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 Astroparticle physics - from 𝟑 quarks to the entire cosmos

Recap of Lecture 𝟏

- searches for rare processes from the 𝑻𝒆𝑽 … 𝒔𝒖𝒃 − 𝒆𝑽 mass scale: 

dark matter, properties of neutrinos, gravitational waves,…

- properties of the high−energy universe from the 𝑻𝒆𝑽 … 𝑬𝒆𝑽 − scale:

charged 𝑪𝑹´s, neutrinos, gammas from cosmic super−accelerators

- new technologies / detectors & analysis strategies:

(quasi−) background−free, novel high−resolution detection techniques, …

- many orders of magnitude in energy (𝝁𝒆𝑽… 𝒁𝒆𝑽), specific sources :

neutrinos, gammas, charged cosmic radiation (𝑪𝑹´s)
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neutrino studies using enriched detectors

 search for rare processes at the 𝑴𝒆𝑽 − scale: Lepton number violation? 

A

Oct. 26, 2023

http://www.symmetrymagazine.org/sites/default/files/images/standard/antimatter.png
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 Electrons in the 𝑴𝒆𝑽 − range from 𝜷𝜷 − decays: conserved Lepton number?

𝑮𝑬𝑹𝑫𝑨* underground experiment at 𝑳𝑵𝑮𝑺**∆𝑳 = 𝟐

*𝑮𝑬rmanium 

𝑫etector−𝑨rray

**𝑳aboratori 𝑵azionali 𝑮ran 𝑺asso

Q: symmetry magazine

Q
: 
M

P
IK

𝟏. 𝟏 Particle Radiation from the Laboratory

Oct. 26, 2023

𝒆 𝒆

𝒏 𝒏
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 Electrons in the 𝒌𝒆𝑽 − range: absolute scale of neutrino masses?

tritium source

Q: symmetry magazine

𝑲𝑨𝑻𝑹𝑰𝑵 experiment at 𝑲𝑰𝑻

Oct. 26, 2023

𝟑𝑯

𝟑𝑯𝒆

http://www.symmetrymagazine.org/sites/default/files/images/standard/what_mass.png
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 Electrons in the 𝒌𝒆𝑽 − range: absolute scale of neutrino masses?

𝑲𝑨𝑻𝑹𝑰𝑵 experiment at 𝑲𝑰𝑻

𝟒

𝟔

𝟐

𝟎 𝟓 𝟏𝟎 𝟏𝟓

𝒎 𝝂 = 𝟎

𝟏 𝐞𝐕
~ 𝟐 ∙ 𝟏𝟎−𝟏𝟑

𝑬𝟎

−𝟑 − 𝟐 − 𝟏 𝟎
𝑬 − 𝑬𝟎 (𝒆𝑽)
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Laboratories required for Particle Radiation

 Labs: accelerators, nuclear reactors, 𝑻𝑳𝑲*, underground labs (𝑳𝑵𝑮𝑺)

Fermilab

* 𝑻ritium 𝑳aboratory 𝑲arlsruhe 

Q: Fermilab Q: LNGS

Oct. 26, 2023
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 multi−messenger approach: news from the hidden, invisible universe

