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1. DARK MATTER

2. The sources
of COSMIC RAYS

(the “High energy universe”)




Mysteries of the DARK UNIVERSE

DARK ENERGY

Drives apart galaxies
and other large scale structures
[The energy of vacuum itself ?]

DARK MATTER:

Holds together galaxies
and other large scale structures
[A new elementary particle ?]

Exist at different scales:
Entire Universe
Clusters of Galaxies
Galaxy

Ordinary Matter 4%
(of this only about
10% luminous)

Neutrinos



| Determination of

the density and

“equation of state”
of the Universe.

1. SN1la (standard candle)
luminosity - redshift relation

a(t) <> £(z)

2. Cosmic Microwave e
Backround Radiation €
Anisotropies

\ 3. Galaxy Distributions
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COMA Galaxy Cluster

Optical X-ray
[hot gas confined by

Fritz Zwicky 1933 deep gravitational well
First argument for Dark Matter b g ]
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X-RAY Emission
(gas of ordinary matter)

SHOCK FRONT

/

BULLET-SHAPED HOT GAS

DARK MATTER exists !
[and is NOT one of the

; known constituents of the
Standard Model]



DARK matter halos of spiral Galaxies
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Nucleosynthesis constraints
on ordinary (“baryonic”) matter
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...but we
DARK MATTER: we know alot: do NOT know
much more...

It exists (Serious difficulties for “modified gravity”)

Good estimate of the cosmological average (22%)
“Collisionless” and “Dissipationless”
Most of it is “cold”

Most of it is non baryonic

It cannot be explained by the Standard Model
in Particle Physics !!




What is the Dark Matter ?

Possible theoretical ideas

Thermal Relic

Axion

Super-massive particles

|[perhaps the best motivated]
v [Offers the best chances of discovery]



00 ~ 0.3 '3 x1072%% cm3s~ 1

: (0 v)

The “relic density” of a particle
Is determined by its annihilation cross section

(several complications are possible)

o(xx — anything) ~ 107%° cm?

9 Weak interaction mass scale

Y
o4 (RO”ar © 900 GeV



Dark Matter can be explained
With the existence of a stable “thermal relic”
Requirement on its annihilation cross sections.

Weakly (in the “technical” sense)
Interacting

Massive

Particle

the WIMP's “miracle”

“Killing two birds with a single stone”



PHYSICS beyond the STANDARD MODEL

i1s REQUIRED to explain Dark Matter !!

Extension of the Standard Model

are EXPECTED at the electroweak
mass scale

These extensions can “naturally” result in the
existence of Dark Matter !

LHC/Dark Matter connection !!

Problems with a different status:
DM problem : direct observational puzzle.
New physics at EW scale : theoretically motivated prediction



Standard Model fields

fermions

bosons

2 Higgs

quarks
leptons

neutrinos

photon

W

A
gluons
Higgs
H h

Super-symmetric extension

Squarks New
Sleptons @ bosons
_ (scalar)
Sneutrinos  spin 0
S-
photino
Wino
Z1no New
fermions
gluinos spin 1/2
o -ino
Higgsino
H h



Stable supersymmetric particle

X) =c1 |7) +c2|Z) +c3 ‘ED + C4 VZ)

“Neutralino”

Note: the concept of Dark Matter
as a thermal relic is more general than the
“Minimal super-symmetric Model”



3 Roads for WIMP discovery

(S19p1|02 BpdNued)
MOU COro:UO‘_Q Jus101) 4

D
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Efficient annihilation now
(Indirect detection)

Efficient scattering now

(Direct detection)



1%t Road:
Creation in an accelerator

LHC - B CERN
“T=" ATLAS ALICE
FEEotntil <= Point 2



“Direct” Search 2°¢ Road:
for Dark Matter| Elastic Scattering

in underground experiment

Elastic scattering

Y+A—xy+A

Nucleus A
at rest

[Rita Bernabei
Gabriella Sartorelli
tuesday afternoon]



Predicted velocity distribution of DM particles
In the “Halo Frame”

