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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

Puzzles in galaxy formation

giant elliptical galaxy

Bright-end of luminosity function: T

@ astrophysical solutions:
AGN/quasar feedback, . ..

20% of baryons |

Faint-end of luminosity function:
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@ astrophysical solutions:

e preventing gas from falling into DM potential wells:
increasing entropy by reionization, blazar heating ...

e preventing gas from forming stars in galaxies:
suppress cooling (photoionization, low metallicities), . ..

@ pushing gas out of galaxies: N
supernova/quasar feedback — galactic winds \JHITS
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Introduction and Motivation

Puzzles in galaxy formation
Galactic winds
Cosmic rays

Galactic winds

@ 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.

\’.X:/\JHWS
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Galactic winds

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

@ star formation and supernovae
drive gas out of galaxies by
galactic super winds

@ critical for understanding the
physics of galaxy formation
— may explain puzzle of low

super wind in M82 star conversion efficiency in

dwarf galaxies

NASA/JPL-Caltech/STScl/CXC/UofA

HITS
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Galactic winds

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

@ star formation and supernovae
drive gas out of galaxies by
galactic super winds

@ critical for understanding the
physics of galaxy formation
— may explain puzzle of low

T e o s e et E XA T star conversion efficiency in
HERE ™ STEP TWO ™ dwarf galaxies

[T —

© Sydney Harris X\J
HITS
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

The role of supernova remnants

@ supernova remnant shocks amplify magnetic fields and
accelerate CR electrons up to ~ 100 TeV (narrow X-ray
synchrotron filaments observed by Chandra)

o
(Fermi/AGILE ~-ray spectra)

Fermi observations of W44:

waaq
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Ackermann+ (2013)
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

The role of supernova remnants

@ supernova remnant shocks amplify magnetic fields and
accelerate CR electrons up to ~ 100 TeV (narrow X-ray
synchrotron filaments observed by Chandra)

o
(Fermi/AGILE ~-ray spectra)

@ shell-type SNRs show evidence for efficient shock acceleration
beyond ~ 100 TeV (HESS TeV ~y-ray observations)

Fermi observations of W44: HESS observations of shell-type SNRs:

waaq

1010

Proliminary

o1

E? dN/dE (erg cm?s™)

o

R ! RCW 86 RX J1713.7-3946 RX J0852.0-4622 v
10° 10° 10' 10" 10'2 j
HITS

Energy (eV) Hinton (2009), >\
Ackermann+ (2013)
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

Galactic cosmic ray spectrum

10" Cosmic Ray @ spans more than 33 decades in
enel spectrum .
1o izt O flux and 12 decades in energy
10° 89:/0 Protons w . i i .
e R o e ) ) kne_e indicates characterl_stlc
i maximum energy of galactic
" accelerators
‘E’ IO-IZ -2 -l
S s 'm’ @ CRs beyond the “ankle” have
o extra-galactic origin
1o - @ energy density of cosmic rays,
10% i magnetic fields, and turbulence
107 in the interstellar gas all similar
10 10’ 10 10 107 10" e
E(eV)

data compiled by Swordy

\ .>,\:\\[HITS
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

Galactic wind in the Milky Way?

Diffuse X-ray emission in our galaxy

... as suggested by Everett+ (2008) and Everett, Schiller, Zweibel (2010)

Nhirs
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

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
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
— suggests self-regulated feedback loop with CR driven winds

\’.X:/\JHWS
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

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

N

HITS
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

Interactions of CRs and magnetic fields

@ CRs scatter on magnetic fields — isotropization of CR momenta

@ CR Streaming InStablllty Kulsrud & Pearce 1969

@ 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 ~ 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 ,XJH.TS
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Introduction and Motivation Puzzles in galaxy formation
Galactic winds
Cosmic rays

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' [(e+ Pn+ Py)v] = PyV -V — Vg - VP
Oe
6? + V- [PoVst+ccr(V + Vst + Vgi)] = —PoV-V+ Vg VP
Oe
a;:r + V- [fcr(v“' Vst + Vdi)] = —P4V- (V+ Vst)

\’.X:/\JHWS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Cosmological moving-mesh code AREPO (springel 2010)
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hera_kelvin_helmholtz_moving_50x50.mp4
Media File (video/mp4)


Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Simulations — flowcha

ISM observables: Physical processes in the ISM:
T
Bl

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

stellar
spectra

loss processes
gain processes

observables Y
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations HITS

%
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Physical Processes
Galaxy formation Interstellar me
mulations

Simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

> super-
- @ ‘

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

stellar
spectra

loss processes
gain processes

observables \
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations HITS

ristoph Pfromm How cosmic rays shape galaxies



Physical Processes
Galaxy formation Inte

Simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

o
super-
RETR

loss processes
gain processes

observables \
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations HITS
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emission

stellar
spectra
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

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)

HITS
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cr_diffusion_ring.mp4
Media File (video/mp4)


Physical Processes
Galaxy formation Inte

Simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

o
super-
RETR

loss processes
gain processes

observables \
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations HITS

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

stellar
spectra
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Physical Processes
Galaxy formation Inte

Simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

-l
super-
<
NV

loss processes
gain processes

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

stellar
spectra

radio
synchrotron

gamma-ray
emission

observables \
C.P,, Pakmor, Schaal, Simpson, Springel (2016) populations HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Gamma-ray emission of the Milky Way

Christoph Pfrommer How cosmic rays shape galaxies



Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Sedov explosion

density specific thermal energy
1.0 w0 10°
35 10”
30
10*
25
20 10° =
15 0
10
107
05
0.0 10°

0.0 0.2 0.4 0.6 0.8 1.0

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

ays shape galaxies



Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Sedov explosion with CR acceleration

density specific cosmic ray energy
1.0
48 10°
4.2
0. 10°
3.6
10
(X 3.0
24 10°
0.
18
10"
12
0.
10°
0.6
0'00. 0.2 0.4 0.6 0.8 1.0 10
C.P,, Pakmor, Schaal, Simpson, Springel (2016)
/ HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Sedov explosion with CR acceleration

adiabatic index shock evolution
T T T T T T T 0.5 T T T T
— Y =5/3 t=0.1
— Yer =4/3
1.7 - —  ~eft, CR inj., 100® ~ 04l ]

16+ J
—é 0.3 | 4
=] 3
g5t 1 2
= &
G 02| d
T 14 i

— v =15/3, exact

— 4 =7/5, exact

131 i 0.1 ® @ y=5/3 100° |

® @ CR inj., 100°

O O CR inj., 50°
1

1.2 1 1 L 1 1 1 1 0.0 1 1 1 1
0.10 0.15 020 0.25 030 0.35 040 045 0.50 0.00 0.02 0.04 0.06 0.08 0.10

radius time
g \JHITS

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

A model for the multi-phase interstellar medium

Explore supernovae-driven outflows at high resolution — stratified box simulations

@ isothermal disk with 10

To = 104 K 0.8

g 0.6

@ hydrostatic equilibrium: <4

& R 0.2
il £, V20 = 47Gp 00

-3 -2 -1 0 1 2 3
vertical heightz/b

@ self-gravity

@ atomic & molecular cooling network,
self-shielding (Glover & Clark 2012, Smith+ 2014)

@ MHD with small magnetic seed field (pakmor+ 2011)

@ cosmic ray physics (c.p+ 2016, Pakmor+ 2016) >\j
NHITS

Simpson+ (2016)
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Supernova feedback

Explore supernovae-driven outflows at high resolution — stratified box simulations

@ star formation rate:

M*,i =€

tdyn,i

@ supernova rate:

- . 1.8 events
MSN,i = M*JW

@ supernova energy Egy = 105 erg distributed
over 32 nearest neighbors

@ input in form of thermal, kinetic, or cosmic ray
energy XJ
HITS

Simpson+ (2016)
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Interstellar medium — turbulence and outflows

" @ NOCR: purely
thermal SNe

@ CRAV: CR advection,
{fer, in} = {0.1,0.9}

pc?)

- @ CRAD: anisotropic
| —— = CR diffusion
s | —— £ @ RAND: random

& injection

3

NOCR (. 7\")

N

10°

HITS
Simpson+ (2016)
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ISM_models.mp4
Media File (video/mp4)


Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Interstellar medium — turbulence and outflows

@ diffusing CRs (CRAD) launch
outflows with similar mass
loadings as randomly placed
feedback models (RAND)

o CR pressure
gradient (CRAD) vs. kinetic
pressure gradients propelling a
ballistic outflow (RAND)

Position (kpc)
Gas Surface Density (M, pc?)

v @ CR + turbulent pressure
self-regulate ISM — scale height
hy /2 ~ 100 pc; ISM in RAND
collapses to dense phase

Gas Mass (M.)

