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A theory of gravity ihcorporatingthe con, cept cf spontaneous symmetry breaking is pro-
posed. It is suggested that the same symmetry-breakirg mechanism is responsible for break-
ing a unified gauge theory into strong, weak, and electromagnetic interactions.

Einstein's theory of gravity' and Fermi's the-
ory of weak interaction' have one feature in com-
mon: In contrast to electrodynamics and the
modern theory of strong interaction they contain
coupling constants with dimension of 1/(mass)2.
These coupling constants are notably small, with'
Fermi s coupling constant GF ™(300nt„) and
Newton's coupling constant GN- (10"m «) '. It
has long been suggested that the smallness of GF
is due to the massiveness of the intermediate
boson W, vis. , G„-e'/M~'. The successful uni-
fication~ of electromagnetic and weak interactions
has made precise this idea. Central to the unifi-
cation scheme is the concept of spontaneous sym-
metry breaking, which causes some scalar field
to have a vacuum expectation value v, thus gen-
erating the mass of the intermediate boson so
that

GF-e /Ms, - 1/v .

The concept of spontaneous symmetry break-
down' has proved to be extraordinarily fruitful in
many areas of physics and I consider it worth-
while to try to incorporate it into gravitation.
Clearly, the physics of gravitation is very differ-
ent from the physics of weak interaction since
gravity is long ranged and the mediating particle,

the graviton, is massless. Nevertheless, I would
like to have a relation analogous to Eg. (1) and to
attribute the smallness of Newton's constant GN
to the massiveness of some particle.

Motivated by these considerations, I suggest
here that Einstein's action for gravity be modi-
fied to read

S= f d'xvgr ,'ey'R+ —2g~ "s„cps„-p

Here y represents a scalar field and & denotes a
dimensionless coupling constant which we would
take to be of order s 1. 2„ is the Lagrangian for
the rest of the world. (We must distinguish two
physically different cases depending on whether
or not Z includes y, that is to say, whether or
not y interacts with matter fields directly. For
the moment we will assume that C„does not in-
clude y. See below. ) Suppose that V(y) is such
that it is minimized when y =v. Setting cp =v we
see that (2) reduces to Einstein's action with the
identification

N 16 1~v2
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This should be compared to (1). Thus we need
an enormously large vacuum expectation value
v, of the order of the Planck mass ~»-—10"m„.
In our discussion we must' assume V(v) = 0. The
precise form of V(q ), however, need not be spec-
ified, Occasionally, in order to be explicit, we
will use the form V,„z, =-,x(y' -e')'.

Making the substitution cp = v+ f we see that this
theory requires the existence of a scalar parti-
cle P with mass naively given by [V"(y =e)]"'.
(Actually, because of the peculiar coupling of y
to gravity the mass is lowered somewhat to [V"(y
=v)/(1+ 6e)]"'. We will postpone the discussion
of this point until later. )

if V,„~, is used f is very massive, with a mass
X'/'n - (X/&m&)"'m»-10" GeV if X is of order z 1.
In general, however, the mass of P is not spec-
ified by the theory and there is no reason that f
could not be relatively light. The interaction of
& with gravity is unlike the interaction of any oth-
er particle with gravity. ' In particular, f is un-
stable and decays into two gravitons rapidly with
a width I"-e'm&'/v'. If V,„,is used, I'-&'km&.
In this paper, I adopt the philosophy that dimen-
sionless coupling constants such as & and X are
all of order s 1. Thus, if m& «mp„ the 0 par-
ticle could be relatively narrow.

A particularly attractive speculation is that the
spontaneous symmetry breakdown generating New-
ton's gravitational constant is also responsible
for generating the weak, electromagnetic, and
strong interactions from a unified theory. It has
been suggested that the weak, electromagnetic,

and strong interactions merge into one unified
Yang-Mills gauge theory at some large mass
scale. An especially appealing scheme is the
SU(5) gauge theory of Georgi and Glashow. ' Know-
ing how coupling constants depend on the mass
scale and knowing the values of the weak, elec-
tromagnetic, and strong interactions at low en-
ergies one can determine the mass scale at which
unification occurs. The result of such an anal-
ysis is that unification occurs at' - 10"GeV. The
emergence of a mass scale close to the Planck
mass m» appears to be a numerical coincidence
within the framework of this analysis. I would
like to suggest, however, that this is not coinci-
dental but that the scalar field y in Eq. (2) should
be replaced by a Higgs field" p transforming like
24 under SU(5). Expressions like y' and (S„y)'
in Eq. (2) should be replaced by q' and (a„y)'. In
the unified SU(5) theory, the relevant mass scale
is 10"GeV and there are presumably vector bo-
sons of this mass and the vacuum expectation val-
ue of

~ y~ is also presumably of the order - 10"
GeV. Thus, I suggest that one unified mechanism
is responsible for the mass scale of gravity as
well as for the breaking of SU(5) into SU(3) SU(2)
8 U(1). The present suggestion, of course, does
not unify all four interactions, but it does pro-
vide an intriguing link between gravity and the
other three interactions and deserves to be in-
vestigated further.

