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Abstract

In this dissertation we study non-negative self-adjoint Laplace type operators acting on smooth
sections of a vector bundle. First, we assume base manifolds are compact, boundaryless, and
Riemannian. We start from the Fourier integral operator representation of half-wave operators,
continue with spectral zeta functions, heat and resolvent trace asymptotic expansions, and end
with the quantitative Wodzicki residue method. In particular, all of the asymptotic coefficients
of the microlocalized spectral counting function can be explicitly given and clearly interpreted.
With the auxiliary pseudo-differential operators ranging all smooth endomorphisms of the given
bundle, we obtain certain asymptotic estimates about the integral kernel of heat operators.
As applications, we study spectral asymptotics of Dirac type operators such as characterizing
those for which the second coefficient vanishes. Next, we assume vector bundles are trivial and
base manifolds are Euclidean domains, and study non-negative self-adjoint extensions of the
Laplace operator which acts component-wise on compactly supported smooth functions. Using
finite propagation speed estimates for wave equations and explicit Fourier Tauberian theorems
obtained by Yuri Safarov, we establish the principle of not feeling the boundary estimates for
the heat kernel of these operators. In particular, the implied constants are independent of self-
adjoint extensions. As a by-product, we affirmatively answer a question about upper estimate
for the Neumann heat kernel. Finally, we study some specific values of the spectral zeta function
of two-dimensional Dirichlet Laplacians such as spectral determinant and Casimir energy. For
numerical purposes we substantially improve the short-time Dirichlet heat trace asymptotics
for polygons. This could be used to measure the spectral determinant and Casimir energy of
polygons whenever the first several hundred or one thousand Dirichlet eigenvalues are known
with high precision by other means.
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Chapter 1

Introduction

1.1 Historical context

Weyl’s law in its simplest version is a statement on the asymptotic growth of the Dirichlet eigen-
values for bounded Euclidean domains. This was obtained in February 1911 by Hermann Weyl
(1885—-1955), who was a 26-year-old student of David Hilbert (1862—1943). Weyl's law was
motivated by Sommerfeld’s problem proposed in September 1910 on the asymptotic behaviour
of the Dirichlet, Neumann, and Robin eigenvalues, and the Lorentz-Jeans conjecture proposed
one month later on the asymptotic behaviour of the eigenvalues of the electromagnetic cavity.
Hilbert once predicted that the Lorentz-Jeans conjecture would not be solved during his life-
time, but he was wrong by many years. Letting U c R be a bounded domain, and letting N ()
count the number of Dirichlet eigenvalues for U which are less than \, Weyl’s law says that

Ul

WACUQ + O()\d/Q) ()\ — OO), (1 1)
2

N(A) =
where |U| denotes the volume of U, and I'(-) denotes the gamma function. This implies that
one can deduce the volume of a bounded Euclidean domain from its Dirichlet spectrum. Weyl
also conjectured the second asymptotic term which obeys

U] a2 _ 10U

(m)PT(42)" T a(m)@ VD4

N(\) = A@D2 L o(AE=D2) (N 5 s0),  (1.2)
where |0U| denotes the surface area of the boundary oU of U. This means in particular that
one can deduce the surface area of a bounded Euclidean domain from its Dirichlet spectrum.
It was justified under certain conditions by Victor Ivrii [83] and Richard Melrose [109] in 1980.
According to Weyl’s law, the spectral zeta function of the Dirichlet Laplacian defined by

S
n

OEDIE (13)
n=1

is analytic in Re(s) > 4, where the Dirichlet eigenvalues {\,}>, for U are listed in non-

decreasing order. For example, the classical Riemann zeta function is (7, (5), where Uy is
an arbitrary one-dimensional open interval of length =. It is well known that the Riemann zeta
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CHAPTER 1. INTRODUCTION 1.1. HISTORICAL CONTEXT

function is meromorphic on the complex plane C whose singularity is the only simple pole at
s = 1 with residue 1. Letting {u, }>° ; denote the associated real-valued eigenfunctions so that
they form an orthonormal basis for the Hilbert space L?(U), one can similarly define

= un(x)2
A

Cu(s;iz) = (1.4)

n=1
forx € U and Re(s) > g Torsten Carleman (1892—1949) was the first person to attack the more
difficult asymptotic behaviour of eigenfunctions by studying (1.4) for two-dimensional bounded
domains in 1934. A breakthrough was achieved by Subbaramiah Minakshisundaram (1913—
1968) and Carleman’s student Ake Pleijel (1913—-1989), as they showed in [113] in 1949 that
Cu(s;z) admits a meromorphic continuation to C whose only singularities are simple poles at
% (k=0,1,2,...) for each fixed = € U. Coming back to spectral zeta function, we see that
Cu(s) admits a meromorphic continuation to C whose only singularities are simple poles at
4=k (k= 0,1,2,...). The corresponding residues are determined only by U, so in principle
they could carry certain geometric information about the domain itself. Minakshisundaram and
Pleijel can also deduce the volume of a bounded Euclidean domain from its Dirichlet spectrum,
and studied the Neumann and closed eigenvalue problems in a similar way. Here to be clear,
for the Neumann boundary problems, they assumed that boundaries are sufficiently smooth.
The technique developed by Minakshisundaram and Pleijel is very important because they
derived complete asymptotic expansion of the heat kernels. Let M be a closed Riemannian
manifold, and let A,,; denote the associated Laplace-Beltrami operator. The integral kernel of
etAM (t > 0), denoted by K/ (x, y;t) and also called the heat kernel for M, is the fundamental
solution of the heat equation

9 _ Ay (> 0). (15)

They showed that there exist smooth functions {a;}7°, on M such that
Ka(@,z;t) ~ (4nt) d/QZa )t — 0. (1.6)

The short-time heat kernel expansion (1.6) inspired enormous later works, as one can extend
scalar Laplacians to vector-valued ones or other elliptic operators as well as study similar prob-
lems for manifolds with boundary. For example, not long after their seminal work, people could
deduce the surface area of a bounded smooth Euclidean domain from its Dirichlet or Neumann
spectrum, the number of holes of a two-dimensional closed Riemannian manifold from its spec-
trum, and so on. An influential paper [88] by Mark Kac (1914—-1984) in 1966 asked whether or
not one can hear the shape of a drum, although he himself believed the answer would be
no. To be clear, Kac asked whether or not a bounded Euclidean domain is determined by its
Dirichlet spectrum up to isometry. A couple of years before Kac’s article, John Milnor [112]
had constructed two non-congruent higher-dimensional tori whose Laplace-Beltrami operators
share the same eigenvalues. Later in 1992, Carolyn Gordon, David Webb and Scott Wolpert
[60] gave a negative answer to Kac’s question. Nowadays, it is still an open problem in spectral
geometry whether or not a bounded convex Euclidean domain is determined by its Dirichlet
spectrum up to isometry.
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The theory of pseudo-differential operators was systematically developed by Joseph J. Kohn
and Louis Nirenberg [90], and Lars Hérmander (1931-2012) [74, 75] in the mid-sixties. Since its
appearance, it has been very essential to modern analysis and mathematical physics. Pseudo-
differential operators are of great importance in the study of elliptic equations. Some of the
simplest operations, such as taking the inverse or the square root, lead out of the class of
elliptic differential operators but preserve the class of pseudo-differential operators. In this way,
pseudo-differential operators serve as a powerful and natural tool for the study of elliptic (and
hypoelliptic) partial differential operators (e.g. [75, 76]).

A natural generalization of the theory of pseudo-differential operators is that of Fourier inte-
gral operators, which was systematically developed by Hérmander [77, 78] in the late sixties
and early seventies. Johannes J. Duistermaat (1942—2010) also made important contributions
as he improved with Hérmander [41] the global theory of Fourier integral operators, and mathe-
matically justified [39] Victor P. Maslov’s earlier formulation [106]. A typical example of a Fourier
integral operator is the solution operator of the Cauchy problem for a hyperbolic equation. In
this way, Fourier integral operators play the same role in the study of hyperbolic equations as
pseudo-differential operators do in the theory of elliptic equations.

A significant area for applications of pseudo-differential and Fourier integral operators is the
spectral theory of elliptic operators. As the main topics of the thesis lie in this field, let us address
two classical applications with each one showcasing one of the two theories.

First, let A be an invertible classical elliptic pseudo-differential operator of positive order m
acting on smooth sections of a vector bundle over a closed manifold M, such that A has a ray
of minimal growth. An application of functional calculus allows us to define

1

A% =
2T

/ N(A =N tan. (1.7)
.

Here « is a contour in C from oo to a point near the origin along the minimal ray, clockwise
about the origin for a full circle, and back to oo along the minimal ray. Robert T. Seeley [138]
showed, first for small Re(s) then for all s € C, that A® is a classical pseudo-differential operator
of order mRe(s). More importantly, he extended the previous work of Minakshisundaram and
Pleijel to invertible classical elliptic vector-valued pseudo-differential operators of positive order.
To be clear, he proved that the integral kernel of A* at any given (z, z) is a meromorphic matrix
of smooth functions whose only singularities are simple poles at countably many points. Once
again, the residues at these poles carry lots of information about the operator A.

Second, let P be a positive elliptic differential operator of order m on a closed manifold.
Hérmander [77] showed that a parametrix for the hyperbolic equation 9, + P/, which for-
mally is exp(itP'/™), can be realized as a Fourier integral operator. As a consequence he then
established the best possible estimates for the remainder term in the asymptotic formula for the
spectral function of an arbitrary elliptic differential operator. Later on, Duistermaat and Victor
W. Guillemin [40] studied the asymptotic behaviour of the wave kernel exp(it@) for an arbitrary
first order positive elliptic classical pseudo-differential operator ), say for example, Q = P/™.

Apart from asymptotic expansions of the aforementioned spectral zeta functions, heat and
wave kernels, there are other ways to recover local or global geometric information about a
manifold or operator. For example, the Riesz mean [50, 77, 114, 129] is one of such methods.
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Finally in this section, we pay special attention to wave equation methods, which can be used
to study the spectral theory of elliptic operators quite effectively. As early as 1952, Boris M.
Levitan (1914—-2004) [97] studied the asymptotic behavior of the spectral function of a positive
self-adjoint differential operator P of order m = 2 by considering its cosine transform cos(tv/P),
also called the half-wave operator [146]. Note (3; +P) cos(tv/P) = 0, s0 the half-wave operator
is closely related to the fundamental solution of the hyperbolic operator 2 8t2 + P. According to
Hormander [77], the reason why Levitan’s methods had not been applied to operators of order
m > 2 seemed to be that the differential equation

(i aatm P)e_itpl/m =0 (1.8)

is not hyperbolic. But as explained earlier, Hormander avoided this obstacle by constructing a
Fourier integral operator parametrix for the equation

0 my —i /m
(i — p/mye—itPm _ g (1.9)

Letting m = 2, Jeff Cheeger, Mikhail Gromov and Michael Taylor [28] studied the integral kernel
of operators of the form

f(VP) = ;ﬂ/(ff)( ) cos(svV/P)ds. (1.10)

For example, letting f be Gaussian functions implies that the heat operator et (¢ > 0) can be
written as

e cos( S\Fe 4tds (1.11)

2\F/

where the main contributions come from small s. Therefore, one can use wave equation meth-
ods such as finite propagation speed estimates to study heat kernels.

1.2 Motivation

Let F be a vector bundle over a d-dimensional closed Riemannian manifold M. Let ) be a first
order non-negative self-adjoint classical elliptic pseudo-differential operator acting on smooth
sections of E. Let {);, ¢;}72, denote the discrete spectral resolution of @, that is, Q¢; = A;¢;
for all 5. It is known [138] that the eigenvalue counting function N (\) of @ still obeys Weyl’s law,
but a two-term asymptotic expansion

N = oA + e A+ oM7) (A= o0)

does not exist in general. Even so, Duistermaat and Guillemin [40] showed for scalar functions
and Victor lvrii [84] showed for vector-valued systems that

e N =D x(A=2) ~ > apd™ % (A = o0), (1.12)
j=1 k=0

where x € .“(R) is a Schwartz function such that its Fourier transform .#y equals 1 near
the origin and supp(.#x) C (—46,0) for some sufficiently small 6. Until now, it is still not clear

4
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how to explicitly determine the second coefficient a in terms of the invariantly-defined principal
and sub-principal symbols of vector-valued operators Q. Actually, according to the bibliographic
review in [30], there were quite a few flawed attempts at this problem. In this thesis we set @
to be the square root of a non-negative self-adjoint Laplace type operator, and introduce an
auxiliary classical pseudo-differential operator A. Similar to (1.12), the following microlocalized
spectral counting function satisfies

Y (Ads, o)X (A= Aj) ~ D~ (A, QAT TET (A = o), (1.13)

j=1 k=0

where m denotes the order of A. For example, letting the Laplacian be the square of a self-
adjoint Dirac type operator D, Sandoval [133] explicitly obtained <7 (D, @), while Branson and
Gilkey [22] can equivalently determine <7 (f D, @) for smooth functions f on M. Note Chervova,
Downes and Vassiliev [30, 31] were also able to derive <7 (D, @), but only for a small class of
Dirac type operators.

The first purpose of the thesis is to give a nice interpretation of «7,(A, Q) for all & > 0 in
terms of Wodzicki residues. However, we should mention that in equivalent forms the Wodzicki
residue representation of the coefficients .<,(A, Q) is a known result [91, 137]. Linking it with
the spectral asymptotics of Dirac type operators may appear first in this thesis.

The second motivation of the thesis is to use the aforementioned wave equation methods
to study the heat kernel of an arbitrary vector-valued non-negative self-adjoint Laplacian on
Euclidean domains. Note that some results of Dirichlet boundary problems have not been found
or do not have counterparts for some other boundary problems. For example, the Dirichlet heat
kernel has full domain monotonicity, but the Neumann heat kernel was proven not to have such
a property [8]. Note also M. Van den Berg’s sharp estimates [10] on Kac’s principle of not feeling
the boundary for Dirichlet problems have not found the Neumann counterparts yet.

Our method is simple as follows. Let P, P, be two non-negative self-adjoint extensions of the
(negative) Laplacian

—A: C(U;CN) = o (U; ), (1.14)
acting component-wise on the Hilbert space L?(U; C"). According to (1.11) we have
52
e P = 2\}% Rcos(s\/Pi)e_ﬂds. (1.15)

It is known that if |s| is small, then there is no difference at all between the diagonal kernels of
cos(sv/Pr) and cos(sv/P,) at certain points of the given domain because of finite propagation
speed estimates for the wave equation. Considering the contributions made from those not too
small s, we will show later on that the small-time heat kernels for P, and P, actually have no
obvious difference. This means in particular that if one of them is completely known or under
good control, then the heat kernel for the other is also under good control. In other words, the
choice of possible boundary conditions brings no obvious difference for the small-time heat
kernels. In this way we can study for the first time bilateral optimal estimates for the Neumann
heat kernel without imposing any convex condition except smoothness.

The third motivation of the thesis is to develop an algorithm that can be used to calculate
some specific values of two-dimensional Dirichlet spectral zeta functions on planar polygons
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with high precision. So far this is doable only when all of the eigenvalues are explicitly known. A
crucial technical difficulty that allows us to study squares only as examples in Chapter 6 is that
there were no rigorous and effective completeness tests for sequences of computed eigenval-
ues generated by computer programs when this thesis was submitted for viva examination in
May, 2016.

We are happy to announce that this issue has been solved quite effectively in a recent preprint
[17] by Michael Bironneau, Alexander Strohmaier and the author. With this thesis available, the
preprint depends crucially on our improvement of short-time heat trace asymptotic expansions
for polygons. We would therefore like to recommend Chapter 6 and [17] to the reader. By the
way, the close connection between the second and third motivations will be explained in detail
at the beginning of Chapter 5.

1.3 Conclusions

The author should clearly state that Chapters 3 and 4 are based on paper [98] entitled “The
local counting function of operators of Dirac and Laplace type”, and Chapter 5 is based on
paper [99] entitled “Heat kernel estimates for general boundary problems”. Both papers have
been published jointly by the author and his supervisor.

In Chapter 3 we provide a nearly self-contained description of five different approaches to
the microlocalized spectral counting function of non-negative self-adjoint operators of Laplace
type, except the connecting formula (2.22) between heat expansions and Wodzicki residues.
With the auxiliary pseudo-differential operators ranging all smooth endomorphisms of the given
vector bundle, we recover the short-time asymptotics of the diagonal integral kernel of certain
operators (Theorem 3.6.1). As applications, we study the spectral asymptotics of self-adjoint
operators of Dirac type (Theorems 4.1.1, 4.1.3 and 4.2.1), and characterized those for which
the second coefficient vanishes in Chapter 4 (Theorem 4.3.1).

In Chapter 5 we show that the principle of not feeling the boundary estimates for heat kernels
holds for any non-negative self-adjoint extension of the classical Laplace operator acting on
vector-valued compactly supported smooth functions on a Euclidean domain (Theorems 5.3.1
and 5.4.3). They are valid for any choice of boundary condition and the implied constants can
be chosen independent of the self-adjoint extension. As a by-product, we answer affirmatively
a question about an upper estimate for the Neumann heat kernel (Theorem 5.6.2).

In Chapter 6 we substantially improve the short-time Dirichlet heat trace asymptotics for
polygonal regions (Theorem 6.3.2). This could be used to measure the spectral determinant
and Casimir energy of polygons whenever in general the first several hundred or one thousand
Dirichlet eigenvalues are known with high precision by other means.



Chapter 2

Background

In this chapter we mainly review some invariant concepts relating to classical pseudo-differential
operators such as principal and sub-principal symbols, and Wodzicki’s residue. We also discuss
the local representation of a class of Fourier integral operators and finite propagation speed
estimates for wave equations.

2.1 Partial differential operators

2.1.1 Partial differential operators on Euclidean domains

Let U be an open subset of R¢, and let

P= 3 Pa@)Dg = 3 Pala)(-ig )" (-ig )

la|<m la|<m

be a partial differential operator on U of order at most m. Here o = (v, ..., aq) € (NU {0})?
denotes a multiple index, and |«a| is short for the length of «, that is, |a] = a3 + -+ - + ay. For
simplicity we assume throughout the thesis that all of the coefficients P, are smooth functions
on U. The full and principal symbols of P, denoted by op.(P) and o,,(P) respectively, are
complex-valued functions on U x R? defined by

oran(P)(2,6) = Y Pa(2)€® = Y Pa(@)é--- €57,

laf<m laf<m

om(P)(2,€) = > Pa(x)™

|laf=m

If o,,,(P) is not identically equal to zero, we say that P is of order m. For example, the Laplace
operator is a second order partial differential operator whose full and principal symbols are the
same as —|¢|2. Via Fourier analysis we see that

Pu=.7"Yopa(P)(x,&)Fu()) (ue CX(U)),

where .# denotes the Fourier transform on R?. Based on this formula one can similarly define
matrix-valued full and principal symbols for vector-valued partial differential operators.

7



CHAPTER 2. BACKGROUND 2.1. PARTIAL DIFFERENTIAL OPERATORS

2.1.2 Partial differential operators on manifolds

Let M be a smooth manifold of dimension d. A local linear map P : C*°(M) — C*°(M) is called
a partial differential operator of order at most m, if for every coordinate chart V5 U c R, the
operator P, induced by the following diagram

Cx(V) < o)

Piv| |7

C° (V) 2 C(U)

is a standard partial differential operator on the Euclidean domain U of order at most m. Here
¢, denotes the push-forward operation sending function « on V to uo ="' on U, and P is called
a local operator if Supp(Pu) C Supp(u) for all u € C*°(M). Obviously, the restriction P|y of P
onto C*°(V) is well-defined. P is said to be of order m if for some coordinate chart the induced
operator has this property.

Next, we explain how to define the principal symbol of P. If M = V is a Euclidean domain,
then for any smooth diffeomorphism V' % U one can deduce from the chain rule that (e.g. [3,
1.7.1], [48, Thm. 8.58], [62, (3.7)], [75, Thm. 2.16], [102, Prop. 13, Chap. 5] [128, Prop. 2.5.25],
[139, Cor. 4.1], [146, Cor. 3.2.2] [153, Thm. 5.1, Chap. 1], [155, Page 33])

om(Py)(y,€) = om(P) (0™ (1), Jo (o™ (1)) "€),

where J, denotes the Jacobian matrix of ¢. Generally, one can collaborate the transformation
rule for covectors at any given point of M with the above relation to invariantly define the
principal symbol of P as a smooth function on the cotangent bundle T*M of M. Alternatively,
one can set (e.g. [14, 74, 75])

om(P)(€) = lim t"e 0 (Pel®)(2) (€ € T M),

t—0t

where ¢ is any real-valued smooth function on M with (d¢), = &.

2.1.3 Partial differential operators on vector bundles

Let E be a complex vector bundle of rank r over a smooth manifold M of dimension d. Let
C>°(M; E) denote the space of smooth sections of E. In the event that £ = M x C" is a trivial
bundle, we also let C*°(M;C") be short for C>°(M; E). Similar to the previous discussion, a
local linear map P : C>*(M; E) — C*(M; E) is called a partial differential operator of order at
most m if, for every coordinate chart V 2 U c R and every bundle trivialization Ey, 2V« Cr,
the operator P induced by the following diagram

C®(V;Ey) «+—— C>®(V;C") +—— C>(U;C")

Plv | |7

C%(V: By) —— C¥(ViCT) —— C¥(U;C)
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is a standard vector-valued partial differential operator on the Euclidean domain U of order at
most m. Here each unlabelled arrow in the diagram can be naturally interpreted. As usual, P
is said to be of order m if some induced local operator is of this property. The principal symbol
of P, denoted by o,,(P) or op, can be similarly defined as a map on T*M sending £ € T M
to some unique element in the space End(E,) of endomorphisms of the fiber £, of E at z. For
details we refer the reader to the books [14, 94, 102].

The principal symbol can also be defined for partial differential operators mapping between
sections of two bundles over the same base manifold. For example, on differential forms the Lie
derivative, exterior product, interior product, codifferential, Hodge star, and Laplace-Beltrami
operators all are partial differential operators, and it is a good exercise to explicitly determine
the corresponding principal symbols.

A foundational result due to Peetre claims that any local linear map acting on C*° (M) must be
a partial differential operator. This implies that any local linear map between smooth sections
of two bundles over the same base manifold is locally a partial differential operator. As an
application, we see that if X is a non-vanishing smooth vector field on M and V is a connection
on E, then the covariant derivative Vx : C*(M;E) — C*(M;E) in the direction of X is
globally a partial differential operator of first order. In general, letting X1, ..., X,, be smooth
vector fields on M and letting F' be a smooth bundle endomorphism of E, we see that

FVyx, ---Vx,

is a partial differential operator of order at most m.

2.1.4 Laplace type operators

Let M be a smooth manifold admitting a Riemannian metric g. As before, E denotes a smooth
complex vector bundle over M. Given a connection V on E, let AV denote the connection
Laplacian generated by V. Some authors call this operator the Bochner or reduced Laplacian.
Locally, AV is of the form —¢/(V;V; — I'};V},), where we have used Einstein’s sum convention,
99 = g(da',da’), Vi = Vy,, T'}; denotes the Christoffel symbols of the Riemannian connection
on T'M, thatis, V,0; = rgak. The principal symbol of the connection Laplacian, however, is
independent of the choice of connections on E. Actually, oav (§) = g:(&, §)idg, for all covectors
¢ € TxM. A second order partial differential operator P acting on C*°(M; E) is said to be of
Laplace type if its principal symbol agrees with that of a connection Laplacian. In local coordi-
nates this means that P is of the form —g%(2)0;0; + a*(x)0, + b(z), where a*, b are smooth
matrix-valued functions. Given such an operator P, the Bochner-Weitzenbdck technique (e.g.
[54, 57, 94]) guarantees that there exists a unique connection V on E and a unique bundle
endomorphism F € C°°(M;End(E)) such that P = AY + F.

2.1.5 Dirac type operators

A first order partial differential operator D : C*>°(M; E) — C*°(M; E) is said to be of Dirac type
if its square is of Laplace type. The main purpose of this part is to recall the representation
structure as well as study the Bochner-Weitzenbdck technique for such operators.
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First of all, let us provide some concrete examples. Let (M, g) be a parallelizable Riemannian
manifold of dimension d, and let £ = M x C" be a trivial bundle over M of rank r = 2l5), Since
M is parallelizable, there exist smooth real vector fields { X }¢_, on M such that { Xy (z)}¢_, is
an orthonormal basis for (T, M, g,.) at each x € M. According to the Clifford algebra theory (e.g.
[49, 52]), one can set { R }¢_, to be complex matrices of size r x r such that R; Ry + RyR; =
—24,;, for all j, k. Obviously, each R;, can be naturally regarded as a partial differential operator
of order zero on C*°(M; E). According to the discussion in the last paragraph of §2.1.3, each
Vx, is a partial differential operator of first order on C*°(M; E), where V is any prescribed
connection on E. Then it is easy to check that D = R;Vyx, is a Dirac type operator. For
example, if M = R3, E = R3 x C?, Vx means the ordinary derivative in the direction X, and if

0 —i 0 —1 —i 0
! (io)’ ? (1 0)’ ’ (0 i)’

then D = RV, is just the operator named after P. A. M. Dirac.
Let C1(7T'M ) be the universal unital complex algebra bundle generated by the tangent bundle
T M subject to the commutation relation X «Y +Y* X = —2¢(X,Y’), where X, Y € C*(M;TM)
and * denotes the algebra operation. A Clifford module structure on E is just a unital algebra
morphism ~ : CI(TM) — End(E). Given any connection ¥ on the Clifford module E = (E,~),
AV A y(ekﬁek is a well-defined first order partial differential operator acting on C*°(M; E),
where {e; }¢_, denotes any orthonormal basis of 7, M at each point z € M. To see this let ¢ be
a smooth section of E. Then the value of (yﬁ)cp at an arbitrary point x € M is just the trace of
the following bilinear map, acting from the twofold sum of the inner-product space (7,.M, g.) to
the fiber E,, defined by sending (X,Y) € T,M x T, M to fy(X)@yqﬁ € E,. On the other hand,
one can naturally extend the Riemannian metric ¢ and connection V on T M to CI(T'M) with
the properties that: the extended connection also denoted by V preserves the extended metric,
and
Vx(a*f) = (Vxa) B +ax(Vxp) (2.1)

forall X € C*(M;TM), a, 3 € C°(M;CITM)). Among plenty of connections on the Clifford
module (E, ), we call a connection V compatible with - if

Vx(y(@)p) = 1 (Vxa)p +v(a)(Vxo) (2.2)
forall X € C®(M;TM), a € C®°(M;CYTM)), ¢ € C*(M;E). It is well known [22] that on

a Clifford module there always exists a compatible connection. Such a triple (E, v, V) is called
a Dirac bundle. It is easy to see that any operator D of Dirac type can always be written as
D= fﬁ + 1, where (E,~, %) is some Dirac bundle with its Clifford module structure ~ uniquely
determined by the principal symbol of D, ¢ € C*°(M;End(E)). We call ¢ the potential of D
associated with the Dirac bundle (E,~, V).

