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Cosmic rays

* Charged particles coming from outer space
» Steep energy spectrum« E~Y, y~3

* Changes inthe spectral index might point to a physics
behind their origin

* Knee (2nd knee)
* Ankle
e Suppression

* Ultra-high-energy cosmic rays (UHECRs) E > 1018 ev

* Interactions in the atmosphere lead to the creation of
extensive air showers of secondary particles

» Ultra-high energies - showers at ground many km?
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Pierre Auger Observatory
e Argentina, 3000 km?
* Operating since 2004

* Recently finished an upgrade
of the observatory — phase |l

Telescope Array
 Utah, USA

e 700 km?*

* Upgrade to TAx4




Energy spectrum

* Precise measurements of the energy spectrum at the highest energies

* Pierre Auger Obsrvatory and Telescoep Array energy spectra show differences
above few 10'° eV

* Instrument effects? Different models for fluorescence yield? Different sources visible in the
Southern and Northern hemisphere? ...
E [eV]
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Energy spectrum

> differences between Auger and TA energy spectra can be reduced by applying
energy dependent shift and rescaling of the energy by +4.5%
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Mass composition

Indirect measurement from shower parameters

Most commonly used mass sensitive parameter is shower

maximum

Can not distinguish mass composition on event-by-event
basis — statistical distribution

Large dependence on the models of hadronic interactions
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Propagation in the Universe:
Particle interactions
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Propagation in the Universe:
Deflections in magnetic fields

* Cosmic rays are charged —trajectories influenced by magnetic
fields in the universe -

* Extragalactic magnetic fields are not known in large detail - weak but
long trajectories

* Galactic magnetic field — better mapped, strength few tens of uG

To track cosmci rays back to their sources we need high energy light particles!
E =1019%ev




Propagation in the Universe:
Deflections in magnetlc fields
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Anisotropies in arrival directions

O(Eauger = 41 EeV) - W =24°
Blind searches for excesses at the Pierre Auger , B Galactic
Observatory :
e Largest signal found for E > 41 EeV with top-
hat smoothing 24° in coordinates (I, b) =
(305.4°, 16.2°)

* 153 observed events 97.7 expected from

latitude

isotropy
* Hotspot located 2.9° from NGC 4945 and 5.1° s = ,
from Centaurus A *s% .ong;ude =
e 25°-radius oversampling ) S”egio“ingg = Li & Ma significance [0] ApJ 935 170 (2022)
o | Blind searches for excesses at Telescope Array
- . R * Hotspot
h = ”’ :»)  ForE > 57 EeVat(a,6) = (144°,40.5°)
* 44 observed events vs. 18 expected from isotropy
* Perseus-Pisces supercluster excess
PoS(ICRC2023) 008  ForE > 25EeVat(a,86) = (17.9°35.2°)
. T 10

| |
-4 -2 0 2 4
Deficit Li-Ma significance Excess



Anisotropies in arrival directions

Correlation with catalogues with the Pierre Auger

Observatory data

« 2MASS Redshift Survey of near infrared galaxies

« Starburst galaxies

« X-ray AGNSs from Swift-BAT catalogue
» y-ray AGNs from Fermi-LAT catalogue

— 2 peak structure ~40 EeV and ~60 EeV

Catalog Ei, [EeV] Fisher search radius, © [deg] Signal fraction, « [%] TSmax Post-trial p-value

All galaxies (IR) 40 1614 16110 18.0 7.9x10°*
Starbursts (radio) 38 15%% 91¢ 25.0 3.2x107°
All AGNs (X-rays) 39 1673 73 19.4 4.2 %1074
Jetted AGNs (-rays) 39 1475 613 17.9 8.3 x107?
All galaxies (IR) 58 1472 18715 9.8 2.9 x 1072
Starbursts (radio) 58 181! 19130 17.7 9.0 x 107*
All AGNs (X-rays) 58 1673 1ty 14.9 3.2 x 1073
Jetted AGNs (v-rays) 58 1773 12+% 17.4 1.0 x 1073

ApJ 935 170 (2022)

Signal fraction, o [%] Test statistic, TS

Fisher search radius, © [deg]
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Anisotropies in arrival directions

Targeted search — Centaurus A region

» Closest radio galaxy to Earth ~3.7 Mpc, NGC 4945, M83

* Enhanced flux in all four studied catalogues

« Energy above 38 EeV and window of 27°

« 215 events observed vs 152 expected from isotropy — 3.9¢
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Large scale anisotorpies - dipole

* Dipole in the arrival directions of cosmic rays above 8 EeV

* Points ~125° from the Galactic center - suggests an
extragalactic origin

« Amplitude 6.51%3 %, direction (I, b) = (233°,—13°) and e -
significance over 6¢ : e neray oV ”

Dipole amplitude

* Amplitude evolves with energy

360 |

5 ApJ 868 (2018) 4

0.38

" ApJ 868 (2018) 4
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Large scale anisotorpies - dipole

1.05
* Arrival directions analyzed for dipole and quadrupole £
anisotropies — most significant dipole above 8 EeV g 1.00 |
2 = Lo 14+d- L 2 0.95 vl
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Influence of the Galactic
magnetic field

 Cosmic rays are charged particles > trajectories are deflected in Galactic
magnetic field (GMF) and extragalactic magnetic field (EGMF)

