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Evidence for Black Holes
Mitchell C. Begelman

Black holes are common objects in the universe. Each galaxy contains large num-
bers—perhaps millions—of stellar-mass black holes, each the remnant of a massive
star. In addition, nearly every galaxy contains a supermassive black hole at its center,
with a mass ranging from millions to billions of solar masses. This review discusses
the demographics of black holes, the ways in which they interact with their
environment, factors that may regulate their formation and growth, and progress
toward determining whether these objects really warp spacetime as predicted by the
general theory of relativity.

Black holes are places where gravity is so
strong that nothing that enters them—not
even light—can escape. Within a finite re-
gion surrounding the center of a black hole,
all light rays and physically realizable trajec-
tories of particles are directed inward. Space
and time are so distorted that there is literally
no way out.

Classical black holes are described by vac-
uum solutions of the Einstein field equations of
general relativity, which imply that they contain
a singularity beyond which trajectories cannot
continue. The nature of the singularity is not
fully understood, and it is probable that existing
physical theories break down close to the sin-
gularity. But from an astrophysicist’s point of
view this hardly matters, because the singularity
is hidden from view. It lies beyond the event
horizon, the surface that bounds the region of
no escape. The size of the horizon surrounding
a nonrotating, uncharged black hole is charac-
terized by the Schwarzschild radius, RS �
2GM●/c 2, where G is Newton’s constant of
gravity, M● is the mass of the hole, and c is the
speed of light. RS is about 3 km for a black hole
of M● � 1 MJ (solar mass). Curiously, although
it is believed that conditions can become cha-
otic and violently unpredictable as matter
traverses the region inside the horizon, the ex-
teriors of black holes are believed to behave in
predictable and relatively simple ways. Black
hole horizons are among the most comprehen-
sively understood phenomena predicted by the-
ory [see (1) for a nontechnical introduction to
the theoretical properties of black holes; see (2)
for an undergraduate-level presentation of
mathematical aspects of black hole physics].

One aspect of this simplicity is the fact
that any black hole can be characterized by
its mass, angular momentum, and electric
(or certain other types of quantum) charge.
Charge may not be important in an astro-
physical setting, so black holes effectively
can be described by two parameters. Far
from the horizon, black holes exert a grav-
itational influence just like any spherical

body of the same mass. If the Sun collapsed
symmetrically and became a black hole,
there would be no change in Earth’s orbit.
Black holes have been discovered primarily
by measuring their gravitational effects on
distant bodies. By applying the Newtonian
laws of gravity, astronomers have estab-
lished that dark masses exist at the centers
of galaxies (3). If these masses are not
black holes, they would have to be dense
clusters of very faint objects. In at least two
cases, the concentration of such a cluster
would have to be so extreme as to render
this interpretation highly implausible (4).
In other objects the cluster interpretation
cannot be ruled out with certainty, although
it seems improbable. Likewise, certain x-
ray– emitting binary stars have been shown
to contain a compact object too massive to be
a neutron star or any other pressure-supported
body, leaving a black hole as the only plau-
sible alternative (5, 6). In most instances,
these gravitational interactions are measured
on scales several orders of magnitude larger
than the putative event horizon. The argu-
ment that these objects are black holes is
therefore indirect and is based on the elimi-
nation of other possibilities.

In many cases, however, we can observe
radiation emitted by gas located just outside
the horizon, or jets of plasma flowing out-
ward from the region around the horizon, at
close to the speed of light (7). A major ob-
jective of black hole research is to use such
observations to map the structure of space-
time near the horizon, thus testing whether
these objects have exactly the properties pre-
dicted by general relativity. For example, we
are well on our way toward being able to
measure the tornado-like twisting of space-
time attributable to a black hole’s spin (Fig.
1).

