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INTRODUCTION




THE COSMIC-RAY ENERGY SPECTRUM
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MEASUREMENTS AT UHE

EXTENSIVE AIR SHOWERS

Primary cosmic rays

e Cosmic-ray induced cascade of

particles in the atmosphere:
Extensive Air Shower (EAS)

* Electromagnetic component

* Muonic component

* Hadronic component

electromagnetic

shower hadron

cascade




MEASUREMENTS Al UHE

PARTICL

DETECTOR ARRAYS

® Set of detectors arranged in a regular pattern

® Showers detected by searching for time coincidences of signals in
neighbouring stations

® Depending on the energy range of interest, the distance between the
detector stations can vary from tens of m to km




MEASUREMENTS AT UHE
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® Nitrogen molecules in the atmosphere are excited by charged particles in t
® De-excitation and change of vibrational and rotational states of the molecu
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MEASUREMENTS AT UHE
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e Features of the energy spectrum

e Transition from Galactic to extragalactic cosmic rays
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STATE— O - THE-AR T arxiv: 2205.05845

90°

e > 6sigma measurement of large scale dipole
anisotropy above 6 EeV

-> evidence of extragalactic origin of
UHECRs above this threshold

Starburst galaxies (radio) - expected ®(E Auger > 38 EeV) [l(m'2 sriyri]
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* 4sigma significance correlation of UHECR
events with starburst galaxies

* Magnetic deflections?



STATE—O - THE-AR T arxiv: 2205.05845
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e Connections with other messengers



[ HE COSMIC-RAY ACCELERATORS
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[ HE COSMIC-RAY ACCELERATORS
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® Extragalactic propagation of UHECRs

e Connection to other messengers

e UHECR interactions (in-source and propagation)

U

~eatures of UHECR spectrum

ECR astronomy (?)
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RATES OF INTERACTIONS



INGREDIENT (1): ASTROPHYSICS

 Photons of various energies and densities pervade the Universe

https://ned.ipac.caltech.edu

* For the energies of the UHECRs, relevant photon fields

are.
Microwaves

e Cosmic Microwave Background (CMB)

Optical

A’

/’

Intensity nW m ~ sr

* Discovered by Penzias and Wilson in 1965, is a relic
radiation from the Big Bang; black body at
temperature 2.7 K

e UV-optical-IR (also called Extragalactic Background
_ight, EBL)

e UV, optical and near IR is due to direct starlight

 From mid IR to submm wavelengths, EBL consists T T R T T T
of re-emitted light from dust particles TR~



INGREDIENT (2): NUCLEAR PHYSICS

e Main reactions:

e Photo-disintegration (through excitation of Giant Dipole Resonance)

 Photo-meson production (through excitation of Delta resonance) Interactions of nuclei (and not only protons!)

20 ‘ must be taken into account, due to evidences
. e . from measurements of CR mass composition
Conventional splitting of cross section
40+ T . .
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INTERACTIONS OF COSMIC-RAY NUCLE

Relevant quantities for the computation of losses:

* Photon fields

* The larger is the
probability of
interaction, the smaller

is the distance covered
before interacting
again

* The larger is the
density of the target
photons, the smaller is
the distance covered
before interacting
again




KINEMATICS

® Special relativity
® Four-vector algebra
* | orentz invariant quantity: scalar product of four-vectors is an invariant

* Fnergy-momentum vector will be taken into account in the following

a+b—c+d

s=(E,+E) —P,+7) =E.+E) —(P.+7Py*

Sth = (Ea + Eb)2 — (ﬁa + ?b)z — (mc T md)2
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KINEMATICS - PHOTO-PION REAC TTONS

e 1965, discovery of CMB

e Greisen, Zatsepin and Kuzmin: cosmic ray particles interact with CMB photons through

0
— 7T
}/p p Greisen, PRL 1966;

* Energy loss of protons -> end of the CR flux at the highest energies? Zatsepin & Kuzmin, JETP Lett 1966

swn=(+E) —(P,+7P,) =(m,+m,)
Ep — Fmp pp ~ Ep

e = el (1 — cos )

2
m; + 2m_m
2e(1 — cos 6)

= m; + 2Ege(1 — p,cos 0)

— mg +2m,'e(1 — ,Bp cos 6)

. 2 /
= m, + 2¢ m, E

2|



KINEMATICS - PHOTO-PION REACTIONS
rp = 2P

* Energy of the photon in the nucleus rest frame has to be sufficient to produce pion(s) !
* Energies of hundred(s) of MeV

e~ el <€> ~ ] X 10_4 eV For the case of CMB
~ 10
[y, =& 7% 10
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KINEMATICS - PHOTO-PION REACTIONS
rp = 2P

