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Discovery of Cosmic Rays

Earth continuously and isotropically strikes by

cosmic particles

- Terrestrial magnetic field and atmosphere
protect us

Measure of an increase of the ionization rate with

altitude in the atmosphere

= Exists ionizing particles whose origin cannot be
terrestrial

|
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Discovery of Cosmic Rays

Earth continuously and isotropically strikes by

cosmic particles

- Terrestrial magnetic field and atmosphere
protect us

Measure of an increase of the ionization rate with

altitude in the atmosphere

= Exists ionizing particles whose origin cannot be
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What are cosmic rays?
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Cosmic-ray spectrum
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Confined by the galactic
magnetic field

Extragalactic

Opacity: highest-energy CRs
interact with CMB photons



Where do cosmic rays come from?
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* Where did particles get such

energy to become a CRs?

- Where and how are they

accelerated in the Universe?

* Where do they come from?



Where do cosmic rays come from?
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Where do Krampouz come from?
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* Where did particles get such

energy to become a CRs?

- Where and how are they

accelerated in the Universe?

* Where do they come from?







Our Galaxy: The Milky Way

Several hundreds of billion of stars mostly
located on the spiral arms

And orbiting around the supermassive black
hole Sagittarius A*

. I [Event Horizon Telescope 2022]

Star forming rate (per year): 1.7 +/- 0.2 Msun [Licquia & Newman 2015]

where stars born... and die

Large amount of activity in the Galaxy

Create Collapse ;



Cataclysmic events

® M < 8 Msun : white dwarf + companion star

® 8 Msun <M <22 Msun : neutron star / pulsar

Interstellar Matarial Blast Wave
and Swept-up

(@asnslor & Saoe 2006 (b) Supernorn . & Supernova remnant
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Cataclysmic events

¢ M> 22 Msun: magnetar or black hole

I arcmin

Acceleration of particles must occur within the most violent phenomena
= Supernova remnants: best candidates for acceleration of CRs!



Theory for acceleration of particles at astrophysical shocks
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Applicable to any shock front in astrophysical sources

= Can these astrophysical sources be particle accelerators?
= And to such high energies measured in the CR spectrum?



Chasing cosmic-ray sources with gamma rays
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Chasing cosmic-ray sources with gamma rays

apparent
o’ \ s(.) ut L-L.
\direction

Bremsstrahlung (with matter)
Inverse Compton (with photon fields)

from accelerated electrons!

Y

With gamma rays and

neutrinos emitted by CRs
v

Summer Lectures, DESY, August 26th Berlin




Broadband modeling of the emission
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Broadband modeling of the emission

Nature of the accelerated particles (protons or electrons)? Emax of accelerated CRs?
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Broadband modeling of the emission

Nature of the accelerated particles (protons or electrons)? Emax of accelerated CRs?
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Extragalactic gamma rays

Galactic gamma rays: Extragalactlc gamma rays:

Absorption in (infrared)
extragalactic backaround light (EBL)

If hadronlc v(TeV) + 1(EBL) > e'¢

Neutrinos

Origin of
cosmic rays ?
E
Physics of compact objects, Measurement of EBL
accelerztion/absorption n jets,.. (— Cosmology )

Extragalactic gamma rays absorbed by the
Extragalactic Background Light

~

Irrevocable evidence for hadronic acceleration
¢ Can constrain the origin of extragalactic CRs (unlike gamma rays)

But hard to detect...! [TXS 0506+056 / NGC 1068, IceCube col.] ”

J. Devin



& Origin of Galactic cosmic rays?

« What’s going on in these most
extreme environments?




. Gamma-ray Astronomy
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How do we detect gamma rays?

Interaction of gamma rays with the detector (creation of an e—/e+ pair):

gamma ray
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¢ 1961 : Explorer 11 (22 photons)

¢ 1968 : Orbiting Solar Observatory (621 photons)

¢ 1972 . Small Astronomy Satellite (first part of the sky)
¢ 1975 : COS-B (first full map of the Galaxy)
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¢ 1991: Compton Gamma-ray Observatory
= (Galactic diffuse emission + 271 astrophysical sources

14



The GeV Sky Today

e 2008 : Fermi, more than one billion of photons !
= (Galactic diffuse emission + 5065 astrophysical sources

15



The GeV Sky Today

e 2008 : Fermi, more than one billion of photons !
= (Galactic diffuse emission + 5065 astrophysical sources
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)
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TeV gamma-ray Astronomy

TeV photons more rare than GeV photons: need a larger collection area that can not

be boarded on satellite
= The atmosphere is used as a detector

Development of gamma-ray air showers

Primary particle
(gamma ray)

N .' first interaction
e with nucleus in air

vt 4 oductio

. PL- . (pair production)

