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Reminiscence with Sanghyeon Chang





 놀라운 손재주!
• 마이컬슨 간섭계를 손으로 조정…
• 홀로그램 만들기를 유일하게 성공…
• 컴퓨터 손보기와 리눅스 깔기…

 장군이 일꾼이야!
• 다재다능하고 유능한 일꾼
• 다양하고 끊임없는 썰…
• 오지랖…

 그러나, 몸치…
• 축구
• 탁구
• 그런데 놀랍게도…















Cosmic Rays - History
 Cause of atmospheric ionization

• Radioactive elements in the ground or Radiations 
from the outer space?

• Variation of ionization rate with the altitude

 Discovery of cosmic rays
• In 1912, Victor Hess’s experiment
• The ionization rate increased

at higher altitude 
– radiations from the outer space

• Ruled out the sun as the source
• Robert Millikan coined cosmic rays.



Cosmic Rays - History
 New types of detectors

• Cloud chamber
• Photographic emulsion

 New particles from the outer space
• Discovery of the positron
• Discovery of the muon
• Discovery of the pion

primary 
cosmic ray

nucleus in
atmosphere



Cosmic Rays - History
 Discovery of the extensive air shower (EAS)

• At the end of 1930s, Rossi, Schmeiser, Bothe, Kolhorster and Auger
• Coincidence technique by Walther Bothe + Geiger-Muller counters
• Simultaneous detection of secondary cosmic rays over large distances

Air shower detected in
a cloud chamber

Geiger counter



Cosmic Rays - History
 Surface detector arrays covering more than 1km^2

• Volcano Ranch
• Haverah Park
• The Yakutsk Array
• The SUGAR Array
• Akeno and AGASA

 Fluorescence detectors
• Fly’s Eye and HiRes Fly’s Eye

 Hybrid detector arrays
• Pierre Auger Observatory
• Telescope Array



Ultra-High Energy Cosmic Rays (UHECR)

UHECR
~1 ptcl/km2/century

What are ultra-high energy cosmic rays?

 Cosmic rays with energy

• 1962, CR with 𝐸 > 10ଶ଴eV at Volcano Ranch
• 1991, CR with 𝐸 = 3 × 10ଶ଴eV at Fly’s eye

OMG particle  – A single particle (proton?) 
having the kinetic energy of a baseball
(macroscopic object) with speed of 100 km/h

• 2021, CR with 𝐸 = 2.4 × 10ଶ଴eV at TA SD
Amaterasu particle

 UHECR are originated from extragalactic sources.
• UHECR are so energetic, cannot be trapped 

by the galactic magnetic fields.

Where and How can elementary particles attain 
such extremely high energies?



Oh My God Particle in Wikipedia



UHECR – Production, Propagation, Observation

Production

Acceleration of charged particles
Decay of super-heavy particles
• Location (source distribution)
• Composition (particle species)
• Energy spectrum

Propagation

Interactions with cosmic 
backgrounds (Microwaves, 
Radio waves, Magnetic fields)
• Energy loss
• Deflection and Time lag
• Secondary CR production

Observation

Atmosphere as 
calorimeter or scintillator
• Energy
• Arrival Direction
• Composition



Observation

 Detection of extensive air shower (EAS)
• Surface Detector (SD) – e, μ
• Fluorescence Detector (FD) – UV
• Cherenkov radiations, Radio waves

• Longitudinal development
• Lateral distribution



Simulation of the extensive air shower

A 1EeV proton cosmic ray air shower over Geneva



High Resolution Fly’s Eye Observatory

 Location : Utah, USA
 Operation :  1981 - 2006
 FD : Rings of telescopes



Pierre Auger Observatory (Auger)
 Location : Mendoza, Argentina (35°.20S)
 SD : 1600 water Cherenkov detectors,

1.5 km square grid, 3000 km2 area
 FD : 24 telescopes in 4 stations

60
 k

m

Fluorescence Detector
PMT pixel camera

Surface Detector 
Water Cherenkov

 Duty cycle
• SD :  ~100%
• FD :  ~10-15% 



Telescope Array (TA)
 Location : Utah, USA (39°.30N, 112.9°W)
 SD : 507 plastic scintillation detectors,

1.2 km square grid, 678 km2 area
 FD : 18 telescopes in 3 stations

35km

SD array

FD station
MD

LR
BRM

Surface Detector
Plastic scintillator

Fluorescence Detector
PMT pixel camera

 TALE (TA Low Energy)
 TAx4 (under construction)

TA

TAx4

TAx4

Delta, Utah

TALE



JEM-EUSO (proposal)



Arrival direction and Energy

Strength & Timing Lateral distribution

S(1000)

energy estimator

Distance from the shower axis

FD

SD

Longitudinal development

Energy Calibration
by FD-SD hybrid events

 FD-SD energy scale difference 
– Cause is unknown.

