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Preface

This thesis consists of eight chapters and two appendices. Chapter 1 grants an
overview over the main results. Thereafter, in Chapter 2 the notation is fixed,
the operators are introduced, and some basic results needed in the subsequent
chapters are discussed. Chapter 3 proceeds with a short introduction into specific
aspects of control theory and paves the way to the main results of this thesis that
are presented and put into context in Chapter 4. The proofs of the main results
are postponed to Chapters 5-8. Some supplementing computations and technical
details are presented in Appendix A, while Appendix B is an excursus presenting
results of the author which have not been included in the main body of text.
Parts of this thesis are based on and coincide with the following publications
and preprints by the author that were partially obtained in collaboration with
Christian Rose, Albrecht Seelmann, Martin Tautenhahn, and Ivan Veseli¢:
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[DRST] A. Dicke, C. Rose, A. Seelmann, and M. Tautenhahn. Quantitative unique continua-
tion for spectral subspaces of Schrédinger operators with singular potentials. Preprint:
arXiv:2011.01801.

[DS22] A. Dicke and A. Seelmann. Uncertainty principles with error term in Gelfand—Shilov
spaces. Archiv der Mathematik, 119(4):413-425, 2022.

[DSVa] A. Dicke, A. Seelmann, and I. Veseli¢. Control problem for quadratic differential op-
erators with sensor sets of decaying density via partial harmonic oscillators. Preprint:
arXiv:2201.02370.

[DSVb| A. Dicke, A. Seelmann, and I. Veseli¢. Spectral inequality with sensor sets of decaying den-
sity for Schrédinger operators with power growth potentials. Preprint: arXiv:2206.08682.

[DSVc] A. Dicke, A. Seelmann, and I. Veseli¢. Uncertainty principle for Hermite functions and
null-controllability with sensor sets of decaying density. Preprint: arXiv:2201.11703.

[DV] A. Dicke and I. Veseli¢. Unique continuation for the gradient of eigenfunctions and
Wegner estimates for random divergence-type operators. Preprint: arXiv:2003.09849.

It is here set out on which of the aforementioned articles the chapters that are

listed below are based on or coincide with.

Chapter 2: Parts of that chapter are extracted from [DSVa|, in particular, Subsec-
tion 2.2.1 is an adaptation of [DSVa, Appendix A| to more general potentials.

Chapter 4: The main results of this thesis presented in that chapter are taken from
the works [DRST, DSVe, DSVa, DS22, DS22, DSVb| and parts of the chapter
coincide with or are based on these articles.

Chapter 5: That chapter coincides for the most part with [DSVb, Section 2|.

Chapter 6: Sections 6.2 and 6.3 are based upon [DRST, Sections 2 and 3|, while
Section 6.4 combines and elaborates further results from [DRST, DSVb].

Chapter 7. Section 7.2 is based upon [DSVe, DSVa|, while the proof in Section 7.3
is a shortened version of the proof in [DS22].

Chapter 8: The proof given in that chapter is taken from [DSVa, Section 4].
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CHAPTER 1

Introduction

Imagine the task of measuring the state of a system at a given time through
observations of sensors over a time interval. For physical or economical reasons, it
is usually not preferable or not even possible to observe the entire system. Instead,
one wants to use as few or as small sensors as possible. However, taking fewer or
smaller sensors increases the possible deviation of the measurement from the actual
state or even prevents the measurement entirely. It is therefore a fundamental
problem to derive conditions on the sensors such that the system can be measured
adequately. In this case, one also wants to derive upper bounds for the deviation
between the actual state and the measurement in terms of some conditions imposed
on the sensors. If one is interested in the possibility to steer the system to a
designated state in a given time, a similar problem arises: One again wants to
determine under which configurations of control units one can be insured that the
designated state is attainable. At the same time, it is desirable to minimize the
number or the size of the control units that influence the system, but this causes
the control costs to increase. Hence, it is of interest to obtain bounds for the control
costs depending on the configuration at hand.

In the present thesis, the state of the system is governed by some differential
equation w'(t) = Aw(t) with initial value w(0) = wy € L*(R?) and the sensors are
represented by a sensor set w C R%. Provided that the operator A generates a
strongly continuous semigroup (7 (t)):>0, the above task of measuring the state at
a given time 7" > 0 can be put into mathematical terms as the question whether
there exists an observability constant Cy,s > 0 such that the observability estimate

T
(1.1) [0 (T) 22 g0y < Cs / 1T (t)wo22q,, dt

holds for all initial values wq. In this setting, the constant Cg,s accounts for the
possibly occurring deviations of the measurement from the actual state. Any
action to steer the system can then be modeled by adding an inhomogeneity
f € L?([0,00); L*(w)) the values f(t) of which are constrained to the control set
we again denote by w. Hence, the system is then governed by w'(t) = Aw(t) + f(t).
By linearity, the task of steering the system to some state (in the range of 7(7))
is then reduced to the task of choosing the control f in such a way that w(T") = 0.
Here, the norm of f corresponds to the cost of the control. It is well-established
that for a given set w the existence of an observability constant such that the
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2 1. INTRODUCTION

observability estimate (1.1) holds is equivalent to the existence of a null-control
f constrained to w with norm at most Cgps for the dual system. Because of this
duality it is not a limitation to investigate only the problem of observability.

The main objective of this thesis is to study sufficient geometric conditions
on the sensor set w that guarantee the existence of an observability constant for
different types of systems characterized by the semigroup generator A. Furthermore,
given a sufficient condition, we also investigate how the geometry of the set impacts
the constant C.

There is a vast amount of literature dealing with several different ways to
establish the observability estimate. In this work, we rely on methods going back
to Lebeau and Robbiano. These allow to conclude the existence of an observability
constant by combining two ingredients, namely an uncertainty principle and a
dissipation estimate. In Chapter 3, we recall different forms of Lebeau-Robbiano
methods together with a short outline of basic results from control theory that are
related to the present work.

The main results of this thesis are tailored towards the aforementioned methods
and are presented, discussed, and put into context to earlier results in Chapter 4.
They can be roughly divided into three categories: Spectral inequalities, dissipation
estimates, and uncertainty principles with error term. While all of these are stated
in Chapter 4, their proofs are deferred to Chapters 5—8. Let us emphasize that
Sections 6.1 and 7.1 provide an overview of the origins of the approaches we use.

1.1. Main results

Let us now outline the main results in the order they are formulated in Chapter 4.

1.1.1. Spectral inequalities. In Section 4.1, we consider the situation where
the generator A = A — V is a selfadjoint Schrédinger operator in L?(R¢). For
selfadjoint operators, establishing the observability estimate reduces by the Lebeau-
Robbiano method to the proof of a spectral inequality. The latter has the form

||f||%2(Rd) < doe™" ||f||%2(w)7

where w C R? is the sensor set from the observability estimate, f is any function
in the range of the spectral projection P\(—A + V) up to energy A > 1 of the
Schrodinger operator, and dy,d; > 0, 1 € (0,1) are constants. Proving the spectral
inequality not only implies the observability estimate, but there are also explicit
bounds for Cys in terms of the parameters dy, dy, v1, and the time T

Whether spectral inequalities for Schrédinger operators are available and, if
so, what kind of geometric conditions on w are required heavily depends on the
potential V' at hand. The spectral inequalities we prove are especially motivated by
earlier research for the pure Laplacian [Kov00, Kov01, EV18, EV20|, for Schrédinger
operators with bounded potentials [NTTV18, NTTV20b]|, and for the harmonic
oscillator, i.e., for the Schrédinger operator with a quadratic potential [BJPS21,
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FIGURE 1. w = J;cza B(k, (3)"71*") for different values of a.

MPS22]. We extend and improve these results in several aspects, some of which we
outline in the following. Let us mention beforehand that we always compute the
constants dy, dy, and 7, explicitly from geometric properties of the sensor set w.

Singular admissible potentials. Instead of studying merely Schrédinger
operators with bounded potentials, we prove the spectral inequality with potentials
we call singular admissible. These may have mild local singularities and are therefore
allowed to be unbounded. For instance, V (x) = e~1#l|2|~7 with 0 < ¢ < 1 is singular
admissible in all dimensions d > 2. In our spectral inequality given in Theorem 4.10,
the sensor set w is assumed to satisfy the same geometric conditions that were used
in case of bounded potentials. Namely, w is an equidistributed set which means
that it contains a suitable union of open balls with fixed radii, a particular instance
being the set in Figure 1A.

The proof is given in Chapter 6 and uses Carleman estimates and the so-called
ghost dimension. We make use of the fact that singular admissible potentials can
be inserted into the Carleman estimates which allows to follow a similar approach
as in the case of bounded potentials. An important feature of our analysis is that
we can extract two characteristic parameters of the potential in terms of certain
relative bounds. These parameters are the only characteristics of the potential
entering the constants dy and d; in the spectral inequality.

Quadratic potentials. In the case of the harmonic oscillator, i.e., V(z) = |z|?,
an orthonormal basis of eigenfunctions is given by the Hermite functions. These
are known to have a fast decay at infinity. We quantify this decay and demonstrate
how to exploit it in order to prove the spectral inequality with sensor sets w that
become sparse at infinity. More precisely, we show that the sensor set is allowed
to have a subexponentially decaying density, a condition that even allows sets of
finite Lebesgue measure, see Theorem 4.16. As an example, the subexponential
decay of the density corresponds to o < 1 for the sets depicted in Figure 1. Let us
stress that in the previous works [BJPS21, MPS22|, the density was not allowed to
decay at all and, in particular, the sensor sets were forced to have infinite Lebesgue
measure.
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Besides this, we also investigate partial harmonic oscillators corresponding to
V(z) = |xz]* = 3 ;e @ for some T C {1,...,d}. These have not been considered
previously and we prove the spectral inequality where the density of the set w is
allowed to decay subexponentially in those directions where the potential grows.
This result is formulated in Theorem 4.19.

Since (partial) quadratic potentials are analytic, we are in the position to use
an approach based on complex analysis. This approach allows us to derive the
spectral inequality with weaker assumptions on the sensor sets than possible by
the method using Carleman estimates mentioned before. Put plainly, w does not
necessarily need to contain suitable balls, but merely suitable measurable subsets.
The assumptions we make are closely related to the notion of thick sets. We
refer to the last subsection in Appendix A, where we briefly discuss the different
assumptions on w. The proof of the spectral inequality is given in Chapter 7.
There we describe how the tensor structure of the Schrodinger operator can be
used to derive Bernstein inequalities for elements in the spectral subspace required
for this approach. Furthermore, we also prove that these inequalities yield the
aforementioned quantification of the fast decay of elements in the spectral subspace
of the partial harmonic oscillators (in particular of Hermite function) in directions
where the potential grows unboundedly. Thereafter, the quantified decay is used to
implement the spectral inequality with sensor sets having a decaying density.

Power growth potentials. The third type of potentials we investigate are
those with power growth in certain coordinate directions, see Hypothesis (S57)
on page 45 for the full class of potentials we work with. For a better overview,
we here restrict our attention to the potentials V(z) = |xz|” where 7 > 0 and
Z C{1,...,d}. At first glance, these seem quite similar to the previous case of
partial quadratic potentials. However, a major difference is that even these simple
potentials are not analytic for 7 ¢ 2N, hence requiring a fundamentally different
approach compared to the harmonic oscillator. This has not been considered
previously, but we underline that this is a very active field of research.

As a first result in this novel territory, we use our insights gained from the study
of singular admissible and quadratic potentials to establish a spectral inequality
also for this class of potentials with power growth in certain coordinate directions.
To this end, in Chapter 5 we establish that the growth of the potentials enforces a
fast decay of eigenfunctions and, more importantly, we quantify this decay. The
decay benefits us in two ways: Firstly, we are able to treat potentials with power
growth by the previously mentioned approach using Carleman estimates. In fact,
the proof largely parallels the one for singular admissible potentials in Chapter 6.
Secondly, we can allow the sensor set w to become sparse at infinity in directions
where the potential grows. However, due to the Carleman estimate, we require that
the sensor set contains a union of open balls with radii decaying at infinity, see
again the sets depicted in Figure 1. The precise allowed decay rate depends on the
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growth of the potential at hand. Our result for potentials satisfying Hypothesis (S7)
is formulated in Theorem 4.24.

1.1.2. Dissipation estimates. Section 4.2 deals with possibly non-selfadjoint
operators A in L?*(R?). Two situations may arise here: Either the operator is
selfadjoint but a spectral inequality is not available, or it is indeed non-selfadjoint,
so that it is not even possible to formulate a spectral inequality. However, for
certain operators A, the Lebeau-Robbiano method allows us to use the spectral
inequality of a selfadjoint Schrédinger operator —A + V in L2(R?) in order to
conclude the observability. This strategy requires a dissipation estimate of the form

[(Id = Pr(=A + V) T ()9 2@y < doe™ 1| g| 12 g

forall A\ >1,all 0 <t < 1, and all g € L?(R?), where (T (t));>0 is the semigroup
generated by A, and ds, d3, 72,73 > 0 are constants. If such a dissipation estimate
holds, we say that the Schrodinger operator —A + V' is a suitable comparison
operator for A. Provided that we have a spectral inequality for the Schrodinger
operator at our disposal, the observability estimate holds with the sensor set w from
the spectral inequality and explicit bounds on the observability constant depending
on the constants in the dissipation estimate as well as in the spectral inequality. In
particular, solely the spectral inequality encodes sufficient conditions on the sensor
set w.

We consider quadratic differential operators A, i.e., operators that are the Weyl
quantization of a homogeneous quadratic polynomial. Inspired by the previous
works [BPS18, Alp21], we prove that for these operators the suitable class of
comparison operators are the partial harmonic oscillators —A + |zz|%. Furthermore,
we show how the appropriate member of this class can be read off the singular space
of A. Thereby, we unify, interpolate and generalize earlier dissipation estimates for
quadratic differential operators. In combination with the spectral inequalities for
partial harmonic oscillators, we establish the observability estimate with the sensor
sets which we have considered there. Recall that these spectral inequalities, in
particular, allow the sensor sets to have a decaying density in the directions where
the potential of the comparison operator grows. Such sensor sets have not been
considered before in this context. Our dissipation is formulated in Theorem 4.29
and the proof is given in Chapter 8.

In addition to the results just outlined, dissipation estimates also play a role
in Section 4.4. There we consider the observability estimate for other types of
operators A, namely Shubin operators, and discuss how our spectral inequalities
can be applied in that setting.

1.1.3. Uncertainty principles with error term. The result we present in
Section 4.3 is concerned with the situation of abstract semigroups (7 (t)):>o in
L*(R?) that satisfy Gelfand-Shilov smoothing properties. We describe a method
that is of interest in situations where either no dissipation estimate with respect to
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the spectral projections of a selfadjoint operator is available, or where we have no
spectral inequality for a suitable comparison operator. An approach to treat such
cases goes back to the work [Mar22|, where an uncertainty principle with error
term for elements in the range of the semigroup allows to establish an approzimate
observability estimate. Under certain conditions on the involved constants it was
shown in [Mil10] that this, in turn, leads to the above stated observability estimate
(1.1), see the derivation of Corollary 3.11 in Chapter 3.

Inspired by these works, we prove an uncertainty principle with error term for
functions in suitable Gelfand-Shilov spaces. This uncertainty principle is closely
related to the spectral inequalities for Schrodinger operators discussed above but
has an extra additive error term on the right-hand side. Postponing the precise
statement to Theorem 4.35 below, we now focus only on this error term. Doing so,
our result can be stated roughly as follows: For certain sensor sets w, all functions
f in the Gelfand-Shilov space, and all 6 > 0 we have

1\
1l < (3) Il +6 - Co
where C1,Cy > 0 are constants depending on the specific Gelfand-Shilov space, the
function f, and the geometry of w, but not on §. In contrast to the previous work
[Mar22| establishing the last inequality with different techniques, the derivation we
present allows to eliminate several technical assumptions on the geometry of the
sensor set and streamlines the proof significantly. Since our proof uses the complex
analytic approach that is also used in the proof of the spectral inequalities for the

partial harmonic oscillators, it is likewise given in Chapter 7.



CHAPTER 2

Preliminaries

In this chapter we introduce the notation, give basic definitions, and provide some
background material that is used in this thesis.
Some of the notation and conventions we use are set out in Table 1 below.

K, K.

QN

LP(Q), Ly,
H"(Q),
(| x
L(X,Y)
Ran S
S(R?)

< ER >’H
Vi

H

1y (H)
P\(H)
A
(T(1))e=0

loc(2)
Hioo ()

universal constant or constant that depends only on the param-
eters e indicated in the index, may change from line to line
short hand notation for A < KB resp. A < K,B

constants that do not change from line to line

dimension, unless otherwise stated a natural number > 1
volume of the unit ball in RY

Euclidean norm or absolute value of a multi-index

Euclidean inner product of z,y € R?

projection onto the coordinates indicated by Z C {1,...,d}
characteristic function of the set w

ball with radius r > 0 centered at z € R?

rectangle with sides of length a € (0,00)¢ centered at z € R?
Az, (p,...,p)) with p >0

complex disc of radius r» > 0 centered at z € C

D(0,71) X ...D(0,1q) for r = (r1,...,7r4) € (0,00)%

Lebesgue spaces on the set Q C R%, 1 < p < o0

Sobolev subspace of L?(Q2) of order k € N

norm of the space X

space of bounded operators S: X — Y

range of the operator S

space of Schwartz functions

inner product of the Hilbert space H

orthogonal complement of ¥V C ‘H with respect to (-, )%

lower semibounded, selfadjoint operator on some Hilbert space
spectral projection of H associated with some Borel-set M C R
spectral projection 1(_o (H) for A € R

generator of a contraction semigroup on some Hilbert space
strongly continuous semigroup generated by the operator A

TABLE 1. List of conventions and frequently used symbols.

7



8 2. PRELIMINARIES

2.1. Basic definitions and facts

Let M C R be any set and let N' C {1,...,d}. We write = (z1,...,24) € M
and set M = {x € M%: z; = 0forall j ¢ N'}. If x € M? we denote by xy
the projection of z onto Mg =2 M W1 and by L (R4,) the space of functions f

loc

defined on R for which there is g € L2 (R such that f(z) = g(zx) for almost
all z € R%. Frequently, we use the abbreviation N& v = (Npg)4. Denoting the
j-th unit vector by e; € R% we let Id = (e;)j=1. 4 be the identity on R? and
Idy = (vj)j=1,..a be the matrix with columns v; =¢; if j € N and v; =0 if j ¢ N.

Important subspaces of the Schwartz functions we frequently use are the so-
called Gelfand-Shilov spaces S*(R?) C S(R?) with u,v > 0 satisfying u + v > 1.
These spaces were originally introduced as the spaces of functions such that both
f and its Fourier transform, have a certain decay encoded by the parameters pu
and v; this is why the assumption p + v > 1 not a restriction, as the space is
otherwise trivial, see, e.g., [NR10, Theorem 6.1.10]. Here, we use an equivalent
characterization, see [NR10, Theorem 6.1.6 and Theorem 6.1.10], and define S¥(R?)
as the space of all functions f € S(R?) for which there are constants D;, Dy > 0
such that

(2.1) 2207 f|| p2mey < Dy DYl (@) (B for all  «, 8 € NE,

where 9° = 97 denotes the partial derivatives. This definition shows in particular

that these spaces satisfy the inclusion S#(R?) C S,‘f,/ (R%) whenever u < y' and
v <.

2.1.1. Classic results from functional analysis. We now give a fast paced
outline of well-known results from functional analysis that are used in the present
work. The reader familiar with operators on Hilbert spaces, sesquilinear forms,
strongly continuous semigroups, and tensor products may skip directly to Section 2.2.
The following presentation is in parts based on the textbooks [Wei80, EN00, Sch12]
and we refer to these for a more detailed discussion.

Operators on Hilbert spaces. Consider a Hilbert space H and let H: D(H) D
H — H be a linear operator. If H is closed, that is if its domain D(H) is complete
with respect to its graph norm, we define the spectrum o(H) of H as the set of all
A € C such that the operator H — AId has no bounded inverse. We further
decompose the spectrum into the discrete spectrum og;s.(H) consisting of isolated
eigenvalues with finite multiplicity and the essential spectrum cess(H) = 0(H) \
ogisc(H). Recall that if H is not closed, then the smallest closed extension Hof H
(if it exists) is called the closure of H. An operator core is a subset D C D(H) of
the domain of a closed operator H such that the operator H itself is the closure of
the restriction H|p.

Most importantly, if H is a selfadjoint operators, that is if H agrees with
its adjoint H*, then H is always closed and the spectrum satisfies o(H) C R.
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Furthermore, H is called lower semibounded, if o(H) C [m, c0) for some m € R;
if o(H) C [0,00) we simply say that H is nonnegative. The operator H is called
essentially selfadjoint, if its closure is selfadjoint. Finally, let us recall the famous
spectral theorem: It establishes that associated to every selfadjoint operator H
there is a unique spectral measure 1,,(H) defined on all Borel-measurable subsets
M of R and taking values in the orthogonal projections of H that diagonalizes H,
ie., with Py\(H) = Lo (H) we have H = fR)\dP,\(H). For Borel-measurable
functions f, one then defines the operators

(2.2) f(H) = / (N dPy(H)
with domain

D) = {a e #: [ IFNF AP )z ) < o0},

Sesquilinear forms. A sesquilinear form h: D[h] x D[h] — C with domain
Dlh] C H is called densely defined, if D[h] is dense in ‘H and symmetric if h[f, g] =

blg, f] holds for all f,¢g € D[h]. A symmetric sesquilinear form is called lower
semibounded if there exists an m € R such that for all f € D[] we have b[f, f] >
m| f|3,- Additionally, b is called closed, if b is lower semibounded and the space
(D[], |1 ly) with the norm || ly = (81, /] + (1 — m)[|f2)"/? is complete. If D is a
subspace of D[h] that is dense with respect to this norm, D is called a form core
for b.

Densely defined, lower semibounded, and closed forms are intimately related
to lower semibounded selfadjoint operators by the representation theorem for
semibounded forms. In fact, for every lower semibounded selfadjoint operator H
there is a unique, densely defined, lower semibounded, and closed form b associated
to H in the sense that h[f, g] = (Hf, g)y for all f € D(H), g € D[], where the
domain of H satisfies

D(H) = {f € DIb]: 3h € LA(R')Vg € Dlb]: Blf. 9] = (h. g)r2(an }-

Conversely, for every densely defined, lower semibounded, and closed form b there
is a unique lower semibounded selfadjoint operator H defined by the last two
identities. In this case, we say that the operator H and the form h are associated
to each other.

Strongly continuous semigroups. A semigroup (7 (t))>0 C L(H) is called
strongly continuous if for all + € H we have limy 0|7 (t)z — x|y = 0. Given
a strongly continuous semigroup (7(¢))i>0 C L(H), we say that an operator
A: D(A) D H — H is the generator of (T (t))io, if

D(A) = {x eH: llsiir(r)l%(’]'(t)x — ) exists} and Az = l}fgl%('r(t)x — ).
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It is well-known that the semigroup is uniquely determined by its generator and
there are several characterizations for generators of semigroups. In this thesis, we
almost exclusively encounter contraction semigroups, i.e., semigroups satisfying
1T lzwy < 1 for all ¢ > 0. The generators of these semigroups are fully
characterized by the Hille-Yosida resp. the Lumer-Phillips theorem: A is the
generator of a contraction semigroup if and only if A is maximal-dissipative, that is
if A is dissipative (i.e., for all A > 0 and = € D(A) we have ||[(A—A1d)z|| > A||z||x)
and satisfies Ran(A — A1d) = H for some A > 0. In particular, if A is a negative
selfadjoint operator (i.e., 0(A) C (—00,0]), then it satisfies these conditions and
the semigroup (7 (¢))i>0 generated by A satisfies T (t) = e, where the right-hand
side is defined in the sense of (2.2).

Tensor products. Let H; and H, be Hilbert spaces. For f; € H; and fy € Ho
we define the conjugate-bilinear form (f; ® f2)(g1,92) = {(f1,91)2: (f2, g2)n, for
g; € H;, j = 1,2. Moreover, given two finite sums v = ), fiy ® fo and

v =2 f1x® fo, With fir, fi, € Hj, j = 1,2, we set

(U, V) o1, = Z(fl,k; f{,z>H1 (faks fé,z>Hz‘

k,l
Then, (-, -)5,0n, defines an inner product on the space H; ® Hs of finite sums
Yok 01k ® gog with gj, € H;, 7 = 1,2. The tensor product H; ® H, is defined as
the completion of H; ® Hy with respect to the norm induced by the inner product
(-, )#191s- The tensor product of operators H;: D(H;) D H; — H,;, j = 1,2, is
defined in an analogous fashion: We define

(H1 ® Hy) (Z g1k ® gz,k:) = Z Hig1, ® Haga 1
k k

for all finite sums ), g14x ® g2 € D(H1) © D(Hs). If both H; and H, are densely
defined and closable, then H; ® Hj is also densely defined and closable. We denote
its closure by H; ® Hs.

Since tensor product are applied throughout this thesis, let us close this section
with a simple example in the case of L2-spaces.

EXAMPLE 2.1 (Elementary tensor on L*-spaces, cf. [Sch12, Example 7.9]). Let
H, = L*(R™) and Hy = L*(R™2) for my,my € N. Then for f; € H; and fy € Ho,
we may identify the tensor product f; ® f, with an element in L?(R™*™2) by
setting (f1 ® fo)(z) = fi(z1) fa(z2) for x = (21, 25) € R™ x R™2.

2.2. Schrodinger operators

Here, we introduce two types of Schrédinger operators used in this work. In both
cases, we use the well-known fact that the multiplication operator

(2.3) V:LA(RY > DWV) = LARY), f—=V-f
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with a real-valued measurable function V: R? — R defined on the maximal domain
D(V)={f e L*(R"): Vf e L*(R")}
is selfadjoint, see, for instance, [Sch12, Example 5.3].

2.2.1. Nonnegative potentials. Let us first discuss the situation where the
potential V' is nonnegative. In anticipation of some of the main results presented
in Section 4.2 below, we also include “partial Laplacians”, even though we consider
mainly the situation where we have a full Laplacian. The latter can be recovered
from the following for J = {1,...,d} and d3 = 0.

Let Z,J C {1,...,d} and consider the space of partial H'(R¢)-functions

Ho(RY :={f € L*(R"): O,.f € L*(RY) Vk € J}

which is complete when equipped with the norm

1/2
1 iy ey 2= (1 By + D100 aqey) -

keJg

Furthermore, let V7 € L2 (R%) be nonnegative and define the forms

as: Dlas] x Dlay] = C, (f,g) Z<akf> ) 12(r4)
ke

and
vz: Dloz] x Dloz] = C,  (f,9) = (V2> £,V 9) 12 ey
with their respective domains given by
Dlay] = HL(RY) and Dlog] = {f € L*(RY): V;°f € LA(RY)}.

It is easy to see that a; is nonnegative and that its form norm coincides with
the norm of H%(R?), so that a7 is a densely defined closed form. We denote the
unique nonnegative, selfadjoint operator associated to as by —A 7. The form vz
is likewise nonnegative, closed, and densely defined since it is associated to the

nonnegative, selfadjoint multiplication operator with V7 defined in (2.3). Hence,
the form

(24) hI,J =a7+ b7 with D[[’)LJ] = D[Clj] N D[UI]

is again closed as a sum of two nonnegative closed forms, see [Sch12, Corollary 10.2].
This form is also densely defined and the associated nonnegative, selfadjoint operator
is given by Hz 7 = —Ay + V7.

We now prove a tensor representation for the operator Hz 7 with J # () and
derive related representations for the elements of the spectral subspaces for Hz ;.
Without loss of generality, we may reorder the coordinates of R? in the following
way: There are dy, ds,d3 € {0,...,d} with 1 <dy +dy < d and d3 =d —d; — ds
such that

(2.5) j:N1UN2 and I:N1UN3
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Where./\/1 = {1,...,d1},NQ = {dl—l-l,...,dl—l-dg}, and./\/g = {d1+d2+1,,d}
In case d3 # 0 we need to make a technical constraint here since otherwise the
operator can not be represented as a tensor product: We always assume that V7
can be written as a sum Vz(z) = Vi(za,) + Vi(xp,) with some V) € LIOC(levj),
j = 1,3. However, let us emphasize that this is satisfied in all our applications.
Now, analogously to Hz 7 above, we introduce the selfadjoint nonnegative operators
Hy, Hy, and Hj corresponding to the expressions

—~A+Vyin L*(R™), —Ain L*(R%), Viin L*(R%),
respectively.

LEMMA 2.2. With T and J as in (2.5), the operator H = Hz 7 admits the
tensor representation

(2.6) H=HLelz+ L H, [+, ®I1,® Hs,

where I; denotes the identity operator in L3(R%), j =1,2,3, respectively.
PROOF. Denote the operator corresponding to the right-hand side of (2.6) by

H. Following [Sch12, Theorem 7.23 and Exercise 7.17.a], H is nonnegative and

selfadjoint with operator core D := spanc{f; ® fo ® f3: f; € D(H,)}. Moreover,

using the form domains of H;, j = 1,2, 3, we have D C Dbz 5] We now proceed

similarly as in [See21, Section 3|: Consider f = f; ® fo ® f3 € D and g € D[hz 7]

By Fubini’s theorem, we then have that ¢(-,y, z) € D[h;] (the form domain of H)
for almost every (y,z) € R% x R%. Using this, we see that

(Hh @ L) I3)f, 9) 2wy = (Hif1 @ f2 ® f3), 9) 2(ma)

B /Rdz Rd3 fQ(y)f3(2)<Hlf17g(" Y, Z)>L2(Rd1) d(f% Z)

B /Rd2 Rds f2(y) f3(2)b1f1,9(, y, 2)] d(y, 2)
= hN1,N1 [f? g]

In a completely analogous way, we establish

(L ® Hy®I3) f, 9) r2rey = boaslf, 9]
and

(i ® Iy ® H3) f, g)12(re) = bazolfs 9]-
Summing up gives

<ﬁfu g>L2(Rd) = hN1,N1 [fv g] + h@7N2 [fa g] + hN&@[fa g] = hI,J[fﬁ g}

By sesquilinearity, the latter extends to all f € D, so that H |lp € H. Since D
is an operator core for H and both H and H are selfadjoint, we conclude that

H = H|p = H, which proves the claim. OJ
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COROLLARY 2.3. In the situation of Lemma 2.2, we have
o(H) = o(Hy) + o(H3) + o(Hs),
and the restriction of H to the Schwartz functions on R? is essentially selfadjoint.

PROOF. The first part follows from [Sch12, Corollary 7.25|; cf. also [Sch12,
Exercise 7.18.a]. For the second part, we observe that Hy and Hj are essentially
selfadjoint on S(R%) and S(R%), respectively. Moreover, |Kat72| implies that
the operator H; is essentially selfadjoint on the smooth and compactly supported
functions C°(R%4) C S(R%). Hence, H is essentially selfadjoint on the space
spanc{f1 @ fo @ f3: f; € S(R%)} C S(RY), see, e.g., |Wei80, Theorem 8.33]. O

We are mostly concerned with the situation where d3 = 0. In this situation we
simply write V(z) = Vi(z1) for x = (21, 79) € R® x R%. Thereby, the previous
calculations simplify and the third tensor factor in (2.6) can be dropped, that is,
we have H = Hi ® I + [} ® Hy and o(H) = o(H;) + o(H>). If, in addition, V}
satisfies V;(z) — oo as |z| — oo (where x € R%), [Sch12, Proposition 12.7] implies
that H; has purely discrete spectrum. In this case, we obtain the following result.

COROLLARY 2.4. Suppose Vi(x) — oo as || — oo and that d3 = 0 holds in
addition to the assumptions of Lemma 2.2. Then:

(a) Every f € Ran P\(H), A > 0, can be represented as a finite sum

f=> @y
k

with suitable ¢ € Ran Py(H;y) and v, € Ran P\(Hy). Moreover, (0“f)(-,y)
belongs to Ran Py\(H,) for all y € R% and all multi-indices o € Ng}zc, while
(0°f)(x,-) belongs to Ran Py\(Hy) for all z € R and all 3 € N§ 7.

(b) If all elements of Ran Py(Hy), A > 0, can be extended to analytic functions on
C™, then f can be extended to an analytic function on C¢.

PROOF. We proceed similarly as in the proof of [ES21, Lemma 2.3]. Let f €
Ran P\(H) for some A > 0, and let (¢x)r be an orthonormal basis of eigenfunctions
of Hy, with corresponding eigenvalues . Write

F@y) =Y (), 0r) paman de(@) = D or(x)gr(y),

k

where g, € L2(Rd2) is given by gx(y) = (f(-,v), ¢k>L2(Rd1)-
By [Wei80, Theorem 8.34 and Exercise 8.21], the spectral family P\(H) for H
admits the representation

P\(H) =) 14y (Hy) @ Pyy(Hy).

H<A
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This implies that
f=P(H)[= > ¢

k: pp<Ai
with ¢y, = Py\_,, (H2)gr € Ran Py_,,, (Hs) C Ran P\(H3), which shows part (a) of
the statement.

