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Spectral hardening at the TeV band?

• Spectra of TeV blazars seem to show hardening. 

• It is also known that Cen A has a new spectral component at TeV.
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Figure 14. Same as Figure 13, but for sources at z > 0.15. References for the data are H 2356-309 (Aharonian et al. 2006b), RX J0648.7+1516 (Aliu et al. 2011),
1ES 1218+304 (Acciari et al. 2009b), 1ES 1101−232 (Aharonian et al. 2007c), 1ES 0347−121 (Aharonian et al. 2007a), RBS 0413 (Aliu et al. 2012), 1ES 1011+496
(Albert et al. 2007b), 1ES 0414+009 (Abramowski et al. 2012a), S5 0716+714 (Anderhub et al. 2009), 4C+21.35 (Aleksić et al. 2011a), 3C 66A (Aleksić et al. 2011b),
and 3C 279 (Albert et al. 2008).
(A color version of this figure is available in the online journal.)

harder spectra above several hundred GeV (see also Finke et al.
2010).

To explain such intrinsically hard spectra, some authors have
recently suggested secondary cascade components generated
by very high energy cosmic-rays or gamma-rays, which may
also offer a probe of intergalactic magnetic fields (e.g., Essey
& Kusenko 2010; Essey et al. 2011; Essey & Kusenko 2012;
Murase et al. 2012; Aharonian et al. 2013). Others have
proposed effects of time-dependence, stochastic acceleration,
or multiple emission components (Lefa et al. 2011a, 2011b).
Future CTA observations of these objects with high energy and
time resolution will elucidate such issues.

The signature of EBL absorption has not been seen in the
spectrum of the extragalactic gamma-ray background (EGB)
above 100 GeV (Ackermann 2011), even though it is naturally
expected if its origin is cosmological (Inoue 2011a; Inoue &
Ioka 2012). By considering the effects of cascade emission,
Inoue & Ioka (2012) have recently shown that if the EGB at
<100 GeV (Abdo et al. 2010b) is entirely composed of known
types of sources whose spectra are well constrained by existing
observations, then the measured EGB at >100 GeV would be
inconsistent with this hypothesis, even for a low EBL such as
proposed here. Further detailed spectral studies of extragalactic
gamma-ray sources are required to resolve this issue.

6. CONCLUSIONS

We have developed models for the EBL over the redshift
range z = 10 to z = 0 on the basis of a semi-analytical

model of hierarchical galaxy formation, into which Pop-III stars
were incorporated in a simplified fashion. Our baseline model is
consistent with a wide variety of observational data for galaxies
below z ∼ 6 (Nagashima & Yoshii 2004; Kobayashi et al. 2007,
2010), and is also capable of reionizing the universe by z < 8.
However, in order to account for the Thomson scattering optical
depth measured by WMAP, the ionizing photon emissivity is
required to be 50–100 times higher at z > 10. This is in line
with recent observations of galaxy candidates at z ∼ 8, as long
as the contribution from faint galaxies below the sensitivity of
current telescopes is not large (e.g., Bouwens et al. 2012). The
“missing” ionizing photons may possibly be supplied by Pop-III
stars forming predominantly at these epochs in sufficiently small
galaxies.

The EBL intensity at z = 0 in our model is generally not far
above the lower limits derived from galaxy counts. Our model is
also in good agreement with the data from Pioneer (Matsuoka
et al. 2011) directly measured from outside the zodiacal region.
The Pop-III contribution to the NIR EBL is !0.03 nW m−2 sr−1,
less than 0.5% of the total in this band, even at the maximum
level compatible with WMAP measurements. The putative NIR
EBL excess (Matsumoto et al. 2005), which also conflicts with
the upper limits from gamma-ray observations (Aharonian et al.
2006a), may have a zodiacal origin rather than Pop-III stars.

