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ABSTRACT

The interface between general relativity and quantum theory has been an exciting area
of research ever since the two theories were introduced. However, it is only over the past few years
that the activity in this area has bacome intense and the problem of unification of the two theorigs
has coma to be recognized, more or less universally, as one of the most—if not the most—funda-
mental open problems in theoretical physics. The purpose of this article is to present the current
state of the art in broad terms. It should be emphasized that the article is addressed to non-

speci‘alistsﬂsay, advanced undergraduate or post-graduate students—and is intended to be an intro-
duction to the field rather than a thorough review thereof.

1. INTRODUCTION

PHYSICAL theory describes a certain aspect of

Nature, Electrodynamics is a familiar example :
it describes physical properties common to all charged
particles and figlds. Quantum mechanics, in this
sense, is not a physical theory. Rather, it is a body
of laws to which all physical theories must, appa-
rantly, submit. These laws rtequire, for example,
that (pure) states of any system be represented by
rays in a Hilbert space; observables, by self-adjoint
operators on this space; etc. : quantum mechanics
is a general framework which claims to be all-
pervading, n terms of which we must formulate the
description of all aspects of Nature. In particulat,
therefore, one might expect that the ‘correct’ des-

cription of gravitational interactions should fit in this
framework,

The best theory of gravitation, available today, is
general relativity. This description of gravitation
does not fit in the framework of guantum mechanics:
there is no Hilbett space, no self-adjoint operators;
one uses the language of differential geometry rather
than that of functional apalysis. The common belief
therefore is that although general relativity does
describg gravitation very accurately on a large scale,
it fails to do so on a microscopic scale. Stated
differently, one says that general relativity 1s the
correct ‘classical ’ theory of gravity and secks a more
accurate, *quantum® version thereof,

However, among all classical theories, goneral
relativity is unique : it also describes space-time
goometry, Consequently, it makes claims on the
formulation of other theories of Nature, For example,
it raquires that any physical field be described by a
geometrical object—typically a tensor or a Spinoc
field- on a differential manifold; that its evolution be

*Pased on a colloquium given at the Raman Rescarch
Institute, Bangalore, on 30th July 1972,
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described by hyrerbolic differential equations; etc. :
general relativity, like quactum mechanics, provides
an all-pervading body of laws. One¢ cannot, thers-
fore, hope simply to subject general relativity to the
framework of quantum mechanics. Rather, one is
forced to seek a unification of the two frameworks:
unification which will provide not only a more accu-
rate description of gravitation, but also a more com-
plete basis for describing glf theories of physics.

Inspite of the fact that the efforts at achieving this
goal began as early as 1930°s, 1 think it is fair to say

that one is a long way away from obtaining a satis-
factory solution. )

Why is the problem so difficult? The reasons
fall into two broad categories. Tirst is the lack of
observational data. No experiment has ever been
performed to probe the quantum effects associated
with the gravitational interaction. And indeed the
present-day technology will have to improve at least
by 25 orders of magnitudes befora one can conceive
of an experiment. Thus, the situation heré is just
the opposite of that in strong interactions. In this
respect, there is a curious similarity b¢tween the
current state of affairs in theoretical physics and the
developments at the beginning of this century which
led to the discovery of general relativity and quantum
mechanics. As in the case of quantum mechanics,
there exist piles of data waiting to be explained by
the future theory of strong interactions. The contradic-
tion, when it arises, is the one betwecn gxperimental
facts and simpls thoorctical models. Consequently,
the progress in the field of strong interactions is
following, broadly, the same path that led to quantum
mechanics @ first, one does phenomenology, sceking
pattcins and putting order in the accumulated datag
then, one constructs simple models to explain the
main features; and, finally, one looks for a complete
thaory which is to remove the ad-hoc assumptions
in the varioys models. In gquantum gravity, as was
the case for general relativity, the diliculty is not 109
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much data, but pe data!  Here, the problem is sololy
a conceptual one; the ¢lish is between two sets of
theoratical prigwiaples. Cosisegucatly, a2 step by step
arproach, usne coenmentat data as a constant
guide, 15 simply not available!  As n the case of
general telativigy, one must we instead, only one’s
phistcal  mmtuwtron and  mathematical  ingenuity.
Obviowsly, this makes the problem very hard. The
sxond major dificulty anses from the fact that, unlike
cthor phydeal felds, the gravitational field dictates
the structure of srace-time itsaelf, Physical theories,
as a general rule, assume that space-time is given, once
and for all, serving as the background for phenomena
of interest. Thus, space-fime is like a stage on which
the drama of evolution unfolds, the actors being the
vanous particlas and fizlds guncompassed by the theory
of interest. Ths situation is drastically different in
gansral relativity, Here, the gravitatiopal field 1s
tdentifsd with the curvature of space-time . the stage
yust disappears and the space-ime geomeiry joins
the group of actors. lItisno more fixed, immune {0
surroundings ; it also participates in the drama of
evolution. This loss of kinematical background
causes a host of problems, both conceptual and