NS e

/ Q = bremsstrahlung
< 3 A . '

Y Y on nucleus in air

\ 1
. . - . pair production
@

- bremssurahlung
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- Light pool

Detection by
fast cameras
in telescopes

[From K. Bernlohr]
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Stereoscopic reconstruction

Gamma
ray

6 \..,]'__ Reconstructed
' Source Position
H b ~ .,LN.. P~ -.
Particle % . r—
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Cameras with
PMT pixels

¢ Reconstructed arrival direction and energy of the primary gamma ray

¢ Limited field-of-view (~ 3.5-5°): pointed observations :
Cosmic rays are

Background here!
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Stereoscopic reconstruction

CEINE!
ray Extensive
Nir Showes Recenstructed
] . Spurce Positian
Par'tiC|e ¥ y - {herenkav
; i Ligat
shower E B

Cameras with
PMT pixels

Impac:
poent

| A

¢ Reconstructed arrival direction and energy of the primary gamma ray
¢ Limited field-of-view (~ 3.5-5°): pointed observations

o ,

Whipple (Arizona




The TeV Sky Today

Northern Hemisphere Southern Hemisphere

RITAS (Arizona)
® Wassim’s Talk
New Camera on CT5

Source Types

6 Extended TeV Halo PWN

6 Binary XRB PSR Gamma
BIN

'.“‘ HBL IBL FRI FSRQ
Blazar LBL AGN
(unknown type)

6 Shell SNR/Molec. Cloud
Composite SNR
Superbubble

6 Starburst

e DARK UNID Other

. uQuasar Star Forming
Region Globular Cluster
Cat. Var. Massive Star
Clust

[http:/ /tevcat2.uchicago.edul] 19



http://tevcat2.uchicago.edu
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The Galactic Zoo in gamma rays

-

CR acceleration in a large variety of astrophysical sources!

20



The Galactic Zoo in gamma rays

-

‘ . - Binary systems:
* Microquasar

VEESIVE Stellar Clusters ~ ~ ©olliding
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The Galactic Zoo in gamma rays

-

:® Maxime’s talk: 5 : Binary systems:
:Pulsars at TeV energies : ‘ - Microquasar
’ Massive Stellar Clusters Ci()llll'd'ng, :
: Pulsar and their nebula. = ALa g 05
Supernova remnants | 8 e e T
:r"“‘ .w R f,“ﬂ. »
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The Extragalactic Zoo in gamma rays

-

CR acceleration in a large variety of astrophysical sources!

" Active Galactic Nuclei

‘ Samantha’s talk:
’ VER J0521+211 with Fermi-LAT & VERITAS




>

Energy flux [GeV/m” s sr]

And the Origin of Cosmic rays?

Energy []]

1= _10=% 10°* 10 10* 10"  10* . Electrons can be accelerated in
pulsar wind nebulae up to PeV
energies

T '
CEOL =N T D

* Accelerated protons seen in our
favorite candidates (Supernova
remnants) but Emax << PeV

cougsropouar M

= Ancient PeVatrons?
= (Other sources? Massive
Stellar Clusters?
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And the Origin of Cosmic rays?

Energy []]

i(l’: - Electrons can be accelerated in
pulsar wind nebulae up to PeV
energies

TEOLHONT D

* Accelerated protons seen in our
favorite candidates (Supernova
__________________________ remnants) but Emax << PeV

LENSLTOpouas My

= Ancient PeVatrons?
= (Other sources? Massive
Stellar Clusters?

Need some help from neutrinos!
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extragalactic background light (EBL)
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And the Origin of Cosmic rays?

Energy flux [GeV/ m? s sr]
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« Electrons can be accelerated in
pulsar wind nebulae up to PeV
energies

* Accelerated protons seen in our
favorite candidates (Supernova
remnants) but Emax << PeV

= Ancient PeVatrons?
= (Other sources? Massive
Stellar Clusters?

Need some help from neutrinos!

Absorption in (infrared)
extragalactic backaground Ilght ((=1=]8)
v(TeV) + v(EBL) »

Physics of compact objects, easurement of EBL
accelerztion/absorption i jets, (— Cosmology )
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Lack of Statistics!

If Ep =3 x 1015 eV needed, Eg.ray ~ 3 x 1014 eV (= 300 TeV)

For many TeV sources, we do not know what happens at the highest energy:

- HESS J1632-478

10712

dnde (TeV / (cm2 s))

10 10! 10¢
Energy (TeV) 30 Tev

Does the spectrum has a cutoff (Emax) or continue up to 300 TeV?
= At the sensitivity limit with H.E.S.S.!