Up to z ∼ 3–5, the γ γ opacity in our model is comparable
to that in the majority of previously published models (Kneiske
et al. 2004; Franceschini et al. 2008; Finke et al. 2010; Gilmore
et al. 2012b) below Eγ ∼ 400/(1 + z) GeV, while it is a factor
of ∼2 lower above this energy. The universe is predicted to be
largely transparent below 20 GeV even at z > 4.
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Fig. 4.— SED of PKS 0426−380 derived from the Fermi -LAT data accumulated during the

most energetic flaring state spanning MET 280000000 (17:46:38 UT on 2009 November 15)

to 302000000 (08:53:18 UT on 2010 July 28; see also the black horizontal line in Figure 2).

The observed spectrum is denoted by black squares and the highest energy bin is a 95%

confidence level upper limit. The spectra corrected for the EBL-related attenuation, using

the EBL models of Franceschini et al. (2008) and Inoue et al. (2013), are represented by

red circles and blue triangles, respectively. A broken power-law model which maximizes the

likelihood for the 0.1–300 GeV Fermi -LAT data is also indicated with black dashed line.
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PKS 0426-380 @ z = 1.1 
The most distant VHE blazar



What is the origin of the hardening?

• Secondary gamma rays from cosmic rays along line of sight (Essey & Kusenko ’10, Essey+’10, Essey+’11, 

Murase+’12, Takami+’13, YI+‘14b).  

• Observed GeV-TeV photon index dependence on redshift will be different from 
simple CIB attenuation. There should also be additional spectral components in the 
TeV band. 

• Stochastic acceleration (Stawarz & Petrosian ’08, Lefa+’11). 

• Lepto-hadronic emission (Cerutti+’14).

The Astrophysical Journal Letters, 771:L32 (5pp), 2013 July 10 Takami, Murase, & Dermer
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Figure 1. SEDs calculated for gamma-ray-induced (red) and UHECR-induced
(blue) cascade scenarios for KUV 00311−1938 (z = 0.61) using low IR (thick)
and best fit (thin) EBL models deduced by Kneiske et al. (2004) with the analyzed
LAT data (green) with a H.E.S.S. preliminary spectrum (magenta; Becherini
et al. 2012). We take s = 1.76. The isotropic equivalent energy of input gamma
rays for the gamma-ray-induced cascade Liso

γ and of UHECR source protons for
a UHECR-induced cascade Liso

p are 3.5×1046 erg s−1 and 1.1×1047 erg s−1, re-
spectively. The differential sensitivity curve for a 50 hr observation with H.E.S.S.
I (http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/proposals/; dashed line),
and the 50 hr sensitivity goal of the Cherenkov Telescope Array (CTA; Actis
et al. 2011; dotted line) are also plotted. The flux lower than the sensitivity
curve can be achieved under a relaxed criterion of wider energy-bins and lower
significance required to estimate flux in each bin.
(A color version of this figure is available in the online journal.)

reproduced by both gamma-ray- and UHECR-induced cascade
scenarios between 10 and 100 GeV. The UHECR-induced cas-
cade predicts larger flux above 200 GeV and harder spectrum
than the gamma-ray-induced scenario above ∼1 TeV. Prelimi-
nary H.E.S.S. data support the hadronic interpretation. Note that
the redshift of this object is uncertain (see Section 5).

We confirmed that the SEDs of the other more distant sources
in the list, excepting sources with steep spectra, namely PKS
0426−380 and PKS 2142−75, are reproduced by both gamma-
ray-induced and UHECR-induced cascade scenarios for the
quoted redshifts. More distant sources allow the possibility
to distinguish the two scenarios clearly by the difference in
predicted spectral fluxes above ∼1 TeV. Due to their large
distances, a sharper cutoff of the gamma-ray-induced spectra
compared to the UHECR-induced spectra is predicted at the
characteristic EBL absorption energy Ec (Murase et al. 2012b),
and a plateau of emission extending to >10 TeV is predicted in
the hadronic scenario.

