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Recap of Lecture 4 A\‘(IT

Karlsruhe Institute of Technology

B Extensive air showers: lateral & longitudinal distributions

- primary CR energy Ejy:
use integration over lateral distributions of N, + N, (‘foot print’) as
good indicator for E, (compare Greisen-fit to CORSIKA simulations)

- primary CR mass M:
use observed longitudinal distribution to determine shower maximum X,,,
- heavy CR (°°Fe): small X4 = small ratio N,/N,
- light CR (p): large X4, = large ratio N,/N,,
B Pioneering air shower experiment KASCADE at KIT Campus North
- components: large scintillator array, muon tunnel, central hadron calorimeter

- extension to KASCADE-Grande: at the knee - change of mass composition
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Power-Law Feature: element-specific 'knees”
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Power-Law Feature: p-knee & Fe-knee QAT
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Knee due to particle losses during propagation? &("’

Karlsruhe Institute of Technology

B Propagation of CRs with energy E& mass A RefeBeitelo o EAilo]ghlahe IR

- GALPROP-MC-Code - charged CRs (fully ionised
transport of galactic CRs from the nuclei): diffusion in B gqiactic
source to Earth (Diffusion): diffusion:
diffusion of particles in “leaky box” — leaky box

- detailled modelling of effects due
to CR propagation:

a) orientation of galactic B-fields

b) energy losses (light particles):
- iInverse Compton effect
- emission of synchrotron radiation

5 Nov. 10, 2022 G. Drexlin — ATP-1 #5 Exp. Particle Physics - ETP


http://earth.imagico.de/map.php?area=earth

Propagation of cosmic rays in our galaxy @ A\‘(IT

Karlsruhe Institute of Technology

B Charged CRs: guided by galactic
magnetic fields with B ~ few nG

- Important parameter:
Larmor radius R;

E uG
R, ~1pc- | =
L =3P (1015er (Z-Bj

- high energies:

R, >d = 0.3 kpc

B=3uG:
regular & turbulent.
B-field component

= these CR nuclel will leave the galaxis
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Propagation of cosmic rays in our galaxy A\‘(IT

Karlsruhe Institute of Technology

B Charged CRs: guided by galactic
magnetic fields with B ~ few nG

- Important parameter:
Larmor radius R;

E uG
R, ~1pc- | =
L =3P (1015er (Z-Bj

- low energies:

R, <d =0.3kpc

B =3 uG:
regular & turbulent.
B-field component

= these CR nuclel are trapped in galaxis
on time scales t~ 3 ..10 - 10°y
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CR spectrum feature: the ankle ﬂ(IT
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What is the degree of isotropy of cosmic rays? Q(IT

Karlsruhe Institute of Technology

B Reconstructing the arrival direction of CRs from the shower axis

- galactic CRs: ;
many sources, energies ~101° eV, orimary particle: ,,"— Isotropic?
galactic B —fields result in deflection arrival trajectory i hot spots?
= expect a high degree of isotropy '

- extra-galactic CRs: shower axis
fewer sources at scales of UHECRs air shower
= nearby sources could be identified

shower /)

- the axis of a large air shower array | i eee
allows to reconstruct the arrival Sy &= ¥ -
direction of the primary particle e "o % “s
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Results for galactic cosmic rays at E~101°eV ﬂ("'

Karlsruhe Institute of Technology

B The observed distribution of galactic CRs is indeed isotropic to first order

KASCADE results (>10 years): KASCADE: arrival distribution of CR

80

=3 - Ty = . L N ; g T 4

- to first order (~1073) one sees o isotropic distribution © ,
an isotropic arrival distribution Z B e 2
_ c T T 3 4 ©
- conclusions: there are 2 sod s
© : 0 O
c =
& no nearby sources of CRs =40 15
g 2

% no neutral primaries (gammas) -3

-4

which initiate showers and which
would point back to sources of CRs
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Looking very precisely: a vey small anisotropy! ﬂ("'

