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FOREWORD

The Dirac Medals of the International Centre for Theoretical
Physics were instituted in 1985. These are awarded yearly to out-
standing physicists, on Dirac's birthday - 8th August - for contri-
butions to theoretical physics.

The Selection Committee includes Professors S. Lundqvist,
N. Cabibbo, Y. Nambu, E. Witten, S. Weinberg and Abdus Salam.
The Dirac Medals are not awarded to Nobel Laureates or Wolf
Foundation Prize winners.



DIRAC MEDALISTS

1985 Professor Yakov Zeldovich
(Institute for Space Research, Moscow, USSR)
Professor Edward Witten
(Princeton University, USA)

1986 Professor Yoichiro Nambu
(Enrico Fermi Institute for Nuclear Studies, Chicago
University, USA)
Professor Alexander Polyakov
(Landau Institute for Theoretical Physics, Moscow, USSR)

1987 Professor Bryce DeWitt
(University of Texas at Austin, USA)
Professor Bruno Zumino
(University of California at Berkeley, USA)

1988 Professor David J. Gross
(Princeton University, New Jersey, USA)
Professor Efim Samoilovich Fradkin
(Lebedev Physical Institute, Moscow, USSR)

1989 Professor Michael B. Green
(Queen Mary College, University of London, UK)
Professor John H. Schwarz
(California Institute of Technology, USA)

1990 Professor Ludwig Dmitriyevich Faddeev
(Steklov Mathematical Institute, Leningrad, USSR)
Professor Sidney Richard Coleman
(Harvard University, Cambridge, Massachusetts, USA)

1991 Professor Stanley Mandelstam
(University of California, Berkeley, USA)
Professor Jeffrey Goldstone
(Massachusetts Institute of Technology, Cambridge, Ma., USA)

1992 Professor N.N. Bogolubov (posthumously)
(formerly of the Joint Institute for Nuclear Research,
Moscow, Russia)
Professor Yakov G. Sinai '
(Landau Institute of Theoretical Physics, Moscow, Russia)

1993 Professor Daniel Z. Freedman
(Department of Mathematics, MIT, Cambridge)
Professor Sergio Ferrara
(Theory Division, CERN, Geneva)
Professor Peter van Nieuwenhuizen
(Department of Physics, SUNY, Stony Brook)

1994 Professor Frank Wilczek
(Institute for Advanced Study, Princeton, USA)





P.A.M. Dirac (1902-1984)

Paul Adrien Maurice Dirac was born in Bristol in 1902. He stud-
ied engineering in his hometown, and obtained his degree in physics
and mathematics at Cambridge University where he became pro-
fessor in mathematics in 1932 in the Lucasian chair which was
once of Sir Isaac Newton. After his retirement, Professor Dirac
went to live in Tallahassee, Florida, where he taught at the Uni-
versity from 1971 until his death in 1984- A Member of the Royal
Society since 1930, he won the Royal Medal in 1939 and the Cop-
ley Medal in 1952. He shared the Nobel Prize for Physics with E.
Schrodinger in 1933.
Professor Dirac was an honoured guest and a staunch friend of
the International Centre for Theoretical Physics in Trieste.

« P.A.M. Dirac
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Sergio Ferrara

Professor Sergio Ferrara is honoured :
"for the discovery of supergravity theory and research in its sub-

sequent development. Prior to his work in supergravity, he made
important contributions to the development of globally supersym-
metric field theories along with J. Wess and B. Zumino and to
the discovery of extended superconformal algebras which played a
major role in subsequent construction of superstring theories. In
the spring of 1976, in a seminal paper with Daniel Z. Freedman
and Peter van Nieuwenhuizen, the first supergravity theory was
proposed. This theory combines, in a non-trivial fashion, the spin
2 graviton with a spin 3/2 particle called the gravitino to elevate
supersymmetry to a local gauge symmetry. This led to an explo-
sion of interest in quantum gravity and it transformed the subject,
playing a significant role in very important developments in string
theory as well as Kaluza-Klein theory. Professor Ferrara played
a major role in the development of the subject, with his studies
on coupling of supergravity to matter, super Higgs effect, extended
supergravity theories and many other aspects of supergravity theo-
ries. After string theories came to eminence, he made significant
contributions with his explorations of connections between low en-
ergy limit of superstrings and supergravity theories. Currently any
grand unified theory incorporating gravity is based on a supergrav-
ity theory coupled to matter in four dimensions, a most general
form of which Professor Sergio Ferrara has constructed in 1983
with E. Cremmer, L. Girardello and A. van Proeyen. These the-
ories emerge most naturally from the compactifications of the ten
dimensional heterotic string."



Professor Sergio Ferrara was born in Rome (Italy) on 2 May
1945. In 1968 he obtained his degree in physics from the University
of Rome. From 1969 to 1973 he was at first fellow and then staff
member at the Frascati National Laboratory. From 1974 to 1979
he held different positions at CERN in the Theory Division and
at the Ecole Nor male Superieure in Paris. In 1980 he became full
professor of theoretical physics in Italy. Since 1984 he has been
permanent senior researcher at CERN. Since 1985 he has been full
professor of physics at the University of California, Los Angeles.
Professor Ferrara was member of INFN and official representative
of the Italian Ministry of Industry. He was member of the Scientific
Committee of CNRS for the Ecole Normale Superieure in Paris.
He has directed many international conferences and he is referee of
international journals. Professor Ferrara was referee for the Nobel
Committee for Physics from 1988 to 1994. He is the author of more
than two hundred scientific publications in international scientific
journals and editor of several books. In 1991 he was awarded the
Scientific Prize UAP (Union Assurance de Paris).



SUPERGRAVITY AND THE QUEST
FOR A UNIFIED THEORY

SERGIO FERRARA

Theoretical Physics Division, CERN, Geneva, Switzerland.

ABSTRACT. - The foundation of supergrairity and research in its sub-
sequent developments is described. Special emphasis is placed on
the impact of supergravity on the search for a unified theory of
fundamental interactions.

It is a great honour and pleasure to be invited to give this Dirac
Lecture on the occasion of the 1994 Spring School on String, Gauge
Theory and Quantum Gravity.

In fact, this School is a continuation of a very successful series
initiated by Prof. A. Salam in 1981. Together with J.G. Taylor
and P. van Nieuwenhuizen I had the privilege of organizing the
first two in the spring of 1981 and the fall of 1982 [1].

At that time, supergravity was in the mainstream of research,
namely

1) Quantum properties of extended supergravities and their ge-
ometric structure,

2) Kaluza-Klein supergravity,

3) Models for particle physics phenomenology.

These topics were widely covered during the first two schools and
workshops.



Before going on to discuss supergravity and its subsequent de-
velopment, let me briefly touch upon the steps taken in the two
preceding years, when supersymmetry in four dimensions was in-
troduced.

Although the latter, with its algebraic structure, was first men-
tioned in 1971 by Gol'fand and Likhtman [2] and in early 1973 by
Volkov and Akulov [3] (to explain the masslessness of the neutrino
as a Goldstone fermion), it was really brought to the attention of
theoretical particle physicists in the second half of 1973, by Wess
and Zumino [4]; they had been inspired by a similar structure,
found by Gervais and Sakita (1971) [5], already present in two di-
mensions, in the dual-spinor models constructed in 1971 by Neveu
and Schwarz [6] and by Ramond [7]. The relevance of supersym-
metry for quantum field theory, especially in view of its remarkable
ultraviolet properties and its marriage with Yang-Mills gauge in-
variance, was soon established in early 1974.

It is nevertheless curious that it was only, at the time, rather
isolated groups that delved into the subject, mainly in Europe: at
CERN, the ICTP (Trieste), Karlsruhe, the ENS-Paris, Imperial
College-London, Turin Univ., and essentially two in the United
States: Caltech and Stony Brook. The same applies to supergrav-
ity and its ramifications in the early years, after its foundation in
1976.

Soon after the very first paper of Wess and Zumino [8], a re-
markable sequence of events occurred during 1974:

• The superspace formulation of supersymmetric field theories
(Salam, Strathdee [9]; Wess, Zumino, Ferrara [10]).

• The discovery of non-renormalization theorems (Wess, Zu-
mino [11]; Iliopoulos, Zumino [12]; Ferrara, Iliopoulos, Zu-
mino [13]).

• The construction of supersymmetric Yang-Mills theories
(Wess, Zumino [14] for the Abelian case; Ferrara, Zumino
[15], and Salam, Strathdee [16], for the non-Abelian case).



• The first construction of a renormalizable field theory model
with spontaneously broken supersymmetry (Fayet, Iliopou-
los [17]).

• The construction of a multiplet of currents, including the
supercurrent and the stress energy tensor (Ferrara, Zumino
[18]), which act as a source for the supergravity gauge fields
and had an impact also later, in the classification of anoma-
lies and in the covariant construction of superstring La-
grangians.

In the same year, quite independently of supersymmetry, Scherk
and Schwarz [19] proposed string theories as fundamental theo-
ries for quantum gravity and other gauge forces rather than for
hadrons, turning the Regge slope from a' ~ GeV~~2 to a' ~
10~34 GeV~2, the evidence being that any such theory contained
a massless spin 2 state with interactions for small momenta as
predicted by Einsteins' theory of general relativity.

In the following year, many models with spontaneously broken
supersymmetry and gauge symmetry were constructed, mainly by
Fayet [20] and O'Raifeartaigh [21], and N = 2 gauge theories
coupled to matter, which were formulated by Fayet [22].

This was a prelude to two important events, which took place
just before and soon after the proposal of supergravity: the dis-
covery of extended superconformal algebras (Ademollo et al., Nov.
1975 [23]) and the finding of evidence for space-time supersymme-
try in superstring theory (Gliozzi, Olive, Scherk, GOS, for short,
Sept. 1976 and Jan. 1977 [24]). In retrospect, these episodes had
a great impact on the subsequent development of string theories
in the mid 80's:

The Ademollo et al. paper, just a few months before supergrav-
ity was formulated, was inspired by the fact that it was possible,
in higher dimensions (D = 4), by undoing the superspace coordi-
nate $i with a counting index (i = 1,..., iV), to construct extended
supersymmetries; indeed, a remarkable theory with N — 2 {D =
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4) supersymmetry then had just been discovered by Fayet (Sep.
1985 [22]). In D = 4, extended superconformal algebras were ac-
companied by U(7V) gauge algebras [SU(4) for N = 4]. In D = 2,
superconformal algebras are infinite-dimensional and N = 2 and
N = 4 turned out to be accompanied by U(l) and SU(2) Kac-
Moody gauge algebras. These algebras, at the time thought of as
gauge-fixing of superdiffeomorphisms, were introduced to study
new string theories with different critical dimension [25]. In retro-
spect, this construction had a major impact on the classification
of "internal" superconformal field theories, especially N — 2, as
the quantum version of Calabi-Yau manifolds, and on its relation
[26] with the existence of space-time supersymmetry in D < Dcrit.

Meanwhile, in the spring of 1976 [27], supergravity was formu-
lated by Freedman, van Nieuwenhuizen and the author, working
at the Ecole Normale and at Stony Brook. Soon after, a simpli-
fied version (first-order formulation) was presented by Deser and
Zumino [28],

While in the second order formalism, the spin-3/2 four-fermion
interaction has the meaning of a contact term (similar to seagull
terms in scalar electrodynamics or non-Abelian gauge theories) re-
quired by fermionic gauge invariance, in the first-order formalism
it has the meaning of a torsion contribution to the spin connec-
tion from "spin-3/2 matter". This discovery also implied that any
supersymmetric system coupled to gravity should manifest local
supersymmetry.

This observation eventually led some physicists to go deeper in
string theory in order to explore whether the "dual spinor model"
could accommodate target-space supersymmetry. The GOS paper
(Sept. 1976 and Jan. 1977 [24]) gave dramatic evidence for space-
time supersymmetry in the superstring theory (called at that time
the dual-spinor model) [29] by cutting out the G-odd parity states
in the N-S sector and comparing its bosonic spectrum with the
fermion spectrum of the Ramond sector. In the proof, they used an
identity that had been proved by Jacobi in 1829 (Aequatio identica



satis abstrusa)\ This paper came out following some sequential
developments in supergravity, just after its first construction in the
spring of 1976, namely the first matter-coupling to Maxwell theory
(Ferrara, Scherk, van Nieuwenhuizen, Aug. 1976 [30]), to Yang-
Mills theory and chiral multiplets [31] and the first formulation
of extended supergravity [N = 2] (Ferrara, van Nieuwenhuizen,
Sept. 1976 [32]). It is interesting to note that two of the GOS
authors (G and S) also took part in some of the above-mentioned
supergravity papers.

The hypothesis of GOS (later proved in great detail by Green
and Schwarz [33]) also implied the existence of an TV = 4 Yang-
Mills theory, eventually coupled to an N = 4 extended super-
gravity. This was implied by a dimensional reduction of the 10D
spectrum. The full N = A supergravity contained in this reduction
was found a year later (Cremmer, Scherk, Ferrara, Dec. 1977 [34])
and it was shown to contain an SU(4) x SU(1,1) symmetry. Mean-
while, three other important developments were announced at the
end of 1976. The construction of N = 3 supergravity (Freedman;
Ferrara, Scherk, Zumino, Nov. 1976 [35]) and the discovery of
(Abelian and non-Abelian) duality symmetries, generalizing the
electromagnetic duality F -» F in N = 2 [U(l)] and N = 3 [U(3)]
supergravity (Dec. 1976 [36]). This duality generalizes to SO(6) x
SU(1,1) in pure N = 4 supergravity and to SO(6,n)x SU(1,1) in
N = 4 supergravity coupled to n matter (Yang-Mills) multiplets.

