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Abstract

We consider the wave operator on static, Lorentzian manifolds with timelike boundary and we
discuss the existence of advanced and retarded fundamental solutions in terms of boundary conditions.
By means of spectral calculus we prove that answering this question is equivalent to studying the self-
adjoint extensions of an associated elliptic operator on a Riemannian manifold with boundary (M, g).
The latter is diffeomorphic to any, constant time hypersurface of the underlying background. In turn,
assuming that (M, g) is of bounded geometry, this problem can be tackled within the framework of
boundary triples. These consist of the assignment of two surjective, trace operators from the domain
of the adjoint of the elliptic operator onto an auxiliary Hilbert space h, which is the third datum of
the triple. Self-adjoint extensions of the underlying elliptic operator are in one-to-one correspondence
with self-adjoint operators © on h. On the one hand, we show that, for a natural choice of boundary
triple, each © can be interpreted as the assignment of a boundary condition for the original wave
operator. On the other hand, we prove that, for each such ©, there exists a unique advanced and
retarded fundamental solution. In addition, we prove that these share the same structural property
of the counterparts associated to the wave operator on a globally hyperbolic spacetime.

1 Introduction

The existence and the characterization of the fundamental solutions of the D’Alembert wave operator
O on a Lorentzian manifold (N, g) is a classical problem which has been thoroughly studied in many
contexts. Particularly if the underlying background is globally hyperbolic, a complete answer is known,
cf. [BGPO7], showing that there exist two unique distributions G* € D’(N x N), called advanced (—) and
retarded (+) fundamental solutions whose associated Green operators G* : D(N) — C°(N) are such
that 0o G* = G* o0 = id|p(y) and, for any f € D(N), supp(GE(f)) € JF(supp(f)), J* being the
causal future (+) and past (—).
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Completely different is the situation if (N, g) is a Lorentzian manifold with timelike boundary (ON, ¢ g),
where ¢ : ON — N and where (ON, %y ¢) is a Lorentzian submanifold. In this case a complete, cohesive
analysis of the existence of fundamental solutions is not available. Yet, this class of backgrounds contains
several notable examples, such as anti-de Sitter (AdS) or asymptotically AdS spacetimes which play a
key role in several models that have recently attracted a lot of attention for the study of the properties
of the wave or of the Klein-Gordon equation, see for example [Bac12l [Hol12l Wrol7, [Vas12].

In addition, fundamental solutions play a pivotal role in the covariant quantization of free field theories,
most notably in the construction of the *-algebra of observables. As a matter of facts, focusing on
Bosonic fields, the canonical commutation relations are implemented in terms of a *-ideal which, in turn,
is built out of a symplectic form defined out of the fundamental solutions, so to encode the information
of dynamics and causality, see e.g. [BDHI13| [BD15]. From this viewpoint, the question that we shall
answer in this paper has a direct impact in our understanding of several physical systems, as existence
of fundamental solutions guarantees on the one hand that any underlying quantum field theory can be
constructed following the standard rationale. On the other hand, if these solutions turn out not to be
unique, it will entail that each of the possible choices corresponds to a different physical quantum system,
as it has been already observed in different contexts, e.g. [BDSIS8| [DF17, [DNP16].

More precisely, our last statement stems from the observation that, in comparison to the same class of
linear hyperbolic, partial differential equations on globally hyperbolic backgrounds, the main structural
difference in our setting lies in the fact that initial data are not sufficient to identify a unique solution,
which can be obtained only if one supplements with a suitable boundary condition. From the perspective
of fundamental solutions, this statement amounts to saying that one cannot expect unique, advanced
and retarded Green’s operators, rather their existence should be tied to the specific boundary conditions
assigned on ON. The goal of this paper is to start a full-fledged analysis of this problem on a large class
of manifolds with non-empty boundary. Observe that, although we restrict the attention to the scalar
wave equation, a similar analysis could be done for vector valued partial differential equations. In the
special case of the Dirac field a recent work, connected to this problem, has appeared in [GMIS].

We focus on globally hyperbolic, oriented and time-oriented Lorentzian manifolds (N, h) with timelike
boundary [AFSI§|, such that there exists, in addition, an isometry between (N, h) and a standard static
spacetime M xg R. This is a warped product between R and a Riemannian manifold (M,g) with a
non-empty boundary (OM,:},g9) where tpy : OM — M. Thereon, we consider the D’Alembert wave
operator O as well as the auxiliary problem [0 = —9? + A, t being the coordinate along R, while A is a
second-order, elliptic, partial differential operator built out of g and of 5. In this framework the advanced
and retarded fundamental fundamental solutions are defined as G* € D'(N x N), N = N \ N, whose
associated Green operators G¥ : D(N) — D/(N) satisfy Do GF = G o = id| 7y, while also enjoying
the support property supp(G*(f)) € J*(supp(f)), for all f € @(N) On account of the underlying
metric being static, as a first step one can reduce the problem to an auxiliary one obtained via the ansatz
Gt =0(t—t)G and G~ = —0(t' — ¢)G, where 6 is the Heaviside distribution while § € D'(N x N) is a

solution of
Oehf=Ix0)5=0
Sli=er =0,  0¢Sli=v = =0 Sli=t' = Oging(ar)

where |,—y indicates the pull-back of a distribution on N x N to ({t} x M) x ({t} x M) while O diag(N1)

is the Dirac delta distribution on the diagonal of M x M. As it stands, the above initial value problem
is incomplete unless one also assigns a boundary condition on N which allows for the identification
of a unique solution. In order to understand which class of such conditions is admissible we focus our
attention on A, which, being the metric static, is a partial differential operator acting on scalar functions
over M. Our strategy proceeds in two steps. In the first we start by reading A as a symmetric operator



on H= L?(M;du,), duy being the metric-induced volume form and we show that, for every self-adjoint
extension of A, by means of spectral calculus, it is possible to construct G, solution of the above system
of partial differential equations.

In the second step instead we start by investigating which are the possible self-adjoint extensions of
A and how to characterize them explicitly in terms of boundary conditions. To this avail we require an
additional assumption, namely (M, g) ought to be of bounded geometry, a widely used structure which
has been recently studied in the context of manifolds with boundary in [AGNTI6] [GS13] [Sch01]. On the
one hand, we observe that our assumptions include several interesting scenarios such as anti-de Sitter
spacetime. On the other hand, Riemannian manifolds with boundary and of bounded geometry turn out
to be the natural framework to construct Sobolev spaces and to prove thereon a generalization of the
standard Lions-Magenes trace theorems on R™. This last feature is of special interest to us since it allows
us to classify and to characterize the self-adjoint extensions using the framework of boundary triples,
[Gru68] and [HSF12, Ch. 6].

In short and adapting it to the case at hand, the latter includes and even supersedes Von Neumann
theory of deficiency indexes — see [Pos1§| for an equivalent approach based on resolvents. It associates to
the symmetric operator A an auxiliary Hilbert space, in our case chosen as h = L?(0M, dp.s g), together
with two linear, surjective maps 7;: D(A*) — h, i = 0,1 where A* is the adjoint of A, so that a Green’s
formula holds true:

(A f1f O = (FIA" D = (mfofIn = (ofImfn - V" € D(AY).

In the case we are interested in, it turns out that ~y,y1 can be built working at the level of Sobolev
spaces over M as combination between the above mentioned trace theorems and the normal derivative to
OM. As a by-product, one can apply a standard result from the theory of boundary triples according to
which there is a one-to-one correspondence between the self-adjoint operators © on h and the self-adjoint
extensions of A, denoted by Ag.

By using these results and the spectral calculus for Ag we are able to construct explicitly, for each
choice of ©, fundamental solutions 95 associated to [, proving in addition with an energy estimate that
they enjoy the sought support properties. In addition, we show that, for every f € D(N), it holds that
11(GE(f)) = ©7(GE(f)), where G are the advanced and retarded Green’s operators associated with
9o This justifies our statement according to which fixing ©, and thus a pair of fundamental solutions 95,
is subordinated to a choice of boundary condition. Furthermore, under mild assumptions on the warping
factor B, so to ensure that the operator A is uniformly elliptic, we are able to prove two additional results
which strongly characterize the advanced and retarded Green’s operators. On the one hand, we show
that G5 [D(N)] € C®(N), on the other hand we are able to enlarge the domain of Gg = Gg — G§ so to
construct an exact sequence of linear maps, which characterize completely, for every admissible ©, the
space of associated smooth solutions of the equation of motion ruled by [I.

