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The virialization of dark matter particles 

Ø Most of the dark matter has 
been in halos since 1st 
generation of halos formed  
@z=20-30.
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Galaxy formation ： if unhindered 

Earlier simulations (e.g., Cen 1990, 1003 simulation) 
show, without additional negative feedback: 

 W* ≈ Wb/3     vs     observed W* = 8% Wb
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The merging history of  dark matter halos 

Ø Milky Way size dark matter halos have had 20 doublings 
of their masses down to z=0 since z=20-30.

Ø Most dark matter halos have had experienced on order 
of 10 significant mergers since.

    



Andromeda

Virgo Cluster

M87

Milky Way

Baryons in halos ：baryons had time to form stars, if unhindered 

Ø if all baryons had followed their fellow           
dark matter particles, 

a baryon apparently on average had 

<1% chance to have been turned into stars 

on each merging branch when climbing 
down the tree
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How many kinds of negative feedback needed?

Clearly, at least two different 
kinds of feedback processes must
be operating, because

Ø The effect is non-monotonic as a 
function of the halo mass:

 
increases towards the high mass end

increases towards the low mass end

Ø There is an apparent minimum of 
suppression effect at around 

    Mh=1012-1012.5M
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Main ideas : negative supernova and AGN feedback

On surface, they appear 
plausible.
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How about radio jets: deposit most of energy as far as 1 Mpc 
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Cen 2012

Mechanical energy output:

ESN = 10-5 M* c2    v.    EAGNjet=4x10-5 M* (500MBH/M*)(ejet/0.2%)c 2



Magnetic field in IGM due to giant radio jets

hM= SMBH to bulge stellar mass ratio
hB = fraction of magnetic energy retained through lobe evolution 
hR = radio loud fraction
f   = radio lobe volume filling factor
h* = fraction of baryons formed into stars
hJ = fraction of SMBH rest mass in form of radio lobe in radio loud galaxies 

Cen 2024, PNAS, 121 (35) e2402435121



Observed fractional radio energy and expected Jeans mass MB 
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Magnetic Jeans scale
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Radio lobe feedback: external, global, multi-generational

@z=2-3 

~10 cMpc 

A protocluster 



When did magnetic Jeans smoothing kick in?

Cen 2024, PNAS, 121 (35) e2402435121

Ø It kicks in at z<2, 
when most of the AGN jets have formed

Ø This may solve long standing puzzle of 
galaxy luminosity function evolution. 
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Observed evolution of galaxy luminosity function

Galaxy luminosity functions n(L) dL = La dL

  a ≈ -2 @z > 3 

  a ≈ -1 @z = 0

Observations indicate there is a relatively quick change of a from 
-3 to -1, occurring around z=2:

 a ≈ -1.94 @z=2.2-3        to      a ≈ -1.56  @z=1.-1.6 
(Alavi et al 2016)



Origin of strong magnetic fields outside halos 

Cen 2024, PNAS, 121 (35) e2402435121

Ø Damped Lyman-alpha systems (DLAs) at 
high z have 2-50 µG field (Wolfe 1992)

     
Ø Outside groups and clusters of galaxies 

there is 0.1-1 mG magnetic field 
(Bonafede+2013, Murgia+2004)

Ø magnetic field 0.3-0.5 µG in bridges linking 
clusters (Balboni+2023, O'Sullivan+2019)
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But have supernovae already solved that problem?
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Is supernova feedback in the right direction even?

Ø when supernova feedback is 
    supposed to be strongest at z>2,  

LF has a very steep (close to -2) slope,

Ø when supernova feedback is 
    supposed to be strongest at z<2

LF has a very flat (close to -1) slope,

sSFR

Redshift
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Ok, well, you still need the AGN feedback, right? 

external global feedback 
due to giant radio jets

not really?
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But I have believed so for so long

Let us put (religious) beliefs aside and

look at some of the observational evidence
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Let us look at evidence of AGN feedback: central SF

Observations 
show significant 
central star formation 
enhancements 
galaxies with quasars, 

not the way around

Where is negative 
AGN feedback?
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Molina, Ho, et al 2023b

molecular gas amount
is independent of 
quasar luminosity

Evidence of AGN feedback: molecular gas
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Kalfountzou et al 2017

star formation rate is 
independent of radio 
loudness

i.e., radio jets internal
negative feedback is
not widespread, either

Evidence of AGN feedback: radio loudness dependence
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kinetic pressure of ISM: no evidence of negative AGN feedback

The kinetic pressure 
of ISM in galaxies 
with and without 
QSOs is similar.

Where is negative 
AGN feedback?

Fei et al 2024, arXiv:2409.15611
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Molina, Ho, et al 2022

Is there enough AGN feedback energy overall? 

Present obs see Lkinetic/Lbol < 10-3

significantly lower than 
from supernovae as a whole

This is much lower than 
5x10-2 that was traditionally 
 assumed.



Ø External global feedback of giant radio lobes has the potential to 
help cure the ills of galaxy formation simulations.

Ø Systematic observational evidence of internal AGN negative 
feedback on star-forming galaxies is scarce.

Ø Postulated AGN feedback strength in simulation is not supported 
by evidence.

Ø Supernova feedback differentiates among varying mass galaxies 
apparently in the wrong direction.

Conclusions 


