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Who am|?

Francesca Calore is a staff researcher at the French National Center for Scientific Research
(CNRS) at the Annecy-le-Vieux Theoretical Physics Laboratory (LAPTh). After completing a
joint Ph.D. at the University of Hamburg, Germany, and the University of Turin, Italy, she has
held a postdoctoral position at the Center of Excellence for Gravitation and Astroparticle
Physics (GRAPPA) at the University of Amsterdam, Netherlands. She is an expert in dark

matter searches with astroparticle experiments and high-energy astrophysics.
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Particle Astrophysics

Plan of the lectures

 Particles from the sky: Detection
technigues and observations

g | « Charged cosmic rays: production and
2 origin
- Gamma rays and neutrinos
= | « The multi-messenger connection
> | « Probing exotic physics with astroparticle

observations

Complemented by Cosmology (D. Alonso), Dark Matter (A. Green),
BSM Physics (V. Sanz) and Gravitational Waves (C. Sopuerta) lectures

messenger
source

/
/\

absorption

Credit: NBI IceCube

magnetic
deflection



https://nbi.ku.dk/english/research/experimental-particle-physics/icecube/astroparticle-physics/

Some reading material

M. Longair, High energy astrophysics, Cambridge Univ. Press (2012)

V. S. Berezinskii et al., Astrophysics of cosmic rays, Amsterdam: North-Hollans (1990)
G. Sigl, Astroparticle Physics: Theory and Phenomenoloqgy, Atlantis Press Paris (2017)
Very good lectures notes: Foundations of cosmic-ray astrophysics, Varenna (2022)

EuCAPT White Paper, Opportunities and Challenges for Theoretical ;L;
Astroparticle Physics in the Next Decade, arXiv:2110.10074 \

EUCAPT

Feel free to email me at calore@lapth.cnrs.fr!
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https://doi.org/10.1017/CBO9780511778346
https://ui.adsabs.harvard.edu/abs/1990acr..book.....B/abstract
https://link.springer.com/book/10.2991/978-94-6239-243-4
https://indico.gssi.it/event/339/overview
mailto:calore@lapth.cnrs.fr
https://arxiv.org/abs/2110.10074
https://arxiv.org/abs/2110.10074
https://arxiv.org/abs/2110.10074

Energy scales

1 eV Is the Kinetic energy an electron €

gains from being accelerated across ) ——
a potential of 1V

leVa1.6x10"] 1V
~ 1.8 x 107°%kg
~ 1.2 x 10*K
leV 10° eV 10% eV 10”7 eV 1012 eV 101° eV 101% eV 10° eV
| | | | | | | | | | | | | | | | | | | | | |
| | | | | | | | | | | | | | | | | | | | | |
eV kGV/ MeV GeV TeV PeV EeV \ eV
“lectron rest mass Proton rest mass LHC energy Kinetic energy of a

tennis ball

[Natural units: ¢ = kg = h-bar =1]



Galactic and extragalactic environments

<107 %cm™°

100s Mpc or Gpc

~14 Gyr
Very large distances and spatial scales age of the universe
2 —4nG

Extremely rarefied densities of matter

Very long timescales

<lcm™ Magnetised environment

Several kpc

~230 Myr
one solar orbit

1 —10uG

1pc ~ 3.261lyr ~ 3.086 x 10 m
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galactic
center

Milkyway

[Conversion algorithms in Astropy]


https://auger.org/education/Auger%20Education/galacticcoordinates.html
https://docs.astropy.org/en/stable/coordinates/index.html#module-%20astropy.coordinateshttps://docs.astropy.org/en/stable/coordinates/index.html%23module-%20astropy.coordinates

Cosmic rays: Experimental milestones

Mountain altitude < 5 km CREAM balloon ~ 40 km AMS-02 (on ISS) ~ 300 km

CR Extensive o — TeV GW —
discovery showers ¢, ¢ Diffuse y p astronomy Y d?

! ! Loyl RN
e T T
1910 1930 1950 1980 2000 2020

- > > <«—>
e, u, T, K, A Elementsup to U  '°Be - **Mn
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Cosmic rays: The all-particle flux

The all-particle flux of cosmic rays

» 13 decades in energy; 30 decades in flux!

