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Cosmic Gamma-ray Background Spectrum at >0.1 GeV

• Fermi has resolved 30% of  the CGB at ~1 GeV and more at 
higher energies.

• Updated LAT measurement of IGRB spectrum 
– Extended energy range: 200 MeV – 100 GeV x 100 MeV – 820 GeV 

• Significant high-energy cutoff feature in IGRB spectrum 
– Consistent with simple source populations attenuated by EBL 

• Roughly half of total EGB intensity above 100 GeV now 
resolved into individual LAT sources 
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CGB Spectrum

Ackerman+’15



Sum of Components 

•  Blazars, star-forming galaxies and radio galaxies can explain the intensity 
and the spectrum of the EGB 

Preliminary 

As usual: it does not include the systematic uncertainty on the EGB!

Components of the Cosmic GeV Gamma-ray Background

• Blazars (Ajello+’15), Radio gals. (YI’11), & Star-forming galaxies (Ackermann+’12) make up almost 
100% of CGB from 0.1-1000 GeV. 

• Next frontiers will be 

• Anisotropy (e.g. Ando & Komatsu ’06, Ackermann+’11, Camero+’13, Shirasaki+’14) 

• Cosmic MeV Gamma-ray Background (e.g. YI+’08, Ajello+’09, YI+’13) 

• Cosmic TeV Gamma-ray Background (This talk)

Ajello, YI +’15



10-7

10-6

10-5

10-4

10-3

103 104 105 106 107 108 109 1010

E2  d
N

/d
E 

[M
eV

2 /c
m

2 /s/
sr

/M
eV

] 

Photon Energy [MeV]

Total CGB (Fermi)
IceCube (i per flavour)

Fermi 
CGB

IceCube TeV-
PeV νs

2

Note that the neutrino energy is less for nuclei with the
same energy, since the energy per nucleon is lower. The
energy per nucleon should exceed the knee at 3–4 PeV.
Given the differential CR energy budget at z = 0, QEp

,
the INB flux per flavor is estimated to be [5, 11]

E2
νΦνi ≈

ctHξz
4π

1

6
min[1, fpp](EpQEp

) (2)

where tH ≃ 13.2 Gyr and ξz is the redshift evolution
factor [5, 17]. The pp efficiency is

fpp ≈ nκpσ
inel
pp ctint, (3)

where κp ≈ 0.5, σinel
pp ∼ 8×10−26 cm2 at ∼ 100 PeV [19],

n is the typical target nucleon density, tint ≈ min[tinj, tesc]
is the duration that CRs interact with the target gas, tinj
is the CR injection time and tesc is the CR escape time.
The pp sources we consider should also contribute to

the IGB. As in Eq. (2), their generated IGB flux is

E2
γΦγ ≈

ctHξz
4π

1

3
min[1, fpp](EpQEp

), (4)

which is related to the INB flux model independently as

E2
γΦγ ≈ 2(E2

νΦνi)|Eν=0.5Eγ
. (5)

Given E2
νΦνi , combing Eq. (5) and the upper limit

from the Fermi IGB measurement E2
γΦ

up
γ leads to Γ ≤

2+ln[E2
γΦ

up
γ |100 GeV/(2E2
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)][ln(2Eν/100 GeV)]−1.

Using E2
νΦνi = 10−8 GeV cm−2 s−1 sr−1 as the measured

INB flux at 0.3 PeV [3, 4, 20], we obtain

Γ ! 2.185

!

1 + 0.265 log10
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(E2
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γ )|100 GeV

10−7 GeV cm−2 s−1 sr−1
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.

(6)
Surprisingly, the measured (all flavor) INB flux is com-
parable to the measured diffuse IGB flux in the sub-TeV
range, giving us new insights into the origin of the Ice-
Cube signal; source spectra of viable pp scenarios must
be quite hard. Numerical results, considering intergalac-
tic electromagnetic cascades [22] and the detailed Fermi
data [14], are shown in Figs. 1-3. We derive the strong
upper limits of Γ ! 2.1–2.2, consistent with Eq. (6). In
addition, we first obtain the minimum contribution to
the 100 GeV diffuse IGB, " 30%–40%, assuming Γ ≥ 2.0.
Here, the IGB flux at ∼ 100 GeV is comparable to the
generated γ-ray flux (see Fig. 3) since the cascade en-
hancement compensates the attenuation by the extra-
galactic background light, enhancing the usefulness of
our results. Also, interestingly, we find that pp scenar-
ios with Γ ∼ 2.1–2.2 explain the “very-high-energy ex-
cess” [17] with no redshift evolution, or the multi-GeV
diffuse IGB with the star-formation history, which may
imply a common origin of the INB and IGB.
Importantly, our results are insensitive to redshift evo-

