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What i1s Astroparticle Physics
(Particle Astrophysics?)

Particle
Physics

Astroparticle )\ AStronomy

Cosmology
&
Astrophysi

1) Use techniques from Particle Physics to advance Astronomy

2) Use input from Particle Physics to explain our Universe, and particles from outer
space to advance Particle Physics

In thislecture I'll concentrate on the 2" topic



A quick look to our Universe



Astronomy Scales
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Our Galaxy: TheMilky Way

T, - el Globular clusters
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“Magnetic field
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What do we know about our Universe ?

that... |

— Particles are coming on Earth at energies
103times larger than we are able to

« Many things, including the facts ';,,,,,

produce...
— The Universe expands (Hubble ~1920):
galaxies are getting far with asimple Hubble’s
rel ationship between distance & mahipe
recession speed l
You’re rece ding V= HOT
T i ]
gg;,fggggg,‘no A ‘- ‘@ = recession

speed (km/s)



Cestancgin Clusbar
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Velocity (km/s)
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Once upon atime...
our Universewas smaller

Primordial singularity !!!
=> BIG BANG




How far in time ?

Extrapolating backwards the present expansion
speed towards the big bang

T ~1/H, ~ 14 billion years

(note that the present best estimate, with alot of
complicated physicsinside, isT = 13.7 + 0.2 Gyr)

Consistent with the age of the oldest stars
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Hubble law in 2007: supernovae

Implosion Explosion of star Expansion of matter
of core of shock wave ~ 0.5 ¢

red giant

e

. nen @l “1 o

Supernova Supernova Remnant

SNIla occurs at Chandra mass, 1.4 M&m::>‘8tandard

measure brightness -
measure host galaxy redshift — get

test Hubble’s Law: v = H c
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effective magnitude — brightness — distance

Expansion with Supernovae la
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Time & temperature (=energy)

« Once upon atime, our Universe was hotter

— Expansion requires work (and this is the most adiabatic
expansion one can imagine, so the work comes from
Internal energy)

.-
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T ~E109K
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Decoupling
v <> particlestantiparticles
v <> proton-antiproton
v <> electron-positron

awll |

(...) ==

then matter became stable | s
- C
{E 10-10 rcéﬁé?r?rer
=) MATTER-
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g density
10725
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Two epochs
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Particle Physics after Big Bang

Magnetism

QED  Electro
magnetism

Electroweak
~ Model
Weak Theor Weak Force
Grand  7: Standard .
Unification = & model
Quantum QCD Nuclear Force
Gravity
?
Super
Unification
Universal
Gravitation

>
time since Big Bang

THE QUEST FOR HIGHER ENERGIES ISALSOA TIME TRAVEL



The Universetoday: what we see
ISnot everything

velocity, v
radius, r

observed

expecied
from
luminous disk

Tt e e

Gravity: -
GM(r)/re=ve/rie
enclosed mass:

M(r) =ver/6G

10 R (kpc)

. - M33 rotation curve

L uminous stars only small fraction of mass of galaxy
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Dark matter searches
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‘h

Wethink there's something |mportant we
don’t see

B

by

velocity v
radius r

Gravity: O . T —
G /V\(I")/I"2 =ve/r . 50 - f . IL}Tnous disk
enclosed mass: FEEER -

M(r) =ver/6G

R,

R (kpc)

R M33 rotation curve

Lumi no Stars I small fraction of mass of galaxy
18




Dark matter sear ches

- Astronomy Dark Matter Candidates
- Invisible macroscopic objects
- Non-luminous objects
- Black Holes
- Particle Dark Matter Candidates
- Neutrinos

- WIMPs Mﬁfw

expecied
from
—_luminous disk

i

R (kpc)

S ~ M33 rotation curve




Gravitational Lensing by Dark Matter

Hubble Space Telescope B
multiple images &
of blue galaxy ERNEE.

'''''

s EARTH

Black holes, etc.



Gravitational Lensing Searches
for MACHOSs

B-r.OWD;DW'a_Ff S?

*  Magellanic
Clouds

_ _ Dark Halo Object AL
Bright star iIn Telescope _/\_
Magellanic Cloud ~ 200 km/s on Earth

e CETTpn o VAN

>
| Wil




Neutrino Massis not enough

P, = SiN?20 sin?(1.27 Am?L/E),
Am mass difference, 6 mixing
angle, E energy of v, L
oscillation length

Recent evidence of m>0 from
-SuperKamiokande

-SNO

-K2K

-KamLAND

AM~ 0.01 eV
Mixing ~ maximal

..............
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Candidates. only WIMPS ar e | eft

M >~ 40 GeV
If SUSY (LEP)
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Direct WIMP Detection

Rejection of background isthe critical issue

X
e
2 I signal
=
Nal = Nc:kground
=
20
] —_—
time
X
* 5
= T .‘. o background
N | |e® ¥ ° °
Ge § .:\...:0. 0" .
%o % Sgna

Total energy
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WIMP Direct Detection: modulation

Elastic interaction on nucleus, typical yvelocity ~ 25

Motion of Earth in the y wind
Recoil Spectrum

o = 30

(0]
> d_R — & e_ER/Eor
Vsun

= 230 km/s

= 30

orb

km/s

(E.r/R)*dR(Ve,V)/dEg
OFRP NMNWNM OGTO N 00O IC_S

012345678910
E/(Eq)

Featureless recoil energy spectrum
---> looks like electron background

But... Annua modulation
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WIMPS & gamma emission

X
= Some DM candidates Good energy resolution in
the few % range is needed
(e.g. SUSY X -

particles) would lead to mono-

energetic v lines through
annihilation into yy or yZ:
E.=m / m-ms/4m,

=> clear signature at high
energies

but: loop suppressed

Number of Counts

= annihilation into qq -> jets ->nY's
=> continuum of low energy gammas
difficult signature but large flux




Results: common sense suggests a look @the GC...