Finally we observe that, although the class of boundary conditions that we define in terms of the self-
adjoint extensions of A is rather large including for example those of Robin type, it does not encompass
some cases which are often discussed in the literature. Most notably it might be desirable to allow an
explicit time-dependence of the boundary condition, as it happens for example in those of Wentzell type,
which have remarkable applications in several models, see [Fel57, [Ue73l [Z18] and [GGGO3] in particular.
The last part of this work is devoted to an analysis of such scenario. We show that it is possible to
extend the range of applicability of the framework of boundary triples proving in particular the existence
of fundamental solutions for a larger class of boundary conditions, including those of Wentzell type.

The structure of the paper is the following: In Section [T we introduce the basic geometric data
of this paper. In particular, we emphasize the notion of a static Lorentzian spacetime with timelike



boundary and we outline the notion of manifold with boundary and of bounded geometry, reviewing
its main properties. In Section we introduce Sobolev spaces on Riemannian manifolds of bounded
geometry and we put a particular emphasis on the trace theorem as proven in [GS13]. In Section 2] we
discuss the framework of boundary triples, first from an abstract point of view and then we specialize it to
the case of a second-order, elliptic partial differential operators, making a direct connection to the theory
of Sobolev spaces outlined in the previous section. In particular, we use boundary triples to characterize
the self-adjoint extensions of symmetric operators with equal deficiency indexes. In Section [3] we obtain
the main results of this work. Here we start from the D’Alembert wave operator on a static Lorentzian
spacetime and we rewrite it in terms of an equivalent operator of the form [ = —9? + A, where A is
a second-order, elliptic partial differential operator, symmetric on L?(M;du,). As a first step, by using
spectral analysis, we prove the existence of advanced and retarded Green’s operators for any choice of
self-adjoint extension of A. Via a suitable boundary triple, these are in turn put into a one-to-one relation
with the choice of a self-adjoint operator on L?(OM; du%g). Subsequently, we prove several structural
properties of the fundamental solutions, ranging from the support to the characterization of the relation
between the choice of boundary condition for [J and the self-adjoint extension of A. Furthermore, under
additional mild conditions on the metric, we show that all smooth solutions to the wave equation can
be written in terms of the advanced and retarded Green’s operators which thus turn out to encompass
as much information on the underlying operator ruling the dynamics as their natural counterpart on
globally hyperbolic spacetimes. At last, in Section [3.I] we extend the previous framework to account also
for a larger class of time-dependent boundary condition, including in particular those of Wentzell type.

1.1 Geometric data

The goal of this section is to introduce both the geometric data and the key functional spaces at the
heart of this work, fixing in particular the notations and conventions. With respect to the structure
of Lorentzian manifolds with empty boundary we refer mainly to [BEE96], while, for the case with a
non-empty, timelike boundary, recent analyses are available in [CGS09], [Sol06]. It is noteworthy that our
framework can be read as a special instance of that considered and studied in [AFSIS].

Following the standard definition, see for example [Lee00, Ch. 1], in this paper both the symbols
M and N refer to a smooth, second-countable, connected, manifold of dimension m > 1 (resp. m + 1),
with smooth boundary OM (resp. ON). A point p € M (resp. N) such that there exists an open
neighbourhood U containing p, diffeomorphic to an open subset of R™ (resp. R™*1)  is called an interior
point and the collection of these points is indicated with Int(M) = M (resp. Int(N) = N) As a
consequence OM (resp. ON), if non empty, can be read as a manifold on its own and M = M\ M (resp.
ON = N\ N).
Definition 1: We say that IV is a Lorentzian manifold with timelike boundary if it is oriented,
time oriented and endowed with a smooth Lorentzian metric h such that also ¢};h is a Lorentzian metric,
Ly being the embedding of ON in N.

In the class of Lorentzian manifolds with timelike boundary (N, h), we will be interested in those
which are standard static, that is for which there exists a nowhere vanishing, irrotational, timelike Killing
field x € T(T'N), cf. [BEE96, Lemma 3.78] and [San06], and (N, k) is isometric to the warped product
M xg R, with line element

h=—pBdt*+g, (1)

where t: M xgR — R is the projection along the second component, playing thus the role of time variable,
B € C>®(M;(0,00)) and g identifies a time-independent Riemannian metric on each submanifold {¢} x M.
As a consequence



Corollary 2: Let (N,h) be a standard static, Lorentzian manifold with timelike boundary. Then also
ON is a standard static Lorentzian manifold.

Proof. Per hypothesis (N, h) is isometric to M x g R with line element ({l) where 0; plays the role of the
complete, irrotational, timelike, nowhere vanishing Killing field. Hence N is isometric to OM xgR and,
calling ¢pr : OM — M the embedding map, (1) reduces to fﬁdtQ + 34 (9), E = Blom- As a consequence
ON has the sought property. O

Observe that, with these data, M comes equipped with an induced orientation and with a smooth
Riemannian metric g, so that (9M,g) is also an oriented Riemannian manifold if endowed with the
induced orientation and metric, that is § = ¢3,(g), tar being the embedding of OM in M. In the
class of Riemannian manifolds with non-empty boundary, we are interested in a particular subclass,
distinguished by its geometric properties in a neighbourhood of M. The following definitions were first
given in [AGNI6, [GNT7|, barring the next one, which is standard, ¢f. [Eich91]:

Definition 3: A Riemannian manifold (M, g) with 9M = 0 is called of bounded geometry if the
injectivity radius riyj(M) > 0 and if TM is of totally bounded curvature, that is [|[V*R|| e (ar) < oo for
all k € NU {0}, R being the scalar curvature and V the Levi-Civita connection associated with g.

To avoid the problem that ri,j(M) vanishes whenever OM # ), one must first consider the following
generalization:

Definition 4: Let (M, g) be a Riemannian manifold of bounded geometry and let (Y,ty) be a codimen-
sion k closed, embedded, smooth submanifold with an inward pointing, unit normal vector field vy. We
say that (Y,:}-g) is a bounded geometry submanifold if the following holds:

1. the second fundamental form Ky of Y in M together with all its covariant derivatives along Y is
bounded,

2. there exists ey > 0 such that the map ¢,, : Y x (—ey,ey) = M defined as (z,2) — @, (x,2) =
exp, (zvy,¢) is injective, where exp, is the exponential map of M at x.

We observe that, as proven in [AGN16], Definition @l entails that (Y, ¢} g) is automatically a Riemannian
manifold of bounded geometry. We introduce the class of Riemannian manifolds we will be working with
in this paper:

Definition 5: Let (M, g) be a Riemmannian manifold with non-empty boundary OM. We say that

(M, g) has bounded geometry if there exists a Riemannian manifold of bounded geometry (Z/W\ ,g) of
the same dimension of M such that

1. M C ]\/Zand g:/g\|1\/[,
2. (OM,1*g) is a bounded geometry submanifold of ]/W\, where ¢ : OM — M is the embedding ma.

Remark 6: Definition [B] is equivalent to the original one of manifolds with boundary and of bounded
geometry given by Schick in [Sch01]. We observe that, while the definition given in this last cited paper
does not require any extrinsic data such as in particular M , all results obtained are independent from
the choice of the latter.

Since, from now on, we will be working only with Riemannian manifolds with non-empty boundary
and of bounded geometry, we will drop the subscript Y as in Definition 4] since we will be always referring

1Recall that, if we consider the restriction map res : M= M, then res ot = . Hence t*g = 1*g.



to OM as the embedded submanifold. In addition we call geodesic collar (of OM) the set OM x [0, €) such
that the map ¢, is a diffeomorphism onto its image and we define

GC(M) = ¢, [OM x [0, €)]. (2)

Remark 7: We observe that all Riemannian manifolds with compact boundary meet the requirements
of Definition[5l At the same time one can also consider non-compact boundaries such as for example H",
the collection of all points (21, ...,z,) € Ry x R"™! endowed with the Euclidean metric of R™.

As a next step, if (M, g) is a Riemannian manifold of bounded geometry, we can introduce a distin-
guished set of coordinates which are at the heart of the definition of Sobolev spaces and of the associated
trace theorem proven in [GS13]. Here, we will recall only the basic structures and facts, leaving all details
and proofs to [AGN16, Sec. 4.2] and to [GS13| Sec. 4.1]. Note that the following construction was used
in [Sch01] though with the name of normal collar coordinates.

