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Abstract The extragalactic diffuse emission @iray energies has interesting cosmo-
logical implications since these photons suffer little orattenuation during their prop-
agation from the site of origin. The emission could origgn&om either truly diffuse
processes or from unresolved point sources such as AGNsahgalaxies and starburst
galaxies. Here, we examine the unresolved point sourcenasfghe extragalactig-ray
background emission from normal galaxies and starbursixged.y-ray emission from
normal galaxies is primarily coming from cosmic-ray intgtfans with interstellar mat-
ter and radiation £90%) along with a small contribution from discrete point sowwrce
(~10%). Starburst galaxies are expected to have enhanced swperagtivity which
leads to higher cosmic-ray densities, making starburstgd sufficiently luminous at
~-ray energies to be detected by the curremly mission (Fermi Gamma-ray Space
Telescope).
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1 INTRODUCTION

Observations have indicated the presence of diffuse emniggiesumably of extragalactic origin at
nearly all wavelengths ranging from radioterays. The Compton Gamma-Ray Observatory (CGRO),
launched in 1991 (Kanbach et al. 1988), produced the firsksllsurvey and revealed the presence of
a nearly isotropic emission beyond 1 MeV which is generadisuaned to have an extragalactic origin
(Sreekumar, Stecker & Kappadath 1997). The newly launehey observatories, AGILE and Fermi
Gama-ray Space Telescope (FGST), are expected to gredihnea the depth of sky coverage and
provide more frequent revisits during the next few years.

The measurement of an extragalactic diffuse emission ticpéarly difficult due to a strong com-
ponent of diffuse emission arising from our own galaxy (Hurdgt al. 1997). The measurement of an
extragalactic component at low energies (0.5-10 MeV) ithkrrconstrained by the presence of sig-
nificant instrumental background and nuclear line contidou The poor angular resolution at these
energies £ degrees) further limits the ability to resolve the conttibn from point sources. Above
10 MeV, where no significant line contributions are expeeted pair-production is used as the primary
photon detection process, the instrumental backgrourathisiderably reduced and angular resolution is
significantly improved to resolve point sources. Consetjydn this paper, we focus on understanding
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the extragalactie-ray background above 100 MeV where observational restdtdatter understood
and uncertainties are less.

The first evidence fory-ray emission from our Galaxy came from OSO-3 satellite olz®ns
(Kraushaar et al. 1972). This was supported by the SAS-2 &8-B satellite observations (Fichtel
et al. 1975) which showed a good correlation between therebde-ray emission and that expected
from cosmic-ray interaction with interstellar matter aadiation. The presence of a residual, isotropic
emission in excess of the diffuse emission from our Galaxy theen reported for the first time by
SAS-2 (Fichtel et al. 1977; Fichtel, Simpson & Thompson )9T8is emission, largely believed to be
of extragalactic origin, had an integrated intensity ab®08 MeV (from SAS-2 data) of1(3 + 0.5)

x 1075 photon cnt2s~!sr !, and the spectrum, characterized as a single power-lawasiape of
—2.3570-3 (Thompson & Fichtel 1982).

With significantly improved sensitivity over previous exipeents and a low instrumental back-
ground, EGRET (on board CGRO) provided a new platform tosthé spectrum and distribution
of the extragalactic emission in greater detail than wasiptesin the past. The derived Extragalactic
Gamma-Ray Background (EGRB) spectrum could, in generainfiéenced by the assumed contri-
bution of high-latitude emission associated with the Ggalaiself. Though the processes that lead to
the production of the bulk of the galactic diffuse emissisrairly well understood, the extrapolation
of such models to high-latitude emission is less certain lagrtce can contribute towards additional
uncertainties in the estimation of EGRB.