To help understand the concept of Dirac bundle, we construct such a bundle associated
with the Dirac type operators studied earlier on trivial bundles over parallelizable Riemannian
manifolds. All the relevant notations are followed. It is easy to verify that v : TM — End(FE),
defined by v(X) = g(X, Xx)Ry, is a Clifford module structure on E. Define L : TM — End(FE)
by L(X) = w, and put a flat connection VonE by

10



CHAPTER 2. BACKGROUND 2.1. PARTIAL DIFFERENTIAL OPERATORS

®1 X1
Vx¢=Vx| t |= :
br Xor
Following Branson-Gilkey [22], we claim V £ V + L is a compatible connection on (E,~). To
this end we first note o € C°(M; T M) is of the form a = a; X}, for some ay, € C°°(M). Thus

Vx(1()$) = Vx(arRid) = Vx(arRed) + L(X)v(e)¢
= (Xow)(Reo) + () Vx + L(X)v()g,
and
YVxa)p + () Vxe = 1((X o) Xy + arVx Xi)p + 7(a)Vxo + y(a)L(X)¢
= (Xop)(Rro) + axv(Vx Xp)o + () Vxd + () L(X) .

Hence to prove the compatibility condition (2.2) currently for « € C°°(M;TM), it suffices to
show [L(X),v(a)] = g(a, Xi)v(Vx Xk), which is obviously equivalent to

[L(Xi), v(Xj)] = 9(Xj, Xp)v(Vx, Xi) (1<4,5 < d). (2.3)

Denoting Vx, X; = 't X}, and considering I'¥; = —I'/;, we have

[L(X3), v(X;)] Ryy(Vx, Xk)Rj — RjRyy(Vx, Xy))

Ry Ry R; — R RyT R,

N

— 2R .00 — Ry R R, — RjRL IR,
ikvng ik

»—A»Jk\»—w-lk\»—u-lk\»—l

S (“RiT} + T Ry) = TR,
= ’Y(VX,L-XJ‘) = g9(X;, Xp)v(Vx, Xp),

which proves (2.3). Generally, if a € C°(M;CI(TM)) is of the form o = a) x o) ... x (™)
where o) € C(M;TM) (1 < k < n), then according to (2.1),

Vx(7(@)9) = Vx (v(@) [y(@®) - -1(al)g])
= 4(Vxa) [,y(a(z)) . .,y(a(n>)¢] (@MW) Vx [,Y(aw) (@™

_ Zv aF D)y (T xa® )y (@) -y (@) + y(a) Vi

= v(Von)qZ) +7(a)Vx,

which suffices to claim (2.2) for arbitrary o € C°°(M; CI(TM)) by linearity. Thus (E,~, V) is a
Dirac bundle. Note vV = 4V + v where
RiRj(Vx, X;)

Y= 4

This means that — is the potential of fﬁ associated with the Dirac bundle (E, v, 6).

11
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Next, we study the Bochner-Weitzenbdck technique for Dirac type operators. Let D be a
Dirac type operator acting on C*°(M; E'). The Bochner-Weitzenbdck technique for Laplace type
operators, discussed in §2.1.4, ensures that there exist a unique conngction v on E, and a
unique bundle endomorphism vy € C°(M;End(E)) such that P = AV + 4. In a series of
papers by P. Gilkey and his collaborators (e.g. [22, 54, 57, 58]), the potential v, is always
written as a function explicitly depending on V and a few others. But note that there exists a
Dirac bundle (E,~, 5) such that D = 75 + ¢ for some potential ). Our purpose below is to
express 1, as a function of ~, V, ¢ for later use. To the best of the author’'s knowledge, there
does not exist such an explicit formula in the literature unless ¢ = 0 (e.g. [63, 94]).

To this end we first fix a few notations. Given Dirac bundle (E,~, V), define a connection V
on End(E) by

(Vxw)(¢) = Vx(w(9)) —w(Vxe) (2.4)

for all X € C°(M;TM), w € C*®(M;End(E)), ¢ € C®°(M;E). Then V is compatible with ~ in
the following sense:

(Vx)(@r(Y)) = (Vxw)y(Y) + wy(VxY), (2.5)
(Vx)((Y)w) = 7(Y)(Vxw) + 7(VxY)w, (2.6)

where X, w, ¢ remain the same meanings as before, Y € C>°(M;TM). The curvature tensor
of any connection V on E is denoted by RV, that is,

Vx
Vx

RYy = [Vx,Vy] - 6[X,Y]~
We use the metric tensor to identify the tangent and cotangent bundles TM = T*M, which
means locally dz/ = ¢"/9;. Denote G-+in = G(dz™, ..., dx"), Gy i, = G(0iy,...,0;,) for
any map G defined on the n-fold product of 7M. Recall that Ffj denotes the Christoffel symbols
of the Riemannian metric, that is, V,0; = r;:g.ak where V denotes the Riemannian connection.

Proposition 2.1.1. Let D be a Dirac type operator of potential 1) associated with the Dirac

bundle (E,~,V). Let L : TM — End(FE) denote the map defined by

1) = 1B 1)

ThenV,, £V — L is a connection on E and ¢y 2 P — AV+ € C(M;End(E)). Locally
1

- 1 .
o = 5VVRY + 5[ Vivl + UL + 0.

Proof. Let L be naturally identified with C*>°(M;TM) x C*(M; E) =N C*(M; E), which is
C°°(M)-linear in both variables. Thus V £V — L is a connection on E. By (2.4) we get
AY — AV = —gij(ﬁi%j — 616] + 6Z§] — ﬁzﬁj) + giijj(ﬁk — ﬁk)
= —g"ViL; — g LiV; + g'T% Ly
= —gij((viLj) + Lj%i) - g"jLi(ﬁj - Lj) + g”'l“ijk
= —2L'V; — g¥(V;L;) + L'L; + g"T¥ Ly.

12
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On the other hand, according to (2.2) and (2.4) we have

P = (4'Vi+9)(¥'V; +9)
=YY ViV = TIA' Vi + 4 (Vi) + 79 Vi + 9V + 47

=77

— — \Y
ijV,-VjJerVi R

Y+ Thg ™V 47 (Vi) + (70 + ) Vi + 2

v

2

. Ry _ ‘ L
= —g"ViV; + g TV + 7'y S+ (Vi) + (770 + 97) Vi + ¢

=AY

v

. . RV _
+ (Y + YY)V + v =L + 4 (Vi) + ¢2.

2

Consequently, combining the above calculations yields

M

P= A% i T i) 1 — g (VL) + DL+ gITh Ly 2 AT
+ 57+ (Vi) + 97 = g¥(Vily) + L'Li + g¥T5; Ly + 2.

Next let us simplify the expression of 5. According to (2.5) and (2.6) we have

2
_ ¢)2( V)Y Tk,
which implies
RV (Y, Voo
w2:71732j+72(vlw)+¢2_7( 1/});—( 1/})7 +LZL1
i .RE Lis 2 i
:77j7+§[’7 , Vi) + 47 + L' L;.
This finishes the proof of Proposition 2.1.1. O

2.2 Pseudo-differential operators

Based on the theory of singular integral operators, Kohn and Nirenberg [90] and H6rmander
[74, 75] systematically introduced the theory of pseudo-differential operators, which has proved
to be extremely useful to the study of elliptic equations since its appearance. In this section we
start by defining pseudo-differential operators on Euclidean domains and manifolds, continue
with extending the concept of sub-principal symbol from manifolds to vector bundles, and end
with discussing the concept of Wodzicki residue and Seeley’s construction of complex powers
of an elliptic operator. All these ingredients are essential to our later study of operators of Dirac

and Laplace type.

13
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2.2.1 Pseudo-differential operators on Euclidean spaces

Let.7(R?) denote the Schwartz space of smooth functions that are rapidly decreasing at infinity,
and let .7’ (R%) denote the dual space of .#(R?). The Fourier transform .7 : .7 (R%) — .7(R%)
is defined by

(FNO = 71O = F©) = (7)) = [ e fa)aa.
Let m € R and let P(x,¢) be a smooth complex-valued function on R? x RY, We say (e.g.
[80, 94, 102, 124, 128, 146, 149, 155, 161]) that P is a symbol of order m, or more succinctly
P e §™_ if for all multi-indices «, 3,

() (e P@6)] < Caple)™ 1 (@B, ¢ RO,
where (¢) £ /1 + |¢|2. To a given symbol P € S™ we associate the operator
|P(z, D)u| (@) = | 7} (P(2,€) - 0(€)] (@) (ue S(RY)

— (2m) /R PE Pz, £)a(E)d

d
= (2m)~¢ / / @ VEP(x, €)u(y)dydé  (repeated integral),
R JRA

which is called the pseudo-differential operator (on R?) with symbol P(z,¢). The order of the
symbol P(z,¢) is also called the order of P(x, D). It is easy to show that P(z, D) maps .7 (R%)
to .7(R?) and is a continuous linear map. The basic theory of pseudo-differential operators
answers affirmatively the following three questions.

QUESTION 1: Is the operator P(z, D) uniquely determined by its symbol P(z,£)?

QUESTION 2: Suppose P, @ € S® = U,erS™. Note Q(x, D) o P(x, D) is a continuous linear
map from .7 (R%) to .7 (R%). Does there exist an R € S* such that R(x, D) = Q(x, D)o P(x, D)?

QUESTION 3: Suppose P € S™. The (formal) adjoint of P(z, D), denoted by P*, exists in the
following sense

(P(z, D)u,v) = (u, P*v)  (u,v € .Z(RY)), (2.7)
where (-, -) denotes the inner-product on L?(R9). Does there exist an S € S™ such that P* =
S(xz,D)?

To deal with these questions we will frequently encounter the technical issue of changing
the order of integration. To this end the following lemma [128, Prop. 2.1.10] is quite useful. As
applications, to study Questions 2 and 3 one can first assume that the symbols of P,Q are
compactly supported in R¢ x R¢, then apply this lemma to reach their full generality.

Lemma 2.2.1. Suppose we have a sequence of symbols {P, € S™}°, which satisfies the
uniform symbolic estimates

(30)" (5 Pee,)| < Caple™ P (z e RY, € € B

for all multi-indices «, . Suppose Pi(x, &) and all of its derivatives converge to Py(x,§) and its

derivatives, respectively, pointwise as k — oo. Let {u;};° , be a sequence of Schwartz functions

R?)

7 (R9) S (R?
such that uy, —" ug as k — oo. Then Py(x, D)uy, — " Po(z, D)uy as k — oo.

14
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In the following we study in detail the first question and sketch solutions to the other two.
According to (2.7), it is easy to show that P* maps .7 (R%) to .#(R?) and is a continuous linear
map. Thus one can extend P(z, D) as a continuous linear map from .7’ (R4) to ./ (R?) via (2.7)
by defining

[P(g;, D)u] (v) = u(P(a:, D)*E) (we S (RY, ve #(RD)). (2.8)

Let ¢ € R? be a fixed element, and note e¢(z) = ¢ is an element of .7/ (R?). We are going to
explicitly relate P(z, D)egs € '(R?) to the symbol of P, and thus derive the answer to Question
1. According to (2.7), (2.8) and Lemma 2.2.1, one can show for any v € .7 (R%) that

y 5’3 n
[P(x D)e5 (27)~ / / / g €0 - 2N P(y,m) - (y)}dydndx (repeated integral),

where N is an arbitrary integer with 2N > m+d, m denotes as usual the order of P, ¥ = 1—A.
Let v € C°(RY) be a fixed function such that v = 1 in a neighborhood of the origin. Then

(27T>d[P(J} D) 65 = lim /// e D?N{ (y,n).v(y)}dydndﬂc

k—o0 77>

— i [ [ [ -7(%% <n>y LN [P ) o) dadydn

= lim //k”ﬁ(k(n—g))- 57;,2; LN [P(y,n)‘v(y)}dydn

k—o00

- klggo//a(g) ' GM;ZV -2 [P(y7§ + %) : v(y)}d&dy
_ elv-€ Z
— [ [30)- o - 2 [P0.6) - v(w)] vty

= (2m)¢ /él)m- i {P(y,f)-v(y)}dy (Fourier inversion formula)

— (2! / V€. Py, ) - vly)dy.

Equivalently,
{P(:z:,D)eg} (v) = / TP (x,€) - v(z)de.
R4
This implies that, as tempered distributions
P(x, D)e¢ = ecP(-,€)
or
e_¢|P(z,D)ec] = P(-,€).

Together, the above discussions can be summarized in the following proposition, answering
Question 1 affirmatively.

Proposition 2.2.2. A continuous linear map T : ' (R%) — #'(RY) is a pseudo-differential
operator of order m if and only if e7**[T,(e'**)] is a symbol of order m. Suppose this is the
case, then the symbol of T is e 74T, (e!¢)].
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Next, we first study the third question. For simplicity we assume that P € S™ is of compact
support in RY x RY. It is straightforward to induce a precise definition of P*e; € .7/(R%) from
(2.7) for any parameter ¢ € R?, and prove that

el Pred = 2 [ AP+ i 29)

where %, denotes the Fourier transform with respect to the first variable. By Proposition 2.2.2
we need to show that the right-hand side belongs to S™. In general, one can use integration by
parts to get

H@?(ﬂlﬁ)} (77,5)‘ < C.gp(n) 7 (&)™ 18I,

where z can be any positive integer. Peetre’s inequality claims for any 7, ¢ € R? that

(n+€)° < eslmllie)”,

where ¢, is a positive constant depending only on s € R. Combining the above three formulae
together easily shows that P* is a pseudo-differential operator of order m.
As to the second question, it is straightforward to show that

e-¢[Q(z, D) o P(z, D)eg] = (2m) /R Q. &+ n)(F1P)(n, E)dn,  (2.10)

where P € 8™, Q € S™ are assumed to be compactly supported in R? x R?. Similar to
the above discussion, (% P)(n,£) and its derivatives with respect to the second variable are
under good control, while Q(z, £ +n) and its derivatives with respect to = and £ are governed by
Peetre’s inequality as well as the assumption @ € S™2. This easily proves that Q(x, D)o P(x, D)
is a pseudo-differential operator of order my + mo.

For full details about how to drop the compactness assumption on the symbols in the last two
questions, we refer the reader to [128].

Lemma 2.2.3. Let {P, € S™}2° | be a sequence of symbols such that mj, — —oc as k — oo.
Then there exists a symbol P of order max my, such that for any positive integer N,

N
P—Zpk € S,
k=1

where oy £ maxmy,.
k>N

This lemma was established by Hérmander. For convenience we call P an asymptotic sum
of {P;}?°,, and denote P ~ > 77, P,.. We also let P ~ Q to mean that P, ) are asymptotically
equivalent, thatis, P — Q € S7°° = N,,crS™.

As applications, one can show that the symbol of P* is asymptotically equivalent to

1 _
> DEorP, (2.11)

«

and that of Q(x, D) o P(z, D) is asymptotically equivalent to

> 1. D2Q - 9°P. (2.12)
al ¢ *

e
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2.2.2 Pseudo-differential operators on manifolds

In this part we discuss various definitions of pseudo-differential operators on a manifold. For
simplicity, assume that M denotes a smooth closed manifold of dimension d. Let ¥ denote
the space of pseudo-differential operators on R? of order m. Let A : C>°(M) — C°>°(M) denote
a continuous linear map.

METHOD 1 (via standard pseudo-differential operators): For any coordinate chart M >V %
U C R% and any two functions vy, in C2(V), define Ay, 4, : L (RY) — Z(RY) as the
following composition map

7 (RY) 1% 0>=(U) Sil> c>=(V) gl CX(V) = C®(M)

M,
Ay 02 (M) =3 02 (V) £5 02 (U) — S (RY),
where 7y denotes the restriction operator onto U, and M, is the multiplication operator by ;.

Definition 2.2.4. A continuous linear map A : C*°(M) — C°°(M) is called a pseudo-differential
operator of order m if, for any coordinate chart V' % U and any functions 1,1 in C*(V),
Aw1,¢2 ey,

Some authors (e.g. Alinhac-Gérard [3, §l.7], Hérmander [80, Defn. 18.1.20], Sogge [146,
£3.3]) adopt the above definition.

METHOD 2 (via symbols on open subsets): Let U be an open subset of RZ. A smooth
complex-valued function P on U x R? is called a symbol of order m on U (e.g. [3, 48, 62,
139, 154]), or more succinctly P € S™(U x RY), if for all compact subsets K of U and all
multi-indices «;, S,

0 0

(@)a(&)ﬁp(%f)’ < Copr ()™ Pl (z € K, € € RY).

Given P € S™(U x R™), one can define a continuous linear map Tp : .7 (R?%) — C>(U) by

(Tou)(e) = (2m) [ € P,) (@) (we SR, v € V),

Since C°(U) can be naturally regarded as a subset of .7 (R¢), one can induce a continuous
linear map 7' : C°(U) — C*°(U) by defining

T:C®(U) — .Z(RY) 15 c(U).

The set of all maps of the above form is denoted by v (U).
Now for any coordinate chart M > V % U c RY, define Aly : C2(V) — C®(V) as the
following composition map

Aly 1 C2(V) < O (M) -2 (M) 2% 0= (V),

which naturally induces a map Ay : C*(U) — C*°(U) by the pull-back and push-forward
operations ¢, !, ¢.. Some authors (e.g. Shubin [139, §4.3]) adopt the following definition.
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Definition 2.2.5. A continuous linear map A : C*(M) — C°°(M) is called a pseudo-differential
operator of order m if for any coordinate chart V% U, Ay € U™ (U).

METHOD 3 (combined with operator kernel): Both of the above definitions have the same
shortcoming as we are not aware of any non-local information for such operators. So some
authors (e.g. Taylor [153, 155]) call A a pseudo-differential operator by imposing on either
definition an additional assumption that the operator kernel of A is smooth off the diagonal.
Equivalently, this additional assumption means that (e.g. Grigis-Sjéstrand [62, Exer. 3.4]) for
any ¢,v¢ € C*°(M) with disjoint supports, My o A o M, is of smooth kernel in AL x M.

Obviously, a pseudo-differential operator in the sense of Definition 2.2.5 is a pseudo-differential
operator in the sense of Definition 2.2.4. The next proposition shows that the converse is almost
true if operators with smooth kernel are negligible. Based on this reason we choose the third
method as the right definition for pseudo-differential operators on manifolds. Let ¥"*(M ) denote
the set of pseudo-differential operators of order m on M, and let U*°(M) = U,er U™ (M).

Proposition 2.2.6. Let X;, X» C R? be two open sets, and let T : C°(X;) — C>®(X,) be a
continuous linear map. Suppose for any 1; € C°(X;), My, oT o My, € ¥™. Here My, oT o My,
means exactly the following composition map

My,

7 (R =3 C=(X1) N C*(X2) M#b C%(Xs) = .7 (RY).

Then there exists an operator S € V" (X1, X2) such that K — Kg € C*°(X; x X3). Here S is
uniquely determined modulo S~ (X, x R%),

Here K denotes the Schwartz kernel of T' (see §2.5 or [79] for details). Proposition 2.2.6
follows from Propositions 18.1.19 and 18.1.22 in [80] (or Propositions 6.2 and 6.3 in [3]) with
straightforward modification. We omit the details of the proof.

Lemma 2.2.7. Let A,B : C*°(M) — C>(M) be continuous linear maps. If one of A, B is of
smooth kernel in M x M, then AB is also of smooth kernel in M x M.

This lemma is an immediate consequence of [79, Thm. 5.2.6]. As an application, one can
show that the product of two pseudo-differential operators is also a pseudo-differential operator.

Similar to the partial differential operator case, one can define the principal symbol for pseudo-
differential operators as a function on 7* M. But we should note that operators with smooth
kernel are regarded as negligible; the principal symbol at small ¢ is thus of no importance.

In this thesis, we will be mainly interested in so-called classical pseudo-differential operators.
To be precise, A € ¥ (M) is called classical if in every local coordinate system,

oa(z,6) ~ > o (z,€),
k=0

where o 4 denotes the local full symbol of A, each UX“) is homogeneous of degree m —k in large

enough &. When this happens, we shall write A € W7} (M). The principal symbol of A € W7'(M)
can be either regarded as a homogeneous map of degree m on T*M\0, or simply a smooth
function on the unit cotangent bundle 7 M of M provided M admits a Riemannian metric g.
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We end this section with discussion on how to construct pseudo-differential operators with
prescribed principal symbols.

We begin with two simple facts. Previously we defined ¥ (M) for closed manifolds M. In
the case that V' is an open subset of a closed manifold M, one can similarly define ¥ (V') as
the set of pseudo-differentials of order m on V. In particular, A|y : C°(V)—C> (V') belongs to
U™(V) forany A € ¥ (M). On the other hand, if B € U(V), then

M¢OBOM¢:COO<M) —>COO(M)

belongs to ¥ (M) for any ¢,¢ € C°(V).

Let {V;} be a fixed finite open cover of M. Assume that {B; € ¥™(V;)} are some locally
defined pseudo-differential operators of the same order m, such that there exists an | < m
satisfying

Bilviav, = Bjlviny, € ¥H(VinVj)

for all 4, j. This implies that, when restricted to V; NV}, B; and B; must have the same principal
symbol. For example, if given in advance an operator A € V3 (M), then {B; = A|y,} satisfy the
above assumption for [ = m — 1. In the following we will construct an operator A € ¥ (M) such
that Aly. — B; € W!(V;) for each i. This implies that the principal symbol of A locally must agree
with that of some local operator.

Let {z,z)j}j-\’:l be a partition of unity associated with the open cover {V;} of M, thatis, > v, =1
and each 1; belongs to some Cg°(V;, ). Let ¢; € C2°(V;,) be such that ¢; = 1 in a neighborhood
of the support of ¢;. Define

N
A= ZM%' ° Bi; 0 My,

j=1
which obviously is an element of U™ (M). To study the local behaviour of A, we fix a point
pe M.Lety; ... 9, be allof the functions such that p lies in the supports of these functions.

Without loss of generality we may assume that j; = 1,...,j, = n. Obviously, there exists a
small open neighborhood V' = V,, of p such that
(1) Vis contained in {z € M : ¢;(x) =1} foreach j =1,...,n,
(2) V is disjoint with the support of ; foreach j =n+1,..., N,
(3) Bi,|v — Bi,|v € ¥{(V) forall1 < j, k < n.
Now for any ¢, € C°(V), we have

N

MyoAoMy = ZM¢OM¢J' o B;, 0 Mgy, o My
j=1
=Y My oMo Bj; o My ((1)+(2))
7=1

= M¢ o Bi1 o Mz/, + T, ((2) + (3))

where T belongs to W!(M). This suffices to conclude that Ay, — B; € W!(V;) for each i.
With the above construction available, one can freely construct many new pseudo-differential
operators. As applications, it is not hard to prove the following three corollaries (e.g. [3]):
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Corollary 2.2.8. Let {A;, € ¥"+(M)}32, be a sequence of pseudo-differential operators such
that {m} decreases monotonically to —oco. Then there exists an operator A € V™ (M) such
that A ~ >~ | Ay, thatis, A — fo:_ll Ay € U™N (M) for any positive integer N.

Corollary 2.2.9. Let o be a smooth function on T* M such that o is homogeneous of degree m
in large enough £ € T*M. Then there exists an operator A € ¥ (M) such that 0,,,(A) = o.

Corollary 2.2.10. Let A € V(M) be a classical pseudo-differential operator such that its
principal symbol is nowhere zero in T*M\0. Then there exists an operator B € V=™ (M) such
that AB = BA = I modulo operators in U=>°(M).

2.2.3 Sub-principal symbols

In this part we discuss the sub-principal symbol concept for pseudo-differential operators that
was first introduced by Duistermaat and Hérmander in the classical paper [41]. Let M always
denote a smooth closed manifold of dimension d.

Let A € W'(M) be a classical pseudo-differential operator of order m. In local coordinates
the full symbol of A admits an asymptotic expansion of the following form

O-A(xvg) ~ ngf)(xvf),
k=0

where each JX“) is homogeneous of degree m — k in large enough £. We know in §2.2.2 that

the local principal symbol of) can be extended as a locally invariantly defined map on 7% M\0.
A natural question is: can we do so for afj)? The answer is no. To see this one can study the
Laplace-Beltrami operator on the round sphere S2.

To overcome this barrier Duistermaat and Hérmander identified operator A € W7} (M) with
operator A acting on smooth half-densities. It is not a surprise that the local full symbol of A
admits an asymptotic expansion of a similar form

o3(2,6) ~ > oW (2,9),
k=0

and the principal symbol of A can be similarly invariantly defined as a map on 7* M\ 0. But quite
unexpectedly, they invariantly defined another map on 7 M\0, called the sub-principal symbol
of 4, locally in terms of both a%o) and ag). One can define the sub-principal symbol of A simply
as that of A, but we should note that its local expressions depend not only on aff), ag), but also
on the identification between functions and half-densities.

A new question comes: can we invariantly define on the cotangent bundle a “sub-sub-principal
symbol” and so on for pseudo-differential operators? Logically it is very hard to exclude such a
possibility.

In later sections we will see that the concept of Wodzicki residue provides an excellent way
to study the above question. The basic viewpoint is, the Wodzicki residue of a classical pseudo-
differential operator is no longer some invariantly defined concept on the cotangent bundle, but
a density over the base manifold.
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Now we present the details of the definition of the sub-principal symbol of a classical pseudo-
differential operator. Some preliminary facts about the concept of density are needed.

1) Assume at the moment that M is further orientable. This means in particular that there
exists a nowhere vanishing d-form ; on M. Such a d-form is also called a volume form on M.
People like to use [,, f (f € C*°(M)) to be short for [, fu provided the volume form 1 is
known in the context. For example, it is well known that one can endow M with a Riemannian
metric g. The Riemannian volume form 1, is the unique smooth orientation d-form satisfying
pg(Xi,...,Xq) = 1 for every local oriented orthonormal frame {X;} for M. In any oriented
smooth coordinates {x'}, the Riemannian volume form has the local coordinate expression

pg = \/det(gij)dzt A -+ A da?,

where g;; are the components of g in these coordinates. Let Q?(M) denote the space of d-forms
on M. A continuous linear map B : Q%(M) — Q4(M) is called a pseudo-differential operator of
order m if for some volume form 1 the following composition map, denoted by A,,,
cny M od(ar) 2y ad(ar) M55 oo (),

is of such a property, where M,, denotes the map sending f to fu. Although as operators B and
A, have no essential difference, the corresponding local full symbols do have. For example, in
the same local coordinates, the full symbol of A,, depends on 1 but that of B does not.

