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Abstract

We make it precise what it means to have a connection with torsion
as solution of the Einstein equations. While locally the theory remains
the same, the new formulation allows for topologies that would have
been excluded in the standard formulation of gravity. In this formu-
lation it is possible to couple arbitrary torsion to gauge fields without
breaking the gauge invariance.
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1 Introduction

In Einstein’s theory of gravity, the quantity that represents the gravitational
field is the pseudoriemannian metric. This comes from the equivalence princi-
ple, so the physics of gravity is formulated naturally in a geometric language.
Mathematically, (pseudo) Riemannian geometry is based on the existence of
a unique, torsionless connection compatible with the metric, the Levi-Civita
connection. Although the field equations of gravity are formulated in local co-
ordinate patches, different solutions are ‘reconstructions’ of the Riemannian
manifold by gluing appropriately different patches, then giving the possibility
of vacua that have different topology.

Nevertheless, it is not mandatory to use the Levi—Civita connection, since
there are many connections that are compatible with the metric. They have
torsion, and it is the existence and uniqueness result for the Levi-Civita
connection that makes it the standard choice. There have been many at-
tempts to introduce torsion in gravity. Usually, torsion in the connection is
interpreted as new degrees of freedom, new fields with essentially different

physical content. One has
Q=T+A,

where € is an arbitrary (metric) connection, I' is the Levi-Civita connection
and A is a tensor that determines univocally the torsion of € (see Section
B). Reference [1] is a very good review article on possible treatments and
applications of gravity theories with torsion.

The point of view that we take here is different. We assume that on
the manifold there is a background connection w without torsion, which is
the Levi-Civita connection of a particular (background) metric. The word
‘background’ is used here in a slightly different way than usual, since this
metric does not need to be a solution of Einstein’s equations (although it
may be convenient to choose it in that way), not even to first order in some
perturbation theory. One has to think on it as a a reference metric, arbitrarily
chosen, and the only assumption that we are making is that the manifold
admits a pseudoriemannian metrid]. The connection that we see as physical
is, say, €2, and the difference between them is a tensor A = 2—w that, as said
before, determines univocally the torsion. The torsion, then, can be used as
the field of gravity, and that is what we call the torsion representation of
gravity.

!This condition is topological, and it will be explained in detail in Theorem 2.2



In the last paragraph our considerations where essentially local. Coming
back to the ‘reconstruction’ of the global solution, it is surprising that in the
new formulation different gluings are allowed, and topologies that could not
be considered in the classical approach appear here as possible vacua. As
a particularly interesting example we have the twisted torus [2], used in the
literature as a compactification manifold of supergravity [3]. As we will see
in Example B.3] the interpretation in this formalism is extremely easy and
it could provide a simple way of proving that these compactifications are
indeed spontaneous [4].

The other advantage that the formulation presents is that it solves nat-
urally the problem of coupling spacetime torsion to gauge fields [5]. In the
classical interpretation the gauge transformations had to be modified, and
a restriction to a particular type of torsion (trace-type torsion) had to be
imposed. In the torsion formulation this is not anymore a problem, and the
interaction with gauge or matter fields is straightforward.

The paper is organized as follows:

In Section 2l we justify mathematically the formalism and define the vari-
ables of the torsion representation of gravity.

In Section B we write the Cartan—FEinstein lagrangian and compute the
field equations. Then we proceed to illustrate the appearance of new topolo-
gies with two relevant examples. The first example that we consider is the
twisted 3-torus, related locally to Euclidean space by the torsion formulation.
The second example is extracted from an old paper [8] in which torsion was
introduced to modify a gravity solution in order to model a gravitational
vortex. This is quite close to our finding that the torsion formulation can be
glued to new topologies, although a detailed analysis will show differences of
interpretation.

In Section ] we show how to couple gravity to gauge and scalar fields in
the torsion formulation, and finally we state our conclusions with prospectives
for future work.

2 Gravitational field in the torsion represen-
tation

The idea underlying what we call the torsion representation of the gravi-
tational field is that the same geometric information can be carried by a



connection with torsion or by one without torsion. In this section we are
interested in a global description, so we will always specify the open set in
which we are working, and then we will take into account the gluing of the
quantities in the intersection of open sets.

In this paper we will follow closely the notation of Reference [10].

Let M be a manifold of dimension n and let L(M) ——— M be its
bundle of frames or frame bundle. An element of the frame bundle is an
arbitrary basis of the tangent space of a point x € M.

