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Abstract

We present a new model of the blazar gamma-ray luminosity function (GLF) based on the EGRET
blazar data, and study the contribution to extragalactic gamma-ray background (EGRB) radiation, taking
into account the unified sequence of blazar spectral energy distribution (SED). This enables us to predict
the EGRB spectrum in more realistic way than previous studies. We construct a model spectrum of EGRB
by summing up the blazar EGRB component and another non-blazar AGN component, which is dominant
in the cosmic X-ray background radiation. The non-blazar component has a nonthermal steep tail in
EGRB spectrum, and it is dominant against the blazar component up to ∼ 100 MeV. The model EGRB
flux and spectrum are in nice agreement with the observed data from X-ray to 1 GeV band. These results
indicate that AGNs including blazars are the major contributor to the high energy background radiation
from X-ray to gamma-ray bands. Quantitative predictions for GLAST are also made.
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1. introduction

The origin of the extragalactic diffuse gamma-ray back-
ground (EGRB) has been argued in astrophysics for a
long time. The EGRB spectrum was first discovered
by the SAS 2 satellite (Fichtel, Simpson, & Thomp-
son 1978; Thompson & Fichtel 1982). Subsequently, the
EGRB spectrum was confirmed up to an energy ∼ 50
GeV by EGRET on board the Compton Gamma Ray
Observatory. The EGRB flux is about 1× 10−5 pho-
tons cm−2 s−1 sr−1 above 100 MeV and the spectrum
is approximately a power law with a photon index of
−2 in a wide range of ∼30 MeV – 100 GeV (Sreekumar
et al. 1998; Strong, Moskalenko, & Reimer 2004a). It
should be noted that, however, the EGRB measurement
is strongly dependent on the modeling of foreground
emission, which is dominated by the diffuse Galactic
emission from cosmic-ray interactions in the Galactic
disk region and must carefully be subtracted from the
total background flux (Keshet, Waxman, & Loeb 2004;
Strong, Moskalenko, & Reimer 2004b; Kamae, Abe, &
Koi 2005).

Although several sources of gamma-rays (e.g., clusters
of galaxies or dark matter annihilation) have been pro-
posed as a significant contributor to EGRB [see, e.g.,
Narumoto & Totani (2006) and references therein], ac-
tive galactic nuclei (AGNs) of the blazar class have
been thought as the primary candidate for the origin
of EGRB, since almost all of the extragalactic gamma-
ray sources detected by EGRET are blazars. The blazar
contribution to EGRB have been estimated by a num-

ber of papers (Padovani et al. 1993; Stecker, Salamon,
& Malkan 1993; Salamon & Stecker 1994; Chiang et al.
1995; Stecker & Salamon 1996; Chiang & Mukherjee
1998; Mücke & Pohl 2000; Narumoto & Totani 2006;
Giommi et al. 2006; Dermer 2007; Kneiske & Mannheim
2008).

Stecker & Salamon (1996) estimated that 100% of the
EGRB radiation can be explained by blazars. How-
ever, their model was constructed based on the blazar
luminosity function in radio bands, without comparison
with the gamma-ray flux and redshift distributions of the
EGRET blazars. Therefore it was not certain whether
their model was statistically consistent with the EGRET
blazar data. Chiang & Mukherjee (1998) found that only
20–40% of EGRB can be accounted for by blazars, tak-
ing into account the EGRET blazar data and assum-
ing pure luminosity evolution for blazar LF. Narumoto
& Totani (2006, hereafter NT06) extended this kind of
analysis by introducing a luminosity-dependent density
evolution (LDDE) of blazar GLF, which is motivated
from the evolution of X-ray luminosity function (XLF)
of AGNs. NT06 found that the LDDE model fits to the
EGRET blazar data better than PLE models, and also
confirmed that only 25–50% of EGRB can be explained
by blazars. In most of these studies, however, it was
assumed that the spectral energy distribution (SED) of
blazars is a simple power-law, or a broken power-law with
no dependence on the blazar luminosity.

