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Cosmic rays
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Neutrinos
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The multi-messenger connection: a simple picture
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Ultra-high-energy
COSMIC rays






RS 1962: First cosmic rays with >10" eV
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A story more than 100 years old
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A story more than 100 years old
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Cosmic rays discovered

The state at the beginning of the 20™ century:
(1) ambient radiation was already known to exist

(2) believed to be mainly coming from the ground

ambient radiation measured
to be lower at the top ...

1 km tall mountain
(badly drawn)

... than at ground level

Problem: they had measured only up to ~1 km of altitude




Physics is a risky business
Victor Hess — 1911-1913, balloon flights up to 5.3 km
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Physics is a risky business
Victor Hess — 1911-1913, balloon flights up to 5.3 km
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The cosmic ray spectrum at Earth
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The cosmic ray spectrum at Earth
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So what are cosmic rays?

Low energies: from the Sun
— mostly electrons + protons

i Higher energies: from supernovae
inside the Milky Way
— protons and nuclei

Highest energies: from beyond the Milky Way
8 — protons + heavier nuclei




So what are cosmic rays?

Low energies: from the Sun
— mostly electrons + protons

Higher energies: from supernovae
| inside the Milky Way
¥ — prot d nuclei

| — protons and nuclel We will talk

— about these

Highest energies: from beyond the Milky Way
— protons + heavier nuclei




The UHECR all-particle spectrum

E’SF(E) [GeV"® m2 s sr-1]

Particle Data Group, PTEP 2022
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What are they?

Protons and nuclei with energies
above 10" eV



Is that a lot?

Yes.
10°-10° times higher than LHC protons

A 10°-eV proton has the kinetic energy of a kicked football

We know no particles more energetic than UHECRSs



So what’s making them?

Good question. We don’t know.

Whatever it is, it is one of the most violent processes
in the Universe

(OKk, fine: extragalactic non-thermal astrophysical sources
that act as cosmic particle accelerators)



Why 1s it so hard?

UHECRs don't travel in straight lines

(the Universe is magnetized)

_|_
UHECRSs are rare

(the Universe is opaque to them)



Are we getting closer?

Yes.
We detect a growing number of UHECRs

and

we can use neutrinos, too
(more on this later)



Redshift g ] z=0

At production:
Each source injects
UHECRs
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During propagation

At production 2
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UHECR sources distributed in redshift

During propagation
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Redshift g

UHECR sources distributed in redshift

During propagation
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UHECR
production



UHECR sources are messy

Man-made accelerators Astrophysical accelerators

>

>

'

o (s sl o [ 58 o o (o o o 4 s

>

P downstream — upstream downstream « upstream
Acceleration In vacuum In a medium
E.m. fields Ordered Messy
Beam dumps Precisely regulated Fully unregulated

Astrophysical accelerators inevitably make high-energy secondaries
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Fermi acceleration

Upstream to downstream Downstream to upstream

In each crossing, the

Charged particle i ,
| particle gains energy

AFE x Ushock
Shock

Average energy of a particle after one crossing: EF =k E,

Probability that the particle remains in the acceleration region after one crossing: P

After n collisions, N = N, P" particle remain, with energy E = E, k"

In P

Energy spectrum: N (E)dE «c E~'Tr dE

4
AE :%(9> and P:1—Pescz1——(9) — N(E)dE x E~2dE
E 3 \c 3 \c




Hillas criterion
1|au 1Pc lklpc 1Mpc

A necessary condition to accelerate
charged particles is confinement 10M 4. — 6=10

within the acceleration region.
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r 105 |
Relativistic
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Magnetic field (B) 10~

Confinement holds until

Magnetic Field Strength [G]

1074
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Acceleration efficiency
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Hillas, Ann. Rev. Astron. Astrophys. 1984 Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Hillas criterion

A necessary condition to accelerate
charged particles is confinement
within the acceleration region
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Hillas criterion

But not sufficient! ]

1 au 1pc 1kpc 1 Mpc
A necessary condition to accelerate P | | | |
charged particles is confinement 10M 3 — g 201601
. . . . eutron stars, . ===== =V.
within the acceleration region . B magnetars
10 ] ~ \\\
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'Z' 108
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Magnetic field (B) '4‘]::3 10~ e
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UHECR
propagation



Calculating the UHECR flux at Earth
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Redshift g | z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)
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Redshift g | z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)

During propagation:
UHECRs deflected by
extragalactic and Galactic

magnetic fields ‘2
At production:
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UHECRS UHE p + nuclei \‘ \
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Redshift g

| z=0
UHECR sources distributed in redshift (e.g., as star-formation rate)
During propagation:
UHECRs deflected by
extragalactic and Galactic Detection:
magnetic fields UHECRs detected
at Earth
At production:
Each source injects é
UHECRS /N UHEp + nuclei ; \‘ \I
/‘ J 5%
----- -~ '\ 4. Cosmogenic neutrmos
7 TN
{ \
/ CMB/EBL y er, e ) ‘.‘  CMB/EBL y Y During propagation:
\ EeV v UHECRs lose energy
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Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density
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Comoving number density of protons (GeV= cm?): Y, (E, z) = o’ (2)n,(E, z) = (1+2)°

ny(E, 2)
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Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

r—

Comoving number density of protons (GeV= cm?): Y, (E, z) = o’ (2)n,(E, z) = (1+2)°

ny(E, 2)