In retrospect, these symmetries play a crucial role in compact-
ified superstrings, where the manifold

SO(6,7V)
SO(6) x SO(iV) U(l)

(modded out by some discrete symmetries) describes the mod-
uli space of toroidally compactified 10D strings, according to the
analysis of Narain, Sarmadi, Witten [37]).

In September 1976, also the covariant world-sheet formulation
of the spinning string was presented in two papers [38] by Brink,
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Di Vecchia and Howe and by Deser and Zumino. In retrospect this
can be considered as a crucial ingredient for the Polyakov formu-
lation [39] of spinning strings with arbitrary world-sheet topology.
In this respect, (p + 1) supergravity is necessary for the consis-
tent formulation of any p-dimensional extended object coupled to
fermions.

In the subsequent years all higher extended 4Z) supergravities
with AT = 5, 6 and 8 were constructed.

The maximally extended supergravity (N = 8) was found by
Cremmer and Julia [40], by dimensional reduction of 11D super-
gravity previously obtained by the same authors with Scherk (1978
[41]), and its gauged version, accompanied with an SO(8) Yang-
Mills symmetry, by de Wit and Nicolai (1982 [42]). Gell-Mann
had earlier observed that SO (8) cannot accommodate the observ-
able gauge symmetry SU(3) x SU(2) x U(l) of electroweak and
strong interactions. However, it was later observed by Ellis, Gail-
lard, Maiani and Zumino (1982 [43]) that a hidden local SU(8)
symmetry (found by Cremmer and Julia) could be identified as a
viable Grand Unified Theory (GUT) for non-gravitational interac-
tions. The basic assumption was that the degrees of freedom of the
SU(8) gauge bosons could be generated at the quantum level, as it
was known to occur in certain ID cr-models, following the analy-
sis of Di Vecchia, D'Adda and Liischer [44]. However, contrary to
ID <7-models, which are renormalizable and therefore consistent
quantum field theories, it turned out later that N = & supergravity
in D = 4, which is also a kind of generalized a-model, is unlikely
to enjoy a similar property. This is one of the reasons why this
attempt was abandoned. Another reason was closely related to
the forthcoming string revolution, when Green and Schwarz (GS)
(1984 [45]) proved that D = 10, N = 1 supergravity, coupled to
supersymmetric Yang-Mills matter, could be embedded in a con-
sistent superstring theory for a particular choice of gauge groups
(SO(32) and E8xE8).

The GOS and GS papers gave strong evidence that superstrings



consistent with space-time supersymmetry containing supergrav-
ity + matter (rather than pure higher extended supergravity), in
the massless sector, were a possible candidate for a theory of quan-
tum gravity, encompassing the other gauge interactions and free
from unphysical ultraviolet divergences. On the contrary, in the
context of point-field theories, these systems, even if the symme-
tries dictated in an almost unique way all the couplings, were found
to be non-renormalizable, already at one loop, when standard per-
turbative techniques were applied to them (Grisaru, van Nieuwen-
huizen, Vermaseren, 1976 [46]). Indeed it was later shown that
this was also the case for pure supergravities at and beyond three
loops. [These theories had, however, the remarkable property of
being one- and two-loop finite (Grisaru, van Nieuwenhuizen, Ver-
maseren [46]; Grisaru [47]; Tomboulis [47]).] Pioneering work, in
the late 70's, was also the analysis of spontaneous supersymmetry
breaking in global and local supersymmetry. In rigid supersymme-
try, Fayet [48] opened the way to the construction of the minimal
supersymmetric extension of the Standard Model (MSSM), which
in particular demanded two Higgs doublets. However, the gauge
and supersymmetry breaking introduced by him required more
degrees of freedom than the MSSM.

When supersymmetry is gauged, i.e. in supergravity, the super-
symmetric version of the Higgs mechanism appears (super-Higgs),
i.e. the goldstino is eaten up by the spin-3/2 gravitino (the gauge
fermion of supergravity, the partner of the graviton), which then
becomes massive.

The possibility of having spontaneously broken supergravity
with vanishing cosmological constant was shown by Deser and Zu-
mino (Apr. 1977 [49]) and proved in detail by Cremmer, Julia,
Scherk, Ferrara, Girardello and van Nieuwenhuizen (Aug. 1978
[50]), by studying the most general matter coupling to N = 1
supergravity for a chiral multiplet, whose superpotential triggers
a non-vanishing gravitino mass. The Higgs effect for Goldstone
fermions had also been considered earlier by Volkov and Soroka



[51].
Another important result at that time, found by Zumino (Aug.

1979 [52]), was the fact that the most general supergravity cou-
plings of chiral multiplets (with two-derivative action) were de-
scribed by Kahlerian cr-models.

Again, in retrospect, this Kahlerian structure and the general-
ization thereof have played a role in superstring theory from both
the world-sheet and target-space points of view.

Although in the 70's the work done in supersymmetric mod-
els for particle physics (using renormalizable Lagrangians with
spontaneously broken supersymmetry) and that towards a deeper
understanding of the structure of supergravity theories (off-shell
formulations, matter couplings, etc.) went in parallel, with small
intersections, they came closer and became eventually deeply con-
nected after two major developments were made in the early 80's.

The first was the call made upon supersymmetry breaking near
the electroweak scale, to solve the so-called hierarchy problem of
gauge theories with fundamental Higgs scalars (Gildener, Wein-
berg; Veltman; Maiani; Witten) [53],[54].

This development and general properties of criteria for super-
symmetry breaking, contained in two pivotal papers by Witten
(Apr. 1981, Jan. 1982 [54]), opened up the field of supersymme-
try and supergravity as main stream research in the United States
and in the rest of the world.

The hierarchy problem is connected to the unnaturalness of the
hierarchy E-p/Ex {Ep being the Fermi scale) in any renormaliz-
able theory with fundamental scalars, whose v.e.v. triggers the
electroweak gauge symmetry breaking at a scale Ep much lower
than any other (cut-off) scale Ex-

This is due to the quadratic dependence on the cut-off A of the
effective potential, which, at one loop, manifests itself in a term

where Mj.(<p) are the (scalar) field-dependent masses of particle



species with spin Jj. In an arbitrary supersymmetric renormaliz-
able field theory with no traceful Abelian gauge group factor, the
expression multiplying A2 identically vanishes (owing to the spe-
cial relation between boson and fermion couplings), as was shown
by Girardello, Palumbo and the author (Apr. 1979 [55]). This
is also true for matter-coupled N = 1 supergravity with a single
chiral multiplet on a flat Kahler manifold (1978 [50]) and in spon-
taneously broken extended supergravity via the Scherk-Schwarz
mechanism (1979 [56]).

However, a closer look at boson-fermion mass matrices revealed
that this property made models previously considered by Fayet
more problematic, since they tended either to give an unrealistic
spectrum with some scalar superpartners of quarks and leptons
lighter than their fermionic counterparts, or to need a traceful ad-
ditional U(l) gauge interaction, plagued with triangular anoma-
lies. Cancelling these anomalies usually needed extra fields, which
eventually allowed vacua with broken colour or charge symmetry.

However, when the most general coupling of N = 1 supergravity
to an arbitrary matter system, with arbitrary gauge interactions,
became available (Cremmer, Ferrara, Girardello, Van Proeyen,
1982 [57]), it was realized that, provided m3/2 <C Mpi and pos-
sibly ~ O(TeV), mass terms for any observable scalar O(m3/2)
were easily generated, thus resolving the partner-spartner split-
ting problem, which generally occurred in spontaneously broken
rigid theories.

There is an alternative way of phrasing this: in the Fayet-type
models, the goldstino has coupling to the observable sector 0(1)
and the gravitino mass is very tiny, m3/2 ~ 10~13 GeV, while in
supergravity models with 7/13/2 ~ 0{mz) the goldstino coupling is
highly suppressed [0(ms/2/Mp\)], which implies that the gravitino
only carries gravitational interactions (Fayet [58]).

In the limit in which TO3/2 is kept fixed and couplings O(l/Mpi)
are neglected, spontaneously broken supergravity models behave
as globally supersymmetric models with softly broken terms, i.e.



terms with dimension < 3, which do not induce quadratic diver-
gences in the low-energy effective theory.

These terms had been classified in 1981 by Girardello and Gris-
aru [59]. A generalization of non-renormalization theorems for
superpotential terms in a generic theory were also found using
superspace techniques, by Grisaru, Siegel, Rocek (June 1979 [60]).

Softly broken terms and renormalization theorems were used to
construct viable supersymmetric GUTs, including the MSSM as
their low-energy effective theory, with no hierarchy problem (the
first of these was constructed by Georgi and Dimopoulos in the
summer of 1981 [61]). Soon after, realistic electroweak and GUT
models, with spontaneously broken supersymmetry triggered by
the supergravity couplings at the tree level, were constructed (Bar-
bieri, Ferrara, Savoy, 1982 [62]; Chamseddine, Nath, Arnowitt,
1982 [63]). A general feature of these models (Hall, Lykken and
Weinberg; Nilles, Srednicki and Wyler; Cremmer, Fayet and Gi-
rardello; Soni and Weldon, 1983 [64]) is that the messengers of
supersymmetry breaking to the observable sector (encompassing
electroweak and strong interactions) are a set of neutral chiral
multiplets (called the hidden sector), which have only gravita-
tional interactions and decouple from the low-energy theory; in
the latter, the only trace of them is to produce the soft-breaking
terms, then having the effect of modifying the supertrace formula
of global sypersymmetry with an additional (field-independent)
constant (with no physical consequences on the theory decoupled
from gravity).

Nowadays, in the MSSM, the electroweak symmetry is bro-
ken through radiative corrections, (Ibanez, Ross [65]) through a
Coleman-Weinberg mechanism, while supersymmetry is broken at
the tree level through the soft-breaking terms.

Considering the initial condition for the couplings as given
at the Planck scale and evolving them through the renormaliza-
tion group equations (Alvarez-Gaume, Polchinski and Wise, 1983
[66]; Ellis, Hagelin, Nanopoulos and Tamvakis; Kounnas, Lahanas,



Nanopoulos and Quiros, 1983 [67]), in a region of the parameter
space, the electroweak symmetry is indeed found to be sponta-
neously broken with a Higgs mass of the same order of magnitude
as the gravitino mass. There is a particular subclass of sponta-
neoulsy broken supergravity models, called no-scale supergravities
(Cremmer, Ferrara, Kounnas and Nanopoulos, 1983 [68]; Ellis, La-
hanas, Nanopoulos and Tamvakis; Ellis, Kounnas and Nanopoulos,
1984 [69]), where the supergravity-breaking scale m3/2 is arbitrary
at the tree level (owing to flat directions in the superpotential).
In these models, radiative corrections may generate the hierarchy
m3/2 — -MPI e~c/9 , then explaining how a small scale can be
created in a theory whose only original dimensionful scale is Mp\.

It was later shown by Witten [70] that many AD superstring
models have, in the point-field limit, a no-scale structure; there-
fore, after supersymmetry breaking, they may give rise to a dy-
namical hierarchy.

Nowadays almost every particle physicist knows what tan (3, A,
B represent in the general parametrization of the soft-breaking
terms of the MSSM.

The second breakthrough was on physics at the Planck scale
(Green, Schwarz, Sept. 1984 [45]), namely the discovery of anomaly-
free lOZ? supergravity coupled to Yang-Mills matter or consistent
superstring theories, for specific gauge group choices (in open and
heterotic strings) (Gross, Harvey, Martinec, Rohm, Nov. 1984
[71]). Heterotic string theories, after suitable compactification of
six extra dimensions (on some compact manifolds with special
properties), led to N = 1 effective supergravity theories, with a
spectrum of charged chiral multiplets (chiral with respect to the
surviving gauge group G' D SU(3) x SU(2) x U(l) (after compact-
ification) and accommodating families of quarks and leptons with
the SU(3) x SU(2) x U(l) assignment of the Standard Model.

The use of 10D Yang-Mills fields, prior to compactification, is
crucial to overcome previous difficulties encountered in Kaluza-
Klein supergravities (Freund, Rubin, 1980 [72]; Witten, 1981 [73];
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Duff, Nilsson, Pope, 1986 [74]), where attempts were made at ob-
taining the SU(3) x SU(2) x U(l) gauge symmetries from the
isometries of the internal manifold. In fact, even if in some cases
the desired gauge group could be obtained (Witten, 1981 [73];
Castellani, D'Auria, Fre, 1984 [75]), these failed because the re-
sulting fermion spectrum was not chiral with respect to the elec-
troweak gauge symmetry.

In models where supersymmetry breaking occurs via a non-
trivial dilaton superpotential, the neutral fields coming from the
internal components of the metric tensor Gu are natural candi-
dates for fiat directions, at least in the limit of manifolds that are
"large" with respect to the string scale.