All-sky observational data from EGRET spanning more tharr feears have been used to derive
the EGRB intensity and spectrum (Sreekumar et al. 1998n§irbloskalenko & Reimer 2004a,b).
Sreekumar et al. (1998) derived the extragalactic emissanconstant component of the total observed
emission that is uncorrelated with the line-of-sight cotudensity of matter for thirty-six independent
regions of the sky. The average spectrum is well fit with alsipgwer-law characterized by a spectral
index of (—2.10 4 0.03) and the integrated flux above 100 MeV is derived as (148.05) x 10~°
photon cnT? s~! sr-t. Strong, Moskalenko & Reimer (2004a,b) used a more extensgmic-ray
model incorporated in the GALPROP code, inferred a new mimilé&alactic diffuse continuum-rays,
and found the EGRB integrated flux above 100 MeV tobgl(+0.01) x 10~° photoncnr? s~* srt,
slightly lower than that obtained by Sreekumar et al. (1998kir EGRB spectrum, if fitted with a
single power law, yields an index 6f2.17 + 0.04, slightly steeper than that found by Sreekumar et
al. (1998). Their data suggest a possible spectral breakndr@.5GeV. In a recent paper, Stecker,
Hunter & Kniffen (2008) showed that there are additionatrimsiental effects that contribute in the
GeV range. These effects lead to underestimation of EGRBi&w@pproach of Strong, Moskalenko &
Reimer (2004a,b), but have no impact on the approach adop&@ekumar et al. (1998).

The origin of the extragalactic emission has been a longdstgrproblem. As in the case of dif-
fuse emission at most wavelength bands, it can be integether as truly diffuse in nature with
a cosmological origin or arising as an artifact of limitedtiument capability to individually resolve
weak point sources. Truly diffuse emission can arise fromewous processes such as black hole evap-
oration, particle acceleration by intergalactic shocksdpiced during large scale structure formation
(Loeb & Waxman 2000; Gabici & Blasi 2003), etc. To addressuheesolved point source contribu-
tion, we start with the final EGRE7F-ray source catalog (Hartman et al. 1999) containing 27 tcasu
(> 100 MeV), which includes five pulsars, one probable radio gal@en A), 66 high confidence iden-
tifications of a sub-class of active galactic nuclei callé&akzbrs and a single external normal galaxy, the
Large Magellanic Cloud (LMC). 27 low confidence potentiaar identifications are also listed. We
discuss blazar contribution to the EGRB in a separate phptis paper, we examine the contributions
from normal and starburst galaxies to the EGRB on the basidsdrvational data from CGRO and by
using suitable scaling relationships from observationdlmodeling results at other frequency bands.

Our galaxy exhibits strong diffuse emission as observerhftoe CGRO sky survey (Hunter et
al.1997). As stated before, the origin of this emissioniidyfavell understood. Further, the nearest small
galaxy, the LMC has also been detected/imys (Sreekumar et al. 1992). Thus, normal galaxies may
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also contribute to the unresolved point source compondB@GdiB. Considering the large population of
normal galaxies, its contribution towards EGRB may not bgligible.

To date, no starburst galaxy has been detectedray energies. In starburst galaxies, the star for-
mation rate (SFR) is higher in comparison to normal galax@@ssidering that SFR is proportional to
supernova rate (SNR), one can expect higher cosmic-raytgsns such galaxies. Sinegray lumi-
nosity of a galaxy is largely determined by its mean cosraiceensity, starburst galaxies are expected
to be potentialy-ray sources in future more sensitive sky surveys such agtliom FGST. The-ray
production mechanism in starburst galaxies is expected &ilar to that of normal galaxies, suitably
enhanced by increased mean cosmic-ray densities. Headayist galaxies, which are currently unre-
solved, also become potential sources of diffysey emission. Current observational limits prevent
clear detection of the nearest starburst galaxies M82 and (Sreekumar et al. 1994, Paglione et
al. 1996; Blom, Paglione & Carramana 1999), but are expected to fall well within the sengitilimits
of FGST.

