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Cosmic ray feedback Observations of M87
Cosmic ray heating

Radio mode feedback by AGN

Paradigm: super-massive black holes with M ~ (10°...10'%)M,
co-evolve with their hosting cD galaxies at the centers of galaxy
clusters; they launch relativistic jets that blow bubbles and provide
energetic feedback to balance cooling

Perseus cluster (NRAO/VLA/G. Taylor) VA Ron

Cosmic rays in galaxy clusters



Cosmic ray feedback Observations of M87
Cosmic ray heating

Radio mode feedback by AGN

Paradigm: super-massive black holes with M ~ (10°...10'%)M,
co-evolve with their hosting cD galaxies at the centers of galaxy
clusters; they launch relativistic jets that blow bubbles and provide
energetic feedback to balance cooling

@ energy source: release of
non-gravitational energy due to
accretion on a black hole and its spin

@ jet interaction with magnetized cluster
medium — turbulence

@ jet accelerates relativistic particles
(cosmic rays, CRs) — release from
bubbles provides source of heat

@ self-regulated heating mechanism to
avoid overcooling

Perseus cluster (NRAO/VLA/G. Taylor) VA Ron

Cosmic rays in galaxy clusters



Cosmic ray feedback Observations of M87
Cosmic ray heating

Messier 87 at radio wavelengths

v = 1.4 GHz (Owen+ 2000)

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

=

AIP
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Cosmic ray feedback Observations of M87
Cosmic ray heating

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 _E

low-v spectral steepening — puzzle of “missing fossil electrons”
AIP

Cosmic rays in galaxy clusters



Cosmic ray feedback Observations of M87
Cosmic ray heating

Solution to the “missing fossil electrons” problem

10°F T T

solution: 5\\\3: 104G rr Coulomb ]
1\ e - - synch.+IC ]
@ Coulomb cooling removes NN
fossil electrons I R
. . . . - 10 El
— efficient mixing of CR if
electrons and protons with . ]
dense cluster gas £ p et i
.g t total loss
S 10"
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Pfrommer (2013) E

AIP
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Cosmic ray feedback Observations of M87
Cosmic ray heating

The gamma-ray picture of M87

@ high state is time variable

— jet emission
@ low state:
(1) steady flux T .
: 10 ‘
o .‘
(3) spatial extension is under "

. . . Rieger & Aharonian (2012)
investigation

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

AIP
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Cosmic ray feedback Observations of M87
Cosmic ray heating

AGN feedback = cosmic ray heating (?)

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

@ cosmic rays excite Alfvén
waves that dissipate the
energy — heating rate

Hcr = |VA : VPcr|

(Loewenstein+ 1991, Guo & Oh 2008,
EnBlin+ 2011, Wiener+ 2013, CP 2013)

@ calibrate P, to v-ray
emission and v to
radio/X-ray emission

a

AIP
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Cosmic ray feedback Observations of M87
Cosmic ray heating

AGN feedback = cosmic ray heating (?)

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

107

@ cosmic rays excite Alfvén
waves that dissipate the o radial extent ofradio hlo:
energy — heating rate :

>
T
1

Hcr = |VA : VPcr|

(Loewenstein+ 1991, Guo & Oh 2008,
EnBlin+ 2011, Wiener+ 2013, CP 2013)

C,H [ergem™ s7']

2
T

heating rate, H

@ calibrate Py to y-ray o e
emission and v to ] 0 100

radius [kpe]

radio/X-ray emission Prrommer (2013)

— cosmic-ray heating matches radiative cooling (observed in X-rays) _E
and may solve the famous “cooling flow problem” in galaxy clusters! I

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

How universal is CR heating in cool core clusters?

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

@ strategy:
(1) construct large sample of 39 cool cores
(2) search for spherically symmetric, steady-state solutions:
CR heating (Hcr) + ~ cooling (Craq)
(3) calculate hadronic radio and ~-ray flux Fnaq and
compare to observed fluxes Fops

a

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

How universal is CR heating in cool core clusters?