In particular, in AD heterotic superstring theories, compacti-
fied on Calabi-Yau manifolds (Candelas, Horowitz, Strominger,
Witten, Jan. 1985 [76]), or their "orbifold limit"[77], a natural
identification of the hidden sector occurs with a set of "moduli
fields", which parametrize the deformations of the Kahler class
and complex structure of the manifold (generalization of radial
deformations of simple tori) [78]. A popular scenario for a non-
perturbative dilaton superpotential is the gaugino-condensation
mechanism (Ferrara, Girardello, Nilles [79]) in the hidden sector
gauge group (Derendinger, Ibanez, Nilles; Dine, Rohm, Seiberg,
Witten [80]). The fact that some moduli remain large (with re-
spect to the string scale) could result in a sliding gravitino mass,
which could then be stabilized through radiative corrections in
the observable sector with a dynamical suppression with respect
to Mpj.

In recent years a suggestion has been made (Duff [81]; Stro-
minger [82]) that strings may, in the strong coupling regime, have
a simpler formulation in terms of a dual theory (five-brane) in the
weak coupling. These theories, in D = 10, have the same field the-
ory limit, namely, D = 10 supergravity (which is unique because
of supersymmetry), but electrically charged massive string states
correspond to "magnetically" charged five-brane states (and vice



versa) with a similar relation as it occurs between electric and
magnetic charge in Dirac monopole quantization [83].

This is an explicit manifestation of the general fact that a (p+1)
form gauge field is, in D dimensions, naturally coupled to a p-
dimensional extended object, and that its "dual" potential (which
is a D—p — 3 form) is naturally coupled to a D—p—4 extended ob-
ject. From topological arguments, similar to Dirac's, the product
of the two couplings must be quantized.

In toroidal compactifications, it has indeed been shown (Sen
and Schwarz [84]) that the spectrum of both electrically and mag-
netically charged states (the latter obtained from the low-energy
effective field theory, i.e. an N = 4 supergravity coupled to Yang-
Mills) satisfies an SL(2,Z) duality for the dilaton chiral multiplet
S = (1/p2) + iO (g2 is the field-dependent gauge coupling and
8 is the field-dependent "#-angle"). This may therefore suggest
a "modular-invariant" dilaton potential [85]. This symmetry is
similar to the "moduli duality", which occurs in weakly coupled
strings as a consequence of the world-sheet non-trivial topology
[86].

This approach is worth exploring, even if it is difficult to imag-
ine that a microscopic, consistent quantum theory describing five-
brane propagation could possibly exist.

Finally, let me conclude by making some remarks about the
possible indirect experimental signals, indicating that supersym-
metry may be just around the corner. With an optimistic attitude,
these are

1) The non-observation of proton decay within the limit of a
lifetime of 1032 years in the main channel p —* 7r°e+, excluding
minimal GUT unification.

2) The LEP precision measurements, which are incompatible
with gauge-coupling unification for conventional minimal
GUTs, but are in reasonable agreement with minimal supersym-
metric GUTs, with supersymmetry broken at the TeV scale.

3) The top Yukawa coupling, unusually large with respect to



the one of other quarks and leptons.
4) The possible resolution of the dark-matter problem, with

some of the neutral supersymmetric particles as natural dark-
matter candidates.

Although none of these facts is per se a compelling reason for
supersymmetry and may find alternative explanations, it is fair to
say that they can all be explained in the context of a supersym-
metric extension of ordinary gauge theories. Whatever the final
theory (strings?) for quantum gravity will be, supergravity [87]
remains a deep and non-trivial extension of the principle of general
covariance and Yang-Mills gauge symmetry, which played such an
important role in the description of natural phenomena.

Let us hope that nature has used this fascinating structure!
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ABSTRACT. - The basic ideas and the important rote of gauge prin-
ciples in modern elementary particle physics are outlined. There
are three theoretically consistent gauge principles in quantum field
theory: the spin-1 gauge principle of electromagnetism and the
standard model, the spin-2 gauge principle of general relativity,
and the spin-3/2 gauge principle of supergravity.

Many quotations remind us of Dirac's ideas about the beauty
of fundamental physical laws. For example, on a blackboard at
the University of Moscow where visitors are asked to write a short
statement for posterity, Dirac wrote: "A physical law must possess
mathematical beauty." Elsewhere he wrote: "A great deal of my
work is just playing with equations and seeing what they give.".
And finally there is the famous statement: "It is more important
for our equations to be beautiful than to have them fit experi-
ment." This last statement is more extreme than I can accept.
Nevertheless, as theoretical physicists we have been privileged to
encounter in our education and in our research equations which
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have simplicity and beauty and also the power to describe the real
world. It is this privilege that makes scientific life worth living,
and it is this and its close association with Dirac that suggested
the title for this talk.

Yet it is a title which requires some qualification at the start.
First, I deliberately chose to write "SOME beautiful equations ..."
in full knowledge that it is only a small subset of such equations
that I will discuss, chosen because of my own particular expe-
riences. Other theorists could well choose an equally valid and
interesting subset. In fact it is not a bad idea that every the-
orist "d'un certain age" be required to give a lecture with the
same title. This would be more creative and palatable than the
alternative suggestion which is that every theorist be required to
renew his/her professional license by retaking the Ph.D. qualifying
exams.

Second, I do not wish to be held accountable for any precise
definition of terms such as mathematical beauty, simplicity, natu-
ralness, etc. I use these terms in a completely subjective way which
is a product of the way I have looked at physics for the nearly 30
years of my professional life. I believe that equations speak louder
than words, and that equations bring feelings for which the words
above are roughly appropriate.

Finally, I want to dispel the notion that I have chosen a presen-
tation for my own evil purposes. Some listeners probably antici-
pate that they will see equations from the work of Dirac, Einstein
and other true giants. The equations of supergravity will then
appear, and the audience will be left to draw its own conclusions.
I assure you that I have no such delusions of grandeur. My career
has been a mix of good years and bad years. If the good years
teach good physics, then the bad years teach humility. Both are
valuable.

The technical theme of this talk is that the ideas of spin, sym-



metry, and gauge symmetry, in particular determine the field equa-
tions of elementary particles. There are only three gauge principles
which are theoretically consistent. The first of these is the spin-
1 gauge principle which is part of Maxwell's equations and the
heart and soul of the standard model. The second is the spin-2
gauge principle as embodied in general relativity. Both theories
are confirmed by experiment. Between these is the now largely
known theoretical structure of supersymmetry and the associated
spin-3/2 gauge principle of supergravity. Does Nature know about
this? Here, you can draw your own conclusions.

This viewpoint is what led me to work on supergravity in 1976.
It is a view of the unification of forces before the unification pro-
gram was profoundly affected by string theory. However, I confess
that I myself think far less about unification now than I used to.
Instead I think and worry about the survival of our profession and
our quest to understand the laws of elementary particle physics. I
hope that it is not a delusion to think that this presentation may
contribute in a small positive way to the survival of that quest.

Let us start with the general idea that a particle is a unit of mat-
ter of definite mass m and spin s. There are two classes of particles,
the bosons with integer spin 0,1,2 .. . and the fermions with half-
integer spin 1/2, 3/2 .... We now know that whether a particle is
"elementary" is not an absolute question. It depends on whether
the experiments used to probe it can achieve a small enough spatial
scale to detect an internal structure of smaller units. It is in this
way that we have been led in the 20th century from atoms to nu-
clei to quarks. I will simplify that issue by saying that a particle is
elementary if one can associate with it a wave equation and a local
interaction Lagrangian and use these to account for experimental
results within a certain range of scales. Those wave equations
are restricted by Lorentz invariance and other symmetries. Un-
derlying this is the beautiful mathematical structure which I will
outline.



A spin-0 particle is described by a real scalar field. If massless
it satisfies a very simple wave equation,

o (l)

which is the equation D'Alembert invented to describe acoustic
waves in 1747. If it has a mass then there is another term, and
one has the Klein-Gordon equation from the 1920's

(D + m2)4> = 0 . (2)

The particle physics of this equation is also very simple. The
equation is second order in time. As initial data one must specify
both <f>(x, 0) and dt<fi(x, 0) at t = 0. These two pieces of classical
initial data correspond to a single quantum degree of freedom; for
each possible momentum p, there is a one-particle state, usually
denoted by the "ket" \p >, in a fertile notation we owe to Dirac.

Now we come to one of Dirac's major achievements, the wave
equation he invented in 1927 to describe the spin-1/2 electron in
a way consistent with the laws of special relativity. He postulated
a first-order equation for a four-component complex field ipa(x, t).
The equation requires a set of four matrices, now called 7 matrices,
7M, satisfying the anti-commutation relations

{-f,-f} = 2rT, (3)
where rf"" = (+,—,—,—) is the Minkowski metric of space-time.
The Dirac equation can then be written in the massless and mas-
sive cases as

ox*1

(t£ - m)ip = 0 . (4)

It would require too long a digression to tell the full story of
the physics contained in this equation, and I will just list a few
things:



1. an accurate account of the spectrum of hydrogen;

2. prediction of the magnetic moment of the electron;

3. negative-energy states and anti-particles;

4. when applied to other spin-1/2 particles, namely the muon,
proton and neutron, the Dirac equation and the system of 7-
matrices provided the framework which established the form
of the weak interactions in a very exciting chapter of 20th
century physics;

5. the equation is one of the foundations of today's standard
model of particle physics. It describes quarks, electrons,
muons, and neutrinos, and their strong, electromagnetic,
and weak interactions.

Despite this broad physical scope the basic particle physics of
the Dirac equation is straightforward. It is a first-order equa-
tion so one must specify the four components of ^(x, 0) as initial
data. There are four quantum degrees of freedom, namely for each
momentum p, a particle and antiparticle, each with two possible
spins: \p, ±1/2 > and jp, ±1/2 >. This is really the same ratio,
namely 2/1, of independent classical data to particle states, be-
cause the four complex components of ip contain eight pieces of
real information.

Following this approach one might think that a spin-1 parti-
cle should be described by a vector field A^,(x, t) and the wave
equation

massless OA^, — 0 (5)

massive ( • — m2)A^ = 0 . (6)

However trouble looms because there is a mismatch between the
eight independent data for the classical initial value problem and
the particle count required by Poincare invariance, namely two



particle states of helicity ± 1 in the massless case and three states
of helicity ± 1,0 in the massive case. Things get even worse because
the extra components of the vector field give a quantum theory
with negative probabilities, hence unacceptable.

It is here that the principle of gauge invariance comes to the res-
cue, with important consequences both for the linear wave equa-
tions of free field theory and the nonlinear equations which de-
scribe interactions. Gauge invariance is the idea that part of the
information contained in the field A^ is unphysical and unraea-
surable, yet it is difficult and ill-advised to remove it entirely. It
is a bit like writing a triangle on a piece of paper. The essential
information about the triangle is contained in just three numbers,
the side lengths, but for many purposes, such as to describe its
relation to another figure on the paper it is useful to introduce
a coordinate system and specify the coordinates (xi,yi), (2̂ 2,2/2)
and (£3,1/3) of the three vertices.

What is postulated is that the physical information in A^ is
specified by its "curl"

*fit/ ~ OILAV Oi/Afj, , y I)

and this information is unchanged if A^ is changed by the "gradi-
ent" of an arbitrary scalar function 9(x), viz.

All^A'lt = Alt + d»9 (8)

This is called a gauge transformation of A^. The simplest wave
equation which is invariant under this gauge transformation is

^ = 0
v - dvA,,) = 0
-dpd-A = 0 . (9)

These are all equivalent forms, and the last form shows that the
new equation differs from the naive one (4) by the fairly simple sec-



ond term. Yet this change is sufficient to solve previous problems,
resulting in

1. a classical initial value problem with four independent initial
data (this is usually shown using a gauge-fixing procedure
not discussed here);

2. the quantum theory contains two polarization states \p, ±1 >
of a massless spin-1 particle; and the gauge property can
be used to show that these states transform properly under
Lorentz transformations;

3. probabilities are positive.

We introduced gauge invariance to describe the photon, but
there is a new and richer aspect, related to symmetry properties
of the Dirac field. Let us look at the massive Dirac equation

ifal) - rm/> = 0 . (10)

We make a transformation to a new spinor variable

^ a ( x ) -> 1>'a{x) = eWWa(x) , (11)

which is just a change of the complex phase of ifi(x). It is obvious
that

(i# - m)tj>'{x) = eie(i$ - m)xp(x) = 0 , (12)

so -0'(x) satisfies the Dirac equation if ip(x) does.

This is a symmetry - a transformation of a set of fields which
takes one solution of the field equations into another. The phase
angle 6 is called the symmetry parameter. In this case we have a
global or rigid symmetry because 6 is a constant, independent of
x.

However, we are reminded, if only for alphabetic reasons, of
our description of the electromagnetic field. There we saw that



the gauge transformation (8) with an arbitrary function 8{x) is
a symmetry. What happens if we try to generalize the previous
phase symmetry to

i>a{x)^i>'a{x) = eie^Ha{x)7 (13)

We must again test whether ip'(x) satisfies the same field equation,
and we find

(i9-m)rlf'{x) = e i 0 ( x ) (^-7^0-m) i>(x) = -e^^d^Onp . (14)

So symmetry fails unless dlx0{x) = 0, and we are back to a global
symmetry.

Now comes the powerful step. Suppose that we introduce a new
interaction between A^{x) and ip(x), using the covariant derivative

(15)

and the modified Dirac equation

(16)

It is easy to see that this equation is invariant under the simulta-
neous transformation

A^x)-*^ = A^x) + idpBlx) . (17)

So we now have a nonlinear field equation with local symmetry.

