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Preface

Nowadays mathematical analysis progresses very rapidly and in many different
directions. This development is carried by a lot of research groups worldwide that
then constantly leads to a great number of new results and achievements. For the
individual, active researcher it is difficult to keep track of this development in its
full breadth. Thus it has become an imperative to review this rapid development
from time to time.

The present volume contributes in this direction. It collects six articles on
selected topics in the interface between partial differential equations and spectral
theory, written by leading specialists in their respective fields. Apart from the main
bodies on attractive fields of current research, with original contributions from the
authors, the articles are written in an expository style that makes them accessible
to a broader audience. They contain a detailed introduction along with surveys
on recent developments, motivations, and necessary tools. Moreover, the authors
share their views on future developments, hypotheses, and unsolved problems.

These six articles reflect to some extend the thematic diversity of current
research in the area of mathematical analysis:

The first article, by Chen and Dreher, discusses macroscopic models of quan-
tum semiconductor theory, in particular, quantum drift diffusion models and quan-
tum hydrodynamic models. The authors present both the modeling and an rigor-
ous analytic treatment of these models. They formulate the models as nonlinear
mixed-order parameter-elliptic systems which then makes semigroup techniques
applicable.

The following article, by BelHadjAli, Ben Amor, and Brasche, treats various
asymptotic problems related to large coupling convergence of non-negative qua-
dratic forms. This treatment is accompanied by a collection of well-chosen, also
higher-dimensional, model problems which are carefully analyzed, where the au-
thors place much emphasis on the interplay between abstract results and concrete
applications.

Ben-Artzi presents in his contribution a smooth spectral calculus for a self-
adjoint operator in an abstract Hilbert space setting. The author derives a limiting
absorption principle under the assumption that the density of states is Holder con-
tinuous and provides as an application a general eigenfunction expansion theorem
as well as global space-time estimates for associated inhomogeneous wave equa-
tions.
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The article by Bauer, Furutani, and Iwasaki studies subelliptic operators in
the framework of sub-Riemannian geometry. It gives explicit representations for
sub-Riemannian geodesics, heat kernels, and sub-Riemannian structures. Specifi-
cally, the authors determine geodesics of the Grushin plane and Grushin sphere
and provide the heat kernel for the sub-Laplacian on the six-dimensional free nilpo-
tent Lie group, among others. They also analyze the spectra on certain compact
nilmanifolds.

Mendoza discusses in his contribution the singularities of the zeta function for
elliptic cone differential operators. The author first recalls the framework of cone-
differential calculus and discusses the existence of rays of minimal growth, before
he deals with the short-term asymptotics of the heat trace. The constructions rely
on a symbolic handling of the resolvent.

The final article, by McKeag and Safarov, is concerned with a coordinate-
free approach to pseudodifferential operators. The introduction of the class of
pseudodifferential operators is facilitated by choosing a linear connection on the
base manifold. The authors discuss elements of a calculus under such an approach
and describe an application to approximate spectral projections of the Laplace
operator.

The volume addresses people generally interested in an overview of current
developments in partial differential equations and spectral theory. It is mainly
intended for specialists in partial differential equations, spectral theory, stochastic
analysis, and mathematical physics, but it is also suitable for doctoral students
who wish to gather first-hand information from leading scientists on these topics.

The idea for this volume originated from an “International Conference on
Partial Differential Equations and Spectral Theory” held in Goslar, Germany,
August 31 to September, 2008, which was jointly co-organized by the three editors.
We would like to express our thanks to the authors for their contributions, to the
participants in the conference who made it a very successful event, and to the
Birkh&user publisher for the constant support.

The editors M. Demuth
B.-W. Schulze
I. Witt



Quantum Semiconductor Models

Li Chen and Michael Dreher

Abstract. We give an overview of analytic investigations of quantum semi-
conductor models, where we focus our attention on two classes of models:
quantum drift diffusion models, and quantum hydrodynamic models. The key
feature of those models is a quantum interaction term which introduces a per-
turbation term with higher-order derivatives into a system which otherwise
might be seen as a fluid dynamic system. After a discussion of the modeling,
we present the quantum drift diffusion model in detail, discuss various versions
of this model, list typical questions and the tools how to answer them, and
we give an account of the state-of-the-art of concerning this model. Then we
discuss the quantum hydrodynamic model, which figures as an application of
the theory of mixed-order parameter-elliptic systems in the sense of Douglis,
Nirenberg, and Volevich. For various versions of this model, we give a unified
proof of the local existence of classical solutions. Furthermore, we present new
results on the existence as well as the exponential stability of steady states,
with explicit description of the decay rate.

Mathematics Subject Classification (2000). Primary: 35J45, 35K35; Secondary:
76Y05, 35B40, 65M20.

Keywords. quantum drift diffusion model; quantum hydrodynamic model; en-
tropy based methods; parameter-elliptic systems; Douglis—Nirenberg systems;
analytic semigroups; stationary states; exponential stability; decay rates.

1. Introduction

1.1. A first example

We start with a simple Schrodinger equation, describing one single particle (with-
out spin) of mass m and charge ¢, in a potential V:
h2

1hat¢(ta (E) = _2m A w(twr) - qV(‘r)w(ta 33), (t,.l?) eRx Rdv

P(0,2) = tho(x).

M. Demuth et al. (eds.), Partial Differential Equations and Spectral Theory, Operator Theory: 1
Advances and Applications 211, DOI 10.1007/978-3-0348-0024-2_1, © Springer Basel AG 2011



2 L. Chen and M. Dreher

We take the freedom to change the units of time and space variables (¢, x) as well
as of the potential V', ending up with the scaled equation

iedw)(t,x) = —522 ANt x) = V(x)(t, ). (1.1)

The positive constant € describes the quantum effects and is typically small.
The squared modulus of the complex-valued function (¢, -) is the probability
density to find the particle at a certain location, and therefore

/ p(t,2) 2 dz = 1.
Rd

We may introduce polar coordinates for ¢ € C:

vit.a) = Voo ([500) . valo) = Vst ([sote)).

where n and S are real-valued functions, and n > 0. Define the probability current
density J,

J(t,z) = —e3 (u;(t, 2)V(t, 1:)) = —n(t,x)VS(t,z), V=V,

Keeping in mind that the potential V is real-valued, we can then derive the
Madelung equations [93]:

on —divJ =0,
2 1.2
BtJ—div(J®J>+nVV+€ nv<A‘/">:o, (12)
n 2 Vn

with the natural initial conditions
(n, J)(0,x) = (ng, Jo)(z).

Here J ® J is a d x d symmetric matrix with entries JJ;, and the divergence
operator is to be applied to each row separately.

This system is also called the quantum hydrodynamic system at zero temper-
ature. This relates to the fact that temperature is a statistical effect which will
only be observable when we consider an ensemble of a large number of particles.

Looking back, we find that we started our considerations with the linear prob-
lem (1.1), for which the global in time existence of weak solutions ¢ € C(R; I?(R%))
is a well-established fact; we refer to [103] or any text book on mathematical
physics. Then we have transformed (1.1) into the coupled system (1.2), which is
nonlinear, contains third-order derivatives, and whose meaning is at least unspec-
ified for those points where n = 0. So the question arises of the advantage of (1.2)
in comparison to (1.1).
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The answer is: from (1.2) we learn that quantum mechanical systems may be
amenable to a hydrodynamical description. Indeed, putting J = —nu we find

on + div(nu) = 0,
2

Oy (nu) + div(nu ® u) = nV <V +° B(n)> 7 B(n) Ay/n (1.3)

= Jn’
which are the Euler equations for a fluid without pressure and viscous stress. The
scalar function n can be understood as density of the fluid, and the vector-valued
function u as velocity. Then the first equation corresponds to the conservation of
mass, and the second to the conservation of momentum. On the right-hand side of
the second equation, we can see a force term which has a potential V + 522 B. The
quantum correction term B is also called Bohm potential term, and it can also be
written as a non-diagonal pressure tensor like this:

2

g2 g2
P = 2n(V®V)lnn, divP = 2nVB(n).
These observations nourish the hope that the analytical methods of fluid dynamics
might prove useful when investigating semiconductor systems. Indeed, the quan-
tum hydrodynamic model (2.13) describing the flow of a particle ensemble through
an electronic device will look very similar to (1.2), although the functions n and
J will later have a quite different meaning.

1.2. Structure of the paper

First we sketch how to derive several macroscopic semiconductor models from
basic principles of physics, and we will concentrate our attention on two classes
of models: quantum drift diffusion models, and quantum hydrodynamic models. In
both cases, the quantum influence will be visible in terms with third-order spatial
derivatives, similar to the Bohm potential term B(n) in (1.2) and (1.3). These
higher-order terms make standard methods like maximum principles unavailable,
and many analytical questions are still open.

In Section 3, we discuss the quantum drift diffusion model in detail and give
an overview on analytical results of the last 10 years, where we concentrate on the
transient case. Results will be presented in Sections 3.2 till 3.4, and Section 3.5 will
give an outline of the methods. Then the quantum hydrodynamic model will be
discussed in Section 4. We will concentrate on a special kind of this model, namely
the viscous version. The viscosity effect comes into the system via a description
of collisions between the electrons and thermic oscillations of the crystal, so-called
phonons. In the time-independent case, we then end up with a nonlinear mixed-
order parameter-elliptic system in the sense of Douglis—Nirenberg—Volevich. We
will prove new results on analyticity of the associated semigroup and asymptotic
behaviour of the solutions.

Our notations are standard: the I based Sobolev spaces over the domain 2
are denoted by WF(2), and H*(€2) = W,*(€2). The constant C is allowed to change
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its value from one occurrence to the next, but is independent of the solutions we
are looking for.

2. Derivation of the models

2.1. Quantum Vlasov and quantum Boltzmann equations
We consider the Schrodinger equation for a large number of identical particles in
a potential V:

o M

Z ijw(t7 .T) - qV(t, m)w(tv x)v
j=1

¢(07 SL’) = 1/)0(1’)7

where (t,7) € R x R*™ or (t,z) € R x Q™ with Q C R? being a domain. This
equation is not usable for numerical simulations, for several reasons: first, the
number of particles M is in general quite large (M > 10%); and second, we do not
know physically reasonable boundary conditions for the wave function .

To overcome these obstacles, so-called macroscopic equations for physical
quantities like particle density or current density can be derived. For details of
these macroscopic models, we refer the reader to [67] or [96].

Suppose that v is a solution to (2.1) of sufficiently high regularity. First, we
scale the variables as for (1.1), i.e., replace i — &, m — 1, ¢ — 1, and introduce
the density matrix

o(t,r,s) = (t,m)(t, s), (r,s) € R, (2.2)

which then has the initial values go(r, s) = 1o (7)o (s), and p is a solution to the
Heisenberg equation

hop(t,a) = —

2m (2.1)

ieat@(ta r, S) = (HS - HT)Q(ta T, S)a
with H being the Hamiltonian,

Next, we define the Wigner function as a kind of inverse Fourier transform of the
density matrix:

1

: 13 13
v (¢ - ) d 2.3
(2m)IM Jagu e 9( st @ = ) da, (2.3)

t =
w(t, z,v) )

with initial values w(0, x,v) = wqo(x, v) for ¢ = 0. This function was introduced by
Wigner [121] in 1932. We will come back to the Wigner transform in Section 2.2.
Then it is easy to check that this function w solves, at least formally, the so-called
quantum Liouville equation:

Ow + v - Vyw + 0[V]w =0, (t,z,v) € Ry x RM x RIM (2.4)
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where 0[V] is a pseudodifferential operator acting on the v-variables with symbol

SV (t,z,m) = ; (V (t,m+ ;77) —V(Lx— ;n>>,

and the action of [V] on w is defined as
1 N
(G[V]’LU)(t,QS,’U) = (27T)dM /]RdM /RdM 6177(1) )5V(t,x77’])’LU(t7SC7’U/)d’UI d77 (25)

To reduce the dimension of the variables (z,v) in the Liouville equation (2.4), we
derive an equation of Boltzmann type for a function W defined on Ry x R% x R%,
after having made some physical symmetry assumptions:
e the potential V' can be split into an external potential Vi and a sum of
potentials describing the interaction of particle pairs,

M M
1
V(t7$17 v 7xNI) = § . Véxt(twrj) + 2 E 3 Vivnter(xi;mj);
J= )=

e each contribution Ve, is symmetric and of order O(1/M);
e the electrons are indistinguishable, and they are Fermions (which means that
the probability of finding two electrons in the same state is zero),

w(t7 Tlyenns CCJV[) = Sigl’l(ﬂ')’(/)(t, m71'(1)7 v 7x7r(M))a
for all permutations ;
e the density matrix o(") of a sub-ensemble of m electrons, defined as

Q(m)(tu T1yee ey Tm,y S1y00 0y Sm)

= / Q(t7r(m)7 ZmA41y ey ZM, S(m)7 ZmA41y e Z]\/I) d(zm-i-l e ZM);
RA(M—m)

where (™) = (r1,...,7,) and 5™ = (s1,...,s,,) for brevity, can be factor-

ized at t = 0:

g(m)((),rl,...,rm,sl,...,sm) = HRO(rj,sj), m=1,...,M —1.
j=1

The last assumption is known as the so-called Hartree ansatz. It turns out that,
for fixed m and choosing M very large, the Hartree ansatz can be justified for
t > 0 as well,

m

g(m)(tml,...,rm7sl,...,3m) = HR(t7Tj’Sj)7
j=1

where the function R solves a certain differential equation. Put, similar to (2.3),

M ino € €
W(t,x,v) = (2m) /Rde” R(t,z+ g%~ 277) dn, (t,z,v) € Ry x RY x R,

Then it can be shown that W solves the equation

OW +v-V,W +0[Vig]lW =0,  (t,z,v) € Ry x R x RY, (2.6)
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where the pseudodifferential operator 6 is specified as in (2.5) (with obvious re-
placements dM — d), and the effective potential Vg is defined as

Vo (£, ) = Ve (2) +/ n(t, z)Vipter (z, 2) dz, (t,x) € Ry x RY,
Rd

and where the quantum electron density n = n(¢,x) is given by

n(t,x) = W(t,z,v)dv = MR(t,z,x). (2.7)
Rg

In general, the interaction potential Ve, is related to the Coulomb potential,
1 1

- ) z, € R37
dreg |z — y| Y

‘/Coul(ma y) =

with €4 being the electric permittivity of the semiconductor material, and we have
scaled the charge ¢ to one, as always. Then the effective potential solves the Poisson
equation

es A Vig(t,x) = n(t,z) — C(x), (2.8)
where C(x) = —es A Vixe () is known as the doping profile if the external potential
is generated by ions with positive charge.

The system (2.6)—(2.8) is called the quantum Viasov—Poisson system. Details
of the derivation of this system can be found in [96].

The system derived so far gives a macroscopic description of the flow of
electrons in a semiconductor (under several simplifying assumptions which we
have not mentioned), incorporating quantum effects and long range electrostatic
interactions as given by the Coulomb potential. However, a realistic model should
include also short range interactions like collisions, or scattering events between
particles. A heuristic approach is to add an interaction term to the right-hand side
of (2.6), giving us the quantum Boltzmann equation

W + v - VW + 0[Vig|W = Q(W), (t,z,v) € Ry x RY x RY (2.9)
In numerical studies, the following collision operators @ are traditionally used:

e the relazation time model or BGK model [104], [15]
o)=L (1 wy-w),
T o

where 7 is the relaxation time, Wy is the Wigner function to the quantum
mechanical thermal equilibrium, and the particles densities n and ng are
related to W and Wy via

n(t,x) = W(t,z,v)dv, no(t,z) = Wo(t, z,v) dv.
R R
e the Caldeira—Leggett operator [18]
1
QW) =" div, (a1 V, W +0W),
70

where ¢ is a certain physical constant, and 7y figures as relaxation time.
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e the Fokker—Planck operator [21]
1 1
QW) =~ divy (1 VW + W) + — divy (VoW + 3V, W), (2.10)
0 70

where ¢ has the same value as in the case of the Caldeira—Leggett operator,
and co, c3 are certain other positive constants.

The quantum Boltzmann equation (2.9), with a suitably chosen collision op-

erator, will be the starting point for deriving the quantum drift diffusion equations
as well as the quantum hydrodynamic equations.

2.2. Quantum drift diffusion equations

The quantum drift diffusion model (also called the density gradient model) can be
obtained from the quantum Boltzmann equation

Ow + v - Vyw + 0[V]w = Q(w), (t,z,v) € Ry x R x R?,
N AV(tz) =n(tz) - C(z), (t,z) € Ry x RY,

n(t,x) = /]Rd w(t, z,v)dv, (t,z) € Ry x RY,

in a way we will sketch soon, after having chosen a special collision operator Q.
This operator () has the form

Qw) = Mu] - w,

where M is the quantum Mazwellian, for whose definition we need some prepara-
tions.

We begin with recalling the Wigner transform of a function o, evaluated at
a point (z,v) € R? x R%:

1

V@) @) = grs [ e (o G = ) an

whose inverse map is

v o) = [ e (T30 0) an

Rd 2

which is related to the Weyl quantization Opyy, (w) of a pseudodifferential symbol
w via the Schwartz kernel theorem and

(Opy (w)e)(x) = /Rd W (w)) (z,9)e(y)dy, ¢ € SR?).
Y

Write Opgy,, for the isomorphism which maps a Schwartz kernel to the associated

operator. We take a function w = w(z,v), for which Opg,,, (W1 (w)) is a self-

adjoint positive definite operator. The physical idea behind this restriction on w

is that the function 1 (if it exists) which is connected to ¢ := W~1(w) via (2.2)

shall describe a quantum mechanical system in which, for each quantum state, the
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probability of being occupied is non-zero. For such a function w, we then define a
quantum logarithm and a quantum exponential as

Lhnw := )/V(Op;}hW In Opgepw W (w)),
EXp w = W(Ops_clhw exXp OpSChw W_l (’U})),

with In and exp to be understood via the spectral theorem. These mappings are

inverses to each other, and their Fréchet derivatives behave as expected. To simplify

the notation, it is common practice to identify each operator with its kernel.
Next we define the quantum entropy of the Wigner function w,

H(w) = //Rdxw w (an —1+ ;|v|2 - V(m)) dz dv.

For a given function n = n(z), we consider the constrained minimization problem

H(w*) = min {H(w): /R w(z,v)dv =n(z), Vre Rd} .

It can be shown that the solution w* (if it exists) has the form
1
we,0) = Bxp (40) - ylof )

and the function A is selected by the condition [, w*(x,v) dv = n(x). We suppose
that this condition determines A uniquely, and, finally, we define the quantum
Maxwellian as

Mfw] = Bxp (Am - ;w) |

In this sense, the quantum Maxwellian minimizes the quantum entropy functional
under the constraint of given particle density.

Now a physical assumption comes in: we suppose that the collisions have
dominating influence and that the relevant time interval is long. Therefore we
replace ¢ by t/6 and Q(w) by Q(w)/d, and we consider small values of §:

M[w](x,v)dv:/ w(z,v) dv.

R4 R4

50,0 + v - Vow® 1 g[V]w® = ;(M[w(‘s)] ON
w®(0, z,v) = wo(x,v).

On a formal level, we have a limit w(® = lims_,0w® of the form w® (¢, z,v) =
Exp(A(t,x) — |v|?/2), and it holds

61571 —divJ = O,
J =divP —nVYV,
n(t.) = [ w0tz (2.11)
R
P(t,x) = / v @ vw® (¢, z,v) dv.
R
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To get rid of the functional Exp (which is numerically hard to evaluate), one then
shows the asymptotic expansions

Exp (A — ;|v|2>

2
= exp <A - ;|v|2> <1 + 68 <AA + ;|VA|2 - ;)’UTDQA’U)> + 0(e"),

for € — 0, and a proof can be found in [37]. Then it follows that

n = (2m)"2et + 0(e?),
2
divP =Vn — ;nv (AA + ;|VA|2> +0(eY),

\Y%
vA=""+10(?),
n
and our final step then is: if (n,J) is a solution to (2.11), then J = Jy + O(e*),
where the pair (n, Jy) solves

8tn —div JQ = 07

2
Jo=Vn —nVV — 66 Y (A%”) : (2.12)

MAV =n-C(z),

at least in a formal sense. In the remainder of the paper, we will write again J
instead of Jp.

Compared to other macroscopic quantum models, the main advantage of the
quantum drift diffusion model comes from its parabolic structure, which gives us
boundary conditions in a natural way and makes numerical simulation relatively
easier. However, quantum drift diffusion systems only give us information about
the electron density. To study more phenomena in semiconductor devices such as
heat conduction, one should use more elaborate models like the full hydrodynamic
model or the energy transport model.

2.3. Viscous quantum hydrodynamics

In this part, we start from the quantum Boltzmann equation (2.9) with the Fokker—
Planck collision operator (2.10) and sketch how to derive then a system of equations
for macroscopic quantities like the particle density n = n(t, z), the current density
J = J(t,xz) or the energy density ne = (ne)(t,z). There are several ways of
deriving such systems; and detailed representations can be found in, for instance,
[53] or [96].
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Here, we use a moment method, following an approach of Gardner [51]. First
we define for (t,z) € Ry x R? the functions

n(t, ) :/ w(t, z,v) dv,
Rd
J(t,x) = —/ vw(t, z,v) dv,
R4

(ne)(t,z) = ;/}Rd lv[2w(t, z,v) dv,

and the motivation for the minus sign in the definition of J is the negative charge
of the electron. We also introduce the notation

(f) = | fw(t,z,v)dv
RS

for a general function f = f(v).
Integrating (2.9) (with W = w) over R? and assuming tacitly that the func-
tion w and all its relevant derivatives have fast decay for v — oo, we then obtain

on(t, z) — divy J(t,x) + /]Rd OV]w)(t, x,v)dv = vg Ay n(t, ),

with vy = f_z

, compare (2.10). To compute the integral on the left-hand side, we
note that the pseudodifferential operator 6[V] acts on the “velocity” variables v,
and it has a pseudodifferential symbol §V = §V (¢, x,n), where 7 is the cotangent
variable associated to v. Therefore, this operator behaves like a Fourier multiplier,

and we have (writing F for the Fourier transform)

[ OWo)t.a.0)do = @2 (T 0VIu) ),

= (2m)*/? ((5V)(t,x,n)w(t,x,n))‘nzo =0.
This gives us the first equation of the viscous model of quantum hydrodynamics:
on—divd = vy A n.

In a similar fashion, we multiply the quantum Boltzmann equation (2.9) with v
and integrate over R¢:

1
— O +divy(v@v) —nV,V = -1y ANy J —1uVen+  J,
70

with v = 7. Likewise, we multiply (2.9) with |v|?/2, integrate over R? and find

1 2 d
8t(ne)+divx< v|v|2>+VV-J— ne+ " 'n+ div J 4+ vp A (ne),
2 T0 To To
with d being the spatial dimension. We wish to express the terms (v ® v) and
(v|v|?/2) on the left-hand sides in terms of n, J, and e, but this seems impossible.

To overcome this difficulty, we bring assumptions from physics into play, so-called
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closure conditions, of which there are several to be found in the literature. One
such approach exploits the entropy minimization principle [38], see also [87].

Here, we suppose that w is in a neighborhood of the thermal equilibrium
density (up to some shift u in the velocity variables),

w(ta z, U) = wcq(ta r, v — u(ta ‘T))a

where u is some unknown group velocity of the electrons, and w.q is given by

2 v
Weq (t,x,v) = A(t, x) exp (— |;}|T + T)
0%V

4
0.0, +0() |,

o g2 , &2 d
1 ALV Ar v
“\'tar *oars VeV = g i; Vit

where T' = T'(t,z) is the scalar temperature of the electrons. We suppose that T
is always positive and that the function A varies only slowly. Then one can show,
after quite long calculations, that

2 2
_ d/2 V)T € € 2 4
n = A(t,z)(2rT)" e (1+ 1972 AV + 24T3|VV| ) +0(e%),
J = —nu,
2
(v@v)=nu@u+nTly — f;Tn(V ® V)V +0(e?),
2 2
2\ _ 2 _ € _ € 4
(|v]?y = nulul® + (dT 19T A V) +2 (Tld 12T(V ®V)V> nu+ 0(e*),

with 14 being the d x d identity matrix. In the last two formulas, we prefer to
eliminate the derivatives of V' (a discussion of this preference can be found in [51]).
To this end, we note that (at least formally)

+0(e?),

Inn =1In (A(Qﬂ'T)d/Q) + ;

9;0kInn = 9,04 (A:Fd/2 + ;) +0(?).

Now the physical assumption is that A and 7" vary much slower than V', and then
it follows that

1
6j8k Inn = Tajakv + 0(52).

This way we can express second-order derivatives of V' by means of n.

Combining the equations obtained so far and taking the freedom to scale the
dependent and independent variables once more, we can arrive at the full viscous
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quantum hydrodynamic system

on —divJ =v An,
Oy J — div <J® J) —V(Tn)
n
A/n
vn
. 2 d
O¢(ne) d1v< (ne+P)) +J-VV =— <ne 2n) +v A (ne)
n T
+ pdiv J,
MAV =n-C(2),

g2 1
+ nVV + nV( )zyAJ— J+ uVn,
T

(2.13)

where the scalar temperature 7' = T'(¢, x) and the pressure tensor P = P(t,z) are
related to the other unknown functions by

2

P=Tnly— i n(V® V)lnn,

ne = |J|2+ Tn 2nAhrln
2n 24 '

For details on this scaling, we refer to [75].

Remark 2.1. If the temperature 7' is constant, then the first two differential equa-
tions in (2.13) are decoupled from the third, which then can be omitted. If we
furthermore assume v = 0 and neglect the acceleration term 9;J — div(J ® J/n),
the constant temperature (also called isothermal) quantum hydrodynamic model
turns into the quantum drift diffusion model.

More precisely, the following can be shown in the isothermal case T' = const.:
choose a new time variable s = tr, and set n(7)(s,x) = n(s/7,2), J(s,z) =
J(s/m,2) /7, V) (s,2) = V(s,7,2). Then as 7 — 0, the functions (n(7), J(7) V(7))
converge (if v = 0) to a limit (n*, J*, V*) which solves the quantum drift diffusion
model (2.12), but with time variable s instead of t. We refer to [71], and [94], [5],
and also [123] for a bipolar model.

Another choice is to assume T = en? ! for some constants ¢ and ~ > 1. This
is the isentropic case, and again the differential equation for ne can be omitted.

2.4. Historical background and further models

The drift diffusion equations (without quantum terms) were first developed by
van Roosbroeck 1950 [116]. The underlying physical assumptions are valid for
certain devices with diameters down to 10~%m, and for smaller devices, numerical
simulations fail because the quantum effects are no longer negligible.

Then the quantum drift diffusion (or density gradient) model was first intro-
duced in 1987 by M.G. Ancona [11, 7] in order to find a macroscopic description
of the behavior of smaller devices, where the classical description gives the wrong
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predictions. Further physical results are to be found in, e.g., [12, 8, 9, 10]. Con-
cerning fast numerical schemes for the quantum drift diffusion model, we refer to
[20, 35, 118, 97, 99]. By using simulations of single barriers (MOS diodes, MOS-
FETs) and double barriers (resonant tunnel diodes), Hoher et al. in [59] showed
the limitations of the quantum drift diffusion model, see also [119]. Suggestions
for new models were given in [36] and [37].

In the 1990s, macroscopic quantum models have been formally obtained from
the Schrodinger—Poisson or Wigner—Poisson systems by asymptotic analysis, see
the books [96, 51, 52]. The family of fluid dynamic models contains also quantum
energy transport models, additionally to the quantum drift diffusion and quantum
hydrodynamic models. All these models can be arranged into the form of a model
hierarchy, and for details we refer the reader to [96] and [67], [69]. Compare also
the review article [100].

Two of the first analytical results on the quantum drift diffusion model were
the steady state solution and its semiclassical limit by Ben Abdallah and Unter-
reiter in 1998 [13], and a positivity preserving scheme and the existence of a weak
solution in the one-dimensional transient case by Jiingel and Pinnau [77, 78].

Then the quantum drift diffusion model was extensively studied analytically
and numerically. By numerical simulation, it was shown that this model, relatively
simple compared to other quantum models, works quite well in describing tunneling
effect for several devices, while the approach via mathematical analysis helps in
understanding this model more clearly. We will give a review of those results in
Section 3.

Concerning the quantum hydrodynamic model (2.13), let us first recall some
basic facts from fluid dynamics. If we assume the positive temperature T as con-
stant and write Tn = p(n) as pressure, and J = —nu, neglect the collision terms
(v = 0,7 = 00), the quantum effects (¢ = 0) as well as the electrostatic potential
(V =0), then we end up with the classical Euler equations

dr(nu) + div(nu @ u) + Vp(n) = 0. (2.14)

{ Ogn + div(nu) = 0,
By thermodynamical reasons, we may assume p’(n) > 0 for all n > 0, which makes
this system symmetrizably hyperbolic, and the local in time existence of classical
solutions is a well-established result, and it is known that jump-type discontinuities
(shocks) typically appear after finite time. Solutions which are global in time can
only exist as weak solutions. For details, we recommend the text books [34], [112]
and the overview article [86]. The number ¢ = \/ p'(n) is called sound speed, and
the flow is called subsonic wherever |u| < ¢, otherwise supersonic. If a Bohm
potential term (£2/2)nVB(n) (compare (1.3)) is added to (2.14), solutions still
become irregular in finite time, see [50].
If we put the electrostatic potential V' back into the Euler equations, we
obtain the Euler—Poisson system, for which the global existence of weak solutions
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was shown in [102] and [33] by an approach similar to the celebrated Glimm
scheme [55], for the isothermal case. We mention also [95], [122], [65].

Incorporating the electrostatic potential V' as well as the quantum Bohm
potential B into (2.14) leads to the inviscid quantum hydrodynamic model, which
was first studied by Gardner [51]. A quantum derivation of this model from physical
principles, in particular the entropy minimization principle, was given by Degond
and Ringhofer [38]. For a nice review, see [62]. The full viscous model (2.13) was
established in [21], and it was treated as a parameter-elliptic system of Douglis—
Nirenberg type for the first time in [23].

3. The quantum drift diffusion model

3.1. Introduction

3.1.1. Full models and simplified models. If we refine a bit the calculations which
have led us to (2.12), the following scaled transient quantum drift diffusion model
can be derived:

ne = div (—g%v (AW) +VP(n) — nVV) ,

vn (3.1)

NMAV =n-C(2).

Here P = P(n) is the pressure, a known function of n. Typically we have either
P(n) = 6n, the so-called isothermal case with 6 being a (positive) constant tem-
perature, or P(n) = Tyn?, the isentropic case with Tj as the (positive) lattice
temperature and v > 1. The scaled Planck constant € and the scaled Debye length
A are positive, as always.

An equivalent way of writing (3.1) is

ny = div(nVF),

F= ¢ A\/\,/,Ln +h(n) -V, (3.2)
MNAV =n—-C(z),

with F' being the quasi Fermi potential and h = h(n) the enthalpy defined by
h'(n) = P'(n)/n.

Greater generality is obtained when we consider the bipolar quantum drift
diffusion system. In this model, also the holes’s contribution to the electric current
in the device is included. Holes are artificially introduced particles of positive
charge describing the vacations in the valence band, and they follow the same
physical principles as the electrons, except their positive charge and a (possibly)
different effective mass.
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Then the bipolar quantum drift diffusion system reads

ny = div <52nV (AJ?/%”) + V(Pu(n)) — nvv> :
pe = div <§a2pv (A\/

D (3.3)
VD

)+ V) + 5V )
MAV =n—-p-C(x),

with n being the electron density, p the hole density, P, (n) = n® and P,(p) = p?
are pressures with a, § > 1, and £ is the (positive) ratio of the effective masses of
electrons and holes.

We impose the initial conditions

{ n(0,z) = no(z) > 0,

n(0,2) = no(x) > 0, p(0,2) = polz) > 0, (3.4)

in the unipolar and the bipolar cases, respectively.
Sometimes we require the crystal at initial time to be electrically neutral:

/ no(z) — C(z)dz = 0. (3.5)
Q

It is reasonable to pose the problem in a bounded domain © C R¢ and let
09 be comprised of two disjoint parts: I'p (the Ohmic contacts, also called source
and drain in semiconductor devices), and I'y (the insulating part).

Physical considerations make the following assumptions natural:

e at the Ohmic contacts, the charge should be locally neutral,

e the potential is a superposition of its equilibrium value V.q and the applied
voltage U at the Ohmic contacts,

e the normal components of the current and quantum current are vanishing
along the insulating part of the boundary;

e no quantum effects occur at the contacts.

These motivations correspond to the following Dirichlet-Neumann conditions:
n=C(x),
V =Veq+U, onIp
Avn =0,
VV.v =0, (3.6)
nVEF-v =0,
V(A\/\v/ln> v =0.
As far as we know, a mathematical theory on this full multi-dimensional

problem (3.2) or (3.3) with initial data (3.4) and boundary conditions (3.6) has
not been given in the literature so far.

on FN
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However, the following simplifications of this problem are custom:

A special fourth-order parabolic equation. Neglecting certain terms in (3.2), we
obtain a problem for only one unknown function. This model corresponds
to the zero temperature and zero electronic potential case in the quantum
drift diffusion model. This sounds on the one hand like a severe restriction,
but on the other hand this system also appears in the studies of interface
fluctuations in a two-dimensional spin system. It is also called the Derrida—
Lebowitz—Speer—Spohn equation, which was first derived by Derrida et al.
in [40]. In the one-dimensional case, it is also related to the so-called Fisher
information. Results obtained for this model will be reported in Section 3.2.

One space dimension. In the one space dimension case, the fourth-order term can

be recast as
div <nv <A\/{1")> = ; (n(In2)22),.,

which makes getting a priori estimates much easier. A series of results has
been obtained including the existence of weak solutions, their long time be-
havior, quasineutral limit and semiclassical limit with many kinds of bound-
ary conditions. We will show them in Section 3.3.

Simplified boundary conditions. In Section 3.4, two-dimensional and three-dimen-
sional results are shown, with a focus on the periodic case.

3.1.2. Questions and problems. The Bohm potential terms appearing in (3.1)
and (3.3) can be split into a linear third-order part and a lower-order nonlinear
part, or rewritten in various other ways,

Ay/n 1 1, [(Vn®Vn
nV(\/n>—2VAn—2d1V< " >7 (3.7)

A 1<
div <nV< \/{1 ")) -, ; 0,0, (ndsd, nn).

and hence the unipolar and bipolar quantum drift diffusion models are nonlinear
parabolic systems, to which the methods of the theory of analytic semigroups (as
presented in [6] or [92], for instance) can be applied, giving us the uniqueness and
the local in time existence of strong solutions.

As usual, a blow-up of the solution in finite time or the occurrence of vacuum
(n(te,z.) = 0 for some (t.,z,)), which make global in time smooth solutions
impossible, are hard to exclude using semigroup arguments alone.

Typical questions and problems to be solved are:

Global in time existence of weak solutions. We wish to solve (3.1) or (3.3) on any
time interval (0,7"), independent of the size of the initial data. The solutions
n shall be nonnegative everywhere.

Long time asymptotics of solutions. In particular, the exponential stability of sta-
tionary states is of interest.
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The semiclassical limit € — 0. Then the fourth-order parabolic problems (3.1) and
(3.3) formally turn into second-order parabolic problems, and the question is
whether the sequence (n.)._,o has the expected limit for £ — 0, and in which
topologies this limit is valid. Physically, this limit means that quantum effects
are getting neglected.

The quasineutral limit A — 0. This limit is relevant mainly in the case of the
bipolar model (3.3). The physical meaning of this limit is that the crystal is
locally of neutral charge.

Each of these questions will be answered in this paper.

3.1.3. Methods. The key to proving global existence of solutions and studying
their behavior is finding appropriate quantities for which powerful a priori esti-
mates can be derived. Such quantities are called entropies (in other schools the ex-
pression Lyapunov functional is common), and the following entropies have proved
useful in the past:

Ei(n) = /Q(n(lnn —1) +3)du,
Es(n) = /Q(n —Inn)dz,
Ba(n) = [ [Vl

- 1
El(n):/ﬂnln(ll) de, with a= Q) Qnd;z:,

n

D L T —n") da
B = - ) /sz o ) de-

These terms are adapted to the nonlinearities appearing in the differential equa-
tions; and which entropy is available in a concrete situation depends also on the
boundary condition, since estimating entropies requires certain partial integra-
tions. Examples of the obtained identities are (3.13), (3.14), and (3.15); see also
(3.19), (3.20), (3.33).

In deriving a priori estimates, one often finds an inequality which contains
such an entropy, and additionally a positive term which “produces” this (or an-
other) entropy. Such inequalities will be called entropy entropy-production inequali-
ties. The connection between this positive term and the above entropies is typically
provided by logarithmic Sobolev inequalities, see the discussion around (3.16).

If enough a priori estimates are derived which are independent of e, then
the semiclassical limit € — 0 can be performed, by weak compactness of bounded
subsets in reflexive spaces and related arguments. Similarly for the quasineutral
limit A — 0.

In case the global existence of weak solutions has not been established yet,
Rothe’s method [83] may be employed. In this method, the time interval is dis-
cretized, the time derivatives are replaced by the difference quotients, leading to a
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nonlinear elliptic problem at each time step. This is solved using fixed point the-
orems of Schauder type, and an exponential transform of the unknown function
makes sure that the solution to the elliptic problem takes only positive values. Then
the limit of vanishing time step size has to be performed. A detailed presentation
of Rothe’s method will be given in Section 3.5.

This approach has the key advantage that the existence of a weak solution
can be shown on any time interval (0,7"), without any restrictions on the size of
the physical constants or the size of the initial data (except positivity of n(0,-),
of course). As one can expect from fixed point theorems of Schauder type, the
uniqueness of such solutions is unknown in many situations. And also the regu-
larity of the solutions obtained by this approach is lower in comparison to the
method of analytic semigroups combined with the concept of maximal regularity
([6], [39], [92]), but our approach can handle the vacuum effect, making global in
time solutions possible.

3.2. A special fourth-order parabolic equation

As it was mentioned in the introduction, there are at least two motivations to
study the fourth-order parabolic equation

ny = — div (nV (A*/"» : (nt + (I n)yy)er =0 ifd= 1),

Vn (3.8)
n(0,z) = no(z).
One motivation is that it shows the main structure of quantum drift diffusion. A
good understanding of this fourth-order term might help a lot to study the full
system (3.1). The other motivation is that (3.8) itself is a complete model which
arises in the context of fluctuations of a stationary nonequilibrium interface in a
two-dimensional spin system.

The following boundary conditions are common in the literature:

periodic boundary conditions, (3.9)
A
Vn -y =0, nV v -y =0 on 09, (3.10)
vn
n=1, n,=00n0Q if Q=(01)CR (3.11)

nz(0,) = wo, n(1,t) = wy, i (0,1) (3.12)

{ n(0,t) =ng, n(l,t) =ny,

Here v denotes the outer unit normal on 0.

The first analytical result was given by Bleher et al. in [16], where the local

existence of positive solutions with periodic boundary conditions was proved. Later

on, within the last ten years, it was observed that this model has the following
entropies:
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e the physical entropy [, nln (h?dz) da;
e the Lyapunov functional [,(n —Inn)dz if @ C RY;
e the Fisher information [, ((Vn)e)? dz if © C RY;

and subsequently this nonlinear fourth-order equation has been extensively stud-
ied. The equation (3.8) with periodic boundary conditions or the boundary con-
ditions (3.10) or (3.11) with @ C R! has been investigated in [17, 19, 41, 80],
including the global existence of a nonnegative weak solution and its exponential
decay to a steady state. Similar results can be found in [58]. First-order entropies
of this fourth-order equation have been studied in [81]. Due to the importance of
the entropy in higher-order PDEs, Jiingel and Matthes derived a new approach to
the construction of entropies and entropy productions for a large class of nonlinear
evolutionary PDEs of even order in the case of one spatial dimension in [73], by
means of a reformulation as a decision problem from real algebraic geometry.

Concerning the existence of a global weak solution and the long time be-
havior in the multi-dimensional case, we are aware of only two works: Gianazza
et al. [54] and Jiingel et al. [74]. The results in [54] are more general. With the
boundary condition (3.10), by using the special structure of the equation, i.e., the
equation is the gradient flow of the Fisher information function } [|VInn|*ndx
with respect to the Kantorovich—-Rubinstein—Wasserstein distance between prob-
ability measures, the nonnegative weak solution was obtained as the limit of a
variational approximation scheme. The existence results in [74] concern bounded
domains in two and three dimensions, and the method used there is more direct.
A better convergence rate on the long time behavior of the weak solution is also
given.

Now we come to a presentation of recent results on global existence and
exponential decay, with various boundary conditions and in one or more spatial
dimensions.

3.2.1. The one-dimensional case.

Periodic or homogeneous Dirichlet-Neumann boundary conditions (3.11)

In the one-dimensional case, there are some nice entropy equations with periodic
boundary conditions or homogeneous Neumann boundary conditions (3.10):

d

Eq(n) +/ n|(Inn)y.|* de =0, (3.13)

4 )+ / (1072 dat = 0, (3.14)
at )

2
dz =0, (3.15)

iEg(n) + 2/Q vn (W;;ML

valid for positive-valued functions n of sufficient regularity. It seems that the en-
tropy F3(n) has been used for the first time in [24], in order to show the semi-
classical limit € — 0. We will introduce this result in Section 3.3.2. The first two
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entropies Fj(n) and F2(n) were extensively used in the study of (3.8), and we
quote some of the results in the following.

In [41], the following logarithmic Sobolev inequality for functions of period
length L has been derived (see also [120])

/ 21 Y e (B 07| d (3.16)
Qu " f’U,Q dCC/L r= 2m O Iu s '

where Q@ = (0, L) and j € Ny. This inequality with © = y/n and j = 2, together
with the identity
L[ (ng)!
Inn)e.|® doe =4 x| d *) 4
[l ar =4 [ ol dor [ 4o
enables us to connect the entropy production term in (3.13) back to Fj, which

then turns out to decay exponentially.
The precise results are as follows:

Theorem 3.1 ([76] and [41]). Let Ex(no) be finite. Then the following results hold:

Global weak solution. There exists a global weak solution n > 0 of (3.8), (3.9)
(or (3.11)) satisfying

n c L5/2((0, OO); I/Vll (07 L)) n VVll,loc((Oa OO); HﬁQ(O’ L))’

loc
Inn e L? ((0, oo);H2(0,L)),

loc

and for all positive T and all smooth test functions ¢,

T T L
/ (Oyn, ¢>H,2’H2 dt + / / n(lnn) ., dedt = 0.
0 o Jo

Uniqueness. Let ny, ne be two weak solutions of (3.8) with periodic boundary con-
ditions and with the reqularity ni,ny € C°([0,T]; L*(0, L)), and suppose that
V/ni/na, y/na/ni € L2((0,T); H((0,L)?)) for some T > 0. Then ny = ns
in (0,7) x (0,L).

Decay. If E1(ng) < oo, then

327

L4
and the weak solution has higher regularity: n € L16/15((07 o); H2(0, L)).

loc

Ei(n) < e MEi(ng), M=

Nonhomogeneous Dirichlet Neumann boundary condition (3.12)

Gualdani et al. considered the problem (3.8) with the boundary condition (3.12),
where ng, n1 are positive, and wp, w; € R. Then (see [58]) there is a positive
constant m depending only on the boundary data, and a unique classical solution
Neo tO

(n(Inn)zz)ze = 0, in (0,1),
with noo > m everywhere. Using the entropy

Eyjs(n) = /O (Vi — Vino)? de,
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the entropy identity
2

o2 [ (b ) =

was derived in [58]. Further, it was shown that a nonnegative weak global in time
solution n to (3.8), (3.4), (3.12) exists with regularity as described in Theorem 3.1
provided that F3(ng) < oco. And if additionally Ej(ng) is finite and Inns is a
concave function, then n(¢,-) approaches n exponentially:

[n(t, ) = neoll 2 1) Sce 0<t<oo.

3.2.2. The two- and three-dimensional cases. The differential equation (3.8) can
now be rewritten as

d
1
on+ > 0,04(nd;0;Inn) =0, (3.17)

i,j=1

d
om+ Y. 00, (\/naiaj\/n - (amn)(ajm)) =0. (3.18)
ij=1
We may write p = \/n, multiply (3.17) and (3.18) by Inp? and p>O =1 /(y — 1),
integrate over Q = T¢ = (R/Z)? and find formally

d - 1 2
) = 1
d B + 1 / p2 Z(ala lnp) (aia_pQ(’Y*U) dz =0 v # 1. (3.20)
dt 7 ’7—1 Td i J ’ ’

Note that the number n appearing in the definition of Ey and E~7 is a conserved
quantity, by the periodic boundary conditions. And the above two integrals over
T? can be connected to E; and E via the inequalities

2
4/1rdn ;j 0;0; lnn dx > K1 /11‘d ;j (aiaj\/n) dz, (3.21)
/ P> (9,0, 1np) (aiajp%—l)) da > 2(y — 1),@7/ (Lp)2dz,  (3.22)
™ G Td

with k1 = (4d —1)/(d(d+2)), and with a certain constant - (depending only on
~ and d) explicitly given in [74], see also [54]. This constant k. is positive if and
only if (vVd — 1)2/(d +2) < v < (Vd 4 1)?/(d + 2). Proving (3.22) is equivalent
to solving a decision problem from real algebraic geometry, compare the methods
of [73]. Then the following result can be obtained:

Theorem 3.2 ([74]). If d < 3 and Ei(ng) < oo, then (3.8), (3.9), (3.4) has a

nonnegative weak solution of the regularity

n € WH((0,7); H*(T%)), +/n € L*((0,7); H*(T),
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and n is a weak solution to (3.18) in the sense that for all z € L>=((0,T); H?(T?)),
we have

T d
/0 (Om, 2) p—2 g At + //Q Z (V/nd;0;v/n — (9;7/n)(9;y/n)) 0,0,z dzdt = 0.

T ij=1
The entropies decay exponentially fast,

(Vd+1)2

E,(n(t,-)) < E,(no) exp (—167*42k,t), for 1<v<

d+2 7’
and the solution itself decays exponentially in the L' norm,
no dz .
n(t,-) — Joa 3 < \/2E2(n0) exp (—87*k1t) .
T L1(T4)

3.3. Quantum drift diffusion equations in one dimension
In the one-dimensional case, the quantum drift diffusion model is written in the
following form (compare (3.2))

ne=Jy, J=nkFy,

F=—¢ Wji‘” +h(n) -V, (3.23)

NV =n—C(x),
where (t,z) € (0,T) x (0,1) and the enthalpy h(n) is a function of n with h'(n) =
P'(n)/n.
The system is complemented with the usual initial data condition (3.4). The
boundary conditions studied so far are

periodic boundary conditions, (3.24)
Nge =0, Ngee =0, V=0, (3.25)
n=np, V=Vp, F=Fp, (3.26)
n=np, ny,=0, V=Vp. (3.27)

Here the subscript D recalls that these values refer to Dirichlet data. In fact, the
following non-homogenous conditions look more physical, but solving system (3.23
with this condition seems an open problem:

n(t,0) =ng, n(t,1)=n1, n(t,0)=wo, n.(t,1)=w;, V=Vo. (3.28)

3.3.1. Global weak solution.

Isothermal case P(n) = On

Jiingel and Pinnau [77, 78] gave a positivity preserving numerical scheme for (3.2)
with boundary conditions (3.26) and (3.27), where they used a certain exponen-
tial transformation and a backward Euler scheme. We will sketch this method in
Section 3.5. They showed that in each time step, the problem admits a strictly
positive solution. But due to the lack of enough a priori estimates, only the con-
vergence of the scheme in the one-dimensional case could be proved, or in the
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multi-dimensional case with temperature 6 large enough, and certain other restric-
tions on the solution. Furthermore, also a numerical simulation on the switching
behavior of a resonant tunnel diode was given.

In these two papers, the function F' was used as test function, and the fol-
lowing entropy was obtained there:

2
E(n):52/ |v\/n|2dgz:+e/(n(lnw1)+3)dm+A2 /|VV|2d:c, (3.29)
Q Q Q

which is formally nonincreasing in time as long as the Dirichlet data Fp are non-
positive.

For completeness, recall that the enthalpy is h(n) = 6lnn in case of P(n) =
On, and we mention also that it is custom to write p = /n as unknown variable.

Theorem 3.3 ([77]). Let the Dirichlet data np be positive, and let Fp be negative,
and suppose C(x) € C®7(Q) with 0 < v < 1, and also Inpy € L*(Q), po €
H?(Y). Then there exist functions p € L*((0,T); H*(Q))NC°([0,T]; C%7(Q)) and
J € L*((0,T); L*(2)) as well as V € C°([0,T];C*7(R)), such that for all ¢ €
C((0,T) x Q) the following identities hold:

T T
/ / p23t¢dzdt7/ / Jodxdt =0,
o Ja o Ja

T T
[ [Eer(2006+ p0) — 050 + V(o asar = [ [ ssasa
0 Q 0 Q

T T
—/\2/ /Vngmd:cdt:/ /(ptc)gbdxdt.
0 Q 0 Q

These equations are to be understood in the sense that (p, V) is a distribu-
tional solution to

O (p®) = (52;)2 (pZ‘T) +0(p°)e p2Vx> ,

ANV =p* — C,

with boundary conditions p = pp, p, =0, V = Vp.

For related results on time global existence of weak solutions, we refer to [30]
and also [32]. The boundary conditions (3.25) and (3.24) are comparably easier
to handle than (3.26) because of the boundary values being zero. In contrast to
this, the boundary condition (3.27) makes it harder to find an estimate for the
quantum entropy F3(n). For details, see [32].

Isentropic pressure P(n) = Ton”

In comparison to the isothermal case where P(n) = 6n, the isentropic term brings
additional difficulties in getting the a priori estimates due to its nonlinearity. By
careful use of Sobolev’s embedding theorem and Aubin’s lemma ([111]), the global
existence of weak solution with various boundary conditions can be obtained. We
list here a result from [31] on boundary conditions (3.24) and (3.25). Here we have
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set £ = —V, as new unknown function, and the function G mentioned below will

become equal to p? (p ;1) if p has the necessary regularity.
xr

Theorem 3.4 ([31]). Let C(x) € L°°(2) and suppose 0 < pg € H1 (), Inpg € L}(Q)
and (3.5) with ng = p3. Put H ={u € H*(Q): u, € H()}.

Then for any fized positive e, there exists (p, E) with p being nonnegative
such that

p € L=((0,7); H'(Q)) N L((0,T): 1) N LY>((0,T); W5 (),
B € L*((0,7); L*(Q)),
p? € C([0,T]; C%*(92)) N L2((0,T); C+*(R2)) N L¥2((0,T); C*P (),
ap* € L*((0,7); (H'(Q))),
where 0 < < 1/2,0 < B < 1/6. And for all p € L((0,T); H),

T T
/ (0%, 0) 1y At = 62/ /Q(2ppm<pz + pPoatpas)dzdt  (3.30)
0

/ /P’ e+ p*Elp, dzx dt,
Q

and for a.e. t € (0,T), we have the following identity for all n € H*(2):

N[ E(t,x)n, (z) de = / [p?(t,2) — C(z)]n(x) dz. (3.31)
Q Q
Moreover, there exists G € L*(Qr) such that for all ¢ € L*((0,T); H'(2)),
T
/ <8tp 7¢> (H') x H! de (332)

*5/ /Gwmdxdtf/ / )a + p*El, dz dt.

In particular, if 1 <~ < 3/2, we have the following estimate uniformly in e

ol oo o,zysr () + 1B e oz + 10Dl 2@y + 116G L2y < €

where C' is a constant independent of €.

The last uniform in e estimates will be used in the discussion of the semiclas-
sical limit € — 0 in the next section.

3.3.2. Semiclassical limit ¢ — 0. The main difference between the quantum and
classical drift diffusion models is the quantum correction term e2nV (A \/‘/") To

discuss the relation between these two models, i.e., to send ¢ to zero, is interesting
both mathematically and physically. Mathematically, it is the process of going
from a fourth-order PDE to a second-order PDE, which is usually quite hard.
Physically, this relation describes the connection between classical models and
quantum models, i.e., one attempts to treat a classical model as the classical limit
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of its corresponding quantum model. For the stationary quantum drift diffusion
model, Ben Abdallah and Unterreiter [13] proved the semiclassical limit. For the
transient case, the first result was by Chen and Ju in [24] with periodic boundary
conditions (3.24) or homogeneous Neumann boundary condition (3.25) in the one-
dimensional case. Later on, a series of works has appeared with other boundary
conditions, and also the isentropic case has been studied. The key point to get the
semiclassical limit is to have uniform in ¢ estimates, which is harder with mixed
boundary conditions and in the isentropic case. We will present them step by step
in this section.

Homogeneous Neumann boundary conditions (3.25)
The entropy inequality introduced by [77] reads

d
& (52E3( )+ 0FE1(p / |V |? d:c) / P*|Fp?de < C, (3.33)
Q
and can be formally obtained by using F = —&2” o+ 01n p?> — V as test function.

Unfortunately, the entropy production term fQ p%|F:|? dz does not give us more
detailed information on the solution p, and then it seems hard to find the semiclas-
sical limit using only this inequality. The key point in [24] is to separate the quasi
Fermi level F = —¢2” P O1n p? — V into the classical part #1np? — V and the
quantum part —2” +*. Formally by using ¢/In p? —V and —p../p as test function
separately, the following inequalities can be obtained:

i(@El /|V |2dx> /p2|(1np2)m|2da: (3.34)

0(p P2V, |2
+A2/Q|(p |201+/| |d<C/Qda:

2
x 32
p(p ) dm+6‘/ |poa|® da + 9/ |(Vp)el* dz (3.35)
Q P /e Q 3 Q

1
o [P <0 [ (I +4?) do
Q Q

This estimate will enable us to justify the semiclassical limit. One can even show
the existence of a global nonnegative solution with regularity pyp. € L/° (Qr),
see [24].

Moreover, following (3.14) we may use 1 — 1/p? as test function and then
derive the useful inequality

and

d

E 2 2
a 3(p7) +e

dEg(pQ)—i—ZEQ/ |(lnp)m|2dm+49/ |(lnp)z|2dx§C/ o p? de. (3.36)
di Q Q Q

Then the following result can be shown, where we study the problem (3.23) with
boundary conditions (3.24) or (3.25):
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Theorem 3.5 ([24]). Assume that E1(p3), F2(p3), E3(p3) are finite, C(x) € L>=(),
and the initial state is electrically neutral in the sense of (3.5). Then there exists
a pair of functions (pe, E:) with

p2 € L((0,T); Lu(€2)) N
pe € L2((0,T); H'(Q) N
(P2)e € L2((0,T); (H'(2))"),

E. € L¥((0,T); L*(9)),
where Ly (Q) is the Orlicz space with the Young function ¥(s) = s(Ilns—1)+1, such
that for all ¢ € L5((0,T); H*(Q)) with ¢, € L°((0,T); H}(?)), we have (3.30)
(with the canonical replacements of p and E by p- and E.). And for alln € HY(Q),
the variational identity (3.31) holds. Additionally, there is a function G. € LQ(Q~T)

such that for all test functions ¢ € L*((0,T); H*(Q)), (3.32) holds with G = p.G..
Furthermore, as € — 0, we have the convergences

p2 —n  weakly-* in L°(Q);
E. =~ E weakly in L*(Q),
for a.e. t € (0,T), and also

L*((0,7); H'(%)),
L2((0,T); H(2)),

p —n  strongly in L*(Qr);
(p2)e = ny  weakly in L*((0,T); (H'(2))");
e2p.G. — 0 strongly in L*(Qr);
(02)e — P2E. — g —nE  weakly* in L((0,T); L*(Q)).

where (n, E) is a weak solution of the classical drift diffusion model.

Here e2p. G, equals the quantum term e2n ( W\%”) for positive regular n.
xr

Mixed Dirichlet-Neumann boundary condition (3.27)

If we exchange the boundary conditions (3.24) or (3.25) against the mixed
Dirichlet—Neumann boundary condition (3.27), the entropy inequality (3.35) does
not hold anymore, and other independent of ¢ estimates are to be found. In [32] it
has been shown how inequalities similar to (3.34) and (3.36) provide enough infor-

mation to send € to zero. In particular, it was shown that H51/4p"LS((O,T);Loo(Q))

can be bounded uniformly in e, and then also €%/ 4p2(In p),, has a uniform esti-
mate in the space L¥/°((0,T); L?(2)). A sketch of this approach will be given in
Section 3.5.

Isentropic case

In the semiclassical limit problem ¢ — 0, we wish the fourth-order term
—e2div(nV(n~1/2 An'/?)) to disappear, and therefore any estimates coming from
this term alone are not enough in passing to the limit. The main estimates should
come from the next lower-order term in the equation, which is the second-order
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diffusion term div(VP(n)). In the isothermal case, when P(n) = 6n, this dif-
fusion term gives automatically an estimate on Vn, but in the isentropic case,
P(n) = Tyn" being nonlinear, only an estimate on V(n?/2) can be obtained.
Due to some technical reasons, the first semiclassical limit for isentropic case
was found only for 1 < v < 3/2 with homogeneous Neumann boundary con-
dition (3.25) in [31]. It was shown there that for ¢ — 0, a subsequence of the
solutions (p,, Fe,£2G.) constructed in Theorem 3.4 converges in several weak and
strong topologies to (y/n, B,0), and n, B solve in a suitable weak sense the system

~MB,=n-C.

Later on, this result was extended to the case of 1 < v < 3 utilizing some tools
from the theory of Navier-Stokes equations, see [25]. For the bipolar case and
mixed Dirichlet-Neumann boundary conditions (3.27), see [66, 29, 28].

The semiclassical limit of the isentropic quantum drift diffusion model seems
to be an open problem for v > 3.

3.3.3. Quasineutral limit A — 0. Quasineutrality is widely used in charged par-
ticle transport as a means for finding simpler models, with many applications in
semiconductor theory and plasma physics. Quasineutrality says that the densities
of negative charges (electrons) and of positive charges (holes) are approximately
equal over large volumes. Such quasineutral models are obtained in the limit of
the (scaled) Debye length A in (3.3) going to zero, see [63] for an example.

Consider as in [82] the bipolar model with mixed Dirichlet Neumann bound-
ary conditions:

ng — Jpz =0, Iy = — 5 (n(Inn)zy)s + (Po(n))y — nVy,
e 3.37
Pt Ty =0, dy = (pnp)an)s — (Po(p)s — Vi, (330
ANV, =n — P,

for (t,z) € (0,T) x (0,1), with initial conditions (3.4) and boundary conditions

n=p=1 ng=p, =0, V=Vo=2aU UEeR (3.38)
Formally, sending A to zero in (3.37), we get n = p (assuming the compatibility
condition ny = py for the initial data) and

e + 52 (n(In1)en)es = ;(Pn(n) + Py(n)) e, (3.39)

n=1, n,=0 forxze{0,1}, n(0,2)=no(x). (3.40)
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Assuming that n and p are positive, sufficiently regular solutions, we can show the
identities

d 82 2 2

dt (Er(n) + E1(p)) + 2 Jo n((Inn)z)” +p((Inp)es)” do (3.41)

! (nZ)Q / (pw)2 1 )2 T =
[P " ar s | [ g0,
2

© (B + Ba(o) +

d 9 /Q((ln”)m)QJr((lnp)m)Q da (3.42)

+/mmwmmf+%@mwm%x
Q

+ ! /(n—p)(lnn—lnp)dx:O.
z2

Then using several sophisticated estimates related to A (compare Section 3.5), the
quasineutral limit was shown in [82], and the result is the following:

Theorem 3.6. Let ng,py be nonnegative initial data with finite entropies Ei(ng),
Es(no), E1(po), E2(po). If the temperature terms are nondecreasing and satisfy
the growth conditions | Py, (s), Py(s)| < C(1 + |s|9) with 0 < ¢ < 7/2, then it holds:

1. There exists a pair of nonnegative weak solutions nM,p*) ¢ L7/2(QT),
V) e L2((0,T); H(0,1)) to (3.37) and (3.4) such that
Inn®, lp™ € 22((0,7): H3 (@), g™, pi € L((0.7); H(9).

2. If in addition, ng = po, q¢ < 7/3, then a subsequence of (n™,pN, V)
exists, which is not relabeled, such that, as X — 0,

(n™,pMY = (n,n)  strongly in L*(Qr);
(nEA) pg)‘)) — (ng,ny)  weakly in L¥/41((0,T); H=3(Q));
(Inn™, Inp™) — (Inn,Inn)  weakly in L*((0,T); H*(Q));
and the limit function n solves (3.39), (3.40).

Additionally, an idea is sketched in [82] how the critical exponent ¢ = 7/3
up to which the quasineutral limit can be shown may be raised to ¢ = 5/2. There
seems to be no result on the quasineutral limit for ¢ > 5/2.

3.3.4. Long time behavior. For the periodic or insulating (homogeneous Neu-
mann) boundary conditions (3.10), the quantum drift diffusion model has a con-
served form, and we can expect to have similar long time behavior as in the case
of the initial value problem (3.8), compare the results presented in Theorems 3.1
and 3.2. By the logarithmic Sobolev type inequality (3.16) derived in [41], the expo-
nential decay then quickly follows from the entropy inequalities. For the isentropic
case with periodic boundary conditions, we quote the following result:
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Theorem 3.7 ([31]). Let C(z) = C be a constant, @ =T, pg = [ pgda/|T| and
suppose 0 < pg € HY(T), Inpg € L}(T) and (3.5) with ng = p3.
Then the weak solution p to (3.23) obtained in Theorem 3.4 satisfies
2
‘p(t7 ) - \/ﬁ% < COe_]wt; Vie (OaT]7
L2(T)

where M = 167*?/|T|* and C§ = [, pdIn(pd/p3) da.

For a decay result (with explicit description of decay rates) on an isentropic
bipolar system with mixed Dirichlet-Neumann boundary conditions (3.27), we
refer to [28].

3.4. Quantum drift diffusion equations in two and three dimensions

In the higher-dimensional case, the number of analytical results is considerably
smaller. We mention some results of [26] on the system

A
owp? = div (52p2V < pp> +0Vp* — p2VV)

NAV =p?—O(x),

(3.43)

where z € Q = T? with the nonnegative initial data py and the usual condi-
tion (3.5) on the initial charge neutrality.

For such a periodic setting, an inequality for the entropy Ej(n) can be ob-
tained, and other boundary conditions are much harder to get under control. How-
ever, the inequality (3.21) brings us into a position to show enough a priori esti-
mates only with information on Ey(n). In [26], by careful use of interpolation and
Sobolev inequalities, the global existence of weak solutions (p., V=) was shown, pro-
vided that d = 2,3, C € L>°(T%) and E1(py) < oco. Furthermore, if [, Vo dz =0,
then as € — 0, there is a subsequence which enjoys weak and strong convergences
in several topologies to a limit (v/n, V') which is a weak solution to the classical
drift diffusion equation.

The limit of vanishing scaled Debye length in the bipolar isentropic case was
studied in [27] in two and three dimensions, with 1 < o, 8 < 9/2 for d = 2 and
1< a8 < 16/5 in for d = 3, with a, 8 being the exponents of n and p in the
pressures P, and P,.

3.5. Entropy based methods

In this section, we will give an outline on the entropy based methods to prove
global existence, semiclassical limit and the long time behavior. Entropy based
methods consist of several steps:

e Build an approximate problem, under the constraint that the entropy in-
equalities hold also for this problem. Prove that the approximate problem
has a solution.

e Find a uniform estimate for the approximate solution, using entropy inequal-
ities adapted to the problem, and Sobolev type inequalities.
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e The global existence of the solution will follow from compactness arguments
based on the a priori estimates obtained so far; and the semiclassical limit
and the quasineutral limit can also be shown from a priori estimates uniform
in the relevant parameters.

e The exponential decay of the solution will be a by-product of the entropy
inequalities and special logarithmic Sobolev inequalities.

3.5.1. Approximate problems. As an example, we consider the unipolar case in
conservative form, where 2 = (0,1) C R},

(P2)t = Ju,
J = p2F17
F=-2"" 1 p(p?) v, hp?)= "1 0D, (3.44)
p y—1
Vaw = p2 - C(‘T)a

with one of the following boundary conditions,

Periodic boundary condition (
e =0, puse =0, Vy=0, (
p=1, V =Vp, F=Fp, (3.47
p=1ps; =0, V="Vp, (

and the usual nonnegative initial values pg for ¢ = 0. For simplicity of notation,
we have put Tp =1 and A = 1.

We will build the approximate problem by semidiscretization in time (Rothe’s
method) and use the implicit scheme, to solve a series of elliptic problems by
suitable fixed point arguments.

Split the time interval (0,7") into N parts of equal length 7, with 7 = T/N.

For any k=1,2,..., N, given pi_1, we will solve the following problem
2 2
Py — Pr— .
g - = [Pi(Fk)z]r in Q,
—¢? (Pr ) + h(pi) — Vi =F} in Q, (3.49)
Pk

(Vi)ew = pi — C(z) in Q,

where (pg, Fi;, Vi) shall satisfy the selected boundary conditions.

We introduce the exponential transform p = €%, rewrite (3.49) as elliptic
problem for (uy, Fk, Vi) and derive a first (rough) a priori estimate of uy in H ().
By the embedding H(Q2) < L*°(Q2) we then find a positive constant c; with
pr(x) > ¢ for all x € Q, and it can be shown that (pg, Fi, V) is a classical
solution. The problem (3.49) can be solved for all k up to k = N, and the positive
lower bounds ¢ are allowed to become smaller and smaller with growing k& and
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with decreasing time step size 7. Details of this positivity preserving scheme can be
found in [77], and also [78], [29], [31]. Numerical results on semidiscretized schemes
are in [48].

For completeness, we remark that in the higher-dimensional case, an addi-
tional term §[A?(In p3) + In p7] is typically introduced to regularize the problem
and ensure the existence of the approximate solutions, see [74], [26], [27].

3.5.2. Entropy inequalities. For the proof of the existence of (pg, Fy, Vi), some
a priori estimates coming from entropy inequalities have already been used, and
now we list some of the ideas to get these entropy inequalities. A first estimate is
immediately given as the conservation of the particle number,

[ st@e = [ gia)aa, (3.50)

valid for periodic boundary conditions or whenever F, = 0 on the boundary,
see (3.46). In the case of the other boundary conditions, we need to invest more
effort to get an estimate of [|pk || 12 (q)-

Formally, by using F}, as test function in the first equation of (3.49), we derive
the inequality

o 1
2 [P [ F dos
Q ¢

|(Vi)al? da + 7 / RI(F)a? da
yy—1 2 Ja Q F

2y
_ 1
§52/ |(pk_1)z|2dx+/ Pt gy o /|(Vk_1)z|2dw, (3.51)
Q 71 2 Jo

assuming (3.45) or (3.46). This inequality is a discretized isentropic version of the
similar estimate (3.33). The fourth member on the left-hand side is called entropy
production term. Note that it has no corresponding term on the right-hand side.
Unfortunately, this entropy production terms gives us only a limited amount of
information.

An idea is to separate the whole entropy into a classical part Wil fﬂ pi'y dz+
(Pk)zr

Pk

5 Jo |(Vi)z|? dz, and a quantum part 2 [, |(pk)z|? dz. Using In p? and — as

test functions separately, we find

32
[t -0 +3) e+ 22 [ oo ar+ Lo [ ((mattar
Q Q Q
+477'/pi(’yfl)KPk)mFdw—&—T/pid:v
Q Q

< /Q [Pr_1(Inpp_y — 1)+ 3] dz + CT/Qp% dz (3.52)
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and also

1 rxr
[ ton.zacs gere [ (1)
Q 2 Q Pk z

< [HonaPas+ @ [ ToaP s+ Or [ f(ou)l e (353)
Q Q Q

2
dotr [ (b1l do
Q

+C’T/ |(pk)m|2dx+07'/pidz.
Q Q

In the case of 1 < v < 3/2, this inequality can be refined, and in particular, the
delicate second and third items of the right-hand side can be replaced by more
harmless expressions, see [31].

By using 1 — 1/p? as test function, we next deduce that

[0t~y + 227 [ (g do+arr [ 507V n ), P s
Q Q

|
Q
< /(pi71 71Hpi71)d5€+07'/ |In pi|dx + C, (3.54)
Q Q
which corresponds to (3.36).

Remark 3.8. For other boundary conditions, partial integrations in the attempts
to prove (3.51), (3.52), (3.53), (3.54) may produce additional terms. The precise
situation is as follows:

e In case of the boundary conditions (3.45) and (3.46), the entropy estimates
(3.51), (3.52), (3.53), (3.54) can be shown, [24, 31];

e In case of the boundary conditions (3.48), inequalities like (3.52) and (3.54)
can be derived, [32];

e In case of (3.47), inequalities like (3.51) and (3.53) are valid, see [30].

Now we are in a position to build the approximate solution:

() 2xzeQ, te((k—1)r k7]
po(z) xze€Q, t=0

) xeQ te((k—1)r k7
x) x e, t=0,

Fo(t,z) 2 Fy(z), for z€Q, te ((k—1)r krl.

The a priori estimates obtained so far can be expressed in terms of these approx-
imate solutions. If (3.51) holds, then we have

ellpr)zlle (. myip @) + 107l (0,122 o) (3.55)
FNV)all oo 0,7y 1200) + 1o (Fr)all 200y < C-
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Now assume that only (3.52) and (3.54) are available. From |Ins| < s —Ins for
s € R4, (3.54) and Gronwall’s Lemma, we find

”P'r”Loo((o,T);B(Q)) te ||(1np'r)m||[,2(QT) + HPZ_Q(PT):&HH(QT) <C (3.56)

Then (3.52) brings us

2 (3.57)

‘((pr)aa)2

pr

sup By (p2(t)) + € HpT”i?((O,T);H?(Q)) +e?

[0,77 ?(Qr)

=+ leil(p'r)zH[;(QT) + ||pT||L4(QT) S C.

3.5.3. Compactness argument. Let (p,,V,, F;) be the approximate solution, ob-
tained as above by piecewise constant interpolation. In general, to each entropy
inequality for a smooth function, there is a corresponding discretized version for
the approximate solution (p,, V-, Fr).

The compactness argument will be used in getting both the existence of a
global weak solution and the semiclassical limit. Since the problem is nonlinear
in p,, we need strong convergence properties of the approximate solution p., to
prove a limit of the nonlinear terms, at least in a weak sense. Aubin’s lemma ([111],
see also the Appendix) will be used to get strong convergence. To apply Aubin’s
lemma, we need on the one hand some uniform bound for (p2),, on the other hand
some uniform bound for the discretized time derivative 9] p2 (any Banach space
containing functions of very weak regularity will do), which can be obtained from
the differential equation if one can control each term of the right-hand side of that
equation, including the quantum term. So in the compactness argument, the key
steps are to show that

e (p2), is bounded in some sense (this is harder in the isentropic case in com-
parison to the isothermal case, which brings the restriction 1 < v < 3);
o c2p2 ((p;)”) is bounded in some sense;
T T
e in the discussion of the semiclassical limit, we show that £2p?2 <(p;)”') goes
to zero in some sense. ’
Further convergences in weak topologies of reflexive spaces follow from the a priori
estimates (3.55)—(3.57) in a standard way.

Global weak solution
In case of the homogeneous Neumann boundary condition (3.46) and the Dirichlet
boundary condition (3.47), the estimate (3.55) holds, and then we find

||p,2r(FT)m||L2(QT) < ”PTHLOC(QT) ||PT(FT):£||L2(QT) <C.

Since H'() is an algebra, we also have p2 € L>((0,T); H'(2)) with uniform in 7

bound. The boundedness of the quantum term £2p, ( (e ;)”) comes from related
T x
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entropy production terms, cf. [24, 30]. Then we can use the differential equation
and obtain

19F 71| 2o sy S Coo

and Aubin’s Lemma can be applied, giving us the uniform convergence of a sub-
sequence (pr)r—o on the domain Q7.
Next suppose that only the estimates (3.56) and (3.57) are available, but

not (3.55). To obtain an estimate of the quantum interaction term 2 p? <(p’)” ) =

pr

(22/2) (0210 20 we split £, (10 ;) 1060 £(py ) e and —2((p7)2)?/ 7. which
are both present in (3.57), and then it follows that

lepr(in pr)eall 2 < C.

Next we interpolate in Gagliardo—Nirenberg style (see [1], but also [14]),

1/4
e el 0.y ) < C2 /4 ol oo mysrreay o7 I3 ooy < €

and therefore we can write

|22 (3.58)

(In p, wHLs/% ((0,T);L2(R))
< 34 ’ cl/4

Pr lle P'r(lnp'r)m||[,2(QT)

I8((0,T): L ()
< Ce¥,

2 in the space I¥/°((0,T); H=2(Q)), and
Aubin’s Lemma is applicable also here. The details can be found in [32].

hence we can give an estimate of 9] p?

Semiclassical limit

Now we wish to send € to zero and consequently we need estimates independent
of e. Consider first the homogeneous Neumann boundary conditions (3.46). Then
we can exploit a refined version of (3.53), and combining the estimates of the first
two members of the left-hand side of (3.53) then implies

(). (V).

which vanishes for e — 0.

And in case of the mixed Dirichlet boundary condition (3.48), we have (3.56)
and (3.57), and then (3.58) shows that the quantum interaction term vanishes
weakly for e — 0.

Then it can be shown that a weak limit of (p?)._,0 exists in I?(Q7) (at least
for a subsequence), and this limit p? is a distributional solution to the classical
drift diffusion equation. If we want to have p? as a weak solution however (and not
just a distributional solution), we need an estimate of (p.), or (p?), uniform with
respect to €. This can be achieved as follows. If 1 < < 2, then (3.56) and (3.57)

< Ck,
L2(Qr)

<e¢ ||pT||L°°(QT)
L*(Qr)
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give

102209

:// I(pf)x|2dxdt+// |(pr)o|? da dt

Qrn{p-<1} Qrn{pr>1}

<[ P2 Dol dt+ [ 20D (p,), |2 do dt
Qrn{p-<1} Qrn{p->1}

_ 2 _ 2
< HPZ 2(p7)m||L2(QT) + ||p7'Y 1(p"')f”||L2(QT)
<C.

And for 2 < v < 3 we similarly have

2

:4// p2|<p7>z|2dmdt+4// 2212 de dt
QTﬂ{PT<1} QTm{przl}

<dff P D (ool dd 4 [ [ P20 (o), 2 d dt
Qrn{p-<1} Qrn{pr>1}

_ 2 - 2
<4y (0 )all 2y + 41107 (0r)l 220
<C.

Then we can send first 7 to zero and second ¢ to zero, and the limit p? will have
the regularity

p? € LN(0,T); I2(0) 0 LY3((0,T); H'(2)),
8tp2 c Lmin(G/(3+’y),4/3)((O7T);H—2(Q))
in case of 1 <~ <2 and
p* € L°((0,7); L(2)) N L2((0,T): H(Q)),
p® € LY/ ((0,7); H*(Q))
in case of 2 <~ < 3, compare [28].
Quasineutral Limit
Obtaining the quasineutral limit, which is most meaningful in the bipolar case, is
quite a challenge, so we sketch the philosophy of the approach first. From (3.41)
and (3.42) we find
[ n, ) 12 0,y 12(02)) < C
lln — p||L2(QT) <O,

and the elementary estimate (z — y)(Inz — Iny) > 2(y/z — /y)? implies then
[vn - \/pH[F(QT) = CA
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Multiplying (3.37) with a smooth test function ¢ and integrating over Qr, an
integral [, Or (n — p)Vy ¢, dzdt appears which we would like to vanish for A — 0.
However, our estimates obtained so far imply only ||Vsl2q,) < C A~!, which is
not enough for performing the quasineutral limit.

In [82], a function W was constructed which has the same Dirichlet and
Neumann boundary values as V', and then V — W was taken as test function
in (3.37), leading to an estimate

1V + Vo)Vel 1o g,y < CA2,

via several Nirenberg—Gagliardo interpolation steps. Then we quickly deduce the
useful estimate

[(n=p)Vellpgp < CAY/9,

which makes the quasineutral limit possible.

However, some care is necessary here. First, the Neumann boundary values
of V explode for A — 0, making the construction of W delicate. Second, the
calculations which have led us to the identities (3.41) and (3.42) require a regularity
of n and p which is however not available for the solutions n*) and p® as provided
by Theorem 3.6. Therefore all the calculations sketched above have been performed
on the level of the more regular time-discretized solutions in [82].

3.5.4. Long time asymptotics. The key idea here is to combine an entropy inequal-
ity which contains a positive term producing that entropy (the so-called entropy
production term) with a second inequality which connects this entropy production
term back to the entropy under consideration.

A typical example is: in the case of constant doping C'(z), we have the entropy
inequalities

d 2
/[p2(1np2—1)+1} do + © /pQI(lanQ)mIdeSO,
d 2 2 e? 2y |2
(p* —Inp)dx + |(In p*)3e|* dz < 0.

With the help of one type of Logarithmic Sobolev inequality [41],

2 2
pg—1np +1
/Q[PQ(IHPQ*lﬂl] da < Ig ZHLI(Q) /Qp2|(1n02)m|2d$a

it is then easy to prove the exponential decay
2 _
llp— 1||L2(9) < /Q [pQ(lan - 1)+ 1] dz < Hpg(lnpg —-1)+ 1HL1(Q) e~ 2Mot

where My = £2(||p8 — lnngLl(Q) +1)~L
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3.6. Open problems

Multi-dimensional case with physical boundary conditions. As mentioned befo-
re, most analytical results in the higher-dimensional case consider periodic
boundary conditions only. It would be very interesting to study the whole
problem (3.1) with the physically motivated boundary condition (3.6) in the
general case.

Large time behavior for nonconstant doping. Here already the one-dimensional
case is an open problem. From the view of applications, the stability of steady
state solutions is of particular interest.

Internal layer problem (asymptotic analysis). In the generic case, the quantum
effect plays its dominant role only in a very thin region. By formal asymptotic
expansions, Uno et.al. [115] constructed so-called analytical solutions to the
quantum drift diffusion model, with applications to MOS structures, and it
was claimed that these analytical solutions reproduce major characteristics
of a MOS structure. A rigorous approach could be to first study the limiting
profile inside of the layer, then match it with the outer solution, and prove
that the solution converges to the classical model. Of course, with different
devices, the asymptotics of the layer could be quite complicated. Numerical
investigations on boundary layers can be found in [101] and [106].

4. The viscous quantum hydrodynamic model

4.1. Known results

The systems we are studying in this section are first the isothermal viscous quan-
tum hydrodynamic model,

on —vg An—divJ =0,

2
0,7+ & ny V"

1 (e J
5 Jn —I/OAJ—TVn-i-TJ—le( N )—nVV, (4.1)

MoAV =n—C(x),

where the temperature T is a positive constant, and second the full viscous quan-
tum hydrodynamic model, where T is an unknown function of (¢,x), and an ad-
ditional differential equation for the energy density ne is needed. Here e = e(t, x)
describes the energy density per mass of electrons, and ne then is the energy
density per crystal volume, given by
2

J?2 d g2 J2+ ¢ |Vn? d g2
:| | + Tn-— nAlnn:l | 1 1vnl + Tn— _ An, (4.2)

2n 2 8 2n 2 8
with d being the spatial dimension. The energy density comprises expressions re-
lated to the density of the kinetic energy of the moving particles, the thermic

ne
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energy, and a quantum correction term. Then the full viscous quantum hydrody-
namic system reads

omn —vg An—divJ =0,
2 A 1 J®J
0T+ 5 vV () — v AT+ J_dw( “ >
2 vn T n
+ uVn —nVV,

(J 2 . (4.3)
O¢(ne) —div| (ne+ P) | —vo A (ne)+ ne=pdiv]
n T

d
—J-VV + n,
T

My AV =n—CO(x),

where P =Tnl, — 842 n(V® V)Inn is the pressure tensor, 14 the identity matrix.
The subscript at Ap shall remember us that this parameter is related to the Debye
length, in distinction to spectral parameters A € C as they appear in Section 4.3.

And the third system we are investigating here has been introduced in [49],

on —vg An—divJ =0,

1
2 YA WA J —Vp(n)+ J=div Ted
n T n (4.4)
—nVV,
MV =n — C(x),

2
0,7+ & ny V"

2 Vn

with an additional term 6 A (J/n) for which also a physical motivation was given
in [49]. The function p is a pressure term, typically of the form p(n) = Tn? for
some v > 1.

Our boundary conditions are either insulating boundary conditions,

dyn =0, J =0, dy(ne) =0, 0,V =0 (4.5)
with 0, being the derivative in direction of the outward unit normal, or
n=np, divJ =0, Jy =0, dy(ne) =0, V =Vp, (4.6)

where J| denotes the tangential component of J at the boundary. This condition
means that, at the contacts of the device, the current flows only perpendicular at
the boundary, without resistance at the interface. Of course, the condition on ne
has to be omitted in case of (4.1) or (4.4).

Or, following [49], we take periodic boundary conditions:

Q=T (4.7)
Finally, we prescribe the usual initial conditions:

n(0,z) = no(x), J(0,2) = Jo(x), (ne)(0,2) = (ne)o(x). (4.8)
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If we study systems with boundary conditions (4.5) or (4.7), we have to assume
the initial charge neutrality:

/ no(z) — C(z)dz =0, (4.9)
Q
because solving the Poisson equation for V' would be impossible otherwise.

In presenting known results for quantum hydrodynamic systems, we start
with an inviscid version (vp = 0) of (4.1), in the one-dimensional case. The ex-
istence of local in time solutions was shown in [72], and the stationary problem
possesses solutions if we assume small currents [70], [89]. One of the key difficulties
is to ensure that the particle density n remains nonnegative, and also the term
(J?/n), is hard to get under control. If additionally the current is subsonic, then
this stationary solution is exponentially stable. For small applied voltages, station-
ary solutions have been demonstrated also in [98]. Note that, by the discussion in
Section 2.4, the subsonic condition becomes here |J/n| < v/T.

There is a series of results concerning the Cauchy problem of an inviscid sys-
tem (4.1), with the condition that the unknown functions approach constant values
for |x| — co. We mention the existence of a stationary state and its exponential
stability in [64], and also results on semiclassical limits (¢ — 0) or relaxation time
limits (7 — 0) of a bipolar quantum hydrodynamic system (for particles of two
types) in [123]. Surprisingly, the stationary state to a bipolar system has been
found to be stable, but only with algebraic decay like (1 4 #)~*, and this is a
sharp result [90]. Under some conditions, solutions approach a self-similar profile
algebraically, as shown in [91]. The limit A — 0 for a unipolar system was studied
in [88]. A further review can be found in [62].

Concerning the viscous version (1 > 0) of (4.1), the existence of classical
solutions to the stationary one-dimensional problem for small currents was shown
in [57], and this solution is unique in case of small values of e, vy, |J|. Note
that uniqueness for large current solutions can not be expected because there are
electronic devices whose working principle relies on multiple solutions. The inviscid
limit vy — 0, the semiclassical limit ¢ — 0, and the hybrid limit 13 +2/4 — 0
were studied in [57], too. Later the existence of stationary solutions was shown for
arbitrarily large values of |.J| in [75].

The exponential decay to zero of the physical energy (for C(x) = Cp)

2 2 2

BE(t) = /Q 52 (Dsv/n)2 +T <n (m go - 1) + CO> + AQ (0,V)? + ;n dz
(compare also (3.29)) was proved in [56] for a one-dimensional system with a
variant of insulating boundary conditions. This decay result was then extended
to the higher-dimensional case in [22], where also the exponential stability (for
d = 1) of a stationary state was shown. Results on the local existence of solutions
to (4.1) with d > 1 are to be found in [43], as well as a proof of the inviscid limit
vo — 0. Semigroup properties and more stability results (even for the supersonic
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case, and with explicit description of decay rates) are in [23]. Extensions to general
Douglis—Nirenberg systems were presented in [44].