 Uncertainty 
– Energy 10~20%,  Direction 1~2°



atmospheric depth

Shower maximum

Composition
FD – Longitudinal development of shower

Xmax, the depth of shower maximum 
depends on energy and 
composition of primary CR particle.

Observed variation of Xmax
as a function of energy.

Average longitudinal development 
of proton and Fe nucleus obtained 
from simulation.
Proton has larger Xmax than Fe. 

• Stochastic in nature – Composition identification 
cannot be done for each single event.



Propagation – Energy loss
 UHECR p, A, γ interact with CMB photons.

The energy of protons as a function
of the propagation distance.

Observed spectrum / Injected spectrum

 GZK suppression
• If the sources are 

uniformly distributed …
• Suppression of flux

above the GZK energy
~ 4 × 10ଵଽ eV

• GZK radius –
attenuation length
for super-GZK CR
100Mpc for proton

• Excessive super-GZK 
CR may come from the 
sources within the GZK 
radius.

Change in the energy spectrum



 Magnetic fields  Deflection and Time lag
 Deflection angle – Regular field

Propagation – Deflection and Time lag

 Galactic magnetic fields (GMF)
• BG ~ 10-6 G
• RG ~ 10 kpc

 Extragalactic magnetic fields (EGMF)
• BEG ~ 10-9 – 10-6 G (very uncertain)

Proton propagation in a magnetic field of 10-9G

 Deflection angle – Turbulent field

Some hope for source identification !



Production – Top-down
 Cosmic origin involves new (cosmology + particle physics)

• Decays of superheavy (dark matter) particle with long lifetime
• Emissions from (cosmic remnant) topological defects

 Signatures of top-down models
• Spectral shape – No GZK suppression, Characteristic spectrum
• Composition – Neutrinos and photons are dominant 
• Arrival Directions
 Superheavy DM  Strong anisotropy toward the galactic center



Production – Man-made Accelerators
 Accelerator – Device that accelerate charged particle using EM fields

Cyclotron

• The higher energy to attain,
the larger the accelerator needs to be.

Synchrotron



Production – Bottom-up – Cosmic Accelerators

 Neutron star  AGN and supermassive BH



Production – Bottom-up – Cosmic Accelerators 
 Acceleration mechanisms

• Diffusive shock acceleration
• Maximum energy attainable (Hillas plot)

 Acceleration sites
• AGN – supermassive BH, jets and lobes
• SBG – containing GRB, Magnestar
• Galaxy clusters, filaments, …



Issues – AGASA results

Isotropic with small clustering

 AGASA (Hayashida et al. 2000)

Absence of the GZK cutoff

 Big puzzle
• Excessive super-GZK CR   Sources within GZK radius
• Matter (~ galaxies) distribution within GZK radius

– concentrated along a plane called super-galactic plane.
• Isotropic distribution of CR   Violation of GZK?



Crazy ideas
 Super-heavy dark matter

 Lorentz symmetry violation



Issues – Energy spectrum
Abbasi et al., Astrophys. J. 858, 76  Auger / TA – Energy scale difference

 Knee
• Steep Fall  End of injection spectrum?
• Astrophysical model – light to heavy nuclei
• Leaky box model – Leakage of GCR
• Interaction model – New physics in the 

interaction with the atmosphere

 Ankle
• Rise  New component?
• Ankle model – GCR  EGCR transition
• Dip model – Pile up of GZK secondary

 GZK suppression
• 1990s, AGASA – No GZK suppression
• Confirmed by 2010s, HiRes, Auger, TA



Issues – Composition
 𝑿𝐦𝐚𝐱 – Auger vs TA  Composition

• Auger data favor heavy elements, while 
TA data stay at proton at high energies.  

• All 𝑿𝐦𝐚𝐱 results are compatible within 
statistical errors.



