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Cosmic Rays

1912
Victor Hess discovers CRs
in a series of balloon flights.

1920
Robert Millikan calls them

“Cosmic Rays”
(but thinks they're photons)

1927
Jacob Clay concludes they
must be charged particles

1938
Pierre Auger discovers CR
“air showers” -> E > 10%eV
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Cosmic Rays

e Charged nucleons + 1%
electrons

* Broken power law
spectrum

e 1stKnee ~10* eV
e 2" Knee ~10' eV
* Ankle ~10%7 eV
* instep’ ~10%° eV

Auger, Phys.Rev.Lett. 125 (2020) 12,
121106

e Cutoff >5-10*° eV

Note: diffuse flux!
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https://doi.org/10.3389/fspas.2019.00023

Cosmic Rays

Acceleration

Propagation

Particle
)

© Quanta Magazine
The shock wave
creates turbulence
in the plasma’s
magnetic field.

The fast-moving
field reflects the
particle like a bat
hitting a baseball.
Some particles get
reflected over and
over, accelerating to
enormous speeds.

different acceleration
mechanisms but generally
believed to be “stochastic”

© J.A. Aguilar & J. Yang

AGNs, SNRs, GRBs... *

Gamma rays
They point to their sources, but they

can be absorbed and are created by »
multiple emission mechanisms.

Neutrinos
They are weak, neutral ‘ N Y AAAAA
particles that point to their .
sources and carry information
from deep within their origins.

air shower

*

They are charged particles and
are deflected by magnetic fields.

* CRs deflected in magnetic fields
* multimessenger observations necessary
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Deflection in Magnetic Fields

Extragal. Magn. Field

[ Essey et al. 2010 I Fermi-LAT 2018 (10 yr)
1 Alves Batista & Saveliev 2020 (D11) Fermi-LAT 2018 (10* yr)
I=71 Alves Batista & Saveliev 2020 (S16l) Fermi-LAT 2018 (107 yr, cons.)
[0 Neronov & Vovk 2010 Fermi-LAT 2018 (107 yr)
[0 Dermer et al. 2011 BN VERITAS 2017
I Finke et al. 2015 BN HESS. 2014 19.7 19.9 20.1 20.3
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Batista et al. Front. Astron. Space Sci., 04 June 2019
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Galactic Magnetic Field ‘

»/““//.
R=20EV -

V base
o expX
A neCL
¢ spur
% nebCor
# twistX
% crell
¢ synCG
% JF12

Unger & Farrar, Astrophys.J. 970

(2024) 1, 95

* Beowme poorly constrained
* Bga~O(uG) but shape unclear


https://doi.org/10.3389/fspas.2019.00023

The Energy Loss Horizon

Plots by A. di Matteo, using SimProp MC code:

Aloisio, DB, di Matteo, Grillo, Petrera & Salamida, JCAP 2017
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e strong energy loss via CMB & EBL at UHE
* highest-energy sources must be nearby
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Possible Sources
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Cosmic Ray Observations: Auger & TA

Y. Tsunesada, APC Workshop 2024
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Pierre Auger Observatory

The observatory is a detector of high-energy
cosmic rays that uses two different techniques

The particles are also
recorded when they

The collision react with the water
1 betvyeen the Air shower inside an array of 1,600
¢ particles produces a surface detectors

faint ligl

Source: Pierre Auger Observatory

Source: NASA

* indirect, hybrid observations:
particle “showers” in atmosphere

RIW REW

* two major facilities: Telescope Array (Utah), Pierre

Auger Observatory (Argentina)
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https://doi.org/10.3389/fspas.2019.00023

Cosmic Ray Observations: Auger & TA

event 12018427 06/27/2011 05:10:23 UTC
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Spectrum & Composition
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Coleman et al. Astropart.Phys. 149
(2023) 102819

"0000000

OE, sys. - Auger

1024

/
I

¢

Telescope Array
IceCube

Pierre Auger
Yakutsk

KG SIBYLL 2.3
TUNKA-133

1023 -

LAKAR
.....“

.O.AA‘
00"

o kA
.0 :AAA
0e0®

AA‘A*++

“:ooooo.

i

* A

1016

Domenik Ehlert | NTNU

- :‘]_617

- 11618

Energy (eV)

‘ ;I_IOIIQ J iaZO

19.06.2025 | N-PACT Meeting

(X max) [g cm™]

900

800+

6001

Energy [eV]

1(?17 1(218 10'19 1920
Pierre Auger o FD o SD 4 RD
Telescope Array v D 4 Cherenkov
Yakutsk ¢ Cherenkov € RD
Tunka & Cherenkov = RD
LOFAR % RD

- o
{ tog FD ¥
WA
oA A ﬁ%A¢oﬁw _(-""'
Il S Sibyll 2.3¢
R M — EPOS-LHC
+ P o QGSTet IL04
- T T T T
ilir} 18 19 20
I(E/[eV])
107 l(l)ls 109 10‘20

toys FD

17

18
Ig(E/[eV])


https://doi.org/10.3389/fspas.2019.00023

The UHECR Dipole

Auger Collaboration,
Science 357 (2017)
6537

(galactic coordinates)

90 1.24 -
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1.24

16 EaV = E<42 EaV 0.76 Auger Collaboration, Astrophys.J.

976 (2024) 1, 48

dipolar excess of ~6% at E > 8 EeV
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Fitting the Data

typical fit with hard injection
spectrum
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Caveat: Not physically
Sources are assumed — motivated!

to be identical. see diversity of
(for a particular population) Wm'n.OSlty, Size, magnetic
field, jet power, etc.
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The Source Spectrum

¢SFC:R_y.f(R’ Rmax)

Choice of UHE Cutoff:
(1) Heaviside

gbsrc — ¢0 R ee 19(I%m:—:u-: .

