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Cosmic ray feedback

Outline

e Cosmic ray feedback
@ Cosmic ray transport
@ Galactic winds
@ Gamma-rays

a
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Cosmic ray transport
Galactic winds
[CETNNENEV

How are galactic winds driven?

Cosmic ray feedback

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ cosmic-ray pressure and Alfvén
wave heating of CRs
NASA/JPL-Caltech/STScl/GXC/UofA accelerated at supernova
super wind in M82 shocks?

a

AIP
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Cosmic ray transport
Galactic winds
[CETNNENEV

How are galactic winds driven?

Cosmic ray feedback

@ thermal pressure provided by
supernovae or AGNs?

@ radiation pressure and
photoionization by massive
stars and QSOs?

@ cosmic-ray pressure and Alfvén
wave heating of CRs
NASA/JPL-Caltech/STScl/GXC/UofA accelerated at supernova
super wind in M82 shocks?

observed energy equipartition between cosmic rays, thermal gas and

magnetic fields BN

— suggests self-regulated feedback loop with CR driven winds E
AIP

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
Gamma-rays

Cosmic ray feedback: an extreme multi-scale problem

Cosmic ray feedback

\\\w,,

Milky Way-like galaxy: gyro-orbit of GeV cosmic ray:
rya ~ 10% pc _ Pl 40-8pc t
gal p Ior eB.o 107° pc ) AU
= need to develop a fluid theory for a collisionless, —.
non-Maxwellian component! E
AIP

Christoph Pfrommer Cosmic rays in galaxy formation
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Galactic winds
Gamma-rays

Interactions of CRs and magnetic fields

Cosmic ray feedback

Cosmic ray

sketch: Jacob

a

AIP
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Cosmic ray transport
Galactic winds
Gamma-rays

Interactions of CRs and magnetic fields

Cosmic ray feedback

Cosmic ray

sketch: Jacob

@ gyro resonance: w — kv = nQ
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency _E

AIP

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
Gamma-rays

Interactions of CRs and magnetic fields

Cosmic ray feedback

Cosmic ray

sketch: Jacob
@ gyro resonance: w — kv = nQ
Doppler-shifted MHD frequency is a multiple of the CR gyrofrequency &~

@ CRs scatter on magnetic fields — isotropization of CR momenta AP

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
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Cosmic ray feedback

CR streaming

@ CR streaming instability: «usrud & pearce 1969

o if vor > 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 ~ vp

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

a

AIP
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Cosmic ray feedback

CR streaming

@ CR streaming instability: «usrud & pearce 1969

o if vor > 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 ~ vp

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

— CRs exert a pressure on the thermal gas by means of E
scattering off of Alfvén waves I

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
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Cosmic ray feedback

CR transport

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

a

AIP
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Cosmic ray transport
Galactic winds
[CETNNENEV

Cosmic ray feedback

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):

b'VPCr b‘Vgcr

Vst = —VA =5 Vg = —Kaib
st A ‘b‘VPcr|’ di di

cr

a

AIP
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Cosmic ray transport
Galactic winds
[CETNNENEV

Cosmic ray feedback

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):

b'VPCr b‘Vgcr
Vst = —VA—T——=p5— Vgi = —kaib ;
st A ‘b- VPcr| di di o
@ energy equations with £ = ey, + pv?/2:
0
a—i+V-[(e+Pth W = 0

a

AIP

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
[CETNNENEV

Cosmic ray feedback

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):

b'VPCr b‘Vgcr
Vst = —VA 7——=—5, Vg = —Kaib ,
st A ‘b- VPcr| di di or
@ energy equations with ¢ = ey, + pv?/2:
Oe
§+V' [(e+Ph+Pe)v] = PV -V—vg-VPy
Oe
a;r + V- [PerVst + ecr(V + Vst + Vai)] —PyV v+ vy VP

a

AIP
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Galactic winds
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Cosmic ray feedback

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):

b * VPCF b M Vgcr

VA5 Vgi = —kaib
‘b . VPcr|’ di di Eor 9

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

Vst = —

0
£+v- (e 4P+ Py)V] = PoVev—vg VP
Oe
a;r + V- [PoVst+ccr(V + Vst + Vgi)] = —PoV-V+ Vg VP
7
ot + V- [fcr(V“‘ Vst+Vdi)] = —Pch°(V—|— Vst)

AIP
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Galactic winds
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Galaxy simulation setup: 1. cosmic ray advection

Cosmic ray feedback

C.P,, Pakmor, Schaal, Simpson, Springel (2017)
Simulating cosmic ray physics on a moving mesh

