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Cosmic Rays

High-energy, relativistic particles from the universe,
Proton and nucleus, with energies E > 1GeV



Energy Spectrum of Cosmic Rays
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Are we safe In such a
‘cosmic ray sea’?

 Answer: Yes, you don’t have to worry about

It. . . . .
* |t's too late to realize you are in the cosmic ray sea,

and panic. You've been exposed to cosmic rays

ever since you were born. You don't have to worry
about cosmic rays any more.

 We are designed tough enough: Human being and all

other living organism on this planet have evolved in an
environment of continuous exposure to cosmic rays.

* From analysis of meteorites: Cosmic ray intensity didn't
change in 10° years.
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What are cosmic ray sources, where
do they come from?

« Unknown.

« Supernovae and active galaxies are the candidates
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Our Galaxy £R;A] &

(the Milky Way)

Galactic Longitude
OO

75,000 ly

* Huge cluster of stars and
gasses

* Typical size of a galaxy is
10kpc in radius or diameter

e 1pc=3x10"*m=3.261ly
e Average distance between stars
in the galaxy

30,000 ly

180°

v

A

30kpc



Our Galaxy is very thin

30kpc

A 4

a

Two Micron All Sky Survey Image Mosaic: Infrared Processing and Analysis Center/Caltech & University of Massachusetts

Radius : Thickness =100 : 1



So many galaxies in the
universe

e At least trillion

galaxies in the
universe

* Typical size of a galaxy

is 10kpc

* Average distance

between galaxies :
1Mpc




Wherever you go in the universe
there is a magnetic field.

Galactic B field: ~1uG
Extragalactic B field: ~1nG
C.f.
Geomagnetic field: 0.1G
Blackboard magnet: 1000G

Very strong magnet: 10*G =1T



Cosmic Rays in Galactic B Field (uG)

« Cosmicrays : proton and nuclei : charged particles
» Charged particle in B field gyrates <-- Lorentz force.

 E.g. Gyration radius of a 10>eV cosmic ray in puG

B E  (10"eV) x (1.6 x 10~ *erg/eV)

eB (4.8 x 10~ 1%su) x (10°G)
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e E<10%eV : Confined in the Galaxy.

* Ris much smaller than the thickness of the Galaxy.
 Magnetic field is turbulent, and trajectory is complicated.
 Cannot travel long distance. Totally confined in the Galaxy.
* Do not come from outer galaxies.

e E>10%eV : No more confined in the Galaxy

e They travel almost straight, ballistic.

30kpc

e |If cosmic rays of E > 10'7eV are generated within the Galaxy, they must come from the plane of the Galaxy, but

such anisotropy has not been observed. Cosmic ray arrival distribution is isotropic.



What are cosmic ray sources, where
are they?

« Unknown.

« General consensus:

Low-energy CRs: Galactic.

High-energy CRs: Extragalactic.

The boundary is quite uncertain.
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104%eV

® 10%%eV =16J A proton, microscopic particle, has a
macroscopic energy

® Dropping 1kg object (10%° nucleons) from 1m height yields 10J

®* How a single proton can have 10J?



Necessary condition of CR acceleration
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- The universe Is vast, anything can
happen, but accelerating o
oarticle up to 109 eV is, ridiculous,
It we think abbout physics.



History of UHECR Researches

END TO THE COSMIC-RAY SPECTRUM?
Phys. Rev. Lett., 16, 748 (1966) Kenneth Greisen

Cornell University, Ithaca, New York
(Received 1 April 1966)

The primary cosmic-ray spectrum has been Penzias and Wilson® at 4080 Mc/sec (7.35 cm)
measured up to an energy of 10*° eV,! and sev- and now confirmed as thermal in character by
eral groups have described projects under de- measurements of Roll and Wilkinson* at 3.2
° velopment or in mind? to investigate the spec- cm wavelength. It is not essential to the pres-
trum further, into the energy range 102'-10% eV. ent argument that the origin of this radiation =
This note predicts that above 10%° eV the pri- conform exactly to the primeval-fireball mod -}
0 mary spectrum will steepen abruptly, and the el outlined by Dicke, Peebles, Roll, and Wil-
experiments in preparation will at last observe kinson®; what matters is only that the radia-
it to have a cosmologically meaningful termi- tion exists and pervades the observable uni-
nation. verse. The transparency of space at the per-
19‘ The cause of the catastrophic cutoff is the tinent wavelengths, and the consistency of in- Cf
intense isotropic radiation first detected by tensity observations in numerous directions,

