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(Galaxy clusters and groups: a multi-
wavelength picture

» & "
s e T A1689
® Largest structures in the Universe™; o . B: - B . 9
] - - . * \* ’ .
® 1013 < Me < 1015 s e

® Essential for cosmology: number density, |
dark matter (DM) perturbations etc.; .

® Can contain 10s (groups) to 1000s
(clusters) galaxies;

® >80% of the total mass is dark matter;

® Often dominated by a central Brightest | «%
Cluster Galaxy (BCG); -y

HST{optical)-
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(Galaxy clusters and groups: a multi-
wavelength picture

W, g A1689

3 iy .2 ¥ OO i
® Permeated by 107 - 108 K plasma (Intra- " ' ” $ g LT SRV .
Cluster Medium, ICM); b -o‘j;. SR - : : : 3

® The ICM is constantly cooling through
Bremsstrahlung and line emission;

® X-ray observations give us information
about the ICM thermal emission;

® Gas temperature, density, entropy,
pressure, cooling time;

® Shocks, cold fronts, X-ray depressions,
sloshing, mergers;

”

'\HST"(thical).+"Ch-a'n'd'ra Rray) -
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(Galaxy clusters and groups: a multi-
wavelength picture

250,000 light-years

Credits: Chandra X-ray centre Credits: John ZuHone, CfA
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(Galaxy clusters and groups: a multi-
wavelength picture

R »'Ra.fd'i'o Jet

i Y€ondonetal:2021] 5.7 - Rajpurohit et al. 2020
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(Galaxy clusters and groups: a multi-
wavelength picture
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Arc Seconds

30 20 10 0 —-10 —-20 -30 0 -10 -20
Arc Seconds Arc Seconds
Hamer et al. 2019 Center: R.A. 12 48 49.58 Dec -—41 18 41.5 Center: R.A. 12 48 49.58 Dec —-41 18 41.5
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'I'he cooling flow problem

[J Non—-AGN BCGs (R13) - Bremsstrahlung emission
O Non-AGN BCGs (ACCEPT)

1000.000 I~ ¢ Non-AGN BCGs (FM14)
Y Non-AGN BCGs (CLASH) ]

Y AGN Removed o / oc 11,2 T1/2
100.000 | T AGN Contaminated JxT* ns T

Phoenix (AGN Removed) * i ©
L~ -
\

Y% Perseus (AGN Removed) )
RBS 797 (AGN Removed) 0 g - In more relaxed systems, the

10.000 . "'wr 45 ' - core is colder and denser
T
- We expect a cooling flow and
the trigger of high SFR in
central galaxies

- Most clusters lie below the
10% line

1.0 10.0 100.0 1000.0
McDonald et al. 2018 Mool [Mo y r"]
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'I'he cooling flow problem

[J Non—-AGN BCGs (R13) - Bremsstrahlung emission

O Non-AGN BCGs (ACCEPT)
1000.000 - g Non-AGN BCGs (FM14)
Y Non-AGN BCGs (CLASH) R
Y AGN Removed o o 2 T
100.000 - T AGN Contaminated = ]X,T r
Phoenix (AGN Removed)

Y Perseus (AGN Removed) k
RBS 797 (AGN Removegf”’ 111 - In more relaxed systems, the

10.000

core is colder and denser
l"h'.:i T - We expect a cooling flow and
l"l" i the trigger of high SFR in
I

central galaxies

- Most clusters lie below the

10% line
1.0 100 1000  1000.0 Something is quenching
McDonald et al. 2018 Moot [Mo yr™'] the ICM radiative losses
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' -
Optical (Hubble) + X-ray (Chandra) + radio (W 1.A) - . i
» ' |
» 2 ¥ 0 >

. pgve . Cgntral AGN .-

: s 5
-
- ’ ¢ . / . ‘ ” 3 ._. 7
Radio Iobes . . &, AN o
.. > “ . . * ; . . : .
ARG BE
Credits to: Chandra X-Fay tenter - " _ . S e L - : . e ?ygnus A
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Optical (Hubble) + X-ray ( ) + radio ( )

