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CONTENTS OF TWO LECTURES

» Radiation from the universe and cosmic rays (CRs)

» Cosmic ray observables: spectrum and composition

» Propagation and sources of cosmic rays

» The new astronomy: multi-messenger high energy astrophysics

» The connection of CRs to other messengers :
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A PARENTRESIS: VIEW TO THE MILKY WAY...

Perseus arm

You are here!

Orion arm

Sagittarius arm

‘¥ Rotation

80,000 ly

A

1pc = 3.0857 x 1016 m = the distance at which the
mean radius of the Earth’s orbit about the Sun
subtends an angle of 1 arcsec~ 3 x 104°

oyaduearm 11y =2.998 x 108 m/s x 3.156 x 107 s/yr =103 km ~

0.3 pc

46-60 kpc

Moon-Earth 384,000 km =1.28 Is

Thin disk: 30 kpc diameter ~300 pc thickness
Sun at ~8 kpc from Galactic Centre

e 25000 ly ——

Central bulge
Galactic nucleus

Sun

Disk

Halo

300 pcP

Speed of Sun in the Galaxy around the
Galactic centre : 220 km/s

Density of galactic interstellar matter:

.>Globularclusters OISM ~1 proton cm-3




...AND BEYOND

» Proxima Centaury (closest star) 4.3 1y =1.3 pc

» Large Magellanic Cloud 45 Kkpc
» Local group (Andromeda M31) 0.78 Mpc

» Active Galactic Nuclei with black holes

» CenA 3 Mpc A
» Mrk 421 136 Mpc
» 3C273 1 Gpc

» Visible universe: sphere limits from which light can reach
us due to finite speed of light during the life of the
universe: ¢/Ho ~13.8 Glyr ~ 4 Gpc (Planck from cosmic
MW background)

*it

» Observable universe (since the beginning of - -
cosmological expansion): diameter ~28Gpc (~2% larger) e

» Hubble expansion const. Ho~70 km s-1 Mpc-1

» To CMBR temperature 2.725 + 0.001 °K

1Mpc = 3.26 Mly = 3.0857 x 1024 cm e e




WHY THE SKY IS DARK?

Olber’s paradox (XIX century): In a static, infinite Universe every line of sight should
eventually intercept the surface of a star, so the sky should be as bright as a stellar surface.

Solution:

- finite speed of light : we can see only galaxies where light has had the time to
reach us;

- Finite age of universe in the Big Bang cosmology;

- Expansion of the universe: stars only radiate for finite time, limiting the
energy density of the background light)
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The expanding universe
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The expgnding universe
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The CMB is a picture of the Universe 380’000 yr after the Big Bang

The Extragalactic Background Light (EBL) encodes the output of galaxy formation evolution
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The electromagnetic spectrum
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THE MULTI-WALENGTH SKY

Radio Continum (408 MHz) Bonn, jodn('jl ,{)’nzk, Atomic Hydrogen 21 cm Dickey-Lockman Molecular Hydrogen 115 GHz Columbia-GISS
and Parkes |

Planck 10-0.3 mm

X-Ray 0.25, 0.75, 1.5 KeV ROSAT/PSPC Gamma Ray >100MeV CGRO/EGRET

https://mwmw.gsfc.nasa.gov/mmw_allsky.html
http://www.chromoscope.net
Infrared 12, 60, 100 pm  IRAS Near Infrared 1.25, 2.2, 3.5 ym COBE/DIRBE Optical A. Mellinger Photomosaic
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COSMIC MICROWAVE RADIATION PenziasgWison, 1965

2 THE COSMIC MICROWAVE BACKGROUND
Planck Legacy Release 2018

| | angular resolution between
— iAo 0.5°-0.08° => AT/T ~ 2 x 106




Gamma ray

THE ACCELERATORS SKY IN THE TEV SEEN BY FERMI-LAT

= . .. Gev domain:
. Fermi-LAT
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http://www.nasa.gov/mission_pages/GLAST/news/gammaray_best.html




