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ABSTRACT

Context. Very high-energy (VHE) γ-ray measurements of distant TeV blazars can be nicely explained by TeV spectra induced by
ultra high-energy cosmic rays.
Aims. We develop a model for a plausible origin of hard spectra in distant TeV blazars.
Methods. In the model, the TeV emission in distant TeV blazars is dominated by two mixed components. The first is the internal com-
ponent with the photon energy around 1 TeV produced by inverse Compton scattering of the relativistic electrons on the synchrotron
photons (SSC) with a correction for extragalactic background light absorbtion and the other is the external component with the photon
energy more than 1 TeV produced by the cascade emission from high-energy protons propagating through intergalactic space.
Results. Assuming suitable model parameters, we apply the model to observed spectra of distant TeV blazars of 1ES 0229+200.
Our results show that 1) the observed spectrum properties of 1ES 0229+200, especially the TeV γ-ray tail of the observed spectra,
could be reproduced in our model and 2) an expected TeV γ-ray spectrum with photon energy >1 TeV of 1ES 0229+200 should
be comparable with the 50-h sensitivity goal of the Cherenkov Telescope Array (CTA) and the differential sensitivity curve for the
one-year observation with the Large High Altitude Air Shower Observatory (LHAASO).
Conclusions. We argue that strong evidence for the Bethe-Heitler cascades along the line of sight as a plausible origin of hard spectra
in distant TeV blazars could be obtained from VHE observations with CTA, LHAASO, HAWC, and HiSCORE.
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1. Introduction

A blazar is a special class of active galactic nucleus (AGN)
with a non-thermal continuum emission that arises from the
jet emission taking place in an AGN whose jet axis is closely
aligned with the observer’s line of sight (Urry & Padovani 1995).
Blazars are dominated by rapid and large amplitude variabil-
ity (e.g., Raiteri et al. 2012; Sobolewska et al. 2014). Multi-
wavelength observations show that their broad spectral energy
distributions (SED) from the radio to the γ-rays bands gen-
erally exhibits two humps, indicating two components. It is
generally accepted that the low-energy component that extends
from radio up to ultraviolet, or in some extreme cases to a
few keV X-rays (Costamante et al. 2001), is produced by syn-
chrotron radiation from relativistic electrons in the jet (Urry
1998), though the origin of the high-energy component that cov-
ers the X-ray and γ-ray energy regime remains an open issue.
There are two kinds of theoretical models describing the high-
energy photon emission in these blazars, the leptonic and the
hadronic model. In the leptonic model scenarios, the high-energy
component is probably produced from inverse Compton (IC)
scattering of the relativistic electrons either on the synchrotron
photons (e.g., Maraschi et al. 1992; Bloom & Marscher 1996;
Mastichiadis & Kirk 1997; Konopelko et al. 2003) and/or on
some other photon populations (e.g., Dermer et al. 1992; Dermer
& Schlickeiser. 1993; Sikora et al. 1994; Ghisellini & Madau
1996; Böttcher & Dermer 1998). In contrast, the hadronic model

argues that high-energyγ rays are produced by either proton syn-
chrotron radiation in high enough magnetic fields (Aharonian
2000; Mücke & Protheroe 2001; Mücke et al. 2003; Petropoulou
2014), or mesons and leptons through the cascade initiated by
proton-proton or proton-photon interactions (e.g., Mannheim &
Biermann 1992; Mannheim 1993; Pohl & Schlickeiser 2000;
Atoyan & Dermer 2001).

The imaging atmospheric Cherenkov Telescopes (IACTs)
have so far detected about 50 very high-energy (VHE; Eγ >
100 GeV) γ-ray blazars with redshifts up to z ∼ 0.61. It is be-
lieved that the primary TeV photons propagating through inter-
galactic space should be attenuated due to their interactions with
the extragalactic background light (EBL) to produce electron-
positron (e±) pairs (e.g., Nikishov 1962; Gould & Schreder
1966; Stecker et al. 1992; Ackermann et al. 2012; Abramowski
et al. 2013; Dwek & Krennrich 2013; Sanchez et al. 2013).
However, the observed spectra from distant blazars do not show
a sharp cutoff at energies around 1 TeV, which would be ex-
pected from simple γ-ray emission models with a correction
for EBL absorbtion (e.g., Stecker et al. 2006; Aharonian et al.
2006a; Costamante et al. 2008; Acciari et al. 2009; Abramowski
et al. 2012). Excluding a large uncertainty in the measured
redshifts and in the spectral indices (Costamante 2013) and
excluding the lower levels of EBL (Aharonian et al. 2006b;
Mazin & Raue 2007; Finke & Razzaque 2009), the observed

1 http://tevcat.uchicago.edu

Article published by EDP Sciences A8, page 1 of 8

http://dx.doi.org/10.1051/0004-6361/201526703
http://www.aanda.org
http://tevcat.uchicago.edu
http://www.edpsciences.org


