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Introduction

The n-dimensional anti-de Sitter spacetime (AdS) is a maximally symmetric
solution of the vacuum Einstein equations with a negative cosmological con-
stant [Wal84]. A geometric feature of AdS spacetime is that its conformal
boundary is a timelike submanifold, a feature which in particular entails that
AdS spacetime is not globally hyperbolic in the usual boundaryless sense.
From a PDE viewpoint, the main consequence is that initial value problems
for hyperbolic partial differential equations on this background do not yield
a unique solution, unless complemented by suitable boundary conditions as-
signed on the conformal boundary [BGP07, DFMIS|. A natural extension
of AdS spacetime is the class of the so-called asymptotically AdS spacetimes
(aAdS), sharing the same behavior of AdS in a neighborhood of conformal
infinity. Compared to the AdS case, on these backgrounds, the analysis of
partial differential equations is more difficult due to the lack of isometries
of the metric.

In the last two decades the Klein-Gordon equation on anti-de Sitter and
asymptotically anti-de Sitter spacetimes was studied in several works [Bacl1]
DF16, [DFM18, [EK13l [Gal10l, [Hol12l [HS16bl [HS16a, HW14, [KWT15| [Vas12]
Wrol7, [GW20, Warl2, [KY09] using different methods. As for the asymp-
totically anti-de Sitter case, the results obtained include propagation of sin-
gularities theorems [Vas12l [(GW20], well-posedness results under several reg-
ularity hypotheses [Vas12, Wrol7, [GW20l, Warl2, [EK13] — in the last cited
paper also a non-linear Klein-Gordon equation was considered — and the
study of the properties of the propagators and of the associated fundamen-
tal solutions [Wrol7, (GW20]. However, the analysis in the aforementioned
works is limited to the case of Dirichlet, Neumann and Robin boundary con-
ditions, but these kind of boundary conditions are not the only interesting
ones for the Klein-Gordon equation on aAdS spacetimes. Indeed, classi-
cal and quantum field theory on asymptotically anti-de Sitter spacetimes
has been the target of significant attention in mathematical and theoret-
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ical physics, mainly because of the AdS/CFT correspondence, relating a
field theory on the interior of the spacetime with a suitable dual one on
its conformal boundary. Therefore it makes sense, in general, to consider
also boundary conditions of dynamical type, like Wentzell boundary con-
ditions which have been studied in [DFJAIS| [Zahl8] on AdS spacetime.
Dynamical boundary conditions have been considered also for other non-
globally hyperbolic spacetimes, for example in the analysis of the Casimir
effect [JAW21]. As shown in [GW20], in an asymptotically AdS spacetime
M, given u € ’Hlloc(M ), it is possible to define two trace maps v4 and y_
the first encoding the Neumann data and the second the Dirichlet ones, see
Sections and Robin boundary conditions can be imposed requir-
ing that v u = fy_u for a suitable smooth function f on OM. From the
analysis carried out in [DFJA18], we also know that boundary conditions
of Wentzell type can be imposed in this way, with the function f replaced
by a suitable second order differential operator acting on the boundary. Us-
ing the notion of boundary triple, it has been shown in [DDFI9] that there
exists a large class of boundary conditions relating Neumann and Dirichlet
data via pseudodifferential operators for which there exist advanced and re-
tarded fundamental solutions for the Klein-Gordon operator. However, the
approach followed in [DDF19] does not allow to establish any estimate on
the wavefront set of the propagators, since the framework employed is not
well-suited to prove a propagation of singularities theorem.

This thesis, which is based on [DM21b, [DM21a], is devoted to the study
of the Klein-Gordon equation on aAdS spacetimes with boundary condi-
tions implemented by a suitable class of pseudodifferential operators. The
core idea of this work is to use techniques proper of b-calculus, as advocated
in [Vas08, Warl2l Wrol7, (GW2(], in order to overcome the hurdle posed
by the singular metric of asymptotically anti-de Sitter spacetimes, along
with the ideas introduced in [DDF19]. As it will become manifest from our
analysis, we can distinguish two notable cases, namely that of pseudodiffer-
ential operators of order £ < 0 — which can be seen as a natural extension
of the results of [GW20] — and the case of pseudodifferential operators of
order 0 < k < 2, which is a novel interesting case, including for example
the aforementioned Wentzell boundary conditions. In particular, we prove
two propagation of singularities theorems - Theorem for £ < 0 and
Theorem for 0 < k < 2, with the latter taking into account the singu-
larities introduced by the boundary conditions. The other main achievement
of this work is the well-posedness result given by Proposition gener-
alizing the statements obtained in [VasO8| Wrol7| for Dirichlet boundary



conditions and in [GW20] for Robin ones to a very general class of bound-
ary conditions implemented by pseudodifferential operators. In particular,
we discuss the existence of advanced and retarded fundamental solutions for
the Klein-Gordon operator with prescribed boundary conditions, see The-
orem and Remark and we characterize the wavefront set of the
advanced and of the retarded fundamental solutions. To obtain this result,
we need to restrict the class of pseudodifferential operators encoding the
boundary conditions, see Hypotesis However, for applications, the
hypotheses we assume are mild constraints, since the most interesting cases
of boundary conditions are included. At last, as a concrete application of
the theory we developed, we build the fundamental solutions for a massless
Klein-Gordon equation on a static aAdS spacetime with admissible static
boundary conditions, as per Definition a result that we can see as a
natural extension of the analysis carried out in [DDFI9].

The structure of this work is the following. In the first chapter we introduce
the analytic and geometric notions we need, in particular globally hyper-
bolic, asymptotically anti-de Sitter spacetimes, b-calculus and boundary
triples. In the second chapter we give the weak formulation of the dynam-
ical problem we are interested in. The third chapter is devoted to proving
two propagation of singularities theorems, one for boundary conditions en-
coded by pseudodifferential operators of order k < 0 — Theorem [3.0.2]— and
the other for the case 0 < k < 2 — Theorem Much of this chapter
is focused on proving suitable microlocal estimates needed to prove the two
propagation of singularities theorems. In the last chapter we establish a well-
posedness result for the Klein-Gordon equation with boundary conditions
implemented by a suitable class of pseudodifferential operators — Proposi-
tion — and we study the existence and uniqueness of the propagators
and of the fundamental solutions — Theorem [£.2.1]- proceeding then to char-
acterize them and to give a concrete example of fundamental solutions for
the massless Klein-Gordon equation.
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Chapter 1

Geometric and Analytic
Preliminaries

The goal of this chapter is to fix the notation and to introduce the analytic
and geometric notions which play a pivotal role in the following, namely glob-
ally hyperbolic spacetimes with timelike boundary, manifolds of bounded
geometry, b-calculus and boundary triples. We assume that the reader is
acquainted with the basic notions of Lorentzian geometry, e.g. [O’N83].

1.1 Globally hyperbolic asymptotically anti-de Sit-
ter spacetimes

In this section we introduce the class of Lorentzian manifolds we use in the
following, namely globally hyperbolic asymptotically anti-de Sitter space-
times. This is the class of backgrounds for which one can expect that a
mixed initial/boundary value problem for partial differential equations ruled
by a normally hyperbolic operator is well-posed [DDE19, [DM21h].

1.1.1 Globally hyperbolic spacetimes with timelike bound-
ary

We begin introducing a distinguished class of backgrounds, that of glob-
ally hyperbolic spacetimes with timelike boundary, following [HFS20] and
[DM21D].

Definition 1.1.1. Let (M, g) be a connected, oriented, time oriented, smooth
Lorentzian manifold of dimension dim M = n > 2 with non-empty boundary
t:OM — M. We say that (M, g)
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1. has a timelike boundary if (OM, (*g) is a smooth, Lorentzian man-
ifold,

2. is globally hyperbolic if it does not contain any closed causal curve
and if, for every p,q € M, J*(p) N J~(q) is either empty or compact.
Here J* stand for the causal future (+) and past (-).

If both conditions are met, we say that (M, g) is a globally hyperbolic space-
time with timelike boundary.

For the sake of simplicity, in the following we assume that OM is con-
nected. A key notion in globally hyperbolic spaces is that of Cauchy surface.
Prior to recalling its definition, we remember that a subset ¥ C M of a
Lorentzian manifold (M, g), is called achronal if SNIT(S) = 0, I'T(S) being
the chronological future of S.

Definition 1.1.2. Let (M, g) be a Lorentzian manifold. A Cauchy surface
3. C M is an achronal subset of M such that every inextensible, piecewise
smooth curve intersects ¥ only once.

It is well known that a Cauchy problem for the Klein-Gordon equation
is well posed on globally hyperbolic spacetimes without timelike boundary
[BGPOT, [CBO8] . Indeed, the following theorem holds true for normally
hyperbolic operators — a class of linear second order scalar operators whose
principal symbol is constructed only out of the metric, namely P is normally
hyperbolic if o(P)(&) = —g~1(£,€) for every & € T* M.

Theorem 1.1.1 ([BGP07], Thm. 3.2.11). Let (M, g) be a globally hyper-
bolic spacetime with empty boundary and let ¥ C M be any of its spacelike
Cauchy surfaces, together with its future pointing unit normal vector n.
Consider a normally hyperbolic operator P : C*°(M) — C*°(M) and a
covariant derivative \7 on M such that Oy + A = P, with A € C*°(M).
Then, for all f € C*°(M) and up,u; € C*°(X), the problem

Pu=f onM
u = Uy on X (1.1)
Vnll = U3 on %

admits a unique solution u € C°°(M ). Furthermore, if we set 2 = supp(ug)U
supp(uy) U supp(f), then supp(u) C Jy (), with J(Q) := JT(Q) U J(Q).

As a byproduct of this theorem, the Green functions and the fundamental
solutions exist and are unique [BGP0O7, Thm. 3.3.1, Prop. 3.4.2].
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However, there are other interesting cases in which the underlying man-
ifold has a timelike boundary, one example being the conformal compactifi-
cation of anti-de Sitter spacetime. A complete characterization of globally
hyperbolic spacetimes with timelike boundary is given by the following the-
orem.

Theorem 1.1.1. [[HFES20], Thm. 1.1] Let (M,g) be a globally hyperbolic
spacetime with timelike boundary of dimension dim M = n > 2. Then it is
isometric to a Cartesian product R x ¥ where ¥ is an (n — 1)-dimensional
Riemannian manifold. The associated line element reads

ds® = —Bdr? + k.,

where € C®(R x X;(0,00)) while 7 : R x ¥ — R plays the réole of a time
coordinate. In addition R 3 7 — Kk, is a family of Riemmannian metrics,
smoothly dependent on T and such that, calling ¥, = {7} x X, each (X;,K;)
18 a Cauchy surface with non-empty boundary.

Remark 1.1.1. An important consequence of this theorem is that, calling
top : OM — M the natural embedding map, then (0M, h) where h = 1%,,9
is a globally hyperbolic spacetime. In particular the associated line element
reads

ds?®|oar= —Blomdr® + krlon-

On globally hyperbolic spacetime with timelike boundary, one can prove
that the fundamental solutions and the Green’s operators of a Cauchy prob-
lem exist — but in general they are not unique. This holds true if the
manifold M can be embedded in a suitable way as an open subset of an-
other globally hyperbolic spacetime without timelike boundary on which
the Klein-Gordon operator can be extended [BGP0O7]. We shall see an
example in the next section, in which we introduce the prototype of a
globally hyperbolic spacetime with timelike boundary, namely AdS space-
time. In general, to obtain a well-posed Cauchy problem for the wave
equation on a globally hyperbolic spacetime with timelike boundary, we
need to complement the Cauchy data with suitable boundary conditions
[DDF19, DFM18, DFJA1S, [GM21]. For example, in quantum field theory,
the Casimir effect between uncharged conductive plates in vacuum can be
studied introducing timelike boundaries in correspondence of the plates, on
which we assign the boundary conditions [JAW21I]. The well posedness of
mixed Cauchy/boundary value problems for the wave equation on generic
globally hyperbolic spacetimes with timelike boundary was investigated re-
cently in [DDET9] — for the case of static spacetimes — and in [GM21]. Both
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papers consider the cases of Dirichlet, Neumann and Robin boundary con-
ditions. The former also investigates the case of boundary conditions of
Wentzell type, which are also known as dynamical boundary conditions,
whereby the boundary data solves a non-homogeneous, boundary Klein-
Gordon equation, with the source term fixed by the normal derivative of the
scalar field at the boundary [Uen73l, [DEJA18]. The same class of problems
for the Klein-Gordon equation on asymptotically anti-de Sitter spacetimes
— see Section — was studied in [Vas12 [Holl2l Warl2, Wrol7] — for
Dirichlet and Neumann boundary conditions — and in [GW20] for the case
of Robin boundary conditions.

1.1.2 Anti-de Sitter spacetime

The prototype of a globally hyperbolic spacetime with timelike boundary
is the conformal compactification of PAdS, the Poicare patch of anti-de
Sitter (AdS) spacetime, considered as a manifold of its own. AdS is a
maximally symmetric solution to the vacuum Einstein’s equations with a
negative cosmological constant [CBO08|]. Anti-de Sitter space is well known
for its role in the AdS/CFT correspondence [Wit98] [Mal98].

The n-dimensional anti-de Sitter spacetime AdS can be realized as an
isometric embedding in R"*! endowed with the Lorentzian metric

= dX§ +dX7 - ZdX2 (1.2)

where (Xo, - -+, X,41) are the standard Cartesian coordinates in R" 1.
AdS,, is the set of points X € R"! such that

X, X, =12 (1.3)
I

where [ # 0 is a real number related to the dimension n and to the cosmo-
logical constant A by

n(n+1)

P=-—" 1.4
. (14)
Equation (1.3) identifies a hyperboloid in R"*!. The symmetry group of
AdS is the Lorentz group SO(2,n — 1), the group of linear transformations
of R"*! preserving the quadratic form (1.3). A commonly employed global
chart of AdS is given by the following parametrization of the hyperboloid
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in Equation (1.3) [DEMIS8]

Xo =1 cosh(p) cos(T)
X1 =1 cosh(p) sin(T) (1.5)
X;=1sinh(p) e, i=2,---,n

where 7 € (0,27), p € R" and e; = ¢;(0, ¢1,- - -, ¢n_3) parametrizes a point
on S"~2 in terms of the angular coordinates. In this global chart, the metric
of AdS reads

g = 1*[cosh?(T)dT? — dp* — sinh?(p)dQ" ] (1.6)

where dQ"~2 is the metric of S"2. Now we show that a Cauchy problem
in AdS is not well posed, following [BGPQT7]. AdS is conformally related to
the Einstein static universe (ESU) which is a globally hyperbolic spacetime
with empty boundary. The n-dimensional ESU can be realized as the n-
dimensional cylinder

(x0)2 + (371)2 4+ -+ (xn)2 =K, KeR"

in R? equipped with the metric ds? = —(dxzo)? + (dv1)?+- - -+ (dz,)?. AdS
admits closed timelike curves, therefore it is not globally hyperbolic. Let
R x Si_l and R x S"~! be the two subsets of ESU with z,, > 0 and z,, < 0
respectively. One can prove that the conformal compactification of AdS is
diffeomorphic to Rx S~! [BGP07]. The non-uniqueness of the fundamental
solutions is better seen using the notion of fundamental solution at a point.

Definition 1.1.3. Let M be a time-oriented Lorentzian manifold. A fun-
damental solution of a normally hyperbolic operator P : C*°(M) — C*°(M)
at a point p € M is a distribution F' € D'(M) such that PF' = §,. In other
words, for all ¢ € D(M) it holds F[P*¢] = ¢(p). If supp(F) C J*(p), then
we call F' an advanced (+) or retarded (—) fundamental solution at p.

Consider a point p in the conformal embedding of AdS into ESU — the
upper half of the cylinder in Figure — and another point g in ESU \ AdS
— the lower half of the cylinder.
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Figure 1.1: Einstein cylinder. AdS can be conformally embedded in the
upper half of the cylinder.

Let F(p) and Fy(q) be the advanced fundamental solutions at p and
q respectively. Then both Fly(p) and F(p) + Fy(q) are advanced funda-
mental solutions in p. Indeed, for every test function ¢ in C*°(AdS) it holds
Fy(p)[P*¢] + Fi(9)[P*¢] = ¢(p) + ¢(q). Since supp(¢) € AdS, we have
¢(q) = 0 and thus F(p) + F+(q) is still an advanced fundamental solution
at p € AdS.

Often in the literature, instead of using a global chart of AdS, it is em-
ployed a local chart covering half of anti-de Sitter spacetime called Poincaré
patch of AdS, PAdS for short, which sometimes is considered as a manifold
of its own. PAdS coordinates x € RT,y; € R are defined as [DFJAIS]

Xo=—yo
x
z n—1
2 2, 12
Xp=5 |1+ 2( yo+§ yi+l>

(1.7)

T

Xay1 =75

1 n—1
e (—y§+zyz—z2)]
=1

with X, -+, Xn4+1 the Cartesian coordinates of the embedding space R+,
In this chart, the metric reads

12 n—1
gpads = 3 <—dy(2) +da? + Zdyf) (1.8)

=1

showing that PAdS is conformal to the interior of the n-dimensional half-
Minkowski spacetime (H",n,) with 7, = 22gpaqs and that the conformal
(time-like) boundary of PAdS can be attached at x = 0.
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1.1.3 Asymptotically anti-de Sitter spacetimes

We end this section introducing a class of spacetimes sharing with AdS
their behavior at the conformal boundary and already considered in [GW20),
Vas12]. The following definition of asymptotically anti-de Sitter spacetime,
whose constraints on the metric are reminiscent of the metric of PAdS, was
first given in [GW20)].

Definition 1.1.4. Let M be an n-dimensional manifold with non-empty
boundary M. Suppose that M = M \ OM is equipped with a smooth
Lorentzian metric g and that

a) If x € C°°(M) is a boundary function, then § = 2%g extends smoothly
to a Lorentzian metric on M.

b) The pullback h = ¢},,g via the natural embedding map typs : OM —
M individuates a smooth Lorentzian metric.

c) g '(dx,dr) =1 on OM.

Then (M, g) is called an n-dimensional asymptotically anti-de Sitter (AdS)
spacetime. In addition, if (M,q) is a globally hyperbolic spacetime with
timelike boundary, ¢f. Definition then we call (M, g) a n-dimensional
globally hyperbolic asymptotically AdS spacetime.

Conditions a), b) and ¢) are determined up to a conformal multiple, since
we have the freedom to multiply the boundary function z by any nowhere
vanishing 2 € C°°(M). Such freedom plays no role in our investigation and
we do not consider it further.

Remark 1.1.2. The class of asymptotically AdS spacetimes we introduced in
Definition is more general than the one commonly employed in theoret-
ical physics, given in [ADOQ0]. The differences are that h, in Equation
is not required to be an Einstein metric and dM does not need to be diffeo-
morphic to R x S*2.

Given a point p € M, applying the collar neighbourhood theorem and
with a convenient choice of the boundary function x — remember that in Def-
inition there is the freedom to multiply the original boundary function
by a smooth nowhere vanishing one — we can find a neighbourhood U C 0M
containing p and £ > 0 such that on U X [0,¢) the metric reads

B —dx? + hy

. (1.9)

g
T
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with h, a family of Lorentzian metrics depending smoothly on x and such
that hg = h [GW20].

Remark 1.1.3. From now on, with a slight abuse of notation, we denote with
2 both the boundary function of an asymptotically AdS spacetime (M, g)
and the coordinate normal to OM.

1.2 Manifolds of bounded geometry

In this section we briefly introduce the notion of manifold of bounded geome-
try, needed to define Sobolev spaces in the case of a manifold with non-empty
boundary. For simplicity we give an extrinsic definition using an embedding
in another manifold without boundary, as in [DDF19]. One can also give an
intrinsic definition not requiring any extrinsic data, see for example [Sch01].
We begin giving the definition of manifold of bounded geometry in the case
of a manifold without boundary.

Definition 1.2.1. A Riemannian manifold (N, h) with empty boundary is
of bounded geometry if

a) The injectivity radius 74,;(IN) is strictly positive,

b) N is of totally bounded curvature, namely for all £ € NU {0} there
exists a constant Cj, > 0 such that ][VkR||Loo(M)< Ck.

In order to extend the definition of manifold of bounded geometry to
manifolds with boundary, we need a preliminary notion.