« Quite featureless spectrum, almost perfect power-law
with index about -3

- Two main features, i.e. softening at 3 x10'5eV (knee) and
hardening at 5x10'8 eV (ankle) reflect changes in CR
behaviour (sources, propagation, etc)

« Rather isotropic distribution in arrival directions (< 0.1%)

F (m?sr s GeV)'

27
10 Credit: S. Lafebre
| | | | | |

10° o' 102 10”10 10" 10*
E (eV)
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Cosmic rays: The all-particle flux

The all-particle flux of cosmic rays

» 13 decades in energy; 30 decades in flux!

2¢ » Quite featureless spectrum, almost perfect power-law
with index about -3

- Two main features, i.e. softening at 3 x10'5eV (knee) and

irect detection hardening at 5x10'8 eV (ankle) reflect changes in CR

behaviour (sources, propagation, etc)

F (m?sr s GeV)
o
|

10712} < « Rather isotropic distribution in arrival directions (< 0.1%)
1075

1078 _

ol How do we measure tl

1024

27 L
10 Credit: S. Lafebre
| | | | | |

10° o' 10”2 10”10 107 10*
E (eV)

13



Altitude {km)

Cosmic-ray direct and

@w oV

@ O | . .
indirect measurements x| . | e
o,
B ¥ — Primary _
4 interaction ‘;}#r
!
r h Secondary ///K\ Balloon
- Below few tens of TeV BN oarticles ~— ,/I‘( | Nc:/E);ePSr?ze
. High statistics T AN | 2l 19736
- CRs absorbed in the upper atmosphere AN ' ;’5','('
° . . . | ‘
- Direct measurements in space possible with P | " ;,1‘(
magnetic spectrometers (Q and p) and/or i ooy /M f J n:
calorimeters (E) P L] — _ —
/ High mountam
i0 | | | )/} {\1 emulsions | \;
Indirect detection //),l\ Scintillation fight ,
. Above tens of TeV R I ////J) .(\ for E>107 eV = ‘
« Very much reduced statistics | M’ti“ 4}/,;, \\\ ;
o " Y-;:.;_f o ,'- 33 ‘f:’ﬁ{ ) ﬂ’. Charged
CRs penetrating to the ground thanks to | ~’:‘-’r¢?'a' Y hotons -‘ﬁf*‘f’ 9 |

c{g}- particles

A () it DB1ECIOT array

extensive air showers 2 :
+ Indirect measurements with long-lived large | eiiector e

instruments deployed at Earth 2 s

...........
................
i P I T S e A R DO U RCMMEROOCBINBUDBOSEEE “ny” DU \ 7 iy S O, S NRCICONDICMMICHC RO SN b MO MO R O N O SR N SOICHCNL NP LS M

Spiro, Auburn & Palanque-Delabrouille, Survey in High-energy Physics (2000)
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https://www.researchgate.net/publication/253361450_Review_on_experimental_particle_astrophysics

Cosmic-ray detection in space

Fermi-LAT (2008-)

Anticoincidence
Detector

Conversion
foil

e ™ Particle

tracking
detectors

— Calorimeter

Credit: NASA's Goddard Space Flight Center

Detection of gamma-rays
in the range 20 MeV - 300 GeV

15

/_\ —ftraeke\ r AMS (2011-)
Particle mass via \\ TRD
Lorentz factor —
Time difference,
velocity

Detection of e™, pi and heavier nuclei
in the range 1 GeV - 2 TeV



Cosmic-ray detection on the ground

<— Primary cosmic ray Fluorescence
(e.qg. Fly's Eye, Auger
. \ observatory)
\ UV fluorescent photons
AR o \} Isotropic emission
«uW"%)‘ \5
Nuclei ¥: Imaging Air Cherenkov
w:\ _ Telescope (IACT)
‘7"»3:1% ~_~ Charged particles of (e.g. MAGIC, VERITAS,
|\ K electromagnetic shower —_
HESS, planned CTA)

Ground array and Water
Cherenkov detectors
(e.g. KASCADE-GRANDE,
MILAGRO, HAWC)

Cerenkov radiation
forward emission

Bietenholz, arxiv:1305.1346



https://arxiv.org/abs/1305.1346

Gamma rays vs charged cosmic rays

Semi-analytical model for QED showers (Heitler model)

shoton - @ y \ / ,
____________________________________________________ n=1 = [ p(¥)dl ~ 35g/cm
‘ ¢ e . Grammage: characteristic depth to produce pair
. X =nA
--------------------------------------------------- N(X) = 2" = 2%/A
n=4

(E) = Ey/2"

