CONFORMAL HYPERSURFACE INVARIANTS AND
BACH-TYPE BOUNDARY PROBLEMS

SAMUEL BLITZ’ & ROD GOVER!

ABSTRACT. Using variational considerations, we establish that there exists a
new symmetric trace-free tensor conformal invariant of hypersurfaces embed-
dings in even dimensional conformal manifolds. This conformal invariant com-
pletes the family of conformal invariants known as conformal fundamental forms.

The object has important links to global problems. In the context of the
even dimensional boundary-value Poincaré-Einstein problem, the image of the
Dirichlet—to—Neumann map is conformally invariant. Recent investigations [15]
established that this image is the pullback of a particular Riemannian invari-
ant to the odd-dimensional boundary. We show here that, in fact, that image
arises as the restriction of the new conformal invariant constructed here. As a
consequence of the proof, we are able to construct several new global conformal
invariants of the boundary. Finally, we use our variational results to establish
that compact Bach-flat manifolds with umbilic boundary must admit a (formal
to all orders) Poincaré-Einstein metric in the conformal class of its interior.

Keywords: Conformal geometry, extrinsic conformal geometry and hypersurface embeddings, Bach

flat equations, Poincaré-Einstein metrics

1. INTRODUCTION

This work concerns the geometric study of conformal hypersurfaces, meaning
embedded submanifolds of codimension one in conformal manifolds of dimension
d. Hypersurfaces are especially important, in part because they arise as the bound-
aries of domains and manifolds with boundary and in these settings their geometry
plays a pivotal role in many geometric boundary problems. Turning this around
boundary problems can sometimes be used to help recover the geometry of hy-
persurfaces; this idea has been effectively applied in number of recent settings
138, 34, [8, B3], 16, 15] and it will also be exploited here.

While describing the local extrinsic geometry of Riemannian submanifolds is a
classical subject [211, [39] 43], the corresponding conformal theory has, apart from
a few basic elements (see for example [24]), been developed far more recently and
is considerably more subtle and rich than its Riemannian counterpart. Even ob-
taining local invariants effectively is not trivial. For a conceptual and practical
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approach it is natural to exploit the conformally invariant Cartan connection [17]
or its associated bundle analogue known as the tractor connection [10], and the
associated calculus. A comprehensive basic conformal submanifold theory is devel-
oped in [20] building on [I8, 44] and this can be used to proliferate local invariants.

A distinguished class of extrinsic hypersurface invariants was recently found and
constructed in a rather different way [16, [13]. These higher conformal fundamental
forms

d—1 deven
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are natural trace-free symmetric tensors, each of which is an extrinsic hypersurface
conformal invariant. Here II is simply the trace-free part of the usual second
fundamental form, while I is the trace-free part of a conformal invariant due
to Fialkow (that also arises naturally in the tractor picture [20, 44, 40]), but the

higher k are new objects that probe higher jets of the embedding. They are central
objects in two ways. First they provide a generating basis of extrinsic invariants
in the sense that any local irreducible natural hypersurface invariant (with not too
high a transverse order—see below for the meaning of this) can be expressed by
partial contraction polynomials which involve only intrinsic hypersurface invariants
and these fundamental forms [14].

The second reason is through their relation to Poincaré-Einstein manifolds. On
a manifold M with boundary ¥ := M an interior Riemannian metric g, is said
to be conformally compact if takes the form g, = r~2¢g where ¢ is a metric on
M and r is a defining function for the boundary — meaning > = r~1(0) and dr is
nowhere zero along ¥. If g, is Einstein then its scalar curvature is negative and
|dr|? is constant (and, by scaling g, is set to 1) along ¥, then it is said to be a
Poincaré-FEinstein (PE) metric. It is well known that g, being PE also implies

II = 0, and also that the trace-free part of the Fialkow tensor F' vanishes |24 2§],

but in fact each of the k must vanish [I6]. Thus the higher conformal fundamental
forms provide order-by-order obstructions to the PE condition.

We henceforth restrict to the case of d even. At order k = d (involving the
d — 1-jet of (r,g)) we do not expect local obstructions to the PE condition, as
this is the order at which global data enters the asymptotics [37, [15]. However
this does not exclude the existence of a conformal fundamental form at this order.
Indeed in the work [15] the authors describe a local curvature invariant of PE
manifolds that precisely captures the image of the Dirichlet-Neumann type map
associated with the PE filling problem. A natural question, first posed in [I5], is
whether this invariant is the restriction to PE manfolds of a local conformal hy-
persurface invariant (that exists on any even conformal manifold with boundary).
The invariant )

Vb = Cpiapy T HWnatn — VW Ly

of [16] is an invariant of hypersurfaces in conformal manifolds of dimension d = 4
that is exactly of this type: when applied along the boundary of a PE manifold,
it recovers the invariant DN® of [I5]. Our main result is that a similar result is
available in all even dimensions.
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Theorem 1.1. For a hypersurface embedded in a conformal manifold ¥ — (M4, c)
of even dimension d there is natural conformal extrinsic invariant d € T'(@2T*X[3—

d)) such that d has transverse order d — 1.

In the above and what follows, the transverse order of an extrinsic invariant
is the integer k such that, when the invariant I[g] is evaluated on a hypersurface
embedding ¥ < (M, g + s*h) with s a defining function for ¥ and for any choices
of metric g and rank-2 tensor h, we find that I[g] = I[g + s°h] for all £ > k,
and I[g] # I[g + s"h]. The transverse order of a differential operator is similarly
defined. See [16], 15] for more details.

It is straightforward to verify that the transverse order, weight (as described in

Section , and symmetry properties of d above are sufficient to uniquely charac-
terize the leading transverse-order structure of this invariant (see [16]). Moreover
this uniqueness is enough to give the following:

Theorem 1.2. On even-dimensional conformal manifolds (M9, ¢) with boundary
that admit a Poincaré—Einstein structure, the map

(1.1) (OM < (M, ¢)) s d
recovers the Poincaré—Einstein Dirichlet-to-Neumann map of [15].

This Theorem is a key motivation for our work here. Fixing a manifold with
boundary (M, = OM), the Poincaré-Einstein filling problem is the PDE problem
of finding a Poincaré-Einstein metric g, on the interior that is compatible with
a given conformal structure cy; on . The latter is viewed as the Dirichlet data
for this non-linear problem and the corresponnding Dirichlet-to-Neumann map,
introduced in [37] and studied in, for example |26, 48] 15|, is the map that extracts
the key non-locally determined data in the metric asymptotics. Thus the map
carries information about the global structure of (M, ¥, ¢5). It is not obvious that
there should generally be an invariant of conformal hypersurface embeddings > <
(M, c) that upon restriction recovers this important quantity, but the Theorem
establishes that this is the case.

In Riemannian geometry the first fundamental form of a hypersurface is the
induced metric thereon. In this sense for a conformal hypersurface ¥ we may
think of the induced conformal metric as the first fundamental form, this is not

trace-free but naturally its variations are given by sections of S?T*%[2]. Then d

is the dual object in that d has the right symmetries and weight to pair along the
boundary with such variations: For any such Ay,

(12) J
b

is conformally invariant. Furthermore, the divergence V°d,, is also conformally
invariant, and it appears as an obstruction to a conformal manifold with boundary
admitting a Poincaré-Einstein metric in the conformal class on its interior M., .
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Corollary 1.3. Let X — (M, ¢) be an even-dimensional conformal manifold with
boundary. The divergence

vd,, € D(T*S[1 — d])

is conformally invariant and is an obstruction to c|y, admitting a Poincaré-
Einstein metric.

This invariant also plays a role in the Bach-flat (see Equation for a definition
of the Bach tensor) boundary-value problem in four dimensions. In particular, one
finds that the normal-tangential projection of the Bach tensor along the conformal
boundary depends on v“ﬁ/ab.

The observation ([1.2]) above is part of a more general obervation that weights
of the conformal fundamental forms are such that they yield a family of extrinsic
conformally invariant integrals along the conformal boundary:

Proposition 1.4. Let X — (M9, ¢) be a conformal hypersurface embedding with
d even. Then, for each k € {2,..., g}, the integral

(1.3) 'éiwd+i—kwmg

s conformally invariant.

This proposition follows simply from weight considerations and the conformal
invariance of the conformal fundamental forms. The pairings above are linked to
conformally invariant Dirichlet and Neumann data for PDE boundary problems
constructed around the Fefferman-Graham obstruction tensor—and similar natu-
ral tensors. The main results are proved in Section [3] In Section [d we discuss
variational problems linked to these boundary problems and treat the “grooming”
of the boundary terms to manifest the pairings . We then examine the con-
ditions that lead to well-posed variational problems on manifolds with boundary.
In this same section, we treat in detail the explicit variation in four dimensions.
In Section [5, we discuss the conditions in which Fefferman-Graham-flat mani-
folds with boundary admit Poincaré-Einstein structures. In dimension 4, the
Fefferman—Graham tensor is the well-known Bach tensor B and the Bach-flat con-
dition, namely B = 0, is a strict weakening of the Einstein condition. Thus, in
particular, PE manifolds are Bach flat. As mentioned above a PE manifold also
necessarily has I =0 along the the boundary. We prove that this necessary
condition is also sufficient for a Bach-flat 4-manifold with boundary to admit a
Poincaré-Einstein metric on its interior:

Theorem 1.5. Let (M*,¢) be a smooth Bach-flat conformal manifold with umbilic
boundary. Then the conformal class of metrics on the interior of M contains a
metric that is, formally to all orders, Poincaré—Finstein.

In fact, in Section [l we prove a stronger result that manifests how the metric
arises from the conformal class, see Theorem [5.1]
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1.1. Conventions. In this article, M? will refer to a smooth (meaning C*°) man-
ifold with dimension d. When paired with a metric g or an equivalence class
[g] = [Q%g] for Q € C*M, such a manifold is a Riemannian or conformal mani-
fold, respectively. Given a Riemannian manifold (or a representative of a conformal
manifold), the curvature tensor associated with the Levi-Civita connection V is
denoted by R and is defined according to

(1.4) R(z,y)z = (V,Vy =V, V)2 = V2,

where z,y,z € T'(TM) are smooth vectors on M and [, -] is the Lie bracket of
vector fields.

