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Abstract: <p>Understanding the physics of galaxy formation is arguably among the greatest problems in modern astrophysics. Recent cosmological
simulations have demonstrated that "feedback™ by star formation, supernovae and active galactic nuclei appears to be critical in obtaining realistic
disk galaxies, to slow down star formation to the small observed rates, to move gas and metals out of galaxies into the intergal actic medium, and to
balance radiative cooling of the low-entropy gas at the centers of galaxy clusters. However the particular physical processes underlying this
"feedback" still remain elusive. In particular, these smulations neglected cosmic rays and magnetic fields, which provide a comparable pressure
support in comparison to turbulence in our Galaxy, and are known to couple dynamically and thermally to the gas. Using hydrodynamic simulations
of galaxy formation, | will show how cosmic rays are able to drive powerful galactic windsin low-mass galaxies. This reduces the available amount
of gas for star formation and implies a shallower slope of the faint-end of the galaxy luminosity function as required by observations. In the second
part of thetalk | demonstrate that cosmic-ray heating can balance radiative cooling of the low-entropy gas at the centers of galaxy clusters and helps
in mitigating the star formation of the brightest cluster galaxies. New data on the low-frequency radio and gamma-ray emission of M87, the closest
active galaxy interacting with the cooling cluster plasma, enable us to put forward a comprehensive, physics-based model of feedback by active
galactic nuclei.</p>
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Puzzles in galaxy formation

Puzzles in galaxy formation

Bright-end of luminosity function:

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

Faint-end of luminosity function:

° solutions: : wtar | spemase

feedback | black hole feedback

@ 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), ...

e pushing gas out of galaxies:
supernova/quasar feedback — galactic winds

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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: galaxy formatior Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
AGN feedba 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
. . ) star conversion efficiency in
* L TRINK U SHOWD BE MORE EXPLICTT .
Ae@E N STEP TWO ¥ dwarf galaxies

© Sydney Harris
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CSalactic wana ne CORTC TRYVE
Deving palactc winge Mass i g wta formaion
. Lo oy Yty

Galactic cosmic ray spectrum
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PuzTien I DY Sormalcr Galactic winds and cosmic s
Driving qalactic winds | Miass |oss and star lermation

AGN teadback

Why are CRs important for wind formation?
Hadio halos in disks: CRs and magnetic fields exist at the disk-halo interface

{ pressure drops less
ly than thermal

e CR ol less efficiently

Rs cog
than thermal gas

@ CH pressure energizes the
‘CR baltery

9 poloidal ("apen”) leld lines
al wind launching site
CR-drnven Rarkear

Tokmanne. (B00c instability
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Puctiosimgamy lomaten | Galseiewinds andcosmicrys
Ditving galictic winds Mass loes and star formation

AGN Teadback

Why are CRs important for wind formation?
Radio halos in disks: CRs and magnelic fields exist at the disk-halo intarface

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

Q9 CRs coal less efficic ntly
than thermal gas

@ CR pressure energizes th
‘ 'CR battery"
9 poloidal ("open”) field lines
1 launching site
A-driven Parker
instability
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Puzzies in ga mvy lermaticn i MM“MM
Masa loss and star lormation
Cosmic-nay. |

 Driving galactic winds l
AGN leadback

Interactions of CRs and meigneticfields
\

@ CHs scatter an magnetic fields

- Isotroplzation of CR momenta
9 CR streaming instability: wuswss mars 1aes

o il vg > va, CR®urrent provides
steady driving force, which amplifies
an Alfven wave lield in resonance
with the gyroradii of CRs

scaltering olf ol this wave field limits
the (GeV) CRs' bulk speed ~ v,
wave damping: transfer of CR enerqy

and momentum to the thermal gas
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Puzzias in ga axy larmation Fﬂiﬁ;ﬂiﬁﬁmm ;
Driving galactic winds Mass loes and star lormation.
AOH fondback | (Cosmicamy heating

