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Ultra-high energy cosmic rays (UHECR)
Search for sources: cosmic rays astronomy?
UHECR anisotropy observations

UHECR anisotropy interpretations

Anisotropy measurements # sources identification!
Search for close source(s)

Constraints for source number density

Distinguish source classes

Perspectives



Ultra-high energy cosmic ray
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Why UHECR are extragalactic?

* CMB discovery: 1964

* Greisen, Zatsepin and Kuzmin (GZK—effect) py — pit : 1966
— Cosmic ryas with E ~102° eV cannot reach the Earth
from sources at D ~100 Mpc due to energy loss
In scatterings at CMB

; i / Planck, 2015
Spectrum cutoff appears at energies E = 40 EeV: itis .
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Why UHECR are extragalactic?

Dipole in the skymap
E>8EeV,|=233°,b=-13°
Significance > 60

Maximum flux I1s uncorrelated
with GC and slightly
correlated with Gal.disk.
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Figure 2: Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed
with a 45° top-hat function. The Galactic center is marked with an asterisk and the Galactic plane
is shown by a dashed line.

Auger, Science 357 (2017) 6537, 1266



Cosmic rays observatlon
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How to observe UHECR?
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Indirect detection

* Cosmic ray collide with the nuclei in the upper layers
of the atmosphere (altitude ~ 10 km)

* Cascade of high energy particles appears

* Cascade develops further, so that billions of particles
reach the ground

It is extensive air shower (EAS)

Disovered by Pierre Auger in 1939



How to detect EAS?

Extensie air shower

Fluorescence detectors (FD)
Detect UV-light from exited nitrogen
molecules

Surface detectors (SD)
Detect EAS footprint of charged and neutral particles




Two largest modern experiments for UHECR measurement

o 1 z 4 Wisn

A o P

Telescope Array (TA)

CEEEEErr
(I'II:'I".

j i o |

e

WEBDEEBOBES
LI ANS)] L]

LA R R
qeEFAGBBFIDRRRFOERERS
il "-'.l.'ll;l“

AUGER

sEFsew o
A IR LY SR N D
[T LIYXYX)

> | | | .. Auger
e 35°S
= 3000km?




Is there péssibility for UHECR «aétronom';';»?

UHECR source

“* CR of lower energies
% Large deflections in cosmic tic fields

\/

** Flux at Earth is almost isotropic

L)

“* CR of highér energies

- %*. Small deflections in magnetic fields (?)
® : . | —
** A hope to identify sources




Current observations of UHECR anisotropy

Oversampling with 20°-radius circle
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* UHECR arrival directions are measuring with good accuracy (~1°)
But
* The theoretical uncertainties for expected deflections are larger:
* Uncertainties of galactic and extragalactic magnetic fields
* Uncertain mass (a hence charge) composition of UHECR



Another approach: constrain possible source classes

Hillas criterion

R = E/lgB — larmor radius
Emax = BshockdBRIT — maximum energy

Sources below the lines are excluded
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Criterion of full energetics
L = 5x10% erg/(Mpc3yr) — total luminosity of
sources to get observed spectrum (Auger, 2017)
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UHECR anisotropy observations




Difference in UHECR spectra between northern and southern sky

UHECR spectra measured by Auger and TA are
significantly different at E =30 EeV

Need to exclude unaccounted experimental
effects: look for common band of the sky:
-5°<d<-24.8°

Cut out exposure edges and hotspots areas (that
can cause secondary differences). The remaining
difference is insignificant: 1.8 o

The 5.6 o difference In full fields of view
TA: -15.7° < d < 90°
Auger: -90° < § < -24.8°
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Large scale anisotropy in full sky: multipole analysis

Joint Auger + TA working group on UHECR anisotropy
Auger and TA @ UHECR-2024
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Medium scale anisotropy: search for overdensities

\

a{é{ .

\

25°-radius oversampling
90’

. ¥

‘Hotspot: E=57EeV
Global significance: 2.9c

- .90°

TA @ ICRC-2025

o -
N

-60°

Galactic plane
Supergalactic plane
FOV of -10

Max. Sig.

*

supergalactic latitude B

3307

supergalactic longitude L (top-hat radius ¥ = 27°)

300°  270°  240°  210° 180° 150° 120° 90°  60°  30° 0®

| Epi, = 20 EeV-

- - IC 342

] T

/7 NGE2S

. ' 1
300°  270° 240° 210° 180° 150° 120° 90° 60° 30° 0°
" Global significance:

supergalactic longitude 1

|t maximum —*— Ind maximum —x—

Auger, arXiv:2407.06874

+a0

+4o

+3a

__l'.-_r

—3a

3.1

local Li-Ma significance Zj

o

| 6



Correlation with separate classes of sources: 2-parameter TS
Joint Auger + TA working group on UHECR anisotropy

