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Gravity is, by far, the weakest interaction in Nature:

Interaction
relative 
strength

strong nuclear 
force 1

electromagnetic 
force 10-2

weak nuclear 
force 10-13

gravitational 
force 10-37



Paradoxically, gravity is the most “obvious” interaction in Nature
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There are two reasons for this:

The electromagnetic interaction tends to be screened: there are 
no astrophysical objects with net macroscopic electric charge.
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van der Waals potential:

V (r) ∼ 1
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charge-charge potential:

dipole-dipole potential:

Gravity is a universal interaction.

Gravity is always attractive.

Gravity is thus the dominant interaction at very large scales.



The Newtonian law of gravitation describes successfully most 
gravitational phenomena on Earth and in the Solar System

F = −GN
m1m2

r2
ur

Newton’s law however breaks down when very 
strong gravitational fields are involved.

Urbain Le Verrier
(1811-1877)

In 1859 Le Verrier reported that 
Mercury’s perihelion advanced at a 
rate that could not be explained by 
perturbations due to Venus.

Is there a new planet between 
Mercury and the Sun? (Vulcan)

Although not realized at the time, this 
was the sign of something very big...



The path to a relativistic extension of Newtonian gravity comes 
from a very “simple” observation already known to Galileo:

“If friction is ignored, all bodies fall with the 
same acceleration, independently of their masses”

Einstein used this idea, called the Equivalence Principle, to build 
up the theory of General Relativity (he dubbed it as “Der 
glücklichste Gedanke meines Lebens”)

As a consequence, a free-falling observer does not experience 
any gravitational field.

Stephen Hawking at ZeroGAstronaut at the ISS



For the same reason, an accelerated observer experiences an 
“effective” gravitational field (a.k.a. a force of inertia).

Sir Isaac Newton standing on Earth Albert Einstein in an accelerated spaceship

In short, the principle of equivalence states that 

Gravity Accelerated frames

The only inertial frames are the those in free fall!



However, this equivalence is only valid “locally”.

Accelerated observer

The difference between an 
accelerated observer and 
another one on Earth lies in 
that the second one would 
detect that force lines are 
not strictly parallel.

Observer on Earth

On the other hand, the 
difference between a free-
falling frame and a global 
inertial one is the presence of 
tidal forces in the first one 



Hence, the gravitational field of the Earth (or whatever other 
celestial body) cannot be reproduced by simply considering an 
accelerated frame.

Tidal forces Curvature of the space-time

In 1915 Einstein formulated the General Theory of Relativity in 
whose framework the space-time curvature (i.e. the gravitational 
field) is given in terms of the matter/energy content of space

Rµν − 1

2
gµνR =

8πGN

c4
Tµν
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Geometry Matter/energy



What is a black hole?

Karl Schwarzschild
(1873-1916)

Within months of Einstein’s presentation of General 
Relativity, Schwarzschild found a solution describing 
the gravitational field outside a spherical mass M.

At face value, this solution appeared to be singular at the radius

Rs =
2GNM

c2

For solar system objects this would not be a problem, since their 
radii are always much larger than Rs

Mean radius (m) Schwarschild radius (m)

Earth 6.37 × 103 8.7 × 10-3 

Jupiter 6.99 × 104 2.2
Sun 6.96 × 108 3 × 103 



Hartland Snyder
(1913-1962)

J. Robert Oppenheimer
(1904-1967)

In 1939, Oppenheimer & Snyder asked 
what happens when a very massive dead 
star collapses beyond it Schwarzschild 
radius

For a distant observer, the surface of the collapsing star 
would become fainter and fainter as its radius approaches Rs 
asymptotically as t −→ ∞

An observer standing on the collapsing star, however, would go 
through Rs in a finite time. After this happens, no signal sent 
by this observer can reach the region R>Rs

In the 1950s it was finally proved that nothing dramatic 
happens at R=Rs . The “apparent” singularity is an artifact of 
the coordinates used.