Solve a propagation equation: Energy loss rates: b = — e

dt
Yp — aE(HEYp) + 8E(be+e_Y;)) + aE(bzoq/Y})) + ['CR,
v
o
Energy loss due to adiabatic
cosmological expansion




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

r—

Comoving number density of protons (GeV= cm?): Y, (E, z) = o’ (2)n,(E, z) = (1+2)°

ny(E, 2)

Solve a propagation equation: Energy loss rates: b = _ek

dt
= 8E(HEY ) + 8E e+e ) + 8E(mep) + Lon

— Ki
o
Energy loss due to adiabatic Energy loss due to

cosmological expansion pair production:
p+y—pte+e




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

1
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+ other process
+ n beta-decay into p




Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1n,: Real number density

1
Comoving number density of protons (GeV" cm?): Y,,(E, z) = a’(2)n,(E, z) = mnp(E, 2)
Solve a propagation equation: Energy loss rates: b = — C;_f
= 8E(HEY ) + 8E e+e ) + 8E(mep) + ﬁCR
o
Energy loss due to adiabatic Energy loss due to Energy loss due Cosmic-ray injection
cosmological expansion pair production: ~ to photohadronicint.: by UHECR sources

p+y—op+e+e p+y—p+n
p+y—on+mn
+ other process

+ n beta-decay into p
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Solve a propagation equation:
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Recast in terms of redshift using
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with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp
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Calculatlng the UHECR ﬂuX at Earth a: Scale factor 1,: Real number density

r—

Comoving number density of protons (GeV" cm?): Y,,(E, z) = a’(2)n,(E, z) = (1+2)°

ny(E, 2)

Solve a propagation equation:
Y, = Op(HEY,) + 0p(bete-Yp) + 05 (b Yy) + Lon

Recast in terms of redshift using

dz
with Hubble parameter

H(2) = Ho/Qn (1 + 2)3 + Qp

-1
(1+2)H(2)

asz(Ev z) = {8E(H(Z)EYP(E7 2)) + Op(be+e- (F, Z)Yp(Ev z))
+ Op(bpy(E, 2)Yp(E, 2)) + Lor (L, 2)}

Evolve this equation from z,,, ~ 4 to Earth (z = 0)




Calculating the UHECR flux at Earth

—1

Yo E.2) = T HG)

{96(H(2)EY,(FE, 2)) + 0p(bet - (E, 2)Yp(E, 2))
+ 8E<bp7(E7 Z)Yp(Ev Z)) + £CR<E7 Z)}

Cosmic-ray injection by UHECR sources

Each source injects UHECRs The number density of sources
with a spectrum (GeV™ s) evolves with redshift (Mpc™)
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Calculating the UHECR flux at Earth

1
(14+2)H(z2)

0.Y,(E, z) = {0p(H(2)EY,(E, 2)) + O (be+e- (E, 2)Y,(E, 2))

+ 8E<bp7(E7 Z)Yp(Ev Z)) + £CR<E7 Z)}

Adiabatic cosmological expansion

B t producti
Energy at Earth = — &9 o Proguction

1+z




Calculating the UHECR flux at Earth

—1
0.Y,(E,2) = v 77757 (Op (H(IEY,(E.2) + Op(bes - (B.)¥,(E. )
+ Op(bpy(E, 2)Yp(E, 2)) + Lor(F. 2)}
Interaction with cosmological backgrounds
(pair production + photohadronic)
p+v—A

10°

10?' — CMB - — Blackbody spectrum Energy threshold to produce
- 120: o ((:;ilnceschmiet al) ) ' a A(1232) resonance:
E | e CIB2 i —
E 1071} (Stecker et al.) “‘3‘\‘ Pp + Py =PA
g 107 e N~ -
< oo R <] Optical/UV emission
S . j \Y from stars, reprocessed

= into infrared by dust

107 ] Voo E,E, ~0.16 GeV?

107 TR TR _'1'; > 1o _'8‘ 6 (We will use this later, too)




Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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of CIB is more L
complex than CMB o

CIB number density is
< CMB number
density, so there are

{ fewer UHECR
interactions on CIB
_____________________ i photons (bey < bes)

NeuCosmA2012

[Mpc]

103.

