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Summary. — Treating Einstein’s theory as a gauge theory of Lorentz group, we
decompose the gravitational connection I', into the restricted connection made of
the potential of the maximal Abelian subgroup H of Lorentz group G and the valence
connection made of G/H part of the potential which transforms covariantly under
Lorentz gauge transformation. With this we show that Einstein’s theory can be
decomposed into the restricted gravity made of the restricted connection which has
the full Lorentz gauge invariance which has the valence connection as gravitational
source. The decomposition shows the existence of a restricted theory of gravitation
which has the full general invariance but is much simpler than Einstein’s theory.
Moreover, it tells that the restricted gravity can be written as an Abelian gauge
theory, which implies that the graviton can be described by a massless spin-one
field.

PACS 04.20.-q — Classical general relativity.
PACS 04.20.Cv — Fundamental problems and general formalism.
PACS 04.20.Fy — Canonical formalism, Lagrangians, and variational principles.

1. — Introduction

Einstein’s theory of gravitation is based on the general invariance. But the general
invariance is a particular type of gauge invariance, so that Einstein’s theory can be
understood as a gauge theory [1-3]. For example, it can be viewed as a gauge theory of
Lorentz group, where the gauge potential is viewed as the spin connection [4, 5].

It has generally been believed that the gauge principle is so binding that it determines
the dynamics uniquely (with the simplicity principle). In fact Einstein’s theory is thought
to be the simplest theory based on the general invariance. But this is not exactly true.
In QCD, for example, we do have the restricted QCD (RCD) which has the full color
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gauge symmetry but simpler than QCD. This is because the non-Abelian gauge theory
allows the Abelian decomposition which decomposes the gauge potential to the restricted
potential of the maximal Abelian subgroup H of the gauge group G and the valence
potential which has the degrees of G/H which transforms covariantly under G [6,7].

A remarkable feature of this decomposition is that the restricted potential has the
full non-Abelian gauge degrees of freedom, in particular the topological degrees of the
original gauge theory, in spite of the fact that it is restricted. This means that we
can construct a restricted gauge theory, a non-Abelian gauge theory made of only the
restricted potential, which nevertheless has the full gauge invariance. Moreover, we
can recover the full non-Abelian gauge theory simply by adding the valence part. This
tells that the non-Abelian gauge theory can be interpreted as a restricted gauge theory
which has the valence potential as the gauge covariant source [6,7]. The importance
of this decomposition is that the restricted gauge theory plays a crucial role in non-
Abelian dynamics, in particular to establish the Abelian dominance in color confinement
in QCD [8-13].

The main purpose of this paper is to discuss a similar Abelian decomposition of
Einstein’s theory. Regarding the theory as a gauge theory of Lorentz group and applying
the Abelian decomposition to the gauge potential of Lorentz group, we first show that we
can decompose the gravitational connection to the restricted connection and the valence
connection. With this we decompose the Einstein’s theory into the restricted part made
of the restricted connection and the valence part made of the gauge covariant valence
connection. We show that Einstein’s theory allows two different Abelian decompositions,
light-like decomposition and non-light-like decomposition. This is because the Lorentz
group has two maximal Abelian subgroups.

Our analysis shows that Finstein’s theory can be viewed as a restricted theory of
gravitation which has the gauge covariant valence connection as the gravitational source.
Moreover, our analysis shows that the restricted gravity which describes the core dynamics
of Einstein’s theory can be put into an Abelian gauge theory which is able to describe the
gravitational plane wave. This implies the Abelian dominance in Einstein’s theory. In
particular, this implies that the graviton can be described by a massless spin-one gauge
potential.

2. — Abelian decomposition of SU(2): A review

To understand how the Abelian decomposition works in Einstein’s theory, it is im-
portant to understand the Abelian decomposition SU(2) gauge theory first. Let 7 be
an arbitrary isotriplet unit vector field of SU(2), and identify the maximal Abelian sub-
group to be the U(1) subgroup which leaves 7 invariant. Clearly 7 selects the “Abelian”
direction (i.e., the color charge direction) at each space-time point, and the the Abelian
magnetic isometry can be described by the following constraint equation:

(1) Dy =i+ gA, x =0, (A%=1).

