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Abstract

It is developed a functional analytic framework allowing to formulate a rigorous im-
plementation of zeta regularization for a canonically quantized scalar field, living on an
arbitrary spatial domain and interacting with a classical background potential. This
framework relies on the construction of an infinite scale of graded Hilbert spaces associ-
ated to the real powers of some given, positive self-adjoint operator. When the latter is
a Schrodinger-type differential operator, this formulation provides a natural language to
study the integral kernels related to a large class of operators, fulfilling minimal regularity
requirements; particular attention is devoted to the regularity of these kernels and to the
construction of their analytic continuations with respect to some parameters. Within this
framework, complex powers of the elliptic operator giving rise to the Klein-Gordon equa-
tion are used to define a zeta-regularized version of the Wightman field whose pointwise
evaluation is well-posed. This regularized field determines regularized local observables
(such as the stress-energy tensor), whose vacuum expectation values can be expressed
in terms of the above mentioned integral kernels. This allows to make contact with the
theory of the Casimir effect. Renormalization is achieved by analytic continuation, which
is proved to give finite results for the previously mentioned expectation values in most
cases of interest. Finally, to exhibit the computational efficiency of the above methods,
some explicit examples are discussed.
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Introduction

In quantum field theory (QFT) there often arises the necessity to give meaning to ill-
defined expressions; these appear typically in formal manipulations of distributions that
give rise to infinities or divergent quantities when explicit computations are attempted.
Zeta regularization (ZR) allows to deal with many of these problematic expressions by
re-interpreting them as the analytic continuations with respect to a regulator parameter,
introduced on purpose, of well-defined integral kernels (or of the corresponding traces)
associated to complex powers of the elliptic differential operator appearing in the field
equations.

The standard textbook example deals with the sum of positive integers ZZS} n. Of course,
this series is divergent in the sense of Cauchy; nevertheless, it can be re-interpreted in
terms of the analytic continuation of the Riemann zeta function (, by introducing the
regulator s € C and setting

o | 1
D n = [Zn—] =] = @

Here the first identity is purely formal, the second one only holds if $ts > 1 and the third
one has to be meant as the evaluation of the analytic continuation at s = —1 ().

The mathematical literature on this topic dates back to the early works of Minakshisun-
daram and Plejel [111, 112], and to the subsequent contributions of Seeley [143], Ray and
Singer [128].

The first application to QFT was considered in the pioneering work of Dowker and Critch-
ley [51]; soon after a more systematic formulation was developed by Hawking [86] and Wald
[152]. Later on, the ZR approach was championed, revisited and widely extended by many
authors; among them are, in particular, Cognola, Zerbini and Elizalde [40, 41] (see also
[56, 57]), Actor, Svaiter et al. [3, 4, 6, 131, 132] and Moretti et al. [32, 88, 114, 117, 118§]
(see also the references in the cited works). All the authors mentioned above were mainly
interested in the renormalization of local observables, such as the vacuum expectation
value (VEV) of the stress-energy tensor, having in mind the ultimate purpose of a semi-
classical treatment of quantum effects in general relativity (e.g., using the stress-energy
VEV as a source in Einstein’s equations).

!The same arguments allow to infer, perhaps even more surprisingly, that ZIE n? “="0.
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On the other hand, the zeta strategy can be applied as well to global observables, such as
the VEV of the total energy and of the force on the boundary; in this “global version”,
it has become perhaps even more popular than its local counterpart. The literature on
global ZR is enormous; here we only cite the classical papers [135, 136] by Zimerman et
al., [22] by Blau, Visser, and Wipf and the monographies of Elizalde et al. [32, 56, 57], of
Bordag et al. [24, 25], and of Kirsten [91] (see also the papers [36, 71, 72, 85, 92, 98] by
the same author).

Both in the local and in the global versions mentioned above, zeta methods provide a
very natural approach to study the theory of the Casimir effect (CE): in the present
manuscript, with this terminology we refer generically to a class of quite notable physical
phenomena which are related to the vacuum state of a quantum field interacting with
classical boundaries and/or potentials, possibly living on curved and/or topologically
non-trivial background spacetimes. Let us stress that no back-reaction is ever taken
into account. The experimental confirmation [28, 93, 113, 147, 148| of these theoretical
predictions has shown that operations such as a naive implementation of Wick’s normal
ordering (usually interpreted as a simple redefinition of the energy) are highly non-trivial,
since they remove a priori the possibility to predict any vacuum effect.

In comparison with the original theoretical derivation of these effects by Casimir [35],
and with other methods such as point-splitting [21, 31, 49, 59, 110, 126] (in particular,
see [84, 115] for a comparison between point-splitting and the ZR approach) and the
algebraic, microlocal approach (see, e.g., [16, 44, 75, 123, 127] and citations therein), the
zeta strategy is competitive and, perhaps, more elegant. Nevertheless, in most of the
works cited previously ZR is implemented within the framework of Euclidean formulation
of QFT, often in connection with expressions which are derived by formal manipulations
of functional integrals; moreover, apart from a few exceptions [3, 4, 6, 40, 114, 131, 132]
dealing with specific spatial configurations, local aspects are scarcely taken into account
when boundaries are also present.

In this manuscript a different, more systematic formulation is proposed for the ZR ap-
proach, which can be applied automatically in any specific case. The basic framework
under consideration is that of canonical quantization for a Hermitian scalar field, living
on an arbitrary spatial subset of Minkowski spacetime; prescribed boundary conditions
are also taken into account, as well as the “effective interaction” with a classical, back-
ground scalar potential. The attention is mainly focused on the VEV of the stress-energy
tensor, of which both the conformal and the non-conformal parts are considered; however,
the total energy and boundary forces are also taken into account.

More in detail, the manuscript consists of four chapters, described hereafter.

Chapter 1 briefly reviews the approach to ZR developed in the previous works [63, 64, 65,
66, 67] (D.F., L. Pizzocchero) where, having in mind a direct application to some specific
physical models, the language employed is less formal than the one developed in the
subsequent chapters of the present work. Attention is focused on the case of a Hermitian
scalar field living on a subset of Minkowski spacetime; time evolution is described by the
Klein-Gordon equation with the addition of a classical background potential and suitable
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spatial boundary conditions are prescribed. After a brief outline of the classical reference
theory, the field is described in second quantization by means of the standard expansion in
terms of annihilation and creation operators associated to a complete orthonormal system
of eigenfunctions for the elliptic operator defining the “spatial part” of the Klein-Gordon
equation. Complex powers of this elliptic operator are used to define a regularized version
of the field; in turn, the latter is used to derive a regularized version of the propagator,
which is related to the VEVs of many observables (such as the stress-energy tensor).
The regularized propagator appears to be connected to the integral kernels associated to
complex powers of the elliptic operator mentioned above. In the end, renormalization is
defined in terms of the analytic continuation of these kernels.

In Chapter 2 a more systematic functional analytic framework is developed, allowing to
address properly topics such as the integral kernels associated to the complex powers of
an elliptic differential operator, their regularity and their analytic continuations (without
relying heavily on eigenfunction expansion techniques). This apparatus is conceived to be
used in the subsequent Chapter 3 in connection with a more rigorous formulation of the
field theory discussed in Chapter 1 and of its regularization. First an abstract framework is
described, where a scale of indexed Hilbert spaces is constructed starting from an assigned
separable Hilbert space ‘H and from a strictly positive, (essentially) self-adjoint operator
A on it. Next, this abstract framework is employed in the case where H is the space of
square-summable functions on a given spatial domain 2 C R? and A is a Schrodinger-
type differential operator; it is shown that the elements of the scale of Hilbert spaces are
related to Sobolev spaces and to spaces of differentiable functions. This formalism is used
to describe the theory of integral kernels related to a class of suitable operators; regularity
and other miscellaneous results are derived for these kernels. Particular attention is
dedicated to the Dirichlet kernel (i.e., the kernel related to the complex power A%, for
suitable s € C) and to the heat and cylinder kernels (associated, respectively, to e~*4
and e‘t‘/“z, for Rt > 0); it is shown that the first can be expressed in terms of Mellin
transforms of the latters. This fact is employed to construct the analytic continuation
of the Dirichlet kernel and of its derivatives, by means of three different methods; these
rely on suitable assumptions for the heat or cylinder kernels, which are well known to be
fulfilled in most cases of interest.

In Chapter 3 the approach to local ZR discussed in the first chapter is developed within
a fully rigorous framework for second quantization, based on Fock space techniques. The
starting point is the bosonic Fock space §Y(H) on the single particle Hilbert space H;
next, for h € H, the Segal field ®g(h) and the conjugate momentum IIg(h) are defined
in terms of the annihilation and creation operators (which, in turn, are defined in the
standard manner on the dense finite particle subspace of F'(H)). Assuming A to be
a strictly positive and self-adjoint operator on H, the Wightman field at time zero is
described as the unique C-linear extension of the R-linear map h — ®g(A~Y*h) (for
h = h). Time evolution is implemented applying the second quantization map I' to the
strongly continuous, one parameter unitary group (e~V4),cg (where v/A plays the role
of the single particle Hamiltonian); it is shown that, under suitable assumptions on h,
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the time evolved field ¢;(h) is differentiable and fulfills a strong form of the Klein-Gordon
equation. ZR is implemented using the powers Ax"“/* := (A/k2)"/* (u € C; k > 0 a
given mass parameter), to define a family of regularized Dirac deltas 0¥ := A5, and
setting, for x = (t,x) € R x Q,

P4 (x) = 2ul(05) 5 (2)

this is shown to be a regular function of z for u large enough and it is used to define
a zeta-regularized version T, (z) of the stress-energy tensor operator, by analogy with

the corresponding classical observable. Moreover, the VEV of T:V(x) is proven to be
an analytic function of u which can be expressed in terms of the Dirichlet kernel and
of its derivatives; the analytic continuation of these kernels can be obtained using one
of the methods described in Chapter 2, relating to Mellin transforms. In the end, the
renormalized stress-energy VEV is defined by analytic continuation at u = 0. Related
observables, such as the total energy and the pressure on the boundary, are also discussed
by similar methods.

In the conclusive Chapter 4 the framework developed previously is applied to some specific
configurations. First of all, some of the results obtained for special cases in our antecedent
works [66, 67] are briefly recalled: in particular, attention is focused on the cases of a
massless field either interacting with a background harmonic potential or confined within
a rectangular box. Next, another case is analyzed which, to the author’s knowledge,
has never been addressed before using zeta techniques; this is the case of a scalar field
confined between two parallel planes 7y, 7., on which a particular type of Robin boundary
conditions are prescribed. More precisely, for § € R, it is required

(1+88n)@¢| =0, (1=Fd)p| =0 (3)

™0 Ta

(where 0, indicates the normal derivative at points of my and 7,, respectively). To treat
this case, an integral representation is derived for the cylinder kernel corresponding to the
reduced 1-dimensional problem of a segment with the boundary conditions descending
from those in Eq. (3). This integral representation allows to derive an explicit expression
for the regularized stress-energy VEV, which can be evaluated explicitly at u = 0, thus
giving the renormalized VEV of the stress-energy tensor.

Basic notations.

We write N for the set of nonnegative integers n =0,1,2, ....

Throughout this manuscript, we indicate with - and | | the standard inner product on R?
(d € {1,2,3,...}) and the corresponding norm, respectively. Points of R¢ are indicated
with boldface symbols (such as x,y, z, etc).

The Lebesgue measure on R? is denoted with dx (or dy); we indicate with | | the Lebesgue
measure of any measurable subset £ C RY.
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We often use d-dimensional multi-indeces, which are sequences o = (o, ...,aq) € N
the order of any such multi-index is |a| := a3 + ... + ag. We use the standard notation
for partial derivatives and set 9% := 0,i*'...J,4"¢. For functions of two (or more) sets
of variables such as 1 : R? x R? — C, (x,y) — %(x,y), given any pair of multi-indices
a, B € N, we use the self-evident notations 810‘5’25 Y= 63851/} to indicate the corresponding
partial derivatives.

About complex powers.

Throughout the present manuscript, the following conventions are employed.
i. In: (0,400) — R is the elementary logarithm.
ii. For any s € C, we systematically refer to the standard definition

e for all z € (0, +00) . (4)

iii. For any s € C and for any z in a convenient subset C* of the complex plane, we put

45— esln\z|+isargz (5)
* Y

where arg : C* — R is some determination of the argument; this determination depends

on the domain C* and must be specified in each case of interest. Unless otherwise stated,

hereafter we always put

C*:=C\[0,+00) ;
arg := the unique determination of the argument with values in (0, 27) .

(6)






Chapter 1

Motivations and basic ideas

In the present chapter we outline the main heuristic ideas motivating the more rigorous
analysis to be discussed in detail throughout the subsequent chapters of this work, where
a language more formal and precise from a mathematical point of view is employed. To
this purpose, hereafter we briefly recall some results which were first presented more ex-
tensively in our previous work [64] (see also [63]). In particular, we consider an approach
to ZR which works in the framework of canonical quantization; this makes a major differ-
ence in comparison with the more common version of this regularization scheme, which
relies substantially on the Euclidean formulation of QFT.

We restrict the attention to the case of a scalar field; this is assumed to live on an
assigned spatial domain of arbitrary dimension, to fulfill suitable boundary conditions
and, possibly, to interact with a classical background potential (including, in some cases,
a mass term). In Section 1.1 we review the reference classical theory, introducing the
physical observables of main interest for the subsequent analysis; namely, the stress-energy
tensor, the total energy and the pressure on the boundary. In Section 1.2 we consider
the canonical quantization of the classical theory described previously; the quantized
scalar field is expanded in terms of creation and annihilation operators, using a complete
orthonormal set of eigenfunctions of the elliptic operator appearing in the field equations.
In the final Section 1.3 we describe the approach to ZR which was first proposed in [63, 64]:
the basic idea is to use the complex powers of the previously mentioned elliptic operator
to define a regularized version of the field at a point. The latter determines, in turn, a
regularized propagator, whose diagonal evaluation is strictly connected to certain integral
kernels, to be analyzed in detail in Chapter 2.

In passing, we take the chance to fix some conventions and notations to which we will
refer throughout the entire manuscript.

Before proceeding let us stress that, in both the classical and quantum versions of the
field theory under analysis, the above mentioned spatial domain, its boundary and the
background potential are treated as purely classical objects, which are assigned once and
for all and possess no dynamical evolution in time. Therefore, the interaction between
these objects and the (quantum) field is described in a purely effective fashion; in par-
ticular, no back-reaction is ever taken into account in the analysis to be described in the
present Chapter, as well as in the remainder of this work.

7



8 CHAPTER 1. MOTIVATIONS AND BASIC IDEAS

1.1 The reference classical theory.

We use natural units, so that
c=1 and h=1, (1.1)

and work in (d + 1)-dimensional Minkowski spacetime Mgy, (with d € {1,2,3,..} arbi-
trary); this is identified with R4™! using a set of inertial coordinates

= (") 01, 0= (2%%) = (t,%x) : Mgy — R (1.2)
in which the Minkowski metric n = (),,,) has coefficients (*)

() = diag(—1,1,...,1). (1.3)

d times

We fix a spatial domain  C R and refer to the classical theory of a scalar field
e:RxQ—=>R, x = p(x) = @t x) ; (1.4)

this is assumed to be at least twice differentiable, to fulfill prescribed conditions (e.g., of
Dirichlet, Neumann or Robin type) on the boundary R x 02 and to decay rapidly at time
(and possibly spatial, if 2 is unbounded) infinity. Analogous settings are considered, e.g.,
in [24, 25, 32, 75].

The action functional describing the theory under analysis is

Sy = /R thdx%(8“(,0(t,x)8u<,0(t,x)—l—‘/(x) (1)) (1.5)

where V : Q — R, x — V(x) is a suitable smooth potential; here and elsewhere, unless
otherwise stated, we use Finstein’s summation convention.
The field time evolution is described by the Klein-Gordon equation with external potential

0=(—0"9,+V)p=(0u—A+V)p (1.6)

(A = Zle Opigi 18 the d-dimensional laplacian); of course, initial data for the field and
for its time derivative must be provided as well in order to obtain a well-posed evolution
differential problem.

The stress-energy tensor has components (for p,v € {0,...,d})

1
T = (1= 28) 0up 00 — (5 - 25) M (D g +V %) = 26 0 0 ; (1.7)

!Equivalently, the line element corresponding to the Minkowksi metric 7 is assumed to be

ds? = ny,datde” = — (d2°)? + (dz')* + ... + (dz?)? .
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the parameter ¢ € R is fixed arbitrarily. The above mentioned regularity assumptions for
the field ¢ suffice to infer the continuity of the functions 7,,, : R x Q = R, 2 — T}, (z) =
T,,(t,x) (let us stress that all the bilinear expressions in the field in Eq. (1.7) are to be
evaluated along the diagonal; so, e.g., (0,9 0,9)(x) = 0,¢(x) O,p(x) ). The expression in
Eq. (1.7) is usually referred to as “improved” stress-energy tensor; this is a well-known
modification of the canonical stress-energy tensor (i.e., the conserved Noether current
associated with the spacetime translational symmetries of the action functional (1.5) ) with
an additive term proportional to the real parameter &, that does not alter its divergence
(for more details, see Appendix A of [64]). The improved stress-energy tensor was first
proposed by Callan, Coleman and Jackiw [34] in order to deal with some pathologies
arising in perturbation theory for the corresponding quantized version of the field theory
under analysis; later on, this tensor was reinterpreted in terms of the Minkowskian limit
for a scalar field coupled to gravity via the curvature scalar [21, 32, 51, 121, 123] (see also
the footnote on page 4 of [63]).

Other observables can be defined in terms of the stress-energy tensor. More precisely, the
total energy at time t € R is the integral over the spatial domain €2 of the energy density
TO()(t, X)7 i.e.,

Et) = /de Too(t,x) ; (1.8)

on the other hand, the pressure at a point on the boundary of the spatial domain x € 052
(at times t € R), is the vector p(z) = (p'(¢,x)) (: = 1,...,d), whose components are

p(t,x) = Tij(t,x) n!(x) , (1.9)

where n(x) = (n’(x)) is the unit normal to 99 at x.

1.2 Second quantization.

In order to fix some notations, let us now briefly address the second quantization of the
classical field theory described in the previous section. Within this framework, we consider
the single particle Hilbert space H = L*(f2), with inner product { | )72, and the bosonic
Fock space §Y(H) = § on it, with inner product ( | ).

The classical field ¢ : R x €2 — R is replaced by the map

O RxQ— Li,(F) x— P(x) = ¢(t, x) (1.10)

(%), where we are referring to the space L£(F) of linear operators on § and to the subset
L, (§) of self-adjoint operators. Next, let us put

A=—A+V, (1.11)

2 Of course the notation ¢ : R x  — L4(F), (x,t) = 4(x,t) is used here in connection with a

generalized operator valued function; in fact, as well known, ¢ is an operator valued distribution. We
defer to Chapter 3 a more rigorous analysis.
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intending that the boundary conditions on 92 (if any) are accounted for in the above
definition; we assume the framework under analysis to grant that A is a strictly positive,
selfadjoiont operator on H.

To proceed, consider a complete orthonormal set (Fj)gex of (possibly generalized) eigen-
functions of A (3), indexed by an unspecified set of labels K, and write the corresponding
eigenvalues in the form (w?)rex (Wi > € for some € > 0 and for all k € K); thus

FkZQ%C, AFk:wsz,

1.12
(Fy|Fp)r2 = d(k, h) for all k,h e IC. (1.12)

Any eigenfunction label £ € K can include different parameters, both discrete and con-
tinuous. Besides, we generically write | « dk to indicate summation over all labels (i.e.,
literal summation over discrete parameters and integration over continuous parameters,
with respect to a suitable measure); d(h, k) is the Dirac delta function for the label space
KC (this reduces to the Kronecker symbol in the case of discrete parameters).

The set of eigenfunctions described above allows us to derive for the quantized field a
normal modes expansion of the form

dk , A
~ A —iw AT dwpt
o(t,x)= | — [ak e R [ (x) + ay e Fi(x) (1.13)
KV 2wy g
(with  indicating complex conjugation). Here we are considering the destruction and

creation operators day, &L € L(F) (k € K) associated to the set of eigenfunctions (F)rex;
these fulfill the canonical commutation relations

[, ax] = [af,al] = O, [an,af] = 5(h, k) Iz, (1.14)

where O, I € £(F) denote the null and the identity operator on §, respectively. More-
over, indicating with v € § the vacuum state (of unit norm), there holds the annihilation
condition

arv =0 (1.15)

(o € § is the null element of §, not to be confused with v).
Next let us consider the propagator, i.e., the vacuum expectation value (VEV)

(v]o(@)py)v)  (,y eRxQ); (1.16)

this allows to make connection with the Casimir effect. In fact, one can define second
quantized versions of the classical observables mentioned in the previous subsection (such
as the stress-energy tensor (1.7)) and compute the corresponding VEVs; all these VEVs
can be expressed in terms of the propagator (1.16) and of its derivatives, evaluated along
the diagonal y = x. We defer to Chapter 3 a more detailed analysis.

3For a fully rigorous discussion of generalized eigenfunctions see, e.g., Chapter IV of [78].
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The assumption of strict positivity for A (granting that wy, > ¢, for some £ > 0 and for
all k € K) excludes the presence of any infrared divergence (*). On the other hand, the
propagator is known to be plagued with ultraviolet divergences, which appear along the
diagonal; therefore, expressions such as (v| p(x)? v) = (v| @(z) p(x) v) are merely formal
ways to indicate ill-defined quantities.

Our purpose in the next subsection is to redefine the field operator via a suitable regular-
ization scheme, ultimately yielding finite values for the propagator also along the diagonal
(and for other related observables).

1.3 Zeta regularization.

Let £ > 0 denote a parameter, to which we attribute the dimension of a mass (or of an
inverse length, since we have fixed i = 1). Because of this, x will be called the mass scale;
it is introduced for dimensional reasons and it plays the role of a normalization scale. The
final, renormalized results appear to depend on x only when singularities appear in the
analytic continuations involved in the following construction. See [22, 32, 56, 88, 114] for
further comments regarding this parameter and its presence or absence in the renormalized
observables related to the field.

The zeta strategy, in the version proposed in [63, 64] (and employed systematically in
[65, 66, 67]), relies on the powers

AW = (A2 (1.17)

where 4 = — A +V is the operator (1.11) and u € C; these operators are employed to
introduce the zeta-reqularized field operator

pU = AT (1.18)

depending on the complex parameter v and coinciding with the usual field operator ¢
for u = 0. We provisionally accept the following heuristic definition of A 495 (®):
this is the operator-valued function constructed expanding ¢ as in Eq. (1.13) via a

complete orthonormal system of eigenfunctions (Fj)rex of A and letting A, "4 act on
each eigenfunction as A, "/*F, = x%/2 w,;“/ *F.. In this way, Eq. (1.18) yields

~u u dk ~ —iw AT lwpt T
(2 (t,X) = K /2/ W [ak (& ktFk(X) + CLJIE/, € ktFk(X)] . (119)

Note that, in the limit w, — 400, the term 1 /w,(cuﬂ)/ ? in the above integral vanishes
rapidly if Ru is large; this is a manifestation of the regularizing effect of the operator
A for large Ru.

4In Section 5 of [64], we also considered some variations of the present setting allowing to deal with
infrared issues as well.
5We defer to Chapter 3 of this manuscript a more rigorous formulation.
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The regularized field p* allows to construct a regularized propagator

(v[@"(x) 2" (Y)v)  (z,yeRxQ), (1.20)

which can be used, in turn, to define regularized versions for the VEV of the other previ-
ously mentioned observables as well. In fact, it appears that the regularized propagator
(1.20) (along with its derivatives) is regular also along the diagonal y = x if Ru is large
enough; this means that the ultraviolet divergences of (v |¢(x) @(y) v) have been cured
by the regularization scheme described above.

In particular, using the expansion (1.19) along with the commutation relations (1.14), the
diagonal regularized propagator (v | ($%(¢,x))*v) = (v |¢“(x) $*(x) v) can be computed
explicitly. The final result is

u dk —
AU 2 _ .
(w120 0) = 5 [ S5 AT (1.21)
notice that the right-hand side above does not depend on the time coordinate t. Moreover,
the integral appearing in Eq. (1.21) can be interpreted as the eigenfunction expansion of
the integral kernel associated to the complex power A3 evaluated along the diagonal,

u+1

2 (x,x); more precisely there holds

ie., as A™ 2

u+1

(0] (6"(1. %)) 0) = 5 AF (x.%) (1.22)

Typically, the zeta regularized observables derived in the above framework are analytic
functions of the parameter u, for fu sufficiently large. Then, according to the (either
restricted or extended) zeta approach described in [64], the renormalized versions of this
observables are defined in terms of the analytic continuations (or, rather, of their regular
parts) at u = 0 of the regularized counterparts; so, for example, we put

(0] (2(£:%)) V)ren := RP| = A7 (x,%) (1.23)
u=0

(here RP|,—o indicates the evaluation in u = 0 of the regular part of the related analytic

continuation). As exemplified in Eq. (1.23), the renormalized observables are strictly

related to the diagonal values of the integral kernels (and of the corresponding derivatives)

associated to complex powers of the differential operator A = — A +V.

In view of the above considerations, in order to give a more rigorous and systematic
formulation of the approach described above (a formulation to be discussed in Chapter
3), it is first necessary to develop a functional analytic framework allowing to address
properly the theory of integral kernels. This topic will be discussed in the forthcoming
Chapter 2 were attention is focused, in particular, on the regularity properties of the
mentioned kernels and on the methods allowing to construct their analytic continuations.



Chapter 2

Functional spaces, operators and
kernels

In this chapter we describe the basic functional analytic framework to which we will refer
throughout the remainder of the present manuscript. We first recall some well-known
facts about distributions, Sobolev spaces and interpolation of Banach spaces. Next, we
describe an abstract setting based on a scale of Hilbert spaces associated to the real powers
of a given strictly positive, self-adjoint operator. The case were the mentioned operator
is an elliptic Schrodinger-type differential operator is then considered in more detail; the
results obtained in this setting allow, among else, to give an alternative formulation of
the theory of integral kernels related to a suitable type of operators. Finally, we briefly
review some results about Mellin transforms and their analytic continuations.

2.1 Function spaces.

Throughout the entire manuscript €2 denotes a domain in R%, meaning that Q C R? is
an open connected subset. We will mainly focus the attention on the settings i) and ii)
described hereafter:

i) Q is an arbitrary domain in R with no restrictions regarding either regularity or
boundedness; in fact, {2 could also be unbounded with a boundary which is not even
continuous (the case 2 = R? is not excluded as well).

ii) Q is a bounded domain, with compact boundary 0f2 of class C*.
In both cases i) and ii), Q indicates the closure of €, i.e., Q := QU 0.

Possible variations of the above settings are sometimes taken into account as well, in order
to hint at simple generalizations of some results to be discussed in the following.

Remark 2.1. Unless otherwise stated, Q is always assumed to be as in item i) above.

In the subsequent paragraphs we fix some standards about the main function spaces on
() to be considered in this work.

13
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Test functions and distributions.

A test function on 2 is a smooth, compactly supported function f : Q2 — C; these functions
form the vector space D(2), which can be equipped with the well known inductive limit
topology (see, e.g., [151]). With respect to this topology, D(2) is a so-called LF-space,
that is a countable, strict inductive limit of Fréchet spaces.

The topological dual space D'(2) is the locally convex space of Schwartz distributions
on Q; we write (f,¢) for the action of a distribution f on a test function . Unless
otherwise stated, all derivatives considered in the sequel are to be understood in the sense
of distributions.

The spaces LP(2), LY (Q).

For any p € (0, +00), these spaces consist of measurable functions f : Q@ — C such that
|f|P is Lebesgue integrable on Q or (in the local case) on any compact subset of 2. The
standard norm on the Banach space L7(Q) is indicated with || |z»; we regard L*() as a
Hilbert space endowed with the inner product (f|g)z2 := fQ dx f(x fQ fy.

We use systematically the embeddings LP(Q2) — L (Q) — D’ (Q)

loc

Sobolev spaces

Let m € N; we will often consider the Sobolev space (of L? type and) of integer order m
H™Q):={feD(Q) |0 € L*(Q) for a € N?, |a] <m} . (2.1)

This is a complex Hilbert space with the inner product

Hlghum = S (@ F10°g)z (2.2)

aeN? |a|l<m

inducing the norm || f||gm := \/(f|f)zm; of course, H*(Q) = L*(Q).
Let r € [0,+00) \ N; consider the integer part [r] € N and put p:=r —[r] € (0,1). The
Sobolev space of fractional order r is

H"(Q) := { feD(Q) ‘ 9°f € L*(Q) for a € N4 |a| <[r], and

(2.3)
0 f(x) = 0°f(y)
/Qxﬂdxdy | |(x)—y|d+2p( ) < +oo fora € N |a] =[r] ¢ ;
this is also a complex Hilbert space with the inner product
(flg)ar = (2.4)
@ e (x) — 0 f(y)) (9°g(x) — 9°g(y))
> @rflorae+ Y [ axdy e |

a€NY Ja|<[r] a€eNY |a|=[r]

inducing the norm || f|| g := /{f|f)ur-
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For any r € [0, +00) (integer or not), we denote with H(£2) the closure of D(Q2) in the
space H"(Q2) (with respect to the associated norm); H{(€) is itself a Hilbert space with
the inner product (2.4) inherited from H"(2). We denote with H~"(Q) its topological
dual; so, each f € H™"(Q) is a continuous linear form on H{(2) and, by restriction to
D(Q), it can be identified with a distribution on . By the Riesz theorem, there is a
unique antilinear isomorphism i, : Hj(2) — H~"(Q) such that (i.f,g) = (f|g)n- for all
g € H"(Q); we define an inner product on H~"(£2) setting

(Flgya— = (@ gli far (2.5)

Poincaré type inequalities.

Two inequalities of this kind will be considered in this work.

i) Assume the (otherwise arbitrary) domain Q C R¢ to be bounded along a direction; this
means that there exist a unit vector n € R? and two constants a € R, h € (0, +00) such
that € is contained in the strip {x € R? | @ < n-x < a + h} (of course, h represents
the width of the strip). Under these conditions, it is known that there is a constant
cq € (0, +00) such that

/|f|2 < cQ/ VP forall fe HYQ) (2.6)
Q Q

(here |V f]? := 20, 10, f]?); as well known (see, e.g., [54, 109]), one can take cq = h?/2.
ii) Another inequality we will refer to involves functions of zero mean (rather than func-
tions vanishing on the boundary of the domain) with domain consisting of any ball B(xq, )
in R? of center xy and radius r. It is known that there exists a constant cg € (0, +00),
depending only on d, such that for any xo € R? and r € (0, +00)

/ If]? < cp r2/ IV £I? for all f€ H'(B(xq,r)) s.t. f=0; (2.7)
B( B(

X0,7) X0,7) B(xo,r)
one can take cg = 22¢ (see [79], page 164, Eq. (7.45)).

Local Sobolev spaces.

For any r € R, we consider the local Sobolev space of order r (see [38])

H'f‘

loc

(Q):={feD Q)| pfe€H () forany ¢ € D(N)} . (2.8)
This carries the locally convex topology induced by the family of seminorms

f=lleflla (g e D)), (2.9)

with || || g+ indicating the H" norm.
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Spaces of differentiable functions and Sobolev embeddings.

Let j € N; we denote with C?(€2) the space of functions f : Q — C which are continuous
on 2 along with all their partial derivatives 9%f of orders |a| < j. We endow C7(Q2) with
the Fréchet topology induced by the family of seminorms

f=|floixk = max sup|0°f(x)| (K C 2 compact) (2.10)

a€N? |a|<j xeK

(1); of course, this family is equivalent to the set of seminorms

frfleip = max suplp(x)0f(x)] (¢ €D(Q)). (2.11)
€N, |a|<j xeQ

On the other hand, we indicate with C7(Q) the linear subspace of C7() consisting of
functions f that, along with all their derivatives 9*f of order la| < j, admit continuous
extensions to {J; f, 0°f are often identified with these extensions, which are unique. If {2

is bounded, V() is a Banach space with respect to the norm
;= max sup |0V (x)] . 2.12
Iflos = _max_sup 07 (x) 212
We shall also need the spaces of functions whose derivatives satisfy a Holder condition

for some exponent A € (0,1]. More precisely, we write C7*(€2) for the space of functions
f € C7(Q2) whose derivatives 9°f of order |« = j fulfill, for any compact subset K C €,

wp 10700~ ()

< 400 ; (2.13)
x,yeK,x#£y x —y[*

we endow this space with the Fréchet topology induced by family of seminorms

|f’CM,K = ’f’Cj,K 4+ max sup 0°f(x) = 0/ (y)]

. A
aENY, ‘Ol|:] x,yeK, x#£y ’X - YI

(K C 2 compact) . (2.14)

For 2 bounded, we indicate with C7*(Q) the space of functions f € C7(Q) whose deriva-
tives 0%f of order || = j fulfill

107760 =97 (3)

< +00 ; 2.15
x,y€Q, xAy x -y ( )

this becomes a Banach space if equipped with the norm

”fHCM = Hcha + max sup |3°‘f(x) — 8O‘f(y)| '

. A
a€Nd, |a|=5 x yeQ, x#£y |X - y|

(2.16)

There hold the following well-known results.

In fact, this family is equivalent to the countable set of seminorms which corresponds to any given
sequence of compact subsets Ko C K1 C K3 C ... such that Q = |J,,cn Kn -
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Theorem 2.1. (Sobolev Embedding) Let r € R and j € N be such that r > j + d/2;
then, there hold the following continuous embeddings.
i) For any domain Q2 C RY, there holds

H () <> C9(Q) (2.17)
more precisely, for any A € (0,1) such that r > j+d/2 4+ \, it is
H; (Q) = CIMQ) — CI(Q) . (2.18)
i) If @ C R? is a bounded domain, with compact boundary 0Q of class C*, there holds
H"(Q) — C/(Q) ; (2.19)
more precisely, for any A € (0,1) such that r > j+d/2+ A, it is
H™(Q) — CIMQ) — C9(Q) . (2.20)

Remark 2.2. We refer to Proposition 2.13 of [38] and to Corollary 9.1 on page 46 of [97]
for the proof of statements i) and ii), respectively. See also [7], Theorems 5.4 and 6.2, for
generalizations of the above theorem dealing also with configurations involving unbounded
domains whose boundary only fulfill regularity conditions much weaker than the ones in
statement ii).

The case Q) = R% tempered distributions, Fourier transforms and another
characterization of Sobolev spaces.

We write S(R?) for the Schwartz space of smooth functions f : R? — C rapidly decreasing
at infinity with all their derivatives; this space has well known topology [151], and its
topological dual &'(R?) is called the space of tempered distributions. Any f € S'(R%),
after restriction to the space D(§2), can be identified with an element of D’(Q2). A Fourier
transform can be defined

F: SR =S R,  f=3Ff; (2.21)
we use for § the normalization such that
1 —ik-x .
FN0) = G [ixree (fes®Y:ikeR). @)

For any r € R we have the following, equivalent characterization of the spaces H"(R?):
H'(RY) = {f e S'®RY) | (1 + [k[*)"*Ff € L*(R)} (2.23)

(where (1+ |k|?)"/?F f indicates multiplication of the Fourier transform §f by the smooth
function R? — R, k — (1 + |k|?)"/%; the quantity

(F19)mray = (L4 [KP)2FF | (1+ [K[*)7Fg) e (2.24)
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yields an inner product on H"(R?) equivalent to the inner products introduced previously
for any space H"(2) (considering separately the cases r € N, r € [0,400) \ N, and r €
(—00,0) ). Moreover, there holds the continuous embedding (?)

H"(RY) — H"(RY)  for r,u € R with u>r . (2.25)

2.2 Some known results on Banach spaces.

If G is any topological vector space, we write G’ for the dual vector space, made of the

continuous linear forms o : G — C, g — (a, g). If G is a Banach space with a norm || ||, G’
is as well a Banach space with the norm |laf|" := sup,cg 440 %; in particular, for each

r € R, (H") is a Banach space with the norm || ||’ induced by || ||,

Notations for operators. Banach adjoints.

Let X, Y be any two Banach spaces, endowed with the standard norm topology; we denote
with X, Y’ their topological duals, and with (, ) the bilinear duality pairing between X’
and X (resp. Y and V).

An operator B : Dom(B) C X — Y is a linear map whose domain Dom(B) is a linear
subspace of X; if B is injective, we write B! for the inverse. We indicate with B(X,Y)
the Banach space of continuous (i.e., bounded) operators from X to Y; this is equipped
with the standard operator norm || ||s(x,y) (and with the induced topology).

The Banach adjoint of a continuous operator B € B(X,Y) is the unique continuous
operator B* € B(Y”’, X’) such that

<B*g7f>X:<gan>Y for alleX,QEY; (226)

we refer to the standard theory analyzed, e.g., in [42, 129]. It can be easily proved that
the adjoint map * : B(X,Y) — B(Y’', X'), B — B* is an isometric isomorphism (%);
moreover, if X and Y are reflexive (i.e., X" = X and Y” =Y), any continuous operator
B € B(X,Y) coincides with its double adjoint B** = (B*)* € B(X",Y"”). Given a third
Banach space Z and any two continuous operators B € B(X,Y), C € B(Y,Z), the
composition CB : X — Z is also continuous and its adjoint (CB)* fulfills (CB)* = B*C* €
B(Z', X).

We will employ the above mentioned facts in subsection 2.5.

2 In fact, using the norm || || 7~ (gay induced by inner product (2.24), for any f € H*(R?) one has

77 gy = L+ )28 F 1172 < 11+ k)25 F11Z2 =[£Iy -

3For a proof of this fact, see, e.g., [129], page 186, Theorem VI.2.
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Integration of Banach-valued functions.

Let us consider a real (or complex) Banach space X and its topological dual X', equipped
with the standard norm topology; moreover, let (2, Mg, 1) be a measure space (with Mg
a og-algebra of parts of Q). A function f: Q — X is said to be weakly measurable if, for
each a € X', the function (o, f) : 2 — R (or C), x — («, f(x)) is measurable in the usual
sense. The function f is said to be weakly integrable (or integrable in the Gelfand-Pettis
sense) if it is weakly measurable, («, f > is Lebesgue integrable for all « € X’ and there is
an element of X, indicated with [, f(x) du(x) = [, f dp, such that

/ fdu) = / a, fydu for all o € X' ; (2.27)

the above element of X is unique if it exists, and it is called the integral of f in the weak
(or Gelfand-Peltis) sense.
In the following developments we will need the forthcoming result.

Theorem 2.2. Let X,Y be any two real (or compler) Banach spaces, f : Q@ — X a
weakly integrable function and let B : X — 'Y be a continuous operator; then, the function
Bf:Q—=Y, x— (B(f(x) = (Bf)(x) is weakly integrable and

5( [ ra) = [ w6 (229)

See, e.g., [50] and [125] for more details about the topics discussed in the present paragraph
(in particular, for the proof of Theorem 2.2).

Abstract interpolation of complex Banach spaces.

Two complex vector spaces Xy, X; are said to be interpolable if their set theoretical
intersection XyMN X7 is a linear subspace of both of them. In this case there exists a vector
space X+ X; that contains Xy and X, as subspaces, and is generated by them; Xy + X;
is unique up to linear isomorphisms that preserve the elements of Xy and Xj.

Now let us consider two complex Banach spaces Xy and X;, with norms || ||x, and || ||x,,
respectively; these are said to be interpolable if the underlying vector spaces are so. In
this case, both the vector spaces XoMN X; and Xy + X; are Banach spaces with respect to
the norms [[z(|x,nx, = max(||z||x,, [2]x,) and [|z[|xe+x, = inf{[[zolxo+ [21]lx, | 20 €
Xo, x1 € X1, o + 11 = x}, respectively. It turns out that Xy, X7, Xo N X7 — Xo + X;
(continuous embeddings).

To go on, let us consider the strip S := {z € C | 0 < Rz < 1} in the complex plane C, and
its closure S (that is the union of S with the lines sy := {Rz = 0} and s, := {Rz = 1}.
Let us introduce the function space

§(Xo, X1) =

— 2.29
{FEHOI(S,XO—FXl)mC(S,XO—i‘Xl) ’ (FTSZ) GCB<SZ',XZ') fOIiZO,l} s ( )



20 CHAPTER 2. FUNCTIONAL SPACES, OPERATORS AND KERNELS

where Hol, C', C'g mean, respectively, holomorphic, continuous, continuous and bounded.
§(Xo, X1) is a vector space and it becomes a Banach space when it is equipped with the
norm

I Fllscx ) := ma (sup | F(2) g, 5up 1) 1, ) - (2:30)

FASED) FASES

For 6 € (0,1), the interpolation space of order 6 between X, and X; is
[Xo, X1]o := {2 € Xo+ X1 | z = F() for some F € F(Xo, X1) ; (2.31)
this is a linear subspace of Xy + X7, and it is a Banach space with respect to the norm

Hx“[Xo,Xﬂe = inf{HFHS(Xo,Xl) | Fe S(XOVXI)? F(@) = Z‘} . (2'32)

It turns out that XoNX; — [Xo, Xi]p — Xo+ X;. In particular, assume X; < Xj. Then
the two spaces Xy, X; are interpolable; in terms of linear structures we have XqoNX; = Xj,
and we can take Xy + X; = Xy. Moreover the norms defined previously for Xy N X; and
Xo + X are equivalent to the norms of X; and Xy, respectively. Summing up, in this
case, X| — [XQ,Xl]g — Xp.

The main theorem in interpolation theory states the following [1, 19, 101]:

Theorem 2.3. Let Xy, Xy and Yy, Y; be two arbitrary pairs of interpolable Banach spaces
and consider two continuous linear operators By : Xog — Yy and By : X1 — Y1 such that
By | XoN Xy =B [ XoNX;. Let B: Xo+ X1 — Yo+Y] be the unique linear map such that
B Xo=DBy and B| X, = By. Then, for each 0 € (0,1), By := B | Xy maps continuously
[Xo, X1]g to [Yo,Y1]s and

1B | (150,110, v0.311) < (1Bollsxono)" ™" (IBillsxiv)’ - (2.33)

Many applications of interpolation theory are related to L” spaces. More precisely, con-
sider a measure space (K, Mg, u) = K, with p a positive measure on some o-algebra 90y
of subsets of K; let us write Mis(K) for the vector space of complex measurable functions
K — C (or, more precisely, of the equivalence classes of such functions with respect to
equality almost everywhere for the measure p1). Let p € [1, +00], and w € Mis(K) be such
that w(k) > 0 for almost every (a.e.) k € K; consider the Banach space LP(K,w du), made
of functions f € Mis(K') which are L” with respect to the measure My 5 A — [, wdp.
Let po,p1 € [1, +00] and wy,w; € Mis(K), with wp,w; > 0 almost everywhere. Then, the
Banach spaces LP°(K,wodp) and LP*(K,widu) are both interpolable, and their sum can
be realized naturally as a linear subspace of Mis(K); moreover, for all § € (0,1) one has
(see [1], Theorem 2.12)

[LPO (K, wodp), LP* (K, widp))g = LP(K, wdp) (2.34)

where p € [1,400] and w € Mis(K) are defined, respectively, by

1 1-— 21— E
g 0 + i , w(k) = wo(k’)Po(l a)wl(k)me for a.e. k€ K . (2.35)
p Do h
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The equality in Eq. (2.34) must be intended as follows: the left and the right-hand side
coincide as vector spaces, and carry the same norm.

A subcase of this result, of interest for us in the sequel, is the one with pg = p; = p and
wp = W', wy = w™ for some w € Mis(K), with w > 0 almost everywhere, and 79,7 € R.

In this case, Eq.s (2.34) and (2.35) give
(L2 (K wdp), 1P (K, wdp)g = L2 (K, wl=0m+ndy) (2.36)

Standard interpolation results for the Sobolev spaces H"(R?) can be derived by Eq. (2.36);
indeed, for each r € R, the space H"(R?) of Eq. (2.23) can be identified (via the Fourier
transform) with L?(R? w"dk), where w(k) := 1 + |k|> and dk is the standard Lebesgue
measure. So, for all 79,7 € R and 6 € (0, 1), one infers from Eq. (2.36) that

[HO(RY), H™ (RY)]y = HO—Om+0m (e (2.37)

A result analogous to Eq. (2.37) holds as well for the Sobolev spaces H"(2) (r € R), under
minimal regularity assumptions for the domain Q C RY; in particular, if € is bounded
with compact boundary of class C*, for any ro,7; € R and for any 6 € (0, 1) one has (%)

[H™ (), H (Q)]y = HI=0m0+0n(Q) . (2.38)

Let us stress that, contrary to the previous examples (2.34-2.37), the spaces on the two
sides of the above equality are in general endowed with distinct norms (°): Eq. (2.38)
must be meant to hold algebraically and topologically, in the sense that the mentioned
norms are equivalent.

For a more comprehensive analysis of the topics reviewed briefly in the present paragraph,
we refer, e.g., to the already cited books [1, 19, 101].

2.3 Operators on Hilbert spaces.

In the sequel we consider a complex, separable Hilbert space H; we write ( | ) for the
inner product of H (antilinear in the left argument, linear in the right one) and || || for
the induced norm.

Notations for operators.

Similarly to the case of Banach spaces (compare with Section 2.2), an operator on H is
a linear map A : Dom(A) C H — H, whose domain Dom(.A) is a linear subspace of H;
B(H) = B(H,H) is the space of continuous (i.e., bounded) operators from H into H,
and || |ls = || [ls@,n) indicates the usual operator norm on this space.

‘Eq. (2.38) contains a well-known result on Sobolev spaces; see, e.g., Theorem 7.48 of [7], Proposition
2.7 of [96] and Theorem 9.6 of [97] for more details.

°In fact, the space [H™ (), H™ (£2)]y carries the interpolation norm defined according to Eq. (2.32)
while, if ro,7; > 0, HO=970+071(Q) has the standard norm induced by the inner product (2.4).
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If Dom(A) is dense in H, we can define the Hilbert adjoint operator A’ (see, e.g., [119,
129]). Let us stress that if A is continuous and Dom(.A) = H the notion of Banach adjoint
defined in Section 2.2 reduces to that of Hilbert adjoint considered here; in fact, viewing
H as an (anti-)self-dual Banach space, one has A* = A" € B(H). In the remainder of
this work, for the sake of brevity, we use the bare adjective “adjoint” as short for “Hilbert
adjoint”.

Given a pair of linear operators A : Dom(A) C H — H, B : Dom(B) C H — H and a
constant ¢ € C, the operators c A, A+ B and BA are obviously defined on the domains
Dom(c.A) := Dom(A), Dom(A+B) := Dom(A)NDom(B) and Dom(BA) :={f € H | f €
Dom(A), Af € Dom(B)}. If C is another operator on H we define A+B+C := (A+B)+C,
CBA :=C(BA), and so on iteratively. We write B D A if B is an extension of A.

In the sequel we will write o(.A) for the spectrum of an operator A, defined as in [119, 129].

The case H = L?*(K, p). Multiplication operators.

Let us consider again a measure space (K, Mg, p) = (K, 1), with p a positive measure on
some o-algebra Mg of subsets of K; let us recall that we write k for a generic point of K
and Mis(K) for the space of measurable functions on K (see subsection 2.2). The space
L*(K, i) of complex, square integrable, measurable functions on K is a Hilbert space with
the inner product

(flg) == /K F(k) g(k) duk) = /K Fodu, (2.39)

inducing the norm

117 = [ 16 d (2.40)
To go on, let us consider a function w € Mis(K); the multiplication operator by w is
M, : Dom(M,) C L*(K,p) — L*(K,u),  f+ Myf:=wf (2.41)
with
Dom(M,,) = {f € L*(K,p) | wf € L*(K,u)} . (2.42)

This is a linear operator with dense domain, whose adjoint is
(M) = Mg ; (2.43)

in particular, M, is self-adjoint if w is real valued. The operator M, is defined on the
whole space L*(K, ut) and bounded (i.e., M,, € B(L*(K, pu)) ) if and only if w is essentially
bounded (i.e., bounded up to sets of zero p measure); in this case

[ Myl = esssup [w(k)]| - (2.44)
keK

For any given w € Mis(K), the spectrum of M, is as follows:

o(M,) = Esslmw , (2.45)
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where the right-hand side indicates the essential image of w, defined by
Essimw := {\ € C | u(w™*(B()\¢))) >0 for each ¢ > 0} (2.46)

(with B(A,e) :={XN € C | [N = \| <¢€}).
If w is real valued, in which case M,, is self-adjoint, one infers from Eq. (2.45) that, for
all a € R,

w > a p-almost everywhere < o(M,) C [a,+00) . (2.47)

Given any pair of functions v, w € Mis(K) one has
My w D My, + M, , My D M, M, , (2.48)
with D replaced by = if v and w are essentially bounded. Moreover, for ¢ € C\ {0}, it is
M,y = ¢ M, | (2.49)
while My, D 0 M,,.

Spectral theorem and functional calculus for self-adjoint operators.

Let us consider an abstract, separable Hilbert space H and a self-adjoint operator A :
Dom(A) C ‘H — H. The “multiplication operator version” of the spectral theorem (see
[129]) states that there exist a measure space (K, i), a measurable function w : K — R
and a Hilbertian isomorphism Z : H — L*(K, u) such that

A=T"'M,T. (2.50)

Obviously enough, Z='M,, T indicates the linear operator f ~ Z-'M,Zf with domain
Z7Y(Dom(M,)). The set (K, u,w,T) is not uniquely determined by A, but this is no
cause of concern for the relevant constructions associated to this representation and, in
particular, for the functional calculus described hereafter. For future use, we mention that
one can choose (K, i) so that pu(K) < +oo (see [129], page 260, Theorem VIIL.4).

Now, let us consider a measurable function

p:0(A)CcR—=C. (2.51)

As well known, the functional calculus for self-adjoint operators allows to associate to
¢ an operator ¢(A) : Dom(¢(A)) C H — H with dense domain, which is everywhere
defined and bounded if ¢ is bounded; this has adjoint ¢(A)" = ¢(A) where ¢ : 0(A) — C
is the complex conjugate function. If (K, pu,w,Z) is a set as above, the composition
¢ ow € Mis(K') makes sense, because w(k) € o(A) for p-a.e. k € K; it turns out that

¢(A) =T "My T : T ' (Dom(Myo,)) CH — H (2.52)

(®).  As an example, for z € C, e=** is defined as above choosing ¢ : o(A) — C,
$(A) := e, this operator is self-adjoint if z € R, and e=** € B(H) if o(A) C [0, +00)
and Rz > 0.

6As a matter of fact, one could define ¢(A) as the unique operator on H fulfilling Eq. (2.52), for each
(K, p,w,Z). The previously mentioned condition of boundedness for ¢(.A) and the expression given for
its adjoint are made evident by the representation (2.52).
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Complex powers of a strictly positive, self-adjoint operator.

In the rest of this paragraph we consider a self-adjoint operator A : Dom(A) C H — H,
assuming
o(A) C [e,+00) for somee >0 . (2.53)

Up to Hilbertian isomorphisms, it can be assumed that
H=L*K,u), (2.54)
and that A is the multiplication operator by a measurable function (7)
w: K — g, +00) ; (2.55)

S0,

Dom(A) = {f € L*(K,p) | wf € L*(K,pn)} , Af =wf . (2.56)

Now, let s € C and consider the operator A~°, which can be defined applying the standard
functional calculus with ¢(\): =A%,

In the realization (2.54-2.56) of H and A, assumed as a standard in the sequel, for any
s € C one has

Dom(A™*) = {f € L*(K,u) | w*f € L*(K,n)} , A7 f=w="f . (2.57)
If Rs > 0, one has |w™*| = w™% < 7%, 5o,
Rs >0 = A€ B(H) and ||A s <e . (2.58)

One readily checks that A° = T (with T the identity operator on ), that A' = A and
that A~! coincides with the inverse of the injective operator A; for n € N one has

n __ -n __ -1 —1
A=A ... A, A" =A""... A . (2.59)
n times n times

Trace class and Hilbert-Schmidt operators.

Let C € B(H) be any nonnegative self-adjoint operator (so that, in particular, (f|Cf) >0
for all f € H). The trace of C is

TrC := Z<Un|cun> € [0, 4o0] , (2.60)

neN

where (u,)nen 18 any orthonormal basis of H; the trace is in fact independent of the basis.

"Indeed, the assmptions made on o(A) ensure that A can be realized as the multiplication by a real
function w such that w(k) > ¢ for a.e. k € K. Redefining w on a set of measure zero, if necessary, we
obtain w(k) > ¢ for all k.
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Given any C € B(H), we can associate to it the nonnegative self-adjoint operator |C| :=
VCIC (8). As well known, C is said to be of trace class if Tr|C| < 4o0; in this case we
can define
TrC := Z(un|Cun> eC, (2.61)
neN

where (uy,)nen is any orthonormal basis of H (the above series is shown to converge, with
a sum independent of the basis). In the sequel, we indicate with ®B1(#H) the set of trace
class operators on H, which is found to be a two-sided ideal of B(H).
Let us also recall that an operator B € B(H) is said to be Hilbert-Schmidt if Tr(B'B) <
+00; the set By(H) of these operators is a two-sided ideal of B(H), and By(H) D Bi(H).
To go on we assume the Hilbert space to be H = L?(K, ), with p a o-finite, separable
measure on K. Then, as well known (see, e.g., [119]), B2(H) can be identified isomor-
phically with the Hilbert space L?(K x K, ® p); in particular, this means that for any
B € B,(H) there exists a unique integral kernel B( , ) € L*(2 x Q) such that, for any
fet,

(Bf)(h) = / du(k) B(h, k) f(k) (for p-a.e. k € K) . (2.62)

K

Moreover, for any given orthonormal basis (u,),eny of H (recall that H is assumed to be
separable), there holds the L*-convergent expansion

B(hk) = > (un|Buy) un(h) un(k)  (for p-ace. bk € K) . (2.63)

n,meN

2.4 Conjugations and Hilbert spaces

Generalities

Let us consider a complex vector space H; a conjugation on H is an antilinear, involutive

map J : H — H; so, for all a, f € C and for all f,g € H, there hold
J(af+pg)=adf+B8Tg, T f=1F, (2.64)

(where ~ indicates the usual complex conjugation). Given the conjugation J, we can
introduce the sets

He:={feH[Tf=%S}; (2.65)

for obvious reasons, the elements of H, and H_ are called, respectively, the J-real and
the J-imaginary vectors of H. One readily checks that Hy are real vector subspaces of
H, and that

/H; = i?’[i 3 (266)

moreover, one finds that
H=H,  DH_ (2.67)

8This is, the power of exponent 1/2 of the nonnegative self-adjoint operator CC.
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(direct sum of real vector spaces) and that the projections Py : H — Hy corresponding
to the above decomposition are given by
1+ 1-J

: ) = — 2.68
P—l— 92 ) P 9 ( )
(of course PyP+ = O and P+ P~ =1, with O and I indicating the null and the identity
operators on H, respectively). Let us also mention that, for all f € H, there hold the

following identities:

Pe(if) =iP=f,  f=Puf +iPu(=if) . (2.69)

Now, let us consider a (C-linear) operator B : Dom(B) C H — H, with domain on a
(complex) vector suspace; B is said to be J-real if [138, 155]

JDom(B) C Dom(B) and  JBf=BJf for all feDom(B) . (2.70)

Since J is in particular an involution, the second relation in Eq. (2.70) can be restated
as follows, for all f € Dom(B):
JBI'f=Bf. (2.71)

To conclude, we stipulate the following: a conjugation on a complex topological vector
space H; is a conjugation on H as a vector space, which is also a homeomorphism in the
given topology. In this case, the subspaces H. defined as before are closed subsets of H.

Coniugations on a Hilbert space.

A conjugation on a complex Hilbert space H (equipped with inner product ( | )) is a
conjugation J in the vector space H with the additional property

(THTg) = (fla) (2.72)

for all f,g € H; this indicates that J is an antiunitary operator. One easily checks that
condition (2.72) has the equivalent formulation

(T flg) = {f|Tg) (2.73)

sometimes used in the sequel (*).