:
Sz~ Je 50-20

"M= 3.6 x 106
“Bolar Masses

® 1997
® 1998

1999 |~
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X emission (variable)



y-ray detection from the Galactic Center

Y

10 rr————rm
= detection of y-rays from GC by Cangaroo, g _
Whipple, HESS, MAGIC S | ’ ‘
>
® Ogource < 3 ( <7 pc at GC) [ m + +
m hard E-221#0.09 gpectrum 108 L +
fit to y-annihilation continuum g :
spectrum leads to: M, > 12 TeV ' 15 TeV
_ WIMP
m other interpretations possible (probable) 6 TeV ‘
' WIMP
. very crowded sky region, strong
exp. evidence against cuspy profile => not optimal  10° __ astro-ph/040814%
0,1 1 10

target

Energy [TeV]
Milky Way satellites
Sagittarius and Draco
m proximity (< 100 kpc)

m low baryonic content,
no central BH (which may
change the DM cusp)

(95%) - . wre . A2 = large M/L ratio
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Matter/Energy in the Universe: Conclusion

Qtotal = QM + QA~ 1

matter dark energy

Must be something new

MATTER / ENERGY in the UNIVERSE

TOTAL M atter:
. 1 Iw-o,z ID‘ad-D‘ZMATI'ER QM — Qb -I— + QCDM ~
I, I Ob%\ryons cold dark matter
Baryonic matter :
P e Q, ~0.04

stars, gas, brown dwarfs, white dwarfs

NEUTRINOS

0.0

Q..,~ 0.23

WIMPS/neutralinos, ¢
29
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High Energy Particles from space

30



Primary cosmic rays
produce showersin
high atmosphere

Cosmic Rays

/char ged particles Primary:
protons p 80%, o 9%,n8%
-gl)”s _ e 2 %, heavy nuclei 1 %
~ electrons . o/
neutral particles y 0.1%,v0.1%°~

photons
neutrinos

Secondary at ground level:
v 68 %
u 30%
p,N,..2%

31



~ayygio di curvacur a Ui uria par tceiia iri rmoto

IN un campo magnetico

Determiniamo 1l raggio di curvatura
(denominato raggio di Larmor) di una
particella con carica q ed energia E in
moto 1n un campo magnetico B.

V2 pVv Lorentz V

m— = = Ze-—B
r r C

S E
ZeB ZeB

1.6x10 *(erg/ev)- E(eV)

1 E

rLarmoor —

Z -(4.8x10°ues)B(Gauss) 300 Z

(eV / Gauss)
B

32



Confinamento:

= 1 Z (eV / Gauss)

r
Larmor 300 Z

Utilizziamo i valoti tipici del campo B (3x10¢ G) galattico per
protont:

(E=10%eV) =10®cm=3-10"pc
r, =4(E=10"eV) =10°cm=0.3 pc
(E=10"eV) =10"cm=300 pc

I p hanno un raggio di Larmor sempre minore dello spessore del
disco galattico (300 pc) se E<10!® eV. Per questo motivo tutti i RC
(meno quelli di energia estrema) sono confinate nel piano Galattico
dal campo magnetico.

33



| RC secondar|

|nterazione dei RC col nuclel
dell’ atmosfera = sciami di
particelle secondarie > RC
secondari .

L’ atmosfera funge da convertitore
Laradiazione primaria puo essere
direttamente studiata solo fuori
dall’ atmosferaterrestre (sonde)

Laradiazione al suolo puo essere
studiata con rivelatore di sciami

Esperimenti underground per la
componente penetrante (muoni e
neutrini)

34






| Raggl Cosmici sulla Terra

e | RC bombardano
continuamente la Terra: circa
100000 particelle originate dal
Raggi Cosmici ci attraversano
ogni ora.

e Questo contribuisce alla dose
di radioattivitaambientale a
Cul Slamo continuamente
SogQetti.

36



RC secondar|

Lo spessore di atmosfera equivale a 10 m di acqua

h=o0 ) Altitude (km)
H, = J-p(h)-dhleOOO(kg-m‘z) 10000 grr—— . £
h=0 : ]
=1000 (gcm™®) 1000 - E
1. Flusso sulla sommita (H=0 ./ R

gem2):

10000 m™2 s'lsr!
b (90%), He (9%), A (1%)

2. Flusso a livello del mare
(H=1000 gcm™):
200 m2 slsrt 0.01

Muonti, neutrini, et+e-, Y

C e e b b
200 400 600 800 10890

—Atmospheric depth [g em—2]
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Types of Cosmic Ray Detectors

l |
Satellites _&_‘l v

/ atmosphere
Ground based telescopes
looking at light produced
In atmosphere
ground level = e
& & L l & i
= @ 0 = -
Arrays of particle detectors \

38
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&% The future of
HRELN é H E P?

o
1000 = Hadron Colliders = ® ngher energ| esae

o not the full story...

