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REVIEW

The Formation and Evolution
of Massive Black Holes
M. Volonteri1,2

The past 10 years have witnessed a change of perspective in the way astrophysicists think about massive black
holes (MBHs), which are now considered to have a major role in the evolution of galaxies. This appreciation
was driven by the realization that black holes of millions of solar masses and above reside in the center of
most galaxies, including the Milky Way. MBHs also powered active galactic nuclei known to exist just a few
hundredmillion years after the Big Bang. Here, I summarize the current ideas on the evolution ofMBHs through
cosmic history, from their formation about 13 billion years ago to their growth within their host galaxies.

When astronomers refer to black holes,
two different flavors exist. We know of
stellar black holes, with masses up to a

few tens times the mass of our Sun (M⊙) (1), and
massive black holes (MBHs), with masses up to
billions of times that of the Sun,which are the focus
of this Review. Most of the best-studied MBHs
havemasses in the range of tens ofmillions to a few
billion M⊙ (2, 3). The MBH population may ex-
tend down to smaller masses, though this range is
much harder to probe. The record for the smallest
MBH currently belongs to the dwarf galaxy NGC
4395,which is thought to contain a black holeweigh-
ing only few hundred thousand M⊙ (4). Observa-
tionally, there seems to be a gap between the two
types of black holes, which scientists take as a hint
that there are native differences between stellar black
holes and MBHs. In brief, stellar black holes are
scattered in large numbers throughout galaxies,
whereas MBHs tend to be located at the center of

their host galaxies, and typically only one hole is
observed per galaxy (5).We knowhow stellar black
holes form: They are the remnants of massive stars,
roughly 10M⊙ and above (6). Yet, howMBHs form
and evolve inside galaxies is one of the most fas-
cinating mysteries in modern astrophysics and one
that astrophysicists seek to unravel through theoret-
ical and observational work.

How Do Massive Black Holes Form?
MBHs must have formed from the same material
from which galaxies and the rest of the universe is
composed. Stars and gas represent the baryonic
content of galaxies, in contrast to nonbaryonic dark
matter that does not interact electromagnetically,
but only gravitationallywith its environment. In the
standard picture, the mass content of the universe is
dominated by cold dark matter, with baryons con-
tributing up to a 15% level. Starting from small
density fluctuations in a quasi-homogeneous uni-
verse, dark matter perturbations grew under the
effect of gravity to the point that they disconnected
from the global expansion of the universe, became
self-gravitating, and formed halos within which gas

eventually condensed to form stars and the luminous
portion of galaxies. The first halos and galaxies that
form are small, no more than about 1 million times
the mass of our Sun, and present-day galaxies, of up
to hundreds of billions of M⊙, have been assem-
bled, bottom-up, from these smaller building blocks.
The first MBHs must have formed from within
these first proto-galaxies and then grownwith them.

One of the most popular theoretical scenarios
(Fig. 1) associates the first MBHs with the rem-
nants of the first generation of stars (7), formed out
of pristine gas, which did not contain heavy ele-
ments yet (8). Simulations of the formation of stars
in proto-galaxies (9) suggested that the first genera-
tion of stars might have contained many stars with
masses above a few hundred M⊙. This is because
of the slow subsonic contraction of the gas cloud—
a regime set up by the main gas coolant, molecular
hydrogen, which is much more inefficient than the
atomic line and dust cooling that takes over when
heavy elements are present. If stars more massive
than roughly 250M⊙ form, no process can produce
enough energy to reverse the collapse. Thus, aMBH
of ~100M⊙ is born. Whether most of the first stars
were born with such large masses is still an open
question, and recent simulations revise the initial
estimates of the stellar masses to possibly much
lower values, just a few tens of solar masses (10). If
this is the case, it is unlikely that the first stars have
generated the firstMBHs.A10M⊙blackholewould
have a very hard time growing by several billion
M⊙ to explain the observed population of MBHs.

MBHswith substantial initial masses, thousands
to millions ofM⊙, can form as a consequence of dy-
namical instabilities that involve either the gaseous
or stellar content of proto-galaxies. In proto-galaxies,
the gaseous component can cool and contract until
rotational support takes over: Centrifugal sup-
port typically halts collapse before densities required
for MBH formation are reached. Gravitational

1Institut d’Astrophysique de Paris, Paris, France. 2University of
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instabilities, however, can reverse the situation and
transport mass in at the expense of rotational sup-
port. When this occurs, there are two possible out-
comes, depending on the strength of instabilities.

