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» Radiation from the universe and cosmic rays (CR)
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THE MESSENGER PROPAGATION

AGN. SNRs, GRB:s... GAMMA-RAYS point to their sources but are

absorbed and have multiple emission
mechanisms.Also produced by leptonic
acceleration, inverse Compton and
synchrotron emission
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NEUTRINOS

They are neutral and weak
particles: point to the source
carrying information from the
deepest parts.

COSMIC RAYS air shower D

Deflected by magnetic fields
(E < 1019 ¢eV)




Horizon = messenger mean free path (interaction length) in a medium

X-section o: area of the target intercepted by a beam measured as
average fraction of scattered particles per unit time in the solid angle

scattered solid angle

dQ per unity of incident flux oo

incident
beam

M ean free path . N : area density of scattering

centres in target

w = interaction probability = Nodx, where N = n. of target particles/Volume
P(x) = prob. that a particle does not interact after traveling a distance x

P(x + dx) = P(x) (1-wdx) = prob. that a particle has no interaction between x and x+dx

dP dP
P(x 4+ dx) = P(x) + &dx =P(x) -Px)wdx = — = —wdzr = P(x) = P(0)e™"*
P(0) = 1 initially
the particle did not
interact

Particle properties




log(particle or photon energy, eV)
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arxiv.org/pdf/0811.1160v2.pdf

Proton horizon (GZK cut-off):
Py = AT = 1tn

L,=—1 ~ 10 Mpc
v Up—vnvl b
10—28cm?2 x400cm—3

Y

The neutrino horizon is comparable to the
observable universe!
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ACCELERATORS
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Large Hadron Collider:
E...=CeBR=7x10"12eV

max

9593 superconducting magnets at -271.3 °C accelerate protons to collide in 4 points
instrumented to analyze 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 102 eV = |07 x LHC!




MESSENGER ACCELERATION: THE HILLAS" PLOT

— ———photon cosmic background

Upper limit from synchrotron
and proton interaction on

tes

neutron l0sses
GT ~+, stars proton
MT - I white 4_ CR source candida;
dwarf ..
I Q' Source with jets
7
E Qd/
¢ T | LuC =
= &
o O %
- sun GRB.“blazar q
; spot
% Spo ' %
o G T N, 2/
2w}
micro- . “RG
mG auesat loBes,
galax y
interplanet. SNR cluster
G L medium . _
M ldcti intergal.
gadzit;:ﬁlc halo. i medium
starburst, .
nG wind "% _
1 1 1 1 1 1 I Nl
km Mm GmAU pc kpc Mpc cHy 1

For jets

characteristic size R

with Lorentz factors I, Enax = T ZBR

Lorentz force

v?

Fr, =quB =m¥3

Imposing that the Larmour is
equal to the accelerating region

R = Race

We find the maximum energy at
which the charged relativistic
particle with g = Ze can be
accelerated

cp 3uG E
= ~ 100 pe
e R TR VR TIERY
B R,
Fox =72 U ) % 10° GeV
nG kpc




UHECR MESSENGERS

Can UHECR be cosmic messengers?

Yes ! But only in a tiny energy window between
the minimum energy at which they are not
deflected by B-fields and when they are not
absorbed on cosmic radiation (GZK cutoff).
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If UHECR are not protons then astronomy with them will be not easy due to larger

magnetic deflections.

2
/r=pv/r=_ZevB/
M I”/Zp; T aerEre (10%eV)=10"cm =3x107* pc
P pe 81 . ‘r=(IOISeV)=10180m=3x10‘1pc
r(cm) = (V) (10%eV) =10"'cm =300pc
300 ZB(G)
10**19eV 10**20eV
3 °F =
Sl e 1



Xmax = depth in the atmosphere where shows maximum occurs. It is an indictor of the composition since Fe
showers penetrate less in the atmosphere than proton once principally due to the smaller interaction length.
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F. Halzen

