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AGN feedback solves three major problems: 

 Why is there a bright cutoff in the galaxy luminosity function? 

 Why are there no cooling flows in clusters ?  

 Why are the brightest galaxies old, red and elliptical ? 
                           (The “hierarchy” problem) 

AGN Feedback & gal formation 

An answer to these questions was proposed 15 years ago 
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The halo mass function 
and the galaxy 

luminosity function have 
different shapes 

Complicated variation of 
M/L with halo mass 

Benson, Bower, Frenk, Lacey, Baugh & Cole ‘03 

galaxies 

The galaxy luminosity function 

Dark halos (ΛCDM) 
(const M/L) 
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The main physical processes that determine the masses and 
abundance of galaxies were laid out in 2 classic papers: 

The faint end of the galaxy 
luminosity function 
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à  Too many bright 
galaxies  

Bright end: 

Faint end: 
Can be explained by  
ü  Reionization 
ü  SNe feedback  

Need to prevent too 
much gas cooling in 

large halos 

Reionization+SN feedback 

Deconstructing the galaxy LF 

(see White & Frenk‘91) 

Benson, Bower,Frenk, Lacey, Baugh & Cole ‘03 

Cooling + photoionisation 
+energy feedback (reheat) 

Dark halos (ΛCDM) 
(const M/L) 
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Abstract. The formation of massive black holes may pre-
cede the epoch that characterises the peak of galaxy for-
mation, as characterized by the star formation history
in luminous galaxies. Hence protogalactic star formation
may be profoundly affected by quasar-like nuclei and their
associated extensive energetic outflows. We derive a rela-
tion between the mass of the central supermassive black
hole and that of the galaxy spheroidal component, and
comment on other implications for galaxy formation sce-
narios.

Key words: galaxy formation: supermassive black holes
– quasars: outflows

1. Introduction

It is generally assumed that the first objects to form in
the universe were stars. However this is by no means as-
sured. There is general agreement among theorists that,
if cosmic structures form hierarchically (’bottom up’), as
in cold dark matter (CDM) models, the first baryonic
clouds have masses in the range 105

−106M⊙, and that the
characteristic mass subsequently rises. But it is actually
not obvious that these clouds would undergo fragmenta-
tion into stars. Conditions in primordial clouds differ from
those prevailing in conventional star-forming clouds that
the fate of nearby molecular clouds is not a reliable guide.
For example, in the absence of magnetic flux, cloud col-
lapse may have been far more catastrophic than is the case
at the present epoch. A massive disk could have rapidly
shed its angular momentum via non-axisymmetric grav-
itational instabilities, and become so dense and opaque
that it continued to evolve as a single unit. At very high
redshifts, the inefficiency of atomic and molecular cool-
ing via H and H2 excitations is compensated by Compton
cooling; Compton drag provides an additional mechanism
for transferring angular momentum and allowing collapse.

This outcome seems no less likely, a priori, than the
alternative evolutionary pathways found in the literature,

Send offprint requests to: J. Silk

according to which primordial clouds fragment into stars
with an initial mass function that varies between being
bottom-heavy, top-heavy or even normal (that is, solar
neighbourhood-like), depending on the observations that
are being interpreted. The quasar distribution tells us di-
rectly that at least some massive black holes form early.
Indeed, the quasar comoving density peaks at z > 2, and
only declines at z > 3 (Shaver et al. 1996); on the other
hand, the peak of galaxy formation occurs at z ≈ 1.5
(Madau et al. 1996; Connolly et al. 1997), although there
is uncertainty about the effects of extinction in leading to
an underestimate of the galaxy luminosity at high redshift.

In fact, the known quasars, or their dead counterparts,
are likely to be within the cores of at least 30 percent of
these galaxies. To see this, note that combining the in-
tegrated density in quasar light with the assumption that
quasars radiate at or near the Eddington limit yields an es-
timate of typical dead quasar (or black hole) mass (Soltan
1982; Chokshi & Turner 1992) as 107

− 108 M⊙. Whether
one actually could observe an AGN component in high
redshift galaxies depends sensitively on the adopted life-
time of the active phase: higher redshift helps. The ob-
served correlation between massive black holes and dy-
namically hot galaxies then suggests that most hot galax-
ies, amounting to of order a third of all galaxies in terms
of stellar content, could contain such a massive black hole
(Faber et al. 1996). One note of caution would therefore
be that dynamically hot galaxies probably form system-
atically earlier than most galaxies, and that if starbursts
characterize their birth, existing high redshift samples of
such objects may be incomplete.

