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Plasma instabilities Motivation
Intermediate instability
Overview and applications

Feedback

feedback n -s often attrib:

@ the return to the input of a part of the output of a machine,
system, or process

@ the partial reversion of the effects of a given process to its
source or to a preceding stage so as to reinforce or modify
this process
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Feedback

feedback n -s often attrib:

@ the return to the input of a part of the output of a machine,
system, or process

@ the partial reversion of the effects of a given process to its
source or to a preceding stage so as to reinforce or modify
this process

© the solution of all problems in galaxy formation

a

AIP
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Plasma instabilities Motivation
Intermediate instability

Overview and applications

Cosmic ray transport and feedback in galaxies

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

supernova Cassiopeia A

X-ray: NASA/CXC/SAQ; Optical: NASA/STScl;
Infrared: NASA/JPL-Caltech/Steward/O.Krause et al. E
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Cosmic ray transport and feedback in galaxies

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ supernovae, radiation and
cosmic rays (CRs) drive gas
out of galaxies via outflows

super wind in M82
NASA/JPL-Caltech/STScl/CXC/UofA E
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Cosmic ray transport and feedback in galaxies

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ supernovae, radiation and
cosmic rays (CRs) drive gas
out of galaxies via outflows

@ critical for explaining low star
conversion efficiency in dwarfs
— physics of galaxy formation

super wind in M82
NASA/JPL-Caltech/STScl/CXC/UofA E
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Cosmic ray transport and feedback in galaxies

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ supernovae, radiation and
cosmic rays (CRs) drive gas
out of galaxies via outflows

@ critical for explaining low star
conversion efficiency in dwarfs
— physics of galaxy formation
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Overview and applications

Cosmic ray transport and feedback in galaxies

@ galactic supernova remnants
drive shock waves, turbulence,
accelerate electrons + protons,
amplify magnetic fields

@ supernovae, radiation and
cosmic rays (CRs) drive gas
out of galaxies via outflows

@ critical for explaining low star
conversion efficiency in dwarfs
— physics of galaxy formation

@ need to study cosmic-ray

“T THINK. HoU SHOUWD BE MORE EXPLICIT i i it
Hese ™ STER TNO & driven plasma |nstab|I|t|es
= i s — CR acceleration, transport E
© Sydney Harris and feedback AP
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob

@ gyro resonance: w — k“ VH = nQ2
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency ~ —.

AIP
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Interactions of CRs and magnetic fields

Cosmic ray

sketch: Jacob
@ gyro resonance: w — k“ VH = nQ2
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency ~ —.

@ CRs scatter on magnetic fields — isotropization of CR momenta _&
AIP
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Coupling of CRs to the background plasma

@ extrinsic confinement: scattering off of turbulence cascaded from large
scales via supernovae, stellar winds, etc.
= important for confinement of TeV CRs
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Coupling of CRs to the background plasma

@ extrinsic confinement: scattering off of turbulence cascaded from large
scales via supernovae, stellar winds, etc.
= important for confinement of TeV CRs

o CRs drive unstable plasma wave modes (e.g.,
Alfvén waves), and then scatter off of them
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Coupling of CRs to the background plasma

@ extrinsic confinement: scattering off of turbulence cascaded from large
scales via supernovae, stellar winds, etc.
= important for confinement of TeV CRs

o CRs drive unstable plasma wave modes (e.g.,
Alfvén waves), and then scatter off of them

@ dispersion relation (Qe0 = —mi/me X Qj o, & = Ner/1):
CRion + electron beam propagates in background plasma

k2¢c? w,»z wg
1= k d
2 1 oo £ 0) + o (o o0 < backgroun

2
aw w — KVyr
CRe = + e{ }
kar_w:FQeO/’Ye

ch,-z { w — Kvgr vi (K?¢? — w?) /02}

=

kvgr — w £ Q; B 2(kar7w:|:Q,‘)2
AIP
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CR driven instabilities — growth rates

k(vgy —va) = O

Gyroscale
instability

0.1 1 10 100 1000
k C/ Wi Shalaby, Thomas, CP (2021) E

@ gyro-resonant instability of gyrotropic CR population AIP
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CR driven instabilities — growth rates

