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UHECRS: Essential Facts

* Mixed composition, evolves with energy
* Upper limit on energy mainly from accelerator(s)

 Sources apparently abundant rather than few &
powerful
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Detector signal (arb. units)

Air shower observables (hybrid observation)

Time structure
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Energy Spectrum

+ Upper limit on energy comes mainly from accelerator(s)
+ Rigidity cutoff R = (E/Z) = 5 EV (70 EeV Si, 35 EeV N)

Distinct features emerging in spectrum

 Auger and TA agree within uncertainties (Auger has ~5x
statistics and direct energy calibration; less reliance on
modeling)

Highest energy Galactic CRs overlap the lowest energy
extragalactic UHECRs
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The joint Auger TA working group on energy spectrum

equivalent c.n.s. energy [TeV]
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Understand the difference among the
measurements at the UHESs:

* information on astrophysical
phenomena

* correct combination of the data to
achieve the full sky coverage
see F. Urban at this conference
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Malargiie Mendoza

(Argentina)
350 S latitude

3000 km?
1660 WCDs
1500 m spacing

triangular grid

4 FD sites

UHECR Hybrid Observatories
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Millard County
Utah (USA)
399 N latitude

700 km?
507 scintillators
1200 m spacing

square grid

3 FD sites

Fluorescence Detector




The hybrid
detection technique

e

“Xx—__ Hybrid event

15%
duty

cycle

V.Versi, UHECR22 100% duty cycle

/dX [PeV/(g/cm?)]

dE

8 350
160 = E Fluorescence ndf = 235, 0.7
140 g 300F- -~ Direct Chere
F s Raylei tter
120 E oasof o e
E =1 | %4444 Mie Scattere
100 |- £ 200F
E 2 E
80 | £ E
60 [ < 150
E 1l
40 f _E 100f
20F iy 2 50
0 - 3 1
h ! L L . of
200 400 600 800 1000 1200 =0 0 00 500 %0
slant depth [g/cm?] Slant Depth (g/em?)
Time [4uS]
L e i e S [ S D R R B A R R B |
E Auger
>

llllllllll

P P PP PR PP IR
2
20 2 4 6 8 10 12 1 3 4 5Easta[12;0m?—;9 10 11 12
X [km]

UHECR spectrum

high efficiency of SD
calorimetric energy scale from FD



The energy scale
AUGER Proc. 34 ICRC 2013 (Rio de Janeiro, Brazil) Proc. 32" ICRC 2011 (Beijing, China), 12, 67 (2011) T A

[arXiv:1307.5059] Astropart.Phys. 61 (2015) 93-101
Absolute fluorescence yield 3.4% Item Error (%) Contributions
Fluores. spectrum and quenching param. 1.1% Detector sensitivity 10 PMT (8%), mirror (4%),
Sub total (Fluorescence Yield) 3.6% . , aging (3%), filter (1%)
T onrical donth — Atmospheric collection 11 aerosol (10%),
Aerosol optical dept 3% + 6% Rayleigh (5%)
Aerosol phase function 1% Fluorescence yield 11 model (10%),
Wavelength dependence of aerosol scattering 0.5% humidity (4%),
Atmospheric density profile 1% atmosphere (3%)
o) - o Reconstruction 10 model (9%)
Sub total (Atmosphere) 3.4% + 6.2% missing energy (5%)
Absolute FD calibration 9% Sum in quadrature 21
Nightly relative calibration 2%
Optical efficiency 3.5%
. . cq Auger uses Airfly