2 APPROACH TOWARD ESTIMATING SOURCE CONTRIBUTIONS

The nominal approach used to estimate the contributiondd@&BRB from different source classes in-
volves the use of source luminosity functions. The lumityosinction provides the number of sources
per unit co-moving volume, per luminosity interval of thewerse. IfdN (L, z) is the number of sources
having luminosities betweeh and L + dL, within a co-moving volume&V” at a redshiftz, then lumi-
nosity functiong(L, z) can be expressed as

o(r,z) = 2] @

Integrating over luminosity and then over redshift, one foath the total energy flux per solid angle

1 [7dV Eoma L(1+z)
S, (> 100 MeV) = E/o =z x/L O(L,2) x %dg )
L

whereDry, is the luminosity distance of the source anés the energy spectral index.

Among normal galaxies, only the Milky Wa§y LMC have been detected irrays. The differential
photon spectrum of diffusg-ray emission from our galaxy can be approximated by a poawerdf
index —2.2. In the absence of spectral data from many souweesssume that all normal galaxies
and starburst galaxies produgerays with anE—22 differential number flux at the source. So, the
energy spectral indexx) becomes 1.2. Given the limited number of detectionsytiiay luminosity
function of normal galaxies cannot be determined direatiyf availabley-ray observations. ly-ray
luminosity can be related to luminosity at some other wawgtle, then they-ray luminosity function can
be similarly related to the luminosity function at the sansvelength. Here, we make use of the linear
relationship between-ray luminosity and infrared luminosity to derive theray luminosity function
from the infrared luminosity function.

3 v-RAY PRODUCTION PROCESSES

The main processes that are responsible/foay production in our galaxy are (Bertsch et al. 1993 and
references therein):

a) pion production through the interaction of cosmic-ray euelith interstellar matter, which decay
rapidly to producey-rays,

b) bremsstrahlung emission from cosmic-ray electrons and

¢) upscattering of soft photons through inverse Comptonaatén with cosmic-ray electrons.
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4 NORMAL GALAXIES
4.1 ~-ray Luminosity of Our Galaxy

Considering the source functions of differentay production mechanisms as formulated by Bertsch et
al. (1993), they-ray luminosity of our galaxy can be written as

L,(E) = [cngrp(E) + ce qe(E)] % nism X Ve,
+ce qic (E) Uph V:eﬂ”za (3)

wherec,, andc, are the cosmic-ray proton and electron densities resgdgtirelative to the values
in the local solar neighborhoodpr (E), grs(F) andgic(F) are the source functions corresponding
to pion production through nucleon-nucleon interactide¢&on bremsstrahlung and inverse Compton
processes, as defined in Bertsch et al. (19893) is the mean interstellar matter density ang is the
interstellar photon density.

We assume that, = ¢, = cand

c= SR (4)
Nlocal

The V.g, and V., are the effective volumes for the pion production / electooemsstrahlung and
inverse Compton processes respectively. Since pion ptiotugnd bremsstrahlung processes involve
interaction between cosmic rays and the ISM, the effeetivay volumes {.g1) of these two processes
are assumed to be same. The inverse Compton process inuatexction between cosmic rays and
interstellar radiation fields, so the effectiygay volume of this proces§/-) is assumed to be different
from the other two processes.

Multiplying Equation (3) with energy X)) and then integrating over energy (which givesay
luminosity in erg s1), we have

L, =c[{Qpp + QeB}nism] X Ves1 + ¢ X Qic X uph Vesr2, 5)

whereQpp, Qrr & Q1c are the source functions corresponding to the three pres@serg s' cm—3.
They are calculated by multiplying theray source functions (Bertsch et al. 1993) by energydnd
then integrating them over energy,

Lv = vap + L’YEB + L’YIC7 (6)
where
Lopp = X Qpp X nism X Vs, 7)
Ly = ¢ X Qg X nism X Vesrr, (8)
L’nc = ¢ X Q¢ X Uph X Verra. (9)

4.2 Cosmic Ray Density in Normal Galaxies

It is reasonable to assume that cosmic rays are producedate @noportional to the supernova rate
which, is related to the current star formation ra¥¢ (< SFR).
The average cosmic-ray density can then be estimated asK@uy®&llen & Heckman 1993),

N
Verr

X t, (10)