When a conjugation J is given on the Hilbert space H, we can then introduce the real
vector subspaces H., defined as in the previous subsection, and check that (2.72) implies
(flg) € Rif f, g are both in H, or both in H_.

To go on, let us consider a self-adjoint operator A : Dom(A) C H — H and recall that
(for H separable) the spectral theorem ensures the existence of a Hilbertian isomorphism
T :H — L*(K,pu) such that ZAZ ' is the multiplication operator by a measurable

9 Applying Eq. (2.72) with g replaced by Jg, and using J2g = g, one infers (2.73). One uses similar
arguments to infer (2.72) from (2.73)
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function w : K — R. In addition let us assume that A is J-real, in the sense of the
previous subsection (see Eq. (2.70) ); then, the system (K, i, w,Z) mentioned before can
be chosen so that

g1 =", (2.74)

where @ L?(K,pu) — L*(K,p), f — f is the usual pointwise complex conjugation (1°).

Let us also mention the relation
TP(A) T = ¢(A) (2.75)

holding for each measurable function ¢ : o(.A) — C: this is self-evident if we represent A
as a multiplication operator using a system (K, u, w,Z) with the property (2.74).

2.5 Scale of Hilbert spaces associated to a positive
self-adjoint operator.

Let us consider an abstract Hilbert space (H,(|)) = #H and let A: Dom(A) C H — H
be a self-adjoint operator on it with spectrum as in Eq. (2.53) (i.e., 0(A) C [e, +00) for
some € > 0). Unless otherwise stated, H is endowed with no further structure.

In the present section we assume that, when a normed space X is a linear subspace of
another normed space Y, their completions are realized so that X is a linear subspace of
Y (such a realization is always possible).

Finite order spaces.

Hereafter we introduce a family of spaces, associated to the real powers of A, i.e., to the
operators A" for r € R.

Proposition 2.4. For any r € R, the following statements hold.
i) Define { | ), : Dom(A"/?) x Dom(A"/?) — C and || ||, : Dom(A™/?) — [0, 4+00) by

(lf)r = (A2gl A2 E) o IFIT = AT FI (2.76)

10This statement is derived reconsidering the standard proof of the “multiplication operator form”
for the spectral theorem on self-adjoint operators, as given in [129]; one must perform a rather simple
adaptation of the argument to the case where H carries a conjugation J and the operator A is J-real.
The main points in this adaptation are the following:
i) the spectral measure P of A is as well J-real: JP(M)J ™' = P(M) for each Borel subset of the
spectrum of A. Due to this, for each measurable function ¢ : o(A) — C one has J¢(A)JT 1 = ¢(A)
where ¢ is the usual complex conjugate;
ii) In the standard proof of the “multiplication operator” theorem, one lets the functions of A act on
a maximal family of cyclic vectors of H, whose existence is proved via the Zorn lemma. In the present
adaptation one must use a maximal family of J-real cyclic vectors, whose existence is again established
by Zornication.
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Then, (| ), is an inner product and || ||, is the induced norm; moreover, in the realization

(2.54-2.56) of H and A, one has
fr = "gfdu, flI2 = "1fPdp 2.77
{91/ /wg H il /w|\ H (2.77)

ii) Let us denote with H" the Hilbert space obtained completing (Dom(A™/?), (| ),). If H
and A are realized as in (2.54-2.56), this Hilbert space can be represented as

W = {f € Mis(K,p) | w/f € L2(K, )} (2.78)

its inner product and norm, denoted again with (| ), and || ||, can be expressed as in Eq.
(2.77) for all f,g € H". In other terms

MW = LK, w'dp) . (2.79)
iii) There holds
H" = Dom(A"?)  forreR, r>0. (2.80)
) Consider the linear subspace Dom(e) C H that, in the realization (2.54-2.56) of H
and A, is given by
Dom(e?) = {f € L*(K,p) | e“f € L*(K, 1)} CH . (2.81)
For all v € R there holds
Dom(e™) € Dom(A"?) C H" , (2.82)
and Dom(e?) is dense in (H",|| ||,).

Proof. Point i) is obvious. Now, provisionally regard H" to be defined by Eq. (2.78), and
intend ( | ), : H" x H" — C to be defined as in Eq. (2.77); due to (2.79), it is evident that
‘H" is a Hilbert space with this inner product and that the norm induced by this inner
product, denoted with || ||, can be expressed as in Eq. (2.77). As well, it appears that
H" D Dom(A™/?) and that the inner product { | ), of H" extends the inner product on
Dom(A™?2) of item i). In the sequel we will prove in order points iii), iv) and finally ii).
iii) For any f € H" (r > 0) one has

roo> [Pz < [ \rPda,

K M

whence f € L?(K, ;). By comparison with the representation of Eq. (2.57), one concludes
that f € Dom(A™?), so that iii) follows.

iv) For any r € R, there exists a constant C, > 0 such that " < C,.e” for all z € R such
that x > ¢; this implies w” < C,e¥ so that, for any f € Dom(e?) , one has

[wrlrPan < ¢, [ elrPan < oc
K K
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and the inclusions in Eq. (2.82) follow.
Let us now pass to prove the density of Dom(e) in A", choosing arbitrarily f € H" and
constructing a sequence ( f,,)nen in Dom(e) such that || f — f |l — 0 for n — +o00. Define

fu = (Xjomy 0 w) /2 f

where Xjo.,] : R — R is the indicator function of the interval [0, 7] (*); we will prove that
fn € Dom(e?) forall n e N . (2.83)

Let us first show that f, € L*(K,u) for all n € N. In fact, for r > 0 it is H" =
Dom(A"/?) ¢ L*(K,p); thus f € L?>(K, i), and the obvious inequality | f,| < |f| implies
fn € L*(K, p). For r < 0, from the definition of £, it follows that |f,| < (w/n)"/?|f], so
that

1 1
[ sk dn < = [ g = 1717 < oo
K n Jik n

thus, f, € L*(K, p) for all n € N. Now note that e”|f,| < e”|f,|, whence

/ﬁwwwséﬁwﬁm<+m,
K K

so that Eq. (2.83) is proven.
Let us pass to evaluate the quantity

w-mﬁ:AMV—mww

By construction, we have f,(k) — f(k) for a.e. k € K in the limit n — 400, whence
w"| f— ful> = 0 p-almost everywhere. Moreover w"|f — f,|> = w" (1= (xjonow)"/?)?|f|* <
w"|f|* € L' (K, p) so, by Lebesgue’s theorem on dominated convergence (see, e.g., [47],
page 417, Theorem 2.1),

/wT|f—fn|2du—>O for n — 400 .
K

Summing up, we have proven that Dom(e#) is dense in H" for any r € R.

ii) For any r € R, to state that H" is the completion of Dom(Ar/ %), one has to prove that
Dom(A"/2) is dense in H". For 7 > 0 this holds trivially, since Dom(.A"/?) = H" by point
iii); for r < 0 the thesis follows from the density of Dom(e) C Dom(A™/2) in H" (see
point iv) ). O

"For any subset J C R, the indicator function is

1 forteJ
xs:R—={0,1}, tHXJ(t)::{O fort¢ J -
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Remark 2.3. In the sequel we will keep the notations H", ( | ),., and so on for the spaces
considered in the previous proposition. Of course, since A° = I we have H® = H and

(1do=(I)

Proposition 2.5. Let r,r’" € R with v’ > r; then the following statements hold, showing

; dense

i particular that H™ — H'.
i) Dom(A"/?) (resp. H"') is a linear subspace of Dom(A"/?) (resp., H") and

Il < e 2N flly for all f € H™ (2.84)

so, the continuous embedding H" — H" holds.
i) H™ is dense in H'.

Proof. 1) All the above statements follow easily using representations of the form (2.57)
for Dom(.A"/2), Dom(A"/2), (2.78) for H"',H", and (2.77) for || ||+, || ||-; it must be taken
into account that w” = w" /w” =" < w" /e"", as well.

i) It has already been proved that Dom(e*) C H" is dense in H"; of course, this suffices
to grant the density of H"" in H’. n

Proposition 2.6. Letrg,r; € R, 6 € (0,1), and consider the interpolation space [H™, H™|q;
then
[Hro, 1 g = HE-Orotor (2.85)

Proof. Tt suffices to use the realization H" = L*(K,w"du) of Eq. (2.79), for each r € R,
and to recall the identity in Eq. (2.36). O

Infinite order spaces.

Let us now pass to discuss two natural spaces: the first one is contained in all the spaces
H" (r € R) and the second one contains them all.

Definition 2.7. We put
W= (\H, (2.86)

reR

and equip this linear space with the locally convex topology T t°° induced by the family
of norms || ||, (r € R).

Remark 2.4. i) The topological space (H°°,T1>°) is complete, due to the completeness
of each space H" in the corresponding norm topology induced by || ||,

ii) For any r € R, there exists an n € N such that n > r so that, by Proposition 2.5,
| Il < e~ /2| ||,,; therefore, the topology induced on H*> by the family (|| ||,)rer
coincides with the topology induced by the countable subfamily (|| ||,)nen. In conclusion,
T+ is a Fréchet topology.

dense

Proposition 2.8. For each r € R there holds HT> — H'.
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Proof. By construction, it is > <+ H". The density follows from the fact that Dom(e*)
is contained in H*>° and dense in H". O

Definition 2.9. We put
H = n, (2.87)
reR
and equip this linear space with the inductive limit topology 7 ~°° corresponding to the
family of normed subspaces (H', || ||») (r € R).

Remark 2.5. 1) For a general definition of inductive limit topologies, see e.g. [42]. In few
words, 7~ is the finest locally convex topology on H~>° such that H" — H~° for all
r e R.

For any given locally convex space (), Ty), a linear operator B : H~>° — ) is continuous
in the topologies 7> and 7y if and only if the restriction B | H" is continuous in the
topologies 7" and Ty for each r € R (see, again, [42]).

ii) Let L denote any subset of R such that inflL = —oc0 (e.g., L := {—1,-2,-3,...}).
Then, for each r € R, there is an £ € LL such that H" < H* (just take any ¢ such that
r > (); of course, it also holds that for each ¢ € IL there is r € R such that H* < H" (just
take = ). Due to these facts we have

H = (2.88)
Lell

and the topology 7 ~*° coincides with the inductive limit topology on H~>° given by the
family of normed subspaces (H%, || ||,) (¢ € L) (*2).

Proposition 2.10. (H=°°,7>°) is a Hausdorff space.

Proof. Choose representations of H and A as in Eq.s (2.54-2.56) such that the measure
space (K, p) satisfies u(K) < 4oo (we already mentioned that such a representation
always exists); then

H° = {f e Mis(K) | w/%f € L*(K, 1) for some r € R} . (2.89)

Now, for each measurable subset M C K, let us put

ay H™ = C, f|—><aM,f>::/ewfdu.

M

The integral defining (o, f) exists for any f € H™°; in fact, if » € R is such that
w2 f € L*(K, ), it follows that

/ e f| dy = / e WP f] dp <
M M

12Concerning the last statement, see e.g. [42], page 118, Proposition 5.8.
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where we have put C; := Sup)¢ ;o0 e X7 (so that e?Yw™ < C,). Clearly, ayy is a
linear form on H~™°°; moreover, for each r € R, the previous manipulations also imply
{an, )] < /Crp(M) || f|l» for all f € H", so that ays [H" is continuous. In conclusion,
ayy is a continuous linear form on (H~>°,7 ~*°) (see the comments in Remark 2.5).

Now observe that, for each f € H™>°,

(apr, f) =0 for any measurable subset M C K =
= eYf=0 aeinK = [f=0 ae inKk.

To go on, let f,g € H™°° and f # ¢; then there is a measurable subset M C K such
that § := |(am, f — g)| > 0 (otherwise we would have f — g = 0). Put Uy := {f' €
H=°| (am, f'— f)] < 6/3} and U, = {¢g € H | [{am,qd — g)| < ¢§/3}; then, it
appears that Uy and U, are open subsets of H™°° containing f and g, respectively, and
U U, = 0. O

Remark 2.6. The spaces H" (r € R) and H™> are also Hausdorff for obvious reasons;
this fact follows trivially from Proposition 2.10 since H™>° C H" C H~°° and any subset
of a Hausdorff space is itself Hausdorff (see, e.g., [26], page 77). Summing up, H" is a
Hausdorff space for any r € [—o0, +0o0].

Proposition 2.11. Each one of the sets Dom(e™), Dom(A"/?) and H" (r € R) is dense
in (H=°,T->).

Proof. Since the chain of inclusions Dom(e) € Dom(.A"/?) C H" holds, it suffices to prove
the density of Dom(e#) in (H~°°,7~°°); to this purpose, let us consider any f € H~>
and prove that there exists a sequence (f,,)nen of elements of Dom(e) such that f, — f
for n — +oo in (H=°°,7 ). Indeed, let r be such that f € H"; then, due to Proposition
2.4, there is a sequence (f,)nen in Dom(e) such that f,, — f in (H", || ||,) for n — +oo.
From here and from H" < H~*° it follows that f, — fin (H~>°,7 %) for n — +oc0. O

Proposition 2.12. Let ¢ : 0(A) — C be a measurable function and assume that, for
some b € R,

sup A’|p(N)] < 400 . (2.90)
Aeo(A)

Then, the following statements hold:

i) The operator ¢(A) : Dom(p(A)) C H — H has a unique continuous linear extension,
denoted with the same symbol, ¢(A) : H™ — H~°.
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ii) Let r,r’" € R be such that r' —r > —2b. Then, the extension ¢(A) sends continuously
H"' into H"; moreover, for all f € H" one has (**)

[o(A) fllr < Querll fllsr s @ i= Jup AR 6N < oo (2.91)
€o

ii1) In particular assume that, for some b € R, it is
lp(N) | = A" forall A € o(A) ; (2.92)

then the extension ¢(A) of item i) is a Hilbertian isomorphism between H" and H™+% for
each r € R.

Proof. 1) ii) First of all, let us prove that the mentioned continuous extension is unique,
assuming it to exist. In fact, consider two distinct continuous extensions ¢(A), ¢ (A) :
H~>° —H . By construction, ¢(.A) and ¢'(.A) coincide on the set Dom(¢(A)) which is
dense in H and, consequently, in H~>° (see Proposition 2.11); so ¢(A) = ¢'(A) everywhere
on ‘H~>° by continuity.

In order to prove the existence of the continuous linear extension, represent H~™>° as in
Eq. (2.89) and define

P(A) - H™> = H ™, fr=o(A)f = (pow)f (2.93)

(recalling that w(k) € o(A) = Dom(¢) for a.e. k € K, so that ¢ o w is defined almost
everywhere in K). Let us prove that the map (2.93) is well defined. to this purpose, let
f € H°; then f € H" for some ' € R. If we consider any r € R such that r' —r > —2b,
writing (almost everywhere in K)

W G(A) f=w "2 (pow)w" P f

we infer

w'’? [o(A)f] < Qrr w''/? |f] (2.94)

with Q. as in Eq. (2.91). From Eq. (2.94) and from w™/2f € L?(K, u) it follows that
w?p(A)f € L*(K, i), which amounts to state that ¢(A)f € H" — H ™.

Summing up, we have shown that the map in Eq. (2.93) actually sends H = into H~°°; the
linearity of this map is evident. The previous argument also indicates that ¢(A)H" C H”
for v — r > —2b; moreover, the inequality in Eq. (2.94) can be used to infer the norm
inequality in Eq. (2.91). This also implies the continuity of ¢(.A) as a map H=° — H™>°.
iii) The thesis is almost evident; the main point in the proof is the (obvious) identity

W/ p(A) f| = wl2f. O

I3Note that the supremum defining Q,, is finite. In fact, for any A € o(A) C [g, +00), we have
e O e OV B IOV
<R IoN) = e TR 6V

and Eq. (2.90) gives the thesis.
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Corollary 2.13. i) For any s € C, the operator A~* : Dom(A™°) C H > - H C H™>
has a unique, continuous linear extension (indicated with the same symbol) A=% : H™>° —
H=>.

it) The extension of item i) is such that, for any r € R,

ATH) =H T2 A fllsons = | fIl, - for all f € A (2.95)

iti) Concerning the continuous extensions to H=°, the following statements hold: A° =
Iy oo, A=) = A5 A% for any s,s' € C, and A° is the inverse operator of A~ for
any s € C.

Proof. 1) ii) The thesis follows by statements i) and iii) of Proposition 2.12. Indeed, for
any s € C, the map ¢ : 0(A) — C, A — A% is measurable and fulfills Eq. (2.92) for
b= Rs.

iii) All these statements follow easily noting that, for any s € C, the linear continuous
extension A™° @ H™>° — H~>° in item i) is defined according to Eq. (2.93), so that
A5 f =w 7 f for all f € H™>. O

Corollary 2.14. i) For any t € C with Rt > 0 consider the operators e *A, e‘t‘/;‘,
(e7*VA /\/A) mapping the respective domains Dom(e™*4), Dom(e=*VA), Dom(e *VA /\JA) C
H C H™™ into H C H™°. FEach of them admits a unique continuous linear extension
(indicated with the same symbol)

—tVA
et emtVA 67 CHT® 1 (2.96)

i1) Assume Rt > 0 and consider the extensions of item i); these are such that, for any
r,7’ € R, and for all f € H"', one has

! \(T=7")/2 o
||e_tAf||r < { (265%) £ Jor 0 <Rt < 2e (2.97)

5(1”77“/)/2 e~ € Rt ||f||7‘/ fOT Rt > r;sr'

Heft\/.ZfHT < (7;5?1) ||f||r’ Jor 0 < Jit < T\_/g 7 (298)
e(r=r")/2 o=V Rt Her’ for Rt > 7»\_/g/
rr' =1\ 1 r—r'—1
feoBpay gy, < § G e r0< RS =2
> 6(7~—7»/_1)/2 6—\/59%1: ”f” , fOT Rt > r—r'—1
T Ve

Moreover, each of the extensions e, e A (e=tVA /\/A) maps continuously H=>° into
HTe.

iii) Assume Rt = 0, so that t = it for some t € R. Then the extensions e "4, emitvA of
item 1) are Hilbertian automorphism of H", for each r € R; in particular, there holds

e ™A f 1l = le™ A fl = | ]l - (2.100)
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Moreover, the extension e*”ﬂ/\/fl is an Hilbertian isomorphism of H" into H'™L, for
any r € R; in particular,

(e VAl = [ Fllrsr - (2.101)

Proof. Hereafter we report the proof only for the operator e *4; the proofs of the analo-
gous statements for the other two operators e‘t\/“z, emtVA / VA can be derived by similar
arguments.

i) ii) The thesis follows by items i) and ii) of Proposition 2.12. Indeed, for any ¢ € C with
Rt > 0, the map ¢ : 0(A) — C, X — e ** is measurable and fulfills Eq. (2.91) with

2eRt
gr=r)/2 g=eRt  for Rt > =

er, = sup /\—(r’—r)/26—)\§Rt _ ”
2¢e

A€o (A)

r—r’ (r=r')/2 r—r’
{ (=) for 0 < Rt < =5

Moreover, for all f € H~>, there exists an ' € R such that f € H"; then, by Item ii),
for any t € C with Rt > 0, one has e *4f € H" for all r € R; thus e 4 f € H+>, that is
the thesis. The continuity of e~*4 from H~>° to H** is proved by similar arguments.

iv) Consider the clementary identities |e=#*| = [e=#VA| = 1 and |e=#V2/\/A| = A"1/2 for
A € 0(A); then, the thesis follows straightforwardly from item iii) of Proposition 2.12. [

Duality relations.

In the present paragraph we discuss duality relations holding for both the finite (H",
r € R) and infinite order (H*>°) spaces considered in the two previous subsections.

Definition 2.15. We consider the set

HO = H T xH. (2.102)

reR
Remark 2.7. Note that the space H® contains, in particular, H x H = H® x H°.
Proposition 2.16. The inner product { | ) of H has a unique extension
([):H?P =cC (2.103)
that is continuous when restricted to any of the products H™" x H" (r € R) (). For

each r € R, the map (2.103) restricted to H™" x H" is a sesquilinear Hermitian form;
moreover, for all f € H™" and all g € H", it fulfills

[l < 1F =Nl - (2.104)

0Of course, H~"x H" (r € R) is equipped with the product topology.
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Proof. Let us first prove that the extension ( | ) with the above requirements, if it exists,
is unique; to this purpose, it suffices to show that any extension with the above properties
is uniquely determined on any product H~"x H" (r € R). In fact, if r > 0, H"x H" is
dense in H™" x H" and the extension must agree with the usual inner product of H on
H"x H" (C H x H); similar arguments hold if < 0 considering the space H™"x H™" in
place of H" x H".

To prove existence of the extension (2.103), consider the realization of H and A given in
Eq.s (2.54-2.56) and define

(flg) = /K?gdu for all (f,g) € H® . (2.105)

The above integral exists; in fact, if r € R is such that (f,g) € H™" x H", we have

t/l?mdu==/§w‘”ﬂﬂuf”wth§
K K

< \// w| f|2dp \// wr|gl?dp = || fll-rl|gll» < +oo .
K K

It is clear that (2.105) defines an extension of the inner product on H x H. For all r € R,
the map (2.105) is a sesquilinear Hermitian form on X" x H"; moreover, due to the
estimate in Eq. (2.106), it fulfills the inequality (2.104), which implies its continuity. [

(2.106)

In the sequel we keep the notation ( | ) for the extension (2.103) of the inner product
on H. In the forthcoming Proposition 2.18 this extension is used to prove that H™" can
be identified isomorphically with the dual of the Banach space H"; in the subsequent
Proposition 2.20 it is shown that H™°° can be identified with the dual of the Fréchet
space HT>, as well.

Definition 2.17. For r € R, we define the map
' H" = (H), f—=TI'f suchthat (Z'f g):=(flg) forallge H . (2.107)

Proposition 2.18. The following statements hold.
i) The map I" in Eq. (2.107) is well defined, antilinear, bijective and fulfills

IZfl = 1 fl  forail feH (2.108)

(and thus, summing up, it is an antilinear isomorphism of Banach spaces).
i) Let r,7" € R with ' > r, so that H" < H" and H™" — H"'; then

I'f=T"fH  forall feH". (2.109)
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Proof. 1) Fix r € R; due to Proposition 2.16 it appears that, for each f € H™", the
element Z” f defined in Eq. (2.107) is a continuous linear form on #H", with the norm
bound (recall Eq. (2.104) )

IZ" 1l < W f 1l - (2.110)

It is evident as well that Z” is a continuous antilinear map from H~" to (H")".
In the sequel we use again the representations (2.54-2.56) for ‘H and .4, so that

(Z7f, 9) :/ fyg du forall feH ™ geH". (2.111)
K

Let us prove Eq. (2.108), for a given f € H~". To this purpose, put ¢ = w™"f; then
Jewgl?dp = [ w™"|f|? dpp, which implies g € H" and ||g||, = ||f||-». For this g it is
@'F,9) = [ew 1 FP di = LF1elf ] = £l gl whence [Z7F] 2 £l . From here
and from Eq. (2.110) the thesis (2.108) follows.

To conclude, let us prove that Z" is bijective between H~" and H". Due to Eq. (2.108),
Z" has zero kernel, so it is injective. To prove surjectivity, let a € (H")’; since H' is a
Hilbert space with the inner product ( | ), by the Riesz theorem there exists an h € H"
such that

(a,g) = (h|g), = / w" hgdy  forall g€ H". (2.112)
K

Put f:=w"h; then [ w™"|f]?du = [, w"|h|*dp < +00, so that f € H™". Moreover, Eq.
(2.112) implies (o, 9) = [, fgdp = (Z"f,g) for all g € H"; this means a = Z"f, thus the
surjectivity of Z" is proved.

ii) The thesis follows immediately from the definitions of Z" and Z"". O

Consider now (H ™), the topological dual of the space HT>°. Recall that the topology
on the Fréchet space H*> is induced by the family of norms || ||, [ H" (r € R); so, a
linear form « : H™>° — C is continuous if and only if there exist 7 € R and C, € [0, +00)
such that [{(«, f)| < C.||f]|l- for all f € H*>°. This condition is equivalent to state that
« is the restriction of a continuous linear form on H"; this form on H" is unique, due to
the density of H™> in H". Therefore, by identifing the elements of (HT°°)" with their
restrictions to H", one has

(Hry = JH) (2.113)

reR
Definition 2.19. From now on, (H*>°)’ will be equipped with the inductive limit topology
corresponding to the family of Banach spaces ((H")', || I%).
Remark 2.8. The above topology is the finest locally convex topology on (H*>°) that
makes continuous the injection of each space ((H")', || [|.) in (H+>).

The following statement is easily proved using, where necessary, the already known facts
on the Banach anti-isomorphisms Z" : ™" — (H")'.
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Proposition 2.20. H~° x H*>® is contained in the set H® defined in Eq. (2.102); let
us put

I H > — (Ht™), feI>®f suchthat (If,g):= (flg) for all ge H .
(2.114)
The map Z°° is well defined, antilinear and bijective; it is a homeomorphism with respect
to the inductive limit topologies of H™>° and (H™°)" introduced in the Definitions 2.9 and
2.19. For anyr € R and any f € H™", there holds

I®f=1"f | HT™. (2.115)

Proof. Let (f,g) € H™°°x H™>; then f € H™" for some r € [0,+00). Since g € H", we
have (f,g) € H™" x H" € H®; this proves the inclusion H~>° x H+t>* c H?).

Now, let f € H™>°, and define Z*°f : H" — C following (2.114). Clearly, Z°°f is a linear
map. If » € R is such that f € H™", it is evident that Z°f = Z"f | H*>°, and this
restriction is continuous on H* since Z" f is continuous on H" and H1T>® — H".

In conclusion Z®°f € (H**°) and we have a well defined map Z* : H™>*° — (HT>),
f — Z*f. The antilinearity of this map is self-evident; hereafter we show that Z° is
bijective.

Indeed, let f, f" € H™>° be such that Z°f = Z°°f’. There exists r € R such that
f, [ € H™"; this implies Z"f | HT>° = Z" f' | H™>° which gives (by the density of H >
in H") Z"f = Z" f'. Thus, we infer that f = f’, which proves the injectivity of Z°°.

To prove suriectivity, let us take o € (H°°)" and show that o = Z* f for some f € H ™.
Indeed, there are r € R and «,. € (H")" such that a =, | H*>; if f € H ™" is such that
a, =T"f, we have I®°f =TI"f | HT = a.

To infer that Z* is in fact a homeomorphism (i.e., continuous with continuous inverse),
one can use the continuity of the maps Z" : H™" — (H")’ (r € R) (see Proposition 2.18),
recalling the fundamental properties of the inductive limit topologies on H™>° and on

() (%) a

Banach adjoints of continuous operators.

Consider the scale of spaces H" (r € R) discussed previously in this section; even though
each of these spaces is in fact a Hilbert space (with inner product ( | ),; see Proposition
2.4), in the present subsection we shall only consider the underlying Banach space struc-
ture. In particular, hereafter we discuss the notion of adjoint for a continuous operator
acting between any two of the Banach spaces H" (r € R).

Recall that for any r € R (or r = +00) the topological dual of the Banach space H', i.e.
(H"), is anti-linearly isomorphic H ™" (see Proposition 2.18); moreover, the duality pairing

5For example, recall that the map Z> : H=°° — (H*°°) is continuous if and only if its restriction
I® [ HT™ : H" — (H") is so, for all » € R; on the other hand, the continuity of Z°° [ H™" can
be infered noting that Z° [H™" = ZI" : H~" — (H")’ (which is continuous) and that the embedding
(H") < (HT°°)" is continuous, since (H7>°)" is endowed with the inductive limit topology.
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between these spaces is described by the restriction to "< H" of the map (| ) : H?® — C,
introduced in Proposition 2.16. In view of these facts, the notion of Banach adjoint of a
continuous operator (see Section 2.2) can be rephrased as follows within the framework
under analysis.

Definition 2.21. Let 7,7’ € R and consider a continuous linear operator B : H" — H".
The Banach adjoint of B is the unique continuous operator B* : " — " such that

(B*g|f) = (g|Bf) forall feH geH . (2.116)

Remark 2.9. Let us point out a few facts concerning the above definition.

i) The symbol ( | ) on the left-hand side of Eq. (2.116) is used to indicate the restriction of
the map (2.103) to H~"x H"; on the other hand, the same symbol is used on the right-hand
side of the cited equation to denote the restriction of the map (2.103) to H ™" x H" .

ii) Recall that the map ( | ) : H®) — C of Proposition 2.16 is an extension of the inner
product on H ; thus, given a continuous operator B : H — H (H = H°), the corresponding
Banach adjoint B* : H — H (defined according to Eq. (2.116) ) does in fact coincide with
the standard Hilbert adjoint Bf. On the other hand, despite the fact that #" and H"
are also Hilbert spaces, the adjoint of an operator B : H" — H" described above is
different from the notion of Hilbert adjoint with respect to the inner products ( | ), (of
H") and ( | ),» (of H"'). Within the present manuscript Hilbert adjoints with respect to
the products ( | ), and ( | ),» will never be considered.

iii) Let B : H" — H™> be a continuous operator (for some r € R); due to the results of
Proposition 2.20, we can generalize the Definition 2.21 of adjoint operator to include this
case. In analogy to Definition 2.21, we say that the adjoint of B is the unique continuous
operator B* : H~>° — H~" fulfilling Eq. (2.116) for all f € H~>° and for all g € H"; of
course, the expression in the right-hand side of the cited equation must be intended here
in terms of the isomorphism Z> : H™> — (H™>°) introduced in Eq. (2.114). (%)

The results on Banach adjoints already mentioned in Section 2.2 can be straightforwardly
translated in the present framework; we enumerate them in the subsequent Lemma.

Lemma 2.22. Let r,r’,v" € R; then, there hold the following results.
i) The adjoint map

CCBHLHT) = BHTLHT), BB (2.117)

is an isometric anti-isomorphism (17).
ii) Any continuous operator B : H" — H" coincides with its double adjoint B** = (B*)* :
H' — H", that is

B*=B. (2.118)

160n the contrary, it is not so easy to extend the notion of adjoint operator to the case of a continuous
operator B : H" — H~°° (r € R) within this contex since, in general, there only holds the strict inclusion
(H=°°)" D H**° (and not the equality).

1"Recall that, for any pair of Banach spaces X and Y, B(X,Y) indicates the Banach space of linear
continuous operators from X to Y.
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i) Let B : H — H" and C : H"' — H"" be any pair of continuous operators and
consider their composition CB : H" — H'"; this is also a continuous operator and its

adjoint (CB)* : H™"" — H™" fulfills
(CB)* = BC* . (2.119)

Proof. All the statements in the present Lemma are obtained as trivial reformulations of
well-known results on Banach adjoint operators in the framework under analysis. O

Proposition 2.23. Let ¢ : 0(A) — C be any measurable function fulfilling the assumption
(2.90) for some b € R; for any pair r,r’" € R with " —r > —2b, consider the continuous
extension ¢(A) : H" — H" introduced in Proposition 2.12. Then, the corresponding
adjoint operator ¢p(A)* : H™" — H™"" is given by

d(A)* = ¢(A) (2.120)

(¢ : 0(A) — C denotes the complex conjugate of the function ¢; in the right-hand side of
Eq. (2.120) we are considering the extension of ¢(A) to a continuous map H™" — H™",
which exists since (—r) — (=r") =r" —r > =20b).

Remark 2.10. In the case where ¢(A) maps H ™" into H" continuosly, for some given r € R
with r < b, using the previous results with " = —r we infer

p(A) = d(A) € BH ", H) . (2.121)
In particular, if ¢ is real-valued it follows that
O(A)" = o(A) ; (2.122)

then, in analogy with the theory of operators on Hilbert spaces, we refer to ¢(.A) as a
generalized self-adjoint operator.

Proof. Consider the representations of H and A given in Eq.s (2.54-2.56); in particular,
recall that the sesquilinear form ( | ) : ™" x H" — C (for all r € R) can be expressed as
in Eq. (2.105) and that ¢(.A) coincides with the multiplication operator My, : H — H,
f = My f := ¢(w)f (which also defines a unique continuous extension ¢(A) : H™>° —
H~*° according to the prescription (2.93)). Using the basic identity (2.116) for adjoint
operators we infer, for all g € X" and all f € H",

©(A9lf) = lglo( ) = [

K

01 G (S(w) f) = / dy: (@(w)g) f = GA)lf)

K

due to the arbitrariness of f and g, the above chain of equalities implies the thesis. [
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Corollary 2.24. There hold the following results.
i) Let v € R, s € C and consider the continuous operator A= : H" — H' 2% its adjoint
18 the continuous operator

(Afs)* _ (.Aig rer(r+2%s)) . H*(T‘FQ%S) SHT (2.123)

ii) Let r € R, t € C with Rt > 0 and consider the restriction of the continuous operator
e A HT® — HT® to the space HT; its adjoint is the continuous operator

(e tA)y = e M H ™ S 1T (2.124)
If Rt = 0, so that t = it for some t € R, the adjoint of the continuous operator e~ A
H — H" is . .
(™) = (™ HT) HT = HT (2.125)
Analogous results hold for the exponential operators e ™A and G*tﬂ/\/fl.

Proof. Both items i) and ii) follow straightforwardly from Proposition 2.23; in particular,
for ii) recall the considerations in Remarks 2.10. O

The case of a Hilbert space with conjugation

Let us now assume that the basic Hilbert space H is endowed with a conjugation J :
H — H (see Section 2.4 and, expecially, the second paragraph therein); moreover, let
us assume that the operator A used in the previous subsections to construct the scale of
spaces H" (r € [—o0,+00]) is J-real (so that A and J commute).

Proposition 2.25. The map J : H — H has a unique continuous extension to the
topological vector space H™>°. This extension, denoted from now on with J : H™>* —
H™°, possesses the following properties:

i) J is a conjugation on the topological vector space H™>°;

i) J(H") =H" for all r € [—00, +00];

iii) for all f € H™>° and g € H*™ one has

(T Tg) = {flg) (2.126)

or, equivalently,

(T flg) = (1T g) (2.127)

(where (| ) is the extension (2.103) of the inner product of H);
iv) for each r € R, J [H" is a conjugation on the Hilbert space H':

(T[T g)r = ([lg), - (2.128)

v) let ¢ : 0(A) — C be a measurable function fulfilling the assumption (2.90) for some b €
R and consider the continuous extension ¢(A) : H™>° — H™° introduced in Proposition
2.12 and the analogous map ¢(A) : H=°° — H~°. Then, the relation

TH(A) T = ¢(A) (2.129)
holds in the space of operators from H=>° to H™°.
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Proof. The continuous extension of 7 to H™°°, if it exists, is unique due to the density
of H in H~°°. In the sequel we prove that such a continuous extension exists and fulfills
statements 1)-v).

To this purpose, let us recall the formulation of the spectral theorem given in the second
paragraph of Section 2.4 for a J-real self-adjoint operator; due to this formulation, it
suffices to prove existence and i)-v) when H = L?*(K, i), A is the multiplication operator
by measurable function w : K — [g,+00) and J : L*(K,u) — L*(K,u) is the usual
complex conjugation: Jf = f. In this case, let us define

Jf=f for all f € H™>° C Mis(K) ; (2.130)

then, one readily checks that J maps H™>° to H~*° extending continuously the conjuga-
tion of H = L?(K, p1), and that all statements i)-v) hold. O

Corollary 2.26. Consider the map J : H™>° — H™° defined by Proposition 2.25 and
the operators A=%, A=% etA e A H™° — H™> for any s € C, t € C with Rt > 0; then

TJAPT 1=A77, (2.131)
Je AT =t (2.132)
and analogous results hold for the exponential operators e‘t*/z, e—tﬂ/\/Z THT—HT™.

Proof. Use item v) of the Proposition 2.25 with ¢(\) :== A7%, #()\) := e ** and so on. [

Further results on the complex powers of A.

Let us keep all the assumptions and the notations of the previous subsections; in particular,
we consider the (extensions of the) powers A=* : H=° — H~>° for s € C. Moreover, for
any fixed r € R, let us define the strip

Y, ={seC|Rs>r}. (2.133)

Lemma 2.27. Let r,79 € R; for all s € X 1r,)/2, the operator A™° maps continuously

H™™ gnto H™.

Proof. Recall that, for any s € C, A~ maps continuously H "t to H~"72% (see Corollary
2.13). Moreover, for any s € X, 47,)/2, we have —ry + 2Rs > ry so that HoA2Rs <y e
this suffices to infer the thesis. n

Let us recall once more that, for any 1,7, € R, B(H ", H") indicates the Banach space
of continuous linear operators from H™"* to H", with the usual operator norm.

Proposition 2.28. For any ry,r2 € R, the following function is holomorphic:

Z(TI+T2)/2 — %(H_Tl,/}‘[w) ) s A° f'H_Tl . (2134)
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Proof. Let us fix sg € X, 1r,)/2 arbitrarily. For any s € X, 47,)/2, A™° can be represented
as the multiplication operator by the function w™ : K — C; the latter can be re-
expressed, in turn, as follows:

W™ = %o wf(sfso) — %0 67(5730) lnw _

+o0o

=w™*° Z m —lnw)" Z o SO w™ P (= Inw)"

n!
n=0 =0

Hereafter we will prove the following statements, yielding the thesis.
i) For each n € N, the operator A=*°(—In.4)" maps H~"" into H", and C,, := A~ (—In A)" |
H~"" is continuous from H ™" to H".

ii) The series > % (S_n;,o)n C, is convergent in B(H " ,H"™) for all s inside the disc
D(SO, Rsg — <T1—|—7“2)/2) C E(T1+T-2)/2.

iii) For all s € D(sg, Rsg — (r1+72)/2), the sum of the series in item ii) equals A~ [H .
These statements are proved in the following Steps 1, 2 and 3.

Step 1 - Statement i) holds and, for each n € N, the operator C,, has norm

Imnel”, (1) (R0 - ”;”)_”> . (2.135)

Let us fix n € N; moreover, let f € H™" so that w™"/2f € L*(K, j1). Then

||C774H‘B('H_TI,H7"2) S max (5_(8?50_7‘1;

r1+7r9

w/? (W™ (= Inw)"|f = [w_(so_ P )(—lnw)”] w2

so that we have w™°(—1Inw)"f € H" if the function w*(SO*”;W)(— Inw)™ is essentially

bounded on K. To go on, recall that sy — (r1 +72)/2 > 0 (since so € X(r,4ry)/2)
and that w(k) > ¢ for a.e. k € K; then, analyzing by elementary means the function

E, :[e,+00) = R, 2+ F,(2) := z~(Rso= T1+T2 )|1In 2|, we obtain

ess sup ‘w’(sofngrz)(—ln w)"‘ < sup F,(z) =max (Fn(s), Fn(e"/(%SOJI;TQ))) =
K z€e,+00)

el (2) (0= 2572) ") < oo
e 2

Summing up, we have shown that A™(—In A)"f = w™*(—Ilnw)"f € H™, and that
Chi=A(=In )" H™™ : H™™ — H™ fulfills

e, () (50 - “‘2”2)”) 11l

for all f € H™"; so, C, is continuous with norm fulfilling Eq. (2.135).
Step 2 - Statement ii) holds. The convergence radius of the series Z:{i% (S_n;,o)n C, in the
Banach space B(H ™", H") is p € [0, +o0], where

_ _ritro
= max <€ (Rso—=5)

1Coflls < max (<

1 . 1 1/n
— = lim sup <—‘ ||Cn||%(7-l_r177'lr2)>
p mn.:

n—-+o0o
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Let us show that p > Rsg — (r1+72)/2; in fact, due to Eq. (2.135) we have

1 1 ritr 1/n 1 n —n\1/n
— <max | lim (— g~ (Rso—"572)) ln8|") . lim <— (E) (3%30 _nt T2) )
P n—+oo \ ! n—+oo\n! \e 2

1

_ritrs
§R80 o

(to compute the above limits, we have used the Stirling formula n! = (n/e)*v/2mn w,,
with u, — 1 for n — +00).

Step 3 - Proof of statement iii). Let s € D(sg,Rsg — (r1+712)/2); for all f € H™", the
convergence of the series ::6 (5—;!0)" C, in the space B(H ", H") and the definition of
C,, imply the following

— (s = s0)" w (s = 50)" o~ (s —s0)" n
2 G f:ZO o Gl =) w )

n=0 n=0

and the last series converges in H™. On the other hand, it can be checked that the series
oo (57%0)" 4y=s0 (— Inw)™ converges in L®(K, y1) to the function w™*; in conclusion,

n=0 n!
+oo n
(Sesere)r-vy
n:
n=0
for all f € H", that is, Y000 &= ¢, = A= 7 0

Proposition 2.29. For any ri,r, € R, the following maps are holomorphic:
Yo — BH T, H?), t e AT e VAT (e YANVA) THTT L (2.136)

Proof. We report the proof only for the map t +— e *4; the derivation of same results
for the other exponential functions is analogous. We move along the same lines as in the
proof of the previous Proposition 2.28.

So, let 1,75 € R and let us fix to € Y. Recall that, for all t € Xy, e *4 can be
represented as the multiplication operator by the function e ** : K — C; the latter can
be re-expressed, in turn, as

e—tw — e—tow 6—(t—to)w —
+00 +oo
__—tow (t B to)n no__ (t — to)n —tow n
=€ 0 z;T(—'LU) —z;Te 0 (—QU) .

Hereafter we will prove the following statements, yielding the thesis.
i) For each n € N and for any ry,ry € R, e~%4(—A)" maps H™" into H™ and C, :=
e~ A (—A)" 'H ™™ is continuous from H ™" to H'2.
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ii) The series Z:ﬁ%% C,, converges in B(H ™", H"™) for all t belonging to the disc
D(%to, %tg) C 2.

iii) The sum of the series in item ii) equals e *A[H "1, for all t € D(Rto, Rto).

These statements are proved in the following Steps 1, 2 and 3.

Step 1 - Statement i) holds and, for each n € N and for any r1,ry € R, the operator C,
has norm

rq4r n -+ T1+7r2 n—l—m
Cllssae—r1 3ar2y < max (5’” ERGR (ﬁ) ’ ) : (2.137)

Let us fix n € N and let f € H™™, so that w™/2f € L?(K, uu); then

wr2/2 [e—tow(_wn)]f _ |:6—t0w<_1>nwn+¥} w—r1/2f )
Therefore, it suffices to show that the function e tv wt T s essentially bounded on K
to infer that e~ *%(—w)"f € H". To this purpose, let us first recall that Rty > 0 (since
to € Xo) and that w(k) > ¢ for a.e. k € K; then, analyzing by elementary means the

. rytr .
function F, : [¢,400) = R, 2z — F,(2) := e %?2"* "2 we obtain

ess sup |e’t0w(—1)”w"+ﬁ;r2] < sup Fu(z) =
K z€le,+00)
n_i_w 1+ n_i_w n—l—%
=max | F,(¢), F, <—2> — max | e ToegntT <—2) < 400 .
( ( ) 2 €§Rto

As stated above, this implies that e~%4 (—A)" f = e"%%(—w)" f € H"™ which also ensures
that the operator C, := e %A (—A)" [ H™" maps H " to H"2. Moreover, the arguments
employed also give

B e n -+ Titre  py it
L e Y (e L T

(& %to

for all f € H™"; so, C, is continuous with norm fulfilling Eq. (2.137).
Step 2 - Statement ii) holds. Indeed, the convergence radius of the series EZ:{) (t_;f)n Cn
in the Banach space B(H ™", H"?) is p € [0, 4+00], where

1 . 1 1/n
; = lim sup <E HCnH%(H—m,sz

n—-+o0o

Next note that, due to Eq. (2.137), we have

1 1 r14ro \ 1/ 1 n+ r1+79 n+ ri+rg 1/n 1
— <max | lim (— e Roent L 2) . lim (_ ( 2 > 2 ) _
p n—+oo \n! n—+oo \ /! e Rty Rt

(the above limits have been comptuted using again the Stirling formula n! = (n/e)"v2mn u,,
with u,, — 1 for n — 400); so, p > Rto.
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Step 3 - Proof of statement iii). Let t € D(Rtg, Rty). For all f € H™", the convergence
of the series Zi% (t_n;,o)n C, in the space B(H ", H") and the definition of C,, imply the
following

400 . n 400 . n +oo i n
(L) = e =3 Coph ey
n=0 ’ n=0 ’ n=0 ’

the last series converges in H™. On the other hand, it can be checked that the series
e % e~ (—w)™ converges in L°(K,u) to the function e **; summing up, we

have shown that
+oo

t—ty)"
(Z( |0) Cn>f:€_twf
n!
n=0
for all f € H™"™, that is, ::6 WC} =e tATH T, O

Proposition 2.30. For any r €R and for any n€N, the following maps are of class C":

R — %(HT+2(TL+1)7 7_[7‘) 7 t = e—it-A rHT‘f‘Q(”“‘l) ,
R — %(Hr—&-n—&—l,Hr) ’ t = e—it\/fl [Hr-i—n-‘rl ’ (2138)
R — B(H ™ H") , s (e ANA) TH

Proof. As an example, we consider the map t — e A and show the existence and con-
tinuity of its first derivative (arguments similar to those presented hereafter can be em-
ployed to discuss the higher order derivatives). Let us stress that, in view of the identity
e A = emitoAp—il=t0)A and of the fact that e ™+ is an Hilbertian isomorphism on M’
(for any to € R and for any r € R), it suffices to discuss the differentiabilty in ¢ = 0.
Therefore, to infer the existence of % e~ A it suffices to show that

e A _ 1 4+4tA

. =0  inBHTHH) fort—0. (2.139)

Notice that, by definition, there holds

—itA_ 1
|21l

e A — 1 +itA :

t

= sup ;
B(HT+4HT) feHr+4 Hf ||r+4

moreover, using representations of H and A as in Eq.s (2.54-2.56), for any f € H'+2(n+1)

we have
2
:/ dp w”
r K

2 1
/ dp w” 2 (1 —cos(wt) — twsin(wt) + §w2t2> Vi
K

e A _ 1 4+4tA
t

f

e”M 1 4wt ‘2

; f
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On the other hand, it can be proved by elementary means that 3 (1—cos(w t)—t w sin(w )+
Tw?) < 1 w*t? for |t| small enough; this allows to infer

e A 1 4+t A
t

’ t2 4 2 t2 2
Al <5 [ dwarsise =Sk
r K

Summing up, the above considerations imply

e A 1 4+4tA

t
t "7

<
B(H+4,HT)

which, in view of Eq. (2.139), proves the existence of the map R — B(H" H"),
t— % e~ = —jde ™A The latter can also be shown to be continuous by arguments
analogous to those employed above, thus yielding the thesis. O]

Before moving on, let us prove the following proposition, relating the complex powers A~*
(s € C) to the Mellin transforms of the exponential operators e 4, e~ tVA ¢ tVA/ /4

Proposition 2.31. Let t € (0,400) and consider the operators e=t4, e=tVA o=tVA \/4 .
H° — HT>® defined in Corollary 2.14; besides, let r1,79 € R be such that ri+ry > 0.
Then, for all f € H™™ and all s € X, 4r,)/2 the following relations hold in H™:

A f = ﬁ / +oodt tsle M (2.140)
0
A5 f = ﬁ /+Oodt 25l tVA £ (2.141)
0
s 1 e 25—2 [ —tVA

In the above, all integrals are intended in the Gelfand-Pettis sense and involve functions
from (0, +00) to H™ (in fact, according to Corollary 2.14, e A f, e VA f (e=tVA [\JA) f €
HT — H™).

Proof. We report the proof only for the operator e~*4 (the proof for the other operators
is analogous). Fix 71,ry € R with ry + 79 > 0; for any s € X, 4r,)/2 and any f € H™",
one has A~°f € H? " — H"™ (see Corollary 2.13). Next, recall that all linear forms
on H™ have the form (g| ), for some g € H™" (with ( | ) denoting the extended inner
product of Proposition 2.16). Then, by the definition of the Gelfand-Pettis integral,
proving Eq. (2.140) amounts to showing the following: for any ¢ € H "2, the function
t > t571 (gle "t f) is integrable and

+o0
(gl A= f) = % / dt £ (gle ) (2.143)
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Now, consider the representation (2.54-2.56) for H and A; then, A~* and e~** correspond
to the multiplication operators by the functions w™® : K — C and e * : K — R,
respectively. So, Eq. (2.143) (to be proved) can be rephrased as

1 oo
/du w g f= —/ dt tSl/ due ™gf . (2.144)
K I'(s) Jo K

Indeed, recall that w(k) € [e,400) for a.e. k € K and that $s > 0, since s € X, 41p)/2
and r1+79 > 0; in consequence of this, we have (see [122], page 139, Eq. 5.9.1) w(k)™* =
ﬁ f0+°°dt t5 e t®) for a.e. k € K. Therefore Eq. (2.144) is, in turn, equivalent to

i Jun ([ e e )os = g [aee (fawear)

Summing up, the thesis follows if we can show that the order of integration on K and
(0,+00) can be interchanged; this statement is ensured by the Fubini-Tonelli theorem

[134] if

I ;:/ dt @dp [ e ™G f| < 400 (2.145)
(0,400)x K
To prove Eq. (2.145), first re-express the integral therein as
I= / dt @ dp ™! (e_t“’wrl;m) jw™"2/2g| lw™/2 £
(0,400)x K

r1+r9y

Then, consider the function F' : (0,400) = R, t == F(t) := Sup,ep 400) [0 2 €7*]; by
elementary methods, we obtain

r1+7r9

T1+T2 2 ritrg
F(t) =< 5ot ) X(0,(r+r2)/ (20 (8) + (6 >e “) X((r1+72)/(26)400) (£)

(where y denotes the indicator function; see the footnote 11 of page 29). It follows that

+o0
I< (/0 i F(t)) (/Kdu lw™"2/2g| \w”/QfO : (2.146)

On the one hand, due to Holder’s inequality we have [, du [w="2/%g|[w=/2 f| < ||g||—r, || flI =1,
so that the second integral in Eq. (2.146) is finite. On the other hand, concerning the
first integral in the same equation, we have

ritry Ty

+w T T T T T +w
/ dt t™ L F(t) = (r1+r2> ) / B s S 2/ dt the L et
0 L

0 26 +72

2e

both the integrals on the right-hand side are finite since s € X, 4,)/2 and € > 0. Summing
up, Eq. (2.146) proves Eq. (2.145), thus yielding the thesis. ]
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2.6 Schrodinger-type operators: regularity and
self-adjointness.

So far, we have been considering an abstract framework where A was some self-adjoint
operator acting on a given Hilbert space H. In this section we analyze more in detail the
case where the basic Hilbert space is H = L?(Q), with Q C R? a suitable domain, and A
is determined by some differential operator on it.

Regularity results for elliptic differential operators.

Local results.

Let us first assume that €2 is an arbitrary domain in R? and let us choose a “potential”
VelC™®Q,R); (2.147)

we will make more specific hypotheses on €2 and V' when necessary. Moreover, let us
consider the second-order, proper (see [38, 107, 156]) elliptic differential operator of
Schrodinger type

A=—NAN+V : D(Q)— D) (2.148)

(recall that A stands for the d-dimensional Laplacian, i.e., A = Zle Opigi). For any
n € N and any r € R, it is easily checked that
AHIM(Q) € H () (2.149)

loc

and that A" | HF?"(Q) maps continuously H[F*"(Q) into H],.(2) (see [38], page 98,
Proposition 2.13). Furthermore, the standard theory of local regularity for elliptic differ-

ential operators allows to derive the following result.
Theorem 2.32. Forn € N, the following statements hold.
i) One has
HMQ)={feD Q)| A"f € L?.(Q) form=0,...n}. (2.150)

loc loc

ii) Consider the standard topology of H(Q), based on the family of seminorms f

lefllaze (0 € D(Q)). This coincides with the topology induced by the family of seminorms
flleA™fll: (peD(Q), meA{0,...n}) . (2.151)

Proof. We give the proof of the statements i) and ii) in several steps.

Step 1 - Proof of i). Let us provisionally denote with H?"(£2) the right-hand side of Eq.
(2.150); it is evident that H2(Q) C H**(2). The proof of the reverse inclusion relies on
the following well-known result:

meN, reR, feD(Q), A"fc H..(Q) = fecH Q) (2.152)

loc
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(see, e.g., [141] and Theorem 3.2 of [97]). Now, let f € H?*"(Q); the condition in Eq.
(2.150) with m = n reads A"f € L% () = HP (Q) and this implies f € HZ"(Q).

Step 2 - An inequality. For any ¢ € Z and any compact subset K C €2, let us define the
set Hi(Q) := {f € HY(Q) | suppf C K}; then AHL?(Q) C HE(Q). Since A is a proper
elliptic operator of degree 2 in the sense of [38] (see also [107, 156]), for each ¢ € Z and
each compact subset K C (2 there exists a constant Cy g > 0 such that

llzers < Corc(IAf e + 1 fllz2)  for all f € Hi() (2.153)

(see [38], Theorem 8.11; the inequality written above follows from Eq. (8.11.3) therein,
setting m = 2 and t = 0 (1%)).

Step 3 - Another inequality. Let { € Z, ¢ € D(2). We claim there is a constant Cy, such
that, for all f€ H.P2(Q),

loc

[0 f[[ ez <
d (2.154)
Cog [ IeCAN e + D 1@ai@) Fllzess + 11(20) Fllze + 0Nz | -
i=1
Indeed, let ¢, be as above, and set K := suppyp; in the sequel, “const.” indicates a

positive constant, depending only on ¢ and ¢. Let f € HE2(Q); then of € Hi?(Q) and
the inequality in Eq. (2.153) for this function gives

[l res> < const.([A(p )l ae + [l@f2) - (2.155)
On the other hand A(¢f) = @(Af) — 230, 0,:[(Dsip) f] + (L) £, which allows to infer
A e <

d 2.156
(A e + const. S @)l + 1(A@) e (2156)

i=1

Moreover, recall that ¢ is smooth and has compact support. These facts and the inequal-
ities in Eq.s (2.155) (2.156) yield the thesis (2.154).

Step 4 - Proof of ii). Let us show that each of the topologies based respectively on the
family of seminorms f — [[@A™ f]|z2 and f +— ||of]|g2n (¢ €D() ) is finer than the other.
To this purpose we will prove that, for all ¢ € D(Q2) and for all n € N, there exist two
constants C,, ,, C;, , > 0 and two finite sets I,,, I}, , such that

Uz n,p
lefllaen < Cog Y 10*0)A™ fllz2 (2.157)
(m,a)€l,

18As a matter of fact, the cited Eq. (8.11.3) of [38] is stated for functions in C°°(2) with support
in a given compact subset, but can be readily extended to functions in H; v elementary density
in a gi bset, but can be readily extended to functions in H52(Q2) by elementary densit
arguments.
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loA™ fllze < Crp > N0 fllaen - (2.158)

vel,

The set I,, appearing above has elements of the form (m,a), where m € {0,...,n} and «
a multi-index with [a| < 2n; on the contrary, I, , is a subset of D(Q2).

Let us begin proving Eq. (2.157). By Eq. (2.154) in Step 3 of the present proof (here
employed with ¢ = 2(n — 1)), for all f € H2"(S2) one has

loc

I f a2 <

d
Can-1) (Ilw(Af)llem—n + Y 1@0) fllzn-t + [(A0) fll 2w + ||90f||L2> :
i=1

note that all the terms on the right-hand side of this inequality are of the form ||(0%¢) v|| &
for some multi-index a of order |a| < 2 and some v e HF () (k € N, k < 2n). Each
of these terms can be estimated in the same way, employing once more Eq. (2.154)
(with ¢ replaced by 0%p). This procedure can be iterated n times, until only norms of
order 0 or less are left on the right-hand side; clearly, each term remaining is of the form
|(0%)A™ f|| g for some m € {0,...,n}, k € {—1,0} and o a multi-index with |a| < 2n.
Then, the inequality (2.157) follows since |[v||g-1 < const. ||v|[go = const. ||v||L2 for all
v € L*(Q) with compact support ('?).