Definition 1.2.2. Let (N,h) be a Riemannian manifold of bounded ge-
ometry and let (Y, ty) be a codimension k = 1, closed, embedded smooth
submanifold with an inward pointing, unit normal vector field vy. The
submanifold (Y, 3 g) is of bounded geometry if

a) The second fundamental form 7 of Y in N and all its covariant deriva-
tives along Y are bounded,

b) There exists ey > 0 such that the map ¢,, : Y X (—ey,ey) = N
defined as (x, z) — ¢y (T, 2) = expy(2vy,) is injective.

The map ¢, introduced in Definition is called normal exponential
map and sometimes it is denoted exp. Now we are ready to introduce the
class of Riemannian manifolds with boundary and of bounded geometry.
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Definition 1.2.3. Let (N, k) be a Riemannian manifold with ON # (). We
say that (N, h) is of bounded geometry if there exists a Riemannian manifold
of bounded geometry (N, 1) of the same dimension as N such that

a) NC N and h=1|n

b) (ON,t*h’) is a bounded geometry submanifold of N’, where ¢ : ON —
N’ is the embedding map.

Remark 1.2.1. One can prove that Definition is independent from the
choice of N’. An equivalent intrinsic definition which does not require to
introduce the manifold N’ is given in [SchO1].

Before introducing Sobolev spaces on a Riemannian manifold (N, h) with
boundary and of bounded geometry, we need to recall the main results of
[ANNT9, Sec. 2.4]. In the following, we denote with 74,;(N) and 74,;(ON),
the injectivity radius of N and 0N respectively while § > 0 is such that the
normal exponential map exp™ : N x [0,6) — N is injective. With these
data let

ky: Br1(0)x[0,7) = N if p€dN
(z,t) — expL(empgN(x), t)

k,: B*0)— N if pe N
v expd (v)

(1.10)

where we are implicitly identifying 7,0N with R"~!, whenever p € ON. In
addition we introduce the sets

Up(r) =

{k,,(B:?—l((J) x[0,r)) C N if p€ON (1.11)

kp(Br(0)) if peN
where r < min {%rmj(]\f), %rinj(ﬁN), %7’5}.
Definition 1.2.4. Let (N, h) be a Riemannian manifold with boundary and

of bounded geometry of dimension dim N = n. Let

(1 1 1)
r < min {QTZ-nj(N), Z?"z’nj(aN)v 2}

For each p € N, we call Fermi coordinate chart the map k, : B?»~1(0) x
[0,7) — W (r) with associated coordinates (z, 2) : Up(r) — R x [0, 00).
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0 T 9Ny =expdN(z)
Figure 1.2: Fermi coordinates introduced in Definition m

In view of Equations (|1.10]) and (1.11)), if p € N , we can always consider
geodesic neighborhoods not intersecting N and endowed with normal co-
ordinates. This allows us to introduce a distinguished covering, defined as
follows.

Definition 1.2.5. Let (IV, h) be a Riemannian manifold with boundary and
of bounded geometry. Let 0 < r < min {%rmj (N), %rmj (ON), g} A subset
{py}yer, t €N, is an r-covering subset of N if

a) For each R > 0, there exists Kr € N such that, for each p € N, the
set {y € I| dist(p,,p) < R} has at most Kg elements.

b) For each v € I, we have either p, € ON or dist(p,,0N) > r.
¢) N CU,erUp,(r), cf. Equation (1.11)).

To define Sobolev spaces over manifolds of bounded geometry, we make
use of Sobolev spaces over r-covering subsets. In order to obtain a global
definition, we glue together these local Sobolev spaces using a partition of
unity which is compatible with a given r-covering set.

Definition 1.2.6. Under the same assumptions as in Definition a
partition of unity {¢~},er of N is called an r-uniform partition of unity
associated with the r-covering set {p,} if

a) The support of each ¢, is contained in U, cf. Equation (1.11)),

b) For each multi-index c, there exists C, > 0 such that |0%¢,|< C, for
all v € I. Here the derivatives 0% are computed either in the normal
geodesic or in the Fermi coordinates on U, depending on whether p

lies in N = N\ N or in ON.

Now we have all ingredients we need to define Sobolev spaces on a Rie-
mannian manifold (N, h) with boundary and of bounded geometry. Let {¢,}
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be a uniform partition of unity associated with the r-covering set p, as per
Definition For every k € N we call k-th Sobolev space, H*(N), the
collection of all distributions u € D'(N) such that

el gy = S (@, 0) 0 ki, (20 < 00 (1.12)
Y

where ||-|| & is the standard Sobolev space norm either on R™ or R}.

Remark 1.2.2. As in the case of a manifold without boundary [GS13], it
turns out that, regardless of the chosen r-covering and of the associated
r-uniform partition of unity, H¥(N) is equivalent to W2¥(N) which is the
completion of

EFN) = {f € C®(N) | £,Vf,...,(V)Ef € L*(N)},

with respect to the norm

k 2
1 w2k vy = (Z||(V)if“L2(N)> :
i=0

Here V is the covariant derivative built out of the Riemannian metric h,
while (V)" indicates the i-th covariant derivative. This notation is employed
to disambiguate with V¢ = hV ;.

The previous analysis can be extended to the case of Lorentzian mani-
folds as well. For the sake of simplicity we focus on the case without bound-
ary. Following [GOWIT7] we start from (NN,h) a Riemannian manifold of
bounded geometry such that dim N = n.

In addition we call BT, (B (0, ri"”é(N)), dE), the space of all bounded ten-

sors on the ball B, (0, %(N)) centered at the origin of the Euclidean space
(R™, 0p) where dp stands for the flat metric. For every m,m’ € NU {0}, we
denote with BT, (N) the space of all rank (m, m’) tensors T' on N such that,
for any p € M, calling T}, = (exp, oe,)*T where ¢, : (R",0) — (T,N, hy) is a

Heit), o).

linear isometry, the family {7},},ens is bounded on BT, (B, (0,

Definition 1.2.7. A smooth Lorentzian manifold (M, g) is of bounded ge-
ometry if there exists a Riemannian metric g on M such that:

a) (M,7q) is of bounded geometry.

b) g € BT3(M,g) and g~ € BT§ (M, 7).
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From now on all manifolds we will consider shall be of bounded geometry.
This hypothesis is vital every time we need to invoke a partition of unity
argument.

Remark 1.2.3. A spacetime whose underlying manifold is of bounded geom-
etry cannot contain singularities, due to the regularity assumptions on the
metric and on the scalar curvature.

The reader interested in manifolds of bounded geometry can find more
details in [Sch01) [ANN19, IGS13], [GOW17, [DDF19).

1.3 b-calculus

To prove the well-posedness of a mixed boundary value/Cauchy problem on
asymptotically anti-de Sitter spacetimes for a very general class of bound-
ary conditions implemented by pseudodifferential operators, we make use of
boundary calculus, following the road first paved by [Vas12]. In this section
we define b-pseudodifferential operators using a Schwartz kernel approach,
following |Gri01] and [Mel93]. Before discussing together b-pseudodifferential
operators, we need to introduce some basic notions of b-geometry.

1.3.1 Introduction to b-geometry

b-geometry was fist introduced by R. Melrose and P. Piazza in [Mel93, MP92]
as a framework to study differential calculus and differential operators on
manifolds with boundary and it has been used by many authors in different
context, e.g. [Vas08, VGP14, [APGI7, (GW20]. In this section we focus on
the construction of b-geometry in the case of a manifold with non-empty
boundary. The readers interested in the general case, in which the under-
lying manifold is a manifold with corners, can refer to [MP92]. In this
section M denotes a connected, orientable, smooth manifold of dimension
dim M = n > 2, with boundary OM and we call ¢ : 9M — M the natural
embedding map. The main object in b-geometry is the space of vectors of
M tangent to the boundary OM, defined as

Vo(M) ={X e T(TM) | X|ops€ T(TOM)} (1.13)

This space can be characterized as the collection of the sections of a vector
bundle as follows. First, we note that for any open set U C M such that
UNOM =, then V(M) coincides with I'(T'M). Consider now an open
subset U whose intersection with the boundary is non-empty. By the tubular
neighborhood theorem there is an open neighborhood Uy of t(0MNU) which
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is diffeomorphic to [0,e) x «(OM NU). Calling = the coordinate of the
projection on the first factor, then any element X of V,(U) can be written
as

0
X|Us:f%+yw

where f is a smooth real-valued function over U such that flornp.= 0
and Y, € I'(TU;) is a family of vector fields depending smoothly on z such
that Yp € T'(T(OM N U.)). Since f is a smooth function vanishing at the
boundary, we can write f = xa with a € C*°(U;). Therefore the vector field
X takes the form

0
X|y.= — Y.
’Ue (0% <1‘8$> +

from which we can see that it is convenient to consider, in addition to the
usual basis of T'(M N U,), also wa%]p as a basis vector at a point p € Us,.
These observations suggest to introduce a new bundle, called the b-tangent
bundle T M, whose base space is M and whose fiber over a point p is defined

as follows
T,M ) U,
b =P ) ifp ¢ Ue (1.14)
, SPang {x%,TpUaM} ifp e U..

Remark 1.3.1. The definition of prM given above does not depend on the
choice of €. Indeed, if a point p does not lie in t(OM), then we can find an
open neighborhood U, not intersecting the boundary such that b pMly, is
diffeomorphic to T'M |y, .

Note that the restriction map
T Vb(M) — P(T(‘)M) X X|3M

is not injective, as on the boundary it associates any b-vector of the form
axdy, a € C®(OM), to the zero section of TM. The dual of *TM is *T*M,
the b-cotangent bundle. Proceeding as before, making use of the tubular
neighborhood theorem, one can show that for every p € M , bT; M coincides
with 77 M, while for a point p € M, we have bT;M = spang {T;@M, d?“”}
We also observe that there is a natural non injective map 7 : T*M — *T*M,
built as follows. Consider a tubular neighbourhood of M and a chart U
centered at point p € OM, inducing the local trivializations of T*M and
bT; M whose local coordinates are (z,y;,&,n;) and (z,y;, (,n;) respectively.
In these coordinates the action of the map 7 is:

7T($, Yi, 57 771) = (x7 Yi, xfa 77z)



14 CHAPTER 1. GEOMETRIC AND ANALYTIC PRELIMINARIES

In particular, since p € OM, we have z = 0 and therefore 7(0,y;,&,m) =
(0,9;,0,m;) for every & € R. If we consider, instead, a chart U’ centered
at a point ¢q € M , the map 7 is a diffeomorphism. We call compressed
b-cotangent bundle

“T*M = x[T*M], (1.15)

which is a subset of *T* M. This space will play a pivotal role in the following,
when we shall define the b-geometry analogue of characteristic set of a PDE.
Further details can be found in [Mel81), [Vas12]. The last geometric structure
that we shall need in this work is the b-cosphere bundle which is realized
as the quotient manifold obtained via the action of the dilation group on
Ty M \ {0}, namely

b = "T*M \ {0} /p+. (1.16)

We remark that, if we consider a local chart U C M such that U NOM #
() and the local coordinates (z,v;,(,7;), i = 1,...,n —1 = dimdM, on
bT{'}M = b7 M |7, we can build a natural counterpart on bSl*]M , namely
(x, v, Z, ;) where Z: % and 7; = % with p = |9,—1]. The b-cosphere bundle
is useful to prove some estimates we need in order to obtain a propagation of
singularities theorem for the Klein-Gordon operator with general boundary

conditions.

1.3.2 Db-differential operators

Using b-vector fields in V, (M), we can build b-differential operators in the
same way we build differential operators using ordinary vector fields. The
space Dzﬁf (M) is the space of b-differential operators of order k € N, namely
the space of the linear maps P : C*°(M) — C°°(M) given by a finite sum up
to k-fold products of elements of V,(M) and C*°(M). In local coordinates

(z,y) of M, with y = y1,---,yn, we can write a b-differential operator P as
9\ o\ o Qp—1
p_ PR R (A 1.17
|| <k
where o = (ap, -+, ap—1) is @ multi-index and {aq}|q|<i are smooth func-
tions up to the boundary. The b-principal symbol is the polynomial
bo(P) = Y aa(z,y)Congt - npny! (1.18)
|a|=k

with (z,y,¢,n) local coordinates on PT*M. As we will see, the microlo-
calization of Diﬁ’g (M) is \I/]lf(M ), the algebra of the properly supported
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b-pseudo differential operators of order k. A classical pseudodifferential
operator on a manifold M without boundary is an operator whose integral
kernel over M x M conormal with respect to the diagonal A = {(p,p) €
M x M | p € M} and such that the principal symbol is determined by the
singular behavior at A. However, we cannot slavishly extend this definition
to b-pseudodifferential operators on manifolds with boundary, because in
addition to the singularities on the interior of the diagonal diag(M x M )
we may encounter also singularities in the corners of M x M. For simplicity
in the following we focus on the case M = R,, which will be enough for
our purposes, since the corner of R x R, is the only one we encounter in
integral kernels over a AdS spacetimes. We need to give a precise description
of the singular behaviour approaching the interior of the diagonal A, at the
boundary O(Ry x Ry) \ (0,0) and at the corner (0,0). To overcome this
hurdle, we introduce the notion of blow-up, which allows to deal with the
singularities of integral kernels at the boundaries and at the corners.

1.3.3 Polyhomogeneous conormal functions and blow-ups

In this section we introduce the notion of blow-up of a manifold M with
boundary. As a motivation for the need of b-geometry and blow-ups we
begin with the study of polyhomogeneous conormal functions, a class of
functions which can diverge at the boundary of M as a monomial or as a
logarithm. To give a precise description of the singularities, it is convenient
to introduce the notion of index set.

Definition 1.3.1. An index set is a discrete subset F' C C x Ny such that:
a) FN{(z,p) € CxNy| Re(z) <N, N € R} is a finite set.
b) If (2,p) € F and p < q, then (z,q) € F.

Now we can give a precise definition of a polyhomogeneous conormal
function.

Definition 1.3.2. Let M be a smooth manifold with boundary dM and let
F be an index set. A smooth function u € M is called polyhomogeneous
conormal function with respect to F' if, on a tubular neighborhood [0, ¢) x
OM , u satisfies the following asymptotic expansion:

u(w,y) ~ Z ap(y)z*logh(z) as z — 0T
(z,p)eF

with a, € C®(OM).
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We followed the same notation of the previous section denoting with
x the boundary coordinate. We have written y = y1, ..., ¥y, to denote the
other coordinates collectively. We are interested in studying the singularities
of the integral kernel of an operator, namely we are dealing with a function
defined on M x M, which is a manifold with corners. We extend the previous
definitions as follows:

Definition 1.3.3. An index family § for a manifold with corners is an
assignment of an index set to each boundary.

For the sake of simplicity we treat only the case of M = R, which is
sufficient to introduce b-calculus on manifolds with boundary. In this case,
denoting with x1, xo the coordinates of the two factors of M x M, we write
the index family over M x M = R? as § = (E, F), with E the index set
associated to the x1 axis and F' the one associated with the x9 axis. In this
case the underlying manifold is Ri, hence the definition of polyhomogeneous
conormal function can be extended as follows.

Definition 1.3.4. Let (E, F) be an index family for R2. A function u over
Ri is polyhomogeneous conormal with respect to (E, F) if for every xo € R
it admits an asymptotic expansion in ;1 € R as in Definition [1.3.2] with
index set I’ such that the coefficients a,, are polyhomogeneous conormal
functions on R} with index set E.

The last requirement in this definition entails that for each x1 the co-
efficients a.j, have the same singular behavior. A function which does not
satifsfies this definition is u(z1,22) = /2] + 23, defined over Ri, as its
asymptotic expansion as x1 — 07 is

9 9 > i lx% lgvil
331+$2NZCM(ZJ)$ = T2 5;2—§;+
i=0 2

whose coefficients a;(x2) are more singular as we increase the order in z; of
the expansion. However, if we see u as a function of z1 and x1/x9, then we
have

2 2 1 I 2 1 I 4 > T 2
m~x2+§xg ;2 —gxg ;2 —l—"':szCi ;2

Now the coefficients of the expansion are the real values ¢;. Therefore in
these new variables u is a polyhomogeneous conormal function. This ex-
ample suggests that, to understand the singular behavior, we may need to
find a suitable set of coordinates. We formalize this fact with the notion of
asymptotic type.
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Definition 1.3.5. Let M be any smooth manifold and let N be a compact,
connected manifold with corners. Let u be a function over M and consider
a diffeomorphism (3 : N — M such that B*u = u o B is polyhomogeneous
conormal on N. Then we say that u is of asymptotic type 5 and we call g8
a singular coordinate change, which resolves the function .

The simplest example of singular coordinate change for the function
u(z1,22) + R2, (z1,22) — /23 + 23 considered before is obtained con-
sidering polar coordinates (r, ) restricted to N = [0,400) x [0, 7/2], with
B(r,8) = (rsind, rcosh). We have u o 3(r,0) = r, which is a conormal poly-
homogenous function as per Definition

The reason polar coordinates allow us to describe the asymptotic behav-
ior of u is actually the fact that polar coordinates over N are blowing up
the origin of Ri. Indeed, since § is a diffeomorphism on the interior of Ri,
B~(p) is a point if p € N, but this is not true for p = (0,0), which is mapped
to the interval {0} x [0,7/2]. Considering S*u we spread out the values of
u near the origin to the interval {0} x [0, 7/2], with the asymptotic expan-
sion depending only on the first factor. We say that M7 = Ry x [0,7/2] is
obtained from M x M = R% by ‘blowing up’ the point (0,0). Sometimes,
to denote that in this case the origin blowed-up we employ the notation
M2 = [M x M, (0,0)] used in [Gri0I]. B is called the blow-down map. The
boundary hypersurfaces of ]\Jb2 are the left boundary b = {6 = T}, the right
boundary 76 = {6 = 0} and the front face ff= {r = 0}. The blow-up of the
diagonal A = {# = 7} is the space A, = f71(A°), called the lifted diagonal
or b-diagonal.

b rb .

o
vl
»

(b) M? = B(MZ). A = {0 = T} is the

(a) Picture of MZ. Ay ={0 =7} diagonal.

is the b-diagonal.

Figure 1.3
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In general this procedure of blowing up a point — the origin in the case
of polar coordinates — goes under the name of blow-up. On [RZ,(0,0)]
there are two distinguished coordinate systems which are usually employed:
projective coordinates and rational polar coordinates [Gri01].

Rational polar coordinates

Let z,2’ € R4 U {0} be the Cartesian coordinates over R?. The rational
polar coordinates p, T are defined as

p:x+x’
oz —a (1.19)
ozt

The boundary functions for ff, Ib and rb are p, 147 and 1 — 7 respectively.
The blow-down map is given by B(p,7) = (3p(1+7),3p(1 —7)). When
representing a blow-up as in Figure we are using these coordinates.
These are the coordinates we shall employ in the following.

Projective coordinates

Another distinguished set of coordinates is the one given by the following
two local charts. Let 6 be the angular variable of standard polar coordinates
over R%. If 6 # 5 we define the coordinates (£1,m1) as:

==
)
m =

xr

Instead, if 6 # 0, we can use the coordinates (£2,72) given by

X
§o=—
Yy
m=y

In these charts, the blow-down maps 3 takes the form (31 (&1, 1m1) = (&1,&1,m1)
and Ba(§2,72) = (§am2, M2)-

As we shall see later, the space of b-pseudodifferential operators is the
space of distributions whose singularities are located on the b-diagonal and
satisfy certain constraints. In order to give a precise definition, we need to
introduce the notion of conormal distribution on a manifold, beginning from
the particular case of a polyhomogeneous conormal distribution.
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Ay
b i rb
N
| .
-1 ff 1 rb
(a) Rational polar coordinates. (b) Projective coordinates.

Figure 1.4

Definition 1.3.6 (Polyhomogeneous conormal distribution of order m on a
manifold). Let Z be a manifold and 7' C Z a submanifold. A distribution
u € D(Z) is one-step conormal or polyhomogeneous conormal with respect
to T' if 3m € R such that:

1) w is smooth on Z \ T

2) In any local coordinate system ¢ : U C Z — R"™ mapping TN U to
RF x {0}"~% C R™ there is a representation

u(t,z) = /Rnk e*Sa(t, ¢)d¢ (1.20)

where t = (¢1,- -+, ¢r), 2 = (Pg+1,- -+, On) and a is a smooth function
on (T NU) x R** with asymptotic

a(t,¢) ~ > am—;(t,¢) (1.21)
§=0
as |¢|— oo, where q; is homogeneous of degree [ in (, for each .

3) If T is a (sub)manifold with corners, u(t, z) is smooth up to 97 in the
variable ¢.