Starburst galaxies (radio) - E= 38 EeV

TA 47.8 EeV o : o
Bulid catalog of sources E Xuger = 38 + top hat » _ - |
(LSS, SBG) o e m.*,. ‘Hx 30 - g . I -
ey /[ RS ﬁ . 25 f;\ "3 35 E ::g %
o YURYSR e S
Compute an expected flux —¢ = s 25 2 I
ma i 15 4 @ 20 E 10 f:
p ;. a2 o JEE
10 = 5 15 W o
i S 2 10 < Best-fit at E= 38 EeV 4
Defi 5 i ( _ e 9 i 5 ? - 5 — 68% confidence contour 3 g
efine 2-parameter (size - = 0 01 0z 03 04 05
of sources and signal Gal. pl. superg. pl. S Signal fraction
fraction) test statistics to Correlation with all galaxies 1Mpc < D < 250 Mpc (2MRS catalog)
guantify the correlation dataset EEI;H Emin o) f TS post-trial
ICRC2023 |38EeV 48.2EeV (1972°)° (2572)% | 14.7 280
Compute TS for data set UHECR 2024 | 37EeV  46.5EeV  (2671%)° (30%%%)% | 13.5  2.60
P , 9, 1n;
TS(f,0)= Y In (I()f (n_)) Auger and TA @ UHECR-2024
events oM Correlation with starburst galaxies 1 Mpc < D < 130 Mpc (Lunardini+ '19 catalog)
dataset El e ED" e f TS  post-trial
ICRC2023 |38EeV 482EeV (15.4732)° (11.7°27)% | 30.5  4.60
Maximize TS over f and 8 UHECR 2024 | 38EeV 47.8EeV (15.0"39)° (11.173¢)% | 29.5 4.40
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Correlation with separate classes of sources: 1-parameter TS

Mostly similar to previous:

Bulid catalog of LSS sources

Compute an expected flux map

Define 1-parameter (size of sources) test
statistics to quantify the correlation

Compute TS for data set

1SO n'i,)

T5(0) = _zy: (S:ln q(’pk(@(, nz))
k 1

Maximize TS over 6
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Correlation with separate classes of sources: 1-parameter TS

TS for TA data
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TA vs. Auger data

* Auger data on arrival directions and energies of
UHECR at E > 32 EeV (Auger, ApJ 935 (2022) 170)

__TA data, e}
- TAdata,20 - Auger data, 20

__ Auger data, lo

===

20 50 100 200

E, EeV
Auger

2.2 o correlation with LSS at 57 < E < 100 EeV
Complete isotropy at E > 100 EeV

The TS looks quite similar between TA and

Auger!
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Particle with second highest energy ever (aka Amaterasu)

Date Energy S500 Zenith Azimuth Right Declination
(UTC) (EeV) (m~?) angle angle Ascension

27 May 2021 | 244429(stat.) | 530£57 | 38.6+0.4° | 206.8+0.6° | 255.9+0.6° | 16.1+0.5°
10:35:56 2L (syst.)

* Uncorrelated with LSS (like
other events at E > 100 EeV)

* Not a gamma-ray 3.8 0
exclusion using Neural Net

Equatorial
coordinates

' Loc.zil Void
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DESY, Science Communication Lab.




Close source




Distance to the source of extreme particle

) Proton attenuation length mmc(—%‘fi—f)_l nuclei attenuation length
107 107
108 _ pair prod IR/opt/UV _ 108 [
* The source of such an extreme energy particle ) T
should be close due to GZK-effect A - AT
* Conservatively assume that source emits iron e B P Ty
nuclel “1’ “1’
* The lightest nucleus that correlates with any S= |
. 17 18 19 20 21
galaxy is phosphorus (Z = 15) 09, (eV)
* Compute the distance of origin of 95% of the = = = =
ﬂUX 0.30¢} E> 220 EeV i
0.25} |
* In conservative scenario (E = 220 EeV, . 0.20} __ Allnudies
strong EGMF) the source is not farther then Q 515
4.7 Mpc at 95% C.L - — Correlating nuclei _
; = ) 10 -
ooo, @ T—
0 5 10 15 20

L,Mpc MK, JCAP 04 (2024) 042
23



Image size 5, deg
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Location and identification of possible close UHECR source(s)

- B=1.5 nG (diffusion limit'6) 251 - B=1.5 nG (diffusion limit &)
—— B=15 nG o> | —— B=1.5nG
8 B=3 nG (diffusion limit &) 8 20 e o3 (diffusion limits)
—— B=3nG P x E 15| — B=3nG
D=4 Mpc P @
) % 10 |
o K.Dolgikh et. al, IJMPA 40 (2025)
E 5 2540012
__________ +
e 7T S talk at this conference

Lc, Mpc Lc, Mpc : o

Detailed study of turbulent EGMF deflections:
* Image shift

* Smaller image size -
* Both effects depend on EGM parameters and realization

Difficult to decifer the real source from the image: R P
* For instance, M83 or Cen A can be the sources of «CenA Carbon nuclei with E = 60 EeV
EXCESS» from Cen A
B=3 nG
Lc=0.3 Mpc

GMF in JF12 model

24
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Close source as explanation for TA-Auger discrepancy

Assume close (extragalactic) source on top of dipole flux from distant

sources

Varying its position it is possible to:

 reproduce hotspot visible for TA but not for Auger

* reproduce hard injected spectrum and medium composition visible by
Auger

e alleviate the tension between TA and Auger spectrum at highest
energies

 reproduce the shift of dipole direction beetween Auger-alone and TA-
Auger
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Figure 13: Summarized constraints on the signal fraction f and EGMF to be compatible with the UHECR data = 30EeV.