Nevertheless, while the case remains ambiguous, we
are sufficiently motivated by the possible implications of
a causal connection between quasars and galaxy forma-
tion to explore in this note the consequences of a cos-
mogonical scenario in which the first objects to form, at
some highly uncertain efficiency, are supermassive black
holes. We discuss how, during subsequent mergers, the
holes could grow, and exert a feedback on star formation.

2. Model
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Faint end: 
Photoionization + 
reheating of cold 
disk gas by SN  

SN feedback+photoionization 

AGN feedback 

Bright end: 
AGN feedback:  

energy transported 
by bubbles   

Croton et al ’06, Bower et al‘06 

Deconstructing the galaxy LF 

(see White & Frenk‘91) 
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AGN feedback solves three major problems: 

 Why is there a bright cutoff in the galaxy luminosity function? 

 Why are there no cooling flows in clusters ?  

 Why are the brightest galaxies old, red and elliptical ? 
                           (The “hierarchy” problem) 

AGN Feedback & gal formation 
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No AGN heating 

AGN feedback and the properties of ellipticals  

The most massive 
galaxies are red, 

elliptical 

Croton et al ‘06 
log Mstars/Mo 

B
-V

 

Without AGN heating 
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With AGN heating 

No AGN heating 

AGN feedback and the properties of ellipticals  

The most massive 
galaxies are red, 

elliptical 

and old!! 

No AGN heating 

With AGN heating 

Croton et al 05 
log Mstars/Mo 

B
-V

 
B

-V
 

Without AGN heating 

With AGN heating 
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Faint end: 
Photoionization + 
reheating of cold 
disk gas by SN  

SN feedback+photoionization 

AGN feedback 

Bright end: 
AGN feedback:  

energy transported 
by bubbles   

Croton et al ‘06, Bower et al ‘06 

Deconstructing the galaxy LF 

From semi-analytic models of 
galaxy formation applied to 

Millennium N-body  simulation  

(see White & Frenk‘91) 
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Comparison	to	semi-analy@c	models	

Galaxy stellar mass function 

EAGLE 

Schaye et al ‘15 



Galaxy stellar mass function 

EAGLE 

Schaye et al ‘15 

•  In	EAGLE,	seed	BHs	
(M=1.5x105Mo)		are	
placed	in	halos	of	
M=1010	Mo		

	
•  BH	grow	by	Bondi	

accre@on	and	mergers	
		
•  As	the	BH		grows,	1.5%	

of	rest	mass	energy	of	
accreted	gas	is	injected	
thermally	

Rosas Guevara et al ‘16 



AGN	feedback	in	ac@on	–	an	example	
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ABSTRACT
Galaxies fall into two clearly distinct types: ‘blue-sequence’ galaxies that are rapidly

forming young stars, and ‘red-sequence’ galaxies in which star formation has almost

completely ceased. Most galaxies more massive than 3 ⇥ 10

10
M� follow the red-

sequence while less massive central galaxies lie on the blue sequence. We show that

these sequences are created by a competition between star formation-driven outflows

and gas accretion on to the supermassive black hole at the galaxy’s centre. We develop

a simple analytic model for this interaction. In galaxies less massive than 3⇥ 10

10
M�

young stars and supernovae drive a high entropy outflow which is more buoyant than

any tenuous corona. The outflow balances the rate of gas inflow, preventing high gas

densities building up in the central regions. More massive galaxies, however, are sur-

rounded by an increasingly hot corona. Above a halo mass of ⇠ 10

12
M�, the outflow

ceases to be buoyant and star formation is unable to prevent the build up of gas in

the central regions. This triggers a strongly non-linear response from the black hole.