The energy liberated by matter close to
the horizon is prodigious and can markedly
affect a black hole’s surroundings. Large
black holes at the centers of galaxies have
been implicated in the energy balance of gas
thousands of light years away, and they may
play a crucial role in the galaxy formation

process (8). The collapse of massive stellar
cores to form stellar-mass black holes could
be responsible for triggering certain types of
gamma-ray bursts, the most luminous phe-
nomenon known (9). Thus, black holes are
not only astonishing physical entities in their
own right, as well as laboratories for the most
extreme conditions encountered in the post–
big bang universe; they are also key players
in phenomena with which we have long been
familiar. To understand stars, galaxies, and
the gas that lies between them, we must
understand how black holes form, where they
form, and how they affect their environments.

Black Hole Demographics
Two populations of black holes have been
established observationally. Stellar-mass
black holes are presumably the collapsed
remnants of massive stars. Except for two
recent candidates based on gravitational mi-
crolensing surveys (10, 11), all of the several
dozen stellar-mass black hole candidates
have been found in x-ray binaries, close bi-
nary systems in which matter is transferred
from a normal star to the black hole and emits
x-rays before disappearing beneath the hori-
zon. The rapid variability and spectral peak at
x-ray wavelengths imply that the emitting
region is extremely compact (smaller than a
few hundred km). To distinguish black hole
candidates from accreting neutron stars,
which are also found in x-ray binaries, it is
necessary to establish that the accreting com-
pact object is too massive to be a neutron star
[i.e., more than about 2 or 3 MJ, where the
range stems from uncertainties in the stiffness
of matter at nuclear densities (6)]. This is
done by applying Newtonian mechanics to
measured and estimated parameters of the
binary orbit, including the orbital period, or-
bital speed of the normal star, radius and
spectral type of the normal star, and orbital
inclination with respect to the line of sight
(5). Usually, one obtains a lower limit on the
mass of the compact object, which in a num-
ber of cases comfortably exceeds the maxi-
mum mass of a neutron star.

There is little hope of detecting the much
more numerous stellar-mass black holes that
are presumably isolated or in noninteracting
binary systems, because they do not capture
enough gas from the interstellar medium to
be observable. Given that stars more massive
than 20 to 40 MJ probably form black holes
(12), the number of stellar-mass black holes
in the Milky Way Galaxy could be as large as
10 million to 1 billion. The range is due to
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uncertainties in the initial mass function and
star formation history as well as the complex-
ities of stellar collapse calculations.

Supermassive black holes are found at the
centers of galaxies. They were first proposed
to explain the prodigious energy outputs of
quasars and are now understood to be the
primary source of energy in all types of active
galactic nuclei (AGN) (13). But although
only one in 100 galaxies is active at any time,
we now know that most if not all galaxies
have supermassive black holes in their nuclei
(3). These black holes are not accreting at a
high rate, and in fact they are underluminous
relative to expectations based on the avail-
ability of accretable gas (14). They are de-
tectable only through their gravitational ef-
fects on distant stars and gas.

The strongest dynamical evidence for
a supermassive black hole comes from
the center of the Milky Way. Observa-
tions in the infrared, radio, and x-ray
bands—which can pierce the thick dust
obscuring the Galactic Center in the op-
tical—reveal a compact, nonstellar
source of radiation, Sgr A*, surrounded
by a cluster of stars. By measuring stellar
proper motions and radial velocities, it
has been possible to infer that the posi-
tion of Sgr A* coincides with a dark
mass of 3 � 106 to 4 � 106 MJ. Orbits of
several stars have been mapped (15–17),
probing the black hole’s gravitational
field to within 1000 RS (60 times the
radius of Earth’s orbit) (Fig. 2). The
compact radio emission and x-ray flares
produced by Sgr A* (18) presumably
come from gas accreting onto the black
hole at a low rate (10�10 to 10�7 MJ

year�1, depending on assumptions).
The second strongest case for a su-

permassive black hole is equally remark-
able. Maser emission produced by water
molecules in the nucleus of the galaxy
NGC 4258 delineates a nearly perfectly
Keplerian thin disk (19). Observers using
very-long-baseline radio interferometry
have mapped the radial velocities, proper
motions, and accelerations of the masers
in three regions of the disk, overdeter-
mining its kinematics. The rotation curve
fits a Keplerian model so well that the
black hole mass, M● � 39 � 106 MJ, is
the most accurate known. Although the
masers probe a region of radius �40,000
RS, it would be difficult to explain the
rotation curve by anything other than a
single compact mass at the center of the
disk (4).