Remark 1.3.2. Condition ([1.23]) is the Fourier transform in the directions
transveral to 7'

'Here the meaning of the asymptotic expansion is the following: For any N, if ™) is
the sum up to the term a_n, then |a(y, () — a(N)(y, OI< [¢]7 N1, Similar estimates must
hold true also for the derivatives in y and (.
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Weakening the second condition of the definition above we obtain the
larger class of non-polyhomogeneous conormal distributions. Before giving
the precise definition, we need to recall the notion of symbol, as introduced
by Hérmander [HO0Q].

Definition 1.3.7. Let (2,&) be coordinates over *T*M. A symbol a is a
smooth function over ®T*M such that, given a compact exhaustion {K;} of
M, satisfies

020 (2, )| Crap(1+ ¢ (1.22)

on K; x R™.

In the following we denote with S™(°T* M) the space of symbols of order
m over the b-cotangent bundle of M. We are ready to give the general
definition of conormal distribution.

Definition 1.3.8 (Conormal distribution of order m on a manifold). Let
Z be a manifold and T' C Z a submanifold. A distribution v € D(Z) is
conormal with respect to 1" if 3m € R such that:

1) u is smooth on Z \ T.
2) In any local coordinate system ¢ : U C Z — R™ mapping TN U to

R* x {0}"~% C R™ there is a representation

u(t,z) = /Rn—k e*a(t, )d¢ (1.23)

where t = (¢1,- -+, ¢r), 2 = (Pg+1, -, Pn) while a is a symbol as per
Definition [[.3.7

3) If T is a (sub)manifold with corners, u(t, z) is smooth up to 97 in the
variable t.

With these data a YDO on a manifold M without corners is a distribu-
tion on M x M which is conormal with respect to

A={(p,p) |l peM}CMxM (1.24)

In the case of a manifold with corner, in addition to the singularities on
the diagonal, we must take care of the boundary behavior. In particular,
b-pseudodifferential operators are characterized by their behavior at ff, If,
rf and Ay.
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1.3.4 Half b-densities

To build the small calculus of b-pseudodifferential operators, it is convenient
to introduce the notion of half b-density. The reason is that it is simpler
to introduce the space of b-pseudodifferential operators seeing their integral
kernels as half-b-densities over ]\/[b2 instead than as distributions over M?
[Gri01l Mel93]. In general, given a vector space V of dimension n, the space

of s-densities over V', with s € R, is
Q°V ={p e A"V*\ {0} = R | u(tA) = [t|°u(N) YA € A"V*, t #0}

Here A"V™* is the space of the n-differential forms over V. Note that, since
dim(A™V*) = 1, an element p € Q°V is fixed by its value when evaluated
against an n-differential form A # 0. This entails that the space of s-
densities is of dimension one. The definition of s-density immediately yields
the following canonical isomorphisms

VUV ~QHY, Vs teR
QV ~R

Q7Y ~ (Q°V)*
QBVeW)~QPVUPW VseR

(1.25)

where V and W are finite dimensional vector spaces.

Let M be a smooth compact manifold of dimension n, with or without
boundary. Consider a point p € M and let Q) := Q°(T; M) and ng =
Q° (bT;M ) denote the spaces of s-densities and s-b-densities over M at the
point p. Then:

o O°M = Upen ST,y M) is the bundle of s-densities over M.
o PO M = I_JpeMQ(bT;M) is the bundle of s-b-densities over M.
These two bundles are related as follows
p € C(M;P QM) < 2 € C°(M; QM) (1.26)
In particular, calling

C®(M, QM) = {u € C*°(M, QM) | u vanishes to all orders at OM}
. . (1.27)
equation (T.26]) yields that C>(M, QM) ~ C>®(M,Q*M).
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In local coordinates x,y1, - - -, yn—1 near the boundary of M, a local basis
element of the bundle Q°M is of the form

(adp N Oy, N+ NOy,_,) |dady, -+ dy,_,|°

while an element of *Q% M is of the form

dx

(azdp A Oy, A== ANDy, ) ?dyl cody,

with a € C*°(M).
Now let us focus on half-densities. Equation (|1.25]) entails that there
exists a well-defined product bewteen half-densities, namely a map:

C(M; Q2 M) x C(M; Q2 M) — C°(M; QM) (1.28)

Furthermore, this product can be extended to smooth sections of the com-
plexified 1/2-densties bundles, yielding the sesquilinear pairing

(u,v) = / uv  for every p,v € C*(M; Q%M) (1.29)
M

The completion of C*°(M, Qs M ) with respect to this inner product yields

the space of the square-integrable half-densities L?(M ,Q%M ). The pair-
ing (|1.29) also allows us to define the space of distributional half densities

C—°(M, Qs M ), namely the space of the the continuous linear maps from

COO(M,Q%M) to C. Making use of the relation (1.26]), we can extend the
product map in Equation (|1.28)) to

C%°(M, Q2 M) x C(M,*Q2 M) — C (M, QM)
and the pairing ((1.29) as a map
C (M, Q2 M) x C(M,*Q2 M) — C.

The Schwartz kernel theorem can be formulated for half-b-densities over
manifolds with boundary as follows [Mel93].

Proposition 1.3.1. Let M be a compact manifold with boundary OM and
consider the blow-up M7 = [M?,(0,0)]. The continuous linear operators

G (M, Q2 M) — C~°(M, Q2 M)
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are in one-to-one corresponc%ence with the elements of the space of distribu-
tional sections C~°°(M2,%Q2 M?). In particular, operators on distributional
densities can be identified with the lifts of their kernels to Mb2:

{AK L C(M, Q3 M) — C*OO(M,bQ%M)} o {K c C’“(Mf;QQ%MbQ)}

(Ao, v) = (K, (8" (v K ¢))
(1.30)

where (32)*K is the pullback of K in both entries with respect to the blow-
down map (. The interested reader can find more about s-b-densities in
[Mel93l Chapter 4].

1.3.5 Kernels of b-differential operators as b-half-densities

Before defining b-pseudodifferential operators, let us focus on b-differential

operators. We start by studying the identity I as a b-differential opera-

tor on half-b-densities over a manifold with boundary M. Given a half-b-
1

dx , |2

—dy

x

density « over M, the action of the identity — in local coordinates

z, 'y, -yl of M x M, with z,2’ the boundary functions of the two
factors — can be expressed as the formal integral

H(a

From this expression we can read the kernel of the identity in the sense of

Equation (1.30)):

dzx

1 1
dy” = [ 8t =16y~ otel o) 'y dxdyr (1.31)
X M X

Ki=2'6(z —2)s(y — ) (1.32)

This kernel is degenerate on the boundary of M x M, since 2’0 (x—2")6(y—vy')
vanishes for 2/ = 0. Lifting this kernel to Mb2 making use of the projective
coordinates s = x/z’ and ¢t = a/, yields

1
ds . ,dt |2

Ki=0(s—1)0(y — ) ;dy’Tdy

(1.33)

which is no longer degenerate at the boundary of MbQ. In general, the lift-
ing of the kernels of b-differential operators removes the degeneracy of the
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kernels on the boundary. Before stating the main proposition concerning
b-differential operators as bl—half-densities, we need to introduce the notion
of smooth Dirac section bQiMbQ.

Definition 1.3.9. A smooth Dirac section of order k of *Q3 MbQ7 with respect
to Ay, is a distribution in C_OO(MbQ; bQ%MbQ) which has support contained
in Ay and such that in local coordinates it admits the form

Z ap,a($/7 y)ng(S - 1)D;6(y - y/) (134)
0<p+|a|<k

with a, € C*°(M) for every p € N and o € N*~1, where n = dim M.

Proposition 1.3.2 ([Mel93], Lemma 4.21). Under the isomorphism given
by Proposition the space Diff’g(M ;bQ%M ) is mapped isomorphically
onto the space of all smooth Dirac sections of order k, as per Definition|1.3.9
with respect to A.

1.3.6 The small calculus of b-pseudodifferential operators

Now we are ready to microlocalize the space of b-differential operators, seen
as operators over half-b-densities.

Definition 1.3.10 (Small b-calculus). The (small) space ¥} (M; bQ%M) of
b-pseudodifferential operators of order m € R, acting on half-b-densities,
is the space of continuous linear operators which, by means of Equation
, correspond to conormal sections of order m associated to the lifted
diagonal and vanishing to all orders at [b U rb.

The meaning of this definition is that the kernel k associated to a b-
pseudodifferential operator of order m must satisfy the following properties:

1
a) Klpz\n, € C(MG\ Ay Q22 M)
b) In a neighborhood of A\, \ ff

k(2 2) = (2m) "1 / =g (2! VdC|dzd|b (1.35)

with (z, 2’) coordinates of MZ.
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¢) In a neighborhood of A, N ff, using rational polar coordinates instead
of the boundary functions x, z’, it holds

2

N d
k(p, Ty, y) = (2m) "1 / =YY (o ' X, ) dAdn ‘ppdfdydy’
(1.36)

d) The Taylor series of x vanishes at every order at [bU rb.

The amplitudes a and b in the Fourier integral above are symbols of the
same order m of the b-pseudodifferential operators. If the symbols satisfy
the full asymptotic Equation (1.21)) we obtain the smaller space of one-step
polyhomogeneous b-pseudodifferential operators.

Remark 1.3.3. One can prove that the expressions in Equations (|1.35]), (1.36))
are actually coordinate invariant [Mel93].

As in the case of pseudodifferential operators, also b-differential opera-
tors admit a principal symbol map.

Proposition 1.3.3 ([Mel93], Proposition 4.23). The local symbols in Equa-
tions ([1.35)) and ((1.36) fix the symbol map, giving the short exact sequence

b

0 —— WY (M; Q3 M) s U (M; P2 M)~ S™(PT*M) —— 0

In particular the short exact of this proposition entails that there exits
an isomorphism

UM /oY (M) = ST M) /S (T M),

Remark 1.3.4. This isomorphism and the definition of classical symbol over
bT*M yield that UP(M) C W?(M) if m < n.

The kernel approach over half-b-densities presented above is a way to
define b-pseudodifferential operators which is well-suited to study the prop-
erties of this space. In the following we revert to reading b-pseudodifferential
operators as operators acting on smooth functions. In the following, as in
[Vas12] and [GW20], we work with properly supported b-pseudodifferential
operators and with W,(M) we shall denote this space. Since we are dealing
with properly supported distributions, we can view an element of W' (M)
as a map C>°(M) — C>(M), which can be extended to a continuous endo-
morphism over C>®(M) [GW20]. Here, with C>°(M) we denote the space of
smooth functions vanishing at the boundary OM with all their derivatives.
The pairing between C*(M) and C~*(M), which we denote with (u,v),
allows us to extend a pseudodifferential operator to an endomorphism on

C—(M).
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Remark 1.3.5. Fixed a positive C*° density y over M, u € L2 (M, ) deter-
mines an element of C™°°(M) via

(u, d) Z/Mu-sf)du

where ¢ € COO(M ) has compact support. Sometimes, in concrete applica-
tions, it may be more convenient to define locally the small b-calculus using
local quantization maps [Vas12] — namely using Fourier integral operators
defined over local charts of M — and then to define a global quantization map
using a partition of unity. The result is a map Op : S™(*T*M) — Wit (M)
which associates a b-pseudodifferential operator to a symbol. We can see
the map Op as a non-canonical inverse of the symbol map, whose form is
fixed case by case as it is more convenient. For example, a local quantiza-
tion map can be defined as follows. Let U be a local chart with coordinates
(z,y) and let a € S™(®T*M) be a classical symbol as per Definition m
with support in K C bT[*(M , K C U compact. We can define the quantiza-
tion map Op, associating to a € S™(M) the b-pseudodifferential operator
Op(a) € W' (M), as the following oscillatory integral

Op(a)u(z,y) =

1 il(z—z")o ). z—x
— W /U il Jo+(y=y')nl g < - > a(z, y, zo, n)u(e’,y)dz'dy dodn
(1.37)

with u € C*°(M). The integral in 2’ is over the interval [0, c0), while those
in the other variables are over the real line. In addition ® € C§°(€2), where
0 € Q C R, ® is identically 1 near 0 and it localizes to a neighborhood of
the diagonal {x = 2’}. Symbolically we can write Op(a) = a(z,y, zDg, D).
In order to reflect the form of a coordinate system on T*M, we can make
the change of variable £ = zo, which leads to the following expression of the
quantization map:

Op(a)u(z,y) =

1 [ (z—a’) / x—a dx’
— i[*——&+(y—y')nl ’o ’
(27‘(‘)" /6 ¢ ( T ) a(z:, Y, 57 7])“(95 Y ) T dy dé-d’l’]
(1.38)

1.3.7 Properties of b-pseudodifferential operators

In this section we recall some useful properties of b-differential operators that
we use in the following and we introduce the notion of operatorial wavefront
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set, following [Vas12], [GW20] and [DM21a]. We begin reviewing some
properties of the principal symbol of a b-pseudodifferential operator. Given
two pseudodifferential operators A € ¥*(M) and B € W} (M), the principal
symbol of the composition AB is 0y y4n(AB) = 04 m(A)-0bn(B), while their
commutator [A, B] € U™~ 1(M) has principal symbol oy n—1([4, B]) =
{obm(A),0pn(B)}. The adjoint of a pseudodifferential operator of order m
with respect to a measure p over the manifold M is again a pseudodifferential
operators of order m. In particular the adjoint with respect to the volume
form of a Lorentzian manifold is such that [MSI1]

2 (—i)lel -
o(A")(2,0) ~ ) ( a)! 0¢ V2 a(z,Q) (1.39)
a=0

At the level of principal symbol, the equality o,,(A*) = 0,,(A) holds true.
The principal symbol of a b-pseudodifferential operator is invariant under
conjugation by a power of the boundary function, namely given A € W} (M),
then 7% Ax® € W'(M) s € R, while oy, (x7°Az®) = 04 1, (A).

Through the notion of symbol we can endow the space of b-pseudodifferential
operators with the structure of metric space as follows. First, for m € R,
we equip the space of symbols S™(*T*M) with the structure of a Fréchet
space defining the following family of seminorms

s
lally = sup max W
(z.0)e K xRn [ +]BI<N ()16l

where {K;} is a compact exhaustion of M — that is an increasing sequence
{K;} with each K; € M such that U2 K; = M — and (¢() = 1+ [(].
A metric over S™(®T*M) can be defined in the following way: Given two
symbols a,b € S™(°T*M), their distance is

N lla=Dbl~
d(a,b) = Z o N_ 1 A (1.40)
et 1—|—Ha—b||]v

The distance d between two elements A, B € W"(M) is defined as the one
between their symbols a,b € S™(M), namely d : UI"(M) x W(M) —
[0, +00) is such that d(A, B) = d(a,b), the right hand side being as per
Equation . In particular, we say that a family of b-pseudodifferential
operators in ¥y,(M) is bounded if the subset of the symbols associated with
the family of ¥DOs is bounded.

To study the behavior of b-pseudodifferential operators at the boundary
OM, it is useful to introduce an object describing the mapping properties of a
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b-¥DO in terms of the decay at the boundary. This information is captured
by the indicial family associated to a b-pseudodifferential operator.

Definition 1.3.11. Let A € U}*(M). For a fixed boundary function = and
v € C(OM) the indicial family N(A)(s) is defined as:
N(A)(s) = 27 A («"u) |onr

where u € C>°(M) is any function restricting to v at the boundary.

The indicial family is an algebra homomorphism, hence it satisfies

~

N(AB)(s) = N(A)(s) o N(B)(s). (1.41)

At last we discuss the microlocal properties of b-pseudodifferential op-
erators. The starting point is the notion of elliptic b-pseudodifferential op-
erator.

Definition 1.3.12. A b-pseudodifferential operator A € W}*(M) is elliptic
at a point gg € *T*M \ 0 if there exists b € S~™(*T*M) such that

opm(A)-b—1¢€ ST M)

in a conic neighborhood of gg. We call ell,(A) the conic subset of *T*M \ 0
in which A is elliptic.

Remark 1.3.6. Using the coordinates (z,¢) of ®T*M, the condition above is
equivalent to |op ,(A)|> e|(|™ for [(|> C. for every € > 0.

As in the case of pseudodifferential operators, also the wavefront set of
b-pseudodifferential operators is defined in terms of its symbol [Jos]:

Definition 1.3.13. If P € U}*(M), then (z0,{o) ¢ WF{(P) if its symbol
p(z, () is such that

020, p(2,O)I< Cmap(Q)™ VN
for z in a neighborhood of zy and ( in a conic neighborhood of (3. Here
(€)= @+

Remark 1.3.7. From this definition the following fact follows immediately:
If WF}(P) =0, then P € ¥, *°(M). Also the converse holds true.

The notion of wavefront set can be extended also to a family of b-
pseudodifferential operators [GW20].
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Definition 1.3.14. Suppose that A is a bounded subset of W}*(M) and
q € "T*M. We say that ¢ ¢ WF](A) if there exists B € W,(M) which is
elliptic at ¢ such that {BA: A € A} is a bounded subset of W,"°(M).

Remark 1.3.8. This definition reduces to the one given before in the case
the set of b-WDOs consists of a single operator.

The usual properties of the operator wavefront set also hold true for
a family of ¥YDOs. Given two bounded families A and B the following
relations, true in the case in which A = {A} and B = { B}, are still valid:

WF(A+B) C WF(A) UWFJ(A) WEF(AB) C WF,(A) N WF/(A)

Another important property of bounded families of pseudodifferential oper-
ators is the following: If B € W,(M) with WF](B) N WE/(A) = 0, then
{AB : A € B} is bounded in U™>°(M).

Definition 1.3.15. Let S C ¥}*(M) be a closed subspace. We say that
a bounded linear map M : S — WF(M) is microlocal if WF](M(A)) C
WF/(A) for all A€ S.

We also can microlocalize the notion of parametrix [Vas0§g].

Definition 1.3.16 (microlocal parametrix). Let A € W;*(M) be elliptic
in an open cone centered at a point ¢ € *T*M \ {0}. Then there exists a
microlocal parametrix G € W, ™ (M) for A at ¢, so that GA and AG are
microlocally the identity operator near ¢, namely ¢ ¢ WF/(GA — 1) and
q ¢ WF/(AG —1).

A useful consequence of this definition is that, given a compact sub-
set K C T*M and an operator A € Uyt (M) which is elliptic in K, then
there exists a b-pseudodifferential operator G € ¥, ™ (M) such that K N
WB(GA —-1) = KN WBj(AG — 1) = (. In pacticular, the operators
E; = GA—Tand Ey = AG — I are in ¥, *°(K), namely they are smoothing
b-pseudodifferential operators.

1.4 b-calculus and twisted Sobolev spaces

1.4.1 Twisted Sobolev spaces

A key ingredient of our analysis will be the Dirichlet form, following the
strategy employed in [GW20]. To this end it is necessary to introduce a
twisted version of the standard Sobolev spaces to account for the behaviour
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of the fields at the boundary, as acknowledged in [Warl2]. To motivate
the necessity of introducing twisting Sobolev spaces, we start with a short
motivational example, considering the simplest case of globally hyperbolic
asymptotically AdS spacetime: PAdSs, the Poincaré patch of the two di-
mensional anti-deSitter spacetime. As a manifold on its own PAdS; is
diffeomorphic to R x [0, 00) and the metric reads g = 221, where 7 is the
two-dimensional Minkowski metric, see Section Let ¢ : PAdS; — R
be a scalar field obeying the Klein-Gordon equation

m2

(Dg—m2>¢:O:>:r2<Dn—?>¢:0. (1.42)

Equation (|1.42) can be solved by separation of variables using the ansatz
o(t,x) = F(t)H(x), which leads to the following systems of ordinary differ-
ential equations

d’F
M
2 (1.43)

where A € C is the spectral parameter of the problem. For future conve-
nience, we introduce the parameter v = %\/ 1+ 4m? > 0, which is related to
the indicial roots of the operators. In the theoretical physics literature this
constraint is known as the Breitenlohner-Freedman bound [BF82]. Solving
the two ODEs above yields

F(t) = CreM + Coe™
H(z) = C3v/xJ,(—iVAz) + Cyv/zY, (—iv Az

with J,,Y, the standard Bessel functions of first and second kind and
C1,C,C5,C4 € R to be determined imposing boundary conditions at = 0
and at x — +4o0o0. Imposing a Dirichlet boundary condition, we obtain
C4 = 0 and therefore we call Hy(z) = v/z.J,(—iv/Az) the Dirichlet solution.
Instead, imposing a boundary condition of Neumann type yields C5 = 0,
thus we call Ho(x) = /Y, (—iv/Az) the Neumann solution. The behavior
of the solutions near the boundary is described by the indicial roots v4 of
Equation , which are given by vy = % + v. Consider a relatively com-
pact subset U C PAdS, such that U N OPAdSs # () and let us introduce
the Dirichlet form

emwwﬁ=—Aﬁw@@@MM=—AﬁwmA@mmu (1.44)
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with ¢1, ¢o arbitrary solutions of Equation and ¢(-,) the metric in-
duced pairing between 1-forms. A direct inspection unveils that, choosing
as ¢ the solution of Equation with Dirichlet boundary conditions,
then n(dé1, dp1) ~ 2'+2¥ close to the boundary = = 0. Hence the z-integral
in Equation (|1.44) is always convergent. Consider now as ¢o the solution
of Equation (|1.42)) with Neumann boundary conditions. The z-integral is
always divergent since 1(dgo, dps) ~ 27172 as 2 — 0T. For this reason the
Dirichlet form in Equation is not the right choice to study bound-
ary conditions other than Dirichlet one. In order to bypass this hurdle, we
introduce the twisted derivatives

st (i) e e
Gomst e ) =) o

with ¢ a generic solution of Equation . Note that twisting by x raised
to a power of the indicial root v_ only affects the derivative in the x direction,
but not that in the time direction. Now we define a new energy form making
use of the twisted differentials associated with @0 and @1.