Let (M, g) be a Riemannian manifold with boundary and of bounded geometry as per Definition
For any p € OM, we can choose any orthonormal basis of T,0M to identify it with R™~! m = dim M.
From now on this identification will be left implicit. Since the injectivity radius of M is finite, for all
0 < 7 < 7inj(OM), the exponential map expd™ : B™~1(0) — B,(p) is a diffeomorphism. Here B™~*(0)
stands for the ball of radius r in R™~! centered at 0. By considering in addition the map ¢, for M (see

Definition @ and (@)), whenever 0 < 7 < min { M’ T‘“jT(M), %}, we identify the following:

p

Kp: BPTH0) x [0,7) = M, ky(z,2) = @, (exp?M(2),2), p€ oM 3)
oy B (0) > M, kp(0) = expl (1), pedt

where B!"(0) indicates the ball of radius r centered at the origin of T, M, here implicitly identified with
R™. Let U,(r) stand for the image in M of the map &, then we can define the following:

Definition 8: Let (M, g) be a Riemannian manifold with boundary and of bounded geometry and let 0 <
r < min {M, ”%‘EM), %} We call Fermi (or normal collar) chart the map k, : B™~1(0)x [0,7) — M
for p € M. The ensuing coordinates (z,z) : Uy(r) — R™71 x [0,00), i = 1,...,m — 1 are called Fermi
(or normal collar) coordinates.

If the point p does not lie on the boundary of M, one can adapt straightforwardly this last definition
to obtain the standard normal geodesic coordinates. Since we will not make use of them, we omit giving
an explicit expression.

To conclude the section, we study the interplay between Riemannian manifolds with boundary and
of bounded geometry and standard static, Lorentzian manifolds with a timelike boundary.
Proposition 9: Let (M, g) be a Riemannian manifold with boundary and of bounded geometry and let
(M,g) be a Riemannian manifold of bounded geometry such that M C M and g = g|a;. Then

1. Every 8 € C°°(M; (0, 00)) identifies an isometry class [(N, h)] of standard static, Lorentzian mani-
folds with timelike boundary,

2. If in addition there exists 3 € COO(]/\/[\; (0,00)) such that §|M = B and if % identifies a complete

Riemannian metric on M, then each representative (N, h) of [(N, h)] is a submanifold of a standard
static, globally hyperbolic spacetime (N, h).

A manifold (N, k) satisfying condition 1. of Proposition [0 will be called a static Lorentzian spacetime,
with timelike boundary.



Proof. Consider M as per hypothesis and construct the warped product M xg R endowed with the line
element ds? = —fdt? + g where t: M x5 R — R is the projection along the second component. Every
manifold (N, h) which is isometric to M xg R with the given metric is standard static, hence proving
the first point. To prove the second statement, it suffices to observe that M xg R can be seen as being
isometrically embedded in the standard static spacetime M X5 R with line element ds? = —gdt2 + 9.
This manifold is globally hyperbolic on account of [BEE96, Theorem 3.66]. O

Remark 10: Observe that condition 2 in the last proposition is a constraint only on the admissible
functions ﬁ As a matter of fact, every Riemannian manifold of bounded geometry is metric complete
[Eich91] and thus £ 5 is also complete if and only if ﬁ behaves at most quadratically at infinity, ¢f. [San06,

Rem. 2.2].

1.2 Sobolev spaces on manifolds of bounded geometry

We shall introduce the functional spaces that we will be using in the next sections, as well as their main
properties. We will be using most of the results from [GSl3] In the following we consider (M g), a
Riemannian manifold of bounded geometry such that OM = (). The case with non empty boundary has
been discussed mainly in [AGN16]. With D(M ) we will indicate the space of smooth, compactly supported
functions on M endowed with the standard locally convex topology, while with LP (M ) =1L? (M dyg),
p € N we consider the completion of 'D(]/W\ ) with respect to the LP-norm constructed out of the metric
induced volume form dpg. With 8(]\7 ) we will indicate the space of smooth functions on M endowed
with the standard locally convex topology. With D’(]\/I ) we refer to the space of distributions, whose test
functions are the elements of @(]\/4\ ).

Remark 11: The same definitions apply, mutatis mutandis, to the case of (M, g) being a Riemannian
manifold with boundary and of bounded geometry, though in this case D(M) is replaced in the pre-
ceding and in the forthcoming discussion by C,,.(M), that is the equivalence classes of complex valued
measurable functions over M. Observe that, in view of Definition B we can replace D(M) also with

D(M )/{f € D(M )| flar = 0}, which is isomorphic to the former.

In order to introduce Sobolev spaces we need suitable local charts. On the one hand, since every
Riemannian manifold (M, g) of bounded geometry is also complete, we can define the standard geodesic

normal coordinates, whose associated atlas is indicated with (Ugeo, kg J being a suitable index

)ser
set. If we let {h%™}ges be a partition of unity subordinated to this cover we have identified the triple

ks geo | geo
‘IgE'O_ (Uﬂ )HB ahﬂ)ﬂeJa o
On the other hand we say that a cover {U, }aer of M, I being an index set, is uniformly locally finite

if there exists n € N such that each element of the cover is intersected by at most n other sets of the
cover. In addition, we consider

which we will refer to as geodesic trivialization of M.

1. on each U,, o € I, local coordinates, that is a diffeomorphism k, : V,, — U,, where V,, is an open
subset of R™, m = dim M,

2. a partition of unity {hq}aer subordinated to the cover {U, }aer-

The triple T = (Ua, Ko, ha) 4y 18 called a uniformly locally finite trivialization of M. In the collection of
these trivializations, we select a distinguished subclass by the relation with geodesic coordinates:

Definition 12: Let (]/\/[\ ,g) be a manifold of bounded geometry of dimension m. We call T a uniformly
locally finite trivialization of M admissible if the following two conditions are met:



1. The atlas (Ua, ko )aer built out of T is compatible with a geodesic atlas (U5**, k5™) e of M, that
is, for all £ € N U {0}, there exists Cy > 0 such that, for all « € I, for all § € J and for all
multi-indices a € (NU {0})™ with |a|] < k,

D%(kg' o k%°) < Cp and  |D((65°) 7" 0 ka)| < C,

2. for all k£ € N, there exists ¢, > 0 such that, for all & € I and for all multi-indices a € (NU {0})™
with |a] < k, it holds
|D%(hq 0 ka)| < ck.

From now on we shall only consider admissible, uniformly locally finite trivializations.

Definition 13: Let (]/\4\ g) be a Riemannian manifold of bounded geometry of dimension m and let T be
an admissible, uniformly locally finite trivialization, and let T8° be an associated geodesic trivialization.
Then, for oI every s € R and for every integer 1 < p < oo, we call H;> fr(1\4 ) the collection of all distributions

ue D' (M ) such that

=

lall s = | D (hatw) o Kallfr, gy | < o0,
acl

where || - || 75 (rm) indicates the standard Sobolev norm on s gm). Equivalently we define H;,‘J'geo (M) by
replacing T with J&°°.

The following proposition summarizes the results of [GS13| Th. 3.9] and of Section 7.4.5 in [Tri92],
see also [Heb96]:

Proposition 14: Let (]/\/[\ g) be a Riemannian manifold of bounded geometry and let T, T8 be respec-
tively a uniformly locally finite and a geodes1c trivialization of M. Let k € NU {0} and let Wk( ) be
the completion of the subspace 8’;( ={fe 8( ) £ Vf,...,VEf e LP(M))} with respect to the

norm
||f||wk(M) (Z'vlfHLP(M)) ’

V being the covariant derivative built out of the metric g Then it holds that, for all s € R and for all
integer p such that 1 < p < oo, neither H> ‘I(M) nor H, TENM ) depend on the ch01ce of the trivialization.
Hence H3(M) = Hy7 (M) = Hy ™™ (]\7). In addition, if s € NU {0}, it holds that W (M) = H3(M).
Remark 15: In the preceding discussion we have considered only manifolds without boundary. Nonethe-
less it is possible to extend or to adapt all definitions also to any Riemannian manifold (M,g) with
boundary and of bounded geometry using Definition A detailed discussion has been given especially
in [AGN16, Sec. 5.1]. In particular we observe that Fermi coordinates as per Definition [§ can be com-
pleted to define an admissible trivialization out of which it is possible to define HE*T(M ) for all s € R
and for all integer values of p such that 1 < p < oo. Most notably, it holds, also in this case, that
Hy(M) =Wy (M) for all s € NU{0}.

Whenever a boundary is present, one can introduce the subspace Hg (M) C Hy(M) defined as the
completion of D(M) with respect to the Hy(M)-norm. Observe that, whenever M is metric complete
(e.g. if M is a Riemannian manifold of bounded geometry), Hg (M) = H,(M), while the inclusion is
strict in general.

To conclude this section we state the trace theorem, as proven in [GS13, Th. 4.10 & Cor. 4.12], though
specialized to the case of our interest:



Theorem 16: Let (M, g) be a Riemannian manifold with boundary and of bounded geometry. Let
s € Rand let H*(M) = H$5(M), H;(M) = H§ 5(M) be the Sobolev spaces as per Definition [[3 and per
Proposition [[4], see also Remark Then, if s > %, the restriction map from D(M) to D(OM) extends
to a continuous surjective map

T:H¥(M)— H3(0M).
If s> 1, kerI' = H(M) N H(M).

