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Preface

It is with great joy that we present a collection of essays written in
honour of Jayant Vishnu Narlikar, who completed 60 years of age on
July 19, 1998, by his friends and colleagues, including several of his for-
mer students. Jayant has had a long research career in astrophysics and
cosmology, which he began at Cambridge in 1960, as a student of Sir
Fred Hoyle. He started his work with a big bang, expounding on the
steady state theory of the Universe and creating a new theory of gravity
inspired by Mach’s principle. He also worked on action-at-a-distance
electrodynamics, inspired by the explorations of Wheeler, Feynman and
Hogarth in that direction. This body of work established Jayant’s rep-
utation as a bold and imaginative physicist who was ever willing to
take a fresh look at fundamental issues, undeterred by conventional wis-
dom. This trait, undoubtedly inherited from his teacher and mentor,
has always remained with Jayant. It is now most evident in his untir-
ing efforts to understand anomalies in quasar astronomy, and to develop
the quasi-steady state cosmology, along with a group of highly distin-
guished astronomers including Halton Arp, Geoffrey Burbidge and Fred
Hoyle. In spite of all this iconoclastic activity, Jayant remains a part of
the mainstream; he appreciates as well as encourages good work along
conventional lines by his students and colleagues. This is clear from the
range of essays included in this volume, and the variety and distribution
of the essayists.

After a long stay in Cambridge, Jayant moved to the Tata Institute
of Fundamental Research in Mumbai (then Bombay) in 1972. There he
inspired several research students to work in gravitational theory and its
many classical and quantum applications to cosmology and astrophysics,
and established collaborations with his peers, which led to a fine body
of work over the next 15 years. But perhaps his most enduring contri-
bution of this period was to forge a link between distinguished senior

X



X  THE UNIVERSE

relativists in India, and the younger generation of aspiring researchers.
This has led to the formation of a warm and congenial community, spread
throughout the country, working in relativity, cosmology and theoretical
astrophysics. During this period Jayant also worked hard at the popu-
larization of science, through the press, television and most importantly
through talks to ever increasing audiences. This not only exposed peo-
ple to good science, but it also helped to establish Jayant as one of the
public figures of science in India. Jayant has used his formidable repu-
tation and influence, developed during this period, for the advancement
of science in India, always in a very quiet manner.

In 1988, inspired and aided by Professor Yashpal, then Chairman of
the University Grants Commission, Jayant set up the Inter-University
Centre for Astronomy and Astrophysics at Pune. Through this centre
he has been able to open up for the university community avenues for
excellent research in these areas. Jayant’s broad vision, and his readiness
to encourage every shade of opinion and to bring out the best in his
colleagues, has enabled IUCAA to develop an international reputation.
The centre is now seen as an example of how the energies of the research
institutes and universities in India, usually considered disparate, could
be harnessed together to excellent effect.

It is the general practice to list, in a volume of this kind, the scien-
tific and other works of the person it seeks to honour. The list in the
present case would have been rather unusually long, and we have there-
fore decided, in consultation with Jayant, that we will enumerate only
his scientific books. These expose much of the work he has presented
elsewhere in the form of research papers and review articles. They also
present highly readable and often pedagogic accounts of modern astro-
physics, and will surely continue to be read for a long time to come.
Amongst the works that we will leave unlisted will be his contributions
to the annals of science fiction, which have helped much to endear him
to the general public. In this matter too Jayant has followed in the steps
of Fred Hoyle.

Naresh Dadhich
Ajit Kembhavi
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Chapter 1

OBSERVATIONS AND THEORY'

Halton Arp
Maz-Planck Institut fir Astrophysik
Garching, Germany

1. INTRODUCTION

The most predictable observation concerning theories is that they will
probably always turn out to be wrong. From Ptolemy to phlogisten these
excercises have wasted untold model calculations and obsoleted endless
sermons. Nevertheless, for the last 77 years, eschewing all humility,
orthodox science has insisted on the theory that the entire universe was
created instantaneously out of nothing. Observations for the last 33
years have shown this to be wrong - but these basic facts of science have
been rejected on the grounds there was no theory to "explain” them.

Since 1977, however, there has not even been this feeble excuse for
abandoning empiricism. That was the year in which Jayant Narlikar
published a short paper in Annals of Physics (107, p325). The paper
outlined how a more general solution of the equations of general rela-
tivity permitted matter to be ”created” i. e. enter a black hole and
remerge somewhere from a white hole without passing through a singu-
larity where physics just broke down. This was not just another play
with words because it turned out that the newly created matter would
have to have a high intrinsic redshift. The latter is just what observa-
tions with optical and radio telescopes had been requiring since 1966!

As contradictory cases mounted over the years, the Big Bang theory
had to be rescued by postulating an ever increasing number of adjustable
parameters. As a consequence there is today a giant tsunami of evi-
dence cresting above the Big Bang. It demonstrates continual creation
of galaxies and evolution of intrinsic redshift in an indefinitely old and

1Editors’ note: Dr. Halton Arp has requested that his contribution be presented as two
separate articles, which we do in this chapter and the next.
1

N. Dadhich and A. Kembhavi (eds.), The Universe, 1-6.
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2  THE UNIVERSE

large universe. By now we can start anywhere with this evidence so let
us start with new results on a class of objects called active galaxies.

2. ACTIVE GALAXIES

In the preceding paper, preliminary investigation of two Ultra Lumi-
nous Infrared Galaxies (ULIRG”s) are reported. It is clear that these
very disturbed objects are being torn apart during the process of eject-
ing high redshift quasars. Empirical evolutionary sequences show that
the ULIRG’s themselves are very active galaxies recently evolved from
quasars. Therefore they also possess an appreciable component of in-
trinsic redshift. Conventionally this redshift gives too large a distance
and this is why these objects are considered to be so ”overluminous”.
As we shall comment later, however, they do not look at all like the
most luminous galaxies of which we have certain knowledge. Instead
they resemble small, active companion galaxies to larger, older parent
galaxies. For example, Markarian 273 is an obvious companion to the
large, nearby spiral, Messier 101.

The defining characteristic of active galaxies is that they show enor-
mous concentrations of energy inside very small nuclei. They also show
optical, radio and X-ray jets and plumes of material emerging from their
centers. The latter is not surprising since the concentrated energy must
expand and escape somehow. It has been accepted for about 40 years
that active galaxies eject radio material so it is difficult to understand
why the ejections associated with quasars are not recognized. But the
expulsion of material is clearly responsible for the disrupted appearance
of the active galaxies. Why then does conventional astronomy make an
enormous industry out of a completely different, ad hoc explanation for
morphologically disturbed galaxies - namely mergers!

3. MERGERS?

What is the conventional view of disturbed galaxies and ULIRG’s? It
is that two independent galaxies are merging. One galaxy sees another
and heads directly for it. In its excitement it forgets about angular
momentum and unerringly scores a direct hit. To judge how reasonable
this is one could ask how many comets are perturbed into the solar
system and proceed to plunge directly into the sun?

In all honesty, however, I must admit that my long term scorn for the
merger scenario has been tempered by recent evidence on ejection from
active galaxies. For many years it was clear that there was a tendency
for galaxies to eject along their minor axes. But recently there have
been some cases where ejection has been aligned with striking accuracy
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along the minor axis (6 quasars from NGC3516 , Chu et al. 1998, and
five Quasars and four companion galaxies from NGC5985, Arp 1999).
It is clear that proto galaxies ejected exactly out along the minor axis,
and evolving into companion galaxies as they eventually fall back (Arp
1997;1998) will have little or no angular momentum and therefore move
on plunging orbits. Their chances of colliding with the parent galaxy are
therefore much greater than if they were field galaxies. So maybe there
is some usefulness after all to those many detailed calculations which
have been carried out on colliding galaxies.

But when the ejection of protogalactic material takes place in the
plane or tries to exit through the substance of the parent galaxy then
an entirely different scenario develops. Using the low mass creation
theory, one can now begin to connect these events with previously un-
interpretable observations.

4. SUPERFLUID

In 1957 the famous Armenian astronomer Ambartsumian concluded
from looking at survey photographs that galaxies were formed by ejec-
tion from other galaxies. As an accomplished astrophysicist he realized
that would require ejection in an initially non-solid form form but with
properties different from a normal plasma. He called it ”superfluid”. In
spite of general agreement that Ambartsumian was a great scientist his
important conclusion about the formation of galaxies has been ignored.

But now the Hoyle-Narlikar variable mass theory is required to ex-
plain the high intrinsic redshifts of the quasars ejected from galaxies.
The creation of mass in the centers of galaxies with this same variable
mass theory then also solves the major problem which must have caused
Ambartsumian to use the term ”superfluid”, namely that a normal, hot
plasma expanding from the small dimensions of a galaxy nucleus would
not have been able to condense into a new galaxy. In contrast, as the
particles in the newly created plasma age they gain mass and, in or-
der to conserve momentum, must slow their velocity. This means the
plasma cools as it ages and also its self gravitation increases - both fac-
tors working in the direction of condensing the material into a proto
galaxy.

The second major obstacle overcome by starting the particles off with
near zero mass is the initial velocity of ejection. Observations have shown
examples of ejected material in jets approaching closer and closer to the
speed of light. Physicists believe that as a particle approaches the speed
of light its mass must approach infinity. In other words one has to pump
an enormous amount of energy into a huge number of particles to get
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the velocities (gamma factors) which are implied by the observations. If
the particles are initially near zero mass, however, they are almost all
energy and are emerging naturally with near the signal velocity, c.

In M87, the very strong radio galaxy in the Virgo Cluster, knots in the
jet have been measured by their proper motion to have apparent outgo-
ing velocities of 5 to 6 ¢c. But further out along this jet we find quasars
and companion galaxies which the knots must evolve into. Now, how-
ever, all the calculations based on the assumption that the knots consist
of normal plasma will have to be redone with a low mass plasma, e.g.
the calculations of supposed shock fronts and containment envelopes.

(See Arp 1998,1999)

5. EXPLODING GALAXIES

There is a strong (and in some cases almost perfect) tendency for
quasars to be initially ejected out along the minor axis and also ordered
in descending redshift with angular separation. Nevertheless there are
some cases where quasars are found close to their galaxy of origin but
not ordered in redshift. The key to understanding this situation lies in
the observation that the nearby galaxy of origin is usually spectacularly
disrupted. What could cause this disruption? The obvious inference is
that the process of ejection has, somehow, fragmented the galaxy when
the ejection is not out along the minor axis.