Roughly speaking, a black hole can be defined as a space-time 
singularity surrounded by a surface bounding a region around 
the singularity that cannot be “seen” from outside.

The endpoint of the Oppenheimer-Snyder 
gravitational collapse is a singularity at 
R=0. The observer lying on the star 
surface would reach it in a finite time...

This singularity is surrounded by a region 0<R<Rs that cannot 
be “seen” from outside. Its boundary R=Rs defines the event 
horizon.

...but shortly before this happens he/she 
would be torn apart by very large tidal 
forces.



P. S. de Laplace
(1749-1827)

John Michell
(1724-1793)

Interestingly, “dark stars” were already 
postulated within Newtonian gravity.

The scape velocity for a 
particle of mass m on a body 
of mass M and radius R is 
easily computed:

What would the radius of the body need to be for the scape 
velocity to be the speed of light c?
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“The gravitational attraction of a star 
with a diameter 250 times that of the 
Sun and comparable in density to the 
earth would be so great no light could 
escape from its surface. The largest 
bodies in the universe may thus be 
invisible by reason of their magnitude”
(P. S. de Laplace, Exposition du Systeme du Monde, 1796 
& 1799 editions. Paragraph eliminated in the 1808 
edition)



How do we know that there are black holes for real?

By its very “dark” nature, there is no way to directly observe the 
event horizon of an astrophysical black hole. Nevertheless, they 
can be indirectly detected in various ways:

By its gravitational effect on 
surrounding objects

checked by carrying out a semi-independent fit in which the
central dark object’s location is treated as a common parame-
ter, but its mass is not. This fit is carried out with the three stars,
S0-2, S0-16, and S0-19, that yield meaningful independent mass
estimates (M=!M > 3), which are consistent to within 2 ", with
uncertainties of 0:2 ;106, 0:6 ;106, and 1:5 ;106 M!, respec-
tively. It therefore appears to be well justified to simultaneously
fit the data with a model in which the central dark object’s prop-
erties (M, rRA, rDEC, vRA, and vDEC) are common to all the stars.
Using an algorithm described by Salim & Gould (1999), we
solve for the orbital parameters simultaneously with the inclu-
sion of the central dark object’s linear motion on the plane of
the sky as a free parameter. Since S0-2, S0-16, and S0-19 are
the only stars that have any significant implications for the cen-
tral dark object’s properties, we divide the problem into two. A
three-star simultaneous fit with S0-2, S0-16, and S0-19 pro-
vides the orbital parameters for these three stars as well as the
central dark objects properties. The orbital parameters for each
of the remaining stars are obtained from a four-star simulta-
neous fit, which includes the star in question plus S0-2, S0-16,
and S0-19; this was done to appropriately include the effects of
the uncertainties in the central dark object’s parameters in es-
timates of the remaining stars’ orbital parameters. The resulting
#2
dof for all the simultaneous fits are comparable to 1, again sup-

porting the use of a point mass potential model.

3.3.2. Orbital Fit Results

Estimates of the central dark mass’ properties from the
three-star simultaneous fit are reported in Table 2. The central
dark mass is estimated to be 3:7("0:2) ; 106 R0= 8 kpc# $% &3 M!.

While this is consistent with that inferred from the orbit of S0-2
alone (Ghez et al. 2003; Schödel et al. 2003), its uncertainty is a
factor of 3–4 times smaller due, primarily, to the longer time
baseline for the measurements, and, in part, to the additional
information offered by S0-16 and S0-19. This makes distance,
which is fixed in all the orbital analyses reported thus far, the
limiting uncertainty for the first time (see also Eisenhauer et al.
2003); the 0.5 kpc uncertainty in the Galactic center distance
(Reid 1993) contributes an additional 19% uncertainty in the es-
timated mass, beyond that reported in Table 2. Similarly to the
mass, the inferred center of attraction agrees well with the re-
sults from the analysis of S0-2’s orbit by Ghez et al. (2003). The
location is only modestly improved in the simultaneous fit, be-
cause the black hole’s proper motion is treated as an unknown
variable only in the multiple star orbit model, which increases
the formal uncertainties in the black hole’s location. The esti-
mate of the dark mass’s motion on the plane of the sky is the
first such estimate derived from orbital fits. While a single
star’s orbital trajectory can, in principle, constrain this motion,
in this solution it is primarily constrained by the closest ap-
proaches of S0-2, S0-16, and S0-19 and their span of periapse
passage times of 5 yr. The inferred proper motion of the dark
mass, with respect to the central stellar cluster, is 1:4 " 0:5 mas
yr'1, statistically consistent with no motion. Overall, simulta-
neously fitting the stellar orbital motion has allowed signifi-
cant improvements in the derivation of the central dark object’s
properties.