Numerical simulations of the isothermal model (4.1) and the full model (4.3)
can be found in [75] and [79]. The full model brings us the additional difficulty of
how to ensure that also the temperature T' = T'(¢,x) stays positive everywhere.
Combined with the quasilinear terms with third-order derivatives, this makes an-
alytical results hard to reach.

It seems that (4.4) is the first system in quantum hydrodynamics for which
the global existence of weak solutions could be shown, even for large initial data,
see [49]. Then the global existence of weak solutions in the periodic case up to
three spatial dimensions was shown in [68].

4.2. Main results

Theorem 4.1 (Local existence). Let 2 be a bounded domain in R with boundary
T of reqularity C%L. For p > 2d and d > 2, assume that

ng € W (), Jo € W2 (4 RY), (ne)o € W (),

and suppose that these initial data satisfy the chosen boundary condition (4.5) or
(4.6). Moreover assume that Ang has vanishing Dirichlet boundary values when
we study (4.6), and otherwise suppose (4.9). Finally, let

Helsg no(z) >0, C e Ir(Q),
np € V[/]'D?’_I/Z’(I’), Vp € V[/]f_l/p(l‘) (if applicable).

Then the problem (4.3), (4.8) has a unique local in time solution satisfying the
selected boundary condition, and it has the regqularity

n € C([0, to]; W () N C* ([0, to]; W, (2)),
J € C([0,to); W (2)) N CH([0, to]; I (),
ne € C([0, tol; W2 (92)) N CH ([0, to]; LP(%2)),
V€ O([0, to]; W(2)) N CH ([0, to]; I ()

The solution exists as long as n stays positive and n, J remain bounded in C%'(Q)
and L>(Q), respectively.

We remark that omitting all references to ne in this theorem gives local
existence results for (4.1) and (4.4). For (4.1), p > d is sufficient because the
principal part of the system then is no longer quasilinear. And also the case d = 1
can be handled, after replacing the theory of elliptic systems presented in the next
section by a theory of ordinary differential equations.

The proof of Theorem 4.1 will span the whole Section 4.3.
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Our next result concerns stationary states of (4.1), which solve
vo An+divJ =0,
2 _A 1 1

—“ v \/n—&-l/oAJ—i—TVn— JznVV—div( J®J>, (4.10)
2 vn T n

My AV =n—CO(x),
with boundary conditions (4.6).

Theorem 4.2 (Stationary states with small currents). Let 2 be a convex bounded
domain in R? with boundary T of regularity C*'. Define a function V by

MAV =0, YV = Vp,
and suppose that, for some p > d, the data have the reqularity
CeWlQ), npeW'PI), VpeW2'/r(D),

and that
1
= d
n meas(Q) /QO(SC) x>0,
2 . 4.11
Apn > 972 ( )

Then, if § is sufficiently small, the problem (4.10), (4.6) possesses a solution
(n, J,V) € W3(€2) x W2(RY) x W2(Q) with infqn > 0.

Note that the condition (4.11) is fulfilled in realistic situations: if we follow
the scaling from [75], then n ~ 1, 7 &~ 1 and A%, ~ 107*.

Theorem 4.3 (Stability and decay rate). Let 2 be as in Theorem 4.2, and write
(n*, J*,V*) for the stationary solution as constructed there, and suppose that

In* — nllwaioy < B 1 sy < 5.

for a sufficiently small number 3. Let (ng, Jo) be initial data satisfying the condi-
tions of Theorem 4.1 with p > d, and

70 = n*[ly2 () < Bo, 1% = Jollw1 ) < Bo-

Then if By is sufficiently small, the solution (n,J, V) provided by Theorem 4.1
exists globally in time and approaches (n*, J*, V*) exponentially:

* % t
It = 0" Ollug + 1909 = T Olgay < Cexo (=) 0<t<ox,
for any 7 > 1, with C = C (7).

Theorems 4.2 and 4.3 will be proved in Section 4.4.
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Finally, we study the system (4.1) on a rectangular domain Q = (0, L1) x
(0,Ly) C R2, and we restrict our attention to the case d = 2, for notational
simplicity. The boundary I' = 02 is split into an insulating part I'y and a contacts
part I'p,

FN =900nN (0, Ll) X {0, LQ},
FD =900nN {0, Ll} X (0, LQ)
and the boundary conditions are either

{ n=mnp, 8VJ1:0, Jo =0, V =Vp, on I'p,

8un = 0, 8VJ1 = 0, J2 = 07 61,‘/ = 0, on FN, (412)

with the natural compatibility conditions danp = d2Vp = 0 in the four corners of
Q, or a variation of periodic boundary conditions

(n,0un, J,0,J,0,V)(0,x2) = (n,0un, J,0,J,0,V)(L1,22), w2 € (0,Ls),
6,,n = 0, aqu = 07 JQ = 0, 8VV = 07 on FN.

(4.13)
Note that V is allowed to jump when going from the right contact back to the left.

Theorem 4.4. For p > 2, assume that the initial data have the reqularity
3 2 .
no € W, (Q), Jo € W7 (%), ;Ielg no(z) >0,

and satisfy the boundary conditions (4.12) or (4.13), respectively. In case of the
latter we suppose (4.9).

Then the problem (4.1), (4.12) possesses a unique local in time solution with
the regularity

n € C([0, to]; W) N CH((0, to]; W (92),
J € C(0, ) () N O ([0, 0]; 17(2),
V € C((0, ol W2(R)) N CH ([0, o]; 17(2),

and so does the problem (4.1), (4.13).

Variants of the Theorems 4.2 and 4.3 also hold for the case of a rectangular €.

4.3. Elliptic systems of mixed order

In a first part, we recall known results about mixed-order elliptic systems, and in
a second part, we apply these results to the quasilinear systems (4.1), (4.3), (4.4).

4.3.1. General results. Following the presentation in [3], we recall that a matrix
differential operator of order m,

A, Dy) = > aa(@)DY,  aq € CPR:CVN), Dyi= Ve, (414)

laf<m
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is called elliptic if there are positive constants ¢y and C such that the pseudodif-
ferential symbol o(A) of A,

o(A)(x,8) = Y aa(@)6*,  (2,€) eR* xR,
la|<m

is an invertible matrix for |{| > C and all 2 € R™, with the estimate for the inverse
matrix

[(o(A)(@, )7 S )™, V(2,6 R x {[¢[2CY, (€)= (L + )2

This is equivalent to the condition on the principal symbol opr(A),

opr(A)(z,€) := Z an(z)E, (z,8) e R" x R,

la|=m
to be uniformly invertible for |{| = 1 (with possibly new constant cg):

|det(ope(A)(2,8))] 2 co, Y (2,6) €R™ x {[¢{] =1}
Then the next result is classical ([107], [60], and also [84]):

Theorem 4.5. The following conditions are equivalent:

e the operator A from (4.14) is elliptic,

e there is a pseudodifferential operator A* € W™ (R™ x R™) (called a para-
metrix) such that the operators Ao A* —id and A* o A —id are reqularizing
operators from L(H'(R™;CN); H"(R™;CN)) for any t,r € R.

Here £(X;Y) denotes the space of linear and continuous maps from the
topological vector space X to the topological vector space Y.

An operator B € L(C§°(R™); C°°(R™)) is called a pseudodifferential operator
from the class W*(R} x RE) if it has a representation

dg

(Bu)(z) = /R b uE)ds,  we CFRY).  dgi= ) 5,

4
where 4(§) = {Foeu}(€) is the Fourier transform of u, and the pseudodifferential
symbol b = o(B) satisfies the estimates

0200b(,€)| < Capl)" V), (0,€) €R" X R™.

For the theory of pseudodifferential operators, we refer to [46], [61, Vol.III], [85],
or [113], [114]. Here we only mention that any operator from ¥U#(R™ x R™) can be
extended to a continuous map from H*TH#(R") to H*(R™), for all s € R.

The concept of elliptic matrix differential operators of order m has been
generalized by Douglis, Nirenberg [42], and Volevich [117] to matrix operators of
mized order as follows: consider the pseudodifferential symbol o(A) of A, where
each entry of this matrix is a polynomial in the variable £. Define L(z,&) :=
det o(A)(z, ), and this determinant comprises N! summands. Call r := deg L(z, §)
the degree of this determinant as a polynomial in &, and let R be the maximal
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degree of all the N! summands. Clearly, r < R. Then the (uniform) ellipticity in
the sense of Douglis—Nirenberg and Volevich is defined as follows:

It holds r = R, and there are positive constants ¢y and C' with the property
that |L(x,&)| > co(&)" for all (z,&) with € R™ and |£] > C.

Volevich [117] has shown that then integers s1,..., sy and my, ..., my exist
such that dega;i < s; + my, for all (j,%), and with Z;-v:l(sj +m;) = r. Here we
follow the convention aj; = 0 for those (j, k) with s; + my < 0. We write a?k for
that part of a;, that has order exactly equal to s; + my, (assuming that such a

part of a;;, exists, otherwise a?k := 0, of course). All those agk form the principal

part A® of A, by definition. Write

ajp= Y aps@)Di,  1<jk<N. (4.15)
[B]<sj+my

We suppose proper ellipticity: the degree r of det o(A°) as a polynomial of
¢ is even (say 2¢), and for all z € Q and any pair &, of linearly independent
vectors from R™, the polynomial z + deto(A%)(z,& + zn) has exactly q roots
z = z(x,&,n) in the upper half-plane of C. If the spatial dimension n is at least
3, then proper ellipticity follows from ellipticity; and for n = 2 it is an additional
condition (compare the Cauchy—Riemann operator).

We need this number ¢ to be an integer, because it is related to the number of
boundary conditions if we wish to solve a system like Au = f in an open bounded
domain £ C R", with smooth boundary I' = 02, as we do now.

Consider a matrix B = (b)) of differential operators at the boundary with
entries

bik=9 Y. bus(@)Di, 1<j<q  1<kE<N, (4.16)
[B|<degbj

where g is the usual trace operator at 02, and we assume that there are integers
T1,...,7¢ such that degb;r < r; +my, following again the convention b;; = 0 for
those (j, k) with r; +my, < 0.

To formulate a condition which boundary differential operators B can lead
to a well-posed boundary value problem to the interior differential operator A, we
first construct the matrix B° of the principal parts b?k of the scalar differential
operators bj. Second, for any point z* € 0(2, we shift and rotate the coordinate
system in such a way that * becomes the origin, and the interior normal vector at
x* corresponds to the x,-axis. In this new coordinate frame, the cotangent variable

shall be written § = (&1,...,&n) = (£, &n)-

Condition 4.1 (Shapiro—Lopatinskii condition). For each ¢ € R"~1\ {0}, the
system of ordinary differential equations on the half-line {0 < z,, < oo}

AO(nglszn)v(xn) = 0, 0<x, <o
with the initial condition

(BO(Oa 5/1 Dzn)v(mn)hxn:@ =h
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has exactly one solution in the space of functions v € C°°(R; CY) that decay for
Ty — 00, for each vector h € C4.

Then the boundary value problem
{ Au = f, x €,

Bu =g, x € 08, (4.17)

is called elliptic if A is a mixed-order elliptic operator of Douglis—Nirenberg type
and Condition 4.1 is valid at each point z* € 99.

To the fixed parameter sets (s1,...,sn), (m1,...,my) and (r1,...,74), we
define Sobolev spaces,

%{U+mk}(ﬂ) — V[/pa-l-nu (Q) X oo X %U+mN (9)7
V[/p{afsj}(Q) _ vaafsl (Q) x - x I/I/;)a'fsN (Q),
Wy (1) = W) (@) x W7 =YK,

where the Sobolev spaces on the boundary I' are defined in a similar way as the
Sobolev spaces in 2.
A key result then is:

Theorem 4.6 ([3]). Suppose that Q is bounded and
azfmkinmk, 0 > maxs;, o > maxr; +1/2.
J J

Then the following conditions are equivalent:

e the problem (4.17) is elliptic,
e solutions u to (4.17) satisfy the a priori estimate

N
Z ||uk||m/2"+mk(g)
k=1

N q N
<O Y Wil gy + 2 Nsllyors 272y + 2 Nl | -
j=1 7=1 k=1

e the operator
Ap = (A, B): W™ (Q) — Wy (Q,T)
is a Fredholm operator.

Remember that for Banach spaces X, Y, an operator A € L(X;Y) is called
a Fredholm operator if the kernel of A is a finite-dimensional subspace of X, and
the algebraically defined quotient space Y/img A is also finite-dimensional. Then
([109]) the range space img.A is a closed subspace of Y, and the quotient space
Y/ img A turns into a topological space in the usual way, called the co-kernel of A.
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Remark 4.7. The differing values of the order parameters may have surprising con-
sequences. Suppose s; +my > 0 for all (j, k). Then W,t7 ™} (Q) — VVQ{gfsj}(Q),
and we can study the operator A in the ground space V[/Q{gisj}(ﬂ) with domain

D(A) := {u € V[/2{0+mk}(ﬂ): Bu = O} ,

which is a closed operator by the a priori estimate from Theorem 4.6. But it is
not densely defined if one of the boundary conditions expressed by the operator B
is meaningful in the ground space VVQ{gisj } (Q). As a consequence, it is impossible
to define the adjoint operator, at least without choosing another ground space.

And also the formally adjoint operator to (A, B) may not be elliptic because
the number of boundary conditions differs from ¢. As an example, we choose a
slightly modified principal part from (4.1),

o al\ div o d
A= (—VdivA’V al 1d> o B=nolan,  wcQCRY
with @ > 0 and A’ € R%? being a symmetric positive definite matrix. By
the methods from the proof of Proposition 4.11 one can show that (A4, B) is
an elliptic boundary value problem. For a function U € I?(Q;Co*!) we write
U= (u1,...,ug+1)" = (%), and set (p,1),, = [,, ¢t dz for scalar-valued or
vector-valued ¢, ¥ and a manifold M. If BU = 0 and v denotes the outer unit
normal vector field, then we formally have
a/\ VAV div
(AU7V)Q - (Ua <_v a A ]-d > V>Q

+ (VVur, avy) yq + (VA Vg, dive’) 5,

+ WV, av’) 5 — (div A'Vug, vv’) 5 ,
giving us ¢ + 1 boundary conditions in the adjoint operator B’, namely yov1 = 0,

Yov' = 0 and 7 dive’ = 0, assuming that A’ is not a multiple of the identity
matrix.

Now our goal shall be deriving estimates for the resolvent (A — \)~! in suit-
ably chosen function spaces. To this end, we need the concept of ellipticity with
parameter for the system

(A—XNu = f, x €, 118
Bu =g, x € 082, (4.18)

where A is from a closed sector £ of C with vertex at the origin. Here we restrict
ourselves to the special case of

mj + s; =m, forall j=1,...,N,
r; <m, forall j=1,...,mN/2=q.
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Definition 4.8. The boundary value problem (4.18) is called elliptic with parameter
in the sector L if the following conditions hold:

Interior ellipticity. det(A°(x,&) — M) # 0 for all (z,£,)\) € 2 x R" x £ with
€]+ |A] > 0.

Shapiro—Lopatinskii condition. Let 2 € 90 and the system (4.18) be rewritten
in local coordinates near x° (using a translation and a rotation), in such
a way that 2% corresponds to z = 0, and the interior normal vector at x°
corresponds to the coordinate half-axis with xz, > 0. Then the boundary
value problem on the half-line

A%0,¢, Dy, )o(t) — Mo(t) =0, 0<t=ux, < oo,
BY0,¢, Dy Ju(t)=0, t=0, j=1,...,mN/2,  (4.19)
lim v(t) =0

t——+o0

always has only the trivial solution v = 0, for all (¢/,\) € R*~! x £ with
€'+ [Al > 0.

For a parameter-elliptic system, it is no longer necessary to assume proper
ellipticity, because in [4] it has been shown that the interior ellipticity condition
has the consequence mN € 2N.

To prepare resolvent estimates, we define parameter-dependent norms,

[0l p0n = ||U||va(sz) + (A7 o1l 2o (02) » o & No,
||w||a—l/p,p,f‘;)\ = ||w||VVZf”1/P(Q) + |>\|(O'—l/p)/m ||w||LP(F) ) (S N+,
where 1 < p < oo and A € C\ {0}.

Condition 4.2 (Regularity of (2 and the coefficients). We assume that T" has the
regularity C™a% mi+tm=1il "and the coefficients ajis from (4.15) satisfy

CmimhLQ) B < sj+mE, my >0,
ajiks € 4 C(Q) C|Bl =85 +me, my; =0,
>(Q) 2Bl < sj +my, my =0,

and furthermore bjrg € C™~ "~ BY(T) for all j, k, B, cp. (4.16).

Then we have the following result on existence, uniqueness and estimates for
solutions to (4.18) from [105], [47]. (See also [3, Theorem 6.4.1] for an I? based
result for systems of much more general structure.)

Theorem 4.9. Suppose that the boundary value problem (4.18) is parameter-elliptic
in a sector Lg, and assume Condition 4.2.
Then there exists a Ao = Ao(p) such that for X € Lo with |A| > o, prob-

lem (4.18) has a unique solution u € %{m+mk}(§2) for any f € W},{misj}(Q) and
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boundary data g € V[/p{mfrrl/p} (T), and the a priori estimate

N N mN/2
Z ||uj||mj+m,p,ﬂ;>\ <C Z ”fmej,p,Q;/\ + Z ||gj||m—rj—1/p,p,l“;>\
Jj=1 j=1 j=1

holds, where the constant C' does not depend upon f,qg and .

From this inequality in parameter-dependent norms, a resolvent estimate
can be derived in a certain I based ground space which we construct now. By
re-arranging, we may assume that the parameters my, are ordered,

m1:...:mp1 >mp1+1:...:mp2 >mp2+1:...>...:me 207
0=po <p1 <'--<pQ=N.
It is then natural to split the unknown functions,
u=(Us,...,Ug), Uk = (Upy 141, Upy), k=1,...,Q,

and the right-hand side f is split in the same way.

By physical arguments, it seems reasonable to assume that components of u
belonging to differing values of mj do not appear in the same boundary condition,
which leads us to the following two assumptions, which are valid for our boundary
conditions (4.5) and (4.6).

Condition 4.3. The collection of boundary conditions Bju = g; for j =1,...,q =
mN/2 can be expressed as

BWU, = Gy, k=1,....Q,

where B*) is a matrix differential operator of size m(py — pr—_1)/2 X (Pr — Pr—1),
of order less than m, and m(py — pr—1) € 2N4.

Condition 4.4. For 1 < k < @Q — 1, there is a (px — pr—1) X (P — Pk—1) matrix
partial differential operator A on Q of order m, such that

A == (A, BW)
is a parameter-elliptic boundary value problem in a sector £; of C.
Then by elliptic regularity, we have
D(A) = {v € W (€; CPrPr-t): B®y = O} .
Next we set, with |2 as the largest integer not greater than x,
tk:mekJ5 k:17"'aQ7
m
and using the complex interpolation method (see [108]), we define
t tr+1 . —
Xk _ [D('Ak )aD(Ak )] (mpk*tkm)/m 01 S k S Q 17
IP(Q; Cre-va-1) k= Q.
X=X; X"-XXQ,
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which shall be the base space for the operator A. For related results on this idea
of incorporating certain boundary conditions into the base space X, see [2].

Then the following key result was shown in [44]:

Theorem 4.10. Suppose that (4.18) is a parameter-elliptic system in a sector Lo,
and assume the Conditions 4.2, 4.3, 4.4. Then the operator

A:: (A;Bla'--7BmN/2)7
D(A) :={(Uy,...,.Ug) € X: AUp € Xp, (k=1,...,Q—1)

Ug € W (Q;Crare—t), B, = 0}
engjoys the following resolvent estimate in the sector Lo N Ly for large |\|:

AL || (A=A <C.

—1 —1

) ”L(X;X) + H(A - HL(X;D(A))
And if Lo N Ly is a sector of C that strictly contains the right half-plane, then A
generates an analytic semigroup on the space X.

A remark on the domain D(A) is in order. First, the auxiliary operator Ay,
is not uniquely defined; for you can always modify its lower-order terms, at least.
This will not affect D(Ay), but all the D(AYL) for ¢ > 2 will be influenced by this
choice, leading to variations in the definition of X and D(A). The regularity of the
elements of X and D(A) will always be independent of the choice of Ay, only the
asymptotic expansion at the boundary will change. One could use this variability
in the definition of X and D(A) for an additional fine-tuning. Note however that
the variability of X will not become visible if all s; are non-negative, because then
is at most m.

Mpy,

4.3.2. Mixed-order systems in quantum hydrodynamics. Now we discuss the el-
lipticity of the systems (4.1), (4.3) and (4.4) together with the boundary condi-
tions (4.5) and (4.6). Concerning the periodic boundary condition (4.7), it only
remains to mention that the general results from Section 4.3.1 can be directly
transferred from R™ to the case of a closed smooth manifold.

Concerning (4.1), we have N = d + 1, U = (n,J)", (s1,82,...,8411) =
(1,2,...,2) and (mq1,ma,...,mgy1) = (1,0,...,0), and the system transfers into

0

= Vol div o [ YA div
A= (8:VA+TV vo A 1g— ild)’ A0 = (fjm i) (420

compare (3.7).
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With regard to the system (4.3), we note that, by (4.2),

d g2 1 |J]2 &2 |Vn|?

2V(Tn)— VAn+V(ne)—2V( . +4 " ),

el e2d—1J e? J e? . J
dlv(nP>— 4 d VAn 4tr((V®Vn)-Vn)+4dAn-dlvn

2 2 2

JrE div (Vn)@(Vn).J —1div |J] Jre |Vn| J
4 n n d n 4 n n
2

J
dle( n)’

with tr being the trace of a matrix. Then the unknowns are U = (n, J, ne )T the
parameters are (si,...,8q+2) = (1,2,...,2) and (mq,...,mgy2) = (1,0,...,0),
and the system becomes

U — ApU = F ({Dgn}a)<2: {D5 I} a1<1, { DG (n€) }aj<1, VV) ,

now with a nonlinear matrix differential operator

I/QA div 0
A= =5 VAV A1 -1, 2V . (4.21)
-5 ddliVAnL wdiv vo/\

And (4.4) can be written as
0
KU = AU = iy (77 4 (TR ) WV 4 26(9) V0t 4 8T AR ]

again with a nonlinear matrix differential operator
V()A div
As = . 4.22
0 (—E:VA +p’(n)V (Vo-‘r z) ANlg— i1d> ( )
The insulating boundary conditions (4.5) are getting represented by the (d + 2) x
(d + 2) matrix

9, 0 0
B=[0 1, 0|, (ri,...,ras2) = (0,0,...,0,1),
0 0 9,

and, concerning the boundary condition (4.6), we have in local coordinates the
principal part

1 0 0 0
0 14- 0 0

B’ =1, %1 o o | (rare) =(0,0,...,0,1,1),
0 0 0 0,

and we observe that Condition 4.3 holds in all cases. We follow the convention
that the last row and column of B (taking care of ne) is tacitly omitted when we
study A from (4.20) or As from (4.22).
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Proposition 4.11. For frozen functions J and n, the latter taking only positive
values, the linear matriz differential operators A, Apm, As from (4.20), (4.21),
(4.22) together with the boundary conditions (4.5) and (4.6), form boundary value
problems which are elliptic with parameter in a sector Ly which is larger than the

right half-plane of C.
Proof. The pseudodifferential symbol of A° from (4.20) is

—1pEJ? 1(517---7&1))

o(AN (z,6) = | -
( )( 75) (54 1§|£|2 _VO|§|2]—d

with eigenvalues in the left half-plane:

..... e = -ulels Maan@e) = (wx )l

Similarly for A :

—vpléf? i(61,...,8a) 0

2 —_ .
o(Ady)(z, &) = 254 dd§1§|£|2 —10|¢? 14 0 ;
5 el 0 —1plé[?
ie /d—1
Ar,..a(@, &) = —woléf?, Adr1,d2(T,§) = — (Vo + 9 \/ d ) €17,
and for AY:

0 B —21/0|§|2 i(&,...,&)
T = <E4 1£|§|2 B (1/0 + néﬁ)) |§|21d '

A1 ..... d*l(zag) = 7V0|§|27

2
Ad,dr1(2, &) = *; 2vg + n(dx) + \/<n(5x)> —e2 | ¢,

all these roots having real part at most equal to —14|€|?, for positive n(x).

Concerning the Shapiro—Lopatinskii condition, we focus our attention to the
combination of Ag,y with (4.6), the other combinations being easier. We let the
boundary be located at 24 = 0, consider 9Q > 2% = 0, observe that the concept of
parameter-ellipticity can be generalized in a canonical way to the case of sections
through vector bundles, and then (4.19) with v =: (m, K, g)" turns into

—vo(|€'1?+ D2,)m + 16 K1 + -+ i€q-1Kq-1 + 1D, Kq = Am,



52 L. Chen and M. Dreher

e2d—1.
L g U DE)m = wo(|Ef + DI Ky = Ky, 1<k<d-1,
et Lip (1€'> + D2 Yym — v (|¢'|* + D2 ) K4 = MK,
4 d Td Tq 0 Tq d — d
e2d—1.Jy(0)
4 d a0 Dy, (€' + D2 )m — w(I€'|* + D3,)g = g,
m(0) = K1(0) = -+ = K4-1(0) = (D, K4)(0) = (Da,9)(0) = 0,

which is a system of ordinary differential equations with constant coefficients.
Every solution which decays at infinity must decay exponentially, together with
all its derivatives. Then we may plug each term of this system into the usual
scalar product (-,-) and the associated norm ||| on I?(R;C). First we note that
(DZ,m)(0) = 0, from the first equation. We select the equation for K, take the
scalar product with K, and integrate by parts to obtain

e2d—1 )
4 d (€17 + D2 )m, i€ Ky) — vol€ P (1K |* = vo || Day K| * = MK,
e2d—1,, ,5 9 ) 2 2 2 2
4 d ((|€')° + D3, )m,iDy, Ka) — vol€' [ | Kall” — vo || Day Kall” = M| Kall”-

We sum up and insert the first differential equation, and it follows that

e2d—1 2 d
= U€R + Daml* = Y (P I + 1Dz Kl
j=1
a 2, & d=17 5 2 2
=AY+ 7, O (IR Il +11Dayml )
j=1

The left-hand side is always nonpositive, and if ®A > 0, then the right-hand side
has a nonnegative real part, which enforces K = 0 and m = 0, and from the
differential equation for g, in this case also ¢ = 0 follows. Then the sector Ly in
which the system is parameter-elliptic contains at least the right half-plane. And
since the set of A for which the Shapiro—Lopatinskii criterion is violated is a closed
set of C, the sector Ly is even strictly larger than the right half-plane of C. 0

In the sequel, we set N = d + 1 in case of (4.20) or (4.22), but N =d+ 2 in
case of (4.21).

Proposition 4.12. Assume that the functions J = J(x) and n = n(x) have regu-
larity C%Y(Q), and n > const. > 0. For 1 < p < oo, define a function space

X ={UeW'(Q) x P(C""): B,Uy =0} (4.23)

with By, being the differential operator acting on n in the boundary conditions (4.5)
r (4.6). Define A as A or Agan or As from (4.20) and (4.21) and (4.22), together
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with boundary operators By, ..., By as expressed in (4.5) or (4.6), and domain
D(A) = {(m,K,g) € W (Q) x W(QC"Y): B, Am =0, (4.24)

B,m =0, ByjK =0, Bp.g=0},
D(A) = {(m,K) € W}(Q) x W2 CY): B, Am =0, (4.25)

Bum =0, B;K =0},

(depending on the height of U), where By and Bye are the differential operators
on J and ne in the chosen boundary condition.
Then the operator A generates an analytic semigroup on the space X.

Proof. By our assumption on the regularity of n and J, Condition 4.2 holds, and
also Condition 4.3 with ) = 2 and p; = 1. Finally, also Condition 4.4 is valid with
Ap=Aand L1 =% :={z € C: |argz| < 0+ 7/2} U{0} for § < 7/2. It remains
to apply Theorem 4.10. O

Next we wish to solve the linear problem

{ U — AU = F(t), t € (0, o], (4.26)
U(0) = Uy,

with U = (m, K, g) or U = (m, K), for either A = (A, Bn, By, Bne) or A =

(As, By, By). Note that the case of A = (A, B,,, By) with A from (4.20) can be

treated in a much easier way, because of the constant coeflicients of the principal

part. Concerning the functions n and J appearing in the coefficients of Ag,; and

As, we assume, for some p € (0,1), that

n,J € C([0,t]; C%1(Q)) N C*([0, t0]; C()),

n(t,x) > const. > 0, (t,x) € [0,to] x €.
Put E1 = D(A) and Ey = X, Then (Ey, E1) is a densely injected Banach space
couple. For 6 € (0,1), set Ey := [Ep, F1]p, via the complex interpolation method.
We write H(E; Ep) for the set of all M € L(E1; Ey) such that M, considered as a
linear operator in Ey with domain Ej, is the infinitesimal generator of a strongly

continuous analytic semigroup in Fy (compare [6], Section II1.1.2). Then we have
Ae CP([O, to]; H(El; EQ))

Theorem 4.13. Suppose Uy € Ey and assume
F € C([0,t0]; E) + C([0, to], Eyve),

where v and € are numbers with 0 <y < p <1 and 0 < e < 1—r. Then the initial
value problem (4.26) has a unique solution

U e C([Oﬂfo];Eo) N C((Oﬂfo];El) N Cl((Oﬂfo];Ery).

Write Ay for the E, realization of A. Then U also solves .U — AU = F in the
interval (0,to]. If Uy € E, then U € C([0,to]; Ey), and if Uy € D(A,(0)), then
U € CH[0,to], Ey).



54 L. Chen and M. Dreher

On the other hand, if F € CP([0,%o]; Ey) and Uy € E1, then
U e C”’((O, to]; El) N Cl+p((0, to]; Eo) N C’l([(), to]; EQ)
Proof. This is Theorem 1.2.2 and Theorem 1.2.1 in [6], Chapter II. O

In [6], Chapter II, it has been shown that the solution U can be expressed as

U(t) =Ua(t,0)Uy + /iOUA(t7T)F(T) dr,

with U4 being a parabolic evolution operator having F; as regularity subspace,
which implies the following. Set J = [0, to] and
JIan ={(t,s) € T x J: s <t}
JIXx ={(t,s) € Ia: s < t}.
Then U 4 has the properties
Ua € C(Ia; Ls(Eo; Eo)) N C(TR; L(Eo; E)),
Ualt,t) =1, teJ,
Ua(t,s) =Ualt, )UA(T, s), s<7<t, (ts)€Ia,
where Ls(Ep; Eo) is the space of linear maps from Ey to Ey equipped with the
simple convergence topology (see [6] for details).

For Banach spaces E, F, and « € R, call R(E; F, ) the Fréchet space of all
ke C(JX; L(E; F)) with the following finite seminorms:

sup  (t —5)* ||k(t, s)ll g,y < 00, 0<T <tp.
0<s<t<T

Next, we consider not only one operator A (with coefficients depending on t),
but a whole family 2 C C?(J;H(E1; Ey)). We assume that there are constants
M,n e Ry and 0 € (0,7/2) such that 3y is contained in the resolvent set o(A(s))
for all A € 2 and all s € 7, and the inequalities

A ~ Ao _
t,s€ET t#s |t - 5|‘Q
JAG oy + (1 + D [CAS) = 0 gy < M
hold for all (s,\, A) € J x Zp x A and j =0, 1.

Then each operator A from this set 2l possesses a unique parabolic evolution
operator U 4, and this U4 enjoys estimates as follows:

)

Theorem 4.14 ([6], Theorem I1.4.4.1). Suppose that the class 2 is given as above.
Then for each A € A, there is a unique parabolic evolution operator U4 having Ey
as regularity subspace, such that

Uy € C(jA;ﬁs(El;El)) ﬁﬁ(EQ;EQ7O) n ﬁ(El;EhO) ﬂﬁ(Eo;El, 1).
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Further, there is a constant C = C(p), independent of n, such that, with p :=
C(p)nt'?, the estimates

1A, ) 2 (iy5m,) + (&= ) UA®E )| 2y 1,y < C€) exp((p 4 €)(t — 5))
hold for all positive €, (t,s) € Jx, A€ A and j =0,1.

In order to be able to apply this result to our situation, we only have to
make sure that the functions (n, J) appearing in the coefficients of A are from the
admissible class Z,q, defined by the inequalities

n(t,z) > co >0, (t,x) € [0,t0] x 9,

Il o,t1icon @) + 1l o to1scon )y < Cos
In(t) =n(s)lcy 1) = T($)ll e

< 0<t¢ <t
|t—8|p |t—8|p > Ui, = #S_ 0

with constants ¢y and Cy, C fixed.

Interpolating between the estimates from Theorem 4.14, we then can conclude
that

(t—s) P exp((u+e)(t—s), 0<a<pB<I,
(t—s5)" " Vexp((p+e(t—s), 0<a<l

Ua(t, ) o (e <

C
||A(t)uA(ta S)”ﬁ(EQ;EU) ¢

IN

Recall that for a closed linear operator M in a Banach space F, the spectral bound
s(M) is defined as

s(M) :==sup {RA\: A € s(M)},

with o(M) being the spectrum of M. Note that the number \o(p) appearing in
Theorem 4.9 depends continuously on the coefficients of the operator, and therefore
we can assume that there is a uniform number v € R with the property that
v > s(A(t)), for all t € J = [0, ¢] and all A € 2L.

Having secured this number v, we now can compare the mild solutions U (")
and U®? to the problems

o,UM — ADyM Z p() U — ADU@ — p@),
{ { (1.27)

U (0) = UsY, U@(0) =U§?,
and their difference is estimated in the next theorem:

Theorem 4.15 ([6], Theorem II.5.2.1). Suppose that 0 < f < a < 1 with & > 0
and B <1, and 0 < v < 1. For (U, AW, FUO)) € Ey x A x L2 (T E,), j = 0,1,
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the mild solutions UM and U to (4.27) exist, and the following estimate holds:

[rvo -v@wl,

< Cet (t“‘ﬁ HA( A(Q)H

C([0,8];£(E1: Eo)) H 0

4 ¢t =p HA 1 _ A(Q)H

C([0,t];L(F1;E0)) H L= ((0,t);Ey)

o=, 20 =5

L°°<<o,t>;Eu>> '

This will help us in solving the quasilinear problems (4.1), (4.3), (4.4) on a
short time interval by a Picard style iteration procedure.

Our final tool is a Holder type estimate for mild solutions.

Eg

Theorem 4.16 ([6], Theorem I1.5.3.1). Assume 0 < 8 < a < 1 and Uy € E,,
F e I35.(TJ; Ep). Then the estimate

10() = U(s)lg, < Ot = )72 (U], + IFl 1 00,51
holds, uniformly in (t,s) € Ja and (Up, A, F) € Eq x A x L (T; Ep).

Proof of Theorem 4.1. Without loss of generality, we discuss only the boundary
condition (4.6). For functions (n,J, ne) satisfying the initial and the boundary
conditions, we set W := (n — ng, J, ne) which has homogeneous boundary values,
and we consider then the problem
8tU*A[W]U:F[W]7 U:(min()ang)v
U(0) = Uy,
with the intention to find a fixed point of the mapping W +— U, locally in time.
The numbers ¢y, Cy, C; in the definition of Z,4 shall be defined as
1
coi=, inf mo(a),  Coi=2 (||n0||co;1(m n ||JO||CO;1(Q)) . O =1

We suppose that (n,J) € Z,q, as a condition on W. Then we can apply Theo-
rem 4.16 with § =3/4, a =7/8 and 0 < ¢ < ¢,

1U®) = Usllg,,, < C/% (0ol , + IFWll e goyy) - (428)
Note that F[WW] has the form

1%} A no
(B(VJ, VQTL)‘I) + (V27’L)\I/1 + (VJ)\IIQ + (V(ne))\llg + Uy — nVV> ’

with B(-,-) being a certain bilinear form, ® a smooth function of n, and ¥; being
functions depending smoothly on n, Vn, J, ne. By the definition of Z,q, we have

||((I)v \1117 \1127 \1137 \1147 \1157 v‘/v V‘])”LOO(Q) < O(CO? OO)

FIW] =
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Then we can conclude that
2
IFW e o) < € (1BOV V20| e 012062y + 1P e oz + 1)
< O (Wl 0.0, 1) -
Now we define a set
Y= {U = (m — No, K’ g) € LOO((O7tO)7 E3/4):
1U() = U)llg,,, <ot -1 0<s<t<t}

Since E3 /4 is a closed subspace of %5/2(9) X %3/2(9; C?*+1) which embeds continu-

ously into C2(2) x C1(€; C4*1) because of p > 2d, the elements U = (m—ny, K, g)
of Y satisfy

m(t,x) > co, Il (e, K ¢ (0,86]:001 (02)) < Cos
[[(m, K)(t) — (m, K)(s)llc(a P
It — s[1/16 =1

for 0 < s,t < tg, if g and tg are chosen sufficiently small. Then the inequality
||W - UO||L°°((O,t0);E1/2) S (SO lmphes ||U - U0||L°°((O,t0);E3/4) S 50, by (4.28) and a
small choice of %.

Again by using Theorem 4.16, we deduce that

1U) = Ul
/4 _ \1/16 vt
oS CE= 9 (U0l + IFIV = 0.0

for 0 < s <t <ty. Then the map W — U sends the set Y into itself, for small ¢y,
so that we only have to show the contraction, which follows from Theorem 4.15
with @« = 1, 8 = 3/4, 0 < v < 1 and Moser type inequalities for the term
HF(I)HLOO((0 RE Then this map W ~ U induces a sequence (UM, U®) ...} in
Y with a limit (}* which is a mild solution to

U — AU U* = F[U*],  U*(0) = Up.

Note that Uy € E; = D(A[U*]) and F[U*] € CY/15(]0,t0]; Ey), and then U* €
C1([0,t0]; Eo) by Theorem 4.13. Then Theorem 4.9 implies U* € C([0,to]; D(A)),
which completes the proof of Theorem 4.1. O

4.4. Stationary states and their stability

In this part, we consider the isothermal system (4.1) and ask for the exponential
stability of stationary states. The boundary condition will always be (4.6). We
start with some geometric conclusions from the boundary condition (4.6), before
we apply these results to the viscous quantum hydrodynamic system (4.1).



58 L. Chen and M. Dreher

4.4.1. Geometric results. First we recall the orthogonal Helmholtz decomposition
of second kind for an arbitrary bounded or unbounded domain © C R%:

(CY) = L, (9 CY) @ G5(Q),

with I3, (€;C?) being the space of vector fields v from I*(€2; C%) with divv =0
in the distributional sense, and G§(Q) = VW, (Q). To each u € I?(Q;C?), the
components uqiy and Vi in u = uqi, + V¢ can be found as follows: Vo € G3(9)
is the unique solution to the variational problem

<V% V7/1>L2(Q;ccd) = <U7 V7/1>L2(Q;(cd) ) NAKURS Gg(Q)a

which can be solved using the Lax—Milgram theorem, and then uqiy = u — V.
The function ¢ also solves the elliptic boundary value problem

ASD =div U, Y0¥ = 0,

in the distributional sense.
The Helmholtz decomposition also holds for [P spaces with p # 2, under
slightly stronger assumptions on the domain :

Lemma 4.17. Let 1 < p < oo, Q be a bounded open set in RY with 0 € C'. Then
each function u € IP($;C?) can be uniquely decomposed as

u = udiv + Vo,
ugiy € IF(Q;CY), div ugiy = 0,
pE VVpl,O(Q)v

and V¢ s the unique solution to the weak Dirichlet problem

(Ve, V7/1>Lp(sz;¢:d)xz,v’(sz;<(:d) = (u, V1/’>Ip(sz;¢:d)xz,v'(sz;¢:d) ) Vi € Wpl’,o(Q)a

with ; + pl, = 1. The projections u — uqgiy and u — Ve are continuous in
Ir(Q;CY).
Proof. This is Theorem 10.7 in [110]. O

From now on, we write P, for the projection map u + uqjy, defined on
IP(Q;CY).
If a vector field u € W2(€; C?) satisfies the boundary conditions

Yo divu = 0, Youy =0,

with u| being the tangential component of u, then we express this boundary con-
dition as Byu = 0.

Lemma 4.18. If 1 < p < oo, Q is a bounded domain with O € C*', then
Py, € LW (Q;CY); W2 (€;CY)),
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and P, also maps
W2(C?) = {u € W (Q;C"): Byu=0}
continuously into itself.
Proof. If u € VVP%B(Q;(CCZ), then ¢, defined via Ay = divu and yo¢ = 0, belongs
to W2(Q). Then also 7o(Ve)) = 0 and yo(div Vi) = yo(divu) = 0. g

Starting from now (except the proof of Theorem 4.4), 2 is always a bounded
domain in R? with 0Q € C?%1.

Lemma 4.19. If1 < p < oo, then
P,A=AP,  on W.5(2;CY).
Proof. If u € VVPQ;B(Q;(Cd), then (id —Pp)u = V¢ with B;Ve = 0, in particular
Y0 A ¢ = 0, hence Ap € W';(Q). Then
Pp A (id—Pp)u =P, VA ¢ =0,
since VA ¢ € VIW!((Q), and therefore
Py Au=P, APpu,  VueWiz(CY).
Similarly,
(id—P,) APu=0,  VueW:g(QCY),
because div AP,u = 0 in distributional sense. Then we find, for such u, that
P, Au=P, APyu= APpu.
O

Lemma 4.20. Let N be a smooth real vector field defined in a tubular neighborhood
of O with ||N(z)|| = 1 for all x there, and N equals the unit outward normal
vector field on OS). Then it holds

d
/Q(Au)vdx: —;/Q(Vuj)(vqjj)dm (4.29)

- / <u7 N>]Rd><]Rd <’U, N>]Rd><]Rd diVNdU’
o0

z/uAvdac,
Q

for all u € VVP%B(Q;(Cd) and all v € %%7B(Q;Cd), with 117 + pl/ =1.
Moreover, if Q is convez, then

d
—/(Au)udxz Z/ |Vu,|? de, (4.30)
Q =Je

Jor all u € W2 5(;C%).
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Proof. From the Gauf} Integral theorem and computing in local coordinates near
the boundary, we obtain (4.29). And concerning (4.30), note that div N equals
the mean curvature of the boundary 02, which is nonnegative in case of 2 being
convex. It remains to apply (4.29) with v = w. O

4.4.2. Application to the viscous quantum hydrodynamic system. To investigate
stationary states, we first consider a variation of the operator A from (4.20)

I/QA div
= 2 31
A (_54 VA+TV —nd VAL vy Al — 11d> (4:31)

in the ground space X from (4.23), with domain D(A) as in (4.25). Later we
will see how the term n)\BQVAz,l with n as a fixed positive constant and Ap as
Dirichlet Laplacian on 2 originates from the item nVV.

By the choice of D(A), we have v9 A Uy = 0. With P2 being the Helmholtz
projector as given after Lemma 4.17, we introduce the notation

_ (Ui _ (0 id 0
v= <U> (0 P2> v+ (0 id—Pg) v
0 Ui
= ~ + s
(Udiv> (VQOU>
with vo¢r = 0. This induces an orthogonal decomposition of the Hilbert space

H = Wy'o(Q) x L*(Q;CY,

whose scalar product shall be defined as

1 1
(UW),, = < ARt (2 Uy + A<pU>, Wy + A¢W>
T 2T 2(9)

+((=C1 AT — Co ALY Un, W1>L2(Q) + <ﬁdiw Wdiv>L2(Q) ;

with positive constants

g2 1
01 4 5 02 )\ n — 47_2.
Lemma 4.21. Under the condition
1
C! 4.32
2 > A2 ( )

the above bilinear form (-,-),, is an admissible scalar product on H.

Proof. We have
<U7W>H :Ol <VU1,VW1>L2(Q) - (02+ > 1U17Wl ['f)(Q)
1

1 O
+T<U1,W1>L2(Q) - 27_ <U1,Q0W>L2( ) - 2 <S0U,W1>L2(Q) + <U W>L2(Q) 5
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and in particular

2 1 _ 2
(U,U)y 2 C1[|VUL[| 20y + (02 + 472> [vap! U1||L2(Q)

2 1 - 2 = 1P
+ T |Ull720) — T%<A AR U17<PU>L2(Q) +IVeullzzq) + HUdiv

)

12 ()
and now it suffices to exploit Young’s inequality via

1 _ 1 _
- T%<A Ap' U1=90U>1;(sz) = T%<VAD1 U1=V‘PU>L2(Q)

1 1 2 1 2
Z 9 VAL UlHLz(Q) T 9 IVeulizz ) - -
Lemma 4.22. The spectral bound of the operator A from (4.31) acting on the space

X =W, o(Q) x IP(; C) with 2 < p < oo, is at most —1/(27) if we assume (4.32)
and 2 is convex.

Proof. Since € is bounded, A extends canonically to an operator Az in H. We
wish to demonstrate that

R ((Ay + 1/27)U, U),, < 0

for all U # 0 from the set U € Wy’ (Q) x W25 (2; C%) which is a superset of D(A).
Remembering that

Yo AR Ut = yUr =70 A UL =00 =70 A gy =0,
we first get

1 0
(AH + 27') U= (Vo A Udgiy — o 0div>

v AU+ Doy + 5 Un
AV (=5 AU HTU AP AL Ui+ B = fpu) |

and consequently,

1
<(AH+ )U,U>
2T o
(1 1 1
=(—-45 v AUL+0pu+ Ul ) ), U+ Apy
2T 2T 2T 2(9)

2 1 1
F {5 AU —TU + A2 A UL — o Doy + g,y Us + Dgy
4 2T 2T 2(9)

1
+<(_01A+T—02AD1) (VOAU1+A<,DU+ U1>,U1>

27 12(9)
“

- 1 . -
vo A Ugiv —  Uliv, Udiv
2T 2(Q)
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1 1
= <—V0 ( Ui + A<,0U> +Cy AU —TU; + Co AR U, 27_U1 + A<,0U>

27 I2(Q)
1 1
Ol< U1+A(,0U+V0AU1,AU1> +T< U1+AQOU,U1>
1 _
—Cg<2 ADl U1+<PU+1/0U1,U1> + T <AU1’U1>L2(Q)
T I2(Q)
N - 1 11~ 12
+ 1 <AUdiva Udiv> — HUdiv
2(Q) 2T I2(Q)
1 2
=-w |, Ui+Leu — C1vo | AU |2 () — Cavo U1 52y
T I2(Q)

. _ 1
+ 2i <<Ol AU + Oy ADl Uy, 27’U1 + AQOU> + <T AN $u, U1>L2(Q)>

()
2

+ Tvo (AU, Ur) p2(q) + 10 <AUdiVa Udiv> Udiv

@) 27 H 2(Q)
An application of (4.30) concludes the proof. O

After these preparations, we are now ready to show the existence of stationary
states in the case of small currents.

Proof of Theorem 4.2. Write V. = V + W with W solving A3, AW = n — C,
YW = 0. Put n = n + m, and then we have

nVV =nV (V+ 5" A" (n—C)) + nA;> VAL m
+mVV +mA2VAL (m +n — O).
With A from (4.31) and U = (}), we then have

0
AU = <_ div (n-&m (J® J+ 642 (Vm) @ (Vm))))

0
+ (nV (V4252 A5 (n=C)) + mVV + mA;’V AR (m+n— C’))
=:R(U).
In the Banach space
Y = (W2Q) N W) x Wip(RY,  p>d,
we choose a closed set M,
1
M = {25 lolmioy < g lhapiay < Bnr gy < B
for some small constants f3,, 8. Note that the embedding W, (Q) < L>(9Q) yields

IRl < Cr (4 0) (17131 0) + 102y ) +9)



Quantum Semiconductor Models 63

if U € M. By Lemma 4.22, there is a constant C 4, such that

HA_IHﬁ(X,Y) < Cap,

and now it remains to define a sequence
U9 =0, U*D = A1RUW),

which can be quickly verified to stay in M and to converge if 3,, 5, and § are
sufficiently small. 0

Proof of Theorem 4.3. We connect with the notation and methods of the proof of

Theorem 4.2, and write U* = ("T]:"), U= (";")7 which gives us

AU* = R(U™), U — AU = —R(U).
Now we apply Theorem 4.15 and Lemma 4.22, and the proof is complete. O

Proof of Theorem 4.4. We append a copy of Q to it, obtaining Q = (0,L1) x
(—La, Ls), and define a reflection operator

p: Q= Q, p(z1,w2) = (z1, —T2).

To a function triple (n, J, V) satisfying (4.12), we define an extension (7, J,V) to
Q by
(n, J1, J2, V) (p(x)) := (n, J1, —J2, V) (2), x €,

and similarly C(p(x)) := C(z). Then if (n,J,V) solves (4.1) in €, then so does
(1, J, V) on ©, and € can be construed as the lateral surface Qcy1 of a cylinder
after identification of (0, L1) X {—L2} with (0, Ly) x { L2 }. Compare [45] for related
results on treating fluid equations with the tools of global analysis. The boundary
conditions on I'p of (4.12) turn into the boundary condition (4.6) on the manifold
Qcy1, and then a generalization of Theorem 4.1 to the case of Q) being a manifold
gives the first claim. The second claim is proved after identifying {0} x (—La, L2)
with {L;} x (—Lg, Ly). The uniqueness of the solution (7, .J, V) and the invariance
of the system (4.1) under the reflection p guarantee that (n,.J,V) satisfies the
selected boundary condition. (]

Appendix: A variant of Aubin’s lemma

In [111, Theorem 5 and Corollary 4], we find the following result:

Lemma A.1 (Aubin’s Lemma). Let X, B, Y be Banach spaces with continuous
embeddings X — B — Y, the left embedding being compact. Suppose that F
is a bounded subset of IP((0,T); X) for a certain p € [1,00], and let 0F /Ot =
{f': f € F} be the set of distributional derivatives of elements of F. For f € F
and 0 < h < T, define a shifted copy onf of [ as (onf)(t) := f(t + h), for
0<t<T—h.
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Then the following three criteria are valid:

e If1 <p < oo andlimy_l|lonf — f”lﬁ((O,Tfh);Y) = 0 uniformly for f € F,
then F is relatively compact in IP((0,T); B).

e If1 < p < oo and 0F/0t is bounded in L'((0,T);Y), then F is relatively
compact in IP((0,T); B).

o If p = 00 and 9F /0t is bounded in L"((0,T);Y) for some r > 1, then F is
relatively compact in C([0,T]; B).

In the following, we wish to know when a family of piecewise constant func-
tions forms a relatively compact subset of an evolution space. To this end, we
split the time interval (0,7) into N parts of equal length 7 := T/N, and for
k= 0,1,...,N, let us be given elements pg, ..., py of B. Then we define a
piecewise constant interpolation p, = p.(t) as

(k=11 <t <k,
pot) = 4P (k—1)
Po It:O,

and a piecewise linear interpolation® p, = p,(t) via

kT —1t t—(k—1

pr(t) -

For the piecewise constant function, we define a discretized derivative 9] p,(t) :=
Opr(t), for t ¢ {k7: 0 <k < N}.
Now let T be a sequence of positive numbers 7 approaching zero, and let us

be given a set F := {p,: 7 € T} of piecewise constant functions p,. We define a
discretized IP norm:

1/p
N
(S o) s1<p<o,

||PT||L’;((0,T);X) =
maxp=o,...N |prllg P = o0,

which is not the usual IP((0,7"); B) norm of p,, since py contributes to the sum.
By the special choice of this norm, we can compare the linear against the constant
interpolation function:

161l 0.y < 2P Nlor | 2 (0,175 L<p<oo
Put 0F /0t := {0 pr: 7 € T}. Then we have the following result:
Lemma A.2. Suppose that the above constructed set F is bounded in IF.((0,T); X),

and assume that 0F /Ot is bounded in L' ((0,T);Y) withr =1 for 1 <p < oo, and
r > 1 for p=oc. Then the following holds:

e if 1 <p < oo, then F is relatively compact in IP((0,T); B);
e if p =00, then F is relatively compact in C([0,T]; B).

1Since pr and p, are functions of t, but po, ..., px are not, we do not consider this an abuse of
notation.



Quantum Semiconductor Models 65

Proof. The first part follows directly from Lemma A.1. However, for p = oo, none
of the three criteria is applicable. But we see that the set F of the piecewise
linear interpolation functions p, is relatively compact in C([0,T]; B), by the third
criterion. Then there is a limit p € C([0,T]; B) and a subsequence in F such that
Y llp = peloqo.mimy = 1y sup llp(t) = p- (Ol = 0
Moreover, p is uniformly continuous, since [0, T'] is a compact interval. Then for any
e > 0thereisa d = d(e, p) such that ||p(t) — p(t')|| 5 < € whenever |t —t'| < §. Now
choose 79 so small that |[p = prllc(o. 7). < /2 for all 7 < 79, and additionally
70 < d(e/2,p). For fixed 7 and ¢t € ((k — 1)1, k7] with 0 <t <T and 0 < k < N,
write R(t,7) := k7 for the right end-point of the sub-interval. Then we conclude
as follows, if 7 < 79:

o(t) = p- (D)l g = llp(t) = pr (R(t, 7))l 5 = llp(t) — b (R(E, 7))l 5
<|lpt) = p(R(t, ) 5 + lp(R(t, 7)) — pr(R(t, 7))l
< ¢,

because of [t — R(t,7)] < 7 < 6(¢/2, p) and the uniform continuity. O
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Large Coupling Convergence:
Overview and New Results

Hichem BelHadjAli, Ali Ben Amor and Johannes F. Brasche

Abstract. In this paper we present a couple of old and new results related to
the problem of large coupling convergence. Several aspects of convergence are
discussed, namely norm resolvent convergence as well as convergence within
Schatten-von Neumann classes. We also discuss the rate of convergence with
a special emphasis on the optimal rate of convergence, for which we give
necessary and sufficient conditions. The collected results are then used for the
case of Dirichlet operators. Our method is purely analytical and is supported
by a wide variety of examples.
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Keywords. Schrodinger operators, positive perturbations, rate of convergence,
operator norm convergence, trace-class convergence, Dirichlet forms, Dynkin’s
formula, measures.

1. Introduction

For non-negative potentials V', convergence of Schrédinger operators —A + bV as
the coupling constant b goes to infinity has been studied for a long time, cf. [9],
[11], [12], and the references therein. Motivated by the fact that there has been
created a rich theory of point interactions described in detail in the monograph
[1], one has recently made an attempt to include singular, measure-valued po-
tentials in these investigations. In addition, it turned out that perturbations by
differential operators of the same order are important in a variety of applications
in engineering, cf. [14], [15].

All the mentioned families (Hp)p>0 of operators are of the following form:
One is given a non-negative self-adjoint operator H in a Hilbert space H. Set

D(&) := D(VH),
E(u,v) := (VHu,VHv) Vu,ve D).

M. Demuth et al. (eds.), Partial Differential Equations and Spectral Theory, Operator Theory: 73
Advances and Applications 211, DOI 10.1007/978-3-0348-0024-2_2, © Springer Basel AG 2011
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£ is a form in H, i.e., a semi-scalar product on a linear subspace of H. Hence
& (u,v) = E(u,v) + (u,v) Yu,ve DE)

defines a scalar product on D(&). The form £ is closed, i.e., (D(£), &) is a Hilbert
space. Moreover, it is densely defined, i.e., D(&) is dense in H. In addition, one is
given a form P in H such that for every b > 0 the form &£ + bP, defined by

D(E+bP):=D(E)N D(P),
(€ +bP)(u,v) == E(u,v) + bP(u,v) Vu,ve DE+DbP),

is densely defined and closed. Then, by Kato’s representation theorem, for every
b > 0 there exists a unique non-negative self-adjoint operator Hj in H such that

D(y/Hy) = D(€ +bP),
v/ Hyu||> = (€ + bP)(u,u) Yu € D(E +bP).

Hy, is called the self-adjoint operator associated with £ 4+ bP. By Kato’s monotone
convergence theorem, the operators (H, + 1)~! converge strongly as b goes to
infinity. In a wide variety of applications it turns out that it is more easy to
analyze the limit than the approximants (Hy + 1)~!. For this reason one might
use the following strategy for the investigation of the operator H for large b: One
studies the limit of the operators (Hj, +1)~! and estimates the error one produces
by replacing (H, + 1)~! by the limit. This leads to the question about how fast
the operators (H, + 1)~! converge. It is also important to find out which kind of
convergence takes place. For instance, convergence with respect to the operator
norm admits much stronger conclusions about the spectral properties than strong
convergence, cf., e.g., the discussion of this point in [22, Chap. VIIL.7].

One has achieved a variety of results within the general framework described
above. One has discovered that there exists a universal upper bound for the rate
of convergence (Corollary 2.8), and one has derived a criterion for convergence
with maximal rate (Theorem 2.7). In general, only strong convergence takes place.
However, one has found a variety of conditions which are sufficient for locally uni-
form convergence (Theorem 2.6, Theorem 2.7, and Proposition 2.9), and in certain
cases one has even arrived at estimates for the rate of convergence (Theorem 2.7
and Proposition 2.9).

One has even found conditions which are sufficient for convergence within
a Schatten (-von Neumann) class of finite order, cf. Sections 2.5 and 2.6.2. This
admits strong conclusions about the spectral properties. For instance, if H and
Hy are non-negative self-adjoint operators and (H +1)~! — (Hp +1)~! belongs to
the trace class, then, by the Birman-Kuroda theorem, the absolutely continuous
spectral parts of H and Hy are unitarily equivalent and, in particular, H and Hy
have the same absolutely continuous spectrum. Often, (H+1)"1 —(Ho+1)~! does
not belong to the trace class, but (H +1)~% — (Hy+1)~* for some sufficiently large
k does and, again the Birman-Kuroda Theorem, this implies that the absolutely
continuous parts of H and H( are unitarily equivalent. This note also contains some
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new results on the convergence of powers of resolvents, cf. Section 2.8. These results
are based on a generalization of the celebrated Dynkin’s formula in Section 2.7.

One has introduced the concept of the trace of a Dirichlet form in order to
study time changed Markov processes. The generator of the time changed process
plays also an important role in the investigation of large coupling convergence for
the Dirichlet operators, cf. Section 3.2. If one perturbs a Dirichlet operator by an
equilibrium measure times a coupling constant b and let b go to infinity, then one
gets, at least in the conservative case, large coupling convergence with maximal
rate, cf. Theorem 3.16. A simple domination principle described in Section 3.3
makes it possible to use results on the perturbation by one measure in order to
derive results on perturbations by other measures.

In this note we concentrate on non-negative perturbations. If one studies large
coupling convergence of magnetic Schrédinger operators, then one needs different
techniques. We refer to [17] and the references therein for results in this direction.

In addition to new results we have collected material which can be found
at the following places (we do not claim that these are the original sources in all
cases):

[3]: Lemma 3.7

[4]: Lemmas 2.2 and 2.4, Theorems 2.6 and 2.7, Corollary 2.8,
Proposition 2.9 a), Sections 2.5 and 3.4

]: Lemma 2.3, Lemma 2.15

7): Section 2.6.1, Examples 2.1 and 3.19, and Egs. (3.20) and (3.22)
]

8]: Section 2.7
[13]: Section 2.4 up to Lemma 2.15 and the examples,
Section 3.1, and Theorem 3.5, cf. also [20]
[16]: Eq. (3.21)
[23]: Eq. (2.10)
[25]: Lemma 2.5

2. Non-negative form perturbations

2.1. Notation and general hypotheses

Let € denote a densely defined closed form in the Hilbert space (H, (-,-)) and H
be the self-adjoint operator associated with £. Let P denote a form in H such that
&€+ P is a densely defined and closed form in H. Note that we do not require P be

closable, i.e., we do not only admit regular, but also singular form perturbations
of H.

Ezample 2.1. Let J be a closed operator from the Hilbert space (D(&),&1) to an
auxiliary Hilbert space Haux. Let

D(P) := D(J),
Pu,v) = (Ju, Jv)aux Vu,v € D(J).
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Then & + bP is a closed form in H for every b > 0. If D(J) is dense in (D(E), &)
and, in addition, ran(.J) is dense in Haux, then JJ* is an invertible non-negative
self-adjoint operator in H,ux-

Proof. Let (uy) be a sequence in D(E + bP) = D(J) such that

(4 VP) (U — Uy U — Upm) + ||t — Up|?
= &1 (Un — U, Uy — Upy) + b][ Tty — Tt |20 = 0 as n,m — 0o, (2.1)

In order to prove that £ + bP is closed we only have to show that there exists a
u € D(J) such that

(€ +0P) (un — t, un — w) + [|un — ul|?

=& (Un — Uyt — 1) + b || Jup — Ju|2 =0 asn — oco.

aux
Since & is non-negative and b > 0, it follows from (2.1) that
E1(Up — Uy Uy — Upy) = 0 a8 M, M — 00.
Since & is closed, this implies that there exists a u € D(€) such that
E1(up —uyup —u) =0 asn — oo. (2.2)
Since & is non-negative and b > 0, it also follows from (2.1) that
| Tty — Jtum |2 — 0 as n,m — oo

and hence the sequence (Ju,) in Haux is convergent. Since J is a closed operator
from the Hilbert space (D(£),&1) to the Hilbert space Haux and (Juy,) is conver-
gent in Haux, (2.2) implies that v € D(J) and ||Ju,, — Ju|laux — 0. Thus € + bP
is closed.

Suppose now, in addition, that D(J) is dense in (D(£),&1) and ran(J) is
dense in Haux. Since J is closed, the domain D(J*) of the adjoint J* of J is dense
in Haux and J = J**. Hence JJ* is a non-negative self-adjoint operator in H,yx.
If JJ*u = 0, then & (J*u, J*u) = (u, JJ*u)aux = 0 and hence u € ker(J*) =
ran(J)*. ran(J)* = {0}, since ran(J) is dense in Hauy. Thus all assertions in the
example are proven. O

Indeed, Example 2.1 covers the most general non-negative form perturbation of H:

Lemma 2.2. There exist an auxiliary Hilbert space Haux and a closed operator J
from the Hilbert space (D(E),E1) to Haux such that

D(J)=D(E+P),
(Ju, Jv)aux = P(u,v) Yu,v € D(J),

and ran(J) is dense in Haux. Thus, in particular, £+ bP is closed for every b > 0.
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Proof. We define an equivalence relation ~ on D(E)ND(P) as follows: f ~ g if and
only if P(f —g,f —g) =0. For every f € D(E) N D(P) let [f] be the equivalence
class with respect to this equivalence relation and denote by H.ux the completion
of the quotient space (D(£) N D(P),P)/ ~, with respect to the norm

LI =P(f. ), VIfl € (DE)ND(P))/ ~.
Then it easily follows from the hypothesis that & + P is closed that
D(J) = D(E) N D(P),
Jf=1[f] YfeD(J),
defines a closed operator from (D(E), &) to Haux with the required properties. O

In the following, we choose an auxiliary Hilbert space H.ux and a closed
operator J from (D(E),&1) to Haux as in the previous lemma, i.e., such that

D(J) = D(&) N D(P),
(Ju, Jv)aux = P(u,v) Yu,v e D(J), (2.3)
and set
gl =E+P. (2.4)

For every b > 0, we denote by H; (or simply by Hy if J is clear from the context)
the self-adjoint operator in ‘H associated with £ + bP.
If not stated otherwise, we assume, in addition, that

D(J) > D(H). (2.5)

This hypothesis is less restrictive than it might seem at a first glance. In fact,
J may also be regarded as an operator from (D(EJ),ElJ) to Haux and then J
is a bounded, everywhere defined operator and, in particular, it is closed. Thus,
if necessary, we may replace & and H by £/ and H;, respectively, and then the
hypothesis (2.5) is satisfied (with H; in place of H). Moreover, we have

Hyyy = (Hy), Vb>0,
lim (Hy + 1)~ = lim ((Hy), +1)7 % (2.6)
b—o0 b— o0
Under the hypothesis (2.5), D(J) is dense in (D(£), &), and we set
H:= (JJ) . (2.7)

Note that H is an invertible non-negative self-adjoint operator in Hayx.
Let

D(EL) :={u € D& +P): P(u,u) =0},
EL (u,v) := E(u,v) Yu,v € D(Ey), (2.8)
where J and P are related via (2.3) (often we shall omit J in the notation). Let

HI = {u € DE+P): Plu,u) =0}, (2.9)
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i.e., let HZ be the closure of the kernel of J in the Hilbert space H. By Kato’s
monotone convergence theorem, £7 is a densely defined closed form in the Hilbert
space HZ, and

(Hy 4+ 1) = (Ho + 1)1 @ 0 strongly as b — oo, (2.10)

where Ho denotes the self-adjoint operator in HZ associated to £L. We shall
abuse notation and write (Hy + 1)7! instead of (Hoo +1)71 & 0.
We set

L(H,P) := lim inf b |(Hy 4+ 1)"" = (Hoo + 1)1
We shall also use the following abbreviations:
Dy:=(H+1)"—(H+1)7", Do:=H+1)"—(Hu+1)",
G:=(H+1)" (2.11)
2.2. A resolvent formula

We have an explicit expression for the resolvents of the self-adjoint operators Hy.
This fact will play a key role throughout this note.

Lemma 2.3. Let J be a closed operator from (D(E),&E1) to an auwiliary Hilbert
space Haux such that

D(J) > D(H).
Let b > 0 and let Hy, be the self-adjoint operator in H associated with the closed
form EY in H defined as follows:

D(EY) = D(J),
EY (u,v) := E(u,v) + b(Ju, Jv)aux  Yu,v € D(J).
Then, with G := (H + 1)1, the following resolvent formula holds:

1

-1
(H+1)'—(Hy+1) ' = (JG) (b + JJ*) JG. (2.12)

Proof. Replacing J by v/bJ, if necessary, we may assume that b = 1. On the other
hand the following identity holds true: for all u € H and v € D(J*)

(J*v,u) = & (T v, Gu) = (v, JGU) aux = ((JG) v, u). (2.13)

Let uw € H. Since JJ* is a non-negative self-adjoint operator in H,ux, the
operator 1 + JJ* in H,ux is bounded, self-adjoint, and invertible, and

D((1+J7) ") = Haux-

Since ran(1 + JJ*)~! = D(JJ*), we obtain that u € D(J*(1 + JJ*)"'JG) and
J*(1+JJ*)"YJGu € D(J) = D(&7).
By Kato’s representation theorem,

E((Hy 4+ 1) u,v) = (u,v) Yu e H,ve DE).
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On the other hand,
EN(Gu — T (L + JJ*) 1 IGu,v)
= &1(Gu,v) + (JGu, JU) aux
— (L + JT) L TG, Jv)aux — (JT*(1 + JJ*) L TGu, JU)aux

= (u,v) Yu€H,ve DE).
Thus

(Hi+ 1) 'u=Gu—J1+JJ) ' JGu YucH,
and it only remains to show that

J'v=(JG)*v VYve D). (2.14)

This is true by identity (2.13). O

2.3. Convergence with respect to the operator norm

If not otherwise stated, J is a closed operator from the Hilbert space (D(£), &)
to an auxiliary Hilbert space Haux and, in addition, D(J) D D(H). Let

D(P) := D(J),
P(u,v) := (Ju, Jv)aux Vu,v € D(J),

and Hj be the self-adjoint operator in H associated to £ + bP.
By Lemma 2.1, JJ* is a non-negative invertible self-adjoint operator in H,ux.
For every h € H,ux we denote by pj, the spectral measure of h with respect to the
self-adjoint operator H := (JJ*)™! in Hauy, i-e., the unique finite positive Radon
measure on R such that, with (E;;(\))xer being the spectral family of H,
pn((=00,A]) = | Eg(Mh[l5 YA €R. (2.15)
Since H is invertible and non-negative,
wn((—00,0)) =0 Vh € Haux. (2.16)

By (2.12), for every b > 0
1
Dy:=(H+1)" '~ (H,+1)" ' = (JG)*(b +JJH) LG, (2.17)

Hence Dy is a bounded non-negative self-adjoint operator in 4 and the spectral
calculus yields that

(Duf. 1) = ((JG)'(, +17°) TGS, f)

((2 + JI)THIGE, TG f) aux

/1 L) Vien, (2.18)
b + A
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where h = JGf. Thus Dy := limy oo Dy = (H +1)7! — (Hy + 1)1 is also
a bounded non-negative self-adjoint operator in H and it follows from (2.18) in
conjunction with (2.16) and the monotone convergence theorem that

(Dt )= [Adun3) ¥ e, (2.19)
where h:= JGf. By (2.18) and (2.19),
2
(-1 = [ 7

where h := JGf. Thus Do, — Dy = (Hp + 1)71 — (Hs + 1)~ ! is a bounded
non-negative self-adjoint operator in H, too.

dun(\) VfeEH, (2.20)

Lemma 2.4.
a) We have

ran(JG) C D(HY?) and Do, = (HY?JG)*H'2JG. (2.21)
In particular, Do is compact if and only if HY/2JG is compact.

b) Ifran(JG) C D(H), then
Do = (JG)*HJG. (2.22)
Proof. a) Let f € H and h := JGf. By (2.19),

@mﬁﬁ=/AWMM<w,

and hence, by the spectral calculus, it follows that h = JGf € D(H'/?) and
|HY2JGf|2 . = (Doof, f). Since Dy, is a bounded non-negative self-adjoint op-

aux
erator, we have

[Dooll = sup (Doof, f)-
I711=1

Thus
[H'2IG|? = (| Dos]l- (2.23)
Since JGf € D(H'/?) for every f € H, the spectral calculus yields

1 B —-1/2 B
[b + Hl} JG — HY?J@ strongly as b — oo,

and hence

1 _ —-1/2 * 1 B —-1/2 5 5
({bJrHl} JG) {b+H1} JG = (HV2JG)*HY?JG  (2.24)

weakly as b goes to infinity. The operators on the left-hand side equal
1
(JG)*(b +JI) VG =(H+1) - (Hy+ 1) =D,

and converge even strongly to Dy, as b — oco. Thus (2.21) is proved.
b) (2.22) follows from (2.21) and the fact that (JG)*HY? c (HY/?2JG)*. O
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By the preceding lemma, H'/2JG is a bounded everywhere defined operator
from H to Haux. That does not guarantee that the resolvents (H + b)~! converge
locally uniformly, cf. the examples 2.17 and 2.18. By Theorem 2.6 below, the
stronger requirement that H'/2JG is compact implies convergence of the operators
(Hp, + 1)~1 with respect to the operator norm. We shall use the following result
for the proof of Theorem 2.6.

Lemma 2.5. Let (A,,) be a sequence of non-negative bounded self-adjoint operators
converging strongly to the compact self-adjoint operator
C :H — H. Suppose that A, is dominated by C, i.e.,

(Anf, ) <(CF ) VfeH,

for every n € N. Then the operators A,, converge locally uniformly to C.

Proof. The operator C' — A,, is non-negative, bounded and self-adjoint and hence

”O - An” = sup ((O - An)fv f)
IIFl=1

for every n.

Let € > 0. Since C' is a non-negative compact self-adjoint operator and the
A,, converge to C strongly, we can choose an orthonormal family (ej)évzl and an
ng such that

(Ch,h) < ;||h||2 Vh € span(er, ... en)"

and
&
[(An — C)gll < 6 lgll Vg €span(ey,...,en)Vn > no,

respectively. Let f € H and |/ f|| = 1. Choose g € span(ey,...,en) and h €
span(ey,...,ex)® such that f = g+ h. For all n > ng

(C=An)f, ) = (C = An)g,9) + 2Re(((C = An)g, h)) + ((C = An)h, h)
< HC = An)gll(llgll + 21IAl)) + (Ch, k) < e. .

Theorem 2.6. Suppose that D(H) C D(J) and the operator H/2JG from H to

Haux s compact. Then
|(Hy + 1) = (Hoo + 1) =0, b— oo

Proof. We only need to show that Dy, — Dy = (Hp +1)"! — (Hs + 1) 7! converge
to zero with respect to the operator norm as b goes to infinity. By (2.17), Dy is
a non-negative bounded self-adjoint operator in H for every b > 0. By (2.16) in
conjunction with (2.20), D, — Dy is a non-negative bounded self-adjoint operator
in H, too. By definition, Do, — D}, converge to zero strongly as b goes to infinity.
By (2.21), along with H'Y2J@G also Dy is a compact operator.

The remaining part of the proof follows now from the preceding lemma: The
operators Dy are non-negative self-adjoint operators and, by (2.16) in conjunction
with (2.20), are dominated by the compact self-adjoint operator D, and they
converge to Dy, strongly as b goes to infinity. Hence limp_, o || Doo — Dyl = 0. O
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Of course, one is not only interested in the question whether norm conver-
gence takes place but one also wants to derive estimates for the rate of convergence.
We shall show that convergence faster than O(1/b) is not possible for the opera-
tors (Hp + 1), cf. Corollary 2.8 below. Under the additional assumption that the
domain D(H) of H is contained in the domain D(J) of J we can even provide a
criterion for convergence with maximal rate O(1/b):

Theorem 2.7. Suppose that
D(H) C D(J)
and Ju # 0 for at least one uw € D(J). Then the following holds:
a) The mapping b+ b||(Hp +1)"! — (Hoo + 1)7Y| is nondecreasing and

L(H,P):= lim inf b |(Hy +1)"" — (Hoo + 1)1
=limsupb|[(Hy +1)"" — (Hoo + 1) >0
b—o0

b) L(H, P) < 0o <= J(D(H)) C D(H).

c) If J(D(H)) C D(H), then
L(H,P) = |HJG|]? < cc. (2.25)

Proof. Let f € H, h = JGf, and py, be the spectral measure of i with respect to
H. By (2.20),

2
W(Dw -0 N = [

This implies in conjunction with (2.16) and the monotone convergence theorem
(from measure theory), that the mapping b — b((Dso — Dp) f, f) is nondecreasing
and

dpn(A).

lin (Do =~ D0)f. ) = [ 2 dun(),

b—o00

Since pup, is the spectral measure of h with respect to the self-adjoint operator H,
it follows that

T b(Daw — D)f. ) = [HIGH |y it JGF € D), (2.26)
i (Dne — DS, ) = o0 it JGf ¢ D). (227)
By (2.27),

lim inf b|| Do — D3|l = oo, (2.28)
b— oo

if there exists an f € H such that JGf ¢ D(H).

Suppose now that ran(JG) C D(H) = ran(JJ*). JG is closed, since J is
closed and G is bounded and closed. Since D(JG) = H, it follows from the closed
graph theorem that JG is bounded. Since H is closed, this implies that HJG is
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closed. Since D(HJG) = H, it follows from the closed graph theorem that HJG
is bounded. Moreover, by (2.26),

lim inf bl| Dog — Dy| > IHIGS]IA
— 00

if ||| = 1, and hence
lim inf b| Do — Ds|| > |HJIG|?. (2.29)
—00

By (2.20) in conjunction with (2.16), Do, — Dy is a non-negative self-adjoint
operator in H. Thus

”Doo*Db” = H?ngl((Doo *Db)f, f) (230)

(2.20) in conjunction with (2.16) also implies that for every normalized f € H and
h=JGf
W(Doe = DL S) < [ 02 i) < |HLIGE,
In conjunction with (2.30), this implies that
b||[Dee — Dy|| < |HJIG|* Vb > 0. (2.31)

By (2.28), (2.29), (2.31), part b) and c) of the theorem are proved. In addition,
we have shown that the mapping

b b||Dy — Dool| = b|(Hy +1)7" = (Hoo + 1) 7}
is nondecreasing and hence
L(H,P) = lim inf b |(Hy +1)"" = (Hoo + 1)1
= lilr7nsupb |(Hy +1)"" — (Hoo + 1) 7. (2.32)
—o00

It remains to prove that L(H, P) > 0. We conduct the proof by contradiction. If
L(H, P) were equal to zero, then, by ¢), we would have JG = 0. Thus the kernel
of J would contain ran(G) = D(H) and hence it would be dense in (D(£),&1).
Since the kernel of a closed operator is closed it would follow that J = 0, which
contradicts the fact that the range of J is dense in Haux. Thus L(H,P) > 0. O

Part a) of the preceding theorem in conjunction with formula (2.6) yields the
following corollary where we do not require that D(J) D D(H).

Corollary 2.8. Let P be a form in H such that € + P is a densely defined closed
form in H. Let P(u,u) # 0 for at least one w € D(E + P). For every b > 0 let Hy
be the self-adjoint operator in H associated to € + bP. Then

L(H,P) = lim inf b |(Hy +1)7 — (Hoo +1)71|
— 00

=limsupb||(Hy +1)"' — (Ho + 1)1 > 0.

b—o0



84 H. BelHadjAli, A. Ben Amor and J.F. Brasche

Trivially, we get large coupling convergence with maximal rate, i.e., as fast
O(1/b), if the auxiliary Hilbert space Haux is finite-dimensional. We shall also
give a variety of nontrivial examples. On the other hand, there are other examples,
where ||(Hp+1) "t — (Hoo +1) 71| converge to zero as ¢/b" for some strictly positive
finite constant ¢ and some r € (0,1). Let 0 < r < 1. It is an open problem to find
a criterion for convergence with rate O(1/b") to take place. In part a) of the
following proposition we give a sufficient condition and in part b) we show that
this condition is “almost necessary”.

Proposition 2.9. Let 0 <r <1 and sgp = ; + g Suppose that D(H) C D(J).
a) If J(D(H)) C D(H?®°), then
I(Hy+1)~" = (Hao + 1)1 < (1 — r)lfrrr||ﬁ1/2+r/2JG||2b1T Vb > 0.
b) Letuw e H. If

|(Hy+ 1) = (Hoo + D)7l < 0 Wb >0,

for some finite constant ¢, then JGu € D(H?®) for every s < so.

Proof. a) By (2.16) in conjunction with (2.20), (H, + 1)7! — (He + 1)7! is a
non-negative bounded self-adjoint operator in H and hence

[(Hy + 1) = (Hoo + 1) = @‘J&“Dw = Do)t f).

y (2.20), this implies that
/\2
Hy+ 1) = (Ho + )7 = / dpn (A
I+ )7 = (et )7 = oo [ din ),

where f and h are related via h = JG f and pj, denotes the spectral measure of h
with respect to H. Moreover,

)\2
d A )\1/2+T/22d
A ) = Ag(l(?fo)Aer/' " dunA).

By elementary calculus,
s AL B (1 - T)lfr ’r
Ae(0,00) A+ b br '
By the spectral calculus,

[N ) = 2,

If h=JGf and ||f|| =1, then
||H1/2+T/2h||aux < ||H1/2+7‘/2JG||7

and part a) of the Proposition is proved.
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b) Conversely let f € H and assume that

¢
Iy + )7 = (Hoo + D) 7H <,
for some finite constant ¢. Let h = JGf. We may assume that || f|| = 1. Let
1/2 < s< s < sg:=r/2+4+1/2. Then

Vb >0,

¢ 2 b" |Doof = Do f|| 2 b" (Doof — Duf, f)
/\2 br /\27251
= b’”/ " buh(d/\) = /A251 A4 dpn(\) Vb >0. (2.33)
In the second step we have used (2.20). Since 2sy — 1 = r, we have
t:= : > g =
251 —1 250 —1
For all b > 1 and A € [b,b'], we have
br )\27251 1
)\+b Z 2A172slbr2
By (2.33), this implies

1.

1

5 (bt)172slbr — 1.

/ A28 1duh(/\) <c Vb>1.
By 2

Thus

N 1
28 < 2s1
/[2100) 4 dﬂh()\) B 7120/[2m12tn+1) A (2t")281—25 dﬂh(/\)

0o 1 t"
<23 (ja) <
n=0

and hence h = JGf € D(H?). Thus the assertion b) of Proposition 2.9 is also
proved. O

2.4. Schrodinger operators

In this section we illustrate above general definitions and results with the aid of
Schrodinger operators with regular and singular potentials.

We denote by D the classical Dirichlet form, i.e., the form in L?(R?) :=
L?(RY, dz) defined as follows:

D(D) := H'(R?),
D(u,v) := /Vﬂ~Vvdz Vu,v € H' (R?). (2.34)

Here dx denotes the Lebesgue measure and H'(RY) the Sobolev space of order
one. D is a densely defined closed form in L?(RY). We shall denote by —A the
self-adjoint operator in L?(R?) associated to .
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The capacity of a compact subset K of R? and an arbitrary subset B of R?
is defined as follows:

cap(K) := inf{D; (u,u): u € C(RY), u>1 on K},
cap(B) := sup{cap(K): K C B, K is compact}, (2.35)

respectively. A function u : R* — C is quasi-continuous if and only if for every
€ > 0 there exists an open set G, such that

cap(G:) <¢ (2.36)

and the restriction u [ R?\ G of u to R?\ G. is continuous. We shall use the
following elementary results:
Lemma 2.10.

a) Every u € HY(RY) has a quasi-continuous representative.
b) If & and u® are quasi-continuous and @ = u°® dx-a.e., then @ = u°® q.e. (quasi-
everywhere), i.e.,

cap({z € R%: a(z) # u°(x)}) = 0. (2.37)

c) If (uy,) is a sequence in H*(R?), uw € HY(RY) and D1 (uy, — u, up, —u) — 0 as
n — 00, then there exists a subsequence (un;) of (uyn) such that

Up;, — T q.e., (2.38)

i.e., cap({z € R%: @y, (z) 4 i(z)}) = 0. Here @, and @ denote any quasi-
continuous representative of un; and u, respectively.
The proof of the latter lemma can be found in [13].

In the following we shall denote by u both an element of H'(RY) and any
quasi-continuous representative of u. It will not matter which quasi-continuous
representative is chosen and it will always be clear from the context what is meant.

Remark 2.11. In the one-dimensional case cap({a}) = 2 for every a € R and hence
a function is quasi-continuous if and only if it is continuous. Thus, in the one-
dimensional case, it makes sense to write u(a) if u € H'(R) and a € R. Here u(a)
is just the value of the unique continuous representative of u at the point a.

Definition 2.12. Let i be a positive Radon measure on R? charging no set with
capacity zero.

a) We define the form P, in L?(R?) as follows:
D(P,) = {u e H'(RY: /|u|2du < oo},

P(u,v) = /ﬁvdu Vu,v e D(P). (2.39)
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b) We define the operator J* from H'(RY) to L?(R%, ) as follows:
D) i= {ue H'®Y: [ fuP d < o),
Jru i =u  prae. Vu € D(JH). (2.40)
Lemma 2.13. Let p be a positive Radon measure on R% charging no set with ca-

pacity zero. Then the operator J" is closed and D+ bP,, is a non-negative densely
defined closed form in L*(R%) for any b > 0.

Proof. Let (uy,) be a sequence in D(J*), u € H'(R?) and v € L?(R%, 1) satisfying
Dy (un — u,uy —u) — 0 as n — oo, and JHu, — v as n — oco. By Lemma 2.10 ¢),
a suitably chosen subsequence of (u,,) converges to u q.e. and hence p-a.e. Thus
u = v p-a.e. and hence v € D(J*) and J*u,, — u as n — oco. Thus the operator
J# is closed, and, by Lemma 2.1, it follows that D + bP, is also closed. O

Definition 2.14. Let i be a positive Radon measure on R? charging no set with
capacity zero. We denote by —A + p the non-negative self-adjoint operator in
L%*(R%) associated to D + P, and put

(—A+oopu+1)"t:= blim (—A4bp+1)"h
—00
In the absolutely continuous case, i.e., if du = Vdz for some function V', we also

write V instead of Vdx.