At this particular point the usefulness of the variable mass theory
becomes especially apparent. We are able to visualize a cloud of low
particle mass material pushing out against the material of the galaxy,
initially with velocity c¢. Low mass particle cross sections are large and
eject and entrain the material of the galaxy into long, emerging jets.
The initial pulse of energy concentrated at the center of the galaxy plus
the sudden decentralization of mass explodes and tears asunder the par-
ent galaxy. Moreover, the new material is retarded and fragmented so
that it develops into many smaller new proto galaxies much closer to
the, by now, thoroughly disrupted galaxy. This is the case where the
new material does not exit along the minor axis.This is exactly what is
observed as shown here in Figures 1 and 2.

Here the disrupted galaxy is 53W003 (a blue, radio, galaxy). As the
picture shows it has been disrupted into at least three pieces. A pair of
almost perfectly aligned quasars of z = 2.389 and z = 2.392 have ap-
parently come out fairly unimpeded. (There are, as expected, brighter
quasars of z = 1.09 and z = 1.13 about 7 arcmin further along in this
direction). The rest of the quasars, about 18 similarly high redshift ob-
jects, have wound up in a cloud only about 1.5 arcmin from the disrupted
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Figure 1.1 Part of a 4m PF-CCD field in the F410M filter (41504, filter width 150A).
The WFPC2 search fields are outlined - plus signs show non-AGN Ly a emitters.
Quasars in the cluster are circled with z marked. From Keel et al. 1998.

Figure 1.2 Enlargement of z = .05 galaxy in Fig.1. Note how this blue radio galaxy,
53W003, has multiple components. Image courtesy W. Keel.
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galaxy. Evidently they represent some low mass plasma that was bro-
ken up into smaller clouds in its violent exit from the galaxy. In support
of this scenario, high resolution, Hubble Telescope images of these high
redshift objects show them to be blue and irregular. At their conven-
tional redshift distance they would have absolute magnitudes of M =
-24 mag. - well into the supposed quasar range of luminosity. Yet they
have an extended morphology, whereas, in general, brighter quasars of
the same redshift are point-like.

More broadly, this leads me to comment that the faint images in
the famous Hubble Deep Field exposure which have such large redshifts
are of predominantly blue, irregular morphology. At their conventional
redshift distance they should be enormously luminous. But all our ex-
perience with genuinely luminous galaxies indicates such galaxies should
be massive, relaxed, equilibrium forms - like E galaxies, or at least Sb’s.
These Hubble Deep Field objects have ragged, irregular looking dwarf
morphology. Instead of a new kind of object suddenly discovered in the
universe would it not be plausible that they are really relatively nearby
dwarfs but simply have high redshifts because they are young?

6. A USEFUL THEORY

Speaking for myself, the Narlikar general solution of the relativistic
field equations has been a salvation. It has opened up possibilities of
understanding the observational facts - facts which must be accounted
for if we are to have a science. In the dogma of current astronomy,
evidence no matter how many times confirmed, cannot be accepted if it
does not fit Big Bang assumptions. With the the variable mass theory,
however, essentially all the salient observational facts can be related to
each other in a physically understandable, reasonable way. Even if it is
only a stepping stone to a future, deeper theory - I must say, thank you
Jayant.

References
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Chapter 2

EJECTION FROM ULTRALUMINOUS
INFRARED GALAXIES

Halton Arp
Maz-Planck Institut fir Astrophysik
Garching, Germany

Abstract

Active galaxies, particularly Seyferts, have been shown to eject ma-
terial in various forms including quasars with high intrinsic redshifts.
A class of active galaxy which has so far not been analyzed from this
standpoint is the so called Ultra Luminous Infrared Galaxies (ULRIG’s).
Here we report the very beginning of an analysis of the three most lu-
minous examples of such galaxies. Aided by the availability of the new
VLA all sky radio surveys it is clear that these ULRIG’s show especially
strong evidence for ejection in optical, radio and X-ray wavelengths .
These ejections are strikingly connected with adjacent quasars, both
with those of known redshifts and those which are candidate quasars
waiting to be confirmed.

1. MARKARIAN 273

This is a torn apart galaxy with a brilliant, long optical jet. At a
conventional distance corresponding to its redshift (z = .038) it is one of
the most luminous galaxies known in red wavelengths. Hence it is called
an Ultra Luminous Infrared Galaxy (ULIRG). When observed in X-rays
the galaxy has an active center. Only 1.3 arcmin NE, right at the end
of a broad optical filament, lies another X-ray source (see Figure 2.1).
When the spectrum of this companion (Mark273x) was taken it was
reported as z = .038, the same as the central galaxy. Naturally this was
interpreted as showing that Mark273x was a "dwarf” Seyfert interacting
with Mark273. Fortunately the investigators checked the spectrum (Xia
et al. [2], [3]). They found they had accidentally measured an HII region

7
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8  THE UNIVERSE

Figure 2.1 Copy of R film from POSSII. The X-ray contours around Mark273x (up-
per left) and Mark273 (center) are from Xia et al. [2]. Redshifts of each object as
measured by Xia et al. [3]. Photographs to fainter surface brightnesses show luminous
material extending in the direction of, and almost to, Mark273x.

in Mark273 and that Mark273x was actually a high redshift object of z
= .458.

As in untold numbers of similar cases, as soon as the high redshift
of the companion was discovered it was relegated to the background
as an unassociated object. But, embarassingly, in this case it had al-
ready been claimed to be associated at the same distance. Tracking
down the X-ray map of this system revealed at a glance that the z =
.038 galaxy and the z = .458 companion were elongated toward each
other! Moreover there was a significant excess of X-ray sources around
the active central galaxy indicating further physically associated X-ray
sources. Two of the brightest lay only 6.2 and 6.6 arcmin to the SE.
The first was a catalogued quasar of z = .941 and the second an obvious
quasar candidate whose redshift needs to be measured. As shown in
Figure 2.2 there are both X-ray and radio jets emanating from Mark273
in the direction of these two additional quasars. Moreover the fainter
radio emissions form two separate filaments leading directly to the two
quasars. On a deep optical plate one can see the beginning of these
two filaments starting SE from the strong optical jet which dominates
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Figure 2.2 Radio map from the NRAO VLA Sky Survey (NVSS). The four brightest
X-ray sources in the region are marked with X’s. The direction of the X-ray jet from
Mark273 is indicated by an arrow. Faint radio filaments lead southeastward to the
quasar (z = 0.941) and the the quasar candidate (V = 18.1 mag.). This is generally
along the line of the main radio and X-ray extensions from Mark273. Note also the
exact alignment of Mark273x and the strong radio source to the SW across Mark273.

Mark273. (See deep R photograph of Mark 273 on web page of John
Hibbard, www.cv.nrao.edu/ jhibbard)

This active galaxy appears to be ejecting optical, X-ray and radio ma-
terial in two roughly orthogonal directions. (Note the exact alignment
of 273x with the strong radio source to the SW of Mark273.) Associated
with these ejections are high redshift quasars and quasar-like objects.
Although all of these kinds of ejections have been observed many time
before (see Arp [1] for a review), the ULIRG galaxies seem to be es-
pecially active. The authors of the original paper measuring Mark273x
(Xia et al. [2]) report that in correlating ROSAT X-ray sources with
ULIRG’s: ”...we find that some ULIRG’s have soft X-ray companions
within a few arcminutes of each source” and ” This phenomenon was first
mentioned by Turner, Urry and Mushotzky (1993)...”. Later (Xia et al.
[3]) state: "It is interesting to note in passing that the X-ray compan-
ions of the three nearest ULIGs (Arp 220, Mrk 273 and Mrk 231) are all
background sources...”.

Just a glance at two of the other most luminous ULIRG’s (Mark231
and Arp220) shows similar evidence for ejection from these enormously
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Figure 2.8 High resolution radio map centered on Mark231 (at 20 cm from VLA
FIRST). Note puff of radio material just below the ULIRG and double nature of
radio sources paired across Mark231.

disturbed galaxies. I will show now some preliminary evidence for Mark231
but it is already clear that there appear to be strong X-ray sources, radio
ejections and physically associated high redshift objects connected to all
three of these ULIRG's.

2. MARKARIAN 231

Figure 2.3shows a 30x30 arcmin radio map around Mark231. The im-
ages are high resolution 20cm from the VLA FIRST survey (www.nrao.edu).
The brightest object in the center is Mark231. There is a puff of ra-
dio material immediately below the galaxy. Forming a striking pair
across Mark231 are radio sources both of which are close doubles. The
multiplicity of these flanking sources is unusual and suggests secondary
ejection. At the least these radio sources are strongly indicated to be
associated with the central, active galaxy.

Figure 2.4 shows an approximately 19x19 arcmin continuum radio
map at lower resolution but fainter surface brightness. Here we see a
continuous radio extension to the East of Mark231 including the multiple
source seen previously on the higher resolution map. In addition we see a
radio extension to the West, in the direction of the strong, close double
source. There is also a string of small sources extending northward
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Figure 2./ Contour maps of low surface brightness radio material around Mark231.
Continuous connection of radio material to the east of the galaxy contains blue quasar
candidates with the labeled, V apparent magnitudes. The remaining radio sources
have quasar candidates at the marked positions. The strong double source to the
west falls close to a quasar candidate of V = 16.4 mag. The only catalogued quasar
in the field is faint and of z = 1.27.

from the central galaxy. We appear to be seeing another example of
ejection in roughly orthogonal directions. ( It is interesting to note that
at FIRST resolution the strong radio source opposite Mark273x is also
a close double.)

Two color APM finding charts have been centered at the positions of
some of the radio sources indicated in Fig. 4. The charts reveal blue,
candidate quasar images quite close to the radio positions. They are
labeled in Fig. 4 with plus signs and the apparent visual magnitude of
the candidate. They need to be analyzed spectroscopically but it can
already be noted that the candidate at the position of the eastern radio
lobe (V=19.3 mag.) is very blue and therefore highly probable. The
strong western (double) source is close to a bright (V=16.4 mag.) can-
didate which has fainter candidates aligned across it - suggestive again
of secondary ejection. The only catalogued quasar has z = 1.27 and is lo-
cated in the direction of the western radio extension from Mark231. The
X-ray maps are in the process of being analyzed and will undoubtedly
add considerably to the understanding of the Mark231 region. Similarly,
X-ray and radio maps of Arp220 are being analyzed and together with
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Mark273 and Mark231 will form a representative sample of the most
active infrared excess galaxies.

3. CONCLUSION

In the case of the tendency for long lines of ordered quasars to come
out along the minor axes of disk galaxies [1] it was suggested that ejec-
tions encountered the least resistance along this spin axis. It is suggested
here that if the ejections try to penetrate any appreciable material in
the parent galaxy that they will expel and entrain gas and dust and
dynamically rupture the galaxy. The production of new material in the
centers of such galaxies would then then be responsible for the energetic
X-ray and radio jets, the explosive morphology and the numbers of high
energy, intrinsically redshifted quasars found nearby.
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Abstract

Over the past six years, a detailed framework has been constructed
to unravel the quantum nature of the Riemannian geometry of physical
space. A review of these developments is presented at a level which
should be accessible to graduate students in physics. As an illustrative
application, I indicate how some of the detailed features of the micro-
structure of geometry can be tested using black hole thermodynamics.
Current and future directions of research in this area are discussed.