With the central parameters constrained simultaneously by
multiple stars, the precision with which each star’s orbital ele-
ments can be determined is also greatly improved compared to
that obtained from an independent orbit analysis. Table 3 lists
the parameters specific to the individual stars from the simul-
taneous fit. Over the course of this study (1995–2003), these
stars have either undergone periapse passage or are remarkably
close to periapse. The smallest periapse distance is achieved by
S0-16, which comes within 45 AU with a velocity of 12;000 "
2000 km s'1.

There are clear selection effects in this study that must be
understood and accounted for before the ensemble properties of
the sample can be studied. Since a star has to experience ac-
celeration in the plane of the sky of greater than 2 mas yr'2 to be
included in the orbital analysis, there is an observational bias
toward detecting stars in eccentric orbits at periapse, in spite of
the fact that a star spends most of its time away from periapse.
Stars experience their largest acceleration near periapse, at a pro-
jected distance that scales as q ( A(1' e). For a given semi-
major axis above)3200AU, this allows stars in highly eccentric
orbits to have detectable accelerations near their closest ap-
proach, while stars on low-eccentricity orbits will be below the
detection threshold in all parts of their orbits. Figure 3 quantifies

TABLE 2

Central Dark Mass Properties from Simultaneous
Orbital Fit to Multiple Stars

Parameter Estimated Value

Mass (106 R0= 8 kpc# $% &3 M!) ............................................. 3.67 " 0.19
Position with respect to S0-2 in 2003.0 (mas):

! rRA ............................................................................... '36.5 " 1.6

! rDEC ............................................................................. '53.34 " 0.95
Proper motion relative to central cluster (mas yr'1):

VRA .................................................................................. 0.87 " 0.46

VDEC ................................................................................ 1.16 " 0.57

Fig. 2.—Astrometric positions and orbital fits for the seven stars that show
significant deviation from linear motion. The proper-motion measurements were
obtained between 1995 and 2003 at the Keck telescopes, have uncertainties that
are comparable to or smaller than the size of the points, and are plotted in the
reference frame in which the central dark mass is at rest. On the plane of the sky,
three of these stars showorbitalmotion in the clockwise direction (S0-1, S0-2, and
S0-16), and four of these stars have counterclockwise motion (S0-4, S0-5, S0-19,
and S0-20). Overlaid are the best-fitting simultaneous orbital solutions, which
assume that all the stars are orbiting the same central point mass. The orbital
solutions for the three stars that constrain the properties of the central dark object
are delineated by solid lines, and the joint orbital solutions for the remaining stars
are shown with dashed lines.

