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Introduction and motivation
uet el PICO-Cluster suite

PICO-Clusters (Plasmas In COsmological Clusters)

@ parent simulation: (1.5 Gpc)® cosmological volume with 543 clusters > 10'*° Mg,

@ 24 cosmological zoom-in runs of massive clusters evolved from z = 127 to 0; one
extreme resolution run with ~770 million particles/cells inside Rzooc (Mgas = 108 Mg)

@ moving mesh code AREPO-2 (with Subfind HBT) (springel 2010, Springel+ 2022),
comoving ideal MHD with Powell cleaning (Pakmor+ 2011, 2013, 2026)

@ lllustrisTNG as base galaxy formation model (weinberger+ 2017, Pillepich+ 2018)

Christoph Pfrommer The PICO-Cluster Project
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Scientific key questions
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Introduction and motivation
PICO-Cluster suite

Scientific key questions

PICO-Clusters (Plasmas In COsmological Clusters)

parent simulation: (1.5 Gpc)® cosmological volume with 543 clusters > 10'*° Mg,

24 cosmological zoom-in runs of massive clusters evolved from z = 127 to 0; one
extreme resolution run with ~770 million particles/cells inside Rzooc (Mgas = 108 Mg)

moving mesh code AREPO-2 (with Subfind HBT) (Springel 2010, Springel+ 2022),
comoving ideal MHD with Powell cleaning (Pakmor+ 2011, 2013, 2026)

lllustrisTNG as base galaxy formation model (weinberger+ 2017, Pillepich-+ 2018)

solving key questions requires different physics variants (AGN jet feedback,
cosmic rays, non-radiative, ...) and high-resolution meso-scale simulations!
Berlok, CP, Puchwein, Talbot, Pakmor, Perrone, Weinberger, Springel, Whittingham, Tevlin, Dusch, Sparre (2026)

Christoph Pfrommer The PICO-Cluster Project



Introduction and motivation
PICO-Cluster suite

Scientific key questions

11 key questions of galaxy clusters

| B-field|

Berlok, GP, Puchwein, Talbot+ (2026)
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Introduction and motivation

PICO-Cluster suite
Scientific key questions

11 key questions of galaxy clusters

1075 10750 1072 1072 107! 109 10"

Why is the central ICM cooling § Gas density
time bimodally distributed? b

T [keV)

Temperature

Which
heating process is responsible?

Why is the turbulent ICM energy
only a few per cent of the thermal
energy in quiescent clusters?

What are the (observable)
consequences of weakly
collisional ICM processes?

What is the origin of cluster
magnetic fields? How do they
scale with redshift and cluster
mass? [Vorticity|

ool (ov] ) B ) 5 b

Berlok, GP, Puchwein, Talbot+ (2026)

Christoph Pfrommer The PICO-Cluster Project



Introduction and motivation

PICO-Cluster suite
Scientific key questions

11 key questions of galaxy clusters (cont.d)

! 109 10!

10750 10790 1072 1072 10

@ What is the origin of radio halos? [

T [keV)

Temperature

as density

How can we use them to probe
cluster peripheries?

@ Why have clusters not yet been
detected at gamma rays?

@ How are jellyfish galaxies
formed?

@ What fraction of stars resides in
the intracluster light?

@ Are galaxy groups and clusters

Berlok, GP, Puchwein, Talbot+ (2026)

effectively baryonically closed . »
and where does the baryon . .
fraction match the cosmic mean?  lVerticivl ‘ |D-field

ool (G ] B 5 )
10° 10! 1079 102 107! 10°
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Cluster magnetic fields

Cluster dynamo
Magnetic uniformity
Magnetic scaling relations

What grows the magnetic field in proto—clusters?

gravitational
collapse
induces star
formation
—
[ — ]
107 1072 10° 107

ol [em?]

feedback
ejects
metals
10' 10! 10-10 1()'7 107* 1071 10°
Tser [Mo yr=! kpc=2] Z[Zo]

The PICO-Cluster Project

Tevlin, Berlok, CP+ (2025)
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

What grows the magnetic field in proto—clusters?

gravitational

collapse feedback

induces star ejects

formation metals

—

[— ]
1074 1072 10° 1()’5 1073 107! 10! 10-10 1()'7 107* 1071 10°
pli [cm3] Tspr [Mo yr-! kpe=2] Z(Zo]

flows — supersonic

fast radiative
cooling of accretion
turbulence

=

Tevlin, Berlok, CP+ (2025)

AIP
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Cluster magnetic fields

Cluster dynamo
uniformity
agnetic scaling relations

What grows the magnetic field in proto-clusters?