1. INTRODUCTION

During his Géttingen inaugural address in 1854, Riemann [1] sug-
gested that geometry of space may be more than just a fiducial, math-
ematical entity serving as a passive stage for physical phenomena, and
may in fact have direct physical meaning in its own right. General rela-
tivity provided a brilliant confirmation of this vision: curvature of space
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now encodes the physical gravitational field. This shift is profound. To
bring out the contrast, let me recall the situation in Newtonian physics.
There, space forms an inert arena on which the dynamics of physical
systems —such as the solar system— unfolds. It is like a stage, an un-
changing backdrop for all of physics. In general relativity, by contrast,
the situation is very different. Einstein’s equations tell us that matter
curves space. Geometry is no longer immune to change. It reacts to
matter. It is dynamical. It has “physical degrees of freedom” in its own
right. In general relativity, the stage disappears and joins the troupe of
actors! Geometry is a physical entity, very much like matter.

Now, the physics of this century has shown us that matter has con-
stituents and the 3-dimensional objects we perceive as solids are in fact
made of atoms. The continuum description of matter is an approxima-
tion which succeeds brilliantly in the macroscopic regime but fails hope-
lessly at the atomic scale. It is therefore natural to ask: Is the same true
of geometry? If so, what is the analog of the ‘atomic scale?” We know
that a quantum theory of geometry should contain three fundamental
constants of Nature, ¢, G, i, the speed of light, Newton’s gravitational
constant and Planck’s constant. Now, as Planck pointed out in his cele-
brated paper that marks the beginning of quantum mechanics, there is
a unique combination, £p = 1/hG/c3, of these constants which has di-
mension of length. (£p ~ 10733cm.) It is now called the Planck length.
Experience has taught us that the presence of a distinguished scale in
a physical theory often marks a potential transition; physics below the
scale can be very different from that above the scale. Now, all of our well-
tested physics occurs at length scales much bigger than than /p. In this
regime, the continuum picture works well. A key question then is: Will
it break down at the Planck length? Does geometry have constituents
at this scale? If so, what are its atoms? Its elementary excitations?
Is the space-time continuum only a ‘coarse-grained’ approximation? Is
geometry quantized? If so, what is the nature of its quanta?

To probe such issues, it is natural to look for hints in the procedures
that have been successful in describing matter. Let us begin by asking
what we mean by quantization of physical quantities. Take a simple ex-
ample —the hydrogen atom. In this case, the answer is clear: while the
basic observables —energy and angular momentum- take on a continuous
range of values classically, in quantum mechanics their eigenvalues are
discrete; they are quantized. So, we can ask if the same is true of geom-
etry. Classical geometrical quantities such as lengths, areas and volumes
can take on continuous values on the phase space of general relativity.
Are the eigenvalues of corresponding quantum operators discrete? If so,
we would say that geometry is quantized and the precise eigenvalues and
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eigenvectors of geometric operators would reveal its detailed microscopic
properties.

Thus, it is rather easy to pose the basic questions in a precise fashion.
Indeed, they could have been formulated soon after the advent of quan-
tum mechanics. Answering them, on the other hand, has proved to be
surprisingly difficult. The main reason, I believe, is the inadequacy of
standard techniques. More precisely, to examine the microscopic struc-
ture of geometry, we must treat Einstein gravity quantum mechanically,
1.e., construct at least the basics of a quantum theory of the gravitational
field. Now, in the traditional approaches to quantum field theory, one
begins with a continuum, background geometry. To probe the nature of
quantum geometry, on the other hand, we should not begin by assuming
the validity of this picture. We must let quantum gravity decide whether
this picture is adequate; the theory itself should lead us to the correct
microscopic model of geometry.

With this general philosophy, in this article I will summarize the pic-
ture of quantum geometry that has emerged from a specific approach to
quantum gravity. This approach is non-perturbative. In perturbative
approaches, one generally begins by assuming that space-time geome-
try is flat and incorporates gravity —and hence curvature— step by step
by adding up small corrections. Discreteness is then hard to unravell.
In the non-perturbative approach, by contrast, there is no background
metric at all. All we have is a bare manifold to start with. All fields
—matter as well as gravity/geometry— are treated as dynamical from the
beginning. Consequently, the description can not refer to a background
metric. Technically this means that the full diffeomorphism group of the
manifold is respected; the theory is generally covariant.

As we will see, this fact leads one to Hilbert spaces of quantum states
which are quite different from the familiar Fock spaces of particle physics.
Now gravitons —the three dimensional wavy undulations on a flat metric—
do not represent fundamental excitations. Rather, the fundamental ex-
citations are one dimensional. Microscopically, geometry is rather like
a polymer. Recall that, although polymers are intrinsically one dimen-
sional, when densely packed in suitable configurations they can exhibit
properties of a three dimensional system. Similarly, the familiar con-
tinuum picture of geometry arises as an approximation: one can regard
the fundamental excitations as ‘quantum threads’ with which one can
‘weave’ continuum geometries. That is, the continuum picture arises
upon coarse-graining of the semi-classical ‘weave states’. Gravitons are
no longer the fundamental mediators of the gravitational interaction.
They now arise only as approximate notions. They represent pertur-
bations of weave states and mediate the gravitational force only in the
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semi-classical approximation. Because the non-perturbative states are
polymer-like, geometrical observables turn out to have discrete spectra.
They provide a rather detailed picture of quantum geometry from which
physical predictions can be made.

The article is divided into two parts. In the first, I will indicate
how one can reformulate general relativity so that it resembles gauge
theories. This formulation provides the starting point for the quantum
theory. In particular, the one-dimensional excitations of geometry arise
as the analogs of ‘Wilson loops’ which are themselves analogs of the line
integrals expi § A.d¢ of electro-magnetism. In the second part, I will
indicate how this description leads us to a quantum theory of geometry. I
will focus on area operators and show how the detailed information about
the eigenvalues of these operators has interesting physical consequences,
e.g., to the process of Hawking evaporation of black holes.

I should emphasize that this is not a technical review. Rather, it is
written in the same spirit that drives Jayant’s educational initiatives. I
thought this would be a fitting way to honor Jayant since these efforts
have occupied so much of his time and energy in recent years. Thus
my aim is present to beginning researchers an overall, semi-quantitative
picture of the main ideas. Therefore, the article is written at the level of
colloquia in physics departments in the United States. I will also make
some historic detours of general interest. At the end, however, I will list
references where the details of the central results can be found.

2. FROM METRICS TO CONNECTIONS

2.1 GRAVITY VERSUS OTHER
FUNDAMENTAL FORCES

General relativity is normally regarded as a dynamical theory of met-
rics —tensor fields that define distances and hence geometry. It is this
fact that enabled Einstein to code the gravitational field in the Rieman-
nian curvature of the metric. Let me amplify with an analogy. Just as
position serves as the configuration variable in particle dynamics, the
three dimensional metric of space can be taken to be the configuration
variable of general relativity. Given the initial position and velocity of
a particle, Newton’s laws provide us with its trajectory in the position
space. Similarly, given a three dimensional metric and its time derivative
at an initial instant, Einstein’s equations provide us with a four dimen-
sional space-time which can be regarded as a trajectory in the space of
3-metrics 2.

However, this emphasis on the metric sets general relativity apart
from all other fundamental forces of Nature. Indeed, in the theory of
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electro-weak and strong interactions, the basic dynamical variable is a
(matrix-valued) vector potential, or a connection. Like general relativ-
ity, these theories are also geometrical. The connection enables one to
parallel-transport objects along curves. In electrodynamics, the object
is a charged particle such as an electron; in chromodynamics, it is a
particle with internal color, such as a quark. Generally, if we move the
object around a closed loop, we find that its state does not return to
the initial value; it is rotated by an unitary matrix. In this case, the
connection is said to have curvature and the unitary matrix is a mea-
sure of the curvature in a region enclosed by the loop. In the case of
electrodynamics, the connection is determined by the vector potential
and the curvature by the electro-magnetic field strength.

Since the metric also gives rise to curvature, it is natural to ask if there
is a relation between metrics and connections. The answer is in the af-
firmative. Every metric defines a connection —called the Levi-Civita
connection of the metric. The object that the connection enables one to
parallel transport is a vector. (It is this connection that determines the
geodesics, i.e. the trajectories of particles in absence of non-gravitational
forces.) It is therefore natural to ask if one can not use this connection
as the basic variable in general relativity. If so, general relativity would
be cast in a language that is rather similar to gauge theories and the
description of the (general relativistic) gravitational interaction would
be very similar to that of the other fundamental interactions of Nature.
It turns out that the answer is in the affirmative. Furthermore, both
Einstein and Schrodinger gave such a reformulation of general relativity.
Why is this fact then not generally known? Indeed, I know of no text-
book on general relativity which even mentions it. One reason is that in
their reformulation the basic equations are somewhat complicated —but
not much more complicated, I think, than the standard ones in terms
of the metric. A more important reason is that we tend to think of
distances, light cones and causality as fundamental. These are directly
determined by the metric and in a connection formulation, the metric is
a ‘derived’ rather than a fundamental concept. But in the last few years,
I have come to the conclusion that the real reason why the connection
formulation of Einstein and Schrodinger has remained so obscure may
lie in an interesting historical episode. I will return to this point at the
end of this section.

2.2 METRICS VERSUS CONNECTIONS

Modern day researchers re-discovered connection theories of gravity
after the invention and successes of gauge theories for other interac-
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tions. Generally, however, these formulations lead one to theories which
are quite distinct from general relativity and the stringent experimen-
tal tests of general relativity often suffice to rule them out. There is,
however, a reformulation of general relativity itself in which the basic
equations are simpler than the standard ones: while Einstein’s equations
are non-polynomial in terms of the metric and its conjugate momentum,
they turn out to be low order polynomials in terms of the new connec-
tion and its conjugate momentum. Furthermore, just as the simplest
particle trajectories in space-time are given by geodesics, the ‘trajec-
tory’ determined by the time evolution of this connection according to
Einstein’s equation turns out to be a geodesic in the configuration space
of connections.