Let us now pass to justify Eq. (2.158); indeed, this inequality is a just a reformulation of
an already mentioned fact, i.e., the continuity of the differential operator (A™ | HZ"(9)) :
H(Q) — LE_(Q) (let us recall again reference [38]). O

loc

Global results.

Making stricter assumptions on the domain 2, on its boundary 0€) and on the regularity
of the potential V' defining the elliptic operator A of Eq. (2.148), one can infer stronger
versions of Theorem 2.32 which allow to deal with the behaviour of the functions under
analysis up to the boundary of €.

For example, from here to the end of this paragraph, let us consider the case where

2 C R? is a bounded domain with compact boundary 0N} of class C'™ (2.159)
and V : Q — R has a C* extension V : Q = QUIN — R; ’
these hypotheses suffice to infer the continuity of the differential operator (A™ | H*?"(Q)) :

H*2(Q) — HY(Q) for any n € N and any ¢ € Z (compare with Eq. (2.149)).
In this situation, it is natural to consider the behaviour of functions on the boundary of
Q2. As well known (see, e.g., [109]) there is a linear, continous operation of trace

HY(Q) — L*(09) , f— f1o9Q (2.160)

19See [97], Chapter 2, Section 3, pages 121-122.
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that coincides with the usual operation of restriction to 99 on any function f € C*(Q);
moreover the space Hj () (defined, we recall it, as the closure of D(Q) in H'(Q)) admits
in the present case the representation

Hy(Q)={fe H(Q) | f10Q =0} . (2.161)

The prescription f [ 0€2 = 0 is a Dirichlet boundary condition; in the sequel we will be
especially interested in analysing the differential operator A (and its powers) with these
boundary conditions, indicated by the symbol ©. In view of this, following [109] (see
pages 228-229), we introduce the following space:

Definition 2.33. For n € N we put
HZ(Q) :=={f € H™Q) | (A™f) 102 =0form=0,...,n—1}. (2.162)

Remark 2.11. If f € H*(Q) and m € {0,...,n — 1}, then A™f € H**™(Q) Cc H'(Q),
so it makes sense to speak of the trace (A™f) [ 02. Elementary considerations related
to the linearity and continuity of the operators A™, | 9 ensure that HZ*(Q) is a closed
linear subspace of H?"(2) and, in particular, it is itself a Banach space with the norm

|| || z2n; furthermore, it appears that D({2) and, consequently, its closure HZ"({2) are linear
subspaces of HZ"(2).

In analogy to Theorem 2.32, one can infer the forthcoming result.

Theorem 2.34. Forn € N, the following statements hold.
i) One has

A"f e L*(Q) and } _ (2.163)

H3'(Q) = {f € D'(Q) ‘ A™f e HY(Q) form=0,..,n—1

i) The standard topology of HZ'(SY), inherited from H?*"(Q), coincides with the topology
induced by the norm

Fe Y Al (2.164)
m=0

Proof. The thesis can be proved moving along the same lines as in the proof of Theorem
2.32; hereafter we only point out the main steps.

The essential argument is the following, well-known result of regularity (see [62] page 323,
Theorem 5):

keN, ge Hy(Q), Ag € H*(Q) =

s (2.165)
g€ H™(Q) and ||g|[gr+e < const.([[Ag[lmx + [|g]|z2) -

In order to show statement i), let us temporarily indicate with HZ'(Q2) the space in the
right-hand side of Eq. (2.163); of course, H3"(Q) C HZ*(2). On the other hand, for any
[ € HE(Q), we have A(A"1f) = A"f € L*(Q) and A" 'f € H}(Q); by (2.165) with
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g = A""1f and k = 0, this implies that A"~'f € H?(Q). Iterating these arguments one
obtains A"~¢f € H*(Q) for £ = 0,...,n and, in particular, f € H?*(Q), which proves the
inclusion HZ"(Q) € HE(Q).

Next, since €2 is bounded and the potential V' is smooth up to the boundary (whence,
bounded along with its derivatives), it can be easily checked that there exists a positive
constant “const.” such that, for all f € H3"(Q),

D> A fllze < const. || f[| g2 (2.166)
m=0

on the other hand for f € HZ'(Q), repeated use of the inequality in (2.165) gives || || g2n <
const. (|| Af|g2n-2 + || fl|z2) < const.(||A%f||gzn-a + ||Af||z2 + || f||z2) and, more generally,
| £l 2n < comst.(||ACf || gan—2e + anzo I|A™ f||L2) for £ =0, ...,n; in particular, with £ =n
we have

£l 2 < const. Y [|A™f]| e - (2.167)
m=0
Summing up, Eq.s (2.166) (2.167) prove statement ii). O

Some possible generalizations.

Results analogous to those discussed in the previous Theorems 2.32 and 2.34 can be
derived under more general hypotheses for the differential operator A, for the domain
2 and for the boundary conditions on 9€2. The proofs of these results closely resemble
those of the cited theorems, and do in fact rely on essentially the same arguments; for
this reason, these proofs will not be reported in this manuscript. We will limit ourself
to simply mention some variations of Theorems 2.32, 2.34 and to hint at some of their
possible, further generalizations. Let us notice that, as a matter of fact, some of these
generalizations are not of direct interest for the physical applications to be considered in
Chapter 3 of this work. Nevertheless, they are likely to have an interest of their own and
in connection with other topics, which are not dealt with in the present manuscript; for
these reasons we report them here anyway for completeness.

First of all, let us stress that if A is any second order, formally self-adjoint, proper elliptic
differential operator (*°)

A= "a,0" : D'(Q) - D (Q) (2.168)

|| <2

20Formal self-adjointness of the operator A in (2.168) means that A coincides with its Lagrange adjoint
[39]
Al =" (=0)%an : D'(Q) = D'(Q) .

lov] <2

We refer again to [38, 107, 156] for the definition of proper differential operator.
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for some smooth coefficients a, : @ — C (a € N, |a| < 2), then the results of Theorem
2.32 continue to hold, understanding A to be as in Eq. (2.168); similarly, if the domain
Q) and its boundary are as in Eq. (2.159), assuming that a, € C*(2) and that Dirichlet
boundary conditions are prescribed on 0f2 one can infer statements analogous to those of
Theorem 2.34 ().

Next, let us note that one could make weaker assumptions on the regularity of the bound-
ary 02 and of the coefficients defining the differential operator A. For example, let us
consider the case where 4 is as in Eq. (2.168) with a, € C%(Q) for some j € N; then,
Theorem 2.32 continues to hold for all n € N with n < 7. On the other hand, Theorem
2.34 is still valid for the same values of n, if € is bounded with boundary 92 of class
C%+% and if a, € C¥(Q) (Ja| < 2).

Finally, let us draw the attention to the fact that boundary conditions different from those
of Dirichlet type could be taken into account, as well. To this purpose, let us consider
the case described in Eq. (2.159), where €2 is bounded with boundary of class C* and
A=—A+V with V € C®(Q); hereafter we briefly analyze as examples the cases where
either Neumann or Robin boundary conditions (respectively indicated with the symbols 9t
and fR) are imposed on 9f). Following the Definition 2.33 of HZ"(Q2) (n € N), we consider

the spaces described hereafter (see again [109], pages 228-229).

Definition 2.35. For any n € N, we introduce the spaces (compare with Eq. (2.162))

HF(Q) = {f € H™(Q) | 0a(A™f) 02 =0 form =0,...,n—1}, (2.169)
HFY(Q) == {f € H™(Q) | (h+0u)(A™f) 1002 =0 for m=0,...,n—1} ; (2.170)

here n : 9Q — R? is the outer normal versor, 0, = Z?:l n'0; indicates the normal

derivative at points of Q and h : 9Q — C is an assigned function of class C* (*2).

21 In fact, results analogous to Theorems 2.32 and 2.34 can be derived for any proper elliptic differential
operator of arbitrary order p € N, with smooth coefficients a, (|| < p):

A=) a, 0% : D'(Q) > D(Q).

la|<p
For example, in place of Eq. (2.150) it can be proved that

H(Q)={feD'(Q) | A"f e L (@) forallm e {0,...,n}}
and that the topology determined by the family of seminorms f — || A™ f||z2 (¢ € D(Q2), m € {0, ...,n})
is equivalent to the ususal one of Hfgé(Q) Moreover, results analogous to those of Theorem 2.34 could
be derived assuming that €2 is bounded with smooth boundary 02 and that the coefficients a, (|a| < 2p)
are of class C* on ). Nevertheless, the case of a differential operator A of order different from p = 2
mentioned within this footnote is not strictly relevant for the purposes of the present work; therefore, it
will never be considered in the remainder of this manuscript.

22For m = 0, ...,n — 1, the above prescriptions on the normal derivatives of A™ f make sense because
(for i =1,...,d) one has 9;(A™f) € H'(£), which allows to define the trace of this function on 9.
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Let us assume that n, h have extensions n € C*(Q, R?), h € C*(Q, C) (allowing to define
On = Zle n'®; and h + 0, everywhere on ). Then, in analogy to Theorem 2.34, one
can easily infer the forthcoming result, which we report here without proof.

Theorem 2.36. For n € N, the following statements hold.

i) One has
Hy () = {fED/(Q) | o,(4m) eAff§<§>L 532 man:do, n1 } ) (2.171)
M) . / A"feL*(Q) and
Hy' (€)= {fED (@) ‘ (h+ 0n)(A™f) e HY(QY) form=0,...,n—1 } ' (2.172)

i) The topology of induced by H**(Y) on HF'(Q) and HZF(Q) coincides with the one
determined by the norm f— Y " _|JA™ f]| 2.

Remark 2.12. As a matter of fact, most of the results to be derived in the remainder of
the present Chapter 2 continue to hold under more general assumptions; for brevity, this
fact will not be restated every once in a while, although it is implicitly understood most
of the times.

In order to avoid misunderstandings, let us stress that in the following we will always
assume A to be the differential operator of Eq. (2.148). Moreover, we will generically
speak of suitable boundary conditions (s.b.c. for short) when the prescribed conditions on
0f) are of Dirichlet, Neumann or Robin type; in fact, we will typically consider boundary
conditions of Dirichlet type, even though most of the results presented in the following
continue to hold if Dirichlet conditions are replaced with s.b.c. (also of Neumann or Robin

type).

The general notion of admissible operator. Some examples.

Let us consider the Schrodinger-type differential operator A := — A+ V introduced in Eq.
(2.148), where V' € C*(Q2). The definition that follows will be referred to systematically
in the sequel.

Definition 2.37. Consider a linear subspace D 4 of the Hilbert space L?(Q2). We say that
D4 is an admissible domain for A if:
i) AD4 C L*(2) and the operator

A:=(AIDy) : Dy C L*(Q) — L*(Q) (2.173)

is self-adjoint;
ii) o(A) C (0,400) (strict inclusion), where o(.A) indicates the spectrum of A.
Under the above conditions, A will be referred to as an admissible operator.

Herefter we review some known cases where D 4 verifies the admissibility conditions. In
these examples D4 is contained in H} () which means that, if 9Q # ), Dirichlet boundary
conditions are being considered.
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Given D4 and V' with suitable features, the propositions reviewed hereafter contain suffi-
cient conditions for the self-adjointness of A and also localize the spectrum o(A) within
proper intervals, thus allowing to prove in certain cases that o(A) C (0, +00).

It would not be difficult to extend our list of examples considering cases where the bound-
ary conditions are of either Neumann or Robin type (see the comments at the end of the
previous subsection).

Proposition 2.38. i) Assume

Q C R? to be an arbitrary domain,

V(z) > W for allz€ Q (WeR) (2.174)
and define
Dy:={f € H)Q) | Af € L*(Q)} . (2.175)
Then A := A | Dy is self-adjoint and
g(A) C [W,+00) . (2.176)
In particular, A is an admissible operator if W > 0.
ii) In the particular case @ = R?, the definition (2.175) of D4 is equivalent to
Dy:={f e L*RY | Af € L*(RY)} . (2.177)

Proof. 1) Assume first W = 0; in this case A is m-accretive (see [89], Theorem I). Since
A is symmmetric, this is equivalent to say that A is self-adjoint and o(.A) C [0, 4+00) (see
[90], page 279, Problem 3.32).

Consider now the case of an arbitrary W€ R. Let V(x) := V(x) — W, and A, Dom(A),
A be defined respectively as A, D4 and A replacing V with V; since V(x) > 0, the result
proved above for W = 0 implies that A is self-adjoint and (A) C [0, +0c). On the other
hand, one easily ckecks that D4 = Dom(A) and that A = A + W1 (with I indicating the
identity operator on L?(2)), whence the thesis about A.

ii) Let Q = R? and recall that H}(R?) = H*(RY) (see [7], page 56, Corollary 3.19); to
get the thesis, it must be shown that f € L?(RY) and Af € L*(R?) imply f € HY(R?).
Indeed, the assumptions on f and Proposition (2.32) give f € H2_(R%), so the first and
second distributonal derivatives of f are ordinary functions of class L? (RY). To prove
that f € H'(R?) it remains to show that [p, [Vf|* = 30| [ea [0if]> < +00; let us only
sketch the argument, based on the manipulations reported hereafter and on the remark
that V — W > 0:

oo > [ Fosevp-w [ f = [ viEe [ w-wie > [ wre.

]
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Proposition 2.39. Assume

Q C R? to be a domain bounded along a direction

V(z) > W forall ze Q (WeR) (2.178)

and consider the self-adjoint operator A with domain D4 as in Eq. (2.175). Then

o(A) C [i W, +oo> , (2.179)

(&)

where cq > 0 is a constant fulfilling the Poincaré inequality of Eq. (2.6). In particular, A
is an admissible operator whenever W > —1/cq.

Proof. 1t suffices to show that

(flAf) 2 > (% + W) 17115 for all f €Dy . (2.180)

In fact, given f € D4 we have

_ 1
(FIAf) 1z = / F(—Af+ V)= / VPt / VISP = / |f|2+W/Q P

whence the thesis of Eq. (2.180). O

Proposition 2.40. Let
Q=R", V(z) > W forallze R (W € R) , (2.181)

and consider the self-adjoint operator A with domain D4 as in Eq. (2.177). Besides,
assume that there exist ro € (0,+00), p € (1,+00) and a,b € (0,400) (depending on V')
such that, for all ¢y € RY,

1
—_ V-W)>a, (2.182)
|B(m07 r0)| B(izo,ro)

(m /B(mo,m()v N W)pf = m /B (WO()V -W); (2.183)

finally, let cg € (0,400) denote a constant fulfilling the Poincaré-type inequality of Eq.
(2.7). Then

o(A) C [F+W,+o0), Fi= I >0, (2.184)
224(2c%abr—17rg + 1) max(2,27-1)

In particular, A is an admissible operator if W > —F.
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Proof. In the case W = 0, the thesis is proved in [145] (see Theorem A of this work; the
constants ¢;, i = 1,2,3,4, mentioned therein satisfy ¢; = cp, ¢z = 2%, c5 > a, ¢4 = b).
The case of an arbitrary W € R is treated applying the results of [145] with V replaced
by V := V — W, then, as in the proof of the Proposition 2.38, one must note that the
operator A corresponding to V has the same domain D4 as A and is related to it by
A = A+ WI (again, recall that I is the identity operator on L2(Q2)). O

Let us add to the previous examples a statement on the integer powers A" (n € N) of a
suitable admissible operator A; let us recall that by item iii) in Proposition 2.4, the space
Dom(A™) coincides with the abstract space H?" associated to A; the latter carries the

Hilbertian norm || f||2n, := ||A™f||z2-

Proposition 2.41. Assume A to be an admissible operator with domain Dy = {f €
H}(Q) | Af € L*(Q)}. Then the following statements i) and i) hold.
i) For alln € N

Dom(A™) ={feD'(Q) | A"f € H}(Q) form=0,...n—1, A"f € L*(Q)} . (2.185)

ii) If in addition the assumptions (2.159) are fulfilled (so that Hy(Q) = {f € H'(Q) | f|
002 = 0} and Dy can be interpreted in terms of Dirichlet boundary conditions), then, for
alln € N,

Dom(A™) = {f € H*™(Q) | A"f1002=0 form =0,....,n — 1} ; (2.186)

Dom(A™) is a closed subspace of H**(2), and the topology that it inherits from H?*"(Q)
coincides with the one induced by the norm || fll2n = || Af] L2

Proof. 1) This statment follows by a simple verification by recurrence, based on the defi-
nition Dom(A""!) = {f € Dom(A") | A"f € D4}

ii) To prove the representation (2.186) of Dom(.A"), we must show that the right-hand
sides of Eq.s (2.185) and (2.186) coincide; in fact, we already know this from subsection
2.6 (see Definition 2.33 and Theorem 2.34). In the cited subsection we have already noted
that the space described by (2.186) is a closed subspace of H**(f2), and we have shown
that the topology that it inherits from H?"(§)) agrees with the one given by the norm
=30 oA fll2 (see again Theorem 2.34). In the present case where admissibility
requires Dom(A) C [e,4+00) for some £ > 0, we have ||A™f| 2 < e~ A"f| 1> for
m =0,...,n (see Eq. (2.84)), so that || A" f|| 12 is a norm equivalent to > _ || A" f||z2. O

Embedding results for the scale of Hilbert spaces.

Assume again Q C R? to be an arbitrary domain and A to be a Schrodinger-type operator
as in Eq. (2.148). Let D4 C L*(2) denote any admissible domain for A and consider the
spaces (H',|| ||») associated to the admissible operator A (see Proposition 2.4). Recall
that ||f]l, = [ A/2f]|z2, for f € Dom(A™/?); besides, H" coincides with Dom(A"/2) for
r > 0, and it is its completion for r < 0.
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Proposition 2.42. Let r € [0,+00); then H" is a linear subspace of H} (S2), and there
holds the continuous embedding
H" — H,.(Q) . (2.187)

Proof. The proof is divided in several steps.

Step 1 - The thesis holds in the case r = 2n, for any n € N. Let f € H*" = Dom(A");
then A™f € L*(Q) C L7 .(Q) for all m € {0,...,n}. This implies f € HZ(Q2), due to
item i) of Theorem 2.32. On the one hand, by item ii) of the same theorem, the topology
of HX"(2) is induced by the family of seminorms f + |[@A™f]| 12, for ¢ € D(Q) and

m € {0, ...,n}. On the other hand, for such ¢, m and for all f € H?", one has

lp A" fllze = llp A" fll 2 <
m 5 = —(n—m)
< (sup el ) 14"l = (suplel) 1 fllan < (suplel) &1 2o

(see Proposition 2.5 for the last inequality); this proves the continuity of the embedding
H*™ — HE(Q).

Step 2 - Reformulation of the statement to be proved, for arbitrary r. For each ¢ € D(Q),
let us introduce the linear operator of multiplication M, : D'(2) — D'(RY), f+— M, f =
@of. Consider any r € [0,+00); then, the definition of H| () can be rephrased as

H (Q) = {f € D(Q)| M,f € H'(RY) forall ¢ € D(Q)}. Recall that the topology
of H] () is, by construction, the initial topology with respect to the family of maps
M, : H () — H (R?) (p € D(2)). Then, due to the characteristic property of the

initial topology, the statement H" — H] (Q2) is equivalent to the following: “for each
¢ € D(Q), M, maps continuously H" into H"(R?)”.

Step 3 - Proof of the thesis for arbitrary r € [0,+00). Given such an 7, let n denote
the unique natural number such that 2n < r < 2n + 2; then there is a unique 0 €
(0,1) such that r = 2n(1 — ) + (2n + 2)f. Due to Step 1, we know that H** —
HZ(Q) and H¥ 2 — HEP(Q); so, due to Step 2, for each ¢ € D(Q) the operator M,
maps continuously H?" into H**(R?), and H?*"*? into H*""?(RY). By the fundamental
theorem of interpolation (Theorem 2.3), for each ¢ the operator M, maps continuously
[H?", H* 2], into [H?"(R?), H?"T2(RY)]s; however, using Eq.s (2.37) (2.85) with ry = 2n,
r1 = 2n + 2, we obtain [H?", H?*""?]y = H" and [H?"(R?), H*""2(RY)] = H"(RY). In
conclusion, for any ¢ € D(2) the operator M, maps continuously H" to H"(R?); due to
Step 2, this proves that H" — H[ (Q). ]

loc

Corollary 2.43. Let r € R and j € N be such that r > j + d/2; then there holds the
continuous inclusion
H — CI(Q) . (2.188)

More precisely, H"™ — C?(Q) < C¥(Q) for each X € (0,1) such that r > j +d/2 + .

Proof. In fact H" — H[.(Q2), (for » > 0) by the previous proposition, and H| .(Q2) —
CIA(Q)) = C7(2) by the Sobolev embedding theorem (see Theorem 2.1 of page 17). [
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Similarly to the analysis performed in subsection 2.6, hereafter we are going to show that
stronger versions of Proposition 2.42 and of the related Corollary 2.43 can be derived
making stricter hypotheses on the regularity of the domain €2, of its boundary 0€2 and of
the Schrodinger-type operator A = — A + V.

For example, let us make the assumptions described in Eq. (2.159), so that € is a bounded

domain with boundary of class C* and A = — A+ V with V' € C*(2), and consider the
Sobolev spaces H"(Q2) (r € R). Then, there hold the following results.

Proposition 2.44. Let the assumptions (2.159) hold with Dirichlet boundary conditions
prescribed on 0S); then, for any r € [0,4+00), H" is a linear subspace of H"(S)) and there
holds the continuous embedding

H" — H"(Q) . (2.189)

Proof. The proof closely resembles that of Proposition 2.42, and it is divided in several
steps likewise.

Step 1 - The thesis holds in the case r = 2n, for any n € N. This is granted by item ii)
of Proposition 2.41, dealing with Dom(A") = H*".

Step 2 - Proof of the thesis for arbitrary r € [0,4+00). Let n € N be such that 2n <
r < 2n + 2; then, there exists a unique 6 € (0, 1) such that r = 2n(1 — 6) + (2n + 2)6.
Due to the interpolation relations (2.85) and (2.38), we have [H?", H*"2], = H" and
[H>™(Q), H**2(Q)]s = H"(Q). on the other hand, due to Step 1, we already know that
the identity maps linearly and continuously H*" into H**(Q2) and H*"*2 into H*"*2(Q).
So, by the fundamental theorem of interpolation (see Theorem 2.3), the identity maps
linearly and continuously H" into H"(£2). O

Corollary 2.45. Let the assumptions (2.159) hold with Dirichlet boundary conditions
prescribed on 0S); moreover, let r € R and j € N be such that r > j + d/2. Then there
holds the continuous inclusion

H — CI(Q) . (2.190)
More precisely, H™ < CINQ) < CI(Q) for each X € (0,1) such that r > j+d/2 + .
Proof. In fact H" — H"(Q) (for 7 > 0) by the previous proposition, and H"(Q) —
CIA(Q) < CI(2) by the Sobolev embedding (2.19) of Theorem 2.1. O

Dirac delta functions.

The Dirac delta at interior points.

Let once more () be an arbitrary domain and let V' : 2 — R be a smooth potential on it;
we indicate with x an arbitrary point in the interior of €2, i.e.,

xeq. (2.191)

Corollary 2.43, discussed in the previous subsection, has the following implications.
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Proposition 2.46. Let x € €); then, there hold the subsequent statements.
i) There exists a unique element 0, € H™>° such that, for all T > d/2, §, € H™" and

(04 f) = f(x) forall f € H" . (2.192)

i1) Let a denote a multi-index of order |a|; then, there exists a unique element 0%, € H™>°
such that, for all v > |a| + ¢, 96, € H™" and

(0%,|f) = (=)o f(x)  forall f € H" . (2.193)

Remark 2.13. Let us stress that the left-hand sides of Eq.s (2.192) (2.193) both contain
the extension (2.103) of the inner product { | ) on H = L?(Q2). To define the right-hand
side of Eq. (2.192), notice that H" — C°(Q) for any r > d/2 and evaluate at x the
continuous function f; on the other hand, recall that H" < C7(Q) for r > j+d/2, so that
the the right-hand side of Eq. (2.193) can be interpreted in terms of the a-th derivative
at x of the €V function f (for any |a| < j).

Proof. 1) First note that the evaluation map
ex:C') = C ., fre e f) = fx)

is a continuous linear form. Now, let us fix r > d/2 arbitrarily; since H" < C°(Q), ex| H"
is an element of the topological dual (H"). Then, by Proposition 2.18 there is a unique
element of H~", which we denote provisionally with 07, such that (0,|f) = (ex, f) = f(x)
for all f € H".

To go on, note that §7 = 0L for all s, € R such that s > r > d/2; in fact, for any
such s and 7, one has 05 € H™%, 0, € H™" C H™*® and (6%|f) = f(x) = (o%|f) for all
f € H® CH", sothat ¢ and ¢ are the same element of H™*.

In conclusion, all the elements d%, (r > d/2) are copies of a same element, that we indicate
with dy; this element belongs to H™" for any r > d/2, and it fulfills Eq. (2.192) by
construction. Finally, it is easy to check that an element of H™>° possessing the same
properties coincides with this dy, thus granting its uniqueness.

ii) The proof follows by arguments similar to the ones employed to show statement i) for
the special case |o| = 0. For any j € N and for any multi-index a of order < j, one uses
the continuity of the linear form

e C'(Q) — C, freAes, ) = (0%f)(x) (2.194)

together with the continuous embedding H" — CY(Q2) for r > j + d/2; the element
%65 € H™>° is the one corresponding to the linear form (—1)ll e2. O

Apart from the use of the spaces H" (for r > j + d/2), Eq.s (2.192) and (2.193) closely
resemble the definitions given in the standard theory of Schwartz distributions for the
Dirac delta function at a point x and for its derivatives, respectively; this justifies the
following definition.
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Definition 2.47. In the sequel, 0, and 0%d, will be referred to as the Dirac delta at x
and its a-th derivative, respectively.

Proposition 2.48. Let j € N and r € R be such that r > j + d/2; consider the map
0:Q—=H™ T 0y . (2.195)

This map is of class C7 from  to the Banach space H™"; more precisely, 6 € CIMQ, H™)
for any X € (0,1) such that r > j+d/2 + .
Moreover, for any multi-index o of order < j, the corresponding partial derivative of 6 at
a point x € €2 is given by

(9°0)(z) = (=)l 925, . (2.196)

Proof. In this proof, for any locally convex space X, the topological dual space X’ is
equipped with the strong topology (i.e., with the topology of uniform convergence on the
bounded subsets of X); this topology is induced by the family of seminorms pg (B C X
bounded) where, for each A\ € X', we set

pe(N) :==sup [(\, z)| . (2.197)

z€eB

In particular, if X is a Banach space, the strong topology on X’ is just the usual norm
topology. The rest of the proof is divided in several steps.
Step 1 - The maps e* on C**(Q). Let j € N, A € (0,1), and consider a multi-index « of
order < j. For each x € ) we put

ex: CPNQ) = C, fe (e f)=(0"N)x);

X

in particular, let us stress that

0 —
€ = €x

is the usual evaluation map on C%*(Q). Clearly, e € (C¥*(Q))'; so, we have the map
e = CIMNQ) L xe el (2.198)

Step 2 - Let j € N, A € (0,1) and consider a multi-index « of order < j. Then the map
(2.198) is of class C%' (i.e., locally Lipschitz, hence continuous) if |a| < j and of class
C%* (hence continuous) if |a| = j. For the sake of brevity, hereafter we put

Lo [1 0 iflal<j
A=A dif =5

Let us consider any compact subset K C Q. If f € C¥*(Q) and x,y € K (with y # x)

we have 9o 9o )
(¢~ 0.y = 5 (y) - 0 ) = ZIW =Ty

ly —x[*
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that implies
|0°f (y) —9°f (x)]

x,yeK, y#x |y — Z|5‘

(e —e, )] < |5 y—x]* for x,yeK, |f|3t:= (2.199)

(if |a| < 4, so that A\ = 1, the finiteness of | f|%" follows from the fact that 9°f is a C"
function). For any bounded subset B of C7*(€), let us put

My = sup 153 < 400

(the sup over B is finite, because f — |f|?(’\ is a continuous seminorm on C%*(Q); compare

with Eq. (2.14) ). Returning to Eq. (2.199) we see that

(e — e, )l < Mgy ly —x]*  forx,yeK, f€B:

therefore, if pg is the seminorm on (C¥*(Q))’ defined by Eq. (2.197), we have
psey —eg) < M;é ly — x|5‘ for x,y € K .

Since the above relation holds for any bounded subset B C CI2(€2), we have proved that
e is of class CO.
Step 3 - Let j € N, A € (0,1). The map

e: Q— (CINQ)), X ey

is of class C7*; for each multi-index o of order < j and each x € ), the a-th partial
derivative of the map e at x is

(9%€) () = €2 . (2.200)

To exemplify the necessary arguments, hereafter we give the proof for ;7 = 1; so, our
purpose is to prove that

e:Q— (CYNQ)), X > ex
is of class C'* with partial derivatives

(0ie)(x) = € (i=1,..,d; (e, f) = 0;f(x) for each f € C™Q)) .

X

Due to Step 1, we already know that the maps e’ : Q — CH*(Q), x + €. are of class C%*;
therefore, to get the thesis it suffices to prove the following, at each x € €:

d TR AN
€y — €x |§Z_:1X(‘y z ) €x -0 in (Cl,/\(Q))/ for y € Q’ y —>X. (2.201)
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Let us fix x € Q; for f € C'(Q) and y € Q we have

d

(ey —ex — Z(?f — ey, f) =

i=1 =1

M&

(y" — 2 (0, f)(x) . (2.202)

To go on, we let us consider a radius p > 0 such that B(x, p) C Q. Then, for y € B(x, p)
we can write

F3) = 100 = S =) [ dr @uf) ot rly =)

=1
inserting this result into Eq. (2.202) we easily obtain

d

<ey_ex_2(y —a')e,

i=1 =1

Mg

y—a' /O dr (Ot 7(y=x)) = (B:f)(x)| . (2.203)

On the other hand, for y € B(x,p) and 7 € [0, 1] we have

(@) et rly=x) = (@) 0| < Uy 1f12, = sup EEZUEIL (2.204)

From here and from Eq. (2.203) we obtain

d

(ey —ex — Z(y — ')

i=1

(Z ly' — xi\lf\ii) ly —x*

—x|"" for f € C"NQ), y € B(x,p) .

To go on, for any bounded subset B of C1*(Q), let us put

MB“‘—sup Z|f| 2 <400
feB \| 4

Returning to Eq. (2.204) we see that

d

(ey —ex — Z(yz — e, f)

=1

< MEW |y —x['""™ fory € B(xp),f€B;

therefore, if pg is the seminorm on (C**(Q))’ defined by Eq. (2.197), we have

d
DB (ey —ex — Z(y’ — xi)ei) < Mf,;j’)‘ ly — x| for y € B(x,p) . (2.205)

=1
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By the arbitrariness of the bounded subset B C C1*(Q), this suffices to obtain the thesis
(2.201).

Step 4 - Let r € R, j € N and A € (0,1) be such that r > j + d/2+ 0. Then the map
(2.195) 0 : Q — H ™", x> dx is of class C9* and its derivatives are as in Eq. (2.196), for
each multi-index « of order < j and each x € ). First of all let us recall the embedding
H" — CP(Q); this induces a continuous linear map

R (CMNQ))Y = (H), a—Ra=alH . (2.206)

Let as also recall that there is a Banach antilinear isomorphism Z" : H™" — (H")’ such
that (Z"g, f) .= (g|f) for g e H™", f € H".
Now, for any x € Q, e, € (C?*(Q)) and d, € H~" are such that

(ex, f) = f(x) for f € CIANQ),  (0x]f) = f(x) for f €M
(recall Step 1 and Eq. (2.192) ). Therefore R"ex = Z"0x, i.c.,
6x = (") "R7ex . (2.207)

The map (Z")"'R" : (C?*(Q)) — H" is antilinear and continuous, and e : x € Q — e, €
(C97(Q)) is of class C?* according to Step 3; therefore § : x € Q — d, € H" is also of
class C¥*. Moreover, for |a| < j and x € Q we have

(0%0)(x) = (Z")'R"(0%)(x) = (T") 'R e (2.208)
where the last equality is again due to Step 3. Summing up, for each f € H" we have

(%) ()|f) = (ex; ) = (0° ) (%),

and comparing this result with the relation (2.193) (9%0,|f) = (—=1)1*1(9%f)(x) we finally
obtain Eq. (2.196), i.e., the thesis. ]

Extension of the previous results up to the boundary.

Let us remark that so far in this subsection we have always assumed x to be a point in the
interior of the open set Q (see Eq. (2.191)). Nonetheless, it appears from the proofs of
Propositions 2.46 and 2.48 that, making stronger regularity assumptions, the same results
stated in these propositions continue to hold as well for points on the boundary 9f).

For example, let us make the stricter hypotheses (2.159), so that €2 is a bounded domain
with boundary of class C* and A = —A+V with V € C*(Q); moreover, assume Dirichlet
boundary conditions are imposed for the operator A, which is also supposed to be strictly

positive. Thus,

Dom(A)=Da={f € H:(Q) | (- A+ V)f € L*(Q)},

(2.209)
o(A) C [e,+00) for some ¢ > 0 .
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Throughout the present paragraph, x denotes any point in the closure © of the domain
Q, that is
x€N=QUoN . (2.210)

In this situation, we have the continous embeddings H" < C7*(Q) < C7(Q) for r € R,
j €N, A€ (0,1)s.t. r > j+d/2+A. This yields the following variants of Propositions 2.46
and 2.48, that are easily proved replacing C?(Q) with C7(Q), and C¥*(Q) with C7*(Q).

Proposition 2.49. Under the assumptions (2.159) and (2.209), both statements i) and
i1) of Proposition 2.46 hold for any x € (), allowing to define §, and 0“0, even for x € 0.

Proposition 2.50. Consider the assumptions (2.159) and (2.209); moreover, let j € N,
r € R be such that r > j+ d/2. Then, the map

0:Q—>HT" T 0y, (2.211)

is of class C7(Q, H™"); more precisely, it is of class C?(Q, H™™) for each A € (0,1)
st. r > j+d/2+ )X The continuous extension of (2.211) to Q is the map T + &,
defined according to Proposition 2.49; furthermore, for any multi-index o of order < j,
the (continuous extension to Q0 of the) partial derivative 0°6 fulfills Eq. (2.196) at all
points x € Q).

Weak integrability of Dirac delta functions.

Let us return to the case where €2 is an arbitrary domain. The statement that follows
refers to the notion of weak integrability for Banach valued functions (see the paragraph
in Section 2.2; we refer, in particular, to Theorem 2.2).

Proposition 2.51. Let r € R, r > d/2 and f € L*(Q). Then the map Q — H™,
x— f(x)d, is weakly measurable and integrable with respect to the Lebesque measure dx;
moreover,

/Qda: flx)oy,=f . (2.212)

Remark 2.14. The integral in Eq. (2.212) should produce an element of H~"; in fact,
fel*)Q)=H'cH™.

Proof. Considerations about weak measurability and weak integrability involve the dual
space of H~", which is antilinearly isomorphic to H" via the map H" — (H™")', g — (g] )
(as usual, ( | ) indicates the extension (2.103) of the inner product of H = L?(2) to H®).

Let us now fix g € H" arbitrarily. Then, for a.e. x € £ we have (g|f(x)dx) = f(x)()x|g) =
f(x) g(x), i.e., the map Q@ — C, x — (g|f(x)dx) coincides a.e. with fg; this map is clearly
measurable and integrable (since f € L*(Q) and g € H" — H = L*(2)). Therefore,
the map Q — H™", x — f(x)dx is weakly measurable; moreover, for all g € H", it is
Jodx (g|f(x)0x) = [,dx f(x)g(x) = (g|f). This means that x — f(x)dx is weakly

integrable, with integral f. ]
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Complex conjugate of Dirac delta functions.

Let us consider the general framework outlined in subsection 2.5 for an abstract Hilbert
space ‘H with a conjugation J. Of course, in the setting considered in the present section,
there is a natural conjugation on the basic Hilbert space H = L?(Q): namely, the complex
conjugation

T L*(Q) = LX), fe=Jf=f. (2.213)

Needless to say, in this case the projectors P, and P- (see Eq. (2.68)) associated to J
are simply the maps associating to any given complex function f : {2 — C its real part
Rf and its imaginary part & f multiplied by the imaginary unit, respectively; so,

Pf=Rf, Pf=iSf. (2.214)

Furthermore, it appears that J commutes with the admissible operator A associated to
any given Schrodinger operator A := — A +V (V : Q — R); ie., Ais J-real or, briefly,
real. Therefore, we can consider the corresponding extension J : H™>° — H™>°, defined
according to Proposition 2.25.

There holds the following result concerning the Dirac delta, which will be useful for the
physical applications to be discussed in the next chapter.

Lemma 2.52. Let € ). Then, for any multi-index o, the a-th derivative of the Dirac
delta 0“0, (€ H™", forr > |a|+d/2) is invariant under the extended complex conjugation
T H = H>, e,

J 0%y = 0%, . (2.215)

Proof. Let us choose j € N, r € R such that |a| < j and r > j + d/2; then 0%, € H™".
Let us recall that the extension J can be characterized as follows: for each g € H™", Jg
is the unique element of H~" such that (Jg|f) = (g|Jf) for all f € H". On the other
hand, for any f € H" < C7(Q), one has

(T0%0|f) = (070 T ) = (=1)leloof(x) = (=1)l0* f(x) = (06| f)
which suffices to infer the thesis. O

Remark 2.15. Lemma 2.52 continues to hold as well for points on the boundary 02 when-
ever the stricter assumptions (2.159) and (2.209) are met.

2.7 Integral kernels.

Let us consider the framework of the previous section; in particular, let Dy C L%*(Q)
denote any admissible domain for the differential operator A = — A + V', and consider
the spaces (H", || ||-) associated to the admissible operator A (see Proposition 2.4). Next,
let us consider a linear operator

B:Dom(B) C H™> = H >, (2.216)
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in the sequel of this work we will be mainly interested in the case where B fulfills the
following condition, for some j € N:

there exists ¥ € (0, +00) such that, for all j;, j» € N with j; + jo < 7,

B maps continuously H~2Fd/2+9) o J{iitd/2+V (2.217)

(*3). We refer to the above equation as condition (2.217);.

Remark 2.16. i) Since HI—2+d/240 y qir+d/240 for all j) | js as in Eq. (2.217);, it appears
that this condition is equivalent to the following one:

there exists ¢ € (0,400) such that, for all jo € N with j, < 7,

B maps continuously H~2H4/249) to 3{i—i2+d/2+0, (2.218)
ii) In particular, condition (2.217), reads
there exists ¥ € (0, +00) such that (2.219)

B maps continuously H~(#/2+9) to HY/2+7,

iii) Of course, (2.217); implies (2.217); for all i € {0, ..., j}.

Definition 2.53. If the condition (2.217)y holds, the integral kernel associated to the
operator B is the map

B(,):QxQ—=C, (xy) e Bxy) = (6B3,) (2.220)

(where ( | ) indicates the extension (2.103) of the inner product on H. Note that, for ¥
as in (2.217)o, one has &y, 8, € H~4/2+) and Bé, € HY*+).

Shortly afterwards, we will prove that the function (2.220) is continuous on 2 x , and
even more regular if B fulfills condition (2.217); for some j > 0 (j € N). The following
Lemma will be useful for the sequel.

Lemma 2.54. Suppose ¢ : 0(A) — C is a measurable function fulfilling condition (2.90)
(i-€., Supye ) A’[@(A)| < +00) for some b € R. Ifb > (j +d)/2 for some j € N, then
the operator B := ¢(A) (extended to H™>°) fulfills condition (2.217),.

Proof. The thesis follows by an elementary application of Proposition 2.12. O

In the forthcoming subsection 2.7, we present a series of results describing some notable
features of the integral kernels associated to a suitable class of operators. For brevity we
choose to discuss these results only in the general setting corresponding to an arbitrary
domain 2 with V' a smooth potential on it. Nonetheless, it appears from the related
proofs that, whenever the stricter hypotheses (2.159) are fulfilled and suitable boundary

2Let us stress that, within the general setting considered within the present work, there holds
HI+d/240 <y 091 (Q) (see Corollary 2.43); on the other hand, under the stricter assumptions (2.159), one
can infer the stronger result H71+4/2+7V < CI1(Q) (see Corollary 2.45).
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conditions (see, e.g., Eq. (2.209)) are prescribed, the results to be presented in the sequel
can be easily generalized to describe the behaviour of the integral kernels up to the
boundary. We refer to the subsequent subsection 2.7 for more details and further results
related to this case.

General results on integral kernels.

Let us present several results for the integral kernels associated to operators fulfilling
condition (2.217); (for some j € N). These results apply, in particular, to operators of
the form B = ¢(A) as in Lemma 2.54.

Lemma 2.55. Let (2.217); hold for some j € N. Then, B(, ) € C7(Q x Q); moreover,
for any pair of multi-indices v, 5 such that ||+ || < j and for all x,y € 2, one has

209 B(w, y) = (—1)12H1P(525,| B &%5,) (2.221)

(where 0y and Oy represent derivatives with respect to the first and second argument,
respectively).

Proof. First notice that each derivative of order < j of the kernel B( , ) involves (in an
arbitrary order) differentiating «; times with respect to x' and S; times with respect to
y' (for i =1,...,d), where a = (aq, ...,aq) and 8 = (B4, ..., Bq4) are such that |a| + |8] < j.
We generically write 07B( , ) for such a derivative. The thesis holds if we can show that
I'B(, ) : QxQ — C exists, is continuous and has the explicit expression in the right-hand
side of Eq. (2.221).

To this purpose, let us recall that both the extended inner product ( | ) and the (linear)
operator B are continuous on the corresponding domains of definition; so, by linearity
J'B( , ) exists and, for all (x,y) € 2 x 2, we can write

0"B(x,y) = ((9°6)(x)|B(9°6)(y)) - (2.222)

In consequence of this, the function 0"B( , ) can be viewed as the composition of the
maps

§B) L Q) x =5 H(alHd/240) o qu=(BlHd/2+0) (o) oy ((896)(x), (9%6)(y))
B(@) . gylal+d/249) y q/~(Bl+d/2+0) _, ¢ (f,9) — (f|Bg)

for some 9 € (0,+00) such that Eq. (2.217) holds (**). On the one hand, since the map
Q — H ", x — Oy is of class C% for all > jo + d/2 (see Propositions 2.46 and 2.48),
it appears that 6(®# is continuous. On the other hand, let us recall that the operator
B HBIFd/249) _y qylel+d/2+0 and the bilinear map ( | ) : H~el+d/249)  lal+d/2+0 _, C
are both continuous; this suffices to infer that B is continuous as well. Summing

240f course, H—el+d/24+0) 31— (IBl+d/2+9) j5 equipped with the product of the Banach topologies of
its factors.
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up, the above considerations show that 9"B( , ) is continuous since it is given by the
composition of continuous functions.

To conclude, let us notice that Eq. (2.222) and the identity (2.196) for the derivatives
(090)(x), (0°5)(y) yield for B( , ) the expression in the right-hand side of Eq. (2.221),
thus proving the thesis. O]

Proposition 2.56. Let (2.217); hold for some j € N and let o, § be any two multi-indices,
each one of order < j.

i) Let f € L*(Q) and consider the (C?) map Bf : @ — C. Then, for any x € 2, the map
Q— C, y— 0“B(z,y) is integrable and

(0°Bf)(z) = / dy (00B)(z.9) f(y) (2.223)

in particular, if o = 0, this gives

(Bf)(z) = / dy B(z,y) f(y) (2.224)

i) For any fized € Q, consider the (continuous) map 0{B(x, ): Q — C, y— 0¢B(x, y);
then 0¢B(z, ) € L*().
iii) For any fired y € Q, consider the (continuous) map 95B( ,y) : @ — C, & 05 B(z, y);
this is given by

AB(,y) = (-1 B, . (2.225)

Moreover, there exists ¥ € (0, +00) such that 05 B( ,y) € HI~1Bl+d/2+0,

Remark 2.17. The last statement in item iii) of the above proposition allows to infer, in
particular, that 9B( ,y) € L*(Q) and d5B( ,y) € C7-171(Q). Furthemore, if j — |B] +
d/2 + 9 > 2, there holds d5B( ,y) € H? = Dom(A), so that 85B( ,y) fulfills (at least
in weak sense) the possible boundary conditions included in the definition of A (see, e.g.,
Eq. (2.209)); we will return to this topic in subsection 2.7, where stricter assumptions are
made for the domain €2 and for the potential V.

Proof. In the sequel we always assume 9 € (0, +00) and j € N to be as in Eq. (2.217).

i) Let f € L*(Q). Due to Proposition 2.51 (here employed with r = d/2 + 9 > d/2), the
map 2 — H~ W2y s f(y)dy is weakly integrable and f = Jo dy f(y)dy. From here
and from the continuity of B between H (4?9 and H/+%/?+? we infer the weak integrabil-
ity of the map Q — HI+¥/2t7 y s f(y)Bd, and the relation Bf = [, dy f(y) By proved
in Theorem 2.2. Now, fix a point x €  and a multi-index « of order < j. Since (0%d| ) is
a continuous linear form on H/+4/2+7 it follows that the map Q — C,y — f(y)(0%x|Bd,)
is integrable, and (0%0x|Bf) = [, dy f(y) (0*0x|Bdy). Making explicit the definitions of
0%y and OfB( , ), we can say that the map Q — C, y — 90¢B(x,y)f(y) is integrable,
and that Eq. (2.224) holds.

ii) From item i) we know that ¢B(x, )f is integrable for each f € L*(Q2). The considera-
tions in the proof of item i) also show that the map L*(Q) — C, f — [, dy 0fB(x,y) f(y)
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is continuous (because B | L*(Q) : L*(Q) «— H (/249 5 3i+d/2+7V i continuous); so,
0%B(x, ) € L*(Q) due to the Riesz representation theorem.

iii) First recall that 9%5, € H~(F+d/2+9) and B . H=(BIHd/249) _ 9i=Ifl+d/240 " oo that
BdPs, € Hi~IF+d/2+9 - On the other hand, due to Eq. (2.221) and to the definition of dy,
for all x € Q we have 95B(x,y) = (—1)11 (6,|B8%3,) = (—1)1P1(B873,)(x), whence the
thesis (2.225). O

Corollary 2.57. Let B fulfill the condition (2.217); for some j € N and assume By =
(BIH):H — H to be of Hilbert-Schmidt type, i.e., By € Bao(H) (*°); moreover, let
By(, ) and B(, ) denote, respectively, the corresponding Hilbert-Schmidt kernel and the
integral kernel introduced in Eq. (2.220). Then, there holds

B(xz,y) = By(z,y) for a.e. x,ye ). (2.226)

Proof. First of all, let us recall that the Hilbert-Schmidt kernel By ( , ) € L*(Q2 x Q) of
B is the unique function such that, for all f € #H, there holds (see Eq. (2.62))

(Biuf)(x) = / dy Bu(x,y) f(y)  (for ae. x € 9) .

Then, the thesis follows easily from the above relation and from Eq. (2.224) of Proposition
2.56, by the arbitrariness of f € H in both these identities. m

Remark 2.18. The above Corollary states that the usual notion of integral kernel for
Hilbert-Schmidt operators and the different definition we introduced previously (using
the Dirac delta elements 0, dy, € H™") do in fact coincide when both are well-defined.

Proposition 2.58. Let B be a linear continuous operator fulfilling the assumption (2.217);
for some j € N and some 9 € (0,+00). Consider a linear operator C : H™>° — H ™
and assume that, for all j; € N with j; < j, there exists ' € (0,400) such that C sends
continuously HI 4240 into HA+24Y" - Then, for any multi-index B of order < j and for
all y € €1, there holds

C(0;B( . y) = 0;(CB)( ) (2.227)

(this identity is meant to hold in HI~IPIHd/240" —y CI=IBI(Q)).

Proof. Eq. (2.227) can be formally derived by the following chain of equalities
C(3B(,y)) = (-1)P'cB %, = 8;(CB)( ,y) ,

where the fundamental relation (2.225) has been used in both passages (for || < j, and
J1+ J2 < 7). More precisely, if ¥ > 9} one must consider the integral kernels corre-
sponding to the continuous operators B : H ~2FT4/24+0 _ pn+d/2+9 gnq CB : H~U2+d/2+9)

25Here, we are refering to the general theory reviewed in the final paragraph of Section 2.3, on page
24.
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— (HAFA2H ) +d/249 on the other hand, if ¥ < ) one must use the identity (2.225)
for the restrictions (B [ HJ2Fd/2H0") o g =Uztd/249) (g qq=(atd/240)) _y (ir+d/240 <y
YHIHZE and (CB[HI2Hd/20") g ~(ard/240) y qqin+d /240", 0

From now on, given any operator B : H~>° — H~>° fulfilling condition (2.217); for some
j € N and some 9 € (0,400), we always consider its restriction (indicated with the same
symbol) B = B[ H~U+4/2+9) this restriction sends continuously H~U+4/2+9) into H/2+7,
Then, following the general considerations of subsection 2.5, we can consider the (Banach)
adjoint of B, i.e.,

B HUZEY) _y qqd/2d (2.228)

The forthcoming Propositions 2.59 and 2.60 refer to this operator and to its kernel.

Proposition 2.59. Let (2.217); hold for some j € N; then there hold the following results.
i) The adjoint operator B* (see Eq. (2.228) ) also fulfills the condition (2.217);; therefore,
Lemma 2.55 and Proposition 2.56 continue to hold with B replaced by B*.

i) Let o, 8 be any pair of multi-indices with || + |5 < j and consider the kernels B( , )
and B*( , ); then, for all x,y € Q, there holds

Or 5B (2. y) = 905 B(y, ) | (2.220)

Proof. 1) Let ¥ be as in Eq. (2.217); for any ji1, jo € N with j; + jo < j, we can consider
the restrictions B | H~U2t4/249) gending continuously H~U2t4/2+9) into #4240 By
definition, the corresponding Banch adjoints (B | H~U2+4/249))* gend H~(1+4/249) into
HI2+d/2+9. moreover, by construction, these maps coincide with the restrictions of the
Banach adjoint (2.228) B* | H~1+4/249)  This suffices to infer the thesis.

ii) As pointed out above, due to statement i) in the present proposition, Lemma 2.55
also holds for the kernel B*( , ); in particular, the general identity (2.221) implies both
2B B* (x,y) = (=1)lelHB8l(525, |B*0P6,) and P0eB(y,x) = (—=1)leHBH B S, |B 96y).
Next, let us recall that the bilinear form ( | ) is hermitian, so that (0%6,|B*9%5,) =
(B*080y,|0%0x). The thesis follows noting that the basic relation (2.116) for the adjoint
operator implies (B*0°0,|0%0x) = (0°,|B 0%dy). O

Proposition 2.60. Let B and C be two operators both fulfilling the assumption (2.217);
for some giwen 7 € N, and consider the corresponding integral kernels. Then, for any
pair of multi-indices o,  with |a| 4+ || < j and for all x,y € QQ, there hold the following
tdentities:

OB, )|05C( ,y)) = O BC) (x,y) (2.230)

(0 B(, )00y, ) = BN (CB) () (2.231)
Remark 2.19. i) Due to Proposition 2.56, the functions 05B( ,x), 0¢B(x, ), 95C( ,x),
08C(x, ) (for any fixed x € Q) all belong to L?(£2); so, the expressions ( | ) in the left-hand
sides of Eq.s (2.230) (2.231) can both to be intended as usual inner products in L?*().

ii) Let us point out that the expressions in the right-hand sides of Eq.s (2.230) (2.231)
does in fact make sense under the weaker assumption that the operator B*C (or CB*)
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possesses the property (2.217);. This fact can be used to give meaning to the left-hand
sides of the cited equations also for less regular operators B, C; we will return on this topic
in the following (see Remark 2.20).

Proof. Let us first prove Eq. (2.230); to this purpose, note that due to item iii) of
Proposition 2.56 there holds

(05 B(,x)10,C( ,y)) = (=1) P (Bo 5 |cosy) . (2.232)

Now, consider the assumption (2.217); for B and C; for any i1, 42, j1,J2 € N with i;+iy < j
and j; + jo < j, this assumption grants the existence of some ¥ € (0, +00) such that the
maps B ; M~ (i2+d/2+9) _y qyintd/249 (— 7_[—(3‘1+d/2+19)) and C : H—2+d/2+9) _y qyi+d/2+9
(— H~2F4/249)) are both continuous (%9).

Due to the above considerations, the expression ( | ) in the right-hand side of Eq. (2.232)
can be interpreted in terms of the extension (2.103) of the inner product on H (see
Proposition 2.16) acting on H~U1+4/2+9) x 3yi1+d/2+9 Then, recalling that B = B* = (B*)*
(see item ii) of Lemma 2.22) and using the basic identity (2.116) for adjoint operators, it
follows that

(BO"6,|C 878,) = ((B*)*0°6,|C 9°6,) = (0°6x|B°C 9°5,) . (2.233)

Next, note that B*C : H™>° — H ™ also fulfills the assumption (2.217);: in fact, B*C sends
continuously H~U2+4/2+9) into HA+4/2+9 for all j; + j, < j (*7). So, the last expression in
Eq. (2.233) can be reformulated in terms of integral kernels giving

(0%04|B*C 3°6,) = (—1)l+PBlgeal (B*C)(x,y) . (2.234)

Summing up, Eq.s (2.232-2.234) yield Eq. (2.230).
In order to prove Eq. (2.231) let us first notice that, explicitating the inner product in
L*(Q) and using the identity (2.229) of Proposition 2.59, one infers

(@0 B(x, )07y, )) = [ dn OTBx 21 0]C(y.7) —
@ (2.235)
| dn 3552 55" y) = (05" VIO x)

Then, the thesis follows using the previously discussed identity (2.230), making obvious
substitutions and recalling that C** = C. O

260f course, the embeddings indicated within round brackets hold since they involve spaces of positive
and negative orders on the left and right-hand sides respectively. Let us also point out that B and C
may fulfill condition (2.217); for different parameters 6z # ¢ € (0,+00); in this case, it suffices to put
0 := min{fp, ¢} in the previous considerations.

27To prove this statement, recall once more that the maps C : H~(2+d/2+9) _y quii+d/24+0 4nq B* .
H—(atd/249) _y gyi2+d/249 are continuous and that there holds the continuous embedding 71 +/2+0
H—U2Hd/249) for all 4y, 49, j1,j2 € N as above.
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Let us now consider the extension J : H™> — H™> of the complex conjugation J : H —
H, f— Tf:= f (see Proposition 2.25). Then, there holds the following result, which we
report here only for completeness.

Lemma 2.61. Let (2.217); hold for some j € N. Then, for any multi-index B of order
< j and for all y € §2, there holds

825‘8( 7y) = ag(ijil)( 7y) (2‘236)

(of course, also in this case this identity is meant to hold in HI~IPIFd/2+0 . CI=IBl(Q);
see below Eq. (2.227)).

Proof. The thesis follows straightforwardly from the chain of equalities

% B(.y) = (~)TBT 1 T8%, = (~)\TBT 9%, = 8)(TBT)( ,y)

which can be easily derived recalling the properties of the extended complex conjugation
J, along with the results of Proposition 2.56 and of Lemma 2.52. O

The Dirichlet kernel. The heat, cylinder and modified cylinder
kernels.

Let us keep all the notations of the previous sections; for any r € R, 3. denotes again the
strip {s € C | s > r} (see Eq. (2.133)). Note that, for any s € ¥;/5 there exists ¥ > 0
such that ®s > d/2+1, so that the operator A~* maps continuously H~(4/2+7) to H/2+7,
Then, the results obtained previously in the present section allow us to define the kernel

AS(,) € C'(axQ), (x,y) — A°(x,y) = (0x| A 0y) . (2.237)

Definition 2.62. For s € ¥,/5, the function A™*(, ) is referred to as the Dirichlet kernel
of A of order s.