A&A 585, A8 (2016)

spectral hardening assumes either that there are axion-like parti-
cles (de Angelis et al. 2007; Simet et al. 2008; Sanchez-Conde
et al. 2009) or a Lorentz invariance violation (Kifune 1999;
Protheroe & Meyer 2000). Alternatively, now that the AGN jets
are believed to be one of the most powerful sources of cos-
mic rays, as long as the intergalactic magnetic fields (IGMF)
deep in the voids are less than a femtogauss, the point images
of distant blazars, which are produced by the interaction of the
energy protons with the background photons along the line of
sight, should be observed by IACTs (Essey et al. 2011a). In this
scenario, the hard TeV spectra can be produced by the cascade
emission from high-energy protons propagating through inter-
galactic space (Essey & Kusenko 2010; Essey et al. 2010; 2011b;
Razzaque et al. 2012; Aharonian et al. 2013; Takami et al. 2013;
Zheng & Kang 2013).

In this paper, we study the possible TeV emission in dis-
tant TeV blazars. We argue that the TeV emission in distant
TeV blazars is dominated by two components, the internal com-
ponent with the photon energy around 1 TeV produced by
IC scattering of the relativistic electrons on the synchrotron pho-
tons (SSC) with a correction for EBL absorbtion and the external
component with the photon energy of more than 1 TeV produced
by the cascade emission from high-energy protons propagating
through intergalactic space. Generally, the external photons are
generated in two types photohadronic interactions process along
the line of sight. In the first, the proton interaction with cosmic
microwave background (CMB) photons would produce e± pairs,
and the pairs would give rise to electromagnetic cascades. This
process is called the Bethe-Heitler pair production (pe) process.
In the second process, the proton interaction with EBL pho-
tons would produce pions, and the pion decay accompanying the
photons. This process is called the photopion production (pπ)
process. Although the pe process contribution to the production
of secondary photons is illustrated at the source (Dimitrakoudis
et al. 2012; Murase 2012; Murase et al. 2012; Petropoulou 2014;
Petropoulou & Mastichiadis 2015), the high-energy astrophys-
ical interest focuses on the pπ process along the line of sight
because the pe process is not associated with any neutrinos and
neutrons (e.g., Inoue et al. 2013; Kalashev et al. 2013). The aim
of the present work is to study in more detail the contribution
of pairs injected by the pe process along the line of sight to the
TeV spectra in distant blazars.

Throughout the paper, we assume the Hubble constant H0 =
75 km s−1 Mpc−1, the matter energy density ΩM = 0.27, the
radiation energy density Ωr = 0, and the dimensionless cosmo-
logical constant ΩΛ = 0.73.

2. The model

We calculate the spectra of the internal photon component within
the traditional SSC model frame, and we focus on an overlooked
Bethe-Heitler pairs cascade process along the line of sight for the
spectra of the external photon component. In the following, we
give a brief description of the model for possible TeV emission
in a distant TeV blazar.

2.1. Internal photon component

We assume that a single homogeneous spherical radiation re-
gion filled with extreme-relativistic electrons, in which there is a
randomly originated homogeneous magnetic field and constant
electron number density. We adopt a broken power-law function

with a sharp cut-off to describe the electron energy distribution
in the radiation region,

Ne,in(Ee,in) =

⎧⎪⎪⎪⎨⎪⎪⎪⎩
K0E−n1

e,in , Ee,in,min ≤ Ee,in ≤ Ee,in,b;

K1E−n2

e,in , Ee,in,b ≤ Ee,in ≤ Ee,in,cut,
(1)

where Ee,in is the energy of electron in the internal emission re-
gion and K1 = K0E(n2−n1)

e,in,b . Based on the above electron num-
ber density Ne,in(Ee,in), we can calculate the synchrotron inten-
sity Is(Eγ) and the intensity of self-Compton radiation Ic(Eγ),
and then calculate the intrinsic photon spectrum dNint

γ (Eγ)/dEγ
at the observer’s frame (e.g., Katarzynski et al. 2001; Zheng &
Zhang 2011; Zheng & Kang 2013). Taking into account the ab-
sorption effect, the flux density observed at the Earth becomes

dNin
γ (Eγ)

dEγ
=

dNint
γ (Eγ)

dEγ
exp[−τ(Eγ, z)], (2)

where τ(Eγ, z) is the absorption optical depth due to interactions
with the EBL (e.g., Kneiske et al. 2004; Dwek & Krennrich
2005; Franceschini et al. 2008). In our calculation, we use the
absorption optical depth which is deduced by the EBL model in
Dwek & Krennrich (2005).

2.2. External photon component

Active galactic nuclei are expected to accelerate cosmic rays to
energies up to ∼1011 GeV during rare bursts or flares (Dermer
et al. 2009; Murase & Takami 2009). The high-energy cosmic
rays with energies below the Greisen-Zatsepin-Kuzmin (GZK)
cutoff of about 5 × 1010 GeV can propagate cosmological dis-
tances without significant energy loss (Greisen 1966; Zatsepin &
Kuzmin 1966). However, with a small probability, these protons
should interact with the CMB photons and trigger electromag-
netic cascades. The present work differs from the earlier stud-
ies on which the electromagnetic cascades were modeled using
a standard Monte Carlo approach (e.g., Essey et al. 2010). We
employ a Bethe-Heitler pair-creation rate in the δ-functional ap-
proximation and we concentrate on the protons with energy be-
low the GZK cutoff, which would propagate through cosmolog-
ical distances.