THE MULTI-WALENGTH OBSERVATIONS: THE CRAB NEBULA

Hystorical Supernova remnant observed in
the year 1054 by Chinese Astronomers

- 104 eV ~ few eV ~-1eV - 104 eV

Credit: NASA/CXC/SAO (X-ray), Paul Scowen and Jeff Hester (Arizona State University) and

the Mt. Palomar Observatories (optical), 2MASS/UMass/IPAC- Caltech/NASA/NSF (infrared),
and NRAO/AUI/NSF (radio)




THE EXPLORATION OF THE NON-THERMAL UNIVERSE

Primary sources of thermal radiation in the
cosmos are black body radiation emitted by
stars and heated dust and thermally excited
spectral line emissions of atoms in stars. \
The black body is an ideal black, isolated and at
a constant temperature body with 7000 K
emission power per unit surface, solid angle and
frequency (Planck function):

u-m-:-"

Relative

intensity 5800

5000 K'

h=6.62x 10-34J s (Planck constant) j

Y

k =1.38 x 10-23 J K-1 (Boltzmann constant) 0 200 800

Wien's law Ao X T = 2900 um K Longueurdonde (nm)

Human being 310K \ 9 um

Molecular cloud 15 K 200 ym | radio




THE NON-THERMAL ACCELERATORS

Chandra BRI
SN 1006 e




ACCELERATORS

Large Hadron Collider:
E...=CceBR=7x10"2eV
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9593 superconducting magnets at -271.3 °C accelerate protons to collide in 4 points
instrumented to analyse matter and its constituents in which it decomposes at these extreme

conditions similar to 3 x 10" seconds after the Big Bang (~15 TeV correspond to abt. 10" Kelvin)




COSMIC ACCELERATORS

An LHC with the radius of the Mercury orbit could
accelerate protons to 1020 eV = |07 x LHC!




Lorentz force

v?

Fr, =quvB =m

<

& 105G R

= LHC .

g_ TWMS'L%T: White/Dwarfs _ _

A O Imposing that the Larmour is equal

o S t . .

> unspots o, to the accelerating region

o 1G -

W R = Racc

~t

-

5

Q We find the maximum energy
106G |- Ler at which the charged relativistic

. particle with q = Ze can be
| accelerated
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0 R

For jets with Lorentz factor I', Emax = ' ZBR (maximum energy depends on cosmic ray

charge Z!!)



COSMIC RAY HISTORICAL HINTS

» A. Gockel (Swiss, 1909-1911): with a Wolf-type electroscope on 3 balloon flights
discovers that the radiation discharging the electroscopes does not come from
ground but increases with altitude.

» Wrong interpretation: gamma-rays from radioactive sources in the atmosphere

» V.F. Hess (1912, nobel prize with Anderson in 1936) reaches 5000 m of altitude and
interprets results as due to a ionising radiation that increases with altitude.
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http:/ww.desy.de/201 2vhess



Millikan studied the penetration properties in water and
atmosphere and called the radiation ‘cosmic rays’ (1928)
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' These facts, combined with the further observa-
J tion made both before and at this time, that within
| the limits of our observational error the rays came
| in equally from all directions of the sky, and supple-
g mented finally by the facts that the observed
’ absorption coefficient and total cosmic ray ionisa-

. tion at the altitude of Muir Lake predict satis-
o factorily the results obt ained in the 155 km.
Rt balloon flight, all this constz itutes pretty una mbiguous

4 Kolhdrster y detectors Y
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H
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20 K evidence that the high altitude rays do not originate n
4 our atmosphere, very cerlavnly not in the lower nine-
** tenths of it, and 9 Justifies the designation * cosmic rays,
verer@rl] the most descriptive and the most apr yropriate
ested for that portion of the pene-

h come in from above. We shall

N........‘.....
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trating rays whic

0 2000 4000 6000 8000 10000 giscuss just how unambiguons the evidence is ab this

Mean Altitude above Ground, m moment after having presented our new results.
These represent two groups of experiments, one

carried out in Bolivia in the High Andes at altitudes
up to 15,400 ft. (4620 m.) in the fall of 1926, and the

( arn

other in Arrowhead Lake and Gem Lake, California,

| in the summer of 1927




PARTICLES DISCOVERED IN COSMIC RAYS

» C. Anderson discovers the positron in a bubble chamber (1932) and his results
were confirmed by P. Blackett and G. Occhialini. They recognised in it the anti-
electron of the Dirac theory observing ete- pair production.

