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Abstract. We study T'T-tensors on conformally flat 3-manifolds (M, g). The Cotton-York
tensor linearized at g maps every symmetric tracefree tensor into one which is TT. The question
as to whether this is the general solution to the TT-condition is viewed as a cohomological
problem within an elliptic complex first found by Gasqui and Goldschmidt and reviewed in the
present paper. The question is answered affirmatively when M is simply connected and has
vanishing 2nd de Rham cohomology.

1. Introduction. In the context of the initial-value problem for the Einstein equa-
tions (see [5]) one is often interested in the following problem. Let (M,g) be a con-
nected, smooth, compact, 3-dimensional, orientable manifold and let ¢,;, be an element
of SZ(M,g), that is to say a 2-covariant, symmetric tensor field which is tracefree with
respect to gap, i.e. tap = t(qp) and tapg® = 0, where g% is the inverse of gq,. We want to
solve the equation

(6t)q := 29" Dtap = 0, (1.1)

where D, is the Levi-Civita connection associated with g,;. Elements of S3(M, g) satis-
fying (1.1) are also called TT-tensors. The equation (1.1) is an underdetermined elliptic
system. This means that the principal symbol of §, namely the linear map

S(k;z): 7€ S§(R3, gz) = w € AY(RY), ke A*(R?), k#0,
defined by
Wa = ¢°(x)keTap, (1.2)
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is surjective.! There is a general method (see the Appendix of [2]) to solve such a system,
as follows: Define the operator L

L:AY (M) — S2(M,g)
by

2 )
(LW)ab =D Wy + D)W, — ggachWC' (13)

Clearly —L = §*, i.e. L is minus the formal adjoint of 4 under the inner product given
by the Riemannian volume element of g. The kernel of L is the finite-dimensional space
of covector fields W,, so that W? = g*W}, is a conformal Killing vector field on (M, g).
Furthermore there is the decomposition

S2(M, g) = L(A*(M)) @ ker 6. (1.4)

Starting with an element Qu, € S2(M,g), its component t,, in kerd can formally be
written as

t=[1-L(6oL)"']Q. (1.5)
Since ker(0 o L) = ker L and 6@ is orthogonal to ker L, the right-hand side of Equ. (1.5)
is well defined. The relations given by (1.3) and (1.4) furnish what is called the York de-
composition (after [20], see also [6]) in the G.R. literature. This decomposition is closely
related to the study of the action of conformal diffeomorphisms on the space of Rieman-
nian metrics on M [9]. In the present work we seek a refinement of this decomposition in
a sense which is best explained by the example of the de Rham—Hodge theory. Consider,
thus, instead of (1.1), the equation

div w = D%, = 0. (1.6)

Again, this is an underdetermined elliptic system, and we have the orthogonal decompo-
sition

AY(M) = grad (C°°(M)) @ ker div, (1.7)

where grad is minus the formal adjoint of div, namely the differential acting on functions.

Sometimes the relation (1.7) is called Helmholtz decomposition in the physics literature.

The splitting given by (1.7) can be refined by noticing that there is a large class of

explicit solutions to (1.6) namely all elements w € A'(M) of the form w = rot u, where
rot: AY(M) — AY(M) is defined by

Wa = €a°Dp e (1.8)

Every element in grad (C*°(M)), in turn, is in the kernel of rot. Then consider the
sequence of spaces and linear maps

0 — C°°(M) 28 AL(M) 2% AL (M) 2% (M) — 0. (1.9)

!That this is the case follows by setting
2
k2
where k% := ¢°®(x)k.ky and (k,w) := g°°(x)wakp.