It is straightforward to derive the equations of
motion from the action in Eq. (2). One need only
recall that in

5(gl/2g& vR ) gP vR 5g&/2+ g 42R 6gP P + g1/2gP v5R (4)

the last term is a total divergence and thus can be dropped in the standard theory of gravity. The first
two terms in Eq. (4) generate the Einstein tensor (R""-2g""R) in Einstein's equation of motion. Here,
however, the third term in Eq. (4) must be kept. After integrating by parts and manipulating various
identities, one finds the modified equation of motion

.~V'(R"" .g""R)--.[T'.""+T",'+(~V ) ""-g""(eV )',. ]. (5)

Here T„""is the energy-momentum tensor of the
world constructed from 2„ in Eq. (2) and

T""= '"&'"&—g""[-g'"8 ~ 8,~ —V(~)].
The equation of motion of the field y reads

6V
+ —E'gp =0

lP

provided Z„does not depend on y. If Z„depends
on y then the right-hand side of this equation
would read 6Z /6y —B„M„/6 B„y. In the present
broken-symmetric phase of the world y(x) =v

~ with V(e)=0 and 2ee =(16mG„) '. Then Eq. (5)
reduces to the standard Einstein's equation as
expected. Thus, no present-day experiment can
distinguish between this theory and Einstein's
theory. [In the present epoch, the term eRq in
Eq. (7) is completely negligible. "]

One of the demands we would certainly like to
make on this theory is that the exchange of ener-
gy between matter and the gravitational field be
described exactly as in Einstein's theory. This
amounts to one version of the equivalence prin-
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ciple. I now show that this is in fact true, name-
ly,

y @II 0;V (8)

holds, provided that R„does not include y. In
Einstein's theory this equation follows from the
contracted Bianchi identity satisfied by the Ein-
stein tensor (R„„-—,'g„,R). In the present the-
ory this idenity gives instead the conservation
law

(a '[T""+t"']).„=0, (9)

T~" =a'"R -T"'. .
W (12)

Finally, we use the equation of motion of y [Eq.
(7)] to find

T"' =a'"R
~ P

and hence the assertion is proved. Thus, the
metric of space-time determines the motion of
mass points.

If, on the other hand, C„contains y as is sug-
gested by my speculation that y is also respon-
sible for breaking down a unified theory of strong,
weak, and electromagnetic interactions, then the
equation of motion of cp is no longer given by Eq.
(7). Instead of T„"".„=0we obtain

T„"".„=(Bqy) aq
5g 5Z

" 58~y Gap
(14)

However, in a region of space-time in which y is
not changing, such as here and now, we do have
7'&' = 0.g V

There have been proposed theories of gravity
involving a, scalar field, notable among which is
the theory of Brans and Dicke." In contrast to
these earlier theories, "the theory proposed
here incorporates the concept of spontaneous
symmetry breaking. This is crucial. For in-
stance, the Brans-Dicke theory is motivated in-
stead by Mach's principle. Thus, the scalar field

where the quantity inside the round brackets can
be thought of as the "effective" energy-momen-
tum tensor. (We have introduced the notation a
= ~y' and t""-=T~~"+2a'"'" —2g""a' . z). I wish
to show that Eq. (9) when supplemented by the
equation of motion of y actually implies Eq. (8).
Rearranging Eq. (9) somewhat, I can write

(10)

Using the identity

; agpa' "«=a' .~., -a' .„.z
we find that Eq. (10) simplifies to read

(7b)

This mass shift can be thought of as due to a
wave-function renormalization. Thus, a g par-
ticle propagating in flat space drags along a grav-
itational excitation" with amplitude

(i5}

While the theory cannot be distinguished experi-
mentally here and now from Einstein's theory, it
invites us to contemplate the possibility of grav-
ity being different at another time and another
place. In a Robertson-Walker universe the scalar
curvature is given by

R = 6[0/6t'+ (1 —q)II'], (16)

where" H is Hubble's constant, q is the decelera-
tion parameter, (R is the Robertson-Walker
scale factor, which is approximately the "size"
of the universe, and k =+ 1, 0, or -1 according
to whether the universe is closed, flat, or open.
As we follow the universe backwards in time,
increases and the term e@y in Eq. (7) becomes
increasingly important, shifting the vacuum ex-
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y has no self-interaction and has the trace of the
energy-momentum tensor of matter as its source.
In other words, the potential term V(y) in Eq.
(2) is not included. As a result, the Brans-Dicke
theory is inconsistent with observation unless a,

certain parameter is very large. '~ In contrast,
in the theory discussed here the field y is an-
chored by the symmetry-breaking potential to
have a fixed value, provided that the scalar cur-
vature B is not enormous in the space-time re-
gion under consideration.

