Cosmic rays from 100 TeV up to the EeV regime: a review
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1. Very-high energy
astroparticle physics



The astroparticle physics field
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Very-high energy astroparticle physics

e Cosmic rayS PDG (2018) ° Neutr]nos F. Halzen et al., Front. Astro. Sp. Sci. (2019)
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e Gamma rays A.Abdo, PRL 104 (2010)
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e Spectra of high energy cosmic rays,
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Very-high energy astroparticle physics

e Constrain models of the galactic and
local magnetic field

All-sky view of the magnetic field and
total intensity of dust emission measured
by Planck (ESA)

Cabral&Leedom(1993)

e Find and understand the high-energy
processes that occur in astrophysical
environments

Gas Disk in Nucleus of
Active Galaxy M87

Black hole in M87
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NASA/EHT

30

e Search for HE e Test hadronic interactions at
counterparts. ,_ energies and regions of phase
3 space not available to current
T | = particle accelerators
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IPN Fermi /
INTEGRAL

VHE astroparticle
physics

LIGO

CERN

p-p collision (y/secm = 7 TeV) in ALICE

e Put limits on physics beyond
the standard model

The multiple components that compose our universe
Current composition (as the fractions evolve with time)

Dark
matter

Dark matter

Dark

e Probe matter and

radiation
stellar/-ga

Energy
""""""""""" f _Baryonic matter
v Dark energy < _ iieusiiinos
69% O
\ Photons l
Of the ]nter- \ Black holesl

lactic medium.
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2. Introduction to cosmic
rays



Brief historical background

Discovery: 1911-1912
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“a radiation of very high penetrating power
enters our atmosphere from above”
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V. F. Hess, Phys. Z. 13, (1912) 1084



Brief historical background

Nature of the radiation: 1927-1936
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PHYSICAL REVIEW

A Journal of Experimental and Theoretical Physics

VoL 43, No. 6 MARCH 15, 1933 SecOND SErIEs

A Geographic Study of Cosmic Rays

ArtrUR I, ComproN, University of Chicago
(Received January 30, 1933)
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F1a. 6.—Compton’s world map of isocosms. Note the parallelism of these lines of equal cosmic-ray intensity and the dotted
curves of geomagnetic latitude (50° N. and S.).

CR’s are charged particles.
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J. Clay, A. Compton, R. Millikan, et al. observed dependence of CR intensity with
latitude.
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Brief historical background

The Nature of the Primary Cosmic Radiation

Composition: 1940-1941 EN i e |

MARCEL ScHEIN, WiLLiaM P. JesSE axp E. O. WoLLan
Ryerson Physical Laboratory, Universily of Chicago, Chicago, Illinois
March 13, 1941
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Fi1G.1. Curve A: Intensity of the hard component for various lead
thicknesses as a function of pressure in cm Hg. Curve B: Total vertical

L]
M . SC h e'l n intensity of cosmic rays obtained by Pfotzer as a function of pressure.

Direct measurements in non-tripulated balloons
carried out by M. Schein et al. at altitudes up to

20 km.

Fg 1. Inflation of balloon of polyethylene just after dawn. The balloon has a total 1 1
Iength of about 120 ft. and most of the fabric is on the ground. Such a balloon can in Cosm ] C rays a re d Om] n ated by p rOton S
R —— —testammestEROTTT

I Bvourable conditions give level flight at about 90,000 ft. for many hours with a load
1 of 40 kg.

M. Schein et al., Phys. Rev. 59, (1941) 615
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Cosmic ray known properties

e One of the most energetic and enigmatic form of radiation from outer space

e Composed by atomic nuclei:
- Atomic nuclei (99 %) :
H (85%), He (3%), Z >3 (3%)
- Electrons (1 %)
- Traces of antiparticles

e Energy ranges from 100 MeV to 1020 eV

e Spectrum follows roughly a power law
F(E) = EY

e Origin is galactic and extragalactic:

- Sun (E < 10 GeV),
- Supernova remnants (E~-TeV),
- Extragalactic sources (E > 1 EeV).

e Diffusive propagation in space:
Age ~ 0(107 yr) at HE’s

J.C. Arteaga - Cosmic rays
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Energies and rates of the cosmic-ray particles
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Cosmic ray open guestions

e What are the sources of cosmic rays? e How are they accelerated?