ORBITS AROUND GALACTIC CENTER BLACK HOLE 749No. 2, 2005

Ghez & Lu, Astrophys. J. 620 (2005) 744

July 19–20, 2003 April 21–22, 2003 July 22–23, and 2003
September 7–8. These data sets were collected and analyzed
similarly to the data sets obtained between 1995 and 1999 for this
project (see Ghez et al. 1998, 2000 for details). In summary, short
(texp ! 0:1 s) exposures were obtained in sets of"200, resulting
in a total of"7000 exposures per observing run. Each frame, with
a scale of 20:396 # 0:042 mas pixel$1 (see Appendix B) and a
corresponding field of view of 5B22 ;5B22, was sky-subtracted,
flat-fielded, bad-pixel–corrected, corrected for distortion effects,
and magnified by a factor of 2. In sets of 200, the frames were
shifted to the location of the brightest speckle of IRS 16C (K !
9:8 mag) and combined to create intermediate shift-and-add
(SAA) maps, which have point-spread functions (PSFs) that can
be described as containing a diffraction-limited core on top of a
seeing halo. These were then combined after applying a seeing
cut, which required that the seeing halo FWHM be less than
"$0B4 to 0B6, depending on the overall quality of the night.
Final SAA maps have PSFs composed of a diffraction-limited
core (! " 0B05), containing "4% of the radiation, on top of a
halo that has an FWHM of"0B4. In addition to averaging all the
data from each run to produce a final SAA map, these data were
divided into three subsets to construct ‘‘submaps,’’ which were
used to determine positional and brightness uncertainties.

3. DATA ANALYSIS AND RESULTS

3.1. Source Identification

Sources are identified using the same procedure described by
Ghez et al. (1998), with a few minor modifications. As in Ghez
et al. (1998), a ‘‘match filter’’ is applied to each image, by cross-
correlating the image with the core of its PSF, out to a radius of
0B06 (see Fig. 1). In a first pass at source identification, corre-
lation peaks larger than a threshold value are flagged as stars.
Once stars are identified, a second lower threshold value is used
to track these stars in images in which they were not identified
with the first threshold value; this second pass search is lim-
ited to within a specified radius of the predicted position. Posi-
tions of sources found in either the first or second pass search
are estimated on the basis of the correlation map peak, and only
sources that are identified in at least three epochs are included in
our final proper-motion sample. While in Ghez et al. (1998) the
predicted position for the second pass source search was simply
the position found in the first pass, here we use any kinematic
information available from the first pass to define this predicted
position. Two other modifications change only the values used
in the algorithm. We lowered the first pass threshold correlation
value for source identification from 0.7 to 0.5, which allows
fainter sources to be identified, and we have decreased the sec-
ond pass search area radius from 0B07 to the uncertainty in the
predicted position (with the constraint that it must be at least
0B01 and no more than 0B07), because of the increased number
of sources that are being tracked. Positions are now estimated
using Gaussian fits, as opposed to a simple centroiding algo-
rithm. The final modification requires that each source be de-
tected in all three submaps (see x 2); first and second pass sources
had submap correlation thresholds of 0.3 and 0.2, respectively.

Photometric values are estimated using two methods. First,
simple aperture photometry, as described in Ghez et al. (1998),
is applied to help track the sources through the data set. Sec-
ond, PSF fitting with StarFinder (Diolaiti et al. 2000) is imple-
mented, and these are the values (average and rms) reported in
Table 1. StarFinder and aperture photometry produce the same
results for bright (KP 15:2) sources, but for the fainter sources
the StarFinder results are somewhat fainter ("0.2 mag) and

more precise, because of the stellar confusion. In this study, the
zero points are established on the basis of Blum et al. (1996)
measurements of IRS 16C (K ! 9:83 mag), IRS 16NW (K !
10:03 mag), and IRS 16NE (K ! 9:00 mag), which results in
magnitudes that are "0.2 mag fainter than those reported in
Ghez et al. (1998), which relied on IRS 16NE only for a zero-
point estimate.
While many sources are identified and tracked over our entire

"500 ; 500 field of view, this study is limited to sourceswithin a ra-
dius of 0B4 of the infrared position for Sgr A* (see Appendix B);
the radius is set by the criterion that all stars with accelerations of
2 mas yr$2 or greater should reside within this region, assuming
a mass M of 3:7 ;106 M% (see x 4.1), or equivalently r2max !
GM=amin.
This procedure identifies 17 proper-motion sources (KP 16:8),

of which 10 are newly discovered in this study3 and all of
which are shown in Figure 1. The new sources are fainter than
the sources in this study that were previously published (Knewk
15:1mag), with only one exception (S0-8, which is located at the
largest projected separation). Among the original proper-motion
sample reported in Ghez et al. (1998), there are many other
sources comparably faint to the newly discovered proper-motion
sources, but at larger radii; the reason for this is that at the center
of the maps source confusion lowers the correlation values and
reduces the sensitivity to faint sources using our source identi-
fication technique. The new source detections are therefore a con-
sequence of our lower correlation thresholds, and, as can be seen
in Figure 1, these thresholds are still fairly conservative, since a