The final step is to require that the combined Dirac and Maxwell
equations be obtained from a gauge invariant Lagrangian, which
turns out to be

1 2 • -

4



The 6tp variation of C produces the gauge-invariant Dirac equa-
tion, while the 8AV variation produces the modified Maxwell equa-
tion

in which the "current" Jv = &^jutp is the source. If we take the
divergence of both sides of the equation, then the left side vanishes
identically because of fj,v antisymmetry, so Jv must satisfy the
equation of continuity

dvju — —Jo — V • J = 0 . (20)
dt

In turn, one can verify that this current conservation equation
is satisfied because of (16) and its complex conjugate. So gauge
invariance produces a system of field equations linked by subtle
consistency conditions. Of course one must not forget to mention
that what we have obtained in this way are the field equations
of quantum electrodynamics, which have been verified experimen-
tally with high precision. Indeed it is this theory and its coupling
constant e2/4?r/lc = 1/137 that controls, in Dirac's words, "all of
chemistry and much of physics."

It is worth summarizing what we have done because the same
strategy has worked at least twice more in this century:

1. we promoted the rigid phase symmetry of ip(x) to a local
symmetry by coupling to the gauge field A^x) using covari-
ant derivatives;

2. in the resulting gauge invariant theory, the conserved current
of the matter field 4> becomes a source of the gauge field;

3. a fundamental force of Nature is described in this way.

Let us introduce an aesthetic subtheme in this talk, namely
the occurrence of the equations of physics in public art and de-
sign. A millenium ago, 1964 to be exact, I was a postdoctoral



fellow at Imperial College in London. I noticed then, and on sub-
sequent visits, the frieze over the main door of the physics building,
where some important equations and facts are carved in black mar-
ble. I was lucky enough to get (with the considerable help of Dr.
K. Stelle of Imperial College), some transparencies showing this
frieze. There is a full view showing four blocks of mathematical
material interspersed with graphics. And there is an enlargement
of the mathematical blocks. The third block is devoted to elec-
tromagnetism, with Maxwell's equations in full 19th century form
very prominent. In the first block there is quantum mechanics
with the Dirac equation in the upper-right corner. The second
block is a mix of special relativity, Newtonian gravity (why not
general relativity?) and thermodynamics. I call your attention
only to the numerical relation

6 = 2.27 x 1039 (21)
Gmemp

which gives the ratio of strength of electric and gravitational forces
between the electron and proton. From this one can easily com-
pute that if there were no electromagnetism, the Bohr radius of
gravitationally bound hydrogen would be 1032 cm ~ 1015 light
years. Reciprocally one can see that it is only on an energy scale
of 1019 GeV that quantum gravitational effects among elementary
particles become important.

Because of its importance in the modern picture of particle in-
teractions, I must describe the non-Abelian generalization of gauge
theory obtained by Yang and Mills in 1954. The mathematical
background is a Lie group G of dimension N, with the matri-
ces Tay of an n-dimensional irreducible representation, structure
constants fabc, and commutators

[Ta,Ta] = ifabcTc . (22)

At the global level one has TV symmetry parameters, 0a, a set of



n fermion fields tpia(x) and infinitesimal transformation rule

6iPi = i0°r%-^ . (23)

To achieve local invariance one needs a set of N gauge potentials
A^(x). It is then straightforward to "covariantize" equations for
rpi using the non-Abelian covariant derivative

D^i = d^i - igAp^^j . (24)

The new feature here is that the gauge field is in part its own
source. This is reflected in its transformation rule

6A«=dfie
a + gfahcAb

fie
a (25)

in which there is both a gradient term similar to the electromag-
netic case (8) plus a "rotation" term which survives for constant
6a. The non-Abelian field strength is nonlinear,

F% = d»Al - duA% + g fabcAlAl , (26)

and so is the Yang-Mills field equation

LPF^ = d*F%, + 9 fbcKF% = rta^jty . (27)

One can show that F" and D^F^ transform homogeneously, e.g.,

SF^ = gfabcFb^ec (28)

which means that they are covariant under non-Abelian gauge
transformations. Non-Abelian gauge invariance is the fundamen-
tal principle underlying the standard model of elementary parti-
cles, and there is strong experimental evidence that this model,
with gauge group SU(3) x SU(2) x C/(l), describes the strong.
electromagnetic, and weak forces.

Our profession is a difficult one. To find the right field equa-
tions is only part of the job. It is far more difficult to solve those



equations in the context of quantum dynamics where each field
variable is an operator in Hilbert space. Our knowledge of gauge
field dynamics comes from a combination of experiment and the-
oretical insight. It is fortunate in many ways that there is a weak
coupling regime in which perturbation theory is valid, and precise
calculations using Feynman diagrams can be performed.

The only aspect of this dynamics that I will discuss here is
the question of spontaneous symmetry breaking. This is the phe-
nomon that when field equations are invariant under a large trans-
formation group G, only a subgroup, H C G, need be realized
directly in the mass spectrum and scattering amplitudes which
would be observed experimentally. For example, realization of the
full symmetry group G means that all observed particles can be
organized in multiplets which are representations of G with the
same mass for all particles in a given multiplet. If the symmetry
is broken, then only a subgroup H is realized in this way, but there
are other observable signals of the larger group G. The situation
for broken global symmetry is covered by the Golds tone theorem,
which states that if G has dimension N, and H has dimension M,
then there must be TV — M massless scalar particles whose scatter-
ing amplitudes have characteristic properties at low energies. For
broken gauge symmetry, one has instead the Higgs mechanism.
The gauge fields reorganize into M massless fields of the subgroup
H, plus N — M fields which appear as massive spin-1 particles.
It is quantum dynamics that must tell us whether symmetry is
broken or not. This depends on whether wave functions invariant
under G or H have lower energy.

It is time for another aesthetic interlude, this time from Wash-
ington D.C. Near the National Academy of Sciences building, and
completely accessible to the public, is a full size statue of Albert
Einstein. He holds a tablet on which the enduring part of his life's



work is summarized in these three equations

eV = hv-A

E = me2 (29)

from general relativity, the photo electric effect, and special rela-
tivity. Underneath the equations is his signature. This is a pow-
erful artistic statement, which makes one proud to be a physicist.
(I thank my MIT colleague Prof. A. Toomre for obtaining slides
of this statue for me.)

I want to discuss general relativity very briefly from the view-
point of gauging spacetime symmetry. The theoretical principle of
special relativity is that physical field equations should be invari-
ant under translations and Lorentz transformations of space-time.
These are transformations between two coordinate systems x^ and
x//x related by

x'" = A£x" + a'1 . (30)

In a special relativity, this is a global symmetry. There are four
translation parameters aM, while A£ is a matrix of the group 0(3,1)
containing six parameters which describe the relative angular ori-
entation and velocities of the two coordinate systems. There is
a great deal to say about the often counterintuitive effects of the
mixing of space and time in special relativity, but for the purposes
of today's talk, I speak only about two formal consequences:

1. particles are classified by their mass m and spin s; technically
these numbers specify a representation of the group;

2. there is a conserved symmetric stress tensor T^ whose in-
tegrals P^ = / cPxT0^ are the energy and momentum of a
system of fields or particles.



For the electromagnetic field this stress tensor is

1 v 2
p 4 p<y

If you look carefully you can find the conservation equation on the
Imperial College frieze.

The gauging of this space-time symmetry is a fairly compli-
cated process, but the elements are similar to those of the spin-1
gauge principle. I must oversimplify and state that one seeks a set
of equations which are invariant under general coordinate trans-
formations, in which two sets of space-time coordinates x^ and x/fM

are related in a completely arbitrary way:

« x " + f ( x ) . (31)

where the last form holds for infinitesimal transformations. The
gauge parameter is the vector £^(x), and the gauge field is a sym-
metric tensor <?̂ t/(x) with the transformation rule

= D^ + D^. (32)

In the first line one sees a mix of gradient terms plus a translation
term, indicating that the resulting theory is self-sourced. This
is a funny way to say that the gravitational field itself carries
energy and momentum. In the second line I just want to indicate
that things can be organized into covariant derivatives which also
simplify the coupling of g^ to matter fields.

Finally the analogue of the field strength F^ is the curvature
tensor R^pi/, from which one forms the Ricci tensor R^, = R^xu
and the Riemann scalar R = g^R^. . These are the elements of
the Einstein field equation

RIU, _ 1 gwR = K T,xu (33)



in which the source of the curvature is the energy-momentum ten-
sor of the matter fields in the system.

In a single general lecture one can give neither an adequate
technical account of general relativity nor an adequate discussion
of the ideas it embodies as a theory of gravity. I will make three
brief comments.

1. On the formal side, gauge invariance guarantees that the par-
ticle content of the field g^ is the massless spin-2 graviton
with two helicity states \k, ±2 >, with positive probabilities
and interactions which maintain these properties.

2. On the side of ideas is the remarkable fact that gni/(x) is
the metric tensor of space-time. So the theory of gravity is
a theory of space-time geometry, a fact that has captivated
many physicists.

3. Best of all is the experimental side. The theory is right in
the classical domain. Several subtle effects which distinguish
Einstein gravity from alternative theories (e.g., Newton's)
have been observed. A fairly recent example is the accurate
measurement of the decay of the orbit of the binary pulsar at
the rate expected from quadrupole gravitational radiation.

It is a straightforward matter to take the standard model and
couple it to gravity by the procedure I have hinted at above. This
is completely described in several textbooks. But one learns little
because the direct quantum effects of gravity are negligible at the
energy of any conceivable particle accelerator. So for practical
purposes one can drop the gravitational terms and concentrate on
the dynamics of particle physics. Here there are many interesting
unsolved problems, and for the last three years I have been working
on some of them.
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However, most physicists agree that one must eventually un-
derstand gravity at the quantum level perhaps only as an intel-
lectual question (but perhaps more). One can be fairly certain
that there is "new physics" at the quantum gravity or Planck
scale of 1019 GeV, because theories obtained by the straightfor-
ward coupling of matter contain uncontrollable infinities. They
are non-renormalizable in roughly the same way that the effective
Fermi theory of the weak interactions is unrenormalizable.

The Weinberg-Salam-Glashow model of the electroweak inter-
actions was put forward in 1968. It contained new ideas and was
renormalizable. It predicted weak neutral currents which were
found in 1972 at the scale of accelerator experiments realizable
at that time. The W and Z bosons which were the key to the
modification of the Fermi theory were found a decade later with
masses just below 100 GeV which was close to the weak scale of 300
GeV at which the Fermi theory necessarily broke down. Analo-
gously one can hope that new ideas about quantum gravity could
have somewhat indirect consequences well below 1019 GeV and
perhaps answer some of the questions left open by the standard
model. These could include the following. Does the group of the
standard model appear as a subgroup H (unbroken at the weak
scale) of a larger unification group G? Are there some restrictions
among the free parameters of the model, most of them from the
poorly understood sector of non-gauge fermion couplings? This
is the pragmatic component of the motivation for supersymmetry
and supergravity and also string theory. There is also an aes-
thetic motivation, namely the search for beauty and symmetry in
physical laws, which I think would have pleased Dirac.

Supersymmetry is a symmetry of relativistic field theories con-
necting fields of different spin. There are transformation rules
containing a spinor parameter which rotate a bosonic field into
a fermionic superpartner and vice versa. That such a symmetry
is theoretically consistent was a surprise because earlier work, es-



pecially the Coleman-Mandula theorem, had indicated that the
invariance groups permitted in quantum field theory were limited
to the Poincare group of space-time symmetries and a Lie group G
for internal symmetries is described above in connection with non-
Abelian gauge theories. Neither contains spin-changing symmetry
operators. However, in 1971, Gol'fand and Likhtman [1] sought to
go beyond the limitations of the Coleman-Mandula theorem. They
wrote down the algebraic relations of an extension of the Poincare
algebra containing spinor generators, and an interacting field the-
ory which is invariant. The mathematical structure is that of a Lie
superalgebra, which was not considered in earlier work. In 1972,
Volkov and Akulov [2] obtained another invariant field theory with
a different and pretty structure; it described a spontaneously bro-
ken form of supersymmetry. Finally in 1973 Wess and Zumino
[3] discovered supersymmetry in four-dimensional field theories by
generalizing a structure found in early work on superstring theory.
Their paper contained the basic supersymmetric theories, with
their off-shell multiplet structure, and systematic rules for con-
structing invariant interacting Lagrangians. The paper of Wess
and Zumino was the springboard for the work of many physicists
who contributed to the formal and phenomenological development
of the subject.

Let us look at the example of supersymmetric Yang Mills the-
ory, first obtained by Ferrara and Zumino [4] and Salam and
Strathdee [5], which is the simplest interacting theory where you
can see both that supersymmetry works and that it has some
depth. It is important to look at an interacting theory because
there are many possible symmetries of a free theory which are
spurious, because one cannot introduce interactions. So I will
present the full theory, and a guide to the manipulations needed
to show that it is invariant.