Its accretion rate rises rapidly, heating the galaxy’s corona, disrupting the incoming

supply of cool gas and starving the galaxy of the fuel for star formation. The host

galaxy makes a transition to the red sequence, and further growth predominantly

occurs through galaxy mergers. We show that the analytic model provides a good de-

scription of galaxy evolution in the EAGLE hydrodynamic simulations. So long as star

formation-driven outflows are present, the transition mass scale is almost independent

of subgrid parameter choice.

Key words: black hole physics, galaxies: formation, galaxies: active, methods: hy-

drodynamical simulations, quasars: general.

1 INTRODUCTION

Galaxies fall into two clearly distinct types: active, ‘blue-
sequence’ galaxies that are rapidly forming young stars, and
passive ‘red-sequence’ galaxies in which star formation has
almost completely ceased. The two sequences are clearly
seen when galaxy colours or star formation rates are plotted
as a function of galaxy mass (eg., Kau↵mann et al. (2003);
Baldry et al. (2006)). Low-mass galaxies generally follow the
‘blue-sequence’ with a tight, almost linear, relationship be-
tween star formation rate and stellar mass (eg., Brinchmann
et al. 2004), while massive galaxies follow the ‘red-sequence’

? E-mail: r.g.bower@dur.ac.uk

with almost undetectable levels of star formation (eg., Bower
et al. 1992). At the present day, the transition between the
two types occurs at a stellar mass scale of 3 ⇥ 1010 M�.
Galaxies less massive than the transition-scale grow through
star formation, doubling their stellar mass on a timescale
comparable to the age of the Universe; above the transi-
tion mass, galaxy growth slows and is driven primarily by
galaxy mergers (eg., De Lucia et al. 2006; Parry et al. 2009;
Qu et al. 2016; Rodriguez-Gomez et al. 2016). The existence
of the transition mass is closely related to the form of the
galaxy stellar mass function, creating the exponential break
at high masses (eg., Benson et al. 2003; Peng et al. 2010).
The transition mass is sometimes referred to as the ‘quench-
ing’ mass scale. In this paper we will focus on the properties

c
� 2016 The Authors
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•  In	low	mass	halos,	supernovae	regulate	build	up	of	gas	in	disk	
-  Gas	heated	by	SNe	is	buoyant	compared	to	gas	corona	
-  Cold	clouds	are	evaporated	by	the	hot	wind,	not	accelerated	
	 	(Robertson	2016,	Scannapieco	2016)	
-  Reheated	gas	is	ejected	from	the	galaxy	

•  In	halos	more	massive	than	1012	Mo	
-  Disk	oublow	is	no	longer	hot	enough	to	be	buoyant	à	stalls	
-  Corona	increases	in	mass	
-  Density	near	BH	increases	à	BH	accre@on	rate	increases	

		 		 		 		 		 	rapidly	
-  AGN	is	triggered	(ocen	aided	by	a	merger)	

20	For	related	ideas,	based	on	energe@cs,	see	Keller	et	al	2015;	Dubois	et	al	2015;	Habouzit	et	al	2016	

A model of AGN feedback 



Const	that	depends	
on	EOS,	Mseed,	
effec@ve	disk	

viscosity	

Density	of	
surrounding	gas	
drives	@mescale		

•  Black	hole	accre@on	in	the	Bondi	regime	

•  BH	will	grow	to	infinite	mass	in	finite	@me	

Growth	is	highly	
non-linear	

Note:	Eddington	
accre@on	rate	is	linear	

in	BH	mass	

A simple analytic model  



tinf	Ini@al	growth	is	very	
slow	

Very	rapid	
growth	at	t	~	tinf	

Eventually,	the	BH	
will	unbind	the	halo	

For	a	constant	
density	gas	
environment	

•  a	small	increase	
in	density	causes	
reduc@on	of	tinf	

•  acts	as	a	switch,	
making	BH	
growth	(and	
feedback)	
efficient.	