Karlsruhe Institute of Technology

B new results of arrival distributions reveal a tiny anisotropy of galactic CRs

- anisotropic arrival distribution with small dipole amplitude A ~ 6 - 10™*

TIBET-II S5 TeV

loss-cone region excess region

1.002
consistent |
data from LA \ \ | 1000
northern & southern w( - 0.998
hemispheres! 1.002
1.000
IceCube-22 B
~ relative
. . 0.998
(south pole) 20 TeV intensity
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Anisotropy at ultra-high energies: southern view ﬁ("’

Karlsruhe Institute of Technology

B Pierre Auger Observatory* reveals spatial anisotropy at energies E > 8 EeV

- at the highest EeV-scales: UHECRSs with MRS =
nuclear chage Z = 1.7 — 5 show galaxy survey
a small dipole anisotropy
with A = (6.5 + 1)%

0.46

- UHECRSs must be ‘
nearby, hot spot £
despite extended |
Intergalactic
B — fields

1042

A ds Wy

~ 13 years of PAO* data taking — 0.38
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Anisotropy at ultra-high energies: northern view ﬂ("'

Karlsruhe Institute of Technology

B The Telescope Array reveals a localised "hot spot” above E = 5.7 - 10%eV

Telescope Array (TA) experiment 60 E > 57 EeV
In Utah (USA) observes = o ok S

UHECRSs in nothern
hemisphere

- data taking since 2008: . —10
27 events fromonly G N RA (deg)  / =
6% of the area being
surveyed: a hot spot of ~ -30
UHECR
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Cosmic accelerators: principles ﬂ("'

Karlsruhe Institute of Technology

W galactic/extra-galactic accelerators: who powers them & how do they do it?

- where does the energy for CRs come from?
- what is the efficiency of cosmic accelerators?

- can cosmic accelerators work over long time scales?

- how do cosmic acclerators work up to 10*> ... 10%%V?

- what limits the energy of galactic acclerators?

- why do extra-galactic accelerators go beyond?
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Local (galactic) energy densities: an overview &(IT

Karlsruhe Institute of Technology

B CR energy density: galactic sources must be able to provide this value

local energy densities in the Milky Way
electromagnetic radiation (star light) ~ 0.6 eV /cm?3

galactic magnetic field ~ B2/ 2y, (3uG) ~ 0.25 eV /cm?3
cosmic microwave background (CMB) ~ 0.26 eV /cm?
cosmic rays ~1 eV/cm?3

_local matter density (WIMPs) ~ 0.3 GeV/cm3
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comparison of Wey& W g in galaxis QAT

Karlsruhe Institute of Technology

B Do galactic supernovae provide enough power W to account for CRs?
g

- Total energy/year W - going into galactic cosmic rays

Wep= pep-m-R%2-d-171 =2-10*Y) /year

e
- Total energy/year Wy produced by supernovae in galaxis

Wy ~ 3 SN-explosions/century = 5 - 10*%] /year

B Supernovae = ideal candidate sites* for galactic CR
required efficiency for Wep =» Wey : < 5%
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Sources of Cosmic Rays in our galaxy ﬂ("'

Karlsruhe Institute of Technology

B Most likely Cosmic Ray sources in our galaxy at E ~ 10'°eV

Supernova shock fronts ) Pulsars, pulsar wind nebulae

- shock fronts in SNR: energy distribution ? | | - acceleration mechanism:
maximum energy E, ? what nuclei 4Z ? hadronic / leptonic schemes ?
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Accleration mechanism for CRs A\‘(IT

Karlsruhe Institute of Technology

B Fundamental physics principles to accelerate particles

- dynamical
scattering (reflection) of particles in magnetic
clouds (Fermi-acceleration)

- hydrodynamic
accleration in plasma sheets

- electromagnetic
time-variable E, B — fields % (y-m-v)= Wwith

e-(E+VxB) ot

SN1006 - - -

18 Nov. 10, 2022 G. Drexlin — ATP-1 #5 Exp. Particle Physics - ETP



Fermi accleration in shock fronts of SN remnants A\‘(IT

Karlsruhe Institute of Technolog

B Simplified 1D- forward
. shock front
scenario .