In order to prove part (b), recall that each element of Ran Py\(H,) can be
extended to an analytic function on C% by the Paley-Wiener theorem. Hence, the
statement follows by using the corresponding properties of ¢ and v, and Hartogs
theorem on separate analyticity. 0

’

It is also easy to show that the smooth and compactly supported functions are
a form core for H.

LEMMA 2.5 (cf. [CFKS87, Theorem 1.13]). Let d3 = 0. Then a form core for
H as in Lemma 2.2 is given by the test functions C>°(R?).

PROOF. We give a simple proof for the current situation with V; € L2 (R%).

Let h = a + v be the form associated to H as in the proof of Lemma 2.2 and
let f € D[b]. First, suppose that f has compact support, and choose a sequence of
test functions (p,) with ¢, — f in H*(R?) such that the supports of f and each
¢n are contained in a common compact set. Since V € L (R™), it is then clear
that also b[f — ¢y, f — ¢a] — 0, that is, b[f — pn, f — pn] = 0, as n — oc.

If f does not have compact support, we approximate f in the form norm by
functions in D[h] with compact support. To this end, we follow the proof of |[GY12,
Lemma 2.2] and introduce x € C°(R?) with x(z) =1 for |z| < 1 and x(z) = 0 for
|z| > 2 and define y. € C>°(RY) for € > 0 by x.(z) := x(ex). Crucially, each x.f
belongs to D[h] and has compact support. Also observe that 1 — x. is uniformly
bounded in ¢ with 1 — x. — 0 pointwise as ¢ — 0. Moreover, [||Vxc|||e®e) <
ellVx|l poeray — 0 as € — 0. With this, we conclude by the dominated convergence
theorem that y.f — f in H'(R?) and that v[(1—x.)f, (1—x.)f] = 0. In particular,
HI(L — xe)f, (1 — xe)f] = 0, as € — 0, which together with the first part completes

the proof. O

Let us recall the following classic statement of elliptic regularity which we use
in the proof given in Chapter 5.

LEMMA 2.6. Let d3 = 0 and let H be as in Lemma 2.2. We have D(H) C
H2 (RY), and every f € D(H) satisfies Hf = —Af + V f almost everywhere on
Re. Moreover, if Hf € HL (R?) for some f € D(H), then f € H} (R?).

PROOF. Let f € D(H), let h = a+ v be the form associated to H, and let
Q C R? be open and bounded. Abbreviate g := (Hf)|q € L*(Q) and h =
(Vo € HY(Q). For all test functions ¢ € C*(2) C C>®(R?) we then have
alf,o] = b[f.¢] —v[f,¢] = (g — h,@)12(). Classical elliptic regularity results,
see, e.g., [BS91, Theorem S2.2.1], imply that f € HZ_ (2). In particular, we have
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—Af = g — h almost everywhere on 2. Since ) was chosen arbitrarily, this proves
the first claim.

If, in addition, Hf € H .(R?), then the above choices of g and h satisfy even
g—h € H(Q), so that the same procedure with the regularity result from [BS91,
Theorem S2.2.1| yields f € H (R?). O

The next lemma is presented here for the sake of completeness, since we cannot
specify the domain of the operator H explicitly.

LEMMA 2.7. Let d3 =0 and let H be as in Lemma 2.2. If f € D(H) satisfies
Vfe L*(R?), then f € H*(RY) and Hf = —Af+V f pointwise almost everywhere.

PROOF. Let f € D(H) with V f € L?*(R?), and let g € C>°(R?). Then,
a[fa g] = h[f7 g] - U[f? g] = <Hf7 g>L2(Rd) - <Vf7 g>L2(Rd) = <Hf - Vf7 g)LQ(Rd)

with the to H associated form h = a + v. By approximation, we conclude that
alf,g] = (Hf =V f,9)r2me for all g € H'(R?), which proves that f € D(A) =
H?*(RY) and —Af=Hf -Vf. 0

Partial harmonic oscillators. Let us point out some specifics of the situation
where the potential is of the form Vz(x) = |zz|* and, accordingly, H = Hr 7 is a
so-called partial harmonic oscillator. First, we consider the set

Grg ={f € I*(RY): 2°0°f € L*(R?) Vo € N 1, B € N§ 7} C Dlbz ]
that is used in the proof we give in Chapter 8.

LEMMA 2.8. We have Gr 7 C D(Hz7) and Hr.7f = —Agf + |xz|*f for all
f € Gz.7. In particular, Gz, 7 is invariant for Hr .

PROOF. Let f € Gz 7 and g € Dbz y] € HL(R?). Then, using Fubini’s
theorem and that C2°(R) is dense in H'(R), integration by parts in each coordinate
of J yields

brslf 9] = Z(akf, Okg) r2may + (|zz|f, |22]9) L2 (R0
keJ
= (-Asf, g>L2(Rd) + <|‘rI‘2f7 g>L2(]Rd)
= (=Agf + |2zl f, 9) 2 ey
Since g € D[bz,7] was arbitrary, this proves the claim. O
Next, we show that for general Z,J C {1,...,d} we can trade the parts of

the potential corresponding to elements in Z \ J for additional derivatives via an
appropriate partial Fourier transform. Let m = #(Z \ J), and decompose

r=(@0,e®) with 2V e RS, o® € RY, e
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We consider the partial Fourier transform
1 Cina®
RN (Fnal)@) = Gy [ f0a®)e dn for [ e RS,
Rm

which, by Plancherel’s and Fubini’s theorems, defines a unitary operator on L%(R9).
We utilize this transformation to show that Hz ;7 is unitary equivalent to a partial
harmonic oscillator Hz 7+ with J' D Z'.

LEMMA 2.9. With Fp\y as in (2.7) we have
Hz 7= fI\jHImJ 1ugF1\7-
In particular, for all A > 0 we have
Fng Ran Py(Hz 7) = Ran P\(Hzng7707)-

PROOF. We first observe that for j € J, the partial derivative d,; in direction
e; commutes with Fr, 7, while for j € ZN 7, the multiplication by z; commutes
with Fr 7. Moreover, for f € L*(R%) and k € T\ J, we have z;,f € L*(R?) if and
only if d,, Fr\7f € L*(R?) and 0, Fp\ 7 f = —1Fp 7 (21 f). With this, we see that
f € D[f)l’yj} 1f and only lf FI\jf € D[hz’mj}l’uj] and that
brngzug[Fog f. Fogg) = brs(f.g] forall f,g € Dbz ],

which proves the first part of the lemma. Immediately, the unitary equivalence
implies the second part. UJ

2.2.2. Operator bounded potentials. For 7 = {1,...,d} the space of
partial H!-functions H;(R?) introduced in the previous subsection coincides with
the Sobolev space H'(R%). Moreover, the unique selfadjoint operator associated to
the form a = a; is in this case the usual Laplacian

—A: L*(RY) D D(A) — L*(R?Y)  with D(A) = H*(R?).

If V: RY — R is a measurable function, the associated multiplication operator is
said to be infinitesimally A-bounded if for every € > 0 there exists some b = b(¢) > 0
such that

IV 2@y < el AfllL2gay + bl fllL2ey  forall  f e D(A).

For such V' the well-known Kato-Rellich theorem implies that the Schrodinger
operator H defined as the operator sum

(2.8) H=-A+V:L*R% >D(A) = L*RY),
is selfadjoint and lower semibounded.

REMARK 2.10. If Q C R? then the choice of the form-domain D[a] of

d
Z 8kf 8kg L2 () with f,g € D[a]
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encodes the boundary conditions of the Laplacian. For instance,

e if D[a] = H'(Q), the associated selfadjoint Laplacian —A} has Neumann
boundary conditions.

e if D[a] = H}(Q) is the closure of C°(Q2) with respect to the norm of
H'(Q), the associated selfadjoint Laplacian —A} has Dirichlet boundary
conditions.

e if 0 is a bounded and rectangular shaped domain and Dla] = H_.(Q2) is
the closure of the periodic C'*°(2)-functions with respect to the norm of
H'(Q), the associated selfadjoint Laplacian —AR™ has periodic boundary

conditions.

If V: Q — R is a measurable function that is infinitesimally Ag,-bounded, where
e € {N,D,per,...} denotes the chosen boundary conditions, the corresponding
Schrodinger operator H¢, with these boundary conditions can be defined analogously
to (2.8) via the Kato-Rellich theorem.

2.3. Quadratic differential operators

Here we recall some results from the theory of quadratic differential operators that
are used in the formulation and proof of our main result in Section 4.2. For a
broader overview on the general theory of pseudo-differential operators, we refer,
among others, to [H6r07, NR10|. To begin with, we consider the complex quadratic
polynomial

(2.9) qg: R x RY = C, q(z, &) = Z caﬁxafﬂ, cap € C.

|o+B]=2
a,,@ENg

It is well-known that the distribution kernel
K(z,y) = @2n) PF (R 3 &= q((x +1)/2,)(x — )
defines a continuous operator ¢*: S(R?) — S'(R?Y) by
(Vu,v) = (K,v@u) for u,ve SRY.

Here S'(R?) is the space of tempered distributions, F: §'(R?) — S'(R?) denotes
the Fourier transform, and (-,-) is the pairing between S'(R?) and S(R?Y) and
between S'(R??) and S(R??), respectively. Moreover, the thus defined operator ¢
extends to a continuous operator on S'(R%), see [INR10, Proposition 1.2.13], and
we may therefore define

(2.10) A: L*(RY) D D(A) —» L*RY), f—q“f

on
D(A) = {f € L’(R): ¢"f € L*(R")}.
We call A the quadratic differential operator associated to q and q its symbol.
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The next lemma due to Héormander shows that quadratic differential operators
with symbol A are generators of contraction semigroups if the real part of ¢ is
non-positive.

PROPOSITION 2.11 ([Hor95]). Let q be as in (2.9). Then the operator A defined
by (2.10) is closed, densely defined, and agrees with the closure of the restriction of
q" to the space S(R?). If Req < 0, then A generates a contraction semigroup.

We point out that a symbol ¢ may also be complex valued in which case the
generator in the previous proposition is non-selfadjoint.

The operator A = ¢" introduced via a distribution in (2.10), is explicitly given
by

1) (AN = "N = G (A; mfA; o g

for f € S(RY), see [NR10, Propositon 1.2.3]. With this explicit expression at hand,
one easily verifies that A is a simple differential operator.

x+y

€) fly) dy g

LEMMA 2.12. For f € S(RY) and k,j € {1,...,d} we have:
(0) I 4(,) = 2 then (" 1)(2) = a2 2).
(b) If q(x,&) = & then (¢" f)(x) = (03, f)(2).
(c¢) If q(x,§) = x&; then (¢“ f)(z) = (ll‘k(@acjf)( ) +i(0y, (21 f))(2)).

Let now R: RY — R be any unitary map and let § be the quadratic polynomial
with §(z, &) = ¢(Rz, RE). The following lemma relates the Weyl quantizations of ¢
and q.

LEMMA 2.13. Let (Urf)(z) = f(Rx) for f € LA(RY). Then Urq" Uy =G on
S(R%). Moreover, if A is the quadratic differential operator with symbol § we have
Ur AUZ' = A.

PROOF. Let f € S(Rd We have

R R

@ D) = g [ e [ e e RE) ) dye

27T Rd Rd
and substituting 1y = Ry and £’ = RE yields
(@ f)(z)

_ 1 elxR 1§’/ o IR™ Ly R~ 15@(@ f)f(R )dy’ d&’

e [ ey R"Hy &) FRYy) ay g’
Rd Rd
W 1
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Hence Ur (¢" (Ug' f))(z) = ¢" f(x). Finally, since the operator A is the closure of

q"|smay by Proposition 2.11, the statement of extends to the operators A and A
corresponding to ¢ and ¢, respectively. 0

REMARK 2.14. It is also possible to give the proof of Lemma 2.13 using
Lemma 2.12 and establishing the identity Urq"Uy' = g% for the elementary
symbols q(x, &) = 267 with |a + (| = 2 via the chain rule.

2.3.1. The singular space. It is a result of Hérmander [Hor95| that the
semigroup generated by a quadratic differential operator can be identified with
the Hamilton flow of the corresponding quadratic symbol.! Interpreting q as a
quadratic form on R?? and using the same letter to denote the polarized form,
the Hamilton flow associated with ¢ is the solution of the system of 2d-ordinary
differential equations 72’ = —i.J a%Q(Z ), where J is the matrix corresponding to the
standard symplectic form ¢ on R??. Since ¢ is a quadratic form on R??, there is a
matrix Q € R??*2 such that for all X, Y € R* we have ¢(X,Y) = X - QY. Setting
F = JQ we therefore have q(X,Y) = o(X, FY) for all X,Y € R?*® and with this

matrix the Hamilton flow can be written as e . It is easy to compute that

F = 1 ( (aﬁjaﬂﬁkQ<x7€));{k:1 (aﬁjaka(xa f));'l,kzl )
- (aivj aﬂ?kq(mv g));‘{k:l - (aﬂig a{k q(x, é))?,k:l

and F'is called the fundamental matriz. With the fundamental matrix at hand,

the singular space of the quadratic form ¢ (or the operator A = ¢%) has been
introduced in [HPS09] as

2d—1
(2.12) S =S5(A)=S(q) = ( () ker[Re F(Im F)j]> NR%,

=0
where the real Re F' and imaginary part Im F' are taken entrywise. We denote by
ko € {0,...2d — 1} the smallest number such that

ko
(2.13) S = (ﬂ ker[Re F(Im F)j]) NR*,

j=0
which exists due to the Cayley-Hamilton theorem. Throughout this work, we call
ko the rotation exponent of ¢ (resp. A). One important case are the real-valued
symbols where ky = 0 since Im F' = 0.

The singular space is strongly connected to so-called smoothing properties of

the semigroup generated by A = ¢% which play a major role in the result we
state in Section 4.2. More precisely, it encodes directions in the phase space in

'In [AB] it is stated i.a. that the so-called ezact classical-quantum correspondance due to
Hormander “allows to identify a semigroup generated by the Weyl quantization of a quadratic
form with the Hamiltonian flow of this quadratic form (i.e. the exponential of a matrix).”

The author is grateful to Paul Alphonse for pointing out this correspondence in a personal
conversation in Dortmund.
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which elements in the range of the semigroup associated to the operator A do not
behave like a Schwartz function. We refer the reader to Chapter 8 below for more
information and references concerning the connection between the singular space
and the smoothing properties of the semigroup.

The singular space can be easily computed for the partial harmonic oscillators
Hz 7 introduced via the form method in Section 2.2 above.

LEMMA 2.15. Let Z,J C {1,...,d} and define q(z,&) = —|&s7|* — |xz]?* for
z,& € R Then, for the quadratic differential operator A with symbol q, we have
A= —Hz g and the singular space is given by S(A)*" = R x RY.

PROOF. The operators A and —Hz 7 agree on the Schwartz space and therefore
the desired equality follows from Corollary 2.3 and Proposition 2.11. In order to
calculate the singular space, we note that the rotation exponent ky of ¢ is zero
since ¢ is real-valued. A direct calculation yields S(q) = ker F = R% x R%.. O

In order to have explicit examples at hand where our main result from Section 4.2
is applicable, we present the particular models of a Kolmogorov and Kramers-
Fokker-Planck operators here. These operators are special examples of so-called
generalized Ornstein-Uhlenbeck operators and our result in Section 4.2 can also be
applied for this larger class of operators. However, the following examples already
allow us to distinguish our results sufficiently from previous results. Therefore, for
simplicity we restrict ourselves to these.

In the next examples we let d = 2m with m € N and write y = (y(V),y®) ¢
R? = R™ x R™. The singular space in both examples can be computed explicitly
as demonstrated for instance in [Alp21, Proof of Theorem 5.2].

EXAMPLE 2.16 (Kolmogorov equation). Let ¢(z,&) = —[¢M |2 4+12® - £ Then
the quadratic differential operator corresponding to this quadratic polynomial is

the Kolmogorov operator A = A, a) — z® . V.. For this operator the singular
space is given by S(A)*+ = {0} x R4

EXAMPLE 2.17 (Kramers-Fokker-Planck operator). Let Z; C {1,...,m} and

define
0 0 0 1d, (0 0
QZ(O QIdm)’ BZ(—IdII o)’ and R‘(o %Idm)‘

The quadratic differential operator A corresponding to the quadratic polynomial
(2.14) q(z, &) :—%Qﬁf—%Rx-x—in-f
is given by

A=NAe — i|x(2)|2 — 2@ .V, 0+ V,0V(EW) Ve,

where V (zM) = |(2™M)1,|? is the so-called external potential. In this setting, the
singular space satisfies S(A)* = RE x R with Z=Z, U{m +1,...,d}.



CHAPTER 3

Control theory

In this chapter, we give a brief introduction into control theory for evolution
equations on Hilbert spaces. The abstract concepts of (null-)controllability and
(final-state) observability are introduced in Section 3.1, where also the duality of
these notions is discussed. As a consequence of this duality, we limit ourselves
in the rest of this thesis to the study of observability. In Section 3.2, we present
criteria to conclude observability of a system solely from properties of the generator.
Our study of observability in Chapter 4 mainly relies on these criteria.

The setting we introduce here is contained in several works dealing with control
theory and this chapter is oriented in part on the presentations in [EN00, TW09,
ENS*20].

3.1. Observability and controllability

The time evolution of the state of an autonomous linear system w'(t) = Aw(t)
with initial value w(0) = wy € H on a Hilbert space H is described by the
strongly continuous operator semigroup (7 (¢)):>0 generated by A: H D D(A) — H.
These semigroups were and are studied extensively, see, e.g., the monographs
[HP57, Paz83, EN00]. When modeling manipulations or measurements of the
system from the outside one enters the field of control theory. Let us start by
formulating the problem in more detail: We deal with the controlled abstract Cauchy
problem

w'(t) = Aw(t) + Bu(t), te (0,77,
(3.1) v(t) = Cw(t), t € 10,77,
w(0) = wo, wo € H,

where T > 0, U and V are the control and observation Hilbert spaces, respectively,
B e L(U,H) is the control operator, C € L(H,V) is the observation operator, and
u € L*((0,T);U) is the control function. We denote the abstract control system
associated to (3.1) by X(A,B,C) and write X.(A, B) or ¥,(A,C) if there is no
observation or no control operator, respectively.

The mild solution of the system 3.(A, B) is given by Duhamel’s formula as

(3.2) w(t) =T (t)wo + /Ot T(t—s)Bu(s)ds, te(0,7T].

21
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Hence, the free evolution ¢ — T (t)wy is influenced only by the so-called controlla-
bility map

(3.3) B.: L*((0,T),U) = H, Bu= /t T(t—s)Bu(s)ds for te (0,7].

This motivates the labeling of B as a control operator, since B restricts how the
control function can interact with the system. The question of interest in this
setting is whether we can find a control function for a given control operator such
that the mild solution vanishes in time 7". Note that this implies by linearity that
one can steer the system to every state in the range of 7 (7).

DEFINITION 3.1 (Null-controllability). The system 3.(A, B) is said to be null-
controllable in time T > 0, if for every initial value wy € H there exists a control
function u = u(wg) € L*((0,T);U) such that the mild solution satisfies w(T') = 0.
If ¥.(A, B) is null-controllable, the control costs in time 7" of the system X.(A, B)
are
(34) CT = Sup min{||u||Lz((07T);u): T(T)UJQ + BTU = 0}

woEH
l[wol[#=1
EXAMPLE 3.2. Suppose that B € L(U,H) is surjective. Then for all s € [0, 7]
there is us € U such that Bus = T (s)wp and setting u(s) = —u,/T for s € [0,T]
we have Bru = —7T (T)wy. Hence, w(T) = 0 and X.(A, B) is null-controllable.

It clearly depends on the control operator B (and the controllability map)
whether there is any chance that the system 3.(A, B) is null-controllable. In fact,
if the system X.(A, B) is null-controllable in time 7" > 0, then in view of (3.2) we
must have

(3.5) Ran 7 (T) C Ran Br

and this inclusion may serve as an equivalent definition of null-controllability.

When working with the system ¥,(A,C), we can observe (or measure) the state
w(t) of the system at time ¢ only through the observation v(¢). This motivates the
following question: Is it is possible to recover the final state w(T") = T (T")w, only
from the observations v(-) = CT (-)wy on the interval [0, T]?

DEFINITION 3.3 (Observability). The system 3,(A,C) is called (final-state)
observable in time T > 0 if there is a constant Cyps = Cops(T) > 0 such that

T 1/2
(3.6)  ||T(T)wolls < Cops ( / ||CT(t)w0||$,dt) for all wy € .
0

As for null-controllability, it heavily depends on the observation operator if the
system is observable.

REMARK 3.4. The observability estimate (3.6) only depends on the semigroup.
Therefore, in order to avoid unnecessarily complicated formulations if we work
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with a semigroup without specifying its generator, we also say that the semigroup
(T (t))¢>0 is observable through C (or from some set w if C = 1) in time 7" if (3.6)
holds.

The null-controllability of the system ¥.(A, B) and the observability of the
system 3,(A,C) are intimately related since the adjoint of the controllability map
satisfies

(3.7) (Brw)(s) =B*T(T — s)'w for weH, sel0,T].

Since by [Paz83, Corollary 10.6] the adjoint semigroup (7 (¢)*):>o is again a strongly
continuous semigroup with generator A*, the integral of the norm of the adjoint of
the controllability map over the interval [0, T] corresponds to the right-hand side of
the observability estimate (3.6) for the adjoint semigroup, cf. inequality (3.8) below.
Hence, we obtain that null-controllability and observability are dual concepts.

THEOREM 3.5. The system Y,(A,C) is observable in time T > 0, if and only if
the system Y.(A*,C*) is null-controllable in time T. Furthermore, the control costs
in time T of the system 3.(A*,C*) satisfy

Cr = min{Cus: (3.6) holds for all wy € H}.

Since in almost all of the results presented in this work we consider classes of
generators that are closed under taking adjoints, it is always possible to switch
between observability and null-controllability by Theorem 3.5. In fact, since B is a
bounded operator, we have B = B** and therefore it always suffices to study the
observability of the system ¥,(A*, B*) in order to prove null-controllability of the
system ¥,(A, B) and vice versa. For this reason, in the most parts of this thesis we
only treat the observability of the system >,(A,C). One exception is Section 4.3
below, where we cannot guarantee that the class is closed under taking adjoints,
cf. Remark 4.37.

The proof of Theorem 3.5 is a direct consequence of the identity (3.7) and an
abstract functional analytic lemma, the so-called Douglas’ lemma [Dou66]. We give
here the version of the latter from [ENST20], that also includes a statement about the
control costs. For further references, we refer the reader to [DR77, Zab20, TW09].

LEMMA 3.6. Let X, Y, and Z be Hilbert spaces and let P € L(X,Z) and
Q € L(Y,Z). Then the following conditions are equivalent:

(i) Ran P C Ran Q,
(ii) There is some C' > 0 such that |P*z||x < C||Q*z||y for all z € Z,
(i1i) There is some R € L(X,Y) such that P = QR.

Moreover,
min{C': ||P*z||x < C||Q*z|yVz € Z} = min{||R||z(xy): P = QR}.

PrROOF OF THEOREM 3.5. We apply Lemma 3.6 with X = Z = H, Y =
L*((0,T);U), P =T(T) and with Q = By. In this setting, (i) takes the form of



24 3. CONTROL THEORY

the alternative definition of null-controllability in (3.5), while (ii) reads as

2
(3.8) | T*(1)zln < CIBHO) =l paomar ( / 1B (s HvdS) cen

Substituting (3.7) into this expression then proves the equivalence. Moreover, if
one of the two equivalent statements holds, then the operator R whose existence
is guaranteed by (iii) maps an initial value to a suitable control function such
that the mild solution vanishes at T and the norm of this operator agrees with
the control costs Cr defined in (3.4). Thereby, we get the desired identity for the
control costs. OJ

3.2. Criteria for observability and the observability constant

Given a generator A of a strongly continuous semigroup, we are now interested
in conditions on C guaranteeing observability. In addition, given any sufficient
condition for C, it is also of great interest to track the observability constant (or an
upper bound for it) in terms of this condition.

The possibly most studied situation is that of # = L2(£2) for an open set Q C R?
where the observation operator is a multiplication operator by the characteristic
function of some measurable set w C Q, i.e., C = 1,: L*(2) — L?*(w). In this case,
the set w is often referred to as a sensor set, which is guided by the interpretation
that we measure the state of the system with sensors placed throughout the domain
Q. Consider, for example, the Dirichlet Laplacian A = A = Af in L?(Q2). Then a
sufficient condition for observability of the heat system ¥,(A,1,,) was established
by Lebeau and Robbiano in the pioneering paper [LR95|, see also [LZ98, JL99|.
There it is shown, that the system ¥,(A,1,) is observable, if there are constants
dy, dy > 0 such that the so-called spectral inequality

1AL/2
(3.9) IPA(=2)gl1 720y < doe™ |1, PA(=A)gl 72

holds for all g € L*(2). Hence, this condition eliminates the dependence on the
time parameter and reduces the investigation of the observability of the parabolic
system Y,(A, 1,,) to the study of properties of elements in the spectral subspace of
the generator.

Similar results, often called a Lebeau-Robbiano method in the literature, were
subsequently obtained in various situations. For expository reasons, we first consider
selfadjoint operators on general Hilbert spaces with abstract observation operators
which were studied explicitly in [TT11] (for operators with purely discrete spectrum)
and in [NTTV20a|. However, let us emphasize that the papers [Mill0, BPS18§|,
which are only mentioned further below, have already obtained similar results
before and have served as an important inspiration for [NTTV20a|. The papers
[TT11, NTTV20a| improve on the original formulation of [LR95] in two significant
ways: Firstly, they give estimates on the observability constant Cgp,s in terms of
the parameters dy and d; in the uncertainty relation (3.9). Secondly, they allow
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a dependence of the constant on the spectral parameter of the form A\ for some
71 € (0,1). We here recall the main result from [NTTV20al, as it gives the best
upper bound for the observability constant in terms of dy, dy, and ;. Note that
this theorem contains the statement from [LR95| as a special case.

THEOREM 3.7 (I[NTTV20a, Theorems 2.8 and 2.12|). Let —A be a lower semi-
bounded selfadjoint operator and let k = inf o(—A). Suppose that there are dy > 0,
dy >0, and v, € (0,1) such that we have the spectral inequality

(3.10)  [|PA(=A)gl3 < doe™ O [CPA(=A)glZ for all A >k, g € H.

Then the system YX,(A,C) is observable in all times T > 0 and the observability
constant satisfies

Cid c dl/(l—’ﬂ)
Clhn < =2 (240lIC 2wy + 1) exp(Comlrms = 5-T).
where Cp,Cy, C3 > 0 are constants depending only on v; and k_ = min{0, k}.

It is worth pointing out that if we have established the spectral inequality only
for, say, A > 1, then we still get (3.10) by slightly adapting the constants dy and d;.

When dealing with non-selfadjoint generators A, it is not possible to formu-
late the spectral inequality (3.10), since there is no natural replacement for the
spectral projections Py(—A). However, there are similar results where the spectral
projections are replaced by some family of operators (P,), satisfying, in addition
to an analog of (3.10), a so-called dissipation estimate (see (3.12) below) which
guarantees an exponential decay of the semigroup on (Ran Py)*. Results in this
direction were proven in [Mill0, WZ17, BPS18|. Moreover, [BEPS20| consider the
situation of contraction semigroups with sensor sets varying in time and with a
certain blow-up of the dissipation estimate in small times (that is, dy = dy(t) in
(3.12) below with a polynomial blow-up as t — 0), while general semigroups on
Banach spaces were treated in [GST20).

Here we formulate the result from the last mentioned reference in the special
case of Hilbert spaces.

THEOREM 3.8 (|GST20, Theorem 2.1]). Let A be the generator of a strongly
continuous semigroup (T (t))i>o such that for some M > 1 and s € R we have
T lewy < Me** for all t > 0. Suppose that for some \* > 0 and a family
(Py\)asx C L(H) of operators there are

(Z) do,dy,v1 > 0 with
(3.11) | Prgll3; < doe™ " |CPagll3, forall A> )\, g€H,

and
(11) do > 1, d3, 72,73, T > 0 with v, < 73 such that for all t € (0,7/2] we have

(3.12) 1A =P T (gl < doe™** P iglly for all X > X", g € H.
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Then the system ¥,(A,C) is observable in time T and
C? C
2 1 2
Cons < T eXp<T71’73/(’Y2*71)
where the constants are explicitly given by
Cl — (4Md(1)/2) max{(éldgMQ)(dé/Q ||C||L(H7V) + 1)8/(610g2)’ 62d1(2/\*)71 }’
Cy = 8(21772(2 473)’7173/(72—71)d’172/d’gl)1/(’Y2—71)7

C3 = max{s, 0}(1 + 10/(elog 2)).

+ C3T> 5

Oftentimes, in applications Theorem 3.8 can be applied with 7 = 1 and
therefore we are particularly interested in (3.11) with 71 < 79 = 1. In fact, this
is the situation we encounter for selfadjoint generators: By spectral calculus, a
negative selfadjoint operator A generates a contraction semigroup (7 (t))s>o with
T (t) = e, so that we can set M = 1 and s = 0 in Theorem 3.8. Furthermore,
setting Py = Py(—A) for A > A* = k = 0 we have by spectral calculus

|(Id —Py)e fllg < e ™| flln forall ¢ >0,

which indeed shows the dissipation estimate (3.12) with v = 1 and with 73 = dy =
d3 = 1. Since also the (spectral) inequalities (3.10) and (3.11) are equivalent in
this case, Theorem 3.7 and Theorem 3.8 coincide for selfadjoint generators.

Let us now discuss the dependence of the observability constant on the time
T > 0. To this end, we suppress for now all constants depending on parameters
other then 7. Theorem 3.7 establishes Cyps < 1/ TY? as T — oo. This is can also
be seen in Theorem 3.8 for the case of contraction semigroups, i.e., if 2z < 0 and
therefore C3 = 0. It is known that this behavior is optimal, in fact [NTTV20a,
Theorem 2.13] shows that also Cyps > 1/TV% as T — oo. However, if the semigroup
is not a contraction semigroup, it is expected to experience an exponential blow-up
in the large time regime.

For small times the observability constant in both theorems blows up at most
exponentially, e.g., the observability constant of the heat system X,(A, 1) satisfies
Cops S e’T as T — 0. That this exponential blow-up is actually the worst
case scenario for heat systems was shown in [Sei84| (in dimension one) and in
[F196, Mil10] (in higher dimensions). Complementing lower bounds of the form
Cops 2 €/T for T — 0 were given in [Giii85, Proposition 3] (in one dimension)
and in [Mil04, Theorem 2.1| (in higher dimensions). Hence, the estimates in both
theorems above are optimal in the small as well as in the large time regime for
these systems.

Besides the already mentioned references, there is a vast amount of literature
on the dependence of the observability constant on the time 7" > 0 which we cannot
reproduce here in its entirety. We therefore refer the reader to the discussion in the
papers [NTTV20a, GST20|. Since in all our applications we prove observability
using either Theorem 3.7 or a corollary of Theorem 3.8, see Corollary 3.9 below,
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we do not discuss the time dependence in more detail. Instead, the dependency of
most interest to us is that of the geometry of w on the observability of the system
¥,(A, 1,), where w C R? and A is the generator of a contraction semigroup on
L?(R?). Moreover, if the system is indeed observable, we also briefly investigate
the influence of the geometry on the observability constant of the system. There
are also previous works studying this dependence in several situations, the ones
most important to our results being [EV18, NTTV18, Egi21, NTTV20a, BPS18,
BJPS21, MPS22, Alp21]. We address these in the discussion in Chapter 4.

So far we have only treated the case where the dissipation estimate (3.12) holds
for all times ¢ € (0,7'/2]. However, in all our applications below where the generator
of the semigroup is non-selfadjoint, we can only prove the dissipation estimate
(3.12) for small times 0 < ¢ < 1. In order to still achieve observability for all times
T > 0 we formulate the following simple corollary to Theorem 3.8. It extends the
statement from [BPS18, Theorem 2.1| which agrees with the corollary for families
(Py)x of projections on some L*-space. Essentially, this corollary mirrors the fact
that observability of a contraction semigroup is transitive in time, i.e., if the system
is observable in some time 7, then it is also observable in all times T' > Ty and the
observability constant does not get worse. Since in the next proof we only use the
contractivity of the semigroup it is apparent that we no longer obtain the decay
for large times 7.

COROLLARY 3.9. Let A be the generator of a contraction semigroup and suppose
that part (i) of Theorem 3.8 holds. Then, if part (ii) of Theorem 3.8 holds only
fort € (0,Ty/2] with some Ty > 0, the system 3,(A,C) is observable in all times
T > 0 and we have

C/
(3.13) cz . <C exp(—2),

obs Tr1v3/(v2—1)
where C7,CY% > 0 are constants depending only on y173/(v2 — 1), C1, Ca, and Ty.

PROOF. Let C) = Cy + 00127”3/(”_71) and O = exp (C’lTO_“%/(W_%)), where
C' > 0 is a constant that depends only on ~;y3/(72 —71) and that is chosen in such
a way that logz < Cz13/02=7) for all z > 0. Then the statement follows from
Theorem 3.8 if T" < Tj and from the contractivity of the semigroup if 7' > Ty. O

We point out that the constant in the previous corollary was only given in this
specific form to avoid distinguishing between the two cases 7' < Ty and T' > Tj in
inequality (3.13).

