/axman (2006) came to a 10% con-
tribution of the extragalactic gamma-ray background. kirtlsalculation some of the favorable LIGs and
starbursts (M82, NGC253, and IC342) should be observalite tive next gamma-ray satellite GLAST.
This result was questioned by Stecker (2006). He arguecbtieat if the assumptions were correct, another
problem occurred. The gamma-ray background calculatioimalized to the total local infrared lumi-
nosity density from the IRAS2Jy sample (Yun et al. 2001) nrtbe radio-FIR relation, which seems to be
also valid for starburst regions, a radio luminosity fuantat 1.4 GHz is calculated. And because of the
assumption that the radio and the gamma-ray flux are bothupeatin pion decay, it is straightforward to
derive a gamma-ray luminosity function. Stecker pointettioat not 100% of the local infrared luminosity
density is due to emission from starbursts but rather 10¢tutting the emission from starburst at higher
redshift the percentage comes to about 23%. Therefore thteilmation of starburst galaxies is a factor of

five smaller.

4.4 Active Galactic Nuclei

Back in 1996 Stecker & Salamon calculated a contributionladdrs using a radio luminaosity function and
a linear correlation between radio and gamma-ray lumipo$hey also included a flaring component of
blazars taking the steepening of the spectrum into accdinet.result was that blazars could account for
100% of the observed flux. They added the effect of extragjialabsorption in Salamon & Stecker (1998).
Chiang & Mukherjee (1998) showed that Stecker & Salamon h#gd to reproduce the observed number
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Fig.2 Gamma-ray background contributions. Shown are contobuty normal galaxies (thick pink line;
Pavlidou & Fields 2002); starburst galaxies (thin pink jileompson, Quataert & Waxman 2007); EGRET
blazars (blue dashed line; Kneiske & Mannheim 2008); X-RaylEcs (blue solid line; Kneiske &
Mannehim 2008); Neutralinos (green solid line; Elsaesséa@nheim 2005); FRI (kpc scale jets (blue
dot-dashed line; Stawarz, Kneiske & Kataoka 2006); Galakis@rs solid orange line; Colafrancesco &
Blasi 1998); Structure Formation (red dot-dashed line;isir2002).

of sources detected by EGRET by overproducing the numbewatddshift. Stecker (2001) argued that his
assumption of a correlated radio and gamma-ray emissiolaiats is contrary to the statistical indepen-
dent analysis in CM98 which introduces a bias. Thus, theutation in Chiang & Mukherjee (1998) using
the EGRET luminosity function and a radio luminosity fulectifor completeness came only to 25%—50%
of the observed background flux. A simple correlation betwleeninosities is always a source of uncer-
tainty so other models started with multiwavelength sgeciommi et al. (2005) modeled a synchrotron
self Compton spectrum for blazars. The spectrum was nozethto radio and X-ray data. Using a radio
luminosity function they could reproduce the X-ray backgrd very well but had problems at higher ener-
gies. Other models by Muecke & Pohl (2000) included a coutitim of BL Lacs and Flat Spectrum Radio
Quasars separately. From this calculation 40%—-80% of thkgoaund are due to unresolved AGN. This
work was updated recently by Dermer (2007) where he used sigaiynodel to fit the redshift and size
distribution of EGRET blazars.

A contribution of secondary gamma-rays from BL Lacs has losdculated by Kneiske & Mannheim
(2008). Direct emission of X-ray BL Lac (XBL) can only make @nwr contribution, since the maximum
of high energy emission is at TeV energies. But the secorgiamyma-rays have energies about two orders
of magnitude below the primary photons. An X-ray luminogiinction showing almost no evolution has
been used. The result was a contribution of about 10% to thergbd GeV background which is almost all
due to secondary flux.

A similar calculation has been done by Stawarz, Kneiske &alika (2006) for the extended jet emis-
sion from Faranoff-Riley (FR) galaxies. Assuming that tlheerved X-ray emission in the bright knots of
the kiloparsec scale jets are due to synchrotron emissigaena-ray flux can be calculated. Including the
secondary gamma-ray photons we found that only 1% of the ganambackground could be explained by
the extended luminosity of FRI galaxies.
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45 Gamma-Ray Bursts

In the analysis by Casanova, Dingus & Zhang (2007) the dmutidn of gamma-ray bursts have been

calculated. A power-law for the synchrotron and inverse @mm component has been used where the
inverse Compton flux is higher by a factor of ten. Extragataaibsorption has been taken into account too.
The resultis a 10% contribution at GeV energies.

4.6 Galaxy clusters

Galaxy clusters have not been detected by EGRET, but ansasblyScharf & Mukherjee (2002) has shown
that a possible correlation exists between high Galactimtte EGRET data and Abell clusters 3 o).
They have shown that 447 of the richest clusters with a baléaieminosity of L ~ 10** erg s and no
evolution could explain about 1% to 10% of the gamma-ray gemknd.

A more theoretical calculation by Colafrancesco & Blasiq&pis based on a self-consistent picture of
cluster formation and evolution. The model starts from anprdial density perturbation spectrum, and a
realistic modeling for the distribution of the intergaliaanedium. They found that an evolving population
of clusters can only produce up to 2% of the observed flux.