Observe that, in view of this last theorem, one can read the elements of H&p(M ), s € N as those of
H (M) whose representatives are functions whose derivatives with order less than s have vanishing trace
on OM.

2 Boundary triples and their application to second-order elliptic
differential operator

In this section, we consider second-order, elliptic differential operators on a Riemannian manifold with
boundary and of bounded geometry, and characterize their self-adjoint extensions. A convenient frame-
work for addressing this question is that of boundary triples, a thoroughly analysed topic of which we
recall the main aspects following [BL12] and references therein.

2.1 Boundary triples

In this section H indicates a separable Hilbert space over C while S: D(S) C H — H is a closed, symmetric
linear operator.

Definition 17: A boundary triple for the adjoint operator S* is a triple (h, o, y1) consisting of a separable
Hilbert space h over C and two linear maps vp,v1: D(S*) — h such that

(S FIf = 1S = (i flof = (oflvf O Y € D(SY). (4)
and the map v : D(S*) — h x h, defined by v(f) = (vo(f), v (f)) for all f € D(S*), is surjective.

Example 18: A canonical example of boundary triple, sometimes termed ordinary boundary triple,
can be constructed if S has equal and finite deficiency indices di (S) = dim(Ny(S*)) < oo, Ny (S*) =
ker(S* +4I), hence admitting self-adjoint extensions. In this case, letting V': N_(S*) — N, (S*) be any,
but fixed unitary operator, one can set h = N (S*). Since D(S*) = D(S)®sN,(S*)®sN_(S*) B, one can
introduce the projection maps 7y : D(S*) — N4 (S5*), defining v9 = 74 —Vorn_ and 11 = i(my +Vom_).
Observe that, since V is a bijection, the map 7 as in Definition [I7] is automatically surjective. Finally,
equation (@) follows by the identity

(S*fLF) = (fIS*f) = 2i[(m— flm—f")n — (mt flms f)n] s
which holds true for all f, f' € D(S*).

Boundary triples allow us to characterize the self-adjoint extensions of S in terms of “boundary conditions”
on h. As a starting point one can observe, that, under the hypotheses of Definition [[7 one can single
out two distinguished self-adjoint extensions of S, namely

SO = S*|kerry0) Sl = S*|kerryl ’ (5)

2The orthogonal decomposition @g refers to the scalar product on D(S*) defined by (f|f)s := (f| f) + (S*f|S*f').



which are transversal since D(S) = D(Sp) N D(Sy) and D(S*) = D(Sy) + D(S1), + standing for the
algebraic sum. The following proposition shows how to construct all other sought extensions, ¢f. [Mal92]
for a proof:

Proposition 19: Let S be a closed, symmetric operator on H. Then an associated boundary triple
(h,v0,71) exists if and only if S* has equal deficiency indices. In addition, if ©: D(®) C h — h is a closed
and densely defined linear operator, then Se = S*|ker(y, —6+) is a closed extension of S with domain

D(Se) = {f € D(5%) [ v(f) € D(©), n(f) = O0(f)}-

The map © — Se is one-to-one and Sg = Se-, that is, it restricts to a one-to-one map from self-adjoint
operators O to self-adjoint extensions of S.

Observe that, in this formulation, S7 can be recovered by setting © = 0, while Sy represents a kind of
degenerate scenario, which has to be included by hand. The reason is due to the formulation of the
proposition which we have chosen so to emphasize the connection with the heuristic notion of boundary
conditions.

Example 20: With reference to Example [[8 self-adjoint extensions of S are in one-to-one correspon-
dence with surjective isometries U: N_(S*) — N (S*), ¢f [Morl8, Th. 5.37], the domain of the
extension being D(Sy) = D(S) &g (I — U)N_(S*). At the same time Proposition [[9 guarantees that all
self-adjoint extensions of S are completely determined by the self-adjoint operators © : h — h. Since the
domain of the extension Sg is the collection of elements f € D(S*) such that ~v1(f) = ©vo(f), this is
equivalent to requiring (¢I — ©)m4(f) = —(il 4+ ©)V o w_(f). In other words m4(f) = C(—O)V o 7w_(f),
where C(—0) stands for the Cayley transform of ©, hence a unitary operator on h, ¢f. [Morl8, Th. 5.34].
By identifying U = €(—0©)V we have shown how to relate the two viewpoints.

To conclude this short digression, we emphasize how boundary triples also allow to obtain the spectral
properties of the self-adjoint extensions of an Hermitian operator S as above. To this end, first we need
an auxiliary lemma, [BLI12]

Lemma 21: Let S: D(S) C H — H be a closed, symmetric operator and let (h,~,v1) be an associated
boundary triple. Let S’ be any self-adjoint extension of S, S C S’ C S*, and let A € p(S’), p being the

resolvent set. Then
D(S*) = D(S") + NA(S*), Nx(S*) = ker(S* — AI).

Proof. Let f € D(S*) and let f = (8" — AXI)~'((S* — M) f) € D(S’), where A € p(S’). For any f’ € D(S)
it holds that
(8" =MD f', f = Fln = ((5" - AD S Fn = (8" = ADSf, (8" = D) 7H(S™ = AT f)n
=((S" = ADf Fu = (f,(S"=ADflu =0,
where the last equality descends by using that $** = S, being S closed. Hence f — f € Ran(S — M)+ =

ker(S* — AI) = N (S*). We have found the sought decomposition. To prove that it is unique, it suffices
to observe that D(S”) N N»(S*) = {0} since A € p(S’) per assumption. O

We define the following auxiliary functions:

3In this paper V + W denotes the direct sum between the subspaces V,;W C H (V + W =H and VN W = {0}) while
V @ W denotes the orthogonal direct sum (V +W =H and V L W).
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Definition 22: Let S: D(S) C H — H be a closed, symmetric operator and let (h, v, v1) be an associated
boundary triple. Moreover, consider the self-adjoint extension Sy of S defined by So = S*|ker~,- We call
~-field and Weyl function respectively the maps I': p(So) — D(S*) and M: p(Sy) — h such that

T = (o] s M) =y 0T\,
where p(Sp) is the resolvent of Sp.
We have all the ingredients to state the following key theorem which specializes to the case at hand a
statement proven in [DM91]:
Theorem 23: Let S : D(S) C H — H be a closed, symmetric operator and let (h,~p,v1) be an associated
boundary triple. Let Sg be a self-adjoint extension of S determined by means of a self-adjoint operator

©: D(©) Ch — h. Let p, 0, and o, indicate respectively resolvent, point and continuous spectrum of an
operator. Then for every A € p(So), So = D(5%)ly . it holds

1. A€ p(Se) if and only if 0 € p(© — M (X)), where M is the Weyl function,
2. A€0,(Se), i =p,cif and only if 0 € 0;,(© — M(X)).

In other words, this theorem guarantees that the computation of the spectrum of Sg, a self-adjoint
extension of S, boils down to evaluating the spectra of Sy and of © — M ().

2.2 Application to second-order elliptic differential operators

In this section we apply the theory of boundary triples to the study of second-order, elliptic differential
operators. We start our analysis from the distinguished, albeit special case of the Laplace-Beltrami
operator, subsequently generalizing our construction. Hence, let (M, g) be a Riemannian manifold with
boundary and of bounded geometry as per Definition Bl On top of M we consider the Laplace-Beltrami
operator A, which reads in a local chart A, = —V,;9%V,, V being the Levi-Civita connection built
out of g. We wish to identify a boundary triple for Ay, which is regarded as a densely defined operator
A, H3(M) — L*(M;dug), H3(M) being the closure of D(M) with respect to the H?(M)-norm as
defined in Proposition [[4] see also Remark Standard arguments yield that A, is a closed symmetric
operator on L?(M) = L?(M;dp,) whose adjoint A¥ is defined on the so-called mazimal domain

Dumax(Ag) = {f € L*(M)| Ag(f) € LA (M)}, Ajf=A,f.

Since (M, g) is of bounded geometry, then A, is uniformly elliptic and the maximal domain coincides
with H?(M). Hence we shall identify Diax(A}) = H?*(M).

