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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
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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

— suggests self-regulated feedback loop with CR driven winds /@
HITS
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Why are CRs important for wind formation?

Radio halos in disks: CRs and magnetic fields exist at the disk-halo interface

NGC5775 6.2cm VLA Total Intensity + B-Vectors HPBW=16"
1 1

@ CR pressure drops less
quickly than thermal
pressure (P x p7)

@ CRs cool less efficiently
than thermal gas

DECLINATION (J2000)

@ CR pressure energizes the
wind — “CR battery”

@ poloidal (“open”) field lines

00 . . .
at wind launching site
%%0s S e w0 — CR-driven Parker
Tiillmann+ (2000) instability

//4 HITS
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Interactions of CRs and magnetic fields

@ CRs scatter on magnetic fields — isotropization of CR momenta

@ CR Streaming InStablllty Kulsrud & Pearce 1969

o if Vo > va, CR current provides
steady driving force, which 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 ~ va

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

P
HITS
Cosmic rays and magnetic fields in galaxies



Puzzles
Galactic winds
Cosmic rays and magnetic fields

Introduction

Interactions of CRs and magnetic fields

@ CRs scatter on magnetic fields — isotropization of CR momenta

@ CR Streaming InStablllty Kulsrud & Pearce 1969

o if Vo > va, CR current provides
steady driving force, which 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 ~ va

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

— CRs exert a pressure on the thermal gas by means of
scattering off of Alfvén waves /‘@H.Ts

Cosmic rays and magnetic fields in galaxies
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CR transport

@ total CR velocity ver = v + Vg + Vg (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):

v _ B b’VPcr V-——H-bb.vgcr
st — 7\/47[) 7‘b'VPcr‘7 di — di Cor ’

/\<I
HITS
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CR transport

@ total CR velocity ver = v + Vg + Vg (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):

Ve — — B b’VPcr V-——H-bb.vgcr
st 7\/47[) 7“) . VPcr‘ ) di di Cor )
@ energy equations with ¢ = ey, + pv?/2:
Oe
§+V' [(e+ Pn+ Py)v] = PyV -V — Vg - VP
Oe
a;r + Vo [PorVst + ear(V + Vst + Vi) —PuV - v+ Vg VP

/\<I
HITS
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CR transport

@ total CR velocity ver = v + Vg + Vg (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):

Ve — — B b’VPcr V-——H-bb.vgcr
st ,7477[1 ‘b K VPcr‘ ) di di Eor ’
@ energy equations with ¢ = ey, + pv?/2:
Oe
§+V' [(e4+Ph+Pe)v] = PV -V—vg-VPy
Oe
a;r + V- [PerVst + ecr(V + Vst + Vai)] —PyV v+ vy VP
Oo | v [eer(V+ Vst + V)] = —PaV-(V+vy) <o
ot Eer st di = cr st /\<I
HITS
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Anisotropic CR diffusion

@ diffusion of CR energy
density along magnetic field
lines

@ implemented on
unstructured mesh in AREPO

@ implicit solver with local time
stepping

@ obeys 1. and 2. law of
thermodynamics (energy
conserving and AS > 0)

Pakmor, C.P., Simpson, Kannan, Springel (2016) /y
/" Nhirs
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MHD simulations
Conclusions

Simulations — flowchart

observables: physical processes:

> super-
- @ ‘ ‘

X-ray, Ha, HI, ...
emission

stellar
spectra

loss processes

gain processes
observables ){J
C.P,, Pakmor, Schaal, Simpson, Springel (2016) — populations HITS
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Simulations with cosmic ray physics

MHD simulations

observables: physical processes:

X-ray, Ha, HI, ...
emission

stellar
spectra

loss processes

gain processes
observables
C.P,, Pakmor, Schaal, Simpson, Springel (2016) — populations : ‘i HITS
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nclusio

Simulations with cosmic ray physics

observables: physical processes:

-‘/- S
super-

-_>

R

loss processes

X-ray, Ha, HI, ...
emission

stellar
spectra

gain processes
observables
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations : Z HITS
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Simulations with cosmic ray physics

observables: physical processes:

-‘/- —
super-
) |emey

loss processes

X-ray, Ha, HI, ...
emission

stellar
spectra

radio
synchrotron

gamma-ray
emission

gain processes
observables
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations : Z HITS
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Galaxy simulation setup: 1. cosmic ray advection