5 OTHER CONTRIBUTIONS

Other ideas have been published on the origin of the extmatialgamma-ray background, like matter-
antimatter annihilation (e.g. Stecker, Morgan & Bredekdpl, Cohen, Rujula & Glashow 1998) or the
decaying of primordial black holes (MacGibbon & Carr 199Rrely diffuse orgins were discussed in
Stecker 1973. The resulting spectra are quite differembfidhat has been observed with EGRET, so it is
very unlikely to have a significant contribution from thisopesses. Some of the more recent results are the
following.

Elsaesser & Mannheim (2005) used high resolution simulatiof structure formation to calculate
contribution with a maximum around 10 GeV from neutralinaidiiation in cold dark matter halos. They
found a neutralino mass of 515 GeV for their best-fit model.

Gravitational induced shock waves produced during clusgrgers and large-scale structure formation
give rise to highly relativistic electrons that are respblesfor inverse Compton scattering of the cosmic
microwave background photons to GeV energies. A contiiput the gamma-ray background is produced
in filaments, sheets, and extended gamma-ray halos assbeigh massive cluster (Loeb & Waxman
2000). Similar to this Miniati (2002) found that cosmic rayfscosmological origin can account for about
20% of the gamma-ray background. In his calculation 30% eftimputed flux is emitted by the decay of
neutral pions generated in p-p collisions of the ionic casmy component with the thermal gas.

In Dado, Dar & Rujula (2007) the authors explain the extragtit gamma-ray background by inverse
Compton scattering of the cosmic microwave background #lths photons by cosmic-ray electrons in
the interstellar and intergalactic space. In their workytget a much higher galactic contribution from
cosmic-ray electrons in the Galactic halo. The extrag@laerhission is calculated from electrons ejected
by supernova explosions and AGN.

A fluctuation analysis could give a better understandingcWvioif the many possible origins are dom-
inating. The angular power spectrum of intensity fluctuaiof the extragalactic gamma-ray background
measured in the future by GLAST could probe its origin (Miné al. 2007).

References

Casanova S., Dingus B. L., Zhang B., 2007, ApJ, 656, 306

Chiang J., Mukherjee R., 1998 ApJ, 496, 752

Colafrancesco S., Blasi P., 1998, APh, 9, 227

Cohen A. G., de Rujula A., Glashow S. L., 1998, ApJ, 495, 539

Dado S., Dar Arnon, De Rujula A., 2007, astro-ph/0607479

De Boer W., Sander C., Zhukov V., Gladyshev A. V., Kazakov.D2005 A&A, 444, 51
De Boer W., Nordt A., Sander C., Zhukov V., 2007, astro-pbf8094

Dermer C. D., 2007, ApJ, 659, 958

Hauser M. G., Dwek E., 2001, ARA&A, 39, 249



Gamma-ray Background: A Review 225

Elsaesser D., Mannheim K., 2005, PhRvL, 94, 302

Kneiske T. M., Mannheim K., Hartmann D., 2002, A&A, 386, 1

Kneiske T. M., Bretz T., Mannheim K., Hartmann D., 2004, A&#4,3, 807

Kneiske T. M., Mannheim K., 2008, A&A, 470, 41

Keshet U., Waxman E., Loeb A., 2004, ApJ, 617, 281

Kraushaar W., Clark G. W., Garmire G., Helmken H., HigbieAgogino M., 1965, ApJ, 141, 845
Kraushaar W. L., Clark G. W., Garmire et al., 1972, ApJ, 147, 3

Loeb A., Waxman E., 2000, Nature, 405, 156

MacGibbon Jane H., Carr B. J., 1991, ApJ, 371, 447

Miniati F., 2002, MNRAS, 337, 199, 2002

Miniati F., Koushiappas S. M., Di Matteo T., 2007, astro§a92083

Muecke A., Pohl M., 2000, MNRAS, 312, 177

Pavlidou V., Fields B. D., 2002, ApJ, 575, L5

Pavlidou V., Siegal-Gaskins J. M., Brown C., Fields B. D.in@ A. V., 2007 Ap&SS, 191
Protheroe R. J., Stanev T., 1993, MNRAS, 264, 191

Thompson D. J., Fichtel C. E., 1982, A&A, 109, 352

Thompson Quataert E., Waxman E., 2007, ApJ, 654, 219

Salamon M. H., Stecker F. W., 1998, ApJ, 493, 547

Scharf C. A., Mukherjee R., 2002, ApJ, 580, 154

Sreekumar et al., 1998, ApJ, 494, 523

Stawarz L., Kneiske T. M., Kataoka J., 2006, ApJ, 637, 693

Stecker F. W., Morgan D. L., Jr., Bredekamp J., 1971, PhRV|.1269

Stecker F. W., 1973, Nature, 241, 74

Stecker F. W., 1977, ApJ, 212, 60

Stecker F. W., Salamon M. H., 1996, ApJ, 464, 600

Stecker F. W., Salamon M. H., 2001, proc “Gamma 2001", Balten USA. astro-ph/0104368
Stecker F. W., Hunter S. D., Kniffen D. A., 2007, astro-pl¢®A311

Stecker F., 2007, APh, 26, 398

Strong A. W., Moskalenko I. V., Reimer O., 2004, ApJ, 613, 956

Yun Min S., Reddy Naveen A., Condon J. J., 2001, ApJ, 554, 803



