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Horizon: Escape Velocity is Speed of  Light 
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Mathematical Kerr Black 
 Hole Interiors  
•  More singularities 
•  More universes! 
•  Closed Timelike Curves: 
(say hello to your greatgrandparents) 
  More unphysical  
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Thursday, 15 July, 2004, 17:08 GMT 18:08 UK     
 Hawking backs down on black holes  

 Stephen Hawking says he was wrong about a key argument 
he put forward 30 years ago on the behaviour of black 

holes.   
 The world-famous physicist addresses an international conference on Wednesday to revise his 

claim that black holes destroy everything that falls into them.  





Latest Report from the Front of  ‘Black Hole Wars’ 

Zeeya Merali

NATURE  | NEWS FEATURE

Astrophysics: Fire in the hole!
Will an astronaut who falls into a black hole be crushed or burned to a crisp?

03 April 2013 Corrected: 05 April 2013

In March 2012, Joseph Polchinski began to contemplate suicide — at least in mathematical form. A
string theorist at the Kavli Institute for Theoretical Physics in Santa Barbara, California, Polchinski was
pondering what would happen to an astronaut who dived into a black hole. Obviously, he would die.
But how?

According to the then-accepted account, he wouldn’t feel anything special at first, even when his fall
took him through the black hole’s event horizon: the invisible boundary beyond which nothing can

ANDY POTTS

Astrophysics: Fire in the hole! : Nature News & Comment http://www.nature.com/news/astrophysics-fire-in-the-hole-1.12726
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Crisis in Foundations of  Physics ?! 

30 April 2013 Physics Today www.physicstoday.org

B
lack holes are perhaps the most profoundly
mysterious objects in the universe. We have
excellent evidence that they exist—even
that they are ubiquitous throughout the
cosmos. But their very existence threatens

to overthrow the current foundations of physics,
specifically locality and the fundamental role of
spacetime. This radical conclusion follows from a
question a child could ask (and many readers prob-
ably did ask as children): What happens to stuff
thrown into a black hole?

Our best gravity theories—general relativity
and modifications of it—predict black holes, and ev-
idence for them has grown steadily. The effects of
black holes are particularly prominent on galactic
scales. They appear to be central engines in many
galaxies, creating spectacular phenomena such as ac-
tive galactic nuclei, quasars, and massive jets that
span hundreds of thousands of light-years and con-
tain more than a million solar masses of material. (See
the article by Jon Miller and Chris Reynolds in
PHYSICS TODAY, August 2007, page 42.) Evidence has
also accumulated for their role in galaxy formation,

and astrophysicists estimate that most galaxies har-
bor a central black hole. The best evidence comes
from our own galaxy, which hosts a central object of
4 million solar masses. Beautiful work imaging stellar
orbits has constrained the object size to no more than
1000 times the expected radius of a black hole (see
PHYSICS TODAY, February 2003, page 19); the near fu-
ture should see direct imaging reach down to the
black hole radius. We have no plausible description
of such objects as anything other than black holes.

Observations may speak strongly in favor of
black holes, but the theoretical framework of quan-
tum field theory offers no consistent explanation 
for those remarkable objects. Our understanding of
them may guide a new approach to the foundations
of physics.

A penetrating thought experiment
The basic notion of a black hole is simple enough to
fascinate schoolchildren: It is an object whose es-
cape velocity exceeds the speed of light c. The idea
goes back to natural scientist and Anglican rector
John Michell, who in 1783 observed that an object
with the density of the Sun but 500 times its radius
would be a black hole. The nonrelativistic Newton-
ian equations he used give the correct relativistic

Black holes, quantum 
information, and the

Quantum mechanics teaches that black holes evaporate by radiating particles—
a lesson indicating that at least one pillar of modern physics must fall.

Steve Giddings is a professor of physics at the University
of California, Santa Barbara.
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basic conflict among foundational physical princi-
ples. Those include quantum mechanics, specifi-
cally its unitary evolution; Lorentz invariance and
its generalization, local frame independence; and 
locality. Those principles imply that nature is de-
scribed by QFT; the generalization with local frame
independence underlies QFT’s extension to general
relativity and curved spacetime. 