Maxwellian form <Uwimp> ~ 250 km/ SCC
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J/
A

Wg (t) = We + Uorbit (1)

We (1) = Wwe + sin 7y vopit cos|w(t — o))

250 -

“Halo rest frame”

240

Velocity of Earth in the LI
Halo rest frame :

220

[Co-rotation ?]
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Velocity distribution in the Earth Framexs
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Expected flux of Dark Matter particles (here!) :
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“Direct” Search

for Dark Matter X T A— X T A

Non relativistic WIMP

1
Frimp = M, +2M v

Nucleus A
at rest

—».\

1 4 My M 1 — cos @
Enuc eus — M, [_ M 2-‘ : ( )
1 A T B YU J (M4 + M,)? 2



Prefactor

0.3
A

50 GeV
—= (Kg day) ! -

10735 ecm?] | 220 kmm /s

Nuclear
Form
Factor

Universal
(A independent]
function

Velocity
Distribution




A =127 (Iodium) Quasi exponential distribution
M = 250 GeV

wimp

A 2™ june
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A(K) = Mﬁ F~ oa| [siny voni] F{(2M4K) {
d
G(x) = vg d—F(;U,, w)
& W=U




Amplitude of Modulation

A =127 (Iodium)
M = 50 GeV
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DAMA-LIBRA (Gran Sasso underground Laboratory)

250 Kg Nal scintillator.

Observation
of sinusoidal
time-modulation of the
Energy Deposition Rate

(controversial)

claim of evidence

of detection of
Galactic Dark Matter

1.17 ton X yr




Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

2-4 keV

A

A 4

DAMA/LIBRA ~250 kg (0.87 tonxyr)

Time (day)

2-6 keV

A

A 4

DAMA/LIBRA = 250 kg (0.87 tonxyr)

Time (day)
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Robust evidence for the existence of a
Sinusoidal time modulation of single hits signals:

Energy interval DAMA/LIBRA DAMA /Nal & DAMA/LIBRA
(keV) (6 annual cycles) (746 annual cycles)
24 2/dof = 90.0/43 2 /Aot = 147.4/80
—P =36 x 1075 —P =68 x 107°
25 2/dof = 82.1/43 X2/dof = 135.2/80
—P =31x10"% —P=11x10"*
26 ’/dol = 68.9/43 Z/dof = 139.5/80
—+P=74x10"3 —+P =43 x10"°
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OZ-IS keV

0.01 0.02 0.03 0.04

Y (cpd/kg/keV)

Period one year.
(... well obvious...)

“Phase”
Is centered
At the “right” value (!!)

Maximum
The 2" june

day: (146 + 7)

Fundamental discovery ?!

Unknown background
(with coincident phase) ?
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Relation between Light collected by PMT and E

recoil

E(recoil) = 11.0 * E(electron-equivalent)

In presence of “channeling”
Scattering in certain directions

E(recoil) = 1.0 * E(electron-equivalent)

Unchanneled ion_:'r
Important
In the interpretation - o
Of the energy scale ©e o @@ @
@ @ @ @ Channeled

".M hhhhhhhhhhh =" ion

—T —
i




WIMP detection

Neutrons \339
Scatter on
Target nuclei nuclear

recoil

L4 L
l4..

L]
B
llllll

& Most background
P From photons and
o electrons
: Scattering on
P light charge heat J

Atomic nuclei



@ CDMS Il ZIP Detectors

Ephonon

® surface rejection from pulse
shapes

® 30 detectors stacked into 5
towers of 6 detectors

N\

11t tungsten 380u x 60 aluminum fins

TAUP 09 Jodi Cooley - Stanford University




Tomization yield

CDMS |l Results

NO EVENTS
OBSERVED!