Gyroscale
instability

0.1 1 10 100 1000

k C/ Wi Shalaby, Thomas, CP (2021) E

@ gyro-resonant instability of gyrotropic CR population AIP
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CR driven instabilities — growth rates

Gyroscale

instability

0.1 1 10 100 1000
ke/w;

Shalaby, Thomas, CP (2021) ™

@ new intermediate-scale instability of gyrotropic CR population ~41p-
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CR driven instabilities — growth rates

12f kvar = [Qe|
10p
w gl Intermediate—
\E\ scale
Y instability Small- ||
Gyroscale scale
4 instability instability |
2.
0 L n . L
0.1 1 10 100 1000
kc/ Wi Shalaby, Thomas, CP (2021) ™

@ new intermediate-scale instability of gyrotropic CR population ~41p-

ph Pfrommer Cosmic rays in galaxies
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Overview and applications

CR driven intermediate-scale instability

20r var/va = 15.
15
L
= 10
—
: -
Ok A . . .
0.01 0.10 1 10 100
ke/w;

@ low CR drift speed: two instability peaks

Christoph Pfrommer

Cosmic rays in galaxies

Shalaby, Thomas, CP (2021) E
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CR driven intermediate-scale instability

20r var/va = 15.
— Vg /va = 21.46 = /. /2
15
L
= 10
=
: 5
Ok= el . . .
0.01 0.10 1 10 100

kc/wi Shalaby, Thomas, CP (2021) 2~

@ for CR drift speed vy =~ ./%%: two instability peaks merge TAIP
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CR driven intermediate-scale instability

20 Var/va = 15.
— Vg /va = 21.46 = /. /2
e Var/va = 25.
£
= 10
—
; 5
o= ma . , .
0.01 0.10 1 10 100
kc/wi Shalaby, Thomas, CP (2021) =N
@ for vy > /- TL YA intermediate-scale instability quenched TE
Mme 2 AIP
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Cosmic ray driven instabilities

Growth of the intermediate-scale and the gyro-resonant instability

CRs: logiof(py, p1)

o3 10 15

£(105/w,)

vylc

log(B/Bo)

N
a
AIP

1684/Bo|

kelwpi Shalaby, Thomas, CP (2021)
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Regimes of CR driven instabilities

<L

S Intermediate —-scale gyroscale small-scale
= wave modes wave modes wave modes
=

A\

4{

=

gyroscale gyroscale
Bell wave modes

o wave modes wave modes

I

— 2 92 -1

S Vm/2 (377a/16) 3

Var/va
Shalaby, Thomas, CP (2021)

@ where a = % is the CR number fraction, m, = % is the mass E
AIP

ratio, and ~; isI: the Lorentz factor of CR ions
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The intermediate-scale instability

Properties of the intermediate-scale instability:
@ growth rate lMinwer > gyro @and excites broad spectral support

@ unstable modes are in the
comoving CR frame
" . Vdr 1 m;
@ condition for growth: — < =y —
Va 2\ me

=
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The intermediate-scale instability

Properties of the intermediate-scale instability:
@ growth rate lMinwer > gyro @and excites broad spectral support

@ unstable modes are in the
comoving CR frame
" . Vdr 1 m;
@ condition for growth: — < =y —
Va 2\ me

Implication of this new instability:

@ couples CRs more tightly to background plasma and
strengthens CR feedback in galaxies and galaxy clusters

@ enables electron injection into diffusive shock acceleration
@ decelerates CR escape from the sites of particle acceleration F

— brighter gamma-ray halos AP

Christoph Pfrommer Cosmic rays in galaxies
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Overview and applications