The fields of the theory are the TV gauge bosons A^(x) and
their superpartners, a set of /V-gauginos xa(x) which are Majo-
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rana spinors. A Majorana spinor satisfies a linear condition which
means that only four independent real functions are required as
initial data. It describes a spin-1/2 particle which is its own
anti-particle. The minimal Lagrangian which is gauge invariant,
namely

£ = 4 ( ^ ) 2 + ^ v w (34)

also possesses global supersymmetry. It is invariant under the
following transformations which mix bosons and fermions

6xa = o^F%e (35)

where

F^ = d^Al-duA^ + g f^A^Al. (36)

To show supersymmetry in a simplified way, let us establish the
invariance of the free equations of motion. We need to show that
if x a n d Ap satisfy the Dirac and Maxwell equations

= 0

= 0 (37)

then so do their variations 6x and SA^. For the Maxwell equation,
we need

= ie(ind» ~ Ivdjx • (38)

Then
(39)



Both terms vanish separately if (j>x = 0. The Dirac equation is a
little more involved and more instructive

(40)

We substitute the standard Dirac matrix identity

y V p = J. [ y ^ p ] + 1 { y > A p }

= \WX7P-r,W1
X)+l-iSXP°1*,la. (41)

in (40) and find

W V ^ } * . (42)

The first two terms vanish by the Maxwell equation above, and
the last vanishes if one substitutes F\p = d\Ap — dpA\ and uses
the fact that e^pa is totally anti symmetric.

In the interacting non-Abelian theory things are a little more
complicated. The Ricci and Bianchi identities of Yang-Mills theory
are required

F*p = o (43)

and one then finds that the term (in 6C)

9 fabc erxaX%Xc (44)

must vanish as the final test of invariance. It can be shown to
vanish as a consequence of the Fierz rearrangement identity for
the 7 matrices and the crucial fact that the spinor quantities xa{x)
and e must anticommute because of the Pauli exclusion principle.

It is worthwhile to summarize the ingredients of the proof:
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a. the Ricci and Bianchi identities which are fundamental to
the non-Abelian gauge invariance;

b. properties of the 7 matrix algebra used in the relativistic
treatment of spin;

c. anti-commutativity of fermionic quantities required by the
connection of particle spin and statistics.

If the discussion above does not convince you that supersymme-
try is a principle of great depth, then let me describe one more fact.
This is the relation of supersymmetry to the space-time transfor-
mations of the Poincare group. For any physical field <I>(x) of
a supersymmetric theory one can make repeated supersymmetry
variations, with spinor parameters, e\ and 62- The commutator of
two transformations is

(Me2 - M 6 l )$ (z ) = «17^ 2 d^{x) . (45)

Thus the commutator is an infinitesimal translation in space-time
with displacement parameter 8a11 = ie\^Le-2- So supersymmetry
is a "square root" of translations in much the same way that the
Dirac equation is said to be the "square root" of the scalar wave
equation. This is already enough to see that the local form of
supersymmetry must involve gravity, and we will return to this
shortly.

In a theory with a non-Abelian gauge group G, we have seen
that the fields are organized in representation of G. In a super-
symmetric theory there is the analogous Poincare super-algebra,
including translations, Lorentz and SUSY transformations. Fields
are organized in multiplets of this algebra, the basic ones contain
fields of spins

chiral multiplet (l/2,0+,CT)
gauge multiplet (1,1/2)



(3/2,1) N > 2 supergravity

N = 1 supergravit.y (2,3/2)

(5/2,2)

(s,s - 1/2) (46)

A field theory with local supersymmetry is called a supergravity
theory. Let us see what is required for such a theory by applying
what we have learned about the spin-1 and spin-2 gauge princi-
ples. We want invariance with respect to transformations with an
arbitrary spinor function en(x), so we should expect to require a
gauge field with an additional vector index, a vector-spinor field
V'/m(:r)- A free field theory for </V<*(-T) u ad been formulated in

• 1941 by Rarita and Schwinger, describing a spin-3/2 particle. For
a Majorana field, their Lagrangian is

C = ~ \ e A P " ^ A 7 5 7 f l d ^ p • ( 4 7 )

One can easily see that it is invariant under the gauge transfor-
mation S-ipp — dpe. So the spin-3/2 field is the natural candidate
for the gravitino, the superpartner of the graviton, and we should
expect that the particle content of the basic supergravity theory
should be given by the (2, 3/2) supermultiplet above.

However it was not clear that the theory could be mathemat-
ically consistent because of the infamous history of attempts to
add interactions to the Rarita-Schwinger theory. All such at-
tempts had led to inconsistencies. For example if ipp is cou-
pled to an electromagnetic field using the covariant derivative,
Dyipp — (di/ — ieAu)ipp, the resulting theory, although formally rel-
ativistic, has propagation of signals at velocities faster than light.
We now know that such problems arise when the interactions fail
to incorporate the gauge invariance of the free theory.

Our approach [6] to the construction of supergravity was to
start with the minimal elements required in a gravitational La-



grangian with fermions. These were:

vierbein e"

spin connection SJ^ = - [e^(d^eblJ - duebfJ,)

curvature tensor R^ab = ^ wvah + ^ a uvcb

Lorentz covariant derivative Duipp — {dv -\— V̂afi <7a6)V'p • (48)

From these we formed the Lagrangian

C = C2 + £3/2
1

x P ^ a D ^ (49)

where K is the gravitational coupling constant. The first term is
the standard pure gravity action in vierbein form, and the sec-
ond the Rarita-Schwinger Lagrangian with minimal gravitational
coupling. This Lagrangian is acceptable from the viewpoint of
the spin-2 gauge principle, and the next question is whether it is
locally supersymmetric.

For this one needs transformation rules. It was natural to pos-
tulate

8il>p = -Dpe=- (dpe + \ upab aabe) (50)

because this is both gravitationally covariant and contains the ex-
pected mix of gradient plus Bose-Fermi mixing terms. The vier-
bein variation

% (51)

is almost uniquely determined by invariance arguments.

I will present the first steps in the proof of local supersymmetry
which shows that terms of order K~leip vanish in the variation of



the action. In conventional vierbein gravity the variation of £2 for
any be't is

A52 = ^ 2 / d*x d e t e(Ra>1 ~ \ea»R)8ean • (52)

It is the Einstein tensor in frame form that multiplies Be't. We
now compute the Sip variation of £3/2, getting a factor of two by
varying •ipx and ipp according to the rules for Majorana spinors,

4x= --fd4

K J

^ x b e (53)

where we have used the gravitational Ricci identity in the last line.
We now use (41) in the form

\& ^ fa (54)
When this is inserted in (53) the first two terms give contractions

^ = 0 (55)

which vanish due to the first Bianchi identity for the curvature
tensor.

After use of i/'ATdf = ~<h'dV;A> which holds for anti-commuting
Majorana spinors, we are left with

Ai53/2 = -U J d^xe^e^elR^e^x . (56)

It is less fun, but straightforward, to compute the contraction of
the e tensors

= 2 det e{ebX ecp edr + ecX edp ebv

+edXebpecX)Rupbc

= Adete{RdX-^edXR) . (57)
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When this is inserted in (56) and (51) is inserted in (52) we find
an exact cancellation!

The situation is similar to that of supersymmetric gauge theo-
ries. The cancellation is due to the combined effects of the gravita-
tional Ricci and Bianchi identities and the Dirac 7-matrix algebra.
This lowest order cancellation showed that we were on the right
track, but there was more work to be done because there is a
non-vanishing variation A3 53/2 of order Kiipz.

Here we struggled for many weeks because it was hard to per-
ceive a pattern in quantities with so many indices. Finally we
devised a systematic approach involving:

a) a general ansatz for a modified gravitino transformation of
order 8'ip = Ketp2;

b) an analogous general ansatz for a contact Lagrangian of or-
der £4 = K2(j>1p)2.

The 8'tj} variation of £3/2 and the Sip variation of £4 give additional
order Keif)3 terms and we were able to find unique choices for 6'tp
and £4 to make the total variation vanish. Fierz rearrangement
was required here.

Unfortunately new and complicated terms of order K3etp5 are
generated by 6e and 8'ip variations of £4. One could show eas-
ily that no further modification of the framework could be made,
and these terms had to vanish or the theory failed. We were able
to show that they vanished by a computer calculation in FOR-
TRAN language with explicit input of the 7-matrices and a pro-
gram to implement the anti-symmetrization implicit for fermionic
variables.

Soon thereafter an important simplification of the resulting the-
ory was obtained by Deser and Zumino [7], with a further simpli-



fying step [8] somewhat later. This involved the idea that the
gravitino modifies the space-time geometry by including torsion.
The net result is that the Riemannian spin connection ui^ is
replaced by

o 1 2 _

in the Lagrangian (49) and transformation rule (50). This group-
ing of terms gives a complete and succint definition of the theory,
and a simpler proof of invariance.

The subsequent development of supergravity included:

1. coupling supergravity to the chiral and gauge multiplets of
global supersymmetry; these couplings involve conserved su-
percurrents and super-covariant derivatives; there are now
relatively simple tensor methods to obtain the most general
form of these theories;

2. developing extended supergravity with N < 8 gravitinos;
the maximal N = 8 theory was once thought to be the best
candidate for a unified field theory.

3. Higher dimensional supergravity culminating in the 10 and
11 dimensional theories. The 10 dimensional version is im-
portant both historically and practically for superstrings.

Earlier we said that the only theoretically consistent gauge prin-
ciples are those of spin-1, spin-2, and spin-3/2. This information
comes from a set of theorems, due to Coleman and Mandula and
Haag and Lopuszanski, which limit the symmetries permitted in
an interacting theory. These theorems hold under certain assump-
tions which must be examined critically. But it appears that they
are essentially correct. For example, one can write free field theo-
ries for a spin-5/2 field, but attempts to include interactions have
all failed.
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There is time to describe only very briefly what now appears
to be the most plausible scenario for experimental verification of
these ideas. This is the global supersymmetric extension of the
standard model with fields grouped in chiral and gauge multi-
plets. The known quark, lepton, gauge, and Higgs fields all have
superpartners. One then couples this large set of matter fields
to supergravity. Observed supersymmetry requires that a particle
and its superpartner must have the same mass. This is decidedly
false, so one must expect supersymmetry breaking, and superpart-
ners are predicted with masses between 100 GeV and 1 TeV.

Without the supergravity couplings explicit mechanisms for the
symmetry breaking have not been found. There could be a subtle
dynamical breaking mechanism, but in any case the spontaneous
global supersymmetry breaking would give a Goldstino, a mass-
less spin-1/2 particle that is excluded experimentally. So the role
of supergravity in these models is to break supersymmetry such
that the gravitino becomes massive by a super-Higgs mechanism,
without generating a cosmological constant.

The first model which correctly described this super-Higgs mech-
anism was obtained by Polonyi [9]. General studies of the condi-
tions for the super-Higgs effect by Cremmer, Julia, Scherk, Fer-
rara, Girardello and van Nieuwenhuizen [10] and by Cremmer,
Ferrara, Girardello and Van Proeyen [11] also contain the most
general N — 1 supergravity actions. It is this work which has
been widely applied to supersymmetric extensions of the standard
model. A very early discussion [12] of the super-Higgs effect for
N spin-3/2 fields and N Goldstone fermions is incorrect both for
general N and in the special case N = 1.

Discovery of the superpartners is the key requirement to con-
firm the picture of broken supersymmetry, but there is also a less
direct set of predictions related to the unification scale of gauge
coupling of the standard model, the rate of proton decay and the



masses expected for the top quark and Higgs bosons. There is now
favorable experimental evidence on the unification scale and the
observed lower limit on the proton lifetime. These facts appear
quite naturally in the supergravity models but not in the simplest
forms of theories without supersymmetry.

In this lecture I have not done justice to string theory and the
beautiful ideas it contains. Therefore I must clearly state that the
N = 1 supersymmetry/supergravity framework I have discussed
cannot give a complete theory. There are non-renormalizable in-
finities which require new physics at the Planck scale. A more
fundamental superstring theory could well be correct and there
are well studied scenarios by which such a theory can lead, for
energies less than 1019 GeV, to an effective N = 1 supergravity
theory.

I have not had the time to discuss some of the pragmatic fea-
tures of supersymmetry/ supergravity theories which make them
attactive as a candidate for physics beyond the standard model.
There are review articles to consult about this very active subject
of research. Instead what I have tried to say is that these theories
are based on the only theoretically consistent symmetry principle
not so far confirmed in Nature. This suggests that it is historically
inevitable for supersymmetry to play a role. Of course this could
be as dangerous as the prediction that "capitalism contains within
itself the seeds of its own destruction." Experiment is the ultimate
test of theoretical speculation. New experiments are needed to-
gether with theorists who are willing to devote a good part of their
effort to support the experimental enterprise.



Note

We can include explicit reference only to a few of the original
papers on supersymmetry and supergravity. Many important pa-
pers are omitted, and it is fortunate that they are reprinted and
reviewed in the following collections which are also a very good
way to learn the subject.

a. "Supersymmetry and Supergravity", ed. M. Jacob, North
Holland, Amsterdam (1986), a collection of Physics Reports
by J.Ellis, P. Payet and S. Ferrara, H. Haber and G. Kane,
C. Llewellyn Smith, D. Nanopoulos, P. van Nieuwenhuizen,
H. Nilles, A. Savoy-Navarro and M. Sohnius.

b. "Supersymmetry", 2 Vols., ed. S. Ferrara, North Holland,
Amsterdam (1987).

c. "Supergravities in Diverse Dimensions", 2 Vols., eds. A.
Salam and E. Sezgin, North Holland/World Scientific (1989).