The last method to prove observability we present in this chapter goes back
to the works [Mill0, Mar22]. In contrast to the criteria we considered up to now
it does not combine a spectral inequality with a dissipation estimate but instead
supposes an uncertainty principle with an error term for elements in the range of
the contraction semigroup (7 (t));>0. For some set w C RY, this reads as

(3.14) T 09l ey < UNTM)gll72) + Eillgllage, 9 € LR,
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for all ¢ € (0,tg), where tqg > 0, and where Uy, E; are suitable constants depending,
amongst others, on the parameter ¢ and are both monotone decreasing in ¢. This
way of establishing observability is of interest whenever we are not able to use
Theorem 3.7 or Theorem 3.8 (respectively Corollary 3.9), but we can use properties
of elements in the range of the semigroup to prove (3.14). We pursue this approach
in Section 4.3 below.

Since the result we use in Section 4.3, see Corollary 3.11 below, was only stated
implicitly in [Mar22, Proof of Theorem 2.11], we give a short derivation here. To
this end, we first recall the following lemma which is a slightly customized version
of [Mil10, Lemma 2.1].

LEMMA 3.10. Let (T (t))i>0 be a strongly continuous contraction semigroup on
L*(RY) and suppose that there is a monotone increasing function h: [0,00) — [0, 1)
with h(1) — 0 as T — 0 such that for some q € (0,1) and some 79 > 0 we have the
approzimate observability estimate

(3.15) h(ONT ()91l @ay < / 1T ()90 2w ds + P(aT) 9117 gy
qT

for all g € L*(RY) and all T € (0, 7'0) Then, for all T > 0 we have

IT Dol < 31 T | 170l

where Cy = 1/h((1 — q)70/2).

The idea introduced in [Mar22| is then to build the proof of the observability
estimate upon the uncertainty principle with error term (3.14) and Lemma 3.10.
Indeed, using that (7 (t)):>o is a contraction semigroup, we see that we can interpret
the approximate observability estimate (3.15) as an integrated version of (3.14):
Since the semigroup is a contraction, for all ¢ > 0 and ¢ € (0, 1) we have

1T (091200 = W / Tl ds <

so that plugging in (3.14) we get

t

IT O 1wy < s | IT )l s+ Eulolfges
(1 Q)t qt

for all ¢t € (0,%y), where we used that E.y is monotone decreasing. Thus, if we can

find a monotone increasing function h as in Lemma 3.10 such that for some 7y < ¢,

and some appropriately chosen and fixed ¢ we have

1 h
Uar < and FE, < har)
(1 —q)r = h(7) h(r)
then (3.14) implies the approximate observability estimate (3.15) with this function
h. In particular, we get the following corollary to Lemma 3.10.

9HL2 R4)

(3.16) for 7€ (0,7),
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COROLLARY 3.11. Let (T (t))i>0 be a strongly continuous contraction semigroup
on L*(RY) and suppose that (3.14) holds for all T € (0,79) with constants U, and
E. that satisfy (3.16) with some monotone increasing function h: [0,00) — [0,1)

satisfying h(1) — 0 as 7 — 0. Then, with the constant Cy from Lemma 3.10 we
have

Ch T
T(T)g|%. §—/ T(t)g||32,,dt  for all T > 0.
IOl < gy ) 179l

(1-






CHAPTER 4

Observability

In this chapter the main results of this thesis are presented and discussed. We first
state spectral inequalities for two types of Schrédinger operators in Section 4.1:
Those with admissible singular potentials and with partial power growth potentials.
In the case of partial power growth potentials, we further distinguish between the
partial harmonic oscillator (i.e., the case of quadratic potentials) and Schrédinger
operators with more general partial power growth potentials including, amongst
others, (partial) anisotropic Shubin-type operators. After that, in Section 4.2 we
present a class of accretive operators that are comparable to the partial harmonic
oscillators in the sense of a dissipation estimate. Using the Lebeau-Robbiano method
and falling back to the spectral inequality of the partial harmonic oscillators, we
present observability estimates also for the systems associated with these possibly
non-selfadjoint generators. Finally, Section 4.3 discusses an observability result
that can be obtained from smoothing effects of the semigroup, while in Section 4.4
we discuss supplementary results that can be derived using the spectral inequalities
from Section 4.1.

Throughout the chapter we use the notation introduced in Chapter 2, see for
instance Table 1. In particular, K always denotes a universal constant, whereas
K, denotes a constant depending only on the dimension d. Recall that both
may change from line to line. Furthermore, we remind the reader of the notation
¥o(A,1,) from Section 3.1.

4.1. Spectral inequalities for selfadjoint Schrodinger operators

Let w C R? be some measurable sensor set and let H = —A: L*(RY) D D(A) —
L*(R%) be some lower semibounded selfadjoint Schrodinger operator. In this case,
the spectral inequality (3.10) (with x_ = 0) is often formulated as

(4.1) 12 ey < doe™ ™ (1 £z

for all A > 1 and all f € Ran P\(H). Such estimates bear various names depending
on the area of analysis where they appear. For instance, while in the context of
control theory one often sticks to the term spectral inequality, in, e.g., the context
of random Schrodinger operators an estimate of the form (4.1) is also referred to
as a quantitative unique continuation estimate. We here adopt the following way of
speaking.

31
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DEFINITION 4.1. We say that (4.1) is a spectral inequality if and only if the
inequality holds for all f € Ran P\(H), A > 1, and with 7, < 1. If it holds merely
for all f in a subspace of Ran Py(H) (e.g., for individual eigenfunctions) or if 7y, > 1,
we call it a quantitative unique continuation estimate.

Let us now turn to the observability of the systems ¥,(4,1,) in time 7" > 0.
In view of Theorem 3.7, it suffices to study spectral inequalities for the operator
H = —A in order to extract sufficient conditions on the sensor set that guarantee
observability in all times. In the observability estimate, the geometry of the set
w is then expressed in the constants dy, dy, and =, of the spectral inequality (4.1)
and, therefore, we are especially interested in the dependence of these constants on
properties of the sensor set. The parameter v, plays an important role here since
the proof of observability via the Lebeau-Robbiano strategy in Theorem 3.7 fails if
~v1 > 1. This is why our sensor sets need to be chosen in a way that guarantees
7 < 1.

In the case where A = A = AL is the Dirichlet Laplacian on a bounded domain
€2, it is well-known that the system ¥,(A,1,,) is observable in all times 7" > 0 if the
sensor set is any open set |[LR95| or even any measurable set with positive Lebesgue
measure if the domain is additionally Lipschitz and locally star-shaped (e.g., a
convex set) [AE13, AEWZ14]. Both results do not give explicit estimates on the
observability constant in terms of the geometry of the sensor set. If the domain is a
cube Q = (0,27 L)% with L > 0, such estimates were given in [EV18, NTTV20a] if A
is the selfadjoint realization of the Laplacian with periodic, Dirichlet, or Neumann
boundary conditions, see Corollary 4.5 below.

The situation is remarkably different if the domain is unbounded: On the
whole of RY, it was shown independently in [EV18| and [WWZZ19| that the system
Yo(A, 1,) is observable in time 7" > 0 if and only if the sensor set is a thick set in
the sense of the following definition.

DEFINITION 4.2 (Thick set). Let v € (0,1] and p > 0. The measurable set
w C R? is said to be (v, p)-thick if

[B(z, p) Nw|
|B(, )]

We say that a set w is thick if there are v and p such that w is (7, p)-thick and, in
this case, we call v and p the thickness parameters of w.

(4.2) > forall zeR%

Similar conditions have also been used for heat systems on infinite strips [Egi21],
halfspaces, orthants, sectors of certain angle [ES22| (where the Laplacian may
sometimes be replaced by a constant coefficient divergence-type operator), and
also for null-controllability of systems in LP(R?) (1 < p < oo) corresponding to
an elliptic operator associated with a homogeneous strongly elliptic polynomial of
degree at least two [GST20].
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The necessity of thick sensor sets w for the observability of the heat system
¥o(A4, 1) on R?is shown in [EV18, Section 4] by considering a sequence of Gaussians
and exploiting the translation invariance of the Laplacian, while the proof of the
sufficiency and the estimate for the observability constant therein follows from
Corollary 3.9 and a suitable spectral inequality for the Laplacian. With the
definition of thick sets at hand, we are in the position to state the results from
|[EV18] for bounded and unbounded domains simultaneously. To this end, we first
formulate a spectral inequality for the Laplacian. On the whole of R?, it goes
back to an estimate for functions with compactly supported Fourier transform
[Kov01, Kov00|, which has then been adapted to functions on a torus having a finite
Fourier series [EV20]. We refer the reader to Section 7.1 below for the theorems
from the last mentioned papers and for more substantial background.

These results were turned into spectral inequalities in [EV18| by the simple ob-
servation that functions in the spectral subspace of the Laplacian have a compactly
supported Fourier transform or a finite Fourier series, respectively, see Lemma 7.5
below.

THEOREM 4.3 ([Kov01, Kov00, EV20, EV18]). Let w be a (v, p)-thick set. If
either
(i) Q@ =R? and A is the Laplacian on R?, or
(ii) Q = (0,27 L) for some L >0, A = Ay, ® € {D, N,per}, is the Laplacian on
Q with Dirichlet, Neumann, or periodic boundary conditions, and p < 2wL,
then

KN\ K(d+pA'/?)
171300 < ()

In particular, we have the spectral inequality (4.1) with v, = 1/2, dy = (K¢/~)¥4,
and d; = Kplog(K?/v).

REMARK 4.4. The constants dy and d; are uniform in the sidelength L in
the situation of Theorem 4.3 (ii). For this reason, the spectral inequality for the
Laplacian on a cube is called scale-free. Furthermore, it is also possible to formulate
the above theorem if thick sets are defined with respect to hyperrectangles instead
of balls, see Theorem 7.4 below. However, for reasons of comparability to our main
results below we refrain from doing so here.

1/ 2@nwy  forall A>1, f€RanPy(-A).

The exponent ; = 1/2 one encounters in the previous theorem is known to be
sharp. For bounded domains, this can be inferred from |[LL12, Proposition 5.5], see
also [JL99, Proposition 14.9], for all sets w C Q with @ # Q, while for thick sets
on the whole of R? this is shown in [Kov01]. This exponent is also the benchmark
when comparing our main results for Schréodinger operators to the case of the pure
Laplacian.

Combining the spectral inequality with Theorem 3.7 we conclude observability
of the system ¥,(A, 1gn,) with the following bound for the observability constant.
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We point out that Theorem 3.7 was not yet available when [EV18] was published
and therefore the estimate in the latter paper lacks the decay in large times.

COROLLARY 4.5 (cf. [ENST20, Theorem 5.3], [NTTV20a, Theorem 4.9]). Let
w be a (v, p)-thick set and suppose (i) or (ii) of Theorem 4.3. Then the system
Yo(A, 1gn) is observable in time T > 0 with

2
o < K (Kd log3) )
bs .

<
— THKd T

When the pure Laplacian is perturbed by some potential, the situation might
change drastically depending on the properties of the potential (also called the
heat generation term in the situation of heat systems). In the present work, we are
concerned with two types of potentials and corresponding Schrédinger operators
H=-A=-A+V in L*(R?%): The first one corresponds to the case where
V' is some real-valued potential with mild local singularities, a so-called singular
admissible potential. Such potentials are, amongst others, infinitesimally A-bounded
in L2(R%). The second type describes potentials that grow unboundedly in some or
all coordinate directions. The prime example for this case is a quadratic potential
V(x) = |x|?, but we also consider more general so-called confinement potentials,
i.e., real-valued V € L (R?) satisfying V(z) — oo as |z| — oo.

The different nature of these two types of potentials manifests itself in various
ways. Let us mention the most important difference for our analysis here. As
operators in L?(R?), Schrodinger operators with confinement potentials have purely
discrete spectrum with exponentially decaying eigenfunctions. On the other hand,
Schrodinger operators with singular admissible potentials generically have continu-
ous spectrum and elements in spectral subspaces do not enjoy a quantifiable decay.
Hence, one expects that sensor sets for the former operators may become sparse
near infinity while sensor sets for the latter operators need to be equidistributed
throughout the whole domain.

4.1.1. Schrodinger operators with singular potentials. Observability
for heat systems ¥,(A — V. 1,) with bounded heat generation term V € L> was
studied in [F196, Fur00| by means of global Carleman estimates. Using methods
from [F196], it was established in [FZ00| that on bounded domains €2 with Dirichlet
boundary conditions the above system (with A = AZL) is observable in time T > 0
from any nonempty open sensor set w C €2 with

C’obs < eXp(C<HVH<2>43 + 1/T)) as 1T — O,

where C' > 0 is a constant that depends on the domain €2 and the sensor set w.
Actually, this result is best possible in even space dimensions as was shown in
|[DZZ08], cf. also [Zua07, Proposition 5.1 and Theorem 5.2].

Although these results already establish observability on bounded domains,
the dependence of the constant C,,s on the geometry of the domain and the



4.1. SPECTRAL INEQUALITIES FOR SELFADJOINT SCHRODINGER OPERATORS 35

sensor set w is not explicit. These explicit dependencies on geometric properties
require a more accurate analysis which was first implemented for the above heat
system (again, based on a spectral inequality) in [NTTV18, Theorem 2.15] if €2 is
a hypercube. Afterwards, this approach was extended in [NTTV20b] to operators
on so-called generalized rectangles €, i.e., sets of the form 2 = ijl(aj, b;) with
—oo < a; < bj <ooforj=1,...,d, giving, besides that, also the first result
for such Schrodinger operators on unbounded domains. These approaches are
restricted to rectangular shaped domains due to certain extension arguments for
elements in spectral subspaces that are required in the proof, cf. Remark 6.17 below.
Moreover, in contrast to Theorem 4.3 above, the proof of the spectral inequality in
INTTV18, NTTV20b| is based on Carleman estimates, and, as a consequence, the
approach in these papers only allows to consider sensors sets which contain some
union of open balls.

DEFINITION 4.6. Let G > 0 and § € (0, G/2). A set w C R? is said to be (G, §)-
equidistributed, if for each k € (GZ)? the intersection of w with the hypercube
Ac(k) centered at k with sides of length G contains a ball of radius 6.

We now formulate the spectral inequality from [NTTV20b| for Schrodinger
operators on the whole of R?. Here the spectral parameter \ is allowed to be any
real number since this allows to optimize the observability constant when H has
negative spectrum.

THEOREM 4.7 (INTTV20b, Theorem 2.1|). Let H = —A+V for some bounded

V e L*(RY). Then for all G > 0, ¢ € (0,G/2), all (G,0)-equidistributed sets w,
all N € R, and all f € Ran P\(H) we have
1/2

G\ Ka-(1+GY3|V (2P +GAY?)
(43) 1) < ()
)
where Ay = max{0, \}.
This result implies by Theorem 3.7 observability of the system ¥,(A —V,1,) in

L*(RY). We refrain from formulating the observability estimate at this point and
instead refer the reader to Corollary 4.11 below.

1£1 22

REMARK 4.8. A spectral inequality with thick sensor sets for Schrodinger
operators on R? has been obtained in [LM, Theorem 1.2|. However, this requires
analytic potentials V: R — R vanishing at infinity that can be extended holo-
morphically to some strip U, = {z € C%: [Imz| < r} with r > 0 and satisfy
10°V (2)] <, (1 + |2])7121=¢ for some ¢ € (0,1) and all |a| < 2 and z € U,. Further-
more, the dependence of the constants on the thickness parameters is again not
explicit.

Estimates of the form (4.3) have already been obtained previously to [NTTV18,
NTTV20b| in [CHK03, RMV13, GK13, BK13, Klel3|, cf. the overview in Sec-

tion 6.1 below. However, these papers show (4.3) only for individual eigenfunctions
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[RMV13| or for elements of a spectral subspace Ran1;(Hg) with some (rather
short) energy interval I C R [Klel3|, where €2 is an appropriate hyperrectangle
in R? and the operator has suitable boundary conditions. In particular, these
results were no spectral inequalities in the sense of Definition 4.1 and therefore not
sufficient for applications in control theory. Furthermore, even these quantitative
unique continuation estimates have almost exclusively been considered for bounded
potentials. Only [KT16| considers some singular unbounded potentials but is still
restricted to short energy intervals, cf. Theorem 6.3 below.

We now present a class of singular potentials for whose associated Schrédinger
operators we prove a spectral inequality.

DEFINITION 4.9 (Singular admissible potentials). Let V: RY — R be a measur-
able function. If the domain of the associated selfadjoint multiplication operator
in L2(R?) contains H'(R?), i.e., if D(V) D H'(RY), then the potential V is called
(singular) admissible (on RY).

As shown in Lemma 6.5 below, an admissible potential is infinitesimally A-
bounded in L?(R?) and satisfies

(4.4) HVfH%Q(Rd) < Al‘Wf”%%Rd) + A?Hf“%%n@d) forall fe H'(R?)

with some A1, Ay > 0. Therefore, the Schréodinger operator H = —A + V is again
selfadjoint and lower semibounded by the Kato-Rellich theorem, cf. Subsection 2.2.2
above. Since any V € L*®(R?) defines a bounded operator in L?(R?) and therefore
D(V) = L*(R?), such V are clearly admissible with A\; = 0 and )y = [|[V|%.
However, for d > 3 also potentials V € LP(R?) with p > d are singular admissible,
see Example 6.7 below. In particular, the class of admissible potentials covers for
d > 2 the potentials considered in [KT16].

The next theorem is our first main result which was first formulated in the joint
work [DRST] of the author with Christian Rose, Albrecht Seelmann, and Martin
Tautenhahn. It not only encompasses Theorem 4.7 for bounded potentials, but
also extends [KT16].

THEOREM 4.10. Let H = —A 4V for some singular admissible potential V.
Then for all G > 0, 6 € (0,G/2), all (G, 6)-equidistributed sets w C R?, all X € R,
and all f € Ran P\(H) we have

G Ka-(14G2M +GY302 1aal/?)
(45) 1B eeey < () o

where A1, Ay > 0 are as in (4.4).

11122 ).

We give the proof of this theorem in Chapter 6 below. Let us emphasize that
only the characteristic parameters A\; and A\, of the potential enter the constant
on the right-hand side of (4.5). Furthermore, the theorem is again formulated for
A € R instead of just A > 1 in order to ensure comparability with Theorem 4.7.
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Theorem 4.10 implies observability of heat systems with singular admissible

heat generation term V' from every (G,0)-equidistributed sensor set w. More
1/3

precisely, Theorem 3.7 is applicable with v, = 1/2, dy = (G/é)Kd'(1+GQ>‘1+G4/3’\2 )
and d; = K4 - Glog(G/¢). This gives the following result.

COROLLARY 4.11. Let w C R? be a (G, 0)-equidistributed set. Then for all
admissible V' the system 3,(A — V,1,,) is observable in time T > 0 with
1 /G Ka- (4G n+GY300%) Kq-G?log?(G/9)
Con = 7:(5) (S ~rT),
where k =info(—A + V) and k- = min{0, x}.

REMARK 4.12. If V' is a bounded potential and accordingly A\; = 0 and
A2 = ||[V]|%,, then the observability constant can be slightly optimized. In fact, in
this situation one gets
1 /G Ea-(+GY3V=r|2L%) Kq-G?log*(G/§
3. < L(9)" (a1
T\o T

see [NTTV20a, Theorem 4.11]. Here the term ||V — x[|2” in the exponent results

from applying the spectral inequality to the operator H — k = —A + (V — k).

- /LT),

4.1.2. Schrodinger operators with confinement potentials. When the
Laplacian is perturbed by a confinement potential V', the operator H = —A =
—A 4V has purely discrete spectrum, cf. the discussion before Corollary 2.4 above,
although it is defined on the whole of R?. Hence, from the spectral point of view,
A has the same properties as the Laplacian on a bounded domain, where any
set w of positive Lebesgue measure serves as a sensor set for observability of the
system Y,(A,1,). For the same system on R? this is no longer the case and
observability requires at least thick sensor sets, which excludes, for instance, sets
of finite Lebesgue measure. One may ask how this spectral dichotomy influences
the criteria for observability of the system ¥,(A4, 1,,).

Another motivation stems from the observation that the eigenfunctions of A
vanish exponentially at infinity. More precisely, in Chapter 5 as well as in Lemma 7.9
below we establish weighted inequalities of the form

(4.6) 1 £l 2y < €N £l 2(ra)

with suitable constants C,C’,p,q > 0 for f € Ran P\(H). This weighted inequality
implies that half of the L?-mass of such f is contained in a ball of radius proportional
to AP, which can be seen as a quantification of the fast decay. In particular, this
entails that the L?-mass on areas far away from the origin contributes only a
negligible amount to the whole L?-mass. One therefore wonders whether it is
possible to establish the spectral inequality with a set w C R? that is sparse near
infinity. This would also directly yield the observability of the system ¥,(A, 1)
from such sensor sets w.
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In the literature, observability of the system 3,(A,1,,) has so far been studied
mostly in the case where V (z) = |z|* for some [ € N, in which case the Schrodinger
operator is called an (anisotropic) Shubin operator or, if [ = 1, the harmonic
oscillator. For arbitrary [ € N, [Mil] established that the system X,(A — |z|*,1,,)
is observable in all times 7" > 0 with the sensor set being any open cone of the form

w={z €R?: |z] > rg and z/|z| € U}

for some open Q5 C S% ! and some 7, > 0 if and only if { > 1. In this case,
the observability constant satisfies the bound C,s < exp(C / T/ (1_1)).1 Apart
from these results, there are approaches that show observability of the system
Yo(A — |z|*,1,,) with [ > 1 using different techniques but not a spectral inequality
for the generator itself; these paths are discussed in Sections 4.3 and 4.4 below.
However, for the harmonic oscillator (i.e., [ = 1), the situation is notably different
and spectral inequalities have been studied extensively using that the eigenfunctions
of this operator are the well-known Hermite functions, see, e.g., Theorem 4.13 and
4.15 below.

In this subsection, we formulate a spectral inequality for a class of Schrodinger
operators with (partial) power growth potentials. Amongst others, this includes the
operators A = A — |xz|™ with arbitrary 7 > 0 and nonempty Z C {1,...,d}; recall
from Chapter 2 that x7 denotes the projection of x onto the coordinates indicated
by Z. However, our results are still bipartite: If A = A — |z7|? is the negative
partial harmonic oscillator, we use a technique based on complex analysis to prove
the spectral inequality. This uses so-called Bernstein inequalities for elements in
the spectral subspace of A. Such inequalities heavily rely on the fact that the
Hermite functions satisfy some very specific recursion formulas (see (7.8) below).
Furthermore, since Bernstein inequalities imply that the eigenfunctions are analytic,
it is not possible to establish such inequalities for arbitrary potentials with power
growth. Therefore, the same approach is not applicable for these potentials and
we instead use an approach based on Carleman estimates similar to the proof of
the above Theorem 4.10 which is much more flexible with respect to the potential.
However, we pay for this flexibility by having to accept stronger assumptions on
the sensor set and by losing the dependence on the energy that is expected to be
optimal. In particular, this explains why the results for the harmonic oscillator we
present now are considerably stronger than those for other types of potentials, see
the discussion after Theorem 4.23 below.

Partial harmonic oscillators. Let H = —A+|z|? be the harmonic oscillator.
As already pointed out above, the eigenfunctions of H are the well-known Hermite

'Note added: Shortly before completion of this work, it has been shown in [Mar, Theorem 2.5]
that the system X,(A — |z|?',1,,) with [ > 1 is observable as soon as w has strictly positive
Lebesgue measure.
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functions
d
(47) (I)a('r) = H(baj ('rj>7 o Ng7
j=1
where

k k
oi(t) = &eﬁ/zd—e*ﬁ, k e N,
NN
denotes the k-th standard Hermite function; note that ¢(t) = pg(t)e /2 for
some polynomial p; of degree k. More precisely, ®, is an eigenfunction of H
corresponding to the eigenvalue 2|a| + d for all a € N& and therefore the spectral
subspace of the harmonic oscillator can be expressed as

(4.8) Ran P\(H) =&y for 2N 4+d <A <2(N+1)+d,

were Ey = span{®,: |a|] < N}, N € Ny, denotes the space spanned by the Hermite
functions ®,, of degree || < N. Using this representation for the spectral subspaces,
spectral inequalities for the harmonic oscillator can be reformulated as uncertainty
principles for Hermite functions. Indeed, if for some measurable set w C R? and
some constants dj,, d}, and v, we have

(49) HfH%Q(Rd) S dé)edllNﬁ Hf“%ﬂ(w) forall N € N7 f € SN?

then by (4.8) this implies the spectral inequality (3.10) (in the form (4.1)) with
do == d6 and dl = d/1/2ﬂ/1

The first result that deals with uncertainty principles for Hermite functions
of the form (4.9) was given in [BPS18| using Carleman estimates, where w must
contain a suitable union of open balls. Subsequently, in [BJPS21] it was shown
that thickness of w is sufficient for (4.9) to hold. In view of the discussion following
Theorem 4.16 below, we also recall a result for arbitrary open w from the last
reference, although it has an unfavorable dependence on N, i.e., the spectral
parameter.

THEOREM 4.13 (|BJPS21, Theorem 2.1]). Let w C R? be measurable.

(i) If w is (v, p)-thick for some p > 0 and some v € (0,1], then there is a
constant C > 0 depending on the thickness parameters and the dimension d such
that

2 Kq KapN'2 N
Hf”LQ(]Rd) <cC ~ HfHL%J) for all eN, fe€én.
(i1) If w is any nonempty and open set, then there is a constant C' > 0 such that
Hf”%?(Rd) < C'eCNIOgNHfH%?(w) forall N eN, feé&y.

Let us emphasize that part (i) of this result has been reproduced in [ES21,
Corollary 1.9] with more explicit constants.
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The condition on w in part (i) of the above theorem is the same as for the
spectral inequality for the Laplacian. In particular, it does not reflect that the
Hermite functions decay (super-)exponentially. On the other hand, part (ii) of the
theorem establishes an inequality with a superlinear dependence on the spectral
parameter. In fact, this result is sharp and therefore it is not possible to prove a
spectral inequality for bounded sensor sets w. This was first observed in [Mil] and
can also be seen by means of the following simple example.

EXAMPLE 4.14. Let @ > 0 and w = [—a, a]. Suppose that for all N € N the
uncertainty relation
(4.10) 1172 < ™™l fllizw)y, NEeEN, feén,

holds with some nonnegative function A and a constant ¢ > 0 independent from N.
Consider fy(z) = aNe~l#*/2 Then fn € En, and a simple computation shows that

* oN_1 1
sl = [ o ey =r(N+5) and sl < vAe
where I' denotes the Gamma function. Plugging these into (4.10), we derive

|
(4.11) r(N+ 5) < eehN)+2Nloga o Al N € N,

On the other hand, Stirling’s formula for the Gamma function shows that

1 | 2m (N + 5 \N+3
F<N+§>2 Nil( 2) P> erNEN  for large N
= (&
2

Consequently, (4.11) can only hold if Nlog N < h(N) for large N. In particular, h
can not be of the form h(N) = N? with 8 < 1.

In view of the previous example we are interested in unbounded sensor sets that
take into account that elements in the spectral subspace are concentrated near the
origin. The first result in this direction was given in [MPS22|, where the authors
generalized the spectral inequality from Theorem 4.13 (i) to sensor sets that are
merely thick with respect to an unbounded, sublinear scale. This allows, amongst
others, sensor sets which have holes of unboundedly growing diameter which are
clearly not thick, see, e.g., Example 4.18 below.

THEOREM 4.15 ([MPS22, Theorem 2.1]). Let R > ¢ > 0, v € (0,1], and let
p: R4 — (0,00) be a %—Lipschitz continuous function satisfying
¢ < p(x) < RA+ |29 forall z€R? and some e € (0,1].
Then there is a constant Cy > 0 depending on ¢, R,v,d, and € as well as a constant
Co > 0 depending on R, d, and € such that for all measurable sets w C R? satisfying
|B(z, p(x)) N w|
| B(z, p())]

(4.12) > foral z&R
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we have
N1l-—e/2

2 Kq\ ¢ 2
7w < O (F) 7 Wlay forall NeN, feéy

The drawback of the assumptions in the last theorem is that they still rule
out sets of finite Lebesgue measure. Indeed, if w is any set with finite Lebesgue
measure and p is any unbounded scale satisfying p(x) — oo as |z| — oo, then

Bz, p(z)) Nw| __ |w|
|B(x,p(x))|  — 7ap(x)?
In particular, (4.12) can not be satisfied and Theorem 4.15 is not applicable.

The first main result of this subsection is taken from the joint work [DSVc|
of the author with Albrecht Seelmann and Ivan Veseli¢. It is formulated for
sensor sets that are thick merely with respect to a variable sublinear scale and a
subexponentially decaying density. Moreover, even in the case of a constant density

our result removes the technical conditions from Theorem 4.15 and its constant is
explicit in all model parameters.

—0 as |z|] — oc.

THEOREM 4.16. Let 0 < o < e <1, R > 0, v € (0,1], and suppose that
p: R4 — (0,00) satisfies
p(z) < RO+ |z[H)1=972 for all z € R%
Then, for all measurable sets w satisfying
|B(x, p(x)) Nw| > At

(4.13) B, p(a)]

for all = € R?

we have

v

This theorem allows sensor sets w with finite Lebesgue measure which are not
in scope of Theorem 4.15.

1 <Kd)K1+ad3+a/2(l+R)2N1€5a

Hf”%Z(Rd) < 3 ”fH%Q(w) forall N €N, fec&y.

EXAMPLE 4.17. Let

(4.14) w= U B(k,d"* . 271" for some 0<a < 1.
kezd

Then w has finite Lebesgue measure and satisfies (4.13) with p = d"/? and y = 277
Here the factor d'/? in the definition of w is merely used to avoid an additional
prefactor on the right-hand side of (4.13) since |B(z,d'/?)| = 74d%/>.

Let us also note here that there are sets which are thick with respect to an
unbounded scale while they are not thick with respect to a fixed scale with a
decaying density. Together with the preceding example this shows for the first time
that the variable scale and the decaying density are two notions that can not be
compared.
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EXAMPLE 4.18. Let d = 1 and p(z) = (1 + 22)"/4. Then

B 1

’ (l‘,p($)) mw’ > = forall = € Rd,
|B(x, p(x))| 4

see Subsection A.2.2 in Appendix A for the proof. However, for all fixed p > 0 we
have B(100n3,p) Nw = 0 if n > p and therefore w can not satisfy (4.13) with a

constant scale p and any a.

w =R\ B(100n* n) satisfies

A more general result can be formulated for partial harmonic oscillators where
the potential V(z) = |xz|*> with Z C {1,...,d} is growing unboundedly only in
some coordinate directions while it is constant in others. Here, naturally, the
anisotropy of the potential is also reflected in the criteria for a sensor set. For
reasons of readability, we postpone the full result in this case to Corollary 7.21
in Chapter 7 below and formulate here the result for partial harmonic oscillators
only for sensor sets that satisfy the corresponding thickness condition with respect
to a constant scale and with respect to hypercubes instead of balls. The latter
allows for a simpler proof since we can cover the whole of R? by cubes without any
overlap, see the discussion at the beginning of Subsection 7.2.5 below. However,
Subsection A.2.1 shows that it is not essential whether we take balls or hypercubes.

The next result was obtained by the author in the joint work [DSVa| with
Albrecht Seelmann and Ivan Veseli¢. Since the partial harmonic oscillators do not
have discrete spectrum, it is again formulated for elements in the spectral subspace
Ran P\(H).

THEOREM 4.19. Let H = —A + |zz|* with some T C {1,...,d}. Then for all
measurable sets w C R? satisfying
A (k) Nwl

AE <

with some o > 0, p > 0, and v € (0,1], we have
1 Kd K1+ad.(1+p)2,\(l+a)/2

I£een < 5(%)

The proof of Theorem 4.19 is given in Section 7.2 below. In that section we
also formulate Corollary 7.21 which contains Theorem 4.16 as a special case.

From the spectral inequality in Theorem 4.19 we now get an observability
estimate using again Theorem 3.7.

(4.15) AR for all k€ (pZ)*

172y forall A>1, f € RanPy(H).

COROLLARY 4.20. LetZ C {1,...,d}, and suppose that the sensor set w satisfies
(4.15) with a € [0,1). Then system T,(A — |xz|*, 1,,) is observable and
C C
2
Cin < 750 ( e
for a constant C' > 0 that depends on the model parameters o, v, and p. In

particular, there are sets w with finite Lebesque measure from which the system
Yo(A — |z|3,1,) is observable.
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REMARK 4.21. Actually, the observability constant can be computed more
explicitly: Indeed, using Theorem 3.7 with k- =0, v = (1 4+ «)/2,

1/ K\ K'ed+p)?
do=3(=) and dy = K™d(1+ p) log(K/7),
we have
Cy K\ CaK'Ted(14p)? Cyllogv[>\1/(1=a)
Che< 7 (5) exp| o Zra )

with the constants C;, Cy, and Cy from Theorem 3.7 and with Cy = K1*od*(1+p)*.
Note that C, C3, and C5 depend on ~; and therefore also on «.