𝟏. 𝟐 Particle Radiation from the Universe

source of

particle

radiation −

typically

a cosmic

accelerator

(𝑨𝑮𝑵, 𝑮𝑹𝑩)*

detection of

particle

radiation

Q
: 
D

E
S

Y

neutrino

proton
photon

* 𝑨ctive 𝑮alactic 𝑵uclei, 𝑮amma 𝑹ay 𝑩urst

proton

Oct. 26, 2023
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charged 𝑪𝑹´𝒔

Q: APS Physics 

*𝑺uper𝑵ova 𝑹emnant

 news from the hidden universe: example 𝑺𝑵𝑹*

Multi−messenger ansatz: 𝑪𝑹´𝒔

Oct. 26, 2023

air shower from charged 𝑪𝑹´𝒔

multi−messenger type #𝟏

𝒑

𝒑
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Q: CTA 

*𝑺uper𝑵ova 𝑹emnant

 news from the hidden universe: example 𝑺𝑵𝑹*

Multi−messenger ansatz: energetic 𝜸´𝒔

Oct. 26, 2023

𝑮𝒆𝑽 − 𝜸´𝒔

multi−messenger type #𝟐

𝑻𝒆𝑽 − 𝜸´𝒔 𝒃𝒍𝒐𝒄𝒌𝒆𝒅
𝒃𝒚 𝒅𝒖𝒔𝒕

𝜸
𝜸
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Q: Km3NeT 

*𝑺uper𝑵ova 𝑹emnant

 news from the hidden universe: example 𝑺𝑵𝑹*

Multi−messenger ansatz: energetic 𝝂´𝒔

Oct. 26, 2023

𝑼𝑯𝑬 − 𝝂´𝒔

multi−messenger type #𝟑

𝒍𝒐𝒘
𝒙𝒔𝒆𝒄

𝝂

𝝂
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 news from the hidden universe: example 𝑺𝑵𝑰𝒂*

Multi−messenger ansatz: gravitational waves

Oct. 26, 2023

multi−messenger type #𝟒

= 𝒏𝒐𝒏
− 𝒔𝒑𝒉𝒆𝒓𝒊𝒄𝒂𝒍

𝑺𝑵

𝑮ravitational 𝑾aves (𝑮𝑾)
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Thermal & non−thermal universe

frequency 𝒇

thermal radiation

in
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n
s
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y

non−thermal radiation

synchrotron emission

𝑷𝒍𝒂𝒏𝒄𝒌 −
distribution

𝑭𝒆𝒓𝒎𝒊 −
acceleration

Q: ESA, NASA

Q
: 
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d
b

u
b

b
le

 radiation with very different spectral distributions & energy scales

Oct. 26, 2023
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in
te

n
s
it
y

𝑻𝜸 = 𝟐. 𝟕 𝑲

𝟎 𝟓 𝟏𝟎 𝟏𝟓 𝟐𝟎

wave number (𝒄𝒎−𝟏)

re
l.
 i
n

te
n
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y

𝟏. 𝟐

𝟏. 𝟎

𝟎. 𝟖

𝟎. 𝟔

𝟎. 𝟒

𝟎. 𝟐

Q
: 
s
c
ie

n
c
e

Thermal & non−thermal universe

 the thermal universe: example 𝑪𝑴𝑩*

- temperature 𝑻 as (sole) order parameter:

requires a perfect thermal equilibrium

*𝑪osmic 𝑴icrowave 𝑩ackground

Big Bang: 𝑪𝑴𝑩

Q
: 
re

d
b

u
b

b
le

Oct. 26, 2023

frequency 𝒇

𝑷𝒍𝒂𝒏𝒄𝒌 −
distribution
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𝑪𝑴𝑩: the perfect black body

Q
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Q: NASA

Thermal & non−thermal universe

 example from thermal universe: 𝑪𝑴𝑩

- temperature 𝑻 as (sole) order parameter

early universe in perfect thermal equilibrium

Big Bang: 𝑪𝑴𝑩
𝑪𝝂𝑩* 

*𝑪osmic 𝑵eutrino 𝑩ackground

Q
: 
re

d
b

u
b

b
le

Oct. 26, 2023

𝑻𝜸 = 𝟐. 𝟕 𝑲

𝑻𝝂 = 𝟏. 𝟗 𝑲

frequency 𝒇

𝑷𝒍𝒂𝒏𝒄𝒌 −
distribution
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inside a 𝑺𝑵 − core: 

thermal equilibrium

𝝂 − energy (𝑴𝒆𝑽)

𝝂
−

fl
u

x
(r

e
l.
)