CR transport

Q total CR velocity v,;l V 4+ Vg + Vg (Where v

@ CRs stream down their own pressure gradient relative to the gas
CHs diffuse in the wave frame due to pitch ang ering by
MHD waves (both tlansports are along the local direction of B):

.-

A%
Vel Vi TP with v,
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izzles in galaxy for Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
AGN feedba Cosmic-ray heating

CR transport

@ total CR velocity vy = V + Vg + Vgi (Where vV = Vgy)

@ 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):

PC '; 82 VPcr

Ve — with va

VA - | ;":- A Vdi = —HKdi '
‘VP(;]‘ \." 4,7.'/') ! l Pcr
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zzl0e in ga sy tormation [ mif“.i-ﬁ;ﬁﬁi’**
Diwving galactic winds Masa loss and star formation
Wi teabach | Cosmicdmy heating

ettt St eioeh.

CR transport

9 total CR velocity v = v + Vg + Vg (Where v = Vgu)

|
m down their own pressure gradient relative to the gas,
use In the wave frame to pitch : scatlering by
MHD waves (both tlanspart alang the local direction of B)

VE:
Ve Vi TP

Q@ energy equalians with 1+ v /2 (neglecting CR diffusion)

with va

J
f

t Per) v] Per¥ + v & |Vay « VP

f P\'_IJV‘.I] PuV v + V Pl
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Puzzies in gamy fermation. |
Driving galnctic winds
AGN lewdhack

"'CRistreaming drives winds
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Deiving galactic winds l Mass Ioss and st formation

AGN lendback

Temperature structure due to CR heating

9 halo lemperalures scale as kT + v

wind

10™ M. transition of isatrapic to bi-canical wind
cones, CH wave healing overcome

Q9 10 10" M

inability of CR streaming ta drive a sustained wind; inste

lountain llows drive turbulence, thereby heating |
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y in galaxy forn Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
AGN feedb Cosmic-ray heating

Gas temperature: observation vs. simulation

M82 observation CR streaming (10" M..)

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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Puziies in ga sy lormation [T GRIREHE Winds nnd Gosmic iy
Driving galactic winds Mans loss and star formation
AN badback | Cosmeeqmyheatng
CR-driven winds: analytics versus simulations
Bamoulli theorem along streamlines: wind speeds and mass loading factors

9 winds speeds increase with galaxy mass as Vg .
until they cutalf around 10" M due to a fixed wind ba
(sel by radiative physics)

1/3
< Moo

=
se height

@ mass loading faclor ) = M/SFR decreasas will
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Drving Jalactic winds | Mass loss and star lormation
Cosmic.my

WGN tewrdback l

CR-driven winds: analytics versus simulations
Bernoulll'theorem along streamlines: wind speeds and mass loading factors

@ winds speeds increase with gala Mg -
until they cutalf around 10" M. due 109
(sel by radiative physics)

@ mass loading factor 1

M/SFR decreasas with galaxy mass™
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Puzk

Driving alnctic winds | Mass oss and star formation
N eadback | Cosmicimy heating

Conclusions on cosmic-ray driven winds in galaxies

@ galaclic winds are natural

streaming
(known eneray soufce

9 CR streaming heatlq can ¢

iin abserved hot wind regions
above disks

Q9 substantial mas

apportunity for ur
galaxy luminasity function

of law m:

anding the physics at the faint end of

nisalrop I improved madeling of plasma physics.
cosmological settings

racant work: Boath+ (2013), Hanasz+ (2013), Salem & Bryan (2014)

Pirsa: 15040052

Page 17/33



Observations of M87
[ lactic wind: Cosmic-ray heating
AGN feedback Conclusions

Messier 87 at radio wavelengths

v = 1.4 GHz (Owen+ 2000)

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

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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solutions:

9 special time; M87 Wirned on
40 Myr ago afterlong
silence

- af P,
conllicts order uMity c

cycle inferred fro
leedback studies

Page 19/33




8 i g nxy larmation
Dving gainctic winds

AGN foadback

* Solutions to the *missing fossil electrons” problem

solutions:

9 spacial time
40 Myr ago alter|long
silence
conlflicts orde ity duty
> AGN
leedback studies wan. 2012

