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Cosmic Rays

- Cosmic rays (CRs) are 1010 1 10
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+ Spectrum follows a power-
law over many orders of
magnitude, indicating a
non-thermal origin.
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What is the Origin of Cosmic Rays?
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Cosmic Ray Transport



Cosmic Ray Gyration

Pitch angle o between v(7) and B, remains constant in time.

Path is a superposition of circular motion in the plane
perpendicular to By and linear motion along B, with velocity:

V” = COSaVv = HV.
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Magnetic Turbulence

- Consider cosmic magnetic fields with a coherent background field Bje,
and a homogenous and isotropic turbulent component 6B(r):

B(r) = Bye, + SB(r)

ordered turbulent

» Turbulence can be characterized by its two-point correlation function:
(6B(r)6B{(r")) = C(r — 1)

- To characterize the turbulence we look into the Fourier modes:

OB(r) = Jd3k OB (K)e'r
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Magnetic Turbulence

+ The two-point correlation function can now be expressed in Fourier
space:

kik

(6B(K)5B*(K")) = 6(k — k')((sij > )

AL(k)
4 rk?

- The power spectrum & (k) is normalized to the energy density of the
turbulence:

1 )
Usp = —(0B°) = | dkP(k)
ST
+ For instance, in Kolmogorov turbulence:

Pk) x k=P (k. <k<k,_ )

Markus Ahlers (NBI) UNDARK 2026



Magnetic Turbulence
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Resonant Scattermg

—leTlTlTlTlTlT 0B

Consider now a magnetic perturbation in form of a plane wave:
oB = é6Be, cos(kz + a)
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Resonant Scattermg

—leTlTlTlTlTlT OB

The time-averaged Lorentz force 0F; = gf X 6B along the path
has the strongest contribution at the resonance:

kV” = =+ QB
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Resonant Scattering
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Ditfusion Approximation

- Treating the effect of magnetic turbulence as a collision term with rate
v that isotropizes the PSD, we arrive at the diffusion equation:

- For background field Bye,the diffusion tensor can be approximated:

vttt 0

p 1

Kﬁ? _I/A_l I/J_ O
0 0 vy

V) >y + Q%/y”

vy =~ Qp+ vﬁ/QB

- For instance, parallel diffusion in Kolmogorov turbulence:

kP
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Example: Transient Point-Source

+ Consider now a CR source term: on — 8i(Kl-]-0jn) = q(t,1,p)

+ Green's function for g(z,r,p) = o(r — ry)o(t — 1,):

Ar'K:Ar
4At

G(t,r;t,r,.) = (4nAr)~*(det K, )~ 2exp (_

- General solution:

n(t,r, p) = Jd3rsfdrSG<r, r; 1, 1)0(1,, T, )

- Impulsive source, g = Q,(p)o(t — t,)o(r — r,), in isotropic diffusion:

n(t,r,p) =

Q*(p) exp | — Ar?
(47rAtKiSO)3/ 2 4AtK:
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Cosmic Ray Transport

on, a'K 0 (spatial diffusion)
= — —n spatial diffusion
or  or | “Yor, " P
o | 25 0 n; _ : :
+— |p°K— | — (momentum diffusion)
dp dp \p*/
_2 (uani) (convection)
or,
o . pfou\ .
——|pn; — n; (continuous energy loss)
op | 3\or, ) |
—Iecy, (CR decay)
—CPpg OiM; (loss from CR collisions)
do_j—n’ . ..
+cpbgr; JdE] iE n; (gain from CR collisions)
+ 0. (source term)
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Galactic Cosmic Rays



Galactic Cosmic Rays

+ Standard paradigm: :
Galactic CRs accelerated . oo

[Baade & Zwicky'34]
[Ginzburg & Sirovatskii'64]

- diffusive shock
acceleration:
ner < E71 5
- rigidity-dependent escape
from Galaxy:
_F_5 90 270
* Cosmic-ray arrival
directions are randomized.
O ;D S e illustration of Milky Way

[Credit: NASA]
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Leaky Box Model

globular clusters —

\‘)o .

gas/CR halo

[from Kachelriess'08]
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Secondary-To-Primary Ratio

Abundance of Galactic CRs in the Li-Be-B group is larger than observed
from solar system measurement.

