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Figure 1. Gamma-ray fluxes from various decaying dark matter (mdm = 1 TeV, ⌧dm = 3⇥ 1027 s).
Plots give fluxes from decay channels: (a) ⌫eµ

�
µ
+ (⌫̄eµ+

µ
�) and ⌫µe

�
µ
+ (⌫̄µe+µ�), (b) µ+

µ
�, (c)

⌧
+
⌧
�, (d) W

±
µ
⌥, (e) uds (ūd̄s̄), and (f) bb̄. Data points with error bar and a band of the EGRB

observed by Fermi-LAT is also shown [24] (see Sec. 3).

final sate quark:

dNi

dzi
= 12z2i (1� zi) ,

dNj

dzj
= 2z2j (3� 2zj) , (2.16)

in a single process ã ! uidjdk. The energy distribution for dk is the same as dj . These quarks
are hadronized to produce mesons, which decay to gamma rays and electrons/positrons,
and electrons/positrons become source of IC photons. In later numerical analysis, we also
compute a case of final state bb̄ for comparison, which would be useful for those who are
interested in.

2.3 Gamma-ray fluxes (examples)

In Fig. 1 gamma-ray fluxes in various decaying dark matter models are plotted. For lep-
tophilic case, result is shown for a case where only �

0
122 is relevant (dubbed as “⌫l+l�”) in

W̃
0 dark matter, while decay channels µ+

µ
� and ⌧

+
⌧
� are considered in ⌫̃R decay. It is seen

that the gamma-ray spectra from LLE
c and µ

+
µ
� are quite similar. On the other hand, in

⌧
+
⌧
�, the spectrum has double peaks. This is due to primary gamma rays produced from

cascade decay of tau, which gives another gamma-ray flux in high energy region. For hadron-
ically decaying dark matter, the axino decay via �

00
122 is considered (denoted as “uds”). The

spectrum shows similar behavior to ⌧
+
⌧
� case and bb̄ channel as well. Finally, the flux from

decaying gravitino to W
±
µ
⌥ is expected to have a property in the middle of leptophilic and

hadrophilic cases, which is in fact seen in the figure.
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FIG. 8: The left (right) panel: di↵erential �-ray flux for the unresolved (unresolved and resolved) BL Lac, FSRQ, MAGN, SF
galaxy populations and the DM contribution as fixed by the best fit to the IGRB (EGB) data, Model A (see Tab. IV). The
DM annihilates through bb̄ channel. Its flux is also splited into the prompt and the ICS emission. The red solid line displays
the sum of all the contributions.
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FIG. 9: Upper limits (at 2-� C.L.) on the DM annihilation cross section obtained from extragalactic DM (left and right panels
are for bb̄ and ⌧+⌧� annihilation channels, respectively). The uncertainties on the predicted flux translate into the cyan band
on h�vi. For reference, we also draw the upper bound found from the Galactic DM halo (same as in Fig. 4).

over two typical values for the minimum halo mass can
be taken into account: 10�6 or 10�9 M� (see [88, 89])
. The combination of these assumptions gives un un-
certainty of about a factor of about 60 in the final (at
redshift zero) �-ray flux from extragalactic DM. This un-
certainty is definitely overwhelming with respect to the
other possible variable ingredients, including the extra-
galactic background light absorption modeling (see [72]
for further details). We have computed the flux includ-
ing both prompt and ICS photons, choosing the ‘minimal
UV’ model for the intergalactic stellar light [72] (we have
verified that the ‘maximal UV’ option has negligible ef-
fects on our results). The upper bounds on h�vi derived
from extragalactic DM are shown in Fig. 9. The uncer-
tainties on the predicted flux translate into the cyan band
on the annihilation cross section, which spans almost two
order of magnitude (as noticed in [72], the computation
is performed within a NFW halo profile, and the analy-

sis of di↵erent halo density shapes would add a further
uncertainty of roughly an order of magnitude). From
Fig. 9, we can notice that the bounds set from the extra-
galactic DM encompass the ones derived from the mere
Galactic DM component. Given the huge uncertainty of
the extragalactic halo modeling, it is not possible to set
stronger bounds with respect to the ones obtained from
the smooth Galactic halo. Additional uncertainties on
the extragalactic DM component are due to the DM dis-
tribution at small scales and to the e↵ect of baryons in
DM simulations (see e.g. [90, 91]).

The results shown in Fig. 5 improve the upper bounds
on the h�vi by a factor of ⇠3 at m� ⇠ 10 GeV and a
factor of at least 30 at m� ⇠ 10 TeV in the so-called
’best-fit’ scenario, while being comparable with the ’op-
timist 3s’ model. Our limits also improve significantly
the Fermi analysis for a Galactic halo of DM [39] both in
the absence or presence of background modeling. At low

%FDBZ"OOJIJMBUJPO



Figure 3. 95% credible lower limits on dark matter lifetime ⌧dm as function of dark matter mass mdm,
for decay channels: (a) ⌫eµ�

µ
+ (⌫̄eµ+

µ
�) and ⌫µe

�
µ
+ (⌫̄µe+µ�), (b) µ+

µ
�, (c) ⌧+⌧�, (d)W±

µ
⌥, (e)

uds (ūd̄s̄), (f) bb̄. Astrophysical background models with Normal priors are adopted (Table 1). Thick
solid, dashed, and dotted curves correspond to the EGRB data with di↵erent foreground modeling
discussed in Ref. [24] (their models A, B, and C, respectively). Thin solid curve shows the lower limits
obtained with the 10-month Fermi-LAT data [34] and the phenomenological power-law background
modeling.

di↵erent foreground models, B and C adopted also in Ref. [24]. Models A–C nicely covers
regions shown as uncertainty band in Fig. 2. The dashed and dotted curves are the results
corresponding to models B and C, respectively. This shows that the foreground modelings
give uncertainty on lifetime constraints by about a factor of a few.

The results of more conservative approach with Flat priors in Table 1 are shown in
Fig. 4. As expected, in most cases, they are weaker than the ones with Normal priors (as
shown in Fig. 3) by about a factor of a few. Exceptions are at high dark matter masses
for (c)–(f), where they give stronger constraints; this is likely caused by interplay between
di↵erent choices of priors and the data (the total EGRB data for the Normal priors, while
the unresolved EGRB data for the Flat priors).

In order to compare our results with the previous ones in the literature (e.g., Ref. [32]),
we also computed the lifetime constraints by using the 10-month Fermi-LAT data [34]. Here
we modeled the other background component as a single power law (Table 2), and the re-
sults are shown as a thin curve in each panel of Figs. 3,4 and 5 for reference. Although the
statistics adopted here is di↵erent than that in Ref. [32] (Beyesian versus frequentist), our
results are in good agreement with theirs, proving the consistency of both the approaches.8

8
The result for ⌧+⌧�

in high mass region is di↵erent from Ref. [32]. This is because they used both

published and preliminary data for E� > 100 GeV (at that time) while we use the published 10-month data

only. In ⌧+⌧�
case, gamma-ray spectrum from cascade decay is hard and the peak of the intensity is out of
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yielding valuable information about the dark sector. No hints of
a DM detection have been claimed up to now using the EGB.
However, competitive limits on the DM annihilation cross
section have been derived in several studies relying on the EGB
intensity (e.g., Abdo et al. 2010a; Bringmann et al. 2014;
Cholis et al. 2014) or the anisotropy level (Gómez-Vargas
et al. 2014).

Here, we use the main result of this analysis—that most of
the EGB emission is produced by known source classes—to
constrain the DM annihilation cross section. We rule out DM
models that, together with point-like sources, overproduce the
EGB emission at T!2 level. This is achieved by de!ning
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where the sum runs over the N bins of the EGB spectrum.
F F F, ,i i AST RO i,EGB , ,DM are the intensities of the EGB, point-like
sources, and DM, ! is a renormalization constant of the
nominal integrated source intensity and !T �

T� §F/ ,i ASTRO i ASTRO, , its average uncertainty. In Equation (13),
Ti is the sum (in quadrature) of the uncertainty on the
unresolved EGB and the systematic uncertainty on the Galactic
foreground (AC14). We use the uncertainties on the unresolved
EGB because the uncertainties on the resolved source intensity
are already taken into account in !T . The 2T limits are found
when the DM signal worsens the D !by 42 with respect to the
optimized D2 with a free DM signal normalization (and a free
!). Following Ackermann et al. (2014b), predictions of the
cosmological annihilation signal were obtained using both the
halo model (Ullio et al. 2002; Fornasa et al. 2013) and the
power spectrum approach (Serpico et al. 2012; Sefusatti et al.
2014). Though Equation (13) neglects bin-to-bin correlations,
we veri!ed that our DM limits are within 10% of those
obtained if we adopt the foreground model (from AC14) that
gives the most conservative upper limit for each DM signal.
An example of a ruled-out DM signal is reported in Figure 3,

while Figure 4 shows the limits for DM annihilating to
U U� �bb̄ and channels, including their uncertainties due to the

level of subhalos in our Galaxy and in all DM halos (Sánchez-
Conde & Prada 2014; Ackermann et al. 2014b). Our limits are
compared to the conservative and sensitivity-reach limits
reported in Ackermann et al. (2014b). The former assumes
that the unresolved EGB is entirely due to DM annihilations,

Figure 3. Top panel: integrated emission of blazars (with and without EBL
absorption), compared to the intensity of the EGB (data points from AC14).
Lower panel: as above, but including also the emission from star-forming
galaxies (gray band; Ackermann et al. 2012b) and radio galaxies (black striped
band; Inoue 2011) as well as the sum of all non-exotic components (yellow
band). An example of DM-induced !-ray signal ruled out by our analysis is
shown by the solid pink line and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as
the ratio of the summed contribution to the EGB spectrum, as a function of
energy as well as the uncertainty due to the foreground emission models
(see AC14).

Figure 4. Upper limits on the self-annihilation cross section for the bb̄ (top)
and U U� � (bottom) channels as derived in this work (see Section 3) compared
to the conservative and sensitivity-reach limits reported in Ackermann et al.
(2014b). The blue band re"ects the range of the theoretical predicted DM
signal intensities due to the uncertainties in the description of DM subhalos in
our Galaxy as well as other extragalactic halos, adopting a cutoff minimal halo
mass of 10 �

:M6 . For comparison, limits reported in the literature are also
shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksi! et al. 2014).
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90 R. Gilli et al.: The synthesis of the cosmic X-ray background

Fig. 15. a): The cosmic XRB spectrum and predicted contribution from the population of Compton-thin AGN. The di!erent XRB measurements
are explained on the top left: di!erent instruments on board HEAO-1 (Gruber 1992; Gruber et al. 1999); ASCA GIS (Kushino et al. 2002); ROSAT
PSPC (Georgantopoulos et al. 1996); two di!erent measurements by XMM (Lumb et al. 2002; De Luca & Molendi 2003); ASCA SIS (Gendreau
et al. 1995); BeppoSAX (Vecchi et al. 1999); RXTE (Revnivtsev et al. 2003). At E > 100 keV the plotted datapoints are from HEAO-1 A4 MED
(red triangles: Gruber 1992; Gruber et al. 1999; shaded area: Kinzer et al. 1997); balloon experiments (blue triangles, Fukada et al. 1975); SMM
(green circles, Watanabe et al. 1997). The blue errorbar at 0.25 keV is from shadowing experiments by Warwick & Roberts (1998). Also shown are
the XRB fractions resolved by Worsley et al. (2005) in the Lockman Hole (red diamonds), CDFS (cyan crosses) and CDFN (black crosses). The
resolved fraction in the CDFS as measured by Tozzi et al. (2001a) is also shown (gold datapoints). Solid lines refer to the contribution of di!erent
AGN classes according to model m2. Unobscured AGN, obscured Compton-thin AGN, total AGN plus galaxy cluster are shown with a red, blue
and magenta curve, respectively. b): Same as the previous panel but including also the contribution of Compton-thick AGN (black line).

and Chandra. We will address the issue of the XRB spectral in-
tensity in the Discussion.