Energy loss length
cE
b

I 10}
Il
~
101.
100.
Z =)
1071} ==-- z=6
10—2 ........................
8 9 10 11 12 13




Calculating the UHECR flux at Earth
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Calculating the UHECR flux at Earth
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The Universe is opaque to UHECRs
Target photon spectra (at z = 0):

Photohadronic processes:
CMB: Microwave (black body, <e> ~ 0.66 meV)\

(I?’Y + V 103 IIIIIIIIIIIIIIIIIIIIIIIIIIIII
;U + TT e
+y—->A— " [ = G
Py n+m 10!} ---- CIB1

(Franceschiniet al.)

e CIB2
(Stecker et al.)

< +
Lvu+vp+ve+e

p—
S
(=}

Pair production:

“eu
s
.

p+y—p+e+e

en, (g 0) [cm“3]

f— o [ [a—y
e © o ©
L b b L

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

-5
0.16 GeV? o
PR N2 101 Gev 10-6L— - . ¥ . .
0.66 meV -20 -18 -16 -14 -12 -10 -8 |-6
(Assuming only photohadronic interaction) log (GeV)

Accounting also for pair production and CMB width: CIB: optical (stars) + infrared (dust remission)

Ep=5- 101 GeV n(z) = (1+z)° n,(z=0) (exact only for CMB)

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966



The Universe is opaque to UHECRs

Photohadronic processes:
Py+y
p+ 1
pry—=A—= 4
bV, +V, +V, + e
Pair production:

p+y—op+e+e

Greisen-Zatsepin-Kuzmin (GZK) cut-off:

N 0.16 GeV?
P™0.66 meV

(Assuming only photohadronic interaction)

~ 2101 Cev

Accounting also for pair production and CMB width:

Ep~5-101 Gev

Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966

Mean free path:
(n,{0),,)" = (413 cm® x 200 pbarn)”
~ 10 cm
~ 4 Mpc

Energy-loss scale:

L = (E/AE)(n, (o),
(1/0.2) x 4 Mpc
20 Mpc

TR

A more detailed calculation yields

Lezx = 100 Mpc




The Universe is opaque to UHECRs

107 : .
Photohadronic processes: z
100} ]
Py+y
p+m 10%} “]
— A —
pry—A n+m B
+ 104+
bV, +Vv, +Vv.+e L N e S
: . 2
Pair production: s 0
- + Q| . 0 fTTTTTTTTTmTmmees o
p+ry—pte+e KJI|Q 10%} ‘\ .
“ N
Greisen-Zatsepin-Kuzmin (GZK) cut-off: = ol N \ _——.
~~~~~__ _\ ________ g
0.16 G€V2 9 1011 CeV T "‘{" ‘‘‘‘‘‘
~ & . c 0l L CMB
P70.66 meV B N PY
(Assuming only photohadronic interaction) 10-1L --=- z=6 _,,,«'\‘1‘\
. . . A S n decay S—— -]
Accounting also for pair production and CMB width B
8 9 10 11 12 13
Ep~5-101 Gev

E
log
Greisen PRL 1966; Zatsepin & Kuzmin, JETP 1966 GeV




The Universe is also opaque to PeV gamma rays

Pair production: 4 1 TeV 1 PeV 1 EeV
i N 10 Ellllllﬂ]\i‘.‘lilllllﬂ'l ||||||IT| TTIT |||||I':| |||||nT| |||||nT| |||||nT| ||||||1T| ||||||Eﬂ
Yastro T Ycosmo > € T € i & “n‘_ : ]
. 103 = \'\ “"i; : .
Inverse Compton scattering;: F Nk ! =
B iy, 0 i
ei + Ycosmo ei + Y 1()2 = \'\'\\&f"\. : .. =
S M 1 Thisis why E
- \ ] -
PeV gamma rays cascade down to MeV-GeV: |t V) Galactie detect
Q = % =
= . - — 2 10 - %| 1 PeVatrons =
LR : Total EGB = [ Vo ]
5 E - 3 L | _
e F 1 < 10 E l : =
o - - = | ] 3
> - 7 B ! ' ]
= 04k = 1L : ' l
T 10 o E
= - e Fermi LAT, 50 months, (FG model A) - - 8lsltartl.ce Ct:O ¢ : .
T i ——a&—— Fermi LAT, 50 months, (FG model B) ] 10'2 = - -a-a-C-IS--eP-e-I' ___________________ =
10° 3 Fermi LAT, 50 months, (FG model C) = g l =
. —— i , , 3 = | -
- || Galactic foreground modeling uncertainty . B : ]
: Fermi LAT, resolved sources, |b|>20> (FG model A) : 10_3 ll()l ||I||,|,| 11 |l|l|,|,| 1I2I IIIII_II 11 |I||_|_|,| 1l4|.||||_d 11 IIII_I_IJ 116IIIII_I_IJ | llIlI_I_IJ 1|81 IIlII,IJ L 20
jothl e 10° 100 10° 10° 10° 10
3 5 6
10° 10 18" 10 10

Energy [MeV] Venters, Ap] 2010 Energy [eV]

Fermi-LAT, Ap] 2015



Calculating the UHECR flux at Earth

Putting it all together...

—1

0=Yp(E.2) = T H )

{0(H(2)EY,(E,2)) + Op(bete- (E,2)Y,(E, 2))
+ Op(bpy (E, 2)Yp(E, 2)) + Lor(E, 2)}

Evolve numerically
fromz__~4

maxX

to Earth (z = 0)

\/

Ditfuse UHECR proton flux at Earth (GeV"! cm? s sr):

C
JP(E) = Enp(EaZ = 0)

This factor converts density to flux —j




Calculating the UHECR flux at Earth

103 —

E; Jp [GeV?em 257 sr7!]

101 ;

« HiRes-I * HiRes—II &

. :
IR i

dip model, y = 2.5, SFR, CIBI
Epmax = 10%°° eV

M

8 9 10

11

12

Old UHECR
data (just as
example)




Calculating the UHECR flux at Earth

Compare our predicted flux to the measured flux:

Flux normalization Flux data points

i data 3 3 HiRes \ 2 2
B3, (Jy0) — (E3J,) 5
X (Jp.0,05) = Z ( — O,< p)z ) + (i)

Energy shift (nuisance) = Uncertainty of i-th data point =~ Systematic energy uncertainty

Minimize the function with respect to /,, and o,

Note: This is a simplified setup; in reality, many flux parameters are jointly varied




Calculating the UHECR flux at Earth

Compare our predicted flux to the measured flux:

Flux normalization Flux data points “Pull term”

-~ A ~ P ,a” ’--N\\
data HiRes \ 2 / ;

B3 (J. o) — (E3J.)" {7s5.\2
X (Jpos08) = Y 2(ho) — (BL), JF(_E)

p 0; \ OF /

\\\---/,/,
Energy shift (nuisance) = Uncertainty of i-th data point =~ Systematic energy uncertainty

SN

Minimize the function with respect to /,, and o,

Note: This is a simplified setup; in reality, many flux parameters are jointly varied




Calculating the UHECR flux at Earth

103 —

101 ;

dip model, y = 2.5, SFR, CIB1

Ep

* HiRes-I * HiRes-II

max = 107 eV

10 11

12




Calculating the UHECR flux at Earth

10° =
* HiRes-I * HiRes-II

n
7
T
%}
i
g 102}
o “
> dip model,y = 2.5, SFR, CIB1 v \R
O 1\’

: & g E =100V i
Varying the =~ — S \
maximum —&3 { wmn B =102V \‘ :

proton energy | | ..o Epmax=10"eV VL
1 .

(. |‘ \ s

10'- L

QCR(E) X E_'Ye_E/Emax log( EO )
GeV




Calculating the UHECR flux at Earth

103 —

Varving the
’o‘ V4 e e y = 2 \ . ‘u\ 27 g
1 dipmodel, §FR,CIBI PP G A T proton
E o 1g5ey . RN spectral index
p,max ﬂ € |‘ L]
1 £ 0 e y =2.7 J 1 \‘. “
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Calculating the UHECR flux at Earth /o
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The UHECR all- part1c1e spectrum

Alves Bat1sta et al (mc MB) F;ont Astron Space Scz 2019
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The UHECR all- part1cle spectrum

Alves Batlsta et al (mc MB) Front Astron Space Scz 2019
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The UHECR all- part1c1e spectrum

Alves Batlsta et al (mc MB) Front Astron Space Scz 2019
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The UHECR all- part1cle spectrum

Alves Batlsta et al (mc MB) Front Astron Space Scz 2019

*

10|, —
B (| Prioton knee |
S 02t i
o D
E i
= 4| :
e 10
T

10° -

108

16" e 9g'© e 1g"e 19"= 10%°

E [eV]




The UHECR all- part1cle spectrum

Alves Bat1sta et al (1nc MB) Front Astron Space Scz 2019

Rate [m'2 day'1]
S

10™®

Galactic CR sources
1078 | (supernova remnants)

Proton knee (3 PeV)

Iron knee
(or second knee)