2.2.1. Bethe-Heitler pairs production

We consider an isotropic target photon field with energy Es =
εsmec2 interaction on the proton with energy Ep = γpmpc2. We
let Np(Ep) and Nph(Es) be functions characterizing the energy
distributions of protons and soft photons and the collision rate in
the unit of s−1 can be given by Romero & Vila (2008)

wpγ,e(Ep) =
m2

pm2
ec9

2E2
p

∫ ∞

Es,min

Nph(Es)

E2
s

dEs

∫ ε′s,max

ε′s,min

σpγ,e(ε′s)ε′sdε
′
s , (3)

where ε′s = γpεs(1 − βp cos θ) is the energy of the photon in the
rest frame of the proton with the angle between the proton and
photon directions θ, and the proton’s velocity βp in units of c.
Because the Bethe-Heitler pairs production are with a threshold
energy of ∼1 MeV for the photon in the proton rest frame, we
can obtain ε′s,min = 1 MeV/(mec2) ∼ 2, Es,min = 1/2γp MeV
(e.g., Mastichiadis & Kirk 1995). A head-on collision gives the
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maximum energy of the photon in the rest frame of the pro-
ton ε′s,max = 2γpεs. The energy distribution of soft photons is
described by

Nph(Es) =
1

π2(�c)3

E2
s

exp(Es/kT ) − 1
, (4)

where the typical temperature T = (1 + z)2.73 K with red-
shift z and k is the Boltzmann constant. The total cross sec-
tion σpγ,e(ε′s) for which we use the Racah formula as parameter-
ized by Maximon (1968). For 2 ≤ ε′s ≤ 4, the expansion is given
with a fractional error less than 1.1 × 10−3 (Maximon 1968),

σpγ,e(ε′s) �
2π
3
αfr

2
0Z2

(
ε′s − 2

ε′s

)2

×
(
1 +

1
2
η +

23
40
η2 +

37
120
η3 +

61
192
η4

)
, (5)

where η = (ε′s − 2)/(ε′s + 2), αf is the fine structure constant,
r0 is the classical electron radius, and Z is the Atomic number
of the target atom. In the larger photon energy regime, ε′s ≥ 4,
the expansion can be written with a fractional error less than
4.4 × 10−5 as (e.g., Chodorowski et al. 1992)

σpγ,e(ε′s) � αfr
2
0Z2

{28
9

ln 2ε′s −
218
27
+

(
2
ε′s

)2

×
[
6 ln 2ε′s −

7
2
+

2
3

ln3 2ε′s − ln2 2ε′s −
1
3
π2 ln 2ε′s

+ 2ζ(3) +
π2

6

]
−

(
2
ε′s

)4 (
3

16
ln 2ε′s +

1
8

)

−
(

2
ε′s

)6 (
9

9 × 256
ln 2ε′s −

77
27 × 512

)}
, (6)

where ζ(3) � 1.20206. Now the Monte Carlo simulation
shows that the mean inelasticity can be approximated by its
values at the threshold Kpγ,e(ε′s) = 2me/mp (Mastichiadis
et al. 2005). Therefore, the Bethe-Heitler pair-creation rate in
the δ-functional approximation is then given (Romero & Vila
2008) as

Qe(Epγ,e) = 2
∫ Ep,max

Ep,min

Np(Ep)wpγ,e(Ep)δ

(
Epγ,e − me

mp
Ep

)
dEp

= 2
mp

me
Np

(
mp

me
Epγ,e

)
wpγ,e

(
mp

me
Epγ,e

)
. (7)

We parameterize the proton injection spectrum by a constant
power-law exponent α and maximum energy Ep,max:

Np(Ep) = N0E−αp exp

(
− Ep

Ep,max

)
, Ep,min ≤ Ep ≤ Ep,max. (8)

Where the normalization coefficient N0 is determined from the
jet power Lp of the protons. The observed data on the most
distant sources shows that an effective luminosity of a single
AGN in cosmic rays above 107 GeV was in the range Leff ∼
1047−1049 erg s−1. Since the VLBI observation shows that the
value of the Doppler factor δ is less than 10 (Wu et al. 2007),
the flux can be beamed with the beaming factor fbeam ∼ 10−103,
which increases the flux of protons from a blazar with a jet point-
ing in the direction of Earth (Essey & Kusenko 2010)

Leff ∼ 102 fp ×
(

fbeam

100

)
Lp, (9)

where fp ≤ 1 is the fraction of protons.

