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Take-home message

® Detection of extremely energetic particle with 244 EeV
(= 2.44 x 1020 V), dubbed "Amaterasu particle”
published in Science 382, 903 (2023)

NN N .2 Coming from Local Void in large-scale structure
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o u \;\\;;\ % No promising source candidates
MRS é\ Large deflection angle due to heavier nuclei than iron?
N\ % The highest energy particle might be r-process

nuclei = Binary neutron star merger origin?
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https://www.sciencedirect.com/journal/astroparticle-physics/vol/53/suppl/C

relative abundance (Si = 109)
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& Measurements of cosmic

rays from 10° eV to 1020 eV

¢ Origins are still largely
unknown

¢ The most energetic
particles in the universe

¢ Only ~1013 eV by the
Earth's largest particle
accelerator

¢ Extremely infrequent

¢ A huge effective area,
~1000 km?

¢ Long term observation in
decades

1 exa-electron-volts (EeV) = 1018 @V Particle Data Group, Phys.Rev.D, 98, 030001 (2018)
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N Wil d - - ela
y ey 10EeV /  inMilky Way “delay 10 EeV
1 EeV proton Z : atomic number (mass composition) 10 EeV proton
- O(8 EeV), Fe(26 EeV) — O(80 EeV), Fe(260 EeV
e TSN, Earth
. Galactic Center 7 0 QS —
e Q¢ v Size of Milky
\\\ " X\
GMF Model ™ e, way galaxy
JF2012 - R. Higuchi (RIKEN) by CRPropa



Cosmic microwave
background radiation (CMBR) Earth
Cosmic Ray | (2 | Cosmic Ray |/ "m

¢ Interaction between >50 EeV proton and cosmic
microwave background (CMB) via pion production

¢ Heaver nuclei also interact via photo-disintegration

¢ Mean free path: 50-100 Mpc (cosmological
neighborhood)

¢ Cutoff feature of energy spectrum above 50 EeV

¢ The universe's largest-scale interactions between
the most energetic particles and the oldest photons

K. Greisen, PRL 16 (17): 748-750. (1966), G.T. Zatsepin and V.A. Kuz'min, JETP Letters. 4: 78—80 (1966) Planck Collaboration
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Neutron star

Image credits: Max Plank Inst./RIKEN/DESY/Science Comm .. or "New physics”

Eowe \ (B N (R \ oo
= daS Con on
100 EeV 104G ) \10kpc ) .

¢ Limitation of nearby sources due to GZK cutoff
| € Less deflections of Galactic/extragalactic magnetic fields

¢ Directionally correlations between UHECRs and nearby
inhomogeneous sources to identify their origins

A next-generation "astronomy” using charged particles
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Arrival directions of most energetic neutrino events
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How to detect extremely infrequent UHECRs?

s Extensive air showers



"Direct” detection of Subaru HSC CCDs S. Kawanomoto, TF et al., 01et1ﬁc Reports 3:191 (2()23

Altitude 4139 m, Mauna Kea, Hawai CCD size .
- 30 mm x 60 mm |
Optical and Infra-red telescope .
. . 0.2 mm thickness
8.2 m diameter mirror 150 sec. exbosure
34' x 27" field of view - ©XP

116 CCDs

Image credit: https://subarutelescope.org

HSClmage
W\ HSC y %=
\/

Seeing shower!

App Store (Mac)



https://subarutelescope.org
https://www.nature.com/articles/s41598-023-42164-4
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https://www.nature.com/articles/s41598-023-42164-4
https://www.darkenergysurvey.org/
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https://web.ikp.kit.edu/corsika/movies

First detection of 100 EeV 2.7K cosmic microwave backgrounds
at Volcano Ranch Array in 1963 (CMB) by Penzias and Wilson in 1965

ow

[ Jo

From wikipedia
A.A. Penzias and R.W. Wilson, "A Measurement of Excess Antenna Temperature at 4080

Mc/s", Astrophys. J. Lett. 142: 419—-421 (1965)