For notational convenience, we implement Penrose’s abstract index notation,
where a subscript Latin index indicates a section of the cotangent bundle, a super-
script Latin index indicates a section of the tangent bundle, and multiple indices
indicates a section of the corresponding tensor product of the tangent and cotan-
gent bundles, with repeated indices following the Einstein convention. To that
end, we may express Equation as

Y’ Ry a2 = 2%y (Vo Vi — VpVa) 2.

Furthermore, the metric g4, has an inverse ¢ which may be used to raise and lower
indices in the usual way. Indices may be symmetrized over (with unit normaliza-
tion) using round brackets, e.g. X(w) = %(Xab + Xpa), and antisymmetrized with
square brackets, e.g. Xy = %(Xab — Xpa). The tracefree part of a tensor can be
indicated via the symbol o, so that, for example, X, = %(XabJrXba— égabngXcd).

Occasionally, we will use “dot product” notation to denote contractions using
the appropriate metric; that is, when v,u € I'(TM), we write u - v := g(u,v).
This notation can generalize to a vector contracted into a tensor, so that if ¢ €
[(®*TM), then we may write (v - £)%27% 1= g u*tbaz -k,

For conformal geometries, there exists a useful decomposition of the Riemann
curvature tensor into the Weyl curvature tensor and the Schouten tensor, given by

Rabcd = Wabcd + gacpbd - gbcpad - gadpbc + gdeac )

where the Schouten tensor is defined according to

. Sc
Pop = ﬁ (RZCab - mgab) )

with the Ricci curvature convention given by Ric,, = R..“, and scalar curvature
Sc = Ric,*. Certain derivatives of the Weyl tensor appear in conformal geometry
quite frequently. The Cotton tensor is defined by

C(abc = va]Dbc - vbpac == ﬁvdecab 5
and the Bach tensor is given by
(1.5) Bay := APy — VNV P + PWopg = VCoap + PWoip -

(In the above, A = ¢%V,V, is the negative Laplacian.)
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1.2. Riemannian hypersurface geometry. For later use in this article, we
record conventions and identities for hypersurface embeddings ¢ : ¥ — (M, g),
which we always assume to be smooth embeddings into compact manifolds. Going
forward, we will identity the manifold 3 with its image under the embedding ¢+(X).

When ¥ is the boundary of M, we denote by n € T'(T'M|yx) the inward pointing
unit normal vector. When ¥ is merely an embedded hypersurface, n denotes some
unit normal vector. From this unit normal vector, we may construct the induced
metric on X via

Jap = L*g = gab|2 — NNy -
Then, for any extension of the unit normal vector to 7'M, the second fundamental
form may be expressed as
My = Vo,

where V] = g’V is the projection of the Levi-Civita connection on (M, g) to I,
with the mean curvature defined according to

H = ﬁﬂg.
The induced connection on (¥, g) is related to this projection according to
AV z VaTvb + T ,.0°,
where v € I'(T'Y) and, on the right hand side is extended arbitrarily into 7M.
The Gauss equation relates the induced curvature to the projection of the cur-
vature, so that B
Raped = Rpoq + Maellyg — Magll. .
Following from this equation, we find the trace-free Fialkow—Gauss equation:

(1.6) 12,1y, = Whaon = (d = 3)(Ph — P+ Hllpp) =: (d — 3)F s,
where F,; is the trace-free Fialkow tensor. The CodazziMainardi equation, on
the other hand, takes the form

Rl =V, ,. — Vi,

aben

with its trace-free part taking the form

(1.7) W = Vally — Vyll,, + L (gbﬁ L, — G,V - f1b> .

aben

2. CONFORMAL GEOMETRY AND TRACTOR CALCULUS

Here a conformal manifold means a smooth manifold M of dimension n > 3
equipped with an equivalence class ¢ of Riemanian metrics, where ¢.4, guy € €
means that g, = Q2. for some smooth positive function €.

On an n-manifold M the top exterior power of the tangent bundle A"T'M is a
line bundle. Thus its square K := (A"T'M)%? is canonically oriented and so one
can take oriented roots of it. Given w € R we set

(2.1) Elw] := K2n,

and refer to this as the bundle of conformal densities. For any vector bundle U,
we write U[w] to denote U[w] := U ® E[w]. For example, Ep|w] denotes the
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symmetric second tensor power of the cotangent bundle tensored with Ew], i.e.
S*T*M @ E[w] on M.

On a fixed Riemannian manifold K is canonically trivialised by the square of the
volume form, and so K and its roots are not usually needed explicitly. However if
we wish to change the metric conformally, or work on a conformal structure then
these objects become essential. It is straightforward to show a weight w conformal
density ¢, that is a section ¢ € I'(€]w]), can be interpreted as a double equivalence
class ¢ := [g; f] = [Q%g; Q¥ f] where f € C*M and we will use this henceforth
without further mention.

A weight w = 1 conformal density 7 will be termed a choice of scale as, at all
points where it is non-zero, it determines a representative of the conformal class
of metrics g, via the distinguished representative (g,;1) in the equivalence class
T = [gr;1]. When 7 > 0 we refer to it as a true scale. On a conformal manifold
there is evidently a canonical section g of ®*T*M[2] given by g = [g; g]. This is
called the conformal metric. The metric determined by 7 € I'(€][1]) then arises as
g- = 7 2g. In this article, when we do explicit computations we will pick a metric
and trivialize density bundles accordingly.

Given a true scale 7 one has the corresponding Levi-Civita connection V9.
Clearly this acts naturally on densities and, in fact, as an operator on I'(E[w)),
is recovered by the formula V™ = 7% o d o 77%. It follows that V9 preserves the
conformal metric g and so we may use that to raise and lower indices without
confusion. It turns out that this simplifies many computations, and so we will do
this.

On a general conformal manifold (M, ¢), there is no distinguished connection
on T'M. But there is an invariant and canonical connection on a closely related
bundle, namely the conformal tractor connection on the standard tractor bundle.
Here we review the basic conformal tractor calculus on Riemannian and conformal
manifolds. See [10] 19, B30] for more details. Unless stated otherwise, calculations
will be done with the use of generic g € c.

Given a metric representative g € ¢, the standard tractor bundle T M is isomor-
phic to the rank d + 2 vector bundle

TM 2 eM[1) @ TM[-1] ® EM[-1].

Sections of this bundle (and tensor products involving this bundle) are denoted
using capital latin letters for abstract indices, so that for example

(2.2) T4 L (7%, 7% 77).

While the isomorphism holds for any metric representative, the isomorphism trans-
forms non-trivially under conformal rescalings:

2
(23) TA Q:!] <T+7 7_a + Ta7—+> T = 7_a’ra - %’T|§7—+) )

where T := dlog ).
The tractor bundle decomposition determined by a metric g € ¢, as given in
[2.2), is captured by three bundle maps or injectors: X4 € T'(TMJ1]), Z+ €
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D(T*M @ TM][1]), and Y4 € T(T M|[—1]) characterised by
TAZL YA 474 + XA

These have conformal transformations determined by . In particular X4 is
independent of the choice of metric representative; we label it the canonical tractor.
The other injectors depend on a the choice of metric representative. Nevertheless
another choice-independent tractor may also be constructed from these injectors:
the tractor metric, expressed in a choice of metric representative g € c:

WAB L g 7AZB 4 oX Y P) e D(@*TM).

As it is invertible this identifies 7 M with its dual 7*M.

Additionally, one may use these injectors to construct sections of tractor bun-
dles from sections of tensor products of the (co)tangent bundle (or the weighted
equivalent). Doing so invokes differential operators known as splitting operators
(see [45] for a complete characterization). It is sufficient for us to note that these
are operators with left-inverses. One relevant example of a splitting operator takes
the form
(2.4)

¢ T(O*T* M[w + 2]) — D(G2T M[w))

tab = Z45Zptar — 722 X (425 Votap

+ (d+w)((li+w—1)XAXB(Vavbtab + (d 4 w)P™ty) .

Note that this operator lives in the kernel of contraction with X.
The tractor connection V7 is defined, in a choice of scale 7, by

VITE L (Virt = gor®, Vir® + g™ + (P*)rt, Vir™ — (P7)ar")

It is straightforward to check via the tractor transformation identity that V7 is
indeed a choice-independent connection on conformal manifolds.
From its definition, one observes that, for a choice of metric g € ¢,

VIXA =7
ViZy == (P))a X" — guY"
VYA =(P)sz2.
where on the left hand side we have coupled the tractor connection to the Levi-

connection of g,. These relations are useful for computations and, in particular,
using these one can verify that the tractor connection preserves the tractor metric

VT hpe = 0.

It follows that it sensible to use hgc and its inverse to lower and raise indices.

A non-trivial fact is that one may couple the tractor connection and the Levi-
Civita connection in a way to produce a tractor-valued differential operator, called
the Thomas-D operator, that acts on any weighted tractor bundle, and is inde-
pendent of the choice of metric representative. This is defined, in a choice of scale,
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by
DAT = (d + 2w — 2wY AT + (d 4 2w — 2)g® ZAV] T — X (AT +wJo)T |

where T is weight-w section of a tractor bundle.
Closely linked to the tractor connection (see e.g. [10]) is the conformally invariant
differential operator Dy, : T(E[1]) — G2T*M|[1]) given by

(2.5) Dyt = Vo VT + Pyt

This is sometimes called the almost-FEinstein operator because non-zero solutions
to Dg7 = 0 are scales such that ¢ = 772g is Einstein on the open dense set
(we assume M connected) where 7 is non-zero, and such solutions correspond to
parallel standard tractors [29, [28].