2) From now on we no longer assume that M is orientable. The following method [51] is
a very simple way to define the integration of functions over M. Let {(V;, ¢;)} be an atlas for
the smooth structure on M. Assume that, on each open subset o;(V;) of R?, there exists a
measure p; that is absolutely continuous and has strictly positive density with respect to the
Lebesgue measure, and for any continuous function f on M with supp(f) C V; N V; we have
the compatibility condition

/ fw[ldm—/ (f 0 ©; I (pi 0 05 ) ldpy.
ei(Va) 23 (V)

The data of the measures {y;}, also called a density on M, play the role of volume forms as
one can first introduce a subordinate partition of unity {¢;}, then define

_ oo Ydu. .
/Mf—; / PRCEERT (2.13)

For example, in the case that M admits a Riemannian metric g, one can set a canonical mea-

sure of (M, g) by defining
ur, = \/det(g) La, (2.14)

where . gff)dxida:j denotes the local expression of g in a local chart (Vy, ¢r), Lg denotes the
d-dimensional Lebesgue measure on R?. As it seems a little bit inconvenient to define pseudo-
differential operators on densities of the above form, we try to first capture a pointwise concept

of density, then introduce a global density bundle in the next step.
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3) Let « € [0, 1], and let H denote a d-dimensional vector space over R. An a-density on H
isamap w: H? — R such that for any S € GL(H), w(Shy, ..., Shq) = |det(S)|*w(hi, ..., hq). It
is known that the space of a-densities, denoted by Q,(H), is a one-dimensional vector space
over R [95]. Given a linear basis X7, ..., X, for H, also regarded as an orthonormal structure on
H', one can define Wa: X1, X4 (M1, ..., hq) @s the a-th power of the volume of the parallelepiped
generated by hi, ..., hq. Obviously, wa.x, .. x, € Qa(H). Define the complex a-density bundle

Qa(M) = [] (C®Qu(T,M)).
pEM
Let C*(M;$2,) denote the space of smooth sections of Q,(M). A continuous linear map
B : C>®(M;Q,) — C>®(M;Q,) is called a pseudo-differential operator of order m, if for some
nowhere vanishing smooth a-density 1 = 1(®), the following composition map, denoted by 4,,,

My, B M;l
C®(M) =5 C®(M; Q) — C°(M; Q) = C=(M), (2.15)

is of such a property. In the case that M admits a Riemannian metric g, there exists a unique

smooth nowhere vanishing a-density, called the Riemannian «a-density and denoted by u(g“),

such that at each p € M, ﬂga) (p) = wa;x,,....x, for some orthonormal basis {X;} for (T,M, g,).
We then always set 1z = 1) in (2.15) and thus have B = M, A, M. Note in local coordinates,
ME,O‘) = G%wa;ah,“ﬁd, which implies that M, is locally the multiplication operator by Gz. Here
G = det(g;5). In particular, B can be locally regarded as the product of three pseudo-differential
operators.

Now we can start to define the sub-principal symbol of A € ®7}(A/). In local coordinates we
also let aﬁ{) = aﬁf) (z,€) (j = 0,1,2,...) denote the homogeneous part of degree m — j of the
full symbol of A. Given a Riemannian metric g on M, define B = MMAM#‘l which is a pseudo-
differential operator acting on half-densities of order m, where p = uél/z) is the Riemannian
half-density. In local coordinates its full symbol admits an asymptotic expansion 372, ag)(a;, €)
with og) homogeneous of degree m — j in £. It is well known that the sub-principal symbol (e.g.
[41, Section 5.2]) of B, defined in local coordinates by

. i 9209
Sub(B) = o + 3 R
transforms like a homogeneous smooth function of degree m — 1 on T*M\0 under change
of charts. Since B = M#AM;1 locally is the product of three pseudo-differential operators
with corresponding full symbols G(z)'/4, Y2 oD (x,¢), G(x)~1/4, one can deduce from the
product rule (2.12) that

(2.16)

i 0y i 00y 900gVG)

2 0zrkdg, 2 O ork
This implies the sub-principal symbol of A, locally defined by
cog2 (0) (0)

w1 0%y i oy ‘8(log\/é)

Sub(d) =o'+ 5 oo T2 o, onk

is a homogeneous smooth function of degree m — 1 on T*M\0.

Sub(B) = 01(41) +

(2.17)

'It does not matter whether or not there exists in advance an inner-product structure on H.
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2.2.4 Pseudo-differential operators on vector bundles

Let A : C°(M;E) — C*(M; E) be a continuous linear map, where E is a complex vector
bundle over a closed manifold M. Let {¢;} be finitely many smooth functions on M such that
> ;¥ = 1, and the support of each ¢); is contained in the domain of some coordinate chart,
say for example (V;, ;). Then for each i, let ¢; € C>*(V;) C C*°(M) be such that ¢; = 1in a
neighborhood of the support of ;. Obviously,

A= "My AMy + > My Al — My,).

Similar to the discussion in 2.2.2, we call A a (classical) pseudo-differential operator of order at
most m if, for each 4, the local representation of M,,, AMy, is a matrix-valued (classical) pseudo-
differential operator on some Euclidean domain of order at most m, and M., A(1 — My, ) is of
smooth integral kernel. The space of all classical pseudo-differential operators of order at most
m is denoted by V7 (M; E).

We have yet to give a detailed definition of the integral kernel of an operator. Although this is
not a problem for operators on Euclidean domains, we should exercise care for those acting on
smooth sections. For example, let B : C*>°(M) — C*° (M) be a continuous linear map such that

(Bf)() = /M K (2,9)(5)du(y).

where K is a function on M x M, 1 is a positive smooth density . on M. We say K is the integral
kernel of B with respect to u. According to this definition, for any positive smooth function 4 on
M, K(x,y)h(y) is the integral kernel of B with respect to %. Thus the smoothness of the integral
kernels of B is independent of the choice of positive smooth densities on M. In particular, in the
case that M admits a Riemannian metric, the integral kernel of B is always taken with respect
to the Riemannian density. Generally, let A : C*°(M; E) — C*°(M; E) be a continuous linear
map such that

(A6)(x) = /M K (2 9)0()du(y),

where K (z,y) : B, — E,, it is a positive smooth density on M. We say K is the integral kernel
of A with respect to u. Obviously, the naturally interpreted smoothness of the integral kernel of
A is also independent of the choice of positive smooth densities on M.

We now define the sub-principal symbol for classical pseudo-differential operators (see also
[86]). Suppose A € ¥'(M;E). For a fixed local bundle trivialization of E over a coordinate
neighborhood V, one can naturally identify Ay : C(V; E) — C*(V; E), the restriction of A
onto V, with a matrix (A){thml,gr of classical pseudo-differential operators A}fu : C®(M) —
C*>°(M) of order m, where r denotes the rank of E. This implies that the sub-principal symbol
of A defined by

Sub(A) = (Sub(A4,))1<pw<r (2.18)

is @ homogeneous smooth Mat(r, C)-valued function of degree m—1 on T*V'\0. Locally Sub(A)
is still of the form (2.17). We should remember, however, that the definition of the sub-principal
symbol depends on the choice of local frames for E and Riemannian metrics on M.
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EXAMPLE 1: Let P = AV denote the connection Laplacian generated by the connection V
on a vector bundle E of rank r. For fixed local frame {s,};_, for E|y there exists a matrix
w = (wuw)1<puv<r Of ONe-forms on V' such that Vs, = w,, ® s,. Recall in any local coordinates
system (z',...,2%) on V, P = —¢"(V;V; — T};V},). Letting V; = 9; + b; one can easily get
ag)) = ¢/*(2)&;&k, Jg) = —2ig'*b;&, + ig"T'F &. Considering 8(1%;/5) =TI (e.g. [27, Prop.
2.8], [29, Sec. 2.5], [31, Sec. 6]) we have

: 82 (0) i 0 (0) 1
Sub(P) = o) 4 1. Lop’ 1 00 Ollog V)
2 0xk0& 2 O& Ok
. Og'* o .
= (_2igjkbj£k + lglnrécngk) +i- (_Pingnk - Fllzngn]) ’ Sj +i- gjksj ’ Zn
= —2ig"b;&;.

Also, it is easy to check that b; = w’(9;) where w” denotes the transpose of w. Thus in an
invariant manner, Sub(P)(z, ¢) = —2ig(dz?, dz*)wT (9;)&, = —2ig(wT, €).
EXAMPLE 2: Let D = «V be given by a Dirac bundle (E,~, V). We adopt all of the notations

about V used in the previous example. Then a([?) = iyJ¢;, ag = 17b; and, consequently,

: 0 . 0
Sub(D) = EONEN 82053) i 6U(D) d(log VG)
=9p

2 ozkag, 2 0&, Oxk
; 1 oy 1,
:,Yabj_iw_?,y Ty
. 1 1
= p)/]bj - 5 ' ([7k7bk] - Flgn’)/n) - § "Yk : FZn
b + by
=

where the third equality follows from (2.2). On each inner product space (7, M, g, ), we introduce
two bilinear maps J,,, K, sending X, Y, € T, M respectively to v(X,)w? (Y) and w? (X,)v(Yz)-
Then it is easy to see that
Sub(D) () = 1)+ ),
which implies that Sub(D)(x, £) is actually independent of &.
ExXAMPLE 3: Given two classical pseudo-differential operators A, B on smooth sections of F,
it is easy to verify that (see also [40, (1.4)])

Sub(AB) = Sub(A) - o'9 4 o0 . Sub(B) + %{aff), o1, (2.19)

where {af), afgo)} denotes the Poisson bracket between af) and ofgo), that is,

{ S))’Ug))} _ 601(2) ‘ 80590) B 801(4?) . 801(90).
o€,  Oxk oxk  0&,
Given a non-negative self-adjoint Laplace type operator P and a ¢ € R, it is well known [138]
that P? is a classical pseudo-differential operator of order 2q. It is not hard to verify that (see
also [40, (1.3)])

Sub(P7) = ¢ - (¢\V)41 . Sub(P). (2.20)
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2.2.5 Wodzicki residues

Let M be a smooth closed manifold of dimension d. On the algebra ¥°°(1/; E) of all classical
pseudo-differential operators on C*°(M; E), there exists a trace res : V>°(M; E) — C called
Wodzicki’s residue or non-commutative residue. It is defined by

res(A) = /M resy (A)dz,

where
1

res,(A)ds 2 (51 /f | Tloa(A) . )dS(©))

is independent of the choice of local coordinates and thus is a global density on M, o_4(A)(x, &)
denotes the homogeneous part of degree —d of the local full symbol of A, dS(£) denotes the
sphere measure on |£| = 1. To be clear, || = 1 is short for the set

{(&,....&) eR" G+ + & =1}

as there are no metric structures endowed with 7' M yet, and by trace we mean that res is a
linear map satisfying

res(AB) = res(BA)

forall A,B € ¥>°(M;E). If M is connected, any trace 7 on ¥*°(M; E) is a multiple of res.
Wodzicki’s residue was introduced independently by Wodzicki [160] in 1984, and Guillemin [70]
in 1985. In the case of the circle, the Wodzicki residue had been studied earlier by Manin [105]
in 1978, and Adler [2] in 1979. Since its appearance, this concept has found many applications
in both mathematics and mathematical physics.

The reader should distinguish the difference between the Wodzicki residue trace res and the
standard operator trace tr. For example, if A is a classical pseudo-differential operator of order
less than —d, then res(A) = 0, but as A is trace class, we have

o

tr(A) = Z(Aem €n) L2(ME)
n=1

for an arbitrary orthonormal basis {e,, }°2; for L?(M; E). Note in general tr(A) needs not to be
zero. The Kontsevich-Vishik trace [91] is an extension of the standard operator trace to some
proper subset of ¥>°(M; E).

In the case that M admits a Riemannian metric g, any smooth density 1 must be of the form
= fug for some smooth function f on M. Thus for any A € ¥*°(M; E), there exists a smooth
function f4 on M such that res,(A)dxz = fapg. Then for any given zy € M, we have

1
Falen) = G /5 T4, €S ),

where the local coordinates are chosen so that {% d__is an orthonormal basis for (7., M, g.,)-
ox xg 1 0 0
In particular, if A is of order —d, then in an invariant manner we also have

1
Faleo) = o /S o)

where S; M denotes the unit cotangent sphere at x¢, 04 denotes the principal symbol of A.
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The Wodzicki residue is closely related to heat trace expansions. Suppose A € UV>°(M; E)
is of order m and we are interested in calculating its Wodzicki residue by other means rather
than its original definition. Assume further that M is a Riemannian manifold, over which E is
a smooth complex hermitian vector bundle. Denote by L?(M; E) the Hilbert space of square
integrable sections equipped with the natural inner product defined by the hermitian structure
on the fibres and the metric measure on M. Let P be a non-negative self-adjoint Laplace type
operator acting on smooth sections of E. For each t > 0, e~**’ defined by the functional calculus
of self-adjoint operators is, a smoothing operator. This implies that Ae~*" also is a smoothing
operator for each ¢ > 0 and, consequently, tr(Ae~*") is well defined. One can establish the
following widely used (though less precise) short-time asymptotic expansion (see §3.3)

tr(Ae~tP) ~ i (%k(A, PS5 L G(A, P)t* log(t) + Di(A, P)tk> (t—07). (2.21)
k=0

Then the connecting formula is [70, 160] (see also [64, (0.2)], [96, (1.2)], [134, (1.16)])
res(A) = —2%y(A, P), (2.22)

which means in particular that %, (A, P) is independent of the choice of P. Actually, plenty of
the heat expansion coefficients are Wodzicki residues of certain operators (see Prop. 3.3.1).

In this thesis we will encounter lots of integration not only over a closed manifold but also
over its (unit) cotangent bundle, so let us clearly state their precise definitions. Let (M, g) be a
closed Riemannian manifold, and let 1, be the associated Riemannian density. For any smooth
function f on M, the integral of f over M is defined by (see (2.13) and (2.14))

fr= o

For any smooth function h on T* M, we define

/T*Mh:/M [/T;M h}dug(:p).

Here the linear spaces T, M have inner product structures g¢,, so we can identify (7;M, g,)
with the standard Euclidean space R¢, and thus fT; b can naturally be regarded as standard
Lebesgue integrations. To be precise, letting {e; }¢_, be an orthonormal basis for 7 M, one can
introduce a function # on R? such that

~

h(y1,...,ya) = h(yrer + - - + hqeq).

With this identification it is straightforward to set

/ h:/ /ﬁ(y)dy
s M Rd

The integration over the unit cotangent bundle can be defined in a similar way. To summarize,
any integration over the (unit) cotangent bundle is always regarded as a repeated integral.

26



CHAPTER 2. BACKGROUND 2.3. FOURIER INTEGRAL OPERATORS

2.3 Fourier integral operators

In this part we do not heavily cite Hérmander’'s general theory of Fourier integral operators
(FIOs), but focus on the local expressions of e~itVP where P is a non-negative self-adjoint
Laplace type operator acting on smooth sections of a vector bundle. Let M be a closed smooth
manifold of dimension d.

Assume firstthat P : C*°(M) — C*°(M) is a non-negative self-adjoint Laplace type operator.
According to Seeley’s construction of complex powers of P [138], /P is a classical pseudo-
differential operator of first order with nowhere vanishing principal symbol. Locally, /P is of the

forn 2
VP ~ 1 E i(z—y)-¢
(27T)d /Rd ~ qn(xa 5)6 Y dga (223)

where each homogeneous symbol ¢, is of order 1 — n. A breakthrough work by Hérmander [77]
says that modulo smoothing operators e~itVP locally is of the form

for sufficiently small times ¢, where the phase function 6 is of the form

Here ¢ = ¢(z,y,§) is @a homogeneous symbol of first order, and the amplitude function a =
a(t,z,y, &) is a homogeneous symbol of order zero. To this end, by supposing thata ~ >~>° a,
and v are unknowns, where each a,, is a homogeneous symbol of order —n, we need to solve

4 —itVP _ i/ PeitVP (2.26)
dt
subject to the initial condition
1 > .
Id ~ @i /R ) > an(0,2,y, &)@V Odg, (2.27)
n=0

The left hand side of (2.26) is of the form

ﬂ —itv/P 1 - % 10(t,2,1,€)

dt (2m)d /Rd [ iaoqo(y, ) +kzo —lart190(y, &) + — )]6 dg.  (2.28)
The product rule [77] (see also [139, Thm. 18.2]) between the pseudo-differential operator /P
and the assumed Fourier integral operator e~itVP implies that the right-hand side of (2.26) is of
the form

_iV/Pe VP — 1 [ZZZRQM £y, 5)} 0tw.0) ¢ (2.29)

a j=0n=0

2For simplicity we identify a continuous linear operator with its distributional kernel in this section. This causes no
harm especially in the case that the operator, say for example e VP 'is bounded on L?(M). For details see §2.5.
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where .
a;(t, z,y, et
Rt 2,,) = —ial?) (w16, ,€) P2 B2V TV
Here o is taken over all multiple indexes in (N U {0})¢, )(:c n) = (0pan)(z,n),

P(Z,l',y,f) = ¢(2’y7§) - ¢(l‘7ya£) - (Z - .T) : 111:(:(90’%5)

is a first order homogeneous symbol such that its zero and first order derivatives with respect
to the z variable vanish at z = z. For simplicity, we introduce

(D?CU)(t,Z,y,f)

Oé! Z=x

Ta,j,n(tyl'vyvf) 1qn ( ¢z(9€ Y, 5))

which is a homogeneous symbol of order 1 — n — |a| — j. One can verify that 1) if |a| < 1, then
Ry jn =Tojn; and 2) if o] > 2, then R, ;,, can be written as

Rajn = Tojn+ > Rajmnk
k
where each R, ;. i is @ homogeneous symbol of order —k between 1 —n — |a| — j + 1 and
l—-n—lal—j+ '%‘ For any given R, j .k,
|

—kﬁl—n—\a\—j—i—?

which implies that j < k as |a] > 2. Note also for each non-negative integer k there are finitely
many («, j,n) such that R, ; ,  are of order —k.

Step 1: We study the first order terms of the amplitude function in (2.28) and (2.29) by solving
the Eikonal equation

QO(yag) - QO(xawm(mvy7£)) (230)

for the unknown ) subject to the initial condition v, (z,y,&)|,—. = £. This can be done by the
theory of Hamilton-Jacobi equations. In particular, one can show that

U(@,y,6) = (x —y) - £+ Oz — y?le]). (2.31)

Step 2: With « determined in the first step and with the property (2.31), one can recover the
initial values a,, (0, z,y, &) from the condition (2.27).

Step 3: For each non-negative integer k, we study the k-th order terms of the amplitude
function in (2.28) and (2.29) by solving the k-th order transport equation

da
Tf 1ak+1£]0 Y, & ZT ]H+ZRO£]7’L}€7
(=Fk) (=k)

where the notation Y~ means taking sum over all relevant homogeneous symbols of order —k.
(=k)
Obviously, >  Rajnk is a finite sum not involved with {a;}72, |, sois
(=k)

iar4190(Y,&) + D Tojim.
(—k)
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The initial condition for ax (0, z,y, &) has been determined in the second step. Therefore, one
can successively solve the Cauchy problem for these equations for sufficiently small times ¢
first for k = 0, then for k¥ = 1, and so on.

The details of the above steps can be found in Hérmander’s paper [77] and in [139, 146].

In general, let E be a vector bundle over M, and let P be a non-negative self-adjoint Laplace
type operator acting on smooth sections of E. Similar to the trivial bundle case, one can show
(e.g. [110]) that modulo smoothing operators e—itVP locally are of the form

—itvP _

1 :

t 10(t,x,y.8) q 232
o [t 9 232)
for sufficiently small times ¢, where the scalar-valued phase function ¢ is the same as before, the
amplitude function a is now a matrix-valued symbol of order zero. To be clear, as the principal
symbol of /P is proportional to the identity matrix, it can be written in the form ¢ (z, £)Id, where
go once again means a scalar-valued function.

2.4 Finite propagation speed
The d’Alembert formula

/ s () eRx[0.00)  (2.33)

w(z, t) = %(f(:r T |

2
provides the unique classical solution of the Cauchy problem for the one-dimensional wave
equation
Pu— %y ((z,t) € R x RY)
u(z,0) = f(x)
%(m, 0) = h(x)

whenever the Cauchy data f, h are of a certain smoothness. This implies that the solution at a

given point (xo, tp) depends only on the values of the Cauchy data in [z¢ — tg, o + to]. Similarly,
the unique classical solution of the Cauchy problem for the d-dimensional wave equation

Pu— Au ((2,t) € R x RY)
u(2,0) = (o)
5 (2,0) = h(z)

at (zo,t9) depends similarly only on the values of the Cauchy data in the closed ball B(xo, to).
To be precise, if d > 3 is odd one has

u(wt) = g dl_ E] |0, ) =2 (12 /| e ty)do(y)) (2.34)
~1,)(d=3)/2 (4d—2 Wz do ’
HE) (e [ he s doty)]
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and if d is even one has

_ 2 —19\(d—2)/2 (1d—1 flz +ty)
“(x’t)_1.3...(d_1)\gd,[at(t %) (t i<t 1_|yzdy> (2.3)

_ _ _ h(z + ty)
( i<t /1 = [yf? ﬂ

Thus the space support of the solution expands at speed one, that is,

supp(u(-,t)) C U B(z,t). (2.36)

xesupp( f)Usupp(h)

Now let U ¢ R¢ be an open set. The following uniqueness proposition (e.g. [44, §7.2.4], [48,
Thm. 5.3], [126, Lemma 2.3]) will play a crucial role in our study of the heat kernels in Chapter
5. According to Folland [48, p. 164], “This is a very strong result”.

Proposition 2.4.1. Suppose u(x,t) is C? inU x [0,00) and that %t;‘ = Au. Suppose u(zx,0) =

%(m, 0) =0 for all x € B(zo,r0) C U. Thenu = 0 in the backward light cone |x — xzo| < 9 — t.
We briefly explain why the above proposition is so useful to our later study. First, it implies

(2.36) for U = R?. Second, let Ay be an arbitrary non-negative self-adjoint extension of —A :

CX(U) — CX(U) in LA(U), and let ¢ € C(U) ¢ C>(R%). Applying Proposition 2.4.1 to

u(z,t) = cos(t/A ’ — cos(tv/Ap)o

(see §5.2.2 for the proof of smoothness of cos(tv/Ay)¢) implies that cos(t%)qﬁ\U agrees with
cos(tv/Ay)¢ on the region Uy = {z € U : dist(z,0U) > |t|}, where A, denotes the (unique)
self-adjoint extension of —A : C°(R?) — C(R%) in L?(R). But according to (2.33) — (2.35),
cos(tv/Ao)¢ is completely known in R, so is cos(t\/Ay)¢ in the region Uy In other words, the
operator kernel of cos(t\/Ay) in Uy x U is completely known. This implies that the operator
kernel of cos(tv/Ay) at a given diagonal element (z,z) € U x U is completely determined by
that of cos(tv/Ag) whenever |t| < p(x), where p(x) denotes the distance z to the boundary of U.
This is quite an interesting property as it is independent of the choice of self-adjoint extensions.

For completeness we provide a proof of Proposition 2.4.1. Without loss of generality we can
assume that u is real-valued and zy = 0. Define

B = [ (0w Tal)dr 0<t<r)

which represents the energy of the wave in the region B(ro—t) at time ¢. Here B(r) denotes the
open ball centered at the origin in RY with radius » > 0. We also let S(r) denote the boundary
of B(r), and write o for the surface measure on S(r). Note

dE 9 9 / ou 0%u ou
Y, T Aar A0 T d
= /S(mt) ((&gu) + |V >d0+2 _ <6t o+ Vau- Vol 5 )) z.

A use of £y — A,u and application of Green’s first identity (e.g. [48, (2.5)]) allow us to write

A
the second integral in the form
ou Ju
2/ — —do,
S(To—t) 8t 81’1
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where n denotes the unit outer normal vector on the sphere. Therefore, it follows from the
Cauchy-Schwartz inequality that % < 0. But clearly E > 0, and E(0) = 0 since the Cauchy
data vanish. Hence E(t) = 0 for all 0 < t < r¢. Considering u(x,0) = 0 on B(rg), one gets
u = 0 in the backward light cone |x — x| < r¢ — t. This finishes the proof of the proposition.

Generalizations of Proposition 2.4.1 to Schrddinger operators or manifold situations can be
seen in [126, 140, 153, 154]. For example, suppose u(z,t) is C? in U x [0, o) and that

0%u

for some bounded function V on U. Suppose u(z,0) = %7;(:3,0) =0 forall x € B(xg,rg) C U.
We then still have v = 0 in the same backward light cone. To this end, it suffices to first study

E(t) = / (U2 + (0pu)* + |qu|2>dx (0<t<rp)
B(’r‘o—t)

in the same manner as above, then apply Gronwall’s lemma appropriately.

2.5 Schwartz kernel theorem

Let U ¢ R? be an open set. The Schwartz kernel theorem (e.g. [79, Thm. 5.2.1]) says that
every continuous linear map T from C°(U)3 to its dual space 2'(U)* is uniquely determined
by an element K € 2'(U x U) in the following way:

Here (-,-) denotes the dual between C°(U) and 2/(U) or C*(U x U) and 2'(U x U). One
calls K7 the integral or operator kernel of 7. If S is a bounded linear operator on L?(U), then it
follows immediately from

(S, 2w < ISI/ (0 0) 2/ (0, ¥) 220

that the restriction 7 of S onto C2°(U)° is a continuous linear map from C>(U)® to 2/ (U).
Since C°(U) is a dense subset of L?(U), we see that S is uniquely determined by T or its
integral kernel K. For simplicity we do not distinguish .S and 7", and write K¢ for K. In general,
let T be a continuous linear map from C2°(U; CV) to its dual space 2'(U; CV), or be a bounded
linear operator on L?(U;CY). For each fixed pair (i,j), 1 < i,5 < N, one can introduce a

SHere C2°(U) is endowed with the following topology structure: a sequence of functions {¢,}5, in C°(U)
is said to converge to ¢o in C°(U) if there exists a compact subset of U containing all of the supports of ¢,, as
subsets, and {¢, }52; converges to ¢ in C*(U) for all k € N.

“An element of 2’ (U) is also called a distribution on U. The topology structure on 2'(U) is endowed as follows:
a sequence of distributions {Z,, }nZ, on U is said to converge to Z, in 2'(U) if Z,.(¢) — Zo(¢) for all ¢ € C°(U).

SHere C'°(U) is only regarded as a subset of L?(U).

SHere C>°(U) is endowed with its own standard topology structure, not the one inherited from L2(U).

"This is due to the fact that L?(U) is continuously embedded in 2'(U).
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continuous linear map T;; from C2°(U) to 2'(U) by defining

<T’L]¢7¢> = <T ¢ ) %D >7

where ¢ appears at the j-th positionin | ¢ [, appears at the i-th positionin |  |. We

then have a matrix of integral kernels
Kr,, Kr,y
Krpy, - Kryy

which is called the integral or operator kernel of T. Obviously, T is uniquely determined by its
integral kernel because of linearity:

o1 P N N
(T| = |, + D= Z (Tijdj, i) = Z (KT, i @ ¢5).
N YN wi=1 ni=1

We end this section with a few remarks.

First, let U, be another open set in a possibly different Euclidean space R?. The original
Schwartz kernel theorem actually says that every continuous linear map 7' from C2°(U) to
2'(Us) is uniquely determined by an element K1 € 2'(Us x U) in the following way:

(T¢, ) = (Kr, 9 @¢) (¢ € CZ(U),¢ € CF(U2)).

Following the previous argument, one can define integral kernel for continuous linear maps from
CX(U;CN) to 2'(Uy; CN2) or bounded linear operators from L?(U; CV) to L?(Uy; CN2), where
N> is an arbitrary positive integer.

Second, we should remind the reader that the Schwartz kernel theorem is a local statement.
For example, given an operator acting on smooth sections of a vector bundle, one can induce
locally-defined operators from one coordinate system to another, and define the corresponding
integral kernels. This has been done many times in §2.2.2 and §2.2.4.

Finally, note that in various situations the integral kernels can be realized partially or globally
as continuous or smooth (scalar or matrix-valued) functions. For example, the integral kernel of
any pseudo-differential operator on U is smooth off the diagonal, and the Dirichlet heat kernel
for U is smooth on U x U for any fixed time ¢ > 0.
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Chapter 3

Spectral counting functions

Let M be a closed smooth Riemannian manifold of dimension d and metric ¢g. Let E be a
smooth complex hermitian vector bundle over M. As usual we denote by C*°(M; E) the space
of smooth sections of E, and by L?(M; E) the Hilbert space of square integrable sections
equipped with the natural inner product defined by the hermitian structure on the fibres and the
metric measure i, on M.

