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Typical AGN geometry (left, 1) and SED of blazar (right, 2); SED of 
EBL for several models (bottom, 3)

1 C.M. Urry, P. Padovani, PASP, 107, 
803 (1995); more details in: R. 
Antonucci, ARA&A, 31, 473 (1993)
2 M. Boettcher et al., ApJ, 768, 54 
(2013) 
3 model of T.M. Kneiske & H. Dole 
(2010) is shown by right dashed line



Optical depth τ(z,E) for γγ→e+e- process (z — redshift, E — observable 
energy (D. Horns & M. Meyer, JCAP, 02, 033 (2012))

If the cascading process can in some way diminish the statistical 
significance of the “anomaly”?

For τ>2 it was observed that 
the ratio (observed/predicted) 
signal is >1; statistical  
significance= 4.2 σ (from the 
comparison of the 1<τ<2 and 
τ>2 regions).
In fact, such anomaly is a 
long-standing problem
(e. g. R.J. Protheroe & H. 
Meyer, Phys. Lett. B, 493, 
16 (2000))



Suggested solutions (E — energy of γ-ray, ε — energy of 
EBL photon, B — EGMF value)

All listed models have some difficulties

1. Internal absorption (F.A. Aharonian et al., MNRAS, 387, 1206 
(2008)). Works only at certain energy E~f(ε,z); cascade radiation is 
unwanted.
2. Production of secondary γ-rays by hadronic beam relatively near to 
the observer (W. Essey & A. Kusenko, APh, 33, 81 (2010)). 
Exceptionally good collimation of the beam is required; B< 10-14.
3. Synchrotron radiation of electrons produced by UHE protons near 
the source (F. Oikonomou et al., A&A, 568, A110 (2014)). Works only 
at certain energy E~f(ε,z); produces quite bright halo around the 
source.
4. Oscillations γ↔a (e.g. M.A. Sanchez-Conde et al., Phys. Rev. D, 79, 
123511 (2009)). The process is absent in the Standard Model; high 
efficiency of conversion is requred for many different sources. 



A. Neronov et al., A&A, 541, A31 (2012): observation of 
intergalactic cascade in the Mkn 501 spectrum? B= 10-16- 10-17 G (Lc= 

1 Mpc), delay <10 d (90 % CL) at E~100 GeV.

In what follows B<10-16 G is assumed, as for 
B>10-14 G secondaries are too much deflected 
and delayed, and B= (10-14, 3·10-16) are currently 
disfavoured.



Previous works that considered the cascade model: 
F.A. Aharonian et al. (HEGRA), A&A, 349, 11 (1997)

F.A. Aharonian et al., A&A, 384, 834 (2002)
A. Neronov et al., A&A, 541, A31 (2012)

(Mkn 501 spectrum analysis)

d'Avezac et al., A&A, 469, 857 (2007)
(1ES1101-232 spectrum analysis)

Detailed simulation with  contemporary EBL model and subsequent 
statistical analysis was done for the first time in the present work.



Analysis methods
The ELMAG 2.02 code was used in calculations (M. Kachielriess et 
al., Comp. Phys. Comm., 183, 1036 (2012)). Full MC simulation 
(parameter a_smp= 0). Internal spectrum ~E-γ·exp(-E/Ec), E=100 
GeV-100 TeV. EBL Model: T.M. Kneiske & H. Dole, A&A, 515, A19 
(2010) (option2 in ELMAG).
1D spectra were calculated.

Statistical significance: “counting metdod” that utilizes intensities for 
certain regions of τ (e.g. G. Cowan et al., EPJ C, 71, 1554 (2011), 
Chapter 5.1).

Typical angular width of the jet θJet~1 deg ~ 10-2 rad; angular width in 
typical intеraction act θ~(1/Γ); Γ — Lorentz factor.  For Е= 100 GeV= 
105 MeV → Γ~105; θ~10-5<<θJet , and 1D approximation is justified if 
B= 0.



An example: spectrum of 1ES1101-232 (z= 0.186)
without the cascade component

Red circles and dashed 
line: measurements and 
full (stat.2+syst2)0.5 
uncertainty
Black line: internal 
spectrum (without 
energy smearing)
Green line: model 
spectrum (with energy 
smearing)

Statistical significance of the anomaly: for τ>1 Z= 1.57 σ (p= 
5.87·10-2), for τ>2 Z= 2.11 σ (p_0= 1.72·10-2).