X-ray cavities Central AGN

f

Cygnus A

Credits to: Chandra X-ray center
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AGN feedback in galaxy clusters

e In the absence of an heating
source, the ICM should cool and
condense;

e The availability of fuel for the
SMBH switches the AGN on;

e Shocks and mechanical feedback
heats the ICM: the atmosphere
expands;

e Cooling slows down, the AGN
switches off;

. Repeat!
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T'he need for AGN feedback

I|III| I T T T T T I

= = COSMOS z=0.2 - 0.5 (Davidzon+17)
L cosmo-OWLS REF (McCarthy+17)
Grav.ltatlonal —— cosmo-OWLS AGN-8.0 (McCarthy+17) _
, Deating only BAHAMAS (McCarthy+17)
=== Halos (Tinker+08 HMF)

L1l

Ll

| lIIlII|

feedback

| IIIlIIl

10‘15010

Eckert et al. 2021
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T'he need for AGN feedback

10° 1010 10" 102 60 80 100 200 300 400
_I 1 1 1 1 I 1 1 I 1 I 1 1 1 1 “ 1 1 1 I 1 I 1 1 I i
e Classical bulges N4B89 Neoge < |N4883
100 ° o g N3g42 | A N3842 Ns328/ o 1010
E e Ellipticals N5328+N4649 M87T a3 ‘f 3328/ "3
— ° I 3
n T N3091—__N1407 7" Naea9 ]
N5516% | #1407 —N1407, A
: N1550 8 qmé'oss T N4472 N1sso1r|+ N5516 ’
[ Nes61, IC1459%5 & T W IN6861
N4751 N7619
N1;32 N7768 |c145|9¢#N4751
109 b N4 N52a N130g,  IN7768 | N3115—_N42911 7 {4374 N1332 4109
: N3998® T fN31p508 .9 "Nasz7a F 3T P52~ IN1399 E
s N3373mf526 ! T N36084 N5845 .
s I N4026 # l /T'\T4697 N5576 1 N3377|N4697 i °
~ M31
® M319 N3377 ,  INg21 N40
E 108 — N4564 | N4473 == N4596 N4>64 - 108 g
- + o = N1194 N4473 3 ®
n N1194 |N4459 T m&Tl N4459 .
n T N4258 M8 _oN1023 .
i T N2549 )
107 — -+ N44|86A = 107
M32 i |
106 1 | 1 1 1 | 1 1 1 | 1 1 1 l 1 1 | 1 1 1 106
-20 =22 -24 -26 60 80 100 200 300 400
-1
Kormendy et al. 2013 Mg bulge o, (kms™')
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Observations of galaxy clusters

\' 3 — Hogan+17
s - ' ° 4 (tcool/tﬂ)
100 1000
! r [kee]  McDonald et al. 2019
o '
. -
. .
-
» K
»
-
-
.
: L]
McNamara & Nulsen 2007
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| - 1 10
- . , Pasini et al. 2019 r (arcsec)

-
.

McNamara & Nulsen 2007
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Cavities

L

10
r (arcsec)
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Cavity power - cooling correlation
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Cavity power - cooling correlation

_IIIII [T TTTITIT [ IIIII|||
O’Sullivan+11

Cavagnolo+10

Birzan+08
Eckert+21

[

o
S
()]

T T TTTTI

=

o
B
o

T T TTTTIIT

1044

TT IHITI]

=

o
o
w

w
~
o)
-
2
>
S
0
Q

T T IITIH]

1042

L T1 HTTII

1041

NTTTI Illl
AT‘,_
\\ .\.
\\ \.
N
N .
N
Y ..
Y
N ..
N
N ..

1040

I

TTT

I| I~"".|‘.IIIII|| [ IIII|||

4
'd
zdll|

[T TTTTI [ |||Illl| [ IIIIIII‘ [ III‘)'T'|I| L,’
v

7 e
_/'l 4p¥/
./ l’
’
P4 @

H“'.

k=) =2
| 3 I
L 1| N

[ IIIIII|

L1 Illllll

ICM radiative
losses are
counterbalanced by
heating provided

L1 IIIIII|

lI[I|

l IIIIIIII | IIIIIIII | IIIIIIII | IIIIIII|

1040 1041 1042
Eckert et al. 2021

THOMAS PASINI

by the AGN

1043 1044 1045 1046
Lcool [erg/s]