In a wide variety of applications one is interested in the question whether the
operator J# is compact. There exists a rich literature on this topic. Here we shall
only need the following result.

Lemma 2.15. Suppose that D(J*) = H'(R) and
p{yeR: jJz—y|<1}) =0, |z|— oo. (2.41)
Then the operator J* from H(R) to L?(R, u) is compact.
The proof of this lemma can be found in [6].
Ezample 2.16. Let (z,)ez and (a,)ez be families of real numbers satisfying
d:= iréfz(zwrl —zp)>0anda, >0 VneZ (2.42)
Let I := {z,, : n € Z} and —AL the Laplacian in L?(R) with Dirichlet bound-

ary conditions at every point of T, i.e., let —AL be the non-negative self-adjoint
operator in L?(IR) associated to the form Dy, in L?(R) defined as follows:

D(Dy) :={u€ H'(R): u=0 on I'},
Do (1, v) := D(u,v) Vu,v € D(Dy). (2.43)

Then the operators —A +b) _, a,d,, converge in the strong resolvent sense to
—AE). Here 6, denotes the Dirac measure with unit mass at x.
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Proof. =A+b)", ., ands, is the self-adjoint operator associated to D + bP,, with
p= Y, cz @nde, and we may replace in formula (2.8) £ and P by D and Py, re-
spectively. Then the assertion on strong resolvent convergence follows from Kato’s
monotone convergence theorem, cf. (2.10). 0

Different choices of the weights a, in the last example lead to extremely
different convergence results. If the a,, go to zero as n — 400, then the operators
—A + bZnEZ an0z, do not converge in the norm resolvent sense, cf. the next
example. On the other hand, if inf,cz a, > 0, then these operators converge in
the norm resolvent with maximal rate of convergence, i.e., as fast as O(1/b), cf.
Example 3.8 below.

Ezample 2.17 (Continuation of Example 2.16). We choose (z,,)nez, (@n)nez, d, T,
—AL . and p as in the previous example. Assume, in addition, that
lim a, =0and D :=sup(zpt1 — n) < 0. (2.44)
In|—o0 nez
Then the operators —A + bZnEZ andz, do not converge in the norm resolvent
sense.

Proof. The hypothesis (2.44) implies that P, is an infinitesimal small form per-
turbation of D, cf. [5], and hence, in particular, D(J*) = H(R). In conjunction
with Lemma 2.15 and the hypotheses (2.42) and (2.44) this implies that the op-
erator J# is compact. In Lemma 2.3 we may replace H, Hy, G and J by —A,
—A+bY, ey a0, (—A+1)"! and J#, respectively. Then the resolvent formula
(2.12) yields that (=A+1)"" = (A + b, o ands, + 1)~ is compact, too. By
Weyl’s essential spectrum theorem, this implies that

- ( (—A 5 b, + 1) _1> (A D))= [0,1]. (245)

newr
Moreover,
2
r m
—AD > D
and hence
_ 1
supo((—AL +1)7h) < |4 22/D2 (2.46)

If the operators —A +b%" ., an0,, converged in the norm resolvent sense to the
Dirichlet Laplacian —AL | then, by (2.45), we would have o(—AL +1)71) O [0, 1],
which contradicts (2.46). Thus the operators —A+b) _, and., do not converge
in the norm resolvent sense. O

In Example 2.17 the operators (—A + bu + 1)~ do not converge locally
uniformly. In this example p is a so-called d-potential and, in particular, singular.
In the regular case we can also have absence of convergence with respect to the
operator norm, as it is shown by the next example. That the operators (—A +
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bV + 1)1 in the next example do not converge locally uniformly can be shown by
mimicking the proof in Example 2.17.

Ezample 2.18. Let (an)nez and (by)nez be families of real numbers with the fol-
lowing properties:

ap, < bp < apy1 Yn€Z, D:=sup(ant1 —by) < oo,

nez
d = inf (ap41 —by) >0, lim (b, —a,) =0. (2.47)
nez |n]—o0

Let V := 3", 7 l{a,b,)- Then the operators (—A + bV + 1)~ converge strongly
as b goes to infinity, but do not converge locally uniformly.

2.5. Convergence within a Schatten-von Neumann class
Let p € [1,00). Let H; be Hilbert spaces with scalar products (-,-);, 4 =0,1,2,...
Let C' be a compact operator from H; to Ho. Then Hs has an orthonormal basis
{e;}ier such that, with |C| := v/CC*,

|C|€Z =N\Ne; Viel

for some suitably chosen family ()\;);e; in [0, 00) which is unique up to permuta-

tions. One sets
1/p
jls, = (X))

iel
Sp(H1,H2) (short S,) denotes the set of compact operators from H; to Ha such
that ||Cl|s, < oo. It is called the Schatten-von Neumann class of order p. S, is
a linear space and || - ||s, a norm on it. If C': H; — Ha belongs to the class
Sp(H1,H2) and A: Hy — H1 and B: He — Hg are linear and bounded, then
CA € Sp(Ho,H2) and BC € S,(H1,Hs) and

ICAlls, < IClls, Al I1BClls, < Clls, [ BI|- (2.48)
Moreover,
IClls, = IC*|ls, = llICIIls, (2.49)

for every compact operator C.

Let B: H1 — Ha be linear and bounded, ;1 be an orthogonal projection
in H1, and @2 be an orthogonal projection in Hs such that the dimension N of
the range of Qo is finite. Then |Q2BQ1|?> = Q2BQ1B*Q2 and hence |Q2BQ]| is
compact and

[1Q2BQ1llls, = [|Q2BQ| I ran(Q2)lls, - (2.50)

Since |Q2BQ1| | ran(Q2) belongs to the finite-dimensional space of all linear map-
pings from ran(Q2) into itself and all norms on a finite-dimensional space are
equivalent, there exists a finite constant ¢, depending only on p and N such that

I1Q2BQ| [ ran(Q2)]|s, < ¢[||Q2BQ1| [ ran(Q2)[| < ¢[|B]. (2.51)
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By (2.49) to (2.51),
1Q2BQ1|ls, < | B (2.52)

for some finite constant ¢, depending only on p and N < oo, provided the range
of @1 or the range of Q5 is at most N-dimensional.

If A is a non-negative bounded self-adjoint operator and dominated by the
compact self-adjoint operator B, then A and B — A are also compact and it follows
easily from the min-max principle for compact operators that

[Alls, < [IBlls, and [|B = Alls, < [|Bls,- (2.53)

In the proof of Theorem 2.6 we have used that strong convergence of non-
negative self-adjoint operators dominated by a compact self-adjoint operator im-
plies operator-norm convergence. Similarly, strong convergence of non-negative
self-adjoint operators dominated by a self-adjoint operator in .S, implies conver-
gence in Sj:

Lemma 2.19. Let {A,, }nen be a sequence of non-negative bounded self-adjoint op-
erators in the Hilbert space H dominated by the non-negative bounded self-adjoint
operator A. Let 1 < p < co. If A € S and lim,,_, || Au— Apul|| = 0 for allu € H,
then

lim (|4 = Ay||s, = 0. (2.54)

Proof. By Lemma 2.5, lim,,_,~ || 4, — A|| = 0.
A admits the representation

A = Z)\l (ei, ) €;
iel

for some orthonormal system (¢;);e; and some family (\;);c; of non-negative real

numbers satisfying
DO = [ AfG .
il
Let € > 0. We choose a finite subset Iy of I such that
> <
i€I\Ip

and denote by @ the orthogonal projection onto the orthogonal complement of the
finite-dimensional space spanned by {e; : i € Ip}. Then

QAQ = Z )\z (€i7 ) €;
i€I\Io
and, in particular,

IQAQIG, = D A <e.

i€I\Ip
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Since Q(A — A,,)Q is dominated by QAQ), it follows that
|Q(A - An)Q|s, <e VYneNlN. (2.55)

Since the range of the orthogonal projection 1 — @ is finite-dimensional and
lim, o [|A — A,|| =0, it follows from (2.52), that

Tim (- @)(4 - 4,)Qlls, = lm (1~ @)(4 - A)(1 - Q)ls,
~ T Q(A - A4,)(1-Q)]s, = 0.
Since A—A4, =QA-A4,)Q+(1-Q)(A-A4,)Q+QA—-A,)(1-Q)+ (1 -
Q)(A— A,)(1 — Q), this implies in conjunction with (2.55), that
limsup [[A = Ans, <,

n—roo

and the lemma is proved. O

Corollary 2.20. Let 1 < p < oco. Let D(J) D D(H) and suppose that the operator
(H +1)7t — (Ho + 1)~ belongs to the Schatten-von Neumann ideal of order p.
Then Dy, € S,(H,H) and

1Dsc = Dills, < IDscls, and [ Dylls, < IDucls, (2.56)
for all b € (0,00). Moreover,
lim ||Doo - Db”Sp =0. (257)
b—o0

Proof. Tt holds limy_,« || Dot — Dpus|| = 0 for all u € H. Hence (2.57) follows from
Lemma 2.19.

By (2.16) in conjunction with (2.20), D, is a non-negative bounded self-
adjoint operator dominated by the self-adjoint operator D.. Hence (2.56) follows
from (2.53). O

The following corollary gives a sufficient condition that the operator Do, =
(H+1)"!' — (Ho + 1)~ ! belongs to a Schatten-von Neumann ideal of finite order
and gives an upper bound for the corresponding Schatten-von Neumann norm.
Corollary 2.21. Let D(J) D D(H) and L(H, P) < occ.

a) Let 1 <p<oo. If JG € Sp(H, Haux), then Dy € Sp(H,H) and

1D lls, < V/L(H,P)||JG]s,. (2.58)

b) Lett € (3/2,00). If JJ* is bounded and JG* belongs to the Hilbert-Schmidt
class So(H, Haux), then

1
1Decllss—z < /LEH,P) (TP TGE,) . (2.59)

Proof. By Theorem 2.7 and since L(H, P) < oo, we have that ran(JG) C D(H),
|HJG|| = \/L(H, P) and limy_ || Doo — Dp|| = 0. By Lemma 2.4 b), this implies
that

Do = (JG)*HJIG,
hence (2.58) follows from (2.48) in conjunction with (2.49).
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Suppose, in addition, that JJ* is bounded. For all h € H,u and f € D(E)
(f;(JG)*h) = (JGf, h)aux = E1(Gf, J*h) = (f, J"h).
Thus J*h = (JG)*h for all h € Haux. Thus JJ* = JG/?(JGY?)* and hence
175 = TG,
In conjunction with the hypothesis JG* € Sy this implies, by [6, Lemma 2], that
ITGIS2, < 1T TG,
hence (2.59) follows now from (2.58). O

2.6. Compact perturbations

2.6.1. Expansions. We get stronger assertions provided the operator J is compact.
Let us assume that J is a compact operator from (D(€), &) into Hayux, that the
domain of J equals D(£), and that the range of .J is dense in Haux.

Since J: D(E) — Haux is compact and G'/? is a unitary mapping from the
Hilbert space H onto the Hilbert space (D(E), &1 ), the operator JGY/2: H — Haux
is also compact and there exist a family (Ag)ger in (0, 00), an orthonormal system
(ex)rer in H, and an orthonormal system (gi)rer in Haux with the following
properties:

(i) I has only finitely many elements or I = N and
A — 0, k — oo.
(ii) TGP =" Nelex, flge Y f €M, (2.60)
kel

We shall call the latter expansion the canonical expansion of the operator JG'/2
and refer the reader to [24, p. 4], for more details.
It follows that

(JGY2) h =" Melgr Danxex Y h € Haus, (2.61)
kel
and, in particular,
(JGY?)* gk = e Vh €L (2.62)
By (2.60) and (2.61),
JGV2IG2) R =" N (gks Mawxge Y € Hau. (2.63)
kel
In particular,
JGY2(JGY?) g, = M2gr VEEN. (2.64)

Furthermore, ker((JG'/2)*) = (ran(JG'/?))t = {0}, since ran(J) is dense in
Haux. Thus the compact operator JG/2(JGY?)* in Hauy is invertible. Therefore,
(2.63) implies that (A\?)re; is the family of eigenvalues of JG/2(JG'/2)* counted
repeatedly according to their multiplicity, that, for any k& € I, the vector g is an
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eigenvector of JG'/2(JG'/?)* corresponding to the eigenvalue A%, and that (g )ker
is an orthonormal basis of Haux. (2.63) implies now that

1
{1/b+ JGl/Q(JGl/Q)*}—lh:Z \2 +1/b (gk,h)auxgk Vh € Haux- (265)
kel “k

By (2.12), (2.60), (2.61), and (2.65),

A

+1/b(ek,G1/2f)ek VfeH.

Dof = (H+ )™ = (Hy+ ) = G2y,
kel "k
Since G''/? is self-adjoint and bounded, it follows that
A% 1/2 1/2
D =
kel

A% 1/2 1/2
= > . 2.
kel 3 15 G e GNGE e VI EH (2.66)

(G'?e},)rer is an orthonormal system in (D(E), &), since (ex)rer is an or-
thonormal system in # and the operator G/2 from H into (D(£),&;) is unitary.
Thus the series 3, ; &1(GY2er, Gf)G ey, converges in (D(E),&1) (and, there-
fore, also in H),

D IE(G e, GF)P < E1(GF,Gf) < o0,

kel

and

& <Z EGPer, GF)GVPex — Dy f, Y E1(GVPex, GF)G ey, — Dbf)

kel kel

->

kel

2
1E1(G e, G =0, b— o0, (2.67)

1
1+ b7

for all f € H. Since convergence in (D(&), &) implies convergence in H and the
operators Dy strongly converge in H to Do, (2.67) implies that

Doof =D &1(GV2er, GF)G ey, =Y (GV2er, [)GV?er VfeH. (2.68)

kel kel

Thus we have proved the following theorem.



94 H. BelHadjAli, A. Ben Amor and J.F. Brasche

Theorem 2.22. Suppose that D(J) = D(E) and that J is compact. Then, with
(M) ker and (ex)ker as in the canonical expansion of JGY/2,

S Ciyp Ak 1/2 1/2
((H +1)7" = (Hy +1) >f—;&+1/b<0 ek, [) G Per VfEH,
(2.69)
(H+1) "= (Hoo + 1)) f = (GYPer, f) G2, Ve, (2.70)
kel
-1 —1y _ 1 1/2 2
— (Hso = su G/ ey, . .
[(Hy+1)"" = (Hoo + 1) H;&;HM%I( ko f)| (2.71)

Remark 2.23. The technique of regularizing the singular problem through the use
of the canonical expansion is also typical for the theory of generalized pseudo
inverses like presented in [21]. In this context the large coupling limits are some-
times called the limits of the large penalty. They are used in numerical analysis
to regularize the ’jumping coefficients’ differential equations by penalization. A
good survey on regularization can be found in [18] and its use in the theory of
saddle-point problems can be found in [19].

In Sections 2.3 and 2.5 the operator H = (J.J*)~! has played an important
role, but did occur neither in the discussion of Schrédinger operators nor in this
section. Actually H is useful in these contexts, too. To begin with let us men-
tion that we can express the singular values )\, with the aid of H. By (2.14),
JJ* = J(JG)* = JGY?(JG?)*. Thus the orthonormal basis (gr)rer of Haux 15
contained in the domain of H and

- 1
Hgi, = A2 g, Vkel. (2.72)
k

In addition, we have, by (2.62), that
(JG)*gp = GY2(JGY?)* g, = \GY?e), Ve I (2.73)

In many applications, one can use this formula in order to describe the vectors ey

with the aid of the eigenvectors g, of H. We demonstrate this in a simple case:
Let €& = D be the classical Dirichlet form in L?(R) and u be a positive Radon

measure on R such that supp(u) = [0, 1]. The operator G := (—A+1)"1: L3(R) —

L?(R) is an integral operator with kernel g(z — y), where g(z) := 5 exp(—|z|) for

all # € R. Since the function [ g(- — y)f(y)dy is continuous for all f € L*(R),
the mapping J*G : L?(R) — L?(R, i) is also an integral operator with the same
kernel g(x—y). Thus (J*G)* : L*(R, 1) — L?*(R) is an integral operator with kernel
g(y — ) = g(z — y). Since the function [ g(- — y)h(y)u(dy) is continuous for all
h € L*(R, i), we finally obtain that also JH(J*G)* = JHJ#* : L2(R, u) — L*(R, p)
is an integral operator with kernel g(z — y).

By Lemma 2.15, J#: H'(R) — L?(R, u) is compact. Thus we can choose an
orthonormal system (ey)ren in L?(R), an orthonormal basis (gx)ren of L*(R, i),
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and a sequence (A, )ren of strictly positive real numbers such that
oo
JEGH? = ZAk(ekv )Gk
k=1

Of course, the A\, ex and g depend on p, but we suppress this dependence in our
notation.

Let k € N. The function ui := [ g(- — y)gr(y)(dy) is continuous and square
integrable, and, for supp(u) = [0, 1], satisfies the differential equation —y” +y =0
on R\ [0, 1]. Thus

() ug(0)e”, x <0,
up(z) =
§ up()el=, 2> 1.

Since uy, is the continuous representative of \yG'/%¢p, = (JFG)* gi and J*(JHG)* gy,
= )\%gk it follows, for the continuous representative G'/2e;, of G'/%¢y,, that

gr(0)e”, @ <0,
G'2e(x) = A | gr(2), 0<z<l, (2.74)
ge(el= x>1.

Set
2

ap(f) = ’/Ooo 91(0)e” f (z)dz + /Olgk(z)f(ﬂﬂ)dﬂﬂ + /100 ge(1)e! =" f(z)dw

(2.75)
By (2.71) and (2.74), we can express the distances between the operators (—A +
bu+1)~! and their limit with the aid of the self-adjoint operator —A#* = (J# J#*)~1
in L2(R, u1). Let b € (0,00). Then

[~ bt )7 = (<A oo+ )7 = sup 3o )

: (2.76)
Ifl=1 = Ex+0

where —Atg, = Ejgy, for all k € N, (gr)ren is an orthonormal basis of L(R, p).

2.6.2. Schatten-von Neumann classes. We can use Theorem 2.22 in order to derive
estimates for the rate of convergence with respect to S,-norms.

Lemma 2.24. Suppose that D(J) = D(E) and J is compact. Let 1 < p < co. Then
with A, and ey, as in the canonical expansion of JGY/2 the following holds.

a) The operator Doy = (H + 1)7! — (Hy + 1)71 belongs to the Schatten-von
Neumann class of order p if and only if

p—1
D D2 GV2e? < oo (2.77)
kel
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If this is the case, then
p—1
IDeolls, = > 1Dod G e, (2.78)
kel

b) Let 0 < b < oo. The operator Doo — Dy = (Hp +1)71 — (Hoo + 1)1 belongs
to the Schatten-von Neumann class of order p if and only if

1 —1
D 14 (D = Do) G2k < oo, (2.79)
kel k
If this is the case, then
1 -1
[Dec = Dullf, = 14 oz 1(Dee = Dy)"2 G'VPe. (2.80)
kel k

Proof. a) Let (f;);jer be an orthonormal basis for H. Since D, is a non-negative
self-adjoint operator, we obtain

1Dl = tr(D2) = S2(D%fi ;) = S (Dol f5, D2 1)

jer jer
p—1 p—1
= Y @, De [P =) [IDd GV e, (2.81)
jel’ kel kel
b) The proof of b) is quite similar, so we omit it. O

Theorem 2.25. Let p € {1,2}. Suppose that JG'/? is compact. Then the following
two assertions are equivalent:
a) [[(Hy+1) = (Hoo + 1) |5, — 0 as b — oo.
b) (H+1)"!' — (Ho + 1)7! belongs to S,(H,H).
Proof. Tt is always true that |[(Hy + 1) — (Hoo + 1) '|ls, = 0 as b — oo if Doy =
(H+1)"!' — (Hoo +1)7! belongs to S,(H,H), cf. Corollary 2.20.
Conversely, let first p = 2 and assume that

Jim [[(Hy +1) = (Hoo + 1) 7[5, = 0. (2.82)
Then, by Lemma 2.24,
1
1D = Dollg, = 3 14 bA2 [(Doo — D) /2G|
kel k
1 1/2 1/2
= Z 5 (Doo = Dp)G /ey, G/ 7ey)
kel L+ bA;
1 1 1/2 1/2, 42
=Y S (G G ey (2.83)
L 1H0A] S 14D

Similarly, we obtain

S ID&G el = 3 (G 2e;, G 2ey) 2. (2.84)

kel j,kel
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By (2.82) in conjunction with (2.83), we get for sufficiently large b that

1 1
1> ||Doc = Doll3, = >

L4+ DAE 1407 (G2, G Per)”
J

J,kel
> e 2 (G2, GM e (2.85)
A, A<l
and hence
S IDAG ek = 3 (G2, G 2er)?
kel J,kel
<(1+0b)2+ Z Z|(Gl/2ej,G1/2ek)|2 + Z Z (GY%e;, GY?ey)|?
A >1 el Ap<lA;>1
<S40 +2 ) [|Gexl® < oo. (2.86)
Ap>1

Thus, by Lemma 2.24 a), the proof is complete for the case p = 2. The case p = 1
can be treated in a similar way. U

As in the previous subsection we can express the distances between the op-
erators (—A + by + 1)71 and their limit with the aid of the operator —A*,

Lemma 2.26. Let p1 be a positive Radon measure on R and suppose that supp(p) =
[0,1]. Let (gx) be an orthonormal basis of L3*(R, 1) such that, with the operator
— AW = (JrJF)7L the following holds:

—Atg, = Ergr VEkeN.
Then

Vb>0,  (2.87)

_ 11— (— -1 _ B
I(=A+bu+1)"" = (=A+oou+ 1)~ s, ;Ek+b

where
1 o 1 2 ! 2
Br = 2|gk(0)| + 2|9k(1)| + [ lgr(x)|"dz VkeN. (2.88)
0

Proof. Since Ey, = 1/)% for every k € N, the lemma follows from (2.80) in con-
junction with (2.74). O

2.7. Dynkin’s formula

We can use (2.70) in order to derive an abstract version of the celebrated Dynkin’s
formula.

To begin with let us assume that D(J) = D(€) and J is compact. Choose
an orthonormal system (ey)res in H, an orthonormal basis (g )rer in Haux, and a
family (A )xer of non-negative real numbers as in (2.60), i.e., such that JG'/2 f =
> ner Ak(er, fgr for all f € H. Then JGY2f =0 if and only if (eg, f) = 0 for all
kel
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G'/? is a unitary operator from H to (D(£),&r). Thus (G'/2ey)res is an
orthonormal system in the Hilbert space (D(E),&1). Moreover, (eg, f) = 0 for all
k € I'if and only if & (G'/%ey, GY/2f) = 0 for all k € I. Thus (G/?ey)ker is an
orthonormal basis of ker(.J)*; here | means orthogonal with respect to the scalar
product £; on D(E) and “orthonormal” means “orthonormal with respect to &;”.
Thus the first equality in (2.68) yields that

Dof=P;Gf VfeH, (2.89)

where P; denotes the orthogonal projection in (D(£), &) onto ker(J)*.

(2.89) holds true under much weaker assumptions on the operator J. It is
easy to understand this fact: Let J; and Jo be densely defined closed operators
from (D(E),E1) to Haux. For i = 1,2 denote by H;* the self-adjoint operator in H
associated to £/ and put

D = (H+1)"' - lim (H;" +1)~".
b—o00
By Kato’s monotone convergence theorem,
lim (H;" +1)~' = lim (H?> + 1)~

b— o0 b—o0
provided ker(.J1) = ker(J3), cf. (2.10). Trivially, we also have P; = Py, in this
case and (2.89) holds true for J; if and only if it holds true for Js. Thus in order to
prove (2.89) for a given operator J; we only have to choose a compact operator Ja

such that ker(J) = ker(J1) and ran(.Jz) is dense in Hayux. Hence the next theorem
follows from Lemma 2.29 below.

Theorem 2.27. Suppose that D(J) is dense in the Hilbert space (D(E),&1) and the
auxiliary Hilbert space Haux S separable. Let Py be the orthogonal projection in
the Hilbert space (D(E),&1) onto the kernel ker J of J. Then the following abstract
Dynkin’s formula holds true

(H+1)™' = (He +1)7 ! = P,G. (2.90)

Remark 2.28. Since we choose Haux in such a way that ran(.J) is dense in Haux,
the hypothesis that H.ux be separable is, in particular, satisfied in the case when
D(J) = D(€) and J is compact.

Lemma 2.29. Let J be a densely defined closed operator from the Hilbert space
(Hi, (-,-)1) into the separable Hilbert space (Ha, (-,-)2)). Suppose that ran(J) is
dense in Hs. Then there exists a compact operator Jo from Hq into Ha such that
D(J2) = Hi, the range of Jo is dense in Ha, and

ker(Jz) = ker(J).

Proof. J* is a closed operator from the separable Hilbert space Hs to the Hilbert
space H;. Hence the Hilbert space (D(J*), (-,-).+) is separable, where (u,v) s« :=
(u,v)a + (J*u, J*v)1.
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Since (D(J*),(+,-)s~) is separable, we can choose a sequence (f,)nen such
that the set {f, : n € N} is dense in (D(J*), (-,-)+). Selecting a linearly indepen-
dent subsequence (g )nen Of (fn)nen and applying Gram-Schmidt orthogonaliza-
tion, we get an orthonormal system (e, )nen in Ho with

span{e,: n € N} = span{g, : n € N}

and span{e,: n € N} is dense in (D(J*), (-, )= ).

D(J*) is dense in Hg, since J is closed. Thus span{e,,: n € N} is also dense
in Hs and hence an orthonormal basis of Ho. With this basis, we are able to define
the compact operator Js.

Set
K 1

1+ |[J*exllx
Define an operator Jy by D(Jy) = D(J) and

A = VEkeN.

Jof =Y M (ex, Jf)2ex YV f € D(Jy).

k=1
Jo is a bounded operator from H; to Hy and densely defined. Hence its closure Js
is a bounded operator from H; to Ho and D(J2) = Ha.

Jo is a Hilbert-Schmidt operator. To show that take an orthonormal basis
(hj)jer of Hi such that h; € D(J) for every j € I. Then

2
Z ||J2hj||§ - Z Z Ak (ex, Jhj)zey

JeI jeI |lkeN 2
=Y D (T hynl? =Y AT ellf < oo
keN jel keN

Next we show that ker(J) = ker(Jz). If Jf = 0, then Jof = Jof = 0 and
we obtain ker(J) C ker(Jz). On the other hand, J is densely defined and closed.
Hence ker(.J) = ran(J*)+. Take an f € ker(J). Then there is a sequence (f,)nen
in D(Jy) such that f = lim, oo frn and Jof = limy, 00 Jofn. Let (eg)reny be the
orthonormal basis in Hs introduced above. Then

0= (Jaof,er)2 = nILH;o(JOf"’ er)2

= nlglg() <Z A (€ms an)2(€m7€k)2>

meN
= lim Ac(exs I fa)2 = Me(T e, 1.

Therefore, f is orthogonal to J*ej for all k € N. Since span{ey: k € N} is dense
in (D(J*), (-, -)+), its image span{J*e;: k € N} is dense in ran(J*). Thus f €
ran(J*)+ = ker(J).
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It remains to prove that ran(Jz) is dense in Hq. Fix ky € N and € > 0. Since,
by hypothesis, ran(.J) is dense in Ha, we can choose f € D(J) satisfying

€kq
Jf - <e.
H d )‘ko
Thus || Jof — eg, || < €, because of
[ J2f = exoll3 = || > Meler, T f)aex — ek,
keN
2 1
= > Mler T2l + A%, |(enes Tf)2 — \
kEN, k+£ko ko
12
< Z (e, J)2|” + | (eny, J )2 — \
kEN, kko ko
2 2
= Z(ek,Jf)zek — ik(’ = HJf - iku < e.
keN ko 2 ko 2

Thus ey, € ran(J2). Since span{ey: k € N} = Hy, we have shown that ran(Js) is
dense in Hs,. O

2.8. Differences of powers of resolvents

In this section we shall use the generalized Dynkin’s formula to derive the surpris-
ing result that

(Hy+1)% = (Hoo + 1) % = (Hy+ 1) = (Huo + 1) )" VEeN  (291)
for a large class of operators H and form perturbations P of H. Let us recall that
(Hy+1)' = (Heo +1)7' @0, b— o0,

for a suitably chosen non-negative self-adjoint operator H., in a suitably chosen
closed subspace Ho, of H and that we abuse notation and write (He + 1)~ ! in
place of (H,, +1)~1@®0. Here we abuse notation again and simply write (Ho, +1) "
in place of (Ho + 1) % @ 0.

Before we derive formula (2.91), let us briefly mention some reasons why
one might be interested in this result. Let A and Ag be non-negative self-adjoint
operators. A and Ay may be differential operators so that passing to higher powers
of the resolvents improves regularity. There are also many examples where the
resolvent difference (A4 + 1)1 — (Ap + 1)~ does not belong to the trace class,
but (A +1)7% — (4y +1)7% is a trace class operator for sufficiently large k. This
implies, by the Birman-Kuroda theorem, that the absolutely continuous spectral
part A%¢ of A is unitarily equivalent to A3 and, in particular, A and Ay have the
same absolutely continuous spectrum. Estimates of the trace norm of (A +1)~% —
(Ag +1)~% can also be used to compare the eigenvalue distributions of A and Ay.
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Lemma 2.30. Suppose that D(J) D D(H) and
JGu =0 VYu e ker(J). (2.92)

Then the following holds:

a) Dy(G — Do) =0 for all b > 0.
b) Doo(G — Do) = 0.

Proof. a) Let Py be the orthogonal projection in (D(E), &) onto the orthogonal
complement of ker(J). Then 1 — P; is the orthogonal projection onto the bi-
orthogonal complement and hence onto the closure of ker(J). Since J is a closed
operator, its kernel is closed and hence 1 — Pj; is the orthogonal projection onto
the kernel of J.

By the generalized Dynkin’s formula, cf. Theorem 2.27,
Doo = P]G
In conjunction with the resolvent formula (2.12) and the hypothesis (2.92), this

implies that

Dy(G — Do) = (JC)* (1

—1
. JJ*) JG(1— P;)G = 0.

b) Due to the fact that the operators D;, converge strongly to D, b) follows
from a). O

In the proof of the main theorem of this section we shall use the following
telescope-sum formula which holds true for arbitrary everywhere defined operators
A and B on H.

AF — Bk = kz_‘i AF1ZI (A - B) B, (2.93)
j=0
If A and B are bounded self-adjoint operators and AB = 0, then
(BAu,v) = (u, ABv) =0 VYu,veH
and hence BA = 0.

Theorem 2.31. Suppose that D(J) D D(H) and ker(J) is G-invariant. Then

(Hy+ 1) = (Hao + 1) % = (Hy + 1) = (Hoo + 1)™)* VEeN.
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Proof. Let k € N. By formula (2.93) and having Lemma 2.30 in mind, we get

(Hy+1)"" — (Hoo + 1)7*

k—1
— Z(Hoo + 1) (Hoo + 1) = (Hy+1)7Y) (Hy +1)77
- |
= Z(G - DOO)k_l_j (Doo - Db) ((G - DOO) + (Doo - Db))J
j=0
k—1

j=0
k—1

= (Doo — Dp)F + > (G = Doo)¥ ™7 (Dog — D).
j=1

Now observing that, by Lemma 2.30, we have, for all f € H,

k—1
(Z(G — Doo)* ™ (Do = Dy)' f, f> = (f,(Dsc = Dy} (G = Doc)* ™7 f) = 0,
j=1
we get the result. O

Corollary 2.32. Under the hypotheses of Theorem 2.31, the following holds:
[(Hy+1) % = (Hoo + 1) " = [(Hy + 1) " = (Hoo + 1) [|" VEEN. (2.94)
In particular, there exists a ¢ > 0 such that
lim inf V|(Hy +1)7F — (Hoo +1)7F||

= limsup b*||(Hp +1) ™% — (Hoo + 1) ¥ =c* >0 VkeN, (2.95)

b—o00

and, for any k € N, we have the following equivalence:

Jim V(Hy +1)F — (Hoo + 1) F|| < 0 <= J(D(H)) C D(H). (2.96)

Proof. By (2.16) in conjunction with (2.20), the operator D, — D is non-negative,
bounded, and self-adjoint. By the spectral calculus and Theorem 2.31, this implies
formula (2.94). The assertions (2.95) and (2.96), respectively, follow from (2.94)
in conjunction with Theorem 2.7. 0

We conclude this section with an example which shows that the condition
(2.92) is not “artificial” at all.
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Example 2.33. Let D be the open unit disc in R? and T the unit circle. We consider
the form in L?(T) = L?(T,df) defined by

£ = e /%/% (8")]? sin 2<9 29 >d0d0’,
D(F):={f € L*(T): F(f,f) < oo}. (2.97)

We define the form &£ in L?(D) as follows:

: /|Vf| dz,

D(&) :={f € L*(D): f is harmonic, (f, f) < co}. (2.98)

We take
J: (D(&),E) = (D(F),F), Jf:=f|T VYfeDE),

where f | T is the operation of taking the boundary limit of f. It is known, cf.
[13, p. 12], that J is unitary and it preserves the subspace of constant functions.
We define an equivalence relation on both L?(D) and L*(T) by f ~ g f — g is
a constant function. Accordingly we define the forms

FUL U = F(f, f), DF) = (D(F))/~, (2.99)
E( LM = E(f, 1), DE) = (D(€))/~, (2.100)
and
J: (D(€),€) = (D(F), F), JIfl:=Jf V[fl€DE).

Then both F,& and J are well defined and it is well known that (D(£),€) is a
Hilbert space (which we take to be #). Furthermore since .J is unitary we conclude
that J is unitary as well. Thus ker(J) = {0} and trivially the assumption (2.92) is
satisfied. Since ker(J) = {0}, also Hoo = {0}, cf. (2.8), and hence (Hoo + 1)1 =0
and Do, = G. Since Jy is unitary, JJ* = 1 and, in particular, ran(JJ*) = D(F).
J is not unitary as an operator from (D(£),&;) onto (D(F),F), but the norms
induced by £ and &; are equivalent and hence we still have ran(JJ*) = D(F).
Thus, by formula (2.96), there exists a constant ¢ € (0, c0) such that

lim b%||(Hy 4+ 1)7F|| =
b—o0
for all k£ € N.

It is also known that £ and F in the previous example are Dirichlet forms and
the perturbation corresponding to J is a so-called jumping term and, in particular,
non-local, cf. [13, p. 12]. Moreover, obviously the operator J is not compact. In
the next section we shall concentrate on Dirichlet forms and treat certain local
perturbations, the so-called killing terms.
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3. Dirichlet forms

We can combine our general methods with tools from the theory of Dirichlet
forms in order to improve our results in the special, but very important case when
Hy, = H + by for some Dirichlet operator H and some killing measure pu. It is
also possible to treat other kinds of perturbations, for instance, perturbations by
jumping terms, as it was demonstrated in Example 2.33.

3.1. Notation and basic results

Throughout this section, X denotes a locally compact separable metric space, m
a positive Radon measure on X such that supp(m) = X and £ a (symmetric)
Dirichlet form in L?(X,m), i.e., a densely defined closed form in L?(X,m) satis-

fying
feDE) VfeDE, (3.1)
(this condition is void in the real case) and possessing the contraction property
f° € D(E) and E(f°, ) < E(f, f) (3.2)

for all real-valued f € D(E), where f¢ := min(1, fT) and f* := max(0, f). In
addition, we require the Dirichlet form be regular, i.e., the following two conditions
are satisfied:

a) The set of all f in the space Cy(X) of continuous functions with compact
support such that f is a representative of an element of D(&) is dense in
(Co(X), || - loo). We shall denote this set by Co(X) N D(E).

b) The set of all f in D(£) with a continuous representative with compact
support is dense in (D(€),&;). We shall denote this set by Co(X) N D(E),
too.

The capacity (with respect to &) of an open subset U of X and an arbitrary
subset B of X is defined as follows:

cap(U) := inf{& (u,u): u > 1 m-a.e. on U},
cap(B) = inf{cap(U): U D B, U is open}, (3.3)

respectively. The classical Dirichlet form D, defined by (2.34), is a regular Dirichlet
form in L?(R?) and the definition of capacity in Section 2.4 is equivalent to the
definition of capacity for D in (3.3). As in the classical case, a function u : X — C
is called quasi-continuous (with respect to &) if and only if for every ¢ > 0 there
exists an open set U, such that u | X \U: is continuous and cap(U:) < €. Moreover,
as in the classical case, every u € D(€) has a quasi-continuous representative, two
quasi-continuous representatives are equal q.e., i.e., everywhere up to a set with
capacity zero, and every £1-convergent sequence has a subsequence converging q.e.
For u € D(E) we denote by u also any quasi-continuous representative of u. We
shall denote by H the non-negative self-adjoint operator associated to £.
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Remark 3.1. There exists a Markov process M such that p:(-, B) is a quasi-
continuous representative of e~ 1 for every Borel set B € B(X) with m(B) < oo
and all ¢ > 0. Here p;(x, B) is the transition function of M and M is even an m-
symmetric Hunt process with state space X U{A}, where A is added as an isolated
point if X is compact and XU{A} is the one-point compactification of X otherwise.

If &= 9 D, then the corresponding Markov process M is the standard Brownian

motion.

In the following, let 1 be a positive Radon measure on X charging no set
with capacity zero. As in the classical case, we set

D(P,) == D(E) N LA(X, ), (3.4)
Pp(u,v) := /fw dp Yu,v e D(E) (3.5)

and obtain that the operator J* from (D(£),&1) to L?(X, i), defined by
D(J*) :==D(P,), Jtu:=u p-ae VueDJH), (3.6)

is closed and hence € + bP,, is closed for all b > 0. For each b > 0, we set £ :=
&€ + bP, and denote by H + by the non-negative self-adjoint operator associated
with £%#. Moreover,

(H+oop+1)"" = blggo(H +bu+ 1)1,
Di=H+1)"—(H+bu+1)"" Vbe[0,00].
Theorem 3.2. £V is a regular Dirichlet form in L*(X,m).
(H +1)~! has a Markovian kernel G, i.e., there exists a mapping
G: X xB(X)—[0,1]
such that G(-, B) is measurable for every B in the Borel-algebra B(X) of X,

G(z,X) <1 and G(z,-) is a measure for every € X and

- / f(5)G (. dy)

is a quasi-continuous representative of (H + 1)~1f for every f € L?(X,m). For
every non-negative Borel measurable function f on X the function Gf: X —
[0,00], Gf(z) := [ f(y)G(z,dy) for z € X, is well defined. G is also m-symmetric,
ie., [Gfhdm = [ f Ghdm for all non-negative Borel measurable functions f and
h.Gf > 0q.e.if f > 0m-a.e. £, H, and G will be called conservative if G1 = 1 q.e.
We shall abuse notation and denote not only the Markovian kernel of (H + 1)~1,
but also the operator (H + 1)~! by G. Moreover, we put

GF:=H+p+1)1

and denote by G* also the m-symmetric Markovian kernel of this operator.
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The Dirichlet form £ is strongly local if and only if the following implication
holds for all u, v € D(E):

supp(um) and supp(vm) compact and v constant in

a neighborhood of supp(um) implies that £(u,v) = 0. (3.7)

Example 3.3. D is a regular conservative strongly local Dirichlet form in L?(R?).

3.2. Trace of a Dirichlet form

In the remaining part of this note we shall assume that p is a positive Radon

measure on X charging no set with capacity zero (with respect to £) that satisfies
D(H) c D(J*). (3.8)

Recently Chen, Fukushima, and Ying [10] have obtained deep results on the trace
of a Dirichlet form and the associated Markov process. It turns out that traces of
Dirichlet forms are also very useful for the investigation of large coupling conver-
gence.

Before we give the definition of the trace of a Dirichlet form, we need some
preparation. We put

F = supp(p)

and identify L?(X,u) and L?(F,u) in the canonical way, i.e., via the unitary
transformation u +— u [ F'. We further put

P, :=Pju,

i.e., P, is the orthogonal projection in the Hilbert space (D(£), £1) onto the orthog-
onal complement of ker(J*) (with respect to the scalar product £;). Obviously,
the following implications hold:

Jru=J'w = u—w€ker(J!') = P,u= P,w.
Hence, the following is correctly defined:
Definition 3.4. We define the form £!' in L%(F, ) as follows:
D(EL) i= ran(J"),
EM(JFu, ') := E1(Pyu, Pyw) Yu,v € D(E). (3.9)
5f is called the trace of the Dirichlet form &; with respect to the measure .
Theorem 3.5. ! is a regular Dirichlet form in L*(F, ).
The proof of this theorem can be found in [13, Chapter 6].

Remark 3.6. In the Definition 3.4 we have essentially used that the Dirichlet form
&1 is coercive. One can define the trace £* of an arbitrary regular Dirichlet form
& with respect to a measure p in such a way that for & the Definition 3.5 above
is equivalent to the general one. Even in the general case £* is a regular Dirichlet
form in L2(F, ;). We shall not use these extensions in this note and omit the
details, but refer the interested reader to [13, Chapter 6.2].
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The operator
H! = (Jrgre)~1 (3.10)

plays an important role in the discussion of large coupling convergence. It is re-
markable that H* is the self-adjoint operator associated with the Dirichlet form 1"

Lemma 3.7. H" is the self-adjoint operator associated with S{L
Proof. w— P,u € ker(J") for every u € D(£). Thus
P,ue D(J") and J'Pyu = J'u Yue D(J"). (3.11)
Since the operator H* is self-adjoint, we only need to prove that it is a restriction
of the self-adjoint operator associated with £}'. For this it suffices to show that
EL(JIP I h) = (f,h) 12y YV f € D(J*J")Vh € D(EY).
By Theorem 3.5, it suffices to prove this equality for all f € D(J*J"*) and all
h € Co(F) N D(EM). Let now h € Co(F) N D(EV) and choose u € D(E) such that
h = J*u. Then, by (3.11), J*P,u = J#u = h. Let f € D(J*J"*). Then
EV(IRTH [ ) = E(J* f, Pyu) = (f, J* Pyu) p2guy = (f 1) 12
Thus H* is the self-adjoint operator associated with £}'. O

The following example illustrates the strength of the previous lemma for the
investigation of large coupling convergence.

Ezample 3.8 (Continuation of Example 2.16). We choose (2, )necz, (an)nez, d, T,
—ALand p as in the Example 2.16. Assume, in addition, that

mo = inf a, > 0. (3.12)
nez

Then the operators —A + b3, a,0d,, converge in the norm resolvent sense to
—AL with maximal rate of convergence, i.e.,

lim b[[(=A+bY ande, + 1) = (AL + 1)} < o (3.13)

b— o0
nez

Proof. Let D be the trace of D with respect to the measure p. Let f € L2(R, p).

Then
w0 [11Pdn= 3 anlflen)P 2 mo 3 11(on)

nez nez
Choose ¢ € C§°(R) such that ¢(0) = 1 and ¢(z) = 0 if || > d/2. Then f(x,)-
(- — ), n € Z, are pairwise orthogonal elements of H!(R) and

DM @a)e( = za)lin @ = D 1/ @) Pllelin g

nez nez
Thus u = Y, oy f(@n)e(- — 2n) € HY(R). Since f = u p-a.c., we obtain f €
ran(J*) = D(DY). Thus
D(DY) = L*(R, p)-
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By the previous lemma, —A# := (J#J#*)~1 is the self-adjoint operator asso-
ciated with the closed form D¥ in L?(R, u1). Since the domain of the form associated
to —AM equals the whole Hilbert space L?(R, u1), the domain of D(—A*) equals
L?(R, i), too. Thus, trivially,

JHD(=A)) c D(—A").
By Theorem 2.7, this implies the assertion (3.13). O

We shall demonstrate how to use traces of Dirichlet forms for the investigation
of large coupling convergence by further examples. First we need some preparation.

Lemma 3.9. Let u be a positive Radon measure on R such that supp(u) = [0, 1].
Then

1
DY (f, h) :/O (f'R' + fh)dz + f(0O)h(0) + f(D)A(1) V f,he D(DY). (3.14)

(We recall that f denotes both an element of D(DY) and the unique continuous
representative of f.)

Proof. By polarization, it suffices to consider the case f = h. Choose u € H'(R)
such that f = J#u. By definition,

DY (f, f) = D1 (Puu, Pyu). (3.15)
P, is infinitely differentiable on R\ [0, 1] and
—(Pyu)"+ Pyu=0onR\|[0,1], (3.16)

since Dy (P,u,v) = 0 for every v € C§°(R) with support in R\ [0,1]. Since, by
(3.11), J#P,u = Jhu = £, this implies

Pyu(z) = P,u(0)e” = f(0)e® Va <0,

Pou(z) = Pau(l)e' ™ = f(1)e!™* Va > 1. (3.17)
Thus
1
Dy (Pu, Pyu) = / ((Bpa)'? + |(Pyur) [2)da: + / (IF'P + | 2)de
R\[0,1] 0
1
— O+ [fQ) + / (UF'P + 1. (3.18)
O

Corollary 3.10. Let u be a positive Radon measure on R such that supp(u) = [0, 1]
and 1,1yt = 1(o,1) dz. Then each eigenvalue of the self-adjoint operator N
L?(R, i) associated to the trace Df of Dy with respect to the measure p is strictly
positive.

Let n > 0 and —Arf = (n> + 1)f. Then there exist constants ¢ € C and
0 € [-7/2,m/2] such that (the continuous representative of ) f satisfies

f(x)=csin(nx +0) Vzel0,1]. (3.19)
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Proof. Each eigenvalue of —A* is strictly positive, since —A* is an invertible non-
negative self-adjoint operator.
Let n > 0 and —A*f = (n*> 4+ 1)f. By (3.14),

~ 1 —
(_Aﬂf7 h)L2(]R,,u) = /0 (f/hl + fh) dx

for all infinitely differentiable functions with compact support in (0, 1). This implies
that f is infinitely differentiable on (0,1) and —A*f = —f"(x) + f(z) for every
x € (0,1). Thus —f”(z) = n?f(x) for all z € (0,1) and hence there exist constants
cand 0 such that f(z) = esin(nax+0) for all € (0, 1) and, therefore, by continuity,
for all x € [0,1]. O

We can now apply Lemma 2.26 in order to derive results on the rate of trace
class convergence. We demonstrate how to do this through the following example.

Ezample 3.11. Let py := 1jg,1)dz and pg := p1 + dg + 61. Then

3
Jim Vo ||(=A + by + 1) — (A + oopy +1)7Hs, = ) (3.20)
and
1
Jim VO ||(=A +bug + 1) — (A + copg + 1) 7Ys, = . (3.21)

Proof. Let p € {p1, 2} Let k € N, ¢, € R\ {0}, mx > 0, 0 € [—7/2,7/2] and
suppose that g with gr(z) = cpsin(mez + 0)) for all x € [0,1] is a normalized
eigenfunction of —A¥. We have
1
[ 6+ gt o +-90()01) + 1 0)h(0)
0
= ]D)lf(g;“h) = (—A“gk, h)L2(#) = (—gg + gk, h)L2(#) Vhe D(D“)

Moreover,

1
(=g + gk ) L2 () = /0 (gxh" + gh) dz — gi, (1)1 (1) + g;.(0)(0),
and
(_g;ill + Gk, h)Lz('LL2)
= (=% + 9k D) L2y + (=91 (1) + 96 (1)A(1) + (=95 (0) + 91(0))(0)
for all h € D(D*1) and h € D(D*2), respectively. It follows that

9x(0) =gx(0)  and g (1) = —gr(1) if p=p,
and

95 (0) = —g,(0) and gy(1) =g, (1)  if p= po.
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It follows now by elementary calculus that
lim 0 =7/2 if p= p,
k—o00
lim 0, =0 if u= po,
k—o00
lim (9, — k7) =0 and lim ¢; = 2 in both cases.
k— o0 k—o0
Hence

lim gi(0) = lim gi(1) =2 if p=p,

k— o0
lim ¢g3(0) = lim g7(1) =0 if = po.
k— o0 k— o0

Inserting these results into Lemma 2.26 and taking Corollary 3.10 into account,
we complete the proof by an elementary computation. O

Finally, we want to hint to an interesting fact. Again let py = 1jo 1) du.
Choose an orthonormal system (gx)ren in L*(R, 1) and a sequence(ny)ren of
strictly positive real numbers such that —A*gy, = (1 + n?) gx for all k € N. Then,
by (2.76),

- _ o«
(A + b+ )7 (At oo+ )7 =Y )
for any normalized f € L*(R), where

0 1 00

)= [ o i@drs [ a@i@dst [ ae @ dof,
—o0 0 1

If we choose f(z) 1= V21(_oo,0)(2)e” for all z € R, then, by the considerations of

the previous example, limg_, o ax(f) = 1 and hence

1
Jim VB|[(=A + buy +1)"1 — (=A + oopy + 1)1 > . (3.22)

Thus the operators (—A + buy 4+ 1)~ do not converge faster than O(1/v/b) with
respect to the operator norm. On the other hand, the rate of convergence becomes
O(1/b), if we add £0dp 4 £10;1 to the measure p1, where £; and ey are any strictly
positive real numbers, cf. Example 3.19 below. Thus arbitrarily small changes of
the measure can lead to strong changes of the rate of convergence.

Actually, if one combines (2.76), (2.75) and the results from the previous
example, then one gets via an elementary computation that

1
Jim VO|[(=A + buy +1)"" = (=A + oopy + 1) = o (3.23)
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3.3. A domination principle

For positive Radon measures . on X charging no set with capacity zero let
HE = ker(J*#)
be the closure of ker(J*) in the Hilbert space H. We have
(H +oop+1)"' = (H +oov+1)7*

for HY = HY,. This can be true even if the measures i and v are quite different;
in particular, it is not necessary that the measures p and v are equivalent.

Intuitively one expects in the case (H + oopu + 1)™t = (H + oov + 1)~ !
that the operators (H + bu + 1)~! converge at least as fast as (H + bv + 1)~ 1 if
1 > v. We shall prove that this is true. In this way we can use known results for
one measure v in order to derive results for another measure p. For instance, if
(H +bv+1)~! converge with maximal rate, i.e., as fast as O(1/b), and p > v and
(H+oop+1)"t = (H + oov + 1)1, then (H + bu+ 1)~! converge with maximal
rate, too.

Lemma 3.12. Let p1 and v be positive Radon measures on X charging no set with
capacity (with respect to ) zero. Assume, in addition, that p > v. Then the
operator G* — G* is positivity preserving, i.c., it holds (G¥ — G*)f > 0 m-a.e if
f>0m-a.e.
Proof. Let f, g € L*(X,m), f > 0 m-a.e., and g > 0 m-a.e. Then G*f > 0 m-a.e.
and G¥g > 0 m-a.e., since G* and G¥ are positivity preserving. By [13, Lemma
2.1.5], this implies that all quasi-continuous representatives of G f and of G¥g
(with respect to £) are non-negative q.e. and, therefore, also (u — v)-a.e.

We have, with the convention that u denotes both an element of D(&) and
any quasi-continuous representative of u, that

(f,G"g) = &1 (G"f,.G"9g)
—&(61.6%) + [ 6 f 6 gd(u—)

= (G“f7g)+/G“fG”gdu-
Thus
/ (G f — G*f)g dm = / G G¥gd(u—v).

Since the right-hand side is non-negative for every g € L?(X,m) satisfying g > 0
m-a.e., it follows that G f — G* f > 0 m-a.e. O

It holds G = G°, where 0 denotes the measure which is identically equal to
zero and b’y < by if b/ < b. Hence it follows from the previous lemma that

G(-,B) > G""(-,B) > G"(-,B) VB e B(X)qe. if0<b <b. (3.24)
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Thus (H + oo + 1)71 has also an m-symmetric Markovian kernel G*# and
G%(-,B) > G®"(-,B) VB e B(X) qe. (3.25)
For each b € [0, o0], it follows that Dj’ has an m-symmetric Markovian kernel, also
denoted by D}', and that
Dy (-,B) < DY(-,B) <DL (-,B) VBeB(X)qe if0<bd <b. (3.26)
Corollary 3.13. Under the hypotheses of Lemma 3.12 and the additional assump-
tion that

DL, = Dg.,
it holds that
0< DL f—-Dyf<DLf—-Dyf mae. (3.27)
for all b > 0 provided that f > 0 m-a.e. Moreover,
IDE, = Dyll < |1 DZ, — Dyl Vo> 0. (3.28)

Proof. (3.27) follows immediately from Lemma 3.12 and (3.28) follows from (3.27),
since both the operators D% — D) and the operators DY, — Dy have m-symmetric
Markovian kernels. O

3.4. Convergence with maximal rate and equilibrium measures

First let us recall some known facts from the potential theory of Dirichlet forms,
cf. [13]. A positive Radon measure is a measure with finite energy integral (with
respect to &) if and only if there exists a constant ¢ > 0 such that

/|u|du§c\/51(u,u) Yu e Co(X)ND(E). (3.29)

If 14 is a measure with finite energy integral, then p does not charge any set with
capacity zero and there exists a unique element Uy (the 1-potential of 1) of D(E)
such that

E1(Urp,v) = /vd,u Yo e D(E). (3.30)

It holds that Uy > 0 m-a.e. Now let u be any positive Radon measure on X
charging no set with capacity zero. Then, for all h € L?(X,pu) with h > 0 pu-
a.e., the following holds: hu is a measure with finite energy integral if and only if
h € D(J#*). In this case J**h equals the 1-potential Uy (hp) of hu and hence
JH*h = Uy (hp) > 0 m-a.e. Yh € D(J**) with h > 0 p-a.e. (3.31)
Let T be a closed subset of X such that the 1-capacity cap(I") of " is finite.
There exists a unique er € D(€) satisfying
er =1 qe onT and & (ep,v) > 0Vv € D(E) with v >0 g.e. on T. (3.32)

Moreover, there exists a unique positive Radon measure pur on X such that pr has
finite energy integral,

pr(T) = pr(X) = cap(T) and er = Uy pur. (3.33)
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Thus 1 € D(J#T*) and
JPr Jir*] =1 q.e. on T. (3.34)
The 1-equilibrium potential ep of I' satisfies, in addition,
0<er <1 m-ae. (3.35)
We recall that H = (J*J**)~! and set

K:=J'J" and K,:=(H+a)™' Va>0. (3.36)

(3.34) can be used to prove that J*U J#T* is a bounded operator with norm
one. We prepare the proof through the following lemma.

Lemma 3.14. Let G be a symmetric Markovian kernel and set

Tf(e) = [ 1)Gla,dy)
whenever the expression on the right-hand side is defined. Then
ITFIL < (1T Y2 VF € L2, m) N L% (X, m)
and hence T extends to a bounded operator on L*(X,m) with
IT) < (IT 1o, (3.37)
Proof. Let f € L?>(X,m) N L*(X,m). By Hélder’s inequality,

TH? < T1 /X PG dy) < |T1 o /X PWGC, dy).  (3.38)

This yields, by the Markov property and the symmetry of G, that ||Tf]? <
171 ooLf11%. O

Corollary 3.15. Let T be a closed subset of X such that 0 < cap(T") < co. Then

|[JHETJHEE|| = 1. (3.39)
Proof. By the first resolvent equality and since the operators K, are positivity
preserving, the sequence (K, f)s2, is pointwise non-decreasing ur-a.e. for all
f € L3(X, ur) with f >0 ur-a.e.

By (3.36) and (3.34), 1 € D(K) and K1 = 1 pp-a.e. and hence || K| > 1. By
spectral calculus,

||K1/’I’Lf_Kf||L2(X,[.LF) — 0 asn— oo VfED(K) (3.40)

Since the sequence (K, /ml)5; is non-decreasing pr-a.e., it follows that it con-

verges to 1 ur-a.e. and, in particular, Kl/nl <1 pr-a.e. forallm € N, n > 1. By
Lemma 3.14, this implies that

||K1/n|| Slv TL:172,3,...
By (3.40), it follows that ||K| < 1. O
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It is remarkable that the important and large class of equilibrium measures
leads to large coupling convergence with maximal rate of convergence.

Theorem 3.16. Let I' be a closed subset of X with finite capacity and ur the equi-
librium measure of T'. Let F be the support of ur. Assume that (H + 1)71 is
conservative. Then

_ _ 1
H@r+@w+1)1—ui+xwp+nlng1+b Vb > 0. (3.41)

Proof. By (3.26), DX — D}'" possesses an m-symmetric Markovian kernel and, by
Lemma 3.14, it suffices to prove that
1
mH+erru—w+mm+m*wngM Vb > 0. (3.42)
Let b > 0 and (fx) C Co(X) such that fr 1+ 1 everywhere on X. Using the
representation of G in terms of its Markovian kernel, we obtain that, by applying
the monotone convergence theorem,

JH Gy — 1in L3(X, ur). (3.43)

Thus observing that, by (3.34), (, + H‘l)fl 1= 1ib7 we obtain

—1
sz@:UWGr(i+H*) JH Gy — JHGY*1. (3.44)

1+b(

By monotone convergence again, we get that D" fi 1+ D{"'1 a.e. Thus, by the
latter identity and since

b
(JFrG)*1 = Uypr,

b
L+ S 1+b
we arrive at D)1 = 1_1;17 Uspr for all 0 < b < oo. Since the operators D" converge
to DX strongly, this implies that D¥'1 = Uy ur. Thus
1Urpr|oo
1+0b
Finally, the result follows from (3.33) and (3.35). O

By the previous theorem, L(H, P,.) < 1 provided that the regular Dirichlet
form & is conservative. For conservative strongly local regular Dirichlet forms, we
can even give the exact value of L(H, P,.).

|(H +bur + 1)1 — (H + oopr + 1) M| < Vb>0. (3.45)

Theorem 3.17. Suppose that the regular Dirichlet form £ associated to the non-
negative self-adjoint operator H in L*(X,m) has the strong local property. Let T’
be a closed subset of X with finite capacity. If the interior I'° of T' is not empty,
then

L(H,P,.) > 1. (3.46)
If, in addition, the operator (H + 1)1 is conservative, then
L(H,P,.)=1. (3.47)
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Proof. (3.47) follows from (3.46) and Theorem 3.16. Thus we only need to prove
(3.46).
Since Ujur = 1 g.e. on I' and by the strong locality of &,

/Udm = (Uipr,u) = E(Urpr, u) = /Udur

for all u € Co(I'°) N D(E). Since Co(I'°) N D(E) is dense in Cy(I'°) with respect to
the supremum norm, it follows that

pr = m on the Borel-Algebra B(I'°) of B. (3.48)
Choose u € Cy(I'°) N D(E) such that [|ul| = 1. For all f € D(JT)
51(f7 GU) = (f7 U) = (J#Ff7 U)Lz(yr) = 61(fa J#F*u)

(in the second step we have used (3.48)). Thus Gu = J*"*u and hence HJ"r Gu =
u. Thus

[HI" H|| > (]| L2y = [Jul =1

(again, we have used (3.48) in the second step). By Theorem 2.7 (c), this implies
(3.46). O

As a consequence of Theorem 3.16 in conjunction with Corollary 3.13, we
obtain the next result.

Corollary 3.18. Let £ be a conservative Dirichlet form. Let T be a closed subset of
X with finite capacity, 0 < ¢ < oo, and let p be a positive Radon measure on X
charging no set with capacity zero and such that p > cup. Assume, in addition,
that

Dt = Dpr.

(In particular, this is true if p is absolutely continuous with respect to the equilib-
rium measure ur.) Then

1
b pk
|Dh, — Dyf|| < L+ cb Vb > 0.

If £ equals the classical Dirichlet form D in L?(R), then the equilibrium
measure of the interval [0, 1] equals 1fg 1] = da + dg + 01. Hence the result in the
next example follows from the previous corollary. If one compares this result with
(3.22), then one sees that the rate of convergence for the operators (—A+bu+1)~*
can be changed strongly by an arbitrarily small change of the measure p.

Ezample 3.19. Let ¢; > 0 for i = 0,1. Let u = 1jg,1jdx + €9do + €101 Let ¢ :=
min(eg,e1). Then

1
“A+bu+1)"t—(=A+ +1)7Y < v .
||( A+bu+1) ( A+ oop ) || 14 b b>0
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Abstract. A smooth spectral theory is presented in an abstract Hilbert space
framework. The main assumption (of smoothness) is the Hélder continuity of
the derivative of the spectral measure (density of states). A Limiting Absorp-
tion Principle (LAP) is derived on the basis of continuity properties of Cauchy-
type integrals. This abstract theory is then extended to include short-range
perturbations and sums of tensor products. Applications to partial differen-
tial operators are presented. In the context of partial differential operators
the spectral derivative is closely related to trace operators on compact (for
elliptic operators) or non-compact manifolds. A main object of application
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here is the operator H = — Z 82 ajk(z) 8i , a formally self-adjoint oper-
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ator in L*(R™), n > 2. The real coefficients a; x () = ax j(x) are assumed to
be bounded and H is assumed to be uniformly elliptic and to coincide with
—A outside of a ball. A suitable LAP is proved in the framework of weighted
Sobolev spaces. It is then used for (i) A general eigenfunction expansion the-
orem and (ii) Global spacetime estimates for the associated (inhomogeneous)
generalized wave equation. Finally a number of directions for further study

are discussed.
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1. Introduction

This review deals with smooth spectral theory, namely, spectral theory of self-
adjoint operators whose spectral families possess certain regularity properties, be-
yond the properties shared by all spectral families. As we shall see, this situation
is typical of broad families of (symmetric) partial differential operators.

Let H be a self-adjoint (bounded or unbounded) operator in a Hilbert space
H. The classical spectral theorem [59] gives a representation of H,

H = /)\dE

in terms of its (uniquely determined) spectral family (of projections) {E(X)}.

The knowledge of {E(\)} yields valuable information on the spectral struc-
ture of H; the location of its singular or absolutely continuous spectrum, as well
as its eigenvalues. Also, it leads naturally to a definition of functions f(H), for a
wide family of functions f.

On the other hand, there are important issues (typically related to partial
differential operators) that cannot be resolved simply on the basis of the spectral
theorem. We pick here one important topic and expound it in more detail, so as
to illustrate the point at hand.

Assuming that {F(\)} is (strongly) continuous from the left, one might think
of E(A+0) — E()) as a projection on the eigenspace associated with A. However,
if A is not an eigenvalue, this projection clearly vanishes. On the other hand,
the mathematical foundation of quantum mechanics has turned the expansion
by generalized eigenfunctions (such as the Fourier transform with respect to the
Laplacian) into a basic tool of the theory (see, e.g., [86] for an early treatment).
So the question is how (if at all possible) to incorporate such an expansion into
the abstract framework of the spectral theorem. We shall address this question
in Section 7, where we show how the basic premise of this review, namely, the
smoothness concept of the spectral family, leads to an eigenfunction expansion
theorem for the class of divergence-type operators.

Using a formal point of view we can say that the bridge between the spectral
theorem and the aforementioned eigenfunction expansion theorem is obtained by
replacing the above difference E(\ + 0) — E(\) by its scaled version, the (formal,
at this stage) derivative f\ E()). In fact, this derivative is the cornerstone of the
present review.

Certainly, this derivative is far from being a new object. In the physical lit-
erature it is known as the density of states [29, Chapter XIII].

It has appeared implicitly in many mathematical studies of quantum me-
chanics. Our purpose here is to provide a systematic study of this spectral object
and to give some applications of it.

The fact that the spectral derivative is involved explains our use of the term
smooth spectral theory. It should be distinguished from Kato’s theory of smooth
operators [60, 75]. The latter refers to operators which are smooth with respect
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to other operators, while we study here the smoothness of the basic operators.
However, the two concepts are certainly related, as Kato’s smoothness can be
stated in terms of suitable boundedness of an operator with respect to the spectral
derivative of another one. Such smoothness plays a crucial role in our treatment
of global spacetime estimates in Section 8.

After introducing our basic notational conventions and functional spaces in
Section 2, we present the basic abstract setting in Section 3. This structure was
first established in a joint work with the late A. Devinatz [15]. It relies on the fun-
damental hypothesis that the spectral derivative is Holder continuous in a suitable
functional setting. The primary aim is to establish a Limiting Absorption Princi-
ple (LAP), namely, that the resolvents (from either side of the spectrum) remain
continuous up to the (absolutely continuous) spectrum in this setting. Once estab-
lished for an operator H, we show in Subsection 3.2 that it persists to functions
f(H), for a wide family of functions f, with interesting results for operators of
mathematical physics, such as the relativistic Schrédinger operator. It is pointed
out that without the smoothness assumption, the validity of the LAP for H does
not necessarily imply its validity even for H2.

Sections 4 and 5 are devoted to further development of the abstract calculus.
The first deals with short-range perturbations and the second with sums of tensor
products. The presentation here is based both on [15] and the lecture notes [37].
While the framework is abstract, the applications to partial differential operators
are quite concrete. The spectral derivative is closely associated with traces of func-
tions (in Sobolev spaces) on manifolds, which gives a natural explanation to the
appearance of weighted L? spaces in this context. The classical Schrédinger opera-
tor is considered, with either short-range perturbations (the abstract Definition 4.1
leads to the same class of potentials as considered by Agmon [1]) or uniform electric
fields (the Stark Hamiltonian). The results derived from the abstract setting in-
clude not only the existence of limiting values of the resolvent, but also their Hélder
continuity (a fact that cannot be demonstrated readily by other methods), their
decay rates at high energy and other properties. Using this approach, for example,
the study of the Laplacian in R™ is fully reduced to the one-dimensional case.

The next three sections are devoted to the main application considered in

"9 9]
this review, namely, a detailed study of the operator H = — E . a;p(x) P
J

gok=1

which is assumed to be formally self-adjoint in L?(R™), n > 2. The real coefficients
a; p(x) = ak,j(z) are assumed to be bounded and H is assumed to be uniformly
elliptic and to coincide with —A outside of a ball. In particular, the coefficients
can be discontinuous. It is well known that these assumptions imply that o(H),
the spectrum of H, is the half-axis [0, 00), and is entirely continuous. The threshold
z = 0 plays a special role in this setting. Our treatment here follows [11].

In Section 6 we establish the LAP for this operator and, in particular, show
that the limiting values of the resolvent remain continuous across the threshold
(which is therefore not a resonance). An important corollary is that the spectrum
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is entirely absolutely continuous. While the absolute continuity of the spectrum is
known in the case of smooth coefficients (using Mourre’s method [68]), its extension
to the case at hand (where coefficients are not even assumed to be continuous)
appears to be new.

Since its appearance in the classical works of Eidus [40] and Agmon [1], the
LAP has proven to be a fundamental tool in the study of spectral and scattering
theory. The method of Eidus (for second-order elliptic operators) relied on careful
elliptic estimates while the method of Agmon used Fourier analysis (division by
symbols with simple zeros), followed by a perturbative (“bootstrap”) argument
to deal with lower-order terms. This latter method, extended to simply charac-
teristic operators of any order, is expounded in [49, Chapter 14]. The method of
Mourre (also known as the “conjugate operator method”) [68] paved the way to
the breakthrough in the study of the (quantum) N-body problem [70]. We refer
to the monographs [4, 36] for the presentation of Mourre’s method in an abstract
framework. We also refer to the recent paper [41], where the LAP is proved by
using a combination of Mourre’s method and energy estimates.

The LAP for the divergence-type operator H introduced above cannot be ob-
tained by a straightforward application of either one of these methods. Firstly, the
presence of the non-constant coefficients a; () means that H is not a relatively
compact perturbation of the Laplacian, and the perturbation method of Agmon
cannot be applied. Secondly, if one insists (as we do here) on assuming only bound-
edness (and not smoothness) of these coefficients, the method of Mourre, as used
in the semiclassical literature [76], cannot be applied (the conjugate operator is re-
lated to a generator of the corresponding flow that, in turn, relies on smoothness).
In contrast, our approach to the LAP enables us to obtain resolvent estimates for
the Laplacian beyond the L? setting, by using H~* weighted Sobolev spaces (see
Subsection 6.1). In this context the operator H can be handled as a perturbation
of the Laplacian.

We note in addition that both Agmon’s and Mourre’s methods cannot be
applied across the threshold at z = 0. Here we obtain continuity of the limiting
values of the resolvent across the threshold, at the expense of using a more restric-
tive weight function. This fact is essential in the treatment of global spacetime
estimates in Section 8.

A more detailed discussion of the relevant literature is given in Section 6.

Section 7 is devoted to the eigenfunction expansion theorem (by generalized
eigenfunctions) associated with the operator H. We have already touched upon
this topic above, illustrating the differences between the general (abstract) spec-
tral theorem and the detailed Fourier-type expansion needed in applications. We
expand on this issue in the section.

A global spacetime estimate for the associated (inhomogeneous) generalized
wave equation is proved in Section 8. We chose to bring this example (instead of
the simpler Schrodinger-type equation) in order to stress the various possibilities
available with the tool of the spectral derivative. In doing so we need to restrict
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much further our class of coefficient matrices. In fact, in order to obtain good
control on the behavior of the limiting values of the spectral derivative at high
energy, we need to use geometric assumptions (non-trapping trajectories), which
are common in semiclassical theory.

Finally, in Section 9 we list a small number of important new directions that
can be pursued in order to expand the scope of this smooth spectral theory. As an
illustration, we outline there the possibility to use the theory for estimates of heat
kernels, even beyond the L? framework.

Concerning the references cited in this review, an attempt has been made
to include items closely related to the topics discussed here — and in the same
spirit. Thus, since we do not touch here on the N-body problem, no references
are made to papers dealing with this topic, beyond those mentioned above, in
connection with the LAP. Similarly, not mentioned are works dealing with the
spectral character of Schrodinger operators with more singular potentials, works
related to spacetime estimates in the framework of the Strichartz approach, and
so on. Even so, the amount of interesting and relevant papers is large, and the
author apologizes for any undue omissions.

2. Functional spaces and notation

We collect here some basic notations and functional spaces to be used throughout
this paper.

The closure of a set € (either in the real line R or in the complex plane C)
is denoted by €.

For any two normed spaces X, Y, we denote by B(X,Y) the space of bounded
linear operators from X to Y, equipped with the operator norm || || g(x,y) topology
(to which we refer as the uniform operator topology). In the case X = Y we simplify
to B(X).

The following weighted L? and Sobolev spaces will appear frequently. First,
for s € R and m a non-negative integer, we define

L&) i= {ula) |l = [ L+ (o) ule) P < oo}

]Rn
H™ (R = {u(z) | D*we L2, |a| <m, ull. = > D3}
la<m
(we write L? for L*° and ||ullo = ||ullo,0). More generally, for any o € R, let

H? = H°Y be the Sobolev space of order o, namely,
H? ={a|ueL*},
li]lo.0 = ||ullo,s, where the Fourier transform is defined as usual by

a(f) = (2m) "2 /u(z) exp(—i€x)dx. (2.1)
R’Vl
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For negative indices, we denote by {H ™ | - |_ s} the dual space of
H™ =5, In particular, observe that any function f € H~"* can be represented
(not uniquely) as

- 0
_ —1 2,8
f—fo+§ i azkf’“ frel®, 0<k<n. (2.2)
In the case n =2 and s > 1, we define

Ly*(R?) = {u € L**(R?) | 4(0) = 0},
and set H, "*(R?) to be the space of functions f € H~Y*(R?) which have a
representation (2.2), where f; € Lg S k=0,1,2.

3. The basic abstract structure

Let H be a Hilbert space over C (the complex numbers), whose scalar product and
norm we denote, respectively, by (, ) and || ||

Let X be another Hilbert space such that X C H, where the embedding is
dense and continuous. In other words, X can be considered as a dense subspace
of H, equipped with a stronger norm. Then, of course, X — H — X™* where X*
is the anti-dual of X, i.e., the continuous additive functionals [ on X, such that
l(aw) = al(v), a € C. The (linear) embedding h € H < z* € X* is obtained as
usual by the scalar product (in H), z*(x) = (h, ).

We use ||z||x, [|2*]|x+ for the norms in X, X*, respectively, and designate by
(, ) the (X*, X) pairing.

Let H be a self-adjoint (in general unbounded) operator on H and let { E(\)}
be its spectral family. Let

Rz)=(H-2)"", zeC ={z | £Imz > 0},

be the associated resolvent operator. We denote by o(H) C R the spectrum of H.

Clearly, if A € o(H), then R(z) cannot converge to a limit in the uniform
operator topology of B(H) as z — \. However, a basic notion in our treatment is
the fact that such continuity up to the spectrum of the resolvent can be achieved
in a weaker topology. We begin with the following definition.

Definition 3.1. Let [r1, k2] C R. We say that H satisfies the Limiting Absorption
Principle (LAP) in [k1, ko] if R(2), 2 € C*, can be extended continuously to
Imz = 0, Rez € [k1, k2], in the uniform operator topology of B(X, X*). In this
case we denote the limiting values by R*()\), k1 < A < ko.

Remark 3.2. By the well-known Stieltjes formula [59], for all x € X,

0
(B®) - E0ea) = o [ (RO = RO aahdr, (18] € o,

it follows that H is absolutely continuous in [k1, k2]



Smooth Spectral Calculus 125

Remark that our assumptions readily imply that the uniform operator topol-
ogy of B(X,X*) is weaker than that of B(?). Also note that the limiting values
R~ ()) are, generally speaking, different from R™(\).

For reasons to become clear later, we introduce still another Hilbert space
X}, which is a dense subspace of X*, equipped with a stronger norm (so that
the embedding X}, — X* is continuous). However, we do not require that H
be embedded in Xj;. As indicated by the notation, X}; may depend on H (see
Example 3.5 below). A typical case would be when H can be extended as a densely
defined operator in X* and &}; would be its domain there, equipped with the graph
norm. This will be the case in Theorem 3.11 below.

Let {E(X\)} be the spectral family of H. When there is no risk of confusion,
we also use E(B) to denote the spectral projection on any Borel set B (so that
E(\) = E(—o0, A)).

Definition 3.3. Let U C R be open and let 0 < o < 1. Assume that U is of full
spectral measure, namely, E(R\U) = 0. Then H is said to be of type (X, X}, o, U)
if the following conditions are satisfied:

1. The operator-valued function
A— E(\) € B(X, X)), \eU,

is weakly differentiable with a locally Holder continuous derivative in
B(X, X};); that is, there exists an operator-valued function

A= A\ € B(X, X)), MeU,
so that (recall that (, ) is the scalar product in H while (, ) is the (X™*, X)

pairing)

d
and such that for every compact interval K C U, there exists an Mg > 0
satisfying

JAR) = AG) e ns) < Mic A= pl®, A € K.

2. For every bounded open set J C U and for every compact interval K C J,
the operator-valued function (defined in the weak sense)
A(A
Z— ()d)\, 2€C,Reze K, |Imz| <1,
U\J A—z
takes values and is Holder continuous in the uniform operator topology of
B(X, X};), with exponent «.

Remark 3.4. We could localize this definition and, in particular, relax the assump-
tion that E(R\ U) = 0. However, this is not needed for the operators discussed in
this review, typically perturbations of operators with absolutely continuous spec-
trum (see the following example below).
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Ezample 3.5 (Hy = —A). (This example will be continued in Subsections 5.5
and 6.1.)

We take the operator Hy to be the unique self-adjoint extension of the re-
striction of —A to smooth compactly supported functions [59]. Let { Ey(A)} be the
spectral family associated with Hy so that, using the Fourier notation introduced
in Section 2,

(Eo(A)h, h) = / \h|2de, A >0, he L*R"). (3.1)
€17 <A

We refer to Section 2 for definitions of the weighted L? and Sobolev spaces involved
in the sequel. Recall that by the standard trace lemma, we have

P dr < Clf., s> A>0 (3.2)
l€2=A

where C' > 0 is independent of A and dr is the restriction of the Lebesgue measure
(see [15] for the argument that it can be used for the full half-axis, not just compact
intervals).

We conclude that the weak derivative Ag(\) = f Eg(\) exists in the space
B(L**,L*~*) for any s > ; and A > 0 and satisfies

(Ag(Nh, k) = 2V N1 / hkdr, h, ke L>*, (3.3)
l12=x

where ( , ) is the (L* 7%, L?#%) pairing (conjugate linear with respect to the second
term) and dr is the Lebesgue surface measure (we write L** for L?*(R")).

Furthermore, by taking s large in (3.2) (it suffices to take s > 1 4-2) and using
the Sobolev imbedding theorem we infer that Ag()) is locally Lipschitz continuous
in the uniform operator topology, so that by interpolation it is locally Holder
continuous in the uniform operator topology of B(L?*, L?~*) for any s > ;

Finally, since the (distributional) Fourier transform of Ag(\)h is the surface
density (2\/)\)_15‘5‘27AIA1(§) dr, we conclude that actually Ag(A)h € H™ ™%, 5> |,
for any m > 0, and Ag(\) is locally Hoélder continuous in the uniform operator
topology of B(L?* H™~*) for any s > é

Thus, all the requirements of Definition 3.3 are satisfied with X = L%(R"),
Xi, = H>7*(R"), s > .

3.1. The limiting absorption prinicple — LAP
Recall first the classical Privaloff-Korn theorem (see [31] for a proof).

Theorem. Let f: R — C be a compactly supported Hélder continuous function so
that, for some N >0 and 0 < a < 1,

[f(A2) = FOM) S N [A2 =M%, X, A €R.
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Let o
FE(z) = FA dX, C*.
(2) /R N z €

Then, for every p € R, the limits

ey

FE(u) =lim F(z) = tinf(u) + P. V. e

d\ asz— pu, £Imz >0,

exist and moreover, for every compact K C Ct (or K C C~), there exists a
constant Mg so that

|Fi(22) —Fi(z1)| < NMpglzo — 21|, 21,20 € K.

We can now state our basic theorem, concerning the LAP in the abstract
setting. We remark that a slightly different version will appear in Subsection 5.2.

Theorem 3.6. Let H be of type (X,X},a,U) (where U C R is open and
0 <« <1). Then H satisfies the LAP in U. More explicitly, the limits

RE(\) = lim R\ +ie), \eU,

exist in the uniform operator topology of B(X,X};) and the extended operator-

valued function
R Cc*
R(Z) — (Z)? < 6 )
R*(z), ze€U,
is locally Hoélder continuous in the same topology (with exponent «).

A similar statement applies when CV is replaced by C~, but note that the
limiting values RT()\) are in general different.

Proof. Let J C U be a bounded open set such that J C U and K C J be a
compact interval. Let ¢ € C§°(U) be a cutoff function with ¢ = 1 on J. Taking
x,y € X, we have, for Rez € K, Im z # 0,

(R(Z).Z‘7y) _ /U (p(u) /(LA(NZ)‘T,ZD dp + /U\J (1 — @(/L)Mf(u)w,gﬁ d
= (R1(2)z,y) + (Ra(2)z, 7).

By hypothesis (see Definition 3.3) the operator-valued function
1- A
Ra(2) = / (1= () Ap) .
U\J H—z
belongs to B(X, X};), and it is locally Holder continuous for Rez € K. Thus, we

are reduced to considering R;.
Observe that the integral

- (1) Ap)
=[P
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is well defined as a Riemann integral, since the integrand is continuous in the
uniform norm topology of B(X, X};). Thus Ry (z) € B(X, X};). It remains to prove
the assertion concerning its Holder continuity.

Note that the embeddings X — H — X" and X}; — X* — A" are dense
and continuous. Thus, we can view X as embedded in A}*, so that the pairing
(A(p)z,y) can be regarded as an (X, X'ff") pairing.

Suppose now that Imz; > 0, Rez; € K, ¢ = 1,2, so that the Privaloff-Korn
theorem yields, for z,y € X,

[([R1(22) = Ri(21)]z,y)]
([p(n2) Alp2) — @(p2) A(p2)] , y)

| |22721 Ot’

< Mg sup o
p1 s o — pa |
and as observed above
[l (p2) A(p2) — p(p2) A(p2)]z, y)|
< [[lp(p2) Alp2) = p(p2) A(p2)lz|| . 1yllx;

< [lp(p2) Alpz) = @(u2) Alp2) || g 2 Il 19l

Thus,
[([Ri(22) — Ra(z1)]z,y)| < NMg |22 — 21" [zl [yl

where
- *
N sup llo(p2)Apa) <P(M2)A(M2)||B(X,XH) .

172 |:U/2 - ,u1|a
Since X is dense in X", the last estimate yields
|R1(22) — Ri(21)llBx,xz) < NMe |22 — 21|,
and the proof is complete. O

Corollary 3.7. In view of the Stieltjes formula (see Remark 3.2 above) we have
1
2w

AN (RT(\) = R™(\)), AeU.

In particular, H is absolutely continuous in U and RT(\) — R~ (\) cannot vanish
on a subset of o(H)NU of positive (Lebesgue) measure.

Remark 3.8. The operator A(\), A € [0, 00), is known in the physical literature as
the density of states [29, Chapter XIII].

Also, combining the theorem with the observations in Example 3.5 we obtain
the following corollary, which is Agmon’s classical LAP theorem [1].

Corollary 3.9. Let Hy = —A and set Ryo(z) = (Hy — z)~, Imz # 0. Then the
limits
RE(\) = hﬁ)lRO(A +ie), A€ (0,00),
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exist in the uniform operator topology of B(L?*, H>~%), s > ; Furthermore, these
limiting values are Holder continuous in this topology.

Remark 3.10. The considerations of Example 3.5, based on trace estimates, can
be applied to a wide range of constant coefficient partial differential operators
(so-called simply characteristic operators, including all principal-type operators).
Hence, a suitable LAP can be established for such operators. We shall not pursue
this direction further in this review, but refer the reader to [15].

In general, it is easier to verify the conditions of Definition 3.3 for the operator
space B(X, X*) than for B(X, X};). However, in some circumstances it is enough
to establish the conditions in the latter space. This is expressed in the following
theorem.

Theorem 3.11. Let H be densely defined and closable in X*, with closure H. Take
X}, = D(H) (its domain), equipped with the graph norm

l1%;, = lol%- + | Ha||%-.

Suppose that H is of type (X, X*,a,U) (see Definition 3.3). Then in fact H is of
type (X, X}, o, U).

Proof. In view of Theorem 3.6 (where all assumptions hold in B(X, X*)) we know
that the limits
RE¥(\) = hﬁ)lR(A +ie), AeU,

exist in the uniform operator topology, are locally Hélder continuous and, further-
more, for all x € X,

lim HR\+ie)x =x+ART(\)z, NcU.

Since H is closed in X'*, we obtain
HRE(\)x =2+ AR*(\)z € &*,

so that RT(\)z € X} From the definition of the graph norm topology we see
that R*(\) is locally Holder continuous in B(X, X};). Thus, using Eq. (3.7), we
conclude that the same is true for A(\), so that the first condition in Definition 3.3
is satisfied.

To establish the second condition, let J C U be an open set and K C J

compact. Let z € C with Rez € K, and let F(\;z2) = XU)\\;’S) (as usual, x is the

characteristic function of the indicated set). By the standard spectral calculus

HF(H;Z):/)\F(/\;z)dE()\):/ MR

dA,
U U\J A=z

so that both F(H;z) = fU\J ‘:(7’\2 d\ and HF(H;z) are in B(X,X*) and are, in
fact, locally Lipschitz continuous in the uniform operator topology. Thus z —

F(H;z) is locally Lipschitz continuous in B(X, X};), which concludes the proof.
O
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3.2. Persistence of smoothness under functional operations

For a wide class of functions f: R — R the (self-adjoint) operator f(H) is defined
via the calculus associated with the spectral theorem [59], namely,

F(H) = / FO)AE(),

where {E(A)} is the spectral family of H.

Various spectral properties of f(H) (whose spectrum is Ran f, () can be
read off from the structure of f. (We use the notation Ran fy for the image of
W C R under f).