Power growth potentials. We now move on to a more general class of
(partial) power growth potentials, the prime examples of which are the Shubin-type
potentials V' (z) = |z|” with some 7 > 0.

HyPOTHESIS (S). Let V € W'°(R?), that is, V and its weak derivatives of

OC

first order are contained in L2 (R?). Suppose that V' is such that
(i) for some ¢1, 3 > 0 and some 0 < 71 < 75 we have

alr|™ <V(x) < cylz|? forall xcR%
(ii) for some v > 0 we have
(416) Ml/ = ||e_V|x||vv‘|’Loo(Rd\B(071)) < Q.
Let us first consider simple examples of potentials satisfying this hypothesis.

EXAMPLE 4.22. Let V(z) = |z| for some 7 > 0. Then (i) is trivially satisfied,
and since |VV| = 7]z|™"! for |z| > 1, it is not hard to verify that (ii) holds with
v =71 and with M, < 7e!=". Now let V(z) = |z|” + W (x) with W: R? — [0, c0)
being any differentiable function with bounded derivatives satisfying W (z) < |z|".
Then (ii) is still satisfied with the same choice for v and a simple calculation shows
(i) withey =1, co=2,and 14 =79 = 7.

Let us briefly comment on the assumptions in Hypothesis (S): The lower bound
in part (i) on the one hand allows to bound the eigenvalue counting function for
H = —A+V with V as in Hypothesis (5), cf. (5.11) below, and, on the other hand,
is needed to control the growth of the potential. Thereby, we are able to establish
a suitable L2-decay for eigenfunctions of H, see Proposition 5.5 below. The bound
in part (ii) allows to obtain a similar decay for partial derivatives of eigenfunctions
by differentiating the eigenvalue equation Hf = Af, which introduces partial
derivatives of the potential to the equation, see Proposition 5.6 below. Together
with the bound on the eigenvalue counting function, this amounts to the fact that
even the H'-mass of f € Ran P\(H) is strongly localized, see Theorem 5.1 below,
so that by a “cut-off procedure” (cf. inequality (6.24) below) the considerations can
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essentially be reduced to a suitable bounded subset of R%. Finally, the upper bound
in (i) provides a corresponding bound on the potential on this bounded subset.

Through the method just discussed, we are able to use essentially the same
approach as for Theorem 4.10 above to prove a spectral inequality for Schrodinger
operators with potentials as in the above Hypothesis (S). However, this approach
is the reason why we need to localize the H'-mass and therefore why part (ii) in
Hypothesis (.5) is needed.

The next main result was established by the author in collaboration with
Albrecht Seelmann and Ivan Veseli¢ [DSVb|.

THEOREM 4.23. Let H = —A +V with V' as in Hypothesis (S). Then there is
a constant C' > 0 depending only on 71, Ty, c1, co, v, M, and the dimension d, such
that for all measurable sets w C R for which for some 6 € (0,1/2) and a > 0 each
intersection (k + (—=1/2,1/2)Y) Nw, k € Z¢, contains a ball of radius 6"+ we
have

1 Clta.)\(at272/3)/m1
(417) |12 < (5) Ifl22) forall A>1, f€RanPy(H).

The dependence on A in the exponent is sublinear if o + 275/3 < 71 and,
therefore, in this case the above theorem constitutes a spectral inequality. In the
particular case of V(z) = |z|” as in the first part of Example 4.22 above, the
constant in the theorem depends only on 7 and the dimension d, and we must have
a < 7/3 in order for the dependence on A in the exponent to be sublinear.

Every (1, )-equidistributed set satisfies the assumptions of the theorem with
a = 0. On the other hand, every set w as in Theorem 4.23 satisfies the geometric
assumptions (4.15) of Theorem 4.19 (for Z = {1,...,d}) with p = 1, v = Kz,
and the same choice for «, see the calculations in Subsection A.2.3 in Appendix A.

Thus, in the case of the harmonic oscillator (i.e., 7 = 2), we must have o < 2/3
in Theorem 4.23 while Theorem 4.19 allows a < 1 in this situation. This difference
is due to the different approach we use here. In fact, even for a = 0 and arbitrary
potentials as in Hypothesis (5) the dependence on A in the exponent of the constant
in (4.17) is of order v; = 275/(371) > 2/3, while it is expected that the optimal
dependence is of order 1/2 as obtained for operators of Schrédinger type in all the
aforementioned results; recall that this behavior is known to be sharp for the pure
Laplacian. The slightly worse behavior in our Theorem 4.23 above is due to the
mentioned cut-off procedure, which is needed in order to conduct the proof using
Carleman estimates. It is also due to the Carleman approach that we are only able
to consider sensor sets containing suitable open balls and not just measurable sets
satisfying (4.15) with Z = {1,...,d}.

If 71 —27%/3 > a >0, then w as in (4.14) above has finite measure and satisfies
the assumptions of the theorem. Thus, Theorem 4.23 gives a spectral inequality
for general V' as in Hypothesis (S) also for some sensor sets with finite Lebesgue
measure if 71 — 275/3 > 0.
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Exploiting the tensor structure, we get as a simple generalization of Theorem 4.23
a spectral inequality for partial power growth potentials. In order to formulate it,
we adapt Hypothesis (S) to include these potentials.

HYPOTHESIS (S7). Let Z C {1,...,d}. Suppose that V(z) = Vz(z7), where
Vz € W/I})’Coo (R satisfies the assumptions of Hypothesis (S) with R? replaced by
R

Prototypical examples of potentials as in Hypothesis (S7) are V(z) = |zz|
for some 7 > 0 and some Z C {1,...,d} corresponding to the partial Shubin-type
operators.

The next theorem was also stated in [DSVb| and relates for 7 = 2 to Theo-
rem 4.19 with the same choice for Z. In particular, it contains Theorem 4.23 as a
special case.

THEOREM 4.24. Let T C {1,...,d}, and let H = —A +V with V as in
Hypothesis (Sz). Then there is a constant C > 0 depending only on the parameters
T1, T, C1, Co, VU, M, connected to Vz and the dimension d, such that for all measurable
sets w C RE for which for some § € (0,1/2) and o > 0 each intersection Ay (k) Nw,
k€ 74, contains a ball of radius §'t1*1* | we have

1 clta. \(a+273/3) /71

1B < (3) |32y forall A>1, f € RanPy(H).

We derive this theorem in Section 6.4 below parallel to Theorems 4.10 and
4.23. The already mentioned H'-localization for elements in Ran Py(H) we utilize
is established in Chapter 5.

We close this section by formulating the observability result that is a direct
consequence of Theorem 4.24 and Theorem 3.7.

COROLLARY 4.25. Let T C {1,...,d}, let V be as in Hypothesis (Sz), and let
0 <a<m —2mr/3. Then, if w is a measurable set such that each intersection
A (k) Nw, k € Z¢, contains a ball of radius §'7F2I°  the system L,(A —V,1,) is
observable in time T > 0.

More specifically, if V(z) = |xz|™ for some T > 0, then we have

C’ C’
2
< -
Cobs < 77 oxP (THQT‘??Q’)
with a constant C' > 0 depending on 7, o, and §.

REMARK 4.26. The proof of the upper bound for the observability constant for
potentials V (x) = |zz|” uses Theorem 3.7 with k_ = 0, vy = a/742/3,dy = 67 ¢
and d; = C'™%log %. With this, it is not hard to obtain the slightly more explicit

bound
1\ KCoC1te (I+a)7|] T\ 1/(1/3—a)
c? < o <—) exp (03(0 [10g 9] > >

obs — T ) Ta+27/3
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Here C1, (5, and C5 are the constants from Theorem 3.7 that depend on v, and
thus also on 7 and a.

4.2. Quadratic differential operators

We now turn to the study of observability of the system ¥,(A, 1,,) with possibly non-
selfadjoint generators A in L?(R%) and continue with our investigation of sufficient
conditions on w C R? that guarantee observability. The difficulties that may
arise here are twofold: On the one hand, even if A is selfadjoint, a corresponding
spectral inequality might not be available. Even worse, on the other hand, the
generator might not be selfadjoint and therefore it makes no sense to talk about
spectral projections. In both cases, it is natural to search for a suitable nonnegative
selfadjoint operator H such that with its spectral projections Py, = Py(H) we can
prove a dissipation estimate of the form (3.12) at least for small times 0 < t < t,
that is,

[Id =P T ()9l r2rey < doe™ (gl 2wy

for all A > 1, and all g € L*(R?), where (T (t));>0 is the semigroup generated by
A. If we can arrange this, we say that the operator H is a suitable comparison
operator for A or that A is comparable to H. We see further below that the
comparison operator is usually not unique. If we have already established a spectral
inequality for H, the Lebeau-Robbiano method set out in Corollary 3.9 directly
implies observability of the system ¥,(A, 1,,) from the same sensor sets from which
the system ¥,(—H, 1,) is observable. In particular, the picked comparison operator
directly determines the possible sensor sets. Hence, if one is interested in the most
general sensors sets possible, the comparison operator needs to fit the generator,
see the discussion after Proposition 4.28 below for a more precise description of
this.

In this section, the choice of the comparison is derived from properties of the
operator A, which is here always a quadratic differential operator A = ¢ as defined
in Section 2.3, where ¢ is a complex quadratic form satisfying Req < 0. Recall
from Proposition 2.11 that A is then the generator of a contraction semigroup in
L*(RY) that we always denote by (7 (t))>o.

4.2.1. Dissipation estimates with a comparison operator. To the best of
the authors knowledge, the first proof of observability using a comparison operator
was given in [BPS18| for quadratic differential operators A with singular space
S(A) = {0} and with the harmonic oscillator H = —A + |z|* as the selfadjoint
comparison operator. Recall from Lemma 2.15 that the singular space of the latter
operator likewise satisfies S(H) = {0}.

PROPOSITION 4.27 (|[BPS18, Proposition 4.1|). Let S(A) = {0}, let ko be the
rotation exponent of A from (2.13), and let Py = Px\(—=A + |z|?). Then there are
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Co, to > 0 such that
(4.18) 11 = PO)T(D)gll 2y < Coe™ ™"l g]| gy
for all0 <t <ty, all A\ > 1, and all g € L*(R?).

A similar result is also available with the pure Laplacian as the selfadjoint
comparison operator: In [AB, Remark 2.9] the authors state that the technique
developed in [Alp21, Section 4.2| implies that all quadratic differential operators
A with S(A) C R? x {0} satisfy a dissipation estimate similar to (4.18), but with
P, = P\(—A) the projection onto a spectral subspace of the Laplacian; recall again
from Lemma 2.15 that S(A) = R? x {0}.

PROPOSITION 4.28 (see [Alp21, Section 4.2], [AB, Remark 2.9]). Assume
S(A) = U x {0} for some subspace U C R?, let kg be the rotation exponent of A,
and let Py = P\(—A). Then there are Cy,ty > 0 such that

(1= P)T (t)gllr2may < COe_COt%OH)\Hg”LQ(Rd)
for all0 <t <ty, all A\ > 1, and all g € L*(R?).

Both dissipation estimates spelled out in Propositions 4.27 and 4.28 cover the
case S(A) = {0}. Hence, it is natural to compare the two complementing spectral
inequalities in this case. It turns out that Proposition 4.28 is strictly weaker than
Proposition 4.27. Indeed, recall from Section 4.1 that spectral inequalities for the
Laplacian require thick sensors sets, while Theorem 4.16 shows that thickness is
not necessary for spectral inequalities for the harmonic oscillator. In this sense,
if S(A) = {0}, using the harmonic oscillator as a comparison operator for A and
applying Corollary 3.9 allows for more general sensors sets than using the pure
Laplacian.

The result we formulate next was obtained jointly by the author with Albrecht
Seelmann and Ivan Veseli¢ [DSVb|. It shows that it is reasonable to classify
comparison operators for quadratic differential operators by the form of their
singular space and that the partial harmonic oscillators constitute a class of
comparison operators that interpolate, in some sense, between the Laplacian and
the harmonic oscillator. More generally, our result allows also to use the operators
Hr 7= —As+|zz]? withZ,J C {1,...,d} as selfadjoint comparison operators. By
Lemma 2.15, the singular space of such operators is given by S(Hz 7) = R x R%.
and, accordingly, we get a dissipation estimate with the spectral projections of
the operators Hz 7. For J = {1,...,d}, the next theorem covers and extends
the previously mentioned dissipation estimates obtained for quadratic differential
operators. We postpone the proof to Chapter 8 below. The constant Cj from the
next theorem is given in Theorem 8.4 below.

THEOREM 4.29. Let S(A)* = R% x RY for some sets Z,J C {1,...,d}, let
ko be the rotation exponent from (2.13), and let P, = P\(Hz,7). Then, there are
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constants Cy > 0 and to € (0,1) such that
11 = POT (t)gllz2qes) < 207 gl oy
for all g € LA (RY), all 0 < t < ty, and all A > 1.

Applying suitable rotations, the previous theorem can be generalized to singular
spaces of the form S(A)t = V x W, where V,IW C R? are vector spaces of
dimensions d; = dim V' and dy = dim IW. Indeed, in this case, there is an orthogonal
transformation R: R — R? such that

(4.19) RV =R} and RW =RY%

with Z = {1,...,dy} and with J = {dy — [+ 1,...,d; + dy — I}, where | =
dim(V N W). Letting ¢ be the quadratic form corresponding to A, a simple
calculation using the chain rule shows that the singular space of the form g
given by ¢(z,&) = ¢(R™ 'z, R71¢) for all z,& € R? is characterized by S(gq)* =
RZ x ]Rdj. Furthermore, the accretive operator A = ¢ associated with § by the
Weyl quantization satisfies A = MRALI; where Ur f = f o R, see Lemma 2.13.
Thus, we have T (t) = Uz T (t)Ug for the semigroup (7 ());>o generated A, so that

applying Theorem 4.29 to A proves the following result.

COROLLARY 4.30. Let S(A): =V x W, and let R be as in (4.19). Then, with
P\ = Ur P\(Hz,7)Uz", we have

_ep2ko+1
11 = POT (Dgll 2y < 267 gl 2y
forall g € L*(RY), 0 <t < tg, and X\ > 1.

REMARK 4.31. There are also quadratic forms whose singular space does not
satisfy S(q)* =V x W. Consider, e.g., the form ¢(z, &) = —(x + £)? on R? with
singular space S(q) = {r-(1,—1)": r € R}. The operators corresponding to such
forms are not covered by Corollary 4.30.

4.2.2. Observability and applications. We now combine the dissipation
estimate from Theorem 4.29 with the corresponding spectral inequality for a partial
harmonic oscillator from Subsection 4.1.2 above and discuss applications of our
results. Accordingly, in all these applications we have J = {1,...,d}. Note,
however, that in Corollary 7.26 below we also prove a spectral inequality for the
operator Hz 7 with J # {1,...,d} where the observation operator is not the
multiplication operator by a characteristic function of a sensor set.

For simplicity, in the rest of this section we refrain from giving explicit estimates
for the observability constant.

If A is any quadratic differential operator with singular space S(A) = {0},
then Theorem 4.29 holds for the projections Py = Py(—A + |z|?) onto the spectral
subspace of the harmonic oscillator. This situation has already been considered in
[BJPS21, MPS22]| based on Proposition 4.27 and the spectral inequalities established
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in the last mentioned papers, see Theorems 4.13 and 4.15 above. The important
point to note in this case is that replacing the last mentioned theorems by our
spectral inequality from Theorem 4.16 we conclude observability from sensor sets
satisfying the geometric assumptions of Theorem 4.16.

COROLLARY 4.32. Suppose that S(A) = {0}. Then, for all measurable sets w
satisfying
Bl p@) N6l _ iy
| Bz, p(x))] —
where 0 < a<e <1, R>0,v¢€(0,1], and p: R* — (0,00) is a function satisfying
p(r) < R(1+ |z|?)379)/2 for all z € RY, the system Y,(A, 1,) is observable in time
T>0.

for all = € RY,

Sensor sets as in the above corollary were not accessible before in this context.
In particular, recall that there are sets of finite Lebesgue measure satisfying the
assumptions of this lemma, e.g., the set given in Example 4.17.

If the singular space is not zero, the dissipation estimate from Theorem 4.29
shows that the spectral inequalities for the partial harmonic oscillator formulated
in Theorem 4.19 are applicable towards observability. Thereby, we establish
observability from sensor sets with a decaying density in directions encoded by the
singular space. This corollary covers also situations where the sensor set is not
thick and is therefore new.

COROLLARY 4.33. Suppose that S(A)* = R% x R? for some T C {1,...,d}.
Then, for all measurable sets w satisfying

A(kE)Nw a
)

and some 0 < o < 1, v € (0,1], the system ¥,(A, 1,) is observable in time T > 0.

Corollaries 4.32 and 4.33 can be applied for instance in the context of Exam-
ples 2.16 and 2.17:

The Kolmogorov operator A from Example 2.16 satisfies S(A4)+ = {0} x R<.
For this case, the corresponding dissipation estimate has already been established
in [BPS18| and in combination with the spectral inequality for the Laplacian this
already establishes observability of the system 3,(A, 1,,) from thick sensor sets.
This is covered by Corollary 4.33. Let us point out that observability of the
Kolmogorov equation has already been shown previously to [BPS18]|, e.g., using
Carleman estimates [LM16, Zhal6]| if the sensor set contains a suitable union of
open balls.

In all situations where S(A)+ 2 {0} x RY, the above corollaries improve earlier
results. Previously, dissipation estimates for such operators A were only established
with the Laplacian as the selfadjoint comparison operator, see [Alp21|. With this
method it is only possible to establish the observability of the system ¥,(A,1,)
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with thick sensor sets. Corollary 4.33 removes this conditions. This is best seen
for the Kramers-Fokker-Planck operator introduced in Example 2.17: Without an
external potential the singular space of this operator is given by S(A)+ = R4 x R?,
where d = 2m for m € Nand Z = {m + 1,...,d}. Hence, S(A)* 2 {0} x R? and
Corollary 4.33 yields that ¥,(A, 1,) is observable from sensor sets w which are not
thick, whereas [Alp21| only establishes observability from thick sets in this setting.

4.3. Semigroups with smoothing effects

In the preceding sections we discussed observability of systems 3,(A,1,,) by in-
specting the generator A. More precisely, properties of A were used as an input for
our results: While in Section 4.1 we proved a spectral inequality for the negative
H = — A of the selfadjoint generator, in Section 4.2 we used the singular space
of A to determine suitable comparison operators. This section takes a different
point of view and examines the observability solely based on properties of the
semigroup. There are results in this direction that use the so-called smoothing
properties of the semigroup to choose an appropriate comparison operator, see the
discussion in Section 4.4 below. However, the approach we present in this section
does not use comparison operators. Instead, we follow the approach presented in
Corollary 3.11 and derive observability estimates from uncertainty principles with
error term established for functions in the range of the semigroup associated to
the abstract Cauchy problem. In our setting, the semigroup (7 ());>o in L*(R?) is
always a contraction semigroup that is smoothing in some Gelfand-Shilov space in
the following sense.

DEFINITION 4.34 (Smoothing properties). Let (T (t)):>0 be a strongly contin-
uous contraction semigroup in L*(R?), and let v, u > 0. We say that (T (¢))i>o
is smoothing in the Gelfand-Shilov space S#(R?) if there are constants ry, 75 > 0,
C1,Cy > 0, and ty € (0,1) such that for all t € (0,1y), all g € L*(RY), and all
a, 8 € N¢ we have

5 C«lcéa\ﬂm
(4.20) 270" T (1) gl L2(ray < m(a!) (BNl gll 2 (wa)-

In what follows, we always assume that v > 0 and p € (0,1] are such that
p+v > 1. Here, the assumption on u guarantees that 7 (¢)g is analytic if ¢ € (0, ¢o)
and g € L*(R?), see Lemma A.8 for a proof of this statement. Recall that the
assumption p + v > 1 rules out that the Gelfand-Shilov spaces are trivial.

From the smoothing properties (4.20) it is easy to conclude an L*-inequality
with a strictly positive weight function for elements in the range of the semigroup.
In fact, expanding the weight function by the multinomial theorem and using the
smoothing properties for each summand we obtain

. C (d—l— 1)n/201+”+|ﬁ| ,
@421) 0+ oY 20T Wgl ey < D T e 1810l e
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foralln € N, all 3 € N¢, all t € (0,¢), and all g € L*(R?) if (7 ())¢>o is smoothing
in the Gelfand-Shilov space S#(R9), cf. [Mar22, Lemma 5.2|. This inequality enters
the main result of this section as an essential assumption. It replaces, in some
sense, the assumption of the spectral inequalities that the element for which we
prove an uncertainty principle lies in the spectral subspace of the operator. Setting
f=TI(t)g with g € L*(R?) and t € (0,t), inequality (4.21) can be reformulated as

(4.22) /(1 4 [2)20° f|| ey < Dy Dy ity (|8]1)* for all n € Ny, B € N,
with
Cy

R

(d+ 1)12C,
tr2 '
Motivated by this inequality, the main result of this section reads as follows. It
was first obtained in this form in the authors work [DS22] with Albrecht Seelmann.
Its proof is given in Section 7.3 below.

THEOREM 4.35. Suppose that f € C*(R?) satisfies (4.22) with some Dy > 0,
Dy >1,v >0, and 0 < pu < 1 satisfying u+ v > 1. Moreover, let € € [0,1) with
s=cv+pu<l,letye (0,1, and let p: R — (0,00) be a measurable function
satisfying

(423) Dl HgHLQ(Rd) and D2 =

p(z) < R(1+|z[)? forall zeR?
with some R > 1.
Then, there is C' > 0 depending on v, R,ro,v, s, and the dimension d, such that
for all 6 € (0,1] and all measurable sets w C R satisfying

|B(z, p(x)) N |

(4.24) Bz p(0) >y forall zeR?
we have
2/(1—s)
(4.25) £ 1172 ey < o (UHoEZ DT 12, 4 8D}

The estimate (4.25) differs from the usual form of an uncertainty principle (e.g.,
those presented in Section 4.1 above) by the appearance of the term dD?. We call
this the error term since it can be chosen arbitrarily small. However, for small
values of d, which corresponds to a small error term, the constant in the uncertainty
term gets (polynomially) large.

In [Mar22], the same result is proved under more technical assumptions, namely
that p is a Lipschitz contraction with a uniform positive lower bound. On the other
hand, the case s = 1, which also allows p = 1, is treated in [Mar22| but is not in
the scope of the method we discuss here. Nevertheless, [Mar22| does not present
any applications in terms of observability in this case.

Applying Theorem 4.35 to f = T (t)g with D; and D, as in (4.23) shows that
a semigroup that is smoothing in a Gelfand-Shilov space satisfies the assumptions
of Corollary 3.11. This, in turn, proves observability of the semigroup from sensor
sets satisfying (4.24) and reproduces [Mar22, Theorem 2.11] with less restrictive
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conditions on the sensor set. The technical proof of the following corollary is
postponed to Subsection A.1.2 in Appendix A.

COROLLARY 4.36. Suppose that (T (t))i>0 is a strongly continuous contraction
semigroup that is smoothing in the Gelfand-Shilov space S*(R?) with 0 < p < 1
and v > 0 satisfying u+v > 1. Let € € [0,1) be such that ev + p < 1 and let
p: R4 — (0,00) be as in Theorem 4.35. Then (T (t))i>o is observable from every
measurable set w C R satisfying (4.24) with some v € (0,1]. More precisely, in
this case we have

C T
IT(T)gll72ma) < CeXp<—2r2 ) / 1T ()l 72 dt
T 1=(ev+p) 0

for all g € L2*(R?) and all T > 0, where C > 1 is a constant depending on
v, R,ro,v, e, u, v, Cy, Cy, 1y, and the dimension d.

This result can be considered as a “backup result” since it is applicable for all
semigroups that are smoothing in a Gelfand-Shilov space. However, it does not
allow, e.g., the sensor set to have a decaying density. In particular, stronger result
are available in certain situations, see Theorem 4.42 and the discussion following
Theorem 4.43 below.

REMARK 4.37. It is not clear if the class of operators that generate semigroups
as in the previous corollary is closed under taking adjoints. For this reason, if
one is interested in the null-controllability of the system ¥.(A, 1,), one needs to
check whether the semigroup generated by A* is a strongly continuous contraction
semigroup that is smoothing in the Gelfand-Shilov space S#(R?) with 0 < p < 1
and v > 0. If this is the case, Corollary 4.36 and the duality in Theorem 3.5
establish null-controllability.

4.4. Supplementary results and discussion

We close this chapter by discussing supplementary results which are either simple
corollaries or closely related to the ones presented so far. To this end, for brevity,
we restrict our considerations to the case of Shubin-type operators H = —A + |z|”
with 7 > 0 and, in the case of the harmonic oscillator, we only consider sets that
are thick with respect to a decaying density and a fixed scale. Furthermore, we
track the constants less explicit than we did in Theorem 4.16 above and we do not
formulate estimates for the observability constant here.

We first recall that for a nonnegative selfadjoint operator H we have Py(H?) =
Py1/0(H) for 6 > 0 by the transformation formula for spectral measures. Combining
this identity with the spectral inequalities from Theorem 4.16 and Theorem 4.23,
respectively, we get the following spectral inequalities for the fractional operators
HY which are needed in the subsequent discussion.
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COROLLARY 4.38. Let 0,p >0, a >0, and H = —A + |z|?. Then there is a
constant C > 0 such that for all measurable sets w C RY satisfying

|B@4ﬂﬂw|> 14|z
|B(z,p)|

and some 7y € (0, 1], we have

(4.26) for all z € R?

) 1 ox(1/2+a/2)/6 ) p
(4.27) Hmmm@g(;) If2y forall A>1, f € Ran Py(H?).
The exponent in (4.27) satisfies (1/2 +«/2)/0 <1if 0 < o <2(0 —1/2), and
in this case we have a spectral inequality.

COROLLARY 4.39. Let 0,7 >0, « > 0, and H = —A + |z|". Then there is a
constant C > 0 such that for all 6 € (0,1/2), all measurable sets w satisfying that
each intersection Ay(k) Nw, k € Z¢, contains a ball of radius ' ¥ we have

1 ) C-\2/3+a/T)/0

(4.28) |If 2 < (5

In contrast to the previous corollary, we here need 0 < a < 7(6 — 2/3) in order
for the exponent to satisfy (2/3 + «/7)/6 < 1, which is again a manifestation of
the cut-off procedure used in the proof, cf. the discussion following Theorem 4.23
above.

These corollaries are of particular interest for (anisotropic) Shubin operators
H = —A + |z|* for | € N. This is motivated by the following characterization of
Gelfand-Shilov spaces S*(R?) with

o 0
:—7 V= ——
[+1 [+1

PROPOSITION 4.40 (|CGPR19, Theorem 1.4]). Let H = —A + |z|* and let p
and v be as in (4.29). Then f € SH(R?) if and only if there is s > 0 such that

1 fllz2@y forall A>1, f € RanP\(H’).

(4.29) I for some 6 > 1.

sH(+1)/(218)
(4.30) e o ey < 00,

For 8 =1 =1 we have = v = 1/2 while the usual harmonic oscillator appears
in the exponent in (4.30). This suggests that for semigroups that are smoothing in
the symmetric Gelfand-Shilov space 511 ;22 (RY) (in the sense of Definition 4.34 above),
the harmonic oscillator may serve as a suitable selfadjoint comparison operator. In
fact, using only this smoothing property, it is possible to adapt the reasoning from
the proof of Theorem 4.29 (see Chapter 8 below) to show the following theorem.
This can also be extracted from [MPS22, Eq. (4.26)].

THEOREM 4.41. Let 6 € [1,2), Py = P\((—A + |2[*)'/?), and suppose that the
semigroup (T (t))i>0 is smoothing in the symmetric Gelfand-Shilov space Sgg(Rd)



54 4. OBSERVABILITY

in the sense of Definition 4.34. Then there are C,t; > 0 such that for all A > 1,
all g € L*(RY), and all t € (0,t,) we have

(4.31) (1 = PO)T ()9l 2mey < :

420 /041
- t7"1+2rze e A||g||L2(Rd)’

where 1,79 are the constants from Definition 4.34.

In combination with the spectral inequality from Corollary 4.38 and the Lebeau-
Robbiano method formulated in Corollary 3.9 above, this proves observability
for semigroups satisfying the smoothing properties in Theorem 4.41. In light of
the stronger spectral inequality for the harmonic oscillator we proved above this
improves upon the statement in [MPS22].

THEOREM 4.42. Let 6 € [1,2) and suppose that A is the generator of a semigroup
(T(t))e>0 that is smoothing in the Gelfand-Shilov space Sgg(Rd). Then the system
Yo(A,1,) is observable if there are p >0, v € (0,1], and 0 < a < 2(0 — 1/2) such
that the sensor set w satisfies (4.26).

In the discussion following Proposition 8.1 below we point out that quadratic
differential operators A with singular space S = {0} generate semigroups that
satisfy the assumptions of the previous theorem with § = 1. Other examples of

such semigroups are those generated by general (an-)isotropic Shubin operators
A= —((=A)™ + |z|*)~ for m,l € N and x > 0.

THEOREM 4.43 ([Alp, Eq. (2.3)]). Let A = —((=A)™ + |z|*")* for m,l € N
and k > 0. Then A generates a semigroup (T (t))i>0 that is smoothing in the
Gelfand-Shilov space S*(R?) with

= max{ﬁ, H—Lm} and v = maX{QL}d, H—Lm}

More precisely, we have (4.20) with r1 = d(m +1)/(2cml) and ro = min{p, v}.

In the isotropic case [ = m, the semigroup in the above theorem is smoothing in
the symmetric Gelfand-Shilov space S%(R?) with 4 = max{1/2,1/(2xl)}. Thus, if
k> 1/(21), then p € [1/2,1) and we may apply Theorem 4.42 with 6 = 2u € [1,2)
to conclude observability of the system ¥,(A,1,,) with w as in this theorem.

For anisotropic Shubin operators H = —A = —A + |z|%, | € N, observability of
the system ¥,(A4,1,,) from thick sensor sets w was shown in [Alp, Theorem 2.6]
by establishing a dissipation estimate with respect to the spectral projections of
the Laplacian and combining it with the spectral inequality formulated in Theo-
rem 4.3 (i). However, Theorems 4.42 and 4.43 allow also to study observability of
the system corresponding to anisotropic Shubin operators using so-called forced
symmetrization, cf. [Alp|. This argument simply takes into account that every
semigroup that is smoothing in the Gelfand-Shilov space S#(R?) is trivially smooth-

ing in the symmetric Gelfand-Shilov space 522;{{{55}} (RY) D SH(RY). In particular,
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by Theorem 4.43, the semigroup generated by A = A — |z|* is smoothing in

the Gelfand-Shilov space Si//(llill (RY) C Sll// ZIE (R4), so that we may apply Theo-
rem 4.42 with 6 = 2[/(l + 1). This yields observability of the system ¥,(A4, 1) if
w satisfies (4.26) with o < 1/1. However, here larger [ requires smaller o which is
counterintuitive and stands in strong contrast to the situation we encountered in
Corollary 4.39 with # = 1, where larger [ allows for larger a.

In view of the preceding discussion, it appears to be of interest to characterize
spaces G, | € N, such that we have a dissipation estimate with respect to the
spectral projections of the operator H = —A + |z|* if the semigroup (7 (¢)):>0
is smoothing in G;. Such dissipation estimate in combination with the spectral
inequality from Corollary 4.39 would imply observability for these semigroups from
the same sensor sets from which the system ¥,(—H, 1,) is observable. However,
Proposition 4.40 suggests that for [ # 1 the Gelfand-Shilov spaces are not the right
spaces for this task since the power of the operator in (4.30) satisfies (I+1)/(210) < 1
ifl>1and 8 >1.






CHAPTER 5

Decay of linear combinations of eigenfunctions

In this chapter we quantify decay properties of linear combinations of eigenfunctions
of Schrédinger operators with potentials as in Hypothesis (5). Although there are
several results available for eigenfunctions establishing a fast decay in L?-sense,
see, e.g., [Agm82, Dav82, BS91|, we need an explicit weighted L2-estimate also
for the partial derivatives of first order. The approach in [GY12] seems to be the
most convenient one for this task. However, since it is essential for us to have the
dependence of the decay on the spectral parameter explicitly quantified, we have
to revisit the reasoning from [GY12] and extract the statements we need.
The main objective of the present chapter is to prove the following result.

THEOREM 5.1. Let H = —A+V with V' as in Hypothesis (S). Then there is a
constant Cy > 0, depending only on 7y, c1,v, M, and the dimension d, such that

1
(5.1) 1B oy continy < 510
for every f € Ran P\(H), A > 1.

REMARK 5.2. If desired, the dependence of Cy in Theorem 5.1 on 7, ¢y, v, M,
can be traced explicitly from the proof. We refrain from doing so here for simplicity
and brevity.

Throughout this chapter, let H = —A + V where V is as in Hypothesis (.9).
We use the parameters ¢y, ¢, 71, and M, introduced in the hypothesis and we
denote by h = a + v the form associated to H.

