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GALAXY CLUSTERS
AY 2023-2024

Fabrizio Brighenti
+ Myriam Gitti

• Galaxies in dense environment
• Gas (hot & cold) astrophysics
• Chemical enrichment (of clusters & Universe)
• BH, AGN, Dark Matter
• Non-thermal phenomena (B, relativistic particles)

Clusters as an Astrophysical Lab to study:

Focus of the class is on current research topics
and on (astro)physical processes
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The cluster ecosystem: the large scale

red: 
radio emission

blue:
X-ray emission

~ 230 kpc

MS 0735.6+7421

white:
galaxies (stars)

hot gas!

relativistic
particles

shocks

B
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Volume: ~Mpc3

Mass: 1015 M¤

82%  dark matter
15%  gas
3%    stars

ICM: T ~ 108 K
n ~ 10-3 cm-3

Z ~ 0.3 solar

Galaxies:
N ~ 1000s
mostly Es
σ ~ 1000 km/s 
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Centers of clusters: complicated & interesting places

‘‘strange’’ big galaxies

black hole accretion, 
AGN feedback

radio 
jets

cold gas embedded
in very hot gas

star formation

~ 20 kpc

AGN / ICM interaction

Hydra A: Optical
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AGN / ICM interaction

Hydra A: X-ray
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AGN / ICM interaction

Hydra A: Radio
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AGN / ICM interaction

Hydra A: Optical + X-ray + Radio
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à need a multi-l, approach
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Main topics (obs + theo)

Intracluster/interstellar medium (hot and old)
Many physical processes
Heating and cooling, AGN feedback
Turbulence

Chemical evolution: origin of metals, their distribution
SN astrophysics
Star formation history

Galaxy evolution in clusters
galaxy-galaxy interactions
interaction with the ICM

Non-thermal processes
magnetic field, relativistic particles
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AGN feedback cycle
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AGN feedback cycle

Pcav (≡ LAGN)

Lcool

AGN heating 
balances        

gas cooling

à AGN feedback key to understand galaxy evolution

Models with AGN 
feedback reproduce 
the observed galaxy 
luminosity function
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AGN feedback cycle

Pcav (≡ LAGN)

Lcool

AGN heating 
balances         

gas cooling

à AGN feedback key to understand galaxy evolution

Models with AGN 
feedback reproduce 
the observed galaxy 
luminosity function
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Chandra
X-raysX-RAY CAVITIES 

Play with real data!

Activity with M. Gitti
13
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RBS 797 
(Gitti et al. 2006, 2013)

Chandra
X-raysX-RAY CAVITIES 

VLA 4.8 GHz
ChandraX-RAY CAVITIES 

AGN RADIO LOBES

Play with real data! à Try your own estimate
of cavity energy from a
Chandra observation

Activity with M. Gitti
14

A hot topic: turbulence
Observations: Hitomi, 2016

more instruments to come:
important in the near future

Simulations: mergers  
generate strong fluid 
turbulence in the ICM 

Eturb ≈ 10-30% Etherm

!vturb ≈ 300-1000 km/s
15
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Metals (Fe, Si, O, Mg…)

Fe

Galaxies are also strange, and so do strange things

a boring normal galaxy. 
Normal?
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X-ray

Hα
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t=1000 Myr t=1200 Myr

t=1400 Myr t=2000 Myr

• galaxy orbit
• ram pressure stripping
• viscosity & turbulence
• thermal evaporation

Theory
⇓

Simulations

Galaxy-cluster interaction: ram pressure
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Dynamical interaction

Diffuse radio emission

A 2219 (halo) A 2744 (halo + relic) A 115 (relic)

A 754 (halo + relic) A 1664 (relic) A 548b (relic)

A 520 (halo) A 2029 (mini-halo)
RXCJ1314.4−2515 
(halo + double relics)

RADIO (contours) + X-RAYS (colors)

Lecture by M. Gitti
21
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Diffusion time ≫ Radiative lifetime  à Slow diffusion problem
(≫109 yr)                       (≈108 yr)

Merger shocks (GHs)

ë î

Rel. e-

diffusion 

GH size ~ 1 Mpc
MH size ~100s kpc    

• Hadronic models :
Secondary electrons generated
by p-p collisions in cluster volume                       

(GHs: Dennison 80; Blasi & Colafrancesco 99,
Miniati et al. 01; Keshet & Loeb 10, Ensslin 11,.. 
MHs: Pfrommer & Enβlin 04, Zandanel et al. 13) 

• Leptonic models :
Re-acceleration of rel. electrons    
by MHD turbulence in the ICM                                   

(GHs: Petrosian 01; Brunetti et al. 02, 04, 07; 
Cassano & Brunetti 05, Petrosian & Bykov 08, .. 
MHs: Gitti et al. 02, 04; ZuHone et al. 13)

AGN outflows (MHs)

Origin of the diffuse radio emission of (mini)-halos

Lecture by M. Gitti
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Recap

• Learn about AGN feedback physics (from black hole accretion
to 100s kpc-scale shocks. For galaxies too…)

• Learn how cluster environment modifies the evolution of galaxies

• Learn the thermal, dynamical & chemical evolution of the ICM

• Learn about magnetic field & relativistic particles

• Learn about plasma microphysics

• Learn how to use clusters for cosmology (just a little)

ü Theory and observations

ü Emphasis on current, debated “hot topics”

(this means we’ll learn to read research papers)

ü strong connection with GFE, AGN, Cosmology, Gas Dynamics…
23
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Cluster people @ DIFA

Lots of local researchers works on Galaxy Clusters 

Theory: Hydro or MHD simulations

Observations: X-ray, AGN feedback, galaxy stripping, ..
Radio: B, relativist particles, plasma physics, jets, ..

Strong collaboration with scientists at INAF
(for both theory & observations)

24

The aftermath: Laurea & PhD thesis on this subject

Theoretical projects (Fabrizio Brighenti et al.):
hydro simulations of AGN feedback
hydro simulations of gas cooling in clusters
hydro simulations of turbulence in galaxy clusters
hydro simulations of mixing/evaporation of cold clouds

Observational projects (Myriam Gitti et al.):
X-ray observations (Chandra) of shocks, X-ray cavities
X-ray observations of sloshing gas 
Hot and cold gas observations of ICM (cooling/heating cycle)
Radio observations (JVLA/LOFAR) of jets, lobes, diffuse emission

Close collaboration with other Institutions: 
INAF-Bo, Padova, CfA-Harvard, HST, NASA, and more

25
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Exam (Brighenti + Gitti)

Oral: discussion, physical understanding, ability to
deal with an astrophysical problem 

When? Talk to us

Contacts:
fabrizio.brighenti@unibo.it
myriam.gitti@unibo.it
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