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Energy spectrum (E >10'4 eV)
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Anthropomorphic representation
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Surpass human-made accelerators !
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Where can be these accelerators Pulsar
INn the Universe?

Hillas plot
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How to generate bottom-up energies
much higher than thermal?
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Acceleration mechanism

Fermi 2"d order (1949)

particles accelerated in stochastic
collisions with massive interstellar clouds
(collisions to a moving diffusive wall!)

In the cloud reference frame
E1 =YE;(1—Bcos6)
E; = E7
Back to the Lab reference frame

E, =Yy E; (1 + B cos5)

Then:
AE 1 —PBcos6; + B cosd; — B*cos B;cos 05
E 1—p° -1
But: Probability AE 4_
(cos 05) =0 | (_) ~ BZ
f_ll cos 81{(1 — B cos 81)\dcos 0, B E 3
(cos 01) = =-3

1
f_l(l — B cos 0¢) dcos 64 B~107* 11 °



Solar coronal mass

Acceleration mechanism cecton 9 Mar 2000

Fermi 15t order

Shock formation :
e Sudden release of Energy (CMEs, SNRs, GRBs,...)

e Supersonic flow hits an obstacle (AGNs jets, pulsar winds, ...)

Particles gain energy by consecutive
crossings of the shock front!

AE 1—BcosB; +fcosd; — B%cos 0, cos 65 )

E 1-p°
Now (plane shock front): U,
fO cos2 0, dcos 0, 2 Crossing probability a cos(0)
(cos Bq) = _01 = -3
J_, cos 8; dcos 8,
<AE> 4
fol cos*7 dcos 07 2 E/ 3 B

(cos B05) = - - ==
‘ fol cos 0, dcos 0, 3 10



The power law L\ U & N
~ <« E gy
In each cycle the particle gains a small fraction dE
of energy €. After n cycles: (N > E)oc g7+ ' l\m )
E,=E,(1+¢)" |
Or the number of cycles to attain an energy E is: o

aaaaa

n =In(E/E,)/In(1+g )

The particle may escape from the shock region with some probability P,.. Then the
probability to escape with E>E, is:

- -y y=a+l
P =R, (=R =(-R) dN _(ENT Y
n a dE " \E,

and

E —p. = (E)_ﬂ: (d—Nj ~E~* Supersonic shock

Nﬂ I Eﬂ dE Source
" ~In(1-F;) ~ P; (d_Nj o (d_Nj 7. (E) o E 27
| 111(1 + E) ¢ dE Earth dE Source
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The Greisen-Zatsepin-Kuzmin
(GZK) cutoff




The Greisen-Zatsepin-Kuzmin
(GZK) cutoff
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Predicted (and observed) Spectrum
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Milky Way Galactic Magnetic Field

as seen by Planck satellite

Galactic B~10° G
Extra-Galactic B<10° G



Deflection in the Galactic Magnetic Field (p)

T.Stanev
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Above 10%° : Astronomy !
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Entering in the Atmosphere




Entering in the Atmosphere




Entering in the Atmosphere




Entering in the Atmosphere




Entering in the Atmosphere




Entering in the Atmosphere
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The first interaction!




Shower development




Shower development
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P(Fe) Air — Baryons
— 70
— 7t
— K%, D. ...




Particle interactions

- Primary Co=mic

P(Fe) Air = Baryons (leading, net-baryon # 0) Ray
— m° (M0 — yy— ete ete — ...) 0 o Huclei
— it (= p*if Lyea< Lint) = o
— K%, D. ... }f‘f‘f ‘ o™
b1
B nﬂ #‘E . -\
. . G- 11'. v
e.m. and weak interations v
- well known ! | L
eve .

hadronic interations
- large uncertainties |
- forward region, small p,, very high \/g
- main parameters: o, k.., <n>, (fraction n% Nb of Baryons, ...)

Nuclear fragmentation
- Nuclei are not just a superposition of nucleons !

Missing Energy
-5% to 10% ...
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Shower cascades

primary y
-l

cosmic ray (p, o, Fe ...)

atmospheric nucleus

? [

EM shower __;u’"“’?

nu-:.;leons,
K-, etc.

EM shower



Extensive Air Showers (EAS)

1 O 19 eV shower size N,

X -

12 km

700 F

sea level

horizontal shower

X(1)= [, p(x)0x

1200

depth sea level

(g/em?) | zenith angle of 40 deg. 0




EAS detection

Angle

Shower plane

Fluorescence

electrons excite N, molecules

15- alrﬂy i “‘:.