Several dozen other nearby galaxies
have yielded dynamical evidence for su-
permassive black holes from measure-
ments of stellar velocity dispersions and
rotation curves of stars or gas in the nucle-
us (3). The measurements typically probe

regions of radius �105 RS. Therefore, the evi-
dence is less compelling than the case for the
Galactic Center or NGC 4258 black hole, but is
nonetheless strong because of the amount of
mass that must otherwise be hidden in the
nucleus.

The masses of supermassive black holes
are strongly correlated with the properties of
their host galaxies, indicating a connection
between black hole formation and galaxy for-
mation. The nature of the connection is un-
clear. Black hole masses correlate roughly
linearly with the mass of the galaxy’s bulge,
and they appear to be even more tightly
correlated with the bulge velocity dispersion,
�, exhibiting a proportionality M● � �4 (20–
22) (Fig. 3).

Inventories of quasar light (23) suggest
that supermassive black holes grew mainly
by accreting gas rather than by mergers of
smaller black holes. If even a few percent of
the liberated energy emerged in kinetic form,
there would have been enough energy to
unbind the gas in the protogalactic host.
Thus, supermassive black holes might have
limited their own growth—or even the final
mass of the host galaxy—by depositing this
energy in their surroundings. Such feedback
could have given rise to the observed corre-
lations (24, 25). Indeed, similar feedback ef-
fects from accreting black holes may play an
important role in the energetics of nearby
clusters of galaxies (8). Alternatively, dy-
namical processes during galaxy formation
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Fig. 1. Anatomy of a spinning black hole. (A) The event horizon, or surface of no-return, lies inside the
static limit. Between the two surfaces, in the region known as the ergosphere, all trajectories must rotate
in the same sense as the black hole. The ergosphere contains most of the black hole’s spin energy, which
can be extracted by magnetic fields. (B) Appearance of an accretion disk around a black hole. Gas on the
left side is rotating toward the observer, and its emission is blueshifted; gas on the right side is rotating
away from the observer, and its emission is redshifted. Emission from gas in front of the black hole is
redshifted as a result of the gravitational redshift combined with the transverse Doppler shift. Actual size
on the sky would be �1 � 10�6 arc sec (comparable to the size of newsprint seen from the distance
of the Moon); such angular resolution could be attained with x-ray interferometers currently being
designed. (C) Magnetic field is amplified inside the disk and erupts to form a corona. Magnetic field
penetrating the ergosphere extracts energy from the black hole, which can accelerate a jet (if the field
lines trail off into space) or enhance the emission from the disk (if the field lines connect to the disk,
as shown here).
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could have regulated the amount of matter
that collected in the center and eventually
formed the black hole (26).

There is intense interest in the possible exis-
tence of a third population of black holes, the
so-called intermediate-mass black holes
(IMBHs) (27). These would fill the gap in mass
between stellar-mass and supermassive black
holes. They could be the remnants of very mas-
sive (and hypothetical) Population III stars that
formed from metal-free material in the early
universe, or could have resulted from stellar
mergers in dense star clusters. Their existence
(or lack thereof ) could tell us a lot about the
conditions under which black holes formed and
whether supermassive holes grew from much
smaller ones, either by hierarchical mergers or
by runaway accretion. As yet there is no solid
evidence for such a population. It has been sug-
gested that they could be associated with a class
of x-ray binaries called ultraluminous x-ray
sources (ULXs), which may require intermediate
black hole masses in order to avoid disruption
by radiation pressure (28). There is evidence
that some ULXs may have cooler accretion
disks than stellar-mass black holes, which sup-
ports the IMBH interpretation (29). But one
cannot rule out alternative
models that explain ULXs
in terms of anisotropic
emission (30) or radiation
hydrodynamical effects
(31) without recourse to
masses higher than those
of ordinary stellar-mass
black holes. There are
also candidates for
IMBHs on the basis of
velocity dispersions in
globular clusters and
gravitational microlens-
ing surveys, but at present
the evidence is not strong.

