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Puzzles in galaxy formation
Driving galactic winds
AGN feedback

Puzzles in galaxy formation
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Puzzles in galaxy formation

Puzzles in galaxy formation

giant eliptical galaxy

Bright-end of luminosity function:

@ astrophysical solutions:
AGN/quasar feedback, . ..
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@ astrophysical solutions:
e preventing gas from falling into DM potential wells:
increasing entropy by reionization, blazar heating ...
@ preventing gas from forming stars in galaxies:
suppress cooling (photoionization, low metallicities), . ..
e pushing gas out of galaxies: J
supernova/quasar feedback — galactic winds HITS
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Galactic winds and cosmic rays
Mass loss and star formation
Cosmic-ray heating

Driving galactic winds

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.
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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:
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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)

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters

10721




Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Galactic wind in the Milky Way?

Diffuse X-ray emission in our galaxy

... as suggested by Everett+ (2008) and Everett, Schiller, Zweibel (2010)
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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
at wind launching site
S e w0 — CR-driven Parker
Tiillmann+ (2000) instability

N
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Galactic winds and cosmic rays
Driving galactic winds SERnE]

ating

Cosmic-ray driven winds — literature

@ previous theoretical works:
Ipavich (1975), Breitschwerdt+
(1991), Zirakashvili+ (1996), Ptuskin+
(1997), Breitschwerdt+ (2002),
Socrates+ (2008), Everett+ (2008,
2010), Samui+ (2010), Dorfi &
Breitschwerdt (2012)

@ previous 3D simulations:
CR streaming: Uhlig, C.P.+ (2012)
CR diffusion: Booth+ (2013),
Hanasz+ (2013), Salem & Bryan
(2014)

Temperature [K]

Uhlig, C.P-+ (2012)
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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):

C ! cr . 32 ; I cr
= hva=1/— i = —Kdi
Vst Va |VPcr| with va /), Vi Kdi Pcr 5

@ energy equations with ¢ = ey, + pv?/2 (neglecting CR diffusion):

Oe
5TV lE+Ph+ PVl = PV v |Vs- VPy|
Oe
a;r + V- (earV) + Vo [(eor + Per)Vst] = —PoV -V —|Vg- VP
Oe
O;r + V- lear(V+HVe)] = —PuV-(V+vg) J
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Galactic winds and cosmic rays
Driving galactic winds Mass and star formation
Cosmic-ray heating

Simulations — flowcha

ISM observables: Physical processes in the ISM:

> super-
- @ ‘ ‘

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

stellar
spectra

loss processes
gain processes

observables AN
C.P,, EnBlin, Springel (2008) populations s

%
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Galactic winds and cosmic rays
Driving galactic winds no r formation
Cosmic- ting

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,, EnBlin, Springel (2008) populations s
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Galactic winds and cosmic rays
Driving galactic winds n r formation
ting

Simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

-‘/-v‘
super-
- =

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

stellar
spectra

W

loss processes
gain processes

observables »
C.P,, EnBlin, Springel (2008) populations s
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Galactic winds and cosmic rays
Driving galactic winds n r formation
ting

Simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

o A
super-
<
N>

loss processes
gain processes

observables »
C.P,, EnBlin, Springel (2008) populations s

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

stellar
spectra

radio
synchrotron

gamma-ray
emission
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Gamma-ray emission of the Milky Way
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Simulation setup

Uhlig, C.P., Sharma, Nath, EnBlin, Springel, MNRAS 423, 2374 (2012)
Galactic winds driven by cosmic-ray streaming

SPH simulations without magnetic fields — isotropic CR streaming with ‘ \J
Vst = Cs (@assuming 8 =~ 1) N HiTs
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

CR streaming drives winds
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

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
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Wind velocity profile along the symmetry axis

v, [kms']

-50

0 015 ‘1 l‘AS ‘2 2‘5 3
r/ Ryog
@ 10° — 10" M,,: accelerating wind due to a continuous CR
momentum and energy deposition during the ascent of the wind
in the gravitational potential
— different from traditional energy- or momentum-driven winds!
@ 10" M,: wind stalls in halo and falls back onto the disk e
— fountain flow JH.TS
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Gas mass loss within the virial radius

different scenarios: different galaxy masses:
1 1
08 t 08
s s
L 06¢f L 06
s s
S 04y streaming ({gy = 0.3) —— S 04
= streaming ({gy =0.1) —— = Mo = I?Z h-: M, —
02t advection only —— 1 02 Miao =10, 117 M,
no CRs —— Mo =107 17 M,
0 ‘ ‘ ‘ ‘ ‘ 0 ‘
0o 1 2 3 4 s 6 7 0 1 2 3 4 s 6 7
1[h! Gyrl 1 [h”! Gyrl