1 1
k(awb) - ﬁgab(k‘ﬂ*}) - ﬁkakb(kaw)y

Tab =
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This is a complex, i.e. every element in each of these spaces which is in the image of
the map to the left, is also in the kernel of the map to the right. It is also an elliptic
complex, i.e. the corresponding complex of symbols is exact: every element in the kernel
of a symbol map to its right is in the image of the symbol map to its left. For grad and div
this just amounts to the statement that div is underdetermined elliptic, and, equivalently,
that grad is overdetermined elliptic (the associated symbol map is injective). Now define
the Hodge Laplacian Ay

Ag o AN (M) — A (M)
by

Ay = (rot)?® — grad div. (1.10)
This has the following properties: It is formally self-adjoint and elliptic (i.e. its symbol is
injective and surjective). Thus (see Warner [19]) ker Ay is finite-dimensional and

AY(M) = Ag(AY(M)) @ ker Ay
= grad (C®(M)) @ rot (A'(M)) © ker Ay
= grad (C*°(M)) @ kerdiv. (1.11)
Thus
ker div = ker Ay @ rot (A(M)), (1.12)
and this is the sought-for refinement of (1.7). The relation (1.12) also shows that the
de Rham cohomology group H? = ker div/rot (A'(M)) is isomorphic to ker Ag. In other
words: the possible failure of the expression (1.8) to furnish the general solution to Equ.
(1.6) is measured by the second Betti number of M, in particular is a topological invariant

of M. At the same time, using the formal self-adjointness of rot and the fact that Agy
and rot commute, it follows from the second line of (1.11) that

kerrot = grad (C*°(M)) @ ker Ap. (1.13)

Thus H! = ker rot/grad (C°°(M)) is also isomorphic to ker Az, which is an expression
of Poincaré duality in the situation at hand. Note that

ker A g = ker div N kerrot. (1.14)

We now ask whether a similar scenario exists for Equ. (1.1). This, indeed, turns out to
be the case provided (M, g) is (locally) conformally flat. The associated elliptic complex
has been found by Gasqui and Goldschmidt [10] in a study of infinitesimal deformations of
conformally flat structures for a general manifold of dimension n > 3. Their work starts
from the left end of the complex, i.e. the conformal Killing equation LW = 0. (Their
method is to apply the Spencer-Kodaira—Quillen-Goldschmidt (see e.g. [18]) theory of
overdetermined systems to LW = 0.) In a similar vein Calabi [3] and Bérard-Bergery et
al. [1] had previously considered the integrability theory of the Killing equation on (M, g)
when (M, g) is a space of constant curvature.
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In the next paragraph of this paper we describe the conformal elliptic complex which
plays the same role for T'T-tensors as the role played by the de Rham-Hodge complex for
Equ. (1.6). Here the operator rendering explicit solutions (to the TT-condition) is H, the
Cotton—York tensor linearized at the conformal metric g, viewed as a map sending trace-
free symmetric tensors into themselves. When M is compact, the obstruction to tensors in
the image of this map to furnish the general solution of (1.1) is, by an analogue of Poincaré
duality, the same as the obstruction to Killing forms to be the general elements of the null
space of H. This, in turn, has a nice geometric interpretation: namely it is the premoduli
space at g of the space of conformally flat deformations of g. For the general, non-compact,
case, but when M is assumed to be simply connected, Gasqui and Goldschmidt [10] have
shown that the latter cohomology, namely ker H/L(A'(M)), is zero. In § 3 of the present
paper we prove our main result. It states that, when M is simply connected and its
second de Rham cohomology is zero, the cohomology ker §/H(SZ(M,g)) vanishes. In
§ 4 we compute this space when (M, g) is a compact space-form. In the elliptic case
the obstruction is found to be zero, i.e. ¢ is infinitesimally rigid as a conformally flat
structure. In the flat case, where M is necessarily a torus, we find the obstruction space
is five-dimensional: this corresponds to flat deformations modulo constant rescalings of
g. In the hyperbolic case the deformation space is given by the space of tracefree Codazzi
tensors on (M, g). This result has already been obtained by Lafontaine [14] for manifolds
of general dimension > 3.

