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Abstract. It has long been suspected that galaxy formation is intimately linked to Active
Galactic Nuclei (AGN), but this idea was only based on circumstantial evidences until a few
years ago. The recent discovery of supermassive black holes (BH) in galaxy nuclei and, in
particular, the relation between BH mass and host galaxy structural parameters has shown
how the process of galaxy formation and BH growth are tightly linked. The fact that BHs are
mostly grown during AGN activity closes the ring linking AGNs to galaxy formation. The
following physical framework is therefore emerging: galaxy formation in the hierarchical
scenario triggers AGN activity causing the growth of the central BH. The AGN feedback
on the host galaxy increases with increasing BH mass and eventually expels the gas from
the host galaxy thus stopping star formation and BH growth. The final consequence are the
observed relations between BH mass and host galaxy.
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1. Introduction

One of the key questions of current astrophys-
ical research is how the universe changed from
a nearly homogeneous state at z ∼ 1000 to the
wealth of structures observed at z ∼ 0.

The ΛCDM cosmological model is a suc-
cessful framework in which to address the is-
sue of structure formation. In this model struc-
tures grow from weak density fluctuations in
the homogeneous and rapidly expanding uni-
verse, are amplified by gravity and then be-
come the structures we see today. The cur-
rent ”concordance” model is characterized by
Ω = 1, i.e. a flat universe. The total mass
density is dominated by dark matter and only
a small fraction is accounted for by baryons
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(Ωmatter = 0.3 and Ωbaryons = 0.04). The
dominant mass component, the cold dark mat-
ter, is assumed to be made of elementary par-
ticles which interact only gravitationally. What
is needed to have Ω = 1 is some unknown form
of dark energy whose existence is required by
a non-null cosmological constant (ΩΛ = 0.7).
See, e.g., Spergel et al. (2003) and references
therein.

Within the ΛCDM cosmological model it
is possible to follow the evolution of dark mat-
ter halos and, in principle, this is a very triv-
ial task since it can be done with ”simple”
N-body simulations where the only physics
required is that of gravity. In practice, it is
an extremely challenging task computation-
ally because, in order to follow the evolu-
tion of significant comoving volumes with
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sufficient resolution, many billions of parti-
cles are required. Particularly impressive is
the ”Millennium Run” computed by the Virgo
consortium (Springel et al. 2005) which fol-
lows the evolution of a comoving volume with
500h−1 Mpc on a side populated with 10 billion
of particles.

The dark matter component can be mod-
elled independently since it interacts only grav-
itationally and is the dominant matter com-
ponent, i.e. its evolution is not influenced by
baryons. However the evolution of baryons
(e.g. the evolution of galaxies) which consti-
tute the visible component of the universe,
is much more difficult to model because it
is governed by very complex physical mech-
anisms (e.g. magneto-hydro-dynamics, radia-
tive transfer etc.). Currently it is not possible
to follow the evolution of baryons with a self-
consistent physical simulation. One of the most
popular simplified alternatives is that of Semi-
Analythical Models (SAM) where the evolu-
tion of baryons is included with analytical pre-
scriptions within the dark matter framework,
i.e. starting from the results of the N-body sim-
ulations following the evolution of dark matter.

The process of baryonic structure forma-
tion leaves a fossil record in the extragalac-
tic background light (see Hauser & Dwek
2001,for a review) which provides a tight con-
straint for galaxy formation models. Three
components are clearly identifiable:

– the CMB (Cosmic Micro-wave
Background) which is made of pho-
tons emitted at the last scattering surface
(i.e. when the universe was nearly homo-
geneous at z ∼ 1000);

– the CIB and COB (Cosmic Infrared
Background and Cosmic Optical
Background) which is due to the inte-
grated emission from stars and, for a small
fraction (< 10% of total Silva et al. 2004),
to AGNs;

– the CXB (Cosmic X-ray Background)
which is entirely due to integrated emission
from AGNs.

These backgrounds provide a measure of the
total radiation energy density involved in the

processes of galaxy and AGN (i.e. accreting
black holes) formation and evolution.

The main open issues in the evolution of
baryons can be summarized in three questions:

– How do galaxies form and evolve?
– How do Active Galactic Nuclei evolve and

what is their role in the life of the host
galaxy?

– How do Supermassive Black Holes form
and grow to masses 106−1010 M� and why
is their mass related to the host spheroid?

In particular, is there a relation between the
processes of Galaxy evolution, AGN evolution
and growth of supermassive Black Holes?

2. Galaxies

The two competing scenarios of galaxy forma-
tion are the monolithic and hierarchical ones.

