3 6 [ aHHbIE p e3yn bT aT bl
CiceplaTople
‘;___j:e 1l e co p e Ar ray

38-ana Bcepoccunckana koHpepeHUuus Py6LJ,OB C. (|/|ﬂ|/| PAH) 5 ntong 2024 .

no KocMmumnyHYeckmmMm nydam

BKK" 2024 MOCKBa’ PVIAH photo by Oleg Kalashev




l Telescope Array observatory

* The Ic:rges’r cosmic ray observatory in the northern hemisphere

Scientific Goals

* Origin and nature of the ultra-high energy
cosmic rays:

* spectrum, composition, anisotropy
* Physics of high energy hadronic interactions
* Multi-messenger and interdisciplinary studies
* photons, neutrinos, dark matters

* thunderstorms, terrestrial gamma-ray

flash
Telescope Array * meteoroids
- Delta, Utah, USA. ~1400 m above sea level * Development of the next-generation

- Collaborators from HiRes, AGASA and other institutes experiments
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Telescope Array observatory

: Telescope Array Locations
General Reference Map
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TA Low Energy extension (TALE)

TALE-FD
i | * 400 m spacing | * Low energy extension of
E bl il TA sensitivity down to
g nn“znnnnnu nn " s 9 g & — '|5
> i : o : g d I uﬂn | .l O ev
L il 10.° * Hybrid measurement
i s I =
& Bim gpoing | alire g . - 10 FDs observing higher
: . elevation of 30°-59°
ey - 80 SDs with 400-600 m
E e : i spacing

- w "
AZmuth argle [degres]

* Precise measurement of
the composition

- FDs installed in Nov. 2012
- Operation since Sep. 2013
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TAx4 South

30mE ofc o o ..

Delta, Utah

* TA4 motivation
- greatly increase the data
sample at the highest
energies in order to identify
UHECR sources

* SDs
- 500 new SDs at 2.08 km
spacing
- 257 deployed thus far and
operational

’-FDs

- 12 telescopes deployed and
operational

- 4 North and 8 South



TA surface detector event
reconstruction
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TA hybrid and stereo event
reconstruction
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From 10 eV to more than 102%° eV
within one observatory
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The Pierre Auger Observatory
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Radio antenna array 000 5 oele
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(63 stations, 23.4 km?2) B
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Pierre Auger Observatory
Province Mendoza, Argentina

4 fluorescence detectors
(24 telescopes up to 30°)

More than 400 members, * Water-Cherenkov
98 institutes, 17 countries f 0 detectors and
1665 surface detectors: Fluorescence
Southern hemisphere: Malargue, water-Cherenkov tanks telescopes
Province Mendoza, Argentina (grid of 1.5 km, 3000 km?)




l Greisen-Zatsepin-Kuzmin cutoff

END TO THE COSMIC-RAY SPECTRUM? 1 9 6 6 0 BEPXHE! TPAHMIIE CIEXTPA KOCMIMECKIX IVYEd

Kenneth Greisen

Cornell University, Ithaca, New York

(Received 1 April 1966) T.T.3anemud, B.A.Kyssuum
The primary cosmic-ray spectrum has been 7.2

measured up to an energy of 10*° eV,! and sev- B HeNABEEX N3MODEHEAX [™? }depmﬂ' MOWHOE NB0TPONHOE Tel-
eral groups have described projects under de- .
velopment or in mind® to investigate the spec- J0BOE HBJXY9CHES BOBHBHOI, od.lam:nae, ODO—-BHJMMOMY, Dacupenese-
trum further, into the energy range 10*'-10%2 eV. umen IlmAuRAE ¢ Team 2T BoE R —
This note predicts that above 10%° eV the pri- PaTy] T * - CTh 970I0 NSXYVOHRH
mary spectrum will steepen abruptly, and the raropa ( Nz 550 @NHDB/CHS, k']_‘ ~ 2’5.]:0-4.33}. 9T0 BOSHERADT
experiments in preparation will at last observe
it to have a cosmologically meaningful termi- cnemajrveckne sfperTH NpH MPOXOXNeHHMH YeépPesS HEro KOCMEYEeCKHEX xyqed
nation.

CPEPXBHCOKHX SHepPIEfl, B 4ACTHOCTH OOpeSaHEe CIEKRTDPA KOCMEYEeCKEX
xyseft B obmacr I0°0 ex,

p+21Kk — AT = n+7" | Heavy nuclei photodisintegrate

E > 10197 eV — p+7° | at the same energies 11



l Greisen-Zatsepin-Kuzmin cutoff

END TO THE COSMIC-RAY SPECTRUM? 1 9 6 6 0 BEPXHE! TPAHMIIE CIEXTPA KOCMIMECKIX IVYEd

Kenneth Greisen

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

The primary cosmic-ray spectrum has been
measured up to an energy of 10*° eV,! and sev-
eral groups have described projects under de-
velopment or in mind® to investigate the spec-
trum further, into the energy range 10*'-10%2 eV.
This note predicts that above 10%*° eV the pri-
mary spectrum will steepen abruptly, and the
experiments in preparation will at last observe
it to have a cosmologically meaningful termi-
nation.