Next, let t € (0, +00); each of the operators e 4, ¢ 4 and ¢ *VA /\/A maps continu-
ously H ™49 to H¥?* for any ¥ € R (in particular, for ¥ > 0). Again, the previous
results of this section allow us to define the kernels

A ) L e A ) L (EYVANL ) € COQx ) ; (2.238)
these are such that, for example,
e M (x,y) i= (0c]e ™8,)  forallx,y € Q. (2.239)

Definition 2.63. Let t € (0,400). e *4(, ), e ®A(, )and (e *V4 /v/A)(, ) are referred
to, respectively, as the heat, cylinder (or Poisson) and modified cylinder kernel of A at t.

Let us point out some properties of the above kernels.
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Proposition 2.64. (Properties of the Dirichlet kernel). Let j € N and let o, 5 be any
pair of multi-indices such that |a| + 5] < j.

i) For all s € Yj1ay2, the kernel A=5( ', ) is in C7(Q2x Q) and there hold all the statements
of Proposition 2.56. Moreover, for any x,y € €2, one has

D0, AT (@, y) = {05 A (y, @) = 0/ 05 A= (y, @) ; (2.240)
i) Let ¥ € (0,400) and put
T(ap) = lof + 181 + 4 |25| Ly ; (2.241)

then, for all s € ¥(jyay/24v9, there holds the pointwise bound (for x,y € §2)
0705 A5 (@, y)| < &= P77 eo0) |00 || ot ajz49) 1070yl (14a/210) - (2.242)

i) Let s1 € Y(j1a)/2, so that A= fulfills the assumption (2.217); for some ¥ € (0, +00);
moreover, let sy € X_y/9. Then, for any fived y € Q, there holds

AT2(0J AT (L)) = 05 A1)y (2.243)

(for any ' € (0, +00), Eq. (2.243) can be meant to hold in HI~1BI+d/2+9" .y CI=181(Q) ).
) For all s1,82 € ¥(j1a)/2 and for all x,y € Q, 07 A" (, ), 00 A1 (,y) € LA(Q) and

)
(O3 A ()]0 A2 (,y)) e = DO, A-C) (2, y) (2.244)
(

(OF A (m, WA (y, )12 = 050] A1) (y @)
v) For any fized x,y € , the map

Sgige— C, s 000 A (2, y) (2.246)

2.245)

is analytic. Moreover, for any n € N and s € X(ji1q)/2, the kernel (07 A™°)(, ) =
(A7 (=In A)™)(, ) belongs to CV(Q x Q) and

R (OIA ) (@, y) = O (KA (@, y)) - (2.247)

vi) Let s € Xjra)2 and B be a multi-index of order < j such that j — |B| +d/2 > 2; then,
for any fized y € Q, 5 A( ,y) € Dom(A) (%*).

Remark 2.20. Regarding the statements of item iv), recall the general considerations of
item ii) in Remark 2.19; in the present setting, the right-hand sides of both Eq.s (2.244)
(2.245) do also make sense under the assumption sy, s3 € C with s;+59 € ¥(j14)/2, which is
weaker than the hypothesis s1, 55 € ¥(;44)/2. This fact and other analogous considerations
will be used in the following applications to construct the analytic continuation of certain
expressions which can be represented in the form (2.244) (2.245); see Chapter 3.

28In particular, this allows to infer that the map Q — C, x ﬁgA’S(x, y) fulfills (in weak sense) the
possible boundary conditions included in the definition of A.
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Proof. i) Let s € X(j1a)/2; then, there exists ¥ € (0,+00) such that s > (j + d)/2 + ¢
which also implies s > (j; +j2+d) /249 for all ji, jo € N with j;+ 75 < j. Since A~ maps
continuously H~U2+4/2+9) into H1+4/2+9 for all j; + j, < j, Lemma 2.55 and Proposition
2.56 yield the first part of the thesis. On the other hand, the first identity in Eq. (2.240)
follows straightforwardly from Proposition 2.59 and Corollary 2.24; the second identity
in the cited equation follows from Corollary 2.26 and from Lemma 2.61, in view of the
regularity of the kernels involved.

ii) Let again s,9 be as in the proof of item i). Recall that due to Lemma 2.55, there
holds 9305 A~*(x,y) = (—1)l181(926, | A=*8°3,); keeping in mind that the bilinear form
(|} HelHd/249) 5 qylal+d/240 s C is continuous (see Eq. (2.104) ), this allows to infer

0205 A5 (x, y)]
< 00k~ afrdszroy AT %0y liatrarzre = 10%0xll—a+d/20) 10°0y |l jalra/aro—ons »

where the last equality can be derived using the second relation in Eq. (2.95). Then, the
thesis follows using the bound (2.84) of Proposition 2.5.
iii) For all j; € N with j, < j, item i) of Corollary 2.13 implies A~%2(H71F4/2+7) =
H{I+d/2+0+2Rs2 - Fyurthermore, the hypothesis on s, grants that 9 + 2Rs, > ¢’ for some
¥ > 0, so that H1Hd/2H0+2Rs2 y qit+d/249". this allows to infer that the map A~%2 :
M+ 20y qn+d/249" g continuous. Then, the thesis follows straightforwardly from
Proposition 2.58.
iv) The statement 92 A1 (x, ),05.A75( ,y) € L*(Q) follows from items ii) and iii) of
Proposition 2.56, while Eq.s (2.244) (2.245) can be derived using Proposition 2.60.
v) It suffices to show that the map s — 9295 A~*(x,y) is analytic on the strip (i) /249
for each ¥ € (0,400). Recall that 9795 A~%(x,y) = (=1)lH8(925, | A~20%5,), with
00y € Hel+d/249) and 985, € HUPIH4/249) (see item ii) of the present proof). So, the
map X(jta)2 2 5 8{“62/3 A~*(x,y) can be represented as the composition of the map
E(|a‘+|5|+d)/2+19 — ‘B(H_(‘ﬁ|+d/2+ﬂ),H|a|+d/2+ﬂ), s— A°® [*’H—(\ﬂ\-i—d/Q-i-ﬂ)’ which is analytic
due to Proposition 2.28, with the linear (continuous) form 2B (#H ~(81+d/2+0) pylal+d/2+5)
C, B — (0%6x|B9Pdy); this is sufficient to infer the thesis.
vi) The thesis follows easily from item iii) of Proposition 2.56 and from the considerations
of the related Remark 2.17, noting that 85.A~%( ,y) € HI~1B1+4/2+9 for some 9 € (0, +00).
[

Proposition 2.65. (Properties of the exponential kernels). Let j € N and let o, 5 be any
two multi-indices with |a| + || < j.

i) For all t € %, the kernel e *A(, ) is in C=(2 x Q) and there hold all the statements
of Proposition 2.56 for any j € N; moreover, for any x,y € (2, one has

R Ofe A, y) = )05 (y, @) = D05 e A(y, ) (2.248)
it) Let ¥ € (0,+00) and put again (see Eq. (2.241))
ol + 8| +d
Fa) = ol +18+d

2
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then, there holds the pointwise bound (for x,y € Q)

0705 et (2 )| <

T(aB,9) \ (@9 | T (apo
( — )> 0 5w||f(|04|+d/2+19)||aﬁ5y||—(|5|+d/2+19) for 0 <Rt < % (2.249)

et
r —& lo" T'(aB,9
010 € RO G| apraps - arraszre)  for R > L2
iii) For all t1,t5 € ¥g and for all fized y € ), there holds
e (@ye A (L y) = e TR Ly) (2.250)

iv) For all t1,ty € Xy and for all ,y € Q, 8% A(x, ),de A( | y) € LA(Q) and
(5 A @)|le A | g)) = opale B () (2251)

(e A a, )]ofe Ay, ) = dg0fe A (y, ) | (2.252)

v) For any fized x,y € , the map
So—=C,  te 000 (e (, y) (2.253)

18 analytic.

vi) Let t €Sy and B be a multi-index; then, for any fized yeQ, d5e~tA( ,y) € Dom(A)
(29,

Analogous results also hold for the kernels e™™A( ), (e A /VA)(, ). In particular, in
place of Eq. (2.249), for x,y € Q there hold

070 e A (x, y)| < (2.254)
27 (0p.0) 27(aB,9) 27(aB,9)
—_— 0%zl —(1a 9%6, | 0< Rt < ’
( e R 10%0all ~ i +a240) 100yl ~51+a/29)  for =~ .
, _ o 2r aB,9 ’
e s e VERNO00 | aprapra) 1070yl —oirajpre)  for Rt > f/g :
0705 (™4 JVA) (m,y)| < (2.255)
27 (ap.0)— 1 27(ap,0)~1 N 270 —1
((:Tz) 10°Gall—(alsar2+) [070, |- (5aj29) Jor 0 < Rt < 2D \/g)
, _ _ o 2r aB,9 -1
om0 gz |70l -orvapro)  for Re > T2 —

29In particular, this allows to infer that the map Q — C, x 8§e*tA(x, y) fulfills (in weak sense) the
possible boundary conditions included in the definition of A.
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Proof. i) Fix t € (0,+00) and j € N arbitrarily; the operator e ** maps continuously
H~2Fd/2H9) into HAHY2HY for each ¥ € (0,+00) and for all j;,j» € N (in particular,
if j1 4+ j» < j). So, the integral kernel (e7*4)(, ) is of class C’ by Lemma 2.55, and
Proposition 2.56 holds for such j. Then, the first part of the thesis (i.e., e *4( , ) €
C>(02 x Q)) follows from the arbitrariness of j € N. The first identity in Eq. (2.248)
can be easily proved using Lemma 2.59 and Corollary 2.24; also in this case, the second
identity in the cited equation follows from Corollary 2.26 and from Lemma 2.61, in view
of the regularity of the kernels involved.

ii) First recall that, due to Lemma 2.55, we have 8995 e~ *A(x,y) = (—1)l1H181(9o5, |e~t43P5, )
due to Eq. (2.104) for the bilinear form ( | ) : H~(al+d/2+9) s qylal+d/2+9 5 C for any
¥ € (0, +00), we have

10705 (€7 (%, ¥)| < 10°0xl|—(al+as2+0) e 08y |l afrajzso -

The thesis (2.249) follows easily noting that the bound (2.97) of Corollary 2.14 gives (with
() 85 in Eq. (2.241))

(ZoR2) 1058y |~ 1+a2+9) for 0 < R < "oz

—-tA et
le 855y|’|a|+d/2+19 < { JREAEES ||a’35y||—(|6|+d/2+z9) for Rt > w
iii) The thesis follows from Proposition 2.58 since e *A(H ™) = H > for all t € X (see
Corollary 2.14) and H™>° < H" for any r € R (see Proposition 2.8).
iv) Once more, the square-integrability of d%e *14(x, ) and d5e*14( ,y) follows from
items ii) and iii) of Proposition 2.56, while Eq.s (2.251) (2.252) can be derived using
Proposition 2.60.
v) Due to item ii) of the present proof we have 8395 e #A(x, y) = (—1)l+181(926, |e +4056,,),
with 0%6, € H~(al+d/2+9) 585 € H~UB+d/249) for any r > j + d/2. So, the map t
9205 e~tA(x, y) can be viewed as the composition of the map S — B (H~81+d/2+9) ylal+d/2+9)
t — e A H(BHd/249) which is analytic due to Proposition 2.29, with the linear (con-
tinuous) form B (H A2+ qlal+d/240) 5 C| B (96, |B 9%8y); this is sufficient to
infer the thesis.
vi) Also in this case, the thesis follows noting that d5e t4( ,y) € Ht>® < H2 = Dom(A)
(see, again, item iii) of Proposition 2.56 and Remark 2.17). O

Heat and cylinder kernels as solutions of differential problems.

Assume again  C R? to be an arbitrary domain and let A be the admissible operator
obtained restricting the differential operator A = —A+V (V € C*(2)) to an admissible
domain D4 = Dom(A) C L*(2) (3°). In the following, we will consider differential
equations where more than one variable appear at the same time (namely, x and y € Q);

30 As a matter of fact, the results to be discussed in the present subsection continue to hold also if A is
an otherwise generic, elliptic differential operator with smooth coefficients as in the footnote 21 of page
54.
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in order to avoid confusion, we specify the variable to which the differential operator A is
referred to by introducing the notation

Avi= — D+ V(X)) (x€Q) (2.256)

where, of course, /A, indicates the laplacian involving derivatives with respect to x.
Now, consider the heat and cylinder kernels which were introduced in the previous sub-
section as the integral kernels associated to the exponential operators e ** and e~ tvA (for
t € (0,4+00) ).

Definition 2.66. For any fixed y € €2, let us define the maps
Ky :(0,400) x Q2 = R, (t,x) = K (t;%) := e *"(x,y) , (2.257)

Ty (0,+00) x Q =R, (£,%) — Ty(t:x) = e ™4 (x,y) . (2.258)
Remark 2.21. For any t € (0, +00), there hold the following identities:

Ky(t; ) =e ™0, Ty(t; ) =e s, ; (2.259)

note that the expressions on the right-hand sides of the above relations are, in fact,
elements of HT>° — C*°(Q). The fact that Ky(t; ),Ty(t; ) € HT™° — H? = Dom(A)
also indicates that these functions fulfill the boundary conditions encoded in the definition
of Dom(.A).

Proposition 2.67. Fiz y € Q). Then, K, and T, possess the following properties:

(0 + Ag) Ky(t; @) =0 for (t,2) € (0, +00) x
liré%r K,(0; ) =46, in H42+ for any 9 € (0, +00) ; (2.260)
t—

(&t + Az) Ty(t ; .’B) =0 for (t, ;1;) c (()7 _|_OO) % Q)

tli%& T,(0; ) =6, in H-¥>*  for any ¥ € (0, +00) (2.261)

Remark 2.22. Let us stress that the first equations in both Eq.s (2.260) and (2.261)
can be meant to hold pointwisely, since both the kernels K, and Ty are smooth for
(t,x) € (0,400) x 2 (see Remark 2.21 along with Proposition 2.65).

Proof. We are going to prove the equations in (2.260) (the proof of the analogous relations
in (2.261) is similar and will not be reported here). We refer to Remark 2.21 for the proof
of the second equation. On the other hand, let us fix ¥ € (0, +00) arbitrarily; then the
first equation follows if we can rigorously justfy the following chain of (formal) equalities

2

~

DKy (t:%) = 0, (0x]et48,) 2 (5] 0pet46,) 2 — (5, Aet5,) =
3)

= —Ax<5x\6_t“45y) = —AK,(t;x) .
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As in the proof of statement ii) of Proposition 2.65, notice that for any fixed x,y € €2 the
map Xg — C, t — (5, |e *45,) can be interpreted as the composition of the analytic func-
tion Xg — B(H~(W/2H0) H4/2H9) ¢ s et with the linear form B(H ~(@/2+9) Hd/2+0)
C, B — (0x|Bdy); then, 1) follows by the linearity and by the continuity of the second
map. Equality 2) follows easily from Proposition 2.29. To prove equality 3), just no-
tice that for any f € H2+4/2+0 s C%(Q) there holds (04| Af) = (Af)(x) = (Af)(x) =
Ao f(x) = Ax(0x|f); then, the thesis follows since e A5, € H+>® — H*T4/2H7 (for any
t € (0,4+00) ). O

Asymptotic behaviours of the heat and cylinder kernels.

Hereafter we report some facts on the asymptotic behaviour of the heat and cylinder
kernels e *A( | ), e *™A( | ) in the limits of small and large values of the parameter
t € (0,400). Some of these facts can be easily infered within the framework presented in
this manuscript, in view of the results proved in the previous subsection 2.7. Moreover,
we also take the chance to point out some more properties of the above mentioned kernels,
which in the literature are well-known to hold and are closely related to the interpretation
of e *4(, ) and e *A( | ) as solutions of the differential problems (2.260) (2.261) discussed
previously in Proposition 2.67.

First of all, recall the bounds reported in Eq.s (2.249), (2.254) and (2.255).

The cited equations state the well-known exponential decay for Rt — 400 of the heat,
cylinder and modified cylinder kernels, respectively. As a matter of fact, by a slight
generalization of Proposition 2.65, the same behaviour can be easily proved to hold for
both the spatial and t-derivatives of the kernels cited above.

The equations cited above also give bounds on the small-t behaviour of the exponential
kernels; these bounds have been derived using only the abstract functional analytic tools
developed in the previous sections for the self-adjoint operator A. As a matter of fact,
since A is a Schrodinger type differential operator — A + V', acting in a (sufficiently
regular) domain Q C R? (and, possibly, with suitable boundary conditions on 99), much
more can be said about the asymptotic behaviour of the heat kernel for ¢ — 07. We
refer to the monographies by Berline et al. [20], Calin et al. [33], Chavel [37], Davies
[46], Gilkey [80] and Grigor'yan [82] (and to the works cited therein) for a complete and
throughout analysis of this topic.

In the sequel we limit ourself to consider a particular case of Theorem 2.4 on page 39 in

[32] (see also Lemma 2.1 in [116]): we focus the attention to the configurations described
by the assumptions (2.159) and (2.209).

Theorem 2.68. Let the assumptions (2.159) and (2.209) be fulfilled (so that Dirichlet
boundary conditions are taken into account). Then, there exists a unique sequence of real-
valued (smooth) functions a, : Q2 x Q — R (n € N; ag(z,y) = 1) such that, in the limit
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t — 0" for all x, y € ), there holds
070k e, y) =
N nlz—y?
1 |z—y|2 e it (2262)
a ﬁ — < n N*|O[‘*‘6| (aaﬂ) .
a1 a2 (We 4 Zlan(a:a y)t > + (47Tt)d/2 t On,N (t,:l}7 y)

for any pair of multi-indeces a, 3, N € N with N > 2(|a| + |8|) + d/2, n € (0,1) and for
some continuous function Ofﬁ}’\?) [0, +00) x Q2 x Q2 — C.

Remark 2.23. i) The coefficients a,, (n € N) introduced in the above theorem are usu-
ally referred to as HMDS coefficients, which is short for Hadamard-Minakshisundaram-
DeWitt-Seeley after the authors who gave the earliest and most significant contributions
to the study of the asymptotic behaviour of the heat kernel.

ii) Let us stress that the expression

1 _x—y?
—— e
(47t)d/2
in Eq. (2.262) is just the heat kernel associated to the laplacian on the whole space R%.

iii) In view of points i) and v) of Proposition 2.65, Theorem 2.68 suggests the existence
of a smooth function H : [0, +00) x 2 x © — R such that

Ko(t;x,y) = (2.263)

2
e (x,y) = W e~ T H(t;x,y) for all t € (0, +00), x,y € Q. (2.264)

This actually occurs in many interesting examples. In the sequel, when necessary, we will

assume existence of such a smooth H.

iv) Following [32], we refer to [152] and [37] for some generalizations of this theorem, also

dealing with some settings involving unbounded domains and configurations where €2 is a

(curved) Riemannian manifold.

The corresponding small-t analysis for the cylinder kernel is more involved and less well-

known. Starting from the expansion (2.262) for the heat kernel, Fulling [60, 73, 74, 76]
(see also [13]) proved by means of Riesz summation methods the following result.

Theorem 2.69. Let the assumptions (2.159) and (2.209) be fulfilled (so that Dirichlet
boundary conditions are being considered). Then, there exists a unique pair of sequences
of real-valued functions e, f, : Q@ — R (n € N) such that for any N € N, in the limit
t— 0" (t € (0,4+), z,y € Q interior points), there holds

N N
- 1 n n
e t‘/“Z(ac, x) = v Zen(w)t + Z ful@)t"Int + Ot ' Int) | . (2.265)
n=0 n=d+1
n—d odd

Before proceeding, let us mention that the heat and cylinder kernels often admit asymp-
totic expansions of the forms (2.262), (2.265), even under assumptions weaker than those
made in corresponding Theorems 2.68, 2.69. For these reason, in the following, expressions
of the form (2.262) and (2.265) will often be assumed to hold as hypotheses.
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Integral representations of the Dirichlet kernel in terms of the
exponential kernels.

Consider the Dirichlet kernel along with the heat, cylinder and modified cylinder kernels.
Hereafter we use the methods developed in the previous subsections to give an alternative
derivation of some identities known in the literature, relating A~°( , ) to some integral

transforms of the exponential kernels e *A( | ), e ®A( ), (e"®A/VA)(, ). More
precisely, there holds the following proposition.

Proposition 2.70. Let j € N; then, for all s € Yj1a)/2 and for any pair of multi-indices
a, B with |a| 4+ |5| < j, the following relations hold pointwisely for all ¢,y € ) :

1 oo
A (z,y) = O /0 dt 71 9%l e A (m, y) | (2.266)
—+o00
AT (x, y) = I(2s) /0 dt t*1 afage’tﬂ(m, Y) , (2.267)
1 oo
9208 A (x, y) = s D) /0 dt t2572 9005 (VA VA ) (z, y) . (2.268)

Proof. The thesis follows easily from Proposition 2.31 and from the relation (2.221) of
Lemma 2.55, recalling that 0%, € H~Uel+d/249) and 985, € H~UPI+4/249) for any pair of
multi-indeces «, § with |a| 4+ || < j and any 9 € (0, 4+00). O

Remark 2.24. The above proposition allows to express the Dirichlet kernel and its spa-
tial derivatives in terms of the Mellin transforms of the exponential kernels and of the
corresponding derivatives. We review the theory of Mellin transforms and the methods
allowing to construct their analytic continuations in the following Section 2.8.

The case of a compact domain with smooth boundary.

In this subsection we restrict the attention to settings which fulfill the stronger regularity
hypotheses (2.159), so that €2 is bounded with boundary of class C* and A = — A +V
with V' € C*(Q); moreover, we assume (2.209) to hold, so that Dirichlet conditions are
prescribed on the boundary 0f).

Let B : Dom(B) C H™*° — H ™ be an operator fulfilling the condition (2.217);, for some

j € N, so that

there exists ¢ € (0, 400) such that, for all ji,j, € N with j; + jo < 7,
B maps continuously H~2Fd/2+9) o Ji+d/2+0

Keeping in mind the results discussed in the previous Section 2.6 for configurations of
the above type, it can be easily proved that in this case the integral kernel B( , ) can be
extended up to the boundary 02 of the domain €2; more precisely, one can consider the
map (compare with Eq. (2.220))

B(,):QxQ—C, (x,y) — B(x,y) := (0x|Bdy) . (2.269)
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Moreover, all the regularity results derived in subsection 2.7 can be easily generalized
to analogous formulations describing the boundary behaviour of the kernel (2.269). In
particular, we have the following variant of Lemma 2.55.

Lemma 2.71. Let (2.217); hold for some j € N. Then, B(, ) € C7(Q x Q) (and Eq.
(2.221) for the derivatives of B( , ) holds everywhere on ().

Other results on the integral kernel B( , ) are reported in the subsequent paragraphs.

Boundary conditions.

Recall the results stated in item iii) of Proposition 2.56 and the facts mentioned in the
related Remark 2.17. We mentioned therein that, generally, the kernel B( , ) fulfills in
weak sense the possible boundary conditions which are taken into account in the definition
of the domain Dom(.A).

The forthcoming Proposition 2.72 and the subsequent Remark 2.25 show that the the
boundary conditions prescribed on 0f) are, in fact, satisfied pointwisely.

Proposition 2.72. Let the assumptions (2.159) and (2.209) hold; moreover, let (2.217);
hold for some j € N. Then, for any multi-index o of order < j and for any y € , there
hold

0 B(x, y) . 0 and o' B(y, x) . 0. (2.270)
Proof. First of all note that, in view of the symmetry relation (2.229), it suffices to prove
the first identity in Eq. (2.270). So, let us consider the expression 93B( ,y) and notice
that, due to Proposition 2.56 (see, in particular, Eq. (2.225)), there holds 05B( ,y) =
(=1)l*1B 96, for any y € . On the other hand, recall that 9%d, € H~(I+d/2+9) for
any ¥ > 0; this, along with the assumption (2.217);, allows to infer that 0§B( ,y) €
Hi~ledd/2+0 y 2d/249  Then, the thesis follows recalling that H¥?TV «— HY/27(Q) —
C(2) (see Proposition 2.44 and the related Corollary 2.45), along with the results of item
iii) of Proposition 2.56 (see also the related Remark 2.17). O

Remark 2.25. Analogous results can be derived for other kind of boundary conditions.
More precisely, if Neumann conditions are prescribed on 052, for any multi-index a of
order < 7 — 1 and for any y € 2, there holds

On(x)05 B(x,y) oo 0 and  Onx0B(y,x) oo 0, (2.271)
where Oy (x) indicates the normal derivative at x € 9.
On the other hand, when Robin boundary conditions are imposed on 952 (for some given
smooth function h : 9Q — R), for any multi-index a of order < j — 1 and for any y € €,
there holds
=0 and
xeon (2.272)

(h(x) + 00) OBy )| =0

(h(X) + 8n(x)) 8§B(x, y)
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Eigenfunction expansions and traces.

Let us first consider the topic eigenfunction expansions; to this purpose, let us recall that
the notions of Hilbert-Schmidt kernel and of integral kernel introduced previously (using
the Dirac delta elements), associated to a given suitable operator, do in fact coincide
when both are well-defined (see Corollary 2.57). On the other hand, the kernels related to
Hilbert-Schmidt operators can be expanded as in Eq. (2.63) using any assigned orthonor-
mal basis of L?(Q2). In the present setting it is natural to choose this basis as a set of
eigenfunctions of A. In fact, since €2 is bounded and suitable boundary conditions (e.g.,
of Dirichlet, Neumann or Robin type) are prescribed on 912, the operator A := — A +V
has purely discrete spectrum and possesses such a basis of eigenfunctions. For the sake
of definiteness, hereafter we will perform our analysis in the case of Dirichlet conditions;
thus, from here to the end of the paragraph, besides boundedness of the domain €2 and
smoothness of its boundary 0f2, we assume A to have the features (2.209):

Dom(A) =Da={f € H:(Q) | (- A+ V)f € L*(Q)},
o(A) C [g,+00) for some e > 0 .

In this case, A is known to admit a complete orthonormal system of eigenfunctions (F,),en
with positive eigenvalues, denoted with w? where w,, > 0:

AF, = W’F, . (2.273)
The eigenvalues can be ordered so that

O<wy<w <wy < ... and lim w, = +o00, (2.274)

n——+o00

where some of the inequalities in the first relation could in fact be equalities in order to
deal with degenerate eigenvalues (see, e.g., [138], page 94, Proposition 5.12).

In this situation o(A) = {w?|n € N}. For each function ¢ : o(A) — C (which is
automatically measurable), ¢(.A) is the operator with eigenfunctions F,, and eigenvalues
$(w?) defined on the linear subspace of L?*(2) on which the eigenfunction expansion
converges; more precisely,

Dom((A)) = { fe L \Zw JEFAI < +oo} |
(2.275)

A f = Z d(wp ) (Ful ), for f € Dom(¢(A)) (L? convergence)

(31). As a matter of fact, much more can be said about the eigenfunctions and eigenvalues
of the admissible operator A.

31Tt is hardly the case to say how this setting can be used to represent 4 as a multiplication operator:
one equips N with the counting measure # and introduces the Hilbertian isomorphism Z : L?(Q) —
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Theorem 2.73. i) For any n € N, there holds F,, € C*(Q)); in addition, for any j € N
and for any ¥ € (0,+00), there exists a positive constant A;y such that

[ Falles < Ajg )T+ (2.276)

(where || ||ci is the norm defined in Eq. (2.12)).
it) There holds the Weyl asymptotic relation

. w? 4 d \2/d
Jm Si=Ca Ci= gl r(§+1) . (2.277)

Proof. i) Let n € N. For any r € R we have F, € Dom(A"/?) ¢ H" and A"/?F, = W' F,,,
whence ||F,||, = W ||Fy,|lz2 = w!. Now let j € N, ¥ € (0,+00) and put r = j + d/2 + 0;
then H" < C7(Q), so there is a constant A,y > 0 such that || [|cs < Ajs | ||, on H". In
particular F,, € C7(Q) and ||F,|lcs < Ajo | Fullr = Ajpwr; this justifies Eq. (2.276). In
these considerations j is any natural number; from F, € C7(Q) for all j € N it follows

that F, € C(Q).
ii) See, e.g., [109], Theorem 5, page 189 and [55], §8.2, pages 99-101 for elementary
derivations of Eq. (2.277). O

Now, let us consider a bounded function ¢ : 0(A) — C; then ¢(A) € B(H). The operators
ATA and |A] have eigenvalues |¢(w?)|? and |p(w?)], respectively, (with eigenfunctions F},),
so that

Tr(ATA) =) [é(wl)]? (2.278)
Tr(jo(A)]) = > lo(wr)] - (2.279)

Thus, ¢(A) is of Hilbert-Schmidt class (resp., trace class) if and only if the series (2.278)
(resp., then series (2.279) ) converges.

In the Hilbert-Schmidt case, ¢(A) has a kernel of class L?; this admits the expansion

+o0
SA)(xy) =) dlwn) Fax) Fuly)  (xy€9Q), (2.280)

L?(N, #) sending a function f into the sequence Zf of elements (Zf), = (Fy,|f) (n € N). Then, ZAZ !
is the operator of multiplication by the sequence (w2 ),en and, for each measurable function ¢ : o(A) — C,
Tp(A)Z~1 is the operator of multiplication by the sequence (¢(w?))nen-

All these statements are rather obvious; the purpose of this footnote is just to connect the case under
analyis to the general “multiplication operator formalism” that we have employed to build the scale of
Hilbert spaces associated to any positive self-adjoint operator.
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converging in L*(Q x Q) (see subsection 2.3, especially Eq. (2.63)). In the trace class
case we can of course define the trace of ¢(.A), given by

Tro(A) =) o(w)) . (2.281)

Hereafter we infer convergence results for the previous series, assuming ¢ to fulfill a
suitable decay condition at infinity, and using the results of Theorem 2.73. Our decay
assumptions on ¢ : 0(A) — C involve condition (2.90) (for suitable values of the real
exponent b), i.e.,

sup A|p(N)| < 400 .

A€o (A)
Let us recall that kernel ¢(A)( , ) is of class C7(Q x Q) (5 € N) if (2.90) holds for a b
such that b > (j + d)/2 (see Lemma 2.54 and Lemma 2.55).

Proposition 2.74. Assume ¢ : 0(A) — C to fulfill Eq. (2.90) for some real b; then the
following holds.

i) If b > d/4, then ¢(A) is of Hilbert-Schmidt class; so, the eigenfunction expansion
(2.280) for the kernel p(A)( , ) converges in L*(Q x Q).

ii) If b > j/2+d for some j € N, then the eigenfunction expansion (2.280) for the kernel
o(A)( , ) converges absolutely in C7(Q x Q).

iii) If b > d /2, then ¢(A) is of trace class.

) If b > d, then

Tro(A) = / dz ¢(A)(z, z) (2.282)
Q
(note that the integrand function in the right-hand side is of class C°(Q)).

Proof. First of all, let us note that the assumption (2.90) and the Weyl asymptotic relation
(2.277) imply the existence of some positive constants ¢, ¢’ such that

p(w2)| <cw,®  forallneN,

2.283
wp > /% forallme N\ {0}. ( )

Keeping in mind these facts, let us prove statements i)-iv).
i) Let b > d/4. To prove the thesis, on the grounds of Eq. (2.278) we must show that

+oo
D le@i)l® < +oo .
n=0

On the other hand, due to Eq. (2.283), for each n > 1 we have
|p(w?)|* < const. w, "4 < const. n~4/4

and the series > "% n=4/4 is convergent.
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ii) Let b > j/2 + d. To infer the thesis, it suffices prove the absolute convergence in
C7(Q x Q) of the series (2.280), i.e., that

Z [d(wn)] 1) Fa(-)lles < +o0 (2.284)

here, in analogy with Eq. (2.12) we have set

1Eu() Ful)lles = max _|0°F,(x) 0P (y)| - (2.285)

laf+[B8]<4, x,yeQ

If Eq. (2.284) is proved, we have convergence in C7(Q x Q) of the series (2.280); but
CI(Q x Q) — L*(Q x Q), so the sum of the series in C7 equals its sum in L?, that we
know to be the kernel of ¢(A).

In order to derive Eq. (2.284), let us point out that that definition (2.285) yields automat-
ically || F () Fu(-)|lci < maxj, 1 jy<j | Fullco || Fullcs; so, for any 9 € (0, +00), the bound
in Eq. (2.276) gives

HFn()Fn()HcJ < max (AjhﬂAjwwg‘LHdemﬁ) .

Jit+j2<j

Moreover, recalling that w, > wy > 0 (for all n € N), one has Wit = (I (), fuwg )12 <
W2 (W fwo ) = Wi Jwd P72 so that

— A 719/\- 9 .
| () Fl(-)||i < (jlrfg)ij ﬁ) Wit (2.286)

Eq.s (2.283) and (2.286) imply the following, for each n > 1:

¢ wy Fo(- Fn )||ci < const. w 2bmi—d=29 < const. n’w
n C n

Now the thesis follows noting that the series > n="=7" converges for any 9 €

(0,6 —5/2 — d).
iii) Let b > d/2. To prove the thesis, on the grounds of Eq. (2.279) we must show that

Z|¢ )| < +o0;

to this purpose, arguments very similar to the ones employed for item i) can be used.
iv) Let b > d. By item ii) with j = 0, the expansion (2.280) of the kernel ¢(A)( , )
converges in C%(Q x Q). In particular, along the diagonal we have the expansion

= o) [F(x)I” (2.287)
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converging in C°(Q). Of course the map C°(Q) > f o, is a continuous linear form with
respect to the topology of C°(); so, we can integrate term by term Eq. (2.287) and infer

[ ax ot Z¢ ) [ xR0 Z¢ (A)

]

Corollary 2.75. i) For all s € Xq4, the operator A™* is of Hilbert-Schmidt class; so, its
integral kernel A=5( , ) admits the L?-convergent eigenfunction expansion

= Z W, F(z) Fo(y) (¢, ye Q) . (2.288)

ii) For any j € N and for all s € X244, the eigenfunction expansion (2.288) for A7%( , )
converges absolutely in C7(Q x Q).

iii) For all s € g2, A™° is a trace class operator whose trace is given by the absolutely
convergent series

+o0o
TrA™ =) w,™. (2.289)

In addition, the map Xq/5 > s — TrA™* is analytic (**).
iv) For all s € ¥4, there holds

TrA® :/dm A7 (x, ) . (2.290)
Q

Proof. 1)-ii) The thesis follows from items i) (resp. ii)) of Proposition 2.74 noting that,
for any s € Xq/4 (resp. s € Xj/244), there exists some b > d/4 (resp. b > j/2 4 d) such
that supye,q A ™ < +00 (e.g., choose b = d/4 + (Rs — d/4)/2, resp. b = j/2+d +
(Rs —j/2—d)/2).

iii) The series representation (2.289) and its absolute convergence can be infered by argu-
ments similar to those employed in the proof of items i) and ii), using item iii) of Propo-
sition 2.74. To prove the analyticity of the map ¥4 > s + Tr A™°, it suffices to show
the existence of the complex derivative % Tr A~*; in view of the series expansion (2.289),
the last statement follows from Lebesgue dominated convergence theorem if there exists a
summable, local dominant for 44 w, % = —2w, % Inw, . To obtain such a dominant, let us

fix s € ¥4/2 and choose a constant o € (d/2, Rs) (note that s — o > d/2); then, for any

s' € X(Rs—ops+0), it can be proved by elementary methods that |w;,? S nwy| < cwn 2(Rs=0)

for some positive constant ¢, (depending on wy and on the fixed parameters s, o). On the
other hand, since s — o > d/2, the Weyl asymptotic relation (2.277) allows to infer that

32We also refer to [56, 84, 115, 116] for alternative derivations of this and other related results.
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+oo  —2(Rs—o)
n=0Wn

of the series (2.289)). Summing up, cwr,
concluding the proof.

iv) The thesis follows by arguments similar to those employed in the proof of items i), ii),
using item iv) of Proposition 2.74. O

< 400 (by arguments similar to those employed to prove the convergence

(Rs—0) yields the required local dominant, thus

Corollary 2.76. The following statements hold for all t € 3.
i) The operator e~* is of Hilbert-Schmidt class; so, its integral kernel e *A( | ) admits
the L*-convergent eigenfunction expansion

e zy) =) e E () F.(y) (zye). (2.291)

ii) The eigenfunction expansion (2.291) for e *A(, ) converges absolutely in C=(Q x Q).
iii) et is a trace class operator whose trace is given by the absolutely convergent series

2

+00
Tre tA =" etn (2.292)
n=0

In addition, the map X 3 t — Tre * is analytic.
iv) There holds

Tre 4 = / dx e (x, x) . (2.293)
Q

Results analogous to statements i)-iv) hold, respectively, for the exponential operators
e VA e tVA VA

Proof. 1)-ii) The thesis follows from items i) and ii) of Proposition 2.74 noting that, for
any t € X and for all b € R there holds sup,¢,(4) Ne R < 1o,

iii) Also in this case, arguments similar to those employed in the proof of items i) and ii)
allow to obtain the series representation (2.292) and its absolute convergence, using again
item iii) of Proposition 2.74. Next, let us prove the existence of the complex derivative
d% Tre 4, granting the analyticity of the map Xy > t — Tre *A. Notice that, in view
of the series expansion (2.292), this fact follows from Lebesgue dominated convergence
theorem if there exists a summable, local dominant for % e™* Wi = —w? e i, To obtain
such a dominant let us fix, for any t € ¥y, a constant 7" € (0, Rt); then, for any t' € ¥r, ,
there holds |w2 e t“4| < w?e T, Now notice that 3.7 w2 e~T¥h < 400, due to the
Weyl asymptotic relation (2.277). Summing up, w? e~ Ton yields the required dominant,
thus yielding the thesis.

iv) Again, the thesis follows by arguments similar to those employed in the proof of items

i), ii), using item iv) of Proposition 2.74. O

For completeness, let us mention that the topic of eigenfunction expansions for integral
kernels associated to self-adjoint operators could also be addressed resorting to the theory
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of rigged Hilbert spaces, within a much more general framework [78, 106, 17, 18]. As
well-known, assuming there to exist a nuclear space N' C H such that N — H — N’ is a
Gelfand triplet, any self-adjoint operator B on H admits a complete system of generalized
eigenfunctions belonging to N (see, e.g., [78], page 190, theorem 1) which can be used
to give an expansion of the integral kernel associated to B. Within this framework,
much more can be said in the case of a self-adjoint operator A given by the closure
of an elliptic differential operator (such as the Schrédinger operator to be considered
in Section 2.6) defined on any (not necessarily bounded) domain  C R?, with minimal
assumptions of regularity for its coefficients and for the boundary conditions. In particular,
the corresponding generalized eigenfunctions are in fact sufficiently smooth; moreover,
they can be used to give an expansion of the integral kernel associated to the operator
#(A) for any function ¢ : o(A) — C decreasing rapidly enough (see [17], page 398,
Theorem 2.1 for more details).

Asymptotic behaviours of the heat and cylinder traces

The results reported in this paragraph constitute the global counterparts of the local
analysis described in subsection 2.7, where the topic of asymptotic behaviour of the heat
and cylinder kernels was addressed.

More precisely, hereafter we report some results describing the small and large t expansions
of the heat and cylinder traces TretA, Tre tVA,

Proposition 2.77. The map Yo — C, t — Tre A decays exponentially for Rt — +oo;
more precisely, for any fized T € (0,+00) and for all t € X, there holds

Tre *4 < Op e ™40 | Crp = Tre TAD < oo (2.294)

(recall that wy > 0 is the minimum eigenvalue of A; 1 is the identity operator on H).
Analogous results hold for the other exponential traces Tre VA Tr(e tVA /\/A).

Proof. Consider again the series expansion (2.292) and recall that w,, > wo, for all n € N;
therefore, for all T > 0 and for all t € Y, there holds |e tn| = e Rtwfe Rt (@i—wf) <

e Rbwp e*T (@i=9) . Then, the thesis (2. 294) follows noting that the Weyl asymptotic rela-
tion (2.277) implies Tre~TA—wD = %0 o~T(Wi—«6) < f00, by a slight variation of the
arguments used in the proof of Corollary 2.76. O

Clearly, the previous proposition only deals with the large t behaviour of the exponential
traces. The small t asymptotics of these traces is described instead by the forthcoming
Theorems 2.78 2.79; these theorems contain results analogous to those reported in The-
orems 2.68 2.69 of subsection 2.7 and, also in this case, we refer to [20, 80, 91] and to
[73, 74, 76] for their respective proofs.

Theorem 2.78. Let the assumptions (2.159) and (2.209) be fulfilled; moreover, assume
V' to be positive definite. Then there exists a unique sequence of real coefficients a,, € R
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(n € N) such that for any N € N, in the limit t — 07 (t € (0,4+00) ), there holds

N

a1 . -

Tre t4 = v (Z ant"? + Ot 2 )) . (2.295)
n=1

Theorem 2.79. Let the assumptions (2.159) and (2.209) be fulfilled; moreover, assume

V' to be positive definite. Then, there exist a unique pair of sequences e, f, € R (n € N)

such that, for any N € N and for t — 0% (t € (0,400) ), there holds

N N
1
Tre ™ = 2 | D eat" + Y fut"lnt + O int) | (2.296)
n=0 n=d+1

n—d odd

Integral representations for Tr 4.

The forthcoming Proposition 2.80 allows to express the trace Tr . A™® in terms of some
integral transforms related to the exponential traces Tre A, Tre tVA Tr (e VA /y/A),
thus givining a global analogous of Proposition 2.70.

Proposition 2.80. Let the assumptions (2.159) and (2.209) be fulfilled (so that Dirichlet
boundary conditions are prescribed on 052); then, for all s € ¥4/5 there hold

1 oo

TrA—® = m/ dt t57 Tre 4 (2.297)

0

—s 1 oo 2s—1 —tVA

TrA™ = I'(29) dt t Tre : (2.298)

0

1 too
T’I".Ais = m/(; dt t2$72 Tr (eit\/j/\/Z) . (2299)

Proof. As an example, we show how to derive Eq. (2.297). To this purpose, recall once
more the series expansions (2.289) (2.292) for Tr A= and Tr e "4, resectively; these allow
to rephrase Eq. (2.297) as

o3 1 [t X e
> w = o) / dt £ et (2.300)
n=0 0 n=0

Therefore, in view of the identity 27 = %S) 0+°°dt t57 e (see [122], page 139, Eq.
5.9.1), the thesis follows if the integral and the series in Eq. (2.300) can be interchanged.
In fact, the mentioned operation can be performed in consequence of the Fubini-Tonelli

theorem [134] since

+oo “+o0 +00

_ —tw?2 _
§ / dt |ts 16 twn|: E wn2%8<+oo,
n=0"0 n=0

where the finiteness of the last expression is granted by item ii) of Corollary 2.75. n
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2.8 Mellin transforms and their analytic
continuation.

General definitions and some basic relations.

Let us first fix a few notations to be employed throughout the present section. We indicate
with R the system of extended real numbers, i.e.,

R:=RU {400} = [~00, +q] ; (2.301)
moreover, for any pair r1, 7, € R with r; < 7y, we put
Sy ={s€C|r <Rs<r}. (2.302)
If r5 = 400, in accordance with Eq. (2.133), we use the short-hand notation
Y = Xy 400) - (2.303)

Definition 2.81. Let r,7, € R with r; < r5. A measurable function F : (0, 4+00) — C
is said to be of type (ry,7) if the map (0, +00) — C, t — t"1F(t) is integrable for all
$ € Y(r,r); We use the notation

My ) ={F : (0,400) = C | Fis of type (r1,72)} (My, =M 100) - (2.304)

For ' € My, .,y and s € Xy, 1), We put
+0o0
M[F](s) := / dt t 1 F(t) (2.305)
0

and refer to the map IM[F] : X, ,,) = C, s = M[F|(s) as the Mellin transform of F’; the
complex domain X, ,y will be called the strip of definition of IM[F].

Remark 2.26. The whole theory of Mellin transforms could be formulated with much
more generality; for example, one could only replace the function F' with a distribution-
like object acting on some suitable space of test functions. As a matter of fact, many of
the results discussed in the present subsection continue to hold also in this generalized
framework (for further details on this topic, see, e.g., [157, 30]). Nevertheless, such a
broader generality is unecessary in the present work and will therefore be neglected: we
only consider the Mellin transform of ordinary, Lebesgue-integrable functions, since this
is the case of interest for the applications to be studied in the following.

Lemma 2.82. (Operational relations). Let F : (0,+00) — C. Then, for all ri,ro € R
with r1 < ro the following results are fulfilled.
i) Let a € (0,400) and consider the function

F,:(0,400) = C, t+ Fu(t):=F(at) . (2.306)
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Then, there hold
F, € M(rz,rl) & Fe M(n,rz) ; (2.307)

M[F,](s) = a > M[F](s) for all s € X 1y - (2.308)
ii) Let a € R\{0} and consider the function

Ga:(0,400) > C, t—= G,(t) :=F(t) . (2.309)
Then, there hold
G, € M(am’am) & Fe M(Tl,rz) ; (2.310)
MIC](s) = — M[F] (f) forall s €% (2.311)
a |CL| a (ari,ar2) - .

iii) Let o € C and consider the function

H,:(0,400) = C, tw— H,(t)=tF(t) . (2.312)

Then, there hold
Hy € M4 —paros—na)y & F My ; (2.313)
M[H,|(s) = M[F](s + «) for all s € X —pars—na) - (2.314)

Proof. All the statements i)-iii) follow from Definition 2.81 by simple changes of the

variable of integration, suitably defined in view of the explicit expressions (2.306), (2.309)

and (2.312) for the functions F,, G, and H, in terms of F.

As an example, let us give a few more details about the derivation of Eq. (2.311). First

note that, Eq. (2.309) and the definition (2.305) of Mellin transform give M[G,](s) =
°dt t°-1 F(t*); making the change of variable t + t'/ (%), one infers 9[G,](s)

ol L [i7dt ta~! F(t). Then, Eq. (2.311) follows recalling again the definition (2.305). O

Lemma 2.83. Let F € L} (0,4+00) and assume that, for some 11,75 € R with 11 < 1y,

_Jot) fort— 0T,
F(t) = { O(t™") fort— 400 ° (2:315)

Then, F' € M, ).

Remark 2.27. In particular, if r; = —oo or 1o = +00, the notations F(t) = O(t*>) for
t — 0" and F(t) = O(t~>°) for t — +o0 in Eq. (2.315) mean, respectively, F(t) = O(t")
and F(t) = O(t™") for each r € (0, +00).

330f course, the restriction on the real parameter a in both items i) and ii) are necessary in order to
guarantee that the change of variables to be employed in the proof (such as t — t!/ @) are well defined.
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Proof. First note that, for any T, Ty € (0, +00), there holds the following decomposition:

+00 T T> ~+o0
/ dt [t F(t)| :/ dt ]ts‘lF(t)]+/ dt ]ts‘lF(t)]Jr/ dt |t°7'F(t)| . (2.316)
0 0

T Ts

By definition, F' is of type (rq,79) if and only if the integral in the left-hand side of
the above equation is finite for all s € ¥, ,,); this happens if and only if each of the
integrals in the right-hand side of Eq. (2.316) are finite, since the integrand functions
are all positive. Hereafter we prove the last statement which, according to the previous
considerations, gives the thesis.

Of course, the assumption (2.315) means that there exist 77, 75 € (0, +00) and a pair of
positive constants M, M, such that

Mit™ forO<t<Ty
< 1 .
F(t)] < { RSOt

this fact allows to infer easily the bounds

()

Iy
dt [t°TFt)| < My L
[ aeetr) < an G

for all s € C with Rs > ry ,

+00 (T*>§Rs—rz
/ dt [t°7IF(t)| < My ~2—— for all s € C with Rs < ry .
Ty To — Rs

Next note that, for 77, Ty € (0, +00) as above and for all s € C, there holds

T3 T3
/ dt [~ P ()] gmax(m)“s—l,(T;)%s—l)/ dt |F(t)] < +o0 |

Iy b

where the finiteness of the integral on the right-hand side is granted by the assumption
F e L},.(0,+00).

Summing up, we have shown that the three integrals on the right-hand side of Eq. (2.316)
are all finite at the same time for s € C with r; < s < ry, ie., for s € X ,,); as

anticipated above, this yields the thesis. O

Remark 2.28. The arguments presented in the proof of Lemma 2.83 allow to infer the
results discussed hereafter, giving a partial converse of the cited lemma.

On the one hand, the assumption F' € L} (0,400) is in fact a necessary condition in

order to have F' € M, ,,) for some ry,ry € R (11 < 13) (*).

34To prove this fact note that, for any 71,7, € (0,+00) and for all s € C, there holds

T2 T2
/ dt |F(t)] < max (Tf—%S,T;—%S)/ dt [t571 F(t)] .
Tl Tl
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On the other hand, it appears that the restrictions Rs > r; and Rs < 7y descend,
respectively, from the small and large t behaviour of F'; more precisely, the following
bounds must hold:

ry > inf{r e R | t"~1f(t) € L'(0,T) for some T > 0} ;

(2.317)
ro <sup{r e R | t""1f(t) € LY(T,+o0) for some T > 0} .

Proposition 2.84. Let ri,ry € R with 1, < r9 and let F € Mriro). Then, the Mellin
transform M F] of F' is analytic in the strip X, »,); moreover, for any k € N and for all
5 € X(ry,rq), there holds

d*M[F]
dsk

Proof. 1t suffices to prove that Eq. (2.318) holds for any £ € N and for all s € X, ;,);
indeed, for k = 1 this fact shows, in particular, that 9%[f] is holomorphic on the strip
2(r1,r), hence analytic therein.

To derive Eq. (2.318), first consider the definition (2.305) of [ f] and note that 9%t~ =
t~!(Int)"*; then, it appears that Eq. (2.318) follows from the Lebesgue dominated con-
vergence theorem if, locally for s € X, ,,), the map (0,+00) = C, t — t*~(Int)*F(t)
admits an integrable dominant function (independent of s). To prove the last statement,
let us fix sg € (r1,72) arbitrarily and choose ¥ > 0 so that sy + 29 € (ry,73) (such a ¢
always exists since (rq,72) is open); for any k € N, there exits a pair of positive constants
C1, Cy (depending on 9, k) such that (%°)

Cit=? forte(0,1)
k 1 ) ’
|(nt) ‘S{Cgtﬁ for t € (1,400).

(5) = /O+Oodt t°  (Int)* F(t) . (2.318)

Then, for all s € ¥5_9,s,+9) it follows that
[t (Int)* F(t)| < Cy [0 F(t)| 4 Co [t R (1)) . (2.319)

Since F' € M, ,,) and we have chosen ¥ > 0 such that sy & 2¢ € (r1,72), the right-hand
side of the inequality (2.319) gives a dominant function which is integrable over (0, 4+o00);
due to the above considerations, this completes the proof. O

Remark 2.29. The previous Proposition 2.84 grants the analyticity of the Mellin transform
OM[F] of any given function F' € M, ,,) inside the open strip ¥, ,,). Then, it is natural
to try and extend 9[F] to a wider region of the complex plane by means of analytic
continuation, a topic we discuss in the remainder of the present section; more precisely,
we present three main methods allowing to construct the mentioned analytic continuation
of M[F], under suitable (increasingly stricter) hypotheses for the function F'.

35Tt can be show by elementary methods that the optimal choice for both C; and Cs is

k k
C1:C2:(196> .
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Analytic continuation of Mellin transforms.

Proposition 2.85. (First method for analytic continuation: asymptotic expansion). Let
F e L}, (0,+00). Assume there exist N,P € N and two families of coefficients a,, fnp
(ne€{0,...N+1}, pe{0,.., P}) with

a, € R , Gy < <..<ay <any4i and fnp eC , (2320)
such that there holds the asymptotic expansion
N P
=D ) Fapt(Int)P +O@E™)  fort — 0T ; (2.321)
n=0 p=0
moreover, assume there exists r € R with r > —ag such that
F(t)=0(t™) fort — 400 . (2.322)

Then F € M_qyr and its Mellin transform IMM[F)] can be analytically continued to a
Junction which is meromorphic in the strip X(_qy., »), possibly with pole singularities at
s € {—ag,....,—an}. Furthermore, the analytic continuation of M[F] (indicated with the
same symbol) can be represented as follows, for all s € X(_qy,, r-

;;éujﬁ“ﬁﬁﬂ

T +oo
+/0 dt 5! ( Zanpt“n (Int) > +/ dt t571 F(t) .

n=0 p=0

(2.323)

Proof. First note that F(t) = O(t%) for t — 0" in consequence of the assumption (2.321);
this fact and the other hypotheses on F' made in the present proposition grant, in view of
Lemma 2.83, that F' € M(_q, ).
Next, let us pass to the construction of the analytic continuation of the Mellin transform
9M[F]. To this purpose, recall that the expression O(t*¥+!) for t — 0 by definition means
that

3T, M > 0 such that |O(t*V+1)| < Mt~ forall 0 <t < T ; (2.324)

for any such 7" and for all s € ¥(_,, ), using the expansion (2.321), the definition (2.305)
of M[F| can be rephrased as

M(F)(s) =

g oo 2.325
ZZ fnp/ dt t>r ! (lnt)p+/ dt ts—lo(t“N+1)+/ dt 71 F(t) . (2.325)
0

n=0 p=0 T

Hereafter we discuss in detail each of the terms in the right-hand side of Eq. (2.325); the
conclusion of this analysis will be the proof of Eq. (2.323), giving the analytic continuation
of 9M[F] as stated in the proposition.
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First, let us fix n € {0,..., N}, p € {0, ..., P} and consider the corresponding integral in the
first sum on the right-hand side of Eq. (2.325); this integral can be evaluated explicitly,
for all s € X, giving (%)

/Tdt gL (I ¢)P — Te+on i ((—1)1:19!) (InT)"~ (2,326

0 S\ (p=4)') (s+an)

Despite the above identity is derived under the assumption s > —a,,, it can be interpreted
to give the analytic continuation of the integral on the left-hand side to a function which
is meromorphic on the whole complex plane and whose only singularity is a pole of order
pat s = —a,.

Concerning the second and the third integral in Eq. (2.325), we state that these integrals
are finite and determine analytic functions of s for all s € C with ®s > —ayy; and
Rs < r, respectively. In fact, the convergence of fOT dt t571 O(t*¥+1) follows easily using

the bound (2.324), while the integral [,I°dt t*~' F(t) can be shown to be finite moving
along the same lines as in the proof of Lemma 2.83; the analyticity of these expressions
can be proved by arguments similar to the ones presented in the proof of Proposition 2.84.
So, as anticipated before, Eq.s (2.325) (2.326) imply the representation (2.323) which
gives the analytic continuation of 9[F] to a function meromorphic in the strip X(_q,,, ),
with poles at s € {—ay, ..., —ay}. ]

Corollary 2.86. Let k € N and F' € C*'([0,+00)); moreover assume that, for some
r € R with r > 0, there holds

F(t)=0(t™) fort — 400 . (2.327)
Then F € M,y and its Mellin transform OM[F] can be analytically continued to a function

meromorphic on the strip X(_ 41y, possibly with simple poles at s € {0,—1,..., —k}; in
particular, for s € ¥(_(x41),) there holds

M[F)(s) =
I R QTR b AR U

36In order to prove Eq. (2.326), first note that t579 =1 (Int)P = 9P (£ ~1); then, for all s € C with
Rs > —a,, by arguments similar to those presented in the proof of Proposition 2.84 one can resort to the
Lebesgue dominated convergence theorem to infer

i4 Ts+an
/ dt 5t (Int)? —/ dt t5ton 1 = d( ) :
s+ay,

Eq. (2.326) follows straightforwardly from the last expression above using the general Leibnitz rule.
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Proof. The assumption '€ C*™1([0, +00)) ensures, in particular, that both F'€ L}, (0, +00)
and

k—1
F("
t” +O(tF)  fort — 0"
n=0
then, the thesis follows straightforwardly from Proposition 2.85. n

Corollary 2.87. Let F € L},.(0,+00). Assume there exist N,P € N, and two families
of coefficients ¢, fnp, (n € {0,..., N}, p € {0, ..., P}) with

mER, <o <...<cey<cngg and fp € C | (2.329)
such that there holds the asymptotic expansion
N P
= ) Fapt (b))’ + O(E™N)  for t — +o0 ; (2.330)
n=0 p=0
moreover, assume there exist r € R with r > —cq such that
F(t) = O(t") fort — 07" . (2.331)
Then F € M_, ) and its Mellin transform MM[F| can be analytically continued to a
function which is meromorphic on the strip X_, .., ), possibly with pole singularities at

s € {¢o, ..., e }. Furthermore, the analytic continuation of M[F] (indicated with the same
symbol) can be represented as follows, for all s € ¥(_

TeNL1) "
. frp 1 ~(InT)P~
=23 S (8 ) S
N ” (2.332)
+/T dt t57! ( ZanptCn (Int) ) /dt t L F(t) .