MHD + cosmic ray advection: {10'°,10",10'2} M, AIP

=

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
Gamma-rays

MHD galaxy simulation without CRs

Cosmic ray feedback

& [erg pe™] VB2 1G]

100

x [kpe] x [kpe]

C.P,, Pakmor, Schaal, Simpson, Springel (2017)
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Cosmic ray transport
Galactic winds
Gamma-rays

MHD galaxy simulation with CRs

Cosmic ray feedback

£er [erg pe] VB2 1G]

104 104 1041072 107! 10°
= 10'"! Mo, forming disk with CR acceleration at SNe

T

x [kpe] x [kpe]

C.P,, Pakmor, Schaal, Simpson, Springel (2017)
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Cosmic ray transport
Galactic winds
[CETNNENEV

Galaxy simulation setup: 2. cosmic ray diffusion

Cosmic ray feedback

Pakmor, C.P., Simpson, Springel (2016)
Galactic winds driven by isotropic and anisotropic cosmic ray diffusion F
in isolated disk galaxies

MHD + CR advection + diffusion: 10'" My,

AIP

Christoph Pfrommer Cosmic rays in galaxy formation



. Ci ic ray transport
Cosmic ray feedback Osml.c nY ranspo
Galactic winds

[CEMINERET

MHD galaxy simulation with CR diffusion

—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

B
@ simulation without CR diffusion exhibits only weak fountain flows E

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
Gamma-rays

Cosmic ray feedback

Cosmic ray driven wind: mechanism

gas dominated

VFq+ VB > pVe

< outflow outflow )

gas gas dominated ga

CR streaming in 3D simulations: Uhlig, C.P.+ (2012), Ruszkowski+ (2017) A
CR diffusion in 3D simulations: Jubelgas+ (2008), Booth+ (2013), Hanasz+ (2013), E
Salem & Bryan (2014), Pakmor, C.P.+ (2016), Simpson+ (2016), Girichidis+ (2016), TAIP
Dubois+ (2016), C.P.+ (2017), Jacob+ (2018)
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Cosmic ray transport
Galactic winds
Gamma-rays

winds: dependence on halo mass

Cosmic ray feedback

T T T T T T T T T T T T T 300
80 [ Halo 10.0 - Halo 10.5 4 Halo11.0 1
250
40 T T B 200
B -
2 of ® 1+ ® 1F 2 150
N
—40 | 4k I J 100
50
-80 - levels = 1, 10 My pe~] 3,307 10, 100 7] =
! h L ! ! ! 1 ! h ! L ! ! £
: T T T : T T 02
E I Halo 13.0 B &
=50
7 r 7 -100
5 A
g g - IS o e S -150
<
=2
ol | | | 200
-250
-80 | 30, 3007 100, 1000
! I nS ! L !
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Cosmic ray transport
Galactic winds
Gamma-rays

Cosmic ray feedback

CR-driven winds: suppression of star formation

10° T T T T
= 0
s
CRes, aniso. diff
V—¥  empiric model
1072 | — Behroozi+2013
| | |
1010 10" 1012 1013 =
My (MO) E
Jacob+ (2018) AIP
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Cosmic ray transport
Galactic winds
Gamma-rays

Galaxy simulation setup: 3. non-thermal emission

Cosmic ray feedback

C.P,, Pakmor, Simpson, Springel (2017a,b) —
Simulating radio synchrotron and gamma-ray emission in galaxies E

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

Christoph Pfrommer Cosmic rays in galaxy formation



Cosmic ray transport
Galactic winds
Gamma-rays

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

Cosmic ray feedback

[erg cm’"|

1074 1073 1072 107" 10-1 1072
200 = 10'2 My, anisotropic CR diffusion

e

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

C.P.+ (2017a,b)
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Cosmic ray transport
Galactic winds
Gamma-rays

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

Cosmic ray feedback

lerg em™] VB [1G

1072 107" 10-1 1072 107! 10°
200 = 10'2 Mg, ani otropic CR diffusion

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

C.P.+ (2017a,b)
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Cosmic ray transport
Galactic winds
Gamma-rays

Cosmic ray feedback

Simulation of Milky Way-like galaxy, t = 1.0 Gy

p Mo pe3] Xer = Per/ Py Pyoy [erg cm™)
| r— . ] . !
1074 1073 1072 107! 107! 10° 10! 10712 107! 10710 107

t = 1.0 Gyr, My = 102 Mo, anisotropic CR diffusion

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

=

AIP
C.P+ (2017a,b)
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Cosmic ray transport
Galactic winds
Gamma-rays