Also small x (lost in
: _.].m”m et e I.“',nllli«'.l-:.-r:-' the beam pl peS for
PETEA, PEP ]
collider detectors)

® VEPPIY
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SPEAR, DORIS.VEPPII
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Tevareonl
& 1LEPI
sLC, LEP

1) —

Il

| L Prin-Stan, VEPPIL, ACO

I I | | |
19700 198 19N} 2004 20
VEAR OF COMPLETION

il



Particle Acceleration
E oc BR

Large Hadron Collider

ATLAS

R ~10km,B~ 10T — E~10TeV

CMS

R ~ 10km, B ~ 10T = E ~ 1000 TeV

( NB. E o« Z — Pb/Fe higher energy)



Particle Physics = Particle Astrophysics
Terrestrial Accelerators Cosmic Accel erors

Active Galactic Nuclei* 1 =

Binary Systems
r.‘L

-SuperNova
SO . Remnant

Diameter of collider

LHC CERN, Geneva, 2007 O

(D Cyclotron Berkeley 1937

Energy of accelerated particles

41



Ultra High Energy from Cosmic Rays

From laboratory accelerators ~ From cosmic accelerators

T T

Par_tlcle Cross-sections meawred ““““ 8w ™. Flux of cosmic ray particles
a| inaccelerator experiments " | § £ . griving on Earth
: | | | | | | | | A . 175 - S
" R  F |
| | 1 E 10
= : : : : : : : — < a o
\E, = 1w6’E - 2
c ) = %o
g 50 _____ g 10_10:: : ‘i?%
g Ty e 8 5L Q“‘x,*
5 W Fixed tar get 10—16; -~.?=%
o beamlines g BN
T L 1677
. ’wh o — Coliders e Colliders
Wb B R — 1e i 3'-'-_
Wi FNAL LHC i FNAL LHC M,
B L ey s e T T
Rt S S T L B
.HHIHI‘ IHIHH‘ \HHM_IH\HH‘.\ \HHH‘ .HHIIH‘ _I HIHH‘. \HHH‘_\ LI .\HHHM. ] ] 10 T T T T I T T T I .-l.t......
1 102 104 106 108 1010 1012 1 102 104 106 108 1010 1012
Energy GeV Energy GeV

Ultra High Energy Particles arrive from space for free: make use of ther?2
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Charged Cosmic Ray Energy Spectrum

/

/

[Swoady —LLChicogo )

4

Satellite, ballons

b AMS

i

y satellite
P

CCGO, GLAST

>

Ground, Air Shower Arrays

-l tel escopes >

H.E.SS-MAGIC-VERITAS

v telescopes N

AMANDA, ANTARES

HIRES - KASCADE - AGASA - AUGER

N

Whipple-CAT-HEGRA-CELESTE |

T
TR Space observed
- Shower
~ ~ M

Knee . these
e [EatUres
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E2 dN/dE [cm? s!srle

F——y F—— F——
F—— =
-} LR

0k

Fo——y F—— F——y
— o o

o o e
LILILLL LI I

Features of Cosmic Ray Spectrum

ankle

Isotropic

F-28

Mass composition ?
[ ‘ IIIIIIII| IIIIM IIIIIMM IIIII” L

00" 0 10 10 0" 0 10" !
E [ eV/nucleus]

. o®
Ingredients of models: e oS
0 (OQ

dN/dE~ E « +°

Source acceleration:oo = —-2.0t0 -2.2,..

Source cut-off E <1018Z [kISCJ[HBG] eV

Diffusion models §=-0.3t0-0.6
GZK cut-off on CMB y E ~ 7 10° eV

*Conventiona Wisdom’:
GaacticSNR E <31018eVv

Galactic losses E > 4 10 eV

0yt Extragalactic  E>310%eV

exotic E>710P eV

45



How arethey produced?
(Possible acceleration sites)

 Wherever you have gravitational collapses, you can
convert gravitational potential energy into kinetic
energy of particles

— Galactic sources (supernovaremnants, binaries...)
certainly able to produce particles up to ~ 100 TeV

e Below the knee?
» Galactic magnetic field ~1-3 uG can trap protons up to the knee
— Beyond this energy? Active Galactic Nuclel

(supermassive black holes, ~10° solar masses, accreting
at the expense of local matter — with big flares)

46



Mass composition at knee

Average shower depth and ratio N, / N, sensitive to primary mass
(NB. Mass composition extracted is very sensitive to Monte Carlo simulation)

2.5
X
Fl UX E B sumofall
. @® proton
iy Ao ATy A helium
in ... Y carbon
| | B VY iron

flux I(E ,) xE*® [m2sr's? Gev'’]

10 10 10°
primary energy E , [GeV]

Mean In(A)

<|InA>

w
o1
T

CASA-BLANCA

1015 1016 107
Energy eV

KASCADE = series of knees at different energies: p,He,..,C,..,Fe.
E(Knee) «« Z = knee due to source confinement cut-off ?
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'GZK cutoff’ HE cosmicrays

26 | T i
: |
E,Interactlonwﬂth background y. .
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4 |- - NE S | 11
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B I e I EI
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= : o ]
Y - SRy AUNS 210 Mpc HE gammarays
& - ! 7 108 T T
— - | N ~ b e Mrk 501120Mpc |
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B I I - ey I
-+ l - 107k
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Are we observing new fundamental physics? ™ TR T v
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Explanations of Ankle/ E > 10°eV events

Astronomy type explanations
e ‘Bottom-Up’  : acceleration

- pulsarsin galaxy,

- radio lobes of AGN (proximity a problem due to GZK, aso should see source)

Particle Physics type explanations

e ‘Top-Down’ . decay of massive particles
- GUT X particleswith mass > 10° eV and long lifetimes
- Topological defects

 New Physics (Lorentz violation)

e Theydon't exist...
(favorite explanation after Auger results)
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1% B! [eviYm? sr ]

LO

HIRES (Fly’'s Eye)

L&

GRB

No GZK
HiRes
Ely's Eye
Y akutsk

GEB + Galactic (heavy)

10

L3

Lul?