Eo(p1, h2) = —/Ug(d@%,d@@)dﬂg = —/UU(d@%,d@@)diﬁdt- (1.47)

Here d@ is the twisted differential defined as

A = x”*d(x_”* ¢>). (1.48)

After a short computation, we find that for z — 0 n(déqﬁl, d@¢1) ~ g2l
while n(d@gbl, déqbl) ~ 2372, Hence for 0 < v < 1 the integral is convergent
in both cases. Motivated by this example we introduce the space of twisted
differential operators on a generic globally hyperbolic asymptotically AdS
spacetime (M, g)

DiffL (M) = {z"-Dz~"- | D € Diff'(M)}

where v_ = 221 —y v > 0 and Diff' (M) is the set of first order differential
operators on (M, g). In the next chapter we shall see that v_ corresponds

to the lowest indicial root of the Klein-Gordon operator on the spacetime
(M, g).

Remark 1.4.1. Since Diff. (M) C z~'Diff} (M) [GW20, Lemma 3.1], it fol-
lows that DiffL (M) is finitely generated.
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Following [GW20] we introduce the following L? space
L2(M) = L*(M, z*dpy) (1.49)
and the corresponding twisted Sobolev space
HL (M) = {u e L2(M) | Qu e L2(M)VQ € Diﬁ“},(M)}, (1.50)

whose norm is
n
||U”3{1(M): ||UH%2(M)+ ZHQWH%Z)(M) (1.51)
i=1

where {Q;}i=1..n is a generating set of Diﬁ'll,(M ). In addition we also define
EIQO (M), the space of locally square integrable functions over M with respect
to the measure xQd,ug, the corresponding local first order Sobolev space being
H} (M). With ], (M) we denote the closure of Cjoe(M) in H}. (M). The
topological duals of the last two Sobolev spaces we introduced are ’Hl_Oi(M )

and H; }(M) respectively. In addition we define

loc
Ho(M) = Hioo(M) N E'(M), (1.52)

where we denote with £ (M) the topological dual space of C*°(M). Similarly
one can define Hy ' (M).

On twisted Sobolev spaces on asymptotically anti-de Sitter spacetimes,
there is a distinguished trace map v_ : H} (M) — £2 (OM), which can be
built using an asymptotic expansion.

Theorem 1.4.1 ([GW20], Lemma 3.3). Let v > 0, 2r = n — 2 and let
R? =R"!'x[0,00). Ifu € HY(R?), then the restriction of u to R" ™! x [0, ¢)
for any € > 0 admits an asymptotic expansion

u=a""u_+z" T HL([0,¢); L2(R"™1)) (1.53)

where u— € HY(R"Y) while = is the coordinate along [0,00). Further-

more, the application u — y_u = u_ is a continuous map from HI(R?F) —
HV(Rn_l).

We can extend this result to a generic globally hyperbolic, asymptotically
AdS spacetime using a partition of unity argument, obtaining a continuous
map

o HE (M) — HY (OM) (1.54)
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Similarly, we can extend y_ on H},.(M). The definition of 7_ depends on
the choice of the boundary function z, therefore we assume that, chosen a
boundary function, we continue to use the same. A useful property of the
trace map 7_ is the following, see |[Ganl§].

Lemma 1.4.1. Let u € H}, (M) be compactly supported. Then for any
g > 0 there exists C. > 0 such that

In=ellzeonn < ellully, qan +Cellullze

To conclude this section, we observe that we can generalize the notion of
twisted derivatives and the definition of twisted Dirichlet form using different
twisting factors. The starting point consists of defining a convenient class
of twisting function to use instead of the boundary function.

Definition 1.4.1. We call smooth twisting function any F' € z¥-C*> (M),
such that 7= F > 0 is strictly positive on M.

For any B € Diff'(M), it holds that FBF~! ¢ Diff}(M) and, con-
versely, any Q € Diff}(M) is of the form Q = FBF~! for some B €
Diff! (M) with F a twisting function [GW20).

1.4.2 Interaction with b-calculus and wavefront sets

In this section we recall some results from [GW20], [Vas08] and [Vasl0]
concerning the interplay between properly supported b-WDOs and twisted
differential operators. Thanks to Theorem M is isometric to R x X
and therefore we can introduce a time coordinate ¢ € R. Let F be any
twisting function as per Definition In the following we denote with
Qo the operator Qg := F9,F~! € Diff.(M). We begin to study the interac-
tion between b-pseudodifferential operators and Diff, (M) with the following
lemma, concerning the interplay between Q¢ and W;*(M).

Lemma 1.4.2 (Lemma 3.7 of [GW20]). Let A € W}*(M) have compact sup-
port in U C M. There exist two pseudodifferential operators Ay € \IIZ”*I(M)
and Ag € V(M) such that

[Qo, A] = A1Qo + Ag

where oy m—1(A1) = —i0copm(A) and oy m(Ag) = —i0,04m(A), opm being
the principal symbol map, while (x,() are the local coordinates on b M
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introduced in Section [1.5.1. Also, the maps A — Ag and A — Ay are
microlocal in the sense of Definition |1.5.15. Furthermore,

QoA = A'Qo+ A"
for some A', A" € W"(M). The maps A— A" and A — A" are microlocal.

In Chapters |2/ and (3| the space \Ilg (M) plays a pivotal rdle, since we shall
employ bounded families of b-pseudodifferential operators in some proofs.
For this reason, it is convenient to know how b-pseudodifferential operators
of order zero act on twisted Sobolev spaces. The following two results answer
to this question.

Lemma 1.4.3 (Lemma 3.8 of [GW20], Lemma 3.2 of [Vas08]). Let A €
W)(M). Then A is a continuous linear map

HZIOC/O(M) - Hlloc/O(M)’ ,Hlloc/O(M) - Hlloc/O (M)7
which extends per duality to a continuous map

(M) — M+

Y1
H 0/loc

O/lOC(M) - 7:[_1

O/IOC(M)’ H_l

0/loc (M)

Remark 1.4.2. We recall that the spaces H*(M) and HJ*(M), m = +1, are
defined in Equation (1.52)).

An interesting consequence of this lemma is the following bound.

Proposition 1.4.1. Let A € ¥Y(M) have compact support in U C M.
Then there exists x € C§°(U) such that

[ Aullyrary < Clixullggrar

for every u € HF (M) with k = £1.

loc

Remark 1.4.3. A similar bound holds true if u € HE (M).

loc
Now we introduce a family of subspaces of H*(M), for k = —1,0,1,
enjoying additional regularity properties with respect to the action of b-
pseudodifferential operators of fixed order. These spaces allow us to get a
better control on estimates like that of Proposition [1.4.1

Definition 1.4.2. Let k = —1,0,1 and let m > 0. Given u € HF (M), we
say that u € HfOT(M) if Au € Hf (M) for all A € WP (M). Furthermore,
we define H*>°(M) as:

HE (M) = ﬁ HE™ (M) (1.55)
m=0
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Remark 1.4.4. The spaces Hfozn(]\/[), HF™(M) and H’S’m(M) are defined in
a similar way. Furthermore, as observed in [Vas08], whenever m is finite, it
is enough to check that both u and Au lie in HJ (M) for a single elliptic

operator A € W)*(M). As a consequence, for u € Hgm(M) with m > 0, we
can define the following norm:

[wllagemany= llwllaeany 1 Aullae an (1.56)
where A is any elliptic b-pseudodifferential operator in W' (M).

Definition 1.4.3. Let k = £1 and m < 0. Let A € ¥, ™ (M) be a fixed

pseudo-differential operator of positive order. We call HfOT(M ) the set of
distributions u € D'(M) of the form

u = uy + Aus
where w1, us € HE (M).

Remark 1.4.5. In the same spirit of Remark we can define ’Hfozn(M )
and H®™(M) in a similar way. Furthermore, when m < 0 is finite, it is
enough to check that both u and Au lie in Hfoc(M ) for a single elliptic
operator A € W, (M).

We can extend the trace y_ defined in Equation (1.54)) to these spaces
as stated by the following lemma, whose proof can be found in [Vas08, Rem.
3.16], see also [GW20), Sec. 3.4].

Lemma 1.4.4. Let m < 0 and let H*™(M) be as in Definition . Then
~v— as per Equation (1.54)) extends to a continuous map
17
Yo H (M) — H P (OM).

The notion of wavefront set can be refined for elements in ’Hfogn(M ) as

follows, the definition for the other spaces such as HfO?(M ) and H*™ (M)
being analogous.

Definition 1.4.4. Let £ = 0,%£1 and let u € HfO;n(M), m € R. Given
q € "T* M\ {0}, we say that ¢ ¢ W E,"™ (u) if there exists A € W}*(M) such
that ¢ € elly(A) and Au € HF (M), where ell), stands for the elliptic set as

per Definition |1.3.12, When m = 400, we say that ¢ ¢ WFf’w(M) if there
exists A € U)(M) such that g € elly(A) and Au € HI (M),

loc
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Definition [1.4.4] is microlocal in the following sense:
WEP™(Au) € WEP™ 5 (u) UW Fj(A)

for each A € W;(M), s > 0. In energy estimates it is useful to have at our
disposal a quantitative version of this property, in the form of a bound. The
following lemmas, collecting some results in [GW20] and [Vas08], answer to
this need.

Lemma 1.4.5. Let A be a bounded family in Wi(M) and let G € V; (M) be
such that WF](A) C elly(G). Suppose that A and G have compact support
inU C M. Let m € R and k = £1. Then there exist x € C°(U) and a
constant C > 0 such that

lAullsran= € (IGulsan+Ixullzpenian)

for every u € ’Hfo’;n(M) with WFbk’S(u) NWEF/(G) =0 and for every A € A.

Lemma 1.4.6 (Lemma 3.13 [GW20Q]). Let A be a bounded family of pseu-
dodifferential operators in V3 (M) and let G € Wi (M) be such that

WF(A) C elly(G).

Suppose that A and G have compact support in U C M. Let m € R and let
k = +1. Then there exist x € C3°(U) and a constant C' > 0 such that

lAul 2= € (IGullae an +Ixtllzemian))

for every u € HZT(M) with WFf’S_l(u) NWEF/(G) = 0 and for every
Ae A

These two lemmas play a pivotal role in the following, when we employ
energy estimates to prove the propagation of singularity theorem.

1.5 Boundary triples

The notion of boundary triple is a useful tool to parametrize the self-adjoint
extensions of second order differential operators. In this section we dis-
cuss some basics facts on boundary triples following [DDF19, [DM21b] and
references therein.
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Definition 1.5.1. Let H be a separable Hilbert space over C and let P :
D(P) C H — H be a closed, linear and symmetric operator. A boundary
triple for the adjoint operator P* is a triple (h, 7o, 71), where h is a separable
Hilbert space over C and 7,1 : D(P*) — h are two linear maps satisfying

1) For every f, f' € D(P*) it holds
P f1f ) = (I ) = (nflof)n — (oflrvaf)n (1.57)

2) The map 7 : D(P*) — h x h defined by v(f) = (v0f,71f) is surjective.

Remark 1.5.1. The notion of boundary triple is inspired by the theory of
Sturm-Liouville operators on a half-line [BL12] and we can view Equa-
tion as a generalization of Lagrange’s identity for a boundary value
problem. Therefore we can identify h as the space of boundary data. In the
case at hand, we set h = L*(OM,dg*), where dg* = 1%, is the pullback of
the metric on the boundary.

One of the advantages of this framework is the fact that boundary triples
allow to characterize the self-adjoint extensions of a linear, closed and sym-
metric operator on a Hilbert space in terms of boundary conditions on h as
stated by the following proposition from [Mal92].

Proposition 1.5.1. Let P be a linear, closed and symmetric operator on
H. Then an associated boundary triple (h,v0,71) exists if and only if P*
has equal deficiency indices. In addition, if © : D(©) C h — h is a closed
and densely defined linear operator, then Pg = P*| ker( is a closed
extension of P with domain

D(Pe) = {f € D(P)|n(f) € D(©), n(f) = On(f)}

The map © — Pg, associating a self-adjoint operators © over the boundary
space h to a self-adjoint extension of P is one-to-one.

Y1—070)

Boundary triples also allow to characterize the spectral properties of the
self-adjoint extensions of an Hermitian operator. First, we need to introduce
the notions of y-field and Weyl function.

Definition 1.5.2. Let P : D(S) C H — H be a closed, symmetric operator
and let (h,vp,71) be an associated boundary triple. Moreover, consider the
self-adjoint extension Py of P defined by Py = P*|yep,. We call y-field and
Weyl function respectively the maps I" : p(Sp) — D(P*) and M : p(Sp) — h
such that

POV = olwge] ™ M) =7 0T(N)

where p(Sp) is the resolvent of Py.
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The following theorem allows us to study the spectrum of Pg, through
the knowledge of those of Py, © and M (\).

Theorem 1.5.1. Let P : D(S) C H — H be a closed, symmetric operator
and let (h,v0,71) be an associated boundary triple. Let Po be a self-adjoint
extension of P individuated by means of a self-adjoint operator © : D(©) C
h — h. Let p,op, and o. indicate respectively resolvent, point spectrum and

continuous spectrum of an operator. Then, for every N € p(Py), Py =
D(P*)|kervo, it holds:

1) A € p(Pe) if and only if 0 € p(© — M(X)), where M is the Weyl
function.

2) A€ o0i(Po), i =p,cif and only if 0 € 0;(© — M(N)).

Remark 1.5.2. The main consequence of this proposition is that the compu-
tation of the spectrum of Pg, a self-adjoint extension of P, is tantamount
to the evaluation of the spectra of Py and of © — M ().



Chapter 2

The wave equation on aAdS
spacetimes

2.1 The wave equation on aAdS spacetimes

Let us consider a set of special coordinates (x,yo,: -+, yn—1) on a coordi-
nate patch of the form [0,e) x U, with  a boundary function. In these
coordinates, the Klein-Gordon equation for a scalar field u can be written
as

2
[(—:c&g)2 + (n — 1)(20y) + 2E(x0,) + 2*0,, + (n ; 1) 2 u=0

(2.1)
with h, as Equation (1.9). In this expression E := —0, In|g| is a smooth
function. For future convenience, it is useful to rewrite Equation (2.1]) also
in terms of twisted derivatives. A short computation yields

22 (Q5Q0 + Qug™Qs) u+ Spu+ pu =0 (2.2)

with p = ("7_1)2 —v? and Sp := 27~ P(2¥~) with P the Klein-Gordon
operator as in eq. . We note that in the case of a massless scalar
field, v = ”T_l, the singular potential in the equation above vanishes. In
this case Qp = 0, and the Sobolev space H!(M) coincides with H'(M)
defined in terms of ordinary derivatives 0y, dy,, - --. Furthermore, the trace
~— becomes the usual Lions trace, see [GW20, [DDF19]. As we shall see,
these observations simplify the analysis, allowing to prove also the support

properties of the propagators, see Theorem [4.3.1]

39
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2.2 Asymptotic expansion and traces

To employ the formalism of boundary triples, in addition to the trace map
~v— individuated in Equation , we need another trace map 4. To this
end, following [GW20], we introduce a family of functional spaces enjoying
additional regularity with respect to the Klein-Gordon operator.

Definition 2.2.1. Let (M, g) be a globally hyperbolic, asymptotically anti-
de Sitter spacetime and let P be the Klein-Gordon operator as in Equation
(2.1). For all m € R, we define the Fréchet spaces

X™(M) = {u € H-"™(M) | Pu € 2*H>™ (M)}, (2.3)

loc loc

with respect to the seminorms
-2
[l o (ary = lPullggrim ary + I qszuHHo’m(M), (2.4)
where ¢ is a suitable smooth and compactly supported function.

Remark 2.2.1. We observe that when K is a relatively compact subset of
M we can introduce the space H*™(K), with & = 0,1 and m > 0, see
Remark and can define

X"™K) = {ueH""(K) |z 2Pu e H*™(K)},
endowed with the norm

all o 1y = Nellggrm iy + 1272 Pl g0, g (2.5)

The reason we introduced these spaces is that, for every m € RU {oo},
given a function in X™ (M), we can improve the expansion of Theorem m
as follows.

Lemma 2.2.1 (Lemma 4.6 in [GW20]). Let (R}, g) be an asymptotically
AdS spacetime such that, with respect to the standard Cartesian coordinates,
the line elements reads

—dx? + hgpdy®dy®
5 .

9= . (2.6)

Consider an admissible twisting function F, as per Definition[1.].1] such that
atx=0a27Y-F =1, where v_ = § — v is the indicial root. If u € ’H(l)’k(]Ri)
and Pu € Q:Q’Hg’k(]Ri) for k >0, then, for any € > 0 the restriction of u to
R x [0,¢) admits an asymptotic expansion

u=Fu_ +z" uy + 2" 2HT2((0,¢); H¥3(R™) (2.7)

where 2r =n — 2, u_ € H"F(R"™ 1) and uy € H172v (R,
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This lemma allows us to define the trace map 4 on X*°(M) as
yau = 20, (F~1u)|ox (2.8)

Since in a special coordinate patch, the restriction of u to the boundary can
be written as
u=2a""Fu_+2" us +up, wus€ x27-l120’§°([0,5) x R™71). (2.9)

a direct inspection shows that in these coordinates y4yu = 2vu,. In the next
section, we shall extend the trace v, to X*(M) for any k € R.

Remark 2.2.2. The second term of the expansion, of the form z*tu is the
leading term of the asymptotic behavior of a solution of the Klein-Gordon
equation with Dirichlet boundary conditions on an anti-de Sitter spacetime.
For this reason, we call 74 the Dirichlet trace map, see [DEM18] as well as
the example concerning the Klein-Gordon equation in AdS; we discussed at
the beginning of Section

2.3 Weak formulation of the problem

In this section we use the analytic tools introduced in Chapter 1 to give
a weak formulation for the Klein-Gordon equation on asymptotically
anti-de Sitter spacetimes with a boundary condition implemented by pseu-
dodifferential operators. We consider only the case v € (0,1). We do not
study the case v = 0 because it requires each time a separate analysis. The
values of the mass for which ¥ > 1 do not require a boundary condition
[DDE19, DEMIS, [GW20].

2.3.1 The twisted Dirichlet energy form

Consider a twisting function F' as per Definition Motivated by the
study of the Klein-Gordon equation in PAdSs, see Section [1.4] we define
the twisted differential

dp =FodoF™!,

whose action on smooth functions vanishing at OM together with all its
derivatives is

dp : C®(M) = C®(M;T*M), v~ dpv=Fd(F~') =dv+vF ldF
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Given u,v € L3 (M), we define the twisted Dirichlet form by:

loc

Eo(u,v) = —/g(dpu, drv)dpg, (2.10)
M

where dy, is the metric induced volume form. Note that, if u,v € H}. (M)
with supp(u) N supp(v) compact, then &(u,v) is finite. Using the twisted
differential, we can rewrite the Klein-Gordon operator as follows

P = —(dp)ldr + F7'P(F), (2.11)

where (dp)' is the formal adjoint of dr with respect to the inner product
on L?(M;dpug,). As observed in [Warl2], twisted differentials can be used to
regularize the energy form in the case in which the multiplication by Sp =
F~1P(F) € C*°(M) is a bounded operator from £2(M) to z2L£2(M), where
x is the boundary function. For this reason we consider only a particular
class of twisting functions:

Definition 2.3.1. A twisting function F' as in Definition [1.4.1]is called ad-
missible if Sp = F~'PF € 22L>°(M) where P is the Klein-Gordon operator.