0
Sub total (FD calibration) 9.9% il :___:. Astrop. Phys. 42. 90 (2013)
Folding with point spread function 5% ar Astrop. Phys. 28, 41 (2007)
Multiple scattering model 1% Dandl A i
Simulation bias 2% AirLight 4 —_— e

o ) ) o 1o 111 figure from M.
Constraints in the Gaisser-Hillas fit 3.5%+ 1% FLASH - —fet Theonstical Fukushima, GCOS
Sub total (FD profile rec.) 6.5% +5.6% MACFLY - : : workshop 2022
Invisible energy 3% +1.5% Lefeuvre | bl
.. . o/ - 1 @0 11 TA uses Kakimoto et al.
Statistical error of the SD calib. fit | 0.7% + 1.8% Nagano - ——riy NIM-A 372, 527 (1996)
Stability of the energy scale 5% Kakifiioted M : : +FLASH spectrum
TOTAL 14% r ELS@TA —— ; — 1 ,I I ——————
3 4 5 6 7 8 9 1

Y 337 (Ph/MeV)

TA 21% Auger 14% both almost energy independent 6
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TA SD (2019 ) outside of BR / LR Obs. Period
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Auger, Phys. Rev. D 102 (2020) 062005 ~ B
TA, PoS (ICRC2019) 298
see also WG report PoS (ICRC2021) 337
Parameter Auger TA
Y1 3.29+0.02 3.23+0.01
Y2 2.51+0.03 2.63+0.02
Y3 3.05+0.05 2.92+0.06
V4 5.1+0.3 50+£04
E.e/EeV  5.0+0.1 54+0.1
y Einstep/E€V 13+1 18 +1

Ecu/EeV 46 +3 71 +3

10"

E [eV] log (E/eV)

same characterization of the spectral features

agreement at the ankle and some tension at
highest energies

common declination band to disentangle
astrophysical from experimental effects:

-15° <9< 24.8° V.Versi, UHECR22
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Measurements in the full sky
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Measurements in the common declination band

note: TA full trigger efficiency E>10'83 eV
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Composition

« Composition becomes heavier with energy

e TA & Auger observations agree

* Interpreting data to infer actual composition requires UHE
air shower modeling

G. Farrar, CDY lecture, June 14, 2023
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Mass composition results (i)
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Important: LHC-tuned interaction models used for interpretation

(Phys. Rev. D90 (2014), 122005 & 122005, updated ICRC 2019)

(Phys. Rev. D96 (2017), 122003)

Number of charged particles

>

I AXmax
Depth X (g/lcm?)
E — Le_xl/}\’int
dX; 7\'int

Ox, p ~ 45 —55g/cm?
OXx, Fe ™~ 10g/cm2

(E ~108eV)
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Pure Extragalactic

. R. Engel, CRMME22
Mass composition at Earth H He

800

1038 . ' : : ' 790 F-
Mixed Gal-EG | Pure Extragalactic [ A=1 780 F
o I 1<A<3 “'; 770 £
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© 10%7 Experimental uncertainties
T (model uncertainties smaller)
\ Energy scale: o, (E)/E = 14% qg
18.0 18.5 19.0 19.5 20.0 Xmax scale: 0, (X, ) =6+9gem™ =
logao(E/eV) o
B
Different model scenarios considered for low-energy part : E
(transition to galactic component), similar results for total composition obtained TV BT T R Ty ST —
logw(E/eV)
* Roughly consistent with “Peters cycle”. rigidity dependent acceleration
* Note relatively narrow range for each mass: rises and falls quickly 4
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TA measurement of composition is consistent with Auger’s

Testing the Compatibility of the Depth

of the

Shower Maximum Measurements performed at
Telescope Array and the Pierre Auger Observatory

Auger-TA Mass Composition Working Group Report

D.R. Bergman, J. Bellido, V. de Souza, R. Engel, Z. Gerber, J.H. Kim, E. Mayotte, O. Tkachenko,

M. Unger, A. Yushkov for the TA and Auger collaborations
Conclusion

We have constructed a representation of Auger X _ measurements as would have
been seen in the TA detector using the Sibyll 2.3d high-energy interaction model.