The author expresses thanks for the hospi-
tality of the Physics Department of the Univer-
sity of Utah, where this Letter was written.

T.T.3anemuH, B.A.KyssMuE

B HeNABHEX N3MEDEHHEAX [1'2} OOHADYXEHO MOWHOES NBOTPONHOE Tel-
I0BOE ESXy4eHEe Bcelemnoff, oGxamammee, HO—-BEIMMOMY, pacmpesese-
wnen [lzaura ¢ remmeparypolft T2 3°K, HETeHCHBHOCTS 9TOTO HBAYIEHRA
raxopa ( N~ 550 goromon/cu®, KT = 2.5.]:0’4,93), YTO BOSHHERADT
cnemmprveckEe sfHpeRTH MpH MPOXOXNEHHE YePes HErO KOCMIMECKEX xy4del
CPEPXBHCOKHX SHepPIEfl, B 4ACTHOCTH OOpeSaHEe CIEKRTDPA KOCMEYEeCKEX
Iyqef B o0xACTH 10°0 o3,

p+21Kk — AT = n+7" | Heavy nuclei photodisintegrate

E > 10197 eV — p+7° | at the same energies
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The problem of the origin of
cosSmic rays

Kak Ham npeactasasercs, k 2001 rogy nau
BO BCsikom cnydae kK 2012 roay MOXHO
OXKUJATb BbISICHEHUS] MOYTU BCEX BOMPOCOB,
COOPMYTNPOBAHHBIX B KOHUE NPEALIAYILENO
naparpaga.

B.J1. [uH3bypr, AcTpodunsuka kocMuyeckux nydei, 1990 r.

(MpumeyaHue: pedb 06 MCTOHHUKAX KOCMUYECKNX Ny4eii)

13



Observation of GZK cut-off by
HiRes experiment

n ' HiResdMonocular
- @ HiRes-ll Monocular
o 10 - ® HiRes Stereo N
; : “cutoff” ]
£ " / | First observation at 50 confidence level!
* O..
}
r ot +Pq
Rt
1F © -1
[ Iy
I °
“ankle”
i T P TURT T I | N N Monocular: Quarks’06; PRL 100 (2008)

17 17.5 18 18.5 19 19.5 20 20.5 21

10g,4(E) (V) Stereo: Astropart. Phys. 32 (2010)
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GZK effect confirmation by Auger
and TA observatories
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Pierre Auger Collaboration Telescope Array Collaboration
PRL 101 (2008) Astrophys.J.Lett. 768 (2013) L1

Phys. Lett. B 685 (2010) 5.50 confidence level 15



l Auger and TA spectrum results
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GZK horizons
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Is charged particle astronomy
possible?

« Deflection of 60 EeV protons in the galactic magnetic field is about
20_60

 The highest energy cosmic rays should trace back to their sources

« Cosmogenic photons and neutrinos are produced in interactions
with CMB and EBL
Berezinsky, Zatsepin, Phys. Lett B 28, 423 (1969)

100% T T T T T T T 100%
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Hillas plot:
possible UHECR sources

10%° eV protons

15 A’
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5 |-
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Q 9 ]
> AD (Sy) K, HS, L
|
-5 chsters
jets (Sy
-10 ] starbursts N
voids
—15 L. . . . - ! .
_15 ~10 _5 0 5 Ptytsina, TfOltSky,

Log (R/ kpc) UFN 53 (2010) 691 19



Observed UHECR sky

O(EDyer = 452 EeV) - W=25°
75°

Joint Auger + TA data

 Flux excess is overved in Centaurus A are
at South and Ursa Major constellation and
Perseus-Pisces Supercluster regions at
North

I —— * No individual sources are observed
OERyer = 457 EeV) - v = 25° L. Caccianiga, ICRC'2023

=4 =2 0 2 4
Li & Ma significance [o] 2 0



l Telescope Array hot spot

Li-Ma Significance Map with E > 57 EeV

25°-radius oversampling

" ng]actic B:ane
. upergalactic plane
90 o FOV

60° Max. Sig. *

‘ 3 - 205 events (14-year TA SD data)
= ‘i - Max local sig.: 5.10 at (144.0°, 40.5°)

Gi.™ .\
360 h 5N L e _jo Obs. : 44 events  160% excess

N,y : 16.9 events

%0’ - Post-trial probability:
% P(Syc > 5.10) = 7.4x10™* > 3.20

Deficit Li-Ma significance Excess 21



- 72 events (First 5-year) - 133 events (Last 9-year)
- 5.00 at (144.0°, 40.5°) - 2.50 at (144.0°, 40.5°)
Obs. : 22 events Obs. : 22 events