Next, for our purposes it is useful to recall from [10] the notion of the normal
tractor. This is a natural section of 7 |gas along the boundary 0M of a conformal
manifold M with boundary. In a choice of metric representative, this is given by

N L (0,n%, —H?) e T(TMls),

where n is the inward-pointing unit normal vector to the boundary ¥ satisfying
|n|§ =1 and HY is its mean curvature for the representative g. Elsewhere, we use
the same symbol n to refer to any extension of n off ¥ unless specified. It is easily
checked that the display transforms according to , and so N4 is a conformally
invariant tractor field.

Now, given a conformal hypersurface embedding > < (M, ¢), one may always
(formally) solve the singular Yamabe problem to an order determined by the di-
mension of the manifold, see 7], and, for the way we describe it here, [33, Theorem
4.5]:

Proposition 2.1. Let ¥ — (M? ¢) be a smooth conformal hypersurface embedding
with oy = [g; s] € [(EM[1]), where s is any defining function for . Then there
exists a distinguished density o € T'(EM[1]) unique modulo terms of order O(cd™™)
satisfying

%|Dol? =1+ 0'B,,
for some smooth density B, € I'(EM[—d]).

We call the density o, distinguished by the above proposition, the singular
Yamabe density, the metric it determines ¢° := g/s* the singular Yamabe metric,
and B, |y € ['(EX[—d]) the obstruction density; note that the obstruction density
is independent of the choice of oy and thus is an invariant of the embedding.

From this result, and the conformal invariance of the almost-Einstein operator
, it follows immediately that associated to any conformal hypersurface embed-

ding one may construct a canonical almost-Einstein tensor Eg,, unique to order
d-1
o

Proposition 2.2. Let ¥ — (M? ¢) be a smooth conformal hypersurface embedding
with singular Yamabe density o = [g;s] € T(EM][1]). Then

Eab = DabO'
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is uniquely determined modulo terms of order O(c?™1).

The above results are local. But from the works of [41l [9] [7] (see the discussion
in the introduction of [35] for more details), there is a stronger, global result:

Proposition 2.3. On a compact conformal manifold with boundary, there exists a
unique solution o to the singular Yamabe problem. Furthermore, if the obstruction
density vanishes, then that solution is smooth.

Remark 2.4. For convenience, we will refer to a singular Yamabe metric as smooth
when the singular Yamabe density it arises from is smooth.

As a corollary, when the obstruction density vanishes, the almost Einstein tensor
E above is determined uniquely by the conformal embedding.

Corollary 2.5. Let (M9, c) be a compact conformal manifold with smooth bound-
ary embedding ¥ — (M9, ¢) and vanishing obstruction density. Then, E €
L(GXT*M([1]) is smooth up to the boundary and is uniquely determined by the
boundary embedding and the conformal structure (M, c).

Proof. From Proposition we have that there exists a unique smooth singular
Yamabe density . But E is defined by a conformally invariant differential operator
on o, and hence as o only depends on the boundary embedding and the conformal
structure, so does E. Furthermore, as o is smooth up to the boundary (and the

underlying conformal structure is also), so is E.
O

3. FEFFERMAN-GRAHAM OBSTRUCTION TENSORS AND THE MAIN RESULTS

In [22,23], it is shown that on each even-dimensional conformal manifold (M¢, ),
the so-called Fefferman-Graham obstruction tensor O@ arises as a distinguished,
divergence-free section of @*T*M[2 — d]. These tensors get their name from the
fact that they appear as the smoothness obstruction to a formal solution of the
Poincaré-Einstein equation on a (d + 1) dimensional manifold. More specifically,
given a conformal manifold embedded as the boundary of a smooth manifold
(X,e) — M? (with d odd), the existence of a formal extension ¢ of € to M
containing a Poincaré-Einstein metric as a reprensentative is obstructed by the
Fefferman—Graham obstruction tensor of (3, ¢€). These tensors are of special in-
terest as, aside from the Weyl tensor, they are the only conformally-invariant
curvature tensors that are linear in the curvature at leading order [22]. For our
purposes, this fact is critical.

The Fefferman—Graham obstruction tensor also arises variationally from a con-
formally invariant energy functional

(3.1) QqdV

Ma
where @), is Branson’s Q-curvature in d dimensions [36]. While Q-curvatures are
not conformally-invariant themselves, they transform invariantly with weight —d
modulo a divergence—hence, on a closed manifold, Display (3.1]) is an integrated
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conformal invariant. However, for our purposes, we require an integral whose
integrand is pointwise conformally-invariant and whose variation is the Fefferman—
Graham obstruction tensor. That such a pointwise-invariant exists is captured in
the following two propositions.

Proposition 3.1. Let (M?,c) be an even-dimensional conformal manifold. Then,
the ambient scalar invariant Ly := |[V*2 R[> € T(EM[—d)) is the unique (mod-
ulo terms cubic or higher order in curvature) natural conformal invariant that is
quadratic in curvature at this weight.

Proof. From the construction provided by Fefferman and Graham [23, Proposition
9.1, the ambient invariant Ly := |V R|? is a scalar conformal invariant. Fur-
thermore, it is straightforward to check that it is quadratic at leading order. It
thus remains to show that this conformal invariant is unique.

To do so, we note from the construction provided by Fefferman and Graham,
that, for a fixed d, there exists a dimension-parametrized family of formulas for
conformal invariants {L4 }4 where for each even d’ > d, the formula is given by

L VR

Now, because the ambient curvature has vanishing Laplacian and divergence in
sufficiently high dimension and a vanishing Ricci curvature to sufficiently high
order, it follows that the ambient tensor V% R is trace-free modulo lower-order
curvature terms. Furthermore, from the Bianchi identity and the Ricci identity, it
follows that we may not antisymmetrize over more than two indices without this
expression being expressible in terms of lower-order invariants. It follows from
straightforward representation theory that Lg’ is a formula for a unique (modulo
terms cubic or higher order in the curvature) scalar conformal invariant for all
d >d.

Now for contradiction suppose that there are two distinct invariants (at qua-
dratic order in curvature) of the same form when d’ = d. Then, those two invariants
would be realized as formulas that produce two distinct families of conformal in-
variants all even dimensions d’ > d. However, from the uniquness argument above
in d’ > d, these families of invariants must agree at quadratic order in curvature.
This then implies that there exist at least one family of curvature identities that
hold in all dimensions d’ > d that does not hold in d dimensions. But no such
curvature identities exist—a contradiction. This establishes that the invariant
Ly € T(EM[—d]) is the unique conformal invariant (of this weight that is qua-
dratic at leading order) constructible from the ambient metric. However, from [23,
Theorem 9.4], all natural conformal invariants at this weight are constructible from
the ambient metric. So uniqueness follows. 0]

Low-lying invariants of this form are known explicitly. In four dimensions, we
have the (clearly) invariant density Ly := |W|? € T'(£M[—4]). In six dimensions,
Fefferman and Graham presented another invariant,

Lg := |V|* + 16W*(V,Caep — PiWepea) + 16C0.C"

where Vpeqe has leading term V,Wj.4e and subleading terms that are pure trace.
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Now we show that it is precisely this family of pointwise conformal invariants
whose integrals vary into the Fefferman-Graham obstruction tensors.

Proposition 3.2. Let (M, g) with d even be a manifold without boundary. Then,
there exists at least one pointwise conformal invariant L4 € T(EM|[—d]) that is
quadratic in curvature at leading order such that

5 / LqdV = / (6g)tO%av,,
M M

where O9 s the Fefferman—Graham obstruction tensor in d dimensions. Fur-
thermore, all such pointwise conformal invariants are proportional to Ly modulo
terms of cubic or higher order in curvature, and their functional L?-gradient are
the Fefferman—Graham obstruction tensor modulo terms quadratic in curvature.

Proof. From [30], there exists a natural scalar invariant called the Branson Q-

curvature sastisfying
5 /M QIdV, = /M h*0Day, .

Furthermore, [, Q7dV} is a global conformal invariant. Now from [3] it thus fol-
lows that the Q-curvature is decomposable as a sum of a Pfaffian, a pointwise
conformal invariant, and a divergence. As the Pfaffian term is topological, it can-
not contribute to the metric variation. Furthermore, divergences can be omitted
because the manifold is closed. Thus, there exists a pointwise conformal invariant
that varies into the Fefferman—Graham obstruction tensor. By fiat, we identify an
arbitrary such pointwise conformal invariant with £;.

Now, at leading order it is known that O@ A" B. But because O@ is linear
at leading order in curvature, it can only arise variationally from curvature invari-
ants that are at most quadratic (at leading order) in curvature. However, because
the only conformal invariants that are linear in curvature are the Weyl curvature
and the obstruction tensor [22], there are no conformally-invariant scalars that are
linear in curvature. Hence, it follows that @@ arises variationally from a conformal
invariant that is quadratic in curvature at leading order. Thus L, is as required
by the proposition. Furthermore, by the uniqueness provided in Proposition |3.1],
all possible choices of £; must be proportional to L; modulo terms that are at
least cubic in curvature. O

That such pointwise conformal-invariants exist will be instrumental in construct-

ingd d However, before we may proceed with the proof of Theorem. we first need
to provide some technical results regarding the existence of certain conformally-
invariant normal derivative operators.

To construct the required normal derivative operators, we reproduce the follow-
ing propositions.

Proposition 3.3 (Proposition 5.8 of [31]). Let k € Z, be given. Then there exists
a family of conformally invariant operators 6 : T(T*M[w]) — T(T®w — K])|x
defined by

O = N2 . NW6pDy, -+ Dy,
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with transverse order K so long as

w ¢ {2K7217d7 2K7227d’ e K+217d} .

Here, 0 : T(T*Mw]) — T(T®*M|w — 1])|x and is defined by 6p := V,, — wH.