lution models. In Fig. 3, we consider the different redshift
evolution. But the result is essentially similar to those
in Figs. 1 and 2. In Figs. 1-3, the maximum redshift
is set to zmax = 5, while we have checked that the re-
sults are practically unchanged for different zmax. This
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FIG. 1: The allowed range in pp scenarios explaining the mea-
sured INB flux, which is indicated by the shaded area with
arrows. With no redshift evolution, the INB (dashed) and
corresponding IGB (solid) are shown for Γ = 2.0 (thick) and
Γ = 2.14 (thin). The shaded rectangle indicates the IceCube
data [4]. The atmospheric muon neutrino background [21]
and the diffuse IGB data by Fermi/LAT [14] are depicted.
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FIG. 2: The same as Fig. 1, but for Γ = 2.0 (thick) and
Γ = 2.18 (thin) with the star-formation history [23].

is because ξz in Eqs. (2) and (4) is similar and cancels
out in obtaining Eq. (5). This conclusion largely holds
even if neutrinos and γ rays are produced at very high
redshifts. Interestingly, our results are applicable even to
unaccounted-for Galactic sources, since the diffuse IGB is
a residual isotropic component obtained after subtract-
ing known components including diffuse Galactic emis-
sion. If we use the preliminary Fermi data, based on the
unattenuated γ-ray flux in Fig. 3, only Γ ∼ 2.0 is allowed.
Note that such powerful constraints are not obtained

for pγ scenarios. First, pγ reactions are typically efficient
only for sufficiently high-energy CRs, so the resulting γ
rays can contribute to the IGB only via cascades – low-
energy pionic γ rays do not directly contribute and the
differential flux is reduced by their broadband spectra, as
demonstrated in [24]. More seriously, in pγ sources like
GRBs and AGN, target photons for pγ reactions often
prevent GeV-PeV γ rays from leaving the source, so the
connection is easily lost [25]. Furthermore, synchrotron
cooling of cascade e± may convert the energy into x rays
and low-energy γ rays, for which the diffuse IGB is not
constraining. In contrast, pp sources considered here are

Murase+’13

Cosmic TeV Gamma-ray Background

• Above 1 TeV, there is no gamma-ray data, though it is important 
for neutrino studies. 

• extragalactic pp scenario for IceCube events is constrained by the  
CGB (Murase+’13; Bechtol+’15).



• TeV gamma-ray photons are absorbed by EBL  

• electron-positron pairs are created 

• pairs scatter CMB via inverse-Compton process 

•  1 TeV (primary) -> ~1 GeV (secondary) 

• Note: plasma instability may suppress the cascade  
(Broderick+’12, but see also Sironi & Giannios ‘14)

GeV-TeV Gamma-ray Connection: Cascade
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Upper Bound on the Cosmic Gamma-ray Background

• Cascade component from the TeV background can not 
exceed the Fermi data (Coppi & Aharonian ’97, YI & Ioka ’12, Murase+’12, 

Ackermann+’14).

Cascade
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Intrinsic

YI & Ioka ’12



Galaxy Counts: Lower Bound on the 
Cosmic Optical/Infrared Background
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Known TeV sources
• Select 35 known TeV 

sources at |b|>10 deg 
from the default 
TeVcat catalog. 

• low-state data only 

• 30 are blazars, 3 are 
radio galaxies, 2 are 
starbursts 

• 3FGL SED data for the 
GeV data.

YI & Tanaka ‘15
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Source Count Distribution

• different from a uniform distribution. 

• More uniform and wide sky coverage is required.
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Lower Bound on the Cosmic Gamma-ray Background

YI & Tanaka ’15
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• TeV source counts give lower limit on to the cosmic gamma-ray background. 

• Fermi has resolved more portion of the TeV sky than IACTs do. 

• CTA & HAWC surveys will be important (YI, Totani, & Mori 10; Dubus, YI, 
+’13)



How large fraction of the VHE 
sky resolved by Fermi?