Fig. 1.—Central 100 ; 100 of the cross-correlation (or match filter) map for
the 2000 May data set. Of the 17 sources identified in this study by the criteria
described in x 3.1, 15 are seen in this map. The remaining two, marked with
crosses, are missed in this particular map because of confusion with a brighter
nearby source. An asterisk denotes the black hole’s dynamically determined
position (see x 3). The criteria used for source identification are still quite
conservative as there are several unlabeled peaks that appear to be real
sources, within 0B4 of Sgr A*.

3 We note that after this paper was submitted for publication, 6 of the 10 new
sources were also reported by Schödel et al. (2003).
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E.g., measuring the movement of 
stars near the Galactic center, it 
can be inferred the existence of a 
mass 

M ≈ 4× 106M⊙

within a region R < 45 AU



How do we know that there are black holes for real?

By its very “dark” nature, there is no way to directly observe the 
event horizon of an astrophysical black hole. Nevertheless, they 
can be indirectly detected in various ways:

By its gravitational effect on 
surrounding objects

checked by carrying out a semi-independent fit in which the
central dark object’s location is treated as a common parame-
ter, but its mass is not. This fit is carried out with the three stars,
S0-2, S0-16, and S0-19, that yield meaningful independent mass
estimates (M=!M > 3), which are consistent to within 2 ", with
uncertainties of 0:2 ;106, 0:6 ;106, and 1:5 ;106 M!, respec-
tively. It therefore appears to be well justified to simultaneously
fit the data with a model in which the central dark object’s prop-
erties (M, rRA, rDEC, vRA, and vDEC) are common to all the stars.
Using an algorithm described by Salim & Gould (1999), we
solve for the orbital parameters simultaneously with the inclu-
sion of the central dark object’s linear motion on the plane of
the sky as a free parameter. Since S0-2, S0-16, and S0-19 are
the only stars that have any significant implications for the cen-
tral dark object’s properties, we divide the problem into two. A
three-star simultaneous fit with S0-2, S0-16, and S0-19 pro-
vides the orbital parameters for these three stars as well as the
central dark objects properties. The orbital parameters for each
of the remaining stars are obtained from a four-star simulta-
neous fit, which includes the star in question plus S0-2, S0-16,
and S0-19; this was done to appropriately include the effects of
the uncertainties in the central dark object’s parameters in es-
timates of the remaining stars’ orbital parameters. The resulting
#2
dof for all the simultaneous fits are comparable to 1, again sup-

porting the use of a point mass potential model.

3.3.2. Orbital Fit Results

Estimates of the central dark mass’ properties from the
three-star simultaneous fit are reported in Table 2. The central
dark mass is estimated to be 3:7("0:2) ; 106 R0= 8 kpc# $% &3 M!.