The Cherenkov Telescope Array (CTA)

Canary Islands (Northern Hemisphere)
13 telescopes
ettt

’ s

Chile (Southern Hemisphere) |
> 50 telescopes

et :'.--; ................ -------------:-..-----------. . .‘ 3 different Sizes:
:® | eo’s talk: e

~iCorrection for mispointing with LSTs

- - - = om
B S

= Large Size Telescopes (LST)
= Medium Size Telescopes (MST)
= Small Size Telescopes (SST)

(currently under construction)
24
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Better sensitivity and angular resolution
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= Detection of fainter signals

= Detection of more sources!
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Simulation of the CTA Galactic Plane Survey

log,q(Nexcess)
0 1 2 3 4

Excess counts (0.07-200 TeV)

Population studies in the Galaxy:

5

« Acceleration mechanism for CRs?
-5 6'2 Escape of CRs from sources?
. & Propagation of CRs? 130 120 110 100 50

90 80 70 60 50 40 30 20 10 0

Better smted for detectlon of transient
:sources (gamma-ray bursts, AGN) 50 ~60 =70 ~80 -90

‘ Leo’s talk:

Flrst observations of gamma-ray bursts with LSTS
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Conclusions

* Cosmic rays are relativistic charged particles detected at Earth
= We want to address the century-old question of their origin

* We use gamrha rays (or neutrihos) {0 pinpoint their acceleration site

* Gamma-ray astronomy allows to probe
Gl i acceleratlon escape and propagatlon of oosmlo rays

e CTA should be able to answer the question of the origin of cosmic rays and will
likely discover unexpected things! |

FUTURE IS BRIGHT FOR GALACTIC AND EXTRAGALACTIC SCIENCE WITH GAMMA RAYS! ¥




Backup Slides

J. Devin



Detection of gamma rays

HE: 0.3—100 GeV Extensive Air Shower experiments (EAS) RSlgl=H0R EC0R=-1Y

Fermi-LAT Y
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Electro-
Magnetic
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Imaging Atmospheric Cherenkov Telescopes (IACTs) RYigl=M oA E=n[0[0RI-1Y
J. Devin




The 1st LHAASO catalog: a breakthrough

[LHAASO, Cao et al. 2024]

WCDA (1 TeV <E < 25 TeV) Significance Map 20

w
o

=
Significance

Ui

e 90 sources
e 75 sources > 45 TeV
e 43 sources > 100 TeV

KM2A (£ > 25 TeV) Significance Map

\\ p—

Surprisingly: 22/43 UHE sources spatially coincident with energetic pulsars
= |f leptonic, where are the hadronic PeVatrons?

J. Devin




The Crab PWN as a likely PeV electron accelerator

107 T T T T T

Photon of 1.1 PeV !
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= Likely leptonic: Emaxe = 2.15 PeV, alpha = 3.42, B = 112 muG [Xeleoj(e]g][ef ad=AV,=Ni{0]y

¢ Steepening of the spectrum between 60 TeV and 500 TeV?
¢ Hardening of the spectrum at 1 PeV (second population?) ? Clearly not
significant at this stage
J. Devin



Are SNRs still on the stage?

e W51C (t ~ 30 kyr)
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LHAASO detection but Ecuip ~ 400 TeV
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[LHAASO, Fang et al. ICRC 2023]

¢ Gamma Cygni SNR (G78.2+2.1, t ~ 7 kyr)

>250GeV

42.5

Dedinztion [7]

40.0

J. Devin

304.0

305.5 305.0 3045
Right Ascenson |']

3060

1) 4 Fermi G

F Macic

oot IMAGIC Acciari et al. 2023

; ~¢—-+*

"N
J Sb
<
/ \ N
/ A ! N
/ " N
/ E \\ \",\
Trapped CRs
f . \
’ ' .\ \
] \
A’ ’vV T T - \. LS
- . | 10-'_ 100 '_U'. 102 103 l["“

PP §
10¢

10-0 4 My FermiLAT ‘
WS sabas 3 $  LIAASO-WCDA
- 1 / - B LHAASCkM2A |
E 10-" / ~
. ? alpha2
: 10777 |
g |
2 1073 |
- | Preliminar |
10‘-‘5 y II
PP SR IO PO Sy | o |
3 0 ++ m i

- “a R —rraad
ll.l 1“” 1'313 10 v 1o

Energy (eV)

.....1.0’ . 1010

Ancient PeVatron?

+ observations with

LHAASO,
PoS ICRC2023 (2023) 602

Energy [GeV]



IlceCube diffuse neutrinos flux

+60° —

Decliration 0
NJ
pe
-

|
—
v

o

Equato}ial Coord.

e
.

Righl Ascension a

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Pre-trial significance [ o

J]. Devin