E [eV]

L0 0
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AUGER

it Southern site,
R el Mendoza Province,
; Argentina
Water Cherenkov
Tanks
3 w."”
I"i.;_.hﬁﬂ i _--.'3 Co 08 las Calres
:.:'h Frhﬂndiaﬁa;f’:':..

CTL

(1600 each 10m?)

Fluorescence Telescopes (6 telescopes each 30° x30° at 4 sites)

3.5m mirrors
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The origin of cosmic raysat VHE

 OnNov 9, 2007, the Pierre Auger Collaboration (J. Cronin, A.
Watson et al.) published in Science an article saying that

— Out of 15 events with energies > than about 60 EeV, 12 were
located within 3.1° of AGN closer than 75 Mpc from Earth

Mearby active

it o Super-galactic plane /fu'ln'llr.jlr Way plane
galactic nuclei N \
) l\._ o Fy - g
+ I".I + i) .l"l .‘.-.

Events =57 EeV Events =3 EeV
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Conclusion form the Auger result

Nearby active Super-galactic plane Milky Way plane
galactic nuclei \

Events =57 EaV Events =3 EeV

— Active Galactic Nuclel are the main source of VHE cosmic rays
— First measurement of the extragal actic magnetic field:
B~01-1nG
(AdA, Roncadélli and Persic 2007, arXiv:0711.3346)
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A new concept: EUSO (and ...)

Focale suxface m 2 wl0“pives

 The Earth
almosphereisthe
Ideal detector for
the Extreme Energy
Cosmic Rays and
the companion
Cosmic Neutrinos.
The new idea of
EUSO (20107-) is
to

produced by them




|V

Detectors for multimessanger
astrophysics
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W e see only partly what surroundsus

 We seeonly anarrow band of colors, from red to purplein
the rainbow

e Alsothe colorswe don't see have names familiar to us, we
listen to the radio, we heat food in the microwave, we take
pictures of our bones through X-rays...

Gamma-ray X-ray

56



What about therest ?

« \What could happen if we would see only, say, green
color?

=

57



Lanstsen et al. Photewosaic

Theuniversewedon't see

 When we take a picture we
capture light

(atelescope Image comes as e A
well from visible light)

* Inthe same way we can map
Into false colors the image
froma”X- ray tel escope” [omnakey >100MeV CGRO/EGRET

» Elaborating the information is
crucia




Many sourcesradiate Crab pulsar
over awiderange of
wavelengths

Ig (EfeV)

X-ray image
(Chandra)

300 GeV 10TeV 100 TeV

Crab Nebula

10 15 20 25
Ig (v/Hz) -



Pulsars

« Rapidly rotating neutron stars
with
— T between ~1Ims and ~1s
— Strong magnetic fields (~100 MT)
— Mass ~ 3 solar masses

— R ~ 10 Km (densest stable object
Known)

Crab Metula - *® Malin/Pasachoff/ Ef:alté-:::ll ;

Crab pulsar

e For the pulsars emitting TeV
gammas, such an emission is
unpul sed

X-ray image (Chandra)



Multi Messenger Astronomy

p = T e »
A - n-\.,'/l‘l\ i . \ -
A
e I -
\\

- o . . i i
' o Aol W T
el 3 - ]\i»!ﬂnq' et
/3 L | e [

Radio Telescope X - ray Satellite v - ray Telescope
( Bonn) (INTEGRAL/ESA)

View of sky in Galactic Coordinates in four different photon wavelengths

- N o I_. x“.::::;l '3 g

Radio Visiblelight X -rays v rays
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Centre of Galaxy in Different Photon Wavelengths

Radio 408 Mhz o i e - l

Infrared 1-3 um

Visible Light

Gamma Rays




Multi-M essengersto see Whole Univer se

16 1 HET T T Fr e
¢ _
5 1 +—domaln * : D|stant u_niverse
" -— : invisiblein
: L high energy photons
13 | . 1
- | L=y need neutrinos
3 12F |
iIl 'i 12 M VIS
I_c'.| '_:__ -------- Ew"'{GF}- g =
oM 8§ )
6 [|=
- L |E = B Ly
I | T E E Redshiftz=54 3 2 15 1.0 05
0rig E E ]
i : § & r<n] B Quasar
9b|g 2 55 1 B formation
.|r,_rj = 'E 'E 2 .
N gy period
7 -!“”M-EI“IM-U,I““M-:i'““M-E.llw-“l“uﬁl& 1 2 -ﬂ g
100 100 100 100 100 10 10 s

redshift z



Photons absor'be_df:;@%}-{aUS’r and radiation -

Protons deviated by '.llrnagne‘ric fields

* Neutrino astrophysics
o Graviton (?) astrophysics
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Surprisesin history of astrophysics

New Instruments often give unexpected results:

Telescope User date Intended Use Actual use
Optical Galileo 1608 Navigation M oons of Jupiter
Optical Hubble | 1929 Nebulae Expanding

Universe
Radio Jansky 1932 Noise Radio galaxies
. Penzias, . . . 3K cosmic
Micro-wave Wilson 1965 | Radio-galaxies, noise background
neutron stars
X-ray Giacconi ... | 1965 Sun, moon accreating
binaires
Radio Hewish,Bell | 1967 | onosphere Pulsars
. Thermonuclear Gammaray
- ?
y-rays military 1960~ explosions OUr SES

With future new detector can again hope for completely new discoverieg5




The high-energy y spectrum
E >30keV (A ~0.4A,v~710°GHz)