Blazar SED has been theoretically and observation-
ally studied in detail(Ghisellini & Tavecchio 2008, and
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references therein). Blazar emission is widely believed
to be the sum of the synchrotron and inverse Comp-
ton emission components produced by the same nonther-
mal electron population accelerated in relativistic jets.
Multi-wavelength observational studies from radio to γ-
ray bands have indicated an interesting feature in blazar
SEDs; the synchrotron and Compton peak photon ener-
gies decrease as the bolometric luminosity increases (Fos-
sati et al. 1997, 1998; Donato et al. 2001, Ghisellini &
Tavecchio 2008; but see also Padovani et al. 2007). This
is often called as the blazar SED sequence.
Here we predict the EGRB flux and spectrum from

blazars, by constructing a blazar GLF model that is con-
sistent with the flux and redshift distributions of the
EGRET blazars, based on the LDDE model and the
blazar SED sequence. By introducing the blazar SED
sequence, we can make a reasonable prediction of the
EGRB spectrum for the first time. Recently, Inoue,
Totani, & Ueda (2008) has showed that the EGRB in
the MeV band can naturally be explained by normal (i.e.,
non-blazar) AGNs that are the origin of the cosmic X-ray
background. This MeV background component extends
to ∼ 100 MeV by the Comptonization photons produced
by nonthermal electrons in hot coronae. Therefore, it
should also contribute to the EGRB at ≤ 1 GeV. We will
also make quantitative predictions for the Gamma-Ray
Large Area Space Telescope (GLAST) that has success-
fully been launched on June 11th, 2008. Throughout this
paper, we adopt the standard cosmological parameters
of (h,ΩM ,ΩΛ)=(0.7,0.3,0.7).

2. The Blazar SED Sequence

Fossati et al. (1997, 1998) and Donato et al. (2001,
hereafter D01) constructed empirical blazar SED models
based on fittings to observed SEDs from radio to γ-ray
bands. These models are composed of the two compo-
nents (synchrotron and Inverse Compton), and each of
the two is described by a linear curve at low photon en-
ergies and a parabolic curve at high energies.
Here we construct our own SED sequence model

mainly based on the SED model of D01, because there is
a mathmatical discontinuity in the original D01 model.
In this model the two different mathematical fitting for-
mulae are used below and above the luminosity νLν =
1043 erg s−1 at 5GHz, and the luminosity of the inverse-
Compton component suddenly changes with a jump at
this critical luminosity. Once the blazar luminosity is
specified at a reference frequency, this empirical model
gives the full blazar SED from radio to gamma-ray
bands. In Fig.1 we show this empirical blazar SED
sequence model in comparison with averaged observed
SED data (Fossati et al. 1998; D01). We will calculate
EGRB with this model of the blazar SED sequence.

3. The Model of Gamma-ray Luminosity Function of
Blazars

3.1. Relating Jet Power and X-ray Luminosity of AGNs

The cosmological evolution of X-ray luminosity func-
tion of AGNs has been investigated intensively (Ueda
et al. 2003 (hereafter U03); Hasinger, Miyaji, & Schmidt
2005 (hereafter H05); Gilli, Comastri, & Hasinger 2007).
These studies revealed that AGN XLF is well described
with the LDDE model, in which peak redshift of den-
sity evolution increases with AGN luminosity. Here we
construct two models of blazar GLF based on the two
XLFs derived by U03 (in hard X-ray band) and H05 (in
soft X-ray band). It is natural to expect that power of
blazar jet is correlated with the mass accretion rate to
the central super massive black hole, which is also cor-
related with the X-ray luminosity from accretion disk.
Therefore we simply assume that the bolometric lumi-
nosity of radiation from jet, P , is proportional to disk
X-ray luminosity, LX . It should be noted that LX is
not the observed X-ray luminosity of a blazar having
a jet luminosity P . This treatment is observationally
supported from the EGRET blazar data, because NT06
found a better agreement between the LDDE model and
the data than PLE models, adopting this treatment.