Let {U }ier be an open cover of M. We will indicate the quantities
defined on the open set U;) with the subindex ‘(7)". Let {V(; }icsr be local
frames on each U(; providing a trivialization of the frame bundle, so

Vi = {V(z')a(:):), a=1,...n,Vr € u(i)},

where V(;)a(x) are vectors forming a basis of the tangent space to the point
x € M, smoothly depending on x. The GL(n,R)-valued transition functions
a¢j)(x) are given by

Vin = Vinaa), (1)

(there is no summation on the indices (i), (7)) and in the intersection of three
open sets they satisfy the cocycle condition

-1
A(ij)A(jk) = A(ik) A5y = A(ji)-

The wvielbein is the dual frame to V{;), a basis of one-forms that we will denote
as V@ with N )
VOaY, = 67, (2)

Let {z*, p =1,...n} be a coordinate system in U(;. The the frame V};) and
the vielbein are

V(Z-):{V(if)aﬁu, a=1,...,n, u=1,...,n},
(i) — (d)a 7 — —
VO ={Vtdat, a=1,...,n, p=1,...,n}.

We consider a connection 2 on T'M. Associated to the trivialization
{Vii) }ier of the frame bundle, the connection is given by a set of gl(n,R)-
valued 1-forms {2 }ics, one on each open set U, satisfying the gluing
condition

-1 -1
Qi) = a6 a65) — ag;dag)- (3)



The connection (2 is then specified by {€2), Vis)}ier. The curvature is the
gl(n, R)-valued 2-form

Ry = dQ) + Q) A Q. (4)
with a tensorial gluing condition,
-1
Ry = agjRaaas),
and satisfying the first Bianchi identity
dRa) +Qa A Ry = 0. (5)
The torsion 2-form is given in each open set by
T(i) =dv® + Q(i) N V(i),
and the gluing in different open sets is
-1
1) = a3 T
Together with the curvature, it satisfies the second Bianchi identity
ATy + Q) A Ty = By A Vi (6)

We want now to decompose the equation T(;) = 0 in an unusual Wa.
We set

v — MOR® O — ya, g’ (7)
where M is a GL(n, R)-valued function on U;). We denote also (M¥))~! =
Mgy. Then, {Ey),, a =1,...,n} are local sections defining another trivial-

ization of the frame bundle. They satisfy
Eg = Eobap, by = MPagyMy). (8)
The group valued functions b;;) satisfy also the cocycle condition
bij)bijy = bear),

so they are also transitions functions of the frame bundle.

2This type of decomposition was suggested to us by L. Andrianopoli. In fact, it has
been used before in particular cases, see for example [9].

>



It is convenient to use indices ‘a’ for tensors referred to this new frame
and @ indices for tensors referred to the former. We have

Ty = dMD A ED + MOAED + QA MO EY =0, (9)
Notice that we are not changing Q) as in (3],
Qyy = MOQe My — MDAM.

If we were doing so, we will obtain the torsion in the new trivialization
{Ea tier, ‘ ' ‘
T/(,') = M(Z)T(i) = dE(Z) + Q/(i) A E(Z) = 0,

which of course is also zero. Instead, we transform (2;) as

Qo) = My QoMY

or in components . ) .
Q(i)ab = M(a?:)g Ql()l)é M(l)cb.
Rearranging the terms in (@) we obtain

dED + Qi AEY =dMy - MO A ED. (10)

We want to interpret the term, dE® + Q(i) A EW | as the torsion of a new
connection, let us call it Q. The new connection is (Q(i), E;y) refers to the
frame E;.

But we still have to check that (Q(i), E;)) satisfy the gluing condition. Q
is well defined if in the intersection between two charts if and only if

Q) = biah Qiybi) — sy dbiis)- (11)

(i

By assumption, the equation that is satisfied is (3)). It is easy to show that
(1)) is satisfied if and only if

agy (MY dMe)agy = (MPdM).
If we denote M;) = exp A, then the condition is written as

a(ji)dA(i)a(ij) = dA(j). (12)



Given the a;;) for all pairs (4, j), (IZ) imposes a condition on the choice of
M@ and MY for all (i) and (j). But assuming that we find a solution for
each pair (4, 7), the solution is consistent, since the cocycle condition assures
that if

aGyX@a) = X@,  ar)Xeagr = X,

then
(ki) X (5) (i) = X(k)-

The condition (I2)) implies that the one forms dA® define a global section
of a bundle associated to L(M) through the adjoint representation.

