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Raggi Cosmici: perche si?

sono molto abbondanti in natura

~ 300 particelle/s/m? 20% della
radioattivita naturale

- scoprire la natura di sorgenti
astrofisiche galattiche ed extragalattiche e
dei meccanismi di produzione ed
accelerazione di particelle

- studiare le interazioni radiazione-materia
fino ad energie inaccessibili persino ai
moderni acceleratori di particelle

- messaggeri di fisica potenzialmente
nuova (materia ed energia oscura)




Cosa hanno in comune?




Retrospettiva storica

1896- 1903: Scoperta della radioattivita naturale (H. Bequerel) e prime

misure (E. Rutherford)

1910: T. Wulf va sulla torre Eiffel e misura la concentrazione radioattiva
ad alta quota utilizzando un elettroscopio.

Wulf Electroscope
(1909)

+ +
- =

Allo stesso tempo Pacini in Italia
effettuava delle misure simili a diverse
profondita nel mare di fronte a Livorno

Eiffel tower
and science

ﬂ T 3.5 ions/cm3

300 meters : flux/15

= 0.4 ions/cm? expected

~"80 me“tres quxIZ’

: w.-f;_j-&w-‘r =

Flusso diminuiva con il crescere della
quota ma non come ci Si aspettava

Primo problema....



Scoperta dei raggi cosmici!
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Height in kilometers

Readings on ionization chamber Victor Hess carried
aloft in the B6hmen. Above four kilometers the ioniza-
tion rose rapidly indicating “that rays of very great pene-
trating power are entering our atmosphere from above”.
These cosmic rays contain the only modern samples of
matter from outside our solar system which can be
investigated directly.

| raggi cosmici provengono dallo
spazio (flusso aumenta con la quota)




Raggi Cosmici: di cosa si tratta?

1932: Millikan vs Compton: fotoni o particelle cariche?

Inizia la fisica delle
particelle!

1932: Carl Anderson, scopre
Il positrone (antimateria)

1937: Neddermeyer e
Anderson, scoprono il muone

1940’s: altre scoperte, pioni
e particelle strane

D. Skobeltsyn: foto dei RC in una camera a
nebbia con campo magnetico

particelle cariche!
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Extensive Cosmic-Ray Showers

Pi1ERRE AUGER
In collaboration with
P. EurenrFesT, R, Mazg, J. Daubin, RoBLEY, A. FrEON
Paris, France

Pierre Auger

LoNnG DisTaNCE COINCIDENCES

If two or three counters are arranged in
coincidence in free air, a small number of
coincidences is observable, due to “air showers"
and this number decreases quickly when the
horizontal distance of the counters is increased.
Schmeiser and Bothe have studied these local
showers with counter separations up to half a
meter.? If the distance is increased further, the

CONCLUSION

One of the consequences of the extension of the
energy spectrum of cosmic rays up to 10'% ev is
that it is actually impossible to imagine a single
process able to give to a particle such an energy.
It seems much more likely that the charged
particles which constitute the primary cosmic
radiation acquire their energy along electric
fields of a very great extension.




John Linsley

Energia delle
particelle
fino a 10?%° eV !!

[ 14 TeV e la massima
energia raggiunta nei
labortori del CERN ]

Analysis of a cosmic-ray air shower recorded
at the MIT Volcano Ranch station in February
1962 indicates that the total number of particles

in the shower (Serial No. 2-4834) was 5= 10,

The total energy of the primary particle which
produced the shower was 1. 0x10% eV, The show-
er was about twice the size of the largest we had
reported previously (No. 1-15832, recorded in
March 1961),°

The existence of cosmic-ray particles having
such a great energy is of importance to astrophys-
ics because such particles (believed to be atomic
nuclel) have very great magnetic rigidity, It is
believed that the region in which such a particle
originates must be large enough and possess a
strong encugh magnetic field sa that 86 = (1,/300)
“[E/Z), where R is the radius of the region (cm)
and & is the intensity of the magnetic field (gauss).
E is the total energy of the particle (e¥) and 2 is
its charge. Recent evidence favors the choice
Z =1 {proton primaries) for the region of highest
cosmic-ray energies.? For the present event one
obtains the condition £ =3 =107, This condition
is not satisfied by our galaxy (for which RH =5
#10%, halo ineluded) or known objects within it,
such as supérnovae.