However, one important aspect which is missing is the fact that if H satisfies
the Limiting Absorption Principle in U, there is no guarantee that f(H) satisfies
the same principle in Ran fyy or any part thereof. This remains true even if f is
very smooth, monotone, etc.

In contrast, if H is of type (X, X}y, a, U), then also f(H) is of that type (with
U replaced by Ran fi; and perhaps a different Holder exponent), for a rather broad
family of functions. This is the content of the next theorem. In particular, in view
of Theorem 3.6, also f(H) satisfies the LAP.

We do not attempt to make the most general statement, but instead refer
the reader to [20] for further details.

Theorem 3.12. Let H be of type (X, X}, o, U) (where U C R is open and
0 < a<1). Let f: R = R be a locally Hélder continuous function. Assume,
in addition, that the restriction of f to U is continuously differentiable, and that
its derivative f' is positive and locally Holder continuous on U.

Then the operator f(H) is of type (X, X}, o', Ran frr), for some 0 < o/ < 1.

Proof. Let {F(\)} be the spectral family of f(H). If B C R is a Borel set, the
spectral theorem yields
F(B) = E(f~'(B)),
and since F(R\ U) = 0 (see Definition 3.3), we can further write
F(B)=E(f Y(B)nU).

Since f' > 0 in U, an easy calculation gives for the (weak) derivative

d d

F —_— A —1
F =10

The assertion of the theorem follows directly from this formula. 0

EO, A= f(u) €U.

In view of Theorem 3.6 we infer that f(H) satisfies the LAP in Ran fy.

Remark 3.13. Tt should be remarked that if H satisfies the LAP in the sense of
Definition 3.1 (including all the functional setting mentioned there), there is no
guarantee that H? satisfies the LAP in {u = \? | P U}. For this to be false,
however, one needs to find an example where the limiting values of the resolvent
are not Holder continuous.



Smooth Spectral Calculus 131

Continuing Corollary 3.9 and taking f(\) = \/|A| + 1, we obtain a LAP for
the relativistic Schrédinger operator [20)].

Corollary 3.14. Let L = /—A + I and set P(z) = (L — 2)~!, Imz # 0. The
spectrum of L is o(L) = [1,00) and is absolutely continuous. The limits

PE()) = hﬂ}P(A +ie), M€ (1,00),

exist in the uniform operator topology of B(L?*, H>~%), s > é Furthermore, these
limiting values are Holder continuous in this topology.

4. Short-range perturbations

In Subsection 3.2 we have seen that if H satisfies the LAP, then so do various
functions of H. The classical work of Agmon [1] showed that the same is true for
short-range perturbations of H (apart from the possibility of discrete eigenvalues).

Our aim in this section is to introduce the notion of a short-range perturba-
tion in the abstract framework constructed in Section 3 and to derive the LAP
for the perturbed operator. Our unperturbed operator H is assumed to be of type
(X, X}y, a,U) (Definition 3.3). Its spectral family is {E(\)}, having (weak) deriv-
ative A(\) = S E(\), A€ U.

Definition 4.1. An operator V' : &}; — X will be called

1. Short-range with respect to H if it is compact.
2. Symmetric it D(H)NX}; is dense in ‘H and the restriction of V to D(H)N X},
is symmetric.

The following lemma shows that (with some additional assumption) the op-
erator H + V is well defined.

Lemma 4.2. Let H be of type (X, X}, o, U) and let V be short-range and sym-

metric. Suppose that there exists z € C, Imz # 0, and a linear subspace D, C

D(H)NX}; such that (H — z)(D>), the image of D, under H — z, is dense in X.
Then P = H +V, defined on D(H) N X}y, is essentially self-adjoint.

Proof. Clearly, P is symmetric in H. Further, 2 € D, implies (with R(z) being
the resolvent of H),

(P—2)z = (I+VR(=)) (H - 2)a.
Let w € C, Imw # 0, and define
D,, = Range of R(w)(H — z) restricted to D,.

Since the range of R(w) is contained in D(H) N X};, we have D,, C D(H) N X};.
Also, the range of H — w acting on D,, equals that of H — z acting on D, which
is dense in X by assumption, and we can write

(P—w)x =T+ VR(w)) (H—w)x, x& D,.
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Thus, if we prove that I + V R(w) is invertible in X', we conclude that P has zero
deficiency indices [59], which finishes the proof.

If I + VR(w) is not invertible (in X), then by the Fredholm alternative
(VR(w) is compact) there must be ¢ € X, ¢ # 0, such that ¢ = —VR(w)¢. Let
¢ = R(w)¢ # 0. We have ¢ € D(H) N X}; and (P — w)y = 0. Thus ¢ is an
eigenfunction of P, with a non-real eigenvalue w, which is a contradiction, since
P is symmetric. 0

Ezample 4.3 (P = —A+V). Continuing Example 3.5, let V: H2 7% — L** 5> |,
be compact. Furthermore, let V' be symmetric when restricted to H?*. Then all
the assumptions of the lemma are satisfied and the restriction of —A +V to H?*
is essentially self-adjoint. Of course, this conclusion follows also directly from the
fact that in this case V is relatively compact [59] with respect to —A.

In what follows we always assume that H is of type (X, X}, a,U) and that
V' is short-range and symmetric. Thus, by the lemma, P = H +V can be extended
as a self-adjoint operator with domain D(P) O D(H) N X};, and we retain the
notation P for this extension.

Our aim is to study the spectral properties of P, particularly the LAP, in
this abstract framework.

Denote by S(z) = (P —2z)~!, Im z # 0, the resolvent of P. Our starting point
is the resolvent equation

S(z)I+VR(z))=R(Z), Imz#0.
As noted in the proof of Lemma 4.2, the inverse (I + VR(z))™! exists on X if
Im z # 0. This leads to
S(z) = R(z)(I +VR(2))!, (4.1)

where the equality is certainly valid from X — A;.
Suppose now that A € U. In view of Theorem 3.6 and the assumption on V
we have

hﬁ)l VR(\+ie) = VRE(N) in B(X, X}y).

Thus, if (I +V RT (X))t exists (in B(X)), then Eq. (4.1) implies the existence of
the limits
SE(N) = lifg S(A+ie) = RE\) (I +VRE(\) !, (4.2)

in the uniform operator topology of B(X, X}).
Let A € U be a point at which, say, (I+V RT()\))~! does not exist (in B(X)).
Since VRT(A) is compact in X, there exists a non-zero ¢ € X so that

¢ = —VR*(\)g.
Let 1 = RT(A\)¢ € Xf;. Then
(¥.6) =~ lim (R(\+ie)o, VR(A +i0)5)
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By the symmetry of V' the right-hand side of this equality is real, so we conclude
that ITm (RT (M), ¢) = 0, and invoking Eq. (3.7) we conclude that

(A(N)¢, ¢) = 0.

Now the form (A(N)z,y) = 4 (E(N)z,y) on X x X is symmetric and positive
semi-definite. Hence, for every y € &,

[

(ANS9)] < (AN)S,6)* (AN, y)* =0, (43)
and we conclude that
A(N)p = 0. (4.4)
In particular, RT(A\)¢ = R~ (\)¢ and
¢ = —VR*(\)¢.
Remark 4.4. In the case of the operator Hy = —A (Example 3.5) the condi-

tion (4.4) means that the trace of ¢ on the sphere |¢|> = X vanishes. Thus (4.4)
can be viewed as a generalized (vanishing) trace condition.

Definition 4.5. We designate by ¥ p the set
Yp= {)\ eU ’ There exists a non-zero ¢ € X such that ¢\ = —VRi()\)qS,\}.

Remark 4.6. The set Yp is (relatively) closed in U. Indeed, if (I + VR*()\)) !
exists (in B(X)), then (I + VR*(\))~! exists for A close to Ag.

As a corollary to the discussion above we get

Corollary 4.7. The operator P = H+V satisfies the LAP in U\X p, in the uniform
operator topology of B(X,X};), and the limiting values of its resolvent there are
given by Eq. (4.2).

In particular, the spectrum of P in U\ X p is absolutely continuous. We single
out this fact, stated in terms of the eigenvalues, in the following corollary.

Corollary 4.8. Let 0,(P) be the point spectrum of P. Then
op(P)NU C Ep.

4.1. The exceptional set 3 p

Our aim is to identify the set X p introduced in Definition 4.5. It will turn out that
(modulo one additional assumption on the smoothness of the spectral measure of
H) we have equality of the sets in the last corollary. In other words, X p is the set
of eigenvalues of P embedded in U, and is necessarily discrete.

We start by recalling a variant of a well-known method [22] of constructing
a Hilbert space unitarily equivalent to H, which diagonalizes H. Thus, it can be
viewed as a generalized eigenfunction decomposition of the space H (we discuss
such decompositions in more detail in Section 7).

For A € U and = € X, define
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and let H) C X}; be the linear subspace defined by
Hy = {30 |« € x).
The form
(E()\)ag()\))k = <A(>\)l‘7y> 9 z,y € X7 A € U7
is well defined on H). Indeed, if y1,y2 € X are such that A(N)y: = A(N)y2, then
d d
(AN 3) = 5 (EQ)e) = (@ EO)y)
= (AWNy1,z) = (AN)y2,2) = (AN, y2) -
Furthermore, (z(X),y(\)), is a scalar product on H\. In fact, the symmetry
(@(N),g(N)y = (W(N),Z(N)), follows as in the calculation above and, taking note
of (4.3),
(Z(A),2(N), =0 = (AN)z,y) =0Vye X = Z(\)=AN)z=0.
We denote by [|Z(A)][x the corresponding norm.

Example 4.9. Continuing Example 3.5, we see that in the case of Hy = —A the

scalar product (Z()),y()\)), is the L? scalar product with respect to the Lebesgue
surface measure on the sphere of radius v/A.

We denote by H the Hilbert space obtained as the completion of #4, A € U.
Next consider the subset & C [[,., Ha given by

S ={Z | Z(\) = A(\)x for some fixed z € X, A € U}.

Clearly S is a linear space over C. We use the fiberwise scalar product (z(X), y()))
to define a scalar product on S by

(F D)ne = / (FN).GN), dA = /U @EWNz.y) = (r.y).  (45)

U
This sets up a norm preserving map = —  from X (considered as a dense subspace
of H) and S. Let H® be the completion of S under the scalar product (7,7)ye.
Then H is unitarily equivalent to H® and we retain the notation x — Z, z € H,
for this unitary map.
Observe that if 7, § € H®, then there are sequences {x,, },{y,} C X so that,
for a.e. (Lebesgue) \ € U,

Zn(A) = AN zn = Z(N),  yn(X) = AN)yn = y(N),

hence (Z(X),y(A)), = lim (A(X)z,,, yn) is measurable and we continue to have (4.5)
for all z, y € H.

The fact that the representation H® diagonalizes the operator H is expressed
by the following lemma.

Lemma 4.10. Let g be a complex-valued Borel measurable function on U. Then

/UIQ(A)I2 [ZN]3dA < oo <= = € D(g(H)). (4.6)
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In the event that either side of (4.6) is true,
G(H)z(N) = g(NF(N), ae. AeU. (4.7)

Proof. Let B C U be a Borel set and x,y € X. Then

(@) = [ (ANzg) i = [ G050, dx

B B

In view of the foregoing comments, this equality can be extended to all z,y € H.
We conclude that for all x € H and ¢ as in the statement

/ IO [FO) 2 dA = / 9N (dEN)z. )
U U

The right-hand side of this equality is finite if and only if @ € D(g(H)). In this
case it follows that, for every y € H,

(g(H)I,E(B)y):[Bg(A) (dE(/\)Ly):/ g N(EA),5(N), dA,

B
and on the other hand

(g(H)z, E(B)y) = /B (g(H)x(X), T(N)x dA,

which proves (4.7). O

Returning to the study of the set Xp, let ;1 € ¥ p, so that by definition there
exists a non-zero ¢ € X satisfying

¢ =—VR(n)¢. (4.8)

In view of (4.4) we have A(u)¢ = 0, and since the form (A(\)¢g, ¢) is non-negative
we infer that the zero at A = p is a minimum. Thus formally this minimum is
a second-order zero for the form. However, our smoothness assumption on the
spectral measure (Definition 3.3) does not go so far as a second-order derivative.
We therefore impose the following additional hypothesis on the spectral derivative
near such a minimum.

Assumption S. Let K C U be compact and ¢ € X a solution to (4.8), where p € K.
Then there exist constants C, € > 0, depending only on K, so that

(AN, ¢) < CIA—pul""[lo]%, M€ K. (4.9)

Remark 4.11. Assumption S is satisfied if the operator-valued function A — A(X) €
B(X,X};) has a Holder continuous (in the uniform operator topology) Fréchet
derivative in a neighborhood of u. Indeed, in this case we have

d

(A6, 8) = ((AD) = A)6,6) = 4 (A0)0,8)pepr) X — 1)
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Ezample 4.12 (Hy = —A). Continuing Examples 3.5 and 4.3, and applying the
preceding remark, we see that Assumption S is satisfied when ¢ is in a subspace
on which the trace map has a Holder continuous Fréchet derivative. For this we
need to restrict further s > 5. In terms of Eq. (4.8), it imposes a faster (than
just short-range) decay requirement on the perturbation V. We refer to [15] for a

bootstrap argument that avoids this restriction.
Subject to the additional Assumption S we can identify the set X p.

Theorem 4.13. Let V' be symmetric and short-range, and assume that the condition
of Lemma 4.2 is satisfied, so that P = H 4+ V is a self-adjoint operator. Assume,
in addition, that Assumption S holds. Then

YXp= O'p(P) NnU.
Proof. In view of Corollary 4.8 we need only show that
Yp C O'p(P) NU.

Let 4 € Xp and let ¢ satisfy Eq. (4.8). Let v = R*(u)$. We claim that ¢ is an
eigenvector of P, with eigenvalue pu.

To see this, let K C U be a compact interval whose interior contains u. Let
Xk be the characteristic function of K and set

(4.10)

The function g(\) = l_fjif’\) is bounded, so by Lemma 4.6 the second term is in

HP. Also, using Assumption S,

(406, S
C _
[ AR e [ -l < .

so that the second term is also in H® and we conclude that 1 € H®.
Under the unitary map of H onto H®, there exists 1y € H so that g — 1.
Then we have

AN AN,

; 2

e A e |

(The norm in the left-hand side is that of #.) The right-hand side in the last
equality tends to zero as € — 0, by Lebesgue’s dominated convergence theorem.
Hence R(p =+ i€)¢ — b in H as € — 0. But R(u £ ie)p — RE¥(u)¢ = 1 in X}y,
and since X}; C A* with a stronger norm, this convergence is also in A*. On the
other hand, H — X* with a stronger norm, so that R(u=+i€)¢ — 1o in X*. Hence
o = ¥ = RE(1).

Next, decomposing as in (4.10),

ABO) = ) T 4 1= )

AA(N)
A—p

)
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and using again Lemma 4.6 we obtain that {)\{bv()\), A€ U} € H? so that ¢ €
D(H) CH.
Now we observe that, by the convergence result above,
(H—p)R(p+ie)p =¢ tieR(u+ie)p — ¢ in H ase— 0,
since R(p £+ i€)¢p — ¢ (in H). From the fact that H is closed we get

so that (P — p)y = 0, as claimed. O

We can now give a full characterization of the set of eigenvalues of P =
H+VinU.

Theorem 4.14. Assuming the conditions of Theorem 4.13, the set X p is discrete.
In particular, the spectrum of P in U is absolutely continuous, except possibly for a
discrete set of eigenvalues. Furthermore, every eigenvalue is of finite multiplicity.

Proof. Suppose that there is a sequence {y;} -, € Xp of pairwise disjoint points
such that g o HE U. Then there exists a sequence {¢x}ro, C X, |drllx =
— 00
1, so that ¢ = —VR*(ux)¢r, k = 1,2,... By taking a subsequence, without
changing notation, we can assume that ¢ ;E—% ¢ (weakly in X'). We write
—00

Gm — On = V[RF (i) — B (1)) — VIRF (pim) — BT (1)) b
+ VRi (M) [¢n - ¢m]

The first two terms vanish as n,m — oo, because V R™ (1) k—> VR*(u) in the
—00

uniform operator topology of B(X'). The last term vanishes by the compactness of
V R* (1), so that the sequence {¢;.} converges strongly to ¢ in X. Letting & — oo
in ¢, = —VRE(up)r we get ¢ = —VR*(p)9.

Without loss of generality we may assume that {sy},-, and p are contained
in the interior of some compact interval K C U. Let n > 0 be given; we may also
suppose that for € > 0 as in Assumption S,

/ lpn — A7 d <y, k=1,2,...
K

Let ¥, = R¥(11,,)¢n. We decompose as in (4.10),

AV e YV < Gy + 7ROV,

Gn(A) = xx (V) e g

Note that the fact that 12; € HP corresponds to 1, under the unitary map H —
H® was established in the proof of Theorem 4.13.

Assumption S and the smallness assumption on K yield (see computation
following Eq. (4.10))

[k]lge <Cn, n=1,2,...
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Turning to the difference 1//1\2 - 1;72; we denote 6§ = dist ({x} ey, U\ K) > 0. Then
we have

2

Jonwen [325 3250
2 2
<2 H(l —xk (M) A(A)A(%u_n%) . +2 H(l(_AXK:i)))((A“";Sm) AN)bm .

1 1
<2 ( 5o+ 50 ) [FAO)G0 = mIE + i = ol 1A
Integrating over U and recalling that, for every 6 € X,

/U 1ANOIZ dx = 0% < C [10]% .

~§ 00
we see that {7’[]’%}1@ is Cauchy in H®, since {¢y},-, converges in X.

Thus (by the unitary equivalence) v, = R*(un)¢n — 1 € H. Since v,
is an eigenvector for P at p, (see the proof of Theorem 4.13) it follows that
[ — Y| = I¥nl® + [¥ml> = 0 as n,m — oo so that ¢ = limp—co ¥ =
limy 00 RE (111)ér = 0 in H, hence in X*. On the other hand, 0 = ¢ = R*(u)¢ €
X}y, so that 0 = =V = —VR* ()¢ = ¢. This contradicts the fact that ||¢||x = 1.
Thus, ¥p cannot have a converging subsequence (of distinct elements) in U.

Next we prove that every eigenvalue is of finite multiplicity. The preceding
argument, namely, assuming that y € Xp is of infinite multiplicity and setting
there u,, = u, cannot be employed in a straightforward way, because of the follow-
ing reason: We know from the proof of Theorem 4.13 that 1 = R*(u)¢ (where ¢
satisfies (4.8)) is an eigenvector of P. However, if ¢ € D(P) is an eigenvector, we
do not know if there exists a ¢ € X such that ¢ = R*(u)e.

So we proceed as follows. First, we establish two facts:

1. If ¢, = 0, €, # 0, then
enR(p +iey) —— 0 in H.

n—oo
Indeed, for any ¢ € X, €, R(utie, )¢ — 0 in X* and is uniformly bounded

in H. By the density of H — X™* every weakly convergent subsequence (in
H) must converge to zero.
2. If € # 0 then for every ¢ € X, we have R(u +ie)p € D(H)N X}, € D(V).

Now let ¢ € D(P) be an eigenvector of P at u, and let ¢ € X. Let €, —
0, €, # 0. Then

0=((P—pi,R(p +ien)p) = (¥, (H — p+ V)R(p + i€n)9)
= (¥, (I + VR(u +1i€n))d) + (Y, i€ R(p + i€n) @)
— (¢, (I + VRi(,u))q’)) as €, — 0.
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Viewing 1 as an element of X*, we infer that 0 = (I + (VRT(u))*) v € X*. Since
V R*(u) is compact, the Riesz theory implies that its adjoint is also compact and
that the dimension of the kernel of I+ (V R (1))* is equal to the (finite) dimension
of the kernel of I + VR*(u). We conclude that the eigenspace associated with
1 € Xp is exactly the finite-dimensional subspace

{v=R*we | (I+VE*(n) ¢ =0 ¢€X},
and the proof is complete. O

5. Sums of tensor products

An important class of (self-adjoint) operators is the class of operators which are
sums of tensor products of (self-adjoint) operators. In the case of partial differential
operators, it is associated with separation of variables. For example, the Lapla-
cian is a sum of tensor products of the one-dimensional Laplacian (second-order
derivative) with the identity operator (in the remaining coordinates).

In the framework of the present review, we shall see that the smoothness
of the spectral derivatives of operators (in the sense of Definition 3.3) leads to
similar smoothness of their tensor products, hence in particular the LAP and its
ramifications (absolute continuity of the spectrum, etc.).

For the reader’s convenience we begin by a brief review of the basic notions
concerning tensor products. A more extensive treatment can be found in [22].

Let H; and Ho be Hilbert spaces with scalar products ( , ); and ( , )2,
respectively. If 1 € Hy, xo € Ha, the tensor product x; ® x5 is the bilinear
functional on H; x Hgy given by

21 @2 (Y1,y2) = (Y1, 1)1(Y2,22)2, Y1 € Ha, y2 € Ha.
We extend this to a linear space H over C by taking sums of such elemental tensor
products and defining, for o € C,
ary @ T2 (Y1,Y2) = 1 @ T2 (Qy1,Y2) = 71 ® T2 (Y1, 0Y2) -
A scalar product on Hg is defined by
n m n m
k k j j ko, j ko, j
OIEEEDIEEEINED S BERHAC TN
k=1 j=1 k=1 j=1

The Hilbert space obtained by completing #o with respect to this scalar product
is called the tensor product of the two spaces and denoted by H = H; ® Ho. We
retain the notation (, )y for its scalar product.

Suppose now that A and B are densely defined linear operators in the spaces
H1, Ha, respectively. If (x,y) € D(A) x D(B) define

(A® B)(x®y) = (Az) @ (By),

and then extend to finite sums by linearity. The extended operator is well defined
in the sense that it is independent of the representation of the finite sums. In this
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way A® B becomes a densely defined linear operator in H = H1®%Hs. Furthermore,
if A and B are closable, so is A ® B and we continue to use the same symbol for
its closure.

If A and B are bounded, then

[A® Bl gy = 1Al e 1B 5o -

5.1. The operator H = H, Q I + I; ® H>

If Hy, Hy are self-adjoint operators in H;, Ha, respectively, and I, I3, are, respec-
tively, the identity operators, then H; ® I and I1 ® Hs are commuting self-adjoint
operators in H = Hq ® Hs. Further, H = H1 ® Is + 11 ® Hs has a closure which is
self-adjoint for which we retain the same notation. The easy proofs of these facts
can be found, e.g., in [22, Chapter IV].

We denote by Rj(z), Ra(z) the resolvents of Hy, Hs, respectively, and by
R(z) = (H — )~ the resolvent of H.

In this subsection, when there is no risk of confusion, we shall simply use ( , )
for the scalar product (, ).

Let {E1(A)} and {E2(A\)} be the spectral families of Hy, Ha, respectively.
Then {E1(A1) ® E2(X2) = (E1(\1) ® I2)(I1 ® E2(A2))} is an orthogonal spectral
family in H; ® Ha, defined over R2.

Consider the self-adjoint operator (in H = H; ® Ha)

T / O+ Ao) d (B (\) @ Ea(As)) . (5.1)
RZ

For f = f1 ® fy and g = g1 ® g2, where (f1, f2) € D(H1) x D(Hz), we have
(Tfag)n:/R)‘ld(El()\l)flagl)l /Rd(E2()\2)f2,92)2

+ [ aEO s, [ red(E0f,
R R
= (Hif1,91)1(f2,92)2 + (f1,91)1(H2 f2,92)2
=(Hi®@L+5LH)|f,q)u=EHf9)n.

This equality extends to finite sums of elements f = f; ® fo, which constitute a
dense subspace of D(H) C H. We conclude that T' = H.

Going back to (5.1) and making the change of variables A = A1 + Ao, v = Ag,
we get, for f = fi1 ® f2, g = g1 ® g2, where (f1, f2) € D(H1) x D(H>),

(Hfag):/R)\d)\/R(El()\—V)fl,glh(dE2(V)f2,92)2-

Since this formula extends to finite sums of elements f = f1 ® f2, we conclude that
the spectral family of H is given by

E(\) = /REl()\ — ) @ dEs(v), (5.2)
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where it suffices to interpret the integral in the weak sense as in the expression
above for (Hf,g)y,-

We let as usual R(z) = (H — 2)~!, Imz # 0, be the resolvent and use the
standard formula (valid for any self-adjoint operator),

L [ RO\ +in) — RO\ — i)
= d +1 .
R(2) %i/R N A Imz>0,n>0,  (5.3)

which can be easily derived from

RO\ +in) — RO\ —in) = 2m/ 4E(n) n> 0. (5.4)

R (=22 +n>

We shall also need the formulas (again valid for any self-adjoint operator)

R(z) = :ti/ eFFeF g +Tmz >0,

) 0 (5.5)

et = enltl / MR +in) — R(A—in)]dX, 1> 0.
R

211

For our purpose it is enough to interpret these formulas in the weak sense.
For notational simplicity we use
1
R\ + ) — R\ —1)], >0,
o; B+ @) = RA—an)], 7

and A; for the same operators relative to H; in H;, i =1, 2.
Observe that in view of (5.4)

sup/]R (A f )l dA <[] gl -

n>0

A()‘7 77) =

Set Hy = Hy ® I, Hy = I} ® H,. Since they commute, we have by (5.5)
o0
R(\+ie) = z/ elAtie)t ity —itHs gy
0
and a straightforward computation using the second equation in (5.5) yields, for

€>771+772a 771>0a772>07
A1(A1,m) ® Az(A2,1m2)
R2 /\14’/\2*)\71'(67?71 7772)
Changing variables to pt = A1 + A2, v = Ay we get
R(\ £ie) :/ C(“’.n)
R U= AFile—1)

where C'(p, 1) = [p Ai(p—v,m) @ As(v,m2) dv, 1 =n1 + 2.
Comparing this equation with (5.3), we infer that

C(p,n) = Alp,m) =

R(\ +i€) = dAyd)s. (5.6)

)

o [Bp ) — R(p — in)].
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Now using Eq. (5.4) for Ay we obtain, with n =11 + 72,

A, m) = 1/A1(u A1) @ /}R(Vnidj;(i)ng dA

:/772/A1M )\771 d)\®dE2()

As 12 — 0, the convergence property of the P01sson kernel implies

Al = / Ay(— M) ® dBa(v). (5.7)

The integral ought to be interpreted in the weak (or strong) topology of B(H) as
the Stieltjes integral of the continuous function A;(u — A, n) ® I with respect to
the spectral measure I1 ® dFs(v).

Finally, using the representation (5.3) for Ri(z) = (H; — z)~!, we obtain
from (5.7)

R(\ £ ie) = /RRl()\ +ie—v)®dEy(v), €>0. (5.8)

5.2. Extending the abstract framework of the LAP

In order to fit the operator H of the preceding subsection into the abstract frame-
work, we need to modify somewhat the treatment of Subsection 3.1. We use the
same setting as in that subsection. Thus, H is a Hilbert space, and we assume
that X — H, Y — H are two densely and continuously embedded subspaces. In
particular, their norms, || - ||x, || - ||y, are stronger than || - || = - ||%.

Referring to Definition 3.3, it is clear what we mean by saying that the self-
adjoint operator H is of type (X, V*, «,U) for some o € (0,1) and an open set
U C R of full spectral measure.

In particular, for the (weak) spectral derivative A(A) = & E(\) € B(X,Y*),
where {E()\)} is the spectral family of H.

Our next theorem is very close to Theorem 3.6. However, we need to modify
somewhat the proof of that theorem, which at various points relied on the specific
embeddings X — H — X'™*.

Theorem 5.1. Let H be of global type (X,V*, a,R) for some o € (0,1). Thus,
suppose that for some constant C' > 0,

[A(A2) — A(M) || B,y
sup [ AN [ payey <C, sup WD oo (5.9)
AER A1#As A2 — A1
Then the limits
RE(\) = hﬁ)l R(\ £ ie€)

exist, uniformly in X\ € R, in the uniform operator topology of B(X,V*).

Furthermore,
IR*(A2) — RE(M) B,y
sup || RE (A L <C s <C,
,\IgR?H ( )HB(X’y ) Alii [Ag — Mgl



Smooth Spectral Calculus 143

and
A
RE()\) = P.V./ W gy tinA(y), reR. (5.10)
RH—A
Proof. Let ¢ € C§°(R) be a cutoff function, where ¢(6) =1 for |0| < 1.
Denoting the (¥*,)) pairing by ( , ) and taking € X, y € ), we have
/ (1= o(p =) (A, y)
R

LN <zl lyll < Cllzll 2 llylly -

dp

Combined with the uniform bounds (5.9), we obtain readily that the integral

[ (DA,
R H—=z
defines a family of operators in B(X,Y*), which is continuous in the uniform
operator topology as Imz — 0 and |Rez — A| < é Uniform Holder estimates with
respect to A € R are readily obtained from (5.9).

Now the integral

p, z€C,

¢ = A)A(p)
R H—==z
can be treated by the Privaloff-Korn theorem (see Subsection 3.1). O

du, z¢€C,

5.3. The LAP for H = H1 (9] I2 + I1 (9] H2

We now return to the context of Subsection 5.1 and consider the LAP for H.
We assume that X; — H;, Vi — H;, + = 1,2, are densely and continuously
embedded Hilbert spaces.

Theorem 5.2. Suppose that there exist continuous operator-valued functions Rf()\)
€ B(X1,)5), —00 < A < o0, so that

RE(N) = lim Ry (X + ie),
el0
in the uniform operator topology of B(X1,Y5), the convergence being uniform in

A € R. Then the limits
RE(\) = liig R(\ + ie),

exist in the uniform operator topology of B(X1®@Hz, Vi @Hsa), uniformly in X € R.

Proof. The existence of the limits follows directly from Eq. (5.8). In fact,
RT(\) = / REN—v) @ dEy(v). (5.11)
R

The hypothesis on the continuity of Rf (\) implies that this integral can be viewed
as a Riemann-Stieltjes integral, either in the weak or strong topology of B(X; ®
Ha, Vi @ Ha). In addition, clearly

HRi(/\) — R(\ £ ie <Sl€1§||Rit(V) — Ry(v e

)HB(Xl@Hg,yl*@Hz) - -

)HB(Xl,y;)'
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We note that the hypothesis imposed on H; in this theorem follows from the
hypothesis in Theorem 5.1, with H; replacing H. We therefore have

Corollary 5.3. Let Hy be of global type (X1,Y5,a,R) for some o € (0,1). Then it
satisfies the condition of Theorem 5.2. In particular, the limits RT(\) exist, they
satisfy Eq. (5.11) and are uniformly Hélder continuous in R.

While for some applications (notably the Stark Hamiltonian considered in
Subsection 5.4) the above theorem and corollary are adequate, there are other
cases where the spectral derivative explodes at the edge of the spectrum, hence
the operator is not of global type (for the Laplacian see (3.3) and Subsection 5.5).
We therefore formulate the following theorem, that can be viewed as a localized
version of Theorem 5.2. The basic assumption on the operator H; is that its
spectral derivative A; exists in the sense of Definition 3.3, with A;; (there) replaced
by Vi (here).

Theorem 5.4. Let A C R be compact and assume that E1(A) = 0 and that Hy is
of type (X1,V5, 0, R\ A), a € (0,1). For any 6 > 0, let
Ay = {p | dist(p,A) < 6}

Assume that the spectral derivative A;(\) = & E1(X), A € R\ A satisfies, for any
6 > 0, with a constant My depending only on 6,

(b) sup  [|A1(N)[|B(x,,v5) < Ms.
AER\

s

Assume further that there is an open set U C R, so that the limits
Ry(\) = hﬁ)l Ro(Atie), XeU— A (vector sum), (5.12)

exist in the uniform operator topology of B(Xa,Y5), the convergence being uniform
in every compact subset of U — A.
Then the limits

RE(\) = lim R(\+ie), MeU,

exist in the uniform operator topology of B(X1 @ Xa, Yy ®@V3), and the convergence
18 uniform in every compact subset of U.

Finally, if the Ry (\) satisfy a local Holder condition with exponent o (in the
uniform operator topology), then so do the R*(\) with exponent B = min{a, o'}.

Proof. Let K = [a,b] C U and let § > 0 be sufficiently small, so that the limits
in (5.12) exist uniformly in K — Ags. Let ¢ € C°°(R) be a cutoff function so that

0, te€As,
t) =
0 {17 tER\Agg.
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We now rewrite Eq. (5.6) as, taking € > 0 for simplicity,

Ar(w,m) ® Az(v,n2)
wHv—X—ile—m —n2)
Ar(w,m) @ Az (v, m2)
wHv—XA—ile—m —n2)

R\ +ie) = . o(w) dwdy

+ /]Rz (1—op(w)) dwdv, Xe K.

Note that ¢(w)A;(w) satisfies the assumptions imposed on A4; in Corollary 5.3 so
that, uniformly in w € R,

P(w)Ar(w,m) —— d(w) A (w),
n1—0
in the uniform operator topology of B(X71, V).
Also, as in (5.7), we have (weakly in measures), Az(v,n2) dv — dEs(v).
n2—>

Invoking these facts in the above expression for R(A + ie€), letting 11, 72 — 0
and also using the spectral theorem for Ry (in the second integral), we get

d(w) A (w)dw

Re WV —\—ie

+ /R(1 — ¢(w))dE; (w) ® Ra(A — w +ie) = LY\, €) + L2(\,¢).

R(X +ie€) = ® dE2(v)

The integrals can be interpreted in the weak or strong sense of B(X1 @Ha, Vi @H2),
B(H1 ® Xa, H1 ® V5), respectively.

In the first term, we are precisely in the situation of Corollary 5.3, so as in
Eq. (5.11),

1
L ()\,E) :IO—>

/R{P'V'/R i}(uﬁfl_(ci)dw+iﬁ¢()\y)141(/\y)} ® dEs(v), \eK,

in the uniform operator topology of B(X; ® Ha, Vi ® Ha).
In the second term, we observe that the integrand (in w) is supported in
K — Ags where the limits in (5.12) exist uniformly. We therefore obtain

L3(\¢) T (1 - ¢(w))dEr (w) ® Ry (A — w),
€ R
in the uniform operator topology of B(H1 ® Xa,H1 ® V5). Thus both limits exist
in the uniform operator topology of B(X; @ Xa, Vi ® V5).

To prove the last assertion of the theorem, we note that under the local
Holder continuity of R;r (A) in U — A the limit integral in the last equation is
Holder continuous, with the same exponent . The limit integral of the first term
is Holder continuous by virtue of the Privaloff-Korn theorem. O
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Corollary 5.5 (corollary to the proof). We note that the spectral derivative of H
18 given by

AN = iw/RqS()\ —v)AI(A—v) ®dE>(v) + /]R (1—¢(w))dEr(w) @ Ay(X — w).

5.4. The Stark Hamiltonian
The quantum mechanical operator governing (in the Schrédinger equation) the
motion of a charged particle subject to a uniform electric field is known as the
Stark Hamiltonian. Setting various physical parameters as units, this operator is
given by

H=-A-uz, x=(x1,22,...,2,) €ER". (5.13)
To represent it in the form of a sum of tensor products, we write it as

H=H &L+ ®H,,

where P2
H, = N x1, (5.14)
is self-adjoint in H; = L*(R) [15, 6] and
Hy = —A, with respect to ' = (x9,...,2,) € R"71, (5.15)

is self-adjoint in Ho = L2(R™1).

We are going to deal with the operator H; and show that it satisfies the
assumptions of Theorem 5.2. We simplify notation by denoting S = H; and re-
placing 1 by a single coordinate y € R. We take the space X = L2%(R), s > |
(refer to Section 2 for definitions of weighted spaces).

It is easy to verify that S has a closure in X* = L*»7*(R). If we take X
to be the domain of this closure (equipped with the graph norm), then Theo-
rem 3.11 is applicable. It therefore suffices to consider the computations ahead in
the framework of B(X, X'*).

Lemma 5.6. Let S = —dd;z — 1, viewed as a self-adjoint operator in L*(R). Denote
by {Es(\)} its spectral family. Let s > |, X = L*%(R).

Then there exists o € (0,1) (depending on s) so that S is of global type
(X, X*,a,R). In other words, its spectral derivative Ag(\) = ddAES(/\) satis-
fies (5.9) (with Y = X).
Proof. Let w(y) be the real non-zero function (up to a multiplicative constant)
which is a solution of

d2
() = (= gz~ v) wl) =0,

and has the following properties:

w(y) decays exponentially as y — —o0,
1
lwy) <CA+y)) +, yeR, (5.16)
1
W'yl <C@+yht, yeRr
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This solution is known as the Airy function. Its existence is an easy consequence
of simple asymptotic theorems for solutions of ordinary differential equations [15].
If () is the Fourier transform of w (as a tempered distribution), it solves

the first-order equation
d
(it g +€) 0@ =0,
hence w(€) = w(0) exp(— 3i&®). We normalize by setting @(0) = (2m) 2.
For A € R we define wy(y) = w(y + A) so that

Wx(§) = (2m) 72 exp (Mf — ;z’é”) .
Let f € C§°(R) and define the transformation
V= [ fouw)ds, Ack
R
By the Parseval equality
1 N 1 )
(ANW) = @n) % [ Feyexn <3i§3> e e,
R

Since ‘exp( §z§3)| = 1, the transformation A can be extended to a unitary map on
L?(R), for which we retain the same notation. Using integration by parts, we get

(ASf)(A / F@)Swa(y) dy = M(AHN),  f € CE(R). (5.17)
Thus the transformation A diagonalizes S, so that (compare Eq. (3.3)),
S (Bs()1.9) = (ANO) (AN, fog € CF(R) (515)

We claim that for s > 411 there is a constant M > 0 so that

(AN < M| Fllo,s - (5.19)

Indeed, using the estimates in (5.16) and the Schwartz and Holder inequalities,

(AN < C/R<1+ A (1) 7 (1) ) dy

< c{/Rm ly+ A)~ (1+y2)sdy}2 £l

< c{/Rm ly+ ) dy}zp {/ (1492) dy}% T

1,1
Whereerq_l.
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We can choose p > 2 so that sq > ; The integrals in the above inequal-

ity converge and are bounded uniformly in A € R, which proves (5.19). In view
of (5.18) this establishes the first inequality in (5.9). We therefore have Ag(\) =
2 Es(\) € B(X, X*) (and is uniformly bounded).
As for the Holder condition of (5.9), we write (using (, ) for the (X*,X)
pairing),
([As(A+h) = As(N] f,9) = (Af)(A+ h) [(Ag)(A+ h) = (Ag)(N)]
+ (Ag)(A) [(AF) (A + 1) = (AF )] (5.20)
For |h| < 1 we have from (5.16)
1 1
[w(y +h) —w(y)] < Cmin{(1+[y))"*, 1+ |y)* A},
so that by interpolation, for any 0 <~y <1,
1,7
w(y + ) —w(y)] < C (L+[yl) "2 [A]".

We now estimate as before,
[(AS)A+h) = (AN

< ovzw/R(H|y+A|>‘i+g (L4925 (14+92)F /() dy

scvm{ / <1+|y+A|>"2’+“’dy} { / (1+y2)sqdy} 1l

We can choose p > 2 and v > 0 sufficiently small so that p(; — ) > 1, while
sq > é This yields

[(AS) A+ 1) = (AN N < I [ fllo,s

with a similar estimate for g. Inserting these estimates in (5.20) and noting the
uniform boundedness of (Af)(\) we obtain the second required estimate in (5.9).
O

Turning back to the Stark Hamiltonian H given in (5.13), we have the fol-
lowing theorem.

Theorem 5.7. The spectrum of H is all of R, and is entirely absolutely continuous.
The resolvent limits

(H—X+i-0)"'=lim(H—-A+ie) ", IeR,

el0
exist in the uniform operator topology of B (L**(R) ® L*(R"~') , Xz @ L*(R"™1)),
for any s > i, where X§ is the domain of the operator Hy = — dd; — 1 in
1

L?73(R), equipped with the graph norm. These limits are locally Hélder continuous
i this operator topology.

Furthermore, these limits are attained uniformly in X € R and are uniformly
Hélder continuous in B (L**(R) ® L*(R"~'), L*»~*(R) @ L*(R"1)).
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Proof. The fact that the spectrum of H; in (5.14) is the full line follows from the
expansion (5.17). In fact, it shows that it is unitarily equivalent to multiplication
by the variable in L?(R). Thus, the spectrum of H is also R.

In view of Lemma 5.6, the operator H; in (5.14) satisfies the conditions of
Corollary 5.3, which yields all the statements of the theorem, with X§ replaced by
L?7%(R). The statement in B(L**(R) ® L*(R"™ 1), X¢ ® L*(R"1)) is obtained
by invoking Theorem 3.11. Note, however, that the uniform estimates in (5.9) are
lost in the graph norm space, due to the extra multiplication by A in (5.19).

The absolute continuity of the spectrum is implied by the LAP. O

Remark 5.8 (transversal perturbations). Note that the specific character of the
operator Hy = —A in L*(R"™!) (see (5.15)) plays no role in the theorem and it
could be replaced by any self-adjoint operator with respect to the n—1 coordinates
z’, without changing anything in the statement of this theorem. In the quantum
mechanical setting, it means that any perturbation, depending only on directions
which are transversal to the electric field, can be added to the Stark Hamiltonian,
without having any effect on the spectrum and the resolvent.

Remark 5.9 (short-range perturbations). It can be shown [15] that a short-range
symmetric perturbation in the sense of Definition 4.1 satisfies Assumption S, hence
Theorem 4.14 is applicable to such perturbations.

5.5. The operator Hy = — A and some wild perturbations

In Example 3.5 and Corollary 3.9 we obtained a representation of the spectral
derivative of Hy, from which the LAP could be established, using the trace lemma
in Sobolev spaces.

We now investigate further these objects, with the aim of singling out two
aspects:

e Deriving the n-dimensional estimates from the one-dimensional estimates, as
a straightforward application of our general theorems about sums of tensor
products.

e Finding an optimal weight for the LAP, depending only on three coordinates.

In analogy with the Stark Hamiltonian (5.13), we have here

Hy=H @ L+ ®H, (5.21)
where
d2
Hy = — 5.22
! dz?’ (5.22)
and
Hy = —A, with respect to 2’ = (z2,...,2,) € R"™! (5.23)

are self-adjoint in #; = L*(R) and Ho = L*(R"~!), respectively (closures of their
restrictions to test functions, see [59]).
The following lemma is the analog to Lemma 5.6.
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Lemma 5.10. Let Q = —ddyzz, viewed as a self-adjoint operator in L*(R). Denote

by {Eq(\)} its spectral family. Let s > ), X = L**(R). Then there exists o €
(0,1) (depending on s) so that Q is of type (X,Xé,a,R\ {0}). In other words,
its spectral derivative Ag(X\) = i Eq(X) satisfies the conditions of Definition 3.3,
where X¢) = H?75(R) is the domain of (the closure of) Q in L?~*(R), equipped
with the graph norm.

Furthermore, instead of the estimates (5.9) we now have the following es-
timates, presented in the framework of operators from X = L%*(R) to X* =
L% 5(R):

Al gy < CsA™2, A>0,
(5.24)

14+ et -
l4a(2) = Ay < Cos (A 2+ 2 ) = Ml
where A1, Ay >0 > 0.

Proof. The proof is similar (but simpler) to that of Lemma 5.6 and we outline it
briefly.

For f, g € C§°(R) we have, in terms of their Fourier transforms (compare
Eq. (5.18)),

S (BqWf.9) = 3 [FVNSWA) + SV V], A0 (5.29)

This is indeed Eq. (3.3) in the one-dimensional case.
Since we have, for any pu € R,

f(u)‘ < (2m)72 {/R (1+y%)° dy}é 1 llo,s »

the estimates (5.24) follow by a suitable interpolation as in the proof of Lemma 5.6.
O

Note that Eg(A) =0 for A < 0. Denote by Rg(z) = (Q — 2)~! the resolvent
of @ (recall that Q = Hy).

From the lemma we obtain the following corollary.
Corollary 5.11. Let U =R\ {0} and X = H> *(R) for s > 5. The limits
RE(N) = %RQ(A +ie), \eU,
exist in the uniform operator topology of B(X,Xé), and the extended operator-
valued function
Rg(z), ze€CT,
Rq(z) = { ¢

Rg(z), zeU,

is locally Hélder continuous in the same topology (with exponent «). A similar
statement holds when CT is replaced by C~.
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Finally, the following estimates hold true, for any § > 0:

HR%(A)HBXX <O A3, A>0,
() (5.26)

RE(\) — RE <Cos (AT 420 ) o = A)”
Q 2) Q $,0 1 + 2 |2 1| ’

( 1) (XaX ) -
whe')ﬂe)\ 7)\2>6>O.

Proof. All the statements, except for the estimates (5.26), follow directly from
Theorems 3.6 and 3.11, since all the requirements in these theorems are established
in the last lemma.

The estimates (5.26) do not follow directly from the estimates (5.25) for
the spectral derivative. In fact, in the case of the Stark Hamiltonian the uniform
estimates for the spectral derivative (see Lemma 5.6) enabled similar estimates
for the limiting values of the resolvent (see Theorem 5.7). However, using the
corresponding estimates (5.24) for the spectral derivative here, the estimates for
the resolvent should follow from an inspection of the principal value integral in (a
suitably modified form of) Eq. (5.10). Indeed, this can be done, but a simpler way
would be simply to resort to the well-known resolvent kernel of @), namely,

Kq(z,y;2) = (2iv/2) texplivz|z —y|), Imy/z>0. a

We now assume the dimension n = 2 and take in (5.23) Hy = — d‘fg, xa € R.
We get, for the spectral derivatives A, Ao, the estimates (5.24), as well as
the resolvent estimates (5.26).
Let A > 0. We take a function ¢ € C°(R), 0 < ¢(w) < 1 such that ¢(w) =0
for w € (—oo, g) and ¢(w) =1 for w € (2;,00). Using this function in the proof
of Theorem 5.4 and Corollary 5.5 we obtain similar estimates for the spectral

derivative and resolvent of Hy. By induction, we conclude:
Theorem 5.12. Let U =R\ {0} and X}; = H*>~*(R") for s > . The limits
RE(N) = liﬁ}Ro(A +ie), AeU,

exist in the uniform operator topology of B(X,X;}U), and the extended operator-

valued function
Ro(z), z€Ct,
RO (Z)7 z € U7
is locally Hélder continuous in the same topology (with exponent «). A similar

statement holds when C* is replaced by C.
Finally, for X* = L?75(R"), the following estimates hold true, for any § > 0:

RS Wl aeneey < Cs A2, A>0,
(5.27)

+ + _lta _14a o
HRO ()‘2) _RO ()‘1)"3(;{1){*) < Cs,é <)\1 2 +)\2 2 ) |)\2 — )\1| ,

where Ay, Ao > 6 > 0.
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The above estimates blow up as A — 04. This is because we took an optimal
weight s > é However, as is shown in Proposition 6.4 below, taking s > 1 (for di-
mension n > 3) we see that the resolvent Ry(z) can be extended continuously from
C* to C*, in the respective uniform operator topologies. Certainly the estimates
(5.27) continue to hold (for large A).

It therefore follows that the operator Hy = —A is of global type (L**(R?),
L?7#(R®),,R) and Theorem 5.1 can be applied to yield the following theorem:

Theorem 5.13. Let n > 4 and set x = (2/,2") where v’ = (x1,72,73) and
" = (x4,...,2,) € R"3. Let H = —A, + L(2"), where A, is the Laplacian
with respect to the three coordinates ' and L(xz") is any (unbounded) self-adjoint
operator in L?(R"=3). Let R(z) = (H — 2)~! be the resolvent.

The resolvent limits

REA+i-0) = liﬁ)lR()\ﬁ:ie), A ER,

exist, uniformly in A € R, in the uniform operator topology of B (LQ’S(R?’)@
L*(R"73), L% 75(R%) @ L3*(R"~3)), for any s > 1. They are also uniformly Holder
continuous in this topology.

Furthermore, these limits exist and are locally Hélder continuous in the uni-
form operator topology of B (L**(R) ® L*(R"~®), H>~%(R?) ® L*(R"?)).

Remark 5.14 (wild perturbations). We have here the same situation as pointed
out in Remark 5.14; the specific character of the operator L(z") in L?(R"3) plays
no role in the theorem. In the title of this subsection we referred to this fact as
wild perturbations.

The special case of the Schrodinger operator for the N-body problem was
established in [43].

6. The limiting absorption principle for second-order
divergence-type operators

In the previous sections we have shown how various constructions, such as functions
of operators or short-range perturbations, fit into the general abstract framework.
In the following sections we consider divergence-type second-order operators. As
perturbations of the Laplacian they do not belong to any of the above categories;
the difference between such an operator and the Laplacian is not even compact.
However, our aim is to show that we can still deal with such operators, starting
from the smoothness properties of (the spectral derivative of) the Laplacian.

Let H = — Z 0;a; (x)0k, where a;p(x) = ay (x), be a formally self-
Jik=1
adjoint operator in L*(R™), n > 2. The notation 9; = 83 is used throughout the
following sections.
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We assume that the real measurable matrix function a(x) = {a;jx(z)}1<jk<n
satisfies, with some positive constants a; > ag > 0, Ag > 0,

apl < a(x) <ail, r e R",
a(r) =1, |z] > Ap.

In what follows we shall use the notation H = —V - a(z)V.

We retain the notation H for the self-adjoint (Friedrichs) extension associated
with the form (a(z)Ve, V1)), where (, ) is the scalar product in L?(R™). When
a(x) =1, we get H = Hy = —A.

We refer to Section 2 for definitions of the various functional spaces that will
appear in what follows.

Let

Ro(z)=(Ho—2)"", R(z)=(H—-2)"", zeC*={z | +Imz > 0},

be the associated resolvent operators.

We note that the operator H can be extended in an obvious way (retaining the
same notation) as a bounded operator H : HllOC — ngcl In particular, H: HY~% —
H—1=5, for all s > 0. Furthermore, the graph norm of H in H—1~% is equivalent
to the norm of H'~%.

Similarly, we can consider the resolvent R(z) as defined on L?*, s > 0, where
L?# is densely and continuously embedded in H 2.

The fundamental result presented in this section is that H satisfies the LAP
over the whole real axis. The exact formulation is as follows:

Theorem 6.1. Suppose that a(x) satisfies (6.1), (6.2). Then the operator H satisfies
the LAP in R. More precisely, let s > 1 and consider the resolvent R(z) = (H —
2)71, Imz # 0, as a bounded operator from L?*(R™) to HY~*(R").
Then:
(a) R(z) is bounded with respect to the H=1*(R™) norm. Using the density of L**
in H=%%, we can therefore view R(z) as a bounded operator from H~15(R™)

—~
o o
N
N 2N

to HY=3(R"™).
(b) The operator-valued functions, defined respectively in the lower and upper
half-planes,
2z — R(z) € B(H “*(R"), H""*(R")), s>1,+Imz >0, (6.3)

can be extended continuously from C*t = {z | +Imz > 0} to C* = C*UR
(with respect to the uniform operator topology of B(H ~%*(R™), H»~*(R")).
In the case n = 2 replace H— 1% by Ho_l’s.

We denote the limiting values of the resolvent on the real axis by

+ o .
R ()\) o z%A,I:il:I?m z>0 R(Z) (64)

Remark 6.2. Since L?* (resp. HY'~%) is densely and continuously embedded in
H~15 (resp. L*~*), we conclude that the resolvents Ry(z), R(z) can be extended
continuously to C* in the B(L**(R™), L*~*(R™)) uniform operator topology.
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The spectrum of H is therefore entirely absolutely continuous. In particular,
it follows that the limiting values R*(\) are continuous at A = 0 and H has no
resonance there.

The study of the resolvent near the threshold A = 0 is sometimes referred
to as low energy estimates. Following the proof of the theorem, at the end of
Subsection 6.2, we review some of the existing literature concerning such estimates,
as well as some other results pertaining to the LAP in non short-range settings.

Before proceeding to the proof of the theorem, we need to obtain more infor-
mation on the resolvent of the Laplacian.

6.1. The operator Hy = — A — revisited

The basic properties of this operator have already been discussed in Example 3.5
and Corollary 3.9. In particular, the explicit form of {EO(/\)}7 its spectral family,
is given in Eq. (3.1), and the spectral derivative Ag is given explicitly in Eq. (3.3).
See also the treatment by sums of tensor products in Subsection 5.5.

The weighted L? estimates for Ay were obtained by using the trace esti-
mate (3.2).

However, we can refine this estimate near A = 0 as follows.

Proposition 6.3. Let é <s < g, h € L*®. For n = 2 assume further that s > 1
and h € LY®. Then

|42 dr < C min{ X", 1}|[A))%. (6.5)
[€]2=X
where )
0<7:s—27 n >3,
1 (6.6)
O<’}/<S—27 n =2,

and C = C(s,v,n).

Proof. Tf n > 3, the proof follows as in [19, Appendix], when we take into account
the fact (generalized Hardy inequality) that multiplication by [£|~* is bounded
from H* into L? [45] (see also [64, Section 9.4]).

Ifn=2and 1<s< 3 we have, for h € Ly*,

()] = |h(€) — h(0)| < Cys €I 1] -,

for any 0 < 6 < min{1, s —1}. Using this estimate in the integral in the right-hand
side of (6.5), the claim follows also in this case. O

Combining Egs. (3.3),(3.2) and (6.5), we conclude that

2)
(As(NF,9)] < (Ao f, )F (Ao(N)g, )2

(6.7)
< Cmin{A" 2, MY (| fllo o9l f€L*, g€l
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where
(i) n>3, ;<s,o<§, s+0>2 and 0<2n=s+o0—2,
or (6.8)
(i) n=2, 1<s<; ;<0<3, s+o>2 0<2n<s+o—2
and  f(0) = 0.

In both cases, Ag()\) is Holder continuous and vanishes at 0, co, so we obtain as
in [15]:

Proposition 6.4. The operator-valued function

B(L**,L>7°), n>3,

6.9
B L2~), n=2, (09

z— Ro(z) € {
where s, o satisfy (6.8), can be extended continuously from C* to C*, in the re-
spective uniform operator topologies.

Remark 6.5. We note that the conditions (6.8) yield the continuity of Ag(\) across
the threshold A = 0 and hence the continuity property of the resolvent as in
Proposition 6.4. However, for the local continuity at any Ay > 0, it suffices to take
S, 0> %, as has been stated in Theorem 5.12, which is Agmon’s original result [1].

This remark applies equally to the statements below, where the resolvent is
considered in other functional settings.

We shall now extend this proposition to more general function spaces. Let
g € HY7, where s, o satisfy (6.8). Let f € H~!* have a representation of the
form (2.2). Eq. (3.3) can be extended to yield an operator (for which we retain the
same notation)

Ao(N) e BH ™M, H177),
defined by (where now (, ) is used for the (H~1*, H“) pairing),

<Ao(>\) fo +flkz;: 61]%] ,g>

=(@2vVN)! / lfo(ﬁ) + Z@ﬁ(&)] §(&)dr, feH ", ge H".
k=1

[€12=A

(6.10)
(replace H= 1% by Hy"* if n = 2).
Observe that this definition makes good sense even though the representation
(2.2) is not unique, since

- 7] s - 0
_ 1 _ 1
f=f+> i 5£Ckfk_f0+zl &Ckfk,
k=1 k=1
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implies
Jo©) + 3 & fi©) = Jol©) + 3 & fiule)
k=1 k=1

(as tempered distributions).

To estimate the operator-norm of Ag(\) in this setting we use (6.10) and
the considerations preceding Proposition 6.4, to obtain, instead of (6.7), for k =
1,2,...,n,

8
Ao 5y )|
‘< O oy (6.11)
< Cmin{A" 2, A |f Ly lglly, . FEHTY, ge HY,

where s, o satisfy (6.8) (replace H= 5% by Hy"® if n = 2).
We now define the extension of the resolvent operator by

ey

o A—z
0

Ro(2) d\, TImz #0. (6.12)

The convergence of the integral (in the operator norm) follows from the esti-
mate (6.11).
The LAP in this case is given in the following proposition.

Proposition 6.6. The operator-valued function Ry(z) is well defined (and analytic)
for non-real z in the following functional setting.

B(H~Vs, HY9), n>3,

6.13
B(Hy ", HY=7), n=2, (6.13)

z — RQ(Z) S {
where s, o satisfy (6.8). Furthermore, it can be extended continuously from C* to
C*, in the respective uniform operator topologies. The limiting values are denoted
by RE(N).

The extended function satisfies

(Ho — 2)Ro(2)f = f, feH % zeccCH (6.14)
where for z = X € R, Ry(z) = R (\).

Proof. For simplicity we assume n > 3. By Definition (6.12) and estimate (6.11),
we get readily Ro(z) € B(H 15, H=179) if Im 2 # 0 as well as the analyticity of
the map z — Ry(z), Im z # 0. Furthermore, the extension to Im z = 0 is carried
out as in [15].

Eq. (6.14) is obvious if Imz # 0 and f € L?°. By the density of L** in
H~1%_ the continuity of Ro(z) on H~1* and the continuity of Hy— 2 (in the sense
of distributions) we can extend it to all f € H~1*.

As 2 — A+i-0 we have Ry(2)f — RE(\)f in H-%~7. Applying the
(constant coefficient) operator Hy — z yields, in the sense of distributions, f =
(Ho — 2) Ro(2)f — (Ho — \) R¥(\)f which establishes (6.14) also for Tm z = 0.
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Finally, the established continuity of 2 — Ro(z) € B(H 1%, H=179) (up to
the real boundary) and Eq. (6.14) imply the continuity of the map z — Hy Ro(z) €
B(H- b H-1=9),

The stronger continuity claim (6.13) follows, since the norm of H'~7 is equiv-
alent to the graph norm of Hy as a map of H~177 to itself. O

Remark 6.7. The main point here is the fact that the limiting values can be
extended continuously to the threshold at A = 0.

In the neighborhood of any A > 0 this proposition follows from [79, Theorem
2.3], where a very different proof is used. In fact, using the terminology there,
the limit functions RE()\)f are the unique (on either side of the positive real axis)
radiative functions and they satisfy a suitable Sommerfeld radiation condition. We
recall it here for the sake of completeness, since we will need it in the next section.

Let z=k* € C\ {0}, Imk > 0. For f € H "% let u= Ro(2)f € H>"7 be as
defined above. Then

2

n—1

rT o2 aa(rnglu)—iku dx < o0, (6.15)
r

Ru =

|z[>Ao

where r = |z|. We shall refer to Ru as the radiative norm of u.
Furthermore, we can take s, o > %7 as in Remark 6.5.

6.2. Proof of the LAP for the operator H

We start with some considerations regarding the behavior of the resolvent near
the spectrum.
Fix [a, 8] C R and let

Q={zeC"|a<Rez<fB,0<Imz<1}. (6.16)
Let z = p +ie € Q and consider the equation
(H—z2)u=feH™, weH" 7 (feHy" ifn=2). (6.17)

(Observe that in the case n = 2 also u € Lg).
With Ag as in (6.2), let x(x) € C°°(R™) be such that

0, |$| <Ap+1,
x(@) {1, 2| > Ao + 2. (6.18)
Eq. (6.17) can be written as

(Ho — z) (xu) = xf —2Vx - Vu — ulx. (6.19)

Letting ¢ (z) = 1—x(5) € C3°(R™) and using Proposition 6.6 and standard elliptic
estimates, we obtain from (6.19)

lulh,—o < C (Il + Il ] - (6.20)

where s, o satisfy (6.8), ' > ¢ and C' > 0 depends only on Ay, o, s, n.
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We note that, since ¢ is compactly supported, the term |[[¢ull, _, can be
replaced by |[Yul|, _,, for any real s'.

In fact, the second term in the right-hand side can be dispensed with, as is
demonstrated in the following proposition.

Proposition 6.8. The solution to (6.17) satisfies,

lully o <CIFI (6.21)
where s, o satisfy (6.8) and C > 0 depends only on o, s, n, Ag.
Proof. In view of (6.20) we only need to show that

[Pully, s < CNFI 16 - (6.22)

Since L?*(R™) is dense in H~1*(R"), it suffices to prove this inequality for f €
L?3(R") N H~L(R") (using the norm of H~%).
We argue by contradiction. Let

{zr} o, €9 {fi},—, SL»*(R")NH (R
(with f(0) = 0 if n = 2) and
{ur = R(zt)fi},, S H"7(R")
be such that
[ukllg_s =1, [Ifell_y, <k7Y k=1,2,...,

(6.23)
zk —> 20 € as k — oo.

By (6.20), {uk }:;1 is bounded in H%~7. Replacing the sequence by a suitable sub-
sequence (without changing notation) and using the Rellich compactness theorem
we may assume that there exists a function u € LQ*"’l, o’ > o, such that

up —u in L*7 as k — oo. (6.24)
Furthermore, by weak compactness we actually have (restricting again to a subse-
quence if needed)

up —u in H»77 as k — oo. (6.25)
Since H maps continuously H%~“ into H~ =7, we have

Hup = Hu in H %77 as k — oo,
so that from (H — zg) ur = fi we infer that
(H — zp)u=0. (6.26)

In view of (6.19) and Remark 6.7 the functions xuy are radiative functions.
Since they are uniformly bounded in H»~7, their radiative norms (6.15) are uni-
formly bounded.

Suppose first that zg # 0. In view of Remark 6.7 we can take s, o > é Then
the limit function u is a radiative solution to (Hy — zp)u = 0 in || > Ag + 2
and hence must vanish there (see [79]). By the unique continuation property of
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solutions to (6.26) we conclude that u = 0. Thus by (6.24) we get [[uy|l, _,, — 0
as k — oo, which contradicts (6.23).
We are therefore left with the case zp = 0. In this case v € HY 7 satisfies
the equation
V- (a(zx)Vu) = 0. (6.27)
In particular, Au = 0 in |z| > Ag and

/ / r2 <|u|2 + |g:f|2> drdr < co. (6.28)

Ao |z|=r

Consider first the case n > 3. We may then use the representation of u by spherical
harmonics so that, with = = rw, w € ™1,

u(z) =1r ”;1 Z bj?"#j hj(w) + Z Cj?"iyj hj(w) , > AQ, (629)
Jj=0 j=0

where
(n—1)(n—3)

| , (6.30)

iy —1) =vi(v; +1) = A +
O=X <A <A<

being the eigenvalues of the Laplace-Beltrami operator on S"~ !, and h;(w) the
corresponding spherical harmonics. Since \; = n — 1, it follows that

n—1 n—3
Ho= o po+1l<pn<pp<---, 9 =vyg<v1 <vp<--- . (6.31)
We now observe that (6.28) forces
bo=by = =0.
Also, by (6.29)
0
a“ dr =—(n—2)[8"Y e, r> Ao, (6.32)
.

||=r

(]S™~1| is the surface measure of S™~'), while integrating (6.27) we get

ou
/ War=0, r>h (6.33)

|z|=r

Thus ¢y = 0. It now follows from (6.29) that, for r > Ay,

/ <|u|2 + ’8” 2) dr < ( " )_2V1 / <|u|2 + ‘a“r) dr (6.34)
or ~— \ Ao or ' '
|z|=r |z|=Ao
Multiplying (6.27) by u and integrating by parts over the ball |z| < r, we in-
fer from (6.34) that the boundary term vanishes as r — oco. Thus Vu = 0, in

contradiction to (6.23)—(6.24).
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It remains to deal with the case n = 2. Instead of (6.29) we now have

w(z) =712 borzlogr + Z birtihj(w) + chrf”f hj(w) p, 7m>Ay, (6.35)
§=0 j=1

where pog = é, i = 37 v = é As in the derivation above, the condition (6.28)
yields by = by = --- = 0. Also, we get by = 0 in view of (6.33). It now follows that

5, = 1
/ “aﬁdT:_%;(”jm) e Fro®s7t > Ao, (6.36)

|z|=r

from which, as in the argument following (6.34), we deduce that u = 0, again in
contradiction to (6.23)—(6.24). O

Proof of Theorem 6.1. Part (a) of the theorem is actually covered by Proposi-
tion 6.8. Moreover, the proposition implies that the operator-valued function

z— R(z) € BEH YS(R™),HV°(R")), s>1,2€Q,
is uniformly bounded, where s, o satisfy (6.8). Here and below replace H ~** by
Hy "% ifn = 2.
We next show that the function z — R(z) can be continuously extended to

Q in the weak topology of B(H~1:*(R™), HL:=(R")). To this end, we take f €
H~1L35(R") and g € H=%7(R") and consider the function

2= (g, R()f), z€e,

where (, ) is the (H =19, H%~7) pairing. We need to show that it can be extended
continuously to 2.

In view of the uniform boundedness established in Proposition 6.8, we can
take f, ¢ in dense sets (of the respective spaces). In particular, we can take f €
L?*(R") and g € L>?(R"), so that the continuity property in Q is obvious.

Consider therefore a sequence {z},-; C € such that z oo A € [av, B].

The sequence {uj = R(zy)[},—; is bounded in H'~7(R"). Therefore there exists
a subsequence {ukj }jil which converges to a function u € LQ*"’l, o' >o0.

We can further assume that uy; —“ > win H%=7. Tt follows that
J—o0

<9; Uk,~> ﬁ—oo> (g,u).

Passing to the limit in (H — zkj) uy,; = f we see that the limit function function
satisfies
(H — zo)u = f.
We now repeat the argument employed in the proof of Proposition 6.8. If
2o # 0 we note that the functions {xuy} -, are radiative functions with uniformly

bounded radiative norms (6.15) in || > Ag + 2. The same is therefore true for the
limit function wu.
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If zo = 0, then the function u € H»~7 solves Hu = f.
In both cases this function is unique and we get the convergence

<97R(Zk)f> = (g,uk> T (g,u>.

We can now define
R*(20)f = u, (6.37)
with an analogous definition for R~ (zo).

At this point we can readily deduce the following extension of the resolvent
R(z) as the inverse of H — z.

(H-2)R(2)f=f, feH ' zecC* (6.38)

where R(z) = RT(\) when 2 = A\ € R.

Indeed, observe that if Imz # 0 then (H — 2)R(z)f = f for f € L*»*(R")
and (H — 2)R(z) € B(H %%, H=%77), so the assertion follows from the density
of L**(R") in H~1*(R"). For z = A € R we use the (just established) weak
continuity of the map z < (H — z)R(z) from H~"* into H~%77 in C*.

The passage from weak to uniform continuity (in the operator topology) is a
classical argument due to Agmon [1]. In [9] we have applied it in the case n = 1.
Here we outline the proof in the case n > 1.

We establish first the continuity of the operator-valued function z — R(z),
€, in the uniform operator topology of B(H ~1*(R™), L%~ (R")).

Let {Zk}:; C Qand {f’f}:; C H~1*(R") be sequences such that z, ——

k—o0

2z € Q and f;, converges weakly to f in H~1*(R"). It suffices to prove that the
sequence uy = R(zp)fr, which is bounded in H''~7(R"), converges strongly in
L?~7(R™). Since this is clear if Im z # 0, we can take z € [a, 3].

Note first that we can take j < o/ < o so that s, o’ satisfy (6.8). Then
the sequence {uy}s, is bounded in H " (R™) and there exists a subsequence

{uk]. }jil which converges to a function u € L?°.

We can further assume that wuj,, —— uin H»77.

Jj—o0
It follows that the limit function function satisfies (see Eq. (6.38))
(H—2)u=f.

Once again we consider separately the cases z # 0 and z = 0.

In the first case, in view of (6.38) and Remark 6.7, the functions xu, are
radiative functions. Since they are uniformly bounded in HY~7 their radiative
norms (6.15) are uniformly bounded, and we conclude that also Ru < oc.

In the second case, we simply note that u € H~7 solves Hu = f.

As in the proof of Proposition 6.8 we conclude that in both cases the limit is
unique, so that the whole sequence {uy}y-, converges to u in L7 (R™).

Thus, the continuity in the uniform operator topology of B(H1:*(R"),
L?79(R")) is proved.
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Finally, we claim that the operator-valued function z — R(z) is continuous in
the uniform operator topology of B(H~1*(R"™), H»~7(R")). Indeed, if we invoke
Eq. (6.38), we get that also z — HR(z) is continuous in the uniform operator
topology of B(H~1¢(R™), H~1=7(R")).

Since the domain of H in H~1=7(R") is H»~7(R"), the claim follows. The
conclusion of the theorem follows by taking o = s. O

Remark 6.9. In view of (6.19) and Remark 6.7 it follows that for A > 0 the
functions RT(\)f, f € H~%*, are radiative, i.e., satisfy a Sommerfeld radiation
condition.

The fact that the limiting values of the resolvent are continuous across the
threshold at A = 0 has been established in the case H = Hy [14, Appendix A], and
in the one-dimensional case (n = 1) in [9, 12, 30]. The paper [74] deals with the
two-dimensional (n = 2) case, but the resolvent R(z) is restricted to continuous
compactly supported functions f, thus enabling the use of pointwise decay esti-
mates of R(z)f at infinity. In the case of the closely related acoustic propagator,
where the matrix a(z) = b(z1)I is scalar and dependent on a single coordinate,
there are in general countably many thresholds embedded in the continuous spec-
trum. Any study of the LAP must therefore deal with this difficulty. We mention
here the papers [12, 24, 23, 39, 32, 34, 57, 58, 63, 85], as well as the anisotropic
case where b(x1) is a general positive matrix [13].

We mention next some related studies concerning the LAP where, however,
the threshold has been avoided. Our discussion is restricted, however, to opera-
tors that can be characterized as “perturbations of the Laplacian”. The exten-
sive literature concerning the N-body operators is omitted, apart from the mono-
graphs [4, 36] that have already been mentioned in the Introduction in connection
with Mourre’s approach to the LAP.

The pioneering works of Eidus and Agmon have already been mentioned in
the Introduction. Under assumptions close to ours here (but also assuming that
a(x) is continuously differentiable) a weaker version (roughly, strong instead of
uniform convergence of the resolvents) was obtained by Eidus [40, Theorem 4 and
Remark 1]. For H = Hj the LAP has been established by Agmon [1]. Indeed,
it was established for operators of the type Hy + V, where V is a short-range
perturbation. The short-range potential V' was later replaced by a long-range or
Stark-like potential [53, 6], a potential in LP(R™) [44, 55], a potential depending
only on direction x/|z| [46] and a perturbation of such a potential [71, 72]. In these
latter cases the condition « > 0 is replaced by a > limsup V(z).

|z|— 00

We refer to [20] for the LAP for operators of the type f(—A)+V for a certain
class of functions f.

We refer to [76] and references therein for the case of perturbations of the
Laplace-Beltrami operator A, on noncompact manifolds. The LAP (still in (0, c0))
holds under the assumption that g is a smooth metric on R™ that vanishes at
infinity. We make use of this result in the proof of Theorem 8.1 (see Section 8).
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The LAP for the periodic case (namely, a(z) is symmetric and periodic) has
recently been established in [69]. Note that in this case the spectrum is absolutely
continuous and consists of a union of intervals (bands).

6.3. An application: Existence and completeness of the wave operators

Wy (Ha HO)
A nice consequence of Theorem 6.1 is the existence and completeness of the wave
operators. We recall first the definition [59, Chapter X].

Consider the family of unitary operators

W (t) = exp(itH) exp(—itHy), —oo <t < oc.
The strong limits W (H, Hy) = 5 ligl W (t), if they exist, are called the wave
—> 00

operators (relating H, Hy). They are clearly isometries. If their ranges are equal,
we say that they are complete.

Using a well-known theorem of Kato and Kuroda [61], we have the following
corollary.

Corollary 6.10. The wave operators Wy (H, Hy) exist and are complete.

Indeed, all that is needed is that H, Hy satisfy the LAP in R, with respect
to the same operator topologies.

We refer to [54], where the existence and completeness of the wave operators
W, (H, Hy) is established under suitable smoothness assumptions on a(x). (How-
ever, a(x) — I is not assumed to be compactly supported and H can include also
magnetic and electric potentials.)

7. An eigenfunction expansion theorem

In the Introduction we mentioned the connection (as well as the gap) between the
spectral theorem (for self-adjoint operators) in its functional-analytic formulation
and the generalized eigenfunction theorem, a fundamental tool in the study of
partial differential operators (and scattering theory). It was mentioned there that
these theorems should be connected through the Limiting Absorption Principle.
This is indeed the purpose of this section.

We derive an eigenfunction expansion theorem for a divergence-type operator
H, the operator considered in Section 6.

Let {E()\), A € R} be the spectral family associated with H and A(\) =
2 E(X) be its weak derivative. We use the formula (3.7),

1

=5 16%1 (R(\ +i€) — R(\ —i€)) = o
By Theorem 6.1 we know that A(\) € B(L?*(R"), L?~%(R")), for values of s as
given in the theorem.

The formal relation (H — A\) A(A\) = 0 can be given a rigorous meaning if,
for example, we can find a bounded operator T such that T*A(X)T is bounded

AN (RT(\) = R~ () .
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in L?(R") and has a complete set (necessarily at most countable) of eigenvectors.
These will serve as generalized eigenvectors for H. We refer to [22, Chapters V, VI
and [25] for a development of this approach for self-adjoint elliptic operators. Note
that by this approach we have at most a countable number of such generalized
eigenvectors for any fixed A. In the case of Hy = —A they correspond to

_n—3
o~ Ty (VA 2] 15 (w),
where k; = \; + ("71)4(”73), A; being the jth eigenvalue of the Laplace-Beltrami
operator on the unit sphere S"~!, 9; the corresponding eigenfunction and .J, is
the Bessel function of order v.

On the other hand, the inverse Fourier transform

o) = (2m)3 / G(E)e de (7.1)

R

can be viewed as expressing a function in terms of the generalized eigenfunctions
exp (i€x) of Hy. Observe that now there is a continuum of such functions corre-
sponding to A > 0, namely, |£]2 = \.

From the physical point-of-view this expansion in terms of plane waves proves
to be more useful for many applications. In particular, replacing —A by the
Schrodinger operator —A + V() one can expect, under certain hypotheses on the
potential V| a similar expansion in terms of distorted plane waves. This has been
accomplished, in increasing order of generality (more specifically, decay assump-
tions on V() as |x| — oo) in [73, 52, 1, 79, 2]. See also [87] for an eigenfunction
expansion for relativistic Schrodinger operators.

Here we use the LAP result of Theorem 6.1 in order to derive a similar
expansion for the operator H. In fact, our generalized eigenfunctions are given by
the following definition.

Definition 7.1. For every £ € R", let

Vi (2,€) = =R (|]*)((H — [¢]*) expl(i€z))
n 7.2
= R¥(I¢P) | Y. dilaw;(@) — 61,,)9; | explic). 72
1j=1
The generalized eigenfunctions of H are defined by
px(x,§) = exp(i€x) + Y+ (7, ). (7.3)

We assume n > 3 in order to simplify the statement of the theorem. As
we show below (see Proposition 7.3) the generalized eigenfunctions are (at least)
continuous in z, so that the integral in the statement makes sense.
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Theorem 7.2. Suppose that n > 3 and that a(x) satisfies (6.1), (6.2). For any
compactly supported f € L*(R™) define

(Fof)(€) = (2m) / f(@)ps(z.6)dz, €ER™ (7.4)
J

Then the transformations Fy can be extended as unitary transformations (for
which we retain the same notation) of L?(R™) onto itself. Furthermore, these trans-
formations diagonalize H in the following sense:

f € L3(R") is in the domain D(H) if and only if |£|*(F+ f)(§) € L*(R™) and
H = F} Mj¢Fx, (7.5)
where Mgz is the multiplication operator by [£[*.

Before starting the proof of the theorem, we collect some basic properties of
the generalized eigenfunctions in the following proposition.

Proposition 7.3. The generalized eigenfunctions
px(r, &) = exp(i€x) + P+ (, §)
(R™) for each fized & € R™ and satisfy the equation
(H — &) pa(x,6) = 0. (7.6)

In addition, these functions have the following properties:

(i) The map

(see (7.3)) are in H}

loc

R™ 3¢ = e(,€) € HY5(R™), s>1,
18 continuous.
(i) For any compact K C R™, the family of functions {¢4(z,€) ‘ €K} ois
uniformly bounded and uniformly Holder continuous in x € R™.

Proof. Since (H — [£]?) exp(iéx) € H™1%, s > 1, Eq. (7.6) follows from the defini-
tion (7.2) in view of Eq. (6.38).
Furthermore, the map

R" > ¢ — (H — |£°) exp(iz) € HV*(R™), s> 1,

is continuous, so the continuity assertion (i) follows from Theorem 6.1.

For s > 1, the set of functions {¢+(-,¢) ’ ¢ € K} is uniformly bounded in
HY~%. Thus, in view of (7.6), it follows from the De Giorgi-Nash-Moser Theo-
rem [42, Chapter 8] that the set {¢(z,¢) ‘ ¢ € K} is uniformly bounded and
uniformly Hélder continuous in {|z| < R} for every R > 0. In particular, we can
take R > Ag (see Eq. (6.2)). In the exterior domain {|z| > R} the set {¢+(2,¢) |
£ € K} is bounded in H7%, s > 1, and we have (Hy — [¢]?) ¢+ (x,§) = 0.

In addition, the boundary values {4 (z,€) | || = R, £ € K} are uniformly
bounded. From well-known properties of solutions of the Helmholtz equation we
conclude that this set is uniformly bounded and therefore, invoking once again the
De Giorgi-Nash-Moser Theorem, uniformly Holder continuous. 0
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Proof of Theorem 7.2. We use the LAP proved in Theorem 6.1, adapting the
methodology of Agmon’s proof [1] for the eigenfunction expansion in the case of
Schrédinger operators with short-range potentials. To simplify notation, we prove
for F 4.
Let u € H' be compactly supported. For any z such that Im z # 0 we can
write its Fourier transform as
(2m)~2

a(€) = (2m)~ 2 /u(m) exp(—i€z) dr = e /u(m) (Ho — z) exp(—ix) dx.
—z
Rn R
Let 6 € C§°(R™) be a (real) cutoff function such that 6(x) = 1 for = in a neigh-
borhood of the support of u.
We can rewrite the above equality as

. (2m)~ 2
a§) =
¢ — 2
where (, ) is the (H 1%, H1~%)-gesquilinear pairing (conjugate linear with respect
to the second term).
We have therefore, with f = (H — 2)u,

((Hp — z) u(x),0(x) exp(ix)) ,

a(§) = |(§|Z)_2Z (<(H — 2)u(x), 8(z) exp(ifx)) + (Hy — H) exp(ifx), u(z»)
— S(Dt ((f(z),0(x) exp(i€x)) + (f(x), R(Z) (Ho — H) exp(ifz))). (7.7)

Introducing the function

F(&.2) = f(&) + (2m) ™2 (f(x), R(2) (Ho — H) exp(itx)) ,

we have

ie) = R = ™).

We now claim that this equation is valid for all compactly supported f € H~1.
Indeed, let u = R(z)f € H"7%, s > 1. Let ¢(x) = 1 — x(z), where x(z) is
defined in (6.18). We set
up(z) = p(k 2u(e),  fi(z) = (H - 2) (k" 2)u(x), k=1,2,3,...

The equality (7.8) is satisfied with u, f replaced, respectively, by ug, fi. Since

Imz # 0. (7.8)

vk 2)u(r) —— u(z)

in H%°, we have

(H = 2) (k™ 2)u(z)) —— (H = 2)u = f(z)

k—o00

in H~17% where in the last step we have used Eq. (6.38).
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In addition, since (Hy — H) exp(ix) is compactly supported

(fx(x), R(2) (Ho — H) exp(i§x)) = ((Ho — H) exp(i€x), R(2) fi.(x))
—— ((Ho — H) exp(i§x), R(2)f) = (f, R(Z) (Ho — H) exp(i{x)) .

k— o0

Combining these considerations with the continuity of the Fourier transform (on
tempered distributions) we establish that (7.8) is valid for all compactly supported
feH N

Let {E()X), A € R} be the spectral family associated with H. Let A(\) =
2 E(X) be its weak derivative. More precisely, we use the relation (3.7), to get
(using Theorem 6.1), for any f € H= 1 s> 1,

1

(AN = o (R = R ) f).

We now take f € L? and compactly supported. From the resolvent equation we
infer
R(A +i€) — R(A —i€) = 2ieR(A 4+ ic)R(\ —ic), €>0,
so that
(f, AN f) = hm ||R()\ + ze)f||0, e > 0.

Using Eq. (7.8) and Parseval’s theorem, we therefore have

(f, AN f) = lim H(|§|2 (A+ie) " F(E, A +ie) z €>0. (7.9)

e—0+4+ T

Note that f({“ ,z) can be extended continuously as z — A+ i -0 by
FEN) = F(©) + (2m)7 % (f(2), R~ (N) (Ho — H) exp(i€x)) . (7.10)

In order to study properties of f(f ,2) as a function of £ we compute

f&2) = F&) + <(Z O (au;(x 5z,j)5j> exp(iéx)7R(2)f($)>

l,j=1

|
\”

(2m)~ 24 Z 5]/ (ar;(x) = 01,5) O(R(2) f(x)) exp(—i&x) dx
lLj=1

(7.11)
where in the last step we have used that both 9;(R(2)f(x)) and (a;;(x) — d1,5)
exp(—ifx) are in L2

Consider now the integral

96.2) = [ (as(e) ) RIS @) exp(-ie) dz, 2 € 9

where  is as in (6.16).
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In view of Theorem 6.1, the family {9, R(2)f(x)},c(, is uniformly bounded
in L>7%, s > 1, so by Parseval’s theorem we get
lg(-2)llg <C, z€,
where C' only depends on f.
This estimate and (7.11) imply that, if f € L? is compactly supported,
(i) The function

R" x Q>3 (&2)— f(&2)

is continuous. For real z it is given by (7.10).

(i) dm [ (-2 e 0P ds o,
|§1>k

uniformly in z € Q.
As z — [€]? 4+ - 0, we have by Theorem 6.1 and Eq. (7.3),

lim  f(€.2) = (2m) / F(2) o (2,€) dz = F £ (€),

2 |€]24i:0

so that, taking (i) and (ii) into account, we obtain from (7.9), for any compactly
supported f € L2,

(AN =

2v/\

[€]2=A

[Fy £(&)|*do, >0, (7.12)

where do is the surface Lebesgue measure.
It follows that, for any [«, 5] C (0, 00),

B
(B - E@)Lh) = [ (ranpir= [ Fof@Pde (113)
a<[¢?P<p

Letting a — 0, 8 — o0, we get

1fllo = I+ fllo - (7.14)

Thus f — Fy f € L?(R") is an isometry for compactly supported functions, which
can be extended by density to all f € L?(R").

Furthermore, since the spectrum of H is entirely absolutely continuous, it
follows that for every f € L?, Eq. (7.12) holds for almost all A\ > 0 (with respect
to the Lebesgue measure).

Let f € D(H). By the spectral theorem

(HFANES) = X2 (f, AN f) = 2%

€12=x

€2 FLf(©)] do, A > 0.

In particular,

\H I = / 1P Fo (o) de. (7.15)



Smooth Spectral Calculus 169

Conversely, if the right-hand side of (7.15) is finite, then [ A* (f, A(\) f) dA < oo,
so f € D(H).

The adjoint operator F is a partial isometry (on the range of F). If f(z) €
L?(R") is compactly supported and g(¢) € L%*(R") is likewise compactly sup-
ported, then

(Fyf.g) = (2m) / / F(2) o (@.€) du | g(€) de

R Rn

—ent [ 1@ | [o©ei@odc ) dn
R R
where in the change of order of integration Proposition 7.3 was taken into account.
It follows that, for a compactly supported g(¢) € L?(R"),

E9)(e) = 2r) [ g(€) o) de (7.16)
RTL
and the extension to all g € L*(R") is obtained by the fact that F% is a partial

isometry.
Now if f € D(H), g € L>(R"), we have

(H1.9) = [ KPP HOFea(€)de = [ FL(EPFLA©) )k,

which is the statement (7.5) of the theorem.