Having constrained the space density of Compton-thick
AGN with the fit to the XRB, the source counts in the 0.5–2 keV,
2–10 keV and 5–10 keV can be computed for the entire
AGN population. Although Compton-thick AGN provide a mea-
surable contribution only at very faint fluxes (see Figs. 9–11), it
is interesting to look at the behaviour of their log N ! log S in
more detail. In the soft band (see Fig. 9) the curves for mildly and
heavily Compton-thick AGN coincide since i) their space den-
sity is the same and ii) they have the same K-correction. Indeed,
since the spectrum of mildly and heavily Compton-thick AGN
is the same (reflection dominated) up to "10 keV (see Fig. 1),
the 0.5–2 keV band is sampling an identical continuum even
for sources at high redshift (up to z " 4). In the 2–10 keV
and 5–10 keV band instead the curves for mildly Compton-
thick and heavily Compton-thick sources show significant di!er-
ences: at very bright fluxes, above "10!12 cgs, where only local
sources are visible, the log N! log S curves of the two Compton-
thick classes coincide because in the 2–10 keV rest frame band
their spectrum is dominated by the same reflection continuum
(Fig. 1). On the contrary, at fainter fluxes, "10!14!10!15 cgs,
where more distant sources can be detected, the surface density
of mildly Compton-thick AGN appears about twice that of heav-
ily Compton-thick AGN because of the stronger K-correction
produced by the transmitted continuum (Fig. 1).

8. Additional constraints

8.1. The observed fractions of obscured
and Compton-thick AGN

There is strong evidence, obtained combining deep and shal-
low surveys over a broad range of fluxes, of an increasing frac-
tion of obscured AGN towards faint fluxes (see e.g. Piconcelli
et al. 2003). This general trend was expected and predicted by

AGN synthesis models. However, the very steep increase in
the observed ratio from bright to faint fluxes is poorly repro-
duced by models where the obscured to unobscured AGN ratio
does not depend on X-ray luminosity (see Comastri 2004, for
a review), while it is best fitted by assuming that the obscured
AGN fraction increases towards low luminosity and/or high red-
shifts (La Franca et al. 2005).

We compare the observed fraction of AGN with log NH > 22
with the model predictions in Fig. 16. The choice of an absorp-
tion threshold at log NH > 22 rather than at log NH > 21 provides
a more solid observational constraint, given the uncertainties in
revealing mild absorption in sources at moderate to high redshift
and/or with low photon statistics (Tozzi et al. 2006; Dwelly et al.
2005). The model curve is able to reproduce the steep increase
of the absorbed AGN fraction from about 20–30% at<"10!13 cgs,
i.e. at the flux level of ASCA and BeppoSAX medium sensitiv-
ity surveys, to 70–80% as observed at 5 # 10!15 cgs in the deep
Chandra fields. Recently, Tozzi et al. (2006) performed a de-
tailed X-ray spectral analysis of the CDFS sources, identifying
14 objects, i.e. about 5% of the sample, as likely Compton-thick
candidates. As shown in Fig. 16, this measurement is found to be
in excellent agreement with the fraction of Compton-thick AGN
predicted by our model at that limiting flux. These results con-
firm that below 10 keV the large population of Compton-thick
sources is poorly sampled even by the deepest surveys.

Very recently the first statistically well defined samples of
AGN selected at energies above 10 keV have become avail-
able. The first release of AGN catalogs detected by the IBIS
(20–100 keV band) and ISGRI (20–40 keV band) instruments
on board INTEGRAL (Bird et al. 2006; Beckmann et al. 2006)
includes about 40–60 objects. At the bright fluxes sampled by
INTEGRAL (a few times 10!11 cgs in the 20–40 keV band),
about two thirds of the identified AGN are absorbed by a col-
umn density in excess of log NH > 22 and about 10–15%
have been found to be Compton-thick (Beckmann et al. 2006;

(JMMJ�ˏ��
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Figure 11. Comparison of the best-fit XLF shape between different redshifts
(CTN AGNs only).
(A color version of this figure is available in the online journal.)

also gives a good description of our data. Unlike the LDDE,
the LADE assumes a constant relative shape of the XLF in the
logarithmic scales over the full redshift range, and its break
luminosity and normalization is given as a function of redshift.
We perform an ML fit to the whole sample by adopting the
same formulation of the XLF as given in Aird et al. (2010). A
chi-squared test for the two-dimensional histograms of flux and
redshift between the best-fit model and data yields !2 = 207.1
(dof = 114). The LADE model is thus rejected with a p value
of <10!7. We infer that it is difficult to distinguish the LDDE
and LADE models in Aird et al. (2010) because of the smaller
number of samples used there; indeed Aird et al. (2010) show
that the LDDE gives a better fit to their data than the LADE,
although the difference is not significant.

6.4. Comparison with Previous Works

The parameters of the AGN XLF are better constrained than in
any of previous works thanks to our large sample size ("15 and
"4 times larger than those used by U03 and H05, respectively).
Here, we compare them with those of the LDDE model by
U03 and by H05 as representative ones. Although the direct
comparison with U03 is not trivial as the formulation of the
XLF in U03 is simpler than ours (e.g., "1 = 0 is assumed in
U03), the overall parameters are in good agreement between
our work and U03 except for #2. The overall shape of our XLF
derived for all CTN AGNs is almost consistent with that by
H05 derived only for type-1 AGNs (see their Table 5) within
the errors except for $ (=$1 in our paper), which is found to be
slightly larger ($1 = 0.29±0.02) than in H05 ($ = 0.21±0.04).
Note that the zc,44 = 0.21 ± 0.04 parameter defined in H05 can
be converted to zc = 1.96 ± 0.15 with $ = 0.21 (=$1 in our
paper), and thus agrees with our result (zc = 1.86 ± 0.07). Our
best-fit model has steeper slopes in the double power-law form
for the local XLF, #1 = 0.96 ± 0.04 and #2 = 2.71 ± 0.09, than
those obtained by H05. This can be explained by the luminosity
dependence of the absorbed-AGN fraction. Our local XLF is
well consistent with the Ballantyne (2014) result as determined
by the “multiband” fit.

We also determine the evolution of the absorption fraction
with an unprecedented accuracy, a1 = 0.48 ± 0.05, in the form

Figure 12. Comoving number density of AGNs plotted against redshift in
different luminosity bins (CTN AGNs only). The curves are the best-fit model,
and the data points are calculated from either the soft- or hard-band sample (see
Section 6).
(A color version of this figure is available in the online journal.)

of (1 + z)a1 that is saturated above z = 2. La Franca et al.
(2005) model the redshift evolution of the absorption fraction
by a different parameterization, adopting a linear function of z
for the fraction of AGNs with log NH < 21. According to their
best-fit model (model 4), where the constant NH distribution is
assumed over log NH = 21–25, the fraction of absorbed CTN
AGNs (log NH = 22–24) in the total CTN AGNs (log NH < 24)
at log LX = 44 is 2.3 times higher at z = 2 than at z = 0. This
corresponds to a1 " 0.75 when modeled by (1 +z)a1. Similarly,
Hasinger (2008) obtain (1 + z)0.62±0.11 that is saturated at z > 2.
The reason why both La Franca et al. (2005) and Hasinger
(2008) obtain larger indices than ours could be the difference
in the adopted absorption fraction in the local universe. Both of
them utilize the HEAO1 samples, from which somewhat smaller
absorption fractions are estimated compared with the Swift/
BAT and MAXI results. In the La Franca et al. (2005) model,
the fraction of CTN AGNs in the total CTN AGNs is "0.25
at log LX = 44, which can be converted to %0

43.75 " 0.31 with
" = 0.24. This value is similar to that presented in Hasinger
(2008), while it is smaller than our result obtained from the
Swift/BAT sample, %0

43.75 = 0.43 ± 0.03. The reason for the
discrepancy is unclear but may be attributed to the statistical
error due to the small size of the HEAO1 A2 sample (Piccinotti
et al. 1982) and/or incompleteness of the HEAO1 A1 and A3
sample (Grossan 1992). Note that our best-fit slope is larger
than that in the model by Ballantyne et al. (2006), a1 " 0.3,
where the absorption fraction is assumed to be saturated above
z = 1.0. Treister & Urry (2006) obtain a similar slope to ours,
a1 " 0.4 ± 0.1 without saturation up to z = 4, by correcting
for selection biases due to the low completeness (53%) in their
sample.

7. STANDARD POPULATION SYNTHESIS
MODEL OF THE XRB

7.1. Model Predictions

We have constructed a new XLF of AGNs by utilizing one
of the largest samples with a high degree of identification com-
pleteness combined from surveys in different energy bands. We
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since it depends on multiple scatterings and the time-integrated
continuum differs by up to a factor of !2 between codes.

From Milne et al. (2004) we adopt a selection of SN Ia mod-
els representative of normal, superluminous, and subluminous
SNe Ia, and spanning the deflagration, delayed-detonation, and
He-detonation models. The average peak line emission, over
a 106 s period, are summarized in Table 1. The light curves
for superluminous SNe Ia (solid) and normal SNe Ia (dashed)
are shown in Figure 7. We comment on DD SN Ia models in
Section 3.6. We adopt two time-integrated gamma-ray spectra:
the deflagration model W7 of Nomoto et al. (1984), which yields
0.58 M" of 56Ni, and the delayed-detonation model 5p0z22.23
of Höflich et al. (2002), which yields 0.56M" of 56Ni. Both
models are representative of normal SNe Ia, the most common
kind.

3.2. Contribution to the Cosmic Gamma-ray Background

The SN Ia contribution to the CGB depends on the cosmic
SN Ia rate and the time-integrated gamma-ray number spectrum
per SN Ia, f (E), as

E2 dN

dE
= c

4!

! zmax

0
RIa(z)

E#2

(1 + z)
f (E#)

""""
dt

dz

"""" dz, (6)

where E is the measured photon energy, and |dz/dt | =
H0(1 + z)[!m(1 + z)3 + !"]1/2. The left-hand side is equiva-
lent to "I" , and the redshift factor in Equation (6) comes from
the energy scaling.