In globally unstable galactic disks, aMBH seed
may form when gas instabilities drive a very rapid
accumulation of gas to create a supermassive star,
of up to 1 millionM⊙ (11, 12). To avoid the star ex-
ploding as a supernova, gas accumulation must oc-
cur in less than ~2million years (the thermonuclear
time scale). After exhausting its hydrogen, the core
of a supermassive star will contract. As a result of
core collapse, a black hole of a few tens ofM⊙ forms
at the heart of the dying star, which is still being
bombarded by infalling gas. The resulting system (a
“quasi-star”) is composed of a black hole that grows
by eating its surrounding cocoon from the inside,

until the black hole accretion luminosity exceeds
what the cocoon can withstand. The quasi-star dis-
solves, and a black hole with mass up to 10% of the
mass of the quasi-star is left in the center of the gal-
axy, ready to begin its life as a MBH seed (13, 14).

In locally unstable galaxies (15), stellar dy-
namical instabilities can lead to MBH formation,
as long as the gas is only mildly polluted by heavy
elements (16, 17). Stars start to form in the central
region, creating a dense stellar cluster. Clusters
formed in this way are crowded places. Star-star
collisions in their core can produce a very mas-
sive star of up to a few thousand M⊙ before the
first supernovae explode. When heavy elements
are still rare, just about when the second genera-
tion of stars occurs, the final fate of a very mas-
sive star is to collapse into a black holewith amass
similar to that of its progenitor. However, this is
not the case when the content of heavy elements

increases. In today’s universe, a very massive star
would lose most of its mass in powerful winds be-
fore collapsing into a stellar mass black hole. This
channel of MBH formation naturally predicts
that MBHs formed only in the early universe.

These alternatives are not mutually exclusive,
andwe currently have no direct observation that can
probe specific MBH formation scenarios (18, 19).
The first MBHs in the early universe have modest
masses and luminosities, and they cannot be de-
tected with current telescopes, although they would
be primary targets for gravitationalwave instruments
operating at millihertz frequencies. The initial condi-
tions are mostly erased in today’s MBH population,
although clues to the seeds’ propertiesmay be found
in the lowest-mass MBHs, which may be the most
pristine objects due to their limited growth.

Looking Back in Time: The Most Distant Quasars
MBHs become visible when they accrete gas direct-
ly from their surroundings, or, occasionally, when
they disrupt an unlucky star passing too close by
(20). The gravitational potential energy of the ac-
creted mass is converted to radiation, making the
black hole luminous. Luminous, accreting MBHs
are generally referred to as active galactic nuclei, and
the most powerful among them are known as qua-
sars. Quasars are the most luminous stable sources
in the whole universe, making thembeacons in the
early stages of galaxy assembly. Some powerful
quasars have been detected at distances correspond-
ing to a light-travel time of more than 12 billion
years, with the record holder, ULAS J1120+0641,
at 12.9 billion years (21). Given that the universe is
13.7 billion years old, this particular quasar existed
just 800 million years after the Big Bang. From the
luminosity of this quasar, we can infer that theMBH

powering it has a mass of 2 billionM⊙. This quasar
is not an absolute rarity; in fact, the known sample
of 12 billion-year-old quasars comprises several
tens of objects with similar luminosities andmasses
(22). Thus, the golden era of 1 billion M⊙ MBHs
occurred early on, whereas today the dominant ac-
tive MBHs have masses of about 10 million M⊙
(23). This concept may seem disconcerting in the
context of bottom-up galaxy formation; however,
it is just a manifestation of cosmic downsizing. Gal-
axies built in halos forming on the highest peaks of
the cosmic density field experience an accelerated
evolution (higher merger rates, faster gas consump-
tion), and their central black holes would share the
same fate. Large-scale and deep surveys (e.g., Sloan
Digital Sky Survey, the United Kingdom Infrared
Telescope Infrared Deep Sky Survey, and Canada-

France High-z Quasar Survey) in the
near-infrared part of the spectrum,which
is best suited to capture light redshifted
by the expansion of the universe, are
key to our progress in quasar research.
Observations of cold molecular gas at
submillimeter wavelengths are instead
driving studies of the galaxies that host
these quasars (24) to understand how
the cold gas feeds star formation in the
galaxy and accretion onto the MBHs.

