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Two sides of the cooling flow problem

McDonald2018

1) Star formation rates are much lower than 
one would expect from cooling rates

2) Multiphase gas with a striking morphology 
forms in the cluster centre

Perseus cluster Abell 2597
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Open questions: 
1) What reheats cluster gas and prevents it from reaching the star 

forming phase?

2) What drives the peculiar morphology of the gas that does 

condense?

3) What physics are vital to maintain self-regulation?



A spin-driven AGN jet self-regulates cluster cooling flows and 
produces a wide range of gas morphologies.

AGN luminosity

Cold gas mass

Beckmann2019 “Dense gas formation and destruction in a simulated Perseus-like galaxy cluster with spin-driven black hole feedback”   Arxiv:1909.01329
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But what about 
magnetic fields / cosmic 

rays / dust ?
We’ve got dust already!



Multipahse 
gas, magnetic 

fields and 
cosmic rays

fcr=0

fcr=0.1

fcr=0.9

AGN luminosity is split into kinetic 
(jet) energy and cosmic ray 

energy, conserving energy and 
preserving the self-regulation 

mechanism

Beckmann2021, in prep



Cooling in CR dominated gas

fcr=0 fcr=0.1 fcr=0.9



Cooling flows over time

Strong cosmic rays consistently 
produce warm gas (blue)

Weak cosmic rays prevent 
over-condensation into 

cold gas (compare green 
to yellow)

Magnetic fields enhance 
thermal instability (compare 

blue/green to yellow)



Distribution of 
CR in the cluster

For high eta, total gas pressure is 
dominated by cosmic rays

Reminder: Jet energy is split 
into kinetic and CR energy

Weak CR & strong kinetic jet: CR 
remain within jet cone

Strong CR & weak kinetic jet: CR 
are distributed isotropically
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Observational constraints: 

Gamma-ray emission

90% jet energy in CR 
exceeds 

observational 
constraints

10% jet energy in CR 
broadly lies within 

observational 
constraints



Conclusions
Cooling flow

Distribution of CR

Gas phase and 
cooling physics

Observational 
constraints

Even a small fraction of CR in the jet 
offset magnetic field induced over-cooling 
and support long-term cluster self-
regulation.

CR only get distributed outside the jet 
cone for CR dominated jets, in which 
case they produce and extended, CR 
dominated core.

CR dominated cores cool isochorically, 
producing an extended warm, diffuse 
nebula.

Self-regulating CR dominated jets 
produce gamma-ray emission that 
exceed observational constraints.

Coming soon

Also includes: 
• CR and the onset of thermal instability 
• CR transport mechanisms and cooling 

flows 
• Stochasticity of cooling flows and 

robustness of results 
• All the gory details 



Advert: Cold clouds in hot galaxy clusters - Fred Jennings
Coming soon

Cooling, magnetic fields, thermal 
conduction and more! 


