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Observations of extragalactic sources in the high energy (HE, E>100 MeV) and very high energy

(VHE, E>100 GeV) domains allow to search for axion-like particles (ALP) and constrain the

extragalactic magnetic field (EGMF) parameters. Such studies have recently received much at-

tention thanks to the advent of new instruments and the progress of the extragalactic background

light (EBL) models. Observations of blazars indicate that an additional component from elec-

tromagnetic (EM) cascades contributes to the observed flux, allowing for a possibility that the

EGMF strength in voids of the large scale structure is smaller than 1 fG on the characteristic spa-

tial scale of 1 Mpc. We consider various extragalactic γ-ray propagation models with an emphasis

on the “electromagnetic cascade model”, which assumes that primary particles are γ-rays, and has

the following spectral signatures: 1) a high-energy cutoff caused by the γγ → e+e− absorption

process 2) an “ankle” formed by the intersection of the primary and cascade components 3) a

possible low-energy “magnetic cutoff”, 4) a possible low-energy “second ankle” at the second

intersection of the primary and cascade components. The ankle may mimic the signature of the

γ-ALP oscillation process. Finally, we consider various species of the “hadronic cascade model”,

in which primary particles are protons and nuclei. This model has a number of difficulties, but,

nevertheless, is not excluded.

35th International Cosmic Ray Conference — ICRC2017

10–20 July, 2017

Bexco, Busan, Korea

∗Speaker.

c© Copyright owned by the author(s) under the terms of the Creative Commons

Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). http://pos.sissa.it/



P
o
S
(
I
C
R
C
2
0
1
7
)
8
6
6

Extragalactic γ-ray propagation Timur Dzhatdoeva,+

1. Introduction

Extragalactic background light (EBL), that is, time-integrated radiation of all sources in the

Universe, appears to be extremely difficult to measure directly due to strong foregrounds (e.g.,

[1]). Some measurements, such as [2], indicate the possible presence of an unaccounted EBL

component(s) of whatever nature. The extragalactic magnetic field (EGMF) and other physical

conditions in the intergalactic medium, such as the spatial maps of density and temperature, are

also poorly known. Observations with γ-ray telescopes, such as Fermi LAT [3], H.E.S.S. [4],

MAGIC [5], VERITAS [6], and future detectors such as the CTA array [7]–[8] and the GAMMA-

400 telescope [9], may allow to constrain a wide range of existing models intended to describe

propagation of very high energy (VHE, E>100 GeV ) γ-rays and their secondary electrons and

positrons (hereafter simply “electrons”). In this contribution we review the available models of

extragalactic γ-ray propagation with an emphasis on the so-called “cascade models” which account

for the cascade process that produces secondary photons on the cosmic microwave background

(CMB) and EBL.

The paper is organized as follows. In Sect. 2 a classification scheme of γ-ray propagation

models is presented. In Sect. 3 we discuss the general principles that may be used to select the

“best” model. Sect. 4 discusses the electromagnetic cascade model, and Sect. 5 — the hadronic

cascade model. Finally, we draw our conclusions in Sect. 6.

2. Classification of extragalactic γ-ray propagation models

Figure 1: Classification of extragalactic γ-ray propagation models proposed in the present work.
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Here we adopt a classification scheme of existing extragalactic γ-ray propagation models (see

Fig. 1) that is very similar to the one proposed in [10]. There are three broad classes of these mo-

dels:

1. Currently the most popular is the so-called “absorption-only model”, that accounts for only

γγ → e+e− pair production (PP) by primary photons and their adiabatic losses (AL). The first

works that discussed γγ absorption were [11]–[12]; for a recent brief review see [10].

2. Energy of primary γ-rays does not disappear after PP interactions, but is rather being transferred

to secondary electrons. These electrons, in turn, may produce inverse Compton (IC) secondary

(cascade) γ-rays. EGMF strength in voids of the large scale structure is still poorly constrained

[13]–[14] (for a recent compilation of EGMF constraints see [15]). Therefore, the possibility that

cascade electron deflection angles are small and secondary γ-rays contribute to the image of a

point-like extragalactic source can not be excluded at present (however, AGN outflows may pro-

duce rather strong EGMF [16]–[17]; in this case cascade electrons with an energy E <1 TeV may

be practically isotropized and, consequently, the contribution of the cascade component of γ-rays

to observable spectra of beamed sources like blazars almost suppressed). Intergalactic cascade

models may be further divided to two types by the nature of the primary particle (of course, the

third type of both primaries at the same time may be considered as well):

2a. The electromagnetic cascade model (ECM) assumes that all observable emission comes from

primary γ-rays. The simplest physically motivated ECM postulates primary (intrinsic) spectrum

∝ E−γexp(−E/Ec); therefore, it predicts two observable components: a comparatively hard com-

ponent of primary γ-rays that did not undergo absorption on the EBL photons (see, e.g., [18], Fig.