\j
1072
ol [em?]

fast radiative
cooling of accretion
flows — supersonic
turbulence

gravitational
collapse feedback
induces star ejects
formation metals
—

—:I

—

107! 10! 10-1° 1077 107* 107! 102
Zser [Mo yr=! kpe=?] Z(Zo])

gravitational

collapse and

feedback drive

turbulence
o
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity

agnetic scaling relations

What grows the magnetic field in proto—clusters?

gravitational
collapse feedback
induces star ejects
formation metals
—
1074 1072 10° 1()’5 1073 107! 10! 10- “) 1077 107%* 107! 10°
pli [em?] Zser [Mo yr-! kpe=?] Z[Zo]
fast radiative gravitational
cooling of accretion collapse and
flows — supersonic feedback drive
turbulence turbulence
o
turbulence ]
drives o
small-scale +
o
dynamo (@]
— x
o
5]
IS SN
£ E
3
2 =
1072 1071 100 107 107* 1072 10° AIP
w[Myr!] B[uG]
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity

agnetic scaling relations

What grows the magnetic field in proto—clusters?

gravitational
collapse feedback
induces star ejects
formation metals
—
[— ]
1074 1072 10° 1()’5 1073 107! 10! 10-10 1()'7 107* 1071 10°
ol [em?] Tser [Mo yr=! kpe=?] Z(Zo])
fast radiative gravitational metallicity
cooling of accretion collapse and and magnetic
flows — supersonic feedback drive fields tightly
turbulence turbulence correlate
o
E @ g
drives o
small-scale +
o
dynamo o
—— x
o
5]
@ =N
: A
%
_II
1072 1071 10° 107 1072 . AIP
w[Myr!] B[uG]
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Magnetic field evolution in galaxy clusters

t[Gyr] t[Gyr]
107! 100 10! 107t 100 ot
2 L 1i/w

10 5 g
101 £ g
g ERET)
100 —————— & R
- 2 s &
g o7 1z g+
2 g z a
S 102t 0<R<iiono g 3 O
10| Lto< i<bie | B g
— Lo < R<F a0 g 35
. 2 1 =] [
107 e ap<r<ma ] 5o
10-5 [ 18M £
— highres e B (ot 1)2 3
10-6 ) Ba(z+1) Q

10 100 1071 10t 10° 107!

Cluster magnetic field growth intrinsically linked to galaxy formation:

@ 7% phase: early galaxies grow magnetic fields via supersonic
small-scale dynamo driven by cold accretion, stellar and AGN feedback

a

AIP
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Magnetic field evolution in galaxy clusters

t[Gyr] 1G]
10-1 100 10! 107! 10° <
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Cluster magnetic field growth intrinsically linked to galaxy formation:
@ 7% phase: early galaxies grow magnetic fields via supersonic
small-scale dynamo driven by cold accretion, stellar and AGN feedback
@ 2 phase: from accreted .
galaxies g

AIP
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Magnetic field evolution in galaxy clusters

t[Gyr] 1G]
10-1 100 10 107 100 e

102+ /W =} :
10 E E g
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10 f——-o— £ ¢ 8
o &
5 10t} 1% £
g 1 £ s a
= 102} 0<R<}Rao = £ 9
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Cluster magnetic field growth intrinsically linked to galaxy formation:

@ 7% phase: early galaxies grow magnetic fields via supersonic
small-scale dynamo driven by cold accretion, stellar and AGN feedback

@ 2 phase: from accreted
galaxies E
@ 3 phase: subsonic small-scale dynamo in ICM maintains field strength -

and grows coherence length

istoph P The PICO-Cluster Project



Cluster dynamo
Cluster magnetic fields gnetic uniformity
Vlagnetic scaling relations

Space-time plots visualize magnetic field growth

p [gem™? |V x| [Gyr™!] B [uG]
10729 10728 10727 10°% 10° 10? 10* 1072 107! 10° 10*

B )

radius [Mpc]

Berlok, CP, Puchwein, Talbot+ (2026)

5 10 5 10
time [Gyr] time [Gyr] time [Gyr]

@ variation at small radii signals AGN feedback

() driven by cold SN
accretion, stellar and AGN feedback E

@ later magnetic enrichment of ICM due to infalling galaxies AIP

Christoph P T ICO-Cluster Project



Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Magnetic field strength across PICO-Clusters
) o
® I &

Berlok, CP, Puchwein, Talbot+ (2026)