Npg : 5.2 events N,y : 11.6 events




TA-Auger: correlations with
starburst galaxies

catalogue \Augen) EUA Y [deg] f [%] TS  significance

min min

all galaxies | 40 EeV 51 EeV 29713 41793 14.3 2. 7055631
starburst | 38 EeV 49 EeV  15.1*3%5 12.1%33 | 31.1 4.60|0bal

E> {fﬁﬂ\“\(,{'f‘) , 20°-r. top hat ol starburst galaxies, = 15.1° e
. ; - oo 35 ? !")0'1[
307, 2
25 » 110
207 100 £
15 < 90 <
102 = -
5 = : ] %0 3 L. Caccianiga
B 0 2
Gal. pl s Pli wesssee 0 g Gal. pl. superg. pl. === . = ICRC'2023
Sources model
. SBG only | SBG only (EGMF) | SBG-LSS | LSS only
Composition
Intermediate nuclei > 20 > 20 > 20 > 20
Light nuclei + iron 20 lo lo lo M. Kuznetsov

Table 1: Summary of degree of compatibility between given UHECR flux models and the data. ICRC’2023 23



l Why don’t we see the sources?

Disappointing model
R. Aloisio, V. Berezinsky, A. Gazizov Astropart.Phys. 34 (2011) 620

IIIIII T T ITIIIII T T lllllll T T T IIIIIII T T IIIIIII T T lIIIIII
Auger 09 ] i Auger 09
e * * N L
5 S 5
7] 24 L] _ - 24 _
ﬁl% 10 . + + 8 10 1
“.‘; protons “-'; protons huclei
? ?
m m
w 7,=2.3, d=40 Mpc w 7,723, d=40 Mpc
1023 f AT | I Ll sl 1 L1 3l ! 1023 1 AR | L 1 1ol 1 Lo
10" 10" 10" 10% 10" 10" 10" 10%
E, eV E, eV

« No cosmogenic photons, no cosmogenic neutrinos
 We will not see the sources

24



l Why don’t we see the sources?

Disappointing model

ESJ(E), eV’m?sec 'ster”

-
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R. Aloisio, V. Berezinsky, A. Gazizov Astropart.Phys. 34 (2011) 620
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No cosmogenic photons, no cosmogenic neutrinos

We will not see the sources

* Is this the case? The primary composition is a key

25



l Composition at lower energies

* Five-year TALE hybrid data set (Nov. 2017—Mar. 2023)

| <Xmax> VS. log  (E/eV) ‘ = +
850 - 0.8 — + * \
800 B ol s L+ 4+ f

* 02— ' 8 : f & *
750 — ol

— 700 i ;

£ e

3 650— foe bt %

A, = M + ' + l 1|

y 00— u SRR LA F

V 550 "= + t 0y

—}— TALE Hybria <xmaxs 1 :
500~ preak point : 17.10 = 0.03 T emm— g ool
before slope: 23.14 = 5.45 - oaom. e 8 Pod !
450 — after slope : 98.29 =+ 5.24 T GGSJETIO4nitrogen, rec e o4 i # : '} + +
Xz."l'ldf: 0.63 (p =0.84) ——— Xmax Broken Line Fit 0.2 — + *
404¢ 165 17 175 18 185 19 e b : : + ‘ ! -
Iog(E/eV) 16.5 17 ID;:E.;';V) 18 18.5
- A break in the elongation rate at energy 10'7:10£0.03 gy (27d knee).
- Light-heavy-light pattern in 10'0-5—=10'8:5 eV,
’ - - H- ’
Peter’s cycle scenario is supported K.Fujita, ICRC’'23

What do we have at the highest energies? (see also the talk by N.Petrov) ¢



TA SD, QGS'JET I-03 —— : TA SD, QGSJET I1-04 <
Auger SD muon XMAX, QGSJET II-03 il Auger SD delta 750m, QGSJET 1I-04 —l—
Auger SD risetime asymmetry, QGSJET [I-03 »—&— Auger SD delta 1500m, QGSJET 1I-04 + A |

logig E, eV




Mass composition from anisotropy
of the arrival directions

1000F

— data 12yr, 10 1000f Y AEpS
B data 12yr, 20 500 . ata 12yr, 20
»—Ii pe ot T bt ' g
00¢ . 9 100t
;E; 50‘ i * 7] R 50, H m|
< S0 = N
10—\ ssssssmsdmesssessscisssoisioiioiiisics = 10" ]
5k 1 5L d
\; h L L 3 | L 1 E
10 20 50 100 200 10 20 50 100 200
E, EeV E, FeV
—no EGMF, p - EGMF, p — no EGMF, Si - EGMF, Si
— no EGMF, He - EGMF, He —_no EGMF, Fe - EGMF, Fe

Heavy composition at the highest energies (E>100 EeV)!

