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EXOTIC HYPERBOLIC GLUINGS

Prorr T. CHRUSCIEL & ERWANN DELAY

Abstract

We carry out “exotic gluings” a la Carlotto-Schoen for asymp-
totically hyperbolic general relativistic initial data sets. In par-
ticular, we obtain a direct construction of non-trivial initial data
sets which are exactly hyperbolic in large regions extending to
conformal infinity.
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1. Introduction

In an outstanding paper [6], Carlotto and Schoen have shown that
gravity can be screened away, using a gluing construction which pro-
duces asymptotically flat solutions of the general relativistic constraint
equations which are Minkowskian within a solid cone. The object of
this work is to establish a similar result for asymptotically hyperbolic
initial data sets in all dimensions n > 3.

Our result has a direct analogue in a purely Riemannian setting of
asymptotically hyperbolic metrics with constant scalar curvature; this
corresponds to vacuum general relativistic initial data sets where the
extrinsic curvature tensor is pure trace. We present a simple version of
the gluing here, the reader is referred Section 2 for precise definitions, to
Theorems 3.3, 3.7 and 3.10 for more general results and to Theorem 3.12
for an application.

Consider a manifold M with two asymptotically hyperbolic metrics
g and §. Assume that g and ¢ approach the same hyperbolic metric
h as the conformal boundary at infinity is approached. We use the
half-space-model coordinates near the conformal boundary, so that

H =1{0,2)] 2>0,0 c R} CR",  h=2z"%d?+db?).
We set
(1.1) Bs:={2>0, |0]*+2* <%}, CBs:=M)\Bs.

We use the above coordinates as local coordinates near a point at the
conformal boundary for asymptotically hyperbolic metrics.

Let € be a small scaling parameter. A special case of Theorem 3.7
below reads:

Theorem 1.1. Let k > n/2 and let §, g be C**-asymptotically
hyperbolic metrics on an n-dimensional manifold M. There exists 0 <
€0 < 1 such that for all 0 < € < € there exists an asymptotically
hyperbolic metric ge, of C*t2=10/2) differentiability class, and with scalar
curvature lying between the scalar curvatures of g and g such that

(1‘2) ge|BE =g, gs‘DBzﬁ =9g-

Note that if both metrics have the same constant scalar curvature,
then so will the final metric.

When g and § have a well defined hyperbolic mass, then so does g,
with the mass of g. tending to that of g as € tends to zero. The reader
is referred to Remark 3.6 below for a more detailed discussion.

A case of particular interest arises when ¢ has constant scalar cur-
vature and ¢ is the hyperbolic metric. Then the construction above
provides a constant scalar curvature metric which coincides with the
hyperbolic metric on an open region B, extending all the way to the
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conformal boundary. This, and variations thereof discussed below, pro-
vides, in particular, examples of large families of CMC horospheres,
hyperbolic hyperplanes, etc. (compare [19]), in families of asymptoti-
cally hyperbolic constant scalar curvature metrics which are not exactly
hyperbolic.

As already mentioned, our gluing results apply to asymptotically hy-
perbolic general relativistic data sets, the reader is referred to Section 3.4
for precise statements.

The differentiability requirements for the initial metrics, as well as
the regularity of the final metric, can be improved using techniques as
in [9, 7], but we have not attempted to optimize the result.

While the strategy of the proof is known in principle [8], its imple-
mentation requires considerable analytical effort. At the heart of the
proof lie the “triply weighted” Poincaré inequality of Theorem 4.13 and
the “triply weighted” Korn inequality of Theorem 5.18 below.

This paper is organised as follows: In Section 2, the definitions are
presented, and notation and conventions are spelled out. Our gluing
results are presented and proved in Section 3, modulo some key tech-
nicalities which are deferred to Section 4 (where the required weighted
Poincaré inequalities are established) and Section 5 (where the required
weighted Korn inequalities are proved), as well as Appendix A (where
nonexistence of KIDs satisfying the required boundary conditions is es-
tablished).

The reader is invited to consult [11, 21, 12, 7] for the original pa-
pers as well as further applications of gluing constructions in general
relativity.

Acknowledgements. Work supported in parts by the Agence Natio-
nale de la Recherche through grants ANR SIMI-1-003-01 and ANR-
10-BLAN 0105, and the Austrian Research Fund (FWF): Project P
29517-N16.

2. Definitions, notations and conventions

We use the summation convention throughout, indices are lowered
with ¢;; and raised with its inverse g%/.

We will have to frequently control the asymptotic behavior of the
objects at hand. Given a tensor field T" and a function f, we will write

T = Og(f)a
when there exists a constant C' such that the g-norm of 7" is dominated
by C'f.

2.1. Asymptotically hyperbolic manifolds. Let M be a smooth
n-dimensional manifold with boundary OM. Thus, M := M\OM is
a manifold without boundary. (We use the analysts’ convention that
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a manifold M is always open; thus, a manifold M with non-empty
boundary dM does not contain its boundary; instead, M = M U M is
a manifold with boundary in the differential geometric sense.) Unless
explicitly specified otherwise no conditions on M are made — e.g., that
OM or M are compact, except that M is a smooth manifold; similarly no
conditions, e.g., on completeness of (M, g), or on its radius of injectivity,
are made.

The boundary M will play the role of a conformal boundary at infin-
ity of M. Throughout the symbol z will denote a defining function for
OM, that is a non-negative smooth function on M, vanishing precisely
on OM, with dz never vanishing there.

A metric g on M will be called asymptotically hyperbolic, or AH, if
there exists a smooth defining function z such that § = 2%¢g extends by
continuity to a metric on M, with ]dz\g =1+ O(z). The terminology is
motivated by the fact that, under rather weak differentiability hypothe-
ses, the sectional curvatures of ¢ tend to —1 as z approaches zero; cf.,
e.g., [18]. We will typically assume more differentiability of g, as will
be made precise when need arises. In particular, g will be assumed to
be differentiable up-to-boundary.

It is well known that, near infinity, for any sufficiently differentiable
asymptotically hyperbolic metric ¢ we may choose the defining function
z to be the g-distance to the boundary, and that there exist local co-
ordinates (z,04) near M so that on (0,¢) x M the metric takes the
form

(2.1) g =2"2(dz* + Gap(z,6%)d0"do>)

where z runs over the first factor of (0,¢) x M, 64 are local coordi-
nates on OM, and where {gap(z, -)d04doP} z€[0,¢ 18 a family of uniformly
equivalent, metrics on M.

Definition 2.1. Let g be an asymptotically hyperbolic metric such
that § is smooth on M and let W be a function space. An asymptotically
hyperbolic metric g will be said to be of My w classif g —g e W.

k
1,z=9
with ¢ > 0, see Section 2.2 for notation. In local coordinates as
above such metrics decay to the model metric as 2°72, or as 27 in
g-norm, are continuously compactifiable, with derivatives satisfying uni-
form weighted estimates near the boundary. Further, there exists then
a constant C such that

We will be typically interested in Mg,y metrics with W = C

(2.2) g — dlg + Vgl + ... + [VF gy < C27

where the norm and covariant derivatives V are defined by g. For R 3
c>k>1,keNandge M GO the conformally rescaled metrics
1,z

—0o



EXOTIC HYPERBOLIC GLUINGS 247

22g can be extended to the conformal boundary of M, with the extension
belonging to the Clo)-differentiability class.

2.2. Weighted Sobolev and weighted Hdélder spaces. Let ¢ and
1) be two smooth strictly positive functions on M. The function ¢ is
used to control the growth of the fields involved near boundaries or in
the asymptotic regions, while ¢ allows the growth to be affected by
derivation. For k£ € N let Héfﬂp(g) be the space of HJ_ functions or

tensor fields such that the norm?!

k
— 2i1v7(4),,12Y,/,2 1
(2) lullgs = ( /M<§¢ VU0 dpg)

is finite, where V() stands for the tensor V...V u, with V — the Levi-
, times

Civita covariant derivative of g; we assume tzhroughout that the metric is

at least VVl o3 higher differentiability will be usually indicated whenever

needed.

For k € N we denote by H ¢ o the closure in kw of the space of
HF* functions or tensors which are compactly (up to a neghglble set)
supported in M, with the norm induced from HF b The H b ’s are
Hilbert spaces with the obvious scalar product associated to the norm
(2.3). We will also use the following notation

HOk = Hoﬁl, L2 = Io{:?’zp:H](_)’w7
so that L2 = HO := ﬁﬁl
For ¢ and ¢ — smooth strictly positive functions on M, and for k € N

and a € [0, 1], we define C’z’g the space of C*< functions or tensor fields
for which the norm

lull gy = supaers Tig (lles v Outa)l,

i (D) () =V Dy
- SUPO £, () <) /2 P(2)S (@)1 (dg)v - (y)”g)

is finite.

3. Asymptotically hyperbolic metrics and initial data sets

In this section, we will construct metrics with “interpolating scalar
curvature”, in the sense of (3.4) below, in three geometric setups.

As already pointed out, the symbol z denotes a defining function for
OM as in (2.1). In particular, z will be smooth on M, with z > 0 on
M, vanishing precisely on OM.

We will be gluing together metrics which are close to each other on a
set 2 C M. We will use the symbol x to denote a defining function for

!The reader is referred to [4, 3, 16] for a discussion of Sobolev spaces on Rie-
mannian manifolds.
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0Q N M (closure in M), thus, = is smooth-up-to boundary on €, z > 0
on (), with x = 0 precisely on QN M, and with dz nowhere zero on
0Q N M. (The reader is warned that in our applications the boundary
of Q in M and the boundary of € in M do not coincide; as an example,
see the set Q of (3.3) below.)

Throughout this section we use weighted functions spaces with weights

(3.1) ¢ = %, Y = 2%2°p°, where p = /a2 + 22.

A rather simple situation occurs when 2 is a half-annulus centered
at the conformal boundary, this is considered in Section 3.1.

More generally, we consider sets €2 such that the closure 92 N M in
M of 9Q N M is smooth and compact in the conformally compactified
manifold, with two connected components. This is described in Sec-
tion 3.2.

Finally, we can glue-in an exactly hyperbolic region to any asymp-
totically hyperbolic metric in a half-ball near the conformal boundary.
This is described in Section 3.3.

In Section 3.4, we turn our attention to initial data for vacuum Ein-
stein equations. We show there how to extend the proofs to such data.

In Section 3.5, we use the results of Section 3.3 to show how to make
a Maskit-type gluing of two asymptotically hyperbolic manifolds.

Throughout this section, we let g be any fixed background asymptot-
ically hyperbolic metric on M, as explained in Section 2.1.

3.1. A half-annulus with nearby metrics. While our gluing con-
struction will apply to considerably more general situations, in this sec-
tion, we describe a simple setup of interest. We choose the underlying
manifold to be the “half-space model”:

H={(2,0)2>00cR" 1} cR", # ={(z0)2>00cR"1}.

We will glue together metrics asymptotic to each other while interpolat-
ing their respective scalar curvatures. The first metric will be assumed

to be of M gj:él -differentiability class, and therefore, in suitable local
1,z

coordinates, will take the form

1
(32) g= ?((1 +0(2))d2* + hap(z,09)d0*d0" + O(z) adz d6?)
=:h(z2)

where h(z) is a continuous family of Riemannian metrics on R"~!.
We define

Byi={2>0, 3 (0)°+2* <X}, Aoy =Dy \Be.

———
=:10|2



EXOTIC HYPERBOLIC GLUINGS 249

The gluing construction will take place in the region
(3.3) Q=A414.

We take z to be any smooth function on €2 which equals the z2§-distance
to {|0]? + 22 = 1} U {|A)? + 2% = 4} near this last set.

In fact, we only need the metric g to be defined on, say, Bs.