TAUP 09
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PRL 102, 011301 (2009)

Jodi Cooley - Stanford U



XENONI00: The TPC Assembl




The XENON two-phase TPC

WIMPs/Neutrons _ JopEtil Army

il

(

nuclear recoi

Gammas

LGamma

(S2/S1)

wimp SS (52‘f81)gamma

, Bottom PMT Array
electron recoil

» Single electron and single photon measurement sensitivity

» >99.5% ER rejection via lonization/Scintillation ratio (52/51)



Xenon-100 (liters) results

40 Kg of fiducial mass
11.17 days of data taking [1/1000 the DAMA exposure]
0 candidates
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[computed by Gelmini et al.] 4 ”allowed regions for DAMA” |
[Dominant Na, I] * [“channelling”]
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WARNING !! Spin independent cross section +

A number of assumptions enter in this exclusion plot




Intense controversy around these results
and their interpretation.

Is it possible that DAMA is detecting

a time dependent background

that by “coincidence” has the “right” features
that mimic Dark Matter ?

[Crucial test: repeat in different environment

(south hemisphere ?)]

If DAMA does see a DM signal:

why the other detector do not see a signal ?
Experimental problems ?!
Unexpected properties of DM particles ?!

Several other experiments are taking data
What should they see?




Indirect searches for 37 Road
DARK MATTER To WIMP's Discovery




Power injection for Dark Matter annihilation

L(z) =" G

Injection of energy because of DM annihilation in
Our own galaxy.



Astrophysical information

Dark Matter in the Milky Way

pd (f) Dark Matter
Imn density distribution
— — Velocity distribution
f dm (?}; X ) . .
[consistency requirement]




Astrophysical information

Dark Matter in the Milky Way

pdm(f)

fdm(ﬁa 'f)

Problems:

Dark Matter
density distribution

Velocity distribution

[consistency requirement]

B “The CUSP”

B “Granularity” [“the BOOST factor”]
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© The “WIMP miracle”  Vtreeze out =~ 0.2+ 0.3

_ B A3
(ov) ~ 3 x 10 26 cm3 s~ vGalaxy ~ 10



1st ch})s_s_ibilit_y: Sommerfeld effect

a non-perturbative

1078 g
of . enhancement in
e fhu”L i
- vy, 2 ] the Cross section at
¥ o] e / £ ‘ low elmmties
E " : g .:;5} é .......... i &
LT / :
’ 2]
al o I/{{? o ILIE
UDDDE 0.001 0.003 0.01 003 0.1
DM velocity v

DM is charged under a (new) gauge force, mediated by a “light” boson: this
sets a non-perturbative long-range interaction, analogously to Coulomb
interaction for positronium:

N @ gives the enhancement | (o0) |2 Ta /v —_—
V(T) T r 1 " 3 = [ o 1 —Tafv "
r in the cross section: $(0) —e v

The same 1/v enhancement is obtained for a Yukawa potential. In a DM
context, first studied in the MSSM for pure very massive Winos or
Higgsinos and weak interaction as gauge force (light W boson IPiero Ullio



Annihilation cross section

o(x +X — anything, v.q)

dn
dE

dn
dE

(x+x—")

(x+x—7.eT,p,va)

B(x +X — F)

In most models
DM particle =
Majorana particle

Inclusive
Spectra

Branching Ratios
in different final states F




Photon emission from DM annihilation




Photons from Dark Matter

o+ (2) = K, J(Q) j—z(E) | » Spectrum
XX—
K., - 417T (UQ’b’) (JTZ; R
msre ] 5]
1 (£,€2) | Adimensional

@ =

/dﬁp

P2

Angular factor




Milky Way Center Geminga

|

Pulsar -
'y,

Crab
Vela Pulsar Pulsar

/i’
Blazar 3C454.3

Ey > 100 MeV



[Angular + Spectral features]
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Galactic
Cosmic Ray
Halo

MILKY WAY

& LARGE MAGELLANIC CLOUD

& SMALL MAGELLANIC CLOUD Smaller CR density
i In the LMC and SMC



Charged Particles: magnetic confinement

Escape




SOURCEC(s) + Propagation — Observable Cosmic Rays



SOURCEC(s) + Propagation — Observable Cosmic Rays

.

p+pism —et ...

p+psvm— T
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Possible

+
X _I_ X — € —I_ * e positron accelerators




PAMELA

detector

Launch
15" june 2006

(4 years ago)

The “positron excess”:
Evidence for DM ??
or astrophysical effect ?




b ]

S1 =-T ====—=—= =S e ——
Crucial ingredient: /
/

the MAGNET !