This has the unique solution for /_1'“ which defines the restricted potential /LL which leaves
7 invariant under the parallel transport,

(2) A, = Ayi—
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where A, = 7 - /T# is the “electric” potential. This process of selecting the restricted
potential is called the Abelian projection [6,7].

With the Abelian projection we can retrieve the full gauge potential by adding the
gauge covariant valence potential X . to the restricted potential,

—

(3) A=Ay —=ax i+ X, =A,+X,, (=1, 7a-X,=0).

Q|+~

This is the Abelian decomposition which decomposes the gauge potential into the re-
stricted potential A, and the valence potential X, [6,7].

Let @ is an infinitesimal gauge parameter. Under the infinitesimal gauge transforma-
tion

. N - .
(4) on = —a X n, 0A, = ;Dum
one has
1. - . 1. - . =
(5) 0A, = En 0., 0A, = gDﬂa, 0X, =—-dx X,

This shows that A, by itself describes an SU(2) connection which enjoys the full SU(2)
gauge degrees of freedom. Furthermore X ., transforms covariantly under the gauge trans-
formation. Most importantly, the decomposition is gauge-independent. Once the color
direction 7 is selected, the decomposition follows independent of the choice of a gauge.

The restricted potential Au actually has a dual structure. To see this let 71;(i = 1,2, 3)
with i3 = 7 be a right-handed orthonormal SU(2) basis, and notice that

(6) Fu, =0,A, —0,A, +gA, x A, = (F,, + H,)n,
1 _ _
F., = 0,A, —d,A,, H,, = —=i- (8,n x 8,n) = 8,C, — 8,C,,
g

where CN'# = éﬁl - Oy is the “magnetic” potential which describes the non-Abelian

monopole [6,7]. This confirms that Au has a dual structure.

As importantly /1“ retains the essential topological characteristics of the original
non-Abelian potential, because it has the full non-Abelian gauge degrees of freedom.
In particular, 7 represents the monopole topology m2(S?) which describes the mapping
from S? in 3-dimensional space R* to the coset space SU(2)/U(1) [6,14]. Moreover, it
describes the vacuum topology 73(S%) ~ 73(S5?) which describes the mapping from the
compactified 3-dimensional space S to the group space S [15-17].

With (3) we have

—

(7) Fo=F,+D,X,-D,X,+g¢X,xX,,

so that the Yang-Mills Lagrangian is expressed as
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This tells that the non-Abelian gauge theory can be viewed as the restricted gauge theory
made of the restricted potential, which has the gauge covariant valence potential as an
additional source.

The Abelian decomposition can play the crucial role to cure this defect, because it
can separate the monopole potential gauge independently. Indeed, using the Abelian
decomposition, KEK lattice group has recently demonstrated that it is the monopole
condensation (the H,, condensation), not the magnetic condensation (the F),, conden-
sation), which is responsible for the color confinement in QCD [12,13]. This is really
remarkable, because this establishes the dual Meissner effect based on the monopole
condensation as a gauge independent phenomenon in QCD. This would have been im-
possible without the Abelian decomposition. The Abelian decomposition of Einstein’s
theory could play an equally important role in gravity.

3. — Abelian decomposition of gravitational connection

We can apply the above Abelian decomposition to Einstein’s theory, regarding Ein-
stein’s theory as a gauge theory of the Lorentz group SO(3,1). To do this we introduce
a coordinate basis and an orthonormal basis

9) Oy = euagav (v =t,2,y,2), §o =€/'0u, (a,b=0,1,2,3),
[00,0,] =0, €0, &] = fap’éer  fur® = (€' Oney” — €/ Ope e,

where eﬂa and e are the tetrad and inverse tetrad. Let J,, = —Jp, be the generators
of the Lorentz group,

(10) [Jabv ch} = nachd - nchad + ndeac - nadec = fab,cd anmn;
fab,cd = nacéb[m(sdn] - nbc(sa[m(sdn} + nbd(sa[m(scn] - nadéb[m(scn]7

where 74, = diag(—1,1,1,1) is the Minkowski metric. Instead of (ab,cd,...) we can use
the index (A, B,...) = (1,2,3,4,5,6) = (23,31,12,01,02,03), and express this as

[Li, L;] = €iji Lk, [Li, K] = € K, (K, K] = —€ijily,  (i,j,k=1,2,3),

Ly23 = J23,31,12, K123 = Jo1,02,03

where L; and K; are the 3-dimensional rotation and boost generators.