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

@ strategy:
(1) construct large sample of 39 cool cores
(2) search for spherically symmetric, steady-state solutions:
CR heating (Hcr) + ~ cooling (Craq)
(3) calculate hadronic radio and ~-ray flux Fnaq and
compare to observed fluxes Fops

@ consequences:

= if Her + ~ Crag V r and Frag < Fops:
successful CR heating model that is locally stable at 1 keV

)

= otherwise CR heating ruled out as dominant heating source

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Sample selection

select 39 cool cores (CCs): . '
. e .
@ brightest 23 CCs from X-ray o®
flux-limited sample (HIFLUGCS) 2ol PO ®e |
that are also in ACCEPT 2 . . 00, o °
@ 10 high-resolution Chandra data & *
(Vikhlinin+ 2006) ®oe
L 4 L 4
@ 15 clusters with radio-mini halos 't * E
(RM HS) (Giacintucci+ 2014) 0.1)1 ()Tl
@ add Virgo + A2597 Jacob & Pirommer (2017a)

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Sample selection

select 39 cool cores (CCs): . '
. e .
@ brightest 23 CCs from X-ray o®
flux-limited sample (HIFLUGCS) 2ol PO ®e |
that are also in ACCEPT 2 . . 00, o °
@ 10 high-resolution Chandra data & *
(Vikhlinin+ 2006) ®oe
L 4 L 4
@ 15 clusters with radio-mini halos 't * E
(RM HS) (Giacintucci+ 2014) 0.1)1 ()Tl
@ add Virgo + A2597 Jacob & Pirommer (2017a)

= RMH clusters show selection bias towards high-z and being more
massive (fixed surface brightness limit)

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Sample selection

select 39 cool cores (CCs):
.
@ brightest 23 CCs from X-ray °
flux-limited sample (HIFLUGCS)
that are also in ACCEPT

T
*

9
*
®

L

Moo (10" Mo)
*

00 ¢
@ 10 high-resolution Chandra data
(Vikhlinin+ 2006)
@ 15 clusters with radio-mini halos 't E
(RM HS) (Giacintucci+ 2014) 0.1)1 ()Tl
@ add Virgo + A2597 Jacob & Pirommer (20172)

= RMH clusters show selection bias towards high-z and being more
massive (fixed surface brightness limit)

SN
= study sub-sample that is unbiased in M.y, and entire sample g

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Governing equations

@ conservation of mass, momentum, thermal and CR energy:

dp
a'FﬁV‘V—O
dv
Par = -V (Pn+ Puy) — pV¢
de
T?—F’YthethV'V:—V' Fin + Her — pL
decr
dat + Y€V V==V - Fo —Her + St

@ Lagrangian derivative d/dt = 9/0t+ v - V

@ equations of state:
Pin = (h — 1)em E
Per = (’Ycr - 1)ecr TAIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Governing equations

@ conservation of mass, momentum, thermal and CR energy:

dp
dt+pV v=_0
dv ‘
pa:_v(Pth‘f'Pcr)_Pv(f)
de
d; +MheénV - Vv=—-V. Fin + Her —
dec
dt + YV V==V Foo —Her + S

@ gravitational potential ¢ = — GMS In (1 + 7 ) +v2In (%)
@ radiative cooling  pL =n2 (N + Ny T'/2)

M( > o (1 ,ef<r/ra)2> E

@ CR source Sor =
< 4rrd \Tor AIP

cr

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Governing equations

@ conservation of mass, momentum, thermal and CR energy:

dp

dv
PE:_V(F’th‘f"pcr)_PVQ5
de
o FmenV - v=—V . FitHe —pL
deg
dat + Y€V -Vv=—V . Foo —He + S

@ thermal heat flux

V Py
|V Pyl

@ CRheatingrate  He = — Ve -V Py N

Cosmic rays in galaxy clusters

@ CR streaming flux Fo; = (o + Por) Vst With vy = —va



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Case study A1795: density and temperature

ne (cm™)
kT (keV)
w S~ w (=)} ~ o0

L
10 100
r (kpc) r (kpc)
Jacob & Pfrommer (2017a)

@ beautiful match of steady-state solutions to observed profiles
@ pure NFW mass profile in A1795

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Case study A1795: heating and cooling

A 1795

1075 L —_— He o
E Heona

— Crad

102 [
10—27 =F

10-28 3

Heating, Cooling (ergcm™ s7!)

ol =042
1072 .F'f

10 100

r (kpc)
Jacob & Pfrommer (2017a)

@ CR heating dominates in the center
-] , k = 0.42Kgp

I
@ He + ~ Crag: Modest mass deposition rate of 1 M, yr~!