Proof. Consider the function F_; : (0,+00) — C, t — F_1(t) := F(1/t) (see Eq. (2.306),
with @ = —1). Of course, F'_; € L}, (0, +00); moreover, there hold the following relations:

N P
o] X dwtrcmer o) for v 0

- n=0 p=0
ot™) for t — +o0

Therefore, due to Proposition 2.85, we have F_; € M(_.,; furthermore, the Mellin trans-
form 9M[F_] can be analytically continued to the strip ¥, ,) and therein it admits the
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following representation, for any 7, € (0, +00):
N PP yp=i s+en p—j
N P Frp T2 (In 1)
s) —ZZ 0( ) ) (5+cp)
T 400
+/ dt 5! Z Z 1)Pfp t 76 (Int)? +/ dt t°1F_(t) .
0

*

(2.333)

The thesis can be easily infered using statement i) in Lemma 2.82; in particular, Eq.
(2.332) follows from Eq. (2.333) recalling that 9MM[F](s) = M[F_1](—s) (see Eq. (2.308),
again with a = —1), performing the change of variable t — 1/t in the integrals appearing
in Eq. (2.333) and setting 7" := 1/7T5. O

Proposition 2.88. (Second method for analytic continuation: integration by parts). Let
F € C*([0,4+0)) for some k € N; moreover, assume there exist r € R with r > 0 and a
family of coefficients r,, (n € {0,...,k—1}) with

Tn > T 4N, (2.334)

such that
FM(@)=0(t™™)  fort— +oo . (2.335)

Then F € M,y and its Mellin transform OM[F] can be analytically continued to a
function which is meromorphic on the strip X(_y,,_r), possibly with simple poles at s €
{0,-1,..., =(k—=1)}; in particular, for s € X(_r, i) there holds

(=1)* :
M[F](s) = D) (o E D) M [FP] (s + k) . (2.336)
Proof. First note that the function F fulfills all the hypotheses of Corollary 2.86, since
F € C*([0,+00)) and F(t) = O(t™™) in the limit t — +oo for some 79 > 7 > 0; in
particular, this suffices to infer that F' € M.
In order to derive the representation (2.336) for the Mellin transform 9t[F], consider the
general definition (2.305); integrating by parts k times, we obtain

MIF](s) = (2.337)

— n ) ()] (=DF R
tT VY (t dt t°7 0 FW(t) .
[ ( )]o * s(s+1)...(s+k—1) /o )

s( 5+1 5+n)

n=0

Now, fix n € {0,...,k—1} and consider the boundary term [t**"F ) (¢)]F>°. On the one
hand, since F' € C*([0,+00)) (k > n), there holds

lim <t5+”F(”)(t)> =0 forse C with s> —n;

t—0t+
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on the other hand, the assumption (2.335) allows to infer

lim <t3+"F(") (t)) =0 forseCwithRs<r,—n.

t—+o0

The hypothesis (2.334) grants that the above results do indeed hold for all s € ¥ ,); thus,

within this strip Eq. (2.337) reduces to 9MM[F|(s) = Wl(ik—l) 0+°Odt ts 1 PR (t),
which is equivalent to Eq. (2.336) by the definition (2.305) of Mellin transform.

To conclude note that, since F' fulfills the hypotheses of Corollary 2.86 (here employed
with &k + 1 replaced by k), there holds F*) € M 0,r,); therefore, the integral in Eq. (2.336)
converges for all s € (g, —k). Since Xy, —r) O (o), the representation (2.336)
gives the analytic continuation of 9t[F] within this strip to a meromorphic function with
possible poles at s € {0, —1,...,—(k—1)}. O

Proposition 2.89. (Third method for analytic continuation: complex integration). Let
F :(0,4+00) = C be a function admitting an analytic extension (indicated with the same
symbol) to a complex open neighbour U C C, such that

[0, +00) CU and sup |z > 0 ; (2.338)
zeU

moreover, assume that, for some r € R with r > 0,
F(t)=0((Rt)™")  for Rt — +oo . (2.339)

Then F' € M,y and its Mellin transform MM[F] can be analytically continued to a function
meromorphic on the infinite left strip ¥ ), possibly with simple poles at s € ZN(—00,1);
in particular, for s € ¥(_oor) \{Z N (—00,7)} there holds

—ims

MF](s) = —— /ﬁ dt L P () | (2.340)

T2 sin(7s)

where Y C U denotes the Hankel contour, that is a simple path contained in the open
neighbour U that starts in the upper half-plane near +o0o, encircles the origin counter-
clockwise and returns to +oo in the lower half-plane (see Fig. 2.1 below).

Proof. Also in this case the assumptions made for the function F' are sufficient to infer
that F' € 9Mo,, by Corollary 2.86.

Next, let us show how to derive the representation (2.340) for the Mellin transform 9 F7;
to this purpose, fix s € ¥X(g,) and consider the integral

N[F)(s) == /j5 dt 1 F(t) (2.341)

(note that the assumption s < r and the hypotheses made for F' ensure that the above
integral is well-defined). To proceed note that, for any ¢ with 0 < § < sup,, |Sz|, the
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Figure 2.1: The Hankel contour $).

Hankel contour $) is homotopic to the path $s described as follows:
H;=HUNITUH; ,  with
9y ={tcC|t=7+id, 7€[0,+00)},
N ={teClt=5e" 0e(r/2,31/2)}.
Due to this fact and to the analyticity of F', the path $ in Eq. (2.341) can be replaced

with $s; thus,
N[F)(s) = NF[F](s) + NG[F](s) + N5 [F(s)

NE[F)(s) = $/0 OodT (1 £i6)°* ' F(T £1i6) , (2.342)
3r/2 ) )
WF) =i | o5y Foe) .

Consider the limit  — 0%. Notice that, in this limit, (7+48)*! — 757! while (7 —4§)*~! —
e¥ms=) o=l — gZimsrs—1. moreover, F/(1 & i6) — F(7). Due to these results, by Lebesgue
dominated convergence theorem it follows that lims_o+ 915 [F](s) = — 0+°°d7' LR (7)
and lim;s o+ N5 [F](s) = €27 0+Ood7 757 F (7). Concerning the integral MY[F](s), note
that the analyticity of I’ implies the existence of a positive constant C such that |F'(6 )| <
C for all 0 € (0,27); thus, for Rs > 0, one has
3m/2
IMI[F](s)| < C 6% / dh e G 50 ford — 0t . (2.343)

w/2

Summing up, in the limit 6 — 07 Eq. (2.342) gives
“+oo
N[F)(s) = (e*™ — 1)/ dr 75 1F(7) . (2.344)
0
Noting that e*™ — 1 = 2ie"™ sin(rs) and recalling the definitions (2.305) (2.341) of 9M[F],

MN[F], Eq. (2.344) allow us to obtain the representation (2.340) of the Mellin transform
IM[F] for all s € o, \{ZN(0,7)}.
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To conclude, note that the hypothesis s > 0 was employed only to justify the intermedi-
ate result (2.343); nevertheless, to grant the finiteness of the integral 91 F] of Eq. (2.341)
it suffices to require s < r. Therefore, the representation (2.340) makes sense for all
s € Y(—e,) and can be interpreted as the analytic continuation of 9[F] to this strip,
yielding the thesis. O]

Remark 2.30. i) Let F : (0,400) — C be an analytic function fulfilling all the hypothe-
ses of Proposition 2.89; for any ¢ € Z, consider the analytic extension of the function
introduced in Eq. (2.312):

Hy:U—C,  te Hy(t) =t F(t) . (2.345)

Proposition 2.89 and the statement iii) of Lemma 2.82 allow to infer that H, can be ana-
lytically continued to a function which is meromorphic on the infinite left strip X(_o ,—q);
due to the results in Eq.s (2.314) (2.340), this analytic continuation can be represented as

e—i7rs
M[H, =— [ att H (t 2.346
1)) = 5o | (6) (2.346)
where it was also used the fact that
e /sin(m(s + q)) = 1/ sin(7s) forqeZ . (2.347)

ii) Consider the very well-known reflection relation (see, e.g., [122], page 138, Eq. 5.5.3)

L(s)T(1—s)=

for s € C\Z . (2.348)

sin(ms)
Using this identity, Eq. (2.340) can be reformulated as follows, for all s € C\Z:

1 e T(1—s) a1
m M[F|(s) = o /ﬁdt t°7 F(t) (2.349)

In some cases of interest for the applications to be considered in the following, Eq. (2.349)
yields a very effective method for computing explicitly the analytic continuation of the
Mellin transform of certain functions; in fact, for suitable s € Z, the integral in the right-
hand side of Eq. (2.349) can be easily computed via the residue theorem, since F' is
assumed to be analytic in the region enclosed by the Hankel contour ).

Analytic continuation of the Dirichlet kernels.

Let us consider the framework of Sections 2.6 and 2.7; so, assume again € C R? to be an
arbitrary domain and let A be the admissible operator obtained restricting the differential
operator A = — A +V (V € C*(Q)) to an admissible domain Dom(A) C L?*(Q).
Consider the heat, cylinder and modified cylinder kernels associated to A; recall that the
features possessed by these kernels have been discussed extensively in subsection 2.7. The
results obtained therein allow, in particular, to derive the following lemma.
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Lemma 2.90. Let j € N and let , 8 be any pair of multi-indices such that |a| + |8] <
j. For any fired m,y € Q, consider the maps (0,+00) — C, t — 9200 tA(x, y),
9200 e VA (z, y), 9200 (e VA /A (x, y); each one of these maps admits a Mellin trans-
form. More precisely, there holds
Drdye Az, y) € Mty
oroge* VA (z,y) € Mjsa . (2.350)
P05 (e~ A IVA) (m,y) € Mg -

Moreover, for all s € X(j1q4)/2, the derivative 9205 A% (x, y) of the Dirichlet kernel can be
expressed as follows in terms of the Mellin transforms of the above maps:

1

0705 A5 (z, y) = o) MOy Dy e A (z, y)](s) (2.351)
0208 A~ (x, ) = ﬁ M7 VA (2, )] (2) | (2.352)
000 A (2, y) = ﬁ (020 (e~ VA ()] (25 — 1) (2.353)

Remark 2.31. The identities in Eq.s (2.351-2.353) must be meant to hold pointwisely, for
all fixed x,y € Q (and for all s € X(;14)/2).

Proof. Recall the small and large t bounds derived in point ii) of Proposition 2.65 for the
exponential kernels; see, in particular, Eq.s (2.249), (2.254) and (2.255). Then, the first
part of the thesis (namely, Eq. (2.350) ) follows easily from Lemma 2.83.

On the other hand, the identities in Eq.s (2.351-2.353) are simply a restatement of Eq.s
(2.266-2.268) (see Proposition 2.70) in the language of Mellin tranforms. O

Let us anticipate that, for the physical applications to be considered in the subsequent
Chapters 3 and 4, it is of utmost interest the evaluation along the diagonal (y = x) of
the Dirichlet kernel and of its derivatives, as well as the computation of their analytic
continuations with respect to the complex parameter defining their order.

Having in mind these developments, hereafter we proceed to construct the required ana-
lytic continuations, making suitable hypotheses for the small t asymptotic behaviour of
the corresponding derivatives of the heat and cylinder kernels (to be evaluated along the
diagonal, as well). The main results are contained in the forthcoming Theorems 2.91, 2.92
and 2.93; in the related Remarks 2.32, 2.33 and 2.34 we will comment on the hypotheses
mentioned above for the exponential kernels, pointing out that they are typically fulfilled
in most cases of interest.

Before proceeding, let us recall once more that, for any x € €2 and for any pair of multi-
indexes a, 3, the maps (0, +00) 3 t — 9205 et A(X, y)|y—x, 0705 et VA(x, y)|y—x are an-
alytic and decay exponentially for t — 400 (see Proposition 2.65). On the other hand,
all the hypotheses made in Theorems 2.91, 2.92 and 2.93 contain only assumptions about
the asymptotics of the above maps in the limit t — 0%.
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Theorem 2.91. Let o, B be any pair of multi-indexes and consider the derivative 810‘8266*'““4(:1:, Y)
of the heat kernel, for t € (0,400) and x, y € Q). Assume there exist N € N and a family

of coefficients b, : @ — R (n € {0,..., N}) such that along the diagonal y = x, there holds

the following asymptotic expansion for t — 07 :

N
_ 1 n
etz y)| = T <§ b () ¢ +O(tN+1)) . (2.354)
n=1

y=z

Then, the map X(o|+|gj+a)/2 — C, s 9205 A% (x, ) (for all & € Q) can be analytically
continued to a function which is meromorphic in the strip X(a|+|g+d)/2—n and possesses

only possible simple pole singularities at s = w —n, forn € {0,....,N}. More
precisely, the analytic continuation is given by
N
1 b (CL‘) TS*d/Z‘i’n
aabB fA—s o n
REA@Y)| =77y LZ:O P (2.355)

T

T
+ / dtt5 (afage—tA(as, v)
0

]

Proof. First of all, recall that the results of Proposition 2.65 allow to infer the following
estimate, for any fixed x € (2:

N
1 n oo S— o —
o tOGIHBITD2 > _ba(®)t ) +/ dt 1 Of 0 e (x, )
= n=0

6‘1)‘8266_'”4()(, y) < Cyp(x) ect for t > T, 3(x) ,

y=x
where the positive constants C, 3(x), T, s(x) can be determined explicitly according to
Eq. (2.249) and ¢ > 0 is such that ¢(A) C [¢,400). Then, due to Proposition 2.85,
the map s ~ 0895 A~%(x,¥)|y—x can be analytically continued to the (right-infinite)
StTip X ((jaj+|8+d)/2= N +o00) = 2(|a|+|8|+d)/2—N- Moreover, the analytic continuation can be
determined explicitly starting with Eq. (2.351); it suffices to keep in mind the asymptotic
expansion (2.354) and to resort to the general relation (2.323), here employed with P =0
and a, =n — (Ja| +|5] +d)/2, (n =0, ..., N). This suffices to infer the thesis. O

Remark 2.32. 1) As anticipated previously, the hypotheses made in the above theorem
are well-known to be fulfilled in many cases of interest. For example, expansions of the
form (2.354) for the diagonal heat kernel derivatives can be easily derived for arbitrary
N € N under the assumptions (2.159) for the domain € and for the potential V', starting
from the expression in Eq. (2.262); in this case the coefficients b, in Eq. (2.354) can all
be determined in terms of the HDSM-coefficients a,, and of their derivatives. Analgous
results for the heat kernel also hold in case the domain is a (possibly unbounded) subset R?
delimited by flat boundaries (namely, parallel or perpendicular planes), on which suitable
boundary conditions are prescribed (7). Let us also mention that, when the domain

37This statement can be checked by direct computations, starting with the heat kernel Ko(t;x,y) :=

x—y 2
W S (see Eq. (2.263) ) and using the method of images.
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is the whole space R? and the potential V is either a mass term (V = m?2, for some
m € R) or an harmonic-type background (V(x) = M|x|?, for some A € R), the well-
known explicit expressions for the corresponding heat kernels are easily seen to possess
asymptotic expansions of the type (2.354).

ii) Whenever the hypotheses of Theorem 2.91 are fulfilled, it can be proved by Riesz means
methods (see, e.g., [60, 73, 76]) that the derivative 8295 *VA (x,y) of the cylinder kernel
evaluated along the diagonal admits a corresponding asymptotic expansion, for t — 0T,
given by (compare with (2.265) )

9205 et (x,y)

y=x

N N
1 (2.356)
td+‘a|+|5\ E gn(X) tn + E hn(X) tn lnt + O(tN+1 111 t) s
n=0 n=d+|a|+|8|+1
n—(d+|a|+|8]) odd

for some N € N and for two families of coefficients g,,, h, : @ — R (n € {0,...,N}) (*%).
Then, a simple variation of the above Theorem 2.91 can be derived starting from the
asymptotic expansion (2.356); since this alternative formulation will never be used in the
applications to be considered in the following, it will not be reported in the present work.

In most of the cases mentioned in item i) of Remark 2.32 much more can be said about
the small t behaviour of either the heat or cylinder kernel and of their derivatives. Having
in mind these considerations, we state the following Theorems 2.92, 2.93; therein, under
slightly stronger assumptions, we present other methods which allow to construct the
analytic continuations of the maps s — 9395 A~%(x,y)|y—x, typically in a more efficient
way from a computational point of view.

Theorem 2.92. Let o, B be any pair of multi-indexes. Assume there exist N € N and a
function H@P) . [0, +00)xQ — R, (t, ) — H@P)(t; x) such that, for any fizved x € )
i) the map t — H@P(t; x) is of class CV;
ii) for t € (0,400), the derivative 09S¢t (x, y) of the heat kernel evaluated along the
diagonal is given by

1

aalB —tA _ (o, B .
81 826 (w, y) o = W H )(t ; ac) . (2357)

Then, for any fived © € Q, the map X(atjal+ign2 — C, s — 8?85%1_8(:13, Y)|y=z can be
analytically continued to a function which is meromorphic in the strip X(ay|a|+|8))/2—N and
possesses only possible simple pole singularities at s = w —n, forn € {0,...,N}.
More precisely, the analytic continuation is given by

38 As pointed out by Fulling in the already cited works [60, 73, 76], some but not all of the coefficients
9n, hy can be determined in terms of the heat kernel coefficients b,,.
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070y A (, y)

= (2.358)

y=z

(_1)N +oo 37‘“|+|ﬁ|+d71+N Nyr(a,8) '
D(s)(s— BB ) (o el _y Ay o bt ONH P (t; ) .
5 -

Proof. The thesis can be derived following the same arguments presented in the proof of
Theorem 2.91, using Proposition 2.88 (and the corresponding Eq. (2.336)) in place of
Proposition 2.85. O

Remark 2.33. The hypotheses made in the above theorem are known to hold when 2 is
bounded with smooth boundary and V = 0 (*%), or when Q2 = R? and the potential is
either V.=m? (m € R) or V(x) = M|x|> (A € R).

Theorem 2.93. Let «, 8 be any pair of multi-indexes. Assume there to exist a function
J@B) (0, +00)xQ = R, (t,z) — J @A (t;x) such that, for any fized x € Q:

i) the map t — J@P(t;x) admits an analytic estension to a complex open neighbour
U C C of the positive real semi-azis [0, +00);

i) for t € (0,+00), the derivative 0295e A (x, y) of the cylinder kernel evaluated along
the diagonal is given by

(6% — ]' (0%
020l e VA (g, ) = e JO) (¢ @) . (2.359)

Then, the map X(ja|+|8/+a)/2 — C, s — 8905 A% (, Y) | y—a can be analytically continued to
a function, which is meromorphic on the whole complex plane and possesses only possible
simple pole singularities at s = k/2, for k € {1,...,|a| + |8] + d}. More precisely, the
analytic continuation is given by

. =2 P(1—2s
A g =)
y=x e

/ dt t¥lel=IBl=d=1 pleB) (¢ - ) (2.360)
)
in particular, for s = —k/2, k € N, there holds

070y A2 (. y)

— (—1)*T(k + 1) Res (t*(’”'a'*‘ﬁ'*d*l)J(Qﬂ)(t )t = o) . (2.361)

Y=z

Proof. Also in this case the thesis can be derived following the same arguments presented
in the proof of Theorem 2.91; this time, in place of Proposition 2.85, one must resort to
Proposition 2.89 and to the related Remark 2.30 (see, in particular, item i) therein which
must be employed here with ¢ = |a|+|3|+d and F(t) = J@?(t;x). Finally, Eq. (2.361)
follows easily by the residue theorem, recalling that the map t — J@%)(t;x) is analytic
for all Rt > 0. O

39In fact, in this case all the HDMS coefficients of any order vanish except for ag(x,x) = 1.
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Remark 2.34. i) The hypotheses made in Theorem 2.93 can be easily checked by direct
computation in many cases of interest. For example, they are fulfilled when the potential
is null (V = 0) and the domain is a subset of R? delimited by flat boundaries consisting,
namely, of parallel and/or perpendicular planes on which either Dirichlet or Neumann
conditions are prescribed (see [65] and the forthcoming Section 4.3 of Chapter 4).

ii) Consider the analytic continuation of 9395 A~%(x,y)|y—x determined according to Eq.
(2.360). It appears that the singular behaviour at the points s = k/2, k € {1,..., |a| +
|B| + d} descendes from the pole singularity of the Gamma function evaluated at non-
positive integers. Due to the same considerations, one could expect any of the points
s = k/2, with k € N unrestricted, to be singular; however, it is known a priory that
the map s — 0995 A~5(x,y)|y—x is analytic for s € Y(jal+|8/+d)/2, SO that no singularity
exists therein (nor can it arise by analytic continuation). Let us stress that there is no
contradiction; in fact, for s = k/2 with k¥ € N and k > |a| + |3] + d, the integral along
the Hankel contour in Eq. (2.360) can be easily seen to vanish via the residue theorem so
that there appears an indeterminate form of the type oo -0, which has to be evaluated by
alternative methods.

Before moving on, let us point out that the results derived in the above Theorems 2.91, 2.92
and 2.93 continue to hold also for boundary points x € 92 whenever stronger regularity
assumptions (such as those in Eq. (2.159)) are fulfilled by the domain €2 and by the
potential V', and suitable boundary conditions are prescribed on 0f2.

Analytic continuation of the trace Tr .47,
Assume the stricter regularity hypotheses (2.159) and (2.209) to be fulfilled (so that

is bounded with boundary of class C*, A = — A +V with V € C*(Q), and Dirichlet
boundary conditions are prescribed on 0f2).

Let us recall that, under the above assumptions, the heat and cylinder traces Tre 4,
Tre *V4 exist and are analytic for t € Xy; moreover, these traces decay exponentially
for 1t — +oo (see Proposition 2.77). These facts can be employed, along with suitable
hypotheses about the small t behaviour of the mentioned traces, to construct the analytic
continuation of the complex trace Tr A~* (recall that this is granted to exists and to be
analytic for s € 3g/5; see Corollary 2.75).

The forthcoming Theorems 2.94, 2.95 and 2.96 essentially contain global analogues of

Theorems 2.91, 2.92 and 2.93, discussed in the previous subsection.
Theorem 2.94. Consider the heat trace Tr e *, for t € (0,+00). Assume there exist

N € N and a family of coefficients b, € R (n € {0,..., N}) such that, for t — 07, this
trace possesses an asymptotic expansion of the form

N
_ 1 n
Tre 4 = £d/2 (Z by t"? + O(t(NHW)) - (2.362)
n=1
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Then Tre *4 € May2, and there holds

rAT = 1 re (s
Tr A ) M T 1(s) . (2.363)

Moreover, the map X4 — C, s + Tr A™° can be analytically continued to a function
which is meromorphic on the strip Yq—n)/2 and possesses only possible simple pole singu-
larities at s = (d — n)/2, for n € {0,..., N}; more precisely, the analytic continuation is
given by

TrA = (2.364)

1 N bn Tsfd/2+n T . A 1 N 1 —+o0 ) A
() Zm+/ﬂdtt Tre —Want +/ dt t Tre .
n=0

n=0 2 T

Proof. Recall again that the heat trace Tre %4 is analytic for t € ¥, and vanishes expo-
nentially for Rt — +o0o (see Proposition 2.77); these facts and the asymptotic expansion
(2.362) suffice to infer that Tr e™*4 € My, due to Lemma 2.83. Eq. (2.363) is just a
restatement of the integral relation (2.297).

Also in this case, the explicit expression (2.364) for the analytic continuation of Tr A~*
can be derived resorting to the general relation (2.323), here employed with P = 0 and
a, = (n—la|+ || +d)/2, (n=0,...,N). O

Theorem 2.95. Consider the heat trace Tr e %4, for t € (0,+00). Assume there exist
N € N and a function H € C™ ([0, +00); R) such that

1

—-tA _
Tre = W

H(t) . (2.365)
Then Tre=*4 € Mgy, and there holds Eq. (2.363), i.e.,

r o L re *A(s
TrA I0s) M[ T 1(s) .

Moreover, the map Y42 — C, s = Tr A™% can be analytically continued to a function
which is meromorphic on the strip Xq—n)/2 and possesses only possible simple pole singu-
larities at s = (d — n)/2, for n € {0,..., N}; more precisely, the analytic continuation is
given by

_ (=~ T emdN g oy
TrA— = 3 / dt t=F 1 ONH (t) . (2.366)
- 0

Proof. The thesis can be derived following the same arguments presented in the proof of
Theorem 2.94, using Proposition 2.88 (and the corresponding Eq. (2.336)) in place of
Proposition 2.85. O
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Theorem 2.96. Consider the cylinder trace Tr e=™VA | for t € (0,+00). Assume there
exists a function J : (0,+00) = R, t — J(t) admitting an analytic extension to a complex
neighbour U C C of the positive real semi-azis [0, +00), such that

B 1
Tre VA = IO (2.367)

Then Tre=*VA € My, and there holds Eq. (2.363), i.e.,

1
['(2s)

TrA—® = M| Tr e~ *VA4)(2s) .

Moreover, the map X3 — C, s — Tr A= can be analytically continued to a function,
which s meromorphic on the whole complex plane and possesses only possible simple pole
singularities at s = k/2, for k € {1,...,d}. The analytic continuation is given by

—2iTs I(1—=2
Tr A= = - (1-25) / dt £~ J(t) ; (2.368)
2mi %
in particular, for s = —k/2, k € N, there holds
Tr A2 = (“1)*T(k + 1) Res (t*’“d“) J(t); t = 0) . (2.369)

Proof. Also in this case the thesis can be derived following the same arguments presented
in the proof of Theorem 2.94; this time, in place of Proposition 2.85, one must resort to
Proposition 2.89 and to the related Remark 2.30 (see, in particular, item i) therein which
must be employed here with ¢ = d and F(t) = J(t). Finally, Eq. (2.361) follows easily
by the residue theorem, recalling that .J is analytic. O

Remark 2.35. Of course, the results derived in the above theorems continue to hold when-
ever the heat and cylinder traces are well-posed, decay exponentially at infinity and possess
small t asymptotic behaviours such as those described in Eq.s (2.362), (2.365) and (2.367).
In this sense, the assumptions (2.159) are sufficient but not necessary; for example, it can
be checked by explicit computations that the heat trace is well-defined, analytic and ex-
ponentially vanishing at infinity if @ = R? and A = — A+ V, with V(x) = M|x|* (A € R)
(see Section 4.1).
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Chapter 3

Quantum field theory on spatial
domains with boundaries

In the present chapter we review the theory of canonical quantization for a Hermitian
scalar field living on a suitable spatial domain € (which is assigned once and for all and
has arbitrary dimension); possible conditions prescribed on the boundary of the domain
and the interaction with a classical background potential are also taken into account.
The implementation of local zeta regularization (ZR) within this framework is discussed
in detail. The physical setting is the one which was described in Chapter 1 of the present
manuscript, of which we retain the same notations and conventions; however, the language
adopted here is more rigorous and precise from a mathematical point of view.

In Section 3.1 we review some well-known Fock space techniques, refering in particular
to the Segal approach to quantization (see, e.g., [43, 58, 129, 130]). We give an abstract
formulation of these topics, using the framework developed in Chapter 2 in terms of scales
of Hilbert spaces associated to the real powers of a given strictly positive, self-adjoint
operator (acting on the single particle space). In Section 3.2, this abstract framework is
specialized to the case where the single particle Hilbert space consists of square-integrable
functions on a fixed spatial domain  C R and the positive, self-adjoint operator is
a Schrodinger-type differential operator of the form A = — A +V, with V' a smooth
potential on 2. Next, we use the complex powers A~* (s € C) to define a zeta-regularized
Wightman field; this is employed, in turn, to construct a zeta-regularized version of the
propagator and of some related observables (in particular, of the stress-energy VEV), thus
making connection with the theory of the Casimir effect. In the end, we describe the zeta
approach to renormalization in the most general formulation proposed in [64]; it is shown
that this approach is granted to give finite values for the renormalized observables in many
cases of interest.

Before proceeding, let us recall that we consider only a purely classical description of the
above mentioned spatial domain €2, of its boundary 0f2 and of the background potential
V; in particular, no back-reaction effect produced by the interaction with the quantum
field is ever taken into account.

111



CHAPTER 3. QUANTUM FIELD THEORY ON SPATIAL DOMAINS WITH
112 BOUNDARIES

3.1 Canonical quantization of an abstract Hermitian
scalar field.

In this section we review the theory of canonical quantization for an Hermitian scalar field.
We develop an abstract formulation of this subject, making only minimal assumptions on
the objects to be employed in the subsequent constructions. To this purpose, and in order
to fix the notations and some conventions, we first recall some basic definitions and some
well-known results, rephrasing them in the language developed in Chapter 2 of this work.
For further details on the topics discussed hereafter (and, in particular, for the proofs of
some statements), we refer mainly to the books of Reed and Simon [129] and of Moretti
[119].

The bosonic Fock space.

Let (H, (| )) be an abstract, separable Hilbert space and let n € {1,2,3, ...} be any given
positive integer.

Consider the n-th tensor power H®" = H ® ... ® H (n times); this is the Hilbert space
obtained by completing the algebraic tensor product ®;},H of the underlying vector spaces
with respect to the Hermitian inner product ( | ), : @, H x @5, H — C, defined as the
unique sesquilinear extension (1) of the map which, for any pair of factorized elements
fO=f®.. @f¢W=0®...0g, € @nH (fi,gi € Hforalli=1,...,n), gives

(F1g™ ) =TT {Filgi) - (3.1)

In order to avoid confusion, we will indicate with o the null element of H and with o™
the null vector of H®".

Next, consider the group of permutations of n elements, which we indicate with P,,. For
any m € P, let U, € B(H*®") denote the unitary operator which, for any fi,..., f, € H,
gives

Ur(fi® ... @ fa) = fr ) ® ... ® fr1(y (3.2)

it can be easily checked that the map U : P,, — B(H®"), m — U, yields a faithful unitary
representation of P, (see, e.g., Proposition 13.41 on page 661 of [119]).

The n-th totally symmetric tensor power H"™ is, by definition, the closed linear subspace
of H®" formed by the elements which are U,-invariant for all = € P,,. Of course, H"" is
itself a Hilbert space with the inner product (| ),, inherited from H®" and its null element
is o™,

!This extension is defined by antilinearity in the left argument and by linearity in the right one,
respectively; for the proof of its uniqueness, see, e.g., [129], page 49, Proposition 1 or [119], page 451,
Proposition 10.23.
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For any fi,..., f, € H, let us define the symmetrized tensor product

fl\/...\/fnZ:%Zf,r(l)@...@fﬂ(n); (33)

TeP,

as well-known, H"" coincides with the closed subspace of H®" generated by products of
the form (3.3) (which explains the notation “™).
Let us point out that, following the usual convention, we set H®? := C (with null vector
0¥ := 0 € C); consequently, we also have H'° = C.
Remark 3.1. The factor 1/n! on the right-hand side of Eq. (3.3) is just an arbitrary
normalization choice; the subsequent items i) and ii) point out some facts descending
from this choice.
i) Let f € H and consider the totally symmetric element fV ...V f € HY". Tt follows
straightforwardly from the definition (3.3) (here employed with f; = f for alli =1,...,n)
that

V... Vf=f®..0f; (3.4)

in particular, one has oV ...V o= 0.

i) Let f™ = fiV..Vf, g™ =qV...Vg, €H (fi,g: € H for alli =1,...,n) be any
pair of totally symetric elements. Then, using Eq.s (3.1) (3.3), it can be easily infered
that the inner product (f™]g™), can be expressed as follows:

(F™1g™), = % > T Hilgmiy) = % S T Hrlgs) - (3.5)

wEeP, i=1 TEP, 1=1

In particular, if f™ = fVv ...V f for some f € H, one has

(FONf")0 = (F1" (3.6)
Now, consider the infinite collection of all totally symmetric Hilbert tensor powers of H:
H (ne{0,1,2,..}) . (3.7)
Definition 3.1. The symmetric Fock space over H is
+00
F'H) = P H", (3.8)
n=0

where € indicates the Hilbert direct sum. The corresponding inner product is denoted
with (| ).

Remark 3.2. According to the theory of Hilbert direct sums (?), (FY(H),( ] )) is (up to
isomorphisms) the unique Hilbert space possessing the forthcoming features i) and ii).

2For a precise definition of Hilbert tensor product and Hilbert direct sum in the case of infinitely
many countable or uncountable spaces (to be intended properly in the sense of nets), see, e.g., [27, 119].
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i) For any n € {0,1,2,...}, H'™ is a closed subspace of F¥(H) and the corresponding inner
product ( | ), coincides with the restriction of (| ) to HY™.

ii) The summands H"™ (n € {0,1,2,...}) are mutually orthogonal with respect to ( | )
and the closed subspace they generate coincides with the whole Fock space ¥ (H).

It should be noted that any element f € §(#) has a unique representation
+o0
F=> 5" (" enm; (3.9)
n=0

for any n € {0,1,2,...}, f is called the n-th component of f.
Let us point out that, for any f as above and for any g = > ¢™ € FV(#), there holds

+o0
(Flg) = _ (Flg™)n (3.10)
n=0
We put
o := the null vector of FV(H) ; (3.11)

on the other hand, we will refer to the normalized vector
vi=1€ C=H"CF'(H) (3.12)
(3). Moreover, we indicate with Q5 and I the null and the identity operators on §"(H),

respectively.

In the sequel we will be often interested in the space
DVH) = {f =, f™eF'(H) | f™ =0for almost all n € {0,1,2,...} }; (3.13)

the above expression means that there exists Ny € N (depending on f) such that f ) =0
for all n > Ny. Of course, ©DY(H) is a dense linear subspace of the Fock space F¥(H);
whenever we will need a topology on ©Y(H), we will use the (non-complete) topology
induced by the restriction of the inner product ( | ).

3 Let us mention that FY(#) could be defined as the set of sequences of the form

F=0") =GO W @0,

with f(™ € HV" for each n € {0,1,2,...}, such that " (f™|f™),, < +o0o. This is a Hilbert space with
the inner product ( | ), defined according to Eq. (3.10). An element f(™) € HV™ can be identified with the
sequence (0(0), ..., o= f(n) o(nt1) "y € &V(H), where o™ is the null element of HV" (n € {0,1,2,...}).
In this sense H¥™ is a linear subspace of §¥(H), for each n € {0,1,2,...}, and Eq. (3.9) holds for any f
as above; moreover, using the language of the present footnote, Eq.s (3.11) and (3.12) can be rephrased,

respectively, as
0 .= (0(0)70(1)70(2)7 .. ) B} V= (170(1)70(2)7 <. ) .
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Needless to say, both 0 and v (see Eq.s (3.11) (3.12)) do, in fact, belong to ®Y(H).
The space of all linear (unbounded) operators on ®Y(H) is L(D"(H)). In particular, we
indicate with Op and Iy (€ L(DY(H))) the restrictions to DY(H) of the null and the

identity operators on §Y(H) (i.e., of @g and ]Ig) respectively; so, for any f € DY(H),
there hold

Oof=o0, Iof=Ff. (3.14)

One can also consider the particle number operator; this is the essentially self-adjoint
operator N : ©V(H) C §Y(H) — DY(H) which is defined by components setting, for any

f=>,rm
Nf=>Y nfm. (3.15)

In the following, we adopt systematically the standard terminology indicated hereafter.

Definition 3.2. For any n € {1,2,3, ...}, H'" is called the n-particle Hilbert space (H is
the single particle space) and its elements are the totally symmetric states of n particles.
HVO is the Fock vacuum; this is generated by the normalized vector v € FV(H) (see Eq.
(3.12) ) which is called the vacuum state. ®¥(H) is the finite-particle subspace and F¥(H)
is the bosonic Fock space on H.

Remark 3.3. In this work we will only consider a scalar field theory; therefore, since
no confusion shall arise, the adjectives “totally symmetric” and “bosonic” will often be
omitted and implicitly understood.

Finally, let us point out that in the physical applications that we are going to discuss
in the following, we shall mainly be interested with expressions of the form described
hereafter.

Definition 3.3. Let O : Dom(0) ¢ §(H) — §Y(H) be any operator with domain
containing (at least) the vacuum state v (v € Dom(O) ). The vacuum ezpectation value
(in brief, VEV) of O is the complex number (v| O v) € C.

Creation and annihilation operators.

Let again (H,( | )) be any abstract Hilbert space and consider the Fock space §"(H), in
the formulation given in the previous subsection; hereafter, using the language described
therein, we introduce the creation and annihilation operators on §"(#) and analyze their
main features.

Definition 3.4. For any given h € H, the (h—smeared) creation and annihilation opera-
tors are, respectively, the R-linear maps

at(h), a (h) : DY(H) = DY(H) (3.16)
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defined “by components” as follows (1). For any n € {1,2,3,...}, a*(h) and a~(h) are
the unique linear maps sending " respectively into HY™+t1) and HY™~1 which, for any
element f(™ € HV™ of the form f™ = fi V..V f, (fi € Hfori=1,..,n), give

€L+(h)(f1v...\/fn):\/n+1 AV V...V [, (3.17)
A (M) (fL V...V fn) = f Z (BIfs) LV VIV Y f (3.18)

here the notation f1V..vV f; V..V f, 1ndlcates the symmetrized tensor product of the n — 1
elements obtained eliminating f; from the collection {fi, ..., f,}. In particular, for n = 1
and f = f;, Eq. (3.18) must be meant to hold in the sense that

a (h)fY = (hlf)) v (3.19)
Moreover, we put by convention
a(h)v:=o, at(h)v:=h € H=H"", (3.20)
with o and v indicating as usual the null vector and the vacuum state, respectively.

As well-known [130], for any h € H, both a*(h) and a~(h) are closable unbounded linear
operators on §'(H), defined on the dense domain ®Y(H); unless otherwise stated, from
here on the symbols a™(h) and @~ (h) will be used to indicate the closures of the operators
defined in Eq.s (3.17) and (3.18), respectively.

Let us also point out a fact made evident by the definitions (3.17) (3.18): namely, that
the maps h + at(h) and h +— G~ (h) are C-linear and C-antilinear, repsectively.

Proposition 3.5. For any h € H, the creation and annihilation operators a™(h),a~(h)
are the adjoints of each other; in particular, for all f, g € DV (H), there holds

(@™ (h)flg)=(fla~(h)g) . (3.21)

Proof. Due to the definition of the operators at(h),a™(h), it suffices to show that, for
any n € N the maps a*(h) : '™ — HY"D and a=(h) : VD — HY™ are (Banach)
adjoints of each other; since H'" and H" ™+ are respectively spanned by elements of the
form f = fiv..V f, and ¢"*Y = g, V... V ghyq € HVHD | this amounts to prove that
for any such pair f, ¢V there holds

@ (h) f [ g )y = (f™ @ (h) g1,

where (| ), and ( | ),41 indicate the inner products defined according to Eq. (3.1). On the
other hand, the above identity can be easily checked keeping in mind Eq.s (3.17) (3.18)
for a*(h),a” (h) and recalling the identities in Eq. (3.5) for the inner product ( | ), (and
the corresponding ones for (| )n41)- O

4Recall the considerations below Eq. (3.3) on page 113. In particular, let us recall that the finite
particle subspace DV (H) (as well as the Fock space §¥(H) ) is spanned by elements of the form f V...V f,
(fieH,fori=1,...,n,ne{0,1,2,...}).
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To go on let us notice that, for any n € {1,2,3, ...} and for any family h; € H (i = 1,...,n),
the multiple product a*(hy)...a*(h,) and the analogous expressions obtained replacing
some of the ™ with a~ are all well-defined operators on the finite particle subspace ©V(H).
In particular, there holds the subsequent proposition, where we introduce the notation

(X,Y] =XY-YX, (3.22)

to be respected thorughout the remainder of this manuscript.

Proposition 3.6. There hold the results enumerated hereafter.

i) For anyn € {1,2,3,...}, the set {a*(hy)...a"(h,)v | h; € H,i=1,....,n, n € N} spans
DV(H), (i.e., it is total in §FV(H) ).

it) For any h,k € H, there hold the canonical commutation relations (CCR)

h),a” (k)] = O , (3.23)

iii) For any h,k € H, the VEVs of monomials of degree two of the creation and annihi-
lation operators are given by (°)

(v]a™(h)a* (k) v) = (v]a™(h)a~ (k) v) = (v]a~(h)a" (k) v) =0,

(v|a (h)a* (k) v) = (h|k) . (3.24)

Remark 3.4. Statement i) can be expressed in other terms saying that the vacuum state

~

v is cyclic for the algebra generated by the identity operator Ip and by the set of all

creation and annihilation operators a*(h),a~(h) (h € H).

Proof. i) Recalling the definition (3.17) of a*(h) (h € H), it can be trivially proved by
induction on n € {1,2,3,...} that

0t (hy)..at (ha)v =/ (n+ 1)l B V...V hy (3.25)

in view of the definition of ®Y(H), the above identity allows to infer the thesis.

ii) The thesis follows if one can prove the component-wise versions of the relations in Eq.
(3.23). To this purpose, first notice that, due to the relations in Eq. (3.20), there hold
[at(h),at(k)]Jv = V2(hVk —kVh) = o, [a(h),a" (k)]v = o and [a~(h),a*(k)]v =
a~(h)k = (hlk). Next, let us show that, for any n € {1,2,3,...} and for any factorized
element f™ = f, V...V f, € H"™, there holds

[a*(h),a* (k)] f =0, (3.26)

50f course, with some computational effort, this result could be generalized by Wick’s theorem [142,
146] to a monomial of any order in the creation and annihilation operators; we do not report the general
result here for the pursue of brevity, since we will only need the relations in Eq. (3.24) for the developments
to be discussed in the following.
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[a~(h),a” (k)] S (3.27)
[a~(h),a* (k)] f™ = <h|k> (3.28)

Eq. (3.26) follows trivially from the definition of symmetrlzed tensor product (see Eq.
(3.3)) noting that a*(h)a*(k)f™ = \/(n+ 1)(n +2) hVEV fi V...V f,. Once Eq. (3.26)
has been extablished, one can easily infer Eq. (3.27) recalling that a~(h) is the adjoint of
a*(h) for all h € H (see Proposition 3.5). Finally, keeping in mind the definitions (3.17)
(3.18) of the creation and annihilation operators, one obtains

a~(h)a*(k)f™ =a~ (h)(\/n—l—l EV V..V f)=
<h|k AV vfn+z (W f) EV LV VIV vfn>,

n

G R = SR aF (R)(fV V IV Y f) =

=1
%Z(hm EVAV..NVENV .V fus
i=1

the thesis (3.28) follows by taking the difference of the above expressions.
iii) First notice that, due to Proposition 3.5, there holds

(v|a*(h)a™ (k) v) = (a”(k)a"(h)v|v) ;
then, all the expressions in the first line of Eq. (3.24) are easily seen to vanish because
of the convention (3.20). On the other hand, due to (the already proved) item ii) of
the present theorem, there holds a~(h)at (k) = [a~(h),at (k)] + a*(k)a~ (h); then, the
identity in the second line of Eq. (3.24) follows using again item ii) of the present theorem
and recalling once more the convention (3.20). [

For completeness, let us also give the following result.

Lemma 3.7. Let h € H and consider the creation and annihilation operators a*(h),a~(h),
along with the particle number operator N (). Then, there hold

Noat(n)] =a*(h)
Woa(h)] =—a (h) .

Proof. Also in this case the thesis follows by proving component-wise versions of the
relations in Eq. (3.29). First notice that, due to Eq. (3.20), [N,a"(h)]v = Nh = h =
at(h)v and [N,a"(h)]Jv = o = a~(h)v. Then, it suffices to show that, for all n €
{1,2,3,...} and for all f(™ e H"™ of the form f = f, V...V f,, one has [N, a*(h)] f*) =
at(h) f™ and [N,a"(h)] f®™ = —a~(h) f®. In fact, the latter identities can be infered
by straightforward computations, recalling the definitions (3.15) and (3.17) (3.18) of N
and at(h),a”(h); this yields the thesis. O

(3.29)

6Recall that all these operators are defined on the common dense domain DV (H).
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Segal quantization.

Let again §(#H) denote the Fock space constructed on any given, abstract Hilbert space
‘H, with inner product ( | ). In accordance with Segal’s approach to field quantization
(see, e.g., [43, 58, 130]), we give the following definition.

Definition 3.8. For any h € H, the (@—smeared) Segal field and conjugate momentum
are the (unbounded) operators ®g(h), IIg(h) : DY (H) — DV(H) given, respectively, by

bg(h) = — (d‘(h) + a+(h)) , (3.30)

~ 1
o (a=(hy At
fis(h) = <a (h) — a (h)) . (3.31)
Remark 3.5. It can be readily checked that, for any h € H, there holds
IIg(h) = ®g(ih) ; (3.32)

so, the Segal momentum is not strictly necessary within the framework considered in this
subsection. For this reason, most of the forthcoming results will be formulated only in
terms of the Segal field (i)s(h). Nevertheless, let us anticipate that the Segal momentum
f[g(h) turns out to be useful in order to motivate the definition of Wightman conjugate
momentum, as well as in certain related considerations, to be discussed in the following
subsection 3.1.

Recall that the maps h — at(h), h — a~(h) are, respectively, C-linear and C-antilinear
(see the comments below Definition 3.4); in consequence of this, the map h — ®g(h)
(usually referred to as Segal quantization) is neither C-linear nor C-antilinear, but only
R-linear.

It is well-known [43, 130] that, for any h € H, ®g(h) extends to an essentially self-adjoint
(closed) operator of §FY(H) with domain of self-adjointness ©V(H). Moreover, for any
n e {1,2,3,...} and for any family h; € H', i = 1, ..., n, the finite product ®g(h,) ... Dg(h,)
is well-defined on the finite particle subspace CDV(’H)

Proposition 3.9. There hold the following results.

i) For any n € {1,2,3,...}, the set {Pg(hy)...0g(hy)v|h; € H, fori =1,...n, n €
{1,2,3,...} } spans DY (H).

ii) For any f € ©V(H), the map H — DY (H) C FV(H), h — Pg(h)f is continuous.

iti) For any h,k € H, there holds the commutation relation

[@s(h), Ds(k)] =i S(hlk) 1o (3.33)

(here S(h|k) indicates the immaginary part of the inner product (h|k) € C).
iv) For any h,k € H, the VEV of the second-order monomial ®s(h)Pg(k) is

(v] Ds(h) Ps(k) v) = 5 (hlk) . (3.34)

l\DI»—
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Remark 3.6. In consequence of statement i), the vacuum state v is cyclic for the algebra
generated by the identity operator Iy and by the set of Segal field operators ®g(h) (h € H).

Proof. 1) Recalling the definition (3.20) and the identity (3.25), also in this case the thesis
can be proved by induction on n € {1,2,3, ...}, with some computational effort.

ii) This is a well-known fact; see, e.g., the proof of item (d) of Theorem X.41 in [130].
iii) First notice that, in view of the definition (3.30) of the Segal field, one easily infers

- - 1
2

~

due to the CCR (3.23), the above identity implies [®g(h), Dg(k)] = ((hlk) — (k|h))/2 Lo,
which yields Eq. (3.33). R
iv) Recalling again the definition (3.30) of ®g(h) (h € H), one has

* (] () (o) + (vl (k)@ (ko) + (v]a* (W)@ (k)o) + (o] a* ()" (k)o))

now, Eq. (3.34) follows straightforwardly using the CCR (3.23). O

Now, let us recall some well-known facts about second quantization; these facts will be
employed in the following to introduce a notion of time evolution for the physical theory of
a scalar field, to be described later on. We refer to [43, 130] for the proof of the forthcoming
Proposition 3.11 (as well as for more general formulations, which can be derived under
much weaker assumptions).

Definition 3.10. Consider the single particle Hilbert space H and let U be any unitary
operator on it; the second quantization of U is the unitary operator T'(U) : §V(H) — F"(H)
defined so that, for all n € {1,2,3, ...}, there holds

TU) | H" =US..0U . (3.35)

n times

Remark 3.7. Note that T'(U) DV (H) C DV(H).

Proposition 3.11. Let U be any unitary operator on H; for any h € H and for all
fe®Y, the Segal field g(h) fulfills

L) s(h) LU f = dsUh) f - (3.36)

Proof. First of all notice that, for any n € {1,2,3,...} and for any f™ € H"™ of the form
f™ = fiv..Vf (fie¢H,i=1,..,n), there holds

L) at () D) W =TU)at(h) U fiv .. VU f,) =
=Vn+1TU)(RVUTYNV . VUT) =Vn+1 ULV AV ..V fo=aT"UR) O ;
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by the usual linearity and density arguments, the above chain of equalities allows to
infer that T'(U)a™(h)T(U)™" = aT(Uh) on DY. On the other hand, keeping in mind
Proposition 3.5 and taking the adjoint, one readily infers T'(U) a~(h) T(U)™" = a= (U h)
on ®Y. Then the thesis follows recalling the definition (3.30) of ®g(H). O

The Wightman field at time zero.

Let (H,( | )) be any abstract Hilbert space endowed with a conjugation J : H — H
(see subsection 2.5); moreover, let A be some strictly positive, self-adjoint operator on H
(with spectrum o(A) C [, +00), for some £ > 0). We assume A to be J-real.

On the one hand, following the general construction developed in Chapter 2 (see, in
particular, Proposition 2.4 of Section 2.5), one can consider the scale of Hilbert spaces
H" = (H",{|),) (r € [~o0, +00]) associated to the real powers A™/2. On the other hand,
the conjugation over H admits a continuous extension J : H~>° — H~°, (see Proposition
2.25). So, we can introduce the linear subspaces

H={feH ™ |Tf==%/}, (3.37)

fulfilling
H > =H"OH_™, HZ™ =1H ™. (3.38)

The projectors of H™>° onto H{> are

I+
Py = Tj D HT = HL™T (3.39)
and, for each h € H™>°, one has
h=P.h+P_h, P.-h=iP.(—ih). (3.40)

Again from Proposition 2.25, we know that JH" = H" for each r € [—00, +00]. Of course,
we can define the subspaces HY = {f € H"|Jf = + f} and write an analogue of Eq.
(3.38) with —oo replaced by 7; the projections of H" onto H’,. are the maps Py [ H'.

In view of the forthcoming physical applications, we choose H = H° as the fundamental,
single particle Hilbert space and consider the bosonic Fock space §" () on it. Nonetheless,

we will often employ the spaces H*'/2, as well as spaces of other orders; in particular, let
ense dense

us recall that HY/?2 &5 1 €5 172 (see item ii) of Proposition 2.5 in Chapter 2).
Next, consider the Segal field ®g(h) along with the conjugate momentum IIg(h) (h €
H); hereafter we will use them to define the so-called Wightman field and its conjugate
momentum, which are more closely related to the Wightman axioms for field quantization
(and, in particular, are C-linear in the “test function” h, as required by the Wightman
axioms). These fields will be the subject of the forthcoming Definition 3.13, which is
preceeded by the following proposition.
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Proposition 3.12. Consider the R-linear maps

G:H = L@YH),  h o(h) = ds(AVh) (3.41)
A MY LOVH) . hes w(h) = Ts(AVAR) (3.42)
These possess unique C-linear extensions
G HTV? 5 LOV(H)), i HY?P o LDY(H)), (3.43)
given by
@(h) = Ps(PL(ATY2R)) +i Og(Py (=i AV4R))  forhe HY/? | (3.44)
#(h) = g(P.(AY4R) ) 4+ iTTg(Py(—i AY4R))  for h e HY/? . (3.45)

Remark 3.8. i) The assumptions h € H~Y2 and h € H'/? in Eq.s (3.44) and (3.45),
repsectively, are both necessary and sufficient in order for the expressions in the cited
equations to make sense. In fact, due to Corollary 2.13 (see, in particular, Eq. (2.95)),
one has A"Y*h € H° = H and AYV*h € H° = H if and only if h € H~'/? and h €
H/2, respectively; this grants the well-posedness of the Segal fields and of the conjugate
momentums appearing in Eq. (3.44) (3.45).

ii) Of course, the maps H~'/2 > b+ ¢(h) and H'/? > h + 7(h) are both C-linear.

iii) Keeping in mind the identity P,h = i P_(—ih) (see Eq. (3.40)) and recalling that
Is(AY4R) = dg(iAV4h) (see Eq. (3.32)), Eq. (3.45) can be easily re-expressed in terms
of the Segal field as

#(h) = i(@sm(Al/‘*h) ) +ibg(P_(—i AVh) )) for h € HY/? . (3.46)

Proof. . We are going to show how to derive Eq. (3.44) under the only assumption that
H/2 5 h i ¢(h) is a C-linear extension of the map ’erl/z S h = Dg(A4R); of course,
this automatically grants that the map under analysis exists and is uniquely determined.
The analogous statement for h — 7(h) can be proved similarly, in view of the identity
[Is(AY4R) = dg(i AVAh) (h e HY/?).

So, let us first recall that h = P, h+i Py (—ih) for all h € H~'/? (see Eq. (3.40)); of course
Prh,P(—ih) € 7-[11/2. Next, let ¢ : H™/2 — £(DV(H)) be any C-linear map; in view of
the previous considerations, for any h € H /2, by complex-linearity it follows that $(h) =
@(PLh) + i @(Py(—ih)). Moreover, requiring ¢ to fulfill ¢(hy) = dg(A~/4h,) for all
hy € H,'/?, one has G(Prh)+i @(Py(—i h)) = Sg(AYYPLR) ) +i D (A VAP (=i h))).
Since P, commutes with any real function of A (see Corollary 2.26), Eq. (3.44) follows
easily. In conclusion, the arbitrariness of h € H~'/? yields the thesis. O

Definition 3.13. The (h—smeared) Wightman field and the related conjugate momentum
at time zero are, respectively, the (unbounded) operators ¢(h) : DY(H) — DY(H) (for
h € H™Y2) and 7t(h) : DV(H) — DV(H) (for h € H'/?) introduced in Proposition 3.12.
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Remark 3.9. The nomenclature at “time zero” might seem unclear at this stage; its mean-
ing will become apparent in the next subsection, when a notion of time evolution for the
field theory discussed here will be described.

Lemma 3.14. For any f€ DV(H), the maps H/? — DV(H) C FV(H), h— ¢(h)f and
HY?2 — DV(H), b 7(h)f are continuous.

Proof. First consider the representations (3.44) and (3.45) of the Wightman field and of
the conjugate momentum, respectively. Next, recall that the maps A*Y/* : HF/2 — H are
Hilbertian isomorphisms (see Corollary 2.13); whence, in particular, they are continuous.
On the other hand, in view of the continuity of the extension J : H™>° — H~>° of the
conjugation operator (see Proposition 2.25), the restriction of the projector P, : H" — H"
is also continuous for all » € R. Then, the thesis follows from the continuity of the map
H > h— Bg(h)f (see item ii) of Proposition 3.9). O

Now, let us give an auxiliary result which allows to make contact with the standard
literature on the Wightman field [130]; this result also allows to derive easier proofs of the
subsequent statements.