2. The conformal elliptic complex. Let now (M, g) be conformally flat, with M
not necessarily compact. Recall that this means that each point of M has a coordinate
neighbourhood z® in which

Gab = w0y,  w >0, (2.15)
where d,; is the flat Euclidean metric. It is well known [16] that, in dimension 3, this is
equivalent to the vanishing of the Cotton—York tensor H,;, defined by

Hap = QECd(aDCRdb) =:10t9Rap (2.16)
where R, is the Ricci curvature of g,p. Note the following properties of Hp.
(i) g%Hap =0
(ii) D%Hap, =0
(iii) Haplw?g] = w  Haslg], w > 0.
Geometrically these properties arise as follows. Let U C M be a coordinate neighbour-
hood and consider the Chern—Simons action

2
Slgl = / gabe (rd%Rbcde - 3rd6arefbrfdc> Vg &z, (2.17)
U

where I',%. are the Christoffel symbols in the local chart % The functional S[g] has
the (non-obvious) properties of being invariant a) under conformal rescalings of g and
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b) invariant under infinitesimal coordinate changes, provided these changes suitably ap-
proach the identity on OU. (See Chern [4] and Deser et al. [7].) Note, finally, that the
Euler-Lagrange expression of S[g] is nothing but —3H%. Then (i,iii) are implied by a)
and (ii) is implied by b).

Consider, next, the linearization of H,, at a conformally flat metric g, i.e. at a metric
gap satisfying Hap[g] = 0. The resulting object, which we call H(h), i.e.

d

Hab(h) = a
A=0

Haplg + A, (2.18)

is a third-order linear partial differential operator acting on symmetric tensors hgp,. By
virtue of H being the Hessian of S at a critical point, it is formally self-adjoint. Equiva-
lently we can use the tensor

Bape == Eu,bc Hea = 2D[aLb]ca (219)

where Lgp := Rap — igabR, R = ¢®Rap, and By, the linearization of By, at ¢. In the
following we shall apply the operators H,;, and By, only to tensors which are trace-free.
With this assumption, B is explicitly given by

Bape = 2(Daoy). — C& Lya), (2.20)

cla

where
c 1 1 cnd c 3 cd 3
Oap = D(GD hb)c — iAhab - ZgabD D% g + 3R(a hb)c — Zgabh Red — ZRhab (221)
with A := ¢?* D, Dy, the rough Laplacian and

1
Cay = 59°'(Dahte + Dyhae = Dehay). (2.22)

We note the following property of TT-tensors:
1 1
Ah ~ ~1 (roty)?h and Hh ~ 3 (roty)3h, provided 0h =0 (2.23)
where “~” denotes “modulo curvature terms”. Now consider the following sequence
0— AN(M) 5 52(M, g) B S2(M,g) > AY(M) = 0. (2.24)
PROPOSITION [Gasqui & Goldschmidt]. The sequence (2.10) is an elliptic complex.

Proof. Since g satisfies Hap[g] = 0, it follows immediately from property (ii) of Hap
that § o H = 0. But L = —¢§*, and thus

HoL=-Ho§*"=—-H"00"=—(doH)* =0,

so (2.10) is a complex. Ellipticity at the far left and right of this complex is equivalent to
0 being an underdetermined elliptic operator, which we have checked already. Ellipticity
at the second and third place is seen as follows: Denote the symbol of any operator O by
O(k). Then, for example, we want to solve

Hkh=t,  §(k)t=0, k#0. (2.25)
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Using (2.9) we easily see that ker H (k) Nkerd(k) = {0}. Thus SZ(R?,g,) = im H(k) ®

ker §(k) = ker H(k) @ im L(k). The last two relations imply that both (2.11) and
LW =h,  HEh=0, k0 (2.26)

have solutions. This ends the proof of the Proposition.
Next observe that all operations in (2.10) are natural under conformal rescalings of
g. Thus, when ¢’ = w?g,

L'W' = w?LW, W' = w?W
H'W =w 'Hh, h' = w?h (2.27)
ot = w3t, t=wTlt

Therefore the cohomology groups associated with (2.10) only depend on [g], the conformal
structure of g which is, of course, locally trivial. Gasqui and Goldschmidt have shown that,
if the above complex is interpreted in the sense of local formal power series expansions
the cohomologies associated with it, except for the first one, are all trivial.