Interactions of Black
Holes with
Surrounding Matter
Black holes cannot swal-
low matter whose angular
momentum per unit mass
exceeds �2 RSc. Astro-
physically, this is a tiny
amount of angular mo-
mentum. For example, in
order to fall into a Sun-
turned-black-hole, Earth
would have to lose
99.99% of its orbital angu-
lar momentum. Contrary
to popular belief, black
holes are not cosmic vac-
uum cleaners. Gas orbiting
under the gravitational in-
fluence of a black hole is
thought to lose angular

momentum to more distant gas via the magne-
torotational instability (MRI) (32). In the pres-
ence of shear associated with orbital motion, a
weak magnetic field is amplified to a fraction of
the gas pressure within a few orbital periods.
The resulting cross-correlation between the ra-
dial and tangential components of magnetic
field causes a torque that transfers angular mo-
mentum outward. Thus, the magnetic stress
behaves analogously to a shear viscosity, al-
though with some very different (and not fully
understood) detailed properties. As in any vis-
cous fluid, the transport of angular momentum
by MRI must be accompanied by dissipative
heating and the outward transport of energy
through the gas.

If the gas is able to radiate away the dissi-
pated energy, it will settle into a geometrically
thin Keplerian accretion disk (33). Gas in such
a disk spirals inward gradually through a se-
quence of nearly circular orbits until it reaches
the innermost stable circular orbit (ISCO).
Once inside the ISCO, gas can fall into the
black hole without any further loss of angular
momentum. The ISCO is located well outside
the event horizon, at 3 RS, for a nonrotating
hole and approaches the horizon (at RS/2) for a

rapidly spinning hole, provided that the gas is
orbiting in the same sense as the hole’s rotation.
The total energy radiated by the disk is roughly
half the gravitational potential energy at the
ISCO; the other half is retained as kinetic en-
ergy of orbital motion, which disappears into
the black hole along with the gas. Assuming
that the stress is negligible inside the ISCO, this
implies that each gram of accreting material
radiates a fraction of its rest mass energy, rang-
ing from 6% for a nonrotating hole to 42% for
a hole near maximal rotation. The radiative
efficiency could be even larger if magnetic
stresses operate across the ISCO (34). These
huge efficiencies, compared to the maximum
�1% efficiency of thermonuclear reactions, led
to the early suggestions that only gravitational
energy could power quasars. Indeed, thin accre-
tion disks are the principal ingredients in mod-
els of x-ray binaries and luminous AGN such as
quasars and Seyfert galaxies.

More often than not, gas accreting onto a
black hole is not able to radiate efficiently
(14). Dissipated energy is retained as heat,
generating pressure that inflates the flow into
a geometrically thick disk or torus. There is a
reciprocal relation between the temperature