- SN-shock front:
spreads out into the very thin ISM*
over extended time scales of
t = 10%...10°y.

“cold’
material

rear-going
shock front
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Fermi accleration in shock fronts of SN remnants ﬂ(lT

e Institute of Technolog

shock [ige]l forward
shock front

B Simplified 1D-
scenario

(_
(_
- SN-shockfront —

propagates with ‘

us = 10* km/s

or . =0.03

“cold”

(—
(—

rear-goiﬁg -
shock front
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Fermi accleration in shock fronts of SN remnants A\‘(IT

Karlsruhe Institute of Technolog

B important: there Saleld @front forward
is a density shock front
gradient at the
transitionto ISM

- ISM: density p, pP2/P1=

shock: density p, (Yaa + 1D/ Vaa — 1)
plasma:

- plasma physics: Yaqg = Cp/Cy =5/3
ratio p,/p, depends
on the adiabatic
coefficient y 4
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Fermi accleration in shock fronts of SN remnants A\‘(IT

Karlsruhe Institute of Technology

M The process of Fermi acceleration of CRs comprises
several key steps:

- charged nucleus from ISM with primary energy Ej
passes the SN-shock front: energy gain AE

- B-fields within the gas of the shock front back-reflect the
nucleus: adiabatic process without energy loss!

- nucleus again passes passes pressure gradient (in
opposite direction): again energy gain AE

- further adiabatic backscattering of nucleus due to
electro-magnetic fields in the ISM
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Fermi accleration in shock fronts: an analogon A\‘(IT

Karlsruhe Institute of Technology

B a mechanic analogon for illustration

- ping pong ball reflected by a wall -Us
which moves against ball with u —
(—

= distance between the wall and
table tennis racket is reduced

= ball is accelerated,
and (if this can be
repeated) it will
be ever faster

n=1 /0
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Fermi accleration in shock fronts: a net gain A\‘(IT

Karlsruhe Institute of Technology

B Summing up: the CR nucleus gains energy

- by Fermi acceleration, which is ...

... based on the multiple passing of a SN-shockfront

... a collission-less process, i.e. no energy losses due to
Inelastic scattering in the gas of the shock front

B Energy gain AE
for a single acceleration cycle (& independent of the
direction of the nucleus) one obtains a net energy gain

AE U
E _c_'BS
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Fermi accleration in shock fronts: many cycles A\‘(IT

Karlsruhe Institute of Technology

B Summing up: single cycle vs. multiple cycles

- net energy gain AE per single accleration cycle

AE = a-E

- CR energy E after n accleration cycles (for starting
energy E,)

E= Eo'(1+a)n

- number n of acceleration cycles to reach max. energy E:

- _In(E/E))
 In(l+«)
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Origin of the CR power law distribution QAT

Karlsruhe Institute of Technology

® power law distribution due to

; ) Etherm
Fermi acceleration

-
o
X

injection to
Fermi cycles

104 (No, Eo)

- taking into account an energy-
dependent probability P for particle
losses during the acceleration cycle,
we obtain a power-law distribution

relative energy distribution f (E)

10+10 non-
dN(E) _E-2T thermal
dE 10-12 1 1 (ICR)l ] 1

| |
103 10° 107 10° 1011 1013

power law spectrum energy (eV)
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Maximum energy of CR due to SN shocks? QAT

Karlsruhe Institute of Technology

B What are the parameters defining E,»
therm

. 10-2
the maximum CR energy E,,4.? injection to
" Fermi cycles
10 (NO) EO)

106

o?

108

non-

10-10
thermal Emax

relative energy distribution f (E)

(CR)
10-12 ] ] | I I ] ] ]
103 10° 107 10° 101 1013
energy (eV)
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Maximum energy of CR via famous Hillas formula &("'

Karlsruhe Institute of Technology

B A.M. Hillas: cosmic acclerators use a B-field of size L to guide particles

- maximum energy E,,,, Of a particle of charge Z
In a SN shock front (see dimensions!)