Let ¢ be a second metric on By which is close to g in Cf}jﬁl(, (A14).
Let x be a smooth non-negative function on ., equal to 1 on 7\ Bs,
equal to zero on Bg, and positive on .\ By. Following [13], let

(3.4) =x9+0=x)g,  By=xR(g)+ (1 -x)R(g).
Our result in this context is a special case of Theorem 3.3 in the next
section (see also the remarks after the theorem there):

Theorem 3.1. Let n/2 < k < oo, b € [0, ”—H], o> ”?_1 + b, suppose
that g € Mg, crva . For all § close enough to g in CH1 (A1) there

1,z=¢
1,2—1 )
exists a two-covariant symmetric tensor field h in CF+2-1n/2] (), van-

ishing outside of Ay 4, such that the tensor field g, + h defines a metric
satisfying

(3.5) R(gy +h) = R, .

REMARK 3.2. The construction invokes weighted Sobolev spaces on
Ay with ¢ = z/p, ¢ = 2%2%p°, where a and ¢ are chosen large as
determined by k, n and 0. The tensor field h given by Theorem 3.1
satisfies

= Q,Z) ¢2Hk+2( )

and there exists a constant C' independent of § such that
(3'6) Hh‘|¢2¢2ﬁ$rﬁ2(9x) < CHRX - R(gX)Hﬁisz(gx) .

The reader is referred to Remark 3.4 below for a description of the
behaviour of h near the corner p = 0.

3.2. A fixed region with nearby metrics. As already pointed out,
Theorem 3.1 is a special case of Theorem 3.3 below, which applies to
the following setup:

Consider an asymptotically hyperbolic manifold (M,g). Let Q C
M be a domain which is relatively compact in M and such that the
boundary of €2 in M is the union of two smooth hypersurfaces ¥ and
3. Both ¥ and ¥ are assumed to meet the conformal boundary oM

smoothly and transversally, with NS =10 (closure in M). Furthermore,
we require that € lies to one side of each ¥ and 3. (In the setup of the
previous section we have M = J7, 0 = Ay 4, with ¥ and by being the
open half-spheres forming the connected components of 9A; 4 N JZ.)

As already pointed out, we denote by x a smooth-up-to-boundary
defining function for 92 N M, strictly positive on 2.
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Recall that the linearized scalar curvature operator P = Py is
P,h := DR(g)h = —V* Vi (try ) + V*V'hyy — RFhy
so that its L? formal adjoint reads
37  P;f = [DR(@I'f = —V'Vifg+VVf—fRic(g).

We consider two asymptotically hyperbolic metrics g and ¢ defined
on Q. Let x be a smooth non-negative function on Q which is one near 3.
and is zero near Y. Assuming that the metrics g and g are close enough
to each other on 2 in a z-weighted norm, we can glue them together
with interpolating curvature as in (3.4):

Theorem 3.3. Letn/2 < k < oo, b€ [0,2], 0 > 251 +b, ¢ = x/p,

W = x%2bp°, suppose that g € M. GOkt - For all real numbers a and c
1,z —1

large enough and for all g close enough to g in Cfiﬁld (Q) there exists a

unique two-covariant symmetric tensor field of the form

h=4*¢" Py u € Q" Hy 2 (g,) = HYT2 0, (90

such that g + h defines an asymptotically hyperbolic metric satisfying
(3.8) R(gy +h)=R,.
Moreover, there exists a constant C' such that

(3.9) 102520 < OB = Rt (6,

The tensor field h vanishes at O and can be C*t2-1"/2 _extended by
zero across OS).

REMARK 3.4. Using a weighted Sobolev embedding we find
he w ¢2Hk+2( )

2a+2,2b 2c-2 ~k+2-|n/2]+a _ okt2=[n/2]+a
Cx P C{Z/p pa+n/2,b pe n/2 Cx/p7m—a+n/2—2z—bp—c—n/2+2 ’

where « is any number in (0, 1) when n is even, and o = 1/2 when n is
odd, and in fact, it holds (see Appendix B)

hZOg(fL‘a n/2+2 bpc+n/2 2)

We also note that
||Rx - R(Qx)”ﬁk B § CHRX - R(Qx)”éf .

for o > 2= + b, hence, we also have

(3.10) 1l o it g0y < C¥I1Bx = Rgller g

We, finally, note that ngbQﬁIsz(gX) = f{(l;jf,1¢72 (gx), as follows from

(3.15) below (see also [8] Appendix A). O
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REMARK 3.5. The cutoff function x used to interpolate the scalar
curvatures can be chosen to be different from the one interpolating the
metrics. (|

REMARK 3.6. Suppose that g is an asymptotically hyperbolic metric
asin [10, 22]|. The total energy-momentum vectors [10, 22] with respect
to g of the metrics g and ¢ will be well defined if they both approach ¢
as og(z”/ %), with scalar curvatures approaching that of § suitably fast.
The final metric will asymptote to g as og(z"/ %), and therefore, will
have a well defined energy-momentum, if we require that b > 5; such a
choice forces ¢ > n — % Note that the decay towards g of the metrics
constructed above might be slower in the gluing region than that of
time-symmetric slices in Kottler-Schwarzschild-anti de Sitter metrics.

In our construction the fastest decay of the perturbation of the metric
is obtained by setting b = ”TH, this forces o > n, in which case both
g and § must have the same energy-momentum. But a choice of b €
[n/2,(n+1)/2) allows gluing of metrics with different energy-momenta,
and nearby seed metrics will lead to a glued metric with nearby total

energy-momentum. ]

Proof of Theorem 3.3. We want to apply [8, Theorem 3.7] with K =
Y =J =0 and dp = R, — R(gy), to solve the equation

(3.11) Y [R(gy +h) — R(gy)] = v 7*[Ry — R(gy)].
= (h)

with g, close to g. This requires verifying the hypotheses thereof.

We start by noting that R, — R(gy) vanishes near the boundary
{z = 0}, is O(27) near the boundary at infinity {z = 0}, and tends to
zero together with g, — ¢ when g approaches g. The condition on o
implies that

V2 [Ry — R(gy)] € Hg .
Let us verify that the weight functions (3.1) satisfy the conditions

(A.2) (namely (3.15) below), as well as (B.1) and (B.2) of [8]. For
simplicity of the calculations below it is convenient to assume that

(3.12) 08) is g-orthogonal to M <=  ¢(V,Vz) = O(z%).

If this does not hold, we choose €' C 2 for which (3.12) holds, and we
continue the construction with  replaced by 2. The set Q' can be cho-
sen so that the cut-off function y remains constant near the boundaries
of /. The tensor field h constructed on Q' will also provide a tensor
field which has the desired properties on the original €.

Without loss of generality we can choose the defining function z :
Q — R* of 90N M so that

(3.13) ldz|g =1+ O(x).
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A calculation gives (see (5.14) below with V = Vu = VIn)

:L‘2

2
b2 VY2 = ﬁﬂ{f;2+62+k?+2ar%%d

52
2

p
22 22
+0(2) +aO(—) + 2abO()} .
x x
Expanding the right-hand side and using

(3.14) 0<¥<1, o0<Z<i,
p p

we see that 1 =2¢?|V|? is bounded. The same formula with a = 1,
b =0 and ¢ = —1 similarly shows that |V¢|? is bounded.

Induction, and similar calculations establish the higher-derivatives
inequalities in
(3.15) 67 VOely < Ci, [T VIl < G

Condition (B.1) of [8] is clearly verified.

For condition (B.2) of [8], we recall that if p = (z,y, ) is in a g-ball
centred at pg = (70,0, 20) and of radius ep(pg) then the 2%g-distance

from p to pgy is bounded up to a multiplicative constant by ezop(p) =
€z0xo/po. In particular, from (3.14)

2020

|z — 20| <€ < ezp,
Po
and
20
|z — xo| <€ 070 < ey
Po

This proves that, on this ball, z is equivalent to zg and x equivalent to
xg, thus, z/p is equivalent to xzy/pp, which is exactly condition (B.2)
of [8].

To continue, recall that elements of the kernel of the linearized scalar-
curvature map are called static KIDs. We need to check that within our
range of weights

(3.16)  a) there are no static KIDs in H :4

T —17xaszc

(), and
(3.17)  b) the solution metrics are conformally compactifiable.

Now, it is well-known that static KIDs on 2 are exactly of g-order

271, so those of order o5(z~!) vanish (see Appendix A). Hence, the

requirement (3.16) that there are no KIDs in the space under consider-

ation will be satisfied when z~! ¢ ﬁgﬂ,lyxaszc(ﬂ); equivalently
1
(3.18) bg"; .

For (3.17) we consider the linearized equation, as then the inverse
correction to the initial data. Hence, we consider a perturbation dp of
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the scalar curvature on €). Recall that the linearized perturbed metric
dg is obtained from the solution § N of the equation

(3.19) Py¢" 0 Py (6N) = 6p € ¥*H{ (9)
where one sets
(3.20) = M2 P*(6N) € 1 ¢2Hk+2( ).

Appendix B gives
(321) SN = O( —a— n/QZ—bp—C—l—n/Q)
with corresponding behaviour of the derivatives:

(i) VOSN = og(:v_“_"/2z_bp_c+”/2).

This leads to

5920 ( a— n/2+22bpc+n/2 2)

We conclude that (3.16)—(3.17) will be satisfied for all a big enough and
¢ >2—n/2 if and only if

(3.22) 0<b<

where a large value of a guarantees high differentiability of the tensor
field h when extended by zero across 0f2.

One can now check that the conditions on the weights a, b and ¢
guarantee the differentiability of the map 7, of (3.11). We make some
comments about this in Appendix C

To end the proof, we note that Theorem 3.7 of [8] invokes Theorem 3.4
there. As such, that last theorem assumes that the inequality (3.1) of [8]
holds, as needed to apply the conclusion of Proposition 3.1 there. In
our context, the required conclusions of [8, Proposition 3.1] are provided
instead by Corollary 5.21 below (where a trivial shift of the indices a, b
and ¢ on the weight function ¢ has to be performed). q.e.d.

3.3. Exchanging asymptotically hyperbolic regions. The aim of
this section is to show that any two asymptotically hyperbolic metrics
sharing the same conformal structure on a dM-neighborhood of a point
p belonging to the conformal boundary 0M can be glued together near
p. A case of particular interest arises when one of the metrics is the
hyperbolic metric, leading to a configuration, with well defined and
finite total mass if this was the case for the other metric, and with
an exactly hyperbolic metric near a dM-open subset of the conformal
boundary.

Theorem 3.7. Let n/2 < k < oo, 0 > 5. Consider two asymptot-
tcally hyperbolic metrics g and g such that g € M§+Ck+4 and § — g €
l.,z71
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CHHA . For any p € OM and any b € (0, min(%tt, o — 251)) there emist

l,z=9°

M -neighborhoods % and ¥ of p such that % C ¥ and a metric
g e ckr2-ni2ln Criz,
satisfying
(3.23) gy =9, Glw =g,
with the Ricci scalar R(g) of g between R(g) and R(g) everywhere.

REMARK 3.8. R(g) is given by an interpolation formula as in (3.4),
where the function y equals one outside of ¥ and vanishes in % . O

REMARK 3.9. In a coordinate system (z, ) as in (3.2) the sets % and
¥ will be small coordinate half-balls near p, and can be chosen as small
as desired while preserving a uniform ratio of their radii. The metric ¢
will be arbitrarily close to g in the sense that the norm [|g—g]|, - in/2)

will tend to zero as the half-balls shrink to a point. A weighted- Sobolev
estimate, as in Theorem 3.3, for § — g can be read-off from the proof
below.

If both metrics have a well defined hyperbolic mass, then so does g,
with the total mass of g approaching that of ¢ when the half-balls shrink
to a point. ]

Proof. Let r be a defining function for the conformal boundary such
that 7 is the r?g-distance to M near this boundary (the reason why
we use the symbol r for the coordinate denoted by z elsewhere in this
work will become apparent shortly). In particular, near the boundary
the metric takes the form

(3.24) g =7r"2(dr® + h(r)),

where h(r) is a family of Riemannian metrics on OM.

