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Curvature tensor for Kaluza-Klein theories with homogeneous fibers
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We give explicit formulas for all components of the Riemannian connection and curvature tensor
for a class of metrics which describe low-energy deformations in Kaluza-Klein theories with homo-
geneous fibers.

I. INTRODUCTION

Einstein's theory of gravity is a theory in which the
gravitational potential is interpreted as a manifestation of
the (pseudo-) Riemannian structure of space-time.
Kaluza-Klein theories' are theories in which the gravi-
tational potential together with the gauge potentials of
various interactions are interpreted as manifestations of
(pseudo-) Riemannian structure of the Universe which is
4+ K dimensional. In such theories, it is assumed that
spontaneous compatification takes place around the
Planck scale and a fiber structure with homogeneous fiber
appears on the total manifold. A metric tensor can be
thought of as describing deformations of the "ground
state" which is given by a particular metric with "maxi-
mal symmetry" consistent with the assumed fiber struc-
ture. Without loss of much generality, the ground state is
then taken to be M )& G/H with Minkowskian metric on
M and a certain invariant metric on G/H. The low-
energy excitations are then described by gravitational and
gauge .fields, where the gauge transformations are
equivalent to certain fiber-preserving diffeomorphisms,
and by the Brans-Dicke-Jordan-Thiry scalar field, or the
generalization of which, when the space of invariant
metrics on 6/H is more than one dimensional.

One example is given by-the well-known metric in
4+ 1 dimensions,

dT =g„„(x)dx"@dx"

+P(x)[dy —Az(x)dx "] [dy —Az(x)dx" ] .
I

This metric is invariant under the transformation

y'=y+A(x), Ap ——Ap+t)„A, (2)

hence a gauge transformation is equivalent to an x-
dependent y translation. One result of such a unification
of gauge and coordinate transformations is that the gauge
singularity in A„(x) may become a coordinate singularity.
Thus we may have monopoles or instantons described by
metric tensors possessing only coordinate singularities. '

Looking for such solutions is one of our motivations for
computing the curvature tensors in various cases.

How do we generalize Eq. (1) to the non-Abelian case
so that the equivalence of a gauge transformation to a

[t tb]=C bt 8 (Yb)=5 b 8 (Yb)=5 b (4)

where t, are the generators of the Lie algebra of 6, and

Y, and Y, are the left- and right-invariant vector fields,
respectively.

The group action on the fiber will be taken to be right
multiplication so that the invariant metrics on the fiber
are

g =p,b(x)8'8

and the Killing vectors of the metrics are F, .
To generalize Eqs. (1) and (2) we have to add gauge po-

tentials in a suitable way. The proper way can be found
by considering certain fiber-preserving diffeomorphisms.
There are two possibilities.

(i) The first possibility is

ds =g+p,b(x)[8'(y)+A'(x)][8 "(y)+A (x)]

=g +p,b(x) Trt'[ds s ' —A(x)]

|sITrt [dss ' —A (x)],
where we have written

(6)

g =g»(x)dx " dx ", Trt'tb ——5'b .

The total metric is invariant under the transformations

s'=g(x)s, A'=dg g '+gAg

where the matrix M of the adjoint representation is de-
fined by

stgs =tbsp g($), st $ =& b($ )t

It is easy to see from Eq. (6) that in this case the invariant
fields F, are Killing vectors of the total metric. The
Riemannian connection and curvature tensor of- this case
will be given in Sec. III.

fiber-preserving diffeomorphism is maintained? Before
answering this question, let us introduce some notation:

s 'ds =8't„ds s '= —0't„s EG,
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(ii) The second possibility is

ds =g + ti,»b(x) Trt'(ds s ' —SAS ')

Trt"(dss ' —SAS ') . (10)

ep
=8p+ A p'(x) Y, .