* Deflections depend on particle energy E and charge Z > rigidityR = E/Z
\

* GMF can change the direction of the dipole and also its amplitude

|
10 *
i ; v A;=10%, H JF12Planck

=\T ° ‘
2 [ |IHJF12Planck :
< 0 TF17 Ad1C1
4 |mm TF17 Bd1CA 4 i
| |mm TF17 DA1C1

L |a2vrs
v 40n09) Y

What can we say about the UHECR dipole before cosmic rays enter the
Galactic magnetic field?  , ;.\ .10us et o/ 1cAP12(2023)016
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Simulations of cosmic ray propagation

* |sotropic flux of cosmic rays propagated in the GMF using multiple models of GMF
used

* JF12Planck model of GMF

* Inordertoinclude uncertainties of the field different coherence lengths of the turbulent
component used: 30 pc, 60 pc and 100 pc

* TF17 model of GMF
* Three options of the field used: Ad1C1, Bd1C1, Dd1C1
* Results checked with field strength adjusted by +10%

* Four types of primary particles simulated separately: p, He, N, Fe

* Power law energy spectrum with spectralindex y = 3, energy range (8 — 100) EeV

* EGMF and energy losses neglected

16



JF12Planck
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Imposing dipole into the simulated flux

* Simulated particles reweighted according to their original direction on the edge of
the Galaxy by

d - angular distance from the direction of the dipole
W = Ao coso + 1 A, - extragalactic amplitude as a percentage of the
relative excess with respect to the mean flux

* Dipole injected to all different combinations of galactic longitude and latitude with
step of 1° using various amplitudes A, in discrete steps from 6.5 % up to 20 %

- total of 518,400 combinations for each element

1.08- 1.081
- |} Mc data

1.08.... Auger data fit

1.061

=)
B
"
=)
T

Dg;__L_l_ | _I_ i _T'__l_ J _'_—|—+ ‘

0.96— 0.96—

Normalized rates
Normalized rates
<

0.94—JF12 model of GMF 0.94— JF12 model of GMF
[ proton E > 8 EeV [ proton E > 8 EeV

ool L Lo i b L L Ll 0921l I . JE——— I
% 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Right Ascension [] Right Ascension []

* Mass compositions explored by combining the four elements with a step of 5%

— 1,771 combinations for the mass composition mixes
18



Reconstruction of the dipole

* Dipole with unit vector pointing in the direction of the dipole D and amplitude
A

OR
d(u) =— 1+ AD -u)
41T
e /eroth and first moments of the flux

I, :jCID(u)dQ, I = quD(u)dQ

* We can obtain dipole amplitude and dipole direction on the observer using
discrete versions of these integrals

3|lS S
P N T N . 4 = 3ISl .

) — T an
7 Wk 7 Wk So ||S||

Looking for parameters of the extragalactic dipole (4,, D) that are compatible after the

propagation with the measurements of the Pierre Auger Observatory at the 10 and 20 level.
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Results for single element scenario

90 GMF model
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Results for mixed mass

composition

* JF12Planck - two groups of solutions at

normalized number of solutions
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Results for mixed mass
composition

normalized number of solutions

—two groups of solutions at the 1o

level
1.

90 GMF model
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Narrow band of longitudes but a wide
range of latitude, within = 80" from
measured dipole

Close to the Galactic center solutions
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Summary

Light high energy particles are needed for cosmic ray astronomy

* Current measurements show cosmic rays are getting heavier at highest energies — new upgraded
observatories can help in better identification of the mass of primary particles

Intermediate scale anisotropies seen in data of the Pierre Auger Obsrvatory and Telescope
Array - possible clustering around prominent sources?

Dipole anisotropy in arrival directions
* Extragalactic origin
* Anisotropic distribution of sources

* Dipole outside the Galaxy can have very different direction and amplitude depending on the mass
composition above 8 EeV

« 2MRS dipole direction compatible with the Auger dipole at the 20

Upgraded observatories will provide new and better data

New models of magnetic fields can help tracking particles back to their origin
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Pierre Auger Observatory
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Energy spectrum
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Accelerating
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Dipole in lower energy bin 4-8 EeV

* Measured dipole in energy bin (4 — 8) EeV is not significant (< 30)
amplitude 2.5%39 %

direction @ = (80 + 60)",5 = (—24113)

90 JF12Planck model 90 TF17 model

B> sEev B> s8Eev

[ 4-8 Eev []4-8 Eev

180 180 180 180

-90 -90
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J(E) % E* [km™ yr'sr'ieV']

J(E) % E* [km™ yr! sr!eV?
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TABLE 1. Spectral parameters in three different declination
ranges. The energies E|,, E,y, and E;; are given in units of
10" eV and the normalization parameter J, in units of
10" km=2 sr~! yr~! eV~!. Uncertainties are statistical.

[<90.0°,-42.5°]  [-425°,-17.3°  [-17.3°,+24.87
Jo 1.329 +0.007 1.306 %+ 0.007 1.312 + 0.006
7 3.26 4 0.03 3.31£0.03 330 £0.03
- 2.53 4+ 0.04 2.54 4+ 0.04 2.44 +0.05
73 3.1£0.1 3.040.1 3.0+0.1
74 52404 44+03 57406
Epn 51402 49+02 52402
En 1442 1442 1241
Ex 4744 3744 51+4

PHYSICAL REVIEW LETTERS 125, 121106 (2020)

Spectral index

* Allresults obtained for spectral index -3 constant for the whole

energy range — in reality the spectral index changes

* Results checked for spectral index -2.5 and -3.5 > small deviations
of the resulting areas of allowed extragalactic directions of the

dipole ~3°
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¥° checks in right ascension
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