In Figure 4, we show the resulting SN Ia contribution to the
CGB, for the deflagration model W7 (solid) and the delayed-
detonation model 5p0z22.23 (dot-dashed). For W7, the shading
shows the uncertainty due to the SN Ia rate. We see that the
SN Ia contributions are at least a factor of !5 smaller than
current CGB measurements, and up to !20 depending on the
SN Ia rate and SN Ia model. Although the spectrum per SN Ia
has line features, these are washed out due to redshift. Our
results are comparable to those of previous studies. Although
early studies showed large contributions from SNe Ia (Clayton
& Silk 1969; Clayton & Ward 1975; The et al. 1993; Zdziarski
1996; Watanabe et al. 1999; Ruiz-Lapuente et al. 2001), later
studies report contributions to be !10 (Strigari et al. 2005) and
!10 (Ahn et al. 2005) less than the measured intensity.

If the dominant fraction of the CGB could be subtracted by
future detectors, the SN Ia contribution could be detected. The
feasibility depends on the true nature of the currently measured
CGB. Proposed sources include various populations of AGNs
(e.g., Ajello et al. 2009), hot coronae of AGNs (Inoue et al.
2008), and exotic dark matter models (Ahn & Komatsu 2005;
Cembranos et al. 2007; Lawson & Zhitnitsky 2008). The mea-
sured CGB may also be dominated by detector backgrounds.
The true nature is unknown and remains an important quest
for future experiments to elucidate. Angular-correlation tech-
niques may help differentiate the various possibilities (Zhang &
Beacom 2004).

3.3. Local SN Ia Rate Measurements

Knowing the local SN Ia rate is a critical prerequisite
for assessing the prospects for detecting gamma rays from
individual SN Ia. Many studies have discussed the SN Ia
rate, most notably in the 1980s by Gehrels et al. (1987) and
in the 1990s by Timmes & Woosley (1997), which provided
much needed guidance on gamma-ray detection prospects. Now
we have the advantage of systematic SN surveys and greatly
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Figure 4. SN Ia contribution to the CGB. The contribution from the deflagration
model W7 (solid) and the delayed-detonation model 5p0z22.23 (dot-dashed) are
shown. For W7 we show the range owing to the uncertainty range of the SN Ia
rate (shaded); a similar range applies for 5p0z22.23 but is not shown. Data are
as labeled.
(A color version of this figure is available in the online journal.)

improved SN Ia statistics. In addition to SN catalogs, we use
our cosmic SN Ia rate to arrive at a consistent picture for the
local SN Ia rate.

More than 5000 SNe discovered up to the end of 2009 are
listed in the Sternberg Astronomical Institute Supernova Catalog
(SAI; Bartunov et al. 2007), the Asiago Supernova Catalog, and
the catalog maintained by the Central Bureau for Astronomical
Telegrams. In some cases, the catalogs disagree on details, but
these discrepancies are increasingly rare for more recent SNe.
In the presence of a disagreement, we chose the classification
in SAI; only small quantitative, and no qualitative, differences
appear if preference is given to the other catalogs. We have used
the reported recession velocities in the SAI catalog for their
distances with cross checks for the nearest SNe Ia with catalogs
of galaxies (Karachentsev et al. 2004).

SNe Ia discovered over the most recent 40 yr (1970–2009)
are shown in Figure 5 as a function of distance. We see that
while rare, there have nonetheless been a number of SNe Ia
within 10 Mpc, at approximately one per decade (unfortunately,
none in the recent decade). It is clear that one needs to go only
a small factor in distance to observe !10 SNe Ia per decade.
At larger distance, we see that the commencement of dedicated
SN Ia searches in the 1990s dramatically increased the number
of SNe Ia discovered. Yet these are still underestimates, due to
missing coverage at large distances. Furthermore, the 4! sky
is not evenly sampled; the northern hemisphere is more closely
observed than the south, resulting in an SN Ia discovery ratio of
approximately 1.4:1 (2000–2009, within 100 Mpc).

The comparison to the cosmic SN Ia rate is also revealing.
The red lines show the extrapolated cosmic SN Ia rate, and
the incompleteness of the catalog is apparent by !30 Mpc.
With next-generation surveys such as the Palomar Transient
Factory (Law et al. 2009), SN Ia measurements are becoming
more complete. Many more SNe Ia are also being discovered
pre-maximum, offering more targets for future gamma-ray
detectors.

Around 20 Mpc, the catalog shows more SNe Ia than the
cosmic extrapolation. The excess is as high as a factor of !3 for
the 20–22 Mpc bin, although this is not statistically strong. Even
considering the uncertainty in the cosmic SN Ia rate this excess
persists. There is also some excess from the Virgo galaxy cluster,
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As shown in Figure 2, our LF model is able to reproduce
successfully the range of radio and X-ray luminosities of the
C05 sample (see Figure 2(b)).

Moreover, we performed an additional test integrating the LF
coupled to our SED model over luminosity and redshift and we
counted how many objects would be detectable in an all-sky
survey above a flux of 10!15 erg cm!2 s!1 in the X-ray band.
The number of detectable sources is "100 and they display a
typical (average) X-ray luminosity of 5 # 1042 erg cm!2 s!1.
These numbers appear to be consistent with the Chandra and
XMM-Newton observations (e.g., C05). As an example, adopting
a value for K of 10!1 or 10!3 would produce "4000 or "1
observable sources in the entire sky. Both these scenarios
seem very unlikely given the observations described above.
We estimated the uncertainties on K adopting the following
approach. To set a lower limit on K, we required that the number
of all-sky detectable lobes (estimated through Equation (4)) at
1 keV, with flux !10!15 erg cm!2 s!1, matches (within 1! ) the
number of sources in the C05 sample. This condition is satisfied
for K $ 0.016. Then, to set the upper limit, we request that
the density of sources observable at X-rays (same criteria as
above) matches the FR II density at 178 MHz in the complete
sample of Mullin et al. (2008). This condition is satisfied
for K $ 0.06.

Figure 3 shows the contribution to the diffuse EGB emis-
sion arising from the extended structures of FR II lobes
and its uncertainty. It is apparent that lobes give a signif-
icant, "10%, contribution to the EGB in the MeV energy
range.

6. SUMMARY AND CONCLUSIONS

In this Letter, we adopted a statistical acceleration scenario
based on the turbulent magnetic fields to show that balancing
the particle energy gain with the radiative losses, the expected
Lorentz factor is of the order of " " 105–106 for electrons in the
FR II lobes, in agreement with the radio/millimeter observations
of lobes in radio galaxies (e.g., Hardcastle & Looney 2008). This
has been estimated assuming that the acceleration length scale

is comparable to the mean free path in the lobe not far from the
equipartition condition, supported by the recent X-ray analyses
of C05.

The above scenario is able to justify the presence of high-
energy electrons responsible for the " -ray emission arising from
the radio galaxy lobes, via IC/CMB, as the Fermi observations
of the nearby Centaurus A (Abdo et al. 2010a).

Considering the IC/CMB scattering as the main radiative
process for the emission in the MeV energy range, we estimated
the contribution of the FR IIs to the diffuse EGB. We found
that the peak of this diffuse emission lies at "1 MeV and the
radiation arising from lobes could contribute "10% of the EGB
close to this energy.

So far, the lobes in radio galaxies were only observable at
radio frequencies and at high energies in the X-rays. This implies
that the shape of the emitting PED is uncertain. Consequently,
the estimates of the lobe magnetic field and the possibility
of identifying which is the most relevant radiative process,
synchrotron or IC emission, are not well constrained. However,
current models adopted to describe the SED of lobes in FR IIs
assume the presence of high-energy electrons up to " " 105–106

(e.g., C05).
To test this hypothesis, very deep infrared and/or hard X-ray

observations, with sufficient spatial resolution are necessary. If
Fermi will detect " -ray emission arising from nearby FR II
radio galaxies, these observations will be crucial to confirm the
presence of high-energy electrons in radio lobes and to constrain
their SED.
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fraction of line emission must be produced via positro-
nium, as it has been known that more than 90% of 511 keV
emission from the Galactic center is actually produced via
positronium formation [33,34]. While the model seems to
slightly exceed the HEAO-1 and SMM data at low energy,
we do not take it seriously as the discrepancy would be
smaller than the uncertainty of the AGN model. The AGN
model presented here assumes a high-energy cut-off en-
ergy of Ecut ! 0:5 MeV [3]. Since current data of AGNs in
such a high-energy band are fairly limited, uncertainty in
Ecut is more than a factor of 2. Even a slight reduction in
Ecut would make our model fit the low-energy spectrum.

The best-fit model is consistent with and supported by
all of the current observational constraints: it fits the
Galactic !-ray emission as well as the cosmic !-ray emis-
sion. It might also account for a small difference between
theory and the experimental data of the muon and electron
anomalous magnetic moment [35]. We stress here that, to
the best of our knowledge, all of these data would remain
unexplained otherwise. There is, however, one potential
conflict with a new analysis of the SPI data by [36], which
shows that a NFW density profile does provide a good fit to
511 keV line emission from the Galactic center, as opposed
to the previous analysis by [16], which indicated a shal-
lower profile than NFW. This new model would have much
higher dark-matter clumping and require a substantially

(more than an order-of-magnitude) smaller annihilation
cross section than h"vi" 3# 10$26 cm3 s$1 to fit the
Galactic data. Is our Galaxy consistent with NFW? This
is a rather complicated issue which is still far from settled
(e.g., [37,38]), and more studies are required to understand
the precise shape of density profile of our Galaxy. If our
Galaxy is described by a steep profile such as NFW, then
the dark-matter annihilation probably makes a negligible
contribution to the !-ray background, unless dark-matter
clumping is significantly increased by substructure [32],
compensating a small cross section. On the other hand, if it
were confirmed that our Galaxy has a shallow density
profile and the contribution of the dark-matter annihilation
to the !-ray background is negligible, it would be difficult
to explain the Galactic !-ray signal solely by annihilation
of light dark-matter particles.

As shown in Fig. 3, dark-matter annihilation produces a
distinctive !-ray spectrum at 0.1–20 MeV. More precise
determinations of the cosmic !-ray background in this
energy band will undoubtedly test our proposal. If con-
firmed, such measurements would shed light on the nature
of dark matter, and potentially open a window to new
physics: one implication is that neutralinos would be ex-
cluded from a candidate list of dark matter.
Phenomenologically, our model may be parameterized by
four free parameters: (1) dark-matter mass, mX, (2) a dark-
matter clumping factor at present, CX%0&, (3) redshift evo-
lution of clumping, #, and (4) a positronium fraction, f.
When more precise data are available in the future, it might
be possible to perform a full likelihood analysis and con-
strain properties of dark-matter particles as well as dark-
matter halos.