E.~8 MeV  Npax = Eo/E. @ Xmas

Matthews, Astrop. Phys’0O5

17


https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract

Gamma rays vs charged cosmic rays

100 GeV
100 GeV (a) proten
photon Y |
=1 !
...................................................... |
e e~ ,;
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n= ? !;:.
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- n- ~5 km

Matthews, Astrop. Phys’05 3
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https://ui.adsabs.harvard.edu/abs/2005APh....22..387M/abstract

Neutrino detection on the ground

Optical Cherenkov Telescopes: Separate charged particles directions through Cherenkov light (Markov, 1960)

atmosphere _ IceCube Lab . .
\.—tx“—-i-_'.-‘-—f—f lceTop * Giga-ton optical Cherenkov

50m

............. telescope at the South Pole

icecube Aray ® Collaboration of about 300
scientists at more than 50
international institutions

atmospheric cosm i C 1

neutrino 1450 m

I
I
tri Tk
atmospheri€ neutrino
Ll
2450 m

up-going | e 2820 m

.......................................................................................... e ‘

down-going P * 81 IceTop stations for cosmic
R T, 4 | 60,000,000,000 ray shower detections

per year - Bedrock

* 60 digital optical modules
(DOMs) attached to strings

DeepCore

RN

* 86 IceCube strings
Aj Eifel Tower instrumenting 1 km3 of clear
glacial ice

New idea: Giant Radio Array for Neutrino Detection, GRAND, look for coherent
radio emission of air showers produced by Earth-skimming tau neutrinos with

horizontal-shower Optimised antennas. Martineau-Huynh et al., EPJ Web of Conference 116 (2016) 03005
19



https://grand.cnrs.fr/
https://arxiv.org/abs/1508.01919

Cosmic-ray horizon: proton-pion production

Very high energy cosmic rays will be destroyed by interactions
with background photons:
p p ]
-
é P+ YCMB — P + T |lo9 |cl)" |(;'3 |(;'5 |ol'7 |ol'9 102!

Cred

Threshold energy for this process gives rise to the Greisen—
Zatsepin—-Kuzmin (GZK) cut-off:

N 19 € —1
E,y =~ 3.4 x 10 =T, e

Ultra high energy CRs cannot propagate more than around L”GZK ~ 50 Mpc before being destroyed.
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Cosmic-ray horizon: pair production
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Bartos&Kowalski, Mutimessenger Astronomy
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-

" nearest blazar

nearest galaxy

—

neutrinos cosmic-rays

opaque to photons;
transparent to neutrinos
and gravitational waves
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https://iopscience.iop.org/book/mono/978-0-7503-1369-8/chapter/bk978-0-7503-1369-8ch1.pdf

Cosmic-ray sources
and transport




Cosmic-ray in regular B-field

dp \4 Solutions (no electric field):

D, = const

Guiding
charged plasma _~ Magnetic Vyp = UQCOS(Qt)
particle field line .
BO — ‘Bo‘ /Uy — UOSIH(Qt)
R R uG
rp, =rg =1 — p2— ~10"°%/1 — p? C ] g
L =T, \/ 0 B, \/ " o Bop armor radius
O — 450 ~ 102 By GeV rad/s Larmor frequency
E uG E

IL=D./p R =p/q|GV]
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Cosmic-ray in perturbed B-field

Small-scale stochastic perturbations

dp \Y
=qg— X (B + 0B)
dt C / \
Changes x and y component Changes only the
of the momentum direction of p;

w=mp./p

24



Cosmic-ray in perturbed B-field

Small-scale stochastic perturbations

|(SB‘ < |B0‘ and 0B L BQ

<d_u> =0 Diffusive process
dt y
<dtu > — 7rC'25(’w) — T (1 — MZ)Q| Bz‘ KresO (k — kres) R —
0

At > Q1

25



Cosmic-ray in perturbed B-field

Small-scale stochastic perturbations

k1>>rp

_ . Collisionless Diffusion

TRy —5 [i.e. scattering on inhomogeneities of

- the magnetic field]
k'1<< rr o
\‘~ — Diffusion coefficient
Fle p Describes the random change of the
| Va pitch angle

Credit: P.D.Serpico
26



CR propagation in phase space

dN, —
Phase-space density of CR fo = T Z;H_ fgéxég)'
= d3xd>p

0
0t

FX-Vx+Dp-Vp| f=0

Similar to Liouville equation
Describes the collisionless aspects of CR acceleration and transport

27



CR propagation in phase space

Na —
Phase-space density of CR fo = ddH ZiCH— fgéx(’ig)'
= d3xd3p

o . .
57 | x-Vx—I—p-Vp] f><0

Similar to Liouville equation
Describes the collisionless aspects of CR acceleration and transport

