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ACCELERATION

UHE particles with energies observed up tof) ~ 3 x 10%° eV can
be In principle accelerated e.g. by shocks, unipolar induction and
topological defects. LargeF,,.. combined with large luminosity Is
a very limiting factor for shock acceleration abovel0' eV. However,

AGN remain most promising candidates.



F..x for non-relativistic jets in AGN

Biermann and Strittmatter 198 Norman, Melrose, Achtenberg 1995
Ptuskin, Rogovaya, Zirakashvili, 2013

FE...« from two conditions:
Fo.x = ZeBpBsR, (Hillas criterion) and
B? /81 = wpar OF B% /87 =~ L/ R2cA3 (equipartition), results in

Erax ~ ZeBs(8L/c)Y? ~ 6 x 1019 Z8,LL? eV (1)

Eq. (1) does not depend o, andR;.
Problem: AtT'; < 4 jets are short, and HE protons are absorbed dpe toteraction.



Fanaroff-Riley | and Il radio-galaxies

Radio Galaxy 3€296
Radio/optical superposition

Copyright (c) NRAO/AUT 1999

Radio Galaxy 3C219
Radio/optical Superposition

FRII

Caopyright (c) NRAO/AUT 1999




ACCELERATION IN RELATIVISTIC SHOCKS

Detective story in five acts



act 1

GREAT EXCITEMENT

In a single reflection particle obtains
ExT? E;



act 2

Efficiency in further crossings is low

E~T36" E; with £~ 1.7



act 3
full disaster !!

Capturing of particles downstream

Perpendiculatarge-scalemagnetic shock at rest
field Bi : downstream upstream
B¢ =T,B%, Eisinduced. - T OB!

Drag of particles downstream by D

flow of gas Quasi-helical orbits). partm_ r—
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act 4
[“-Acceleration Renaissance 2011

Sironi and Spitkovsky (2011) found inlow-magnetised plasma

B2
o= < 1,
4mnm,,c?

streaming (Weibel) instability which results in production of small-
scale turbulencewith size

A~ cwy, ~ 10.

Scattering of particles on these micro-turbulences results imepeat-
Ing transition between downstream and upstream regions and thus
In Fermi regime of acceleration. (Lemoine and Pelletier 2010 -2014,
Bykov et al 2012, Reville and Bell 2014).



act 5
Epilogue 2015

Reville and Bell 2014included in calculations the new element, the
growth time of instability. There are two competing processesisotropi-
sation of particles due to scattering anddrift of particles down-
stream, with characteristic times D, ' and R /c, respectively. Ac-
celeration occurs whenD, ' < R;/c, and Emax of acceleration is
determined by equality of these quantities.

Can\2 [ A w \ Y2
EmaX ~ ( h) ‘ ( Od ) ( d ) Pev7
100 10¢/wy, ) \1072/ \10-8

The allowed Emax is too small.




B. Reville and A.R. Bell 2014

“The calculated growth-rates (of plasma instability) have insuffi-
cient time to modify the scattering, the acceleration to higher en-
ergies is ruled out.”

“Ultra-relativistic shocks are disfavoured as sources of high energy
particles, in general.”

“.. this paper is not the first to suggest that GRBs are not the sources
of UHECRSs, but we gone one step further ..”



UHECR: propagation and its signatures
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Where Is the transition ?
KASCADE-Grande found the light component with the following properties:

e p+He component at 0.1 - 1.0 Ee\separated as ’electron-rich’
e extragalactic, otherwise anisotropy atFE' ~ 1 EeV.

e flat spectrum~ = 2.79 + 0.08, cf v = 3.24 4+ 0.08 for total.

Hidden ankle transition
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Signatures of particle propagation through CMB and EBL

10-7 T IIIIIII T IIIIIII T T TTTTT T T TTTTT T T TTTT T IIIIIIE 10-4 T T
CMB + EBL 5
10 Iron A=56, z=0
10%F E
10'6 L
“.'; 10° E _ 7
= 107 ¢
0 7
5 >
4 10-8 i
T 10— e n. . adiabatic
EEL‘ i 109 Lo
w0np ) ' o o
: l' .'. ) 10'10 ) : HO i
.-' e'e ! pion production 1 S
10»12 11 II'IIIII 1| IIIIIII 1 l IIIIIII 11 IIIIIII 1| IIIIIII L1 1111l 10-11 8 ‘|9 .|10 N 11
10% 10 10  10® 102  10% 10 10 10 10
E, eV r

_ 18 _ 19
Beq1 = 2.4 X 1077 eV, Fegz = 6.1 X 1077 eV Nuclei photo-dissociation: GR cutoff 1961.
Pair-production dip and GZK cutoff.