• Fermi has resolved 50-80% of the VHE sky (0.1-1 TeV). 

• CTA survey (at >50 GeV) will not drastically change the 
source counts. 

FIG. 4: Cumulative source count distribution N(> S) with
the uncertainty bands as in Fig. 3 together with the theo-
retical predictions from Ref. [12] (blue dashed line), [4] (red
dashed line) and [13] (green band). The vertical dotted brown
line shows the 5mCrab flux reachable by CTA in 240 hrs of
exposure [14].

Our best-fit model for the flux distribution dN/dS is
therefore, for S & 10�12 ph cm�2 s�1, a broken power-
law with break flux in the range Sb 2 [0.8, 1.5] ⇥ 10�11,
slopes above and below the break of ↵

1

= 2.49 ± 0.12
and ↵

2

2 [1.60, 1.75], respectively and a normalization
K = (4.60±0.35)⇥10�19 deg�2 ph�1 cm2 s. We believe
this describes the source counts of a single population
(blazars), because no re-steepening of the source count
distribution is observed and because the large majority
(97%) of the detected sources are likely blazars.

Fig. 4 reports the theoretical expectations for the
source count distribution given by blazars [4, 13] and BL
Lacs [12]. These models are consistent with the obser-
vations at bright fluxes, but are above the experimental
N(> S) by about a factor of 2 at S = 10�12 ph cm�2

s�1. We include in the same figure also the predicted
5mCrab sensitivity reachable by CTA in 240 hours in
the most sensitive pointing strategy [14]. At these fluxes
the source density is 0.0194± 0.0044 deg�2, which trans-
lates to the serendipitous detection of 200±45 blazars in
one quarter of the full sky. It is also interesting to note
that our analysis constrains the source count distribution
to fluxes that are much fainter than those reachable by
CTA in short exposures.

Once known, the source count distribution can be used
to estimate the contribution of point sources to the EGB.
This is performed by integrating the flux distribution
dN/dS as follows:

I =

Z S
max

0

S0 dN

dS0 dS
0 [ph cm�2 s�1 sr�1]. (3)

Choosing S
max

= 10�8 ph cm�2 s�1 we find that the

FIG. 5: Comparison between the pixel count distribu-
tion from the average of 20 simulations (blue points), and
the distribution from the real sky (red points). The
green points show the di↵erence between the two distribu-
tions. In each number of photon bin N

photons

ranging be-
tween [N

photon,1, Nphoton,2] we display N
pixel

with N
photons

2
[N

photon,1, Nphoton,2).

total integrated flux from point sources is 2.07+0.40
�0.34 ⇥

10�9 ph cm�2 s�1 sr�1 which constitutes 86+16

�14

% of the
EGB above 50GeV estimated in [2]. This validates the
predictions of models [3, 4, 12]. Point sources with fluxes
S > 1.3⇥10�12 ph cm�2 s�1 produce 1.47+0.20

�0.24⇥10�9 ph

cm�2 s�1 sr�1, while 6.0+2.0
�1.0 ⇥ 10�10 ph cm�2 s�1 sr�1

is produced by sources below that flux.
The Fermi-LAT has measured the angular power spec-

trum of the di↵use �-ray background at |b| > 30� and in
four energy bins spanning the 1-50GeV energy range [19].
For multipoles l � 155 the angular power CP is found to
be almost constant, suggesting that the anisotropy is pro-
duced by an unclustered population of unresolved point
sources. Indeed, Refs. [20, 21, 22] argue that most of
the angular power measured by the Fermi-LAT is due to
unresolved emission of radio-loud active galactic nuclei.
The angular power due to unresolved sources at

>50GeV can be readily predicted from the source count
distribution as:

CP =

Z S
max

0

(1� !(S0))S02 dN

dS0 dS
0[(ph cm�2 s�1)

2

sr�1],

(4)
The angular power evaluates to CP (E > 50GeV) =
9.4+1.0

�1.6 ⇥ 10�22 (ph/cm2/s)2 sr�1. This is the first
observationally-based prediction of the angular power at
>50GeV. Our estimation for CP (E > 50GeV ) is in good
agreement with the extrapolation of the Fermi-LAT an-
gular power measurements [19] above 50GeV and is con-
sistent with the calculated anisotropy due to radio loud

The Fermi-LAT 
collaboration ‘15
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Why Fermi has resolved the 
sky more even at ~1 TeV?

