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Astronomers have certainly seen things that are 
small, dark, and heavy...

Abstract:

But are these small, dark, heavy objects really black holes 
in the sense of general relativity ?

In this talk I’ll discuss the observational situation,
and the very limited alternatives... 

(The consensus opinion is simply  “yes”, 
and there is very little “wriggle room”.) 



Do black holes exist?



Do you want me to answer as a:

a  Mathematician,
a  Physicist, 

or an  Astronomer?



Mathematician:

General relativity:

Black holes certainly exist mathematically, 
as vacuum solutions in general relativity...

Classical black holes (future event horizons) 
certainly exist mathematically as the 

end result of classical collapse. 

Black holes exist...

(within a certain mathematical framework).



Physicist:

The physical evidence in favour of general relativity 
is overwhelming.

General relativity predicts black holes.

Physically plausible models of  stellar collapse 
lead to black holes...

Black holes exist...
(within a certain physical framework [theory] 

that we have good reason to believe 
corresponds to empirical reality)



When a physicist uses the word  “theory”,
he/ she does not mean  “wild guess”.

The word   “theory”  is reserved for the 
“laws of nature”.

These are concepts/ rules /formulae that are so well 
established by observation and experiment that it 
would simply be perverse to not accept them as 

fundamental aspects of empirical reality.

Warning:



   “It is important to keep an 
open mind;  just not so open 

that your brains fall out”
 

                         --- Albert Einstein



What is a black hole?

Look for something small, dark, and heavy... 

(Astronomer’s perspective.)

Astronomer:



So how would you actually see a black hole?

Do black holes
“exist” ?



You cannot see the black hole itself...

Observational astronomy:

So what do you 
look for?

Do black holes
“exist” ?



Look for the stuff that is being sucked in...

Do black holes
“exist” ?



What is a black hole?

Euclid’s geometry is not the final answer...

(Theorist’s perspective.)

Aside:



Riemann’s 
“curved”

space-time 
geometry

is needed to 
describe the 

“real world”...

Curved
space-time:



Eventually a 
black hole 
forms...

Schwarzschild’s 
black hole...
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Curved
space-time:



There is a quick and dirty way of estimating the 
Schwarzschild radius.

Use Newtonian physics and set the escape velocity 
             equal to the speed of light:
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[not the full story]

Curved
space-time:



Notes on ...
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Curved
space-time:



Light can no longer escape...

The “light cones” are all 
tipped inwards...

Curved
space-time:
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Light can now “orbit” the black hole at:

Horizon is at: 

Curved
space-time:



Innermost stable circular orbit  [ISCO]...
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Non-Newtonian

Curved
space-time:



Look for X-ray sources 
in the sky...

Observational 
astronomy:



Compact:
heavy,
small.

Strong gravity:

rips stars apart

Look for radiation 
from the stuff 

falling in







What we think is going on:

Accretion disks are very important for astrophysics...

Theoretical 
astrophysics:



Most astrophysical 
black holes are 

expected to rotate...

Schwarzschild’s black 
hole is not good 

enough as a model...

Need to use Roy 
Kerr’s rotating 
black hole...



Coming soon...

1916:    GR

1916:    Schwarzschild

1963:    Kerr

47 years to solve the 
Einstein equations 

for a rotating 
black hole...

New book: 

[not light reading]
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1 Background

The Kerr spacetime has now been with us for some 45 years [1, 2]. It was
discovered in 1963 through an intellectual tour de force, and continues to pro-
vide highly nontrivial and challenging mathematical and physical problems
to this day.

The final form of Albert Einstein’s general theory of relativity was de-
veloped in November 1915 [3, 4], and within two months Karl Schwarzschild
(working with one of the slightly earlier versions of the theory) had already
solved the field equations that determine the exact spacetime geometry of
a non-rotating “point particle” [5]. It was relatively quickly realised, via
Birkhoff’s uniqueness theorem [6–9], that the spacetime geometry in the vac-
uum region outside any localized spherically symmetric source is equivalent,
up to a possible coordinate transformation, to a portion of the Schwarzschild
geometry — and so of direct physical interest to modelling the spacetime
geometry surrounding and exterior to idealized non-rotating spherical stars
and planets. (In counterpoint, for modelling the interior of a finite-size
spherically symmetric source, Schwarzschild’s “constant density star” is a
useful first approximation [10]. This is often referred to as Schwarzschild’s
“interior” solution, which is potentially confusing as it is an utterly distinct
physical spacetime solving the Einstein equations in the presence of a speci-
fied distribution of matter.)

