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Cosmic rays ~ detectors ~
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http://www.ams02.org/what-is-ams/
http://www.icrr.u-tokyo.ac.jp/em/
http://adslabs.org/adsabs/abs/2000PhR...327..109B/
http://www.sciencedaily.com/releases/2004/12/041219135446.htm
http://legacy.kek.jp/ja/news/press/2004/bess.html
https://web.ikp.kit.edu/KASCADE/
http://www-ta.icrr.u-tokyo.ac.jp/index.php?id=4
http://www.cnrs.fr/en/home/news/2008/AugerObservatory.htm
http://icecube.wisc.edu/news/current

Detection Techniques

Atmosphere as a calorimeter
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- Primary energy
- Arrival direction

- Composition
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: S ONAR) | Vi Detector
(c) The Pierre Auger Observatory
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http://www.auger.org/features/hybrid_detector.html

Primary Aims of Cosmic-ray Researches

» Origin of cosmic rays

- Propagation of cosmic rays
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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)

g < o N |

SR A SR N logB =-

* o D
c) GALEX, JPL-Caltech, NASA, APS/Alan Stonebraker * Faraday rotation : 100 / voidfREEL [
~1-10 u6 80 * y-ray cascades :
— >1018- 10776
Synchvatrons  |g o (3, oo 1l G
\_ ~01-1u6 A Takahashi et al. (2011)
' SNEY - CMB /LSS :

T45AMEE 2O U S <25 n6 for A= 1 Mpc

No constraint . % % Jedamzik et al. (2000),

. . - i e \ Yamazaki et al. (2010) /
Simulations : ~ 10 nG h-Mpe
e.g., Ryu et al. (2008)

Das et al. (2008)
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http://physics.aps.org/articles/v6/40

Highest Energy Cosmic Rays as a Good

1. Deflection can be minimized.

~1 1/2 1/2
0B, D) ~25°7 | —2 D b A
1020 eV 100 Mpc 1 nG 1 Mpc

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

UHECR Source Candidates

Aﬁqtive Galactic Nuclei

5

P

P

e.g., Biermann & Strittmatter, ApJ 322 (1987) 643,
Takahara, PTP 83 (1990) 1071,

Rachen & Biermann, A&A 272 (1993) 161,
Norman et al., ApJ 454 (1995) 60,

Farrar & Gruzinov, ApJ 693 (2009) 329,

Dermer et al., New J. Phys. 11 (2009) 065016
Pe’er et al., PRD 80 (2009) 123018,

HT & Horiuchi, Aph 34 (2011) 749,

Murase, Dermer, HT, Migliori, ApJ 749 (2012) 63

Newly Born Magnetars

e.g., Blasi et al., ApJ 533 (2000) L123,

Arons, ApJ 589 (2003) 871,
Kotera, PRD 84 (2011) 023002,
Fang et al., ApJ 750 (2012) 118
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JEM-EUSO purple book 2010
edited by HT

amma-ray Bursts

e.g., Waxman, PRL 75 (1995) 386,
Vietri, ApJ 453 (1995) 883,

Murase et al., PRD 78 (2008) 023005,
Wang et al., ApJ 677 (2008) 432

Clusters of galaxies
S :

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

Kang et al., ApJ 456 (1996) 422,
Inoue et al., astro-ph/0701167
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http://adslabs.org/adsabs/abs/1987ApJ...322..643B/
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/1993A%26A...272..161R/
http://www.apple.com/jp
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/2009NJPh...11f5016D/
http://adslabs.org/adsabs/abs/2009PhRvD..80l3018P/
http://adslabs.org/adsabs/abs/2011APh....34..749T/
http://adslabs.org/adsabs/abs/2012ApJ...749...63M/
http://adslabs.org/adsabs/abs/1995PhRvL..75..386W/
http://adslabs.org/adsabs/abs/1995ApJ...453..883V/
http://adslabs.org/adsabs/abs/2008PhRvD..78b3005M/
http://adslabs.org/adsabs/abs/2008ApJ...677..432W/
mailto:http://adslabs.org/adsabs/abs/2000ApJ...533L.123B/?subject=
http://adslabs.org/adsabs/abs/2003ApJ...589..871A/
http://adslabs.org/adsabs/abs/2011PhRvD..84b3002K/
http://adslabs.org/adsabs/abs/2012ApJ...750..118F/
http://www.apple.com/jp
http://adslabs.org/adsabs/abs/1996ApJ...456..422K/
http://adslabs.org/adsabs/abs/2007astro.ph..1167I/

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

- Interest to extreme Universe

Hajime Takami | UHECR Symposium, JPS Meeting, Saga University, Japan, Sep. 21, 2014 14 /51



1. Introduction
2. Review
3. Future Prospects

4. Summary

15/ 51



Energy Spectrum

The spectra of Auger and Telescope Array are consistent

within systematic errors.

=107 g
Z =
(\;!/) 10 11 : "l“"" AESyS, PAO = 14 % ........
E. E *° o0 : AEsys, a =22 %
ﬁ L 'ln::én
=412 e S S S
wl0 " E 1 .
ol Ukl~
1 O E— B SRS S U'CI" ..........................................................................................................................................................
— %o L T&) 5
10714 & vy
— p $o,.
L ®0 :
15 | SRR St WY
1 0 E :C:- .
— —e— Auger combined ...;;,'}
B 2013 prelim. o
10716 S e #0, * é '} AAAAAAAAAAAAAAAAAAAAAAAA
- 2 Auger combined (E x 1.1) TT .}
10-17 ;_ T]I.' ...... [ .................................
E — TA'SD O
— 5 years L
10-18 eodo b b b OO T I !
17.5 18 18.5 19 19.5 20