\ q 1\ = CR physics is essential for
ST T T ey D correctly modeling the ISM! - \J
e
NHITS

Log(p [M., pc*]) Log(p [M ., pc3]) Log(p [M. pc*]) Log(p [M . pc?])

Simpson+ (2016)

Log(T [K])
R ]
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Galaxy simulation setup: 1. cosmic ray advection

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

MHD + cosmic ray advection: {10'°,10",102} M, X\Jms

Christoph Pfrommer How cosmic rays shape galaxies



Physical Processes
Interstellar medium

Galaxy formation
Galaxy simulations

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 'Jms

Christoph Pfrommer How cosmic rays shape galaxies



Physical Processes
Interstellar medium

Galaxy formation
Galaxy simulations

MHD galaxy simulation without CRs

& lerg pe]

VB [4G]

104 10 1072 107! 10°

= 10" Mo, forming disk without CRs
-

x [kpe] x [kpe]

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
Christoph Pfrommer
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

MHD galaxy simulation with CRs

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)
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Galaxy simulation setup: 2. cosmic ray diffusion

Pakmor, C.P., Simpson, Springel (2016)
Galactic W/nds driven by isotropic and anisotropic cosmic ray diffusion
in isolated disk galaxies B J

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

Christoph Pfrommer How cosmic rays shape galaxies



Physical Processes
Galaxy formation Interstellar medium

Galaxy simulations

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]

—10 -5 0 5‘ 10 —10 =5 0 ; 10
x [kpe] x [kpc] x [kpc]
Pakmor, C.P., Simpson, Springel (2016)
@ CR diffusion launches powerful winds

@ simulation without CR diffusion exhibits only weak fountain rows*'X‘J

HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Cosmic ray driven wind: mechanism

ET']
gas dominated
VPqg+ VPy > pVe
w outfiow )
BT
CR streaming: Uhlig, C.P.+ (2012) N
CR diffusion: Booth+ (2013), Hanasz+ (2013), Salem & Bryan (2014) /><JH|TS

Christoph Pfrommer How cosmic rays shape galaxies



Galaxy formation

Galaxy simulations

MHD galaxy simulation with CR isotropic diffusion

ecr [erg pe 7] [B| [uG] [B-v|/(B]-|v])|
109 104 10% 1073 1072 107! 10° 10!

-1.0 -0.5 0.0 0.5 1.0

¥ [kpe]

¥ [kpe]

—10 -5 0 5 10

x [kpe]

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

@ CR diffusion strongly suppresses SFR

@ strong outflow quenches magnetic dynamo to yield B ~ 0.1 uG ><]

HITS
Christoph P
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Physical Processes
Interstellar medium
Galaxy simulations

Galaxy formation

MHD galaxy simulation with CR anisotropic diffusion

ecr [erg pe?] [B| [uG] [B-v|/(B]-|v])|
109 104 10% 1073 1072 107! 10° 10! -1.0  -05 0.0 0.5 1.0
10 - -

¥ [kpe]

¥ [kpe]

ST o

—10 -5 0 5
x [kpe]

10

x [kpe]

x [kpe]
Pakmor, C.P., Simpson, Springel (2016)
@ anisotropic CR diffusion also suppresses SFR

@ reactivation of magnetic dynamo: growth to observed strengths \><J

HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Galaxy simulation setup: 3. non-thermal emission

C.P., Pakmor+ (in prep)
Non-thermal radio and gamma-ray emission in isolated disk galaxies

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

X
HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

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

&cr [erg pe™ 3 |

104 104 109 1072 107! 10°
00 = 10'2 Mo, forming disk with CR injection at SNe

tlo
1—

-20 -10 0
x [kpe] x [kpe]

C.P., Pakmor+ (in prep.)
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

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

VB (1G]

104 1 10% 1072 107! 10°
yr, Mago = 10'2 M with CR injection at SNe

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

C.P., Pakmor+ (in prep.)
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

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

A,,n,y [erg cm™ "]

107 10728 10727 10726 107 10* 107
yr, Mago = 10'2 M, forming with CR injection at SNe

107" 10°

0 0 -20 -10 0
x [kpe] x [kpe]

C.P., Pakmor+ (in prep.)
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Physical Processes
Interstellar medium
Galaxy simulations