Suppose that v € (0,1) and let u,v € X°°(M). Then, if F' is an admis-
sible twisting function, the following Green formula holds true:

/ PU‘Ud}LgZEO(U,U)+/ Sru - v d,ug+/ Y- y-U dpp,  (2.12)
M M oM

with duyp the volume form induced by h — the pull-back of g to M. As a
matter of fact we can extend the domain of the trace map ~,, and therefore
that of Equation (2.12)), as discussed in [GW20, Lemma 4.8]:

Lemma 2.3.1. The map v+ as per Equation (2.8) can be extended to a
bounded map

Yo XR(M) — HEV(OM), VEER

loc

and, if u € X*(M), the Green’s formula in Equation (2.12)) holds true for
1,—k

everyv € Hy " (M).

2.3.2 Boundary conditions and the associated Dirichlet form

In this section we illustrate the weak formulation of the Klein-Gordon equa-
tion with boundary conditions implemented by pseudodifferential operators.
Formally, we look for u € H. (M) such that

Pu=f, and ~yiu= 0Oy_u, (2.13)
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where P is the Klein-Gordon operator, f € H;,,.(M) and © € ¥*(OM).
In order for this problem to be defined in a strong sense, we also need that

Pu € 22L} (M). To avoid focusing on this issue we give a weak formulation.
Let © € U*(OM) and define the energy form

Eo(u,v) = E(u,v) +/ Spu - vdpg + / Oy_u - y_vdup, (2.14)
M
oM

where u € H} " H(M), v € HY™TF(M) while F is an admissible twist-

loc
ing function, whose existence is assumed a priori. Then, we introduce the

operator Pe : H" (M) — Hl;im+k(M), m € R defined as

loc
(Pou,v) = Eo(u,v) (2.15)
The weak formulation of the problem in Equation (2.13)) is given by:
(Pou,v) = (f,v) (2.16)

Remark 2.3.1. In this work, for simplicity, we denote with (,) different pair-
ings, since the exact meaning can be understood from the context without
risk of confusion. For example, in Equation , the brackets (,) denote
the pairing between H!' (M) and H ' (M).

We end this chapter establishing three microlocal estimates for the Dirich-
let form introduced above. The first one is the following bound, which does
not depend on the boundary conditions.

Lemma 2.3.2 ([GW20], Lemma 5.2). Let U C M be a coordinate patch
such that U N OM # O and let m < 0. Let A = {A, | r € (0,1)} be a
bounded subset of Wi(M), s € R with compact support in U, such that

A, € UH(M) for each r € (0,1)

Let Gy € \112_1/2(M) be elliptic on WF(A) C °T*M \ {0}, with compact
support in U. Then there exist Cy > 0 and x € C5°(U) such that

Eo(Aru, Ayu) < Eofu, ALAvw) + Co (Gl (apy+ Xl ) )
for every r € (0,1) and every u € HY™ (M), provided that

WE V2 () nWF(Gy) =0
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Now we prove an estimate for the boundary value problem associated
with a pseudodifferential operator © € W¥(9M). We can control two differ-
ent classes:

e O c VK(OM) with k <0,
e Oc UFOM) with 0 < k < 2.

The two cases must be analyzed separately, therefore most of the microlocal
estimates in this chapter and in the next one are given in two versions, one
for £k < 0 and the other for 0 < k£ < 2. In the following two lemmas we
bound the difference between a generic positive-definite sesquilinear pairing
form Q and the Dirichlet energy form &y introduced in Equation . We
shall employ these estimates in the next chapter, to prove a propagation of
singularities theorem.

Remark 2.3.2. In the next two lemmas — and in the remainder of this work
— we need to consider an extension of © to a b-pseudodifferential operator
UF(M). To this end, we consider a collar neighbourhood of M, with x
the local coordinate subordinated to the normal direction to the boundary,
so that OM = {z = 0}. Let x = x(x) € C§°(M) such that y = 1 in a
neighbourhood of x = 0 a function playing the role of microlocal cutoff.
Given a pseudodifferential operator © € W*¥(9M), the map © — 0, = x0,
identifies an element of UF(M) which we call an extension of © to W¥(M).
Since all our results are independent of the choice of x, with a slight abuse
of notation, we denote the extension of © with the same symbol.

Lemma 2.3.3. Let U C M be a coordinate patch such that U N OM # ()
and let m < 0. Suppose © € UF(OM) with k < 0. Let A= {A, | r € (0,1)}
be a bounded subset of Wi(M), s € R, with compact support in U, such that

A, € U (M) for each r € (0,1)

Let Gy € W;(M) be elliptic on WEF/(A) and let Gy € \I/Z_l/z(M) be ellip-
tic on WEF](A), both with compact support in U. In addition let & and
Q be respectively the twisted Dirichlet form and a generic positive-definite
sesquilinear pairing both defined on HZIOC(M). Then there exists Cy > 0 and

x € Cg°(U) such that
Eo(Aru, Ayu) — eQ(Aru, Aru) <

Co (I1xulB1mupyHIX POl 1 oy HIGoPotll2y - oy Gl )
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for every r € (0,1) and every u € HY™(M), provided that the following
conditions are met:

WEF, " (Pou) N WE(Gp) = 0

WES 2 (u) nWF(Gy) =0

Proof. We start by considering an extension of © € W¥(9M) to the whole
M as per Remark With a slight abuse of notation, we use the symbol
© in both cases.

In order to bound

Eo(Aru, Ayu) — eQ(Aru, Aru), (2.17)
it is convenient to rewrite this expression as

Eo(Aru, Apu) — Eo(u, A7 Aru)+
+&o (’LL, A:ATU) —&eo (U, AiATu)_F (2-17)
+Eo(u, Ay Aru) — eQ(Aru, Ayu)

Applying Lemma we can bound the first line of Equation (2.17)) as
Eo(Aru, Aru) — Eo(u, ArAru) < Co (HGlu|’3{1(M)+||XU||3.[1,m(M))

The third line can be controlled as follows: Calling f = Pou, we can
write Eo(u, AXAu) = (A, f, Au). Using the pairing between H!(M) and
(A, Av) < 1A Flios o | Arallzgs -

Since for C > 1/2, ab < C(a? + b?) for any a,b € R, then it holds that
14l Al o< © (1412 g HlArl ) (2.18)
Using Lemma [1.4.6] one obtains
||Aru||3{1(M)—€Q(ATu,ATu) <
2
< C1 (IGoullwr any+lxullrman)” — eQ(Aru, Apu)

where Gy € U§(M). Applying again the inequality ab < C(a* + b?), the
second term in Equation (2.18]) is bounded by

1Al an < © (I GoulE any +Ixul3nman) ) — 2Q(Aru, Av),  (219)
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where Gy € W;(M). We estimate the first term of ([2.18) using an analogue
procedure, this time with the help of Lemma [1.4.5
||Arf”q.'rl(M)§ Cy (HXf||7{71(M)+||G0u’|7{fl,m(M)) ) (2:20)

where G € ¥;(M). Combining Equations (2.19)) and (2.20]), we obtain the
bound

[(Arf, Aru) | < e Q(Aru, Aru)+

) ) (2.21)
+ C (I1Goul3p oyl an HIXF 1 a1 Gotlls1mary)
At last, we control the second line in Equation (2.17)).

Eo(u, Ay Avu) — E(u, AfAyu) =
= (272Spu, ArAu) + (Oy_u, v (AXAu))onr (2.22)

Using that Sp € 22C>°(M), cf. Definition it holds

(x_zSFu,AiA,«w = / x_QSFuAiATu xzdug <
U

< max x_QSF‘-Ku,AjATuH.
zemosupp(Ar)
In order to control (u, AXA,u) = HATuH%Q(M), we use the same algebraic

trick as above. On account of Lemma [1.4.6] it holds
(™25 pu, A; )| < Co (IulZimun +HIG1ulBa ) -

At last, we focus on the boundary term (Oy_u,vy_(ArA,u))|snr. We recall
that for every B € W)*(M), it holds

Y- (Bu) = (z7~ Bu)|,,, = N(B)(~iv_)(v-u),

lons

~

where N (B) is the indicial family of B. Extending © as explained at the
beginning of the proof, we can write ©f = N(O)(—iv_)f for every f €
Dom(©) N L?(OM). We also note that, using Equation (1.41)), it holds

~

N(ARA) (—iv_) = N(A,)(~iv_)" N(A)(—iv-)

where Er = 2?¥- A,2~%- and where the adjoint is computed with respect
to the L2-paring induced by the metric h on M. Using these data, we can
rewrite the boundary term as

(©7-u, v (ArAvu))onr = (N*(A,0)(—iv_)y—u, N(Ay)(—iv_)y-u)on =
= (Y- (A4,:0)u, v (Avw))ors = (v- (O A u + [A,, Ou), v-Ayu)ons
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Using Cauchy-Schwartz inequality and Lemma it holds
(Y= O A, u, v_ Aru)orr|< ClHGKTUHH(M)JFCEHArUH%%M),
where Cy and Cy are suitable constants. If © € \I/k(aM ) with k£ < 0 it holds
H@‘ZTUH%Q(M)S H@ZTUH%(M)S HX‘Z'I‘UH%H(M)

Thus, proceeding as in the previous case, using Lemma we arrive at
the same estimate for [(©y_u,y_(ArA,u))|spnr|. Combining all the bounds
together with Equation (2.17)), we obtain the sought thesis. O

We conclude this chapter formulating a counterpart of Lemma for
the case in which © € W¥(OM) with 0 < k < 2. As in the previous case, we
extend © to an operator over M as per Remark We also observe that
each © identifies per duality a map from H}, (M) to H;,-(M).

Lemma 2.3.4. Let U C M be a coordinate patch such that UNOM # () and
let m < 0. Let © € VF(OM) with0 < k < 2 and let A= {A, | r € (0,1)}
be a bounded subset of Wi(M), s € R, with compact support in U, such that

A, € U (M) for each r € (0,1).

Let Gy € Ui(M) and G € \Ifz_l/2(M) be elliptic on WE](A), both with
compact support in U. Then there exist Co > 0 and x € C3°(U) such that

Eo(Aru, Ayu) — £Q(Ayu, Ayu) < Go(quH%l,m(MﬁHxPeuHi_l,m(M +

)
+ ||G0P@U||§‘{71(M)+||G0@U”§'{71(M)+||X@U”ifl,m(M)‘F”GlUH%{l(M))

for every r € (0,1) and every u € 7—[115:1+k(M), provided that the following
conditions are met:

W, (Pou) N WF(Go) = 0,
WF, "% (0u) N WF(Go) = 0,

WE V2 () "N WF(GY) = 0.

Proof. The proof is analogous to that of Lemma ([2.3.3)), hence we do not
enter into the details. We point out that the only key difference is the
estimate of the boundary term (Oy_u,y_(A%A;u))|sas. Thanks to [Vas08|

Lemma 3.18], which holds true also for H~! — see the discussion below
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Definition 3.14 and the proof of Lemma 3.14 in [Vas08], we can control the
boundary terms as

(= (A, O)u, v (Arw) oar= Co (IArOulZ sy +l Arulfs

(M))
< € (Il ary +1G12 apy HIGOOUIZ s 3y HIXOUIE 1y
(2.23)

Observe that in this chain of inequalities, we also employed that \I/g’”k (M) C
(M) if k > 0. 0

Remark 2.3.3. Using that, for e > 0, ¥7*(M) C U;***(M), the previous

results hold true also for G| € \Ifz_l/ 2(M ), similarly to what happens in

[CW20].

Remark 2.3.4. In the previous lemmas we considered only k& < 2, because if
we would have allowed k to be larger than 2, we would have not been able to
prove in general a result similar to Lemma[2.3.4] At the level of applications,
this is a mild constraint, since interesting examples of boundary conditions,
such as the Robin ones discussed in [GW20] or those of Wentzell type, see
IDFJATS| [Zah18], satisfy the constraint k < 2.



Chapter 3

Propagation of singularities
theorems

This chapter is devoted to proving a propagation of singularities theorem for
the Klein-Gordon operator subject to boundary conditions implemented by
a b-pseudodifferential operator © € W*(9M), with k < 2. Prior to proving
the microlocal estimates needed to establish the sought result, we need to
introduce the notion of compressed characteristic set of the Klein-Gordon
operator over the compressed b-cotangent bundle *7* M.

3.0.1 The compressed characteristic set

We begin studying the characteristic set of the principal symbol of the Klein-
Gordon operator. Recall that the principal symbol of 272P is p = §(X, X),
with X € I'(T*M). The associated characteristic set is

N = {(a,kq) € T*M\ {0} | §" (kq)i(kq); = O} , (3.1)
while the compressed characteristic set is
N = 7N C *T (M), (3.2)

where 7 is the projection map from 7% M to the compressed cotangent bun-
dle, ¢f. Equation . We equip N with the subspace topology inherited
from YT*M. To prove the propagation of singularities theorem, it is con-
venient to individuate in the compressed b-cotangent bundle the following
three conic subsets:

e The elliptic region
E(M)={q€ b7 M \ {0} : 7 (q) NN =0}, (3.3)

49
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where 7 : T*M — *T*M.
e The glancing region
G(M)={qeT*M\ {0} : Card(r(qg)NN) =1}, (3.4)
where Clard refers to the cardinality of a set.

e The hyperbolic region
H(M) = {qe®T*M\ {0} : Card(z"(q)NN) =2} (3.5)

We observe that we can characterize the three regions £(M),G(M) and
H(M) also using local coordinates. Let ¢ € *T*OM be such that ¢ =
(0,9i,0,m;),7=1,...,n—1, where we used the same coordinates introduced
in Section Then 771(q) = (0,;,&,m:), with (&,m;) € T(o,ynM and
therefore m7~*(q) ~ R. Equations and yield that 771(q) N N
corresponds to the points whose coordinates solve the equation £2+4h% i1 =
0. This entails that a point ¢ € *T*M lies in H(M) when h%n;n; < 0, in
G(M) when h¥n;n; = 0 and in (M) when h¥n;n; > 0.

Definition 3.0.1. Let I C R be an interval. A continuous map v : [ — N
is called a generalized broken bicharacteristic (GBB) if for every so € I the
following conditions hold true:

a) If go = y(s0) € G, then for every w € I'*(*T* M),

(o) = (), (3.6

where 19 € N is the unique point for which 7(ny) = qo, with 7 :
T*M — T*M the projection map introduced in Equation (T.15), and
{,} are the Poisson brackets on T*M.

b) If g0 = v(s0) € H, then there exists € > 0 such that 0 < |s — sg|< €
implies z(7y(s)) # 0, where x is the global boundary function.

Remark 3.0.1. The first condition is basically telling us that in the glancing
region generalized broken bicharacteristics are integral curves of the Hamil-
ton vector field associated with the principal symbol p. The second condition
entails that, at hyperbolic points, GBBs reflect instantaneously. In particu-
lar a GBB coming from M propagates along the boundary only at glancing
points. Also note that, since v € CO(I;N), the component of the co-vector
tangent to the boundary is conserved.
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The space of GBBs enjoys some notable properties that we need in the
proof of the propagation of singularities theorem. We collect them in the
following lemma, which summarizes the results from [Leb97] and [Vas0§].

Lemma 3.0.1. Let Rila,b] be the space of the generalized broken bichar-
acteristics 7y : a,b] — K where K C N is compact. Let v, be a sequence
in Rila,b] converging uniformly to a curve v. Then v : [a,b] — K is a
generalized broken bicharacteristic. In addition, if Ri|a,b] is not empty,
then it is compact in the uniform topology.

In the following we focus on the boundary M. Let us consider a chart
U C M such that U NdM # (. Following the conventions introduced
in Section we consider on 15 M the local coordinates (x,vs,&, ),
1 =1,...,n— 1. We identify the time coordinate with 1,1, while 7,1 is
the associated dual coordinate. In these coordinates the following lemma
holds true.

Lemma 3.0.2. If gy € bTéM \ {0}, there exists a conic neighborhood V' of
qo in which one of the following facts is true:

1) Ifq € YT M, there exists € > 0 such that o2 < e2(Bn?_, + K9nn;)
and KYn;n; > Bn2_4.

2) Ifqo ¢ °"T*M, there exists C > 0 such that |n,_1|< C|o|

The proof is identical to that of [GW20, Lemma 6.2], except that we
have to take into account the specific form of the metric on OM, see the
discussion in Remark [[.1.1l

Remark 3.0.2. For simplicity, in the following we work with pseudodiffer-
ential operators whose compact support is contained in a fixed local chart.
However, using a partition of unity argument, our results are also valid in
the general case in which the support of the ¥DO is not contained in one
coordinate patch.

In order to prove a propagation of singularities theorem, we need some
preliminary microlocal estimates. Each one of the three regions of *T*M
individuated at the beginning of this section requires a separate analysis.
In each case the two scenarios in which © € W¥(OM) with 0 < k < 2 or
with k£ < 0 are to be discussed individually. At last we remember that we
denote an extension of © € W*(9M) to the whole manifold M with the same

symbol, see Remark
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3.0.2 Estimates in the elliptic region

We start with the elliptic region, proving a microlocal regularity result.
We consider a coordinate neighbourhood U C M and we indicate with
THM = T*M|y and bT(’}M = ¥T*M|y. In addition, using the coordinates
introduced in Section in analogy to the twisted derivatives as per
Equations (1.45)) and (1.46)), we introduce the operators

Qo=FV,F', Q=FV,F7' i=1,...,n—1 (3.7)

where F' is an admissible twisting function, as per Definition [2.3.1] The
main result of this section is the following regularity result, concerning the
case of boundary conditions implemented by pseudodifferential operators of
order 0 < k < 2.

Proposition 3.0.1 (microlocal elliptic regularity). Let © € ¥*(0M) with
0 <k <2andletue 7-[[10?+k(M) for m < 0 and consider a point gy €

ST M. If s € RU {+00}, then
g0 € WEN (u) \ (WFb_l’S(P@u) U WF;LS(@U))

entails gy € N, where is the compressed characteristic set defined in Equa-

tion (3.2]).

Proof. We follow the strategy of [GW20, Th. 3] with the due difference that
we need to control the contribution due to ©. Hence we proceed by induction
with respect to s, proving that ¢ € WF;’SH/Q(u) and ¢ & WFb_l’S(P@u) U
WF, "*(Ou) entails ¢ ¢ WF,*(u).

The statement holds true for s < m + k + 1/2 since u € HF™H*(M).
To proceed in the inductive procedure, observe that, since we want to study
properties of the wavefront set at a point ¢y € bTi}M it is convenient to
evaluate the energy form, c¢f. Equation with the arguments replaced
by Au, with A € W7(M) elliptic at go and with compact support in UN{z <
0} where § > 0. To control such energy form we consider a family {J, €
U571 (M) |7 € (0,1)}, bounded in ¥Y(M) converging to the identity in
W} (M) as r — 0. We approximate A using the family A = {4, = J,A}. As
shown in [Vas10], it holds

Eo(Ayu, Apu) > (| QoA ul®+

g 1 3.8
+(1 = CO) (K7 QiAru, QjAru) — (14 C6)||f2Qn_1Avul?, )
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where k;; and 3 are the components of the metric as in Theorem m while
C' is a positive constant. In addition we have adopted the convention that
Yn—1 corresponds to the time coordinate 7 on the boundary, see Remark
while 7,,_1 is the associated momenta on the b-cotangent bundle. It is
convenient to distinguish two cases, corresponding to those of Lemma [3.0.2]
First, let us assume that ¢ € °T*M. We can rewrite the last two terms of

Equation (3.8)) as

([(1= COETQQ; — (14 CO)BQ;_1Qn-1] Aru, Aru)+
+(((1 = C0) (Q557) Qi = (14 C8) (Q—18) Qu-1) Apu, Apu) — (3.9)

Now we focus on the operator (1—C6)x7QFQ;— (14+C6)BQ}_1Qn—1, whose
symbol (1 — C8)k¥nn; — (1 + C8)Bn2_, is of order 2. Since, whenever
q € *T*M, it holds x¥mn; > (1+¢€)Bn2_4, cf. Lemmam

(1= Co)rnim; — (1+CO)pn_y =
(1= CO) (s — B 1) — 20865, > (=(1 — C8) —208) B,
Then, for C' and § small enough, it holds:
ij €
(1= C8)Knim; — (1+ C3)Bnn_y > 5577721—1

This inequality yields that (1 —Cd)k¥n;n; — (1+C8)BnZ_; is a positive and
elliptic symbol at gq. Therefore, we can take an approximate square root
R € U} (M) of the operator (1—C6)sk“QFQ; — (1+C68)BQ}_1Qpn—1, namely
a pseudodifferential operator with principal symbol given by o4 1 (R) = (1 —
C8)knm; — (14 C8)Bn2_, and such that

R? = (1 CO)rIQ;Q; — (1+ CO)BQh_1Qn1 + S,
with S € ¥, *°(M). To summarize, we can recast
(1 — C8) (K7 Qi Avu, QAyu) — (1 + CO)||52 Qo Ay |?
as
(RAu, RAu) + (T Ayu, Apu) (3.10)
with T = S+ (1 — C8) (Q;rY) Q; — (1 + C8) (Q;_18) Qn-1 € Vi(M).