This representation agrees with TA <X_.,> measurements well, but there is
disagreement at some energies in (X __ ). This disagreement is plausibly due to

the handling of X__ resolution due to varying aerosols at TA

A robust difference between the Auger and TA X measurements has not been

found

A journal publication from the Mass Composition Working Gr
is forthcoming

Earlier differences due to:

* TAreliance on simulations

* low statistics

* sensitivity to shower modeling

SyS. errors: Auger TA wiss (Auger® +TAZ2
" @ AugerMix, ICRC (2019) ® TA
B TA, ApJ (2018)
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UHECR air shower modeling

Leading models: Sibyll23.d and EPOS-LHC [also QGSJET]
Tuned to LHC-data

Discrepancies describing UHE air showers (10x greater CM
energy; not p-p: UHECR + air nucleus, then pi's,etc + air)

~30% more muons observed than models predict

predicted <Xmax> ~ |0 too deep
muon production depth,...

=» Composition may be somewhat heavier than current models
16
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VWhat do we know
about UHECR sources?
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Magnetic deflections make source ID difficult

(de)Magnification too!
Deflections in JF12 field model; GF+M.Sutherland, JCAP19 i 107 v
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Magnetic deflections are large and
uncertain at low rigidity

) DeﬂeCtlon base Xr

magnitude
Source direction at E/Z =20 EV | y ! >

Larmor radius -
1.1 kpc (Rev / Bug)
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Unger-Farrar 2023 Model Suite

M. Unger, CRA23 & MU+GF to appear soon capEreE 2g/2 19
G. Farrar, CDY lecture, June 14,2023



Indirect constraints on sources

Detailed fit to spectrum & composition =¥ processing in
source environment [M. Muzio+GF Ap|23]

* Large scale anisotropy [T Bister+GF, in prep]

[Hotspots]

G. Farrar, CDY lecture, June 14,2023
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UFA 2015 model proposed to explain light population below ankle
Cosmic Rays are Accelerated,

then fragmented
Unger, GF & Anchordoqui 2015

ORIGIN OF THE ANKLE IN THE ULTRAHIGH ENERGY ... PHYSICAL REVIEW D 92, 123001 (2015)
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Cosmic Rays are Accelerated,
then fragmented Note large fraction of

Unger, GF & Anchordoqui 2015 fragmented primaries
|
ORIGIN OF THE ANKLE IN THE ULTRAHIGH ENERGY ... PHYSICAL REVIEW E|92, 123001 (2015)
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Peter's cycle protons would peak here
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Constrains the source environment (T, B,...)!

Muzio+GF Ap|L23
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Constrain the Surroundings of UHECR
Accelerators (M Muzio+GF, Ap)L2032)
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Tsurround =60-2000K
{Brms , L} of source (not accelerator as in Hillas) is constrained

G. Farrar ICRR, Jan. 17,2023

black-body case ng = 1; the conversion for other ng val-
ues is L = LBB/no, B = Un) BBB, )\C = }\c,BB/nO, and
Ng = No Ng,BB-

Muzio&GF arXiv:2209.08068



Tsurround = 60 - 2000 K eXCIUdeS man)’
candidate acceleration regions

' (2 x disfavored: T = [078K; no= 1)
AGN:
* radtetebes (T =~ few keV)

» linternal shocks in jet? may be problematic; must also account \for boost
« inner AGN disk: maybe ok (T=60-1000 K)

- but nearby dangerous regions & must gccount boost

" [B(G)
- Physics of AGN 5 Ny
= Accretion Disks = ' |
Heino Falcke N
MPIfR Bonn 5 01
)
180 —34
Milky Way
—61 Starburst galaxies
Normal galaxies
- Galaxy clusters
_124 E-==1 Blazar flare
71 TDE
—-15 T T T T T T -
-9 -6 -3 0 3 6 9 12
; SIZE (pc)
Massive Galaxy Clusters:
25 poor fit to UHECRs

G. Farran ICRR, Jan. 17,2023




Source Density Constraint from Anisotropy

Teresa Bister + GF to appear soon
DATA (Auger 2018):