@0

Prediction of Greisen, Zatsepin and Kuzmin (GZK)
Cutoff in 1966

0 - " ! ; p+}/CMB—>A+—)p+]Z'O

FLDMETERS K. Greisen, “End to the cosmic ray spectrum?” Phys. Rev. Lett. 16 (1966), 748—750

J. Linsley, "Evidence for a Primary Cosmic-Ray Particle with G.T. Zatsepin and V.A. Kuzmin, “Upper limit of the spectrum of cosmic rays”. JETP Lett.
Energy 1020 eV”. Phys. Rev. Lett. 10 (4 Feb. 1963), 146-148 4 (1966), 78-80

@O
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Ultraman (1966) Remake version of
"Feared cosmic rays" Ultraman blazar (2023)

$155% X
FEEDMIC

2023/10/21 Bux

TORDERFTavIlE. —RAEDSTIFAXA b~ « 732K
W3, 57 F2OMEBEEMIENSNTWoTavid. 7
FEADHRWIREDIGORE L ROBRT 2T, DZRLTL
Ko PavhBEFMZH > THUVLWLEERIEAV 7 R 8 [IT5
N,

RICRD, MEEHICEL SIZHBRDEIDEEC L. ATFRY
Diah'ExE Lias .

Gavadon https://m-78.jp/videoworks/ultraman-blazar/

Gavadon in my office
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https://m-78.jp/videoworks/ultraman-blazar/
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Fly's Eye (Utah, USA) Sbserved_ Xmax 1S cqnsistepL with
Construction started from 1976, after a confirmation adron primary, unlikely wit
gamma-ray

of fluorescence signal at Volcano Ranch Array

Xmax 315 £ 60 g/cm2

- . 300.0
e +
:'§ . ..{.::.:.:. . -'}.3:- % 200.0 | /_/.'_ T 1
Y. ol S
™ . e o som §- 150.0 | + ;,_
-1.2 -0.8 -o.: direcﬁ%z cosineOA 0.8 1.2 “g ,f / ‘
_g 100.0 | _+J_+
The highest energy cosmic ray on 15th
October, 1991, dubbed Oh-My-God particle S
320 =+ 38 (Stat.) =+ 85 (SySt.) Eev >0 0.0 zﬁ 4o|o.,o 600.0 800.0 1000.0  1200.0

Depth in g/cm?
D.J. Bird et al., ApJd 441 (1995) 144
(R.A., Dec.) = (85.2°, 48.0°)

Start the High Resolution Fly's Eye
(HiRes-1) from 1994.



https://ui.adsabs.harvard.edu/abs/1995ApJ...441..144B/abstract

J(E) x ES (m'2 srilg™ eV2)

No GZK cutoff in spectrum? Proton dominated composition
at highest energies?

1e+26
" Oh My_God" partlcle (320 EeV) Xmax vs LogE(eV) HiRes stereo (circles): HiRes prototype—MIA (squares), Flys Eye (diamonds)
by Fly's Eye 1000 [— ' ' ' ' ' —
I Super GZK events _ _
@ ﬁm - photon (84 gm/cm?®/decade) -
‘iﬁ; E E
B *F 3 - :
1e+24 3l 800 — —
@ : _ B
= i = i
< i L _
F W St - O e 3 -
ecker, J. Phys. G: Nucl. Part. - - i
1e+23 Phys. 29 R47 (2003) - iron (55 gm/cm?/decade) -
AGASA —e— 600 __E _ _
Fly’s Eye +——a— - -
IIH!ghReS‘I dat" —a&— L 11 | L 11 | L 11 | L1 | L0 | L0
- "HighRes2.dat” +—&— 17.0 17.5 18.0 18.5 19.0 19.5 20.0
1e+17 1e+18 1e+19 16420 1e+21 LogB(eV)

Energy (eV) J. Cronin, Nucl.Phys.Proc.Suppl. 138:465 (2005)


https://www.sciencedirect.com/science/article/abs/pii/S0920563204006723?via=ihub
https://iopscience.iop.org/article/10.1088/0954-3899/29/10/201