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Case study A1795: CR and B pressure ratios

o A 1795
10 . .
2 107" | .
o
3
£ 102 E
F— Xu
— X
—_— X
]0—3 1 |
10 100
r (kpc) Jacob & Pfrommer (2017a)

@ define Xy = Pt/ Pin, X = Pg/Pin, Xat = PnT/Pth

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Case study A1795: CR and B pressure ratios

A 1795

Pressure ratios
<
1

1072 | E
F— Xu
— Xp
—_— X
]0—3 1 |
10 100
r (kpc) Jacob & Pfrommer (2017a)

@ define Xy = Pt/ Pin, X = Pg/Pin, Xat = PnT/Pth
@ X, ~ const. in center: Aeyy = —7aVst + V Por = Poy = Xor Pin

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Case study A1795: CR and B pressure ratios

o A 1795

10% ¢ T T
g2 107!
E
%
=1
& 1072}

]0—3 1 |

10 100
r (kpc) Jacob & Pfrommer (2017a)

@ define Xy = Pt/ Pin, X = Pg/Pin, Xat = PnT/Pth
@ X, ~ const. in center: Aeyy = —7aVst + V Por = Poy = Xor Pin

@ adopt B model from Faraday rotation studies: ‘E

B =104G x (n/0.01cm=3)*°

Cosmic rays in galaxy clusters

AIP



Steady state solutio
Diversity of cool cores Cosmic rays in jets

Gallery of solutions: density profiles

Centaurus Hydra A S A262
Bl L E L E. E L
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Gallery of solutions: temperature profiles

T T
Centaurus Hydra A

10 1

r T T
A 1644 [ A 2052

10

r T
| A4059

>
0]
&
=z
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T uy T
| PKS 0745 | Perseus

L
10 100

L
10 100
T

T T T r
[ A2029 | RX 11504  RX J1532

" .
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Cosmic rays in galaxy clusters
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Cosmic rays in jets

Diversity of cool cores
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Hadronic gamma-ray emission: observational limits
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Jacob & Pfrommer (2017b)

@ predictions close to observational limits E
@ sensitivity not sufficient to be constraining AIP

Cosmic rays in galaxy clusters
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

Hadronically induced radio emission: NVSS limits
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g 10'F x: Xxxxxxx"""x E
2 ............................................... *‘xx'x'x'* ....... g X
SO0 E X X X X | E
= E x x X X | 3
< 1093k x x X XXX x E
E x x ! E
oS B U 1
SR AR <R3 ITRRENESY Y28 2338R2ERRRa20ITIRG
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= 5] SR S T8EcR RE®Z
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. . Jacob & Pfrommer (2017b)
@ continuous sequence in F, pred/Fu Nvss
@ CR heating solution ruled out in radio mini halos E
@ CR heating viable solution for non-RMH clusters ATP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

a

AIP
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Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling

a

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling

L

CRs stream outwards
and become too dilute
to heat the cluster

a

AIP
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Steady state solutions
Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling

L

CRs stream outwards
and become too dilute
to heat the cluster

p

radio mini halo E

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling
{
cluster cools and - CRs stream outwards

and become too dilute
to heat the cluster

p

radio mini halo E

AIP

Cosmic rays in galaxy clusters

triggers AGN activity



Steady state solutions
Diversity of cool cores Cosmic rays in jets

How can we explain these results?

@ self-regulated feedback cycle driven by CRs

AGN injects CRs - CR heating balances
cooling
t !
cluster cools and - CRs stream outwards

and become too dilute
to heat the cluster

p

radio mini halo E

AIP

Cosmic rays in galaxy clusters

triggers AGN activity



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Self-regulated heating/cooling cycle in cool cores

o0 g F )
10 b o °°° . 10 b ‘ @ .
®
w10k - D% o ___] ]007___()miuc_hus__:__._____
3
¢ L3 * < S * ° ®
&1 | ° 1 w'f % ° 3
2102 * B T X RS 1
X Hydra A @ Perseus Hydra A @ Perseus
K ® 'y R J ’S
1073 Centaurus A4 . 1073 Cemaurus’ E
® RMH
104 | ‘ )Virgo‘ ‘ ¢ NoRMH 1074k * ‘Vll'go B
1072 107! 10 10! 102 103 10 100
SFRg (Mo yr™") Teool (Kpe)