IFPU WORKSHOP - TRIESTE, 6-10 FEBRUARY 2023



Cavity power - cooling correlation
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O’Sullivan+11
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AGN feedback in galaxy clusters: state of the art

entrained

hot plasma: T ~ 10% — 10°* K
multiphase T AGN bubbles,

warm gas: T ~ 10° — 10° K & outflows shocks,

turbulence
cold gas: T ~ 10" — 10* K '

ultrafast outflows
and radio jets

0 _,.
mp{ 9 it _’_’_._-—-"“

-4

chaotic cold accretion
(CCA)

turbulent diffuse

multiphase rain X-ray plasma halo

and filaments

Gaspari et al. 2020
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AGN feedback in galaxy clusters: state of the art

entrained

. )
8 . multiphase PR AN bubbles, Many questions still to be
warm gas: T ~ 10° — 10° K outflows shocks, L x
answered:

turbulence

cold gas: T ~ 10" — 10* K

ultrafast outflows

e vadia et e\ - Is this picture valid over the
' entire mass range of clusters
and groups?

- What does it take to break the
feeding /feedback cycle?

- Does the AGN duty cycle
hold over the entire Hubble

time?
e e £ ) - How is the feedback energy
mitiphsera A ey platma hale deposited onto the ICM?

Gaspari et al. 2020
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AGN feedback in galaxy clusters: state of the art

hot plasma: T ~ 10% — 10°* K

3 .. muitiphase SRR AN bubbles, Many questions still to be
warm gas: T ~ 10° — 10° K ARRY { tu-:';?ﬁ:::: . e
answered:
ultrafast outflows -; h o o N h
and radia jets gy b - Is this picture valid over the

entire mass range of clusters
and groups?

- What does it take to break the
feeding /feedback cycle?

- Does the AGN duty cycle
hold over the entire Hubble
time?
Mo N - How is the feedback energy
multiphase rain - . ;?::;Lﬁ::;;fi,f; depOSited OntO the ICM?

and filaments

Gaspari et al. 2020
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How strong is the ICM-AGN connection?

Pasini et al. 2021a

® Birzanetal. 2017
Pasini et al. 2019
-4~ A1668

a
|
)
")
o)
—
)

N

<

o

—

N

>

©

Y
o

101K~
101 10° 101 102 103

Ha emission

42 -1
Pasini etal. 20212 cool (1077 €rgs s™)
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Recent advances: triggering of SR, shock heating,
feeding valve...

1000.00

100.00
10.00

1.00

oo ¥~
0.01 [0,
0.1 1.0 10.0 100.0 1000.0
McDonald et al. 2018 Meoor [Mo yr™']

THOMAS PASINI 25 IFPU WORKSHOP - TRIESTE, 6-10 FEBRUARY 2023




Recent advances: triggering of SFR, shock heating,
feeding valve...

1000.00 f™

100.00

10.00 v_
1.00 ¢ <-l>

0.1 1.0 10.0 100.0 10C

McDonald et al. 2018 Mool [MG yr- ]

0.10F

Ubertosi et al. 2022
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Recent advances: triggering of SR, shock heating,
feeding Valve. .

1000.00 f™

100.00

10' 10* 10°® 10° . 10°
Donahue & Voit, 2022 P/k (K cm™)
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What about galaxy groups?

In galaxy groups, line
emission significantly
contributes to the cooling
of the IGrM

Massive

clusters
regime

Galaxy

groups

102 104 10° 108 107 108
Adapted from Gaspari et al. 2017 & [K]
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What about galaxy groups?

In galaxy groups, line
emission significantly
contributes to the cooling
of the IGrM

Kim et al. 2019

Massive
clusters
regime

Galaxy
groups

10t 10® 103 10* 10°

Adapted from Gaspari et al. 2017 & [K] 1 )
s~~~ Cavity

100"/ 15 kpc
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What about galaxy groups?

4 O'Sullivan+11

¥ Cavagnolo+10

#  Birzan+08
Eckert+21

Blue data are
Galaxy groups .

'—I
o |
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'—I
e ]
>
w

w
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&
>
©
Q
Q

'—I
s |
'
N

—

(e
~
—

100 107 107 108 109

Eckert et al. 2021 Leoor [€19/S]
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What about galaxy groups?
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X this work C cav
Birzan+08 this work Pcav
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What about galaxy groups?
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What about galaxy groups?

