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Cosmic rays ~ origin ~
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http://adslabs.org/adsabs/abs/2000PhR...327..109B/
http://www.nationalgeographic.co.jp/science/photos/photo_science.php?GALLERY_VignVCMId=bacc9f48ddfe4110VgnVCM100000ee02a8c0RCRD
http://www.nasa.gov/mission_pages/GLAST/news/supernova-cosmic-rays.html

Difficulty in Identifying Cosmic-ray Origin

Charge and cosmic magnetic fields

Faraday rotation : BAY2< (1 nG)(1 Mpc)Y/2
Kronberg (1994), Ryu et al. (1998), Blasi et al. (1999)
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http://physics.aps.org/articles/v6/40

Highest Energy Cosmic Rays as a Good

1. Deflection can be minimized.
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2. Greisen-Zatsepin-Kuz'’min horizon

— low-background observations
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Mean Free Path

Mean free path drastically decreases at the highest energies.
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http://adslabs.org/adsabs/abs/2012APh....35..767T/

Galaxies in the Local Universe

D <100 Mpc

Saunders et al., MNRAS 317 (2000) 55

Hajime Takami | /IR F—H >V VR TR SBBEFE2014, ICRR, Japan, Oct. 2, 2014 9 /48


http://adslabs.org/adsabs/abs/2000MNRAS.317...55S/

UHECR Source Candidates

Aﬁqtive Galactic Nuclei
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e.g., Biermann & Strittmatter, ApJ 322 (1987) 643, ":3 [ j €.9., _Waxman, PRL 75 (1995) 386,
Takahara, PTP 83 (1990) 1071, 3 10° (AGN Core ] Vietri, ApJ 453 (1995) 883,
Rachen & Biermann, A&A 272 (1993) 161, & e0 j Murase et al., PRD 78 (2008) 023005,
Norman et al., ApJ 454 (1995) 60, = C sy - : Wang et al., ApJ 677 (2008) 432
Farrar & Gruzinov, ApJ 693 (2009) 329, ‘S 100 9 .
Dermer et al., New J. Phys. 11 (2009) 065016 5 i )
Pe’er et al., PRD 80 (2009) 123018, g ]
HT & Horiuchi, Aph 34 (2011) 749, (‘3 10° | Galaxy Cluster]
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e.g., Blasi et al., ApJ 533 (2000) L123,

e.g., Norman et al., ApJ 454 (1995) 60,

Arons, ApJ 589 (2003) 871,
Kotera, PRD 84 (2011) 023002,
Fang et al., ApJ 750 (2012) 118

Kang et al., ApJ 456 (1996) 422,
Inoue et al., astro-ph/0701167
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Why do we focus on the highest energies?

- Small deflections in cosmic magnetic fields
- GZK limitation to source candidates in local Universe

- Few theoretical source candidates
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Energy Spectrum

The spectra of Auger and Telescope Array are consistent

within systematic errors.
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https://143.107.180.38/indico/contributionDisplay.py?sessionId=8&contribId=1308&confId=0

Spectral Modeling

Two interpretations are possible.

Greisen, PRL 16 (1966) 748
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Shower Maximum Measurements
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http://arxiv.org/abs/1409.4809
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Comparison between Experiments

Auger and TA are compatible within systematic uncertainties.
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(a) using QGSJet-II model.
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Barcikowski et al., EPJ Web of Conf. 53 (2013) 01006
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http://www.epj-conferences.org/articles/epjconf/abs/2013/14/epjconf_uhecr2012_01006/epjconf_uhecr2012_01006.html

Anisotropy Signals by Auger

FE>55x10"1 eV
69 events

Abreu et al., Aph 34 (2010) 314
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The anisotropy signals are marginal.
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http://adslabs.org/adsabs/abs/2010APh....34..314A/

Anisotropy Signals by TA

E>57x1017eV
25 events

expectation

NCOI‘I‘

Abu-Zayyad et al., ApJ 757 (2012) 26
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http://adslabs.org/adsabs/abs/2012ApJ...757...26A/

Telescope Array Hot Spot

3.4 0 excess using 20° circles

E > 57 EeV

E>55x10"1eV
/2 events
loose-cut

No clear source candidate in this direction
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Anisotropy versus Chemical Composition

Even stronger anisotropy by protons appears at > E/ Z,
If anisotropy produced by nuclei with Z appears at > E.

Lemoine & Waxman, JCAP 11 (2009) 009
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http://adslabs.org/adsabs/abs/2011JCAP...06..022P/
http://adslabs.org/adsabs/abs/2009JCAP...11..009L/

Possibilities

- Proton-dominated composition at the highest energies

- Heavy-nucleus-dominated in a wide energy range

e.g., Horiuchi et al., ApJ 753 (2013) 69 (GRBs), Fang et al., 03 (2013) 010 (pulsars)

- The anisotropy Is a statistical fluctuation.
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http://adslabs.org/adsabs/abs/2012ApJ...753...69H/
http://adslabs.org/adsabs/abs/2013JCAP...03..010F/
http://adslabs.org/adsabs/abs/2013JCAP...03..010F/

Source Number Density @ the Highest Energies

Strong candidates are ruled out as main contributors.
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http://adslabs.org/adsabs/abs/2009APh....30..306T/
http://adslabs.org/adsabs/abs/2009ApJ...702..825C/
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http://adslabs.org/adsabs/abs/2012APh....35..767T/

Source Number Density
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The Pierre Auger Observatory, JCAP, 05 (2013) 009
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http://adslabs.org/adsabs/abs/2013JCAP...05..009P/

Luminosity Requirement
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Steady objects with Lpol > 10% erg are rare within the GZK radius,
namely << 104 Mpc-.

e.g., Zaw et al., ApJ 696 (2009) 1218
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UHECR Source Candidates

Aﬁqtive Galactic Nuclei
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Summary on Current Status

Spectrum

GZK steepening + dip/ankle are established.