It follows from the spectral theorem that, for every interval J = [a, 8] C
[0,00) and for every f € L?(R™), we have, with E; = E(8) — E(a) and y; the
characteristic function of .J,

Esf(x) =F5 (xs([€*) F+ f(€))
or

FLE; f(&) = xs(|€)) F4 £(£).

It remains to prove that the isometry F is onto (and hence unitary). So, suppose
to the contrary that, for some nonzero g(¢) € L*(R"),

(Fg)(x) = 0.
In particular, for any f € L?(R™) and any interval J as above,
0= (Esf,Frg) = (FrEsf,9) = (xs(E)F 4 £(£),9(6)) = (F4£(€), xs(1€1*)9(8))

so that . (x.(I¢[*) 9(€)) = 0.
By Eq. (7.16) we have, for any 0 < o < §3,

9(§) o4 (7,§)d§ =0

a<|é|2<p
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so that, in view of the continuity properties of ¢ (z,&) (see Proposition 7.3), for
a.e. A € (0,00),

9(8) o+ (x,§) do = 0. (7.17)
[€]2=A
From the definition (7.3) we get

9©) expliga)do — [ g@OR (V) ((H - X explito) dor =0, (7.18)
[£12=X |€]2=A

Since (H — \) exp(i€z) is compactly supported (when [£|> = ), the continuity
property of R~ (\) enables us to write

&) RO (H = N expliga)) do = R () [ (&) (H ~ N explice) do
€[2=A l€[2=x

which, by Remark 6.9, satisfies a Sommerfeld radiation condition. We conclude
that the function

Gla) = / o(E) explica) do € HY ™, 5>
[€]2=X

is a radiative solution (see Remark 6.7) of (—A — X\) G = 0 and hence must vanish.
Since this holds for a.e. A > 0, we get §(£§) = 0, hence g = 0. O

8. Global spacetime estimates for a generalized wave equation

The Strichartz estimates [83] have become a fundamental ingredient in the study
of nonlinear wave equations. They are L? spacetime estimates that are derived for
operators whose leading part has constant coefficients. We refer to the books [81,
82] and [5] for detailed accounts and further references.

Here we focus on spacetime estimates pertinent to the framework of this
review, namely, weighted L? estimates.

We recall first some results related to the Cauchy problem for the classical
wave equation,

0%u
Ou = g2 Au =0, (8.1)
subject to the initial data
u(z,0) = up(x), Ou(z,0)=1vo(z), =zeR" (8.2)

The Morawetz estimate [66] yields

/ / 2~ fu(e, )2 dadt < C (| VuolZ + 0llZ) , > 4,

R Rn
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while in [8] we gave the estimate

//|17|72’3‘71 lu(z,t)|? dedt < C,, <|||V|°‘uo||§ + |||V|a71’l)o|’§) ., n>3,

R RTI,
for every a € (0,1).

Related results were obtained in [65] (allowing also dissipative terms), [50]
(with some gain in regularity), [88] (with short-range potentials) and [47] for spher-
ically symmetric solutions.

Here we consider the equation

0%u Pu
o2 + Hu = o012 71.3.2:1 8iai,j(x)aju: f(l‘,t), (83)
subject to the initial data (8.2).
We first replace the assumptions (6.1), (6.2) by stronger ones as follows:

(11) () = 7' @) = (09@) o, o (5.4)
where g(z) = (9i,(2))1<4,j<n is a smooth Riemannian metric on R" such that

glx)y =1, x| > Ao.

(H2) The Hamiltonian flow associated with h(z, &) = (g(2)¢, &)
is nontrapping for any (positive) value of h. (8.5)

Recall that (H2) means that the flow associated with the Hamiltonian vectorfield
H = g}g 681 — gz 535 leaves any compact set in R7.

Identical hypotheses are imposed in the study of resolvent estimates in semi-
classical theory [26, 27].

In our estimates we use homogeneous Sobolev spaces associated with the
operator H.

We let G = H 2 which is a positive self-adjoint operator. Note that GO, is
equivalent to the homogeneous Sobolev norm ||Vé.

Theorem 8.1. Suppose that n > 3 and that a(zx) satisfies Hypotheses (H1)—-(H2).
Let s > 1.

(a) (local energy decay) There exists a constant Cy = C1(s,n) > 0 such that the
solution to (8.3), (8.2) satisfies

// (1+ |17|2)_S [|Gu(z, t)]* + |ug(z, t)?] dudt

R Rn

< ||Guo||(2J+||UO||(2)+//|f(x7t)|2dxdt ) (8.6)

R R
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(b) (amplitude decay) Assume that f = 0. There exists a constant Cy =
Ca(s,m) > 0 such that the solution to (8.3), (8.2) satisfies,

[ [ @ leP) ™ luta )P dodt < Ca [l + 16wl 87)

R R™

This estimate generalizes similar estimates obtained for the classical (g = I)
wave equation [8, 65].

Remark 8.2. The estimate (8.6) is an energy decay estimate for the wave equa-
tion (8.3). A localized (in space) version of the estimate has served to obtain
global (small amplitude) existence theorems for the corresponding nonlinear equa-
tion [27, 48].

The weighted L? spacetime estimates for the dispersive equation

it 0

ot

have been extensively treated in recent years. In general, in this case there is
also a gain of derivatives (so-called smoothing) in addition to the energy decay.
For the Schrodinger operator L = —A + V(z), with various assumptions on the
potential V', we refer to [3, 7, 8, 17, 19, 50, 62, 78, 80, 89] and references therein.
In [33] the case of magnetic potentials is considered. The Schrédinger operator on

a Riemannian manifold is treated in [26, 38]. For more general operators see [16,
20, 28, 51, 67, 77, 84] and references therein.

u = Lu,

Proof of Theorem 8.1. (a) Define, with G = H:,

1
ur =, (Gu +duy) .

Then )

drus = FiGuy + ; f. (8.8)
Defining

_ (u+(t)
o= (2). 59)

we have

i'U'(t) = —KU + F, (8.10)
where

k=G0 ro= ()

Note that, as is common when treating evolution equations, we write U(t), F'(t),
etc. for U(x,t), F(x,t), etc. when there is no risk of confusion.

The operator K is a self-adjoint operator on D = L?(R") @ L?(R"). Its
spectral family E (X) is given by Ex(X) = Eg(A) ® (I — Eg(—))), A € R, where
E¢ is the spectral family of G.
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Let E()\) be the spectral family of H, and let A(\) = & E()\) be its weak
derivative (3.7). By the definition of G we have

Ec(\) = E(\?),
hence its weak derivative is given by

AGQ):(gEbQ)zzAAQ%7 A > 0. (8.11)

In view of the LAP (Theorem A) we therefore have that the operator-valued
function

Ac(X) € B(L**(R"), L*~*(R"))

is continuous for A > 0.
Denoting D* = L?%(R™) & L?*(R"™), it follows that

Ag(N) = | Ex(A) = Ac(N) ® Ag(=A), AER,

dX

is continuous with values in B(D*®,D~*) for s > 1.
Making use of Hypotheses (H1)-(H2), we invoke [76, Theorem 5.1] to con-
clude that hmsupuz ||A( )HB(LQYS’LQY,S) < 00, SO that by (811) there exists a

constant C > O buch that
JAGO) o pn sy <G AZ0. (8.12)
It follows that also

Ak M ppsp-s) <C, AER,s>1,AeR. (8.13)

Let (, ) be the sesquilinear pairing between D~* and D* (conjugate linear
with respect to the second term).

For any v, x € D*® we have, in view of the fact that Ax () is a weak derivative
of a spectral measure,

) (A0 < (AR, 9) - (A (V)
T 14
R RPN TRt P T —— &1

We first treat the pure Cauchy problem, i.e., f = 0.

To estimate U(z,t) = e *5U(z,0) we use a duality argument. Some of the
following computations will be rather formal, but they can easily be justified by
a density argument, as in [8, 20]. We shall use (( , )) for the scalar product in
L2(Rn+1) @ LQ(RnJrl).
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Take w(z,t) € C§°(R"T) @ C5°(R™ ). Then,
(U,w)) = / e KU (x,0) - w(x, t) dedt

— 00

oo oo

_ / <AK()\)U(Q:,O),/emw(~,t)dt> d

— 00 — 00

— (2m)1/? / (A (U (2, 0), (-, A)) dA,
where
@(x,\) = (2m) 2 /w(m,t)eit)‘dt.
R

Noting (8.14), (8.13) and using the Cauchy-Schwartz inequality

o 1/2

— 00

1
2

< C U0, / la(- N3, dA

It follows from the Plancherel theorem that
1/2

()| <ol [ lutolp. d
R

Let ¢(z,t) € C(R™) @ C§°(R"™) and take w(z,t) = (1+ |x|2)_§ o(z,t) so
that .
(L +[2l?) 2 U.0)| < C U, 0)llg - 9]l L2 rny -
This concludes the proof of the part involving the Cauchy data in (8.6), in view
of (8.9).
To prove the part concerning the inhomogeneous equation, it suffices to take
up = vg = 0. In this case the Duhamel principle yields, for ¢t > 0,

t
U(t) = / eTDE P dr,
0

where we have used the form (8.10) of the equation.
Integrating the inequality

U@ < /

—i(t-T)K pp H d
e @, an
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/ U] pee dt < / / He-i“-T)KF(T)H dt dr.
0 0o Jr D~

Invoking the first part of the proof we obtain

| 1w a<c [ irei, an
which proves the part related to the inhomogeneous term in (8.6).

(b) Define

we get

vi(2,t) = exp(£itG) o+ (x),
where
o1 (x) = ; [uo(sc) F G’flvo(x)} .
Then clearly
u(z,t) = vy (z,t) + v_(x,t).
We establish the estimate (8.7) for v.

Taking w(z,t) € C°(R™*!) we proceed as in the first part of the proof. Let
{,) be the (L*~%(R™), L>*(R")) pairing. Then

o0

(vy,w) = / e, (x)w(z,t) dadt

— 00

where

@(x,\) = (2m) 2 /w(&t)e‘ib\ dt.
R
Noting (8.12) as well as the inequalities (8.14) (with A replacing A ) and using
the Cauchy-Schwartz inequality

oo 1/2

(v, w)] < (2m)2 (1641 /<AG(A)1D(~,A)JE(%)NA

0

1
2

<4, /|w NI, 4
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The Plancherel theorem yields
1/2

(v, w)] < Cllslly / ()], dt
R

_ s

Let w € Cg°(R™™) and take w(z,t) = (1+|z|*) 2 w(z,t) so that

|((1 + |:1:|2)_§ v+,w)| < Cllo+llo ||W||L2(R"+1) :

This (with the similar estimate for v_) concludes the proof of the estimate (8.7).
O

Remark 8.3 (optimality of the requirement s > 1). A key point in the proof was
the use of the uniform bound (8.13). In view of the relation (8.11), this is reduced
to the uniform boundedness of A A(A\?), A > 0, in B(L?*, L*~%). By [76, Theorem

5.1] the boundedness at infinity, limsup 2 || A(z)|| < oo, holds already with s > 5

H—> 00
Thus the further restriction s > 1 is needed in order to ensure the boundedness at

A =0 (Theorem A).

Remark 8.4. Clearly we can take [0, 7] as the time interval, instead of R, for any
T > 0.

9. Further directions and open problems

We conclude this review with a number of suggestions for new directions and
developments in this domain of smooth spectral theory.

This section is by no means intended to be exhaustive. Indeed, some of the
topics we touched upon in this review, from eigenfunction expansion through spec-
tral structure of differential operators to global estimates in spacetime, are still
areas of very intensive research, not only within pure mathematics, but also in
various areas of applied mathematics. As an illustration of the latter, we mention
the role of the acoustic propagator (resp. the Maxwell equations) in the study of
sound waves in media with variable speed of sound (resp. fiber optics). For the
latter, see [18, 21].

1. Estimating the heat kernel in Lebesgue spaces
Recall that by Eq. (3.3) the spectral derivative Ag(\) of Hy = —A satisfies ((, )
is the (L?*, L*~*) pairing, s > J),

_1 £l
W) =2 [ f@ o
[€12=A
Now using this formula with functions f, g € C§°, we can estimate the integral in

various norms. Thus, using the L°° estimate of f in terms of ”f”Ll(]R")v

(AoNf.f) < CATEN"2 |fl3any, f € LUR™). (9.1)
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Also, the spectral theorem yields

(o]

[ (Aog.9) dh = llegeny 9 € PR,
0
Thus, for ¢t > 0,
(€"2£,9) o gn) = / e""Nd(Bo(N) f,g) = / e " (Ag(N)f, g) dA.
0 0

It follows that, using the fact that (Ao f, g) is positive semi-definite (see (4.3)),

(2 f. )P < [ e 2 (AN S, f)dX | (Ao(N)g, g) dA
/ /

2 2
< G2 N f L@y N9l L2 @ny -

We obtain therefore the familiar formula

HetAHB(LI(R"),Lz(Rn)) <Ot i,
from which we also have, by duality
HetAHB(LQ(R"),LOO(Rn)) <Ot i,

By interpolation we can then obtain various LP, LY estimates.

Observe that the same considerations can be applied to other operators, say
A? (and indeed any elliptic operator with constant coefficients) for which explicit
kernel formulas are not available.

An essential ingredient in the above argument is the estimate (9.1), which
leads to the following problem:

Find methods to estimate the spectral derivatives in Lebesgue spaces LP or
weighted spaces based on them, instead of the weighted L? estimates employed
throughout this review.

We remark further that such estimates could bring different insights into the
Strichartz estimates, as already mentioned in Section 8.

2. Abstract approach to long-range perturbations
In Section 4 the abstract approach to short-range perturbations was developed,
within the framework of the smooth spectral theory. Definition 4.1 is very natural
in this framework and, indeed, leads to the same class of short-range potentials as
in Agmon’s work [1].

Thus, a natural problem is the following:
Develop a similar definition for long-range perturbations. Such a definition should
cover the long-range potentials in the Schrodinger operator, as discussed in [79).

3. Discreteness of eigenvalues of short-range perturbations
In the course of the proof of the discreteness of the eigenvalues (embedded in the
continuous spectrum) of short-range perturbations (Theorem 4.14), we needed to
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impose Assumption S on the regularity of the spectral derivative. This assump-
tion is satisfied in many concrete examples, including the case of the Schrodinger
operator, due to the fact that in these cases the derivative is more regular than
the minimal assumption required in Definition 3.3. However, it might be desirable
to find alternative assumptions or, in fact:

Try to see if Assumption S could be dispensed with completely.

4. High energy estimates of divergence-type operators

In establishing the global spacetime estimates for the generalized wave equation
(Theorem 8.1), we needed the uniform estimate (8.12). For this we needed the
strong assumptions (H1)-(H2) (8.4) concerning the smoothness of the coefficients
and the non-trapping character of the metric. However, it is of great interest to try
and minimize the smoothness assumptions, so as to stay only with the assumptions
imposed in Theorem 6.1 for the LAP (and continuity of the spectral derivative at
the threshold at zero). Thus, we can formulate this problem as follows:

Find conditions on the matriz a(zx) (see (6.1)) so that the limiting values
R*()\) of the resolvent (see (6.4)) are uniformly bounded in A € R, with respect
to the uniform operator topology of B(L**(R™),L*~%(R"™)), s > 1. Furthermore,
what are the additional conditions needed to establish a decay of these values as
A — 00, similar to the decay of the resolvent of the Laplacian (see (5.27))7?
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Spectral Analysis and Geometry
of Sub-Laplacian and Related
Grushin-type Operators

Wolfram Bauer, Kenro Furutani and Chisato Iwasaki

Abstract. In this article, we discuss three topics in the area of sub-Riemannian
geometry and analysis.

First, we recall the notion of a sub-Riemannian structure in the strong
sense and its sub-Laplacian. We define an operator, called Grushin-type op-
erator, on the base manifold of a submersion under an additional compatibil-
ity condition. Then a relation between the bicharacteristic flows of the sub-
Laplacian and the Grushin-type operator is proved. In particular, we give the
explicit forms of all Grushin-type operators defined from a sub-Riemannian
structure on the three-dimensional Heisenberg group which will serve as typi-
cal examples of our analysis. As a main example we study Grushin-type opera-
tors on the two- and four-dimensional spheres defined from a sub-Riemannian
structures on S® and S7, respectively. For this purpose we construct a sub-
Riemannian structure in the strong sense on the seven-dimensional sphere
based on the quaternionic structure of R®.

Next, we apply the relation between the bicharacteristic curves of a sub-
Laplacian and a Grushin-type operator to determine the singular geodesics
on the Grushin sphere, which is the two-dimensional sphere with a singular
metric. Here we use the isoperimetric interpretation of the sub-Riemannian
geodesics on the three-dimensional sphere via Stoke’s theorem and the double
fibration structure defined by the left and right quaternionic vector space
structure on R*.

Then, we explicitly determine the heat kernels of a sub-Laplacian on
the six-dimensional free nilpotent Lie group and all related Grushin-type op-
erators including a sub-Laplacian on a five-dimensional nilpotent Lie group.
Using the explicit integral forms of these heat kernels we obtain the spectra of
certain five- and six-dimensional compact nilmanifolds via the Selberg trace
formula and determine the poles and residues of the corresponding spectral
zeta functions which have close relations to the Epstein zeta function.
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1. Introduction

There are many geometric structures on manifolds which define differential opera-
tors (linear and non-linear). The Riemannian structure gives the Laplace-Beltrami
operator acting on the space of differential forms, a spin structure defines Dirac
operators acting on spinors and some fiber bundle structures induce Fourier inte-
gral operators like a Radon transformation. These operators mostly are elliptic. In
this paper, our main concern are hypo-elliptic (not elliptic) operators on a class
of sub-Riemannian manifolds and closely related operators such as sub-Laplacian
and Grushin-type operators.

Let H be a sub-bundle in the tangent bundle of a manifold M. In the case the
space Xy of vector fields taking values in H is closed under the bracket operation
the sub-bundle H defines a foliation structure on M. If X is not closed under
the bracket operation, then after adding higher Lie brackets of vector fields in
Xy, one obtains a stable Lie algebra of vector fields. In general, by localizing this
procedure, we obtain a (pre-)sheaf Sy of Lie algebras of vector fields:

M > U —s Sp(U)
= {sums of vector fields: fX,[fX,gY], [[fX,gY],hZ] - ‘
fig,h,...e C*U), X,Y,Z... vector fields on U taking values in H }

It might happen that this sheaf comes from another sub-bundle H of the tan-
gent bundle which includes H. More precisely, it is the sheaf of germs of vector
fields taking values in H and H defines a foliation structure on the manifold. It
follows that the sub-bundle H restricted to each integral sub-manifold of H is
non-holonomic. In particular, H defines a sub-Riemannian structure on each leaf
by installing a suitable metric.

Roughly speaking, the study of foliated manifolds is focused on the study of
how the leaves are piling or can be piling in a manifold. In classical mechanics the
manifold is considered as a configuration space of the physical states, a classical
free particle is trapped on a connected leaf and cannot jump from one to another.
From the theory of C*-algebras on foliated manifolds it is apparent that many
interesting analytic problems arise once one drops the restriction of only studying
mechanics on each single leaf.
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However, in the present text we assume from the beginning that the manifold
has a non-holonomic sub-bundle and we impose two additional strong conditions.
Our aim is it to give explicit forms of various analytic and geometric quantities.

In our general framework we fix smooth vector fields {X;}Y ; on a manifold
M such that there is an open dense subset W in M on which {X;}Y, are lin-
early independent. Moreover, we assume that the vector fields {X;}¥; together
with all their Lie brackets and coefficients in the space of smooth functions span
the whole tangent space at each point (the Hormander condition). In our ex-
amples the complement M\W is at most of codimension one. The beginning of
sub-Riemannian geometry goes back to the 17th century being motivated by phys-
ical phenomena such as thermodynamics. Theorem 2.3 by Chow [Ch-39] is one of
the most fundamental results in this area which expresses physical phenomena in
a geometrical picture. Subsequently, it was proved by Hormander [H61-67] that
the sub-Laplacian (cf. §2) is always hypo-elliptic. Recently, lots of studies have
been done surrounding these two basic theorems on sub-Riemannian manifolds
from a geometric and analytic point of view (e.g., [St-86], [ABGR-09], [ABS-08],
[CC2-09], [M02-02], [CCFI-10], [BGG3-97], [Ag-07], and the references therein).

In the realm of Chow’s theorem, one of the most interesting and basic prob-
lems in sub-Riemannian geometry is to answer the question how the configurations
of a physical system are realized as a sub-Riemannian manifold and how to develop
a control theory on it (see [Ag-07], [CC2-09]).

Based on Hérmander’s theorem which can be seen as a quantum version of
Chow’s theorem also the spectral analysis of a sub-Laplacian is of importance.
In this paper, we mostly deal with hypo-elliptic operators on 2-step nilpotent
Lie groups. Note that the definition of the nilpotency ensures the existence of a
sub-Riemannian structure on any nilpotent Lie group. On such groups the sub-
Laplacian roughly speaking forms the core of the Laplace operator and therefore
it seems to be more fundamental. The expressions for the heat kernel of both, the
Laplace and the sub-Laplace operator, are given as integrals over the characteristic
variety of the sub-Laplace operator. However, the corresponding action functions,
which appear in the integrand of the heat kernel expression, differ. These action
functions can be given explicitly according to the results in [BGG1-96], cf. Remark
15.1.

We study spectral properties and the geometry of sub-Laplacians on mani-
folds having a non-holonomic sub-bundle as well as operators defined from a sub-
Laplacian through a submersion compatible with the sub-Riemannian structure.
Such operators act on the base space of the submersion and we call them Grushin
type operators. We will discuss:

(I) Operators defined by sub-Riemannian structures and a relation between their
bicharacteristic flows,
(IT) Isoperimetric interpretation of the geodesics in the sense of sub-Riemannian
and singular Riemannian geodesics together with Stoke’s theorem and a dou-
ble fibration,
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(III) Explicit integral expressions of heat kernels of a class of sub-Laplacians and
related Grushin-type operators, and

(IV) Determination of the spectrum of sub-Laplacians on low-dimensional (< 6)
compact 2-step nilmanifolds and the analytic continuation of their spectral
zeta function.

Our main goal is it to give explicit expressions of various analytic and geomet-
ric quantities such as the construction of sub-Riemannian structures, heat kernels
and spectra of the corresponding sub-Laplacians, geodesics in the sub-Riemannian
and the singular Riemannian sense.

In §2, we recall the notion of a sub-Riemannian structure and we define
Grushin-type operators. A manifold together with a singular metric is introduced.
Important examples of this construction which will be treated in this text are the
Grushin plane (defined from a Heisenberg group) and the Grushin sphere (defined
from S3).

In §3, we discuss a relation between the bicharacteristic flows of a sub-Lapla-
cian and a Grushin-type operator (cf. Theorem 3.1). This gives us one basic method
for constructing geodesics on the Grushin plane and the Grushin sphere which are
given in §4.2 and §6. The former will serve as a model example.

In §4, we deal with a sub-Laplacian on the three-dimensional Heisenberg
group. We study related operators and their bicharacteristic curves as a typical
example. In §4.1, we start from the classical Grushin operator and we list all pos-
sible Grushin-type operators coming from the three-dimensional Heisenberg group
Hj3, although most of them are transformed into each other by a group automor-
phism of Hs. In §4.2 and applying Theorem 3.1 together with the isoperimetric
interpretation of sub-Riemannian geodesic on Hs via Stoke’s theorem, we deter-
mine geodesics (in the sense of the Grushin metric) connecting two points on the
Grushin plane and sitting on the singular set (see [AB-08]).

In §5, we define a sub-Laplacian on the space SL(2,R) of 2 x 2 real matrices
with determinant one. It naturally defines a Grushin-type metric on the Poincaré
upper half-plane and a related Grushin-type operator. In this case we have no
singular set, i.e., the Grushin-type operator is elliptic (note that it does not coincide
with the Laplacian). We discuss problems similar to those arising in case of the
three-dimensional Heisenberg group in section §4.2. However, we do not give a
precise descriptions of the geodesics for the Grushin upper half-plane. It is only
mentioned that they can be constructed from circles (in the Euclidean sense) on
the Poincaré upper half-plane through the correspondence between the geodesics
on SL(2,R) in the sub-Riemannian sense and its isoperimetric interpretation on
the Poincaré upper half-plane via Stoke’s theorem (see (5.7)).

In §6, we deal with the three-dimensional sphere S® equipped with a sub-Rie-
mannian structure. Through the Hopf fibration we define a Grushin-type operator
on S?. Geodesics on S? connecting two points on the singular set are constructed
in form of an explicit integral expression with respect to a singular metric. They
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arise as projections of a class of bicharacteristic curves of the Grushin-type op-
erator. Again our method uses an isoperimetric interpretation of sub-Riemannian
geodesics on S3 and the double fibration (Hopf fibration). The spectrum and an-
alytic continuation of the spectral zeta function of the sub-Laplacian for this case
was given in [BF3-08] (see also [Ba-05], [CC2-09)]).

In §7, we construct sub-Riemannian structures on S” based on the quater-
nionic structure on R®. Several operators related to a codimension 3 sub-Riemann-
ian structure on S7 in the strong sense are defined. Similar to the case of S3
and for defining a Grushin-type operator we use the Hopf bundle with the one-
dimensional quaternion projective line as a base space. However, we remark that
there are essential differences between the three- and seven-dimensional setting.
In particular, on S7 we have no elliptic operators corresponding to the horizontal
Laplacians defined in the S3-case. We show that a sub-Riemannian structure on
S3 x S3 (see Proposition 7.16) and an elliptic operator on the three-dimensional
ball (see Proposition 7.9) are induced from the sub-Laplacian on S”. The eigen-
value problems of sub-Laplacians on S7, $3 x S3 and an elliptic operator on the
three-dimensional ball with the Dirichlet boundary condition will be discussed
elsewhere. In [BF3-08] we have determined the spectrum of a sub-Laplacian on S7
corresponding to a codimension one sub-Riemannian structure and partly we have
discussed the analytic continuation of its spectral zeta function.

In §8, we explain the standard sub-Riemannian structure on nilpotent Lie
groups. As a typical 3-step case we specialize to such kind of structures and related
Grushin-type operators on the Engel group in §9. Solutions of the bicharacteristic
flow for a Grushin-type operator of step three are presented. However, it is not
clear whether we can construct the heat kernel of the sub-Laplacian on the Engel
group in an integral form by a method similar the 2-step nilpotent cases.

In §10, we explain the notion of free nilpotent Lie groups of step 2. They
can be considered as a universal type, since any 2-step nilpotent Lie group is
isomorphic to a quotient of such a group by a subgroup of the center. The heat
kernels for any 2-step nilpotent Lie groups are obtained via a fiber integration of
the heat kernel of a free nilpotent Lie group.

In §11, we give an explicit expression of the heat kernels for nilpotent Lie
groups (of 2-step) dimension less than 6 and of non-decomposable type and their
Grushin-type operators.

In §12 and §13, the heat kernel trace of a sub-Laplacian on a five- and six-
dimensional nilmanifold is calculated based on the data given in §11 and by fixing
typical lattices in the free nilpotent Lie group of dimension 5 and 6, respectively.
Although we provide the details of these calculations only for the five-dimensional
case, the method we employ is the Selberg trace formula calculation (see Appendix
D) and can be applied to the six-dimensional case, as well.

In the final section §14, we analyze the spectral zeta-function for the sub-
Laplacians on a five- and six-dimensional compact nilmanifold. We show that in
both cases these spectral zeta-functions are meromorphic on the complex plane
with only one simple pole on the positive real axis and we give explicit values of
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the corresponding residues (see Remark 15.1). This follows from the short time
asymptotic expansion of the corresponding heat kernel traces.

In particular, and similar to the case of elliptic operators on closed manifolds,
complex analyticity of the spectral zeta function in a zero-neighbourhood follows
and in a standard way the regularized determinants can be defined from the de-
rivative of the spectral zeta-function at s = 0. By different methods, it is possible
to calculate an integral form of the spectral zeta-functions above. This leads to an
expression of its derivative in s = 0 and therefore gives the zeta-regularized deter-
minant of the corresponding operators. The details will be given in a forthcoming
paper (see [BFI)]).

In the Appendices A-C, we sum up a general theorem for constructing a
fundamental solution of a degenerate parabolic equation by means of Weyl cal-
culus. This guarantees the existence of the heat kernel and it includes the class
of our sub-Laplacians (see [II1-79], [I12-81], [Mul-82]). Note that the existence of
the heat kernels also is guaranteed by the functional-analytic framework based on
the essentially self-adjointness of the sub-Laplacians on sub-Riemannian manifolds
with a metric that can be extended to a complete Riemannian metric, cf. [St-86].
In fact, all our cases satisfy this condition. Finally, in Appendix D we recall the
algebraic and geometric aspects of the Selberg trace formula.

2. Sub-Riemannian manifolds

First, we recall the notion of a sub-Riemannian structure. The book [M02-02] treats
various topics on sub-Riemannian geometry, starting from the basic definitions to
various geometric aspects. Also the recent books [CC1-09], [CC2-09], [CCFI-10]
and the present text deal with similar aspects. In particular, in the last refer-
ence the authors discuss the construction of heat kernels for various hypo-elliptic
operators by different methods.

Definition 2.1. A manifold M is called a sub-Riemannian manifold if its tangent
bundle T'(M) has a sub-bundle H such that all linear combinations of the vector
fields taking values in the sub-bundle H and a finite numbers of their Lie brackets
span the whole tangent space at each point. This property of the sub-bundle H
is called bracket generating. Usually we equip the sub-bundle with metric in a
suitable way.

A sub-bundle H having the bracket generating property is also called non-
holonomic and the number dim M — dim A gives the co-dimension of the sub-
Riemannian structure.

Remark 2.2.

1. If H is a non-holonomic sub-bundle, then any sub-bundle including # is also
non-holonomic.
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2. If there is no non-holonomic sub-bundle properly included in a non-holonomic
sub-bundle H, then we call the sub-Riemannian structure defined by this sub-
bundle minimal.

3. The minimal number plus one of the bracket order of vector fields with values
in a non-holonomic sub-bundle , which is needed to span the whole tangent
space, is called the step of the sub-Riemannian structure.

If we consider a manifold as configuration space of a physical system, then a
Riemannian structure means that any state can move to any direction, so that any
two states can be joined by a geodesic. However, if the system is sub-Riemannian,
classical states can move only along the curves whose tangent vectors are in the
given sub-bundle H (the horizontal directions). Even so, they might not be directly
joined by a geodesic, the bracket generating property allows them to be reached
from any state through another state. In fact, we have:

Theorem 2.3 (Chow’s Theorem [Ch-39]). Any two points on a sub-Riemannian
manifold can be joined by a piece-wise smooth horizontal curve.

As we discussed in the introduction, opposite to the sub-Riemannian struc-
ture, if a physical system is not sub-Riemannian, then we have an integrable sys-
tem (a foliation structure) which does not coincide with the whole tangent bundle.
Curves having tangent vectors in this integrable system remain in the connected
leaf. Hence a Chow type theorem does not hold.

In this paper we always require two additional conditions (A-1) and (A-2) of
the non-holonomic sub-bundle #.
(A-1) The sub-bundle is trivial as a vector bundle. Then we can take globally
defined and nowhere vanishing vector fields {X;}¢m*  which are linearly inde-
pendent at each point of the manifold M and satisfy the Hormander condition.
This guarantees that the second-order operator

dim H
> xix,
=1

is hypo-elliptic. (The adjoint operation * can be introduced by fixing a suitable
inner product on the function space C§°(M).) See [H61-67].

(A-2) There exists a volume form Qp on the manifold M such that the vector
fields {X;} trivializing the sub-bundle H are all skew-symmetric with respect to
Q]\/[.'

/ F(@)Xi(g)(@) () = — / Xi(F)@)g(x) Qe (x),  f. g€ (M),
M M

In this case we call this sub-Riemannian structure trivializable or sub-Rie-
mannian structure in a strong sense and the formally symmetric operator
dim H

Asub - Z Xi2
i=1
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is called the sub-Laplacian. Usually we equip the sub-bundle H with a metric in
such a way that the vector fields {X;} are orthonormal at each point.

Remark 2.4.

1. Under the assumption (A-1) we can construct a volume form in a natural way,
cf. [M02-02], [CCFI-10]. However, the existence of skew-symmetric vector
fields trivializing the non-holonomic sub-bundle can not be deduced. In the
examples we deal with in this paper, the volume form which we assume to
exist coincides with this natural form (apart from a constant).

2. Contact manifolds are typical sub-Riemannian manifolds, but rather rarely
they are trivializable.

Examples of manifolds which have a sub-Riemannian structure in the strong
sense are:

1. Nilpotent Lie groups,

Compact Lie groups,

Non-compact semi-simple Lie groups with a finite center,

Direct products of a semi-simple Lie group (compact or non-compact),

ST carries a sub-Riemannian structure in the strong sense of codimension

three and step 2, which is minimal.

6. All odd-dimensional spheres carry a contact structure. Based on the famous
result by Adams [Adm-62] we know that most of them are not in the strong
sense. Besides S and S7 which are trivializable the spheres S'°, $%3 and 3!
are the only candidates for carrying a sub-Riemannian structure in the strong
sense of codimension > 2.

We will discuss some aspects of the construction of such sub-Riemannian
structures on the seven-dimensional sphere S7 in §7 (see also [BF3-08]).

G oo

We do not explain the sub-Riemannian structure for all these examples in gen-
eral. Lie group cases are described in terms of the Lie algebra structure (nilpotency
or root space decompositions). So we have a left (or right) invariant sub-Riemanian
structure of step 2 and codimension one. As typical cases of the examples 1, 2 and
3 (nilpotent, compact simple and non-compact simple) we deal with the lowest-
dimensional cases (Heisenberg group, S® = SU(2) and SL(2,R)). The sphere S”
provides a typical case for example 4.

Under the assumptions (A-1) and (A-2) and an additional assumption (G-1)
below, we explain the notion of a Grushin-type operator.

Let a surjective map ¢: M — N be a submersion and assume that the non-
holonomic sub-bundle H defines a sub-Riemannian structure on M in the strong
sense. Also we assume that this non-holonomic sub-bundle is trivialized by vector
fields {X;}¢m % in such a way that each X; can be descended to the manifold N
by the map . This means that

(G-1) dpg (Xi) = degr (X;) if o(z) = ¢(a).

Then the vector fields {dp(X;)}EM ™ on the manifold N satisfy the bracket
generating property. In particular:
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Proposition 2.5. Let o be a proper map' and X; be skew-symmetric with respect
to a volume form Qur. Then dp(X;) is also skew-symmetric with respect to the
volume form . (Qnr).

Proof.
/dso(Xi)(f) 90+(Qr) /w de(X:)(f)) - ¢ (9) Qs
N M

= [ Xi(e ©*(9) Qum
M

:—/ & () - Xi(*(9)) Qur

M

- / o () - " (do(X1)(9)) Ut

- /f do(X:)(9) 0+ (Qr),  forge C(N). O

Remark 2.6. In case the fibers of the submersion ¢: M — N are not compact,
then we often have a volume form Qx on N and a (dim M — dim N)-form 6 on M
such that

0N (p*(QN) = Qun
and with respect to the volume form Qp the descended vector fields {dp(X;)} are
skew-symmetric (see examples in §4, §7 and §10). If the map ¢ is proper, then

there is a (dim M — dim N)-form 6 on M such that 6 A ¢* (. (Qr)) = Qs (at
least, if M and N both are orientable).

Definition 2.7. Under the assumptions (A-1), (A-2) and (G-1), we call the operator

G=— Z(dgo(X»)Q

on N a Grushin-type operator.

The operator G is hype-elliptic, since all brackets [X;, X,], [Xi, [X;, Xk, - .-
of the vector fields {X;} descend through the map . This means that the vector
fields{dp(X;)} satisfy the bracket generating property (= Hormander condition).
Assume that

(G-2) dimH = dim N,

and denote by S the subset on which the kernel of the differential dyp and the sub-
bundle H have a non-trivial intersection. It holds ¢ ~!(p(S)) = S and we assume
that N\¢(S) is open dense. In this case we introduce a Riemannian metric in N
in such a way that:

IThat is, the inverse image by ¢ of any compact set in N is compact.
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Definition 2.8. {dp(X;)}Em Y are orthonormal at each point in N\¢(S), and we
call the manifold NV with this Riemannian metric a singular Riemannian manifold
(in case S # ¢) and the set p(S) the singular set (or singular manifold if it is a
non-empty manifold).

Remark 2.9. The Laplacian with respect to the (singular) Riemannian metric
being described in Definition 2.8 above can be considered on the outside of the
possible singular set. In general, this Laplacian and the Grushin-type operator do
not coincide. However, their principal symbols always coincide. Hence the geodesics
with respect to the (singular) Riemannian metric are projections of bicharacteristic
curves of the Laplacian at least outside of the singular set. In particular, the
principal symbol of the Laplacian can be seen as a function defined on all the
cotangent bundle.

In sections §4 and §6, we construct geodesics connecting two points on the
singular set via an isoperimetric interpretation of sub-Riemannian geodesics to-
gether with Stoke’s theorem and a double fibration in particular examples.

3. Bicharacteristic flow of Grushin-type operator

We discuss a relation between the bicharacteristic flows of a sub-Laplacian and a
Grushin-type operator.

Let M be a sub-Riemannian manifold with a non-holonomic sub-bundle H
and nowhere vanishing vector fields {X;}$% % which trivialize H. Let p: M — N
be a surjective submersion such that the conditions (A-1), (A-2) and (G-1) with
respect to the vector fields { X;} are fulfilled. We denote the singular set by S C M,
if it is non-empty. Also we assume that dim N = dim H (= n) and that there are
volume forms Qp; on M, Qy on N and a ¢-form 6 (¢ = dim M — dim N) on M
such that 6 A ¢*(Qn) = Q. With respect to these volume forms Q,; and Qp
we assume that the vector fields X; and dp(X;), respectively, are skew-symmetric.
Since there exists no natural global map

T*(M) — T*(N)

making the diagram
T*(M) " M

I e
T*(N) /=~ N
commutative, there is no global correspondence between the bicharacteristic flows
of the sub-Laplacian

Asub — _ iXZQ
i=1
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on M and the Grushin-type operator

n

G=—Y (deo(x1)?

i=1
on N. So we consider each bi-characteristic curve locally:

Let € N and y € M such that ¢(y) = = and take local coordinates

(U;$1,$27 s 71'77,)
about a point x. Then by the implicit function theorem we can find local coordi-
nates
(W =U x V;l'h.%'g,. < IniYt, Y2, - '7y€)
(n 4+ ¢ = dim M) about the point y such that
QD(.’I,'171'27 e T Y1,Y2, - - 73/@) = (1’171'2, e Jmn)'
Let (¢, n) be the dual coordinates of (z,y) in W,
(@, y;:6m) «— Y &da; + Y nidy; € T*(W),
then
(,8) «— Y &idz; € T*(U).
are the dual coordinates in T*(U). Let L = {(z,4;£,0) € T*(W)} and L: L —
T*(U) be the map
L (2,y:6,0) = (2,6) € T(U).

Then £ should be understood as the composition

L:L=T*U)xV T U)xT*(V)2T*(UxYV)

and the diagram

projection
_—

()

UxV M LcT*UxV)
el Ik
U T*(U)

is commutative.

Theorem 3.1. Let {y(t)} be any local bicharacteristic curve of the Grushin-type
operator included in T*(U). Then there exists a bicharacteristic curve {3(t)} in L
such that L(7(t)) = v(t). There are many such curves, but if we choose the initial
condition ¥(0) = (v(0); &0, 0), then such a curve is unique. We call them lifts of
the curve {~v(t)}. So any local geodesic curve {g(t)} outside of ©(S) is the image
of a bicharacteristic curve of the sub-Laplacian in IL by the map pomy =y o L.

Remark 3.2. There exist geodesic curves (abnormal geodesic) in a sub-Riemannian
manifold which are not a projection of any bicharacteristic curve of a sub-Lapla-
cian. However, all geodesic curves in our examples will be such a projection. In
our cases and on the subset N\¢(S) it is enough to consider only this type of
curves, since the principal symbol of the Grushin-type operator and the metric



194 W. Bauer, K. Furutani and C. Iwasaki

tensor coincide according to the definition of the singular metric on N. It is de-
scribed in [Mo02-02] (p. 70) that, if a sub-Riemannian structure is fat, then any
sub-Riemannian geodesics come from a bicharacteristic curve of the sub-Laplacian.
Our examples below always satisfy the fatness condition and we will consider only
curves on the sub-Riemannian manifold induced from a bicharacteristic curve. See
[Mo1-94, LS-95] for the case of an abnormal geodesic.

Proof. We express the vector fields in local coordinates:

L

u B B
_ (K (k)
X, = Za; )(x)axi + ij (:L‘,y)ay_,
_ j=1 J
(k)
Za axz

Then the principal symbols of the sub-Laplacian and the Grushin-type operator
are given by

n

o(A%P) (2, g €,1) = Z(Za mZb (e )
k=1 i=1

n

o(G) Z(Zal k) ( ) ,

k=1 i=1

and the Hamilton vector fields with the Hamiltonian given by the principal symbols
of the sub-Laplacian and the Grushin-type operator are expressed in the local
coordinates by

Xy =3[ €+Zb ) - (0@)] 5.
> §+Zb o) (@) )

—~ Zn: [zn:(z ;") (2)& + bW (a, y)??j) (zf: (%j(g) (=) 773‘)} 0 ,

B=1 k=1 i=1 =1 j=1 Ys



Sub-Laplacian and Grushin-type Operators 195

n n k
7]
=Y [ X (X a®@e) ()],
a=1 k=1 i=1 Ta
S da; ) (x 9
_ (k) i
Z[Z(Z )(Z a5 e,

From these expressions, it is apparent that the vector field X, asuy cannot
be descended to T*(U), even locally, without some additional vanishing conditions
on the coefficients bj(k). The restriction of the Hamilton vector field X,(asuvy to L
is given by

n k

Xy (aowmy (2,43 €,0) = Z[i(Zaz"” ) (“a(k)(x))}aia

a=1 k=1 i=1

+

> [ (3ute) - (" e)

B=1 k=1 i=1 9ys

-S54 e

From this expression we see that the vector field X, acuwvy on L is tangential
to L and can be descended to T*(U) by the map £. The descended vector field
coincides with the Hamilton vector field &;(g). This implies that an integral curve
of the Hamilton vector field X, gy in T*(U) (i.e., a local bicharacteristic curve of
the Grushin operator in 7*(U)) has a unique lift to a bicharacteristic curve of the
sub-Laplacian when we fix the initial point (7(0);&p,0) in L. O

Y4

[e3

Remark 3.3. We consider two kinds of lifts of a curve in this article. One is in the
sense of the above theorem and another type is in the sense of a connection, i.e.,
horizontal lifts of a curve in the base space of a principal bundle and appears in
sections §4, §5 and §6.

Remark 3.4. Tt can be easily checked that in the proof of the above theorem we
only use the property (G-1) for the (local) correspondence of the bicharacteristic
curves. In this article we treat examples satisfying the conditions (A-1), (A-2),
(G-1) and often condition (G-2) which is needed to prove that the geodesics are
realized as the projection of bicharacteristic curves.

We restate the above theorem in an extended form. Let U be an open set

in N and assume that there exists a manifold F' and a diffeomorphism D: U X

F — ¢ 1(U) such that p o D = 7y = projection onto U. Then through the
identification

T*(U) x F C T*(U) x T*(F) = T*(U x F) {2

let F be the image of T*(U) x F in T* (¢~ *(U)).

T (¢~ 1)),
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Corollary 3.5. The Hamilton vector field X, aswvy restricted to a sub-manifold F
is tangential to F. It can be descended to T*(U) and dy (XJ(Asub)|]__> coincides

with the Hamilton vector field X, gy on T*(U). Hence bicharacteristic curves in F
are mapped to bicharacteristic curves in T*(U) of the Grushin-type operator G.

By Theorem 3.1, Corollary 3.5 and an isoperimetric interpretation of sub-
Riemannian geodesics through double fibrations, we can describe geodesics con-
necting two points on the image of the singular manifold ¢(S) in the case of M =
Heisenberg group and S3 (N = R? and S?).

4. Heisenberg group case

The classical Grushin operator is obtained in the way explained in the last sec-
tion. We deduce various Grushin-type operators by fixing subgroups in the three-
dimensional Heisenberg group Hjz. Geodesic curves on the Grushin plane con-
necting two singular points are determined via an isoperimetric interpretation of
sub-Riemannian geodesics on Hj (see [AB-08]) and a double fibration structure. In
these cases we can solve the Hamilton system of the bicharacteristic curves explic-
itly. As a model case it gives us a geometric aspect of sub-Riemannian geodesics
and a relation between singular geodesics defined by a Grushin operator in the
framework of a double fibration.

4.1. Grushin-type operators

Let H3 be the Heisenberg group of dimension three identified with R3, where the
product is given by the formula
R? x R® 3 < (x,9,2), (Z,7,2) > — (x,y,2) * (Z,7, 2)
=(@+3,y+72+Z2+ (27— gz)/2) € R3.
The left-invariant vector fields X, Y and Z are defined as

o y o o xd 0

_ Y = d Z= .
ox 20z’ (’9y+25z7 o 0z

The bracket relation [X,Y] = Z implies that the sub-bundle H spanned by {X, Y}
defines a left-invariant sub-Riemannian structure on Hsz with the sub-Riemannian
metric:

X =

<X, Y>=0 <X, X>=<Y,V>=1,
and we have a sub-Laplacian
, 9 ya\ [0  xd)\
Asub _ X2 Y2 — _ _
Hs (XZ+Y7) Jdx 20z dy + 20z)
which is symmetric with respect to the volume form
dz ANdy N dz.

Of course this volume form coincides with the Haar measure of the group Hs.
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Let Ny = {(07y, 0) | Yy € R} be the subgroup generated by Y and consider
the left coset space 7y, : Hs — Ny \Hjz which is realized as

7p : Hy 2R3 — Ny \H3 = R?
mu(@y,2) = (o) = (o2 + ).

The left-invariant vector fields X and Y are descended by the projection map
71, to vector fields

0 0
dﬂL(X):au, de’L(Y):UaU7
) 32 5 82
Grushin operator = G = — (6u2 +u 6v2> .

It is clear that this operator is symmetric with respect to the volume form du A dv
and we have 7} (du A dv) A dy = dx Ndz A dy, where dy is a left Ny-invariant one-
form on Hs. In this case, let S = {(0,y, 2) ’ y,z € R}. Then the subset 71 (S) on
which 71 (X) and 7. (Y’) are not linearly independent is given by {(0,v) | v € R},
i.e., it is the v-axis. On Ny \H3z =2 R? we define a singular metric gg by

o 0 g 0

g <9(6u76u) g(@u’@v)) (1 0 )
G = = 5 -
o 9 2 0 0 1
g(8v78u) g(awau) /U

We call the plane Ny \ H3 = R? with this singular metric the Grushin plane. Now,
we consider new coordinates on Hs,
tu
2
Then we have 7z, o D(¢t,u,v) = (u,v) which shows that we have a global splitting
of Hs compatible with the projection 7, as described in Corollary 3.5.

In these new coordinates (¢, u,v) and their dual coordinates (¢, w,v;d, a, 8) €
R3 x R3 = T* (H3)7 the principal symbol J(Aﬁf) of the sub-Laplacian is given by

U(A?Il;))(t, u,v; 8, , B) = o + (8 + up)?

and the Hamilton vector field X, (asuv) is expressed as

RwaQMWQW%d—@mv>EW2%- (4.1)

s, 0 0 5,
Xy (asuvy = O +(6+ uﬁ)at + 6+ uﬂ)uav —(0+ uB)Baa.

Let L be the following sub-manifold in 7" (H3),
L= {(t,u,v;0,a,B8) € R* x R*} C T*(H3). (4.2)
Then the restriction of the vector field X;(asuw) to L is given by

0 0 9, 0 5 0
Xy (asub) —aau—i-uﬂat—i—u 681) uf Do

Hence it can be descended to the space T*(Ny\ H3) = R? x R? by the map
(t,’l,h’l);0,0é,B) — (U,’U;O{,B). (43)
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The descended vector field is given by

0 9, 0 5 0

“ou T Bav up da’

and it coincides with the Hamilton vector field where the Hamiltonian is the prin-
cipal symbol of the Grushin operator ( = a2 + u2$?). In this case, all integral
curves of X;(g) come from the bicharacteristic curves of X Ag®) passing through

the sub-manifold L.

4.2. Isoperimetric interpretation and double fibration: Grushin plane case

We construct geodesic curves connecting two points on the singular set of the
Grushin plane Ny \ Hs.

Let Nz = {(0,0, 2) ‘ z € R} = the center of the Heisenberg group. Then the
vector fields X and Y can be descended to the quotient space mr: Hs — H3/Ny
and the resulting vector fields on 7r: Hy — H3/Nz 2 R?, (z,y,2) = 7r(z,y,2) =
(x,y), are
0
oy’

Hence, in this case the Grushin-type operator is just the Euclidean Laplacian and
there are no singular points. The metric we install on H3/Nz by assuming that
mr(X) and mR(Y") are orthonormal, is the standard Euclidean metric.

drr(X) = 56:13 and drgp(Y) =

Remark 4.1. Note that the left multiplication of the group Hj is isometric with
respect to this sub-Riemannian metric and induces the parallel displacement on
the plane.

The invariance of the two vector fields X and Y under the action of the
group Nz = {e'?}icr = {(0,0,t) | t € R} enables us to define a connection on
the principal bundle,

mr: Hy — Hs/{(0,0,1)} = R

with the horizontal subspace H = [{X,Y}]. With this connection, let

R > s (s) = (x(s),y(s),2(s)) € Hs,

i) = #(0) ) +ls) ) +2(0) ) €M
be a horizontal curve. It can be expressed as

(s) = @(s)X +§(s)Y,
and so
sy = 1)~ )

The curve {7} is realized as the lift of a curve {y(s) = (x(s),y(s))} in the base
space R? with the same length

2(s) = 2(0) + /0 §(0)2(0) — (0)y(0)do, |13 = [l = /0 Vi(0)? +5(6)2 de.

2
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Let us take any point (21, y1,21) € Hs and let {~(s) = (x(s), y(s))}se[O’ 1 be
a smooth curve with v(0) = (0,0) and (1) = (21, y1). We assume that it does not
intersect with the line segment ¢ = {(sz1,sy1) |0 < s < 1} and denote by D, the
domain in H3z/Nz = R? surrounded by the curve {7y(s)} and the line segment /.
Let {#(s) = (z(s),y(s),2(s))} be the horizontal lift of the curve {v(s)} with the

initial point 4(0) = (0,0, 0). Then we have

area(D,) = /D7 dx Ndy = ; /aD7 xdy — ydx (4.4)
_ [ as)ils) — y(s)i(s) " a(s)y(s) —y(s)i(s) ,
= /0 5 ds + /0 ds = z(1).

Hence we have:

Proposition 4.2. If we choose a suitable curve {~}, then area(D.), the area of the
domain D, can take any value. This implies that we can connect any point in Hs
with the point (0,0,0) by a smooth horizontal curve. Hence also any two points
can be joined by a smooth horizontal curve (see Remark 4.1).

Moreover, as a solution to the isoperimetric problem on the Euclidean plane
for a domain (like D,) with a fixed line segment as a part of the boundary, we
have:

Proposition 4.3. We can connect any two points po = (xo,Y0,20) and p1 =
(21,91, 21) in H3 by a smooth geodesic with respect to the sub-Riemannian metric.
That s, let a curve {(x(s),y(s))} connecting two points wr(po) and wr(p1) be a
half-circle with a suitable radius determined by the area (which coincides with the
value z1 — zg, see (4.4)). Then its lift to Hs is a geodesic with respect to the sub-
Riemannian metric connecting the two points pg and p1. In fact, it is a projection
onto the space Hs of a bicharacteristic curve of the sub-Laplacian and there exist
many such geodesics connecting two points.

Again take two points Ey = (0,0) and E; = (0,v1) (v1 > 0) on the singular
set 7.(S) = {(0,v)} = 7. ({(0,y,2) | y,z € R}) in the Grushin plane, where
we cannot define the Riemannian metric. However, assume that there exists a
bicharacteristic curve

{e(s) = (u(s),v(s);a(s), B(s)) }ogsgl
of the Grushin operator G = 88;2 +u? 8852 satisfying the conditions
u(0) =0, v(0) =0, and u(1l) =0, v(l) = vy,

which says that the curve {£(s) = (u(s),v(s))} is connecting two points Ey and
E;. So the curve {¢} outside of 7. (S) is a geodesic curve with respect to the
Grushin metric. The curve {c(s)} satisfies the equations

u(s) = a, v(s) = u?B, a(s) = —uf?, B(s)=0
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with the initial-boundary conditions
u(0) =0, u(l) =0, v(0) =0, v(l) = vy.

Note that a(0) and 3(0) are not determined uniquely. Now, let {é(s)} be a unique
lift of the curve {c(s)},

{e(s) = (t(s), u(s).v():0,a(s), B(5)) bor o
as a bicharacteristic curve of the sub-Laplacian on the Heisenberg group Hjs in the
subspace L = {t, u,v; 0, q B)} and starting from the initial point

(¢(0),u(0),v(0); 0,(0), 3(0)) = ((0,0,0; 0,(0),5(0)),

(see Theorem 3.1). Let {¥(s)} = {(d(Dil))*(&(s))} be expressed in the coordi-
nates (z,y, 25 &,7,7),

6s) = a() + ") ) =
and denote the curve {(x(s),y(s))} by {7(s)}. Then this curve {v(s)} must be a
(possibly iterated) circle or iterated circles + a sector of the circle (with the same
radius) starting from the point (2(0),y(0)) = (u(0),t(0)) = (0,0) and ending at
~v(1) = (2(1),y(1)) = (u(1),t(1)) = (0,¢(1)) (we can show this fact by solving the
bicharacteristic equation for the sub-Laplacian on Hj). Since #(s) = u(s)3(s) =
9(s), and especially £(0) = u(0)3(0) = $(0) = 0, (1) = u(1)B(1) = y(1) = 0, this
circle or a part of a circle intersects with the v-axis perpendicular at the points
(2(0),y(0)) = (0,0) and (x(1),y(1)) = (u(1),y(1)) = (0,v1). Therefore, the curve
{7(s)} is an iterated circle or an iterated circle + a half of the circle. There is the
relation

20 = o) =" = [ imet) = aorrar

1
= / v (xdy — ydx) = // dx N dy
2 Jop, D,

= {area of D,} x {number of the iteration of the curve} = vy,

where D, is a domain surrounded by a iterated circle {~(s)} (or in case of a iterated
circle + half of the circle, then by a line segment connecting (0,0) and (0,¢1)). It
determines the radius of the circle and gives a relation between v; and ¢(1) (for

example, ;ﬂ'(t(;) )2 = v1). Note that the integral of the one form zdy — ydz on the
line segment passing through the origin always vanishes. Here we state the inverse
procedure as a proposition:

Proposition 4.4. First we take circles in the (x,y)-Euclidean plane (=2 Hs/Ny)
which pass through the origin and are perpendicular to the y-axis at the origin.
These are solutions of the isoperimetric problem on the Fuclidean plane. Then we
determine the horizontal lifts of the circles starting from the point (0,0,0) with
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respect to the connection defined by the sub-bundle H = [{X,Y}] of the principal
bundle mp: Hy — H3/Nyz = R2. These lifts are geodesics with respect to the
sub-Riemannian metric and they are projections of bicharacteristic curves of the
sub-Laplacian. Next we take their projections to the Grushin plane (u,v) by the
map (z,y,2) = (u,v) = (z,2 + ). From this we obtain curves connecting (0,0)
and an arbitrary fixed point (0,v1) on the singular manifold wr(S) ( = v-axis) in
the Grushin plane explicitly. The resulting curves are geodesic curves outside of
the singular manifold S.

Following this procedure we determine such curves explicitly. So let
£(0 £(0
{7(5) = (z(s),y(s)) = (:1:( ) sin s, x( )(1 — cos TS)) }
T T 0<s<1

be a circle passing through the origin and being perpendicular to the y-axis at
the origin. Since the curves must be an iterated circle or an iterated circle + a
half-circle there are two cases:
(I) When ~(1) = (0,0), then 7 = 27wn with n € Z.
For each fixed n € Z, let

() = (o) wts) = (510

Then the lift {3(s) = (x(s),y(s),2(s))} to Hs is

. . o e
A(s) = (0) sin 2n7s, (0) (1 — cos 2nrs) #(0)*s  2(0)"sin2nms 7
2nm 2nm 2. 97 2. (2n7)?

sin 2n7s, #(0) (1 —cos 2nﬂ's)> .
2nm

since z(s) must be given by the integral
L[, .
25) = [ 9t~ ar)y(r)
0

Now, from z(1) = v(1) — “(1);(1) we have
_ #(0)
© 22w’
Hence, for each n € Z, we have the curves

{ch ()} = {(z2n<s), oan(s) + z2n<s>2y2n<s>>}

= {(u2n(s), v20(5)) } = { <i\/ e S0 275,01 (5 - Shﬁ?)) }

connecting the points (0,0) and (0,v;) on the singular manifold {(0,v)} in
the Grushin plane. Note that the curve

{7(s)} = {(z2n(5), y2n(s), 22n(s) }

is the projection of the bicharacteristic curves

(220 (5), Y2n(5), 22n(5); E2n (), M2n (5), T2n(5)),

U1

#(0) = £2/nmv;.
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where
Ton (S ) Ton (s
Eau(s) = (0) +00(5)- ) = 0) () 7y,
Ton (S
M2n(8) = N2n(0) + T2n(s) - ’ 2( )7 Ton(s) = 2nm
with 72, (0) = 92,(0) — an(O)QTM(O) = 0. In the coordinates (¢,u,v;d,«, 3),
it always holds
_ CUQn(O)Tgn(O)

5(0) = 120 (0) Y =0

and they stay in the sub-manifold L (see (4.2)). Hence the projection of
these bicharacteristic curves by the map (4.3) are bicharacteristic curves of
the Grushin operator (see Corollary 3.5).

(II) When ~(1) = (0,¢1) with ¢; > 0, then 7 = (2n + 1) with n € Z (the case
t1 < 0 can be treated the same way). The resulting curves {ca,4+1(s)} are
given by

2v ) sin2(2n + 1)7s

+ 1

=|+ 2 1 — .
Sn41(%) < \/(2n+ ) SiB@n o+ Lms, vy (S 2(2n + 1)7 ))

5. Sub-Riemannian structure on SL(2,R)

On the three-dimensional sphere we have three linearly independent vector fields
which trivialize the tangent bundle. Each pair among them defines a sub-Rieman-
nian structure, but they are all essentially the same. In case of the group SL(2,R)
we have three types of sub-Riemannian structures. In this section we treat one case
among them which leads to the Poincaré upper half-plane. We do not construct
the geodesics explicitly. This problem will be treated elsewhere together with the
study of two other sub-Riemannian structures, see [ABGR-09], [Ju-01].

5.1. A sub-Riemannian structure and Grushin-type operator

Let SL(2,R) denote the group of real 2 x 2-matrices with determinant 1 and let
s[(2,R) be its Lie algebra consisting of real 2 x 2-matrices with trace zero. We fix
a basis of s[(2,R) as follows:

1 0 0 1 0 1
o (b %) = (0 ) o (O D).
Then we have
[X,)Y]=2K, [X,K]=2Y, [Y,K]=-2X.

Put
p = [{X,Y}] = {subspace generated by X and Y} and ¢ = [{K}].
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Then we have a decomposition of
s[(2,R) = p+ ¢ (Cartan decomposition)
with the properties
ol =t [&p]=p [t € ={0}.
We denote the left-invariant vector fields by X.,Y, K, where X is given by

X)) = TICPO| e o (siem),

t=0

and so forth. At g = (i Z) € SL(2,R), these vector fields are expressed as

The relation [X,Y] = 2K indicates that the sub-bundle Hgy = {{fﬂ 17}} in the

tangent bundle T'(SL(2,R)) spanned by the vector fields X and Y defines a left-
invariant sub-Riemannian structure on SL(2,R). We assume that X and Y are
orthonormal at each point. The sub-Laplacian is expressed as

agp = (X2472)

_(y0 0 0 o (o 0 0 0N
N Ox yay ow 0z You oy ow 0z )
We also have a left-invariant one-form ¢ on SL(2,R),
1
Oc = 9 (wdz + zdy — zdw — ydz), (5.1)

which satisfies
Qc(X)ZO, 90(}7)20 and ec(K)Zl
and gives us a volume form gy, i.e.,
Qg =0c Ndic

never vanishes on SL(2,R). This is a Haar measure on SL(2,R) (left- and also
right-invariant) and with respect to this volume form left- (or right-) invariant
vector fields are always anti-symmetric. Set

cosf —sinf
K_{(sin9 cos@)}
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then we describe an identification of the right coset space SL(2,R)/K with the
upper half-plane,

H+:{a:u+\/71v€(C‘v>0},
in the following way: Consider the map 7g: SL(2,R) — H,

W ((a b))_a\/—l—i—b
f\\e d cv/—1+d
ac + bd 1

24 a2’ v 2+ d?’
which can be seen as the projection map to the space of right cosets by the sub-
group K,
SL(2,R) — SL(2,R)/K.
The right action Ry of an element A € K induces the action on the sub-bundle
Hsy, in the following way:

Proposition 5.1. [t holds
dRx(X) = cos20 X +sin20 Y,
dR\(Y) = —sin20 X + cos20 Y
for A= (080 —sin0) ¢ |,

sin@ cos 6

Proof. This is proved through the adjoint action of K on s[(2,R),
Ady(X) =AXA"! =cos20 X +5sin20Y
Ady(Y) =AY X\ = —sin20 X + cos26 Y. O

This proposition implies that the sub-bundle Hgy, in T(SL(2,R)) defines a
connection of the principal bundle

TRt SL(2,R) — SL(2,R)/K =~ H, .

Moreover, the right action Ry is orthogonal with respect to the metric in-
stalled in Hgy, so that we can descend the sub-Riemannian metric onto the base
space SL(2,R)/K = H,, as a Riemannian metric. The left action of SL(2,R) onto
itself also leaves invariant the sub-Riemannian metric and so its left action on the
space of right cosets SL(2,R)/K = H, leaves invariant the descended metric.
Hence we know that the descended metric is the metric with constant negative
curvature (= Poincaré metric) so that it has the form of a constant times the
metric

du? + dv®
02
The constant will be determined in (5.6) and we denote the upper half-plane with
this metric — identified with the right coset space SL(2,R)/K — by HE.

Next, we consider the principal bundle on the left cosets space by the sub-

group K,

(modulo constants).

7 SL(2,R) — K\SL(2,R).
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Again, we identify this space with the upper half-plane H, by the map

1
mig= (5 V) o= (0T ) e

z 22 4+ w?’ 2?2 + w?

Since the vector fields X and Y are left-invariant, we can descend them to the
plane H, by the map 7y,.

Proposition 5.2. At any point in SL(2,R), we have
Ker (drp) N Hsr, = {0}.

Pmof; This is proved by determining the descended vector fields dﬂL(X ) and
drp,(Y) explicitly,

- 0 0
drp(X) = _2u8u - 21)(%,
~ 0
_ 2_ 2 _
dr(Y) = (140" —u?) 5 2uvav.

The matrix
—2u —2v
1402 —u?2 —2uwv

is invertible for v > 0, which implies that the vector fields drp(X) and drz(Y)
are always linearly independent in the upper half-plane. (]

We define the metric in the upper half-plane by assuming that the two vectors

drr(X) and drp(Y) are orthonormal at every point. In this case we will denote
the left coset space K'\SL(2,R) with this Riemannian metric by H% and call it
the Grushin upper half-plane.

The metric tensor ¢ is given by

L ( o 0 ) L ( o ) 14u? u(v?—u?—1)
L <g Ou’ du 9 v’ Ou ) (14+v24u?)? 2v(14v24u?)?
g = - 2 2 2 2 2 2
L(d @ L(o @ _u?l1 4 o1
9 (8u78v) 9 (8v78v) u(v —u ) A g

2v(14+v24u?)? 402 (14+v2+u?2)
We call the operator

Gsr. = - ( (am(0)) "+ (ama))’)

a SL-Grushin operator. Although this is not the Laplacian with respect to this
metric g%, the principal symbol o(Gsz) of this operator coincides with that of the
Laplacian and is given by

o(Gsr)(u,v,&,m) = 4(ué + vn)2 + (1 +0*—u?)E— 2uvn)2 .
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5.2. Horizontal curves: SL(2,R)

Since the sub-Riemannian distribution H gy, defines also a connection on the prin-
cipal bundle

Tr: SL(2,R) — H = right coset space,

we can parametrize horizontal curves in SL(2,R) as lifts of curves in the base
space H f. In this section we describe these lifts. We only consider curves starting
from the point v/—1 = (0,1) € Hf and its lift starting from the point ().

Let ¥ = {3(t) }+cjo,1) be a smooth curve in SL(2,R). Then 7 is horizontal if

and only if
)\ _
Oc ( gt ) =0 (5.2)

everywhere, where

Oc = ; (wd:z: + zdy — xdw — ydz).

0= (0 1)

then the horizontality condition is expressed as:

So, when we write

Proposition 5.3.

wlt) dx(t) dy(t) dw(t) dz(t)

g AW g el vy, =0

If the curve 7 is horizontal, then the tangent vector dzgt) is expressed as

dy(t)  dx(t) < s, > N dy(t) (a) N dw(t) < s, > N dz(t) (8>
dt dt Ox A(8) dt dy 3() dt ow 20 dt 0z 20

=a(t)X 500+ B(t )Y ()
with two functions «(t) and SB(t). The functions a(t) and 5(t) satisfy:

Proposition 5.4.

a<t>=x()dz O —y() O w(r) WO 2(1) 450

(6 (e w(t) 02

_ e )y 5w R+ =)
O g T i s

Let S: Hff — SL(2,R) be the global section (i.e., it satisfies 7z 0 S = 1d)

defined by
S:u+v—1lv <\{” \/v> .

VI
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Then the curve 7 is written as

o (z@) oy u(t)//v(t) —/v(t)\ [cosf(t) —sind(t)
= <w(t) Z(t)) ; < 1/4/v(t) 0 sm9(t) cosO(t)
u(t) cos O(t \/’U sm 9 _u(t)sin (¢ \/’U COS 9

\/v(t) \/v (t)

- cos 0(t) ~ sinf(t) )
Vo) Vo)
where {(u(t),v(t))} is an arbitrary given smooth curve in H{ starting from the

point (0,1) € H f. Then we have an equation, after a somewhat lengthy calcula-
tion, satisfied by the function 0(t) (0(0) = 0):

Proposition 5.5.
ae() _ ")
dt 20(t)
If we take suitable functions u(t) and v(t) under the conditions
u(0) =0, v(0) =1, u(l) =wuy and v(1) =v; >0,

(where (uq,v1) is an arbitrary fixed point in HZ'), then it will be apparent that
the integral
1 du(t)

6(1) :/O 25&)(#

can assume an arbitrary value.

Corollary 5.6. Any two points in SL(2,R) can be joined with a smooth horizontal
curve (a strong version of Chow’s theorem).

If the curve ¥ is horizontal, we express the coefficients a(t) and S(¢) in terms
of the functions u(t) and v(¢) by making use of the formulas for a(t) and 8(t) and
the equation in Proposition 5.5,

"0 o eston) " s

aft) = 20(t) (sin® 0(t) — cos® O(t)) — o(t) sin 0(t) cos 0(t), (5.3)
O s earto) o

Bt) = 20(t) (sin® O(t) — cos® O(t)) + o(t) sin O(t) cos H(t). (5.4)

Therefore, the sub-Riemannian length ||¥| of the horizontal curve ¥ is given by
the integral

du(t) 4 dv(®) 2

171 = /\/a 2+ B(t)2dt = /\/ . (5.5)
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Now, we can determine the metric tensor on the right coset space SL(2,R)/K
~ HE,
o 9 9 0
gp(au’au) gp (Bv’au) ! 0
gp = ( ( — [ 4v? 1 . (56)

5.3. Isoperimetric interpretation: SL(2,R) — Upper half-plane

Let 7r be the one-form
du
4ov

on H f. Then it is easy to see that the two-form drgr coincides with the Riemannian

TR —

volume form 4i2 du A dv with respect to the Poincaré metric determined in (5.6).

Let v = {~(t) = (u(t)7v(t))}te[o,1] be a smooth curve in H with v(0) =
(0,1) and end point on the imaginary axis (1) = (0,v;). Consider a domain D,
in Hf surrounded by the curve v and a straight line £ = {£(t)}1<t<,, from (0,v1)
to (0,1) (with v; <1). Then the oriented area of the domain D, is given by:

area(D.) — /D drp = /a T (5.7)

N
1 1 1 1/t di;it) 0,

= 7*(TR)+/ E*(TR):/ "y*(TR): / dt = .
/o o1 0 2 Jo w(t) 2

Therefore the horizontal lift 7 of a curve ~,

B 1 0 _ T —\/’Ul SiIl91 7\/’01 C0891
0= (g §) wa sw= (00 - . ,
w1 21 cost/\/v1 —sinbi/\/v1
is a sub-Riemannian geodesic in SL(2,R) if and only if the curve v = {(u(t), v(t))}

is a minimizing curve of the isoperimetric problem under the conditions that the
oriented area [, dr is constant = 6, and v(0) = (0,1), y(1) = (0,v1).
v

If the end point (u1,v;) of the given curve v in H f is not on the imaginary
axis, then we reduce the problem by rotating the point onto the imaginary axis
by an element of the form

) (cosn sinn)l

sinn  cosm

We can consider the same problem again and obtain the solution via going
back by the element g(6)~!. Without going into details we mention that the isoperi-
metric problem of the Poincaré upper half-plane has also circles (in the sense of
Euclidean geometry) as solutions (see [Sa-42]). So it is possible to construct both
the geodesics on SL(2,R) with respect to the sub-Riemannian structure induced
from Hgy and the geodesics on the Grushin upper half-plane H f_
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6. The S® — P*(C) case

In this section, first we explain a sub-Riemannian structure on the three-dimen-
sional sphere S3 which is well known and studied in various contexts (cf. [CC1-09],
[BF3-08], and so on). Through the Hopf fibration we define a Grushin-type oper-
ator on the two-dimensional sphere S2. We call this operator a spherical Grushin
operator, and we define a singular metric on the two sphere (= P1(C)). We call the
two-dimensional sphere with such a singular metric the Grushin sphere and denote
it by Sé. Then we construct geodesic curves on the Grushin sphere connecting two
points located on the singular set by a method similar to the case of the Grushin
plane. In the previous paper [BF3-08] (see also [Ba-05]) we have studied the spec-
tral zeta-function of the sub-Laplacian on S3. This section is partly a continuation
of [BF3-08].
6.1. Spherical Grushin operator and Grushin sphere
Let H = {xol +x1i+x2j+ a3k ’ T; € IR} be the quaternion number field with the
standard basis {1 ij, k} Their multiplications are given as follows: 1i = i = i1,
13—3—31 1k k=kl,ij=k = —ji, jk =i= —kj, ki = j = —ik, i = —1,

=-1,k>=

We con51der the three sphere S® as

={wol +mi+mj+ask e H| > 2° =1},

which we regard as a Lie group with the multiplication coming from the product
law in H. The corresponding Lie algebra is given by

sp(l {hfx11+z23+x3k|zle]R}

with Lie brackets [h, b/ ] = hh' — I'h. Then left-invariant vector fields on S3 corre-
sponding to the element i, j and k are defined with ¢ € C°°(S3) by

Xi(@)(h) = Lo exp )],

dt
and so on. In global coordinates they can be expressed as
Xi= -1 0 + x0 0 + 23 0 ) 0
Oxq Oz Oxo Ox3’
X; = —xo 0 — I3 0 + 29 g —+ 1 0
J Oxg Oz Oxo Ox3’
Xk = —x3 + 2o 0 — T g + xg g .
Oxo 0x1 0xo O3

These 3 vector fields trivialize the tangent bundle 7°(S%). Since [Xk, Xi] = 2Xj,
we can consider a co-dimension one sub-Riemannian structure on S® in the strong
sense and of step 2, which is generated by the two vector fields { X, X }. We denote
it by Hs = [{Xi, X« }] and we write Ag‘éb = —X;>— X;? for the corresponding sub-
Laplacian. An inner product on Hg is defined as the restriction of the standard
inner product on the three sphere S3.
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In the next step we form the Hopf bundle with a connection. By considering
the orbit space of the right action Ry of A € {A =a+bj|a®>+b*> =1} 2 U(1) on
53 given by

Ry:83xU@1) = 83 (h,A\) = h-\
we have a principal bundle (Hopf bundle)
mr: S — PY(C).
The space P'(C) is realized in R? as 2-sphere with radius 1/2:

TR: S3 S h+— (ul,UQ,UQ,) S 52(1/2) = {Zuf = 1/4},
where
uy + vV —1lug = (2o — x2vV/—1) (21 + 237/ —1) = 2w,
uz = |z + xovV/ 112 = 1/2 = |2* — 1/2,
and we put z = g + x2v/—1, w = 21 + x3v/—1. The right actions R, (where
A=al+bj,a®+b*=1) on X; and Xy are given by
dR)(X;) = (a* — b*) X; + 2abX, (6.1)
dR)(Xx) = (a* — b*) Xy — 2abX;. (6.2)
They leave the subspace Hg invariant and therefore induce orthogonal actions on
Hs. Hence we know that the sub-bundle Hg defines not only a connection on the
principal bundle
TR: Sg — S2(1/2),
but also naturally gives a metric on the base space 82(1 /2)- This coincides with
the standard metric induced from R?. In order to define an operator on S?, which
we call a spherical Grushin operator, we consider the left action L) of the group
U(1l) = {\=a+bj ’ a? +b? =1} on 5%,
U(1) x 8% = 83 (A h) = XA-h = (a+bj)(zol + z1i + x2 + 23k)

and denote the projection map to the orbit space by 7z, : 5% — P!(C).

Both vector fields X; and Xy are Ly-action invariant and can be descended
to the base space P!(C) through the map 7. The base space again is realized as
a sphere of radius 1/2 in R? through the map

7mr: S% 3 xol + x1i+ x2j + x3k — (v1,v2,v3) € S(Ql/2),
v1 4+ vV =1 = (zg — 21V —1) (21 — 23V —1), v3 =22 + 23 —1/2.
The vector fields drp,(X;) and drr,(Xk) have the form

0 0
dﬂ'L(Xi) = —2un v + 2v3 57}1,

0 0
dﬂ'L(Xk) = —2v9 v + 2v3 8’[)2-

From these expressions we find:
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Proposition 6.1. Let S be the following sub-manifold in S>:
S= {(1‘01 4+ 211+ x2j + 1‘31{) | .1‘02 + $22 = 1/2 }

Then it always holds that dim Hs NT(S) =1 and so the vector fields drr,(X;) and
dr(Xx) are linearly dependent on 7 (S) = {(v1,v2,0) € 5(21/2)}.

We install a metric (denoted by ggs) on S? = 7.(S3) outside the sub-
manifold 71(S) = {(a,b,0) | a®> + b* = 1/4} in such a way that drp(X;) and
drp(Xk) are orthonormal. The two-sphere equipped with this metric is called
Grushin sphere and we denote it by S’é. The operator

Gs = —dr(X;)? — drp(Xk)?

is referred to as spherical Grushin operator. Let us describe this metric ggg in
terms of local coordinates,

Dp:C3z=x2+yV—1r— (v1,v2,v3) € S5 (6.3)
T Y 1—2?—y?
v = Vo = Va = .
! 14+ 22 +y2’ 2 1+ 22 +y2’ 3 2(1 + 22 4+ y?)

Then the metric tensor is given by

(w2+y2)2—2(w2—yz)+1 —dey
B ((m2+y2)271) ((z2+y2)271)
9as = —dxy ) (z2+y2)2+2(902*yz)+1
((ZL‘2+’U2)2—1) ((12+y2)2_1)

Here we provide an expression of the spherical Grushin operator in this co-
ordinates,

2
_gS: <1+2(582—y2)+(£v2+y2)2) 0

Ox?
0? 0? 5} 0
o2 2 2 2y2
+(1 2(z° —y) + (z +y))8y2+8myax6y+4x6w+4y6y' (6.4)

Also the spherical Grushin operator Gg is the restriction of

1 1
~4 Gs = 4 {drp(X:)? + drp(Xk)?}

0? 0? 0?
— 2 2 2
- (vl Tt ) 67}32 + s <6’Ul2 + (9’()22>
— 20 —v ? — v g — 2uv & — 2uov ”
3 (37}3 ! 6’()1 2 (37}2 s (37}1 (37}3 203 (37}2 (37}3

to the sphere Sé = {(vl,vg,vg) ’ v 2+ ve2 432 = 1/4}.
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6.2. Geodesics on the Grushin sphere

We construct geodesic curves on the Grushin sphere Sé connecting two points on
the singular set 71, (S) by the same method as in the Grushin plane case. To apply
Theorem 3.1 (and Corollary 3.5) we describe local trivializations Dy, and Dg of
the double fibration

3 2
S —— Sy

ﬂl
Sg.
Let Dy, : U(1) x C — S3 be defined by

SO 2) = (V1 g - A Az
Dr: () )—( L+ 1y)H<\/H|Z|2,\/H|Z|2>. (6.5)

Then
T Y 1 1
nr, o Dr(\ 2) = , , — =Dr(2).
zoDr(hz) <\/1+z2+y2 VIta?+y? /1+a? 42 2) 1)

Although we have the same (local) trivialization Dg: C x U(1) — S for the map
7R, we distinguish them through their compatibility with the U(1)-action and the
actions of the group {(a + jb) | a* +b® = 1} in the quaternion number field from
the right and the left. Then Dy (A, 2) = Dr(w, ) if and only if

w=\z and A= (6.6)

In the coordinates (e\/_1t7z) Pr, 83 the vector field X; and Xy are ex-

pressed as

B d 5 9 d

d d 9

Xy = — ) 2?1 .
K= g T2 H @y =) )

Hence the principal symbol U(A%‘éb) of the sub-Laplacian is given in terms of the
coordinates (t,7,y ; d,a,3) € T*(R x C) 2R x R? x R x R? by

20 (A (t 2,y 5 6,0, )
=(—ys+ (@ -y’ +1a+ 2xy5)2 + (— 26 — 2zya + (2?2 — % — 1)5)2.

Moreover, by the expression (6.4) of the spherical Grushin operator in terms
of the coordinates z = x + v/—1y in (6.3), the principal symbol o(Gg) is given by

20(Gs)(w,y; 0, ) = (1 +2(2% — y*) + (2 +3*)*)a”
+ (1 —2(2% —y*) + (2 + y2)2)52 + 8zyaf.
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So, our purpose is to find the solutions of the Hamilton system
i(s) = ((2* —y* + Do+ 22yp) (a* — y* + 1)
¥ (~2aya+ (&® — 4 — 1)B) (~2ay),
§(s) = (2 — y* + Da + 22y P3) (22y)
+ (2zya+ (2 —y* = 1)B) (¢ —y® - 1),
a(s) = —((2® — y* + Da + 2zy) (2za + 2yB)
— (—2zya + (2 — 9y — 1)B) (—2ya + 223),
B(s) = —((«* — y* + Da + 22y) (~2ya + 220)
+ (—2zya + (x? — 9y — 1)B) (2za + 2yB)
under the boundary conditions
z(0) =1, y(0)=0, z(1) =ai, y(1)=b1, a’+b>=1 (6.7)
(although «(0) and £(0) will not be determined uniquely), where a point E; =
a1 ++/—1b; on the singular set Dy, ! (WL(S)) = {a+ V—1b ‘ a?+b% = 1} is given
arbitrarily. We treat the case a; + b1/ —1 = eVl with 0 < € <.

Remark 6.2. Since the right action of the element a + bj (a? + b? = 1) is isometric
with respect to the sub-Riemannian metric (see (6.1) and (6.2)) and compatible
with the projection map 7y, it induces the rotation on 7 (S%) = S? along the
axis vs. So it is enough to consider the initial point to be z(0) = 1, y(0) = 0 or

D (x(0) + v=1y(0)) = DL(1) = (v1(0), v2(0),v3(0)) = (1/2,0,0).
If there exists such a curve
{e(s)} = {(z(s),y(s); als), B(s)) }
passing through the singular set Dy, - (7L(S)) at s =0, then we have:

Proposition 6.3.

Proof. From
i(s) = ((2® —y* + D)a+2zyB) (2° — y> + 1) + (—2zya + (2 — y* — 1)B)(—2zy),
and putting 22 + % = 1 we have
#(5) = (222 + 20yB) - 20%(~2ayr + (~24%)B) (~2ey) = dir(war + ).
To calculate ¢(0) note that in the same way it holds g(s) = dy(xa + yf). O

Assuming the existence of such a curve {¢(s)} we denote by

{e(s)} = { (V7 2(5). y(s) : 0,a(5). 8(s)) }
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the lift of the curve {c(s)} to T*(U(1) x C) which is included in the sub-manifold
L= {()\7 z,y; 0, a, B)} starting from the point

(1,1,0; 0,(0),8(0)) e L c T*(U(1) x C).

(We can assume that ¢(0) = 1, see Theorem 3.1 for the existence of the lift.) Note
that the solution §(s) of the equation

Do (Ab)
ot

is always zero if we choose the initial value of § to be 0, so it must stay in L. Let
{7(s)} be the image of the curve {¢(s)} by the projection 7,

()} = mr 0 DR o DL({e(s)}) = D ({721 - (a(s) + V-1y(s)) } ).
Then:

0

5(5) = —

Proposition 6.4.

d
ds

Proof. From
i(s) = (—ys + (2* — y* + )a + 22y8) (—v)
+ (fzé — 2y + (2% — % — 1)5) (fx)
= a((a? = y* + 1)(—y) + —2zy(—2)) + B(—22y> + (¢* —y* = 1)(-2)) =0

(72710 (a(s) +V=13(5)) ) (0) = 42(0)wex + ).

on Lg, with the condition x? + 4% = 1 and by Proposition 6.3, we have

d

(€770 (a(s) - V—1y())) (0)

= —2v/—1i(0) - (z(0) — v/=1y(0)) 4 &(0) — v/=15(0)
=2(0) = 42z(0)(za + ypf). O
If we return back on the sphere 8(21/2) in R? by the map Dr: C — 8(21/2),

then this means:

Corollary 6.5. The curve {y(s)} is perpendicular to the equator € = {(a,b,0) |
a? +b? =1/4}.

Since the sub-Riemannian structure Hg on S3 defines a connection on the
bundle g : S% — 5(21/2)7 we can prove:

Theorem 6.6 ([BF3-08]). Any horizontal curve on S is the lift of a curve in the
base space 5(21/2).



Sub-Laplacian and Grushin-type Operators 215

Also according to a classical theorem (F. Bernstein, 1905) we have:

Theorem 6.7. The solutions of the isoperimetric problem for loops (or the case
where a part of the loops is always a fized part of a big circle) on the two sphere
with the standard metric are given by circles (or a half-circle) and their horizontal
lifts are sub-Riemannian geodesics.