We first recall some basic facts about operators of Laplace type. A second order partial
differential operator P : C*°(M; E) — C*(M; E) is said to be of Laplace type if its principal
symbol op is of the form op(&) = g.(§,€)idg, for all covectors ¢ € T M. In local coordinates
this means that P is of the form

P = —g"(2)9;0; + a*(2)0, + b(x), (3.1)

where a*, b are smooth matrix-valued functions, and we have used Einstein’s sum convention.
Given a Laplace type operator P, it is known that there exist a unique connection V on E and
a unique bundle endomorphism V € C°°(M;End(FE)) such that P = AY + V. We assume
that P is self-adjoint and non-negative. Thus there exists an orthonormal basis {¢;}32, for
L%*(M; E) consisting of smooth eigensections such that P¢; = A?d)j, where \; are chosen to
be non-negative and correspond to the eigenvalues of the operator v/P.

Let A be a classical pseudo-differential operator of order m € R. The (microlocalized) spectral
counting function N4(\) of P is defined as

Na(h) = > (Agj, ¢;). (3.2)

)\j<)\
Let x € #(R) be a Schwartz function such that the Fourier transform .7 x of x is 1 near the
origin and supp(.#x) C (—46,6), where ¢ is a positive constant smaller than half the radius of
injectivity of M. It is well known (e.g. [40, 84, 85, 132, 133, 162] for various special cases) that

o

(N =) (Agj, i) x(A = X)) ~ Y (A, P)ATTHFL (X5 00),  (3.3)
j=1 k=0

where the spectral counting coefficients <7, (A, P) do not depend on the choice of x, and are lo-
cally computable in terms of the local full symbols of A and P. This can be derived from studying
the Fourier integral operator representation of Ae VP yia the stationary phase method.
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Apart from the Fourier integral operator representation method, there exist several other ways
to recover the mollified spectral counting coefficients <7, (A, P).
First, the (microlocalized) spectral zeta function ((s, A, P) is defined by

Ad:. b
s, 4P = 3 D) (Re(s) > d o m). (3.4)
A;>0 J
It is well known (e.g. [40, 162]) that (s, A, P) admits a meromorphic continuation to C whose
only singularities are simple poles at s =d+m — k (k = 0,1,2,...) with residues (A, P).
Second, the Mellin transform of

tr(Ae™) — 3" (Ag;,05) (t € (0,00))
A;=0
admits a meromorphic continuation {(2s, A, P)I'(s) to C whose singularities can be completely
determined from those of ((s, A, P) and I'(s). Here I'(s) denotes the classical Gamma function.
After establishing a suitable vertical decay estimate for ((2s, A, P)I'(s), one can deduce from
the inverse Mellin transform theorem the following widely used heat expansion (e.g. [64, 67, 68,
101, 137))

)~ 3 (BU(A PET + 6(A, P)tF log(t) + Zu(A, P)t*) (t —»07).  (3.5)
k=0

The above notation system may bring confusion to the reader as it could happen that there
are non-negative integers & such that k‘dT‘m are non-negative integers. In this case one can
simply set 8, (A, P) = 0, thus (3.5) is well-defined. The relation between the mollified counting
coefficients and some of the heat coefficients can be summarized as follows:

Case 1: If the order m of A is an integer, then

d+m—k )

o B(A,P)= F(+ -, (A, P) (d+m — k is positive or negative but odd);

o Cu(A,P)=0 (d+m+ 2k < 0);

(_1 k+1

D yimiak(A, P) (d+m+ 2k > 0).

e (A, P) =

Case 2: If the order m of A is not an integer, then for all non-negative integers k:

_ I 4y,
o Br(A, P)= 5 (A, P);

o Cgk(A, P) =0.
Thus the heat expansion (3.5) contains all information about {27, (A, P)}72,-

In exactly the same way, the following resolvent trace expansion (e.g. [65, 67, 137])

53 (2 (A, Pyt
k=0

N kdm
2

tr(A(14+tP)~ +& M (A, P)t*log(t)+2N (A, P)EF) (t — 07) (3.6)

also contains all information about {.27.(A, P)}72,, where N is any complex number such that

Re(N) > max{d + m,0}. Similar to the unambiguousness of (3.5), one can set %,QN)(A, P)=0
whenever k=d=m d ™ js a non-negative integer to guarantee (3.6) is well-defined.
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To summarize, there exist at least four different ways, such as studying

e spectral counting functions,
e spectral zeta functions,
¢ heat expansions, and

e resolvent trace expansions,

to retrieve all the information about {.#7,(A, P)}32,. For example, using parametrix constructions
in any of these methods results in the well-known leading term

1
(A, P) = 2n)d /Tl*M Tr(oa). (3.7)

In the second chapter we discussed the concepts of invariantly-defined principal and sub-
principal symbols. In theory one can use parametrix constructions in any of these methods to
express 71 (A, P) in terms of the principal and sub-principal symbols of both A and P.

The mollified spectral counting coefficients <7, (A, P) do not depend on the choice of x, and
are locally computable in terms of the local full symbols of A and P. But as we do not have
invariantly-defined concepts of “sub-sub-principal symbol”, “sub-sub-sub-principal symbol” and
so on, it is not so convenient to regard (A, P) (k > 2) from global viewpoint. In particular,
the expressions of «7.(A, P) normally involve many summands of derivatives of the local full
symbols of A and P, thus their geometric meanings are not easy to be retrieved.

In this chapter we will see that the Wodzicki residue can provide a clear interpretation of

(A, P) for all k > 0. Actually, there exist smooth functions fi(A, P) on M such that

A(AP)= [ (A P, 3.8)

for all £ > 0. In practice, one can extract microlocal information about P from fi(A, P) with A
ranging all classical pseudo-differential operators or endomorphisms of the given bundle.

In the next chapter we will specialize in Dirac type operators. Let D be a self-adjoint Dirac
type operator. There exists a discrete spectral resolution {¢;, u;}32, of D, where {¢;}32, is an
orthonormal basis for L2(M; E), and D¢; = u;¢; for each j. Obviously, ¢; will be eigensections
of P = P with eigenvalues M?- Therefore, using the notation from before \; = |;|. By setting

+ Sign(D) + IdE

==
we see that o7, (BT, P) carry microlocal information about the positive (negative) spectrum of
D. Later on we will extract this information from studying f,(FB*, P) with F ranging all smooth
endomorphisms of E.

This chapter is arranged as follows. In Sections 3.1, 3.3 and 3.4 we provide proofs of (3.3),
(3.5) and (3.6), respectively, and in Section 3.2 we determine the singularity structure of spectral
zeta functions (3.4). The author should clearly state that he does not claim any originality over
these four classical results. All of the other sections are devoted to providing explicit formulae
for a7, (A, P). This will be performed by two methods: one is Wodzicki’s residue in Section 3.5,
the other is complex powers of elliptic operators in Section 3.7. In Section 3.8 we specialize in
</ (A, P). By the way, we study a case where A is a partial differential operator in Section 3.6.

B
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3.1 FIO method

Formula (3.3) is essentially Proposition 2.1 in [40], Corollary 2.2 in [84], Theorem 2.2 in [133]
and Proposition 1.1 in [162], except the authors either consider scalar operators or assume A is
of order zero. Recall that x € .(R) is chosen so that .% x = 1 near the origin and supp(# x) C
(=4,9), where ¢ is smaller than half the radius of injectivity of M. If ¢ is sufficiently small, say
It| < 61 < &, then locally the integral kernel (Ae~*VP) (¢, z,y) of the operator Ae~*7"* is well
known to have the form

ol 1 (b

where « is a classical (matrix-valued) symbol of order m. This can be seen from (2.32) and the
rule of product between a classical pseudo-differential operator and a Fourier integral operator.
The scalar-valued phase function 6 is of the form

9(t7x>y7€) = ¢($a yaé) - th(y>€)7

where ¢ denotes the (scalar) principal symbol of /P,

U(@,y,6) = (x —y) - £+ Oz —y?[E]).
For details see (2.25) and (2.31). It is also known that tr(Ae*it\/T’) is smooth in (—0,9)\{0}, so
we introduce a cut-off function p € . (R) satisfying o(t) = 1 if |t| < %1 and supp(g) C (—d1,01).
Using integration by parts one gets

2171 /(fX)( )(o(t) +1— ot ))tr(Ae—it\/ﬁ)ei/\tdt

zﬂ / /Rd / Tr(a(t,y, y,€))e WM dydedt

+oA™) (A= ),

(xx N (A) =

where o(A\~>°) is short for o(A\~") for any positive integer h. Consider

= [, [(F0000T (.50 09Nt
R4
We here pass to polar coordinates by putting ¢ = Arw, |w| = 1, d¢ = A% ldrdw. Then
( )\) )\d+m/ / / ( (t Y, Y, w )) d+m—lei>\(t—trqo(y,w))drdt] dw.
si-1 LJR+

Here we apply the stationary phase method to the two-dimensional drdt integral. The phase
function is ®(r,t) =t — trqo(y,w), whose unique critical point close to ¢t = 0 is given by

(ro. o) = (qo(;w)o)

At this critical point the Hessian matrix ®” of the phase function satisfies det(®") = —qo(y,w)? <
0. Applying the stationary phase method (e.g. [62, Prop. 2.3], [149, p. 344]) yields a full asymp-
totic expansion for I(y, A) and proves (3.3) as a consequence. We should mention that to cor-
rectly apply the stationary phase method one needs to introduce a suitable cut-off function of
the variable r. The details of this more careful treatment can be seen in [62, p.136].
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3.2 Spectral zeta functions

3.2.1 Finite heat expansions

It is easy to show that
(T, 1) = (p* T, 1) +o(t™) (¢t = 07F), (3.9)

where T is a tempered distribution on R, p € .7 (R), ¢:(\) = p(tA), and p € ¥ (R) is chosen so
that .# p = 1 near the origin. Actually, this formula appears in equivalent forms in [40, 71, 162].
For completeness we provide a proof as follows. By definition we have

(T~ p*T.pr) = (FT.(1 - Fp) T a0).

Fixad > 0suchthat (Zp)(&) = 1for || < §. Thenforany |£| > §, N € N, and any non-negative
integer k,

dk 1 |£’ N dk P 5 tN—k-1

@(f/ pr) = (7) (di(f W))(g) TN
This implies that there exists a positive constant C' depending only on p, ¢, N and k such that
forall¢ e Rand ¢ > 0,

dk a A, ag—1 c N—k—1
dfgk[(l—«fp)«/ @t]’ﬁl_'_ﬂN't : (3.10)

The structure of tempered distributions on R implies that there exist a non-negative integer kg
and a slowly increasing continuous function hy on R such that (#7T)(¢) = %ho- So we can set
k = ko in (3.10) and let N be large enough to obtain (3.9).

As an immediate consequence of (3.9), one gets

(Ny, (BN "p(EN)) = (x * Nii, (I @(tN)) +0(t®)  (t = 0%),
where p € .¥(R), and h is an arbitrary non-negative integer. Equivalently, we have
(N, A" (X)) = (x * Nij, Ao () + o(t)  (t = 07). (3.11)

Note the left hand side of (3.11) just is tr(AP% y(tv/P)). Now we claim the right hand side of
(3.11) is of the following form

> (A P)- / AHMAR=R=1 5\ g\ - gh=d=m=h 4 o (gImI=m=1), (3.12)
k<d+m-+h 0
To this end we first decompose

0
(% Ny, Neo(tA) = / (v s N - Ap(EA) A +

—00

3 /0 (A, PYAHEL B3 4
k<d+m+h

/ N ADE ST (A PN A (E0)dA
0 k<d+m+h
2 oy (t) + az(t) + as(t).

"Here o(t>°) means o(t") for any positive integer k. Similarly, o(t~°°) means o(t~") for any positive integer h.
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Since supp(N/;) C [0, 00), it is easy to show that
Oc* Na)(A) = o(]AI7>) (A = —o0). (3.13)

To see this we let 7 be a smooth function on R such that it vanishes on (—oo, —2] and equals
one on [—1,00), and let ky be a non-negative integer and ho be a slowly increasing continuous
function on R such that N/; = fiyiiho. Then N/, = 7(y)-4- ho and, consequently,

dy ’“0
[e) ko
(s N0 = (0 [ ha(o) G (ro) (A~ )

Hence to prove (3.13) it suffices to note that there exists a positive constant Cy, depending on
7,x and large enough N € N such that, forall A < -3 < -2 < y,

do 0 Co 1
N — ‘ < < : :
o (TWXO =)< T2y < g s 2

It follows from (3.13) that o1 (t) = O(1) as t — 0". Note also

Oéz(t) = Z szk(A, P) . / )\d+m+h_k_1(p()\)dA . tk—d—m—h'
k<d+m+h 0

For simplicity we introduce

FO) = (N = Y (AP A (3> 0)
k<d+m+h

and note as(t) = [;~ f(A\)¢(tA)dA. To prove the claim we have two cases to consider.

Case 1: Suppose d + m + h > 0. Let k be the unique non-negative integer such that k <
d+m+h<k+1.LletB2d+m+h—k—1¢ (—1,0], which implies there exists a constant
C} such that for all A € (0,1), |f(A\)] < C1A8. According to (3.3), there exists another constant
Co suchthatforall A > 1, [f(\)| < CoN~t < CyA"L. Soast — 0,

1 [e'e)
las(t)] < Oy / M(tA)dA + Cs / AT o(tA)|dA
0 1

t [e¢)
C’l/ Aﬁ\w()\)\d/\-t_(ﬁ“)Jng/ A7 Hp(A)|dA
0 t

ot~ + O(|log(1)])
= o(t~ D).

Since —(8+1) =k —d—m—h = [m] —m — 1 <0, we are done in the first case.

Case 2: Suppose d + m + h < 0. Obviously, there is a constant C5 such that, for all A € (0, 1),
|f(N)| < Cs. According to (3.3), (x * N})(A) = O(A¥*™~1) as A — oco. Thus there is a constant
C, such that, forall A > 1, |f(\)] < C4A~ . Soas t — 0F,

1 [e'e)
las(t)] < Cs / P(EN)]dA + C / Y (tA)dA
0 1

= O(1) + O(|log()[)
= O(|log()])-

But note [m] —m — 1 < 0, we are also done in the second case.
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To summarize, we have shown
Proposition 3.2.1. Suppose ¢ € .7 (R). We have ast — 07 that

A (A, P) NGO
w(APb (VP = Y i 4 o(tlm=m=)

k<d+m+h

3.2.2 Mellin transforms

The Mellin transform of a continuous function f on (0, ) is the function (M f)(s) of the complex
variable s, given by
= / ftstat
0

whenever the integral is well-defined. An open strip II(81,52) = {s € C : 81 < Re(s) < B2}
is called a basic strip of M f if the integral is absolutely convergent in that strip. Given mero-
morphic functions u, v defined over an open subset II of C, we denote u < v (s € II) to mean
u — v is analytic in II. For example, assume f is a continuous function on (0, c0) satisfying
f(t) = o(t~>°) as t — oo and assume there exist real numbers wy < w; < -+ < wy such that
N-1
= apt + O(t°N) (t—0"). (3.14)
k=0
Then one may easily check that IT(—wyp, o0) is a basic strip of M f, and M f admits a meromor-
phic continuation to II(—wy, co) such that

N-1
(Mf)(s)= Y i"f (s € T(—wy, 00)). (3.15)
pr S Wk

Actually, for any s € TI(y1,v2) with —wy < 71 < 72 < oo, one has

N-1 1 N-1 00
ag w s—1 s—1
M = t) — tUR )5 dt t)t° " dt,
e = 3+ [0 - Zaegeta [T
which immediately implies (3.15) as well as an upper bound estimate:
(Mf)(s) =0(1) (s €Tl(y1,72), |s| = 00). (3.16)

Lemma 3.2.2 ([47]). Let f be a continuous function over (0,c0). Assume there exist real num-
bers 51 < B2 < B3 < 34 such that

e I1(ps, B4) is a basic strip of M f,

M f admits a meromorphic continuation to 11(3, B4) with finite poles there,
CwA j

Mf =320 o (s € (B2, Ba)),

M f is analytic on Re(s) = [32,

(M[)(s) = O(ls| ™) (s € g, g, Is| — 00).

Then
Z owj( Y 1o ) ) LO@E2) (t— 0%).
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3.2.3 Spectral zeta functions

Let h be a positive integer such that d + m + h > 1, and define

fu(t) = tr(APZe ) = 37 (Agy o\ e ™™ (1> 0).

)\j >0

Now we have two ways to study the Mellin transform of f,. First, we list the eigenvalues {);}52,
of v/P in non-decreasing order and thus by Weyl's law (e.g. [14]), lim; o0 A;?/j exists and is
positive. It is easy to see (e.g. [25, 138]) that there exists a constant C' = C(A, P) such that
|(Ad;, ¢;)| < CAT" whenever A; > 0. Consequently,

e f, is smooth over (0, 00) with fi,(t) = o(t~>°) as t — oc;
e ((-, A, P)is analytic in II(d + m, c0);
e M f, has a basic strip II(H2+" o0) in which (M f,)(s) = ((2s — h, A, P)I'(s).
Second, according to Proposition 3.2.1 f;, is easily seen to have the form (3.14):
N-1 [ (dtmih=k) R

) =>" + (APt 2 FON) (t— 0T,
k=0

where N = N, =d+h+[m|—-1>1, wy = M <0, wp = wy — N;k = kidfzm*h
(k=0,1,...,N —1). So by (3.15), M f3, initially analytically defined in II(“2+" o0), admits a
meromorphic continuation to II(—wy, co) in which

N=1 n/dt+m+h—k
N ) (A, P)
2 k )
(M fn)(s Z 5 y _ dtmith k-
=0 2

Considering in II(—wy, co) the Gamma function I' is analytic and has no zeros, it is easy to see
that ((s, A, P), initially analytically defined in II(d 4+ m, o), admits a meromorphic continuation
to II(—2wn — h, 00) in which

((s,A,P)=

(3.17)

Letting h — oo we get

Proposition 3.2.3. ((s, A, P) admits a meromorphic continuation to C whose only singularities
are simple poles at s =d+m —k (k=0,1,2,...) with residues <#.(A, P).

Remark 1. Note that, if B is a smoothing operator on sections of E, then ((s, B, P) is an entire
function on C and, consequently, <7,(A, P) = @,(A+ B, P) for all k.

Definition 3.2.4. Forany q € R, let P? : C*(M; E) — C*(M, E) be the operator defined by
the functional calculus of P if ¢ > 0 and by sending ¢ to X\ S0 <¢ ¢j)¢; ifq < 0.
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According to a classical result by Seeley [138] (see also §3.7), P? is a classical pseudo-
differential operator of order 24 for any ¢ € R.

Corollary 3.2.5. For any real number q, <7;(A, P) = <, (AP4, P) holds for all non-negative
integers k.

Proof. Note AP1Y is a classical pseudo-differential operator of order m + 2¢. Thus ((s, AP4, P)
admits a meromorphic continuation to C whose only singularities are simple poles at s = d+m+
29—k (k=0,1,2,...) with residues .«7,(AP?, P). But noting that ((s, AP, P) = ((s — 2¢, A, P),
we must have o7, (AP, P) = <7,(A, P). This finishes the proof of the corollary. O

3.3 Heat trace expansions

Define a smooth function f over (0, ) by
F) = D" Ay di)e ™ = tr(Ae™ ) = 3 (Ag),05) (> 0).
>\j>0 Aj:O
Obviously, II(max{ %™, 0}, o0) is a basic strip of A f which admits a meromorphic continuation
to C with (M f)(s) = ¢(2s, 4, P)I'(s). Recall {(-, A, P) is meromorphic on C whose only singu-
larities are simple poles at s = d+m — k (k = 0,1,2,...) with residues (A, P), while " is

meromorphickon C whose only singularities are simple poles at s = —k (kK = 0,1,2,...) with
residues (_kll) . Hence to establish (3.5) via Lemma 3.2.2 it suffices to prove
(Mf)(s)=O0(s|™*) (s € I(=n,n), |s| — o0) (3.18)

for all positive integers n. To this end we first assume s € II(—n,n) (n € N), thenleth > n + 2
be a large enough integer so that one can use (3.17) to get

- C (Mfa)(s ) Tl
(MF)(s) = (25, A, P)I'(s) = ﬁm) = (M fan)(s + h) H0 s

Thus by considering s+h € I1(2,n+h), (3.18) follows immediately from suitably applying (3.16)
to uniformly bound (M fo)(s + h) above for all s € II(—n,n) with |s| — oco. This finishes the
proof of (3.5). The precise relation between the mollified counting coefficients and some of the
heat coefficients as mentioned in the introductory part is recorded as the following proposition
whose details are omitted.

Proposition 3.3.1. /f the order m of A is an integer, then
d+m—k
o Bi(A P)= M - (A, P) (d+m — k is positive or negative but odd);
o ¢,(A,P)=0 (d+m+ 2k <0);

(_1 k+1

o (A, P) =0 ik (A, P) (d+m+ 2k > 0).

If the order m of A is not an integer, then for all non-negative integers k:
d4+m—k
o Bu(A,P)=""F) (A, P);
e ¢1(A,P)=0.
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3.4 Resolvent expansions

In this part we study the short time asymptotic expansion of the resolvent trace (f(M(t) £)
tr(A(1 + tP)~N/?), where N € C is such that Re(N) > max{d 4+ m,0}. Let M) denote the
Mellin transform of
tr(A(L+tP)"N2) = Y " (Agj, ¢5) (¢ >0).
A;=0

Re(N)
2

It is easy to verify that (™) has a non-empty basic strip II(max{%5™, 0},
MW (s) = ((2s, A, P)B(s, § — s), where we recall the Beta function

- 1 ot [ ue! ~ I(a)T(B)
B(a,ﬂ)—/o (1-1) 17 1dt—/0 (1+u)a+ﬁdu_ T(a+p)

) in which

is defined for Re(a) > 0 and Re(8) > 0. Hence M (™) admits a meromorphic continuation to

T (—o0, 2Ny jn which

NONCED

MW)(s) = ¢ (25, A, P) 2 (3.19)
I'(3)
For any real 3 in the strip II(max{%5™, 0}, RegN)) and any positive integer n, it is easy to see
that
N
sup  |T(- —s)| < max I(t) < oo.
s€ll(—n,B) 2 w_ﬁgtgw_‘rn

Consequently by (3.18),
MM (s) = O(s| %) (s € (=n, B), |s| — o0), (3.20)
which immediately implies

k—d—m

@)~ 3 (87(A, Pt + 5™ (A, P)tFlog(t) + 20N (4, P)Y) (= 0T)  (3.21)
k=0

via Lemma 3.2.2 as the singularities of ((-, A, P) and I" are known to be completely determined.

The precise relation between the mollified counting coefficients and some of the resolvent trace

coefficients is summarized in the following proposition:

Proposition 3.4.1. If the order m of A is an integer, then

I—x(d+7;7.—k) . F(N+k;d—m) .

2 r(3)

o 2N (4, P) =

(A, P) (d+m—k is positive or negative but odd);

N(A,P)=0 (d+m+ 2k < 0);

N
M4, p) =L F(Fg i )“  Dgymion(A,P) (d+m+ 2k >0).
2

If the order m of A is not an integer, then for all non-negative integers k:

_ k—d—
d+'r;L k:) . F(N+ > m)

N I(
o BN (A, P) =" )

. Mk(Av P)!
e ¢ (4,P)=0.
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3.5 Wodzicki residues

k—d—m

Proposition 3.5.1. «7.(A, P) = res(AP ).

Proof. Since AP*~%™ is of integer order k —dand d+ (k —d)+2-0 =k > 0, it follows first
from Proposition 3.3.1 then from Proposition 3.2.5 that

kE—d—m k—d—m
Y 9

—26y(AP"5 ™ P) = o, (AP ®

P) = a(A, P).

But according to (2.22) we also have

k—d—m k—d—m

—2%o(AP
Combining the above two formulae yields the desired result. O

Proposition 3.5.2. €.(A, P) = % -res(APF).

Proof. If Ais of integer order m > —d — 2k, then it follows first from Proposition 3.3.1 then from

Proposition 3.5.1 that

(_1)k+1 (_ )k+1
2 k! 2. k!

If A is not of integer order or A is of integer order m < —d — 2k, then it follows from definition

that res(AP*) = 0 and from Proposition 3.3.1 that %.(A, P) = 0. This finishes the proof. O

(A, P) = * Dirmiok(A, P) = - res(AP).

We should remark that both propositions are known results. Proposition 3.5.1 can be found
in [91, Prop. 4.2] and [137, P. 106]. Proposition 3.5.2 can be found in [53, Thm. 5.2].

(¥ +k)

L(3)

-res(APF).

Corollary 3.5.3. CK,C(N)(A,P) = (_21‘),:,“ .

Proof. If Ais of integer order m > —d — 2k, then it follows first from Proposition 3.4.1 then from
Proposition 3.5.1 that

(—1)F+ T(Y 4 k) (=) T + k)
R = Q1R

Gr(A, P) = -res(APF).
If A is not of integer order or A is of integer order m < —d — 2k, then it follows from definition
that res(AP*) = 0 and from Proposition 3.4.1 that %} (A, P) = 0. This finishes the proof. O]

Next we study the property <7 (A, P) = 0 for certain operators A € ¥(M; E). We denote by
WZ, . (M; E) the space of odd-class pseudo-differential operators and by WZ  (M; E) the space

of even-class pseudo-differential operators on sections of E, that is, A € VZ,,(M; E) if in local
coordinates its symbol > .-, om—;(A) (m € Z) satisfies

om—j(A) (@, =€) = (1) T om_j(A)(x,€) (3.22)
for all 2, ¢ and j, while A € ¥%

Om—j(A) (@, =€) = (1) op,_;(A)(x, ) (3.23)

for all z, ¢ and j. For example, any partial differential operator is odd-class while /P is even-
class. An operator A € ¥Z, (M; E)UVZ, (M;E) is said to be of regular parity class if its parity

even

class agrees with that of d. It is easy to verify that res(A) = 0 if A is of regular parity class.

(M; E) if in local coordinates
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Proposition 3.5.4. Let A € VZ, (M; E) U VZ

Sen(M; E). If the parity class of A agrees with that
of k —m, then <7;(A, P) = 0.

Proof. We define a map 7 by sending odd-class pseudo-differential operators to 0 and even-
class ones to 1. Then (see [121, Prop. 1.11]) 7(AP*=5™) = 7(A) + k — d — m (mod 2).
Thus |f the parity class of A agrees with that of &k — m, or equivalently, the parity class of

(AP “) does not agree W|th that of d, or further equivalently, the parity class of AP*
agrees W|th that of d, then AP*=5™ is of regular parity class and, consequently by Proposmon
3.5.1, (A, P) = res(AP’“*‘%”) = 0. 0

Moreover, we explain how to calculate the local full symbol of APY for an arbitrary ¢ € R.
According to the product rule (2.12) for pseudo-differential operators, it suffices to do so for P4.
In the event that ¢ is a non-negative integer, it is straightforward to apply (2.12). In the event
that ¢ is a negative integer, we apply (2.12) to P?P~7 ~ Idg to deduce the local full symbol of
P4, In the event that ¢ is a half-integer, we apply (2.12) to P4P4 ~ P27 to deduce the local full
symbol of P4 by appealing to the fact that P? is of scalar principal symbol. In the event that ¢
is of the form 57 for some I € Z and n € N, we can do a similar job for P?. Finally, we use the
property ([138]) that the local full symbol of P? at each fixed (z, &) is a continuous function of
q € R to reach the full generality.