« Ansatz: UHECR sources ~ large scale structure

= approximate illumination map ~r— W S
+ GMF deflections: 4\; =
Good accounting of dipole magnitude, - i\l
direction & energy dependence. P X N\ it
[Ding, Globus, GF ApJL 2021] . 3 5.“ bog
180-
« New: [T Bister+GF, in prep]
. e Observati e
« Self-consistent spectrum & composition E2 ey
* “Bias” of sources relative to LSS? (none seen)
* Place constraints on source density
26
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Modeling Anisotropy above 8 EeV

Teresa Bister + GF in prep,

N }’j'—‘j‘-’fﬂ,,,,\% 5 77777,{’}_‘:‘,‘ 027, 0,003 -0.0%2)
=N LSS =¥ lllumination map ' .
‘ | -30

K Z&. | /"2' .+ propagate thru GMF R

s @ - goodfittodipole
R R Poe
— m— P

[)—-: 1.0 13 :
G. Farrar, CDY lecture, June 14,2023 ' J 539 FoV THeds® : 45°Top Hat Smoothing



Source density < 10-3Mpc-3 strongly disfavored

Teresa Bister + GF to appear soon

Sampling source density:

1 1 H 0.008 E28EeV
Continuum model gives good fit to = o ocoor
p=0.1 / Mpc®, median .
o (13 i3] 0,006 p=0.01 / Mpc®, me 0.005 ' 99% C.L.
dipole. Create 1000 “source catalogs”, ot i
= p=00001 / Mpc? 0.004} o Auger data
o o %0 0.004
source densities 10-3, 104, 10-3, |06 Mpc-3 £ Il : oo
0.002 [ 8} Auger ICRC 2021
bl il oo
< < 0.000 [ S S S S S A S x— X ¥y v ,
Sampling source density: 1 o 15 2 o.01
0.06 ok ........-,A.§.A.0.............A.. .0.“!...........‘.....‘...0.......,...
fraction within statistical uncertainty: H 0E A 6 8 0w W e m
; ; . oy = 0.04 ‘ ’
dipole amplitude dipole direction amplitude and direction comb 8 ‘ ! v
1.0 1.0 L0 B |
—— 816 EeV . || B6EeV = %’0 02 ‘ | ‘
sl 16-32 EeV Sosf 16-32 EeV Z08 S % b \ ; |
| - >3 BeV I >32 eV 8 “HHHHHH;H;‘ X
EU-U — all combined —ifﬂ'(j all combined éy”'(" 0.00 1 : - . .
? £ : !
0.4 ; 0.4 ; 04} . 8-16 EeV e ’ . . . .
P X | e 16-32 BeV LT c’'s are even more constraining on source density than dipole
02 & F0.2 2 02{ —m >32 BV 2
B _:,/. 4 » = 2 — all combined
0.0 ,rg__—_,{”"i%’;/,l 5 o5 0T L T 1 S

logio(p/Mpc) logo(p/Mpc)

. behave as continuous model: 68% within
68% statistical

. combining direction & amplitude: almost
independent (0.682 = 0.46)

logio(p/Mpc)

number of examples where dipole
direction & amplitude fit at the same
time: 0/ 1000
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Data take-aways

Auger & TA in agreement on both spectrum and composition

Spectrum now very well measured; multiple breaks. Rigidity cuts
off at ~ 5 EV.

Lowest energy extragalactic CRs are protons and He.

Composition becomes heavier with E, possibly reaching Fe

29
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Interpretations

* Processing in region surrounding sources (UFA, MUF, ...)
 naturally explains sub-ankle extragalactic population

« => Spectral index can be consistent with DSA: escape from
source environment hardens intrinsic spectrum of
accelerator

+ Sources appear to be abundant and relatively weak

+ Tidal disruption? (GF+Gruzinov, Apj2009)

G. Farrar, CDY lecture, June 14,2023
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Puzzle

* Why is there so little (< factor-3) variation in composition

and Rmax Of SOUI"CGS? Ehlert, Oikonomou, Unger 2023

Mass composition at Earth
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™
11|
G. Farrar, CDY lecture, June 14,2023 18.0 18.5 19.0 19.5 20.0

logio(E/eV)

A=1
I1<A<S
4<A<23
22<A <39
38 <A <57
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