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Motivation for introducing AGN feedback 
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Standard AGN feedback scheme in semi-analytics 

τ cool >> τ ffτ cool ~ τ ff

Mhalo~1011.5M!!

blue%

red%

Only gas in quasi-
hydrostatic equilibrium 
can be efficiently heated 

by the central AGN. 

Rapid-cooling regime Static-halo regime 

rcool=r(τcool=τH)!

rcool!

“Radio mode” AGN feedback  
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"  Gas in >1011.5M!  haloes is in 
quasi-hydrostatic equilibrium. 

 

"  Outflows (jets?) driven by the 
central AGN heat the halo and 
supress the cooling of  gas.  

See Croton et al (2006); Bower et al. 
(2006); Monaco et al. (2007); Somerville 

et al (2008); Lagos et al. (2008) 



!MBH ∝MBH fhotVvir
3 ⇒ Ljet = 0.1 !MBHc

2

! !mcool = !mcool −
Ljet

0.5Vvir
2

Implementation in SAMs 

MUNICH model (Croton et al. 2006): 

Ljet = f jetLEdd,   f jet ~ 0.04

GALFORM model (Bower et al 2006): 

Cooling in massive haloes is suppressed if: 

Ljet ≥ Lcool ⇒ !MBH =
Lcool
εrc

2
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Typical accretion rates are below 1-10% of  the 
Eddington accretion rate. 

See also Rachel Somerville’s (2008) model and MORGANA model (Monaco et al. 2007)  



Effect on gas cooling 

22 D. J. Croton et al.

(2004) and also Mihos & Hernquist (1994, 1996) for merger mass

ratios ranging from 1:10 to 1:1.

3.8 Spectroscopic evolution and dust

The photometric properties of our galaxies are calculated using stel-

lar population synthesis models from Bruzual & Charlot (2003). Our

implementation is fully described in De Lucia et al. (2004) and we

refer the reader there (and to references therein) for further details.

To include the effects of dust when calculating galaxy luminosi-

ties we apply the simple ‘plane-parallel slab’ model of Kauffmann

et al. (1999). This model is clearly oversimplified, but it permits

us to make a reasonable first-order correction for dust extinction in

actively star-forming galaxies. For the details of this model we refer

the reader to Kauffmann et al. (1999) and to references therein.

3.9 Metal enrichment

Our treatment of metal enrichment is essentially identical to that

described in De Lucia et al. (2004). In this model a yield Y of heavy

elements is returned for each solar mass of stars formed. These

metals are produced primarily in the supernovae which terminate the

evolution of short-lived, massive stars. In our model we deposit them

directly into the cold gas in the disc of the galaxy. (An alternative

would clearly be to add some fraction of the metals directly to the hot

halo. Limited experiments suggest that this makes little difference

to our main results.) We also assume that a fraction R of the mass

of newly formed stars is recycled immediately into the cold gas in

the disc, the so-called ‘instantaneous recycling approximation’ (see

Cole et al. 2000). For full details on metal enrichment and exchange

processes in our model, see De Lucia et al. (2004). In the bottom

Figure 7. The mean condensation rate, ⟨ṁcool⟩ as a function of halo virial velocity V vir at redshifts of 6, 3, 1 and 0. Solid and dashed lines in each panel

represent the condensation rate with and without ‘radio mode’ feedback respectively, while the vertical dotted lines show the transition between the rapid

cooling and static hot halo regimes, as discussed in Section 3.2. This figure demonstrates that cooling flow suppression is most efficient in our model for haloes

with V vir > 150 km s−1 and at z ! 3.

panel of Fig. 6 we show the metallicity of cold disc gas for model

Sb/c galaxies (selected, as before, by bulge-to-total luminosity, as

described in Section 3.5) as a function of total stellar mass. For

comparison, we show the result of Tremonti et al. (2004) for mean

H II region abundances in SDSS galaxies.