(2) Exponential

(3) Broken-Exponential
Qﬁ’src = QSO R™ s CXp (

(4) Super-Exponential

Il
gbsrc — ‘;b() R {

exp (1 —

gbsrc — (;50 R_’Tsrc eXp
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Population of non-
identical sources
P(Rmax)

Distribution of
maximum rigidities

standard: R - 5( R

max )

here: R . 90
max dRmaX

RO Rmax

Assume powerlaw: e.g. distribution of

Kachelriess+, Phys. Lett. B 634, 143 (2006) 1) L t f t
orentz ractors

0 Rmax < Ry 2)luminosities
p(RmaX) =

BPOP_]‘ ( Rmax ) _ﬂpop

ion otherwise,

Ry
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Population of non-
identical sources

Population Spectrum
¢pop:_f dRmax ¢src(R’Rmax)'p(Rmax’R0>]
0

(1) Heaviside 10V e
hi R 1 = RO — : ~~~\\
s —Ysrc —Bpop+1 © ]
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|
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-exp _ T | ~— ] ..
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aNBeetl g broken — exp
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Fitting the data

Domenik Ehlert | NTNU

9 d; —m(Ei,p)\° 2 2
X = Z d. + XUL + Xozery T Xahifts
EiZEmin O-Stat( Z)

: : ULs
upper limit oo = 3 2nmodel
points —

g ) 2
. 2 .
scale shifts Xshitts = Z <a—k>

Fit Ro, B, Y, fAR, Lo (m, )

J | 18 _
E: Al107%eV fR:fEZ(A) 4l
A
fa > aJaliotsev A

Simulate propagation with CRPropa

19.06.2025 | N-PACT Meeting

17



Results - single powerlaw

75 I'C
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- Problem:
= mass groups
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10" mixed!
1g-?
20
10
= )
2
—7 0 2 107! 10° 10! 102
sre Rg [EV]

Domenik Ehlert | NTNU

model SIBYLL2.3¢ = SiBYLL2.3¢  Epros-LHC
(no shifts) = (fid. shifts) (fid. shifts)

Ry [EV] 1,780 o1 0LBR oo 1.6708
Boop 2097171 | 5.282% 4.4103
Yorc —0.25705 —0.815 DLliER
Lo [10% 25— ] 2841006 Bog R
R%% [Ro] 1.08370:8%5 1.2 197 2
A 200 =0T ~ 055
8421104 o | e9stsl

14.4775%6 | 98.1613.22 'y ANy

1187013 | 0.14%55 3.017 5

0.130%001> | 1.69TTE5  0.205T0475

x? /dof 45.0/26 40.4/26 56.3/26
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Model Variations

2

Model Parameter Buen Ysre X
fd 52T ™ —-0.87573 40.4
bp B1, B Yrat 25102 36.7
71 € [-5,2] AFFET —manty i“; 33.7
zn m = —3 44723 02153 I3
m =3 646702 2,010, 42.5
m =6 6461336  —pogr0el 68.9
zm pmn =001 29.9757¢ 0.381052 46.2
sc X € [1,50] 0TS 148701 33.6
fe by 3aetett LOTHSS  110:8
ex Eros-LHC| 317757 143100 40.6
SIBYLL2.3c = 4 1805 34.7
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Theoretical Expectations

ID |Param. Distribution Do M Sources Beop, s
L1 | B SPL, p(Rmax|Bpop) | Bpop Ysre
1.2 |Rpax BPL, p(Rmax|f1, B2)
B <1 ~ B2 R VYsre
B > 1 By =81 +L | Yeeg 8 =1
I |BRaax & I'™ SPL, dp/dL(i) (n—1)/a+ 2| Yerc Blazars [45]®: n = 1.440.2
—Ysre + &/ + Hillas: =1 E=1 3.4+0.2—Ysre
+ Espresso: a =2, £ =0 2.240.1—Yere
IT1.1 | Rmax o< V'L SPL, dp/ dL(y2) 2y2 — 3 Yerc BLLacs [53]":  y2 = 2.610.37 2.2240.74
FSRQs [54]°: 92 = 2.36+0.10 1.72=0.20
Blazars [54] B yo = 2.32+0.08 1.64+0.16
TDEs [55, 56]: y2 = 2.30x0.20 1.60+0.40
1.2 | Rumax < VL BPL, dp/ dL(y1,y2)
y1 <2 ~2y2 — 3 B Yo GRBs [57]: 1 =1.2192, yp = 2440223 18494
FSRQs [54]°: y1 = 0x2.07, y2 = 2.6T+0.17 2.34+0.31
Blazars [54} b, y1 = 0.49+1.15, y2 = 2.7940.19( 2.58+0.38
Seyferts [58]: y1 = 1.96x0.04, y2 = 3.71x0.00 |4.4210.18
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Results - broken powerlaw

Standard Candles
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Conclusions

dp/dRmax as powerlaw:

—— Hydrogen — Nitrogen Iron

-> sources nearly identical! —— Helium Silicon __ Total cosmicray

1032 ]

spectrum

« Optimistic:  Rmax™[Ro, 3R]%%%

« Conservative:Rmax™[Ro, 2R0]%*%

Possible Solutions:

(a) Standard Candle -like sources
# AGN, GRB, TDE

(b) Flux dominated by few local
sources Eeriat

(c) Broken-powerlaw dp/dRmax

Energy Flux [erg ™ Mpce 2 yr~1]

Domenik Ehlert | NTNU 19.06.2025 | N-PACT Meeting 22



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22