Birthplaces of Cosmic Rays

.

LHC (CERN)

e What are they made of?

<Sources: Sun, Earth - NASA; Crab Nebula - Hale Observatories; Jets from Active Galactic Nucleus, Active
Galactic Nucleus - National Radio Astronomy Observatory; Supemova Remnant - ISAS/JAXA >

e Where are they accelerated Open questions

e How do they propagate in
the space?

GAIA’s star map of our galaxy (ESA)

NASA/Modelo JF

e What is the origin of the features in their
energy spectrum?

Propagation of 108 eV CR ’s in the galaxy
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What do we need?

e Cosmic ray measurements on: e Multi-wavelength observations (E <
- Composition, MeV’s):
- energy, - radio, microwave, infrared, vi-ible,
- arrival direction. UV, X-rays.

Chandra X-ray telescope

KASCADE-Grande detector Addressing the mystery
of cosmic rays

e Multi-messenger measurements:
- Gamma rays (E > MeV’s)
- Neutrinos (E > GeV’s)

| |
| |
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HAWC y-ray observatory " ICECUBE v obse rvatory
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3. Review



Energy spectrum

Galactic Transition? Extragalactic
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Origin

| Spectrum:

of Cosmic Raysl dN nucleons
‘ #(E) = =18E 27T —
¢ «—— 1 particle per m? - second dEdQdtdA cm=s st GeV

Yy = 2.7 , ,
. Particle density:
. Knee - 4 dN
"--_.. (1 particle per m” - year) _;r _
bY - #E)= GEav

Energy density:

dN 4
[s—dzs: fET¢(E)dE

- dEdV
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Energy (eV) —

(source: Swordy -~ U.Chicago)
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Origin

Galactic cosmic rays:

Vo = @ (20 kpc)2(300 pc) = 1066 cm3
Tescape = 107 years

Supernova remnants

Lrc ~10% L o\r

Chandra X-ray Observatory

17



E27 dN/JE [eV' Im2/s/sr]
)
=

Acceleration mechanism

Diffusive magnetic acceleration in shock
fronts:

e Fermi’s 1st order mechanism

AE/E ~ (v)/c) =B Effects at source:

*Non lineal
Late phase of SNR
*Different kinds of SNR’s

e Spectrum of shape

dN/dE ~ E -(ro +¢)

where y, = 2 y@

T T =TT T Ty T T Ty T

Protons

[ M. Cardillo, A. Amato, P. Helium | .
| Blasi (2015) Light —— e Maximum energy
|
102 All Overall —— EZ . ~ Ze x BxR
= Ze EH_,,
Prediction of cuts/knees in spectra
3 T et

* With magnetic field amplification or in very

young SNR’s, then EHcut up to 10" eV!
N

ol S. Gabici et al., ApJ 665 (2007) L131
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Acceleration mechanism

Production in the laboratory of astrophysical shocks by using supersonic

plasmas

Laser

Expanding shell plasma
(300 - 400 km/s)

C. K. Li et al., PRL 123, 055002 (2019)

Schocked region
with compressed
B and p

1 mm 4

N

Bow shock

Hemispherical target

» Electromagnetic shockwave

e Magnetic turbulence

e Electron acceleration in shocked region and
in Weibel’s turbulences:

- Spectrum follows a power-law
- Consistent with 1st order Fermi acceleration

J.C. Arteaga - Cosmic rays 19

Jet

Reverse
shock

Normalized proton flux

Weibel filaments

10000
) (b)
% 1000 4 Thermal
&
(Q°
- Nonthermal: /"
> 100 .
S Power law fitting )
dN/dg, = 5.0x1085, 267Y*
R?=0.9889
10—t —— e
1 10 100
&, (keV)
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Sources