Ner =

whereV,g = effectivey-ray volume of the galaxy and= characteristic diffusion time of cosmic rays
from star-forming molecular gas clouds.
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The cosmic ray proton density, relative to the local solgiar is,

n 71

. ne.  Nogxt

n n - n
Mocal nlocalvveff

K3 (SFRt
nﬁ)cal‘/CH

[assumingV™. o« SFR], (11)

where K7 is the proportionality constant between the cosmic-raygm@roduction rate and SFR, and
nl is the cosmic-ray nucleon density.
Similarly for relative cosmic-ray electron density,

e \Te
Ny NE xt
Ce = =

nleocal nleocal‘/eﬂ
KS(SFRt N

= K5(SFR¢ [assumingV¢. < SFR], (12)
nleocal‘/CH

whereKs is the proportionality constant between the cosmic-ragteda production rate and SFR, and
n¢, is the cosmic-ray electron density.
The constant¥’y and K'§ can be found from our galaxy data. From Equations (11) an (12

n
Cn X Mocal X Vveff

KI'=
2 SFRx t ’

(13)

and .
Ce X Mocal X ‘/CH

SFRx t

Lo, Ly, and L., have been derived for our galaxy (Hunter et al. 1997; Strong/&rall 1976).
Hence,V.g can be found from the value df,., and L., using Equations (7) and (8). The average
value ofc (=1.2) (averaged over our galaxy) has been calculated frantét et al. (1997). The average
ISM density is taken as 0.6 atom crh So, an averag®.g has been calculated which comes out to be
6x 10°6 cm?.

The star formation rate (SFR) of our galaxy has been cakedfiom the infrared luminosity of the
galaxy. SFR is derived from the total (8—10@0) IR luminosity (Kewley et al. 2002).

K§ = (14)

SFRMoyr') = 4.5 x 107" LR (15)
~ 7.9x 10" Lpg, (16)

whereLrir andLyr are the total infrared luminosity and far-infrared lumiitpgin units of erg s'')
of the galaxy respectively.
The SFR of our galaxy is found to be M9, yr—! from the 60 and 10Q: flux (Kewley et al. 2002;
Saunders et al. 2000). We can write,
SFR = K3Ltir, 17)

whereK3 = 4.5 x10~* in units of M, yr—! erg™! s.
So, the proportionality constants between cosmic prodactte (both for electron and proton) and
star formation rate have been calculated using SFR/andlerived for our galaxy,

Ky = (1.9 x 10%) x Hoeal, (18)

KS = (1.9 x 10%3) x % (19)

Here, K} and K are in units of gm' cm? yrx Heeal,



514 D. Bhattacharya & P. Sreekumar

4.3 Contribution tothe EGRB

We derive the contribution of normal galaxies to EGRB by fitstiving a relationship betweeyiray
luminosity and infrared luminosity. Towards this, we examthe relative contributions from different
processes responsible fpiray production in our galaxy.

e [Qpp + QB X nism X Vem
Lye ¢ Q1c uph Vesro
[Qpp + Qe n1sm Vet

Q1c Upnh Ve

1

E.
Hence,
LV = (1 + Kl)[L’YPP + L’YEB]’ (20)

wherek; is the ratio betweeti.,, ., and C,., + L+,).

Itis reasonable to assume thatay production mechanisms in all normal galaxies are simit is
also assumed that the ratio of luminosity contributionsfidifferent processeds;) remains constant
for all normal galaxies. The value df;= 0.07 has been found from our galaxy data. Further, it is
assumed that the constat$’ and K, (proportionality constants between cosmic ray productaie
and star formation rate) which are given by Equations (18) @®), remain the same for all normal
galaxies. So, the luminosity of any normal galaxy becofffiesn Equations (7), (8), (11), (12) and
(20)),

KT KS SF
Ly = (1+K1)><t{ —2 Qpp + —= QEB} X[VTWISMX%&

local local eff

Qpp +

QEB} x nism SFR
local local

Ly = (14 K1) x (1.9 x 10°%) x [Qpp + Qrn] x n1sm SFR (21)

In the above equation, SFR is in units of gnTyr Now, replacing SFR in the last equation from
Equation (17)

L, = (1+K1)><t[

L, = KiL1m, (22)
where, K, = (1 + K;) x tx 2 Qp K2 QEB} xnism X K3 x Mg. The solar mas8/ is in
local

units of gm.

