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Gravitational Fields and Nonlinear o-Models!
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It isshown that different types of gravitationa fields can be analyzed as nonlinear
o-models. We show that the Einstein—Hilbert action for stationary aximmetric
fields, Einstein—Rosen gravitational wave, and Gowdy cosmological models can
be expressed in terms of a Lagrangian density for the SL(2, R)/SO(2) o-model.
We discuss the possibility of using these results to quantize gravitational fields.

1. INTRODUCTION

o-Modelswereintroduced in field theory asaway to construct L agrangi-
ansintermsof scalar fields. Thesimplicity of such Lagrangianswasespecially
useful to test different quantization procedures. Later, the geometric character
of o-models was noted (Macfarlane, 1979; Meetz, 1969; Salam et al., 1969).
First efforts were made to investigate nonlinear o-models in flat two-dimen-
sional space where they can be considered as auseful tool to perform theoreti-
cal experiments due to their affinities with four-dimensional gauge theories.
In this context, it is possible to find classical solutions representing vacuum
and nonvacuum configurations as well as to perform perturbative analysis
for their quantization (D’ Adda et al., 1978, 1979; Duff et al., 1977; Eichen-
herr, 1978; Golo et al., 1978; Witten, 1979).

In higher dimensional flat spaces, nonlinear o-models do not present
such interesting features. For instance, in the four-dimensional case, there
do not exist topologically nontrivia solutions. Nevertheless, different proce-
dures can be invented to make such models interesting. For instance, one
can couple them to other theories like gravity or gauge theoriesin Minkowski
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space; in this case, the intrinsic topology allows one to find maps from the
corresponging space-time to the space of fields of the nonlinear o-model.
Another possibility isto consider such models in two- or higher dimensional
spaces with constant or nonconstant curvature where the intrinsic topology
and the topology of the space of solutions is much richer than in flat space
(de Alfaro et al., 1979; Gava et al., 1979; Quevedo, 1980).

Nonlinear o-models consist of nonlinear scalar field theories with values
in acoset space G/H which possesses the structure of aprincipal fiber bundle.
Such afield theory is a nonlinear realization of the group G which becomes
linear with respect to the subgroup H. In the usua formulation, the scalar
fields of the action are redundant in the sense that they are subjected to
nonlinear constraints and are characterized by a gauge freedom. However, it
is possible to reexpress the action in terms of nonredundant fields, getting
rid of the nonlinear constraints and the gauge freedom. In this case, the action
becomes similar to the one used in the theory of harmonic maps (Misner,
1978). In several cases, it is even possible to express the Einstein—Hilbert
action of general relativity as an action for a harmonic map and therefore
the solutions of Einstein’s equations can be interpreted as functional geodesics
of the target space of the harmonic map (NUfez et al., 1997).

The two-dimensional nonlinear o-models are complete integrable; it is
possible to find the infinite-dimensional symmetries of the underlying field
eguations wich allow one to integrate the partial differential equations and
to find exact solutions by using recursive methods. This result has been used
to extensively analyze the case of stationary axisymmetric gravitational fields
(Hoenselaers and Dietz. 1984) and a class of exact solutions containing an
infinite number of multipole moments (Quevedo, 1986). (Generalizations to
the case of the Einstein—-Maxwell theory coupled to a scalar field aso have
been investigated (Matos, 1994). These results are in the spirit of the well-
known fact that upon dimensional reduction to two dimensions, which can
be achieved, for instance, when the spacetime possesses two commuting
Killing vector fields, Einstein—Maxwell theory is characterized by a group
of non-Abelian symmetry transformations which act as Backlund transforma-
tions on the set of classical solutions. The integrability of the nonlinear o-
models has given a conceptually new insight into the problem of quantization
of gravity. Recently, an exact quantization of axisymmetric stationary space-
times has been proposed (Korotkin et al., 1995), using the approach based
on the complete separation of variables of the underlying o-model. This new
method allows oneto treat exactly aquantized system with an infinite number
of physical degrees of freedom.

The analogy between o-models and gravitational fields has been treated
so far at the level of the field equations, i.e., one shows that the equations
derived from the Lagrangian of a o-model are equivaent to the Einstein
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equations for a specific gravitational field. In this work, we show that this
analogy holds also at the level of the Lagrangian density.

We derive the Lagrangian density for the SL(2, R)/SO(2) nonlinear o-
model and show that it is equivalent to the reduced Einstein—Hilbert action
for stationary axisymmetric fields, Einstein—Rosen gravitational waves, and
Gowdy cosmological models. Section 4 is devoted to gravitationa fields
which can be all considered as different representations of the same nonlinear
o-model. We treat the case of stationary axisymmetric spacetimes, Einstein—
Rosen gravitational waves, and Gowdy cosmological models of the type T3
and S? x St In al these cases, we show that the physical fields of the
9. (2, R)/SO(2) nonlinear o-model can be identified in different wayswith the
coefficients of the spacetime metric to generate different gravitational fields.