Lemma 3.15. The Wightman field and conjugate momentum operators at time zero pos-
sess, respectively, the following representations in terms of the creation and annihilation
operators a*( ),a () :

1

b = = <d‘(j(A‘1/4h) ) + d+(A‘1/4h)> (h e HY?) (3.47)

1
iv/2
Proof. As an example, we show how to derive Eq. (3.47); the analogous relation (3.48) can
be derived by similar means. First of all, consider the identity (3.44) for the Wightman
field p(h) (b € H™'/?); expressing the Segal field ®g appearing therein in terms of the

creation and annihilation operators a*( ) according to Eq. (3.30), it can be readily infered
that

#(h) <d*(j(A1/4h)) - a+(A1/4h)) (h € H?) . (3.48)

p(h) =
% (&‘(77+(A‘1/4h)) +at(Pe(ATV*R) +ia (=i P-(ATY*R)) +iat (=i P (A_1/4h))) :

Then, recalling that the maps h — a*(h) and h — G~ (h) are, respectively, C-linear and
C-antilinear, it follows that
1
ph) = =5 (7 ((Pe= POATR) 4 (Pt POATh) )
the above identity proves the thesis (3.47) since, in view of the definitions of Py in Eq.
(3.39), P, — P_. = J and Py + P_ =1 (with I indicating the identity operator on H). [
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Proposition 3.16. There hold the following commutation relations:

[p(h), ¢(k)] = Op for bk € H7V2
[¢(h), 7 (k)] = i (Thlk) I forhe H Y2, ke HY? (3.49)
[#(h), 7 (k)] = Og for h,k € H/?

where ( | ) indicates the extension (2.103) to H™'/2 x HY? of the inner product on H.

Remark 3.10. Let k € H'/? be any given element; then, if & belongs to of the subspace
7—[;1/ > CH /2 (which is invariant under the action of J), the second relation in Eq. (3.49)
reduces to

[p(h), 7(K)] = i (h|k) I . (3.50)

Proof. Let us compute, for example, the only non-vanishing commutator in Eq. (3.49),
i.e., [¢(h),7(k)]. Keeping in mind the expressions derived in Lemma 3.15 (giving the
Wightman field and the conjugate momentum in terms of creation and annihilation op-
erators) and recalling the CCR (3.23), one easily infers that

1 A
(), (k)] = = o ({T (AT R)AYR) + (T (AYHR) A7 h) ) T
where ( | ) indicates the (non-extended) inner product on H. Since this map is sesquilinear,
the basic properties (2.64) of the conjugation J yield

<j(A1/4k)]A_1/4h> _ (A1/4k|j(A_1/4h)> _ (j(A_1/4h)|A1/4k:> .

Next, notice that JA~Y* = A-Y/%7, due to Corollary 2.26; moreover, interpreting the
expression { | ) as the extension (2.103) to H~'/2 x H/? of the inner product on H and
keeping in mind the results of Corollary 2.24 on the Banach adjoints of powers of A, it
follows that (A4 Th|AY4k) = (Jh|k). Summing up, the above mentioned facts prove
the thesis. O

Lemma 3.17. The VEVs of the second order monomials in the Wightman field $(h) and
in the conjugate momentum 7(h) are the following:

(v]@(h) p(k)v) = % (T(AY4R)|A-V4E) for h,k € H~'/? |

(o] @(1) () v) = — (0] #(R) (k) v) = & (ThIE)  forh € HV2 ke HU2, (351)

(0| #(h) 7 (k) v) = % (T (AR AV E) for h,k € H1/?

where (| ) indicates the usual inner product on H.
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Proof. As an example, let us evaluate the VEV (v |@(h) ¢(k)v). Recalling once more
Eq.s (3.47) and (3.48) for the Wightman field and the conjugate momentum, respectively,
one easily obtains

(0] $(h) $(k) v) =
(vl (T (A R))a™ (T(AR) o) + (vl (T (A h))at (k)o)+
+ (v]at (A" h)a (T (A7) o) + (v|d+(A‘1/4h)d+(A‘1/4k)v)) .

1
2

Due to item iii) of Proposition 3.6 (see, in particular, Eq. (3.24)), all the VEVs on the
right-hand side vanish except for (v|a=(J(A™Y*h) ) a*(A~Y4k)v) = (T(AV2R)| A7V 4E)
which gives the thesis.

Let us also point out that, in order to derive the explicit expression in Eq. (3.51) for
(v |p(h) 7 (k) v), (v]|7(h)p(k)v), one should also recall that Jv/A = VAT (see Corol-
lary 2.26). O

Time evolution for the Wightman field.

Let A denote again a strictly positive, self-adjoint operator on some given Hilbert space
‘H, which we assume to be endowed with a conjugation J (such that A is J-real).

In order to introduce a notion of “time evolution” for the Wightman field, let us first
assume that the space H is used to describe a physical theory where the role of the single
particle Hamiltonian is played by the square root of the admissible operator A, i.e.,

VA :Dom(A)=H' CcH—H . (3.52)

Due to the abstract formulation we are considering, this assumption might appear a bit
obscure and short of any real justification. Nevertheless, the motivations lying behind it
will soon become clear: in fact, we will show in the forthcoming Corollary 3.23 that in
consequence of this choice the time evolution of the Wightman field fulfills, as expected,
the Klein-Gordon evolution equation (in a suitable strong sense).

Due to Stone’s theorem [119], the time evolution of the non-interacting single-particle
theory is implemented on H in the Schrodinger picture by the strongly continuous one-
parameter unitary group

U =e ™A 9 53 (3.53)

where the (otherwise arbitrary) parameter ¢ € R plays the role of time.

Remark 3.11. The time parameter ¢ shall not be confused with the other variable t € R
used in Chapter 2 to define the exponential operators e 4, e VA ¢~tVA /\/A and the
related heat, cylinder and modified cylinder kernels (7).

"Nonetheless, let us point out that, with the Wick rotation ¢ = —it, one has U_;; = e*t\/z, ie., U_s
coincides with the cylinder operator.
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Before moving on, let us point out a couple of facts on the family of operators U; (t €
R) and on the related operators cos(VAt) = (U + U_;)/2, sin(VAt)/VA = (U —
Uy)/ 2iv/A : H — H, which will be employed in the forthcoming developments. Due to
Proposition 2.12 in Chapter 2, all the operators mentioned above (for any ¢ € R) possess
unique, continuous linear extensions to H~°°, indicated with the same symbols:

U , cos(VAL) , (sin(VAL)/VA) « H™ = H ™. (3.54)
In particular, due to item ii) of Proposition 2.12, for any r € R and for any f € H" there

hold
1L flle = (I fIl
lcos(VAD fIlr < I flle» I(sin(VAL) VA Flle < N1 fll-1 5

moreover, item iii) of the same proposition (here employed with b = 0) allows to infer
that U, is an Hilbertian automorphism of H", for any ¢ € R and for any r € R.

(3.55)

Next, following the standard second quantization approach (see, Definition 3.10), we in-
troduce the one-parameter unitary group given by

TU):3'(H) =T (H) (teR); (3.56)

then, from Definition 3.10, it follows straightforwardly that
DU)™ =TU™) (3.57)
(8). In the spirit of Heisenberg picture for time evolution, we give the following definition.

Definition 3.18. The Wightman field and conjugate momentum at time t € R are the
(unbounded) operators @(h) : DV(H) — DY(H) and 7(h) : DY(H) — DY(H) defined,
respectively, as

@Gu(h) =T(U) " @(R)T(U,)  for h e H/?, (3.58)

w(h) =T(U) ' #(R)T(U,)  for h € H'? . (3.59)

8For completeness, let us also mention that, setting

Dy = {fo(") €DV(H) | f(") e (Dom(\/Z))V" = (H'Y)V", for all n € N} ,

one could also consider the free Hamiltonian for the Hermitian scalar field; this is the densely defined
operator dT'(VA) : ©; € FY(H) — FY(H) which, for all n € N, fulfills
AD(VA) [ (D1 NHY") =D (VA @ .. @ (VA)%r

i=1

where ¢ indicates the Kroneker delta (6;; = 1 if ¢ = j, ;; = 0 if i # j) and, by convention, we put
(VA)? := Tp,-12 (i.e., the identity operator on H~/2). As well-known [130], d['(v/A) is essentially
self-adjoint on ®; and there holds

T(U,) = e—itdF(\/Z) )
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Remark 3.12. Of course, for ¢t = 0 there holds Uy = I (the identity operator on H); on the
other hand, it follows straightforwardly from Definition 3.10 that I'(I) = I3 (the identity
on the Fock space). Therefore, there holds

Go(h) =@(h) (heH %),  #y(h)=#(h) (heHY?); (3.60)

this justifies the nomenclature “at time zero” adopted in Definition 3.13 for the Wightman
field ¢(h) and for the conjugate momentum 7(h).

Proposition 3.19. The Wightman field @.(h) and conjugate momentum wy(h) at any
time t € R can be expressed as follows in terms of their time zero analogues p(h), 7w(h):

So(h) = gb(cos(\/;lt) h) n fr((sin(\/flt) JVA) h) (he H V2, (3.61)
() = fr(cos(\/;lt) h) . @(A (sin(VA)/VA) h) (h € HY?) . (3.62)

Remark 3.13. In analogy with the considerations of Remark 3.8 (see, in particular, item

i) therein), it appears that the expressions (3.61) and (3.62) do in fact make sense
for the respective choices of h indicated therein. In fact, cos(v/At)h € H~Y? and
(sin(v/At)/VA)h € H'V? for all h € H~/2, while cos(VAt) h € HY/? and A(sin(v/At)/vVA) h
€ H~Y2 for all h € H'/?; therefore, all the Wightman fields and conjugate momentums
at time zero appearing in the cited equations are well-defined.

Proof. We only show, as an example, how to derive Eq. (3.61). To this purpose, first
recall the identity (3.44), expressing the Wightman field in terms of the Segal field, and
the definition (3.58), describing the time evolution of the Wightman field. Then, in view
of Proposition 3.11 and of Eq. (3.57), it can be easily infered that

Pr(h) = SsU PL(ATh) ) +i ds (U P (—i AV ) )

Next, notice that U ! = €4 = cos(VAt) + isin(vVAt), for all ¢ € R; moreover,
both the operators cos(v/At) and sin(v/At) are J-real due to Proposition 2.25, so that
cos(VAL)T = J cos(VAt) and sin(VAt)T = J sin(vV/At). Therefore, by the R-linearity
of the Segal field ®g (recalling that P (if) = i PTf; see Eq. (3.40)), one has

¢i(h) =
Dg(Py(cos(VAL)ATVAR) ) + i Dg(Py(—i cos(VAL)ATh)) +
+ by (i Py (sin(VAL)AAR) ) + i Dy (i Py (—i sin(VAL)AVR)) ;
then, the thesis follows using, again, the identities (3.44) (3.45) for the Wightman field and

the conjugate momentum at time zero (notice that (f)s(l P (AYAR)) i és(z P (=i A-V4R))
= A(A_l/Qh), forallhe H 1D 'H—1/2>. u

For completeness, let us also report the following result, giving the commutation relations
for the Wightman field and the conjugate momentum at unequal times.
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Proposition 3.20. For any t,t' € R, there hold the commutation relations at unequal
times (t # t')

[5e(h), Gy (k)] = — i (Th|(sin(VA (t—t)) VA k) Lo  for h ok € H™V/2,

[pe(R), 7y (k)] = + i (Th|cos(VA (t—t)) k) Ig for he H™? ke H'/?, (3.63)
), 7 (k)] = —i (Th|(sin(VA (t—t") VA kI for h,k € H?

=
=

Proof. We only compute, as an example, the commutator [¢;(h), ¢ (k)]. To this purpose,
recall the expression (3.61) for the time evolution of the Wightman field, along with
the commutation relations at time zero (3.49); these facts allow to infer by elementary
computations that

[£e(h), v (k)] =
i (T (cos(VAL) B)|(sin(VAL) /VA) ) — i (T (cos(VAL) k)| (sin(VAL)/VA) ) Ly .

Next notice that, (7 (cos(vVAt)k)|(sin(vVAt) /VA)R) = (T (sin(vVAt)/vVA)h| cos(VAL) k)
(use the properties of the conjugation 7, keeping in mind the sesquilinearity of the inner
product ( | )). Moreover, recall that cos(v.At) and sin(v/At')/v/A both commute with
J in consequence of Proposition 2.25; so, due to the results of Corollary 2.24 on Banach
adjoints, it follows that

(:(h), o (k)] = i (Th| ((cos(ﬁt t)sin(VA ') — cos(VAL) sin(VAt))/vVA ) k)1 .

Then, the thesis follows by elementary functional calculus (°). ]

Proposition 3.21. Let f€ ©Y(H) and n € N. Then, the maps R — DV(H) C §Y(H),
t— Qu(h) fand R— DY(H) C FY(H), t — 7 (h) f are well-posed and of class C™ for all
h € HY* and all h € HY/?4", respectively. In particular, for any h € H3/?, the map
t — @4(h) f is of class C* and its first and second derivative are, respectively, given by

3 (G ) =~ @ AR) £ (3:6)

Proof. As an example, we only discuss the differentiability of the map t — @ (h) f.

First of all, recall that the Wightman field at any time ¢ € R can be expressed as
@u(h) = p(cos(VAL)h) + 7((sin(vAt)/vVA)h) (see Eq. (3.61)). On the other hand,
Proposition 2.30 grants that both the maps R — H Y2 t — COS(\/.Zt) h and R — H/?,
t > (sin(v/At)/vA) h are of class C", for any h € H~/*". Moreover, due to Lemma
3.14, both the C-linear maps H~'/2 3 h +— H(h) f and H'/? > h s #(h) f are continuous,

90ne should recall the trigonometric identity cosasinb — cosasinb = —sin(a — b), for any a,b € R.
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whence analytic, for any f € ©Y(#H). Summing up, the map ¢t — @;(h) f is the compo-
sition of functions which are either smooth or of class C™, which proves the first part of
the thesis.

Finally note that, by linearity and continuity, there hold

n

O Gleos(VAN B) £) = (5 cos(VAN ) |
o G(sin(VAN VA ) £) = ¢ (in(VAR) VA B

then, the identities in Eq. (3.64) can be easily derived computing (via functional calculus)
the derivatives £ cos(VAt), 4= (sin(VAt)/vA) and keeping in mind the identities in

datm
Eq.s (3.61) and (3.62). 0

Remark 3.14. Starting from the identities in Eq. (3.64) and working by recursion, one
can derive explicit expressions also for the higher order derivatives of both the maps
t— ¢u(h) f, (k) f (making suitable assumptions for i, in order to grant their existence).
We will not report these expressions here because for the following developments we shall
only need at most second order “time derivatives” of the Wightman field.

In view of the results extablished in the above Proposition 3.21, we give the forthcoming
definition.

Definition 3.22. For any n € N and for all h € V2" the (h—smeared) n-th derivative
of the Wightman field at time ¢ is the unbounded operator 9/'¢;(h) : DV(H) — DV (H)
which, for all f € ©Y(#H), fulfills

ar .

Ofeh) f = -2 (@) f) - (3.65)

Corollary 3.23. For any f€ ©V(H) and for any h € H??, the time-evolved Wightman
field fulfills the strong form of the abstract Klein-Gordon evolution equation

(Bupe(h) + @ AR)) f= o,
a)f| = f, (3.66)
e F|  =w(h)f

where o € DV (H) is the null element of the Fock space §¥(H).

Proof. The thesis follows straightforwardly from the results derived in Proposition 3.21,
keeping in mind the considerations of Remark 3.12 and of item i) of Remark 3.14. ]
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Remark 3.15. i) It appears that Eq. (3.66) can be interpreted as the second quantized
version of the classical Klein-Gordon equation, that is the evolution equation

(3tt + A)(,Ot =0 s
Ptli=0 = ¢, (3.67)
at%‘t:o =TT

where A is some suitable, second order elliptic differential operator (e.g., of Schrédinger
type), t — ¢ is a function-valued map and ¢, 7w are prescribed initial data. In view of
this correspondence, it appears that the parameter ¢ can in fact be interpreted as the time
also in the abstract Klein-Gordon equation.

ii) Consider the ordinary differential equation corresponding to Eq. (3.67)

(O + A)p(t) =0,
@(t)li=0 = o , (3.68)
Ap(t)li=0 = 7o

where w > 0 and ¢g, 1y € R are assigned and t — ¢(t) is an at least twice-differentiable
function; by elementary arguments it follows that the solution of Eq. (3.68) is given by

©(t) = o cos(vwt) + my sin(vwt)/vVw . (3.69)

In view of this fact, working backwords, one could have started with an ansatz and define
the Wightman field ¢;(h) at time ¢ € R (h € H') according to Eq. (3.61) (which in our
approach is instead a consequence derived by more primitive definitions).

Using the above results and those reported in Lemma 3.17, one can evaluate the VEVs
of the monomials of any order in the Wightman field (as well as the VEVs involving the
conjugate momentum and their time derivatives). As well-known, due to Wick’s theorem
[142, 146], this operation reduces to the computation of the VEV of the field squared. Let
us first give the following corollary descending straightforwardly from Proposition 3.21.

Corollary 3.24. Let v € ©V(H) be the vacuum state and let n € N.
i) For any pair h € H™V/*™ Lk € H™Y% and for any fized t' € R, the map R — C,
t— (v]| @i(h) Qp (k) v) is of class C™; for any j < n, there holds

% (v] ¢e(h) v (k) v) = (v] 8] pu(h) G (k) v) . (3.70)

i) For any pair h € H™ Y2, k € HY*™ and for any fived t € R, the map R — C,
t'— (v| ¢u(h) op (k) v) is of class C™; for any j < n, there holds

B o] ) (k) 0) = (0] 20) D) ) @)
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Remark 3.16. i) Of course, it follows that if both h € H /2" and k € H~Y/?*" for some
n € N, then the map R? — C, (t,t') — (v | @¢(h) ¢y (k) v) is of class C™ jointly in the two
variables. Moreover, for any 7, j/ < n, there holds

0]9) (v | @u(h) o (k) v) = (v |0 @u(h) ) pu (k) v) . (3.72)

ii) From the forthcoming proof, it appears that all the above statements can be easily

generalized to any expectation value of the form (f |9/ ¢,(h) 8f,l<,5t/(k) g), for any given
f.g €D (H).

Proof. As an example, we show how to prove statement i). First notice that, for any
v € DV(H), k € H™Y/? and for any fixed ' € R, one has ¢p(k)v € DY(H). On the
other hand, due to Proposition 3.21, the map t — ¢;(h) ¢y (k) v is of class C™ for any
h € H~'/?*" Then, the thesis follows easily from the linearity and continuity (whence,
analyticity) of the inner product ( | ) on Y (H). O

Proposition 3.25. Let h,k € H~Y? and let t,t' € R; then the VEV of the Wightman
field squared (v | ¢(h) ¢ (k) v) can be expressed as follows:
o 1 i
(0] @1(h) @u (k) v) = 5 (Thl(e A VA (3.73)

where ( | ) indicates the extension to H™Y/? x H'/? of the inner product on H (1°).

Proof. First notice that, using the expression (3.61) for the Wightman field ¢;(h) at time
t € R, one has

(v[@e(h) g (k) v) =
(v]|@(cos(VA)R) p(cos(VAL k) + #((sin(VAL) /VA)R) 7 ((sin(VAL) /VA)K) +
+ @(cos(VA)h) 7((sin(VAL) /VA)K) + 7((sin(VAt) /VA)h) @(cos(VAL k)| v) .
To proceed, let us evaluate each of the terms at time zero in the right-hand side of the
above equality, using the results derived in Lemma 3.17. Next, recall that the conjugation
J commutes with cos(v/At), sin(v/At) and with any real power of A (see Corollary 2.26);
interpreting the inner products ( | ) so obtained in terms of the extension (2.103) and

using Corollary 2.24 for the (Banach) adjoints of cos(vV/At), sin(v/At), A" (r € R), it can
be infered that

(v]@i(h) pu (k) v) =
% (Th| A7Y? | (cos(VAL) cos(VAL) + sin(VAt) sin(VAL)) +
i (cos(VAL) sin(VAL) — sin(VA¢) Cos(\/;lt’))] k).

107y fact, for any k € H~1/2, there holds (e~ t—t)VA /\/A )k € H/? (see Lemma 2.27).
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Then, the thesis follows again by elementary functional calculus (). O]

For the subsequent developments, only the evaluation of the VEVs at equal time is re-
quired; these are reported in the forthcoming corollary.

Corollary 3.26. For any pair h,k € H3/?, the VEVs of the second order monomials in
the Wightman field (and the related time derivatives of degree two at most), evaluated at
equal times are the following:

(0] o) (0) 0) = 5 (THLA2R)

(0] £u(h) 06 (k) ) = — (0] D) Gu(k) v) = & (ThK) (374

. . . . . . 1
(0] 0pe(h) Orpe(k) v) = — (v Dupr(h) pi(k) v) = — (0] Ge(h) (k) v) = B (ThlAYV2 k) ;
again, ( | ) indicates, in general, the extension to H® of the inner product on H (12).

Proof. First recall the identity (3.72), which allows to express the VEVs in the leaft-hand
sides of Eq. (3.74) in terms of the derivatives of (v |@i(h) @y (k) v) evaluated at equal
times (t' = t); then, the thesis follows easily using the explicit expression (3.73). O

Remark 3.17. All the exressions on the left-hand sides of the identities in Eq. (3.74) do,
in principle, depend on the time parameter ¢t € R, which however does not appear in the
corresponding right-hand sides. This fact shows that the VEV of the Wick polynomials
evaluated at equal times are actually time independent; as a matter of fact, this was to be
expected due to the staticity features of the configuration under analysis. We will return
on this topic in the following (see Proposition 3.37).

3.2 Scalar quantum field on a spatial domain.

Hereafter we employ the abstract framework developed in the previous section to analyze
the case of an Hermitian scalar field living on a suitable open subset of (d+ 1)-dimensional
Minkowski spacetime Mgyq (with d € {1,2,3, ...} arbitrary). Let us recall that this setting
was already considered in Chapter 1, where the main ideas were presented using a language
somehow less precise than the mathematically rigorous one developed in Chapter 2 and
in Section 3.1 of the present chapter.

We refer to the same framework described in Chapter 1; in particular, let us recall that we
employ natural units (so that ¢ = 1 and & = 1) and that we identify Minkowski spacetime
with R using the set of global inertial coordinates

r=(2"),=01, 4= (xo,x) = (t,x) : Mgy — R+

1 Just notice that (cosacosb + sinasinb) + i (cosasinb — sina cosb) = e~“*=% for all a,b € R.
12In fact, under the assumptions made for h, k, the expressions in the right-hand sides of Eq. (3.74)
can also be interpreted, a posteriori, in terms of the non-extended inner product on H.
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in terms of which the Minkowski metric 7 has coefficients (), ) = diag(—1,1,...,1) (see
Eq.s (1.1-1.3) ). We make reference to the theory of a scalar field living on a fixed spatial
domain Q C R¢, which we assume to be open and connected but otherwise arbitrary (pos-
sibly, unbounded); time evolution is described on the open subset of Minkowski spacetime
given by R x Q C R¥! ~ M. ,. Prescribed boundary conditions on 9 for the field are
properly taken into account, as well as the interaction with an assigned scalar potential
Ve C®(Q).

We first reconsider the canonical quantization of the classical theory; this is obtained
specializing the general formulation of Section 3.1 to the explicit model under analysis.
Next, we implement ZR within the present setting to define a regularized version of the
Wightman field evaluated at a spacetime point x = (¢, x) € Rx (2, depending on a complex
parameter u introduced on purpose. This regularized field is used to construct natural
quantized counterparts of the classical observables, such as the stress-energy tensor, the
total energy and the pressure on the boundary. The VEVs of this regularized observables
are computed explicitly using the integral kernels analyzed in Chapter 2 of this manuscript.
Finally, the renormalized VEVs are defined in terms of the analytic continuation of the
corresponding regularized expressions at u = 0, which is the value corresponding formally
to the non-regularized field operator.

Let us recall once more that the spatial domain €2, its boundary 02 and the potential
V' are assigned classical objects which do not evolve in time; moreover no back-reaction
exterted on them by the quantum field is ever considered in the analysis to be described
in the following.

Canonical quantization (revisited).

To make contact with the standard literature [58, 130], let us specialize the abstract
approach to canonical quantization described in Section 3.1 for the particular case we are
considering in this section.

First of all, we define the single particle Hilbert space to be

H = L*(Q,dx) = L*(Q) (3.75)

(with inner product (flg)r2 == [, dx f(x) g(x)), i.e., as the space of square-integrable
functions on 2 with respect to the standard Lebesgue measure dx.
The corresponding bosonic Fock space §Y(H) = F¥(L?*()) is the direct sum of the totally
symmetric tensor powers HV" = (L?(Q))"" (n € N); as well known, each of these tensor
powers coincides with the space of square-integrable functions on the n-fold cartesian
product €2 x ... X € which are invariant under permutation of the coordinates. So,
+o0
(M) =P H" (3.76)
n=0
with Y0 := C and HY" = L3(x?,Q, Q" dx) = L3(x"_,Q) for n € {1,2,3,...}, where
LY(x{,Q) =

(™ e LA(x7,Q, @0 1dx) | f™(x1, .0 %0) = ™ (Xn(1)s ooor Xa(m)) V7T € Py}
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(here x; € Q2 for i = 1,...,n and P, is the permutation group of n elements).

For any h € L?(Q), the creation and annihilation operators a~(h),a"(h) defined in Eq.s
(3.17) (3.18) are easily seen to map any finite-particle element f = (f™) € DY(H) (with
fM e L2(x2,Q)) into a*(h) f = ((a*(h) £)™) € DV(H), where

(@~ (h) £)™(x1,....,x,) = Vn+1 /Qdy hy) fO D (y, x4, ... %) | (3.78)

(@t (h) £)™(xq, ..., x,) = % Z h(x:) fP (%, Ry X)) (3.79)

The Segal field and conjugate momentum are defined again according to Eq.s (3.30) (3.31)
and, of course, all the results of subsection 3.1 continue to hold.

In order to proceed, let us consider the strictly positive, self-adjoint Schrodinger-type
differential operator A = (— A+V) [ Dy : Dy C L*(Q) — L*(Q), defined on a dense
admissible domain D4 C L*(2). Since A fulfills the general hypotheses of Section 2.5,
we can consider the scale of Hilbert spaces H" (r € [—o00, +o0]) related to it. Of course,
complex conjugation on L?*(Q) commutes with A (i.e., Af = Af, for all f € Dy), so
that it can be uniquely extended to a continuous antilinear involution on H~*° according
to Prosition 2.25. Moreover, the projectors Py related to complex conjugation (see Eq.
(2.68)) map any function f € L*(Q) into its real and imaginary parts; more precisely,
there holds P, f = Rf and P_f =i Jf. In view of this, when considering the extensions
Py @ H° — H ™ of these operators defined according to Eq. (2.127), with a slight
abuse of notation we will write, for any f € H ™,

Pof=Rf, Pf=iSf. (3.80)

The Wightman field and the conjugate momentum at time zero can be expressed according
to Eq.s (3.44) (3.45), which with the present assumptions read

G(h) = Pg(R(ATYVAR)) +i Dg(S(A™V4R))  for he H Y2 (3.81)

#(h) = Ig(R(AY*R) ) + i Tlg(S(AYR))  for h e HY? . (3.82)

Time evolution is implemented again via second quantization; this allows to define the time
evolved Wightman field 3,(h) (t € R), for any h € H /2, as well as its time derivatives
Or¢.(h), for any h € H~Y/?*" (n € N). Moreover, there holds the strong version (3.66) of
the Klein-Gordon equation.

Remark 3.18. The approach to second quantization described above generalizes the cor-
responding formulation that we considered in Section 1.2 of Chapter 1. Let us spend a
few more words about this fact; to this purpose, let us first recall that in Section 1.2 (see,
in particular, Eq.s (1.13-1.15)) we gave an expansion of the field operator in terms of
the creation and annihilation operators a, dL associated to a complete orthonormal set of
eigenfunctions (Fy)rex of A, with corresponding eigenvalues (w?)rex (where wy, > ¢, for
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some ¢ > 0, and K is an unspecified set of labels). In the present framework, assuming
the mentioned proper eigenfunctions Fy € ‘H (k € K) to exist, it appears that the associ-
ated operators dy, ). are strictly related to the maps a=( ),a™( ) : # — L(D()); more
precisely, for any k£ € IC, this connection is extablished setting

Then, since &L is the adjoint of a;, due to Proposition 3.5 the above definition also yields
af, = (a~(Fy) = a" (Fy) . (3.84)

In view of the above correspondences, the identities in Eq.s (1.14) and (1.15) are an
obvious reformulation of Eq.s (3.23) and (3.20), respectively (**). To conclude, let us
point out that the field expansion (1.13) evaluated at time zero can be derived starting
from the expression (3.47) for the Wightman field in terms of the operators a—,a* ().

The zeta-regularized Wightman field.

The analysis to be presented in the following will be mainly focused on the Wightman
field operator. Analogous results could be easily derived also for the conjugate momentum
operator; however, for brevity, we shall not report them within this manuscript since they
are not strictly necessary for the applications that will be discussed in the following.

In the mathematical formulation described so far, only a suitably smeared version of
the Wightman field (at time ¢t € R) can be properly defined, i.e., ¢;(h) for h € H~/2.
Nevertheless, in many physical applications, it is of interest to evaluate the field at a point
x € §2; this operation could be formally accounted for by considering the Wightman field
evaluated on the Dirac delta element 6x € H™" (r > d/2), setting

“olr) = pi(x) = 9i(0x) 7 (x=(t,x) eRx Q). (3.85)

13Recalling that (F)|Fy,)z2 = d(k, h), where §(k, h) is the Dirac delta on the label space K.

14Let us account briefly for this statement. To this purpose, for any given h € H consider the
representation (3.47) for the Wightmand field at time zero $(h) in terms of the operators = (J(A~/4h))
and a*(A~/*h). Using the eigenfunction expansions h = [, dk (Fi|h)z2 F), and h = [, dk (Fy|h)p2 Fy
and recalling that the maps @~ and a* are respectively C-antilinear and C-linear, by linearity we formally
obtain

1 - _
o(h) = — [ dk ((Fk|h>Lz A~ (A=VAE,) + (Fplh) e at (A4 Fk)> .
V2 Jk
Next, notice that A=Y/4F}, = w,?l/QFk and A~VAF, = wk_lmfk, so that

dk
2wk

o = [ <5 ((Bulh) e & (P + (Pl () = [ <2 ((Fulhs a0+ (Pulis )

20Jk

where the second identity follows from the relations in Eq.s (3.83) (3.84). The last expression written
above can be formally interpreted as the smearing of the field (1.13) with the function h € L?(12).
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On the other hand, since &, does not belong to the proper test-function space H~/? (for
any d € {1,2,3,...}), it appears that no rigorous meaning can be directly attributed
to expressions like ¢;(dx) (appearing in Eq. (3.85)) within the framework developed in
Section 3.1.

A natural approach to give an admissible definition of point-wise evaluation for the Wight-
man field operator is to introduce a family of suitably regularized Dirac delta elements,
depending on a parameter; at the end the regularizing parameter has to be removed via a
limiting procedure, to be properly interpreted. In the spirit of ZR, we give the forthcoming
definition.

Definition 3.27. Let x > 0 be any fixed, real parameter and put (see Eq. (1.17))
A, = A/K. (3.86)
For any fixed x € ) and for any u € C, the zeta-regularized Dirac delta at x is
SU = AT, (3.87)

Remark 3.19. i) Following the considerations of Section 1.3, we will refer to x as mass
parameter; this is introduced in the definition of the zeta-regularized Dirac delta for
dimensional reasons, in order to make the rescaled operator A, adimensional (). Of
course, 0y also depends on k; however, we assume x to be assigned once and for all and,
in pursue of notational simplicty, we choose to not indicate explicitly the dependence on
this parameter when writing the regularized Dirac delta ds.
ii) Other regularized versions of the Dirac delta could, of course, be considered in alterna-
tive to (3.87). For example, having in mind an exponential type regularization, one could
put (for t € )

68 = ety or 58 = e WA g, (3.88)

These alternative definitions will not be considered within this work. We plan to discuss
them and their relation to ZR elsewhere.

Lemma 3.28. i) For any fivzed j € N, r € R and for any w € ¥gjiq4_9,, the map &* :
Q— H™, £+ 5% is of class C7; moreover, for any multi-index o of order < j, the a-th
derivative of this map is given by

(0°6")p = A4 (0%0), € H™"  for u € Sojajra_ar - (3.89)

ii) Let ~ indicate the extension of the complex conjugation on H = L*(Q) to H™°; then,
for all w € C and for all x € €2, there holds

oL = o . (3.90)
5In fact, by standard dimensional analysis, the Schrédinger-type operator A := — A +V can be

attributed the dimension of a momentum squared; due to the convention ¢ = A = 1 observed in the
present manuscript, this means that, dimensionally speaking, A is a mass squared.
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Proof. 1) By definition (see Eq. (3.87)), the map x — &% is given by the composition of
the maps x — dx and h — k%2 A=%/*h. Next, recall that the map Q — H ™", x — 0y is of
class C7 for all 7’ > j + d/2 (see Proposition 2.48). On the other hand, due to Corollary
2.13, the map A~%/* . H{~+Ru/2) 4 34=7 ig an Hilbertian isomorphism; so, in particular,
it is a linear and continuous (whence analytic) map. The above facts, employed with
r" =r 4 Ru/2, suffice to infer the thesis.

ii) In order to avoid confusion, let us temporarily indicate with 7 the extension to H~>° of
the complex conjugation. Then, notice that 6% = J (k“/2A7%45,) = k%2 T A4 T 1 T by.
Due to Corollary 2.26, there holds JA~%/47~' = A~%*; on the other hand, Lemma 2.52
allows to infer that Jdy, = dx. Summing up, one has 64 = %2 A~%/45, = SUAs, = oL
which proves Eq. (3.90). O

Remark 3.20. Recall the definition (2.237) of the Dirichlet kernel A=%/4( | ). Then, for
all x € Q, it appears that the above relations (3.87) (3.89) can be rephrased as follows:

64 = gU/2 AT x) for u € Yoy ;

3.91
(aaéu)x = Ku/2 85‘.,4‘“/4( ,X) for u € Z2(|a\+d) . ( )

The above relations show that, for fu large enough, 0¥ (x € Q) coincides with the -
rescaled Dirichlet kernel of A, with one of the second argument fixed; so, for any fixed
x € (), 0% is in fact an ordinary (continuous and differentiable) function.

In view of Lemma 3.28, the forthcoming definition is well-posed.

Definition 3.29. The zeta-regularized Wightman field at x = (t,x) € R x Q (i.e., at time
t € R and space position x € ) is

P () = @Mt x) := ¢i(0%) for u e X4 . (3.92)

Remark 3.21. Due to Lemma 3.28, 6% € H~'/? whenever Ru > d — 1; this suffices to infer
that the right-hand side of Eq. (3.92) makes sense according to Definition 3.13, so that
¢"(x) defined above is well posed.

Proposition 3.30. Let f€ ©Y(H) be any finite particle state; then, for any n € N and
for all w € Yopiaq—1, the map R x Q@ — DV(H) C FY(H), © — ¢"“(x) f is of class C™.
Moreover, for any (spatial) multi-index o and any j € N with j + |a] < n, there holds

0]03("(t, @) ) = o @u((0°6")a) f for u € Sasjapsat ; (3.93)
in addition the order of the derivatives can be interchanged arbitrarily.

Proof. First of all, recall the definition (3.92) of the zeta-regularized Wightman field
¢"(x). In order to prove the thesis, we show hereafter in several steps that all the partial
derivatives (with respect to ¢t and x) of order < n exist and are continuous on R x €.
Step 1 - Existence and continuity of the time derivatives (of any order j € N with j < n).
This statement follows easily from Proposition 3.21, simply noting that 6% € H /27 for
all u € ¥gq_142; (see Lemma 3.28).



CHAPTER 3. QUANTUM FIELD THEORY ON SPATIAL DOMAINS WITH
138 BOUNDARIES

Step 2 - Existence and continuity of the spatial derivatives (of any order j € N with j < n);
proof of Eq. (3.93) for 7 = 0. First recall that, due to Lemma 3.14 and to Proposition
3.19, the map H~Y? — DV(H) C FY(H), h — ¢.(h) f is linear and continuous, whence
analytic; on the other hand, the map Q2 — H ™", x — 0% is of class CY for all u € Xyi95 o,
(see Lemma 3.28). Since x — ¢(0%) f is given by the composition of the previous two
maps (set 7 = 1/2), the regularity results discussed above for the latters suffice to infer
the first part of the thesis. Eq. (3.93) with j = 0 follows easily by continuity arguments,
recalling that (0“0")x is the a-th derivative of the map x +— ¥ (see Lemma 3.28).

Step 3 - Ezistence and continuity of the mized derivatives of the form 9102 (5"(t, ) f) (for
J € N and o a multi-index with j+|a| < n). Notice that, due to the previously proved iden-
tity (3.93) with j = 0, there holds &/92(¢%(t,x) ) = 9/ (¢:((0%6")x) f). Then, one can
proceed as in Step 1 of the present proof to show that the map (t,x) — & (&:((9*0%)x) f)
is well-posed and continuous; indeed, it suffices to notice that the map Q — H~Y/?*,
X = (0%0")x is continuous for all u € X4 119(j4a)) (see Lemma 3.28). This suffices to
infer the thesis.

Step 4 - Commutativity of the partial derivatives 8tj and 05. As an example, consider
the expression 0,05 (¢"(t,x) f), for |a] < n — 1 and recall that, using Eq. (3.93) with
j = 1, this can be re-written as 0,($((0%9")x) f). Next, notice that, due to Lemma 3.21
(see, in particular, the second identity in Eq. (3.64)), there holds 0;($:((0%0%)x) f) =
7 ((0%6%)x) f. Moreover, by arguments similar to those of Step 2 it can be proved that,
for all multi-indexes 8 with 8 < a (19), #((0%0%)x) f = 9 P(7:((0°5%)x) f); recalling
again Eq. (3.64), this yields 7,((0%%)x) f = 027°9,02(¢%(x) f). Summing up, the above
facts show that 9,0%(¢"(t,x)f) = 0°70,02(¢%(t,x) f)), for all B < a. Finally, one
can proceed by induction to prove that analogous identities hold with higher order time
derivatives; this, along with Step 3, yields Eq. (3.93). O

In view of the previous proposition, the following definition is well posed.

Definition 3.31. Let o be any multi-index and let j € N; for any u € X4_149(j4/a) the
j-th time, a-th spatial derivative of the zeta-regularized Wightman field at time ¢ € R and
space position x €  is the unique operator &/ 9¢@"(t,x) : ®Y(H) — DY (H) (coinciding
with similar expressions obtained by exchanging the differentiation order) which fulfills

(025" (t,x)) f = &o2(¢"(t,x) f)  forall f e DV(H) . (3.94)

Corollary 3.32. For any f€ ©V(H) and for allu € X4, 3, the zeta-reqularized Wightman
field fulfills the following version of the Klein-Gordon equation:

(On — Dy +V(x)) 0"t @) f= 0,
¢“(t, ) f ‘t:o =¢(05) f (3.95)
@ ) f)|_ =700 s

16With the notation 3 < a, we mean that 3; < «; for all i € {1,...,d}.
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where o € DV (H) is the null element of the Fock space F”(H).

Proof. First of all, let us notice that 6% € Dom(A) C H for all u € ¥; DO Xgy3 (see
Lemma 3.28, here employed with r = 0), so that A% = (— Ax + V(x)) d% (7). This fact
and Proposition 3.30 (see, in particular, Eq. (3.93)) imply, by linearity and continuity,
that ¢;(A L) f = (— DNx +V(x))@%(t,x) f (one should also recall the definition (3.92) of
the zeta-regularized Wightman field ¢%(¢,x) ). Then the thesis follows straightforwardly
from Corollary 3.23 (see, in particular, Eq. (3.66) ), to be employed here with A = 6% (for
u € Edfl). ]

Before proceeding, let us also point out that, once the zeta-regularized Wightman field
has been defined according to Eq. (3.92), one can consider the corresponding regularized
VEV of the field squared at any two (possibly coincinding) spacetime points, i.e., the zeta-
reqularized propagator. Concerning this quantity, the subsequent results can be proved.

Corollary 3.33. Let v € ©Y(H) be the vacuum state and let n € N. Then, for any
U € Yg_149n, the map (RxQ)? = C, (z,y) — (v| " (x) $“(y) v) is of class C™. Moreover,
for any j,j" € N and any pair of multi-indeces o, o with j + ||, j' + |&'| < n, there holds

0000050y (v] 0"(2) $"(y) v) = (v] (Ds056" (2)) (8s0y 2" (y)) V) - (3.96)
Proof. Due to the results Proposition 3.30, the thesis can be easily proved moving along
the same lines as in the proof of Corollary 3.24. [

Lemma 3.34. For any two spacetime points v = (2°,x),y = (y°,y) € RxQ and any

u € ¥g_1, consider the VEV (v|¢"“(z) " (y) v); this can be expressed as follows

u+1

(0] $"(r) "(0) w) = "o (0] (7 E A )5, (397)

where (| ) indicates the extension to H® of the inner product on H.

Remark 3.22. Of course, the identity in Eq. (3.97) could be re-expressed as follows, using
the language of integral kernels:
AU AU K" —i(x0—y0 —utl
(0]9"(x) §"(y) v) = 5 (M AT )(xy) | (3.98)
Nonethelss, in view of the following applications, it is advisable to keep in mind the
mentioned identity in the version given in the above Lemma.

"Indeed, for any f € H" with r > 2 4 d/2, there holds
(ASEf) = BxAATf) = (= A+ VYA ) (%) = (= D + V(%) (55F)
where, in the last passage, we have used the fact that
(AT)(3%) = (x| AT f) = (AT 46| ) = (021 ) -

Then, the identity A% = (— Ax + V(x))d% follows by linearity and continuity.
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Proof. First notice that the definition (3.92) and the identity (3.73) of Proposition 3.25
allow to infer (v |¢*(z) @"(y) v) = 5 (0% (e —v" VA 1 /A ) dy); on the other hand, the
definition (3.87) (along with the identity (3.90)) yields

(0 (7" vVA A ) 54 = k(AT (e VIVA LAY ATV L (3.99)

To proceed, notice that for any u € Y41 there exists r,” € R such that Ru > d — 2r,
Ru > d—2r' — 2 and —r' > r; then, due to Lemma 3.28, one has A"%/*5, € H " and
(e 1" WA |\ A A-v/45, € H~"" < H". Therefore, the pairing ( | ) in the right-hand
side of Eq. (3.99) can be interpreted as the extension to H~" x H" of the inner product
on L*(Q) (defined according to Proposition 2.16). Then, the thesis follows recalling that
the Banach adjoint of A=%/?2 is A~%/2 (see Corollary 2.24). O

Remark 3.23. In the following we will mainly consider second order derivatives of the zeta-
regularized Wightman field. In order to adopt a more standard and concise nomenclature,
we will use for such quantities the short-hand notation

0" () for u € ¥gy5 and p,v € {0,1,....,d} , (3.100)

where we have introduced the following conventions, for z = (t,x) € R x Q and i,j €

{1,...,d}:

Boo"(x) = 07gH(1,%)
i (x) = 00 p"(t,X) := 0y D P (t,X) (3.101)
82j¢u<x) = a]” Au(ta}() = 8xlzﬂ¢u(t7 )

The zeta-regularized stress-energy tensor and its VEV.

We now consider one of the main observables of interest for the applications, i.e., the
stress-energy tensor. By analogy with the classical expression (1.7), we consider the
following definition for the corresponding quantum version; here, in order to deal with the
non-commutativity of the operators involved, we choose to replace the pointwise products
with the symmetrized Jordan’s product

AoB::%(ABJrBA), (3.102)

for all linear operators A, B : ®Y(H) — DV (H).

Definition 3.35. For any u € X,,3, the zeta-reqularized stress-energy tensor at x =
(t,x) € R x Q (ie, at time ¢ € R and evaluated at the space position x € Q) is the
operator Ty (z) : ®V(H) — DY(H) given by

Tﬁy(x) =
(1—2¢)8,0"(x) 0 9,4"(x) (3.103)

- (; - 25) o (96" (2) 036" (2) + V() (3" (2))?) — 26 8"(2) 0 Bup(x)
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where £ € R is an assigned parameter.
The zeta-regularized stress-energy VEV at x is (v| T}, (z) v), where v € ©Y(H) indicates
as usual the vacuum state of the Fock space §"(H).

Remark 3.24. i) This is a proposed regularization of

T (z) == (1 = 26) 9,(x) 0 D,p()

3.104
- (1 - 25) e (P0(0) 030) + VOG)P) = 26000) 0 Bipla) .

2

which is ill-defined. See, e.g., [64] for some basic information on this object (and, in
particular, on the role of the parameter &).

ii) Let us stress that, due to Proposition 3.30 and to the related Definition 3.31 of the
zeta-regularized Wightman field (see also the notations introduced in Eq. (3.101)), all
the expressions on the right-hand side of Eq. (3.103) are in fact well-defined under the as-
sumption u € ¥4, 3, since there appear only derivatives of the zeta-regularized Wightman
field of second order at most.

iii) The choice we made to replace the point-wise products in the classical expression
with the symmetrized Jordan’s product (3.102) of the corresponding operators, grants
automatically the symmetry of the zeta-regularized stress-energy tensor T;V(x) under
exchange of the indexes p, v € {0,...,d}, i.e., that

T (z) =Tp () . (3.105)

The zeta-regularized stress-energy VEV can be expressed in terms of the zeta-regularized
propagator (v | "(x) ¢*(y) v) and of its space-time derivatives, evaluated along the diag-

onal y = x. More precisely, there holds the following result.

Lemma 3.36. For any u € 34,3 and for any x = (t,x) € R x Q, the reqularized VEV of
the stress-energy tensor can be expressed as

(0] T}, () v) =

(% - »g) (Do + D) — (% - 2§> Mo (07 0+ V(@) = € D+ Oyoe)

(v]¢"(x) " (y) v) . (3.106)

Proof. The thesis can be easily proved keeping in mind the definition (3.103) for the
zeta-regularized stress-energy tensor operator and using the results of Corollary 3.33. [

Due to the above lemma, the zeta-regularized stress-energy VEV can be explicitly com-
puted in terms of the Dirichlet kernel and of its derivatives evaluated along the diagonal.
More precisely, there holds the forthcoming proposition.
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Proposition 3.37. For anyu € X453, the components of the zeta-regularized stress-enerqgy
VEV at x = (t,x) € R x Q admit the following representations (for i,j € {1,...,d}) :

(0] To(t, @) v) =

(5 AT @ (j-6) 0o Ve AT ey (3107
(0| Ts(t, @) v) = (v| Tt 2) v) = 0, (3.108)

(0| T(t, 2) v) = (v| Ti(t,2) v) =

[ (3-€) (477 @) - @0y + Viap 4 F (@) + (3.109)

+ ((% - 6) axiayj - gaﬂclyﬂ) A_uTH(m7 y):| ’
y=z

Here the notation | |y— is used to indicate that the expressions within the square brakets
must be evaluated along the diagonal y = x.

Proof. First consider the expression (3.106) for the zeta-regularized stress-energy VEV
(v T;jy(x) v) (u,v € {0,...,d}) in terms of the propagator; then, Eq.s (3.107-3.109) follow
by simple algebraic computations if one can prove the forthcoming identities for the VEV's
of the second order monomials of the zeta-regularized field, for i,5 € {1,...,d}:

(v]8"(@)¢"(x) v) = 5 AT (xy)|

Opoyo| (0| @"(2)"(y) v) = = Opoxo| (v |P"(2)@"(y) v) = = Dyoyo| (v [P (2)2"(y) v) =

- = ]
AT )|
0| (010" 06" (@) v) = ~0uny| (0] (@) (w)v) =
O], (0] @6 (1)) = ~Bw| (0] (@)p" (@) v) = - 00 A Fixy)|
(0] ")) ) = 5 Buy A F 3|
0| (010"@"(0)0) = 0| (018" @' W) 0) = T DA F (3|

All the above identites can be derived by elementary manipulations, recalling the explicit
expression (3.97) given in Lemma 3.34 for the zeta-regularized propagator. As an example,
we show how to compute the VEV 0,04 |y= (v | $*() ¢"(y) v) (the other identities can be
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obtained in a similar fashion). To this purpose first notice that, using the cited lemma,
one has

u

AU AU K —i(x9—0 utl
Oun| _ (0]"(@)8"(9) 0) = 5 (] (7N AS o)
this allows to infer that 9,0,i|y—s(v |@"(2) §"(y) v) = — L= (5x| A72 (9;6)y)| , which
y=z

in terms of integral kernels (see Eq. (2.221)) gives

(0] 34(@)¢ () v) = — 2 9, A E(x,y)

y=x 2

8,,30 i

Y

y=x

In conclusion, the thesis follows noting that 9, A2 (X, y)|y—x = O A2 (X,¥)|y—x, due to
item 1) of Proposition 2.64 ('®). O

Remark 3.25. Let us stress that, in principle, the zeta-regularized stress-energy VEV
(v T;jy(x) v) = (v |T;jl,(t, x) v) does depend on both the time (¢t € R) and spatial (x € 2)
coordinates; nevertheless, the expressions obtained in the right-hand sides of Eq.s (3.107-
3.109) for the components of the mentioned VEV show that the latter is, in fact, indepen-
dent of the time variable ¢. This property was to be expected as a natural consequence
of the staticity features of the setting under analysis.

In view of the considerations discussed in the above remark, in purse of brevity, we adopt
the following (slightly abusive) convention.

Notation 3.38. For all (t,x) € R x Q, u,v € {0, ...,d} and for any u € ¥4,3, we put
(v T;‘V(x) v) = (v T;jy(t, X)v) . (3.110)

Remark 3.26. The hypothesis u € >4, 3 made in Proposition 3.37 is necessary to grant the
existence of the stress-energy tensor operator Tﬁy (x) appearing in the left-hand sides of
Eq.s (3.107-3.109). However, keeping in mind the results of Proposition 2.64, it appears
that the expressions on the right-hand sides of the cited equations continue to make sense
under the weaker assumption v € ¥4,1; as a matter of fact, this is also the minimum re-
quirement necessary to ensure the continuity of the map x — (v | T;V(X) v), thus granting
the well-posedness of the point-wise evaluation of the stress-energy VEV.

The considerations of Remark 3.26 can be interpreted in the sense of analytic continuation,
meaning that the right-hand sides of Eq.s (3.107-3.109) give the analytic continuation to
Y4+1. More precisely, there hold the results reported in the subsequent Corollary.

18Tn fact, Eq. (2.240) yields, in particular,
By A5 (x,y) = 0y A% (y,%) ;

on the other hand, when evaluation along the diagonal y = x is being considered, one can relabel the
variables in the right-hand side of the the above identity (x <> y), thus obtaining ayzzA*%(x,yﬂy:x =
8937‘,./47 2 (Xv y) |y:x~
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Corollary 3.39. There hold the following statements.

i) For any j € N and u € X414, the map Q — C, © — (U\Tﬁy(w) v) is of class CY
(whence, in particular, continuous for u € Ygyq).

it) For any fired x € Q and for any multi-index o of order < j, the map Xqy14+; — C,
u— 0% (v| TM“V(:B) v) is analytic.

Proof. First of all, recall the expressions (3.107-3.109) derived in Proposition 3.37 for
the components of the zeta-regularized stress-energy VEV (v | Tgy(x) v) in terms of the
Dirichlet kernel and of its derivatives (evaluated along the diagonal y = x). Then, both
statements i) and ii) can be easily infered from the results of Proposition 2.64, granting
the differentiability of the Dirichlet kernel (also along the diagonal) with respect to the
spatial variables and its analyticity with respect to the complex index; one should recall,
as well, that V' was assumed to be smooth. O

Remark 3.27. When the domain and the potential fulfill the stronger regularity assump-
tions (2.159) and suitable conditions are prescribed on the boundary (see the comments at
the end of subsection 2.6), the results of Corollary 3.39 can be extended up to the bound-
ary. More precisely, item i) of the above Corollary holds with € replaced by Q = QU 0,
while item ii) holds for any x € Q.

Next, let us state two results which will turn out to be crucial for the developments
to be discussed in the following (in particular, to define a renormalized version of the
stress-energy VEV).

Theorem 3.40. Assume the domain €, its boundary 02 and the potential V' to be such
that, for any pair of multi-indezes o, 5 with |a| + || < 2, for any x € Q and for some
N € N, the diagonal heat kernel derivative 9205 e *A(x, y)| = has the form (2.354) (or
even (2.357); see pages 104 and 105, respectively). Then, for any p,v € {0,....,d} and
for fized x € 2, the map q41 — C, u — (v| Tﬁy(a:) v) can be analytically continued to a
function, which is meromorphic on the strip Ygi1_on and possesses only possible simple
pole singularities at u = d + 1 — 2n, forn € {0,..., N}. In particular, if N > (d +1)/2
the mentioned analytic continuation extends to a neighbour of u = 0; moreover, whenever
the spatial dimension d is even, u = 0 is a reqular point for the mentioned analytic
continuation.

Proof. Consider once more the representations (3.107-3.109) for the components of the

zeta-regularized stress-energy VEV (v | Tﬁy(x) v); in particular, notice that these repre-
+1 utl

sentations involve the functions A~ "2 (X,y), O, A~ 7 (x,y) (with w,z € {z,y} and
i,j €{1,...,d}), evaluated along the diagonal y = x. Then the thesis follows easily from
Theorem 2.91, whose hypotheses are assumed to be fulfilled in the present theorem. [

Theorem 3.41. Assume the domain €, its boundary 02 and the potential V' to be such
that, for any pair of multi-indezes v, 5 with |a| + |B| < 2 and for any x € Q, the diagonal
cylinder kernel derwvative 8905 e VA (x, y)|,—e has the form (2.359) for some function
such that the map [0, +00) 3 t — J@P)(t:x) admits an analytic extension to a compler
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open neighbour U C C of [0, +00) (see page 106). Then, for any p,v € {0,...,d} and for
fized © € Q, the map Yq01 — C, u — (v T;jy(m) v) can be analytically continued to a
function, which is meromorphic on the whole complex plane and possesses only possible
simple pole singularities at u =k, for k € {0,...,d + 1}.

Proof. The thesis can be derived as in the proof of in Theorem 3.40, using Theorem 2.92
in place of Theorem 2.91. n

The zeta-regularized vacuum energy and pressure.

Following the analysis presented in Section 4 of our previous work [64], we are now going
to consider other physical observables (aside from the stress-energy tensor), which are of
direct interest for studying the Casimir effect. In particular, keeping in mind the results
derived in the previous subsection for the VEV of the zeta-regularized stress-energy tensor
(recalling, especially, that it is time independent), we can define zeta-regularized versions
for both the vacuum energy and the vacuum pressure on the boundary 02 of the spatial
domain ). More precisely, proceeding again by analogy with the classical field theory
described in subsection 1.1, we give the following definitions, which are well-posed under
the specified assumptions.

Definition 3.42. Assume the zeta-regularized VEV of the energy density (v | 7% v) to
fulfill the following hypothesis:

dry,ry € R with 71 <7y st. Vu € X, )

the map Q — C, x + (v |7 (x) v) belongs to L'(Q2) , (3.111)

(recall that ¥, ,,y indicates the strip {u € C | ry < Ru < r9}). Then, for all u € X, )
the zeta-reqularized vacuum total energy is (compare with Eq. (1.8))

. /de (0] T (%) v) . (3.112)

Remark 3.28. i) In the next paragraph we will show that the assumption (3.111) holds
in the case where Q is a bounded domain with smooth boundary 92, V € C>(Q) and
Dirichlet boundary conditions are prescribed.

ii) Recall that the map Q 3 x — (v | 1% (x) v) is granted to be continuous for all u € Sy,
due to Corollary 3.39 (see, in particular, item i) therein); therefore, the assumption (3.111)
can be cheked by studying the behaviour of (v |T{% v) near the boundary dQ and, when
() is unbounded, at spatial infinity.