Such a basic conflict among principles signals
that one or more must be modified. Among them, 
locality seems the least robust in a quantum descrip-
tion of gravity. Attempts to modify the others have
typically foundered on the shoals of inconsistency
and conflict with experiment. Although locality in
QFT is closely linked with causality and thus consis-
tency, locality is difficult to formulate precisely in a
theory of gravity. Whichever principles require mod-
ification, if information does indeed escape a black
hole, the laws of physics operate in an unfamiliar
and novel way.

An answer from string theory?
One approach to the information problem has been
to seek appropriate modifications in an existing
framework. A leading contender is string theory,
which has had success in addressing the problem of
nonrenormalizability and limited success in resolv-
ing singularities. String theory modifies locality in
two ways. First, strings are extended, not pointlike.
The second modification is via holography.8

Various theorists have suggested that strings’
extended nature could facilitate information escape,
for example, because high- energy collisions would
excite extended strings.9 But closer examination has
found that strings behave a lot like particles when
forming black holes and has not supported a reso-
lution via extendedness.

Holography is the idea that a gravity theory in
a bulk region has an equivalent description in terms
of a QFT confined to the region’s boundary (see the
article by Igor Klebanov and Juan Maldacena,
PHYSICS TODAY, January 2009, page 28). In principle,
the unitary boundary theory should provide a uni-

tary bulk description of black hole formation and
evaporation. But here, too, the devil is in the details.
One needs a sufficiently detailed dictionary connect-
ing bulk and boundary theories that, for example,
could provide the S-matrix on scales that are small
compared with the bulk curvature radius. Theorists
have not yet been able to find such a detailed dic-
tionary and have encountered obstacles to deriving
a fine- grained description of the bulk gravity theory.

Holography is commonly associated with the
idea of complementarity,8 which proposes that ob-
servables inside and outside a black hole are com-
plementary in analogy to Bohr’s complementarity
of variables like position and momentum in quan-
tum mechanics. The result would be that inside and
outside observations can’t be simultaneously dis-
cussed in a common physical description. If comple-
mentarity were correct, it would likewise represent
a radical departure from local QFT.

Modifying locality
In 1992, even before holography and complementar-
ity, I proposed the possibility of a resolution in which
some new, nonlocal physics relays information from
inside a black hole to outside the horizon. I considered
a scenario, involving what were called massive rem-
nants, in which an initial black hole transitions to a new
kind of object with information-carrying states and 
an interface outside the would-be horizon; figure 4 
illustrates the concept. The massive remnant can 
interact with the outside world or decay, and by either
process return any missing information. The massive-
remnant scenario does not respect locality, at least
with respect to the semiclassical spacetime geometry
of the evaporating black hole: The object’s surface
must expand from near the center of the black hole to
outside the horizon and thus move faster than light.

Over the past couple of decades, theorists have
devised various specific realizations of the basic
massive-remnant scenario. One is the fuzzball,10 in
which string-theory excitations describe states of
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Black holes

Figure 4. Massive-remnant scenarios
are nonlocal. In these models, a black
hole transitions to a massive object
whose surface lies outside, or possibly
at, the location of what would be the
horizon (dashed lines on either side of
the origin). In this illustration, the black
hole is formed from the collision of
two particles (black lines). To reach the
horizon, the surface must propagate
faster than the speed of light, which
violates the locality of quantum field
theory. An infalling observer encoun-
ters the remnant surface at a high 
velocity—compare falling into a 
neutron star—and, barring a miracle,
experiences strong disruption. Variants
of this general scenario include so-
called fuzzballs and firewalls.
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Figure 3. In the geometry of a black hole,
Stephen Hawking discovered, vacuum fluctuations
near the horizon (vertical dashed line) get pulled
apart and turn into outgoing particles that escape
from the black hole and partner excitations that fall
into the singularity at radius r = 0. Outside and 
inside excitations have quantum correlations, and
the outside state is missing quantum information
corresponding to the inside state.
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Faster than Light Propagation ? 

Desperate conditions 
demand desperate  
       measures ?! 