Projected ~-ray emission of Milky Way-like galaxy

20
10 104
10
10° % 105 ¢
0 :
" o &
=10
106 10
=20
-20 -10 0 10 20

C.P., Pakmor+ (in prep.)
@ pion decay ~y-ray emission shows no Fermi-like bubbles

due to low density in wind region — leptonic emission? (selig+ 2015)
@ compute gamma-ray luminosity — Lrig — L,

AE
NHITS

Galaxy formation

rg cm

Christoph Pfrommer
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

SFR (M yr)
102 107 1 10 102 10°

UL B B B B LB B 1 B L1 B B R LI
1043; o LAT Non-detected (Upper Limit) 5o o
E O LAT Non-detected with AGN (Upper Limit) % %g
[ e LAT Detected o
42 = LAT Detected with AGN N
10™ g 5
E —— Bestit 0 OO £° a8
— [ [ Fit Uncertainty ° Oooowc,
‘v 1041?:|Disperslon %0 0 N
o E - -- Calorimetric Limit 0® & .7
o9 C (g n= 10% erg)
3 10¥¢
54 E
8 E
- 39
s 107 g
— E
38|
107 ¢
E .
£ .
7|7 e
107" %
E il vl il vl vl i
1 S
10°  10° 10 10" 10% ~ J
L8-1000p,m (L(J Ackermann+ (2012) HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Far infra-red — gamma-ray correlation

Universal conversion: star formation — cosmic rays — gamma rays

SFR (M yr)
102 107 1 10 102 10°

UL B B B B LB B 1 B L1 B B R LI
1043? o LAT Non-detected (Upper Limit) ° o
E o
E O LAT Non-detected with AGN (Upper Limit) % %g
[ e LAT Detected o
42 = LAT Detected with AGN N
10™ g 5
E = Best-it 0 OO §° a1
£ Ny o
— [ [ Fit Uncertainty o930
‘v 1041?:|Disperslon %0 0 N
o E - -- Calorimetric Limit 0® & .7
E S0
o C (E, n=10"erg)
3 10¥¢
54 E
8 F
- 39
s 107 g
- E
38|
107 ¢
E . =
| PRELIMIRARY
Rarve
1037? $ 2
E il vl il vl vl i

10°  10° 10 10" 10% J
Lg-1000 um (L(J C.P., Pakmor+ (in prep.) HITS
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Physical Processes
Galaxy formation Interstellar medium
Galaxy simulations

Conclusions on cosmic-ray feedback in galaxies

@ 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/y-ray observations — SKA/CTA

HITS
Christoph Pfrommer How cosmic rays shape galaxies



AGN feedback

Radio and ~-ray emission
Cosmic-ray heating
Simulations

Puzzles in galaxy formation

log( stellar / halo mass )

dwa

-2.0

-2.5

-3.0

giant elliptical galaxy

spiral galaxy

rf galaxy

20% of baryons ]

stellar

feedback

feedback by
active galactic nuclei

Moster+ (2010)
!

12 13 14
log( halo mass )

How cosmi

ys shape galaxies
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Radio and ~-ray emission
Cosmic-ray heating
AGN feedback Simulations

Messier 87 at radio wavelengths

v = 1.4 GHz (Owen+ 2000) v = 140 MHz (LOFAR/de Gasperin+ 2012)

@ high-v: freshly accelerated CR electrons
low-v:

@ LOFAR: halo confined to same region at all frequencies and no
low-v spectral steepening — puzzle of “missing fossil electrons” \:'><J

HITS
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Radio and ~-ray emission
Cosmic-ray heating
AGN feedback Simulations

Solutions to the “missing fossil electrons” problem

solutions:
@ special time: M87 turned on T o AR
~ 40 Myr ago after long oo oRrie g
silence NN

E/E [Myr]

B=20uG “. N

< conflicts order unity duty
cycle inferred from stat. AGN
feedback studies (irzan+ 2012)

10°

ales, T

@ Coulomb cooling removes
fossil electrons
— efficient mixing of CR i
electrons and protons with N
dense cluster gas

total loss

elect

\’.X:/\JHWS

istoph Pfrommer How cosmic rays shape galaxies



Radio and ~-ray emission
Cosmic-ray heating
AGN feedback Simulations

The gamma-ray picture of M87

@ high state is time variable

— jet emission
@ low state:
(1) steady flux 5 -
:E” 10 ‘
‘.
(3) spatial extension is under "
investigation (.?) Rieger & Aharonian (2012)

— confirming this triad would be smoking gun for first v-ray
signal from a galaxy cluster!