Hilla’s plot: Size (L) vs magnetic field (B) of potential cosmic ray accelerators:
E..x ~ Ze-BR

No efficiency losses are considered -
1012 -

Magnetic field strength, B (G)

Interplanetary

b
. space \ \SNR
L \ x \
106 | Galactig¢ dis
3

B Galactic

Radio galaxy
lobes

el B R KR I o L 11 [T S Y |
1 )’f 1 1 1
1 km 106 km T 1pc 1kpc 1Mpc
1 AU Size. |
s P.M. Bauleo et al, Nature 458 (2009)
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Sources 4 /

\
3 . - :

Gamma-Ray Bursts (GRBs): The Long and Short of It

Long gamma-ray burst Short gamma-ray burst
(>2 seconds’duration) (<2 seconds’duration)

Ared-?la' nt
star collapses

onto its core...,

Stars* in
g‘ compact
’ nary system
‘ : B begin to spiral
Inward....
..becoming so ‘&
dense that it
‘expels its outer '@

The resulting torus
has at its center

a powerful
black hole.

’Su ern vare
9 s |

*Possibly neutron stars.

" "'1'. 1

AN ¢



Sources

Hilla’s model
- Knee’s are the result of loss of magnetic confinement at the source.

- Four types of sources to describe all-particle energy spectrum

Knee H

| | E

wml T lllllﬂl LRAL d
i b ; ZiRe;
" Knee H TR, ]
i \ “ | ”::‘g.ll - Population 1: SNR (Emax ~ 100 TeV)
108 | e —
- : - Population 2: Galactic Pevatron
i i PWN, SNR (Emax ~ 1 PeV), galactic center, etc.

I

*

Population 3: Galactic Eevatron

E>x dN/AE [GeVZ m2 sr!s ]

10° ; }. . past Hypernovae/GRB’s.
b ety fndoan s miiny | - Population 4: Extragalactic.

10° 10* 10° 10° 10" 10° 10° 10 10"
Primary Energy, E [GeV]
S. Tilav, ISVHECRI (2014)
T.K.Gaisser et al., Frontiers of Phys. 8 (2013)
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Propagation

S. Mollerach, E. Roulet, Prog. in Part. and Nuc. Phys. 98 (2018) 85
I I I [ [

1010 |- Solar [] -
I GCRs O ]

w108 |- —
u i ]
v
g 10° - .
< i | Spallation
2
2 10* |- -
(O] B -
=
© 10° |- - ' x. n—)> ' '
O]
= - 1 9

ol |
0°Fy LB N F Na Al P C K Se¢ V Mn Co

| He Be C O Ne Mg Si S Ar Ca Ti Cr Fe Ni - Fragmentation
0 5 10 15 20 25 30
z
e At low energies (GeV’s) CR composition is e These secondary nuclei:
similar to that of our solar system. - Li, Be, B, F,

, - S¢, Ti, V, Cr, Mn,
e But abundances of some rare elements in
solar system are larger in CR’s: can be used as cosmic clocks,

- Effect of spallation/fragmentation of using primary-to-secondary ratios

primaries in space.
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Propagation
Cosmic ray transport equation:
Collisions Decay

Source
with
memum

—. LI ZB
dt %= Te T; VYTlai =iy

>
LGalactlc ‘
confinement Spallation
n;: [part/Vol - energial
Q,: Source [part/Vol. time . energy]
T; = 1/pycoy
T.: Escape time It is not considering:
* lonization
YTq4:: Particle lifetime - Reacceleration
» Convection
B;_;: Branching ratio - Radiative losses.
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Propagation

Stationary state dn;

ac - Y

Consider 11B:;

* NO primary sources.
» Stable product of C and O fragmentation.