technical.

Inspite of thess difficulties, one can speculate op
the structure that the desired thcory should have.
First and the most obvious faature would be the
prescnce of three fundamental constants of Nature:
the velocity of light ¢, Planck’s constant 7 and Newton’s
constant G. One expects the thcory to reduce, in an
appropmate sense, to general relativity in the limit
when Ji goas to zaro and to the Minkowskian quantum
ficld theory, in the limit when G tends to zero. The
genuinsly new predictions are most likely to emerge
on scales characterized by all thre¢ comnstants, e.g.,
at 10-® cms (~ 2 GY2 JjN?), which is the unique
guantity with dimensions of length that one can con-
struct from the three fundamental constants. Ons
hopes, for example, that the quantum fluctuations of
the geometry would provide a natural cut-off at this
length so that the theory would be automatically fres
of tha ulira-violet divergences which plague Minkow-
skian quantum field theories. Similarly, one hopes
that the quantura effects will cure genecral relativity
of its singularities : singularity theorems of the
classical theory assume that the stress-epergy tensor
of matler should satisfy certain inequalities which,
inspite of being very natural in the classical domain,
ara violated by quantized matter fields. Next,
consider the various conservation laws, The strong
interactiopn  conserves I-spin, parity, strangencss,
baryon number, energy-momentum and charge, while
the electromagnetic interaction conserves only the last
Gve and the weak interaction, only the last three. If
this pattern—weaker the interaction, less the number
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of conservation laws—is aay indication, further vio-
lations are to be expected in quantym gravity, Indeced
recent investigations concerning black-hole eva.pﬂz
rations strongly suggest that the baryon number will
not be conserved: baryons could be eafen up by black
holes which, on evaporation, would produce equal
number of baryons and anti-baryons! It is not
unlikely that there will be other, even mors interest-
mg predictions with a bearing already on the day-
to-day laboratory physics, For example, the theory
would permit, via quantum fluctuations, non-trivial
topologies thereby providing new quantum numbers
of topological origin for classifying the elementary
particles. More gensrally, the thsory would presu-
mably replace ths present-day notion of space-time
by something that is radically different and this will
certainly have a profound impact on all of physics.
As the history, e.g., of specia] relativity, indicates, the
most dramatic aspacts of this impact will be precisely
those which could never have been guessed before !

Th¢ review is organized as follows. Section 2
summarizes the efforts at obtaining the required
theory by traditional means, Broadly, the conclusion
reachad is a negative ons : traditional methods run
Into difficufties which, at least at the moment, sesm
to be unsurmountable. Section 3 discusses the recent
developments in a simpler but related issue : that of
quantizing other fislds in presence of an external
gravitational feld. Tt is these developmentis that
have given a new impetus to reésearch in this area.
Their implications on the required theory of quantum
gravity as well as some possible avenues to the desirgd
goal are sketched in Section 4.