MHD simulations

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
Simulating cosmic ray physics on a moving mesh

MHD + cosmic ray advection Mms

Cosmic rays and magnetic fields in galaxies
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Time evolution of SFR and energy densities

T T T T
,f without CRs —  Mago = 10'2M,,
107 —  with CRs Mo = 10" My, 3
— My =10""M,
oo T TR T
= 2
O 20
=
% 100 & 1 =
'3 I
................. — (o) — Mwo=10"M, ]
107V N T - - (€r Moo = 10" M,
. (€8) — Moo =10""M;
Il Il Il Il -
0.0 0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 1.5 2.0 2.5 3.0
time [Gyr] time [Gyr]

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
@ CR pressure feedback suppresses SFR more in smaller galaxies

@ energy budget in disks is dominated by CR pressure .~
@ magnetic dynamo faster in Milky Way galaxies than in dwarfs /<IHITS
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MHD galaxy simulation without CRs

& [erg pe™] VB2 1G]

100

0
x [kpe] x [kpe]

C.P,, Pakmor, Schaal, Simpson, Springel (2016)

Cosmic rays and magnetic fields in galaxies
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MHD galaxy simulation with CRs

MHD simulations

ser [erg pe]

107! 10 104 104 1041072 107!
t=1.5Gyr, May = 101! Mo, forming disk with CR acceleration at SNe

BT

0
x [kpe] x [kpe]

C.P,, Pakmor, Schaal, Simpson, Springel (2016)

Cosmic rays and magnetic fields in galaxies
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Galaxy simulation setup: 2. cosmic ray diffusion

Pakmor, C.P., Simpson, Springel (2016)

Galactic winds driven by isotropic and anisotropic cosmic ray

diffusion in isolated disk galaxies /4
NHITS

MHD + cosmic ray advection + diffusion, Mago = 10" M,

Cosmic rays and magnetic fields in galaxies
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MHD galaxy simulation with CR diffusion

MHD simulations

—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, C.P., Simpson, Springel (2016)
@ CR diffusion launches powerful winds

@ simulation without CR diffusion exhibits only weak fountain rows/l'@

HITS

Cosmic rays and magnetic fields in galaxies



Global galaxy models
Non-thermal emission

MHD simulations
Conclusions

Cosmic ray driven wind: mechanism

m

gas dominated

VPy +VPy > pVe

@M

_/

CR streaming: Uhlig, C.P.+ (2012)
CR diffusion: Booth+ (2013), Hanasz+ (2013), Salem & Bryan (2014)

)(JHITS
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MHD galaxy simulation with CR isotropic diffusion

€cr [erg pe~3]
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Pakmor, C.P., Simpson, Springel (2016)

@ CR diffusion strongly suppresses SFR

@ strong outflow quenches magnetic dynamo to yield B ~ 0.1 uG %

HITS

Cosmic rays

magnetic fields in galaxies
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MHD galaxy simulation with CR anisotropic diffusion

ecr [erg pe?] [B| [uG] [B-v|/(B]-|v])|
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Pakmor, C.P., Simpson, Springel (2016)
@ anisotropic CR diffusion also suppresses SFR

@ reactivation of magnetic dynamo: growth to observed strengths )@

HITS
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Galaxy simulation setup: 3. non-thermal emission

C.P, Pakmor+ (2017a,b)
Non-thermal radio and gamma-ray emission in starburst galaxies

MHD + CR advection + diffusion: {10'°,10"",10'2} Mg,

NHITS

Cosmic rays and magnetic fields in galaxies
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Simulation of Milky Way-like galaxy, t = 0.5 Gyr

MHD simulations

& [erg cm™ |

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]

C.P., Pakmor+ (in prep.)

Cosmic rays and magnetic fields in galaxies
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Simulation of Milky Way-like galaxy, t = 1.0 Gyr

MHD simulations

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]

C.P., Pakmor+ (in prep.)

Cosmic rays and magnetic fields in galaxies
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Simulation of Milky Way-like galaxy, t = 1.0 Gy
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C.P., Pakmor+ (in prep.)
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Hadronic cosmic ray proton interaction

MHD simulations

L o

=
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Hadronic cosmic ray proton interaction
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~-ray and radio emission of Milky Way-like galaxy

MHD simulations

. - . -
Sp0_, lergem H S1.4GH, [mJy arcmin™ Hz h

1078 1077 1076 1072 107 1072 1071 10° 10" 10> 10°
Moo = 10'2 M, anisotropic CR diffusion

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

C.P., Pakmor+ (in prep.)