The exquisite observations that are
driving progress on understanding the
first growth spurt of MBHs must be
matched by theoretical work. The rapid
growth ofMBHs powering the quasars
observed in the early universe has tan-
talized astrophysicists over the past few
years. One can estimate the maximum
growth of MBHs compatible with the
existence of a critical luminosity, the
Eddington luminosity, which is often
considered the upper limit to the ra-
diative output of a source. Above the
Eddington limit, radiation pressure over-
comes gravity, and gas is pushed away,
thus halting the flow that feeds the black

hole. The constraints require that ULAS J1120+0641
must have accreted sufficient mass to shine at the
Eddington limit for its entire lifetime, or at leastmore
than half of its life. This is not easy to accomplish
because (i) theMBH’s host galaxymust feed the hole
continuously, at the exactmaximum rate allowed, and
(ii) feedback effects from stars and the quasar itself
are likely to disrupt the flow of gas, causing intermit-
tent growth episodes, rather than the smooth, contin-
uous evolution required. Recent simulations suggest
that galaxies sitting on the rarest and highest peaks
of the cosmic density field may not be affected by
feedback (25). These simulations, however, resolve
only scales of thousands of light-years, at least three
orders of magnitude larger than the region where ac-
cretion takes place. Simulations and studies that focus
on the detailed physics of feedback near the MBH
find instead that the MBH feedback strongly affects
the gas supply,making it intermittent (Fig. 2) [(26,27),

Gas cools 
very slowly
forming a 
stable disc

Globally 
unstable gas 
infalls rapidly
toward the 
galaxy center 
and a 
supermassive 
star forms 

Locally 
unstable 
gas flows 
toward the 
galaxy center

First stars: 
maybe one 
star per 
galaxy, up 
to several 
hundred times 
larger than 
the sun   

The stellar 
core collapses 
into a small 
black hole, 
embedded in 
what is left 
of the star  

Gas 
fragments 
into stars, 
and a dense 
star cluster
forms

The black hole 
swallows 
the envelope 
growing up 
to ~one million 
solar masses

Stars merge into 
a very massive 
star that 
collapses into a 
black hole ~1000 
times more 
massive than 
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a black hole, 
~200 times the 
mass of Sun 
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Fig. 1. Illustration showing three pathways to MBH formation that can occur in a distant galaxy (56). The starting
point is a primeval galaxy, composed of a dark matter halo and a central condensation of gas. Most of this gas will
eventually form stars and contribute to making galaxies as we know them. However, part of this gas has also gone into
making a MBH, probably following one of these routes.
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see also (28) for recent observations].
Given the different techniques and as-
sumptions that necessarily go into
the two kinds of simulations, it is hard
to distill a coherent picture. We know,
however, that at least some MBHs
must be able to grow. We just have
to learn how to model them.

One possibility is that the first
MBHs grew at rates beyond those sug-
gested by the Eddington limit (29).
When the supply is super-Eddington,
the excess radiationmaybe trapped by
the gas itself. The emergent luminos-
ity is roughly the Eddington value, but
the growth rate is much higher. Super-
Eddington models were abandoned
in the early 1980s (30), following
the finding that today’s MBH popu-
lation can be best explained with relatively modest
accretions rates. Now, 30 years later, the discovery
of quasars at larger and larger distances, powered
by huge MBHs, revives the possibility that at least
part of the growth of MBHs occurs at super-
Eddington rates. It is now high time to revive studies
of the stability of super-Eddington flows [see (31) for
two-dimensional simulations] and address the long-
standing question of how much gas is actually ac-
creted by theMBH and howmuch is instead ejected
in winds and jets. An intriguing possibility is that at
large accretion rates the intermittent production of
collimated jets may decrease the effects of feed-
back, depositing kinetic energy at large distances
and leaving the host unscathed.