4 R E S U LT S

In this section we examine how the suppression of cooling flows

in massive systems affects galaxy properties. As we will show, the

effects are only important for high-mass galaxies. Throughout our

analysis we use the galaxy formation model outlined in the previ-

ous sections with the parameter choices of Table 1 except where

explicitly noted.

4.1 The suppression of cooling flows

We begin with Fig. 7, which shows how our ‘radio mode’ heating

model modifies gas condensation. We compare mean condensation

rates with and without the central AGN heating source as a function

of halo virial velocity (solid and dashed lines respectively). Recall

that virial velocity provides a measure of the equilibrium tempera-

ture of the system through T vir ∝ V 2
vir, as indicated by the scale on

the top axis. The four panels show the behaviour at four redshifts

between 6 and the present day. The vertical dotted line in each panel

marks haloes for which r cool = Rvir, the transition between systems

that form static hot haloes and those where infalling gas cools rapidly

on to the central galaxy disc (see Section 3.2 and Fig. 2). This tran-

sition moves to haloes of lower temperature with time, suggesting

a ‘down-sizing’ of the characteristic mass of actively star-forming

galaxies. At lower V vir gas continues to cool rapidly, while at higher

C⃝ 2005 The Authors. Journal compilation C⃝ 2005 RAS, MNRAS 365, 11–28

Croton et al. (2006) 

Average cooling rate 
 

Cooling flow 
suppression is most 
efficient in massive 

haloes at late epochs. 
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!mheat ∝MBHVvir



z = 0  Moster et al. (2011) 

 
AGN feedback is 

necessary for 
reproducing the 

correct stellar mass in 
massive haloes! 

 

Effect on stellar mass 

w/o AGN feedback with AGN feedback 
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GALFORM 



14 Croton et al.

Figure 8. Galaxy luminosity functions in the K (left) and bJ (right) photometric bands, plotted with and without ‘radio mode’ feedback
(solid and long dashed lines respectively – see Section 3.4). Symbols indicate observational results as listed in each panel. As can be seen,
the inclusion of AGN heating produces a good fit to the data in both colours. Without this heating source our model overpredicts the
luminosities of massive galaxies by about two magnitudes and fails to reproduce the sharp bright end cut-offs in the observed luminosity
functions.

stars formed. These metals are produced primarily in the su-
pernovae which terminate the evolution of short-lived, mas-
sive stars. In our model we deposit them directly into the
cold gas in the disk of the galaxy. (An alternative would
clearly be to add some fraction of the metals directly to
the hot halo. Limited experiments suggest that this makes
little difference to our main results.) We also assume that
a fraction R of the mass of newly formed stars is recycled
immediately into the cold gas in the disk, the so called ‘in-
stantaneous recycling approximation’ (see Cole et al. 2000).
For full details on metal enrichment and exchange processes
in our model see De Lucia et al. (2004). In the bottom panel
of Fig. 6 we show the metallicity of cold disk gas for model
Sb/c galaxies (selected, as before, by bulge-to-total luminos-
ity, as described in Section 3.5) as a function of total stellar
mass. For comparison, we show the result of Tremonti et al.
(2004) for mean HII region abundances in SDSS galaxies.

4 RESULTS

In this section we examine how the suppression of cooling
flows in massive systems affects galaxy properties. As we will
show, the effects are only important for high mass galaxies.
Throughout our analysis we use the galaxy formation model
outlined in the previous sections with the parameter choices
of Table 1 except where explicitly noted.