Composition

Anisotropy Interaction model
Composition Proton-dominated Heavy nuclei
at the highest E y
Anisotropy Protons Statistical error
Galactlc-_t_o-XgaI Proton—dlpl | AnKle transition
transition (p-) ankle transition
otc Interaction models
' may be modified.

% Compromised scenario: heavy in a wide range + very weak magnetic fields
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Summary on Current Status

Source properties

- Steady sources
- proton-dominated >~ 10 Mpc

- heavy-nucleus-dominated >~ 10° Mpc3
- |f proton-dominated composition,

- the luminosity requirement — transient for jet-sources

- Strong evolution is ruled out by neutrinos.
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What is the Next Step?

How / why are particles accelerated up to such extreme high energies”? ]

Where are particles accelerated up to such extreme high energies”

What is the nature of UHECR sources”?

to establish strategies to unvell the sources
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Source Classification

Proton / Steady Proton / Transient

Heavy / Steady Heavy / Transient
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Transient Sources

Time-delay and time-profile dispersion

E N2/ D \°( B\ / A
E,D) ~ 1.5 x 10° 2>
ta(E, D) X (1020 e\/‘) (1()() Mpc) (1 DG) (1 MpC) "

photons / neutrinos

higher-E CRs
<+>
lower-E CRs 4\—>

AN

More sources are observed at lower energy that at higher energy.
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Evidence for Transient Sources

Strong energy dependence of apparent source number density

1072
1073
0?8 1004 A
= r AL .
< 10° |
C
-6
10 = <1 source ]
T(E) within D, (E) |
10-7 | | | |
19.6 19.8 20 20.2 20.4

log4o(E [eV])

HT & Murase, ApJ 748 (2012) 9
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http://adslabs.org/adsabs/abs/2012ApJ...748....9T/

Constraints on ps and Energy Budget
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http://adslabs.org/adsabs/abs/2012ApJ...748....9T/

Evidence for Transient Sources?

The lower energy (~10'° eV) anisotropy indicates transient sources.

0% | - —  Lower energy (~10'° eV)
1047 ;_ 2203 S = 2.6_; LUI719(Z _ 001) -3
. | s=2.0 ] n,>3x107° (131({)41 — Mpc™
10%° F = 0.2 L @ S . = erg S
10% |E C T B — =
[ z=0.1 B R Weeeeeaa., u ’
a4 [ _ PO T —a— 4 High ~6 x 1019
10" Fz=0.05 " RO R i —= 5 Higher energy (~6 x eV)
1043 B — _
[ —0. O @ | —4 —3
o2 :_z 0.01 g o L TP o ] ns ~ 107~ Mpc
[ ® —9
41 |
10 ' ' _
10% 10°
Exposure [km2 yr SI‘] HT, Murase, Beacom, Dermer, to be submitted.

Ng (E]) td(El) E1 —2
ne(Bn) " ta(Bn) (E_> ~ 4

See also HT & Sato (2009)
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What Can We Do for Composition?

- v/Spp = 433 TeV collider required
- Anisotropy measurements

- Cosmogenic neutrinos
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Cosmogenic Neutrinos ~ Composition ~
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Comparison with Galaxy Distribution

0<z<0.018

90° 0.018 <z < 0.036

HT et al., in prep.
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Event Distribution from Specific Positions

Auger - Cen A Telescope Array - Hotspot center
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HT et al., in prep.
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Angular Auto-correlation Functions

6 O I I
c PAO 2010 (9 events, E > 55 EeV)
2 50 Random (10) 2
2 Random (20)
2 41 i
5 Auger
g S0 1
S 2l i
§ 1 - Consistent with isotropy at 20
© ®e®0%%000000000000000000
5 O
<C

-2 \ \ \ \ \

0 5 10 15 20 25 30
Angular separation [deg]

6 I T
c TA 2014 (72 events, E>57 EeV) =
2 50 Random (10) :
§ . Random (20)
2 TA
5 O i
S 2| i
§ 1 - Medium-scale anisotropy at 2o
S i i
© e"......000000°°0.0°°°00
5 O .
é’ 1 ® ® @ -
<

_2 | | | | |

0 5 10 15 20 25 30

Angular separation [deg] HT et al., in prep.

Hajime Takami | /IR F—H >V VR TR SBBEFE2014, ICRR, Japan, Oct. 2, 2014 43 /48



Effects of Galactic Magnetic Fields

E =60 EeV

Proton Helium

360° 360°

Nitrogen

360°

HT et al., in prep.
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Isotropic Background + Source Contribution
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Indicated Magnetic Fields

Cosmological

o ~1 D 1/2 1/2
O(F,D) ~4.2°Z b A
6 x 1019 eV 100 Mpc 1 nG 1 Mpc

Local
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Summary

Current Status

- Anisotropy versus chemical composition

- Transient sources”?

Future prospects

The nature of UHECR sources should be understood
to establish strategies for source identification.

-+ Generation: steady or transient
- Composition: proton-dominated or heavy nuclei

Anisotropy!

The hotspots indicates ~ 100 nG magnetic fields around the Milky Way — Multi-messenger!
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