To conclude this section, let ms make a qualifying
remark that applies to the entire discussion that
follows. A review of a subject in progress is bound
to show the prejudices of the author via the selection
of tha material ; without such a selection, the review
would amount to little more than a bibliography. of
the literature on the subject ! In the case of quantum
gravity, not only is the subject in progress, but there
is still considerable disagreement even on the basic
issues. Selection-effects are therefore all the more
significant. Broadly, the view-points expressed In
this article are those of relativists, in contrast to say,
particle physicists. Thus, for example, 1t 1s assumed
that general relativity is the *correct® classical theory
of gravitation and the vast literature on alternate
theories of gravitation and their quanpiization—is
simply overlooked.

2 TRADITIONAL APPROACHES

The space-time mefric plays a dual role in general
relativity: on the one hand, it determings the srace-
time geometry thereby providing a Kinematical arena
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for all of physics, and, on the other hand, it serves
as the gravitational potential, thereby participating
in dynamics. It is this duality, as was remarked in
the Introduction, that makes the problem of quantiza-
tion so very difficult. For examrle, a central assump-
tion in the quantum description of fields in Minkowski
space 1S that of micro-causality: physical observables
assoctated with a region of space-time must commuts
with those associated with another if the two regions
are space-like separated. The assumption has a
simpls operational meaningand is therefore very basic
from a physical view-point. Unfortunately, it cannot
even be formulated in the gravitational case : since
the space-time metric, in its role as a dynamical
variable, is to be subjected to quantum fluctuations,
a background geometry to decide whether or not the
two given regions are space-like separated is simply
not avatlable ! Thus, the sypecial role of the gravi-
tational field makes it difficult to guess the algebra
of observables in quantum gravity. The situation is
no bstter with quantum states. In Minkowskian
theoties, quantum states of fields are wave functions
which represent probability amplitudes for fields to
acquire various valués. In quantum gravity, ong is
then led to consider wave functions of metrics and
probability distributions for space-time geometries,
How is one to interpret such a distribution ? How is
one to describe the physical systems, e.g., particlss
and fields—if one has only a probability distribution
of geometries rather than a fixed gecometry as a back-
ground ?

The traditional approaches f0 duantum gravity
may be divided into two broad classes depending on
one‘s attitude towards these pioblems: covariant
frameworks and canonical methods.

In the covariant approach, one adopts the attitude
that since it is tha dual role of the metric that causes
the problems, one ought to begin by splitting the two
roles. Thus, one starts as in Minkowskian field
theories by fixing, once and for all, a 4-manifold M,
topclogically R4, equipped with a flat metric n,,. Then,
given any other metric g,, on M, one defines a tensor
field k yvia g, = Ngpt B, Thisdecomposition splits
the two rolcs played in general relativity byg., 19,
is to provide the reguired kinematical arena and i ,
is to be the dynamical variable, representing the gravi-
tational potential. FEinstein’s equation on g, provides
a non-linear hyperbolic equation on /. Thus, the
situation is reduced to that in familiar field theories
in Minkowski space: conceptual problems mentioned
above simply disappear! One thorcfore mimics the
quantization proccdure applicable to these  feld
theories. The frst step is to lineariza the c¢guation
on h, and to construct from the spacc of solutions
to the lincar cjuation a Yook space of gquantum states,
These states provide a unilary reyresentation of the

Poincaré group—the symmetry group of (M, Ny )
corfesponding to mass m=0 and spin |s|=2
(Irreducible representations of the Poincaré group
can be classified by values of n and s). One therefore
coucludes that gravitons are zero rest mass spin-two
particles, Next, one returns to the full non-linear
equation on k. Using this equation, one introduces,
formally, a Hamiltonian operator on-the Fock space
which is to describe, in quantum theory, the dynamical
evolution  corresponding to Einstein’s equafion.
Finally, from this Hamiltonian, ongs attempts to con-
struct the S-matrix, i.e., to compute the probability
amplitudes {or scattering processes involving gravitons,