4.1 The suppression of cooling flows

We begin with Fig. 7, which shows how our ‘radio mode’
heating model modifies gas condensation. We compare mean
condensation rates with and without the central AGN heat-
ing source as a function of halo virial velocity (solid and
dashed lines respectively). Recall that virial velocity pro-
vides a measure of the equilibrium temperature of the sys-
tem through Tvir ∝ V 2

vir, as indicated by the scale on the top
axis. The four panels show the behaviour at four redshifts
between six and the present day. The vertical dotted line in
each panel marks haloes for which rcool = Rvir, the transi-
tion between systems that form static hot haloes and those
where infalling gas cools rapidly onto the central galaxy disk
(see section 3.2 and Fig. 2). This transition moves to haloes
of lower temperature with time, suggesting a ‘down-sizing’ of
the characteristic mass of actively star-forming galaxies. At
lower Vvir gas continues to cool rapidly, while at higher Vvir

new fuel for star formation must come from cooling flows
which are affected by ‘radio mode’ heating.

The effect of ‘radio mode’ feedback is clearly substan-
tial. Suppression of condensation becomes increasingly effec-
tive with increasing virial temperature and decreasing red-
shift. The effects are large for haloes with Vvir

>
∼ 150 kms−1

(Tvir
>
∼ 106K) at z <

∼ 3. Condensation stops almost com-
pletely between z = 1 and the present in haloes with
Vvir > 300 km s−1 (Tvir > 3 × 106K). Such systems corre-
spond to the haloes of groups and clusters which are typ-
ically observed to host massive elliptical or cD galaxies at
their centres. Our scheme thus produces results which are
qualitatively similar to the ad hoc suppression of cooling

Croton et al. (2006) 

�  The paucity of  galaxies 
in the bright end of  
the LF.  

�  The colour bimodality 
of  galaxies.    

With AGN feedback we reproduce 

See also: Monaco et al. (2007), Lagos et al. (2008), Somerville et al. (2008)  
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Bower et al. (2006) 

With AGN feedback we reproduce 

650 R. G. Bower et al.

parameter α reheat that determines the time-scale on which reheated

disc gas is added to the hot gas reservoir.

The models presented here have ϵSMBH = 0.5, αhot = 3.2, V hot =

485 km s−1, αcool = 0.58 and α reheat = 0.92. For this choice, the

model gives an excellent match to the local bJ- and K-band galaxy

luminosity functions, as shown in Fig. 3. (The dashed lines in this

figure show the luminosity function when feedback from AGN is

switched off. The match to the observational data is then very poor,

due in part to the large value of V hot. Benson et al. (2003) and Baugh

et al. (2005) were able to obtain better matches to the luminosity

function – albeit not as good as in our model including AGN feed-

back – through the inclusion of alternative means of suppressing gas

cooling in massive haloes.)

The values of αhot and V hot that we have adopted are somewhat

larger than the values used in our previous work and imply that

stellar feedback is extremely strong, especially in small galaxies.

As a result, the energy involved in feedback (i.e. the energy re-

quired to heat cold disc gas to the halo virial temperature) is equal

to the total energy produced by supernovae in galaxies with vcirc =

Figure 3. The luminosity function of galaxies in the local Universe. The

upper panel compares the model bJ-band luminosity function (red lines)

with the observational determination from the 2dF galaxy redshift survey

by Norberg et al. (2002). Here and in the panel below, the dotted line shows

the model prediction without dust obscuration and the solid line the predic-

tion taking obscuration into account, while the dashed lines show models in

which feedback from AGN has been switched off. The lower panel compares

the K-band luminosity function in the model to the observational determi-

nations by Cole et al. (2001) and Huang et al. (2003). Arrows indicate the

approximate magnitude faintwards of which of sample of model galaxies

becomes incomplete due to the limited mass resolution of the Millennium

simulation.

200 km s−1 and exceeds the available supernovae energy by

(vcirc/200 km s−1)−1.2 in lower mass galaxies. It should be noted,

however, that our model does not make use of any of the available

AGN energy to eject material from the galaxy itself. Numerical sim-

ulations of merging galaxies with central supermassive black holes

indicate that this can be a significant source of additional feedback

even though the outflow is strongly beamed (Di Matteo et al. 2005;

Springel et al. 2005b). We also require that the material be heated

to the virial temperature of the halo. Both of these assumptions are

likely to lead to an overestimate of the energy injection that is re-

quired. In addition, the values of these feedback parameters should

be treated with caution since our model of star formation is undoubt-

edly simplified. We intend to present a more detailed investigation

of the star formation and cooling model in future work.