Collisional aspects account for particle generation/absorption, secondary particle production, etc

28



CR propagation in phase space

dNo f = f(tx,p)
oh _ g . f CR _ ) 4 v
ase-space aensity o fa dH dH — d3xd3p
d®p = p2dpdQ .
p=p'dp o(t,x,p) = - [ 4 (txp)

1

®(t,x,p) = ;- [ 42D (tx,p)

dN fd3xd3p dp
1 4mp? . .
n(t,x, F) = — /dQF _ TP ¢ Spectral |nt§n3|ty
p p and density

29



CR diffusion in phase space

df of (p x B) B o¢) 0 ( K )
= TV Ve V=0 » ot~ oz \" oz,

Kij spatial diffusion tensor
Jdp 0O 8(,0 _0
ot 0z 8z

E.g. “Leaky box” model for Galactic
propagation

Q = 2qo(p)hd(z)

Adding a source term Q (1D)

Particle escape

30



CR transport equation in1D

oy 0O 0 Op 1ldu d¢p
ot 0z (K&z)_l_u(?z 3dzp8p_Q

Diffusion: The diffusion coefficient is typically energy (rigidity) dependent

Convection/Advection: Spatial transport due to large scale movements like Galactic
winds. Typically relevant at GeV energies for wind speeds ~10 km/s

Adiabatic energy losses/gains: Particularly crucial for particles acceleration

Re-acceleration (not shown): Due to the residual velocity distribution of the waves
even in the plasma frame, generating a diffusion term in momentum space => Relevant
only below a few GeV

31



Cosmic-ray sources: Galactic or extragal?

In the Galaxy we observe CR factories up to
1 TeV =102 eV (HESS, VERITAS, MAGIC)
1 PeV =10% eV(LHAASO)

SNR, pulsars & neutron stars, binary, stellar clusters, PWN
AGN & jets, galaxy clusters, galaxies

F (m*srs GeV)
o

Galactic 2y
10>
|0-|8_
102 |- Extragalagctic
9y | km™ yr~!
10 Open questions:
1027+ * 1. What is the maximal energy CR are accelerated?

' ' ' ' ' | 2. Where does the Gal-extragal transition occur?
10> 10" 10”2 10”107 10" 10*

E (eV)
32



How to accelerate CRs?

Some requirements:

1. Energetics:

» Kinetic Energy (translational in SNRs, rotational in pulsars)
- Gravitational Energy (accretion disks)
» Magnetic (solar flares)

2. Mechanism for Energy Transfer: how to transfer energy from
macroscopic objects into the (microscopic) acceleration of
particles? (electromagnetic)

3. Confinement: particles must stay in the accelerator for the time
needed to accelerate them

4. No significant E-losses

We need electric fields to accelerate particles!
They are generated by moving magnetic fields in the plasma
e.g. fast rotating B-field in pulsars, shock waves

33



Shock acceleration: 1st order Fermi

A shock wave is a propagating disturbance in a medium that moves faster than the local speed
of sound in the medium, i.e. a mathematical discontinuity

Shock frontatz=0
SNR qb(z,p) ISM Particles injected only at the shock
~e-|z|u/K
Const el Far from the discontinuity, steady state

condition in each side of the shock

downstream| upstream dp 0 0y

Uo «— U U =~ | K
2 1 0z 0z 0z

<
Z
(shock frame)

34



Shock acceleration: 1st order Fermi

A shock wave is a propagating disturbance in a medium that moves faster than the local speed
of sound in the medium, i.e. a mathematical discontinuity

Shock frontatz=0
Particles injected only at the shock

SNR d(z,p) ISM

~e-|z|lwWK
COL el Far from the discontinuity, steady state

condition in each side of the shock

downstream| upstream Upstream: VVanishing profile

U2 —

U Downstream: Constant
4

e oy (p) ~p
(shock frame) Fermi spectrum (in-situ)

35



Confinement condition

The system must be able to contain the particle T, SJ E’,
Aartsen+ Advances Space Research '17
a beutron _ Hillas Plot
\\‘S‘tars proton (8 = 1)
MT |- I ] Upper limits on the reachable CR energy
[, hite . . .
Y, :iv“‘arf dependent on the size of the acceleration region
n XL N, - and magnetic field strength
o e . ",,:,f,j:;:\\AGN
qq:) T L LHC s\\ Wy S _
go al spot \\ EmaX Y, RBO
< 6;\ |
E Imi1cro- *f/
mG | quasa,r‘ . 1 |
“\ T “ngalaxy
interplanet. SNR S Y d’}ruster
,UJG B medium 1 t.‘ tintergal. ]
gad?s 1Cy 1’(9‘ : medium
nG F N ?t%slrnguc{s ¢, @ i