Finally, the angular power spectrum of anisotropy of the
!-ray background at 1–20 MeV would also offer a power-
ful diagnosis of the detected signal (see [39] for the con-
tribution from Type Ia supernovae). Our model predicts
that the angular power spectrum should be given by the
trispectrum (the Fourier transform of the four-point corre-
lation function) of dark-matter halos projected on the sky,
as the signal is proportional to $2. More specifically, the
power spectrum should follow precisely that of the dark-
matter clumping factor. More high-quality data of the
cosmic !-ray background in this energy band are seriously
awaited.

We would like to thank D. E. Gruber for providing us
with the HEAO-1 and COMPTEL data, K. Watanabe for
providing us with the SMM data, Y. Ueda for providing us
with the AGN predictions, C. Bœhm for sharing her results
on the modeling of SPI data with us, and C. Bœhm and J.
Beacom for valuable comments on early versions of this
paper. We would also like to thank G. Bertone and P. R.
Shapiro for discussion. K. A. was partially supported by
NASA Astrophysical Theory Program Grants No. NAG5-
10825, No. NAG5-10826, No. NNG04G177G, and Texas
Advanced Research Program Grant No. 3658-0624-1999.
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FIG. 3. The best-fit model of the cosmic !-ray background.
The model assumes (a)mX ! 20 MeV, (b) the mean dark-matter
clumping factor is twice as large as predicted by the NFW profile
(due to either a steeper profile or the presence of substructures),
and (c) line emission is solely produced via positronium for-
mation. The dashed lines show each contribution separately.
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Fig. 15. a): The cosmic XRB spectrum and predicted contribution from the population of Compton-thin AGN. The di!erent XRB measurements
are explained on the top left: di!erent instruments on board HEAO-1 (Gruber 1992; Gruber et al. 1999); ASCA GIS (Kushino et al. 2002); ROSAT
PSPC (Georgantopoulos et al. 1996); two di!erent measurements by XMM (Lumb et al. 2002; De Luca & Molendi 2003); ASCA SIS (Gendreau
et al. 1995); BeppoSAX (Vecchi et al. 1999); RXTE (Revnivtsev et al. 2003). At E > 100 keV the plotted datapoints are from HEAO-1 A4 MED
(red triangles: Gruber 1992; Gruber et al. 1999; shaded area: Kinzer et al. 1997); balloon experiments (blue triangles, Fukada et al. 1975); SMM
(green circles, Watanabe et al. 1997). The blue errorbar at 0.25 keV is from shadowing experiments by Warwick & Roberts (1998). Also shown are
the XRB fractions resolved by Worsley et al. (2005) in the Lockman Hole (red diamonds), CDFS (cyan crosses) and CDFN (black crosses). The
resolved fraction in the CDFS as measured by Tozzi et al. (2001a) is also shown (gold datapoints). Solid lines refer to the contribution of di!erent
AGN classes according to model m2. Unobscured AGN, obscured Compton-thin AGN, total AGN plus galaxy cluster are shown with a red, blue
and magenta curve, respectively. b): Same as the previous panel but including also the contribution of Compton-thick AGN (black line).

and Chandra. We will address the issue of the XRB spectral in-
tensity in the Discussion.

Having constrained the space density of Compton-thick
AGN with the fit to the XRB, the source counts in the 0.5–2 keV,
2–10 keV and 5–10 keV can be computed for the entire
AGN population. Although Compton-thick AGN provide a mea-
surable contribution only at very faint fluxes (see Figs. 9–11), it
is interesting to look at the behaviour of their log N ! log S in
more detail. In the soft band (see Fig. 9) the curves for mildly and
heavily Compton-thick AGN coincide since i) their space den-
sity is the same and ii) they have the same K-correction. Indeed,
since the spectrum of mildly and heavily Compton-thick AGN
is the same (reflection dominated) up to "10 keV (see Fig. 1),
the 0.5–2 keV band is sampling an identical continuum even
for sources at high redshift (up to z " 4). In the 2–10 keV
and 5–10 keV band instead the curves for mildly Compton-
thick and heavily Compton-thick sources show significant di!er-
ences: at very bright fluxes, above "10!12 cgs, where only local
sources are visible, the log N! log S curves of the two Compton-
thick classes coincide because in the 2–10 keV rest frame band
their spectrum is dominated by the same reflection continuum
(Fig. 1). On the contrary, at fainter fluxes, "10!14!10!15 cgs,
where more distant sources can be detected, the surface density
of mildly Compton-thick AGN appears about twice that of heav-
ily Compton-thick AGN because of the stronger K-correction
produced by the transmitted continuum (Fig. 1).

8. Additional constraints

8.1. The observed fractions of obscured
and Compton-thick AGN

There is strong evidence, obtained combining deep and shal-
low surveys over a broad range of fluxes, of an increasing frac-
tion of obscured AGN towards faint fluxes (see e.g. Piconcelli
et al. 2003). This general trend was expected and predicted by

AGN synthesis models. However, the very steep increase in
the observed ratio from bright to faint fluxes is poorly repro-
duced by models where the obscured to unobscured AGN ratio
does not depend on X-ray luminosity (see Comastri 2004, for
a review), while it is best fitted by assuming that the obscured
AGN fraction increases towards low luminosity and/or high red-
shifts (La Franca et al. 2005).

We compare the observed fraction of AGN with log NH > 22
with the model predictions in Fig. 16. The choice of an absorp-
tion threshold at log NH > 22 rather than at log NH > 21 provides
a more solid observational constraint, given the uncertainties in
revealing mild absorption in sources at moderate to high redshift
and/or with low photon statistics (Tozzi et al. 2006; Dwelly et al.
2005). The model curve is able to reproduce the steep increase
of the absorbed AGN fraction from about 20–30% at<"10!13 cgs,
i.e. at the flux level of ASCA and BeppoSAX medium sensitiv-
ity surveys, to 70–80% as observed at 5 # 10!15 cgs in the deep
Chandra fields. Recently, Tozzi et al. (2006) performed a de-
tailed X-ray spectral analysis of the CDFS sources, identifying
14 objects, i.e. about 5% of the sample, as likely Compton-thick
candidates. As shown in Fig. 16, this measurement is found to be
in excellent agreement with the fraction of Compton-thick AGN
predicted by our model at that limiting flux. These results con-
firm that below 10 keV the large population of Compton-thick
sources is poorly sampled even by the deepest surveys.

Very recently the first statistically well defined samples of
AGN selected at energies above 10 keV have become avail-
able. The first release of AGN catalogs detected by the IBIS
(20–100 keV band) and ISGRI (20–40 keV band) instruments
on board INTEGRAL (Bird et al. 2006; Beckmann et al. 2006)
includes about 40–60 objects. At the bright fluxes sampled by
INTEGRAL (a few times 10!11 cgs in the 20–40 keV band),
about two thirds of the identified AGN are absorbed by a col-
umn density in excess of log NH > 22 and about 10–15%
have been found to be Compton-thick (Beckmann et al. 2006;
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Unresolved sources Diffuse processes
Blazars

Dominant class of LAT extra-
galactic sources. Many estima-
tes in literature.  EGB contribu-
tion ranging from 20% - 100% 

Non-blazar active galaxies
27 sources resolved in 2FGL 
~ 25% contribution of radio 
galaxies to EGB expected. 
(Inoue 2011)

Star-forming galaxies
Several galaxies outside the 
local group resolved by LAT. 
Significant contribution to EGB 
expected. (e.g. Pavlidou & Fields, 
2002)

GRBs
High-latitude pulsars

small contributions expected. 
(e.g. Dermer 2007, Siegal-Gaskins et al. 

2010) 

Intergalactic shocks
widely varying predictions of 
EGB contribution ranging from 
1% to 100% (e.g. Loeb & Waxman 
2000, Gabici & Blasi 2003)

Dark matter annihilation
Potential signal dependent on 
nature of DM, cross-section and 
structure of DM distribution 
(e.g. Ullio et al. 2002)

Interactions of UHE cosmic 
rays with the EBL

dependent on evolution of CR 
sources, predictions varying from 
1% to 100 % (e.g. Kalashev et al. 2009)

Extremely large galactic 
electron halo (Keshet et al. 2004)
  

CR interaction in small solar 
system bodys (Moskalenko & Porter 
2009)鴞 る
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Figure 15. Spectrum of the CXB and contribution of the FSRQs (blue region). The data points are different measurements of the diffuse background as indicated in
the label (Fukada et al. 1975; Gendreau et al. 1995; Watanabe et al. 1997; Weidenspointner et al. 2000; Revnivtsev et al. 2003; Ajello et al. 2008b). The dashed line is
the total contribution of Seyfert-like AGNs computed with the model of Gilli et al. (2007) arbitrarily multiplied by 1.1 to fit the CXB emission at 30 keV. The solid
line is the sum of the Seyfert-like and FSRQs. The spectrum of FSRQs has been modeled as a power-with a mean photon index of 1.6. The blue region represents the
range of values obtained from the Monte Carlo realizations of best-fit parameter ranges. The magenta solid line represents the contribution of BL Lac objects whose
uncertainty is not plotted for clarity, but is, due to the low number of objects, >30% at any energy.
(A color version of this figure is available in the online journal.)

Energy [keV]
1 10 210 310 410

]
-1

 s
r

-1
 s

-2
dN

/d
E

 [k
eV

 c
m

2
E

-110

1

10

210

Nagoya balloon - Fukada et al. 1975
ASCA - Gendreau et al. 1995
SMM - Watanabe et al. 1997
COMPTEL - Weidenspointner et al. 2000

RXTE - Revnivtsev et al. 2003
Swift/BAT - Ajello et al. 2008
FSRQs, this work
Gilli et al. 2007

Figure 16. Contribution of FSRQs (blue region) to the CXB. The data are the same as in Figure 15, but in this case the SED of the FSRQs has been modeled with
a double power-law function. The IC peak is located in the !MeV region. The contribution of BL Lac objects is the same as in Figure 15 and is not drawn here for
clarity. The blue region represents the range of values obtained from the Monte Carlo realizations of best-fit parameter ranges.
(A color version of this figure is available in the online journal.)

contribution of FSRQs assuming that their IC peak is located
in the MeV band. We find that in this case FSRQs account for
the entire CXB emission up to 10 MeV. While there is basically
no difference with respect to the single power-law case below
500 keV, the curvature of the IC peak makes the contribution of
FSRQs to the CXB slightly smaller around 1 MeV. We also note
that moving the IC peak beyond 10 MeV produces a negligible
curvature in the FSRQ integral emission and thus this case is
well represented by the single power-law model.

Thus, the two analyses shown here cover well the case in
which the IC peak is either located at MeV or at GeV energies

(double and single power-law model, respectively). We must
therefore conclude that the contribution of FSRQs to the diffuse
emission is relevant and likely accounts for a substantial fraction
(potentially !100%) of the CXB around 1 MeV. Interpreting
the CXB as a strong constraint, we derive that the population
of FSRQ sampled by BAT must have the IC peak located
in the MeV band in order not to overproduce the diffuse
background at !10 MeV. Bhattacharya et al. (2009) recently
reported for the FSRQs detected by EGRET a mean photon
index of 2.34 ± 0.15. Since FSRQs have a mean photon index
of 1.6 in BAT, this implies already that the IC peak is located
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by integrating the luminosity function coupled to the SED model derived in Section 5.3. The hatched band around the best-fit prediction shows the 1! statistical
uncertainty while the gray band represents the systematic uncertainty.
(A color version of this figure is available in the online journal.)

e.g., BL Lac objects and starburst galaxies make significant
contributions to the IGRB intensity.