Pl (re) = 7P (re)
I'e =3.2x 109, E.=1.8 x 1020 ev



UHE protons

INTERACTION SIGNATURES AND MODEL-
DEPENDENT SIGNATURES

We want to seeobservational signatures of interaction but in our
calculations model-dependent quantitiesalso appear, such aslis-
tancesbetween sources, their cosmologicalolution, modes ofprop-

agation (from rectilinear to diffusion), local source overdensity or
deficit etc.

Energy spectrum in terms of modification factor characterizes well
the interaction signatures



MODIFICATION FACTOR

Jp(E)
E)= -
where J*(E) = K E~7¢ includes only adiabatic energy losses.
Since many physical phenomena in numerator and denominator

compensate or cancel each othedip in terms of modification factor
is less model-dependent thao,(E).

It depends very weakly on:

Vg and Eyax,

modes of propagation (rect or diff),
large-scale source inhomogeneity,
source separation within 1-50 Mpc,
local source overdensity or deficit,..
It is modified by presence of nuclei
(> 15%).

Experimental modification factor:
Nexp (£) = Jobs(E)/KE™.

n(E)
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modification factor

modification factor

Comparison of pair-production
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GZK CUTOFF IN HiRes DIFFERENTIAL SPECTRUM
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GZK CUTOFF IN HiRes INTEGRAL SPECTRUM
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F 2 In HIRes integral spectrum confirms that steepening in the dif-
ferential spectrum is the GZK cutoff:

in/eZas _ 1019.73:&0.07 eV cf Etl};e20r _ 1019.72 eV



DIRECT MEASUREMENTS OF MASS COMPOSITION

IS @ necessary component of consistent picture



Calorimetric measurement of mass composition

The Fluorescence detector measures the longitudinal shower profiles
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Interpretation of Auger spectrum and mass composition
Aloisio, V.B., Blasi (2013), see also Taylor, Ahlers, Aharonian (2012)
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AUGER MASS COMPOSITION, September 2014

Phys. Rev. D 90 (2014) 122005



Iron and Proton fractions
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Auger 2014: summary

e pt+He is dominant compositionup to 10 EeV with fraction of
Intermediate nucleiincreasing up to highest energies.

e Proton fraction is observed at all energies. It is dominant (60
- 80)% up to 2 EeV, falling down at 4 EeV, with minimum at
(10-20) EeV and with resurgence at higher energies.

e The presence of proton component at all energies excludes rigidity-
dependentFE,,,, with B around (4 - 5) EeV, widely used In
most models.

e Since protons below 40 EeV are extragalactiankle as transi-
tion from galactic to extragalactic CRs is excluded

e |ron fraction is very small at all energies



CONCLUSIONS

e The propagation signatures for protons are pair-production
dip (p+Yemp — p+e™+e7)and GZK cutoff (p+~emp — N +).

e The propagation signature for nuclei is GR cutoff with T', ~
(3 —4) x 10? for all nuclei, and Fqgr ~ AT .my ~ (3 — 4)A x
108 eV.

e HiRes and TA observed thethe proton signaturesfurther con-
firmed by proton-dominated mass compaosition

e Auger (2013)reports the nuclei composition steadily heavier
with increasing energy. The models which explain simultane-
ously the Auger energy spectrum X,,...(£) and RMS (disper-
sion) must have very flat generation spectrumy, < 1.6 and
additional EeV proton+He component with steep spectrum.



THANK YOU !!



PAIR-PRODUCTION DIP in Auger data

Energy scale of each detector has to be shifted by factor to mini-
mize x*. For HiRes and TA A =~ 1. Toreachy?. for PAO )\ = 1.22
IS needed. Equality of fluxes after recalibration isconfirmation of

pair-production nature of the dip.
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STATUS of ANKLE

Two competitive scenarios:
ankle as transition and ankle as intrinsic feature of the dip.
Auger, HiRes, TA: E, = (4 —5) EeVand atE < E,: light nuclei

Ankle as transition

Where is the transition ?
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Impact of KASCADE-Grande experiment
KASCADE-Grande found the light component with the following properties:

e p+He component at 0.1 - 1.0 Ee\separated as 'electron-rich’
e extragalactic, otherwise anisotropy atFE' ~ 1 EeV.
e flat spectrum~ = 2.79 + 0.08, cf v = 3.24 4+ 0.08 for total.

17 18
10 _10"7ev _10%ev_

| KASCADE-Grande anall-particle

¥V electron-rich sample

.y =-324+0.08

dl/dE x E*” (m2sr's’eVv'’
5

y=-3.25+0.05