Now we describe the horizontal lift of a curve {{(s)} starting from the point
Py = (0,0,1/2) € 5?(1/2) by making use of the local trivialization of the bundle
TR: 53 — 52(1/2):

3 R CcxUQ)

- |

Sy —— C
Dr

s pw Dr
52 (\/1+le2’ \/1+|w|2) —— (w,p) €CxU(1)

wo | |

S%(12) 2 (1+7\ﬂw\27 1+\1w\2 - 5) <D— w=z+y/-1€C.
R

If a curve {{(s) = (w(s), u(s))} = {( () +v/~1y(s),eV 1))} in Cx U(1)
with (w(0), #(0)) = (0,1) and #(0) = 0 is the lift of {£(s)}, then it satisfies

L duls) Vel [(de(s) | dy(s)
\/_19(8)_u(s) ds 1+|w|2( ds yls) = ds x(s))

This can be seen as follows: Since the tangent vectors of the curve

{’DR s)} = {(wo(s s), z2(s), x3(s)) = o(s)1 + @1 (s)i + w2(s)j + w3(s)k},

where

1(s) M(S)w(s)
zo(s) + vV —1xa(s) = 1+ fo(s) and  z1(s) +V—1lws(s) = 1+ w(s)

are linear spans of the vector fields X; and Xy at any points Dg(/(s)), there exist
functions A(s) and B(s) such that

ds oz, = A(s)X; + B(s) Xk,

= A(s) (—xl(s) 8(3:0 + mo(s)ail + z3(s) 8(3:2 — x2(5) 8?@,)
+ B(s) <—x3(s)ai0 + x2(s) Ba - xl(s)a(; + zo(s) 0 > .

T1 6&63
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Then we have
do(s) + vV —1ia(s)
= —A(s)z1(s) — B(s)zs(s) + V-1 (A(s)z3(s) — B(s)z1(s)), (6.8)
i1 (s) + v/ —1is(s)
= A(s)zo(s) + B(s)z2(s) + V=1 (—A(s)z2(s) + B(s)zo(s)). (6.9)

If we put zo(s) + v/—1xa(s) = wo(s) and z1(s) + v/—1z3(s) = wi(s), then (6.8)
and (6.9) are rewritten as

wp(s) = —(A(s) + \/—1B(s))w1(s),
w1 (s) = (A(s) + V—=1B(s))wo(s).

Hence we have

o (8)wo(s) + wiw(s) =0, (6.10)
i i = His) and wi(s) = H(s)w(s) into the above
and by inserting wg(s) = 1+ w(s)? d wi(s) L+ w(s)? to the ab

equation (6.10), we obtain

Hence we have:

Proposition 6.8.
_V-10(s) _ IR AR A L
/’L(S) e exp{\/ /0 1 +SC2 +y2 (s
and the lift {0(s)} is given by

U(s) = (w(s), u(s))
= (g;(s) +V/=1y(s), exp {\/_1 /0 1 iyx; inydr}) '

By Corollary 6.5 and Theorem 6.7, it is enough for our purpose to consider a
circle in 5(21/2) = {(u1,u2,us) | uf+uj+ud = 1/4} that is the intersection with the
plane perpendicular to the (uy,us)-plane and passes through the points (1/2,0,0)
and Q = (q1,42,0), ¢ + g3 = 1/4. This circle {yq(s) = (u(s), us (s), us (s))} is
parametrized by

14+2¢ + (1 —2q1)coss
uf(s) = . , (6.11)

~ q2(1 —coss)
2 7

1— 2q; si
uf(s) = \/ qEms (6.13)

(6.12)

2 2
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According to Theorem 3.1:

Proposition 6.9. Let {Jg} be the horizontal lift of an iterated circle {yg} (or
an iterated circle + half of the circle) to S* with respect to the sub-Riemannian
structure Hg and take the projection wr,(Yq). Then it is a geodesic curve (it is a
projection of a bicharacteristic curve of the spherical Grushin operator) connecting
two points on the singular set w1 (S).

We describe the curve 7 (j¢q) explicitly. There are many geodesic curves
connecting two points Ey = (1/2,0,0) and By = (a1/2,b1/2,0) € 7.(S) C 53 (for
the sake of simplicity, we only consider the end point a; ++/—1b; = %e*\/* €1 with
0 < €1 < ). If they come from iterated circles + a half-circle in 52 (1 /9y = 7r(S?)
starting from Qo = (1/2,0,0) and being perpendicular to the (u1,us)-plane, then
the end point (p1,p2,0) of such circles must be located on the equator {(a, b,0) ’
a? +b* = 1/4} (see Corollary 6.5). So we only consider Ey as an end point (if it
is different from Ej similar arguments can be used). As it was noted in (6.6) the
end point satisfies

e V) Vala — g (6.14)

if the curve D, *(7g)} is expressed as

(D' Ge)} ={(e",2(5))},

and so we may assume that
€1

t =9

From (6.15) the explicit description of the curve mr(3¢) is given in several
steps.

(6.15)

Step 1: Description of the horizontal lift of the circle {~o(s)}.

We transform {y¢o(s)} to a circle {fyéj(s) = (fu?(s),ug(s),u?(s))} in 5(21/2) and

consider the loop {Dg _1(75)} in the complex plane, which we denote by {T'g}.
Then by Proposition 6.8 we can express the lift {T'o} of this loop {T'g} as follows:

Proposition 6.10.

Lq(s) = (w9(s), u%(s))
B —/1/2 = q1 -sins + /=1 2q; - sin*(s/2)
1+ 2¢; sin®(s/2) + cos?(s/2)

exp{\/—l o 1/2— 1 - /05 sin®(r/2) dr}) :

1+ 2¢; sin®(r/2) + cos?(r/2)

7

Proof. Since

Q
—1 — u
Dy (—ug,ud,uf)= | P, + V-1 2 o =a(s)+V-1y(s)
2 T U g T Uy
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by (6.11), (6.12) and (6.13) we have:

#(s)y(s) — 9(s)x(s) _ i (s)us(s) —1ia®(s)ug (s)
1+ a(s)? +y(s)? 1/2 + uf(s)

_ @V/1/2- qisin®(s/2) -
1+ 2¢; sin®(s/2) + cos?(s/2)

Step 2: We transform the curve {Dr(To)} by a transformation in H defined by
the left multiplication L(1+i)/\/2: h— 1\/+2i - h with the element 1\/-1-2i7

CxC —— H

TJ{ J{L(1+i)/\/2

CxC —— H,

(wo,wl) = (CCO —+ \/71562, xr1 + \/71173) i h = JC()]. +I11+I2j +CC3k

Tl lL(1+i)/\/2

o (w0 = wi, wo + wn) —— Lupyyve(h) = 1 +1)/vV2-h.
Proposition 6.11. Let Dr(w, ) = (wo,w1) and Dr(w, i) = \}2 (wo — wy,wo +
wy) = T'(wo,w1). Then

1-— 1
a w) and w = —|—w.
|1 — wl 1—w

Proof. We assume that w # 1. Then by comparison

1 p—pw o ptpw ) i Aw
V2 \ V14 w2’ /14 |w]? V1@ 1+ w2
the relation follows.

By Propositions 6.10 and 6.11, we put
Lq(s) = Dr ' (Ga(s) = (@(s), ils))-

Then by taking account the correspondence D;l o Dgr (see (6.6)) if we write
D, ' o Dr(1w(s), fis)) as (A(s), 2(s)), then the resulting curve is

_ ol w(s)
2(8) = 1~ w(s) (6.16)
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Step 3: Then the curve is given as:

Proposition 6.12.

o ) Lot
{r.(D;'(Gq))} = (\/1+ 2(s)[27 /1 + |2(s) ]2 2)

5 1—w? w4 w
- (“ 21 + |w|2>’2<1+|w|2>>’ (6.17)

where
2 s sin? (r
1 1-w = 672\/71.(12(\/1/27(11) IS 1120y sin2 o5 seos? (ry2) 7
21+ |wl?)
1 1 sin®(s/2) cos?(s/2) — v/—1 (5 + q1) sin®(s/2) cos(s/2)
X + —qQ .92 )
2 2 14+ 2¢ sin“(s/2) + cos?(s/2)
(6.18)

wtw \/1 B 1+ 2¢; sin?(s/2) 4 cos?(s/2) sins

21+ Juwf2) ~ V2 @ 2 2

is the curve we aimed to construct in wp(S%) = SZ.

The final form of the geodesic {7z (3¢(s))} is given by replacing the value ¢
in the above formulas (6.18) and (6.12) by ¢1(n) (see the notation in (6.20)) after
determining it according to the number of the iteration of the circle {yq}, which
is given in Proposition 6.14 below.

Following the procedure explained above we give the expression of the geo-
desics {ﬂ'L (D; 1(’yQ))} including the curves coming from iterations of this circle.
So, for each fixed n € N, let {75(s)}o<s<1 be an iterated circle

Y6(s) = (ui2 (2nms), us (2nms), qu (2n7s))

(or we consider 0 < s < 2n7), and we assume that the end point v (1) = 75(0)

of this iterated circle corresponds to Ey = (a1/2,b1/2,0) € 7(S) (e"V~le =

a1+b1v/—1,0 < €1 < 7or by < 0). According to the equality 0 < t,,(1) = G <m/2
we have

- ! mn(r)yn(r) - yn(r)mn (r)
tn(1) = d
o LFan(r)? +yn(r)?
2

1 .
2nm - sin” nar

=q-\1/2—q1 - dr. 6.19

@ V1/2-a /0 1 + 2q; sin® nor + cos? nar (6.19)

r

Let
ydx — xdy

2(1 + 22 + ¢2)

TR =
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be a one-form on C = R2. Then the volume form dg(z,y) on C with respect to the

metric induced by the Riemannian metric on 5(21 /2) through the map Dp coincides

with the two-form drg,

dy N\ dx

drr =d = .
TR R(muy) (1 + 72 + y2)2

Proposition 6.13. In case {{} is a loop, we have by Stokes theorem that

1
/ dTR:/ TR:/ f*(TR)7
De aDg 0

where Dy is the domain surrounded by the loop {{} (we assume that the loop {{}
has no self-intersection).

Now we take a circle {7¢} on the sphere 5% /5. Let D(g1) be the domain
in 5(21/2) surrounded by a circle {yg(s) }o<s<2r including the point (0, ug, uz) with
ug > 0. Since the area of the domain D(q;) is given by

area of the domain D(q1) = 2m(1/2)? (1 —V1/2+ q1) ,
we have:

Proposition 6.14.
t,(1) = /dTR = / (75)* (tr) = 2n - area of D(q1)

—2n - 27 (1/2)? (1 —Va + 1/2) - 621.

So

@ =q(n)= (1 - 2;17T>2 - ; (6.20)

Corollary 6.15. For 0 < € < w, we have the identity

1 1 1 2
2nm < - q(n)) \/ + q(n)/ SH; nr dr = €
2 2 o 14 2q(n)sin®nrr + cos? nwr 2

if g(n) = (1 - 2:171')2 - %

7. Quaternionic structure on R® and sub-Riemannian structures

It is standard to describe seven vector fields on S” based on the Octanion structure
on R®, which give the trivialization of the tangent bundle 7'(S7). Here we describe
vector fields based on the left and right quaternionic vector space structures of R®
similar to the S case. Then we can define sub-Riemannian structures on S7 in the
strong sense and of codimensions 3, 2 and 1. Correspondingly there is an operator
on the quaternion projective line P'H which is called a spherical Grushin operator.
We have another hypo-elliptic (and not elliptic) operator on P'H, corresponding
to the horizontal Laplacian in the case of S3.
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7.1. Vector fields on S7 and sub-Riemannian structures

As in §6, let H be the quaternion number field over R with the usual basis
{1 = eg,i = e;,j = ez, k = e3}. We identify R® with H & H = H? through
the correspondence

R® > = (20,...,23,Tqy...,2T7) <
(woeo + x1€e1 + xo€s + x3€3,T4€0 + T5€1 + Tges + 1‘763) = (hl, hg) cHoH

together with the standard Euclidean metric
1
<z y>r=, (hik1 + kihy + hoka + kohs), @ = (h1,h2), y = (k1 k2), (7.1)

where h =201 — ). z;e; is the quaternion conjugate of h = > x,;e; € H.
i=1,2,3
Let

o= (G o) 4= B) 2= 5) =0 5
be 2 x 2 quaternion matrices which act on H? as
Ag: H? 3 (hy, ho) — (ha, —h1),
Ay H? 5 (hy, h) — (ihy, —ihg),
Ag: H? 3 (hy, ho) — (jh1, —jh2),
Az: H? 3 (hy, hy) — (khi, —kho).
Also let Ay, As and Ag be left H-linear maps on H? defined as
Ay H? 3 (hy, ha) — (hai, hii),
As: H? 5 (hy, hy) — (hoj, hij),
Ag: H? 3 (hy, ha) — (hok, hik).

Then Ay is left and right H-linear and Ay, Ao, As are right H-linear, while
Ay, As, Ag are left H-linear. All maps are R-linear, anti-symmetric with respect
to the standard inner product (7.1) and satisfy the commutation relations

0<1,75<6, AZAJ + AJAZ = 725”'. (72)
We define seven vector fields X; on H? by:

d th A;F
Xi(sa)(hhhz):dt @ ; ol (h1,h2) i’
>0

where € C°°(H?). Identifying the tangent bundles T'(H?) = H? x H? and
T(s7) = {(h17h2;/€1,k2) € H? x H? ‘ |h|2 + |ho|? =1,

1
(b, ho), (ki k2))g = ) (haks + by + hoks + kaha) = o},
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these seven vector fields Xy, X1, ..., Xg are expressed as
Xo = (hlvhz;hm*h ) (hlahQaAO(hlahQ ;

h’ h’2;h’2i7 hll) = h17h27A4
hi,hoshaj, haj) = (ha, ho; As(ha, he
XG = (h1, hoi hok, hik) = (hi, ho; Ag(h1, ha)).
All of them are tangent to the sphere and mutually orthonormal at any point
on ST with respect to the standard Euclidean metric (-, -)p. So they trivialize the
tangent bundle of S7 (cf. [Adm-62]) and we also regard them as first-order skew-

symmetric differential operators with respect to the inner product defined by the
Riemannian volume form dS(x),

7
ds(z) = Z(—l)ixidxo Ao Adzi A Adar
i=0

3

)
=( ( ( )
= (h1, ha;jha, —jh2) = (h1, ha; Az(ha, ho)),
= (h1, ho; khy, —kho)= (h1, ho; As(h1, h2))
=( ( ( )
=( ( ( )

3

Here we recall:

Theorem 7.1 ([Adm-62]). Let n + 1 = 2974 x odd integer, 0 < a < 4, b> 0 and
put y(n) = 2%+ 8b — 1. Then the mazimal dimension of a trivial sub-bundle in

T(S™) is v(n).
In small dimensions these numbers are given as y(even) = 0, ¥
)

v(5) =1, 4(7) = 7,7(9) = 1, v(11) = 3, v(13) = 1, 7(15) = 8, 7(2
~(31) = 13.

@ = o

.y

Remark 7.2. In general, the realizations of v(n)-vector fields on S™ are given by a
Clifford module structure on R**!. According to Theorem 7.1 we know that the
spheres which possibly admit a sub-Riemannian structure in the strong sense are
83, 87, 815823 and S3'. Note that all odd-dimensional sphere have a contact
structure (see [BF3-08]).

Proposition 7.3. By the commutation relations (7.2) we have

e ) = o o (ST ) b,

Hence [X;, X;] corresponds to
[Xi7Xj] = (hl7 hg; 2AiAj(h1, hg)) fOI‘ 7 75 j
Now we prove:

Proposition 7.4 (cf. [BF3-08]). Let Cy,Cs,C5,Cy be any four among the seven
linear transformations {A;}$_,. Then for any x € ST the vectors C;(z), C;C;(z)
(0<i,j<4,i < j) span the tangent space T,(S7).



Sub-Laplacian and Grushin-type Operators 223

Proof. Let x € S7. For i # j, first we remark that C;C;(z) is tangent to the sphere
at x € S7, since

(CiCj(x), 2)p = — (Cj(x), Ci(v))g
= (z, C;Ci(2))g = — (z, C;Cj(T)) -

The five vectors {z, C1(z), C2(x), C3(x), Cy(x)} are linearly independent. If we
assume all the vectors C1C;(z) (i = 2,3, 4) are linearly dependent with {z, C(z),
Cs(x), C3(x), Cy(x)}, then the five-dimensional subspace spanned by {z, C1(z),
Cs(x), C3(x), Cy(x)} is Cy invariant, which leads to a contradiction, since Cy is
non-singular skew-symmetric. Hence there is at least one of C1Cj(x) (j = 2,3,4)
which is linearly independent with {z, Cy(z), C2(z), C3(x), C4(x)}. By reordering
we may assume it is C1Cq(x). Now, again we assume all the vectors C1C3(x),
C1C4(x), CoC5(x), C2Cy(x) are linearly dependent with the vectors {z, Cy(z),
Cs(x), Cs(x), Ca(x), C1Ca(x)}. Then the transformations Cy and Cy leave the
six-dimensional subspace spanned by {z, C1(z), Cz(x), C3(x), Cy(z), C1C2(x)}
invariant. Now by J. Adam’s Theorem 7.1 (see [Adm-62]) this also leads to a
contradiction. Hence there is at least one vector in {C1C3(x), C1Cy(z), CoCs(x),
C2Cy(x)} linearly independent with {z, C1(z), Ca(z), C3(x), Cu(z), C1Ca(x)}. If
it is C1 C3(x) or C1Cy(x), we may assume it is C1 Cs(x). If it is C2C5(x) or CoCy(x),
we reorder C7 to Cy and Cs to Cy and again we can assume that the seven vectors
{z, Ci(z), Ca(x), Cs(x), Ca(x), C1Ca(x), C1C5(x)} are linearly independent. If
C1Cy(x) is included in the seven-dimensional subspace spanned by these seven
vectors, then again we have a contradiction, since it must be invariant under
the anti-symmetric non-singular transformation C;. Hence at any point « € S”
the vectors {Cy(z), Ca(z), Cs(x), Cy(z), C1Ca(z), C1C3(x), C1Cy(x), C2C3(w),
C2Cy(x), C3Cy ()} span the tangent space T, (S7). O

From the previous proposition we know that there are sub-Riemannian struc-
tures in the strong sense on the seven-dimensional sphere, of codimension 3 and
of step 2. However, contrary to the three-dimensional case not all the 7 vector
fields are simultaneously left (or right) invariant under the action of the group
Sp(1), i.e., some of them are defined by the right-H linear transformation (so we
have left-Sp(1)-invariant vector fields) and some are defined by the left-H linear
transformations (hence we have right-Sp(1)-invariant vector fields).

In order to work with the Hopf bundle S” — HP! we consider a non-
holonomic sub-bundle, denoted by H4 and spanned by the vector fields Xg, Xy,
X5 and Xg (they all are left-Sp(1)-invariant). On this sub-bundle H4 we install
the metric as the restriction of the standard metric to S7, i.e., we assume that
the vector fields Xy, X4, X5 and Xg are mutually orthonormal at each point on
S7. Then H, gives a sub-Riemannian structure on S7, in the strong sense, of co-
dimension 3 and of step 2. Likewise we denote the sub-bundles spanned by H,4
and X; by Hs, and the one spanned by Hs and Xy by Hg. We always assume
that the metric on H; (i = 4,5,6) is the restriction of the standard metric on the
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sphere. Then by Proposition 7.4 above the order of the brackets needed to span
the tangent space is always 1.
The operators

AT =~ (Xo® + Xt + X? 4 Xo?),

AT = — (X0 + Xo® + X7 + Xo” + X17),

A?E;) = —(X02 + X42 + X52 + X62 + )(12 + X22)
are sub-Laplacians with respect to the sub-Riemannian structures H4, Hs and
Hg, respectively. Each sub-Laplacian is hypo-elliptic and positive symmetric with
respect to the Riemannian volume form dS(x). The sum of squares of all vector
fields

Agr = —(Xo® + Xa* + X5° + X6® + X1° + X% + X57)

gives the Laplace operator with respect to the standard metric.
7.2. Hopf fibration and a sub-Riemannian structure

Let R, be the right action of the symplectic group Sp(1) on S7,
Ry: ST (ha, ha) — (hag™', hag™"),

3
g=>) giei € Sp(1)={g M| gg=g" =1}.
1=0

Then we have:
Proposition 7.5. For g € Sp(1),
dRy(Xo) = Xo,
dRy(X4) = (90° + 917 — 92" — 95°) X4 + 2(g093 + 9192) X5 — 2(g0g2 — 9193) X,
dRy(X5) = 2(g192 — 90g3) Xa + (90> — 91° + g92° — 93°) X5 + 2(gog1 + 9293) X6
dRy(X6) = 2(gogz + 9193) Xa — 2(gog1 — 9293) X5 + (90 — g7 — 92° + 95°) Xe.
Proof. Let g =3 gie; € Sp(1), ¢g; € R. Then
gig™" = (90> + 1% — 2% — 93)i + 2(g0g5 + 9192)i — 2(gog2 — 9193)k
939" = 2(9192 — 9093)i + (90° — 91° + g2” — g5°)j + 2(9091 + g293)k
gkg ™" = 2(gog2 + 9193)i — 2(g0g1 — 9293)j + (90° — 91 — 92° + g5* k.
These give the desired formulas. O
Corollary 7.6. Let A = 26: X;2. Then we have

- 6 2 6
> (dRry(x0)) =S xi2,
i=4 =4

sub

i.e., the operator A and the sub-Laplacian A(4) are right-Sp(1)-invariant.
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The orbit space of the right-Sp(1)-action of R, on S7 (g € Sp(1)) is the one-
dimensional quaternion projective space P!(H) and we denote the resulting Hopf
bundle by 7z: ST — P(H). We identify P!(H) with the sphere S* of radius 1/2
through the map

ST — PYH) = S*,  (h1,hg) —
3 3
(|hl|2 -1/2, h1h2) € {(GO,Zyiei) | ao® + Zyﬁ = 1/4} C R x H.
i=0 i=0
Proposition 7.7. Let S be the following sub-manifold in S7:
S = {(h1,h2) € 8" | |h1]* = |ho|* = 1/2, hihy + hohy =0} (2 5% x S?).
Then S is right-Sp(1)-invariant and
Tr(S) = {(07y1i + i+ usk) = (0,0, 41,2, 93). | D vi® = 1/4}-
Moreover, the vector field Xq is tangent to S, that is, dwr(Xo) = 0.
Proof. Since the curve {e*40 - (hy, ho)} = {(costhy + sinthy, —sinth; + cosths)}
= {(h9(t),h3(t))} on S satisfies
R (HRY(t) — 1/2
=cos?t - |hy|* +costsint - hihy 4 sin?t - |hy|® 4 costsint - hohy — 1/2

=0,
and
hi(t)h3(t)
= —costsint|hy|* + cos®t - hyihy — sint - hohy + sint cost - |ha|?
= —costsint-1/2+ cos®t - hiha +sin?t - hihs + sint cost - 1/2 = hyha,
the curve {mr((h(t), hY()))} is constant. O

By Propositions 7.5, 7.7 and the fact that the action R, (g € Sp(1)) leaves
the sub-Riemannian metric invariant, the sub-bundle H,4 defines a connection on
the principal bundle 7 : ST\S — P(H)\7r(S) together with the Riemannian
metric on P'(H)\7x(S) in an obvious way. We denote the operator descended
from the sub-Laplacian A?Z;) on S* by D and the one descended from A by A.

They can be identified with the sub-Laplacian A?Z;) and A, respectively, acting on
functions invariant under the right-Sp(1)-action.

Proposition 7.8. Since drr(Xo) = 0 on S, the operator D is not elliptic, but
hypo-elliptic and positive symmetric with respect to the volume form (wr)«(dS(x)),
the fiber integral of the Riemannian volume form on ST, which coincides with
(the constant times) volume form on S* with respect to the standard Riemannian
metric.
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The action of the group {exptAp}ser is descended to P!(H) and the resulting
action is given by the transformation {¢°, }cr,

¢’ 513 (a07zyiei) —
(c052t~a0+sin2t~y0,(0052t~y0fsin2t~a0)1+y1i+y2j+y3k)
€ S* c R x R%.

Hence the orbit space can be identified with the three-dimensional closed ball with
radius % through the map

3 3
P'(H) = {(QOazyiei) ‘ ao® + |y|* = 1/2} 3 (GOazyiei) —
i=0 i=0

3
(y1,y2,y3) € B3(1/2) = {(yuyg,ya) | ny < 1/4} C R3.
i=1

Proposition 7.9. The restriction of A to the open subspace P*(H)\ 7r(S) is invari-
ant under the descended action {#°,} of {exptAg} so that it can be still descended
to the quotient space

(& N\ (P 30\TR(S)) = B(1/2),

and it is elliptic. It can be seen as an elliptic operator on the manifold B3(1/2)
with boundary S3.

7.3. Singular metric on S* and a spherical Grushin operator

In this subsection we consider the left action of the group Sp(1) on H?. Let P*(H) .,
be the quaternion projective line with respect to the left action

Ly: ST — S, (h1,h) = (gh1, gh2), g € Sp(1).
The resulting Hopf bundle is denoted by
mr: ST — PYH) = 54, (7.3)
70 873 (ki ho) — (|h1|> = 1/2,hihs) € R x H. (7.4)

Since Ag, A4, A5 and Ag commute with the left action Ly, g € Sp(1), the vector
fields Xg, X4, X5 and Xg are invariant under the action of L,. So we can descend
these vector fields to P!(H)y. Since the tangent bundle T'(PY(H)) =2 T(S*) is
non-trivial, the vector fields

{drp(Xo),drr(Xy),drr(X5),drr(Xe)}
are linearly dependent at some points. We describe them:
Proposition 7.10. Let £ be the sub-manifold in ST defined by
E={(h1,h2) € S| [m|* = |ha|* = 1/2} 2 5% x 5%,
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Then, the vector fields {drr(Xo),drr(X4),dnr,(X5),drr(Xe)} on PL(H)y are lin-
early dependent on the subspace

L(€) = {(O,m17x27x37x4) | fo = 1/2} = 8% c st
The operator

— (drp(X0)? + dr(X4)? + drp(X5)? 4 drp(X6)?)
is hypo-elliptic and symmetric with respect to the volume form (drr).(dS(x)) and
it is elliptic outside of wr(E).
Remark 7.11. The operator

— (drp(Xo)® + dmp(X4)? + dr(X5)? + drp(Xe)?)
is called a spherical Grushin operator on P(H) (cf. [BF1-08], [AB-08], [ABS-08]).

Proof. At each point (h1, hy) € ST the tangent vectors in the fiber of the projection
map 7, are linear combinations of the vectors {(hy,ha;eihi,e;ha)}s ;. So we
consider the equation

3 3

ag(ha, —h1) + Y ai(hoei, hie;) = Y bi(eih, eihs),

i=1 i=1

where ao,al,ag,ag,bl,bg,bg € R and hi1hy + hoho = 1. Setting

3 3
E a;e; = apgeo + a and b= E biei,
=0 =1

then the above equation can be rewritten as

aphs + hoa = bhy = ha(ag +a) and — aghy + hia = bha = —hi(ap — a).
If we have a non-zero solution b at a point (h1,he) € S” of the above equation,
then |h1|? = |ha|? = 1/2. Conversely, if (hi, ha) satlsﬁes |h1|? = 1/2 = |ha|?, we
have the equality Z a;e; = 2hs b hy for arbitrary b = Z b;e;, and on such points

=1

it follows that d1m 7—[4 NKer(drr) = 3. O

Now, we can install a Riemannian metric on P!(H) outside the subspace
71 (€) such that the vector fields dmp(X)o, drp(X)4, drp(X)s and drp(X)e are
orthonormal at each point of P*(H)\m.(€). The one-parameter transformation
groups {exptX;} generated by the vector field Xy, X4, X5, X¢ are given as follows:
exptXo(hi, he) = (cost ~hy +sint - ho,cost - ho —sint - hl),
exptXy(hi, he) = (cost - hy —‘y—Sint'hgi,COSt'h2+Sint'h1i)7
exp tX5 (h17 hg)
(h1,h2) =

exp tXG h17 hg

(cost -h1 +sint - haj,cost - hg +sint - hlj),
(cost -h1 +sint - hok, cost - hy + sint - hlk).
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So the vector fields drp (X;) are expressed through the identification

T(P'(H)) = T(S%)

= {(mo,m;ama) ERXxHxRxH |+ |z]* =1/2, zoao + ; (xa + ax) = 0}
as follows:

Proposition 7.12.

drp(Xo) = ([h1]> = 1/2, hiho; hihy + hoha, |ho|* — |hy ),

d7TL(X4) = (|h1|2 — 1/2,h1h2;h2ih1 — hlihQ, (|h1|2 — |h2 1),

drp(Xs) = (|ha|* = 1/2, hiha; hojha — hajha, (Iha|* — [h2]*)j),
)

drr(Xe) = (|h1]> = 1/2, hiho; hokhy — hikhsa, (Jhi > — |ho|?)k).

7.4. Sub-Riemannian structure on a hypersurface in S7

In the preceding subsections §7.2 and §7.3 we have defined two operators, D which
is similar to the horizontal Laplacian in the three-dimensional sphere case and
a Grushin type operator on P!(H) = S based on the Hopf bundle via the left
action of Sp(1) (also similar to the case of S3, cf. [BF3-08]). However, the horizontal
Laplacian is not elliptic in this case. In this subsection we show that if we restrict
the sub-Riemannian structure to a hypersurface in S” we obtain an elliptic operator
on S3.
Let M be a hypersurface in S7,

MZ{ (h1,h2) 657‘h1h2+h2h1:0}253><53.

Proposition 7.13.

1. The vector fields X4, X5 and Xg are tangent to the sub-manifold M.
2. The sub-manifold M is Sp(1)-invariant from both sides.

Proof. 1. Since the one-parameter transformation group generated by the vector
fields X; (i =4,5,6) is given by

(h1,ho) — (h1 cost + hoe;sint, hie;sint + ho cos t),
we have in case of h1hg + hohi = 0:
(h1 cost + hoe;sin t) (hlei sint + hs cos t)
+ (hlei sint + hs cos t) (h1 cost + hoe; sin t) =0.
2. Direct calculation. O
According to Proposition 7.13 we consider the restriction of the Hopf bundle
TR M — mr(M) = { (|h1]® — 1/2,p11 + yoj + ysk) } = 5°.

The three commutators

[Xa, X5], [X4, Xe], [Xs5, Xe]
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form a basis of the canonical vector fields defined by the right action of the struc-
ture group Sp(1). Together with Proposition 7.5 we have:

Proposition 7.14. The sub-bundle spanned by the vector fields X4, X5 and Xg de-
fines a sub-Riemannian structure on M in the strong sense, i.e., trivial, step 2, and
minimal. Moreover, this sub-bundle defines a connection on the principal bundle
mr: M — S% = mr(M) and we can install a Riemannian metric on tr(M) = S3
m an obvious way, which coincides with the standard metric.

Proof. We show that the installed metric on mr(M) = S? coincides with the
standard metric. It is enough to show that the vectors dmr(Xy4), drr(X5) and
drr(Xe) are always orthonormal with respect to the Euclidean inner product in
R x H = R®.
For i = 1,2,3 and by differentiating the curves
TR (exp tXi+3ei)
= (|h1 cost + hoe;sint|? — 1/2, (hycost + hye;sint)(—hye;sint + hy cos t))
we have
dﬂ'R(Xi)
= (|h1|2 — 1/2, hlhg; hgeihl — hleihg, hQGihQ — hleihl) eR x H xR x H.
So, for i =1,2,3,
|d7TR(Xi+3)|2
= (hgeihl — hleihg)Q — (hgeihg — hleih1)2
= hgeihlhgeihl + 2|h1|2|h2|2 + hleihghleihg
+ hoe;hohyieihy + [hi|* + |ho|* + hieihy + hoeihy = (|h|* + |h2|2)2 -1
Next, for i # j,
(drR(X3+4), dm(Xs45))g
1
= 9 (hgeihlhgejhl — |h1|2h2eiejh2 — |h2|2h1eiejh1 + hleihghlejhg
+ hgejhlhgeihl — |h1|2h2eieih2 — |h2|2h1ejeih1 + hlethhleihQ)
1
+ 9 (hgeihghle]‘fn — |h2|2h2eiejh2 — |h1|2h1eiejh1
+ hleihlhgejhg + hgejhghleihl — |h2|2h2ejeih2
— |h1|2h1ejeih1 + hlejhlhgeihg) = 07
where we used the relation hiho + hohy = 0 = hiho + haoh;. O

We denote by Hjas the sub-bundle spanned by X4, X5 and Xg. It is natural
not only to define a metric on the sub-bundle H,;, but also to define a Riemannian
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metric on M such that the sub-bundle H s and the kernel Ker(dng) of the projec-
tion map wg are orthogonal. We install a metric by assuming that the generators
1/2 X4, X5, 1/2[ X4, X6] and 1/2[X5, Xg] are orthonormal at each point.

Proposition 7.15. This metric coincides with the induced metric from the standard
metric on the sphere S”.

Proof. Let F; (i = 1,2, 3) be the tangent vectors defined by the right multiplication
of the generators i, j, k of the Lie algebra sp(1). These are expressed as

F; = (hy, ho; hie;, hoe;), |Fi| =1 at any point in 87, i=1,2,3
Fy =1/2(X5,Xg], Fo=1/2[X¢, X4], F5=1/2[X4, X5).

On the subspace M, these vectors and X; (i = 4,5, 6) are orthogonal and each has
length 1. More precisely, all X; and Fj are orthogonal at any point on S7 for i # j
and on M,

<X3+i7 Fl>]R =2 (hlhg + hghl) =0, :=1,2,3. ]

Then, with respect to the Riemannian volume form on M corresponding to
this metric (which is denoted by dVir), we have:

Proposition 7.16. The sub-Laplacian Aj‘}[b
Asub _ —(X42 +X52 +X62)

on M (which is the restriction of the operator A onto M) is positive, symmetric and
hypo-elliptic. By Corollary 7.6, the operator Aj‘}b restricted to the space consisting
of functions invariant under the right action of Sp(1) (we denote it by L) can be
considered as an elliptic operator on wr(M) = S3. It is positive and symmetric

with respect to the volume form (wg)«(dVar).

Remark 7.17. To define a volume form on M it is not necessary to introduce a
Riemannian metric on M. We also can use a method explained in [ABGR-09]
(see also [M02-02, CCFI-10)). Let p: Hy @ Har — T (M) /H s be the bundle map
defined in an obvious way. Then p is surjective by assuming a sub-Riemannian
structure. Now, we can introduce an inner product on T'(M)/H s by identifying it
with the orthogonal complement of the kernel Ker(p). Then we have a well-defined

volume form on M. This volume form is (1/4\/2)3 dVas.
Let I, (g € Sp(1)) be the action of Sp(1) on H? defined by

Iy (hi,he) — (ghig™", ghag™").

Then M is invariant under this action and this action can be descended to the
base manifold 7z (M). The descended action is given by

Iy 8% = S Ig(a,yii+ yaj + ysk) = (@, g(yai+ y2j + ysk)g ™).
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Proposition 7.18. Let g € Sp(1). Then
dIy(X4) = (90> + 1% — 92° — 95°) X4 + 2(g095 + 9192) X5 — 2(9092 — 9193) Xe.
dly(X5) = 2(9192 — 9093) Xa + (90° — 917 + 92° — 93%) X5 + 2(9091 + 9293) X,
dly(Xe) = 2(g092 + 9193) X4 — 2(90g1 — 9293) X5 + (90> — g7 — 92° + 95°) Xe.
Proof. This is proved similarly to Proposition 7.5. 0

Corollary 7.19. Since the descended action I, is in SO(3), the operator L on S*
={(a,y) eRxH|y+y=0, |a]>+|y]* =1/2 } is a-axis rotation invariant.

8. Sub-Riemannian structure on nilpotent Lie groups

Let g be a real nilpotent Lie algebra of step N. This means that the derived sub-
algebra gy = {0} at step N > 1. Here go = g and gy is defined inductively by
gk = [0, 0k—1] (N = 1 means that g is just a vector space). We denote by G the
connected and simply connected nilpotent Lie group with the Lie algebra g. G can
be identified with the algebra g itself as a manifold through the exponential map

exp: g — G.

Let {Xl}ld:i1 9/81 e linearly independent elements in a complement of the first

derived algebra g; and denote by {XZ}?;IT 8/81 the left-invariant vector fields de-
fined by

~ d
Xi(f)(g) = 4, f(g-exp tXy) .

Then the sub-bundle spanned by {X;} (= G xRdmo-dime1) defines a left-invariant,
minimal sub-Riemannian structure on the group G in the strong sense and of step
N. For the rest of this article, our concern is a sub-Riemannian structure of this
type on nilpotent Lie groups together with the induced sub-Riemannian structure
on their quotient spaces. According to the classification of low-dimensional nilpo-
tent Lie algebras (dim g < 7, see [Mag-86], [Se-93]), we have only a finite number
of non-isomorphic nilpotent Lie algebras. So, one of our aims is to construct heat
kernels in an explicit form for all such cases and with respect to the sub-Laplacian

geG, feC™Q).

dimg/g1
sub __ v 2
A= Y X,
i=1

on GG. We plan to determine the spectrum of Laplacians and sub-Laplacians and
related spectral invariants on all their compact nilmanifolds (= I'\G, T is a lattice),
in cases they have a lattice (= a uniform discrete subgroup). Unfortunately, unless
the step is less than 3, no one has been successful constructing a heat kernel in an
explicit integral form. It is even unknown in case of the so-called Engel group &,
which forms the 3-step nilpotent Lie group of minimal dimension 4.

However, for 2-step nilpotent Lie groups, the heat kernels of any (left) invari-
ant sub-Laplacian and the Laplacian Ag (= A% — 3" Z2, {Z;,} is a basis of g;)



232 W. Bauer, K. Furutani and C. Iwasaki

have been constructed in various ways ([Hu-76], [Ga-77], [BGG1-96], [BGG2-00],
[BGG3-97], [KI-97], etc). In particular, a method developed in [BGG1-96] (also
[BGG2-00]), the so-called complex Hamilton-Jacobi method, enables us to express
the heat kernels of sub-Laplacians and Laplacians for every two-step nilpotent
Lie group in form of a fiber integration on the characteristic variety of the sub-
Laplacian (understood as the dual of the center of the Lie algebra). According to
this method heat kernels are expressed in the following form:

Let n = dimg/g: and d = dimg; and {X;}7_; be linearly independent ele-
ments. Then the heat kernel of the sub-Laplacian As"? = — 3~ X2 has the form

1 _ Alg,T)
(27Tt)d+n/2/ze v V(r)dr, (8.1)

where Y denotes the characteristic variety of the sub-Laplacian
L={0eT*(G)|0(X;)=0,i=1,...,n}.

The function A = A(g,7) € C*(X) is called a complex action function and V =
V(7) is called a volume form. The heat kernel of the Laplacian has a similar
form including the same volume form and a complex action function including a
quadratic term which comes from the center of the Lie algebra. In Sections §10, §12,
§13 and based on this integral expression of the heat kernel for a five-dimensional
and a six-dimensional 2-step nilpotent Lie group we determine the spectrum of
their compact nilmanifolds with respect to a typical lattice.

It would be interesting to determine the lattice from the spectral data of the
sub-Laplacian like the inverse spectral problem in the Riemannian cases.

9. Engel group and Grushin-type operators

In this section we describe Grushin-type operators defined by various subgroups of
the Engel group. Then we construct an action function for a 3-step Grushin-type
operator.

9.1. Engel group and their subgroups

Let ¢4 be a nilpotent Lie algebra of dimension 4 with generators {X,Y, W, Z} such
that the bracket relations are given by

[X,Y]=W, [X,W]=Z all others are zero.
Under the identification through the exponential map exp: ¢4 — &4, the group law
is given by
54 X 84 > ((‘Ta Yy, w, Z)? (ja gv U~}7 2)) —

5 5 Ty —yx . ITwW — wT 1 . 5
sy Fgwtat T T 2k EE +12(zfz)(xy—yz),
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where we used the Campbell-Hausdorff formula for the three-step nilpotent Lie
group case,

1 1
exp A -exp B = exp (A+B+ 2[A,B]+ 12[14—3, [A,B]]).

The left-invariant vector fields X and Y are given by
aiy(’? (wixy)ﬁ }778+x87x26
ox 20w 0z’ S0y 20w 120z
Obviously, these vector fields are skew-symmetric with respect to the Haar measure
dx A dy A dw A dz. We consider the three subgroups (i) Nx = {tX }er, (ii) Ny =
{tY }ier and (iil) Ny w = {sY +tW}; 1er, which give us higher-step Grushin-type
operators.

(i) Let

X:

po: E4 =ZRY — Nx\&; = left cosets space = R?

Ty Tw 7Yy
917 o T 6) (o, B,7).

Then this map pg, together with a map Dy: Nx x Nx\E4 — &, such that

PO(%ZJ; w, Z) = <y7w

ta tp  ta
Do(t =t
0(7OZ757'7) (,O{,B+ 2a’y+ ) + 12))

gives us a trivialization of the bundle pg: & — Nx\&s. The Haar measure is
decomposed into

dt/\(da/\dﬁ/\dv):dx/\dy/\dw/\dz.

The vector fields descended by the maps dpo(X) and dpo(Y) are given by
5 9 9 5

dpo(X) = — — dpo(Y) =

po(X) 95 587’ po(¥Y) = o

and one can check that these two vector fields are skew-symmetric with respect to
the volume element da A df A dy on the quotient space Nx\&4. In this case the
Grushin-type operator Gy is given by

* (.0 2
and this is also step 2, i.e., we need the bracket operation twice to generate all the
vector fields on R? = Nx\&;.

(i) Let p1: & 2 R* — R3 = Ny \&; be the map

x x
Pl(%%waz):(%w‘F 2yvz_ 12y> ( 57)
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Then we have a trivialization of the principal bundle p1: &4 — Ny \&4,
Di: Ny XR?) —>(€47

ta ta?
,Dl(taaaﬂa’}/) = <O[7t76 ) 7/7+ 12 > .

The vector fields dp; (X) and dp;(Y) are given by

dp1(X) = 8(?1 - g;ﬁw dp1(Y) = aa@ﬂ_
The volume form dx A dy A dw A dz is decomposed as dt A p; (da A dB A dy) with
a left Ny-action-invariant one form dt. The descended vector fields dp;(X) and
dp1(Y) are skew-symmetric with respect to the volume form da A dB A dy on
Ny \&4. The Grushin-type operator is given by

2
o2 0? (9 BO .
0p? o 20y
(111) Let pP3: &4 = R* — N{Y,W}\EAL =~ R? be
2
p3(x7yawaz): xvz+xw+yz .
2 6
Then together with the decomposition
Ds: Niywy X (Niywy\&1) 2 R? x R? — & = RY,
su tu  su?
D t = t— —
3(57 ,’LL,’U) (U,S, 2,’0 9 + 12)7
we have a trivialization of the principal bundle
p3: €4 = Nyy,wy\Es
The left-invariant vector fields X and Y can be descended to the base space
Nyy,wy\&1 by the map p3. The resulting vector fields are given by

~ 0 - u? 0
dps(X) = ou’ dps(Y') = 2 Ov’

and the Grushin-type operator in this case is expressed as

0? ut 92

ou? 4 Ov?’
If we perform a Fourier transform with respect to the variable v, then this operator
can be seen as the quartic oscillator with a parameter n which is the dual variable
of v,

d2

du?
In the next subsection we construct a real action function (see §8) for the quartic
oscillator (9.1).

+n? - ut (9.1)
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9.2. Solution of a Hamilton-Jacobi equation

In the complex Hamilton-Jacobi theory (see [BGG1-96], [BGG2-00]), the action
function is constructed by solving a Hamilton system with the Hamiltonian be-
ing the principal symbol of the sub-Laplacian under initial and mixed boundary
conditions with complex parameter in the direction of the dual variables of the
center.

Although even for the one-dimensional quartic oscillator we have no heat
kernel in explicit form, in this subsection we show the unique existence of the
real action function for a Grushin-type operator under the two-points boundary
condition. The solutions are described in terms of elliptic functions (see [FI-06]).

Let H" = H"(z,€) = 5 (£€2 — #*n?) be the Hamiltonian of the quartic oscil-

lator ,
0= ; (‘di? - ’7%4)
(n € R is considered as a parameter) and consider the Hamiltonian system
= PO ¢ gy OO
with the boundary condition
x(0) =z, 2a(t) ==z
(zo, z and t # 0 are taken arbitrary). The system reduces to a single non-linear
equation
& = 2x3n? (9.2)
with the boundary condition
xz(0) =z, x(t) =z

It is enough to consider cases different from zp = 0 = z, since for the latter we
have the trivial solution z(s) = 0. Then, by the transformations s — ¢ — s and
x(s) — —x(s), it suffices to consider the following two cases for the boundary data
with ¢ > 0:

(I) 9 <0< x,
(H) 0<zg <.

We describe the solution.

(I) Let 90 <0 < . Let E > 0 and the function h(y, E') be
Y du
o NJuln? + E

Then, for each fixed y, the function h(y, E) is monotone as a function of £ > 0
and, for each fixed x > 0 > x¢, it takes values from 0 to co when F moves from

h(y, E) =
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FIGURE 1. &2 = n?2* + E with E > 0. Cases (I) and (II-1).

oo to 0. So let E = E(xg,x,t;n) be the unique constant such that
* du
=t>0
z0 Vutn? + E
for the given value ¢t > 0. Now, since the function h(y, E(xo,x,t;n)) with y € R is
monotone, let z(s; E(xo,z,t;n)) be its inverse function, i.e.,

(s;E(xo,a,t;m)) du
/ —s.
zo \/’U,47’]2 + E(I07I7t7n)
Then x(s; E(xo,x,t;n)) is the unique solution of the equation (9.2).

(IT) Let 0 < 29 < x. Then we need to distinguish three cases:

-1 1
(II-1) Let 0 <t < ™ IZII = f;o \/dz ,- Then, for such ¢t and z > xo, we have a
uin

unique value E = E(xq,x,t;n) > 0 such that

* du .y
w0 Vutn? + E -
The solution z(s; E(xo,x,t;n)) of (9.2) is given by the integral
z(s,E(wo,,t;m)) du
/ du = s.
xo \/u4772+E(CC0,CC7t;77)
11
(I1-2) We assume that “° ‘;‘m <t< ffﬁ \/u477d;—mgn2 and fix the unique value
E = E(xo,2,t;n) (0 > E > —x3n?) such that [* du = t. Then the

o \/u4n2+E(Ig,x,t;n)
solution of (9.2) is given by

/m(s;E(wo,ﬂC,tm)) du
= S.
. Vuln? + E(zo, z, ;1)
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FIGURE 2. &2 = n?2' + E with E < 0. Cases (II-2) and (II-3).

(II-3) Let t > [* %0 \/u 4n " . Then we take the unique value a = a(zo,,t;n)
(a(zo, z,t;m) can be chosen umquely in 0 < a(xo,x,t;n) < xg) such that

“ du n / ¥ du

o \/u4772 —an? u \/u4772 — an?
The monotonicity of the sum of integrals (9.3) with respect to the variable a €
(0, zp) can be seen by the coordinate change u = va in the integral. If we set
E = E(xg,,t;n) = —a(xo, x,t;7)*n?, then the unique solution of (9.2) exists and
is described as follows: Let

— 1. (9.3)

a(zo,x,t;n) du
s1=— .
' jﬁo \/’LL4T]2 - a(x07x7t;17)4772
Then, for s < s1, the solution z(s) = z(s; E(xo, z,t;n)) is defined by the integral
z(s) du
E) \/u4772 + E(l’o,ﬁ@t,ﬁ) -
and, for s; < s, the solution z(s) = x(s; E(xo,x,t;n)) is defined by
z(s) du
a \/u4772 +E(‘T07I7t7n)
Note that slgr?iom(s) = a(xg,z,t;n) and Silgiox(s) = 0, and so this so-

=S — S51.

lution coincides with the solution of (9.2) under the initial condition z(s;) =
a(xo,x,t) and #(s1) = 0. The case t # 0, 0 < xp = z should be understood as
being included in the case (II-3). The solution z(s) satisfies the relations

‘T(Stv E(Qjo, x,t; 77)) = CC(S, E(‘T07 €T, 17 tn)) and E(‘T07 €z, 17 tn) = tQE(‘To, x,t; 77)

Hence this implies the existence of the solution x(s; E(xzg, z,t;n)) of (9.2) for
arbitrary boundary data x(0) = zg, 2(t) = x (20, @, t # 0 can be taken arbitrary).
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All these are expressed in terms of elliptic functions (sn-function, en-function, and
so on, cf. [WW-58], [La-89], [CC2-09)]).

Based on the existence of the solution of (9.2), we can define the (classical)
action integral A:

Theorem 9.1.
A(zo, z,t;m) = | #(s)&(s) — H(2(s), £(5)) ds. (9.4)
By the relation i(s)? = n?z(s)* + E(zo, x,t;7), this integral equals

t
t
A(‘T07x7t;n) = 772/ ‘T(S)4d5 + 9 E(x()vxvtan)
0

y4

zo \/y4772 + E(QjOJ x, t7 77)
1
- :l:3 {SL‘\/I4T]2 + E(‘T07 €T, t? 77)7
t
—$0\/$04772+E(330;$at;77)} + 6E($07(Eat7n) (95)

(&(s) = +/x(s)*n2 + E(x0, 7,t;n)). A is a solution of the Hamilton-Jacobi
equatlon 8tA+ H(z, VA) =0 and it also satisfies the generalized Hamilton-Jacobi
equation

¢
=7’ dy + , E(zo,,t;7)

0
H(xz,VA)+ nanA(wo, x,1;m) = A(xo, z, 15m),

which is proved by making use of the relation tA(xg, x,t;n) = A(zg, z, 1;tn).
For fixed xo, t # 0,1 # 0, we consider J(g 1.y @+ ©(0, E(wo, z,t;m)) = £(0)
(note that Ji, 10y = (¢ — 20)/t). The map Jiz, 4,y has the derivative (for ¢ > 0)

—1
Ay . 1 v 1 3/2
oot ()= 4, / ( 4p2 ) du 7
dx Tom +E(x07507ta77) zo \U'T +E(‘T07I7t7n)

and aanA(xo, x,1;7) is highly related to the construction of the volume element.

We note that the function 66,714(1707 x,1;m) dJ(fif;l’") (z) might be a candidate
for the volume element we are looking for. The difficulty of proving this consists
in the fact that the constant E(xq,z,t;n) is not given in explicit form. Also we
remark that the above arguments can be used to show the existence of the solution
for the Hamilton system (9.2) of the general higher-step Grushin operator

o T op2a?k,
which reduces to solving the equation

§ = a2kl

under the boundary condition 2:(0) = x and z(t) = « where ¢ is also arbitrarily
fixed. So, we will have an action integral similar to (9.5).
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10. Free two-step nilpotent Lie algebra and group
Let {X;}Y | be a basis of RY and also, for 1 <i < j < N, let {Z;;} be a basis of

R~C2 (NCQ = 2!(11\>’i2)!). We define Lie bracket relations by

[Xi,Xj] = —[Xj,Xi] = 2Zij7 for 1 < <j<N,

and all others are zero (note that the factor 2 in front of the basis Z;; is just for
avoiding unnecessary constants in describing a heat kernel). Then we can introduce
a two-step nilpotent Lie algebra structure on RVN(N+1/2 = RN ¢ R¥C2 and also
through the Campbell-Hausdorff formula a Lie group structure on RNV+1)/2 —
RY @ R~¥C2 with the group multiplication x

RY @RV) x (RN @RV?) 5 (2 2,2 ® 2)

= (z,2) % (2,2) = (z+2) ® <z+§+ Z (22 fzji:i)).
1<i<j<N
This group is called a free 2-step nilpotent Lie group. We denote the Lie alge-
bra by fnvynv—1)/2) = RNU;H) and the connected and simply connected nilpo-

tent Lie group with the Lie algebra f(yin(n—1)/2) is denoted by Fininv—1)/2)

) . . . .
(= RV ). Under these identifications the exponential map can be seen as the
identity map.

Remark 10.1. Let g be a 2-step nilpotent Lie algebra. Let {X;}}Y, be a basis of
a complement of the derived algebra [g, g] and {Z;}9_, a basis of [g, g]. Then we
have structure constants {Cl’;} with the relations [X;, X;] =", QC’/;Z;C.

Now, let f(n4n(n—1)/2) be the free 2-step nilpotent Lie algebra with the basis
{Xi,Z;j}1<i<j<n defined as above. We define a Lie algebra homomorphism p by

P (N+N(N-1)/2) = 8
p<Z wiXi+ Y 77 j) =D X+ Y D wiCi 2
i ij i ik

Then this defines the Lie group homomorphism between corresponding simply
connected Lie groups. In this sense, any 2-step nilpotent Lie group (Lie algebra)
is covered by a free 2-step nilpotent Lie group (Lie algebra).

Free nilpotent Lie algebras exist only in the dimensions N +y Cy = N(A;H)

for each integer N € N. For N = 2 the algebra f(541) is the three-dimensional
Heisenberg algebra. Let X; be the left-invariant vector field defined by

- d . tX; of (x, of (, of(z,
() 2) = flg ZCP )|t:0: f(;ziz) Y J;(ZJ;;) =S f(;(:jZ)’
i §>i
and we set
df(g-exptZ;;

Ly = MO ORI O e oy,
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11. 2-step nilpotent Lie groups of dimension < 6

If we only consider the nilpotent groups (of step 2) of indecomposable type of di-
mension less than 4 we have only one non-trivial case, which is three-dimensional
Heisenberg group. We have two types in dimension five and there are three differ-
ent types of nilpotent Lie algebras of dimension 6 and step 2. Indecomposability
of the group implies that the first derived ideal [g, g] coincides with the center
of the algebra (see [Eb-03]) and for six-dimensional Lie algebras, there are two
possibilities of the dimension of the center. That is, dim[g, g] = 2 or 3. These three
are characterized by the following brackets relations:
(I) The dimension of the center is 3. This is the case of the free nilpotent Lie
algebra.
(IT) The dimension of the center is 2.
Then we have two types. Let Z; and Zs be a basis of the center [g, g]
and X1, X3, X3, X4 be a basis of a complement of the center.

(I1-1) (X1, Xo] =71, [X1,X3] =25, [X2,X3]=0,

11.1
[X1,X4] =0, [Xo,X4]=0, [X3, X4]=2. ( )

(11-2) (X1, Xo] = Z1, [Xi1,X3] =22, [X2,X3]=0,
[X13X4] :07 [X23X4] :Z27 [X33X4] :Zl-
These two cases (II-1) and (II-2) are covered by the ten-dimensional free
nilpotent Lie group f(4¢). Let h3 @ C be the complexification of the three-dimen-

sional Heisenberg Lie algebra. Then the above case (II-2) is isomorphic to hz @ C
if we consider it as a real Lie algebra.

(11.2)

11.1. Heat kernel of the free nilpotent Lie group of dimension 6

We consider a sub-Riemannian structure H on the free nilpotent Lie group F(33)
of dimension 6 generated by the vector fields {X;}3_,. The sub-Laplacian Aﬁ}t?ﬁ)
is given by

3
sub _ E v 2
AF(3+3) — X’L .
1=1

We write [Xl,XQ] - 221,2 - 221, [Xl,Xg] - 221,3 - 222 and [X27X3] = 2Z23 =
275.

According to a general formula, the heat kernel K}‘(l?”) = K}‘;;:B) (t7 (z,z),
(z, 2)) € O®(Ry x Fgqs) X Flzy3)) of A%(SH) which is the kernel function of the
t sub

operator {6_2' Fla+s) }t>07 has the form
Kb (¢ (x,2), (% 2))

7,2V (x,2), T
- (27;)9/2 /MeXp{_A(( ) t (z,2), )}W<T)d7, (11.3)
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where the function A = A(x,z,7) is called action function and is given by the
formula

Az, 2,7) =~ 127-1ZZ Q(V—17)cothQ(v/~17) -z >

From the above integral form (11.3) of the heat kernel, one sees that it satisfies
the invariance

K30, (6 g% (2,2), 9% (%,2)) = KgY, | ( (2, 2), (&, 2)) for all g € Fiays). (11.4)

One also has

K30, (6 (2,2),(8,2)) = KgY, (4 (3,2), (x, 2)). (11.5)

In the above formula, the matrix Q(7) is the most general 3 x 3 anti-symmetric
matrix
0 1 T2
Qrn)=(-n 0 1],
—T2 —T3 0
with 7 = (71,72, 73) € R3 and we denote by (-,-) the standard inner product on
R3. The matrix

V—1Q(7) coth v/—1Q(7)
is defined by the integral
1 Acosh A —1
—-19Q thv—1Q(7) = A—+V/-1Q d
Voameoth V1O =, /C sinhy ATV X,

where the contour C' is taken suitably in such a way that it encloses all eigenvalues
of the matrix v/—1 (7). The function W (r) is given by the formula

ORI

where
V=19(7) B 1 A .
sinhv/—1Q(r)  2mv/—1 /C sinh (A~ V=1(7) A,

and it is called the volume element. Since the eigenvalues of the matrix Q(v/—17)
are 0 and 4/|7|, we can determine the volume element

- v-1e@) 2
W) = (det sinh v/—1 Q(T)) = inh ||

The calculation of the matrix

1 Acosh A —1
27r\/—1/c snh ) (AT VLR A
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is reduced to the calculation of the power series of the matrix

2 4
<Id+(\/1§2(7)) L (V=197 +>

2! 4!

3! 5!

For that purpose we take a unitary matrix 7'

2 4 -1
x(ld—l—(\/lQ(T)) 4 (V7280) +> .

7s rl2rp4rs? Rl [rl2r24rged  rPgrd
Il 2(r2+73)|7? V=17 |TitTeTs 2ri 7|2 =V =1|7|T1+72ms
T =1\ -7 |T[2ri+rirsd ‘T "'1"‘7'27'3
7] 2(r7+73)| 7|2 2(rf+73)| 7|2 ’
m ITI2r4r3rs V/=1|7|r2—Ti7s 72T 4737s —v/=1|7|r2—T175
7] 2473|712 V=1 7|t TeTs 2(rE+73)IT2 =/ =1|7|T14TeTs
which gives us
0 0 0
*
V1) T=[(0 |7| 0 |,
0 0 -7

for the case that 71 # 0. Then we have

(Id+z (v= 197)) ) <Id+§: W_m(T)!)%)lTT*

= (2k+ 1)
1 0 0
=T |0 |r|coth|r| 0 T*
0 0 |7] coth ||
7'32 —T273 T17T3
= |7| coth || Id+1 B |T|| C;)th 7l —ToT3 72 —T1T2
T| T173 —T17T2 T12

|7| coth |7

—ue “Hviram)?

We can see that the resulting expression is valid also in the case 71 = 0. Now the
action function is

A(zlaz23I37217227Z37717727T3)
=v-1 E Tk Zk +

=+v-1 Zrkzk + {|T| coth |7](23 + 23 + x3)
|

1 —|7|coth|r )
EE (r32] + T3 25 + Tia} + (T3w1 — T2 + T123) )}

TT*V—-1Q(r) cothvV/—1Q(r) TT*(z), x)
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3 b . 3 b . . .
The heat kernel K}‘(l3+3) of the sub-Laplacian A}%SH) is given by the integral

S 1 _ 13 =z |T|
sub _ Az, z,2,2,7)
KF(3+3) (ta (‘Ta Z)a (Iv Z)) - (27Tt)9/2 /]RS € . dr
where the function A(x,z,%,%,7) in the exponent is given by:
A(SC, Z,T, 2,7’) = \/—1 [71(21 —Z1+ (Cfg.%‘l — 921:102)) + TQ(ZQ — 2o
- - - - - 1 - -
+ (Z3x1 — T1w3)) + 73(23 — 23 + (Tgxe — CCQSCg))i| + 2<D(T)(Jc —I),x — T).

With 7 = (71, 72, 73) € R3 the matrix D(7) is defined by:

2
1— th T3 —T27T3 T173
D(r) :=|7| coth |7|Id5 + I C20 I —ToTy  TE  —TiTe | € R3X3,
|T| 7173 —T1T2 T12

11.2. Heat kernel of Grushin-type operators

We consider four connected subgroups No, N1, N2 and N3 in F{3,3) whose Lie
algebras are generated by Z3, X1, {X1, 21} and {X1, Xo, Z1}, respectively.
We define the Grushin-type operators G; on the left coset spaces N;\F(343),

which all are hypo-elliptic and analogous to the Grushin operator

0? 5 02

ou? T ov?’
Note that the group N3 is isomorphic to the three-dimensional Heisenberg group,
the subgroup Ny is normal and the quotient group Fis;3)/No (we denote this
group by Gs) is one of the five-dimensional nilpotent Lie groups which is not
isomorphic to the five-dimensional Heisenberg group and does not decompose
into smaller-dimensional groups. (According to the classification of nilpotent Lie
groups of low dimensions, this group is the non-trivial one other than the five-
dimensional Heisenberg group among the non-isomorphic five-dimensional nilpo-
tent Lie groups.)

(I) First we consider the subgroup Nj.
Let p1: Fiz43) — N1\ F(343) be the projection map. Then p; is realized as

p1: Faps) @ R® — Ni\Fz43) 2R,
(171,172,173721,22,23) = (132,173,21 — T1x3, 22 — I1I3723) = (U1,U27U37U47U5),
and the principal bundle py: Fiz;3) — N1\ F(343) is trivialized as

Dy: RxR® 5 RO = Fig

D (h,ur, uz, us, us, us) = (h, w1, uz, usz + huy, ug + hug, us).
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The left-invariant vector fields X; (i =1,2,3) are descended to the quotient space
H1\F(343) by the map p; as

- 0 0
dpl(Xl) = -2 (u1 —+ U9 > s

6’LL3 6’LL4
~ 0 0
dp1(X2) = ouy Uo Dus’
~ 0 0
dp1(X3) = Dty +u Ous’

From these expressions, we can see that on the space {u; = 0,us = 0} the

vector fields dp1(X;) (i = 1,2,3) are not linearly independent. This means that
at any point (21,0,0, 21,22, 23) € F(343) the subspace spanned by three vector

fields {X;} and the space tangent to the fiber of the map p; have one-dimensional
intersection. In this case the Grushin-type operator G; is

i il @ A S
L ! 6’LL3 2 6’[1,4 6’LL1 2 6’[1,5 6’LL2 ! 6’[1,5 ’

By the commutativity of the diagram
oo g o0
Ce°(NM\Fz13) —— C(N1\F(343))

I l lpf

sub
Fa+3)

C*(Fz1s) —— C™(F(313))
and the decomposition of the volume element
dry ANdxo Ndxs Ndzy Adzo A\ dzs = dh A duyp A dus A dus A dug A dus

with respect to this volume form the vector fields X, are antisymmetric. We can
express the heat kernel of the operator G; in terms of the fiber integration of
the heat kernel of the sub-Laplacian on F(3,3). More precisely, the heat kernel

K3 € C®(Ry x (N1\F(343)) x (N1\F(313))) for the Grushin operator G; is
(p1)» (K;‘(‘;B) (£, (o ermr s ), (8, 2))dh A dus A duz A dus A dug A du5)
= Kélfb (t, (w1, u2, us, ua, us), (%, 2))du1 A duz A dusg A dug A dus.  (11.6)

Note that by the invariance (11.4) of K}‘(l;’“), the heat kernel K Elfb satisfies the
invariance

Ké‘jb(t,wg*(i,é)) = alb(t,w (56,2)), Vge Ni.

So it is a well-defined function on Ry x (Ni\F(343)) x (N1\F(343)). Now, we
calculate the integral (11.6) explicitly:

Theorem 11.1. The heat kernel Ké‘ib of the operator Gy, that is, the kernel distri-

bution of the operator {efé'gl} , is given by the integral (11.7) below.
t>0
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Proof. We change the variables from (z, z) to (h, u) and from (Z, 2) to (h, @). Then
the imaginary part of the action function

A((@,2)  x (2,2),7) = A((h, @) " (hyu),T)
is expressed as
V=1{r(us + Z2)(h — &1) + 11 (us — %1 + T132)
To(ug + &3)(h — &1) + T2 (ug — Z2 + &133) + 73(us — 23 + Tzuy — Tauz)}
= v=1{r(u1 +a1)(h — h) + 71 (us — @is)
+ 7o (ug + @in) (h — h) + T2 (us — 1) + T3(us — s + oy — G1ug) }
= vV—1{(71(u1 + 1) + T2(uz + @2)) (h — h)
+ 71 (uz — U3) + T2 (ug — Gq) + T3(us — Us + Goug — Uruz) }.
By separating the variables h and h, the real part is given by
3 Irlcoth 7] (= R)? + (ur — )2 + (2 — 02)?)

1 - |7—| COth |7—| (7—3(]7, o il) o TQ(Ul . ’l’ll) + Tl(’lj,Q - ’112))2

2|72
_ |rlcoth|r|(rf + 73) + 73
- 272
w (h—h+ (1 — |7| coth |7]) (=72(u1 — @) + 71 (ug — G2))73|7|? 2
7| coth |7|(r + 73) + 73
1 —|7|coth|r ) o
T lrlcothir i ) (*TQ(Ul — ) + 71 (ug — U2))

2|7|coth |T|(T% + 73) + 72
1 N N
+ 9 |T| coth |T|((’LL1 — U1)2 + (u1 — U2)2).

We integrate the heat kernel K;l(l;m on each fiber of the map p; with respect to
the variable h,

1 A (ﬁ,a)*l*(h,u),r) |T|
- ¢ drdh 11.7
——— sinh || 4" D
2
1272 (1=|7| coth || ) | =m0 (uy —di1)+71 (ug—i
_ ! / \/;1(Tl(“1+ﬁ1)+72(“2+ﬁ2))" 3o \:\]clac‘h)\g\(szir:zzprlfl; e
(27Tt)4 R3

2
|72 (7'1(u1+711)+7'2(u2+ﬁ2))

o o Vit i (s —iia) £ (ua—iia) 475 (us — s+ Gz us —Gaua) |, 26 (171 coth I71(+2 +3)+73 )
_|7lcoth|7| (u17ﬂ1)2+(u27ﬁ2)2+ 1—|7| coth |7| (77'2(U1*ﬁ1)+7'2(u2—ﬂ2))2
X e 2t \T\coth\r\(r%{»ﬂ'%){»ﬂ'%
T T
| | | | dTldTQdTg. ]

X .
VIl coth|7|(rf + 3) + 75 sinh 7|
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(IT) Next, we consider the subgroup No and the left cosets space Na\Fis3). We
describe the projection map p2: Fizig) — No\F(343) = R* and the trivialization
Dy: Ny x R* 5 F343) of this principal bundle pa: Fis;3) — Na\F(313):
p2: Faqz) = R® > (21,22, 73, 21, 22, 23) — (U1, U, uz, ug) € R* = No\F(313),
p2(21, T2, 3, 21, 22, 23) = (U1, U2, U3, Us) = (T2, T3, 22 — T173, 23),
Da: Ny x R* = Fiays),

Dy (hi, ha,ur, uz, us, us) = (21, T2, T3, 21, 22, 23) = (h1,u1, ug, ho, us + hius, us).

The vector fields X; (i = 1,2,3) are descended to N2\ F(313) by the map py with

> 0
dpQ (Xl) = 72’[1,2

8’[13’
- 0 0
dpQ(XQ) - 8’[1,1 T (9’LL47
- 7] 0
dpa2(X3) = D1ty + LPWE

On the line {us = 0} these three vector fields are not linearly independent,
but the sum of squares

—Go = dp2(X1)* + dpa(X2)* + dpa(X3)?

A A A S SR A
T 0ud Ouy 2 Ouy Ous L ouy

is hypo-elliptic and G generalizes the Grushin operator to dimension 4. The kernel

sub

function K& of the heat operator {6’5'92} is given by the fiber integral
t>0

(pg)* (K%]J(l;)Jr’i) (t, (', '), (f, 2))(1171 A\ dIQ A\ dzg A\ le A\ dZQ N ng)

= Kégb (t, (u1,uz, u3,us), (&, 2))duy A dug A dug A dug.  (11.8)

For the determination of the above integral (11.8) we change the coordinates (x, z)

to the new coordinates (hy, ha, u1,ug, us, ug). Then we can express the action func-
tion A = A((:v, 2), (2, 2), T) as

A((:v, 2),(Z,2), T) = A((h, u), (iL, w), T)
=V —171(ha — ha + (h1 — k) (u1 + @i1))
+ V=173 (ug — g + (h1 — ha)(usz + iz))
+ V=173 (ug — Uy + tius — Grus)
+ ;{|T| coth || - ((h1 — iLl)Q + (uy — )2 + (ug — ﬁ2)2)

1 —|7| coth|7|
|7[?

. (7'3(h1 — iLl) — Tg(ul — 17,1) +T1(U2 — ’112))2}.
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The integral (11.8) reduces to
2 t3 / —\/—1(7'2 (ug—ﬁ3+(h1—ibl)(u2+ﬁ2))+T3 (u4—ﬁ4+ﬁ2u1—ﬁ1u2))
(27 t)9/2 Jps
t|T|cotht|r ~ N -
xexp{ | | o | | . ((h1 h1)2+(u1u1)2+(uQu2)2)}

" 1 1—t|7|- cotht|r|
e . .
P o 72

tlr|

dhidrad
sinht|r| © " 24T,

(r3(h1 — h1) — T2 (w1 — @1))2}

where |7| = \/73 + 72. Then we have:

Theorem 11.2.

K& (¢, ur, uz, uz, ug, @, o, U3, a)

e [ b (v mafus — ) ~ V= Tra(ua — s + i — )
= exp {—v—17(ug — u3) — vV —173(ug — g + tu; — G1u

(271)9/2 Jgo P 2(u3 3 3\U4 4 2U1 1U2

X exp {_\/17227'3(112 + €L22)(u12— a1)(1 — t|7] Cotht|7'|)}

75 + 75 - t|7| coth t|7]
1 2.t tht
cop{ob. S et )

T2t 72472 - t|7] cotht|r|
PRy 272 ~ 2
X exp{ — (uz — ) - t|7| cotht|r| — 2|T| 7;2 (uz  iz)
2t 2(13 + 13 - t|7| coth t|7])

X exp {\/1 7373(uz + @i2) (ur — @)(1 — 7] coth t|7) } t7

drodTs.
72 + 72 - t|r| coth t|7| sinht|r| “ 207

(ITI) We consider the left cosets space N3\F|(33) and the principal bundle
p3: F(3+3) — Ng\F(3+3) ~ R3,

This is again a trivial bundle with the structure group N3. We describe this ex-
plicitly. The projection map ps: Fzy 3 = RS — N3\F(3+3) =~ R3 is realized as
p3(r1, 2, x3, 21, 22, 23) = (U1, U2, u3),
Uy = T3, U2 = 22 — T1x3, U3 = 23 — L2713,
and a trivialization of the bundle is given by
Ds: N3 x R* 2 R® x R® - R® = F3 5 (11.9)
(h1, ho, ¢ ur, ug, ug) = (21, 22, 23, 21, 22, 23)

x1=hi, X2 =hy, x3=1u1, 21 =c¢, 22 =1uz+hiui, 23+ hou;.

Then one sees that the left-invariant vector fields X; are descended to the quotient
space F(3;3) — N3\F(313) by the projection map p3 and the resulting vector fields
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are given as follows:

> 0 5 0

S 0]
dp(X1) = —2uy dp(Xz) = *2U18u37 dp(X3) = Ouy”

8’[1,2 ’

So, the operator

- 02 02 0?
—de(Xi)2 = - <6u% + 4u? (611% + 5u§)>
can be seen as a three-dimensional version of the Grushin operator.

We give the heat kernel of this operator by integrating along the fiber of
the map p3 which can be done explicitly by making use of the trivialization
(11.9). First, by changing the variables from (z, z), (&, 2) to (h1, ha,u1, ¢, uz, u3)
and (iLl, ha, 1, @, o, i) we give the expression of the action function

f=+v—11Im(f)+ Re(f).

Im(f) =T1 (21 — 21 +S~CQ$1 — Ii?l.TQ) +TQ (ZQ — 52 +5~63$1 — Ii?lmg)
+73(21 — 21 + Z320 — Toxs)
=T1 (C*&ﬁ*iLQ(hl 7?),1)4’?),1(}12 7%2)) +7’2 (UQ 7ﬁ2+(h1 7%1)(’[1,1 +ﬂ,1))
+ 173 (U3 —’ﬁ3+(h2 —Bg)(ul +7:L1))7
1—|7|coth|r]
|7[?
= |T|C0th|7’| . ((hl - B1)2 + (hg — 712)2 + (u1 —ﬂ1)2)
1—|7|coth|7]
|7[?
Then the integration along each fiber of the map ps is done in the following
order:
(1) Take the Fourier transform with respect to the variable 7.

(2) Take the inverse Fourier transform with respect to the variable c.
(3) Calculate the Fourier transform with respect to the variables hy and hs.

1 —TA(@E) (@) 7]
FA(@2) (w2 T drydrsdrs | dhydhad
(27rt)9/2/</6 Sinh|T| T1AT20T3 1ah2ac

2Re(f) =|r|coth|r|- [l — ||+ (7321 —72x2+71cv3)2

(Tg(hl —Bl)—TQ(hQ—B2)+T1(U1 —17,1))2.

R2 RS
- 1 o= Vit mi(e—c+ha(hi—hi)+hi(ha—hs))
(27t)9/2
R3 R3

< o= Vo1 (72 (ua—iia+(ha—h1) (ur+1) ) +7s (us—iz+(ha—ho) (ur+i1)) )

X e_zlt‘T‘COth‘T"((hl_ibl)2+(h2—ib2)2+(u1—ﬁ1)2)
1—|7| coth || v ¥ ~ )2
< e o2 '(TS(hl_hl)_TZ(hZ_h2)+Tl(ul_ul)) . |}7;|| |
smn |7

dTldngT3> dhldhgdc
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1 —v-1 7o (ug—iig+(hy—hy)(uy+i1))+73(ug—ig+(hy—hy)(uy+iy))
= (2rt)7/? ‘ t
T

R2 R2
o o~ 2Tl coth I71((hy=R) 2+ (ha—h2)*+(ur—a)?) = =7 o 7! (7a(ha—h1)—Ta(ha—h2))*
||
X, dhldh2 dngT?,
sinh |7
1 o (ug—ag)+r3(ug—az) _|7|coth || (uy—iy)? T
_ _\/_122 Zt’i’i 3) _ 2t11 .||
(2mt)7/2 sinh |7]
]R2
% (/6\/1 Tz(h'l7h1)(u1+a1)tﬂ'3(h'27h'2)(u1+ﬁ1)elet\'r\coth|’r|~((h17l~11)2+(h27}~12)2)
]RZ
1—|7| coth || v = )2
— \m3(h1—h1)—T2(h2—h
S R O ) dhldh2> droydrs
1 o (ug—ag)+r3(ug—az) _|7|coth || (uy—iy)? T
_ e_\/_122 Zt’i’i 3) _ 2t11 '.||
(2mt)7/2 sinh |7]
]R2

2
7r7'(u1+122) 2
X (6 2t coth || Q )dTQdTg
/|| coth |7|

2m 1722 Bt (ug—ag)  _Irleoth Tl (uy—a1)? _wi7|(u1+iin)?
e vV t e 2t

2t coth |7
(2mt)7/2
R2

|7
X drod
\/sinh|7'|cosh|r| 24T

where |7| = /72 + 72. Now we have:

Theorem 11.3. The kernel function of the operator {67593}»0 is given by the
integral

2 —/—172(u2—82)+73(u3—13) _ |7l coth 7| (uy —@1)2 _ w|7|(uy +ag)>
t - e 2t
]RZ

2t coth | 7]
(2mt)7/2

sinh |7| cosh | 7|

x \/ 7 dradrs.  (11.10)

(IV) We consider the case Ny = [{Z3}]. Since it is a normal subgroup, in fact it
is a subgroup in the center, the quotient group is again a nilpotent Lie group of
dimension 5 with the Lie brackets relations

(X1, X5] =27y, [X1,X3] =22
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and all others are zero. We denote this group by G5. The resulting Grushin-type
operator coincides with the sub-Laplacian for this group defined by

AP =-X7 - X7 - XJ.
So, for that group we can construct the kernel function of the heat semi-group

{67 EA?;} by means of the complex Hamilton-Jacobi method (see [BGG1-96]).
>0

Here we construct it by the same method as above. It turns out that the kernel
is obtained from the Fourier inversion formula, i.e., by integrating the heat kernel
on Fzys)

‘ 1 A@ ) @ 7]
K3 (¢, (2, 2),(7,2)) = e~ ' dridrydrs,
R (1 (2:2), (2,2)) (2mt)9/2 /R sinh|r| © T 20®
first with respect to the variable 73 and then with respect to the variable z3. We

obtain:

Theorem 11.4.

1 _ o A@E) T e (e,2),m) T
(27rt)9/2// eV ' sirlh||7’| dn aradrsdzs
R JR3
1

e \/;1 (T1(z1 =21+ (Z2x1 —T122))+72(22 —Z2+(T321 —T123)))

(2mt)7/2 /Rz

1—/ 72472 coth A /72472 2
f;t(\/Tf+f§~coth\/Tf+f§~(rf+z§+r§)+ Vi f%+722¢1 2 (~rawatrizs)
X e

Vi + 73

dTldTQ.
sinh \/7'12 + 7'22

12. Spectrum of a five-dimensional compact nilmanifold

As we already explained in §11, in the dimension 5, there are only two non-
isomorphic 2-step nilpotent Lie groups which are not of product type. One of
them is the five-dimensional Heisenberg group and the other is G5 explained in
§11, the case (IV) (cf. [Mag-86], [Se-93]). In this section we calculate the heat
kernel trace of a five-dimensional compact nilmanifold of G5.

Although it is possible to deal with more general lattices, in this article we
restrict the calculation to a typical lattice L in G5,

L = {(m1,mg,ms, k1, k) | mi, ki €L},

in order to present how the spectrum of a class of sub-Laplacians on such a
compact nilmanifold L\G5, the left cosets space by the lattice L, looks like.
The sub-Laplacian on G5 is descended to the compact nilmanifold L\G5. Let
K3 = K& (t,(Z,2), (x,2)) be the heat kernel on G5 given in Theorem 11.4.
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Then the heat kernel on L\G5 is given by the sum

S OKEN(t  2), (z,2)).

~yeL
We denote a set of representatives of conjugacy classes of L by [L] and for

each element v € L set S, = {(;fl %7y ok L | JIRS L}, the set of conjugate elements
to v in L. The centralizer of v = (my, ma, ms, k1, k2) is denoted by

C’y = {(a17a27a3701,c2) ‘ (a17a27a3701702)_1 *y ok (a17a27a3701702) =7
(alaa27a3361362) S L}
The set [L] can be decomposed into eight components,

L=AUATUAsUA3UA15UA13UAs3U Aqo3,

given by
Ag = {(0,0,0,k1, ko) | ks € Z(i = 1,2)},
A1 = {(m1,0,0, k1, ko) | m1 #0,0 < k; <2|my| —1(i = 1,2)},
Ay = {(0,m2,0, k1, ko) | ma #0,0 < ky <2ma| — 1, ky € Z},
Az = {(0,0,ms, k1, ko) | ms #0, k1 € Z, 0 < kg < 2|mg| — 1},
Ay = {(ml,m270 ki, k) |m17é0 mo # 0,0 < ky <2(|mql, |ma|) — 1,

0 < kg < 2jmy| — 1},
Arz = {(m1,0,m3, k1, ko) | m1 #0, mg #0,0 < ky < 2[my| -1,
0 < ko < 2(Jmal, lms]) — 1},
Az = {(0,ma,m3, k1, ko) | ma # 0, m3 # 0,0 < ky <2[mao|— 1, ky € Z},
A12s = {(m1,m2,m3, k1, k2) ’ my # 0, ma # 0, mg # 0,

[mal(fmal, lmal, [msl) 1)

0 S kl S 2(|m1|a |m2|) - 17 0 S k2 S 2
(Imal, [mal)

Here we denote by (m,n) the greatest common divisor of m,n € N. We calculate
the trace of the heat kernel on L\G?5,

Z/ Subt’y* (z,2), (x,2)) dedz,
~yeL Fr

where F7, is a fundamental domain of the lattice L. Let F, be a fundamental
domain of the centralizer (in L) of an element v € L. Then solving the integral
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reduces to the calculation of each integral for v € [L],

Z/ K& (t,y * (x, 2), (2, 2) da:dz—Z/ K32 (% (2, 2), (x, 2)) dude.
f

yeEL ~v€E[L]

So, we list the centralizer of each representative v € [L] of the conjugacy
classes and a fundamental domain F, for each v € [L]. Also we give expressions
for the integrals

I, —/ K& (t,y * (2, 2), (x, 2)) dodz

for v € [L] and their sums

G5): ZI’Y? i:07172537

YEA;
Lij(Gs)= Y I, 1<i<j<3,
YEA;
I23(Gs5) = Z L.
YEA123

(0-0) 4y = { (0,0,0, k1, k2) ‘ ki € Z } The elements in Ag are not mutually
conjugate.
Let v = (0, 0,0, k1, k2) € Ag. Then

C(0,0,0,k1,k2) = Ly

F(0,0,0,k1,k2) = FL = {(1?1,172,@3721,22) | Ty, T2, x3, 21, 22 € [0, 1)},

Iy(G5) = Z/ KS“b (t, v * (2, 2), (z, 2)) dedz

YE€A0

—v-rE Tl e deydasdond
27Tt 7/2ka€Z/O 1)5 /]Rze Sinh|7‘| 71472071 020X 3021 022

1 3 2nt\/k} + k3

o (2mt)3/2 i ez Sinh omt\/k2 + k2

(1-1) Ay = {(m1,0,0,k1, ko) | m1 # 0,0 < k1 < 2[ma| — 1,0 < ko < 2|my| —1}.
Then

C(ml,O,O,kl,kg) = {(a17 0,0, ¢, 02) ‘ ai,c1,C2 € Z}a

Flmn,0,0,61 k) = { (@1, T2, w3, 21, 22) ‘ z2,23 € R; 1,21, 22 € 0,1)}.
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Let v = (m1,0,0, k1, ko) € Ay. Then

/ K2‘u5b(t7 (m130705k13k2) * (SE,Z),(SC,Z)) dzdz
~7:(7n1,0,0,k1,k2)

= 1 /1 /Jroo /Jroo/ ei \/;1 (Tl (k1+2z2m1)+7—2(k2+2I3m1))
(27Tt)7/2 0 J—oo J—c0o JR2

< e 21t (\/712+722-coth \/712+722- (mf)) \/Tl2 + 722
sinh /7 + 75

_ t? oo pee oo pe e*\/*l(ﬁ (k1+2m2m1)+'r2 (k2+2z3m1))
B (27Tt)7/2 -0 J—oo J—oo J—oc0o

< e A (t\/‘rf-l-‘rz?»coth t\/712+7'22- (mf)) t\/7-12 + 722
sinh /72 + 72

dTldngmgdmgdml

dTldIQdTQd.Tg

1 1 _mi
= e 2t

(27t)3/2 (2m4)?
Hence

2\m1|—1 2|m1\—1

>y K2 (1, (m1,0,0, k1, ko) * (2, 2), (x, 2)) dzde

ki=0  ko=0 “F(m1.0.0.k1.k2)
1 mi

@m)32 ¢

We define I (G5) by

L(G5) = Z Kz}lsb(t, (m1,0,0, k1, ko) * (2, 2), (z, z))dzdx.