Proposition 3.4 (Theorem 3.4 of [13]). Let J,k € Z, such that 0 < J, 0 <
k < d/2 and let d be even. Then, there exists a family of conformally invariant
differential operators 85, : T(T®*M[w]) — T(T*M[w — k — J])|s determined as
follows. For k < J,

Sgp =N NG, Py s,

where Py, ...a, s a tractor-valued operator with leading derivative term equal to
Dy, ---Dy,, and all subleading terms depend at least linearly on the W -tractor.
For k> J, then ¢ is determined by the equation

(d+2w —2k)5s0 = N4 - - NG Py, a,
When w =k — d/2, 05 has transverse order J + k.

Notably, these results are concerned with conformally-invariant normal deriva-
tive operators on tensor products of (weighted) tractor bundles. For our purposes,
we require the existence of the same on tensor products of (weighted) (co)tangent
bundles—in particular, we require transverse derivatives on conformal metric vari-
ations dg := h € T'(®*T*M]2]). That the required operators exist up to order d—3
is proved in the following proposition.

Proposition 3.5. Let ¥ < (M? ¢) be a conformally-embedded hypersurface with
d even. Then, for each 2 < k < d — 3, there exists a family of operators

(k) . 2k 2k
0 T(OT*M[2]) —» (T2 — k])
S T(@2T*M[2]) — T(T*S[1 — k)
S8 D(@2T*M2]) — T(EX[—k]),
with leading transverse terms T o V¥, T o (n- V), and (n®@n) - V¥, respectively.
Furthermore, there exist conformally-invariant operators
0 D (@2T* M[2]) — D(G2T*5[1])
o) D(@2T*M[2]) — T(EX[-1]),
with leading transverse terms —T—Vn and (n®@n) -V, respectively.

Proof. To prove the proposition, we construct the operators acting on h € T'(®2T*M|2])
according to the following formulae and then verify that they have the correct lead-
ing transverse order term:

5$)h = — 2 (Q%o —(IJ—(SkD[AQ%C}c*)(th)

d—2
Sh = — 25(Q% o TNP6* Diaglbic) (se)
Sk = = (X NPNCS Diadiic) (i)
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where 1 < k < d — 3 for the first and third operators,2 < k < d — 3 for the second
operator, and ¢%; is defined as in Equation . In the above, for 1 < k < g -1,
we define 6% := §; and for %l < k < d— 3, we define §* = Ok—d/2+1,d/2—1, both
of which are transverse-order k£ normal derivative operators. Further, Q% and Q3
are defined below (by construction). For brevity in this proof, we define Hup :=
qf}‘bB(hab) and HABC = _ﬁD[AHB]C-

Using the formula for ¢4% in Section [2 H is well-defined when d # 0,1. Next,
a short calculation yields

XAZPZE M ape = — 25X ZP ZE DpHac
= —XAZOV,H 4
- hbc .

Furthermore, it is easy to check that X AZIFX “Haipe = 0. It follows that the
conformally-invariant part of H4pc is proportional to Y4 Zp Zc.

We must now show that 0¥ maps the Y A Z ® Z slot to k normal derivatives of
h to leading order in the same slot. First, by the definition given, when £ < % -1,
it follows from Proposition that 6* = V¥ + lower order terms. Similarly, from
Proposition , when g < k < d-3, 6% = V¥ + lower order terms. This is
necessary to show that §*H may contain a term of the form Y AZ% ZgVﬁhab. To

check that §*# indeed does contain such a term, it suffices to verify that other
terms do not cause a cancellation of its coefficient.

Now, by explicitly computing commutators, we have the following identities for
k>3,

Vi, Xa) = kZay Vit — 3k(k = 1)YaVEZ+ O(VE)
[V, Ya] = O(V;,7?)
(Vi Z4] = —kn"YaV; ™ + O(V; ),
Note these identities also hold for k = 2, except
V2, X4l =224,V —Ya.

In the above, we have dropped any terms that involve curvatures or derivatives of
n (as by weight considerations they cannot be of sufficiently high transverse order
to contribute to the leading order structures in the desired operators). Using these,
we have that for k > 2,

(3.2)
A k—1)(2d—k—4 k(k—1)(2d—k—4 a
XAZP 2OV Hape = — P20V e + " = n n Vi by,
k(2d%—dk—5d+4) a7k k(2d%—dk—5d+4) c, dyrk
+ T 2d(d—2)z Tl Viohea — 2d(d—1)(d—2)z JabT T Vi heq
E(k—1)(2d—k—4) ¢, dyrk
— @@z MaTNN Vi hed

+ lower order terms.

The first, second, and fifth terms in this expression only vanish when k = 2d — 4,
which for £ < d — 3 and d > 4 is never satisfied. Similarly, the third and fourth
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terms only vanish for £ > 2 when £ = 4 and d = 4, which is disallowed because
k < d — 3. We have thus established that 0¥ contains a term proportional to
a non-zero constant times V¥h. It remains to check that the remainder of the
compositions necessary to construct the operators 5(k), 67(1k), and 5,(1]2 do not ruin
this feature.

Now, because we are interested in irreducible projections to the boundary of
these normal derivative operators, we can contract with the normal tractor N and
take the relevant traces. So, again keeping only leading normal derivative terms,
we find that . .

TXAZPZEVEHape = — QDT
Similarly, by multiplying Equation by n® and n®n® respectively, we obtain

b _ a—
TXANPZEVEH Ao = gim"gbV Ehay

and

» _ 2_ 2_ c
XANBNCVZHABC 22l (d k)(2d2d(d2ill;;2§_2)62d+3k+4) nbn Vflh'bc )

Note that all of these have nonzero leading terms for the allowed values of k.

The final step is to show that we may extract these leading terms from the
tractor construction via operators labelled Q*. Note that this is only required for
the two operators taking values in tensor-valued densities—for the operators that
map h to a scalar, we are already done. Now, for those operators 5$ ) and 57(»Lk),
we extract the appropriate normal derivative operators by contracting the tractor
with X and then applying the formal adjoint ¢* of the relevant insertion operator
g. On a symmetric trace-free rank-2 tractor W48 € T'(®2T3[w]), this formal
adjoint operator takes the form [45]

(W) = (wlw+ 12525 = 20w+ 1)VZL X,
+ VOT Xy X — wP Xy X ) WAE

Similarly, for a tractor vector V4 € T'(TX[w]),
GV = (—(w+1)Z45 + V' X4) V.

Observe that when X, XpW4B = 0, the extraction operator g may further be
defined when w = —1 by weight continuation.
Now we define

Q3(Tanc) =G o T(X Tuesc),)

Qi (Tapc) = @ o T(XPNTapc)
for tractor sections of @37 M[—k —1]. Observe that for values of k > 2, the above
operators containing ¢; and ¢ are well-defined and extract the desired tensor.
It follows that 5$ ) and 6 exist. On the other hand, for k = 1, observe that
XAXB§'H 4pe = 0 from the symmetry of H, and so Q3(6'H apc) is well-defined
as well. This ensures that 5$ ) exists. This completes the proof.

O
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We are now ready to prove the main result.

Proof of Theorem 1.1 As noted in Proposition on a manifold without bound-
ary, [  LadV varies into the obstruction tensor. Note that because L is quadratic
in curvature at leading order, integration by parts occurs at least twice in order
to obtain the leading structure of the obstruction [ h“b(A%Bab + subleading).
Now such a term can only arise (up to identities) at leading order via integration

by parts from an integral of the form
. / (aVCA%Bab T (1- a)A%ccab) Ve,

for some constant «, which follows because B,, = V°C.,, + lower order. Indeed,
after integrating by parts, we are left with (modulo subleading terms),

/ [hfm% B., — V° (mabch?Bab T (1- a)habA"%“Ccabﬂ ,

as required.

Now for a manifold without boundary, the divergence term vanishes—however,
when the manifold has a boundary, the boundary term (again, modulo subleading
terms) takes the form

/ nche® (aVCA%Bab +(1- a)A%C’mO

>

:/ nche® (aVCA%VdCdab + (1 - a)A%CcaO + subleading
s

:/ omdhabViA%Cdab +(1—- a)nchabA%Cwb + subleading
>

= / h“bndA%Cdab + subleading,
2

where n is an inward pointing unit normal vector. In particular, this term has a
non-vanishing coefficient. Our goal now is to show that this leading transverse-
order integrand on the boundary combines with lower order terms to produce a
pointwise conformal invariant with leading structure ndA%C’d(ab) contracted into
the metric variation along the boundary.

By construction, the variation of the integral in question is conformally invariant
as is the bulk integral itself (which can be established by examining the variation
of the integral on a manifold without boundary). It follows that the boundary
integral arising from the variation is separately conformally invariant.

To show pointwise invariance of the integrand along the boundary, we now must
decompose the integral along .

In general, the integrand of the boundary integral can be expressed in terms of
bulk curvatures, the normal vector, the metric variation, and their derivatives. Fur-
thermore, those derivatives can be decomposed into intrinsic hypersurface deriva-
tives and transverse derivatives. Moreover because the boundary has no boundary,
we may integrate by parts to remove intrinsic hypersurface derivatives from the
metric variation, leaving only transverse derivatives on metric variations contracted
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into curvatures (whether intrinsic or extrinsic) and copies of the normal vector.
Then we perform a tangential decomposition of those transverse derivatives on
metric variations into four independent components:

TVEhe  Tn'VEhey  n®n'VEhe,,  VERS
Observe that the first integration by parts to remove derivatives from h may

leave up to d—3 derivatives on h, as schematically terms of the form (VW) - (V*+2h)
with m + ¢ = d — 4 can appear in L4. So we can then the boundary integral as

d-3
/ Vs Z (O(i)V;hZ T P(i)nanbviilab + Q((li)T(nbVifOLab) + R((lz‘b)ﬁ—ijlab)
> =0

where O;), Py € C™%, Q?Z) € I'(TY), and RE‘;’) € T'(®*TY) are composed of
intrinsic and extrinsic curvatures and their derivatives for each i € {0,...,d — 3}.

To simplify this integral, we may first consider just those variations h = fg,
i.e. those that are pure trace. However, note that such a variation amounts to a
family of metrics (g)a = (1 + ft)gap- But then g, is in the same conformal class
as g, and hence any such variation must vanish from the conformal invariance of
the integral. Hence, O(i) vanishes for each i; indeed, going forward any coefficient
of a pure-trace term must vanish.