1. De Young

0 accelerator

o target

directional
beam

-4----

magnetic
fields
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Hadronuclear (e.g. star burst galaxies and galaxy clusters)

m>yy

pp > T 2PV, >e vV, V

T 2PV, 2eVV,V

bV

VRV

CR<> Y

Photohadronic (e.g. gamma-ray bursts, active galactic nuclei)

Vv
Ve
e S s p 0 @ cosmic ray + gamma
PY nptv, 9 n
1

cosmic ray + neutrinos

Neutrino flavour ratio at source:

pion-muon decay

Ve :Vy :Vr~1:2:0

Oscillations average
out over cosmic
baselines

Ve

P 7NN N |




Neutrino and y-Ray Spectra for RX J1713.7-3946 (SNR)

Neglecting gamma-
ray absorption and
including standard
neutrino oscillations

- H.E.5.5. data
fitted ¥ spectrum
calculated v spectrum
— — mean atm. v spectrum

=}

measured
y-ray flux
(H.E.S.S.)

E < Hlux (TeV s cm?)
o

—h
Q

dN,

dFE
expected
neutrino flux




GAMMA-RAY ASTRONOMY : HISTORICAL HINTS

» 2002: Nobel prize to Koshiba-Davis-Giacconi (for birth of X-ray astronomy)

» 1953: Galbraight and Kelley build first rudimental Cherenkov telescope
with a garbage can (birth of gamma-ray astronomy)

» Whipple discovers Crab Nebula after about 20 years exploiting the

gamma/hadron discrimination of shower images on a 37 PMT camera with
3.5° FoV

» In 1989 Crab was the only TeV source, nowadays ...
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The electromagnetic spectrum

Infrared Radio waves

Y
Electromagnetic Opacity of the atmosphere

La plupart des o >
rayons infra-rouge  gnges radio observables ho e =
Rayons Gamma, X et ultra-violets observable g4t apsorbés R e longueurs d'onde
bloqués par la haute atmosphére depuis laTerre . jes gaz ‘ bloguées.
(observation depuis I'espace). malgreé un peu aymgcphériques

de distorsion (observation

atmospherique.depuls I'espace).

Lumiére visible

Opacite
atmosphérique

0.1 nm Inm 10nm 100 nm 1um 10 uym 100 um I mm 10 mm 100 mm Im

Wave length




THE MULTIWALENGTH SKY

Radio Contintunm (408 MHz) Bonn, Jodrell Bank,

Atomic Hydrogen
and Parkes

21 cm Dickey-Lockman Molecular Hydrogen 115 GHz Columbia-GISS
Planck 10-0.3 mm
X-Rﬂ)’ 025’ 0-75‘ 1.5 KCV ROSAT/PSPC GIIHHIJII Rd_)’ >100M.'V CGRO/I.‘GRET
i e e : =
o 3 .‘:\"l ;
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 jon COBE/DIRBE Optical A. Mellinger Photomosaic
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THE ACCELERATORS SKY IN THE TEV SEEN BY FERMI-LAT

’ anticoincidence T .Gmr‘j-m Gev domain:
= == | [Fermi-LAT

N a= | |
conversion foil A g —_:_i | & AGILE

‘J /

particle tracking

http://www.nasa.gov/mission_pages/GLAST/news/gammaray_best.html




Plenty of yet unidentified sources!

Fermi sky
ahove
10 GeV

3rd Source Catalog
Fermi-LAT Coll., arXiv:1501.02003
3rd Catalog of Hard Sources
Fermi-LAT Coll., arXiv:1702.0066

E > 100 MeV
(3FGL Catalog)

3033 sources
1785 associated
1697 AGN

E> 10 GeV
(3FHL Catalog)

1558 sources
1242 associated
1223 AGN




117 Gamma-ray Pulsars

35 Gamma-ray

40 millisecond pulsars
selected pulsars

i O+
PP
+
o)
42 Radio loud 5 » ; 7 gamma-ray pulsars
pulsars before Fermi (6 from

EGRET and one from
: AGILE)
% Second Fermi-LAT pulsar catalog




1720 sources (54 extended)
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NGC 1275