Fig. 3 shows how AGN feedback can solve one of the two prob-

lems highlighted in Section 1: the absence of the very bright galax-

ies that unquenched cooling flows would generate at the centres of

very massive haloes. Fig. 4 shows how our model solves the second

problem: the red colours observed for the most massive observed

galaxies. The colour distribution in the model is clearly bimodal

(cf. Menci et al. 2005) and shows a very well-defined red sequence

which, at the red end, is populated by the most massive galaxies.

The transition in mean colour occurs at around a mass of ∼2 ×

1010 h−1 M⊙. Our model gives a qualitatively good match to obser-

vational data (Kauffmann et al. 2003; Baldry et al. 2004).

The colour distribution displayed in Fig. 4 is influenced strongly

both by AGN feedback and by the improvements to our cooling

model which now allows reheated disc gas to be added to a sur-

rounding hot reservoir during the lifetime of a halo. This tends to

establish a near steady state in which gas cooling is balanced by

reheating. Below a halo mass of ∼1012 h−1 M⊙, the colours of

Figure 4. The colour distribution of model galaxies from one-tenth of the

Millennium simulation. The graph shows the B − V colour as a function

of stellar mass in a galaxy. Note the clearly bimodal distribution of galaxy

colours, and the transition to a unimodal colour distribution which occurs at

M ∗ ∼ 1010.5 h−1 M⊙. The points are colour coded as in Fig. 1, i.e. satellites

(green points) and central galaxies of halo of masses < 3 × 1011 h−1 M⊙
(black points), 3 × 1011–1012 h−1 M⊙ (blue points) or > 1012 h−1 M⊙
(red points).

C⃝ 2006 The Authors. Journal compilation C⃝ 2006 RAS, MNRAS 370, 645–655

Bower et al. 2006 
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See also: Monaco et al. (2007), Lagos et al. (2008), Somerville et al. (2008)  

�  The paucity of  galaxies 
in the bright end of  
the LF.  

�  The colour bimodality 
of  galaxies.    
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t1 

Quasar 

t1 

t2 

t3 

2. Galaxy mergers 1. Disk instabilities 

Dark matter Hot gas Cold gas/Stars 

Starburst (quasar) mode 

!MBH =
ΔMacc

fqtdyn

NF et al. (2011, 2012) See also: Malbon et al. (2007), Marulli et al (2008), Somerville et al (2008), Hirschmann et al (2012) 

Linking feedback to AGN: BH growth in GALFORM 

Hot-halo (radio) mode 

Mhalo > 1011.5M!!

!MBH =
Lcool
εrc

2

We trace the evolution of  
BH mass, spin and 

accretion rate from z>>20 
to z=0 
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Linking feedback to AGN: Modelling the accretion flow 

DM halo 

hot halo 

AGN 

Central engine 
jet!

BH!

accretion disk 

€ 

R

€ 

H

Blandford – Znajek mechanism  
for Jet formation: 

Ljet ∝ (H / R)2MBH
2 α 2,  with Ljet

ADAF ~ 10−100Ljet
TD

Thin disk 

luminous disks 
!m = !M / !MEdd < 0.01

ADAF 

under-luminous disks 

Ldisk
ADAF = εADAFLdisk

TD ,   εADAF = 0.01− 0.1
(NF et al 2011)%
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Linking feedback to AGN: Luminosity functions 

NF et al. (2013a) 

AGN fuelling modes and clustering 5

Figure 1. (a) The distribution function of λEdd at z = 0 − 0.1 in four different BH mass bins, as indicated by the key. The shaded area indicates the
super-Eddington regime. (b) The density of accreting BHs (in Mpc−3d log M−1

⊙
) in the log10 λEdd − log10 MBH plane at z = 0 − 0.1. The histograms

on top of the panel show the λEdd distribution function for AGN in the hot-halo (red) and starburst (blue) modes. (c) The two-dimensional volume-weighted
histogram showing the evolution of the log10 λEdd distribution as a function of z. The different colour shading corresponds to the density of objects in a given
λEdd bin, as indicated by the colour bar on the right.