of the gas and the dis-
tance from the black hole
in units of RS. When this
ratio is smaller than 103,
the gas temperature ex-
ceeds 109 K and electron
thermal velocities ap-
proach the speed of light.
Under these conditions,
electrons lose energy rap-
idly. If they are continual-
ly resupplied with energy
by the ions, which do not
radiate efficiently, they
will quickly drain away
the heat in the accretion
flow, which will then set-
tle into a thin disk. This
implies that the gas in a
nonradiative accretion
flow must be character-
ized by two temperatures;
that is, the electron com-
ponent is much colder
than the ion component
(35, 36). Even where Cou-
lomb collisions are unable
to keep electrons and ions
in equipartition, plasma
instabilities have the po-
tential to transfer energy
between the two species.
The fact that this does not
seem to happen may indi-
cate that the magnetic en-
ergy density remains small
relative to the thermal
pressure (37).
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Fig. 2. Orbit of the star S2 around Sgr A* [figure 1 of (17)]. The continuous curve shows
the projected best fit Keplerian orbit, which has a period of 15.6 years and comes within
2000 Schwarzschild radii of the position of Sgr A* (shown as the large cross within a circle).
The small blue open circle marks the focus of the elliptical orbit. Ghez et al. (16) report the
orbits of several additional stars, including one that comes within 1000 RS of the putative
black hole. Dates within years are shown as decimal fractions of years.
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If the energy liberated
by accretion is not radiated
away, where does it go?
One possibility is that it is
advected into the black
hole (38). However, this
leads to serious stability
problems and is probably
untenable. The reason is
that much of the energy
liberated close to the black
hole is transferred, by the
torque, to material farther
out. This leaves the distant
material with more than
enough energy to escape
from the black hole’s grav-
itational field. The likely
result is that only a small
fraction of the gas that
comes under the hole’s
gravitational influence, on
the order of the ratio of RS

to the accretion radius
(where the free-fall speed
first equals the sound
speed in the gas), is actu-
ally accreted. The rest is
probably expelled by the
outward flux of energy be-
fore it comes near the ho-
rizon (39–41) (Fig. 4).
This tendency of black
holes to reject all but a tiny
fraction (typically, 10�5 or
smaller) of the matter sup-
plied to them can explain why supermassive
black holes are often so underluminous, despite
their gas-rich environments. The outward ener-
gy transport converts a steep density profile (�
r�3/2) into a much shallower one (� r�1/2),
diminishing the emissivity of the gas close to
the horizon (42).

Relativistic jets are the most striking man-
ifestations of outflow from the vicinity of
black holes. Observations show that jets are
accelerated and collimated close to the black
hole (43), probably by magnetic fields (7). In
AGN they reach speeds as high as 90 to
99.9% of the speed of light [corresponding to
a range of Lorentz factors of �2 to 20 (44)]
and, in some cases, retain a highly relativistic
velocity and tight collimation out to enor-
mous distances from the black hole.

Jets seem to be a generic way for accre-
tion disks to rid themselves of excess energy
and angular momentum; they also appear in
subrelativistic systems such as protostars.
However, the energy source for black hole
jets need not be limited to the accretion flow.
Magnetic fields, supported by currents in the
external gas, can extract energy from the spin
of the black hole via the Blandford-Znajek
(BZ) effect (45). Because the spin energy of
a black hole resides in the spacetime outside

the horizon (mainly in the region known as
the ergosphere, where all trajectories are
dragged in the direction of spin), no physical
laws are violated when a black hole is spun
down. In theory, up to 29% of a black hole’s
rest mass energy can be liberated in this way.
If some of the magnetic field lines that couple
to the black hole spin also thread the accre-
tion disk, the BZ effect could also contribute
to the disk’s luminosity (34).

The relative contributions of accretion pow-
er and the BZ effect to jet production are un-
certain. Jets are found in only about 10% of
AGN, including objects that appear to have
accretion flows similar to systems without jets.
Curiously, AGN with powerful jets are almost
exclusively associated with elliptical galaxies,
which suggests that somehow the black hole
knows about galactic structure on scales eight
orders of magnitude larger than the event hori-
zon. According to the spin hypothesis, the con-
nection arises because black holes in ellipticals
are spinning at close to the maximal rate as a
result of their history of mergers (46), and are
thus capable of generating large jet powers via
the BZ effect. However, other studies suggest
that black hole spin might not depend so sen-
sitively on galactic environment (47, 48). Other
factors, such as the magnetic topology or outer

boundary conditions of
the accretion flow, may be
as important (or more im-
portant) in determining
whether jets form.

