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Does plasma physics matter in galaxy formation?
Can (sub-)galactic observations teach us plasma physics?
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CR streaming instability

@ Cosmic ray (CR) streaming instability:
Kulsrud & Pearce 1969

o if vor > v, 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
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CR streaming instability

@ Cosmic ray (CR) streaming instability:
Kulsrud & Pearce 1969

o if vor > v, 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 T
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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 = —m;/me X Qi o, a = Ner/M): gyrotropic
CRion + electron beam propagates in background plasma
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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-
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CR driven intermediate-scale instability

20r var/va = 15.
15
L
= 10
—
: -
Ok A . . .
0.01 0.10 1 10 100
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@ low CR drift speed: two instability peaks
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CR driven intermediate-scale instability

20r var/va = 15.
— Vg /va = 21.46 = /. /2
15
L
= 10
=
: 5
Ok= el . . .
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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.
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Cosmic ray driven instabilities

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

CRs: logiof(py, p1)
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AIP
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Cosmic ray driven instabilities Introduction
Intermediate instability

Overview and applications

Regimes of CR driven instabilities

<L

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

A\

4{

=

gyroscale gyroscale
Bell wave modes

o wave modes wave modes

I

1
s N 372a?/16) ?
S m,/ via

Var/va
Shalaby, Thomas, CP (2021)

@ where a = %‘3" is the CR number fraction, m, = % is the mass E
ratio, and ~; is the Lorentz factor of CR ions AIP
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The intermediate-scale instability

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

@ unstable modes are in the
comoving CR frame

@ condition for growth: & 1 /m

=

AIP

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray driven instabilities Introduction
Intermediate instability
Overview and applications

The intermediate-scale instability

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

@ unstable modes are in the
comoving CR frame
i, . Var 1 m;
@ condition for growth: — <
Va 2\ me

Possible implications of this new instability:

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

@ enables electron heating at shocks and injection into diffusive
shock acceleration

B
@ slows down CR escape from the sites of particle acceleration E
— brighter gamma-ray halos AIP
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CR propagation
Cosmic ray transport CR hydrodynamics

Radio synchrotron harps

Cosmic ray transport: an extreme multi-scale problem

| @~
-~ O -

Milky Way-like galaxy: gyro-orbit of GeV cosmic ray:
4 _ 1
Igal ~ 10 pc rcr:e%LuGN-IO GpCNZAU

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

Zweibel (2017), Jiang & Oh (2018), Thomas & CP (2019)
AIP
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CR propagation
Cosmic ray transport CR hydrodynamics

Radio synchrotron harps

Modes of CR propagation

advection
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CR propagation
Cosmic ray transport CR hydrodynamics

Radio synchrotron harps

Modes of CR propagation

advection diffusion

TAAR
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Thomas, CP, EnBlin (2020)
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Cosmic ray transport

Modes of CR propagation

CR propagation
CR hydrodynamics
Radio synchrotron harps

advection diffusion streaming o
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

1-moment CR hydrodynamics (steady-state flux)

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

a

AIP
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

1-moment CR hydrodynamics (steady-state flux)

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas

Uy —
Vst = Vp ——,
Vy U

a
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

1-moment CR hydrodynamics (steady-state flux)

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

17+ —U_ b ¢ VECI’ C2
= y  Rdi =

Vst = Va — i A= 1 =
s vy v Eer 3(vy +7-)

a
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

1-moment CR hydrodynamics (steady-state flux)

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

_ 2
Vy —V_ b ° VECI’ C
— Vgi = —kaib , Kdi =

Vst = Va — A= 1 =
s vy v Eer 3(vy +7-)

@ energy equations with ¢ = ey, + pv?/2:

o
a—i+v-[(e+Pm W = 0

a

AIP
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

1-moment CR hydrodynamics (steady-state flux)

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

_ 2
Vy —V_ b ° VECI’ C
— Vgi = —kaib , Kdi =

Vst = Va — A= 1 =
s vy + v Eer 3(vy +7-)

@ energy equations with ¢ = e, + pv?/2:

0
SV AEHPa+ PV = PaVv— vy VP
Oe
8? + V- [PVt +ccr(V+ Vst + Vgi)] = —PoV-V+ Vg VP
f
AIP
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

1-moment CR hydrodynamics (steady-state flux)

@ total CR velocity vor = v + Vg + Vi (Where v = vgys)

@ CRs stream down their own pressure gradient relative to the gas,
CRs diffuse in the wave frame due to pitch angle scattering by
MHD waves (both transports are along the local direction of B):