MBHs and Galaxies: A Symbiotic Growth?
Observations indicate that MBHs ordinarily dwell at
the centers of today’s galaxies. Scaling relations have
been identified between MBHs and many large-
scale properties of the host galaxies that point to a
joint galaxy andMBH cosmic evolution. In general,
we can think ofMBHs as weighing about 1/1000 of
the host galaxy bulge (32). As aword of caution, the
sample over which these correlations have been
discovered or tested comprises ~65 galaxies, and
most of theMBHs occupy themass range of 107 to
109 M⊙, with the few MBHs below or above this
range showing departures from at least some of the
correlations, or at least increased scatter (33, 34). It
is likely that these outliers hold the key to under-
standing the intimate link between MBHs and gal-
axies. For instance, we expect that the evolution of
MBHs at the high-endof themass spectrum included
many more MBH-MBH mergers, thus causing
changes in the relationship with their hosts. At the
other end of the mass spectrum, low-mass MBHs
may not have changed much, leaving their masses
close to that of the initial seeds (35). Low-mass
MBHs may not shed light on how the correlation
is established but may provide important infor-
mation on how MBHs formed in the first place.

Analyses of these correlations raised three in-
terconnected questions that currently lack a definite

answer from either theory or observations, but that
represent one of the main thrusts of research in the
field. The relationship between darkmatter, baryonic
matter, and MBHs holds the key to understanding
the formation and evolution of MBHs in a cos-
mological context (36).

What galaxy property doMBHs really correlate
with? In the past 10 years a plethora of correlations
have been proposed, from the classic luminosity,
mass, and velocity dispersion of the bulge to the
binding energy of the galaxy, the number of globular
clusters, and the total mass of the dark matter halo.
Sparks fly when debating whether MBHs correlate
onlywith the bulge component of a galaxy or rather
with the whole galaxy or even the full dark matter
halo (37). The correlations betweenMBHsand bulges
are tighter, suggesting that the same process that as-
sembled galaxy bulges is responsible for most of
the growth of MBHs. The process that is often ad-
vocated for bulge formation is the merger between
two similar size galaxies. However, the
frequencyof galaxymergers ismainly
driven by the dark matter distribution,
which also sets the depth of the po-
tential well of the galaxy and its abil-
ity to retain gas. The dark matter halo
may therefore be setting the stage,
including the effects of cosmic down-
sizing, with the dynamics of gas and
stars playing themost direct role in de-
termining the MBH growth rate (38).

Is the correlation regulated by the
galaxy or by theMBH?Supporters of
the MBH-regulated hypothesis argue
that MBHs may affect their host gal-
axies through feedback from active
galactic nuclei. The radiative and ki-
netic energy pumped into the host
galaxy can transfer energy and heat
to the gas, suppressing star formation
and thus altering the overall evolution
of galactic structures. In this picture,
it is the MBH that regulates the pro-
cess:When it reaches a limitingmass

and luminosity, theMBHdrivespower-
ful outflows that sweep away the sur-
rounding gas, thus halting both its own
growth and star formation in the gal-
axy.From theoriginal idea (39), refined
models of feedback have been de-
veloped (40–42). Many theoretical
models (43, 44) advocate that strong
activity and powerful feedback occur
during galaxy mergers, thus provid-
ing a link between bulge formation
and MBH growth. In the alternative
view, the galaxy-regulated hypothesis,
the galaxy sets theMBHmass by reg-
ulating the amount of gas that trickles
to the MBH. One of the most interest-
ing results that has recently emergedon
black hole and galaxy growth is the
strong link between the global black

hole growth rate and the cosmic star formation rate
(45); additionally, it has been discovered that the
majority of moderate nuclear activity in the universe
has taken place in normal star-forming galaxies
undergoing internal evolution rather than in violent
mergers (46). MBH activity could be generated
by the same internal dynamical instabilities that
drive star formation, possibly sustained by gas
reaching galaxy discs from filaments in the cosmic
web (47) or by mass loss from existing stars (48).
Hence, the role of galaxy mergers in shaping the
growth of bulges and MBHs is still an open ques-
tion, as is the issue of whether feedback or feeding
set the link between galaxies and MBHs.