The intermediate-scale instability

Electron heating and injection into diffusive shock acceleration

500

Shalaby+ (in prep.) E
AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics

Radio synchrotron harps

Cosmic ray transport: an extreme multi-scale problem

| @~
O e

Milky Way-like galaxy: gyro-orbit of GeV cosmic ray:
1
rga|~104pc rcr:e'[;iGNm*GpCNZAU

= need to develop a fluid theory for a collisionless,
non-Maxwellian component! _E

Zweibel (2017), Jiang & Oh (2018), Thomas & CP (2019) e

Christoph Pfrommer Cosmic rays in galaxies
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Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas

a

AIP
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CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas

— CRs exert pressure on thermal gas via scattering on Alfvén waves

a
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR streaming and diffusion

@ CR Streaming lnstablllty' Kulsrud & Pearce 1969

@ if vgr > vi, CR flux excites and
amplifies an Alfvén wave field in
resonance with the gyroradii of CRs

e scattering off of this wave field limits
the (GeV) CRs’ bulk speed ~ v,

e wave damping: transfer of CR energy
and momentum to the thermal gas
— CRs exert pressure on thermal gas via scattering on Alfvén waves

weak wave damping: strong coupling — CR stream with waves E

strong wave damping: less waves to scatter — CR diffusion prevails
AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics

Radio synchrotron harps

Modes of CR propagation

advection
A0

1.0
0.8
0.6
04

0.2

tchar

—— 0.0

vadvt
—=
Thomas, CP, EnBlin (2020) E

AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics

Radio synchrotron harps

Modes of CR propagation

advection diffusion

TAAR

Vadvt vV 2kt

1.0
0.8
0.6
04
0.2
0.0

tchar

Thomas, CP, EnBlin (2020)
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Cosmic ray transport

Modes of CR propagation

Introduction
Cosmic ray hydrodynamics
Radio synchrotron harps

advection diffusion streaming o
— T - N .
0.8
0.6 %
0.4
Riiguif|
—— — — 0.0
Vadvl 2kt Vat

Christoph Pfrommer

Thomas, CP, EnBlin (2020)

Cosmic rays in galaxies
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Analogies of CR and radiation hydrodynamics

CRs and radiation are relativistic fluids

regime CR transport radiation HD analogy
e tangled B, CR diffusion diffusive transport
strong scattering in clumpy medium
e resolved B, CR streaming Thomson scattering (7 > 1)
strong scattering | with v, — advection with v
e weak scattering | CR streaming flux-limited diffusion/
and diffusion M1 closure (7 = 1)
e no scattering CR propagation | vacuum propagation
with ¢

Jiang & Oh (2018), Thomas & CP (2019)

a

AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Analogies of CR and radiation hydrodynamics

CRs and radiation are relativistic fluids

regime CR transport radiation HD analogy
e tangled B, CR diffusion diffusive transport
strong scattering in clumpy medium
e resolved B, CR streaming Thomson scattering (7 > 1)
strong scattering | with v, — advection with v
e weak scattering | CR streaming flux-limited diffusion/
and diffusion M1 closure (7 = 1)
e no scattering CR propagation | vacuum propagation
with ¢

Jiang & Oh (2018), Thomas & CP (2019)
but: CR hydrodynamics is charged RHD F

— account for Lorentz force and anisotropic transport along B
AIP

Christoph Pfrommer Cosmic rays in galaxies



Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

a

AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

a

AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%+V-f:—asv-[f—v~(e1+P)]+Sa
1 of
S TV P=—0s [V (1 +P)+ Sy E

AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

0¢, bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of. bb
?T;r +V :Pyg=— @ . [fcr - Wi(&?l' + PCY)] — Giorentz +S¢

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%+V-f:—asv-[f—v~(e1+P)]+Sa
1 of
S TV P=—0s [V (1 +P)+ Sy E

@ problem: CR lab-frame equation requires resolving rapid gyrokinetics! A"

Christoph Pfrommer Cosmic rays in galaxies



Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

CR vs. radiation hydrodynamics

@ capitalize on analogies of CR and radiation hydrodynamics (Jiang & oh 2018)
derive two-moment equations from CR Vlasov equation (Thomas & CP 2019)

@ lab-frame equ’s for CR energy and momentum density, e¢ and fy/c?