5.1. Weighted inequalities

We prove Theorem 5.1 by establishing weighted L2-estimates for functions and
gradients of functions in the spectral subspace of H with an exponential weight.
As a preparation, we need the following lemma which, together with its proof, is
essentially taken from [GY12, Lemma 2.1].

LEMMA 5.3. Suppose that for some ¢ € L*(RY) and X > 0 the function
f € HE (RY N L2(RY) satisfies —Af +Vf — \f = ¢ almost everywhere. Then,
[ € D[b] and for all g € D[b] we have b[f, g] — M, g) r2wra) = (&, 9) r2(ra)-
PROOF. Consider the function y: RY — [0,1] with y(z) = (1 — |z|?)? for
lz] < 1 and x(z) = 0 for |z| > 1, and define x.: R? — [0,1] for 0 < ¢ < 1/2
57
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by xe(z) = x(ex). Observe that x. — 1 pointwise and monotonically as ¢ — 0.
Moreover, x. vanishes outside of B(0, 1/¢), in particular on the boundary 0B(0, 1/¢).
With V(x.f) = x:Vf + fVxe, integration by parts therefore gives

(=Af, xef) 2070y = AV L XV D 201/ + V- ViXe, [ r2s0.1/0)
so that
(VI XAV D 2oase) + (Vi xef) r2o1/e)
(5.2) = (-Af+Vf, Xsf) £2B0,1/e) — (Vf - VX, f)r2so,1/0))
= (A + &, X r2B01/2) — (Vf - VXe, f)r2s0,1/e))-
Now, for z € B(0,1/¢) and j = 1,...,d we have 0;x.(r) = —dez;x.(z)/?,
that is,
IVxe(2)] = 4e?|z|xe(2)? < dexo(2)?
Thus,
(V- Ve rzso) < 1oy IV AVl so./0)
< e\ fllzmoaen IV X2 28012
< 2(112280./0) + IV FIXE 1 Z2(B(0,1/0)

= QE(HfHLQ B(0,1/¢)) +(IVf], Xa‘vf|>L2 Ol/a)))
Plugging the latter into (5.2) implies

(1—2¢) (/RdXE\Vf]2+/Rd XEV]f|2)

< (1 =22/ (VI Xl VD 2so.se) + (VI Xe ) 12s0,/2)
<A+ ¢, xe ) 2oy + 260 f 725042
< N0l 2@ayllfllz2may + (A + 28) [ f |22 ray.

that is,

1
LoV [ vt < g (1ol g + O+ 291

for all £ > 0. Since the right-hand side of the last inequality is uniformly bounded
as ¢ — 0, it follows from the monotone convergence theorem that indeed f € D[h]
with

bIf, f1 < 1100l coeayll fll 2y + A 172 (ga)-

Finally, for g € C>°(R?) integration by parts shows

bif.o] = olfoal +olfg) = [ (<A7+VHG= [ (04707
= (¢ + A, 9) 12 (rey,
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and the latter extends to all g € D[] by approximation since C>°(RY) is a form
core for H by Lemma 2.5. U

The next result is now at the core of our proof of Theorem 5.1 and is a
quantitative version of the statement in [GY12, Lemma 2.3|. Its proof is also
extracted from that reference.

LEMMA 5.4. Let A > 0, u > 0, and R > 1 be such that V(z) > p?> + X+ 1
whenever |z| > R. Moreover, suppose that the function f € HZ_ (R?) N L*(RY)
satisfies —Af +V f — A\f = ¢ almost everywhere with some ¢ € L*(R?). Then, if
elelgy € L2(RY), we have

1
(5.3) He“'g”‘f\liz(m < 5HeZMxl(b“%?(Rd\B(O,R)) + (4p + 6)62“(R+1)\|f“%2(md)~

PROOF. According to Lemma 5.3, we have f € D[h]. Suppose first that f is real-
valued and choose an infinitely differentiable function y: R? — [0, 1] with x(z) =0
for x| < R and x(z) = 1 for |[z[ > R+ 1 such that |||V || ecre) < 2. For € > 0 let
w(x) = we(x) = plx|/(1+ ¢|z]). Then w is bounded and infinitely differentiable on
R\ {0}. Accordingly, the same is true for xe® and ye?*". Therefore, ye?* f, x2e** f,
and g := xe" f are all real-valued, belong to D[h], and vanish in the ball B(0, R). In
particular, the choice of 2 implies that v[g, g] > (u*+A+1)]|g[|72 ga)- Moreover, with

the relation V(e*"g) = e*Vg £ ge®™Vw and the identity |||[Vw]||pega\ (o) = #
we obtain
V(e™g) - V(e"g) = [Vg|* — |gP"|Vuwl* = —4?|g]*,
so that
bxf, xe™ f] = ble™g,e"g] = ale™g,e"g] + v[g, 9] = (A + Dgll72(gay.
or, in other words,

(5.4) HXewa%?(]Rd) < bIxf xe® f1 = M, X262Wf>L2(Rd)~

Clearly, o[x f, xe?” f] = v[f, x?e** f]. Furthermore, a straightforward computa-
tion shows V(xf) - V(xe®f) = Vf -V (x%® f) + ne*|f|? with

(5.5) n:=2xVx - Vw + |Vx|%
Taking into account Lemma 5.3 with g = x2e?“ f, we therefore have
bIx S xe® f] = blf. X2 f] + (f,ne’ f) L2 ey
= (p+ A\, X2€2wf>L2(]Rd) +(/f, n82wf>L2(Rd)-
Plugging the latter into (5.4) gives
erwf||ig(Rd) < (¢, X2€2wf>L2(]Rd) + (/. 77€2wf>L2(Rd)
= (x*e*¢, P rewe + (f, 7762wf>L2(]Rd)
< Ix*e* @l L2ey | fll 2 ey + ||7782w||L°°(]Rd)||f||%2(Rd)'

(5.6)



60 5. DECAY OF LINEAR COMBINATIONS OF EIGENFUNCTIONS
The function 7 in (5.5) vanishes outside of the annulus R < |z| < R+1 and satisfies
Il < 2|Vx|[Vw| + [Vx[* < 4(p + 1). Hence,
17e™” || poo may < A+ 1) FD,
We thus conclude from (5.6) that
||ewa%2(]Rd) = ”ewa%%B(o,RH)) + ”ewa%?(Rd\B(QRH))

< D Fl[ o gy + e fl 2 ey

< Ix*e® Bl 2y 1 f Il L2y + (4 + 5)62#(R+1)||f”%2(Rd)

< [1e* @Il 2 mav o, f |2 may + (4 + 5)eH V| £ g

1 w
< S 1™ BlIZa oo my) + (4 + 6)e™ V| FII72 ma),

where we used Young’s inequality for products for the last estimate. Since w(x) =
w.(z) — plz| as € — 0 pointwise and monotonically, (5.3) now follows by the
monotone convergence theorem.

If f is not real-valued, we proceed analogously for Re f and Im f separately
and combine the obtained inequalities to arrive again at (5.3). 0

Applying Lemma 5.4 with ¢ = 0 allows us to obtain the desired weighted
L?-estimates for eigenfunctions of H, where R can be computed from \ and the
constants in part (i) of Hypothesis (.5).

PROPOSITION 5.5. Suppose that f € D(H) with Hf = \f for some X\ >0, and
choose R > 1 such that R™ > (A +2)/cy. Then

€M7 117284y < T £I172g)-

PROOF. According to Lemma 2.6, we have f € HZ_(R?) and —Af+V f—Af =0
almost everywhere. Applying Lemma 5.4 with 1 = 1/2 and ¢ = 0 therefore proves
the claim. OJ

In order to obtain by means of Lemma 5.4 an analogous result for the partial
derivatives of an eigenfunction, we follow the approach of [GY12| and differentiate
the eigenvalue equation Hf = \f. Indeed, since H f € HZ (R?), we know that, in
fact, f € H (RY) by elliptic regularity, see Lemma 2.6, and it follows that each
0;f € H .(RY) with j = 1,...,d satisfies
(5.7) —AO;f+ VO, f —X0;f =—fo;,V

almost everywhere. This allows to apply Lemma 5.4 to 0;f with a corresponding
right-hand side and, thus, leads to the following result.

PROPOSITION 5.6. Let f € D(H) with Hf = \f for some A > 0, and choose
R > 1 such that R™ > ((v+1)>+ X+ 1)/c1. Then, we have

[V 1 Zaqeay < (BX+ (2w + 5)M) IO £, .
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PROOF. Denote by ¢; := —f0;V the right-hand side of (5.7). Then, in light of
the hypothesis on R, we may first apply Lemma 5.4 to f with y =v+1 and ¢ =0
to obtain

(5.8) [T 172 gy < (4w 4+ 9)IHIERD | F112, .

Since |¢;(x)] < M,e’/#!|f| on R?\ B(0, 1) by part (i) of Hypothesis (S), we conclude
that el*lg; € L2(R4\ B(0,1)). In view of (5.7), we may then again apply Lemma 5.4,
this time to 0;f with ¢ =1/2 and ¢ = ¢; = — f0;V, which gives

x 1 x
(5.9) 120, £ 172y < S l1€105 172y 0.1y) + 810 F 72y
Taking into account (5.8) and that
1V £ e = alf £1 < BLF ] = (HLF, Fraqasy = Ao,

summing over j = 1,...,d then yields
x 1 x
||el |/2|vf|||%2(Rd) < 5“el ‘f|vv|”%2(Rd\B(0,1)) + 86R+1|||vf|||2L2(le)

ME V)|
< THG(H ) |f||%2(Rd\B(O,1)) + 8™ £ 22 (gay
< (8A+ (20 4 5) M) D £125 .

which proves the claim. O

5.2. Localization of linear combinations of eigenfunctions

Recall from the discussion before Corollary 2.4 that H has purely discrete spectrum,
and let (A\;)gen be an enumeration of its spectrum o(H) in nondecreasing order
(without multiplicities). With

N(A) :=#(o(H) N (—o0, A]),

we may then expand every f € Ran Py()) as

(5.10) =) T

where fr = Pg({\})f for k € {1,..., N(\)}. We have the simple bound
NO)S#F: <A < > A+1-M) < > (A+1-X)
ki AR<A ki Ap<A41

and in light of the lower bound V(x) > ¢;|z|™ on the potential in part (i) of
Hypothesis (.5), the right-hand side can be estimated explicitly by means of the
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classic Lieb-Thirring bound from [LT91, Theorem 1|. More precisely, for A > 1 this
theorem yields

> (A H1=M) Sa [ max{A+1—V(x), 0 da

d
E: A <A+1 R

S / ()\+ 1)d/2+1 dx
B(0,(A+1)/e1)t/m)

< <2>d/71)\1+d(1/2+1/n)

~d

C1

and, therefore,
2 d/Tl 1/7
(511) N()\) < Kd<_> )\1+d(1/2+1/T1) < ecl)\ 1
= 1 =~

for some constant C; > 0 depending only on ¢y, 77, and the dimension d.

REMARK 5.7. The Lieb-Thirring bound actually also takes into account multi-
plicities. It is worth to mention that for d > 3 the classic Cwikel-Lieb-Rozenblum
bound provides a sharper estimate for N(A), but the above is more than sufficient
for our purposes.

We are now in position to prove the main result of this chapter.

PROOF OF THEOREM 5.1. For every r > 0, we have

< Hei‘xl/Z”Lm(Rd\B 0,7)) (HemmeL 2re) T He|z|/2|Vf]||L2 Rd) )
™" (el flI72gay + 12V £111 72 gay) -

Moreover, using the expansion (5.10) and Hoélder’s inequality, we may estimate

Hf“l%ll(]Rd\B(Om))

N

2 NV
||e‘x|/2f||%2(Rd) < <Z”ex|/2fk||L2(Rd)> < N(A) ZHelw'/kaH%?(Rd)
k=1 k=1

and similarly, taking into account |V f| < ngv:(i‘) IV fil,

He'“"f'/zlvf!HiuR@ < N(A) Z Helx‘ﬂ’vf’f”l%?(Rd)'

We choose
Ri=((v+ 12+ X+ )Y <3Yn (1 4 u)¥m\Vm o) <, AT

which meets the requirement on R in both Propositions 5.5 and 5.6 for all eigenfunc-
tions corresponding to eigenvalues not exceeding \. In particular this is the case

for the functions fj in the expansion (5.10). Since Zk 1 kaHLQ (R4) ||f||L2(Rd
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and in light of the bound for N()) in (5.11), applying Propositions 5.5 and 5.6 for
each fj separately therefore implies that

1/7
/2 F113 gy + 12V Il agmey < € 1 172y

for some constant Cy > 0 depending only on ¢, 7y, v, M,, and d. Hence,

—_r 1/7
Hf“l%ll(]Rd\B(Om)) <e e ”fH%de)
and choosing 7 := log 2 + CoA\Y/™ < (Cy + log 2)A/™ then proves the claim with

the constant Cy = Cy + log 2. O
We end this chapter by stating a simple qualitative result which we also obtain
from Lemma 5.4 with the same technique as exercised above. This is needed

in certain situations in Subsection 6.4.2 below only because we have no explicit
representation for the domain D(H) at our disposal.

PROPOSITION 5.8. If |le V|| poo(pay < o0 for some p > 0, then there is a
constant C3 > 0 depending on V., u, X, and the dimension d, such that

(5.12) IV fllz2®ay < Cs|| fll L2 (may
for all f € Ran P\(H), A > 0. In particular, for each such f we have V f € L*(R?)
and f € H*(RY) with Hf = —Af +V f.

PROOF. By Lemma 2.7 it suffices to show (5.12). However, applying Lemma 5.4

we easily see

IV Fllzeeey < [le V| oo may [ | L2ay < Cal| f]] 2gay < oo U






CHAPTER 6

Spectral inequalities based on Carleman estimates

The goal of this chapter is to give the proofs of Theorems 4.10 and 4.23 which
are both based on Carleman estimates. In the first Section 6.1, we give a short
presentation of certain quantitative unique continuation estimates that are based
on Carleman estimates and can be seen as predecessor results to the aforementioned
theorems. We discuss properties of the potentials we work with in Section 6.2 and,
thereafter, in Section 6.3, we deduce two Carleman estimates valid for Schrodinger
operators with singular admissible potentials by perturbing existing Carleman
estimates for the pure Laplacian. The main results are then proven in Section 6.4:
In Subsection 6.4.1 we first verify covering inequalities that follow from the Carleman
estimates proven in Section 6.3 for functions satisfying some differential equation
almost everywhere. From these we conclude an interpolation inequality that is
applied to specifically constructed eigenfunctions of a Schrodinger operator on
R which are related to elements in the spectral subspace by the so-called ghost
dimension framework we recall in Subsection 6.4.2. Using this framework we finally
conclude the proofs of the main results in Subsection 6.4.3.

6.1. The Carleman approach to spectral inequalities

By unique continuation properties of differential operators one refers to the fact that
solutions of certain differential equations must vanish identically if they vanish on
a nonempty open subset. For operators with analytic coefficients, such results were
first obtained already in [Hol01|. The case of operators with non-analytic coefficients
was studied in two dimensions by Carleman [Car45| using weighted inequalities
that nowadays are known as Carleman estimates. This method was subsequently
generalized by several authors, see the introduction in [H6r63, Chapter VIII| for
further references. Carleman estimates have found a wide variety of applications,
e.g., in inverse problems [Yam09, Isal7|, unique continuation [Ken87|, control
theory [LR95, FI96], uniqueness of Cauchy problems [Zui83|, and in the theory of
random Schrodinger operators [BKO05], see also [BK13, RMV13, GK13|. We refer
to the book [Ler19| for an exhaustive discussion of Carleman estimates and their
applications.

Quantitative forms of unique continuation properties using Carleman estimates
go back at least to the works [LR95, LZ98, JL.99|, wherein the following spectral
inequality for the Laplacian is proven. Here one has no control over the constant
C that encodes the geometric properties of the set w.

65
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THEOREM 6.1 (|[LZ98, JL99|, see also [LR95]|). Let Q C R be bounded and let
w C Q be open. Then, there is a constant C' > 0 such that for all A > 0 and all
[ € Ran Py\(—Af) we have

1/2
111720y < Ce | fll72()-

A lot of progress in quantitative unique continuation based on Carleman esti-
mates has been made due to its applications in the theory of random Schrédinger
operators, where such results were first used in the highly influential paper [BKO5].
In this setting, the sensor set is usually an equidistributed set (since this models
the position or influence of ions, cf., e.g., the exposition in [Sto01]) and also quanti-
tative unique continuation estimates for individual eigenfunctions are of interest
since these already imply a so-called eigenvalue lifting, see, for instance, [NTTV18,
Corollary 2.6] and the excursus in Appendix B below.

In order to present results preceding our Theorem 4.10, we now recall the main
result from [RMV13].

THEOREM 6.2. Let § € (0,1/2) and let w C R? be (1,0)-equidistributed as
in Definition 4.6. Then for all L € N, all real valued V € L*®(RY), and all
[ € D(AR ) UD(ARY) satisfying the differential inequality |Af| < |V f| almost
everywhere on A, we have

2/3

1\ Ka-(1+IVs
1 1a,) < (5)

While this theorem holds for eigenfunctions f of the Schrédinger operator
H = —A+V it is not applicable for all functions in a spectral subspace and therefore
no spectral inequality. Furthermore, even for eigenfunctions f corresponding to
an eigenvalue A > 0, the exponent takes the form K, - (1 + ||V||gé3 + A2/3) and
therefore the power 2/3 of the eigenvalue differs from the expected 1/2 we get for
the pure Laplacian (V' = 0) and which is known to be sharp in this case. This is
due to the fact that instead of working with the parameter A separately, one here
considers f as an eigenfunction (with eigenvalue 0) of the Schréodinger operator
H = —A+ (V = \), so that A inherits the exponent 2/3 from the potential-term.
Actually, a similar phenomenon occurs in the proof of Theorem 4.23 below.

A first approach to generalize Theorem 6.2 to elements in the spectral subspace
was given in [Klel3, Theorem 1.1] and subsequently generalized in [KT16, Theo-
rem 1.2] to certain singular potentials. For brevity, we only recall the result from
the last mentioned reference since it agrees with [Klel3, Theorem 1.1] in the case
of bounded potentials.

)
£ 11Z2 )

THEOREM 6.3 ([KT16, Theorem 1.2|). Let p > d for d > 3, p > 2 ford = 2,
and p > 2 for d = 1. Suppose that V. = V; + Vo with some V; € L*®(RY),
Vo € LP(RY), and consider the Schridinger operator H = —A +V on L*(R?). Let
q=4p?/((3p — d)(2p — d)) for d > 2 and let ¢ = 2p*/((3p — 4)(p — 1)) for d = 1.



6.2. BASIC PROPERTIES OF THE SCHRODINGER OPERATORS 67

Then, there is a constant C > 0, depending only on the dimension d, such that if
for 6 € (0,1/2) and A\ > 0 we set

2 _ Lsearville vl 0

2 )
then for all finite rectangles A = Ag(0) with a € (114v/d, 00)® and zo € R? and all
(1,6)-equidistributed sets w C R? we have

n

1320 (1+(IVillow V2l 42)7)
||f||%2(A) <4. <5>

for all intervals I C (—oo, \] with |I| <2n and all f € Ran1;(HY), e € {D, per}.

£z Ay

REMARK 6.4. Since ¢ — 2/3 as p — o0, setting ¢ = 2/3 if p = 0o we recover
[Kle13, Theorem 1.1].

The reason why this theorem merely allows short energy intervals I is that
the proof is based on an unique continuation estimate with an additional error
term (which, in case of bounded potentials, essentially follows from [RMV13] with
minor adjustments) and the observation that for I = [u — 1, u + ] this error term
|(H} — 1) fl|z2(a) is bounded by 7]| f||2(a) and can therefore be subsumed into the
norm on the left-hand side.

The result from [Klel3| (for bounded potentials) was generalized to arbitrary
linear combinations of eigenfunctions, that is, to a spectral inequality, in [NTTV1§]
for Schrodinger operators on finite cubes and in [NTTV20b| for Schrodinger op-
erators on generalized rectangles, see Theorem 4.7 above for the most general of
these results in the case of operators on the whole of R?. Here, while the proofs in
[RMV13, Klel3, KT16| apply only a single Carleman estimate to the eigenfunction
itself, INTTV18, NTTV20b] is based on two Carleman estimates (with and without
a boundary term) applied to a function that is constructed in a way introduced in
[JLI9] from an element in the spectral subspace of the operator. The Carleman
estimate with the boundary term allows to come back to the original function
whilst the Carleman estimate without the boundary term is used to perform the
actual step from the equidistributed sensor set to the whole generalized rectangle.

We follow the same path in the proofs of Theorems 4.10 and 4.23 below. For
the former, we prove generalizations of the two aforementioned Carleman estimates
that feature singular admissible singular potentials and we also generalize the
resulting interpolation inequality using these Carleman estimates. For the latter,
we use Theorem 5.1 to essentially reduce our considerations to suitable regions
where the a priori unbounded potential behaves like a bounded one.

6.2. Basic properties of the Schrodinger operators

In this section we investigate properties of the potentials and their associated
Schrodinger operators we deal with in this chapter. First, we provide some properties
of singular admissible potentials that are at the core of our considerations.



68 6. SPECTRAL INEQUALITIES BASED ON CARLEMAN ESTIMATES

LEMMA 6.5. Let V: RY — R be singular admissible in the sense of Definition 4.9.
Then:

(a) V is infinitesimally operator bounded with respect to the Laplacian A in L*(R?).
More precisely, there are constants a,b > 0 such that

a
(6.) IV ey < asllAf ey + (£ + ) 11l z2qeey

for all f € D(A) and all € > 0.
(b) There are constants Ay, Ao > 0 such that

(6.2) IV flI72@ay € MUV FlIZ2gay + Aol Fll 72 (gay
for all f € HY(R?).

PROOF. (a) We clearly have D((—A)Y?) ¢ HY(R?) C D(V) which already
implies that V' is infinitesimally operator bounded with respect to the Laplacian
by [Tre08, Corollary 2.1.20]. However, in order to get the more precise bound
(6.1), we observe that by [Sch12, Lemma 8.4] the multiplication operator V is
(—=A)Y2-bounded and there are a,b > 0 such that

IV fllzzey < agll(=A)"2f |l 2geay + blLfll 2 ey

for all f € D((—A)'?). Now, as in the proof of [Tre08, Corollary 2.1.20], it is easy
to calculate that for all f € D(A) we have

1
1/2 1/2
(=212l aay < A ot 115ty < €l AF 2y + Z I 2qes.

In particular, f € D((—A)"?), and combining the last two inequalities we obtain
the desired inequality (6.1).

(b) We have D(V) = HY(R?) c D(V), where V denotes the gradient as a
closed operator in H'(R?). Using again [Sch12, Lemma 8.4] this implies that V' is
relatively bounded with respect to the gradient which agrees with the claim. [

Recall that Lemma 6.5 (a) ensures that the operator sum H = —A + V with
a singular admissible potential V is selfadjoint in L?(R¢) and lower semibounded,
cf. Subsection 2.2.2 above.

REMARK 6.6. (a) V is singular admissible if V2 is form bounded with respect
to the Laplacian —A. Indeed, an inequality like (6.2) holds for all f € D(A) C
D(V?), which extends to (6.2) by taking the closure of V. Hence, for f € H'(R?)
we have ||V f||2@e) < oo and therefore f € D(V), which shows that V' is
singular admissible.

(b) If V: R? — R is measurable with D(A) C D(V?), then V is singular admissible.
Indeed, in this case, V2 is A-bounded, see, e.g., [Kat80, Remark IV.1.5]. The
claim follows from the fact that V2 is also form bounded with respect to —A,
see, e.g., [Kat80, Theorem VI.1.38|, and part (i).
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Based on the preceding discussion, we now construct examples of singular
admissible potentials.

EXAMPLE 6.7. (a) Every real-valued V € L*®(R?) is singular admissible.

(b) Tt follows from [KM82, Lemma 2.1] that V2 is form bounded with respect to
Aif Ve LP(RY) withp >dford >3, p>2ford=2and p=2ford=1.
Therefore, by Remark 6.6 (a), such potentials are singular admissible.

(c) If V: R — R is measurable such that V? belongs to the Kato class in R? (see,
e.g., |[AS82] or [CFKS87, Section 1.2] for a discussion), then V? is infinitesimally
form bounded with respect to the Laplacian. Hence, V is singular admissible
on R? by Remark 6.6 (a). In particular, this is the case if V belongs to

L{)oc,unif(Rd) = {h’ € Lp(]Rd): SélﬂgiHhHLp(B(%l)) < OO}

with p > d for d > 2 and p =4 for d = 1.

Since the singular admissible potentials clearly form a vector space, also sums
of potentials from (a), (b), and (c) are singular admissible. Therefore, in dimension
d > 2, this class essentially covers the singular potentials considered in Theorem 6.3.
However, potentials of the type (c¢) have not been in scope of this theorem.

We close this section with a lemma that allows to bound the Laplacian of
an element of the spectral subspace Ran Py(H). These bounds are used in the
proofs of the spectral inequalities in Section 6.4 below and are formulated here
simultaneously for both types of potentials, since this avoids redundancies later on.

LEMMA 6.8. Let H = —=A 4V where V is either
(i) as in Hypothesis (Sz), or (1) singular admissible.
Then, in both cases, there are constants Ny, No > 0 such that for all X > 0 and all
f € Ran P\(H) we have
IAFIZe gy < AN+ N fl2@ey  and (=AF, fragay < 200+ No) [l fl72za).
More precisely, we have Ny = 0 in case (i) and Ny =14 Ay + Ag in case (7).

The constant N; enters only on an abstract level in the proof of Lemma 6.16
below, and the exact knowledge of it is therefore not necessary.

PROOF. For f € Ran P\(H) C D(H) we have —Af = Hf — V f and therefore
(6.3) IAfZ2gay < 2+ (HH FIIZ2 ey + 1V FI72(ea)

by Young’s inequality. Now we distinguish between the two cases for V.

(i) Suppose that V is as in Hypothesis (S7). According to the discussion in
Subsection 2.2.1 we may assume without loss of generality that Z = {1,...,d;} for
some d; < d. Then, using the tensor representation of H proven in Lemma 2.2
we have H = Hy ® I + I} ® Hy, where H; is a Schrédinger operator with a
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potential as in Hypothesis (S) in L*(R%) and where H, is the Laplacian in
L*(R4=41). Thus, by Corollary 2.4 we have f(-,x75) € Ran P\(H;) for almost
all z5 € R4 and we may apply Proposition 5.8 to f(-,x5) so that by Fubini’s
theorem we get ||V f1|7. Rty < C311 1132 (ray: Where C3 is the corresponding constant

from Proposition 5.8. Inequality (6.3) now easily implies
IAfZ2@ay < 2007 + CIIf 72 (ge)
and since the potential is nonnegative, we have
(=Af, framay < (HF, T2 < M2 ge-

(ii) Suppose that V is singular admissible. Using that V' is infinitesimally
operator bounded with respect to —A according to Lemma 6.5, the bound (6.3)
yields

1AL gty < 20H F gy +2 - (202N A2y +2(Z +0) 1/ 122ce))
for some constants a,b > 0 and all € > 0. Hence, choosing ¢ = 1/(8a) we have
1A ®RY) = AllH f]I7- ®d) T N[l 1125 ®Y) = < (4N + V)| f1I72 (R%)
for some constant N; > 0. For the second inequality we estimate
(=Af, ey < (H S, [ rzway + (VI ) 2wy

By Lemma 6.5 (b) and Young’s inequality we have
0 1
VIS, [ rzey < —HVfH2L2(Rd) + %HfH%Q(Rd)

Q)\l 1
< SV Fla + (5, + 22) 1 e

for arbitrary o > 0. Hence,

1 QLQ ‘|‘)\2 9
(=Af, [remay < Y (Hf f e + =77 1|22 @)
2 2

1
and choosing o = 1/(1 4+ A1) we have thus shown

(=Af, flrme < (2/\‘1'()\1—1—2)\2)) 1£1172 gy < 2(/\+(1+>\1 +)\2)> £ 172 ey O

6.3. Carleman estimates with singular admissible potentials

Here we present two Carleman estimates valid for Schrodinger operators with
singular admissible potentials. Both Carleman estimates improve or complement
earlier results in the literature. The first Carleman estimate, see Theorem 6.9
below, goes back to [Ves03, EV03|, where an inequality of this kind is proven for
a class of second order parabolic operators. In the elliptic setting, quantitative
versions are proven for the pure Laplacian in [BK05, KT16|, and for second order
elliptic operators in [NRT19]. The second Carleman estimate, see Theorem 6.10
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below, supplements the Carleman estimate of [LR95| where second order elliptic
operators are considered.

Roughly speaking, our main observation is that we can add a singular admissible
potential in an existing Carleman estimate. For our purposes we implement this
for the Carleman estimate given in [KT16] and a special case of the one in [LR95].

In the following, we denote by V4,1 and Ay, the gradient and the Laplacian
on R™! while V and A denote the corresponding expressions on R¢. For the
partial derivative in the (d + 1)-coordinate we write d; and for V: R? — R we use
the same symbol to denote V: RY x R — R with V(z,t) = V(z) for t € R. This
construction is necessary since in the proof in Section 6.4 below we will turn a
function f in the spectral subspace of the Schrodinger operator H = —A + V' into
a function F defined on a domain in R satisfying (—Agy1 + V)F = 0 almost
everywhere.

Let p > 0 and define on R4*! the weight function w by

. "1—et
wly) = ollylfp) with () =rexp(~ [ 1),
0
For future reference we note that the such defined weight function w satisfies

(6.4) lyl/(pe) <w(y) < lyl/p and [Vw(y)]* <w(y)/lyl* < 1/p?
for all y € B(0,p) \ {0}.

THEOREM 6.9. Let V: R? — R be singular admissible. Then there is a constant
Ky > 1, depending only on the dimension d, such that for all « > ag = Ki(1 +
Ap® + A2 pA3) and all F € H2(RY) with support in B(0, p) \ {0} we have

/ ap2w172a|vd+1F|2 + a3w71*2°‘|F|2

(6.5) R

<Kap' [ w4 V)PP
Rd+1

PROOF. The case V = 0 in the theorem agrees with [KT16, Lemma 2.1|. Let
us denote the constant in this case by @ > 1 and let K, be the constant on the
right-hand side. It remains to show that we can insert V' on the right-hand side
of (6.5). To this end, we estimate |Ay 1 F|* < 2|[(—Agy1 + V)F]* + 2|V F|?* and
subsume the resulting term 2K/p*I with

]:/ wwwme/wwﬁwmmmmw
Rd+1 R

in the left-hand side of (6.5) by appropriate choices of K, and ag that do not
depend on F'. More precisely, since w is smooth on the support of F', we have
w'=( t)F(-,t) € H'(R?) for all ¢t € R. Thus,

IS/RMIIV(wl_la(-,t)F(wt))Hiz(Rd)+Azl!wl_la(-,t)F(-,t)H%a(Rd) dz.
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The product rule and (6.4) imply that the inequality
(Va1 (0 F)|? < 202 2|V F|* + 2(a — 1)?|F w2/ p?

(6.6) o Con
< 2u'? |Vd+1F|2+2(a/p)2w 1-2 |F]2

holds almost everywhere, where we have taken into account that both sides vanish
outside of B(0, p) \ {0}. Plugging this into the estimate for I, we see that we have
proven (6.5) with K,; = 4K}, provided that

ap® — AN Kip* > ap?/2 and o — 2K)p*(2\1(a/p)* 4+ Ag) > o® /2.
The latter is clearly satisfied for all o > g with
(6.7) o = max{dg, 8K/ p° + (4K \ap*) /3.

Since the maximum is clearly bounded by Ki(1-+A;p?+ A)*p%/3) for some constant
K1 > 1 depending only on the dimension d, this proves the claim. 0

For the second Carleman estimate we define the weight function
(6.8) w: RT3 (2,) v —t +12/2 — |22 /4 € R.

Furthermore, for p > 0 we let Bf = {z € R¥': |z| < p, zq11 > 0} and we
denote by C25(B;) the set of all functions F': R4 = R? x [0, 00) — C that satisfy
F(z,0) = 0 for all z € R? and for which there exists a smooth function F' on R4
with supp F' C B(0, p) C R*! satisfying F' = [ on R%H,

THEOREM 6.10. Let V: R? — R be singular admissible, let p € (0,2 — \/5),
and let u be the weight function given in (6.8). Then there is a constant Ky > 1,

depending only on the dimension d, such that for all B > By = Kao(1 + M\p* + )\;/3)
and all F' € CZ4(B)) we have

/ e”“(ﬁ!VdHFPM?’\FI?)
R‘fjl
(6.9)

< Kd(/d+ ezﬁu‘(—Adﬂ + V)F‘z + 8 ezﬁu("o)’(atF)('a 0)‘2)
R

Rd
In the particular case where V' = 0, Theorem 6.10 follows from the Carleman
estimate given in [LR95, Proposition 1 in the appendix|. This Carleman estimate is
formulated for arbitrary real-valued weight functions u € C*°(R%*!) which satisfy
® (Quu)(w) # 0 for all z € B, and
e for all £ € R™! and x € B} the implication

{ |25<|€2,ZT>V:|20’ } then > (u) (&6 + (95u)(0pu)) > 0.

