Schule fur Astroteilchenphysik 2011

Universitat Erlangen-Nirnberg

Aktuelle Ergebnisse zur
kosmischen Strahlung

TRACER

Jorg R. Horandel
Radboud University Nijmegen http://particle.astro.ru.ni



Astroparticle Physics
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Energy content of cosmic rays

Anr [ EdN eV
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energy density re=" |3 ok 3
: B? 3
for comparison: B =g~ 0.25 eV/cm

psr ~ 0.3 eV /cm®
PIR ~ 0.4 eV/Cm3

psi ~ 0.25 eV/cm®

| power in (galactic) cosmic rays
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extragalactic
galactic cosmic rays

cosmic rays -

Kepler’s Supernova Remnant
SN 1604
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Solar flares
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Cosmic Rays
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Figure 1| Daily-averaged intensities and
streaming of energetic termination shock
particles that are accelerated at nearby regions of
the shock. Voyager 1 and Voyager 2 crossed the
shock and entered the heliosheath on 2004.96 (16
December 2004) at heliographic coordinates of
(34.3°%, 173°) and on 2007.66 (30 August 2007) at
(—27.5°% 216°), respectively. Insets, telescope (A, B
and C) viewing directions projected into the R-T
plane, where —R is towards the Sun and T is
azimuthal. Error bars on black ﬁlled circles, *1s.d.
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Origin of galactic cosmic rays
explored with complementary a

pproaches

Y-ray astronomy

sources
acceleration

direct measurements
above the atmosphere
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Relative abundance of elements at Earth
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Origin of the Elements

big bang o
~ .= cosmolo o Dea’
8 o f o 8 % g
10 e A
stellar burning @ B
fusion @

tive abundance of elements (Si

::Illllllllll

20 30

Nuclear charge number Z

supernova
explosions




Acceleration of particles in supernova remnant
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RA
SN R RX J1713.7-3946

H.E.S.S.: TeV-Gamma rays
ASCA: X-rays (keV)

F.A. Aharonian, Nature 432 (2004) 75
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H. Volk & E.G. Berezhko, A&A 451 (2006) 981

1st order Fermi acceleration
maximum energy

Eroe =~ ZeBs BT Vg (B¢ = Vs velocity of shock

C

Eror =2 -100 TeV...Z -5 PeV
Lagage & Cesarsky, A&A 118 (1983) 223




Fermi acceleration

particle gains small amount ofenergy g, — f, - ¢

after k interactions E,=Ey(1+¢)F <

escape probability Pesc Ny = Ny - P,

* k= In(Ex/Eo) _ In(Nk/No)
In(§ +1) InP,..

11’1 Pesc

N, E\ mEFD
— = = power law
NO E()
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On the Origin of the Cosmic Radiation

ENRrICO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.




1st order Fermi acceleration at strong shock

a) rest system of unshocked ISM  b) rest system of unshocked ISM
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power law with spectral
index -2.0 ... -2.1

Bell, Blanford,Ostriker (1978)

Supernova remnant (SNR)
Cassiopeia A



Transport equation for cosmic rays in the
Galaxy

diffusion
energy loss (Bethe Bloch)

loss through interactions
with ISM (spallation)

loss through radioactive decay
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production through spallation
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source term

production through decay
of heavy nuclei



Transition Radiation Array for Cosmic Energetic Rays
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TRACER: Energy spectra for individual elements
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TRACER: propagation of cosmic rays

Leaky-Box Propagation Parameters

» Continuity equation:

| B 1 Qi(E) N,
NiE) = Nesc(E)~T +Ai_1 : ( Bep - Z >\k—>i>

» Source Spectrum:

Q,(E) —n-E“

» Escape Path Length: » Spallation Path Length:

m

Nese(E) = CE =% + Ag M=o

Boron to Carbon ratio
Ng Ag

N_C B Nesc(E)™! —|—/\E1

A. Obermeiter et al., ICRC 2011



TRACER: propagation of cosmic rays
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» Diffusion Index:

0 = 0.34.
» Source index:
a = 2.34.

A. Obermeiter et al., ICRC 2011



TRACER: propagation of cosmic rays

The Source Spectrum

» Fit to TRACER oxygen data.
» 6 =0.64, \p = 0.7 g/cm?

oxygen intensity x E>®°
o

10

I~ | — — Spectrum at Earth

B TRACER 2003
O TRACER 2006

Spectrum at Source

10* 10°
kinetic Energy [GeV/amul]

» Free parameter: a.
» Source spectrum: power law.

