


106 Years of Cosmic Rays: Victor Hess
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Cosmic Particle Aocelerators,' |

The sky above Namlbla
Optical + Gamma ray (>100 GeV)
H.E.S.S. observations of the Galactic plane
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' Cosmic Particle Accelerétion

- how and where are partlcles accelerated’?

= how do they propagate’?

=]
L)

- what is their impact on-the environment?
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- cosmic rays enefgies -
up to 1020¢V
energy density similar
~ to star light. or magnetlc flelds

Gernot Maier
DESY Seminar | 28.2/1.3 2017 .

Cr_edit: F. Acero & H. Gast
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' Cosmic P‘a‘rtiCIe Accelerétion

= how and where are partlcles accelerated’?

= how do they propagate’?

= what is their impact ,on'th,e'j'oen'vir'orfnﬁlent?

’
'
> " & - v . = Ce
> > u g . . SR Wi, " g AN g
' A 4 5 . "> ’ =
% 1\ [ .- i~ 4 -"' i .
‘ J > g : ' - 7
. S 4 o S - OO .
!*-. ' .’ .~ 'T Lot g 5 e ¢
ot aid e
; o - - " 5. N
i : . » '
‘ . -

Supernova

R e remnant
-cosmic rays enefrgies - . _'
up to 1020 gV | e

energy density similar v SR
 to star light. or magnetlc flelds S
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'; Accreting source - binary systems

. 'Ait'.

Pulsars
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+ Probing Extreme Environments

. prOcesses close to neutron stars and black holes S
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« Exploring Frontiers in Physics

= what is tHé natUre of dark matter?, how IS it c!istri_bu-ted?. s

= |s the speed of light Cohstant? ‘
= do axion-like particles exist? -
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» Pre

, : | dark matter / .
e - (line-of-sight density) =

many discoveries in the past 100 years:
positron, muon, neutrino oscillations, ...

Gernot Maier
DESY Seminar | 28.2/1.3 2017 !

Credit: F. Acero & H. Gast
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10° Fa
102 "L%A Fluxes of Cosmic Rays

| LN | 2 98% nuclei, mostly p, He,
10- A (L peca:=Seonnd) but also heavier nuclei

2% electrons
(at a few GeV)
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Typical spectra at optical wavelengths of celestial objects
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cosmic ray energy spectrum looks very different...
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10% EMN\ Fluxes of Cosmic Rays

- i F XA (1 particle per m? - second)
The Cosmic Ray Energy Spectrum SN
Equivalent c.m. energy V'gpp (GeV) \/ S
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High-energy particles and their interactions (1)

interaction with magnetic fields

= deflection

= energy loss through synchrotron radiation
interaction with matter fields / other particles

“pPcr+Tp—opF+ MO+

= Bremsstrahlung

= inverse Compton scattering

= pair production / annihilation
interaction with photon fields

" pcr *+YecmB— P + 10/ pcr + YemB — N + T
“"pcrty—ptete

“y+A(N)— (A-1) + N

secondary particles produce synchrotron radiation and cascades

Gernot Maier 1 1
Summer student lectures: Astroparticle Physics | Aug 2017



High-energy particles and their interactions (2)

star light

% Gernot Maier 1 2
Summer student lectures: Astroparticle Physics | Aug 2017



High-energy particles and their interactions (2)

thermal emission from interstellar dust

star light

% Gernot Maier 1 2
Summer student lectures: Astroparticle Physics | Aug 2017



High-energy particles and their interactions (2)

Hydrogen 21 cm line, cold interstellar medium (gas)

% Gernot Maier 1 2
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High-energy particles and their interactions (2)

Hydrogen 21 cm line, cold interstellar medium (gas)
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High-energy particles and their interactions (2)
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High-energy particles and their interactions (2)