Now, from Proposition [3.5, we may express the various projections of normal
derivatives on the weight 2 tensor h in terms of conformally-invariant operators
on h. In particular, starting at ¢ = d — 3, we may express

n“nbV‘i_giLab = (57%_3)2)1) + lower order terms
Tnbel;S;Lab = (57(1‘1_3);1)(1 + lower order terms
—CI)—VZ%iozab = (5({173);)1)@ + lower order terms.

Thus, we can replace the i = d — 3 terms in the above integral with conformally-
invariant expressions plus lower order terms that depend on at most d—4 transverse
derivatives of h. In doing so, it is possible that there may be intrinsic hypersurface
derivatives on those lower order terms. To handle those, we can integrate-by-parts,
leaving us with a new (but equivalent) integral. Then, by induction we can apply
this same procedure to the case where ¢ = d — 4, replacing each normal derivative
with the conformally-invariant equivalent. Descending down to i = 2 for 5 and
1 = 1 for the other operators, we come to an the integral of the form

d-3 d—3
(33) / Vs > (Poy00R) + R0 h)a) + / dVy Y Qfy (02 h)a
i=1 =2

+ [ aVy (Pohan -+ Qi + Oy TO Vo) + Bl Thn)
D)

As the whole integral is conformally invariant and each term in the decom-
position of the transverse jets of the variation is independent and via arbitrary
variations maps surjectively onto its range, it follows from Proposition that
each of the tensors ]5(1-) and R‘(llb) for 1 <i < d — 3 is conformally-invariant and for
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each 2 <1 < d— 3, Q () 18 conformally invariant. So each term in the first two
integrals has been decomposed into pointwise conformal invariants, and the third
integral in Display (3.3)) is independently conformally invariant.

Now observe that one may choose h such that n®V hab|2 = 0 but h|2 = 0. Then,
ntVv hab|2 is itself conformally invariant, as its failure to be conformally invariant
vanishes when h\g vanishes. As the coefficient n®V hab’z) is arbitrary, this ensures
that Q(1) must be pointwise conformally invariant and is a section of TX[1 — dJ.

Now, by explicit computation we find that under a conformal rescaling g — Q2g,

T(n"Vpha) = T("Vahay) — Tahan + T(Tohae) |

where T = V' log Q|s. Thus, by conformally varying each term in the third inte-
gral of Display (3.3)) and recalling that said integral is itself conformally invariant,
it is clear that

Py =9 (Po) + TaQfy))
—d/ Da 1 (a Ab)o
Rig) =7 URG — TOQ) .
where Q 1= Qs
Observe that ?QQ‘(‘D is conformally invariant and
= (aAb)o N—1— = (aAb)o 1+ (a Ab)o
VeQps = QTUVIQY — (d— DY) .
So, defining
Qo) =QAo)
Hab . = (a Ab)o
Ry =R — 25 VQq5
each of Q‘(IO) and R%’ are pointwise conformally invariant. Furthermore, the third
-i

integral in Display (3.3)) becomes

/ dVg (Q?O);l:m + R((lg)—T—;Lab)
s
A ° Aa o —_ a Ab ° o o
+ /E AVy (Ployhan + Qy T(0"Vhaa) + 7 (V Q05 Ty )

Finally we note that the leading transverse-order term in each of Q(i) and R(i)

is unchanged as it is replaced by Q(i) and fi(i) respectively. This follows because
the leading transverse order term of any coefficient with index (i) is greater than
the leading transverse order term of any coefficient with index (j) when ¢ < j. So,

R‘(lé’) € I'(T*%[3 — d]) and it has leading transverse order term T (ndA%C’d(abO7
which has transverse order d — 1. Thus the theorem holds. ([l
Remark 3.6. For notational brevity going forward, we will define 5 = 0, the zero

operator, Q?l) = 0, the zero section of TX[1 — d], and ]5(0) = 0, the zero section of
EX[1 — d]. Further, we will denote by I the conformally-invariant integral

I := / d‘/g (p(())}olnn + Q((ll)nbvnlozab + di1< aQ )Thab> )
by
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so we can write the variation §S as

(3.4)

d);a L e
55 = /M ODpabqy, + 1 + /E 4V, Y (P (60h) + Qg (09h) + B (6 h))
=0

In the above, each R(i) is an example of a d — i, and we suspect that ]5(1-) are closely
related to the scalar conformal fundamental forms of [27]. It appears that each
Q‘(ZZ.) is a novel vector-valued conformal hypersurface invariant.

Theorem [1.2] arises as a corollary of Theorem [I.1}
Proof of Theorem[1.4 In Theorem we have established, among other things,

that there exists a natural conformal hypersurface invariant d € I'(®27*X[3 —
d]) with transverse order d — 1 and leading term T (ndA%C’d(ab)). From [14],

Corollary 3.3|, it follows that this section has unique leading transverse order term.
In general, such an invariant is not unique as it may be adjusted (at subleading
order) by adding conformally-invariant terms of the appropriate weight and tensor
type of lower transverse order like (IOId_l)(ab)o. However, when ¥ — (M, ¢) is
the conformal manifold associated with a Poincaré—Einstein manifold, it follows
from [16, Theorem 1.8] and [14, Theorem 1.1] that all subleading conformally-
invariant terms vanish, with the possible exception of conformal invariants intrinsic
to the hypersurface (X, ¢). However, there are no such conformal invariants of
weight 3 — d, as 3 — d is odd and all natural intrinsic conformal invariants have
even weight. So the uniqueness of the leading order structure and the vanishing of
subleading conformal invariants implies that this invariant is uniquely determined
by the Poincaré—FEinstein structure (up to multiplication by a constant). But then
it must agree with the image of the Dirichlet-to-Neumann map DN@ as described
in [15]. O

3.1. Conserved Currents. Having constructed d, we now may use it to fur-
ther glean information about the way the boundary of a conformal manifold is
embedded. Indeed, we may straightforwardly prove Corollary [1.3]

Proof of Corollary[1.3 First, observe that by a straightforward computation, one
may show that for any section t,, € G2T*X[3 — d], it follows that V9, is itself
conformally invariant and a section of 7*%[1 — dJ.

Next, from Theorem , it follows that d is the image of the Dirichlet-to-
Neumann map for the Poincaré—FEinstein problem. But then its divergence van-
ishes, see [I5, Remark 3.10]. O

In light of Corollary , we may improve the definition found in [16] for an
asymptotically Poincaré—Einstein manifold. To do so we first requires a standard
definition:

Definition 3.7. Let (M, ¢) be a conformal manifold with boundary. Recall ¢° €
c|n, is conformally compact if g, = 52¢g° extends smoothly as a metric to the
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boundary, for s € C*°M some boundary (equivalently any) defining function. In
this case the scalar curvature Sc?” extends smoothly to the boundary, and we use
Sc?” to denote that extension. Let g° € ¢|y, be a conformally compact metric
such that

Sc?” = —d(d+1) + O(s) .
We call such a metric representative an asymptotically hyperbolic metric. *

Similarly, from the conformal invariance of the almost-Einstein operator it
follows that, on a conformally compact manifold (M, g°), the quantity sP9° (with s
as above) also extends smoothly to the boundary. As the vanishing of this quantity
is equivalent to the Einstein condition, we are now able to define a special kind of
asymptotically hyperbolic metric:

Definition 3.8. Let (M, ¢) be a conformal manifold with boundary and let ¢°
be an asymptotically hyperbolic metric on its interior. Then ¢° is said to be
asymptotically Poincaré—FEinstein if

sPY = O(s472),

where s € C™°M that is a defining function for the boundary, and the boundary
embedding OM < (M, ¢) satisfies V - d = 0. *

Observe that the first condition for a metric g° to be asymptotically Poincaré-
Einstein is directly inspired. However the second condition can not be easily read
off from the Einstein condition alone, but is rather suggested by the result in
Corollary [1.3]

In view of Definition [3.8] and Propositions and it is evident that when
there exists an asymptotically Poincaré—Einstein metric in the conformal class of
the interior of a conformal manifold with boundary, the singular Yamabe metric is
one such metric. In fact it is the canonical such metric, up to the given order, as a
consequence of the uniqueness of the singular Yamabe solution. (The point here is
that any PE metric is, in particular, a singular Yamabe solution, so if a PE metric
exists, the uniqueness of the singular Yamabe metric implies the PE metric is also
unique.) For brevity, we will say that a conformal manifold with boundary admits
an asymptotically Poincaré—Einstein metric when there exists such a metric in the
conformal class of the interior of the manifold.

As a consequence of the main theorem of [16] and the Definition [3.8|given above,
we are thus able to state the simple corollary:

Corollary 3.9. Let (M, ¢) be an even-dimensional conformal manifold with bound-
ary. Then (M, c) admits an asymptotically Poincaré—FEinstein metric if and only

ifk=0 forallk€{2,3,...,d—1} and V-d = 0.

On the other hand, when V -d # 0, this 1-form is a distinguished 1-form on the
boundary of the conformal d-manifold.
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4. CONFORMALLY-INVARIANT VARIATIONAL PROBLEMS ON MANIFOLDS WITH
BOUNDARY

As a consequence of the construction used in Section [3] we find applications in,
among other things, variational approaches to the Fefferman—Graham flat problem,
meaning the boundary problem associated to the PDE O@ = 0. To see this,
consider the classical case of the Einstein—Hilbert action on a 4-manifold:

SEH: p- SCd‘/g,

16

where Sc is the scalar curvature. On a manifold with boundary, it is known
that [11]

(4.1) 1676Spy = — / Guph™dV, + / (2Hg™ — I)h),dV, —6 [ 6(HdV;).
M oM oM

On a manifold without boundary, solving the problem dSgy = 0 is equivalent to
solving the Einstein field equations G, = 0 in a vacuum. Furthermore, it is known
that the partial differential equation given by G, = 0, for metrics with Euclidean
signature, is, after gauge-fixing, elliptic [12]. Now because 0 H depends on the
1-jet of h along 32, and we may choose h arbitrarily, it is clear that all three of the
integrals must vanish independently to ensure that 6Sgy = 0. But enforcing this
then amounts to specifying both g|gas and its first (normal) derivative. (Note that
one may alternatively fix the coefficient of A" in the second integral to vanish-—this
does not change the claim here.) In contrast, strictly fewer boundary conditions are
required to make the gauge-fixed Einstein problem an elliptic boundary problem
(of Fredholm index 0) [5]. So, we find that that, as written, the variational version
of the boundary-value problem is overdetermined.