Let w denote a coordinate system on OM centered at p, with
12gijlpdwidw! =", (dw')?, and with 0, (r2g;j)|, = 0, as can be arranged
by a polynomial change of coordinates w. Thus, in local coordinates,
for small 7 and |w| the metric g takes the form

(3.25) g=r2 (dﬁ + Z(duﬂ')? +(O(r) + O(|w|2))ijdwidwj> :

:.é
(Note that ¢ is the hyperbolic metric in the half-plane model.) The
metric ¢ similarly takes the form (3.24) with h(r) there replaced by
h(r), with

(3.26) G—g=h—h=00""%)dw dw .
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Let 27, Bs and A, 5 = Bs \ Bc be as in Section 3.1:
H={(0,2)2>0, 0 e R} Bs={2>0, |0]>+ 22 <4},
Acs = Bs\ Be.

Let ¢y : A1 4 — A) 1) as defined by
(w,r) = or(0,2) = (N0, \z),
and on By define the metrics
=039, Gr =G =9gr+ O0g, (X727).
When A approaches zero the metrics gy and g, uniformly approach each
other in C’Z‘:ﬁla (A1,4), so that for all A small enough the result follows
from Theorem 3.1.

Note that the correction tensor h) obtained in this way can be esti-
mated as

hy = 0, ()\axa—n/2+2szc+n/2—2) _ Og)\(/\azb) _ Og()\a_brb),

where in the second equalities we have used the fact that the functions
x and p are bounded on A; 4, with positive powers as a and c are large.
q.e.d.

3.4. Asymptotically hyperbolic data sets. The above gluing for
scalar curvature can be extended to the full vacuum constraint opera-
tor, with or without a cosmological constant A. Recall that given a pair
(K,g), where K is a symmetric two-tensor field and ¢ is a Riemann-
ian metric, the matter-momentum one form J and the matter-density
function p are defined as
J 2(_ijij + V; tl"K)
(3.27) € (K,g) = (K,g):= ;
p R(g) — |K[* + (trK)? — 2A

where the norm and covariant derivatives are defined by the metric g.
The map ¢ will be referred to as the constraint operator.

There exist two standard settings where asymptotically hyperbolic
initial data occur. The first one is associated to the representation of
hyperbolic space as a hyperboloid in Minkowski, in which case g is the
hyperbolic metric, K = g and A = 0. The second one corresponds
to the occurrence of hyperbolic space as a static slice in anti-de Sitter
spacetime, in which case ¢ is again the hyperbolic metric, K = 0 and
A= —@. We also note sporadic appearance of exactly hyperbolic
slices of de Sitter spacetime in the literature.

Choose a constant 7 € R and set
(n—1)(r%-1)

5 .
We say that a couple (K, g) is asymptotically hyperbolic, or AH, if ¢
is an AH metric and K is a symmetric two-covariant tensor field on M

(3.28) A="
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with |K — 7g|, tending to zero at the boundary at infinity. (Note that
T is mot the trace of K at infinity, but n times the trace. The constant
A is chosen so that AH initial data just defined satisfy asymptotically
the vacuum constraint equations (3.27).)

We denote by P gy the linearization of the constraint operator at
(K, 9).

We will make a gluing-by-interpolation. The main interest is that of
vacuum data, which then remain vacuum, but there are matter mod-
els (e.g., Vlasov, or dust) where an interpolation might be of interest.
Starting with two AH initial data sets (K,g) and (K, §), sufficiently
close to each other on regions as in the previous sections, and given a
cut-off function x as before, we define

(K, 9)y = x(K,§) + (1 —x)(K,g),
%= XC(K,5) + (1 - X)C(K.qg),
06y =Gy — C((K,9)y) -

With these definitions, the gluing procedure for the constraint equations
becomes a direct repetition of the one given for the scalar curvature.
Letting € be as in Section 3.2, one obtains:

Theorem 3.10. Let k > n/2, b € [0, ”T‘H], o> "T_l +b, ¢ =2x/p,
W = x%yPp°, T € R. Suppose that g € M§+Cft4—1 and K — 1§ € CF3

1,271°
For all real numbers a and c large enough and all (K,g) close enough
to (K, g) in C**3_(Q) x C’fiﬁlg (Q) there exists a unique couple of two-

1,27
covariant symmetric tensor field of the form

(0K, 6g) = ®U* DRy ) (5Y,0N) € v (oHET2(9) x 0*HET(9))
such that (K, + 0K, g, + dg) solve
(3.29) % ((K,g), + (6K, 09)] — €[(K. g),] = 6%, .
Furthermore, there exists a constant C such that
(3:30)  W(OK, 09)llyz (sirtt2 (g x 2k 2 ()
<C ||5<5x||ﬁf;b(g

OXIE 4 (9)

The tensor fields (6K, 8g) vanish at OQ and can be C* 2~ 2] extended
by zero across OS).

REMARK 3.11. There are obvious analogous initial-data rephrasings
of the results of Sections 3.3 and 3.5, we leave the detailed spelling-out
of the results to the reader. O
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Proof. We only sketch the proof, which is essentially identical to the
scalar-curvature case. We claim that we can use the inverse function
theorem to solve equation (3.29), where

(3:31) (0K, 5g) = V@ Pl ) (Y, N),
and where ® is defined as

(3.32) O(z,y) = (¢, 0%y).
For this, we first need a weighted Poincaré type inequality near the

boundaries for P(*K o) By a direct adaptation of the arguments given

at the beginning of [8, Section 6], it suffices to prove the corresponding
inequality for ¢2Pg* and for ¢S. We will see shortly that the conditions
imposed on the weights imply that the operators concerned have no
kernel, and thus, the desired inequalities are provided by Corollary 5.21
below with F = H2¢ and Theorem 5.18 below with F' = H S+ This
provides the desired inequality for tensor fields supported outside of a
(large) compact set.

Putting the inequalities together we find that on any closed space
transversal to the kernel of P(*K,g) it holds that

||Y||I§é’w(g) + ||N||131§1w(g) < Cl@Pk ) (Yo Nl 12 g)

If we choose the weights so that there is no kernel (see Appendix A), one
concludes existence of perturbed initial data (§K,dg) given by (3.31),
where

(Y,N) € H 2 (9) x Hy M g) -

Appendix B gives, in particular,
(3.33) N = O(x—a—n/Qz—bp—c—&-nﬂ) . Y= Og(:L,—a—n/ZZ—bp—c—i-n/2)7
with corresponding behaviour of the derivatives:
a’ () —a—n/2_—b —c+n/2 a’ (4) —a—n/2_—b _—c+n/2
— VYN =o4(x 277p ),?V Y =o4(x z277p ).
p
In particular, <I>P(*K 9) will possess the same asymptotic behaviour. Thus,
(3.34)
(0K, dg)

= BY20P(0Y,0N) € v* (oHE(g) x 621} 12(9))

p
— <Og(xafn/2+1szc+n/2fl) ’Og(xafn/2+22bpc+n/2—2)> _

2
z —a— b —
x2a22bp2c <pog(x a— n/2 P c+n/2)’7209($ a n/ZZ bp c+n/2)>
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In fact, Appendix B gives
(3.35)

(0K, 3g) € oFt2-L3l+a

k+2—| 5 J4+a
zpfl’z—a+n/2—lszp—c—n/2+l X C

zp*l,z_a+"/2_2z*bp_c_"/2+2 .

One concludes using the inverse reworded function theorem as in the
proof of Theorem 3.3. q.e.d.

3.5. Localised Isenberg—Lee—Stavrov gluing. The gluing construc-
tions so-far allow one to provide an analogue of “Maskit-type” gluings
of Isenberg, Lee and Stavrov [17]. This proceeds as follows:

Consider points p1, p2, lying on the conformal boundary of two asymp-
totically hyperbolic manifolds (M, K1, g2) and (My, Ko, g2), or two-
distinct points lying on the conformal boundary of an asymptotically
hyperbolic manifold, with the same constant asymptotic value 7 of the
extrinsic curvature tensors in all cases, and with conformally flat bound-
aries at infinity. For definiteness we sketch the construction in the former
case, the latter differing from the former in a trivial way. As described
above, for all ¢ > 0 sufficiently small we can replace the metrics g; by
the hyperbolic metric in coordinate half-balls %g(l) around p; and %5(2)
around ps, and the K;’s by 7 times the hyperbolic metric. By scaling
%5(2) we obtain a metric near po which is the hyperbolic metric inside
a half-ball B4 and coincides with go outside of Bg. Performing a hy-
perbolic inversion of %5(1) about pi, followed by a scaling, one obtains
a metric on the half-space model which coincides with g;|p, inside a
semi-ball B; and the hyperbolic space outside of a half-ball Bs. Identi-
fying the hyperbolic metric on the annulus A, 4 in the trivial way, one
obtains a “Maskit-type” gluing of the initial data across the annulus, as
illustrated in Figure 3.1.

@@)@)

Figure 3.1. The Isenberg—Lee—Stavrov gluing of an AH
initial data set to itself (left figure) or of two AH initial

data sets (right figure). Figures from [17], with kind
permission of the authors.
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Summarising, we have (the detailed regularity conditions on the met-
rics are as in Theorem 3.10):

Theorem 3.12. Let (My, K, 94), a = 1,2 be two asymptotically
hyperbolic and asymptotically CMC' initial data sets satisfying the Ein-
stein vacuum constraint equations, with the same constant asymptotic
values of try, K1 and try, Ko as OM is approached and with locally con-
formally flat boundaries at infinity OM,. Let p, € OM, be points on
the conformal boundaries. Then for all € sufficiently small there exist

asymptotically hyperbolic and asymptotically CMC vacuum initial data
sets (M., K., G.) such that

1) M. is diffeomorphic to the interior of a boundary connected sum
of the M,’s, obtained by excising small half-balls By around p1 and
By around ps, and identifying their boundaries.

2) On the complement of coordinate half-balls of radius & surrounding
p1 and p2, and away from the corresponding neck region in M.,
the data (K., g:) coincide with the original ones on each of the
M,’s.

The analogous statement for gluing M with itself, as in the left figure
of Figure 3.1, is left to the reader.

We emphasise that our construction applies to all dimensions, and
only deforms the initial data sets near the gluing region. It does not re-
quire any non-degeneracy hypotheses, or polyhomogeneity, on the met-
rics. The drawback is that one has poorer control of the asymptotic
behavior of the initial data in the gluing regions as compared to [17];
the exact differentiability of the resulting metrics can be read-off from
our theorems proved above. In particular, the differentiability at the
conformal boundary of the final initial data set is well under the thresh-
old needed to apply the current existence theorems for the conformal
vacuum Einstein equations [14, 20, 15].

4. Weighted Poincaré inequalities

The aim of this section is to establish weighted Poincaré inequalities
for metrics of the form

1 o )
(4.1) g= 2 ((1+ O(z))dz2 + hij(2,0%)d6'd67 + O(z)d0"dz) =: 2727,
—_————
=:h(z)
where h(z) is a family of Riemannian metrics satisfying
¢ i;ij(ek)dﬁidej < h(z)<ch,
g
=:h

for some smooth metric / and some constant ¢. Here {z =0} isa
conformal boundary at infinity, and the coordinates (6%) = (x,y?) are
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local coordinates on the level sets of z. The coordinate x should be
thought of as a defining coordinate for another boundary {x = 0},
which will be chosen to satisfy

(4.2) dz|? = (14 0(z)) <= |daf} =2*(1+ O(x))
The inequalities we are about to prove correspond to weights
¢ — { Q;Z) _ :L,a—lszc—l—l

p )
which are trivially shifted as compared to those of Section 2.2.
REMARK 4.1. We recall that the function z is assumed to be smooth,
bounded, and defined globally, providing a coordinate near the confor-
mal boundary but not necessarily elsewhere. Similarly, the function =

is assumed to be smooth, bounded, and defined globally, providing a
coordinate near its zero-level set but not necessarily elsewhere. O

The following identity will often be used:
(4.3) (- = -2 (25@%j)z - glﬁ’ﬂz) ,

where V is the covariant derivative of the metric g. Further, a paren-
thesis over indices denotes symmetrisation, e.g.,

1
XaYj) = 5 (XY +YiX;).

REMARK 4.2. In the calculations leading to various intermediate es-
timates the Christoffel symbols of § will be assumed to be in L*>°. How-
ever, we note the following: Many of the arguments in this paper are
based on inequalities for tensor fields of the form

(4.4) / Lyul2¢%dyny > / (C? + o(1)ul2¢2dp,.

where L, is a first order operator (equal in our case to V or the operator
S of (5.1) below), and o(1) tends to zero when some parameters (e.g., a
relevant variable) tend to zero. We observe that if the inequality (4.4)
is valid for a metric g, and if h is another metric equivalent to g and
such that |Vgh|g¢ = o(1), so that

T(g) = T(h)lgp = o(1),
then the inequality will remain valid for h.