Since T € W} (M) it descends that [(T'A,u, Ayu)| is uniformly bounded for

r € (0,1). Let Ay € \II;/Q(M) be an elliptic pseudodifferential operator
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and let A_ € \11;1/2(M) be a parametrix. Then I = A_A; + E, with
E € ¥, °°(M) and we can write:

(TAru, TAu) = (A T Ayu, AL Ayu) + (T Apu, EA ) (3.11)
By Cauchy-Schwartz and triangular inequalities, it descends
HT Apu, TA ) 2< || A* T Apul|-|| Ay Apu||+| T Avu]|- || E Ayl (3.12)

Thanks to Lemma and to the hypotheses on u and on the family {4, },
all norms on the right hand side are uniformly bounded for r € (0,1). In
particular it holds

(T A, 1400} < C (G Ul oy +HI Goullinany HixulBpmqny ) (3:13)

where Gy € U~ '/?(M) is such that WF'(A*TA,)UW F'(A} A,) C elly(G))
and Go € Wi (M) is such that WF'(TA,) C elly(G2). Therefore from
Equation (3.8) one obtains

0<(1- 05)||QOA,,u|]2£2(M)+||RA||%2(M)§ Eo(Aru, Ayu) — (T Ayu, Apu)
(3.14)
Note that the Dirichlet form &y(A,u, Ayu) is uniformly bounded for r — 0
thanks to Lemma which can be applied thanks to our hypotheses on
u and ©.
Thus, we draw the same conclusion for (1 —C) HQOATUH%Q(M)+HRAH%?(M).
Hence one can find subsequences A,, u, QoA,, u and RA,, u, weakly conver-
gent in £2(M) and such that r;, — 0 as k — co. Since they converge to Au,
QoAu and RAu in D'(M), in particular the weak limits lie in £?(K) with
K a compact subset of M such that K N (U N{z < ¢}) # 0. This entails
that Au € H'(K), and hence that ¢ ¢ W F,"*(u).

As for the second case of Lemma, first we note that for u supported
in {z < 4}, the following relation holds true

1QoulZaary> 67l Qoulle
Hence it holds

Eo(Avu, Ayu) > 6 2(xQoAru, tQoA,u)+
(1 = CO)ri;Q' Q7 — (14 C)BQ2_1|Avu, Aru) + (T Aru, Ayu),
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where T accounts for lower order terms. We can rewrite the right hand side
as

([67%(2Q0)" (2Qo) — (1 + C3B)Q;, _ 1 Aru, Aru)+
(1 — CO)(K)ijQ'Q? Apu, Apu) + (T Ay, Ayur)

The operator 6 2(xQo)*(xQo) — (1 + C§)BQ2_; has symbol ¢2/(26%) — (1+
C8)Bn2_4, that is elliptic near V since, on account of Lemma m there
must exist a constant ¢ such that

2

252 (1+C8)Bna_y > cBni_y

Hence, we can define, modulo lower order terms, its square root as a pseu-
dodifferential operator and then we proceed exactly like in the previous case.
We conclude by stressing that the underlying boundary conditions come into
play in the proof through the application of Lemma [2.3.4 O

(3.15)

The counterpart of the previous proposition in the case © € ¥U*(9M),
k <0, is the following.

Proposition 3.0.2 (microlocal elliptic regularity). Let u € ”Hllo?(M ) for
m < 0 and let gg € *Tj; M. If s € RU{+oc} and if © € U*(OM) with k < 0,
then WE,"*(u) \ N C WE, "*(Pou).

The proof is identical to that of Proposition barring the fact that
we must use Lemma 2.3.3] instead of Lemma 2.3.4l For this reason we omit
the proof of this statement.

3.0.3 Estimates in the hyperbolic region

Now we focus on the hyperbolic region H (M ). In comparison to the previous
case, we must adopt a different strategy based on a positive commutator
argument. In this section, we still use the coordinates introduced in Section
with the convention that y,_1 coincides with 7, ¢f. Theorem and
Remark while 7,1 is the associated momentum on the b-cotangent
bundle.

In the microlocal estimates of this section, a key role will be played by
a multiple of Im&y(u, A*Au), with u € H%OT(M) and A € U)(M) with
principal symbol o3, 9(A) = a of compact support. For this reason, we begin
by studying this term. A direct computation yields
2iImé&(u, A* Au) = (9 Qju, [Qs, A" Alu) — ([§7 Q. A" Alu, Qiu)+
+(Qou, [Qo, A" AJu) — {[Qo, A" AJu, Qou) + {[Q:gQ5, A" Alu,u),  (3.16)
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where the operators @Q;, i = 0,...,n — 1 are defined as in Equation (3.7).
For future convenience, it is useful to compute explicitly the commutators
in the first two terms in the second line, getting

(Qou, [Qo, A™AJu) — ([Qo, A" Alu, Qou) =
= (qu, Q0A1u> — <Q0A1u, u> + <Q0u, AOU) — <A0u, Q0u>, (3.17)

where Ag € \I!l?(M ), A1 € \I/b_l(M ) have principal symbol respectively ag =
—i0za® and a; = fiacaQ.

We now study the relevant wavefront sets in the hyperbolic regions. As
in the previous section, we divide the analysis in two parts depending on
whether © € U*(OM) with k < 0 or with 0 < k < 2. We recall that
© denotes both the pseudodifferential operator implementing the boundary
conditions and its extension to M, see Remark

Proposition 3.0.3. Let © € U§(M), 0 < k < 2. Let u € Hlloszrk(M)
with m < 0 and suppose that gy & WFb_l’SH(P@u) U WFb_l’sH(@u). If
there exists a conic neighborhood W C T*M \ {0} of gy such that WN{¢ <

0} NWE"(u) = 0 then qo & WE" (u).

Proposition 3.0.4. Let © € U§ (M) for some k < 0. Let u € HIIOZL(M) for
some m < 0 and suppose that qo ¢ WE, "t (Pou) UWF, """ (Qu). If
there exists a conic neighborhood W C ®T* M \ {0} of o such that WN{¢ <
0} N WFbl’s(u) = () then qp & WFbl’S(u).

The proof of both Proposition and is similar to that of Propo-
sition [3.0.1] and [3.0.2] respectively, the main difference consisting in replacing
Lemma[2.3.3 and with suitable counterparts valid in the hyperbolic re-
gion. For this reason, we postpone the proofs of Propositions[3.0.3 and
to the end of the section, discussing first the hyperbolic estimates we need.
Remark 3.0.3. Let © € UF(M) for 0 < k <2 and let Z C W with ¢ € Z.
Since qo ¢ Wbel’SH(P@u) U Wbel’SH(@u), if Z is small enough then, by
the elliptic regularity theorem, see Proposition |3.0.1

(WF;LS“(P@u) U WF,;LS“(@u)) nz=0.

Hence we can conclude that Z N WFbl’s(u) C N. In particular, this fact
means that on the set ZN{¢ <0} N WFbl’S(u) it holds « # 0 and a point
q € T/VFb1 *(u) can be seen as a limit of points in the wavefront set, each of

which does not lie on the boundary. An analogous statement holds true for
the case in which k < 0.
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Let U be a coordinate patch such that UNOM # () and let go € H(M)N
bTIjM . Following [Vas08] we introduce the smooth scalar function p on
bT*M, defined as p = —¢ = —xz&. This function is homogeneous of degree
0 and it has the notable property that in a neighborhood of gg the sign of
Hj (m* ) does not change. With Hy we denote the Hamiltonian vector field
associated to the principal symbol p of z2P.

If we consider the b-cosphere bundle ®S* M as per Equation (1.16)) to-
gether with the associated coordinates on bS(*]M = bS* M|y, we can intro-
duce the function & : °Sj;M — R

2

B(g) = () + Zryz ~4i(a0) P +1C(a) — Clao) P+ Zm ~(a0)|

(3.18)
which induces in turn a function w : *T35M \ {0} — R defined as w = @Wo g
where g : *T* M\ {0} — ®S* M is the natural projection map implementing
the quotient in Equation ((1.16). For the sake of simplicity of the notation,
we have refrained from indicating that & depends explicitly on the choice of
qo- In addition, on a conic neighborhood of ¢y, consider the homogeneous
smooth function ¢

I

¢=p+ 5 (3.19)

1
225"
where A\ and § are positive parameters. By construction ¢ can be read as
a m-invariant function on T*M \ {0} and, to localize it near go, consider

X0, X1 € C®(R) such that

[ 0 ifse (—00,0)
Xl(s)_{ 1 ifsel,o0) 7

while the derivative y} is positive on (0,1). At the same time we set

B 0 if s <0,
xos) = {exp(—sl) if s > 0. (3:20)

Consider now A
a=xo(2—¢/6)x1(¢/é +2), (3.21)

which is a smooth homogeneous function of degree zero in a conic neighbor-
hood of gyg. On account of the properties of xo and of x1 it holds that

w < A25(26 —n) <46%X2 and |C|< 26.
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This entails that, for any A > 0 and for § > 0 small enough, a has
support inside a conic neighborhood of ¢g. At last, we also localize in a
conic neighborhood of ¢y with compact closure and such that ﬁabkakb >0
where k, = ((,m;), i = 1,...,n — 1 are coordinates on the fiber of the b-
cotangent bundle . Let V) be a set satisfying these properties and consider
a function 1y € C5°(*S* M) such that 1o = 1 on Vj and whose support lies
in a small neighborhood of Vj.

We can now choose a family of pseudodifferential operators for regular-
ization purposes. Let {J.|r € (0,1)} be a family of ¥DOs in ‘IIZHCH/Q(M)
such that J, € ¥};*(M) for r € (0,1) and whose principal symbol is j, =
Yop*tV2(1 + rp)™—5=1/2. By construction J, is elliptic in V5. We build a
family of regulators

A, = AJ, (3.22)

with A € WY(M) with principal symbol a as in Equation (3.21)). Note that

since A € W)(M), A, is bounded in \I/ZH/Q(M). We report now a notable
result [GW20, Lemma 6.7].

Lemma 3.0.3. Let G € U¥(M). Given A\ > 0 there ezists 59 > 0 such that
for each ¢ € (0,0)

ilAYA,, Gl = B:D,B, + F, + T, (3.23)
where

e B, € \I/iJr1 (M), r € (0,1), has principal symbol b, = j.b with

b=p 2072 x0(2 — 0/0)x0(2 — &/ xa (2 + ¢/0),
e D, € \111572(]\4), r € (0,1) and its principal symbol d, satisfies
P 7RI(d)] < Co(A+ 3+ A7),
for some positive real constant Cy.

o T, € UZHk=L(M) r € (0,1), is such that:

WEF(T) c {|¢|< 26,w'/? < 26}

where T = {T,|r € (0,1)} and W F} is the wavefront set of a family of
pseudodifferential operators, see Definition |1.53.1/)
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o F.c U2Hk(M), r € (0,1), is such that

WEF)(F) € {-26 < < —6,w"? < 226},
where F = {F, | r € (0,1)} is bounded in \I/ZQ)S’L’“(M),

As mentioned at the beginning of this section, we seek @) € W3 (M) such
that the norm of QA,u is bounded in £2(M). This can be individuated as
follows. Starting from Proposition we observe that Imé&y(u, A%Au)
contains a term of the form

(Qou, 1Qo A1 ru).

Focusing on a1, = —id,a2, the principal symbol of A;,, a straightfor-
ward computation shows that

iAl, = BB+ Fr+ Ty, = a1, = b> + f, + t,,

where ET = pflbr = jrb is a symbol of order m — 1/2 which arises when
we differentiate xo, with {B,} being a bounded family in Wj(M). The
principal symbols {f,} are associated instead to the bounded family {F;}
in W7(M) which originates from the derivatives of x; while ¢, are principal
symbols associated to the bounded family {7;} in ¥2*~!(M), that includes
the contribution by lower order terms.

We choose the sought operator @ as B,. In order to prove that QA,u
is bounded in £2(M) we analyze separately the usual two cases. We start
from a boundary condition implemented by © € W*(9M) with £ < 0. In
this case we can use [GW20, Lemma 6.8] with the due exception that one
needs to replace in the proof Lemma 5.3 from [GW20] with Lemma

Lemma 3.0.4. There exist Ci,c,\, 60 > 0, a cutoff x € C§°(M) and a
compactly supported operator G € Wi (M) with

WF(Ge) cWN{(<0}=0,
such that

(3.24)
HGoull3 apy HI GoPotld s gy HIXt i mqany X PO 1y )
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In the case where © € U*(OM), with 0 < k < 2, we can exploit Lemma,
in place of Lemma to obtain the estimate

el Byul< —2Imé&o(u, A* Avu) + C(||G0u||§l1(M)+|]G1u||§{1(M)+
+HGoull3 (apy I GoPoull3—1 (ary +Ixull30m ar X PotllF-1man+ (3.25)

HIXOUI-1m ) HI GoOUIR -1 ap))-

At last we give a bound for Imé&y(u, AFA,u). As above we divide the
analysis in two cases, starting from a boundary condition implemented by
© € Uk(OM), with 0 < k < 2. For the reader’s convenience we recall that
HEmR C LM if k> 0.

Lemma 3.0.5. Given ¢ > 0, under the hypotheses of Lemma (2.3.4)), there
exists A > 0 and 6y > 0 such that

Iméo(u, ALA,u) <
N Byl ) +C (1G24 0y +HIGo Porul .y HIGoOUIE, () +
Gl ay XUt 0y HIPUE 1 3y HIXOUIE 1 1))

for every 6 € (0,0).

Proof. Let A_y)5 € \Ifb_l/ 2(M ) be an elliptic pseudodifferential operator.
Then, there exists Aj/p € \112/2(M) such that AypA_1 = I+ R with
R € U, '(M). In order to account for the boundary conditions, we bound
Eo(u, AfAyu).

€6 (u, AZAyu)| =|(A, Pou, Avu)| = (A, Pou, <A1 Ay + R) Ay

S ’ <ATP@U, A1/2A_1/2A7»U>| + |<ATP@U, RA»,»U> | .
(3.26)

We can control the first term similarly to the proof of Lemma [2.3.3
[(ArPou, A1/2A—1/2Aru>\ < C(HAl/QA;fP@UH?.’L_l(M)‘f’HA—l/zArUHg{l(M))

< CIGof 5= oy HIXF s o oy NGl (ay F Xl g ay )+ (3:27)
(M) (M) (M) (M)
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where G € \IJZ+1(M) while G € W3 (M). Focusing on the second term of

Equation (3.26)), we get

(A Pou, RAA| < (1G22 (apyH I It ay + 29
1Grals oy IxelZm ) )
The next step consists of finding a bound for

Im&e(u, AFAru) — Im&(u, Ay Aru)l.

A direct inspection of Equation (2.14) and of Equation (2.10) unveils that
this last difference consists of two terms. The first is

(A x2S pu, Apu) — (Apu, Az 2Spu), (3.29)
which can be rewritten as
(AX[A,, x2S plu, u) — (u, AX[A,, 27 2Sp|u). (3.30)

Observing that A%[A,,z~2SF] is uniformly bounded in ¥2%(M), we find that
T (@28, A7 A,u) < C (Gl +Hhuloman ) (331)
The second term is instead
2Im(O7y-u, v (A; Aru))onr,
which can be rewritten in the form

(Oy_u, y— (A Aru))ons — (7—(ArAru), Oy_u)gnr. (3.32)

Proceeding as in the first bound of the proof and using the properties of
the indicial operator as in Lemma we can write, modulo lower order
terms

(Ov—u, v (A7 Aru))ox — (v- (A7 Aru), Oy_u)om|<
< 2[(O7—u, v— (A7 A12A 1 p Aru))onr | <

< el Bruls any+C (I GoOulZ 1 (s HIXOUIZ 1y HIGrl3a ay )
(3.33)

Collecting all estimates, we obtain the sought result. O
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We focus on the case where © € U*(OM) with 0 < &k < 2.

Lemma 3.0.6. Given ¢ > 0, under the hypotheses of Lemma (2.3.4)), there
exists A > 0 and g > 0 such that

ImEo (u, Az Art) < &l Brull3 ay+C (IG2ulB () +|GoPoulZ s )+

(1)
Gl iy X1y H P 1))

for every 6 € (0,0).

Proof. The first part of the proof is identical to that of Lemma [3 The
difference lies in the estimates for the boundary terms, cf. Equatlon (13.32)).
This time, using the properties of the indicial family, we can rewrite the
relevant terms as

(N (A7 4,0)(—iv_)y-u, 7-u)ors — (N (O
= (N[

where Zr = - A%, Note that A, and ZT have the same principal
symbol, hence we can write AY = A, + N,, with N, containing lower order
terms. Hence:

)(—iV_)’y_u, ’Y—u>8M =

A*A,
Ar A, O)(—iv_)y_u, y_u)onr

[A*A,,0] = [A*A,,O] + [N}A, + A*N, + NN, 0] =
— [AA,, 0] + AT A, — A*A,,
which yields
([A7 Ay, ©]y—u, y—u)ons =

— (v (A2 A, OJu), v whons + (O (A A, — ALA)ul, v whorr. (3.34)
We use Lgmmamm control the first term writing [A; A, ©] = B*D, B, +
T, with D, € UF(M) and T, € U2***1(M). Observe that D, is related to
D, € \IJIZf*Z(M ) as in Lemma m since their respective principal symbols
d, and d, are connected via the identity d,, = p?d, where p = |n—1|. Hence

(7= ([A7Ar, Olu), v-u)on =

= (= (DrBru), v (Bru))om + (v-(Tru), v-u)om,

where, in the second equality, we used the properties of the indicial family
to bring B to the right hand side. Thus it descends that

(V= ([Ar Ay, Olu), v—u)orr = (v—(DrByu), v—(Bru))onr,
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modulo lower order terms bounded by s — 1/2. Using the indicial family we
obtain

<’Y— (ﬁréru)a Y- (ETU‘)>8M =

= (N(=iv-)(Dy)N(=iv-)(Br)y-u, N(=iv-)(By)y-u)on.

Using that N(—iv_)(D,) € OY(M), N(—iv_)(B,) € ¥ "*(M) together
with Equation (1.4.1)), we obtain

~

(N (=iv_)(Dr)N(=iv_)(By)y-u, N(=iv_)(By)y-uom| <
<IN (=iv ) (Dp)N(=iv- ) (Br)y—ull 22+ (Br)v—ul 22 (o) <
XN (=iv- ) (B)v-ul 7z +HIN (=iv-) (Br)y-ull 72 (4 <

< el Brullzo ary+C I Grallags (nny HlIxullFym ary)-

(3.35)

Focusing on the second term in Equation (3.34]), we write

(O7- (AT A, — AT Av)u), y-w)on =
= (Oy_ (x2”‘ [AXA,, :cin"]u), Y_U)oM -

We can compute [A%A,, ~2'~] thanks to Lemma obtaining
[A*A,, 22| = (2iv_)BB, + E, + T;. (3.36)
Each term can be controlled as above, obtaining ultimately
(O7— (AT A, — A7 A ) y-u)ox |< el| Brull3+

(3.37)
C (Gl ay HIxwlmanyHI Gl any )

which entails the sought conclusion. O

Finally we can complete the proofs of Propositions [3.0.3 and [3.0.4 Here
we focus only on the first case since the second one follows suit.

Proof of Proposition[3.0.3: We sketch the main steps since we can proceed
exactly as in the elliptic case, c¢f. Proposition Most notably we follow
an induction procedure with respect to s. Notice in particular that the
statement holds true for s < m + 3 since u € H;DTHC(M) C H;O?(M) To
continue in the inductive procedure we consider once more a family J, €

U s71(M), r € (0,1), such that J, — T € ¥Y(M). Then B, —»Be Up(M)
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as r — 0. Using Lemma and Lemma or (3.0.6)) depending on the

order of ©, one obtains that || Byul|31 (s is uniformly bounded. Therefore,

we can find a subsequence B, u, with r;, — 0 for k — +o0, that is weakly
convergent in H!(M). Since Byu — Bu in D'(M), the weak limit lies in
H!(K) for a suitable compact subset K C M. By uniqueness of the limit
and considering that Bis elliptic at gg, we obtain the thesis.