. . . Jacob & Pfrommer (2017b)
possibly CR-heated cool cores vs. radio mini halo clusters:

@ simmering SF: CR heating is effectively balancing cooling
@ abundant SF: heating/cooling out of balance

a

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Self-regulated heating/cooling cycle in cool cores

10 . . 10?

o0 g F )

10 b o °°° . 10 b ‘ @ .
" 10"——————.——: _______ ]007___()miuc_hus__:__._____
3
g ¢ * o ® o ¢
&1 | ° 1 w'f % ° 3
Eo2f ¢ . 1 b ‘e o ]
S Hydra A @ Perseus . o Hydra A @ Perseus
K ® 'y g P

1073 L Centaurus A4 . 1073 Cemaurus’ E

® RMH
104 | ‘ >Virgo‘ ‘ ¢ NoRMH 1074k * ‘Vll'go B
1072 107! 10 10! 102 103 10 100
SFRg (Mo yr™") Teool (Kpe)

. . . Jacob & Pfrommer (2017b)
possibly CR-heated cool cores vs. radio mini halo clusters:

@ simmering SF: CR heating is effectively balancing cooling
@ abundant SF: heating/cooling out of balance

@ F, obs > Fu prea: strong radio source = abundant injection of CRs
= predicting existence of radio micro halos in CR heated clusters TAID

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Radio mini halos

10 ; ;
| RXJ1532 (x0.01)
10 .
lol) n
S
PR .
=
)
1072 .
1073 4
<
]074 L L L L h ¥
1073 1072 107! 10° 10! 10?

v (GHz)

@ radio mini halos may be of hadronic origin: CR protons from AGN that
have streamed outwards and cooled via Alfvén-wave excitation

@ RXJ1532: dying radio mini halo E

AIP

Cosmic rays in galaxy clusters
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Diversity of cool cores Cosmic rays in jets

Radio mini halos

RXJ1532 Perseus
10 ; ; 10° ;
. RX J1532 (x0.01) 10° Perseus (x0.6)
10 . 7
3
100 1 10° | .
= z 10k y
=3 10_' 3 3
E] Z 10| .
=3 2 =3
10~ .
..... 100 [ ,
1073 I 10 L X
<
104 - L ! LA, 102 - L L L >
1073 1072 107! 10° 10! 10? 1073 1072 107! 10° 10! 10?
v (GHz) v (GHz)

Jacob & Pfrommer (2017a)
@ radio mini halos may be of hadronic origin: CR protons from AGN that
have streamed outwards and cooled via Alfvén-wave excitation

@ RXJ1532: dying radio mini halo E

Perseus: transitional object, was CR heated until recently AP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Predicting radio micro halos

RXJ1532 Virgo
102 : : 10
RXJ1532 (x0.01)
10! . 10° .
10° 3 10? r
= S
~ -1 ~ 1
z 10 1 % 0E .
= 1072 + = 100 +
1073 o 107! continuous inj. .
‘\" continuous inj., switch off
10-4 I I I L. > 1072 | | | Al
1073 1072 107! 10° 10! 102 1073 1072 107! 10° 10! 10%
v (GHz) v (GHz)

Jacob & Pfrommer (2017a)

@ radio mini halos may be of hadronic origin: CR protons from AGN that
have streamed outwards and cooled via Alfvén-wave excitation

@ predicting radio micro halos of primary origin in CR-heated CCs: CR

—
electrons that escaped from AGN; subdominant hadronic emission AP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

MHD jet simulations

@ MHD moving-mesh code AREPO

@ NFW cluster potential

AREPO: unstructured-mesh

a

AIP
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MHD jet simulations

@ MHD moving-mesh code AREPO
@ NFW cluster potential

@ external turbulent magnetic field
(Kolmogorov)

A
a
AIP

Cosmic rays in galaxy clusters



Steady state solutions

Diversity of cool cores Cosmic rays in jets

MHD jet simulations

@ MHD moving-mesh code AREPO

@ NFW cluster potential

@ external turbulent magnetic field
(Kolmogorov)