Similar arguments can be used for inequalities involving boundary
terms, and /or for operators of order k. O

REMARK 4.3. Our strategy to obtain (4.4) is to use possibly several
integrations by parts to obtain an identity of the form

(4.5) /u « Lt dup? = /(02 T o(1))[ul?,
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perhaps with further boundary terms, where uw * Lu is a linear combi-
nation of controlled tensors contracted with © ® Lu in such a way that
the pointwise inequality |u * Lu|, < Cluly|Lul, holds everywhere for
some constant C. The inequality (4.4) is then obtained by estimating
the integrand of the left-hand side of (4.5) as

2
c 1
|lulg| Lulgp < 5\“@ + @&ILUI?,’

and by carrying over the c2|u]§w2/2 terms to the right-hand side of (4.5).
]

We will need the following generalisation of [8, Proposition C.2], with
identical proof, except that a boundary term arises now:

Proposition 4.4. Let u be a C' compactly supported tensor field on
a Riemannian manifold (M, g), and let w,v be two C? functions defined
on a neighborhood of the support of u, then for any domain € with
Lipchitz boundary,

(4.6) /eQU\Vulz > /62“ [Av+ Aw + [Vo]? — [Vw]?] |ul?
Q Q

- [ s w P,
o0
where 1 is the outwards unit normal to OS).

4.1. Near the corner. We start with the following:

Proposition 4.5. Let R 5 b # ”T_l, c € R. For all a large enough
there exist constants ¢ > 0, £ > 0 and Z > 0 such that for all differen-
tiable tensor fields u with compact support in {0 < x < £}N{0 < z < 2}

we have
(4‘7) /£2m2a22bp2c|vu’2 > 6/52$2a—222bp2c+2|u|2 )

REMARK 4.6. We can write

2\ €
anz%p% _ (f)za »2(a+b+c) <1 i 952) _. y2(atbte)p, (E) ‘

z z z
Since z/z is equivalent to the hyperbolic distance from {z = 0}, we see
that our weights are equivalent to functions of the compactifying factor

z and of the hyperbolic distance to {x = 0}. O

REMARK 4.7. Our proof will appeal to the extensive calculations
of Section 5, which have to be done anyway for the purposes there.
However, a computationally-friendlier proof of Proposition 4.5 can be
carried out basing on the following observations:

First, a standard calculation shows that it suffices to prove (4.7) for
functions: Indeed, suppose that (4.7) with u replaced by f is true for
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all differentiable functions f with support as in the statement of the
theorem. Let x be a smooth function with compact support in {0 <
x < #}N{0 < z < 2} such that y = 1 on the support of the tensor field
u. For € > 0 set foc = xy/€® + |u|?. Then

|er|2 < 2(]VX]2(62 + \u|2) + ]Vu|2) )

After passing with e to zero in the inequality (4.7) with u replaced by
the function f. one obtains (4.7) for the tensor field w.

Next, for sufficiently small z and z the metric (4.1) is equivalent to
the metric

1
(4.8) g= ;(sz +[do[?) .

But when u is a function, the inequality (4.7) clearly implies the same
inequality for any metric which is uniformly equivalent to (4.8). Hence,
it suffices to prove (4.7) for functions with the metric (4.8). The calcu-
lations of Section 5 become considerably simpler in this setting. O

Proof of Proposition 4.5. We wish to apply Proposition 4.4 (actually
here the original version from [8] without the boundary term suffices),
with v and v equal to

(4.9) v=alnzx+blnz+clnp, w=vinzx+pFlnz+ Alnp,

and where p = V22 + 22. In fact, A = 0 suffices for the current proof,
but we allow A € R for future reference. We are interested in the region
of small x and z, and therefore, also small p.

Using (5.16) and (5.17) below one finds

(4.10)  Av+|Vo]2 + Aw — |Vw|?
=bb+1—n)+pB(l—n—p)

=:a

2
+0(z) + {a(a —1)—v(v+1)4+0(z)| =

22

=:b

+ [c(c+2—n—2b+2a)+)\(—2u+2—n—)\—25)

=:¢

Z2

+O0O(z) + O(z)} e

We choose = (1 —n)/2, v =-1/2, and A = 0. Then a = (b+ (n —
1)/2)2 >0, b = (a — 1/2)? > 0 and, for a large, b + éx%/p? > b/2 > 0.
q.e.d.
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4.2. A vertical stripe, z-weighted spaces. Let (M, g) be an AH
manifold with ¢ = 272g. Let U be an open subset of M with smooth
boundary OU C M such that the boundary of U in M is OU U 05U,
where OU C M and 0,U C OM, with QU orthogonal to the level set of
z near {z = 0}, in particular, OU meets M g-orthogonally. Let n be
the g-unit outwards normal to OU. In our applications the set U will
be of the form

U={0<z <zx<z9, 0<2< 21}

(smoothed-out near {z = 21} x {x = x1 or xs} if desired), and note that
neither x5 nor z; are assumed to be small.

Proposition 4.8. For all b € R and all tensor fields u compactly
supported in M we have

/U|vu|222b _ /UZ% [(b_n;1>2+0(1)

+/6U L2 (”;1 . b+0(1)> IuIQ(%m)-

Proof. We apply Proposition 4.4 with v = blnz and w = 1_?”ln z.
q.e.d.

[ul®

Given our choice of the set U we have (¥2,7) = 0 near {z = 0},

which leads to:

Proposition 4.9. Let b € R, b # "T_l There exist zo > 0 and a
constant C > 0 such that for all tensor fields u compactly supported in
M it holds

/\Vu]QZQb—i—/ ]u\z—i-/ |ul? ZC’/ 22 %,
U Un{z>z0} oUN{z>zp} U

4.3. A horizontal stripe away from the corner. In this section, we
stay away from the conformal boundary {z = 0}, so the issue whether
or not (M, g) is asymptotically hyperbolic becomes irrelevant. The ar-
gument is somewhat similar to that in the last section. Note, however,
that both the result and the details of the analysis here are a fortior:
different, because in the current section the metric is smooth up to
the boundary {z = 0}, while in Section 4.2 the metric degenerates at
{z=0}.

To make things unambiguous, throughout the current section we con-
sider a Riemannian manifold with boundary (M,g), and denote by
M the interior of M. Let 2 be a smooth defining function for 9M,
equal to the distance to M near M. Let U be an open subset of M
with smooth boundary OU C M such that the boundary of U in M is
oU U 0gU, with 9gU C OM, and with OU being orthogonal to the level
set of  near {z = 0}. In particular, U meets OM g-orthogonally. Let
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1 be the outwards-pointing unit g-normal to OU. Neither M nor oU
need to be connected.
For our applications the set U will take the form

U={0<z<x1, 21 <2< 29}
smoothed-out near {z = 21, 22} x {x = 21},

with 21,21 > 0. As before, neither the z;’s nor x1 need to be small.

REMARK 4.10. The reader is warned that the results of the current
(sub)section are proved for a general Riemannian metric g, but will be
used in our applications with the metric § = 2%¢g in place of g. Since
z1 > 0, we are away from the corner x = z = 0, so the asymptotic
estimates both for g and g are of the same type because the norms are
equivalent, and we also have I'y — I'y = O,4(1) = Og(1) (with constants
which degenerate as z; tends to zero; this issue is addressed in our final
argument by the analysis of Section 4.1). O

Proposition 4.11. For all a € R and all tensor fields v compactly
supported in M we have

1\ 2
/ Vul|?2?* = / g2e=1) <a - > +o(1)
U U 2

_ /8 ey <a 1 0(1)) [ (Vir,m).

Proof. We apply Proposition 4.4 with v = alnx and w = —%ln T.
q.e.d.

[ul®

Since (%, 1) = 0 for small z, we obtain:

Proposition 4.12. For all a € R, a # %, there exist xo > 0 and a

constant C > 0 such that for all tensor fields u compactly supported in
M

7

/|vuy%;2a+/ \u|2+/ 2 zc/ 220Dy 2.
U Un{z>z0} oUN{z>xz0} U

4.4. The global inequality. The series of estimates above can be put
together to obtain the desired weighted Poincaré inequality:

Theorem 4.13. Let ¢ = x/p, ¥ = x*12°ptL, and suppose that
F C H s U8 a closed subspace of Hld) transverse to the kernel of V.

Then for allb # (n—1)/2, all ¢ € R and for all constants a sufficiently
large there exists a constant Cy(a,b,c, F') > 0 such that the inequality

(4.11) l¢Vullzz > Crla, b e, F)l|ullg
holds for all uw € F'.
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Proof. The proof is a repetition of that of Theorem 5.18 below with
the following changes: S there is replaced by V; Y there is replaced
by u; Proposition 5.5 there is replaced by Proposition 4.5; Proposition
5.1 of [8] there is replaced by Proposition C.3 of [8]; and Proposition
6.1 of [8] there is replaced by Proposition C.7 of [8]; Propositions 5.11
and 5.17 there are replaced by Propositions 4.9 and 4.12. q.e.d.

For future reference, we note that one of the steps of the argument
just outlined proves the inequality

(412)  [6Vullzz + ol + el > Crlasb,e K, D)l

for some sufficiently large compact set K and for some relatlvely com-
pact smooth hypersurface ¥, and for all tensor fields u in H S with a
constant C depending upon the arguments listed; compare (5.40) be-
low. We note that one can get rid of the [ul|2(x)-term in (4.13) using a
trace theorem: letting K; be a compact nelghborhood of 3, there exists
a constant C such that

ullzsy < Cllullg gy -

Using again the symbol K for K U K, trivial rearrangements in (4.12)
lead to

(4.13) loVullrz + llull 2y = Cilas by e, K)l[ull gy |

5. Weighted Korn inequalities

Given a vector field Y, let S(Y) denote one-half of the Killing form
of Y:

(5.1) S(V)y 1= (V¥ + V%),

We will need the following results, where (2 is allowed to be any set
with piecewise differentiable boundary, and where the vector field Y is
allowed to be non-vanishing on 0. Identities (5.2) and (5.3) below are
established by keeping track of the boundary terms in the corresponding
calculations in [8].

Proposition 5.1. [8, Proposition D.2] For all functions u, all vector
fields V' and all vector fields Y with compact support we have the equality

(5.2)
/Q U[S(Y) + tr(S(V)gl(Y, V)

1 1
=5 [TV v VIV Vgl
Q

£2Adu Y)Y} g [ YR+ 200 V), Vo).
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Proposition 5.2. [8, Proposition D.3] For all differentiable vector
fields Y with compact support and functions u and v defined in a neigh-
borhood of the support of Y it holds:

(5.3) - 2/{2062US(Y)(VU,VU)<CZU,Y>9

:/e2u<du,Y>g[<dv,Y>g(\dv\2
Q
+ vAv 4 2v(dv, du)y) + 20V Vo (Y, Vo)

—/ ve2u<dv,Y>§<dv,77>g.
o0

Throughout this section we consider metrics of the form (4.1), as in
Section 4.

We start with the Korn inequality for vector fields supported near
the corner {z = z = 0}.