12, top-right, solid black curve) and a comparatively soft cascade component (the same figure,

green curve). A more complex shape of the primary spectrum is also imaginable; for example, the

source may emit an additional component of photons with superhigh energy (SHE, E >100 TeV )

presumably by a hadronic mechanism [19]. Provided that the distance to the source is large enough

(redshift z >0.02 already satisfies this condition, see [18], Appendix A), these multi-TeV γ-rays are

reprocessed to cascade photons in the GeV –TeV energy range with a certain (“universal”) spectrum

that is practically independent on the primary spectrum in the SHE range, but may strongly depend

on z (“weak universality”, see [20]). This case of primary SHE cascade γ-rays was considered in

[10]; it is interesting in connection with the ongoing search for the sources of IceCube astrophysi-

cal neutrinos [21] that accompany primary SHE “hadronic” γ-rays [22],[23].

2b. The hadronic cascade model (HCM) [24]–[26] (for more references see [10], [18]) includes

a cascade component from SHE and ultra-high energy (UHE, E>1 EeV ) γ-rays and electrons,

which, in turn, were produced by a beam of ultra-high energy cosmic rays (CR) by means of

Bethe-Heitler pair production (BHPP) Nγ → N
′

e+e− or photohadronic processes (PHP) Nγ →

N
′

(n1)π
+(n2)π

−(n3)π
0 with subsequent decays of pions (here N denotes a proton or nucleus, each

number (n1,n2,n3) may take value 0,1,2,...). In [18] we suggested a further sub-division to distin-

guish “basic”, “intermediate”, and “modified” species of the HCM. The basic HCM [27] postulates

that all observable γ-rays were produced by CR in the intergalactic space. The intermediate HCM,

first considered in [18], includes the possibility that the beam is dissipated (i.e. CR are deflected

to large angles >>0.1◦) at some z = zc by strong local magnetic fields on the way from the source

to the observer. Finally, the “modified” HCM [28] allows an additional contribution from primary

γ-rays that survived absorption on the EBL.
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3. As well, there exist some models that postulate effects of new physics, such as γ-axion-like

particle (ALP) mixing [29] (for recent treatment of this effect see [30]–[31]; a very recent work on

laboratory axion-like particle search [32]), Lorentz invariance violation (LIV), or exotic primaries

(for more references see [10], [18]). These models were mainly devised in order to explain the ap-

parent excess of intensity at the highest-energy bins in observed spectra of some blazars that from

time to time was claimed by several groups (e.g., [33]–[35]).

3. What model to choose?

By now, observation of blazars revealed several effects that go beyond the absorption-only

model (in what follows we call these deviations “anomalies”, even if their explanation does not call

for any new physics); a short review of these anomalies may be found in [18]; the corresponding

works are mentioned here in Sect. 2 and Sect. 4. If the absorption-only model falls short of the

universal γ-ray propagation model for blazars, it is natural that some other model should replace it.

What model, then, should be preferred? Below we advocate the use of several principles instructive

to settle this important question.

1. The simplest model that would be able to explain all observed effects is preferable (“the Occam’s

razor”).

2. Nevertheless, it is good not to put too much emphasis on any particular anomaly. Therefore, we

formulate the second rule: consider every observed anomaly, not the odd anomaly.

3. Sometimes a particular model provides a prediction (e.g., for the observable spectrum of a

source) that is in striking coincidence with observations. Nevertheless, we argue against putting

too much faith in such coincidences, especially if the assumptions of this model are not in har-

mony with other well established pieces of astrophysical knowledge. In other words: better (as-

tro)physically motivated models should have a priority.

4. Finally, it is good not to reject any model only on grounds of “common sense” that is not sup-

ported by any measurement. For instance, cascade models from beamed extragalactic sources for

several decades were considered unworthy precisely because the EGMF strength “can not” be as

low as 1 f G or lower. An unprejudiced examination, however, fails to discoved any compelling

reason for this belief.