@ jet module

e prepare low-density state in
pressure equilibrium

S e e inject kinetic energy, B, and
AREPO: jet injection region CRs
(Weinberger+ 2017) e refine to sustain density
contrast F
AIP

Cosmic rays in galaxy clusters




Steady state solutions
Diversity of cool cores Cosmic rays in jets

Cosmic ray modelling

ik 1 @ subgrid CR acceleration:

2r 1 e reality: internal shocks
% ok ] e code: Ei./En > 0.5

n n L L
-4 -2 0 2 1
x [kpe]

AREPO: jet injection region
(Weinberger+ 2017)

=

AIP

Cosmic rays in galaxy clusters
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Diversity of cool cores Cosmic rays in jets

Cosmic ray modelling

ik 1 @ subgrid CR acceleration:

2r 1 e reality: internal shocks
% ok ] e code: Ei./En > 0.5

1 @ CR transport:
ab i o CRs are advected

s e emulate CR streaming ~
fevd anisotropic CR diffusion &
AREPO: jet injection region Alfvén cooling

(Weinberger+ 2017)

a

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Jet simulation: gas density, CR energy density, B field

60 Myr
1204
— 80+
=
40
0-
10728 10726 1072 107" 10710 1077 1072

p [g cm™ Cer Jerg cm™3) B [G]

L
Ehlert, Weinberger, Pfrommer+ (2018) AIP

Cosmic rays in galaxy clusters
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Perseus cluster — heating vs. cooling:

Perseus — JPIT: Hq
JPL7: Heona
10-2° —— JP17: Craq
T
:?»—1
.[:O 1026
ia)
o
= 10~
1072

1 10 100
r [kpc]
Ehlert, Weinberger, Pfrommer+ (2018)
@ CR and conductive heating balance radiative cooling:
Hor + ~ Crag: Modest mass deposition rate of 1 Mg yr~' F

AIP

Cosmic rays in galaxy clusters
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Perseus cluster — heating vs. cooling: simulations

10~
Perseus — JPIT: Hq
JP17: Heona
10-2° —— JP17: Craq
T —— simulation
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@ CR and conductive heating balance radiative cooling:
Hor + ~ Crag: Modest mass deposition rate of 1 Mg yr~' F
@ simulated CR heating rate matches 1D steady state model AP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Modelling the major outburst in MS 0735

80 Myr

160 Myr

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

SZ effect of bubbles — profiles
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SZ effect of bubbles: inclination-distance degeneracy
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Kinetic vs. thermal SZ effect
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Conclusions on AGN feedback by cosmic-ray heating

cosmic-ray heating in M87:

@ radio and ~-ray data of M87 imply CR mixing with dense cluster
gas with a CR-to-thermal pressure ratio of X;, = 0.3

°
within the central radio halo (r < 35 kpc)

a

AIP

Cosmic rays in galaxy clusters



Steady state solutions
Diversity of cool cores Cosmic rays in jets

Conclusions on AGN feedback by cosmic-ray heating

cosmic-ray heating in M87:

@ radio and ~-ray data of M87 imply CR mixing with dense cluster
gas with a CR-to-thermal pressure ratio of X;, = 0.3

°
within the central radio halo (r < 35 kpc)

large sample of cool cores = self-regulation cycle
@ low-density cool cores: possibly stably heated by cosmic rays

@ radio mini halo clusters: cosmic-ray heating ruled out
systems are strongly cooling and form stars at large rates
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Conclusions on AGN feedback by cosmic-ray heating

cosmic-ray heating in M87:

@ radio and ~-ray data of M87 imply CR mixing with dense cluster
gas with a CR-to-thermal pressure ratio of X;, = 0.3

°
within the central radio halo (r < 35 kpc)

large sample of cool cores = self-regulation cycle
@ low-density cool cores: possibly stably heated by cosmic rays

@ radio mini halo clusters: cosmic-ray heating ruled out
systems are strongly cooling and form stars at large rates

AGN jet simulations:

@ MHD simulations of AGN jets: CR heating can solve the “cooling
flow problem” in galaxy clusters

SN
@ simulating Sunyaev-Zel'dovich effect of bubbles: E
determine relativistic filling ATP
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