Similarly, to Section 4, the weighted Korn inequalities that we are
about to prove correspond to weights

x
¢ p 7 17/) .’L'a_lszc+1 )
5.1. Near the corner.

Proposition 5.3. For all a,b,c, A, B,C € R and all vector fields Y
with compact support in Q let

(5.4) V= A@JFBEJFCW Y, = <V; YY), V.= (vZZ Y).

P
We have
1
a2 IS ) + (S v V) =
1/ 2a—2 25 26+2 (A|Y‘2+Axxy2+/4zzy ‘I’AIZYY )
2Ja
with
1 2 1 22
= —=(14+n—2b)B= + ~(2a — 1)A=
A 2( +n —2b) p2+2(a )p2
n 22.1,'2
+ (—50 +[Ce+ (Ac+ Ca) + (Be+ C))) 4
ZiL'Q
+O(?) + AO(z) + (Ab + Ba)O(x),
2 2,4 2,..2
Apy = A(2a—1)p +20(c — )%+2(Ac+0(a—1))zx
ZIL’2 2

O )+ AO(p)
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A.. = O(=),
A, = O(=).

Proof. We use Proposition 5.1 with

(5.5) u=aln(z)+ bln(z) 4+ cln(p) .

It follows from (4.1) that
(5.6)

267

\dz|§ = 22(1+0(2)), |dm|§ = 22(1+ O(z)), and (Vz,Vz), = O(z3).

Then

1
VVz = ;(Vsz + VaVz) + Oy(2*

_ VaVze 1
(5.7) V(z™'Vz) = - 2

VV(:h =z2"1g+0,01),
VzVz

VVz=—zg+2 +0,4(2%),
(5.8) V(v =gt 22 vzvz +0,(2),
and pVp = xVz 4+ zVz. We deduce
(5.9) p~1Vp) = ( 295 ) VaVz + ( 2=
p p
+

< 2 4+ P )(Vsz—i—Vsz)

2

+ = (V2Vz + VaVz) + 0,(>),
Tz X

Tz
g+ 09(?) + Oy(

VaVzx
VzVz

) fea ﬂ (VaVz + VzVa)
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2 2 3,2 3
(5.11) divV = —A% F(1-n)B+(@2— n)c% + O(xpz ) + 0(%)
52 52 4 45
+O0(z) + AO + 0 +0 + Oy
(2) () (S e ) +0(=r pe ) (p )
Inspection of the error terms allows us to rewrite the last equation as

, 22 22 P
(5.12) divV = —A; +(1—-n)B+(2— n)Cﬁ +0(z) + AO(;) .

Using
1 z? 1
(5.13) VVu = aA? + CCF + (Ac+ Ca)pQ] VaVz
- e
+ Bb—2 + C'c + (Be+ Cb)— } VzVz

+ Ab——i—Ac—-ﬁ-Cb —i—C’c }va,z
zp? 2p? p?

+ Ba— + Bc— +Ca— ch:j] VzVux,
I p? p

xz zp?
we obtain
22 22
(5.14) (V,Vu), :aAﬁ—i-Bb—l- [C’c+Ac—|—C’a+Bc+Cb]?
22 22
+0(z) + AO(;) + (Ab+ Ba)O(;) :
Let

1. 22
—2I := §d1vV + (du, V)4 — <B + Cp2>

denote the sum of terms which contribute to the multiplicative factor
of |Y|?e%" in the integrand of the right-hand side of (5.2) (with the last
term above arising from VV(Y,Y'), compare the last but one line of
(5.10)). We find

2
=24
X

Let —211 denote the multiplicative factor in front of e?*z=2(Y, Vm>§

in the integrand of the right-hand side of (5.2); such terms arise from
VV(Y,Y) and 2(du,Y)4(V,Y), there:

1 2 1
.2
2

1 x? 1 z
222 |aA— — 4+ (4A - AO(=
+ 22 [a x2+ccp4+( c—i—Ca)pJ%—O(z)—i— O<x)
2

=: p—Am.

x2
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Let —2I1T denote the multiplicative factor in front of e2“z~2(Y, Vz>§
in the integrand of the right-hand side of (5.2); such terms arise from
VV(Y,Y) and 2(du,Y)4(V,Y), there:

2.2 4 2 2 2
pex z 3z z z
=2l =—~— |B+C (—2 + ) +2(b+ —c¢)(B+ —C) +lo.t.
z? p? [ pt P p? P
2 2 2
p P
=2 X O(ﬁ) =: ﬁAZZ7

here, and in what follows, the lower order terms denoted by l.o.t. have
a structure similar to those already encountered in the other terms
above and are dominated by the remaining terms present in the equa-
tion.

Let —2IV  denote the multiplicative factor in front of
e?z72(Y,Vx),(Y,Vz), in the integrand of the right-hand side of (5.2);
such terms arise again from VV (YY) and 2(du,Y),(V,Y), there:

2 .2 1
v =L o2 (4 yo 24 L
22 2 . AT

z Tz 22 z Tz 22
2(a—+c—=)(B+C—=)+2(A—+C—)(b+c—) + lo.t.
—i—(ax—i—cpz)( + p2)+ ( m+ p2)( +cp2)+ o
2 2
P xz\ p
Adding ends the proof of Proposition 5.3. q.e.d.

We continue with the following;:

Corollary 5.4. For all differentiable compactly supported vector fields
Y we have

_ /Q:E2a_222bp26+2 ((1 —n+2b+ O(Z))“Zj + zcif) <¥, Y)2.
Proof. For further reference, we consider again (see (5.4)) the vector
field V = %, where
v=a2428p"
and
u=alnz+blnz+clnp.

However, for the strict purpose of the current proof, only the case A =
C' = 0 is needed.
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Using (5.10) together with (5.13) with u there replaced by Inwv, we
find

(5.15)
VUW —VV 4+ VV
9 1 9 x? 1
[ 1 ) 22 1

1 Tz T z
+ |(AB —i—A)g + (C2 — 20)? + (BC + C)z—p2 —i—ACmQ}

X (VaVz + VzVz)

ree(-2)]s
L P

2 2 3
+0y(2) + A0y (—) + Oy(—5) + Oy(

z
z P

bw‘ IS}
S~—

Taking the trace one obtains

(5.16)

v Ay = (A% — A)% +[B*+ (1 —n)B]

2 2
+[C%+2AC +2BC + (2 — n)C]% +O(2) + AO(%) .
As such, the term
vV, Vu)g = (V,Vu),,
can be read off from (5.14). Finally, it holds that
(5.17)

2 2
-2 2 2 2% 2 2 z
v |dv|g = \Hg =A —x2+B +[C*+2(AC+BC)|=+0(z)+ AO(

22
p? T

).
Using all of the above with A = C' = 0 in the integrand of the right-
hand side of (5.3) one finds

2
p20, 20448 2ep2 V2 Y)2B <4B +1—n+2b+2e5 + O(z)> .
z p

Replacing b by b+ 2B gives the result. q.e.d.

Proposition 5.5. For allb # (n+1)/2,(n —1)/2, ¢ > —jn — 1 —
2b| and for all a sufficiently large there exist constants C(a,b,c) > 0,
x(a,b,c) > 0 and z(a,b,c) > 0 such that for all differentiable vector
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fields Y with compact support in {0 < z < z(a,b,c)} N{0 < z <
z(a,b,c)} we have

(5.18) AxZaZQbPZC’S(Y)Q > C(a, b, C)Ax2a222bp20+2’Y’2 )

Proof. From Corollary 5.4, for all A > 0, we have

A 2 2 1/ 2 2b 2 2y 2
- s Y - a c Y
5 [ ISR+ 5 [ a9z

113'2 113‘22’2
/$2a2z2bp20+2 [(n —1-2b+ O(Z))fQ + 04:| Yz2 .
0 p p

>

2

2 2a-2,2b 2e4+2L" 1,2

Zczz/ p 2Y27
Q P

for some constant C,, > 0 because ¢ > —|n — 1 — 2b|. We conclude by
using Proposition 5.3 with B=2b—n—1, A > 0, C' =0, as well as the
elementary identities

[SOV) + S(SOal(Y, V)] < FIS() + 5te(S( gl + 5[V EIVE

for all v > 0 (chosen large here), together with |V|? = O(Z—i), and

ISV > LeS(YV)[2, A>C2>0, Aw>C2% >0,

for some constants C, C,., and

ﬁQ 2 2 2
21x2Y.Y,| < Y; Y,

for all B > 0 (chosen large here). q.e.d.

5.2. A vertical stripe, z-weighted spaces. In the current section
we work in a setup identical to that of Section 4.2.

We start with some integration-by-parts identities. The error terms
o(1) in all identities that follow in this section represent functions which
tend to zero as z does.

Lemma 5.6. For all Y with compact support in M and for all b € R
we have

(5.19) 2 /U SV + gty (SO )Y, )

z

:/UZQb{(”"QH—b+o(1))|Y|3_(2b+1)<vz,y>§}
Ll oy V2 v:
g [ AW+ [ 20D, v,

z

Proof. We apply Proposition 5.1 with e* = z? and V = %. q.e.d.
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In the applications that we have in mind the scalar product <%, n)g
will be zero on the vertical boundary for small z, and of order one on
the horizontal one. For the purpose of our final estimate we need to get
rid of the vertical boundary term in the last integral above.

It is simple to show that a weighted norm of S(Y') can be used to

control a weighted norm of Y(z), up to a boundary term:

Lemma 5.7. For any Y with compact support in M and for allb € R
it holds that

(5.20)
2 [ 250 (),
U
—f 2y 1 o Vz o »2b Vz (2, V2
/U (n—1=2b+0(1)) (- ,Y>g+/aU (=Yg mg-

In particular, if Vz is orthogonal to OU for 0 < z < z9 for some za,
then for each b # (n — 1)/2 there ezists a constant C' such that

oy [smps [ 2 Zypse [ 2Ty
U AUN{z>z2} z U z

Proof. Equation (5.20) is obtained by applying Proposition 5.2 with
u=(b+2)lnz, v = 27! and Q = U. Alternatively, integrate the

divergence of z? (%,Y}g% over U. Equation (5.21) follows from

(5.20) by elementary manipulations. q.e.d.

To continue, let f be a defining function for U, f > 0 on U, such
that

(5.22) |df|§ =1, near OU and

(V£,V2); =0 on U near {z = 0}, as well as on d,U C {z = 0}.
We have (see (4.3))

(5.23) ]df|3 =22(1+O(f)), zVVf=V2Vf+VfVz+o42?),
(VF, V2)g=0(2%), Agf=o0(z), n= —%Vf.

We also recall that

|dz|? = 2%40(2%), VVz = —zg+2z%%+og(z), Agz = (2—n)z+o(z).
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Lemma 5.8.
(5.24)

2 [ 252 (o, - s (Z,
U U

z z z z z z

= [2](6-52) vz C o
-5 [ A, - [ 2 v,ar,.

z z

Proof. First, we integrate the divergence of (%, Y>g<¥, Y), 221V f,
which gives

- [ 2o 2 oy, - [ s ) oy,
U U

z z z z z z

_ (. myi ,2b Vz (2 2, 2
= [ v [ v+ [ ey
- [ 2 gL,

z z z

=:(%)
and note that the contribution from the boundary term equals

Vz
== P EV)mY),,
ou z
keeping in mind the sign of 1 as in (5.23).
Next, we integrate the divergence of %(ﬂ,iﬁg(% V)21V 2, to

z )

obtain
Vz Vi, Vf
- [ evE T (M,
U z 'z z
2 n— 1) VI e / 2 2
22 b— (—, )2+ [ z70(1)|Y]
/U ( 2 =y
1 o VI Vz
—= — Y),(— .
Q/BUZ ( 2 )9 > Mg
Adding both identities, the result follows. q.e.d.

Note that in our applications the scalar product < Z.1)g will be zero
on the vertical boundary, and equal to one on the horlzontal boundary.