To resolve this problem, Gibbons, Hawking, and York modified the Einstein—
Hilbert action. Consider the energy functional

S == Sch—i——/ HdVy,
Varying this functional, we have that

16765 = —/ VIGadg™dV, +/ (2H gap — flab)ég“bdvg,
M oM
Comparing with [5], it is now clear that solving the variational system is at least
not overdetermined (in fact, it is underdetermined as gauge-fixing is not required
to solve the variational problem). Alternatively, one may instead prescribe that
II = 0 and find the same. That is, the (no longer overdetermined) variational
problem requires that either II = 0 or that we fix g.

Note that this procedure picks out an important ordered pair of extrinsic tensors
for the Einstein equation on a manifold with boundary: the induced metric g and
a trace-corrected form of the second fundamental form II, (g, Il —3Hg). Note that
this is not the trace-free part of 1II.
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For later comparison, it is helpful to record the variation of the Einstein—Hilbert
action in terms of another set of variables. Unpacking Equation (4.1]), we find that

167T55EH = —/ Gabégabd%
M

b [ [0+ HG™) 4 3(69)unH ~ (V,dgu0)g" ] V.
oM

Observe that in this form, the overdetermined nature of the system is more man-
ifest: without the imposition of extrinsic constraints, one would need both dg|an
and V,d¢g|onr to vanish as they are independent. In this form, the natural ordered
pair of the Dirichlet data g and the Neumann data Il — 3Hg is less evident. How-
ever, one can still infer that, if dg|sp is to be free, then the second fundamental
form must vanish.

Consider now the variational form of the Fefferman—Graham flat problem, as
discussed in Proposition [3.2] except we now wish to treat a manifold with bound-
ary. From Equation (3.4), it is clear that the boundary terms would depend
non-trivially on both the variation of g along the boundary as well as normal
derivatives of that variation. On the other hand the equation O@ = 0 is elliptic of
order d, up to the need for gauge fixing due to diffeomorphism invariance and con-
formal invariance [I]. Thus one should not need to specify more than d/2 sections
of ®?*T*OM. Interestingly, when d = 4, for the Fefferman-Graham flat problem
(i.e. the Bach flat problem), we see that indeed only two sections of @*T*OM
must be fixed to force the boundary terms to vanish. On the other hand, for all
even d > 6, the system appears to become “overdetermined”. This suggests that
one should modify the energy functional by a boundary term in the spirit of the
Gibbons—-Hawking—York boundary term. To see how this happens, we first prove
the following technical lemma:

Lemma 4.1. Let ¥ — (M, g) be a smooth hypersurface embedding. Then, with
respect to metric variations, the trace-free second fundamental form of ¥ wvaries
according to

0oy = L0rhay + 20 10§y — $Maphn + 10,1y,

Proof. To compute the variation of the trace-free fundamental form, we use the

identity
ng
vaLdr

Note that for a given metric gg, we may always choose for ¥ a defining function
s such that n = ds, with |n|2 = 1 (see e.g. [47]). It is important to note that,
in the variations that follow, we treat s as fixed (such that ds has unit length in

W, = Gogiv.

the reference metric), but §(g~*(ds, ds)) 2 0 in general, as we allow the metric to
change.
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Now, we must find the variations of g;, V, and \/W (viewed as quantities along
n

¥) with respect to g. As /g, (n,n) = 1, we have that

() = 460 = B

Next, note that
53 = 8 — 8(iymagn,)
= —Rpngn® 4+ nghl .
Finally, we use variation of the connection, which is a standard result:

(0V)qvp = —CS0,

a

where
(4.2) Che = 59" (Vohae + Vehye — Vahe)
Putting all this together and using that |n|§0 = 1, we have that

Ol 2(—hmnanc 4+ 1ghS) GV g + G (—hmmnen® + nyh®)Veng
ggggne(vchde + Vbhcle - Vehdc> anglc)lv (hnnnd)
:nahzﬂcb + nbhc Hca - %ggggne(vchde + thce - Vehcd) + lHabhnn
Z2n 1 b, — GV (hy + aln) + TR + 25598V whed + Haphun
b c _ c
Z2n 10 by — GV ) gy — $0apbin 4 U0y + 35558 Vinhea
Zon( 1L by — Viahy, — Sl + IR+ 1588V 1 hey
Zon( 1 by, — Saphin + 060, — Vb, + 15560V 0hea
+ 2Hnohyy, — 5 HGaphnn + Hhy, + 537006V he.
In the second equality, we have used the fact that Vn = Il and that n-II = 0. In the
third equality, we have expressed covariant derivatives in terms of the tangential
and normal parts, i.e. V = V' 4+ nV,, and then expressed h,, in terms of its
projections along Y. In the fourth equality, we have combined terms and simplified,
using that Vn = II as before. In the fifth equality, we have used the Gauss formula,
namely that for any v € I'(T*X), we have that V] v, = Vv, —npllSv,, where V] v,
is defined using any extension of v to 7*M. In the final equahty, we have expressed
V,.h in terms of V,,h and all instances of II in terms of II.

Now, to compute the variation of the trace-free second fundamental form, recall
that

Moy = Moy — 725 Gab g Mea -

To compute its variation, note that g = g — #n ® n, so
g

5§ab = hab + (5(’”’3)71&”(, = hab - nanbhnn .
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Because §%g,. = g%, we also have that §§%° = —§%g"?h.q. Putting these together,
we have that

STy 20T, — 7 [(d — 1) (hap — Nanphon) H — Gas g + Gapg *0Teq)
= (01 (aty. — (hap — Nanphon) H + 7 Gap1%heq
We can now finish the computation:
0Ly =20 I Y, — A aphn + 60, — 7550 % — Viahy), + 2TVl
+ 2Hnhy), + Hhy, — 75 Hia§hea — Hhap + nanyHhug + 75 Gas 1 hea
=20 1) bl — S aphon + T8GR — Vb, + 2TV, e
Z2n 105 by, — $Maphn + 1,0, + 36 hey

In the third equality above, we have used Equation (4.4). So the lemma follows. [

Now, for the sake of illustrating the behavior of the boundary integrals, consider
the action on a 4-manifold with boundary that varies in the Bach tensor in the
interior. We apply the variation algorithm outlined in the proof of Theorem [I.]]
to this case.

Proposition 4.2. Let (M*,g) be a compact manifold with boundary OM. Then,
the functional variation of S = %fM |W|?dV with respect to metric variations is
given by

68 = — / B®h,dV,
M
- /aM [%Wnbcn fIbC}OL”” - (I{/ab + fIz(:aWnb)ocn)iij - Wnbcnéf‘i—l)ibbc] d‘/;? :

where 6g = h.

Proof. In order to use more standard variation formulas, we first translate the
action into an integral of Riemann tensors and its traces:

S = /]\v/[ (iRabcdRade - %RicabRiCab + %502) v .

Now, defining h = d¢ and using the (standard result for the) variation of the
covariant derivative (0V),vp = —75,ve, where 7 is defined according to

(4.3) Ve = 2"/ (Vhge + Vehoa — Vahae)
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we may compute the variation of the Riemann tensor (see [47, Section 7.5]). To
do so, let v € I'(T*M).

(0Rape"Yva =0(VaVive — Vi Vauy)
(V) Vste + Va(6V3) 00 — (0V)Vave — Vo (6V. )0
= — Y Vave = VacVova — Va(heva) + 1 Vave + 1. Vava + Vi(7:0a)
VaeVova = Va(Vieva) + 7heVava + Vo(v5eva)
= [(Viie) = (Varie)] va
=19% [Vo(Vahee + Vehae = Vehae) = Va(Vohee + Vehie — Vehpe)| vg
=1 de(vbv hae = ViVehae — VoVehie + VaVehye)vg
1 de(Rbac hye + Ryae’ hep)vg
So, it follows that
0 Raved = 5(VVehaa — ViVihae — VaVehyg + VaVahie) + 5 Rave Pea — 5 Rapd hee -

Using this formula and its traces, we come to the variation formula
S = / (W' Vohea — W YW cgehap + £ IW Ph — W Pyghge) dV .
M

Integrating by parts to isolate h.q and applying the divergence theorem (noting
that n is inward pointing), we have that

55 =— / B*®hadVy + B,
M
where
B:=— / (n°Ceaph®™ — ngW*N hyq) dVj .
oM

Note that the integrand of B is pointwise conformally-invariant.
We can now handle the boundary integral B. First, rewrite V. hyy = (VCT +
1.V )hpa and then express

hap = hy + nahyly + nphl, + b, |
yielding
B= / [~ Ceaph®™ + 1 WP [ (hyg + 200y, + mynahnn) + naWne Vo] dVy .
oM
Using the fact that V'n = II, we can write

B= i [ = n°Coaph™ + nW*N [hyy + 20, WM ghygy,,
M

+ ngngW N [ by, + ngngW  Mye g, + 1o Wapeanie Vg dVy
Now using the Gauss formula

T v c
Va Vp = Vavb — anaUc ,
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where v € I'(T*Y) and Vv is defined using any extension of v to T*M, we have
that we have that