In general, differential sensitivity is defined more conserva-
tively than integral sensitivity for IACTs. Conventionally, the
differential sensitivity requires a 5σ signal for a 50 hr obser-
vation in each of four equal-width logarithmic bins per decade,
whereas the integral sensitivity is defined as a 5σ excess of
gamma rays above a given threshold energy for a 50 hr obser-
vation (e.g., Aleksić et al. 2012). Thus, integral flux is more
sensitive to the scenario distinction.

Figure 2 shows the integral flux corresponding to the pre-
dictions in Figure 1. Here, we can obviously recognize that
the UHECR-induced scenario can be distinguished from the
gamma-ray-induced scenario by the Cherenkov Telescope Ar-
ray (CTA). This source is detectable at the 5σ level up to ∼3 TeV
for the low-IR model and ∼1 TeV for the best-fit model in the
UHECR-induced scenario, while it should only be detected up
to ∼500 GeV in the gamma-ray-induced scenario. Detection of
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Figure 2. Integral flux corresponding to the SEDs in Figure 1 (KUV
00311−1938) with the H.E.S.S. I integral sensitivity (presented by Y. Becherini
in Rencontres de Moriond 2009; http://moriond.in2p3.fr/J09/) and the integral
sensitivity goal of CTA for a 50 hr observation (Actis et al. 2011). The inset
shows a >10 GeV light curve with 16 equal time bins, each lasting 90.3 days.
The light curve is consistent with a constant flux hypothesis with χ2

r = 0.95
which is calculated only from finite flux points.
(A color version of this figure is available in the online journal.)
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Figure 3. Same as Figure 2, but for PG 1246+586 (z = 0.847). Liso
γ =

7.5×1046 erg s−1 and Liso
p = 2.0×1047 erg s−1. We take s = 1.94. The inset is

a light curve similar to Figure 2, with χ2
r = 0.40 for a constant flux hypothesis.

(A color version of this figure is available in the online journal.)

this source above 1 TeV would be very strong evidence for a
hadronic origin of the radiation.

We demonstrate this behavior for a more distant source, PG
1246+586, in Figure 3. Despite its distance, this source can
be detected by CTA below ∼200 GeV for both scenarios. It
is possible to distinguish between the two scenarios because
the difference in detecting photons for the two scenarios would
be larger than the range of uncertainties implied by the EBL
models used, even with the flux of the characteristic hadronic
plateau at high energies being below the CTA sensitivity. Thus,
even gamma-ray sources with z ∼ 0.85 can be utilized to
disentangle the two scenarios. Other sources detectable with
50 hr observations with CTA in the source list are Ton 116,
B3 1307+433, 4C +55.17, and PKS 1958−179. Note that
the sensitivity of CTA North may be somewhat worse above
∼10 TeV because no small-size telescopes are projected to be a
part of the array.
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KUV 00311-1938 (z=0.61) 
Secondary Gamma Rays

The Astrophysical Journal, 740:64 (9pp), 2011 October 20 Lefa, Rieger, & Aharonian
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Figure 10. Hard spectrum blazar 1ES 0229+200 at z = 0.139 with SED modeled within an SSC approach using Maxwellian-type electron distributions. All parameters
used are the same as in Figure 3. Data points shown in the figure are from Zacharopoulou et al. (2011), where the intrinsic (de-absorbed) source spectrum has been
derived based on the EBL model of Franceschini et al. (2008) with (1) EBL level as in their original paper (“low-level EBL”) and (2) (maximum) EBL level scaled up
by a factor of 1.6 (“high-level EBL”).
(A color version of this figure is available in the online journal.)

the high low-energy cutoffs needed in leptonic synchrotron-
Compton models for the hard spectrum sources.

Although our main purpose here is not to fit data, Figure 10
shows that a Maxwellian-type electron distribution could also
provide a satisfactory explanation for the hard TeV component
in 1ES 0229+200.

Our results illustrate that even within a leptonic synchrotron-
Compton approach relatively hard intrinsic TeV source spectra
may be encountered under a variety of conditions. While this
may be reassuring, the possibility of having such hard source
spectra within “standard models” unfortunately constrains the
potential of extracting limits on the EBL density based on γ -ray
observations of blazars, one of the hot topics currently discussed
in the context of next generation VHE instruments.