@ after initial phase (~ 2.5 Gyr), only winds driven by CR
streaming overcome the ram pressure of infalling gas and expel
gas from the halo

@ mass loss rate increases with CR injection efficiency (s (left) <
and toward smaller galaxy masses (right) XJHWS
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Star formation histories (SFHs)

10° A~ Mg halo 101° A=t Mg, halo
0.8 T T
noCRs —— noCRs ——
N streaming (Cgy =0.3) —— — 07 streaming (Cgy =03) ——
'5; streaming (T =0.1) —— '5; 06 streaming (Cgyy =0.1) ——
= 0.03 advection only (g =0.3) —— = 0s advection only (Cgy=03) ——
% advection only (Lgy =0.1) ? - advection only (Cgy =0.1)
= = 04
£ om £
=1 o 03
£ g
= £~ 02
g OO //\ 5 e
@ (NY "-»vz My “ 0.1 ] \_\—ﬁ
0 0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 i
t[h Gyr] [ Gyr)

@ CR feedback suppresses star formation
@ 10° Mg : CR advection-only (green, ): oscillating SFH
CR streaming (red, blue): suppressed smooth SFH
@ 10'9M: suppressed smooth SFH :"%JH.TS
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

ture due to CR heating

10°h~' Mg halo 10 b= Mg halo 10" A= Mg halo
a3 s t= 1507 Gyr ¢ %
10 55 2
4z
i N S s
= a1 N
ol 45
4
4
4
0 -10 o
= [n kec] z A~ kpe]

@ halo temperatures scale as kT oc V24 ~ V2,

10% — 10'°M,,: transition of isotropic to bi-conical wind; in these
cones, CR wave heating overcomes radiative cooling

10" — 10" M,: broadening of hot temperature structure due to
inability of CR streaming to drive a sustained wind; instead,
fountain flows drive turbulence, thereby heating larger regions w7

HITS
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Gas temperature: observation vs. simulation

M82 observation CR streaming (10'°M,,)

40

Temperature [K]

N

z [kee]

ot

| x\] HITS
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

CR-driven winds: analytics versus simulations

Bernoulli theorem along streamlines: wind speeds and mass loading factors

PO A A0 SO S T - 10 T

T
T N =05 1, T, =08 kpe, fgae=0.1
—— =21, =05 74, Tpmax = 1 kpe ~e N

N SIS — = = 1=0.5 74, Tb,max=0.8 kpc, fgas=0.01
—— =12, =05 14, Thmax = 0.8 kpe - 2 N i

=04 14, fens=0.1

- - =12, R =04 1y

ST~ ——-n=04 n, fes=0.01
——- =12, n,=1 kpe ~3s “

1 Se

Uwind [km/s]

1
Maoo [Mo) Myoo M)

. . . 1/3
@ winds speeds increase with galaxy mass as Viind o Veirc X Mzéo

until they cutoff around 10'" M, due to a fixed wind base height
(set by radiative physics)

@ mass loading factor n = M/SFR decreases with galaxy mass i‘ﬂ.><‘jH]Ts
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Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
Cosmic-ray heating

Conclusions on cosmic-ray driven winds in galaxies

@ galactic winds are naturally explained by CR streaming
(known energy source and plasma physics)

@ CR streaming heating can explain observed hot wind regions
above disks

@ substantial mass losses of low mass galaxies
— opportunity for understanding the physics at the faint end of
galaxy luminosity function

outlook: improved hydrodynamics (AREPO), including MHD

(anisotropic transport), improved modeling of plasma physics,
cosmological settings, ...

— recent work: Booth+ (2013), Hanasz+ (2013), Salem & Bryan (2014) ) ><J
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

“Radio-mode” AGN feedback
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Radio mode feedback by AGN: open questions

@ energy source:
release of non-gravitational accretion
energy of a black hole

magnetic draping — amplification
CR confinement vs. release
excitation of turbulence

self-regulated to avoid overcooling
thermally stable to explain T floor
low energy coupling efficiency

1.)

2.

3.
@ heating mechanism:

1)

2)
3 ) Perseus cluster (NRAO/VLA/G. Taylor) VA Ren
@ cosmic ray heating:
are CRs efficiently mixed into the ICM?