In the monolithic model the proto-galaxy
forms after the fast collapse of primordial gas
clouds and stars are formed on timescales
much shorter than the free-fall time. Galaxy
evolution is then characterized by a very strong
star formation episode at high redshift fol-
lowed by pure luminosity evolution.

In the hierarchical model galaxy forma-
tion starts from primordial density fluctuations
in the ΛCDM framework. Dark matter ha-
los grow continuously through repeated merg-
ing events which also gradually increase the
gas mass in the growing galaxies hosted in
the same halos. Galaxy evolution is character-
ized by moderate star formation at all redshifts
which is driven by merging events. In this sce-
nario, a late final assembly is expected for the
most massive galaxies.

The hierarchical model is currently pre-
ferred because it fits nicely in a self consistent
scenario of structure formation from primor-
dial density fluctuations.

From the observational point of view, sup-
port to the hierarchical model comes from the
average size of galaxies which decreases with
decreasing redshift as expected in a hierarchi-
cal buildup (Ferguson et al. 2004; Cassata et al.
2005). The cosmic star formation history (i.e.
the evolution of the global star formation rate,
SFR, with redshift – Madau et al. 1998; see
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also Hopkins 2004 for a compilation of recent
data) shows that the peak of global star for-
mation occurred mostly 10 billion years ago,
i.e. at redshift z ∼ 2, and that the global star
formation rate has been steadily declining ever
since. There are two possibilities to explain
why star formation decreases and stops: either
the gas is totally converted into stars or star for-
mation is inhibited by the hierarchical build-
up of structures. However the cosmic evolu-
tion of the SFR does not seem to favour any
scenario of galaxy formation. It should also be
kept in mind that the estimates of the SFR are
sensitive to the effects of dust extinction and
to the assumptions about the shape of the ini-
tial mass function. Another global constraint
on models is provided by the evolution of the
stellar mass density which indicates a steady
decrease with redshift, consistently with hi-
erarchical models. Indeed hierarchical models
can match this global behaviour but they are
not able to explain the amount of mass which
is placed in massive galaxies (Fontana et al.
2004). Massive galaxies seem then to be the
key point which might help distinguishing be-
tween the two competing scenarios of galaxy
formation.

Recent deep K-band surveys (e.g. the K20
survey Cimatti et al. 2002a) have detected a
population of old passive spheroids which are
already in place at z ∼ 1 − 2 and passively
evolving (Cimatti et al. 2002b; Daddi et al.
2002; Cimatti et al. 2004). The hypothesis that
massive spheroids are old and quiescent is con-
firmed by the fact that ellipticals follow the
fundamental plane relation up to z ∼ 1 Treu
et al. (e.g. 2002); van der Wel et al. (e.g. 2004);
Holden et al. (e.g. 2005). These massive galax-
ies seem then to require a formation epoch
at z ∼ 2 − 3. Sub-mm surveys with SCUBA
and MAMBO (e.g. Blain et al. 2002; Scott
et al. 2002) have detected a population of mas-
sive galaxies with high star formation rates
(∼ 103M� yr−3) at z > 2 (Dunlop 2001; Ivison
et al. 2002; Aretxaga et al. 2003; Chapman
et al. 2003). They constitute a substantial popu-
lation of dusty, luminous, massive starbursts at
z ∼ 2 − 3, and they might then be the progeni-
tors of the massive ellipticals found at z ∼ 1−2.

Semi-analythical hierarchical models are
unable to account for the presence of these
massive galaxies at high redshifts (Devriendt &
Guiderdoni 2000; Cole et al. 2000; Somerville
et al. 2001; Menci et al. 2002) and, indeed, in
the ΛCDM scenario the big massive galaxies
should be the last objects to form, no earlier
than z ∼ 1. Observations seem to suggest for-
mation redshifts in agreement with the mono-
lithic scenario (see e.g. Pozzetti et al. 2003).
Massive ellipticals do pose a problem for hier-
archical models of galaxy formation.

3. Active Galactic Nuclei

Active Galactic Nuclei are galaxy nuclei where
large luminosities (up to 1014 L�) are released
in small volumes of space (r < 1 pc). It is
commonly believed that AGNs are powered
by mass accretion onto a supermassive BH
(MBH ∼ 106 − 1010 M�) and, according to
the so-called Unified Model, all sources are in-
trinsically the same and differences are due to
orientation dependent obscuration by a thick,
dusty torus (see e.g. Antonucci 1993). Given
the huge luminosities released by an AGN one
might wonder about the impact on the host
galaxy and ask the question whether galaxy
evolution is related to AGN evolution.