Result

» Source index:
a=237+0.12.

» Agrees with previous results.

» Model predicts spectrum at Earth
may not be a power law (Ag).

A. Obermeiter et al., ICRC 2011



Pathlength vs. interaction length

pathlength in Galaxy M., =5 —10 g/c:m2

interaction length

nuclear radius r=1roAY3  rg=13-10"" cm
cross section Op_a = m(ry +rgAl/3)?

ISM: protons n=1/cm® p=167-10"* g/cm’

. . Ay g = —F

interaction length p— Ty N

Ap_p = 21 g/cm”

)\p—Fe = 1.6 g/cm2



Shape of energy spectrum

Escape
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CREAM: are CR spectra not single power
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Electron energy spectrum
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How to determine the charge of et/e-
PAMELA Fermi
Y

TOF (S1)

ANTICOINCIDENCE :' Anticoincidence

I = Detector (background rejection)
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- “IT— Conversion Foll
.......................... |
SPECTROMETER ‘| ™ Particle Tracking
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TOF (S3) ) " Calorimeter
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NEUTROMN . .
RS DETECTOR which only electrons or only positrons are allowed
E N \\\
events arriving from West: 90° longitude ™\

e* allowed, e blocked

w
180° longitude

events arriving from East:
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Positron-to-Electron fraction

Pre /”n

© o
w b

o
N

Positron fraction o(e*) / (o(e*) + ¢(e’) )
o

Moskalenko and Strong, ApdJ 493, 694 (1098)
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many (new) ideas:
several hundreds of articles on arXiv

modifications of diffuse background due to local
sources

*local astrophysical sources (e.g. pulsars)
°reacceleration at supernova remnants

edark matter annihilation



Cosmic-ray anisotropy at TeV energies
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The tail-in broad structure appears to
dissolve to smaller angular scale spots.

B. D¢Ettore Piazzoli et al., ICRC 2011



lceCube Detector

IceCube Lab

IceTo

81 Stations, each with
2 IceTop Cherenkov detector tanks
2 optical sensors per tank

324 optical sensors

50 m

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string
5160 optical sensors

December, 2010: Project completed, 86 strings

1450 m

DeepCore
8 strings-spacing optimized for lower energies

480 optical sensors

Eiffel Tower
2 1324 m

2450 m
2820 m

/’

Neutrinos and cosmic rays are detected using Cherenkov emission in ice sheet



Observat lceCube-59 Power Spectrum
dlStrlbUti Angular scale [o]
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IceCube
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1 0 '7 _‘ | i IC59 Relative Intensity Map
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Multipole ¢
* Sky map contains correlations at several angular scales

* Gray bands: 68% and 95% bands of simulated isotropic maps

significance [o]

#306
BenZyvi



Observation of anisotropies in the arrival direction  #306
distribution of cosmic rays above TeV energies in

IceCube
Milagro + IceCube Combined (IC22, 1C40, IC59, IC79) — 10° Smoothing

BenZyvi

significance [o]
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acceleration of CR in
supernova remnants

all

L =
- Ee “%& O 1A= -
i rigidity dependent i
02 cut-off E,~Z

.
mass dependent
cut-off E, ~A
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Fermi acceleration
finite lifetime of shock front:
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prapagation, through galaxy

Leakage from Galaxy-
escape probablllty ~ f(Z)
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(,_ Ao,

Interactions with
background particles
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KArisruhe Shower Core and Array DEtector
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Two dimensional shower size spectrum Ig N, vs. Ig N,
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KASCADE: Energy spectra for elemental groups
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KASCADE: Energy spectra for elemental groups
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Flux d®/dE, - E,*° [m? sr' s GeV'”]

Flux dd/dE, - E, *° [m™?sr' s GeV'”]
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Cosmic-ray energy spectrum
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Transition to extragalactic CR component
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KASCADE

GRANDE Array ; 1

37 detector stations ||

370 m2 ely:
scintillation counter

G. Navarra et al., Nucl Instr & Meth A 518 (2004) 207
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The all-particle energy spectrum
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A knee-like structure in the spectrum of the
heavy component of cosmic rays
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extragalactic

galactic cosmic rays
cosmic rays -

=
Q
N> Kepler's Supernova Remnant
SN 1604
Chandra X-ray Observatory knee 2nd knee ankle
Q) Hubble Space Telescope
(D Spitzer Space Telescope ..",!
v
w
7
. 10 4&
-
w
A
1
— +++ di
o5 $xX
- "
3.8 light-years I e %

galactic

TRACER KASCADE

LA poronl vl ||||m| prvrol ool

3 4 5 6 -Grande ,
10 10 10 10 10 U 0° 10 10"