GALFORM predicts that the bulk of BHs accrete in the ADAF
regime (log10 λEdd ! −2). There is only a small fraction of BHs
experiencing radiatively efficient accretion, which is represented by
the branch around log10 λEdd ≃ −1 extending vertically up along
theMBH axis. Integrating along theMBH axis and distinguishing
between accretion in the starburst and hot-halo modes gives the his-
togram depicted at the top of the λEdd−MBH plane. Evidently, the
nature of the two modes now becomes clear. The low-λEdd peak is
due to the hot-halo mode, while the high log-normal λEdd peak
corresponds to the starburst mode. Both modes have a roughly log-
normal distribution in λEdd, although the starburst mode is also
characterised by a long tail extending to very low λEdd values. The
convolution between the two modes gives for BH masses below
109 M⊙ a bimodal distribution with a strong dip at log10 λEdd,
where the two modes intersect.

The relative contribution of each accretion mode to the
λEdd distribution function changes with redshift as shown in
Fig. 1c. AGN in the starburst mode become progressively more
abundant with increasing redshift, whereas AGN in the hot-halo

mode follow the opposite trend and decrease in abundance. The
strong evolution with redshift of the starburst mode AGN is a re-
sult of the abundant cold gas supplies present in galaxies at higher
redshifts. In contrast, the abundance of haloes in quasi-hydrostatic
equilibrium, and thus susceptible to AGN feedback, which can po-
tentially produce AGN via hot-gas accretion, increases as redshift
decreases.

3.3 The AGN environment

The distinct nature of each accretion mode in GALFORM gives rise
to different environmental properties for the starburst and hot-halo
AGN population. Because of the link of AGN feedback to the
quasi-hydrostatic regime we expect hot-halo AGN to be associated
with haloes more massive thanMHalo ∼ 1012.5 M⊙. On the other
hand, starburst AGN are characterised by intense accretion involv-
ing large amounts of gas. AGN in this mode are found primarily
in gas-rich environments (MHalo ! 1011.5 − 1012.5 M⊙), where
gas can cool efficiently onto the galactic disk. The brightest AGN

c⃝ 0000 RAS, MNRAS 000, 000–000
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Figure 1. (a) The distribution function of λEdd at z = 0 − 0.1 in four different BH mass bins, as indicated by the key. The shaded area indicates the
super-Eddington regime. (b) The density of accreting BHs (in Mpc−3d log M−1

⊙
) in the log10 λEdd − log10 MBH plane at z = 0 − 0.1. The histograms

on top of the panel show the λEdd distribution function for AGN in the hot-halo (red) and starburst (blue) modes. (c) The two-dimensional volume-weighted
histogram showing the evolution of the log10 λEdd distribution as a function of z. The different colour shading corresponds to the density of objects in a given
λEdd bin, as indicated by the colour bar on the right.

GALFORM predicts that the bulk of BHs accrete in the ADAF
regime (log10 λEdd ! −2). There is only a small fraction of BHs
experiencing radiatively efficient accretion, which is represented by
the branch around log10 λEdd ≃ −1 extending vertically up along
theMBH axis. Integrating along theMBH axis and distinguishing
between accretion in the starburst and hot-halo modes gives the his-
togram depicted at the top of the λEdd−MBH plane. Evidently, the
nature of the two modes now becomes clear. The low-λEdd peak is
due to the hot-halo mode, while the high log-normal λEdd peak
corresponds to the starburst mode. Both modes have a roughly log-
normal distribution in λEdd, although the starburst mode is also
characterised by a long tail extending to very low λEdd values. The
convolution between the two modes gives for BH masses below
109 M⊙ a bimodal distribution with a strong dip at log10 λEdd,
where the two modes intersect.