When we regard Einstein’s theory as a gauge theory of the Lorentz group, the gravita-
tional connection I,/ corresponds to the gauge potential I‘#“b, and the curvature tensor
RW‘“’ corresponds to the gauge field strength Flw“b of the Lorentz group. And to obtain
the desired decomposition we have to decompose the gauge potential " u“b first. To apply
the above SU(2) decomposition to the Lorentz group, however, we have to keep in mind
the followings. First, the Lorentz group is non-compact, so that the invariant metric is
indefinite. Second, the Lorentz group has the well-known invariant tensor €,p.q which
allows the dual transformation. Third, the Lorentz group has rank two, so that it has two
commuting Abelian subgroups and two Casimir invariants. Finally, the Lorentz group
has two different maximal Abelian subgroups A, and By [18].

The invariant metric d4p of Lorentz group is given by

1
(11) 5AB = 71fACPfB[C)’ = dlag(+la +17+1a 717 717 71)
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Let p?(p® = —p®®) (or p?) be a gauge covariant sextet vector which forms an adjoint
representation of Lorentz group. Clearly p® can be understood as an antisymmetric
tensor in 4-dimensional Minkowski space which can be expressed by two 3-dimensional
vectors 1m and €, which transform exactly like the magnetic and electric components of an
electromagnetic tensor under the 4-dimensional Lorentz transformation. And we denote

p°® by p,

1 m 1 mab
(12) P = §pab1ab = (é») ) pab =p- It = ipmnlmnaba It = (éub) )

~ ab __ ab 5 ab __ aS b bs a
m;™" = €y € —(50 0;” = 8¢°9; )v

Imnab = (67367117 - 57}:57;1) = 7(Jmn)ab7
where m; = €;;,p°%/2 (i,4,k = 1,2,3) is the magnetic (or rotation) part and e; = p% is
the electric (or boost) part of p. From the invariant metric (11) we have

1 .
(13) p’ = §pabp“” =m

2_
so that the invariant length can be positive, zero, or negative. This, of course, is due to
the fact that the invariant metric (11) is indefinite.

The Lorentz group has another important invariant tensor e 4p = €4pcq, SO that any
adjoint representation of Lorentz group has its dual partner. In particular, p has the
dual vector p defined by p® = e®*dp_,/2. With (12) we have (with ep1a3 = +1)

(14) = (%)

This tells that any two vectors which are dual to each other are always commuting.
Let (71, Ng, N3 = 7) be 3-dimensional unit vectors (27 = 1) which form a right-handed
orthonormal basis with n; X ny = ng, and let

(15) 1, = (’8) . k= (3) =—1,.

Clearly we have

=-p, p’=-p°, p-pP=2m-¢

Lell!

[p,fﬁ]zO, pr):()

(16) ll . lj = 51']'7 11 . kj = 0, kl . kj = _5’ij7
li X lj = Eijkllm li X kj = eijkkk, ki X kj = _Eijkllcy

so that (1;,k;), or equivalently (l;,1;), forms an orthonormal basis of the adjoint repre-
sentation of the Lorentz group.

To make the desired Abelian decomposition we have to choose the gauge covariant
sextet vector fields which form adjoint representation of the Lorentz group which describe
the desired magnetic isometry. To see what types of isometry is possible, it is important
to remember that the Lorentz group has two 2-dimensional maximal Abelian subgroups,
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Ay whose generators are made of L3 and K3 and Bs whose generators are made of
(L + K5)/v/2 and (Ly — K1)/v/2 [18].

This tells that we have two possible Abelian decompositions of the gravitational con-
nection. And in both cases the magnetic isometry is described by two, not one, commut-
ing sextet vector fields of the Lorentz group which are dual to each other. To see this let
us denote one of the isometry vector field by p which satisfy the isometry condition

(17) D,p=(0,+T,x)p=0,

where we have normalized the coupling constant to be the unit (which one can always do
without loss of generality). Now, notice that the above condition automatically assures

(18) Duf’ = (au + Fux)f) =0,

because €,pcq is an invariant tensor. This tells that when p is an isometry, p also becomes
an isometry.