Origin of knees is unknown

Could be due to...

Propagation effects:
» CRs scatter on magnetic turbulence

of size A
» Maximum energy from

R, ~)_. ~ tens of pc

Maximum accel. energy:
» Hillas criterion limits acceleration

1014
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The UHECR all- part1cle spectrum

Alves Batlsta et al (mc MB) Front Astron Space Scz 2019
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The UHECR all- part1cle spectrum

Alves Bat1sta et al (1nc MB) Front Astron Space Scz 2019
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The UHECR all- part1cle spectrum

Alves Bat1sta et al (1nc MB) Front Astron Space Scz 2019
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The UHECR all- part1cle spectrum

Alves Batlsta et al (mc MB) Front Astron Space Scz 2019
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The UHECR all- part1cle spectrum more features!

10° |
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Alves Batlsta et al (1nc MB) Front Astron Space Scz 2019
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- ' — l 4
The UHECR all-particle spectrum — more features! | 47 2 ; g
C
15 years of Auger data (2004-2019)! = [ e, =
T% 1 019 E_ L4 ° :30:,\%}%&:1\\6 @a,ﬁb‘\\\ - __ 1 054«}13
7 = ® e ° :'@ \‘oq\qo,\ 5 E 8“
~215k events above 2.5 X 10" eV v F R S~
E 10 g_ ° .057 3 10 ﬁ
Use hybrid events detected by surface (Ei 1017;_ ¢ ; o _ . %z
+ fluorescence detectors to calibrate S + 07 5
—Allows us to measure energies of 3 S *‘ AE
other events robustly 2 o © . i At the highest energies,
- w\‘ only 15 UHECRs!
CR luminosity density above 5 X 108 eV: > |
6 X 10* erg Mpc? yr! 51037 L e
(could be AGN or starburst galaxies) = f Crpepp—
\< - j/4=5.li0.3i0.l
— I ‘1'(;19
Auger Collab., PRL 2020 E [eV]

See also: Auger Collab., PRD 2020



Luminosity density of UHECR sources
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Luminosity density of UHECR sources

[y
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=

E*°F(E) [GeV"® m2 s sr-1]
S
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1 Lilll 1 11 111
10 10" 10" 10" 10" 10

UHECR luminosity density above 5 X 10' eV:

CR energy density (measured)

Ew Qo= > =
Typical CR energy-loss time (estimated)

~5 X 10* erg Mpc™ yr!

E [eV]




Luminosity density of UHECR sources

10%

EcrQcr = Legnen
10% o

o
=
no

1

1040 i

—_

=)
w
co

Effective luminosity [erg/s]

—_

O
w
(@)

Ecr@Qcr = 5 X 1044erg Mpc_3 yr_1

—_

)
w
>~

10_10 10'—8 1Ol—6 10._4 10|—2 W 102
Effective number density [Mpc™]




Luminosity density of UHECR sources
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Luminosity density

of UHECR sources
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Luminosity density of UHECR sources
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Luminosity density of UHECR sources

Two complementary criteria to constrain potential UHECR source classes—

1 au 1

pc 1kpc 1 Mpc
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019
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Luminosity density of UHECR sources

Two complementary criteria to constrain potential UHECR source classes—

1au 1pc 1kpc 1 Mpc
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Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019
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Redshift g

| z=0
UHECR sources distributed in redshift (e.g., as star-formation rate) l
During propagation:
UHECRs deflected by
extragalactic and Galgctic Detection:
magnetic fields UHECRs detected
at Earth
At production:
Each source injects
UHECRs
{ ) ' trinos
M"r\\ Cosmogenic ned
\ -
CMB/EBL y / e, e v { CMB/EBLYy During propagation:
W \ EeV v UHECRSs lose energy
AR \\4 e . , 1 and photodisintegrate
EeV p Lower- EeVp rmesee by interacting with cosmic
CNergy p photon backgrounds
Energy loss by pair production 1 Photohadronic interaction
Ne-




What about the cosmogenic neutrinos?

Co-evolve UHECRs and cosmogenic neutrinos:

UHECRs: 0.Y,(F.2) = +;)1H(Z) (05(H(2)EY,(E, 2)) + 05(byr o (E, 2)Y,(E, 2))
+ aE(bm(Ea Z>Yp(E> z)) + Ler(E, 2)}
Neutrinos: 0.Y,(F, z) = A +;)1H<Z> {0(H(2)EY,(E,2))+ L,(E,2)}

Note: We can propagate gamma rays by adding an additional equation for them




Cosmogenic neutrinos
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The position of the v bump is determined
by the A-resonance production threshold,

E,E, ~ 0.2 GeV* |

and the relation between neutrino energy
and proton energy,

E, ~ E,/20.

So the neutrino spectrum peaks at

0.01 GeV
E./GeV

E, ~

Let’s put this to test »
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Cosmogenic neutrinos
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Cosmogenic neutrinos
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Cosmogenic neutrinos
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Cosmogenic neutrinos
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Cosmogenic neutrinos—they come from afar
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UHECRSs: no cosmogenic neutrinos means no pure protons
