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Galactic versus Extragalactic Cosmic Rays

Magnetic Field
(in the Milky Way and in extragalactic space)

The “High Energy Suppression” of
the Cosmic Rays.

Hadronic Interactions and the UHECR

Possible Identification of the Sources of the
Extra-galactic Cosmic Rays.

Multi-Messenger Astrophysics




Cosmic Rays Spectrum
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We do not have a fully convincing
explanation for any of the
features of the CR energy spectrum.

However the perspectives to finally obtain
an understanding of the origin of
the Cosmic Rays are excellent.

Multi-wavelength Astronomy
X-ray astronomy

Gamma-Ray Astronomy
CR ASTRONOMY [!! (?)]

NEUTRINO Telescopes.
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We live in a “bubble”
filled with Cosmic Rays.

A “magnetic bottle”
where the CR density
is enhanced

by magnetic trapping.

(Bgatactic) ~ 3 pGauss

Extra-galactic space is filled by a much more
tenuous gas of cosmic rays injected during the
entire history of the Universe.

This “extragalactic population” emerges only at
sufficiently high energy.



L

CR denity in the Lare and Small Magellanic
much smaller than in our Milky Way




EGRET all Sky Map Image of our CR bubble

Ey > 100 MeV



Lauched 23™ april 2007

-~ AGILE Count Map (E > 100 MeV)

Glast Launch 16 may 2008



Faraday Rotation of the polarization of pulsars
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Field COUNTERCLOCKWISE in arm regions
(clockwise in interarm regions)

Distance from the Sun: Y (kpc)
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Random Magnetic Field < 5l
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What are the

SOURCES of COSMIC RAYS?

B ENERGETICS

Where can one find the power to create
the cosmic rays ?

Nl DYNAMICS Non-thermal

Non-equilibrium

How is the energy transformed | °Violent”
into ultra-relativistic particles phenomena




POWERING THE

GALACTIC COSMIC RAYS

Le:(Milky Way)

Pcr I/t:::ﬂzlf
Tcﬂnf

3 5 10+ (

erg

S

~ 5 x 107 L

)




Milky Way _ Klnetm
L JsN

SN kinetic —
SN kinetic ! century ]

M — 5 M@
v ~ 5000 Km /s

Milky Way _ 12 ©13
LigN Kinetic =~ 1.9 X 10 N

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

in relativistic particles




SuperNovae types

Type fraction Hydrogen Star Wind Compact  example

E 15% No WD binary - - Tycho

b 10%  No 16-20 M., > 1000 km/s NS Cas A

lc <5% No >20 M. Yes BH many GRBs
1 70% Yes >8 M. 10 km/s NS SN 1993J
Chandra X-Ray images

SN1006 Cas A




Counts/sec

GRB : associated with a subset
of SN Stellar Gravitational Collapse

Progenitor -
(massglve star) _ Shell?
External

Internal

shocks Fe line

Fe line

Gamma-ray

ourst Afterglow




Astrophysical Sources

of High Energy Radiation

Astrophysical Object
containing:

Populations of
relativistic protons, Nuclei
electrons/positrons

Emission of:

yrays
Neutrinos

Cosmic Rays




p + target — many particles

o Q

— p(n)

i+ o) @

“Hadronic Emission”

— )

“Leptonic Emission”
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SuperNova

Discovered in 1996

RX I 1 7 1 3 . 7 - 3 9 4 6 ](Dfsifotsha?; )Roentgen Satellite

| &

Foreground
star

Declination (J2000)

Point Source
(Neutron Star)

17h16™ 14™ 1om

Right Ascension (J2000)
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1% observation of

RX J1713.7-3946
AD 393

A guest star appeared
within the asterism Wei
during 2™ lunar month

of the 18" year of the
Tai-Yuan reign period
(february 27-march 28

AD 393),

and disappeared during
the 9* lunar month
(october 22 - november 19)



HESS Telescope

Observations with TeV photons

17h10m 17h10m

Comparison with ROSAT observation




ENERGY Spectrum

If gamma-rays are from
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Fit 2004

« HESS data JNH decay,SpeCtﬂJ”1

requires acceleration of

protons to 200 TeV.