Considerably more slowly, only after intense debate was it realised that
the “inward” analytic extension of Schwarzschild’s “exterior” solution rep-
resents a non-rotating black hole, the endpoint of stellar collapse [11]. In
the most common form (Schwarzschild coordinates, also known as curvature
coordinates), which is not always the most useful form for understanding the
physics, the Schwarzschild geometry is described by the line element

ds2 = −
[

1 −
2m

r

]

dt2 +
dr2

1 − 2m/r
+ r2(dθ2 + sin2 θ dφ2), (1)

where the parameter m is the physical mass of the central object.
But astrophysically, we know that stars (and for that matter planets)

rotate, and from the weak-field approximation to the Einstein equations we
even know the approximate form of the metric at large distances from a
stationary isolated body of mass m and angular momentum J [12–18]. In
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Here the second line is again simply flat 3-space in disguise. An advantage
of this coordinate system is that t can naturally be thought of as a time
coordinate — at least at large distances near spatial infinity. There are
however still 3 off-diagonal terms in the metric so this is not yet any great
advance on the original form (3). One can easily consider the limits m → 0,
a → 0, and the decomposition of this metric into Kerr–Schild form, but there
are no real surprises.

Second, it is now extremely useful to perform a further m-dependent coor-
dinate transformation, which will put the line element into Boyer–Lindquist
form:

t = tBL + 2m

∫

r dr

r2 − 2mr + a2
; φ = −φBL − a

∫

dr

r2 − 2mr + a2
; (55)

r = rBL; θ = θBL. (56)

Making the transformation, and dropping the BL subscript, the Kerr line-
element now takes the form:

ds2 = −
[

1 −
2mr

r2 + a2 cos2 θ

]

dt2 −
4mra sin2 θ

r2 + a2 cos2 θ
dt dφ (57)

+

[

r2 + a2 cos2 θ

r2 − 2mr + a2

]

dr2 + (r2 + a2 cos2 θ) dθ2

+

[

r2 + a2 +
2mra2 sin2 θ

r2 + a2 cos2 θ

]

sin2 θ dφ2.

• These Boyer–Lindquist coordinates are particularly useful in that they
minimize the number of off-diagonal components of the metric — there
is now only one off-diagonal component. We shall subsequently see
that this helps particularly in analyzing the asymptotic behaviour, and
in trying to understand the key difference between an “event horizon”
and an “ergosphere”.

• Another particularly useful feature is that the asymptotic (r → ∞)
behaviour in Boyer–Lindquist coordinates is

ds2 = −
[

1 −
2m

r
+ O

(

1

r3

)]

dt2 −
[

4ma sin2 θ

r
+ O

(

1

r3

)]

dφ dt

+

[

1 +
2m

r
+ O

(

1

r2

)]

[

dr2 + r2(dθ2 + sin2 θ dφ2)
]

. (58)

Schwarzschild spacetime (non-rotating):

Kerr spacetime (rotating):

Curved
space-time:



Do black holes
“exist” ?

Small,  dark,  and heavy...

2m/r ~ 1/3 !

Accretion disks probe down to the ISCO:

ADAFs probe down to 2m/r ~ 1 ?

Everything so far compatible with Schwarzschild/ Kerr.

Observational astronomy:



More than just a horizon and photon sphere...

Kerr
space-time:



Gravity now has a “twist” to it as well as 
pointing more or less “down”...

Kerr
space-time:





Now have two photon 
spheres....

Kerr
space-time:



From the outside, ergoregion and horizon is all you will 
ever see --- internal “structure” will be invisible...

Kerr
space-time:



With a little dramatic licence...















Galaxy M81 --- with a big black hole in the center...

Some real 
data...