AR IID

Flight data:

0.171 GV positron
‘—_"_’_,_,_,--f-'

Flight data:
.169 GV electron

Casr

Tracker
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Antiproton result Agreement |
With standard production

0.4
0.35
0.3

0.25

<103 mechanism

----------- Donato 2001 (D, $=500MV)
—————— Simon 1998 (LBM, $=500MV)
Ptuskin 2006 (PD, $=550MV)

® PAMELA

I|IIIIIIIII|IIIIIIIIIIIIIIIIIIIIIJII

10
kinetic energy (GeV)



An anomalous positron abundance in cosmic rays
with energies 1.5-100 GeV
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An anomalous positron abundance in cosmic rays

with energies 1.5-100 GeV
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Positron fraction, ¢(e*) / (p(e*) + ¢(e))
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High energy:
ratio e+/e-
grow with E !!

¢e+
De-

X E0.52

0.01

10-1

1

Energy (GeV)

10

102

Very unexpected
result !




ATIC Balloon experiment (electron + positron)

1'DUOE o — e —

KK dark matter with m ~ 600 GeV

100 F

E3OdN/dE, (m2s-1sr 1 GeV?)

ATIC (2008)
10 100 1,000

rShoulder” (21 Energy (GeV)
Shoulder” [?!!] Nature: October 2008
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o f { Annihilation of 2 Dark-Matter
Particles. Produce particles
with energy spectrum that extends

0.1_ \ to E=m

_ - Y+x —=et+e

1 5 10 50 100
E (GeV)

Injection spectrum

d,[lg+(E) *E
=]
L

100

10 F

Observable
Flux

¢(E) xE

0.1F
(after propagation

+ energy losses) 001}

0.001

500
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FERMI:

electron + positron flux
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FERMI: electron + positron flux

O AMS (2002)

" m ATIC-1,2 (2008) % Tang et al (1984) 7

% PPB-BETS (2008) ' Kobayashi (1999) i
v HESS (2008) - HEAT (2001)

@ FERMI (2009) & BETS (2001) + 5o
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but certainly NOT Ne€Cessary



E® dN/dE (GeV® m2 s sr)
<

———y
——
=
-
.' ——

/

/ A E+15%
b

[ ] Systematic error - low-energy analysis

ATIC

PPB-BETS

Kobayashi

H.E.S.S.

H.E.S.S. - low-energy analysis
Systematic error

Broken power-law fit
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From : Cirelli

Which DM spectra can fit the data?

E.g. a DM with: -mass Mpy = 150 GeV
-annihilation DM DM — W™/~
(a possible SuperSymmetric candidate: wino)

Positrons: Anti-protons:

30%
PAMELA 08

Positron fraction
Lad
R

- background?

background?

10-—5 T IS R 5 N S W

Positron energy in GeV p kinetic energy in GeV

10 10% 10° 1 10 10% 10°



Which DM spectra can fit the data?

E.g. a DM with: -mass Mpy = 10TeV
-annihilation DM DM — W™ W~
but...: -boost B = 2 - 10*

Positrons: Anti-protons:
T — T FT———TT T ]0_2.__| T T TTTTT T TTTTI

1T T 1

30% -
PAMELA 08 T

[

HII.

' ¢

/
PAMELA 08 f_f-' \
@ :

Positron fraction

1% - backgrﬁund? |
- background?

boost = 20000 § _ : boost ~ 20000

10 102 103 10 10 10 10° 10*

Positron energy in GeV p kinetic energy in GeV



Dark Matter explanation of the

“Pamela positron excess” in terms of the
“WIMP” model is possible, but not in its
Simplest, most natural version.

[1.] The DM annihilation does not produce antiprotons
“Leptophilic” Dark Matter [?]
(no convincing dynamical explanation)

[2.] Include a large “Boost factor”
to increase the rate of the DM annihilations.
Very “clumpy” dark matter.
(very lucky in being close to a big DM clump)
“winning the jackpot” [?]