The ‘crisis’ is caused by assuming ‘nothing happens’ 
  at the black hole horizon - tacitly assuming SEP. 
The quantum ‘vacuum’ is not featureless ‘nothing.’   
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Spin 0 field 

Dots – Direct Numerical Evaluation of  <Ta
b>   (Jensen et. al. 1992) 

Solid – Stress Tensor from the Auxiliary Fields of the Anomaly (E.M & R. Vaulin 2006) 
Dashed – Page, Brown and Ottewill approximation (1982-1986) 

Diverges on horizon—Large macroscopic effect  



The effective action for the trace anomaly scales  
logarithmically with distance and therefore  

should be included in the low energy  
macroscopic EFT description of gravity— 

Not given in terms of  Local Curvature    









The Quantum Final State of  Gravitational Collapse 









Analog to BEC quantum transition near the classical horizon 







Figure 7. The dependence of (Left) the radius of the innermost stable circular orbit around a black hole and
of (Right) the trajectories of photons on the black-hole spin a and on the parameter ! that measures the degree
of violation of the no-hair theorem (Johannsen & Psaltis 2010a, 2010c).

a self-consistent test of the no hair theorem and of the black-hole identification of the compact
object, within General Relativity.

The key drawback of all currently proposed parametric deviations from the Kerr metric is
that they cannot be used in describing the exterior spacetimes of rapidly spinning black holes.
Precisely because of the no-hair theorem, it is impossible to construct a spacetime that deviates
from the Kerr metric, is a solution to the general relativistic vacuum field equations, and is
regular everywhere outside the black-hole horizon; such a construction would prove that the
no-hair theorem is violated. In all parametric deviations from the Kerr metric, the spacetimes
become irregular at radii ! 2M (see Gair et al. 2008; Johannsen & Psaltis 2010a). For moderate
black-hole spins, radii comparable to 2M are much smaller than the radius of the photon orbit
and of the innermost stable circular orbit. As a result, such radii can be artificially excised,
without a!ecting the prediction of any observable. For rapidly spinning black holes, however,
all characteristic radii become " 2M and, therefore, the irregularities of the spacetimes preclude
us from calculating various observables related, e.g., to the inner accretion flow around a black
hole. We do not anticipate this to introduce significant problems for the case of Sgr A!, because
preliminary attempts to model the VLBI images from the source show preference for small values
of its spin (a " 0.3; Broderick et al. 2009, 2010).

4. Testing the No-Hair Theorem with Sgr A!

In Johannsen & Psaltis (2010a), we explored in detail the properties of the Glampedakis &
Babak (2006) metric, addressing its potential in testing the no-hair theorem with astrophysical
observations in the electromagnetic spectrum. Following their original analysis, we expressed
the coe"cient of the quadrupole multipole of the spacetime as

q = #(a2 + !) (3)

with the parameter ! measuring the degree of violation of the no-hair theorem. We then studied
the trajectories of photons and particles in this spacetime and identified three important e!ects
of the presence of a non-Kerr quadrupole.

q = �(a2 + ✏)



MASSES OF NEARBY SUPERMASSIVE BLACK HOLES WITH VLBI 5

thermal noise-limited VLBI and current astrometric ob-
servations at three di!erent wavelengths. The solid line
marks the 95% confidence contour determined by the
stellar ephemerides (Gillessen et al. 2009). A VLBI
measurement at a wavelength of 1 mm significantly im-
proves the result from stellar orbits alone. At smaller
wavelengths, the constraints on the mass and distance of
Sgr A* are similar. In the rightmost panel of Figure 3,
we have extrapolated the distribution width ! given by
expression (27) to a nominal wavelength of " = 0.5 mm.
Measurements at such short wavelengths will be limited
by weather conditions and may have to rely on a smaller
array with fewer telescopes.
Real observations will face more stringent limitations

than those imposed by the interferometer thermal noise
due to the complications of astrophysics and measure-
ment systematics. The chief astrophysical limitation is
the separation of the ring emission from the source struc-
ture in the uv-plane. In our estimate, we have used the
location of the nulls as a benchmark for the uncertain-
ties we expect from the VLBI measurement. In practice,
however, the full visibility function has to be analyzed
with a pattern matching technique that identifies the
structure of the ring. Such a technique has to extract
the ring from a uv-plane that is only partially sampled
by a given set of baselines.
The physics of the accretion flow will also complicate