\
.
| | | | | |\|~"g|

km Mm GmAU pc kpc Mpc cHO_

characteristic size R

R uG
rL =rg =V1—p? —N10 V1 p? GV%o
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https://arxiv.org/abs/1701.03731

CR accelerators: Supernova remnants

e Energetics
Exin = 1051 erg
T ~ 2-3 year
Lsn = 1051 / T = 6x104%erg/s => 10% into CRs should be sufficient

e Maximum energy
vsh ~ 103 km/s, B ~few mG => Emax ~ 1017 eV

RX J1713.7-3946
Cas A

HESS J]1731-347
Tycho

Vela r

SN 1006 SW

Lk

103> 4

<o o

We see pion bump at GeV energies
(proton acceleration)

We see TeV shells (e.g. HESS)

We do not see PeV accelerated
particles from SNR

1034_
103 4

1032 4

Differential luminosity (erg/s/TeV)

| T \ ¢
1031?

1030 . ——y . ey
1071 10° 10!
Aharonian+ A&A'O7 Energy (TeV)

[Others: stellar clusters, no indication of a TeV cutoff so far]
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CR accelerators: Supernova remnants

Energetics - Outburst-like event /slow outflows

Exin = 3x10%4 erg
Lir ~ 1.6x1042 erg/s

|s there any indication of such behaviour?

G 0.9+D1

O

G 0.9+D1

_P——_

(Oeg.)

< Latituce

Galact

- :} |:' .E-

Q0.5

':-‘ "‘l""-. .

01.0

0.0

¢ Longitude (deg.)

[y
e
=3

E?¢ Flux (TeVem™? s7)
=)

10"

] IIIIIII

I

10"

I‘TIT]

ﬂ++++

)y

— - Model: Diffuse emission E;.,, = 2.9 PeV
- - Model: Diffuse emission E ...~ = 0.6 PeV
Model: Diffuse emission E ., = 0.4 PeV

7] HESS J1745-290

[ ] Ditfuse emission (x 10)
—— Model (best fit): Diffuse emission

1 lllllll | llllllll

1

v

L1 1 1.1l
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=
I
-D0.4 05
2 -14
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CR collisional effects

A collision is associated to a catastrophic loss

V= i, ['=008n= é
/ on /
Mean-free path
Avg distance travelled in the Particle velocity
medium of density n before
Interacting

Cross-section of the Collision rate
Interaction process

R
Optical depth T — —

4
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CR collisional effects

If losses are continuous

B E
Tloss — —dE/dt

Loss timescale
Avg distance travelled in the

medium of density n before
interacting Loss rate per unit time

G. Ghisellini, Radiative processes in high-enerqgy astrophysics, Lect. Notes Phys. (2013)
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https://arxiv.org/abs/1202.5949

Synchrotron radiation

A rotating charge is accelerated => An accelerate charge radiates

2q472 22 .2 Relativistic acceleration
PS — 2 v°B®sin” 0 Synchrotron power
I m
2
B 1)
Es ~ 500 ,ueV—G (G ;) Energy of radiation for a electron CR
7 e
1 l—a

e(v)dv n(E)dE « E?B?E “dE xv 2 B 2 dv

p— E e

Spectrum of an electron population
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Inverse Compton emission —

y

ECR > VISRF

CCcr

dE

dt

—oT U

2

Y

(9

1

4 , Thomson regime

Klein-Nishina process: tree-level
electron photon scattering in QED

3 €f 2 €. € f
) . 9
— — | )
167TJT (ez) (ef €; S )

1+

(

2z(1 + x) 1+3z

1
[+ 92 In(1 + 2:10)) b In(1 + 2x)

(1+22)%
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Inverse Compton emission

dE

dt

—oT U

2

Y

(

142

3

1 4 4
) — 1| = =*B%uor ~ —vy*uor

- / /7
ECR > 7ISRF —~

CCcr

Thomson regime
e@-/me < 1

Klein-Nishina process: tree-level
electron photon scattering in QED

€; Ee
ey 7 e =30 (W) (GeV

2
) MeV




Leptonic accelerators: Pulsars

GeV — TeV emitters LHAASO Observed ~10 PeVatrons
HE: curvature radiation from acceleration in magnetosphere 9 have a bright pulsars associated