Since the Lorentz group has two invariant tensors it has two Casimir invariants. And
it is useful to characterize the isometry by two Casimir invariants. Let the isometry be
described by p and p. It has two Casimir invariants « and 3,

—

(19) a=p-p=m’—-¢?, fB=p-p=2m-¢&

But we can always choose (a, 3) to be (1,0) or (0,0) unless a? + 32 = 0. Physically
this means that the magnetic isometry in Einstein’s theory can be classified by the non—
light-like (or rotation/boost) isometry and the light-like (or null) isometry whose Casimir
invariants are denoted by (£1,0) and (0, 0), respectively.

3'1. Ay (Non-light-like) isometry. — Let the maximal Abelian subgroup be As. In
this case the isometry is made of L3 and K3, and we have two sextet vector fields which
describes the isometry which are dual to each other. Let p and p be the two isometry
vector fields which correspond to L3 and K3. Clearly we can put

(20) pf13f<’g>, ﬁfisf<0ﬁ>,

where f is an arbitrary function of space-time. The Casimir invariants of the isometry
vectors are given by (f2,0). But just as in SU(2) gauge theory the isometry condition (17)
requires f to be a constant, because

(21) o.f*=0,p>=D,p*=2p-D,p = 0.

And we can always normalize f = 1 without loss of generality.
So the As isometry can always be written as

(22) 1:13:(2), 1:13=<_0ﬁ>,
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whose Casimir invariants are fixed by (1,0). With this we find the restricted connection
I'), which satisfies the isometry condition

(23) r,=AJl-BJl-1x9,),  A,=1.T,,  B,=1-T,

where A, and B, are two Abelian connections of 1 and 1 components which are not
restricted by the isometry condition. The restricted field strength R, is given by

(24) Ry, =9,0, —9,0,+T, xT, =A,1-B,1

A;U/ = A;w + Huu = 8MAD - 8VA;u Ap, = Au + C/u

A, =0,A,-0,A,, H, =-1-(0,1x09)1) =0,C,—09,C,, C,=nq-0,ns,
By, = 0,B, — 0,B,.

Notice that 5# and H,, are formally identical to the magnetic potential field strength
of the SU(2) gauge theory. This tells that the topology of this isometry is identical to
that of the SU(2) subgroup.

With this the full connection of Lorentz group is given by

(25) r,=0,+%Z, 1.2,=1-7,=0,

where Z,, is the valence connection which transforms covariantly under the Lorentz gauge
transformation. The corresponding field strength R, which describes the curvature
tensor is written as

(26) R,, =9,0, —9,T, +T,xT, =R, +Z,,,
Z,, = D,Z,-D,Z, +7, xZ,, Dy =08, +T,x,

where Z,,,, is the valence part of the curvature tensor.

3'2. By (Light-like) isometry. — This is when the isometry group is made of (L1 + K3)/
V2 and (Ly — K1)/v/2. Let p and p be the two isometry vector fields which correspond
to (L1 + K3)/v/2 and (Ly — K1)/v/2 which are dual to each other. In this case we can

write

(27) pf(hf@kQ)\%(Z;), f)f<12\_@k1)\%<ﬁ51)'

But notice that the Casimir invariants («, 3) of the isometry vectors are given by (0, 0)
independent of f. Moreover, here (unlike the Ay case) the isometry condition does not
restrict f at all, because we have p? = 0 independent of f.