In this formulation, the phase space of general relativity is identical to
that of the Yang-Mills theory which governs weak interactions. Recall
first that in electrodynamics, the (magnetic) vector potential constitutes
the configuration variable and the electric field serves as the conjugate
momentum. In weak interactions and general relativity, the configura-
tion variable is a matrix-valued vector potential; it can be written as
A;7; where A, is a triplet of vector fields and 7; are the Pauli matrices.
The conjugate momenta are represented by E;7; where E; is a triplet of
vector fields®. Given a pair (A;, E;) (satisfying appropriate conditions
as noted in footnote 2), the field equations of the two theories determine
the complete time-evolution, i.e., a dynamical trajectory.

The field equations —and the Hamiltonians governing them- of the two
theories are of course very different. In the case of weak interactions,
we have a background space-time and we can use its metric to construct
the Hamiltonian. In general relativity, we do not have a background
metric. On the one hand this makes life very difficult since we do not
have a fixed notion of distances or causal structures; these notions are to
arise from the solution of the equations we are trying to write down! On
the other hand, there is also tremendous simplification: Because there
is no background metric, there are very few mathematically meaningful,
gauge invariant expressions of the Hamiltonian that one can write down.
(As we will see, this theme repeats itself in the quantum theory.) It is
a pleasant surprise that the simplest non-trivial expression one can con-
struct from the connection and its conjugate momentum is in fact the
correct one, i.e., is the Hamiltonian of general relativity! The expression
is at most quadratic in A; and at most quadratic in E;. The similarity
with gauge theories opens up new avenues for quantizing general relativ-
ity and the simplicity of the field equations makes the task considerably
easier.
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What is the physical meaning of these new basic variables of gen-
eral relativity? As mentioned before, connections tell us how to parallel
transport various physical entities around curves. The Levi-Civita con-
nection tells us how to parallel transport vectors. The new connection,
A, on the other hand, determines the parallel transport of left handed
spz'n—% particles (such as the fermions in the standard model of particle
physics) —the so called chiral fermions. These fermions are mathemati-
cally represented by spinors which, as we know from elementary quantum
mechanics, can be roughly thought of as ‘square roots of vectors’. Not
surprisingly, therefore, the new connection is not completely determined
by the metric alone. It requires additional information which roughly
is a square-root of the metric, or a tetrad. The conjugate momenta E;
represent restrictions of these tetrads to space. They can be interpreted
as spatial triads, i.e., as ‘square-roots’ of the metric of the 3-dimensional
space. Thus, information about the Riemannian geometry of space is
coded directly in these momenta. The (space and) time-derivatives of
the triads are coded in the connection.

To summarize, there is a formulation of general relativity which brings
it closer to theories of other fundamental interactions. Furthermore, in
this formulation, the field equations simplify greatly. Thus, it provides a
natural point of departure for constructing a quantum theory of gravity
and for probing the nature of quantum geometry non-perturbatively.

2.3 HISTORICAL DETOUR

To conclude this section, let me return to the piece of history involving
Einstein and Schrédinger that I mentioned earlier. In the forties, both
men were working on unified field theories. They were intellectually very
close. Indeed, Einstein wrote to Schrodinger saying that he was perhaps
the only one who was not ‘wearing blinkers’ in regard to fundamental
questions in science and Schrodinger credited Einstein for inspiration
behind his own work that led to the Schrodinger equation. Einstein
was in Princeton and Schrodinger in Dublin. But During the years
1946-47, they frequently exchanged ideas on unified field theory and,
in particular, on the issue of whether connections should be regarded as
fundamental or metrics. In fact the dates on their letters often show that
the correspondence was going back and forth with astonishing speed. It
reveals how quickly they understood the technical material the other
hand sent, how they hesitated, how they teased each other. Here are a
few quotes:

The whole thing is going through my head like a millwheel: To take I’
[the connection] alone as the primitive variable or the g’s [metrics| and
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Is? ..
—Schrodinger, May 1st, 1946.

How well I understand your hesitating attitude! I must confess to you

that inwardly I am not so certain ... We have squandered a lot of time

on this thing, and the results look like a gift from devil’s grandmother.
—Einstein, May 20th, 1946

Einstein was expressing doubts about using the Levi-Civita connec-
tion alone as the starting point which he had advocated at one time.
Schrodinger wrote back that he laughed very hard at the phrase ‘devil’s
grandmother’. In another letter, Einstein called Schrodinger ‘a clever
rascal’. Schrédinger was delighted and took it to be a high honor. This
continued all through 1946. Then, in the beginning of 1947, Schrodinger
thought he had made a breakthrough. He wrote to Einstein:

Today, I can report on a real advance. May be you will grumble fright-
fully for you have explained recently why you don’t approve of my
method. But very soon, you will agree with me...

—Schrédinger, January 26th, 1947

Schrodinger sincerely believed that his breakthrough was revolutionary
4, Privately, he spoke of a second Nobel prize. The very next day after he
wrote to Einstein, he gave a seminar in the Dublin Institute of Advanced
Studies. Both the Taoiseach (the Irish prime minister) and newspaper
reporters were invited. The day after, the following headlines appeared:

Twenty persons heard and saw history being made in the world of
physics. ... The Taoiseach was in the group of professors and students.
..[To a question from the reporter] Professor Schrodinger replied “This
is the generalization. Now the Einstein theory becomes simply a special

case ...”
—Irish Press, January 28th, 1947

Not surprisingly, the headlines were picked up by New York Times which
obtained photocopies of Schrodinger’s paper and sent them to promi-
nent physicists —including of course Einstein— for comments. As Walter
Moore, Schrodinger’s biographer puts it, Einstein could hardly believe
that such grandiose claims had been made based on a what was at best
a small advance in an area of work that they both had been pursuing for
some time along parallel lines. He prepared a carefully worded response
to the request from New York Times:

It seems undesirable to me to present such preliminary attempts to the
public. ... Such communiqués given in sensational terms give the lay
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public misleading ideas about the character of research. The reader gets
the impression that every five minutes there is a revolution in Science,
somewhat like a coup d’état in some of the smaller unstable republics.

Einstein’s comments were also carried by the international press. On
seeing them, Schrodinger wrote a letter of apology to Einstein citing
his desire to improve the financial conditions of physicists in the Dublin
Institute as a reason for the exaggerated account. It seems likely that this
‘explanation’ only worsened the situation. Einstein never replied. He
also stopped scientific communication with Schrodinger for three years.

The episode must have been shocking to those few who were exploring
general relativity and unified field theories at the time. Could it be
that this episode effectively buried the desire to follow up on connection
formulations of general relativity until an entirely new generation of
physicists who were blissfully unaware of this episode came on the scene?

3. QUANTUM GEOMETRY
3.1 GENERAL SETTING

Now that we have a connection formulation of general relativity, let us
consider the problem of quantization. Recall first that in the quantum
description of a particle, states are represented by suitable wave func-
tions ¥(x) on the classical configuration space of the particle. Similarly,
quantum states of the gravitational field are represented by appropriate
wave functions U(A;) of connections. Just as the momentum operator
in particle mechanics is represented by P-¥; = —ifi (U /0zr) (with I =
1,2,3), the triad operators are represented by E; - ¥ = —ihG (6T /6A;).
The task is to express geometric quantities, such as lengths of curves, ar-
eas of surfaces and volumes of regions, in terms of triads using ordinary
differential geometry and then promote these expressions to well-defined
operators on the Hilbert space of quantum states. In principle, the task
is rather similar to that in quantum mechanics where we first express
observables such as angular momentum or Hamiltonian in terms of con-
figuration and momentum variables x and p and then promote them to
quantum theory as well-defined operators on the quantum Hilbert space.

In quantum mechanics, the task is relatively straightforward; the only
potential problem is the choice of factor ordering. In the present case,
by contrast, we are dealing with a field theory, i.e., a system with an
infinite number of degrees of freedom. Consequently, in addition to fac-
tor ordering, we face the much more difficult problem of regularization.
Let me explain qualitatively how this arises. A field operator, such as
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the triad mentioned above, excites infinitely many degrees of freedom.
Technically, its expectation values are distributions rather than smooth
fields. They don’t take precise values at a given point in space. To
obtain numbers, we have to integrate the distribution against a test
function, which extracts from it a ‘bit’ of information. As we change
our test or smearing field, we get more and more information. (Take
the familiar Dirac d-distribution 6(z); it does not have a well-defined
value at z = 0. Yet, we can extract the full information contained in
§(z) through the formula: [d&(z)f(z)dz = f(0) for all test functions
f(x).) Thus, in a precise sense, field operators are distribution-valued.
Now, as is well known, product of distributions is not well-defined. If
we attempt naively to give meaning to it, we obtain infinities, i.e., a
senseless result. Unfortunately, all geometric operators involve rather
complicated (in fact non-polynomial) functions of the triads. So, the
naive expressions of the corresponding quantum operators are typically
meaningless. The key problem is to regularize these expressions, i.e., to
extract well-defined operators from the formal expressions in a coherent
fashion.

This problem is not new; it arises in all physically interesting quantum
field theories. However, as [ mentioned in the Introduction, in other the-
ories one has a background space-time metric and it is invariably used
in a critical way in the process of regularization. For example, consider
the electro-magnetic field. We know that the energy of the Hamilto-
nian of the theory is given by H = [(E-E+B-B)d3z. Now, in the
quantum theory, E and B are both operator-valued distributions and so
their square is ill-defined. But then, using the background flat metric,
one Fourier decomposes these distributions, identifies creation and anni-
hilation operators and extracts a well-defined Hamiltonian operator by
normal ordering, i.e., by physically moving all annihilators to the right of
creators. This procedure removes the unwanted and unphysical infinite
zero point energy form the formal expression and the subtraction makes
the operator well-defined. In the present case, on the other hand, we are
trying to construct a quantum theory of geometry/gravity and do not
have a flat metric —or indeed, any metric- in the background. Therefore,
many of the standard regularization techniques are no longer available.

3.2 GEOMETRIC OPERATORS

Fortunately, between 1992 and 1995, a new functional calculus was
developed on the space of connections A; —i.e., on the configuration
space of the theory. This calculus is mathematically rigorous and makes
no reference at all to a background space-time geometry; it is generally
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covariant. It provides a variety of new techniques which make the task
of regularization feasible. First of all, there is a well-defined integra-
tion theory on this space. To actually evaluate integrals and define the
Hilbert space of quantum states, one needs a measure: given a mea-
sure on the space of connections, we can consider the space of square-
integrable functions which can serve as the Hilbert space of quantum
states. It turns out that there is a preferred measure, singled out by
the physical requirement that the (gauge covariant versions of the) con-
figuration and momentum operators be self-adjoint. This measure is
diffeomorphism invariant and thus respects the underlying symmetries
coming from general covariance. Thus, there is a natural Hilbert space
of states to work with®. Let us denote it by H. Differential calculus
enables one to introduce physically interesting operators on this Hilbert
space and regulate them in a generally covariant fashion. As in the clas-
sical theory, the absence of a background metric is both a curse and
a blessing. On the one hand, because we have very little structure to
work with, many of the standard techniques simply fail to carry over.
On the other hand, at least for geometric operators, the choice of viable
expressions is now severely limited which greatly simplifies the task of
regularization.