Extremely energetic events by AGASA

AGASA +A20 N. Hayashida, et al.,
Akeno Giant Air Shower Array (AGASA) _+60° Dec ;’g;‘» Rov Lett. 73

"‘%
1993~2004, Effective area of 100 km?2 4‘ o o
December 3rd 1993, 213 (170 — 260) EeV °

May 10th 2001, ~280 EeV X

icPlane . | -30
Galactlc M. Takeda et al., ApJ

.7 522, 225 (1999)

Supergalactic Plane
N. Sakaki et al., Proceedings of

i l E ~ 280 EeV on May 10, 2001 icrc 2001: 337
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Latest UHECR observatories

- % Telescope Array
@ Experiment (TA)

8 2008~, 700 km?
2 TAx4 — 3000 km?

2 Pierre Auger Observatory
(Auger)

ooooooooooooooooooooooooo
PIERRE AUGER S YANCIE

‘\\\ nn "
Malargue, Argentina
ﬁ‘l :i'-_-""-';‘ N

;I ' . ll"l"::'.g_ \ , . L —C~ ‘,n‘ L - » . o3 »
Il' ‘ i % jet, 5 k.. = ] B -
h ARRNN | x“ c:; ey N Fo— \ S :_;’,." : ’ i
| 8o - oM y A_ ' 5 Y
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T e IR 2 P R e ,
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i

2 AugerPrime upgrade
scintillator + radio +
Google Earth buried muon detector

AUGER

OBSERVATORY
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Telescope Array experiment (TA)

¢ Largest cosmic ray detector in northern hemisphere,
operation from 2008, 700 km2 at Utah USA

Fluorescence detector (FD) at southern
stations

Surface detector array (SD)
507 scintillator, 1.2 km spacing
stand-alone data-taking

Mirror 6.8 m2 + 256 Photomultiplier tubes
(PMTs), 12 newly designed telescopes

s

[

Fluorescence detector
at a northern station
Refurbished

from HiRes experiment,
Mirror 5.2 m2, "
256 PMTs, 14 telescope ' .
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1024 | XUE, sys. - Auger

OE,QGfrFA

A Telescope Array *
IceCube

¢® Pierre Auger
Yakutsk
KG SIBYLL 2.3
TUNKA-133

J-E3 (eVZm~2sr s

A. Coleman, Astropart. Phys. 149, 102819 (2023)
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Cutoff (E > 50 EeV)

¢ Auger FD ICRC17
¢ Auger SD PRD17
t+ TA FD ApJ18
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800
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700

R.A. Batista et al.,
Front.Astron.Space Sci.
6 (2019) 23
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https://pos.sissa.it/444/031
https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
https://www.sciencedirect.com/science/article/pii/S0927650523000051?via=ihub

J-E3 (eVPm 2 sr ! s1)
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29

1024

0.*‘ R A“..‘

A
QoA A 44 +
‘UnLA AA“ *#
®¢ O
i X OF, sys.- Auger X X ’

"Shin" (- second
/ag, sys.- TA knee) around 0.1 EeV "Instep", soften|ng
around 20 EeV

A Telescope Array

X ;éeCubz ¢ Firmly confirmed the spectrum
lerre Auger cutoff above 50 EeV
Yakutsk
- KG SIBYLL 2.3 & No detection above 300 EeV _'
| TUNKA-133

Energy (eV) A. Coleman et al., Astropart. Phys. 149, 102819 (2023)



https://www.sciencedirect.com/science/article/pii/S0927650523000051?via=ihub

(X_ ) [glcm?]