1/t44, — 0
d, 11 _ 0 Experiment and observations
Qi =
{ : ‘
1 1 Ny
(1+ )=—ZBA_>11_O'A
T.Ny¥oqq 011 F<t! niq
then

T, nu(cm3) ~ 107 years

taking nH~ 1/cm-3 for the mean p density in the galaxy

t,~107 years > Size of Milky Way

Evidence of diffusion?
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Propagation in the galaxy

Cosmic rays do not point to their source: They are deviated by magnetic fields in

the space.

e Diffusion in interstellar/galactic magnetic
fields:

- Random walk type
- Arrival direction is highly isotropic

e Components of galactic magnetic field:
Random (small scale) + regular (large scale)

Brand - (05 - 2) Breg Breg - “G
Size.,,4 = 50 - 100 pc

12 4

3
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q1- Kermani et al., SAJS 107, (2011)
] E=1016 eV
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0 -
]
0.5 - .
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0 Y \h ') el
0.% 4 '\.\ e .5 2 2 5
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8
) 05

Note: Distance scales are in units of kpc.

FIGURE 2: A cosmic ray trajectory in a 1 pG turbulent magnetic field as might
be found in our galaxy. This track is modelled by following a 10 PeV proton
through Kolmogorov turbulence (equivalent to a conventional diffusion
model). Super-diffusion models have occasional long straighter paths
between major changes of direction.
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Propagation in the galaxy

Jansson and Farrar model for the regular (left) and random (right) galactic magnetic field

Color : Intensity of B
Arrows: Direction of B

- x-y plane at z=0.00
15.00 y P —

750

g 0.00
-
7.50
-15.00
-15.00 -1.50 0.00 150 15.00
- x-z plane at y=0.00
. 288 p y
(=)
g %oo
= .1.00
N 2.00
-15.00 7.50 0.00 7.50 15.00

x [kpc)

Regular component
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I.R Jaffe, Galaxies 2019, 7, 52

y [kpc)
o
o
o

-1.50

“715.00 150 0.00 750 15.00
x [kpc]

Random component
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Propagation

e Problem to understand the propagation of cosmic rays: Magnetic field in the galaxy is not
known with precision

Sun Jansson & Farrar

y [kpe)

y [kpe)

Three models for the regular component of the galactic B
F. Boulanger et al., JCAP08(2018)049

J.C. Arteaga - Cosmic rays
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Propagation

oy = o\ 4
U” A?m“*

N
N
Line of sight QO

ANU webpage

First steps towards a 3D map of the magnetic field in the Milky Way
A. Tristes et al., ApJ 873 (2019)




4. Detection at very high
energies



Indirect

Cosmic ray

detection
of Cosmic Rays
Pre— 1 particle per m? - second - Small areas
\ - Ecr < 1 PeV

)

- Direct determination of
composition/energy.

Knee B — T——

(1 particle per m” - year)

Indirect measurements:
- Use extensive air showers
- Large collection areas

- Ecr > TeV’s
- Indirect study of composition:
~ Ankle , Dependence on hadronic
(1 particle per km*“ - year) , i
Interaction models.
I T

10° 10" 10"°
Energy (eV)

(source: Swordy - U.Chicago)
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Extensive air showers

Indirect detection of cosmic rays through extensive air showers (EAS)

EAS components Energy > 1013 eV

©
Primary Particle

w 35-15 km a.s.l.
£

nuclear interaction

with air molecule “\

T A.LK K—)-n

Kot
/_/

NG
\ e VA

LLH%

Cherenkov +
fluorescence
radiation

LALAA SN A R0 A
nuclear fragments

hadronic

-~ component
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Extensive air showers

Longitudinal development _ Lateral development
Proton | Shower SIZE (0.1 - 1 km)
E=1TeV 32 < - >
!
P
=]
5
s
,‘7/
107 ¢ .
E proton primary
wn T
A T} _ 10" E
Z 3 5 F
| oy 2 1k
7 5 10"?
|0-3;~
v Number of particles at o b

llllll L1 Ll L L1 llll'll lllAl
. 2 2 200 22
ground. N ~ EOL 0 20 40 60 80 1_00 120 140 160 180 200 220
core distance r [m]

CORSIKA webpage
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J.C. Arteaga - Cosmic rays