While this is consistent with that inferred from the orbit of S0-2
alone (Ghez et al. 2003; Schödel et al. 2003), its uncertainty is a
factor of 3–4 times smaller due, primarily, to the longer time
baseline for the measurements, and, in part, to the additional
information offered by S0-16 and S0-19. This makes distance,
which is fixed in all the orbital analyses reported thus far, the
limiting uncertainty for the first time (see also Eisenhauer et al.
2003); the 0.5 kpc uncertainty in the Galactic center distance
(Reid 1993) contributes an additional 19% uncertainty in the es-
timated mass, beyond that reported in Table 2. Similarly to the
mass, the inferred center of attraction agrees well with the re-
sults from the analysis of S0-2’s orbit by Ghez et al. (2003). The
location is only modestly improved in the simultaneous fit, be-
cause the black hole’s proper motion is treated as an unknown
variable only in the multiple star orbit model, which increases
the formal uncertainties in the black hole’s location. The esti-
mate of the dark mass’s motion on the plane of the sky is the
first such estimate derived from orbital fits. While a single
star’s orbital trajectory can, in principle, constrain this motion,
in this solution it is primarily constrained by the closest ap-
proaches of S0-2, S0-16, and S0-19 and their span of periapse
passage times of 5 yr. The inferred proper motion of the dark
mass, with respect to the central stellar cluster, is 1:4 " 0:5 mas
yr'1, statistically consistent with no motion. Overall, simulta-
neously fitting the stellar orbital motion has allowed signifi-
cant improvements in the derivation of the central dark object’s
properties.

With the central parameters constrained simultaneously by
multiple stars, the precision with which each star’s orbital ele-
ments can be determined is also greatly improved compared to
that obtained from an independent orbit analysis. Table 3 lists
the parameters specific to the individual stars from the simul-
taneous fit. Over the course of this study (1995–2003), these
stars have either undergone periapse passage or are remarkably
close to periapse. The smallest periapse distance is achieved by
S0-16, which comes within 45 AU with a velocity of 12;000 "
2000 km s'1.

There are clear selection effects in this study that must be
understood and accounted for before the ensemble properties of
the sample can be studied. Since a star has to experience ac-
celeration in the plane of the sky of greater than 2 mas yr'2 to be
included in the orbital analysis, there is an observational bias
toward detecting stars in eccentric orbits at periapse, in spite of
the fact that a star spends most of its time away from periapse.
Stars experience their largest acceleration near periapse, at a pro-
jected distance that scales as q ( A(1' e). For a given semi-
major axis above)3200AU, this allows stars in highly eccentric
orbits to have detectable accelerations near their closest ap-
proach, while stars on low-eccentricity orbits will be below the
detection threshold in all parts of their orbits. Figure 3 quantifies

TABLE 2

Central Dark Mass Properties from Simultaneous
Orbital Fit to Multiple Stars

Parameter Estimated Value

Mass (106 R0= 8 kpc# $% &3 M!) ............................................. 3.67 " 0.19
Position with respect to S0-2 in 2003.0 (mas):

! rRA ............................................................................... '36.5 " 1.6

! rDEC ............................................................................. '53.34 " 0.95
Proper motion relative to central cluster (mas yr'1):

VRA .................................................................................. 0.87 " 0.46

VDEC ................................................................................ 1.16 " 0.57

Fig. 2.—Astrometric positions and orbital fits for the seven stars that show
significant deviation from linear motion. The proper-motion measurements were
obtained between 1995 and 2003 at the Keck telescopes, have uncertainties that
are comparable to or smaller than the size of the points, and are plotted in the
reference frame in which the central dark mass is at rest. On the plane of the sky,
three of these stars showorbitalmotion in the clockwise direction (S0-1, S0-2, and
S0-16), and four of these stars have counterclockwise motion (S0-4, S0-5, S0-19,
and S0-20). Overlaid are the best-fitting simultaneous orbital solutions, which
assume that all the stars are orbiting the same central point mass. The orbital
solutions for the three stars that constrain the properties of the central dark object
are delineated by solid lines, and the joint orbital solutions for the remaining stars
are shown with dashed lines.
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E.g., measuring the movement of 
stars near the Galactic center, it 
can be inferred the existence of a 
mass 

M ≈ 4× 106M⊙

within a region R < 45 AU



In addition, black holes have a 
much larger efficiency in 
converting rest energy into 
radiation. 

Black hole accrete large amounts of matter. Unlike other 
compact astrophysical objects, the black hole surface does 
not produce any energy emission.

