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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:

o solutions: ceter | spermasoe

SUPeIMAasSSIVI
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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; 1laxy formatior Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
AGN feedl 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 THINK 0U SHOWD BE MORE EXPLICHT .
dwarf galaxies

Ape N STEP TWO.¥

© Sydney Harris

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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Ditving Jalactic winds | Masa loss and star formation
Cosmic-ray

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

ressure drops less
than thermal

cool less efficiently
than thermal gas

@ CR pressure energizes the

wind 'CR battery

9 poloidal ("open”) field lines
at wind launching site
CR-dnven Parker

Tollmanns (2000 N Instability
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Pucstosmonmy lomaten | Galaciewinds andcosmicrys
Driving galactic winds Masa loss and star formation

\GN toadback 8 M_’!"_!_ %

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

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

/

9 CHs coal less efficiently
than thermal gas

@ CH pressure energizes th
wind — “CR battery"
9 poloidal (“open”) field lines
at wind launching site
CR-driven Parke;
instability
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Puzzion in go vy formatien | Galaetic winds and cosmic rays
Driving galactic winds l Masa loss and star lormation
AGN feadback

Interactions of CRs and maéhetic fields
|

@ CRs scatter an magnetic fields — isotropization of CR momenta

9 CR Sll‘Qﬂmlng InS bl"ly. Kulsiud & Pearce 1969

o il vgr > va, CR®urrent provides
steady driving force, which amplifies
an Allven wave field in resonance
with the gyroradii of CRs

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

and momentum to the thermal gas

R T p—
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Puzzion gy lermaten | Galaetic winds and cosmic rays
Driving galactic winds Masa loes and star lormation

AGN toadback Cosmic-ray heating

CR transport

\
9 total CR velacity v = V + Vg + Vg (Where v = Vqa.)

siream down their own pressure gradient relative ta the gas,
2Hs diffuse in the wave frame due to pitch ang : \
MHD waves (both tlansports are along the loca

D

VP,
Vi Vi Tp with va

Pirsa: 15040052 Page 9/33




Pirsa: 15040052

n galaxy formation Galactic winds and cosmic rays
Driving galactic winds Mass loss and star formation
AGN feedl Cosmic-ray heating

CR transport

@ total CR velocity vy = V + Vg + Vgi (Where v = 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):

P, | B2 VP,

Vst with va ‘;""- : Vdi = —Kdi .
\.‘ 45:,«‘1 Pcr

VA
'V Pl
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z2l06 In gaaxy leimation
Driving galactic winds

OGN tewdback

CR transport

9 total CR velocity vy = v + Vi + Vi (Where v = Vgu)

|
@ CRs stream down their own pressure gradient relative to the gas,
use In the wave frame due to pitch angle scattering by
MHD waves (bath tlansparts are along the local direction of B)

VP, i B*
57 WIIN VA W/ 7
VA, ; | 4

Vo = — Vi

9 energy equalions with th 4+ pve /2 (neglecting CR diffusion)
i)

Jt =V ['I - Py 4 R‘.:]V] P.-_,'\'-v | :V5|'vp.:

Ve (V) + V- [(cor + Per)Vay] PV - v VP

o P Cou Ty ook galsio i ool o s

sk
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Puzzies in gaaxy formation [
Driving galactic winds
AGN teadback
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" jaasy formaten | Galnetic winds and cosmic rays
Dmlnq Jalactic winds Mass loss and star lormation
AGN teadback mm

Temperature structure due to CR heating

9 halo temperalures scale as kT ~ v Ve

wind ase

Qo 10 10" M. : transition of isotrapic to bi-conical wind: iy
cones, CR wave heating avercomes radiative cooling

Qe 10 10" M
inability of CR streaming to drive a sustained wind; instead,

lountain flows drive turbulence. thereby heating large reglans

broadening of hot temperature structure duc®
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zk ilaxy formatior Galactic winds and cosmic rays
Driving galacllc wmds Mass loss and star formation
( Cosmic-ray heating

Gas temperature: observatlon vs. simulation

M82 observation CR streaming (10" M..)

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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Puzsionin gn my lormation [ Galnelic Winds nnd cosmie rays
Drtving galactic winds Mass loss and star lormation
Cosmic.ray heating

AGN leadback |

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

@ winds speeds increase with galax Y Mass as Vynd X Vere x M2

200

until they cutolf around 10" M due to a fixed wind base height

(sel by radiative physics)

@ mass loading faclar i = M/SFR dec

Page 15/33




Puzzlon i gaasy tormaticn | Galnelic winds and cosmic rys
Diving galactic winds | Mass loss and star lormation.
heating

WGN teedback Ii

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

@ winds speeds Increase with gala
until they cutolf around 10" M
(sel by radiative physics)

@ mass loading factor 1) = M/SFR decreases with galaxy 11-1';'
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Puzzk

don i gamy lrmaten | Galsetic winds and cosmic rays
Driving Jalnctic winds | Mass loss and star formation.