Example 2.1.

o If M@ = e%1l, then (I2) is trivially satisfied for arbitrary transition
functions provided

Cb(i) - ¢(j) = ¢(ij) = constant.
e [f the transition functions are of the type
ae (@ 0
=0 5)

then we can have a more general solution with

e’ 0
e If the transition functions are constant (the case of a flat bundle), then
M can be arbitrary.

Let us now introduce a pseudoriemannian metric in M, represented lo-
cally by g,, and let V@ be orthonormal frames

G = g Vi PV = pgaig 2V, b SV,

This means that a;;) must be valued in O(p, q), and that the vielbeins are
unique only up to an orthogonal transformation. We denote by €2 the Levi-
Civita connection associated to g, locally represented by {2, V(s }-
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We assume also that there is another metric with orthonormal frame E®,
g;’w = quE( )pE(l)q = Dpgbiij)? pE ) "bii) qE(J

The matrices b(;;) must be valued in O(p, q). Let w be the Levi-Civita con-
nection associated to gl’w, which is locally represented by {w), E }-

Both metrics define different reductions of the frame bundle to orthogonal
bundles, OL(M), OL/(M). We are going to show that the two reductions
are isomorphic.

Theorem 2.2. Let g and ¢’ be two pseudoriemannian metrics on M, gener-
ically non isometric but with the same signature (q,p). Let OL(M) C L(M)
be the subbundle of the frame bundle consisting on orthogonal frames with
respect to the metric g, and similarly OL'(M) C L(M) the subbundle of
orthogonal frames with respect to the metric ¢'. The bundles OL(M) and
OL/(M), which are principal bundles with structure group O(q,p), are iso-
morphic bundles.

Proof. Let U = V! and U’ = V'7! be local frames of OL(M) and
OL/(M) respectively (see ([2) (the notation U for the vielbein matrix is in-
troduced here for simplicity). We then have

UTT]U =g, U/TnUl — g/.

The metrics g and ¢' are real symmetric matrices with the same number of
positive and negative eigenvalues, so by Sylvester’s law of inertia, they are
related by a congruence transformation,

g =S"gS,

where S is an invertible matrix. One then obtains that U and U’ can be
chosen as U’ = US. The matrix S realizes the local isomorphism. Neverthe-
less, the matrix S is not unique, since S = OS, where O is orthogonal with
respect to the metric g, would also realize the congruence. We then need a
criteria to choose uniquely the matrix S.

Let us first consider the Riemannian casdl. We have then the polar de-
composition of S, S = OP, where O is orthogonal (with respect to g) and
P is a symmetric, positive definite matrix. Since S is invertible the polar
decomposition is unique, P is unique and

¢ = PTgP, U =UP

3We thank V. S. Varadarajan for showing us this argument.
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define a global isomorphism of the principal bundles OL(M) and OL/(M).

The pseudoriemannian case needs extra work. The polar decomposition
is not true anymore with O € O(q,p), but manifolds that admit a pseu-
doriemannian metric have some topological restrictions that will allow us to
overcome the problem.

First, we note that by the Iwasawa decomposition, a real group G is diffeo-
morphic to the product of a maximal compact subgroup times an Euclidean
space. By Theorem 5.7 in [10], any principal bundle over a paracompact
basis can be reduced to the maximal compact subgroup. For example, in
the case of the frame bundle, the maximal compact subgroup of GL(n,R)
is O(n), and each reduction defines a metric on M. This is another way of
proving that there always exists a Riemannian metric over a paracompact
manifold.

We have two O(g, p)-bundles, whose structural groups can be reduced to
the maximal compact subgroup, O(p) x O(q). We denote these reductions
as OL.(M) and OL/(M). This has an important implication on the tangent
bundle of the manifold. Since the transition functions can be chosen of the
form

(g 2) a€O(p), beO(g),

then the tangent bundle 7'M of a manifold that admits a pseudoriemannian
metric admits a global splitting in two transversal distributions of dimensions
q and p respectively,
TM=TM,DdTM,.

In fact, this is a sufficient condition for the existence of a pseudoriemannian
metric of signature (p, q).

Let U and U’ local vielbeins of OL.(M) and OL.(M) respectively (see
([2)). Due to the global splitting of the tangent bundle we can in fact choose

in every open set
_{u O , (v 0
i) =)

and the transition functions will not change this form. We can in fact work
with the subbundles T'M,, and T'M, and apply the polar decomposition
argument in each of them.