Jk=1
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The particular weight function (6.8) has been suggested in [JL.99]. With this choice,
the two above conditions are satisfied if p € (0,2 — v/2).

PrROOF OF THEOREM 6.10. We have already noted that the theorem holds in
case that V' = 0. Let BO, K, > 1 be the corresponding constants for this case. The
proof of the theorem is now analogous to the one of Theorem 6.9. We only need to
replace (6.6) by

V(™ )] < 26 ([VF + 5% FI2/4) on  supp F < B(0,p),
and choose
(6.10) Bo = max{ By, 2K M1 p° + (4K o) 3Y.

Again, the maximum is bounded by Ky(1 + A\;p* + )\;/3) for some constant Ky > 1
depending only on the dimension d which proves the claim. O

6.4. Proof of the spectral inequalities

We have collected all necessary preliminaries that enter the proofs of the spectral
inequalities. Throughout this section, unless otherwise stated, let H = —A +V
where the potential V' is

(i) as in Hypothesis (Sz7), or (ii) singular admissible.

However, it is worth pointing out that in Subsection 6.4.1 below it suffices to
focus on the situation of singular admissible potentials, since potentials as in
Hypothesis (S7) locally behave like a bounded potential and we only derive local
estimates therein.

6.4.1. Covering estimates for eigenfunctions. Based on the Carleman
estimates we now establish local inequalities for a function F' defined on some
subset of R4 that follow as in [JL99, NTTV18, NTTV20b| from the Carleman
estimates presented above. These results are used in the proof of Theorems 4.10
and 4.23 given in Subsection 6.4.3 below. In the proofs of these two theorems,
the function F' is constructed from an element of the spectral subspace of the
Schrodinger operator H = —A + V' by spectral calculus, see (6.18) below, and it
is then always a H?-function that satisfies (—Ay1 + V)F = 0 pointwise almost
everywhere and is antisymmetric in the (d + 1)-th coordinate, cf. Subsection 6.4.2
below. In view of this, the restrictions we impose in the upcoming lemmas are
always satisfied for the such defined function F. Nevertheless, we intentionally
postpone the construction of F' from f € Ran P\(H) and first prove the local
inequalities for an abstract function in order to point out that the proofs of the
estimates below are detached from the ghost dimension framework.
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In order to begin with the proof, we introduce for some 6 € (0, 1/2) the constants

u; = —6°/16, uy = —6%/8, uz = —0%/4,
1 V16—62
71:5——8 , ro =1, 7’3:66\/3,
V16 — 62
(6.11) Ry=1-~—— Ry = 3Vd, R3 = 9eVd.

This choice is taken from [NTTV18] and accounts for the geometric conditions
compiled in Lemma 6.13 below. Furthermore, we define the annuli A; = B(0, R;) \
B(0,7;), j € {1,2,3}, in R as the level sets of the weight function w from the
Carleman estimate in Theorem 6.9.

From Theorem 6.9 we conclude the following three annuli inequality.

LEMMA 6.11 (Three annuli inequality). Let 0 € (0,1/2) and let V' be singular
admissible. Then for all F € H*(B(0, R3)) with (—Agy1+V)F =0 and all a > ag

we have
1 eR2 2a—2 eR2 2a—2
1 < Ko(ga (5) " IF iy + (50) 7 1)

PROOF. Let n € C°(R4™) be a smooth cutoff function with 0 <n <1,7=0
on B(0,7r1) U B(0, R3)¢, and with n = 1 on B(0,73) \ B(0,Ry). Then V1n # 0
only on A; U As. Since the diameter of the annulus A; satisfies R; —r = K6? and
the diameter of the annulus Aj satisfies R3 — r3 = Ky, we can choose 7 in such a

way that

1
max{[| Ags 1] Lo IVarinlll=an} Sa 5

and

max{ || Ag 17| Lo (as), [[Vasanll| Lo as } Sa 1-

Applying Theorem 6.9 with p = R3 to the function nF and using the product rule
we get

/d+1 aw' | EV g1m + 0V FI? 4+ w2 nF)?
R

So [ WUV IVan PP+ PP Sgnf),
Re+1

since (—Agy1 + V)F = 0. Using that n = 1 and V4,17 = 0 on Ay and observing
that the bounds for the weight function stated in (6.4) imply w!™2* > w?~2* and
analogously w™172* > w?72* on B(0, R3), we obtain

1-2a 2 3 _1-2a |2 R\ 20-2 2
aw Vi F|* 4+ «’w |F|* > <—) 177 4s)
A 1ty
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as a lower bound for the left-hand side. For the right-hand side we use that
Varin #Z 0 and Agyrm # 0 only on A; U A3. Combining this with the upper bound
for the weight function, we get

R3 2a—2 o0,
(R 1 By < [ 0P (A0t PIVasa P+ [FPI8010l?)
R 1

Ry
1 eR3 2a-2 9 €R3 2a—2 9
Sogi(50) WFlnen + (50) 17,

Hence, multiplying by (R3/R2)**~? we derive the desired inequality. ([l

In a very analogous fashion we obtain an inequality for the levels sets
Uj ={(z,t) € R x [0,1]: u(x,t) > u;}, je{l1,2,3},

of the weight function of the second Carleman estimate, Theorem 6.10, where u is
given in (6.8). Since usz > us > uj we here have the inclusions Uz D Us D Uy and
by definition the weight function satisfies u > u; on U;.

LEMMA 6.12. Let 0 € (0,1/2) and let V' be singular admissible. Then for all
F e H*(Us) with (—=Agi1+V)F =0 and F(-,0) = 0 that are antisymmetric in the
(d + 1)-th coordinate, and all > By we have

. e?ﬂuz
P F I3 0y < Ka (WHF”%ﬂ(Ug) + 1@ F) i=oll72(50.0y) |-

PROOF. Let n € C®°(R¥™) be a smooth cutoff function with 0 < n < 1.
Suppose that 7 is antisymmetric in the (d 4 1)-th coordinate, n = 1 on Us, and
suppn NR? x [0, 00) C Us. With the same argument as in the proof of the previous
lemma we may choose 7 in such a way that

1

@)

cf. also INTTV18, Appendix BJ. Since nF € H*(R**!) is symmetric in the (d + 1)-
th coordinate by the choice of 7, there is a sequence of of (®,,),, C C®(R4!) of
functions that are symmetric in the (d 4+ 1)-th coordinate such that ¢, — nF in
H?(R¥), see [AF03, 3.22 Theorem|, and by [AF03, 5.37 Theorem| we also have
(0:®,)t=0 — (0¢(nF))|s=0 in L*(RY). Therefore, Theorem 6.10 is applicable with
p =1/2 and with F' = ®,,. Letting n — oo, using the same arguments as in the
proof of Lemma 6.11 above, and dividing by 8 we thereby obtain

maX{||Ad+177||L°°(Rd+1)7 1V ag1m] ||L°°(Rd+1)} Sd

62’8u2

Nl Sa G 1P By + [ O, 0@ lol

since F(-,0) = 0. For the last term we use u(x,0) = —|x|?/4 < 0 and suppn(-,0) N
R? C B(0,6), which finally proves the statement. O
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For some Ly € NgU {o0}, k € {1,...,d}, we set

d
1 1
(6.12) A:é(Lk—é,Lk+§)

and suppose that K C Z% is such that A = (J, . A1(k). Moreover, let (zx)rex be
a sequence with B(z,0) C Ay(k) for all k € K. For 2 € R and j = 1,2, 3 we set
Uj(z) =U; + (2,0) and A;(z) = Aj + (2,0) and we let

U= JUi(z) and A3 = [ Aj(z).
kek kek
Note that Af is a disjoint union and that the sets U and A} depend on A (through
the index set K) although this is not indicated explicitly.
For the special choices of r;, R;, and u;, j € {1,2,3}, that we have made here,
parts (b)—(d) of the next lemma were proven in [NTTV18, Lemma 3.3].

LEMMA 6.13. Let

d
| |
(6.13) = X(Lk+2R3—§,Lk+2R3+§>.
k=1

Then, we have U3 U A3 C T x (= Rs, R3) for all j € {1,2,3} and

(a) for x € U U A} we have |zg| Sq Li; (¢) Ax [=1,1] C A3 if all Ly, > 5;
(b) A3 NRH! c Up; () Lrex La;() < Ka

PROOF. Using the definition of U; it is easy to see that for (z,t) € U; we have
[t| <1 and |z| < 6 so that U; C By . Analogously, the definition of A; yields that
|z| < R3 and |t| < Rj for (z,t) € A; so that for (z,t) € U; U A; we have |z| < Rj
as well as [t| < Rs. Thus,

Uj. UA; C (U B(Zk,Rg)) U (—Rg,Rg) cI'x (—Rg,Rg).
ke

Since Ry = 9ev/d < K, this inclusion also implies (a). For the verification of parts
(b)—(d) we refer to [NTTV18, Lemma 3.3]. O

Combining the last three lemmata, we now prove the pivotal result of this
subsection. Here it is imperative for the proof of Theorem 4.23 below to note that
Lemma 6.13 guarantees that no information of V' outside of I' (as defined in (6.13))
enters the proof.

In what follows, we write A ~3 B if A <; B and B <4 A.

PROPOSITION 6.14 (Covering and interpolation). Let A be as in in (6.12), let
IC, and (zx)kex be as in the preceding paragraph, let T be as in (6.13), and let V' be
singular admissible. Then there is k € (0,1) satisfying k ~q 1/|log 0| such that for
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all F € H*(T x (—Rs, R3)) satisfying (—Agi1 + V)F =0 and |F(-,t)] = |F(-, —t)]
fort € (—Rs3, R3) we have

1/3
1/k 1 Ka(l+A4257) 1/k—1/2 1/2
1 a1, < (5) W vt g gy 1O E) =oll 2y, e B0

PROOF. Applying Lemma 6.12 to the translates U;(z;) and summing over
k € K, the definition of the sets U? and ug — uy = uy implies that
2 < e 2 —26u; 2
1 we) Sa g I1E i wg) + e N0 F)e=ollZ2u, pc B0

We now interpolate this inequality using the interpolation result formulated in

Lemma A.1l. In this lemma we choose r = s = —2u; > 0, k = 1/2, ty = S,
P=|Flinws. Q=IIFlinws /0% and R=[(0F)|i=olz2qy,_, Bero):
1/3

Then, using By <q 14+ A + Ay, the prefactor in inequality (A.2) is bounded from
above by efaltA+X; )" ) < g~ Kal 1+’\1+’\;/3) and therefore we derive

_ 1/3
(6.14) 1F 1 gy < 07 F AN EY s |10 F) ol 22 Uy BC100)-

We proceed analogously and apply also Lemma 6.11 to the translates A;(z;) of
the annuli. Then, summing again over k € K, we get

GRQ eR2
1P Wy Sa e (52) " 1Py + Ka(52) " 1 sy,

where we used Lemma 6.13 (d) for the second term on the right-hand side. By part
(c) of the last mentioned lemma, we may bound the left-hand side from below by
||F||§{1 (Ax(_1,1)) and using [F'(-,t)] = [F(-, —t)| as well as part (b) of the lemma we

have ||F||H1(A. <2||F|I3n Hence, taking the square root, we get

(CroN

eRs ey
| Fll o ax(-1,1)) Sd 6’4( ) | E| e ey + ( - ) [ F || (0% (~ Rs, Rs))

and we are again in the p081t10n to apply Lemma A.1, at this point with the choices

r = —log(eRy/r3), P = [|F[lmax(-1,1)),
s =log(eRy/r1), Q = (eRy/rs3) (P'x(—R3,R3))
to = ap, R = (eRy/r1)||F || ws) /0>
Then
1 1
(6.15) . log(rs/(eRs))

log(r3/r1) d log(1/6)

while ag <g 14+ A + )\é/ 5, Using this to estimate the corresponding constant from
inequality (A.2), we obtain

1/3)

(6.16)  [|F | ax(-1,ayy < ORI B )

FﬁHI{1 FX( Rg,Rs))'
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The statement is now immediately clear from applying inequalities (6.16) and (6.14)
successively, using U3 C I'' X (—Rj3, R3), cf. Lemma 6.13, and raising the resulting
inequality to the power 1/k. O

6.4.2. Ghost dimension. The proofs of Theorems 4.10 and 4.23 are based
on the so-called ghost dimension framework. This was introduced in [JL99| as a
method to deal with spectral projections by applying some spectral calculus that
transforms elements in the spectral subspace into an eigenfunction of a similar
operator in higher dimensions. For Schrodinger operators, this method was used in
[NTTV18, NTTV20b] for bounded potentials and is here extended to the situation
where the potential is either singular admissible or as in Hypothesis (S57).

In order to introduce the ghost dimension, let H: H O D(H) — H be any lower
semibounded selfadjoint operator on some Hilbert space H. Denote by (F;)icr the
family of unbounded selfadjoint operators

N sin}:(f\u/ﬁt) > 0
(6.17) Fi = / se(p)dP,(H), si(p)=4qt w=0,
—oo sms/gt) o< 0

in H. For fixed f € Ran Py(H) we define the function F': R — H by
F(t):=F,:= F;f € Ran P\(H) C D(H)

and we let

(6.18) F:R*xR, (z,t) Fyz).

While this construction works for arbitrary lower semibounded, selfadjoint
operators, it is particularly accessible for Schrédinger operators as in this case the
function F' can be interpreted as a function satisfying the eigenvalue equation of
a Schrodinger operator in (d + 1)-dimensions pointwise almost everywhere. Our
goal is to apply the interpolation result from Proposition 6.14 with the extended
function F. However, before we show that F' indeed satisfies (—Ag11 +V)F =0
almost everywhere (recall that V(z,t) = V(z) for t € R), we state a lemma that
allows us to come back to f after using Proposition 6.14 for F'.

The next lemma unifies (in the case of operators on the whole of R%) [NTTV20b,
Proposition 2.9], [DRST, Lemma 6.1], and [DSVb, Lemma 3.1], where a similar
result is proven for H = —A + V with potentials V' that are bounded, singular
admissible, or have power growth, respectively.

LEMMA 6.15. Let ¢ > 0 and let f € Ran P\(H) for some A > 0. Then with the
function F given in (6.18) we have

L L
§||f||%2(Rd> < iy < 200+ A+ No) (14 )% 172 gay.
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PROOF. For the proof of the lower bound we observe that by spectral calculus

L A L
IE I -y = | NOeF 72 gy Ut :/ [/ (Drsi())* dt

—00 —L

d|| Pr (1) f 1172 ey

We distinguish between the two cases © < 0 and p > 0. In the latter case, we
have 0;s;() > 1 and, therefore, the inner integral is bounded from below by 2:.
However, in the other case, we have 9;s;(11) = cos?(y/—ut) and we calculate

‘ sin(2/—put)
Opsy(p))?dt = o + —
| @) =
Since for small ¢ < 7/(24/—p) the second summand is nonnegative and for all larger

¢ we have [sin(2y/—pue)|/(2¢/—p) < ¢/2 by the mean value theorem, we conclude
that in both cases

A
2 L
1F oy = 5 | 1AIPuDT e = 5y

—00

Concerning the upper bound we first write

IF N max oy = | 1FlT2@ay + 10:F 72 gay + 1V Fl1 72 gy A
= | NE72mey + [0:F 72 (gay + (—AF, Fy) 2(gey dt

< 2/ (14 A+ No) | FLlf72 ey + 10:F )72 gay dt,

L

where we used Lemma 6.8 for the last inequality. By spectral calculus, we therefore
have

A
rwmmWﬂwmszu+A+Ng/

—00

[/OL s:(p)? + (9pse(p))* dt d”Pu<H)fH%2(Rd)

since f € Ran Py\(H). In order to estimate the inner integral, we again distinguish
between ;1 < 0 and p > 0.

o Let u < 0and ¢t > 0. Then s;(u) = sin(y/—put)//—p < t by the mean
value theorem and 0;s:(u) = cos(y/—put) < 1++¢.
o Let >0 and ¢t > 0. Then s,(u) = sinh(y/ut)/ /i < tcosh(y/ut) < teVr
by the mean value theorem and 9s,(1) = cosh(y/at) < evVit.
In the first case we thus have

Akwf+@MMVasgbu+ﬁwsu+&

while in the second case

| w2+ @i ar < [ (14 ) < 0 B3 < (14
0 0
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Hence, with p, = max{0, u}, we have

A
Py ooy < 2043+ M) [ (1 % QB ) e

—00

< 2(1+>\+N2)(1+L)3e2m||f||iz(md)- U

The next lemma now establishes the almost everywhere identity needed for
Proposition 6.14.

LEMMA 6.16. We have F € H*(R? x (—¢,1)) for every v > 0. Moreover, F is
antisymmetric in t and satisfies (O.F)(-,0) = f as well as

(6.19) (=Ag1 +V)F =0
almost everywhere on RY.

PROOF. The antisymmetry in the (d+1)-th entry follows from the antisymmetry
of t — s;(p). It is shown in Lemma A.9 in the appendix that F' is (infinitely)
weakly as well as L?(IR%)-differentiable with respect to ¢ and that the derivatives
agree. More precisely, we have

(6.20) OFF(-,t) = (/[ \ OFsy(1) dPM(H))f € D(H) for k€N,

and this formula also implies (0, F)(+,0) = f since 0ys¢(i)|t=0 = 1. Moreover, as in
INTTV20b, Proof of Lemma 2.5], we have

HFPAI)S = [ os(u) AP (1)

and the above formula for the derivatives of F' therefore yields H(F(-,t)) =
(O2F)(-,t) since us,(p) — 02s,(u) = 0. Hence, (6.19) holds almost everywhere.

It remains to show that F € H?(R? x (—¢,:)). To this end, we first note that
Lemma 6.15 implies F' € H'(R? x (—¢,¢)). Thus, it remains to show

Z HaﬁFHLz(Rdx(ﬂ,L)) < Q.

BeNgH!
|81=2
We write
> N0 Fl a0y = IO Pl man -1y
BeNIT!
(6.21) =

+||Vd8tF||%2(RdX(,L,L)) + Z ||85 FHiQ(RdX(*L,L))'
pB’eNd
5'1=2
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In order to bound the first summand on the right-hand side, we use F; € Ran Py(H)
as well as HF, = (0?F)(-,t) to obtain

HatQFH%%Rdx(—L,L)):/ H(afF)(nt)H%%Rd)dt:/ HHFtH%Q(Rd)dt
< ¥ / | Ful 2y At = A2 F a1y < 00

Based on Lemma 6.8 we bound the second and third term on the right-hand
side of (6.21): Using that 0,F; € Ran Py(H) by spectral calculus, we have

L

IV ad: F 72— :/ IVa(O:F) (-, )| 2 (ray dt:/ (A0 Fy, 0 Fy) 12(rey di

—t

<200+ 8) [ IFilian dt = 200+ Na) Pl ey < o
so that the second term is bounded. For the last term we estimate

/ 1 !
DN F gy <2 ) @Haﬁ Fy||72@ay = IAF |72y,
B'eNd B’eNd
18'1=2 |6'|=2
where the identity follows from integration by parts, cf. [See2l, Example 4.2].
Applying Lemma 6.8 and integrating over t € (—¢, () finally gives

310 Pl ey < A0+ M) [ By de = 4074 NI e oy
B'eNgd —t

|8'|=2

which proves the lemma. 0

REMARK 6.17. In an analogous way it is possible to also consider Schrodinger
operators Hy = —A} +V with Dirichlet, Neumann, or periodic boundary conditions
(if applicable) @ € {D, N,per} on generalized rectangles A = ijl(aj,bj) with
—00 < a; <b; <oo,je{l,...,d}. This requires that V is singular admissible on
A, that is, D(V) D H*(A). The above proofs (in particular the one of Lemma 6.5)
can easily be adapted to this situation. However, in order to apply Proposition 6.14,
it is necessary to extend the potential, the operator in (d + 1)-dimension, and the
function F' to a large enough region that contains the set I' X (—Rg, R3) defined
in (6.13). We here avoid these merely technical details and refer the reader to
[DRST, Lemma 4.5] for the extension procedure needed for the potential and to
[INTTV18, NTTV20b| for the extension of the operator and the function F.

6.4.3. Proof of Theorems 4.10 and 4.23. We are now in the position to
give the proofs of our main results. First, we examine the situation for singular
admissible potentials.
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PROOF OF THEOREM 4.10. It suffices to prove the statement in the case where
G = 1, since the general case follows from this by a classical scaling argument,
see Subsection A.1.6 in Appendix A where it is analyzed how the parameters
A1 and Ay behave under this scaling. Recall that V' is singular admissible and
therefore No = 14 A1 + A\ in Lemma 6.8. Without loss of generality let A > 0. Fix
f € Ran P\(H) and define F as in (6.18) above. Using Lemma 6.15 twice (with
1 = Ry = 9¢V/d as in (6.11) above and with + = 1) we have

[ral
H1(Rex(—R3,R3)) <4(1+)\+N2)(1+R3)3e2ﬁL
(6.22) HF“HI(]RdX( 1,1))

< ofa (log(L+A+A1+X2)+AM2).

Let K = Z% and let (zj)geze with z, € Ay(k) be such that w D (o Bz, 9).
Applying Proposition 6.14 for the function F' with 6 = § we obtain

1/k 173y 1/k—1/2 1/2
HFHb{l (Rix(—1,1)) <" Hallt A, HFHI{l Rd/x —R3,R3)) H(at = OHL/2 (Ugezd B(zk:9))
173y 1/k—1/2 1 2
< g Ea(l+h+x, HFHIL Rd/x( Rak) Hf” /
1/k—1/2
Plugging in (6.22) and dividing by HFHB{1 Rd/x( Ry WE 8T
||F||1¥12Rd ) < g Ke (1+A1+A5%) oar(log(LHA+ A1 +22) +21/%) /,»chHl/2
x(—R3,R3)) —

and we further estimate the constant using

10g(1 4+ A+ A+ Ag) + A2 <8+ (140 + A+ AV2),
which is a simple consequence of log(1 +r) < 2r'/3 for » > 0. Thereby, in light of
1/k ~q log(1/0) (cf. equation (6.15)), the prefactors match exactly and we get

7 1/3,y1/2
|| it e (= g gy < O K TFMFRTHAD £l

since # = §. Applying Lemma 6.15 (with + = Rj3) once again, we bound the
left-hand side from below by the norm of f on the whole of R% and finally conclude

K, 1/3 4 \1/
1117 gy <0 KR £ 2. O

The proof of the spectral inequality for Schrédinger operators with potentials
as in Hypothesis (S7) proceeds in an analogous way, but implements a cut-off
procedure which allows to only apply Proposition 6.14 on a region where V is
bounded by part (i) of Hypothesis (S7).

PROOF OF THEOREM 4.23. Let V be as in Hypothesis (S7) and let F be as in
(6.18). Then Ny = 0 in Lemma 6.8 and therefore, similar to (6.22) above, we have

(623) “FHHI (Rx(—R3,R3)) < eKd.)\l/2.

11771 e -1,
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Moreover, since f € Ran Py\(H) and F is defined as in (6.18), the functions F; and
Oy F; are also contained in Ran Py(H) for all ¢t € R. As in the proof of Lemma 6.8
above, we assume without loss of generality that Z = {1,...,d;} with d; < d.
Furthermore, we let dy = d—d; and write H = Hi® I + I, ® Hy with H; = —A+V
in L2(R™) and Hy = —A in L?(R%) according to Lemma 2.2, where V satisfies
Hypothesis (S). If d; = 0 the second summand of H can be dropped here. The
representation for h € Ran Py(H) proven in Corollary 2.4 applied with h = F(-, 1)
and with h = 9,F(-,t) then yields that 9,F (-, x2,t) and 0% F(-, xs,t) for a € N2,
la|] < 1, belong to Ran Py(H) for all + € R and almost all x5 € R?%. Hence,
expanding the H'-norm as

1
||F||§—]1(Rd><(—1,1)) = /bl/Rd2 |:||F('7x2at)||§_[1(Rd1) + ||Vx2F(';x27t)||%2(Rd1)
+ HatF('7x27t)H%2(Rd1) dzy dt
and estimating each of the three summands according to Theorem 5.1, we get

(6'24) ||F||12LII(R(1><(71,1)) <2 HF”?'—Il(B(dl)(ch’o)\l/Tl)deQ><(—]_7]_))’

In combination with (6.23) we derive at

AL/2
HFH%Tl(RdX(—Rg,Rg)) < 2€Kd)\ HF“?—II(B(dl)(0700)\1/71)de2><(—1,1))

\1/2
< 2" N F s e xrt 1,17

where A4)  R% denotes the smallest cube of odd integer sidelength that contains
BU(0,CoA™). Let K = K(A) = (Z% N A)) x Z% and let (2;)kexc be points
such that
wN (AW x R®) 5 U Bz, 6"TH%),
keK

which is possible according to the assumption on w. Clearly, by the definition A1),
for all k € K we have |kz| < K400\ ™. Therefore,

gn’f; Sitlkzl® > SHHECA™™ _ g and wn (A(dl) X RdQ) D U B(z, 0).
€
ke

Now we apply Proposition 6.14 with this choice for # and recall from the discussion
preceding Proposition 6.14 that only information of V on I' as defined in (6.13)
enters the proof. However, since the last lemma implies I' € K4A x R%, part (i) of
Hypothesis (5) yields

HV|FHOO < (KdCO)\l/n)TQ < Cl)\TQ/Tl’

where C) = K}? CgQ/ ™ > 1. Thus, V behaves like a bounded potential and therefore
we may follow the proof of Theorem 4.10 with A\; = 0 and Ay = C?\?™2/™ This
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gives

< KO

I E'[] i1 (et e (— R, ) Urex B(21.0))

< 9—Kd'(1+012)\2T2/3T1) HfHLQ(w)

since 275/37 > 2/3 > 1/2. Plugging in 6 = §'TFaCoX'/"™)% and using Lemma 6.15
we finally conclude
1l r2ay < 677

< 5701+a>\(27—2/3+a)/7—1Hf”LQ( )
— w)

1+71o+a 279 /71 +a 2 34+
4 cy A(@272/3+0a) /Ty

1/ 1]22 )

where C' = K=oyt m/m, O



CHAPTER 7

Uncertainty principles based on complex analysis

In this chapter we use techniques based on complex analysis to prove the spectral
inequalities for partial harmonic oscillators, in particular Theorems 4.16 and 4.19,
as well as the uncertainty principle with error term formulated in Theorem 4.35.
We start with a short survey of the historic development which led to the approach
discussed here, see Section 7.1 below. Thereafter, Section 7.2 is devoted to the
proof of the spectral inequalities for the partial harmonic oscillators. More precisely,
in that section we first establish technical preliminaries that enter the proof of a
generalized spectral inequality that is written down and proven in Subsection 7.2.4
below. We infer the actual spectral inequalities as simple corollaries to this
generalized version in Subsection 7.2.5. Some minor extension of the aforementioned
results are described in Subsection 7.2.6. The chapter is concluded with the proof
of Theorem 4.35 in Section 7.3. Since this proof is very similar to the proof given
in Section 7.2, several arguments require only minor adjustments and we refer in
this case to the corresponding arguments in Section 7.2.

7.1. Logvinenko-Sereda inequalities

Heisenberg’s famous uncertainty principle states that measuring the momentum of
a particle inevitably changes its position and, vice versa, measuring its position
changes its momentum. This implies that it is impossible to simultaneously
determine the precise position and momentum of a particle. There are various
mathematical formulations of this principle, see, e.g., the monograph [HJ94] for
an overview. Since the momentum of an observable can be obtained from its
position via the Fourier transform, one of the mathematical f(\)rmulations is, that if
a function f has a compactly supported Fourier transform f, then f itself cannot
have compact support. This qualitative fact is well-know and a direct consequence
of the Paley-Wiener and the identity theorem for holomorphic functions.

In order to discuss more quantitative versions of the uncertainty principle, we
follow the diction of [HJ94] and call a set w C R? determining, if for all functions

fe&={gec L*R?: suppg C B(z,r) for some r > 0, x € R}
there is a constant C' > 0 such that

(7.1) [fllz2@a) < Cllfllz2w)-

Clearly, if w is determining, then each f € £ vanishes identically if it vanishes on w.

85
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Conditions on the set w guaranteeing that it is determining were first studied
in [Pan61, Pan62|. Therein, necessary conditions were established in all dimension,
while the sufficiency was only shown in one dimension; however, for dimensions
d > 2 an alternative sufficient condition, unrelated to the necessary one, was also
given. Moreover, the proof gives no information about the constant C' in inequality
(7.1). This was done, independently, only by Kacnel’son [Kac73] and Logvinenko &
Sereda [LS74]. Actually, they give a full characterization of determining sets w for
all dimensions and even in a general LP(R%)-setting, p € [1, 00), where determining
sets are defined analogously to the L2-situation above. We restrict ourselves here
to the Hilbert space situation and formulate the result from the last mentioned
articles in this setting.

THEOREM 7.1 (|[Kac73, LS74]). Let w C R? be measurable. Then w is deter-
mining if and only if there are v € (0,1] and p > 0 such that w is (v, p)-thick in
the sense of Definition 4.2 above.

If one of the two equivalent statements holds, then there are constants Cy,Cy > 0
depending only on v, p, and d, such that

1]l 2@y < Cre®" (| fl 2
for all f € L*(RY) with suppfc B(x,r) for some r >0 and some x € RY,

The constant provided by the above theorem is not explicit in the thickness
parameters nor in the dimension. This drawback has been eliminated by Kovrijkine
|[Kov01, Kov00| using an approach based on complex analysis. This allows to derive
an explicit constant which is polynomial in 1/, improving significantly on the
constant in Theorem 7.1.

In fact, [Kov01, Kov00| uses a slightly refined definition of thickness which we
recall here in order to state the geometric assumptions in full generality.

DEFINITION 7.2. A measurable set w C R? is said to be (7, a)-thick for some
v € (0,1] and some a = (ay, ..., aq) € (0,00)¢ if
|A(z,a) Nwl|
Az, )]
The one dimensional version of the next theorem was established in [Kov01],
while the higher dimensional analogue was proven in [Kov00|. We again formulate
only the L2-version here, although it is stated in the mentioned references for all
LP-spaces with p € [1, 00].
THEOREM 7.3 (|[Kov01, Kov00]). Let v € (0,1], a € (0,00)%, and let w C R? be

measurable. Then, for all f € L*(R?) with supp f C A(z,b) for some x € R? and
some b € (0,00)* we have

>~ forall zeR%L

K@ d(Kab+1)
(7.2) 11l 22(rey < (—)

11l
5 @)
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if and only if w is (7, a)-thick.

The strength of the approach [Kov01l, Kov00] is the fact that the assumption
on the support of fis merely used to guarantee that f is analytic and satisfies a
Bernstein inequality. This allows the approach to be generalized to appropriate
subspaces of analytic functions satisfying a Bernstein-type inequality. This was
done, for instance, for functions having a compactly supported Hankel (or Fourier-
Bessel) transform [GJ13] and for some model spaces [HJK20]. Moreover, [EV20]
treated the situation of functions on a torus T¢ = X?Zl(O,Qij)d with sides

L= (Ly,...,Ly) € (0,00) having a finite Fourier series. In order to formulate
their result, we write k/L := (k1/L1, ..., ka/Lq) for k € Z¢ and define the Fourier
coefficients of a function f € L*(T%) by

~ 1 .
f(k/L) = ———— (z)e @ ®/D dz, ke zd.

[[;-1 27L; Jrg
Hence, supp fC 74/ C R? and f has a finite Fourier series if supp fis contained
in a compact set.

THEOREM 7.4 ([EV20]). Let L,a € (0,00)? and let w C R? be a (v, a)-thick set
with 0 < a; < 2nL; for all j = 1,...,d. Then, every function f € L*(T$) with
supp f C A(z,b) for some x € RY and some b € (0,00)? satisfies

K9\ Ka-b+3d+3
(7.3) IF e < () 11 z2crg

This result was further extended in [Egi21| to functions on strips having com-
pactly supported Fourier coefficients in the bounded coordinate directions and
compactly supported Fourier transform in the unbounded ones.

The interest in the last two Logvinenko-Sereda inequalities from the control
theory point of view stems from the observation by [EV18| that the explicit form of
the constant allows to reformulate them into spectral inequalities for the Laplacian.

LEMMA 7.5. If either

(i) Q@ = R? and A is the Laplacian on R?, or
(ii) Q = (0,27 L) for some L > 0 and A = Ay, @ € {D, N,per}, is the Laplacian
on ) with periodic, Dirichlet, or Neumann boundary conditions,
then for all A > 1 we have

(7.4) Ran P\(H) = {f € L*(Q): supp f € B(0, VX)}.

In particular, Theorems 7.3 and 7.4 imply the spectral inequalities for the Laplacian
stated in Theorem 4.3.