Thus, we have derived a relationship betweeray luminosity and infrared luminosity of normal
galaxies. If¢. (L, z) and¢rir (L, z) are they-ray luminosity function and the total infrared luminosity
functions respectively, then

¢y(L,z)dLy = ¢rir(L, 2) dLTIR. (23)
From Equations (22) and (23) one can write,
L’Y d)’Y (L, Z) dL,Y = K4 X LTIR d’TIR (L, Z) dLTIR- (24)
The contribution to the-ray flux from the normal galaxy population now becomes

1 Lmax L (1 +Z>17a
S 100MeV) = — NSl Bt A— ) §
2(> 100MeV) = 72 | / . 17 D? v

i Fmax J1/ 1—|—z)1 adz
47 dz 471'D2

LI]]&X
x / ¢y(L,2)LydL,. (25)
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From Equations (24) and (25), one can now ffd(>100 MeV) by integrating over the infrared lumi-
nosity function. We used the luminosity function and conmgMuminosity density from Lagache, Dole
& Puget (2003). They parametrized the local luminosity fiorc(z = 0) by an exponential cut-off in
luminosity (Leut—oft)

—L
Fnormat(L, 2 = 0) = da(L, 2 = 0)exp (—— ). (26)

®vo1(L, z = 0) was calculated from Saunders et al. (1990). They also ceresich weak number evolu-
tion

(bnormal(La Z) = ¢normal(L7 z = O) X (1 + Z) (27)
From figure 8 of their paper, one can find the comoving lumilyodensity atz = 0 and, using
Equations (27), (24) and (25), one can find the contributromfthe normal galaxies to the EGRB.
The contribution from normal galaxies to EGRB comes out te-Be10~7 photon cnr? s~ ! sr!,

5 STARBURST GALAXIES
5.1 Determination of v-ray Luminosity Function

No starburst galaxy is detected so far in the 100 MeV — 10 GeAfggnrange. Only upper limits have
been obtained on nearby starburst galaxies M82 and NGC 258 the case of normal galaxies, the
~-ray luminosity function of starburst galaxies cannot bestoucted directly fromy-ray data.

The main processes that are responsibleyfoay production in starburst galaxies are similar to

those of normal galaxies. It is assumed that the congtaift %) is the same as that for
TPP TEB

normal galaxies. The constanft’%lS andK2es (proportionality constants between cosmic ray production
rate and star formation rate for starburst galaxies) areutated by comparing SFR and cosmic-ray
density of M82 and our galaxy. The average ISM density obsiat galaxies is assumed to be the same
as that of normal galaxies,

S
Ky = pK3,
S
K; = pKj,
and,
M8 SFRy
C SFR\/{gQ
It is assumed}82 = (M82 = M82 ]
The~-ray luminosity of a typical starburst galaxy can be expedsss
S S
K2 K SF
Lv:(l"f'Kl)Xt{nQ Qrp + —= QEB}X{ R}”ISMXVeﬂ%
local local ‘/CH
Ky® K$
Ly=(1+K1)xt { 2 Qpp + —2 QEB} x nismSFR
local local
L, = (1+ K1) x 3x (1.9 x 10°%)
x[@pp + QrB] x n1sm SFR (29)
Now, from Equations (15) and (29), one can write
L(L,z) =nLTir. (30)

Therefore, they-ray luminosity functiorj¢~ (L, z)] and total infrared luminosity functiofrir (L, 2)]
of starburst galaxies will be related as

¢’Y (L, Z) dL,Y = ¢TIR(L7 Z) dLTIR- (31)
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5.2 Contribution tothe EGRB

Since total infrared luminosity ang-ray luminosity are linearly related, it is possible to cdéte the
starburst galaxy contribution to the EGRB. From Equati@® énd (31), one can write,