2.2.2. Inverse Compton scattering from Bethe-Heitler pairs

Assuming that the energy of the Bethe-Heitler pairs is lost
through interaction with the CMB photons at the cosmological
distance D, we can deduce energy distribution of the secondary
electrons or positrons from the well-known energy distribution
equation

dNe,ex(Ee,ex)
dEe,ex

=

(
dEe,ex

dt

)−1 ∫ Epγ,e,max

Ee,ex

Qe(Epγ,e)dEpγ,e, (10)

where dEe,ex/dt = 4σTE2
e,ex/(3m2

ec3uCMB) is the Bethe-Heitler
pairs energy loss rates with Thomson cross section σT and
CMB energy density uCMB. Then, the photon spectrum of the
IC scattering is given by

dNex
γ (Eγ)

dEγ
=

∫ ∞

Ee,ex,min

dNe,ex(Ee,ex)
dEe,ex

[d2Nph(Es)

dEsdt

]
ICS

dEe,ex, (11)

with the spectrum of the IC scattered photons per electron
(Blumenthal & Gould 1970)

[d2Nph(Es)

dEsdt

]
ICS
=

∫ ∞

Es,min

3σTm2
ec5

4E2
e,ex

Nph(Es)

Es
dEs ×

[
2q ln q

+ (1 + 2q)(1 − q) +
(Γq)2(1 − q)

2(1 + Γq)

]
, (12)

where q = E1/Γ(1 − E1), Γ = 4εsEe,ex/mec2, and E1 = Eγ/Ee,ex.
Therefore, the TeV photon spectrum that is observed at the

Earth is given by

dNγ(Eγ)

dEγ
=

dNin
γ (Eγ)

dEγ
+

dNex
γ (Eγ)

dEγ
· (13)

3. Constraint on the energy of protons

The above scenario depends on the energy of protons. Since the
IGMF would cause proton or electron deflection in the voids, and
the energetic γ rays in the EBL photon fields should be absorbed,
we can determine the ranges of a proton’s energy through these
physical process.

As long as the IGMF BIG is less than 1 femtogauss, the
Cosmic ray protons with energies Ep ≤ EGZK = 5 × 1010 GeV
can provide an effective transport of the energy over a cosmo-
logical distance toward the observer (Essey et al. 2011a). Then
they interact with the CMB photons and initiate electromagnetic
cascades. On condition that the deflection broadening of the pro-
ton beam θp in IGMFs is less than the point spread function θ(E)
of the detector, the resulting secondary photons are observed as
arriving from a point source. The deflection angles dependence
on the IGMF can be written (Aharonian et al. 2010)

θp � 0.05 arcmin

(
109 GeV

Ep

) ( BIG

10−15 G

) ( lc
Mpc

d
Gpc

)1/2

, (14)

where lc is a correlation length of the random fields and
d ∼ cz/H0 is luminosity distance. We consider a VHE blazar
with redshift z, and the typical point spread function of the
HESS telescope array, θ(E) � 3.0 arcmin. The constraint con-
dition θp ≤ θ(E) could result in Ep ≥ Ep,low = 3.3 ×
107z1/2(lc/1 Mpc)1/2(BIG/10−15 G) GeV.

A8, page 3 of 8



A&A 585, A8 (2016)

Fig. 1. Secondary emission region as a function of energy and redshift.
The distance to the source that is estimated by using Hubble’s law with
z = 0.14 is also exhibited as a short dotted line.

Alternatively, VHE γ-ray photon emission from the region
is attenuated by photons from the EBL (e.g., Kneiske et al.
2004; Dwek & Krennrich 2005). It is well-known that the γ-ray
zone can be defined by the γ-ray absorption mean free path
λγγ ∼ 190(nIR/0.01 cm−3)−1 Mpc with the infrared photon num-
ber density nIR (e.g., Venters 2010). As long as the magnetic
field is significantly small, an extremely efficient cascade devel-
opment could enlarge the γ-ray zone, typically λγ,eff ∼ 2−3λγγ
(Aharonian et al. 2013). In this scenario, we argue that if the
Bethe-Heitler cascades contribution to the observed hard spectra
behavior of blazars is true, the secondary γ-ray emission region
D should satisfy a relation d−D ≤ λγ,eff . In our work, due to the
cascades the electrons are the main origin of the pe process, the
adoption D � λpγ,e = c/t−1

pγ,e(Ep) is justified. Here,

t−1
pγ,e(Ep) =

m2
pm2

ec9

2E2
p

∫ ∞

Es,min

Nph(Es)

E2
s

dEs

×
∫ ε′s,max

ε′s,min

Kpγ,e(ε′s)σpγ,e(ε′s)ε
′
sdε
′
s (15)

is the cooling rate of the protons in CMB photon fields (Romero
& Vila 2008). Obviously, in the case of a broad energy distri-
bution of protons, the main contribution to the secondary γ-ray
flux comes from some energetic proton ranges in which the sec-
ondary γ-ray emission region is comparable to the distance of
the source, i.e., D ∼ d. We show the secondary emission region
as a function of energy and redshift in Fig. 1. It can be seen
that the characteristic energy of proton E∗p ∼ 6.3 × 109 GeV
should be found in Fig. 1 as the point where the distance to the
source is equal to the mean free path of protons at the present
epoch (z = 0). The above issues give a strong constraint on
the range of energy of the protons from Ep,min = Ep,low to
Ep,max = min[E∗p, EGZK].