We end this section with a remark. The heat expansion (3.5) can be written in a more rigorous
way as

)~ > (A, Pt = + > (%r(A, P)tFlog(t) + Zi(A, P)tF), (3.24)
JEA k=0

where A means the set of non- negatlve integers j such that = d ™ is not a non-negative integer.

In this notation system %‘ (A, P), €u(A, P) and DA, P) are unlquely determined. According
to Propositions 3.3.1, 3.5.1 and 3.5.2, %, (A, P) and %1(A, P) are certain Wodzicki residues.
In most situations, @k(A, P) are not Wodzicki residues but operator traces. For the simplest
example that A is smoothing operator, one can (regard A as of any real order and thus) deduce
from (3.24) that

e Py Z.@k (A, P)t

In this situation it is so natural to expect tr(A) = %(A, P). Actually, if any of the following three
cases happens, then Z,(A, P) just is the Kontsevich-Vishik trace of A which is independent of
the choice of P (e.g. [66, 91, 104]):

o m < —d;
e m is not an integer;

e Ais of regular parity class.

Since the Kontsevich-Vishik trace agrees with the standard L?-operator trace on trace class
operators, the previous expectation is confirmed. Furthermore, if A = Q is a partial differential
operator and if d is even, then one can express éo(A, P) as the Wodzicki residue of a certain
pseudo-differential operator with log-polyhomogeneous symbol (see [111, 117, 136] for details).
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3.6 Heat kernel expansions

Let Q : C°(M;E) — C*°(M; FE) be a partial differential operator of order m. It is well known
(e.g. [46, 56, 138]) that Qe~'* is a smoothing operator with smooth kernel K (t,z,y, Q, P) in the
sense of

Q¢ o)(w) = [ K(t2.5.Q PYot)di(o), (3.25)
M

where K (t,z,y,Q, P) maps E, to E,, and the diagonal values of K" admit a uniform small-time
asymptotic expansion

k—d

K(t,x,x,Q,P)wit T A(Q,P)(x) (t—07), (3.26)
k=0

where J4.(Q, P) € C*°(M;End(F)) vanishes if k + m is odd. How to express .7, (Idg, P), say

for example k£ < 10, is a well-studied topic in the theory of heat trace expansions [57, 58]. In

the following we explain how to extract 77 (Q, P) from the viewpoint of Wodzicki’s residue. To

the best of the author's knowledge, it seems that no explicit formula for %, (D, D?) with k odd

is stated in the literature. Here D is a self-adjoint Dirac type operator on smooth sections of E.
It follows from (3.26) that

tr(Qe™P) ~ Y 1T / Trp(H4(Q, P))dpy (t — 07),
k=0 M

which comparing with (3.5) and appealing to Propositions 3.3.1, 3.5.1 yields
(d+mfk)

2

k—d—m

‘res(QP 2 )

/ Trp(H4(Q, P))dpug =
M

for any k such that ’HIT*’”“ is not a non-negative integer. Let F' denote a smooth endomorphism
of E. Obviously, #.(FQ, P) = F.74.(Q, P) for any k£ > 0. So we can get

(+3=5)

2

for any k such that HT"” is not a non-negative integer. Note

1
Vdz = <W /|£ . Tr(o_g(FQP

:(Tr[F<(271T)d /|£ ‘:1a,d(QP : )(x,g)dS(g))Dda;. (3.28)

Comparing (3.27) with (3.28) yields the following

k—d—m

/M Trp(FIA(Q, P))dug = res(FQP52) (3.:27)

k—d—m k—d—m

resy (FQP )(z, §))d5(§))d:c

Theorem 3.6.1. Fix a local coordinate system around xo € M such that the tangent vectors
at xo form an orthonormal basis for (T, M, g, ). Suppose k‘df‘m is not a non-negative integer.

Then
H(Q, P) () = G P ds
K@ PYa) = g [ ol QP yase)
As an immediate consequence, all of the endomorphisms {7,(Q, P)};2, can be determined
by the above method if the dimension of M is odd. The reason is that if £=4=" is a non-negative

integer, then k£ 4+ m is odd and thus 77.(Q, P) = 0.
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3.7 Seeley’s method

Let k£ > 0 be a fixed integer. By Corollary 3.2.5, .27, (A, P) = <,(AP?, P) for any positive integer
g. Thus to study 7, (A, P) one can assume the order m of A is bigger than k — d, otherwise we
study <7, (AP, P) for some large enough integer ¢. Actually, as ¢ is a non-negative integer, the
local full symbol of AP? is easily to be determined by those of A and P. So from now on we
assume m > k —d or equivalently & < d+ m. Our analysis below will be purely formal since the
questions of convergence have already been dealt with by Seeley in [138].

Let P, denote the orthogonal projection onto the finite-dimensional null space of the non-
negative self-adjoint Laplacian P. Note the meromorphic continuation of

tr(A(P + Py) ") (Re(s) > d+m >k > 0)

to C denoted by Z(s) differs from the spectral zeta function ((s, A, P) only by a constant-valued
function. Thus Z(s) also has a simple pole at s = d+m —k with the same residue <7, (A, P). For
simplicity we denote P + P, by P, which is a positive self-adjoint classical pseudo-differential
operator of second order.

Let 0o = o(R) be the contour in the complex plane obtained by joining two lines parallel to the
negative real axis by a counter-clockwise half circle around the origin whose radius R is less
than the least eigenvalue of P. It is well known [139] that

1

P = —
211

AP = XN)"tdh (Re(s) > 0). (3.29)
o
Seeley ([138]) showed that P~* (Re(s) > 0) are classical pseudo-differential operators of order
—2s whose full symbols can be determined as follows:
Forany zq € M, let 2z = (z!,...,2%) be a system of local coordinates centered at x, and let

e = (e1,...,e-) be alocal frame for E near z,. Using this local system, the full symbol of P is
easily seen to be asymptotically equivalent to
op" (2,6 ~ g7 (2)&:€; + ia" (2)&k + b(x) (3-30)

= po(x,€) + pi(x, &) + pa(, £),

where we remind that P actually denotes P + P, with the original P locally being of the form
(3.1). Seeley’s idea is to first regard (P — \)~! as a A-dependent pseudo-differential operator
with its full symbol being asymptotically equivalent to some > ", b,(z,&; ), then study (3.29)
via >, by, to approximate the full symbols of P—*. Following this plan, one can first recursively
define for |£] > 1 and A € p(R) with R being sufficiently small that

bo(z,&A) = (97 (2)&&5 — A) 71, (3.31)
9%b;)(D%p,
i+j7:i-<\g|=n

then introduce a sequence of pseudo-differential operators with corresponding full symbols

en(2,€:5) = 1,/)\‘Sbn(x,§;)\)d)\ (n>0) (3.33)

21 o
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of homogeneous degrees —2s — n. Actually, for all [£| > 1 and ¢ > 1, one can deduce from the
simple fact b, (z, t&; t27) = t=2""b,(z,&;7) (T € Q(t%)) that

T

enlit6:5) = 5 [ Al 0
o
= L @) ba g 2

211 Jo( &)
= t_QS_nen(:Ea 5; S)»
where we recall g( ) denotes the ——contraction of o. It was shown in [138] by Seeley that P~*
(Re(s) > 0) are classical pseudo- dlfferential operators of order —2s whose full symbols are
asymptotically equivalentto >~ ° e, (z,&; s).
Recall that A is a classical pseudo-differential operator or order m > k — d. Thus AP~5/2

(Re(s) > 0) are classical pseudo-differential operators of order m — s whose full symbols are
asymptotically equivalent to

ZZZ (z,€) - (Dyen)(z 5, = T,(x,&5) (3.34)
q=0

where the full symbol of A is asymptotically equivalent to a sum of homogeneous symbols a(”

(j=0,1,2,...) of degrees m — j, and
S
Lz, &s) & ) o (0 o) (@, - (Dgen)(@,&5)
lal+j+n=q

are homogeneous symbols of degrees m — s — ¢. For each non-negative integer ¢, the mero-

morphic continuation of
1
G L, (e & 9)de

to the right half plane I1(0, o) differs from the following meromorphic function

! / Tr(L, (2, w; 5))d ! (3.35)
— r ; . .
@m)? Jy O A m =)

by an analytic function. On the other hand, if Re(s) > d 4+ m, then AP—5/2 is trace class whose
trace satisfies

2(5) = | Trm. (K (a,259)dny ) (Re(s) > d-+m), (3.36)
M
where we denote by K (z,y; s) the continuous Schwartz kernel of AP~/ that is,
(AP~5/24)( / K(z,y; s)u(y)dpg(y),

where K (z,y; s) maps E, to E,. Thus to study the meromorphic continuation of Z(s), it suffices
to study that of Trg, (K (x,z;s)) at each fixed x € M. By considering (3.34), (3.35) as well as
the metric measure p, in (3.36), it is easy to modify the argument in [138] to determine 7, (A, P)
(k < d+ m) as follows (the details of the proof are left to the interested reader):
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Proposition 3.7.1. Suppose k < d + m. Then
AAP) = [ A4, P)x)dio)
M

where in a local coordinate system (z',...,xz%) centered at any prescribed o € M with
det(gi(z0)) = 1,

Ty) = L (820D (0, w) (D%, ) (20, w:
AL = |a+§nk (2m)dal /sd1T (O 7) (w0, w)(Dzen) (o,

d4+m—k

=),

Finally, we collect a few formulae for e, (x, ; s) for later use. Suppose Re(s) > 0, || > 1, and
X € o(R) with R being sufficiently small. Denote ||¢|| = (¢ (z)&:&;)/? for simplicity. First, it is
easy to verify that (we repeat by here for completeness)

bo(x,&,0) = ([I€)* = A7, (3.37)
—ia*(2)&, | 29" () (Dug”) ()65
bi(z, &) = + Z Tk 2 3.38
16N = e a2 (EEERE (939
By considering Re(s) > 0, it is easy to use Cauchy’s integral theorem to show
@ 6i9) = 5 [ A a NI (02 0), (3.39)
2mi g(-%é)

where o(z, &) denotes any clockwise circle centered at ||£]|? in the right half plane T1(0, co).
Substituting (3.37) and (3.38) respectively into (3.39) yields for || > 1 that

eo(x, &) =[&]17%, (3.40)
er(z, & 8) =(—ia"(x)&) - s - €727+ (3.41)
(9" (2)&n(Dag™) ()€i&5) - s(s + 1) - [J€]| 72
If we assume the local coordinate system centered at a fixed point xg € M is a Riemannian

normal one, then the above formulae at xy can be greatly simplified. For example, for |{] > 1
one easily has

eo(0,&;8) = [€]7%, (3.42)
(Dz;e0)(w0,&:8) =0 (j=1,2,....d), (3.43)
e1(wo, & 8) = (—ia"(2)&y) - s - [¢]7>72. (3.44)
As an application, it follows from (3.42) and Proposition 3.7.1 that if m > —d then
1
= —— T 4
HAP)= g [ T (3.45)

where we recall that 77" M denotes the unit cotangent bundle of M, o4 denotes the principal
symbol of A. By considering the fact <% (A, P) = <4 (AP1?, P) for any non-negative integer ¢,
one can drop the assumption m > —d in (3.45) to get (3.7).

There exist other methods to determine the coefficients <7, (A, P) except Propositions 3.5.1
and 3.7.1. For example, one can follow the analysis in §3.1 more carefully (see also [40]) or
adapt the heat trace argument in [54] to do so.
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3.8 Leading coefficients

In this section, we provide a formula for <7 (A, P) in terms of the principal and sub-principal
symbols of both A and P. This brings a clear geometric interpretation of <7 (A, P), and could
help characterize a certain class of operators for which the second coefficient vanishes. A key
ingredient (e.g. [45, 144]) is that, if f is @ smooth homogeneous function of degree 1 — d on
R4\ {0}, then [, 2L.dS(¢) = 0 for each k. For example, if T : C®°(M; E) — C®(M;E) is a

|€1=1 O&
classical pseudo-differential operator of order 1 — d, then it is easy to see that

/E|_1TT(U(T1)(I7§))CZS(§) = /ﬂ_lTr(Sub(T)(g;,g))ds(g)'
Consequently, the global density res, (7")dx is of the form

( (271r)d /|s:1 Tr(Sub(T)(x,ﬁ))dS(g))dx,

which is independent of the choice of local coordinates of M and local frames for E. Thus if T
is a classical pseudo-differential operator of order 1 — d, then

1
res(T) = 2 /TI*M Tr(Sub(T)), (3.46)

which is simply short for

/M ((271T)d /Ifl Tf(Sub<T)(w,£))d5(g))dx.

Lemma 3.8.1. Let Ty, T, be classical pseudo-differential operators on smooth sections of E
such that the sum of the order of Ty and T is 1 — d. Then
1

res(I1Ty) = @i /T *MTr(Sub(Tl) o)+ o) - Sub(Ty)).

Proof. Since res(T11T5) = res(T5T1), it thus follows from (3.46) that

1 Sub(Tng) + Sub(Tng)
) = —— T
res(Th1») @) /TI*M r( 5 ),
which proves the lemma from (2.19) as Tr({ag), J(Tg)} + {ag), a(T?)}) = 0. We are done. O

According to Proposition 3.5.1 and Lemma 3.8.1, one gets

1 1—d—m
(A, P) = W/T*MTr(Sub(A) .afi_dz_m +o' . sub(PT ™). (3.47)
1

According to (2.20), we have
Sub(P7) = ¢ - (¢\V)7! . Sub(P) (3.48)
for any ¢ € R. Therefore, by combining (3.47) — (3.48) and by considering agil} = (aﬁf))q, we get

Theorem 3.8.2.

1

SHAP) = o /T*MTr(Sub(A) plomdmm

: 0'1(40) - Sub(P)).
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Chapter 4

Dirac type operators

We follow all of the assumptions and notations about M (closed smooth Riemannian mani-
fold of dimension d and metric g), E (hermitian vector bundle over M), A (classical pseudo-
differential operator of order m), P (self-adjoint non-negative Laplacian with spectral resolution
{gbj,)\?};?‘;l), x (Zx is of sufficiently small support and equals one near the origin), and Q
(partial differential operator of order m) used in the previous chapter.

In this chapter we will focus on P = D?, where D is a self-adjoint Dirac type operator acting
on smooth sections of £. There exists a discrete spectral resolution {¢;, 11;}52, of D, where
{¢;}52, is an orthonormal basis for L*(M;E), and D¢; = uj¢; for each j. Obwously, ¢; will
be eigensections of P = D? with eigenvalues /@. Therefore, using the notation from before
Aj = |u4|. The microlocalized spectral counting function N4 () of D is defined as

ZOSuj<u<A¢j, ¢;) if p >0,
Zuﬁuj<o<A¢j, qu) if u <0.

Thus, N4(u) is a piecewise constant function on R such that

= (Adj, 6;)0,,,
7=1

Na(p) = {

where J,,; denotes the delta function on R centered at 4.;. Similar to (3.3) in the previous chapter,
one can show that

Ocx N () =D (A, ddx(p — 1) ~ > (A, D)p™ ™1 (1 — o0). (4.1)
7j=1 k=0

The corresponding expansion for © — —oo can be easily obtained by replacing D with —D:

(o * Ny (e Zﬂfk (A, =D)|p| ™+ (14— —o0). (4.2)
k=0
Therefore, the function x * N/, contains all information about {27, (A, £D)}°,,.

Recall that D can always be written as D = vV + ¢, where (E,~, V) is some Dirac bundle
with its Clifford module structure ~ uniquely determined by the principal symbol of D, ) is the
potential of D associated with the Dirac bundle (E,~, V). In case ¢» = 0 then P is called the
generalized Dirac operator associated with the Dirac bundle (E,~, V).

50



CHAPTER 4. DIRAC TYPE OPERATORS  4.1. SPECTRAL COUNTING COEFFICIENTS

The first purpose of this chapter is to explicitly determine <7,(A, D). In particular, for any
bundle endomorphism F' of E, we can express 7 (F, D) in terms of geometric quantities such
as g,7,V,vy, F. To compare, Sandoval [133] obtained an explicit expression of <7 (Idg, D),
while Branson and Gilkey [22] can also do so for <4 (F, D) whenever F' is of the form fIdg,
where f is a smooth function on M. In the case of more general first order systems with F' = Idg
a formula was also recently obtained by Chervova, Downes and Vassiliev [30].

The second purpose of this chapter is to show that 7 (D, D?) = 0 (see §3.6) if and only
if D is a generalized Dirac operator. Here D can mean any Dirac type operator on smooth
sections of E without the self-adjointness assumption. In the case of dimension three and rank
two, a spectral theoretic characterization of the so-called massless Dirac operator was recently
obtained by Chervova, Downes and Vassiliev [31].

4.1 Spectral counting coefficients

We first give a proof of (4.1). To this end we introduce a classical pseudo-differential operator

B of order m by defining

Sign(D) + Idg

—

Since supp(N/y — Nj) C (—o0,0], we get (see also the proof of (3.13))

(X * Na) (1) = (x * Np)(p) = o(u™>) (1 — ).
By appealing to (3.3) with 4, P, \, \; replaced respectively by B, D?, 1, |u1;|, we obtain as 1 — oo
that

B=A

(x* Np) () = > (Béj, éi)x (1 — 1j)

J=1

= (B, ;) x (1 — |usl)
j=1

~ Y (B, DY)t
k=0
which proves (4.1) as well as

(A, D) = e (AVEND) T M,

D?) (4.3)
for all non-negative integers k.
Theorem 4.1.1. (A, D) = res(A\D\T"‘D|D‘k—d—m—1)‘

k—d—m-—1

Here |D|*—4=m=1is understood as P~ =  with P = D? (see Defn. 3.2.4). To give a proof
of Theorem 4.1.1, it suffices to deduce from (4.3) and Proposition 3.5.1 that
Sign(D) + Idg D +|D|
2 2
As an immediate consequence, we get

Corollary 4.1.2. (A, —D) = res(A2LE| pjh—d=m-1),

.,Q/k(A7 D) = res(A ‘D|kid7m) = res(A ’D‘k*d*mfl)_
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CHAPTER 4. DIRAC TYPE OPERATORS  4.1. SPECTRAL COUNTING COEFFICIENTS

Suppose D is of the form 4V + ¢ for some Dirac bundle (E,~, V). Define z,z) = v(e;)y(e;),
where {e;}2_, is an arbitrary local orthonormal frame in 7* M. Obviously, ¢ € C=(M;End(E))
is independent of the choice of local orthonormal frames.

Theorem 4.1.3. Let D be a self-adjoint Dirac type operator of potential i) associated with the
Dirac bundle (E,~,V) and let F' be a smooth bundle endomorphism of E. Then

1 Y- (d-2)
(F,D)=——— [ Tv(F. Z—— 7). 4.4
WD) = i (9 /M r( 2 ) (4.4)
Proof. It follows from Theorem 3.8.2 that .o/ (F, D?) = 0. So according to (4.3) and Corollary
3.25,weget # (F,D) = M By Proposition 3.5.1, we also have
o, (FD, D?) = res(FD|D|™%) = res(F|D|?D) = res(DF|D|~%) = & (DF, D?).

Consequently,
< (FD,D*) + o (DF, D?)

4 b

(F, D) =

and by Theorem 3.8.2 we get
1 Sub(D) d oW - Sub(D?) + Sub(D?) - o)
WRD)—W/TI*M“(F'[ > 2 1 =) @)
In local coordinates around a fixed point zo € M, we assume V. = 9;+b;, where b; are smooth
matrix-valued functions. Then ag)(xo,g) i (z0)&;, ag)(xo,g) = v (z0)b;(z0) + (x0). The
compatibility condition (2.2) implies Y N [k, bj]—T% ~", where T'" are the standard Christof-
fel symbols. We further assume the Iocal coordinate system is a Riemannian normal one cen-

tered at (. This implies (W )(z0) = [v*(20), bj(z0)], and, consequently, by the definition of the
sub-principal symbol of D we get

k Jb. ~J
Sub(D) (0,€) = 77 (z0)by (0) + t(z0) - 1(%)(:@):(%%)(%).

Similarly, one can show that o) (zo, €) = [¢]2, ') (w0, &) = i(7y*1) + ¥7* — 2by.) (20)éx, and
Sub(D?)(x0,&) = i(y*¥ + 7" — 2b) (w0)&-
Consequently,
(o) - Sub(D?))(wo,€) = — (Y74 + A90py™ — 297y (w0)€ 6,
(Sub(D?) - o)) (w0, €) = —(v*¥7? + vy — 2647 (w08
Based on the relevant formulae obtained previously, we can get

/I«S—l Tr(F - Sub(D))(zo,£)dS (&) = (Fw T Fi) (o) - VoIS 1),

F F Jb.
/ Tr(F - o\ - Sub(D?)) (w0, £)dS(€) = (Fw—% Zlbf)(xo)-vol(gd—l),
1€1=1
~J
[T Sub(D?) ol o, )aS(€) = Te(F - F6 4 oB00%) oy vt
€1=1
Theorem 4.1.3 follows from these formulae as well as from the fact Vol(S%~!) = ﬁ{d—d//;). O
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CHAPTER 4. DIRAC TYPE OPERATORS  4.1. SPECTRAL COUNTING COEFFICIENTS

Recall that (see §3.6) De~tP? is a smoothing operator with smooth kernel K (¢, z,y, D, D?) in
the sense of

(De P g) () = / Kt 2,9, Q, P)o(w)dug(y), (4.6)
M

where K (t,z,y, D, D*) maps E, to E,, and the diagonal values of K admit a uniform small-time
asymptotic expansion

K(t,z,x,D,D?) ~ Z

(D, D*)(x) (t—07), (4.7)

where 74, (D, D?) € C*(M;End(E)) vanishes if k is even.

Corollary 4.1.4. Let D be a self-adjoint Dirac type operator of potential ) associated with the

Dirac bundle (E,, V). Then #(D, D) = -k G )

Proof. The proof of Theorem 4.1.3 also gives that

M/ TH(F - (4~ (d-2)0)). (4.8)

On the other hand, it is easy to see that

(FD,D?) =

%#,(FD,D?) = / r(FJ4(D, D?)).

d
According to Proposition 3.3.1, we get %, (F D, D?) = (2) - o1 (FD, D?). Consequently,

1 12 (d—2)¢
2 AR
/MTr(F,%”l(D D?%) = (47T)d/2/ Tr(F 5 )
which proves the corollary as F' can be any smooth endomorphism of E. We are done. O

The asymmetry of the spectrum about the origin can be examined by studying (see also

[133])
Ay(Idg, D) — o#(1dg, —D)

wi(D) = 5 (4.9)
for all non-negative integers k. It follows from Theorem 4.1.1 and Corollary 4.1.2 that
wi(D) = res(D|D[F~471). (4.10)
On the other hand, it follows from (4.3) that wy (D) = «.(D|D|~t, D?), which yields
wi(D) = (D, D?) (4.11)
from Corollary 3.2.5. By definition we have
wo(D) = (271T>d /TYMTr(aDwdl) _ (zjr)d /TfMTr(aD) o, (4.12)

which implies that the positive and negative parts of the spectrum are symmetric with respect
to the origin. According to (4.8) and (4.11), we have

1 ~
wi (D) = T /M Te (9 — (d — 2)1b). (4.13)

In particular, if D is a generalized Dirac operator, then w; (D) = 0 (see also [22]).
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CHAPTER 4. DIRAC TYPE OPERATORS 4.2. SECOND COEFFICIENT

Similar to the (microlocalized) spectral zeta function (3.4), we introduce the (microlocalized)
spectral eta function (e.g. [22, 59]) by defining

(Adj, d5)

n(s, A, D) =) =55 Sign(yy)  (Re(s) > d +m). (4.14)
, |15
p; 70
But it is easy to see that
n(s, A, D) = ((s, A - Sign(D), D?). (4.15)

So according to Propositions 3.2.3, 3.5.1, we get

Proposition 4.1.5. 7(s, A, D) admits a meromorphic continuation to C whose only singularities
are simple poles at s = d+m — k (k = 0,1,2,...) with residues res(AD|Dk—d=m=1),

In the event that A is the identity operator, we see from (4.10) that n(s, D) = n(s,1d, D) admits
a meromorphic continuation to C whose only singularities are simple poles at s = d — &k (k =
0,1,2,...) with residues wi (D) = res(D|D|*~4=1). This means in particular that the spectral eta
function carries all information of the asymmetry of the spectrum about the origin. For example,
we know that D is odd-class, |D| is even-class and, consequently (see also [121, Prop. 1.11]),
both |D|~! and D|D|~! are even-class. Thus res(D|D|~!) = 0 if d is even. Equivalently, the
spectral eta function (4.14) is regular at the origin if the dimension of M is even. We remark
that this is a known result by P. Gilkey [55].

4.2 Second coefficient

It is well known that (4.6) and (4.7) hold for an arbitrary Dirac type operator D = 7% + 1 acting
on smooth sections of E without any self-adjointness assumption. In the event that D is indeed
self-adjoint we have shown in Corollary 4.1.4 that 4 (D, D*) = ;a7 $=(d=2)¢ The purpose
of this section is to show this formula still holds in general.

Theorem 4.2.1. Let D be a Dirac type operator of potential i) associated with the Dirac bundle

(E7 s v) Then %(Da D2) = (47551/2 ’ 772)7(6l272)w .
We first explain how to prove this theorem. Let ¢ > 0 be a parameter and let F' be a smooth
endomorphism of E. Consider the Dirac type operator D, of potential ¢ = 1 — ¢F' associated

with the Dirac bundle (E,~, V). The Bochner-Weitzenbdck technique permits us to find a unique
connection V. on E and a unique V, € C*°(M;End(F)) such that

(D —eF)?2 = AVe + V..

But it is known (e.g. [22, Lemma 2.1], [57, Thm. 3.3.1]) that

oy —L 4 .
/M TEAD, D) = 5 g /MT (V2. (4.16)

As we have done a few times in this thesis, we will recover 4 (D, D?) by studying the right-
hand side of (4.16) with F' ranging all smooth endomorphisms of E. To compare, Branson and
Gilkey [22] only considered scalar variations as they thought “otherwise the formulas become
more complicated”.
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CHAPTER 4. DIRAC TYPE OPERATORS 4.3. CHARACTERIZATION

Proof of Theorem 4.2.1. Let L. : TM — End(E) denote the map defined by

Y(X)ve + vy (X)

LG(X) = 9

According to Proposition 2.1.1 we have locally that (see (2.4) in §2.1.5 for the meaning of V)

Ve = g7V RS + 5, Ve + (L) (L) + 42

2
Thus p | |
2| (Vo) = Te((Lop) (L) + (Ly) (L-rp)i) = 2Te(FY),
which gives
% (Vo) = Te(F((d— 2)¢ — ¥)

from the facts ~viy; = —d and 1 = ~viyy; = viibyt. Now (4.16) reads

L e L
/MTr(Fffl(DD)) e /MT(F )

which suffices to prove the theorem as F' can be any smooth endomorphism of E. O

4.3 Characterization

Theorem 4.3.1. Let D be a Dirac type operator. Then 24 (D,D?) = 0 if and only if D is a
generalized Dirac operator.