7. BEAMING: THE INTRINSIC LUMINOSITY FUNCTION
AND THE PARENT POPULATION

The luminosities L defined in this work are apparent isotropic
luminosities. Since the jet material is moving at relativistic speed
(" >1), the observed, Doppler boosted, luminosities are related
to the intrinsic values by

L = #pL, (21)

where L is the intrinsic (unbeamed) luminosity and # is the
kinematic Doppler factor

# = (" !
!

" 2 ! 1 cos $ )!1, (22)

where " = (1!%2)!1/2 is the Lorentz factor and % = v/c is the
velocity of the emitting plasma. Assuming that the sources have
a Lorentz factor " in the "1 ! " ! "2 range then the minimum
Doppler factor is #min = " !1

2 (when $ = 90") and the maximum
is #max = "2 +

#
" 2

2 !1 (when $ = 0"). We adopt a value of p = 4
that applies to the case of jet emission from a relativistic blob
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is within the data error bar and model uncertainty (discussed
later). Other parameters are also similar to those of the GeV and
radio band.

4. Cosmic X-Ray and MeV Gamma-Ray Background
Radiation

The FSRQ contribution to the cosmic X-ray background
(CXB) radiation is calculated as

( )

( ) ( ) ( )
¨ ¨�

8
q '

F E
dV

dzd
dz dL

z L F z L E, , , , 7
z

z

L

L

X

X X

CXB 0

0

min

max

min

max

where ( )F z L E, ,X 0 is a !ux at an energy of E0 in the observer
frame for a source with a redshift z and a X-ray luminosity LX
(14–195 keV). We have assumed two spectral shapes for FSRQ
spectra; a single power law and a broken power law. A photon
index of the single power law and a low-energy photon index

of the broken power law is set to 1.807 (Figure 1), which is the
mean BAT photon index over our sample of FSRQs. A high-
energy photon index of the broken power-law is set as 2.5
as A09.
The left panel of Figure 4 shows the model calculation

results (blue solid line), together with various measurements of
the cosmic X-ray and gamma-ray background radiation. We
assume the case with a single power-law spectrum for FSRQs.
The observed data are the same as those of A09; however, we
added the Fermi/LAT measurement (Ackermann et al. 2015).
We also plotted the predicted contribution from Seyfert
galaxies (Gilli et al. 2007; black thin line) and FSRQs (black
and red dashed line); the latter two are based on the BAT
22 month catalog (A09) and Fermi/LAT (Ajello et al. 2012),
respectively. The error region of our model prediction is also
displayed (blue thin band). We evaluate the error region of our
model by varying each of the "tted LDDE parameters
randomly within a 1! error by considering parameter
correlations with the correlation matrix.

Figure 3. Left: X-ray luminosity function of FSRQs in various redshift bins. Model curves correspond to the best-"t LDDE model at different redshift bins. Model
curves are multiplied by N Nobs mdl. Right: same as the left, but for the comoving number density of FSRQs in various luminosity bins. Data points are deconvolved
by dividing them by N Nobs mdl.

Figure 4. Contribution of FSRQ to the cosmic X-ray and MeV gamma-ray background radiation, estimated by the best-"t LDDE model. The left and right panels
shows the contribution by assuming a single power law and a broken power law, respectively, for FSRQ spectra. The blue solid line and thin band represent an
estimation and its error region, respectively, from our best-"t model. The black and red dashed line represents an estimation from A09 and Ajello et al. (2012),
respectively. The black thin line represents an estimation from Gilli et al. (2007). The red, light blue, yellow, open squares are CXB measuments by INTEGRAL
(Churazov et al. 2007), HEAO-1 A4 (Kinzer et al. 1997), and Swift/BAT (Ajello et al. 2008), respectively. The red open triangle and black "lled squares are from
COMPTEL (Weidenspointner et al. 2000) and the Nagoya balloon (Fukada et al. 1975), respectively. The cyan solid line is from SMM (Watanabe et al. 1997). The
red, light green, blue crosses are from ASCA (Gendreau et al. 1995), XTE (Revnivtsev et al. 2003), and HEAO-1 A2 (Gruber et al. 1999), respectively. The red "lled
circles are from Fermi/LAT (Ackermann et al. 2015).Q3
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Figure 10. Left panel: number density of blazars (FSRQs and BL Lac objects) as a function of redshift and luminosity class. The solid lines represent the best-fit XLF
model (model 7 in Table 4). The BAT data (points with errors) were “deconvolved” taking into account the BAT sensitivity (see Section 4.2 for details). Right panel:
luminosity function of the BAT blazars built using the 1/VMAX method (datapoints) with superimposed the best-fit XLF model (model 7 in Table 4).
(A color version of this figure is available in the online journal.)

by chance. We also note that density evolution (with a double
power law as a local XLF) reproduces the data equivalently well
(see model 8), but it is ruled out since it overpredicts the CXB
emission by a factor of >5. Thus, we consider model 7 as the
best representation of our data. Figure 9 shows the confidence
contours for the best-fit parameters.

The extreme flattening of the XLF at low luminosities can be
the effect of beaming. As discussed by Urry & Shafer (1984),
relativistic beaming alters the observed luminosity function of
blazars producing a flattening at low luminosities. For common
jet emission scenarios (see Urry & Shafer 1984, for details),
the faint-end slope of the XLF should be !1.0. Given the
absolute lack of BAT blazars populating the low-luminosity
part of the XLF, it is not surprising that the best-fit value of !1 is
!1.5" away from the Urry & Shafer (1984) prediction. On the
other hand, relativistic beaming should not affect the bright-end
slope which should reflect the slope of the intrinsic luminosity
function. It thus becomes interesting to compare the value of !2
derived here with other surveys. Recently, Cara & Lister (2008)
derived the intrinsic radio luminosity function of the Fanaroff–
Riley (FR) class II which is thought to be the parent population
of FSRQs. They found that the slope of the intrinsic luminosity
function is 2.53 ± 0.06 which is in good agreement with the
value of 2.73 ± 0.38 derived here.

A visual representation of the best-fit XLF model (double
power law plus MPLE model) is shown in the left panel of Fig-
ure 10 which reports the volume density of blazar as a function
luminosity class and redshift. The datapoints are the “decon-
volved” BAT observed data, that is the number (or density) of
blazars which an instrument with optimum sensitivity would
see. In order to deconvolve the BAT data, we computed for each
bin of redshift and luminosity, the ratio between the integrals of
!(LX, z) and #(LX, z) (see Equations (2) and (8) for a defini-
tion of both). This gives a correction factor which allows us to
deconvolve the BAT data. Also note, that given the sparseness of
the BAT data, the correction factor is sometimes averaged over
large bins of redshift and luminosity where the XLF is strongly
varying, thus it might be somewhat uncertain. Nevertheless,
Figure 10 highlights that BAT is sampling with good accuracy
the redshift peak of some of the most luminous objects in the

universe. From the same figure, it is clear that the density of very
luminous blazars (log LX > 1047 erg s"1) peaks at large redshift
and precisely at z = 4.3 ± 0.5. This is much larger than the
value of !1.9 derived (or assumed) for X-ray and Optical sur-
veys (see, e.g., Ueda et al. 2003; Hasinger et al. 2005; Bongiorno
et al. 2007; Silverman et al. 2008). The likely reason of this dif-
ference will be addressed in details in Section 6. The right panel
of Figure 10 shows the nonparametric blazar XLF built using the
1/VMAX method along with the best-fit analytical XLF model
(model 7). It is apparent the good agreement between the two
representations.

4.3. Two Populations: FSRQs and BL Lac Objects

Previous works (e.g., Wolter et al. 1991; Rector et al. 2000;
Wolter & Celotti 2001; Beckmann et al. 2003; Padovani et al.
2007) have reported evidence about the different evolutionary
behaviors of FSRQs and BL Lac objects. The V/VMAX test
reported in Section 3 showed that also in our sample the two
classes of objects might evolve differently. In the following
sections, we test this hypothesis.

4.3.1. FSRQs

We applied the two best-fit models of the previous section
(MPLE coupled to a single and double power-law local XLF,
respectively) to the FSRQ class. The best-fit parameters are
reported in Table 4. We note that both XLF models produce
essentially the same result. When the local XLF is modeled as
a double power-law model, the faint-end slope !1 is required
to be largely negative (<"50) and the break luminosity L#
coincides with the minimum observed luminosity of FSRQs in
the BAT sample. Under this conditions, the double power-law
model reduces to a single power-law distribution with a sharp
cutoff at LX < 2 $ 1044 erg s"1. Figures 11 and 12 (right
panel) show how well the best-fit XLF models (models 9 and
10 in Table 4) reproduce the observed distributions (in redshift,
luminosity, and source counts).

Figure 13 shows the number, and its volume density, of
FSRQs in the universe for different luminosity classes as derived

is within the data error bar and model uncertainty (discussed
later). Other parameters are also similar to those of the GeV and
radio band.

4. Cosmic X-Ray and MeV Gamma-Ray Background
Radiation

The FSRQ contribution to the cosmic X-ray background
(CXB) radiation is calculated as
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where ( )F z L E, ,X 0 is a !ux at an energy of E0 in the observer
frame for a source with a redshift z and a X-ray luminosity LX
(14–195 keV). We have assumed two spectral shapes for FSRQ
spectra; a single power law and a broken power law. A photon
index of the single power law and a low-energy photon index

of the broken power law is set to 1.807 (Figure 1), which is the
mean BAT photon index over our sample of FSRQs. A high-
energy photon index of the broken power-law is set as 2.5
as A09.
The left panel of Figure 4 shows the model calculation

results (blue solid line), together with various measurements of
the cosmic X-ray and gamma-ray background radiation. We
assume the case with a single power-law spectrum for FSRQs.
The observed data are the same as those of A09; however, we
added the Fermi/LAT measurement (Ackermann et al. 2015).
We also plotted the predicted contribution from Seyfert
galaxies (Gilli et al. 2007; black thin line) and FSRQs (black
and red dashed line); the latter two are based on the BAT
22 month catalog (A09) and Fermi/LAT (Ajello et al. 2012),
respectively. The error region of our model prediction is also
displayed (blue thin band). We evaluate the error region of our
model by varying each of the "tted LDDE parameters
randomly within a 1! error by considering parameter
correlations with the correlation matrix.

Figure 3. Left: X-ray luminosity function of FSRQs in various redshift bins. Model curves correspond to the best-"t LDDE model at different redshift bins. Model
curves are multiplied by N Nobs mdl. Right: same as the left, but for the comoving number density of FSRQs in various luminosity bins. Data points are deconvolved
by dividing them by N Nobs mdl.