Dark Matter explanation of the

“Pamela positron excess” in terms of the
“WIMP” model is possible, but not in its
simplest, most natural version.

|1.] The DM annihilation does not produce antiprotons
“Leptophilic” Dark Matter [?]
(no convincing dynamical explanation)

[2.] Include a large “Boost factor”
to increase the rate of the DM annihilations.
Very “clumpy” dark matter.
(very lucky in being close to a big clump)
“winning the jackpot” [?]

Is this “adding epicycles” to the wrong theory ?

Are there other possible interpretations for this result.



Proton and electron + Positron energy spectra

100 | . | . .
Use: e*/e ratio
o2 from Pamela
D fit of e=(e*+e’) data
7 to estimate e* flux
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Proton and electron + Positron energy spectra

100 | . | . .
Use: e*/e ratio
o2 from Pamela
D fit of e=(e*+e’) data
7 to estimate e* flux
)]
o 10—4
s
&
) 10~6
¥
.
! -8
= 10
=10

109 10° 104

Efreiile (GeV)



Spectra approximately of form: “ W
ce
protons 270 i T ————..
1+ _* 1
electrons E 304
E—B. 1
positrons E—2.5 E_S'E)

Rough expectation

Completely unexpected result For the positron slope
SOFTER than electrons



Diffuse contribution

“horizon”
® o
} v |° :’
° '0.| I
®
| | ®

“Resolved” sources

Relation between
The diffuse flux
And the detected Point Sources
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NEW SOURCE of POSITRONS
seemsS NECESSARY




PULSARS

Pcorap = 0.0334 s

CRAB Nebula

Poyap, = 4.2 x 10713 5 Magnetic field = 10°-10° T

AP, =132x107%s
Crab Jyear

Proposed as possible
Accelerators of e+ e-

Radio beam "

Rotation
1O Axis

r=cl/w

Open
Magnetosphere

3/ Closed
4 Magneto-
phere

Neutron Star
Mass = 1.4 Mg
Radius = 10 km

— o o m— e e e — — -

— — — — — — — . s s s

Light
cylinder



Fermi Pulsar detection

Pulses at

th
& New pulsars discovered in a blind search 1; 10 true rate

Fermi Pulsar Detections @ Millisecond radio pulsars

& Young radio pulsars
1 Confirmed pulsars seen by Compton Observatory EGRET instrument



Hooper, Blasi, Serpico 2008 Contribution from all Pulsars
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In a standard source
[SNR]

NEW Mechanism ( E ) —Q

Einjection

Einjection

Pasquale Blasi F —(a—0)

Astro-ph/0903.2794
Injection of relativistic e+e- in SNR



Importance of

AMS

Mission.

Launch scheduled:
April 2011




High Energy Astrophysical Source:

Object (or an “event”) that produces
(and for some time contains)
relativistic particles

/ Unavoidable

Photon+
neutrino
emission !

Escaping
particles: CR




p + target — many particles

o Q

— p(n)

,f+ o) @

“Hadronic Emission”

— )

“Leptonic Emission”
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Multi-messenger Astrophysics

COSMIC RAY physics
GAMMA Astronomy

NEUTRINO Astronomy

Accelerators associated with
Acceleration of astronomical masses.

Emission of Gravitational Waves




Multi-messenger Astrophysics

COSMIC RAY physics

GAMMA Astronomy

NEUTRINO Astronomy

Accelerators associated with
Acceleration of astronomical masses.

Emission of Gravitational Waves
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HESS Telescope (Namibia)
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The “RICHNESS” of TeV GAMMA ASTRONOMY”

-

20

FERMI Sky



1°* LAT catalogue +90
1451 sources (!!) R LTRSS os
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TEV SKY

_________________

HESS J1303-631
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* SNR

m Binary
1 ¥ Mol. Cloud

= AGN
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______ i _x
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j-~-*:" i'im; - -Pox- *%@ ‘5‘ {‘ l - & *'i
C : f' &

45° 0° 315° 270°

-180°

-00

The TeV sky is approaching 100 sources
belonging to several different classes:




HESS scan of the Galactic plane
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The “Richness of the High-Energy Sky”

Several astrophysical objects are capable
Of accelerating charged particles to relativistic energy.