3.2. Model Formulations

In this paper we describe the blazar GLF in terms of
νLν luminosity at rest frame reference energy �ref,res ≡
100 MeV. According to the assumption justified in the
previous section, we simply relate the bolometric blazar
luminosity P and X-ray luminosity by the parameter q,
as P = 10qLX . Here, we define the disk luminosity LX

to be that in the rest frame 2–10 and 0.5–2 keV bands
for the hard XLF (U03) and the soft XLF (H05), re-
spectively. Thus, Lγ and LX have been related through
P .
The blazar GLF is then obtained from the AGN XLF,

ργ(Lγ , z) = κ
dLX

dLγ
ρX(LX , z), (1)

where ρX and ργ are the XLF and GLF, i.e., the comov-
ing number densities of AGNs and blazars per unit X-ray
and gamma-ray luminosity, respectively. The parame-
ter κ is a normalization factor, representing the fraction
of AGNs showing blazar activity. In our GLF model,
we adopt the same form in U03 and H05 for ρX , as
ρX(LX , z) = ρX(LX , 0)f(LX , z), where ρX(LX , 0) is the
AGN XLF at present, which is characterized by the faint-
end slope index γ1, the bright-end slope index γ2, and
the break luminosity L∗

X , given as

ρX(LX , 0) =
AX

ln(10)LX

��
LX

L∗
X

�γ1

+
�

LX

L∗
X

�γ2
�−1

(2)

and f(LX , z) is the density evolution function.

This document is provided by JAXA.



208

 41

 42

 43

 44

 45

 46

 47

 48

 49

-5  0  5  10

 8  13  18  23

L
o
g

1
0
νL

ν(
er

g
 s

-1
)

Log10Eγ (eV)

Log10ν (Hz)

Fig. 1. The average SED of the blazars studied by Fossati et al. (1998), and D01. The each thin solid line represent the modified blazar
spectra in this paper.

We set the minimum of the gamma-ray luminosity
Lγ,min=1043 erg s−1, which is roughly corresponding to
the lowest disk X-ray luminosity LX = 1041.5 erg s−1 set
in U03 and H05, with typical values of the q parameter
found in the likelihood analysis below.

4. Gamma-Ray Luminosity Function Determined by the
EGRET Blazar Data

We use the maximum likelihood method to search for the
best-fit model parameters of the blazar GLF to the distri-
butions of the observed quantities of the EGRET blazars
(gamma-ray flux and redshift). The analysis method and
the data used are essentially the same as those in NT06.
In the first analysis, we take q as the only one free

parameter for the U03 hard XLF and H05 soft XLF,
with the XLF model parameters fixed at the values of
U03 and H05. These are hereafter called as U03(q) and
H05(q) fits, respectively. In the second analysis, we also
take the faint-end slope index of XLF, γ1, as another free
parameter in addition to q. These are hereafter called as
U03(q, γ1) and H05(q, γ1) fits, respectively. The best-fit
values for these four fits are shown in Table.1. Figure
2 and Figure 3 show the redshift and luminosity distri-
butions for the best-fit parameters with binned EGRET
data. Quantitatively, the chance probabilities of getting
the observed deviation estimated from the KS test are
also shown in Table 1 and Table 2. Since the best KS
test value is in the H05(q, γ1) GLF model and H05 is
the more recent XLF model, we basically discuss with
H05(q, γ1) GLF model below.

Table 1. Best-fit parameters for blazar GLF

U03(q) U03(q,γ1) H05(q) H05(q,γ1)
q 4.90 4.93 5.20 5.29
γ1 0.86 1.06 0.87 1.26
κ 1.0×10−5 7.6×10−6 3.5×10−6 1.5×10−6

Table 2. KS test probability

U03(q) U03(q,γ1) H05(q) H05(q,γ1)
z 33.5% 25.4% 0.01% 29.3%
Lγ 47.6% 71.8% 1.3% 66.9%