Fly's Eye with
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Fluorescence from space

JEM-EUSO

Fluorescence | ™% Cerenkov

32



Measurements by an Hybrid
detector at Earth

20— Time structure

Detector signal (arb. units)
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Earth Observatories

Telescope Array (TA)
Delta, UT, USA

507 detector stations, 680 km?
36 fluorescence telescopes

Pierre Auger Observatory
Province Mendoza, Argentina

1660 detector stations, 3000 km?
27 fluorescence telescopes

Together full sky coverage

Auger: = == Bkomcee Arsay S0 < 58" §05,/2008 - 05/201%)
6.7 x 10* km? sr yr (spectrum) % 8000
9 x 10* km? sr yr (anisotropy) E 5000
4
TA: = 40007
8.1 x 103 km? sr yr (spectrum) £ 2000l A
8.6 x 10> km? sr yr (anisotropy) £ .
a foal

Prem e A
~90 ~70 50 30 10 10 30 50 70 90
Declination &/ 34



Telescope Array (TA) Area ~ 680 km?

3 fluorescence telescopes
507 double-Layer scintillators

Talk by Abu-Zayyad

Middle Drum: based on HiRes Il

TALE (TA low energy extension)

Communication
Tower
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Northern hemisphere: Utah, USA
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Pierre Auger Observatory Area ~ 3000 km?

24+3 fluorescence telescopes
1600 water Cerenkov detectors

. Loma Amarillaiﬂ- F‘a_u;n
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telescope building
"Los Leones"

LIDAR station




telescope building
"Los Leones"

LIDAR station

communication tower

Kommunikation




E.M. and u signal in the WCDs
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= 4f g et
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The fluorescence detectors (FD)




The fluorescence detectors (FD)




The fluorescence detectors (FD)

Optigal : 4 Uv-Fitter \§
300-400 nnr \iL
Shut@er !




The fluorescence detectors (FD)
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Shutter
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A 4 eyes hybrid event !
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SD Energy calibration in Auger

- 5(1000) Calibration
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Auger Is running smoothly

Fraction of Water Cherenkov Tanks in operation

The Swiss clock!
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Many and important results !
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Energy spectrum
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Energy spectrum
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GZK or the exhaustion of sources ??7?
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Composition is the key to disentangle the two scenarios!
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X.., and the “beam composition”

Nuclei
Iron, ...)
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Shower development
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Fe/p longitudinal profiles

altitude h (km)
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:><;!1”I61)(_ _
distributions

As the energy increases
the distributions become
narrower 11!
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<X and RMS(X,...)
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A clear change above 3 1018 eV
Beam composition ??? Hadronic interactions??? 56



Mass composition

1.0}

relative abundance

fluorescence telescope data (15% duty cycle) Auger, prellmlnary

Fe [ 11 = syst b noerETir 04 } EPOS-LHC { SIBYLL23 |

20.0

Composition could be explained by disintegration of ~ C or Si nuclei, very
hard energy spectrum at injection favored (~ E1) ...
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The “Particle Physics” interpretation ...

[ just proton ...

A dramatic increase in the proton-
proton cross section

But no violation of the
Froissart bound !

R.Ulrich (2008)
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<Xmay >distribution

CR particle
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probability
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Proton cross-section

; o’
- S 10*%< E <103 eV
— [ ]
° = 2
S 0k . L,=57.4+ 18g/cm
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E 1= *
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Z |
© L
10'1?
: I I ‘ I I ‘ I I ‘ I I ‘ I I ‘ I I
200 400 600 800 ,, 1000 1200 1400
Xmax  [9/cm 7]

If %p>20%, % He<25%

Slightly lower than it was expected at
the time by most of the models, but
in good agreement with recent LHC
data.

[mb]

p-air

[mb]

Sinel (Proton-Proton)

800

700

600

500

400

300

200

110

100

90

80

70

60

50

40

30

Equivalent c.m. energy Vs, [TeV]
10

10" 1 107
7\ TT \\‘ T T T 1T \\‘ T T TTT \‘ T T TTT \‘
- Nam et al. 1975
o Siohan et al. 1978 °
; Baltrusaitis et al.1984 P-a I r
L H. Mielke et al.1994
- Honda et al.1999 ’.»"
B Knurenko et al.1999 ’
- Belov et al.2007
B 1. Aielli et al.2009
- Aglietta et al.2009
B \V4 Telescope Array 2015
— —WF— Auger PRL2012
[ —@— This Work 2015
- s — EPOS-LHC
- _ Lo | QGSJETII-04
L _-—I,L.E:;‘-ﬂ' = |
s T -.- SIBYLL-2.1
L Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il \\\HH‘ Il L L1l
1013 1014 1015 1016 1017 1018 1019 1020
Energy [eV]
: T T T T 1T ‘ T T T T T 1T \/ T \,\‘J"
— = Auger 2012 (Glauber) s 4
- -8 ATLAS 2011 L et
- - CMS 2011 P-P T
- % ALICE 2011 TR
- = TOTEM 2011 Ol "
- ¥ UAS A
- -« CDF/E710 Lo
- TOTEM 2013 e
- @ Thiswork @y .-
- AT - QGSJETIIL3
- o o — - SIBYLL21
< P EPOS1.99
Ly — . EPOS-LHC
- e QGSJETII-04
; 1 |- ‘ 1 |- ‘ 1 1111 ‘
10° 10* 10°
(s [GeV]

an



The “number of g
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The “number of g

Rhad

2

1.8

1.6
1.4
1.2

1
0.8
0.6
0.4

T— «
Stresc(RE; Rhad)i,j = BE SEM i+ Rhad RE Shad,i,j

Total —e—
S0 ¢ Pure Muon —=— ]
Pure EM ——
EM from p Decay
EM from Had. Jet
u from Photprod.

