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NON THERMAL PARTICLES AND COSMIC RAYS

SNRs

PWNe

Sun

NON THERMAL PARTICLES ARE
UBIQUITOUS IN THE UNIVERSE

Star Clusters

Starburst galaxies

AGN

THESE PHENOMENA REQUIRE
ACCELERATION MECHANISMS TO BE AT
WORK...

...AND TRANSPORT MECHANISMS THAT TAKE

PARTICLES FROMATOB

SOMETIMES THE NON-THERMAL PARTICLES
PRODUCED IN THESE SOURCES MAKE THEIR
WAY TO THE EARTH— AT THAT POINT WE
CALL THEM COSMIC RAYS

FOR ALL THESE PROBLEMS, THE CRUCIAL

ISSUE IS STILL THE TRANSPORT OF
CHARGED PARTICLES IN SPACE AND ENERGY



High-energy messengers of the non-thermal Universe

radio/microwave iInfrared/optical - gamma-rays neutrinos cosmic-rays

cosmological max of star formation opaque to photons;
10° transparent to neutrinos
8 10% I nearest blazar
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= CR FLUX & COMPOSITION

o & Roughly, the all-particle spectrum is a power law

ny3

CREAM E'Y in many orders of magnitude of energy and

DAMPE . . .
FERMI intensity, with several features:
HAWC
HESS

By /W

ICETOP+ICECUBE
KASCADE

Y = 217 Unt” 10/\16 eV (”kneen)
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NUCLEON

Telescope Array | vy = 3,0 between 10716 eV and 10718 eV

Tibet-III

VERITAS

y = 2,7 until 1019 eV (“ankle”)

v = 4,2 after 10"19 eV (“GZK cut-off”)
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Up to the knee in the CR spectrum sources are

assumed to be Galactic ! (Galactic Cosmic Rays
GCRs)

109 Standard paradigm for GCRs:
Energy [GeV]
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d

measuments” above the atmosphere and

1

GCRs are mainly detected by

space.

Highlights

}S

1. Broken power-law spectra of

2. Posikron excess

3. “Pevatrons”




PROTON SPECTRUM (10 6Ev-> 100 TEW
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Kinetic energ

Spectra of protons and helium is not a single power law below the knee !!
> The hardening at R = p/Z ~ 300 — 400 GV is well established since first observation by CREAM and PAMELA

> The softening at R = p/Z ~ 10 TV is observed by different experiments, first strong evidence in DAMPE
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PAMELA (2011) F. Alemanno et al., Phys.

AMS-02 (2017) .
CREAM-III (2017) y As for protons, helium spectrum shows as well:

NUCLEON (KLEM;2017)
DAMPE (this work)

A hardening atR=p/Z -~ 300 - 400 GV
A softeningatR=p/Z - 10 TV

The He spectrum is slightly harder
than that of protons (Ay = 0.1) !!
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MRCINENE hardening is visible

Z : . in all nuclei!
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LIGHT SECONDARY ELEMENTS LI, BE, B

M. Aguilar et al., Phys. Rep. 894 (2021) 1-116.

(%)
o

e Beryllium
Boron

10

Secondary
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“ Secondary hardening is stronger —> The flux hardening seems to be a propagation/diffusion effect.

* No clear hints on the softening at 10 TeV




ANTIMATTER IN COSMIC RAYS

Anti-matter in cosmic rays can be produced by:

1. Cosmic ray collisions with the galactic medium;

2. Astrophysical objects;

3. Dark matter annihilations (e+e-, p, anti-p, D, anti-D, ...);
4. Primordial origin (anti-D, anti-He, ...).

Antiprotons & positrons are produced by the interaction between CRs and
the interstellar matter.

For kinematic reasons, no heavier antiparticles can be produced in this way.



POSITRON FLUX

25E'-"'"'| S L LA L R AL

e 3.9x106 e™ +

The positron spectrum steadily
increases with energy in the
region between 10 and 250

GeV and shows later on a drop-
off.

This increase is well above that
expected from a model in which
all positrons are of secondary
origin.

1 10 100 1000
The existence of the finite cutoff energy (4.70)

is @ new and unexpected observation



POSSIBLE EXPLANATIONS FOR POSITRON EXCESS

» Dark Matter annihilation » Pulsars
Iq25 LR ' L ' L L l
N> _ ® AMS Current Data i 30
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Consistent scenario with the positrons being injected by a population of
Galactic Pulsar Wind Nebulae



ANTIPROTON/PROTON RATIO

—|— AMS—02 (0'1;01;)

—— DBaseline prediction

| Total uncertainties

No antiproton excess at low or high
energies;

Antiproton data consistent with a
secondary origin after accounting for
several sources of uncertainties and

their correlations




THE GAMMA SKY IN THE GEV & TEV REGION

In order to search for the cosmic-ray accelerators, it is necessary to inverstigate
the neutral radiation, not deflected by the magnetic fields