~vEAL F(m1,0,0,k1 ,ka)

Then by making use of the Jacobi identity we have

LIi(Gs) = Z ! 735

o
3/2
m1#0,m1EZ (27Tt)
- 1 ox2024 1
- 2mt ZGZZ ¢ (2mt)3/2°

(1-2) Ay = { (O,m270,k17k2) ’ mo 75 0,0<k < 2|m2| —1, ks € Z} Then

Cl0,ms,0.k1,k2) = {(0,a2,a3,c1,¢2) | az, a3, c1,c2 € Z},

Fl0,ma,0,k1k2) = {(#1, T2, 3, 21, 22) ’ z1 € Rywg, 23, 21,22 € [0,1) }.
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Let v = (0,m2,0, k1, k2) € As. Then

/ Kéub( ,(O,mQ,O,kl,kQ)*(SC,Z),(SC,Z)) dzdz
F(0,mz,0,k1,k2)

_ 1 /1/1/1/1/+m/ o=V (r(mm2mims) +7ak2 )
(27Tt)7/2 o Jo Jo Jo —oo JR2

-5 <\/7'12+7'22-coth \/712+722- (m22)+ 17\/712+T22.C0th \/712+T22 »(Tgm2)2)
X e

2., .2
2473

2 2
« \/Tl + 73 , dridredridrodrsdzidze

sinh \/T12 + 73
400
= 2 / / e_\/—l(Tl(kl—%lm?)"'”k?)
(27Tt)7/2 —oo JR?

(\/7'12-{-7'2 cotht\/712+7'2 (m2) v t\/T +T2Jcr0:ht\/ 1+T (72m2)2>
X e

t\/7'12 + 722
sinh t\/T12 +73

1 2nt? w3 /+°° Vi, T2
= e 2 e
2|ma| (27t)7/2 o sinh 7o

dTldxldTQ

dTQ.

Hence by summing up with respect to 0 < k1 < 2|mg| — 1 and k2 € Z and by
applying the Poisson summation formula we have again

2\m2| 1

Z Z/ K& (t,(0,ma, ki, ko) * (2, 2), (x, 2)) dodz

ki=0 kocZ” T (0,m3.0,k1 ko)

2|ma|—1
2|m| 27t) 7/2° sinhtry -
kl—O koez “12 —o0

M2 2tk
(27Tt)3/2 %ZZ © " sinh2ntk
We define I5(Gs) b

L(G5) = Z K3 (t, 7y * (2, 2), (x, 2)) dude.

YEA Fy
Then
1 m3 2tk
1(G5) = Z 3/2 Zei - :
et (2mt)3/2 £ sinh 27tk
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Again by using Jacobi identity we have

Z Z _on202¢ 2wkt B 1 Z 2kt
sinh 2ntk  (2mt)3/2 £, sinh 27tk

eeZ keZ
- k 1 2 2
—9 —2#25215. —2me Lt
<Z € Z sinh 27tk + 27t Z €
LET k=1 LET

2tk
B (2mt)3/2 Z sinh 27tk
keZ
(1-3) Az = {(070,m3,k17/€2) ’ ms 75 0,k1€Z,0<ky < 2|m3| — 1} Then

C0,0,ms k1 k) = (0, a2, a3, c1,¢2) ’ as,as,c1,¢2 € L},

F(0,0,ms,k1k0) = { (@1, T2, 23, 21, 22) | z1 € Rywg, 23, 21,22 € [0,1) }.

Let v € As. Then we have the same result as in the last case As and

13(G5) =

Z Z Z / bub( ,(0,0,mg, k1, ko) * (2, 2), (2, 2)) dedz

mMs€LmMm3A0 k1 €Z ko=0 7 F(0,0,ms.k1.k2)
= I(G5).

(2-12) Ay = {(m1,m2,0, k1, k) | m1 #0, ma #0,0 < ki <2(Jma|,|ma|) —1,0 <
ky < 2|my| —1}. Then

my ma2

Clmym = / A ,0,¢1,c ‘E,c,c 62}7
) {<<|m1|,|m2|> (I mal)” ™ ) v

where (|mq], |mz|) denotes the greatest common divisor of |m;| and |ms|,

Flmy ma,0,k1 k) = {(9617582,&63,21722)
mi

(|m1|a |7712|)7

0<a; < Ig,IgER,O§21<1,O§22<1}.

Further we have

/ K& (t, (m1,ma,0, k1, ka) * (z,2), (x, 2)) dedz
F

mq,m9,0,kq,ko)

+o0 400 (\7711\ \mz\)

11 A 1 (k1+2(m2m17m1m2))+72 (k2+2m3m1)
2 t 7/2 // / / / /e .
i 0 0 —o0—0

R2



256 W. Bauer, K. Furutani and C. Iwasaki
= 4 (Il coth |- (m34m3) + 117/ <5 7 (3m,)?)
X e Il
SII1|£||T| dTldngmldmgdmgdzleQ

my
400 +oo (Imyl,[mal)

= t2 / / /e_\/_l (Tl (k1+2(12m1—11m2))+72 (k2+2w3m1))

(2mt)7/2
—00 —00 0 R2
‘e (t\r\cotht|‘r|»(mf+m§)+lfﬂf“:‘ozthtmv('rgmg)z)
t
. 7] dridrodxidrodrs
sinh ¢|7|

my
(Imyl,lmal) +00 +00

ot [T T Jen eyt
0

(2t)7/2
—0o0 —0o0 R2
v 67 21t (t\r\ cotht|'r|~(m§+m§)+ lit‘f“:‘ozthﬂﬂ ~('r2m2)2)
t
. 7] dridradxodxsdx
sinh ¢|7|

2 m m:lm
_ (27Tt) 1 (Imql,[mal) ei;ﬁ(m?erg) dzl
(27t)7/2 (2m4)?

_ 1 |m1| —21t (m%-{-mg)

e
(2mt)3/2 (Jma |, [mal) (2mn1)?
So we have I12(G5) as

I2(Gs) = Z K3 (t, 7y * (2, 2), (x, 2)) dude.

YEAL 2 T
Then
I2(Gs) =
1 2(Imal,|mz2])=1 2|mq|-1 | b (m2m3)
L e s \mitmy
orpe 2 2 22l fmal) - 2] -2
ml“ITLQ?éO
1 727r2t(€2+£2) 2 —272 0% ¢ 1
— o T ) 2 S L
3/2
V2ort 0oz 2mt = (27t) /

(2-13) A3 = {(m1,0,m3,k1,k2) | m1#0,ms#0,0<k <2mi|—1,0<k <
2(Jmal, |ms|) — 1}. Then

m m
C(ml,O,m3,k1,kz) = {(ﬂ ( | 1| , 0, { - | 3| )701702> ‘ €7 Cc1,C2 € 2}7

[mal, [ms)) (Imal, [ms]
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f(mlxovm?’;kth) = {(Il, €2, T3, 21, 22)

||

0<a; < ,IQ,JCgGR,O§21<1,O§ZQ<1}.
(|mal, |msl)

By the symmetry between the variables x2 and x3 we have

I3(Gs) = L3(Gs),

ie.,

Li5(Gs) = Z /}_ K& (t,y * (2, 2), (x, 2)) dudz

’y:(ml,O,M3,k1,k2)€A13 v
1 —on2¢(2463) 2 —on2 0%y 1
= e ) T N e Oty = I12(Gs).
3/2
V2t 0 ez 2nt o7 (2mt)/

(2-23) Aoz = {(0,ma, ms, k1, k2) | ma # 0, mg #0,0 < ky < 2|ma| — 1, ky € Z}.
Then

C(O1m21m37k11k2) = {(O,ag,a3,cl,02) ‘ az,as,C1,Cy € Z},

F(0,ma,ma ki k) = L (T1, 2,23, 21, 22) | 21 € Rywa, w3, 21,22 € [0,1)}.

Further we have

),

Kzi,b(ta (Ovaa ms, kla k2) * (SC, Z)v (SC, Z)) dxdz

0,mg,m3,kq,k2)

B 1 /1/1/1/1/+oo/ e_\/_lTl(kl—Zmln‘Lz)«:»Tg(k272m1m3)
@rt)72 Jo Jo Jo Jo Joso Jr2

2
- (|T|coth\T\(m§+m§)+17‘T‘CC§th‘T‘ (77’2’!7124»7‘1’!713) )
&

I7l
7l

. dTldngmldmgdmgdzleQ
sinh ||

t2 +oo
o —\/—1 (‘rl(kl—211m2)+‘r2(k2—211m3))
= (&

@rt)2 o Jre

_ 2
e—zlt (t\r\cotht\r\-(m§+m§)+l t‘ﬂcogthtw (—sz2+71m3) )

Il
7]
sinh ¢|7|
2mt? 1 [t T
= (2mt)7/2 2ma| | exp{m (k2m2k1m3)}

dTldngml

2
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X exp{—21t {trg\/l + (mg/m2)2 cotht - 7'2\/1 + (mg/mg)Q(mg +m3)

n 1— tTg\/l + (mg/m2)2 COthtTg\/l + (mg/m2)2
(1+ (mg/m2)?)73

tTQ\/l —+ (mg/m2)2

- (ma + mg/m2)2722} }

dT2
sinh ¢ty \/1 + (m3/mz)?
+
_ 2 o m%;m% / > 67\/71 T2 (k2ma—kims) t72 \/m% + m% dTs.
(2mt)7/2 S sinh 7o \/m% + m3

Hence the sum
I3(G5) = Z / K& (t, 7y * (2, 2), (2, 2)) dudz
YEA23 T

is equal to the following expression by making use of the Poisson summation
formula:

2|’ITL2|71

mt? _m3+m3
I3(Gs) = (27.”5)7/2 Z Z Z € *

mo,ms€Z k1=0 k2€Z

mg»mg;&O
+
X / Ooe—\/—l Tg(klzmz—klmg) tT2\/m% +m§ d7_2
— sinh tmy\/m3 +m3
2|ma|—1 \/m2+m‘2
o 2nt? Z 22: Z L _mBmd ony ims g, 2mte VTR
= (2nt)7/2 Ima|© ¢ . Jm34m2
ma,ms€Z k1=0 (EZ sinh 27tl 200
mg»mg;&O m2
m 2 ms: 2
= ot 2 E:e‘mﬁfg, 2t (nat)” + ()
T (2mt)3/2 . 2 2"
SRR o= S”ﬂ12”t£\/(<hn!fﬁn3o) + ((imalimsl))

mg»mg;&O

(3-123)
Al2g = { (ml,mz,m&kl,kz)‘ml # 0, mg # 0, m3 # 0,

0<ky <2(lmal,|ma]) = 1,0 < ky <2 (|m1|(|m1|a Imal, |m3|)> - 1},
(Imal, [ma)
where (|my|, |mz|, |ms|) is the greatest common divisor of |my|, |mz| and |mg].
Then

C(mhmz,m&khkz)

_{< €|m1| £|m2| £|m3| C1 CQ) E C1,C2 GZ}
(Imal,lmal,|ms|)” (Imal,mal,|ms|)” (Imal,[mel,lms|)” T ’
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f(m1;m27m3,7€171€2) = {(Ilv T2, T3, 21, 22)
|

0<z <
(|m1|7 |m2|a |m3|)’

o, 13 ER,0< 21 < 1,0 < 29 < 1}.
Further we have

/ Kab (t7 (m1,ma, ms, k1, ko) * (x, 2), (z, z)) dxdz
F

mq,mg,m3,kq,k2)

1 lm1l
1 /1//+°°/+°°/<m1mnzmn3>
- 7/2
(27Tt) / 0 0 —00 —00 0
/ V-1 71 (k1+2(zgmy —z1ma))+72(ka+2(zg3my —z1m3))
e t
]RZ

1—|7| coth |7|

o o3 (7l coth r-(m3tmZ4m3)+ =7 o 17 (< romatrims)?)

x ,|T| drdzy deydrsdz dzs
sinh ||
[n

ny|
2t 1 (rmalfmzlms e e 67\/*1T2(k2+2(I3m1*$1m3)
(27t)7/2 2lmq] J,

— 00 — 00

« e—zlt (th coth tra-(mi+m3+m3)+ 17”2:2;% ‘2 v‘r22m§) tTo drodad
sinh ¢ 20080
_ (27Tt)2 . |m1| . 1 e~ 21t (m?ﬂ—mg-ﬁ—mg) )
(2mt)7/2 (Jmal, |mal,|ms|)  2|ma] - 2|ma|
Having the sum
Z / Kab(t,'y * (z, 2), (:E,z))dxdz
YEA123 F
as I123(Gs), we then obtain
o(jma,|mal)—1 2( \"u\((\‘777;11\‘,,\‘7;22\‘,)\7713\))_1
Log(Gs) = > > >
my,mo,m3€L k1=0 ko=0
ml-mgvmggéO
/ Kz;usb (t7 (mq1,ma, ms, k1, ka) * (z, 2), (x, z)) dxdz
~7:(7n1,7n2,m3,k1,k2)

_ ! Z [ma |- 2(Jmal, [mal) ,2< [ma | )
(2mt)3/2 ez (Jmal, Imal, [ms|) - 2|mal - 2|ma| (|mal, [m2])

maq-m2 »m37£0

o« o= (mi+m3+m3)
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1 o 2 (m3tm3+m3)
PVEEDD

my,mg,m3€ZL

mi-ma-ms#0

| e Y
= (2mt)3/2 (Z e - 1)

meZ

3
1
= (@2nt)3/ <\/27”Z€2mzt - 1)
T

=
_ Z e—2w2(e§+e§+é§)t
£y, L2, L3EL
3 —om(242y |, 3 —ox?0% 1
-y e 3 some
V2rt s 2t £~ (27t)3/
Here we list the expressions for I;(Gs), I; j(G5) and I125(G5):

0(Gs) =
(27t)3/2 i sinh 27rt\/k% + k3

1 Z VE? + K3

(27t)1/2 e sinh 27Tt\/]€% + k3
k1 k270
2 k 1
T (2nt)1/2 2 sinb2mth T (2me)3/2
kEZL
20
1 m? 1 2,2 1
1(Gs) = e o L e 1
P DT et 2 (2mtyss2
1 m3 27tk
I = T2t
2(Gs) 7502 ez (27t)3/2 ];Ze ’ sinh 27tk
m2 ;M2
B 1 _on2¢%t 2wkt 1 2kt
= (2nt) PIPIL sinh2ntk  (2mt)3/2 D b 2nik
(€T keT kcZ
= k 1 2 2
=9 —2n2 (2t . —2m= 05t
_ 1 Z k _ 1
(2mt)1/2 sinh 27tk (27t)3/2’
k0

I3(Gs) = I2(Gs),

1 C 1 (2 am?
I2(G5) = (2mt)3/2 E e~ 2¢ (mitm3)
my,mg €L
ml-m27é0
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1 —on?e(443) _ 2 —an? (% 1
B \/2meez ¢ 2mt D e i (2mt)3/2”
1

L2€Z LEL

I3(Gs) = 112(G5),
1 _ m3+m3
I3(Gs) = (2rt)1/2 > D

ma,m3€EZL LEL
moma#£0 (#0

m 2 ms: 2
E\/ ((matimah)” + ((malfmsl))

2 m: 2
smh2ﬂ't€\/ (Imz\ \msl)) + ((|m2\,fm3|))

1 —2m2t(02442) 2 —2m2t0? 1
* (2mt)1/2 Z ¢ S T o Ze * (2mt)3/2’
Ly,l2€Z LEL

1 1 (m24m24m2
I23(Gs) = (2r)3/2 Z e 2o (mi+m3m3)

X

my,mo,m3€EL
mi-ma-ms#0

(27t) 3/2 (Ze B _1>

meZ
= Y er@rged 3N et
0, lo, L3€7 V2t 0, ez
R R
2mt £~ (27t)3/2

The trace

Z/}_ Sub (t, v * (x,2), (z,2))dzdz

yeL

is the sum of all Iy(G5), I1(G5), . .., [123(G5) and we have:

Theorem 12.1. Let 0 = A\g < A} < Ao < --- < A\, < -+ be the distinct eigenvalues
of the sub-Laplacian

I L o o (o oN (o oY
a 8171 2 821 3 822 8562 e 322 8173 1 322

on the space L\G5 with multiplicities m,, > 0. Then

K&P (t,y * (2, 2), (x, 2))dedz = Z my, Mt
~yeL I\Gs n=0
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_ Z 6—2772 t(O2 402 402)

L1,l2,L3EL

sinh 27kt
leZ k=1

e itm3 .
sinh 27t k\/m% + m%

my,mg€Z, my -mo#0 k=1 LEZL
(Imal,Imz])=1

Proof. By summing up all I, (G5) with respect to the order of the time parameter
t we have

Z m At = Io(Gs) + 1 (Gs) + Ix(Gs) + 13(Gs)
n=0

+ I12(G5) + I13(Gs) + I23(G5) + T123(Gs)

_ } : e 2m (B HE5+E3)
by, 4o b3 €L
—+oo
+ 2 6_27T2t€2 2k
Zeez kz_l sinh 27kt

1 Vi + k3
1/2 Z ' ’

27t) sinh 27t \/k? + k3
k1 ka0

2 2
1 IR _mread) %\/(Umﬁn\)) + ((mlnp))
+ (2mt)1/2 Z Ze *

. m 2 m
i sinh 2”“\/(<|m\,\nl>) + ((mln))

T

k1,ko €L

2

_ }: 672w2t(£?+€§+€§)

l1,02,05€7

sinh 27kt
LeZ k=1

D YD > S ¢
sinh 27t kv/02 + 2

01,60€Z k=1 (€7
£y-£27£0,(|€1],[€2])=1 O

For convenience we provide another expression for the heat kernel trace which
was initially given in Theorem 12.1.
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Corollary 12.2.

Z wa(t,’y * (2, 2), (z,2))dedz = Z m,, Mt

YyEL INGs n=0
= 2k
_ Z e—27’r2 (2402 402) 49 Z Z e_gﬂ%ez
sinh 2wkt
£1,02,03€7L LEZ k=1

f Y e Y Gl ima)

sinh 27t \/m3 + m3

my,mo€L LEZL

mi-ma#0
+o0 +oo
_ Z o2 B+ GBHE) | Z Z Z Ske —t(2n* % 42m k (2j+1))
Ly, 0o, l3€T LE€Z k=1 j=0

too (27202 (Imy ], ma)? 2, 90
o Z ZZ(|m1|7|m2|)€ t( m24m3 +27r\/m1+m2(2j+1))-

mq,mo€Z LEZ j=0
ml“ITLQ?éO

13. Spectrum of a six-dimensional compact nilmanifold

In this section, we provide the heat kernel trace on a six-dimensional compact
nilmanifold L\ F{343) by a typical lattice L,

L= {(m1,ma,ma, k1, ko, k3) | mi ks € Z}.

The method of calculating the trace is same as the one in the last section and
so we do not repeat the details. We recall that the sub-Laplacian AWb on the

+3)
group F(z3) is

T 6—:58—566 2+ 6-1—:58—:56 2
Fora = \ omy 292 %92, 0z2 Loz, ? 925

The heat kernel on L\ F{3,3) has the form
Z K%T;)+3> t )7V (‘Ta Z)a (‘ia 2))
yeL
and its trace is the integral
Z/ }‘;:ﬁ) v (x,2), (x,2)) dedz,
yeL Fr

where Fp, is a fundamental domain of the lattice L.
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Theorem 13.1.

Z K;}(l;:s) (t, v * (2, 2), (z, 2))dxdz
yeL

_ —on? (3 463+42) — _on22 2k
o Z ¢ S +3ZZ€ sinh 27tk

L1,82,03€Z LeZ k=1

+oo 2 02
—27°t k
3y e i -
My ma€L, my-ma#£0 k=1 £CZ sinh 27tky/m? +m3
(Imal,Jm2])=1

+oo o2 02
D SR » e LS
sinh 27tk \/m% + m% + m2

m1,mo,m3EZL, mq-mg-m3#0 k=1 /{¢cZ 3
(Imals|mz|,|ms[)=1

14. Heat trace asymptotics on compact nilmanifolds
of the dimensions five and six

In the present section we calculate the short time expansion of the heat kernel trace

: sub sub : : :
for the sub-Laplacians A T\Gs and A T\Flogs) OB A five- and six-dimensional compact

nilmanifold, respectively. We make directly use of the integral forms of these kernels
and as an application we show that the spectral zeta-functions corresponding to
these sub-Laplacians admit a meromorphic extension to the complex plane with
only one simple pole at s = ; and s = g in the five- and six-dimensional cases,
respectively. Moreover, we obtain the residues in these poles.

14.1. The six-dimensional case
sub —
Fays)

K}‘?Sﬂ) (t,(w,2), (%, %)) € C°(Ry x Fizyz) ¥ F(3+3)) for the sub-Laplacian A%(EH),

According to a general formula it is known that the heat kernel K

i.e., the kernel function of the operator {e AF(3+‘¥) } has the form
: 1 A((7,2)7 = (2, 2),7)
sub ~ o\ , ,2),
KF(3+3> (t, ((E’ Z)’ ((E7 Z)) N (27Tt)9/2 /R?' eXp{— t W(T) dTa

where the function A = A(x, z,7) is called action function and is given by the
formula

1
Az, 2,7) = /—1 (1, 2) + ) (UV-17)cothQ(V—-17) -z, z).
In the above formula, the matrix §2(7) is the following 3 x 3 anti-symmetric matrix

0 1 T2
Qr)=-n 0 73

—T2 —173 0
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with 7 = (71, 72,73) € R3 and we denote by (-,-) the standard inner product on
R3. The function W (7) is given by

1/2
W(r) = (de . V=19(7) > _ I

sinh /—19Q(7) sinh ||
and with the definition h(x) = x cothz — 1 we have

|| coth || — 1
|7[?

V=1Q(7) coth vV=1Q(7) = Id+A(V-10(7)) = Id + (V-19(7)”.

We start with some preparations:

Theorem 14.1. For any functions f(x) in S(R™), we have
>y =) rmk),
tezn kezn
where f denotes the inverse Fourier transform of f. In particular, it follows that
1 _n? _on2k2¢
S o e
vant = kEZ

We also use the following estimate:

Theorem 14.2. Let f € C®(R) such that [, |0* f(x)|dx < oo for any multi-index
a. Then, for any integer N > 2, we have

> /}R eV F(Q) d¢ — /}R F(O) d¢

nez

Proof. For n # 0 we have

< V() / OV f(2)) de.

[ =t [ (ev-ta0hed ) s ag

"N / eV (/=100 F(Q)dC.
R

Therefore, it follows

V-1m¢ N — 1 N
Lo S a@a <30y [V

which proves the assertion. O

neZ\{0}

Corollary 14.3. For any real constant k and all N € N, we have

Z ke~ b = o).

neZ, n#0
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We need to evaluate the following integral:

Theorem 14.4. It holds

7| Capl@+1)
jédshﬂwT|dr__4wd2 I(d)2) (1 =27y ¢(d+1).

In particular

f]R smh \T dr = ’
11 fRz smh\'r dr = 77T<(3)7

|| _
111 fR?’ sinh | 7| dr = 2

Proof. Since the integrand is a radial symmetric function, we have

7] /°° rd /°° rde="
dr =V, dr =2V, d
/]Rd sinh | 7] T o sinhr g ‘), 1—e2r "

where Vy = 2742 T(d/2)~" is the surface volume of the unit sphere of dimension
d — 1. Further

00 Td€7T
d
/0 1—e2
[e's] 1 00
= Z/ (427 g = Z / rde " dr
\d+1
= (1+2§) 0

= 9 @D 1) ¢(d 41, ) = D(d+1) (1 27 ((d +1).

4

The results in (i)—(iii) are obtained by using ((2) = 7%2 and ((4) = §,- O

Now, we can calculate the short time asymptotics of the heat kernel trace for
the sub-Laplacian Ai‘ll(?m) By fixing a lattice L in F(343),
L= {(m17m2,m37k1,k27k3) ’ m;, k; € Z}
we have the following result for the asymptotic behaviour as t goes to 0 for
Kf}(l;:s) (t7 v (x, 2), (z, z))
veL
and for the trace of the heat kernel on L\ Fj,

K1\ Fs s (1) Z/f K3P(ty * (2, 2), (x, 2)) dadz.

yeL

Fr, is a fundamental domain of L, i.e., Fr, = {(x17x27x3,zl722,z;),) ‘ 0 <z <
1,0<z <1}
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Theorem 14.5. For any (z, z) € Fr,, it holds:

1 7] -
sub _ 9/2 fe’e)
KEy s (t, v * (2, 2), (z,2)) = (2m)0/2 (/]RS Sinh|T|dT) =92 £ O(t>)
N4

= 9% 4 0(t™).
32/2 )

yeL

Proof. We have for v = (m, k)
v# (2, 2) = (x +m, 21 + k1 + q1(m, 2), 22 + k2 + q2(m, @), 23 + k3 + g3(m, z)),
(x,2) xy*(z,2) = (m7 k1 +2q1(m, ), ka2 + 2q2(m, ), ks + 2q3(m7x)),
where
q1(m, x) = m1x2 — max1, G2(m,x) = mixz — mar1, g3(m,r) = maxs — M322.

Hence it follows
A((z, 2) Ly (2, 2), 7)
=V-1(r,k+2q(m,z)) + ; (QUV=17)cothQ(vV~17) - m, m),
and K3 (t,v % (z,2), (z, 2)) is of the form

F(343)
3
. 1 2 j=1(kj +2q;(m, )7
K 70059 = by [y T 2y
1 I7|
X exp{— ot <Q(\/—1 T) coth Q(\/—l T)-m, m>} sinh|7]

Now, we distinguish the following four cases:
(I) Let v=(0,0). Then

| 1 ||
sub =
KF(3+3> (tq* (2, 2), (:E,Z)) T (2mt)9/2 /IRS sinh | 7] g

(I1) Let v = (0,k) with k € Z3\{0}. Then

1 V-1 7]
sub — _
KF(3+3) (t?’y* (z’z),(m,z)) - (27Tt)9/2 /]RS exp{ t <k’T>}Sinh|T| dT

According to Theorem 14.2 we have
2. KEL, (0(0k) « (@2, (2,2)) = O(1).
kez3\{0}

(III) Let v = (m,0) with m € Z3\{0}. Then

exp{f;t (UV=17)cothQ(vV~17) - m, m>}
1

oy (h(Q(/=17) -m, m>}.

1
- eXp{*zt mf* =
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Noting that

(h(V-1Q) -m, m)
_ |7|coth|r| =1
- 7|2

is nonnegative, we obtain

1 1 2
sub -1 ml
‘KF(3+3> (t, (m,0) x (x, 2), (x, z))’ < (27Tt)9/2 e 2 /R

Therefore, this case is also negligible because

Z KS“b t,(m,0) x (z,z),(z,z))’

meZ3\{0}

{(TlmQ + 7’277”63)2 + (—mma + 7'37713)2 + (o + 7'3?712)2}

l
dr.
s sinh |7 g

1 2 7]
< Al dr = O(t>®
~ (2mt)9/2 Z ¢’ /3 sinh |7 ©" =),

mez3\{0} R
where we have used Corollary 14.3.
(IV) Let v = (m,k) with m € Z3\{0} and k € Z*\{0}. Then we can use the

identity
2 o\? v V-1
71 I <ka7—> — et <k77—>
k? <\/ (97']‘ ) c ¢

for k; # 0, and we can write

K%'?;S) (t7 v (x, 2), (z, z))

6 T m|2y £ 2
(2772)9/2 R3 Hkl;o exp{ V- 1<k l | }H( J)

-1 1
X [exp{—\/t (2q,7) — o (h(V-1Q) - m, m>} i 17 } dr.
Noting that |g;(m,z)| < |m|, we have

sub 1 t6 |7n|2
R (10 02 @) = o g o=y )

Ll s 2 ()

where we have used
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with ¢, = sup,-o{z‘e~1}. Then

Z K%'?;S) (t7 v (x, 2), (z, z))‘

m,keZ3\{0}
<C(eg+1) Z exp (— |m|2) = O(t™).
mez3\{0} At
By Theorem 14.4 we obtain the second equality in Theorem 14.5. O
Corollary 14.6. The heat kernel trace of ASSP ) has the following short time

. . L\F(3+3
asymptotic expansion

™ — oo
Kp\pg.y () = VT 92 L O®t>).

32v/2
Let Ag = U(Aiu\bF(ng )) denote the spectrum of the sub-Laplacian AbLu\bF(SH)
Then, the corresponding spectral zeta function is defined by
1
sub o
<L\F(3+3)( 5) = Z s (14.1)
0#£NEAg

Via Mellin transform we have the relation

1 o0
sub _ s—1
Ci\Flaua) (8) = I'(s) /o (KL\F<3+3) (t) - 1)t dt.

Now, the asymptotic expansion in Corollary 14.6 implies:

Theorem 14.7. The function (14.1) is meromorphic on the complex plane with one

simple pole in s = g and residue

Niis 1
32v21(9)  210v2

In particular, it follows that the spectral zeta-function is compler analytic in a
neighbourhood of zero.

Ress:9/2<zu\k%(3+s> (S) -

14.2. The five-dimensional case
We fix a lattice L = {(ml,mg, ms, k1, ko) | m;, ki € Z} in G5. Then we have the
following theorem for the asymptotic behaviour as t goes to 0 for
Zwa t,y* (2, 2), (z,2))
yeL
and for the trace of the heat kernel on L\G5

K\, (t) Z /F K& (t, v (2,2), (x, 2)) ddz,

yeL

where Fr, = {(x1,22,23.21,22) : 0 < z; < 1,0 < z; < 1} is a fundamental domain
of the lattice L.
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Theorem 14.8. For any (z, z) € Fr,, it holds that
1 7] _
K& (t = dr ) 772 £ Ot
% ( v * (@), (z,z)) (2m)7/2 (/Rz sinh |7| T) +0(t™)

o 7 C(3) —7/2 oo
= 8\/2 5/2 t +O(t )

Proof. In this case, KS“b (t,*y x (x, 2), (x, z)) is of the form

K&P (t,y * (x, 2), (2, 2)) = ! /]Rz exp{—\/—l Zimalhs +2Qj(m7x))7j}

(27t)7/2 t
1 7|
x —  {(Q0(V/—=17) coth Qo (v/=17) - m, }
exp{ o (Q(V=17)cothQ(vV=17) - m, m) sinh|7|
where the matrix Qg(7) is the following 3 x 3 anti-symmetric matrix:
0 T T2
Q(T) = | " 0 0
—T2 0 0
with 7 = (74,72) € R2. Using arguments similar to those in the proof of the
six-dimensional case, we get the assertion. 0

Corollary 14.9. The heat kernel trace of ASC?;’ has the following short time asymp-
totic expansion:

7 3
K\, (t) = 82 ig/; 772 L O@t>).

Let A5 = J(ASC‘;;’) denote the spectrum of the sub-Laplace operator Asc‘jf. As
before we define the corresponding spectral zeta function by

su 1
e = D . (14.2)
0#£NEAs

Theorem 14.10. The function (14.2) is meromorphic on the complex plane with
one simple pole at s = 7/2 and residue

e )
8v2r3/2T (1) 15v/27m3

In particular, it follows that the spectral zeta function (14.2) is complex analytic
in a neighbourhood of zero.

ReSs_7/2 Ci‘i‘bs( )
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15. Concluding remarks
We end up with several remarks together with some of the future problems.

Remark 15.1. In both of the above cases and also for Heisenberg manifolds of any
dimension, it turns out that the spectral zeta function has only one simple pole
(see [BF4-10]). In the Riemannian case and even for three-dimensional Heisenberg
manifolds, the spectral zeta function has infinitely many simple poles (see [FG-03]).
It seems that the behaviour of the spectral zeta function of the sub-Laplacian on
compact nilmanifolds is closer related to the flat torus case, since the compact
nilmanifold is the total space of the fiber bundle. Both the base and the fiber
spaces are flat tori. In the sense of the Hormander condition the sub-Laplacian is
dominated by the Laplacian on the base space (= torus). Note that the spectral
zeta function of the flat torus is an Epstein zeta function which has only one
simple pole at s =half of the dimension of the torus. So we may expect that for
any compact 2-step nilmanifold the spectral zeta function of a sub-Laplacian can
be extended to a meromorphic function and that it has only one simple pole.

Remark 15.2. According to the general construction of the heat kernel on 2-step
nilpotent Lie groups given in [BGG1-96], we have an integral expression for the
heat kernel. In the integrand hyperbolic functions of a skew-symmetric matrix Q(7)
defined by the structure constants of the group appear. The explicit expression of
this matrix in terms of the components is used to determine the spectrum of the
sub-Laplacian (and of the Laplacian) on their compact nilmanifolds. It seems to be
difficult to accomplish the calculation purely from the matrix form of (11.3), since
there are 2-step nilpotent Lie groups without any lattices, cf. [Rag-72], [Eb-03].

Remark 15.3. In the last two sections we only treated a typical lattice of the
nilpotent Lie groups. Of course, it is possible to deal with general lattices. However,
within the authors’ knowledge we do not have a complete classification of lattices
even for the general 2-step nilpotent Lie groups apart from the Heisenberg group
cases. Though, if it is possible to parametrize a subclass of lattices, say in the free
nilpotent Lie group in an obvious way, then we can develop the inverse spectral
problem among such lattices similar to the results obtained in [GW-86].

Remark 15.4. By different methods, it is possible to calculate an integral form of
the spectral zeta-functions given in the last section. This leads to an expression of
its derivative at s = 0 and therefore gives the zeta-regularized determinant of the
corresponding operators. The details will be given in a forthcoming paper [BFI]
(see also [BF3-08]).
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Appendix A. Basic theorems for pseudo-differential operators of
Weyl symbols and heat kernel construction

Let S7's € C>°(R™ x R™) be the symbol class as usual (0 <35 <p<1,0<1),
p(z,§) € S5 <= Va, V3 (= multi-indices) 3 constant C' = C,,5 > 0 such that
ol +1Blp(z, &
’ Ox*9EP
where a = (ay,...,a,) € 27", aiZO la] = Y ay, €] = /32 &2, and so on. For
each integer £ > 0 we denote by |p|e (p € S)'s) the semi-norm on the space S}

i = sup o sup (@) (L g
la|+]B]<e (w,£)€R™ xR"

= bl 0] = Cos 14 gyt

Equipped with these semi-norms {| - | }4>0, the space S}"; becomes a Fréchet
space. We also use the notation (§) = (1 + [¢|? ) and - & = ;& = (x,8).

Definition A.1. A pseudo-differential operator P on R" of Weyl symbol p(z, &) €
o' 18 defined in terms of the oscillatory integral (Os— [) by the following formula
(see L. Hormander [H62-79] and C. Twasaki and N. Iwasaki [I11-79], [[12-81]):

Pu(x) = p" (¢, D)u(x)

=0s — (277)*”/ e Vg (z + y,E) uw(x +y) dyd§
R™ xR™ 2

— Os — (27_‘,)771 /]Rn . 6\/*1(I*y)'§p <‘T+y7§> ( )dydé

For the rest of this chapter we use pseudo-differential operators of Weyl symbols.

The product of pseudo-differential operators of Weyl symbol P = p*(x, D)
and @ = ¢“(x,D) is also a pseudo-differential operator of Weyl symbol
o (p”(z, D)q" (z, D)) = powq, ie.,

pw(sz)qw(sz) = (p Ow q)w(va)'

In fact, the Weyl symbol po,, ¢ is given by the integral (A.1), which is proved
in Theorem A.2:

(pow 4)(2,€) = Os — (2) 2" / / oYLy witysw)
Rn XRH ]Rn XRn

< p (o= e+ wi)q (ot 6+ wa) dyidwidysdws, (A1)
where y; = (Y1,i- -+, Yn,i) and w; = (W14, ..., wy ;) (1 =1,2).

Theorem A.2. Let p € Sg?g and q € SZ};. Then for any integer N we have an

expansion
N-1

Powq= ; (2\/1_1) ai(p.q) + 7% (P, ),
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where
(=D)AL, (o8
pa) = D G P @Ol @8 e s,
lee|+181=3
w m—(p—0
r(p,q) € Sy OV,
There exist constants £y and C such that the following estimate holds for any ¢:
w | (m—(p—956)N a)(my1—p|lal+d meo+6|a|—
|TN|§ (p—0)N) <C Z |pgﬂ§|§+l}0 plal+s|8) |q25§|§+50+ |l =plBI)
lal+[8l=N

Remark A.3. Pseudo-differential operators of Weyl symbol are pseudo-differential
operators in the usual sense. In fact, we have

pw(va) = Q(x7D)

o(e.6) = 0s - (2) "

ef‘/fly'"p (JC + g, &+ 77) dydn
Rn xR?

and
pa8)=0s— (0 [ e/ g (o4 gy dyn
R™xR™

This shows that the conditions p(x,§) € S7'; and ¢(z,§) € S} are equivalent.
Remark A.4. It is clear that
0j(p,q) = (—1)’04(q,p) for any j,
so we have
oj(p,p) =0 if j is an odd integer.
Remark A.5.
o1(p,q) = (JVp,Vq),
1
02(p.4) = — o (T Hy T H,),

where J is the 2n x 2n matrix defined by

= (20)

_t ( Op Op Op Op ; ; ;
and Vp = ((%1 ey Qm OE 85”). The matrix H, is called Hesse matrix

and is given by
8%p 8%p
H, =
8%p 8%p

The following holds for the multi-product of pseudo-differential operators of
Weyl symbols.
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Theorem A.6. If p; belongs to S;'?éj) (j = 1,...,v), then the operator product
p¥(x,D)... p¥(x, D) is a pseudo-differential operator of Weyl symbol
p(x,§) =" (pY'(z, D)...p,)(x, D)) € 575 (m = Xj_ym(j))

again and p satisfies the following estimate: There exist constants C' and £y inde-
pendent of v such that for any £:

pl™ < ¢ TT Ipsl V7.
j=1

In fact, p(x, &) is given by
2v
~ -~ ~ v
p(x, &) :OS,(QW)—W/ / / exp [ V-1 Zyj Cwj
n n n J:1

v Jj—1 v
prj z+;Zykf; Zyk,§+wj av,
j=1 k=1

k=j+1
where dV = dy,dwidysdws . . . dy,dw,.
Let p*(z, D) be a pseudo-differential operator with p(z,§) € S7'5. We con-
sider the heat operator
0
“(x, D
g TP (. D)
and construct the fundamental solution F(t) as a pseudo-differential operator of
a Weyl symbol e(t; x, €),

d
dte“’(t; x, D) +p“(x,D)e”(t;z,D) =0 in (0,7) x R™,
e (0;x,D) =1,

where p* (z, D) is a pseudo-differential operator of Weyl symbol p(x, ). We assume
that the symbol p(x,&) is in a classical symbol class, i.e., p(z,§) € S7", (m € N)
and has an asymptotic expansion into homogeneous functions of the variables &.

In this section we consider a degenerate operator which has a sub-elliptic
estimate and was characterized by A. Melin [Me-71]. We sketch the construction
of the fundamental solution to the heat equation following the paper [112-81].

Theorem A.7. Let p(x,§) € ST satisfies the following condition (A):
(b) Re(pm—1) + 4 tr7(A) = c|¢|™ " for some positive constant ¢ on %,

where 3 = {(z,{) | pm(2,€) = ()} is the characteristic set of pm(x,€), A(z,§) =
A =+/—1JH,, and tr*(A) is the sum of positive eigenvalues of A. Here H,,  is
the Hesse matriz of the principal symbol pp,(z,§).
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Then we can construct the symbol e(t;x,&) belonging to the symbol class
S?/Q 1/2 and S™ for t > 0 in the following form: For any integer N we have
the expansion

i

e(t;z,€) = 3 e;(tiz,€) € S50,

Il
=)

J
eo(t;z, &) = exp{o(t;z, &)} and e;(t;,8) € S;/jﬁm

with the function

<P(t; -Tag) = —pm(x,f)t 7pm,1(17,§)t

_ ;tr {log (cosh (t;l))} + ¢_41t2 <G (f) TV, me>

and

Sketch of proof. Assume that the fundamental solution is a pseudo-differential
operator of Weyl symbol e(t; z, &) = e?(t:w:8)  Then we have by Theorem 1.2

gte(t) —i—jgo (2\/11> oj(p,e(t)) =0, e(0)=1.

Neglecting terms o;(p, e(t)) for j > 3, we get the following equation for ¢ with
¢(0)=0

0 1 1 1
ot p+p+ 9v/—1 (JVp, Vo) + 8 tr(JHyJHy) — 8 (IVe, HyJVip) = 0.

It is hard to find the solution of the above equation. But neglecting the derivatives
of p and ¢ of order greater than three, we can find a suitable solution as follows:
The above equation means that X = /—1JH,, satisfies

0 1 1

6tX+A+ 9 (AX — XA) - 4XAX—O7 X|t=0=0

with A = +/—1JH,. The unique solution of this equation is
X = —2tanh(At/2).

Setting
y=JVy, b=JVp,

we have
0
ot
The unique solution of the above equation is given by

y=A"'XDb.

1 1
y+b+2(Anyb)—4XAy:O, Yli=o = 0.
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We finally obtain
= —pt— ; tr [log{cosh(At/2)}] + \/_4”2 (G(At/2)JVp, Vp).
It is easy to show that
1
\/det{cosh(At/2)}
and by the assumption on the characteristic set
o(x,8) < =CE™t  if pm(x,§) > g™,
p(z,6) < —c(©™ 't in3.
We need a precise argument to obtain an estimate for ¢ near the set . According
to [I12-81] we have

—trT At/2

0
e¥ (S 51/211/2.
We give some remarks on the construction of e(t;x,£). If we have constructed
ej(t;x, &) for j =1,2,..., N — 1 such that

N-1
8 w w w
(5 4@ D) > eptte D) | =rx (D)
with ry(t;2,8) € Sf};\%a then we can construct the symbol of the fundamental
solution of the form
1 ¢ N=1
e(t) = ej / Z ej(t —s) oy P(s)ds
j=0 §=0

with ¥(t) € 5172 11\1//22 if m — N/2 < 0. In fact, we can construct 1(t) as the unique

solution of the following equation using the previous theorem:

r(t) + ¥(t) + /0 rn(t — s) oy (s)ds = 0.

In the case when p(z,€) is a polynomial in (z,£) of degree at most 2 the
fundamental solution E(t) is obtained as a pseudo-differential operator of Weyl
symbol e(t; z,§) = exp{p(t, x, &)}, where

o(t:z, &) = —pt — ; tr {log (cosh (ét» } + \/;1t2 (G(At/2)JVp, Vp),

because ¢(t; x,§) is the exact solution of the equation

dy 1 1
- — IV, H,JVo) = 0.
+p+2\/ ) o1(p, @) = ;02 ¢) 8( Ve, HyJV o)

More prec1sely, we have the following Theorem A.8. It is a key theorem if we study
the construction of the fundamental solution for the heat equation of polynomial
coefficients.
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Theorem A.8. Let p(x,&) be a quadratic polynomial with respect to the variable
X = (x,8)t € R x R?,
1
p(z,€) = , (X, HX).
Then E(t) = e“(t;x, D) is given as a pseudo-differential operator with symbol
1
e(t;z, &) = exp| —v—1 (Jtanh(At/2)X, X )|,
(t2,¢) \/det cosh(At/2) P < (48/2) )

and with the 2d x 2d-matriz A = /—1 JH.

Appendix B. Heat kernel of the sub-Laplacian on 2-step
nilpotent groups
We apply the previous construction of the fundamental solution to a degenerate
operator, i.e., to the case of the sub-Laplacian on a 2-step free nilpotent Lie group.
So, let Fiyynv—1)/2) = RN @ RN(N=1)/2 he a connected and simply con-
nected free 2-step nilpotent Lie group with the Lie algebra x4 n(v—1)/2) (Which
is also identified with RY @ RN(V-1/2) We fix a basis {Xi, Zi,; ‘ 1<id,j<
N, < j} of the Lie algebra f(yyn(n—1)/2)- Their bracket relation are assumed
to be
(X, Xj] = 2Z;;
for 1 <i < j < N and the group multiplication
*: Fvpn(v—1)/2) X Fven(v—1)/2) = Finyn(v=1)/2)

is given as follows: let
(Y wixi® 22> 8 X0y 5Z;) eERVOR 2 xRY@OR 7,
then we have
(M wixi® Y 2Zi) « (@)X ® Y 22 )
= (@i +3) X ® (2 + By + wily — 1) Zij.

Let X; be the left-invariant vector field on F(n4(n=1)/2) corresponding to X,

Zi(fg = % pigwe™)

T adt
_of of of
N 61‘1 + ZIJ 6zji ;IJ 62@‘7

J<i

t=0

where g = (z,2) € RN @ RNWV=D/2 = Fv i vy _1)/9). Let

(‘T7Z7§ac) = (x1721j7£7,7<z])
(S T*(F(N+N(N71)/2)) >~ RN @RN(N*U/2 % RN @RN(Nfl)/2
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be the dual coordinates on the cotangent bundle. Then we understand the symbol
of vector fields X; and their Weyl symbols as

(X)) = o(Xi) = V=1 &G+ wGi— Y ;G
j<i >0
=V-1(£-Q()x),,
where Q = Q(() is a N x N skew symmetric matrix defined by
(2©), =6 (=<i<i<N).
Let P be the sub-Laplacian

|
P=— X2
Its Weyl symbol is given by

Za <X HX), X =*%z¢)

with a 2N x 2N-matrix H deﬁned by
—(Q(0)* Q¢
. ( @OF A\
-Q¢) I
We consider the pseudo-differential operator p*(z, z, D,, D) with the Weyl sym-

bol o*(P) and construct the following fundamental solution F(t) as a pseudo-
differential operator of Weyl symbol e(t; z, z, €, ¢),

e“(t;x,2,D,, D) + p“(x,2,Dy, D,)e" (t;x, 2, Dy, D) =0 in (0,T) x R™,
e (0;x,2,D,,D,) = 1.

dt

Theorem B.1. The symbol e(t; x, z,£,C) of the fundamental solution is given by
1 t /tanh+/—1t
e(t;x,2,€,¢) = exp[—2< anh v/ 0HX, X>],

\/detcosh(\/ 119(C)) V=110
where
Qe) o
Qg =
0 Q)
Then

E(t)u(z,z) = €“(t;x, 2, Dy, D, )u(z, 2)

— (2m) " N-N(N-1)2 / S i 50)
RN xRN JRN(N=1)/2xRN(N—-1)/2

X e(t: (x+3)/2, (z+3)/2, & O, 7)dCdidéds.
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Corollary B.2. The kernel function K(t;x,z,%,2) of the above fundamental solu-
tion is given by

K(t;2, 2,3, 3) = (2mt) - N/2-N(N-1)/2 / V1 (@) [tv~1 (z=2.0)/t

RN(N-1)/2

1o { o <z o tanﬁ(j_gfé)@) @ I)>} \/det {smﬁﬁf(é?c» } .

where < 2, >=3 1, icn #ijGij-

From the above expression of the kernel function K (¢;x, z, &, Z), we conclude
that it values on the diagonal are given by:

Corollary B.3.

K(t;z,z,2,2) = (2mt)”N/2-NIN=/2 /szuvfn/z \/det {Slnﬁ/(\/l_?(ézo) } a

Proof of Theorem B.1. Let A = /—1JH be a 2N x 2N-matrix. Then the nth
power of the matrix A is given by

A" = A(—2v-1Q)" ! = (—2v-1Qp)" A, (B.1)
Since
-Q¢) I
A=+/-1
Y <Q(<)2 Q(C))

the formula (B.1) is proved by the induction with respect to n if we note that
Q)2 Q¢
A2_2< ( )3 (2) = —2v—-10QA.
—2(0)7 (¢

Lemma B.4. Let ho(x) be an entire function. Then for the entire function h(x) =
xhg(z) we have

h (t;4> - ;Aho(*\/fltﬁo). (B.2)

Moreover, it holds
tA
det | cosh 5 = det (cosh(v/—11€)) . (B.3)
Proof. The formula (B.2) is clear by the previous formula (B.1). Also the formula
t
cosh(t A/2) = 2A h(—v/—=1tQ0) + Ly,

is derived from (B.1), where

Iy = the identity matrix of size (2N) x (2N)
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and h(xz) = (cosha — 1)/x. By the formula,

_ /1 L QOR(V-1t92(0)) h\/ 1Q(C

- — L (Q(0)?A(V-1EQ(C )) Caon(v-tea)) T

YR QAORV-10(0) + “ M (V189 g)
=3 @OVt >) Y O(V-1t) +1)

we have

det (cosh (tA/2)))
o VIHQOR(V-1tQ(0)) + 1 — VR (V=1 9(Q)) )

—VSHQO)2PR(V-1tQ(C) VIOVt Q(Q) + I

I =V h(V=1t9(0))
(Q(C) ““Q(Oh(%—ltﬂ(o)ﬂ)
et <I — VMR (V=1t9(0)) )
0 V-1tQOA(V-1tQ()) +
= det(vV-1t Q(O)h(V-1tQ(C)) + I)
= det cosh (v =1t Q(()). O

Theorem B.1 is obtained from the lemma above and Theorem A.8. The kernel
is given by

K(t;$727i‘72) /2/ / zx z,6)+i(z—2,¢)
RN JRN(N-1)/2
e(ts (x+2)/2, (z+2)/2, € () dCde.
By applying the formula

[ e (= (6. + V=10 e)) de

= (detM)_l/27rN/2 exp (— (a, M 'a) /4)
with
t tanh(v/—1t2(€))
2 V-1t

we get the assertion of Corollary B.2.

M= and a= (z— &) — tanh (V-1tQ(¢)) (z + &)/2
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Appendix C. The trace of the fundamental solution
In this appendix we consider a heat equation on a closed manifold under the
condition (A) and an additional condition (B).

(B) The principal symbol p,,(x,&) vanishes exactly to the second order on the
characteristic set

Y= {(Ivf) ’ pm(x7§) =0,¢ 7£ 0}7
i.e., there exists a coordinate system (U x V;u,v) about each point in 3 with the
property that
XN (Z/l X V) = {(u,0)},
and
Pm(x,8) = Zaij(u) v;v; + O(|v]*) near v =0 (C.1)

with det(a;;(u)) > 0. With this property we have an invariantly defined volume
form d¥ on ¥ in such a way that

1
¥ = G(u) du,
\/det (ai j (u))
where G du A dv is the local expression of the Liouville volume form.

Definition C.1. Under condition (B) the characteristic set 3 is the disjoint union
¥ = | | %7 of connected components 7. Then we call the minimum codimension,
d:= min{codimension of Ej}
the codimension of the characteristic set ¥. By X° we denote the union of all

components ¥/ having codimension d.

Theorem C.2. Let M be a closed manifold. If p(z,§) € STy (M) satisfies conditions
(A) and (B). Then the trace of the fundamental solution E(t) has the following
asymptotic behaviour as t goes to 0:
(Cy +o(1))t—n/m if n —md/2 <0,
tr E(t) = ¢ (Calog(t™!) +O(1)) t=™™ if n—md/2=0,
(C3 +o(1))t=(n=d/2/(m=1) if n, —md/2 > 0,

where

Cr=Cr) " [ explp(o.€) dad
Cy = m™(2r) "+d/2 /20 (Pm—1 + trT(A)/2) exp(—pm_1 — tr7(A)/2) d%°,

1/2
Cy = (2) /2 / [det{(A/z smh(A/z)}} exp(—pm_1) d2°.
50
Remark C.3. In the case where n — md/2 = 0, pp,—1 + § tr™(A) can be replaced
by any positive function homogeneous of order m — 1. So the constant C5 depends

only on dx’.
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Sketch of proof. Assume that the codimension of ¥ is d. Let V' be a local chart of
M. Set

U =TVN{X = (2,6) | pm(X) < (&)1, te)™ ! < ()],
Qo =TV N{X = (2,6 | pn(X) > (&)™ 7}

for suitable positive constants € and §. Then we have

/VtrE(t)dx = (27T)_"/V/n e(t;z, &) dédx
— (14 o(1)) (27) " (/Q exp o(t)dude +/

Qo

exp d)O (t) dl’d£> )

where
(bo(t) = —tpm(X).
Choose a point X = (z,£) near the characteristic set and choose a conical neigh-

bourhood 2 of X. By condition (B) we can construct a smooth function a = a(X)
defined in € such that

|d(X,a(X)) —d(X,%)| < d(X, %)%

Instead of ¢(t) we can use
¢3(t) = —pm-1(a)t
- ; tr (log[cosh(A(a)t/2)]) — (@ — X, vV —1J tanh(A(a)t/2)(a — X) ),

where a = a(X). Set
107) = [ xaexp out..€) dade,
w

JW) = /W Yo oxp ot . €) dude,

where y; and x» are characteristic functions of £, and 5, respectively. We intro-
duce a local coordinate system (w,r,y) as follows: There exists an open set U of
R2n=1=d and a smooth map 7(w,r,y) from U x Ry x R? to T*(R™) such that 7 is
a local diffeomorphism from U x Ry x Y with Y = {|y| < L} onto € that satisfies
the following conditions:
(1) T(w,ry) = 70w, r) + 71 (w,r)y = (,),
(2) 1o(w,r) is a diffeomorphism from U x Ry onto X, especially ro(w,1) is a
diffeomorphism from U onto the intersection ¥ of ¥ and S*(R™) = {(z,¢) €
R™ x R™ ‘ ] =1},
(3) if X = 7(w,m,y), then a(X) = mo(w, r).
Introduce a function ®(w,y) by

drdé = or" ! drdwdy.
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Q is divided into

Q. = {(m,{“) €N ’ > 1 > 1},

Q= {(z,) €9 | rmTlE <1, e > 1},

Qe={(z,) eQ|r<1}.
It is clear that

1(Q:) =0(1),  J(Q) = O01).
(I) If 2n — md < 0, then we have
I1(Q,) = O~ =4/2/(m=1y and  I() = o(t™™/™)

and
J(gza USZb) /U/ 1/YX2 exp¢)0(t) d$d£
>
(/ / /C exp(¢o(1))@r™ ! drdydw + 0(1)) 4—n/m
UJy Jtt/m

= (/ exp(¢o(1)) ded§ + 0(1)) tn/m,
Q

Note that the above integral is finite by the inequality ¢o(t) < —C|y|*r™t.
(IT) If 2n — md = 0, then we have

I(Q,) =0@™™™) and J(Q,) = O@t™™/™).
Set

1 2 m
o1(t) = =, (11(@)y, Vpm(w)71 (w)y) 1™t

where 71 (w) = 7(w, 1). Then we have

I() = /Q X1 exp 1 (t) dadé + O(t~/™),

J( ) = /Q Xz exp ¢y (t) dzdé + O(t"/™).
So it holds that b
I(Q) + J() = /Q exp ¢1(t) drd€ + O(f”/m)_
Set Qp, = D1 U Dy, where b

Di=n{1<F<t /=D Dy =N {t/m <7 <1}
and 7 = rt*/™. Then we have
1
(i) / exp ¢y (t) dede = / / / exp(¢1 (1))@ didydw t—™/™
Do UJy Jtt/m
=o(t'™),

283
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1/m(m 1)
(i) / / / exp(¢1(1))(® — <1>|y20)7:n—1 dfdydwt_”/m _ O(t_"/m)7
t— 1/m(m—1)
() / / / exp(¢1 (1)) (Do)~ didydw t /™
t— 1/m(m—1)
/ / / exp(¢1(1 ))(‘Ply:o)f”” didydwt=™'™
Rd

4= 1/m(m—1)

// d/2((p| ) ~n— 1_7nd d'r
UJi

et H(w)\ —1/2
X(dtb;() /(

- m((Q;?Wj) log (1)
- m((Q;;Wj) log (1)

where we have used that

det Ty) "2 dwt=™/™ 4 O~ /™)
{det Ht(w)}~"/* d21> £/ o™
U

(f
(/U d25> t=m/m o™,

A1 = (®|y=o)(det T1) Y2 dw
and the notations
Ty ="'r(wn(w), dos= dEO|I£|:1.
Finally, we have that
I(Q) + J (%) = m(?;?wj) log (1) (/U d25> t=r/m o™,

(IIT) If 2n — md > 0, then

J(Qq UQy) = o(t~(=4/2)/(m=1))
By the change of variables

pt /=) =20 —

we have

10 UQy) = /U / . [ xaexpn(e) e

= ¢~ (n=d/2)/(m=1) | (// / exp¢3(1)(detT1)1/2dgf"1dfd21+o(1)>.
U JRrRy JRE

Set
Ba(1) = 61— pma (o, 7)) —  tx (log [cosh(A(ro(w,7))/2)])
with
¢a = —(11(w)§, V—1J tanh(A (7o (w, 7)/2)71 (w)§) 7.
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By

/ exp ¢4 dy
Rd

70 (w, T 1/2
_ (W/F)d/2{det H+(7_0(w77:))/2}—1/2(det Tl)_1/2 [det <tanﬁ((f40(5—0’(w))f/§/2)>}

it holds that
/ exp ¢3(1) djj (det Ty)"/? = (/7)) {det H* (1o (w, 7))/2}'/?
]Rd

Alro(w. f>>/2/2) )] v

X exp{—pm—1(1o(w, 7))} {det (Sinh(A(TO(W )

Finally, we have

// / exp ¢ (1)(det T1) '/ 2dgi™ =1 did%,
U JRy JRE

= (27T)d/2/U A {det H (ro(w, 7))} /2 exp{—pum—1(70(w, 7))}

T0(w, 7 V2 o1 o
. {det(sin}?((/l(zq(—o(w,))fg)z/2))} P RSy

= (2m)%/? /U /]R exp{—pm_l(TO(w,f))}{det(Sin}i(g‘z%}(ﬂj’)%;%)}1/2d20.

Appendix D. Selberg trace formula

In this appendix we sum up algebraic and geometric arguments of the Selberg
trace formula calculation. Convergences of sum and integrals are always assumed.

Let T' be a discrete group which acts on a space M freely and properly
discontinuously with the (compact) quotient space I'\ M,

I'x M — M.

Also we assume that there is a measure dV = dV(z) on M invariant under the
action of T,

v (dV)=dV, VyeT.

So we have a measure on the quotient space I'\ M which we denote by dV, as well.
Let K = K(z,y) be a function on M x M satisfying the invariance property

K(y-x,v-y)=K(z,y), Vr,ye M andVyecTl.
Then the sum

K(z,y) =Y K(v-,y)

yel’
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is a well-defined function on (I"\M) x (F\M) since for p,v € I’

K(p-z,v-y)= ZK ZKV ) -z, y)
yel yel’
= > Ky -zy) =Y K-y =Ky
v=lypel yel’

Let us denote a fundamental domain of the action of I" by F' and consider the
integral

T = K(x,y)dV (z Z/nyde()
MM yerl
We denote a complete set of representatives of the conjugacy classes of I' by
[I']. Let S, be the set of conjugate elements (in I') to v, i.e.,
Sy={un"yu|peT}.

The integral T' can be rewritten as

T = ZZ/KTZ‘QZdV Z Z /K'yum,um)dV()
~ye[l]TeSy Tl p=typesSy
since ' = U Sy
veE[r]
Let us pick a v € [I'] and consider the integral

L= Y [ Kopapnavi)
ptypes,

Let C, be the centralizer of the element ~,
C'»Y:{hGF“w:*yh},
and choose a complete set {y;} (which we denote by [C,]) of representatives of

the quotient set T'/C.,. Then S, = {u; *yu;|u; € [C,]}. Now the sum of integrals
L, is expressed as

I, :/ K(y-z,z)dV(x).
piF
i €[C]

Since
U pi o F°
Hi€[CH]
is a fundamental domain of the group action by C,,, the integral T reduces to the
sum of integrals

T= I, = K(y-z,x)dV(x).
Z 'YGZ[F] /F” !

€[]
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Zeta Functions of Elliptic Cone Operators

Gerardo A. Mendoza

Abstract. This paper is an overview of aspects of the singularities of the zeta
function, equivalently, of the small time asymptotics of the trace of the heat
semigroup, of elliptic cone operators. It begins with a brief description of
classical results for regular differential operators on smooth manifolds, and
includes a concise introduction to the theory of cone differential operators.
The later sections describe recent joint work of the author with J. Gil and
T. Krainer on the existence of the resolvent of elliptic cone operators and the
structure of its asymptotic behavior as the modulus of the spectral parameter
tends to infinity within a sector in C on which natural ray conditions on the
symbol of the operator are assumed. These ideas are illustrated with examples.

Mathematics Subject Classification (2000). Primary: 58J50, 35P05, Secondary:
47A10, 58J35.

Keywords. ¢ function of an elliptic operator, manifold with conical singulari-
ties, heat trace expansion.

1. Introduction

The principal aim of these notes is to give an overview of certain interesting struc-
tural properties of the zeta function of an elliptic cone operator on a compact
manifold. We begin, in Section 2, with an account of the zeta function of elliptic
operators in the classical settings, and continue in Section 3 with a description of
a number of results mostly concerning the equivalent problem of the structure of
the small time asymptotics of the trace of the heat semigroup of elliptic opera-
tors on manifolds with conical singularities (assuming of course some appropriate
positivity conditions).

A reader wishing to go somewhat further into the details of the theory and
the meaning of some terms used in the statements in Section 3 may benefit from
the material in Sections 4 and 5, which go into some of the details of the theory of
cone operators. Some aspects of the spectral theory of elliptic cone operators are
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presented in Section 6. Sections 4, 5, and 6 are needed for Sections 7 and 8. The
first of these last two sections presents results concerning rays of minimal growth,
while the last is intended to give an idea of the origin of the complicated structure
of the singularities of the zeta function.

The expositions in Sections 4 to 8 are based on joint work with Juan B. Gil
and Thomas Krainer contained in the papers [14, 15, 16, 17, 18].

2. Classical results

Leaving aside the a posteriori observation about the relation between the classical
Riemann (or the Epstein) zeta function and the zeta function of the Laplacian on
a circle (or torus), it is fair to say that the zeta function of a differential operator
appeared first in a paper of T. Carleman [6]. There he proves Weyl’s estimate for
the eigenvalues of the Dirichlet Laplacian on a planar region M with piecewise C?
boundary (“continuous curvature”) using the Ikehara-Wiener Tauberian theorem
(Ikehara [22], see Korevaar [27]). In Carleman’s paper, the zeta function appears

in the form
Aok (p _
)\ SdA
i ] z o

where the ¢ form a complete orthonormal system of eigenfunctions, A¢r = Aok
with the A\, forming a nondecreasing sequence, and v is a line A =a, 0 < a < \;
(throughout this note the convention will be to take the positive Laplacian). Of
course this is the zeta function after integration over M. The fact that s = 1
is a simple pole allows the use of Ikehara’s theorem, and gives a first direct link
between the residues of the zeta function and what one may term the classical
spectral information.

Carleman’s work not withstanding, the explicit study of zeta functions, and
related objects, of elliptic differential operators, began with work of S. Minakshi-
sundaram in the late 1940’s, in particular his work with A. Pleijel [33] in which
one finds, among other things, the following:

Theorem 2.1 (Minakshisundaram and Pleijel [33]). Let A the Laplacian on a com-
pact orientable Riemannian manifold M without boundary, or with smooth bound-
ary and either Dirichlet or Neumann boundary condition. Let A\, be the eigenvalues
repeated with multiplicity. Then the corresponding zeta function has a meromor-
phic extension to C with simple poles contained in

{(n—0)/m: £ € Ng}\(~No) (2.2)

where n = dim M, m = 2 is the order of A, and Ny is the set of non-negative
imntegers.

Minakshisundaram and Pleijel proved their theorems in [33] by first con-
structing the Schwartz kernel of a parametrix for the initial value problem for
the heat equation. From this they constructed (using a Laplace transform) the
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Schwartz kernel of a parametrix for the resolvent of A, which they then exploited
using Cauchy’s integral formula to write expressions for the zeta function from
which the meromorphic continuation and other properties were read off.

The idea of going directly from the heat kernel to the zeta function via
Mellin transform to establish the fundamental analytic properties of zeta functions
appears in a paper of Minakshisundaram [31] (submitted only 4 days after the
paper with Pleijel cited above) where he discusses the behavior of the zeta function
associated with the flat Laplacian with Dirichlet or Neumann conditions on a
domain with smooth boundary. A few years later Minakshisundaram [32] used
this to give more direct proofs of his results with Pleijel. See [12] for a perspective
on Minakshisundaram’s conceptual contribution to spectral analysis.

Incidentally, the relation between the ¢ function and the trace of the heat
kernel is the following. Suppose that A is an unbounded selfadjoint operator on
some Hilbert space with discrete spectrum {A; }32, (assumed to lie in (0, co) and to
satisfy a Weyl-type estimate, Ay ~ ck® for some ¢, > 0). Then e~*4 is trace-class
for t > 0,

Tre 4 = Ze*)"“t
k=0
and one has
1 & dt
= Tret4¢ 2.3
o) =y [ e (23)

for every s with sufficiently large real part.

The proofs of Minakshisundaram and Pleijel in [33] become at some point
what amounts to an analysis of the Schwartz kernel of the complex powers of the
Laplacian. This analysis was made explicit by R.T. Seeley, who gave far reaching
extensions of these theorems, to general elliptic differential operators on compact
manifolds without boundary acting on sections of a vector bundle [34], and to ellip-
tic boundary value problems [35, 36], in both cases assuming that a ray condition
if satisfied. Seeley showed, among other things, that for selfadjoint problems, the
zeta function of a differential operator of order m on an n-dimensional manifold
has a meromorphic continuation to all of C with simple poles contained in the
set (2.2).

Greiner [21] obtained an expansion of the heat trace for small time for elliptic
partial differential operators of even order acting on sections of a vector bundle (es-
sentially constructing a parametrix for the heat operator via an anisotropic pseu-
dodifferential calculus), again both for closed manifolds and for compact manifold
with boundary and suitable boundary conditions. In Greiner’s work, the princi-
pal symbol of the operator is assumed to have the property that the real part of
its eigenvalues is bounded below uniformly by a positive number on the cosphere
bundle of the manifold.

There is a direct, explicit relation by way of (2.3) between the coefficients of
the small time asymptotics of Tre *4 (to the extent that such expansion exists)
and the residues of the zeta function of A. Therefore the analysis of the residues of



294 G.A. Mendoza

the zeta function and that of the coefficients of the expansion of Tre =4 at t = 0
are equivalent problems. There is by now a wealth of information gathered through,
and about, the heat kernel, see [20] and [23] for instance, with many implications
and applications in a number of areas beyond zeta functions; describing these
would take us far away in a direction which is not the subject here, so in the rest
of these notes we focus on manifolds with conical singularities.

3. Conical singularities

The simple meromorphic structure (location and order of the poles) of the zeta
function, even its meromorphic extendability, begins to disappear when considering
differential operators with singularities. This showed up first in the from of a
logarithmic term in the short time expansion of the heat trace in J. Cheeger’s
analysis [8] of spectral properties of compact manifolds with conical singularities
with straight cone metrics near the conical points. The latter means, in effect, that
M is a compact manifold with boundary with a metric which is Riemannian in
M and of the form

ge = dr @ dz + 7" g (3.1)

in a tubular neighborhood U of OM; the map 7 : U — OM is the projection, x is
a defining function of dM (positive in the interior of M), and ¢ is a Riemannian
metric on dM. The structure of the metric (3.1) is that of the Euclidean metric
ge in polar coordinates. More generally, if A is a closed submanifold of S™V~! and

M=[0,00) x N, p: M —=RY M3 (z,9) = p(z,y) =y € RV,

then p*g. has the structure of the metric in (3.1)

Cheeger’s primary concern in [8] and various other of his papers at the time
such as [9] (which considerably extends [8]) lies with various spectral invariants
associated with the Laplacian for such metrics on forms of any degree. He observes
that one can obtain a parametrix for the heat equation on M by gluing together
parametrices for the problem in the interior of M and an exact parametrix near
the boundary (this is the same general scheme as that in the first step of the paper
of Minakshisundaram and Pleijel), from which the asymptotics of the trace of heat
kernel can be obtained with arbitrary precision by a recursive process. The exact
parametrix near the boundary is obtained using separation of variables. The end
result is the validity of an expansion of the form

o0
Tre A7 ~ Z artF=™/2 4l logt

k=0
where A p means the Friedrichs extension, in which the novelty is the appearance of
the logarithmic term; as before, n = dim M. Following Minakshisundaram [32] one
obtains that the zeta function, computed using (2.3), extends as a meromorphic
function to all of C with simple poles in the set (2.2) (m = 2 and n = dim M) and
possibly also at 0.
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Around the same time, Callias and Taubes [5] also found logarithmic sin-
gularities in the short time asymptotics of the heat trace of certain selfadjoint
operators related to the Dirac operator with singular potential (where such a loga-
rithmic term appears in a relative trace formula). An explicit calculation by Callias
[4] shows that if A is the closure of

D2 4+ k/x? : C(Ry) C L*(Ry) — L*(Ry) (3.2)

with Lebesgue measure and x > 3/4 (which implies that (3.2) has exactly one
selfadjoint extension, namely its Friedrichs extension) then (see ibid., Theorem

(5.k))

(tre=™ o) ~ Y (or, PV 4> (o)t P logt, o € C(RY)
k=0 k=1

as t — 0F. Here tre™*4 is the restriction of the Schwartz kernel of e~*4 for fixed
t > 0 to the diagonal and the ¢ and ¢], are certain distributions. As a consequence,
the “zeta” function of A, computed via (2.3) has, at least in principle, double poles
on the set (2.2) with n =1 and m = 2.

Several questions on regions with conical singularities were studied by Kon-
drati’ev in the 1960’s, see for example [26]. But it was the work of Cheeger cited
above that generated the impetus for intense subsequent work by many authors,
including Briining, Melrose, Schulze, and Seeley, eventually also Lesch, Mazzeo,
and many others, on various aspects of analysis on manifolds with conical singu-
larities or cylindrical ends and other variants of the problem.

To go further we need some terminology (more will be given in subsequent
sections). Analysis on a manifold with conical singularities or cylindrical ends really
means analysis of a partial differential operator of a special type on a manifold M
with boundary together with, explicitly or implicitly, a cone metric or a b-metric
(see Section 4 for the general definitions; the metric g. in (3.1) is an example
of a cone metric, see (4.2), and g, = x~2g. is the prototype of a b-metric). The
Laplacian with respect to a general cone metric serves as the model for elliptic
cone operators, sometimes also called a Fuchs-type operator. For example, the
Laplacian with respect to the product metric (3.1), easily computed, has the form

1
22 ((zDy)? —i(n —2)zD, + A,).
Here a neighborhood of OM in M is thought of as OM x [0,¢), € > 0, and A, is

the Laplacian on OM with respect to g. In general, a b-differential operator is a
differential operator on M which near any point of the boundary has the form

P= Z akﬂ(m,y)(mDm)kDg
k+|al<m

with smooth coefficients ay, o, where (x,y) are coordinates near the point with
a defining function for M. The class of b-operators of order m mapping sections
of a vector bundle E to sections of a vector bundle F is denoted Diff}" (M; E, F),
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or just Diff)"(M; E) if F = E, or Diff;" (M) in the case of scalar operators. A
general cone differential operator of order m is an operator A such that ™A is a
b-operator. As indicted above, more details will be given in Section 4.

In the specific case of interest to us here, namely operators on manifolds
with conical singularities, there were a number of results proved in fair generality
in connection with the asymptotic of the trace of the heat kernel in the 1990’s.
Among these we single out the following two theorems, the first of which is a
general result.

Theorem 3.3 (Lesch [28], Theorem 2.4.1). Let A € z~ ¥ Diff}"(M; E) be a posi-
tive differential operator on a compact manifold with boundary, assume x¥ A is b-
elliptic. Let D be the domain of a positive selfadjoint extension of A. Then e t4P
s a trace class operator and

n—1
Tr(e 7)) ~ Z aptF=/™ L O(log t) ast— 0T
k=0

It is interesting to pass along Lesch’s observation that the coefficients ay are
independent of the extension, since they are local invariants determined by A. The
effect of the domain is hidden in the O(logt) term.

A complete expansion was obtained by Briining and Seeley [2] for certain
second-order operators which near the boundary of M are of the form D2 +
r71A(x) where A(z) is an unbounded selfadjoint operator satisfying certain lower
bound estimates. The statement about A(z) incorporates the choice of a domain
for the operator. This is generally a necessary step since cone operators, initially
defined on compactly supported smooth functions or sections in the interior of M
may have many selfadjoint extensions.

Another complete expansion, this time for operators of arbitrary order but
with special assumptions on its structure near the boundary (leading to the prop-
erty essentially that separation of variables works) and on the domain is the fol-
lowing:

Theorem 3.4 (Lesch [28], Theorem 2.4.6). Let A =z~ " P with P € Dift)"(M; E)
b-elliptic. Suppose A is symmetric positive on its minimal domain. Suppose further
that A has constant coefficients near OM, and let D be the domain of a positive
selfadjoint extension of A. Assume further that D is stationary (see (5.9)). Then
Tr(e=*4?) has a full asymptotic expansion,

Tr(e~t?) ~ Z aptF=/™ L plogt ast— 07". (3.5)
k=0
Constant coefficients means that there is a tubular neighborhood 7 : U —
OM, a defining function z, and a connection V on F, such that with P = 2”4 (an
element of Diff}"(M; E)) one has that [zVp,, A] = 0 near OM. Here D, = —i0,
and 0, means the vector field tangent to the fibers of 7 such that d,x = 1.
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A complete asymptotic expansion was also obtained by Gil [13] for a general
elliptic cone operator, with the hypothesis of selfadjointness replaced by a sector
property and with the assumption that the operator has only one closed extension:

Theorem 3.6 (Gil, [13], Theorem 4.9). Let A C C be the complement of a closed
sector in contained in R\ > 0. Let A € =™ Diff})" (M), m > 0, be such that A — A
is parameter-elliptic with respect to some v € R on A (see [13, Definition 3.1]).
Suppose further that

A C®(M) C 2?2 L2(M) — 272 L2(M)

has only one closed extension. Then the heat trace admits the asymptotic expansion

o) o0
Tre t4 ~ Z aptF=m/m 4 Z ayt*/ ™ logt ast— 0T,
k=0 k=0

where ai and aj, are constants depending on the symbolic structure of A.

Gil proves his theorem by first constructing the resolvent of A on the sector
A and then using a Dunford integral to obtain the heat semigroup. A similar
result can be deduced from the work of Loya [29] on the structure of the resolvent
of a cone operator (in which the underlying assumptions are similar to those of
Gil, op. cit.). Incidentally, the asymptotic structure of the resolvent for elliptic
pseudodifferential operators on a closed manifold was obtained by Agranovich [1].

Returning to the specific topic of the structure of the zeta function itself,
Falomir, Pisani, and Wipf [10] discovered an example (an ordinary differential
operator) showing that the location of the poles of the zeta function need not
be the set (2.2). This work was followed by investigations of a similar nature by
Falomir, Muschietti, Pisani, and Seeley [11] and then by work by Kirsten, Loya, and
Park [24] for second-order Laplace-like cone operators with constant coefficients
near the boundary (see the definition of this concept above after Theorem 3.4)
showing that the zeta function may not have a meromorphic extension at all
due to the presence of logarithmic terms. These same authors showed in a more
extensive analysis [25] (still in the very important case of Laplace-like operators,
with constant coefficients near the boundary) that the poles of the zeta function
may occur at arbitrary places in C, and that the singularities may be logarithmic.

The most general result on the asymptotic expansion of the resolvent of a
general cone operator as the modulus of spectral parameter tends to infinity within
a sector, with no other assumption than the correct ellipticity and ray (or sector)
conditions was obtained by Gil, Krainer, and the author of the present note in
[18], see Theorem 8.2 below. The implications of the complicated asymptotics on
the zeta function are similar to those obtained by Kirsten, Loya, and Park in [24].

4. Cone differential operators

Cone differential operators are a generalization of the kind of operators one obtains
when writing regular differential operators with smooth coefficients in spherical
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coordinates. The underlying manifold is a manifold with boundary (interpreted as
the spherical blowup of a manifold with conical [isolated] singularities).

Explicitly, let M be a manifold with boundary and E, FF — M be complex
vector bundles over M, then a cone differential operator of order m is an element
of z=™ Dift)"(M; E, F'), where x is a defining function for OM, x > 0 in M and
Diff;"(M; E, F) is the class of totally characteristic operators, or b-differential
operators, of Melrose (see [30]); this is a subspace of the space Diff " (M; E, F) of
linear differential operators

P:C*(M;E)— C®(M;F).

Thus the elements of Diff}" (M; E, F) are linear differential operators with smooth
coefficients up to the boundary that can be represented locally near the boundary
as matrices of linear combinations with smooth coefficients of products of up to m
vector fields which are tangential to the boundary. Equivalently, using conjugation

with the multiplication operator z*,

Diff}"(M; E, F)
= {P € Diff ™" (M; E, F) : = *Pa* € Dif"™(M; B, F) Vk € No}. (4.1)

Because of their definition, the natural primary structure bundle when deal-
ing with b-differential operators is the b-tangent bundle, ot : *T'M — M, the vec-
tor bundle over M whose smooth sections are in one-to-one correspondence with
the submodule C¢S, (M;TM) of the C°(M;R)-module C>°(M; T M) whose ele-
ments are vector fields which are tangential to the boundary. Since C&2 (M; T M)
is locally free finitely generated over C'°°(M;R), there are indeed a vector bundle
T M and bundle homomorphism %ev : *T’M — TM inducing an isomorphism
bev, : C°(M; "TM) — CZ (M; TM).

A b-differential operator P € Diff}"(M; E, F) has a well-defined principal
symbol, a smooth section o (P) of ’r* Hom(E, F) over *T* M\0, related to the
standard principal symbol of P through the commutative diagram

( bev*)*

7* Hom(E, F) ——— 'r*Hom(E, F)

a(P)T T ' (P)

T*M\0 T b7 M\O
ev™

in which the bottom map is the dual of Yev (off of the zero section) and the top

map is the natural map.

There is a vector bundle over M whose smooth sections (up to the bound-
ary) are in one-to one correspondence with the elements of x=1CgS (M;TM),
and which we may denote by 2! *T M. One can make the case that the principal
symbols of elements of cone operators live on the dual of this bundle, denoted
2 *T* M. But the definition appears to depend on the defining function x. Follow-
ing a more natural path, define first (see [15]) C2(M,T*M) as the C°°(M;R)-
submodule of C'*°(M;T*M) whose sections are conormal to OM, that is, the
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elements o € C°°(M; T*M) such that (*a = 0 (where ¢ : IM — M is the inclu-
sion map). Then again C2(M,T*M) is a locally free finitely generated module
over C°°(M;R), so it is C*°(M;R)-isomorphic to the space of smooth sections of
a vector bundle “r: “T* M — M. It is not hard to see that “T*M is isomorphic
to 2 ®T* M. We can now make a precise definition:

A cone metric is a smooth metric on “T* M, that is, a smooth sec-

tion of the symmetric tensor product S? “T"* M which is pointwise (4.2)

strictly positive.

The map C*®(M; “T*M) — C°(M;T*M) induces a vector bundle homo-
morphism

‘ev: ‘T"M — T"M

The bundle “T*M together with the map “ev is the natural structure bundle
in the context of cone operators. A cone operator A € =™ Diff (M; E, F) has as
principal symbol a smooth section “a(A) of “r* Hom (£, I). This principal symbol
is related to the standard principal symbol of A over M (there A is a standard
differential operator) by

‘o(A)(n) =a(A)(“ev(n)).

Ellipticity of A € =™ Diff}"(M; E, F) (c-ellipticity) is defined as invertibility
of ¢o(A). Writing P = 2™ A one verifies that c-ellipticity of A is equivalent to b-
ellipticity of P.

Associated with A there is another symbol, the “wedge” symbol. This is a
differential operator on the inward pointing normal bundle N;OM of OM in M
(with the zero section, its boundary, included), which we define in the next few
paragraphs.

Any P € Diff;"(M; E, F) determines an operator

P, € Difty" (OM; Egam, Form)
(where Egaq means the part of E over M, as a vector bundle over M) by way
of the following procedure. Let ¢ be a smooth section of E along OM, let ¢ be

a smooth extension to a neighborhood of M. The characterization (4.1) implies
that (P¢)|soam is independent of the extension ¢. Define

Py = (Po)lom-
Noting that 2% Pz € Diff}"(M; E, F) one may define the indicial family of P
as the family
C 30— P(o) = (x77Pa'), € Diff™ (OM, Egpt, Fopm)
and the indicial operator
P, € Diff " (NLOM; En, Fp)
with the aid of the Mellin inversion formula, as
Pru= ;ﬂ /R/Ooo(z/\/z’,\)iaﬁ(a)u(z’/\,y) d“i/A do, uwe C®(N,LOM;EL).

T
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Here E, is the pullback of F to N;OM by the projection map and z, is the
function dx : NyOM — R determined by x; this function is linear on the fibers.
The definition of P, appears to depend on the defining function z, but in fact it
does not.

Finally if A € =™ Diff;" (N+OM; E, F), define

A/\ = CCXmPA

using P = 2" A. Again A, is independent of the defining function =x.
If A is c-elliptic, then so is Ax, and if P is b-elliptic, then P(o) is elliptic for
every o, P, is b-elliptic, and the set

spec,(P) = {o € C: P(0) is not invertible},

the boundary spectrum of P (or A = 2~ ™P), is a discrete set with the property
that spec,(P)N{c € C:a < Jo < b} is finite for every a and b € R (see Melrose
[30]).

The operator A, has an important homogeneity property inherited from that
of Px. For g > 0 let
XQ . E/\ — E/\
denote parallel transport from p € Ny OM to gp. In terms of the definition of E, as

the pull back of the bundle 7g : E — M by the projection map 7 : N OM — M,
we have

En={(p,n):p€ NyOM, n € E, mom(p) =)}

and x,(p,n) = (op,n). This parallel transport was implicitly used above, in the
formula defining Px. Define

Kot = 0 Mxo¢  for sections ¢ : Noar — En (4.3)
Using this it is very easy to see that Pk, = k,Px and from this, that
Ky Ankg = 0™ An. (4.4)

The factor ¢~* in (4.3), correctly chosen, will end up giving that %, is unitary.
This property is not too important because the formulas in which &, appears it
does so either as a conjugating operator, as it already did, or as the image by it
of some space.

Example 4.5. Let M be a smooth closed orientable Riemannian 2-manifold, let A
be the positive Laplacian, let pg € My. Let M be the spherical blowup of Mg at
po and @ : M — M, the blowdown map. Thus (i) M is diffeomorphic to Mo\ D
where D C M is a (small) metric open disc centered at py in which we have
normal coordinates (y1,y2) and (ii) g gives a diffeomorphism from M = M\OM
to Mo\{po} and sends a suitable tubular neighborhood U of the circle IM to D
by way of the map (z,0) — (y1,y2) = (zcos 6, xsinf).

Let A be the operator determined by A on M. Then A, is just the Euclidean
Laplacian of R? in polar coordinates (an operator on N, (M) = St x (0,0)).
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5. Domains

The L? theory of elliptic cone operators on a compact manifold with boundary
is very much like that of elliptic differential operators on a closed manifold. In-
deed, suppose given a smooth b-measure on M (a Borel measure m; such that
axm; is a smooth positive measure on M) and hermitian metrics on E and F
with which the spaces z*L?(M; E) = L*(M; E;2~?"my,), likewise #LZ(M; F)
are defined. Basing the analysis on these Hilbert spaces, any c-elliptic operator
A € x7™Diff)"(M; E, F) is, on its natural maximal domain,
Dmax(A) = {u € 2" L{(M; E) : Au € 2" Lj(M; F)},

a Fredholm operator (Lesch [28, Proposition 1.3.16]).