The general strategy is the following. The Hilbert space H is the
space of square-integrable functions W(A;) of connections A;. A key
simplification arises because it can be obtained as the (projective) limit
of Hilbert spaces associated with systems with only a finite number of
degrees of freedom. More precisely, given any graph <y (which one can
intuitively think of as a ‘floating lattice’) in the physical space, using
techniques which are very similar to those employed in lattice gauge
theory, one can construct a Hilbert space H, for a quantum mechanical
system with 3N degrees of freedom, where N is the number of edges
of the graph®. Roughly, these Hilbert spaces know only about how the
connection parallel transports chiral fermions along the edges of the
graph and not elsewhere. That is, the graph is a mathematical device
to extract 3N ‘bits of information’ from the full, infinite dimensional
information contained in the connection, and H, is the sub-space of
‘H consisting of those functions of connections which depend only on
these 3N bits. (Roughly, it is like focusing on only 3N components of a
vector with an infinite number of components and considering functions
which depend only on these 3N components, i.e., are constants along the
orthogonal directions.) To get the full information, we need all possible
graphs. Thus, a function of connections in H can be specified by fixing a
function in H, for every graph v in the physical space. Of course, since
two distinct graphs can share edges, the collection of functions on X,
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must satisfy certain consistency conditions. These lie at the technical
heart of various constructions and proofs.

The fact that H is the (projective) limit of . breaks up any given
problem in quantum geometry into a set of problems in quantum me-
chanics. Thus, for example, to define operators on H, it suffices to define
a consistent family of operators on ‘H, for each . This makes the task
of defining geometric operators feasible. I want to emphasize, however,
that the introduction of graphs is only for technical convenience. Unlike
in lattice gauge theory, we are not defining the theory via a continuum
limit (in which the lattice spacing goes to zero.) Rather, the full Hilbert
space H of the continuum theory is already well-defined. Graphs are
introduced only for practical calculations. Nonetheless, they bring out
the one-dimensional character of quantum states/excitations of geome-
try: It is because ‘most’ states in H can be realized as elements of H,
for some ~y that quantum geometry has a ‘polymer-like’ character.

Let me now outline the result of applying this procedure for geometric
operators. Suppose we are given a surface S, defined in local coordinates
by z3 = const. The classical formula for the area of the surface is:

As = [d*z\/E3E?}, where E? are the third components of the vectors

7?
E;. Asisobvious, this expression is non-polynomial in the basic variables
E;. Hence, off-hand, it would seem very difficult to write down the
corresponding quantum operator. However, thanks to the background
independent functional calculus, the operator can in fact be constructed
rigorously.

To specify its action, let us consider a state which belongs to #, for
some . Then, the action of the final, regularized operator Ag is as
follows. If the graph has no intersection with the surface, the operator
simply annihilates the state. If there are intersections, it acts at each
intersection via the familiar angular momentum operators associated
with SU(2). This simple form is a direct consequence of the fact that
we do not have a background geometry:. given a graph and a surface,
the diffeomorphism invariant information one can extract lies in their
intersections. To specify the action of the operator in detail, let me
suppose that the graph v has N edges. Then the state ¥ has the form:
U(A;) = ¥(g1,...gn) for some function ¢ of the N variables g1, ...,gn,
where g (€ SU(2)) denotes the spin-rotation that a chiral fermion un-
dergoes if parallel transported along the k-th edge using the connection
A;. Since g, represent the possible rotations of spins, angular momen-
tum operators have a natural action on them. In terms of these, we
can introduce ‘vertex operators’ associated with each intersection point



QUANTUM MECHANICS OF GEOMETRY 25

v between S and 7:

~

Oy - U(A) =Y Kk(I,L)Ir-Ip - $(g1,-9n) (3.1)
I,L

where I, L run over the edges of v at the vertex v, k(I,J) = 0,+£1
depending on the orientation of edges I,L at v, and J; are the three
angular momentum operators associated with the I-th edge. (Thus, J;
act only on the argument g; of 1) and the action is via the three left
invariant vector fields on SU(2).) Note that the the vertez operators
resemble the Hamiltonian of a spin system, k(I, L) playing the role of
the coupling constant. The area operator is just a sum of the square-roots
of the vertex operators:

. Gh 1
4 _ () P}
S = c % | vl (32)

Thus, the area nperator is constructed from angular momentum-like
operators. Note that the coefficient in front of the sum is just %32 , the
square of the Planck length. This fact will be important later.

Because of the simplicity of these operators, their complete spectrum
—i.e., full set of eigenvalues— is known explicitly: Possible eigenvalues ag
are given by

(M

02 (d) [ - () - () ~(dtn
as = -5—’ Z [2]1(]d)(J1(]d)+1)+2J1()u)(J1(]u)+1)_]1(jd+ )(Jl(]d+ )+1)] (3.3)
v

where v labels a finite set of points in S and 79, j®) and j(4*%) are non-
negative half-integers assigned to each v, subject to the usual inequality

JD + ) > 0 > @ W) (3.4)

from the theory of addition of angular momentum in elementary quan-
tum mechanics. Thus the entire spectrum is discrete; areas are indeed
quantized! This discreteness holds also for the length and the volume
operators. Thus the expectation that the continuum picture may break
down at the Planck scale is borne out fully. Quantum geometry is very
different from the continuum picture. This may be the fundamental
reason for the failure of perturbative approaches to quantum gravity.
Let us now examine a few properties of the spectrum. The lowest
eigenvalue is of course zero. The next lowest eigenvalue may be called
the area gap. Interestingly, area-gap is sensitive to the topology of the
surface S. If S is open, it is —‘;/1—56%. If S is a closed surface —such as
a 2-torus in a 3-torus— which fails to divide the spatial 3-manifold into
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an ‘inside’ and an ‘outside’ region, the gap turns out to be larger, %E%.
If S is a closed surface —such as a 2-sphere in R3- which divides space
into an ‘inside’ and an ‘outside’ region, the area gap turns out to be

even larger; it is %55%. Another interesting feature is that in the large
area limit, the eigenvalues crowd together. This follows directly from
the form of eigenvalues given above. Indeed, one can show that for large
eigenvalues ag, the difference Aag between consecutive eigenvalues goes

as Aag < (ezp—4/ag/t:)l%. Thus, Aag goes to zero very rapidly. (The
crowding is noticeable already for low values of ag. For example, if S
is open, there is only one non-zero eigenvalue with ag < 0.5(p2, seven
with ag < ¢% and 98 with ag < 2¢%.) Intuitively, this explains why the
continuum limit works so well.

3.3 PHYSICAL CONSEQUENCES: DETAILS
MATTER!

However, one might wonder if such detailed properties of geometric
operators can have any ‘real’ effect. After all, since the Planck length
is so small, one would think that the classical and semi-classical limits
should work irrespective of, e.g., whether or not the eigenvalues crowd.
For example, let us consider not the most general eigenstates of the area
operator Ag but —as was first done in the development of the subject—
the simplest ones. These correspond to graphs which have simplest
intersections with S. For example, n edges of the graph may just pierce
S, each one separately, so that at each one of the n vertices there is just a
straight line passing through. For these states, the eigenvalues are ag =
(\/5/2)712%. Thus, here, the level spacing Aag is uniform, like that of
the Hamiltonian of a simple harmonic oscillator. If we restrict ourselves
to these simplest eigenstates, even for large eigenvalues, the level spacing
does not go to zero. Suppose for a moment that this is the full spectrum
of the area operator. wouldn’t the semi-classical approximation still
work since, although uniform, the level-spacing is so small?

Surprisingly, the answer is in the negative! What is perhaps even
more surprising is that the evidence comes from unexpected quarters:
the Hawking evaporation of large black holes. More precisely, we will
see that if Aag had failed to vanish sufficiently fast, the semi-classical
approximation to quantum gravity, used in the derivation of the Hawking
process, must fail in an important way. The effects coming from area
quantization would have implied that even for large macroscopic black
holes of, say, a thousand solar masses, we can not trust semi-classical
arguments.
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Let me explain this point in some detail. The original derivation of
Hawking’s was carried out in the framework of quantum field theory
in curved space-times which assumes that there is a specific underly-
ing continuum space-time and explores the effects of curvature of this
space-time on quantum matter fields. In this approximation, Hawking
found that the classical black hole geometries are such that there is a
spontaneous emission which has a Planckian spectrum at infinity. Thus,
black-holes, seen from far away, resemble black bodies and the associated
temperature turns out to be inversely related to the mass of the hole.
Now, physically one expects that, as it evaporates, the black hole must
lose mass. Since the radius of the horizon is proportional to the the mass,
the area of the horizon must decrease. Thus, to describe the evaporation
process adequately, we must go beyond the external field approximation
and take in to account the fact that the underlying space-time geome-
try is in fact dynamical. Now, if one treated this geometry classically,
one would conclude that the process is continuous. However, since we
found that the area is in fact quantized, we would expect that the black
hole evaporates in discrete steps by making a transition from one area
eigenvalue to another, smaller one. The process would be very similar
to the way an excited atom descends to its ground state through a series
of discrete transitions.

Let us look at this process in some detail. For simplicity let us use
units with c=1. Suppose, to begin with, that the level spacing of eigen-
values of the area operator is the naive one, i.e. with Aag = (\/§/2)£?>.
Then, the fundamental theory would have predicted that the smallest
frequency, w,, of emitted particles would be given by fw, and the small-
est possible change AM in the mass of the black hole would be given by
AM = hw,. Now, since the area of the horizon goes as Ay ~ G2M?, we
have AM ~ Aag/2G*M ~ ¢2/G*M. Hence, hw, ~ h/GM. Thus, the
‘true’ spectrum would have emission lines only at frequencies w = Nw,,
for N = 1,2, ... corresponding to transitions of the black hole through
N area levels. How does this compare with the Hawking prediction? As
I mentioned above, according to Hawking’s semi-classical analysis, the
spectrum would be the same as that of a black-body at temperature T
given by kT ~ h/GM, where k is the Boltzmann constant. Hence, the
peak of this spectrum would appear at w, given by fuw, ~ kT ~ h/GM.
But this is precisely the order of magnitude of the minimum frequency
w, that would be allowed if the area spectrum were the naive one. Thus,
in this case, a more fundamental theory would have predicted that the
spectrum would not resemble a black body spectrum. The most proba-
ble transition would be for N = 1 and so the spectrum would be peaked
at w, as in the case of a black body. However, there would be no emis-
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sion lines at frequencies low compared with wp; this part of the black
body spectrum would be simply absent. The part of the spectrum for
w > wp would also not be faithfully reproduced since the discrete lines
with frequencies Nw,, with N = 1,2,... would not be sufficiently near
each other —i.e. crowded- to yield an approximation to the continuous
black-body spectrum.