When the boundary 0f2 is non-empty and sufficiently regular, one can also consider the
pressure exterted on it by the field confined within the spatial domain €.

Definition 3.43. Let 02 be piecewise differentiable; consider the subset

0 == {x € 9Q | In(x) = (n'(x)) = unit outer normal at x} (3.113)
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and assume the zeta-regularized VEV of the spatial components of the stress-energy tensor
(v|THv) (i,5 € {1,...,d}) to fulfill the following hypothesis:

dri,re € Rwith ry <7y st Vu € Xy ), 1 € {1,...,d}

the map 9 — C, x > (v |T;;(X) v) 1 (x) is locally bounded . (3.114)

Then, for all u € X, ,,), the zeta-reqularized vacuum pressure at x € 0€) is the vector
p“(x) = (p¥(x)) whose components are defined as (compare with Eq. (1.9))

pi(x) = (v |’_ZA?;(X) v)n? (x) (1e{1,..,d}) . (3.115)

The case of a bounded domain.

Let us now restrict the attention to a particular type of settings; more precisely, we
consider configurations fulfilling the assumptions (2.159) and (2.209):

Q) C R? is bounded with compact boundary 02 of class C*, (3.116)
V € C*(Q), Dirichlet boundary conditions are prescribed on 9. ’

In these cases, it can be shown that the regularized vacuum energy £* and pressure p*
introduced above are well-defined; as a matter of fact, much more can be said about these
observables. Hereafter we report some results which we already derived in our previous
work [64]; therein we employed systematically eigenfunction expansion techniques, while
the arguments presented here rely on more general considerations.

Before proceeding, let us point out that some of the forthcoming results continue hold
also under assumptions more general than those in Eq. (3.116).

Proposition 3.44. Assume the hypotheses (3.116) to be fulfilled; then, the map Ygy1 —
C, u & is (well-defined and) analytic.

Proof. First of all, consider the representation (3.107) which allows to express the VEV
(v|T (x)v) in terms of the diagonal kernels A_uTﬂ(x, V) ly=x 8xé(9ye.A_uTH (X,¥)|y=x- Re-
call that, due to Proposition 2.64, these kernels are all continuous functions of x on
Q = QUAQ; this suffices to infer that the map Q 3 x — (v|T}%(x)v) is integrable, so that
E" is well-defined according to Eq. (3.112).

Let us now pass to show the analyticity of the map ¥4,1 2 u +— &% To this purpose,
it suffices to show that there exists the complex derivative % &Y, for all u € ¥4,4; this
fact follows, in turn, from Lebesgue’s dominated convergence theorem if we can prove
that, for any fixed ug > d + 1, there exist § > 0 and a function 7 € L'(Q) such that
10, (v| T (x)v)| < T(x) for all u € Y (uo—8.u0+5) N Lat1 and for all x € Q.

So, let us proceed to prove the last statement above. Keeping in mind the representation
(3.107) and recalling item v) of Proposition 2.64, it can be easily infered that the complex
derivative 0, (v|T%(x)v) is given by a sum of integral kernels of the form

utl _ukl

(3ul(0A )65 = = 3 (el (AF W )6
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u+1

> InA) 0;0x) (1€ {1,..,d}) .

To proceed, notice that all the above mentioned kernels are of the form (f|(A~"2" In.A) f),
for f = dx or 0;0x; on the other hand, it can be easily proved by functional analytic
methods that, for any 6 € (0, (ug — d — 1)/2) and for all u € X(yy—su0+s) (C Bay1), there

util ugEL

S InA) f)] < 2cus (fIATE P F) ().

u+

Y00 = — % (06| (A~

(0305 | (0 A~

exists a positive constant ¢, s such that |{f](A~
In consequence of this, there holds

(0l (PuA™ ")) < Capse A5 (x|
y=x
(00l (Du A 5)0,0,0)| < Cupse Duir A5 H0(x, y)’ Gel,..dY),

y=x
which allows to infer
0u(v | Thy(x) v)| <

ug+1

ug—1 1 0
cuage ™ | (3416 Ay + (54 161) @0y + Vo A~

(x,y)

y=x
To conclude notice that, since ug = 1+ 20 € ¥44141, due to Proposition 2.64 (keeping in
mind that the potential V' is assumed to be smooth on ), the expression on the right-
hand side of the last inequality is in fact a continuous function of x on €. Therefore,

the mentioned right-hand side yields the sought-for summable dominant; this proves the
thesis. ]

Proposition 3.45. Assume the hypotheses (3.116) to be fulfilled; then, the reqularized
vacuum energy E* can be expressed as the sum

g =E"+ B, (3.117)

where we introduced the zeta regularized bulk and boundary vacuum energies which are,
respectively,

B = %/dmA_ugl(w, z) (3.118)
0

19To prove this fact consider the realization (2.54-2.56) of H and A, which where often employed in
Chapter 2 of the present work; this allows to infer

(FIAF ) f)] = 2 /K dyt D I | |2 |

On the other hand, for all Ru € (ug — d,ug + d), by elementary calculus one has (for w € [g, +00) )

w™ RED In | < ¢ 5w WoFDH with ¢y, = max{e™%|Ing|, 3| Ing|, e, €739} .

ugEl

Then, the thesis follows noting that [, du w—(WoEDF28 | £12 = (F| A=+ f)
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B i G - g) /8 daf@) n'(2) 0, A @) (3.119)

y=x
Remark 3.29. In particular notice that, in view of Eq. (3.118), the regularized bulk energy
can be equivalently expressed as

B = % TrA "% | (3.120)

Indeed, under the assumptions (3.116), A has purely discrete spectrum and explicit esti-
mates are available for the eigenvalues; moreover, due to Corollary 2.75, AT is of trace
class and TrA="%" is an analytic function of u for u € ¥g.

Recalling that £* is analytic in the very same strip ¥;,1 due to Proposition 3.44, this
suffices to infer that also B" is analytic therein. Moreover, due to the results of item
vi) of Proposition 2.64 (see also Proposition 2.72 and the related Remark 2.25), one
readily infers that the regularized boundary energy B* defined according to Eq. (3.119)
vanishes identically whenever either Dirichlet or Neumann conditions are prescribed on
the boundary of the domain 2.

Proof. Recalling the definition (3.112) and considering again the expression (3.107) for
the regularized VEV (v | T3(x) v), one has

g = ﬁ-u/g ix [G + g) A5 (x,y) + G _ 5) (70,4 V(x) A (x, y)LX.

u+1

Now, notice that [07' 9, A2 (X, ¥)]y—x = 0% ([0A7 2 (X, y)lymx) — [Dy A2 (X, ¥)]y—x
(by the Leibnitz rule); therefore, by the divergence theorem it follows that

/Q dx [(aﬂffayw v<x))A*"T“(x,y)} -

y=x

u+1

/aQ da(x) n'(x) [@y&A_T(X’ y)} - + /de [(— Ay—i—V(y))A_u;l (x, Y)] o

In view of this, the Ehesis follows b%/ simple algebraic computations if we can show that
(— Ay+V(y) A2 (x,y) = A7 (x,y). Indeed, to prove this fact it suffices to notice

u+1

that (— Ay +V(y) A7 (x,y) = (0x| A2 (— Ay +V(y))dy) by continuity (see Eq.
(2.221) ), and to recall that Ayd, = Ady (compare with Eq. (2.196)), so that (— Ay
FV(y) AT (x,y) = (0] A2 Ady), which yields the thesis. O
Proposition 3.46. Assume the hypotheses (3.116) to be fulfilled; then, for any boundary
point x € 0N), the map Lap1 — C, u— p*(x) is (well-defined and) analytic.

Proof. Consider the expression (3.109) giving (v|'f’gv) in terms of the Dirichlet kernel
and of its derivatives evaluated along the diagonal. By a simple generalization of item
i) of Proposition 2.64 it follows that A’uTil(x, V) ly=x; 8zwAuTH(X, Y)|y=x are continuous
functions of x up to the boundary; moreover, for any fixed x € 02 the mentioned kernels
are analytic functions of u, for u € X441, and the unit outer normal n(x) exists. This

suffices to infer the thesis. O



3.2. SCALAR QUANTUM FIELD ON A SPATIAL DOMAIN. 149

Finally, let us state two results which will turn out to be crucial for the developments to
be discussed in the following (in particular, to define a renormalized version of the bulk

energy).

Theorem 3.47. Assume the heat trace to fulfill the assumptions of Theorem 2.94 (see,
in particular, Eq. (2.362)) for some N € N. Then, the map 4.1 — C, u — E" can
be analytically continued to a function which is meromorphic on the strip ¥j4,1_on and
possesses only possible simple pole singularities at w =d+ 1 —mn, forn € {0,....,2N}. In
particular, if N > (d + 1)/2 the mentioned analytic continuation extends to a neighbour
of u=0.

Proof. Consider the representation (3.120) for the zeta-regularized bulk energy E*, in
terms of the trace Tr.A~“7 . Then the thesis follows easily from Theorem 2.94. m

Theorem 3.48. Assume the cylinder trace to fulfill the assumptions of Theorem 2.96
(see, in particular, Eq. (2.367)). Then, the map Y411 — C, u— E* can be analytically
continued to a function which is meromorphic on the whole complex plane and possesses
only possible simple pole singularities at at w =k, for k € {0,...,d + 1}.

Proof. Consider once more the representation (3.120) for the zeta-regularized bulk energy
E" in terms of the trace TrA=“z . Then the thesis follows by arguments similar to those
employed in the proof of Theorem 3.40, using Theorem 2.96 in place of Theorem 2.94. [

Renormalized observables.

Let us consider the zeta-regularized versions of the stress-energy VEV (v|T;jV (x)v) (u,v €
{0,...,d}, x € Q), of the vacuum bulk and boundary energies E*, B*, and of the vacuum
pressure p*(x) (x € 0f2) introduced in the previous subsection. In view of the results
derived therein for these observables (see, in particular, Corollary 3.39 and Propositions
3.44, 3.46), it appears that the mentioned observables are typically analytic functions of u,
for Ru sufficiently large (i.e., for u € ¥4, 1); moreover, they can be analytically continued
to wider regions of the complex plane, possibly including a neighbour of the origin, where
they are meromorphic and possess only simple pole singularities.

Therefore, in general, we can proceed to define the renormalized versions of the above
mentioned zeta-regularized observables following the general (“extended”) approach pre-
sented in [64]. To this purpose, let us indicate with F'(u) any one of (v|Tﬁy(x)v), E", B",
p*(x) and state the following definition.

Definition 3.49. (Zeta approach to renormalization). Assume there exist r1,ry € R with
r1 < 79 such that the map 3, ,,) = C, v — F(u) is analytic; moreover, assume this
map to posses an analytic continuation to a function (indicated again with F') which is
meromorphic on the larger strip X¢_,.) D X, ) including the origin (0 € E(?L,u))-
Then, the renormalized value of F' is

Fren = RP| F(u), (3.121)

u=0
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where RP|,—¢ indicates the evaluation in u = 0 of the regular part of the Laurent expan-
sion centered at the same point.

Remark 3.30. i) In order to avoid misunderstandings, let us mention that, for any mero-
morphic function F with a pole of order N (N € N) at u = 0, the Laurent expansion
centered at the same point (u = 0) is

F(uy= Y Fu*; (3.122)

its regular part is given by (RP F)(u) := > %5 Fyu¥, so that

u=0

ii) Let us stress that the prescription (3.121) is a quite straightforward generalization of
the approach considered, e.g., in [22, 56], where F' was assumed to posses a simple pole in
u =0 (i.e., it was assumed that N = 1). On the other hand it is apparent that, whenever
F' is analytic at u = 0, the prescription (3.121) reduces to

Fren = F(0) (3.123)

which was referred to as “restricted” zeta approach in our previous work [64].

For future reference, let us specify the definition (3.121) for the cases of main interest in
the applications.

Definition 3.50. Assume the regularized expressions (v | Tﬁy(x) v) (x € Q), E*, B* and
p“(x) (x € 09) to fulfill the assumptions considered in Definition 3.49. Then, we consider
the corresponding renormalized versions reported hereafter.

i) For any x € Q and u,v € {0, ...,d}, the renormalized stress-energy VEV is

(0] T (%) V)yen == RP| (v |T1(x)v) . (3.124)

u=0

ii) The renormalized bulk and boundary energies are, respectively,

E™" := RP

E',  B"":=RP

u=0

B* . (3.125)

u=0

iii) The renormalized pressure, at any point x € 02 where the outer normal n(x) is well
defined, is

p’"(x):= RP| p“x). (3.126)

u=0

Remark 3.31. Let us stress that, in particular, whenever the diagonal heat or cylinder ker-
nel derivatives fulfill the hypotheses of Theorem 2.91 (with N > (d+1)/2) or of Theorem
2.93, respectively, then Eq. (3.124) is granted to give a finite value for (v | Tm,(x) V) ren
in consequence of Theorems 3.40 and 3.41, respectively. On the other hand, Theorems
3.47 and 3.48 show that the renormalized bulk energy E"" is also finite under suitable
hypothesis.
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Conformal and non-conformal parts of the stress-energy tensor.

In the literature [21, 119, 153] it is customary to write the stress-energy tensor (here to
be intended as the zeta-regularized operator T, its VEV (v |T};, v) or the renormalized
version (v |7, v)ren) as the sum of a conformal and a non-conformal part. In order to

define these quantities, let us consider for £ the critical value

d-1

Remark 3.32. As well-known, when coupling of the scalar field to gravity is taken into
account and no external potential is present (for V' = 0), the theory is invariant under
conformal transformations of the spacetime line element if £ has the critical value (3.127)
(see, e.g., [153], page 447).

In the sequel we adopt systematically the notations
O = conformal , B = non-conformal ; (3.128)

in particular, in accordance with them, we give the following definition.

Definition 3.51. Consider the renormalized stress-energy VEV (v | T,W V) pen; its confor-
mal and non-conformal parts are, respectively,

(’l) | T;SS) v)ren = ('U |T,Lw v)ren ; (3129)
=&
N 1 ~ ~
(v T;E:) V)ren = &, (('v | T ) ren — (v |T;S<u>) 'U)ren> . (3.130)
Remark 3.33. i) Of course, in view of the above definitions, there holds
(v T;w V)ren = (V| A;ES) V)ren + (§—&a) (V] T,S:) V)ren - (3.131)

ii) In the applications to be considered in the forthcoming Chapter 4, when presenting
our final results for the renormalized stress-energy VEV, we will either write them in the
form (3.131) or give separately the conformal and non-conformal parts (3.129) (3.130).

Anomalies.

As we pointed out in our previous work [64], Eq.s (3.125) and (3.126) are not the only
reasonable ways to define renormalized versions of the bulk/boundary energies and of
the boundary pressure, respectively. For example, starting with the renormalized stress-
energy VEV (v | T;w V)ren, One could consider the quite natural alternative definitions
described hereafter.

On the one hand, one could define the renormalized total energy as

gren . / dx (v Too(X) ) ren (3.132)
Q
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(in few words: in the approach (3.112)-(3.125), one integrates over the domain 2 the
regularized energy density and next renormalizes; in the approach (3.132), one first renor-
malizes the energy density and then integrates it over ).

On the other hand, the renormalized pressure p™"(x) = (p{®*(x)) at any boundary point
x € 0V (see Eq. (3.113)) with outer unit normal n(x) could be defined as

Pr(x) = (x/ lim (v |ﬁj(x’)v)m) n’ (x) (3.133)

(in few words: in the approach (3.115)-(3.126), one stays at a point on the boundary, and
performs therein the renormalization; in the approach (3.133), one renormalizes at points
inside €2, and then moves towards the boundary (*)).

Let us recall a fact that we already stressed in [64]: namely, that the possibilities (3.132)
and (3.133) are not granted a priori to be equivalent, respectively, to the definitions (3.125)
and (3.126) considered in the previous subsection. For example, it may happen that the
integral in the right-hand side of Eq. (3.132) is divergent, while the prescription (3.125)
always gives a finite result by construction (assuming £* can be analytically continued in
a neighbour of u = 0). Similarly, the renormalized VEV (v | T;(xX) ©)yen (X € Q) might
have no finite limit for x" — x € 9€, thus making ill-defined the prescription (3.133) for
the renormalized pressure.

As a matter of fact, in our previous series of works [64, 65, 66, 67] we showed with
some explicit examples that, in general, the prescriptions (3.132) and (3.133) give infinite
results for £7°" and p™®" due to the singular behaviours of the renormalized stress-energy
VEV near the boundary. In consequence of this, there arise unavoidable ambiguities, or
anomalies, when talking about these renormalized observables. On the other hand, let us
stress that the above mentioned boundary singularities of the renormalized stress-energy
VEV are not a specific consequence of the ZR approach which we are considering in the
present manuscript; indeed, they also appear if one uses a point-splitting approach, as
indicated by the very systematic analysis of Deutsch and Candelas [49].

For the moment, these anomalies must be accepted as a problematic aspect which is
common to all the main regularization schemes; what we can do is just to record them
when they appear, and hope that in the future they can be better understood. Most
probably, their origin should be looked for in some excessive idealization of the physical
model. For example, one could try to describe in a more realistic manner the boundaries
of the spatial domain; these are “hard” and “deterministic” in the present formulation,
but could perhaps be replaced with “soft” or “stochastic” boundaries, following an idea
which was first proposed by Ford and Svaiter [70].

To conclude, let us also report a supposition we made in [64]. Therein, motivated by some
explicit results derived in our series of papers [64, 65, 66, 67|, we advanced the following

20Notice that both the mentioned approaches require the existence of the normal n(x); therefore, they
both lose meaning on the eventual edges and corner points of 92.
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conjecture about the pressure anomaly discussed before:

“at points x € 0N where the normal is well defined and the approach (3.133)
gives a finite pressure, the result obtained according to the latter prescription  (3.134)
agrees with the renormalized pressure defined by Eq. (3.126).”
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Chapter 4

Some explicitly solvable models

In this conclusive chapter we describe some applications of the abstract framework devel-
oped previously in this manuscript; in particular, we analyze some models which can be
treated exactly, i.e., without resorting to any perturbative method.

First of all, we briefly report some results obtained in our series of papers [64, 65, 66, 67]:
more precisely, we consider the case of a scalar field interacting with a background har-
monic potential and that of a field confined within a rectangular box. Next, in Section
4.3 we consider the configuration involving two parallel planes; this model was analyzed
in [65] for Dirichlet, Neumann and periodic boundary conditions (we make reference to
some of the results obtained for these configurations). In the present work we describe
some novel results obtained for a particular subcase which, to the best of our knowledge,
was never treated previously by means of zeta techniques: we assume Robin boundary
conditions are prescribed on each one of the planes and we compute all the components of
the renormalized stress-energy VEV. Our main motivation in the analysis of this configu-
ration is to study the changes arising in the passage from Dirichlet to Neumann boundary
conditions in a case which can be solved explicitly; in particular, we are interested in
the analysis of the boundary behaviour of the renormalized stress-energy VEV which, as
mentioned in subsection 3.2 and exemplified in the forthcoming Sections 4.1 and 4.2, can
cause the appearence of anomalies within the physical framework under analysis.

Before moving on, let us stress the following facts.

Remark 4.1. In all the settings to be studied in the present chapter, for simplicitly, we
restrict attention to the case of a massless field; nevertheless, most of the results to
be reported in the sequel could be generalized to the case of a massive field, with some
additional computational effort. Furthermore, the computational methods we are going to
present can be employed for an arbitrary spatial dimension d € {1,2,3,...}. As examples,
at the end of each section we report the explicit results which can be obtained performing
the numerical computations required by the previously mentioned general methods for
some specific choice of d; we typically fix d = 3 in these computations, for clear physical
interest (except for Section 4.2, where we choose d = 2 for simplicity of exposition).

155
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4.1 The case with a background harmonic potential.

The configuration under investigation in the present section is that of a scalar quantum
field interacting with a background harmonic potential, in arbitrary spatial dimension
d € {1,2,3,...}. Hereafter, we report some of the results which were derived in our
previous work [66], to which we refer for a more detailed analysis; following the cited
work, for simplicity, we restrict the attention to the case where the field is massless and
the background potential is isotropic. Nevertheless, our approach could be extended with
some computational effort to anisotropic harmonic potentials and to the case of a massive
scalar field, as well.

The main result of our analysis is the computation of the renormalized stress-energy VEV,
obtained by applying the general framework described in Chapters 2 and 3 (see also [64])
to the present configuration; we also consider the total energy, referring to both bulk
and boundary contributions. For all the mentioned observables we derive, by analytic
methods, fully explicit integral representations; ultimately, these representation must be
computed numerically. However, they can also be used to derive asymptotic expansions
(complete with remainder estimates) for the stress-energy VEV components when the
radius goes to zero or to infinity.

In subection 4.1, we report the results obtained using the framework mentioned above and
performing the required explicit computations for d = 3, with the aid of Mathematica; in
particular, we restrict the attention to the renormalized energy density (v | Too V)pen and
to the renormalized bulk energy E"".

Before proceeding, let us mention that the idea to replace sharp boundaries with suitable
background potentials is well-known in the literature on the Casimir effect. Typically
(see, e.g., [15, 23, 81, 105, 120]), delta-like potentials are introduced in order to mimic
boundary conditions in a “physically more realistic” framework; the ultimate purpose is
to obtain less singular behaviours of the renormalized quantities, avoiding, e.g., boundary
divergences such as the ones mentioned in subsection 3.2 (see also [64, 65]). The case of a
scalar field interacting with an external harmonic potential has been formerly considered
by Actor and Bender [2, 5], who have determined the renormalized VEV of the total (bulk)
energy via global zeta regularization (using ad hoc results on the analytic continuations for
the special functions involved in this specific case) (!); as far as we know, the stress-energy
tensor has not been previously computed for the present configuration.

Introducing the problem.

As anticipated previously, we consider the case of a massless scalar field on R? in presence
of a classical isotropic harmonic potential. More precisely, we assume

Q=R V(x) =\ |x|*, (4.1)

n [66] we point out that our results for the renormalized bulk energy agree with the ones of Actor
and Bender [5] for d € {1,2,3}.
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where A > 0 and |x| := \/(2!)2 + ... + (2%)?; the constant \ is, dimensionally, a mass (or
an inverse length) like the parameter k employed to define the zeta-regularized Wightman
field (see Eq. (3.92) and the related comments). In this case, we put

A=—A+V; (4.2)

this is an admissible operator in the sense of definition 2.37 (see page 55). In fact, as
well known, A is strictly positive and self-adjoint on the single particle Hilbert space
H = L*(R%), with admissible domain Dy := {f € L*RY)|(— A +V)f € L*(RY)}.
Moreover, A has purely discrete spectrum, given by

o(A) = {)\2(2(n1 + o)+ d) ‘ nmeN, i=1, ...,d} (4.3)

(3). In view of the above considerations, we can employ the functional analytic framework
developed in Chapter 2 to analyze the present setting; in particular, we can consider the
Dirichlet and heat kernels associated to the admissible operator A, as well as the related
traces.

The heat kernel and the heat trace.

Notice that the configuration described in Eq. (4.1) is of product type. Therefore, the
heat kernel e=*4( | ) (for t € ) related to the admissible operator A = — A +V (with
V(x) = M[x|?, for x € R?) can be easily determined, starting from the one-dimensional
Mehler kernel [108] (see also [20, 33, 46, 82]); for any x,y € R?, the final result is [66]

d
_ A\ X[+ |yl” Xy

tA _ —)\2 — 4.4

e (x,y) ( 27rsinh(2>\2t)> exp[ A (Qtanh(Q)\?t) sinh(2A%t) (44

(where x -y = Zle x'y"). Moreover, by a slight variation of Proposition 2.74 and of
the related Corollary 2.76, it appears that the exponential operator e *4 is of trace class
for all t € Yy; so, the heat trace Tre 4 exists and is finite. It can be proved by simple

computations () that
1 d
Tre ™ =(—©m—~) . 4.
te <2 sinh(k:%)) (45)

ZNote that the parameter € > 0, which is generally chosen so as to fulfill o(A) C [e,+o0), can be
fixed explicitly in the case under analysis, setting € := A2 d.
3Eq. (4.5) can be easily derived as follows, recalling that the spectrum of A is given by (4.3):

2
eft)\ d

+oo d d
1
Tre t4 — —tA*(2(n1+..Hna)+d) _ —tA%d —tX°n| _ _ .
te 2 ¢ ;e (1— ey \ 2sinh(k%t)

MY yeeny nqg€N

For an alternative derivation, using the explicit expression (4.4) of the heat kernel, see [66], page 8, footnote
4.
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Rescaled spherical coordinates.

Next, notice that the configuration (4.1) is patently spherically symmetric; therefore, it
is natural to pass to a set of curvilinear coordinates which best fit the symmetries of the
problem. To this purpose, we introduce the spherical “A-rescaled” coordinates

X = q(x) = (r(x),01(x), ..., 0g—2(x), 04-1(x)) € (0,400)x(0,7)x...x(0,7)x(0,27) (4.6)
whose inverse map q +— x(q) is described by the equations

Az! = rcos(f) ,

Az? = rsin(6) cos(fy) ,

(4.7)
Az¥t = rsin(6,). .. sin(04_s) cos(4_1) ,
Az =rsin(dy) ... sin(f4_,) .
Let us stress that, for any spatial dimension d, there holds
r=Ax|; (4.8)

thus, the coordinate r is an adimensional radius.

In order to avoid cumbersome notations, given a function R — Y, x + f(x) (with Y’
any set), we indicate the composition q — f(x(q)) as q — f(q); we will use similar
conventions for functions on R? x R

Of course, the curvilinear coordinates q induce a set of spacetime coordinates ¢ = (¢") =
(t,q). The spatial and space-time line elements are, respectively,

d* = a;(q)dg'd ;  ds* = —dt* +d0* = g,.,(q) dg"dq”

o (4.9)
goo:=—1, Go=g90i:=0, gj(q) :=aj(q) fori,j € {r,61,...,04-1},

where a;; indicates the flat metric on R? expressed in the curvilinear coordinates q. Most
results of the previous Chapters 1-3 are readily rephrased in the present framework; in
particular, the analogue of Eq. (3.103) in the coordinate system (¢*) is

- AU AU 1 AU ~ AU AU AU
T, = (1-2£)0,¢" 0 8,9 —(5—2§>77w,(6p<p > +V(4")%) — 26 @ o Vo™, (4.10)

where V, denotes the covariant derivative induced by the metric (4.9). Notice that, indi-
cating with +;; the Christoffel symbols for the spatial metric (a;;(q)) and with D; the cor-
responding covariant derivative, for any scalar function f there hold (i, j € {r,01,...,04-1})

Vuf =0.f, Vi =Dijf = 05f —v50f

(4.11)
VOif - aO(azf> - az<80f> - vz(]f ) v()Of = aOOf .
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Before proceeding, let us also point out that, in view of the explicit expressions (4.4) and
(4.5) for the heat kernel and trace, respectively, it is natural to introduce the rescaled
parameter

7= At €(0,+00) . (4.12)

In the sequel, for any pair

q=(r,01,....001) = (1,0), p=0"0,..,0,,) =0, (4.13)

we write A*(q, p) and e~"(q, p), respectively, for the Dirichlet and heat kernels at two

points x,y of (rescaled) spherical coordinates q, p, and with T related to t by Eq. (4.12).
In particular, Eq. (4.4) implies

. B A deX (P e’ 5(0)S(6)
‘ A(q,p)_< 27Tsinh(27-)) p{ (2tanh(27) sinh(27) )] (4.14)

where S(0) and S(0') are the products of cosines and sines of the angular coordinates
(01,...,0q,) and (0}, ...,0; ) of Eq. (4.13), corresponding to the scalar product x - y.

The zeta-regularized stress-energy VEV.

Hereafter we are going to derive integral representations for the regularized stress-energy
VEV components, using the “rescaled” heat kernel e~™(q, p) (of Eq. (4.14)). To this
purpose, let us first point out that the Mellin relation (2.266) can be rephrased in the
present setting as

)\—25
I'(s)

along with analogous relations for its (covariant) derivatives.

Next notice that, starting from Eq. (4.10), expressions analogous to those in Eq.s (3.107-
3.109) can be derived for (v | va v) in terms of the Dirichlet kernel and of its derivatives
in curvilinear coordinates. Using these expressions for the zeta-regularized stress-energy
VEV along with Eq. (4.15) and the corresponding ones for the derivatives of A7%(, ), it
follows that

+00
A7%(q,p) = / dr 77 'e ™ (q,p) , (4.15)
0

-~ )\d+1 K\ oo u—d—3
(0T (@) v) = =y (—)/ dr 7 Y (r5q) (v e{0,r,01,.,001})  (4.16)
I'(*57) \A o

where the coefficients H,(ff,) (7;q) are as follows (for i, 5, h, ¢ € {r,01,...,04_1}; here D is the

spatial covariant derivative of Eq. (4.11)):

W ()= (1) [G +£) (%)*G —5) 7 (a"(@) Dy +7~2)}

Hy (75 ) =K (r50) =0, (4.18)

e ™(q,p), (4.17)

pP=q
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Hj (riq) = H(75q) =
(&) |G - st (5 = 7 (@D +)) + "

NIEEOTE)

Here and in the remainder of this section, we are implicitly understandin% the dependence
on the parameter ¢ for simplicity of notation: so, HEZL) (7;q) stands for HLZ,L,) (7;q;6).
Using the explicit expression (4.14) for the heat kernel in rescaled spherical coordinates,

e ™ a,p) .
pP=q

one can infer the following notable properties i)-v) of the coefficients Hfff,) (17;q); these
properties could be proved for arbitrary d (in [66] we checked them by explicit computa-
tions in the cases d € {1, 2,3}).

i) For any fixed 7,q and any pu,v € {0,7,6,...,04_1}, the map u Hfff,) (17;q) is affine.

ii) For any fixed q, u € C and any p,v € {0,r,01,...,04_1}, the map 7 — Hfff,)(T;q) is

smooth (i.e., of class C'*°) on [0, +00) and exponentially vanishing for 7 — +o0.
iii) The final expressions for the coefficients H,(ff,) do not depend on the parameter \, even
though it appears in the right-hand sides of Eq.s (4.17-4.19).
iv) There holds
HY =0 for p#v,

(2

" _ u ' ‘ " (4.20)
Héd)—lgd—l = sin®(0;_5) Hédizediz = ... =sin?*(04_2) ...sin*(6;) H<(91)01 :
v) For p=wv € {0,r,6:}, there hold
U . __—r2tanhT U .
HEW)(T q)=e M/(W)(T, T) (4.21)

where ./\/l,(fy) (7;7) is a polynomial in 7, u of degree 1 in both these variables, with coefficients
depending smoothly on 7.

Before moving on, let us make a few remarks concerning the integral representation
(4.16) for the regularized stress-energy VEV. First notice that, in consequence of item iii)
above, this VEV only depends on the parameter A through the multiplicative coefficient
ATk /A" in front of the integral in the cited equation. On the other hand, Eq. (4.20)
of point iv) indicates that the VEV (v | T;jy v) is diagonal and that the only independent
components are those with u = v € {0,r,0;}; finally, these components only depend on
the radial coordinate r (and not on the angular ones {6, ...,04_1}), in accordance with
the spherical symmetry of the configuration under analysis.

Analytic continuation.

Let us move on to determine the analytic continuation of the regularized stress-energy
VEV. To this purpose, consider the integral representation (4.16) of (v | T}}, v) along with
the general framework of subsection 2.8, where several methods are proposed to construct
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the analytic continuation of Mellin transforms. In particular, Proposition 2.88 can be
employed in the case under analysis, setting F' = Hfff,)( ;x) and s = (u — d — 1)/2; this
allows to infer (compare with Eq. (2.336) ), for any N € N,

(v T} (a) v) =

a1 N w oo 4.22
)\u+1 u—d—1 (u—d)—l <E>/ drr = 35H$f/) (75q) - ( )
L(%5=) ( ) (= N =1) \\

Due to the features of the coefficients H,S“V) pointed out in the previous subsection, the

integral in the above expression converges for u € Y441 oy, so that Eq. (4.22) yields the
required analytic continuation of (v | Tﬁy v) to the very same region; this region includes
the value u = 0, required for the zeta approach to renormalization (see Eq. (3.124)),
whenever

d+1
N> % . (4.23)
Under this assumption, following Eq. (3.124), in general we define
(v] T,W(q) V)ren == RP u:O(v ’T;jy(q) v) . (4.24)

For N as in Eq. (4.23), consider the expression in the second line of Eq. (4.22); for any
even spatial dimension d this expression is regular in « = 0, so that we can simply evaluate
(v Tﬁ‘y(q) v) at this point to obtain the renormalized stress-energy VEV. On the other
hand, for odd d we must in fact discard a singular contribution in the Laurent expansion
at u = 0, since the function under analysis has a simple pole in ©u = 0. Because of this
pole singularity, the procedure of evaluating the regular part of Eq. (4.22) in u = 0 in the
case of odd d implies the appearance of a logarithmic term in 7 in the integrand (%).
Simple but rather lenghty computations give the following results, for d either odd or even
and p,v € {0,r,0,}:

(v T (@) V)ren = A (TSP (r) + M n TS <r>) . where

“+o00
TISB) (r) = /O dr TN—%* g—r?tanh7 [P}fp (T;7)+InT PE,)(T : 7“)} , (4.25)
1 oo N_d+3 2 tanh 1 2K
TIEV)(T) = / dr V72 T T P;(LV)(T’T> ) Mn)\ = 7EM+2111(T>
0

4In fact u
Tu/2:e%1n721+§1n7+0(u2) foru —0.

The logarithmic term proportional to « is not relevant in the case of even d, where analytic continuation
exists up to v = 0 and it is simply obtained setting v = 0 in (4.22). On the contrary, for odd d we

must take the regular part at u = 0 of the expression (4.22) and the above term 4 In7 contributes to it,

since it is multiplied by a term proportional to 1/u that comes from the v — 0 expansion of the factor
1/(4=4=3+1)...(*=2=2 4+ N) in (4.22).
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(vem =~ 0.577 is the Euler-Mascheroni constant). In the above definitions 73,5(,],) (157)
and P,S},) (7;7) are suitable functions determined by H,(}LV) (7;q); these functions are in fact
polynomials in 72 of order N + 1, with coefficients which are smooth functions of 7 on

[0, 4+00). Let us stress that
1 . _ 1 _
'PI(W)(T :r) =0 and T,ﬁj (ry=0 for d even , (4.26)

a fact corresponding to the previous comments on the logarithmic terms.

Next note that, in consequence of the remarks at the end of subsection 4.1, the renor-
malized VEV (v | TW v),en only depends on the parameter A through the coefficients A4!
and M, , in the first equation of (4.25). In particular, the functions T,Sg) (r) (a € {0,1})
introduced therein do not depend on A and we can evaluate them computing the integrals
in Eq. (4.25) numerically, for any fixed € (0,400). In fact, the same integrals can
also be used to derive explicit expressions (complete with remainder estimates) for the
asymptotic expansions of (v | Ty, ) ey in the limits 7 — 0% and 7 — +oo. We refer to [66]
for more details on this topic; in the present manuscript we only report the final results
which can be obtained for d = 3 (see the conclusive paragraph of the present section).
To conclude, following Definition 3.51 (°), we introduce the conformal and non-conformal
parts of the functions r — T;Eg)(r), T,Ell,) (r), setting

T(a:0) .

— 7l
jn% jn%

1
o TEM = (B0 -TEY) wefon) @)

where &, is defined by Eq. (3.127). In the final paragraph we present the functions 7333)
(a € {0,1}) and the graphs (obtained via numerical integration) for the functions in Eq.
(4.27) corresponding to the energy density (u = v = 0), for d = 3.

The total energy.

First note that, by a simpe variation of Proposition 3.45, the total energy can be expressed
as the sum of a bulk and a boundary contribution as in Eq.s (3.117-3.119); in the following
we are going to discuss these two contributions separately.

Let us first consider the regularized bulk energy; according to Eq. (3.120), this can be

expressed as

U
w_ K

B = T AT

The trace appearing in the above equation is connected through Eq. (2.297) to the heat
trace which, according to Eq. (4.5), has the form

1

Tret= S H()  with  H(b) = (%) ; (4.28)

2 sinh

5In particular, recall that the following convention is employed:

¢ = conformal , B = non-conformal .



4.1. THE CASE WITH A BACKGROUND HARMONIC POTENTIAL. 163

it is patent that the map t — H(t) is smooth on [0, +00) and exponentially vanishing for
t — +00. Then, using Theorem 2.95, we obtain for the regularized bulk energy

(_1)N KU /+oo ws_ 4N dN
E" = dt t N H(t) . 4.29
QF(“T_I)(“—_I—d)...(“T_I—d—i—N—l) 0 ’ dtN (t) ( )

2
The above relation holds for any N € {1,2,3,...} and the integral appearing therein
converges for any complex u € Yo—n)+1; thus, for any integer N > d +1/2, Eq. (4.29)
gives the analytic continuation of £* in a neighborhood of u = 0. Since here no singularity
appears, we can obtain the renormalized bulk energy simply by setting « = 0 in Eq. (4.29);
making again the change of integration variable 7 := k*t (see Eq. (4.12)), we infer

pren — " - dr TN=3 Sy
202N/ \ 1L 2(d — i) +1 /0 T g )
1

i (4.30)
2 7

with  H(7) ::( i >d.

forany N >d+ -
sinh 7

Now, let us move on to discuss the boundary energy B*. This can be defined, according
to Eq. (3.119); however, since the spatial domain is R¢, the integral over the boundary
appearing therein must be properly interpreted as the limit of integrals over the boundary
of suitable, bounded subdomains. By quite lenghty computations (see [66]), this procedure
allows to infer that B* = 0 for all u € ¥4_3. Therefore, the zeta approach implies that
the renormalized boundary energy vanishes identically:

B :=B* =0. (4.31)

u=0

A remark. Before proceeding, let us point out a fact that we anticipated in subsection
3.2: the renormalized total energy £ (which, due to Eq. (4.31), in the present setting is
equal to £7°") does not coincide with the integral fRd('v | Tho V)ren. This fact is patently
exemplified by the results to be reported in the subsequent paragraph, dealing with a
scalar field in presence of an isotropic harmonic potential in spatial dimension d = 3.
Indeed, on the one hand, the forthcoming Eq. (4.46) states that the renormalized total
energy E™" = E"" is finite; on the other hand, Eq. (4.45) (along with Eq. (4.40) ) shows
that (v | Tpo v)ren diverges in a non-integrable way for |x| (= r/k) — +oo. Let us stress
that the “energy anomaly” £7¢" # f (v T, 00 V)ren 1S DOt a consequence of some ultraviolet
issue specific to the present setting: in fact, it also appears in configurations involving
bounded spatial domains (such as the one discussed in the subsequent Section 4.2).

The previous results in spatial dimension d = 3.

Hereafter we are going to report the results which can be obtained using the general
approach presented in the previous paragraphs for the case of spatial dimension d = 3.
We describe this setting using the spherical coordinates q = (r, 01, 65) € (0, 4+00) x (0, 7) X
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[0, 27), which are related to the Cartesian coordinates x = (z1, T, r3) € R? via (see Eq.

(4.7))

Azl =rcosly, Nz?=rsinfh cosfy, Mz>=rsinb sinb, ; (4.32)

the corresponding spatial line element is
dl* = X2 (dr?*+7*(dO3 +sin®0, db3) ) . (4.33)

After lenghty computations, the zeta-regularized stress-energy VEV can be expressed as
(compare with Eq. (4.16) and recall that dependence on ¢ is understood implicitly)

A~ )\4 KA\Y oo 34 u
(1T ) = gy (5) / dr r O (ria)  (nve{0,n6,60)) , (434)
2

where H,Suy) is diagonal and we only have to consider the independent components

Hyp (73 q) =

Ag(r,7) [—(1—U)(1+4§)+(1—4§)( T )(3—1—7“2 Sinh?”_sth)}, (4.35)

sinh 27 cosh T

H (75 q) =

As(n7) {85 —— — (1-49) (1—u + (SmQhT 27) (1427 tan T))] o @39

HY') (75q) =

<§>2 e {85 taghT B (1_u " (SiHQhTQT) (1+ cos71;12227>)} 40

(for the remaining diagonal component, i.e. Hg;%Z(T ;q), see Eq. (4.20) ). In the above, for
simplicity of notation we have put

A L 1 —r2tanh T 27 V2 4.38
s(7r) = G © sinh2r ) (4.38)

The above expressions for the components of the tensor H,(ff,) are easily seen to possess the

features anticipated in Eq.s (4.20) (4.21) and in the related comments. Thus, according to
the general framework developed in subsection 4.1, we can obtain the analytic continuation
of (v \T;ju v) given in Eq. (4.34) integrating by parts N times the integral appearing
therein, for any N > 2 (see Eq. (4.23)). For definiteness, we fix N = 3 so that Eq. (4.22)
reads

(v| T, (a)v) =— ) m <X> / dr 72 0 HEW)(T; q)- (4.39)
2 0
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As in all cases with odd spatial dimension, the analytic continuation of the regularized
stress-energy VEV given in Eq. (4.39) has a simple pole in u = 0 (recall the comments
made in subsection 4.1). In consequence of this, we have to adopt the extended version of
the zeta approach to define the renormalized VEV (v |TW V)ren, taking the regular part
in u=0 of Eq. (4.39) (see Eq. (4.24) ); with some effort, we obtain

(0 Tu(@) ©)ren = N (T (1) + Man T (1)) -

+oo

TO(r) = / dr =" tenhT [7?,33)(7 ;r) +Inr P (7 r)} : (4.40)

0
00 2 h 2/,L
Tﬁ)(r) = / dr e~ " tanhT P;E},)(T;r) , M, = ’yEM—f—an(T) ,
0
where
1
PR == gz B @) + 40, 0M(ria)]
. - (4.41)
P(757) = == & T O (73 q)

Zﬁ T pv

It is readily found that P,S(,l), 73,9,) are polynomials of fourth order in 2. Now, we evaluate
numerically the integrals in Eq. (4.40) and distinguish between the conformal and non-
conformal parts ¢, B of each component; once more we refer to Eq. (4.27), recalling that
for d = 3 we have (see Eq. (3.131))

1
&3 = g (4.42)
The forthcoming Fig.s 4.1 and 4.2 show, as examples, the graphs of the functions deter-

mining the renormalized energy density (v [Th ¥)yen, i.€.,
0,0 1,0 om 1.
re Ty (r), Tog ¥ (), Tog™ (1), Ty™ (r) (4.43)

We refer to [66] for the graphs of the other components.
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In the following we report the asymptotic expansions of the functions in Eq. (4.43) in
the limit of small and large values of the radial coordinate r; these expansions can be
obtained starting from the integral representations (4.40) (see [66] for more details).

On the one hand, for r = A|x| — 0T there hold

r) = —0.0047 — 0.0024 7% + 0.0028 * 4 0.00067° — 0.0001 7% + O(r'°) ,
r) = —0.00167* + O(r'°) |
(r) = —0.0143 — 0.0468 7% + 0.01347* — 0.0033 7° + 0.0007 r* + O(r'%) |,
(r) =0.0380 + O(r"") .

Ty (
(1,0)
TOO (
o (4.44)
00
1.m
Too™

Let us stress that, using the methods described in [66], all the coefficients in the above ex-
pansions could be determined explicitly, complete with quantitative remainder estimates.
However the expressions involved are quite cumbersome; for this reason, we have reported
here only the first four digits of their numerical evaluation.
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On the other hand, in the limit r = A|x| — 400, the following asymptotics can be infered:

+ O(r—8 In 7’2) ,

4

y . 1 5 23
Too”(r) = o1 (m P e+ §> T 967° 28807
4

T(l’O) - _ r O —81 2
o0 () 64?2 +0(r " Inr’) ,2 1 (4.45)
om N _ 2 =811 12
Too (7’)—_@@117” +’VEM+§)+127T2r4+O(T Inr)
3
TO%’.) (r) = 2 +O(r%Inr?) .

In passing, let us point out that the asymptotic expansions in Eq.s (4.44), (4.45) and the
corresponding graph in Figure 4.2 suggest that the function T, 0%’.) is, in fact, constant
(notice that 3/87% ~ 0.0380...).

Finally, Eq. (4.30) with N = 4 and numerical evaluation of the corresponding integral
allow us to derive the renormalized bulk energy

E™" = —(0.0078607119 + 107'%) \ . (4.46)

This result agrees with the one obtained by Actor and Bender in [5], using a different
approach also related to analytic continuation techniques (°).

Since the renormalized boundary energy B"" vanishes identically in the present configu-
ration (see Eq. (4.31)), the above result for the bulk energy E™" suffices to infer that the
total energy £7" = E""+ B"“" is finite. On the other hand, it appears from the asymptotic
expansions in Eq. (4.45) that the renormalized boundary energy (v ]T 00 U )ren, diverges in
a non-integrable manner in the limit » — +o00; therefore, the integral fRd(v \ Too V) pen 18
infinite (or, rather, it does not exists). In view of this, the alternative definition (3.132)
for the total energy £7°" does not yield a finite result in the present case. This is one of the
anomalies which we pointed out in the remark a the end of subsection 4.1 (see subsection
3.2 for a general discussion).

4.2 The case of a rectangular box.

In the present section we consider a massless field confined within a d-dimensional rect-
angular domain Q = (0,a1) x ... X (0,aq) (d € {1,2,3,...}, arbitrary), with Dirichlet
boundary conditions. Our approach could also be generalized, with some computational
effort, to include the case of a massive field and to deal with Neumann or periodic bound-
ary conditions; we choose to avoid these generalizations here for the sake of simplicity.

6To check this, one must compare the numerical value reported in the above Eq. (4.46) with the
one reported in Eq. (4.4) of [5]. Let us stress that conventions different from ours are used therein. In
fact, using our language, the bulk energy is formally defined in [5] as E := ) w,, while our general
prescription (3.120) is formally equivalent to E = %Zn wy; moreover the parameter « of [5] and our
parameter \ are related by o = v/2 \. Summing up, the “total energy” derived in [5] has to be multiplied
by 1/2 in order to obtain our E¢™.
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We follow the analysis presented in our previous work [67]. Our starting point is the
heat kernel e~*4( | ), for which we consider two different series representations describ-
ing, respectively, the behavior for small and large t; these are used to produce series
expansions giving the analytic continuations of the Dirichlet kernel A~*( , ) and of its
derivatives, which converge with exponential speed (we also give fully quantitative re-
mainder estimates). These analytic continuations determine the renormalized VEVs of
several observables, namely: the stress-energy tensor, the pressure on boundary points,
the total energy and the total force acting on any side of the box. Our results hold for
an arbitrary spatial dimension d; in the conclusive paragraph of the present section we
specialize them to the subcase d = 2, producing several graphs for the renormalized VEV
of the energy density and for the other observables mentioned previously.

Many of the results reported in this Section (such as those in [67]) have been derived with
the aid of Mathematica for both symbolic and numerical computations.

The Casimir effect for a rectangular box configuration has been discussed in a lot of
works; here we only mention some of them. Concerning total energy and boundary forces,
the foremost computations were performed by Lukosz [99, 100], by means of exponential
regularization and Abel-Plana formula; the same techniques were used by Mamaev and
Trunov [102, 103] (also see [104, 105]). Alternative derivations based on global ZR were
later given by Ruggerio, Vilanni and Zimerman [135, 136], Ambjern and Wolfram [11, 12]
and by Li, Cheng et al. [95]; equivalent results were obtained using generalized cut-off
techniques by Edery [52, 53] and by Estrada, Fulling et al. [61, 77]. Finally, let us mention
the monographies of Elizalde et al. [56, 57] and Bordag et al. [25]; these can be taken
as standard references for the study of global aspects. Our series representations for the
total energy and for the boundary forces are different, but equivalent to the ones of [25].

On the other hand, local aspects for a scalar field in a rectangular box were first analyzed
by Actor in two seminal papers [3, 4]; therein d = 3, the framework is Euclidean and the
author renormalizes, mostly by analytic continuation, the effective Lagrangian density
and the VEV (v|¢?(z)v). It is hardly the case to point out that these observables
do not determine the renormalized stress-energy VEV; the latter was instead considered
in a work of Svaiter et al. [132], again by means of analytic continuation techniques.
However, in [132] some additional “empty space” divergences are removed by hand, with
the motivation that they are also present when there is no boundary; moreover, [132]
considers only a 3-dimensional, infinite rectangular waveguide (2 = (0,a,) x (0,a2) X R),
rather than a box of arbitrary dimension. Let us also stress that the methods employed in
[132] yield a representation of the renormalized stress-energy VEV via series converging
with polynomial speed, which is slower than the exponential convergence of our series
expansions. An alternative evaluation of the stress-energy VEV was proposed by Estrada,
Fulling et al. in [61, 77], where the case of a 2-dimensional rectangular box is analyzed
using exponential cut-off techniques; nevertheless, the position of principle in the cited
works is that the theory with a cutoff is a more realistic description of the physical system
under investigation, and renormalization is only hinted at for the energy density.
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Introducing the problem.

We consider the model of a massless scalar field confined within a d-dimensional box, with
no external potential; more precisely, we assume

Q=x%,(0,a;) witha; >0forie{l,..,d}, V=0. (4.47)
The boundary 02 of the spatial domain is composed by the sides
Tpa = {X ERY | 2P = aa,, v' € [0,a;] fori #p, i€ {l,...d}} (4.48)
forp e {1,....d}, a € {0,1} ; '

for the sake of simplicity, we restrict attention to the case where the field fulfills Dirichlet
boundary conditions on each one of these sides. Under the above assumptions, we put

A== (4.49)

this is strictly positive and self-adjoint on H = L*(Q), with domain Dy := {f €
H}(Q) |Af € L)} (7). Also in this case, A is an admissible operator in the sense
of definition 2.37 and it has purely discrete spectrum, given by

Qa
=1 L

T mn?
O'(A) = {W?n = Z 22 m = (mi)izl,m,d, m; € {1, 2, 3, } } (450)

(®); a complete orthonormal set of eigenfunctions of A in L*(2) corresponding to the
eigenvalues (w2,) in Eq. (4.50) is

Fin(x) = ilj \/g sin (77’;% x’) (xe Q). (4.51)

Again, we can use the general framework of Chapter 2; in particular, we can consider the
Dirichlet and heat kernels associated to A, along with the related traces.

The heat kernel.

Similarly to the model with a harmonic potential considered in the previous Section 4.1,
in the present setting we are dealing with a product domain configuration. In particular,

the heat kernel associated to A = —A factorizes; more precisely, we have
d
e Mxy) =[] @) | (4.52)

i=1

" Let us point out that, since the boundary 0€ is Lipschitz, one can still define a notion of trace as in
Eq. (2.160) and prove that H}(Q) = {f € HY(Q)| f19Q = 0} (see [7]). Moreover, it can be proven that
Da={fe€ H*Q) | f10Q = 0}. If Q were smooth, one could infer this fact from Theorem 2.34; in this
case 0f2 is not smooth, but the same conclusion can be infered using the eigenfunction expansion of A.

8In this case the the parameter e > 0 fulfilling o(A) C [g, +00), can be chosen to be € := Z?Zl(w/ai)z.
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where, for i € {1,...,d}, we have put A; := —0,i,:i (with the induced Dirichlet boundary
conditions in z' = 0 and 2' = a;) and e*4i( , ) indicates the corresponding heat kernel.
Each of the one-dimensional kernels can be determined by elementary methods; in par-
ticular, we showed in [67] that two different representations can be derived for e~*4i( | ),
starting from the set of eigenfunctions and eigenvalues in Eq.s (4.50) (4.51) and using
the Poisson summation formula. Of course, these representations determine, according to
(4.52), two alternative expressions for the total heat kernel e *4( | ), which we proceed
to report hereafter. It appears that these alternative expressions are suited to describe
the behaviour of this kernel for small and large t, respectively.

Large t representation of the heat kernel. This is

2d

e—tA(
ay ...aq

X,y) =

Z et C(x,y) (4.53)

meN¢

where wy, is as in Eq. (4.50) and, for the sake of brevity, we have put

d
. m;T i . my;T i
N, :={1,2,3,..} , Cm(x,y) := H sm( m Y ) sm( - x) ) (4.54)

)

Small t representation of the heat kernel. This is

_ 1 C1p(x
HAey) = paE 2L e e (4.55)
T hezd 1e{1,2}4

where, for simplicity of notation, we have put

d 1 forl;=1
h = (hi)iz1,.a, 1:= (li)iz1,...a ; 0y 1= H(Sli ;0= {_1 for l% ; 9
=1 (4.56)

o i i2 i ngy for I; =1
bhl(X> Y) = Z a; (hl_,Z)l%(aj Y )) ) ZDIZ(Qj Y ) = miJr?gi for . — 2 :
i=1 T2, 0T L=

Before moving on, let us emphasize a number of facts on the expansions (4.53) (4.55); we
will resort to them in the following subsections, when performing the analytic continuation
of the Dirichlet kernel and of its derivatives.

i) The expansions in Eq.s (4.53) and (4.55) describe, respectively, the large and small t
behaviour of e~ *4( | ) in the following sense. The series over m € N¢ in Eq. (4.53) and
the one over h € Z¢ in Eq. (4.55) are mainly determined by the terms corresponding to
small values of m; and |h;| (i € {1,...,d}), in the limits t — 400 and t — 0T respectively.
ii) Notice that

w2>0 forallneN?. (4.57)
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iii) There holds
bu(x,y) >0 forallheZd 1€ {1,2}4 x,y €. (4.58)

In particular, since Dy, (z',y*) € [-1/2,1/2] for I; = 1 and Dy, (', y*) € [0, 1] for I; = 2 (see
the definition of D;, in Eq. (4.56) ), it follows that

hi =0, 1;=1, y' =2'€0,a,
bn(x,y) =0 < foreach i€ {l,...,d}, one has{ or h; =0, [; =2, y' = 2" =0; (4.59)
orh;=1,1; =2, y' =2° = q;

let us stress that this implies, in particular, by (x,y) # 0 for x # y.

The Dirichlet kernel.

The analytic continuation of A~*(, ) can be constructed in the style of Minakshisundaram
[111], starting from the integral representation (2.266) in terms of the heat kernel e *4( , );
to this purpose, let us fix arbitrarily

T € (0,+00) (4.60)

and re-express the cited integral representation, for x,y € €, as

A_S(Xa y) = A(_>S) (X7 Y) + A(_<S) (Xa y) ’ where (461)
AZ(x,y) = 1 /+Oodt t* e (x,y) AKX, y) = =— /Tdt t* e ™ (x,y)
G I(s) Jr R O [(s) Jo ’

(notice that A (', ) and AZ(, ) depend on T, but their sum A™*( , ) does not!). To
construct the analytic continuation of A™*(, ), we substitute in the definitions of A 2\(, )
and A% (, ), respectively, the large and small ¢ expansions (4.53) (4.55) for the heat
kernel e~ *4(x,y) (°). We obtain the results reported hereafter.

Series expansion for A (x,y). Using the representation (4.53) for the heat kernel, one
can derive [67] the following, for x,y € {2

—s 2d —2s 2
AL (xy) = 10T (5) %dwm I'(s,wmT) Ca(x,y) , (4.62)

where, for any s € C and z € (0,+00), I'(s, 2) is the upper incomplete gamma function (see
[122], page 174, Eq. 8.2.2). The above expression can also be used to evaluate derivatives

9In these manipulations (and in some related computations) we often take for granted that certain
series can be integrated or differentiated term by term. In all cases under analysis, rigorous justifications
could be given using the Lebesgue dominated convergence theorem or the Fubini-Tonelli theorem, but we
will not go into the details.
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of any order of the function A(_;)( , ). Moreover, the series in the right-hand sides of Eq.
(4.62), along with analogous ones for the derivatives of A(_;)( , ), converges for all s € C

even for y = x (see the subsequent paragraph); so, Eq. (4.62) yields automatically the
analytic continuation of the map s — .A(;S) (x,y) to the whole complex plane.