Gernot Maier 1 2
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L



High-energy particles and their interactions (2)

synchrotron emission from HE electrons moving through interstellar magnetic fields

emission from high-energy charged particles

(Ly-ray ) oS

L

Gernot Maier 1 2
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

ON 9,

Y — V. (D.,VN, N;(E)) =V - @N;(E

o V- (DiVN;) = 5= (dB/dtN,(E)) = V - @N(E)
. . N. - U'OE :dai,k(EaEl) / /

Gernot Maier 1 3
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

ON o
o V- (DiVN;) — o= (dE/dtNi(E)) — V - iNi(E)
| L Up dai,k(E,E’) , ,
+ (Qi(E,1t))— piN; - E | T N (E"dE

k>

source term

Gernot Maier 1 3
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

diffusion with diffusion

coefficient Dj
ON 0 -
= = o5 (AE/dtN;(E)) = V -GN, (E)
vp ~— do; x(E, E') -
— p; N; 4 ) N.(EYdE
t+ P DD HE)

k>

source term

% Gernot Maier 1 3
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

(synchrotron radiation,
ionization loss,
reacceleration, ...)

diffusion with diffusion energy losses and
coefficient Di gains

ON
ot

source term k 2 [/

Gernot Maier 1 3
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

(synchrotron radiation,
ionization loss,
reacceleration, ...)

diffusion with diffusion energy losses and convection with
coefficient Di gains velocity U

ON
ot

source term k 2 [/
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

(synchrotron radiation,
ionization loss,
reacceleration, ...)

diffusion with diffusion energy losses and convection with
coefficient Di gains velocity U

ON
ot

loss term p; = 3=
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High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

(synchrotron radiation,
ionization loss,
reacceleration, ...)

diffusion with diffusion energy losses and convection with
8]\7 coefficient D; a gains velocity U
— = (V- (D,VN)¥ —=(dE/dtN;(E)) £ V - @N,(E)
(o) 10 ; (E ] E /) / /
(B, ) —(p: N - — ’ Ni(E')dE
L NG

cascade term: feed-down from higher
energies and nuclear fragmentation
1 processes

YTi

loss term p; = <

% Gernot Maier 1 3
Summer student lectures: Astroparticle Physics | Aug 2017



High-energy particles and their interactions (3)

Ni(E,x,t)dE is density of particles of type i at position x with energy between E and dE

(synchrotron radiation,
ionization loss,
reacceleration, ...)

diffusion with diffusion energy losses and convection with
aN coefficient D; 8 gains velocity U
~— = (V- (D;VN)) —(dE/dtN;(E)) £ V - @N;(E)
(o) U0 ; L (E, El) / /
(B, ) —(pi N; = — ’ N (B )dE
L NG

cascade term: feed-down from higher
energies and nuclear fragmentation
1 processes

loss term p; = &
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What are the sources of cosmic rays?
[s it a single source?
A single source class?
Where are they?

Galactic / extragalactic?

14



The high-energy gamma-ray sky

Fermi LAT 3-years

gamma rays are produced by sky map > 10 GeV
interactions of cosmic rays with

matter/photon fields: inverse
Compton scattering and 110 =
decay — = . o




The high-energy gamma-ray sSky

gamma rays are produced by
interactions of cosmic rays with
matter/photon fields: inverse

Compton scattering and 0 g
decay — =

>2500 sources @ MeV-GeV
>500 sources >10 GeV
>150 sources >100 GeV

Fermi LAT 3-years
sky map > 10 GeV

supernova remnants, pulsars, pulsar
wind nebulae, binary systems, massive
star clusters, starburst galaxies, active
galactic nuclei (mostly blazars), gamma-
ray bursts, nova, diffuse, dark matter, ...



1987A - a type Il Supernova of 20 Mo

pl oty
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1987A - a type Il Supernova of 20 Mo
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Energy budget for Galactic Cosmic Rays

assume Milky Way is filled uniformly with Cosmic Rays (CR)
CR are contained for a time tep and then diffuse out of this volume (typically tcp=107y)
Volume of the galactic disk: Vep = 11(15kpc)2(500pc) = 1067 cm3

CR energy density: pe = 0.5 eV/cm3 (similar to starlight)

Lon = VC;CI;Z)OE ~ 3 X 1O4Oerg/s

% Gernot Maier 1 9
Summer student lectures: Astroparticle Physics | Aug 2017



Energy budget for Galactic Cosmic Rays

assume Milky Way is filled uniformly with Cosmic Rays (CR)
CR are contained for a time tep and then diffuse out of this volume (typically tcp=107y)
Volume of the galactic disk: Vep = 11(15kpc)2(500pc) = 1067 cm3

CR energy density: pe = 0.5 eV/cm3 (similar to starlight)