Pulsars

SuperNova Remnants
MicroQuasars

Active Galactic Nuclei

Gamma Ray Bursts.




The “Richness of the High-Energy Sky”

Several astrophysical objects are capable
Of accelerating charged particles to relativistic energy.

Pulsars

SuperNova Remnants

MicroQuasars
Most of the observed

Relativistic Particles

Active Galactic Nuclei
are leptons.

Gamma Ray Bursts. Open Question:
Where are the observed
CR accelerated?




Geometry of the emission of the two jets

to

vt cosB observer
B
/o
vt . vt sin0
\ '||..|'

Intense radiation field
Of the companon star
Absorbs TeV photons [?]










The outer shock
driven by ejecta into

a low-density cavity Shock velocity :‘Eunul:ﬁ;hmk density
is currently undetected relative o freely — high v
expanding ejecta « Long caaling time
N e e e = Skin absent/no longer forms
* Fewer, older R-T filaments
Shading represents \ * Synchrotron nebula appears to

“break out” beyond filaments but is
still confined by the shock.

" ‘ \ Synchrotron nebulk L
interior  Cooled post-

SNocK gas )

density of ejecta freely
expanding from
explosion center

([0 1],
[Ne 'u’]‘?h;in'}

Shock driven by
pressure of combined
Synchrotron nebula

Southeast:

* Higher preshock density
— low v,

« Short coaling time

+ Skin present/still forming

* More [S II) in skin

* More, younger R-T filaments

+ Synchrotron nebula confined
within skin and thermal filaments

Prominent
“classical filaments™
in cusps of bubble-like
shock structures,
possibly formed by
thin-sheet instabiliies




The SuperNova “Paradigm” for CR acceleration

CAS A Powering the galactic
' Cosmic Rays
(1667)
Lcr(l\/Illky Wa,y) ~ pc;‘/conf
~ 92 x 10" (%)
~ 5 x 10" L

« ENERGETICS

« DYNAMICS [Diffusive Shock acceleration]



Milky Way _ Kmet1c
L SN kinetic — f SN

3

Milky Way _ o1
LSN kinetic — [1 6 x 10 erg]
M — 5 M@
v ~ 5000 Km/s

century .

Milky Way __ 12 ©13
LK hinetie = 1.9 X 10 i

Power Provided by SN is sufficient
with a conversion efficiency of 15-20 %

in relativistic particles




HESS Telescope

Observations with TeV photons
SuperNova RX J1713.7-3946

Comparison with ROSAT observation




Have we proved that SNR are
the source of the bulk of
the Galactic Cosmic Rays ?




Have we proved that SNR are
the source of the bulk of
the Galactic Cosmic Rays ?

The evidence is accumulating.
Fermi, Hess results

Perhaps case not closed...
[different opinions]

Detection of Star-Burst Galaxies ....
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Hl SN rate

® SN rate x M,

—
(=]

—

3

ray Luminosity (100 MeV - 5 GeV) ( 10ergs™)
S -

v-ray Luminosity (100 MeV - 5 GeV) ( 10" erg ')
y—ray Luminosity (100 MeV — 5 GeV) (1& erg s)

10- 110
107" 107" 1 10 10° 107 107 107 1 10 7 10? 107 107 1 10
Mg ( 109 Mg, ) SN rate (yr™") SN ratex Mg, (10° Mg, yr)

Table 2: Properties of y-ray galaxies lacking active central nuclei.

Galaxy d Rgn Mo, e Ard?F.° L°

(Mpc) (yr—1) (10° Mg) (107® phecm™2 s7!) (10?2 phs™!) (10%° ergs—!)