We have then proven that the reductions of the frame bundle associated
to two pseudoriemannian metrics, not necessarily isometric, are isomorphic

bundles. ]



If the condition (I2]) is satisfied, then by the procedure described in Eq.
(@) we can associate a connection with torsion obtained by gluing {Q(i), Euy}.
This is an alternative to the Levi-Civita connection to describe the degrees
of freedom of the gravitational field. Physically, g,,, (or E(;) and w are fixed,
reference quantities, and the physical variables are M and the torsion T, or

equivalently
A=Q—uw,

linked by ([@). It is what we call the torsion representation of the gravitational
field.

The equations of motion are only local, and the obstruction to the gluing
is already indicating that the topologies of the global solution may have to
be different.

3 Cartan—Einstein action in the torsion rep-
resentation

We want now to write the action principle for the gravitational field in the
torsion representation. The field equations are local equations. They are
written in an open set of the manifold, so we will drop the index (i). We
will also suppress the symbol “A” for the wedge product of n-forms, as it
is customary in physics notation. The meaning should be clear from the
context.

We are using two different frames, V and E. As before, the indices of
tensors referred to the frame V' will be written as ‘a’, while the indices referred
to the frame E will be ‘a’, so, for example,

Vi=Videt,  E'=Eidat, V0= ME"

Let us consider the Cartan—FEinstein Lagrangian in D = A in first order
formalismf} (with independent variables V' and (2)

1 A 5 rd 1 ab A 12 A 174
Lo= _Zeaz;aJRachVd (= _ZEEEEJRab AVEAVT), (13)

4We consider only D = 4 for concreteness and not to load the notation, but it is clear
that the same argument can be applied in any dimension.

SIntroduced in the context of the so called geometric or rheonomic approach to Super-
gravity [12].
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where R% = R%.n® is the Riemann curvature two-form as in Eq.( ). Varying
the Lagrangian with respect to V we obtain the Einstein equations,

R %5;?3 _0, (14)
with the curvature two-form expressed in the vielbein basis as
R = R vy and R= R%™_;.
Variation with respect to €2 gives the torsionless condition

T(V,Q)" = dV® + Q%V° = 0. (15)

We perform now the local change of variables. We assume that E is a
fixed, arbitrary vielbein. We want to refer all the quantities to the frame F.
The vielbein E is associated to a metric g, = nabEgEfj. But the frame V is
not orthonormal with respect to this metric:

VauVBVQLV = UabMaaMbB = hap 7 Nab-

Similarly ) )
EgEII;guV = naE(M_l)aa(M_l)bb = hap 7& Tab, (16)

with g, = naijVf.
In the original Lagrangian ([3)), 2 is the one-form representing the Levi—
Civita connection with respect to V. In the E basis,

Q% = M5 M,
which together with E define a connection with torsion
T(E,Q)" = DE* = dE* + Q°,E". (17)
Let w be the torsionless connection associated to E, so
DE* = dE* + w"%E" = 0. (18)
We define the tensor A as
Q% = w + A%,

11



A carries all the information about the connection 2. Moreover,
T(E,Q)% = A%E?,

where we have used (I8). The map sending Ay?. to T%,. = Ap®y is one to
one (remember that Ay,. is antisymmetric in the indices a,¢). Its inverse is
given by

Abac - Abech'eaa Tabc = h’aeTebc
1

Abac = i(Tabc - cha + Tbac)-

Remark 3.1. This fact can be used to show the existence and uniqueness of
a torsionless connection compatible with an O(p, ¢)-structure [LI]. One just
starts from an arbitrary connection € with torsion 7" and uses the bijectivity
of the map to give A, and in turn w, which is torsionless. One can then say
that any O(p, ¢)-structure is torsionless . |

The connection w and the vielbein E are fixed (for instance they can be
the ones of flat Minkowski spacetime if the topology allows for it). Then
all the dynamics of the system lies in M and A (or T'). We stress that the
equations are exact, and no approximation has been done.