Lon = VC;CI;EE ~ 3 X 1O4Oerg/s

Galactic

centre
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Energy budget for Galactic Cosmic Rays

assume Milky Way is filled uniformly with Cosmic Rays (CR)
CR are contained for a time tep and then diffuse out of this volume (typically tcp=107y)
Volume of the galactic disk: Vep = 11(15kpc)2(500pc) = 1067 cm3

CR energy density: pe = 0.5 eV/cm3 (similar to starlight)

Lon = VC;CI;EE ~ 3 X 1O4Oerg/s

typical 2-3 Supernovae per 100 y in our Galaxy

Ejecta of 10 solar masses with velocity u = 5x106 m/s

Lsn ~ 3 x 10*2erg/s
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Historical Supernovae %R B S
A* f':?; E % ﬁ: '?ﬁ’ .t
1% f E.ﬁ o AE=2P :':-'._-f-'.:
length of Historical Records %‘ﬁ g%g jg; ﬁ
datc visibility remnant Chincsc Japancse Korcan Arabic Europcan A P& B EH B
ADI1604 12 months  G4-5 6-8 few = many - many 73, E X &% X
ADI572 18months  G120-142:1  few -  two -  many i”% i;% %%ué
ADI181 6 months 3Cs8 few few - — ﬁ" 'ﬁ‘ B E =
ADI1054 21 months Crab Ncbula many  few one - — | i iﬁggj % ®iA
ADIO06 3 years SNR327.61146 many  many few Lwo B #—Iﬁ‘ﬁ = nE
AD393 8 months - one - - - Z{_\ IE%Q gﬂfi. E
AD386:.? 3 months - one - - - i Q %iz % #E
AD369? 5 months - one - - - HIH|$ H E Wl
ADI185 8 or 20 months - one - - - I3 & ﬂlé AU dE S
Wenxing Tongkoa (11_8_1.;}

S

lll [ B HI 11 1=t 111111 PR

FROM T}

Gernot Maier
Summer student lectures: Astroparticle Physics | Aug 2017

wasT. A0

N

H III'F"%‘IH [[iRR=HllH]

20

II‘“H\II

408

— —— s e
B it
B O S e

TYI LOWOORCHM O A W

HIHI\H

TN g TN TN |'°

NASA's CHANDRA X-RAY OBEERVATCRY




Historical Supernovae

Observational effect: ~108 supernovae in the history of the Milky Way
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Vela complex s&en at infrared waveléngths .



Diffusive shock acceleration

shock:
shock speed > sound speed
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Monte Carlo of first-order Fermi acceleration

o
-

Speed v/u,
o
o

—
o

—10

-0

/661 buueg

—30

Position 2 near shock,

IIlllllllllllI|ll|||||ll||l|llllll

0 50 100 150 200 250 300 350
Time
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Energy spectrum from Fermi acceleration

% Gernot Maier 27
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Energy spectrum from Fermi acceleration

energy gain per shock passing:

1 +&=1+4/33

after j crossings a particle with initial energy Eo will have

E = Ey(1 +¢&)’
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Energy spectrum from Fermi acceleration

energy gain per shock passing:

1 +&=1+4/33

after j crossings a particle with initial energy Eo will have
E = Ey(1+E)

particle escape probability from shock region Pesc. Number of particles > E:

OO m 1—Pesc J
N(Z E)O(Zm:](]-_Pesc) — ( Pesc)
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Energy spectrum from Fermi acceleration

energy gain per shock passing:

1 +&=1+4/33

after j crossings a particle with initial energy Eo will have
E = Ey(1+E)

particle escape probability from shock region Pesc. Number of particles > E:

OO m 1—Pesc J
N(Z E)O(Zmzj(]-_Pesc) — ( Pesc)

energy spectrum from Fermi acceleration:

N(E > 0) o (E/Ey)~" %o,

v = log (1—113680) [log(1 + &) ~= ~4=

% Gernot Maier 27
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Particle acceleration in Supernova Remnants

forward shock

- molecular cloud

synchrotron radio

m9-decay y-rays

-
g

Radiatively-compressed

reverse filament of CRs & B-field

shock

o

mmo-decay
y-rays

Escaping
CRs

e.g. Uchiyama et al 2011
Inverse Compton

Ellision et al 2014
mm9-decay y-rays
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complex models needed to

explain broadband
emission:

hydrodynamic of evolving
SNR i feedback
non-linear diffusive shock
acceleration

Non-equilibrium ionization:
X-ray line emission at forward
and reverse shocks

ejecta composition

magnetic field amplification
electron and ion distributions
from thermal to relativistic
energies

photon emission

cosmic-ray propagation

Coupling of thermal and non-

thermal emission
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Active Galactic Nuclei

|leondo | SH




Active Galactic Nuclei

T
blue light:
synchrotron radiation
from HE electrons B
jet:
relativistic hot, R

t)ize‘.‘-. sma w‘ ‘.“ ‘
e N hot spots:

shocked jet
plasma

UV AND
OPTICAL  #
RADIATION |

7~

ACCRETION "~ J§°+

DISK (~10° km)

SPINNING

§ SUPERMASSIVE

% BLACK HOLE




Active Galactic Nuclei: The power of accretion

UV AND
OPTICAL
RADIATION #

..

/ Pam ool

ACCRETION ~§

DISK (-10" km) § SPINNING
SUPERMASSIVE
% BLACK HOLE




Active Galactic Nuclei: The power of accretion

Gravitational energy released :

AE,.. = GMm/R,

T

Nuclear fusion of hydrogen to helium:

AE, .= 0.007mc”

UV AND
OPTICAL

RADIATION &

ACCR ET[ON

DISK (~10° km)

SPINNING
SUPERMASSIVE
BLACK HOLE




Active Galactic Nuclei: The power of accretion

Gravitational energy released :

AE,.. = GMm/R,

UV AND
OPTICAL
RADIATION &

' // S B e
ACCRETION & "

R—— DISK(~10°km) # SPINNING
SUPERMASSIVE

Nuclear fusion of hydrogen to helium: BLACK HOLE

AE,W — O OO7mc

N

) X lOlgerg/g




Active Galactic Nuclei: The power of accretion

Gravitational energy released :

AE,.. = GMm/R,

Neutron star with R~10 km and M~Me:

Nuclear fusion of hydrogen to helium:

AE,, = O OO7mc
AE,,./m ~ 6 X lOlgerg/g

UV AND
OPTICAL

RADIATION #

' // e ot
ACCRETION "~ -7~

DISK (~10° km)

SPINNING
SUPERMASSIVE
BLACK HOLE




Active Galactic Nuclei: The power of accretion

Gravitational energy released :

AE,.. = GMm/R,

Neutron star with R 10

km and M~Me:

Zﬁ&lfi;]kf(f//c’71[ & (:)22()6277153//253
Black hole with R~ 6X1 09 <MAand- M=, 3x1 09 Me

AE ../ m A 5 X 1023erg/ g

Nuclear fusmn of hydrogen to helium:

AE,, = O OO7C

UV AND
OPTICAL

RADIATION #

ACCRETION "~ -7~

DISK (~10° km)

SPINNING
SUPERMASSIVE
BLACK HOLE
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Rotating black holes - Kerr black holes

event horizon for Kerr black hole

Ry = GM (1 (1 _j2)1/2)

c2

(j=J/JImax);
j=0: Schwarzschild BH
J1: Rk =Rs /2

maximally rotating BH: j= 1
(M at Rk orbiting with c)

Jar = McR = Giﬂ

> Static limit

ergosphere:

anything inside the
ergosphere will be dragged
by the BH and rotate with it

(‘frame dragging’)

% Gernot Maier
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Event horizon

Ring singularity

5\
\\

Ergosphere

35



Two scenarios of magnetic field line twisting

magnetic field tied to in-
falling plasma

' C
magnetic field anchored = e
in a accretion disk 4 e
- Sy b
/ A\
—~ " A\
o e
S '\.\ 1 N
N O
G \\, / ‘ 8,
= \x s space-fr.ame dragging ©
, S——CT by rotating black hole ©
EREPRRATAE | RS § 3
C
] ] !
energy is extracted from extraction of energy
accretion disk from rotating black hole
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Doppler boosting in jets

Doppler boosting of a power-
law source:

_ 1R
~ 1—Bcos®O
19%%(Dv) = D3 IS™ ()

even mildly relativistic jets
result in a large intensity boost
into the forward direction

Observer 5

I°'v) cv=«

I}(/)bs _ DS—I—aISm(V)

"
‘4
-

beam opening angle Op "
_.-""| blueshifted,
boosted

Observer 1

D<1 :

redshifted,
de-boosted

" D=10-30

4
4
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Source*.