S [VEM]

1019 eV E \ | 1 1.2 1.4860(9) 1.6 1.8 2
i Systematic Uncert. =1 1
Qll-04p o
I QllI-04 Mixed © i}
i EPOS-LHCp = |
| | EPOS-LHC Mixed O
0.7 0.8 0.9 1 1.1 1.2 1.3
Re
Model REg Rhaa
QII-04 p |1.09 £0.08 £0.09|1.59 = 0.17 £ 0.09

QII-04 Mixed
EPOS p
EPOS Mixed

1.00 £0.08 =0.11
1.04 £ 0.08 = 0.08
1.00 £ 0.07 £0.08

1.61 £0.18 £0.11
1.45 4+ 0.16 = 0.08
1.33 £0.13 £0.09

Hadronic signal in data
is significantly larger
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MC: p QGSJET 11-03

The "number of y (inclined showers)
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Tension between data and all hadronic interaction models &!!



M L. Cazon, R.A. Vazquez, A.A. Watson, E. Zas,
Muon Production Depth (MPD) s

N




L. Cazon, R.A. Vazquez, A.A. Watson, E. Zas,

Muon Production Depth (MPD) s
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Origin




Extragalactic Origin E>8x10%eV

Auger - 6.5% dipole at 5.2 sigma

0.46

=
Bl
<
-t

0.38

Arrival directions follow mass distribution of near-by galaxies
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Hot/Warm spots E>6x10Yev

TA and Auger: over-densities ~20° size

Ursa Major Cluster
(D=20Mpc)

Perseus-Pisces

Virgo Cluster Supercluster

(D=20Mpc)

Fornax Cluster

Centaurus

Supercluster (D=60Mpc)
Huchra. etal. AnJ. (2012)
Galaxies with D <45 Mpc

(2MASS catalog)
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Anisotropy — Correlation with catalogs (Auger)

Starburst galaxies

Obsorved Excoss Map - £ > 30 EoV

E > 39 EeV
Y =10°
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(Giaccari ICRC 2017)

71



The Multimessager Era
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GW170817

LIGO

30° A\ Swope +10.9 h
LIGO/ 2

‘ . ; The first multimessenger
| i discovery of a binary

0°

1 8h
DLT40 205 d neutron star merger
IPN Fermi / Y . >
INTEGRAL A
\ .
N
30° \ \ -30°
75° x> 3
60° <
450 e T &7 ‘o\\\% ’
7%, 410 &
300 ).-',\'7:;, 2 ‘\o* ,l
NG
15° T R
A A
o IceCube up-poing A% X
0 N Oz einiv ..’&‘.ﬁl :&]E%_ ...................
Neutrino search using inclined air showers p —15° y 9 —— GW (90% CL)
— % + NGC 4993
muons —30° ~ ¥ neutrino candidate (IceCube)
e ¢ neutrino candidate (ANTARES)
li’f‘:’)" A —45° e | === === IceCube horizon
paricles © ~ = ANTARES horizon
—60° [ Auger FoV (Earth-skimming)
_ 750 [ Auger FoV (down-going)
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First source of astrophysical
neutrinos at high energy?

Cherenkov
Swift Telescopes —
. ()
! SNIGRB
Madison

Delay:

O(min) « Increased sensitivity
for transient neutrino
sources

= Source identification

Iridium /

(A. Franckowiak)

IceCube

0B0518, 1333

TITLE: GCH CIRCULAR

NUMBER: 21916

SUBJECT: ILgceCube-170922A - LceCube cbservation of a high-energy neutrine candidate event
DATE: 17/09/23 01:09:26 GMT

FROM: Erik Blaufuss at U. Maryland/IceCube =<blaufussficecube.umd.edu>

Claudio Eopper (University of Alberta) and Erik Blaufusa (University of
benalf of the IceCube Collaboration (http://icecube.wisc.edu/).

Maryland] report on

On 22 Sep, 017 IceCube detected a track-like, very-high-energy event with a high probability
of being of astrophysical origin. The event was identified by the Extremely High Energy
(EHE) track event selection. The IceCube detector was in a normal operating state. EHE events
typically have a neutrino interaction vertex that is outside the detector, produce a muon
that traverses the detector volume, and have a high light level (a proxy [or energy).