We denote by R%, the Riemann tensor of the connection w, so it does not
depend on the dynamical variables. The symbol D stands for the covariant
derivative with respect to w. Explicitly,

RY% = dw’ + ww, R = RabchcEdu
DAab = dAab + w“c Acb + Aac wcb.
Also, h®® denotes the inverse of hy defined in (I6). In terms of the new
variables, the Einstein-Cartan Lagrangian (I3]) becomes

1 a a a C a a - C
Lo = 4detM[7z b+ DAY+ A A — (W + A% (M AM)E —
—(M ' AM)2 (w% + A%) | hP€geca BB (19)

For simplicity, we set now w = 0 and E} = ¢j, so the background is
Minkowski space. In terms of the new variables, the equations of motion
read

Ay = —F (20)
8cAacb - 8bAcca + Acchbda - AdeAcda -
_chcAbda - FdabAccd + chbAcda + FdacAbcd =0 (21)

12



where the square brackets mean antisymmetrization in the indices, and we
have defined
qur = 87‘Mp:5(M_1>ﬁq’
Equation (20)) is a constraint between A and M. It is equivalent to (I3)),
and its geometrical meaning has been made clear previously. Equation (21])
is equivalent to the Einstein’s equations (I4)).

Remark 3.2.

The quantities w and E are related by the zero torsion equation (I8]), but
they do not need to satisfy Einstein’s equations (I4]). This is then a matter
of convenience. |

We want now to show how Euclidean spacetime can be locally but not
globally, related by this change of variables to manifolds with topology that
do not admit the flat, Euclidean metric. This is the spirit of Examples
and 3.4l The setting is different from the setting in (20/21]), since the
background is not Euclidean space. In fact, it would not be too difficult to
add the suppressed terms to the equations, but this will be not necessary for
our analysis.

Example 3.3. The twisted 3-torus.
Let us start with the Euclidean space R? with metric

ds® = da” + dy® + dz”. (22)
The simplest vielbein is
dx
Vi=dy |, (23)
dz

and the torsionless connection is just 2 = 0. This is trivially a solution of
the Einstein equations (I4)).
Now we consider a different (‘twisted’) vielbein on R?

dx
E = dy . (24)
dz + Nzxdy
E and V are related by the matrix
1 0 0
M=1|0 1 0], V=(MM"E. (25)
0 Nz 1



The pair (2 = 0, F) define a connection with torsion,
T(E,Q)* =dE* = NE'E*.
The ‘twisted’ vielbein has associated a torsionless connection,

N N N
ng = _EE?” wlg = —5E2, (.U23 = EEl, (26)
and the rest zero. Then A = Q —w = —w and M are solutions of (2021,
equivalent to the flat space solution (V, 2) of the Einstein equations.
We can also define the ‘twisted” metric on R3 using the ‘twisted’ vielbein

ds'? = da? + dy? + (dz + Nady)?. (27)

This metric is not a solution of the Einstein equations

Notice that we could have chosen any vielbein in R?® and perform the
same trick. We would then obtain different ways of describing the flat space
R3, solution of the Einstein equations. But the vielbein E can be defined on
a compact space constructed by identifying points in R3. A 3-torus, with the
flat metric, is obtained by identifying

r=2x+a, y=1vy+Db, z=2z+c.
If one modifies these conditions in the form
r=2x+a, y=1vy-+Db, z=2z— Nay + c,

one finds that the ‘twisted” vielbein (24]) is globally defined. The resulting
compact manifold is then parallelizable. It is in fact the twisted 3-torus [2].
This manifold is a non trivial T-bundle over the base S* (described by the
cyclic coordinate y). It does not admit a flat metric (see for example Ref.
[7] for a classification of flat 3-manifolds), but it has a non abelian three
dimensional group of isometries (the Heisenberg group).

The coordinate vielbein (23)) still exists locally, although it does not ex-
tend to a global frame of the manifold. When a coordinate vielbein is global
one says that the manifold is integrably parallelizable, and this is a very strin-
gent condition. In fact, only R", n-tori or products of them are integrably
parallelizable [6].

We see in this way that the torsion description of the gravitational field
allows for a solution to the Einstein equations which is locally equivalent to

14



flat space but that is topologically different. More generally, what we have
shown is that both formulations are equivalent only locally, and that the
torsion formulation allows for vacua with topologies that are excluded from
the standard formulation.

The twisted torus has been used in the literature to produce different
compactifications of supergravity and superstring theory [3]. Needless to
say, in the compactification of any theory, the size of the compact manifold
is very small compared to testable distances, so the global and topological
effects are crucial.

Example 3.4. Gravitational Meisner effect.

This appeared in Ref. [§], and it compares the presence of torsion in a
certain region of spacetime with the magnetic vortex lines that appear in a
semiconductor. We rewrite here the gravitational version and interpret it in
terms of the torsion formulation of gravity.