[ 3 L | -
IC 310
1-10 GeV 10-100 GeV >100 GeV

At energies below 10 GeV, only the radio galaxy NGC 1275
(Perseus A) is visible, but above 10 GeV a second source (to the
lower right) emerges. Above 100 GeV, only this source, the head-
tail galaxy IC 310, remains. From Neronov et al (2010)

New sources and features emerge in the gamma-ray sky with
Increasing energy




Large structures of spectrally hard gamma-ray emission above 100MeV discovered in data from the
Fermi-LAT telescope. (Su et al. ApJ 724 2010 and Dobler et al, ApJ 717, 2010)

Fermi-LAT data

Residual intensity, £ = 3 — 10 GeV

gas-correlated emission

]
L
o i
- - -4‘

Inverse Compton model

some other stuff

)




Residual map removing point sources, gas correlated emission,...

Ackermann et al. ApJ 793 2014

| -




tevcat.uchicago.edu

E > 100 MeV
(3FGL Cataloq)

3033 sources
1785 associated
1697 AGN

E > 10 GeV
(3FHL Catalog)

1558 sources

1242 associated
1223 AGN

E~1TeV

uQuasar Star Forming
@ PWN @ Shell SNR/Molec. Cloud @ poweeet. 0 "ong 198 sources

Composite SNR "
@ Binary XRB PSR Gamma Superbubble Gal. Var. Massiva Star

BIN Cluster BIN BL Lac 150 associated

(class unclear) WR

b Starburst 70 AGN
v HBL IBL FRI FSRQ

Blazar LBL AGN @ DARK UNID Other
(unknown type)




TWO MAJOR TECHNIQUES TO DETECT GAMMA-RAYS AT GROUND

20 km ' Primary particle of
Height “— highenergy lowenergy —

| H.E.S.S. (Namibia) "~ MAGIC (La Palma) {
4 x 108 m2 (since 2003) 2 X 236 m2 (since 2003 / 200@

1 x 614 m2 (since 2012) & FACT )

o

VERITAS (Arizona)
4 x 110 m2 (since 2007)
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Imaging Air Cherenkov Technique

“Shower”
For E=1 TeV (E. = 80 MeV)
X_ =X, In(E/E.)/In2
h... = hyIN(X,/X_ )= 5km

O A
6@
A

T & O, ~10 km

1.4 ~
/O
Q/O

/
; S ; o)
UV-optical reflecting mirrors focussing ’)

flashes of Cherenkov light produced by
air-showers onto ns-sensitive cameras &

4
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miroir

shower axis

camera

® the camera images
the shower piece
by piece on hit

pixels with ns
precision

® \We can reconstruct
where IS the source
of gamma-rays !

¢ \Vith more than a
telescope, the
precision on the
position of the
source improves




A camera at night

How we can have a clear signhature from gamma-rays on top of
the noise?

= [t is enough to set a threshold on the amplitude of signals

Signal of a pixel during a night with moon

Le maximum at 17 pe
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% a 8 g g
g g 3 & 2 g
g

Threshold:

pe> 550

The noise is totally

reduced!

3220

2775

2330
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Can we identity gamma-rays?

= |t iIs not so simple....

Gamma — UL Proton — LRSI Carbon-13 — AR
— 15000 m — 15000 m (% 15000 m
= 10000 m 110000 m HI'OOOO0M
8. 5000 m = 5000 m — 5000 m

500 m

——emmm—©2012 M. Schroedter

= there are about 10° more cosmic ray hadronic showers,

= energy and inclination of showers affect them and when energy is low it is tough to
have clear images

= the core of the shower (the Centre of Mass of the charge) can be close or far from
the telescope

32




The signature of a gamma-ray

aaaaa — AU

— 15000 m

=~ 10000 m

8. 5000 m

=¢elongated shape

a3 =regular charge development




The signature of an hadron

n = YLRFULFR
— 15068 m
10000 m
@ “
[ ]
‘:::“.
= 5000 m
=The shape is more round and
=The development of the sometimes with sparse charge on far
shower is sparse on the away pixels

plane of te camera =not a preferential direction

34




Radiated power

yVHE

for typical ISM U ..~ U 4
peaks have equal height

energy “ |

flux ; ASCA
E2 d/dE
~ vF(v)

keV

synchrotron radiation Iny. Compton
from electrons scattering by the same
dE/dte. =k v.2U... ~ B2 electrons
Sy Ye” Ymag dE/dt,. = k 72U

photon energy [eV]