4. Apply to 1ES 0229+200

1ES 0229+200 resides in an elliptical host galaxy at a redshift
of z = 0.1396 (Woo et al. 2005). The source has been clas-
sified as a high-frequency peaked BL BLac object (HBL) due
to its X-ray to radio flux ratio (Giommi et al. 1995). As a spe-
cial source, the spectrum of 1ES 0229+200 was measured ex-
tended up to 10 TeV with a hard archival spectral index at VHE
of 2.5±0.19 (Aharonian et al. 2007; Aliu et al. 2014). Compiling
with the VERITAS measured spectrum averaged over all three

Table 1. Linear regression analysis of the observed spectrum
of 1ES 0229+200 in the MeV–TeV energy band.

Photon energy MeV − GeV >∼1 TeV
Γ(σ) 1.93 ± 0.06 2.27 ± 0.13
r 0.99 0.98
N 13 13
p <0.0001 <0.0001

Notes. The linear regression is obtained by considering the photon en-
ergy Eγ to be the independent variable and assuming a relation dNγ(Eγ)/
dEγ ∝ E−Γγ ; N is the number of points, r is the correlation coefficient,
and p is the chance probability.

Fig. 2. Observed photon spectrum of 1ES 0229+200. The solid lines
are the linear regression results in the MeV-GeV and TeV energy
bands. The Fermi-LAT observed data come from the second catalog
(blue open circle) and third catalog (blue solid circle). The HESS ob-
served data (black open circle) come from Aharonian et al. (2007) and
VERITAS observed data (black solid circle) come from Aliu et al.
(2014).

seasons (Aliu et al. 2014), and four years of Fermi-LAT ob-
served results2, we reanalyze the spectrum of 1ES 0229+200
assuming a relation dNγ(Eγ)/dEγ ∝ E−Γγ in Fig. 2. The results
of linear regression analysis are listed in Table 1. It can be seen
that the spectrum should be fitted by a power-law relation with
the spectra index ΓMeV−GeV,obs. = 1.93 ± 0.06 in the MeV-GeV
energy band, and ΓTeV,obs. = 2.27± 0.13 in the TeV energy band.
Now that the model argues that the TeV emission in distant TeV
blazars is dominated by two components, the external TeV pho-
tons could significantly repair the EBL attenuation, and leave a
hard spectra to 100 TeV energy band. Using the model in Sect. 2,
we should expect to reproduce the hard TeV γ-rays spectra.

In order to do so, first we search for the internal γ-ray com-
ponent in the one-zone homogeneous SSC frame. Assuming the
density normalization K0 = 5.57 × 103 erg−1 cm−3, we calculate
the high-energy electron distribution with a broken power law
between Ee,in,min = 4.34 GeV and Ee,in,cut = 4.5 × 104 GeV with
a break at Ee,in,b = 4.49 × 102 GeV, where the energy index of
the particles between Ee,in,min and Ee,in,b is set to n1 = 2.2 and
the energy index of the particles between Ee,in,b and Ee,in,cut is
set to n2 = 4.0, The parameters are used as follows: the mag-
netic field strength is B = 0.06 G, the emission region size is
Re = 2.77 × 1016 cm, and the Doppler factor is δ = 10.7. We
assume that relativistic electrons are in the steady state during

2 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/
4yr_catalog/
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Fig. 3. Multiwavelength SED of the distant TeV blazar 1ES 0229+200.
The solid black curve represents the internal component spectra with
the absorption optical depth that is deduced by the LLL EBL model in
Dwek & Krennrich (2005), and the dotted black curve represents the
external component spectra. The superposed model spectrum is plotted
as a red curve. The observed data come from Aliu et al. (2014) (solid
circle). The shaded area shows the Fermi upper bounds at the 99% con-
fidence level. The differential sensitivity curve for the 50-h observation
with HESS I3, gray solid curve, the 50-h differential sensitivity goal of
the CTA (Actis et al. 2011, gray dashed curve), and the differential sen-
sitivity curve for the one-year observation with LHAASO (Cui et al.
2014, gray dotted curve) are also shown.

the observational epoch. Therefore, we can calculate the TeV
γ-ray spectrum in the one-zone homogeneous SSC frame using
the broken power-law electron spectrum.