2. NONLINEAR o-MODELS

A nonlinear o-model is a field theory with the following properties
(Balachandran et al., 1990):

(i) The fields are subject to nonlinear constraints.

(ii) The Lagrangian L, or equivaently the Lagrangian density %, and
the constraints are invariant under the action of a global symmetry group G.

The description “nonlinear” refers to those models where the physical
fields for all points x of the spacetime X take values in a manifold M which
is not a vector space. In most of these models, the group G acts transitively
on M. Therefore, if H is an invariant subgroup of G and also is the stability
group of apoint p € M, then M = G/H.

Another basic part of a nonlinear o-model is its Lagrangian density. In
the standard approach, one demands that the fields of the Lagrangian density
& takevaluesinthe Liegroup G, i.e., g(X) € G (Balachandran et al., 1990).
Furthermore, £ must be invariant under the gauge transformations where H
is an invariant subgroup of G,

9() - gh(x),  h(x) e HC G 1)

Therefore the gauge-invariant fields (or physical fields) take valuesin G/H.

Let G be a faithful representation of G and let {L,} be abasis for the
Lie algebra ¢ of G with the following property: [Tr{L,L,}| = 8,0, p, 0 =
{1, 2,...,[G]}. For « = [H], the generators L, are taken to span the Lie
algebra # of H and we denote them by T,. The remaining generators are
called S with [H] + 1 = i = [G]. The commutation relations are

[T Te] = iC%T,, [T, S] =iCLS, [S, S] = i{D{T, + Df
2

where Dy = Cl,; and the bar denotes complex conjugation.
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Let w be the 1-form defined on G with components w,(g) = g~%9,9
which under a gauge transformation of the form (1) transform as

h e H, w,(gh) = h™*w,(g)h + h™%a,h, w, = A, tB,
A9 = T TH{Tw,(9)},  Bu(9) = STr{Sw,(9)}
A.(gh) = h‘lauh + h‘lAFL(g)h, B,.(gh) = h‘lBM(g)h

We have the structure of a principa fiber bundle with total space E =
G, base space B = G/H, fiber F = H, structure group H, and projector 11I:
G - G/H, g — [g]. By construction, al fields lie in G and the gauge-
invariant fields lie in the base space G/H. Due to this structure, we have then
that the 1-form A with components A, transforms like a gauge potential (for
the gauge group H) and therefore it acts as a connection 1-form. Thus from
A we can construct the curvature 2-form F which under (1) transforms us
F' = h™1Fh.

Let g*” be the metric tensor of the spacetime X and g its determinant.
The structure of the 1-form o allows one to construct different quantities
satisfying the above given requirements to be a Lagrangian density for a
nonlinear o-model,

‘Ego =V _gngTr{ BMBV} (3)
‘ggc = _ggMTgVPTr{ FquTp}

Since the 1-form w is a section in the cotangent bundle T*G, then &,
isafunction of one sectionin T*G and isinvariant under changes of sections
in T*G induced by the gauge group H. The changes induced in T*G are the
consequence of transformations g — gh on G, so &,; is aso invariant under
changes of sections in G. Therefore we need to fix a section in G (fix a
gauge) to find a Lagrangian density &,. If Y is a gauge-invariant field, then

Y=92Tgred oXTIgt=2vL, (4)

where the fields v, are also physical fields. From (2) and (4), the following
relationship must hold:

> T{T.T.} = > vTr{L,L,} (5)

It follows from (5) that the fields v, are subject to nonlinear constraints and
thereare only [G] — 1 independent physical field. The manifold M is defined
by the constraint (5). Due to the nonlinear character of this constraint, M is
not a vector space.
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3. G=39.(2, R),H =S0(2
The generators of $£(2, R) are given as

I__iOl L—ilo I__iOl
v 2\-1 o) 27 J2\0 -1) S\l o0
ITr{L,Lo}| = 80 with p,o ={1, 2, 3=[9L(2, R}
The generator of $0(2) is L. In this case, only two invariant gauge fields
are independent, and from (5), we have
Vi—-(V+V) =1

Asaconsequence, itisnatural to fix agaugein G in terms of two independent
fidddsq = m(x}, x2) and &€ = &%, x%) and fix the gauge as follows (Nico-
lai, 1991):

909 = (% gfnﬂ) L@ R ©

By construction, g(x*, x?) is a section in SL(2, R) through which we can
specify the Lagrangian density &£, for this o-model. From (6), we get that
the components of the 1-form w are given by

— gl g= (M e g,
w,.(9) = 99,9 ( 0
Since B,(g) = S Tr{Sw,(g)}, we find that

1,2
m 7€ €
B — B [ 2 w
P«(g) (%e anu _np.