Let us put f = e* and express the By isometry by

@) i=Smr =S (B) jeSnow = (72),
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To find the restricted connection I' which satisfies the isometry condition we introduce
4 more basis vectors which together with j and j form a complete basis

e e~

29 k=——(1 — ko), k=—-——(+k), l=-jxk, l1=jxk.
( ) \/5(1 2) \/5(2 1) J J

With this we find the following restricted connection for the By isometry:

. T L <
(30) r,=r,-T.j- i(k XO0uj—kx0,j), Tp=k-T,, T,=k T,
where I'), and fu are two Abelian connections of j and j components which are not
restricted by the isometry condition.
The restricted curvature tensor R, is given by

(31) le = 8,uf‘u — 8yf‘# + f# X f‘u = ;wj - I?uuj,
K,=Uw+H,, =0,K,-0,K,, Ku=Iu+H,=0,K, -0,K

v

T =00, —9,0,, T =08,0,—8,T,,

. ~ . —A
Hyy = —k - (0§ x 9,k — 9, x 9,k) = 9,CL —9,CL, Ol = %52 D3,
- - . - - —A
Hyy = =k (9,5 % 9k — 0,3 x 9,k) = 9,02 — 0,02, C2 = “—ii, - dii,

K,=T,+C), K,=T,+C2

Notice that Rw is orthogonal to 1 and 1. This should be contrasted with the restricted
curvature tensor (24) of the A, isometry.

With this we obtain the full gauge potential of Lorentz group by adding the valence
connection Z,,,

(32) r,=T,+2Z,,

With this we have the full-curvature tensor

(33) R,, = 9,0, —90,T, +T,xT, =R, +Z,,,

Z,,=D,Z,-D,Z,+7Z,%x%Z,  D,=09,+T,x.

This completes the By decomposition of the gravitational connection.

The above result tells that there exist two different Abelian decompositions of the
gravitational connection and the curvature tensor which decompose them into the re-
stricted part and the valence part. This allows us to decompose the Einstein’s theory in
terms of the restricted part and the valence part.
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4. — Abelian projection of einstein’s theory: restricted gravity

In the absence of the matter field, the Einstein-Hilbert action in the first-order for-
malism is given by

1 1
" _ povyab | 4, CRH g4
(34)  Sleli, Tyl = 70— G / <6eaebI RW>d = TorGm / (gw R )d z,

a b cd csd ds c
guv = eeueulabv Iab - (5(1 61) - 5(1 61) )a
ab __ a_ b b_a _
9" =ele,'e) —eje,)), e=Det(eq)

Notice that here we have introduced the Lorentz covariant four index metric tensor g,
(or equivalently I,;) which forms an adjoint representation of Lorentz group. Since
gab = elrer g, = elyp, Iy can (up to the scale factor e) be viewed as the “Minkowskian”
four index metric tensor g,,,, expressed in the orthonormal Lorentz frame. From (34) we
have the following equation of motion:

(35) 56,ua; Suv * Rypepa = R;La =0,

oI ,; 2,8" = (V,+T,x)gh =0,

where R,,, = e”bRWab is the Ricci tensor. The first equation assures that, in the absence

of matter fields, the Ricci tensor must vanish. The second equation tells that the gauge

potential of Lorentz group I‘u“b must be the matric compatible spin connection wu“b,

1
(36) F#"b = §(ea”ewa”ecy +e™,eb, + 8bea“ —e™ep,0%C, — e 0,e, — (’9“617“).
Notice that the second equation of (35) is nothing but the metric-compatibility condition
of the connection

(37) 2,8"" =0<+= Vag,, =0.

Actually in the Lorentz gauge formalism of Einstein’s theory we automatically have this
metric-compatibility, because we already have D74, = 0. Indeed, with this and with

the identity Z,e,* = dye, —T', e + I‘H“beyb = 0, we can reduce Z,g"” =0 to
(38) D#Iab =0,

which becomes an identity. So the second equation of (35) can actually be viewed as an
identity.

Now, just as in the SU(2) gauge theory, we can obtain the restricted theory of gravity
which has the full Lorentz gauge invariance excluding the valence connection Z,. This
is because the valence connection is gauge covariant. And here again we have two types
of restricted gravity, the As gravity and the Bs gravity. We discuss them separately.
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4'1. Ay Gravity. — Let Z,, = 0 and let

(39) Sur = g;w + G;uu

& =Gul—G,l G =G, L -G L +G -G Ly,

G = eZe,ﬁlab, G}W = eZegléb, wa = eZeﬁl§b7

CNT'W = eZei’Jam é}w = eZefj}Lb, éfw = eZef,l?lb.
In this case (35) is reduced to
(40) G (9V AP — 9P AY) — G, (0¥ BP — 9 B¥) = 0,

V,.G* =0, Vué“” =0,
2,GH = 0.