Isolated black holes produce strong gravitational lensing

Gravitational lensing by a galaxy cluster



Black holes are the simplest and standard way to explain a large 
number of astrophysical events, for example:

Active galactic nuclei

X-ray binaries

Gamma-ray bursts



From now on, we work with units in which:

Warning!

c = 1 kB = 1

An interlude on scales & units

Combining c, ħ, and GN we can construct the following quantities 
with dimensions of energy, length, and time

EP =

�
�c5
GN

≈ 1019 GeV

�P =

�
�GN

c3
≈ 10−35 m

tP =

�
�GN

c5
≈ 10−33 s



As endpoints of gravitational collapse, black holes are 
characterized by a few number of quantities:

Its mass M

All other details are “washed out” as the result of the collapse.

No-hair theorem

gravitational collapse

Its angular momentum J

Its gauge charges (electric or otherwise)



Associated with a classical black hole, we can introduce a couple of 
physically relevant quantities:

The area of its horizon A

Its surface gravity κ.

Schwarzschild:

Schwarzschild:

Physically, this is the force needed to “hang” from infinity a 
unit-mass particle at the horizon

A ≡ 4πR2
s = 4πG2

NM2

κ =
1

4GNM



The area never decreases:

The area as a function of the mass, charge, and angular 
momentum, it satisfies the identity

with κ the black hole surface gravity, Ω its angular velocity, 
and Q its charge.

δA ≥ 0

The surface gravity κ of a stationary black hole is uniform 
over the horizon

The surface gravity κ cannot be reduced to zero in a finite 
time

In terms of them, we can formulate the four laws of black hole 
mechanics:

δM =
κ

8πGN
δA+ ΩδJ + ΦδQ



All this is strikingly reminiscent of the laws of thermodynamics!

The surface gravity κ of a stationary 
black hole is uniform over the 
horizon

0th law: The temperature of a 
system in equilibrium is uniform

1st law:    

2nd law: in a closed system the 
entropy never decreases 

The area of the horizon never 
decreases

3rd law: the absolute zero cannot 
be reached by a finite number of 
operations.

The surface gravity κ cannot be 
reduced to zero in a finite time

Laws of thermodynamics Laws of BH mechanics

It suggest a correspondence:

T −→ κE −→ M S −→ A

dE = TdS + dW dM =
κ

8πGN
dA+ ΩδJ + ΦdQ



Stephen W. Hawking
(1942)

Black holes ain’t that black!

This thermodynamical analogy was further 
supported when Hawking discovered in 1974 that 
black holes radiate quantum mechanically.

Due to quantum fluctuations, 
the vacuum is boiling with 
virtual particle pairs that are 
continuously created and 
annihilated.



Stephen W. Hawking
(1942)

Black holes ain’t that black!

This thermodynamical analogy was further 
supported when Hawking discovered in 1974 that 
black holes radiate quantum mechanically.

In the presence of a horizon, 
one of the components of a 
virtual pair can get trapped 
inside the black hole before it 
annihilates, while the other 
particle is “radiated” away.

Due to quantum fluctuations, 
the vacuum is boiling with 
virtual particle pairs that are 
continuously created and 
annihilated.



This “Hawking radiation” is created in the region near the black 
hole horizon. A distant observer would detect black body 
radiation with temperature

This expression for the temperature leads to the identification of 
the black hole entropy as

S =
A

4�GN

TH =
�
2π

κTH =
�

8πGNM

The presence of ħ indicates that this is a quantum effect!

δM =
κ

8πGN
δA



When the black hole radiates, it has to do it at its own mass 
expense.

Integrating this equation, we find the black hole with mass M0 
completely evaporates in a time

The total power radiated by unit horizon surface is given by 
Stefan-Boltzmann law. Then

Very “small” black holes evaporate explosively.

dM

dt
= −AσT 4

H

dM

dt
= − �

15360πG2
N

1

M2

tevap =
5120πG2

N

� M3
0



Since the Hawking temperature is inversely proportional to the 
mass, black hole radiation is irrelevant for astrophysical objects.

For a black hole of one solar mass M=M⊙:

tevap ≈ 1067 years

TH ≈ 6× 10−8 K (cf. TCMB = 2.73 K)

(cf. tuniv = 1.38 × 1010 years)

For microscopical black holes, however, the temperature is huge 
and they decay in a very short time. 