4'4( _
» Auger in the late 30’s at the Jungfraujoch (3500 m
a.s.l.) concluded that registered particles were

secondaries generated in the atmosphere by
primary CRs.

http://ifjungo.ch/jungfraujoch/

{_.‘.. .o o
R T
- ¥ h

2 -

» C.F. Powell, G. Occhialini & C. Lattes (1947)
observed the pion, predicted by Yukawa, in

photographic emulsions. Powell : Nobel prize in
1950.
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crater diameter in km peak intensity

minimum exponent
quantity Tmin o

(a) frequency of use of words 1 2.20(1)

(b) number of citations to papers 100 3.04(2)

(¢) number of hits on web sites 1 2.40(1)

(d) copies of books sold in the US | 2000000 3.51(16)

10 10° 10° (e) telephone calls received 10 2.22(1)
web hits (f) magnitude of earthquakes 3.8 3.04(4)

) ) (g) diameter of moon craters 0.01 3.14(5)
10 % (h) intensity of solar flares 200 1.83(2)
10° (i) intensity of wars 3 1.80(9)
(j) net worth of Americans $600m 2.09(4)

10° Y (k) frequency of family names 10 000 1.94(1)
il e (1) population of US cities 40 000 (5)

2 3 4 5 6 17
carthquake magnitude https://arxiv.org/pdf/cond-mat/0412004.pdf
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Particles per unit of surface, unit of '
. . . . Grigorov +——+—
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CR and fixed target nucleus 4- Total 4-momentum in the lab frame:

— 0
p =(E1/c+mzc,p1)

2
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THE SPECTRAL FEATURES

» The power law is explainable through acceleration processes in magnetic fields (Fermi
acceleration). The diffuse shock acceleration predicts spectra of about E-2

» The maximum energy at which a charged particle of charge Z can be accelerated in a shock wave
is proportional to Z: Emax ~Z x 100 TeV

» The general consensus that acceleration is due to shock waves in supernova remnants (SNR)
with diffusive propagation in the Galactic magnetic field. The changes of slope are connected to
changes of sources and/or propagation features
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extra-galactic
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1 gigaelectron-volt= 1 GeV=10° eV
1 teraelectron-volt= 1 TeV=10!% eV
1 petaelectron-volt= 1 PeV=101% eV
1 exaelectron-volt= 1 EeV=10'% eV
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Nuclear abundance: cosmic rays compared to solar system

Cosmic ray
Solar system

o
S
™

I
c
o)
O
F—
5
(@]
e
8
(0]
=
=
©
(O]
-
(]
(&
c
G
©
c
>
Ko}
<

15
Nuclear charge

'% e

K CalScTi|V CriMn|FelCoNi|Culzn|Ga ce As/Se Br Kr|
ﬁ.‘ﬂﬁﬂﬁ.ﬁ'ﬁiﬂ.ﬁl‘ﬁ.
Iﬁ.ll.lﬂﬁHl Rn

T TN

ThiPal U

I_Whlte Big Bang Pink - Cosmic Rays 1
IYellow Small Stars Green - Large Stars |
| Blue - Supernovae .

All stable elements of the periodic table are found in galactic CRs

The CRs composition is similar to the elements in the Sun indicating that they have stellar origin

H, He directly accelerated in stars. Li, Be, B are secondary nuclei produced in the spallation of
heavier elements (C and O). Also Mn, V, and Sc come from the fragmentation of Fe.