B= i [ = nCoaph® + 1 WV chyjy — ngllghy, ) + 2ng WL by,
M

+ Wnbcnvbhzn + Wnbcn fIbchnn - Wnbcnvnhbc} d‘/g .
Now, using the known expression [16] for
(4.4) 6%—1)Uab = —T—[vnuab - 2?(au;[b)o] )

where u € T'(©2T*M|2]), we may write
B = / [ —n¢ cabhab + naWabcd<@ch;l _ ndllihl;re) + 2naWabcdHC(bth)n
oM

- Wnbcnvbh; + Wnbcn IOIbchnn - Wnbcndg)}lbc] d‘/§ .
Now integrating by parts along 0M, we have that

B= ; [ = nCeaph® + (VWP by — W 1oy, + 2ng Wby,
M

+ (VoW )by + Wit Myl — W08 by ] AV

Recall that for hypersurfaces in four-manifolds, Ii/'ab = CnT(ab) + HW,abn —
?CWJab)n. We also have II = II + Hg. So,

B = / [ - Ii/vabhfab + Cannh;ll—a - Wnbcn flihg—e + naW“de IOICbh;lrn
oM

+ (?anbcn)h; + Wnbcn fIbchnn - Wnbcndg’rl);lbc] d‘/;} .
Using the definition of the Cotton tensor (in terms of the Weyl tensor) and the
typical hypersurface identities, one may derive that, in any dimension d > 4,

¥ 1 b _eod
Cann :d—3n n°v Wdcab

.
L n VT W

E o
= d%gv—r deadn + d%gﬂdendab
2 - d%:;@dwnadn + ﬁna fIdeWnedn + d%B IDIde/Vnalab
E — o
= — 2V Woaan + 7251 W, 40 -
So, we have that
(45) B= [ — (V™ W, )b+ W P, — W0 hoc] dV

oM

Finally, noting that h,, = n®n’hy, = hm + itr h and that

hay = hzjb + (strh— %i’/nn)gab7
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where AT is understood to mean T(h), we may simplify to
b= /aM [— (V4 TCW, % )by + AW e — W0 hoc] V.
This completes the proof. ([l

Remark 4.3. Observe that a natural variant of the fourth conformal fundamental
form in d = 4, as suggested by the variational problem in Proposition [4.2] is

Ii/ab + fI((:aWnb)ocn = C,I(ab) + HWnabn - vcVVCT(ab)n + ﬁfawlnlb)ocn ’

Now as a consequence of Lemma and Proposition (in particular Equa-
tion , we may re-express the variation of the energy functional % / o W > dV
on a 4-manifold with boundary as

58 = — / B®hapdV, + / ( — [V — WD, gy — 2W,,%,8 fIab> dvy.
M oM

In this form, two natural ordered pairs arise from the Bach flat problem:

(gabv _Ivab + fIfaVV\nﬂa)cn) and (fIaln _2Wnabn) .

More generally than Lemma , it is easy to see (from the fact that, in coordi-
nates adapted to the hypersurface embedding, kth conformal fundamental forms
have leading term T9% !g) that, at leading order,

o

5k, o 6$_1)hab + lower order terms.

Such a relation allows for two observations. First, it implies a canonical pairing of
sections of ®?T*Y between those with transverse order m and d —m — 1, express-
ible in terms of conformal fundamental forms and the induced metric of the form
m+ 1-6(d —m). Second, in d > 6, we may express the boundary contribution to
the variation of the Fefferman—Graham action exhibited in Equation in terms
of conformal fundamental forms, their variations, and I. As such, it is straight-
forward to add conformally-invariant integrals of the form found in Display
to the Fefferman—Graham action to remove the problem of overdeterminedness,
when necessary. Such integrals play the same role as the Gibbons-Hawking-York
boundary term does.

When such terms are added, the variational problems become (at least) not
overdetermined. In that case, we may view the pairings as between Dirichlet data
and Neumann data. Because Fefferman-Graham flat problems are elliptic after
gauge-fixing, it is sufficient to specify just the Dirichlet data to solve the problem
globally (or alternatively, one may specify just the Neumann data). At least in
the case of the Bach-flat problem where the splitting of the boundary data is clear
from the variational problem, when there exists a unique solution the Bach-flat
problem on a given 4-manifold with boundary, there exists a well-defined Dirichlet-
to-Neumann map, sending

(46> (gabu IOIab) = (_2Wnabn7 _Ivab + fIEaVV\Mb)cn) .
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When such a map exists, it is interesting to consider its specializations. This is
discussed in Section Bl

5. FEFFERMAN-GRAHAM FLAT OBSTRUCTIONS TO POINCARE-EINSTEIN

The uniqueness of Bach-flat manifolds with a given set of boundary data is not
fully understood. It is straightforward to show, and well known, that all self-dual,
anti-self-dual and Einstein manifolds are Bach-flat. We are interested here in the
link to Poincaré-Einstein metrics. Maldacena showed [42] that at the level of
small perturbations, when I = 0, solutions to the linearized Bach-flat boundary
problem are also solutions to the linearized Poincaré—Einstein equation. In [2],
the fully non-linear equations were considered; they found that an asymptotically
hyperbolic metric satisfies I=I=0=V-1V (exactly in agreement with
Corollary [3.9), has a vanishing obstruction density, is a formal solution to the
Bach-flat boundary-value problem, and satisfies a fourth constraint not relevant
for our discussion if and only if that asymptotically hyperbolic metric is a formal
solution to the Poincaré-Einstein equation.

Inspired by these results, we prove the stronger result that a Bach-flat mani-
fold with umbilic boundary is sufficient to guarantee that the manifold’s singular
Yamabe metric is a formal solution to the Poincaré—Einstein equation.

Theorem 5.1. Let (M* ¢) be a smooth compact Bach-flat conformal manifold
with umbilic boundary. Then the singular Yamabe metric of Proposition 18
smooth and, formally to all orders, Poincaré—FEinstein.

Proof. Let (M9, ¢) be a Bach-flat conformal manifold with an umbilic boundary.
To prove the theorem, we begin by proving that (M, ¢) contains an asymptotically
Poincaré—Einstein metric in the conformal class of its interior. To do this, we rely
on Corollary [3.9} that the existence of an asymptotically Poincaré-Einstein metric
in the conformal class of the interior is equivalent to the conditions that F=0
and that V-IV = 0.

We begin by considering the Weyl-squared action, S = % Il i |W|2dV,. From dif-
feomorphism invariance, the variation of this action 95 with respect to a variation
of the form dg,, = 2V (,kp) vanishes. Recall from Proposition that we have an
identity for the variation of this action:

68 =— / B®hy,dV,
M

+ /8 . AW ey, — (VS 4 WD ) ), — Wb, 60 by dV

We now specialize to the case where our original manifold is Bach-flat, the bound-
ary is umbilic, and the variation arises from the pullback of an infinitesimal dif-
feomorphism. Then,

| = Tad) T = W60 (T, )] = 0.
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Now observe that
Sr(Viakny,) =T [VaV akv), — 2V (a(F51V (ka)]

:—T_[V(Ta(vnk‘b)o)T + Ru(av)odk” = G HV by, — 2V (o(G5ynV (cka))]

=TIV (Vaky,) " + Ruganyoak® — HV Gk, — 2V 0 (35n?V Lkay)

— 2V (G Vika)]

:ﬁ_[v&(vnkb)o)—r + Ru(an)oak” — HV ok, — Via(n'Vy ka) — V(a(F5) Vinke)]

=T [Ru(ap)oak® — HY (oky), = V(a(n'Vy k)]

=T [Ruayodk® — HV k), — V(o Viykn + V(o Hly))

:—T—[Wn(ab)nkn - (Pab + ﬁab)kn - ?a?bkn] .

In the last line above, we used the trace-free part of the Gauss—Fialkow Equa-
tion and the trace-free part of the Codazzi-Mainardi Equation ((1.7). Fur-
thermore, when H=0andd= 4, from the trace-free part of the Gauss—Fialkow
Equation we have that W, ., = _F abs SO We can integrate by parts to obtain

/ (V-IVOk = 2|Fky — P+ Fly — (V-V-F)k,]dV, = 0.
oM

When II = 0, we can compute:

B, énanVT“Cabc + ]F]Q +P.F
Z VT Chp+ |F?+P-F

b
E_phyTecT

a

sV Com+ |[F2P+P - F
EV-V-F+|F?+P-F,

where the first equality follows from the fact that By, = V¢Clap + P4Woage and
the last equality follows from the identity

E o — o b — o — o 2
Conn = —dTIQIIabV'H +V-F,— mvaym .
Then, we have that
Bun — |F)2 = P-F —V-V-F 20,
and so in the Bach-flat case, the integral identity in question reduces to

(5.1) /aM (V-IVO)k) — |FPha]dV, = 0.

Recall that the above identity holds for any k& € I'(T'M), and so in particular
we may choose k|y, = n; this implies that

/ |F|2dV; = 0.
oM
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So it follows that F = 0. Alternatively, we may choose k|y, € I(T'Y) arbitrarily in
Equation , finding that V-IV = 0. This establishes that the conformal class
metric admits an asymptotically Poincaré—Einstein metric in the interior.

Observe that because I = III = 0, one may easily establish (according to [25])
that the obstruction density B, of Proposition [2.1] vanishes, and hence the singular
Yamabe density is smooth, following from Proposition [2.3) and hence so is the
singular Yamabe metric. Thus, from Corollary [2.5] we have that there exists a
unique almost Einstein tensor F,;, determined by the boundary embedding and the
conformal structure. Note that the transverse jets of E on ¥ capture the higher
conformal fundamental forms [16].

Now, to show that (M9, ¢) admits a (formal to all orders) Poincaré-Einstein
metric in the conformal class of its interior, it is sufficient to show that the almost
Einstein tensor E,; above vanishes to all orders [28]—that is, that V¥ E,|x = 0 for
every k € Z-o. As the formal vanishing of E; is a conformally-invariant condition,
it is sufficient to check that VflEablg = 0 in some choice of metric representative
g € c. To fix the metric g, we pick any metric g € ¢ and then extend it to g € ¢ in
such a way (according to [31, Proposition 7.15]) that each T-curvature vanishes—
that is, the mean curvature HY vanishes, and all higher transverse order analogs
also vanish.

