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Cosmic rays

e 1736-1806 — Charles Augustin de Coulomb observes that a sphere initially
charged and isolated loses its electric charge. No explanation at the time.

e 1900 - C.T.R. Wilson discovers the continuous atmospheric ionization. It is
believed to be due to the natural radiation of the Earth.




Cosmic rays
e 1736-1806 — Charles Augustin de Coulomb observes that a sphere initially
charged and isolated loses its electric charge. No explanation at the time.

e 1900 - C.T.R. Wilson discovers the continuous atmospheric ionization. It is
believed to be due to the natural radiation of the Earth.

e 1911 to 1912 — V.F. Hess measures the atmospheric ionization with electro-
scopes during balloon flights at various altitudes. The ionization increases.
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Cosmic rays
e 1736-1806 — Charles Augustin de Coulomb observes that a sphere initially
charged and isolated loses its electric charge. No explanation at the time.

e 1900 - C.T.R. Wilson discovers the continuous atmospheric ionization. It is
believed to be due to the natural radiation of the Earth.

e 1911 to 1912 — V.F. Hess measures the atmospheric ionization with electro-
scopes during balloon flights at various altitudes. The ionization increases.

e 1914 — These results are confirmed and extended by W. Kolhorster with flights
up to an elevation of 9200 meters.
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Cosmic rays and particle physics

e 1928 — P.A.M. Dirac finds a relativistic wave equation which describes
the electron within the framework of quantum mechanics.

e May 1931 — P.A.M. Dirac makes a small step forward.

“A hole, if there were one, would be an entirely new kind of particle, unknown to experimental

physics, having the same mass, and opposite charge of the electron.”

e August 1932 — C.D. Anderson discovers the positron in the cosmic
radiation. He publishes his work in February 1933.




Cosmic rays and particle physics
e 1936 — The muon is discovered by C.D. Anderson and S. Nedermeyer in

cosmic rays. This particle is quite penetrating,.

e 1947 — Charged pions are discovered by C. Powell, C. Lattes and G. Oc-
chialini at the University of Bristol.
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Cosmic rays are replaced by accelerators where particles are artificially produced

Five inch cyclotron held by Glenn Seaborg

Operated first on January 2, 1931 — 70 keV protons



Cosmic rays are replaced by accelerators where particles are artificially produced

Left to right: Jack Livingood, Frank Exner, M. S. Livingston (in front),
David Sloan, Ernest O. Lawrence, Milton G. White, Wesley Coates,
L. Jackson Laslett, and Commander T. Lucci, with 70-ton magnet with
27-inch chamber, 1933. (Lawrence Radiation Laboratory)
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cyclotron in 1932 — 3 MeV protons

27-inch



rEPe R

adron Collider — LHC|

s gt Yt} 9 ) p—

CMS Preliminary —e— S/B Weighted Data

ls=7TeV,L=5.11b" ::: ;‘ttcomponem
— — -1

Is=8TeV,L=5.3fb o

=20




Cosmic rays and astrophysical accelerators

© Mark A. Garlick / space-art.co.uk

SNR (349.7 + 0.2 A = pulsar

e Supernova driven shock waves accelerate the elements of the interstellar
medium through a first order Fermi mechanism. Nuclei and electrons are
injected.

e Misaligned magnetized neutron stars accelerate electrons which interact
with photons — light and magnetic field — to initiate an electromagnetic
cascade. Pulsars inject electrons and positrons exclusively, not protons or
nuclei.



Cosmic rays and Galactic propagation

Lineros’ PhD thesis (2008)

e Diffusion and convection in space J = —K Vi + V5 .

e Energy losses and second order Fermi mechanism.
Jp = b(E)Y — Dpgp(E) gy
e Steady state holds — not always. . .

8, (Vo) — K Ap + 0 {V°(E) ¢ — Dgg(E) Oy} =



Ultra-high energy cosmic rays from extra—galactic origin

e December 1932 - Strong debate between R.A. Millikan and A.H. Comp-
ton over whether cosmic ravs (CR) are comnosed of hiol —eneTov nhntnne

(Millikan’s view) or charge -
already exist ! W 2
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CR intensity at the equat
are charged particles !

e 1934 — P. Auger and LSS
tween east and west. Mor,
rays are predominantly po

e 1938 — P. Auger discove
lated detectare hit at the g

/K

i



st ']

_28_1

E 2.7 J(E) [GeV 1.7

Ultra—high energy cosmic rays from extra—galactic origin

e Above 3 x 10" eV, cosmic rays diffuse weakly inside the Milky Way mag-
netic fields. Above 3 x 107 eV, they come from outside the Galaxy. Their
Larmor radii exceed the size of the Galaxy and yet they are isotropically
distributed.
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Ultra-high energy cosmic rays from extra—galactic origin

Kuzmin and G. Zatsepin show that abo
Bduces a pion on the CMB so that its
lepth does not exceed ~ 70 Mpc — GZK

+p— AT = p+ 7l
+p— AT - n+ 7"

1ger Collaboration announces that acti
y candidate for the sources of the highe
ZK cut—off.
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Shock acceleration — First order Fermi mechanism

FIGURE 3.11: Restes de la SN de Tycho (1572)

e Supernova driven shock waves accelerate the elements of the interstellar
medium through a first order Fermi mechanism. Nuclei and electrons are
injected.
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One-dimensional shock wave in a medium. The
shock moves with a velocity ug. The coordinate

P > system has been chosen to move with the shock so
A that the particle velocities outside the shock are
p2| zero. The shock front does not change with time 1n
P1 a stationary shock.
>
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Distance

p1 s = po(us — uy) Conservation of mass
P2 — P1 = paus (Us — Ug) = Py U Uy Conservation of momentum

P2 Uy = Py Uy (% ug + By — El) Conservation of energy
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FIGURE 3.8: Référentiel du milieu interstellaire. FIiGuRrE 3.9: Référentiel de 'onde de choc.

courtesy Damir Buskulic
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e A relativistic particle with momentum pg enters the shock from the up-
stream region. In the downstream frame, its momentum is p’. In the
shocked medium, it is deflected and reflected. It crosses back the shock
and is seen in the ISM frame with momentum

U 2
P1 = Do (1+?)

e Very crudely, a sixth of the particles cross the shock from the upstream
medium. As seen from the shock frame, a fraction n of the particles that
have ventured in the downstream region do not turn back and are convected
away. They are lost.

