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E
0
 ― primary energy of a gamma-ray (source restframe)

E
p0

 ― primary energy of a proton (source restframe)
z ― redshift
τ ― γγ pair production optical depth 
HE ― high-energy, E>100 MeV
VHE ― very high energy, E>100 GeV
EBL ― extragalactic background light
EGMF ― extragalactic magnetic field
CMB ― cosmic microwave background
PP ― pair production γγ→e+e-

IC ― inverse Compton
B06 ― Berezinsky et al. Phys. Rev. D, 74, 043005 (2006)
B16 ― Berezinsky & Kalashev, Phys. Rev. D, 94, 023007 (2016)
BW15 ― Biteau & Williams, ApJ, 200, 58 (2015)
D16 ― Dzhatdoev et al., astro-ph/1609.01013 (accepted by A&A)
KD10 ― Kneiske & Dole, A&A, 515, A19 (2010)
G12 ― Gilmore et al., MNRAS, 422, 3189 (2012)
H16 ― Horns, astro-ph/1602.07499 (2016)
HM12 ― Horns & Meyer, JCAP, 033 (2012)

Some abbreviations and definitions
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Introduction

Blazars are the brightest distant (z>0.03) extragalactic HE gamma-ray 
emitters (Ackermann et al., ApJ, 743, 171 (2011) [Erratum]; astro-

ph/1702.00664 (2017); C. Righi, this conference).
VHE primary gamma rays are strongly absorbed (if E

0
>1 TeV at 

z>0.1) on EBL photons (Nikishov,  Sov. Phys. JETP, 14, 393 (1962); 
Gould & Shreder, Phys. Rev., 155, 1408 (1967); Stecker & de Jager, 
ApJ, 415, 71 (1993); de Jager et al., Nature, 369, 294 (1994); Mazin 
& Raue, A&A, 471, 439 (2007); Ackermann et al., Science, 338, 11 
(2012); Abramowski et al., A&A, 550, A4  (2013); E. Prandini, this 

conference)
and cascade down through the IC process to the GeV energy region 

(Beresinsky & Zatsepin, Phys. Lett. B 28, 423 (1969); B16; T. Piran, 
this conference).

Synchrotron losses are not an issue; we do not account for any 
collective effects in e+e- beams



  

Extragalactic gamma-ray propagation models
(more conservative first)

1. Absorption-only model: pair production+adiabatic losses
2. Electromagnetic cascade model: +IC
3. Hadronic cascade model: +EM cascades
from UHE (>1 EeV) protons and nuclei
4. gamma-axion-like particle (ALP) oscillation
5. Lorentz invariance violation, exotic primaries, etc., for
instance: Aharonian et al., ApJ, 543, L39 (2000)
“Rejection of the Hypothesis That Markarian 501 TeV
Photons Are Pure Bose-Einstein Condensates”
General idea: BEC (superposition of several photons)
usually develop a shower in the atmosphere earlier wrt
normal photons; this affects the parameters of the images and
was ruled out experimentally



  

The absorption-only
model of blazar spectra
transformation is well-
established classics.

(S. Herbert, “Cats Galore: A
Compendium of Cultured
Cats”, image from
http://www.dailymail.co.uk)

However, several
possible indications that it is
incomplete do exist



  

The high-energy anomaly (HM12, H16) ― colored symbols denote 
absorption-corrected data (significance: originally 4.2 σ)



  

BW15 did not find any anomaly. Their EBL model comes directly 
from VHE data, automatically decreasing

the significance of any anomaly



  

BW15 did not find any anomaly



  

Some issues in HM12
1. Later it was found by the same authors (astro-ph/1211.6405) that the
significance of the anomaly may depend non-trivially on the EBL
model parameters
2. τ was assumed to be the same inside (rather wide) experimental
energy bins
3. The sample for the final analysis was selected so that at least one 
bin had τ>2 → there is a possible selection bias
4. Systematic uncertainty was not considered

Some issues in BW15
1. EBL ― from VHE observations
2. spectral fits were biased towards power law
3. number 2 from HM12
4. number 4 from HM12
5. global fit was performed → not well suited for the anomaly
search  
6. some spectra still show a hint for the anomaly
We believe that any consistent study done from 2012 on should address
all these issues; we are trying to perform our own (Dzhatdoev (2017),
in preparation)



  

Our own very modest contribution (z= 0.186, 1ES 1101-232 
observations from Aharonian et al., Nature, 440, 1018 2006)

~3σ indication (systematics included) for the anomaly was found
(6 sources); almost all excess is due to extreme TeV blazars, and not to 

classical blazars such as Mkn421, Mkn 501
(Dzhatdoev, J. Phys. Conf. Ser., 632, 012035 (2015))



  

Some Fermi LAT blazars tend to be located towards the voids in the 
large scale structure (Furniss. et al., MNRAS, 446, 2267 (2015), 

significance ~2.5 σ)



  

In these cases, observed flux is usually much higher (Furniss. et al., MNRAS, 
446, 2267 (2015), significance ~2.5 σ); x: voidiness runs from 0 to 1



  

Indication for a magnetically broadened cascade (Chen et al., Phys. 
Rev. Lett., 115, 211103 (2015), p-value~0.01), EGMF: B= 0.01-1 fG



  

Things to explain:
1) high-energy anomaly

2) ~2-4 times higher flux of some blazars pointing towards 
the voids

3) ~20% MBC flux at ~1 degree scale at ~1 GeV
Naive estimate of significance 1.5×10-5×4.8×10-3×0.01=