3.0.4 Estimates in the glancing region

Finally we turn our attention to the glancing region G(M). As in the hy-
perbolic region, we use a positive commutator argument and barring some
geometrical aspects we proceed similarly to Propositions[3.0.3]and [3.0.4] For
this reason, we introduce in some detail only the geometric framework, with-
out reporting the detailed proofs of the microlocal estimates. In the following
U will denote an open coordinate neighbourhood, while V.= U N oM # (.
As in the previous section we need to consider two scenarios depending on
the class of boundary conditions, namely © € W*(9M) with either k < 0 or
0 < k < 2. Similarly to the preceding cases, we pick an extension of © to M
as per Remark [2.3.2] indicating it with the same symbol. In the following
yn—1 still refers to the time coordinate corresponding to 7 in Theorem [I.T.T}
while 7,—1 is the corresponding momentum on the b-cotangent bundle. In
addition qg refers to a point lying in a compact region K where

K C (GNTEM)\ WE, " (Pou) if k<0,

or
K C (GNTEM)\ (WF,;LS“(P@u) U WF;LS“(@U)) if 0<k<2.

In local coordinates go reads (0, (y0)i,0,(n0)i), ¢ = 1,...,n — 1, while it
holds (0, y0)(n0)i(no); = 0. Since n,—1 # 0, we can use the projective
coordinates on *S*M near mg(qo), where mg : °T*M \ {0} — ®S*M is the
quotient map. We denote the projection to the boundary with

7 TEM — TV,

(I’, Yis 57 7]2) — (yw 771)7

where i = 1,...,n — 1. As last ingredient we introduce the gliding vector
field W, describing the evolution of a point in the directions tangent to
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the boundary. Consider thus a point on 7(75M) whose coordinates are
(0, (y0)i), i =1,...,n— 1 and define

n—1

W (no, (40)i) = > _(95,0)(0,m0, 0, (40))y: — (35:P)(0,70, 0, (y0):) D (3:38)
i=1

where p is the principal symbol of 272P, with P the Klein-Gordon operator,
see Equation . Letting p = |nn—1|, we observe that, in a neighbourhood
of (1o, (¥0)i), p~'W is a non degenerate vector field, since p~!Wy"~1 =
2sgn(np—1). Thus we can use the straightening theorem [LGPV13] to find
2n—2 homogeneous degree zero functions p1, - - -, pop—2 € T{; M with linearly
independent differentials such that p~'Wp; = 1 and p~'Wp; = 0 for i =
2,--+,2n—2. We also note that p(0,7,0, y;) is annihilated by W. Since dp #
0, we can set p2(no, (yo)i) = (0, 70,0, (yo)i). Then we extend p1,-- -, pan—2
in such a way to be independent from (x, &), in order to obtain a local chart
whose coordinate functions are x, Z s PLy s Pon—2-

With these data we can introduce two homogeneous functions wy and w
on K NV, playing the same role as 7 and w in the hyperbolic region:

2n—2

Qo= (pi—pile)?®, Q=2+,
i=1

where we omit to indicate the explicit dependence on ¢y for the sake of
simplicity of the notation. In connection to these functions we introduce

Q
¢=p1+ 5z

Q

0
257
Using the same cutoff functions xg and x; introduced in Section [3.0.3
we localize near ¢¢ using a b-pseudodifferential operator A of order zero
whose total symbol is

a = xo(2—¢/0)x1(1+ (p+0)/(Ad)).

The ensuing families A, B and B are defined as in Section With these
data, the following generalizations of [GW20l Prop. 6.11] hold true. Observe
that, with a slight abuse of notation, we identify subsets of the b-cosphere
bundle with their pre-image on the b-cotangent bundle.

Proposition 3.0.5. Let © € UF(M) with & < 0 and let u € H "™ (M) with

loc

m < 0. If K C %S5 M is compact and K C (G NT*OM)\ WF, "*"*(Pou),
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then there exist Cp,dyp > 0 such that for each qo € K and ¢ € (0,0¢) the
following holds true. Let g € N be such that 7(ag) = qo. If the conditions

aeN, [7(a)—exp(~dW)(ao)|< Cod?,  |z(a)|< Cod?,
imply () & WFbl’s(u), then ¢ & WFbl’s(u).

In the case where © € \IJ’lf(M), 0 < k < 2, the generalization of [GW20),
Prop. 6.11] is the following:

Proposition 3.0.6. Let © € UF(M) with 0 < k < 2 and let u € H;OTHC(M)
with m < 0. If K C bSﬁX is compact and

K C (GNT*OM)\ (WFb_1’8+S(P@u) U WF,;LS*S(@U)) ,

then there exist Cp,dy > 0 such that for each ¢9 € K and ¢ € (0,0¢) the
following holds. Let ag € N be such that w(ap) = go. If the conditions

aeN, |7(a)—exp(—sW)(d)|< Cod?, |z(a)|< Cod2,
imply 7(a) & WFbl’s(u), then qo & WFbl’s(u).

We focus on the case 0 < k < 2. The proof is based on two lemmas along
with the counterpart of Lemma [3.0.4] for the glancing region. The proofs
are similar to those of the hyperbolic case and they are adapted from those
in [GW20], hence we omit them.

The first lemma we gives a bound on the difference between the £2-norm
of QpA,u and of a generic positive sesquilinear Q applied A, u.

Lemma 3.0.7. Let U C M be a boundary coordinate patch and m < 0.
Let A = {A, : r € (0,1)} be a bounded subset of W;(M) with compact
support in U such that A, € W)'(M) for each r € (0,1). Let 6 > 0 and let
Vs = {q € "I M\ {0} : §min; < 68 nn-1|*} and assume that W F}(A) C
Vs. Let Go € W3(M) and Gy € \I/Z_l/z(M) be elliptic on WF|(A) and on
W F{(©.A) respectively, both with compact support in U. Then there exist C

and x € C°(U) such that, for every u € Hl’m+k(M),

loc

||Q0ATUH%2(M) —eQ(Ayu, Ayu) <
< 261Qu-1 Al 22 a1y + Ce (Ixl3m a1y HIXPOUZ 1 1)+

1 GoPotll2 s 4y IG5 1y HIXOUIE sy HIGoOUIZ s )
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The proof is the same of Lemma 6.10 in [GW20], except that we use
Lemma ([2.3.4) to control the boundary terms. This result can be used to
generalize the proof of Lemma 6.12 in [GW20] to the case in hand:

Lemma 3.0.8. There exist C,c,\, 60 > 0, a cutoff x € Cg°(M), Go,G1 as
above and an operator Go € Wi (M) with

WE)(Gy) € W N{=20\ < p1 < —6/2,w"? < 3)3},
such that
¢ Brullfp o <
< —2ImEo(u, A7 Aru) + C (1| Gruld a1 Gl oy XUl Bptmary+
1GoPoul, -+ +IXPoUlZ, 1y HIXOUIZ 1y HIGoOUIZ 1 4 )-

The proof follows that of Lemma 6.12 in [GW20], using Lemma
to take into account the boundary conditions. In particular, given the data
above, the main idea of the proof is similar to that of Proposition bar-
ring some differences arising because of the geometric nature of the glancing
region.

3.0.5 Propagation of singularities theorems

At last, we combine all the microlocal estimates we obtained so far, to
establish the following propagation of singularities theorem, generalizing
that of [GW20]. Recall that © denotes both the pseudodifferential operator
implementing the boundary condition and its extension to M, see Remark

2.0.2)

Theorem 3.0.1. Let © € WF(OM) with0 < k < 2. Ifu € H;" (M) form <
0 and s € RU{+o0}, then WF;’S(u)\<WFb_1’S+1(P@u) U WFb_l’SH(@u)) is

the union of mazximally extended generalized broken bicharacteristics within
the compressed characteristic set N', see Equation 1)

In full analogy it also holds

Theorem 3.0.2. Let © € UF(M) with k < 0. If u € H™(M) for m < 0

loc
and s € RU {+00}, then it holds that WF)*(u) \ WF, “*T(Pou) is the
union of mazrimally extended GBBs within the compressed characteristic set

N, see Equation .
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The proof of both theorems is similar to that given in [Vas08|, using
the estimates we derived in the previous sections. For this reason we do
not give all details, limiting ourselves to outlining the analysis of forward
propagation in the hyperbolic region for the reader’s convenience. We focus
on the case of Theorem concerning © € W*(9M) of order 0 < k < 2.

First, we note that in M, the statement can be reduced to Duistermaat
and Hormander’s theorem of propagation of singularities [DH72, H03J. The
non-trivial part is to prove that the thesis holds true on the boundary. We
begin proving a local version of the theorem, extending a non maximal GBB
to OM. Namely, calling U an open chart of M such that U N oM # (), we
show that if ¢p € WFbl’S(u) \ WFb_l’SH(P@u) with go € PT}; M, then there
exists a GBB ~v : [—¢£0,0] — N, with g9 > 0, such that ~v(0) = go and
¥(s) € WE (u)\ (WF;LS“(P@u) U WF;LS“(@u)) for s € [—e0,0]. We
focus on the case in which gy € H(M).

Given qq € T, M, we build a sequence of generalized broken bicharac-
teristics 7; : [—€0,0] — N such that

vi(s) € WED(u) \ (WFb_l’SH(P@u) U WF,;LS“(eu))

and with the endpoint v;(0) = ¢; € °T *M converging to g on the bound-
ary. Thanks to Proposition |3.0.3] choosing increasingly smaller sets W C
T*M \ {0} we can found the sought sequence of points {g;}en. Since every
q; € M, Hérmander’s theorem on propagation of singularities [H03] [DH72]
guarantees existence of the sought sequence of GBBs. The assumption of
forward propagation, that is £(g;) < 0, ensures that there exists g > 0 such
that for s € [—e, 0], v;(s) € *Ty> M, where ¢ = 0.

Since generalized broken bicharacteristics Rx[—¢eo,0] with K compact
are themselves compact in the topology of uniform convergence, Lemma
allows to conclude that there exists a subsequence {v;, } uniformly
converging to 7.

At last we extend the result to maximal GBBs. Given a subset V C N
with ¢ € V and a,b € R containing 0, there is a natural partial order on the
set GBB, of broken generalized bicharacteristics v : (a,b) — V such that
v(0) = q. Let 71 : (a1,b1) — V and 72 : (a2,b2) — V be two elements of
GBB,, we say that v1 < 2 if (a1,b1) C (a2, b2) and if the two curves agree
over the common domain (aj,by).

Since a non-empty totally ordered subset has an upper bound, we can
extend the GBBs joining the domains of those in the chain. At this point
we apply Zorn’s lemma to conclude that the maximal element of any totally
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ordered subsets being the maximal extension of a GBBs. In the glancing
region the main idea is still to build a sequence of curves approximating a
GBB, although the details are different due to some technical hurdles related
to the geometry of the glancing region. The reader can find the argument
in [Leb97] and [Vas0§].
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Chapter 4

Well-posedness of the
problem and fundamental
solutions

In this chapter we focus on the well-posedness of the weak problem and we
study the associated fundamental solutions and propagators, generalizing to
the case of boundary conditions implemented by suitable pseudodifferential
operators the results of [Vas12],[Warl2] and [GW20].

4.1 Well-posedness of the problem

We begin studying the well-posedness of the boundary value problem as in
Equation . In comparison to the previous chapter, we need to restrict
the class of admissible pseudodifferential operators © € W*(9M). Prior to
stating our additional hypothesis, we need a preliminary definition. In the
following remember that with ® we denote both the operator implementing
the boundary condition and its extension to M as per Remark .

Definition 4.1.1. Let © € Wk (OM). We call it local in time if, for every
u in the domain of ©, 7(supp(©u)) C 7(supp(u)) where 7 : R x ¥ — R is
the time coordinate individuated in Theorem [L.1.1l

We assume that the operators © € W*¥(9M) implementing the boundary
conditions satisfy the following hypothesis.

Hypotesis 4.1.1. We consider © € W*(OM) with k < 2, only if it is local
in time and if © = OF.

71
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Remark 4.1.1. We assume k < 2 because in Proposition below we need
to invoke Theorem [3.0.1]

We note that, at the level of applications, this additional hypothesis is
only a mild constraint, because most cases of interest — for example boundary
conditions of Dirichlet, Neumann and Robin type — satisfy Hypotesis

Following the analysis in [Vas12, (GW20], we introduce a cutoff function
playing an important role in the following theorems. Consider once again
the function yo introduced in Equation and let x; € C*°(R) be an
increasing function such that x1(s) = 0 for all s € (—o0, 0] while xi(s) =1
if s € [1,400). Given a fixed 79,71 € R with 79 < 71, we define the smooth
function x : (19,71) — R as

X(5) = xo(=07" (s = m))xa((s — 70)/e), (4.1)

where § > 1 while ¢ € (0,71 — 79). Note that, calling x = %, it holds

that, cf. [Vas12]
x < —5*1(7'1 — 7'0)2)(' with ' = —5*1)(6(—5*1(3 —11)). (4.2)

Let u € Hll(;i (M) be such that its support lies in [19+¢, 71| X X, ¢f. Definition
NN

1 T2 S

Figure 4.1: The function y.

Using this cutoff function, as in [GW20], one can prove a twisted version
of the Poincaré inequality obtained in [Vasl12, Proposition 2.5]:

1) 2l 4y < CH) Y2l 2, (4.3)

where dr is the twisted differential, as in Section [2.3.1
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The main step of our analysis lies in proving the following lemma, gen-
eralizing a result in [GW20] for the case of Robin boundary conditions. We
discuss in details only the case with © € W*(9M) of order k > 0, since the
scenario in which £ < 0, can be seen as a corollary of the well-posedness
statement of [GW20].

Proposition 4.1.1. Let © € U*(OM) be a pseudodifferential operator of
positive order k such that its canonical extension to M abides to Hypothesis
and let u € ’Hll(;(lfk(M ). Then there exists a compact subset K C M
and a real positive constant C such that

1(=")"ullz (1) < Cll Poullp-114x(xc),
where ¢ = x o 7, x being the same as in Equation (4.3)).

Proof. The proof is a generalization of those in [Vas12] and [GW2(] to the
case of boundary conditions encoded by pseudodifferential operators. There-
fore we shall sketch the common part of the proof, focusing on the terms in-
troduced by the boundary conditions. Adopting the same conventions as at
the beginning of the section, assume that supp(u) C [r9+¢,71] x 2. We start
by computing a twisted version of the energy form considered in [Vasl2].
Consider (—i[(V')*Po — PoV'|u,u), with V! = FVF~! € Diff,'(M) and
V € Vp(M) with compact support. Note that, since © is self-adjoint, i.e.,
© = ©*, then i[(V')*Po — PoV'] is a second order formally self-adjoint oper-
ator, the purpose of V'* being to remove zeroth order terms. Let V = —¢W
with W = 757. Observe that we should also localize in space, working
on a compact subset of a Cauchy surface. Hence the vector field V' should
be multiplied by a smooth, compactly supported test function ) depending
only on the spatial variables. However, to avoid burdening the notation, in
the following we do not write explicitly the test function 7). The vector field
V' belongs to Vy(M) because g(dx,dt) = 0. A direct computation shows
that

(—i[(V')* Po — PoV'Ju,u) = 2Re(Pou, V'u) =

44
= 2Re&o(u, V'u) + 2Re(Spu, V'u) + 2Re(Oy_u,y_V'u), (4.4)

where & is the twisted Dirichlet energy form, c¢f. Equation (2.10), Sp =
F~IPF € 22L>°(M) as in Section while 74 and v_ are the trace maps
introduced in Theorem Lemma and Lemma We analyze

each term in the above sum separately. Starting form the first one and
proceeding as in [GW20], we rewrite

QRCgO(U, V,'LL) = <BZJQZu7 Q]u>7
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where Q;, i = 1,...,n is a generating set of Diff} (M), while the symmetric
tensor B is

B = —(¢-divgW +2F¢V(F~1) + (n — 2)pz~ "W (x))g '+

o (4.5)
+oLw g "+ 2T(W,7436).

Here T'(W,/5¢) is the stress-energy tensor, with respect to g, of a scalar
field associated with W and 759, that is, denoting with © the symmetric
tensor product,

T(W, 750) = (V36) © W — 53(v756, W) -5 (16)

Focusing on this term and using that 756 = x’ /5 7, a direct computation
yields:

T3(W, 759) = 5(x' 0 M)2(v57) ® (V7) ~ (vgr,ver) T (47)

Since \/5¢ and /57 are respectively past- and future-pointing timelike vec-
tors, then T5(W, \75¢) is negative definite. Hence we can rewrite Equation

as
(—T2 (W, V30)Qiu, Qju) = (—il(V')*Po — PoV'|u, u)+ s
+2Re&y (K Qiu, Qju) + 2Re(Spu, V'u) + 2Re(Oy_u, v V'u), '

with
K =—(FoV(F ')+ (n—2)¢z"'W(x))g "+ ¢Lwg "

Since —T5(W, v§¢)ij is positive definite, then
Q(u, u) = (~T5(W, 7§6)"” Qiu, Qju) > 0
. This can be seen by direct inspection from the explicit form

i N ; . o
Qu,u) = /M ¢ <(V§T) (Vgr)! = 59((vg7) (VgT)J)> Qiu Qju xdpu,
= [ H(-Vdru (-6 Pdsmdg
M
(4.9)
where H is the sesquilinear pairing between 1-forms induced by the metric.

Focusing then on the term (K% Q;u, Q;u), we observe that, as a consequence
of our choice for the functions f and W, we have V(z) = g(v57, Vgz) =0



4.1. WELL-POSEDNESS OF THE PROBLEM 75

on OM. In addition it holds that z~ W (x) = O(1) near OM, and Ly g ' =
275 (V47) = 2I'._9;. These observations allow us to establish the following
bound, ¢f. [Vasl2] and [GW20]:

(K Q. Qyu) < 1l Pdrulleaan'< O3~ (1 = 1)l (=4) druliaa,
(4.10)
with C' a suitable, positive constant. Now we focus on establishing a bound
for the terms on the right hand side of Equation (4.8]). We estimate the first
one as follows:

(=il(V")"Po — PoV']u, w| < € (|62 FWF " Poull?,_y 16" ulia )
+C (1162 Poul2a 16" 2 FW F ) ) <
< O(IFWF ™ Poull? -y +07(m = 70)21(=6) 2l )+
| Pols ag) +6™ <1—To>2u<—¢>1/2FWF—1u||i2<M>), (4.11)

where in the last inequality we used Equation (4.2)). As for the second term
in Equation (4.8)), using that Sp € 22L>(M), we establish the bound

2|Re(Sru, V') < C (1162 ulldan 16" drulZ) )

for a suitable constant C' > 0. Using Equation (4.2) and the Poincaré
inequality, this last bound becomes

2|Re(Spu, V'u)|< C6 1 (m — 70)2||(—¢')1/2dpu||%2(M). (4.12)

At last we give a bound for the last term in Equation , containing the
pseudodifferential operator ©® which implements the boundary conditions.
Recalling Hypothesis it is convenient to consider the following three
cases separately

a) © € UF(OM) with k < 1,
b) © € ¥*(OM) with 1 < k < 2.
Now we give a bound case by case.

a) It suffices to focus on © € W'(OM) recalling that, for k < 1, ¥*(OM) C
WL(OM). If with a slight abuse of notation we denote with © both
the operator on the boundary and its trivial extension to the whole
manifold, we can write

(©7-u, - V'u) = (N(©)(—iv_)y_u,y-V'u) = (- Ou,v_V'u),
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where N (©)(—iv_) is the indicial family of ©, introduced in (1.3.7).
We recall that any A € U$(OM), s € N, can be decomposed as

n

S QiA; + B, with A;, B € V¥ 1(OM), while Q;, i = 2,...,n — 1
i=1

is a generating set of Diff}(9M). Hence we can rewrite © as

0= Qi6;+6 =) (0:Qi+[Q:,0i]) +6,

i

where ©;,0" and [Q;, ©;] are in UY(OM). Therefore

(- Ou, v V'u)|< | (v (Z@QZ >,7V’u>|+
(- ((1Qi, 8] + ©') u) ,7-V'u)].