) ¢ (E)=KE"

1 10
Energy ( TeV)

I' =2.194+0.09 £ 0.15

¢q(> 1 TBV) = (1.47 4+ (.17 4

-0.37) x 10" m 2!



dN,
i

Hess estimate

B! , >~ 0.2 x 10" erg

relativistic

Essentially compatible with the
Ortodoxy (10% conversion of SN kinetic energy
into relativisic particles)



VELA JUNIOR

(o]
el
o
-
s o
T, 25
o -45
)
ol 20

09h00m 08h50m

RA {(hours)

G23.3-0.3u=

PSR J;BBS-UBET

G23.3-0.3




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

Important “Hints”
But conclusion Still Controversial.

Need additional Data.
Cherenkov telescopes, GLAST

NEED for ADDITIONAL SOURCES
at high Energy



The GZK “controversy”

A “smooth” continuation of the CR spectrum
above 10%°eV would be surprising and
very likely indication of “New Physics”

ﬂﬁlﬂha’ﬂmn %’:"j\photon %’




History:

Volcano Ranch
(John Linsley PRL 10 (1963)

Haverah Park

AGASA

Great excitement !

Several hundred
speculative theoretical works...



History:

Volcano Ranch
(John Linsley PRL 10 (1963)

Haverah Park

AGASA

Great excitement ! HIRES

Several hundred
speculative theoretical works... AUGER




Claim of Evidence for the
Existence of the GZK suppression
by the HiRes Collaboration:
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A “bending” in the UHECR spectrum is
now convincingly observed

by the HIRES and AUGER collaborations.

Its structure is CONSISTENT with

the “GZK” bending for a spectrum of protons.

Its nature is not yet established.
Other explanations are also possible:
[the “accelerator limit”]

| Photo-disintegration of nuclei]




The “Scientific Landscape” is deeply modified.

The study of UHECR is now predominantly
an essential branch of High Energy Astrophysics

Speculations and searches for “ New Physics” effects
in UHECR can (and will) continue.

Some interesting ideas have been put forward
and their test and study remain valid goals.

(Violation of LORENTZ INVARIANCE).
“TOP DOWN” Models.
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Energy Loss Mechanisms for Protons:

low E photon
R low E photon
P
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Proton Energy Evolution with Redshift
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Power law injection
Q(E: 3) —qo £° Fevolution(z) of particles

Resulting spectrum
at the presen epoch
is deformed

Adimensional Shape Factor

o |dt|q[E,(E,z?)| dE,[E,z]
E / dz - j 2 j Fevolu ion(z)
SE) = J, dz|~ q(B) dE t
H, Only Redshift

Frmax/E—1
E(F) = / dz (1+2)"* losses:
0

H (Z ) Constant



Shape factor (Berezinski “Modification factor”)

- for ditferent power law indices. (No cosmic evolution)

Shape Factor
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The “Olbers (Kepler) Paradox”

Why is night sky dark ?

Eternal, infinite
Euclidean Universe

| LI T
n of identical sources = A /0 dr (4717 n) At 72

() particles per unit time|

@:M/ irl  — oo
47 Jo

Infinite flux



The “Olbers (Kepler) Paradox”

Why is night sky dark ?

Eternal, infinite
Euclidean Universe

| LI T
n of identical sources = A /0 dr (4717 n) At 72

() particles per unit time|

@:M/ irl  — oo
47 Jo

Infinite flux

Solution : Finite time for the universe
Redshift effects.