Figure 4. Contribution of FSRQ to the cosmic X-ray and MeV gamma-ray background radiation, estimated by the best-"t LDDE model. The left and right panels
shows the contribution by assuming a single power law and a broken power law, respectively, for FSRQ spectra. The blue solid line and thin band represent an
estimation and its error region, respectively, from our best-"t model. The black and red dashed line represents an estimation from A09 and Ajello et al. (2012),
respectively. The black thin line represents an estimation from Gilli et al. (2007). The red, light blue, yellow, open squares are CXB measuments by INTEGRAL
(Churazov et al. 2007), HEAO-1 A4 (Kinzer et al. 1997), and Swift/BAT (Ajello et al. 2008), respectively. The red open triangle and black "lled squares are from
COMPTEL (Weidenspointner et al. 2000) and the Nagoya balloon (Fukada et al. 1975), respectively. The cyan solid line is from SMM (Watanabe et al. 1997). The
red, light green, blue crosses are from ASCA (Gendreau et al. 1995), XTE (Revnivtsev et al. 2003), and HEAO-1 A2 (Gruber et al. 1999), respectively. The red "lled
circles are from Fermi/LAT (Ackermann et al. 2015).Q3
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Fig. 15. a): The cosmic XRB spectrum and predicted contribution from the population of Compton-thin AGN. The di!erent XRB measurements
are explained on the top left: di!erent instruments on board HEAO-1 (Gruber 1992; Gruber et al. 1999); ASCA GIS (Kushino et al. 2002); ROSAT
PSPC (Georgantopoulos et al. 1996); two di!erent measurements by XMM (Lumb et al. 2002; De Luca & Molendi 2003); ASCA SIS (Gendreau
et al. 1995); BeppoSAX (Vecchi et al. 1999); RXTE (Revnivtsev et al. 2003). At E > 100 keV the plotted datapoints are from HEAO-1 A4 MED
(red triangles: Gruber 1992; Gruber et al. 1999; shaded area: Kinzer et al. 1997); balloon experiments (blue triangles, Fukada et al. 1975); SMM
(green circles, Watanabe et al. 1997). The blue errorbar at 0.25 keV is from shadowing experiments by Warwick & Roberts (1998). Also shown are
the XRB fractions resolved by Worsley et al. (2005) in the Lockman Hole (red diamonds), CDFS (cyan crosses) and CDFN (black crosses). The
resolved fraction in the CDFS as measured by Tozzi et al. (2001a) is also shown (gold datapoints). Solid lines refer to the contribution of di!erent
AGN classes according to model m2. Unobscured AGN, obscured Compton-thin AGN, total AGN plus galaxy cluster are shown with a red, blue
and magenta curve, respectively. b): Same as the previous panel but including also the contribution of Compton-thick AGN (black line).

and Chandra. We will address the issue of the XRB spectral in-
tensity in the Discussion.

Having constrained the space density of Compton-thick
AGN with the fit to the XRB, the source counts in the 0.5–2 keV,
2–10 keV and 5–10 keV can be computed for the entire
AGN population. Although Compton-thick AGN provide a mea-
surable contribution only at very faint fluxes (see Figs. 9–11), it
is interesting to look at the behaviour of their log N ! log S in
more detail. In the soft band (see Fig. 9) the curves for mildly and
heavily Compton-thick AGN coincide since i) their space den-
sity is the same and ii) they have the same K-correction. Indeed,
since the spectrum of mildly and heavily Compton-thick AGN
is the same (reflection dominated) up to "10 keV (see Fig. 1),
the 0.5–2 keV band is sampling an identical continuum even
for sources at high redshift (up to z " 4). In the 2–10 keV
and 5–10 keV band instead the curves for mildly Compton-
thick and heavily Compton-thick sources show significant di!er-
ences: at very bright fluxes, above "10!12 cgs, where only local
sources are visible, the log N! log S curves of the two Compton-
thick classes coincide because in the 2–10 keV rest frame band
their spectrum is dominated by the same reflection continuum
(Fig. 1). On the contrary, at fainter fluxes, "10!14!10!15 cgs,
where more distant sources can be detected, the surface density
of mildly Compton-thick AGN appears about twice that of heav-
ily Compton-thick AGN because of the stronger K-correction
produced by the transmitted continuum (Fig. 1).

8. Additional constraints

8.1. The observed fractions of obscured
and Compton-thick AGN

There is strong evidence, obtained combining deep and shal-
low surveys over a broad range of fluxes, of an increasing frac-
tion of obscured AGN towards faint fluxes (see e.g. Piconcelli
et al. 2003). This general trend was expected and predicted by

AGN synthesis models. However, the very steep increase in
the observed ratio from bright to faint fluxes is poorly repro-
duced by models where the obscured to unobscured AGN ratio
does not depend on X-ray luminosity (see Comastri 2004, for
a review), while it is best fitted by assuming that the obscured
AGN fraction increases towards low luminosity and/or high red-
shifts (La Franca et al. 2005).

We compare the observed fraction of AGN with log NH > 22
with the model predictions in Fig. 16. The choice of an absorp-
tion threshold at log NH > 22 rather than at log NH > 21 provides
a more solid observational constraint, given the uncertainties in
revealing mild absorption in sources at moderate to high redshift
and/or with low photon statistics (Tozzi et al. 2006; Dwelly et al.
2005). The model curve is able to reproduce the steep increase
of the absorbed AGN fraction from about 20–30% at<"10!13 cgs,
i.e. at the flux level of ASCA and BeppoSAX medium sensitiv-
ity surveys, to 70–80% as observed at 5 # 10!15 cgs in the deep
Chandra fields. Recently, Tozzi et al. (2006) performed a de-
tailed X-ray spectral analysis of the CDFS sources, identifying
14 objects, i.e. about 5% of the sample, as likely Compton-thick
candidates. As shown in Fig. 16, this measurement is found to be
in excellent agreement with the fraction of Compton-thick AGN
predicted by our model at that limiting flux. These results con-
firm that below 10 keV the large population of Compton-thick
sources is poorly sampled even by the deepest surveys.

Very recently the first statistically well defined samples of
AGN selected at energies above 10 keV have become avail-
able. The first release of AGN catalogs detected by the IBIS
(20–100 keV band) and ISGRI (20–40 keV band) instruments
on board INTEGRAL (Bird et al. 2006; Beckmann et al. 2006)
includes about 40–60 objects. At the bright fluxes sampled by
INTEGRAL (a few times 10!11 cgs in the 20–40 keV band),
about two thirds of the identified AGN are absorbed by a col-
umn density in excess of log NH > 22 and about 10–15%
have been found to be Compton-thick (Beckmann et al. 2006;
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Figure 15. Spectrum of the CXB and contribution of the FSRQs (blue region). The data points are different measurements of the diffuse background as indicated in
the label (Fukada et al. 1975; Gendreau et al. 1995; Watanabe et al. 1997; Weidenspointner et al. 2000; Revnivtsev et al. 2003; Ajello et al. 2008b). The dashed line is
the total contribution of Seyfert-like AGNs computed with the model of Gilli et al. (2007) arbitrarily multiplied by 1.1 to fit the CXB emission at 30 keV. The solid
line is the sum of the Seyfert-like and FSRQs. The spectrum of FSRQs has been modeled as a power-with a mean photon index of 1.6. The blue region represents the
range of values obtained from the Monte Carlo realizations of best-fit parameter ranges. The magenta solid line represents the contribution of BL Lac objects whose
uncertainty is not plotted for clarity, but is, due to the low number of objects, >30% at any energy.
(A color version of this figure is available in the online journal.)
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Figure 16. Contribution of FSRQs (blue region) to the CXB. The data are the same as in Figure 15, but in this case the SED of the FSRQs has been modeled with
a double power-law function. The IC peak is located in the !MeV region. The contribution of BL Lac objects is the same as in Figure 15 and is not drawn here for
clarity. The blue region represents the range of values obtained from the Monte Carlo realizations of best-fit parameter ranges.
(A color version of this figure is available in the online journal.)

contribution of FSRQs assuming that their IC peak is located
in the MeV band. We find that in this case FSRQs account for
the entire CXB emission up to 10 MeV. While there is basically
no difference with respect to the single power-law case below
500 keV, the curvature of the IC peak makes the contribution of
FSRQs to the CXB slightly smaller around 1 MeV. We also note
that moving the IC peak beyond 10 MeV produces a negligible
curvature in the FSRQ integral emission and thus this case is
well represented by the single power-law model.

Thus, the two analyses shown here cover well the case in
which the IC peak is either located at MeV or at GeV energies

(double and single power-law model, respectively). We must
therefore conclude that the contribution of FSRQs to the diffuse
emission is relevant and likely accounts for a substantial fraction
(potentially !100%) of the CXB around 1 MeV. Interpreting
the CXB as a strong constraint, we derive that the population
of FSRQ sampled by BAT must have the IC peak located
in the MeV band in order not to overproduce the diffuse
background at !10 MeV. Bhattacharya et al. (2009) recently
reported for the FSRQs detected by EGRET a mean photon
index of 2.34 ± 0.15. Since FSRQs have a mean photon index
of 1.6 in BAT, this implies already that the IC peak is located
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FIG. 1: The CGB spectrum from dark matter annihilation
(dashed) and blazars with the best-fit LDDE GLF (dotted).
Total intensity is shown by the solid curve, and the data points
are from the EGRET data [2].

where

W (E, z) =
1

4!
n̄sh(z)Nsh(E, z)e!!(E,z)

. (6)

Figure 1 shows the CGB spectrum from dark matter
annihilation, where the particle mass is assumed to be
m" = 100 GeV. We do not give a specific value of "v or
M0. These parameters are degenerate, but they do not
a!ect predictions of the angular power spectrum, as we
see below. All we require here is that the predicted inten-
sity becomes comparable to the observed CGB, and this
can be done by adjusting these two parameters. Previous
work which included dark matter substructures [35] has
shown that this is indeed possible with a standard value
of the annihilation cross section, "v = 3!10!26 cm3 s!1,
which gives the right amount of the dark matter density
in the universe if dark matter was thermally produced in
the early universe [27, 29]. On the other hand, anisotropy
depends only on m" and #. We shall therefore vary #
and see how the results depend on #, while we fix the
mass at 100 GeV throughout the paper.

B. Blazars

If a non-negligible fraction of the CGB flux comes
from astrophysical sources such as blazars and clusters
of galaxies, they inevitably give a background (noise) for
the dark matter detection in the anisotropy signature. It
is thus very important to evaluate the contribution from

the unresolved point sources. We concentrate on blazars
as an example.

To calculate the mean CGB intensity from blazars one
needs the GLF of blazars. We use the latest luminosity
dependent density evolution (LDDE) model, which re-
produces the observed GLF of the EGRET blazars bet-
ter than a traditionally used pure luminosity evolution
model [10]. As the LDDE GLF was originally given for
the luminosity at 100 MeV, we need to generalize it to
the other energies. We do this by specifying the spec-
tral shape; here we assume it to be a power law with
a spectral index of ## = 2.2 [1]. Then, the luminosity
per unit energy range, L, is connected to the luminos-
ity, L#(100 MeV) (= EL at 100 MeV) adopted in the
previous GLF via the following simple relation:

L(Eem) =

!