Cosmic rays and magnetic fields in galaxies
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Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

MHD simulations

SFR [Mg yr—!]

10~2 10~! 100 10! 10% 10%
T T T T T 1
103 L 0  LAT non-detected with AGN (upper limit) B
©  LAT non-detected (upper limit) o
= LAT detected with AGN o %
e LAT detected o
102 | best fit oo gl ]
fit uncertainty -
10 | E
> 10%0 b 4
<]
T 39 °
~ 103 | E
g vt §
0,
1038 | a
 Luc
1037 L sucd 4
il /| /| /| /|
107 108 10° 1010 10t 1012 /<I
\
Ls—1000 um [Lo)] Rojas-Bravo & Araya (2016) HITS

Cosmic rays and magnetic fields in galaxies



Global galaxy models
Non-thermal emission
Conclusions

MHD simulations

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

MHD simulations
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Simulation of Milky Way-like galaxy, t = 1.0 Gyr

MHD simulations

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]

C.P., Pakmor+ (in prep.)

Cosmic rays and magnetic fields in galaxies
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Far infra-red — radio correlation

Universal conversion: star formation — cosmic rays — radio

SFR [Mg yr—!]

o 1072 10~ 100 10! 10%
10 T T T T
0 1.4 GHz radio o
o o
30
10°Y | 000 o 7
%o
°
T oo
s 1029 L 0 °% J
= o
~ &l
‘v: 0 O
& 3 &
E| o 38 ]
:E %o °
5 8 % °
= 9
B @
S| o © Z)O E
o 8o
o [}
°
1026 | ° 4
o
/| /| 1 /| /|
107 108 10° 1010 101t 1012 o
\
Ls—1000 um [Lo)] Rojas-Bravo & Araya (2016) HITS

Cosmic rays and magnetic fields in galaxies



Global galaxy models
Non-thermal emission
Conclusions

MHD simulations

Far infra-red — radio correlation

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

Universal conversion: star formation — cosmic rays — radio

MHD simulations

SFR [Mg yr—!]
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Conclusions

Anisotropic CR transport impacts on ISM physics, on the formation
of galaxies and the evolution of galaxy clusters!
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Conclusions

Anisotropic CR transport impacts on ISM physics, on the formation
of galaxies and the evolution of galaxy clusters!

@ CR pressure feedback slows down star formation
°

@ anisotropic CR diffusion necessary for efficient galactic dynamo:
observed field strengths of B ~ 10 uG
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Conclusions

Anisotropic CR transport impacts on ISM physics, on the formation
of galaxies and the evolution of galaxy clusters!

@ CR pressure feedback slows down star formation

@ anisotropic CR diffusion necessary for efficient galactic dynamo:
observed field strengths of B ~ 10 uG

@ no hadronic Fermi-like bubbles — leptonic emission?

@ Lrr — L, correlation allows to test calorimetric assumption

/\<I
HITS
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Conclusions

Anisotropic CR transport impacts on ISM physics, on the formation
of galaxies and the evolution of galaxy clusters!

@ CR pressure feedback slows down star formation

@ anisotropic CR diffusion necessary for efficient galactic dynamo:
observed field strengths of B ~ 10 uG

@ no hadronic Fermi-like bubbles — leptonic emission?
@ Lrr — L, correlation allows to test calorimetric assumption

outlook: improved modeling of plasma physics, follow CR spectra,

cosmological settings
need: comparison to resolved radio/vy-ray observations — SKA/CTA /@

HITS
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CRAGSMAN: The Impact of © osmic " "ys on alaxy and Clu-ter For!/ /tio
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Literature for the talk

Cosmic ray feedback in galaxies:

@ Pfrommer, Pakmor, Schaal, Simpson, Springel, Simulating cosmic ray physics on
a moving mesh, 2016, MNRAS.

@ Pakmor, Pfrommer, Simpson, Springel, Galactic winds driven by isotropic and
anisotropic cosmic ray diffusion in isolated disk galaxies, 2016, ApJL.

@ Pakmor, Pfrommer, Simpson, Kannan, Springel, Semi-implicit anisotropic cosmic
ray transport on an unstructured moving mesh, 2016, MNRAS.
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