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Multi-frequency observations
AGN heating by cosmic rays

AGN feedback

Puzzles in galaxy formation: cosmic-ray feedback?
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AGN feedback

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

Christoph Pfrommer Cosmic ray physics in galaxy formation
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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 — 7\/47[) 7“) . VPch di di Cor ’
@ energy equations with ¢ = ey, + pv?/2:
Oe
§+V' [(e+ Pn+ Py)v] = PyV -V — Vg - VP
Oe
a;r + V- [PerVst + ecr(V + Vst + Vai)] —PyV v+ vy VP
Oe
a;:r + V- [fcr(v“' Vst + Vdi)] = —P4V- (V+ Vst)

.>\:j HITS
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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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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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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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Multi-frequency observations

AGN heating by cosmic rays

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, x [dV Pynenables to

estimate P /Py = 0.3
(allowing for Coulomb cooling |
with 7cou = 40 Myr) o

Rieger & Aharonian (2012)

— in agreement with non-thermal pressure constraints from
dynamical potential estimates (churazov+ 2010)

\ %JHITS
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Cosmic-ray heating vs. radiative cooling (1)

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

P,
Hcr = —Va- VPcr = —Va (Xcrvr<Pth>Q + 5/(:r>

@ 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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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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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*Hcer
T2Craa separatrix

heating

7

'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

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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AGN heating by cosmic rays

Virgo cluster cooling flow: temperature profile

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

KT (keV)

1 10

R ( arcmin ) Matsushita+ (2002) xJ
/ HITS
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Emerging picture of CR feedback by AGNs

(1) during buoyant rise of bubbles:
CRs diffuse and stream outward

— CR Alfvén-wave heating CR strearming

(2) if bubbles are disrupted, CRs are S5
injected into the ICM and caught in a ’ ; i
downdraft that is excited by the rising ' 4GR advection:
bubbles adiabatic compression

. . ) d CR energization
— CR advection with flux-frozen field

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

WER injection
(3) CR escape and outward stream- bybuJbee disruption

ing — CR Alfvén-wave heating
1 :>/\:\JHITS
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Conclusions on 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;; = 0.3

@ 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

HITS
Christoph Pfrommer Cosmic ray physics in galaxy formation



Shock a eration
Galaxy simulations

Cosmic ray simulations
mological simulations

AREPO simulations — flowcha

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
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Cosmological simulations

Cosmic ray simulations

AREPO simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

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

stellar
spectra

loss processes
gain processes
observables

C.P., Pakmor, Schaal, Simpson, Springel (2016) ~ populations
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X-ray, Ha, HI, ...
emission

stellar
spectra

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

Christoph P

observables
populations
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gain processes




Cosmic ray simulations

AREPO simulations with cosmic ray physics

ISM observables: Physical processes in the ISM:

o A
super-
<
N>

loss processes
gain processes
observables
C.P., Pakmor, Schaal, Simpson, Springel (2016) ~ populations

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

stellar
spectra

radio
synchrotron

gamma-ray
emission
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Shock acceleration
Galaxy simulations
Cosmological simulations

Cosmic ray simulations

CR shock acceleration

Comparing simulations to novel exact solutions that include CR acceleration

12 12 12
shock zone 10 . shock zone

10 10 10
8 8 8
¢ ¢ ¢
4 4 4
2 2 2
0 0 [ S—— —
10 0 2 48 8 10 0 2 4.6 8 10

C.P., Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations
Cosmological simulations

Cosmic ray simulations

Sedov explosion

density specific thermal energy

0.0
0.0 0.2 0.4 0.6 0.8 1.0

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations
Cosmological simulations

Sedov explosion with CR acceleration

Cosmic ray simulations

density specific cosmic ray energy

1.0
4.8

o

o
w
o

o
= ~
@ N

o
=
N

0.2 0.4 0.6 0.8 1.0

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological 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 ]

RS J
< 0.3 |- J
=] 3
g5t 1 2
= &
G 02| d
T 14 i

— v =5/3, 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

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations
Cosmological simulations

Sedov explosion with CR acceleration

Cosmic ray simulations

pressure density

T T T T T T T T T T

++ Pioy, ¥ = T7/5, exact ;=01 : : t=0.1
—  Piot, CR inj., 100 i :; .