Eem

100 MeV

"1!$!
L#

100 MeV
, (7)

The GLF is accordingly replaced with the one defined
as the comoving number density per unit range in L,
"E(L, z), which is related to the original one through

dL "E(L, z) = dL# $#(L# , z), (8)

where we show the energy dependence of the new GLF
explicitly by attaching subscript E. Note that $# on the
right hand side is given by Eqs. (8) and (10) of Ref. [46].
Using Eqs. (7) and (8), we can rewrite the luminosity and
the GLF at any energies as long as the spectrum is kept
to be a power law with the same index.

The photon flux from the source with luminosity L at
redshift z at energy E is given by

FE(L, z) =
(1 + z)L[(1 + z)E, z]

4!d2L(z)
, (9)

where dL(z) is the luminosity distance out to a source at
z. The flux sensitivity for point sources of the EGRET is
F#,lim " 10!7 cm!2 s!1 above 100 MeV [47], and all the
unresolved sources that give a flux below this threshold
contribute to the CGB. The conversion from the di!er-
ential flux per energy, FE , to the integrated flux, F# , can
easily be performed by integrating over energy above 100
MeV and assuming the spectrum to be a power law with
an index ## . One obtains

FE = (## # 1)

!

E

100 MeV

"1!$!

F# . (10)

We use this equation and Eq. (9) to calculate the limiting
source luminosity, L(FE,lim, z), from F#,lim.
We calculate the mean CGB intensity coming from un-

resolved blazars whose gamma-ray flux is below FE,lim

from

E$IN (E)% =

# zmax

0
dz

d
2
V

dzd#

# L(FE,lim,z)

0
dL "E(L, z)

! FE(L, z), (11)

10

FIG. 5: Angular power spectrum of the CGB from dark matter annihilation (f2
DCl,D; dashed), blazars (f2

BCl,B; dotted), and
cross correlation (2fBfDCl,BD; dot-dashed) that would be measured by GLAST at E = 10 GeV, for various models of the blazar
GLF and various fractions of dark matter contribution to the CGB, fD (Table I). The adopted dark matter mass is 100 GeV
and the gamma-ray emission is assumed to be dominated by the substructure. The total signal, Cs

l = f2
DCl,D + 2fBfDCl,BD,

is shown as the solid curve, while the corresponding GLAST errors (!Cs
l ; for two years) are indicated as boxes. The signal is

to be detected if it is larger than the size of errors (Cs
l > !Cs

l ). The subhalo distribution in a halo of mass M is assumed to be
!N |M" # M .

tion with GLAST in two years of operation, as long as
the dark matter contribution to the mean CGB flux is
greater than 30% at some energy within the GLAST en-
ergy window. This statement is independent of the den-
sity profile adopted as it is derived with the guaranteed
power spectrum, the 2-halo term.

VI. DISCUSSION AND CONCLUSIONS

In this paper we have presented detailed calculations
of the angular power spectrum of CGB anisotropy from
dark matter annihilation in cosmological dark matter ha-
los as well as from unresolved blazars. The power spec-
trum of dark matter annihilation from smooth NFW
halos (i.e., no substructures) has been calculated by
AK06 [41], and the power spectrum of resolved (detected)
blazars has been calculated by Ref. [46]. Our work builds

on and extends these results by taking into account the
e!ects of dark matter substructures explicitly, by means
of the Halo Occupation Distribution of subhalos. These
calculations should provide a useful benchmark for the
angular power spectrum of CGB that would be measured
by GLAST.

Our results are very encouraging: one should be able
to detect the angular power spectrum from dark mat-
ter annihilation with GLAST, whether dark matter halos
are smooth or clumpy, as long as the dark matter con-
tribution to the mean CGB flux is greater than 30% at
some energy within the GLAST energy window. This is a
rather modest requirement given the fact that unresolved
blazars appear to contribute to the mean CGB only at the
25–50% level [10]. As far as the mean CGB is concerned
it has been pointed out that subhalos are necessary in
order for dark matter annihilation to make a significant
contribution without violating stringent constraints from
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avoid relying on the autocorrelation of the micro bins
and therefore on the estimate of the noise. The SOM
provides more details to support this approach.

FIG. 2. Anisotropy energy spectrum CP (E), whose values are
reported in Tab. I. We also show the best-fit models sPLE
(single power law with exponential cuto↵) and dPLE (double
power law with exponential cuto↵), and we stress that they
have been obtained by considering the total set of Cij

P from
both auto- and cross-correlations between macro energy bins
(see the last section for details about the fitting procedure).

A. AUTOCORRELATION
ANISOTROPY ENERGY SPECTRUM

For each energy bin, we find no evidence for an `-
dependent APS. This flat behavior is expected if the
anisotropy signal is dominated by unresolved point-like
sources isotropically distributed in the sky. We therefore
derive the level of anisotropy, CP , for each energy bin by
fitting the APS with a constant value: this provides the
energy spectrum of the anisotropy signal due to gamma-
ray point-like sources. Prior to this fit, each APS was
binned to reduce the correlation among neighboring C`.
To carry out the binning in the most e↵ective way, we im-
plemented the unweighted averaging procedure proposed
in Fornasa et al., which was validated with Monte Carlo
simulations (see Sec. IV-A of Fornasa et al.). The range

global spectrum of the underlying source population flattens. We
calculated that when Nb > 3, considering our micro energy bin
width and an anisotropy energy spectrum ⇠ E�4, the di↵erence
between Eq. 1 and Eq. 2 is less than 1%. We use Nb = 6 for all
but the two highest-energy macro bins, for which we use Nb =
11 and Nb = 12, respectively.

Emin-Emax Fit range CP ± �CP Csys
P,Aeff

[GeV] [lmin-lmax] [cm�4s�2sr�2sr] [%]
0.5� 1.0 50� 150 (3.7± 1.5) E-18 20
1.0� 1.7 50� 250 (6.6± 1.6) E-19 20
1.7� 2.8 50� 450 (9.4± 1.8) E-20 20
2.8� 4.8 50� 600 (3.4± 0.63) E-20 20
4.8� 8.3 50� 900 (1.4± 0.18) E-20 20
8.3� 14.5 50� 1000 (4.3± 0.61) E-21 20
14.5� 22.9 50� 1000 (9.0± 2.1) E-22 20
22.9� 39.8 50� 1000 (2.1± 1.0) E-22 20
39.8� 69.2 50� 1000 (5.9± 4.0) E-23 20
69.2� 120.2 50� 1000 (3.1± 1.5) E-23 22
120.2� 331.1 50� 1000 (1.2± 0.73) E-23 25
331.1� 1000.0 50� 1000 (�4.4± 11) E-25 32

TABLE I. CP values and the corresponding errors �CP for
each energy bin, as well as the range of multipoles considered
in the fit of the APS and the systematic error associated to
the instrumental e↵ective area.

of multipoles considered for the fitting procedure is de-
termined taking into account several considerations: we
exclude l < 50 where residual large-scale contributions
from the foreground emission are significant and leak-
age from large-scale fluctuations still could be important;
the beam window function correction is inaccurate when
considering scales much smaller than the PSF: the upper
limit in multipole depends on the PSF and on the photon
statistics at a specific energy, and hence varies with the
energy bin. Further details are provided in the SOM.
In Tab. I, we report the obtained CP as a function of
energy, as well as the fitting range of multipoles consid-
ered, and the systematics related to the uncertainty of
the Fermi -LAT e↵ective area Ae↵

5.
Fig. 2 shows our measurement of the anisotropy energy
spectrum between 524 MeV and 1 TeV.

B. CROSS-CORRELATIONS
BETWEEN ENERGY BINS

A way to discriminate whether the signal is due to ei-
ther a single class or multiple classes of point-like sources
is to study the cross-correlations among energy bins: dis-
tinct populations of sources, presenting di↵erent energy
spectra, reasonably lie in di↵erent sky positions.
Similarly to the autocorrelation APS, we find flat cross-
APS when performing cross-correlations between macro
energy bins. If the anisotropy cross signal is due to a

single class of sources, then Cij
P =

q
Cii

P Cjj
P , where

5 This uncertainty is obtained doubling the systematic uncertainty
of the instrumental Ae↵ , since the APS is the square of the
intensity. https://fermi.gsfc.nasa.gov/ssc/data/analysis/
LAT_caveats.html
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Tominimize the impact of Galactic foregrounds we have
employed a large latitude cut. However, Galactic diffuse
emission extends to very high latitudes and may not exhibit
a strong gradient with latitude, and it is thus important to
investigate to what extent our data set may be contaminated
by a residual Galactic contribution. For this purpose we
attempt to reduce the Galactic diffuse contribution to the
high-latitude emission by subtracting a model of the
Galactic foregrounds from the data, and then calculating
the angular power spectra of the residual maps. For the
angular power spectrum analysis of the residual maps
(cleaned data) we note that the noise term CN is calculated
from the original (uncleaned) map, since subtracting the
model from the data does not reduce the photon noise level.

In the following we use the recommended Galactic dif-
fuse model GLL_IEM_V02.FIT, which is also the default GAL
model that we simulate, as described in Sec. V. To tailor the
model to the high-latitude sky regions considered in this
work, the normalization of the model was adjusted by refit-
ting the model to the data only in the regions outside the
latitude mask. For the fit we used GaRDiAn which con-
volves the model with the instrument response (effective

area and PSF). The normalization obtained in this way is,
however, very close to the nominal one,within a fewpercent.
We present the angular power spectra of the data before

and after Galactic-foreground cleaning in Fig. 3; expanded
versions of the angular power spectra for the 1–2 GeVand
2–5 GeV bins focusing on the high-multipole data are
shown in Fig. 4. In both analyses, angular power at ‘ !
155 is measured in the data in all energy bins considered,
and the angular power spectra for the default and cleaned
data are in good agreement in this multipole range. In the
default data, the large increase in angular power at ‘ < 155
in the two energy bins spanning 1–5 GeV is likely due to
contamination from the Galactic diffuse emission which
features correlations on large angular scales, but may also
be attributable in part to the effects of the source mask (see
Sec. VI F).
At ‘ ! 155 the measured angular power does not exhibit

a clear scale dependence in any energy bin. The results of
fitting the unbinned signal angular power spectrum estima-
tor for 155 " ‘ " 504 in each energy bin to a power law

Csignal
‘ / #‘=‘0$n with ‘0 % 155 are given in Table II for the

default data analysis. In each energy bin, the angular power
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FIG. 3 (color online). Comparison of intensity angular power spectra of the data and Galactic-foreground-cleaned data. For ‘ ! 155
the measured power at all energies is approximately constant in multipole, suggesting that it originates from one or more unclustered
source populations. The large increase in angular power in the default data at ‘ < 155 in the 1–2 and 2–5 GeV bins is likely attributable
largely to contamination from Galactic diffuse emission. In these two energy bins, foreground cleaning primarily reduces angular
power at ‘ < 155, with the most significant reductions at ‘ < 105. At energies greater than 5 GeV the effect of foreground cleaning is
small for ‘ ! 55. Expanded versions of the top panels are shown in Fig. 4.
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CP

l

scenarios we test an alternative fit to the blazar logN-logS
obtained by Stecker and Venters [13]. A notable feature of
this alternative fit is that it can account for !60% of the
IGRB intensity in the 1–10 GeV energy band. We have
calculated CP from the logN-logS of the Stecker and
Venters model [13,14] and, using a threshold of 5:0"
10#10 cm#2 s#1 (the same used in the rest of our analysis),
obtain CP $ %3:0& 0:5' " 10#17 %cm#2 s#1 sr#1'2 sr (the
error reported on this prediction being likely an overesti-
mate since it neglects the covariance of the parameters).
This value is a factor of !3:0 larger than the measured
value, and is inconsistent with CP;data at 3:7!. The anisot-
ropy data thus strongly excludes this blazar model. In addi-
tion, we remark that the recent analysis of Ref. [15] using
the blazar model of Ref. [16] reaches conclusions similar to
those of the present study: those authors find that the mea-
sured IGRB anisotropy places a strong constraint on the
contribution of blazars to the intensity of the IGRB, and that,
assuming the model considered in that work, blazars cannot
contribute a substantial fraction of the IGRB intensity.