1)
2.) is the CR heating rate sufficient to balance cooling? B
3.) how universal is this heating mechanism in cool cores? JHITS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

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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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

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
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

The gamma-ray picture of M87

@ high state is time variable

— jet emission
@ low state:
(1) steady flux 5 -
:f 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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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Estimating the CR pressure in M87

@ X-ray data — nand T profiles = &
@ assume Xi = Py /Py (heating s
due to streaming CRs in - .
H [ .l- B,
steady state) 2w :

° F’Y X dePcrn enables to ‘ .
estimate P /Py = 0.31
(allowing for Coulomb cooling 9 T
with 7¢ou = 40 Myr) T T e e g 1 T e e

Rieger & Aharonian (2012)

— in agreement with non-thermal pressure constraints from
dynamical potential estimates (churazov+ 2010) J
HITS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Cosmic-ray heating vs. radiative cooling (1)

CR Alfvén-wave heating:
(Loewenstein, Zweibel, Begelman 1991, Guo & Oh 2008, EnBlin+ 2011)

5P,
Ho = —Va-VPy = —va (xcrv,mh)g + 5/”)

@ Alfvén velocity va = B/\/4mp with
B ~ Bgq from LOFAR and p from X-ray data
@ X inferred from ~ rays
@ Py, from X-ray data
@ pressure fluctuations 6P, /d/ (e.g., due to weak shocks of M ~ 1.1)

radiative cooling:
Crad = neanCOO|(Ta Z)

@ cooling function Aggo With Z ~ Z, N
all quantities determined from X-ray data \JHITS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Cosmic-ray heating vs. radiative cooling (2)

Global thermal equilibrium on all scales in M87

10 T T T T T T T

radial extent of radio halo:

107 .7 N
e ~
e
/

DR £ 1
o 7 7
\E Ly, |

Q 26 1
5 107F E
3 3 E
) ’ E
~ L ~ 4
2107 =
ok ]
r———  Hcr, Psmootn + 6P %

” _-_— - 7‘{CRs Psmomh
10

Cra(0.7Z0 S Z 5 1320) .
TS| L P S SR S | L L

1 10 100
radius [kpc]

C.P. (2013) ,'XJHITS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Local stability analysis (1)

T*Hcr
TQCrad

heating

cooling

kT
@ isobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations //XJH.TS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

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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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

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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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Local stability analysis (1)

T*Hcr
T2Craa 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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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Local stability analysis (2)

Theory predicts observed temperature floor at kT ~ 1 keV

Xcr =031 4
5 \ —_— - - XCR:0~031 —
' .
= |
Q | ]
E ! “islands of stability” 1
& i ]
3 |
NN
8 1 ]
= : |
z | i
g : f bili |
é) -5 U \ “ocean of instability” _
L M| L | L Lo

10° 10° 107 108
temperature 7 [K]

C.P. (2013) . ’X\JHITS
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Heating the cooling gas in M87
Diversity of cool core clusters

AGN feedback Conclusions

Virgo cluster cooling flow: temperature profile

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

KT (keV)

10

R ( arcmin ) Matsushita+ (2002) xJ
HITS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

Emerging picture of CR feedback by AGNs

(1) during buoyant rise of bubbles:
CRs diffuse and stream outward
— CR Alfvén-wave heating

CR streaming

(2) if bubbles are disrupted, CRs are "
injected into the ICM and caught in a ’ ; i
turbulent downdraft that is excited by ' Biirhulcnt advection:
the rising bubbles adiabatic compression

. . . nd CR energization
— CR advection with flux-frozen field

— adiabatic CR compression and
energizing: Pe/Pgo = 643 ~ 20 for
compression factor § = 10

W CR injection
(3) CR escape and outward stream- )y bubble disruption

ing — CR Alfvén-wave heating

%
/ HITS
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

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
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Heating the cooling gas in M87
Diversity of cool core clusters
AGN feedback Conclusions

How universal is CR heating in cool core clusters?

@ no + rays observed from other clusters — P, unconstrained

@ strategy: construct sample of 24 cool cores
(1) assume Her = Crag @t r = Ieool, 1 Gyr
(2) Per o< Py
(3) adopt B model from Faraday rotation studies:
B =40 uG x (n/0.1cm=3)"® where apg € {2/3,1}
(4) calculate hadronic radio and ~-ray emission and
compare to observations
@ consequences:

= if Her = Crag V r and hadr. emission below observational limits:
successful CR heating model that is locally stabilized at ~ 1 keV

= otherwise CR heating ruled out as dominant heating source XJ

HITS
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Cosmic-ray heating in cool core clusters (1)
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Cosmic-ray heating in cool core clusters (2
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Cosmic-ray heating in Hydra A vs. Perseus
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. . Jacob & C.P. (in prep.)
2 populations of cool cores emerging:

@ pop 1 (Hydra A, Virgo, ...): Her = Crag — CR heated?