Christoph Pfrommer The PICO-Cluster Project



Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Time evolution of energy ratios

redshift
(4] glevated Exin/ Ein gt early 4 9 1 05 025 0
times (cold accretion, T T T T T
strong stellar/AGN —— R < Ry
feedback) g 10 "\ R < Rsoo |
o =
with large & _
dispersion caused by §
mergers 107 A . I M Y
10_] T T T T T S
K]
< S
-4 a
o 5
=== ﬂ = (’Y - 1) Et,h/Enmg = 100 _—§
10—4 1 1 1 Ca&

1 1
2.5 5.0 7.5 10.0 12.5
time [Gyr]
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Time evolution of energy ratios

@ clevated Eqn/Ex at early L9 lredsmf% 5 0925 0

times (cold accretion, T T T
strong stellar/AGN —— R < Ry
feedback) R < Rs00

'\
100\

®
Ekiu/Eth

with large
dispersion caused by
mergers 107! . A . I .

@ magnetic uniformity
across clusters with
small scatter

Emag/Etll

@ constant magnetic

energy fraction ——e B—(v—1) En/E .. =100
(B =~ 100): what does Lo-4 . ﬂl o .) tn/ e
this imply for ICM 2.5 5.0 75 100 125
turbulence? time [Gyr]

Christoph Pfrommer The PICO-Cluster Project
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Cluster dynamo
Cluster magnetic fields Magnetic uniformity
Magnetic scaling relations

Cluster (non-)thermal scaling relations

Ew B(2)7%% [erg] Enag B(2)7%/%  [erg] .
64 . 6
1064 i 10 1092 | 100 1.0 §
1068 1008 109 1 5l &
4 £
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1061 110 3 . 8
) 60 54 | ] P £ 5
1060 | 110 K 10 " o2k 1 2 3.0 = nti_)
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1099 [ 1107 ."'// -=- 1"[2)({0 41052 1 . 1 5.0 5
2 "',’ _____ V32 ) ——— 53 e ——— B ~
ss [ 1098 ¢ Ma00 11050 F Mago 4 A 200 8.0 °
107k ul ul VY- " " " " " " 103 L " " " o138 Eﬂ&
102 101 101 101 102 101 101 101 102 101 101 101 102 101 104 101 :
Mgy [Mg)] Moo [Mg)] Moo [Mg] Myoo [Mg]

@ deviations from self-similar relations at early times caused by strong
kinetic pressure support (Ein) and growing magnetic dynamo (Emag)

X a

@ new magnetic scaling relations: Emag ox Male and B oc MaJe AIP

hristoph Pfromm The PICO-Cluster Project



Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Cluster entropies are related to gas cooling times

T 10 E
§
> 7.6
£
v

10!

4.1
10° 1 L L ! 07
1 10 100 1000
R [kpc]
Cavagnolo et al. (2009)
_E
AIP
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Cluster entropies are related to gas cooling times

T 10 E
>
10!
4.1
10° 1 L L ! 07
1 10 100 1000
R [kpc]
Cavagnolo et al. (2009)
—
2/3 2/3 E
teool ks T
Ko ~ 30keV cm? | -2 T
¢ 1 Gyr 3keV AIP
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Cluster entropies are related to gas cooling times

0 @ Bondi accretion rate:
M o MK /2
e 10
3
v
10'
10°
1 10 100 1000
R [kpc]
Cavagnolo et al. (2009)
—
froo, 2/3 ke T 2/3 E
K, ~ 30keV cm? [ = —_
¢ (1 Gyr 3keV AIP
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Cluster entropies are related to gas cooling times

e @ Bondi accretion rate:
M oc M2K;3/2
g0 ()
3
“ E = eMc® = (Loool) ox M2
10'
10°
1 10 100 1000
R [kpc]
Cavagnolo et al. (2009)
—
2/3 /4o T \2/3 E
Ko ~ 30 keV cm? fooo 8 AP
1 Gyr 3keV
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Jets in isolated clusters
Jets in cosmological clu:
AGN jet feedback Cosmic ray electrons and radio galaxies

Cluster entropies are related to gas cooling times

0 @ Bondi accretion rate:
M oc M2K;3/2
e 10 Y
3
g E = eMc? = (Lool) o /\/’53({02
10!
@ equilibrium entropy:
Ke = 18.3keVcm?
10° y
1 10R[kpC] 100 1000 y < 1/\04. )4/3 ( A(Z;Soo )1
Cavagnolo et al. (2009) 10" Mg 10" Mg
Churazov+ (2002), Weinberger & CP (2026) ~ g~
froo, 2/3 kT 2/3 E
Ke ~ 30keV sz €00 ‘m‘
1 Gyr 3keV
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Entropy profiles — isolated cluster simulations