The situation is completely different for the correct, full spectrum of
the area operator if the black hole is macroscopic, i.e., large. Then, as
I noted earlier, the area eigenvalues crowd and the level spacing goes as

Aag < (exp—/an /6%)@3. As a consequence, as the black hole makes
transition from one area eigenvalue to another, it would emit particles

at frequencies equal to or larger than ~ wyexp —/ag /K%;. Since for a

macroscopic black-hole the exponent is very large (for a solar mass black-
hole it is ~ 1038!) the spectrum would be well-approximated by a contin-
uous spectrum and would extend well below the peak frequency. Thus,
the precise form of the area spectrum ensures that, for large black-holes,
the potential problem with Hawking’s semi-classical picture disappears.
Note however that as the black hole evaporates, its area decreases, it
gets hotter and evaporates faster. Therefore, a stage comes when the
area is of the order of [f’;. Then, there would be deviations from the
black body spectrum. But this is to be expected since in this extreme
regime one does not expect the semi-classical picture to continue to be
meaningful.

This argument brings out an interesting fact. There are several icon-
oclastic approaches to quantum geometry in which one simply begins by
postulating that geometric quantities should be quantized. Then, hav-
ing no recourse to first principles from where to derive the eigenvalues of
these operators, one simply postulates them to be multiples of appropri-
ate powers of the Planck length. For area then, one would say that the
eigenvalues are integral multiples of £%. The above argument shows how
this innocent looking assumption can contradict semi-classical results
even for large black holes. In the present approach, we did not begin
by postulating the nature of quantum geometry. Rather, we derived
the spectrum of the area operator from first principles. As we see, the
form of these eigenvalues is rather complicated and could not have been
guessed a priori. More importantly, the detailed form does carry rich
information and in particular removes the conflict with semi-classical
results in macroscopic situations.
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3.4 CURRENT AND FUTURE DIRECTIONS

Exploration of quantum Riemannian geometry continues. Last year,
it was found that geometric operators exhibit certain unexpected non-
commutativity. This reminds one of the features explored by Alain
Connes in his non-commutative geometry. Indeed, there are several
points of contact between these two approaches. For instance, the Dirac
operator that features prominently in Connes’ theory is closely related to
the connection A; used here. However, at a fundamental level, the two
approaches are rather different. In Connes’ approach, one constructs a
non-commutative analog of entire differential geometry. Here, by con-
trast, one focuses only on Riemannian geometry; the underlying man-
ifold structure remains classical. In three space-time dimensions, it is
possible to get rid of this feature in the final picture and express the the-
ory in purely combinatorial fashion. Whether the same will be possible
in four dimensions remains unclear. However, combinatorial methods
continue to dominate the theory and it is quite possible that one would
again be able to present the final picture without any reference to an
underlying smooth manifold.

Perhaps the most striking application of quantum geometry has been
to black hole thermodynamics. We saw in section 3.3 that the Hawking
process provides a non-trivial check on the level spacing of the eigenval-
ues of area operators. Conversely, the discrete nature of these eigenvalues
provides a statistical mechanical explanation of black hole entropy. To
see this, first recall that for familiar physical systems —such as a gas, a
magnet, or a black body— one can arrive at the expression of entropy
by counting the number of micro-states. The counting in turn requires
one to identify the building blocks that make up the system. For a gas,
these are atoms; for a magnet, electron spins and for the radiation field
in a black body, photons. What are the analogous building blocks for a
large black hole? They can not be gravitons because the gravitational
fields under consideration are static rather than radiative. Therefore,
the elementary constituents must be non-perturbative in nature. In our
approach they turn out to be precisely the quantum excitations of the
geometry of the black hole horizon. The polymer-like one dimensional
excitations of geometry in the bulk pierce the horizon and endow it with
its area. It turns out that, for a given area, there are a specific number
of permissible bulk states and for each such bulk state, there is a precise
number of permissible surface states of the intrinsic quantum geometry
of the horizon. Heuristically, the horizon resembles a pinned balloon
——pinned by the polymer geometry in the bulk— and the surface states
describe the permissible oscillations of the horizon subject to the given
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pinning. A count of all these quantum states provides, in the usual way,
the expression of the black hole entropy.

Another promising direction for further work is construction of better
candidates for ‘weave states’, the non-linear analogs of coherent states
approximating smooth, macroscopic geometries. Once one has an ‘opti-
mum’ candidate to represent Minkowski space, one would develop quan-
tum field theory on these weave quantum geometries. Because the un-
derlying basic excitations are one-dimensional, the ‘effective dimension
of space’ for these field theories would be less than three. Now, in the
standard continuum approach, we know that quantum field theories in
low dimensions tend to be better behaved because their ultra-violet prob-
lems are softer. Hence, there is hope that these theories will be free of
infinities. If they are renormalizable in the continuum, their predictions
at large scales can not depend on the details of the behavior at very
small scales. Therefore, one might hope that quantum field theories on
weaves would not only be finite but also agree with the renormalizable
theories in their predictions at the laboratory scale.

A major effort is being devoted to the task of formulating and solving
quantum Einstein’s equations using the new functional calculus. Over
the past two years, there have been some exciting developments in this
area. The methods developed there seem to be applicable also to super-
gravity theories. In the coming years, therefore, there should be much
further work in this area. More generally, since quantum geometry does
not depend on a background metric, it may well have other applications.
For example, it may provide a natural arena for other problem such as
that of obtaining a background independent formulation of string theory.

So far, I have focussed on theoretical ideas and checks on them have
come from considerations of consistency with other theoretical ideas,
e.g., those in black hole thermodynamics. What about experimental
tests of predictions of quantum geometry? An astonishing recent devel-
opment suggests that direct experimental tests may become feasible in
the near future. I will conclude with a summary of the underlying ideas.
The approach one takes is rather analogous to the one used in proton
decay experiments. Processes potentially responsible for the decay come
from grand unified theories and the corresponding energy scales are very
large, 10'® GeV —only four orders of magnitude below Planck energy.
There is no hope of achieving these energies in particle accelerators to
actually create in large numbers the particles responsible for the de-
cay. Therefore the decays are very rare. The strategy adopted was to
carefully watch a very large number of protons to see if one of them
decays. These experiments were carried out and the (negative) results
actually ruled out some of the leading candidate grand unified theories.
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Let us return to quantum geometry. The naive strategy of accelerating
particles to Planck energy to directly ‘see’ the Planck scale geometry is
hopeless. However, as in proton decay experiments, one can let these
minutest of effects accumulate till they become measurable. The labo-
ratory is provided by the universe itself and the signals are generated
by the so-called y-ray bursts. These are believed to be of cosmological
origin. Therefore, by the time they arrive on earth, they have traveled
extremely large distances. Now, if the geometry is truly quantum me-
chanical, as I suggested, the propagation of these rays would be slightly
different from that on a continuum geometry. The difference would be
minute but could accumulate on cosmological distances. Following this
strategy, astronomers have already put some interesting limits on the
possible ‘graininess’ of geometry. Now the challenge for theorists is to
construct realistic weave states corresponding to the geometry we ob-
serve on cosmological scales, study in detail propagation of photons on
them and come up with specific predictions for astronomers. The next
decade should indeed be very exciting!
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Notes

1. The situation can be illustrated by a harmonic oscillator: While the exact energy levels
of the oscillator are discrete, it would be very difficult to “see” this discreteness if one began
with a free particle whose energy levels are continuous and then tried to incorporate the
effects of the oscillator potential step by step via perturbation theory.

2. Actually, only six of the ten Einstein’s equations provide the evolution equations. The
other four do not involve time-derivatives at all and are thus constraints on the initial values of
the metric and its time derivative. However, if the constraint equations are satisfied initially,
they continue to be satisfied at all times.

3. As usual, summation over the repeated index ¢ is assumed. Also, technically each A;
is a 1-form rather than a vector field. Similarly, each E; is a vector density of weight one,
i.e., natural dual of a 2-form.

4. The ‘breakthrough’ was to drop the requirement that the (Levi-Civita) connection be
symmetric, i.e., to allow for torsion.

5. This is called the kinematical Hilbert space; it enables one to formulate the quantum
Einstein’s (or supergravity) equations. The final, physical Hilbert space will consist of states
which are solutions to these equations.
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6. The factor 3 comes from the dimension of the gauge group SU(2) which acts on Chiral
spinors. The mathematical structure of the gauge-rotations induced by this SU(2) is exactly
the same as that in the angular-momentum theory of spin-% particles in elementary quantum
mechanics.
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Abstract The classical electrodynamics of point charges can be made finite by
the introduction of effects that temporally precede their causes. The
idea of retrocausality is also inherent in the Feynman propagators of
quantum electrodynamics. The notion allows a new understanding of
the violation of the Bell inequalities, and of the world view revealed by
quantum mechanics.

1. INTRODUCTION

Dirac was never happy with quantum electrodynamics, although it
was in large part his own creation. In old age, during an after-dinner
seminar in 1970 that I attended in Austin, Texas, he lambasted such
upstarts as Feynman, Schwinger, Tomonaga, and their ilk, under the
dismissive collective term ‘people’. These “People neglect infinities in an
arbitrary way. This is not sensible mathematics. Sensible mathematics
involves neglecting a quantity when it is small — not neglecting it just
because it is infinitely great and you do not want it.” A timorous spirit
among the chastened listeners asked: “But, Professor Dirac, what about
g — 277, referring of course to the g-factor in the expression for the
magnetic moment of the electron. Dirac’s own equation had predicted
that this factor should be precisely 2, and the highly accurate quantum
electrodynamical calculation of its deviation from 2 was, and is, one of
the tours de force of modern physics. The agreement with painstaking
experimental measurement of this quantity is phenomenal (the Particle
Data Group gives on the World Wide Web ten digits of agreement after
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the decimal point[1]). But the old maestro had his own views about this
remarkable result: “It might just be a coincidence,” he remarked evenly.

Quantum mechanics, married to electromagnetism, has produced a
very successful theory, as measured by its empirical adequacy. The mat-
ter is not so adequate, however, at a conceptual level. There are still
many competing interpretations of what quantum mechanics is telling
us about the nature of the world. Despite the early preoccupation with
the breakdown of determinism, the serious difficulties have to do rather
with causality, which is by no means the same thing. Classical electro-
magnetic theory is in fact not immune to such problems either: the only
known way to remove disastrous infinities in the theory of point charges
interacting through the electromagnetic field is by the introduction of
retrocausal effects. Quantum electrodynamics inherits the diseases of
causality and of divergence from both of its parents. Their nature is
pervasive, the cure unknown.