The zig-zag is due to the fact that nuclei with odd Z and/or A have weaker bounds and are less

frequent products of thermonuclear reactions




PRIMARY AND SECONDARY COSMIC RAYS

Primary cosmic rays carry information about their original spectra and propagation:
high energy e-, due to their energy loss = E2 are sensitive probes to nearby sources

C,0,.. Fe+ISM->Li,Be,B+X

Secondary cosmic rays carry information about propagation of primaries,
secondaries and the ISM. 4




PAMELA data > Jul 2006 + Mar 2008 o
AMS02 data > May 2011 + Nov 2013 O. Adriani et al., Nuovo
s : —— . Cimento 40 (2017) N. 10

‘ l An unexpected kink at ~200 GV/n first
: Zﬁﬁ_hol;/\ il detected by Pamela (Science 2011) and
- confirmed by AMS-02 in the proton and
ld ‘i BB heavier nuclei spectra.
Mt £

— 14000

< 12000+

10000 -

Could hint to young efficient accelerators
or propagation effects (arXiv:
1704.05696).

O. Adriani et al., Phys. Rep. 544 (2014) 323

- 4 solar modulation 4

1 J } }

I ,ununﬂ¢o¢énuhéﬁvﬁér.-ﬂ-f-#-é-ﬁ-*-- dhg-t- -+— -+--
O\M’ P, =098

AMS / PAM
=)
\;

4 56 7S9lb 20 {0 40 50 lOU 200 300 1000 2000

iyl H and He have not parallel spectra. The
PAMELA data > Jul 2006 + Mar 2008 knee region could be dominated by He

AMS02 data = May 2011 + Nov 2013 O. Adriani et al., Nuovo
———ry — ——— Cimento40 2017)N. 10 L1 MmN

r I
1 @ PAMELA *
3000 -
0

Rigidity [GV

6 4 solar modulation4 : o AMS-02
X i -

“= 2000F

I
! PAMEL/
I
I
1500 1 =
: 0. Adriani et al., Science 332 (2011) 6025
M. Acuilar et al. PRL 115 (2015) 211101 Resurs-DK1
1000 ! -
- 12 ! ! ! Mass: 6.7 tonnes
2 1 | i _,}l Height: 7.4 m
=~ ' Stdteteqtitetizrr et S -+_ et Solar array area:
2 09F | P,= 1.0l : ; :
z 08 ] 36 m?
N {O 40 50 100 200 300 1000 2000

Rigidity [GV]



Launched in 2015

to soon appear in Science Advances Recent CALET result, stops at 10 TeV,
] relatively large systematic error
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the energy (rigidity) dependence of positrons (e*, protons and
anti-protons are similar) but electrons (e-) are have a very different dependence.
s this a hint of Dark Matter?

Summary of AMS results on Cosmic Ray Fluxes
High energy cosmic ray fluxes have 4 classes of rigidity dependence.

Primaries

He

0(285

Particles

p(0.12)
e+(632)
P(322)

Secondaries

Li(50)

Be(100)

IRigidityl [GV]

PRL122,101101 (2019)
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250 (rrre _

Electrons « AMS-02, electron data

#= Electron Fit with Eq.(5) and 68% C.L. band
&= Electron Power law a
&= Electron Power law b

200

* AMS-02, positron data
-~ Positron Fit (Eq.(4) in Rel.[4])
&= Positron Diffuse term
&= Positron Source term
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.
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Q Power
% law a Power
V) 100 lawb
ew
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Energy [GeV]

High precision data will allow to discriminate
the local source accelerator scenario from dark

matter scenarios, but DM models are severely
constrained. In 6.5 yr AMS published abut 2M

of positrons and 28 M of electrons

https://journals.aps.org/prl/pdf/10.1103/

PhysRevLett.122.101101

la

Tevr|

1000

T Positron spectrum
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Source term
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AMS 6.5 years of data PRL 122, 041102 (2019)

Latest AMS Positron fraction results appears to be in
excellent agreement with Dark Matter model
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o DAMPE dima

we |tted Background
we Subhalo

l“ wee MW Halo| = 10¢)
Energy scale still under study for DAMPE and CALET % 0 ‘*m...-..m.,.,}-rl.qi;s}1

000 WX

arXiv:1711.11012
25 a—

CALET: Phys. Rev. Lett. 120, 261102, June 2018 .

Speculations on peak at
DAMPE: Nature 552 (2017) 63, 7 December 2017 1.4 TeV (arXiv1711.11579
1711.10995,...) as Dark

Matter hint need better
statistics
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The pbar/p ratio not conclusive.