VHE: IC on low-energy target photons

PULSARS AS PEVATRONS 5

—— Maximum efficiency

1034 A | ;
v LHAASO maximum energy {1578
: 110
1032 o 10+ g {5
e d 1221720 1190740602~
]1954+2836 ]1928+1746 826-1256 J2229+6114

Ee max [PeV]

J2032+4127 §
100 - \ 1838-0537 i —
Vil o
J1958+2846 : &
i 0.5 2
28 - : =
10 E %

1f 75
]1841-0345
J1849-0001
1026 o
Gemmga J1832 028 Crab
1024 .

Luminosity

10.1
0.1} J1907+0531 B1823-13
A )1837-0604 J2021+3651 ‘ i
” 1034 035 036 1037 1038 1039
1044 -
Energy E [erg/s]
10—2 10—1 100 101 102 103 104 105 106 _
1072 0.1 1

Pulsar efficiency (np)

[Others: compact objects in binary systems (high-energy binaries, novae, micro quasars)]
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The diffusion-loss equation (full 3D)

0o O 00, 00, 1 0u; ( 3§ba> 1 O (dp> 1 O ( 0P,
| | p gba p

KZ | 2 | o K - — _F v F v
ot  dz, Yoz, oz, 30z, \" ap ) prop | i p2 Op PP 52?) e +;¢5 B

Continuous energy losses Catastrophic losses

Energy-loss dominated propagation
Energy-loss timescales are the shortest ones

5 :pz (d_p) g%] =1 = o) p2(d; Tdt),s / Cdpa) p?

for g < p~* and (dp/dt), x —p*

s—¥{+1

P(p) o< p
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Charged cosmic rays
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GCR: Composition

Basic indicators of diffuse transport
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STABLE ELEMENTS

Besides primary species, produced in stellar nucleosynthesis, the average
interstellar medium hosts a population of secondary particles produced by
primary fragmentation during propagation

48

2.5 B | [ I | | I | I | I | | [ | | | | [ [ |
— 2.0 . _
= - o(C = 19Be) ~ ¢(C — °Be)
= B |
-ﬂ |— —
c 1.5 at production ]
5 [ — = t~40Myr
° - 7 1 1 1 aees ~ 80 M -
i 10 [ t yr ]
s [ -
& - _
= B |
S 05 -

OO B T N R

8 11 12
mass [amul]
UNSTABLE ELEMENTS

10B is beta unstable with half-life time of 1.5 Myr
Production rate similar to other stable nuclei (°Be)

The ratio °Be/19Be can be used as a CR clock => residence time in the Galaxy of
O(100) Myr => DIFFUSIVE propagation



Primaries: Produced in source term Q

GCR: Propagation and diffusion

Secondary-to-primary ratio

Secondaries: Nuclei only produced by spallation during propagation
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Gammarays



Gamma-ray instruments
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Gamma-ray instruments
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Cosmic gamma rays: a short history

Kraushaar+ ApdJ 1972

50 MeV - 10 GeV 20 MeV - 300 GeV
Catalog of 25 Galactic sources Large FoV (2.4 sr)
Discovery of Crab and Vela PSR Excellent angular res.

Swanenburg+ ApJL 1981 (0'1 deg@1 0 GeV)

Atwood+ ApJ'09

30 MeV - 30 GeV
271 sources in 3rd catalog

Hartman+ ApJS 1999
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20 years of cosmic gamma rays
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EGRET (1991-2000) ' * Fermi-LAT (2008-2017)
30 MeV - 30 GeV _ 20 MeV - 500 GeV



Gamma-ray production mechanisms

INVERSE COMPTON
BREMSSTRAHLUNG

SYNCHROTRON PION DECAY Multi-wavelength

emission spectrum

ENERGY FLOX

ENERGY Crecit: C-Armand (PhD Thesis)

« Gamma-ray production follows the acceleration of charged particles, or the decay of exotic
particles (e.g. dark matter)

* A population of accelerated charged particles in astrophysical sources is required
* Leptonic gamma rays trace the cosmic-ray electron density and the radiation fields
* Hadronic gamma rays trace the cosmic-ray hadrons, as well as the target gas densities

G. Rybicki and A.P. Lightman, 1979, ’Radiative Processes in Astrophysics’; John Wiley & Sons Inc. M. S. Longair, 2011, 'High Energy Astrophysics’, Cambridge University Press
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The Fermi-LAT gamma-ray sky
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The Fermi-LAT gamma-ray sky

Galactic diffuse emission
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The Fermi-LAT gamma-ray sky
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The Fermi-LAT gamma-ray sky
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CR sources

" CR pipagation. .