One starts with flat, Euclidean space R?* with coordinates {z#, u =
0,...,3}. We may see it as the algebra of quaternions H ~ R*,

g = 2’1 + 2toy + 2204 + 2303,

with the Hamilton product, given by

O'?:—l, O'iO'j:—(Sij]l—l—EijkO'k, i,j,k:1,2,3
SO
g = 21+ 2toy + 220y + 2203, ¢ = Il +yloy + yPoy + Yoy
g-¢ = (@°%° —aly' — 2% — DY) + (20 + 2% — 23y? — 220 +

X (x2y0 + 2yl 4 202 — x1y3)02 X (x3y0 — 22yl +I0y3>0'3
The subset S® C H
S*={q e H| ||q|*=dwatz" =1},

is indeed the group SU(2), with the group law being the Hamilton product.
The group acts on R® = span{oy, 0,03} as rotations

V' =qvq v € R,

15



where )
q_1 = —2(930]1 —ztoy — 2?0y — 517303),
r
with 7 =||¢||. One can obtain the Maurer—Cartan forms for SU(2) by com-
puting them first in H:

¢ 'dg = %(Eoll + Eloy + E%05 + E®03),  with
E° = %(atodxo + z'dz’ + 2%da? 4 2%d2®) = dr,
E' = %(—xldxo + 2%dzt + 2*da? — xzdx?’),
E? = %(—xdezO — 2*dz! + 2%da? 4 2'da?),
B} = %(—xsdxo + 2?dzt — 2tda? + xodx3).

When restricted to S3, E° = 0 and E°, i = 1,2,3 are the Maurer-Cartan
forms of SU(2).

E={F%a=0,...,3} is a frame that is well defined everywhere except
at the origin. Moreover, one can check that

ds? = E°E° + E'E' + E°E? + E°FE® = (d2°)? + (da")? + (d2?)? + (da®)?,

so E is a vielbein for the Euclidean metric on R* — {0}. Tt is not difficult to
check that

dE° = 0,
1 1 0 1 2 2 3

dE' = —E°AE'—ZE? N EB,
r T
1 2

dE? = ZE°ANE?*+ZE'AE?,
r T
1 2

dE? = —“E'AE® - ZE'AE% (28)
T T

Then, the Levi-Civita connection w given by the torsionless condition DE® =
dE® + w* A E® = 0 becomes
1

1. . .
€. B wio=-E, w?=-u" (29)
r

7
r Ik

16



So we have two vielbeins, £ and the standard one V' = (da*, p =0,...3)
related by a matrix M

20 2t 22 23
1 0 3 2
—zt 3 —x
—2 -2 =z x
—z 22—zt 20

The Levi—Civita connections are 2 = 0 for V' and w as defined in (29]), so

A=Q—-w=—w

as for the case of the twisted torus. The torsion of the connection defined
by Q and E is T(E,Q)* = dE®, which is computed in ([28). Differently from
the twisted torus, the metrics defined by V' and E are the same.

In Ref. [8] the authors perform a regularization of w by substituting the
factor 1/ in front of the connection one forms (29) by a function ¢(r?) with
appropriate asymptotic behavior. One requires that ¢ is regular when r — 0
and that it reproduces w in Eq.(29) when r — oco. In this way, the connection
can be extended over r = 0 and also for » < 0, so one ends up with a space
which is topologically S® x R.

The connection has torsion, and the vielbein remains singular at » = 0.
The manifold S® x R, though, is parallelizable, so there must exist a global
frame.

We propose a different procedure, similar to the one used for the twisted
torus, to regularize both, vielbein and connection. The topology will be
53 x R and the connection will be the Levi-Civita connection associated to
the global frame. The metric is not flat, so it is not solution of the Einstein
equations. But, with the torsion formulation of gravity, it can be locally
related to the flat metric through a connection with torsion.

Hyperspherical coordinates on R* are useful,

7 Ccos 1Y,
= 7rcos¢sinfsiny,
= rsin¢sinfsiny,
x5 = 1 cosfsiny, v,0€0,n[, ¢e€]0,2n]
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Using the program Mathematicall we obtained for the vielbein
Ey, = dr,
By = r[(cos¢sinf)dy + sintsin(— cos ) sin ¢ + sin ¢ cos ¢ cos §)d¢ +
sin ¢ (cos 0 cos 1 cos ¢ + sin ¢ sin w)dH] =ra;
E, = r[(singbsin 0)dy) + sin v sin O(cos 1 cos ¢ + sin ¥ sin ¢ cos 0)do +
sin ¢ (cos ¥ sin ¢ cos 6 — cos ¢ sin w)dﬂ = ras
Ey = r [cos fdy) — sin® ¢ sin® Ad¢ — cos ¢ sin 1 sin Qde} = rag

The one forms a' = E*/r and dr form in fact a global frame on S* x R. We
define the new vielbein as

EY = f(r)E°, E' = h(r)d',

where f(r?) and h(r?) are strictly positive functions. We impose the following
asymptotic conditions

f(r) — regular, f(r) — 1,
h(r) — regular, h(r) — |7].