10 EeV

—1
Z : atomic number
(mass composition)

tdelay i 1()() Z2

850 — ¢ Auger FD ICRC17 =
¢ Auger SD PRD17 -
800 — © TA FD ApJ18 - -
Al |
& -
O -
750 O ~
™ F K " +
700 ><E 30 :_ o
650 20 & |
B Iron
10 —
600 |— = -~  — EPOS-LHC -~ Sibyll2.3 QGSJetll-04
| ] ] | I | O_ ] ] IIIIII| ] ] L1 1 II| ] ] L1
10" 10'° 10" 10° 10" 10'° 10" 10°%°
E [eV] E [eV]

Gradually increase to the heavier composition above 3 EeV

R.A. Batista et al., Front.Astron.Space Sci. 6 (2019) 23



Equatorial Coordinates

PIERRE
AUGER

OBSERVATORY

360

Galactic center

Etn> 8.8

f

EeV
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world

TOP10

BREAKTHROUGH

- —0.05

Northern TA ApJL, 898:L28 (2020)

0.05

S

Residual intensity (N, -N op)/N exp

¢ Significant (> 50) large-scale anisotropy

observed by Pierre Auger Observatory

¢ 125 degrees away from Galactic Center
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PIERRE
AUGER
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T. Fujii et al., PoS (ICRC2021) 291 (2020)

Equatorial Coordinates
60

T PP P Ry P O DT 0 SRR (S S PSPPI 1 1 P PO PP IO O PP P PSP, 0 0P O PP RRTR  - oPp  SOORR 11 SRS PR o1

Residual intensity (N -N exp)/N ex

¢ Intriguing intermediate-scale anisotropies (~20 degrees) such as hot/warm spots
¢ No excess from Virgo cluster, dubbed "Virgo scandal’

¢ Isotropic distributions of UHECRSs than our (optimistic) expectation


https://arxiv.org/abs/2107.02949

T. Fujii, PoS (ICRC2023) 031 (2023)

OBSERVATORY 90
e T O ICRC 2023
Equatorial 60_ Yo S *.M """" ke .IC342G & Preliminary
D" . NGC6946 M2 A0
O FOTT O\
O O 3 * M51F . ¢ NGC-1275/ 310
07 0 ¢ Mrk50 { oeomikar © .
O ) AR ECITIEI . * _N_G_C__4_6_3_ IR PR R N k
O -
RA ~+ $eiogs
(deg) :

______ C253
Z S.G.P.
O TA
Auger
_90) S

% : Starburst galaxies 4 : Active galactic nuclei | |
>100 EeV of TA 15-years and Auger 17-years No obvious clustering appeared
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2021 May 27, 04:35:56 AM
Detection of "Amaterasu” particle
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Arrival direction of Amaterasu particle
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& Blnary neutron star merger (Farrar, PHYSICAL REVIEW D 89, 063006 (2014)
arX|V:2405.1 2004) High-energy radiation from remnants of neutron star binary mergers

é Egergy1 ISJ ECt\I/0n ra‘Gti ?fogll.osmlclvilﬁays3 1 Theory Center, Institute for Particle and ]I\_fluacj:lielzf ;2lc(l§lelzli>kl(EK 1-1, Oho, Tsukuba 305-0801, Japan
above eV — erg iipc— yr | W |

Koutarou KyutokuT

@ Energy In Jet (KIUChI+23) — 1 051 5 erg *Department of Physics, University of Wisconsin-Milwaukee, P.O. Box 413, Milwaukee,

Wisconsin 53201, USA

& BNS rate — 100 Gpc-3 yr-1 Kunihito Ioka®

3TheOry Center, Institute for Particle and Nuclear Studies, KEK, 1-1, Oho, Tsukuba 305-0801, Japan
A _ TT " and Department of Particles and Nuclear Physics, the Graduate University for Advanced Studies
- 4 Ultra heavy compOSItlon Ilke Te Or Pt (Sokendai), 1-1, Oho, Tsukuba 305-0801, Japan
(Zhang Murase et al arX|V-2405 1 7409) (Received 25 July 2013; published 17 March 2014)
y .y . .
20

We study high-energy emission from the mergers of neutron star binaries as electromagnetic

ff;‘;jjf;;‘:; --6.0/,;_/-‘";; NGC6946= o ;-;:2.:3534 . g counte%*par.ts to gr.avit.ational W8:V€S aside from. short g.amma—ray bursts.. The merge.:rs entail significant

y AT T T Pl A 25 = mass ejection, which interacts with the surrounding medium to produce similar but brighter remnants than