Quasars are the most luminous AGNs (L >
1012 L�) and therefore they are the easier to
detect at all z because their emission far out-
shines the one from the host galaxy. The results
from many quasar surveys indicate that the
density of quasars reached a peak at z ∼ 2 − 3
and declined steeply afterwards, strongly re-
minding the behaviour of the cosmic SFR (e.g.
Fan et al. 2004; Croom et al. 2004,and ref-
erences therein). However Quasars constitute
only the high luminosity end of the AGN lu-
minosity function and they cannot provide a
census of the whole AGN population. When
searching for the other AGNs one has to face
the problems related to obscuration of the AGN
and contamination by the host galaxy emission
(for lower L AGNs). A possible solution is to
search for X-ray emission (e.g. in the ∼ 0.5−10
keV range) which is an almost unique indica-
tor of AGN activity, less sensitive to obscura-
tion than other indicators associated to opti-
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cal emission. Indeed many surveys have been
performed in the past years in the soft (0.5-2
keV) and hard (2-10 keV) bands with satellites
like Einstein, ROSAT, ASCA, BeppoSAX (e.g.
the Hellas survey Fiore et al. 2001). These sur-
veys has provided a census of the AGN popu-
lation and its evolution with redshift which is
in agreement with the results from quasars sur-
veys.

These surveys have also allowed to bet-
ter understand the X-Ray Background which
is fossil record of all cosmic AGN activity.
The X-ray background was first discovered
by Giacconi et al. (1962) and interpreted as
integrated emission from AGNs. However it
presented a paradox since its spectrum could
not simply explained with the superposition of
known AGN spectra. Setti & Woltjer (1989)
were the first to solve this paradox showing
that the XRB spectrum is given by the su-
perposition of known AGN spectra with dif-
ferent levels of absorption by an intervening
medium. Many authors afterwards have refined
the XRB spectral synthesis (Madau et al. 1994;
Comastri et al. 1995; Gilli et al. 2001) find-
ing that most of the AGN emission is obscured
and originates from sources at z ∼ 1 − 2, i.e.
close to the peak of AGN activity. The ratio be-
tween obscured (type 2) and unobscured (type
1) objects can be as high as 10. For instance
the XRB model by Gilli et al. (2001) predicts
that 85% of the AGN emission is obscured and
a large number of obscured (type 2) quasars
is required to fit the number counts. These re-
sults started a search for the ”missing” type
2 quasars, required to fit the XRB but never
found in large numbers.

Very recently the deep X-ray surveys per-
formed with Chandra and XMM have helped
to solve the discrepancy of the missing type
2 quasars. The observed redshift distribution
of low L AGNs peaks at significantly lower
redshifts than predicted by pre-Chandra/XMM
models of the XRB and about 60% of the 2-8
keV XRB arises at z < 1. As a consequence,
the sources creating most of the 0.1-10 keV
XRB have X-ray luminosities from 1042 up to
a few ×1044 erg s−1 (e.g. like local Seyfert 1
galaxies, not quasars). The fraction of AGN
with X-ray obscuration drops with increasing

luminosity from ≈ 60% at 1042 erg s−1 to ≈
30% at 1045 erg s−1 (e.g. Ueda et al. 2003;
Szokoly et al. 2004). Some type 2 quasars have
been found in deep surveys (e.g., Norman et al.
2002; Stern et al. 2002; Barger et al. 2003;
Szokoly et al. 2004) but these generally have
LX ∼ 1044 − 1045 erg s−1, i.e. just above
powerful Seyfert galaxies. In total, obscured
quasars create only ≈ 10% of the 0.1-10 keV
XRB even if it is likely that many Compton-
thick AGN remain still undetected. Brandt &
Hasinger (2005) provide a comprehensive re-
view of recent X-ray surveys and of all the re-
lated issues.

The newest X-ray surveys and XRB syn-
thesis models then start to provide a compre-
hensive view of the evolution of the whole
AGN population with the important new re-
sult being that the luminosity density of low
L objects peaks at lower z than high L ones
(Ueda et al. 2003; Fiore et al. 2003), strongly
reminding the behaviour of massive galaxies
seen in the previous section. Moreover, the de-
tection of X-ray emission in many sub-mm se-
lected galaxies indicate a close link between
strong star formation and AGN activity (e.g.
Alexander et al. 2005).