Cosmic-ray accelerators:

gamma-ray sources Propagating cosmic rays:

Observations of cosmic rays diffuse gamma-ray emission

via neutral messengers with 230 TeV gamma-rays

probing CRs up to the knee

Cosmic-ray accelerators seen
as gamma-ray sources

cosmic-ray propagation
as diffuse gamma-ray emission

C:

the limit of Galactic accelerators and
the observational limit of extragal. sources
(due to gamma-gamma absorption)

At TeV energies, we are close to

Galactic latitude

0.000 359.500 359.000

Galactic longitude




FROM PARTICLES TO RADIATION

. E

- N

= Pion production and decay 5 &
- - = P Svnchrotron Neutral pion
p + Ngas o+ ... YV g &E,’ (X'ravi Héx"’) (Tgschl:ym)

= Inverse Compton scattering

e* + YLE — €* + VHE (\ /e

= Bremsstrahlung

Hadronic accelerators

leptonic
mechanisms

e+ + Ngas — €+ + @
. g e\ /e Inverse
= Synchrotron radiation %Y Setvorn Sompor
et + B s ot + Y Q (TeV: CTA)

Leptonic accelerators

The discovery of a convincing case of a cosmic-ray accelerator through the

identification of gamma-rays produced by n0 decays is extremely difficult due to the
additional gamma-ray production mechanisms from relativistic electrons.



GAMMA-RAY GALACTIC SOURCES IN THE GEV & TEV REGION

K2(G313.3+0.6) RX JO852.0-46
\ PWNe and SNRs constitute A
7o | the majority of gamma . A

Galactic Sources

48 Y > ‘
<y & n % :
~ 'sJ.,-‘ ST
L @ N 5
\' |
o

Rabbit/R2 @ -

Sources capable of accelerating particles up to at least PeV energies are called PeVatrons.

The problem of accelerating cosmic rays to PeV energies in the Galaxy is very serious.



Galactic latitude (deg)

PeVatrons everywhere!

LHAASO Sky @ >100 TeV

significance (o)

115

12 sources with
energies between

100 TeV and 1.4 PeV!

» consequence of the

LHAASO sensitivity at

Source name
LHAASO J0534+2202
LHAASO N825-1326
LHAASO NB39-0545
LHAASO N843-0338

LHAASO J1849-0003
LHAASO N908+0621
LHAASO 1929+1745

LHAASO J1956+2845
LHAASO J2018+3651
LHAASO 1203244102
LHAASO J2108+5157
LHAASO J2226+6057

Significance above 100 TeV (x0)
17.8

6.4

I

85

104

1/.2

74

74
104

83

70 &0
Galactic longitude (deg)

E...(PaV)
088 =01

042+ 016
021+ 005

0.26 -0.10*° "

0.35+ 007
0.44 2 0.05

0.71-0.07*°"

0.42+003
0.2/ 002

1421013

0.43 005
057:019

Fluxat100 TeV (CU)

1.00(0.14)
3.570.52)
0.70(0.18)
0.73(017)
0.74(0.15)
1.36(0.18)
0.38(0.09)
0.41(0.09)
0.50(0.10)
0.54(0.10)
0.38(0.09)
1.05(0.16)

Dec=-10

E~100 TeV




EXTRAGALACTIC
COSMIC RAYS

UHECRs are detected by “indirect
measuments” with instruments on ground

Highlights:

1. Flux determination of UHECR:S
2. Composition

3. Anisotropy studies

4. Cravima. sources



UHECR'S SPECTRUM: AGREEMENT BETWEEN EXPERIMENTS (PAQ AND TA)

New features
appear on UHECRs
flux as well:

a “2nd knee”

an “instep” phase
between the
"ankle” and the
final high-energy
suppression

e TA SD (2019)

« TA TALE (2018)

v TUNKA-133 (2020)

» Yakutsk (2015)

¢ Ice Top (2019)

o KAS. Gr. EPOS-LHC (2015)
» KAS. Gr. QGSII-04 (2015)

o Tibet-III (2008)

. GAMMA (2014)

1016

2nd knee
Auger 2021, preliminary

1017

1018
E [eV]

Ankle

/|

Suppression

1019
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The nuclear composition of UHECRs is deduced by (?E MgSi -
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ANISOTROPY

Year

®(Epuger = 40 EeV) - W = 25° 20062008 2010 2012 2014 2016 2018
| | |

o . | i | |
75 Galactic — Starburst galaxies (radio) - E,, = 38 EeV

W
o

IIIIlllllllllllll|llll|llll|l

60°

N
(3

30°
. M82
2. - o M83

1IC342 2 NGC4945
150° Q.ZO° 90° , i P GC B30° 00° 270° 240° 29088
» ‘ K

N
o

[
(93
o

latitude
o

‘ ’:l "
‘\“; M\,f“ M\v

Cumulated TS = E,,
o o

Compatible with linear growth

within the expected variance
NGC253 A ,

PR N SN TN RN N TR T PR W W (N TN TR S NN SN S T
ongitude 0 20 40 60 80 100 120
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e Local indication of departure from isotropy fork =z 41 EeV in the direction of the Centaurus constellation

e Global correlation with Starburst Galaxies
—> No conclusion about SBGs being the sources of UHECRs