The relative contribution of each accretion mode to the
λEdd distribution function changes with redshift as shown in
Fig. 1c. AGN in the starburst mode become progressively more
abundant with increasing redshift, whereas AGN in the hot-halo

mode follow the opposite trend and decrease in abundance. The
strong evolution with redshift of the starburst mode AGN is a re-
sult of the abundant cold gas supplies present in galaxies at higher
redshifts. In contrast, the abundance of haloes in quasi-hydrostatic
equilibrium, and thus susceptible to AGN feedback, which can po-
tentially produce AGN via hot-gas accretion, increases as redshift
decreases.

3.3 The AGN environment

The distinct nature of each accretion mode in GALFORM gives rise
to different environmental properties for the starburst and hot-halo
AGN population. Because of the link of AGN feedback to the
quasi-hydrostatic regime we expect hot-halo AGN to be associated
with haloes more massive thanMHalo ∼ 1012.5 M⊙. On the other
hand, starburst AGN are characterised by intense accretion involv-
ing large amounts of gas. AGN in this mode are found primarily
in gas-rich environments (MHalo ! 1011.5 − 1012.5 M⊙), where
gas can cool efficiently onto the galactic disk. The brightest AGN
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The model predicts a 
bimodal distribution of  

AGN on the BV — stellar 
mass plane. 

NF & Georgakakis (in prep) 

Effects of  feedback on AGN: The AGN colour bimodality 

Contours = galaxies 
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Blue cloud: star forming and 
rich in gas galaxies 

Red cloud: Red and 
poor in gas galaxies 



Red cloud: Red and 
poor in gas galaxies 

The model predicts a 
bimodal distribution of  

AGN on the BV — stellar 
mass plane. 

Effects of  feedback on AGN: The AGN colour bimodality 

Contours = galaxies 
Points = AGN 
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NF & Georgakakis (in prep) 

Blue cloud: star forming and 
rich in gas galaxies 



Effects of  feedback on AGN: The clustering of  moderate luminosity AGN 

NF+(2013a) 

 

Hot-halo accretion is essential for reproducing the 
halo mass of  moderate luminosity AGN! 

 

Lxray = 1042-1044 erg/sec!
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most massive halo 

2QZ survey 
Croom et al. (2004) 

 

See also: Ross et al. (2009), White et al. (2012), Shen et al. (2013) 

NF+(2013b) 

Effects of  feedback on AGN: The clustering of  Quasars 

 
The AGN feedback 

shapes the halo 
environment of  

luminous Quasars! 
 Luminous Quasars 
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accretion disk 

€ 

R

€ 

H

jet!

€ 

L jet ∝ (H /R)2 Bφ
2MBH ˙ m a2

Blandford & Znajek 1977 

BH!

Effects of  feedback on AGN: The Radio Galaxy Luminosity Function 

Radio LF dominated by 
rapidly rotating BHs 

accreting in the hot-halo 
mode! 

NF +(2011) 
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z = 2!

NF (PhD thesis) 

Effects of  feedback on AGN: The clustering of  Radio Galaxies 

Millennium simulation z = 2!

Radio galaxies trace the 
peaks of  the Dark-Matter 

distribution 

The dependence of  BH parameters on the 
environment creates the right conditions 
for reproducing the clustering of  Radio 

Galaxies 
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See also: Wake et al. (2008); Donoso et al. (2008) 



 
With a phenomenological calculation for the accretion rate 

that is linked to AGN feedback we get: 
 

1.   The correct evolution of  AGN 
2.   The colour bimodality of  AGN 

3.   The clustering of  moderate luminosity AGN and 
luminous Quasars 

4.   The abundance & clustering of  Radio Galaxies 

Summary 

Take away message: AGN feedback & associated growth 
mode crucial for reproducing key AGN properties 
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