Although arbitrary, this limit reflects astrophysical
and experimental facts:

e Therma emission -> nonthermal emission

* Problems to concentrate photons (-> tel escopes
radically different from larger wavelengths)

 Large background from cosmic particles
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Transparency of the atmosphere

Rockets & Satellites

~400Km

Balloons

~40Km

Airplanes

~10Km

Mountain-top
Obhsarvataries

~4Km
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Detection of a
high E photon

 Abovethe UV and below
“50 GeV”, shielding from

the atmosphere
— Below the et+e- threshold +
mmeph%$ace(“10 - I Il'l.lllllllll I T TTTT
M eV ), : ”t11“;1;lsltmns
Compton/scintillation — Lo
1 ” . Ef : Bremsstrahlung
— Above“10 MeV”, pair %JE .
. i B nization
production "o _— o
 Above“50 GeV”, y&
atmospheric showers ﬂl-ﬁli'i‘;rﬂ”f,supq o =

1
E (MeV)

— Pair <-> Brem



C On w u en C% On Rockets & Satellites
thetechnigques

~40Km

Airplanes

* The earth atmosphere (28 X, at .

Observatorias

~4Km

sea level) iIsopaqueto X/y Thus_™

only a satellite-based detector "™ ™ ' "%
can detect primary X/y

« Thefluxesof h.e.y arelow and decrease rapidly with energy

— Véa, the strongest y source in the sky, has aflux above 100 MeV of 1.3 10
photons/(cm?s), falling with E'18%9 => a 1m? detector would detect only 1
photon/2h above 10 GeV

=> with the present space technology, VHE and UHE gammas can
be detected only from atmospheric showers
— Earth-based detectors, atmospheric shower satellites

* Theflux from high energy cosmic raysis much larger o



Satellite-based and atmospheric:
complementary, w/ moving boundaries
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102

10—

107>

1

K"""I ErE B LR, R """"I_I_

_ ® COMPTEL MAGIC i
GRI5+
= Synchrotron =
- Cutoff =
- T Prdiminary
- qlsi—ﬁwmpple E
i CANG.,AROO 5
] 8 1 BEN | IIIIIIII L 1 811l | IIIIIII| ] IIIIIII| ] IIIIIII-| | Illlllﬂ | IIIIII‘ L1101
o 10! 103 10° 107

Energy E (MeV)



Satellite-based detectors:
figures of merit

Effective area, or equivalent areafor the detection of y
A4(E) = A x eff.

Angular resolution is important for identifying the y sources
and for reducing the diffuse background

Energy resolution

Time resolution

72



X detectors

* Theelectrons gected or created by the
Incident gammarays lose energy mainly
IN 10nizing the surrounding atoms,
secondary electrons may inturn ionize
the material, producing an amplification
effect

* Most space X- ray telescopes consist of
detection materials which take advantage
of 1onization process but the way to
measure the total 1onization loss differ
with the nature of the material

Commonly used detection devices are...
— gas detectors

— scintillation counters
— semiconductor detectors

01 r

001 -

0001

Comp‘h::-n1

Photoelectric

+,

Pair

I
Lo 100 Loy

Energy (keV)

10000
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X detection (direction-sensitive)

A coded mask (array of opaque blocks) is disposed so that
a point source at infinity projects on a position sensitive
detector a pattern characteristic of the source direction

Coded mask

[/ S Position sensitive
/S S S
ST T detector
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X detection
(direction-sensitive)

Unfolding is a nice mathematical problem !,



INTEGRAL/CHANDRA

INTEGRAL, the International Gamma-Ray _
Astrophysics Laboratory is an ESA INTEGRAL 2002
medium-size (M2) science mission

Energy range 15 keV to 10 MeV plus simultaneous X-ray (3-35
keV) and optical (550 nm) monitoring

Fine spectroscopy (AE/E ~ 1%) and fine imaging (angular
resolution of 5')

Two main -ray instruments. SPI (spectroscopy) and IBIS
(Imager)

Chandra, from NASA, has asimilar performance
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vy satellite-based detectors. engineering

rticle v I}ﬂ}"
cnce
o Techniquestaken from particle physics ~
1 vy direction is mostly determined by e+e- ———
- Veto against charged particles by an ACD (AR —
— Angular resolution given by z‘/\‘a
« Opening angle of the pair m/E In(E/m) A &
e

« Multiple scattering (20/pB) (L/X)Y? (dominant)
=> |arge number of thin converters, but the # of channel increases

(power consumption << 1 kW)
» |f possible, acalorimeter in the bottom to get E resolution, but watch
the weight (leakage => deteriorated resolution)

Smart techniques to measure E w/o calorimeters (AGILE)
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GLAST

Tracker

1 v telescope on satellite for the
range 20 MeV-300 GeV

— hybrid tracker + calorimeter

e International collaboration US- Calorimeter
France-1taly-Japan-Sweden

— Broad experience in high-energy
astrophysics and particle physics
(science + instrumentation)

e Timescale: 2008-2012 (->2017)
* Wide range of physics
objectives.
— Gamma astrophysics
— Fundamental physics
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GLAST: theinstrument

o Tracker
Si strips + converter

e Caorimeter
Csl with diode readout

(aclassic for HEP)

e 17x1.7m?x0.8m

height/width=04 =
large field of view

e 16 towers= modularity

A

oL

One Tower Module of GLAST

Complete GLAST
4 x 4 Array of Towers l‘_—'—- 1.68 m ____‘l

Anticoincidence
"> Sshield

§ |

| IRy

@ | aps of 0, -
| radlen l:ﬂneaﬂ i 7.5 tm—_|
i Si Strip Detectar )8 1™
| 2 I5::':‘:“:"5- withouyt o Ef:ifﬁ-h
T -Onverterg

: _ Preamps Mounted
| Imaging Colorimeter on Vertical
10 ) Edge of Tray

—_—




GLAST: thetracker

S strips + converter

charged-particle VLY —High signa/noise
anticoincidence ; — Rad-hard
shield !