5 bb

a;r +V fy =—wy- @ . [fcr - Wi(gcl' + PCT)] -V gLorentz+SE
1 of; bb
?T;r =+ Vv. Pcr = — Sﬁi ° [fcr - Wi(&:r + PCV)] - gLorentz +Sf

Alfvén wave velocity in lab frame: wi = v + v,,
CR scattering frequency 7+ = ¢®/(3x+)

@ lab-frame equ'’s for radiation energy and momentum density, ¢ and f/c?
(Mihalas & Mihalas, 1984, Lowrie+ 1999):

%Jrv-f — oV [f—V-(1+P)| + S
1 of A
o TV P=-0s [f-v:(1+P)]+Sv E
@ solution: transform in comoving frame and project out gyrokinetics! AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Alfvén-wave regulated CR transport

@ comoving equ’s for CR energy and momentum density (along B), qr
and fy/c?, and Alfvén-wave energy densities £, + (Thomas & CP 2019)

Ocer
ot

+ V [V(Ecr + Pcr) + bfcr] =V- VPcr

[fcr - Va(acr + Pcr)] + [fcr + Va(gcr + Pcr)]

e/ C?
Cé/fc + V. (vfcr/cz) +b-VPy=—(b-Vv)-(bl/c?)
1
_ 3 [fcr — Va(c‘:cr + Pcr)] [fcr + Vd(&‘cr + Pcr)]
asaaii + V- [V(eax + Poz) £ ibex] = v- VP
Va A
+ 3rg [fcr + Va(fcr + Pcr)] - Sa,:i:- E
AIP
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Non-equilibrium CR streaming and diffusion

Coupling the evolution of CR and Alfvén wave energy densities

LOOf 10-5
t=0.00 10-6
0.75 1077
10-%
107°
2 0.50 510710
Y101
or 10712
0.25 10-13
10~
0.00 1013
0.50 10-°
10-°
. 1077
0.25 10-3
1079
£ 0.00 sl
Y101t
- 1012
—0.25 10-13
l')’l_) =N
—0.50 10-1 G

—~1.0 —0.5 0.0 0.5 1.0 —1.0 —0.5 0.0 0.5 1.0

x x
Thomas & CP (2019)

)
=
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Non-equilibrium CR streaming and diffusion

Varying damping rate of Alfvén waves modulates the diffusivity of solution

1Lof — a=1x10"

— a=5x10"

— a=1x10"?

0.5F

< 00

—0.5F

=

AIP

06 —04 —02 00 02 04 06 06 04 02 00 02 Q1 G
- . ThomasgCP&%w)
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Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Anisotropic CR streaming and diffusion — AREPO

CR transport mediated by Alfvén waves and coupled to magneto-hydrodynamics

@ CR streaming and diffusion oo
along magnetic field lines in
the self-confinement picture

@ moment expansion similar to
radiation hydrodynamics

@ accounts for kinetic physics:
non-linear Landau damping, 025
gyro-resonant instability, . .. 050

@ Galilean invariant and causal 0.75
transport 1.00

—1.00 —0.75 —0.50 —0.25 0.00 0.25 0.50 0.75 1.00

@ energy and momentum
Thomas, CP, Pakmor (2021)

conserving
AIP
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MeerKAT image of the Galactic Center

Haywood+ (Nature, 2019)
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MeerKAT image of the Galactic Center

Haywood+ (Nature, 2019)
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Introduction

Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Radio synchrotron harps: the model

shock acceleration scenario

CRs
A

termination shock

~
contact layer

CRs
I's bow shock
Thomas, CP, EnBlin (2020) E

AIP
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Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Radio synchrotron harps: the model

shock acceleration scenario magnetic reconnection at pulsar wind
T CRs T s
ISM T~» V) ISM T~ %
-
~>
termination shock <O termination shock
~ \\—
R contact layer CRs contact layer
I's bow shock bow shock
Thomas, CP, EnBlin (2020) E