. 19911 P

- 1998 AGASA: rgy spectrum beyongtfie@gieenergy

b ~ I‘/rean free path ~10 Mpc
AE, [ E ~ 20%

. 2002 HIRES ERréfgy spectrurﬁfcon&stelr;t Hthethe@ Zi¢prediction
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e Difficult to judge which was correct.
e Different techniques used in detection.



How to Detect UHECRS?



An artistic image of cosmic ray arrival into the atmosphere.
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Air Shower Phenomenon
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CR Detection
with Surface Detectors (SDs)

* CR In the atmosphere —> Cascade of
particle productions -> Air showers.

* Deploy many SDs on the ground
* Traditional, since 1950

* AGASA.




CR Detection
with Fluorescence Detectors (FDs)

* UV emission from atmospheric
molecules excited by charged
particles in an air shower.

* Faint flash of photons are collected
by mirrors and detected by highly
sensitive photo sensors (photo-
multiplier tubes)

. HiRes. ./

DETECTOR

MIRROR
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e Different techniques used in detection.



Telescope Array (TA)

¢ The largest cosmic ray detector in the northern hemisphere.

Constructed in Utah, USA, by Japan, US, and Korea

700km? c.f. Lake Biwa (E2E&#H), Singapore.
c.f. AGASA - 100km?

International collaboration of Japan, US, Korea, Russia, ~150
researchers.

Japanese and American CR researchers united.
Reported by a newspaper “& % & fit”
Started operation in 2008

YT serves as a co-Pl since 2023.

28



Telescope Array (TA)
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Energy Spectrum of UHECRs

*

I
% $ B
&‘lﬁj‘;-"jaéé $ Lg %4& z\‘\‘a
x| %
«TASD = Hhes i
—+— Auger (E x 1.2) o
- TAFD AGASA (E x 0.75)

ODI|

20.5

34



07-27

TA SD: Spectral Feature in 14-year Data

&
§ Observation periods: 2008-05-11 to 2022-05-10 %
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Auger and TA

Whole sky Common region
= - ' - -
»
S £ =
e wmeten bt {5 F
E "o ngme ™" + 2 ® o 0 ot
® w
- ¢ 3 L
|
o
= + (18 .
oy + + 10% |~ w
B " =
- ——8— TAICRC2019 (E rescaled by -4.5%) = ———— TAICRC2010 (150 < &< 248, E rescaled by -4.5%)
- = L]
s —@&—— Auger PRD2020 (E rescaled by +4 5%) ~ ——  Auger PRD2020 {157 < § < 248 E rescaled by +4 5%)
1 1 1111111 1 1 1111111 L 1 lllllll 1 1 1111111
19 1019 1020
10 107 £ rev E [eV]

* The energy spectra in the common band are in agreement
* North/South difference persists.



Multi-Messenger Observation

®* There are many types of "messenger"” from the universe
®* EM waves: Radio, optical, UV, X, gamma
® Cosmic Rays (nuclei)
®* Neutrinos

®* Gravitational waves



Cosmic Neutrinos

Generated by Cosmic Ray Interaction
P+ X->1+ 1T-->u+, y-+v->et+,e-+v
Come straight long distances
Detection of cosmic neutrino leads to clarify the origin of cosmic rays
Extremely difficult to detect
® A huge volume detector needed

* Kamiokande: an artificial water tank as a neutrino target, 40m

® IceCube: Use natural ice as a neutrino target, 1km3



lceCube: Cosmic Neutrino Detector
at the South Pole
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201759 A23H

IceCube Collaboration, Science 361 (2018)