Telescope Array Collaboration, accepted to PRD and PRL
arXiv:2406.19286, arXiv:24O6.192872
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Disappointing model?
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Auger 09 ] i Auger 09

- * * o L
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« No cosmogenic photons, no cosmogenic neutrinos
« What we expect:

— Dipolar and quadrupolar anisotropy
- Astronomy with the highest energy particles 30



Search for dipole and quadrupole
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di Matteo, Tinyakov, MNRAS 476 (2018) 715

* If the source distribution tracks the overall matter distribution, the dipole and

guadrupole anisotropy should be observable 2



The dipole discovery by Auger

LARGE-SCALE COSMIC-RAY ANISOTROPIES ABOVE 4 EEV
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Pierre Auger collaboration, ApJ 868 (2018) 4

* The dipole has been discovered at 50 confidence level at E>8 EeV
* Consistent with the isotropic sources model with the source density p=10* Mpc
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Dipole and quadrupole results by
Auger+TA joint working group
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Alternative: stronger EG magnetic fields. = CarCEmIER IS 3



Declination Dependence in the
TA SD Spectrum

:'""”"”'”"”"”"”"”"f * Differences in the cutoff
I .4 - energies
R - - log(E/eV)=19.84 +0.02
3 for higher declination (24.8°-
‘?1024:_ 9 _: 900)
Tl NG 1 -log(E/eV)=19.65 +0.03
u I \: for lower declination (-16°-
24.8°)
o DEC2:E  The global significance of
® .157° <DEC <24.8° . . .
188 19 192 194 e R 20 203 204 the difference is estimated
log, (E/eV) to be 4.40.
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An extreme Energy Event
registered by TA SD
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* Observed with TA SD at 10:35:56 on 27 May 2021 (UTC). No FD
OB Science 382, 903-907 (2023).
* E= 244 * 29(stat.) = 51(syst.) EeV, zenith angle 6 = 38.6° 35



extremely high energy
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Telescope Array Collaboration, Science 382, 903-907 (2023).
M. Kuznetsov, JCAP 04 (2024) 042

See the talk by M. Kuznetsov (this conference)

Observation of the event with

E=2.44x10%° 3B

Event is coming from
cosmic void

Not a gamma-ray

Primary particle should
be a heavy nuclel

The source is closer
than 5 Mpc
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» 9 experiments: Data taken over large parameter space under very different experimental conditions!

» Muon content is expressed in terms of z-scale:

ln(N;}et) - ln(lef’pt

“ 7 (V) — In(NgED

, z=0:proton, z = 1: iron

» N;fet: muon content measured in the detector

> Ni‘g, N;%e: muon content in simulated EAS (proton/iron) at the detector
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l Muon excess problem
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l Conclusions

Telescope Array Observatory has the largest UHECR
statistics at the Northern Hemisphere

An extremely high energy event (E = 2.44x10%° eV) have
been observed at TA

There are several evidences of cosmic ray composition
hardening at the highest energies

The charged particle astronomy is possible for the highest
energy events. The nearest source is not far away

An enhanced statistics of TAx4 is crucial for determining the
origin of cosmic rays
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Thank you!

This work is supported in the framework of the State project * " Science" by the
Ministry of Science and Higher Education of the Russian Federation under the
contract 075-15-2024-541.
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INTF elevation (deq)
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Observation of Terrestrial Gamma-Ray
Flashes with TA SD

oo TGF Event 2018/10/03 04:03:48 *  Broadband Interferometer
lll i oo (INTF):
PREE B 0 g e  Three 20-80 MHz flatplate
25 e -, o <o antennas
' = « 2D high-resoluti
00} =10E | - igh-resolution
75} 20 £ reconstruction of
50| a1 lightning sources
INTF o .
.25715?:;;{::'“ a0 |-300 . Fast Sferic Sensor (FA_):
99 | " : Detects electric field
i change
1804 O Id Ad=q 1
8 . entifies substructure:
i 5 initial breakdown pulses
e (IBPs)
E e Clearly defined TGF onset

688660 688670 688680
Microseconds after 04:03:48

688690 688700 688710

during the flash's strongest
initial breakdown pulse
TA Collaboration,

arxXiv:2205.05115
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Variation of Level-0 trigger rate during
Thunderstorms

« Level-0 trigger rate is
monitored at 10 min
resolution at each SD station.

e Thunderstorm detected by
NLDN changes the trigger
rate.

e The result may be interpreted
by using EFIELD option of
CORSIKA.

 Intensity increase or deficit
depends on electric field type
(intracloud or cloud to ground)

TA Collaboration Phys and thunderstorm polarity
Rev. D 105, 062002
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