The first cohomology group of (2.10), namely ker L, is the space of (globally defined)
conformal Killing vectors on (M, g). The second cohomology group, ker H/L(A(M)), is
nothing but the premoduli space of conformally flat structures around [g]. The remaining
cohomologies do not have an immediate geometrical interpretation. In the compact case,
however, we have the following duality.

THEOREM. Let M be compact. Then all cohomologies are finite-dimensional and
ker L = AY(M)/6(S3(M,g)),  kerd/H(S3(M,g)) = ker H/L(A'(M)). (2.28)

Proof. For the first isomorphism just recall that A'(M) = ker L ® §(S2(M, g)). The
finite dimensionality of the first summand follows by differential geometry or by noticing
that ker L = ker 6L and JL is an elliptic operator. For the second isomorphism, define
the “generalized Laplacian” D by D = H? + (L§)3. This is a sixth-order, elliptic, self-
adjoint operator D : S3(M, g) — S2(M, g). Its kernel is finite-dimensional and given by
ker D = ker H Nkerd. By an argument analogous to that involving the Hodge Laplacian
in Sect. 1, one sees that ker D is equal to both ker §/H (S3(M, g)) and ker H/L(A*(M)).
This ends the proof of the Theorem.

3. The main theorem. Gasqui and Goldschmidt [10] have proved the following
THEOREM. Let M be simply connected. Then ker H/L(A'(M)) = {0}.
Our main result is the following

THEOREM. Let M be simply connected and of vanishing second de Rham cohomo-
logy. Then ker6/H(S3(M,g)) = {0}. In other words, under the above hypotheses, the
expression t = H(h) furnishes the general solution to the equation §t = 0.

Proof. The following method of proof is inspired by the proof of a Lemma in [17,
footnote 13|, due to Ashtekar, which states that a tracefree Codazzi tensor, i.e. tq sa-
tisfying rotot = 0 on a simply connected space of constant curvature is of the form
tap = Do Dpar— %gabAa, see also Ferus [8]. Let A* be a conformal Killing vector of (M, g).
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Then, when §t = 0, the 2-form defined by eq,%tq.A° is curl-free. Thus
Eab e\ = Dy, Gy (3.29)

Since the space of A’s is finite-dimensional there is a way to linearly assign to each A a
covector Gy. Pick any such assignment. Thus we can write G, = G4(\). By the conformal
flatness of g, there is, locally, the maximum number of \’s, that is to say 10. Furthermore,
since M is simply connected (see e.g. [11]) these A’s can be extended to global conformal
Killing vectors. These global conformal Killing vectors can be uniquely characterized by
their conformal “Killing data”, i.e. the values of A\*, K% = D) DX := D)\, and
Dy D), at any point of M. Thus there are tensor fields Uap, Uabe = Uajpe]s Va, Vab such
that

Gp(N) = UpeX® + Upea K + Vi (D) + Vi DC(D). (3.30)

We now insert this into (3.1) and use the conformal Killing equation satisfied by A%, i.e.
1

Da)\b = Kap + ggab(DA)a (331)

and some of its corollaries. Since from now on all calculations are purely local, it is
possible to choose a conformal gauge for g, so that the curvature is zero. With this in
mind, there holds

2
Dy Ky = _gga[ch](D)‘) (332)
DoDy(DA) = 0. (3.33)

Substituting (3.3,4,5) into (3.1,2) and using that the conformal Killing data are arbitrary,
we obtain

Eabd tae = D[an]c (334)
0 = DUy + Up %6, ® (3.35)
1
0= *EU[ab] + D[aVb] (3.36)
2
0= gU[ab]c — V[aéb]c + D[aVb]C. (3.37)

We solve the equations “from bottom to top” except for (3.8) which turns out to be
implied by the remaining relations. Since Uape = Uqppe, there is the identity

Uape = U[ab]c + U[ca]b - U[bc]a' (338)

Substituting from (3.9) into the right-hand side of (3.10), inserting into (3.7) and taking
a trace of (3.7) we find after some calculation that