We now consider the external TeV photons production along
the line of sight. We argue that the sites of electron accelera-
tion may also accelerate protons in the jet. If the acceleration
site is full of electrically neutral nonthermal plasma, the proton-
to-electron ratio depends on the spectral indices of injection
electron and proton spectra (e.g., Schlickeiser 2002; Persic &
Rephaeli 2014). As a simple case, we do not specify the proton-
to-electron ratio and leave it as a free parameter with Lp and Le.
Assuming the protons are accelerated to extra-relativistic en-
ergy in the acceleration region through some mechanisms and
then escape from the region without energy loss. We calculate
the Bethe-Heitler pairs distribution along the line of sight with
a proton injection spectrum between Ep,min and Ep,max, where,
in this case, the correlation length of the random fields is set
to lc = 1 Mpc, the IGMF is set to BIG = 10−15 G (e.g.,
Tavecchio et al. 2010), and the power-law exponent α = 2.0
is adopted by fitting to the ultra high-energy cosmic rays data
at the lower energies (Berezinsky et al. 2006). Since the typi-
cal luminosity range of AGNs are in 1045−1047 erg s−1 (e.g.,
Ghisellini et al. 2014), in our calculation we set the jet power
of protons Lp = 0.3 × 1046 erg s−1. We assume that the en-
ergy of the Bethe-Heitler pairs is lost through interaction with
the CMB photons at the cosmological distance D during the ob-
servational epoch. Therefore, we can calculate the external TeV
γ-ray spectrum along the line of sight using the injection elec-
tron spectrum.

We show the predicted internal component spectrum, ex-
ternal component spectrum, and the superposed model spec-
tral in Fig. 3. For comparison, the differential sensitivity curve
for the 50-h observation with HESS I3, the 50-h differential

3 http://www.mpi-hd.mpg.de/hfm/HESS/pages/home/
proposals/

Fig. 4. Model spectra with different EBL absorption optical depths. It
is indicated that, dependent of the EBL absorption optical depth, the
photon spectra with the photon energy between 0.1 TeV and 10 TeV
could be described by a relation dNγ(Eγ)/dEγ ∝ E−Γγ with a small pho-
ton spectral index 1.5 < Γ < 2.5, and even flatter in a higher energy
band.

Table 2. Physical parameters of the model spectra.

Internal component External component
Parameters Value Parameters Value

K0 [erg−1 cm−1] 5.57 × 103 Ep,max [GeV] 6.3 × 109

n1 2.2 α 2.0
n2 4.0 BIG [G] 1.0 × 10−15

Ee,in,min [GeV] 4.34 lc [Mpc] 1.0
Ee,in,b [GeV] 449 Lp [erg s−1] 0.3 × 1046

Ee,in,cut [GeV] 4.5 × 104 D [Gpc] 1.0
B [G] 0.06 – –
δ 10.7 – –
Re [cm] 2.77 × 1016 – –

sensitivity goal of the Cherenkov Telescope Array (CTA, Actis
et al. 2011), the differential sensitivity curve for the one-year ob-
servation with the Large High Altitude Air Shower Observatory
(LHAASO, Cui et al. 2014), and the multi-wavelength observed
data of 1ES 0229+200 (Aliu et al. 2014) are also shown. All
of the physical parameters of the internal component and ex-
ternal component spectra are listed in Table 2. It can be seen
that 1) the observed spectrum properties of 1ES 0229+200, es-
pecially the TeV γ-ray tail of the observed spectra, were repro-
duced in our model; 2) an expected TeV γ-ray spectrum with
photon energy >1 TeV of 1ES 0229+200 should be comparable
with the 50-h sensitivity goal of the CTA and the differential sen-
sitivity curve for the one-year observation with the LHAASO.

In order to intensively examine the hard spectra properties
of 1ES 0229+200 in the TeV energy bands. We show the model
spectra with different EBL absorption optical depths in Fig. 4.
Now that the predicted spectral shape of external photons is not
very sensitive to the variations in the proton spectrum index α
(e.g., Essey et al. 2010), we do not take into account the effect
of α on the model spectra. It is indicated that, dependent of the
EBL absorption optical depth, the photon spectra with the pho-
ton energy between 0.1 TeV and 10 TeV could be described by
a relation dNγ(Eγ)/dEγ ∝ E−Γγ with a small photon spectral in-
dex 1.5 < Γ < 2.5, and even flatter in a higher energy band. As
a special case with the LLL EBL model in Dwek & Krennrich
(2005), in Fig. 5 we compare the predicted differential photon
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Fig. 5. Comparisons of predicted TeV photon spectra with observed
data of the distant TeV blazar 1ES 0229+200. The upper and lower
shaded regions show the spectral shape during the flaring and low pe-
riods. The red curve represents the internal component spectra with
the absorption optical depth that is deduced by the LLL EBL model
in Dwek & Krennrich (2005), and the green curve represents external
component spectra. The superposed model spectrum is plotted as a blue
curve. The HESS Observed data (open circle) come from Aharonian
et al. (2007) and VERITAS observed data (solid circle) come from Aliu
et al. (2014). The integral sensitivity curve for the 50-h observation with
HESS I3, gray solid curve, the 50-h integral sensitivity goal of the CTA
(Actis et al. 2011, gray dashed curve), and the integral sensitivity curve
for the one-year observation with LHAASO (Cui et al. 2014, gray dot-
ted curve) are also shown.

spectrum in the >∼1 TeV γ-ray energy bands (blue solid curve)
with observed data of 1ES 0229+200 at HESS (Aharonian et al.
2007) and VERITAS (Aliu et al. 2014) energy bands. Our re-
sult shows that in this special case, superposed model spectra
with the photon energy between 1 TeV and 10 TeV could be
described by a photon spectral index Γ = 2.4. This is in agree-
ment with the result that is found by reanalysis of the spectrum
of 1ES 0229+200.