Lemma 5.9. For any Y with compact support in M and for allb € R
it holds that
(5.25)
Vf V v
-2 [ sy 2 (T,
U

z z z

—z/U <<sz ¥, (sz Y>g+o(1)yyy2> +/6Uz2b ML vy
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Proof. Integrate the divergence of 22 (%f, Y>Zv7f. q.e.d.

Lemma 5.10. For any Y with compact support in M and for all
b € R it holds that

(5.26)
=7 sy (L Yy (V2
U z oz z

:/UZ% <(2b_n><vzz,y>g<zf,Y>g+o(1)Y!z)

1 \Y Vf \Y% \Y%
vy [ A= [

2 z z z z

Y - /U 25wy Y2, V2 (Y yy,

z z z

Proof. Integrate the divergence of z2b (%f, Y)g<%, Y>g% + %z% X
()2

z ) g z

q.e.d.

Proposition 5.11. Let b € R\ {251, %Y There exist 29 € (0, 21)
and a constant C' such that for all'Y compactly supported in M we have

(5.27)/ |Y|2+/ |Y|2+/ S(Y)\QszZC’/ V2220,
OUN{z>zp} Un{z>zo} U U

Proof. We implement the strategy of Remark 4.3. Without loss of
generality we can assume that |df|; < 1.

Iftb < ”T‘H, adding of (5.19) and (5.24) will cancel a boundary term
coming with an undetermined sign. If b < 0, the volume integrand
dominates the right-hand side of (5.27) for z small enough, taking into
account that the [Y'|? term dominates the Y'(f)? term: 2+ —b4b—"272 >
0. For 0 < b # 251, an addition of b/(n — 1 — 2b) times (5.20) to the
previously obtained identity will again lead to a volume integrand which
dominates the right-hand side of (5.27) for z small enough, without
affecting the boundary terms for small z.

If b > 2 the equation resulting from —(5.19) + 5(5.25) + 2(5.26)
has a boundary integrand which close to {z = 0} is manifestly positive:

|+ v zo.
oU

Note that the volume integral in —(5.19)/2 dominates the weighted
norm of |Y|?, and that the cross-terms |Y(f)Y(2)] < |V (f)]> +
|Y'(2)?/(4€) introduced by %(5.25) + 2(5.26) can be controlled using
—(5.19)/2 and (5.21) by choosing € small enough. This leads to the de-
sired estimate. Alternatively, the addition to —(5.19)+ 5(5.25)+2(5.26)
of a suitable constant times (5.20) preserves positivity of the boundary
integrand and leads directly to a volume integrand which dominates the
right-hand side of (5.27). q.e.d.



EXOTIC HYPERBOLIC GLUINGS 275

5.3. A horizontal stripe away from the corner. In this section, we
work in the setup of Section 4.3, see the introductory remarks there.

Lemma 5.12. For any Y with compact support in M and for all
a €R,

(5:28) = | 2 SW) + Gty (SO o). V)

of20+1
= [ {2 (Pl + 24V V)2) + OV}

1
1 [ AV (V) + 200, Va), (V)
Proof. This is a consequence of Proposition 5.1 with V' = —Vz, and
with e?* = g2etl, q.e.d.

Lemma 5.13. For any Y with compact support in M and for all
a €R,

(5.29)
— 2/ 2?8V (Va, V) (Vr,Y),
U
_ /U (20 4+1) + 0()) (Va, V)2 - /d (VY (),

Proof. Integrate the divergence of (Y, Vx)2222T1Vz. Note that this
is a particular case of Proposition 5.2. q.e.d.

Let f be a defining function for OU, such that
\df]g =1, near OU and
(Vf,Vz) =0 on 0U near {x =0} and on {z = 0}.
We, thus, have
df; = (1+0(f)), VVf=041), (Vf Vz)=0(),
with the unit normal 7 to U equal to —V f. Also recall that
]dx]?] =(1+0(x)), VVz=0,71).

Lemma 5.14. We have
(5.30)

—2 [ SIS (Ve V1) (VLY )y - [ SISV (Va,Y),
U U
I 2a+1 2 2200(2) Y12
= [ () @i+ [ o

1
—2/ TV Y) 2V, n)g —/ V2, Y) (0, Y ).
oU oU
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Proof. We integrate, first, the divergence of (Vf,Y),(Vz,Y ) 2?¢T1Vf:

_/xZaJrlvy(vﬂ V) (V£ Y), _/ 22 HS(Y)(V S, VS) (Va,Y),
U U

_ / 20|V ]2 — / (VYY) (VY )y (V fo b
U oU

_ / 20|V ]2 — / P (Y, ¥y (0, V),
U oUu

Next, we integrate the divergence of —%(Vf, Y)gxz‘”'lv:n:
—/ 2> TIY (Va, V) (Vf,Y),
U

o 20 + 1 a
— /Ux2 ( “2 ) (Vf,Y)2 +/Ua:2 O(x)|Y[;

1
—/ g2ott <Vf,Y>g<Vx,n)g.
2 Jou

We conclude by adding the equations above. q.e.d.

Lemma 5.15. For any Y with compact support in M and any a € R,
(5.31)

- 2/ 2?1 S(Y)(Va, Vf) (Va,Y), —/ 2" S(Y)(Va, Vz) (V£ Y),
U U

:/x2a(2a+1) <Vf’Y><v:13,Y> +/g;2a0(q;)Y’{21
U U

1
+ 2/ g2+l <Vx,Y>3 —/ 22TV, V) g (VY ) g (Va, ), .
oU oU

Proof. We integrate the divergence of
1
(V£ Y) o (Va, V) gz Ve 4 5<v:c,1/>§a:2a+1v f. q.e.d.

Lemma 5.16. For any Y with compact support in M and anya € R,

632 =2 [ SSEVEVI) V1Y),
:/332“0(33) Y2 +/ 22+ (T F, V)2,
U oU
Proof. Integrate the divergence of (Y, V f)2x2¢ 1V f. q.e.d.

Proposition 5.17. For any a > —1/2 there exist o € (0,21) and a
positive constant C' such that for all' Y compactly supported in M,
(5.33)

/ Y2+ / Y2+ / S(V) 2242 > ¢ / Y e
oUN{z>xo} Un{z>zo} U U



EXOTIC HYPERBOLIC GLUINGS 277

Proof. Consider the linear combination
(5.34) 2x(5.28) + 4x(5.29)+(5.30)+2x (5.31)+ (5.32),

of the equations above. One obtains a volume integral involving S(Y")
plus

(5.35) /U (2a2+ Ly 0(1))x2“<]Y|2 +6Y(2)2 + (2Y (z) + Y(f))2>

2a+1 2 2
" /a () + V@) + /8 oY),

Un{z>xz0}

For a > —1/2 the result follows as explained in Remark 5.20, since all
terms in (5.35) except the last one are positive. q.e.d.

5.4. The global inequality. In what follows we work in the framework
of Section 3.2, in particular, the set €2 is as defined at the beginning of
that section. The inequalities proved so far lead to:

Theorem 5.18. Let ¢ = x/p, 1 = 2% 1220, and suppose that
F C Héw(Q) is a closed subspace of qublp(Q) transverse to the kernel of
S. Then for allb# (n+1)/2,(n—1)/2, ¢ > —|n — 1 — 2b| and for all
constants a sufficiently large there exists a constant Cy(a,b,c, F) > 0
such that the inequality

(5.36) [6S(V) 2 > Cala,be, F)[Y ] 1
holds for all Y € F.

REMARK 5.19. We can take F' = H;W(Q) when (2, g) has no non-
trivial Killing vector fields in I éw(Q) O

Proof of Theorem 5.18. Let x1 : R — RT be a smooth function such
that x1(z) =1 for 0 < z < x(a,b,c)/2, and xi(x) =0 for z > x(a,b,c),
set 11 = 1 — 1. Similarly, let y2 : R — RT be a smooth function such
that y2(z) =1 for 0 < z < z(a,b,c)/2, and x2(z) = 0 for z > z(a, b, c),
set 1y = 1 — x9. We have

Y =(x1+v1)(xe +¥2)Y = xaxeY + xav2Y + vixeY + 1Y .

Since x1x2Y has support in the set {0 < =z < z(a,b,c),0 < z <
z(a, b, c)}, Proposition 5.5 applies and gives

(537) /552a_222b,02c+2’X1X2Y|2
Q
< C(a,b, c)l/x2a22b020‘5(X1X2y)’2
Q

1
= C(a,b, c)l/x2az2bp26\2V(X1X2)
Q
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1
RY + 5Y ® V(xix2) + x1x25(Y)[?

< C/ /$2a22bp2C|S(Y)|2 + / $2a22b,02c|Y‘2 .
Q {V(x1x2)#0}

We have 0 < z < z(a,b,c) on {x1 > 0} and z(a,b,c)/2 < z < C,
on {1 > 0} for some constant C,. Reducing z(a,b, c) if necessary so
that we can use [8, Proposition 5.1] in the second inequality below, one
obtains

(5.38)

/x2a—222bp20+2!><1¢2y|2 < C/ $2a_2|X1¢}2Y|2
o Q

S C///QJU2G|S(X1¢2Y)‘2

§ C/// (/ :L‘2a|S(Y)|2 +/ $2a|y|2>
{x1127#0} {V(x142)7#0}

< C//// /$2a22bp20|S(Y)|2 +/ :r2az2b,02'3|Y|2 )
Q {V(x1v2)#0}

We have 0 < z < z(a,b,¢) on {x2 > 0} and z(a,b,c)/2 < z < Cy
on {¢; > 0} for some constant C,. Reducing z(a, b, c) if necessary so
that we can use [8, Proposition 6.1] in the second inequality below one
obtains, with some constants possibly different from the ones of the
previous calculation,

(5.39)

/x2“—222bp20+2!><2¢1y|2 < C/ 22b|X21/11Y|2
0 Q

<" /Q S (xotn V)P

< C/// (/ z2b’S(Y)’2 +/ Z?b|y|2>
{x2917#0} {V(x2¢1)#0}

< C//// /$2a22bp26|S(Y)|2 + / $2a22bp20|Y|2 )
Q {V(x2v1)#0}

Adding, we conclude that there exists a constant C' such that

(5.40) /Qx2a2z2b/)26+2yl2 < C </Qx2a22bp2c’5(y)’2

_|_/ Y’Q-f-/ x2a22bp20|y|2 ’
K {x1Vx2#£0}U{x2Vx1#0}
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where K is the compact set defined as the closure of

(5.41) {12Vx1 # 0} U {t1Vx2 # 0} U {9192 # 0} .

Now, the non-compact set where {x1Vyx2 # 0} or {x2Vx1 # 0} is a
subset of the union of a vertical type domain (see Section 5.2) where z
and p are bounded above and below by two positive constants, and a
horizontal one (see Section 5.3) where z and p are bounded above and
below by two positive constants. We can then use Propositions 5.11
and 5.17 to control the weighted L?-norm of Y on this set in terms
of a weighted norm of S(Y'). Hence, there exists a compact set Ko, a
relatively compact hypersurface X, and a constant Cs such that

(542 / x2az2bp26‘Y’2
{1 Vxe#0 u{x2 Vx17#£0}

< </ 2292 26 5 (1) 2 +/ yY|2+/ |Y\2> .
Q Ko by

Adding (5.40) and (5.42), keeping in mind that 22/p? < 1, we find that
there exists a constant C' such that
(5.43)

/x2a222bp2c+2’w2 <C </x2a226p2ff’s(y)]2 -|—/ \Y\2+/ !Y!2>7
Q Q@ K .

where K = K1 U Ks.
As such, for any smooth vector fields V' with compact support in 2
it holds that

2/ \S(V)P:/ YV + (div V)Z—Ric(V,V)z/ VV[2 = Cy[V]2.
Q Q Q

Choosing V = ¢)Y = 292°p°Y, and using (5.43), one deduces that
(5.44)

HY||§%(Q) < c(/ 22022 52| §(Y') 2 +/ |Y|2+/ |Y‘2> .
) 9] K %

The usual contradiction argument, which invokes compactness of the
embeddings H'(K) ¢ L*(K) and HY(K) ¢ H'*(K) c L*(X) (com-
pare [8, Proposition 3.1 and Remark 3.2]) concludes the proof. q.e.d.