~ .. Observer 2
..*

A Variability time
. scale shorted
‘. by 1/D

Observer3 "4
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2018/07/12
Back

Breakthrough in the search for cosmic particle accelerators
Scientists trace a single neutrino back to a galaxy billions of light years away

Using an internationzlly organised astronomical dragnet, scientist have
for the first time located a source of high-enargy cosmic neutrinos,
ghostly elementary parlicles that travel billions of light years through
the universe, flying unaffected through stars, planets anc entire
galaxics. The joint observation campaign was triggered by a single
neutrino that had been recorded by the lceCube neutrino telescope at
the South Pole, on 22 September 2017. Telescopes on earth and in
space were able to determine that the exotic particle had originated in
a galaxy nearly four billion light years away, in the constellation of

Crion, where a gigantic clack hole serves zs 2 natural particle Dawnlcad [2.8 MB, 3508 x 2480
acceleralor Scientists from the 18 different observatories involved are Artist's imgression of the active galactic
presenting their findings in the journal Science. Furthermore, a second ~ Nucleus The supermassive biac« nole at the

centre of the accrelion disk sends a narrow

analysis, also published in Science, shows that other ncutrinos

) high-energy jet of matter into space,
previously recarded by IceCube came from the same source.

perpendiculer to the disc. Credit: DESY,
Sclence Communication .ab
The observation campaign. in which research scientists from Germany

nlaved a kev role. is a decisive sten towards solvina a riddle that has
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Extensive Air Showers

composition of part.

at ground level
(after 25 X, 114 1)

~ 80 % photons
~ 18 % electrons
~ 1.7 % muons

~ 0.3 % hadrons

~ 106 secondary part.
from 10"1° eV proton

ca. 100-200m — —  ——— —— = o H detectors
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Extensive Air Shower: toy model for particle cascades

N(X) = 2%/ Y
I
Eq
E(X) AT e e~
Ny ... o
: Fy
\muz = N (erml) = 57— X EI()
log (Fo/ I2 | )
Xma:r'- —_ /\ Ug( O/ C) X 10g(]3~0) \ n=4
log 2
Heitler Model
> Measu re here: primary particle is a photon

(similar: hadronic showers)
= particles reaching ground

= Superluminal particles create Cherenkov light

= High-energy electrons excite nitrogen which then fluorescence
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Extensive Air Shower

Z [Km Z[km
(km] 17642 km]
i 20~
L, e
4 ! log (Fy/ I2e
15 15t Ximaz = A 08 (logD/Q C) e log(Eo)
B | Ey
"\'ima,u: = N(X o) — x F
i ( ) Fc- ¢
10— 10+
5-_ 5'.
) R R W S O N P | A o e ) B PR 1 e A [ e
0 200 400 €00 800 1000 1200 r [m] 0 1 2 3 4 5 6
N,/10
|9§N)
[ Proton 10 ™ eV
4_ 1st
E h =17642 m
3
2. hadrons muons
11— neutrons electrs
1 Naff] 1 5 S : ] i [, N £t
0 0 200 400 €00 800 1000 1200

r [m] J.Oehlschlaeger,R.Engel,FZKarlsruhe
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Extensive Air Shower
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i 20~
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muon + electromagnetic
energy deposit

electrons excite N2
Decay to ground state by
Isotropically emitting UV
photons ~380nm



B\ Water-Cherenkov
Detectors

muon + electromagnetic
energy deposit

electrons excite N2
Decay to ground state by
Isotropically emitting UV
photons ~380nm




The Pierre Auger Observatory
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http://www-hep2.fzu.cz/~smida/Auger-figures/Auger-quattro.gif

Extensive air shower: hadronic interactions

understanding of extensive air showers relies on extrapolations of
several orders of magnitude using models of the hadronic