T~ — Low power

pair- o 4x4 towers, of 37 cm x 37 cmof S
Conversion » 18 X,y planes per tower
foils

— 19 "tray” structures

Y . S * 12 with 2.5% Pb on bottom
pdn“‘?lﬁ_ ___________________ « 4 with 25% Pb on bottom
tracking _
detectors 2 with no converter
 Electronics on the sides of trays

calorimeter”” — Minimize gap between towers

Carbon-fiber wallsto provide stiffness
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GLAST performance
(compared to EGRET)

Quantity GLAST EGRET
Energy range 20 MeV- > 300 GeV 20 MeV- 30 GeV
Energy resolution 10 % (E>100 MeV) 10%

Peak Effective Area > 8000 cm” (E>1 GeV) 1500 cm”

Single photon angular

<3.5 deg (100 MeV)

5.8 deg (100 MeV)

resolution <0.15 deg (E>10 GeV)

(68%, on-axis)

*Field of view (FOV) >2sr 0.5sr

Time resolution 10 microseconds 0.1 milliseconds
Dead time < 20 microsec/event 100 ms/event

Energy Resolution 6./E

050 L eHERIY AL TR TR AR | L B3R | Y LR

SRD Energy Resolution
0.40 - vs. Energy
0.30

Lol 1

GLAST

LAT

L

100 10’
Energy (GeV)

102
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—
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o
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Angle for 68% Containment
(degrees)
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4N -
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1072 107" 100 10! 102

Energy (GeV)
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GLAST performance
two examples of application

GLAST Simulation

EGRET Data (E > 1 GeV)

e Cosmic ray g
£ SNR Q:e"

SNR Shell . - | _

production

Galactic Latitude
I

Shock-Accelerated CRs
Interacting with ISM

79° 78° 77° Fi s 78 °

Galactic Longitude

Geminga Radio-Quiet Pulsars

EGRET: Geminga/Crab/PKS 0528+134
Geminga

e Facilitate searches
for pulsations from 3
millisecond pulsars | ..

+134

Crab

77°
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«g¢- The Gamma-ray Large Area "
G yYpace Ielescop oy N

=5

GLAST will be sent in space in May 2008
A collaboration USA-Japan-France-Italy-Sweden

Large part of the software is written in Udine... So come and help !

The Universe in the gamma
rays after one year of data
taking. Center: our galaxy
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But despitethe progressin satellites...

e The problem of the flux (~1
photon/day/km2 @ ~30
PeV) cannot be overcome

— Photon concentrators work
only at low energy

— The key for VHE gamma
astrophysics and aboveisin
ground-based detectors

diffracted

beam

transmitted
beam

— Also for dark matter
detection...
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Earth-based detectors
Properties of Extensive Air Showers

 Webelieve we know well they
physics up to EHE...

Predominant interactions e.m.
— ete- pair production dominates
— electrons loose energy via brem

— Ross approximation B isvalid
 Maximum at z/X, = In(E/e); g iSthe
critical energy ~80 MeV inair; X, ~
300 m at stp
» Cascades ~ afew km thick

 Lateral width dominated by Compton
scattering ~ Moliere radius (~80m for

arat ST P) Atmospheric Depth (r.1.)
* Note: A4 ~400 m for air

4500 3000 1500 Sea

Shower Size

hadronic showers have 20x more muons and are less
regular than em -



Ground detectors; EASvsS. IACT

UHE gamma

VHE gamma
~ 1000 TeV

~1TeV
First interaction——____

Secondary particles ~—

Photons

Cerenkov Particle
telescope detector
array

EAS (Extensive Air
Shower): detection of
the charged particlesin
the shower

Cherenkov detectors:
(IACT): detection of the
Cherenkov light from
charged particlesin the
atmospheric showers
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EAS

MILAGRO (New Mexico@2600m)
water Cherenkov,
60x80m”2 + outriggers,

y/h: Muon-identification
in second layer)

Proposed: HAWC
10x bigger @ 4500m a.s.l. e som

S0m

SOON:

SCINTILEATOR-ARRAY, 3Bt

SEE: CRAB, MKN421 \'
-|"'-|"'-."-'.--l:‘|-'.|
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Cherenkov (C) detectors
Cherenkov light from y showers

o C light is produced by particles faster than light in air
e Limiting angle cos 6.~ 1/n
10,~ 1%t sealevel, 1.3°at 8 km ad

— Threshold @ sealevel : 21 MeV for e, 44 GeV for u

Maximum of al TeV y shower ~8 Km as

200 photons/m? in the visible p—'e
CHERENKOV EFFECT .::::: sane®®®

Durati On —~ 2 nS B =vic n(water) - 1.33 111 T II LN a»
cos B=1/pn
Angular spread ~ 0.5°

p=1 0 =42 degrees




Incoming
y-ray

Particle
shower

*,

AN
Q
S

A\
o
N
&
N
<
S

Observational Technique

y+p—o>ee L

Image intensity
=» Shower energy

Image orientation
=» Shower direction

Image shape
=» Primary particle



Systems of Cherenkov telescopes

N ..{l_’% st -,—‘" —
L 4

Better bkgd reduction
Better angular resolution
Better energy resolution




h (m
12000
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4000

e 1 |

Gamma / hadron separation

45 GeV gamma
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m

Gamma shower
( narrow, points to source )