2. ADVANCED POTENTIALS

An electrically neutral particle, of mass m, subject to a force F, sat-
isfies Newton’s second law of motion, which may be expressed in the
form

ma=F, (4.1)

where a = ¥ is the acceleration, on condition that |F| << ¢, so that
relativistic corrections may be neglected. A similar charged particle
cannot satisfy the same equation, because an accelerated charge emits
electromagnetic waves, losing energy in the process. Newton’s law may
be repaired by adding an effective radiative damping force that accounts
for this extra source of energy loss to space:

ma=F+F,_,, (4.2)

where one finds, for a point charge e,

2e?
Foi= 53d. (4.3)
We may rewrite Eq.(4.2)-(4.3) in the form
m(a—7a)=F, (4.4)

where
2¢2
T = —
3mced’
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is called the Abraham-Lorentz relaxation time. For an electron it is
about 6 x 10724 sec., in which time light travels only about 10713 cm.,
the size of a proton.

The general solution of Eq.(4.4) is

a(t) = R / dt' t=)TR(¢),

mT J¢

where c is an integration constant. Clearly a(t) blows up exponentially
as t = oo, the so-called runaway solution, unless ¢ = co. Accordingly,
we choose this latter value, and find we can rewrite the solution in the
form

oo
ma(t) = / dse °F(t + 7s), (4.5)
0
from which we derive the following Taylor series in 7:
o0
ma(t) = _ r"F(1). (4.6)
n=0

The Newton law Eq.(4.1), as it applies to a neutral particle, corresponds
to the zeroth term only. From Eq.(4.5), the acceleration at time ¢t is
determined not only by the value of the applied force at time ¢, but also
by the force at all times later than .

For a simple force, one can evaluate Eq.(4.5) explicitly. For example,
if a force is turned on at time ¢t = 0, after which it remains constant, i.e.
F(t) =0 for t < 0 and F(t) = K for t > 0, then we find ma(t) = K for
t > 0, as we would for a neutral particle, but surprisingly ma(t) = K et/”
for t < 0. This preacceleration violates a naive notion of causality,
according to which a cause precedes its effect, whereas here the force,
which is not applied before time ¢t = 0, produces (has already produced!)
an acceleration before t = 0.

Consider next a universe consisting of many particles, at positions
Zq,Tp, ... with masses mg,myp, ... and charges e,, ey, ... For particle a,
the relativistic generalization of Eq.(4.2) for the four-momentum p} is

dpa
dt,

v
dzy

dr,

= e, [F*, + RV (4.7)

Here 7, is the proper time of particle a, and F¥, is the retarded field
tensor that gives rise to the usual Lorentz force. It may be written

_ ret [L
Py =2 B,
b#a
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where the sum is over all the contributions to the field from the particles
other than a itself: there is no self-interaction. The term R*, is the
radiation damping tensor: it corresponds to F,., in the nonrelativistic
approximation (4.3). Dirac deduced the explicit form of this tensor and
showed that it can be written

R, =5 [Fh, - F™0] (48)

a

It is very interesting that this expression involves the advanced, as well
as the retarded fields arising from particle a. For the point particles that
we are considering, these fields are separately singular on the world-line
of a itself, but their difference (4.8) is finite.

To simplify the notation, we will henceforth suppress the Lorentz
indices. It is important to distinguish the sum ), 4¢> in which one sums
over all particles ezcept a, in order to calculate the influence of the rest of
the universe on particle a, and the sum ) ,, in which a is also included,
giving a quantity that refers to the universe in its entirety.

F + R — Z Fret Frel ngv]
b#a
— Z Fl;et _ Farlet + % [Fl;et _ ngv]
b

= Y B - L[+ F (4.9)
b

The essential assumption of Wheeler and Feynman[2] is that the uni-
verse is a perfect absorber: all radiation is absorbed somewhere and
none escapes to infinity. Since a radiation field is of order 1/r for large
distances 7, to eliminate energy loss by radiation it is enough to require

ZFI;" =o(r™!) z F*=o(r),

for all times, i.e. the sum of all retarded (advanced) fields is assumed
always to vanish faster than 1/r at spatial infinity. However, ., Fy*
and ), Fp* each satisfies Maxwell equations with the same sources and
sinks (the charges). They are indeed two independent solutions of the
same second-order equations. Hence their difference,

SR -, (4.10)

b

satisfies a homogeneous system of equations, i.e. a system without
sources or sinks. Such a system possesses nontrivial solutions, but they
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are radiation fields that decrease like r~1 at spatial infinity: there are
no o (r‘l) nontrivial solutions. Thus the difference (4.10) is not merely
zero at spatial infinity, it must be identically zero everywhere. Hence

ZF'“ ZF =1y [+ B (4.11)
b

for all times.
On combining this result with Eq.(4.9), we obtain

F+R = Z[Fm Fadv] _ % [Faret _‘r_F;dv]
— Z [ ret adv (412)
b#a

This is a stunning result: it says that to calculate the response of
a charged particle to all the other charged particles in the universe,
one has to sum over the fields emanating from all those other particles,
on condition that one uses the time-symmetric solution of the Mazwell
equation. In this approach there is no need, nor room, to add a further
radiation damping term: it is all contained in the average of the retarded
and advanced solutions of Maxwell’s equations. Turning the argument
around, one can say that the time-symmetric form is equivalent to, and
so validates, the conventional calculation in which a retarded solution is
supplemented, in a somewhat ad hoc manner, by a radiation damping
field.

It must not be thought that we have hereby forged an arrow of time

from a time-symmetric theory. This can be seen by complementing
Eq.(4.9) by

F+R = Z adv__;_[F;‘et_*_ngv]

Il

Z adv Fadv Faret] . (4 13)
b#a

This is an equally valid modus operandi, involving the full advanced
potential, supplemented by a radiation damping term, but since it is
precisely minus the corresponding term in the first line of Eq.(4.9), it
might better be called a radiation boosting term.

3. BELL INEQUALITY

Let us turn now to the Einstein-Podolsky-Rosen scenario[3] in its
modern experimental avatar[4]. We will see that the violation of the
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Bell inequality loses much of its impact once we entertain the notion of
advanced fields.

Briefly, two photons are prepared with opposed spins by the sequential
decay of a calcium atom from an excited S state, through an interme-
diate P state, to the ground state, which is also S. The state of linear
polarization of one photon is measured by means of a birefringent calcite
crystal and a photo-detector at location A, and that of the other photon
by a similar arrangement at location B. The separation of A and B is
several metres, and the measurement events are contained within small
space-time hypervolumes that have a mutual spacelike separation. Thus
the measurement events at A and B are independent of one another in
the sense that no information about the result of the measurement at
A can be transmitted to B in time to influence the result of the mea-
surement there (and vice versa). This is true only if we limit ourselves
to the usual retarded fields. The two photons are not independent, how-
ever, in the sense that their spins are correlated because of their common
genesis in an atomic decay. The polarizations have, in the locution of
Reichenbach, a common cause[5].

If the optical axes of the calcite crystals at A and B are parallel, then
whenever a photon at A is found to go in the direction of the ordinary ray,
the same is found at B. Similarly, there is perfect correlation in the case
that the photons are deflected along the extraordinary ray directions.
The more general situation, in which the optical axis at A is at an angle
a to the vertical, and the optical axis at B is at an angle 3 to the vertical,
leads to the following joint probabilities:

Poo(a, IB) = %COS2(0‘ - :8) = Pee(amB)
Poe(a,8) = isin’(a—f) = Peola,f). (4.14)

Here P,, is the probability that the photons at A and B both go into
the ordinary rays, P.. that both photons go into the extraordinary rays,
P,. is the probability that the photon at A goes into the ordinary ray
but the photon at B goes into the extraordinary ray, and finally P, is
the probability that the photon at A goes into the extraordinary ray but
the photon at B goes into the ordinary ray. The results Eq.(4.14) are
predicted by quantum mechanics and confirmed by experiment.
The correlation coefficient is defined as follows:

C(a7 18) = Poo(ayﬂ) + Pee(a) :6) - Peo(a,ﬁ) - Poe(a718) = COSZ(a - /6) .

(4.15)
If we suppose, with Bell[6], that the joint probabilities, and hence the
correlation coefficient, are separable, in the sense of classical probability
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theory, then we can write, for this correlation coeflicient,

Zp C(oANC(BIN), (4.16)

where ) are hidden variables that account for the correlations between
the two photon polarizations: they arise from the birth of the twin
photons in the de-exciting calcium atom. The weight p()) is supposed
to be positive and normalized; and C(a|)) is the correlation coefficient

C(a))) = Py(a])) — P.(a]\)

at location A, conditioned by the hidden variable ). Similarly, C(5|]) is
the conditional correlation coefficient at location B. Clearly each condi-
tional correlation coefficient, being the difference between two probabil-
ities, lies in the interval [—1,1].

The Bell coefficient is defined as the following combination of four
correlation coeflicients:

B =C(a,8) +C(c,8) + C(d,8) = C(a, B). (4.17)

It can be measured by combining the results of four separate runs of the
experiment, with a choice of two possible orientations (« or ') of the
calcite optical axis at A, and two possible orientations (5 or 8') at B.
One can show, under the assumption of separability, and

Y e =1, (4.18)
A

with p(A) > 0, that
|B| < 2. (4.19)

However, by choosing the angles a, 8, ' and 3 suitably, one can arrange
that quantum mechanics yields B = 2v/2 > 2. However,

C(a,B) = cos2acos 283 + sin 2asin2(3,

so the normalization Eq.(4.18) is ruined! — on the right-hand side of
Eq.(4.18) we obtain 2 instead of 1! We must conclude that something is
amiss; and we seem to have (at least) the following options:

1. No hidden variables can be found that screen off the common cause.

2. Classical probability theory is simply inapplicable in the quantum
domain, in particular Kolmogorov’s definition of stochastic inde-
pendence is inappropriate[7].
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3. Advanced as well as retarded fields are present.

In this paper we will concentrate on the third possibility. If the absorp-
tion of the photon at A, after its passage through the calcite crystal
at A, is accompanied by an advanced, as well as a retarded field, then
information about the interaction of the photon at A, in particular de-
tails about the polarizer orientation at the moment of measurement, will
ride the advanced wave back to the genesis of the photon pair, arriving
at the calcium atom just at the moment that it de-exzcites. We can un-
derstand how, even if the orientation of the A polarizer is changed at
the last moment before the polarization measurement, still the interac-
tion can carry information back about the measurement configuration.
This way of speaking about information being carried back and forth,
as if there were a sort of internal biological time of the sort that science
fictional time travellers seem to carry about with themselves, is impre-
cise and may be confusing. It is better to say that, in the advanced
field approach, one has a self-consistent picture in which the state of the
photon’s polarization is correlated to its future, as well as to its past
interactions. The notions of ‘cause’ and ‘information’ are replaced by
that of ‘correlation’.