7.2×10-9→5.7 σ

Electromagnetic cascade model of blazar emission
Aharonian et al., A&A, 349, 11 (1999)

Aharonian et al., A&A, 384, 834 (2002)
d’Avezac et al., A&A, 469, 857 (2007)

Murase et al., ApJ, 749, 63 (2012)
Takami et al., ApJ Lett., 771, L32 (2013)

D16: 6 extreme TeV blazars, 10 spectra, (25 pages, ~70 plots)



  

The table of sources



  

“Delta-plot” (z= 0.186, ELMAG 2.02): observable spectra for one-generation 
(E

0
= 1 TeV, 3 TeV, 10 TeV) and universal regime (100 TeV, 1 PeV); 

transition regime (30 TeV)



  

E
0
>100 TeV: observable spectrum shape does not depend on the energy and type

(e/gamma) of the primary particle, but depends on z (“weak universality”,
BK16). Detailed numerical study: D16, Appendix A.



  

Delta-plot with the new code ECS (“electromagnetic cascade spectrum”).
ELMAG (KD10 EBL model as implemented in ELMAG2.02): circles, ECS
(G12 EBL model) IC on CMB only: triangles, +EBL: stars



Interaction rates for z= 0 (different components). Black --- gamma (total); red --- 
gamma (EBL); green --- gamma (CMB); blue --- e (CMB); cyan --- e (EBL); 

magenta --- e (total)



E
0
<100 TeV→gamma-rays escape to voids

E
0
= 10 TeV→E

0e
~5 TeV; electrons produce cascade photons almost “in situ”

E
casc

~(E
0e

/m
e
)2E

CMB
~100 GeV→cascade photons travel practically without

absorption; voidiness<1 is not an issue



  

The table of sources



  



  



  

The ratio of best-fit model spectra for electromagnetic cascade model and the 
absorption-only model. Electromagnetic cascade model predicts

up to 3 times more flux at E=8 TeV



  

Impact of voidiness (K= 1.0, 0.6, 0.4, 0.3, 0.2).The source is 1ES 0229+200 (z= 
0.188). The high-energy part is better fitted for K<0.6, the low-energy part ― 

for K from 0.3 to 0.6.



  

The ratio of best-fit model spectra for electromagnetic cascade model
and the absorption-only model



  

Spectral signatures of the electromagnetic cascade model: 1) high-energy 
cutoff, 2) “ankle” 3) “magnetic cutoff” 4) second ankle.

B= 0



  

Constraints on the EGMF (the first such paper Neronov & Vovk, Science, 328, 
73 (2010) obtained B>0.3 fG, later the constrain was reduced by several 

orders of magnitude, e.g. Dermer et al., ApJ Lett., 733, L21 (2011))

Absorption-only 
solution

EM 
cascade 
solution



  

Neronov et al, A&A 541, A31 (2012): abnormal flare of Mkn 501



  

Neronov et al, A&A 541, A31 (2012): magnetic cutoff (0.01-0.1 fG)
and second ankle



  

Fermi LAT
10 years

HESS
100 hours

CTA
100 hours

CTA
1000 hours

A flood of extreme TeV blazars from the Fermi LAT distribution on the  
voidiness parameter (z= 0.182, 1ES 1218+304; sensitivity curves from

Funk & Hinton, APh, 43, 348 (2013))



  

Very hard primary (absorbed) component is hardly detectable with Fermi LAT 
and HESS, but could be seen by CTA! However, cascade component may be 

seen even by Fermi LAT → the explanation of the effect of Furniss et al.

Fermi LAT
10 years

HESS
100 hours

CTA
100 hours

CTA
1000 hours



  

But maybe the model is too far speculative
and is not supported by other studies?



  

Arsioli & Chang A&A 598, A134 (2017) found a plenty of blazars with hard 
primary spectra in Fermi LAT data (of course, TS is usually lower than in the 

official Fermi LAT catalogues)



  

Hadronic cascade model of blazar emission

Uryson, JETP, 86, 213 (1998)
Essey & Kusenko, APh, 33, 81 (2010)

Essey et al., Phys. Rev. Lett., 104, 141102 (2010)
Essey et al., ApJ, 731, 51 (2011)

Murase et al., ApJ, 749, 63 (2012)
Takami et al., ApJ Lett., 771, L32 (2013)

Essey & Kusenko, APh, 57, 30 (2014)
Zheng et al., A&A, 585, A8  (2016)

D16



  



  

Constraints on hadronic cascade models. B
0
= magnetic field strength in the 

center of the cluster, z
c
= the termination redshift of the proton beam, in 

color: significance of exclusion 



  

Models with gamma-ALP oscillation

Raffelt & Stodolsky, Phys. Rev. D, 37, 1237 (1988)
Mirizzi et al., Phys. Rev. D, 76, 023001 (2007)

Kartavtsev et al., JCAP, 01, 024 (2017)
Montanino et al., astro-ph/1703.07314 (2017)

some constraints (criticized by some colleagues, 
but we take them at face value)

Abramowski et al., Phys. Rev. D, 88, 102003 
(2013)

Ajello et al., Phys. Rev. Lett., 116, 161101 (2016)



  

Constraints on gamma-ALP mixing
(Ajello et al., Phys. Rev. Lett., 116, 161101 (2016))



  

Conclusions

I. There are several indications that the absorption-
only model is incomplete
II. Electromagnetic cascade model may, in principle, 
explain these effects
III. The most basic versions of hadronic cascade 
model are excluded; other are not favoured
IV. EGMF strength and structure is unknown; the 
values (in voids!) of 1 aG – 1fG on L= 1 Mpc are still 
viable
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