Th'e dual forms are then ( dx",6') where

e'=—e'+A p'(x)&'a(y)dxP=e '+Q"'a&a

(17)

(18)

The metric is invariant under

S Sg (x)» A g dg +g Ag» gab gab

and &', (y) is shorthand for &', (o(y)). In this basis, the
metric tensor (12) is simply

Note that the scalars it»ab are now singlets under group ac-
tion, moreover Y, are the Killing vectors of the metric
only when restricted to the fiber.

Further generalization to the case when the fiber is a
coset manifold G/H is possible. We shall consider the
right cosets. Choose t, so that t, lies in the Lie algebra of
H and t; lies in the orthogonal complement with respect
to Tr [see Eq. (7)]. Moreover, consider G as a fiber bun-
dle over G/H and choose a local section a: G/H~G.
Then we find the generalization

dT'=g+P;, .(x) Trt'(diTcr ' —ohio. ')

Trt j(der o ' oA(t —') .

Under the group action, o'=berg for some h EH depend-
ing on g HG and the metric is invariant under

o''=berg, A'=g 'dg+g 'Ag, P'j =P; . (13)

It is clear that this generalizes case (ii) to the case when
the fiber is a coset manifold. Case (i) cannot be general-
ized unless the normalizer N of H in G is nontrivial and
one gets a gauge theory in N/H. This case will not be
considered here.

Note that in Eq. (13) we have assumed Pij to be AdH
invariant. More generally, we have only to require

P;, ( )=Pkt( )~(h ')k;&(h ')',

and assume G/H is reductive with t, , t; a proper choice
of basis for the Lie algebra of G. In this case, P;j(x) are
scalar fields which form nonlinear realizations of G on
both indices. We shall not consider this case in the
present work.

In the following section, we shall give explicit expres-
sions of the Riemannian connection and curvature tensor
corresponding to the metric (12) in terms of g„,(x),
P;j(x), and Ap(x), where P;j(x) satisfies (adjoint invari-
ance)

ds =—g =g„(x)dxPdx +Pj(x)e'ei .

Writing eA ——(e„,Y;) we have

[eA &eB]—~ Aa Yi »

»

F'p~', ,

(19)

(20)

Wjp, =(hp )j; =Ap'coa~Cj,=, , W"ij ——C",j+f";j,
where

where
~ ~

P4'jk =&'k «;k =4;iC'jk .

The curvature tensor is given by

cAB eA(r Bc) eB(r Ac)+r Bcr AE

—r „,r „—~'„r icE D i D

and explicitly,

(25)

f j= —H C;j+Hj
(22)

The Riemannian connection satisfies

C C Cr Aa —I aA=[eA eal

and is given by

pv r pv 2 g (~pgkv+ ~»gkp ~kgpv )
I

r'pv= z~ipv» r pi=r i =pT~g ~vp4ji »

r k„=-,'(y-'a„y)", +(h„)', ,

rk &(y —lg y)k I p &spy

k k & kl a kr,j——r;j ———,p (Ctij+Cjb+Citj ) HC, . —

pj(x)C', k+ i';k(x)C', =0 . . (15)
Rk„p RkKp, +P,j( —

4
——W'kpW „

II. CONNECTION AND CURVATURE TENSOR

Our notation on coset manifold will follow the Appen-
dix of Ref. 11. In particular, we shall write

cr'(ds s ') = ( t; +Hi )e;, —

+ 4 kM Kp 2 ~ A,M pv)

Rlkpv —
2 0!j(~p vk

—
v pk)

+ 4 d„0,~'.k 4dA, ~'pk, ' ~—kAj~'p.

&p'~vk=Dp~ k rpMak —r pk~—
(26)

1.e.,

o.*(8')=e ', cr'(8') = H;'e ', —
Dp ——Bp+[Ap, ], (28)

a a & t kRipjv= 2 C»a'+ pW a + 2 rikj ~ vp

and write Y; as the dual vector field of e ' on G/H. We
shall compute connection and curvature in the basis

(ep, Y;) where

+ 4g Pjkdil~ up~ayaP k I

——,
' v„(a„y,j)+-,'(any-'a„y). j . (29)
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kR~jp„C——,-,~F'p~; +I','g,~ W „p

+ & gaPy y (~~k ~~l ~~k ~l )

+ ,'(a—Ay 'a -y a„—sty 'B-A),,
R„,,k= , (d„—pkl1'j

' &—p~l&'k;+&„p;iC jk)
~l" ~l l

+ 4 (4'kl~ 0ij Pjl~ Pik)~pv ~

1R,j„,=R,jk, +-, (a~y„ja„y,, —a y„a„y,„) .