Proton shower
( wide, points anywhere )

100 GeV proton
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|ACT vs Satellite

Satellite :  |ACT/ground based

— small effective area ~1m?
* |ower sengitivity » Higher sensitivity
— small angular opening
o Serendipity search

— large duty-cycle — small duty-cycle
— large cost
— lower energy — high energy

— high bkg
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Ground-based detectors
| mprovementsin atmospheric C

* Improving flux sensitivity
— Detect weaker sources, study larger sky regions S/BY?2
oc (A/TQ)12
o Smaller integration time

 Improve photon collection, improve quantum efficiency of
PMs

og(E/eV)

o Use several telescopes

8 8 10
I'I'I'I'I'I'I

. ; /‘ﬁh
. "
e Lowering the energy threshold |
— Close the gap ~ 100 GeV between b
satellite-based & ground-based

14 16 18 =20
TTTT T

13
- -1
INnstruments o i
reR IV R I | | 1 L L 1
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The“Big Four”

VERITAS (UsA UKL |

al: Oct Q3 bl . Muchachos,
2005 [ | ihary Islands




DETECTOR PARAMETERS

ln 2007: # ~mirror | Camera FOV | Altit. m|arrangement
aream? | pixels deg as

CANGAROO | 4« 57 427 |4 160 | [/ ~100m

H.E.S.S. Ax | 107 960 |5 1800 ~120m

MAGIC 2x | 240 | 577 |35 (2200 |  ~80m

VERITAS (4x | 110 | 499 |35 |700 ~40m
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The MAGIC site

Telescopio Nazionale Galileo

96


http://quetzel.warwick.ac.uk/phsdaj/LaPalma/08100020.jpg

* Mirror: 17 m diameter
+ 240 m? Al panels + heatin
85%-90% reflectivit

§- amera: 3.5° \FO
77 pixels

- Optical fibre r'eadou1'

+ 2 level trigger & -/ﬁBE?" tubes-
300 Mhz FADC system — | - Telescope:

65-tons~
* Positioning:22s.



~300Hz shower rates

After upgrade of the
opticsin July 2004
the telescopeisinits
final shape

Entries 1
Mean 20.78
RMS 44.53




the Active Mirror Control laser beams

Photo by R. Wagner




|ACT Scientific Highlights

Galactic observations:

|. Discovery of many new Galactic sourcesby HESS.
HESS GP Survey & targeted observations.

II. Detailed studies of Galactic sources by HESS:

Precision measurements (spectra, morphology, etc.).
Theoretical models and understanding.

II'l. Discovery of new classes of VHE gamma-ray emitters by
HESS:

First variable galactic source

V. Study of the Galactic Center by CANGAROO,HESS and
MAGIC:

Evidencefor a TeV signal; search for DM annihilation

V. New classof periodical galactic sources by MAGIC and
HESS
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Scientific Highlights

Extragalactic observations:.

VIIl. Discovery of ~20 new AGN by HESS and MAGIC:

Measurements of AGN properties and multi-A studies.
 Constraintson cosmological EBL density from absorption spectrum.

VI. Observation of AGN with orphan flaresby MAGIC:

Connexion to neutrino and UHECR astronomy?

VIIIl. High time-resolution study of AGN flaresby MAGIC:

New constraints on emission mechanisms and light speed dispersion
relations.

| X. Prompt follow-up of 11 GRB (implosion of hypernovae) by
MAGIC:

« GRB follow-up in coincidence with observation in the X-ray domain.
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Violation of the L orentz-I nvariance?
Light dispersion dueto quantum gravity effects expected in some QG models

Mrk 501,
V=c[l+& (E/EQG) -&, (E/EQG)Z +- .. MAGIC, astro-ph/0702D08|

el

1st order At ~ ¢ E =z _¢ E £ ”; u;: 0.15-0.25 TeV :
Eoa Hy Eqg, ¢ Ry 3

MAGIC Mkn 501, arxiv:0708.2889 ]
Eqoc — 0.03 Mg E 2z =
Eoc > 0.02 M, E
HESS PKS 2155, ICRC 2007 prel. . 3

Eqs > 0.04 M, { — . .

Whipple 1999, prL 83(1999)2108 R .
0.6-1.2 TeV

Eoe > 0.005 M, iaf ; 4 ]
°°5+{_:£1+J.+;

()=

F (0.80-1.2 TeV) [oni =]

GRB X-ray limits: :
Egs > 0.001...0.01 M,

_ aelir® : : —_ : :
_ : L oz _ i 4 rpinjlag =
.. but in most scenarios Ep LeloTev / 7 3
At — (E/EQG)a, (X>1 E .:|_1f— i -

005

» VHE gamma rays even better S e R S = =P
» Mrk 501: Eos = 310° M, , a=2 "E . ;

T 102




AMMpe)

Pr Opagati on phyS| CS Selection bias?

New physics ?