2.0 - — Py, CR inj., 100® 3 B

Per, CR inj., 100®

o
&
3
2 Q
o
a 4 v =17/5, exact
— CR inj., 100
— t=10.01
t=0.02
i t=0.04
— t=0.08

. t=10.08, v = 5/3, exact
— t=0.08, v =5/3, 100°
1 1 1

I I L 1 IV D 1
0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50

radius radius

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

European Research Council
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Shock acceleration
. . . Galaxy simulations
Cosmic ray simulations . . .
Cosmological 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

Christoph Pfrommer Cosmic ray physics in galaxy formation




Shock acceleration
Galaxy simulations
Cosmological simulations

MHD galaxy simulation without CRs

Cosmic ray simulations

& [erg pe™] VB2 1G]

104 10 1072 107! 10°
= 10" Mo, forming disk without CRs

x [kpe] x [kpe]

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations
Cosmological simulations

MHD galaxy simulation with CRs

Cosmic ray simulations

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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Shock acceleration
Galaxy simulations
Cosmological simulations

Gas density in galaxies from 10'° to 1072 M,

Cosmic ray simulations

0
Mago = 10" Mg Mago = 10" Mg Moy = 1012 M,

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

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations
Cosmological simulations

CR energy density in galaxies from 10'° to 102 M,

Cosmic ray simulations

104 104 10%
Mago = 10" Mg Mago = 10" Mg Mago = 10'2 M

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

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Cosmic ray simulations

Shock acceleration
Galaxy simulations
Cosmological simulations

Temperature-density plane:

107 T T T T T
KT = Pypmpp ™", without CRs, Mago = 10'° M.
kT = P.humpp’l, with CRs

106 L - - - kT = Perltmpp !, with CRs i

105 4
X X
& &
10 4
10° | 4
10 L L "
10 107 102 107! 10° 10! 10

p/pPo

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

CR pressure feedback

107

10°

10° 4
10* 4
103 | 4
102 L L L L L
104 1073 102 107! 10° 10! 10%
p/Po

European Research Council
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Shock acceleration
. . . Galaxy simulations
Cosmic ray simulations . . .
Cosmological simulations

Cosmological simulations with cosmic rays

R [ 107 : v 4
¢ W ZAN “\

s

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations
Cosmological simulations

Cosmological simulations with cosmic rays

¥ 3 /

Cosmic ray simulations

10-19

1020

10~

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

Christoph Pfrommer Cosmic ray physics in galaxy formation



Shock acceleration
Galaxy simulations
Cosmological simulations

Cosmic ray simulations

CR shock acceleration at structure formation shocks

100

—_ —_
S 9
M -

CR pressure ratio Xcr

,_.
]
w

101 100 10! 102 103 104 105
baryonic overdensity dy, + 1

European Research Council

C.P,, Pakmor, Schaal, Simpson, Springel (2016)
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Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological simulations

Cosmic ray simulations

projects:

@ cosmological galaxy formation simulations:
CR-driven galactic winds, magnetic dynamo — Ruidiger’s talk

o — Christine Simpson
@ radio mode feedback: cosmic-ray heating

@ non-thermal cluster emission: radio halos and relics

— versatile CR-MHD code to explore the physics of galaxy formation

Christoph Pfrommer Cosmic ray physics in galaxy formation



Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological simulations

CRAGSMAN: The Impact of - osmic " ys on alaxy and Clu-ter For!/ /tio
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Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological simulations

Literature for the talk

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.

Simulating cosmic rays:

@ Pfrommer, Pakmor, Schaal, Simpson, Springel, Simulating cosmic ray physics on
a moving mesh, 2016.

HITS
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Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological simulations

Additional slides

HITS
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Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological simulations

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!

HITS
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Shock acceleration
Galaxy simulations

Cosmic ray simulations . . .
Cosmological simulations

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:

A fsVAPcr
crit =
Crad
o
— constraint on magnetic suppression factor f; J
HITS
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Shock acceleration
Galaxy simulations
Cosmological simulations

Cosmic ray simulations

Critical length scale of the instability (~ Fields length)

critical instability length A [kpc]

100

10

T T —
i fup = 1.0,Z2=072,
[ f;upz 1.0,Z=1327, ,
fiuP = 03,2 =0.7 ZO
faup=03,Z=13Z,
Acrit =1 -

unstable wavelength
larger than system

thermally unstable

T
\

stabilized by CR streaming

1 10
radius [kpc]
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Shock acceleration
Galaxy simulations
Cosmological simulations

Cosmic ray simulations

CR heating dominates over thermal conduction

10.0:\\\\\\ T T T T T T 1T T T \\\\\\:
. L
g
= 1.0F
% L
< r
r — Hcr, Psmoon + 6P
- - 7‘{CR5 Psmoolh
o1l . L . L

1 10 100
radius [kpc] S
CP. (2013) /X\JHITS
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Cosmic ray simulations

Shock acceleration
Galaxy simulations

Cosmological simulations

Impact of varying Alfvén speed on CR heating

Crud: Her [erg em™ s71]

107

10%

107

1077

global thermal equilibrium:

radial extent of radio halo:

Hewys va o p 12

Her. v = const.

Her.io va o p'?

Caa0.125 S Z 5 137)
i

1 0 100

1
radius [kpc]

local stability criterion:

T
——— Hersvacp'?
Her, va = const. o
Herys va o p 2

“islands of stability™

instability criterion, arsinh(D)

——

{11l
o=

“ocean of instability”

L
10° 10°

10 10°
temperature 7' (K]

parameterise B o p®8, which implies v4 = B/\/4wp 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

Christoph Pfrommer
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