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UHECRSs: no cosmogenic neutrinos means no pure protons
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UHECRSs: no cosmogenic neutrinos means no pure protons
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UHECRSs: no cosmogenic neutrinos means no pure protons

UHECRsS (pure protons) Cosmogenic neutrinos
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Redshift g | z=0

Extragalactic B ~ nG (?) Galactic B ~uG
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Redshift g ] z=0

Extragalactic B ~ nG (?)
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Larger charge bends more Longer trajectories bend more Magnetic field intensity
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Larger charge bends more L. field coherence length
Sigl, Miniati, Ensslin, PRD 2004




Redshift g

Extragalactic B ~ nG (?)
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Scattering on magnetic fields

Galactic B ~uG

Faraday rotation: Polarization of e.m. waves
by magnetized plasma
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Jansson & Farrar, Ap] 2012



Scattering on magnetic fields

Galactic B ~uG

Galactic deflections of 60-EeV protons

L
5~ 16°7 20 EeV / dL B
E o 3kpc \2uG

Auger Collab., Astropart. Phys. 2007
Jansson & Farrar, Ap] 2012




Practical matters

How to compute the UHECR spectrum, mass composition, anisotropy?

Write your own code from scratch: Great for learning, gets complicated fast

PriNCe: Fast solver of the transport equation of UHECRs + cosmogenic neutrinos
github.com /joheinze /PriNCe

SimProp: Original Monte-Carlo propagator of UHECRs and secondaries, updated

augeraq.sites.Ings.infn.it/SimProp

CRPropa: Widely used Monte-Carlo propagator of UHECRs, neutrinos, gamma
rays, including magnetic deflection

crpropa.desy.de

Others: Hermes (arXiv:1305.4364), TransportCR (sourceforge.net), ...



https://github.com/joheinze/PriNCe
https://crpropa.desy.de/
https://augeraq.sites.lngs.infn.it/SimProp/
https://arxiv.org/abs/1305.4364
https://sourceforge.net/projects/transportcr

UHECR
detection
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005
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Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

Electron
splitting
length,
d=A\1In2

*

Radiation
length

(g cm?)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere
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Higher altitude

Distance over which e

y loses half its energy
n=1

Electron
splitting
length,
d=A\1In2

*

Radiation
length

(g cm?)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
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Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005
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N = 2" = ¢%/Ar




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitud : i
1gher altitude Distance over which e

y loses half its energy
n=1

[ Electron | After n
splitting splitting
length, lengths,
d=A\1In2
i * Depth
traveled:
Radiation x=nhiIn2
length
(g cm?) Number of
particles (e + y):
N = 2" = ¢%/Ar

Lower altitude

L Cascade development stops after n. splittings,
when the particle energies are too low for

Heitler, The Quantum Theory of Radiation, 1954 pair production or bremsstrahlung

Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:
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Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

Electron
splitting
length,
d=A\1In2

*

Radiation
length

(g cm?)

Lower altitude Each particle: EC
(= 85 MeV in air)

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005

After n
splitting
lengths,

Depth
traveled:
x=nhiIn2

Number of
particles (e + y):

N = 2" = ¢%/Ar




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude

The cascade reaches its
maximum size N = N,
when all particles have

[ Electron | Aftern energy Ec so that
splitting splitting
length, lengths, Ey=Ec Ny -
d=X\1In2
* Depth But N, = 2"€, so
traveled:
Radiation x=nk1In2 nc = lr1(EO/EC)/ In 2
length
(g cm?) Number of And X, =ncdis
particles (e + y):
N =27 = %/Ar Xinax = AT 111(E0/Ec)

Lower altitude Each particle: EC
(= 85 MeV in air)

Heitler, The Quantum Theory of Radiation, 1954

Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
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n=1
........................... CRRRRE TR
\\\\\\\
\
Nen gt W 7 Nen
(Multiplicity N\ K 2
oc EV5) Y
n=
\
\ .
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Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
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Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
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------------------------- :‘\\\ Thickness After n lengths,
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Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
E, |P
n=1 .
------------------------- :\\\\ Thickness After n lengths,