We thank S. Kelner and S. Wagner for helpful discussions.

REFERENCES

Aharonian, F., Akhperjanian, A. G., Barres de Almeida, U., et al. 2007a, A&A,
475, L9

Aharonian, F., Akhperjanian, A. G., Bazer-Bachi, A. R., et al. 2007b, A&A,
470, 475

Aharonian, F. A., Atoyan, A. M., & Nahapetian, A. 1986, A&A, 162, L1
Aharonian, F. A., Khangulyan, D., & Costamante, L. 2008, MNRAS, 387, 1206
Aharonian, F. A., Timokhin, A. N., & Plyasheshnikov, A. V. 2002, A&A, 384,

834
Aharonian, F., et al. 2006, Nature, 440, 1081
Atoyan, A. M., & Aharonian, F. A. 1999, MNRAS, 302, 253
Begelman, M. C., Blandford, R. D., & Rees, M. J. 1984, Rev. Mod. Phys., 56,

255
Bloom, S. D., & Marscher, A. P. 1996, ApJ, 461, 657
Blumenthal, G. R., & Gould, R. J. 1970, Rev. Mod. Phys., 42, 237
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TeV blazar sample
• Select 36 blazars with z 

from the default TeVcat 
catalog. 

• Low-state data are 
available for 31/36. 

• 3FGL SED data. 

• CIB correction by YI
+’13. 

• Systematic parameter 
study w/ MWL data is 
also on-going.
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GeV-TeV index dependence on redshift

• there is no clear signature supporting the secondary gamma-ray scenario. 

• no significant correlation for z>0.1. 

• But, 1ES 0229+200 seems to be peculiar. 

• additional components at TeV band are not significantly seen via F-test. No sources 
with P(F)<0.05.

The Astrophysical Journal Letters, 751:L11 (4pp), 2012 May 20 Essey & Kusenko
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Figure 1. Spectral change, ∆Γ = ΓTeV − ΓGeV, for TeV detected blazars
observed by Fermi. Data points from the Fermi Second catalog (The Fermi-
LAT Collaboration 2011) were separated into three sets: nearby sources (red
inverted triangles), intermediate sources (green triangles), and distant sources
(blue diamonds). The lines are the best fits to Equation (10) with D = 17.46
(dashed line) and (Γp − Γs ) = 0.995 (solid line).
(A color version of this figure is available in the online journal.)

effect would increase ∆Γ because the variation implies some ad-
ditional softening due to moving past the Compton peak, which
is not supported by the data. TeV spectra, if they are secondary
gamma rays produced along the line of sight, do not depend sig-
nificantly on the gamma-ray or proton spectra of their sources
(Essey & Kusenko 2010; Essey et al. 2010, 2011b; Murase et al.
2012; Razzaque et al. 2012). The dependence on the EBL model
(Finke et al. 2010; Franceschini et al. 2008; Stecker et al. 2006;
Gilmore et al. 2009; Orr et al. 2011) is very weak (Essey et al.
2011b). Thus, the spectral variation does not affect our con-
clusion that the behavior in Figure 1 is consistent with a new
component taking over and dominating the signal for z ! 0.15.
For the same reason, our best-fit line in Figure 1 does not depend
on the choice of the EBL model.

Line-of-sight interactions of cosmic rays can account for
the hard spectra of distant blazars because, in this case, the
observed multi-TeV gamma rays are produced in interactions
of cosmic rays with the background photons relatively close
to Earth (Essey & Kusenko 2010; Essey et al. 2010, 2011b;
Murase et al. 2012). For this reason, the distance to the source
is much less important than in the case of primary sources.
One, therefore, expects the spectra of secondary gamma rays to
exhibit a slower change with redshift.