The scheme has two types of drawbacks, First,
it seems not to lead to a meaningful S-matrix. More
precisely, the resulting quantum theory appears*
not to be renormalizable. This means that in the
perturbation series in powers of the coupling
constant for scattering amplitudes, individual terms
diverge in such a way that a systematic procedure for
absorbing infinitics by renormalizing the constants
appearing in the theory is not possible, Put diffe-
rently, there exist an infinite number of arbitrary para-
meters in the theory and hence the theory has no
predictive power ! The second drawback—which may
well be the real source of the fust—is that the flat
background metric, introduced by hand, petvades the
entire framework. The introduc¢tion of this back-
ground injures the very spirit of general relativity;
a basic lesson of Einstein's theory is that there exists
a single space-time metric which serves simultaneously
as the gravitational potential. Ong may argue that
the split g, = m,y + Ay should be treated merely as
a mathematical convenience similar to the choice of
a gauge condition in electrodynamics, This view-
point would be justifiable. However, as the frame-
work stands, the split seems to play a dominant role
in the resulting theory: the name * covariant approach’
itself refers to the Poincaré covariance of the theory !
Furthermore, the price paid {or the convenience scens
to be too high: right from the begimning, one 1Is
forced to restrict onesclf to spacs-times which are
topologically R4 and to ignore the fascinaling non-
nerturbative phenomena such as the guantum fluctua-
tions of topology at Tlanck length, In pagticular,
this rules out the investigation of processes such as
black hole formation and evaporation which require
non-lrivial topologies. And, onec would expect that
e e |

* In principle, it is possible that the numerteal
coeflicicnts in {ront of all undesired counter-ternis
turn out to be zoro for all orders i the couphng cons
stant. This would, howegivaer, ba truly miraculous
since no physical principle-such as gauge nvarlance
or symmetry—is available which  reaquires such @
cancallation,



766

it is procisely through such qualitatively new processes
that quantum gravity would make its impact felt.
{ndeed, the numerical predictions of scattering ampli-
tudes that have played an important role in the
devclopmients concerning other interactions arg, at
the present stage, quite unimportant in  quantum
gravity, given the curreat feasibilities in experimental
physics. The 1ssucs of immediate interest arg there-
fore the conceptual ones. And, by imitating the
procedure adopted in other interactions, covariant
methods ate forced to ignore precisely these 1ssues.
As Roger Penrose puts it, *“* if weg remove the life from
Einsteir’s beautiful theory by steamrolling it first to
flatness, and linearity, then we shall lsarn nothing
from attempting to wave the magic wand of quantum
theory over the rasulling corpse ™.

The canonical approach, on the other hand, does
raspect the geometrical aspect of genseral relativity.
Thus, not orly is a splitting of the dual role of the
matric is avoided, but the emphasis is on investigating,
atready at the classical level, the ways in which general
relativity differs from other fisld theories due to this
duality. Here, the main idea is to cast the classical
theory in g Hamultonian form and to subject the
*basic® canonically conjugate variables o the
Heisenbaerg commutation relations. To this goal,
one begins with the initial value formulation of
Einstein’s equation. What nformation must one
specify at an °injtial instant of time’. which, when
evolved via field equations, would lead to a unique
solution 10 these cquations? Noie that even this
issue is more complicated in gensral relativity than
in other field theories. ¥Yor, not only ars the field
equations more involved but the space-time itself is
to emerge as the end-product of the evolution ! None-
theless, the issue is completely resolved: given a
3-surface S equipped with symmetric tensor fields ¢,
and p . subject to certain constraints, there exists a
unique {maximal) 4-manifold M with a solution g ,
of Einstein’s (vacuum) equation such that S is a space-
like 3-surface in (M, g ,) with intrinsic metric g,, and
extrinsic curvature p_,. Thus, the pair (g, p.y) On
S is the initial data for Einstein’s equation. Hence,
in analogy with Minkowskian fisld theories, one may
wish to treat the pair as the basic canonically conju-
gate variables. Unfortunately however, since g,
and p_, are subject to constraints, the pair contains a
lot of redundant information. Thus, one must first
isolate the true, physical degrees of freedom of the
gravitational field by solving the constraint equations,
or equivalently, by factoring out the gauge freedom,
The fields representing the true degrees of freedom
would then serve as the required canonically conju-
gate variables, Unfortunately, however, the nature
of the constraint cquations is such that a natural
gxtraction of these ficlds is not possible in the present
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framework, Can one not invent schemes to quan-
tize constrained Hamultonian systems ? Afterall, ¢on-
straints arise naturally in the Maxwell theury-—Dw