We now return to the propagation of the parti-
cle f through space-time, which is unlike that of
any other physical particle. Considering small
vibrations about flat space g„„=g„,+h„, and y
=v+ f, we expand the equations of motion [Eqs.
(5) and (7)] to first order:

a'(g„„—,q„„h—)= (g„—„a'g —a„s,g), (5a)

[8'+ V"(f)]g = 2evA (7a)

(we have used the harmonic gauge e„h~„=—,'a, h~„).
Note that the source of gravity waves [the right-
hand side of Eq. (5a)] is first order in f Thi.s is
in contrast with the usual situation in which the
source of gravity waves is second order in small
vibrations of matter fields. Tracing Eq. (5a) and
substituting in Eq. (7a) we see that
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5G/G- T /V"(o) -(T/mt)'. (18)

Again, the variation in G is completely negligible
until the temperature becomes comparable to m&.
Incidentally, it has recently been suggested"
that other events of great importance for the sub-
sequent evolution of the universe took place at
temperatures ~ sl p].

Theories with a varying gravitational constant
have long been proposed. 'c'" The variation ()G/G
in these theories, largely motivated by Dirac's
large-number hypothesis, is typically too large
to be consistent with observation. No such diffi-
culty afflicts the present theory, because the
expectation value of y is essentially fixed by V(y).

I note that near a Schwarzschild black hole the
scalar curvature R vanishes and so the present
theory and Einstein's theory lead to identical
physical consequences.

The present theory and Einstein's theory can
differ substantially only with ultrahigh values of
the scalar curvature and/or the temperature, in
particular near the initial (or final) singularity.
Unfortunately, this is also the regime in which
quantum effects presumably become important
and one may justifiably be somewhat reluctuant
to treat the theory classically. An especially
interesting question is whether or not the initial
(or final) singularity can be avoided, if the evolu-
tion of the universe follows Egs. (5) and (7). ' .

The starting motivation for this work was to
write down a theory of gravity in which the only
dimensional constant is associated, with a mass
term. This would be the case if we use Vexpi in
Eg. (2). Naively, one might hope that the resul-
tant theory is renormalizable. This is, of course,
not" true if one does perturbation theory about
cp= v. However, it might be possible, perhaps
by resumming or by expanding about another
point, to show that the theory is renormalizable.
Unfortunately, I am here only expressing a hope.

pectation value e of y. Thus, the gravitational
"constant" G changes with time, according to"

6Q 6v 2eg H
G v V (U) mt

This variation is completely negligible until the
"age" of the universe B ' becomes comparable to
the Compton time of &. Another effect contribut-
ing to ()G/G is the rising temperature of the uni-
verse as one goes back in time. Crudely, the
effect of finite temperature" T is to add to the
potential V(y) terms like" —T'y'. This term
leads to a shift

Much further investigations will be necessary.
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The formula tan28c ~ me/m, is derived from a continuous symmetry. Cabibbo univer-
sality is guaranteed in a natural way. All weak mixing angles are determined in terms
of quark masses. The 5 quark is predicted to decay mainly to the u quark, and the life-

'time of the associated mesons is -10 ~0-10 ~~ sec. We argue that this additional sym-
metry is (essentially) the only one which can be added to the standard SU, (3) SU(2) U(l)
model without generating anomalies.

The standard Weinberg- Salam-Glashow-Ili-
opoulos-Maiani SU(2) I3 U(1) model' has scored
remarkable successes in correlating weak-inter-
action data. ' But, like all other models proposed
so far, it fails to offer any explanation for the
values of The Cabibbo-like mixing angles' and of
the quark masses. Another unsatisfactory fea-
ture is that with the proliferation of guarks (five
known "experimentally, " at least six according to
theoretical prejudice) one is forced to add more
left-handed doublets and right-handed singlets to
the model. The famous question of "Who ordered
the muon'?" has now been escalated to "Why does
Nature repeat herself '?" Furthermore, strict
universality as defined by Cabibbo4 is no longer
an elagantly automatic feature of the theory with
more than two left-handed doublets. In this pa-
per, we offer no fundamental answers to the ques-
tions raised above but we show that, by linking
these questions together, one may determine all
the mixing angles in terms of quark masses. In
particular, we guarantee Cabibbo universality
and obtain the relation'

tan'ec= m„/m, .

This relation is known to be well satisfied with

~„and m, as determined by soft-meson analysis. '
In the standard model the gauge symmetry fixes

in an elegant fashion the interaction of gauge bo-
sons with left-handed fermions within a given
doublet but does not relate different doublets to
each other (Fig. 1). Were it not for the weak mix-
ing angles linking the different left-handed doub-
lets, weak-interaction theory would break up into
disjoint pieces each with its own conserved quan-
tum number. A number of authors' have pro-
posed to remedy this situation by imposing dis-
crete symmetries interchanging or permuting
the various doublets a,nd singlets and have ob-
tained interesting relations. Unfortunately the
number of possible discrete symmetries is very

FlG. 1. Multiplet structure of the standard SU(2)SU(1)
model with six quarks. We propose to gauge the hori-
zontal group G~.
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