References

[1] Yu.A. GoPfand and E.P. Likhtman, JETP Lett. 13 (1971) 323.
[2] D.V. Volkov and V.P. Akulov, Phys.Lett. 46B (1973) 109.
[3] J. Wess and B. Zumino, Phys.Lett. 49B (1974) 310.
[4] S. Ferrara and B. Zumino, Nucl.Phys. B79 (1974) 413.
[5] A. Salam and J. Strathdee, Phys.Lett. 51B (1974) 353.
[6] D.Z. Freedman, P. van Nieuwenhuizen and S. Ferrara, Phys.Rev. D13

(1976) 1035.
[7] S. Deser and B. Zumino, Phys.Lett. 62B (1976) 335.
[8] P.K. Townsend and P. van Nieuwenhuizen, Phys.Lett. B67 (1977)

439;
P.C. West and A. Chamseddine, Nucl.Phys. B129 (1977) 39.



[9] J. Polonyi, Hungary Central Instit. Res. - KFKI-77-93 (1977).
[10] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van

Nieuwenhuizen, Phys.Lett. 79B (1978) 231; NuclPhys. B147 (1979)
105.

[11] E. Cremmer, S. Ferrara, L. Girardello and A. Van Proeyen, Phys.Lett.
116B (1982) 231; NuclPhys. B212 (1983) 413.

[12] D.V. Volkov and V.A. Soroka, JETP Lett. 18 (1973) 529; Theor.
Math. Phys. 20 (1974) 291.





Dirac Medal 1993 XA9950524

Peter van Nieuwenhuizen

Professor Peter van Nieuwenhuizen is honoured today:
"for the discovery of supergravity theory and research in its sub-

sequent development. Prior to the discovery of supergravity, he
made important contributions to the understanding of the quan-
tum behaviour of ordinary gravity as well as matter coupled to
gravity, through a systematic study of their divergence structure.
The search for a gravity theory with better quantum behaviour, by
inclusion of fermionic fields, eventually led to a highly non-trivial
fusion of supersymmetry with gravity, culminating in the semi-
nal paper with Sergio Ferrara and Daniel Z. Freedman in 1976,
where the first supergravity theory was proposed. This theory com-
bines, in a non-trivial fashion, the spin 2 graviton with a spin 3/2
particle called the gravitino to elevate supersymmetry to a local
gauge symmetry. This led to an explosion of interest in quan-
tum gravity and it transformed the subject, playing a significant
role in very important developments in string theory as well as
Kaluza-Klein theory. Professor van Nieuwenhuizen played a ma-
jor role in the development of the subject, with his studies on the
quantum aspects of supergravity, coupling of supergravity to mat-
ter, super Higgs effect, extended supergravity theories, conformal
supergravity and many other aspects of the theory. In particular,
he contributed to the construction of the ten-dimensional Einstein-
Yang-Mills supergravity, which has been studied intensely in recent
years as the low energy limit of the ten-dimensional heterotic string
theory. Currently any grand unified theory incorporating gravity
is based on a supergravity theory coupled to matter in four dimen-
sions. These theories emerge naturally from the compactifications
of the ten-dimensional heterotic string."



Professor Peter van Nieuwenhiuzen was born in Utrecht (The
Netherlands) on 26 October 1938. He studied both physics and
mathematics at the University of Utrecht, and in 1971 he ob-
tained his Ph.D in physics with a thesis on Radiative Corrections
to Muonic Processes under the supervision of Prof. M.Veltman.
From 1965 to 1969 Professor van Nieuwenhuizen was Postdoctoral
Fellow at the Dutch National Science Foundation. From 1969 to
1971 he was Fellow at CERN in the Theory Division and from
1971 to 1973 Juliot Curie Fellow at the University of Paris, Orsay
in France. From 1973 to 1975 he was Research Associate at Bran-
deis University at Waltham, Massachusetts. From 1975 to 1985
he held different positions at the State University of New York at
Stony Brook where he is now Leading Professor of Physics. Profes-
sor van Nieuwenhuizen is editor of the Journal of Modern Physics
A, and was editor of the Journal of Mathematical Physics and
Classical and Quantum Gravity. In 1985 he was appointed Teyler
Professor of Physics at Leiden University. He is the author of 250
scientific publications; his Physics Report on Supergravity was on
the CERN list of the 20 most referenced publications during the
decade 1980-1990.



SOME PERSONAL RECOLLECTIONS ABOUT
THE DISCOVERY OF SUPERGRAVITY

PETER VAN NIEUWENHUIZEN

Institute of Theoretical Physics
State University of New York at Stony Brook

Stony Brook, NY 11794-3840, USA.

1 Introduction.

It is a very great honor to stand here today, 18 years after the
discovery of supergravity, to receive together with Dan Freedman
and Sergio Ferrara, the Dirac medal and prize for the year 1993. I
would like to thank Abdus Salam for his continuing strong support
over the years of new theoretical ideas such as supersymmetry, su-
pergravity and superstrings. In the early 1980's I helped organize
with him and others a series of schools at Trieste on supergravity
which later became the Trieste Spring Schools on strings. We had
many meetings together and I recall, with pleasure, his intense
interest in supergravity (on which he wrote many papers) as well
as his sense of humor.

Before coming to the topic of my lecture, I would like to ac-
knowledge the gratitude I feel for two other great physicists. First,
Tini Veltman, my Ph.D. advisor: from him I learned to do Feyn-
man graph calculations on the computer which I used in the final
stages of the construction of supergravity. He will shudder at
the thought that he indirectly contributed to the discoveryof su-
pergravity because he has become, with Glashow and others, an
outspoken critic of all super-things, but our friendship has only



increased over the years. As to the validity of their criticism I can
only say that interesting and clean problems in traditional areas
of physics are nowadays very hard to find, whereas the new fields
abound with such problems. The idea that for every boson there
should be a fermionic partner, and vice-versa, is so radical that it
repels some physicists, but it is not more radical than the predic-
tion of Dirac in the 1930's that for every particle there should be
an antiparticle. The recent dramatic precision of the unification of
the running SU(3) x 517(2) x U(l) coupling constants in the min-
imal supersymmetric extension of the standard model (precision
1 in 1000) clearly is an indirect manifestation of supersymmetry,
but what the future of supersymmetry and supergravity will be, I
cannot tell.

The other great physicist I feel very grateful to, is Prank Yang.
Not only is he one of this century's greatest physicists (parity vi-
olation, Yang-Mills theory, Yang-Baxter equation etc.), but also
he has managed to create an institute where, for the almost 20
years I have worked there, a very friendly and constructive atmo-
sphere exists, among professors and students. Quite a difference
from some other places where graduate students and junior fac-
ulty are often viewed as lower forms of life. When I was a high
school student, my father came to me one day with Time mag-
azine, where he had just read that two young Chinese physicists
had been awarded the Nobel prize "for discovering that God is
left-handed". He told me it must be marvelous to make such dis-
coveries. I could hardly have imagined that one day I would be
Frank's colleague and friend.

I realize that a lecture like the one today should not be a tech-
nical lecture on some of one's latest results, but rather a historical
lecture looking back at the times when the discovery was made.
My lecture will be in this vein, and among other anecdotes I will
recall my encounter with Dirac and his reaction to supergravity.

If I would have the time, I would in the second part of my
lecture present a very simple proof of supergravity, much simpler



than our (FvNF) original proof, or the equivalent first-order refor-
mulation of Deser and Zumino (DZ). Now I must refer you to lec-
tures I gave this month in Varenna. Those of you who have never
studied or understood supergravity, will find there the simplest
version I am aware of. It was constructed over the years by com-
bining the ideas of quite a few people (Freedman, Ferrara, myself,
Deser, Zumino, Townsend, Volkov, Soroka, MacDowell, Mansouri,
Chamseddine, West and others). According to this approach, the
action for N = 1 supergravity with a supercosmological constant
can be written in the following Yang-Mills-like form by "gauging"
the super anti-de Sitter algebra

ix (1)

provided one imposes the curvature constraint Rfliy
m(P) — 0. The

curvatures Rlxv
mn(M) and Rfj,v

a{Q) are Yang-Mills curvatures be-
longing to the Lorentz generators Mmn and the supersymmetry
generators Qa of the super-anti de Sitter algebra. One begins
by first "gauging" the latter, i.e., by associating to each genera-
tor (Mmn,QQ,Pm) a gauge field {ufJ,

mn
1i/jfil

a,efi
m) and construct-

ing the corresponding Yang-Mills curvatures. But then one must
impose the constraints Rfll/

m{P) = 0. These constraints are a
gauge choice which leaves only the diagonal subgroup in the di-
rect product of Yang-Mills transformations corresponding to Pm

and general coordinate transformations. They express the spin
connection wM

mn as a complicated composite object depending on
vielbein fields e^m(m = 0,3) and spin 3/2 gauge fields ("graviti-
nos") ip^ia = 1,4). The constraint R^iP) - 0 is also a field
equation, namely the field equation of the spin connection itself,
61/Sujfj"171 — 0. Imposing these constraints (equivalently: solving
this field equation), one recovers the second-order formulation of
FvNF, but a crucial simplification is that one can keep denoting
oj^rnn(e, ip) by the symbol wM

mn (like in the first-order approach of



DZ) without ever expanding it, since the variation 6ii>fl
mn(e, ifi) is

(of course) multiplied by the field equation bljbu}iH
nn which van-

ishes identically. Of course, even with this simplification, the proof
of invariance of the action is not totally trivial. If one does not
impose the constraints and keeps uil

mn as an independent field,
the transformation law of u)fi

mn is nonzero (and complicated) 1,
as first correctly found by Deser and Zumino.

Supergravity can also be written in superspace. Superspace was
invented by Salam and Strathdee as an application of the theory of
coset manifiolds (the coset manifold is here {Pm, Qa, Mmn}/{Mmn}).
In superspace one also needs constraints (on the supertorsions as
first found by Wess and Zumino and solved by Siegel and Gates)
but a simple geometrical derivation of all these constraints has
not yet been found. In the geometrical approach to W gravity
by Schoutens, Sevrin and myself, one has constraints on all curva-
tures, but here corresponding "W-superspace" is even unknown.
Perhaps some of you can solve these intriguing problems.

2 Some historical recollections.

In this section I will recall how and why I came to supergravity.
This is not a historical review where related work is discussed and
compared with my own; rather it contains some personal recollec-
tions.

In the fall of 1975 I came to Stony Brook as an assistant pro-
fessor and thereby became a colleague of Dan Freedman whom I
had met at the Paris summer institute. The previous two years
I had been at Brandeis University, busy applying the then recent
covariant quantization rules of 't Hooft and Veltman to gravity,
in collaboration with Stanley Deser, Marc Grisaru and others.

1 Volkov and Soroka gauged the super Poincare algebra in 1973, and treated
o>M

mn as an independent field, like DZ, but did not impose a constraint or field
equation. Consequently, they found <5wM

mn = 0, which is incorrect, as with
this law the action is not invariant.



These rules dispensed with the problems of operator ordering and
unsolvable constraints which had been complicating the Hamil-
tonian approaches to quantum gravity, and now one could really
calculate. Moreover, unitarity was guaranteed provided one in-
troduced ghosts for the spacetime gauge symmetries, so the main
problem was renormalizability. We had used a background field
formalism to compute the one-loop divergences for all kinds of sys-
tems: the Maxwell-Einstein system, the Dirac-Einstein system,
the Yang-Mills-Einstein system, QED coupled to gravity, gravi-
tational lepton-lepton scattering, etc. Together with the earlier
computation of 't Hooft and Veltman for pure gravity and grav-
ity coupled to scalar fields, the results were uniformly disastrous:
in all these cases (except pure gravity) there were one-loop di-
vergences which were nonrenormalizable. For example, in the
Maxwell-Einstein system, we found, using dimensional regular-
ization, and imposing the Maxwell field equation D^F^ = 0 and
the Einstein field equation G^ = —\T^ (photon)

f=Q 137 „
n - 4 60 '

(The number 137 was curious but it was an integer, not a"1.)
Since the form of this counter term is different from the form of
the terms in the original action, ordinary renormalizability could
not be used to get rid of these divergences, and hence these diver-
gences were unrenormalizable. There were some unexpected or, as
we called it, "miraculous?" cancellations (which we attributed to
the duality invariance of the action and of T^ (photon) = F2

tlv+*
F2^ under SF =*F) due to which F^ only appeared in the combi-
nation TpG (photon) and (D^F^)2 but not as (F2)2, R^pc
or RF2. However, terms with R^2, R2, T^,2, TlluR

fU' and
remained, and these yielded the above quoted final result after us-
ing the classical field equations.

[Of course, a shift g^v —» g^v + aR^ + Pg^R produces in the
Einstein action terms like R^J2, but such field redefinitions do not
modify the on-shell divergences.]



So it seemed, as it does today, that a perturbative approach
to Einstein quantum gravity leads to non-renormalizable diver-
gences. Physically, it was clear that due to the dimensionality of
the gravitational coupling constant «, one was expanding in pow-
ers of nk where k is a momentum, which is not a good expansion
for ultraviolet divergences. That was the end of the story, so it
seemed.

However, although in QED coupled to gravity the infinities did
not cancel, there remained in several people's minds a lingering
doubt that perhaps a magical combination of fields existed for
which the infinities did cancel. The reason for this hope was that
the coefficients of divergences proportional to i?M,,2 or JPM,,2 were
always positive as followed from unitarity (whether due to fermion
loops or boson loops) but that cross terms R^T11" had often an
opposite sign when one used the Einstein equation G^ = —\T^V.
The big question, of course, was what that magical combination
of fields was.