To construct a boundary triple associated with A7, let n be the outward-pointing unit normal of 9M
and let

To: H* (M) > f— Tf € H?(0M), Dy: HX (M) 3 f— —TV,f € H/?(OM),

where T is the trace map defined in Theorem 6 For fi, fo € H*(M) = Dinax(Ay), the following Green’s
identity holds true:

(A f1l f2)r2ny — (fil Ay f2)rzony = (Tifil Do f2) 2 onry) — (Do fil T1f2) L2 om) - (6)

Moreover, since the inner product (|)z2(sar) on L2(OM) = L*(OM; s dug), tv = OM — M, extends
continuously to a pairing on H~Y2(0M) x H'/?(OM) as well as on H—3/2(OM) x H3/?(OM), there exist
isomorphisms

ji: HEY2(OM) — L*(OM), 1 HE/2(OM) — L*(OM),
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such that, for all (1, ) € HY2(M) x H=Y/2(OM) and for all (1, ) € H3/2(dM) x H=3/2(OM),

W) 1/2,-1/2) = G4l J-P)r2onry > (0, D) 3j2,—3/2) = (48] t—D) 12 (o)

where (, )1/2,—1/2) and (, )(3/2,—3/2) stand for the duality pairings between the associated Sobolev
spaces.

Gathering all the above ingredients, the following result holds, being a generalization to the case of
Riemannian manifolds with boundary and of bounded geometry of a classical result, e.g. [Gru68] :

Proposition 24: Let A} be the adjoint of the Laplace-Beltrami operator on a Riemannian manifold
(M, g) with boundary and of bounded geometry. Let

Yo: H*(M) > f s 1. Tof € L*(OM), (7)
i H* (M) > f = jyI1f € L*(0M), (8)

Then (L?(OM),~0,71) is a boundary triple for A%. Moreover the self adjoint extension Ay o = Af[ker~,
coincides with the Dirichlet operator A;| H2(M)NHL (M)-

Proof. Tt suffices to observe that, in view of our assumption on the geometry of (M, g), the trace map
I is both continuous and surjective, c.f [GS13]. Hence also the map v : H2(M) — L*(0M) x L?*(OM)
is surjective by combining the properties of I" together with the fact that ¢4 and j; are isomorphisms
and V,,: H¥(M) — H*~'(M). Together with this data one can repeat the same proof as in [Gru68] in
combination with a partition of unity argument. The last statement of this proposition descends from
Theorem [[6 and, in particular from the kernel of I' acting on H*(M) being H} (M) N H*(M) for all
s> 1. O

Remark 25: Notice that Proposition 24l ensures that the self-adjoint extensions of A, are parametrized
by all densely defined self-adjoint operators © on L?(OM). Therefore, the class of boundary conditions
ker(~y1 — ©7) is more general then the one considered usually in the literature [Hor90].
Remark 26: We observe that, while the results of Proposition 24] can be straightforwardly extended if
one adds to A, terms of order 0 which are both smooth and bounded, dealing with a generic elliptic
differential operator A of order 2 on (M, g) requires a more careful investigation.

More specifically consider an operator A which reads locally A = —V;a%V;, where both a* and
Viai € C(M) N L>®(M) . One has individuated a closed, symmetric operator A: HZ(M) — L?(M)
whose adjoint A* has a maximal domain

D(A*) ={f e L*(M)| Af € L*(M)},  A"f=Af.

Since (M, g) is of bounded geometry, H*(M) C D(A*), though the inclusion is in general strict unless A
is uniformly elliptic. Since H?(M) is dense in D(A*), see [ILP13] and references therein, the maps

(To,T1): HX(M) 3 f — (Tf,—~T'Va.nf) € HY?(OM) x H¥*(OM),

where Vg, f = n;a"’V; f while I' is defined as in Theorem (I]), can be extended to linear continuous
maps

(To,T1): D(A*) = H-Y2(OM) x H3/2(0M).
In addition, if f; € D(A*) and fo € H?(M), it holds

(A* f1| fo) 2 any — (Fil A" fo)r2cany = (Tifa| Tof2) 2 onry — Tofil Tifa)r2(onn) 9)
= (=T fil 14T0f2) 3,3 — (G-Tof1] j+T1/f2)—

1 1
202’
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where in the last equality we used the definition of ¢4, j+ while (, )_s s, (, )_1 1 denote the pairing
between dual spaces. In order for the above data to define a boundargf 2triple, léton be the Dirichlet
self-adjoint extension of A, defined as Ao = A*|p2(apnmi(ar)- By applying Lemma 1] for S* = A* and
for S’ = Ay it follows that, for an arbitrary but fixed A € p(Ap), the maximal domain D(A*) decomposes
as

D(A") = D(Ap) + ker(A* — )\). (10)
One can consider the maps
(yos71): D(AT) 3 f = (j-Tofaseal1fo) = (i-Tofr,exTfo) € L2(@OM) x L*0M), (11

where fy € D(Ap) is the “Dirichlet part” of f = fo + f) according to decomposition ([I0), while f\ €
ker(S*—\). It can be shown that (L?(0M),~,71) is a boundary triple for A* [HSF12, [Gru71], moreover,
the self adjoint extension Sp = S*| 2 M)nHE (M) coincides with the self-adjoint extension S*|ker~,, hence
justifying the notation. We remark that the ambiguity in the choice of A € p(Sp) reflects possible
degeneracies of A.

3 Fundamental solutions on spacetimes with timelike boundary

In this section, following Section [T and Proposition @ in particular, we consider (IV, iNL) to be a static
Lorentzian spacetime with timelike boundary. Henceforth, for any Q C N, with J*(Q) we indicate the
causal future (+) and the causal past (=) of Q, ¢f. [BEE96, Ch. 1]. On top of it we consider the
D’Alembert wave operator which, in view of (), reads locally

o 1.
05 = —h"V,V; = 87107 — 5970i(InB)d; + Ay, (12)

where A, is the Laplace-Beltrami operator associated with (M, g). The solutions of the wave equation
built out of (I2)) are best characterized in terms of the fundamental solutions associated with [l

Definition 27: A continuous linear map G*: D(N) — D/(N) is called a retarded (+) or an advanced
(—) Green’s operator for [J; on a static Lorentzian spacetime (N, h) with timelike boundary if, for every
feD(N), N=N\dN,

;oG f =G o f = f, supp(GFf) C J¥(supp(f)). (13)

The causal (or advanced-minus-retarded) propagator G associated to the pair (Gté-) is the linear
operator

G=G —GT: D(N)— D'(N). (14)
Remark 28: In view of Proposition [@ under mild additional hypotheses, (N, iNL) can be realized as

a submanifold of a standard static, globally hyperbolic spacetime (N,h). Thereon one can consider
the D’Alembert wave operator [J; and standard results in the theory of normally hyperbolic operators

guarantee the existence of unique advanced/retarded fundamental solutions G* with the same defining
properties as in (I4)) and, in addition, GF[D(N)] € C*(N). As a consequence, whenever 2 C N endowed
with hlq identifies a globally hyperbolic submanifold of N and thus also of N, it turns out that, calling Ggi2
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the fundamental solutions for the D’Alembert wave operator on (€2, iAL|Q), then G* lo = aé and, whenever
G* exist, GT|q = Gé. The same line of reasoning cannot be used to compare G* with G* since N is not

a globally hyperbolic submanifold of N. We will be showing that the existence and uniqueness of G* is
instead subordinated to the choice of ‘boundary conditions’ at ON.

Conformal reduction. In order to address the problem of the existence of Gi, it is convenient to
consider on (N, h) the conformally rescaled metric

h=p"1h=—dt*+ B g, (15)

whose wave operator reads [, = 97 + Ag-1,. The connection between these wave operators is well
known, in particular

* = o 25t - S 59,] < 0

1—

D}:Oﬂ 4

3+m
4

[8? + A} :
(16)

where dim N = m + 1 while A is an elliptic operator as per remark In the following we will give
a construction for the advanced and retarded Green’s operators G for 9 + A rather that for L. Its

counterparts, namely éi, are related to the former ones via the identity

ai:ﬁlj{noGioﬁStnL. (17)

In the following our results will depend on the regularity properties of 5 and in particular we shall select
it in such a way that the spacetime (IV, h) meets the conditions of Proposition @ where h = —dt? + 37 1g.
This entails in particular that the operator

1 - 1 1
Tmﬁ—aAﬂ,lg(ﬁa) —

(1—=m)(m —3)

) U5V (B) (18)

A= AB—lg +

is uniformly elliptic.