Interaction
Pre - LHC Post - LHC
=180 | =180 [
§160 :_ p"'(a)p /./o' é160 :_ p"'(a)p
2140 | - - QGSJETO1 7| 2180 |- — EPOSLHC
® 120 | - SIBYLL2 o7 27| Cia0 | - - QGSJETI-04
- - — QGSJET II-03 - ..~ SIBYLL 2.3c
100 | EPOS 1.95 1001 DPMJETIII-17.1
80 | 80 |
60 |- 60 |-
40 |- 40 |-
| |||||||| | ||||||l| | |||||||| | ||||||]| | 1 L | |||||||’ | |||||||| | |||||||| | [||||||| | L L
20 20
10 10°  10° 10" 10° 10 10° 100 10 10°  10°
Vs (GeV) Vs (GeV)

Pierog 2017
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Forward direction

1 KV ,
» ' Hadronic forward
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Fermi LAT:

> launched in June 2008
> pair-conversion telescope . 298

> mostly in survey mode: Fermi
observes each point in the
sky every three hours

Trazker - _
-

> Energy range 20 MeV to 300 GeV
> LAT Effective area: ~0.7 m?
> AGILE Effective area: ~0.07 m?

Thermal
Blanket

. NS
\ 4
A -.._.'. Co I3 — X
¥ ¢
O R
i =




The Fermi Large Area Telescope

Y Anticoincidence
Detector

. Conversion
Foil

~ Si Strip
Detector

Calorimeter
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> Pair conversion detector
(tungesten foils followed by
tracker for et/e-)

> Si strip detector to measure
particle trajectories

> Csl calorimeter measures
energy from the amount of
scintillation produced by the
e/m shower

> anti-coincidence shield to veto
charged particles



Extensive Air Showers and Cherenkov Emission ¢/

Pavel Alekseyevich

Cherenkov
~ § charged (Nobel price1958) |
& particles in A
- anair AN |

atmospheric
density
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Pavel Alekseyevich |

" | Cherenkov |
4 charged (Nobel price1958) g
4 particles in i\
. anair PN |
| . shower
# B emitted when velocity v of charged particle

exceeds local speed of light: nv/c =n3 > 1

Cherenkov -
emission
angle
depend on
atmospheric
density
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Pavel Alekseyevich |

" Cherenkov |
~ § charged (Nobel price1958) "
4 _‘,;%particles In -
A anair SAD

. shower
# b emitted when velocity v of charged particle
\ exceeds local speed of light: nv/c =n3 > 1
Cherenkov refractive index in air scales with density
emission , o
angle n =14 0.000283 p(h)/p(0)
depend on
atmospheric
density
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Pavel Alekseyevich | @

g | Cherenkov
~ § charged (Nobel price1958) "
/& Dparticles in A=
. anair S AP |

| . shower
s NS emitted when velocity v of charged particle
exceeds local speed of light: nv/c =n3 > 1
Cherenkov. - refractive index in air scales with density
emission . o
angle n =14 0.000283 p(h)/p(0)

depend on
atmospheric
density :

light is emitted along a cone with half
opening angle 6: cos 8 =1/ (Bn)
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Pavel Alekseyevich { &
Cherenkov 2%

- charged (Nobel price1958)
/& particles in s
~anair = -
,, . shower
s S emitted when velocity v of charged particle
exceeds local speed of light: nv/c =n3 > 1
Cherenkov refractive index in air scales with density
emission , s
angle 4 n =1+ 0.000283 p(h)/p(0)
depend on _ _ _ _
atmospheric light is emitted along a cone with half
density opening angle 6: cos 8 =1/ (Bn)

- ; number of Cherenkov photons per path length x:
150 m d’N  27maz? ( . 1 )

drd) ~ A2 32n2(\)

% Gernot Maier 54
Summer student lectures: Astroparticle Physics | Aug 2017



Extensive Air Showers and Cherenkov Emission

A N
: \ Charged QCQQ —e— Fuika gemma 500 GaV
. particles in e C e

v Fluka cemma 150 GoV
Fluka cemme 100 GV
—+=— [Muka camma 80 GeV
Fluka gamma 50 GeV
MNuka camma 30 CeV
[Nukacamma 10 CGeV

N

. anair
|- shower

itd

Cherenkov photon

Cherenkov photon densitiy [1/m7]