• 14 sources at the highest energy (585-2000 GeV) bin in the 2FHL samples, while 30 sources at 
>585 GeV in our sample. ⇒ Sky coverage is not the cause. 

• The dominant object Mrk 421 is variable. 

•  The CGB is the time-averaged spectrum. e.g. Fermi accumulated data 80 months for 2FHL. 

• We need long-term monitoring of TeV sources. ⇒ HAWC & current IACTs in the CTA era.
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the sensitivity information provided is insufficient to make a de-
tailed comparison of the performance in the overlapping region
which motivates this study.

As can be seen from the figure, the Fermi-LAT is photon starved
in the overlapping energy range and therefore the mFm (which is
equivalent to E2dN=dE) sensitivity worsens with increasing energy
proportional to E1. The Fermi-LAT 10-year sensitivity is extremely
uneven across the sky, due to the bright diffuse gamma-ray emis-
sion from cosmic-ray interactions in our Galaxy in that energy
range [17]. We show two positions, one labeled ‘‘inner Galaxy’’ at
l ¼ 10"; b ¼ 0" Galactic coordinates and one at high latitudes la-
beled ‘‘extragalactic’’, taking into account only the isotropic diffuse
emission [28]. The Galactic diffuse emission has a steeper spec-
trum than E#2 and is therefore increasingly less dominant with
higher energies in the Fermi-LAT [17]. For our study we will ignore
the Galactic diffuse background in the following. This has negligi-
ble effect on the energy at which the Fermi-LAT and CTA differen-
tial sensitivity curves overlap as seen in Fig. 1. It should be noted
that in the very inner parts of the Galaxy diffuse emission can be-
come an issue, even for CTA as shown in [16]. Contrary to the Fer-
mi-LAT, CTA is systematic error dominated in the overlapping
energy range. Therefore longer observations do not help the CTA
sensitivity in this range as can be seen from Fig. 1. Unless other-
wise noted, we have assumed that the source counts need to be
at least 5% above the background to be significantly detected (i.e.
we assumed that we can determine our background level to 5%
accuracy). While this is a reasonable assumption, for special obser-
vations, such as for pulsars (where the background can be deter-
mined by the off-phase), this might be overly conservative. Due
to the dominance of systematic errors for CTA in the overlapping
energy range, longer observation times do not significantly shift
the energy at which the Fermi-LAT and CTA sensitivity curves cross
as can be seen in Fig. 1.

Differential sensitivity is clearly not the only relevant factor
when comparing instruments in the overlapping range. The integral
sensitivity is relevant when aiming to detect a new source, and the
angular and energy resolution are clearly critical for imaging and
spectroscopy. Fig. 2 shows the angular resolution and the energy
resolution for the instruments operating (or planned) in the
$ 100 GeV range. As can be seen there are orders of magnitudes

differences between instruments in both quantities. Below
100 GeV the Fermi-LAT outperforms all ground-based instruments
in both angular and energy resolution. This is due to inherent fluctu-
ations in those particles above the Cherenkov threshold high in the
atmosphere for showers initiated by low energy primaries. So even
if the differential sensitivity of the Fermi-LAT and CTA is the same at
a given energy, the Fermi-LAT will be able to do a better measure-
ment of a source. While HAWC’s performance in these quantities
is rather modest, its main goal is to detect new sources and study
variability and find transients. HAWC is not shown in Fig. 1 as differ-
ential sensitivity curves has not been provided by the HAWC collab-
oration and indeed, it is not the relevant quantity for the
aforementioned goals. In the energy range at which this study is
focused, HAWC is not competitive with the Fermi-LAT and CTA
except perhaps for the detection of very short timescale transients
such as GRBs.