Q
: 
G

. 
R

a
ff

e
lt

Q
: 
O

R
N

L

Thermal & non−thermal universe

 example from thermal universe: 𝑺𝑵 − neutrinos

in
te

n
s
it
y

- 𝑴𝒆𝑽 −scale neutrinos are emitted from

the extremely hot core of a 𝑺𝑵 −explosion

Q
: 
re

d
b

u
b

b
le

Oct. 26, 2023

frequency 𝒇

𝑻𝝂 = 𝟏𝟎𝟏𝟎 𝑲

𝟎 𝟏𝟎 𝟐𝟎 𝟑𝟎

𝝂𝒆𝟏𝟎

𝟓
ഥ𝝂𝒆

𝝂𝝉 ഥ𝝂𝝉

𝝂𝝁 ഥ𝝂𝝁

𝑷𝒍𝒂𝒏𝒄𝒌 −
distribution
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Water Cherenkov detevtor
Q: ORNL

Q
: 
IC

R
R𝑬 (𝑴𝒆𝑽)

Thermal & non−thermal universe

 example from thermal universe: 𝑺𝑵 − neutrinos

- 𝑺𝑵 neutrinos have been detected via their 𝑪𝑪/𝑵𝑪

interactions in a large water tank: energies match detailed 𝑺𝑵 − calculations

Oct. 26, 2023
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- no thermodynamical equilibrium

- order parameters: 𝑩, 𝝆, 𝑬𝟎

𝑩 density 𝝆 maximum

energy

𝑬𝟎

synchrotron radiation 

(non−thermal, power−laws)

𝑻𝒆𝑽 − gammas
Q: ESA, NASA

Thermal & non−thermal universe

 examples from the non−thermal universe: emission of synchrotron−

& 𝜸 − radiation

Oct. 26, 2023

frequency 𝒇
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energy 𝑬

in
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n
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y

𝑭𝒆𝒓𝒎𝒊 accleration

mechanism (Hillas plot)

charged cosmic rays

(non−thermal origin)

𝑩, maximum energy 𝑬𝟎

Thermal & non−thermal universe

 example: power−law spectrum of cosmic rays

𝑬𝟎
Oct. 26, 2023
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large−area airshower arrays

𝑺𝑵𝑹 or 𝑨𝑮𝑵

- sources: cosmic accelerators (galactic, extra−galactic) 

Q
: 
W

e
lt
 d

e
r 

P
h

y
s
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Q: NASA, Chandra

Thermal & non−thermal universe

 example: air showers induced by charged cosmic rays

Oct. 26, 2023
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𝑨𝑮𝑵

neutrino

telescope

Q
: 
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A
S
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𝒑

Thermal & non−thermal universe

 example: Cherenkov light from 𝝁´𝒔 induced by ultra−high energy neutrinos

- sources: cosmic accelerators (extra−galactic origin) 

Oct. 26, 2023
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air

Cherenkov

telescope

𝑺𝑵𝑹, pulsar
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 example: Cherenkov light from showers induced by 𝑻𝒆𝑽 gamma rays

Thermal & non−thermal universe

- sources: cosmic accelerators (galactic, extra−galactic) 

Oct. 26, 2023
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𝒑
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𝝁−
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Q: NASA

Q: Los Alamos

 example: atmospheric 𝝂´𝒔 (𝑮𝒆𝑽, 𝑻𝒆𝑽) from showers in atmosphere

Thermal & non−thermal universe

- sources: decay sequence of pions during cascades

T. Kajita

Oct. 26, 2023

ഥ𝝂𝝁 ഥ𝝂𝒆
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𝝂𝝁

𝛾 𝛾
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𝑺𝑵𝑶*

* 𝑺udbury 𝑵eutrino 𝑶bservatory

rate depends on 𝑻 of core
Q: spektrum

Q
: 
S

N
O

+
 C

o
lla

b
.

 example: solar 𝝂´𝒔 (𝑴𝒆𝑽) from nuclear fusion chains in the solar core

Thermal & non−thermal universe

A. McDonald

Oct. 26, 2023

- sources: 𝒑𝒑 & 𝑪𝑵𝑶 chains 
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𝑻𝑵𝑼*

* 𝑻errestrial 𝑵eutrino 𝑼nit

Q
: 
B

o
re

x
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o
 C

o
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b
.