In this connection, the
discovery of jets from a
class of x-ray binaries
called microquasars is
noteworthy (49). Jets from
microquasars are not pro-
duced continuously, but
emerge after outbursts that
may represent the sudden
draining of the inner ac-
cretion disk. Because dy-
namical time scales close
to the event horizon are
proportional to the black
hole mass, events that last
thousands to hundreds of
thousands of years in
AGN may have analogs
lasting minutes to days in
microquasars, giving us a
time-lapse view of evolv-
ing phenomena that would
otherwise escape detec-
tion. As discussed below,
the speeded-up phenome-
nology of microquasars
may allow us to measure
the spins of their black
holes, providing a test for
the spin hypothesis.

Are They Really Black Holes?
Despite the overwhelming circumstantial evi-
dence for black holes, the measurements dis-
cussed so far do not establish that the dark
masses and compact objects we detect are the
black holes whose properties are predicted so
precisely by general relativity. Even the enor-
mous release of energy during accretion will
occur in any gravitational potential well of com-
parable depth—for example, that of a neutron
star. To really confirm the existence of black
holes and to test general relativity in the strong
gravity limit, we must devise diagnostics sensi-
tive to the curvature of spacetime near the hori-
zon. Such measurements are now being made
with varying degrees of success. Note that the
existence of an event horizon is the only truly
distinctive feature of a black hole. Neutron stars
may have an innermost stable circular orbit if
they are sufficiently compact (6). Likewise, the
dragging of inertial frames occurs around any
body with angular momentum, although its ef-
fects should be most pronounced close to a
rapidly spinning black hole. All three phenom-
ena, however, are consequences of the curvature
of spacetime according to general relativity.

Evidence for the event horizon has been
surprisingly difficult to establish observation-
ally. One of the most frustrating aspects of
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Fig. 3. Black hole masses plotted against bulge velocity dispersions of the host galaxy
[figure 7 of (22); reproduced by permission of the American Astronomical Society]. Mass
measurements are based on stellar (open and solid black circles), gas (solid red circles), and
maser (solid green circles) kinematics. The solid line shows the best-fit M – � correlation;
the dashed lines show one standard deviation on either side. Open and solid circles denote
data from two different research groups.
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studying x-ray binaries has been the difficulty in
distinguishing neutron stars from black holes by
means other than mass estimates. Neutron stars
have surfaces that halt the inflow of matter,
whereas black holes have
horizons through which mat-
ter passes freely; hence, ac-
creting neutron stars should
exhibit some extra emissiv-
ity, and perhaps a distinctive
spectral signature, from mat-
ter impacting the surface. No
clear spectral discriminants
have been identified, but
there are differences be-
tween the x-ray luminosities
of quiescent x-ray novae—
essentially microquasars—
containing black hole and
neutron stars (50). For the
comparison to be meaning-
ful, the sample must be care-
fully controlled so that the
binaries have similar mass-
transfer rates, which are
thought to correlate with the
orbital period. The results
are suggestive but not defin-

itive. The mass-transfer rates refer to the mass
supplied to the outer accretion flow, not the
accretion rate actually reaching the compact ob-
ject. Because the inner accretion flows in quies-
cence are radiatively inefficient, only a small
fraction of the supplied mass presumably reach-
es the compact object (39). It is not known
whether there are systematic differences in the
accreted fraction (attributable, e.g., to the differ-
ent masses of the primaries or the different
radiation environments). Moreover, residual ac-
cretion energy left over from outbursts would be
stored in the neutron star’s crust and emitted
during quiescence (51), so it is not even clear
that the observed emission reflects the real-time
accretion rate.