LMCP 0.049 & 0.001  0.005 + 0.002 0.67 = 0.08 26.3 + 4.7 0.074 + 0.013  0.041 =+ 0.007

Milky Way® 1 0.02 =+ 0.01 6.5+ 20 46+ 23 5.5 + 2.8 3.2 + 1.6

M82 3.6 + 0.3 0.2 £ 0.1 2.5 + 0.7 1.6 £ 0.5 25 + 9 13 + 5.0

NGC 253 3.9 + 0.4 0.2 + 0.1 25+06 0.6+ 04 11 +7 7.2 + 4.7

FERMI result
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Galactic
DiffuseFlux.

Consistent
picture
emerging

“EGRET
GeV Excess”
disappeared.



® SN rate x M,
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3

y-ray Luminosity (100 MeV -5 GeV) ( 10" ergs™’)
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SN rate x M, ( 10° Mg, yr)
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ACTIVE GALACTIC
NUCEEI




Hot Spots J ET S

Radio
Lobes

Invisible

Counter JET

JET

(uasar 3CT7S
YA Som image (o) NEAD 1998




671 AGN's
AGN observed by FERMI:

Red: FSRQ
Blue: Blac
Magenta: Radio Galaxies



PKS 2155-304
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GAMMA RAY BURSTS (GRB's)
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Extraordinary Large (beamed) Energy Output
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Age of the Universe (billions of years)
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Counts/sec

GRB : associated with a subset
of SN Stellar Gravitational Collapse
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Short distance structure
of space time
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Delay of high energy photons
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PKS 2155-304 (HESS measurements)

Intensity (10-% photons cm™ 571)
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Extragalactic Background Light
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INCLUSIVE Extra-Galactic Photon Flux

¢inclusive — E ¢single source

all sources

¢inclusive — dST ésource(f})
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Integral dominated by large distances



Homogeneous Distribution of identical sources
In a static euclidean space:

a0
dQ

1 o0
= E/o dr (dQ) ng %)

4 7 12

inclusive

Ns q
47

/ dr 1 — o0
0

Flux (static euclidean universe) is divergent !
Because of the contribution of Many far, faint sources.

“The Olbers (Kepler) Paradox”: Why is the night sky dark ?



Solution of the Paradox:
The expansion of the universe !

| . . Source
Cosmological effects “cut” the integration Evolution

Forr > (:/HO
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Redshift z



The X-ray SKY  (Extra-galactic light has been resolved
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Fermi LAT Extragalactic Gamma-ray Background

Intens:
(GeV photons per em?® per sec per steradian)
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NEUTRINO

ASTRONOMY




The idea to observe the Universe using Neutrinos
is profoundly fascinating.

The insights about Nature that are possible
using this:
“New Way” to look at the Sky

can be profound.
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Water Cerenkov
in the Mediterranean
(ANTARES)




Possible structure of a “KM3” detector
in the Mediterranean Sea:

127 towers (180 m)
“tower” [6 PMT's]
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COSMIC RAYS

1. Below the Knee

2. The Knee
3. More knees ??

4. Galactic to Extragalactic transition

5. The “End” of the spectrum



Below the “Knee” Cosmic Rays

Several interesting problems:

Detailed shape of the spectra
(slope breaks indicated by CREAM)

Anisotropies (“Milagro hot spots)

Study of the confinement time.




TeV spectra are harder than spectra < 200 GeV/n
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Discrepant hardening
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PAMELA PROTON AND HELIUM FLUX

2

Flux x E*" (m?s sr GeVin) ' x GeVin?’
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Accepted by SCIENCE
In press

Hardening of the proton
and helium spectra at

200 GV, corresponding to
200 GeV for p and 100 GeV/n

for He
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FIT WITH 2 SPECTRAL INDEXES

Proton

Helium
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Cosmic Ray
Nuclear
Composition
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M 1]' agro |&d Selected for a Viewpoint in Physics week ending

. PRL 101, 221101 (2008) PHYSICAL REVIEW LETTERS 28 NOVEMBER 2008
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Discovery of Localized Regions of Excess 10-TeV Cosmic Rays
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UHECR

1. Energy Spectrum

[l Clear identification of a high energy suppression
[the “END” (... well the “suppression”)
of exotic/fundamental physics modeling for UHECR].