2. SOFTENING OF A TWO-COMPONENT SPECTRUM

We would like to generalize the Stecker & Scully (2006, 2010)
scaling law to include the additional component at high redshift.
The fluxes of primary gamma rays produced at the source and
of secondary gamma rays produced in line-of-sight interactions
of protons scale with distance d as follows (Essey et al. 2011b):

Fprimary, γ (d) ∝ 1
d2

e−d/λγ (2)

Fsecondary, γ (d) ∝ λγ

d2

!
1 − e−d/λγ

"
(3)

∼
#

1/d, for d ≪ λγ ,

1/d2, for d ≫ λγ .
(4)

Obviously, for a sufficiently distant source, secondary gamma
rays must dominate because they do not suffer from exponential
suppression as in Equation (2). The predicted spectrum of γ -rays
turns out to be similar for all the distant AGNs. Essey & Kusenko
(2010) and Essey et al. (2010, 2011b) have calculated the spectra
for redshifts of 3C279, 1ES 1101-232, 3C66A, 1ES0229+200,
and several other blazars, all of which yield a remarkably good
(one-parameter) fit to the data (Essey & Kusenko 2010; Essey
et al. 2010, 2011b).

Based on our numerical results using a Monte Carlo propa-
gation code described by Essey & Kusenko (2010) and Essey
et al. (2010, 2011b), we find that the spectra have a weak redshift
dependence and, in the TeV energy range, for 0.2 " z " 0.6, it
can be approximated by the following simple relation:

ΓTeV ≃ Γp + αz, (5)

where Γp is a constant and α ≈ 1.
Let us now consider a flux of TeV gamma rays which is the

sum of two components that have the above-mentioned scaling
with distance:

FTeV = F1
1
d2

exp(−d/λγ ) E−(Γs+DH0d)

+ F2
1
d2

(1 − e−d/λγ )E−(Γp+αH0d) (6)

= 1
d2

$
e−d/λγ

%
F1E

−(Γs+DH0d) − F2E
−(Γp+αH0d)&

+ F2 E−(Γp+αH0d)' . (7)

While the overall 1/d2 factor does not affect the spectral
index, the exponential suppression of the first term in squared
brackets in Equation (7) guarantees a sharp change from the
Stecker & Scully (2006, 2010) scaling law to a flatter scaling
law which shows only a weak redshift dependence. The change
occurs when the distance d is of the order of λγ , i.e., at a distance
from the source where EBL optical depth approaches 1. Based
on our numerical calculations, and in agreement with Stecker
& Scully (2006), the corresponding redshift is z ≈ H0d ≈ 0.1.
Taking into account that F1 ≫ F2, one can write an approximate
scaling law as

z2 FTeV ∝ e−z/0.1 F1 E−(Γs+Dz) + F2E
−(Γp+αz). (8)

At lower energies, in the GeV energy range, the flux is
expected to show very little attenuation for z " 0.5 and to follow
the simple relation

z2 FGeV ∝ F̃1 E−Γs . (9)

Thus, we expect that ∆Γ = ΓTeV − ΓGeV should exhibit the
following behavior:

∆Γ ≃
#
Dz for z " 0.1,

(Γp − Γs) + αz, for z ! 0.1.
(10)

For practical reasons, it is easier and more instructive to
compare the spectral slopes given by Equation (10) with the
data rather than to fit the fluxes in Equation (9).

To select distant sources that are likely to be powerful
sources of cosmic rays (see Table 1), we applied two selection
criteria: we selected gamma-ray emitters which (1) have been
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Cosmic TeV Gamma-ray Background

• These TeV data give lower limit on to the cosmic gamma-ray background. 

• Current limit at 0.3-10 TeV is  

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

• Need to remove ~3 orders higher electron background to detect the CGB with CTA.
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Summary
• We use 31 TeV blazar samples from TeVcat together with 

the Fermi 3FGL data. 

• GeV - TeV index distribution has no correlation and no 
significant evidence for the secondary gamma-ray scenario  

• Resolved cosmic TeV gamma-ray background fluxes by 
IACTs is lower than that resolved by Fermi. 

• To measure the cosmic TeV gamma-ray background, CTA 
needs to remove ~3 orders of magnitude higher electron 
background.  