EmaxNﬁS°Z°B°L

particle:
- huclear charge Z

source:
- field strength B
-size L
- shock velocity B

A. M. Hillas
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Hillas plot for UHECRS up to E,,,4, = 10%° eV ﬂ("'

. . % > Karlsruhe Institute of Technology
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Sources of UHECRsS up to E, gz = 1070 eV

: : 3> GRB?
B candidate sites g2 ] Tugitonstars E,..~Bs-ZB-L
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Energy spectrum of UHECR

M Overview of results

- measurements

of air showers o
arrays with KIT 2%

i
participation =
n o

e |
oS
g
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Energy spectrum of UHECR & acclerators ﬂ("'
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B Comparison to 1017 —
accelerators on Earth =
~ 107 =
0 -
_ 1 —
Fermilab AREY —
Tevatron EJ-/T 101° - %1*::*.
DRl = T -'.'““:::-; $
n — CERN ==%'% }
W o10m L e . \ KR
D Fermilab et H
= - Tevatron LHC i
1013 = o, )
I_l III_III 1 1 IIIIIII 1 1 .‘“_I.“ :j;! !—:’ lllllllll 1 1 IlIIlII 11 IIlIIII | 1
1014 1015 1016 1017 1018 1019 1020
primary energy E(el)
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Energy spectrum of high-energy CRs & features ﬁ("'

Karlsruhe Institute of Technology

M Energy spectrum 1017
Influenced by:

- change of
mass composition
(light — heavy):
Hillas relation

- change of
sources &
CR acceleration 1013
mechanisms

—
Q
(4]
| I|I||I|[| Illlllll‘ IIIII|II| |IIIII|||

LT LTI
&

(galactic —

. 1014 1018 1016 1017 1018 1010 1020
extra-galactic)

primary energy E(el)
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B Energy spectrum 1017

of galactic CRs:

- change of ~ 10%
mass composition %
(light — heavy): Eif,‘m 1015
Hillas relation i F

T o oM
|
® £
1013

p(Z=1) *°Fe (Z = 26)
sources: SNR in galaxis (B, L)
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Energy spectrum of high-energy CRs & features ﬂ("'

Karlsruhe Institute of Technology

B Energy spectrum 1017 —
of extra-galactic CRs: =
- change of ~ 10% -
acceleration sites N -
ST@ 10 = R disruption event
tidal disruptions? B> s
N T -
W 9 10 L
| —
£ - black hole
N 1013 =
E max ﬁS +Z B - L
IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII | IIIIIIII 1 IIIIIIII 1 IIIIIIII 1

-30

1014 1015 1016 1017 1018 1019 1020
primary energy E(el)

-60
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Energy spectrum of high-energy CRs & features &("'

B Energy spectrum

1017
of extra-galactic CRs:
- change of ~ 10%
acceleration sites X
N\
EET 1015
radio galaxies? 5
N o
S
My v 101
I
g
1013

-30

60
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Energy spectrum of high-energy CRs & features ﬂ("'

B Energy spectrum
of extra-galactic CRs:

- change of
acceleration sites

AGNSs?

E*5 . J(E)
‘m~?s tsr~leV1?)
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Energy spectrum of UHECRS & cut-off QAT

B Energy spectrum

of extra-galactic CRs:

- what causes the

cut-off at ~10%%eV? _
83

-/

a) the accelerators -
p , 0
run out of steam o8

y there simply is
an upper end...”

A. M. Hillas
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Energy spectrum of UHECRS & cut-off QAT

Karlsruhe Institute of Technology

B Energy spectrum 107 Yttty T,J;
of extra-galactic CRs: = =27
- what causes the ~ 10% -
cut-off at ~10%%eV? _ X -
Ly P i
_ =" 10" -
b) cosmic back- s =
i n o —
ground fle!ds o8 ;h 1ot
(CMB) limit range IE =
T
_IIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII | IIlIIIII 1 IIIIIIII 1 IIIIIIII 1
} a 1014 1015 1016 1017 1018 1019 1020
Greisen, Zatsepin & Kuzmin (GZK) primary energy E(el)
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