Cherenkov - Jumr%densmes on ground
—"" :' ......... '
emission 1= %Mmu
angle p———_ g | 005 3

dependon QY Mgy ~
e — '\ W}JMM{W-. -
atmospheric R e
. e 10 ! 1 1 I | - I | I .| I | | l | 1 I | .| I | - I l 1 mml_ h
density 0 50 100 150 200 250 300 350 400 450 500

distance to shower [ml

Cherenkov light from air showers:
weak (~10 ph/m2), short (~ns),
blue (300-550nm) flash of light
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Shower fluctuations

randomly selected showers with 80 GeV primary photon energy

ﬁ
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s i

[ By wer T
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Proton vs Gamma-ray showers

y-ray Cherenkov photons on ground
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Measuring gamma-rays (20 GeV to 300 TeV)

Gernot Maier f T ’ :J\.-.. R ‘- Nanqsecond |0ng flash of 58
DESY Seminar | 28.2/1.3 2017 77/ % /00BN blue light; few photons / m2




Measuring gamma-rays (20 GeV to 300 TeV)

Gernot Maier

DESY Seminar | 28.2/1.3 2017"

shower

v-photon

cherenkov

light

camera/focal plane (viewed from zenith)
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Nanosecond long flash of
blue light; few photons / m2
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MODTRAN, K.Bernlohr (2000)
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Atmospheric
;herenkov
Telescopes




mospheric
erenkov
Telescopes
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La Palma; Spain

two 17m telescopes with 50 GeV threshold
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HESS

> Namibia
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High-energy section
limitation: effective area

S T M.cT- ""“t : ~ — S TP e = telescopes with ~4-7 m @
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Low energies
' . ———— limitation: photon collection and
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5 M

~ large telescopes with 23 m @

factor 10 improvement in sensitivity
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Differential Flux Sensitivity

S J—

10 = after Funk et al (CTA, 2012) and Abeysekara et al 2013
o~ - 4 bins per decade energy
7 - (equal bin size on log scale)
o 10°%
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s 0TF
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Neutrino detection
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Opacity of the Universe to high-energy photons rm—rrm—rrm—rrmm—rrm
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Neutrino detection

astrophysical flux:
O(10°) per km2 per year
above 100 TeV

Interaction probability
A e mlo st etetessstetessstetrarsrnanes .
10~ 6 per km water_

102 10® 10* 10° 10 107 108
E, [GeV]
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water or ice as detector
string of photomultiplier

Charged Current

Neutrino




Charged Current

water or ice as detector _
string of photomultiplier Neutrino

Cherenkov photon yield




water or ice as detector
string of photomultiplier

Charged Current

Neutrino
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Amundsen-Scott South Pole station




lceCube

December, 2010; Project completed, 86 string

Amanda Il Array
/ (precurser to kceCube)
Ds:}t\pgs-spadng optimized for lower )
energies
Eiffel Tower
324 m

Glass Pressure Housing \

light collection by DOMs
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- F.Halzen
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Drilling and deployment
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Drilling and deployment

F.Halzen




rgy, allowing
easily identi-
-neutrino as-

side view

IceCube can robustly identify astrophysical neu-
trinos at PeV energies, for individual neutrinos
at several hundred TeV, an atmospheric origin
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Background for neutrino measurements

";' 107w m Frejusv,
h o, o Frejusy, cosmic ray (p)
q‘m 107 3 NN 1 SuperKv,
E F O 2, AMANDA v, ¢,(b)
= 10°F N %, ° unfoldin$ . 3\
Q - \ Q forward folding
O - N
= 107k - lceCube v, Y|
o = S N e unfoldin e Vv prompt
W . - ¢Aé N forward ?olding . M &H
ok AN J
= (9) 1P
- %wi N
10°E " s K u/
= I \
- Mot ®:
107 e %
= N\ l Vp
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107 A .
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Background for neutrino measurements
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Charge Threshold

107 . ...............................

10!