3048 / s i 'Msf;“: b °'\. § supernova remnants in a few years. We show that electrons accelerated in the remnants can produce

4 Localvald - ﬁﬁcm TS Dy 2 é synchrotron radiation in x rays detectable at ~100 Mpc by current generation telescopes and inverse

/A e)PKé‘ e .«'87 _, ff Compton emission in gamma rays detectable by the Fermi Large Area Telescopes and the Cherenkov

i 1300\ T T 0 NSNS Telescope Array under favorable conditions. Optical synchrotron radiation is also detectable by telescopes

| Lo ; | : ? with good angular resolution. The remnants may have already appeared in high-energy surveys such as the

I e \’\GC 7 ""Msg' A : ,____fﬁ!:“éczi’i__l _% Monitor of All-sky X-ray Image and the Fermi Large Area Telescope as unidentified sources. We also

T \ ‘feﬁr’??:%/ - s & suggest that the merger remnants could be the origin of ultrahigh-energy cosmic rays beyond the knee
Dec. (deg) R i }“““‘“" Sl | energy, ~10° eV, in the cosmic ray spectrum.

B Y DOL 10.1103/PhysRevD.89.063006 PACS numbers: 96.50.Pw, 97.60.Jd, 98.70.Sa

FIG. 3. Skymap of backtracked particles with mean energy
E = 244 EeV and variation F = 70 EeV for p (Z = 1, black),

Fe (Z = 26, red), Zr (Z = 40, green) and Pt (Z = 78, blue) MOre details on nEXt talk by R. HigUChi
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Glohal Gosmic Ha Ohservator (ﬁS) - "660S-Japan consortium” was inaugurated. Your participations are highly welcome!!
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¢ UHECRSs: the most energetic energetic and infrequent particles in the universe
¢ Challenging the next-generation astronomy using UHECRs
¢ Less deflections of the Galactic/extragalactic magnetic fields
¢ Limitation of "nearby" sources due to GZK cutoff

¢ Directionally correlations between UHECRs and nearby inhomogeneous
sources to clarify their origins

¢ The highest energy event of Telescope Array experiment on May 27th 2021
¢ E =244 =29 (stat.) +51,-76 (syst.) EeV dubbed "Amaterasu" particle
¢ No obvious source candidates in arrival direction
¢ R-process nuclei from Binary neutron star merger origin?

¢ Further data-collections of TA, its upgrade of TAx4 and future observatories
are essential to clarify origins of most energetic particles
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AUGEREquaIOrial Coordinates
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Multi-messenger synergies

44

1074 -
: & Diffuse y (Fermi LAT) ® IceCube cascades (PRL 2020)
: $® Cosmic rays (Auger) 7+— lceCube Glashow (Nature 2021)
_ 107> ' B Cosmic rays (TA) $ Gen2-Phase2 Inlce+Radio (10 years) 3
e ] Gamma-rays Neutrinos ) UHECRs
G 107° 4  TALE 5-
T o0, | (Fermi- LAT) (IceCube) ¢ G(TA Auger)
; " OO0ty . . - TALE-infill%
— _ P, ®
. 1077 = 00% -T’Q'* 3
%) % —l‘_I HG5'7:':'..
2 1078 - ‘t {_'r‘ ? 3
© * 0
X ; 3 T i
w 107°4 - _ . ' * * * ]
jviv=1:1 Neutrmos
1 all flavours
10-10 _ (IceCube-Gen2) 4+ :
109 1OIlO 10lll 1OIlZ 1613 10ll4 1015 1016 017 018 019 020

E [eV]

021
L. Lu, PoS(ICRC2023)1188



Auger and TA joint analysis for all-sky survey

¢ Energy calibration at
common declination band
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Observation of dipole structure above 8 EeV .
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Figure 1. Reconstructed equatorial dipole amplitude (left) and phase (right). The upper limits at 99% CL are shown for all the energy bins in which the measured
amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude and phase for the energy bin E > 8 EeV. Results from other experiments
are shown for comparison (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration 2019).
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Equatorial Coordinate
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Spectral Energy Distribution (SED) of PKS 1717+177
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