0.200

0.175
0.150
0.125

©

> 0.100
0.075

0.050

—— Eckert+16 —— Chiu+18 + Eckert+19
Ettori+15 % Nugent+20 Sun+09
—— Pratt+09 | Lovisari+15 Sanderson+13

0000 | | ] L1 I1614 | | | L1 |10|15

Eckert et al. 2021 MSOOC[M [0} ]

0.025
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What about galaxy groups?

0.200
0.175
0.150
0.125
©
> 0.100
0.075
0.050

0.025

—— Eckert+16
Ettori+15
—— Pratt+09

L1 1 1 1 |

0.000 —

Eckert et al. 2021
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1014
Mso0c|

o
(o)

o©
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Probability density

o©
I

—— Radio BGGs
Radio Satellites
—— Non-radio BGGs
Non-radio satellites
-== Horizon BGGs

o o = =
o o =) ]

Probability density

o
IS

0.5
Pasini et al. 2021b
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AGN feedback in galaxy groups: recent advances

— — Non-cool—-core
— Cool—-core

Osullivan etal 2017 Radius (kpe) Scaled Radius (R/Rps,,)
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AGN feedback in galaxy groups: recent advances

1 I IIIIIII I I IIIIIII IIIIIIII I llllllll I T rrrrr

— — Non-cool-core F I~

— Cool—-core / ’

Jet systems P e -

e Hlavacek — Larrondo et al. (2012)
— O’Sullivan et al. (2011)

-- Birzanetal. (2008)  4_
@ This study

T lllllll
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1 lIIllII
T IIIIIII

100
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10 100 0.01 -
. g 1
O’Sullivan et al. 2017 Radius (kpC) Scaled R ~ 0

/ A
/

0.1 £, : " . ' : : .
0.001 0.01 0.1 1 10 100 1000 1E4 1E5

Pass vz (104, WHz ™)

Kolokythas et al. 2018
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AGN feedback in galaxy groups: recent advances

Declination (J2000)

.

AGN remnant
emission . 100 1000 1E4 1E5

s e

Brienza et al. 2022 Right Ascension (J2000)
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‘I'he survey era

LoLSS, de Gasperin et al. 2021 eRASS, image from press release, Sanders et al.

Samples of thousands of systems for which we can have
available X-ray and radio observations

The combination of new-generation surveys and modern
simulations is essential to address open questions
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''he power of surveys

---- Theoretical flux cut
e Clusters with radio upper limit
e Clusters with radio detections

04 06 08 10 12 14
Pasini et al. 2020 Redshift
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''he power of surveys

Il Upper limits
[ Radio detections

---- Theoretical flux cut
e Clusters with radio upper limit
e Clusters with radio detections

04 06 08 10 12 14
Pasini et al. 2020 Redshift

10° 10! 102 103
Offset from X-ray centre (kpc)
Pasini et al. 2022a
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''he power of surveys

-~ | HEE Upper limits
dio detections

Pasini et ¢ 35-

10° 10! 102 103
Offset from X-ray centre (kpc)

34 :

eFEDS

COSMOS

33
33

Pasini et al. 2022a
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AGN feedback: what's next?

- We understand the physical details of cooling - We observe similar (macro-)processes

and the macro properties of the feedback cycle; with respect to massive clusters;

- We are able to reproduce the observations (with - We understand the ‘general’ behaviour;

limits..);

l l

- Physical details of how heating energy is e P.etaﬂe(% X-ray /radio s.tudies ofa
deposited onto the ICM; significant (i.e. representative) number of
systems;
- Evolution of AGN feedback over Hubble time;
- Comparison with clusters and

- Reduce fine-tuning in simulations; implementation into HD simulations;
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Conelusions and take-dway messages .

» -

~AGN feedba,ck 1s an&sgnﬁal prgcess in our Umverse

R

-Multl Wavelen h ob

a. o; alaxy clusters and
- groups give us n ab |

-betwegt -
-In§ nass regime, :to. shift ghe focus on the
Streng.t du aion of Ao | -

=In the lower mass reglme we n@d to ‘catch up’ what it’s

‘beén done for clusters, to unlderstapd 51m11ar1tle's and
d1fferenc¢s '

* . '..' y
TR