Constraints of source number density from multipole anisotropy
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Reproduce large and medium scale anisotropy by simulations of
sources in LSS

Model | 0.1 0.1
Various GMF models

// Model Il selected real.
M g ! + Model IV selected real.
/ /- 008 | o 0.08 | Auger data
i\ /f i - 0
5 120 /Lm ' E ] %
\ \JR/ RR 3 0.06 1 = 0.06 |
N 'E'-"' a E-
\ RR e c =
. "W\ ) -
~_ - 2 0.04 t S 004
m;\;_%% S & |
4y] G |
Assume sources in LSS with varying number oo, 0.02 !
I Model |l selected real.
density. |
- - + Model IV selected real.
It is possible to reproduce: " Auger data
* dipole amplitude and direcetion T - - = = 0 - =
: 9o bym 2 o) o e 8 =) 2 s
e quarupole amplitude 23 23 © & {2 gEI r 2 27
. — (=] = =3
* location of Cen A excess 2 > e & € & =
method method
Issues: Allard et al., arXiv:2601.07259

 strong dependance on GMF model

* strong dependance on source number
density

e composition is fixed to Auger model,

otherwise also strong dependance 30



Constraints of source number density from autocorrelation

N i—1
n(a) = Z Z O©(a — o), where « is a separation angle between two events

Allowed region for Protons

Auger, JCAP 05 (2013) 009 \ = EZWEY
0.001 g | | I | - \, —— E > 100 EeV
; Allowed region for Oxygen = \
o= ® | = E =32EeV & ®
I - c: = 60 Ee 3
0.0001 E = \. L S— E;flsgoEEZv Q ./
o5 - : -
: 19'05- _- %_ I / I1|0‘I‘I2'OIII‘3IOIII'4IOI‘I'5|0II‘I6IO
10 \ \\ talk by A.Pavliuk at this conference
1e_ 0 6 \ I I | | | 1|0 - 2'0 - 3|0 - 4I0 - 5|0 - 6|0
5 10 15 20 25 30 : | |
o [deg] _ = Take into account secondaries and GMF
Allowed region for Silicon
p > 2 - 10° Mpc™ for injected nuclei with Y A \ Autocorrelation angle a is only a technical
Z<14 (a = 30°) | ) \ paramerer here (we reject the source
- \ model if ACmogei(0) > ACuaa(0) at any a)
Does not take into account GMF and 2
secondary particles in propagation a . Allvalues of p excluded for p, He and O,
/ but no value for Si
Sources injecting something heavier than o
Si are not bound by these constraints! 0 20 3 4 s e Themeasurement constrain the

composition but not source number
density, yet
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Constraints on source number density and source classes from

® First conservative constraints on source
number density

® Does not depend on assumptions about
GMF and EGMF

® Some calsses of source are excluded as
main sources of UHECR

® Some classes are allowed, including
transients

highest energy partlcle
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‘| 0 I | | [ i ] | . | |
10° 107 10—5 0.001 0.100 10
p, Mpc™? MK, JCAP 04 (2024) 042

D <5.0 Mpc =p>1.0-10* Mpc*
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Interpretation of UHECR correlation with source classes

Auger and TA @ ICRC-2023

Coenaem peanuctnyHole MoHTe-Kapno cumynaumm

Habnoaaembix KJT

NHXeKUna U3 MICTOYHUKOB C 3a4aHHbIM CMEKTPOM
NHXXeKTMpoBaHHbLIN MacCOBbIM COCTaB - MPON3BOSIbHbIN

OTKnoHeHne B MarHuTom rnosie MneyHoro NyTu
OueHKa Koppensauun TonbKo ¢ Katanorom starburst ranaktmk

cTouHuKkM B starburst ranaktukax

- o‘_t'-..'.

T.0. MHTepnpeTayus
kKoppenauum ¢ SBG
Takou e curHasi MoryT

obecrneunTb 1 apyrue
NCTOYHUKN

[lornoLllueHne npu pacrnpocTpaHeHNN B MeXranakTn4eckon cpeae

Habnogaemon TA+Auger

raJlakKTukaMn HeoAHO3Ha4YHa.