An example: spectrum of 1ES1101-232 (spectrum with account of the 
cascade component is shown by blue line)

Statistical significance of the anomaly: Z= 0.46 σ (p_m= 0.322) 
( τ>2).

The only target for 
photons is EBL 
(due to threshold 
effects).

The main target 
for electrons is not 
EBL but CMB, so 
cascades 
contribute mainly 
at low energy!





Results

The spectra of 6 objects were analysed: 1. Mkn 421 (z= 0.031), Mkn 501 
(z= 0.034), H1426+428 (z= 0.129), 1ES1101-232 (z= 0.186), 1ES0347-121 
(z= 0.188), 1ES0414+009 (z= 0.287) (see D. Horns & M. Meyer,
(2012)). It was required >2 bins in opticallly thin (τ<1) and >2 bins in 
opticallly thick (τ>1) regime.
Without the cascade component the significance Zc=3.1 σ (pc= 7.61·10-4) 
(τ>2); with the cascade component Zc= 0.36 σ (pc= 0.358) (the anomaly 
is nearly absent!).

4 objects with z>0.12 do not show fast variability (T> several months); the 
contribution of the cascade component in 2 nearest objects is small.

For these estimates two 1-sided Gaussians were used; more detailed 
analysis would use truly asymmetric distribution (e.g. A.A. Kirillov, 
I.A. Kirillov, APh, 19, 101 (2003); A.A. Kirillov, I.A. Kirillov, Proc. 
28th ICRC (Tsukuba), 2, 535 (2003)).



Indirect study of EGMF with Imaging Atmospheric Cherenkov 
Telescopes (IACT) (A. Abramowski et al. (H.E.S.S.), A&A, 562, 

A145 (2014)) 

CTA will greatly enhance sensitivity (B.S. Acharya et al., APh, 43, 3 (2013)) 



Emulsion γ-telescope? (S. Aoki, 1202.2529 et al. (2012))
Angular resolution ~2 ' at E>10 GeV is achievable!

The GAMMA-400 instrument (A.M. Galper et al., 
astro-ph/arXiv:1210.1457 (2012)) will have even better angular 
resolution, ~0.5 '!



Conclusions

I. The statistical significance of the anomaly without the cascade 
component is 3.1 σ for the sample of 6 considered blazars. 
Qualitatively the same result as in D. Horns & M. Meyer (2012) was 
obtained.
II. All suggested solutions are not without of difficulties.
III. For B<10-16 G, the secondary photons from EM cascades, 
contributing to the observed spectrum, in principle, can solve the 
anomaly for 6 considered objects.
IV. Constraints on the EGMF value and variability studies are very 
important for testing models of the anomaly that include production of 
secondaries.
V. The presented model is falsifiable to some degree: in principle, it 
can predict the observed spectrum at high energies using low-energy 
bins.
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Additional slides

I. EBL Models

II. Constraints on EGMF value.



EBL Models
1. Black solid: J.D. Finke 

et al., ApJ, 712, 238 
(2010)

2. Red dash: T.M. Kneiske 
& H. Dole, A&A, 515, 
A19 (2010)

3. Black circles: A. 
Dominguez et al., 
MNRAS, 410, 2556 
(2011)

4. Red stars: J.R. Primack 
et al., AIPCP, 1085, 71 
(2008)

5. Blue dash: T.M. Kneiske et al., A&A, 413, 807 (2004)

6. Green circles: A. Franceshini et al., A&A, 487, 837 (2008)

see also: F.W. Stecker et al., ApJ, 648, 774 (2006)



Constraints on EGMF value

A. Abramowski et al. (H.E.S.S.), 
A&A, 562, A145 (2014): 
non-observation of angular 
broadening allowed to exclude 
B= (10-14, 3·10-16) G (99 % CL).
Upper limits: B< 10-9 G (P. 
Kronberg, Phys. Rep. (1994))
В= 2·10-12 G (“comoving 
intensity”) is sufficient for 
formation of magnetic fields in 
clusters (K. Dolag et al. (2004))

Lower limits (non-observation of cascade component for <100 GeV): B> 10-15-10-18 G, 
e.g.:
A. Neronov & I. Vovk (2010); K. Dolag et al. (2011); C. Dermer  et al. (2011)



However (T.C. Arlen et al., astro-ph/1210.2802 (2012)):
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