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Cosmic rays

Bhattacharjee & Sigl ’00, originally from S. Swordy
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. Gamma-ray Bursts
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Glusters of galaxies
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Only extreme phenomena or objects
INn the universe can produce the
highest energy cosmic rays.
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—stimated Composition of UHECRS

Auger : heavy elements are mixed Telescope Array : consistent with protons
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The recent results are significantly inconsistent within the quoted systematic errors.

A joint working group of Auger and TA is collaborating to solve this problem.
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Mean Free Paths of UH
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HT, Inoue, Yamamoto 2012

The mean free path of UHECRSs rapidly decreases above ~10%° gV

4

Sources of UHECRs detected with >~ 1020 eV are
dominantly located within several tens Mpc.
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UHECR Anisotropy

Auger Telescope Array 72 events
69 events ' . E>57x10"1eV

E>55x10"eV

Abreu+ 2010 Abassi+ 2014
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Hints of anisotropy have been reported, but no clear evidence of point-like sources so far.
» Statistical approach
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Anisotropy and UHEC

Experimental result

Abraham+ 2007

Simulations under assumed ns
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Assuming
steady sources

HT & Sato 2009

Objects ns [Mpc
Bright galaxy 1.3x 10

Seyfert galaxy 1.25x 10
Dead Quasar 5x 10
Fanaroff-Riley | 8x 10
Bright quasar 1.4x 10
Colliding galaxies 7x 10
BL Lac objects 3x10
Fanaroff-Riley Il 3x10
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~ropagation of UH
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v' Apparent duration also depends on energies.
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Apparent Source Number Density of UHECRs

anisotropy

A stronger anisotropy appears at higher energies
(even without considering the GZK mechanism).
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The dependence of ns(E) is evidence of transient generation of UHECRS.

ns(E) should be estimated in at least two energy ranges.
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—volution of anisotropy

Ep > 6 X 1019 e\/, ns = 10_5 I\/IpC-3

50 events 500 events

HT & Sato 2008
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Constraints on ps and Energy Budget
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ns(E) from huge UHECR experiments and T(E) from understanding cosmic
magnetic fields allows us to constrain transient UHECR sources by comparing
their restricted properties with parameters of known astrophysical objects.
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Anisotropy In a heavy-nuclel-dominated case

69 events

10° ¢

@ Z=1 E>5.5x101 eV
(-

Probability

10—3 :iu 1 l ‘ L 1
0 20 40 60 80 100 120
Separation Angle: 6 [deg]
HT, Inoue, Yamamoto 2012

— 14 T T T | T — 3 T T T T T T T T
< PAO 2010 —— < Including Cen A +——+—
O 1ol Including Cen A +——+— | O o5l Without Cen A _
2 Without Cen A P B
i) ke
*g 10 | s *cgs 2t .
s 8y - 5 15f }{ i
s 6 . °  1F ﬂ .
o] I o]
s aft] - 2 05 HEHHEHH .
3 T 1 ] EEEEEEEIIII{{IIIIIIIIEI
o 2t iiiii - I :
(_:‘55 0 14 ‘i‘ii‘iiiiiii iiiiiii ‘—_i,’ 05 _
€ 1 E ’
8 _2 i | | 1 1 1 8 _1 | 1 1 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30 35 40 45
Separation Angle: 6 [deg] Separation Angle: 6 [deg]
HT, Inoue, Yamamoto 2012 HT, Inoue, Yamamoto 2012

Anisotropy studies may be doable in the future.
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Summary

* The origin of ultra-high-energy cosmic rays is still unknown, but some
hints have appeared in their arrival distribution.

 Anisotropy indicates source number density: ns ~ 104 Mpc for steady
sources in the cases of light composition / weakly magnetized universe.
This value is much larger than blazars, radio galaxies, and clusters of
galaxies.

e An anisotropy study in narrow consecutive energy bins can reveal the
transient generation of UHECRs.

e Conservative estimation of the UHECR generation rate and related

energy output can be achieved by independent studies on extragalactic
magnetic fields.
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