On of the features of the 1st order Fermi accelerator is to produce E-2 spectra
maximum acceleration energy since the accelerator has finite lifetime Ta the

Ta/Teyere Teycle: time the particle takes to cross
b= Eo(l T f) ’ back and fourth the shock

For a SN the shock is an efficient accelerator until the density of ejecta becomes

comparable to the density of ISM in the Galaxy (order of 100-1000 yrs) =>
Emax ~ 100 TeV x Z

O(10°000 yrs) [UFEEEEEeIbIEIe RSN ZE
This energy is about —

an order of magnitude
lower than the knee of
~3PeVxZ...

PROBLEM!

0(1000 yrs)
1z RX J1713.7-3946
W51C 14
1 a4 TeV bright,
£ Nl non-thermal X-ray

\RX J0852.0-4622 #N¢ SEIS

) l \
. 1N
sNL 0 .
. ' d I\
Tycho's SNR
! | . ¥
‘\

_.
<

1012

SN efficiency is age

0(100
dependent (190 yrs)

)
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Young/historical shell-type SNRs

10° 10'° 10" 10"
Photon energy (eV)




LR | T LRI | T T AL L - - v . . —.— Fermi - this work
- ! ! !

: CaSSiopeia A + : —‘— VERITAS - this work

10 TeV

E?dNME (cm?s'eV)

T ITYT”I

T

MAGIC Collab.
arXiv:1707.01583

Tycho

| 11 1118

LI TIYTT\T-

- MAGIC D Statistical -uncertainty I VERITAS Collab.
-=- Fermi [0 Systematic uncertainty : arxXiv:1701.06740
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Pion decay
signature

T T TTTIT

W49B

E’F [erg cm? s]
=

RX J1713.7-3946

-
<
=

E<dN/dE [ergs™

TTTT

Preliminary

Fermi-LAT & H.E.S.S. Coll.

LLLLLL bl LA LALIE Al liidl b Ll ARa) A1 Aldaal ST,

| . 10" 1 10 102 10° 10*
10" . Energy (GeV)

Energy [eV]
W. Hoffman, HEP-EPS 2017

H.E.S.S. Collab.
arXiv:1609.08671




BEYOND DSA

Non-linear DSA (dynamical connection between CRs
being accelerated and the background plasma) is in
agreement with observed filaments due to synchrotron
emission of electrons of dimensions of 102 pc. They
imply large B-fields of the order of 100 uG

Chandra
Cassiopeia A

Chandra
SN 1006

""""
e 3

—3/2
P



Observed spectra are softer than what predicted by DSA (E*) and

on-linear DSA (concave shape)
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1072 10° 1n? 1n*
Momentum

D. Caprioli et al. / Astroparticle Physics 33 (2010) 160—168
Alternative source scenarios are possible: BH PeVatron in the

Galactic Centre (H.E.S.S. arXiv:1603.07730) being more efficient

accelerator or superbubbles

http://www.nature.com/nature/journal/v460/n7256/full/nature08127.html




In this region it is possible to identify CR acceleration through
precise measurements of spectra of cosmic accelerators or the
detection of astrophysical neutrinos from a source

-
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10"

-fit broken power law " A Best-fit broken power law

EE‘H]'Tk% (Acciari et al. 2009) \ ® Fermi-LAT
MAGIC (T|bert et al. 2008) SN i AGILE (Giuliani et al. 2011)
GILE (Tavani et al. 2010) . | rro-decay

grem Stahlu ung *, Bremsstrahlung
— Bremsstrahlung with Break . Bremsstrahlung with Break
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0 Ackermann et al. (Fermi Collaboration), Science, 339, 807 (2013)
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INeutrino telescope concept birth