E =0, Div B = 0—and yet a simple quantum descrip-
tion of the electromagnetic field s availlable. 1t
turns out that the constraints in general relativity
are qualitatively different from those in electrodynamics
reflecting the fact that the diffeomorphism group
in Einstein’s theory is vastly more complicated than
the Abelian gauge group of Maxwell’s theory. Hence,
one cannof use ideas from electromagnetism. One
must look for othar modals. A considerable efort
has been made in this direction. Of particular interest
are the so called gquantum cosmologies where onc
freezes all but a finite number of degrees of frecdom
of the gravitational field and subjects the rest to quanti-
zation, These models have led to number of insights.
However, the results have not appreciably simplified
the situation in full general relativity. In particular,
although a number of proposals for passing from the
constrained Poisson-bracket formalism to Heisenberg
quantization now ¢xXist, the issue of constructing g
Hilbert space of quantum states has remained almost
entirely  unexplored.  Thus, although  canonical
methods have shed light on a number of issuss in
general relativity at the classical level, the programme
has simply not ‘taken-off > in the quantum domain.

To summarize, although the two traditional ap-
proaches take entirely different stands on the problems
raised by the dual role of the matric, in the ¢nd, both
run into major difficulties. Overall, one has the feel-
ing that covariant frameworks are pragmatic but not
sufficiently deep while the canonical methods are
broader in their goal but not sufficiently suprle to
manoguvre.

3. QUANTIZATION IN CURVED BACKGROUNDS

The main stream of rescarch on guantum effects
of gravity changed its course abruptly in mud-seventies
when it was realized that the external potential approxi-
mation to quantum gravity is a physically mteresting
as well as mathematically feasible enterprise. The
idea here is to investigate the effects of a classical,
background gravitational field on quantized matter.
In a sense, the spirit is contrary to the original goal:
instead of quantizing the gravitational field, one tries
to ‘generalrelativize’ quantum fisld theory.
Nonetheless, there exist two reasons which indicate
that the results obtainsd in this framework will contri-
bute to our understanding of full quantum gravity,
First, in quantum electrodynamics, the external poten-
tial calculations often provide excellent approxima-
tions to the predictions of the full theory. The second
and more important reason is that, as wa shall see,
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some of ths insights provided by this framework are
s0 compelling that it 1s difficult to believe that they
are mere quirks of the approximation scheme.