(30)

(32)

R;ski is the curvature tensor of the internal space and will
be given below in terms of P.

The Ricci tensor is given by

pv aP k IRij R——ij+ 4 g g i';k4'JIM pcaW „p—~ Vp(B"pij)

+ ,' (8—"PP 'd„P); ——,
' c)i'P; Tr($ 'B„P),

R;p ———,'g"—~V„'(P;lWlqk) 4—Tr(P '8"itp)P;jP 'p„

+ ,' C'—,, (q 'a„-O)'k+ ,' Cj,—k(O 'a„-O)", ,

and the scalar curvature is given by

R =R ~R —,'g"'—g PP;ja'„~l V„(T—rg 'di'P)

(34)

(35)

(36)

Rp R~„——, g P—P;i—W'„aW l,p —,
' V, T—r($ 'Bpg)

——,
' Tr($ 'B„itic' 'dP),

The curvature tensor of the internal space with the
metric gati;l e ' e l is given by

Rijkl e P [( ilm + Clim )(Ckjn +Cjkn ) (Cikm +Ckim )(Cljn +Cjln )]
——,

'
p „(C kC"qi+C;lC"kj+2C;jC"kl )+ —,[(Cijm —C;m )C kl+(Cklm —

Clkm )™,q]+ —,
'

(CilaC'kl+CklaC', q),

(37)

and the Ricci tensor is given by W pv —F pv —BpA« B+ia +C bcAic A« (44)

(45)

+ e '(t' '(t' Cikm Cjln 2 0kl4' mi C nj

2 0 C km(C jn+Cj''

The scalar curvature is given by

(3&)

Let us also define the covariant derivative V„ to be the
"total" covariant derivative with respect to the four-
dimensional Riemannian connection and the gauge con-
nection of the adjoint representation. For example, we
have

VpF vk=dpF k 1 li«F aZ —1 iikF va+—~ pcF vk

jP P CkmCin

—P "C'; Clj„. (39)

III. CONNECTION AND CURVATURE TENSOR
FOR CASE (i)

%'e sha11 compute the Riemannian connection and cur-
vature tensor in the frame

eg (e~, Y, ),——e~ B~+ApaF, . ——
The dual forms are

(40)

Note that we have not made assumptions about the nature
of 6 or 6/H. Besides the definition of the structure con-
stants given in (4), the only assumption is the AdH invari-
ance of P as expressed in Eq. (15).

Vi 0.b =d, lab 4'b.~'i. —4-~'i b—
V yb g yb + ce-b yc yb ~c-c

The connection is given by

a a & ai,pv=t pv= 2 g (dpfkv+dvgkp —i)kgpv) ~

f' „v= 2 F'i ~ 1 "av= f'"va =
z g" F"a/ ah

ab z V 4'ab~ ~ pb =~ pb + 2 ('(t' V@4') b

1'bi =
2 (4' 'Vi 0)'b

ab 2 i|P (kbeC da+'t'deC ah+itlaeC db) .