Q: O. Šrámek

Q
: 
L

N
G

S

 example: geo−𝝂´𝒔 (𝑴𝒆𝑽) from the crust, mantle & core of the Earth

Thermal & non−thermal universe

- source: 𝜷 − decays of unstable isotopes produced as part of

𝟒 long−lived 𝜶 − decay chains

Oct. 26, 2023

𝟓𝟎

𝟒𝟎

𝟑𝟎

𝟐𝟎
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Q: New Scientist

Q
: 
N

G
A

Q: C. Bell

Thermal & non−thermal universe

Oct. 26, 2023

 example: reactor−𝝂´𝒔 (𝑴𝒆𝑽) from the core of commercial fission reactors

- source: 𝜷 − decays of unstable

isotopes produced in reactor
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laser interferometer
Q: NASA

Q
: 
L

IG
O

 example: gravitational waves from the merger of compact stellar objects

Thermal & non−thermal universe

- source: late−phase mergers of compact binary objects (black holes,…) 

Oct. 26, 2023

𝑩𝑯

𝑩𝑯
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Particle radiation from the dark universe

∗ 𝑾eakly 𝑰nteracting 𝑴assive 𝑷article

gamma telescope in low−Earth orbit Q
: 
N

A
S

A

Q: sky and telescope

 example: messenger particle−radiation from 𝑾𝑰𝑴𝑷* annihilation processes

- source: halo of dark matter particles (𝑮𝒆𝑽, 𝑻𝒆𝑽 scale) in our galaxy

Oct. 26, 2023
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Q: wikipedia Q: XENON, CRESST

Particle radiation from the dark universe

 example: scattering processes of 𝑾𝑰𝑴𝑷𝒔 (𝒎 = 𝑮𝒆𝑽…𝑻𝒆𝑽) −underground lab 

- source: dark matter particles from galactic halo, with Earth moving through it

𝑫𝑴
detector

Oct. 26, 2023
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Q: wikipedia

Q
: 
A

D
M

X
, 
U

W
 S

e
a
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 example: conversion processes of 𝑾𝑰𝑺𝑷𝒔* (𝒎 = 𝒔𝒖𝒃 − 𝒆𝑽)

- source: very light dark matter particles from galactic halo

Particle radiation from the dark universe

* 𝑾eakly 𝑰nteracting 𝑺lim 𝑷article (axions,…)

𝑫𝑴
detector

Oct. 26, 2023
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CHAPTER 𝟐 – EXPERIMENTAL METHODS

Q
: 
Ic

e
C

u
b
e

, 
C

R
E

S
S

T

Oct. 26, 2023
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 overview of particle radiation from the

universum – from 𝝁𝒆𝑽…𝑻𝒆𝑽 & beyond

𝟐. 𝟏 Multimessenger methods

Q
: 
N

A
S

A

non−thermal universe:

shockfronts of supernovae,

pulsars, black holes, 

compact binary objects, … ? 

thermal universe:

stars, molecular clouds,

dust (𝑻 = 𝟏𝟎…𝟏𝟎𝟓𝑲)

high−energy neutrinos

ultrahigh−energy protons

gravitational waves

Oct. 26, 2023
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Q: map-projections.net

equator

Display of the sphere of the Earth in a Mollweide projection

Mollweide

projection

Oct. 26, 2023

Map of Earth
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Q: GAIA

plane

Map of Sky

display of the sky in visible light along the galactic plane

galactic

𝑮𝑨𝑰𝑨

Oct. 26, 2023

Mollweide

projection
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Q: NASA

galactic centre

Vela Crab

Geminga

𝟑𝑪𝟒𝟓𝟒 𝟑

equator

galactic

𝑭𝑬𝑹𝑴𝑰 satellite

the universe in 𝜸 − rays with 𝑬 𝜸 > 𝟏𝟎 𝑮𝒆𝑽

Oct. 26, 2023

Mollweide

projection

High−energy universe: example 𝑮𝒆𝑽 𝜸 − rays
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Q
: 
N