GAMMA-RAY EXTRAGALACTIC SOURCES IN THE TEV REGION

) )
galaxies hosting a compact region Transient Phenomena !
at the center that has a much- "Long GRBs" (30 secs) and
higher-than-normal luminosity, due "Short GRBs" (0.3 secs)

to an accreting black hole

® :
@ o Narrow Line

e o y Region
w®
Y, i Broad Line

Disk

Obscuring
Torus

Afterglow



GRB 221009A - The Brightest Of All Times

LHAASO detection >10 TeV

~3000 s after the trigger, >64,000
photons with energies between
~200 GeV and ~7 TeV
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Highlights

MULTIMESSENGER
ASTROPHYSICS

1. A neutrino di;ffﬁfuse mflu,x
2. Multimessenger detect

TRy .
4 .-%..(«.J qfsc.o . o )

| .../- ) ﬂ? | ... .. { .MH. |

g ‘%) " .
I-.\ .
r ..”-\

.-

.c'

__—
&'h

-
>

b

b R R R e I R ALl LR

PR R T R —— T
NN, ¢ A 4 " oo
T B, e A -y A CRORPR I . oo . . .

. N %N\\ & ./o«@oqmwc.oc?,.Y?ooco..&oocowu\oig?
~A N A /X»,./. LI 909000000201 017 1000 - 0009820005 910
—T [ /../WQ,.“.*M.\. : [ OWLT 0 SR T N0 L Oy

e - -
LA

~
“
L
#
1
N\
Y
/

- 4
LRI W
.

2 -
N, m’

[ &
A

—ﬂvh.-
“

g

R
.
o~ 3
.\ 1 U
. .
o B SAS
o :



NEUTRINO SKY

A diffuse neutrino flux was finally measured: most of the sources contributing to the
diffuse flux must be obscured to gamma rays

+ Fermi IGRB <+ IceCube Cascade 4yr
+ IceCube HESE 6yr

PL Inelasticity dyr | PL v, 9.5 yr
PL Cascades 6yr —— PL HESE 7.5 yr

EBL only
V$
++

Equatorial

-*

T
-

 hottest spot coincident with NGC 1068

- tay-transpared) sources 80 high-energy neutrinos from the
S\ IS direction of the active galaxy NGC
I %gev] o 1068 (a Seyfert 2 type)




MULTIMESSENGER EVENT: THE CASE OF GW 170817 (08/2017)

+ S - ~ LIGO, Virgo, Fermi Coll+ many others,
On August | 7th, 2017 LIGO andVirgo reported o e e
the detection of GWs from the coalescence of a
DINary neutron star system U e

Fermi GBM independently detected the sGRB
GRBI70817A, |.7s later

Fermi/ |
GBM /

An extensive observational campaign localised 16, i OGP

IPN Fermi /
b :
.

SGRB in the early type NGC 4993, at d ~ 40 Mpc INTEGRAL

GW 170817 and GRBI170817A confirm binary \ | e
neutron stars as progenitors of SGRBs (Pchance ' | | |

~ | O-8)




MULTIMESSENGER EVENT: THE CASE OF GW 170817

THE ASTROPHYSICAL JOURNAL LETTERS, 848:1.12 (59pp), 2017 October 20

© 2017. The Amencan Astronomial Society. All nghts reserved.

OPEN ACCESS

Multi-messenger Observations of a Binary Neutron Star Merger”
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Fermi-GBM detection of sGRB
50 < E < 300 keV
{(GCN 21528, Goldstein et al. in prep)
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MULTIMESSENGER EVENT: THE CASE OF TXS 0506+056 (09/2017)
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MULTIMESSENGER EVENT: THE CASE OF TXS 0506056

neutrino event
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CONCLUSIONS: A REVOLUTION IN THE LAST 15 YEARS!

The field of high energy astrophysics has been probably the most prolific of discoveries in the last 15 years, thanks
to experiments and observatories of unprecedented capabilities and a much refined theoretical framework;

. have created a picture of CRs in the Galaxy with a wealth of new insights in CR
transport and acceleration;

|1l At the same time, have led to the detection of sources in 10-100 TeV and to
Pevatrons;

Ill.  We have acquired a picture of the that starts to be coherent;

V.  The has now finally been revealed, and the first thing that popped out is a diffuse flux

with possible sources;

V. Finally, we started a very efficient towards astroparticle phonemena.

The implications of astroparticle physics go much beyond astrophysics:

they touch particles & cosmology and - therefore - fundamental physics !