The technigque we use has been described else-
where.® An array of scintillation detectors is
used to find the direction (from pulse times) and
size (from pulse amplitudes) of shower events
which satisiy a triggering requirement. In the
present case, the direction of the shower was
nearly vertical (zenith angle 10+ 5%). The values
of shower density registered at the various points
of the array are shown in Fig, 1. It can be ver-
ified by close inspection of the {igure that the
core of the shower must have struck near the

EVIDENCE FOR A PRIMARY COSMIC-RAY PARTICLE WITH ENERGY 10* VT

John Linsley
Laboratory for Nuclear Seience, Massachusetts Institute of Technology, Cambridge, Massachusetts
(Received 10 January 1863}

point marked “A," assuming only (1) that shower
particles are distributed symmetrically about an
axis (the “core*), and (2) that the dengity of par-
ticles decreases monotonically with increaaing
distance from the axis. The observed densities

[
|
1
.
"] 0.5
-
]
L]
- J—
o ] o
- - L
r — T T T 1
] i z 3

KILDMETERS

FIG. 1. Plan of the Voleano Ranch array in Fobruary
1862, The circles represent 3. 3-m? sciptillation de-
tectors. The numbers near the circles are the shower
densities (particles/m? rogistered in this event, Mao.
2-1E34. Point “A” is the estimated location of the
shower core. The cireular eontours about that point
aid in verifying the core location by inspection.




-' Raggi Cosmici: da dove?

Colliding
galaxies

Blazar




ACCELERAZIONE DEI RAGGI COSMICI

In fisica delle particelle I'energia viene misurata in elettronVolt (eV).

E definito come I'energia persa da un elettrone che attraversa una d.d.p. di 1V
Sono molto usati i suoi multipli keV, MeV, GeV, TeV.

Le particelle guadagnano energia attraversando

fronti di materia in moto generato da fenomeni
Concetto .
molto energetici (supernovae shock).

V La velocita tipica del fronte e:
v «— Ve ~ 10*km/s

OH -u

v +2V

upstream downstream

. V=-u+v
accelerazione

plane shock front




ACCELERAZIONE DEI RAGGI COSMICI

In fisica delle particelle I’energia viene misurata in elettronVolt (eV).
E definito come I'energia persa da un elettrone che attraversa una d.d.p. di 1V
Sono molto usati i suoi multipli keV, MeV, GeV, TeV.

Le particelle guadagnano energia attraversando
fronti di materia in moto generato da fenomeni
molto energetici (supernovae shock).

La velocita tipica del fronte e:
Ve ~ 10*km/s

upstream downstream

V=-u+v

El 1

plane shock front



across the
s } . universe...

Multi-messenger
Astronomy

Acceleratori “naturali” sino a 10%° eV

(| e. 1000 volte I'energia raggiunta al CERN)RJ

- Sorgenti galattiche ed extragalattiche
- Meccanismi di accelerazione
- Fenomeni di propagazione



Onde Gravitazionali !! verger ing

SEXE
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|8 Selected for a Viewpoint in Physics week ending

PRL 116, 061102 (2016) PHYSICAL REVIEW LETTERS 12 FEBRUARY 2016
Observation of Gravitational Waves from a Binary Black Hole Merger =-1.0 H —

— MNumerical relativity

B.P. Abbott er al.” I Reconstructed (template)
1 1

(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 21 January 2016; published 11 February 2016) T T