In order to tackle the problem of the existence of G* as per Definition 7] one can use Schwartz kernel
theorem, rewriting the underlying problem in terms of two distributions G* € D'(N x N) such that,
besides the condition on the support stated in ([I3]),

(87 + A) ®IG* = [1® (87 + AT = Sy - (19)

Here 6;,,(x) being the Dirac-delta distribution on the diagonal diag(N) <> N x N of N x N such that,
for every f € @(N X N), 5diag(]\7)(f) = [ ¢* fdpn, where dpuyp, is the metric induced volume form on N.
N
Since (IV, h) is per assumption a standard static spacetime, realizing it as the warped product M xgR, we
can make the ansatz G~ = 0(t —t')G and 9+Q: —(?(t' —1)9G, where 6 stands for the Heaviside distribution
on R x R which is implicitly extended to N x N. From (3] it turns out that § € D'(N x N) is the
distribution associated to G via Schwartz kernel theorem and it satisfies
{ (0 + A) ®T)S = [I® (57 + A)]§ =0

Sli=t =0,  O¢Sli=v = =0 Slt=t' = Ogjng(nr) -

where |,—y indicates the pull-back of a distribution on N x N to ({t} x M) x ({t} x M) while O diag(NT)

stands for the Dirac delta distribution on the diagonal of M x M. Observe that the product between the
Heaviside distribution and § which defines G* is well-posed as a consequence of [Hor90, Th. 8.2.10].
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Remark 29: From the previous discussion, it emerges that the existence of the Green’s operators G* can
be reduced to finding first a solution for [20)) and proving, subsequently, that the support properties in
(@3] are verified. In order to motivate the strategy that we shall follow to address these two questions for
static Lorentzian spacetimes with timelike boundary, let us consider a special instance of the scenario of
Remark 28 (N, h) is realized as a submanifold of a globally hyperbolic, standard static spacetime (N h)
where the warping factor ﬁ of Proposition [ is assumed to be equal to 1. Hence N is isometric to M x R
where (M g) is a complete Riemannian manifold. The d’Alembert wave operator reads [y = 07 + Aj.
In this framework the Laplace-Beltrami operator Aj is known to be an essentially self- adJomt operator

on L? (]/\4\) = LQ(]/\/[\; dpg), dpg being the metric induced volume form. Indicating with a slight abuse of
notation still with Ag the unique self-adjoint extension, for every f € D(M x R) it holds

(1= ]l )

Q) o=

g(f17f2)=/R (fl( )’ S sin [A

where f(t) € H?(M) denotes the evaluation of f, regarded as an element of C°(R, HQ(J/\/[\)) Here
1 1

Aj 7 sin [Ag (t —t')] in a densely defined self-adjoint operator on L?(M) which is defined exploiting the

functional calculus for A, [ReSi81, Chap. 7).

From the example outlined in this last remark, it turns out that a solution of (20)) can be identified by
exploiting the boundary triples introduced in the previous section. Indeed, by fixing a boundary condition
© we are reduced to dealing with the operator 7 + Ag for which we can exploit the spectral calculus
associated with Ag as in the previous remark This procedure will define a causal propagator for

0? + A which can also be regarded as the unique causal propagator for 92 + Ag. The following theorem
translates this paradigm:

Theorem 30: Let (N, h) be a static Lorentzian spacetime with timelike boundary as per Proposition [0
Let (70,71, L?(OM)) be the boundary triple as in () associated with the elliptic operator A* defined in
([I8) and let © be a densely defined self-adjoint operator on L?(0M). Let Ag be the self-adjoint extension
of A defined as per Proposition I3 by Ae = A*|p(ae), where D(Ag) = ker(y1 — ©70). Furthermore, let
assume that the spectrum of Ag is bounded from below.

Then the advanced and retarded Green’s operators Gg associated to the wave operator 92 + Ag exist
and they are unique. They are completely determined in terms of the bidistributions Gg = 0(t — t')Ge
and 95 = —0(t' — t)9eo, where Gg € ZD’(N X N) is such that, for all f € 'D(N)

ol )= [ anat (1i0] g sin[4b - )] 1)), @

where f(t) € H?(M) denotes the evaluation of f, regarded as an element of C°(R, H*(M)) and
Ag? sin [AZ(t — t')] is defined exploiting the functional calculus for Ag. Moreover it holds that

Gg: D(N) = C=(R, HE (M)),
where Hg" (M) = ;50 D(AE). In particular,

1 (Gef) =01(GSf)  Vfe CP(N). (22)

Proof. As starting point, we observe that, since per assumption Ag is bounded from below, the function
o(Ae) > A = A~ Y2sin(v/ A7) is smooth and bounded for all 7 € R. Hence, for any f € C5°(N) (ZI)
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identifies an element Gg f € C™ (R, D(Az_)p)) C D'(N). Moreover, for all k € NU {0} and for all ¢ € R,
we have

(14 46)*[Ge f](t) = Go[(1 + Ae)* f1(t) = Gol(1 + A)* F1(t)
which identifies an element of L2(M) since (1 4+ A)*f € D(N). Therefore [Go f](t) lies in HE (M) and
equation (22)) follows. Notice that, since the hypothesis on 5 guarantees that A is a uniformly elliptic
operator, HZ (M) C H*(M).

The operator Gg identifies unambiguously Gg € D’ (N x N ) satisfying per construction (20). In order
to claim that §7 = (¢t — ¢')G and §~ = —0(¢' — ¢)G are the sought fundamental solutions we need to
prove that supp(G*(f)) € J¥(supp(f)). To this end it suffices to show that supp(G(f)) € J(supp(f)),
J(supp(f)) = J~ (supp(f)) U J* (supp(f))-

This property is in turn a consequence of an energy estimate. Let u(t) = [So(f)](t) and let K C M ~
{0} x M be a compact set. We prove that, if u(0)|x = u(0)|x = 0, then u vanishes on Ux = N\ J(M\ K).
As a consequence u(t) vanishes on K; = M; N Uk for all t € R, where M; = {t} x M. To this end we
introduce the positive energy functional

1

S [Cocllu®lZa s,y + 1T s,y + IV p-1gu®) T2k, »

Exclul(t) = 5

where 4(t) stands for Su(t) and where square integrability is defined still with respect to the metric-

induced volume form, here left implicit. Moreover we set Co = supy,. |C| > 0 where C' := A — Ag—1,
see equation (I8)). A direct computation shows that

C Biclul(1) = Co 1) (1) — (1) [Ag-r, + Clu(t)) + (Vs i(1) V-1 gu)
- %[CooHVo,KtU(t)||%2(aKt) + o, @172 05, + 71,0 7205 5

where Y0, x,u(t) = u(t)|oxk,, 11,x,u(t) = Vg-15u(t)|ok, are the traces of u(t), Vg-1,u(t) on 0K, which
are well-defined in view of the regularity of u(t). The divergence theorem yields

(V-1g0()|[V g-1gu(t)) = (0,5, 0(t) Iy, 5, 0(t)) L2015,y + (@(t)|Ag-1gu(t))
< %[H%,Ktﬂ(t)llizwm + I w72 0k,)] + (@) Ag-1gu(t)) .-

From this estimate we obtain a bound for the time derivative of Ex [u](t), namely

%EK[U](t) < Coo () u(t)) — (a(t)|Cu(t)) < bEk[u](t),

where b > 0. By Gronwall’s inequality it follows that Eg[u](t) < e’ Ex[u](0) which vanishes because
of our hypothesis on u. Since Fx[u](t) is positive it follows that w(t) = 0 vanishes on K; for all ¢ € R.
This proves that G enjoys the desired support property. In addition the energy estimate also entails the
uniqueness of G and in turn of §*. Suppose a second pair of retarded and advanced fundamental solutions
exist, say 92i. Then, calling Go = G, — G7, it would hold that, for every f € D(N), §(f,-) — Ga(f,-) is a
solution of the D’Alembert wave equation with vanishing initial data. The energy estimate entails that
this must be the zero solution, from which uniqueness descends. o

Remark 31: One may wonder for which © the self-adjoint extension Ag is bounded from below. To
the best of our knowledge this is an open problem. In [Gru70] it was shown that, if the Dirichlet
extension Ag = A*|kery, has a finite lower bound m(Aj) then Ag has a finite lower bound m(Ae)
whenever that © has a lower bound such that m(©) > —m(Ay). Moreover, in this latter case it holds
m(Ae) > m(©)m(Ag)[m(O) +m(Ag)| .
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Remark 32: Observe that, since the operator A is per assumption uniformly elliptic, Hg* (M) C H> (M)
where H*®(M) = (50 H*(M). In view of Remark 1] we can identify this space as the quotient between

H*> (]/\4\) and the collection of those elements v € H> (]/\4\) such that v|pr = 0. Since M is a metric complete

Riemannian manifold, being of bounded geometry, it turns out that each element v € H °°(]\/4\ ) admits a
representative in C'*° (]\7 ), see [Heb96, Ch. 3]. Consequently every u € Hg°(M) admits a representative
lying in C°°(M).