Sources in starburst galaxies

SBG, JF'12, Epin = 38 EeV, fo=50%, f5;=50% SBG, JF'12, Eqnin, = 38 EeV, fye=65%, fre=35%
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Interpretation of UHECR correlation with source classes

Assume sources in LSS, p > 10 Mpc=and injected composition fitted to Auger spectrum and Xmax

dN;/dR = a; X KR exp(_R/Rma_r)

Model Jos a(H) a(He) oaoC) a(O) a(Si) a(Fe) R, (EV) evolution

A 045 20. 49. 10. 16. 27 13 16 yes
SiElEElE (lonle Celle sk o ~. Allard et al., arXiv:2601.07259
: . T 4
Apply TS-analysis for either SBG or LSS . 1 o
o ¥ syiiy ,_,_,f‘* 70
- .« on pd A Y
l ] o '3}1.-":"“'*_-‘":'* ; BO -
n “'““'"""""‘E}:'El;d"f'ﬁﬁ{:;:;"':“““"“ T
: : RN e Y ™50
Good agreement with both z 4 o g
ket >
_ _ : .. Auger(ICRC 2023) | | A ._
Correlation with a separate source class . ' ] oo e e PR
- afg g g " :
IS not specific to it! 10{ S . "
-m_1; e & 2 5 a ' WL o 0.4 06 08 1.0
10Q10 Psec fanien (signal fraction)
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Correlation with LSS vs. composition models

1000! __ data 14yr, 10|
500/ A data 14yr, 20 |
T T T I
100 | S
50 | o : ;
o } ---------- { """"""""""""""""""""""""""""" =3
10- . 1 ] ®
5 S — |
17 | | ‘ L ' ;
10 20 50 100 200
E, EeV
o N TA, PRL 133 (2024)
— 7 =100% ___ < =100% 041001

" =100%

" = 100%

Y =100%
— Auger best-fit

10005— A | , _ Auger data, 1o
500 uger Auger data, 20
) 4
100:‘ E — J_ — —
50 ¥ ......... T T
10: L ]
5 e i
l_ | | , L ' :
10 20 50 100 200
E, EeV
—p .
He ™ E'
________ o '€

Correlation with LSS is present but not very significant (~20), and its interpretation may be ambigous

But both TA and Auger data favors heavy composition at E > 100 EeV
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Figure 2. The stellar masses of galaxies vs. revised luminosity distance
from cosmic-ladder (blue), spectroscopic (orange), and photometric (greer
estimates. The flux limits of 2MRS, 2MPZ, and WISE x SCOS are indicate
as solid gray, solid black, and dashed black lines, respectively. For referenc:
the 400 Mpc cut placed by the MANGROVE authors is indicated as a vertic;
solid line. The distance of galaxies farther away are derived from spectroscopi
measurements, superseding the initial 2MPZ photometric estimate. The hashe
region is excluded in the present study.

Biteau, ApJS 256 (2021) 15

Catalog with lower threshold
for galaxy masses:

e M- = 107> Mo
(M- = 108° My in basic
catalog)

* No sources at D < 5 Mpc

Correlation with LSS: smaller galaxies

Dec.

Number density [Mpc—3dex™1]

l—l
o
o

10—-350Mpc

- 10° smoothing

JLocal Void

- GAMA (Wright et al., 2017)

¢ d E3-10Mpc

1 d.€10-30Mpc

‘{7 d.€30-100Mpc L 4
4 d_€100-300Mpc |

T T 100 10w 16w

Stellar mass, M« [Mg]

1000F

- — TA data 1o, 2MRS — TA data 10, Biteau '21 _
500__ ..... TA data 20, 2MRS . TA data 20, Biteau '21 _
L — - | l | . k I
100} i : E
. 50/ | .
co I
S : ' *
10:_ f -=- i ~
5F _
1:— E
10 20 50 100 200
E, EeV

e At E <57 EeV and E > 100 EeV the data
looks more isotropic with new catalog

e At 57 < E < 100 EeV the correlation with LSS
IS Increased to 3.4 o (comparing to 2.0 o Iin
2MRS)!

* This suggests that lower mass galaxies
make a contribution to UHECR flux
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Correlation with LSS vs. composition models

Telescope Array
1000F | | | __ data 14vr. 10 1000F | | | T ' 7
_ — yr, 1o - , — data 14yr, 10 -
- : ] - cat. Biteau '21 k
500 cat.2MRs'11 data 14yr, 20 | 500: _____ data 14yr, 20 |
4 ] ] 4 4 4 4 4 ' [ ] 4 4
T | T T ! A s S !
100F ; i i - 100; T R i —
°_ 500 | i { _______ T0. 500 b e i ________________________________________
€2 | 5 | } — oo T €3 o ) *
D) { ; * 1 D i *
10 r T 1 . LOprrmrmormsss e
5T S ; 5
1_ | | | L L | | _: 1_ | | 1 L | | J
10 20 50 100 200 10 20 50 100 200
E, EeV E, EeV
S flpnj = 100% _____ i STJ — 100% S ﬁe _____ i Sl
H”ﬂ? =100% ___fY=100% . o —-Fe
________ = 100% — Auger best-fit

Results for mass composition for denser catalog (Biteau’21) are similar: heavy injected composition at
highest energies






Search for ultra-high energy gamma rays

Auger, arXiv:2406.07439 Telescope Array, arXiv:2512.01638

= Upper Limits at 95 % C.L. ] T T TTTTT] T T TTTTT] | -

— @ This Work: Auger Hybrid (2024) - C Hooper et al.'2011, GZK p ]