O Excellent agreement between experiments
[“small” but important question about the energy scale].

@ Physical interpretation strongly coupled to (2., 3.)
(anisotropy + composition). [proton GZK ?]



1. Energy Spectrum

2. Anisotropy

3. Composition

Significant
Experimental
Discrepancies

Auger/Hires

Confusing
situation.




1. Energy Spectrum

2. Anisotropy

3. Composition

Consistent
interpretation
of AUGER

results is

problematic.

“CRISIS” (?)




Piece of extragalactic space: Non MilkyWay-like sources




Structure in the energy spectrum
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UHECR

Crucial Problem: Energy Spectrum

. “feature”
Galactic
Extragalactic

Composition change

Isotropy effect

Transition

1. Maximum Energy of
Milky Way sources

2. Power of Extragalactic CR sources

3. Shape of injection spectrum
of extragalactic CR




UHECR

Crucial Problem: Energy Spectrum

. “feature”
Galactic
Extragalactic

Composition change

Isotropy effect

Transition

1. Maximum Energy of
Milky Way sources |

2. Power of Extragalactic CR sources Not detectgd
Poorly predicted

3. Shape of injection spectrum MW large scale field
of extragalactic CR




Power Law Injection (No Cosmic Evolution)

10.0 ! | ! |

Remarkable
5.0 |— | | “coincidence” (?!)
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Flux
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“Knee like”
transition
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Power Density Requirements
to Generate the

Extra-Galactic Cosmic Rays:

o=2.0
L£~11x10% [1—111(

Emin )] erg
1018 eV /] s Mpc?

3000 Solar luminosities

a=2.7

B i )O‘T erg
1018 eV s Mpc®
9000 Solar luminosities

£g34x1WT(



COSMIC Ray ASTRONOMY [?!]
(imaging of the sources)

|7
almost nothing ﬁi’ 2

IGM SOURCE

very poor

poor

excellent

ha (P, 100€eV) > 10 Mpe
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AUGER result on Correlations with the VCV AGN catalogue
November 2008. Update september 2010.

6 x 1012 eV
75 Mpc
3.1°

Significant dilution
[but not disappearance]
of the statistical significance

14 ev. 8 coincid. (2.9)
13 ev. 9 coincid. (2.7)
42 ev. 12 coincid.(8.8)




Discussion on CEN A
The AGN closest to us.

3 events within 3 degrees
8 events within 18 degrees
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Discussion on CEN A
The AGN closest to wus.

3 events within 3 degrees +0 events within 3 degrees
8 events within 18 degrees  +5 events within 18 degrees
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*

November 2008 (13 + 14 eveni;s) ,
Update september 2010 (+42 events) 9. 20 degrees circles
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J. Cronin: astro-ph/0911.47141

“If these trends persist to the

highest energies there would appear to be a conflict
between conclusions that can be drawn from

the anisotropy and the conclusions drawn

from the elongation rate measurement.”

“These results also demand a more careful review of
what seemed to be an obvious conclusion that iron nuclei
could not show an anisotropy because of galactic

and perhaps extragalactic magnetic fields.”



FLUCTUATIONS on X,

Xmax — Xlst T Ymax

2 i 2
O-Xmax o O-Xlst _I_ O-Y

Imax

2
proton ~ )2 2
(J<Xmax>) o Ap _I_ O-Ymax
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80}
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component model: Proton + Iron

(Xmax)obs == (Xp) — D, (log A)

00

0% (Xmax) (gem?)

2
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f iron = 1 _f proton

ox = Jp J;g + (1 - fp) J%‘e + fp(l — fp) (<Xp> — (XFe>)2
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Conclusions

1. Very exciting time for
Cosmic Ray science and
High Energy Astrophysics

2. Crucial moment for
Particle Physics and accelerators.
[Important connections with Astro-Particle Physics:
Dark Matter, Hadronic interactions]

3. Many important open questions.
[....which make life interesting....]
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