We first explain how to prove this theorem. Let D be a Dirac type operator of potential
associated with the Dirac bundle (E,~, V). According to Theorem 4.2.1 %(D D?) =0ifand
only if 1) = (d — 2)1. Thus to prove Theorem 4.3.1 it suffices to show that, if o = (d —2)y, then
there exists a connection V on E compatible with  such that D = ~V. Note any connection on
E is of the form V; = V + L, where

L:C>®(M;TM)— C>*(M;End(E))

is a C*°(M)-linear map. It is easy to check that V;, is compatible with ~ if and only if L(X)
commutes with (YY) for all X, Y € C>°(M;TM). Suppose we do have such a map L satisfying
D =~V . Letting {e;}¢_, be alocal orthonormal frame in TM, we have D = vV +v(ex,) L(ey,),
which means ¢ = y(ex)L(er). Consequently, for any fixed i € {1,...,d},

V(e Y + Py(ei) v(ei)y(ex) +v(ex)v(er)

5 = L(ek) 5 = _L(ei)'

This implies that globally L is uniquely of the following form

L(X):_W(X)ﬂ);i/w(X) (4.17)

forany X € C°°(M;TM). Thus to prove Theorem 4.3.1, assuming O = (d — 2)v and defining
V =V + L with L given by (4.17), we need only to show that
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CHAPTER 4. DIRAC TYPE OPERATORS 4.3. CHARACTERIZATION

e 1) D= ’yﬁ;
e 2) V is compatible with .

The first property can be verified in the following way. Let {e,}¢_, be a local orthonormal frame
in T M, then

Yen)Llew) = —(ep WA _d0 ¥,

which gives
D =~V +1 =7V +v(ex)L(ex) = ¥V.

To prove the second property we need to show that L(X) commutes with v(Y) for all X, Y €
C>°(M;TM). But considering L and ~ are C*° (M )-linear maps, it suffices to prove that L, (X,)
commutes with ~,(Y,) for all X,,,Y, € T, M at each x € M. This is guaranteed by the next
proposition and a proof of Theorem 4.3.1 is obtained.

Proposmon 4.3.2. Let (W,v) be a complex C1(R%)-module. Let 1y € End(W) be such that
)= (d—2)y,and let L : Rd — End(W) be the linear map defined by

B = W) gy

Then L(X) commutes with (Y for all X,Y € R,

Ahead of giving the details of the proof of Proposition 4.3.2, we collect some basic facts
about the Clifford modules (e.g. [49, 52, 94, 135]). Let C1(R%) be the complex Clifford algebra
generated by (R?, (-, -)) subject to the commutation relation

XY +Y*X = -2(X,Y),

where X,Y € R?, (-,-) denotes the standard Euclidean metric on R%, and = denotes the Clifford
algebra operation. Any complex C1(R¢)-module W with structure ~ (unital algebra morphism
from CI(R?) to End(W)) studied in this thesis is always assumed to be of dimension in N. A
complex CI(R%)-module (W, ) is said to be irreducible if for any decomposition W = W, @ W,
into subspaces invariant under v one has Wy, = W or Wy = W. It is known that a complex
CI(R?)-module is irreducible if and only if it is of complex dimension 2l2 Two complex CI(R%)-
modules (W1,v) and (W,,7) are said to be equivalent if there exists an invertible element
x € Hom(W7, Ws) such that 5 = x*v, where x* is defined by sending o € End(W;) to kor~! €
End(W53). Up to isomorphism there are exactly (7 inequivalent irreducible complex C1(R%)-

modules. It is also known that any complex Cl(]Rd) module is a sum of irreducible ones.

Let (W, ) be a complex Cl(R%)-module and define

d
)= yler)yler)
k=1

for any ¢ € End(W), where {e;}{_, is an arbitrary orthonormal basis for (R?, (-, -)). Let

Endg (W) := SpanC{’y(eil)’y(eiQ) ceyle) 11 <ip <dp <o <ig < d}7
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CHAPTER 4. DIRAC TYPE OPERATORS 4.3. CHARACTERIZATION

for & > 0 and let Endy(7W) be the complex span of the identity map. A simple computation’
using the Clifford algebra relations shows that Endy (1) is an eigenspace for the map ¢ — n
with eigenvalue (—1)*(2k — d). It is clear that Clifford multiplication by the volume element
©4 = v(e1)y(e2) - - v(eq) defines the linear map ¢ — O4 * ¢» from Endy (W) to Endg_x(W). If
the module is irreducible the subspaces End; (W) generate End (V) and therefore this gives a
decomposition into eigenspaces. Hence, in the irreducible case we have

d
End(W) = @) End,(W) if d is even, (4.18)
k=0
%
End(W) = @5 End,(W) if dis odd. (4.19)
k=0

In the latter case we have used End,; (W) = Endg(W). This can be seen directly because
Clifford multiplication by the volume element commutes with the Clifford action, and therefore,
by Schur’s lemma, the volume element ©, must be a multiple of the identity. As an immediate
consequence of this discussion we get the following proposition.

Proposition 4.3.3. If (W,~) is irreducible, then the d — 2 eigenspace of the map ) — zZ equals
End; (W) = Spancy(R?). If furthermore d is odd, then 2 — d is not an eigenvalue of the map

Y= .
Proof of Proposition 4.3.2. Let (W, ~) denote an arbitrary (finite-dimensional) complex Cl(R%)-
module and let (W, ~(?)) be an irreducible complex C1(R?)-module. It is easy to see that up to
isomorphism (1Wy,7(?)) can represent all irreducible complex Cl(R%)-modules if d is even, and
so for (Wy, 7)) if d is odd. We then have two cases to consider.

Case 1: Suppose d is even. In this case there exists a (finite-dimensional) complex vector
space V such that (7, v) is equivalent to (W, ® V,7¥), where the Clifford structure 5 on Wp @ V'
is applied only to the first tensor factor W,. To be precise,

FY) =+9(Y) ® Idy

for any Y € R<. Without loss of generality we can assume that (W,~) = (Wy ® V,7), since
the general cases can be dealt with simply by studying isomorphism between Clifford modules.
Then as an application of Proposition 4.3.3, we claim that the d — 2 eigenspace of the map
¥+ 1 equals v (R?) @ End(V). To prove this claim, it suffices to first fix a linear basis {K;}
for End(V), then express ¢ with P = (d — 2)v uniquely as 1/11(0) ® K; where wg(’) € End(Wy),
note

—_

v @ Ki= D= (d—2)p = [d— 29 ¢ Ki,

and finally apply Proposition 4.3.3 appropriately. This claim immediately implies that
L(RY) = {Idw, } ® End(V),

which obviously commutes with (R%) = v(O(R%) ® {Idy }.

"It suffices to study ~(e1)y(e2) - - - y(ex) € Endi(W).
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Case 2: Suppose d is odd. In this case there exist (finite-dimensional) complex vector spaces
V1, Va such that (W, ) is equivalent to ((WWy @ V1) & (Wy @ V2),7), where the Clifford structure
vyon (Wy® Vi) @ (Wy @ Va) applied only to W is defined by

F(V) = (vO) @ Idy,) P (—+OY) ® Idy,)

for any Y e R<. Similar to the discussion in the previous case, we assume without loss of
generality that (W, v) = (Wo ® V1) & (Wo ® V), 7). Then as an application of Proposition 4.3.3,
we claim that the d — 2 eigenspace of the map v — 1 equals (v(?)(R?) @ End (V1)) ® (v (R?) @
End(V2)). To prove this claim, we first choose a linear basis {Kf‘ﬁ} for each Hom(V,, V), then
express ¢ with ¢ = (d — 2)¢ uniquely as

(wi(ll) ®K@(11)) @ (wJ(QQ) ®KJ(22)) + (1/11(12) ® KZ(12)) @ (wj(Ql) ®KJ(-21)),

where ¢§“5) € End(W)). Here to be clear, W = (W ® V1) & (Wy ® Va) is naturally identified
with (W ® V) & (Wy ® V1) by interchanging the positions, thus any element in W mapped via
the second summand is indeed contained in WW. Following this convention, it is straightforward
to check that

— — —

QZ: (1/)2(11) ® Kz(ll)) @ (¢j(22) ®KJ(22)) + ( . ¢Z(12) ®Kz(12)) @ ( . ¢§21) ® KJ(QI))
Thus the claim is an immediate consequence of Proposition 4.3.3. This claim implies that
LR?) = ({Idw, } ® End(V1)) P ({Idw, } ® End(V2)),

which commutes with (Y for any Y € R9. This finishes the proof of Proposition 4.3.2. O
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Chapter 5

Heat kernel estimates

In the previous two chapters we studied various spectral invariants for Laplace and Dirac type
operators acting on smooth sections of vector bundles over closed Riemannian manifolds. In
the following two chapters we will study vector-valued and scalar-valued Laplace operators
on bounded Euclidean domains. Given that in the new background many relevant quantita-
tive estimates are available, we will establish various uniform bounds rather than well-studied
asymptotic limits in the previous setting of closed manifolds. Contrary to closed eigenvalue
problems, there are plenty of non-negative self-adjoint extensions of the standard Laplace op-
erator on bounded Euclidean domains. An important feature of Chapter 5 is to provide a unified
approach to the heat kernel of these operators regardless of the choice of self-adjoint exten-
sions. The reader may feel later that there are no obvious connections between Chapters 5 and
6 except estimate (5.7), which is (6.13) in two dimensions. Actually, we were not aware of the
precise form of this estimate for a long time, but were still able to recover an optimal estimate
(Theorem 5.5.1) by appealing to the finite propagation speed for wave equations. Our plan was
to apply our own estimate to Chapter 6, so the coherence between both chapters does exist.
But unfortunately, Theorem 5.5.1 is weaker than (5.7) in two dimensions. This is the reason
why we will develop Chapters 5 and 6 quite independently.

Let Uy C R? be a bounded domain of smooth boundary. Let {/\gf) 1 ({/\ﬁf) o° 1) denote the
eigenvalues, listed in non-decreasing order, of the Dirichlet (Neumann) Laplacian A(UJS) (Ag_o))
on L%(Uy). The classical Weyl law states that

A2 (dm) PTG + 1)

li =
e Tal

which means in particular that one can hear the volume of U, from either its Dirichlet or Neu-
mann spectrum. It is well known (e.g. [23]) that

S e m (4t) =2 (U] ¥ \/fyany +o(t'?) (¢ o),

n=1

which implies that the surface area of the boundary dU, can also be heard from either its
Dirichlet or Neumann spectrum. There are plenty of works adapting the techniques of one
problem to the study of the other, and thus yielding many similar estimates for both problems.
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An important feature is many twin inequalities for both problems hold in opposite directions. To
name just one example, the long-standing Polya conjecture claims that

M) _ (m) PTG 1) (i)
n - |Uo| - n

(n e N).

A notable distinction between both problems is that the Dirichlet heat kernel has full domain
monotonicity, while that of Neumann has only partial. The fundamental solution K((]? (t) (t > 0)
of the heat equation with Dirichlet boundary conditions can be constructed via spectral calculus
as K7 (t) = exp(—tAl)). The integral kernel K\ (z, y; t) of K\ (t) defined by

(K () = /U KD (50 (4)dy

is a positive smooth function on Uy x Uy x RT. It describes the propagation of heat from the
point z to the point y in time ¢. The full domain monotonicity of the Dirichlet heat kernel claims
for any two bounded domains Uy C U; of smooth boundary that

K (@, yit) < K (2,958) ((2,9,8) € Up x Up x RY). 5.1)

This follows from the maximum principle for elliptic equations (e.g. [36]) or the probabilistic
interpretation of the Dirichlet heat kernel (e.g. [123, 127, 143]). In contrast to Dirichlet boundary
problems, there is no general domain monotonicity principle [8] claiming for any two bounded
domains Uy C U; of smooth boundary that

K (@yst) < K5 (@oyst) ((2,9,t) € Up x Up x RY), (5.2)

where K[(]:)(x, y; t) denotes the integral kernel of the fundamental solution of the heat equation
with Neumann boundary conditions on 9U;. The partial domain monotonicity of the Neumann
heat kernel means in this thesis exactly a result by Kendall [89] (see also [115]; if Uy is convex
then see [26]) stating

K @ 0t) < K (w,238) ((3,1) € Uy x RY), (5.3)

where B, C Uy denotes the largest open ball centred at z. The full domain monotonicity of the
Dirichlet heat kernel has proven to be an extremely fundamental property, but the partial one
of the Neumann heat kernel has no exciting applications yet. For example, suppose an open
manifold is the union of an increasing sequence of open subsets, then the Dirichlet heat kernel
for the open manifold is the pointwise limit of the counterparts of sequence of subsets [36].

Without the full domain monotonicity some results about the Dirichlet boundary problems
have not found corresponding Neumann counterparts yet. For example, many known estimates
about the Neumann heat kernel (e.g. [26, 35, 72, 81, 89, 92, 115]) need to impose certain
geometric assumptions on boundaries.

Let us return to Dirichlet boundary problems once again. On physical grounds one expects
that for small times the Dirichlet heat kernel is dominated by local contributions that do not
involve the boundary of Uy. This is essentially the principle of not feeling the boundary by
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Kac [87]. The precise information of the small-time Dirichlet heat kernel should also count
the contributions that involve the boundary of Uy. In practice this part needs to be analysed
independently.

In this chapter we will show that the heat kernels for vector-valued non-negative Laplacians
can be always treated in the above manner. In particular, we can study the Neumann heat
kernels without imposing geometric assumptions on boundaries as mentioned earlier except
smoothness. Actually, we will prove that Kac’s principle of not feeling the boundary can be
obtained for any self-adjoint extension of the Laplace operator acting on vector-valued functions
on a Euclidean domain. They can be derived from a combination of finite propagation speed
estimates and explicit Fourier Tauberian theorems that were found by Safarov in [130]. The idea
of using finite propagation speed estimates in this context is not new and is already present in
the classical paper [28]. It has since been used by many authors to derive heat kernel bounds
on manifolds (e.g. [16, 33, 37, 103, 118, 141]). The implied constants are independent of the
boundary conditions.

Explicit estimates like these are important in spectral geometry. For example the meromor-
phic extension of the local spectral zeta function is usually based on the expansion of the heat
kernel [56]. The above estimates directly lead to bounds on the local spectral zeta functions
or other spectral invariants [42]. A particular example of such a local spectral function is the
Casimir energy density that plays a distinguished role in physics. For these applications it is
important to allow for boundary conditions other than Dirichlet. For example Casimir interaction
between two conducting obstacles is described by the Casimir energy density of the photon
field. This is obtained from the Laplace operator acting on one forms with electromagnetic
boundary conditions. We would like to refer the reader to [20] for further details and references
on Casimir energy density computations.

This chapter is arranged as follows. In Section 5.1 we give details of Kac’s original principle of
not feeling the boundary. In Section 5.2 we study smoothness and the finite propagation speed
of solutions of wave equations. In Section 5.3 we establish Kac’s principle in terms of integral
kernel bounds for higher order inverses of the given Laplacian. In Section 5.4 we apply Safarov’s
Fourier Tauberian theorems to study higher order inverses of the given Laplacian, while in
Section 5.5 (5.6) we use the full (partial) domain monotonicity of the Dirichlet (Neumann) heat
kernel to do so.

5.1 Kac’s principle

Let U c R? be an arbitrary open set, and let K((jr)(;r, y; t) be the integral kernel of exp(—tAgr)).
In the previous introductory part we assumed that U = Uy is of smooth boundary. According to
the full domain monotonicity of the Dirichlet heat kernel, we see that Ké,”(a:, y;t) is well-defined
without any boundedness or smoothness assumptions on U.

Kac’s original principle of not feeling the boundary [87] (see also [88]) is as simple as follows:
take a point z in U and let C,, C U denote the largest open cube centred at z, then this principle
basically is

Kéﬂ(x,a:;t) < K((]+)(x,$;t) < Kﬂ(gg)(azja:;t) (t>0). (5.4)

x
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The reason for picking up a cube is all of the eigenvalues and eigenfunctions of any Dirichlet

Laplacians on cubes can be explicitly determined. One can then use the Poisson summation

formula to get very precise short time asymptotic expansions for K(Ct) (z,x;t), and find they are

close to
1

(+) ) —
KRd (x,x,t) = W

Consequently, K((f) (z, x;t) is forced to be close to (4mt)~%2 for small times t by (5.4). A detailed

analysis of (5.4) [9] leads to

! 2 Py (5.5)

() (o) _
Ky (@) = i | S G P g

where p(x) denotes the distance of = to OU. This estimate has been widely used in the study
of short time asymptotic expansions of the Dirichlet heat trace. For example, Kac [88] explicitly
determined 3 in

> 1
S e = (] - VI 30] 4 1 + O(e~/t)) (1= 0%),
= 47t 2
provided U c R? is a convex polygon without acute or right angles, while M. van den Berg and
S. Srisatkunarahaj [12] can do so for both 5, and 3, whenever U c R? is an arbitrary polygon.
According to probabilistic interpretation of the Dirichlet heat kernel, one can expect that

K (2,:t) < K (@) < KD (w,251) (8> 0) (5.6)

may yield better estimates than (5.5), where B, C U denotes the largest open ball centred
at z. But it is difficult to adopt the previous method to improve (5.5) because it is hard to get
precise values of normalised eigenfunctions at the centre xz. Even so, M. van den Berg [10]
used dimension induction on Brownian motions to improve (5.5) to

)2 & J z)?2 .
eXp(—p(t> )Z(z )'(p(t) )J*l' (57)

J=1

1 1
<
(47T7f)d/2‘ ~ (4nt)d/2

K(UJr) (x,z;t) —

The exponential factor is sharp as it is known (e.g. [10, 82]) that

(+)
. K} (x,x;t
lim t¢log <1 - %) = —p%(z).
t—0F Ko (@, x5t)

These estimates show that as t goes to 0 the error in approximating the heat kernel by (4rt)~%/2
is exponentially small with decay rate determined by the distance to the boundary.

5.2 Finite propagation speed

5.2.1 Functional calculus

Consider in the Hilbert space H an arbitrary self-adjoint operator A. By the spectral theorem
one can write A = [, AdII()\), where II(\) (A € R) denotes the spectral projection of A onto
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(—o0, \]. Forany element ¢ in H, d{p, II1(\)p) is a finite Borel measure on R. Let f, f1, f> denote
real-valued Borel functions. It is known that ¢ lies in the domain of f(A) if and only if

AﬂM%mHW@<w-

Suppose this is the case then

<ﬂm%wH:Aﬂma%m»@. (5.8)
It is also known that

Dom(f1(A4) f2(A)) = Dom(f2(A)) N Dom((f1/2)(A)) (5.9)

and (f1f2)(A) is an extension of f1(A) f2(A). All these basic facts can be found in [32, 125]. Now
let ¢, ¢ be two arbitrary elements in N2, Dom(A*). By polarization one has for each s € R,

(cos(s\/[A]), ) = [Rcos(sm)dw + 9, N0 +¢) — ‘2l<¢v I(A)¢) — d{y, H()\)W'

Obviously, (1+ A?*)d(h, TI(A)h) is a finite Borel measure on R for any k € N, h € N3 Dom(A¥).
This implies that (cos(s+/|A|)¢, ) is @ smooth function of s € R and its rigorous derivatives
can be obtained formally.

5.2.2 Finite propagation speed

In order to make use of Proposition 2.4.1, we need study smoothness of the solution of the
wave equation subject to general non-negative boundary conditions. We begin with the scalar
case.

Consider in the Hilbert space L?(U) an arbitrary non-negative self-adjoint extension A of
—A: CX(U) — C*(U). When U = R? the counterpart for Ay is denoted by Ag. Let ¢ denote
an element of C2°(U). We claim that (cos(sv/Ap)¢)(z) is smooth in U x R and

2

8652 cos(syv/Ay)o = Acos(s\/Ay)o. (5.10)

This implies that u(x,t) = cos(tv/Ay )¢ solves the wave equation ?;T;‘ = Au. The proof is as

follows. First, let s € R be fixed and suppose k£ € N. Note cos(sv/ Ay )¢ lies in the domain of
(Ap)¥ because (see (5.9) in §5.2.1)

(Av)* cos(sv/Av)d = cos(sy/Au)(Auv)*é = cos(s\/Av)(~A)*¢.

Let v € C2°(U) be an arbitrary test function. Note

(Ap)F cos(sv/Ap) g, ) 12y = (cos(sv/Ap)d, (Av)*4) 20
= <C05(3\/A7U)¢7 (—A)k¢>L2(U)-
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This implies that the weak derivative of cos(sv/Ay)¢ under (—A)* is just (Ay)* cos(sv/Ay)e,
which is an L?(U) function. Thus it follows from the elliptic regularity theorem by letting k& be
large enough (e.g. [44, 48]) that cos(sv/Ay )¢ is smooth in U. By the way, we have obtained

(Ap)F cos(sv/Ay)p = (—A)F cos(sv/Ay)d = cos(sv/Ap)(—A)rep. (5.11)

To finish the proof of the claim we also need to show that cos(s\/Ay )¢ is smooth with respect
to the time variable s. Note || cos(s\m)HLoo(RXm < 1 and cos(s+/|)\]) is a continuous function
of s € R for each fixed A € R. By the functional calculus of self-adjoint operators (see [125,
Thm. VIL5 (d)]), cos(sv/Ay)¢ is an L?(U)-valued continuous function of s € R. By appealing to
Taylor’s theorem with integral remainder, we can rewrite (cos(sv/Ay)®, ¥) 21y as (see §5.2.1)

foos(s/Bu)o. )y = (6. 9) 20y + [ (5= 2 eos(ev/B0) A6 ¥ d
= (¢ —i—/o (s —2) cos(z@)A¢dz,w>Lz(U),

which implies that \
cos(s\/Ay)p = ¢+ / (s — z) cos(zv/Apy)Agdz. (5.12)
0

Self-repeating the above formula implies that cos(sv/Ay )¢ is also of the following form
2kAkd)
/ / / (s—z0)(z0—21) - - (z2nN—1—2N) cos(zn AU)ANqudzN -~ dz1dzp.
:o

Define Z(z,s) = (cos(sv/Ay)o)(x), which is square integrable on U x [a, b] for any bounded
intervals [a, b]. This implies for almost every = € U that Z(z, ) is locally (square) integrable on
R. Thus according to the last formula on the previous page, for almost every x € U we have
that Z(x,-) is smooth on R. But this is not enough to prove the claim and we need turn to the
elliptic regularity theorem once again. Letting « € C2°(U x R) be an arbitrary element, define

(2.0 = [ teos(sn/Bu)onnle s

Let k£ € N. According to (5.11) it is easy to show that the weak derivative of Z under (—A)* =
(—A,)¥ is just (cos(sv/Ap)(—A)r¢)(x), which is an LIQOC(U x R) function. According to (5.12),
it is easy to show that the weak derivative of Z under — d52 is (cos(sv/Ap)(A¢)(x) because we
have shown that Z(z, -) is smooth on R for almost every = € U. Self-repeating this fact implies
that the weak derivative of Z under (— ) is (cos(sv/Ap)(Akg)(z), which is an L (U x R)
function. Consequently, the weak derlvatlve of Z under the elliptic operator (—A,)* + (— j;)

is an L2 (U x R) function. It then follows on from the elliptic regularity theorem by letting &
be large enough that Z is a smooth function on U x R. Finally, (5.10) follows straight on from

(5.12). This finishes the proof of the claim.

Proposition 5.2.1. Let ¢ € C°(U) be such that the s-neighborhood of its support is a compact
subset of U for some s > 0. Then cos(s\/Ag)¢ is compactly supported in U and completely
agrees with cos(sv/ Ay )¢ inU.
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Proof. According to the finite propagation speed (2.36), cos(sv/Ag)¢ is compactly supported in
U. To prove the second assertion we need only to show for any ¢ € C°(U) that

(1, cos(svV Au)o) 2y = <¢>COS(5\/A>0)¢>L2(HW)7

which is equivalent to

/U [COS(SJFU)w — COS(S\/XO)¢} (2) - ¢p(z)dx = 0.

Note u(x,t) = cos(t\/Ay )y — cos(t\/Ag)y solves the wave equation with u(z,0) = %—?(m, 0) =0.
It thus follows from Proposition 2.4.1 that u(-, s) vanishes on

Us ={y € U : dist(y,0U) > s}.

The assumption of the proposition actually means that the support of ¢ is contained in Us.
Hence the proof of the proposition is achieved. O

In general, let N € N and consider in the Hilbert space L?(U; C") an arbitrary non-negative
self-adjoint extension, denoted by Ay, of —A : C*(U;CN) — C*(U;CY) acting component-
wise. When U = R¢ the counterpart for Ay is also denoted by Ag.

Proposition 5.2.2. Let ¢ € C°(U;CY) be such that the s-neighborhood of its support is a
compact subset of U for some s > 0. Then cos(sv/Ag)¢ is compactly supported in U and
completely agrees with cos(sv/ Ay )¢ inU.

To prove this proposition it suffices to follow the proof of the previous proposition by applying
Proposition 2.4.1 component-wise. We omit the details.

5.3 Heat kernel bounds (I)

Let us assume that, as before, U is an open set in RY, p(z) denotes the distance from = € U
to OU, N is a positive integer, and Ay is an arbitrary non-negative self-adjoint extension of the
(negative) Laplacian —A : C°(U;CY) — O(U;CY) acting component-wise on the Hilbert
space L%(U;CY). The heat kernel for A7, denoted by (see §2.5)

K[(]H)(x,y; t) .- K((}N)(x,y; t)
K[(]Nl)(x, y;t) - K((]NN) (z,y;1)

means the integral kernel of e~*2v (¢t > 0), which is defined by the functional calculus of self-
adjoint operators. When U = R¢ the counterpart for Ay and Ky (z, y; t) is denoted respectively
by Ay and K(z, y;t). Of course,

x—yl?

Ko(xz,y;t) = (4rt)~Y? exp(—‘ TR (5.13)
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Any matrix of size N x N can naturally be regarded as a linear operator on the Hilbert space
CV, so we let || - || denote its operator norm. Let m € N with m > g. Let V denote either U or 0.

Let GE;”) denote the integral kernel of the operator (1 + Ay)~". In later sections in case N =1
we also write Ggf”) for G%}”). It is known that

T d
G (z,z) = MMM (5.14)
(4m)z(m —1)!
For any R > 0 define
Im(R;t) = inf Jy,(¢;t) (R >0), (5.15)
YEAR

where Ay is the set of real-valued functions v in C?™(R) such that Supp(1 —) C (-R, R), and

/‘ 1—@ < (s)e—i> s (5.16)

Theorem 5.3.1. The following pointwise estimate holds for the heat kernel:
1Kv(z,y;t) — Ko(z, y; 1)

< (165 @2 165 (. m))? +

I'(m—9%) )Jm(p(:v)+p(y);t)
(47)% (m — 1)! 2¢/mt '

Proof. Let z,y € U, v,w € CV, and let » € Ag where R = p(z) + p(y). Denote 6 = 5, ® v,
where 9§, is the Dirac delta function at . Here

[SI[oH

010z v1
0 @V = : where v =

UN Oy UN

Strictly speaking, d, ®v is not in the domain of the self-adjoint operators e '~V and cos(sv/Ay/).
So to be clear, we actually let 5:(,;”) be short for a C°(U; CY) approximation of §, ® v in the
distributional sense. For example, one can either regard 5 as an element in C(U;CN) with
sufficiently small support that is sufficiently close to §, ® v, or treat any formula related to 5
just as its limit. In this manner letting ¢; (¢2) be a C°(U) function with integral one and support
contained in a small neighborhood of z (y), then §, ® v (6, ® w) needs to be replaced by

V101 w1 P2
¢1®U: ¢2®w: )

VNP1 WN P2

which is a C2°(U; C") function. If the reader prefers the notations ¢, ® v, ¢2 @ w, then it suffices
to follow our argument below and finally take a suitable limit. It is well known (e.g. [154]) that

e AV = cos(sy/Ay)e @ ds

2\F/
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which implies (see the next page for details) that

2

—tAv — cos( — e Tds
: ‘2r/ VBV - b(s))e

(14 Av) ™ cos(sy/Br) (1 — Lo ym((s)e i )ds. (5.17)

2\F / ds?