Prospects are much better for detecting
phenomena associated with the ISCO. The
ISCO, which depends on both the mass and
spin of the black hole, sets a characteristic
inner radius for an accretion disk. X-ray ob-
servations of extremely broad spectral lines
from partially ionized iron have provided di-
rect evidence for disk-like flow close to the
ISCO (52). These lines are thought to arise
from fluorescence of relatively cool, optically
thick gas exposed to hard x-rays produced in
an optically thin corona. If the fluorescing gas
forms the inner part of an accretion disk
orbiting a black hole, then the line profile
should display a relatively narrow blue wing
boosted in intensity by the radial Doppler
shift, and a broad red wing shaped by the
combination of gravitational redshift and
transverse Doppler shift. The best studied
case, the Seyfert galaxy MCG–6-30-15,
shows these features (Fig. 5), and its rapid
variability confirms that the line is produced
close to the horizon. The line profile can be
used to deduce the spin of the black hole,
although the fit may be nonunique because

the structure of the corona is weakly con-
strained and emission could arise from inside
the ISCO (53). In a couple of observed cases,
iron line spectra may be revealing the dissi-
pation of spin energy extracted from a rapidly
rotating black hole and deposited in the in-
nermost regions of the disk. Both MCG–6-
30-15 (54) and the microquasar XTE J1650-
500 (55) show such extreme redshifted emis-
sion that they are difficult to reconcile with
any model in which the power in the line
derives from gravitational binding energy lib-
erated by the accretion flow.

In addition to setting a length scale, the
ISCO sets a variety of time scales, including an
orbital time, vertical and radial oscillation time
scales for perturbations about nearly circular
orbits, and a precessional time scale associated
with the dragging of inertial frames by the spin
of the black hole. Because these time scales are
properties of the black hole’s spacetime rather
than the gas dynamics of the accretion flow,
they should define specific frequencies that are
insensitive to fluctuations in the luminosity or
spectrum. Moreover, these frequencies should
be among the highest associated with an accret-
ing black hole, ranging from 	Hz for the most
massive AGN to several hundred Hz for x-ray
binaries. At least five microquasars show quasi-
periodic oscillations (QPOs) at stable, high fre-
quencies (56). Three of these show pairs of
QPOs with simple frequency ratios, suggesting
resonance effects. Although the mechanism
that creates the modulations is unknown, at-
tention has been drawn to diskoseismic
modes of accretion disks. According to gen-
eral relativity, the radial oscillation frequency
has a maximum outside the ISCO and de-
clines both inward (vanishing at the ISCO,
which is why circular orbits become unstable
there) and outward (where it approaches the

Keplerian orbital frequen-
cy). Consequently, the in-
ner part of an accretion
disk around a black hole
(or a sufficiently compact
neutron star with a weak
magnetic field) can behave
like a resonant cavity, ca-
pable of trapping and am-
plifying wave modes that
resonate with the various
characteristic frequencies
(57). The relevant modes,
their amplification mecha-
nisms, and their spectral
signatures still remain to
be identified. Once this is
done, we should be able to
measure black hole spins
as reliably as we can mea-
sure their masses and test
for other predicted features
of spacetime curvature as
well.
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material (green) from accreting along the rota-
tional axis, and expel most of the rotating
material as well. As a result, only 1% of the
matter supplied at r � 1.2 is swallowed by the
black hole.
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Fig. 5. Spectrum of the broad iron K
 line in MCG–6-30-15 taken with the XMM-
Newton satellite [figure 3 of (52)], showing the combined effects of spectral distortions
described in Fig. 1B.
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Prospects
The evidence for black holes has firmed up
substantially during the past 5 years, and we
have every reason to expect the pace of dis-
covery to accelerate. High-resolution x-ray
spectroscopy and timing measurements will
continue with existing satellites and will im-
prove with the next generation of x-ray ob-
servatories, notably Constellation-X. Long-
duration observations will test whether the
high-frequency oscillations observed in mi-
croquasars also exist, at scaled-down fre-
quencies, in their more massive counterparts.
Understanding the demographics of black
hole spin as well as mass will give us a much
clearer idea of how black holes formed. A
longer term but realistic goal is the direct
imaging by x-ray interferometry of the accre-
tion disk around a black hole (Fig. 1B).