Remark 33: The previous analysis proves existence and uniqueness of the fundamental solutions for a
wide class of boundary conditions. Yet it is important to mention that using the theory of boundary triples
is not the only possible path which can be followed. In [Pos18] self-adjoint extensions of the restriction of
a given self-adjoint operator are classified via an efficient parametrization of their resolvent. In [ILP13|
ILP14], a class of self-adjoint extensions of the Laplace-Beltrami operator on a smooth Riemannian
manifold M with smooth compact boundary M has been studied in the framework of quadratic forms.
While the extension to a non-compact boundary has not been investigated yet, this method highlights
that, among the collection of boundary conditions, a distinguished class is represented in terms of their
interplay with the unitary representations of the isometry group of 9M acting on L?(OM).

Remark 34: We expect that a result similar in spirit to Theorem B0 can be derived also in the framework
of [DS17], up to a suitable modification of the geometrical setting considered therein. This would allow
to consider the wave operator with the insertion of an electromagnetic potential and with possibly low
regularity of both the metric and the electromagnetic potential in the sense of [DS17]. We are currently
investigating this topic.

To conclude the analysis of the structural properties of the fundamental solutions, we extend to
the case at hand a result which, in the case of globally hyperbolic spacetimes, was proven in [BGP07,
Th. 3.4.7]. The goal is to prove that the advanced and retarded Green operators allow for a complete
characterization of the space of smooth solutions of the D’Alembert wave equation. In view of equations
@6) and (IT) we can still work with the operator 97 + A. To this end, first of all we need to enlarge the
domain of definition of the operators Gg defined in Theorem

Definition 35: Under the same hypotheses of Theorem B0, let HZ (M) = (,~, D(AY). Hence, moti-
vated by the nomenclature in [Barl5] we call: -

1. CP(R,HE(M)) the space of future compact, HZ -valued smooth functions, that is the collection
of f € C®(R,HZ(M)) for which JD-{XL%]M(.Z‘) N supp(f) is compact or empty for all z € R xg M,

where Jﬂ‘{xﬁ o Stands for the causal future in R xg M endowed with the metric (5,

2. CR(R, HE(M)) the space of past compact HZ (M )-valued smooth functions, that is the collection
of f € C*(R,HZ(M)) for which JDgXﬁM(x) N supp(f) is compact or empty for all z € R xg M,
where Jg, ,, stands for the causal past in R x5 M endowed with the metric (L),

3. CR (R, HF(M)) = Coe(R, Hg (M) N O (R, HZ(M)) the collection of timelike compact HZ (M )-
valued smooth functions.

By combining Theorem B0 and the results of [Barl5], it descends that Gg extend respectively to linear
maps

GS: CFF (R, HE (M)) — C=(R, HE (M), Gg: CR(R, HE (M)) — C=(R, HE (M),

which preserve the properties Og o GE = Gg o Oe = id and supp(G* f) C JT (supp(f)).
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Proposition 36: Under the hypotheses of Theorem B0 let g = 97 + Ag. Then the following is an
exact sequence of linear maps:

00— Cx(R,HZ(M)) De, Ceo (R, HE (M) Se, C*(R,Hg(M)) B, C*R,Hg(M)) = 0. (23)

Proof. The proof follows the same steps of [BGP0T7, Th. 3.4.7]. Let f € Cgo(R, HZ(M)) be such that
Oef =0. Hence f = GgD@f = 0, which shows the injectivity of the first arrow ruled by Og.

For all f € CP(R,H(M)) it holds from Definition that OeGef = GeUef = 0. There-
fore DoCio (R, HY (M)) C kerGe. Let now f € CP(R,HZ(M)) be such that Ggf = 0. Then
Y = G f = —G~ f belongs to O (R, HF(M)) and Oetp = f, which entails f € OoCF (R, HE (M)).
Hence Im(Og) = ker Gg which prove the exactness of the second and of third arrow. We now show that
Go[CX (R, HF(M))] = ker[D®|C°¢(R,Hg)°(M))]- The inclusion C follows from OeGeCgY (R, HY (M)) = 0.
Let f € C*(R,H(M)) be such that Ogf = 0. Let us consider its (non-unique) decomposition as
f=f++ f- with fr € C°[R,Hg(M)) where fi (resp. f_) is future (resp. past) compact. It follows
that Do f- € C2(R, Hg'(M)) C C°(R, HZ(M)) and from the support properties of Gg combined with
Uef+ = —Def-,

GoOef- =Gghef- +G50efr = f+ + f- = f,

from which it descends the exactness of the third and forth arrows. Finally, the last arrow entails instead
that, for every h € C°(R, HZ(M)) there exists f € C>°(R, HZ(M)) such that Og f = h. Similarly to
the proof of the previous points, it suffices to split h = hy 4+ h_ where hy € Cg2(R, Hg*(M)) while h_ €
Coe(R, HE(M)). As a consequence of the properties of Gg, the sought functionis f = GThy+G h_. O

Remark 37: Observe that another, equivalent way of reading the sequence (23)) of Proposition B0l is
that the causal propagator Ge = Gg — Gg induces an isomorphism between the quotient of vector spaces

C(R,HE (M . o 50
De[gé(Rgéc( 2y and So(R x g N) = {u € C=(R; HF(M)) | Oou = 0}

Example 38: To better illustrate the above analysis we discuss in detail an explicit example often used
in the literature. Most notably we consider a static Lorentzian spacetime with boundary N = M x R
with warping factor 8 = 1. The underlying manifold (M, g) is assumed to be Ry x R™, n > 0, endowed
with the standard Euclidean metric. Let (70,71, L?(R™)) be the boundary triple as per Proposition
for n > 1 while, for n = 0 the boundary Hilbert space is C. The Laplace-Beltrami operator associated to
(M, g) reads in Cartesian coordinates

n+1
_ 2 2
Ag - _611 - E :azia
=2

and we indicate with Ag the self-adjoint extension induced by © according to Theorem Ifn=20
A becomes simply —0? .- This is a special case, for which the following discussion is not necessary. In
order to apply Theorem [BQ] the first step consists of checking that Ag is bounded from below. Taking

n+1
the Fourier transform Fg. in all variables barring z; and using the notational shortcut k? = 3 k? this
i=2

question reduces to the study of the spectral property of
A=(1@F)  oAyo(1@Frn)=—02 +k2.
defined on the domain (the tilde symbol indicating that the domains refer to the operator &)

H3(Ry x R") = {¢ € L*(Ry x R") | 82,9,k € L*(Ry x R™),  70() = m1(¢)) = 0}
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The adjoint is defined on
H* Ry x R") = {¢ € L*(Ry x R") | 82,9, k% € LARy x R™)},  [Ap]"y = Apy.

The deficiency indexes of A are equal, in particular ker(ﬁ +4) ~ L*(R"). According to Proposition 9
any self-adjoint extension of A can be obtained from a self-adjoint operator © on L?(R) as

D(Ag) = {¢ € H*(Ry x R™) | 70(v) € D(O), (%) = Ov0(v)},

where, for smooth 1, (701)(y) = ¥(0, y) while (y19)(y) = 8,1(0,y). Notice that, since 1® Fgn : L?(R, x
R") — L?(R, x R™) is a unitary operator, each self adjoint extension ﬁé corresponds to a self adjoint
counterpart A where © = (1®Fgn)"toOo (1 ®Tgn).

In order to evaluate the spectrum of Eé, first we focus on the Dirichlet self-adjoint extension

D(Aw) = { € H*(Ry x R™) [ 70(¢) = 0}

For cach i) € D(Ay), ext[)](x1, k) = 0(z1 ) (21, k)—0(—z1 )¢ (—x1, k) identifies an element in H2(R"+1) =
(1®Fgn+1)H?(R™ML), 6 being the Heaviside distribution. The sine transform along the z;-variable yields

Asoth(z1, k) = %/

R+

4 (€ + #) sin(€ay) [ [ sintentn.n)

Ry

from which we read that A coincides with the multiplication operator by €2+ k2, which entails, in turn,
0(Ax) = 0(Ax) = (0, +0). N

The remaining contribution to the spectrum of Az can be studied via Theorem 23l In particular the
Weyl function associated with the boundary triple (L?(R™),~0,v1) is,

[M(N)g](k) = =V k2= Xg(k) for A € p(Ax) NR = (—00,0).

Still applying Theorem 23 we obtain that A € o(Ag) if and only if 0 € o(6 — M())) = (O + VEZ — ).
At this stage we specialize to a specific scenario: Robin boundary conditions. In other words © = ol 1
being the identity operator on L?(R"), while a € R. Hence also © = ol and it descends

c(O+VE2 -\ ={a+Vk2 -\ keR}.

Thus if « > 0, 0 ¢ o(© — M())), while, if @ < 0, all negative values of A\ greater that —a? are
allowed. Hence A,y is bounded from below for all & € R with 0(Aqr) = (—a2, +00) for a < 0, while
U(&aﬂ) = (0,+00) for a > 0. A special scenario occurs if we consider n = 0, since the Weyl function
reads M () = v/—=X\. In this case, if o < 0, the only admissible, negative value for \ is —a? and thus all
conditions of Theorem 23] are met. We observe that this result is consistent with that of [DF17] for the
study of a massless, conformally coupled real, scalar field on the Poincaré patch of AdS spacetime.