~-ray and radio emission of Milky Way-like galaxy

Cosmic ray feedback

, [erg cmr -1 S 1.4GHz [m]y arcmin™2 Hz™']

1078 1077 1076 1072 107 1072 1071 10° 10" 10> 10°
200 = 10'2 Mg, ani otropic CR diffusion

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

C.P.+ (2017a,b)
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Cosmic ray transport
Galactic winds
Gamma-rays

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Cosmic ray feedback

Lg—1000 um [Lo)]

107 108 10° 1010 101t 1012
T T T T T T
1043 | O LAT non-detected with AGN (upper limit) 4
©  LAT non-detected (upper limit) o
= LAT detected with AGN ° o
® LAT detected %0 é 1
10%2 | best fit oo gH»F
fit uncertainty 1Y
oo g
1041 b o o i
o ©.®
DDD!D'E;]]DO{ NEC 2146
> 1010 | s % L 74 i
] 23l g
o L | Y-
- o
) @
z 10% ¢ $a 3
= 191§
o
1038 | 4
¥ eLnc
1037 b ' —§— swe 4 x
/| /| /| /| /|
103 102 101 10° 10! 102 10®
SFR [Me yr~'] Rojas-Bravo & Araya (2016) AIP
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Cosmic ray transport
Galactic winds
Gamma-rays

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Cosmic ray feedback

Lg—1000 um [Lo)]

107 108 10° 1010 101t 1012
T T T T T T

1043 | O LAT non-detected with AGN (upper limit) 4

©  LAT non-detected (upper limit) o

= LAT detected with AGN

® LAT detected 1
1042 | best fit

fit uncertainty
m  CRdiff, 10'° M on

| ® CRdiff, 10" Mg
10% F o CRdiff, 10'2 Mg

> 104() - o
°
2 a
L10% | E
5
[
1038 | ~ 4
n
» e
| |
1037 | ' —§— swe i
» A
Il Il Il Il Il
103 102 101 10° 10! 102 10® E
SFR [Mg yr—1] C.P+ (2017a) AIP
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Cosmic ray transport
Galactic winds
Gamma-rays

Cosmic ray feedback

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Lg—1000 um [Lo)]

107 108 10° 100 10! 1012
T T T T T T
1043 | O LAT non-detected with AGN (upper limit) 4
©  LAT non-detected (upper limit)
= LAT detected with AGN
e LAT detected
1042 | best fit
fit uncertainty
m  CRdiff, 10'° on
— ® CRdiff, 10"
Tt E CR di 12
" L] R diff, 10°° N °
o0 ® CR adv,
8. e CRadv,
> 10 F = CRadv, A
° ®
10% 4 E
1038 | 4
1037 - ’ sme .
[} A
/| /| /| /| /|
103 102 101 10° 10! 102 10®

-1y

C.P+(2017a) AIP
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Cosmic ray transport
Galactic winds
Gamma-rays

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

Cosmic ray feedback

Lg—1000 um [Lo)]

107 108 10° 1010 101t 1012
T T T T T T
1043 | O LAT non-detected with AGN (upper limit) 4
©  LAT non-detected (upper limit) o
= LAT detected with AGN
e LAT detected
1042 | best fit
fit uncertainty
m  CRdiff, 10'° on
— o ® Crdif 10"
0T F e CRdiff, 1012)
50 @ CR adv, 10" )
8. e CRadv, 10'2)
> 10 F = CR adv, 10" ) 4
¢ — - calorimetric relation
7
o
2 @
10% 4 E
1038 | 4
37 L .
10 P B~
- ! ! !
103 102 101 10° 10! 102 10®

-1y

C.P+(2017a) AIP
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Outline

© AGN feedback
@ Introduction
@ Steady state solutions
@ Cosmic ray jet simulations

N
a
AIP
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Introduction
Steady state solutions
Cosmic ray jet simulations

AGN feedback

Feedback by active galactic nuclei

Paradigm: accreting super-massive black holes at galaxy cluster
centers launch relativistic jets, which provide energetic feedback to
balance cooling = but how?