A simple analytic model  



•  BH	spends	most	of	its	
@me	in	slow	growth	and	
suddenly	switches	to	
rapid	growth	

•  Density	around	the	BH	
increases:	

•  BH	grows	un@l	energy	
output	exceeds	halo	
binding	energy	

23 

BH	mass	propor@onal	
to	binding	energy	of	

cooling	region	

Halo	grows	à	time	
axis	becomes	halo	

mass	axis.		
105	Mo	BH	injected	
in	1010	Mo	halo	

A simple analytic model  

BHs	injected	
between	0.4	−	2Gyr	



Black hole mass growth in EAGLE 

BH	seed	mass	

BH	tracks	
halo	binding	
Energy		

dM/dt	Rela@ve	to	
Eddington	rate	

	Rosas-Guevara	et	al	'15		

•  In	EAGLE,	seed	BHs	
(M=1.5x105Mo)		are	placed	
in	halos	of	M=1010Mo		

	
•  BH	grow	by	Bondi	accre@on	

and	mergers;	AGN	returns	
1.5%	of	rest	mass	energy	of	
accreted	gas	

•  Transi@on	mass	
corresponds	to	rapid	BH	
accre@on	

	
					
	

BH
	m

as
s	(
M

o)
	

see	also	Larson	2010,	Keller	et	al	2015;	Dubois	et	al	2015	

M200/M0	

BH	seed	mass	

Mass	scale	for	rapid	
BH	growth		 Analy@cal	model	
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Simple model – comparison with 
observations and EAGLE 

See also Volonteri & Reines, 2015!

Analy@cal		model	

observa@onal	data	
(savorgnan	2016)	
Blue:	late	type	
Red:	early	type	

EAGLE	–	colours:	
stellar	growth	
@mescale	

EAGLE	

Convert	M200	
to	M*	using	
abundance	
matching	
M200à	M*		

Extrapolated	rela@on	
from	high	mass	

(McConnel	&	Ma	‘13)	
Analy@cal		model	

observa@onal	data	
(Savorgnan	et	al		'16)	

Blue:	late	type	
Red:	early	type	
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Simple model – comparison with 
observations and EAGLE 

See also Volonteri & Reines, 2015!

Analy@cal		model	

observa@onal	data	
(Savorgnan	et	al	‘16)	

Blue:	late	type	
Red:	early	type	

EAGLE	
Extrapolated	rela@on	

from	high	mass	
(McConnel	&	Ma	‘13)	

Convert	M200	
to	M*	using	
abundance	
matching	
M200à	M*		
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Simple model – comparison with 
observations and EAGLE 

See also Volonteri & Reines, 2015!

Analy@cal		model	

observa@onal	data	
(Savorgnan	et	al	‘16)	

Blue:	late	type	
Red:	early	type	

EAGLE	–	colours:	
stellar	growth	
@mescale	

EAGLE	
Extrapolated	rela@on	

from	high	mass	
(McConnel	&	Ma	‘13)	

Convert	M200	
to	M*	using	
abundance	
matching	
M200à	M*		



•  Galaxy	proper@es	
exhibit	a	sharp	
transi@on	

	
•  This	transi@on	

occurs	at	a	similar	
halo	mass	at	all	
redshics	

A transition mass in galaxy properties  

young 

old 

Kauffmann et al '03   z=0 



•  Galaxy	proper@es	exhibit	
sharp	transi@on	

•  Reproduced	in	Eagle	
	
•  In	Eagle,	at	a	fixed	halo	

mass,	galaxies	with	large	
BH	have	a	long	SF	
growth	@mescale	

•  Transi@on	occurs	at	
similar	halo	mass	at	all	
redshics	

A transition mass in galaxy properties  
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Contours: obs data, 
(Llbert et al '15) 

EAGLE 



A transition mass in galaxy properties  
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EAGLE 

•  Galaxy	proper@es	exhibit	
sharp	transi@on	

•  Reproduced	in	Eagle	
	
•  In	Eagle,	at	a	fixed	halo	

mass,	galaxies	with	large	
BH	have	a	long	SF	
growth	@mescale	

•  Transi@on	occurs	at	
similar	halo	mass	at	all	
redshics	

Contours: obs data, 
(Llbert et al '15) 



•  Time	difference	(in	
dynamical	@mes)	
between	rapid	
growth	phase	and	
major	merger	

•  Responsible	for	
the	onset	of	
growth	in	~40%	of	
cases	

•  But	halo	mass	is	
cri@cal	too!!	