We can thus write the causal propagator Gu1 for 92 + A explicitly. This is tantamount to computing Gag
up to the Fourier transform in all spatial variables barring ;. We have

(ot ]t s k) = / / sin [<§2+k2>%(ts>]<§2+k2>%w<x1,§>[ [ w<y1,§>f<s,y1,k>dy1]d§ds

— /Rsinh [(0® = k)2 (t — 9)](0® = k*) 2 1(_a.a)(K)ealz1) [/R ea(y1)f(s,y1, k)dyl]ds,

+
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where we defined

P(@1,€) = (€2 +a?) 2 [Ecos(€xy) + asin(érr)]  ea(r) = (20)7e700,

Another relevant choice for © is a differential operator. This may model a Riemannian version of the
well-known Wentzell boundary conditions (which will be treated in the next section). In particular, in
this latter case the operator © acts as [Of](k) = pe(k)f(k) where pe is the symbol associated with
© via Fourier transform. Thus the condition for A < 0 to be in the spectrum of Ag is that 0 €

{po(k) —VEZ— X keR}.

3.1 Dynamical boundary conditions

Theorem [B0] and the analysis of the previous section were tied to the construction of the advanced and
retarded Green’s operators Gg in terms of boundary conditions ascribed to a choice both of boundary
triple and of a self-adjoint operator © on the boundary Hilbert space L?(OM). From the Lorentzian
viewpoint, this scenario can be interpreted as assigning via © a time-independent boundary condition.

Nonetheless, in many models and applications, this is not sufficient since one wishes to relax the
hypothesis of time-independence, see e.g. [Fel57, [Z18] for a specific example. We show how it is possible
to extend our previous analysis to encompass also most of these scenarios.

In the rest of the section, we consider (IV,h), a generic Lorentzian, static spacetime, with timelike
boundary where h is given by equation ([I3]). We assume that the warping factor § is chosen in such a
way that, writing the D’Alembert wave operator as [ = 82 + A with A defined as per equation (I§), A
is a uniformly elliptic operator on L?(M).

In addition, let (yo,v1, L2(OM)) be the boundary triple associated to A* as per [I]). With (Jo,71) we
denote the natural extension of (vp,v1) to C*°(R; D(A*)), while the boundary condition is implemented
by restricting to the subspace of C*°(R; D(A*)) whose elements u satisfy

Fru = (82 + O)Fou, (24)

where © is the natural extension to C*°(R, D(0)) of a self-adjoint operator ©: D(©) C L2(dM) —
L?(OM). Observe that, being the background static, 9?79 = 700?.

In order to address the problem of existence and uniqueness of the advanced and retarded Green’s
operators for the system at hand we make use of a technique which extends the one used in [Fel57, [Z18].

It consists of rewriting the wave equation ([20) with boundary conditions prescribed via ([24) in terms of
the following equivalent system: Let u = (u,v) € C®°(R, D(A*)) x C*(R, D(©))

PU = 0%+ Aoli =0, 2@<A~ 9), Fo(u) =v, (25)
—M ©

where A* indicates the natural extension of A* to C°°(R; D(A*)).
Observe that in (25) we have introduced the auxiliary operator Ag which acts on C*°(R; D(4g)),
where D(Ag) is the subset of H=H @& h = L?(M) ® L?*(OM), the Hilbert space with scalar product

(61162) = (D1]d2)n + (prlp2)ns i = (P, 00), i = 1,2,

such that

D(fe) = (3= (6.¢) € Al o€ H(0) o € DO) o=} Aod= (07 ). (20)
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The Hilbert space structure on H is defined by

o~

(D1162) = (D1]d2)n + (prlp2)n, b= (b i), i =1,2.

We recall that ©: D(0) C h — h is a self-adjoint operator on h and that (h,~o,7v1) is a boundary triple
for A*. We can prove a relevant property of Ag.
Proposition 39: Let (h,~9,71) be the boundary triple associated with A* as per Proposition 241 Let

©: D(O©) C h — h be a self adjoint operator. Then the operator Ao: D(g@) C H — H, defined as per
equation (26)), is self-adjoint.

Proof. Since 7 is a surjective map, while D(0) is dense in h and Hg (M) = ker 7o, D(ﬁ@) is dense in H.
On account of equation (@) it holds (E@(EMZ) = ($|E®1Z) for all qAﬁ, ’L//J\ € D(g@), that is, Ao is a symmetric
operator. We prove that D(ﬁ’é) C D(Ae). Let ¢ € D(ﬁ’é) The map D(Ae) 3 p — ($|Aep) € C is
bounded. A direct inspection shows that, if ¢ = (¢, ) and p = (p, 0),

(6| Aep)q = ($1A*P)u + (¢|©0 — 1 p)h - (27)

If p € kery; Nkeryg = HZ(M), the last term on the right hand side of equation ([27) vanishes and the
boundedness of the left hand side implies that ¢ € D(A*) = H?(M). By applying equation ) we find

(A5019)q = (8l Aep)g = (6] Ap)n = (A" ¢lp)n (28)

where in the last equality we used equation (). This shows that prlflggﬁ = A*¢ where pry: H— L?(M)
is the projection on the first component.

Let us now consider p € D(Ag). Since ¢ € H?(M), we can combine equations (27) and equation (@)
for the boundary triple (h,~0,71) to obtain

(@lAep)g = (A*¢lp)n + (odly1o)h — (18l + (21O0)h — (|71p)h - (29)

In particular, the boundedness condition on 7 +— (|Aep) implies that ¢ € D(©*) = D(O). Therefore
equation (29) simplifies further and we conclude that

(A0lp)n — (Aed|p)g = (00 — @l11p)h - (30)
If p € ker~yg, the left hand side vanishes — we recall that prlﬁgaﬁ = A*¢. Since (v9,71) is a surjective
map, it follows that vo(¢) = ¢, that is, ¢ € D(Ae). O

Remark 40: Proposition can be easily generalized to the case of an arbitrary boundary triple
(h,y0,71) for the adjoint S* of a densely defined symmetric operator S on an Hilbert space H A
this latter case, © is a densely defined self-adjoint operator on h, while the operator Se is defined on
D(Se) C H=H® h, in particular,

D(Se) ={¢ € H| ¢ € D(S*), ¢ € D(O), 76 = ¢},

where ¢ = (¢, ).

4 For the sake of completeness, one should assume that «o is not closable with respect to the norm topology of H — in
order to ensure that D(Ag) is dense in H: This is the case in all applications.
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Remark 41: The spectral properties of E@ can be linked to elliptic boundary value problems with
spectral-dependent boundary conditions, see for example [Beh10] and [BL12). Indeed, A € p(Ag) implies
that A € p(Ae—x), where Ag_, denotes the self-adjoint extension of A defined via Proposition [[9

We can now formulate the counterpart of Theorem B0l for the case at hand. Since the proof is the
same mutatis mutandis, we will omit it:
Theorem 42: Let (h,vp,71) be the boundary triple associated with A* as per Proposition 241 Let
O: D(0) C h — h be a self-adjoint operator and let assume that the spectrum of the self-adjoint operator
Ag defined in Proposition B9 is bounded from below. Finally let pr;: H — L?(M) be the projection to
the first component of H and let ext: H*(M) — H,, be the extension map ¢ — ¢ext = (¢,Y04). For
f e C™(N), let

[Go f](t) iprl{/Rg(;;sin [ﬁé(t—t’)]fext(t’)dt’ . (31)

Then (G§,Gg) where GT = 0(t — /)G and G~ = —0(t' — t)G is a pair of advanced and retarded Green’s
operators for P as per Definition 27] subjected to the boundary conditions (24]).

Example 43: With reference to the same geometric setting as in Example B8 we apply the previous
analysis, Theorem [42]in particular, to the dynamical boundary condition (24)) defined out of the operator

0=- Z;l 0?2 ,- Following [Z18], a normalized complete system of generalized eigenfunctions is
~ —1( e**(cos(éxy) — Esin(éx
Geslona) = [a(e + 1) 3 Gl onEn) —eomien)) ), (52)

where a = (2m)"~'Z. A direct computation yields

prddlenn = [ 6+ (o |/
[Go f](t, 1,z //R sin | §2+k2)%( s)](§2+k2)*%¢g,k(x1,x).

+><]R

Ve (Y1, v) o1, y)dyldy} d¢dk

+><]R

: [ Ve k(y1,y) f (s, 91, y)dyldy} dédkds .
R+ xR
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