5. The Gamma-Ray Background Spectrum

5.1. the EGRB Spectrum Calculation

We calculate the EGRB spectrum by integrating our
blazar SED sequence model in the redshift and lumi-
nosity space, using the blazar GLF derived in §3. High
energy photons (> 20 GeV) from high redshift are ab-
sorbed by the interaction with the cosmic infrared back-
ground (CIB) radiation (Salamon & Stecker 1998; Totani
& Takeuchi 2002; Kneiske et al. 2004), and τγγ(z, �γ) is
the optical depth of the universe against this reaction,
for a gamma-ray emitted from a source redshift z and
received by an observer at z = 0 with a photon energy
of �γ . In this paper, we adopted std model in Totani &
Takeuchi 2002 for CIB model. Since these interaction
creates e+e− pair, the created electrons would scatter
cosmic microwave background (CMB) radiation (cascad-
ing emission) (Aharonian et al. 1994). We calculated the
cascading emission as in Kneiske & Mannheim (2008).

5.2. The EGRB Spectrum by Blazars

Figure 4 shows the νFν EGRB spectrum predicted by the
best-fit GLF model parameters obtained above. Here,
we show the total EGRB flux as well as the contribu-
tions from different Lγ ranges. This EGRB spectrum
is the primary spectrum directly from blazars, because
in this calculation the effect of CIB absorption is in-
cluded but the reprocessed emission by secondary elec-
trons/positrons produced in IGM is not included. The
data of SMM (Watanabe et al. 1999), COMPTEL (Kap-
padath et al. 1996) and EGRET (Strong et al. 2004a)
are also shown. An important implication here is that
the contribution from the so-called MeV blazars, which
have their SED peaks at around MeV, is negligible for
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Fig. 3. Same as Fig.2, but for luminosity distribution of blazars of the EGRET blazars.

the MeV gamma-ray background, although such MeV
blazars have been suspected as a possible origin of the
MeV background. This is because MeV blazars have a
large luminosity according to the blazar SED sequence,
and the number density of such blazars is small in GLF.

5.3. EGRB from All AGNs and the Origin of EGRB

The total EGRB spectrum from blazars as well as
non-blazar AGNs (gamma-rays from accretion disks) is
shown in Figure 5. Here, the non-blazar component is
the model constructed by Inoue et al. (2008), in which
the EGRB in MeV range is explained by nonthermal elec-
trons that is assumed to exist ubiquitously in hot coronae
around AGN accretion disks. There is some discrepancy
between the MeV EGRB data of SMM and COMPTEL,
and the origin of this is not clear. Here we use two model
parameter sets of (Γ, γtr) = (3.5, 4.4) and (3.8, 4.4) in the
Inoue et al.’s model, where Γ is the power-law index of
nonthermal electron energy distribution and the γtr is
the transition electron Lorentz factor above which the
nonthermal component becomes dominant. These two
parameter sets are chosen so that each of the two fits
well to either of the SMM or COMPTEL data.
There is an excess of the EGRB data around GeV,

compared with our model prediction. An interesting
possibility is that such an excess is due to another com-
ponent that is completely different from blazars, such
as, dark matter annihilation (e.g., Oda, Totani, & Na-
gashima 2005). However, such GeV excess is also seen
in the Galactic gamma-ray background spectrum (Pohl

& Esposito 1998; Strong et al. 2004b; de Boer et al.
2005; Kamae, Abe, & Koi 2005), and Stecker, Hunter, &
Kniffen (2008) have recently shown that these anomalies
around GeV are likely caused by the systematic uncer-
tainty in the calibration of the EGRET detector. They
proposed the re-normalization factors for the EGRET
data at the energy range from 30 MeV to 10 GeV, to
make the EGRET data fit to the theoretically predicted
galactic background spectrum. The cosmic X-ray and
gamma-ray background spectrum with the EGRET data
corrected by these factors is shown in Figure 5. Now the
cosmic X-ray and gamma-ray background radiation are
nicely explained by the emission from blazars and non-
blazar AGNs in the entire range from X-ray to 10 GeV.
Based on these results, we conclude that most of the
EGRB flux can be explained by blazars and non-blazar
AGNs, by GLFs that are consistent with the EGRET
blazar data and AGN LF in X-ray band. Our prediction
will soon be tested in much more detail by the GLAST
data.

