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UHECR observables: energy spectrum
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Spectrum shape is similar in both TA and Auger experiments: a cutoff at high
energies is observed

But
Spectrum measurements alone have limited potential to determine the UHECR
origin
Cut-off is due to GZK effect (protons) or due to the end of injection spectrum
(nuclei)?



UHECR observables: mass composition
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Composition measurements have good potential to determine the UHECR origin

But
There is still a discrepancy between the modern experiments
Systematics are hardly controllable for surface observations
Statistics is very limited for fluorescence observations
Also
At E > 100 EeV the statistics is ~20 events: not enough for both methods



UHECR observables: anisotropy

Oversampling with 20°-radius circle
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Arrival directions are measured with good precision (~1°)

But
Have limited potential to determine the UHECR origin due to their deflections:
Uncertain galactic and extragalactic magnetic fields

Uncertain mass (and charge) composition of UHECR



What can we learn from a distribution of
UHECR in the sky?

Sources: no clear evidence for particular sources

Magnetic fields
EGMF: observations B < 1 nG } likely negligible
EGMF: simulations B < 0.01 nG
GMF: B ~ UG, factor 2 uncertainty between models in terms of deflections

Mass composition: up to factor 26 uncertainty (p and Fe) in terms of deflections



UHECR flux model

How to disentangle all the uncertainties?

Sources: the most conservative model — 2MRS + isotropy for far sources — covers all the
scenarios without large anisotropy

Magnetic field

EGMF deflections: neglect altogether (B < 0.1 nG) Study the impact of MF
GMF deflections: fix one of the models (regular + random) variation later

Mass composition: can be studied as a largest uncertainty of the flux model



Approach to mass composition inference

Three-step approach

MK & P.Tinyakov, 2021

1.Introduce test statistics: a robust measure of UHECR set deflection from LSS

2. Simulate realistic UHECR mock sets originating from LSS with various injected
mass compositions

3. Apply the test statistics to both mock sets and data set and infer the mass
composition from data



Step one: TS construction

Compute event-set likelihood as a function of events positions at
skymap ® with smeared LSS-sources

events
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* The likelihood is sensitive for average magnitude of deflections in a given event-set

* For each event set we get one number, a position of TS minimum — an average

deflection angle recalculated to 100 EeV: 0,




Telescope Array Surface Detector

The Experiment Telescope Array (TA) Rl ol oo LW

» Largest UHECR experiment in the
Northern Hemisphere
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« 507 SD stations

* ~700 km? area, 16 years of continuous
data collection

The Data Set
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* 14 years of SD data

 “Anisotropy cuts” (zen. ang. < 55°)

* Cut to remove possible lightnings:
+10 min around each NLDN event

* ~6000 events with E > 10 EeV




coordinates
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Step two: realistic UHECR mock sets

Generate UHECR sets with state-of-art simulated skymaps

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)

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
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Galactic magnetic fields

Regular and random component, average magnitude is ~1 uyG <=> 3° deflection
for proton at 100 EeV

Two reference models of regular field: Pshirkov-Tinyakov ‘11 & Jansson-Farrar ‘12
Extragalactic UHECR sources get coherent shift in regular field and non-uniform
gaussian smearing in random field
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Extragalactic magnetic fields

Global field in LSS voids (IGMF) and local extragalactic structures field

Two possible origins: primordial or astrophysical

Highly uncertain: Bieur < 1.7 NG with correlation length Aewr ~ 1 Mpc or B < 0.05 nG
with cosmological scale Acur

Given the UHECR attenuation length, this yields up to 7° proton deflection at 100 EeV
Simulated as uniform gaussian smearing for all sources

. : : Global EGMF:
Local EGMF: simulations [Hackstein et al. 2018] observations [Neronov et al. 2022]
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Results and EGMF uncertainty
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Results at E > 100 EeV are stable



Uncertainty of source number density
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Test two scenarios: po = 10* Mnk>n po =2 - 10° Mnk3

Make random thinning of 2MRS catalog to get p = po

Make 20 thinned catalogs (to get the ~5% accuracy)

Simulate mock event sets with various compositions for each of these catalogs
Apply the same TS (based on the full 2ZMRS) to each mock set

Pick the catalog where the results are the most discrepant from the basic ones
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Results and source number density uncertainty Il
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Results at E > 100 EeV are stable



Bonus: compare with FD composition measurements

Standard method (FD) Telescope Array measurements are consistent with
p and He composition at 10 < E < 20 EeV

(] — T
= Ol % data | e e
7 C| [ statistical | | :
Cl ] systematic | ...
| — stat + sys : : )
102k ° QGéJet 11-04 prc.)ton Y R e 40 :_ ......... SIS0 S ...........
O°H w qQsseti0ahelium [ s e =40 - g
| a QGSJetIl-04 nitrogen | i : . e,
- v QGSJet 11-04 iron JUPTRUE SRRUURIR WEUTRRY SUPTTRRRUPTRRUPPTRY SUTRUURN IR SROPPR PR RPPTN 30 IR 7 -~ A, g hellum
A Sl adl s N I O O S - e, | é 5
IS0 SR O U SO SRR S -60 »oF nitrogen :
10—3 1 1 1 | 1 | 1 : 1 1 1 1 1 1 1 i 1 1 1 i 1 1 1 i 1 1 1 i 1
18.2 18.4 18.6 18.8 19 19.2 19.4 19.6 700 720 740 760 780 800
IoglO(E/eV) <Xmax> (g/cmz)

TA collab., ApJ 858 (2018) 76



E, EeV

—no EGMF, p
—— no EGMF, He EGMF, He

e




Conclusions

A new method to estimate UHECR injected mass composition from their
arrival directions is developed and applied to the Telescope Array data

The most interesting (and unique) results are at E > 100 EeV — events
are uncorrelated with LSS

This implies a very heavy composition — indication for spectrum cutoff
In sources rather than GZK cutoff

This result is robust to all known uncertainties, including those of
galactic and extragalactic magnentic fields and UHECR source number
density

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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