This provides the equations of motion for the A, gravity.

To understand the physics behind (40) notice that the first and last equations are
the first order differential equations, so that they do not describe the dynamical (i.e.,
propagating) graviton. They are the constraint equations which determine the connection

in terms of the metric. But remarkably the two equations for G, and G uv in the middle
looks like free Maxwell’s equations. Indeed, since G, and G, are dual to each other,

we can express G, by one-form potential G,

(41) Guw =V,.G, -V, G, =0,G, —0,G,,

using the fact Vﬂé/“’ = 0. Equivalently, we can express él“, by one-form potential C:?#
(42) G =V,G,-V,G,=09,G, —09,G,,

using the fact V,G*” = 0. So we can express the equations of the restricted metric G,,,
and G, as a Maxwell-type second-order differential equation in terms of the potential
G,

(43) V.G" =0, G =0,G, — 0,G,,.

This is really remarkable and surprising, because this shows that the dynamical part of
A, gravity can be described by an Abelian gauge theory.

4'2. By grawnty. — Now, let

(44) Sur = g;u/ + G;un
g;w = j,uyk - juuf(7 G,uz/ = IC;wj - E;wj + »C,uul - Z;wi;
j,uu = €Zelﬁjab7 ]Cp,l/ = ezegkabv L;w = Bzeglam

a b’ - a bi. ~ a, by
j;u/ = €,€6pJab, ICH,I/ = eueykab? Ep,u = eueylalﬂ
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and find, with Z, = 0, (35) is reduced to

(45) T K = P KY) = (0" KP — 9P K¥) = 0,
VI =0,  V,J" =0,
P,G" + T D,k — T D,k =0,

which describes the restricted Bs gravity.
Here again the first and last equations can be viewed as the constraint equations
which determine the connection in terms of the metric. But the two equations for 7.,

and j;w in the middle allows us to introduce one-form potential 7, for J,,
(46) \7,u,u = 8/1.\:71/ - au:]/u

or j,“, = 8,“7,, — (‘3,,ju. With this we can express the equations of the restricted met-

ric Jyu and J,, as a Maxwell-type second-order differential equation in terms of the
potential J,,,

(47) Vuj“” = O, j,u,l/ = 6H\7’/ - aV\Zt'

This shows that the dynamical part of By gravity can also be described by an Abelian
gauge theory.

To avoid any misunderstanding, however, we emphasize that this Abelian structure ex-
ists only in the restricted gravity, in the absence of the valence connection. As soon as we
include the valence connection we no longer have V*G,,, = 0 or V*7,,, = 0, so that G,,,
or j,w does not admit the Abelian potential. So the Abelian structure disappears when
the restricted gravity includes the valence connection, or in general a gravitational source.

Clearly both (43) and (47) imply that the dynamical field of the restricted gravity
is described by a massless spin-one field. But this is the only dynamical degrees that
we have, so that this must be identified as the graviton. This view is endorsed by the
fact that the restricted gravity accommodates the well known gravitational plane-wave
solution [19]. This means that the graviton can be described by a massless spin-one field.
This is a most important outcome of our analysis.

At first thought this view sounds heretical, but actually is not so. First of all, the
massless spin-one field has the right degrees of freedom for the graviton. Just as the
massless spin-two metric it has two physical degrees. Besides, the metric is not the only
field which describes the graviton. Classically the metric is equivalent to tetrads, so
that the graviton can also be described by tetrads. And they are bi-vector, vector in
both the Lorentz space and the coordinate space. So each of the four tetrads becomes
a vector. Furthermore, just like the metric, our dynamical fields G, and J,, are made
of tetrads. So it is really not a strange idea to describe the graviton by them. The new
(and surprising) thing of our analysis is that they can be expressed by Abelian potentials,
through the equation of motion. This leads us to the idea of massless spin-one graviton.

5. — Discussions

In this paper we have discussed the Abelian decomposition of Einstein’s theory. Im-
posing proper magnetic isometries to the gravitational connection, we have shown how
to decompose the gravitational connection and the curvature tensor into the restricted
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part of the maximal Abelian subgroup H of Lorentz group G and the valence part of
G /H component which plays the role of the Lorentz covariant gravitational source of the
restricted connection, without compromising the general invariance.