N rt \;\\\\:\\ 7° N M In2 Number of n*:
(Multiplicity \\\\\\\ 2 + Np = N§,
oc E1/5) W\
_______________________________________________ I _=_2 | Interaction Total energy
\ length (g cm?) in
\\ Not all pion (2/3)" Eq
\ lines shown
\ Per m*:
n=3 ) o Lo _
_ 24Vc

r\\ > Each particle: E& K -
Lower altitude Cascade development stops after n. lengths,
when the average pion energy E is such that

Heitler, The Quantum Theory of Radiation, 1954 the de cay length of T is < A
1

Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
E Number of interactions to reach £, = EJ: nc = 3
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Lower altitude Cascade development stops after n. lengths,
when the average pion energy E is such that

Heitler, The Quantum Theory of Radiation, 1954 the de cay length of T is < A
1

Matthews, Astropart. Phys. 2005




Shower development in the atmosphere

Heitler model—simple, but illustrative:

Higher altitude
E |p Number of interactions to reach £, = E&: n
0
n=1 .
--------------------------- :\\\\ Thickness After n lengths,
Nen Tt \:\\\:\\ 7° N M In2 Number of ©*:
(Multiplicity \\\\\\\ 2 + Np = N§,
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\\ Not all pion (2/3)" Eq
\ lines shown
\ Per n*:
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F\\ *\ Each particle: £ K .
Lower altitude Cascade development stops after n. lengths,
when the average pion energy E is such that

Heitler, The Quantum Theory of Radiation, 1954 the de cay length of T is < A
1

Matthews, Astropart. Phys. 2005

_ In(Ey/E7)

ln(%NCh)

Let’s put this
all together to
infer E, and
X .. from
measured

quantities
(simplified
calculations)




Shower development in the atmosphere
Inferring the primary UHECR energy:

Higher altitude
E, |P
n=1
___________________________ T ERREE
N
W\
W 7
W\
\\\\\\\
n=2
\
\
n=3

v . .
r v\ All pions decay into muons:
Lower altitude N, muons each with £

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere
Inferring the primary UHECR energy:

Higher altitude Electromagnetic shower

v . .
r v\ All pions decay into muons:
Lower altitude N, muons each with E7 - e’

. ) . . -
Heitler, The Quantum Theory of Radiation, 1954 At maximum: N, max part1C1€S each with &/ C
Matthews, Astropart. Phys. 2005




Shower development in the atmosphere
Inferring the primary UHECR energy:

Higher altitude

Electromagnetic shower

(4

E, |P f
{

Measured by Energy of the primary:

fluorescence
detectors

>

Lower altitude N , INuons each with Eg

—— R
Eqy = E(%Nmax -+ EgNi/

4

Measured by
particle detectors
on the ground

n=1

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005

At maximum: N, particles each with E¢
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Shower development in the atmosphere

Inferring X, ¢
Higher altitude T Proton-air interaction length:
Depth of
EO 1% first )\I — Op—air <mair>
interaction: A
X,
| Thickness Hard Easy
A In 2
+ High-energy
proton-air
1 Interaction cross section
length (g cm?)

Average target mass of air
(needs model of density
profile of atmosphere)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954

Matthews, Astropart. Phys. 2005 m



Shower development in the atmosphere
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Shower development in the atmosphere

Inferring X, ¢
Higher altitude T Proton-air interaction length:
Depth of
EO P first Al = Op—air <mair>
interaction:

X,

T Thickness
A In 2

+

1 Interaction
length (g cm?)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ...

Higher altitude T Proton-air interaction length:
Depth of
EO P first )\I — Op—air <mair>
interaction:
X,
1 Depth of first interaction:
Thickness
A In 2 X1 =A1n2
1 Interaction
length (g cm?)

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ...

Higher altitude T Proton-air interaction length:
Depth of
EO P first )\I — Op—air <mair>
interaction:
X
1 Depth of first interaction:
Thickness
A In 2 X1 =A1n2
- + . Each photon from n° decay starts
1 Interaction

length (g cm?) @ shower of energy (Ey/3)/ N,

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ...

Higher altitude T Proton-air interaction length:
Depth of
EO P first )\I — Op—air <mair>
interaction:
X
1 Depth of first interaction:
Thickness
A In 2 X1 =MX1n2
- + . Each photon from n° decay starts
1 Interaction

length (g cm?) @ shower of energy (Ey/3)/N,

Each e.m. shower reaches
maximum at Ar In[FEy /(3N )/ EG|

Lower altitude

Heitler, The Quantum Theory of Radiation, 1954
Matthews, Astropart. Phys. 2005



Shower development in the atmosphere

Inferring X, ¢

Higher altitude T Proton-air interaction length:
Depth of
EO p first )\I — Op—air <mair>
interaction:
X
1 Depth of first interaction:
Thickness
A In 2 X1 =AIn2
= * . Each photon from n° decay starts
1 Interaction

length (g cm?) @ shower of energy (Ey/3)/N,

Each e.m. shower reaches
maximum at Ap In[Ey/(3Nen )/ EE|

Depth of maximum of the p-initiated shower:
XP =Xi+ A ln[Eo/(?)NChEé)]

Heitler, The Quantum Theory of Radiation, 1954 max
Matthews, Astropart. Phys. 2005