6. Predictions for the GLAST mission

Figure 6 shows the cumulative distribution of> 100 MeV
photon flux of blazars. The four GLF models of U03(q),
U03(q, γ1), H05(q), and H05(q, γ1), predict that about
480, 1040, 370, and 1560 blazars should be detected
by GLAST, respectively, where we assumed the GLAST
sensitivity to be Flim = 2× 10−9 photons cm−2 s−1. We
find that the predicted fraction of resolved EGRB flux
is ∼ 95% against the total EGRB flux from all blazars
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in the GLF model. Therefore, the EGRB from blazars
should practically be resolved by GLAST. However, as
seen in Fig. 5, there is a considerable contribution from
non-blazar AGNs to the EGRB flux at 100 MeV, and this
issue will be discussed below. Furthermore, resolvable
fraction of total EGRB flux and of the hole blazar EGRB
flux by blazars expected to be detected by GLAST is (37
%, 95 %) for the H05(q,γ1) GLF model.

7. Conclusions

In this paper, we constructed a new model of the blazar
gamma-ray luminosity function (GLF), taking into ac-
count the blazar SED sequence and the LDDE luminos-
ity function evolution inferred from X-ray observations of
AGNs. An implicit assumption here is that the jet activ-
ity of AGNs is associated with the accretion activity, and
hence the blazar luminosity function has a similar evolu-
tion to that of X-ray AGNs. The GLF model parameters
are constrained by fitting to the observed flux and red-
shift distribution of the EGRET blazars. By this model,
for the first time, we can predict the spectrum of the ex-
tragalactic gamma-ray background (EGRB), rather than
assuming a single power-law spectrum. The contribution
from non-blazar AGNs to low energy EGRB is also con-
sidered, by using the model of Inoue et al. (2008) for
the nonthermal emission from AGN accretion disks ex-

tending from MeV to higher energy band with a steep
power-law.
The predicted EGRB flux and spectrum by the sum

of blazars and non-blazar AGNs is in good agreement
with the high energy background radiation data from X-
ray to ∼ 1 GeV, indicating that the EGRB below 1 GeV
can mostly be explained by a combination of blazars and
non-blazar AGNs. It should be noted that the contribu-
tions from blazars and non-blazar AGNs are comparable
at 100 MeV. The previous studies about blazar GLF and
EGRB concluded that at most 50% of EGRB can be ex-
plained when one constructs a GLF model that is con-
sistent with the EGRET blazar data, and these studies
considered the EGRB flux beyond the standard photon
energy of EGRET catalog, i.e., 100 MeV. Therefore, pre-
vious studies and this work is nicely consistent with each
other. At the photon energy range of > 1 GeV, the non-
blazar component becomes negligible in the EGRB flux,
and hence we predict that most of the EGRB flux should
be accounted for by blazars. The EGRB data by Strong
et al. (2004a) beyond 2 GeV are significantly higher
than our model EGRB spectrum, and this may indicate
the existence of another component. However, as argued
by Stecker et al. (2008), there may be systematic error
in the calibration of EGRET detector around GeV. If
we correct the EGRET EGRB data by the factors pro-
posed by Stecker et al. (2008), all the EGRB data are
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in nice agreement with our model predictions. There-
fore we conclude that most of the observed high-energy
background radiation from X-ray to 10 GeV spanning 7
orders of magnitude in photon energy can be accounted
for by AGNs including blazars, and for the moment we
do not have to seriously consider another exotic compo-
nent of EGRB.
We predicted the flux distribution of blazars by our

model, and we found that 400–1500 blazars should be
detected by GLAST, assuming a sensitivity of Flim =
2 × 10−9 photons cm−2 s−1 above 100 MeV. We found
that GLAST should resolve almost all of the EGRB flux
from blazars, with percentages of ∼ 95% depending on
the GLF models. Therefore, we have a clear prediction:
if blazars and non-blazar AGNs are the dominant sources
of EGRB, the GLAST will resolve almost all EGRB flux
into discrete sources at photon energies > 1 GeV, while
significant unresolved fraction would remain in the low
energy band of < 100 MeV.
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