@ Coulomb coaling removes
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1 ay Rormmation Obsorvations of M87

] Jainctic wind | Cosmicmy heating
AGN foodback | Conclusions

The gamma-ray picture of M87

|
9 high state is time vanable
el emission

Q lows
(1) steady flux

Rmgar & Aham

- confirming this triad would be smoking gun for first 4-ray
signal from a galaxy cluster!
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Estimating the CR pressure in M87

1
9 X-ray dala — nand T proliles

Q

9 F [ dV Pen enables lo
aslimate X = Pe /Py
(allawing lor Coulomb coaling
With 7egy = 40 Myr)

in agreement with non-therr

dynamical potential estimate
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G tow dback

Local stability analysis (1)

9@ isobaric perturbations to global thermal eql

@ CHs are adiabatically trapped by perturbat
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Diwving palnctic winds Conmic-my heating
AGN foadback | Conclusions

[Local stability analysis (1)

separatryx

heating

) Kl
9 [sobaric perturbations to global thermal equilibrium

@ CRs are adiabatically trapped by perturbations
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Local'stability analysis (2)
. Theory predicts observed temperature floor at k7" =~ 1 keV.
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Observations of M87
g galactic wind Cosmic-ray heating
AGN feedback Conclusions

Virgo cluster cooling flow: temperature profile

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

Matsushita+ (2002)

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters

Pirsa: 15040052 Page 26/33



os in g axy formatior Obsarvations of ME7?

W jactic winds | Cosmicrmy hoating
AGN loadback Conclusions

Critical length scale of the instability (~ Fields length)

|
o CR streaming transfers energy to a gas parcel with the rate
H. Vi T‘F'-'r fsVa E_P-'.Ff
whare [, |s the magnetic supprassian lactor
9 line and bremsstrahlung emission radiate eneray with a rate ¢

rad
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Observations of M87
Cosmic-ray heating

rving galactic wina
AGN feedback Conclusions

Critical length scale of the instability (~ Fields length)

@ CR streaming transfers energy to a gas parcel with the rate
'Hcr - Va- vPcr o fsVA"\—Pcr‘-

where f; is the magnetic suppression factor
@ line and bremsstrahlung emission radiate energy with a rate Cyaqg

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

fsVaPer

/\crit = >
Crad

Q
— constraint on magnetic suppression factor fg
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Observations of M87
ng galactic wir Cosmic-ray heating
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
and diffusion

glurbulent advection
adiabatic compression
CRH energization

R Injection
ybubble disruption
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Observations of M87
ng galactic wir Cosmic-ray heating
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 Sai 8o
injected into the ICM and caught in a i _
turbulent downdraft that is excited by : dturbulent advection

the risjng bubbles adiabatic compression
. ; . ; CR energization
— CR advection with flux-frozen field
- adiabatic CR compression and
energizing: Per/Peg.o = 64/3 ~ 20 for
compression factor 5 = 10

R Injection
(3) CR escape and outward stream- Ybubble disruption

ing — CR Alfvén-wave heating

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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PMuzzion i o ey tormaton | Observations ol M7

Driving alnctic winds mm
AGN foadback Conclusions

o ”II
M5 g swateh ol
hadronically induced emission
10 1)
frequency v [MIHz|
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vy tormation  [FRCBRTVRIGNR Bf AT
ng Jalactic wir | Casmic-my hoaaling
' AGN lechack | Conclusions

Conclusions on AGN feedback by cdéhic':-ray hrééting

@ LOFAR puzzle of "missing fossil electrons
dense cluster gas 4nd Coulomb cooling
Q pradicted 4 rays

jed by mixing with

identified with low state of M87
estimate CR-to-thermal pressure of X, = 0.1

@ CR Allven wave healing balances radiative cooling on all scales
within the radio halo (r < 35 kpe)

@ local thermal stability analysis predicts observed temperature
lloor at kT =1 keV

oullook: simulate steaming CRs « oupled ta MHD, cosmolaaical
cluster simulations, improve f and radio ab
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