* Energy of the photon in the nucleus rest frame has to be sufficient to produce pion(s) !
* Energies of hundred(s) of MeV

/

e~ el <8> ~ [ X 10_4 eV For the case of CMB
[, ~7x10%°

* It average energy of the photon field is larger, lower energy particles can trigger the same reaction
-> e.g. infrared photon fields

* If nuclei heavier than protons are involved, the threshold energy is larger (threshold Lorentz factor
is the same, superposition model can be used in first approximation)
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KINEMATICS - PAIR PRODUCTION

e Bethe-Heitler pair production yp — €+ e_p
Sth — (8 + Ep)2 - (?}/ + ?p)z Blumenthal, PRD 1970

= m? + 2Ege(1 — B,cos0) = (m,+ 2m,)’

4m? + 8m,m
L2 6x107eV

E. =
261 = cos 6)

' Exercise: derive the energy threshold for pair production’



INTERAC TION RATES

* Rate of interactions of a particle propagating through CMB

dzvint
~ =c | (1 — cos 6) n},(g, cos ) o(e’)dcosOde

25



INTERAC TION RATES

* Rate of interactions of a particle propagating through CMB

dzvint
~ =c | (1l — cos 6’)0(8’) dcosOde

dN, - 1 e” * Energy density of CMB photons, black body
 72(he)? exp(elkyT) — 1 » We assume isotropy

n},(e, cos ) ~ ny(e)
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INTERAC TION RATES

* Rate of interactions of a particle propagating through CMB

diffraction .

dNYint
=c | (1 — cos 6) n,(€, cos V) dcos Ode
dt
total ]
* Cross section results in superposition of resonances, T fnifj;‘_pion
formed in the absorption of the photon O

* Deltais the main resonance, decaying in pion anad
proton

—]

=)
=.
p—
©
=
o
=
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O
W
7]
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—
@)

* For heavier nuclei, the superposition model can be
used as first approximation

Lab energy E, (GeV)
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INTERAC TION RATES

Gaisser, Engel & Resconi

Berezinsky, Grigorieva & Gazizov 2006

d]vint
~ =c | (1l —cos0) ny(e, cos ) o(e')dcosOde

* |In order to compute the integral we take into account:

* The relation between the photon energy in the lab and the ' = el'(1 — cos6)
ohoton energy in the proton rest frame
* The transformation: de' = —1'edcosO

d]vint ¢ > e n}’(g)
— o(e")e’ dede’

/

€th
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INTERAC TION RATES

d]vint ¢ > e n}’(g)
— o(g')e’ dede’

/

€th

* |f we take into account the CMB photon field, the second integral is analytical

* suggested transformation y = ekl — 1

dN, . ckpT = e’ ,
= e'o(e)y —In [ 1 —exp de
dt 2n*(he)’ 2 ) 21k, T

€th

Exercise: derive the energy loss length in the case of CMB
29

Berezinsky, Grigorieva & Gazizov 2006



ENERGY LOSS LENGTH

The fractional energy loss rate (for an arbitrary photon field) is then:

—— C ro f(e")o ’)ro ) ede
—— = — e'f(eNo(e ede
E dt 212 . N
1 dE -l ds
Energy loss length: [ =—cC T — — Ed_E
dE E
The trajectory of a particle can be followed as: — = —
ds lloss

30

Gaisser, Engel & Resconi



ENERGY LOSS LENGTH
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FLUX AT EARTH



ME TRICS

1”2
Robertson-Walker metrics ds? = dt* — Csz(t)

1 — kr

~ + r}(df” + sin’ 9d¢2))

Scale factor  R(?)

. . R(1)
Cosmological redshitt 1 + 7=
R(%)
dt 1
dz

Hy(1 + z)\/(l +2)3Q, + Q\
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FLUX FROM A SINGLE SOURCE

Source at cosmological distance, Zo emitting Q(Eg(E, 7))

O(E,(E, 2))
I(E)dE = dE
(1 + z)4n(R(t)r)>  ©

| OQE(E2) dE,

D= (4m)* (1 + zo)(R(ty)r)* dE
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FLUX FROM A SINGLE SOURCE

Energy loss rate

| dE

PLE)= E dt

b(E)——d—E—E (E)
- dr b

* Temperature of CMB  T(z) = T)(1 + 2)
* Density of photons n(z) =n, (1 + z)’

_arger density of photons in the past,

arger probability of interaction

35

Dependence on redshift

B(E,z) = (1 +2)°By((1 + 2)E)

b(E,z) = (1 + 2)*by((1 + 2)E)



ENERGY LOSS LENGTH - DEPENDENCE ON REDSHIFT
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FLUX FROM A SINGLE SOURCE