SNR G008.7-00.1

RX J1713.7-3946
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The Fermi-LAT gamma-ray sky
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The Fermi-LAT gamma ray gky
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Fermi-LAT gamma-ray sources

FERMI-LAT FOURTH SOURCE CATALOG (4FGL)

o 8yr data-set Fermi-LAT Collab. ApJS'20
5064 sources above 40 significance

« 3130 AGN; 239 pulsars

= No association Possible association with SNR or PWN ~ AGN
* Pulsar A Globular cluster + Starburst Galaxy ¢ PWN
@ Binary + Galaxy o SNR # Nova
* Star-forming region B Unclassified source

59
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Fermi-LAT gamma-ray sources

FERMI-LAT FOURTH SOURCE CATALOG (4FGL)

o 8yr data-set Fermi-LAT Collab. ApJS'20

5064 sources above 40 significance
« 3130 AGN; 239 pulsars

= No association Possible association with SNR or PWN ~ AGN
* Pulsar A Globular cluster + Starburst Galaxy ¢ PWN
@ Binary + Galaxy o SNR # Nova
* Star-forming region B Unclassified source

o No association Possible association with SNR or PWN
<~ AGN ¥ Pulsar A Globular cluster
* Starburst Gal ® PWN = HMB
+ Galaxy o SNR * Nova

Nolan+ ApJS’12
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
https://ui.adsabs.harvard.edu/abs/2012ApJS..199...31N/abstract

Fermi-LAT gamma-ray sources

FERMI-LAT FOURTH SOURCE CATALOG (4FGL)
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Fermi-LAT gamma-ray sources

FERMI-LAT FOURTH SOURCE CATALOG (4FGL)
. 8yr data-set Fermi-LAT Collab. ApJS'20
5064 sources above 40 significance
« 3130 AGN; 239 pulsars

1336 sources w/o counterparts at other wavelengths
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https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb

Th e p u I S a rs ) revo I uti o n Caraveo Ann.Rev.Astron.Astrophys. 52 (2014) 211-250

Highly magnetised, rotating, compact stars originating from the collapse of
massive stars

First sources identified in high-energy gamma-ray astronomy, '70
Primarily identified in radio, but radio-quiet gamma-ray pulsars exist

Rapid growth of the number of isolated and binary millisecond pulsars
(MSPs)

Cumulative Number of Known Field MSPs

300
Bl All Other Radio Searches
Fermi Directed Searches
250 -
200 -
W
.
(V)]
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T o T S 100 - .
AN 50 - l.l"llil
' . Other pulsars
o LAT radio-loud pulsar
o LAT radio-quiet pulsar 0
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Year

P. Ray 8th Fermi Symposium 2019

Radio MSP from LAT UnID

A LAT millisecond pulsar

61



The Fermi-LAT high-latitude gamma-ray sky

20° .




The Fermi-LAT high-latitude gamma-ray sky

Ackermann+ ApJ’15

——o—— Fermi LAT, 50 months, (FG model A)
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The origin of the IGRB

Fornasa & Sanchez-Conde Phys. Rep.’15
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Two transformative discoveries
1. Fermi Bubbles

Su+ ApJ’10
Bruno Rossi Prize 2014

Galactic disk

Credit: NASA Smoothed Fermi all—sky map

Discovery of previously unseen structure centered in the Galactic center
Multi-wavelength counterparts (radio, microwave, X rays)

Yet of unknown origin: fuelled by past AGN activities and/or nuclear starbursts?
64

Galactic wind?

WMAP haze
B field
B

DNPPRIS |



https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044/pdf

Two transformative discoveries
1. Fermi Bubbles

Su+ ApJ’10
Bruno Rossi Prize 2014

Galactic disk

Credit: NASA

Discovery of previously unseen structure centered in the Galactic center
Multi-wavelength counterparts (radio, microwave, X rays)

Yet of unknown origin: fuelled by past AGN activities and/or nuclear starbursts?
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https://iopscience.iop.org/article/10.1088/0004-637X/724/2/1044/pdf

Two transformative discoveries

2. Evidence for proton acceleration in SNR

. Fermi-LAT Collab. Science’13 I C 4 43
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* Detection of the characteristic gamma-ray pion-decay signature in SNRs