On September 14, 2015 at 09:50:45 UTC the two detectors of the Laser Interferometer Gravitational-Wave
Observatory simultaneously observed a transient gravitational-wave signal. The signal sweeps upwards in
frequency from 35 to 250 Hz with a peak gravitational-wave strain of 1.0 x 107!, It matches the waveform
predicted by general relativity for the inspiral and merger of a pair of black holes and the ringdown of the
resulting single black hole. The signal was observed with a matched-filter signal-to-noise ratio of 24 and a
false alarm rate estimated to be less than 1 event per 203 000 years, equivalent to a significance greater e
than 5.16. The source lies at a luminosity distance of 4107]%) Mpc corresponding to a redshift z = 0.097005. i i i i
In the source frame, the initial black hole masses are 36jMo and ZQjMO, and the final black hole mass is C'. 3 0 0. 3 5 0. 40 0. 45
627 M, with 3.002M 5 ¢? radiated in gravitational waves. All uncertainties define 90% credible intervals. "
These observations demonstrate the existence of binary stellar-mass black hole systems. This is the first direct Time {S)
detection of gravitational waves and the first observation of a binary black hole merger.

|| = Black hole separation
== Black hole relative velocity

Velocity (c)
o _C) o O
w = U o,

DOIL: 10.1103/PhysRevLett.116.061102

Mormalized amplitude

0 2 4 I
L —
00

LIGO-Hanford

| Sclected for a Viewpoint in Physics week ending
PRL 119, 161101 (2017) PHYSICAL REVIEW LETTERS 20 OCTOBER 2017

5

sW170817: Observation of Gravitational Waves from a Binary Neutron Star Inspiral

B.P. Abbott er al.”
(LIGO Scientific Collaboration and Virgo Collaboration)
(Received 26 September 2017; revised manuscript received 2 October 2017; published 16 October 2017)

On August 17, 2017 at 12:41:04 UTC the Advanced LIGO and Advanced Virgo gravitational-wave
detectors made their first observation of a binary neutron star inspiral. The signal, GW 170817, was detected
with a combined signal-to-noise ratio of 32.4 and a false-alarm-rate estimate of less than one per
8.0 x 10* years. We infer the component masses of the binary to be between 0.86 and 2.26 Mg, in
agreement with masses of known neutron stars. Restricting the component spins to the range inferred in
binary neutron stars, we find the component masses to be in the range 1.17-1.60 M, with the total mass of

Frequency (Hz)

the system 2.74700!M . The source was localized within a sky region of 28 deg? (90% probability) and
had a luminosity distance of 4()_',84 Mpc, the closest and most precisely localized gravitational-wave signal
yet. The association with the y-ray burst GRB 170817A, detected by Fermi-GBM 1.7 s after the
coalescence, corroborates the hypothesis of a neutron star merger and provides the first direct evidence of a
link between these mergers and short y-ray bursts. Subsequent identification of transient counterparts
across the electromagnetic spectrum in the same location further supports the interpretation of this event as
a neutron star merger. This unprecedented joint gravitational and electromagnetic observation provides
insight into astrophysics. dense matter, gravitation, and cosmology. 30 0 -G o

Time (seconds)

O NWaA

Separation (Rs)



Composizione chimica
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0.1 1.0 10.0 100. 103 104 105 106

Kinetic energy per particle (nucleus) [GeV]

All’energia del GeV
~ 79% protoni

~ 15% nuclei di elio

~ 5% nuclei piu pesanti
~ 1% elettroni liberi

~ 10 10+ antiprotoni

- prodotti da sorgenti

galattiche
almeno a bassa energia

- isotropi
ma esistono misure di tracce di
anisotropia a livello di 102 al TeV



L'Intensita dei RC decresce con |'energia

Particelle cariche e nuclei
atomici provenienti dallo
spazio

E <10%%- 10“eV
Osservazione diretta (es. Satelliti, Palloni
aerostatici)

E>10%2-10"eV

Osservazione indiretta (sviluppo di sciami
estesi in atmosfera)
EAS: extensive air showers

E> 10 eV
1 particella/m?/anno

E > 10 eV
1 particella/lkm2/anno

E>10% eV
1 particella/km2/secolo

Flux (m® sr s Gev)™
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The physics case at the highest energies