_ 2
Vy —V_ b ° VECI’ C
— Vgi = —kaib , Kdi =

Vst = Va — A= 1 =
s vy + v Eer 3(vy +7-)

@ energy equations with ¢ = e, + pv?/2:

0
8{+v- (e 4P+ Py)V] = PyVev— vy VP
Oe
a;r + V- [PVt +ccr(V+ Vst + Vgi)] = —PoV-V+ Vg VP
7
<~ ot +V- [5cr(V+ Vst+Vdi)] = —Pch-(V—I— Vst)

AIP
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

2-moment CR vs. radiation hydrodynamics

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

a
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

2-moment CR vs. radiation hydrodynamics

@ captitalize 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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CR propagation
CR hydrodynamics
Radio synchrotron harps

Cosmic ray transport

2-moment CR vs. radiation hydrodynamics

@ captitalize 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):

0¢e

a4—V.f:—asv-[f—v~(g1+P)]+Sa
1 of A
o TV P=-0s [f-v:(1+P)+Sv E

AIP
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CR propagation
CR hydrodynamics
Radio synchrotron harps

Cosmic ray transport

2-moment CR vs. radiation hydrodynamics

@ captitalize 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):

0¢e

E+V-f:—asv-[f—v-(e1+P)]+Sa
1 of By
o TV P=-0s [f-v:(1+P)+Sv E

@ problem: CR lab-frame equation requires resolving rapid gyrokinetics! A"
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CR propagation
CR hydrodynamics
Radio synchrotron harps

Cosmic ray transport

2-moment CR vs. radiation hydrodynamics

@ captitalize 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 +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):

0¢e

E+V-f:—asv-[f—v-(e1+P)]+Sa
1 of By
o TV P=-0s [f-v:(1+P)]+Sv E

@ solution: transform in comoving frame and project out gyrokinetics! AIP
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CR propagation
Cosmic ray transport CR 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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CR propagation

Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

Non-equilibrium CR streaming and diffusion

Coupling the evolution of CR and Alfvén wave energy densities
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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

Non-equilibrium CR streaming and diffusion

Varying damping rate of Alfvén waves modulates the diffusivity of solution

1Lof — a=1x10"
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< 00
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AIP
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CR propagation
Cosmic ray transport CR 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

. Th P, Pak 0
conserving omas, CP, Pakmor (2021), Thomas & CP (2021)

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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CR propagation

Cosmic ray transport CR 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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CR propagation

Cosmic ray transport CR 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 galaxy formatiol



CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

Radio synchrotron harps: the model

shock acceleration scenario CR diffusion vs. streamig + 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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CR propagation

Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

Radio synchrotron harps: testing CR propagation

=

Haywood+ (Nature, 2019) ALP
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CR propagation

Cosmic ray transport CR hydrodynamics
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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CR propagation

Cosmic ray transport CR hydrodynamics
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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CR propagation
Cosmic ray transport CR hydrodynamics
Radio synchrotron harps

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 driven winds
Non-thermal emission
Galaxy formation Conclusions

Puzzles in galaxy formation

giant elliptical galaxy
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spiral galaxy

dwarf galaxy
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Puzzles in galaxy formation
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Cosmic ray driven winds
Non-thermal emission
Galaxy formation Conclusions

Puzzles in galaxy formation

giant elliptical galaxy
/

spiral galaxy
dwarf galaxy :
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Cosmic ray driven winds
Non-thermal emission
Galaxy formation Conclusions

How are galactic winds driven?

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ cosmic-ray (CR) pressure and
Alfvén wave heating of CRs
accelerated at supernova
shocks?

NASA/JPL-Caltech/STScl/CXC/UofA

super wind in M82

a

AIP
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Cosmic ray driven winds
Non-thermal emission

Galaxy formation Conclusions

How are galactic winds driven?

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ cosmic-ray (CR) pressure and
Alfvén wave heating of CRs
accelerated at supernova
shocks?

NASA/JPL-Caltech/STScl/CXC/UofA

super wind in M82

observed energy equipartition between cosmic rays, thermal gas and
magnetic fields E

— suggests self-regulated feedback loop with CR driven winds
AIP
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Cosmic ray driven winds
Non-thermal emission
Galaxy formation Conclusions

1. Cosmic ray feedback in galaxy formation

Pakmor, CP+ (2016), CP+ (2017b)
Galactic winds driven by CR diffusion in isolated disk galaxies

MHD + CR advection + anisotropic diffusion, {10'°,10'",10'2} Mg,  “arp

N
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Cosmic ray driven winds
Non-thermal emission
Galaxy formation Conclusions