* Leptonic models are disfavoured

* Direct evidence that cosmic-ray protons accelerated in SNR W44 & 1C443
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https://arxiv.org/pdf/1302.3307.pdf

Diffuse emission from TeV to sub-PeV

0.1-1 QeV

1-10 GeV

Diffuse CR
dominates

10 - 100 GeV

Sources
dominate

100 - 1000 GeV
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Point sources at TeV energies

Despite small FoV IACTs can perform effective surveys )

__ Planck CO(1-0) map
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Point sources at sub-PeV energies
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LHAASO Sky @ >100 TeV
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Sources: from TeV to sub-PeV

TeVCAT Catalog
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http://tevcat.uchicago.edu/

Diffuse emission: from TeV to sub-PeV

First Detection of sub-PeV Diffuse Gamma Rays from the Galactic
Disk: Evidence for Ubiquitous Galactic Cosmic Rays beyond PeV
Energies

M. Amenomori et al. (Tibet AS,, Collaboration)
Phys. Rev. Lett. 126, 141101 — Published 5 April 2021

De la Torre Luque+ arXiv:2203.15759

=
9

— y —optimized - Min model -+ TIBET Diff.
| === y—optimized - Max model }  ARGO Diff.
- = Base - Min model }  LHAASO Diff.- Prel
—=- Base - Max model + Fermi Diff.

(-
-
o

(-

-
A
|

N 2 _ e
3.24993e-21 J[cm™2%s7'GeV~lsr~!']  2.86481e-16

E$-8 do,/dE, [GeV!® s™1sr=l cm~?]

25 <1 <100 - |b|<5

or i i ier i ios
E, [GeV]

(-
-
&



Future: Cherenkov Telescope Array

-
.

B CTA South
" ESO, Chile
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Future:
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CTA Sources: Galactic Plane Survey
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Neutrinos




Neutrino sources

E?¢y1y [GeV em ™2 s7 1 sr7!]

— CvB core-collapse SNe — avg.atmo.v, + vy = avg. Galactic diffuse = IC cascade (6yr) = cosmogenic (p)
solar/(4m) — SN 1987A/(4m)/(3s) — avg.atmo.ve+ v, = IC HESE (7.5yr) = IC track (9.5yr)

non-anthropogenic

: <

neutrino fluxes
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— 4 .. cosmic
The Sun atmosphere ~ Neutrinos
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High-energy neutrinos

TeV — PeV neutrinos (discovered by IceCube)
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* Diffuse flux level agrees across analyses

(within their overlapping energy regions).

* However, mild tension between spectral

index for a "vanilla" single power-law flux.
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HESE (7.5y Full-sky)
Phys. Rev. D 104, 022002 (2021)

Inelasticity Study (5y, Full-sky)
Phys. Rev. D 99, 032004
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This work: Through-going Tracks
(9.5y, Northern-Hemisphere)
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https://arxiv.org/pdf/2011.03545.pdf

High-energy neutrinos

TeV — PeV neutrinos (discovered by IceCube)

Most energetic neutrino events (HESE 6yr (magenta) & v, + v, 8yr (red))
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Galactic

No significant steady or transient emission from known Galactic or
extragalactic high-energy sources, but several interesting candidates.



Neutrino production and gamma rays

Photo-hadronic interactions (p?)

p+7target —>n + 7[+

Tt oty > et 4+ 0,4, BR =1/3 Neutrino energy = Proton energy / 20

P T Varget 2> P T 7’8 BR=2/3 Gamma-ray energy = Proton energy / 10
Al e

Hadronic interactions (pp)

A+ Avarges = N(#xP +77 +77)+ X

Neutral to charged pion ratio

K~ 1

dN, 4 [g dN,

E
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The multi-messenger connection

isotropic y-ray high-energy « ultra-high energy

i background neutrinos . ™, cosmicrays
' (Fermi) (IceCube) proton (£ ) “e (Auger)

F|r1—1

—

N
i

| -7 | i —
N 10 b cascades calorimetric @ -
CTI ~~~~~ (6yr)

g ________

> 108 | ) _
) [ ez |
82‘ tracks

= (9.5yr) .

1079 L (7.5yr) o COSTROBEIIC @ E

T - V4V

10 100 10° 10* 10> 10°® 107 108 10° 10Y 101!
energy E [GeV]

The high intensity of the neutrino flux compared to that of y-rays and
cosmic rays offers many interesting multi-messenger interfaces.
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