According to Proposition 5.2.2 we see that if [s1| < p(z) (|s2] < ply)) then cos(siv/Ag)sL”
cos(sof) ) has compact support in U and agrees with cos(s1vAy )% COS(SQ\/TU)(SZSUJ))
Note any s € R W|th |s| < p(z) + p(y) can be written as s = s1 + s2 With |s1] < p(z), |s2] < p(y),
s152 > 0. With this decomposition available and by considering

cos(sv/Ay) = 2cos(s11/Ay) cos(sar/Ay) — cos((s1 — s2)v/Av) cos(0y/Av)
as well as |s; — s2| < max{p(z), p(y)}, 0 < min{p(z), p(y)}, one obtains
(6, cos(sv/Ap)di)) — (38, cos(s1/Dg)5{™)) = 0 (5.18)
for any s € R with |s| < p(z) + p(y). As supp(1 — ¢) C (—p(z) — p(y), p(x) + p(y)), we get
(1= ()(88”, cos(s/Au)dg) — (1 —(s)) (61" cos(sv/Bo)d”) =0 (5.19)
for any s € R. On the other hand, note
(00, (14 Ay) ™" cos(sv/By)df) = (14 Av) =% 8, cos(s/Av) (1 + Ay) = 5)),
and by applying the Cauchy-Schwarz inequality several times we get
(857, (14 Av) ™™ cos(sv/Av)Si™) | = [((1+ Av) ™2 68, cos(sv/Av)(1+ Ay) ™2 5§)]
<[(1+Ay) 2 60|(1+ Ay) 260
< [ollwl(1GY" @, ) G (v Il 2 (5.20)
for any s € R. Combining (5.19), (5.20), (5.14) with (5.17) suffices to conclude the proof. O

The prototype of (5.17) appeared in [16] and we explain why it is a correct fact. Since both
sides of (5.17) are bounded operators, it suffices to show that

(€ p1,0) = \ﬁ [ teostsv/Bv)pr.ea) (1 = vs))e s

2 2
(1 4+ A) ™ cos(sy/By)pr, 02) (1~ )" (b(s)e™ 50 )ds

2f

for any o1, s € C°(U;CY). According to the discussion in §5.2.1, one can apply integration
by parts to the right-hand side of the above equality, and thus obtain (5.17).

This rest of this section is devoted to bounding J,,,(R;t) with R = p(z) + p(y), while the next
section is devoted to bounding HGE}”) (z,z)||. In general we suppose R > 0 is arbitrary. The

Hermite polynomials
dTL
Hn<3> - ( 1) € 2@6 s? (n = 0,1,2,...)
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can be written as

(=1)*n! 2k
H, = 2s)" )
k=0
from which it is easy to deduce that
ar 2 2 (—%)n(—l)k”! k—n n—2k —5
@(6 4'5): mt S e 4t (n:0,172,)

k=0

Consequently, by Leibniz’s rule one gets for any non-negative integer n < 2m that

n 3]

§=0 k=0

To optimize the choice of cutoff functions, we first let i)y denote a fixed real-valued function in
C?™(R) such that 1(s) = 0 for s < 0, and 1y(s) = 1 for s > 1. Later on we will give concrete
examples of ¢y and thus

dg
0<s<1 dsi

M; (o) = ()| G=0.1,....2m)

can be explicitly determined. Then for any 0 < ¢; < €2 < R, define

¢61,52( ) wo(‘s‘ _61)

€ — €1

which is an even function in C?*™(R) with Supp(1 — ¢, ¢,) C (=R, R). We let the parameters
€1, €2 (depending on both R and t) behave in the following way:

e o = R;

° 62—615%.

With the help of Lemma 5.3.3, it is not hard to show that, if 0 < ¢ < %2, then

: d" _s?
im, | 400 a(s)e ™)

EQ—)R

2

ds < Z(n, 1/)0,R;t)6_% (n <2m), (5.21)

where Z(n, 1, R;t) is short for the rational function

l

_2k— —9k— -1l
nwn 22k 1'| !M0(¢0)€2Rn 2k 1t1+k7n N TLZ 2 n!M,,_ j ¢o)€R” 2k—1 tlJrk "
92n—2K—1kI(n — 2k)] i 2k - 2k) k(- ), '

L3]

k=0 =0

In general, it follows directly from Leibniz’s rule and (5.21) that

ags 2
Proposition 5.3.2. Suppose 0 < t < £&=. Then

m(R; 1) <Z< ) (2n, 0, R;t)e™
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Lemma 5.3.3. If 5 is a non-negative integer and if p > 2+/t, then

o0 2 _ 2
/ sPeTds < {B 5 1}!2ep’8_1te_%t.
p

Proof. Note first

oo 52 1 2
/ Sﬁe_EdS:Zﬁt%T(ﬁi,pﬁ)a
] 2 4t

where T'(-,-) is the upper incomplete Gamma function. If % is a positive integer, then it is

51
known that T'(25L r) = (8-1)1e=m 57, 2 ™ for all » > 0. This partially proves the lemma simply
by considering & > 1. If 21 is a positive half-integer, then we can use T'(Z:L ) < %F(%, r)
and the previous explicit formula for F(%,r) to prove the remaining part of the lemma. This

finishes the proof. O

Although there are many test functions for ¢y, we use an interpolating polynomial because
M; () can be determined rather easily. For any n € N, there exists a unique polynomial 7, of
degree < 2n + 1 such that P,(0) =0, P,(1) =1, and

d’ d’
ds* " s=0 dst " s=1 0 (1 =t= n)

We then define a function P, on R such that it agrees with P, on [0, 1], equals 0 on (—oo,0),
and equals 1 on (1,00). It is easy to check that P, € C™(R). This means in particular that one
can set ¢y = Py,,. A few examples of P, are listed below:

Pi(s) = 3s* — 257,

Py(s) = 10s® — 155 + 65,

P3(s) = 355 — 8455 + 70s° — 2057,

Py(s) = 1265° — 4205° + 540s" — 3155° + 70s°.

5.4 Heat kernel bounds (ll)

Let m € N with m > %. In this section we establish a universal upper bound for ||G§]m)(x,x)||
only in terms of p(z). Let w; denote the volume of the unit ball in R?, B(,-) the Beta function,
p(z,y) = min(p(z), p(y)) and v4 = [42]. Define a series of constants as follows:

C((il) = wd(27r)_d,

e = acid e ()2 + ),

B3 _ 9y 370

d 7(13 vl
d—1

Cy = C + =2t

1
o = 2 (cPy + )
c® =mcVB1 + g,m - g).
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Theorem 5.4.1. As (non-negative) self-adjoint matrices we have
ng)(x,x) < (C’C(lg))p(:c)*d + C’C(l6))IdN.
Corollary 5.4.2. The following pointwise estimate holds for the heat kernel:

L(m —9) ). Jmlole) +p(w)it)

IKu (2, y;t) — Koz, y; )] < (CF p(a, y) =+ CP) +
(Ca T 4t (m— 1)) 2/t

Theorem 5.4.3. There exist constants C1,Cy depending only on d such that ift < w
then

exp <_ (p(x) + p(y))2>

4t

21523

|’KU($7y,t) —Ko(l‘,y7t)|| < (Clp(wvy)_d_‘_cé) :

It follows on from Theorem 5.4.1 that Hng)(x,x)H < C’f)p(:c)_d + Céﬁ). Thus Corollary
5.4.2 is an immediate consequence of Theorem 5.3.1. Theorem 5.4.3 is the main result of this
chapter. It follows from Proposition 5.3.2 and Corollary 5.4.2. Obviously, the constants Cy, Cs in
Theorem 5.4.3 can be explicitly given. In the rest of this section, we provide a proof of Theorem
54.1.

Proof of Theorem 5.4.1. According to the spectral theorem one has Ay = [ X dII()\), where
II(A) (A > 0) denotes the spectral projection of Ay onto the interval [0, \]. The so-called spectral
function e(x, y; ), defined to be the integral kernel of II()), is smooth in U x U for each fixed \.
If N =1 we also write e(x, y; \) for e(x, y; \). Safarov [130, Cor. 3.1] proved for every z € U
and all A > 0 that ) O 0
. (1) yd/2 d 1/2 d B
e(x,z; ) < Cy A4 —i—m()\/ —i—m) .
We should mention that Safarov originally established (5.22) by understanding e(x, z; \) as the
integral kernel of w As the right-hand side of (5.22) is a continuous function of
A > 0, we see that (5.22) also holds for our choice of the spectral function. The key points (see
explanations at the end of this section) for proving (5.22) are the facts (see [130, Lemma 2.7,
Cor. 3.1]) that x4 (\)e(z, x; A?) is a non-decreasing function of A on R, and the cosine Fourier
transform of

(5.22)

() (e Wl 2:0)
coincides on the interval (—p(z), p(x)) with the cosine Fourier transform of d/\i‘l. Here x. is
the characteristic function of the positive axis. The latter property can be seen from the finite
propagation speed for wave equations.
In the vector-valued situation, we claim as (non-negative) self-adjoint matrices,

(2 3 g1
. (1) yd/2 Cy 1/2 Cy
< — —_— .
e(z,z;\) < (C’d A= 4 () ()\ + p($)> )IdN (5.23)
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for every x € U and all A > 0. To this end we see once again from the finite propagation speed
for wave equations that, for each fixed unit vector v € C¥, the cosine Fourier transform of

() S (e NG, TO2)8))

coincides on the interval (—p(z), p(z)) with the cosine Fourier transform of dAflfl. On the other
hand, x. (A6, TI(A2)6{")) is a non-decreasing function of A on R. So similar to (5.22) we have
o ON
50 TI(A)W)y < Wad/2  Zd _(\1/2 4 Zd €U N> 0), 5.24)
< ( ) > — Yd p(w)( p(a:)) ( ) (

which proves (5.23). For simplicity, applying Holder’s and Young’s inequalities to the right-hand
side of (5.23) gives for every x € U and all A > 0 that

e(z,z; ) < (CYA2 4+ ) p(a)~NIdy. (5.25)

According to the functional calculus of self-adjoint operators, we have

o 1

(1+Ay)™ =/O mdnu).

Considering m > g, (5.25), e(z,x;0) > 0, and the following equivalent representation of the

classical Beta function

%] )\afl
Bl B) = /0 T (Re(e) > 0. Re(8) > )

one can use integration by parts to get (see §5.5 for details)

m > 1
_ ez, z;\) .
= m/o 7(1 ) d\ — e(z,x;0)
00 0(4)/\11/2 + 0(5)p(lﬂ)—d
< d d
< (m /0 I a\)Idy

= (%) 4+ P p(a) N 1dy.
This finishes the proof of Theorem 5.4.1. O

We finish this section with some explanations on Safarov’s proof of (5.22). Actually Safarov
first established general Fourier Tauberian theorems, then studied as applications the growth
of spectral functions. With regard to the general theorems, we refer the reader to [130] for
the detailed proofs, and to [131] for some nice interpretations. From now on we focus on the
spectral functions, and write ea,, for e to clearly emphasize the dependence on Ay. Obviously
(e.g. [150, (3.2)]),

eny(x,z;A) = C'C(ll))\d/2 (A>0).
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So the natural questions for general Ay are 1) where does the contribution of the term

Co! (a4 Gy
p(x) p(x)

on the right-hand side of (5.22) come from, and 2) why does it depend on the distance p(x) of
x to the boundary of U. To answer both questions we assume for simplicity that U is a bounded
domain, and Ay has a discrete spectral resolution {\;, ¢; where the eigenfunctions ¢; are
chosen to be real-valued. Then

o
j:la

eAU z ya Z qu

A <A

and, consequently,

0
o0 (@53 X7) = sz ()5 (y)-
It is well known that the asymptotic behawour of a sufficiently nice function f(\) for large A is
determined by singularities of its Fourier transform. So we study

F(gpeanr N0 = [ M T, (o) ——412f sin(ty/ )6 (@

which is precisely the time derivative of the fundamental solution ua,, (z,y;t) of the following
wave equation
tg = Au,
ule—o = 46(z — y),

du =0
9t g

with an appropriate boundary condition given by Ay . If we could well describe singularities of
ua, (z,y;t), then, taking the inverse Fourier transform, we would obtain an asymptotic formula
for %eAU(a}, y; M), which yields a natural asymptotic formula for e, (z, y; ). According to finite
propagation speed estimates (Propositions 5.2.1 and 5.2.2), ua,, (z, ; t) completely agrees with
un, (z, z; t) whenever |t| < p(z). So in principle we have already answered the second question,
and it remains only to deal with ua, (z, z; t), ua, (x, z; t) both for |t| > p(z). But this is the central
part of the analysis in [130], to which the reader can refer for the details of the deduction of the
explicit constants. By the way, one may feel that the above strategy is very similar to the proof
of Theorem 5.3.1, and it should not be a coincidence at all.

5.5 Dirichlet boundary conditions

Let m € N with m > 2 In this section we give a replacement of Theorem 5.4.1 for G(m) (x, )

where Gg ™) i interpreted in accordance with the choice that Ay denotes the Dirichlet Laplacian
on an open set U C R%. Note first (e.g. [21, (3.33)], [34, §3.4])

1 o0
m / tm_le_tKl(]+) (ZL', Z; t)dt, (527)
_ 'Jo
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which combined with the full domain monotonicity of the Dirichlet heat kernel (5.4) yields
G (z,2) < GU(2,2) (z € ). (5.28)

But it is well known (see (5.14)) that

Gl — T(:ﬂ -9
(4m)2 (m —1)!
So we get
G ) < —m =8, (5.29)
(4m)2 (m —1)!

which yields from Theorem 5.3.1 that

Theorem 5.5.1. The following pointwise estimate holds for the Dirichlet heat kernel:

() (g 1 4) — (dr) /2 escp(—1E =Y Lm—5)  Jmlp(x) + p(y)it)
G 00st) = amtyexpl D < D,

We should mention that the prototype of Theorem 5.3.1 first appeared in [16] by Bironneau for
two-dimensional Dirichlet boundary problems. But unfortunately, both Theorem 7.5 in [16] and
Theorem 5.5.1 for d = 2 are weaker than M. van den Berg’s (5.7) for the short-time diagonal
element of the Dirichlet heat kernel. Even so, one can check that Theorem 5.5.1 is a slight
improvement of (5.7) if d > 5.

For completeness, we provide a short proof of (5.27). According to the functional calculus of
self-adjoint operators, one gets

1 [e.e]
1+ A7) = /O e te Ay gy,

and consequently

(4 A7) 700) = oty [ et et g g
—0 Jy
forany ¢,¢ € C°(U). Letting {¢,}2°, be an approximation of identity at « € U, that is, each
¢n IS @ non-negative C2°(U) function with integral one and support contained in B(z,1/n), w
get

(L A G, ) = — ] / Temlete g, o)t (5.30)

(m—=1!Jy

Note also

0 < (80 g, ) = //K (4, 2: ) (1) bn(2)dydz < (5.31)

1
(4 t)d/Z’
and t"2 " le~tisa non-negative integrable function on (0, cc). Thus one can use Lebesgue’s
dominated convergence theorem to deduce (5.27) from (5.30).

In essentially the same way, we can use Lebesgue’s dominated convergence theorem to give
a rigorous proof of (5.26). Here (5.24) or (5.25) plays the role of K[(f) (y, z;t) < (4mt)~%2. We
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need be slightly careful as the right-hand side of (5.25) depends on the distance of = to the
boundary of U. But this is not a big problem as any sequence of functions of approximation of
identity at € U will eventually be supported in B(x, @), which means in particular that the
dominating function can be chosen depending only on @. For example, let ¢ be an arbitrary
non-negative function in C2°(U) with integral one and support contained in B(z, @). We then
have

¢ ¢ N N
([ Iy =Y eli i\
& ¢ i=1 j=1
for some z;;,v;; € B(x, @), where e = (e;;). Similar to the proof of (5.20) one can deduce
from (5.24) or (5.25) that

4 p(z).
leij(@ij, yij; A)| < \/eii(xijymiﬁ)\)eij(yijvyiﬁ A) < Cc(l I/ 00(15)((2)) a.

This implies that

¢ ¢
o< || s |y ae(eaee o P, (5.32)

2
¢ ¢
which plays the role of (5.31) during the application of Lebesgue’s theorem.

5.6 Neumann boundary conditions

Recall K[(J_)(x, y: t) denotes the Neumann heat kernel for a smooth bounded open set U c R€.

As an application of Theorem 5.4.3 (or Proposition 5.3.2 and Theorem 5.6.2 with m = [%1),

there exists a positive function h on U such that if 0 < ¢ < @ then

p(x)?

t
where a = 2[%1 — % This answers a question raised by Lacey [92] who conjectured that for
the class of smooth bounded strictly star-shaped domains (5.33) holds for some « > g’ as long
as time ¢ is sufficiently small. Lacey also asked to extend the main result in [92] to unbounded
domains, domains with non-smooth boundary, or more general boundary conditions. Because
of Theorem 5.4.3 this is indeed doable for the diagonal element of the Neumann heat kernel.

In the following we will give a replacement of Theorem 5.4.1 for ng)(az,z:) without using
Safarov’s estimates. Here Gg”) is interpreted in accordance with the choice that Ay denotes
the Neumann Laplacian on U. This can be done by mainly appealing to the partial domain
monotonicity of the Neumann heat kernel (see (5.3)). Let AE[) (Ug(x,y;t)) be short for the
Neumann Laplacian (heat kernel) on (for) the d-dimensional unit open ball.

K (@, 25t) < (4mt) ™42 4 h(z) 17 exp(— 500, (5:33)

Theorem 5.6.1. The following pointwise estimate holds:

2m—d T\[.(e—AE;))

Gy (@) < o wap(z)d

1
(=)
PR tm—lr]:\r —tA, dt
(m — 1)!wd /0 (8 ) +
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Proof. Similar to (5.27) one can show that (see the end of this section for details)

1 > _
m / tm_le_tK[(] )(.I', x; t)dt (534)
_ 'Jo

Gy (2,2) =
This combined with the partial domain monotonicity of the Neumann heat kernel (5.3) yields
G (z,2) < GY(x,2) (z € ). (5.35)
The Pascu-Gageonea resolution [116] of the Laugesen-Morpurgo conjecture [93] says that
Ua(z,2;t) <Ua(y,y;t) (5.36)

holds for all t > 0 and all z, y in the d-dimensional unit ball with |z| < |y|. This result implies that

Tr(e_mr(ﬁ)

Ud(oa 07 t) <
wd

(5.37)
Now let x € U be fixed. It is straightforward to verify that

t
P00 ).
p(x)?
Hence by considering (5.35), (5.34) with U replaced by B,, (5.38) and (5.37), we get

Ky (z,2;1) = (5.38)

(=)

[ele] 7LAd
(m) < 1 / tm—l —tTr(e p(z)2 )dt
Gl R ST Sy T T aape)d
2m—d

_ (p(ﬂ?) 1)' . /OO tmfleftp(x)QTr(eftAE[))dt
m — Wy 0
2m—d 1 _ _ o)
< plo)™? (/ tm_lTr(e_tA; ))dt+ Tr(e_A(d ))/ tm_le_tp(x)th)
(m—1lwa \Jo 0

2m—d Tr(e_A;ﬂ)

wap(x)

_ plz)

1
(-)
=B iy tBa ) dt
(m—l)!wd/o r(e )t +

where in the last inequality we have used the fact Tr(e 2¢ ) < Tr(e=24 ) for all ¢ > 1. This
finishes the proof of the theorem. O

Theorem 5.6.2. Let U  R? be a smooth bounded open set and letm € N be such thatm > %.
Foranyt > 0 and any x,y in U one has

z —ul? T ;
Ky 1) (4wt)_d/2€xp(—w)‘ < Ny(z,y) - Jm(p(z)\/%f)(y),t)’
where
1 )
/0 " (e )t om-a , Llm—9)
Ny(r.y) = T - (max{p(z), p(y)}) + R rm—rY +
e‘Aéﬁ)
o Wy ). (min{p(z), p(y)}) ¢



CHAPTER 5. HEAT KERNEL ESTIMATES 5.6. NEUMANN BOUNDARY CONDITIONS

This is an application of Theorems 5.3.1 and 5.6.1.

For completeness, we provide a proof of (5.34). In the case of Dirichlet boundary problems,
the key point of using Lebesgue’s dominated convergence theorem to prove (5.27) is the fol-
lowing upper bound

Ky, 21) < (5.39)

(4rt)d/2
forallt > 0 and all y, z close enough to any prescribed = € U. In the case of Neumann boundary

problems, we first recall Kendall’s intermediate ball theorem [89], which says that if B is a ball
of center y contained in U then

KD, 1) < K (g, 2:1) (5.40)

for all t > 0 and z € B. Suppose y, z € B(z, ) Obviously, z € B(y, (4)) C By, (2)) cU.

Applying first (5.40) with B = B(y, f’(;)) then the Pascu-Gageonea resolution of the Laugesen-
Morpurgo conjecture (see (5.36)) gives

K((J_)(y,z;t) < Ké_)(y,z;t) (Kendall)
< (K (i) Ky (2. %:1))
< Kg)(z, z;t) (Pascu — Gageonea)
tr(e_mg;))
By S\B(y, 1)
tr(e oA >)
(%) = (4D’
which plays the role of (5.39) in the application of Lebesgue’s dominated convergence theorem
as follows. Letting {¢,}2°, be an approximation of identity at z € U such that each ¢, is a

non-negative C2°(U) function with integral one and support contained in B(z, min{} p(Q)}),
we get

1/2

(Pascu — Gageonea)

(L4 AT ™, 6) = — ! /OOO (e e gy ) (5.41)

(m —

Note also

0< (20 g ) = / / K (.2 060060 ()= < — 0 (5.42)
UJU

and
4t (=)

tmleTlr(e p@2 7 )

is a non-negative integrable function on (0, o) (e.g. [23]). Thus one can use Lebesgue’s domi-
nated convergence theorem to deduce (5.34) from (5.41). We are done.
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Chapter 6

Spectral zeta functions

Let U be a bounded open subset of R?. The spectrum of the Dirichlet Laplacian Ay on U
consists of a sequence of non-decreasing positive eigenvalues {\,}>°,. Weyl's law in two

dimensions states that
An 4
m — = —
n—oo M |U| ’
where |U| denotes the Lebesgue measure of U. This implies that the spectral zeta function of

Ay, defined by
>
n=1 )\i

is analytic on Re(s) > 1. Throughout the chapter we assume that the Dirichlet heat trace for U
is of the following small-time asymptotic expansion:

(e tAv) Zak T (t—0h). (6.1)

To be clear, the asymptotical notation ~ means that, for any non-negative integer L and any
e > 0, there exists a constant C' such that

- Y )

For example, bounded domains with smooth [145] or polygonal [6, 12, 88] boundary have this
property. Later on we will see that the spectral zeta function of Ay admits a meromorphic
continuation to the complex plane C whose singularities are only simple poles at % (k> 0).
The corresponding residues at these simple poles are denoted by r(U).

The purpose of this chapter is to make an attempt at calculating some specific values of two-
dimensional Dirichlet spectral zeta functions with high precision, depending on in general how
precisely the first several hundred or one thousand Dirichlet eigenvalues can be numerically
given by other means. In particular, we are interested in approximating

dd% s:0>’

(0<t<e). (6.2)

exp(—
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which is known as the spectral determinant of U, and
1
3 (@) - 23(+U5)>
which is called the Casimir energy (or vacuum energy) of U in physics [1, 20, 42, 43].

To the best of our knowledge, there are explicit formulae for the spectral determinant only in
the event that U is a disk, annulus [159], triangle, rectangle, or regular polygon [4]. Any of these
planar regions is determined by no more than three parameters, and in higher dimensions there
exist many generalization works [18, 19, 43, 148]. Similarly, explicit formulae for the Casimir
energy are known only for certain triangles and all rectangles (see [1] and references therein).

A technical difficulty that allows us to study squares only as examples in this chapter is
there are no rigorous completeness tests for sequences of computed eigenvalues generated
by computer programs. As an application of Theorem 6.3.2 in this chapter, this issue has been
solved effectively in [17], to which we refer the reader for more numerical examples.

10
T2

S=

6.1 An algorithm

It is well known that

1 o0
Cu(s) = / 57 Ltr(e A0 dt  (Re(s) > 1).
)= 1057 . (e780)dt (Re(s)
For any fixed sg € C, let L = L,, be an arbitrary non-negative integer such that

L—-1
Re(so) + — > 0.

Note for any Re(s) > 1 and € > 0 that

L k=2 L
B a(U)ert 2 1 o1 —tAyy _ Uz )d
Co(s) I ST _F(s)/o t (tr(e ) kzoak( )t ) t+
> L > s—1 _—t\p
;w / £ le Py, (6.3)

Obviously, the right-hand side is analytic on the half-plane Re(s) > % because there exists a
constant C, depending only on e such that

<COtT (0<t<e). (6.4)

L
tr(e™20) = S ap (Ut 2
k=0

Hence the unique meromorphic continuation of {; to the half-plane Re(s) > 5 still satisfies
(6.3). This implies that s is a regular point or at most a simple pole of (;;. Around sy one can
easily show for all non-negative integers j that

3 Lo ST € i ,4s—1 . L b2
cZJ(CU(S)_ZF(Z()[(];—MQZ)) :/0 ;st(s))(“(e AU)‘kZO““U)t = )i+

k=0

o0

Zl / i cij @(;) Je (6.5)

78




CHAPTER 6. SPECTRAL ZETA FUNCTIONS 6.1. AN ALGORITHM

Formulae (6.3) and (6.5) in this and much general context are known to many authors (e.g.
[4, 16, 38, 69, 114, 147,151, 152]). A typical example is to study the spectral determinant of U
in this manner (e.g. [16, 147, 151, 152]). Also, note around sy = —3 that

() a(U)est ZL: ap(U)est 3 +§: /Ootsl ~tAn g1
U\S) — = e n
P(s)(s+3) ST+ T )
k#3
! / E ts_l(tr(e_tAU) - zLja (U)t%)dt (6.6)
T(s) Jo il ’ |
whose precise value at sy = —% essentially (but in general not precisely, see the tiny difference

between Corollaries 6.2.4 and 6.2.5) is the Casimir energy of U.

Based on (6.3) and (6.5) we explain in general how to extract numerical information about
the spectral zeta function at a given point. We should mention that the following method is
essentially a known strategy, which was first discovered by Strohmaier and Uski [152] as they
studied similar problems for hyperbolic surfaces.

1) Following Kac’s principle of not feeling the boundary, the coefficients ax(U) (k > 1) are
determined by the geometry of the boundary of U. In the case of smooth boundaries there exist
explicit formulae for the first few leading coefficients (see [158] for a summary of results), and
in the case of polygonal boundaries all of the coefficients are explicitly known [12].

2) Obviously, explicit upper bounds for C. are needed. One way out is to carefully trace
back the details of the proof of (6.4) in the literature. Alternatively, note that C. should not
be far away from |ar1(U)| provided e is very small. Thus the precise value of a;1(U) is of
practical importance. In particular, in the case of polygonal boundaries M. van den Berg and S.
Srisatkunarajah’s [12] exponentially decayed upper bounds for the left-hand side of (6.4) will be
substantially improved in this chapter.