Homogeneous distribution of sources
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Possible effects of evolution

0) flux

Contribution to present (z

L

By = 10%760°,10%, 10" e¥

No Ewvolution

Evolution: (1+z)°

E

max

& = B

= 10%* eV

10~ < 10~ 1

Redshift z



Different Injection spectra

0) flux

Contribution to present (z
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Better definition of “horizon”  (90% containment z)

Z horizon

1.000
0.500
0.100
0.050
0.010 = containement

g H0% containement
005" ey

B a = 2.0
0001 | I|IIII| | I|§IIII|

1018 5 1019 5 10<0 5 10°1



Zhorizon

Puzzle in the Auger data. Observed Horizon “too close”
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UHECR Flux * E° representation.
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UHECR Flux * E° representation.
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05Data points depend

- on the interaction model AUG Ei
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Power Law Injection (No Cosmic Evolution)
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Power Law Injection (No Cosmic Evolution)

10.0 ! | ! |

Remarkable y

5.0 —
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Cosmic Ray Energy Density

| | '
1074 — Much larger |-
: Energy
i in Extragalactic
Eog Cosmic Ray.
: 16-% — =
> More Power
O I Needed
S
= 1078
Y,
=]
10—-10 |
| |
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E° n(E)

Introduction of Cosmic Evolution
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Power Density Requirements
to Generate the

Extra-Galactic Cosmic Rays:

o=2

£~11%10% [1 _ m( Eamin )] e
1018 eV /] s Mpc?

3000 Solar luminosities

o="7

E i )_O'T erg
1018 eV s Mpc®
9000 Solar luminosities

£g34x1wT(



“Average Power Density”

needed to produce
the Extra-Galactic Cosmic Rays

ngtraGalactic ~ (103 = 105) L@

Mpc?
L P
ﬁstars = 109 ®3
Mpc
. o€ ; 4 .
ﬁKmeth ~ 4 X 106 ® Possible Sources
2 Mp03

. L®
Ebolometmc ~ 9 ¥ 107
AGN MpC3 I




Rgllife”’ed ~ 7.6fg:§ % 107* (Mpc3 yr_l)

(0 dM S

Ren = 9¥(0) —55 aM

Jods dM M 4

~ 7.9%25 x 107* (Mpc® yr )

| erg
(L)SN,kin ~ 1.6 x 10% 3

s Mpc

_. Lo
(L)gnign = 4.2 % 10° Vip e



logio [Ly dNen/dLy (Mpe™)]

—10 —

X-Ray Luminosity
2-10 KeV band

Ueda, Akiyama, Ohta
and Miyaji

Prog. on Theor.l Physics
(S155) 2004.

N | | |
40 42 44 46
logio[Lx (erg/s)] B
& 1.25
1 i
fa B
ﬁ i
bl 1.00
;__' —
1b]
o
m by
o 0.75
. 4
5
fEek |
o
g 0.50
= 1
[
=
=
FU L
i 0.25
s 8
+—]
0.00

40

logiolLx (erg/s)]



ACTIVE GALACTIC
NUCEEI




Super-Massive
Black Hole

M = 10" = 10" Mg

Accretion Power

_G]\Jmc2

L
R

R~ 5RSChwarzschild = 100G M

L~ 0.1 1hc?




Invisible

Counter JET

JET

Quasar 3C175
VLA Som image (o) NEAD 1996




Chandra X-Ray

HST Optical




Cosmic Ray
Composition

and

Hadronic
Interactions




Fluorescence Light

Composition SHAPE of the Shower

Measurements Longitudinal Development
dependences:

Composition
Hadronic Interaction Modeling

Height a.s.l. (m)
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Nuclear Photo-disintegration

A+y—=(A-1)+N ¢ =7 7T T

e
mA i A (mN — EB) o mzoMf’ﬁmbA‘*O
Ep 2 Amyes A 10%° eV

" 2e,(1 —cosb,,) 56
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Xm

x and the Composition of Cosmic Rays

Proton Showers

| Logarithmic
) ) ) growth
X2l B) = X2,u(B%) + Dy(B") In (=) Ofaverage X,

E
XA (E)~ XP (—)

with energy

Mass dependence




Obtain the average mass ind} g > 404a(F)
and its variation
with energy




Sibyll-Interpretation SYSTEMATIC

UNCERTAINTY ?7?