The restriction of compact Fourier support in Theorems 7.3 and 7.4 has subse-
quently been replaced by a compact Fourier support in terms of the orthonormal
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basis of Hermite functions [BJPS21] based on Bernstein inequalities for the Hermite
functions established in the last reference, see Theorem 4.13. As already noted
in the discussion before Theorem 4.13, this implies a spectral inequality for the
harmonic oscillator. Furthermore, a fairly abstract framework that allows to estab-
lish a spectral inequality for a lower semibounded selfadjoint operator satisfying
some abstract Bernstein-type inequality was given in [ES21|. Amongst others, this
allows to treat the Laplacian (with suitably chosen boundary conditions) on some
specific triangles or sectors in R? as well as all the aforementioned results were
w was assumed to be thick. However, if the set w is not assumed to be thick, it
is necessary to complement the Kovrijkine approach with additional techniques.
For instance, the proof of Theorem 4.15 above given in [MPS22]| relies on weighted
versions of the Bernstein inequalities for Hermite functions. The intention of this
chapter is to show how the decay of the functions under consideration can be used
to considerably weaken the geometric assumptions on the set w.

7.2. Spectral inequality for partial harmonic oscillators

The goal of this section is to prove a generalized spectral inequality, see Theorem 7.19
below, and to show that this generalized version implies the spectral inequality for
the partial harmonic oscillators we formulated in Theorem 4.19. In fact, we conclude
this theorem from the generalized spectral inequality in Subsection 7.2.5 below.
There we also formulate and prove the announced generalization of Theorem 4.19
to an unbounded scale which includes Theorem 4.16 as a special case. Furthermore,
at the end of the present section, in Subsection 7.2.6 below, we prove a spectral
inequality for the operators Hz ;. However, there we are dealing with observation
operators which are not multiplication operators by a characteristic function of a
sensor set.

7.2.1. Global properties of spectral elements. We start by studying global
properties of elements in the spectral subspace. To this end, recall from Lemma 2.2
that we can write the partial harmonic oscillator Hr = —A + |zz|* as a tensor
product between the (full) harmonic oscillator H; = —A + |z|? and the Laplacian
Hy = —A, where, without loss of generality, Z C {1,...,d;} for some d; < d. Since
the spectral elements also have a tensor representation by Corollary 2.4 (a), we get
global properties for Hz and for Ran Py(Hz) from related properties for Hy, Ho,
and their respective spectral subspaces. We point out that in the present setting
every f € Ran Py(Hz) can be extended to an analytic function on C? which we
denote again by f, cf. Corollary 2.4 (b).

The properties we are interested in here are the so-called Bernstein inequalities.
These inequalities were first established for functions with compactly supported
Fourier transform or series, see [Boab4, Theorem 11.3.3] and [MS13, Proposi-
tion 1.11], and later adapted to functions in the spectral subspace of suitable
selfadjoint operators, see [ES21] and [BJPS21, Proposition 4.3]. Here we follow
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the concept of [ES21] and present averaged versions of the Bernstein inequalities,
which allows us to give slightly more efficient estimates below.

We start with the Bernstein inequality for the Laplacian and the harmonic
oscillator. The proof of both uses the technique of [ES21, Lemma 2.1].

LEMMA 7.6. Let A > 1.
(i) Every f; € Ran P\(H,) satisfies

1. "N+ 2k)
(75) D Sl il < S

la|=m

Hf1||i2(Rd1)7 m € Np.

(ii) Every fo € Ran P\(Hs) satisfies

| . A™
(7-6) Z a”a f2||%2(Rd2) < MHfQHQLQ(RdQ)’ m € No.
|a)l=m
PROOF. We first prove (i). To this end, recall that the Hermite functions
(Pa)aeng defined in (4.7) form an orthonormal basis of eigenfunctions of the

harmonic oscillator corresponding to the eigenvalue 2|a| + d; for all o € Ng*.
Choosing N € Ny such that 2N 4+ d; < XA < 2N + d; + 2, we therefore have
f1€én ={P,: |a] < N}. We show

1. V(2N + dy + 2K)
(77) Z a”a lei?(Rdl) < A= ml ) ||f1||%2(Rd1)7 m € No,

|a]=m

which implies the asserted inequality by the definition of N. In order to prove
(7.7), we proceed by induction and observe first that integration by parts shows

dy
Zl‘axjf1||%2(Rdl) = <f1> _Af1>L2(Rdl) < <f17H1f1>L2(]Rd1) < <2N + d)“flui%Rdl)?
j=1

which is the above statement for m = 1. Now, Lemma A.2 implies

dy
1 le" 2 _ 1 1 ate; 2
Yl Al = g 2 Gy N0 il

jaj=m~+1 " lajl=m  j=
and since
(7.8) 0°f1 € Enyjal forall a e NE,
we may use the induction hypothesis to further estimate the right-hand side by

2(N + |a]) + d4 |
—— > S0 fille gy

|a)l=m
_ 2N o) +di TT (2N +di + 2k)
- m+1 m!

il 22 g
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which proves the asserted inequality and, therefore, the Bernstein inequality (7.5).

In case of (ii), the spectral subspace Ran Py(Hj) is invariant under Hy = —A.
Since for f, € Ran Py\(H;) we have (fa, —Afa) 2gd) < )\||f2||i2(Rd2), the same
induction as before proves (7.6) O

REMARK 7.7. The property (7.8) is characteristic for the finite linear combina-
tions of Hermite functions It can easily be proved using the so-called raising and
lowering operators R = d— —xand L = d ~ + x of the harmonic oscillator, see, e.g.,

[BJPS21, Section 4.2].

Next, we use the previous lemma and the tensor structure to establish a
Bernstein inequality for elements in the spectral subspace of the partial harmonic
oscillator.

LEMMA 7.8. Given A > 1, every function f € Ran Py\(Hz) satisfies

1 feY 2 CB(TTL >\)
Z 5”6 fHL2(Rd) =~ T Hf”L2(Rd) fO’I" all m € NO,

|a|=m
where
m—1
(7.9) Cp(m, A) = 2" [ (A + 2k).
k=0

PROOF. Let f € Ran P\(Hz). By Corollary 2.4, we have that (9°f)(x,")
belongs to Ran Py(H>) for all z € R4 and all 8 € Ngl' In the next step we split a

multi-index o € Nd as o = 8+ v with 8 € Ngl and v € Ngjzc. We apply Lemma 7.6
for fixed m € N and 5 € Ng’l to fi = 0°f as well as Fubini’s theorem to obtain

1 =18l
—||6v0” f]|2, < —
wzm:_m z Jioes (m — [B])!

In the same way, f(-,y) € Ran Py(H;) for all y € R%, so that

TV 2K
Z ,”aﬁfHB Rd) = —kO(.| )
|Bl=3 bl

10° F 12 gy

17112 (g

Putting the last two estimates together, we arrive at

> 0 e =3 3 & S 100 e

la|=m. J=0 18| J : [v|=m— J

1 (N (m)\ o i
< (X () T+ 203 )1 e
T Nj=0 k=0
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In order to complete the proof, it only remains to observe that

i(?)ﬁ(kﬂk) X”"<W]L_[1 A+2k)§:< ) ﬁ)\Jer: 0

Since the spectral subspace of the harmonic oscillator is invariant under the
Fourier transform, the Bernstein inequality allows to conclude a weighted L2-
inequality that again encodes the fast decay of elements in the spectral subspace in
the growth directions of the potential in the same manner as Proposition 5.5 above.
Similar bounds have already been obtained in [BJPS21, DSVc, DSVa| but the
derivation we present here shows the close relationship to the Bernstein inequalities
and also optimizes the constants.

LEMMA 7.9. Let A > 1 and f € Rany(Hz). Then
(7.10) ez £ 1122 gay < 4+ 2M1 F1172ay-

Here the weight function is quadratic in the exponent in contrast to the linear
term in the exponent of the weight function in Chapter 5, e.g., in the aforementioned
Proposition 5.5. However, since the dependence of the constant on the spectral
parameter \ changes similarly, this does not drastically change the radius of the ball
where such functions are localized. More precisely, in view of the weighted inequality
(4.6) we here have gq/p = 1/2 with ¢ = 1 and p = 2, whereas Proposition 5.5 (in
case of V(z) = |x|?) gives the same result with ¢ = 1/2 and p = 1. We nevertheless
prove Lemma 7.9 here since its weight function allows to slightly optimize the
dependence of the constant on the dimension d.

PROOF OF LEMMA 7.9. Let f; € Ran P\(H;). By Plancherel’s identity and
integration by parts we have

1 2m 2 _ 1 m 2
<2m)|H’l’| f1HL2(Rd1) —WH(—A) f1||L2(Rd1)

- . L a7
<f17(—A)2 f1>L2(Rd1): Z a”a f1||i2(Rd1)'

|a|=2m

1
~ (2m)!

Using that the spectral subspace Ran Py(H;) is invariant under the Fourier trans-
form, we can apply Lemma 7.6 (a ) to f1 and obtain

”em /16f1”L2 Ri) < Z

|||x|2mf1||L2(Rd1)

16™m
0 1 1 . 1/2
_ l. 1A« 2

2m—1 1/2 N
(r.11) <> o (TLO+20) il
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We calculate

g (A +2k) < 22 kljo (JA/2] + 14 &) = 4™ (Wa/;?m)!

< 16m2M21(2m)! < 64™2 N (m!)?,

where we used (k + j)! < klj!- 2 for k,j € Ny and [A/2] < A for all A > 1.
Plugging this into (7.11) and using Plancherel’s identity once again, we get

x2
(7.12) e fill 2 ary < 22 full oy

By Corollary 2.4 we have f(-,y) € Rany(H,) for all y € R%. Thus, using
Fubini’s theorem and applying (7.12) with f; = f(-,y) we get

1/2
2|2 2
o5 g = [ 16478l
2

1/2
< (/ 22“||f(',y)Hi2<Rd1)dy)
R%2

= 22| £l 2 ey O

7.2.2. Covering and localization of Bernstein inequalities. In order to
treat as many sensor sets w as possible at once, we work with an abstract covering
of R? and impose certain conditions on this covering in the formulation of the
following lemmas. All of these conditions will be condensed in Hypothesis (H,)
below.

Let (Qk)rex be any finite or countably infinite family of measurable, nonempty,
bounded, convex subsets Q, C R? and let x > 1 be such that

(7.13) ‘Rd\ U Qk‘ =0 and Z 1g,(v) <k forall zeR%
kek kek

We say that (Qp)rex is an essential covering of R? of multiplicity at most k. From
the decay encoded in Lemma 7.9 we extract that elements of the covering that are
far away from the origin carry only a neglectable amount of the mass of f. Hence,
we can reduce our considerations to the covering elements close to the origin.

REMARK 7.10. We already used a similar reduction argument in inequality
(6.24) in the proof of Theorem 4.23 above. However, in contrast to the situation
there, we here only need to localize the function in the L?-norm and the localization
is not used to regard the potential essentially as bounded.

In what follows, B()(0,r) denotes the ball in R%.
LEMMA 7.11. Let A\ > 1 and C =6 - (1 + \/log k). Then the subset
(7.14) Ke =K\ = {k € K: QN (B")(0,CA?) x R®) £ 0}
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satisfies

1
2 e < 152y for all - f € Ran Py(H).
keks

PROOF. For f € Ran Py(Hz) and s > CA'/2, Lemma 7.9 implies that

112 ey (st 0, wrety = €™ 10T A £ g (a0, ety
< 46_82/82A||f||%2(Rd)

1
< EHfH%?(Rd)'
By definition, Q; N (B@)(0, CAY/?) x R%) = {) for k € K. Hence,

S 1 1Bauy < A o anio.comoyginy < 7 - 1 122y 0

keks

1

We now localize the Bernstein inequality proven in Lemma 7.8 to the covering
elements. This approach was established by Kovrijkine [Kov01, Kov00] and used in
many works thereafter, cf. the overview presented in Section 7.1. It is clear that one
can not expect that the global inequality implies a localized version on all of the
covering elements. However, by choosing an additional prefactor depending on the
multiplicity x and the order of derivatives m, we can nevertheless guarantee that
it holds on sufficiently many of the covering elements, the so-called good covering
elements. Furthermore, increasing the aforementioned prefactor, it is also possible
to conclude a pointwise inequality on all of those good elements.

In order to be more precise, we say that Q. for k € K is good with respect to a
function f € Ran P\(Hz) if

1 Cp(m, A
(715) Z a”@afuiz(Qk) S 2m+1/€%

laj=m

HfH%g(Qk) for all m €N,

and we call (Q; bad otherwise, i.e., if

(7.16) Y “aafHL?(Qk) > 2"ty

laf=m

C()

||f||L2 Q) for some m € N.

Here, the constant differs from the constant in the (global) Bernstein inequality
in Lemma 7.8 only by the additional prefactor 2"*1x. The latter is used in the
lemma below to compensate the multiplicity of the covering and an additional
summation over the order m that is needed since the upper bound for the norm
| fllz2(q,) given by the definition (7.16) only holds for some m.

LEMMA 7.12. Let
(7.17) Ky :={k e K: Qi good}.
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Then
1
(7.18) > Ml = 5117 e
ke,

and for all k € Ky there exists a point x, € Q) with

4t Cg(m, ) ' Hf”%?(Qk)
m! | Qx|

PROOF. In order to prove (7.18), we show that the bad elements Qy, k € K,
contribute for at most half of the mass of f. To this end, we use the upper bound
for || f||L2(g,) on the bad @ given by (7.16), which, however, only holds for certain
m € N. We therefore take the sum over all m € N and get

for all m € Ny.

(r19) 3 $|aaf(:ck>|2 <

laf=m

oo

! 1
2 m: o 2
1£1E@0 < X rringnmny 2= ail?flli@o:

m=1 |a‘:m

Summing also over the bad covering elements and using that the multiplicity of
the covering is at most x implies

2 m. o 2
keKs m=1 " al=m

and the Bernstein inequality from Lemma 7.8 applied to the right-hand side gives

[e.9]

1 1
(7.20) Z 117200 < N FNZ2Ray Z omil §||f”%2(Rd)‘

kexg m=1

The existence of a point =3, € Qi, k € K,, such that (7.19) holds follows by a
similar argument. Here, we assume for contradiction that for all z € ), there is
m = m(x) € Ny with

| 4m Lk Cp(m, A
721 > Sl > Ty

laf=m

Since this, as before, does not hold for all m, we take again the sum over m € N.
Moreover, in order to turn the pointwise inequality (7.21) into an inequality between
L?-norms, we integrate over the @ so that

m!

> ! 1
2 fe" 2
||f||L2(Qk) < mz:O 4m+1/iC'B(m, )\) Z a”@ f||L2(Qk)‘

laj=m

The definition (7.15) of good elements now shows

1
“f”%?(Qk) < HfH%Q(Qk) Z omAl Hf”%Q(Qk)a

m=0

o0
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contradicting (7.21). Hence, for every k € K, there is z; € @ such that the
pointwise bound (7.19) holds. O

REMARK 7.13. In the proof of (7.19) above we used the definition of good
covering elements for all m € Ny, although the definition of good elements in (7.15)
above is restricted to m € N. However, since the constant on the right-hand side
of (7.15) is at least 1, it is obvious that we can also apply (7.15) in case m = 0.

So far, we classified the covering into elements near to or far from the origin,
and into good and bad elements. In the next lemma we show that it suffices to
consider good elements near the origin, i.e., covering elements Q) with k& € . N K.

LEMMA 7.14. Given f € Ran P\(Hz), K. as in (7.14), and IC; as in (7.17), we
have

172y <4 D Ifll72000)-

keKonky
In particular, K. N K, # 0.

PROOF. Subadditivity, Lemma 7.11, and (7.18) imply

3
D Iz < DIl + D If Iz < T2y

keKSUKS keks keks

Passing to the complementary sum over k € K. N K, proves the claim. O

7.2.3. Local estimate. We next derive local estimates on the covering ele-
ments. The following lemma is implicitly contained in several recent works such
as [GJ13, Theorem 4.5|, [EV20, Section 5|, [WWZZ19], [BJPS21, Section 3.3.3|,
[MPS22|, [ES21, Lemma 3.5|, and [Egi21|. More precisely, the formulation of the
next lemma with the additional bijection ¥ was established in [ES21, Lemma 3.5],
while earlier works considered only the situation where ¥ = Id. We discuss in
Subsection 7.2.6 below how the bijection can be used to optimize the constant.

LEMMA 7.15 (Local estimate). Let Q C R? be a nonempty, bounded, convex
and open set that is contained in a hyperrectangle with sides of length | € (0, 00)?
parallel to the coordinate axes and let f: () — C be a non-vanishing function that
has an analytic extension f: Q + Dy — C with bounded modulus.

Then, for every measurable set w C R and every linear bijection ¥: R? — R?
we have

(7.22) 112 gr > 12(

with

U (QNw)| aRey
24dry(diam ¥(Q))4

+1 9
1F11z2 )

M : viaL sup | f(z)].

W fll2@)  zeq+pa
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The normalized supremum in the above lemma automatically satisfies M > 1.

Since f € Ran Py(Hz) is a non-vanishing function that has an analytic extension
to the whole of C? by Corollary 2.4 (b), Lemma 7.15 is applicable for such f. We
emphasize that only further below, when we prove an upper bound for M if () = Q
with £ € K, N K., we use more information about f then just the analyticity.

The proof of the above lemma we present here goes back to [Naz93, Kov00,
Kov01]. It was inspired by the so-called Turan lemma, see [Naz93, Theorem I|
and also [Tur84|, and can be thought of as a L?-variant of the following lemma for
analytic functions.

LEMMA 7.16 (Kovrijkine’s lemma [Kov01]). Let € > 0 and ®: D(0,4+¢) — C
be an analytic function with |®(0)| > 1. Then

12\ 25555
sup |P(t
() ™ swle)

for all measurable sets E C [0,1] with |E| > 0, where
Mg = sup |®(2)].

z€Dy

(7.23) sup |®(1)] <

te(0,1]

In [Kov01] the above lemma is only formulated in case e = 1. Although the
proof for arbitrary € > 0 is essentially the same, we provide it here for the sake of
completeness. Moreover, the proof below gives some details that were omitted in
[Kov01].

PROOF OF LEMMA 7.16. Jensen’s formula implies that the number m of zeros
(ax) of ® inside D(0,2) is at most log Mg /log2. Hence, the Blaschke condition
> w(1—ay/2) < oo is satisfied and there is a zero-free analytic function g: D(0,2) —
C with [g(0)] > 1 and max.cp(o,2)|9(2)| < Mg such that ®(z) = B(z)g(z) for
z € D(0,2) and the Blaschke product

Qe
2

1 lax] 5 1 lax|2( ak—z)
— e D(0,2

k=1 22 k=1

see, e.g., |[FL88, Satz 5.2|; here we used the scaling factor 1/2 since Blaschke’s
result is formulated for the unit disc. By construction of g, the function defined
by D(0,2) 3 z — log(Ms/|g(z)|) is positive and harmonic, so that Harnack’s
inequality is applicable and yields

Mg
(7.24) maxlog rg< 31 < ety <

Therefore, miny,j<;|g(z)| > Mz> and since [0,1] C D(0,1) we get

<3 lOg M(p

maXr€[0,1]|g<Z>| maX|Z‘§1|g(2)\

Mingep,|g(z)] — ming<i|g(z)]

< M.
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Let us write B = P/Q with polynomials P(z) = 2™ [[,_,|ax|(ax — z) and
Q(z) = [, ax(4 — axz) of degree m. A simple calculation using the triangle
inequality shows |ag(4 — axz)| > 2|ax| and |ax(4 — @rz)| < 6|ag| for |z] < 1, so that

max,cjo)|Q(2)| _ maxp<i[Q(z)]

minxe[O,l]’Q<2)| - miﬂ|z\§1|Q(2>|

< 3™

The Remez inequality [Rem36| for a polynomial P of degree m states that
4 \m
max |P(z §<—> sup|P(x)|.
me[m]l (2)] 7] zeg\ ()]
Thus, by the identity ® = B - g on D(0,2) and the fact that B = P/Q) we conclude

MaXee(,y| |P(2)]

max |®(z)| < max|g(z -
:cE[D,l]| (@) _xe[071]|g< ) miny <1 |Q(2)|

4 msupx |P(z)|
< M - minlg(2)| ('_E) -
21 <1 37m - max|,|<1|Q(2)]

12\m
< Mg - <E> sup|®(z)|,

zel

where we used minj;<1|Q(z)| > 37" max.|<1|Q(2)| in the second inequality. Using
the bound m < log Mg /log 2 and estimating

log Mg

12 log M(I) 12 log 2
M3 < exp(3log Mg) < (1 <—) ) _ (-)
o < exp(3log Mg) < exp(log B Toz2 7]

concludes the proof. O

REMARK 7.17. The above proof can also be adapted to the case where & is
merely analytic on a disc of radius 1 + ¢ with € > 0. However, in that case the

upper bound for the number of zeros of ® inside D(0, 1) given by Jensen’s formula
and the right-hand side of (7.24) would take the form

log SUP.eD(0,1) [®(2)]
log(1+¢)

2
resp. (1 + —) log sup |®(2)].
€ 2€D(0,1)

The idea of the proof of Lemma 7.15 is to introduce a set W where |f| is
pointwise smaller than a specific constant and to use the pointwise lower bound on
the complement of W to obtain (7.22). Thereby, it remains to show that W makes
up only a small portion of the set ) N w. This is then proven using Lemma 7.16,
since it allows us to connect a point where |f| is large via a line segment to the set
W where |f| is small, leading to a bound for the measure of this set, see inequality
(7.28) below.

Our proof is oriented on the one given in [ES21].
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PrOOF OF LEMMA 7.15. We show that the set

_ _ W(Q@Nw) 2iez [fll2@)
W= {x €Q: [f(z)] < (24d7d(diam U(Q))4 Q2 }

where |f| is small compared to its L?>norm on @ and to the measure of Q Nw
makes up at most half of the mass of Q@ Nw, i.e., [(QNw)\ W|>|QNw|/2. Then,
using the pointwise lower bound for |f| on the complement of W, we get

2 2 : 2
1122y = 12wy 2 ((Q DWW - inf |£(2)]

Qnwl ( w@nw)| e
= 2(Q| . <24d7'd(diam U (Q))d ’ ”fHL2(Q)
- [T(QNw)|  \*is !

- 12(24d7d(diam\II(Q)) ) 111720

which proves (7.22).

It remains to show [(Q Nw) \ W| > |Q Nw|/2, which follows immediately from
the inequality |@Q Nw| > 2|W|. In order to prove the latter, fix some point xy € @
where | f(xo)| > ||fllz2@)/|Q|"?; such zy exists as otherwise integrating over @
yields a contradiction. Using polar coordinates, we now choose a direction 7, € S?1
such that the longest line segment in U(Q) starting at W(xo) in direction g, sees a
large part of the set W(WW). More precisely, there is 7, € S¢~! such that

\_/ T 1/d U(xo) + t7) do () dt
S 1

< de/ g (U (o) + o) dt.
0

Hence, denoting the line segment by ¥(I) where I = {zq+ ¥ () € Q: s > 0}
and observing that the length |W(7)| of the line segment can not exceed the diameter
of ¥(Q), we further estimate

e _ O an| _ W)
dry(diam W(Q))* = (diam W(Q))* = |U([)]
In particular, the intersection between W(I) and W(W) is not to small.
Let & = ¥~ 1(3y)/|¥ 1 (o)| be the unit vector in direction W~1(7y). Then, for

z € D(4 + ¢) with sufficiently small ¢ > 0 we have zy + t\[]go € Q + Dy and,
therefore,

(7.25)

Q' >
D D(4+€) — (C, Zhr= f(xg +t|[’£0)
1f1lz2@)
is analytic by assumption. Moreover, the normalized supremum satisfies and
e

Mg = sup [®(z)| < 7m—— sup [f(z)].
2€D(0,4) ||f||L2(Q) 2€EQ+Dy
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Let E = {t €[0,1]: o + t|I|§Ab € W} be the part of the line segment where || is
small. By the choice of xy we have |®(0)| > 1, while, on the other hand,
| ’1/2
(7.26) sup|®(t)| < +——— sup|f(z)].
tek HfHLQ(Q) xeW

By construction of £ and by Lemma 7.16 we have a lower bound for |®| on E.
Indeed, using that a simple computation shows that the measure of E is given by
\E| = |WnI|/|I| =|Y(WnNI)|/[¥)|, applying Lemma 7.16 with E, and using
(7.25) we obtain

U (W) )2loqu,/log2

(7.27) (12d7-d(diam v (Q))?

< sup|®(t)].
tek

Inequality (7.26) now plays the upper bound for |f| on W off against the lower
bound on the left-hand side of (7.27), leading to the desired inequality. In fact, by
the definition of W we have
( W (QNw) )210%1‘4@/10%2 /122

24dry(diam ¥(Q))? Q2

but using (7.27) and (7.26) on the right-hand side we derive at

<|\IJ(Q N w)l)Qloqu,/logQ
2[W(W)]

sup|f(z)] <
zeW

(7.28) sup|f(z)| <

zeW

-sup|f(z)|.

zeW

Since W # 0 and f is continuous, we have sup .y |f(z)| > 0, and dividing both
sides of the last inequality by this factor we obtain |¥(Q Nw)| > 2|¥(W)], or,
equivalently, the asserted inequality |Q Nw| > 2|W]. O

In order to apply Lemma 7.15 with @ = Q, k € K, we need to assume that
each of the covering elements () is contained in a hyperrectangle, i.e., that there

are [, = (l,(cl)7 e l,(gd)) € (0,00)? and 2 € Qg, k € K, such that
d
(7.29) Qr C 21+ X0, 17).
j=1

However, as indicated by the index, the sidelengths (Ix)rex do not need to be
uniformly bounded for all £ € K and for now we only assume the existence of [},
such that (7.29) holds. Then, for @y with k € Iy, using Taylor expansion around
the point x; € Q) from Lemma 7.12 where we have control over all derivatives, we
now obtain an estimate for the supremum

(7.30) M, = V1 ()

=" sup
HfHLQ(Qk) 2€Qk+Day,

of a non-zero f € Ran P\(Hz).
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LEMMA 7.18. Let k € K, and suppose that there are I, € (0,00)? and z, € R?
such that (7.29) holds. Then, the quantity My in (7.30) satisfies

Mk S 2%1/2 Z OB(m,/\)l/g(loukl)

meENy

m!

PROOF. Let 2 € Q) be a point as in (7.19). Using Taylor expansion of f
around zy, for every z € x, + D5, we then have

CIED IR L EREATED DI PR AL LA

a€eNg meNp |a|=m
(5L)>*\ 2 02 (i) [\ V2
<2 (X %) (X )
—Z (51 (Z 0 f( xk )12
meNy lo|=
< 2K 1/2||JC||L2 Q) Z C 1/2 10|lk’|) 7

\% |Qk meENy m'

where for the second last step we used that 3°,,_ 12 /vl = |I;)*™/m!. Taking into
account that Q + Dy, C x + Ds,, this proves the claim. O

7.2.4. Generalized spectral inequality. We are now in the position to state
and prove our generalized spectral inequality. To this end, for each fixed A > 1, we
formulate an abstract hypothesis on the covering elements @y with k € IC.(A).

HypPOTHESIS (H)). Let KC be finite or countably infinite and let (Qx)rex be an
essential covering of R? with multiplicity at most » as in (7.13). For fixed A\ > 1
and all k € IC., where K. = IC.()\) is as in (7.14), we suppose that

(i) Qr is nonempty, convex, open, and contained in a hyperrectangle with sides
of length [, = (l b ,l,id)) € (0,00)? parallel to the coordinate axes;
(ii) the sidelengths satisfy |I| < DA?=)/2 for some ¢ € (0, 1] and D > 0 indepen-
dent of k£ € K;
(iii) there is a linear bijection ¥y : RY — R? such that
Wk (Q)]
(diam W (Q))?* —

for some 7 > 0 independent of k € IC..

(7.31)

A covering as in Hypothesis (H,) satisfies all the properties of the covering used
in the previous Subsections 7.2.2 and 7.2.3. In addition, property (ii) gives an upper
bound for the size of the covering elements, which essentially entails the sublinear
dependence on the energy parameter A\. The existence of a bijection ¥y as required
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in property (iii) is used in the proof below to give a uniform lower bound for the
constant in the local estimate from Lemma 7.15. It is always guaranteed that
such bijection exists for n = 74/(2d)?, see the discussion in Subsection 7.2.6 below.
However, we state it here as a hypothesis, as it may be possible to optimize the
constant n by choosing better adapted W, for certain coverings, cf. Example 7.25.

With Hypothesis (Hy) at hand, we are now ready to prove the following result,
which is not a spectral inequality in the usual sense as the energy \ is fixed and
the geometric condition on w depends on A. For this reason, it suffices to impose
conditions on the sensor set w only with respect to the bounded region covered by

Qr with k € K. = Ko(\).

THEOREM 7.19 (Generalized spectral inequality). With fired A\ > 1 assume
Hypothesis (Hy), and let a > 0 and v € (0,1] be given. Then, if w C R? is a
measurable set satisfying

|Qk mW| > ,y)\a/2

(7.32) for all ke K.,

Q]
we have
3/ ny 7(1600eD(D+1)+10g(4m1/2))>\1*(5*“)/2
33 Il > (500 1 1aqeey

for every f € Ran P\(Hz).

REMARK 7.20. Let us emphasize that, on one hand, £ and D in condition (ii)
as well as 7 in condition (iii) need to be uniform in k& € .. On the other, formally
they are allowed to depend on A\. However, in all applications presented here this

will not be the case implying that the exponent in (7.33) is proportional to A1~ 2 .
In this case, the relevant power satisfies 1 — <5* < 1 if and only if a < e.

PROOF OF THEOREM 7.19. In light of Hypothesis (H,) and the local estimate
in Lemma 7.15 we have

|Qr Nw| >4b1§242k+1

2 > ag|| £ ith = 12(5 5o
Hf“LQ(Qkﬂw) = a’kaHLQ(Qk) Wi Ak 24d7—d‘@k|

for k € K. = K.(\), where My, is as in (7.30). By Lemma 7.14 we further estimate

- 2 <4 7
(kelllclclrglng ak) HfHLQ(]Rd) = ke;K ak”fHLQ(Qk)
(7.34) .

<4 Z 11720y < 460112200
kekanK,
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and it suffices to establish a suitable lower bound for the minimum on the left-hand
side. Using the assumption (7.32) on the set w, we have

)\a/2 4lc;ié\/;k+1
ny
7.35 > 12 f 11 kelk..
( ) Qg = <24d7'd> or a €

In order to proceed further, we recall the definition of Cg(m, ) from (7.9) and
show

m—1
(7.36)  27"C(m, ) = [ (A +2k) < (26)*"e/ (m!)2e*Y™? for 6 > 0.

k=0

To this end, we follow the arguments given in the proof of [BJPS21, Proposition 4.3|
along the lines and distinguish between two cases:

e Let 2(m — 1) < A so that A+ 2k < A+ 2(m — 1) < 2X. Hence, the
product under consideration is clearly bounded by (2A)™ and we get
(20)™ < (V20 (A2 /8)P™ < (m!)? exp(2V/1/6).
e Now, suppose that 2(m — 1) > X so that A\ + 2k < 2(m — 1) + 2k <
4(m — 1). Hence, the product under consideration is now bounded by
(4m)™ < 22mmle™ = (20)*™m!(e/§%)™. Estimating the last factor therefore
gives (4m)™ < (26)?™(m!)? exp(e/d?).
Moreover, we recall that condition (ii) of Hypothesis (Hy) gives |I,| < DA(1=¢)/2
for all k € IC.. Therefore Lemma 7.18 and the above inequality (7.36) imply

12 (10D>\(175)/2)m
m!

Mk S 2%1/2 Z C’B(m, )\)

meENy

= 251 /269/(29%) gV Z (20v/26 DA=E/2)™  for all k€ K. N K,,

meENy

where § > 0 is arbitrary. However, for the particular choice
§ = (40v/2DA0-/2) 7,
the series converges and we obtain
M, < 4612 exp(1600e D>\ ¢ 4 40v/2DA1=9)/2V/))
< 4k2 exp(1600eD(D + 1)\ 75/2).
Thus,
log M, < log(4x'/%) + 1600eD(D + 1)\ =</
< (1600eD(D + 1) + log(4k/2)) A1 =5/2
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for all k£ € K. N K,. Combining the latter with (7.35), we arrive at

0y 7(1600eD(D+1)+1og(4/-@1/2))A1*<E*a>/2
24de>
where we used that 1 +4/log2 < 7. In view of (7.34), this proves the claim. [

ay > 12< forall ke K.NKy,

7.2.5. Proof of the spectral inequalities. It remains to conclude the spec-
tral inequalities for the partial harmonic oscillators from the generalized spectral
inequality. To this end, we discuss examples of sets w C R? where Theorem 7.19
can be applied with D and e not depending on A. In the situation of Theorem 4.19,
these sets are characterized in terms of an explicit covering, but for Corollary 7.21
below the covering is implicitly constructed using Besicovitch’s covering theorem.
Both results should be regarded as corollaries to Theorem 7.19.