31 

Time	of	the	
merger!	
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Before	 Acer	

McAlpine	et	al	2017	

The role of mergers 

Mergers	are	the	trigger!	
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Main points (so far) 

•  Transition mass scale emerges when SN-driven outflow stalls 

•  In the Bondi accretion regime, BH growth is highly non-linear à 
a small increase in density can trigger rapid BH growth  

•  Break in galaxy mass function, & transition mass that separates 
red/blue galaxy sequences are the result of rapid BH growth 

•  Major mergers play a role, often (not always) triggering this 
growth 
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The curious case of the Milky Way 
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The curious case of the Milky Way 

OUR FINAL 
BILLENNIUM

NEXT 3 BILLION YEARS 
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The Milky Way is 
an outlier in the 
MBH – M*

spheroid 
relation 

In the MW:        

MBH = 4×106 M0 is 
~10 × smaller than 

average  

Cautun & Frenk ‘17 

The curious case of the Milky Way 
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The MW stellar halo is also underdevolped 
•  Its stellar mass, M*,halo=5×108M0, is 10 × smaller than average 
•  Its metallicity, [Fe/H]=-1.7, is 0.7 dex smaller than average 

Cautun & Frenk ‘17 

The curious case of the Milky Way 
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What is wrong with the 
Milky Way? 



Black hole mass growth in EAGLE 

BH	seed	mass	

BH	tracks	
halo	binding	
Energy		

dM/dt	Rela@ve	to	
Eddington	rate	

	Rosas-Guevara	et	al	'15		

•  In	EAGLE,	seed	BHs	
(M=1.5x105Mo)		are	placed	
in	halos	of	M=1010Mo		

	
•  BH	grow	by	Bondi	accre@on	

and	mergers;	AGN	returns	
1.5%	of	rest	mass	energy	of	
accreted	gas	

•  Transi@on	mass	
corresponds	to	rapid	BH	
accre@on	
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see	also	Larson	2010,	Keller	et	al	2015;	Dubois	et	al	2015	

M200/M0	

BH	seed	mass	

Mass	scale	for	rapid	
BH	growth		 Analy@cal	model	
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The strange case of the Milky Way 

The Large Magellanic Cloud 

•  MLMC=2.5 ± 0.1 ×1011M0 

•  Galactocentric distance = 50 kpc 

•  VLMC-MW = 327 km/s 

•  Orbital eccentricity = 0.88 ± 0.07 

•   (Peñarrubia et al ’16; Bajkova, V.V. Bobylev ’17) 



University of Durham 

Institute for Computational Cosmology 

The LMC will crash at the Galactic Centre in 2.5 Gys 
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Find analogues of LMC/MW pairs at  z=0.2  



University of Durham 

Institute for Computational Cosmology 

The strange case of the Milky Way 
Found 8 MW-LMC analogues in EAGLE 

black hole mass 

stellar halo mass 

star formation rate 

halo metalicity 

t/tdyn t/tdyn 

t/tdyn t/tdyn Cautun & Frenk ‘17 

merger 
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The Milky Way is 
an outlier in the 
MBH – M*

spheroid 
relation 

In the MW:        

MBH = 4×106 M0 is 
~10 × smaller than 

average  

Cautun & Frenk ‘17 

The curious case of the Milky Way 
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The strange case of the Milky Way 

Milky Way BH 
can grow by up to 

× 10  

Our BH will 
become typical of 
those in galaxies 
like the MW        

Cautun & Frenk ‘17 
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The MW stellar halo is also underdevolped 
•  Its stellar mass, M*

halo=5×108M0, is 10 × smaller than average 
•  Its metalicity, [Fe/H]=-1.7, is 0.7 dex smaller than average 

Cautun & Frenk ‘17 

The curious case of the Milky Way 
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The strange case of the Milky Way 

The mass and metalicity of the MW  stellar mass will also 
become typical 

Cautun & Frenk ‘17 
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The strange case of the Milky Way 

In most examples, the stellar halo will be made of LMC stars 
although a fraction will be scattered from the MW disk 

Cautun & Frenk ‘17 
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HAPPY 75th BIRTHDAY 
celebration! 