AIP

Cosmic rays in galaxies



Introduction
Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Radio synchrotron harps: the model

shock acceleration scenario CR diffusion vs. streaming + diffusion
— B CRs x10~"2
60
IsM T~ A __ 8qdiffusion
— 261 50
S,
- 20 N
224 40 E
B =
Z 8 {streaming + g
< diffusion 30 2
= 01
termination shock 0
. g
contact layer o
CRs 2}
I's bow shock ©

Thomas, CP, EnBlin (2020)

AIP
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Cosmic ray transport Cosmic ray hydrodynamics
Radio synchrotron harps

Radio synchrotron harps: testing CR propagation

=

Haywood+ (Nature, 2019) ALP
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Radio synchrotron harps

Radio synchrotron harps: testing CR propagation

lateral radio profiles

4.0 == background e e
signal

3.5 1

3.0

—0.045 —0.030 —0.015  0.000 0.015 0.030

arc length [°] E
Thi P, EnBlin (202
Haywood+ (Nature, 2019) omas, GP, EnBlin (2020) ’m-
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Radio synchrotron harps

Radio synchrotron harps: testing CR propagation

CR diffusion
4.0 == background T
simulation
3.5 1 .
— signal
3.0

00 M

—0.045 —0.030 —0.015  0.000 0.015 0.030

arc length [°] g
Thi P, EnBlin (202
Haywood+ (Nature, 2019) omas, CP, Enf3lin (2020) —AIP
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Radio synchrotron harps: testing CR propagation

CR streaming and diffusion

4.01 = background T
simulation
3.5 1 .
— signal
3.0

0o M
—0.045 —0.030 —0.015 0.000 0.015 0.030

arc length [°] E

Haywood+ (Nature, 2019) Thomas, CP, Enfilin (2020)
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Cosmic ray maps and spectra
Gamma-ray emission
Cosmic rays in galaxies Conclusions

Cosmic rays in galaxy formation

Werhahn, CP, Girichidis+ (2021)
Cosmic rays and non-thermal emission in simulated galaxies: I. & Il.

MHD + CR advection + anisotropic diffusion: {10'°,10'",10'2} Mg,
steady-state spectra of CR protons, primary & secondary electrons AIP
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Cosmic ray maps and spectra
Gamma-ray emission
Cosmic rays in galaxies Conclusions

Simulation of a starburst galaxy

[erg cm™3]
T
10713 10712 107! 1071 107!
t =23 Gyr, Mo = 102 Mo,

0 0
x [kpe] x [kpe]
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Steady-state cosmic ray spectra

@ solve the steady-state equation in every cell for each CR population:

f(E) d -
g ME)B(E)] = a(E)
) Coulomb, hadronic and escape losses (re-normalized to e¢r)

@ electrons: Coulomb, bremsstr., IC, synchrotron and escape losses
@ primaries (re-normalized using Kep = 0.02)
@ secondaries

a

AIP
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Steady-state cosmic ray spectra

@ solve the steady-state equation in every cell for each CR population:

f(E) d -
g ME)B(E)] = a(E)
) Coulomb, hadronic and escape losses (re-normalized to e¢r)

@ electrons: Coulomb, bremsstr., IC, synchrotron and escape losses
@ primaries (re-normalized using Kep = 0.02)
@ secondaries
@ steady state assumption is fulfilled in disk and in regions dominating the
non-thermal emission but not at low densities, at SNRs and in outflows

1.0 7 T T
B weighted with e

08|

10— 1O
weighted with weighted with
By, emission By emission

06|

=

AIP

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
log(rcr/Tan) log(rcr/Tan) log(rcr/Tan) Werhahn+ (2021a)
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From a starburst galaxy to a Milky Way analogy

(Np(10 GeV)) [em™ GeV~!] (Ne(10 GeV)) [em™ GeV~!]