One possible choice is
fry=1, h(r)=vVri+a®, acR (30)
If we compute the differentials of the one-forms we get
dE® =0, dE' = A(r)E°ANE' — B(r) €, EY A E*,

where

S0 = A(r)EF, @' = B(r) é B,
and the metric is
ds* = f(r)*dr® + h(r)*[dy® + sin® ¢ (d6* + sin® 6dg)].
For the choice (30) we get
r 1

S -
r? 4 a? Vr? + a?

6Wolfram Research, Inc., Mathematica, Version 5.1, Champaign, IL (2004).
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4 Interactions in the torsion representation

In this section we compute the interaction of gravity in the torsion formula-
tion with abelian gauge fields and scalar fields. We use also the first order
formalism [12].

4.1 Gauge fields

We want to consider now an abelian gauge field] with potential A, coupled
to gravity. Then we will perform the change of variables to the torsion
formulation and we will obtain the precise form of the interaction of gauge
fields with torsion. We will use a first order formalism [12]. To the Cartan—
Einstein Lagrangian (I3) we add the following term

1 I o

Lv=1 (Ffagvavb + ﬂfegfegeaacgvavbvcvd) (31)

with F = dA = F;VV? and A = A,V The symbol fz; stands for an

auxiliary field, antisymmetric in the indices (a, b), and the barred indices are

lowered and raised with the (pseudo) Euclidean metric 7,; and its inverse
n®. In components, we have

F=d(A;V*) = d(4;)V* + A; dV* = (DA,)V?,

with )
(DA;) = dAz — Q% A;.

We will use the following notation:

O: = V!0,  Da=V'D,, — Q%= E",
SO )

F = DAV = (DyAz)VPVE.

Notice that {;°; is not necessarily symmetric in (@, b), although the connec-

tion is torsionless, because we are not using a coordinate frame.
Varying the Lagrangian with respect to the auxiliary field f;; one obtains

]‘ cd *
fap = §€a136ciF 4= ab (32>

"The generalization to non abelian gauge theories is straightforward, but we prefer to
keep the discourse as simple as possible.
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where the symbol “*’ means the Hodge-star operator on differential forms.
Variation with respect to A then gives

Dfs =0, equivalent to 0O Fa — Q[Edl; Faa— Q[Eda Fag=0.  (33)

We have used (32]). Together with the Bianchi identity

DF.; =0 equivalent to O[EFM;] - Q[EJBF@J - Q[EdéF 1 = 0,

they are the equations of the electromagnetic field in presence of gravity.
Let us now perform the change of variables from 2 and V' to A and M.
It is also convenient to make a change of variables in the auxiliary field,

fab = faa(MTYe (MY,

Then we have B
F fab = [ fav-

The Lagrangian becomes

1
Ly == <F fu B E® +

24 det M

4 fehfehEabchaEbEcEd) : (34)

where

F = d(AE?) = (dA,)E* 4+ A,dE® = (DA,)E*,
DA, = dA, —wb,A,.

Notice that in (34]) the electromagnetic potential appears coupled only to M
and not to A. Apart from the definition of f®, which reflects the fact that
we are expressing our vectors in a frame that is not orthogonal with respect
to the original metric, M appears only through its determinant. For what
regards to the electromagnetic field, M could just be of the form M = e®1l, as
assumed in [5], which gives, trough the constraint ([I0) a trace type torsion.
This does not mean that having a more general M and more general torsion
is inconsistent with the electromagnetic field: it means that such field only
couples to the trace component of the torsion.
Let us compute the field equations. Varying with respect to f,, gives

f® =det M*F® or fu =det M~'*Fy, (35)
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which differ from (B2]) in the factor det M. Varying with respect to A we get
Dfy =0, equivalent to 0y fuy) — wihsfaa — Wiela fapy = 0. (36)

Formally this equation is identical to (33]), but the presence of the torsion
is encoded in the auxiliary field f through the matrix M. It is worthy to
note that the Lagrangian is gauge invariant by construction. So we have con-
structed a Lagrangian of a gauge field in interaction with spacetime torsion
which is fully gauge invariant in the ordinary sense. It is perhaps instructive
to compute the tensor F,, and see how a gauge transformation affects it.
We write it in terms of F),,, the components of the tensor with respect to a
coordinate frame, that remain invariant (covariant in the non abelian case)
under a gauge transformation.