® |ceCube detected 1015 eV event

® Gamma-rays were also detected from the
same direction at the same time

® First high-energy multimessenger event <@ —

P N I . I ) P, Am A A YA AN
,,,-.eD~ ~ T A A AN AN
- A A S5 %8s 4

125 m

. BA: KFDHKE YT, fAIEHEHELENF-ED
. BOOWH : KERELE=EVY
o BRELEEDETKEIZEATILS
o BRELEXDRA IV TRBEEZ TS
. FOXKNARIZ=Za—rY)/ (EEICIE=Za—KrY)/
[CBiEEEni=Sa—FY) NE-T-



Summary

® Cosmic rays are high-energy particles from the universe
®* Low-energy CRs are of Galactic origin

®* High-energy CRs are of extragalactic origin



Summary

® Ultra-high-energy cosmic ray observation (E > 10'3eV)
®* TA and Auger
®* Nice agreement in the common region
® North/South difference?
® Future: Multi-messenger approach
®* An Neutrino + Gamma-ray event detected
®* A Gamma-ray + gravitational wave event detected.

®* Waiting Neutrino — Gamma-ray — Gravitational wave — Cosmic ray event



TA Highest Energy Event "Amateras particle"

SCIENCE

23 Nov 2023

Vol 382, Issue 6673
pp.903-907

DOI: 10.1126/science.abo5095
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https://doi.org/10.1126/science.abo5095

TA highest energy event "Amateras”
® 2021-05-27 10:35:56.47, No FD observation
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Amateras is uncorrelated with LSS

Telescope Array Collaboration,
Science 382, 903-907 (2023)

Fig. 3. Arrival directions , 90
of all >100-EeV cosmic Equatorial P P, S ¢ )
rays. Empty circles indicate coordinates A 2
the arrival directions of ey, A
all cosmic rays observed by # Al
TA SD over 13.5 years of 307 ~ Hals :4 TA hotspot %™
operation that had energies s . = ‘GGC"‘4Q3I B
>100 EeV. The background : LocalfVoid ~ l T
and other symbols are €\ : e
the same as in Fig. 2. No RA | 4 )
clustering around the (deg.)|360 300 60
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Hint to the UHECR source locations? “Hot Spot”
E>57 EeV - Years 1-9 excess map

_ Best circle center: RA=144.3°, Dec=+40.3°
Total events: 143 Best circle radius: 25°

Observed: 34 . _
foopE % Expected : 13.5 Local sgnn‘"!cance D0
2 Global significance : 3 ©

=

R TA anisotropy summary//ICRC2017  19.07.2017




Nearby Galaxy Clusters

Ursa Major Cluster
(D=20Mpc)

A ' T S, X Perseus-Pisces
Virgo Cluster <L R ST e L e Supercluster

(D=20Mpc) | D:70Mpc)

...............................................

ridanus
luster

Observatory (Arge

Centaurus .
Supercluster (D=60Mpc)

. _ . Huchra, et al, ApJ, (2012)
Dots : 2MASS catalog Heliocentric velocity <3000 km/s (D<~45MpC)

TA hotspot is found near the Ursa Major Cluster
TA & PAQO see no excess in the direction of Virgo.



GZK Prediction: The high-end of cosmic ray
energies

®* The universe is not transparent: Cosmic Microwave Background
(CMB), 400/cm3, 104~ -3 eV

* UHECRS: 101820gy -> y = 1091

* A CMB photons appears as a high-energy gamma ray of
~100MeV

® Photo-pion production is possible by UHECR proton + ycms, and
the UHECR loses its large fraction of energy

* A steepening is expected at ~5x101°eV - prediction by Greisen,
Zatsepin, and Kuzmin - the GZK cutoff.
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S. Troitsky, ICRC2017
BEHTIE)IE & A)
Hot spot E>57 EeV - Years 1-5 excess map

TA 2014

E > 57 EeV

Best circle center: RA=146.7°, Dec=+43.2°
Best circle radius: 20°

Local significance : 5 ¢
Global significance : 3 ¢

Total events: 72
Observed: 19
fCOPE‘L% Expected : 4.5
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