Issues – Arrival directions

Isotropic, small clustering

 AGASA (Hayashida et al. 2000)  HiRes (Abbasi et al. 2008)

 Auger (Abreu et al. 2010)  TA (Abu-Zayyad et al. 2012)

Anisotropic, Correlation with AGN

 Isotropy at low energies
• Below Ankle – GCR 

– Strong GMF
• Above Ankle – EGCR 

– Uniformly distributed sources

 Anisotropy above GZK energy
• Sources within GZK radius 

– Not uniform  anisotropic
• Influence of EGMF 

– Not strong (hopefully)

 Correlations of UHECR and 
Sources within GZK radius
• UHECR – E > 57 EeV (Auger, TA)
• Sources within 100 Mpc
• Influence of EGMF, GMF

– CR composition?Anisotropic, Correlation with AGN

Anisotropic



Issues – Arrival directions
 TA – Hot Spot :  Auger – Correlation with SBG : 



Correlation with SBG – TA
 TA UHECR and SBG correlation

• 23 nearby SBG
• TA UHECR with 𝐸 ≥ 43 EeV (Corresponding to 39 EeV of Auger energy) 
• Consistent with both isotropy and Auger claim (SBG fraction 9.7%, correlation angle 12.9°)

Astrophys.J.Lett. 867 (2018) 2, L27



Multi Messengers – UHECR & Neutrinos
 Coincidence of high-energy neutrinos and UHECR

• Observed data from (ANTARES+IceCube)+(Auger+TA)
• JCAP 01 (2016) 037
 Correlation – 3σ at 22°

• ApJ 934, 164 (2022)
 No significant correlation



IceCube Neutrino Observatory



TA hot spot – Energy spectrum
 Energy spectrum anisotropies

• TA 7-year data with 𝐸 ≥ 10ଵଽ.ଶ eV

• Scan the sky with circular window of equal exposure (14% – adjusted)
• Comparison method for energy spectrum
 Binned Poisson likelihood ratio goodness of fit (GOF) test

• Maximum significance at (𝛼 = 139°, 𝛿 = 45°) with 𝑝 = 9 × 10ିହ (3.74𝜎)

Astrophys.J. 862 (2018) 91



 Correlation between arrival directions and energy inverses
• TA 7-year and 10-year data
• Blind search for magnetic multiplets (point-like sources) –

Scan the sky with wedge windows (shape adjusted) to examine
the correlation between the angular distance 
from the source (position adjusted) and the energy inverse of CR

• Comparison method for correlation – Kendal’s 𝜏 ranked correlation
• Supergalactic cosmic-ray multiplet

Significant correlations along the supergalactic plane

Combined analysis – AD & E – TA
Astrophys.J. 899 (2020) 86



 Correlation between arrival directions and energy inverses
• Auger 14.5-year data
• All-sky blind search and nearby-source-based search
 Correlation between their arrival direction and the inverse of their energy  Multiplet
 Principal axis analysis aimed to detect the elongated patterns  Thrust

• No statistically significant features

Combined analysis – AD & E – Auger
JCAP 06 (2020) 017

Eur.Phys.J.C 75 (2015) 269



Combined analysis – Auger
 Source model – 9 parameters

• Foreground (Cen. A, SBGs) + Background 

 Auger data set
• Arrival directions, Energy spectrum, Composition

 Best fit
• SBG – 20% at 40 EeV, Blurring 20°

JCAP 01 (2024) 022



The highest energy event by TA SD
 The highest energy event detected by TA SD

• 𝐸 = 2.4 × 10ଶ଴eV
• Amaterasu (天照) particle

• No plausible source behind
TA UHECR with 𝐸 ≥ 100 EeV

Science 382 (2023) 903



Discussion and Outlook

 How to pile up sufficient data
• Northern hemisphere – TAx4 is running.
• Space-based detector
• Radio wave detector array
• New technologies?

 Directions of extended analysis
• Composition from SD data
 Multiple observables and Deep learning

• Combined analysis
 Multi-messenger –

Neutrinos, Gamma rays
 Combined observables –

Arrival directions, Energy spectrum,
and Composition

 Theoretical understanding
• Hadronic physics at energies beyond LHC
• Acceleration mechanisms
 Supermassive black holes and jets
 Detailed modeling

 Wishful thinking
• New physics at high energy
• UHECR astronomy
 Source identification
 Injected composition and spectrum
 Probe of GMF and EGMF