), N -= onfoxt, &, 1= o&lox*  (7)

>, TH{B,B,} = 2n,m, + e e ¢,

gcf =V _gg“v<2ﬂmv + %6_471%’,_&1,) (8)
A Lagrangian density (8) is for the nonlinear o-model with G = SL(2, R)
and H = S0O(2). The Euler—Lagrange field equations are
9 Ea + E0W — AQHEM + 397E,(IN[g) . = O
9N + MG + 397, (IN[g]) o + 3EMGHEE, = O
N -= */IX+IX” and . 1= 0%EoxHox”

4. GRAVITATIONAL FIELDS

We will show examples of gravitationa fields whose action can be
expressed as the Lagrangian density for the SL(2, R)/SO(2) nonlinear o-
model presented in the previous section.



256 Cortez, Nlfiez, and Quevedo

4.1. The Stationary Axisymmetric Gravitational Field

The stationary axisymmetric gravitational fieldin Weyl canonical coordi-
nates (Kramer et al., 1980) is

ds?> = e¥(dt — wdd)? — e 2[e*(dp? + dZ?) + p%dd?] 9)
where {5, w, and y are functions of p and z only. The calculation of the scalar
curvature leads to the Einstein—Hilbert Lagrangian density

U
D := (9, 9y, Lo = 2DpDy + % (Dw)? — 2p(Di)? (20)

where we have neglected the total divergence terms.
Since vy and w are cyclic “coordinates’ of the Lagrangian density (10),
we can find the Routhian density for those coordinates

oL oF
= St Dy + st
Dy dDw

Rgr : Do — Lgr = $pe* 112 + 2p(D)?  (11)
where I, = p~e*D,, is the canonically conjugate “momentum” associated
with the generalized “coordinate” w. Since the momentum I1,, satisfies the
equation DII, = 0, one can introduce a function () of p and z such that
DQ := II,, where D := (=4, 9,). Then, the equation DII,, = 0 becomes
anidentity once theintegrability condition DDQ) = 0+ (), = (), issatisfied.
The final form of the Routhian density (11) from which the field equations
can be derived is

Tisr = 2p(DU)? + 5 & (DO’ (12)

Equation (12) isalso the Lagrangian density for the nonlinear o-model derived
in the previous section. If we identify n = {s and £ = () and introduce the
components of the metric (9) into the Lagrangian density (8), we see that
Rer = £,. The field equations turn out to be

Pl + ) + by + F0E%(O} + 09 = 0
Qpp + Qp — 40, Q, + L) +p72Q, =0

From the definition II,, and Q, it follows that Q, = p~'e*w, and Q, =
—pte*w,; therefore (4.1) is one the Einstein equations in Weyl canonical
coordinates. From theidentity (4.1) and from theintegrability condition ), =
(1,,, we get the second Einstein equation

Wpp T Wz + AP0, + w,) — p~lw, =0

This ends the proof that stationary axisymmetric gravitational fields with the
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identification ¢ = m and = & can be treated as a specia case of the
nonlinear o-model with G = SL.(2, R) and H = SO(2).
4.2. The Einstein—Rosen Field
The Einstein—Rosen line element is (Kramer et al., 1980)
ds? = €207 d2 — e 2(ePdp? + p%dd?) — €(dz + wdp)?  (13)

where {5, o, and -y are functions of t and p. The reduced Einstein—Hilbert
density and the Routhian density are given by

Fen = 20D + 50 (Do) 209Dy, D= (9,10

8$ER agER p
= + _ - _ 2 4 P a2
Rer 9Dy Dy Do Do — Zer 2p(Dy) 2 e g

I1, := 0%er/0Dw = p e*Do
The dynamical Einstein equations can be written as
D& + p 'DpDy + 1e 412 = O, DII, =0

We can rewrite the Routhian density by introducing a real function ()
such that II,, = iDQ, where D := (—id;, 9,),

PRer = ~20(D)” — Jpe M(DOY = 20(h* — 1,7) + Foe QP — )
(14)
and the field equations are given by
D2}y + p~'DpDyy — e~ (D)2 = 0
DDQ =0  orequivaently Q= Q,
If the fields vy and & depend on t and p only and preserve the gauge (6), then
the Lagrangian density (8) for the metric (13) gives
Lo = 20(n? = ) + £ e(E — &) (15)