4. Supermassive Black Holes

In order to detect the presence of a super-
massive BH and measure its mass, one have
to compare the observed motions in the nu-
clear region with those expected from the stel-
lar gravitational potential (derived analyzing
galaxy images).

In the center of our own galaxy one can
use single stars as test particles in the gravi-
tation potential and, given the relatively small
distance (8 kpc) it is possible to derive the full
velocity vector of stars by combining proper
motions with radial velocities. For a few stars it
is then possible to reconstruct their orbits from
multi-epoch observations and from those it is
trivial to determine the mass of the BH which
is MBH ∼ 3× 106M� (e.g. Genzel et al. (2000);
Schödel et al. (2003); Ghez et al. (2003) and
references therein). In the case of very few
nearby galaxies it is possible to measure the
motions of single gas clouds through their H2O
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maser emission and particularly impressive is
the case of NGC 4258 where the maser emittin
gas clouds shows a perfect Keplerian rotation
curve around the central BH (Miyoshi et al.
1995). However, apart for our galactic center,
NGC 4258 and a few more galaxies, in all
other cases the spatial resolution is not enough
to resolve stars or gas clouds and therefore
one has to cope with radial motions averaged
over large volumes whose size is ultimately
set by the spatial resolution of the observa-
tions. For example, Macchetto et al. (1997),
Marconi et al. (2001), Barth et al. (2001) and
references therein provide examples of MBH
measurements from gas motions, while van der
Marel et al. (1997), Verolme et al. (2002) and
Gebhardt et al. (2003) do the same from stellar
motions. It should be noted that in most cases
(i.e. except our galactic center and NGC 4258)
the spatial resolution is not high enough to dis-
tinguish between a genuine BH and a com-
pact cluster of dark objects (e.g. neutron stars
or stellar mass BHs, Maoz 1998). With this
caveat in mind, about 40 BHs are detected and
their mass measured in nearby galaxies (e.g.
Ferrarese & Ford 2005).

Using these direct BH mass measurements,
it has been found that MBH correlates tightly
with host spheroid (i.e. elliptical galaxy or
bulge in the case of a disk galaxy) luminosity,
mass (Kormendy & Richstone (1995); Marconi
& Hunt (2003)) and stellar velocity disper-
sion (Ferrarese & Merritt 2000; Gebhardt et al.
2000) although there might be some notable
outliers (e.g. Coccato et al. 2005). MBH cor-
relates also with the dark halo mass (Ferrarese
2002).

The existence of correlations between BH
mass and the structural parameters of the host
spheroid (mass, luminosity and stellar veloc-
ity dispersion) indicates a tight link between
BH growth and host galaxy evolution. To ex-
plain the origin of these correlations, there
have been countless models proposed where
BH growth is limited by AGN feedback (Silk
& Rees 1998; King 2003; Fabian 1999) or by
the amount of fuel provided by the host galaxy
(Adams et al. 2001; Burkert & Silk 2001). In
particular Cavaliere & Vittorini (2002) have
shown that the slope of the MBH − σ relation

depends on whether the BH growth is self reg-
ulated (e.g. by AGN feedback) or limited by
ambient conditions (e.g. by the amount of fuel
provided by the host galaxy).

A non-trivial question is whether the local
BHs found in nearby galaxies are the relics of
AGN activity, i.e. if they were grown by radia-
tively efficient mass accretion. The answer to
this question comes from comparing the local
BH mass function with the mass function of
BH grown entirely during AGN activity. The
local BH mass function is obtained by com-
bining the local galaxy luminosity (or veloc-
ity) function with the MBH − L or MBH − σ
relations while the AGN BH mass function
is found by applying the continuity equation
to the AGN luminosity function (e.g. Marconi
et al. 2004,and references therein). The com-
parison between the two mass functions indi-
cates that indeed local BHs are relics of AGN
activity but also shows two interesting points
related to the topics addressed here. First, the
cosmic BH accretion rate is roughly propor-
tional to the cosmic SFR and, second, BHs
grow in an anti-hierarchical fashion, i.e. big
BHs (MBH > 108M�) where already in place
at z ∼ 2 while smaller BHs got their mass at
later times. These two facts are a consequence
of the AGN luminosity functions and in partic-
ular of the different z evolution of high and low
L objects.

5. The interplay between galaxies,
AGNs and BHs

We can now summarize the main results found
in the previous sections.

– Massive elliptical galaxies form earlier
(z > 2 − 3) than smaller ones (at z > 2 − 3.

– The evolution of the AGN luminosity den-
sity (i.e. the cosmic BH accretion rate)
closely matches the evolution of the cos-
mic star formation rate. Galaxies undergo-
ing strong episodes of star formation (e.g.
the submm galaxies) also present traces of
AGN activity.