In this framework, one gives oneself a classical gravi-
tational ficld of physical interest and investigates its
gfiects on guantum matter fields, The background
gravitahional field induces several interesting quantum
processes: not only are ths matter fields scattered in
a non-trivial fashion, but there can also occur a spon-
taneous as well as stimulated emission of particles.
Thus contrary to the situation in familiar Minkowskian
quantum field theories, the vacuum state of the matter
flelds 15 unstable in the S-madnk  deseription, the
incoming vacuum state can evolve to an outgoing
many particle state. This phenomenon is not peculiar
to gravity; it is a general feature of the external
potential frameworks. Normally, the stability of
vacuum is ensured by the conservation of energy.
In the presence of external potentials, on the other
hand, the energy of the quantized felds, by itself,
need not be conserved; energy can be transferred
from the background potential to the quantum fields,
To illustrate how such a transfer may come about
in the gravitational case, one can construct a simple
phenomenological model. One can envisage ths
vacuum state of matter felds as being filled with a
sea of freely falling virtual particle-antiparticle pairs.
Due to the tidal forces induced by the background
curvature, any given pair can be torn apart as it falls,
If the curvature is strong enousgh, the pair may be
torn apart to such an extent that the gravitational
potential energy gained in the process excesds twice
the rest mass of ths quanta associated with the given
matter f1ield. When this occurs, it is energetically
possible for the two virtual particles *to become real *;
there is a spontaneous emission. This model of
particle-production is, of course, very heuristic. None-
theless, it makes the phenomenon plausible and is
also useful in making order of magnitude estimates,
Finally, note that the nature of the approximation is
such that one ignores the reaction of the created
particle back on the gravitational background. Thus,
the background, as the name suggests, participates
in dynamics only partially; it affects the evolution
of matter ficlds but is itself immune to changes.

The detailed mathematical formalism describing
these processes turns out to require a non-trivial
generalization of the machinery available in Minkow-
skian field theories. This is because the gravitational
Geld, being geomectric, affects the very notion of field
guanta. For example, whereas an external stalic,
electric field can give rise to spontaneous cmission of
charged paricles, an edlernal, static, gravitational
field cannot. The reason behind this disparity can
be traced back to the fact that whereas the encrgy of
charged Gelds fails to be conserved in timg¢ in presencs
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of a static electric background, the energy is conserved
in presence of a static gravitational background,
thanks to the geometric nature of gravity. Mathe-
matically, difficulties arise because Fourier transforms,
which play a dominant role not only in calculations
but in the very definitions of particle and antiparticle
states In Minkowskian frameworks, are simply not
available in curved space-times. In spite of these
problems, the S-matrix theory is now well-
understood. Thus, if the gravitational background is
asymptiotically well-beraved, one can introduce well-
defined incoming and outgoing states, give nacessary
and sufficient conditions for the exisience of the
S-matrix, and, in the case when it exists, write down
the expression of the S-matrix in a closed form,
These exvressions have led to explicit formulae for
number of particles created via spontaneous and stimu-
lated emission in any desired state.

The most important prediction of the framework
is ths Hawking effect which occurs in presence of black
hole backgrounds. Let me first summarize the sitna-
tion in classical general relativity where black holes
have, already, fascinating properties. Among these
are tne so-called 3 laws of black hole mechanics :
() the surface gravily K -—the analogue of g of
Newton’s theory—is a strict constant on the surface
of the black hole; (i} if M and JA denote, respec-
tively, differences in the mass and the area of two
nearby black hole configurations in equilibrium, then*

2
oM =(;I_%)5A; and, (ili) the area A of a black

hole can never decrease. The analogy betwcen these
laws—proved rigorously using only classical general
relativity—and the 3 laws of thermodynamics is strik-
ing: K plays the role of temperature and A of entropy.
Unfortunately, however, in classical general relativity,
the analogy remains only a formal one, For, the
black hols, being black, must be at zero temperature
rather ithan at x. Similarly, since entropy is dimen-
sionless whereas A has dimensions of (length)?, a
relation between the two quantities must involve a
fundamental length and no such quantity can be
constructed out of G and ¢, the oanly fundamental
constants availpble in classical gencral relativity. It
turns out, miraculously, that quantum theory infers
venes and takes care of all these problemis ! Detailed
calculations, carricd out in the framework of ¢uan-
tum feld theory on black hole backgrounds show that
black holes do radiate vig spontansous emussion of
rarticles., Since the gravitational intcraction is unis
versal, all species of particles are produced. Further-
more, the spectrum s cxactly Planckian with tempe-
rature T = fiw{2nc; a black hole radiatos as it it were