3) A high precision approximate value of \,, could yield an approximate value of

o] dj 255—1
. dsi\T(s)

e At (6.7)

with high precision. Note that the MPSpack program, developed systematically by A. Barnett
and T. Betcke [7], can provide approximate value of the first several hundred or one thousand
Dirichlet eigenvalues with high precision for certain planar domains. On the other hand, for
large eigenvalues one can use Weyl’s law to well control \,, and the related formula (6.7).

We should mention that Bironneau [16] obtained lots of numerical estimates on the spectral
determinant and Casimir energy for various polygons in Chapter 8 of his doctoral dissertation.
For example, he obtained many approximate values in Sections 8.1 — 8.6, and even proposed
a conjecture about the extremal properties of the spectral determinant of polygonal regions in
Section 8.7 of the dissertation. However, the error estimates stated in Sections 8.1 — 8.6 of [16]
are unlikely to be true because the statement of the basic tool Theorem 7.7 therein is not true
(see §6.3.1 for details).
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6.2 Error estimates

For simplicity let Z(t) denote the partition function tr(e~*Av), and let Z1(t) (L > 0) be short for
k—2

e par(U)t 7.

Theorem 6.2.1. Suppose Aye > 2. Then on the half-plane Re(s) > 15~ we have

L k=2 N ,
(V)5 [ B
_— ) = — e ndt] <
dsi (CU( )~ kzo L(s)(s+ H)) nZ:l . dsi (F(s)) -
d] ts 1 ’U‘QAQ dj ts_l
Z(t) — Z( ‘dt @ ’*MN .
/0 dsJ )H Lt * 472N dsJ F(s)) ¢ di

Proof. Considering Aye > 2 and z?e~* is decreasing on the interval z > 2, we get
()\nt)Qeft/\n < (ANt)2eft)\N

forany n > N and t > e. The classical Li-Yau inequality [100] says that \,, > 2@7 forany n € N.
Hence for any ¢t > e,

Z ot < Z [URSS, ot < UPX o

Ar202 = 42N ’
= = 4m4n 412 N
which suffices to conclude the proof by (6.5). O
Recall
acy - _
ds ls=1 -

where v = 0.57721566490153286060 - - - is the Euler-Mascheroni constant. Note

[ee] o0 1
/ t e AN gt = / tle tdt < ——e e,
€ ANe€ >‘N€

Thus applying Theorem 6.2.1 with j = 1 at the origin yields
Corollary 6.2.2. Let L > 2 and suppose Aye > 2. Then

L

N 0o
. a2(U)(y +loge) — Z ai(_g)e% — Z/ t~le~tat] <
= 2 A

k=
P

20 = 20, 0P s
2N :

o
ds

[

In the event that U is a polygon a;(U) = 0 for all £ > 3. So we get

n=1"Y " \n¢

N O

Corollary 6.2.3. Let U be a polygon and suppose \ye > 2. Then

N
dCu ao(U)  2a1(U) ©
ds - - <
el NG az(U) (v + loge) ;/Mt e tdt| <
‘ Z(t)_ZQ(t)‘ |U> AN e
/0 dt 47r2Ne ’
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Similarly,
/ t732e AN gt = /Ay 7327t < L e
€ ANE )\N":?)/2
Thus applying Theorem 6.2.1 with j = 0 at s = —3 yields

Corollary 6.2.4. Let L > 3 and suppose Aye > 2. Then

az(U)e+> / 3/2,-1A
- ndt] <
@“g n@@+b> 53 +§:%ﬁ
s=—3 k;és
‘CHZAN> —Ane
t3/2 ‘dt + S75/2 N e3/2
Recall’ .
ds lemt = —(y +log4)/x,
which gives

dI’

T = (2v +2log4 — 4)y/7.
=72

Thus around s = —3 we have the following first order Taylor expansion

St

3 1 2—v—log4 —loge 1
O A GV S LR A
L>3

2
Corollary 6.2.5. Let L > 3 and suppose Aye > 2. Then

L
‘(CU(S)+%)‘S_J_ag(U)<2—’Y—log4—loge>_Z(ak(U) b

NG AN
+§:1/Oot—3/2@—t*ndt <
n:12V6¥ €

k#3
UPAN
In the event that U is a polygon, we get

875/2 N e3/2

—ANE

t)‘dtJr

Corollary 6.2.6. Let U be a polygon and suppose \nye > 2. Then

2

(=5 Z 3ak(k NG +22\f/ 732t gt <

k= O

t) — Zs(t) U2\

Z(t) — Za( ’dtJr [U[*An
t3/2 8ﬂ5/2IV63/2

'This can be seen from formula 5.4.13 on http://dimf.nist.gov/5.4. It also follows on from the relation

—ANE

= log4,

which is formula (91) on http://mathworld.wolfram.com/GammaFunction.html
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In general it is hard to get precise values of the first several hundred Dirichlet eigenvalues.
So we suppose that p,, n = 1,--- | N, are approximate values of \,,. Based on Corollary 6.2.3,
for example, an approximate value of the spectral determinant of a polygon U can be taken as

[e.9]

N
+ az(U) (v + loge) + Z/ t~te~tat.
n=1"H

n€

ao(U) _ 2a1(U)
€ Ve

Now the error arises from two parts: one is

€ _ 2
[0 Z0) WA e
0

472 Ne ’

N An€
> ‘/ t_le_tdt‘.
Hn€

n=1
To summarize on how to apply Theorem 6.2.1 — Corollary 6.2.6 effectively, we need 1) as good
quantitative short-time Dirichlet trace asymptotics as possible, and 2) high precision approxi-
mation of the first several hundred or one thousand Dirichlet eigenvalues.

the other is

6.3 Polygons

In this section we assume that U is a bounded connected open set in R? with a polygonal
boundary oU. To be clear, U is polygonal if it is a finite union of pairwise disjoint connected
components such that each connected component is a finitely piecewise linear Jordan curve.
On can easily check that the number of edges is the same as the number of vertices whether
the given polygon is simply connected or not. So we let £y, ..., E,, denote the edges of U, and
let Py, ..., P, denote the vertices of U with corresponding interior angles ~1, ..., v.. For each
1, let F; be the straight line through FE;, H; the open half-plane with boundary F; having the
same inward normal at E; as U, W; the infinite wedge of angle ~; with vertex P; such that its
boundary contains the two edges adjacent to P;, and define

Bi(r)={AeW,;:d(A,P) <r}
for any r > 0. It was conjectured in [24] that

_ Ul |oU] _

t tAyy L _ Ba/ty (¢ + .
r(e ) it 8\/H+51+O(6 ) (t—07) (6.8)
for some constants 51, 2. By exploiting the Neumann-Poincare construction of the heat kernel,
a proof of this conjecture was obtained in [5, 6]. Later on, M. Kac [88] explicitly determined
(1 for the class of convex polygons without acute and right interior angles. His method was

developed to a full resolution
2

m 2
_ ™7
fr = E i (6.9)

by M. van den Berg and S. Srisatkunarajah [12] for all polygons. It was reported in [108] that
D. B. Ray had obtained the same formula for j;.
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Obviously, good applications of Corollaries 6.2.3 and 6.2.6 need tight bounds for |Z(t) —
Z(t)|, where according to (6.8) and (6.9),

Ul oU| | =72 =77
Zo(t) = 2L _ Yy
2(t) A7t 8\/7Tt+i:1 241y,

To this end we define
Bu = 1i£(i)gf (—tlog (|Z(t) = Z2(1)])),

which is essentially the best choice for g». Along with determining 3; explicitly, M. van den Berg
and S. Srisatkunarajah [12] showed that

(Rsin 770)2

> .
po > 2l (6.10)
where
Yo = min-~y;,
R= %sup {7“ : Bi(r) N Bj(r) = 0 for all i # j, U By (r) C U}. (6.11)
k=1

For example, if U = S is a unit square, then (6.10) reads fs > % But it is not hard to use the
Poisson summation formula to deduce that fs = 1. M. van den Berg and K. Gittins [11] have
posed an open problem on determining the precise form of g7, which is a challenge beyond the
scope of this thesis. Note also 5y is a spectral invariant for polygonal domains. To the best of
our knowledge, except (6.10) there is no other known lower bound for 5. The purpose of this
section is to substantially improve (6.10) for 5. To compare, our result below when applied to
a unit square S gives s > 1.

6.3.1 An improvement

As usual denote by p(z) the distance from = € U to the boundary of U. Let Ky (x,y;t) denote
the Dirichlet heat kernel for U2. In 1981 M. van den Berg [9] established the following not feeling
boundary estimate

1 1 p(z)?
Ky, 2:t) — —| < — exp(—
‘ U(l’,ﬂ?, ) Ant = Tt exp( 2%

which served as a basic tool in [12] published in 1988. In 1989 M. van den Berg [10] obtained
the following improvement (see also (5.7))

) (zelU, t>0), (6.12)

1 _2p(x)* +t plz)?
K ) — | < AT TR p(—
Ky (z, :t) dwt’ =  2mt2 exp(

) (xeU, t>D0),

where the exponential factor p(z)? is known to be sharp for small times (e.g. [82, 156, 157]).

Following the argument in [12] with (6.12) replaced by
L _3p@)? . p(a)?

K ) — —| <
Ky (@, z5t) 47rt|_ 272

xp(— ) (xeU, 0<t<p(x)?) (6.13)

2In the previous chapter the Dirichlet heat kernel for U is denoted by K} (z,y;t).
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will yield a natural but slight improvement of (6.10). As mentioned in §5.5, Bironneau obtained
an estimate [16, Thm. 7.5] which is stronger than (6.12) but weaker than (6.13). He then used
this estimate to derive an improvement [16, Thm. 7.7] of (6.10). But we should point out that the
statements of Theorems 7.6 and 7.7 in [16] contain serious citing typos because R, introduced
by M. van den Berg and S. Srisatkunarajah [12, (1.10)] (see also (6.11)), does not mean “half
the length of its shortest edge.” Actually, it is a simple exercise to show that R is never bigger
than a quarter of the length of the shortest edge of the given polygon.

6.3.2 Probabilistic method

In this part we provide preliminary material of a lemma that will be used later in the next section.
Let Vo, € R? be a small open set such that it is contained in the intersection of two larger open
ones Vi, V5 C R2. Assume also

p = p(Vo; V1, Vo) = dist(Vp, (V1 NoVa) U (Vo N aVy)) > 0. (6.14)

Let x € Vj denote an arbitrary fixed point. It is known (e.g. [123, 127, 142, 143]) that the
diagonal element of the Dirichlet heat kernel Ky, (x,x;t) can be expressed as the probability
that a continuous brownian bridge B(-) conditioned to B(0) = B(t) = = does not leave V;:

1

By regarding z, ¢ as fixed elements, Ky (z,x;t) is a real-valued map on open subsets V' of R2.
For example, as any brownian bridge stays in the ambient plane, one gets

1
o
Now let B(7) be a continuous brownian bridge satisfying B(0) = B(t) = x, and stay in V; for all
T € [0,¢]. Thus

Kge(z,x;t) =

e either B(7) stays in V5 for all = € [0, ¢],
e or B(7) hits Vi N oV, for some 7 € [0, ¢].

The complement of the latter case means that B(r) never hits V; N 9V; for any = € [0, ¢], which
is equivalent to saying that B(7) stays in R?\(V; N dVs) for all 7 € [0, t]. Note also

B(z,p) CR*\(Vi N Va).

So we have

K, 38) < Ky (230 + (g — Koy (0,7:1))
and by (6.13) we get
Ky, (z,z;t) < Ky, (z, z;t) + 23:; -exp(—p:) (0<t<p?.
Swapping the positions between V7 and V5 yields
p2 2

|Kv, (2, 25) — Ky, (2, 251)| < =5 -exp(——) (0<t< ).

27t
So we obtain
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Lemma 6.3.1. Let V; C R? be an open set such that it is contained in the intersection of two
larger open sets Vy, Vo, C R2. Assume also

p = p(Vo; V1, V2) = dist(Vo, (V1 N 9V2) U (V2N 9V1)) > 0.

Then

, , 3p° p? 2
Ky, (z,x;t)dr — [ Ky, (2, 25t)dr| < ~—5 -exp(—?) Vol (0 <t < p?).

‘ Vo Vo 2t

We should mention that the above argument is essentially contained in [12], in which the
weaker estimate (6.12) was used rather than (6.13).

6.3.3 Further improvement

Similar to the analysis in [12], suppose that the polygon U can be decomposed as the union of

some pairwise disjoint subsets
2m+1

U= U ‘/O(j)7

Jj=1

such that over each part Vo(j) the integral of the diagonal Dirichlet heat kernel for V; = U will be
compared with that for certain VQ(J) in the manner of Lemma 6.3.1. Here (see the beginning of
this section for the exact meaning of edges W; and half-planes H;)

° VQ(j):ijorlgjgm;
o V) =H, , form+1<j<2m;
o V2D _R2,

Later on we will a give specific construction of {Vo(j)}?i‘fl and deduce from Lemma 6.3.1 that

: (). (4)\2
Bu > IS]%I#LH/)(% U V772, (6.15)

To compare, M. van den Berg and S. Srisatkunarajah did not fully stick with Lemma 6.3.1, and
their introduction of convex sets G4 [12, p. 125] brings some loss to (6.15). At least in the case
that U is a convex polygon, we think it could be better to let G4 be U. On the other hand, they
required that { B;(2R)}}., are pairwise disjoint subsets of U and set Vo(j) = Bj(R) for j < m,
while we relax the parameters r; < r, so that

o (A1) {Vy”) = B;(r1)}7, are pairwise disjoint;
o (A2) {B;(r2)}L, are subsets of U.
Now we state and prove the main result of this section. Together with (A1) and (A2), we assume

e (A3) {Vo(j) = Cj_m(do) ?Qmﬂ are pairwise disjoint for 6y € (0,7 sin(%2)].
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Here
Cj(60) ={z €U :d(z,E;) <o, x ¢ UL Bi(r1)} (5 <m).

Let V*™*!) denote the complement of Ui V9 in U, and define

w = min{re —r1, p(C1(60); U, H1), ..., p(Cn(00); U, Hy), 00} (6.16)
With these assumptions available, (6.15) is a consequence of the following theorem.
Theorem 6.3.2. Assume (A1) —(A3) and 0 < t < w?. Then

_ U| |8U\ 72 — 2 w?
t tAyy | 1 -
r(e ) 47Tt Z 24my; |~ t2 exp( t )
with
o 3wl U|  mrw?  |oUw*  mriw?
VT Ton 12 8700 8

Proof. First applying Lemma 6.3.1 with 1 = V[](j), Vi=UandV, = VQ(j) foreach j < 2m +1,
then putting them together gives

tr(etAU)_g;/Bi(r Kw, — Z/

for 0 <t < w?. Here [ ., Kw, is shortfor [+ Kw,(z,;t)dz, and Je,(6y) Kn; is similarly
interpreted. It was shown in [12, Thm. 2] that

| B;(r1) / 22 —7
Kw, \ri—22dz + —— + X;(t
/Bi(m) WiT Tamt T 2mt ' s + ®),

where one can control X;(¢) by applying [12, Cor. 3] appropriately to get

2m+1 |

‘ 3w2|U] w?

22 (T)

(60)

2 2 70)\2
™ r{sin(%2)
|Xl(t)| < 7472 exp( 1 ; 2 )
0

for any ¢ > 0. On the other hand, it follows from [12, (4.4)] that
Cio)|  [E;| | |E; _ e
/Cj(ao) Kn, dnt svat | dnt 5 Tzt 27Tt T\rT - 2z

Consequently, by combining all of the above formulae, we see that, for any 0 < ¢ < w?,

_ U| |8U\ 72 — 2
t tAyy | 7
[br(e ) 47Tt Z 247T%

is bounded above by

32fU| w2 mr? rfancp? \8U\ . %\/ﬁdz
e —5€ ot B
2 t2 478 47Tt 27Tt

A consideration of w < §p < 7y sin 770 then aIIows us to get

3w?|U| oU|  mr? w?

12(0) = 20| < (G 470 smoo ) P

This finishes the proof simply by noting 0 < ¢ < w?. O
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We end this section with an example. Let U,, (n > 4) denote a regular n-gon whose circum-
scribed circle is of radius one. Then |U,| = Zsin(2Z), |0U,| = 2nsin(Z), as = as(U,) = =

6(n—2)’
0 = =27 and R = Lsin(T). We set

_ in(22)) = (sin(7), 2sin(™), = sin( 2T
(ri,m2,00) = (2R, 4R, 2R sin( 5 ) = (sm(n),Qsm(n), 5 sin( - ) (6.17)
to ensure that (A1) ~ (A3) are satisfied. One can easily check that w = dp = 3 sm(%) It then

follows from Theorem 6.3.2 that

in( 2T in( ™ 22w c 221
tr(e*tAUn)_nsm(n) nsin(7)  n < O (o sin (n)) (0<t<s1n (n))7
8t Wrt 6(n-2) = 2 4t 4
where
o 3nsin®(2) N n? sin?(2X) N nsin(Z)sin®(2X) N nsin?(Z) sin?(22)
" 167 64(n — 2)2 321 32
nsin®(2)
- 6

To compare, M. van den Berg and S. Srisatkunarajah ([12]) established the following bound

(5m+ 20|U|> 12 (_(Rsin %)2)

, _ U ou 72 — 2
Bigtr(etAun) — ol | | | Z 7 V—exp 16t
0

47Tt 241,

forall t > 0. Taking U = U,, (n > 4) for example, one gets

_ nsin(2)  nsin(Z) n—1 ~ sin?(2X)
t tAUn n’/ _ ‘ < CTL
HeT ) — ivnt bm—g) = G55
for t > 0, where
— . n2

s 2027
Therefore, our small-time exponential remainder w

(%)
256

for U,, is better than M. van den Berg

and S. Srisatkunarajah’s counterpart >
chooses

. Actually, their proof in this particular example

(1,7, 00) = (R, 2R, 5s1n(72°)) (6.18)

M. van den Berg and S. Srisatkunarajah’s decomposition of a square and our improvement are
illustrated respectively as the following left and right pictures:
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6.4 Numerical applications

We follow all of the notations introduced in the previous section. For example, we let U,, (n > 4)
denote the unit regular n-gon whose circumscribed circle is of radius one.

6.4.1 Spectral determinants
Let N € N, ¢ > 0 be parameters such that % < e < w?. Note

€ 2 o] 2 2 2
_3 w 1 _ 1 w w 2 w

€

It thus follows from Corollary 6.2.3 and Theorem 6.3.2 that

m N
du Ul |oU] T =7 /Oo 1t
oYU = — L | — t dt| <
ds ls=0 + e 4y/Te <; 247y, >(7 Tloge) ; Ae ‘ a
2Cy w? ‘U|2)‘N —AN
_Z € 6.19
w2e exp( € )+ Ar2Ne © ( )

In the event that U = U,, (n > 4) is a unit regular polygon, this yields (see §6.3.3)

2

d¢y, N nsin( ") B nsin(T) - on—1 (7 + log ) — i/oo et <
ds ls=0 8me 2\/me 6(n —2) v & = e -
4n sin(2T) sin®(25) U PAN s,
n — n TANE, 6.20
3¢ exp( 4e )+ 4r2Ne© ( )
For example, letting U = Uy be a square of side length v/2, we then have
N
dCu, 1 2 ~y+loge /°° 1 ¢ 16 _ 1 AN

Y e S .= t dt| < —e 1 NE, 6.21
ds ls=0 * 2me TE 4 ; Ape c - 366 o 27T2N€6 ( )

Note all eigenvalues of the Dirichlet Laplacian for U, are made up of the following set

2
{?(2'2 +7%) i,j €N},
from which one can work out the first one thousand eigenvalues in non-decreasing order such

as \igoo = 65772 > 6484. Hence setting N = 1000 in (6.21) gives

1000 o0

d 1 2 1
/7Y (R —W—Z/ e tdt

ds

S Ee_%e + 032856—64846
3e €

., (6.22)

s=0 2Te TE 4

k=17 k€

where the right-hand side as a function of ¢ > 0 attains its minimal value near ¢, = 0.006. One
can easily verify that 12— < 0.0003 < ¢y = 0.006 < 0.25 = w?, which means in particular that
we can indeed set ¢ = 0.006. Thus

1000 oo
dCu, N I 1 ~7+10g0.006 Z/ letat| < 2 x 10715,
ds ls=o " 00127~V 0.0037 1 2= Joo06n,
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Finally, with the help of Matlab we get

dqu,
ds

- 0.783532455668890) < 2 x 10715 4 computer error.

s=

To calculate each integral fOO.?)O(S)\k t—le~tdt, the Matlab program is accurate up to 15 digits, so
the total error caused by computer program is bounded by 10~!2. To conclude, we have

dCU 4

5 - 0.783532455668890‘ <2x107P° 4+ 10712 (6.23)
S ls=
and consequently
dev, 0.456789569078052| < 10~ 2 6.24
eXp(_Ks:o)_ . S . (6.24)

CU4

According to [4, (105)], the first 15 digits of the precise value of
which agrees with (6.23).

|, are 0.783532455668877,

6.4.2 Casimir energies

Let N € N, e > 0 be parameters such that {°- < e < ;. Note

<12 w? L [% 3 €[ o -
/ t772 exp(—=)dt = — Be 2 dz < / ze *dz
0 t w w? (A)6 w

It thus follows from Corollary 6.2.6 and Theorem 6.3.2 that

m 7T2—%-2 N
CU(—E) B U] ou| >ict 2 / +=3/2— 1k gy
27 1273/2¢3/2 " 16me Ve =2y J. B
CU w2 ‘U|2)\N

)+ e, (6.25)

Vw2ed/2 exp(—? 8m5/2Ne3/2

In the event that U = U,, (n > 4) is a unit regular polygon, this yields (see §6.3.3)

1 ns1n(27r) nsin(T) n— 1 1=3/2 =t
_Z n.o_ dt
Un(=3) = Samrzea ¥ e 6(n — Z2f /
2n sin(2T) sin?(2T) U2y

e ANE, (6.26)

3y/me3/2 exp(= 4e )+87T5/2N€3/2

For example, letting U = U, be a square of side length v/2, we then have

N
1 1 V2 1 Y
)= 4 ¥e [ 73 at| <
G 2) 67T3/2€3/2+47T6 4\/71'6—’_;2\/%/6 ‘ -
1 AN
3y/med/2 exp(—i) * 275/2 N e3/2

e AWNE, (6.27)
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Setting N = 980 in (6.27) and working out \ggy = 65072 > 6415 gives

exp(—4)
3/2

0'196764156
3/2 ’

<1.51 +

980
Cu (_1) 1 \@ 1 Z / 173/2= Ak gt
2 67'('3/263/2 dme  4/me Q\f

where the right-hand side as a function of ¢ > 0 attains its minimal value near ¢y = 0.006. One

can easily verify that =~ < 0.0003 < ¢ = 0.006 < 0.08 < “-, which means in particular that
we can indeed set € = O 006 Thus
980
1 1 V2 1 82 i 14
—2) - — + - +y — t732e7 g < 2 x 1074
Wil=5) = Gear0.00697 T .00 4+/0.0067 ; 2V7 Jo.006 -

Finally, with the help of Matlab we get
1
)<U4(—§) - 0.058040169372028‘ < 2 x 1071 4 computer error.

To calculate each integral 2f fo 006 t—3/2e~tAr dt, the Matlab program is accurate up to 15 digits,
so the total error caused by computer program is bounded by 980 x 10~1°. To conclude, we have

1
)<U4(—§) _ 0.058040169372028’ <1072, (6.28)

which agrees with [1, Table I].

6.5 Further comments

We finish this chapter with some comments.

1) One can modify the argument in the previous section to calculate the spectral determinant
and Casimir energy of an equilateral, hemi-equilateral, or isosceles right triangle with arbitrarily
high precision because all of their Dirichlet eigenvalues are explicitly known (e.g. [15, 61, 107,
119, 120, 122]). We refer the reader to [1] for the same problem about the Casimir energy of
these triangles with a different approach.

2) The method introduced in §6.3.3 about decomposition of polygonals can be naturally
adapted to improve the estimates in [11, 13] about the short-time heat content asymptotics.

3) For the Neumann Laplacian Agj_) on a polygon U, it is known (see [73] and references

therein) that

NG U oU ,
tr(e o )= llmf | ’ Z 2471"}/ /i;/t) (t—0%),

but no explicit lower bounds for 55 have been achieved yet. This is an interesting question if
one wishes to further measure certain specific values of the Neumann spectral zeta function
with high precision.

4) How to determine the first few hundreds Dirichlet eigenvalues with high precision for an
arbitrary bounded but not necessarily polygonal planar region remains a challenging problem.
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List of notation

N: set of natural numbers

R: set of real numbers

R™: set of positive real numbers

C: set of complex numbers

S-1: unit sphere in R?

iz imaginary unit

0 partial differential operator, 09 = (52-)* - - - (%)
Dg: partial differential operator, Dg = (—iz2-) - -- (—iz2-)2
A: Laplace operator, A = a% + o+ 3%23
< (R%): Schwartz space of rapidly decreasing functions on R¢
' (R%): space of tempered distributions on R¢

Z: Fourier transform on .7 (R%) or .7/ (R%)

Z~!:inverse Fourier transform on .7 (R%) or .7/ (R%)

~: Euler-Mascheroni constant (or Clifford module structure)
U: Euclidean domain

|U|: volume of U

oU: boundary of U

|0U|: surface area of U

C*>(U): space of smooth functions on U

C2°(U): space of compactly supported smooth functions on U
L?(U): space of square integrable functions on U
C*(U;CN): N-fold direct sum of C>(U)

L?(U;CN): N-fold direct sum of L?(U)

2'(U): space of distributions on U

Ky;: Dirichlet heat kernel for U (Chapter 6)

K7): Dirichlet heat kernel for U7 (Chapter 5)

K[(]_): Neumann heat kernel for U

Cu: spectral zeta function for U

I'(-): Gamma function

B(-,-): Beta function

J,,: Jacobian matrix of ¢ : RY — R4

Hy: Hessian matrix of f : R? — C

Mat(r, C): set of complex-valued matrices of size r x r

[l
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Re(s): real part of s € C

T transpose of a matrix

P: partial differential operator on a Euclidean domain (Chapter 2)
opa(P): full symbol of P

om(P): principal symbol of an m-th order operator P

(-,-): inner product or dual

Id: identity operator

Tr: trace of an endomorphism

tr: trace of a trace class operator

supp(+): support of an function

Dom(-): domain of an operator

M: d-dimensional smooth or Riemannian manifold

T M tangent bundle of M

T* M cotangent bundle of M

T} M: unit cotangent bundle of a Riemannian manifold M

T, M: tangent space at x € M

T M: cotangent space at z € M

(M, g): M is a Riemannian manifold with metric g

V: Levi-Civita connection on T'M (or a connection on a vector bundle)
(z',...,2%): local coordinates of M

I'%;: Christoffel symbols

U™ (M): space of pseudo-differential operators of order m on M

U7 (M): space of classical pseudo-differential operators of order m on M
UoP(M): space of classical pseudo-differential operators on M

o 4 principal symbol of A € Wy (M)

af): principal symbol of A € UP(M)

Sub(A): sub-principal symbol of A € WP (M)

E: complex vector bundle over M of rank r

C*(M;End(FE)): space of smooth endomorphisms of E

V, @, V: connections on a vector bundle

U7 (M; E): space of classical pseudo-differential operators of order m acting on sections of £
VP (M; E): space of classical pseudo-differential operators acting on sections of £
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