Evolution of energy as a function of time/redshift Energy loss rate as a function of time/redshift
| dE;, 1 dE, dg | dE (dt)‘l
— — E , 2\ ﬁ(Ea Z) — I

E, dt E, dz dt PlEg 2(1)) E dz \ dz

R

A fdp et

dE, (1 + 2)*f(Ey 2) 1

—f=F +

dz  °©

Ho\/(1 +2)°Q, + Q4 L4z

— Hy(1 + z)\/(l +2°Q, +Q,

VR
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I
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Eg(z) = F +

FLUX FROM A SINGLE SOURCE

1 +z7
H(Z')

bo((1 + 2)E,(2))

7, T4z dby((1 + 2)E,(2)

B <, (@)
=1+ ST dE
ldy (14 2)* db((1 + 2)Ey(2))
vdz 14z  Hz d(1+2E)

y(z) = (1 + 2)exp
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dz = — H(z)(1 + 2)dt

dE i
b(E,z) = o (1 +2)°by((1 + 2)E)

2 y(Z/) 2 (1 + Z’)z dbo((l + Z,)Eg(Z,))
dz’ -+ | dZ ; ——— (@)
Jo 1+20 ] H(Z')  d((1 +2)Ey(2))
1 r o (1+2)? dby((1 + 2)Ey(2'))
0

HoJy Jar e, ra, A0+IERD)

Berezinsky & Grigorieva 1988



FLUX FROM A SINGLE SOURCE
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FLUX FROM A SINGLE SOURCE
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FLUX FROM A DISTRIBU TION OF SOURCES

Single source Distribution of sources

| QELE,2) dE, 1 Q(E(E,2)) dE,
J(E,7) = ﬁ J(E) = JdV
(4n) (1 + 2,)(R(1)r)? dE @2 ) (1 +2)(rR(t))? dE

L4V (1 +z)°cd; o J(E) = — [d s O(E(E, z) )dEg
— <) C T — T 0 L Jo L) T
A dz Al dz A5 ¢ dz gl a2 dE
Q:noQ
Q(E) x E77 X f(Ea0)

Leg = JE Oini(E) dE
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log,o JE (arb.)

cXPECTED SPECTRUM ATl EARTH

Gaisser, Engel & Resconi
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11
log,oE (GeV)

" | 2=0.004

Expected spectrum at Earth (multiplied by E3) from
identical sources emitting protons with E~*** spectra and
cosmological evolution parameter m = 2.55

e Contribution of sources at different distances. From right
to left we observe:

® Closest sources: same slope as the one at injection

® Bump feature: pile-up of protons below photo-pion
production threshold

® Dip
® Total spectrum

® Bumps produce a flatter spectrum when summed up
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log,, JE? (arb.)

cXPECTED SPECTRUM ATl EARTH

- QGaisser, Engel & Resconi

Dependence on details of injection

0 (E) & (1 + 2)"E™" X f(E)

-7 1 2=0.004

9 10
log;oE (GeV)
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INTERPRETATION

Analytical (or Monte Carlo) computation of
expected protons at Earth, under some
assumptions:

 |dentical sources

* Power-law spectrum at escape up to max
enerqgy

Comparison to data

Best parameters (at the source) that reproduce
the spectrum at Earth (after propagation)

High-energy region -> could constrain the maximum energy at the source (?)

J-E3(evVim=2srls)

1023

1024

4 Telescope Array
IceCube

¢ Pierre Auger
Yakutsk

C KG SIBYLL 2.3

TUNKA-133

1616

107

1618 1019 1020

Energy (eV)

Low-energy region -> could constrain spectral index and cosmological evolution of sources (?)
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INTERPRETATION

Features of the spectrum at Earth might be connected to effects of propagation
* pair-production energy losses -> dip
* Not sensitive to details of local distribution of sources
* photo-pion energy losses -> suppression

* Sensitive to details of local distribution of sources (minimum redshift, density)

* Sensitive to details of spectrum at source (maximum energy at the escape from sources)

Emax=10>" eV, uniform distribution of sources from different z,y;, uniform distribution of sources from z=0, different Ep,y

LB | T T LA R e | T T TT"TT"T"T I L L LI L L L LA | T T T 1T T 1T rrq T 2:1 rr:ruvl-
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INTERPRETATION

* Features of the spectrum at Earth might be connected to effects of propagation
* pair-production energy losses -> dip
* Not sensitive to details of local distribution of sources
* photo-pion energy losses -> suppression

* Sensitive to details of local distribution of sources (minimum redshift, density)

* Sensitive to details of spectrum at source (maximum energy at the escape from sources)

* Interpretation becomes even more uncertain it UHECRs are nuclei heavier than hydrogen !

e Lecture 2
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