Series expansion for A(_j)(m, y). The expression (4.55) for the heat kernel can be used to
infer, for x,y € (),

N T % bri(x,y) )
A5 (X y) = —— 5 Ps_d<— . 463
(<)( ) (47)/2T(s) heZd%1’2}d 1 5 T ( )

Here, for f > 0 and s € C (recall that by (x,y) > 0 for all h € Z¢, 1 € {1,2}%; see Eq.
(4.58) ), we have introduced the function

1
Ps(8) ::/ dr 77 le™7 ; (4.64)
0
this map fulfills
N for =0, Rs >0
Pa(8) = { BsT(—s,8) for >0 ’ (4.65)

5Ps(B) = (—1)"Psy(B)  for €N

(again, I'(, ) denotes the upper incomplete gamma function). Let us point out that, due
to the results reported in Eq. (4.59), we have

bni(X,y) = 0 only for y = x and for

a finite number of terms in the series of Eq. (4.63). (4.66)

The above mentioned terms of Eq. (4.63) deserve special attention, and must be evaluated
using the first identity in Eq. (4.65); it follows that

d
T5-3 3
AL (xy) = e
(<) (47)4/2T(s) (s — %l) hezd, 1e{1,2}¢
s.t. bp1(x,y)=0

1 37% d bhl
Me=TEYn RO (b‘“‘ F(é‘s’?»(x’”'

hezd, 1e{1,2}¢
s.t. bpy (x,y)>0

(4.67)

Let us repeat that the first sum in the above expression contains finitely many terms.
Notice that the term in the first line of Eq. (4.67) is related to the first equality in Eq.
(4.65) which, in principle, would require Rs > d/2; however, this term makes sense for all
complex s except s = d/2, where a simple pole appears. On the other hand, the series
in the second line of Eq.s (4.67) can be proved to converge for any complex s (see, again,
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the forthcoming paragraph). In view of these remarks, Eq. (4.67) gives automatically the
analytic continuation of A(_j)( , ) to a meromorphic function of s on the whole complex
plane, with a simple pole singularity only for

y=x and s=d/2. (4.68)

A similar analysis can be made for the derivatives of A(_j)( , ), for which series represen-
tations analogous to that in Eq. (4.65) can be derived. For brevity, we do not report here
the detailed discussion of these quantities, for which we refer to [67]. Let us only mention
that, for any two spatial variables z,w and for any x,y € €, the map s — 8zwA(_<s) (x,y)
can be analytically continued to a function meromorphic on the whole complex plane,
with a simple pole singularity only for

y=x and s=d/2+1. (4.69)

Let us stress that the above facts allow to infer, in particular, that the analytic contin-
u—1 u+1

uations of 4772 (X,y)|ly=x and 0,, 47 2 (X,¥)|ly=x (required for the evaluation of the
regularized stress-energy VEV and pressure) are both regular at u = 0.
Convergence and remainder estimates for the series in Eq.s (4.62) and (4.63).

This subject is discussed in more detail in [67] (see, in particular, subsection 3.4 and the
related Appendix A therein); here we only report the main results. To this purpose, some
notations are required; first of all we put

a:= min {a;}, A:= ma a;} ,
ie{l,..., d}{ } ie{l,fd}{ }

(4.70)

J 1/2

|z]::<2z3> forz=meNlorz=heZ.
i=1

Besides, for N € (2v/d, +0), a € (0,1), 8 € (0,+00), 0, p € R, we set

H(a, 8;0,p) = (4.71)
1

/2 N—\/c_l d— ) 2 @.a i N
(1_0[)0(065)%11(%) (N—Q\/E> F(U,<1 Q)ﬁN)F< 5 5(]\7 2\/3)),

it can be shown that there holds the asymptotic expansion, for N — 400,

7.‘_d/2 50—26—4(1 Bd

a(l-a) ()

C’C(Lfg(a, N) := max (a (1—%)) , <A <1+§>) . (4.73)

H(a, B;0,p) = e NNV N2ototd=t (1 L O(NTY)) L (4.72)

Finally, we put
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Having introduced the above notations, let us proceed to give the previously mentioned
remainder estimates for the series expansions of .A(_j) and A(_j). In all cases the remainder

is controlled by the function H](\[,i); due to the exponential decay of this function for large
N described in Eq. (4.72), good approximations of all the series under investigation can
be obtained by just summing the first few terms.

Estimates for the series (4.62). Let s € C; keeping in mind Eq. (4.62), for any N €
(0, +00) let us write

A (6 y) = A v (%) + B v(x.y)

_ 24 9 N
S7N<X7Y) YR Z (JJmSF(S,me) Cm(X7Y) )
>) a...agI'(s) e al< (4.74)
-8 2d —2s 2
R(>)’N(X7 y) = al'”adr(s) Z Wm F(S,wm T) Cm<X7 y) .

meN?, |m|>N

For the remainder function R(_;% ~(%,¥) we have the following uniform estimate

maX(CLQ?Rs?A%%s) H](\l[i) o 7T2T '
ay...aq m2Rs|T(s)|

A
for either Rs>0, N>2vd or Rs<O, N>2Vd+= @ )
TV «

‘RSA),(X, y)‘ < Rs, —2§Rs)

(4.75)

In the above, « is a parameter that can be freely chosen in (0, 1); of course, the best
choice is the one minimizing the right-hand side of Eq. (4.75), which depends on the
other parameters (e.g., N,T) involved in these considerations.

Estimates for the series (4.63). Let s € C, and exclude the case (4.68); keeping in mind
Eq. (4.63), for any N € (0, +00) we put

Al (xy) = A2 v(x¥) + B2 N(xY)

T % b (X,y)
A ey)m —TE 3 5P (hl_)
( )7N ) d S B) Y
< (47T) /2F<S) heZd,lh‘SN71€{1’2}d T (476)
Tﬂsig bh1<X y)
R vXY) = —me—~ E nP,_a (—’ :
(<), (47T>d/21"(3) A 2 T
For the remainder function R(<S)7 ~» we have the following uniform estimate:
C\ (Rs — 4 N) a?(1-¥4)2 ¢
R ’ < oA 2 @, N R oRs—d
‘ s, (X?y) = 7Td/2|F(S>’ N a, T 72 S, S
(4.77)

d d g
for either §Rs§§, N>2vd or 3?3>§, N>3Vd+= W)
a a
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Again, the parameter o can be freely taken in (0, 1) and it is conventient to choose for it
the value minimizing the right-hand sides of Eq. (4.77), keeping into account the choices
made for the other parameters (in particular, for N).

The stress-energy tensor.

Consider the representations deduced in the previous paragraph for the analytic contin-
uations of the Dirichlet kernel (and of its derivatives). Resorting to Eq.s (3.107-3.109),
one can obtain series expansions for each component of the zeta-regularized stress-energy
VEV (v | Tﬁy v). More precisely, for any x € 2, we have

(0T}, (x) 0) = T (%) + T (x) (4.78)

where, for e equal to > or <, T;f,;(°) (x) has the espression corresponding to Eq.s (3.107-
3.109), with A=*( , ) replaced by .A(_j( , ); thus, for i,j € {1,...,d}, we have

u, (o 1 —u5t ‘ .
Tod( )<X) = K" {(4_1 + 5) A(.) *(xy)+ (i - f) 9 ayz.A(.) * (x y>} ) (4.79)

y=x

Ty (x) = Tj*(x) = 0, (4.80)
e (e u 1 7MT71 T *MTH
T'ija( )(X) = T‘ﬂv( )(X) =K |:(Z — {) &j <.A(.) (X, y) —0 Zayl.A(.) (X, y)) —+

’ ((% )y sam) Ay (x y>}

In view of the results discussed in the previous paragraphs for the functions A(;s) (x,y) and

(4.81)

y=x

A2 (x,y), it appears that v = 0 is a regular point for each component of (v |T:jy(x) v);
so, the general zeta approach to renormalization (3.121) reduces, in this case, to

(0] T (%) 0)ren = (0| T}, (%) v) e (4.82)
In the following, when considering the case in spatial dimension d = 2, we will use

approximate expressions for all the components of (v |T v (X) V)ren Obtained replacing
each Dirichlet function A J(, ) in Eq.s (4.79-4.81) with the truncations A y(, ) of a
fixed (sufficiently large) order N, given by Eq.s (4.74) (4.76). Let us recall that we have
explicit remainder bounds for these truncations (see Eq.s (4.75) (4.77) ); these allow us to
infer error estimates for the approximate expressions of (v | Ty, (X) ©)yen described above.

The pressure on the boundary.

Let x be any point interior to one of the sides 7, ,; we exclude x to be on an edge of the
box (i.e., on the intersection of two or more sides), where the outer normal is ill-defined.
As an example, let us assume x to be an inner point of the side 7 o, so that the unit outer
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normal at x is n(x) = (—1,0,...,0). The zeta-regularized pressure at x can be defined
according to the general prescription (3.115), which in the present case reduces to

pi(x) = (v | T(x) v) ) (x) = — (v | T (x) v) ; (4.83)

since Dirichlet boundary conditions are prescribed, recalling the general expression (3.109)
for (v |T}(x)v) and using the decomposition (4.61) for the Dirichlet kernel, the above
relation yields (1°)

/{u u+1

p?(x) = —0i1 Z axlylA_T(X7Y)

y=x

(4.84)

u

K —utl uil
= —0; Z |:ax1y1-f4(>)2 (X7 y)‘y:x + 8$1y1.z4(<2) (X’ Y)‘yzx} '

Recalling that the Dirichlet kernel and and its derivatives are all regular at u = 0, the
general zeta approach to renormalization (3.126) reduces in this case to

P (%) = pi'(x)

=T )| (4.85)

When dealing with the case d = 2, we will evaluate the pressure starting from Eq.s
(4.84) (4.85) and substituting the functions ;1,0 AJ( , ) therein with the truncations

Op1yt A(’.ﬁ ~(, ) of a sufficiently large order IV; the errors of these approximants will be

evaluated using the analogues of Eq.s (4.75) and (4.77), holding for the derivatives of the
Dirichlet kernel.

Before proceeding, let us mention a couple of facts about the renormalized pressure on
the boundary; their proof are discussed in detail in our previous work [67].

i) Let us remark that at points on the edges of the box (i.e., on the corners which appear
whenever d > 1) the outer normal and, consequently, the pressure are both ill-defined. It
can be proved that the renormalized pressure (4.85) evaluated at inner points of one side
diverges in a non-integrable manner when moving towards anyone of the edges; this fact
is of utmost importance when attempting to evaluate the total force acting on any side
of the box, a topic we discussed in detail in [66].

ii) In accordance with the alternative definition (3.133), one could define the pressure at
a boundary point x € m o as

e = (i (01 7) o) ) 000 = = tim (01Tx) o) ) (450

x'eQ, x/'—x x'eQ, x/'—x

10Tn the application of Eq. (3.109) to the present case, we use the following identities, holding for all

x € 90 and suitable s € C:

A3 (x, y)‘ ~0, Bxiij_s(xy)‘ —0 foralli,je{l,..d};

y=x y=x
Opiyi A7°(x, y)‘ =0 foralli,je{l,..,d}suchthati#1orj#1.
y=x

These follow straightforwardly from the Dirichlet conditions prescribed on the boundary of €2 and from
item vi) of Proposition 2.64.
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Simple but long computations allow to infer that the different prescriptions (4.85) and
(4.86) are, in fact, equivalent for the configuration under analysis; therefore, no anomaly
of the type mentioned in subsection 3.2 appears in this case for the VEV of the pressure
at boundary points.

The total energy.

First of all, let us point out that, by a slight generalization of Proposition 3.45, the
zeta-regularized total energy £“ can be expressed as the sum of both a bulk and a bound-
ary contribution, respectively indicated with £* and B*". Since Dirichlet conditions are
assumed on the boundary, according to the considerations of Remark 3.29 we have

B =0, (4.87)

therefore, we only have to discuss the regularized bulk term E*. Recalling the general
definition (3.118) and using the expression (4.61) for the Dirichlet kernel, we readily infer

EY = EE‘>) + EE‘<) where

u 4.88
By = v da'... dz* .A (x x) foree {> <}. (4.88)
2
(0 a1)>< X(Uad)

U

Series expansion for E,. Let us insert the expansion (4.62) for .A(;S) into Eq. (4.88); then,
exchanging the order of integration and summation and evaluating each single integral
thus obtained in terms of incomplete gamma functions, we obtain

KY U— 1
B, = —— l—up WA T . 4.89
b= gy X b () .

meNd

The above series can be proved to converge for all u € C, thus giving the analytic contin-
uation of E*“(>) to the whole complex plane, in particular at v = 0.

Series expansion for El,. Similarly, inserting the expansion (4.63) for .A(;s) into Eq.
(4.88), after some effort we obtain

1

d
Go.p op(h)
2d+1r d p'p'z WTP/QZPUP1< ) (490)

p= heZpr

Ey =

In the above P; indicates the symmetric group with d elements and we have put

ﬂmo =1 R ZO = {O} , BO’,O(O) =0 ,

P u ) (4.91)
Upp i= Hag(i) , Bsp(h):= Z(aa(i)hi) for 0 € Py, p e {1,....,d} ;
i=1 i=1
note that the term with p = 0 in Eq. (4.90) is just (—1)4 Pur (0) and that all the functions
P, must be evaluated according to Eq. (4.65). It can be shown that Eq. (4.90) gives
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the analytic continuation of EZQ) to a meromorphic function on the whole complex plane,

with simple poles at
we{l,...,d+1}; (4.92)

in particular, the series in Eq. (4.90) converges for all u € C\ {1,...,d + 1} and explicit
remainder estimates can be derived, as well.

Summing up, u = 0 is a regular point for the analytic continuations of both EE;) and EZ‘ “
so that, the general prescription in Eq. (3.125) yields

ET‘@TL — EZL>)

E
u=0 + (<)

4.93

u=0 ( )
where the two addenda on the right-hand side simply indicate the expressions (4.89) and
(4.90) evaluated at u = 0.

Before moving on, let us also mention that results analogous to those reported previously
concerning the convergence rate of the expansions (4.62) (4.63) for the functions A J)(, )

and A2 (', ) can be derived for the series representations (4.89) (4.90) of E{%,,, Et.). In

particular, quantitative remainder estimates can be derived for the truncation of these
series at any order N € N; we refer to [67] for more details.

Scaling considerations.

Let us consider the d-tuple x, and the (d — 1)-tuple p with compoments, respectively,
; xi . a; .
x,:=—¢€(0,1) forie{l,..d}, pi:=— forie{2,..,d}. (4.94)

a; aq

Using the decomposition (4.61) of the Dirichlet kernel A~*( , ) and recalling the series
expansions (4.62), (4.63) for the functions A2\ (, ) and A% (), ), it can be shown that

A (x,y) = a7 T D (0%, y,) (4.95)

for all x,y € Q and for some suitable function D, (). From the above relation it follows
that, for any pair z, w of spatial variables, there also holds

Do A0 (x,y) = a7 T8, 0. D,(p X0,y - (4.96)

Due to the above results, analogous considerations can be deduced for the zeta-regularized
VEV of the observables mentioned in the previous paragraphs.

In particular, from Eq.s (4.78-4.81) it can be easily infered the following relation for each
component of the regularized stress-energy VEV (u,v € {0, ...,d}):

(0| Ty, (x) 0) = af ' Ty, (p3 %) (4.97)

HTet us point out that for d = 1 the variables p; are not defined and D (p;x,,y,) = D4(X,,y,) only
depends on the complex parameter s and on the rescaled spatial variables x,,y,.
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where T, is a suitable function.
Similarly, for the regularized pressure acting on any point x in the interior of the side 7 g,
we deduce from Eq.s (4.83) (4.97) that

pi(x) = a1 pi(p;x,) fori e {1,...,d}, (4.98)
where pl are suitable functions and x, is defined as in Eq. (4.94) at points on the
boundary. Clearly, the same conclusions can be drawn for the pressure on any other side
Tpa (9 € {1, d}, o € {0,1}).

Analogous considerations hold for the regularized bulk energy E*; from the expansions
(4.88-4.90), it can be easily infered that (indicating with E* a suitable function)

E" =a" " E“(p) . (4.99)

By analytic continuation at © = 0, we obtain the renormalized counterparts of the above
relations: more precisely, we have

- —(d+1
(0T (%) ©)ren = a1 T Ty (%)

g (4.100)
pre(x) = a; “pipix) . BT =a; E(p)

where the right-hand sides of the above relations are obtained evaluating at u = 0 the
functions in the right-hand sides of Eq.s (4.97-4.99).

Due to the remarks of this paragraph, for any spatial dimension d the analysis of the
renormalized stress-energy VEV, pressure and total energy can always be reduced to the
case a; = 1; we will use this fact in the next paragraph dealing with the case d = 2.

The previous results in spatial dimension d = 2.

As an application of the general framework developed in the previous paragraphs, let us
consider the 2-dimensional case where

d=2, Q= (0,@1) X (O, (1,2) ((I,l,ag > 0) . (4101)

In our computations we fix
a; =1 (4.102)

and consider different values of as; let us repeat that this choice causes no loss of generality
due to the scaling considerations discussed in the previous paragraph. Moreover, we

present the final results in terms of the rescaled coordinates z! := z'/a; = 2!, 22 =
x?/ay € (0,1), defined in Eq. (4.94) (*?).

*
The basic elements to compute the renormalized stress-energy VEV and the pressure
are the Dirichlet functions A(_;)( ), A(_j)( , ), along with their spatial derivatives, for

12 Let us stress that, for a; = 1, the quantities (v | Ty, ¥)yen, pi" and E™" (to be discussed hereafter)
do in fact coincide with the rescaled analogues T7¢", pre™, E™" introduced in Eq.s (4.97) (4.98) (4.99).

nv

Besides, the lenght as of the second side is identified with the ratio pa (see Eq. (4.94)).
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which we use the truncated expansions (4.74), (4.76) and the remainder bounds of Eq.s
(4.75), (4.77) (plus similar results for the derivatives; see [67]). Needless to say, analogous
considerations also hold for the renormalized bulk energy.

The renormalized stress-energy VEV. As an example, we compute this observable for the
two configurations with

ag =1 and ag =75 . (4.103)

In these cases, for the parameter T of the decomposition into (>) and (<) parts and for
the truncation order N, we make the following choices:

T=1, N=7 for ap =1 ;

(4.104)
T=1, N=9 for ap =5 .

Furthermore, the truncation errors in Eq.s (4.75-4.77) are evaluated making for the pa-
rameter o appearing therein the choice

a=0.04. (4.105)

The renormalized stress-energy VEV (v | T, v)yen is obtained setting u = 0 in Eq.s (4.78-
4.81). We separate the conformal and nonconformal parts, respectively indicated by the
superscripts () and (H); recall that Eq. (3.127) gives, in the two-dimensional case,

€=+ (4.106)
8

In the following we present, as examples, the graphs for (v | Tég )v)mn and (v | To(o. )v)mn
obtained from the previous truncated expansions; more precisely, Fig.s 4.3 and 4.4 show,
respectively, the results obtained for the configurations with a; = 1 and a; = 5. In the
cited figures we refer to the variables x! := x'/a; € (0,1) and, keeping into account some
obvious symmetry considerations (**), we only show the graphs for

vt €(0,1/2)  forie {1,2}. (4.107)

3Indeed, every component of the stress-energy VEV can be shown to be symmetric under the exchange
2t a; —a' (or zl < 1—2x%) fori € {1,2}.
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Figure 4.4: Graphs of (v yi}}g)v)m and (v |Té0.)v)ren for ay =5 (d = 2).

Concerning the error estimates, for p,v € {0,1,2} and e € {O, B}, let us introduce the
following notation:

remainder corresponding to our approximation

= (4.108)

by truncation of (v | T;w V) ren -

On the one hand, for ay = 1, our choice N =7 (T' = 1, o = 0.04) yields the uniform
bound
& <3107 for u,v € {0,1,2} . (4.109)

On the other hand, for as = 5, our choice N =9 (T'=1, a = 0.04) ensures

& <8107 for pu,v € {0,1,2} . (4.110)
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The renormalized pressure on the boundary. As in the construction of the general theory
we consider, as an example, the pressure p["(x) at points x = (0, z?) in the interior of the
side 7 o, making reference to the prescription (4.85). Fig. 4.5 shows the graphs obtained
for pi"(x) as a function of 22 := x?/ay (again, choosing T' = 1 and truncating the related

expansions to order N =7, for ay = 1, and N =9, for ay = 5).

=1

# A

=t | 0.35¢ | |
o | 030}

= | 025 F | |
0f | | 020} || I|
15F || || 015f | |
1ot II| ,'I 010 F I',I .'I
| i\, ,f" 0.05F

A

0.0 0.1 0.4 0.6 02 10 ~ 0.0 0.2 04 0.6 0.2 1.0

Figure 4.5: Graphs of p}°"® for ay = 1 (left) and ay = 5 (right) (d = 2).

As for the error, indicating with ¢; the remainder associated to our approximation by

truncation of p|*", we obtain the following uniform estimates (setting o = 0.04):
ler] <2107 forap =1;

4.111
ler] <5-10712 for ap =5 . ( )

Before moving on, let us mention that the renormalized pressure pi" can be proved to

possess the following asymptotic behaviour near the edge x = 0, for all a; > 0:

1

= 2m (@2 +O((z%)?) for x = (0,2?) and z? — 0" . (4.112)
m(x

P (%)
The renormalized bulk energy. Let us fix again a; = 1 and consider this observable for
different values of as. Using the decomposition into (>) and (<) parts and truncating
the corresponding series at order N = 50 (with 7' = 1, o = 0,04), one can plot E™" as
a function of ay (see Figure 4.6); with the choices made for the parameters ai, T, N, o, it
can be proved that the error is smaller than 2-1073 for any a, € [0.05,10] ). Let us discuss
some facts regarding the function ay — E™"(as), which can be read from the graph in
Fig. 4.6 (the results reported hereafter are obtained using standard numerical methods,
implemented in Mathematica).

i) There is only one point of maximum a$*; our approximation by truncation at order
N = 50 gives

ay™ = 0.72719110 £ 107% | E™"(a5®) = 0.04472675 £ 107° . (4.113)
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Figure 4.6: Graph of E™" as function of ay (d = 2).

ii) E" vanishes for two values ag” < &éQ) of ag; these are found to be

s’ = 036538151 £ 107, al? = 2.73686534 £ 107 . (4.114)
E7™ is positive for dgl) <ag < dgz) and negative elsewhere. This feature was also pointed
out in [102]; therein it is stated that a§2) = (dgl))*l, a relation (approximately) verified by
the numerical values in Eq. (4.114).
iii) For ay — 07, E™" has the asymptotic behaviour
€o

B (0) = 15 (1 + O(a2)> with  ep = —0.02391 + 1075 . (4.115)

iv) There are indications that E™" approaches an asymptote for as — +oo; taking into
account values of the abscissa up to as = 100, we find that this asymptote is the straight
line

mg = —0.02391416 + 1078

g = +0.06544985 & 10~8 (4.116)

Y =mgas+ qg with {
Finally, let us mention that the numerical values of E™" given by our previous analysis
are in good agreement with those arising from the expansions in [25], a fact strongly
indicating the equivalence between our approach and [25]. Let us also mention that the
results of [25] about E™" are equivalent to the ones of [11, 57, 77].

4.3 The case of parallel planes with Robin
boundary conditions.

In the present conclusive section we consider a variant of the original setting studied by
Casimir in his seminal paper [35], involving a massless field confined between two parallel
planes. Let us recall that we already analyzed this type of configuration in our previous
work [65] (see also [63] for the three-dimensional case with Dirichlet boundary conditions
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and [64] for the one-dimensional analogue of a segment); therein, working in arbitrary odd
spatial dimension d (also greater than d = 3), we considered several kinds of boundary
conditions, namely of Dirichlet, Neumann, mixed (') and periodic type. For each one
of these specific models we computed the renormalized VEVs of several observables. To
this purpose, using the methods described in [64] and reformulated more rigorously in
the present manuscript, in [65] we developed a series of general computational rules,
independent of the boundary conditions prescribed on the (hyper-)planes; these general
rules rely, in particular, on the fact that the configuration under analysis is of slab type
(*5) (so that it suffices to study the reduced one-dimensional problem of a segment) and on
the fact that the corresponding cylinder kernel possesses some general suitable features.

In the subsequent paragraphs we first recall briefly the above mentioned general rules and
then use them to study the case of a massless field fulfilling a particular type of Robin
conditions on the boundary planes. In the specific setting under analysis, it is possible
to derive an explicit integral representation for the cylinder kernel corresponding to the
reduced one-dimensional model; this representation allows to infer that the mentioned
kernel fulfills the hypotheses of Theorem 2.93, so that the analytic continuation of the
related Dirichlet kernel at the points of interest can be computed by means of the residue
theorem (see, in particular, Eq. (2.361)). Finally, these facts are used to obtain exact
expressions for the renormalized VEV of the stress-energy tensor (we plan to discuss the
total vacuum energy per unit area and the pressure on the boundary elsewhere [68]).

Needless to say, the literature on the Casimir effect for the configuration with two parallel
planes is immense, both regarding local and global aspects; following [65], here we only
cite a few references. In his seminal paper [35], using an exponential cut-off regularization
along with Abel-Plana resummation, Casimir was the first to compute the total energy
and the boundary forces for the case of two parallel planes; concerning local aspects, the
foremost derivation of the full stress-energy tensor VEV was given by Brown and Maclay
[29], using a point-splitting technique. Computation of both global and local quantities
for this model was later reproposed by several authors, using various regularization tech-
niques: see, e.g., the monographies by Milton [110], Elizalde et al. [56, 57], Bordag et al.
[25] (see, as well, the works cited therein).

The first to address the case of Robin boundary conditions were Romeo and Saharian
[133], who used a generalized version of the Abel-Plana formula to obtain the renormalized

Here the nomenclature “mixed boundary conditions” is used to indicate the case where Dirichlet
conditions are prescribed on one of the planes, while Neumann conditions are prescribed on the other.
5By definition, this means that

Q=0 xR® 3 x = (x1,%2) , V(x)=V(x1),

with Q; ¢ R% (d1 + d2 = d) a suitable domain, and that the boundary conditions refer to 99y x Ré,
In this case the relevant operators are A; := — Ay +V acting in H; := L?(Q;), As := —/\y acting in
Ho := LQ(Rd2) and A=A L+ @ A, = — A +V(X1) acting in H = H1 Q@ Hy = LQ(Q) (Wlth Iy,
I, indicating the identity operators on L?(€;) and L?(R%), respectively). See [64] for more details; we
refer, in particular, to subsection 3.18 and to the related Appendix E.
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stress-energy VEV and zeta techniques to compute the renormalized total vacuum energy.
Analogous configurations were later considered by Saharian et al. [137] (dealing with
uniformly accelerated plates, described using Rindler coordinates) and by Setare [144]
(treating a case with de Sitter background spacetime); see also [9]. All these works use
primarly regularization techniques different from the zeta approach; on the contrary, the
analysis we present hereafter only relies on ZR in the general formulation described in the
previous chapters of the present manuscript.

Introducing the problem.

We consider the d-dimensional configuration where
Q:=(0,a) xR (a>0), V=0; (4.117)

the above choices correspond to a massless scalar field confined between two parallel
hyperplanes set at a distance a, with no background potential. The boundary 0f2 of the
spatial domain is composed by the planes

mo={xecR|z' =0}, To={x€eR |2t =a}. (4.118)

Boundary conditions of Robin type are generically extablished setting, for some given
parameters [y, 5, € R,

(14 Bo0n)p| =0, (14+B.,00)¢| =0 (4.119)
™0 Ta
(here, as usual, d,, indicates the derivative in the outer direction normal to the boundary).
The case where 3y # —f3, can only be treated by perturbation theory (1¢); on the contrary,
in the following we focus the attention to the specific setting where

BO = _Ba = /B € (07 +OO) ) (4120)

since in this case it is possible to perform a fully explicit analysis. In view of the above
considerations, the boundary conditions (4.119) reduce to

(1-=p0n)¢| =0, (1—-=B0a)p| =0. (4.121)

™ Ta
In passing, let us point out that the above constraints correspond to the usual Dirichlet
conditions for § = 0, while they formally reduce to Neumann conditions in the limit of
large 3 (17). Moreover, the case with 3 < 0 can be recovered at the end by obvious

symmetry arguments, making the replacement ' — a — x!.

16In fact, in this case, only implicit expressions can be derived for the eigenvalues of the Laplacian,
which are a main ingredient for the following developments.

"By elementary dimensional analysis arguments, it appears that this statement must be interpreted
in terms of the adimensional ratio 5/a, meaning that the limit 8/a — +o0 has to be considered.
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Keeping into account the boundary conditions (4.121), also in this case we put
A:=-A; (4.122)

this is strictly positive and self-adjoint on H = L?(Q), with domain Dy = {f €
L2(Q) | (1 - fop)f € H'(Q), Af € LX) and (1 — B0,)f 17 = (1 — B0,0)f [ 7 = 0}
(*®). Again, A is an admissible operator in the sense of definition 2.37; moreover, its
spectrum can be explicitly determined and is given by

2.2
dA)z{uin:4M2+"£' keﬁw*,ne{LZSw}} (4.123)
(*9). In view of the above considerations, the general framework of Chapter 2 can be
employed also in this case; in particular, the Dirichlet kernel associated to A and its
derivatives are well-defined integral kernels.

Let us stress that the setting under analysis is, in fact, a slab configuration; we discussed
in detail this type of configurations in our previous work [64] (see in particular subection
3.18 therein), giving some general rules allowing to compute the Dirichlet kernel and its
derivatives evaluated along the diagonal in terms of the integral kernels associated to a
lower dimensional problem. In the subsequent paragraph we briefly recall the main tools
related to the above considerations, required for the evaluation of the stress-energy VEV
to be described in the following.

Before proceeding to this topic, let us point out the following fact.

Remark 4.2. Throughout this section we assume
dodd, d>3; (4.124)

this hypothesis is purely technical and will be motivated later (see the comments before
Eq. (4.142)). The case d = 1, here excluded, could be discussed using a slight variation
of the computational rules presented here (compare also with the analysis described in
Section 6 of [64]); for brevity, we defer this topic to a future work [68]. Let us also
anticipate that at the end of the present section we will consider more in detail the case
d = 3, performing the required computations explicitly.

Reduction to a one-dimensional problem.

As mentioned previously, it appears from Eq. (4.117) that the configuration under analysis
is of slab type (see the footnote 15 on page 184 and the references given therein). In
particular, in the present setting, we have

Q=0 xR" with Q; = (0,a) CR  (plus, V =0) ; (4.125)

18GSimilarly to what was said in the Footnote 7 of page 169, using the eigenfunction expansion of A, it
can be shown that there holds Dy = {f € H*(Q) | (1 —B30,1)f 70 = (1 — 89,1 )f [ 7a = 0}.
19Tn this case the the parameter ¢ > 0 fulfilling o(.A) C [, +00), can be chosen to be € := (7/a)?.
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therefore, the admissible operator A on L?*(2) can be expressed as (with the domain
specifications provided by the subsequent considerations)

A=A L+ ® A, , (4.126)
where we have introduced the two operators

Ay i= — 0p1p1 : Dom(Ay) C L*(0,a) — L*(0,a) ,
d
Ay == Opigi : Dom(Ay) C L(RYY) — L(RT) .

=2

(4.127)

Here the domains of definitions Dom(.A;), Dom(As) are determined by the boundary
conditions described in Eq. (4.121); more precisely, we have

Dom(A,) := {f € L*(0,a) | Oy1pn f € L*(0,a), (1 — B0,)f(0) = (1 — B3,)f(a) =0},

Dom(Ay) := {f € L*(R*™) | Opipn f € LA(RY)} . (4.128)

(%9). Let us stress that A, is itself an admissible operator in the sense of Definition 2.37.
Furthermore, it has purely discrete spectrum

2,2
9 n°m

U(Al):{wn = n€{1,2,3,...}}, (4.129)

and it possesses a complete orthonormal set of eigenfunctions in L?(0,a), corresponding
to the eigenvalues (w?) in Eq. (4.129), given by

n

F,(z") = m (sin(wnxl) + Bwy cos(wnx1)> (z' € (0,a)) .  (4.130)

In view of the above considerations, we can resort to the general framework of Chapter
2, to speak about the integral kernels associated to 4; and about the related traces. In
particular, in accordance with the general notations adopted in the present manuscript,
we indicate the reduced Dirichlet and cylinder kernel with A7*(z!,y"') and e tVA1 (21, y1)
(for z',y* € (0,a)), respectively; similarly, the corresponding traces will be denoted with
Tr A7® and Tre tVAL

General relations between A=*( , ) and A7°(, ). It can be proved that the Dirichlet
kernel A7%(x,y) evaluated along the diagonal y = x can be expressed in terms of the
reduced kernel A;°(z!,y') at y' = z'; analogous relations can be derived also for the

20For any f € Dom(A;) it follows that 9,1 f € H'(0,a), so that 9,1 f(0) and 9,1 f(a) are well de-
fined. Moreover, also in this case, using the eigenfunction expansion of A; and As it can be shown that

Dom(A1) = {f € H*(0,a) | (1= B0,1)f(0) = (1 —B9,:)f(a) = 0}.
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derivatives. Here, we are refering to Eq.s (3.115-3.118) of [64]; in the present setting, for
any u € >4, these relations reduce to

u—1

A7 (x,y)

I(u9) _u-d

A2 (2! : 4.131
y=x  (4m)"F D(%51) v (4.131)

yl=zl

= Ugigs A2 (Xv y) = Uyiyi A_UT-H (X7 Y)

y=x y=x

for i=1and j€{2,..d} or i€{2,....d} and j =1

ut1 utl

8xiyj A2 (x,y) =0

y=x (4.132)

| for z,we{zt y'}; (4.133)

y'=x

Qe AT (X,Y)| == O AT (xy)| == 0y AT (xy)| =
y=x y=x y=x
INE=) Cud (4.134)
bij — A2 @y fordje{2,3,..,d} .
yt=x

The reduced cylinder kernel e ®VA1( | ). With some computational effort (see the Ap-
pendix), it is possible to express this integral kernel as follows, for all 2!, y' € (0,a) and
all t € (0,+00):

e VA yh) = To(tsa' ') + Ti(t; et y') + Tt 2ty y')  with

Do 1 s o)) e cos(Ta ) — e B
TO(tQSU,y)__ T 71 Y ™ Tl 1 )
cosh(Zt)—cos(Z(zt—y'))  cosh(Zt)—cos(Z(xt+yl))

20

. (4.135)

ﬂ@ﬁwWZ/ do cos Sy(t + |Blo: 2ty |
0
—+o00

To(t;zt,y') = So(t; 2t yh) —/ do sinv Sy(t + |Blo; 2ty ,
0

where the functions 57, .S, are given by

s (T (el 1
Sty = 1| G )

a _COSh(gt) — COS(%(;UI +y1))_ (4.136)

1_ cos(Z(z'+y')) — e at
Satiat gty = & |Gl V)

a _Cosh(gt) — COS<a(x1—|—y1))_ : (4.137)

Before proceeding, let us point out some facts concerning the functions Tj, T, Ts intro-
duced above to evaluate the reduced cylinder kernel e #VAr( | ).
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i) Tp is the cylinder kernel corresponding to the configuration of a segment (0,a) with
Dirichlet boundary conditions (see [64], Eq. 6.20). Notice in particular that, for any
fixed x!,y' € (0,a), the map (0, +00) > t — Ty(t, 2!, y') extends to a function which is
meromorphic in a complex neighbour of [0, +00), with only a pole singularity in t = 0,
and which vanishes exponentially for ®t — +o0o0. Analogous considerations hold for its
derivatives. ii) Making the change of integration variable v = ¢+ St and using some trivial
trigonometric identities, the function 77,75 defined in Eq. (4.135) can be re-expressed as
follows:

Ti(t;z'y') = (4.138)
+00 +oo
% {cos (%)/t dro cos (%) Si(ro;at, yt) + sin (%)/t dro sin (%) Sl(m;xl,yl)]
Tr(t;a', yt) = So(t; 2, yh) + (4.139)

—1—% [sin (%>/t+oodm cos (%) Sy(ro szt y') — cos <%>/t+oodm sin <%> Sa (1o ;ml,yl)}

Using the above expressions, it can be shown (see the Appendix) that, for any fixed x!,y! €
(0,a), both the maps [0, +00) 2 t — Ti(t, ', y'), Ta(t, 2!, y') extend to functions which
are analytic in a complex neighbour of [0, +00) and vanish exponentially for Rt — +o0;
moreover, their Taylor series in t = 0 can be determined explicitly (see Proposition .4 in
the cited appendix). Analogous considerations hold for the spatial derivatives of T} and
TQ.

The reduced Dirichlet kernel in terms of the reduced cylinder kernels. In view of the
features pointed out above for the reduced cylinder kernel e‘tm( , ) is appears that this
function fulfills the assumptions of Theorem 2.93. Therefore, the analytic continuations
of the related Dirichlet kernel A;*( , ) and of its derivatives can be determined according
to Eq. (2.360); in particular, we have

u—d firr(ufd)r d+1—
A7 (2hyh) = ‘ 27T(i + u)/dt Ul etV AL gy (4.140)
B
_u—dto e~ =) P (d—1—u)

DA, 7 (2hyh) = /dt gu—dtt 8zwe’tm(x1, yh)
H

271
for z,w € {2, y'}

(4.141)

(let us recall that $) denotes the Hankel contour).

The stress-energy tensor.

Recall the expressions (3.107-3.109) giving the zeta-regularized stress-energy VEV in
terms of the Dirichlet kernel and of its derivatives. Eq.s (4.131-4.134), along with the
expressions (4.140) (4.141) for the reduced Dirichlet functions, allow to obtain integral
representations for each component of the above mentioned VEV. These integral repre-
sentations give the analytic continuation of the map Sgyq 3 u — (v | T 1, v) to the whole
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complex plane; due to the assumption (4.124) on the spatial dimension d, this analytic
continutation is regular at v = 0. So, the general prescription (3.124) reduces in the
present setting to

(| Ty (%) 0)ren == (0| T (x) V)| . (4.142)

u=0

Due to the meromorphic nature of the reduced cylinder kernel e ®VA41( | ) (and of its
derivatives), the resulting integrals along the Hankel contour can be explicitly evaluated
via the residue theorem; the final expressions for the non-vanishing components of the
renormalized stress-energy VEV are (i € {2, ...,d})

(v |T00(X) V)ren = — (V| Tu(x) V)ren =

—Cj Res <t—(d+1) |:<§ _ %)d e—tM(l,17 yl) + (4143)

t2 /1 o
*’d—ﬂ(i'_f)é%ﬁﬂet waﬁyw} ;0);
yl=x1

1
— Cy Res (t(dH) {(Z_l - §) d e VA (2l yt) + (4.144)

t2 /1 ——
+ d—1 (Zl 8:1:1y1 - §axlaz1)6_t A ('1717 yl):| a0> )
yl=zl

Here, for the sake of brevity, we have put

Cpi=(—m)"T r(%) . (4.145)

We repeat that, in the above, d is an arbitrary odd dimension > 1. In the following
paragraph we will report the explicit expressions for the renormalized stress-energy com-
ponents arising from Eq.s (4.143-4.144) in the case of spatial dimension d = 3; again, we
will give the final results in the form described in subsection 3.2, separating the conformal
and non-conformal parts (see, in particular, Eq. (3.131)), noting that Eq. (3.127) gives

1

b=75- (4.146)

The previous results in spatial dimension d = 3.

As an example, let us compute the renormalized stress-energy VEV in the case where

= 3. To this purpose, recall the explicit expression (4.135) for the reduced cylinder
kernel e *VA1( ) (along with the results of the Appendix) regarding its Laurent series
at t = 0; then, separating the conformal ({) and non-conformal () parts, in the present
setting the general identities (4.143-4.144) yield
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<vrféé”<x>v>m— (0| 755 (%) ©)ren = <v|T33<>v>m= (4.147)

2 1 a\? a\ cos(™-

 1440a*  24wat (E) 2sin?(72) (E) sin (T2
4 +oo t

" <%> /0 ( 5 O v ) <COS <B) ( " ) i <B>Sl(t;xl’yl))yl=x1] ,

(0] T30 (%) V)ren = = (0| T35 (%) V)ren = — (0| T3 (%) ©)yen = (4.148)
T2 (3—2sin*(Z z)) 1 a\ m cos(Z a') a\ o« a cos(Zal)
8’ sin(Z z1) * 2mat (E) sin’(Z z!) a (E) 2sin*(Z z!) * (B) sin(Z x!) *

+ (%)4/:006[1; (1+ 528z1y1) (cos (%)Sg(t ;o' yt) + sin <%)51(t 5 x17yl)> ] ’

yl=zl

(0] T3 (0) ©)en = (4.149)
s ey (55
14400 24ra* |\ B) 2sin®(22)  \B/ sin(™)
4 %)
. (%)/{:dt (1_3ﬁ23x1y1+2528x )(COS<5>SZ(t z! , Y )—i—sm<ﬁ>31(t rt Y )>y12$1]:

(v T (%) V) ren = (4.150)

1 a )\ p a 3cos(§x1)
2mat (E) 2sin*(Z z!) - (B) sin(% z') i

4 (%)4/;0}5 (1 — B%041,1) (cos (%) So(t;at,y') 4 sin (%) Sl(t3$1’yl)) . 1]

(here S; and Sy are the functions given in Eq.s (4.136) and (4.137), respectively).

Let us point out a couple of facts appearing from the expressions (4.147-4.150) obtained
above for the renormalized stress-energy VEV components. On the one hand, as was to be
expected due to clear symmetry considerations, the renormalized VEV (v | TW V) ren ONly
depends on the spatial coordinates x' € (0,a), corresponding to the direction orthogonal
to the planes; so, with a slight abuse of notation, we put (for u,v € {0, ...,3})

~

(’U | T,ul/(x)v)ren = ('U | Tuu(xl)v)ren . (4.151)

In fact, the same statement can be easily proven to hold for any spatial dimension d
and for the regularized stress-energy VEV, as well. On the other hand, keeping only the
contributions not depending on the parameter /5 in the above expressions (4.147-4.150),
one recovers the renormalized stress-energy VEV corresponding to the case of Dirichlet
boundary conditions for the same geometrical configuration with two parallel planes (?!).
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Figure 4.8: Graphs of (v | T%) e and (v | T ) en-

In conclusion, let us present, some results which can be obtained by numerical evaluation
for the functions

(0,a) > 2 = (v | T (@) 0)ren  for pe{0,1} and o€ {O,M}. (4.152)

To this purpose, we fix
a=1 (4.153)

and consider several values for the parameter 5 € (0,400). As an example, we report in
Fig.s 4.7 and 4.8 the graphs obtained for § = 0.04, evaluating numerically the expressions

2lTn fact, the renormalized stress-energy VEV for a massless scalar field confined between two parallel
planes with Dirichlet boundary conditions in spatial dimension d = 3 is (see, e.g., [21, 59, 64, 75, 110])

-10 0 0 -10 0 0

(01T () W)y = o | O30 O L) mB2smG D) [0 0 00
" T 144001 | 0 0 10 6)  satsin'(Zal) 0 0 1 0

0 0 0 1 0 00 1
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(4.147-4.150) (including the integrals appearing therein) with the aid of Matematica (*?).
In view of the above figures, all the functions (v | T()((?)v)ren, (v Tl(f)'v)ren and (v | Tl(l-)v)ren

appear to be constant, assuming the approximate numerical values
(0| T8 0) e =~ —0.006853. ...
(0] T0),en ~ —0.020561 ... | (4.154)
(v Tl(l.)v)ren ~0.

As a matter of fact, it can be checked by direct inspection that the above results continue
to hold for any fixed § € (0,400), so that all the components in Eq. (4.154) appear to be
independent of the parameter 3. Let us also stress that the above results agree with the
exact results corresponding to both the limiting cases of Dirichlet (8 — 07) and Neumann
(8 — +00) conditions (*3).

In view of the above considerations, it appears that the only term depending non-trivially
on the parameter 3 (and on the coordinate ') is (v|TO(0.)v)Ten; in Fig. 4.9 we show the
graph of this term as a function of z! € (0,1) and 3 € (0,1).

«:'r.r|J"|:||:E]f.r:~

1o

Figure 4.9: Graphs of (v | Téo.)v)ren as a function of z', 3.

We plan to give a more detailed analysis of the present configuration, discussing also the
total energy and the boundary pressure, in a future work [68].

2The lack of symmetry under the exchange z! <+ a — 2! in the graph for (v | Téo.)v)ren (see Fig. 4.7)
is due to the non-symmetric boundary conditions (4.121).
231n fact, in both these cases (with the present choice a = 1), there holds (see, e.g., [65])
2 R 3 2 R
—1240 ~ —0.006853... , (VT 0)pen = — 2 =~ —0.020561..., (v]T™)pen =0 .

7(0) _ T
(,U|TOO v)"'en - 1440 -
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Appendix. Some results for the
cylinder kernel on a segment with
Robin boundary conditions.

In the present appendix we collect some results which were mentioned and employed in
Section 4.3, dealing with a massless scalar field confined between two parallel planes on
which Robin boundary conditions of the type (4.119) of Robin type are prescribed (recall
that 8 > 0). Therein we argued that, since the configuration under analysis is a slab, it
suffices to consider the reduced one-dimensional problem where ; = (0,a) (a > 0) and
V' = 0; in particular, we have the admissible operator (see Eq. (4.127))

Ay = —0,1,1 : Dom(A,) € L*(0,a) — L*(0,a) , (155)
Dom(Ay) := {f € H'(0,a) | 811 f € L*(0,a), (1 —B0p)f(0) = (1 = 5,1)f(a) =0}

(notice that the domain Dom(.A4;) keeps into account the boundary conditions induced by
those in Eq. (4.121)). We already mentioned (see Eq.s (4.123) (4.130) ) that a complete
orthonormal set of eigenfunctions of A; with corresponding eigenvalues is given by (*%)

2 :
F,(z") = a1 F°aD) Es:n(wnxl) + B wy, cos(wnx1)> (z' € (0,a)), (156)
w2 = i , forn € {1,2,3,...} .

a?

24To prove this fact, it suffices to consider the differential problem
—O0pipFy =w2E, , F,(0)=BF.(0)=0, F,(a)—BF (a)=0, (Fu|Fn)5> = 6nm -

Considering the general solution F,(z!') = A, sin(w,z!) + B, cos(w,x!) and imposing the boundary
conditions yields automatically the relations
™
B, =Bw, A, , wp=— (me{l,2,3,..}).
a
Finally, the first identity can be used along with the normalization condition (F,|F,,)r2 = dpm to infer

2

An = a(l+ fPw2)

195
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In the following we will use these facts to compute explicitly the cylinder kernel e*t\/“Tl( . )
and to deduce the features possessed by this function, already mentioned in Section 4.3.

Computation of e *VA1(, ).

Lemma .1. For any fized t € (0,+00), x',y' € (0,a) and any fived B € (0,+00), the
cylinder kernel can be expressed as

e VA yh) = Tyt 2 y') + Ti(ts 2t y') + Tolt; 2t y')  where

+o0o
1
To(tsa',y') == - et (cos(wn(a’ = y) — cos(wn (' +31))) |
a n=1
2 X Bw (157)
S R —twn n : 1 1
Tl(t,ﬂhy)-—a;e Wsm(wn(ﬂﬁ +v))
1,1 2 N t B 1, .1
TQ(‘J,JZ’,y):a;e nw cos(wn(:v —|—y)),

where w, is given by (156). Moreover, all the series above are absolutely convergent.

Proof. 1t suffices to consider the eigenfunction expansion

+oo
Ry = 3 e B ()
n=1

along with the explicit expressions (156) for F,, and w, (some elementary trigonometric

identities must be used, as well). Absolute convergence can be easily proved recalling
™

again that w, = 7. O

Lemma .2. There holds the relations of Eq. (4.135), i.e

To(t;zty') =

Y

1| cos(Z(z!—y')) —e ot _cos(3 (' +y')) —e it
2a cosh(at)—cos( (z'—y'))  cosh(Zt)—cos(Z(xt+y'))

+o0
Ti(t;z',yh) =/ do cosv Sy(t+ po;zt,y')
0

—+o00

Tr(t ;xl,yl) = Sg(t;xl,yl) —/ do sinv Sy(t —|—ﬁn;xl,y1) ,
0

where the functions Si, Sy are as in Eq.s (4.136) (4.137).

Proof. We show how to compute the functions Ty, T3, T5 in separate steps.
1 - Computation of Ty. Let us consider the corresponding series expansion given in Eq.
(157); then, it suffices to express the trigonometric functions therein in terms of complex
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exponentials, to sum the geometric series thus obtained and to perform some elementary
algebraic manipulations.
2 - Computation of T1. First notice that, for any a > 0, there holds

o oo
5 = do e cosv .
1+« 0

Using the above relation with a = fwy, the series expansion for 77 in Eq. (157) can be
re-expressed as follows:

+OO +00
Ti(t;ztyh) Z/ do e~ cos v sin(w, (21 4+ y1)) (158)

Since [e~®+F)wn cosp sin(w, (z!+ y1))| < e~ E+HF)wn by dominated convergence the sum
and integral in the right-hand side of Eq. (158) can be interchanged; then, the thesis
follows evaluating explicitly the sum over n = 1,2, 3, ... (again, this is a geometric series).
3 - Computation of Ts. First consider the identity

a2 400
=1- do e " sinv |
14 a2 0

holding for any o > 0. Then, the series expansion for T, given in Eq. (157) can be
reformulated as

TQ(t'xl,yl) =
o0
—Ze n cos(wy (2t + ) __Z/ do e~ EFP)%n sin v cos(wy (2 + y'))

Again, the sum and the integral in the second term can be interchanged by dominated
convergence theorem; also in this case the thesis follows evaluating explicitly the two sums
over n = 1,2,3, ... (once more, these are geometric series). ]

Regularity and asymptotic expansions for e‘tm( y )

Let us first state the following general result.

Lemma .3. Let § : [0,400) — R, t — S(t) be an analytic function possessing the
following properties:

i. S has an analytic estension to a complex neighbour U C C of [0,400), with Laurent
expansion in t = 0 of the form

+o00
=> ot (159)
n=0
i1. there exist C, v > 0 such that, for all t € [0, +00),

IS(t)| < Ce . (160)
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Then, the function

o0
T 0,400) SR,  tes T(t) ;:/ 12S(2) | (161)

t

1s well defined and there hold the following results:
i) T is analytic in U and its Laurent expansion in t = 0 is given by

400
T(t) =) mt"  with
n=0 (162)

n

+oo On—-1
To ;_/ dzS(2) , T 1= — forn e {1,2,3,..} ;
0

i) for all t € [0, +00), there holds

T <

e ot (163)

Proof. Let us first remark that the hypotheses on S grant, in particular, S € C°([0, +o0))
and S € L'(0,400) (C L'(t,+00), for all t € [0,+00)); then, the existence of the map
(161) follows trivially. Hereafter we discuss in separate steps the proofs of statements i)
and ii).

Step 1 - Proof of item i). Since S € C°(]0,400)) N L*(0,+00), the map (161) is dif-
ferentiable and 7'(t) = —S(t) for all t € [0,400) (see, e.g., Thm.7.11 in [134]); then,
hypothesis i. implies the analyticity of 7 in U. Moreover, by elementary results on power
series, we have

+o0o
T(t)=T(0)+ (— Im ) et fort el ;
mZ:o m+1

Eq. (162) follows relabeling the summation index (n := m + 1) and noting that 7y =
7(0) = J,"*dz S(z) by definition.

Step 2 - Proof of item 4i). The bound (160) and the definition (161) imply, for all t €
[0, +00),

evaluation of the elementary integral in the right-hand side above yields Eq. (163). O

To proceed, let us consider again the explicit expressions (4.136) (4.137) for the functions
S1,92; in view of these expressions, it appears that

S1, 89 € C*°([0,400) x (0,a) x (0,a)) . (164)
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Moreover, for any fixed !, y* € (0, a), both the maps [0, +00) — R, t — S1(t; 2%, y'), So(t; 2!, y')
are analytic and vanish exponentially; more precisely, for ¢« = 1,2, there exist constants
Ci(x',y') > 0 such that

1S;(t 2t yh)| < Ci(at, yt) et for all t € [0, +00) . (165)

The same considerations can be drawn for the derivatives 8%8;7}8;1 S; (i = 1,2), for any
[,m,n € {0,1,2,...}. Let us stress that, by Lebesgue’s dominated convergence theorem,
the differentiation and integration orders in the expressions for the derivatives of 17,75
(obtained starting from the relations in Eq. (4.135)) can be interchanged by Lebesgue
dominated convergence theorem.

Then, we have the following result, mention in Section 4.3.

Proposition .4. Consider the reduced cylinder kernel e=*VA( | ) : (0,4+00) x (0,a) x
(0,a), (t,z',y") — e ™A (gl yb). There hold the following results:

i) e VAL ) s jointly smooth in all the variables, i.e., e”*VA( | ) € C®((0,400) x
(0,a) x (0,0));

i) for any l,m,n € {0,1,2,...} and any fized ' € (0,a), the map (0,+00) — R, t —
o MONT(t; 2, y!)yr=ar can be written in the form

1
= - Jl,m,n(t ) $1) (166)

yl=x1 t4

ROmINT (652", y")

where ¢ € N (depending on I,m,n) and the function Jymn,( ;z') : [0,+00) = R, t —
Jimn (521 is analytic and vanishes exponentially (*°). In particular, there hold

1
T(t;a'yh)| = T Jooo(t;z') (167)
yl=x
1
LT (t; ' y') T Joman(t;xt)  for m,ne{0,1,2} withm+n=2. (168)
yl=c

Proof. First of all, recall that Eq. (4.135) allows to express the cylinder kernel e VA1 (21 1)
as the sum of three functions, namely Ty(t; 2!, y'), T1(t;2', ') and Ty(t; 2!, y'). Here-
after we discuss in separate steps their features, which in conclusion yield the thesis.

Step 1 - The function Ty. Consider the explicit expression given in Eq. (4.135); it can
be easily checked by direct computations that, for any I,m,n € {0,1,2,...} and any fixed
z! € (0,a), there holds

1
QoM To(t; 2", y') =—Jo

ylzl‘l tq l,m,n(t ; :Cl)

25Explicit bounds could be derived but we will not report them here, since they involve cumbersome
expressions and are not necessary for later developments
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for some ¢ € N and some function Jl(’?y)l’n( ;2t) i [0,400) = R, t = Jipa(t;z
analytic and vanishes exponentially. In particular, we have ¢ = 1 if (I, m,n)
and ¢ = 3 if (I,m,n) € {(0,2,0),(0,1,1),(0,0,2)}.

Step 2 - The functions Ty, Ty. We are going to show that, for any z', y' € (0, a) (including
the case y' = z!'), the map [0, +00) = R, t — Ty (t; 2!, y') is analytic and exponentially
decreasing for t — 400; the very same arguments employed in the following can be used
to derive analogous results for the function 75 and for any derivative of either T or T5.
Let us consider the representation for T; given in Eq. (4.135); making the change of
variable w := t + b € [t, +00) and using elementary trigonometric identities, this repre-
sentation can be re-expressed as (see Eq. (4.138))

) which is
= (0,0,0)

Ti(t;aty') =

% sin(%>/+oodw sin(%) Sy(wiat yh) —i—% cos (%) /+oodw COS<%) Sy(wiat yt) .

The properties of S; pointed out previously allow to infer that, for any fixed z!, y' € (0, a),
both the functions [0,+00) — R, t = sin(§)Si(t;2",y"),cos(5)Si(t; 2", y') fulfill the
hypotheses of Lemma .3. In consequence of this, the integrals in the above equation are
analytic functions for t € [0,4+00) which vanish exponentially; then, it follows trivially
that the function t — Ty (t;x',y') possesses the very same features. O
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