2. The sensitivity model

The sensitivity of gamma-ray detectors is determined by three
basic characteristics: the effective collection area, residual back-
ground rate and angular resolution, all of which are typically a
strong function of gamma-ray energy. For Fermi-LAT the relevant
curves are taken from [29] for instrument response function
pass6_v3, and for CTA from [30]. It should be noted that the usage
of the enhanced pass7 response-functions for the Fermi-LAT will
not substantially change the presented results. The difference in
effective area above 1 GeV is$ 10%. We also note that the CTA per-
formance is very likely to improve relative to that shown here, due
to analysis improvements and hardware performance and tele-
scope layout optimization. For a detailed description of the CTA
instrument response function, see [?] in this issue. Detection sen-
sitivity may be limited by statistical fluctuations of the back-
ground, by background systematics or by the number of detected
signal photons. The statistical limit is calculated using a maximum
likelihood approach, background systematics in CTA are assumed
to have a 1% rms [30], and a minimum of 10 photons is always re-
quired for a detection. The instrument point-spread functions
(PSFs) are assumed to be Gaussian for simplicity, with the 68% con-
tainment radius (h68) matched to that of the simulated instrument
response. This study builds on that presented in [34] but is more
precise in that it uses Monte–Carlo estimated background rates
and collection areas for a baseline CTA design (layout ‘‘E’’) [30]
rather than inferred values, derived for an idealized future Cheren-
kov array [35]. Array layout E is used as an example. This particular
configuration uses three telescope types: four 24 m telescopes
with 5" field-of-view, 23 telescopes of 12 m diameter with 8"

field-of-view, and 32 telescopes of 7 m diameter with a 10" field-
of-view. The telescopes are distributed over $ 3 km2 on the
ground. The study presented here uses the curves for an altitude
of 2000 m and a zenith angle of 20". The residual background rate
adopted for Fermi (unless otherwise stated) is taken from [29] and
is representative of the isotropic diffuse emission relevant for high
Galactic latitude sources. As previously stated we ignore the Galac-
tic diffuse emission which is justified, given its diminishing impor-
tance in the Fermi-LAT data above 10 GeV. The likelihood method
adopted is a simplified version of that used for data analysis:
events are binned in energy but counted (rather than fit) within
an energy-dependent aperture. To match the sensitivity achieved
using the standard method a background scaling factor of 0.6 is ap-
plied. This approach is used throughout except for the case of the
source extension studies described in Section 5, where a full treat-
ment is used.

In Fig. 3 we compare the sensitivity model to published curves
for the differential sensitivity of CTA and Fermi, agreement exists
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Fig. 1. ‘‘Differential’’ sensitivity (integral sensitivity in small energy bins) for a
minimum significance of 5r in each bin, minimum 10 events per bin and 4 bins per
decade in energy. For Fermi-LAT, the curve labeled ‘‘inner Galaxy’’ corresponds to
the background estimated at a position of l ¼ 10"; b ¼ 0" , while the curve labeled
‘‘extragalactic’’ is calculated using the isotropic extragalactic diffuse emission only.
For the ground-based instruments a 5% systematic error on the background
estimate has been assumed. All curves have been derived using the sensitivity
model described in Section 2. For the Fermi-LAT, the pass6v3 instrument response
function curves have been used. As comparison, the synchrotron and Inverse
Compton measurements for the brightest persistent TeV source, the Crab Nebula
are shown as dashed grey curves.

S. Funk, J.A. Hinton / Astroparticle Physics 43 (2013) 348–355 349



Lower Bound on the Cosmic Gamma-ray Background

• The bounds above 100 GeV is approximated as: 

• Exponential cutoff may not be due to the EBL attenuation. 
The gamma-ray horizon energy for Mrk 421 & 501 is ~7 TeV.

YI & Tanaka ’15
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Bounds on the Cosmic TeV Gamma-ray Background
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• Current limit at 0.1-10 TeV is 

• 3x10-8 (E/0.1 TeV)-0.8 exp(-E/2 TeV) < E2dN/dE < 1x10-7 (E/0.1 TeV)-0.5  [GeV/cm2/s/sr]  



Requirement for CTA to 
measure the CGB spectrum

• Need to remove electron background events which is 104-5 
times higher than the CGB events.
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Summary
• Cosmic TeV gamma-ray background is not well investigated 

yet. 

• Current GeV gamma-ray background gives upper limits on the 
TeV gamma-ray background through the cascade argument 

• Ensemble of low-state TeV blazar flux gives lower limit on to 
the cosmic gamma-ray background. 

• Current limit on the TeV background is  

• 3x10-8 (E/0.1 TeV)-0.8 exp(-E/2 TeV) < E2dN/dE < 1x10-7 (E/0.1 
TeV)-0.5  [GeV/cm2/s/sr].  