Extensive air showers

EAS detection from Earth and space

«— Firstinteraction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

y - : Measurement of
eas.ureme.nt or Cherenkov Some of the particles fluorescence light
light with telescopes reach the ground l
or wide angle pmts Measurement of

Measurement with radlo emission

/ scintillation counters \\
/ / \
— LI

[= | | ]

Measurement of low energy muons
with scintillation or tracking detectors

tracking detectors or calorimeters
Measurement of high energy
R ——
muons deep underground
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CR detectors E =100 TeV - 1 EeV Energy (eV/particle)

109 10 1051 105 107 q0% 10 | 1020
DAMPE Knee GZK cut-off
KASCADE-Grande e

CALET/NUCLEON

Tibet As-y

HAWC

LHAASO L o
é | /Amanda:

Inice:

*1 km? instrumented
] *2008: 40 Strings
{11 deployed (“IC40"

| k 224 0PlOY ( )

Telescope array
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EAS experiments E =100 TeV - 1 EeV

RPN

ke Mgt

g
oy i s

HAWC, Mexico

IceTop
/ (Air Showers)
/ Amanda:
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5. Experimental update



Energy spectrum

Galactic Transition? Extragalactic
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All-particle spectrum measured by the HAWC observatory

10°

<4 ARGO-YBJ GRAPES-3 (QGSJET) A Tibet-III
4 ATIC-2 HAWC ---- GST4-gen
m CREAM H+He IceTop-73 o Polygonato

pts ¥

R L A, & 2.
............................... MRl

» First precision cosmic ray measurements at energies of ¢/(100 TeV)!

e Discovery of anewknee @ E~45TeVe ... ¢
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All-particle spectrum measuged by the Pierre Auger observatory

e 2nd knee @ E ~ 0.15 EeV

logm(E/eV)
17 18 19 20
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Composition

Dominated by:
Light Heavy Light? Medium?

10° -
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Poorly explored
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JI(GeVm?ssr)~! x (E/GeV)>6
>

H. Dembinski et al, arXiv 1711.11432 [astro-ph.HE] . :
102 10° 104 10° 10° 107 10% 10 10 10"
E/GeV

e Relative abundances of atomic nuclei in CR’s change with energy
e Changes in spectral index related with evolution of CR composition.

[S—
<
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Spectrum of H and He cosmic ray nuclei at TeV'’s
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- CREAM II: Suggests existence of a break @ 10 TeV'’s, but low

statistics.

CREAM Coll., ApJ 839 (2017) 5

- NUCLEON: Claims that it confirms CREAM Il result, but low

statistics.

NUCLEON Coll., JCAP 7 (2017)

- HAWC: Observation of a break @ 45 TeV in the all- particle
spectrum, is it caused by the light component of CR’s?

42

HAWC Coll., PRD 96 (2017) 122001
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H+He spectrum measured by the HAWC observatory

6=[0.00,16.70] e First high-statistics measurements
HAWC data at energies of ((100 TeV) for the F
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H spectrum measured by the HAWC observatory

DAMPE: Observation of a cut in the spectrum of H close to 14 TeV.

1.7
N
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o
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4000 - CREAM-1+11 (2017) .
- —2— NUCLEON-KLEM (2018) ]
20007 Y | | PP
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Kinetic Energy [GeV]
New population of CR sources?

CR Propagation issues?
What is the relation with the features seen by HAWC?
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ARGO: A light knee below 1 PeV?