It seemed highly probable that it should have an extra symme-
try, beyond the spacetime symmetries (general coordinate (=Ein-
stein) invariance and local Lorentz invariance), but it was not
clear what that extra symmetry should be. Natural candidates
were: local scale, or perhaps even local conformal symmetry, or
the fermi-bose symmetry (also called supersymmetry, or "susy")
discovered by Gel'fand and Lichtman (1971), Akulov and Volkov
(1973) and Wess and Zumino (1974).2

One problem with the latter symmetry was that so far no local
fermi-bose symmetry had been constructed, only a rigid one. In an
early attempt in 1975, Arnowitt and Nath had proposed a gauge
theory for supersymmetry in superspace ("supergauge theory" as
they called it) which they obtained from Einstein gravity by simply

2 Originally it was called supergauge symmetry, but because the parameter
ea is constant, it was changed to global supersymmetry. However, to avoid
the impression that global meant "defined on the whole manifold", the name
was finally changed to rigid supersymmetry, and that is the present name.



letting everywhere all indices become super indices (with a bosonic
and a fermionic part). This theory has no constraints and as a
consequence it contains higher spin fields and ghosts, and for that
reason it has been abandoned. Yet, I recall that already at that
time two physicists suggested to study the one loop ultraviolet
divergences for spin 3/2 fields coupled to gravity: Salam at the
London conference of 1975, and Veltman. I did not get down to
computing the divergences of this system, although I reported this
as a research project at a conference at Christmas 1975 in Caracas,
because I was a bit tired of all these long calculations which in the
end always gave a negative result.

In the spring of 1976, Dan Freedman came back from the Ecole
Normale Superieure in Paris, where he had studied various topics
in physics, as well as the remarkable food market on the rue Mouf-
fetard. The year before he had with Bernard de Wit applied the
low energy theorems of current algebra to spontaneously broken
supersymmetric systems, in order to find out whether the neutrino
could be the supersymmetric partner of the photon. Their con-
clusion was negative, as it remains today, although the argument
today is not based on current algebra but on the simple fact that
in the standard model they have different SU(3) x 517(2) x U{\)
quantum numbers. (The conjugate Higgs doublet has the same
quantum numbers as the (ve,e~) doublet, but there are no part-
ners for the (Ufj,,iJ,~) and (VT,T~) doublets).

In the very friendly atmosphere of the Institute for Theoretical
Physics at Stony Brook, we had lunch together every day in the
common room, and much of the remaining time was spent near
the coffee machine, which was next to my office. It was only nat-
ural that colleagues would enter my office in a relaxed mood with
a cup of coffee in their hand, and begin discussing physics. In this
way, Dan and I came into scientific contact. Dan suggested that
we start looking into a gauge theory of supersymmetry, which I
immediately fully embraced because it was something new, excit-
ing, and still in the domain of gravity with spinors where I had



spent so much time. In this way we started working together. In
Paris, Dan had also met Sergio Ferrara, who was an expert in rigid
supersymmetry, and who had suggested to construct a theory of
local supersymmetry, and he joined us from CERN. In those days
there was no e-mail, but we managed to stay in touch.

So, how should we start? The basic property of rigid supersym-
metry was (and is) that the commutator of two supersymmetry
transformations gives a translation, {Qa,Q/3} = l^a&P^ s o upon
making supersymmetry local, we would expect to obtain a local
translation. Now the concept of local translations looked to us very
much like a general coordinate transformation, so we expected that
a theory of local supersymmetry would necessarily contain gravity,
and this explains the name supergravity for the gauge theory of
supersymmetry. Conversely, in the presence of gravity a constant
supersymmetry parameter becomes spacetime dependent after a
local Lorentz rotation, hence rigid supersymmetry in the presence
of gravity must turn into local supersymmetry.

So, local supersymmetry predicted the existence of gravity, and
that was for us one of the most attractive aspects of supergrav-
ity. Nowadays, people like to motivate their interest in super-
symmetry by referring to the hierarchy problem which is solved
by supersymmetry (provided one accepts some plausible assump-
tions which resolve the so-called yn-problem). Also, for supergrav-
ity the motivation has changed over time: whereas originally it
was hoped that it might solve the nonrenormalizability problem
of ordinary quantum gravity, nowadays one considers supergravity
rather as the "low-energy" limit of superstring theory. The latter
is finite and thus solves the problem of quantum gravity, but for
phenomenology one needs the effective field theory which results
at low energy, and this effective field theory inevitably caries along
with it an infinite tower of higher-dimensional operators divided
by powers of the string mass scale, and any truncation of this infi-
nite tower is nonrenormalizable. In 1976, none of these interesting
developments were known, of course.



Given that supergravity must contain at least gravity, we ex-
pected to need at least one other field, its fermionic partner which
should be the gauge field of local supersymmetry. The gravita-
tional field describes gravitons, with spin 2, or rather helicity ±2,
and from the theory of massless irreducible representations of the
super Poincare algebra it was known that susy required fermi-bose
pairs with adjacent spins (j, j + 1/2). Clearly, we needed either
a massless spin 3/2 field, or a massless spin 5/2 field. Any sen-
sible person would begin with spin 3/2, and that is what we did.
(Later it was found that one cannot couple massless spin 5/2 fields
to gravity in a consistent way. At the level of algebra that is also
clear: one would need spin 3/2 generators, but then the anticom-
mutator of two such generators would produce a spin 3 generator,
which is not known to exist in 4 dimensions. In 2 dimensions it
exists and leads to W gravity, but that we did not know in 1976).

In fact, in the 1960's and 1970's many concepts which are now
so well understood that they have become almost trivial, were
then confusing. Just to illustrate this, I may tell an anecdote of
the 1960's concerning quantization of gauge field theories. My
advisor was (and is) referee of Physics Letters B, and received
one day a paper by Faddeev-Popov dealing with path-integrals,
quantization and gauge theories. Now path-integrals were little
used in those days, so people were unfamiliar with them. He could
not make much sense out of the article (it did not contain their
ghosts in the quantum action but rather there was a determinant
in the measure) but neither could he find anything obviously wrong
with this paper, so he decided, after much hesitation, to accept it
for publication. Fortunately (with hindsight), just imagine what
would have happened if he had rejected this article.

Although a spin (3/2, 2) doublet seemed to us the obvious
choice, massless spin 3/2 fields were in disrepute due to the Johnson-
Zwanziger-Velo "theorem". They had observed that if one cou-
pled complex massless spin 3/2 fields to electromagnetism, this
coupling was inconsistent. The field equation was expected to be



p = 0 with D^y = d^v — ieA^y, so upon contract-
ing with Dyi one would get F^v = 0, clearly too strong a condition.
These couplings also led to signals which traveled faster than light.
We were never intimidated by those no-go theorems, because we
believed that the case of spin (1, 3/2) is very different from the
case of spin (3/2,2). In fact, by the time you have carefully for-
mulated a no-go theorem, you can often see the solution and turn
it into a "yes-go" theorem. (Later it was indeed found that one
can couple spin 3/2 to spin 1 provided also gravity to present:
this coupling leads to N = 2 extended supergravity, which is the
susy extension of the Maxwell-Einstein system which unifies elec-
tromagnetism and gravity. When we get there, we shall of course
come back to the question of " magical cancellation of infinities").

Although we decided to begin with the free field action for spin
3/2 fields and couple it in the usual way (the minimal way, like
spin 1/2) to gravity, there arose immediately a problem: which ac-
tion? We went to the library, and found a paper by Bargman and
Wigner, who discussed free-field higher-spin theories, in particular
some spin 3/2 theories. Most of them were really field equations
with subsidiary conditions, so of no use for us. We were looking for
an action with a vector-spinor field ?/>M, because gauge fields have
always the structure of d^ times the parameter. Soon we found a
gem of a paper with this field W : t n e famous Rarita-Schwinger
paper. These authors had entertained in 1941 the conjecture that
the neutrino in (3 decay had spin 3/2 instead of spin 1/2, and com-
puted the angular distribution of the neutrinos. The results were
in complete disaccord with the experimental data, so that was the
end of that idea, but for us this was no set-back: it seemed to us
that rather than the action for neutrinos in flat space, Rarita and
Schwinger had found the leading fermionic term of supergravity.
Their free-field action reads (for our purposes we distinguish be-
tween curved indices of the gauge fields Vv a nd flat indices of the



constant Dirac matrices 7m)

c(RS) = -I^t-yv^pM^ (3)

and it has a local gauge invariance, namely 6ip<j = d^e(x) where
e(x) is a 4-component spinor, just what one needs for a gauge field
of supersymmetry! (Recall that gauge fields always transform into
the derivative of the parameter + more). Since the fermionic part-
ner of the real graviton should be real,^v too should be somehow
real. If the matrices 7 0 , 7 \7 2 , 7 3 (satisfying {7m,7n} = 2r/mn

with r)mn = (—1, +1,+1, +1)) should be real (a so-called Majo-
rana representation of the Dirac matrices) then also V<7 c a n be
taken real, and C(RS) is real. That seemed a problem to us,
because then the conjugate momentum of ip^ would be a linear
combination of tp^. (Later I learned about Dirac quantization
which resolves this problem.) So, we decided to work with com-
plex Dirac matrices but we still needed some reality condition on
ipn to avoid overcounting. Here we must make a short technical
stop and discuss Majorana spinors.

A Majorana spinor ipa(a = 1,4) satisfies the property that
its Majorana conjugate •ipM = tyTC (with the charge conjugation
matrix C defined by C^C'1 = -(7m)T) is equal to its Dirac
conjugate •ipo = ̂ ry° . It is easy to show that •ipM and t/>£) trans-
form in the same way under Lorentz transformations, and satisfy
the same Dirac equation. So xp^ in C(RS) is both equal to ip^C
and ipli'f0:, and this shows that the action is hermitian and that
VV7^m7n7rVp *s symmetric in /z and p. For what follows it is also
important to know that ^piii

m"'Pv is antisymmetric in (/x, v).
In 4 dimensions one can write 7lm7n7rl as emnrs757s (as it in

fact occurs in the Rarita-Schwinger paper) and this is useful be-
cause putting the Rarita-Schwinger action in curved space (cou-
pling it to gravity), the e-tensor becomes a density and eliminates
the need to add the usual factor y/—g. Furthermore, as I knew
from the Einstein-Dirac system, we had to replace <5m

M by "vier-



bein fields" em^ (tetrads, later called "vielbein" fields by Gell-
Mann at the EST conference in San Francisco because vier=four
and viel=many in German) and finally we had to replace the curl
dvipp — dptpv by Dvtpp — Dptl)v where Dv is a suitable gravitationally
covariant derivative. So

C(RS, gravity ) = - ^ ^ - y s ^ D ^ (4)

The symbol e^upa is ±1 or 0, and a density while the factor 1/2 is
arbitrary but customary for real (bosonic or fermionic) fields.

The problem was, of course, what that suitable covariant deriva-
tive Dp was. We knew (for example from Weinberg's book on
general relativity) that one possibility was

DpiPa = dpipa - rptT
T(g)ipT + ^ P

m n ( e ) 7 m 7 n t / V (5)

where Tpcr
T{g) is the usual Christoffel symbol and u)p

mn(e) the spin
connection, related to Ypcx

T{g) by the "vielbein postulate"

Dpea
m = dpea

m - Tp(T
T{g)eT

m + Upm
n{e)en

a = 0. (6)

But we also studied papers by Hehl and collaborators, who intro-
duced torsion in theories involving bosonic matter fields, where
they wrote

T^ = r^(g) + K^ (7)

with K^v9 = —KViL
p the "contorsion tensor". We adopted this

procedure for our problem and wrote u>i^
nn = ujfJ

mn(e) + 3 terms
involving the contorsion tensor, omitting Tpa

T(g) in (4) because it
cancelled in the curl. By this ansatz as starting point we already
committed ourselves to what is now called second-order formalism
(with gravitino torsion).

So, our starting point was

(8)J



where 7^ = jn^i/n with constant j n . The Einstein-Hilbert action
is R = R^mnem

ven» and R^mn = d^J™ + w ^ w A - M «->
i/ with ui^mn = ulj

mn{e) to lowest order in K. AS lowest order
supersymmetry transformation rules we took

« « % = i ^ e = -(d^e + j^ m " ( e )7 T O 7ne) (9)
/C ti 4

with again ojll
mn{e) but anticipating further terms, and

n, a a constant. (10)

This latter law was not obvious, but it was linear in fields, just
like in rigid susy where one has 6 (boson) ~ (fermion) e. An
alternative, 5eM

m = aKe/yfJ.ipL,et/
nrfim we rejected because it was

not linear in fields. The law for S^tp^ was also to lowest order
in fields and for constant e of the expected form 6 (fermion) —
d (boson) e, since u>l/

nn(e) contains to lowest order indeed only
terms of the form d (boson), namely derivatives of the vielbein
field.

The first test came immediately: are there encouraging can-
cellations in 61^1 One obtains from varying the vielbeins in €2,
using g^ = e M

m n

6C2 = \( l ^

On the other hand, varying ij)^ and ipa in £3/2, gave

<xWn(€75{7^7m7n}V/x) (12)

where we partially integrated the derivative on D^e, used
[Dp,Da]e = \Rpomnnfm'yn£, and finally used the Majorana prop-
erty •0M757i/7m7ne = -(-Inlmlvl^ii- We then found a fantastic



cancellation ("heart warming" we called it): the variations of £2
and £3y2 in (11) and (12) actually cancelled. To see this, one
may replace {7t,,7?n7w} by 2eJ/etmns757s, use 752 = 1 and write
eiivpo ermns QS a product of four vielbeins fields, properly antisym-
metrized. Then, for suitable a, these variations cancelled.