6V
n = 2 50 that Pow = 1—1
c

e Particles that have undergone n cycles forth and back the shock are

characterized by
1 (Nn) Ve, (m)
ogl—1] = — -
"\ e o\

e The energy spectrum at the source can be readily inferred from

N
q(p) Cﬁl—p x p*



Fermi E., Phys. Rev. 75 1169 (1949)

particule

courtesy Damir Buskulic

e Particles are stochastically deflected by magnetic clouds that move with
a velocity V, with respect to the Galaxy. The deflections are elastic in the
cloud frame — not in the Galactic frame !



e Assume naively that the magnetic clouds move along the x axis just like
cosmic rays. Assume also that a particle has equal chance to be deflected
forward and backward in the cloud frame. Lorentz invariance implies

Ey = Ey (50%) and By = Ey (14 28,6+ 262) (50%)

e A second order acceleration — proportional to V2 — takes place with a
rate related to the coefficient K of diffusion on the magnetic clouds

(AE) Vi

—L = °F where K = 1
A7 SKB where sABC

e A diffusion in energy also takes place with coefficient

(AE)?) 2V7

Dpp =~ /1 4 [
EE At 3"



Acceleration by electromagnetic induction — Pulsars

© Mark A. Garlick / space-art.co.uk

Supernova
Interstellar Material Blast Wave

and Swept-up

pulsar

courtesy Solene Le Corre

e Misaligned magnetized neutron stars accelerate electrons which interact
with photons — light and magnetic field — to initiate an electromagnetic
cascade. Pulsars inject electrons and positrons exclusively, not protons or
nuclei.



Courtesy of Anatoly Spitkovsky — Princeton
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Propagation of particles inside the Galaxy

1412 MHz

The Radio Continuum Halo in NGC 4631
R. D. Ekers and R. Sancisi
Astron. Astrophys. 54, 973—974 (1977)




Milky-Way seen by a cosmic-ray physicist

Cosmic rays propagate inside a diffusive halo

Courtesy Philipp Mertsch

I
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D. Maurin, R. Taillet, F. Donato, P. Salati, A. Barrau and G. Boudoul, Galactic cosmic ray nuclei as a
tool for astroparticle physics, [astro-ph/0212111].



Cosmic-rays diffuse in space and energy

e A propagation model is characterized by the set o, Ko, L, Ve, V,

Case|| 6 |Ko [kpc?/Myr]|L [kpc]|Ve [km/s] |V, [km/s]

max [0.46 0.0765 15 5 117.6
med [|0.70 0.0112 4 12 52.9
min (|0.85 0.0016 1 13.5 224

e Different methods to solve the CR diffusion equation

The semi—analytic approach — radial Bessel expansion & Green functions

The numerical Galprop code — Crank—Nicholson semi—implicit scheme

e Constraints from the typical secondary to primary B/C ratio

G0 — KAV + 0p {VS(E)V — Kpp(E)dpV} = Q
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i
THE ASTROPHYSICAL JOURNAL, 555:585-596, 2001 July 10 05l ]
© 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A. T % %
t
r L oo02 —
n X
- 3=085 =
14
- o1l _
12 b [
L 0 Y A W Y B SR WYY B
o 0.01 0.1 1 10 100
E T (GeV/n)
100 Iso—)(2 contours for B/C (xz< 40)
a — 15F 10 F
- l“ 2 ,E "3
sk N 13E 130
- 12 12 E
. II 1 E 11 E
Al s 10 F 10 F
: =046 9 ;_ 9 ;_
i 8 E 8 E
- Iso—x2 contours for B/C (9(2< 40) . c B B
4 : L1 1 | L1 1 | | — | 1 | - | | — ‘ 1 | - ‘ L1 1 ‘ L1 1 ‘ L1 1 6 i_ 6 i_
400 420 440 4860 480 500 520 540 560 530 = E
V, [k 5™ 1 K2 [kpe Myr™?) SE SE
4E 07 i3
3= 3B
£0. E
1,600 model tible &
Y m r m l ’|:— ’|E|-||||||||||||||||||||
? Odels ale Co pa € 0.002 0.004 0.006 0.008 g.062 0.003 0004 0.00

K, /L [kpc Myr™] f(8) x K, IL [kpe Myr™]



VB

¢C’ = (o — TO — (UUTLH) w() and wB - — - + (UUHH) 1DC
e Tese X and —U—)\xw

T 1+ (oNmn) e D

_9 Tesc
grammage A = 1.6 gem™ X 3 X
1 Myt
b oK+ o) — @ b
\A L Diffusive Halo
~ K&y + 0.0 Vo) = 2hd(2)Q 2h
e
P(0) = Tese X @
M - Vel/K ¢ Ve

Tese = v {1 e” VC }

h hL
Tesc(low T') = v while  Teg(high T) = - X RO



A Markov Chain Monte Carlo technique to sample transport and
source parameters of Galactic cosmic rays

Il. Results for the diffusion model combining B/C and radioactive nuclei

A. Putze'2, L. Derome?, and D. Maurin®#°
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arXiv:1001.0551v1 [astro-ph.HE] 4 Jan 2010
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