Hajime Takami | UHECR Symposium, JPS Meeting, Saga University, Japan, Sep. 21, 2014

Tsunesada, Rapporteur talk, ICRC 2013
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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
E [ev] Zatsepin & Kuz’min, JETP Lett. 4 (1966) 78
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| Auger 2013 preliminary Consistent With
- the GZK steepening
i 38 Pair-creation dip AE/E=14%
—  10°°F
P oo -
7 - s
I S
n
i
; 1
T PR [ |
D) P 1
L\u/ "—Proton, B=26m=0
c’,? | -+ Proton, p =2.35, m =5
) |—Iron, p =23, m =0
® Combined
1036 Y777 . [ S NS S .
17.5 18.0 18.5 19.0 19.5 20.0 20.5

Schulz et al., Proc. 33rd ICRC
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http://adslabs.org/adsabs/abs/2013arXiv1307.5059T/
http://adslabs.org/adsabs/abs/1966PhRvL..16..748G/
http://adslabs.org/adsabs/abs/1966JETPL...4...78Z/

Shower Maximum Measurements
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Auger

- Gradually changing to heavy nuclei

TA

- Consistent with protons


http://adslabs.org/adsabs/abs/2014arXiv1408.1726A/
http://arxiv.org/abs/1409.4809

{InA)

Comparison between Experiments

Auger and TA are compatible within systematic uncertainties.
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(b) using SIBYLL model.

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
AGN correlation Cen A cluster
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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

20}

15}
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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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See also Cuoco et al., ApJ 702 (2009) 825
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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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- Avallable as long as the deflection angle
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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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http://adslabs.org/adsabs/abs/1995ApJ...454...60N/
http://adslabs.org/adsabs/abs/2000PhST...85..191B/
http://adslabs.org/adsabs/abs/2004Prama..62..483W/
http://adslabs.org/adsabs/abs/2009ApJ...696.1218Z/

UHECR Source Candidates

Aﬁqtive Galactic Nuclei
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e.g., Biermann & Strittmatter, ApJ 322 (1987) 643,
Takahara, PTP 83 (1990) 1071,

Rachen & Biermann, A&A 272 (1993) 161,
Norman et al., ApJ 454 (1995) 60,

Farrar & Gruzinov, ApJ 693 (2009) 329,

Dermer et al., New J. Phys. 11 (2009) 065016
Pe’er et al., PRD 80 (2009) 123018,

HT & Horiuchi, Aph 34 (2011) 749,

Murase, Dermer, HT, Migliori, ApJ 749 (2012) 63

Newly Born Magnetars

e.g., Blasi et al., ApJ 533 (2000) L123,

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

e.g., Waxman, PRL 75 (1995) 386,
Vietri, ApJ 453 (1995) 883,

Murase et al., PRD 78 (2008) 023005,
Wang et al., ApJ 677 (2008) 432

Clusters of galaxies
S :

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

Kang et al., ApJ 456 (1996) 422,
Inoue et al., astro-ph/0701167
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Source Classification

Proton / Steady Proton / Transient

Heavy / Steady Heavy / Transient
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Cosmogenic Neutrinos

Neutrinos produced during CR propagation in intergalactic space
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Cosmogenic Neutrinos

Strongly evolved sources are already ruled out.

5—
- p(z) o< (1+2)7
Pure-proton

4 -
3_
GRB
2 I
2 3

Aartsen et al., PRD 88 (2013) 112008

See also, Yoshida & Ishihara, PRD 85 (2012) 063002
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Summary on Current Status

Spectrum

GZK steepening + dip/ankle are established.

Composition

Anisotropy

Interaction model

Composition
at the highest E

Proton-dominated

Heavy nuclei

Anisotropy

Protons

Statistical error

Galactic-to-Xgal
transition

Proton-dip
(p-) ankle transition

Ankle transition

etc.

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.

Hajime Takami | UHECR Symposium, JPS Meeting, Saga University, Japan, Sep. 21, 2014
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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
ts(E,D) ~ 1.5 x 10°Z?
a(E, D) 8 (1020 eV) (100Mp0> (MG) <1MPC) a

photons / neutrinos

higher-E CRs
<+>
lower-E CRs 4\—>

AN
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Evidence for Transient Sources

Strong energy dependence of apparent source number density

107
1073
0?8 1004 A
= | A T
< 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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Constraints on ps and Energy Budget
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Evidence for Transient Sources?

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

0% | - —  Lower energy (~10'° eV)
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See also HT & Sato (2009)
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What Can We Do of Composition?

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

- Cosmogenic neutrinos
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Cosmogenic Neutrinos ~ Composition ~
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Anisotropy In a heavy-nuclel-dominated case

69 events
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|Anisotropy studies may be doable in the future.
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Smoking Guns

- Ultrahigh energy on-source neutrinos

- Ultrahigh energy on-source gamma rays
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Mean Free Path of Photons
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UHECR Source Signature in Gamma Rays

Hadronic secondary gamma-rays are promising
for hard-spectrum blazars.
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Multi-messenger Approaches The first international workshop on
to Cosmic Rays: multi-messenger astronomy for

Origins and Space Frontiers ultrahigh-energy cosmic rays!

27-29 November 2013 MACROS 2013

Institut d’Astrophysique de Paris

Cosmic rays
what young scientists can

do Zo solve the ri/stery of
cosruc ra/s

— experimental and
Cheoretical Sirdfegl‘es

Gamma rays Neutrinos

=% Organizing Committee

—

Kumiko Kotera, /AP

#  Jean-Philippe Lenain, [ PNHE
Kohta Murase, /AS Princeton
Hajime Takami, KEK


http://macros2013.in2p3.fr/index.php
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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!

Multi-messenger approaches will be essential to identify the sources of UHECRS.
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