A
S

A
,C

T
A

, 
H

E
S

S

𝑯𝑬𝑺𝑺.* ∶ very high−energy gammas

𝑬 > 𝟏𝟎𝟎 𝑮𝒆𝑽 ⇒ specific supernova remnants

𝑪𝒂𝒔 𝑨 𝑾𝟓𝟏𝑪 𝑾𝟒𝟒 𝑰𝑪 𝟒𝟒𝟑

*𝑯igh 𝑬nergy 𝑺tereoscopic 𝑺ystemOct. 26, 2023

High−energy universe: example 𝑻𝒆𝑽 𝜸 − rays

//upload.wikimedia.org/wikipedia/commons/2/23/425985main_Cas_a_composite_unlabeled.jpg
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𝑺𝑵𝑹 = 𝑺uper−𝑵ova

𝑹emnant

 𝜸 − telescopes at 

the surface:     

𝑯𝑬𝑺𝑺, 𝑪𝑻𝑨∗,…

*𝑪herenkov 𝑻elescope 𝑨rray

High−energy universe: Cherenkov telescopes

Oct. 26, 2023
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Q
: 
A

P
S

 P
h

y
s
ic

s
, 

A
P

P
E

C

extended airshower

with an enormous particle

cascade

origin of 𝑼𝑯𝑬𝑪𝑹s?

 giant airshower

arrays at the

Earth´s surface: 

Pierre Auger

Observatory

*𝑼ltra 𝑯igh 𝑬nergy 𝑪osmic 𝑹ay

High−energy universe: 𝑼𝑯𝑬𝑪𝑹*𝒔

Oct. 26, 2023
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Q
: 
P

A
O

 extragalactic origin observed for the highest energies (above a few 𝑬𝒆𝑽*!) 

- 𝑷𝑨𝑶** observes a dipole anisotropy (~𝟔 %): now at stat. significance of 𝟔. 𝟔 𝝈

- ensemble of ~ 𝟑𝟎𝟎𝟎𝟎𝟎

𝑼𝑯𝑬𝑪𝑹𝒔 > 𝟖 𝑬𝒆𝑽

*𝑬𝒆𝑽 = 𝟏𝟎𝟏𝟖𝒆𝑽

High−energy universe: 𝑼𝑯𝑬𝑪𝑹𝒔

(Galactic Centre)

**𝑷ierre 𝑨uger 𝑶bservatory

- 𝟏𝟐𝟎° offset to

galactic centre

 extra−galactic

origin of

charged cosmic

rays (𝑬𝒆𝑽)

Oct. 26, 2023

−𝟗𝟎 rate (𝒌𝒎−𝟐 𝒔𝒓−𝟏𝒚𝒓−𝟏)

+𝟗𝟎

−𝟏𝟖𝟎 𝟎. 𝟒𝟐

𝟎. 𝟑𝟖

𝟎. 𝟒𝟔
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 how far can we observe the 𝑼𝑯𝑬𝑪𝑹𝒔 with highest energies (few 𝑬𝒆𝑽)? 

𝑼𝑯𝑬 protons

𝑻𝒆𝑽 gammas

𝜸𝜸 → 𝒆+𝒆−

interaction with the

infrared − bg (𝑰𝑹):

resonant generation

of 𝒆+𝒆− pairs 

interaction with the

cosmic microwave

background (𝑪𝑴𝑩):

resonant generation

of a ∆ − baryon

Oct. 26, 2023

High−energy universe: 𝑼𝑯𝑬𝑪𝑹𝒔
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 interactions of messengers with cosmic background fields limit the

range of high−energy particle radiation

Q: NASA

𝑻𝒆𝑽 𝜸
𝟏𝟎𝟏𝟗𝒆𝑽 𝒑

to 𝒅 < 𝟏𝟎𝟎𝑴𝒑𝒄

𝑨𝑮𝑵

𝑪𝑴𝑩

𝑰𝑹

generation of

resonances via

background fieldswavelength 𝝀 (𝝁𝒎)