Argo-YBJ/LHAASO CTA: P+He spectrum (3 x 1012 - 3 x101> eV)

ahae” * Argo-YBJ: 6700 m2, 1836
Resistive Plate chambers (RPC’s)

* Cherenkov telescope: 256 pixels,
10 x 10 each

Argo-YBJ, PRD 92, 092005 (2015)

0 Location of light knee from ARGO (700 TeV)
‘; 10 ?; # & i’ . . .
> T E T AN L bt “ in disagreement with
e T eeemm—————— ————temmssemmT
50 % |
?i 0 H+He .
o[ e . e One feature, but effect of systematic errors, or
= +:§gg{:v§f;2]02usl ARGO | two different knees?
w 10°F - cream(7)
e} B KASCADE SIBYLL Knee
E [ oo cini e If both features exist, are they related with
[ different type of sources?
10° 10° 10° 10’
Energy (GeV)
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KASCADE-Grande: Composition around the knee

10E
- QGSJET-11-02/Fluka cll
P = He
10° " " s C

| IIIIIIII
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dif. flux dJ/dE - E*** I m? sr's GeV"™°

3 ' >
; : ; f
10 :

e
=t | ! H i W |
10° 10’ 10°

primary energy E / GeV
Results:

- Separation into elemental mass groups.

- PeV region is dominated by light nuclei.
- 100 PeV region is dominated by heavy nuclei.

- Knee: result of breaks in spectra of
light components.

- 2nd Knee: result of break in spectrum of
heavy mass group.
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Position of individual knees:
- H.:Ex= 4 PeV
- He: Ex= 7 PeV
- C :Ex=20PeV
- Fe: Ex = 80 PeV C‘

- Influence of magnetic
¢E k x £ — field in acceleration/

P propagation of CRs

KASCADE Coll., Astrop. Phys. 24 (2005) 1; Astrop.
Phys. 47 (2013) 54
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ICETOP: Spectra of mass groups
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Low energy ankles: all-particle spectrum
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Low energy ankles: spectrum of light mass group

1020 10"7eV 10'%eV
o~ i ' ' ' L ' ' ! L | i
— KASCADE-Grande anall-particle
% e clectron-poor sample
o All ¥ electron-rich sample |
E
E
- Heavy y=-2.76 +0.02
N-a v =-3.24+0.08
=
P Y=-3.24+0.05
= 1071 y=-3.25+0.05 |-
Light ]
| PRD 87(2013)081101
PRL 107(2011)171104 y=-2.79+0.08
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No correction for migration effects

- Low energy ankle in spectrum
of light mass group at 1017-1eV

Galactic-extragalactic transition?
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Low energy ankles: spectrum of light mass group
lcecube/NASA

Energy generation rate of isotropic sub-TeV y-rays,
diffuse PeV v’s and ultra-HE cosmic rays is of the

same order: Common origin?

107>
-+~ Fermi EGB + lceCube (HESE 4yr) KASCADE - all
| == FermiEGB non — blazar == v — allflavor KASCADE - light
| == Associated yray — total Murase — Beacom 2010 A Auger x 1.07

— 1 0—6 | = Associated yray — source TA + TALE
T m= CR - all

; A == CR-medium/heavy
— A= CR - light
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w 107°
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e CR’s (E > 100 PeV)

: produced in jets of AGN’s inside cluster of galaxies.

e HE y-rays and PeV v’s : created by interactions of CR’s with hot cluster.
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Anisotropies in arrival directions

e Anisotropies of order 103 - 104 have been observed in sky map of arrival
directions of cosmic rays (Tibet, ARGO-YBJ, Milagro, HAWC, ICECUBE, etc)

- Large scale: dominated by a dipole (expected from diffusion theory)
- Small scale: hot spots (unexpected, heliosphere? local turbulence/source?
non-diffusive propagation?)
First combined all-sky map of CR anisotropies from HAWC/ICECUBE data
E=10TeV

....._.-r -y - -..s-‘--.-.-.-—.—.-..-:_ .............

i R Equatorial e ST pquaterial
ICETOP i | s
1.5 Relative Intensity [10 ] 1.5 1 Relative Intensity [10 *] i
Large scale > 60° Small scale < 60°
ICETOP/HAWC, ApJ 871 (2019) 96
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Anisotropies in arrival directions

e Arrival maps are sensitive to: - statistical errors & o 0
. . . . : 14 /
- Intensity and configuration of magnetic 1} i ® 01000
fields A Y .
- Details of propagation of CR’s in space sy
. . . . i : ) A Y
- Spatial/temporal distribution of sources | e
: : . 4 215
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- Proportional to CR gradient density. A Tibet-ASY (x119) g
| ™ EAS-TOP (x138) |q
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reconstructed 4, [10-3]