This tells that Einstein’s theory can be viewed as a theory of the restricted grav-
ity made of the restricted connection in which the valence connection plays the role of
the gravitational source of the restricted gravity. We show that there are two different
Abelian decompositions of Einstein’s theory, non-light-like Ay decomposition (the ro-
tation/boost decomposition) and light-like By decomposition (the null decomposition),
because Lorentz group has two maximal Abelian subgroups.

An important ingredient of the decomposition is the concept of Lorentz covariant
four-index metric tensor g, which replaces the role of the two-index space-time metric
9uv- We have shown that the metric-compatibility condition of the connection V,g,,, = 0
is replaced by the gauge (and generally) covariant condition Z,g"" = 0.

From theoretical point of view, the above decomposition of gravitation differs from
the Abelian decomposition of non-Abelian gauge theory in one important respect. In the
gauge theory the fundamental ingredient is the gauge potential, and the decomposition
of the potential provides a complete decomposition of the theory. But in gravitation
the fundamental field is assumed to be the metric, not the connection (the potential).
Because of this the decomposition of the connection gives us the the decomposition of the
metric only indirectly, through the equation of motion. It would be very interesting to
see if one can actually decompose the metric explicitly, and decompose Einstein’s theory
in terms of the metric.

Nevertheless the above decomposition of Einstein’s theory has deep implications. First
of all, this tells that we can construct a restricted theory of gravitation, actually two of
them, which is generally invariant (or equivalently Lorentz gauge invariant) but has fewer
physical degrees of freedom than what we have in Einstein’s theory. This means that we
can separate the Abelian part of gravity which describes the core dynamics of Einstein’s
theory without compromising the general invariance.

Moreover, our analysis shows that we could describe the restricted gravity by an
Abelian gauge theory with one-form potential. In other words, our result implies that
the graviton can be described by a massless spin-one potential, in stead of the spin-two
metric. Indeed, we can show that the By gravity describes the well-known Einstein-
Rosen-Bondi’s gravitational plane-wave solution [19]. As importantly, we can argue
that the Ay gravity could describe Weyl’s C-class space-time and the asymptotically flat
radiative space-time of Bicak and Schmidt [20]. This tells that the restricted gravity
is able to describe non-trivial space-times, in particular the gravitational plane wave.
This has an important implication, because this confirms that the restricted gravity can
indeed describe the graviton, at least classically. This tells that it could play a crucial
role for us to construct the quantum gravity.

Furthermore, the decomposition makes the topology of Einstein’s theory more trans-
parent. Indeed with the Abelian decomposition we can study the topological structures of
the theory more easily, because the topological characteristics are imprinted in the mag-
netic symmetry. For example, the A, decomposition makes it clear that the topology of
Einstein’s theory is closely related to the topology of SU(2) gauge theory. This is natural,
because SU(2) forms a subgroup of Lorentz group. This similarity between Einstein’s
theory and SU(2) gauge theory might be very useful for us to study the gravito-magnetic
monopole in Einstein’s theory which has the monopole topology m2(S?) [21,22].

This strongly implies that Einstein’s theory may have the multiple vacua similar to
what we find in the SU(2) gauge theory. This turns out to be true. In fact with a proper
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magnetic isometry we can construct all possible vacuum space-times, and show that
Einstein’s theory has exactly the same multiple vacua that we have in the SU(2) gauge
theory. This is because m3(SO(3,1)) ~ m3(SU(2)) ~ m3(S3) ~ 73(S?). This tells that
the vacuum space-time can be classified by the knot topology m3(S?%) ~ m3(S5?) [23].

This could have a far-reaching consequence. Just as in SU(2) gauge theory, the
multiple vacua in Einstein’s theory can be unstable against quantum fluctuation. And
there is a real possibility that Einstein’s theory may admit the gravito-instantons which
can connect topologically distinct vacua and thus allow the vacuum tunneling [23, 24].
Clearly this will have an important implication in quantum gravity.

The details of the subject with interesting applications will be discussed sepa-
rately [25].
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