Events per 662 Days
—
O
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Total Col

[ Bkg. Atmospheric Muon Flux (Tagged Data)
I Bkg. Atmospheric Neutrinos (x/K)
Bkg. Uncertainties (All Atm. Neutrinos)

Atmospheric Neutrinos (Benchmark Charm Flux) _
Atmospheric Neutrinos (30% CL Charm Limit) '

Signal+Bkg. Best-Fit Astrophysical £ ? Spectrum

All Events (Trigger Level) -
see Data
.............................. 1-__
4 5
10 10

lected PMT Charge (Photoelectrons)
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Astrophysical VHE neutrinos

___1 Conventional v 1 Penetrating p Astrophysical »
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The Cosmic Ray Energy Spectrum

Equivalent c.m. energyvs,, (GeV)
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The Cosmic Ray Energy Spectrum
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Greisen-Zatsepin-Kuzmin (GZK) cutoff

photo-pion production 100, —
+ 2.725K e j
p+ycmB - AT > p+m N
® \ 2
E 102
threshold: § energy density of CF\{IB 3
2 2 = \ 3
EpE’V > (mA mp) 104 ECMB ~ 10_46‘/\\ .
— F — 0 - 1()19 eV 0s BT \102
GZK — £, eV

e*e- pair production (Bethe-Heitler):
pty—pte'e

Ep,e+€— ~ 0.8 EeV (GCMB/E)

% Gernot Maier 81
Summer student lectures: Astroparticle Physics | Aug 2017




Propagation effects: protons & heavy nuclel

Loss length:
N(L) = N(L = 0) - exp &/ Lzoss
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Propagation effects: protons & heavy nuclel

Loss length:
N(L) = N(L =0) -exp L/ Lross
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heavy nuclei: photo dissociation
(spallation): y + A(N) —» (A-1) + N

P’
T -

pt&/?lodisintegration:

8 9 10 11 12

82



Propagation effects: protons & heavy nuclel
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Propagation effects: protons & heavy nuclel
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Propagation effects: protons & heavy nuclel

A E [eV]
106 ‘8 19 20
\ 10 10 10
sh (Phys. Rev. Lotk 2006, updeied) | T
10 _“‘\“\ ‘Simulations done with CRPropa 2.0
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Arrival directions
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Arrival directions
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Arrival directions

Red circles: AGNs brighter than 1044
erg/s and closer than 130 Mpc
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Testing Lorentz Invariance Violation

> assume Lorentz Invariance is violated

¢ p’=E [ 1£E EJJE ,;+E,(EJ Epg’)*...]

> accumulative effect (assume source at distance L)

( \a
pi~| AL |'L
\EO(EPI) C

> some theories of quantum gravity predict ot ~ 10s/TeV/Gpc

% Gernot Maier 86
Summer student lectures: Astroparticle Physics | Aug 2017



Testing Lorentz Invariance
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The high-energy gamma-ray sky

>2500 sources @ MeV-GeV
>500 sources >10 GeV
>150 sources >100 GeV

Fermi LAT 3-years
sky map > 10 GeV

supernova remnants, pulsars, pulsar
wind nebulae, binary systems, massive
star clusters, starburst galaxies, active
galactic nuclei (mostly blazars), gamma-
ray bursts, nova, diffuse, dark matter, ...



countless of good books: go to your (or DESY) library....
Longair, M., High-Energy Astrophysics. Cambridge University Press
Melia, F., High-Energy Astrophysics. Princeton University Press

Rosswog, S. and Bruggen, M., Introduction to high-energy astrophysics. Cambridge
University Press

Stanev, T., High Energy Cosmic Rays, Springer

Many reviews on astro-ph
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Shocks - frames of references

laboratory frame shock frame

U/4
\_ J \_
d frame of shocked material\ :
compression
\@b ratio
@)
S U/v
S & R ~ i
\‘»Q% U/’UR —1
3U/4 < 3U/4 -
J
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First-order Fermi acceleration

same situation as in second-order
Fermi acceleration

quasi-isotropization of the particles direction

on average: head-on collision unshocked

when crossing the shock

Ey = ~°Ei(1+ BcosO,)(1— BcosO,)
YV*Ei(1+ 8 < cosO) >)(1 -8 < cosO; >)

< By >

probability that pitch angle is in the angular range © to ©+d0O: proportional to sin@doO

fEl cos ©®1dcos ©q
(cosO1) = 7 dcos 65

+1 / / 5 = =1z
(cos @) = do 0502 4080 _ 2 \©
2 f0+1 d cos O} 3

1—32
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First/second-order Fermi acceleration

second-order stochastic Fermi acceleration (clouds)

)

first-order stochastic Fermi acceleration (shocks)
(diffussive shock acceleration,).
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Gamma-ray emission from Supernova Remnants

Fermi LAT collaboration 2013
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Gamma-ray emission from Supernova Remnants

Fermi LAT collaboration 2013
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