– The formation and evolution of spheroids
must be tightly linked to the growth of the
supermassive BHs hosted in their nuclei.
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A common element which can unify these
results is the feedback from the accreting
BH (i.e. the AGN) on the host galaxy. The
feedback from AGNs combined with that
from Supernovae can significantly delay the
formation of small objects with respect to
large objects, effectively resulting in an anti-
hierarchical baryon collapse (Granato et al.
2004). New semi-analytical models by Granato
et al. (2004) and Menci et al. (2004) give a
central role to the mutual feedback between
star formation and growth of the supermassive
BH in the galaxy center. In the Granato et al.
(2004) model the gas cools to form stars, the
radiation drag due to starlight decreases the
cool gas angular momentum and causes inflow
onto the BH thus powering an AGN. The feed-
back from SNe and from the AGN regulates
star formation and gas inflow eventually ex-
pelling the residual gas stopping star formation
and BH accretion. In the Menci et al. (2004)
model starbursts are triggered by galaxy inter-
actions. These originate from the destabiliza-
tion of cold galactic gas that occurs in galaxy
encounters, which in part feeds the accretion
onto black holes that powers quasars. The feed-
back from the BH regulates BH accretion and
eventually stop star formation. Both models are
able to explain, at least partially, the presence
of big galaxies at large redshifts together with
the MBH-galaxy relations. Big galaxies and big
BHs form first because they are in deep po-
tential wells which mitigate the feedback ef-
fects. On the other hand small galaxies and
small BHs are in shallower potential wells and
thus their growth is delayed by the feedback ef-
fects with respect to the most massive objects.
A nice visualization of the feedback effect on
galaxy formation can be found in the new nu-
merical simulations by Di Matteo et al. (2005).

6. Conclusions

Galaxy evolution, AGN evolution and BH
growth are closely linked and represent differ-
ent aspects of the same phenomenon, the for-
mation of baryonic structures. Massive galax-
ies are formed from the larger density fluctua-
tions and grow quickly in deep potential wells
where the feedback from SNe and BHs is less

important. Gas fuels star formation and BH
growth and big galaxies form early (z > 2)
with big BHs at their centers. Smaller galax-
ies (and their BHs) form in shallower potential
wells where feedback effects are more impor-
tant. Thus, the growth of small galaxies is de-
layed by feedback effects. Star formation and
BH growth are closely linked because the feed-
back from the BH stops star formation ex-
pelling the gas and setting the MBH-host galaxy
relations. The hierarchical scenario valid for
Cold Dark Matter is thus reversed for baryons.
However, while we might have understood the
key element to unify galaxy, AGN evolution
and BH growth, we are still a long way from
having a self consistent physical picture of the
formation of baryonic structures.
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Schödel, R., Ott, T., Genzel, R., et al. 2003,

ApJ, 596, 1015
Scott, S. E., Fox, M. J., Dunlop, J. S., et al.

2002, MNRAS, 331, 817
Setti, G. & Woltjer, L. 1989, A&A, 224, L21
Silk, J. & Rees, M. J. 1998, A&A, 331, L1
Silva, L., Maiolino, R., & Granato, G. L. 2004,

MNRAS, 355, 973
Somerville, R. S., Primack, J. R., & Faber,

S. M. 2001, MNRAS, 320, 504
Spergel, D. N., Verde, L., Peiris, H. V., et al.

2003, ApJS, 148, 175
Springel, V., White, S. D. M., Jenkins, A., et al.

2005, Nature, 435, 629
Stern, D., Moran, E. C., Coil, A. L., et al. 2002,

ApJ, 568, 71
Szokoly, G. P., Bergeron, J., Hasinger, G., et al.



292 Marconi: Galaxies, AGNs and BHs: Evolution and Interaction

2004, ApJS, 155, 271
Treu, T., Stiavelli, M., Casertano, S., Møller,

P., & Bertin, G. 2002, ApJ, 564, L13
Ueda, Y., Akiyama, M., Ohta, K., & Miyaji, T.

2003, ApJ, 598, 886
van der Marel, R. P., de Zeeuw, P., Rix, H.-W.,

& Quinlan, G. D. 1997, Nature, 385, 610
van der Wel, A., Franx, M., van Dokkum, P. G.,

& Rix, H.-W. 2004, ApJ, 601, L5
Verolme, E. K., Cappellari, M., Copin, Y., et al.

2002, MNRAS, 335, 517