* For simphlicity, T have restricted mysclt here 1Q
uncharged, non-rotating black holes,
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a black body. Due to this emission, the hole loses
mass and can oventually just evaporate. Finally
with Planck’s constant % at disposal, one can construct
& quantity with dimensions of length and relate the
areca A to cntropy S S =(c*4Gh)A! Thus, if
quantum effects are included, one can unify the 3 laws
of black hole mechanics and the 3 laws of thermo-
dynamics to obtain 3 laws of black hole thermo-
dynamics. In thus result, the principles of quantum
theory, gencral relativity and statistical mechanics
arg so delicately interwoven that one 1s compelied to
believe that it cannot but represent an essential germ
of truth, even though a number of approximations
have besn used ia its present derivation to give an
anology, this result may well be to the final theory of
quantum gravity what Bohr atom was to non-rslati-
vistic quantum mechanics.

4, OQUTLOOK

Apart from providing a new impetus to the field,
the era of exiernal potential approximations has given
rise to a number of ideas for full quantum gravity
which are now being pursued., First, there is the work
in cosmolorzical context. The standard cosmological
model exbibits an initial singularity representing the
big-bang. Thus, the gravitational field was very strong
in the early universe. Hence, a significant amount of
spontaneous emission of particles must have occurred.
It is tempting to conjecture that all matter came into
existence vig this process: In the beginning, there
was Gravitational Tield and Quantum Gravity said
“Let there be matter’ and there was matter. .
Unfortunately, however, detailed calculations in the
external potential approxXimation are full of ambi-
guities since one must specify initial conditions {e.g.,
the incoming vacuum) on 2 singularity, Moreover
these calculations invariably predict that an infinite
number of particles was created since the gravitational
field grows unboundedly as one recedes to earlier
and earlier times. The problem here is simply that
the external potential ayproximation breaks downs
one must take into account the reaction of the created
particlcs back on the gravitational field. That is,
Oone must attempt to solve a self-consistent problem
in which the gravitational field continuously produces
particles which contiruously modify the gravitational
ield. One must develop approximation schemes to
handle the coupled system; one cannot afford the
luxury of a background ficld method. A lot of effort
i1s being made in this dircction. Another off-shoot
of quantum theory in curved space-times is the investi-
gation of the role of space-time topology in guantum
phenomena. Alrgady in the external potential approxi-
mation, non-trivial topologies provide new quantum
numbers for labelling eclementary particles. It is an

attractive hypothesis that many—if not all—of the
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so-calied internal quantum numbers may really be of
topological origin. Finally, the results obtained using
black-hole backgrounds have opened another avenuye:
Gnite temperature quantum gravity. A key role in

fhis research is played by the so-called gravitational
Instantons which are the Euclidean solutions (i.e.,

metrics with signature ++ 4+ 4 rather than— 4 - 4)
to Einstein’s equation with finite action. 1t is believed
that these instantons represent-in the semi-classical
approximation— states of thermal equilibrium of the
Bravitational field and effort is being made to gamn

insight into issues such as the permissible transitions
between two such states.