This view of M81, obtained 
by a telescope aboard a 
space shuttle mission, 
shows the galaxy in both 
visible (red and yellow) 
and ultraviolet (blue) 
wavelengths. The blue 
regions are much hotter 
than the others, and outline
the galaxy’s spiral arms and 
its nucleus. 

The nucleus may contain a 
supermassive black hole.

M81 again...







Stars orbiting 
around the 

central black 
hole of our 
own galaxy...



Gravity waves

Ripples
in

space-time

Still 
collecting 

data...

LIGO



Gravity waves?  We’re looking...

LISA...



Stephen Hawking:

Black holes will eventually 
evaporate due to 

subtle quantum effects...

We’re still calculating...





Scientists are trying to 
test Hawking radiation 

by simulating it in 
simpler systems...



Bending of 
starlight



Bending of 
starlight:







Bending of 
starlight:



Do black holes
“exist” ?

Can one avoid black hole formation with a suitably
  weird equation of state ?

Can one avoid black hole formation with 
semi-classical quantum effects ? 

Can one avoid black hole formation with 
“quantum gravity” ? 

The possibilities are rather tightly constrained.



Do black holes
“exist” ?

There is of course the utter gibbering crackpot fringe...

(Names suppressed to protect the guilty.)

“Physically reasonable” alternatives to black hole 
formation are counted on the fingers of one 

(severely mutilated) hand...

(For selected values of  “physically reasonable”.)



(even the physics-challenged have 
access to graphics software...)

[Warning:  The diagram above is utter gibbering nonsense.]



Do alternatives
“exist” ?

Quark stars,  Q-balls,   boson-stars?

Gravastars:    Mazur--Mottola variants.

Gravastars:    Laughlin-et-al variants.

Fuzz-balls:     Mathur-et-al variant.

Fuzz-balls:      Amati variant.

Need to reproduce standard GR up to the 
event horizon, and possibly slightly beyond...





curvature scales at the horizon are much larger than this length for large black holes.
Thus it would appear that the precise theory of quantum gravity is irrelevant to the
process of Hawking radiation and thus for the resolution of the paradox.

String theory is a consistent theory of quantum gravity; further, it is a theory with
no free parameters. We should therefore ask how this theory deals with black holes.
The past decade has shown dramatic progress in our understanding of black holes in
string theory. We have understood how to count microstates of black holes. Recent
computations suggest that the resolution of the information paradox lies in the fact that
quantum gravity effects do not stay confined to microscopic distances, and the black
hole interior is quite different from the naive picture suggested by classical gravity. This
review gives an elementary introduction to these ideas and conjectures.

1(a) 1(b)

Figure 1: (a) The conventional picture of a black hole (b) the proposed picture – state
information is distributed throughout the ‘fuzzball’.

2 Making black holes in string theory

Susskind et. al [3] proposed an interesting approach to studying black holes in string
theory. Consider a highly excited state of a string. Thus the state has a mass M !
α′−1/2. Assume that the string coupling is small (g " 1) so the string is essentially
free. The left and right oscillator levels are NL, NR ∼

√
α′M ! 1, so there is a large

degeneracy N of states with this mass. This count of microscopic states gives an entropy
Smicro = ln[N ] ∼

√
α′M . (The exact proportionality constant depends on how many

directions are compactified; such compact directions provide winding modes that also
contribute to the entropy.)

Now imagine increasing the string coupling g; this brings in gravity since the Newton
gravitational constant is G ∼ g2. If M was sufficiently large then we expect to get a black
hole of mass M . We can compute the Bekenstein entropy of this hole SBek = A/4G. For
a Schwarzschild hole in 3+1 noncompact dimensions we get SBek ∼ M2. More generally,

if we had D noncompact spacetime directions we get SBek ∼ M
D−2

D−3 .

3

GR Fuzz ball



Do black holes
“exist” ?



Yes... 

Long answer:  Standard special and general relativity are 
completely compatible with present day experiment...



Spacetime curves --- in the manner Einstein predicted.



Some 
light reading:

Kip S. Thorne 

Theoretical Astrophysics, 
California Institute of Technology, Pasadena, 
California, USA
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