Upe = 3D,V + ggbc(AVdd — DDVy.) —

— 3(AVipe) — DD Vipay) + 3Dy DV eqy —

~3DyD.Vy® — 3Dy DVieq). (3.39)
Thus the antisymmetric part Vi, of Vo, does not contribute to Di,Up).. Inserting (3.11)
into (3.6), we finally obtain (hqp := %V(ab) — égachC)

1
eap? tae = ng[a (Ahy). — DdDMhb]d) + trace-terms. (3.40)
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Thus V.¢ drops out of (3.12). Furthermore trace-terms, i.e. terms of the form g, - 4}, do
not contribute to .. So taking the dual of (3.12) with respect to the indices a and b,
we obtain that ¢,;, has exactly the form of H,, as given from H,, = %s(aCdB‘cd‘b) and
Equ.’s (2.6,7) in the local gauge where R, = 0. Thus we have proved the Theorem.

We remark that in the next section we give examples of conformally flat structures
for which ker 6/H (S3(M, g)) # {0}.

For the remaining cohomology in (2.10) we have no results except for the duality in
the compact case.

4. Compact space-forms. Let M be compact and g, of constant curvature. In 3
dimensions

R R
Raved = ggc[agb]d < Rap = ggabv R = const. (441)

Clearly gqp is conformally flat. We want to compute the space of essential infinitesimal
conformally flat deformations of gqy, i.e. ker H/L(A'(M)). By the Proposition at the end
of the previous section, this amounts to determining ker H N ker §. Using (2.6,7,8) and
(4.1) we find after a straightforward calculation that, when D%, = 0,

R
Bape = 7D[aAhb]C + gD[ahb]c- (4.42)
Furthermore, when D%h,;, = 0,
DiuAhye = ADghy)e. (4.43)
Thus ker H/L(AY(M)) is the same as the space of solutions of the system
R
(A - 3) Diahye =0,  D%hg, = 0. (4.44)

Suppose first that R > 0. Then, contracting the first equation in (4.4) with D[®hbl¢ and
integrating by part, we find that

DyDahye = 0. (4.45)
Contracting (4.5) with g¢¢ this implies
R
(A - 2> hap = 0. (4.46)
Upon contraction with A% and integration this implies
Dahpe = 0 (4.47)
and
hap =0 when R > 0. (4.48)

Thus, in the elliptic case (i.e. R > 0), the conformal structure defined by g, is rigid
amongst all conformally flat structures on M. In fact, this already follows from Kuiper
[13] and the results of [1]. When R = 0, (M, g) has to be a flat torus T? (see Ch.
V, Theorem 4.2 of [12]). Corresponding to each S'-factor of T3 there is a covariantly
constant vector. Taking tensor products, symmetrizing and subtracting out the trace, we
obtain a 5-parameter set of tensors obeying (4.7). Since solutions to (4.7) are uniquely
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determined by their value at some point, these are all solutions to Equ. (4.7). Thus these
deformations stay within metrics on T2 conformal to a standard flat one.
Finally we consider the hyperbolic case, R < 0. We use the identity, valid when
D%, =0,
1 R
Atgp = 71(rot2)2tab + S tab. (4.49)
Thus (4.4) implies

2
[(rotg)Q - ;2] rototay = 0. (4.50)

Contracting (4.10) with rotot?® and integrating, noting that rots is self-adjoint and using
R < 0, yields

(roty)? tap = 0, (4.51)
which, upon contracting with t*°, results in
rotg tep = 0 < D[atb]c = 0. (4.52)

Thus, in the hyperbolic case, the infinitesimal deformation space ker H/L(A'(M)) is iso-
morphic to the space of traceless Codazzi tensors. This, as Lafontaine [14] has shown, can
be non-trivial for certain space forms. By the Mostow rigidity theorem [15], the deformed
conformally flat structures can not again be space forms. In fact such deformations (even
finite ones) have been constructed (see refs. in [14]), using methods completely beyond
the ones of this paper.
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