1 1
Fop=EVE)F, = 5 (EZ‘E{,’(@LA,, - 0,4, = 5(&1141, — OpA, —
(0.E))EAc + (OB ESA.).
Making a gauge transformation

A = Ay + O,

we get
o= Fy+ %((%&))\ — OyOu ) — (0u BV EEON + (O EL)ECON).

But 9, = E!0, does not commute with &,, and the commutator exactly
cancels the last terms in the equation above. So F!, = F,, and we have
checked explicitly the gauge invariance of the action.

4.2 Scalar fields

Finally we consider the Lagrangian of a scalar field charged under U(1) (the
analysis can be easily generalized to n scalar fields). As for the gauge field,
we introduce an auxiliary field ¢, and the U(1) covariant derivative will be
denoted as

Vo = dp+ Ad = (8adp + Aup) V2.

For the auxiliary field, the covariant derivative includes also a gravity part,
Vg = 050" + Apg” + Q70"
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Then the lagrangian is
Ls= —% <V¢eagcd- VIV — %qsqur €ated vavbvcvd) ,
and the field equations are just
¢a — Vap =0, Va¢® =0,
which eliminating the auxiliary field are
0,0 = 0.
Let us now perform the change of variables
Ve — M—laaEa’ gbaM_laagba.
Also, the covariant derivative will be expressed in the frame E:
Vo = (0.0 + Aud) E*.

Then, the Lagrangian becomes

1

Ls = =5t

1
<v¢¢aeabcdvbvcvd — §¢m¢meabcdvav*’vcvd> .37

It is convenient make a redefinition of the auxiliary field,

N 1 N

a — a — M
¢ detM¢ ) QS(I det ¢a7

so the field equations are
det M ¢y — Vo =0,  Vag® =0,

which imply
1 a
V. <7detMv gb) =0. (38)
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4.3 Complete Lagrangian and equations of motion

Summarizing (19, B4l BT), the first order Lagrangian for vector and scalar
fields coupled to gravity in the presence of torsion can be written as:

— — a DA(I Aa AC
L = Lo+Ly+Ls= | (R%+ DA% + A%A% +
—(w% + A% (M AM); — (M AM)(w + A%) ) h€eca ECE? +
1
(det M F f, E°E" + 5 f" fen€apea B EVE°EY) —
2 1
3 (Voo eapeaVVVTE — §¢m¢m€abcdvavbvcvd)] (39)

Given the Lagrangian, we can now obtain the equations of motion. The
equations (BABGIBYRMT) are not modified. Einstein’s equations (2I]) acquire
sources and become the following

acAacb - aI)Acca + AchAbda - Abchcda - chcAbda - FdabAccd_l'

1
+ chbAcda + FdacAbcd = §anhabeb - Vm¢vy¢ (4())

5 Conclusions

In this paper we have presented a formulation of gravity that allows to use
connections with torsion to describe the gravitational field. It introduces a
background, fixed connection and vielbein. At the global level, there can be
an obstruction for the equivalence with the classical formulation, and this
allows solutions with topologies that were not possible before.

Implicitly, the formulation has been used in Supergravity compactifica-
tions, where the internal manifold has torsion. Torsion has been called a
‘geometric flux’, and it is a data that together with topological characteris-
tics of the internal manifold determines the theory at low energies. Through
T-duality, the torsion or geometric flux in the IIA theory becomes a standard
3-form flux [3] in IIB. It is known also that T-duality generically changes the
topology of the target manifold [I3], and it is our intention to study T-duality
in the light of this new formulation.

It is not difficult to couple it to fermions and indeed, supersymmetry, as
an infinitesimal, local symmetry should be straightforward to implement. We
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leave it for a future paper, where we will also analyze supergravity compacti-
fications with geometrical fluxes. We want to study if these compactifications
are spontaneous or ‘consistent’ from this geometrical point of view, also in
the light of previous works [4].

Finally, and since we have described now a general mechanism, it could
be used to find new examples.
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