Dipole projection on the equatorial plane
M. Ahlers, arXiv: 1811.08136 [astro-ph.HE]
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Anisotropy in arrival directions

e Dipole phase: Super-K @ IceCube W K-Grande @ Baksan EASTOP ¢ ARGO-YBJ'18
® MACRO @ IceTop A Tibet-ASy <« Milagro % ARGO-YB] O HAWC & IC17
90 = — : — — — :
. 45 4 * * ® e o
g ol g fkoﬂ& i‘r;*A @ _
& 315} ® ?l q
= 270 * Ao
g =TT T T T GllactcCenter ~ T T T T * 5‘%"1 ““““““ {
£ 225 Y { |
< 180 4
.; 135 ICETOP/HAWC, ApJ 871 (2019) 96
90 L , : 1
10° 10* 10° 10° 107
energy [GeV]
- LE : Agreement with local magnetic field - HE: Seems to point towards galactic center.
Local effect? Consistent with isotropic diffusion with

smooth CR source distribution
S. Mollerach et al., Prog. in Part. and Nuc. Phys. 98 (2018) 85

Local magnetic
field lines

Motion solar
system

HAWC/ICECUBE data on 10 TeV CR arrival
directions Projected dipole direction around 100 TeV

https://icecube.wisc.edu/news/view/621
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6. Multi-messenger/
Multi-wavelength studies



Multimessenger approach

Interaction of cosmic rays with material and radiation at the source
produces y’s and v’s.
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Multimessenger approach

Gamma rays AR
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Multimessenger approach

Interaction length of y and

cosmic rays with background
radiation

Interaction length of neutrinos
with nucleons

Column depth
Earth, 0=0"

l

10" 102 13 10% 10° 10% 107 108 10° 10'°10'" 10'2
E (GeV)
ZHl/LVN < 10-11 v

log,, Distance (Mpc)

>hi: H1 column density of intergalactic
medium from Quasar absorption spectra

Hubble looks for missing matter

COSMIC WEB

log,, E (eV)
@ Y+Vr (d) P + ycug — ete
(b) Y+ Ycms (e)P+ymmg—m

(C) Y * Yradio
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Looking for supernova candidates
FERMI-LAT space telescope for y-rays

NASA’s Fermi telescope resolves supernova remnants at GeV energies

Fermi-LAT: Compelling evidence of hadronic acceleration at three SNR’s (W51C, W44, |C 443)
58




Looking for supernova candldates

FERMI-LAT space telescope for y-rays

e Identification of CR production in SNR’s
(W51C, W44, IC 443) by observation of the

bump.

e Observed SNR’s
- SNRII (core collapse progenitor)
- Middle-aged (4-30 kyr)
- Maximum CR acceleration < few TeV’s

CR prob. interaction CR flux

N/
(B) 2 1><i><deN ZE)
i o3y dE \ z,

0 _. ~
T =+ x, =E/Ecp=0.1

Prob. Production 7t©

J.C. Arteaga - Cosmic rays

FERMI-LAT, Science, 339, 807 (2013)
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Where are the PeV SNR’s?

e Very young SNR’s (< 102 -103 yr) are pevatron
candidates.

- Dozen of pevatrons are expected in
Milky Way.

J. W. Hewitt, (astro-ph.HE) arXiv:1510.01213,
S. Gabici et al., ApJ 665 (2007) L131

Non observation of PeV SNR’s yet

e Tycho SNR is a pevatron candidate

- SNRla (binary system)

- X-ray data from Chandra telescope:
Observation of strips and gaps with non-
thermal origin.

- Indirect evidence of acceleration up to
PeV’s in gaps.

Chandra Chandra web page
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A cosmic ray accelerator in the galactic center?
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Diffuse TeV y-emission from interactions of molecular zone with cosmic rays?

e Source of CR’s is a mystery: §
- Spherically distribution (1/r) of CR =
density. HESS X 1o
- Source within 10 pc of galactic
centre.