Lower altitude



Shower development in the atmosphere

Inferring X, ¢

Higher altitude T Proton-air interaction length:
Depth of
EO P first Al = Op—air <mair>
interaction:
X,
n=1 | Depth of first interaction:

Thickness

A In 2 X1 =AIn2
SN = Newyp=p 1 Inttraction Each photon from n° decay starts

length (g cm?) @ shower of energy (Ey/3)/N,

Each e.m. shower reaches
n=3 maximum at Ap In[Ey/(3Nen )/ EE|

Large Depth of maximum of the p-initiated shower:

Lower altitude o .
errors from hadronic

Heitler, The Quantum Theory of Radiation, 1954 interaction models
Matthews, Astropart. Phys. 2005



Xmax and UHECR mass composition

(X__ ) [glem?]

850

800

750

700

650

600

—

o
:ILI|I|II|IIII|IIII|IIII|IIII|I

Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019



Xmax and UHECR mass composition
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Xmax and UHECR mass composition
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Xmax and UHECR mass composition
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Xmax and UHECR mass composition
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Xmax and UHECR mass composition
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Xmax and UHECR mass composition
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Xmax and UHECR mass composition

Alves Batista et al. (inc. MB), Front. Astron. Space Sci. 2019
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UHECRs: more sophisticated models

103 5
Use more data: :
Spectrum + mass composition (X,,,,) N
- 5 o8 Auger 2017
b 10- 5
Five mass groups: 7
H, He, N, Si, Fe 5
E 101 _
Common maximum rigidity: =
Max. rigidity is R.., = E,.../Z “
100 L : LA LY T I T B O B
Qz(F) x E~ Ve E/(ZRmax) 10° 1010 1011
E [GeV]
: .. . 900 H
Add nuclei photqd151ptegrat19n. 93 e i 60 -
During propagation, interaction of £ 800 - Fe 5 20 } He
nuclei on CMB or EBL breaks them up, L - I __In
’?,é 700 A é 20 - -b Fe
A+~v—>(A-1)+7v > o3
600 +————rrr———r MR S
Heinze, Fedynitch, Boncioli, Winter, ApJ 2019 10° 1010 10 10° 1o+ 1o
See also: Romero-Wolf & Ave, JCAP 2018 E [GeV] E [GeV]

Alves Batista, Almeida, Lago, Kotera, JCAP 2019



UHECRs: more sophisticated models

103 5
Use more data: :
Spectrum + mass composition (X,,,,) L .
v 102 Sieie Auger 2017
. wv 7
Five mass groups: 7
H, He, N, Si, Fe 5
E 101 .
Common maximum rigidity: =
Max. rigidity is R.., = E,.../Z “
100 L : LA LY T I T B O B
Qz(F) x E e~ E/(ZRmax) <@—"Peters cycle” 10° 1010 101!
E [GeV]
Add . . . . 900 H
nuclei photodisintegration: - He & 60 Jos -
. . . . I
During propagation, interaction of £ 800 - e 5 20 } He
nuclei on CMB or EBL breaks them up, L - I __In
- x
é 700 A g 20 - -b Fe
A+~y—>(A-1)+~ > =
600 +——— e s —
Heinze, Fedynitch, Boncioli, Winter, ApJ 2019 10° 1010 10 10° 1o+ 1o
See also: Romero-Wolf & Ave, JCAP 2018 E [GeV] E [GeV]

Alves Batista, Almeida, Lago, Kotera, JCAP 2019



UHECRs: more sophisticated models

Fedynitch, Boncioli, Winter, Sci. Rep. 2017

Use more data:
Spectrum + mass composition (X,,,,) 25| TALYS model ﬂ
+random offsets
Five mass groups: 20
H/ He, N, Sl, Fe
Common maximum rigidity: 15 Inject ke
Max. rigidity is R, = Enax/Z N
Qz(E) x E~ Ve F/(ZRmax) 10 logy Ei'so erg)
III48
Add nuclei photodisintegration: 5 — | 47
During propagation, interaction of ig
nuclei on CMB or EBL breaks them up, ir . 41
0

A+~v—(A—-1)+~v

)
@)

10 15 20 25 30

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019




UHECRs: more sophisticated models

Cosmogenic neutrinos

Use more data: 1077 4 3
Spectrum + mass composition (X,,,,) '

Five mass groups:
H, He, N, Si, Fe

Common maximum rigidity:
Max. rigidity is R .., = E,.../Z

Qz(E) x E Ve E/(ZRmax) <@—"Peters «

E2 ) [GeV cm~2 571 sr71]

Add nuclei photodisintegration:
During propagation, interaction of
nuclei on CMB or EBL breaks them up,

A+~y—=(A-1)+~

105 106 107 108  10° 10
E [GeV]

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019




UHECRs: more sophisticated models

Cosmogenic neutrinos

Use more data: 1077 4
Spectrum + mass composition (X,,,,)

Five mass groups:

H, He, N, 51, F : l
, He, N, 5i, Fe Predicted flux is

Common maximum rigidit significantly smaller
due to smaller R___ and

Max. rigidity is R,,, = E,..../ 4 : e
heavier composition

Qz(E) o« B e/ (4t :
2
Add nuclei photodisintegration: N, 10710
During propagation, interaction of
nuclei on CMB or EBL breaks them up, _
A""y—)(A—].)—'—’y 10-11 1

See also: Romero-Wolf & Ave, [CAP 2018
Alves Batista, Almeida, Lago, Kotera, JCAP 2019



UHECR anisotropy

How do we know that UHECRs have an extragalactic origin?

Their energies are so large that their Larmor radius cannot be contained
by the Milky Way

E 1018 eV
P~ °Y 100 kpe

Ry = ~
L7 eB e x 1 uG

a We can look at the distribution of arrival directions of UHECRs




UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):
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UHECR anisotropy
Flux of UHECRs > 8 EeV (Auger, 12 years of data!):
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