Comparing the measured anisotropy of the IGRB and
the predicted anisotropy from blazars leads to another
important conclusion. Since, for the best-fit source count
distribution, blazars already account for !100% of the
observed anisotropy and, in intensity units, Poisson angular
power is additive, the remaining component (or compo-
nents) making !80% of the IGRB intensity must contrib-
ute a low level of anisotropy in order to not overproduce
the observed angular power. Interestingly, this can be

achieved quite naturally since some proposed contributors
to the IGRB, such as star-forming galaxies [8], are
expected to contribute negligibly to the anisotropy. On
the other hand, this result implies strong constraints on
source populations with large intrinsic anisotropy.
We emphasize that the anisotropy and intensity contribu-

tions from a source population have different dependences
on the source count distribution, and consequently they
represent complementary observables which are sensitive

FIG. 3 (color online). Left: Constraints on blazar logN-logS parameters (break flux, Sb, and faint-end slope, ") from the intensity
and anisotropy of the IGRB. Regions in which blazars provide 100% of the observed IGRB anisotropy and mean intensity in the
1–10 GeV energy band are shown; the widths of the regions indicate the 68% confidence intervals. Below these regions blazars
overproduce the anisotropy and mean intensity. Labeled contours show the fraction of the blazar contribution to the IGRB intensity.
The best-fit 1! parameter region from the Fermi source count analysis [4] is marked, along with the best-fit Sb [4] (dot-dashed line).
Right: Expanded view around the region of parameter space in the left panel where blazars contribute 100% of both the measured
IGRB anisotropy and intensity.

FIG. 4 (color online). Cumulative contribution of blazars in
linear (top) and log (bottom) scale to the IGRB anisotropy
(dashed) and intensity (solid) for the Fermi best-fit logN-logS
(E > 100 MeV) as a function of source intensity.
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Figure 4. The angular power CP(E) for MAGN (red long-dashed points), LISP (blue short-
dashed) and HSP BL Lacs (green dotted), FSRQs (yellow dot-dashed), and the total anisotropy
(violet solid) from all the radio-loud AGN is shown in two di↵erent units (CP(E) in the top panel
and E4CP(E)/(�E)2 in the bottom panel). The data measured in the four energy bins analyzed
by the Fermi-LAT Collaboration [2] are also shown (black solid points).

and BL Lacs from [5]) compared with the case of FSRQs from [4] and BL Lacs from [6]

and with the observed anisotropy. The model of [6] yields a larger anisotropy than the

model of [5] in all energy bands, although still compatible with the measured Fermi-LAT
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subhalo mass function, spatial distribution, and mass-
concentration relation [cvir!M"] are adopted from recent
numerical simulations of the Galactic halo, Aquarius [55].
More details on how to apply these models to gamma-ray
computations are described in Ref. [20].

The intensity angular power spectrum is

Csh
‘ # 1

16!2

Z
dL

Z ds

s2
L2 dnsh!L; s"

dL

!!!!!!!!~ush

"
‘

s
;M

#!!!!!!!!
2
;

(23)

where ~ush!k;M" is the Fourier transform of the density-
squared profile of the subhalo distribution, which is given
by Eq. (13) if the density distribution of subhalos follows
a NFW profile. Note that Eq. (23) only includes a
‘‘one-subhalo’’ term, where one correlates two points in
one identical subhalo. There is, however, the two-subhalo
term that correlates two points in two distinct subhalos, but
this term is much smaller than the one-subhalo term at
small angular scales [20].

Figure 15 shows the predicted angular power spectra
from Galactic subhalos and extragalactic halos (but not
including the cross correlation). We have used the canoni-
cal model of the Galactic subhalos given in Ref. [55],
which has the mass resolution of about 4$ 104M%. We
have extrapolated their result down to the Earth-mass scale
(model A1 of Ref. [20]). The intensity power spectrum is
about the same for both the extragalactic and Galactic
components, with the latter slightly larger in the angular
scales constrained by Fermi-LAT.

In Fig. 16, we show the limits on h"vi from the Fermi-
LAT data, taking into account both the extragalactic and

Galactic terms. As expected, the limits from either alone
are similar, and the combined limits improve by a factor
of 2. In particular, for low-mass dark matter particles,
the combined limits are only a factor of 3 larger than the
canonical cross section. The limits are weaker for larger
masses.
While our limits are not yet as stringent as those

obtained from analyses of dwarf galaxies [56,57] or
galaxy clusters [46,58], where the canonical cross sec-
tion is already excluded for low-mass (&10 GeV) dark
matter particles, they are not so far away (i.e., only a
factor of 3 to 4 worse). Also, our limits are derived in a
completely different way: they are based on the diffuse
emission rather than on individual objects, and they are
based on anisotropy rather than on the mean intensity. It
is certainly encouraging that the first limits using the
DGRB anisotropy are already not so far away from the
best limits.

V. CONCLUSIONS

In this paper, we have used the angular power spectrum
of DGRB recently detected in the 22-month data of Fermi-
LAT [27] to place limits on the annihilation cross section of
dark matter particles as a function of dark matter masses.
As dark matter annihilation occurs in all cosmological
halos and subhalos, our model includes all the contributing
terms in the extragalactic halos, the Galactic subhalos, and
the cross correlation between dark matter annihilation and
blazars. The smooth Galactic component is predicted to be

FIG. 15 (color online). Predicted angular power spectra of the
DGRB in 5–10 GeV from dark matter annihilation in extraga-
lactic halos (dotted), Galactic subhalos (dashed), and the sum of
the two (solid).

FIG. 16 (color online). The same as Fig. 11, but for the limits
obtained from the Galactic subhalos (dashed), extragalactic
halos (dot-dashed), and the sum of the two (solid). The
dot-dashed line is the same as the solid line in Fig. 11. The
dotted lines show the Galactic subhalo limits from each of
four energy bins.
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FIG. 4. The 68 % confidence level upper limits on !!v" as a function of DM mass. The red shaded

region shows the upper bound for the "+"! channel and the green region is for the bb̄ channel.

Note that the widths of the shaded regions indicate the model uncertainty. For each shaded region,

the upper curve is derived by our benchmark model with Mmin = 106M" and the lower curve is

obtained from the model with Mmin = 10!6
M".

case with Mmin = 10!6M" and on the conservative case with Mmin = 106M".

Figure 4 shows the result of our likelihood analysis on the DM parameter space mdm

and !!v". We plot the constraints for two representative particle physics model, the "+"!

channel and the bb̄ channel. We also show the results for the two choices of Mmin. The

constraint for the small Mmin is significantly stronger, as is expected. The annihilation

cross-section is more severely constrained for the "+"! channel because of its harder gamma-

ray spectra that contribute photons at higher energies than for the bb̄ channel of the same

DM mass. For reference, the horizontal dashed line indicates the canonical cross section of

!!v" = 3# 10!26 cm3 s!1 for a thermally produced DM.

A. Future forecast

Future weak lensing surveys are aimed at measuring cosmic shear over a wide area of more

than a thousand square degrees. Such observational programs include the Subaru Hyper

Suprime-Cam (HSC) 1, the Dark Energy Survey (DES) 2, and the Large Synoptic Survey
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Figure 6. Luminosity density as a function of redshift produced by the Fermi BL Lac objects. The gray band represents the confidence region enclosing 68% of the
realizations of the best-fit LF to the Monte Carlo samples.
(A color version of this figure is available in the online journal.)
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Figure 7. Redshift distribution of Fermi’s BL Lac derived using all constraints of Section 3.3 compared to spectroscopic redshift distributions of BL Lac objects in the
2LAC catalog (Ackermann et al. 2011) and the Roma blazar catalog (BZCAT; Massaro et al. 2009). The gray band encloses the 68% of all realizations of the redshift
distribution of the Monte Carlo samples.
(A color version of this figure is available in the online journal.)

PLEno!z in Table 2) changes fairly dramatically with respect to
the best-fit LDDE2 model. Indeed, instead of showing a change
in the evolution with source luminosity, it displays a very mild
positive evolution for all luminosity classes. This would lead
to a biased estimate of the evolution of BL Lac objects. We
thus believe that results based on BL Lac samples with scarce
redshift coverage are unreliable.

4.4. The Intrinsic Luminosity Function of BL Lac Objects

Beaming is known to alter the shape of the intrinsic LF (e.g.,
Urry & Shafer 1984; Urry & Padovani 1991). In this section we
correct for this effect, recovering the intrinsic LF of the Fermi BL
Lac objects and their Lorentz and Doppler factor distributions.
Here we adopt the formalism and symbols already used in Ajello
et al. (2012).

The observed 0.1–100 GeV luminosities L defined in the
present work are apparent isotropic luminosities (expressed
in erg s!1). Since the jet material is moving at relativistic speed,
the observed Doppler-boosted luminosities are related to the
intrinsic values by

L = !pL, (23)

where L is the intrinsic (unbeamed) luminosity and ! is the
kinematic Doppler factor

! = (" !
!

" 2 ! 1 cos # )!1, (24)

where " = (1 ! $2)!1/2 is the Lorentz factor, $ = v/c is the
velocity of the emitting plasma, and # is the angle between the
line of sight and the jet axis. We will assume that our sources
have Lorentz factors " in the range of "a ! " ! "b: then the
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• Origin of the cosmic MeV gamma-ray background is still under 
debate. 

• Seyferts? 

• But, no MeV emission is confirmed. 

• FSRQs? 

• But, evolution is inconsistent with GeV data. 

• Anisotropy of the cosmic gamma-ray background is a powerful tool. 

• Fermi has measured the Poisson term. 

• >1 populations are required for the GeV background.

Day 2 Summary
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