L,¢(L,z)dL, =n x Ltir X ¢1ir(L, 2)dL1IR. (32)

So, the contribution to the EGRB can be found from Equati@a3 and (32). The contribution to the
EGRB from the redshift interval 0 to 2.6 has been calculatatsitiering the total infrared luminosity
density values (for different redshift bins) for both lurogity and density evolution given in Pérez-
Gonzalez et al. (2005). To calculate the contribution fradshift 2.6 to 5, we use the total infrared
luminosity density profile given in Lagache et al. (2004)eTihfrared luminosity densities at various
redshifts are found from figure 1 of their paper. Once we hhedrifrared luminosity densities at var-
ious redshifts, then using Equations (32) and (25), one cahtlfieir contribution to the EGRB. Since
these luminosity functions and hence comoving luminoséygities are calculated for all star-forming
galaxies, in order to get the comoving luminosity densif@sonly starburst galaxies, we subtracted
the contribution from normal galaxies. The integrated phdtux from the starburst galaxy population
comes out to be-7x 10~7 photon cnt? s~! sr—! (for 3 = 1.33). Considering the uncertainties of in-
frared luminosity densities as estimated by Pérez-Glem#i al. (2005), the maximum starburst galaxy
contribution becomes 6% of the EGRB (Sreekumar et al. 1998).

6 DISCUSSION

Even though the new-ray missions AGILE & FGST are expected to significantly cimite to the field,
EGRET, on board the CGRO satellite, has provided the bestsgatit present to characterize the diffuse
extragalactiey-ray background. The EGRET exposure across the full skymsuroform since the sky
survey was largely derived from many individual viewing&/én by observations of specific sources.
Further, there have been systematic changes in the sparkbat response due to reduction in detection
efficiency arising from changes in the gas properties with Uie loss in detection efficiency has been
recovered five times during the mission using gas refills cardoEsposito et al. (1999) discuss the
approach taken to correct data for these time-dependemgekan the system response. Despite the best
efforts in understanding the system response, thesei@salitroduce uncertainties in the determination
of the extragalactic diffuse background. The choice of nhaded to account for the Galactic diffuse
emission also plays an important role in defining the finatspeand spatial uniformity of EGRB.

As stated earlier, the extragalacti@ay background can arise from truly diffuse processesamfr
cumulative contributions from many groupspfay emitting sources which are, at present, spatially un-
resolved. Truly diffuse processes can include contrimgtipom evaporation of primordial black holes,
shocks in the intergalactic medium which up-scatter softtphs tovy-ray energies, decay of topologi-
cal defects, etc. Hawking (1974) showed that black holeswaporate. Small primordial black holes,
which were formed by fluctuations in the early Universe, wiawaldiate high energy photons which can
contribute to a cosmic background. MacGibbon & Carr (1991 Bage & Hawking (1976) have cal-
culated the integrategtray emission from primordial black holes in the Univershepredictedy-ray
spectrum from primordial black holes4s 10~7 photon cnt? s=! sr—! MeV~! at 100MeV and has a
predicted spectrum characterized by a power law of indexbe8@120 MeV (Page & Hawking 1976).
They predicty-rays from primordial black hole emission could signifidgrdontribute to EGRB be-
tween 50 and 600 MeV (see figure 5 in their paper).

During the merger of clusters of galaxies (large scale giradormation), the baryonic components
are forced to move supersonically under the gravitationtgmtial created mainly due to dark matter in
the clusters. This process produces intergalactic shoekswahich accelerate the electrons and hadrons.
These highly relativistic electrons scatter a small fattf the cosmic microwave background photons
in the local universe up te-ray energies (Loeb & Waxman 2000; Gabici & Blasi 2003). Takalated
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~-ray spectrum from structure formation has a spectral irtmween —2 and —2.1 and the integrated
flux above 100 MeV is 1%—14 of the observed background.

Bhattacharjee, Shafi & Stecker (1998) discussed producfibiiggs bosons from cosmic topologi-
cal defects. Decay of the Higgs and gauge bosons give riggdgs. However, they concluded that this
is expected to contribute significantly only above 1 GeV (ggpae 1 in their paper).