Oct. 26, 2023

𝑪𝑴𝑩

p
o
w

e
r 
𝑾

(𝒎
−
𝟐
𝒔𝒓

−
𝟏
)

𝑰𝑹

𝟏𝟎−𝟔

𝟏𝟎−𝟕

𝟏𝟎−𝟖

𝟏𝟎−𝟗

𝟏𝟎−𝟏𝟎
𝟏 𝟏𝟎𝟐 𝟏𝟎𝟒

range of
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 production of resonances via cosmic

background fields of radiation

range of gammas and protons

Q: NA

𝜸 𝑷𝒆𝑽 + 𝜸(𝑰𝑹) → 𝒆+𝒆− pair 

- high−energy gammas (𝑷𝒆𝑽)

- high−energy protons (𝒁𝒆𝑽)

𝒑 𝒁𝒆𝑽 + 𝜸(𝑪𝑴𝑩) → ∆+ resonance

𝑷𝒆𝑽atrons* can be observed

via 𝜸´𝒔 only in our own galaxy

𝒁𝒆𝑽atrons* (for 𝒑) only up to 𝟏𝟎𝑴𝒑𝒄

*named after 𝑻𝒆𝑽atron at Fermilab, 𝑼𝑺𝑨Oct. 26, 2023
p

a
rt

ic
le

e
n
e

rg
y
𝑬
(𝒆
𝑽
)

observable range 𝒅 (𝑴𝒑𝒄)

𝒑
+
𝜸

→
∆

𝜸 + 𝜸
→ 𝒆+𝒆−

highest observed

𝒑 − energy

𝟏𝟎𝟐𝟓

𝟏𝟎𝟐𝟎

𝟏𝟎𝟏𝟓

𝟏𝟎𝟏𝟎

highest observed

𝜸 − energy

galaxy

𝟏𝟎−𝟏 𝟏𝟎𝟏 𝟏𝟎𝟑

local

nearby

cluster

gammas

protons

group 𝑨𝑮𝑵𝒔

cosmology
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 tantalizing way to extend 𝜸 − range: conversion to axions* & back (𝑩 − fields) 

Q
: 
N

A
S

A
, 

D
E

S
Y

𝑻𝒆𝑽
gamma

axion

𝑮𝑹𝑩 𝟐𝟐𝟏𝟎𝟎𝟗𝑨:

´light shining through the universe´
experimental observation:

universe (seemingly) is much

more transparent for very

high−energy 𝛾´s than we expect

an intriguing theoretical ansatz:

*see chapter 𝟒. 𝟔. 𝟏 on axions

 𝑻𝒆𝑽 − 𝜸 converts in the 𝑩 −

field close to the source into

hypothetical axion, which

will propagate over 𝑮𝒑𝒄

 axion converts back to 𝜸

range of gammas: a possible hint for axions ?

𝒅 = 𝟐 ∙ 𝟏𝟎𝟗 𝒍𝒚

𝑻𝒆𝑽
gamma

Oct. 26, 2023

𝒂

𝒂
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Q
: 
N

A
S

A
, 

D
E

S
Y

𝑻𝒆𝑽
gamma

axion

𝑮𝑹𝑩 𝟐𝟐𝟏𝟎𝟎𝟗𝑨:

´light shining through the universe´

*see chapter 𝟒. 𝟔. 𝟏 on axions

range of gammas: a possible hint for axions ?

𝒅 = 𝟐 ∙ 𝟏𝟎𝟗 𝒍𝒚

𝑻𝒆𝑽
gamma

Oct. 26, 2023

𝒂

𝒂