Phenomenon is related to production of secondary CRs () in primary
CR (n,) collisions in background molecular gas:

NS
oN, = -cpo,_, N

P
Tloss
- Steady-state solution (d,N; = 9,N, = 0): O o o syaem (tosos)
10° \“ —e— GCR (ACE/CRIS)
105 ) _’
N, = 71, C N g 10 \
loss¢PCp—s!Vp Ak \ /\ A
£ 0 ¢ 3 p\/\ Q «x \&
. . . < 10’ OO /\
Secondary-to-primary ratio: ¢ g O Y \Qo
g1 o i
1024 1 9 : 1
. —B e o] « * Li-Be-B :
N TIOSS(E)C'O P—>S E 1 10" 1 O. ——
5 10 15 20 25 30
p Atomic Number (Z)
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Borton-To-Carbon Ratio
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Radioactive Isotopes

+ Secondary isotopes produces in CR interactions can be unstable, e.g.
10Be with a lifetime Tgecay = 1.9 X 10° years:

N N

oN, = - — 1 cpo,_, N,

Uoss Tdecay

+ Steady-state solution is now:

CPOo

pP—=S
N, = N
Sl 7
loss decay

+ Beryllium is dominated by secondary CRs, so ratio of isotopes is:

—1

NIOBe N (1 | Tloss ) Gp_>10Be
— |

N9Be 6p—>9Be

Tdecay

- For E ~ 100 MeV we get 7y, =~ 15 X 10° years.
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BelO0-to-Be® Ratio
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Energy Budget of Galactic CRs

- Energy density of observed CRs:

" eV

. Diffusion volume in leaky-box: V ~ 10kpc X z(15kpc)? ~ 7000kpc>

+ With 7, =~ 15 X 10° years we can estimate the required luminosity of
Galactic CR sources:

Vo eV er
Pop = —R + 5510821 ~ 7 x 104122
Tloss S S

+ Galactic core-collapse supernovae release gravitational binding energy
at the level of W,.. ~ 3 x 10°! erg.

- Can account for £ if 0(10)% of W, is converted to CRs.
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Supernovae
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Diffusive Shock Acceleration

SHOCK

UPSTREAM | DOWNSTREAM

du
wo,f -0, (Ko.) S P0,f = 0
convection diffusion comp;ession
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Diffusive Shock Acceleration

- CR injection at shock (z = 0): O(p,z) = Nu6(p — pip)d(2)
- Integration of diffusion equation (DE) in the shock vicinity:
1
Ko f|, - |Ka.f], + (= upp, fo + N 8(p — pipi) = 0
+ In upstream region f — 0 forz - — o0, so DE yields:
o, |uf =Ko f] =0 - [Kof] =uf

- In downstream region d_f = 0, so DE in shock vicinity becomes:

U
fo =—5—P0,fy + V8P = Pirp

|
- Solution is power-law in momentum: T
31/!1 N 1% e
Jo(p) = 0(p — piy) —
Up — U Pinj \ Pinj
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Hadronic Emission



Multi-Messenger Interfaces

multi-
messenger
source

7

absorption
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Acceleration of cosmic rays (CRs) -
especially in the aftermath of
cataclysmic events, sometimes visible

In

cosmic ray  ambient 2nd
B nucleus matter CRs

deflection /V
82
~ O

O pions

Secondary neutrinos and gamma-rays
from pion decays:

= T+, > y+y

_|_ —
L e+, + 7,
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Proton-Photon (py) Interactions
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Proton-Proton (pp) Interactions
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Pion Production Efficiency