B f 'ib ? Auger SD 433m + UMD (2023, prelim.) 8 1 0000 GZK EFe mmmm

AN IR ] Auger HeCo + SD 750 m (2022) T I = - =

= o1 $4% ¥ 7 e sl 4 = Gelmini et al. 2022, GZKp 22 3
= =, ' % | Telescope Array (2019) '\ — TA best-fit mode| =———
z - 7 Upper Limits at 90 % C.L n -3 Yakutsk . Kachelriess et al 2018, SHDMh'est —
o — : T : o, KASCADE-Grande (2017) C}J 01000 = I 3 AGASA SHDM AT — .—E
i 15~ A EAS-MSU (2017) E E } T =
w” — Model Predictions e - -

— GZK proton | (Kampert et al. 2011) o
LI/: B GZK proton Il (Gelmini et al. 2022) H—E 00100 =
w1 0-1 - GZK mixed (Babrikova et al. 2021) > —
L2 = ; CRs in Milky Way (Berat et al. 2022) 1ol ]
a = tel o ~ & i SHDM la (Kalashev & Kuznetsov 2016) (4n]
LI_:. - e W , S . SHDM Ib (Kalashev & Kuznetsov 2016} E’Jr 00010 - + TA 9yr =
sl . I~ SHDM |l (Kachelriess et al. 2018) [aB) =
S 107 = TN 7 c _ :TA14§r =
& = S - lerre,Auger SD
a 2 e ¢ & 0.0001 LLLL gl =
4 _ LY
g 10° = s . 7 v 1020
(= = ",

B ‘.'*‘I EY' ev

L % I

107 = ] b
I L L il Ll L1 11
10 10 10" 10+

Photon Energy Threshold E0 [eV]

* Low chances for detection of cosmogenic gamma-rays (UHECRs are likely not protons)
* No hints for UHE gamma-rays from heavy DM decay
 UHE gamma is not perspective for multimessenger study of possible UHECR sources
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Anomalous UHECR correlation with BL Lacs

Results of HiIRes experiment:
 Correlation of CR at E > 10 EeV with catalog of 156 distant BL Lacs
* Only a small fraction of flux correlates (~3%)
* No explanation in with standard physiscs — sources are too far away (D > 500 Mpc)
D.Gorbunov et al., JETP Lett 80 (2004) 145
HiRes, ApJ 636 (2006) 680

Results with TA data TA @ UHECR-2024
: ;T”mg B df‘q I,. 1“ 5 ) fraction of excess events from BLLs in the data set:
1€ = G < , ) 5
: g Data set fraction. % 68% CL 95% CL
0.100 ; Eu HiRes stereo 3.0 +1.2 l—giiil Correlation is visible in TA!
) 2 ) TA SD 0.66 £025  H® L Fraction of correlating
3 a gL events Is lower but
Shake: o€ consistent with HiRes
s - e« \ A% J
L 1“,#' t‘ ," ~ e i » — .-;___,_f i . 1 \ ) 8
0.001 Y & —_TA HiRes stereo T A N post-trial p-value = 0.03
- N’ - - - HiRes i \ 4 (2.2 0)
; | 1 J 3 TA SD 16 years
t opening angle TA, deg
opening angles scaled to 68% CL resolutions g i = J e
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Improvement of galactic and extragalactic magnetic field models

8 1 5 |
6 1 1
U _ Sagittarius-
4 - E 0- Perseus ; Local <\ Carina cutu
N Local
Bubble
2 =1+
a
~ 0 -2
>: L i
7 17 1] =10 ~§ —~§ «fF =f =5 4
X, Kpc
| . , , |
- -8 4 2 0 2 4 6
B, Gauss le—6
_6 .
Fig. 4. Section of the best-fit GMF model by the plane y = 0, which
—8 1 is perpendicular to Galactic plane and come through Sun (red star) and

Galactic center. Blue and orange regions are the magnetic arms, north-
ern and southern toroidal field and the Local Bubble. The color map is
the same as in Fig. 3. Black arrows show the direction of the X-shaped
field. Red star marks the position of the Sun.

. . : . . |
6 -4 =2 0 2 4 6
B, Gauss le—6 Korochkin, Semikoz, Tinyakov, A&A 693 (2025) A284

* Taking into account an additional structure (magnetic bubble around local stellar group) improved both
syncrotron radiation fit and UHECR dipole fit

* Fields of galactic halo and local extragalactic structures (filaments) are still very uncertain

* Need to improve the models further!
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Astronomy with separated light CR (7?):
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* Hope for extraction of the light component at highest energies (if any) and for identification
of Its source

* Better mass components separation (WCD as muon detector)
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Astronomy with separated light CR (?):
machine learning

Spatial detactor bundle: Most active detector: emporal detector bundlé: e e p 0.31 0.12 0.03 0.00
6,6,8 128,2,1 28,128.2,1 (-” Ceomatrical
x\_h features: 7 ___,r’
. - == 4 0.21 0.28 0.08 0.01
Conv2D: f=10, k=(2.2), Conv2D: =18, k=(8,1), Signal encoder- KT — He 8
s=(1,1), d=0.3, p="sams" s={3.1), d=0.2, p="valid" P 28, 20 \(,f T
' — ) 2
: N = C4 0.02 0.20 0.28 0.08
PReLU & PRelU & ! Bidirectional LSTM: g
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I
I Initial state .
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E . Signal encoder:
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Larger statistics at highest energies

Statistics expected for Auger spectum

Detected CR/yr/bin

Number of events

10°

10

10!