However, this was only the beginning of a whole series of can-
cellations which were needed to prove that the final action was
susy. Not yet taken into account were: the variations of ujfJ

Tnn(e),
the derivative D^e^7 picked up in the process of partial integration
and the variation of ev

T in 7J,. We solved this problem by adding
new suitable terms of higher order in K to action and transfor-
mation laws each time when the variations of the action did not
cancel. ("The Noether method", see below). This was tedious
work, which required a steady hand in manipulations with Dirac
matrices and Riemannian geometry. Every morning I could hear
Dan coming into the institute, humming always the same two sen-
tences, "In heaven there is no beer, that's why we drink it here",
but we actually did not drink any beer, but worked very hard, at
least 12 hours a day, weekends included, for several months. We
never knew whether our approach would work, and many times we
thought supergravity was dead, only to find the next day a solu-
tion which brought it back to life. An amusing incident happened
when at some point we found that a sum of five terms involving
Riemann tensors and complicated spinor structures had to can-
cel. By taking special values for indices and fields, we got strong
indications that they did. We started reading J. Schouten's fa-
mous book, but did not find there an explanation, and then went
to some mathematicians, who got very interested and thought we
might have discovered some new identity. Eventually, we realized
the truth was much more pedestrian: in 4 dimensions a tensor
with 5 indices, totally antisymmetrized, always vanishes. Yet, as
a tribute to this episode, we introduced the verb to "Schoutenize"
which indicates the interchange of indices which results from this
identity, and even today this word can be found in the literature.



In this way we pushed, with a lot of algebra, the proof of invari-
ance up to the level of five gravitino fields and one e in 8£. This
last calculation was so complicated that only a computer seemed
able to do it.

We had at that time a connection to the big computer at
Brookhaven National Laboratory, at least big for those years. I
started writing a simple Fortran program, to collect all variations
and check whether the coefficients of all independent spinor com-
binations were zero. Rather than work with Majorana spinors,
we rewrote them as 2 component Weyl spinors since this saved
memory , and wrote all terms in the form

tabcdef9h(TPtabiPc)(^daeiPf)^agi>h) (13)

where t is an integer-valued tensor constructed from e symbols and
Kronecker deltas. In some test runs we found output values like
0.1875. I was puzzled, but for Dan it was obvious that this was ^
(the factor j$ we later traced to our normalization of spinors) and
he still sees this as a characteristic difference between a European
and American education. (Americans measure length in units of
1/16 of an inch, and students are trained to convert this into
decimals.)

Taking into account antisymmetry relations between the spinors,
we needed to compute about a thousand coefficients, each of which
should come out zero. We spent an enormous time simplifying the
program in order to reduce the costs of computing time, (which
was in the end of the order of 50 dollars) and we got it down to
about 3 minutes. Many trial runs were made to get rid of all bugs,
but after days of work, one night everything was ready, and now
it was up or down. I was sitting alone that night in the com-
puter room, except for a colleague (Junn-Ming Wang), who often
worked late. It was late (2 o'clock at night) and after starting the
decisive run and waiting the expected 3 minutes, the results came
in. As always the first few hundred entries were zero, but that
was no reason for optimism because we already knew that these



terms were zero. However, zeros kept coming, and I started mak-
ing strange noises. Jimmy asked me what was going on, and I told
him that I needed still a few hundred zeros, and if there was at
least one nonzero entry, all our work would be in vain. The zeros
kept coming, the tension mounted and then the program came to
the end with only having produced zeros. It worked, supergravity
existed!! Instead of being happy I was very, very tired. I phoned
Dan, who was in a hotel in Chicago for a conference and who had
told me to inform him of the result, no matter what the time was,
and he said "Oh, that is wonderful" in also a very tired voice. I
then went home, and felt depressed. In fact, I have often heard
that physicists feel depressed just after a major discovery; perhaps
that is the physicists' equivalent of post-partum depression.

However, the next days we became again enthusiastic. It was
clear that an almost endless series of problems lay ahead of us,
each problem even more interesting than the previous one. We
had to redo for this new gauge theory all that one had done in
the past for Yang-Mills gauge theories. The first problem was, of
course, the coupling of matter to supergravity. By then it was
summer 1976, and I went to Europe (Paris) while Dan went to
Aspen. We decided that each should press on with research in
supergravity. In Paris, I met for the first time Sergio Ferrara,
with his usual cigar, and suggested to him that we try to couple
scalar fields to supergravity. That was the first time I noticed
his superb instinct for making the right choices, for he told me
that my suggestion was excellent and we certainly should try to
couple scalars, but perhaps spin 1 fields were even more interesting
because of the extra Maxwell gauge invariance. Since I had no
strong feelings one way or the other, I accepted his proposal. Later
it was found that the coupling to scalars is much more complicated
than the coupling to vectors. So the choice of vectors was very
lucky. In that collaboration also Joel Scherk joined. At some
point we got stuck because we were left with a term proportional to
Flia€

ai'paFpcr, but Joel remembered that he had passed a summer



in Cambridge deriving (under a tree, but not being hit by apples!)
all kind of identities for fun, and he vaguely remembered that there
was something interesting with this term. He went to a pile of
notebooks in the corner of his office, and produced from the middle
a notebook in which he found that this term is proportional to 8^.
Joel did work for years with us; he was absolutely creative, and
his death in 1980 was a great blow to all workers in supergravity,
and to me personally, as I had become very close to him.

This brings me to a point I want to stress here, and which
I think is not at all sufficiently understood by physicists outside
the circle of supergravity practitioners. From 1976 on, a group
of young, enormously enthusiastic physicists did work that, in my
opinion, is of an almost unique high standard in physics. Some
older physicists have told me later that they also tried to enter
the field, but that as soon as they sat down to begin this study, a
flood of new papers by these young physicists deflated their energy.
The drawback of this situation has been that relatively few senior
physicists were involved with supergravity, so that when these
young people needed a faculty position they had not always the
backing from the establishment which they should have had. Still,
looking around, I see that most of them have become professors,
and almost all of them are still as active today as then.

The coupling of matter to gravity (and also all subsequent cou-
plings, and also the construction of the gauge action itself) was
achieved by using the "Noether method", where one evaluates 6C
order by order in K, and when 8C is nonzero, one adds further
terms to the action and/or transformation laws such that up to
that level in K 8C becomes zero. For example, if 8C contains a
term d^e one could add a new term to the action obtained by re-
placing d^e by — Kip^ since varying W m t o «dMe m t n e n e w t e r m

would cancel the old variation. However, this would not work with
a term like V^7mc^e since /^fJ,'y

rn"tptJ' = 0, so there were fermionic
integrability conditions. As a byproduct we also found two alter-
native derivations of supergravity: 1) by starting with rigidly susy



matter and then making e local and at the same time introducing
the gauge fields of supergravity, 2) by starting with the iS-matrix
and 3-point couplings and deducing the 4-point and higher cou-
plings by imposing gauge-invariance (transversality). These ap-
proaches are well-known in ordinary gauge field theories, and it
was comforting to see that they also worked well here.

In the fall of 1976, after the coupling of spin (1, 1/2) and later
spin (0, 1/2) matter of supergravity, another interesting system to
consider was the coupling of a rigidly susy spin (3/2, 1) matter
system to supergravity which is a spin (3/2,2) system. It seemed
to Ferrara and me that there should in the end be an extra O(2)
symmetry in the action between both gravitinos, and that is what
we found. The resulting system was "N=2 extended supergrav-
ity" with N — 2 gravitinos. This theory unifies electromagnetism
and gravity ("Einstein's dream") by adding gravitinos as "glue".
Later, Dan constructed N = 3 extended supergravity with Ashok
Das, and discovered that one can couple the spin 1 fields to the
other fields as an 50(3) Yang-Mills system, provided one also
added a supercosmological constant. And then the N = 4 and
N = 8 (and N = 5,6,7) extended supergravities were constructed.

Of course, the quantization was a topic of major interest. It
turned out that the covariant quantization rules of 't Hooft and
Veltman could once more be applied, with as gauge-fixing term
for susy the expression •ip • 7^7 • ip, leading to commuting spino-
rial Faddeev-Popov ghosts. However, because the gauge algebra3

was "open", one needed an unusual 4-ghost coupling to restore
unitarity. A direct Feynman graph calculation revealed that the
coupling of supergravity to spin (0,1/2) or spin (1/2,1) matter
was in general nonrenormalizable, but that in the extended sug-
ras, the infinities cancelled at the one-loop level. So, here finally
we found a "magical combination of fields". For me the latter

3 Open gauge algebras, field dependent structure functions, auxiliary fields
which close the gauge algebra, and that all in the context of superalgebras has
become a whole new field in mathematics.



result was very gratifying because (i) it showed that supergravity
was at least one-loop finite, and (ii) it also showed that my pre-
vious one-loop calculations for matter-supergravity systems with
nonvanishing divergences were correct because they were used as
input into this calculation. After the one-loop divergences were
found to cancel in the N = 2 and N = 4 extended supergravities,
the question was of course: do they cancel at the 2-loop level? I
had a bet with a very good friend for a crate of champagne that
they would cancel. Marc Grisaru found a nice argument that they
do. 4 Then Stanley Deser and Kelly Stelle found that at 3-loop
level one could write down a possible counterterm, but till today
nobody has computed its coefficient. Most people believe that its
coefficient is nonzero, but nobody knows. (The counterterm is of
the generic form R3. Also in 6 dimensions the one-loop countert-
erm is of this form, and I have shown that there its coefficient is
nonzero. However, I do not think this gives information on the
4-dimensional situation, and it would be interesting if somebody
would compute the 4-dimensional coefficient).

Incidentally, the name gravitino has also some history to it.
With Marc Grisaru and Hugh Pendleton, I looked into the S-
matrix of supergravity, and found relations between various cross-
sections such as graviton-graviton scattering and the scattering
of two massless spin 3/2 particles. At a short visit to Caltech,
Gell-Mann had looked with me in dictionaries for a venerable
name for these particles and had come up with "hemitrion" ("half-
3"). So, in that 5-matrix paper, we wrote "hemitrion-hemitrion
scattering", but the editors of Physical Review did not allow this
neo nomen, and we had to revert to "massless Rarita-Schwinger-
massless Rarita-Schwinger scattering". It was Sidney Coleman
and Heinz Pagels who coined "gravitino". (Actually, I was sur-
prised some years later to read in a letter of recommendation that
Sidney wrote that he was uninterested in gravity and superinter-
ested in supergravity. He seems to have changed his mind a bit).

4 I got in the end only one bottle of champagne from my friend.



While all this work on supergravity was going on, our students
had a golden time, because (unlike today) there were far more
exciting and doable problems than people. We also gave many
seminars. I recall a few interesting occasions. On one occasion, I
was to discuss (at the request of the chairman of that department)
the progress in supergravity, and after he had introduced me (with
the usual statement that he hoped to have pronounced my name
correctly), he whispered to me, "Oh, I forgot to tell you, but please
do not use the Dirac equation or other such difficult things because
our faculty is mostly specialized in ..." (some other field). That
required some improvisation on the spot ! On another occasion, I
was in Tallahassee, where to my delight Professor Dirac was in the
audience. To my even greater delight, when the chairman asked at
the end of my lecture if anybody wanted to ask a question, Dirac
raised his hand. "How many anticommuting variables does your
theory have?". I quickly thought: at each point in spacetime a
real 4-component spinor (ea(x)), so I answered: "Infinity to the
fourth power." "That is a large number", he replied. I waited for a
further comment, but no more was forthcoming. Later, he told me
that Feynman graph calculations were in his opinion not the way
to quantum theory; rather, they were like the coupling of Bohr-
orbits in the early days of quantum mechanics. I was invited that
evening for a dinner at his home, and as I knew that he was not
an effusive speaker, I was not surprised that he only turned to me
at the end of the dinner to ask me "Have you ever read (the book)
the Red Rose?". I said I had not, and again no further comment
was forthcoming. I have a short movie from that visit where you
can see Dirac swimming among the mangroves. There were also
alligators nearby, and I was too afraid to swim, but he told me
there was no danger. A last recollection I have is that he told me
that he found life in the USA a bit different from life in England.
"Did you know that if you buy here a grand piano you get a gun
for free?" I have now lived in the States for 20 years, and must
agree with him that it sometimes is a bit different from Europe,



but it is a very positive optimistic country and as a physicist I
appreciate that young people are treated equally to older people,
and that there is not much secrecy in appointments or promotions.

These were a few recollections of the exciting early days of su-
pergravity. Supergravity then went on: there came a Kaluza-Klein
era, and a 2-dimensional era with a models, and supersymmetric
quantum mechanics, and then came superstring theory which is
also a kind of supergravity theory as it is also based on a local
fermi-bose symmetry. We have now reached a level of sophistica-
tion where we should be able to explain nature around us, and,
as always in fundamental science, many people become somewhat
pessimistic about the chances of success. Some people go even
further these days and say that particle physics is dead. Also that
has been said before. I would like to state that the unification of
running coupling constants I mentioned before is a clear though in-
direct manifestation of the existence in nature of rigid susy. Also
gravity exists. Rigid susy plus gravity is supergravity, that we
showed in 1976. For these reasons, I must conclude that super-
gravity exists and will be detected. I am confident that nature is
aware of our efforts.