@ pop 2 (Perseus, Ophiuchus, ...): Her # Craq: host radio-mini halos! XJ
HITS
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Non-thermal pressure balance
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Xer Jacob & C.P. (in prep.)

@ define Xy = Por/ Py and X = P/ Py
@ CRheating rate:  Her = —Va+ VPor oc X3 Xer
@ non-thermal pressure at fixed heating rate:
Xt = (Xp+ Xer)yy,, = AXs® + X = Xamin = (24)° 30
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Hadronic emission: radio and ~ rays
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Hadronic emission: radio and ~ rays
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Hadronic emission: radio and ~ rays
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Hadronic emission: radio and ~ rays
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@ CR heating solution ruled out in radio mini-halos (H¢r # Crag)! XJ
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Correlations in cool cores
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possibly cosmic ray-heated cool cores vs. radio mini halo clusters:
@ F,o0s > Fupred: strong radio source = abundant injection of CRs

@ peaked CC profile (.00 < 20 kpc) and simmering star formation:
cosmic-ray heating may effectively balance cooling

@ large star formation rates: cooling wins over heating //XJH.TS
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Conclusions on AGN feedback by cosmic-ray heating

cosmic-ray heating in M87:

@ LOFAR puzzle of “missing fossil electrons” in M87 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 central radio halo (r < 35 kpc)

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

diversity of cool cores:
@ peaked cool cores: possibly stably heated by cosmic rays

@ radio mini halo clusters: cosmic-ray heating ruled out e
systems are strongly cooling and form stars at large rates Jms
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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-driven winds in galaxies:

@ Uhlig, Pfrommer, Sharma, Nath, EnB3lin, Springel, Galactic winds driven by
cosmic-ray streaming, 2012, MNRAS, 423, 2374.

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.
@ Jacob & Pfrommer, Diversity in cool core clusters: implications for cosmic-ray
heating, in prep.
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Self-consistent CR pressure in steady state

@ CR streaming transfers energy per unit volume to the gas as
Acy = —7aVa - VPy = Py = Xor P,

where 74 = 6//vj4 is the Alfvén crossing time and §/ the CR
pressure gradient length

@ comparing the first and last term suggests that a constant
CR-to-thermal pressure ratio X, is a necessary condition if CR
streaming is the dominant heating process

— thermal pressure profile adjusts to that of the streaming CRs!
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Critical length scale of the instability (~ Fields length)

@ CR streaming transfers energy to a gas parcel with the rate
Hcr =—Va- VPcr ~ fsVA|VPcr|7

where fs is the magnetic suppression factor
@ line and bremsstrahlung emission radiate energy with a rate Cyqq

@ limiting size of unstable gas parcel since CR Alfvén-wave heating
smoothes out temperature inhomogeneities on small scales:

fs VAPcr
Crad

/\crit =

°
— constraint on magnetic suppression factor fg
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Critical length scale of the instability (~ Fields length)
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CR heating dominates over thermal conduction
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Impact of varying Alfvén speed on CR heating

global thermal equilibrium: local stability criterion:
10 T T T T
— Hersvaxp'?
il S — Hcr, v =const. |
) . o =
_ 0¥k J 5
% E ” m “islands of stability”
7 g
g 10 4 £ 0 I /’\\
3107k e Z
© Herys va wpl? - 2 5 b “ocean of instability™ -
Her. v = const. ,
JoBL—— Hewiva <p? N Y
Cad(0.7Z 2 < 13Z0) A
; . > . .
1 10 100 10° 10° 107 10°
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parametrize B o p®8, which implies v4 = B/\/4rp o p*8~1/2:
@ ap = 0.5 is the geometric mean, implying v4 = const.

@ ap = 1 for collapse perpendicular to B, implying va 1 o p'/2
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Cosmic-ray heating vs. radiative cooling (3)

is this global thermal equilibrium a coincidence in Virgo?
@ CCs typically show a steep central density profile: n oc r=°
@ central temperature profile rises slowly: T o r<, with o < 0.3

@ assume v4 = const. and steady-state CR streaming
= Xor = Por/ Py (also required for self-consistency):

0 0

Her o apth X ar

Crad 0.8 n2 X f_2

ra—1 a—2

xr

(1) identical radial profiles expected for T ~ const. (o ~ 0)
(2) for a smoothly rising temperature profile, heating is slightly favored
over cooling at larger radii — onset of cooling is smoothly modulated
from the outside in
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CR streaming: Gadget-2 versus 1-d grid solver

Evolution of the specific CR energy due to streaming in a medium at rest
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CR-driven wind simulations: resolution study
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@ our results winds driven by CR streaming are converged with
respect to particle resolution (left) and time step of the explicit
streaming solver (right)
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