We continue with an equivalent of [8, Proposition D.13].

Proposition 5.20. For allb # (n+1)/2,(n —1)/2,(n —3)/2, ¢ >
—In — 1 — 2b|, and for all a sufficiently large there exist constants
C(a,b,c) >0, z(a,b,c) >0 and z(a,b,c) > 0 such that for all differen-
tiable function N with compact support in {0 < x < x(a,b,c)} N{0 <
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z < z(a,b,c)} we have
(5.45) / 2222 p*|VVN — ANg — NRic(g)|?

Q

> C(a, b, C)/112a222bp20+2(562p2|N|2 + |VN|2) )
Q

Note that since the operator involved is of order two, the natural
weight functions for the inequality (5.45) are

6=2

_ a—2_b c+2
. Y =a" """

Proof. We will use Proposition 5.5 with
Y =2 'VN-NV(z 1) =22V(zN).
We have

o =2"ViV;N = NV;V;(z7") =27 [(V;V;N — Ng) + NO,y(2)],

then
(5.46) S(Y) —div¥g=2"'|VVN -~ ANg+ (n —1)Ng+ O4(2)N| .
Using
Ric(g) = —(n—1)g+ O4(z2),

we can rewrite (5.46) as

S(Y) —divYg =2z [VVN — ANg — N(Ric(g) + Oy(2))] .
Now, we use the inequality

1S(Y) = trS(Y)g|* = [S(Y)|* + (n — 2)(trS(Y))? > [S(Y)[?,

and Proposition 5.5 with b = bipere replaced by bihere = bhere +1 = b+ 1
yields

(5.47) / $2a22b,020<\VVN — ANg — NRic(g)[? + 0(z2)N2)
> C/x2a222b2p2c+2‘v(ZN)|2 )

For further reference, we note that if IV is not compactly supported near
the boundary, using (5.40) instead of Proposition 5.5 we will obtain

(5.48) / a:?“z?bp%(\vvz\f — ANg — NRic(g)P) + / x4 212 2 N2

Ny 2 C© [ #2222 2w e,



EXOTIC HYPERBOLIC GLUINGS 281

Returning to (5.47), the right-hand side can be estimated from below
as follows, where Proposition 4.5 with b there replaced by b — 1 and
u = zN is used when going from the third to the fourth line:

(5.49)
22"~V (2N 2
= |2 2"V (2N) g2 + (1 — )2 2"V (2N) | 2
> €||z%p2’ VN || 2 — €]|z?p 2" INV 2| 12
(1= a2 V(N |
> €|z 2PV N || 2 — €||z®p 2 INV 2| 12 4+ (1 — €)c||lz® Lt 2PN 12
> 0 (|2 p 2 VNl 2 + |27 o 2N 2)

with € > 0 small so that
a c. b—1 (1 — E)C a—1 c+1_b
ellzp®2" N V2|2 < [l p TN 2

The last term on the left-hand side of (5.47) can be absorbed in the
last term in (5.49) when either of = or z is small enough on the support
of N. q.e.d.

Corollary 5.21. Let ¢ = x/p, 1 = 2% 22°p°*2, and suppose that
F C ﬁ;,w s a closed subspace of ffiw transverse to the kernel of Py.
Then for allb# (n+1)/2,(n—1)/2,(n —3)/2, ¢ > —|n — 1 — 2b| and
for all a sufficiently large there exists a constant Ca(a,b,c,F) > 0 such
that for all N € F we have

(5:50) 6> (VYN — ANg = NRic(9)) |z = C(a,b,e, )Nz -

Proof. We return to the argument of Proposition 5.20. The calcula-
tions which follow immediately after (5.48) are instead carried-out as
follows:

(5.51)
l2p°2" IV (zN) | 2
> e||a®p° 2"V N || 2 — el|2®p°2" T NV 2|2
+ (1= o)lzp "'V (2N)|| 2
> €|z p°2"VN|| 2 — el|2?p2" NV 2| 2
+ (1= ee(a p N 2 = 1N 2x))
> eC7 (|2 p 2"V N2 + 2% p 2PN 12) = (1= )N 22(x) »

where K is a suitable compact set as in (4.13), for all € small enough.
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Next, we write

2a _2b+2 2c A2 2a—2_2b 2 237222 2
/xaz+ch </ Tz pc+—2N
z<e P
2.2 2.2
_ Tz _ Tz
+/ 220 222bp2c+2 . N2+/ z2a 2z2bp2c+2 . N2
x<e 1Y T>€, 2>€ P

< 62/ x2a7222bp20+2 N2 + 62/ w2a7222bp26+2 N2 + C/ N2
z<e r<e K
< 262/l‘2a_222bp26+2 N2 + C/ N2,
K

making the compact set K = K(€) larger if necessary. Inserting all this
into (5.48) we obtain, for € small and after some rearrangements,
(5.52)

6% (VN — ANg — NRic(o) I3 +INlzs ) > Clasb. N

The end of the proof is the usual contradiction argument. q.e.d.

Appendix A. No KIDs

Let h = dg and @) = 0K, the linearisation P 4 of the constraints
map at (K, g) reads
(A1)
—KPIV i hpy + K9(2Vihg; — Vb))
—2VIQ;; + 2V, t1Q — 2(V,KP? — VIKP;)hyg
P(K,g)(th) =
—A(trh) + divdiv h — (h,Ric(g)) + 2KP K9 hy,
—2(K,Q) + 2trK(—(h, K) + trQ)

Recall that a KID is defined as a solution (IV,Y") of the set of equations
P(*Kg) (Y, N) =0, where P(*I(,g) is the formal adjoint of P(x 4
(A.2)
Pli.g (Y. N)
2(V;Yj) — VVigi; — KiyN + K Ngy;)

VZYEKZ']' - QKI(Z'VJ')Y} + quVqYlgij — ANgij + VlVJN
Jr(VpKlpgij — leij)Yl — NRic (g)” + 2NKlinl — 2Nt1‘gKKZ'j

We denote by .7 (€2) the set of KIDs defined on an open set €2.

In order to analyze the set of KIDs in an asymptotically hyperbolic
setting, it is convenient to rewrite the KID equations in the following
equivalent form

(A.3) VY = Kij N,
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(A.4)
ViV;N = (Ric(9)ij — 2K" Kj; + tryKK;; — K% Ky9;;) N + AN g;;
— (VP Kypgi; — ViKij )Y 4+ 2K,V Y]
Taking traces, we obtain
(A.5)
AN = —

n —

! 1 ((R + (trgK)? = nK"Ky)N — (nVP Ky, — VltrgK)Yl> :

which allows one to eliminate the second derivatives of N from the
right-hand side of (A.4), leading to
(A.6)

ViVjN = <RiC (g)ij — QKIZ'KJ'[ + tI‘gKKij

_l’_

(R+ (tryK)* — K9Ky) gi]) N

1—n

1
+ (Vilj + —— (VP Ky = Vitrg K)gi) V! + 2K (V)Y

Let us show that metrics that are C1'*-compactifiable for some o €
(0,1] (equivalently, z2g is C1“-extendible across {z = 0}), and whose
derivatives up to order three satisfy a weighted condition, have no non-
trivial static KIDs which are o4(1/z). Further, initial data sets with
such ¢’s and for which K is proportional to the metric to leading order,
with a constant proportionality factor, and whose derivatives up to order
two satisfy a weighted condition, have no nontrivial KIDs. Indeed, we
have:

Proposition A.1. Let o« > 0, 7 € R, and consider a metric g €

M§+Cf i (see Definition 2.1), where § is C>-compactifiable. Suppose

that K — K — g € C? where

172—1—a )
. 2
KeCi ..

Let (N,Y) be in the kernel of P(*K 9) and suppose that there exists X > 0
such that N,Y € Cl2z—>\+1' Then (N,Y) = 0.

REMARK A.2. Initial data such that ¢ is C3-compactifiable and 22K
is C? up-to-the conformal boundary satisfy our differentiability hypothe-
ses. (]

REMARK A.3. The argument below can be used to derive an asymp-
totic expansion for non-vanishing KIDs, but this is of no concern to us
here. U
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Proof. Define
I'={p:3C>0
such that [N|+ Y], + |[VN|, + |[VY]|, < C2” for small z} .
By hypothesis I is non-empty. Setting
p:=supl,

it holds that p > A —1 > —1.
Without loss of generality, decreasing « if necessary we can assume
that
O<a<l.

We wish, first, to show that p = co. Suppose, for contradiction, that
p < oo. Let p € (p— a/2,p); replacing p by a slightly larger number if
necessary we can assume that

pEP—al2,p),p+a#0,p+a#l,
pt+a/2#0,p+a/2#1,p>—1.

Equation (A.6) yields

(A.8) IVVN|, = 0(2").

A standard calculation using (A.3) gives

(A.9)  ViV,;Yi = Ryji.Y" — Vi(NKj) + Vi(NKy;) + Vj(NKy,),

which implies

(A.10) IVVY|, = O(z").

There exists a coordinate system (see [2, Appendix B]) in which ¢
can be written as

g=2"2((1+ O(z""))dz? + hepdf®de® + O(z'T),d0"dz) .
Setting hap = hap|z—0 and iolflb = 0 hap|2—0, it holds that
(A11) T =Ty +0(=%), Ty =2""hay+ 5hiy, +0(="),
(A.12) Iz, =0(z%), T% =-2140(%),
(A13)  T¢, = —2716¢ — Lhcdhy, + O(%), T2, =O0(z*).

We can calculate V,V;N, and V.Y; using (A.3) and (A.6), obtaining,
thus,

(A7)

(A.14) (2202 4 20. — 1)N = O(2**) =: ),

(A15)  0.(u(=N)) + %ﬁcdﬁ;aac(zjv) _O() = 4,

(A.16) 20,(2Y.) = NO(1) + O(z°1P) := X,
(A.17) 0.(22Y,) + hh (22Y,) = —8,(22Y.) + O(22PH1) |

—_—————
=:\a
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Scaling the variable z € [0, zo] if necessary, we can without of generality
assume that zg > 1. Equation (A.15) can be thought of as a system of
ODE:s of the form

(A.18) 0.2 =AZ 4+,

with A(f) = —%li/ifl and Z, 1= 0,(zN). We define the matrix
W(z,0) := exp(zA(9)).

The solution of (A.18) can be explicitly written as

(A19) W l(2,0)Z(z,0) = —/1 (W) (s,0)ds + W (1,0)Z(1,0).

Since hp is C3, the matrix W (z, 0) is twice-differentiable up-to-{z = 0}
in all variables. In particular, the limit z — 0 of the right-hand side of
(A.19), and hence, of (W~1Z),, exists and we have
1
(A20) (W™12),(0,0) = —/ (Wabwb) (5,0)ds + (W 12)4(1,0),
0

(W12)a(2,0) = (W12),(0,6) + /0 ) (Wabwb) (s,0)ds

= (W—1)obxp(2,0)=0(z>trt1)

We conclude that there exist differentiable functions C,(0) := Z,(0, 0)
such that

20,N = C,o(0) + O(z°TPT1Ly .

Given a point of M with local coordinates 6y, integration in 6 near 6,
gives
1
N(z,0) = N(z,600)+z"" Co(t0 + (1 — 1)00) (0% — 63) dt
——

t=0
O(zP)

1
4271 / Xa(z,t0 + (1 —t)0p) (0% — 6F) dt .
t=0

O(z0+0)

Taking into account the condition N = o(1/z) gives C, = 0, so that
there exists a function f(z) = O(z”) such that

(A.21) N = f(2) + O(z0F%) | 20,N = O(2°*7).