@ Jacob & C.P. (2017a,b): study large
sample of

@ spherically symmetric steady-state
solutions where cosmic ray heating
balances radiative cooling

CHANDRA X-RAY

Perseus cluster (NRAO/VLA/G. Taylor) VLA RaDIO

ph Pfrommer Cosmic rays in galaxy formation
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AGN feedback Steady s}ate solutions
Cosmic ray jet simulations

Gallery of solutions: density profiles

3 | Centaurus Hydra A
Eol E L

Virgo
Bl
1 10

L
100

[ Al1644 FA1991 "
L L

L L L
10 100 10
T T

A2199

AWM 7

S f A2597 312 33 A 4059 N
£ ! d E ! ! 1 L E L 3

L
10

F PKS 0745 F zwel 1742 3 chus | Perseus [ 20335
. " H E . .

10

Il)i)
u T T u

JF A2029
.

F RBS 797 Y [ rRXJIS504 P RXJ1532
L "
10 100 10
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L
100

" " ] .
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Steady state solutions
Cosmic ray jet simulations

Gallery of solutions: temperature profiles

AGN feedback

T
Centaurus

kT (keV)

A 496 [ A2052

T
A 2597

kT (keV)

L h
10 10 1

T T T T
[ PKS 0745 ZwCl 1742 I Ophiuchus

10 100

L
10 100 1 10

T
[ A 2390

T T T r
[ A2029 | RX J1504 [| | RXJ1532

" L .
100 100 100
r (kpe) r (kpe) r (kpe)

. "
10 100
r (kpe) r (kpe)
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Steady state solutions

AGN feedback o
Cosmic ray jet simulations

Case study A1795: heating and cooling

A 1795

— Hy -
Heond

— Crd

107 |
1026
1027 _

10 [

Heating, Cooling (ergcm™ s™!)

o [ =042

10 100
 (kpe) Jacob & C.P. (2016a)
@ CR heating dominates in the center
o , K= 0.42/£Sp

I
@ He + ~ Craq: Modest mass deposition rate of 1 M, yr~!

AIP

Christoph Pfrommer Cosmic rays in galaxy formation
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Introduction
Steady state solutions
Cosmic ray jet simulations

AGN feedback

onically induced radio emission: NVSS limits

2 v N
p X
2 77 ¥ P x X ox XXX x T x A
> | X X E
S S Friv” *TTT ¥ T+ T+ 7]
& ¥ b 4 ! E
o x ' ]
T T T T T T N N B B B W1 L L L L L L L L L L L L -
x
g 10'E xx: xxxxxxxxxxx E
- RSP o4 P Horrrenr et ittt
FoE x x x X XXX | E
3 E x x X X | E
< 103 x X X X XX x E
E x X ! =
105 T Y T S S I 1 S Y
VPO ZLAA DT TQUE QOIS =0Nn Z2ADDPN T 2L 0T
SO ML B BRI R TS8R 8 38354239820 R_2
A EESELPMIEPLER R RS PRRL DR L i i
£ 5= = 2% SRS FEFRAEF LY
N N
. . Jacob & C.P. (2017b)
@ continuous sequence in F, yred/Fu Nvss g
@ CR heating viable solution for non-RMH clusters E
@ CR heating solution ruled out in radio mini halos (RMHs) AIP
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AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

a

AIP

Christoph Pfrommer Cosmic rays in galaxy formation



Introduction
Steady state solutions

AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs

a

AIP
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AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling

a

AIP
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Steady state solutions

AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling

L

CRs stream outwards
and become too dilute
to heat the cluster

a

AIP
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Steady state solutions

AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling

L

CRs stream outwards
and become too dilute
to heat the cluster

p

radio mini halo E

AIP
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Steady state solutions

AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling
{
cluster cools and - CRs stream outwards

and become too dilute
to heat the cluster

p

radio mini halo E

AIP
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Steady state solutions

AGN feedback o
Cosmic ray jet simulations

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling
t !
cluster cools and - CRs stream outwards

and become too dilute
to heat the cluster

p

radio mini halo E

AIP

Christoph Pfrommer Cosmic rays in galaxy formation

triggers AGN activity
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Steady state solutions

AGN feedback i _
Cosmic ray jet simulations

Self-regulated heating/cooling cycle in cool cores

10? ; : 102

[ LY o
10 b ®0 © ] 10 b ‘ @ .
¢ ° s
w10k - o D o ___] 100 _Ophiuehus_ _ . _ ®_ ]
E L] ® N ° L 4
< 107 * 1 wf w0 o ]
g 102f * ] 102 "o o .
L: ® Hydra A @ Perseus * Hydra A @ Perseus
3 o ¢ 3 . b AR
107 | Centaurus . 1077 Centaurus E
® RMH
104 [ ‘ »Virgo‘ ‘ 4 NoRMH 1074k PS ‘Vlrgo E
1072 107! 10 10! 102 103 10 100
SFRg (Mo yr™") Teool (Kpe)