The curvature tensor is given by

(46)

(47)

(48)

(49)

(51)

(52)

(dx" e') 8'=O' —A 'dx"

and the metric can be written as

g =g„„(x)dxi' dx "+p, b (x)8'13e
Define

[e„,e, ]=W', ll Z. ,

then

(41)

(42)

(43)

R«i« R«l «+Cab(4F «—K ki
b

1 g b ] g
4 /lX kv 2 F /lX «)

Rake« 2 Nab(VpF vk V«F'„k)+ —,V„pabF'«k
[ 1 b—
4 VAabF i k —

2 VkdabF „.,
aP c

Rapbv 4 g 4'ackbdF a«F pp+ 2 4'adf bcF «p

V (Vi 4.b)+ '(VA4—

(53)

(54)

(55)



32 CURVATURE TENSOR FOR KALUZA-KLEIN THEORIES %'ITH. . . 1367

aP
+pvab c g %ad%bc(F apF Pv F avF Pp)

,' C—'abfcdF „+, (—VQQ 'VqP

Vp—dd 'VA»). b

1 d d d
~@abc =

2 (Vy4'cdI ba VpkbdI ca+VpladC bc )

+ , (/cd —V"$ba Qbd V—"/ca )F"qv, (57)

+abed abed + V(V AcbVpkad V AdbVN, lac ) (5&)

R,b,g is the Riemannian curvature tensor of the internal
space as given in Eq. (37) with obvious notation change.

The Ricci tensor is given by

R„=R„,g P—g,—bF'„F„p —,V, T—r((b 'V„P)

+ —,
' C'.,F'„„——,

' Tr(y-'V/4-'V„y),
pv aP c d

+ab +ah+ cg g SacfbdF pa vp z Vp(V Nab)

+ z(V~44 'V"4).b ~V—"P.bT«4 'Vik»

&p. = .g'V (—N.—bF'i,~) .' N.bF'„——T«4 'V'0)

+ ,'C', b(P —'V„P),+ ,'C b, (P '—V„P)',.

Finally, the scalar curvature is given by

R =A +8 —,' g"'g Pgab—F'paF,p V~(Trg '—V"P)

(59)

(60)

(61)

—
4 T«0 'Vpk)T«0 'V"4) (62)

This agrees with Ref. 7 except for a factor of 2 in the last
two terms (however, see Ref. 12). Again, R was given in
Eq. (39).

IV. DISCUSSIONS

In this paper, we have presented the expressions for the
components of the Riemannian connection and curvature
tensor in chosen coordinate systems for a class of metrics
usually occurring in Kaluza-Klein theories. The metrics
are often expressed in terms of the Killing vectors of the
total metric or the submetric obtained by restriction to the

fiber. Here we rewrite the metrics in terms of the invari-
ant forms of the structure group 6 and show that one of
the main properties of such metrics, namely, the
equivalence of the gauge transformations to fiber-
preserving diffeomorphisms, is obvious in this formalism

In the existing literature, usually only the Ricci tensor
or part of the components of the curvature tensor related
to the Ricci tensor are given. However, in some applica-
tions the complete curvature tensor may be needed. For
example, it is known that in Kaluza-Klein theories with
no matter fields the spontaneous compactification cannot
occur. It may occur, however, if one considers theories
with R R terms. ' In such theories one will need all the
components of the curvature tensor. Another example is
when one wants to check whether a singularity in the
solution of the field equations is a physical singularity.
This usually requires computation of R "zcDRd

Although we have assumed the space-time to be four
dimensional, the formulas can certainly be used in any
space-time dimensions. One may find that the expres-
sions we gave are useful even outside the context of the
Kaluza-Klein theories. For example, we found them use-
ful when computing the Riemannian connection and cur-
vature tensor for four-dimensional gravitational theory
with axial symmetry.

Finally, we comment on a few references which contain
similar computations. In Ref. 5, the connection, the Ricci
tensor, and the curvature scalar were given in a different
basis. The curvature tensor for the internal space was not
given. It appears that it may be possible to simplify their
expressions. We find it difficult to compare with our re-
sult without doing some computations. In Ref. 6, a simi-
lar result was given in the same basis as in Ref. 5, but dif-
ferent scalar fields were used. Reference 7 considered the
case when the normalizer of H is nontrivial. The (Ricci)
scalar curvature was given. In particular, the Ricci scalar
for the internal manifold as given in Eq. (39) agrees with
their result.
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