LOPES Energy E, [GeV]

Adv. Space Res. 41 (20083 4

J. Bliimer, R. Engel, JRH, Progr. Part. Nucl. Phys. 63 (2009) 293



Radius of particle in magnetic field
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Energy content of extragalactic 2 I
: cosmic rays
cosmic rays | l
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Possible sources of extragalactic cosmlc rays
Bottom up models =

Active galactic nuclei (AGN)
-Coalescence of neutron stars,
black holes
-Gamma ray bursts
P+p Or p+Y 2T 2 Vv, + V. + ...
2TO0 2>V +Yy

Super heavy relicts of Big-R~_ yy N-‘g defects)

S
B> X-particle (m ~e" or\S“ac\I) : .
L & se\'efuns o 1020 gy
pired LL> %
o 1020 ey
- Multi Messenger Approach
Neutrino astronomy Proton astronomy TeV y-ray astronomy

km3 net Ice Cube AUGER (full sky) HESS, MAGIC, CTA
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Which objects
accelerate particles
to 1020 eV?

Larmor radius in B field
rr, = 1.08 s pcC
b 2B

size of acceleration region

L > 2rg

Hillas relation
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1
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dwarf
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Colliding
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M. Ostrowski, Astropart. Phys. 18 (2002) 229



,Optical depth“ of the Universe — The GZK Effect

P+Ysk 2 Atr2>p+T10;n+T1T+

threshold: E;,«=6-101° eV

Energy (eV)

101 10°
Propagation Distance (Mpc)

F.A. Aharonian, J.W. Cronin, Phys. Rev. D 50 (1994) 1892



,Optical depth“ of the Universe — The GZK Effect

Energy loss length

-
o
w

loss length [Mpc|
)

at highest energies field of view
Is reduced to < 100 Mpc

101° 120 102!

E |[eV]

Stanev & de Marco, PRD 72 (2005) 081301



The Pierre Auger Observatory
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A Hybrid Event

20 May 2007 E ~101°eV



Energy spectrum

ankle E=4 1018 eV depression E>4 101° eV
pair production at 3-K photons *photo pion production
CR+ v — ete” at 3-K photons
log AE/eV)  GzK effect
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Cosmic-ray spectrum at highest energies

Comparison of Spectra

E[eV]
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Cosmic-ray spectrum at highest energies
Comparison of spectral features

ev?)
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Mass Composition
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Mass Composition

P
==

Depth of the shower maximum X__  ——3 ==
- - -- QGSJETO1 a ’
- - - - QGSJETII o© J
850 |- ... SibylI2.1 o J
_ - —— EPOSV1.99 .
I | _-z=" -
£ 800 - )
L -
2 - ®
Aﬁ 750_ ‘-"'-;-":‘ ® /
& - ,—. i
><E T _ -8 O | & AN B LA L LU ELRLAL A B
(e - .
§ e Preliminary TA < g weg
650 [~ - 1§ yu
= 800 |- -
A b 29 o 68 )
I L1 ] o e B e e T e oy
;5 = e
700 |-
E T - P QGSIET-II
i e :I: I'.;IIS,'II:'Z-UI
630 — T 2k V8 g
o — Fe QGSJET-01 A
- ==Fe SIBYLL -

1 1 A 1 1 L L l L /| 1 l 1 L L 1 L L L I L 1 1 l 1 L L l L L L I L 1 1 I 1 L 1
60[{8 182 184 18.6 18.8 19 192 194 19.6 198 20
log(E/eV)
J. Abraham et al., Physical Review Letters 104 A. Tameda et al., ICRC 2011



Arrival directions of highest-energy cosmic rays

data up to 31.12.2009 position of AGNs from
69 events E > 55 EeV VCV catalog (3.1°)
correlated: 29 (14.5 exp.) s d <75 Mpc
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P. Abreu et al., Astropart. Phys. (2010)



closest AGN:Cen A -
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Active Galactic Nuclei (AGN)

Acceleration of highest-
closest AGN: Cen A, d~4 Mpc energy cosmic rays at AGN




Correlating fraction
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energy spectrum
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Estimation of the proton-air cross section with

#946
the Pierre Auger Observatory Ulrich
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Aktuelle Ergebnisse zur
kosmischen Strahlung
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