What is the status of issues raised by the traditional
approaches to quantum gravity? The rtenormali-
Zation problem faced by covariant approaches has
led to the theory called supergravity. This theory
has saveral mathematically attractive features and has
in fact opened new arcas of research in pure mathe-
matics: supermanifolds and graded groups. From
a physical viewpoint, however, significant progress
1S yet to a pear. In parvicular, although the original
motivation was that of obtaining a re-normalizable
theory, the status of this issue is still unclear. Further-
more, the theory requires the introduction of a funda-
mental spin—3/2 field called gravitino—and no such
ficld is observed in Nature. Hence, as the matter
stands—1i.e., in the absence of qualitatively new, deep
and compelling results—the basic scenario of super-
gravity seems somewhat artificial. A more recent
and much less explored aprroach is the so-called
asymptotic quantization scheme, The point of depar-
ture here 1s the theory of gravitational radiation in
exact general relatwily; one quantizes the radative
modes of the gravitational field. The idea is to place
oneself “in between’ the two traditional methods.
Thus, as in the covariant aprroach, the emphasis is
on the S-matrix description while, as in the canonical
approach, the passage to quontum theory is via a
Hamiltonian formulation., However, at no stage
does one introduce a background metric or linearize
Einstein’s equation:; non-trivial topologies are permis-
sible, Gravitons, for example, arise as asymptotic
entities in the exact theory rather than as spin-2
quanta on a Minkowskian background. Also, the
Hamiltonian framework, being based on null rather
than space-like 3-surfaces, is free of constraints !
Conszquently, unlike in the canonical approach, the
proramme does * take-off * in the quantum domain:
one can construct the Hilbert spaces of ‘in* and ‘ out”’
states and introduce physically nteresting operators
on them. However, the issu~ of dynamics—i.e., that
of the actual construction of the S-matrix—is yét to
be explored; one has available only a Kinematic trame-
work which is free of the obvious drawbacks of the
traditional arproaches,
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While all these ideas are bound to give new insights
and may even go a long way towards the desired
theory, m my opinion, they are unlikely 10 go all the
way; as Bohr might have said, they are not *‘ crazy
enough”. To bs crazy enough, ona must, 1 fael,
abandon the use of spacs-time as the point of denar-
turé; spacs-time should emerge as a ‘derived’ con-
cept, a macroscopic, averaged-out object. In this
réspect, two directlons seem to be particularly pro-
mising. The first 15 provided by the notion of space-
time foam; one begins with a microscopic model of
space-time, consisting of a foam-like structure perpe-
tually undergoing topological c¢hanges dgpicting
guantum fluctuations. The s¢cond and more pro-
found approach is the one involving spin-networks
and twistors. Here, one takes the operational view
that particles are more fundamental than space-time;
space-time is recovered from spin-networks and
twistor space which are themselves built directly
from the momentum-angufay momentum structure of
particles.
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A NEW TANNIN FROM YQUNG STEM BARK OF CAESALPINIA PULCHERRIMA

K. K. AWASTHI*, ANOOP KUMAR AND (MRs.) K. MISRA**
Chemistry Department, Allahabad University, Allahabad 211 002, India.

ABSTRACT
From the inner siem bark of three months old plants of Caesalpinia pulcherrima a new
ellagitannin has been isolated which is unique in having a combination of condensed and hydro-
lysable tannin units in the molecule. Its structure has been established on the basis of analytical,

degradative and spectroscopic evidences,

AFSALPINI4 PULCHERRIMA' (subfamily: Cagsal-
pinaceae, family : Legumincsae) known in Hindi

as * Guletrura’ is a garden variety. In our earlier
publications?—® we have reported the presence of f-
sitosterol, sebacic acid, quercimeritrin, leucodel-
phinidin and two ellagitannins (A) and (B) from the
stern back. ‘This bark is highly astringent and the
astringency goes on decreasing with the age of the
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plant, We have studied the bark at different:tages of
growth in o:ger (0 assess the chemical changes taking
place spa-ially in the polyphenols. [u our earler
publication th: barg of full-grywn plants was studicd.
We nov report the components of the younser bark.

The fresh innsr stem bark of three months old plants
of C. puicherrima was extracted with alcohol free
acetone. The concentrated extract was fragtionated
into petrol, cther and ethyl acctate soluble fractions,
Potrol removed chlorophyll and fl-sitosterel. Tihwer
extracted ga'lic acid, scbacic acid and qer-imerntring
and ¢thyl acotate extracted mainly leucodelphisidin