103 E T T
b @ analytic gravitational potential
— Sl @ ideal MHD & radiative cooling
107 ¢ 9 ) ] ]
5 : @ gas inflow via Bondi formula
2= Lessssssssnssscsnnsag Ml scinninatcninninnnes
&) = Perseus @ jet power proportional to inflow
2 10k M. =10Moht o rate
g F M. =3x10°My A1
S M. =100Mo h™! @ equilibrium central entropy
. M. =3 10%Mo ™2 depends on black hole mass
10° F M.=10"Mgh-!
3 B M. =3%x101Moht
L1l 1 n MR | n 1 n
10! 102
radius [kpc]
Weinberger & CP (2026) E

AIP
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Jets in cosmological clusters
AGN jet feedback

Cosmological galaxy cluster formation with jets

halo 239 jet . ol z=1.40
sfr=27.9'Mo
S,
- 7 - ®
far
= 10—2 -
: _
- 102 [ g)'
> Q.
e - a
- 10* =
£ ; o
-103 g
¥k ! L re——— E
w BB 500 kpc 2

Christoph Pfrommer The PICO-Cluster Project
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Media File (video/mp4)


Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Entropy profiles — cosmological cluster simulations

102

“ Weinberger, Perrone, CP+ (2026)

K. [keV cm?]

10t cool-core

— jsolated

| 1 L L1l 1 L P R B A 1
10! 102 10
radius [kpc]

a

AIP
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Entropy profiles — cosmological cluster simulations

T
I @

T 102 18
£ ER
o 14
> 12
g --------------------------- - %
N m— cluster A 1§
[N

101 = cluster B { 3
= cluster C 3 §’

= jsolated ] §

| 1 L L1l 1 L P R B A 1 ;

10! 10? 103

radius [kpc]

@ cosmological jet simulations form cool cores with increased entropy
because of heavier black holes and turbulent heating/mixing E

AIP
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Entropy profiles — cosmological cluster simulations

[afguttagggeorrmsnaannnnnn=y
..---:-'.1.-_“..1-1..
ant®

©

T S
T 102 8
o 14
= 1o
EL’ .............................. E %
o m— cluster A 1§
¥ 1 o
10 E cool-core = clusterB o =

o 414 D

F = cluster C 1s

[ === TNG 15

=

3

10! 102
radius [kpc]

=
o

@ cosmological jet simulations form cool cores with increased entropy
because of heavier black holes and turbulent heating/mixing E

@ cosmological TNG simulations with identical initial conditions
form non-cool cores because of strong shock heating AIP
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Jets in isola usters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Feedback model differences

TNG kinetic AGN feedback AGN jet feedback
nfem= o TK x10° .
10! 10° L5
10-* 10° -
10-* rlow
10— 107 ) E
E |v| [kms~1] M i,% Lo ; ﬁ
& > 28
¥ 10 ' F-19 ¥
5 E)
= 0% Y100 -3 s
4 2 0 2 4
x [kpcl]
@ feedback energy quickly dissipated @ low-density jets inflate lobes that _E
via shocks, which rises entropy slowly heat via turbulent
heating/mixing AIP
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Jets in isolated clusters

Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

gulated jets: electron & radio spectral evolution

]0’!777 —; ‘U ; \ﬂ l} \4 d \( d N \‘ \( |I T IO]K
10710 10° 10' 10° 10" 10° 10° 10° 10" 10° 10 10° 10’ 10" 10
P v [Hzl
10 T T T
10, f — L W Ljcn, k|
— 10} -~ E
L :
80 5 E
D a1
10,F__ 3 A
o 104F E
105, F (intermittent phase k|
:8’«7!— 1 Il 1 ] Il Il 1 Il E I
0.00 0.25 0.50 0.75 1.00 125 1.50 1.75 2.00 AIP

t [Gyr]
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Jets in isolated clusters

Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Self-regulated jets: electron & radio spectral evolution

electron

‘;»-
.2
S
&
$—
| 10’ 10° 10" —
0° 10 10" 10 v [Hz] [
Tsonm.[mJy arcsec ™2 TS

istoph Pfrommer The PICO-Cluster Project



Jets in isolated clusters

Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Self-regulated jets: electron & radio spectral evolution

electrons
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| 10’ 10° 10" —
0° 10 10" 10 v [Hz] [
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Jets in isolated clusters
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Self-regulated jets: electron & radio spectral evolution

electrons
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Introduction and motivation Jets in isolated clusters
Cluster magnetic fields Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