Alternatively, as in the case of diffuse backgrounds at ioftegjuencies, the-ray background can
also be largely explained as arising from unresolved pantrces. The natural choice of candidate
sources will be those listed in the finatray source catalog (Hartman et al. 1999). A sub-class of
active galaxies viz., blazars, forms the largest classaftified extra-galactig-ray sources and hence
substantial attention has gone towards predicting AGN rdmrtton to EGRB (Stecker, Salamon &
Malkan 1993; Chiang et al. 1995; Stecker & Salamon 1996; i@hi& Mukherjee 1998; Mucke &
Pohl 2000; Narumoto & Totani 2006). The predictions varynirnearly 25% to 100%, indicating the
degree of uncertainty in these calculations. In order towate the contribution from blazars to the
EGRB, one needs to construct the luminosity function froraraglete sample of blazars. Bhattacharya,
Sreekumar & Mukherjee (2009) studied theay luminosity function and evolution of Flat Spectrum
Radio Quasars (FSRQs) and BL Lacs separately. Carryingtmﬁmd(VL> tests, they found that
BL Lacs do not show any evolution while FSRQs do exhibit etiotu EaF]V results from FGST also
support this conclusion (Abdo et al. 2009), though the lwsity function of BL Lacs determined from
FGST data is found to be harder than that calculated for EGRE&se differences can arise from many
factors. Being strongly time-variable sources, one needketive time-averaged source characteristics
to address contributions of source classes to the backdraoe next two years of data from FGST
should provide this. This consideration was incorporated the characterization of EGRET-detected
sources by taking averages across multiple observatisaadgpcross the full mission by Bhattacharya,
Sreekumar & Mukherjee (2009). However, the limited numiddEGRET detected sources prevented
serious examination of both density and luminosity evolutof FSRQs. Within the next few years,
FGST observation will provide a much more enhanced soustarid hence a better determination of
blazar luminosity function. AGN contribution to EGRB is disssed in detail in a companion paper.
Here, we focus on the estimated contributions from normdlstarburst galaxies.

Contributions of normal galaxies to EGRB have been adddess¢he past by various authors
(Strong, Wolfendale & Worrall 1976; Lichti, Bignami & Pau®?8; Pavlidou & Fields 2002). Strong,
Wolfendale & Worrall (1976) considered no evolution of n@alngalaxies and found the contribution
is a few percent{5%) of the total EGRB. Lichti, Bignami & Paul (1978) includgdlactic evolution
and found a much larger contribution. Pavlidou & Fields (200sed the observational estimates of
the cosmic star formation rate to model the evolution of rargalaxies imy-rays. Kneiske (2008),
using the model of Pavlidou & Fields (2002), reports thatthray flux from normal galaxies are6x
10°7GeVenr2s srtand~2x 1077 GeV cnt 2 s~! sr! for a star formation rate with and without
dust correction, respectively.

The normal galaxy contribution discussed in our paper usedétailed measurements of our galaxy
(Hunter et al. 1997) to derive suitable scaling relationsxtend the analysis beyond the Milky Way.
The differentialy-ray photon spectrum of our galaxy can be approximated byweptaw, £—2-2. In
this paper, it is assumed that this is representative ofoathal and starburst galaxies.

For starburst galaxies, the contribution depends on tlaivelratio (3) of cosmic ray enhancement
per SFR w.r.t the Milky Way. To find the proportionality coasts between cosmic ray production rate
and SFR of starburst galaxies, M82 is taken as a standarcprbpertionality constant is scaled to that
of normal galaxies by comparing the average cosmic-rayityesusd SFR of our galaxy and M82. The
SFR of M82 is calculated using Equation (16) which i&/6 yr—'. The cosmic-ray density of M82 is
taken from Akyiiz, Brouillet 80zel (1991). According to that paper, if scaling for dilutis to be made
through the ratio of the total volume to the active volume d2Vithen the ratio of mean cosmic-ray