N ——

~ 4.6 evts. | year
. E>10% eV

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

20.4- =
log(E/eV)

Test TA (north) and Auger (south) spectrum

10"5

10

discrepancy in 1 year
1yr

107 ) -
Energy (eV)

ERA (extreme relativistic astrophysics):
group of satellite observatories for UHECR

“ “

‘?“"‘*\) ~300 km ’; ‘f““") ~300 km ’; ‘?“"‘*) ~300 km ’;
o-— *— *—

* Twun Teneckona: ogHO3epKasbHbI
* [lone 3peHna ogHoro Teneckona: = 10°
* T[lnowaab BXOAHOIO OKHa: ~2 M2
_ * Yrnosown pasmep nukcens: 1-2 mpag,
Energy resolution: 15-25% . Macca teneckona: 100 kr

* OHepronoTpebneHue: 100 Bt

* Kosnnyectso TeneckonosB — 10.

* 2kcno3unuyma 20000 kmzcp roa

Angular resolution: 1-7°

v’ Expected statistics (E>50 EeV) — more than 100 events/yr.
v Uniform sky coverage
v’ Test TA-Auger spectrum discrepancy in 1 year
v’ Test for close source

v Improvement of composition from anisotropy measurement at highest energies

talk by P.Klimov at this conference



Conclusions

Current status:
* UHECR origin still unknown
* Mass composition at highest energies is not light
» Several anisotropy signatures detected
* Dipole
* Medium scale excesses
* Correlations with LSS
* Interpretation of these observations is not straightforward
* There should be a close source, but its identification is difficult due to not light UHECR
composition and MF uncertainties
» Source number density is not very low: many potential source classes are ruled out

Perspectives:

* Improvement of models of cosmic magnetic fields is needed

* Hope for CR astronomy with extracted light UHECR component

* Larger statistics at highest energies is needed, better with full sky coverage: ERA project

Thank you for the attention!

Supported by the Ministry of Science and Higher Education of the Russian Federation
under the contract 075-15-2024-54
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OueHka MaccoBOro cocrtaBa U3 OTKITIOHEHUU OT
oXuagaemMmbiX MICTOUYHUKOB

MK & P.Tinyakov,
arxiv:2011.11590

TpexwaroBbin nogxoa
1.BBeCTN CTAaTUCTUUECKUIN KPUTEPUN: YCTOUUUBYIO MEPY OTK/TOHEHUNSA Habopa
KJTYB3 OT nx oXxngaembiX UICTOYHUKOB B LSS
2. CumynumnpoBaTb peannctudHblie Habopbl KJTYB3, ncnyckaemble U3 UICTOYHUKOB U
pasnuyarolinecs MmaccoBbiM COCTaBOM
3. MpMeHNTb CTaT.KPUTEPUN OANHAKOBO K CUMY/IMPOBaHHbLIM Habopam 1 K
peasibHbIM AaHHbIM N OLIEHUTb Kakiue coCcTaBbl COBMECTHbI C AaHHbIMU
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OueHKa MaccoBOro coctaBa U3 OTKITOHEHUW OT UCTOYHUKOB: pe3ynbTaThbl

Equatorial = 20 : \ : : :
coordinates ‘g I’. \ — Ig[E/eV] € [19.0,19.25] |
_aaiy = 1511 \\ Ig[E/eV] € [19.25, 19.5]
30//-'@',.-" g Ig[E/eV] € [19.5,19.75] |
p goras Ao el 701 | T —— Ig[E/eV] € [19.75, 20.0] |
) Local(Void o ' 1
# ar = ‘ -~ Ig[E/eV] > 20.0
R.A 'Ilfl 8 — TS 5 g e .
(deg.) 360 3 TS
30 % ,,,,,,,,
A
- Bl e ]
Dec. (deg.) . . . . ]
g N - 0 20 40 60 80 100
g 6100, °
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CpaBHMBaAEM C CUMYNALNAMMU
(I)E 9 n
750 = -2 (S g
ISO nz) 1000{} ' crlaia12yr,'1o- '3
it 500{ . data12yr, 200 -
0 — cpegHuin yron otknoHeHus KJ1 ot ——— o - |
OXMOaeMbIX UCTOYHMKOB (ranakTuk) e .
2| | e
Mpu E > 100 33B KJ1 0MeHb N30TPONHbLI — yKa3aHue Ha - A J ............................................
OYeHb TAXeslbIu COCTaB | e
TA1 L : : R : ]
arXiv:2406.19286 i = . Ej\? e o
arXiv:2406.19287 N Fe

He S s T Si
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New catalog of sources

" =100%
fo) = 100%

1000;’ - " | __ data 14yr, ia‘;
500 cat. 2MRS ‘11 R
[ hoon " b IR R ! ]
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00 + 1 = |
5- e ]
1j | o o N
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New results for composition are supporting our old results
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OrpaHu4yeHuss Ha TPAH3UEHTHbIE UCTOYHUKU U3
pacnpeaeneHns codobITUnN U Xnax Auger