To begin with, we focus on the first term on the right hand side of

this inequality. Using Equations (1.4.1)) and (4.2)) together with the
Poincaré inequality (4.3)) and Lemma [1.4.3]

_ (Z @ZQﬂL) ,’y_V/u)|§

e(chbl/?@i@u|ri1(M)+||¢1/2FWF—1u\|H1 +

+Ce (Z X QiUH%%M)‘i‘H¢1/2FWF_1UHc2 )
< G0~ (m = 10)*1(=¢) " P drul 22 s

for a suitable constant C. > 0. As for the second term, since u €
Hllci(M ) we can proceed as above using that the operator ©' +[Q;, ©;]
is of order 0 and we can conclude that

(7= (([Qi, O] + ) u) ,7-V'u)| < Cel| " ul3p g
< Co7H m = 70)2[(=¢) P dpul Fa oy,

for suitable positive constants C. and 55. Therefore, it holds a bound
of the form

|Re(©y-u,7-V'u)|< "6 (11 —10) | (=¢) /2 dpul Zaary.



4.1. WELL-POSEDNESS OF THE PROBLEM 77

b) Since UF(OM) C \Il’g/(aM) if & < k', it is enough to consider O €
U2(OM) and to observe that, we can decompose © as

@:ZQi ZQinj + B,
=1 =

where B; € W} (OM) while 4;; € WY(dM). At this point one can apply
twice consecutively the same reasoning as in item a) to draw the sought
conclusion. Here the key hypothesis it that v € ’Hll(;(lfk (M).
Finally, considering Equation (4.8) and collecting all bounds we proved,
we obtain
(— ?;](W, V§¢)Qiua Qju) < CHP@U”’QH—I,I-&-IC(M)

-1 2 N1/2 2 (4.13)
+C0 (11— 70)7[(=¢") /“drull 22 -

Since the inner product H defined by the left hand side of Equation (4.9) is
positive definite, then for § large enough

(=T (W, 730)Qiu, Qju) — C6(r1 — 70)2[[ (=) 2dipul 22 5y > 0,

and the associated Dirichlet form é defined as

Quw) = [ [H(=dPru (o)) )+

—C67H (1 — 10)?|(—¢) P dpul? | 2Pdpy,

(4.14)

bounds ||(—¢')'/2d FUH%Q( ary- We conclude the proof by observing that, once

we have an estimate for ||(—¢')"/ 2dpu||%2( ary» With the Poincaré inequality
we can also bound ||(—¢’)!/2ul| c2(ar)- Therefore, considering the support of

x and u, there exists a compact subset K C M such that

1= 2ull c2an < Cll(=¢)? Poullgy-1.15x (4.15)

from which the sought thesis descends. O

Remark 4.1.2. If the pseudodifferential operator © € ¥*(9M) implementing
the boundary condition is of non-positive order, then in the previous state-
ment u can be taken in ’Hlloi(M ) instead of ’Hll(;iJrk (M). The same holds true
for the statements of Corollary
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Making use of the previous lemma, we obtain the following statements
concerning uniqueness and existence of the solutions for the Klein-Gordon
equation associated to the operator Pg.

Corollary 4.1.1. Let M be a globally hyperbolic, asymptotically anti-de
Sitter spacetime and let f € H-VE(M) — with k the order of © — be
vanishing whenever T < 19, 70 € R. Suppose in addition that © abides to
the Hypothesis . Then there exists at most one u € H}, (M) such that
supp(u) C {g € M | 7(q) > 10} and it is a solution of Pou = f.

We omit the proof of this statement, since it is identical to that of [Vas12]
Lemma 4.13].

Lemma 4.1.1. Let M be a globally hyperbolic, asymptotically anti-de Sitter
spacetime and let f € H~ Y (M) be vanishing whenever T < 19, 9 € R.
Then there exists u € Hll(;;1+k(M) solution of the problem Pgu = f such
that T(supp(u)) > 19.

Lemma 4.1.2. Let M be a globally hyperbolic, asymptotically anti-de Sitter
spacetime, let © € WF(M) with k >0 and let f € H~YF(M) be vanishing
whenever T < 19, 19 € R. Then there exists u € Hll(;;Hk(M) solution of the
problem Pou = f such that T(supp(u)) > 9.

The proofs of these two lemmas follow the one given in [Vasl2, Prop.
4.15]. Therefore, we sketch only the main ideas, focusing for simplicity on
the case k > 0. The first step consists of proving a local version of the lemma,
namely that given a compact set I C R, there exists ¢ > 0 such that for every
70 € I there exists u € H5~1(M) such that supp(u) = {p € M | 7(p) > 0}
and Pou = f for 7 < 19 + 0. The main point of this part of the proof
consists of applying Lemma to ensure that the adjoint of the Klein-
Gordon operator, say Fg, is invertible over the set of smooth functions
supported in suitable compact subsets of M — see [Vasl2, Lem. 4.14] for
further details. With this result in hand, one divides the time direction into
sufficiently small intervals [7;, 7j;1] and uses a partition of unity along the
time coordinate to build a global solution for Pou = f.

At last we extend our results for u € H}OZI(M) and for f € Hl_oimH(M)
Let us consider © € \I'lg(aM ), the proof for the positive cases being the
same. If m > 0, Lemma entails that Equation admits a unique
solution lying in H} .(M). By the propagation of singularities theorem, cf.
Theorem @ and using Hypothesis the solution lies in H}OT(M ) and
the following generalization of the bound in Lemma [@.1.1] holds true:

”uHHLm(M)S CHqu.'L—l,m-H(M)-
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If m < 0 we can draw the same conclusion considering, as in [Vas12, Thm.
8.12],
P@Uj = fj (416)

where f; € H-LmHL(M) is a sequence converging to f as j — oo. Each
of these equations has a unique solution u; € HI(M). In addition the
propagation of singularities theorem, cf. Theorem ([3.0.2]) yields the bound

g = wjllarm )< Cllfie = fillyp-1me1(z)

for suitable compact sets K,L C M and for every j,k € N. Since f; —
fin 7:[*1’7”+1(L), we can conclude that the sequence u; is converging to
u € HY™(K). Considering {f;} such that each f; vanishes if {T < 7o},
one obtains the desired support property of the solution. To conclude this
analysis we summarize the final result which combines Corollary and

Lemmata [4.1.1] and [4£.1.2]

Proposition 4.1.2. Let M be a globally hyperbolic, asymptotically anti-
de Sitter spacetime and let m, 7y € R while f € Hl;imH(M ). Assume in
addition that © abides to Hypothesis If f vanishes for 7 < 79, 790 € R
being arbitrary but fixed, then there exists a unique u € 7-[110’?+k(M ) such
that

Pou = f, (4.17)

where Pg is the operator in Equation (2.15)).

4.2 Fundamental solutions and propagators

In this section we focus on the study of the fundamental solutions associated
with the Klein-Gordon operator Pg. As a preliminary step, we need to define
the following subspaces of H*¥™ (M), k = 0,41, m € NU {0}:

HE™ (M) = {u € HP™(M) | 3r_ € R such that p ¢ supp(u), ifr(p) < 7_},

(4.18a)

’H{T_’m(M) ={ue Hk’m(M) | 374 € R such that p ¢ supp(u) if 7(p) > 74},
(4.18)

My (M) = HE™ (M) A 1P (M), (4.18¢)

where the subscript tc stands for timelike compact. To take into account the
boundary conditions, we also need to define the spaces

HYB(M) = {u € HY™ (M) | 74 (u) = Oy_(u)}, (4.19)
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where v_, vy are the trace maps introduced in Theorem and in Lemma

while © is a pseudodifferential satisfying Hypothesis

Making use of Lemma and Proposition and proceeding as
in [GW20] we obtain the following result on the advanced and retarded
propagators Gg associated to the Klein-Gordon operator Pg.

Theorem 4.2.1. Let Pg be the Klein-Gordon operator as per Equation
where © abides to Hypothesis [{.1.1]

Then there exist unique retarded (+) and advanced (—) propagators, that is
continuous operators Gg : ’F[;LmH(M) — ’Him(M) such that P@Gg =1Ton
HV" (M) and GEPo =T on 'Hli%(M) Furthermore, Gg is a continuous
map from 7_'[0—1,00(M) to H;&EO(M) where the subscript 0 indicates that we
consider only functions of compact support.

Remark 4.2.1. We need to restrict Pg to ’Hi%(M) because per construction
an element in the range of GgP@ abides to the boundary conditions as in

Equation (2.13)).

In addition to the advanced and the retarded propagators, we can also

Y —1,m+1 1,

define the causal propagator Ge : Hg """ (M) — H) (M) as Go = G§ —
G-
Remark 4.2.2. Since Gg are continuous maps, one can apply the Schwartz
kernel theorem to infer that one can associate to them a bi-distribution
GE e D'(M x M).

To conclude this section we study some properties of the causal propa-
gator which are useful for applications in quantum field theory. For physical
reasons we individuate two special classes of boundary conditions. We re-

member that the spacetime M is isometric to R x ¥ and M to R x 9%, see
Theorem [.1.1]

Definition 4.2.1. Let © € UF(M) with k < 2 and let © = ©* We call ©

e physically admissible if WFb_l’SH(@u) - WFb_l’SH(P@u) for all u €
Hllozn(M) with m <0 and s € RU {oo}.

e a static boundary condition if ©® = O is the natural extension to
Wk (M) of a pseudodifferential operator K = K* € U¥(9%) with k < 2.

Remark 4.2.3. Any static boundary condition is automatically local in time,
as per Definition 4.1.1
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Proposition 4.2.1. Let Pg be the Klein-Gordon operator and let Gg be
its associated causal propagator. Then the following is an exact sequence:

0 — Hp (M) L% 1,520 (M) C& 15> (M) T8 171 (M) = 0. (4.20)

Proof. To prove that the sequence is exact, we start by establishing that
Pg is injective on 7—[2 (;?(S(M ). This is a consequence of Theorem which
guarantees that, if Pg(h) =0 for h € Hic’fg(M), then G*Pg(h) =h =0.

Secondly, on account of Theorem [£.2.1] and in particular of the identity
GgPo =L on HY (M), it holds that GePe(f) = 0 for all f € H,5(M).
Hence Im(Pg) C ker(Gg). Assume that there exists f € ﬂt_cl’oo(M ) such
that Ge(f) = 0. Tt descends that G&(f) = Gg(f) € Hy g (M). Applying
Po it holds that f = PoG§(f), that is f € Po[H,. %5 (M)).

The third step consists of recalling that, per construction, PoGg = 0 and
that, still on account of Theorem Im(Ge) C ker(Pg). To prove the
opposite inclusion, suppose that u € ker(Pg). Let x = x(7) be a smooth
function such that there exists 79,71 € R such that y = 1 if 7 > 74 and
x = 0 if 7 < 79. Since © is a static boundary condition and, therefore, it
commutes with y, it holds that yu € /H_li_’o(;(M) Hence setting f = Poxu, a
direct calculation shows that Gef = u

To conclude we need to show that the map Pg on the before last arrow
is surjective. To this end, let j € H~1°°(M) and let x = x(7) be as above.
Let h = G (xj) + Gg (1 —x)j). Per construction h € Hgoo(M) and
Po(h) =j. O

Now we focus on the study of the singularities of the advanced and of
the retarded propagators. To this end we introduce the space W, *(M) of
bounded operators from Hg L2 (M) to ’Hllogo(M ) and we give a definition
of wavefront set complementary to that of Definition

Definition 4.2.2 (Operatorial wavefront set WFbO P(M)). Consider a con-
tinuous map A : Hal’_m(M) — H°(M). A point (g1, q2) € 2S*M x2S* M

loc
is not in the operatorial wavefront set WFbO P(M) if there exists two b-
pseudodifferential operators B; and Bs in \Ilg(M ) elliptic at ¢; and ¢ re-

spectively, such that BiAB5 € W, *°(M).

We can characterize the singularities of the advanced and of the retarded
fundamental solutions in the cosphere bundle as follows.
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Theorem 4.2.2. Let A denote the b-diagonal in S*M x *S*M and let ©
be physically admissible as per Definition[{.2.1. Then

WEP(GE\A C {(q1,42) € °S*M x "S*M | q1%q, +t(q1) > £t(g2)},

where q1~qs means that qi,qs are two points in N, cf. Equation (3.2)) con-
nected by a generalized broken bicharacteristic, cf. Definition|3.0.1].

This statement follows from Theorem [B.0.1] — in the case of © of order
0 < k < 2 or Theorem [3.0.2) - if © is of order k < 0. We refer to [GW20] for
the details.

Remark 4.2.4. We assume that the operator © is physically admissible as
per Definition because we do not want to alter the microlocal behavior
of the system in M. Suppose not to place any restriction on the wavefront
set of Ou. Then by the propagation of singularities theorem Theorem |3.0.1
in addition to the singularities propagating along the generalized broken
bicharacteristics of the Klein-Gordon operator we should account also for
those of ®u. However, in concrete applications, for example the construc-
tion of Hadamard two-point functions, one looks for bi-distributions with a
prescribed form of the wave front set and whose antisymmetric part coin-
cides with the difference between the advanced and retarded fundamental
solutions associated to the Klein-Gordon operator with boundary condition
implemented by ©, see e.g. [DF16, DDE19, DW, Wrol7, [GW20].

4.3 Construction of fundamental solutions on static
spacetimes in the massless case

We conclude this chapter giving an example of advanced and retarded fun-
damental solutions for the Klein-Gordon operator on a static, globally hy-
perbolic, asymptotically AdS spacetime. In particular, we shall focus on a
massless scalar field, corresponding to the case v = (n—1)/2. The construc-
tion of the fundamental solutions via functional calculus in this particular
case can be done along the lines of [DDE19]. Therefore we limit ourselves to
describing the analytic and the geometric framework, referring to [DDF19]
for the derivation and the technical details.
As a preliminary step, we specify the underlying geometric structure:

Definition 4.3.1. Let (M, g) be an n-dimensional Lorentzian manifold. We
call it a static globally hyperbolic, asymptotically AdS spacetime if it abides
to Definition and, in addition,



4.3. FUNDAMENTAL SOLUTIONS ON STATIC SPACETIMES 83

1) There exists an irrotational, timelike Killing field x € I'(T'M), such
that £, (x) = 0 where z is the global boundary function,

2) (M, g) is isometric to a standard static spacetime, that is a warped
product R xg S with line element ds? = —a?dt? + hg where hg is a
t-independent Riemannian metric on S, while a # «(t) is a smooth,
positive function not depending on t.

On account of Theorem [I.1.1] we can assume, without loss of generality,
that the timelike Killing field x coincides with the vector field d;. Under this
assumption the underlying line-element can be written as ds?> = —3dr% + k
where 8 and x are T-independent while S can be identified with the Cauchy
surface ¥ in Theorem [I.1.1] In view of this characterization of the metric,
the associated Klein-Gordon equation Pu = 0 with P = O, reads

(-02+E)u=0, (4.21)

where £ = BA,, with A, the Laplace-Beltrami operator associated to
the the Riemannian metric k. Let us consider a static boundary condi-
tion as per Definition implemented by a pseudodifferential operator
K € UF(OM) and let us employ the symbol ©f to recall that it is induced
from K. Since the underlying spacetime is static, in order to construct the
advanced and retarded fundamental solutions, we can focus our attention on
Go, €D (M x M ) , the bi-distribution associated to the causal propagator
Go, - It satisfies the following initial value problem, see also [DDF19):

(Pox ®DGey, = (I® Poy)Ge, =0
Goxlr=r=0 (4.22)
0:Goy lr=r= —0rGoy |lr=r= 05,5,

where 0 is the Dirac distribution on the diagonal of M x M. Starting from

Go, one can recover the advanced and retarded fundamental solutions QéEK
via the identities:

Q(SK = 19(7' — T’)Q@K and GgK = —79(7/ - T)g®K7 (4.23)

where 9 is the Heaviside function. The existence and the properties of Gg,,
have been thoroughly analyzed in [DDF19] using the framework of boundary
triples, cf. [Gru68] and Section [L.5]

To construct a boundary triple associated with E*, let n be the unit,
outward pointing, normal of 0% and let

To: HX(D) > f = Df € HY2(S),  T1:HXZ)> f e DV, f € HY/A(D),
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where H¥(X) indicates the Sobolev space associated to the Riemannian
manifold (X, k) introduced at the end of Section Here I' : H*(X) —

H5 3 (3), s> %, is the continuous surjective extension of the restriction map
from C§°(X) to C§°(9%), cf. [GS13, Th. 4.10 & Cor. 4.12]. In addition,
since the inner product (|)z2(gs) on L2(0%) = L2(0%; t5dpg), ts 1 08 < %,
extends continuously to a pairing on H~Y/2(9%) x HY/?(9%) as well as on
H=3/2(9%) x H3?(0%), there exist isomorphisms

vt HEYV2(9%) — L2(0%),  ja: HE/2(0%) — L?(0Y),

such that, for all (¢,¢) € HY2(d%) x H-Y2(9%) and for all (¢,¢) €
H3/2(0%) x H=3/2(0%),

(W, d)1j2,1/2) = (49 D) 203y, (D, D) (372, —3/2) = (J+¥] J-F)L2(03) »

where (,)(1/2,—1/2) and (,)(3/2,—3/2) stand for the duality pairings between
the associated Sobolev spaces.
Remark 4.3.1. Note that in the massless case, the two trace operators I'g

and I'; coincide respectively with the restriction to H2(M) of the traces ~_
and 7, introduced in Theorem and in Lemma [2.2.1

Gathering all the above ingredients, we can state the following proposi-
tion, ¢f. [DDF19, Prop. 24 & Rmk 26]:

Proposition 4.3.1. Let E* be the adjoint of a second order, elliptic, partial
differential operator on a Riemannian manifold (X, x) with boundary and of
bounded geometry. Let

Yo: H*(M) 3 f v+ 1, Tof € L*(OM), (4.24)
yi:H*(M) 3 f + j T f € L*(OM). (4.25)

Then (L%2(OM),~o,v1) is a boundary triple for E*.

Combining all these data together, particularly Proposition and Propo-
sition [4.3.1] we can state the following theorem, whose proof can be found
in [DDE19, Thm 30].

Theorem 4.3.1. Let (M, g) be a static, globally hyperbolic, asymptotically
AdS spacetime as per Definition [4.3.1. Let (vo,v1, L2(OM)) be the bound-
ary triple as in Proposition associated with E*, the adjoint of the
elliptic operator defined in Equation (4.21)) and let K be a densely defined
self-adjoint operator on L?(0X) which individuates a static and physically
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admissible boundary condition as per Definition [{.2.1. Let Ex be the self-
adjoint extension of E defined as per Proposition by Ex = E*|D(EK),
where D(FEg) = ker(y1 — K~g). Furthermore, let assume that the spectrum
of Ex is bounded from below.

Then, calling Ok the associated boundary condition, the advanced and re-
tarded Green’s operators GgK associated to the wave operator 0} + Ei
exist and they are unique. They are completely determined in terms of
ggK € D'(M x M). These are bidistributions such that Go, =V(t—t)Goy
and ggK = —I(t' — t)Go,. where Go, € D'(M x M) is such that, for all

o

f1, f2 € D(M)

Gorc(f1.f2) = /R dedt <f1 <t>'<—EK>% sin [(—Ex) (t - t’)}fzos’)),
(4.26)

where f1(t), fo(t) € H?(X) denote the evaluation of fi and f2, regarded as
1 1

elements of C°(R, H®(X)) while E,.2 sin[EZ(t —t')] is defined exploiting
the functional calculus for Ex. Moreover it holds that

G5, 1 D(M) — C®(R,HE (),

where HE (%) = (>0 D(Egk). In particular,

1(G5,.f) = Ox0(Gs, ) VfeCF(M). (4.27)
Remark 4.3.2. Observe that, in Theorem we have constructed the
advanced and retarded fundamental solutions Qéﬁ as elements of D/ (M x M).
Yet we can combine this result with Theorem [£.2.1] to conclude that there
must exist unique advanced retarded propagators on the whole M whose
restriction to M coincide with ggK. With a slight abuse of notation we
shall refer to these extended fundamental solutions with the same symbol.

The analysis carried out in this chapter has an immediate application to
quantum field theory, in particular in the study of the propagators, which
are singular bidistributions on aAdS spacetimes. A key property that the
propagators must satisfy in order to be physically meaningful is the so called
Hadamard condition, prescribing certain constraints on their wavefront sets.
The well-posedness result Theorem [4.2.1] together with the microlocal prop-
agation of singularities theorems [3.0.2] and obtained in Chapter [3] al-
lows to prove that, under certain assumptions, on aAdS spacetimes there
are unique propagators satisfying the Hadamard condition for a very general
class of boundary conditions, see [DM21h)].
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