Having established already that I =1I = 0, we already have that V¥E =)
for k = 0,1. By explicit calculation (see [16, Proof of Corollary 4.9]), we see
that —(IJ—V,ZLEab|g only involves at most one normal derivative of the metric, and
similarly n®V2E,, Z 0, as may be seen from [16, Proof of Lemma 4.11|. As the
T-curvatures vanish, it follows from the classification result of [I14] (namely, that
Riemannian invariants are expressible in terms of intrinsic curvatures, conformal
fundamental forms, and T-curvatures) that V2 E|s is expressible in terms of (in-
trinsic) curvatures of (X, g). However, V2 E|y has weight —1, and there exist no

non-vanishing sections expressible in terms of curvatures of (X, g) with odd weight.
Thus, V2E|s = 0.

Next, consider the case where £ = 3. Because o solves the singular Yamabe
problem exactly, we may apply the Thomas-D operator to the equation d—12|Da|2 =
1 to obtain (via the Leibniz failure lemma of [33])

d%(DBa)(DADBa) = X4|E*.

Evaluating the X slot of the above equation and noting that we have already
established that F = O(0?), we therefore have that

o(V-V-E+(d-1)P-E)=0(c%,
or
oV-V-E=—(d—1)oP -E+ 0(c°% = O(c").
Hence,
V-V-E=0(?.



Conformal hypersurface invariants 31

AsV.-V.E = n“nbViEab + ltots, and the lower transverse order terms vanish to
higher order in o, it follows that

%
nn’V3E, =0.

Next, we consider the irreducible component TV%E . Observe from [16, Lemma
4.7], the operator 64(31) : T(@2T*M(1]) — T(2T*X[-2]) is well-defined and has
leading (transverse) symbol TVf’l Thus, from the classification offered in [14], it
follows that

6ffE Z V + curvatures invariants of (2, 5) + terms dependent on IV .

But note that V vanishes on 4-dimensional Bach-flat manifolds, and there are no
non-vanishing sections expressible in terms of curvatures of (X, g) of @2T*3[-2]
on a 3-manifold. Finally, as IV has weight —1, there are no (non-vanishing) sec-
tions of ®2T*X[—2| that are constructible from IV and solely intrinsic geometric
quantities—so this term may not contribute. But then it follows that

02 TV3E + ltots(E)

where ltots are lower transverse order differential operators, which vanish by the
above computations, hence TV3E = 0.

Finally we consider the component (n®V3E,;)". Again from the classification
result of [14], the tensor in question must be expressible in terms of curvatures
intrinsic to (X, g) and vV (as all other quantities appearing in the classification
result vanish). It is easy to establish that the only natural sections of T*3[—3]
that depend on IV are V - IV and naﬁ/'ab. However, both of these invariants
vanish—the former by the above proof of the manifold admitting an asymptoti-
cally Poincaré—Einstein metric in its interior and the latter by definition. Thus,
(nV3 E,)T cannot depend on IV, and hence is expressible entirely in terms of
curvature invariants of (¥, g). But no such non-vanishing Riemannian invariants
exist, and so it follows that (n*V3E,)" = 0.

From the considerations above, we have thus established that, in the metric

representative where Ty = Ty, = T3 = T, = 0, we have that ViE Z 0.

It now remains to show that VﬁE = 0 for every k > 4. We do so via induction

using k = 3 as the base case. Suppose that V‘FE Z 0 for all £ < k. We would

now like to examine V¥ E|y. From [16], Proof of Lemma 4.11], we have that since
k4d—1=3,

nVEE, = 0.

Thus we must only examine TVZE |s. In what follows, we will implicitly set to
zero those terms that must vanish by the induction, and 4 := éDAa, where o
is the unique singular Yamabe density determined above. For a choice of metric
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representative g € ¢ such that o = [g; s], we have that
TVEE ZTVEZOV Ie
ETVE (Yl ZE) Vo + ZGNV Vi 1c]
ZTyhl (26 V), Vinle + Z( Q" Ip]
ETVE [V VaVi.s + Z5Qu.cPIp]
ETVE [<2V (Vi 50 + Z6m.cIp]

= - TVt [Z6 Q) nc” Ip]

= — TVE2V [ 28000 In)]
=TVE 204 VI ZG, Ip

20

The first identity follows from the fact that Z((; Vi, le = Eq [33]. The third

identity follows by noting that Z°V, I has lower transverse order than k + 1 and
thus vanishes by the induction hypothesis. The fourth identity follows covariant
derivatives of Z and the induction hypothesis, and the fifth identity also follows
from the induction hypothesis and the observation [33] that V,,s = 1 — 2sp, where
p= —é(As + Js). The sixth identity then follows from observing that s must be
differentiated, yielding lower order terms which vanish by the induction hypothesis.

The seventh identity follows from the identity nV,, Zv-— V', and the eigth
identity follows from a critical result which holds on a 4-dimensional Bach-flat

manifold [32]: that V - Q = 0. It thus follows that VFE Z 0 for all k, completing
the proof.
U

Remark 5.2. Observe that, in the above proof, we could have terminated our
efforts once we had established that the singular Yamabe metric is asymptotically
Poincaré-Einstein and instead invoked the result of [2]. To do so would have
required establishing their higher-order constraint alluded to above.

Remark 5.3. Note that Theorem is equivalent to the statement that, when
there exists a unique solution to the boundary-value Bach-flat problem on a given
4-manifold with umbilic boundary, its Dirichlet-to-Neumann map in Display (4.6)
becomes

(gaba O) = (07 - DN(4)) )

where DN® is the image of the Dirichlet-to-Neumann map for the Poincaré—
Einstein problem described in [15].

As a corollary, additional hypotheses ensure that the formal Poincaré—Einstein
structure fixed by the above theorem is in fact a genuine Poincaré—FEinstein struc-
ture in a collar neighborhood of the boundary.
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Corollary 5.4. Let (M*, ¢) be an analytic compact Bach-flat conformal manifold
with umbilic boundary . Then there exists a Poincaré—Einstein metric in the
conformal class of the interior of a collar neighborhood of X.

Proof. As (M*, ¢) has an umbilic boundary ¥ and is Bach-flat, it follows from
Theorem that the almost Einstein tensor vanishes formally to all orders, i.e.
E = O(c™). As the conformal manifold is analytic, it follows that the induced
conformal class of metrics on the boundary is also analytic, as is any extrinsic
data (including the fourth fundamental form IV). From [6], it follows that when
the boundary data (the induced metric and the image of the Dirichlet-to-Neumann
map g(g)) is analytic, there exists a unique Poincaré—Einstein metric in the interior
of a collar neighborhood of the boundary. But the image of the Dirichlet-to-

Neumann map DN® is —I{/, which is analytic. The corollary follows.
OJ

It is well-known and easily verified (see e.g. [22]) that on an Einstein 4-manifold,
the Bach tensor vanishes everywhere. However, a simple counting shows that for
most Bach-flat conformal 4-manifolds manifolds with boundary, these manifolds
are not Poincaré-Einstein. Having established Theorem [5.1] we now understand
why that is the case: a Bach-flat manifold with boundary need only have an
umbilic boundary to ensure that it is (at least asymptotically) Poincaré-Einstein.
While this is still quite a strong condition, it is far weaker than might have been
observed naively, namely that 1I = III = 0 [16] and that V - IV = 0. Nonetheless,
we can provide a method of constructing many such manifolds.

Corollary 5.5. Let (M*, g) be a closed Einstein manifold and let v : 3 < M be
an embedded separating hypersurface such that M = M, LUYX LU M_. Then, there
exists a unique metric g, in the conformal class of glu, such that (M, g") is
asymptotically hyperbolic, has constant (negative) scalar curvature, and is Bach-
flat. Furthermore, =0 if and only if g is, formally to all orders, Poincaré—
Einstein.

Proof. First, observe that for any separating hypersurface embedding, one may
always find a unique asymptotically hyperbolic metric ¢* in the conformal class of
g|a+ such that (M, g*) has constant scalar curvature (see Proposition[2.3)); this is
the singular Yamabe solution (M, g%). Now, because g is Einstein, it follows that
g is also Bach-flat. And so, as g* is in the conformal class of g|y;, and the Bach
tensor is a conformal invariant in four dimensions, it follows that g* is Bach-flat
as well. )

Next, suppose that II # 0. Then the conformal class of metrics [g]s, ] does not
contain any asymptotically hyperbolic Poincaré-Einstein metrics |28, [40]. Finally,
we have from Theorem that when II = 0, there exists a unique (formally to
all orders) Poincaré-Einstein metric g} in (M4, [g|am,]). But as g4 is (formally)
Poincaré—FEinstein, it is also asymptotically hyperbolic with (asymptotically) con-
stant negative scalar curvature. But by the uniqueness of ¢g" it follows that g,
must agree with ¢g*. Thus, ¢* is (formally to all orders) Poincaré-Einstein. [



34 S. Blitz & A. R. Gover

Umbilic hypersurfaces are generically quite rare. This explains the observation
above that most Bach-flat conformal manifolds with boundary do not admit a
Poincaré-Einstein metric in its conformal class.

Theorem can be extended to the general Fefferman—Graham flat problem

in a natural way, by demanding that I=I=-= @ = 0. Asymptotics of
the d = 6 case has been examined by [4]. This leads naturally to the following
conjecture:

Conjecture 5.6. Let (M9, c) with d even be a Fefferman—Graham-flat conformal

manifold whose boundary satisfies I=Il=--= @ = 0. Then there exists a
(formally to all orders) Poincaré—Einstein metric representative in (M, c).

Proving such a conjecture in general is significantly more challenging than for
Theorem as that theorem relied on an explicit identity for the Bach tensor—
we suspect that similar identities hold for higher-dimensional Fefferman-Graham
obstruction tensors, but a general result is currently out of reach.
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