1000 :-:' | L |
- | “‘ | | N ....
= . . ®
. | & 8 - | ®
100 & _ a N . s
i . e :
= 3 . - ¢
10 | 7 1 ¢ v
: > [ * ! o
e %e *
I Yagunt
1k -
0.1 3 |
0 —
(] 0.1 0.2 .3
0T E NS redshiflt
1010 101 (ol 03 10 10 Q1T 10 101 (00 (0% 102 102 oM . .
E (V) (Persic & AdA, arXiv:0711.2317)
e+
Absorption: visible/infrared light

&= accumulated by all
stars in history of Universe
o
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Too largetransparency of the
Universeto gammarays

 Morethan 20 AGN at VHE discovered by vy telescopes
— Including 3C279 at z=0.54

» Unexpectedly large, due to attenuation expected for y

— Dominant process for the absorption of y is

-
7/+7/baCkgrOund%e e maximal for

500 GeV
JOOE eV ) oV

: 2.4
o(E,e)=1.25-10"2%(1 — 3%) [2.-3{..{—33 —2)+(3—-pYIn G J_“ j)] em? e~ 2’”;*' ~ (

— Only QED, relativity and cosmology in the formula above

» Foryrays, relevant background component is optical/infrared (EBL)
» EBL density given by cosmology/star formation

* How to explain observations?
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| nteraction with a new light neutral boson?
(AdA, Roncadedlli & Mansutti [DARMA],
ar Xiv:0707.4312)

Photons might oscillate into a neutral (pseudo)scalar particle ¢ of mass m, which
travels unimpeded

¢ interacting with y through the Lagrangian

L:_4i/| i (* B)g
If m(¢)<<10PeV (1 uK)and M >3 10* GeV the experlmental

observations ar e explained!
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"« .| & Unidentified

where gamma rays trace
prlmary eIectrons or nuclel
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VHE
gamma rays

Radio Infrared Visible light X-rays

X-ray, y spectrum
(more or less) :
reflects primary Cosmic

spectrum electron
accelerators
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Energy

1 TeV

100 GeV

10 GeV

1 GeV

100 MeV

10 MeV

1 MeV

100 EeV

10 EeV

1 KeV

An armada of detectors
differentlenergy ranges

al

E 1 T T ?
F WHIFFLE HEGRA Super Cangaroo 3
- MILAGED HE33 g : —a |
E CAT CANG AR = VERITAS |
3 ARGO M AGIC : 3
i SRANITE CELESIE,
3 ; STACEE,
= folar Two
=
=
L
- -e—_——— )
2 COMPTEL E
: — INTEGRAL E
| BATSEE ; ;
...... [ OEFE |
SICMA ! :
............... : 4| BeppoSAX
e - i
1992 1994 1996 1995 2000 2002 2004 2006 2008
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Sengitivity

10-? T T 'Fkllll T T ™ T 11T ™ 1 T T ™TT T T T TTTTT T T T 17111
R | | E

v 5 sigma, 50 hours, > 10 events

EGRET

10
AGILE 7
S CELESTE,

Crab Nebula STACEE

LS

10
GLAST

107 | MILAGRO|

MAGIC
|
ARGO
|
Whipple

a2 | |

10 = I
: VERITAS T*
: |

11

10

Integral flux (photons cm ~s™)

1018 L — Large field of View experiments
- e (Cerenkov detectors in operation 7
[ — I‘uj.kii cxpcrimcnt.t; HEGRA HESS
e | T Future experiments
10 B— e e e E—
10" 10° 10° 10° 10° 10"

Photon Energy (GeV)

All sensitivities are at 5S¢,
Cerenkov telescopes
sensitivities

{Veritas, MAGIC,
Whipple, Hess, Celeste,
Stacee, Heera)

are for 50 hours of
observations.

Large field of view
detectors sensitivities
(AGILE, GLAST,
Milagro, ARGO

are for 1 year of
observation.

MAGIC sensitivity
based on the
availability

of high efficiency
PMT s
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" Thesecond MAGIC telescope :




The Cherenkov Telescope Array facility

E aims to explore the sky in
the 10 GeV to 100 TeV
energy range

F builds on demonstrated
technologies (?)

F combines guaranteed
science with significant
discovery potential

E |s a cornerstone towards
a multi-messenger
exploration of the
nonthermal universe
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European lead...

o, b AT s
CTA involves scientists'from
Czech Republic :
Germany ’
France
Italy
Ireland
UK
Poland L7 o4 T
Spain & S
Switzerland
Armenia LA
South Africa" «=
Namibia %z

o




o In the 100 TeV -
oL 100 PeV region...

Protons deviated b')'}.'l.rnagne‘ric fields




Neutrino Telescope Projects

ANTARES LaSeyne-sur-Mer, France
(NEMO Catania, Italy )

DUMAND, Hawaii

NESTOR : Pylos, Greece (cancelled 1995)

AMANDA, South Pole, Antarctica



AMANDA-ICECUBE

South Pole: glacial ice

1993 First stringsAMANDA A
1998 AMANDA B10 ~ 300 Optical Modules

2000 ~ 700 Optical Modules

— |CECUBE 8000 Optical Modules - 1o
AMANDA T
v > 50GeV L

AMANDA asof 1998 zoomed in an
Eiffel Tower as comp arison AMANDA-A (top) zooned in an ane
(true scaling) AMANDA-E10 (hottom ) optical module (OM)
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TARG

Futurein v telescopes. ANTARES (

1996 Started

1996 - 2000 Site exploration and demonstrator line
2001 - 2004 Construction of 10 line detector, area ~0.1km?on Toulon site
future 1 km3in Mediterranean

Angular resolution <0.4° for E>10 TeV

O
o b
o b0
o bo
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To know more...

* Not to ingenerate confusion, just a book
— It's swedish, and it connects well to Martin & Shaw:

Bengstrom & Goobar, Cosmology and Particle
Astrophysics, Wiley

e But careful: thefield isin fast evolution...

So If you are interested, talk to ateach’ (to me if you
pass by) and have a chat about a school
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