After the initial automated alert

(httpe://gen.gafe. nasa.gov/notices amon/50579430_130033.amon), more

sophisticated reconstruction algorithms have been applied offline, with the direction refined
to:

Date: 22 Sep, 2017

Time: 20:54:30.43 UTC

RA: 77.43 deg (-0.80 deg/+1.30 deg 90% BSF centalament) J2000
Dee: 5.72 deg (-0.40 deg/+0.70 deg 90% PSF contalmment) J2000

We encourage follow-up by ground and space-based instruments to help ldentify a possible
astrophysical source for the candidate neutrins.

TXS 0506+056

z=0.33

Pulative Flux = B00 eV

MAGIC: flare E > 100 GeV

25
238856818

2008

270095818 2300335818 330575818 BE0816818 281056818

MET

421298818

451538818 amrreme S12018818

2017

FERMI: flare (found 6 days later)

IceCube 1709922A, publications in preparation
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The Universe at the highest energies !

~6

— 10 isotropic y-ray high-energy - ultra-high energy

I " background neutrinos = COSMIC rays

2 4. (Fermi) (lceCube) “ (Augen

W 1077 | T+ HESE -

h t " (6yr) -,

E *n

| -8 -1"'-.

E 1D 3 T -m-

ot vy + vy

C ! bt .

L H
1077 | 4

fhfhesln ” . ” ]

10 100 10° 10 10° 10° 100 108 10° 100 1oV
energy E [GeV] E=10%eV

Energy density per decade similar in all three messenger particles

75



The Universe remains to be discovered !
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Astronomy/
astrophysics:
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Student profiles

Several scientific profiles have to co-exist!

from the experimental physics students interested in the
development of new detectors or data acquisition and
readout systems to the theoretical physics student interested
in the development of string theories.

to all students a minimum common scientific background
should be provided.

This common background will favour the future mobility and
employment of the students either in scientific research
projects and institutions or in the society at large.



Activities

*Schools and Workshops
v'A general IDPASC school every year
(2 weeks: mornings lectures/afternoon
exercises/exam at the end)
v’ Thematic schools
*Courses
v'Specific courses via video-conference
*Public sessions
v'General public (in particular last years high
school students and teachers)
* Doctoral Scholarships (IDPASC-Portugal)
v'2010/2011/2012 — 20 grants
v'2014/2017 — 20 grants
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22 - 26 July 2013
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Introduction to Field Theory
Jorge Romao (1ST
Luis Alvorez Gaume (CERN

CMB and Galaxy Clusters at Planck frequencies
Antonio do Sivo (U Porto;

Neutrino Astronomy
Francis Halzen (University of Wisconsin)
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parsecs Distance scales
W 1 parsec (pc)=3.26 light-years
~ 3x10'3km

- Visible horizon {(universe)
(6000 Mpc=20 bkbillions of light-years)

10°
(Gpc)

Frontier of ocur neighbourhood

. - Size of Local Supercluster (50 Mpc)
10
{Mpc) S Size of Local Cluster (~1 Mpc)

\ Closest galaxy (Andromeda) (700 kpc)

= Diameter of our Galaxy (25 kpc)

10
(kpc)

= Closest star (1.3 pc)

(pc) (Proxima Centauri)

10

= Diameter of Sclar System
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Propagation distances of different messenger particles

radio/microwave

infrared/optical gamma-rays cosmic-rays

-
o

Distance [Mpc]
o

cosmological max of star formation

| nearest blazar

nearest galaxy

galactic center
| |

(M. Kowalski)
1 |

10¢ 10+

Energy [eV]

Magnetic horizon for cosmic rays
(diffusion time exceeds lifetime of Galaxy / Universe)

Not visible in
in cosmic rays
(energy loss effects)

Cosmological evolution
of sources important

0o



Combined fits

Protons (blue)
Helium (gray)

A. di Matteo for the Pierre Auger Coll., Proc 34t" ICRC (2015) Nitrogen (green)
Iron (red)
T’_l 038 : ‘_'"_|1038 :
5 Ie 5 le
P"; :...°oo. F"; B ..°oo..
g | ’ ¢ g L - ¢
% 37 % 37
10 = 107
“wF “wf
10" 10" =
18 18.5 19 19.5 20 %5 (;E/;\}f 18 ‘18.5‘ 19 195 20‘ |2C§)95 (E/;Vfl
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1 — e LI . | ‘ 2 8000 Rmeire 2 [T S et )
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log IO(E/eV) log lO(EleV) log lO(Ii/eV) log lU(E/eV)

A Fit (spectrum, <X__..>, RMS(X_..,)) is always possible but it

requires a very unusual metallicity of the sources!
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