What’s the physical meaning of the black hole entropy?

Taking seriously the idea of black hole 
entropy, we can define the number of degrees 
of freedom of the black hole by

This can be inverted to write

S = log2 Ω(M)

Ω(M) = 2A/(4�2P )S =
A

4�2P

We can interpret this result as indicating 
that the black hole has two degrees of 
freedom (i.e. one bit of information) per 
Planck cell of the horizon.



The black hole entropy is huge. For example, for a black 
hole of one solar mass, M=M⊙

There are two very intriguing things about this result:

The degrees of freedom of the black hole seem to “live” on 
its surface, not in its bulk as in “normal” systems.

S ≈ 4× 1044

which is much larger than the Sun’s thermodynamical 
entropy S⊙

S ≈ 1020S⊙

holographic principle



What is the meaning of the black hole entropy?

Thus its entropy might “count” the number of ways in which 
a black hole can be made.

There are various possibilities. For example:

Black holes are the result of the collapse of very 
complicated systems (e.g. stars) described by a large number 
of parameters. At the end the black hole only depends on 
three parameters M, Q, and J.

Since the event horizon cloaks what is inside the black hole 
from the external observer. Since these degrees of freedom 
are entangled with the exterior, the entropy would be the 
measure this lack of information (entanglement entropy).

The entropy measures the number of states of superstrings 
making up the black hole.



Whatever the solution, another important problem arises when 
looking at what happens to these degrees of freedom when the 
black hole evaporates.

black body radiation

Where did all this information go to?

evaporation



This is a much more radical way of destroying information than 
burning a book!!

This means that, in principle, all the 
information could be recovered from the 
correlations between the ashes and the 
smoke.

If this is true, all the information stored originally in the black 
hole, or thrown into it, is completely destroyed by time evolution.

In jargon: black hole evaporation violates unitarity.

The burning of a book is a physical 
processed governed by quantum mechanics, 
and quantum mechanics is unitary (i.e., it 
conserves probability).



A famous bet (1997)

Kip Thorne
(1940)

Stephen Hawking
(1942)

John Preskill
(1953)

Information is lost and 
quantum mechanics 
applied to black holes 
is wrong.

Information is preserved 
and quantum mechanics 
applied to black holes is 
right.



A famous bet (1997)

Kip Thorne
(1940)

Stephen Hawking
(1942)

John Preskill
(1953)

Information is lost and 
quantum mechanics 
applied to black holes 
is wrong.

Information is preserved 
and quantum mechanics 
applied to black holes is 
right.

In 2004 Hawking conceded 
the bet, but Thorne remained 
unconvinced



In particle physics, scattering experiments are formulated as the 
transition from an “in” state to an “out” state:

Gravitational collapse Black hole + Hawking radiation

incoming particles outgoing particles

The “out” state is obtained from the time evolution of the “in” 
state in a way that conserves probability (or, in our jargon, that 
is “unitary”)

|in� |out�

The problem of black hole evaporation can be formulated in a 
very similar way:

|in� |out�



The evolution from the “in” to the “out” state in this case should 
be given by a theory of quantum gravity. 

It is by now widely believed that this evolution is unitary!!

If this is true, the evaporation of the black hole is not very 
different from the burning of a book, the information stored in 
the black hole is entangled and scrambled, but not destroyed.

But one has to wait a long time to recover the information... the 
first bit only comes out once the horizon has shrank to half its 
original area.

+ 1 bit



There would be so many more things to say... but unfortunately no 
time for that...



Black holes remain a very hot topic in theoretical physics (as they 
have been already since the 1970s).

They are the most extreme gravitational systems we know, and 
therefore are promising test benches for quantum gravity ideas.

The final resolution of problems like the information paradox 
would most likely require a radical change in our present 
understanding of how gravity works.

There would be so many more things to say... but unfortunately no 
time for that...



Thank you