In one variant of Aspect’s experiment, the selection between the angles
aand o’ at A, and B and 3 at B, was changed randomly by two indepen-
dent oscillators every few nanoseconds. Still the predictions of quantum
mechanics were borne out and the Bell inequality violated. Most peo-
ple interpret this as a demonstration of nonlocality (more soberly of
nonseparability). With option 3 we can retain Lorentz covariance while
achieving action at a distance. Is this action local or nonlocal? In a sense
it is a semantic matter. It is not usual to call conventional retarded field
theory nonlocal, the idea being that a particle is only influenced by a
distant causal agent in the particle’s past light cone. This influence is
fleshed out by imputing a real existence to the field (in quantum theory
to the field quanta). In this way the field serves as a messenger from
afar, bringing influence and information at no more than light speed and
delivering it in the vicinity of the particle. One might describe advanced
action also as being local in an analogous manner: an influence is trans-
mitted by the advanced field, also within the light cone, arriving in the
vicinity of the particle to deliver its information, much on a par with the
retarded case. However, this account, even after deanthropomorphiza-
tion in terms of correlations rather than of causes and of influences, is
incomplete. Since correlations can be established forwards and back-
wards in time, really the only logical requirement is one of consistency.
The theory need only be such that it is impossible for an event in a

space-time hypervolume both to occur and not to occur?.
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4. RETROCAUSALITY

According to David Hume, causality is based on nothing more than
the observed constant conjunction of two or more kinds of events, say A
and B. It is a mere habit we have to call the earlier of the occurrences,
say A, the cause, and the later, B, the effect; no relation of necessity,
nor even of likelihood, of a B’s succeeding an A in the future can be
deduced. If we replace the word ‘habit’ by ‘theory’, then we may re-
construe Hume’s admonition as the trite Scottish verity that we have
no proof that a theory, based on the results of observations in the past,
will yield reliable predictions in the future, no matter how numerous the
observations in question are. Indeed, we neither have, nor expect to be
able to provide, such a proof concerning empirical matters. Moreover,
if it is a mere habit, a mere linguistic convention, to call the temporal
antecedent a cause, and the successor an effect, why should we not ex-
pand our horizons, generalize our theories, and envisage causes that can
occur later than their hypothesized effects?

In his intriguing article “Bringing About the Past”, Michael Dummett
has indeed claimed that the temporal asymmetry of the causal relation is
contingent rather than necessary[8]. He describes two situations in which
one might speak of a voluntary action performed with the intention of
bringing about a past event. Nevertheless, stringent conditions must be
satisfied to ensure the coherence of such a standpoint. In particular,
Dummett claims that it is incoherent to hold all of the following claims:

1. There is a positive correlation between an agent’s performing an
action of type A at time ¢4 and the occurrence of an event of type
B at time tg, where t4 > tpg.

2. Tt is entirely within the power of the agent to perform A at time
ta, if he so chooses.

3. It is possible for the agent to find out, at time ¢4, whether B has
or has not already occurred, independently of his performing A.

One of the two examples that Dummett describes concerns a tribe that
has the following custom: “Every second year the young men of the tribe
are sent, as part of their initiation ritual, on a lion hunt: they have to
prove their manhood. They travel for two days, hunt lions for two days,
and spend two days on the return journey; ... While the young men
are away from the village the chief performs ceremonies—dances, let us
say—intended to cause the young men to act bravely. We notice that he
continues to perform these dances for the whole six days that the party
i1s away, that is to say, for two days during which the events that the
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dancing is supposed to influence have already taken place. Now there is
generally thought to be a special absurdity in the idea of affecting the
past, much greater than the absurdity of believing that the performance
of a dance can influence the behavior of a man two days’ journey away;
... " Ref.[8], pages 348-9. In physicists’ terms, retrocausality seems even
more absurd than action at a distance.

The chief is a wise and rational man: he believes the first of the above-
mentioned three claims, at any rate as a statement of the significant
statistical efficacity of his magic dancing. Let us further suppose that he
does not believe that he is somehow hindered from dancing, or perhaps
caused to dance inadequately, during the last two days, in the case that
his young men have been cowardly. Then he must deny the third claim:
he must assume that there is no way that he can find out, during the
crucial days 5 and 6, what in fact has happened during days 3 and 4. For
if it were possible to find it out, he could bilk the correlation. That is to
say, he could choose to dance properly if, and only if, he knew that his
men had not been brave. Then there would not be a positive correlation
of the sort envisaged in claim 1.

It seems that we, as anthropologists, would at any rate accept claim
3, and thus conclude incoherence. With the aid of radio communication
and a field worker, we could always arrange a bilking scenario, so that
A could not count, even stochastically, as a cause of the earlier event
B. But is there a situation in which claim 3 could defensibly be denied?
There seem indeed to be such cases in subatomic physics. For example,
the state of polarization of a photon, which has passed through one
polarizer, and will pass through a second polarizer, is a property that
we can only test by passing it through the next polarizer that it will
encounter. If we choose to insert a calcite crystal in the path of the
photon in such a way that it effects a polarization measurement, then this
crystal is the next polarizer. If it be claimed that the state of polarization
of a photon is correlated, not only with the orientation of the polarizer
in its past, but also with that of the polarizer in its future trajectory,
no bilking of the claim is possible. Here is indeed a clear candidate for
retrocausal effects.

5. THE VIEW FROM NOWHEN

Is there a way to fit the notion of retrocausality into a general theo-
retical framework, rather than merely to permit its fugitive occurrence
when all bilking scenarios are impossible? The Australian philosopher
Huw Price elaborates a Weltanschauung that he calls the view from
nowhen[9]. His point of departure is the time reversal (T') invariance of
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microscopic processes®. When two inert gases of different colours, ini-
tially segregated and at different temperatures, are allowed to mix, the
approach to an equilibrium mixture, of an intermediate colour and at
an intermediate temperature, is irreversible, although the dynamics of
the molecular collisions is T-invariant. A reversed video recording of the
process would not look queer at the level of individual collisions, seen
one by one, but it would appear odd at the macro-level, where it would
show an apparently spontaneous segregation of the two gaseous compo-
nents. It is generally agreed that the Stofizahlansatz of Boltzmann, an
example of what Price calls PI3, or the principle of the independence
of incoming influences, is not acceptable as an ezplanation of the irre-
versibility in question. For if PI® holds, why should not PIOI hold,
the principle of the independence of outgoing influences? If one sug-
gests that PIOI breaks down because correlations are generated by a
collision, then one must ask whether after all PI? is justified. That is, if
correlations are generated in a collision process, may they not be present
before as well as after the scattering? There seems in fact to be no good
reason for adopting a double standard in this matter. Indeed, to do so
in the search for a thermodynamic arrow of time is a flagrant example
of petitio principii.

A convincing case can be made that the the master arrow of time
is cosmological, and the major task lies in explaining why the cosmos
had such a low entropy in what for us is the distant past. The ther-
modynamic arrow follows readily: there is no need for an ad hoc PI®
without a PIOI. The Wheeler-Feynman time symmetric treatment of
electromagnetic radiation implicitly appeals ultimately to cosmology, for
the effective retardation arises from the assumption of perfect future ab-
sorption. This absorption is treated as a matter of irreversible thermo-
dynamics, in terms in fact of a phenomenological absorptive (complex)
refraction index. The thermodynamic arrow is tied to the cosmological
one, and Wheeler and Feynman reason that radiation appears to us to
be retarded because of thermodynamic processes in the future universe.
The reason for the direction of the thermodynamic arrow itself seems to
lie in the statistical properties of the early universe, i.e. in the fact that
it was in such a low entropy condition.

If the arrow of radiation ultimately derives from cosmological con-
siderations, it would be desirable to show this directly, in terms of the
properties of a cosmological model, rather than indirectly, via thermo-
dynamics. This is precisely what Hoyle and Narlikar have done[10].
Suppose that the future is not a perfect absorber, but only works at
efficiency f, in the sense that the reaction of the universe, on particle
a, is not the full Dirac radiation damping of 1 [F:* — F>*], but only
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f times this quantity. Analogously, suppose that the past is also not
perfect as an absorber, but has efficiency p. That is, the boosting is not
minus the Dirac term, but rather —p times that quantity. Let us write
the symmetric sum over all the fields acting on particle a as a general
linear superposition of retarded and advanced contributions, each with
its damping or boosting terms:

AQY Ry +34f[Fy = Fe)p + B Y R — b - By
b#a b#a
(4.20)
with A + B = 1. This leads to

(1-24)) F*+(1-2B)) F*=
b b
(1-2A+ Af - Bp)F;* + (1 —-2B — Af + Bp)F:*(4.21)
The system is consistent if the coefficients of F;** and Fz* vanish:

l-p
2-f-p

1-f

B = - 7—p’ (4.22)
and this is indeed consistent with A+ B = 1.

The Hoyle-Narlikar relation Eq.(4.22) is interesting. Unless the past
and the future are both fully absorbing, the values of A and B are
uniquely defined. For p < 1 and f < 1, since neither A nor B is zero, the
radiation from an accelerated charge is effectively neither retarded nor
advanced, but a superposition of the two, and the radiation damping
is a definite fraction of the Dirac value. The special case in which the
future is a perfect, but the past an imperfect absorber, f =1 but p < 1,
leads to A =1 and B = 0, which is the empirically satisfactory situation
of effectively retarded radiation, together with the full strength Dirac
radiation damping. With p = 1 but f < 1, on the other hand, we obtain
B =1 and A = 0. That is, in the situation in which the big bang acts
as a perfect absorber but the future is not fully absorbing—in an open
Friedmann model, for instance—one finds the unacceptable effectively
advanced solution, with a radiation boosting term, i.e. minus the Dirac
radiation damping. The main point to be made here is that, while the
basic emission is time symmetric, the effective radiation is not symmet-
ric if and only if p # f. That is, the radiative temporal symmetry is
broken by an asymmetry in the absorptive properties of the past and
future universe, in short by a cosmological asymmetry.

A =
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It seems that Feynman himself, after he had elaborated quantum elec-
trodynamics (QED) in the form that we still use today, rejected only part
of the credo of symmetric action at a distance[11]: “It was based on two
assumptions:

1. Electrons act only on other electrons
2. They do so with the mean of retarded and adva