5. Discussion and conclusions

As an open issue, VHE γ-ray measurements of distant TeV
blazars can be explained by TeV spectra induced by ultra high-
energy cosmic rays (Essey & Kusenko 2010; Essey et al. 2010;
2011b; Murase 2012; Murase et al. 2012; Razzaque et al. 2012;
Takami et al. 2013; Zheng, et al. 2013). In this paper, We develop
a model for a possible TeV emission in distant TeV blazars. The
aim of the present work is to study in greater detail the con-
tribution of pairs injected by the pe process along the line of
sight to the TeV spectra in distant blazars. In the model, the
TeV emission in distant TeV blazars is dominated by two mixed
components: the first is the internal component where the pho-
ton energy around 1 TeV is produced by IC scattering of the
relativistic electrons on the synchrotron photons (SSC) with a
correction for EBL absorbtion, and the second is the external
component where the photon energy more than 1 TeV is pro-
duced by the cascade emission from high-energy protons prop-
agating through intergalactic space. Assuming a suitable model
parameters, we apply the model to observed spectra of distant
TeV blazars of 1ES 0229+200. Our results show that 1) the
observed spectrum properties of 1ES 0229+200, especially the
TeV γ-ray tail of the observed spectra, could be reproduced in
our model and 2) an expected TeV γ-ray spectrum with photon
energy >1 TeV of 1ES 0229+200 should be comparable with

the 50-h sensitivity goal of the CTA and the differential sen-
sitivity curve for the one-year observation with LHAASO. We
argue that strong evidence for the Bethe-Heitler cascades along
the line of sight as a plausible origin of hard spectra in distant
TeV blazars could be obtained from VHE observations with CTA
and LHAASO.

The present work differs from the earlier studies that assume
that the pairs cascade process induced by ultra high-energy cos-
mic rays occurs at the source (e.g., Murase 2012; Murase et al.
2012; Petropoulou & Mastichiadis 2015). We concentrate on the
protons with energy below the GZK cutoff, which would propa-
gate through cosmological distances. We argue that the outflows
of the jets from AGNs are likely to contain coherent magnetic
fields aligned with the jet, so that the accelerated protons remain
in the scope of the initial jet rather than getting deflected. Since
the pe process takes place outside the galaxy clusters of both the
observer and the source, the cluster magnetic fields are irrele-
vant to this issue. Although we expect larger fields in the fila-
ments and wall, only the IGMF present deep in the voids along
the line of sight is important (Essey & Kusenko 2010). Within
the host galaxy, the propagated directions of the protons could
be changed by the galactic magnetic fields, the broadening of the
image due to deflections in it should less than Δθmax ∼ r/Dsource
(Essey et al. 2010), where r is the size of the host galaxy, and
Dsource is the distance to the host galaxy. Furthermore, the pos-
sible thin walls of magnetic fields that might intersect the line
of sight could not cause a deflection of more than Δθ ∼ h/Dwall
(Essey et al. 2010), where h is the wall thickness and Dwall is the
distance to the wall. The model also does not take into account
both the γ-ray photon spectrum and the pairs cascade from the
decay of pions π0, π+, and π−. We argue that the characteristic
energy of both decay induced photons Eγ ∼ 0.1Ep > 103 TeV
and pairs cascade from the decay of pions induced photons Eγ ∼
(0.05Ep/mec2)2ECMB > 104 TeV with IGMF BIG = 10−15 G and
correlation length of the random fields lc = 1 Mpc. This energy
is far from the TeV energy band.

It is noted that small photon indices are not easy to achieve
in traditional leptonic scenarios, although the stochastic accel-
eration model (Lefa et al. 2011) and the leptohadronic model
(Cerruti et al. 2015) can also explain the spectral hardening of
TeV blazars because radiative cooling tends to produce particle
energy distributions that are always steeper than E−2. The above
distribution results in a TeV photon index ΓTeV,int ≥ 1.5, and even
steeper at VHE due to the suppression of the Klein-Nishina ef-
fects of the cross-section (e.g., Chiang & Böttcher, 2002). Even
when the absorption effect by the lowest level EBL is used, the
emitted spectra still tend to be steeper with an observed pho-
ton index ΓTeV,obs ≥ 2.5 (e.g., Aharonian et al. 2007; Dwek &
Krennrich 2012). Because the Bethe-Heitler pair-creation rate is
smoothed in the model, we argue that the spectral shape of the
external component spectrum is not very sensitive to the proton
injection spectrum (Essey et al. 2010); it is determined primar-
ily by the spectrum of the CMB photons and the Bethe-Heitler
pairs energy loss process, which result in hard TeV photons
spectra.