HESS, Nature 531, 476-479 (2016);
HESS, Nature 439, 695-698 (2006)

e TeV Pulsar wind nebulae?
Pevatron?

102

[_] Diffuse emission (x 10)
——— Model (best fit): Diffuse emission
— - Model: Diffuse emission Eg;,, " = 2.9 PeV

- - Model: Diffuse emission Ejy " = 0.6 PeV
---------- Model: Diffuse emission E>**°" = 0.4 PeV
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v
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A cosmic ray accelerator in the galactic center?

Diffuse TeV y-emission from interactions of
molecular zone with cosmic rays?
MAGIC

e MAGIC observations of the galactic center are

consistent with HESS results

e CR radial density: Peak at center, diffusion

outwards?

MAGIC, POS (ICRC2019) 680
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Enter the neutrinos

ICECUBE telescope of neutrinos IceTop

e ICECUBE detection of v’s from blazar TXS 50 m
0506+056 during gamma-ray flare

. I Amanda:
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Hunting CR sources with HAWC

HE y-rays: HAWC observatory

e 0(100 TeV) y-ray observations:

- leptonic scenario: cut-off
- hadronic scenario: no cut-off

ST FEY

e HAWC is opening the €(100 TeV)
y-ray region.
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TeV y-ray sky map measured from HAWC
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Equatorial coordinates HAWC, APJ 843 (2017)
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Hunting CR sources with HAWC

e Nine sources with y-ray above 56 TeV.
e All of them have at least one pulsar within 0.50 of HAWC location.

e These pulsars are fairly young with age = [1, 200] yr

.
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Galactic coordinates E > 56 TeV arXiv:1909.08609v1 [astro-ph.HE]
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Hunting CR sources with HAWC

e Nine sources with y-ray above 56 TeV.
e All of them have at least one pulsar within 0.50 of HAWC location.

e These pulsars are fairly young with age = [1, 200] yr

NASA

c ;zow‘f’ R euwi j2019+368

(‘*

_4
8382818079787 76 7574 7372 71 70 69 68 67 66 65

d-

-101 2 3 456 7 8 91011
VTS

Galactic coordinates E > 56 TeV arXiv:1909.08609v1 [astro-ph.HE]

J.C. Arteaga - Cosmic rays 66 2019 Meeting of the Mexican Cosmic Ray Division , Puebla, Nov, 2019



Hunting CR sources with HAWC

e Three sources with y-ray above 100 TeV.

e Emission mechanism is not yet clear.

e eHWC J1825-134 and J1907+063 exhibit hard
spectra with extension to HE’s.

b()
N o= O N

838281807978777675747372717069 6867 66 65
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Hunting CR sources with HAWC

e Three sources with y-ray above 100 TeV.

e Emission mechanism is not yet clear.
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e eHWC J1825-134 and J1907+063 exhibit hard
spectra with extension to HE’s.
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/. Future detectors



.. 7., Gamma-ray detectors
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Future

Neutrino detectors
KM3Net (1 km?3)
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Future UHECR detectors
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8. Summary



* The questions about the origin, acceleration, composition, propagation of high-
energy cosmic rays are still unsolved.

- |Is there a galactic source of PeV CR’s at the galactic center?

- What is the origin of the features in the cosmic ray spectrum?

- Are there new features in the CR spectrum in the poor explored range from 10
TeV to 1 PeV?

- What are the relative abundances of chemical elements of CR’s above 10 TeV’s?
- Is there a Pevatron at the galactic center? Where are the Pevatrons?

- What is the origin of the anisotropies observed in the sky maps of CR arrival
directions?

e |Important:

To reduce uncertainties in hadronic interaction models
- New precision/high-statistics CR data

- To measure anisotropies as a function of composition
To extend y-ray measurements up to 100 TeV range.

- More precision/high-statistics v data
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Thank you for your
attention
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