Ankle

Transition galactic to extra-

galactic cosmic rays

llGZK"

End of the spectrum

Energy spectrum
Arrival directions
Composition

Search for

neutrinos
cosmic rays

photon and
as primary

Hadronic physics

E“°F(E) |GeV"® m2 s1sr]

LHC 14 TeV |
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- cosmici quando
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ff ~ 80 % photons
/ =~ 18 % electrons
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nell’atmosfera

Flusso verticale dei raggi cosmici
nell’atmosfera con E > 1 GeV

| muoni dominano il flusso dei
raggi cosmici al livello del mare

Sono prodotti a circa 15 km di quota
L'energia media a terra e circa 4 GeV

La distribuzione angolare e
proporzionale a cos?0



Raggi Cosmici “simulati”

hadrons electrs neutrs 29.00 - 10 ® sec Proton 10 ™ eV
21311 m

Simulazioni Monte Carlo:
— Interazioni

— rivelatore

3
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-y
L2 o -

J.Dehlschlasger.R.Engel.FZKarlsruhe



ssepvatorio -



https://tools.wmflabs.org/geohack/geohack.php?pagename=Pierre_Auger_Observatory&params=35_12_24_S_69_18_57_W_type:landmark_dim:80km_region:AR

The Pierre Auger Observatory

500 members, 17 countries

E%GER
2
Surface detector 3000 km T
an array of 1660 Cherenkov stations Loma Amapliia | km]
on a 1.5 km hexagonal grid (~ 3000 S
km?) e NS TR, 160
Fluorescence detector Ao SZENNUSSSSSSS OSSO —{50
4+1 buildings Overlooking the : LN ] : : : : : : : IIIIIIIIIIIIIIIIIIIIIIII |
array (24+3 telescopes) -_:::'_:,J,. kt 3 av' " ":': .': :': :'.'.'.'.: ................. 'Yy —ao
Radio detector g N . .
153 Radio Antenna — AERA R e ' ]
Low energy extensions NS e ol T
- Dense array (24km?) plus B L LR L L L)
N 10
muon detect.ors - AMIGA AL AR GO e h ettty
- 3 further high elevation FD Lok Loones Y
telescopes — HEAT o
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L'Osservatorio Pierre Auger

AUGER

OBSERVATORY
Situato in Argentina, provincia di Mendoza (1400 m s.l.m.) Detector di fluorescenza (FD):
Collaborazione di circa 500 membri da 18 paesi. Offre misure dell’energia calorimetrica.

Ha un duty cycle di circa il 15%

1
|
1
1 |

Comunication

24+3 telescopi alloggiati in 4+1 siti che
ispezionano l'area sopra l'array.

§
i

EEFEEean

-

340

v

Detector di superficie (SD):
Array di 1660 detector Cherenkov
disposti su una griglia esagonale
(~ 3000 km?).

shutber

Ha un duty cycle del 100%. ) . . )
Si calibrano le misure fatte tramite

SD attraverso quelle fatte da FD.

Un upgrade del detector e in fase di realizzazione per accrescere
la performance nella misura della composizione chimica
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g Non é sempre facile...

Cristina Raschia







| rivelatori di fluorescenza (FD)

Loma Amarilla
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Il rivelatore di fluorescenza
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FUTURO

international Space Station (155)

Spazio:
JEM-EUSO

JEM=ELISO

Uy photon

Terra: CTA

Extensive Air Shower [EAS)

Earth image & NASA




“Take home message”

Fisica dei raggi cosmici naturalmente interdisciplinare (astrofisica, astronomia, fisica delle particelle
elementari).

Molti problemi ancora aperti:
- Origine e meccanismi di produzione non completamente svelati
- Composizione chimica alle energie estreme ancora controversa

Atoms
Dark
4.6% Energy
Dark 12%
Matter
23%

Il mondo a noi accessibile
“ That isn't dark matter, sir - You just forgot to take

E' SOLO IL 5%!! off the lens cap.”
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