When is the correlation established? We can en-
visage three possibilities (Fig. 3) (49): (i)MBHsmay
have grown in symbiosis with their hosts; (ii) the
black hole may have dominated the process, with
the galaxy catching up later; or (iii) the galaxy grew
first, and the black hole adjusted to its host. The

Massive
black 
hole

Early universe

Today

Dominance

Symbiosis

Adjustment

Galaxy

Fig. 3. Possible routes to MBH and galaxy coevolution, starting
from black holes forming in distant galaxies in the early universe.
[Image credits: NASA, European Space Agency (ESA), A. Aloisi
(Space Telescope Science Institute and ESA, Baltimore, MD), and
The Hubble Heritage Team (Space Telescope Science Institute/
Association of Universities for Research in Astronomy)]
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Fig. 2. Projected density (left) and temperature (right) of the gas in the
vicinity of an accreting 2.5 × 104M⊙ black hole in a galaxy 0.375 billion years
after the Big Bang. The radiation emitted from the active black hole heats and
expands the dense gas from which the black hole feeds, curbing its subsequent
growth. One kpc corresponds to 3.26 × 103 light-years. From (26).
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second and third paths require that feedback and
self-regulation were somehow different at early
times. The constraints on the relation between black
hole masses and the properties of their hosts at
earlier cosmic times seem to provide conflicting re-
sults [but see (50)].MBHs in distant active galactic
nuclei are often found to be “overmassive” at fixed
galaxy properties comparedwith at the present time
(51), suggesting black hole dominance. Other
studies find that the relationship between MBH
and total stellar mass in faraway galaxies matches
the correlation that we observe today between
MBHs and bulges, suggesting that the key process
is the redistribution of stars in galaxies (46). Measur-
ing MBH masses at large distance is fraught with
difficulties. Measuring bulge or galaxy mass is an
even harder problem, because the quasar over-
shines the host galaxy by a large factor. Selection
effects may impact our interpretation of the results.
The time scales over which feeding and feedback
occur are also key factors in disentangling the
growth ofMBHs from that of their hosts. Still, such
studies are crucial to understanding how MBHs
coevolvedwith cosmic structures and whether the
role of feedback evolved over cosmic time.

From the theoretical point of view, the sheer
range of scales that we need to resolve to study
MBHs jointly with galaxies is frightening. Galaxy
evolution is driven by the large-scale structure of
the universe (billions of light-years). On the other
hand, accretion occurs where MBHs dominate the
dynamics of gas and stars, on sub–light-year scales.
A number of idealized simulations of galaxy merg-
ers or cosmological volumes have begun to inves-
tigate the evolution of the relationship between
MBHs and galaxies (36, 43), but no coherent at-
tempt on a large sample of galaxies, with a focus on
cosmic environment and self-consistently resolv-
ing the scales at MBH physics operates, has been
made. In the coming years, we need to focus on
understanding the role of mergers, gaseous flows
from the cosmic web, secular processes, and feed-
back in growing both galaxies and MBHs over the
whole Hubble time, while simultaneously remem-
bering the importance of black hole physics.

Conclusions and Prospects
The past 10 years have been an exciting time to
work onMBHsand their connection to the evolution
of galaxies. The next few years promise to be even
more exciting, because the synergy of telescopes at
differentwavelengthswill allow us to study quasars,
active galactic nuclei, and MBHs at unprecedented
resolution. TheHubble Space Telescope and ground-
based telescopes in the optical and infrared part of
the electromagnetic spectrum, as well as Chandra,
X-ray Multi-Mirror Mission–Newton, Swift, and
Fermi at higher energies, x-rays, and gamma rays are
all online and fully working, allowing us to study
black holes, active galactic nuclei, quasars, and their
hosts. At radio wavelengths, the Expanded Very
Large Array and the Atacama Large Millimeter Ar-
ray will help us disentangle the interplay between

star formation andMBH feeding, thus unveiling the
details of the hole-galaxy coevolution.Within the
next decade, Euclid and the James Webb Space
Telescope will zoom in on the quasar itself, com-
plementing large-scale, ground-based surveys and
providing a comprehensive view of quasars and
their hosts at the highest redshift.

On the theoretical side, most of today’s studies
still consider MBHs as little bulbs that sit in gal-
axy centers and can go on and off, like lights on a
Christmas tree.We should ask not onlywhat a black
hole can do for a galaxy, but also what galaxies
can do for black holes or, more accurately, what
galaxies and black holes do for each other. Nu-
merical simulations of black holes and their envi-
rons exist that span an enormous range of scales,
from cosmological volumes to isolated galaxies,
to accretion discs down to a few Schwarzschild
radii in black hole merger simulations in general
relativity (27, 47, 52–54). These simulations, how-
ever, are not interconnected, and it is crucial that
theoretical physicists working on black hole phys-
ics on different scales bring together their varying
approaches to explore the relevant physical pro-
cesses and their interplay.
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