. . L Jacob & C.P. (2017b)
possibly CR-heated cool cores vs. radio mini halo clusters:

@ simmering SF: CR heating is effectively balancing cooling
—
@ abundant SF: heating/cooling out of balance E
AIP
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Steady state solutions
Cosmic ray jet simulations

AGN feedback

Jet simulation: gas density, CR energy density, B field

90 Myr

120

— 80
Q
(=7
24,

40

0-

10-28 10726 10712 107" 10710 1077 105
py[gem ™) Eery [erg cm ™3] By [G]

)

Ehlert+ in prep. AIP
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Steady state solutions

AGN feedback : L .
Cosmic ray jet simulations

Perseus cluster — heating vs. cooling: theory

1024 — —— —

F Perseus — JP17:H,

i — JP17:Cos |

=" 1025 JPL7: Heona |

=

o
N
o

H, Clergcm 3 57!

1 10 100

7 [kpc] Ehlert+ in prep.

@ CR and conductive heating balance radiative cooling: .
Hor + ~ Crag: Modest mass deposition rate of 1 Mg yr~' E

AIP

Christoph Pfrommer Cosmic rays in galaxy formation



Introduction
Steady state solutions

AGN feedback : L .
Cosmic ray jet simulations

Perseus cluster — heating vs. cooling: simulations

10-24: j j i T ! i REE
F  Perseus — JP17: He
r — JP17:Cpa
" 10-25 JP17: Heona |
' 10 — simulation ]
O A 1
O SRt
H10%% /TN
L
) L
= 10-275 — 50 Myr E
Hl ==+ 70 Myr
287 + 120 Myr . d
- n —T | RN
10 10 100
T [kpc] Ehlert+ in prep.
@ CR and conductive heating balance radiative cooling: .
Her + ~ Crag: Modest mass deposition rate of 1 Mg yr~' E
@ simulated CR heating rate matches 1D steady state model AIP
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Steady state solutions
Cosmic ray jet simulations

Cosmi fee ck
AGN feedback

Matrix of jet simulations: density at 70 Myrs

1% 109 1x 104 2x10% 1x 104 1x10%  ergs
20 kpe
’ :'
5 L

[
i
I3

~ A & )
— e - = N P ‘
_L \li” 2h B i E

1072 10~
plgem™?] Ehlert+ in prep. AIP
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Matrix of jet simulations: CR energy density at 70 Myrs
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Matrix of jet simulations: shock strengths at 70 Myrs
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Conclusions on CR feedback in galaxies and clusters

@ CR pressure feedback slows down star formation
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Conclusions on CR feedback in galaxies and clusters

@ CR pressure feedback slows down star formation

@ Lrr — L, correlations enable us to test the calorimetric
assumption and magnetic dynamo theories

@ MHD simulations of AGN jets: CR heating can solve the “cooling
flow problem” in galaxy clusters
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Conclusions on CR feedback in galaxies and clusters

@ CR pressure feedback slows down star formation

@ Lrr — L, correlations enable us to test the calorimetric
assumption and magnetic dynamo theories

@ MHD simulations of AGN jets: CR heating can solve the “cooling
flow problem” in galaxy clusters

outlook: improved modeling of plasma physics, follow CR spectra,
cosmological settings
need: comparison to resolved radio/y-ray observations — SKA/CTA E
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CRAGSMAN: The Impact of - osmic " ys on Calaxy and Clu-ter For!/ /tio

*
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Literature for the talk

Non-thermal radio and gamma-ray emission in galaxies:

@ Pfrommer, Pakmor, Simpson, Springel, Simulating Gamma-ray Emission in
Star-forming Galaxies, 2017, ApJL.

@ Pfrommer, Pakmor, Simpson, Springel, Simulating Radio Synchrotron Emission
in Galaxies: the Origin of the Far Infrared—Radio Correlation, 2017b, in prep.

Cosmic ray feedback in galaxies:
@ Pfrommer, Pakmor, Schaal, Simpson, Springel, Simulating cosmic ray physics on
a moving mesh, 2017, 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.

@ Jacob, Pakmor, Simpson, Springel, Pfrommer, The dependence of cosmic ray =
driven galactic winds on halo mass, 2018, MNRAS.
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Additional slides
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Time evolution of CR energies
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Time evolution of CR energies

CR energy [erg]
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Time evolution of CR energies
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S
@ adiabatic CR losses are significant in small galaxies E
= deviation from calorimetric relation at small SFRs AIP
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