10712 107! 10714 10713
t = 0.7 Gyr, Mago = 102 Mg

0 0 20 0 0 40 -40
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Werhahn, CP+ (2021)
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From a starburst galaxy to a Milky Way analogy

= [Mp pe?] (Np(10 GeV)) [em™ GeV~!] (Ne(10 GeV)) [em™ GeV~!]
10! 102 10712 107! 10714 1013
t =23 Gyr, Mo = 102 Mo,

0 20 0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021)
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Comparing CR spectra to Voyager and AMS-02 data

= h = 0.5 kpc
103 — h = 1.0 kpc
—— h=2.0 kpc

—— h=3.5kpc

10!

10-1

p
= total ¢~ +c¥

1073

prim. ¢
== sec.e” +e't
0 Vogager 1 (Cummings + 2016)
O AMS — 02 (Aguilar + 2014, 2015)
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AIP
Werhahn, CP+ (2021)
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Comparing the positron fraction to AMS-02 data

10°
o AMS-02 — = 0.5 kpc
= h = 1.0 kpc
—— h=2.0kpc
— h=35kpc

10—t

Positron fraction

L L
100 10 102
Eiin [GeV]

=
Werhahn, CP+ (2021) E

AIP
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Simulation of a starburst galaxy
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Simulation of a starburst galaxy
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Gamma-ray spectra of starburst galaxies

NGC 253

v [Hz) v [Hz)
10% 1024 1022 1026 1027 1023 1024 1022 1020
T T T T T T T T T T
VERITAS (2009) total * HESS. (2018) total
e LAT (2020) —— 70 decay e LAT (2020) — 7° decay
distance uncertainty == IC distance uncertainty -= IC
. 107%F Brems . 107°F "
ST rems. ~OTE Brems.
"n ‘z
o o
J I
§ G T
= 1076 = 1076
2 3
= 2
= 2
& =
2, - L -
Q107 21077 3
3C25
(NGC253 N
10~8 il Tl T il Ay 10-8 L L S L M
10! 100 10! 10% 10° 104 10! 10° 10! 102 10° 104

Energy [GeV] Energy [GeV]

Werhahn, CP+ (2021)
@ gamma-ray spectra in starbursts dominated by pion decay E
@ CR protons propagate in Kolmogorov turbulence: x oc E%3 AIP
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays
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Far infra-red — gamma-ray correlation

Hadronic vs. leptonic emission and calorimetric fraction across galaxy scales
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@ pion decay dominates
gamma-ray emission in
starbursts

at low star formation rates

calorimetric energy fraction in
starbursts 1ea p ~ 0.5:

half of the energy available for
CR feedback

@ faster CR diffusion decreases
calorimetric fraction at low star
formation rates

AIP
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Conclusions

CR-driven plasma instabilities:

@ discovery of new intermediate-scale instability, which grows faster than
the gyro-resonant instability

@ implications for in galaxies,
, and

a

AIP
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Conclusions

CR-driven plasma instabilities:

@ discovery of new intermediate-scale instability, which grows faster than
the gyro-resonant instability

@ implications for in galaxies,
,and
CR transport in galaxies:

@ novel theory of CR transport mediated by Alfvén waves and coupled to
magneto-hydrodynamics

@ synchrotron harps: CR streaming dominates over diffusion

a

AIP
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Conclusions

CR-driven plasma instabilities:

@ discovery of new intermediate-scale instability, which grows faster than
the gyro-resonant instability

@ implications for in galaxies,
,and
CR transport in galaxies:

@ novel theory of CR transport mediated by Alfvén waves and coupled to
magneto-hydrodynamics

@ synchrotron harps: CR streaming dominates over diffusion

CR-induced signatures in galaxies

@ Voyager’s high electron-to-proton ratio at low energies explained by =
Coulomb losses of steady-state spectra E

@ leptonic gamma-ray contribution important at low star formation rates AIP
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CRAGSMAN: The Impact of - osmic " ys on Calaxy and Clu-ter For!/ /tio
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