\’.X:/\JHWS
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AGN feedback = cosmic ray heating (?)

hypothesis: low state v-ray emission traces 7° decay within cluster

@ cosmic rays excite Alfvén 107
WaVGS that dissipate the 7: radial extent of radio halo:
. 107 E
energy — heating rate _

Her = —Vst - VP 2 E ]
(Loewenstein+ 1991, Guo & Oh 2008, S ol ]
EnBlin+ 2011, Wiener+ 2013, C.P. 2013) ]

@ calibrate P, to y-ray 107 e
emission and |Vg| = |Va| } 10 100
radius [kpc]

to radio/X-ray emission o 2013)

— cosmic-ray heating matches radiative cooling (observed in X-rays)
and may solve the famous “cooling flow problem” in galaxy clusters! /ijH]Ts
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Local stability analysis (1)

T*Her
TQCrad

heating

cooling

kT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations //XJH.TS
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Local stability analysis (1)

T*Her
TQCrad

heating

cooling

kT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations //XJH.TS
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Local stability analysis (1)

T*Her
TQCrad

heating

stable FP cooling

kT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations //XJH.TS
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Local stability analysis (1)

T*Her
TQCrad

separatrix

heating

&

'stable FP | cooling

region of stability |

kT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations //XJH.TS
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Local stability analysis (2)

Theory predicts observed temperature floor at kT ~ 1 keV

L Xcg = 031
5+ \ —_— - - XCR:0~031 —
1

~ |

g | ]

st ! “islands of stability” 1
3 |

N

g I [ 1

B | | |
Q [

= |

ERNN f instabili ]

é, 5 U A “ocean of instability” ,

L L Lol L L Lol L L M
10° 10° 107 10

temperature T [K] ‘ XJ
C.P. (2013) HITS
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Virgo cluster cooling flow: temperature profile

X-ray observations confirm temperature floor at kT ~ 1 keV

[V

KT (keV)

1 10

R ( arcmin ) Matsushita+ (2002) xJ
/ HITS
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Prediction: flattening of high-v radio spectrum

10000 : T T T T T T T T T T T L T T T T T \E
1000 E
= :
z  100E 3
E £ 3
5 r ]
2 C ]
™ L ]
=

= op 3
F radio data E
[ continuous inj. ]
L continuous inj., switch off |
f —  hadronically induced emission E
L | | | N

10' 10° 10° 10* 10°

frequency v [MHz] AN
CP. (2013) /X\JHITS

How cosmic rays shape galaxies



Radio and ~-ray emission
Cosmic-ray heating
AGN feedback Simulations

Jet simulation: gas density, CR energy, B field

>
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Weinberger+ in prep.
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Conclusions on AGN feedback by cosmic-ray heating

@ LOFAR puzzle of “missing fossil electrons” solved by mixing with
dense cluster gas and Coulomb cooling

°
— estimate CR-to-thermal pressure of X;; = 0.31

@ CR Alfvén wave heating balances radiative cooling on all scales
within the radio halo (r < 35 kpc)

@ local thermal stability analysis predicts observed temperature
floor at kT ~ 1 keV

outlook: couple CRs to AGN jet model, simulate anisotropically
steaming CRs, cosmological cluster simulations
need: deeper radio/~-ray observations — SKA/CTA

HITS
Christoph Pfrommer How cosmic rays shape galaxies
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CRAGSMAN: The Impact of - osmic " ys on alaxy and Clu-ter For!/ /tio

uropean Research Council

Tﬁis:prdject has reeeived funding from the European Reséarch éoUnsiI (ERC) unider the'EUr_Ope'a’n
Union’s Horizon 2020 research and_inno\/ation program (grant agreement No CRAGSMAN-646955).‘
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Literature for the talk

A multi-phase model of the interstellar medium:

@ Simpson, Pakmor, Marinacci, Pfrommer, Springel, Glover, Clark, Smith, The role
of cosmic ray pressure in accelerating galactic outflows, 2016, ApJL.

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.

AGN feedback by cosmic rays:
@ Pfrommer, Toward a comprehensive model for feedback by active galactic nuclei:
new insights from M87 observations by LOFAR, Fermi and H.E.S.S., 2013, ApJ
779, 10. —
JHITS
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