Alternatively, the secondary e± pairs that are produced
by γ + γ → e+ + e− pair creation generate a new γ-ray com-
ponent through IC scattering of these e± pairs against target
photons of the CMB, initiating an electromagnetic cascade if
the produced γ ray is subsequently absorbed (e.g., Dai et al.
2002; Fan et al. 2004; Yang et al. 2008; Neronov et al. 2012).
In order to reproduce a hard spectra, we include an exter-
nal γ-ray component with photon energy around ∼10–100 TeV.
Using the photon energy of the external γ-ray component, we
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could estimate the boosting energy through the IC process of
Eγ ∼ γ2

e±εCMB ∼ 0.01−1.0 TeV. In this view, the resultant sec-
ondary photons should contribute to the TeV γ-ray flux and we
expect to find a complex spectrum around 1 TeV. However, ul-
tra high-energy cosmic rays with Ep ∼ 1019 eV have energy
loss paths λpγ,e ∼ 1 Gpc for Bethe-Heitler pair production,
whereas 10–100 TeV γ-ray only travel λγ,eff ∼ 3–200 Mpc be-
fore being absorbed by γγ pairs production. Now that we as-
sume the cascade emission region D ∼ λpγ,e, the source at a
redshift of z < 1.0 allows the Bethe-Heitler pair to be injected
and cascade to such energy far from the source. Thus, some
TeV photons can reach the Earth before being attenuated even
when τ(Eγ, z) � 1, without any spectral shape transformation
(Takami et al. 2013). On the other hand, although we focus
on spectral information to the possible TeV emission in dis-
tant blazars, variability is also another important clue. Murase
et al. (2012) argue that the cascade components would not
have short variability timescales, since the shortest time scales
are ∼1.0(Eγ/10 GeV)−2(BIG/10−18 G)2 yr in the γ-ray induced
cascade case, and ∼10(Eγ/10 GeV)−2(BIG/10−18 G)2 yr in the
ultra high-energy cosmic ray induced cascade case. The above
issue suggests that strong variability is possible in the γ-ray
induced cascade case, and this means that the cascaded γ-ray
should be regarded as a mixture of attenuated and cascade com-
ponents, and then the cascade component could be suppressed.
Instead, in the ultra high-energy cosmic ray induced cascade
case, the variability could not be found (Takami et al. 2013). The
lack of strong evidence of variability in 1ES 0229+200 above
the HESS energy band (Aharonian et al. 2007; Aliu et al. 2014)
suggests that the ultra high-energy cosmic ray induced cascade
component might dominate on the TeV γ-ray spectrum. Since, in
our issue, the TeV emission in distant TeV blazars is dominated
by two components, the external TeV photons could significantly
repair the EBL attenuation, and leave a hard spectra to 100 TeV
energy band.

It is clear that the jet power of protons plays an important
role in determining an emission intensity. In our results, in or-
der to obtain the TeV emission of the 1ES 0229+200, we adopt
the jet power of protons Lp = 0.3 × 1046 erg s−1. It is well
known that the jets of AGN are powered by the accretion of
matter onto a central black hole (e.g., Urry & Padovani 1995).
On the assumption that the radiation escapes isotropically from
the black hole, the balancing of the gravitational and radiation
force leads to the maximum possible luminosity due to accretion
Ledd ∼ 1.26× 1038 M/M erg s−1 (e.g., Dermer & Menon 2009).
When the total emission of an AGN is not super-Eddington,
the Eddington luminosity is the maximum power available for
the two jets, Pjet ≤ Ledd/2. In this view, the required power
in protons could easily be provided by the source with mass
M = 1.44 × 109 M (Wagner 2008).

A potential drawback of the model is that the shape of the
model spectra in the 1–10 TeV energy ranges strongly depends
on the level of the EBL. As a check, we constrain the shape
of the model of spectra depending on a general EBL model.
On the basis of the model results, we argue that the predicted
TeV spectra properties of the above-mentioned model should
be testable in the near future since the secondary emission pro-
cess will expect CTA to detect more than 80 TeV blazars in the
above 1 TeV energy band (Inoue et al. 2013). We note that the
neutrino populations could be expected in pγ interactions, and it
should be given a clearer predictive character with the IceCube
observations. Unfortunately, the pe process does not contain any
neutrino populations. We defer this possibility to future work.
Although our model focuses on the contribution of pairs injected

by pe process along the line of sight to the TeV spectra, the
γ-ray induced cascade is also another important scenario for the
possible TeV emission in distant blazars (e.g., Vovk et al. 2012;
Takami et al. 2013). We leave this possibility to the observa-
tion of CTA (Actis et al. 2011), LHAASO (Cao 2010; Cui et al.
2014), HAWC (Sandoval et al. 2009), and HiSCORE (Hampf
et al. 2011).
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