Better prediction for secondary production and discrimination of anti-heavier element flux is
needed.

Great expectations for anti-nuclei given to lower secondary backgrounds.




-The all-nucleon spectrum vs E/nucleon is the sum of free protons (about 75%), nucleons
bound in He (about 17%) and heavier nuclei (about 8%) between 10-100 GeV/nucleon.

-Peters cycle (first measured by KASCADE): the knee is related to the escape of charged
nuclei from a volume and to the Emax in @ shock hence changes in the spectrum are rigidity-
dependent. If there is a characteristic energy at which the proton spectrum steepens Exnee, He

steepens at 2Exnee, O at 8 Eknee, ...At some point there is the onset of an extragalactic
component.
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ps://arxiv.org/pdf/1303.3565v1.pdf



KASCADE TUNKA (QGSJET-11-04)
TUNKA (EPOS-LHC) LOFAR (QGSJET-11-04)
LOFAR (EPOS-LHC) Yakutsk (QGSJET-11-04)
Yakutsk (EPOS-LHC) Auger (QGSJET-11-04)
Auger (EPOS-LHC) === WR-CRs (C/He=0.1)

=== WR-CRSs (C/He=0.4)
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https://arxiv.org/pdf/1605.03111.pdf
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Shower sampling and fluorescence techniques in
Pierre Auger (3000 km2!) and Telescope Array

Grigoroy
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MGU
Tien-Shan
O Tibet07
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CASA-MIA
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Kascade

Kascade Grande
IceTop-73

O HiRes 1
HiRes 2
Telescope Array

E**F(E) |GeV" m? s sr)

Auger
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15
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¥ Fluorescence
¥ telescopes

v+p—=>A —=p+n’

y+p—=A —n+xa’

The end of the spectrum of CRs could be due to GZK
cutoff and/or effect of sources exhausting their
energy. The GZK cut-off is due to proton interactions.

The threshold for production of delta resonance is L :
around 5 X 1019 eV. :';“ :.:‘ Black Rock FD




v+p—=>A —=p+a’

y+p—=AN —n+ma"

| [1
The GZK cut-off is due to proton
interactions. The threshold for

Tankle = (5.08 & 0.06 + 0.8) EeV

production of delta resonance is
around 5 x 1019 eV.

Es = (39 + 2 + 8) EeV
The end of the spectrum of CRs | By s ;(@silj; eV
could be due to this effect but we e Auger (ICRC 2017)
cannot disentangle the effect of 175 180 185 190 195
sources exhausting their energy. Ig(E/eV)

Moreover, the composition in the UHECR region is still very debated...

If UHECR are not light then astronomy with them will be not easy due to magnetic fields
deflections during propagation in the Galaxy and outside.




If UHECR are not protons then astronomy with them will be not easy due to larger

magnetic deflections.
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Cosmic Rays:

http://web.mit.edu/redingtn/www/netadv/Xcosmicray.html; Amato et al, Cosmic Ray
Transport Review ; M. Settimo, Review on extragalactic
cosmic rays detection, https://arxiv.org/pdf/1612.08108.pdf; Gaisser, Stanev, Tilav, Cosmic
Ray Energy Spectrum from Measurements of Air Showers,

; Kotera and Olinto, The Astrophysics of Ultrahigh Energy Cosmic Rays,
https://arxiv.org/abs/1101.4256; Bliimer, Enger and Hérandel, Cosmic Rays from the Knee to
the Highest Energies, ; Drury’s review at ICRC2017:
https://indico.snu.ac.kr/indico/event/15/session/11/contribution/457/material/slides/0.pdf

Neutrinos:
All: :
Neutrino Astronomy: : Ahlers and
Halzen, , https://www.worldscientific.com/doi/abs/

10.1142/9789813226098_0009,Atmospheric Neutrinos:
Gamma-ray Astronomy:
http://web.mit.edu/redingtn/www/netadv/Xgamma.html

Gravitational Waves: http://web.mit.edu/redingtn/www/netadv/Xgraviradi.html