Marafico et al., arXiv:2405.17179

k=0.0001M3!, ©=17.6° (Bis = 10nG) . . . -
75° Galactic coordinates o : 50 3
L 106.- Ex = Eunecr/N 10 @
>~ 1= f’I = 10% Allowed region -
v | A w/o Milky Way 10 %
x ) l \ B 48 C
g3 O 104 |IC-GRB \\ 10
ll'l Cen A — 10 lr ------ kﬁ.* 3
'NGC4945 - TN [ WL-GRB 47 3
330° | 300° 2 e <~ N 10 8
+ © S-GRB] -—-RUtGRE=-- . Fo
@ 3
© 1045
+ 10° jetted TDE 104 %
S Hillas excluded region ﬁ
an (Lovelace, Waxman, Blandford) 1043 L
: . : 1049 1051 1053 1055
6 8 10 12 14 16 -
®crrg( > 40 EeV, W=25°) [10~3 km~2yr-lsr1] Kinetic energy per burst, Ex [erg]

duUT cnekTpa, Xmax Auger n HanpassieHnn npuxoaa K/1IYB3 cnyvyarHbIMU KapTamMu TpaH3UEeHTHbIX UCTOYHUKOB B LSS

* VIcnonb3oBaHne Tpex HabnoaaeMbiX NMO3BOMAET CHATb BbIPOXAEHNE MeXAy TEMIMOM BCIbILIEK N SHEPTVUEN HA OAHY
BCbILLKY (BaXHbl 3a1€PXKN CUTHA/A U3-3a KOCMUYECKNX MarHUTHbIX NOJien)

* Bcem ycnosuam yaosnetsopsaoT HL long GRB u Supernova Shock Breakouts

* PesynbraThl 3aBUCAT OT MPEANOo0XEHNN O raslakTUYECKUX N BHEranakTUYeCKNX MarH.rnosisix
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ONKOHOMY BapuaTMBHOCTb UCTOYHUKOB <==> TPAH3WNEHTbI
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Kakoun coctaB KJI1TYB3 ucnyckatotr UICTOYHUKN?

C y4yeToM 3dopeKkTOoB pacnpocTpaHeHnsa N AeTeKTUpoBaHuA (CcyLllecTBeHHada MmoaenbHas 3aBUCUMOCTb)

OaHOBPEMEHHbI OUT cnekTpa 1 Xmax onpeaeneHHon MoAesbio NHXEKLINN,

—10%
S e A
T [ ®e 00
w L L P
IE B .-
2 . -
] B - ‘“>~._
0 <
wl—; 10-” __ l' tmE
m F =

/— A=1

: — Zf_iﬁﬂil ﬁ

| —— 5 <A<22

— 23<A <38
10“‘*;— A>39
B I/l | | | //l | | | | | | | | | | | | 1
18 18.5 19 19.5 20 20.5
logm(E;’eV)
900
= EPOS-LHC H

19

18.5

18

L

D

600F
500
400F

300k

(]
=
=
T T T

1 1 1 1 1 1 1 t‘
-15 -1 -05 0 05 1 15 2,{2.5 ',‘ —]

Y
Y
.
.

_ - (1,
Qa(E) = Qoa (E{)) {e}cp (1 E )
ZaARcut )

10

E < Za Reut;
B > ZA RCth:

Auger, arxXiv:1612.07155
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Kakou coctaB KJ1YB9 ncnyckatotr UCTOYHUKUN?
Auger, arXiv:2211.02857

O (Galactic contribution (at Earth) pure N
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Kakou coctaB KJ1YB39 ncnyckatot UCTOYHUKUN?
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Best fit parameters:
y =2.06

Rot = 182 EV

QOp = 0.0%,

Qote = 99.2%,

QON = 0.0%,
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Qo|:e = 0.8%

TA @ ICRC-2021
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PeKOHCTPYKLIMA HAa3eMHOIo cobbITUS
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FD Event reconstruction

observed images
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Magnetic Field Strength [G]

YckopeHue KJ1 B ux BO3MOXXHbIX UCTOUYHUKaX

Kputepumn Xunnaca

R = E/qB — napmopoBsckun pagunyc

Emax = BshockBRIT — MakcumanbHaga goctmxumas aHeprug

Krnaccbl ICTOYHUKOB NoA NPAMbIM — UCKITHOYEHDbI

1 au 1 pc 1kpc 1 Mpc
1014 _::E)\\ - /6) = 1.0
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Alves Batista et al.,

L = 5x104 erg/(Mpc®yr) — coBokynHasi CBETUMOCTb

Kpntepun obLuen aHepreTuku

NCTOYHMKOB, HEOOXoAMMas YTOObI NONY4YNUTb HabOaeEMbIN
cnektp KI1 (Auger, 2017)
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Step two: realistic UHECR mock sets

Generate UHECR sets with state-of-art simulated skymaps

e Sources in LSS (corrected 2MRS catalog up to 250 Mpc, isotropy farther)

* Properly attenuated injected primaries (p-He-O-Si-Fe), secondaries for He & O
are included (SimProp 2.4)

* Fix best fit injection spectrum separately for each primary (di Matteo & Tinyakov 2018)

* No EGMF deflections

* GMF deflections: backtracking for regular component,

* Non-uniform gaussian smearing for random component (Pshirkov et al. 2013)

e Sets are generated according to these maps with a spectrum adjusted to the observed
one (TA@ICRC 2015)

 Effectively infinite statistics (statistical effects are reflected only in the data)

* Only free parameters of the model are fractions of each primary

* All other uncertainties: to study separately (subominant!)