COSMIC RAY SHOWERS!
nn.Rev.Nucl.Sci
10 (1960) 63 By KENNETH GREISEN

Let us now consider the feasibility of detecting the neutrino flux. As a
detector, we propose a large Cherenkov counter, about 15 m. in diameter,
located in a mine far underground. e counter should be surrounded with
photomultipliers to detect the events, and enclosed in a shell of scintillating

material to distinguish neutrino events from those caused b mesons.
Such a detector would be rather expensive, but not as much as modern ac-
Fanciful though this proposal seems, we suspect that within the next

I decade cosmic ray neutrino detection will become one of the tools of both

1965 F. Reines detects
neutrino with Cherenkov
technique in South African
mine

M.Markov,1960: We propose
to install detectors deep in a
lake or in the sea and to
determine the direction of
charged particleswith th e

- help of Cherenkov radiation.

~ Proc. 1960 ICHEP




NOBEL PRIZE WINNERS IN THE NEUTRINO SECTOR

Nobel prize 2002

Nobel prize 2015

Oscillations with neutrinos from thermonuclear -
.B. McDonald

reactions in the Sun
~ 6 x 1070 vs per cm? per s with E,~0.1 —20 MeV

produced in thermonuclear reactions in the Sun

means ~ 100,000 billion solar
neutrinos pass through your
body/s

Supernova 1987A Neutrinos : _
~ 10 s bursts of 10 MeV vs from stellar collapse Nobel prize 2016

¢ I AEELVERY

Oscillations with atmospheric neutrinos




RSN ROV RMRE

Deep inelastic CC
interaction

muon neutrino
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Between 300-600 nm about 3.5 x 10* Cherenkov photons/m of a muon track
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NEUTRINO TOPOLOGIES

time
CC Muon Neutrino Neutral Curre|_1t /Electron CC Tau Neutrino
Neutrino

1AM
gL i B,",
. P iy i
v+ N —=p+X Ve + N e +X vr+ N —>17+X
Ux + N = v+ X
track (data) cascade (data) “double-bang” and other signatures
(simulation)
factor of = 2 energy resolution =~ +15% deposited energy resolution
< 1° angular resolution =~ 10° angular resolution (not observed yet)

(at energies > 100 TeV)

I’

B

Martin Wolf, IceCube/NSH




Vetoing atmospheric backg

Schoénert, Resconi, Schulz, Phys.
Rev. D, 79:043009 (2009)

Gaisser, Jero, Karle, van Santen,
Phys. Rev. D, 90:023009 (2014)

atmospheric muon tag
\u / Veto /
o\’

atmospheric neutrino tag




PHYSICAL
REVIEW
LETTERS,

BREAKTHROUGH
OF THE YEAR

ICECUBE

Astrophys.J. 833 (2016) no.1, 3

Highest-energy neutrino-induced muon

2.6 PeV deposited energy
8.7 PeV neutrino energy (median)

.«gv.vv!-!!!.!: .
o.o...»m!!vvvvv-v--!-v

*eho

...
. PERRRRRRRIS o

oi"‘ »

o

; \




Events per 2078 Days

Zenith distribution is incompatible with atmospheric neutrinos

82 events/6 yrs Reminder: at south pole zenith = 90° - declination

Energy Threshold 6 years (ICRC 2017) Southern Sky (downgoing) Northern Sky (upgoing)

I Background Atmospheric Muon Flux

I Bkg. Atmospheric Neutrinos (#/K)
Background Uncertainties

— Atmospheric Neutrinos (90% CL Charm Limit)

e+ Data

Background Atmospheric Muon Flux

Bkg. Atmospheric Neutrinos (#/K)

Background Uncertainties

Atmospheric Neutrinos (90% CL Charm Limit)
Bkg.+Signal Best-Fit 1-Component Astrophysical (E*%)
Bkg.+Signal Best-Fit 2-Component Astrophysical

IceCube Preliminary Data

§IceCube Prelir;fninary
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The real voyage of discovery consists not in
seeking new landscapes, but in having hew
€YES. (Marcel Proust)

lllustration by C