densities of M82 and our galaxy (relative to solar neighborhvalue, i.e.ﬁ%) becomes 4.17.
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We applied the relationships derived in this paper to detegrthe~-ray intensity ¢ 100 MeV)
from nearby galaxies. The-ray luminosity value of LMC is estimated using Equation§)(and (21)
as 2.6x 1077 photon cnr2s~!. This can be compared with the observed value (Sreekumarl€a?)
of 1.9+0.4 x 10~ 7 photon cnT?s~!. Since LMC is an irregular galaxy and we have calculated the
expectedy-ray flux from the LMC by assuming that it is a normal galaxyelithe Milky Way, small
differences in the observed and calculated fluxes are exgect

The expected-ray emission for M31, M82 and NGC 253 are derived using Equat(16), (21)
and (29). The FIR flux of M31 is taken from Saunders et al. (2@G0Q Rice et al. (1988). The FIR
luminosity and, hence, the SFR of M82 and NGC 253 are calkediliom Rice et al. (1988) which also
matches previous estimates (Radovich, Kahanpaa & Lerd@&)2

The expected-ray emission from these galaxies are compared with theetbsi-ray upper lim-
its (Sreekumar et al. 1994; Paglione et al. 1996; Blom, Bagli& Carramiana 1999) as shown in
Table 1. FGST, with a sensitivity limit of 1.5 x 10~ photon cnt? s=! (> 100 MeV) (Chen, Reyes
& Ritz 2004; Michelson 2003), is expected to detect at Idasse nearby galaxies.

Tablel Total Integrated Photon Flux(100 MeV) for Nearby Galaxies

Galaxy Predicted fluxien) EGRET upper limit
M31 2.7x 107° 0.8x 10"
M82 3.9x 107? (for A= 1.33) 0.5x 1077
NGC 253 3.8x 1079 (for 5= 1.33) 1.0x 1077

Thompson, Quataert & Waxman (2007) also estimated theibatitn from starburst galaxies to
the EGRB at 1GeV. They considered thatays are only produced from neutral pion decay. They as-
sumed that electrons lose energy mainly via synchrotrosson while evoking inverse Compton and
bremsstrahlung losses to flatten the electron spectrumrsweconsistency with the measured radio
synchrotron spectral index. However, EGRET observatiehis({er et al. 1997) show significant con-
tribution from inverse Compton and bremsstrahlung praeessthe energy range of 30 MeV-10 GeV.
Thompson, Quataert & Waxman (2007) considereg 0.05 (fraction of the supernova energy sup-
plied to protons) i.e., % of the supernova energy is supplied to protons. The valughas been dis-
cussed by various authors with values as high as 0.5 (ElsBichler 1984; Ellison, Decourchelle &
Ballet 2004). Ann value> 0.05 may be necessary if the inverse Compton process and breimsstg
process contribute significantly to the electron energg.lts another paper, Stecker (2007) estimated
starburst galaxy contribution to EGRB which is a factor ohfadler than that estimated by Thompson,
Quataert & Waxman (2007). In both papers (Stecker 2007; Tsom, Quataert & Waxman 2007), star-
burst galaxy contribution to EGRB is calculated as a fractibthe total infrared background that comes
from starburst galaxies. Since this fraction is not wellstoamined, they obtained different results. In this
paper, a more direct approach is adopted. Here, the luntyrfasiction of star-forming galaxies is taken
from Pérez-Gonzalez et al. (2005), from which the stasbgalaxy contribution is calculated.

The contribution from the normal and starburst galaxy pafiohs to the extragalactigray back-
ground (1 % and~6%) is small but cannot be neglected. In particular, the enbdcosmic-ray activ-
ity in starburst galaxies suggests significant productiop-tays and, hence, is an important contributor
to EGRB. Since the detected members of these two classegraefew or nil, the constant&’;, K3
and K5 are not well constrained at present. FGST will be able toadetéditional normal and starburst
galaxies. This will provide a direct measure of thdactor necessary to derive improved estimates of
starburst galaxy contribution to EGRB.
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