+ Pion production depend on target opacity ¢ = Zon

- Bolometric pion production efficiency (with inelasticity x):
fr=1—e

- Inelasticity per pion: x, = k/(N_) ~ 0.17 — 0.2

- Bolometric relation of the production rates Q:

20~ (N _+)
o <N71'0> T <Nﬂi>

LEROME)]

N =EJZ'/ Kz

+ Charged-to-neutral pion ratio K :

EJ% Qﬂi -~

N {2 pp
1

K
z E20.(E — —
o G R S L
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Gamma-Ray vs. Neutrinos

- Neutrino emission from charged pion decay:
7t - ,u+ + v,

/,t+——>€++l/e+17'u
S ——

1
3 Z EQ, (E,) = |EQ(E,)] E,

~A4F

- Gamma-ray emission from neutral pion decay:

1 = y+y
SEQ(E) = [EQu(E,)|

zZE},

- Multi-messenger relation between neutrino and y-ray emission:
1 1
~ Y E20,(E) ~ K, [Eny(Ey)]
3 N 4 E~2F,

+ Note: Observable y-ray emission is attenuated in sources and, in particular,
in extragalactic background radiation.

Markus Ahlers (NBI) UNDARK 2026



Indirect Evidence

gamma-ray spectra observed from
two Galactic supernova remnants
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LLl o ermi- - ®  Fermi-LAT N
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— * AGILE (Tavani et al. 2010) — n°-decay SN
- JI:I%Or_edn(?l(s:§ rahlung O ICEEECEE Bremsstrahlung \ B
B — . — Bremsstrahlung with Break : L —— - Bremsstrahlung with Break ‘ “
Lol Lol Lol Lol Coornnls L Ll Lol L] vl e N vl L
10° 10° 10 10" 102 10° 10° 10" 10" 10
Energy (eV) Energy (eV) .
[Fermi'13]

. ¥ production in CR collisions with gas: p + p — 7° + X.

- y-ray in the rest-frame of the pion takes E¥ = m, /2 ~ 67.5 MeV.

- Kinematics of the interaction produces a break at E, ~ 200 MeV.
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Average Neutrino Energies

+ Average energy fraction of pions from

CR nucleons:

(x.) =k, ~20%

* Average energy fraction from
relativistic pions (r, = (mﬂ/mﬂ)z)

—r
(xyﬂ)z 2”:21%
34+ 4r
(x; ) = = ~26%
" 20
247
(x,) = 2 ~26%
e 10

- Approximately:

() =~ (E)

le.g. Lipari, Lusignoli & Meloni '07]

xy(F)(xy) from 7% (1) decay

S
00

1.0

O
o)

<
™~

0.2}

Vi (V)

Vi (V)

© Ve (\_’e)

0.4

0.6

energy fraction xy

0.8

Markus Ahlers (NBI)

UNDARK 2026



Neutrinos in the Standard Model

Neutrinos are part of weak isospin doublets and anti-doublets:

G, () ¢, (5 (6) ()

Participate in charged (W) and neutral (Z) current interactions:

¥y - VF\{%
W:t Z()
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Neutrino Interactions

+ Low-energy (<10GeV) neutrino interaction with matter in coherent,
quasi-elastic or resonant interactions.

+ High-energy neutrinos interact with nuclei via deep inelastic scattering.

interaction with
individual quarks

N

nucleon

Markus Ahlers (NBI)

lepton scattering

p

g/

hadronic
cascade
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v and v CC cross section [pb]

v and v NC cross section [pb]

105 L

1000 -
10+

0.1

105 L

1000 -

10 -

0.1

== v CC xsec (HERAPDF1.5)

== v CC xsec (HERAPDF1.5) / |
100 10* 100 108 1010 10!2
E, [GeV]
== v NC xsec (HERAPDF1.5)
== v NC xsec (HERAPDF1.5) E
//
100 10* 10° 108 1010 10'2
E, [GeV]

[Cooper-Sarkar, Mertsch & Sarkar’11]

charged current

neutral current



Astrophysical Flavours
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