3D view of self-regulated jets
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1.50 Gyr 150 MHz
Jlassi, Weinberger, CP+ (2026b)
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Introduction and motivation Jets in isolated clusters
Cluster magnetic fields Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

3D view of self-regulated jets

Which direction is the jet
launched in?
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Jlassi, Weinberger, CP+ (2026b)
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AGN jet feedback Cosmic ray electrons and radio galaxies

3D view of self-regulated jets

Which direction is the jet
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3D view of self-regulated jets

Which direction is the jet
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3D view of self-regulated jets

Which direction is the jet
launched in?
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3D view of self-regulated jets

Which direction is the jet
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AGN jet feedback Cosmic ray electrons and radio galaxies

3D view of self-regulated jets

Which direction is the jet
launched in?
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Introduction and motivation Jets in isolated clusters
Cluster magnetic fields Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

3D view of self-regulated jets

Jlassi, Weinberger, CP+ (2026b)
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Jets in isolated cluste
Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Conclusions

PICO-Cluster project:

@ challenging scale separation between kinetic plasma processes and
cosmological scales — linking cluster physics and cosmology communities

<] and
high-resolution meso-scale simulations

a

AIP
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Conclusions

PICO-Cluster project:

@ challenging scale separation between kinetic plasma processes and
cosmological scales — linking cluster physics and cosmology communities

<] and
high-resolution meso-scale simulations

Cluster magnetic fields:
@ galaxy-formation physics critical for early growth of cluster magnetic fields

@ magnetic uniformity across clusters and self-similar magnetic scalings

a

AIP
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Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

Conclusions

PICO-Cluster project:

@ challenging scale separation between kinetic plasma processes and
cosmological scales — linking cluster physics and cosmology communities
("]
high-resolution meso-scale simulations

and

Cluster magnetic fields:
@ galaxy-formation physics critical for early growth of cluster magnetic fields

@ magnetic uniformity across clusters and self-similar magnetic scalings

AGN jet feedback:
@ central cooling time set by self-regulated jet power = cooling luminosity
@ light AGN jets heat smoothly # strong shock heating via kinetic feedback

@ realistic radio emission from FR | jets requires light AGN jets + _E
Fokker—Planck electron modeling AP

Christoph Pfrommer The PICO-Cluster Project
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Jets in cosmological clusters
AGN jet feedback Cosmic ray electrons and radio galaxies

PICOGAL: From lasma K netics to = smological axy Formation
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clusters: defining turbulent energies and assessing multi-scale versus
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Literature for the talk — 2

AGN jet feedback:

@ Weinberger, Perrone, Pfrommer, Berlok, Puchwein, Jlassi, Talbot, Whittingham,
Pakmor, Springel, Active galactic nucleus driven jet feedback in cosmologically
forming cool-core galaxy clusters I: The effect of hierarchical assembly on
intra-cluster medium properties, 2026, A&A, submitted, arXiv:2606.23775

@ Weinberger, Pfrommer, How supermassive black holes shape central entropies
in galaxy clusters, 2026, A&A Letter, 706, L13

@ Jlassi, Weinberger, Pfrommer, Werhahn, Whittingham, Girichidis, Simulating
realistic radio morphologies of Fanaroff-Riley | jets in a self-regulating cool-core
cluster, 2026b, A&A, submitted, arXiv:2606.04084

@ Jlassi, Weinberger, Pfrommer, Werhahn, Whittingham, Girichidis, Simulating
cosmic ray electron spectra and radio emission from an AGN jet outburst in a
cool-core cluster, 2026a, A&A, 710, A184

@ Ehlert, Weinberger, Pfrommer, Pakmor, Springel, Self-requlated AGN feedback
of light jets in cool-core galaxy clusters, 2023, MNRAS, 518, 4622
@ Weinberger, Su, Ehlert, Pfrommer, Hernquist, Bryan, Springel, Li, Burkhart,

—
Choi, Faucher-Gigueére, Active galactic nucleus jet feedback in hydrostatic halos, E

2023, MNRAS, 523, 1104 AP
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PICO-Cluster vs. TNG-Cluster

10751 10750 10720 102

Differences to comparable simulation » ke T
projects, e.g., TNG-Cluster (Nelson+ 2024): || Gas density

@ our new initial conditions code,
ensuring a contamination-free
high-resolution region
< 2.74Rxy across all times

AREPO-2 while TNG-Cluster
uses AREPO

@ increased resolution (up to
Mgas = 10° M,): study numerical
convergence of ICM turbulence
and magnetic field strength

@ the scientific focus as we will be
investigating plasma effects in
the ICM in PICO-Clusters

B-field|

Berlok, GP, Puchwein, Talbot+ (2026)
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