Proton map at E = 100 EeV Iron map at E = 100 EeV

60



Koppenauna ¢ MICTOYHUKaMU, MPOTOHHbLIU CLLeHapun

* [1peanonoXmum YTo MCTOYHMK HAXOAUTCA B KaKOU-TO ranakTuke U OH UcnyckaeT NpoToH

* basoBbi cueHapun: E = 244 93B, OTKNOHEHWE B ranakTM4Y4eCKOM MarH. nomne y4TeHo,
BHeranaktunyeckoe norse crnaboe

* OTHOCUTENBHLIN OXXNOAEMbIN MOTOK C HanpasreHUs npuxoga Yyactuubl meHee 1% — 6as3oBbIN
NPOTOHHbLIN CLeHapn ManoBepoATEH

Red dot: reg. Galactic MF JF’'12
Blue: reg. Galactic MF PT'11
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Koppenauna ¢ MICTOYHUKaMK, 0epHbIN cLeHapui

* [1peanonoXmm YTO MCTOYHUK UCMYCKAET Kakoe-To A4p0
* /13-3a paccesHua Ha KocMn4yeckom oOHOBOM U3NYyYEeHUN poXOaeTcs Kackan saep ¢ MEHbLUMM
3apa4oM 1 NPOTOHOB
* basoBbi cueHapui: E = 244 33B, OTKNIOHEHWE B ranakTM4Y4eCKOM MarH. none y4TeHo,
BHeranaktunyeckoe none criaboe
* XOTUM NOCTaBUTb OrpaHNYeHmnst Ha Koppenaunto ¢ 95% TOYHOCTbLIO:
* KakoB MMHMManNbHbIW 3aps U3ry4YeHHoro sapa YTobbl OTHOCUTENBHbBINM OXUAaeMbIU NMOTOK C
HanpaBneHnst npuxoaa cocTtapnsan xots obl 5 %7

E =244 EeV, P (Z = 15), no EGMF

Red dot: reg. Galactic MF JF'12
Blue: reg. Galactic MF PT'11
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Correlation with sources, proton scenario: uncertainties

We can constrain the distance to the source by analyzing the CR propagation

Scenario la: E = 244 EeV, extreme EGMF
Scenario Ib: E = Egetected - 20 (stat.) - (sys.) = 135 EeV, extreme EGMF

The relative expected flux at the event direction is less than 1% in both
cases — proton scenario is disfavored even with uncertainties! —
The event should be a nucleus!

E =244 EeV, EGMF E =135 EeV, EGMF
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OrpaHun4yeHunst Ha KoHUeHTpaumnto uctovHmnkoB K

Mbl nony4nnu orpaHM4YeHNe Ha paccTosiHve A0 Gnmkanwero nctodHunka: LD < 5.0fg:8 Mpc
(HW)KHEN HeonpeaeneHHOCTU HET N3 3a OrpaHnUYeHmns Karanora)

XOTUM nepeBectn 3To B YHUBepCasibHoe orpaHnm4eHmne Ha KOHUeHTpaunto NCTOHYHNKOB KJI: P

CuuTaem, YTO UCTOYHMKK pacnpeneneHsbl Bo BceneHHon Buenom crnydanHo, no 'lyaccoHy

A= e (V)Y
p(/)a ) — NI N — Konnm4yecTBO UCTOYHUKOB B 0Obeme V

UToObI NONYy4YnTb OrpaHNYeHns Ha p Ha ypoBHe 95% Mbl CUMYNMpyemM MHOXXECTBO
[TyaccoHoBbIX peanusaunin 3D KapTbl ICTOYHMKOB U Tpebyem 4YTOoObl XOTS 6bl OAUH UCTOYHUK

nonagan B o6bem V = 4/3 11 D° no kpanHen mepe B 5% peanusaymn

|B 6azoBom siaepHomM cueHapuu nony4yaem D < 5.0 Mpc — p > 1.0 - 10* Mnk*
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Correlation with sources, nucleus scenario:
uncertainties

ake into account energy uncertainty and possible EGMF

For E = Egetectea - (SYyS.) = 168 EeV and with extreme EGMF the lightest
correlated nucleus is S (Z=106)

Constrain the distance with the same procedure: D < 13.4 Mpc

E =168 EeV, S (Z = 16), extreme EGMF

0.15} | | ' E
Eqgetected = 168 E€V, extreme EGMF -

0.10¢
— Allnuclei

PDF

0.05! —— Correlating nuclei |

95%

0.00;

0 5 10 15 20
D, Mpc
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