Assume, first, that a« + p < 1. Integrating (A.14), there exists a
function A(6) such that

1 1 z
N:Az—;/z w(;)ds—%/o P(s)ds = O(z*F).

S
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(A general solution of (A.14) would have a supplementary term B(6)/z,
which must be zero by the boundary conditions.) Further

1/1(;) p

S

z 1 1 /7 n
_= — — a-rp
20,N = Az 5 /Z s+ 5, /0 P(s)ds = O(z*7P).

If @« + p > 1 we can write instead

z 1 z
(A.22) N =Az+ ;/0 wij)ds - 22/0 Y(s)ds = Az + O(z*7P),

z 1 z
(A.23) z0,N = Az + ;/0 u)(;)ds + 22/() Y(s)ds = Az + O(z*P).

S

The case p = 1 requires special consideration. (Note that we can
always increase p slightly if necessary if p is not attained, so p = 1
needs to be considered in our argument only if p = 1 and is attained.)
In this case, comparing (A.21) with (A.22) we see that f(z) = Az, so
that A is constant. We then have, in local coordinates, using (A.11)—
(A.12),

A -
VaViN = 0,0, N — T5, 0, N = 9,0,N — ~hay + Oz,

while the right-hand side of (A.6) equals éfzab + O(2%71). Hence, the
limit lim,_,g 20,0, N exists and is equal to 2Ai§ab. Using (A.21), for all
nearby 6 and 6, we have

0 = limz9,N(z,0;)— lim z0,N(z,0)
z—0 z—0

1
= lim =(0} — ) / 0uduN (=, (t01 + (1 — £)0)) dt
zZ—r 0

o

1
_ 2A(9’1’—0b)/ Fao(t01 + (1 — 1)) dt
0

Since this holds for all § and 6, and h is non-degenerate, we see that
A=0.

Taking into account that A must vanish as well if p > 1, we have
shown that
O(zTP), a+p<lorp>1;

(A.24) \NH!VN!g—{ 0(2), a+p>1landp<l1.

When p < 1, we can decrease « if necessary to have a 4+ p < 1, which
we assume from now on. We conclude that

(A.25) IN| + |[VN|, = O(z*"*).
Equation (A.6) gives
(A.26) [VVN|, = O(z*"F).
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The right-hand side of (A.16), as well as the z0p-derivatives thereof
of order one and two, are now O(z%"*). Integrating in z the resulting
equations, one finds

(A.27)
1

271Y.(1,0) —271/ Mds, a+p<0;
Yal=,0) = A5, 0) 2 \(s,0)

27Y.(1,0) — zfl/ — Jrz*l/ ——=ds, a+p>0.

0 S 0 S

In either case there exists a function f(6) such that
(A.28) Y, =:jéf)-+()(za+9—1),

with a similar behavior for zd,-derivatives of order one and two of Y.
The function f is clearly as differentiable as Y, if a 4+ p < 0, and so is
the error term in this case. On the other hand, f is in C**7 for any
0 <k+o < a+pwhen a+p > 0 (as follows from elementary estimates
and the interpolation inequality in the #-variables,

1A, o < ClIACS, Mo IAs, T s

applied to the integrand of the middle term at the right-hand side of
the second line of (A.28)), but more regularity is not clear. For this
reason it is convenient to replace f(f) by a function f(z,60) as in [2,
Lemma 3.3.1 and Corollary 3.3.2] which is smooth for z > 0, which
approaches f(6) as O(z%/?*P), with f(z,0) = 0 if f(§) = 0, and with
derivatives behaving in an obvious weighted way, in particular,

(A.29)

&lf(Z,(g) _ O(zmin(O,a/Z—i-p—l)) ’ 3a<9bf(2, 9) _ O(Zmin(O,a/2+p—2)) )

To avoid annoying factors of two, from now on the symbol « stands for
one-half of the previously used value of .. This leads to
(A.30)
0 0) — 0 0
Y, = f('zzv ) + f( ) zf(z7 ) _|_O(zoc+p—1) _ f(zzv ) _'_O(Zoz-i-ﬂ—l)‘
We conclude that
(A.31)

Y, = f(z.9) + 0z 20, = 20; (
z

f(zz, 9)> + O(Za+p—1) ]

Differentiating (A.16) leads further to

(A.32) Z20;0.Y. = 2°0,0. (f(z, 9)> +O0(z ).
z

Inserting (A.31) into (A.17) and its Op-derivative, and solving the ODE
we obtain

(A.33)
Y, = —%(%f(z, 0) +O(zTP Y 20Y, = —gﬁiaaf(z, ) + Ozt
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The ab-components of (A.3) read

(A.34) VYy) = KapN = Og(zo‘+p) .
The left-hand side equals
(A.35)

VY = 0aYe) — T Ya

1. o o
= 3 Tanf — L+ O £ 0 f + OGS

where 9, denotes the covariant derivative of the metric h. Comparing
with (A.29) and (A.34) we conclude that f =0 if a + p > 0, so that in
all cases we have

(A.36) Y = 0P, 20)Y, = O(z01P71),
equivalently

(A.37) Y], + VY|, = O(*"7).

Thus,

(A.38) IN|+ Y|y + |VN|; + VY|, = O(z*17).

Since a4+ p > p, this contradicts the definition of p when p < co.

We conclude that p = co. Thus, N and Y decay arbitrary fast at the
conformal boundary.

To finish the proof, let

f=N*+|Y[2+|VN[ +|VY[2.

Equation (A.6) and (A.9) imply that there exists a constant C' > 0 such
that

20,f <Cf.
Equivalently,
d.(279f) <o.
So z7¢ f is decreasing, non-negative, and tends to zero as f approaches
zero. We conclude that f = 0 and the result is established. q.e.d.

Appendix B. Asymptotic behavior near the corner

We consider a manifold €2 with a corner of the form
Q={z>0, 2>0} xN,
where N is a compact manifold, with a smooth metric
(B.1) g=2"2(dz* +dxz* +h),
=13

where h is a smooth Riemannian metric on N. In our applications in
the main body of this work neither the manifold nor g are of this form,
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but ¢ is suitably equivalent to (B.1) in local coordinates near the corner,
so that the estimates below apply.
The aim of this appendix is to prove the following sharp estimate:

Proposition B.1. Let k > n/2, let a be any number in (0,1) when

5 €Z, (mda:% if 5 ¢ Z. Define
p:v$2+22, ﬁbzz,
p
Then there exists a constant C' such that

n _n
¢:xaszc, QOZ.%‘CH_?prC 3

(B.2) Juloria-trogy < Clullg o
Moreover, it holds
(B.3)
W€ HE 1 (), k>n/2 = u=o(a by

for small p, similarly for weighted derivatives of w of order strictly
smaller than k —n/2.

REMARK B.2. The estimate (B.3) is standard away from the corner
x = z = 0 (thus, for z > ¢ > 0 or z > ¢ > 0 or both); cf., e.g., [1,
Theorem 2.3]. O

Proof. Let (z,y,z) be a natural coordinate system near the corner,
where y = (yA) is a local coordinate system on N. Without loss of
generality we can assume that the coordinates range over

By Remark B.2, it suffices to prove (B.3) near points (xg, yo, 20) such
that
(5U07Z/0>Z0) € (07 1) X (_11 1)71—2 X (07 1) =:C.
For 0 <e<1let
we: C — R7
(@,9,2) = (2,y,2) = (z0 + €2, y0 + €J, 20 + €2) .
Set
V=10 Q.
Then
0:v = €(0,u) 0 e, 030 = €(Oyu) 0 e, Oyv = €(Tyu) © P .
We consider the norms HUHISIQW(%(C))’ which are all finite. In fact, it

follows from the dominated convergence theorem that
(B.4) HuH[i’[g,w(%(c)) — 0,

when € goes to zero.
Suppose, first, that z¢ > 2z9. Choose € = 2p/3. On ¢.(C) we have

~ ~ o ~ o 22
TRTO, 2RZYRE, pRP =/ THt+ 25 R T,
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where “s &~ t” means that there exists a constant C' > 0 such that
C™ls <t<Cs.

In local coordinates, the Riemannian measure dpu, associated to g and
appearing in the integrals defining the norm ||u|| HE | (pe()) is equivalent

to
dp = 27 "de dy"2dz = 25 "€"di diy"2d5 .
It follows from the definition that for 0 < |8| < k we have
(zzp WGP u € L2(Q, 22220 p*eda d" 2y dz),
or, equivalently, for all 0 < || =i <k,
8516 c L2(Q, x2a+2iz2b—n+2ip20—2idw dn—2y dz) .

This implies that for all 0 < i, + i, + |a| =i < k we have
(B.5)

8;162285’0 e L2 <C, w(Q)a—i—Qngb—n—l—sz(Q)c—Qz6721+n ds dan:g d%) 7

~n2a,2b 2c~.2a+tn 2b 2c—n
~ETG Ry Po Fro o 20 Po

with the norm in the space there going to zero as € goes to zero by (B.4).
By the Sobolev embedding on C, v is pointwise bounded by its H*(C)

norm. Hence,
V= O(xaa—n/2zabpac+n/2) ‘

Then on ¢(C) we obtain
(B.G) w= 0($—a—n/2z—bp—c+n/2) )

Suppose, next, that z9/2 < zy < 2xy. Choose € = x(/6. On ¢(C) we
have

TRIORE, Z2RZPRE, PR P)RE.

Equation (B.5) becomes now
(B.7)

8;? 822 35‘1) c L2 <C, mga+2iZgbfTH*ZipgcfQiE—Qi-i—n dz dn—Qg) dé) ’

~2 2b4+2¢ ~u.2a+n _2b 2c—n
Are2at2bd2eny g n@ T 220 5o

which leads again to (B.6).
Suppose, finally, that zg > 2z¢. Choose € = (/3. On ¢.(C) we have

rTRIrgRE, ZRZ), PRPV~Z-

Obvious modifications of the calculations above lead again to (B.6), and
(B.3) is established.
In a similar way, we can use the Sobolev embedding

n
HUHCk—n/Qfl,a(C) < CH’U”H’V(C) , k> 5,

to obtain (B.2). q.e.d.
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REMARK B.3. One can find a number N < oo and a covering of €2
by cubes C; := ¢, (C) as in the proof of Proposition B.1, with centers
(i, i, 2i), so that every point in 2 is included in at most N such cubes.
It then follows from the proof above that need to change the weight
there, a gauche il faut remplacer v par 9 (zz/p)™/? otherwise it is wrong;
either drop the left inequality, or prove

(B.8) ZHuH on/arbe ey < Cllullg (o)
for some constant C. OJ

Appendix C. Differentiability of the constraint map

We sketch the argument justifying that the map
(C.1) (0K,09) — € (K +0K,g+ dg9) — € (K, g),

where the constraint map % has been defined in (3.27), is well defined
and differentiable near zero on the spaces we work with. This is well
described, for instance, in the proof of Corollary 3.2 of [5].

First, when dg is small in ¢2ﬁ£+2,1, with a large, b > 0 and k > n/2
then (see Proposition B.1) g + dg remains positive definite.

Next, we have to verify that the map (C.1) is locally bounded near
zero from

2 k+2 12 77k+2 k+2 2 rrk+2
X =1 (QbH M o H M ) (¢H¢—ZJ 1O H¢L—1)a

to

. k+1 k+1 k
Y =P (H HE ) = (g HY o).

This is the case for large a, b > 0 and k£ > n/2 so that, see Proposi-
tion B.1, the space H _, is an algebra. At this stage it remains to

note that all the estlmates can be chosen uniform for initial data close

to (K,g) in W£+3 0 x W£+4 °°, in particular, for initial data close to

(K,g) in C*3(Q) x C*4(Q). Here

W(f’oo ={ue I/VIIZ’COO such that for 0 < i < k we have ¢i|V(i)u|g e L},

with the obvious norm, and with V@« — the tensor of (possibly distri-
butional) i-th covariant derivatives of w.
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