But the theory is also like that of regular elliptic operators on manifolds with
boundary, with boundary conditions. This is because if A € z~™ Diff"(M; E, F)
is c-elliptic, then the closure of

A: C®(M;E) C a"LE(M; E) — 2" L3(M; F) (5.1)

is again a Fredholm operator (Lesch op. cit.). The domain of the closure, Dpin(A),
is often a proper subspace of Dyax(A). In this case a condition needs to be imposed
to determine which domain is being used to study the operator.

For a proof of the Fredholm properties of A on its minimal and maximal
domains (and many other facts concerning elliptic cone operators) the reader may
consult, as already indicated, Lesch [28]. Alternatively, the reader may fill in the
details of the following outline in which parts of Chapters 4 through 6 of Melrose
[30] are assumed.

Let P =z A. Since P is b-elliptic, the set
{SQo : o € spec,(P)}
is a discrete subset of R without points of accumulation. The closure of
P:C®(M;E) C 2" L3(M; E) — 2" L3 (M; F)

is Fredholm if and only if p/ ¢ —Sspec,(P) ([30, Theorem 5.40]), in fact in this
case there are operators

Q: a2t LI (M; F) — o Hi"(M; E),
Ry : 2" L}(M; E) — 2"t H*(M; E), (5.2)
Re: 2" LI (M F) — 2* T HP (M F)
(e is positive and smaller than min{—p —p: p € Sspec,(P), p < —pu'}) such that
QP=I—-R, PQ=I-R. (5.3)

For nonnegative integers m the Sobolev spaces H]" are defined inductively as
follows. First HY = L. Next if m > 0 is an integer, then u € H{™ iff Yu € H;"~! for
allY € CF,(M; TM). The space H, ™ is the dual of H}", and for noninteger s, H;
is defined by interpolation; see [30] for a more detailed description. A fundamental
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property of these Sobolev spaces is that the inclusion o H ,f// 2 H If/ is compact
if 4’ > p' and s” > §’; this uses that M is compact. Thus Ry and R, are compact
as operators z# L? — x#' L.

Suppose § > 0 is such that (—p — m, —p — m + 8] N Sspec, (P) = 0, pick
i =+ m— 04 above and let Q and R, be as stated. So

Q: at T OLI (M F) — gt Y (M )

and
Re: aP MO L2(M; F) — ot T F g2 (M F).
If fea! L2, then z™ f €x#T™ L. Since the latter space is a subspace of m“+m_5L§7
Qa™f € xt+m=IHM™. The inclusion x#+™=9H™ C zlH™ gives in particular
x™f € x*L2. Note that Qx™ : 2*L? — x*L? is compact. Further,

Q b b b p

AQa™ f =z ™ (PQx™f) = f —a " Ra™f.
Since

2 M Rea™f € at MO E (M F) € aH L2,
Qx™ maps z/' L7 into the maximal domain of A. The inclusion in the last displayed
equation is compact, so B = Qx™ is a compact parametrix for A with compact

error. One can show that B maps into the minimal domain, and with some more
work (see [19]), that

Dinin(A) = Diax(A4) N () 2" HM(M; E). (5.4)
6>0

It is easy to see that z# ™ H"(M; E) C Dmin(A). If —p — m € S spec,(P), then
(5.4) is the best statement one can make about the minimal domain. On the other
hand, if —p—m ¢ S spec,(P), then we may repeat the argument above with 6 =0
and conclude that Dyin(A) = Mt H"(M; E). In either case we see that A as
an operator on its minimal domain is Fredholm. The argument also gives that A*,
the formal adjoint of A, is Fredholm on its minimal domain. But the Hilbert space
adjoint of A* with its minimal domain is A with its maximal domain, so A with
its maximal domain is also Fredholm.

Since A with either the minimal or the maximal domain is Fredholm, every
closed extension of (5.1) is Fredholm. The domain D of any such extension contains
Dmin and is contained in Dpax. It also follows that Diyax(A)/Dmin(A) is finite
dimensional. So we may parametrize the closed extensions of (5.1) by the set of
subspaces of Dyax/Dmin.

Define

(u,v)a = (Au, Av) + (u,v), u,v € Dyax(A)
where the inner products on the right are those of #L?(M; F') and 2*L?(M; E),
respectively. This defines an inner product on Dy,.x(A), and the latter space is
complete with respect to the induced norm, which of course is equivalent to the
graph norm. Note that the space Dy,in(A) is the closure of C2°(M; E) in Dyax(A)
with respect to the graph norm. We always view Dp,ax(A) as a Hilbert space
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with the inner product just defined. The arguments just presented show that the
inclusion
Diax(A) = 2" L (M; E) (5.5)

is compact.

The space Dmax(A)/Dmin(A4) is isomorphic to the orthogonal £(A) =
Dinin(A)* of Diin(A) in Dpax(A). One can prove (see [15]) that

E(A) =ker(A*A+ I) N Dyax(A).
Here ker(A*A + IC) is the kernel of A*A + I acting on the space of E-valued
distributions on M. We may now write the domain of any closed extension of
(5.1) as D = D + Dyin where D is a subspace of £(A). This is a particularly
useful description when discussing selfadjoint extensions of symmetric elliptic cone
operators. Define
Gr(E(A)) ={D : D is a subspace of £(A)}.

Thus Gr(£(A)) = U, Grr(E(A)) is the disjoint union of the various Grassmannian
varieties associated with £(A).

All aspects of this section have counterparts associated with the operator A,
except for the Fredholm property of the extensions of

Ap i C®(NLOM; Ep) C ek L3 (NLOM; Ep) — o L3 (NLOM; Fy).
It remains true that Da min has finite codimension in DA max, hence the domain of
any closed extension is of the form D 4+ Da min. Additionally, because of (4.4), we
have that r, acts on Da max albeit not as a unitary map, only as an isomorphism

of Banach spaces. It is easy to see, again using (4.4), that s, preserves D min. It
follows that Ta maxke = TA maxkeTA max and that we also have an action

Ko EA = ENy KoU = T maxKoU. (5.6)

Letting ma max : DA,max — DA, max be the orthogonal projection, we get diffeomor-
phisms

Gri(E(AAN)) D Da = koDp € Gri(E(AN)). (5.7)
The infinitesimal generator of the one-parameter family of diffeomorphisms k.,
d
Dy) = ¢ D
T( /\) dt tzone A

is a smooth (in fact real-analytic) vector field.
There is a natural isomorphism (see [15])

0: E(A) — E(AN) (5.8)

that allows passage from domains for closed extensions of A to domains of closed
extensions of A,. This map and the action (5.7) are fundamental in the analysis
of the resolvent of A with a given domain.

An element Dy € Gri(E(An)) is said to be stationary if it is a fixed

point of the action k. A domain D = D+Dyyin (or Dy = DA+Diin) (5.9)

is said to be stationary if 8(D) (or D) is so.
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Stationary domains always exist because the Euler characteristic of Gry(Ex) is not
zero, so the vector field 7 must vanish somewhere.

In the following sections we drop the argument A from objects whenever
there is no ambiguity (Dmin, Pmax; €, etc.), and add A as a subscript for objects
associated with Ax (DA min, DA maxs Ea, €tc.).

Example 5.10. Continuing with the setup of Example 4.5, the L? spaces are those
defined by the measure associated with the metric. Using that M is diffeomor-
phic to Mo\{po} we see that Dy, is naturally isomorphic to the domain of the
closure of
A C(Mo\{po}) C L* (M) — L*(My).
It is immediate that {u € H*(M) : u(po) = 0} contains Dyin(A); in fact equality
holds,
Duin = {u € H*(Mo) : u(po) = 0},

as the reader may easily verify.

The maximal domain contains H*(My) (more properly, p*H?*(My)). But it
contains more elements. Namely, let g% : My — R be a smooth function such that
g*(p) = dist(p, po)? if p is near pg. Then logg € L?(M). Since

Alog g = dp, + h = the Dirac § at pp plus a smooth function on My,

Alogg = h (because A only “sees” what happens in Mg\ {po}). Thus Alogg € L?,
hence log g € Diax(A). One can show that

Diax(A) = H*(Mg) ® spanlogg.

Similarly, for Ax, which we may treat as the Euclidean Laplacian restricted

to R2\0, we have that D min = {u € H*(R?) : u(0) = 0} and

D max = H?(R?) @ spanlog gn.
where g, is any compactly supported function on R? which is smooth outside 0
and satisfies g (p) = ||p|| (the Euclidean norm of p € R?) near 0. Thus if y is an
arbitrary compactly supported function on R? with x(0) # 0, then

D/\,max = D/\,min S Span{X7 1Og g/\}

The space £, is two-dimensional, spanned by the functions

TA,max X and 7TA,maLXIOggA-

It is also equal to ker(A% + I) N DA max (We are using that A, is symmetric on
C2°(R?\0)). The statement that u € L*(R?) satisfies AZu + u = 0 is equivalent
to the statement that A2u + u is supported at 0. Passing to Fourier transform we
see that 6(¢) = p(€)/(1+ ||€]|*) where p is a polynomial. Using that u(€) is also in
L?(R?) and that Aju € L*(R?*\0) (that is, Au = cdy + f, c € C, f € L*(R?)) we
get conditions on p from which one concludes that v must be a linear combination
of the functions

L e 1 ol e e
ui(x) = e d Us(x) = e dé.
1) <27r>2/Rz Lt e s @ <2w>2/Rz 1+ e %
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Clearly u; € H?(R?). As for ug, note that

4
Aug(x) = ! /]Rz elrs el d§ = 0o — uy (7).

(27)? 1+ [l€]1
Restricting to R?\0 we have Auy = —uy, that is, Ayug = —u;. Also Aju; = ua,
so these two functions do belong to ker(A2 + I). Note that (u1,u2)a, = 0, so
{u1,uz} is an A-orthogonal basis of Ex. Finally, note that [Jui]|% = [luzl% ; let

 denote this number (p = 1/8). The formulas
TAmaxhollj = M((’%Ujaul)AAul + (Kouj,u)a,uz), j=1,2
give
2 2
TA,maxRoUl = U1, TA maxkoU2 = _7'(' IOgQ uy + ug.

The integrals leading to these formulas can be evaluated by elementary means
using polar coordinates.

Since &, is two-dimensional, the only interesting Grassmannian variety based
on it is Gry(Ex), the one-dimensional complex projective space, in other words, the
Riemann sphere. The action of k, on elements of Gry(€,) is easily described using

the formulas for ma maxfet;. If D € Gri(En) is spanned by aus + fus, (o, 8) # 0,
then of course

KoD = span { (a - 27? log Q2> ui + Bug} . (5.11)

The curve g — K,D has a limit as ¢ — 0 or co. Namely, if 5 = 0, then k,D =
D p = span{u;} and if § # 0, then (once log ¢ # an/40)

2
span< | a — b log 02 | u1 + Bug p = span < uj + s U
T ra — 283 log 02

also tends to Dx r, regardless of whether p tends to 0 or oo.

Also the infinitesimal generator of the one-parameter group ¢ +— K.t can
easily be described in terms of the homogenous coordinates on S2. Writing either
u1 + Cug or zuy + ug as basis for elements of Grq(Ex), the formulas above give, if
D = span{zou1 + uz}, that the curve o — k,D is

9
0 z(0) = 20 — WIOgQQ

in terms of the ¢ coordinate. The derivative of ((p) is

dz O dz 0 o 4 <3
2o)  Om\Oz

+
do 0z (o) do 0z
Evaluating at o = 1 gives 7 at D. Thus if z = = 4 iy, then
4 0
T=-

w0z’

+8
0z

2(9)>

z(0)
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In terms of the coordinate { = £ + in we have
4 5 9 0 0
T = 7T((n §)a§+2§n8y

which has a zero at ( = 0 (which corresponds to D p).

6. Spectra

We assume now that F' = E. Write Ap for the operator A € x~™ Diff}"(M; E)
with domain D; we continue to assume that A is c-elliptic and M is compact.
Since Ind(Ap) # 0 implies spec(Ap) = C, having index 0 is necessary in order for
Ap to have nonempty resolvent set. It was pointed out by Lesch, op. cit. that the
index of A with domain D (Ap for short) is given by the formula

Ind(Ap) = Ind(Ap,,,,) + dim D.

Since dimD > 0, a necessary condition for A to admit a closed extension with
nonempty resolvent set is that Ind(Ap_,,) < 0. Since dimD < dimé&, also the
condition Ind(Ap,. ) > 0 is necessary. Of course these two conditions together
imply that there is a subspace D C & such that with D = D + Dy, we have
Ind(Ap) = 0. For this reason we assume henceforth that

Ind(Ap,,,) <0 <Ind(Ap,,.). (6.1)

Thus generally we will be interested in the extensions of (5.1) with domain D =
D + Dpyin where D € Grgr (5), d’' = — Ind(ADnlin)'

Suppose Ap — )¢ is invertible. Then, since the inclusion D — z*L3(M; E)
is compact (because of (5.5)), the spectrum of A is a discrete subset of C. It is
convenient to classify the spectrum as follows (see [15]). Let

bg-spec(A4) = ﬂ spec(Ap)
D=D+Duin

where D runs over all elements of Gr(€). The set bg-spec(A) is the background
spectrum of A; it is the subset of C present in all closed extensions of (5.1). It
is easy to verify that A € bg-spec(A) if and only if Ap_, — A is not injective or
Ap,,.. — A is not surjective. We also define

bg-res(A) = C\ bg-spec(A).
With this we can split spec(Ap) as
spec(Ap) = bg-spec(A) U (bg-res(A) Nspec(Ap)).

The part of the spectrum of Ap in bg-res(A4) can be analyzed further.
For A\ € bg-res(A) define

Kx =ker(Ap,,.. — ).

The dimension of Ky is independent of A, equal to d’ = Ind(Ap,,.. ). These vector
spaces form a complex vector bundle over bg-res(A).

max
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Let D = D + Dyin be some domain. If A € bg-res(A), then A € spec(Ap) if
and only if Ap — A has nontrivial kernel K. Of course K = K\ N D, so

bg-res(A) Nspec(Ap) = {\ € bg-res(4) : DN Ky # 0}.
Let Tmax @ Pmax — Dmax be the orthogonal projection on £. The restriction of
Tmax t0 Cy is injective. This is elementary: if ¢ € K and mmax(¢) = 0, then
¢ € Duin; since Ap,,. — A is injective (because A € bg-res(4)), ¢ = 0. Letting
K = mmax/y one gets from this that
A € bg-res(A) Nspec(Ap) < K\xND #0. (6.2)

Note that Ky N D = 0 implies K ® D = £ because d' + d” = dim&.
Given D € Grg- (&), let

Vo ={K € Grg(€): DNK #0}. (6.3)

The set Grg/(€) is a compact complex manifold and ¥ is a complex subvariety
of complex codimension 1 (locally given as the set of zeros of a determinant). Of
course we also have the reverse variety: if K € Grg (€), then there is an associated
variety ¥ C Grgr(€). Using this terminology we may rephrase (6.2) as

bg-res(A) Nspec(Ap) = {A: K) € ¥p}. (6.4)
In other words, in terms of the map
bg-res(A) 5 A £ Ky € Grg &),
a holomorphic map, we have bg-res(A4) Nspec(Ap) = K~ 1(¥p).

Again all objects described so far have their counterparts in the case of A,
for example K x = ker(Ap, ... —A) when A\ € bg-res(A,). The homogeneity
property (4.4) implies that bg-spec(A) consists of a union of closed rays and
sectors issuing from the origin. Namely, if Ay € C\0 and A, — Ao is not injective
on Dp min or not surjective on Da max, then the same is true for /@le(A — o)k
since

ngl(A —A0)ko = 0™ (A — 07" No). (6.5)
Thus bg-res(Ax ) is a union of open sectors with vertex at the origin. It is immediate
that

VDA € Enr Ay — A with domain Dy = D + D min is Fredholm (6.6
and Ind(Ax p, — A) is constant on each component of bg-res(Ax). 6)
Note also that (6.5) implies

Kolax = Kn,oma (6.7)
Example 6.8. Continuing with Example 5.10, we have
bg-spec(A) = {A € C:Ju € C*°(My), u# 0,u(py) =0, Au = Au}.

This is a subset of spectrum of A on My. An interesting description of this set is
as the set of eigenvalues of A for which there is a mode with pg in its nodal set.
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And since A, is the positive Euclidean Laplacian on R?\0,
bg-spec(An) = [0,00) C C

Namely, if A is real and nonnegative, then A, — A, while injective on Da min, 1S
not surjective on Da max, in fact its range is dense but not closed.

7. Rays of minimal growth for elliptic cone operators

Following Seeley’s program [34], the first step in determining the meromorphic
structure of the zeta function of an elliptic cone operator is to determine the
existence of rays of minimal growth.

Theorem 7.1 ([14, Theorem 6.36]). Let A € ™ Diff;" (M, E), let A C C be a
closed sector, and let D = D + Dyyin be the domain of a closed extension of (5.1).
Suppose that o (A) — X is invertible on (“T*M\0) x A and that A is a sector of
minimal growth for Ax with domain 0(D)+ D min- Then A is a sector of minimal
growth for Ap.

The proof in [14], relies on constructing first a left inverse for A — X on the
minimal domain of A (always A € A, |A| large), and then correcting additively to
get an inverse for Ap — A. We will describe some aspects of this in the case of
A p, — A In particular, we will discuss the issue of exactly when is A a sector of
minimal growth for A, with domain Dy = (D) + D min-

Suppose for the time being that A is a closed sector such that A\0 is contained
in bg-res(Ax). For example, if A is a sector of minimal growth for A p,, then there
is R > 0 such that Ax p, — A is invertible for A € Ap = {\ € A : |\| > R}. This
implies that Ap C bg-res(A,), therefore that

A\O C bg-res(An), (7.2)

because the latter set is a union of open sectors.

Because of (6.6), Ay — A has a left inverse on Da pin for every A € A\0. In
fact there is a left inverse with range Da min and kernel equal to the orthogonal
space (in L?) of (Ax — A) (D min) Which we will denote B min(\). Note that

Ba min(A)(Ar = A) : DA max — DA max 1S & projection onto Da min- (7.3)

Also due to (6.6), we have that A, —A with domain Da max has a right inverse
for each A € Ag with range equal to ICf\-ﬁ/\ N DA max- Here ICf\-ﬁ/\ is the orthogonal
space, also in L% of ICa x. We will denote this specific right inverse by Ba max ().

The homogeneity property (4.4) of A, and the fact that , preserves L>
orthogonality of spaces (unitarity is not the relevant reason) imply that

Hng/\,min(QmA)Kg = QimB/\,min()\)a Hng/\,max(QmA)Kg = QimB/\,max(/\)-
(7.4)
It is automatic that

B/\,min()\)u B/\,max()\) : (E#Lg(/\/h E) — D/\,max
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are continuous maps depending smoothly on A. Further, their homogeneity implies
decay of their norm as operators zL?(M; E) — /' LZ(M; E). For instance,

| BA,min(e™Nul = ||Qim’igB/\,min(/\)“;1u” = Qim”B/\,min()‘)’fgluH
< 07" BaminWl ls5 (Nl = o7 [ Bamin(V)] ull,
50 || Bamin(A)[] < A7 Bamin(A/ A when A € ANO.

Now pick a domain Dy = Dp + Da min. Assume that for A € A\O we have
Ind(Ap, —\) = 0; this is the case if we already know that A is a sector of minimal
growth for Ax p,. Then, as discussed in the previous section in the case of A, and
keeping in mind (7.2), the part of the resolvent set of A p, in A\O is

X =res(Anp, ) N(A\0) = {A € A\O: KA xND, =0} (7.5)
Recall that o\ = ker(Aa p, ... —A)- Because of the analyticity in the parameter
A of (Ar D, max — A), the set Z is the complement of a closed discrete set in A\0.
If A € Z, then
Kax+ D = Da max
as a direct sum. For such A define
TK .5, Da = Projection on K x along Dx.
Now,
(A/\ - /\)B/\,max()\) == I
and of course
(A/\ - /\)ﬂ'ICA)\,DA B/\,max(>\) =0
S0
(AA - )‘)(I - WKA,A;DA)BA7max()\) =1

The operator

Bp,(A) = (I = 7K, 5, 05) Bamax(A) (7.6)
obviously maps into D an thus

Bp, (\) : 2" L (NLOM; E,) — D
is a right inverse for

(Apn = N) : Dp — 2" LE(NLOM; Ey).
We will let the reader show that Bp, (\) is also surjective, so that we may conclude
that Bp, () is the resolvent (in #) of the unbounded operator

Ap i Dy C 2P LE(NLOM; EN) — oM LE(NLOM; EQ).
Another tautological formula for Bp, (\) is
BD/\ ()‘) = BA,min()‘) + (I - B/\,min()‘)(A/\ - )\))BDA ()‘)

(just expand the right-hand side and use that (Ax — A\)Bp, (A\) is the identity
on z*L?(N;OM; EL)). Replacing (7.6) in the right-hand side of this formula and
some more elementary algebraic manipulations (this time exploiting the fact that
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(An — A)Ba max()) is the identity on 2 L}(N+OM; E,)) leads to
BDA ()\) = B/\,max()\) - (I - B/\,min()\)(A/\ - )\))TUCA,,\,DAB/\,max()\)-
Because of (7.3), the operator I — B min(A)(Ax — A) is a projection with kernel
DA min- Using that I — 7A max is a projection on D min we thus get
I— B/\,min()\)(A/\ - )\) = (I - B/\,min()\)(A/\ - )\))W/\,max
The projection 7k, , p, also vanishes on Da min, SO

TIAx DA = TKA,x,DATA;max
Therefore
B’DA (/\) = B/\,max(A) - (I - B/\,min()\)(A/\ - >\))7T/\,max7TICAY>”'DAWA,maxBA,max()\)-
We will now rewrite ma maxTic, DA TA max-
The subspace Kx ) = TamaxKa,x of Ex is isomorphic to I x. The charac-
terization (7.5) of #Z can also be given in terms of K x and Dy, as

Thus whenever A\ € Z, Ex = Ka\ @ Da. Let then 7w, p, : Ex — Ex be the
projection on K along D. Then

TA,maxTICA x,DaTTA,max = TK, x,DxTA,max-
Indeed, suppose u € Ex. Then
u=a¢+v, ¢=1K,, D UEKAN, vEDn.

Let ¢o = TA,max®, Vo = TA,maxV. both ¢1 = ¢ — @9 and v = v — vy belong to
DA min- Since u € Ex, the formula u = (¢o + vo) + (¢1 + v1) gives ¢1 +v1 = 0. So

TAmaxTIC o\, DU = ¢0 = TKx ,DAU-

Thus
BDA ()\) = B/\,max()\) - (I - B/\,min()\)(A/\ - )\))WK/\,/\,DA 7T/\,max-B/\,max()\)~ (78)

We now discuss necessary and sufficient conditions for A to be sector of
minimal growth for Ax with domain Dx. This pertains to two issues: existence of
the resolvent for all sufficiently large A € A, and decay estimates for the norm of
the resolvent. To get a hold on these issues, we fix \g € A\0 and analyze Bp, ()
as A moves to oo along the ray through \g. We do this by setting A = p™ )¢ in
(7.8) and analyzing the expressions that result from using (7.4) as o — oc.

The issue of existence of the inverse of A\ p, — A for A = o™\ for g large
is by now easily understood. The condition Kx ,my, N D = 0 is both necessary
and sufficient in order for A\ p, — 0" A¢ to be invertible. Since K, : Ex — E s
an isomorphism, this condition is equivalent to K, 'K gmx, Nk, ' D = 0, that is,
Knxg MK, D =0 (see (6.7)). Therefore, the requirement is

K, Dy ¢ VK 5, for all sufficiently large o.

We assume this henceforth.
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As for the issue of decay, straight from (7.4) we get
Bamax(0™A0) = 07" Ko Bamax(Ao)k, -
Further,
I — Bpmin(0™Xo)(An — 0™ Xo) =1 — Qim’igB/\,min(/\O)l‘igl(A/\ —0™Xo)
=1 = 0 "KeBnmin(Xo)(Ar — Ao)k, "
= kig(I — Bamin(X0)(Ar — X)), "
in which (6.5) was used in the second equality. Altogether this gives
Bp, (" Xo) = Qim“g{B/\,maX(/\O)
— (I = Brmin(Mo)(An = X0)) g 1Tk sy D TAmaxkioBamax(Xo) g L.

In the second term we replace the factor

-1
’ig WKA,QmAO ,DATA,maxRp

by
7TA,rnauxff;lWKAygm 20 DA TA,maxRoTA max
taking advantage again of the fact that I—Ba min(Ao) (A —Ao) vanishes on D min,

and also that ma maxke = TAmaxKeTA,max Decause K, preserves Da min. With the
notation of (5.6),

-1 _ -1
7T/\,max"€g WKAYL,M)\O,D/\’]T/\,I‘H&XKJQ|€/\ —Iig WKA,QmAO,DAF"Jg

. . . _1 _
Using (6.7) one easily obtains K, 'Tk, ,my,,DaKo = Tk ngoiia Da” So, finally we

arrive at

BD/\ (QmAO) = Q_m’ig{B/\,max(AO)
- (I — Bamin(Ao)(An — /\o))ﬂ'KAM7,@;1[)A WA,maxB/\,max(AO)}Hgl- (7.9)

Note that the norm of Bp,(0™\g) : #*L*(NLOM,EN) — L*(NpOM, E,) is
bounded by o~ times the norm of

B/\,max()\O) - (I - B/\,min()\O)(A/\ - )\O))T‘—KA,/\O,nglpAﬂ-/\,maxB/\,max()\O)

The fact that the only dependence of ¢ is in 7 NN lends credence to what
AN

we showed in [15, Theorem 8.3], namely that the ray through ) is a ray of minimal
growth for A, p, if and only if the norm of Tr . wolp, is bounded as ¢ — oo,
sAQ Ve A

and that this norm is bounded if

there is a neighborhood U of 7k, and go > 0 such that o >

00 = Féng/\ ¢U.
Completing this, we showed in [16, Theorem 4.3] that this last displayed condition
is also sufficient for the boundedness of ||7TKA,AU,n;1DA || as 0 — oco. This condition
is equivalent to the statement that the limit set

07 (Dy) = {D) € Grar(€) : )Py, Jim o = oo, lim w1 Dy = D)}
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is disjoint from ¥, , ; this is how the condition is stated in the theorem just
cited. The number d” is the negative of the index of Ax min — A for A € Ag (see

(6.6)).

If one insists on having a condition on the sector A, one can take the arc
C={Xe A: |\ =]|N]|} and define

A//KA,C = U 7/KA,/\'

Then 7k, . is a closed subset of Grg»(Ex), and A is a sector of minimal growth if
and only if
Q (D) N Yk, o = 0. (7.10)

The set Q@ (D,) is in some sense the principal symbol of D, (or of D =
D + Dy if Dy = 6(D)), and the condition (7.10) is like an ellipticity condition.

Obviously:

if D, is stationary (see (5.9)) then Tk prgoes D, 1S Independent (7.11)
of o.
This property results in a considerable simplification of the analysis of the asymp-
totics of the resolvent of Ap — .

Example 7.12. Continuing with Example 5.10 (see also Example 6.8), assume in
all formulas that follow that A ¢ [0, 00). Recall that bg-spec(A) = [0,00) C C.
Let

1 el €
60 = gz [ e %6 AE D)

Then ¢(\) € L*(R?). Also
A
Ap(A =1+ ,
@O =1+ "
which means that
AP(A) = do + Ad(A).
so by restriction to R?\0,
Ang(A) = Ap(A)
Thus ¢(A) € DA max and spans KCx x.
Let py : L?(R?) — L?(R?) be the orthogonal projection on Kx »:
p(f) = 4x[A[(f, 6(A) o (A).

Let Br()\) be the inverse of (A — \) : H*(R?) — L?*(R?). The reason for
the subindex F is that the space Dn p = H?(R?) is the domain of the Friedrichs
extension of

A C2(R*\0) € L*(R?) — L*(R?),
so Br(A) is actually the resolvent of A p, .. We have

B/\,max()\) = (1 - PA)BF()‘)
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Indeed, this Ba max(A) is the right inverse of (Ax — A) with range orthogonal (in
L2) to IC/\)\.
The Hilbert space adjoint of Ax p, ... 18 A D, ax S0 the range of Ax p, i —
A is the orthogonal space (in L?) of ker(Ax p, ... —A) which of course is Kx x. So
B/\,min()\) - BF()\)(I - PA)

Let Dp = span{au; + Bus} with fixed (c, 8) # 0, and let Dy = Dp + DA min-
To compute the spectrum of A, p, we need to compute the spaces K, x, which
here just means to compute ma max®(A). In terms of the basis uy, us of £4 discussed
in Example 5.10,

2
7T/\,max¢(A) == 77_(_ log(fA)ul + Ua. (713)

The log is the principal branch of the logarithm with cut (—oo, 0]. The part of the
spectrum of A, p, in bg-res(An) is

2
{/\ € bg-res(Ap) : auy + Bug and — ~ log(—A)ug + ug are linearly dependent} .
0

In other words, A € spec(Ax p,) N bg-res(An) if and only if the determinant,
f\ a,B) =a+ (28/7)log(—A), of

o —2log(—A)

Ié] 1
is zero. If 8 = 0 then f(\, «, ) has no zeros, corresponding to the fact that the

spectrum of the Friedrichs extension is exactly [0,00). If § # 0 and S(a/B) ¢
2 + 47, then there is exactly one zero, at

A= —e /28

It follows that in any closed sector A with A\O C bg-res(Ax) there is at most one
eigenvalue of A p, .
We have already shown that kK,Dx — Da r as ¢ tends to 0, equivalently,

n;lDA — Dn  as o — 0.
So Q7 (Da) = Da r and thus, for any A\g € bg-res(An),
Q_(D/\) N ’C/\,AU - @

since ma max®(A) is never an element of D p.

8. Asymptotics

Suppose that it has been determined by way of [14, Theorem 6.36] (quoted above
as Theorem 7.1) that the closed A C C is a sector of minimal growth for a given
extension Ap of our elliptic cone operator. In [17] we discussed the asymptotics in
the case of a stationary domain, and in [18] we were able to complete our results to
general general domains. We will discuss some aspects of the latter result below.
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In the case of stationary domains (see (5.9)) we have:

Theorem 8.1. [17, Theorem 1.1] Suppose D is stationary in the sense of (5.9).
Then, for any ¢ € C°(M;End(E)) and £ € N with ml > n = dim M,

oco My )

Tr(p(Ap — /\)4) ~ Z Zajk)\";/ “logh A as |\ = oo,

§=0 k=0
with a suitable branch of the logarithm, with constants aj, € C. The numbers m;
vanish for j <n, and my, < 1. In general, the o, depend on ¢, A, D, and €, but
the coefficients oy, for j <n and apn1 do not depend on D. If both A and ¢ have
coefficients independent of x near OM, then m; =0 for all j > n.

The asymptotics of the trace of the resolvent, which ultimately determines
the behavior of the ¢ function, depends fundamentally on the asymptotics of the
resolvent of Ax p,, which by virtue of (7.9) depends in an essential manner on the
asymptotics of T pog iz D If the domain is stationary then T pong oz D has a
simple asymptotics (indeed, it is homogeneous of degree 0 in g, see (7.11)). On the
other hand, if D is not stationary, its asymptotics, therefore that of the resolvent,
can be rather complicated:

Theorem 8.2. [18, Theorem 1.4] For any ¢ € C®°(M;End(F)) and ¢ € N with
ml >n,

Tr(p(Ap — N)7F) ~ er()\i“l LAY Tog AV ™ g [N = oo,
j=0

where each r; is a rational function in N 41 variables, N € Ny, with real numbers
pr, k=1,...,N, and v; > vj1 — —o0 as j — oo. We have r; = p;/q; with
P, @5 € Clz1,...,2n41] such that gy, ... XN log \) is uniformly bounded
away from zero for large \.

The asymptotic behavior of m k;'D is rooted in the behavior of the
sAQ A

curve g — nngA in Grgv(Ex). We gain an understanding of this by analyzing
the infinitesimal generator of the action
o0 Kot En = En.

Since this is a one-parameter group of isomorphisms, there is a linear operator
a: Ex — Ex such that kK, = e~ 1°82% (the choice of sign for a is a matter of
convenience; we are interested in letting g tend to oo in nngm so in fact we are
looking at €'°8¢%). The precise determination of a is best done using the Mellin
transform.

Fix some defining function for OM, let Py = 2 A, (an elliptic b-operator
with respect to the boundary of N;OM; the latter is trivialized by the choice of
z as OM x [0,00)). Let Px(o) be the indicial family of P. Let

S = {o € specy(Py) : —1—m < So < —pi},
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let Mevoy, be the space of meromorphic functions on C with poles in 3 to the
space of smooth sections of Fgrg — OM and let Holo be the subspace consisting
of entire functions. Then P induces maps

P Meroy — Nervoy, P $Holo — Holo
which in turn give a map
P Meroy /Holo — Nevox /Holo.

Then &£, is canonically isomorphic to the kernel, c‘?A, of this map. Namely, if u € €
and w : NyOM — R is smooth compactly supported, equal 1 in a neighborhood
of the zero section, then

M (0)(y,0) = / e uen, gl y)

is holomorphic for o > —p, meromorphic in o > —p — m with poles in 3, and
P.# (u) is holomorphic in So > —m — p. Taking the singular parts of .# (u) at
the points of ¥ gives an element sy.7 (1) € Meroy, such that Psy.# (u) is entire.
This gives a map

d(E/\

TA

En D urs [sp(u)] € En,

where [ | means class in Mevoy, modulo Holo. This map is the isomorphism men-
tioned above.
Now, u > .# (u) conjugates k, with multiplication by o'
* e - dx
M) (00) = [ 00 ulemn,yhoten )]
0 A
dl’/\

= 9”‘”/ 3wz, y)w(Ta/0,y)
0 X
= 0" " (u) mod Holo.

A

Associated with each o; € 3, j =1,..., N, there is the subspace EM,]. C c‘/A'A whose

elements have representatives in eroy with pole only at o;. We may view EA’/\JJ.
directly as a space of singular parts of elements of Mlevoy, with pole only at o;. If
= (0 —oy)"

is an element of éA'Ayt,]., then (using 0" = gi"f 0'(7=3))

0 — - ¢k — w’ ’LlOgQ
S0 FRCEVERD SRS ol L

k=1 J k—0=9
Thus a, viewed on the Mellin transform side, has eigenvalues —io; + u, 0; € %,
and the generalized eigenspace corresponding to —io; 4 1 is g, Ao
Each space gAJj corresponds to a subspace EAJ], C Ep. These spaces are,
as we saw, the generalized eigenspaces of a. We may write a = ag + N where ag
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is diagonal and N is nilpotent. Let a’ : £, — £x be the operator which acts on
each €, ,; by multiplication by —iRo;. The eigenvalues of ap — a’ are the numbers
Qo + p. Order the set of these numbers as g > w1 > ... (i.e., no repetitions).
Since 0; € X, —m < uy < 0. Let

g/\,Hk - @ 5/\,0’j-

gj ex
Sojtu=pr
Also let 75, be the projection on €4, and N, the restriction of N to this space.
In [18, Sections 3 and 4] we showed the following. Given any subspace D, C
En, there are functions vy, : R = €, k =1,...,d” = dim D, (perhaps not defined

at t = 0) such that
eDy =span{v,(t) :k=1,...,d"}, t>0,
is of the form

o (t) :eta’gk(t)+ Z et(—iU+H_Hk)Z'jk70_(t)_ (8.3)

ceX
So+u<pr

The gx(t) are polynomials in 1/t with values in €, ,,, and the collection of vectors
Joo ks = lim gk (1)

is an independent set spanning a subspace D o, and

Noftopho(t), o €Y,

Pro(t) =e
where the py »(¢) are polynomials in ¢ and 1/t with values in Ex.

The numbers —io 4+ p — uy appearing in the exponents in the sum in (8.3)
all have negative real part. It follows that ||ug(t) — €' g (¢)|| — 0 as t — oo. From
this one concludes that the distance in Grg(Ex) between nng/\ =e¢lgea D, and
elog Qa,D/\ﬁoo tends to 0 as t — co. Separately one can show (consult the details in
[18]) that the closure of

{eta/DAyoo :t e R}
is an embedded torus, which immediately proves that Q= (Dx) is a subset of this
torus, and in fact is equal to it. The dimension of the torus may be zero (a point)
in which case the statement is that the limit lim, elogea D exists. This will be
the case for any D, if no two distinct elements of ¥ have the same imaginary part.

The term e gx(¢) in (8.3) is

D T ).

ceX
Sot+u=pr

So all the numbers —io + o — p, appearing in the exponents of the right-hand side
in (8.3) are of the form —ic + p — R(—io; + p) with 0,0’ € ¥ and R(—ioc + p) <
R(—to; + p). The collection of these numbers is thus

{—ioc — Qo' :0,0' € 2, R(—io) < R(—id")},
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The additive semigroup & C C generated by this set is a subset of { € C: R <
0} with the property that {¢ € & : RJ > p} is finite for every p € R.

All this information comes together to produce, after some more work, the
following theorem slightly adapted from Theorem 7.4 of [18] (see the proof there):

Theorem 8.4. If A is a sector of minimal growth for Ax p,, Dn = Da + DA min;
and \g € A\0O, then there are polynomials py(z*, ..., 2N t) with values in End(Ex)
and C-valued polynomials qg (2", ..., 2N, t) such that

3C, R > 0 such that |qg(o™, ..., 0N )| >C if o>R (8.5)
and such that

9 1Ro iRo

Qp’ﬂ(g 17"'79 Nalogg)

Ty g Dn = D i » Lo>R (8.6)
N0t =2 (e, 0N log o)

with uniform convergence in norm in o > R. The o; are an enumeration of ¥.

Note that the exponents ¥ of the factors ¢ have real parts tending to —oo.
The parameter ¢ can be complexified (while keeping it in a sector around the
positive real axis) and then replaced by ¢/ where ¢ = A\/)¢ using the principal
branch of m-th root). This is how Theorem 7.4 of [18] is stated.

Replacing A\ = ¢™e )\ in (7.8) and following through to (7.9) one obtains

BD/\ ()\) = ()‘0/)‘)’%()\//\0)1/"1{B/\,max()\O)
— (I — B/\ﬁmjn(AO)(A/\ - AO))T(KA)\O,K/

-1
D/\ﬂ'/\,maxB/\,max(AO)}K(/\/)\O)l/m .

(8.7)

—1
A/ At/ m

Of course we need to verify that (7.9) remains true after complexifying o, but that
is indeed the case since all elements of (7.9) depend real-analytically on . The fact
that Bamin(A) and Ba max(A) as they appear in (7.8) do not depend analytically
on A is immaterial because the formula we are extending analytically is (7.9).
The final step in obtaining the asymptotics of Bp, (A) in A € A as |A| — oo
is to replace TR pxg oz Dn in the formula for Bp, (A).
It is the complicated structure of the expansion of w ~  —1, “in (8.6) that
sAQ A
is responsible for the unusual behavior of the zeta function of a cone operator.
Indeed, if the domain is stationary, then (obviously) Tk gz Da 18 independent
of p.

Example 8.8. The indicial family of A5 of Example 5.10, the Laplacian on the
blowup of R? at 0, is

o’ + Dg.
Thus the boundary spectrum of A (or A,) is iZ. We have been viewing A, as an
unbounded operator on subspaces of

L(R?) = r~1L2 (51 « [0,00): & de)
T
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so ¥ = {o € spec,(4p) : —1 < Qo < =2} = {0}. So we expect a rather sim-
ple structure for the asymptotics of 7k, , .p, for any one-dimensional subspace
D C €.

We know from Example 7.12 that for any Ag ¢ [0, 00), the ray through Ag is
a ray of minimal growth for Ap, , for any Dy = DA + DA min. The space K, y, is
spanned by

2
7"'/\,maxd)(}\O) == 77_(_ 10%(*>\0)U1 + Uz,
see (7.13). If D is the space spanned by ¢ = oy + fus, (o, B) # 0, then K, Dy
is spanned by
—1, 25 2
K/g w_ Oé+ ﬂ_logg U1+5U27

see (5.11). The pair {ma max®(Ao), K, 11} is a basis of Eo when )¢ is not in
the spectrum of A p,, in which case we may express an arbitrary element v =
ViUl + vous € Ex in terms of A max@(Ao) and I‘Lgl’g/}:

w1 + 2log(—Ng) v2
ma + 26 log(—0% o)

—mBv1 + 7(a + 28log 0%) va
— max A
! ma + 28 log(—0%N\o) T maf(d0)

Consequently,

—1
K, P

—mBv1 + m(a + 43 1og 0) va
mo+ 45 1og o log(—Ao)

Note that D, is stationary if and only if 8 = 0, which corresponds to the Friedrichs
extension.

7"'/\,maxgb(AO)-

TK A xg DAV =
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Pseudodifferential Operators on Manifolds:
A Coordinate-free Approach

Peter McKeag and Yuri Safarov

Abstract. The main aim of the paper is to demonstrate the advantage of
a coordinate-free approach to the theory of pseudodifferential operators. We
explain how one can define symbols and construct a symbolic calculus without
using local coordinates, briefly review some known definitions and results, and
discuss possible applications and further developments.
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1. Introduction

The theory of pseudodifferential operators (PDOs) is a powerful technique, which
has many applications in analysis and mathematical physics. In the framework
of this theory, one can effectively construct the inverse of an elliptic differential
operator L on a closed manifold, its non-integer powers and even some more gen-
eral functions of L. For operators with constant coefficients in R™, this can be
easily done by applying the Fourier transform. In a sense, the theory of PDOs
extends the Fourier transform method to operators with variable coefficients and
operators on manifolds at the expense of losing infinitely smooth contributions.
This is normally acceptable for theoretical purposes and is useful for numerical
analysis, since numerical methods for the determination of the smooth part are
usually more stable.

Traditionally, PDOs on manifolds are defined with the use of local coordi-
nates. This leads to certain restrictions on operators under consideration, as all
the definitions and results must be invariant with respect to transformations of
coordinates. The main aim of this paper is to introduce the reader to a little known
approach to the theory of PDOs that allows one to avoid this problem.
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The paper is constructed as follows. In Section 2 we recall some basic def-
initions and results of the classical theory of PDOs. Their detailed proofs (as
well as other relevant statements and definitions) can be found, for instance, in
[H2, Shu, Ta, Tr]. Section 3 gives a brief overview of some elementary concepts of
differential geometry (see [KN] or any other textbook for details). In Sections 4
and 5 we explain how to define PDOs without using local coordinates and quote
some results from the paper [Sal] and the conference article [Sa2]. Section 6 con-
tains new results on approximate spectral projections of the Laplacian obtained
in the Ph.D. thesis [McK]. Finally, in Section 7 we give a review of other related
results and discuss possible developments in the field.

Throughout the paper C§° denotes the space of infinitely differentiable func-
tions with compact supports, and D’ is the dual space of Schwartz distributions.
Recall that, by the Schwartz theorem, for each operator A : C§° — D’ there ex-
ists a distribution A(z,y) € D’ such that (Au,v) = (A(z,y), u(y)v(z)) for all
u,v € C§°. The distribution A(z,y) is called the Schwartz kernel of A.

2. PDOs: local definition and basic properties

Let a(z,y, &) be a C*°-function defined on U x U x R™, where U is an open subset
of R™.

Definition 2.1. The function a belongs to the class S5 with p,d € [0,1] and
m € R if
sup (070,00 a(z,.€)| < Criap (1+ g HO0HED=RT (2.
(z,y)eK
for each compact set K C U x U and all multi-indices o, 8, v, where Ck.q,3,, are
some positive constants.

Definition 2.2. An operator A : C§°(U) — D’(U) is said to be a pseudodifferential
operator of class v if

(c) its Schwartz kernel A(x,y) is infinitely differentiable outside the diagonal
{z =y},

(c1) A(z,y) = (2m)7" [ i@V Ea(z,y, ) d¢ with some a € S7s in a neighbour-
hood of the diagonal.

The function a in (c1) is called an amplitude, and the number m is said to
be the order of the amplitude ¢ and the corresponding PDO A. Note that for
amplitudes of order m > —n the integral in (c;) does not converge in the usual
sense. However, it is well defined as a distribution in  and y.

Let ST =, ,cr S;’fé, and let ¥~>° be the class of operators with infinitely
differentiable Schwartz kernels. If a € S—°° (that is, if @ and all its derivatives van-
ish faster than any power of |¢| as || — oo) then the corresponding PDO A belongs
to U~°°. The classical theory of PDOs is used to study singularities. Therefore one
usually assumes that a is defined modulo S~ and that x is close to y.
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Let a € 55 and a; € S;lg for some p, ¢ € [0,1], where m; — —o0 as j — cc.
We shall write
a~ a5, |¢ oo, (2:2)
J

if a— > a; € S)% where nj, — —o0o as k — oo. Such series }; a; are called
i<k '

asymptotic. If m; — —oo then for every collection of amplitudes a; € S;ng there

exists an amplitude a satisfying (2.2). Obviously, if @’ is another amplitude satis-

fying (2.2) then a —a’ € S7°° (or, in other words, (2.2) defines ¢ modulo S~°).

Lemma 2.3. Let z; := x4+ 7(y — x) where 7 € [0,1]. If 6 < p and a € S]'s then

/ V(e y, €) dE = / eI S0y 7 (2, ) d

modulo an infinitely differentiable function, where o4 -(z,€) is an amplitude of
class S7's given by the asymptotic expansion

O'A,T(Zv g)

(=il Bl plal (1 — pyl8l
~ Zﬂ ol 51 930,)0¢  a(x,y,¢€) s’ €] = 00, (2.3)

Sketch of proof. Expand the amplitude a by Taylor’s formula at the point (z,y) =
(27, 27), replace (y — 2)e’® )€ with iVee!®¥)€ and integrate by parts with
respect to £. O

The amplitude o4 -(x,&) is called the 7-symbol of the PDO A. It is uniquely
defined by the operator A modulo S™°°. The 0-symbol is usually called just the
symbol and is denoted o 4. The %—symbol and 1-symbol are said to be the Weyl
and the dual symbol respectively.

In the theory of PDOs, properties of operators are usually described and
results are stated in terms of their symbols. The following composition formula
plays a key role in the symbolic calculus.

Theorem 2.4. Let A € \I/;ng and B € \IJ:)"E. If 6 < p then the composition AB is a
PDO of class \I/Z:‘gﬂm whose symbol admits the asymptotic expansion

—i)lel

i

oan@) ~ 3 T opoaeoos@ e, ld oo (24)
Sketch of proof. From the inversion formula for the Fourier transform it follows
that the Schwartz kernel of AB is given by (c1) with the amplitude a(z,y,§) =
oa(x,&)op1(y,§). Applying Lemma 2.3 with 7 = 0 to a, we obtain (2.4). O

Remark 2.5. Theorem 2.4 implies, in particular, that the resolvent of an elliptic
differential operator is a PDO. Using (2.4), one can also show that a PDO of order
m maps W3 (Cg° into W5 ™™, where W3 are the Sobolev spaces.
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Note that in the above lemmas the condition § < p is of crucial importance;
if it is not fulfilled then the terms in the right-hand sides of (2.3) and (2.4) do not
form asymptotic series.

Clearly, the phase function (x — y) - £ in (c1) depends on the choice of coor-
dinates on U. Passing to new coordinates & and g, we obtain

AE5) = @m)" / =@ VD) €0 (5(7), y(7), €) dE

In a sufficiently small neighbourhood of the diagonal {# = g}, the new phase
function ¢(Z,7,&) = (x(Z) — y(y)) - £ can be written in the form

where ®(Z, §) is a smooth n x n-matrix function such that det ®(z, g) # 0. Chang-
ing variables n = ®(Z, ) &, we see that

A, 9) = @2n)™" / DG (7, g,m) dn,

where

a(z,5,m) = |det ®(z,5)| " a(x(2),y(5), ®~(Z,9)n)
is a new amplitude. Thus Definition 2.2 does not depend on the choice of coordi-
nates. However, there are two obvious problems.

Problem 2.6. If a € S5 then, generally speaking, the new amplitude a belongs
only to the class S7%, with ¢’ := max{d,1—p}.If p < 5 then &’ > p and the above

lemmas fail. Thus for § < p < é it is impossible to define PDOs of class )5 on a
manifold and to develop a symbolic calculus using local coordinates.

Problem 2.7. If max{d,1 — p} < p then the “main part” of the symbol o4 (called
the principal symbol of A) behaves as a function on the cotangent bundle under
change of coordinates. However, lower-order terms in (2.3) do not have a clear
geometric meaning. Therefore, the coordinate approach does not allow one to
study the subtle properties of PDOs, which depend on the lower-order terms.

3. Linear connections

The above problems do not arise if we define the phase function (z — y) - £ in an
invariant way, without using local coordinates. It is possible, in particular, when
the manifold is equipped with a linear connection. In this section we shall briefly
recall some relevant definitions and results from differential geometry.

Let M be an n-dimensional C'°°-manifold. Further on we shall denote the
points of M by x, y or z. The same letters will be used for local coordinates on M.
Similarly, &, n and ¢ will denote points of (or the dual coordinates) on the fibres
Ty M, Ty M and T; M of the cotangent bundle 7M.

We are going to consider operators acting in the spaces of x-densities on M,
k € R. Recall that a complex-valued “function” v on M is said to be a k-density
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if it behaves under change of coordinates in the following way

u(y) = |det{92" /9y’ }" u(=(y)) -

The usual functions on M are 0-densities. The r-densities are sections of some
complex linear bundle 2 over M. We denote by C°°(M;Q") and C§°(M; Q")
the spaces of smooth k-densities and smooth k-densities with compact supports
respectively. If u € C§°(M;Q") and v € C°(M; Q%) then the product wwv is
a density and the integral | y wvdz is independent of the choice of coordinates.
This allows one to define the inner product (u,v) = [ o WUdr on the space of
half-densities C§°(M;Q'/?) and to introduce the Hilbert space Lo(M;Q'/?) in the
standard way.

In this and the next sections we shall be assuming that the manifold M is
provided with a linear connection I' (which may be non-complete). This means
that, for each local coordinate system, we have fixed a set of smooth “functions”

F; w(@), 4,7,k =1,...,n, which behave under change of coordinates in the following
way,
oyt B oy A" 92y
l ol qu(m) = 2 5P ij (y(z)) P + Py (3.1)

The “functions” F}k (z) are called the Christoffel symbols. They can be chosen in
an arbitrary way (provided that (3.1) holds), and every set of Christoffel symbols
determines a linear connection of M.

A linear connection I' is uniquely characterized by the torsion tensor T;k =
I‘?k — I’}; ; and the curvature tensor

J
Riy = 0L}, — 0Ty, + > TP — > T) T
p p

If both these tensors vanish on an open set U C M then one can choose local
coordinates on a neighbourhood of each point « € U in such a way that Iy = 0.

Such connections are called flat. A connection I is called symmetric if T;k =0.
Let v =Y v*(y) 9,+ be a vector field on M . The equality (3.1) implies that

Vo o= > W) + Y Thi() v ()i oy, (3.2)
k .5,k

is a correctly defined vector field on T*M. The vector field (3.2) is called the
horizontal lift of v . The horizontal lifts generate a n-dimensional subbundle HT™* M
of the tangent bundle TT* M over T*M , which is called the horizontal distribution.
The vertical vector fields O,, ..., 0y, generate another n-dimensional subbundle
VT*M C TT*M which is called the vertical distribution. Since HT*M NV IT*M =
{0}, the tangent space T\, ,,T*M at each point (y,n) € T*M coincides with the
sum of its horizontal and vertical subspaces. Obviously, the horizontal subspaces

depend on the choice of I' whereas the vertical subspaces do not.
A curve in the cotangent bundle T* M is said to be horizontal (or vertical) if
its tangent vectors belong to HT*M (or VT*M). For any given curve y(t) C M



326 P. McKeag and Y. Safarov

and covector ng € T;(O)M there exists a unique horizontal curve (y(t)m(t)) C

T*M starting at the point (y(0),79), whose projection onto M coincides with
y(t). It is defined in local coordinates y by the equations

ZF Fe)m(t) =0, Vi=1,...,n,

and is called the horizontal lift of y(t). The corresponding linear transformation
1o — 1(t) is said to be the parallel displacement along the curve y(t). By duality,
horizontal curves and parallel displacements are defined in the tangent bundle T'M
(and then in all the tensor bundles over M).

A curve y(t) C M is said to be a geodesic if the curve (y(t),y(t)) C TM is
horizontal or, equivalently, if

yk(t) + er](y(t)) yl(t)yj(t) =0, VE=1,...,n.

in any local coordinate system. If U, is a sufficiently small neighbourhood of =
then for every y € U, there exists a unique geodesic v, ,(t) such that v, ,(0) = =
and 7vy,2(1) = y. The mapping U, 3 y — 4,,2(0) € T, M is a bijection between U,
and a neighbourhood of the origin in 7, M, and the corresponding coordinates on
U, are called the normal coordinates. In the normal coordinates y centred at x we
have 7, »(t) = = + t(y — x), so that 4, ,(t) =y — « for all ¢ € [0, 1].

Let &y, : T;M — T;M be the parallel displacement along the geodesic
Yy, and let T, = | det @, I| One can easily check that T, , is a density in y and
a (—1)-density in « (the map w, — T sw, is the parallel displacement along 7, »
between the fibres of the bundle 2). Note that ®, , and T, , depend on the torsion
tensor, whereas the geodesics are determined only by the symmetric part of T'.

Given local coordinates = = {z',..., 2"}, let us denote by V the horizontal
lifts of vector fields 0,:. For a multi-index o with || = ¢, let Vg =, LSV L.V,
where the sum is taken over all ordered collections of indices i1, ..., 1, correspond—

ing to the multi-index «. The following simple lemma can be found, for instance,
in [Sa2, Section 3].

Lemma 3.1. If a € C°°(T*M) then a(y, @, &) admits the following asymptotic
exrpansion,

a9, 2y06) ~ 3 | 55, Via( ), yora (33)

Sketch of proof. Write down the left-hand side in normal coordinates y centred at
x and apply Taylor’s formula. O

Remark 3.2. If a is a function on T* M then the “hypermatrix” {vaga(m, 5)}12;:1

=p
behaves as a (p, ¢)-tensor under change of coordinates. Therefore all the formulae
in the next section have an invariant meaning and do not depend on the choice of

coordinates.
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4. PDOs: a coordinate-free approach

Definition 4.1. We shall say that an amplitude a defined on M x T*M belongs to
the class S)'s(I") with p,d € [0, 1] and m € R if

S |00V, Vi oo Viyal 5, Q)| S Crciap (14 |00 (4.7)
(z,2)eK
for each compact set K C M x M, all multi-indices «, 5 and all sets of indices
i1,...,1q, where V}, are horizontal lifts of the vector fields 0., and Ck.n g,y are
some positive constants.

From the definition of the horizontal lifts it follows that a € S7"(I") with
0 > 1—pif and only if a satisfies (2.1) in any local coordinate system. In this case
the class 575 (I') is the same for all linear connections I'. If § <1 — p then S)"s(I")
depends on the choice of T'. Note that (2.1) is a particular case of (4.1), in Wthh
the connection I' is flat.

Let us fix a sufficiently small neighbourhood V of the diagonal in M x M
and define z, = z,(x,y) = 7vy.»(7), where 7 € [0,1] is regarded as a parameter.
Consider the phase function

(IDT(‘rﬂ C7y) = _<’7y,1(7—)7 <> ) (l’, y) € V7 C € T;TM7 (42)

where (-, -) denotes the standard pairing between vectors and covectors. The func-
tion ¢, is invariantly defined and, by the above, coincides with (z—y)-( in normal
coordinates y centred at z.

Definition 4.2. An operator A acting in the space of k-densities on M is said to
be a PDO of class W7's(Q2",T') if

(c) its Schwartz kernel A(x,y) is infinitely differentiable outside the diagonal
{z =y}, _
(c2) A(z,y) = 2m) " prr(@,y) [p. 3 €7@ Ya(z4;2,,¢)d( in a neighbour-
hood of the diagonal, where a € S7'5(I'), p 7 := T, Y 5, and 5,7 € [0,1]
are some fixed numbers.

Remark 4.3. If y are normal coordinates centred at = then ¢, (x,(,y) = (x —y)-(
and the integral (cz2) takes the form (c;). However, Definition 2.2 assumes that z
and y are the same local coordinates on U, whereas the above identity holds if we
choose coordinates y depending on the point .

Remark 4.4. The weight factor p, , is introduced for the following two reasons.

(1) Tt makes the definition independent of the choice of coordinates ¢ in the
cotangent space 17 M.

(2) Because of this factor, the Schwartz kernel behaves as a (1 — x)-density in
y and k-density in z, that is, (c2) defines an operator in the space of k-
densities for all Kk € R and all s,7 € [0,1]. In particular, this allows us
to consider PDOs in the Hilbert space Ly(M,Q'/?) and to introduce Weyl

symbols (corresponding to 7 = é)
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One can replace py, » in Definition 4.2 with any other smooth weight factor p(z, y)
which behaves in a similar way under change of coordinates. The precise choice
of the weight factor seems to be of little importance, since all formulae in the
symbolic calculi corresponding to different weight factors p and p can easily be
deduced from each other by expanding the function p~!'p into an asymptotic series
of the form (3.3), replacing 4, » (z,) e*°7(®¢¥) with iV, e (%) and integrating
by parts with respect to .

Lemma 4.5. If 6 < p and a € S7'5(I') then for all s, 7 € [0,1]

Pror / e (Va2 2., () dC = prr / PPy (20, ¢) AC
T M T: M
and

pn,”'/ eiWT(I’C’y)UA,T(er C) d¢ = pn,s/ eitpS(chyy)O’Avs(zsv C) d¢
Tz M Tz M

modulo C'*°-densities, where o4 » and o s are amplitudes of class ;’%(F) given
by the asymptotic expansions

_ilal (s — p)lel

oar(e) ~ 3 T evsagya )L 1l oo,
_ilal (5 — g)lel

UA,S(‘T7§) ~ Z ( Z) Ey' S) 6?V30A7T($,€)7 |€| — 00.

@

Sketch of proof. The first identity is proved by applying (3.3) with = z; and
y = zs to the function a(-; z,, () with fixed (z, (), substituting ., , e = (1 —
s) V¢e'™ and integrating by parts. The second is obtained in a similar way, after
changing variables ¢ = @, , (. O

Lemma 4.5 shows that Definition 4.2 does not depend on the choice of 7 and
s, and that every PDO A is defined modulo ¥™°° by its 7-symbol o4 ;. The other
way round, for each linear connection I', the T-symbol 04 ; is determined by the
operator A modulo S™°.

IfAe \112?5(9“7 I') then, in a similar way, one can show that

_iylel (1 — 27l
UA*,T(I,@ -~ Z( ) (1 2 )

al
«

O Vioar(z,§), [€]— o0, (4.3)

where A* is the adjoint operator acting in the space of (1 — k)-densities. In par-
ticular, for the Weyl symbols we have 04+ 1/2 — 04,12 € S for all Kk € R.

Remark 4.6. The full 7-symbol o4, depends on I" and 7. If max{d,1 — p} < p
then all the 7-symbols o 4 - corresponding to different connections I' coincide with
the principal symbol of A modulo a lower-order term. However, in the general
case it seems to be impossible to define a principal symbol of A without intro-
ducing an additional structure on the manifold M or a global phase function (see
Subsection 7.8).
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Let
Ye(z,y,2) =", X2 T

T,y

Yz, &y, 2) = <7yxa§> = (Y2,2,8) — Wym @, +€)

and

@) = (@+00°0; Y Do )|

18/1<|8I v

where y and z are normal coordinates centred at z. The functions Pé'{,g e C™(T*M)

are polynomials in £ ; we shall denote their degrees by d(;zy

One can easily show that PO(;) =0, Pﬁ(%) =0 and dg{,)y < min{ |8, |v| } for any
connection I'. Moreover, if I' is symmetric then d(;,)y < min{ |8], ||, (18] + |7])/3 }
[Sa2, Lemma 8.1].

Theorem 4.7. Let A € U'3(Q",I") and B € ¥)'3(Q", 1), where p > 6. Assume,
i addition, that

(1) either p>1/2,
(2) or the connection T' is symmetric and p > 1/3,
(3) or at least one of the PDOs A and B belongs to W7',(Q2",T).

Then AB € W) 7™2(Q%,T) and

O-AB((Eag)
111 o N
~ D g D@ DEa(w,6) DIVEas(,€), 1€ 00 (44)

The proof of Theorem 4.7 is similar to that of Theorem 2.4 (see [Sa2, Sec. 8]).
In particular, if the connection T' is flat then PB('? =0as B +]y] > 1 and (4.4)
turns into (2.4).

Remark 4.8. The conditions on p and the estimates for dgﬁ,)y imply that the terms

in the right-hand side of (4.4) form an asymptotic series. It is plausible that the
composition formula (4.4) holds whenever the orders of the terms in the right-hand
side tend to —oo as |a| + |B| + |y| = oco. However, it is not clear how this can be
proved.

Remark 4.9. Coefficients of the polynomials PB('? are components of some tensors,
which are polynomials in the curvature and torsion tensors and their symmetric

covariant differentials.

In the same way as in the local theory of PDOs, Theorem 4.7 implies standard
results on the boundedness of PDOs in the Sobolev spaces and allows one to
construct the resolvent of an elliptic operator in the form of a PDO.
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5. Functions of the Laplacian

In this section we assume that M is a compact Riemannian manifold without
boundary and denote |£], = \/Z” g (z) &€& where £ € TP M and {g"”} is the
metric tensor. It is well known that there exist a unique symmetric connection I'g
on M, called the Levi-Civita connection, such that the function ||, is constant
along every horizontal curve in 7% M.

Denote by A the Laplace operator acting in the space of half-densities; in
local coordinates

Au(z) = ¢" '(z) Z 01 (9(2) 9" (2) 0y (97" (2)ulx)))

where g := |det gij|_1/ 2 is the canonical Riemannian density. Let v be a self-
adjoint first-order PDO such that —A + v > 0, and let 4, := /—A + v. The
operator A, is a PDO of class ¥ , whose symbol coincides with |¢], modulo S°

in any local coordinate system. Thus we have A, € \11%70(91/271’) for any linear
connection I'.

Definition 5.1. If p € (0,1], let S]* be the class of infinitely differentiable functions
w on R such that

00w(s)] < C;(L+s))™ 7P, Vj=0,1,..., (5.1)
where (), are some constants.

A natural conjecture is that the operator w(A,) is a PDO whenever w € S
If it is true then the symbol of w(A,) should coincide with w(|{|;) modulo lower-
order terms. If p < 1/2 then, generally speaking, this function does not belong
to the class S’g?(; with p > § in any local coordinate system. However, since its
horizontal derivatives corresponding to the Levi-Civita connection are equal to
zero, we have w(|{[z) € S)'5(I'g) for all w € S7*. In particular, this implies the
following

Lemma 5.2. Let 7 € [0,1) and U,(t) := exp(itA]). Then U.(t) € UT" (/2 T)
for allt € R and o7 (1) (x, &) = el b (¢, 2, ), where bW € C=(R x T*M) and
oFb() € SYo for all k =0,1,... and each fized t.

Sketch of proof. Write down U, (t) formally as an integral (cz) with an unknown
symbol of the form el¢l b(T)(t,x7§), substitute the integral into the equation

U, (t) = iATU-(t), apply the composition formula (4.4) to ATU-(t) and equate
terms of the same order in the right- and left-hand sides. 0

Using Lemma 5.2, one can construct other functions of the operator A, .
Theorem 5.3. If w € S then w(A,) € \IIZTO(QUQ, I'g) and
ouay) ~ W) + Y (@, W (El2), 1€ = oo, (5.2)

j=1
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where w9 = dw and c;,(z,€) € S?o. The functions c;,, are determined recur-
siely by the equations

LR .
oar(z,€) = €| k=i, (x,§). .
e =l Y 5 e et (53)

Sketch of proof. Define w, (s) = w(s*/7), and let @, (t) be the Fourier transform of
wy. Then

w(A,) = (2m)~! /c’u';(t) et Al dt.

Let ¢ € C3°(R) be equal to 1 in a neighbourhood of the origin and have support
contained in a small neighbourhood of the origin. Consider the operators

wi(A,) = 2r)7t /g(t) = (t) e dt,

wa(A,) = (2m) 71 /(1 — () @r(t) e dt.
By integration by parts, the operator wa(A,) can be written as
al,) = (2m) 7 A7 [ D (1= s(0) @ (0) €4

Since k may be chosen arbitrarily large, this shows that wa(A4,) has an infinitely
smooth kernel. By Lemma 5.2, the operator wq(A,) is a PDO whose symbol coin-
cides with

r) [ @) M . dr.
Expanding ()b (¢, z,€) by Taylor’s formula at ¢ = 0, we see that the symbol of
w1 (A, ) admits an asymptotic expansion of the form (5.2) with some functions ¢; ,,.

These functions do not depend on w and can be found by substituting w(s) = s*
with k = 1,2,... This leads to (5.3). O

Definition 5.4. If p € (0,1], let S7"(g) be the class of C'*°-functions on 7*M which
admit asymptotic expansions of the form

oo

a(z, &) ~ ) i@, 8)w;([flz), [€] = oo, (5.4)

Jj=0

where ¢; € SRO, wj € S, with mg = m and m; — —oo. Denote by \I/Zl(Ql/Q,g)
the class of PDOs acting in the space of half-densities whose I'g-symbols belong
to ST (g).

P

Theorem 5.3 immediately implies that w(A4,) € \P;"(Ql/Q, g) whenever w €
Sp". The other way round, any PDOs of class \Il;”(Ql/Q, g) can be represented in
terms of functions of the operator A, .
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Lemma 5.5. For each A € @?(91/27 g) there exist PDOs C;,, € WY  and functions

&; € 85 such that lo =m, l; — —oo and
A~ Y Cruai(A), (5.5)
=0

where ~ means that the Schwartz kernel of the difference A — E?:o Cjvw;(Ay)
becomes smoother and smoother as k — oo.

Sketch of proof. Assume that (5.4) holds and denote by Cy the PDO with symbol
co(w,€). Theorems 4.7 and 5.3 imply that A = Cowo(A,) + A where AN €
\I/i} Q2. g) with I; < max{mi,mo — p}. The same arguments show that AW =
Croa1(A)) + AP? where Cip € Wy, @1 € S,l)l and A € \IJ?(QUQ,g) where
lo < max{ma,l; — p}. Repeatedly applying this procedure, we obtain a sequence
of operators A € Wl (22, g) such that A — AP = Ef;é Cj,@;(A,), where
C;,, and ©; satisfy the required conditions and I, = —oo0 as k — oc. O

Since w1 (A,) wa(4,) = wiws (A,) for any two functions wy and ws, combining
Theorem 4.7 and Lemma 5.5, we obtain

Corollary 5.6. If A € W?l(Ql/Q,g) and B € W2 (Q'/2,g) then the composition
AB is a PDO of class \IIZ“J””2 (Q'/2,g) whose symbol admits the asymptotic ex-
pansion (4.4).

Remark 5.7. Under the conditions of Corollary 5.6, the estimates on dgg obtained
in Section 4 do not directly imply that (4.4) is an asymptotic series, as it seems
to contain terms of growing orders. However, these “bad” terms cancel out due
to the symmetries of the curvature tensor. It would be interesting to find a direct
proof of Corollary 5.6, which does not use Lemma 5.5 (a relevant problem was
mentioned in Remark 4.8).

From the above results it follows that the restriction of the operator w(A,) to
an open subset of M is determined modulo W ~°° by the restrictions of the metric
g and the operator v to this subset. More precisely, we have the following

Corollary 5.8. Let v € C§°(M), and let {v} be the corresponding multiplication
operator. Consider the operator Ay generated by another metric g and another
first-order PDO v. If § = g on the support of the function v and v{v} = v{v}
then

{o}(w(Ay) — w([l,;)) €V and (w(Ay)— w(Az)){v} € U=
Jor every w € ST

Sketch of proof. The multiplication operator {v} is a PDO with symbol v(z),
which belongs to \Ilg(ﬂl/Q,g). Applying Lemma 5.5 and Corollary 5.6, we see

that {v}(w(4y)—w(Ap)) and (w(4,) —w(;ll;)){v} are PDOs whose full symbols
are identically equal to zero. O
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Remark 5.9. In a similar way, it is possible to define the classes \IJ;"(Q"7 g) which
consist of PDOs acting in the space of k-densities. Theorem 4.7 implies that A €
v (Q", g) if and only if gt/?rAgh12 ¢ \I/:)"(Ql/27g). Using this observation,
one can easily reformulate all results of this section for operators A € W' (Q~, g).

6. An approximate spectral projection

In applications, one often has to deal with functions of an operator which depend
on additional parameters. It is more or less clear that the results of the previous
section can be extended to parameter-dependent functions w under the assumption
that the estimates (5.1) hold uniformly with respect to the parameters. Therefore,
instead of formulating general statements, we shall consider an example which is
of particular interest for spectral theory.

Further on we assume that A > 0 and denote by ¥~>°()\) the class of
parameter-dependent operators with infinitely smooth Schwartz kernels Ay (x, y)
such that

lim AP |6365A)\(x,y)| =0
A—00

for all multi-indices «, 8 and all p = 1,2, ... Similarly, let ST°°(\) be the class of
parameter-dependent amplitudes a) such that

A+ 1[£)P sup |3§“V§V;m(y;x,§)| = 0 as A+ ¢ = o0
(z,y)eM
for all multi-indices «, B,y and all p=1,2,...
Let us fix a small ¢ > 0 and a nonincreasing function f € C*°(R) such that

1 ifs<o0;
f(s)_{ 0 ifs>e,
and 0 < f(s) <1lforall seR.If p € (0,1] and X > 0, let

Xp(A,s) == f(ATP(s—N)).

For each fixed A > 0, the function x, vanishes on the interval [\ + e\’ 00), is
identically equal to 1 on the interval (—oo, A\] and smoothly descends from 1 to
0 on the interval [\, A + eA?]. Since this functions differs from the characteristic
function of the interval [—oo, A] only on the relatively small interval (A, A + e\?),
the operator x(A, A,) can be thought of as an approximate spectral projection
of A, corresponding to (—oo, A]. The standard elliptic regularity theorem implies
that the operator x(A, A,) has an infinitely differentiable Schwartz kernel for each
fixed A.

The derivatives 97y, (), s) are equal to zero outside the interval (A, A +eA?).
Therefore

107x, (N, 8)| < (Nl’j(|s|—i-)\)’jp7 Vj=0,1,..., (6.1)
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for all s € R and all A > 1, where C; are some constants independent of A and
s. The same arguments as in the proof of Theorem 5.3 show that y(\, 4,) is a
parameter-dependent PDO whose symbol admits the asymptotic expansion

Teinay) ~ X LE) D e (@ O XD [El), A+ [E] = o0, (6.2)

j=1

where ¢; ,,(, £) are the same functions as in (5.3) and ) denotes jth s-derivative
of the function x.

Note that the functions xU) (), |€|,) belong to S~ for each fixed \. However,
their rate of decay depends on A. The asymptotic expansion (6.2) is uniform with
respect to A; it defines o ( 4,) modulo S™°°()). Substituting the terms from (6.2)
into the integral (c2), we obtain an asymptotic expansion of the Schwartz kernel
of x(A, A,) into a series of infinitely smooth half-densities, which decay more and
more rapidly as A — oo. This expansion defines y (A, 4,) modulo ¥~°°(}\).

Straightforward analysis of the proof of Theorem 4.7 shows that it remains
valid in the case where one of the operators belongs to \11(1)70 and the other is a
parameter-dependent PDO whose symbol admits an asymptotic expansion of the
form (6.2). In this case (4.4) gives an expansion of o4 as A+ |¢| — oo and defines
the symbol modulo S™*°()\).

Now, in the same way as in Section 5, one can show that the composition of
parameter-dependent PDOs whose symbols admit asymptotic expansions of the

form
o0

o(@,6) ~ Y i@ OXVNKlL), A+l oo, eV,  (63)
j=0
is also a parameter-dependent PDO whose symbol is given by (4.4) modulo

ST(N).
Let II,(\) be the spectral projection of the operator A, corresponding to the
interval (—oo, A). The above results imply the following

Theorem 6.1. Let v € C3°(M), and let {v} be the corresponding multiplication
operator. Consider the spectral projections 11,(\) and T1;(\) generated by differ-
ent metrics g, g and different first-order PDOs v, U satisfying the conditions of
Section 5. If g =g on the support of the function v then

IL(A\) {v} (I =Tz (A+c\?)) € T2(\), Ve,p>0. (6.4)

Sketch of proof. Assume that p € (0,1], and let x(), s) be defined as above with
some £ < ¢/3. Then x(A,s) =1 for s > X and y(\,s —eX?) =0 for s > A+ e\,
It follows that

IL(A) x(A\, Ay) =1L,(N) and  x(A, Ay — A1) (I —z(A+cA?)) =0.
Consequently, we have
I, (A) {v} (I =Tz (A + X))
= L)X AD) {0} (I =X\ As —XD) (I~ T, (A 4+ V) (6.5)
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Since x(A, s) = x(A, 8) x(A\, s —eA?), the composition formula implies that
XA, A) {v} (I = x(N\, Ap —eXD)) € ¥™®(N).

Now the required result follows from (6.5) and the fact that the Schwartz kernel of
the spectral projection is polynomially bounded in A with all its derivatives (see,
for instance, [SV, Section 1.8]). O

Remark 6.2. It is not surprising that the operator in the left-hand side of (6.4)
has a lower order than the spectral projections themselves as A — co. However,
one would expect its norm to decay as a fixed negative power of A, since the
perturbation A, — A is a more or less arbitrary PDO of order zero. We do not
know whether (6.4) can be obtained by other techniques (including that of Fourier
integral operators).

Remark 6.3. All results of this section can easily be extended to a noncompact
closed manifold M. In this case all the asymptotic expansions are unform on
compact subsets of M and M x M.

7. Other known results and possible developments

7.1. Other definitions for scalar PDOs

If I is a linear connection, then the corresponding symbol of a PDO A can easily
be recovered from the asymptotic expansion of A(e*~ (¥ y(x,y)) as ¢ — oo,
where @, is defined by (4.2) and x is a smooth cut-off function or k-density (we
suppose that x is fixed and that the operator acts in the variable y). After that,
all the standard formulae of the local theory of PDOs can be rewritten in terms of
their I'-symbols. Moreover, making appropriate assumptions about the asymptotic
behaviour of A(e*(*:¢:)y(x,y)), one can try to define various classes of PDOs
associated with the linear connection I'.

This approach was introduced and developed by Harold Widom and Lance
Drager (see [Wil], [Wi2] and [Dr]). Its main disadvantage is the absence of an
explicit formula representing the Schwartz kernel of a PDO via its symbol. As
a consequence, one has to assume that PDOs and the corresponding classes of
amplitudes are defined in local coordinates, which makes it impossible to extend
the definition to p < max{d, 1 — p}.

In [Pf1], Markus Pflaum defined a PDO in the space of functions by the
formula

Aue) = 07 [ ] et a g u) dyds, ()

where a(z, ) is a function on T*M of class 575, y are normal coordinates centred
at  and x is a smooth cut-off function vanishing outside a neighbourhood of the
diagonal. He obtained asymptotic expansions for the symbols of the adjoint oper-
ator and the composition of PDOs and, in the later paper [Pf2], extended them to
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T-symbols. However, the results in [Pfl, Pf2] are stated and proved with the use of
local coordinates and, therefore, the author had to assume that max{d, 1 —p} < p.

Recall that under this condition the standard results of the local theory of
PDOs hold, and the only advantage of a coordinate-free calculus is that it helps
to fight Problem 2.7. A typical example, considered in [Pfl], is the PDO with a
symbol of the form (1 + |£]?)*(®) where b(z) is a smooth function on M. Formally
speaking, this PDO belongs only to the class ST with m = sup, b(x) and any
6 € (0,1). But its properties are determined by the values of the function b at all
points z € M in a sense, this operator has a variable order depending on x € M.
In such a situation, it is not sufficient to consider only the principal symbol. One
has to define a full symbol which can be done with the use of a linear connection.

It is clear that (7.1) differs from Definition 4.2 only by the choice of the weight
factor p, . Applying the procedure described in Remark 4.4, one can easily show
that

ZP a(z, &), €] = oo, (7.2)

where a(x,§) is the symbol appearing in (7.1) and P, are components of some
tensor fields. Using (7.2), one can rewrite all the results obtained in [Sa2| in terms of
symbols defined by (7.1). This shows that Pflaum’s formulae can be reformulated in
terms of the horizontal derivatives V§ and thus extended to the classes W75 (2", I)
and 7-symbols.

In particular, Pflaum’s composition formula can be written in the form (4.4)
with some other polynomials P! 3 For operators acting in the space of functions
and 7 = 0, this result was estabhshed by Vladimir Sharafutdinov in [S1]. He chose
to give a direct proof instead of deducing the formula from (4.4) and (7.2) and, for
some reason, considered only the classes W7"y. Sharafutdinov gave an alternative

description of the polynomials péo’)y which may be useful for obtaining more explicit

composition formulae (this investigation was continued in [Ga]). He also proved
an analogue of (4.3) in the case K = 1/2 and 7 = 0 [S1, Theorem 6.1].

Remark 7.1. From (7.2) it easily follows that the degrees of the polynomials 15[5'{,3

admit the same estimates as d(;,)y (see Section 4).

7.2. Operators on sections of vector bundles

In [FK, P2, S2, Wi2|] the authors considered PDOs acting between spaces of
sections of vector bundles over M. In this case, in order to construct a global
symbolic calculus, it is sufficient to define parallel displacement and horizontal
curves in the induced bundles over T*M. This can be achieved by introducing
linear connections on M and the vector bundles over M. After that the results
are stated and proved in the same way as in the scalar case (further details and
references can be found in the above papers).

A more radical approach was proposed by Cyril Levy in [Le]. He noticed
that in order to develop an intrinsic calculus of PDOs one actually needs only an
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exponential map, which does not have to be associated with a linear connection.
In his paper Levy assumed that the manifold M is noncompact and is provided
with a global exponential map (that is, M is a manifold with linearization in the
sense of [Bol]). He then defined associated maps in the induced vectors bundles
and constructed a global coordinate-free symbolic calculus.

Remark 7.2. All the papers mentioned in this subsection dealt only with symbols
whose restriction to compact subsets of M belong to S5 with p > max{d,1—p}. It
should be possible to extend their results to p < 1/2, using the technique outlined
in Section 4.

7.3. Noncompact manifolds

In order to study global properties of PDOs on a noncompact manifold M, one
has to assume that all estimates for symbols and their derivatives hold uniformly
for all z € M (rather than only on compact subsets of M, as in Definitions 2.1 and
4.1). In [Bal, Frank Baldus defined classes of symbols and developed an intrinsic
calculus of PDOs on a noncompact manifold M under the assumption that M
has an atlas satisfying certain global conditions. The statements and proofs in
[Ba] were given in terms of local coordinates, and global results were obtained by
considering the transition maps between coordinates charts. It is quite possible
that these results can be simplified or/and improved under the assumption that
M has a global exponential map (as in [Le]).

7.4. Other symbol classes

The paper [Ba] dealt with the more general classes of symbols S(m, g) instead of
STs. The classes S(m, g) were introduced by L. Hormander in [H1] (see also [H2]).
They are defined with the use of coordinates, and in each coordinate system S
is a particular case of S(m,g). It would be interesting to construct similar classes
S(m, g) associated with a linear connection (or an exponential map) and to study
the corresponding classes of symbols and PDOs.

Remark 7.3. Note that the introduction of “coordinate” classes S(m,g) does not
help to resolve Problem 2.6. The relation between these “coordinate” classes and
the classes S} (I") was discussed in [Sa2, Remark 3.5].

7.5. Operators generated by vector fields

Let v := {v1,19,...,v,} be a family of smooth vector fields v; on M which span
T,M at every point € M. Consider the corresponding first-order differential
operators J,, and denote

1
o= > 00,0, -0,
.j17~~~ajq

where ¢ = |a| and the sum is taken over all ordered sets of indices ji,...,J,
corresponding to the multi-index o = (aq,...,ay). In other words, 9% can be
thought of as the symmetrized composition of (?l,jk .
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The family v generates a unique curvature-free connection I',,, with respect to
which all covariant derivatives of the vector fields v; are identically equal to zero.
The I',-symbol of 92 coincides with of'* ...o5", where o, = op(x,§) = (v, §)
(see [Sa2, Example 5.4]). Since the functions o) are constant along horizontal
curves in T*M generated by the connection I'y, the operators 95 and their linear
combinations can be regarded as constant coefficient operators relative to the
connection I', (or to the family of the vector fields v).

This observation was used by Eugene Shargorodsky in [Shal], where he de-
veloped a complete theory of pseudodifferential operators generated by a family
of vector fields v. He introduced anisotropic analogues of classes S;’f[;7 proved the
composition formula for the corresponding classes of PDOs, defined semi-elliptic
operators associated with the family v, and constructed their resolvents. All the
results in [Sha] were obtained for operators acting on sections of vector bundles
equipped with linear connections (see Section 7.2).

7.6. Operators on Lie groups

In [RT], the authors defined full symbols of scalar PDOs on a compact Lie group
M in terms of its irreducible representations and developed a calculus for such
symbols. It would be interesting to compare their formulae with those obtained

by introducing an invariant linear connection I' on M and applying the methods
of [Sa2] or [Shal.

7.7. Geometric aspects and physical applications

The importance of intrinsic approach in the theory of PDOs for quantum mechan-
ics is explained in the excellent review [Fu] by Stephen Fulling. Further discussions
can be found in the Ph.D. thesis [Gu]. Various geometric applications are consid-
ered in [BNPW] and [Vo]. We refer the interested reader to the above papers and
references therein.

7.8. Global phase functions

It is worth noticing that one does not need a linear connection or even an exponen-
tial map to define PDOs on a manifold in a coordinate-free manner. It is sufficient
to fix a globally defined phase function satisfying certain conditions.
Namely, let ¢(z;y,n) be an infinitely differentiable function on M x T*M
such that
Imo(z;y,m) >0, @(xy,An) = Ap(2;y,n)
forallz € M, (y,m) € T*M and X > 0, and

e(zy,n) = (@—y)-n + O(z—yl*nl), z—y,

in any local coordinate system. If a(x; y,n) is a smooth function on M x T* M such
that a € ST in any local coordinate system then

Ala,y) = / @M a5y, ) dn
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is the Schwartz kernel of a PDO A € VT, acting in the space of functions. More-
over, there exists an amplitude a,(y,n) independent of x such that

Alz,y) — /e“”(”“y’”) ap(y,n)dn € C™(M x M),

and this amplitude a, is uniquely defined by A modulo S™°°. The operator A
belongs to V7", if and only if a, € ST in any local coordinate system.

Remark 7.4. For a real-valued phase function ¢ these are standard results of the
theory of Fourier integral operators (see, for instance, [Shu, Section 19]). Complex-
valued phase functions were considered in [LSV].

It is natural to call a, the p-symbol of the operator A. Clearly, all the stan-
dard results of the classical theory of PDOs can be rewritten in terms of their
p-symbols. In particular, if A, B € VT, then the y-symbol of the composition AB
is determined modulo S™>° by an asymptotic series which involves (p-symbols of
A and B and their derivatives. Similarly, the p-symbol of the adjoint operator A*
is given by a series involving the derivatives of ¢-symbol of A.

Obviously, the same formulae remain valid under milder assumptions about
the symbols. Thus it should be possible to introduce symbol classes associated
with the phase function ¢ and develop a symbolic calculus in these classes (as was
done in [Sa2] for the special phase function @, generated by a linear connection).

Such a general approach may allow one to extend results of Section 6 to other
elliptic operators. It may also be useful for the study of solutions of hypoelliptic
equations and operators on noncompact manifolds.
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