\GN feadbach |

Conclusions on cosmic-ray driven winds in galaxies

9 galactic winds are naturally explained by zaming
(known energy soulce and plasma physic
@ CR streaming heat®g can explain abserved hot wind regions
above disks
9 substantial mas ; of low mass 25
opportunity for understanding the physics at the faint end of
galaxy luminasity function

nisalrof I Improved modeling of plasma physics
cosmological settings

recant work: Booth+ (2013), Hanasz+ (2013), Salem & Bryan (2014)

By e e —
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Observations of M87
ng g tic wir 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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| Obeervations of M87
| Casmic-my healing

Drving Jalactic winds
AGN toodback | Conclusions

Solutions to the “missing fossil electrons” problem

solutions:
|

9 special time: M87 tirned on
40 Myr ago after|long
silence
conllicts arder ufiity duty
cycle inferred from st
leedback studies (@i, 2012

B = bt ot L WS

B 4

Chviog Pt | Cou o lack i galon oo ot
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Pusskoningnmy bimaten | Observalions of MBT

Driving ;Jalactic winds Cosmic-ray heating
AGN leadback Conclusions

Solutions to the “missing fossil electrons” problentl'f

solutions:

9 spacial time, M87 Wirned on
viyr ago alter{long
sllence ] '
conflicts order ufty duty
2yele inferred from stat. AGN
feedback studies (. 2012

9 Coulomb coaling removes
lossil electrons
elliclent n
electran:
denst clusts I gac
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Diving Jalactic winds | Gasmicamy heating
AGN toodhack Conclusions

The gamma-ray picture of M87

|
@ high state is time variable
|et emission

9 low state:
(1) steady flux

Higar & Aharm

- confirming this triad would be smoking gun for first 4 -ray
signal from a galaxy cluster!
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vy bemanen | Observations of Ma7
) galactic winds | Gasmioimy heating
AGN ladback | Conclusions

|

Estimating the CR pressure in M87

Q X-ray data — nand T proliles

Q

Q0 F | dV Pyn enables to
eslimate Xo = P /P i1
(allowing lar Coulomb caoling
With 7gy = 40 Myr)

In agreement with non-the

dynamical potential estimats
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wind

AGN foudback

Local stability analysis (1)
|

@ Isobaric perturbations to global thermal eql

© CRs are adiabatically trapped by perturbati
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i gaary formation  [FROBSarvatons of MET
Drving Jalactic winds

) | Cosmic-my
AGN foodback | Conclusions

LLocal stability analysis (1)

heating

9 (sobaric perturbations to global thermal equilibrium
@ CRs are adiabatically trapped by perturbations

Christoph Plrommar
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shon i gaary formaten [T Observations of MB7
Drmving gaiactic winds | Cosmie-my heating
AGNIwdback | Conclusions

Local'stability analysis (2)
Theory predicts observed !nmparalure floorat kT = 1 keV.

wslands of stalaluty

1, '
o]
\ |

/} v\

temperature [ | K |
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1laxy formation Observations of M87
Driving galactic wind: Cosmic-ray heating
AGN feedback Conclusions

Virgo cluster cooling flow: temperature profile

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

Matsushita+ (2002)

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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AGN foadback | Conclusions

Critical length scale of the instability (~' Fields Iehgth) '

e CR streaming transfers energy lo a gas parcel with the rate
H, Va: TP’.I fsVa Y Prr.
whaere [, is the magnetic suppression lactar

9 line and bremsstrahlung emission radiate eneray with a rate ( {1

Gnrstoph Prommer | Cosnie ray ectbac I alasios ad ool cere cistors’
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1laxy formation Observations of M87
riving galactic wind: Cosmic-ray heating
AGN feedback Conclusions

Critical length scale of the instability (~ Fields length)

@ CR streaming transfers energy to a gas parcel with the rate
Her Va+ VPy ~ fsvalV Pyl

where fs 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

f\crit = ~
(-rad

Q
— constraint on magnetic suppression factor fg

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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Observations of M87

riving galactic wind 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

turbulent advection
adiabatic compression
nd CR energization

R injection
bubble disruption

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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Observations of M87
ng galactic wind 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 g Tueion
injected into the ICM and caught in a .
turbulent downdraft that is excited by Bt rbulent advection

the risjng bubbles adiabatic compression
. . . . nd CR energization
— CR advection with flux-frozen field Y
- adiabatic CR compression and
enerqgizing: Pg/Pe.o = 64/3 ~ 20 for
compression factor 6 = 10

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

ing — CR Alfvén-wave heating

Christoph Pfrommer Cosmic ray feedback in galaxies and cool core clusters
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Puzzion in ga axy lormation Observations ol M7
Driving ;galnctic winds Cosmic-ray hoating
AGNfoadback | Conclusions

" Prediction: flattening of high-v radio_ébé'titrum

1O000 |
|
K

1000 §
|

s g, swateh ot
hadromeally induced emission

11) \.r._\
frequency v [M1z]
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zzil08 In ga axy formation Obsarvations of M87
Drwing galactic winds | Cosmic-ry heating
AGN loodback Condlusions

Conclusions on AGN feedback by cosﬁiid'-ray heating '

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

9 predicled 4 rays idéhtified with low state of M&7
estimate CR-to-thermal pressure of X, = 0 31

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

@ local thermal stability analysis predicts ohserved lemperature
lloor at kT =1 keV

outlook; simulate steaming CR s coupled to MHD, cosmalogical

ind radio obse rvalions

cluster simulations, improve --ray
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