things, as the structure of Sgr A* may vary over the
course of an observation. However, because the ring
structure is persistent and only weakly altered by rapid
changes in the accretion flow we expect that tempo-
ral averaging of the visibilities across multiple observing
epochs will diminish the importance of such changes.
The VLBI measurement itself must surmount system-

atic limitations to make the moderate dynamic range
measurements proposed here. Chief among these is the
di"culty of calibrating the noise level at individual sta-
tions, which imposed a 5% uncertainty in Fish et al.
(2011) with the three-station array. In observations with
the larger array considered here, there will be many more
internal cross-checks available to improve the relative cal-
ibration of stations (the absolute calibration is not im-
portant). In particular, the use of three phased inter-
ferometers (Mauna Kea, CARMA, ALMA) that simul-
taneously record conventional interferometric data will
permit scan-by-scan cross calibration of the amplitude
scale of the array.
Furthermore, the larger arrays will be able to make use

of closure phases and closure amplitudes that are immune
to calibration errors as part of the ring detection, al-
though we have ignored such procedures here because of
the di"culty of simply parameterizing the improvement
they can permit. Other e!ects, such as the coherence of
the reference systems between stations (reported as< 5%
in Fish et al. 2011) can be more carefully measured and
corrected to prevent them from imposing fundamental
limitations to the ring detection.

3. OTHER SOURCES

Besides Sgr A*, there exist other nearby supermas-
sive black holes, for which a combination of dynami-
cal measurements and VLBI observations could be feasi-
ble. Since these supermassive black holes are located in
host galaxies other than the Milky Way, observations are

much less a!ected by interstellar scattering. As an exam-
ple, Broderick & Loeb (2009) and Takahashi &Mineshige
(2011) analyzed the prospects of imaging the shadow of
M87 with VLBI observations at several di!erent wave-
lengths.

µ
λ

λ

λ

Fig. 4.— Angular diameters and distances of several supermas-
sive black holes. Sgr A* has the largest angular diameter, closely
followed by M87 due to its high mass, making these sources ideal
targets for VLBI imaging. Data taken from Gültekin et al. (2009).

In Figure 4, we plot the angular diameter of the pho-
ton rings against the distances of a collection of nearby
supermassive black holes. Sgr A* is closest to us and has
the largest angular diameter, closely followed by M87
and M31 due to their large black hole masses. The top
dashed line indicates the resolution of a telescope array
with a baseline equal to the diameter of the Earth (from
equation (5)) at a wavelength of 1 mm. For comparison,
we also show the resolution of a future space telescope
located at 30% the distance to the moon (comparable to
the orbit of Chandra) at a wavelength of 0.5 mm corre-
sponding to an angular diameter of about 1 µarcsec as
well as of the proposed Millimetron mission (Wild et al.
2009) at a distance of 3 ! 105 km and a wavelength of
" = 0.4 mm.
In order to be able to resolve the photon ring with

VLBI, the key question is whether the accretion flow of
the target supermassive black hole is optically thin. In
some cases, the spectra of these sources peak at wave-
lengths near "max " 1 mm, similar to the spectrum
of Sgr A*, suggesting that the emission comes from an
ADAF (Di Matteo et al. 2000; Doi et al. 2005). Naively,
we would expect an approximately linear scaling of the
electron density of an ADAF with the ratio M/Ṁ of the
black hole, where Ṁ is its mass accretion rate. The de-
tails of such a relation depend on a variety of factors, such
as the temperature profile, the emissivity, and the radia-
tive e"ciency. However, most of the nearby supermassive
black holes have very low radiative e"ciencies (Ho 2009).
Therefore, it is plausible that the accretion flows of these
nearby supermassive black holes become optically thin at
wavelengths that are comparable to 1 mm making them
accessible to VLBI observations. Such observations are
best carried out at wavelengths near the flux peak, where





Orbits of  Stars around Sgr A* 