The Routhian density (15) is (14) for the Einstein—Rosen line element under
the identification n = ¢ and £ = Q, where now Q, = p~ "0, and Q, =
p’le"*l’oo .

t
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4.3. The Unpolarized T2 and St x S? Gowdy Cosmological Models
The unpolarized T3 and St X S? cosmological model is

ds? = —e M2 gr2 + @ 0292 + hy(1)hy(0)[€°(do + Qdd)? (16)
+ e P dd?

where \, P, and Q depend on the coordinates T and 6 only, and 0 = o, 9,
0 < 2. For the T2 case, hy(t) = e " and hy(0) = 1, whereas for the St X
& case, hy(1) = sine " and hy(#) = sin 0. In order to include the two cases
in only one line element (16), we made the change € — €° sin 6 in the

metric given in Quevedo and Ryan, (2000a) for the St X S case. The reduced
Einstein—Hilbert Lagrangian density is

Foow = 1€ [(P? — e #P}) + e®(Q? — e #Q7)]
+ %eT(hzth)\T - e_ZThlhze)\e) + V(’T, 9) (17)
V(r, ) = e"hh;'hg, — ethphy (hyhi* + 1)

Since \ isacyclic “coordinate” of the Lagrangian density (17) and the term
V(t, 0) does not affect the field equations, we can carry out a Legendre
transformation such that (17) becomes

Loow = € [(PZ — e 7Pj) + e(Q? — e 7 Q7)] (18)

From (18), we obtain the field equations
P.. — € ZPyg + P(1 + hythy,) — e ZhythyPy — e P(Q2 — e %Q5) =0
Q. — € 7Qqy + Qu(1 + hyhy,) — € Zh; 1y Qq + 2(P.Q, — € #PyQ,) = 0

For the T3 case (h, = € 7, h, = 1), we require the gauge (6) and that the
fieldsm and & depend on T and 6 only. Equation (3) yieldsalL agrangian density

o = 3402 — o) + e (g — e Tg)] (19)

which, after the identification n = —P/2 and £ = Q, is identica to the
Einstein—Hilbert Lagrangian (18) for the unpolarized T° Gowdy model.

If we take the metric (16) with hy(t) = sine " and h,(8) = sin 6, impose
that the fields ny and & depend on 7 and 6 only, and preserve the same gauge
(6), then £, takes the form

£, =3€sine " sin0[4n? — de i + e (& — e TE)]  (20)

After the identification m = —P/2 and £ = Q, the Lagrangian (20) coincides
with the Einstein—Hilbert reduced L agrangian (18) for the Gowdy cosmologi-
ca model with topology St X . The Lagrangian (20) allows us to derive
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an Erngt-like field equation for Gowdy cosmological models which can be
used as starting point for applying solution-generating techniques. Thisis a
novel result which will alow us to find exact solutions of this type and
contradictsthe general belief that exact solutionsare difficult if not impossible
to derive.

5. CONCLUSIONS

We have shown that the Einstein—Hilbert action for stationary axisymme-
tric space-times, Einstein—Rosen gravitational waves, and Gowdy cosmol ogi-
cal models can be treated as the action for the SL(2, R)/SO(2) o-model. For
each case, we have explicitly given the relationship between the physical
fields of the nonlinear o-model and the coefficients of the corresponding
spacetime metric.

This result is the first step in a program which has as a goa to compare
different quantization procedures for the same gravitational field. Einstein—
Rosen waves have been investigated in the context of nonperturbative quan-
tum gravity by using Ashtekar variables (Ashtekar et al., 1996) with the
result that the space of physical states can be contacted explicitly. We can
also perform the exact quantization procedure for this spacetime by using
the property of complete integrability for the corresponding 9.(2, R)/SO(2).
The results would be similar to those obtained for stationary axisymmetric
spacetimes. On the other hand, one could take the Lagrangian density for
Einstein—Rosen waves and treat it as the starting point for applying the
formalism of canonical quantization. Studies show that we obtain a field
theory with constraintsfor which apparently the BRST quantization procedure
would be useful. If succesful, the results of this quantization could be com-
pared with the former procedures (exact and nonperturbative) in order to get
some insight into the quantum structure of this system.

In the case of Gowdy cosmological models, the results of quantum
cosmology, based on the “midisuperspace” quantization approach, can be
applied to construct the space of physical quantum states (Quevedo and Ryan,
2000b). According to our results, the exact quantization procedure of the
nonlinear SL(2, R)/SO(2) o-model can also be applied to this specific space-
time. The two approaches can then be investigated and compared.
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