(108;10 A>Siby]1 ~ (.83 + 0.21

i Composition

(logio A)sityn = log [6.8 *31]| | is Mixed
[L] — 11402 50% P

Fe | sibyn 50% Fe
"d{log A)

\log 4) ~ 0.32 4+ 0.07
dlog B [y, "

Composition

become heavier
Blgipyn = —0.7 £ 0.15 with increasing Energy
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Astrophysical
Information

Hadronic
Interactions
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From Cosmic Ray Data =——» Hadronic Interactions

C.R. DATA

Hadronic
Interactions

Astrophysical
Information

“Astrophysical Cosntlic matgnetic
T 7 Spectrometer.
Composition Methods Features in the spectrum



Introduce Energy dependence In Particle Production
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AUGER RESULT D < 75 Mpc

CR come from E 2 0.56 x 10% eV
3.1 degrees from the sources
20/27 coincident with near AGN §60 < 3.1°

0 *-‘




The New Result of AUGER on
Correlations between the direction

of the highest energy showers and
close AGN

lor less specifically
normal matter in the
near Universe.|

A DREAM 1s FULFILLED !!




The New Result of AUGER on
Correlations between the direction

of the highest energy showers and
close AGN

[or less specifically This Ambiguity
normal matter in the | isof course

very significant

near Universe.|

A DREAM 1s FULFILLED !!

Very important result must be very critically analyzed




“Puzzles” for the interpretation of this results

Non confirmation from HIRES
Absence of signal from VIRGO

Smallness of the “horizon”
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Extra-Galactic Magnetic Fields




d
(59)Extra(}alactic = E \/N regions =

\J

D Distance of source

T'Larmor — 6 1L s

d Coherence Length of
Magnetic Field

qg B



(59)ExtraGalactic —

0.53° [(10%Y eV\ (VD d nGauss
Z E Mpc (B)Extra

D <75 Mpc
E 2056 x 102 eV
50 S 3.1°

0.38
(B)Bxtes S nGauss

Z \Jdnpe

Estimate of the Extragalactic Magnetic Field




Galaxies with Redshift z < 0.018

I
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Galaxies with Redshift z < 0.018
AGN 1in same Volume
Auger Events







Exposition of the Auger experiment <cos 6>
(averaged over a sidereal day)
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Rescaled ®
portion .
of the celestial “ "
sphere
seen

by AUGER

Should be
populated
uniformly
if the flux is
1sotropic

Rescaled declination
[

Events are

1sotropic . .
only at few percent level Right Ascension
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NEUTRINOS

One new way
to look at the sky

SUN
SN1987A




Multi Messenger Astrophysics

* GAMMA RAY's

* NEUTRINO's

« COSMIC RAY's

* GRAVITATIONAL WAVES




CENTAURUS A

(with very high probability)

First object
imaged with
Cosmic Rays







Radio Image
408 MHz




Chandra
X-ray
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WFPC2

Centaurus A Nucleus
Hubble Space Telescope

NICMOS

PRC98-14b « ST Scl OPO = May 14, 1998 « E. Schreier (ST Scl) and NASA




Peculiar Grabaxy
Centaurus A
[NGC 5128]
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Spectral Energy Distribution of CEN A
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It is remarkable

that we are in a situation where we
can (and in fact we HAVE to) discuss
how to model the structure

of an Active Galactic nucleus

using multi messengers.

A demonstration of the maturity ot
high Energy Astrophysics.



Nobel Prize in Physics 1936

Victor Hess
Discovery of Cosmic Rays

Carl Anderson
Discovery of the positron
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Understand the Dynamics
of relativistic particles

Discover new Particles
(%, K, A)

Origin of CR remains
“elusive”... but we are
getting close a deep
understanding

(a) (b)

F1G. 3. Four pictures obtained by C. Y. Chao at M.L.T. by means of a cloud chamber containing 8 lead plates § inch
thick. (a) An ionizing penetrating particle undergoes a nuclear interaction in which several heavily ionizing particles,
several penetrating particles, and an electron shower are produced. (b) A large shower containing electronsand penetrating