Whereas x-ray measurements probe the
stationary spacetimes of black holes, grav-
itational wave detectors will enable us to
study the dynamics of spacetime as black
holes form and merge. A future generation
of the Laser Interferometer Gravitational-
Wave Observatory (LIGO) may reveal
which dying stars form black holes prompt-
ly, which undergo delayed collapse, and
whether gamma-ray bursts really represent
the birth of stellar-mass black holes. The
Laser Interferometer Space Antenna
(LISA), tuned to the slower pace of super-
massive black holes, should detect stellar-
mass objects falling into supermassive
black holes as well as the mergers of su-
permassive black hole binaries (58 ). Even
before LISA flies, we may see the clear
signal of a star being torn apart and swal-
lowed by a supermassive black hole (59).

Numerical simulations are finally reaching
the point (limited mainly by computer speed) at
which we can perform fully three-dimensional,
magnetohydrodynamic simulations of accretion
flows onto black holes. General relativistic
codes are being developed and tested. We look
forward to codes that can handle the microphys-
ics of the gas as well, which will enable us to
address a variety of questions: How is magnetic
energy dissipated during accretion? Are two-
temperature flows possible? How much matter
and energy is ejected from accretion flows?
What propels jets? We also anticipate
progress in simulating the effects of black
holes on their large-scale environments. In-
corporated into cosmological simulations,

these feedback calculations may clarify the
origin of the “M – �” relation and the role
of black holes in galaxy formation.

Physicists will continue to study the interi-
ors of black holes intensively (and theoretical-
ly) for clues to the fundamental structure of
matter, the quantum nature of spacetime, and
the possible existence of extra dimensions. For
the public, black holes will retain their meta-
phorical implications of disappearance and
mystery. Astrophysicists, on the other hand,
have recently appreciated how commonplace
black holes are. As we learn more about their
formation and how they interact with their en-
vironments, we will understand their roles in
shaping the formation and evolution of the
galaxies we see around us.

References and Notes
1. K. S. Thorne, Black Holes and Time Warps: Einstein’s

Outrageous Legacy (Norton, New York, 1994).
2. J. B. Hartle, Gravity: An Introduction to Einstein’s

General Relativity (Addison-Wesley, San Francisco,
2003).

3. J. Kormendy, K. Gebhardt, in Proceedings of the 20th
Texas Symposium on Relativistic Astrophysics, J. C.
Wheeler, H. Martel, Eds. (American Institute of Phys-
ics, Melville, NY, 2001), pp. 363–381 (available at
http://xxx.lanl.gov/abs/astro-ph/0105230).

4. E. Maoz, Astrophys. J. 494, L181 (1998).
5. P. Charles, in Black Holes in Binaries and Galactic

Nuclei, L. Kaper, E. P. J. van den Heuvel, P. A. Woudt,
Eds. (Springer, Berlin, 2001), pp. 27–38.

6. J. M. Lattimer, M. Prakash, Astrophys. J. 550, 426
(2001).

7. D. L. Meier, S. Koide, Y. Uchida, Science 291, 84
(2001).

8. M. C. Begelman, in Coevolution of Black Holes and
Galaxies, L. C. Ho, Ed. (Cambridge Univ. Press, Cam-
bridge, in press) (available at http://xxx.lanl.gov/abs/
astro-ph/0303040).

9. T. Piran, Phys. Rep. 314, 575 (1999).
10. D. P. Bennett et al., Astrophys. J. 579, 639 (2002).
11. S. Mao et al., Mon. Not. R. Astron. Soc. 329, 349

(2002).
12. C. L. Fryer, Astrophys. J. 522, 413 (1999).
13. J. H. Krolik, Active Galactic Nuclei: From the Central

Black Hole to the Galactic Environment (Princeton
Univ. Press, Princeton, NJ, 1999).

14. T. Di Matteo, C. L. Carilli, A. C. Fabian, Astrophys. J.
547, 731 (2001).
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