Simulation of Milky Way-like galaxy, t = 0.5 Gyr

1074 1073 1072 107" 10-1 1072 107! 10°
Moo = 10'2 M, anisotropic CR diffusion

e

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

CP+ (2017b)
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Simulation of Milky Way-like galaxy, t = 1.0 Gyr

o [erg cm™] VB [1G)

1072 107" 10-1 1072 107! 10°
Moo = 10'2 M, anisotropic CR diffusion

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

CP+ (2017b)
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Cosmic ray driven wind: mechanism

gas dominated

VEPu+ VFy > pVe

gosdominaied

CR streaming in 3D simulations: Uhlig, CP+ (2012), Ruszkowski+ (2017) A
CR diffusion in 3D simulations: Jubelgas+ (2008), Booth+ (2013), Hanasz+ (2013), E
Salem & Bryan (2014), Pakmor, CP+ (2016), Simpson+ (2016), Girichidis+ (2016), TAIP
Dubois+ (2016), CP+ (2017b), Jacob+ (2018), ...
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CR diffusion vs. advection

—100 —50 -30 —10

5 10 30 50 100
Anisotropic Diffusion

No Diffusion

z [kpe]
z [kpe]
z [kpe]

) 1 )
-10 =5 0 5 10 -10 -5 0 5 10

x [kpc]

Pakmor, CP, Simpson, Springel (2016)
@ CR diffusion launches powerful winds

B
@ simulation without CR diffusion exhibits only weak fountain flows E
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2. Cosmic rays and non-thermal emission

Werhahn, CP+ (2021a, b, c), CP, Werhahn+ (2021)

Cosmic rays and non-thermal emission in simulated galaxies —
MHD + CR advection + anisotropic diffusion: {10'°,10'",10'2} Mg, E

steady-state spectra of CR protons, primary & secondary electrons 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

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

(fp(10 GeV)) [em™ GeV~!] (fP"™(10 GeV)) [em™ GeV~'] (f3¢(10 GeV)) [em™ GeV~']

10713 1072 107! 10710 1071 10714 10713 10712 1071 10714 10713
yr, Mago = 1012 Mg

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021b)
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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)

10-5 L s L L L
104 10-3 102 10-1 100 10! 102 10%

Eyin [GeV]

=

AIP
Werhahn, CP+ (2021a)
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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+ (2021a) E

AIP
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Simulation of a starburst galaxy

[erg cm™]
T
10°13 10°12 10-1 1071 107!
t =23 Gyr, Mo = 102 Mo,

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021b, c)
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Simulation of a starburst galaxy

cm™] S1.4 GHz[mJy Hz™!' arcmin2]

),[erg 5™

1077 10°° 107 -2 1070 100 100 102

0 0
x [kpe] x [kpe]

Werhahn, CP+ (2021b, c)
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Gamma-ray spectra of starburst galaxies

NGC 253

v [Hz) v [Hz)
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10! 100 10! 10% 10° 104 10! 10° 10! 102 10° 104
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Werhahn, CP+ (2021b)
@ 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

Lg—1000 um [Lo)]

107 108 10° 1010 10t 1012
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? 1
[
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SFR [Mo yr-1] Ajello+ (2020)
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Galaxy formation

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lo.1—100Gev [erg s71)

107 108 10° 1010 10t 1012
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1043 ¢ LAT detected
LAT upper limits
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s
1040 L ity fse
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Werhahn, CP+ (2021b)
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Galaxy formation

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lo.1—100Gev [erg s71)

107 108 10° 1010 10t 1012
T T T T T T
1043 ¢ LAT detected
LAT upper limits
combined best fit anp 220]
.
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Werhahn, CP+ (2021b)
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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 — radio correlation

Universal conversion: star formation — cosmic rays — radio
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Radio spectra of starburst galaxies

NGC 253
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Werhahn, CP+ (2021c)

@ steep synchrotron spectra demonstrate electron calorimetry
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Radio spectra of starburst galaxies

NGC 253 M82
106 108
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Werhahn, CP+ (2021c)
@ steep synchrotron spectra demonstrate electron calorimetry

I
@ free-free absorption/emission flatten spectra at low/high
frequencies AIP
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Radio spectra of starburst galaxies

NGC 253 M82
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Werhahn, CP+ (2021c)
@ steep synchrotron spectra demonstrate electron calorimetry

I}
@ free-free absorption/emission flatten spectra at low/high
frequencies to match observations ATP
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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
@ CR feedback drives galactic winds & slows down star formation

SN
@ 3D MHD simulations reproduce CR, gamma-ray and radio spectra & E
FIR radio/gamma-ray correlations AIP
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