4. EM cascade model and its signatures

Let us examine, then, the electromagnetic cascade model that would be clearly preferred by

the Occam’s principle. Indeed, only two assumptions are necessary for the cascade component to

contribute significantly to the observable spectrum: 1) the EGMF strength is low enough so that

cascade electrons are deflected to small angles, typically less than 1◦ 2) the primary spectrum is

hard enough, allowing the cascade component dominance at low energy. The first assumption at

present remains conjectural, but is not excluded by any firm measurement, and is even favoured by

[36]–[37]. The second assumption is justified by the results of [38].

By now, at least seven observable signatures of the ECM were discussed in the literature,

namely:
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1. Spectral signatures [39]:

1a. High-energy cutoff due to γγ absorption

1b. Ankle at the intersection of the attenuated primary and the cascade component. This signature

may explain the high-energy anomaly of [34]–[35] (see [18] for a detailed discussion)

1c. Magnetic cutoff [10] (see figure 5, left)

1d. Second ankle at the low-energy intersection of the attenuated primary and the cascade compo-

nent [39] (for a tentative observation of such a break see [38])

2. Angular signatures, such as the magnetically broadened cascade (MBC) [40] and/or the pair

halo (PH) patterns [19] ([36] obtained an indication for such a pattern)

3. Timing signatures, such as the energy-dependent delay [41]–[43],[14]

4. Signatures of a sample of objects, such as the voidiness-dependent effect of [37].

In effect, all known anomalies find their natural explanation in the framework of the ECM.

Up to our knowledge, at present there is no evidence against the ECM from any astrophysical

measurement. Therefore, we conclude that this model fulfills all four of our criteria formulated in

Sect. 3.

5. Hadronic cascade model and its difficulties

The HCM is founded on the following assumptions: 1) the EGMF strength is low enough

so that electrons in electromagnetic cascades are deflected to small angles (this one is the same

assumption as for the case of the ECM) 2) the beamed source accelerates CR (protons or nuclei)

up to the energy of 10 EeV or more (this assumption is needed to ensure that a substantial part

of the CR energy is transferred to observable γ-rays) 3) the CR luminosity of the blazar is high

enough to ensure a substantial contribution of cascade γ-rays to the observable spectrum and/or

4) CR accelerated by the blazar are strongly beamed and magnetic field around the blazar is low

enough so that accelerated CR are deflected to small angles (<5◦). From the very start, it is evident

that the HCM requires more assumptions than the ECM. Therefore, at present the ECM should be

preferred. Let us see how the HCM meets other requirements listed in Sect. 3.

In [18] we presented a detailed calculations of observable spectra in the framework of the

HCM together with a painstaking account of the calculation methods used by us, and limitations of

these methods. In particular, two different approaches to the calculation of observable spectra were

devised to ensure robustness of results, namely: 1) assuming “weak universality” and 2) without

such an assumption. As well, our calculations were done assuming contemporary, realistic EBL

model of [44].

For the case of the basic HCM, we found a new region of an almost strictly universal shape

above 20 TeV and explained it qualitatively (see figure 7). However, the basic HCM seems to

have a limited range of applicability when fitting the observed spectra of blazars. It seems to be

insufficient to describe the spectra of some blazars considered in [18], but the intermediate HCM

usually fits them well if the zc parameter is left free. As well, we provided strong constraints on the

basic and intermediate HCM for the case of 1ES 0229+200, assuming the blazar emission model

of [45], and the model of the surrounding turbulent magnetic field from [46]. It turns out that any

realistic model under these assumptions is excluded with statistical significance Z >7σ . Therefore,

5



P
o
S
(
I
C
R
C
2
0
1
7
)
8
6
6

Extragalactic γ-ray propagation Timur Dzhatdoeva,+

these two models appear to be astrophysically implausible for some blazars (i.e. our criterion 3 in

not fulfilled for them).

Finally, we considered the case of the modified HCM. As a rule, for the case of assumptions

examined in [18] we could obtain good fits for observed spectra, but in this case the attenuated com-

ponent usually dominates at low energy E <300 GeV , thus making it difficult to accomodate for

the effect claimed in [36], and almost impossible to explain the ones discussed in [37]. Therefore,

the modified HCM fails to meet our criterion 2. To conclude, any unprejudiced analysis clearly

favors the ECM.

6. Conclusions

There is rather solid (and mounting) evidence that the absorption-only model is incomplete.

The electromagnetic cascade model may, in principle, explain all these deviations (anomalies). The

most basic versions of hadronic cascade model are excluded; other options of this model are not

favoured. Finally, the option of the extragalactic magnetic field’s strength of 1 aG – 1 f G on the 1

Mpc scale still remains viable.
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