PROOF OF THEOREM 4.19. Let Q) = A,(k) for k € K = (pZ)?. We then have
k =1 and, thus, C'= 6 in Lemma 7.11. Moreover, with ¥} in condition (ii) being
the identity, we may choose n =1/ d%?. Taking into account that Stirling’s formula
implies the asymptotic formula 74 ~ (2me/d)%?/+/dr, we infer that 24d7y/n < K<
Furthermore, it is easy to see that I, = (p, ..., p) satisfies |I;| = d"/?p = DA with
D := d'?p. Hence, (Qr)rex = (Ap(k))re(pzya satisfies Hypothesis (H,) for every
A > 1. Both constants D and 7 are independent of .

Now we show

hz| < inf Jaz| S CAY? forall ke K, C (pZ).
2 zeh, (k)

The upper bound follows instantly from the definition of I, and we only need to
prove the lower bound. To this end, let x € A, (k) and j € {1,...,d}. Suppose
that k; # 0. Then we have |k;| > p and |z; — k;| < p/2. Therefore, |z;| >
\kj| — |z; — kj| > |kj| — p/2 > |kj|/2. Since the same inequality is trivially satisfied
if k; = 0, summing over j € Z gives |z| > |kz|/2 for all € A, (k). This proves the
lower bound.

Finally, using this estimate for the infimum, we get that for k € K. we have

I+|kz|* > (72a)1+(|k1|/2)a > (72a)1+00‘/\“/2 >

o > (7O,

Using that w satisfies

[Ap(F) Nl

(4.15 revisited)
A, (K)|

> AR for all ke (pZ)?,

this shows

A o (e
[A(k) Nw| (VY forall k€ K, € (pZ)".
|\, (k)|
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The claim in Theorem 4.19 now follows from Theorem 7.19 with ¢ =1, a = «,
and v replaced by v22¢)* Tt only remains to observe the specific constant from
the simple estimate

2-(2C)* - 7(1600eD(D + 1) +log(4)) < K'**-d - (1 + p)*. O

Motivated by Theorem 4.15, we also consider sets w that are thick with respect
to a scale that is allowed to vary in the coordinate directions corresponding to Z.
To this end, let p;: R% — (0, 00) be any function that satisfies

pi(z) < R(1+[z>) T forall zeRb

with R > 0 and € € (0, 1], and let p, > 0. Given z = (¢, 2?) € R4 x R?% = R?
we set
Q(z) := B (zW p(zM)) x A, (z?) Cc RT x R,

The following result generalizes Theorem 4.16. Here, if d; = d, then dy = 0 and
the second factors in the tensor sets Q(x) are empty. In this case the proof of the
next corollary can be carried out in the same way, but is even simpler.

COROLLARY 7.21. Let 0 < a < € < 1. For all measurable sets w C R? satisfying

(7.37) |Q(z) Nwl| > Azl

Q)] —

and some ~y € (0, 1], we have

for all = € R?

P)/ K1+ad3+a/2(1+R+p2)2)\17%
(7.38) 112 2 3(25) I 1172me

for all A\ > 1 and all f € Ran P\(H7).

In contrast to the situation in the previous proof of Theorem 4.19, the proof
of Corollary 7.21 starts with the construction of the family (Qx)rex, as it is this
time not given explicitly in the statement of the result. For this purpose, we use
the following formulation of the well-known Besicovitch covering theorem which
allows to extract a countable subcovering (Qg)rex of (Q(2))zere With bounded
multiplicity.

PROPOSITION 7.22 (Besicovitch). If V. C R% is a bounded set and B is a family
of closed balls such that each point in V' is the center of some ball in BB, then there
are at most countably many balls (By) C B such that with some universal constant

Co > 1 we have
1y <> 1, <Cf
k

PROOF. The proof of Besicovitch’s theorem in [Mat95, Theorem 2.7| shows
that the statement of the proposition holds with C’gl = 164}, where C; is chosen
such that the following implication is true: If yi,...,y, € SU~! are points with



7.2. SPECTRAL INEQUALITY FOR PARTIAL HARMONIC OSCILLATORS 105

\yr —ys| > 1 for all r # s, then n < Cy. Since for such points the spherical distance
dsa; 1 (Yr, ys) of y and y, can be bounded from below by

lyr — ys?
2
it is easy to see that O < K. This proves the statement with Cy = (16C;)%. O

dsa 1 (Yr, Ys) = arccos<1 - > > arccos(l — 1/2) = n/3,

PROOF OF COROLLARY 7.21. We consider only the case d; < d. Let A > 1
and set V = B (0,CA/?) ¢ R, where C' = 6(1 + (log(Cd"))'/?). Then, the
assumptions of Proposition 7.22 are fulfilled for V' and the family of balls

B ={BW@)(z,pi(x)): z € V}.
This shows that there is a subset K, C N and a collection of points (y;)jex, C V
such that the balls B; = B (y;, pi(y;)) satisfy [V \ Ujex, Bil = 0. Setting
By = R"\ U, ek, By, the family (B;)jen,, No = K. U {0}, is then an essential

covering of R% with

Z 1p, < Cgl =K.

JENY
Set K = Ny x (p2Z)® and Q = By x A, (k®) for k = (kW k@) € K.
Then, (Qy)rex is an essential covering of R? with with multiplicity at most k. By
construction we have

K.={keK:Qun (BYW0,CA\/?) x R®) £ 0} = K, x (ps2)%

and Q; = Q((y,w, k?)) for k € K.

We show that (Qx)rex satisfies Hypothesis (Hy): It is easy to see that (i) is
satisfied with I, = (2p1(ye), - - - 201 (Y )5 P2, - - -, p2). In order to verify condition
(ii), we follow [ES21, Lemma C.1] and consider for k € K. the linear bijections
U, : RY — R with

Ui(z) = (raV/ diam By, 2@/ diam A, (k®)),  where 12 = d,/ds.
With (diam W (Qy))? = 1+ r? it is then not difficult to show
Qi) Tadi?
(diam W, (Qp))d ~ 2d1dd/2 m,

which proves condition (ii). In particular, using the asymptotic formula for 7, we
have

24dry d"2(2me/d)Y?20 \/dy < i
" Vdrd"? (2re/d; )4 /? '
Since y,1) € V for all k € K., we have |y, | < CAY? and, consequently,
p1(ypw) < 2RCAI79/2 for all k€ K.
Combining this with the identity for [; stated above, we obtain
1kll2 < Nl < 2dipr (ypw) + dape < DA™/ with D = d(4RC + py),
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which proves condition (iii). Thus, Hypothesis (H,) is satisfied.
Using again |y,a)| < CAY2 for k € K., we see that the hypothesis on the set w
yields

|Qr Nw| > A LHON S (,YHCa)Aa/Q for ke,
Qx|

and this shows, in turn, that the assumptions of Theorem 7.19 are fulfilled with

replaced by 71+Ca. Hence, the constant is given by

3 7771+C“ 7(lﬁOOeD(D+1)+log(4nl/2)))\1*(5*@/2
_< 24d7'd )
ol (1+C’“)-7(16006D(D+1)+10g(451/2)))\1*(5*“)/2
>3(5a)
In order to get the constant from the statement of the corollary, we collect from

the previous computations that x < K 1+ C% < (1 4+ K*)d¥?, as well as
D < Kd*?(R + py). Thereby, it is easy to see that

K

(1+C")-7(1600eD(D + 1) + log(4x'/?)) < K d**2(1 4+ R + p,)?,

which gives the precise constant in the statement. O

7.2.6. Discussion and extensions. Let us note here two observations that
admit us to slightly generalize the above approach. The first of these allows to get
rid of property (iii) in the Hypothesis (H,) which, however, might slightly worsen
the dependence of the constants on the dimension d. The second allows, via a
partial Fourier transform, to prove a spectral inequality for the operators Hz 7

with 7 C {1,...,d}.

John’s lemma and the bijections V. As already stated above, property
(iii) of Hypothesis (H,) is always satisfied if we choose n appropriately. While in
the proofs of Theorem 4.19 and Corollary 7.21 we were able to explicitly construct
suitable bijections (since the geometry of the covering sets is quite simple), it
might be considerably harder for general convex coverings. However, even in
this situations the following corollary to John’s ellipsoid theorem guarantees the
existence of suitable bijections.

PROPOSITION 7.23. Let ) # Q C R? be convez, open, and bounded. Then there
is an linear bijection ¥: R — R with

_ Td V(Q) T4
1= 3400 = (diam B(Q)) = 207"

(7.39)

If, in addition, Q) is centrally symmetric, i.e., if there is xqg € @) such that xo+x € Q)
implies 1o — x € Q, then 1 can be replaced by 74/ (4d)¥/?.



7.2. SPECTRAL INEQUALITY FOR PARTIAL HARMONIC OSCILLATORS 107

PROOF. For the lower bound we use John’s theorem [Joh48|, which states that
for every convex, open, bounded () # Q C R? there is a linear bijection T: R? — R,
some z € R? and a radius r > 0 such that the ellipsoid £ = Y(B(0,r)) satisfies
ECQ+zCd-E or, equivalently, setting ¥ = T~!, we have

B(0,r) c¥(Q)+ Yz Cd-B(0,r).
This implies that 2r < diam ¥(Q) < 2rd, as well as

T W)Y~ (e (¥(@))"

|W(Q)| > 7ar® > Td(

For centrally symmetric @, John’s theorem gives £ C Q + z C V/d - € leading in
the same way to the stated claim in this case.

For the upper bound we recall from Jung’s theorem [Jun01] that the set ¥U(Q)
is contained in a ball B of radius R > 0 satisfying

. diam(¥(Q))
R < diam(¥(Q))\/1/(2+ 1/d) < —

Hence,

W(Q)] < |B| = 575 (diam ¥(Q))" O

Using the last proposition we get the following corollary to Theorem 7.19 by
simply plugging in the above choice for 7.

COROLLARY 7.24. With fized A > 1 assume Hypothesis (Hy) except condition
(111). Then, for all w satisfying (7.32) we have

3 7y \ 7(1600eD(D+1)+log(4r1/2) ) 1= (=) /2 )
() 112 gy

2
T40) Sl 2 2 (2L
for every f € Ran P\(Hz), A > 1, where

24 - 24d 4 if all Qy, k € K., are conve;
Ky =1424-2%d"42  if all Qp, k € K., are centrally symmetric;
24 - d" 27, if all Qp, k € K, are cubes.

The next example shows that the lower bound from Proposition 7.23 can be
improved by choosing a customized bijection.

EXAMPLE 7.25. Let Q = B(0,1), let ¥ be as in Proposition 7.23 and let ¥ be
the identity. Then, since () is centrally symmetric, we have

P (Q)] Ta P (Q)] T
@am W(Q)) = )7 ™ (Gam b(Q))7 ~ 27

Hence, the two situations differ by the factor d%?.
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Spectral inequalities with parts of pure multiplication. So far we have
restricted our considerations to the situation where we have a full Laplacian
perturbed by some potential V(x) = |zz|* with Z C {1,...,d}. We now show
that using the Fourier transform we can also prove a spectral inequality for the
operator Hr 7 with Z\ J # 0. However, here the observation operator C is not
the characteristic function of a measurable set.

Suppose that ZU J = {1,...,d} while J # {1,...,d}. Then, by Lemma 2.9
the operator Hz 7 is unitary equivalent to the operator Hzn s via the partial Fourier
transform Fr, 7 from (2.7). Thus, spectral inequalities of the form |1, /|3 > C/| f|I3
for Hzn7 translate directly to spectral inequalities for Hz 7 of the form ||Cf||3 >
C|IfI3 with C = ]-"I_\ljlw]-}\j and the same constant C' > 0. Since Hzn7 is an
operator of the form discussed in the previous parts of this section, we thus get
a spectral inequality for Hz 7. This is exemplified in the following result for the
situation of Theorem 4.19.

COROLLARY 7.26. Suppose ZUJ ={1,...,d}, T\ T # 0, and let w be as in
(4.15). Then, there is a universal constant K > 1 such that for every A > 1 and
all f € Ran Py(Hz 7) we have

fy )K1+ad_(1+p)2)\(1+a)/2

€122y > 3( 75

K ||f||%2(]1§d)a

where C = FI_\ljlw}"I\j.

The case ZUJ # {1,...,d} can be reduced to this provided the sensor sets are
chosen as appropriate Cartesian products. This is the reason why the assumption
ZTUJ ={1,...,d} is not a constraint here.

REMARK 7.27. If w is Borel measurable, then B = ]-"I’\ljlw}}\j can be in-
terpreted by functional calculus. Let Xy, ..., X be the strongly commuting po-
sition operators X;f = z;f. Then the multiplication operator 1, agrees with
1,(X1,...,Xy) defined by joint functional calculus, cf. [Sch12, Chapter 5.5]. Since
the momentum operators Py, ..., Py with P;f = —i0; f correspond to the position

operators by f{]inf{j} = P;, we have
X;, jeJ\I
P, jEINT

In particular, the observation operator C is not the characteristic function of a
sensor set w.

C = ]-w(Rlp .. .7Rd), where Rj = {

7.3. Uncertainty principles with error term

The proof of the uncertainty principle with error term for functions in some
Gelfand-Shilov space stated in Theorem 4.35 likewise uses the approach presented
in the previous section. However, since in the setting of Theorem 4.35 there is
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no Bernstein-type inequality available, [Mar22| introduced the idea to use the
definition of good elements and the additional error term as an replacement for
the missing Bernstein-type inequalities needed. While [Mar22| then proceeds by
using an estimate for quasianalytic functions from [NSV04] and a suitable estimate
for the so-called Bang degree, we rely on the more standard approach from the
previous section and estimate Taylor expansions around suitably chosen points. We
also incorporate the decay that is guaranteed by assumption (4.22). More precisely,
the inequality

(4.22 revisited) 11+ |22)"/20° f 2 gay < DDy (n) (181"

holds for all n € Ny and all 3 € N¢, in order to reduce the considerations to a
bounded subset of R? in a similar manner as in Lemma 7.11 above. However, since
there is no norm of f on the right-hand side of (4.22), we choose this ball in such
a way that the contribution of f outside of it can be subsumed into the error term,
see (7.42) below. This way, we obtain a more streamlined proof while getting rid
of the technical assumption on the scale p used in [Mar22].

7.3.1. Localization and good covering elements. Suppose [ satisfies

(4.22) for all n € Ny, B € N¢. Let § € (0,1] and

D 1 )
(7.41) ri= 2 >1 sothat sup 5 < 5.
5/2 seRNB(0) 1 T |7 2D5

Then, (4.22) with n = 1 and § = 0 implies that

§ 1+ |x|2)1/2inz(Rd) dD?
(7.42) 1122 @osom) < 5 - <
L2RABO,r) = 9 D2 2
As in the proof of Corollary 7.21 above we use inequality (7.42) and Besicovitch’s
covering theorem, Proposition 7.22 above, to extract a countable subcovering of

{B(z,p(z)): z € R s.t. B(z, p(x)) N B(0,7) # 0},

where p is as in Theorem 4.35. To this end, we first note that the assumption on p
in Theorem 4.35 implies

(7.43) p(z) < 2R|z|¥? < |z|/2 for all |z| > max{1, (4R)Y1~9} =: r.

Now we observe that the assumption on the intersection requires |z| — p(x) < r
and, thus, |z| < 19 or |z|/2 < |z| — p(x) < r, that is, |z| < 2r. Hence, by
Besicovitch’s covering theorem there is Ky C N and a collection of points (yx)rex,
with |yx| < max{rg,2r} such that the family of balls Qr = B(yk, p(yr)), k € Ko,
gives an essential covering of B(0, max{ry,2r}) with overlap at most k = C¢ as in
(7.13) above. With Qg := R?\ U, @k and K := Ko U {0}, the family (Qx)rex
thus gives an essential covering of R? with overlap at most &, i.e.,

‘Rd\ U Qk’ =0 and Zle(w) <k forall xecR%
kek kek
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We abbreviate w(z) = w.(z) = (1 + |z|?)*/2. If £ < 1 we infer from [Mar22,
Lemma 5.3] that (4.22) implies (by Hoélder’s inequality)

(7.44)  [[w"0P f||pagay < DDy PNl (1B for all n € Ny, B € NE,

with Dy = 8/e’Dy > 1. If ¢ = 1, then (7.44) agrees with (4.22) for Dy = Dy > 1.
We therefore just work with (7.44) for the remaining part, since the power of n! in
this bound guarantees that the series in (7.50) below converges.

We define the good elements of the covering in the same way as we did in the
previous Section 7.2. More precisely, we say that Qy, k € Ky, is good with respect
to fif

2d qm

1 - m
D0 Gl g < 2 S Bl forall m e No
|Bl=m

where ¢, = f);m(m!)s with s = ev + p. Furthermore, we again call Q, k € Ky,
bad if it is not good and set
Ky ={k € K: Q) good}.

Although due to the missing global Bernstein inequalities we can not show that
the mass of f on the good balls covers some fixed fraction of the mass of f on
the whole of RY, inequality (7.44) nevertheless implies that the mass of f on the
bad balls is bounded by §D?/2. Hence, the contribution of the bad elements can
likewise be subsumed into the error term. This is summarized in the following
result which is proved essentially in the same way as inequality (7.20) in the proof
of Lemma 7.12 above.

LEMMA 7.28. We have
”f”%?(Rd) S HfH%Q(Uke;cg Qr) + (SD%
PROOF. Since

Hin?(Rd) < ||f||%2(uke,cg oo T Hin?(ng,cg QT ||f||%2(QO)>
it suffices to show
(7.45) > 1172 + 11132y < 0D5.
kK,

To this end, we first note that Qo C R?\ B(0,r) and, thus, || f||72,,, < dD7/2 by
(7.42). As in the proof of Lemma 7.12, we now use the definition of bad covering
elements, sum over m € Ny and use (7.44) instead of the global Bernstein type

inequality to conclude
> lf 1z,

kEKg
This proves (7.45) and, thus, the lemma. O

2
1

l\.’JIO')
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In the next lemma we use the definition of good elements to extract a pointwise
estimate for the derivatives of f as in the proof of inequality (7.19) of Lemma 7.12
above.

LEMMA 7.29. Let k € K,. Then there is x, € Qi such that for all m € Ny and
all B € N¢ with |3] = m we have

26\ 1/ Il z2@p)
(7.46) |af8f(g;k)| < (= . 2m+1dm/2 . C(ka m)1/2 . &
5) V1A
with
(7.47) C(k,m) = g2 sup w(x) 2",

TEQL

PROOF. It suffices to observe that

107 Fll 720y = o™ - w™ @ fl[72(q, < Sup w(@) ™2™ w™d fl[72(g,)-
z€Qy

Following the proof of (7.19) in Lemma 7.12 above along the lines establishes the
existence of zy € Q) as in (7.46). O

7.3.2. Local estimate and proof of Theorem 4.35. In order to estimate f
on each Q, k € K4, we use the local estimate from Lemma 7.15. The next lemma
shows that the assumptions of Lemma 7.15 are satisfied and gives a suitable upper
bound for the normalized supremum

(7.48) M, = —Y @l IF(2)] > 1

= sup
1fll22@0)  2€Qu+Dspiey)

using the pointwise estimate (7.46). Note that here we have [ = (2p(zy), ..., 2p(zk))
for the sidelengths of the rectangle containing () in Lemma 7.15 and this is why
the polydisc in the previous definition of My has radius 4 - 2p(zx) = 8p(zk).

LEMMA 7.30. Let k € KCy. Then, the restriction f|q, has an analytic extension

Fy.: Qi + Dspzy) — C, and with with D = 40d3/2l~?§R max{ry, 2} the normalized
supremum My, in (7.48) satisfies

1 2
log My < log(2C1) + 5 log( 5 ) + D0,

where Cy > 0 is a constant depending only on s = cv + p.
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PROOF. Let x, € i be a point as in Lemma 7.29. For every z € xy + Digp(ay)
we then have

BeNG

2"{' m m 1 ||f||L2(Qk)
< =) 2m g2 O (ke m) Y210 LR it 1
%%gj@() (k) 2(10p() 7% 1

(2 ML) $ g 20 )

) V| Qx| el m!

Taking into account that Q + Dy, C @k + Digpz,) and that f is analytic by
Lemma A.8, this shows that the Taylor expansion of f around xj defines an analytic
extension Fy: Qp + Dgyz,) — C of f with bounded modulus and that

(7.49) M, < 2(2;)1/2 i Ol )2 (20d3/2p(z1,))™

m!

In order to estimate the right-hand side further, suppose first that |z;| < 7o
with rg > 1 as in (7.43). Then, the upper bound for p gives

plzr) < R(1+73)? < R(1+1r3)Y2 < 2Rr.
Using (7.49), (7.47), and the definition of g,,, it follows that

1/2 1 (40d3/2R7’0)m
M, < 2( ) . .
. Zq D

267\ 1/2 n (40d%/2 D Rirg)™
<2(5) Z I

where we have taken into account that w(x) > 1 for all z € R%. On the other hand,
if |zg| > 79, then for all x € Q) we have the lower bound |z| > |zg| — p(zx) >
|zk|/2 > 0 since p(x) < |x|/2 for all |z| > ro by (7.43) and, thus,

p(xg) Rw(mk) |2k 2R
) = u S2R(L) < a2k

Using again (7.49) and (7.47) then gives

)
)5y .
|

reQ, W (x)m m!

1/2 i (80d3/2D3R)™
(m!)l=s
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We conclude that for both cases |zx| < ¢ and |zg| > ro we have

26\ 1/2 N (4042 Dy Rmax{r, 2™ /2k\1/2 S D™
My <2(5) (mi)i—s =2(5) 2%@mys'

We estimate the series using the asymptotics from [Olv97| formulated in Lemma A.3.
This implies that there is a constant C; > 1 depending only on s such that

- m Dl/(lfs)
(7.50) O < Che .
m=0
Hence,
2 1/2 1/(1—s
Mk§201<§> QDA
and taking the logarithm we conclude
1 2
log M}, < log(2C) + 3 10g<§) + pl/Q=9) N

With this preparatory steps, we are now in the position to conclude the proof
of the uncertainty principle with error term.

PROOF OF THEOREM 4.35. Recall from (4.24) and the definition of Q) above
that |Qr Nw|/|Qk| > 7 for all k € K and, therefore,
@enw] 1 @nwl v
2dry(diam Q) 24d 24 |Qn] — 24d- 2%
Hence, applying Lemma 7.15 with ¥ = Id and using the estimate for log M) with
k € K4 derived in Lemma 7.30, we obtain for all ) with & € I, that

log C 2 2K 4 —s
||f||2 > gl 5+ 1og3 108 F e DV (17
L2 (QkNw) = \ 94 . 9d

Using the definition of D we further estimate

11120

5+

log C 2 2K 4 _ 1 2/(1—
L e T pyi-s) < o ,(1 loo ~ + D/ s>>
log 2 +10g2 %85 +log2 = +og5+ 2
for some constant Cy > 0 depending on s, R, rg, s, and d. Therefore,
(K)Cz(l—i—logé—&-Dg/(ls))
Y
and summing over all good @) gives

K C2'<1+10g%+D§/(175))
Z Hf“%Q(Qk) = <7) Z Hf”%Q(Qkﬁw)
keky =

K\ Co- (1+10g 1402/ 09)
<x(3)
Y

(7.51) 1172wy = £ 11Z2 (0

112 )
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Together with Lemma 7.28 this proves
2 C-(1+log L+ D2/11 =) 2 2
e A I T A3

where C' = log k 4+ C5 (logK + log %)



CHAPTER 8

Dissipation estimate

Throughout this chapter, let A be a quadratic differential operator that is the
generator of a semigroup (7 (¢));>0. The goal is to give the proof of Theorem 4.29
which is based on anisotropic smoothing effects of the semigroup. These effects
describe the phenomenon that for certain generators the function 7 (t)g € L*(R9)
with arbitrary g € L?(R?) has a certain regularity for ¢ > 0. Several recent works,
see, e.g., [HPSV17, HPSV18, PSRW18, PS18, Alp21, AB|, show that the smoothing
effects of the semigroup are intimately related to the structure of the singular space
of the generator as defined in (2.12). In particular, the article [PSRW18| (see also
the discussion of it in [BPS18, last paragraph in Subsection 1.3.2]) shows that the
singular space encodes the propagation of so-called Gabor wave front sets of T (t)g.
These measure the global regularity in terms of the smoothness and the decay at
infinity simultaneously. Put plainly, the singular space is a subspace of R??, since
the first d-coordinates measure the decay at infinity while the second d-coordinates
measure the smoothness. In particular, the Gabor wave front set contains directions
in the phase space in which a tempered distribution does not behave like a Schwartz
function, cf. [PS18, RT21|. It has been established in [PSRW18| that only the
parts of the Gabor wave front set of the initial value inside the singular space of
the generator may still occur after applying the semigroup, while all other parts
get regularized by the semigroup. For instance, if S(A) = {0} then T (t)g € S(RY)
for t > 0 since no part of the Gabor wave front set of any ¢ lies inside the (trivial)
singular space of the generator, see [HPS09, Proposition 3.1.1].

For operators A with more general singular spaces the preceding discussion is
made precise in Theorem 8.2 below. In order to put our results in perspective, we
first state the result that was the main ingredient in the proof of the dissipation
estimate in [BPS18], formulated in Proposition 4.27 above.

PRroPOSITION 8.1 ([HPSV18, Proposition 4.1|). Let S(A) = {0} and let ko be
the rotation exponent from (2.13). Then there are C,C" tg > 0 such that

HeC’t2k0+1(—A+\x|2)7‘(t)g”L2(Rd) < C/HgHLQ(Rd) fO?“ all 0<t< to.

The inequality in the previous proposition implies that for some D, ¢y > 0 and
all o, 3 € N¢, t € (0,15), we have

. D1+|al+\ﬂl(a!)1/2(5!)l/2
(81) ||ZE a;fT(t)gHL?(]Rd) < +(ko+1/2)(lal+]B]+2d) ||g||L2(]Rd)7

115
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cf. [HPSV18, Inequality (4.19)]. This establishes that the semigroup is even
smoothing in the symmetric Gelfand-Shilov space 511//22 (RY) C S(RY) in the sense
of Definition 4.34 above. An alternative proof of Proposition 8.1 starting from the
estimate (8.1) has been suggested in [MPS22].

In a similar way, as observed in [AB, Remark 2.9], the technique of [Alp21,
Section 4.2] can be adapted to prove

HeCt%OHFA)T(t)gHL?(Rd) < C/HgHLQ(Rd) forall 0<t <ty

and some constants C, C’,ty > 0 using (8.1) only for @ = 0. This leads to a proof
of the above Proposition 4.28. We follow the same path and establish a new version
of Proposition 8.1 for the operators Hz 7 starting with a corresponding version of
(8.1). To this end, we need the following corollary to [AB, Theorem 2.6].

THEOREM 8.2. Let S(A)* = R} x RY for some sets T,J C {1,...,d} and
let ko be the rotation exponent from (2.13). Then there are constants Cy; > 0 and
to € (0,1) such that for all a € Ni 7, B € N§ 7, and all t € (0,ty) we have

C|a|+|ﬂ| a1
(|ae|+18]) (ko+1/2) (a') / (5') / ”g”L2 R4)-

(8.2) 1220 T (1) gl 2 gy < ;

PROOF. We set Yy = (e;,0) € R?*? k € Z, and Y; = (0,¢;) € R*, j € 7,
where ¢, € R? is the [-th unit vector in R?. Denote by Dy, and Dy]{ the Weyl
quantizations of the symbols ¢(z,§) = ej, - = and q(z, &) = e; - £, respectively. Then
Dy, =z, and Dy/ = —i0,,, cf. Lemma 2.12. Under the imposed assumptions, [AB,
Theorem 2.6| 1mphes that there are constants C' > 0 and ¢, € (0,1) such that for
all m € N and t € (0,t) we have

m

C
(83) ||Dy1 e DYmT(t)gHL?(]Rd < W( ) 1/2 ||g||L2(Rd)

Here each of the Y, ..., Y™ can be any of the vectors {Yj: k € Z} U{Y]: j € J}
forming a basis of S(A)* = R} x R%.
Let now o € Nj 7 and 3 € N ;. For each k € Z, we take ay-times the vector
Y, and, similarly, B;-times the vector Y} for each j € J. In total, these are
= |a| 4+ |B| many vectors. Hence, (8.3) implies

N Clal+18|
2T Wl < sgaromymzs (ol + 180D s
and using (|a|+|B])! < 2lH8l|a|!| B! as well as |a|! < d*la! this proves the theorem
with Cy = 2V/dC. 0

Inequality (8.2) makes precise the above discussion that the singular space
encodes the directions were smoothness and decay at infinity of 7 (¢)g for fixed
t>0and g € L*(RY) is guaranteed. In particular, for the semigroup generated by
the negative partial harmonic oscillator this inequality with § = 0 shows that we
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have decay of elements in the range of the semigroup in those directions where the
potential grows unboundedly.

We now show that Theorem 8.2 implies a version of Proposition 8.1 for partial
harmonic oscillators. To this end, in view of inequality (8.2), we single out the class

(8.4) Gr7 :={f € L’(R"): 2°0°f € L*(R") Va e N{ 7, B € N] ;}

of partially Schwartz functions and denote | := |Z N J| < d. According to
Theorem 8.2 the assumptions of the following lemma are natural since they are
satisfied with Dy = ||g|| 2(re) and with Dy = Cyt=*0*/2)if f = T (t)g for an initial

datum g € L*(R?), a time ¢ € (0,ty), and if the singular space of the generator
satisfies S(A)* = R% x R%.

LEMMA 8.3. Let D1, Dy > 0 be constants, and suppose that f € Gz 5 satisfies
(85)  [20°f|l2@ay < DiDYTE a2 (B2 for all o € N, B e N,
Then, for s < 1/(40e - 2¢dD32) we have f € D(es2.7) and

AN
HesHI,Jf”LQ(Rd) < 2<§> Dl < 2D1

PROOF. Define the differential expressions H;, j € {1,2, 3}, with

Hyg = (—AImJ + \l“zmj\?)% Hyg = —AJ\IQ, Hzg = |-TI\J|29

for g € Gz, 7. By Lemma 2.8, we have (Hz, 7 +1)f = (H1+1)f + Haf + Hsf. Since
the H;, j € {1,2,3}, leave G7 7 invariant and commute pairwise, this gives

n
(ttrg 00 = 3 () p g
oy

for n € Ny. It is easy to see that

HquV3f Z Z ( ) ( ) 2a82ﬁf c ng(Rd)
|Bl=v. loo|=v;
fBENo,J\z aENO,I\J

Moreover, Lemma A.5 (with d replaced by ) in Appendix A shows
(86)  N(Hi+D"gllamay <37 > ) 22780 gl o ray-

|[v+0]|<211
7,5€N31m\7

Hence, inserting ¢ = Hy>H5® f in formula (8.6) and using the triangle inequality
for operator norms, we are left with estimating

— 1% V11— v v «
S5 w0 (4) () e

[y+d1<2v1  |B|=v2 la|=v3
w,éeNg’ImJ BeNgJ\I aeNgl\J
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We may now apply the hypothesis (8.5) for each summand separately. This is

possible since v + 2a € Ngl and § + 203 € N& - Hence,
(8 7) 32V1—ddl’1(2yl)l’1_|7+5|/2 . ||x7+2aag+25f||L2(Rd)
. §321/1*lll/1 <2V1)(21/1fl'y+5|)/2DlD|27+2a\+|6+2,8|((Py + 2&)!)1/2((5 + 25)!)1/2'

In order to further estimate this term, we use the simple inequality ¢! < [C ||C‘ for
multi-indices ¢ and the upper bound |y + 2a| + |28 + | < 2n resulting from the
conditions of the summations. Thereby,

DI04+ 90)1) V(5 + 26)!)1/2 < DR (2m) r2el 2302,

Moreover, since 2v; — |y + 6| + |y + 2a| + |0 4+ 26| = 2n, we get using v; < n that
(21/1>V1*|’Y+5|/2(Qn)(‘7+201|+|5+2/3‘)/2 < (2n)(2V1*|’Y+5|+|7+20‘|+|5+25D/2 = (2n)™.

Combining this with the elementary estimate (2n)" < (2¢)"n! and (8.7) yields
32u17ddu1 (2V1)V1*|’Y+5|/2 . ||x7+2aag+2ﬁfHL2(Rd) < 32u17ldu1 D1 (2€D§)nn!.

Noting also that applying the multinomial formula twice we have

Z Z Z <l//32) (f) S #{’77(5 - Ng,Iﬂj: |”y -+ 5| S 2V1} . dug+y3

[y+d|<2v1 |Bl=v2 |al=vs
VOENG 717 BENG 7\ 7 ¢€NG 1\ 5

S (2V1 4 1)ld1/2+1/3 S 2l21/1dd1/2+1/37

we finally derive
N
ICF 4 ) B HE ey < (5) D19 210" (20 - dD3)"n.

By the multinomial formula, we have thus shown

n 1% 128
[(Hz,7 + D" fll22rey < Z (y) |(Hy + 1) H? Hy? f || 2 (may

[v|=n
VEN%

2\ !
< (Z . odn2\n |
< (3) Dy(20e - 2¢D2)"n

Finally, let s = (406 . 2ddD§)71. Then f € D(e’Hz.7tD) and
] " . 21!
€274 fll ey < 3 Sll(Hzg + 0" fllss < 2- (5) Dr.
n=0

It remains to observe that f € D(eH2.7) with
2\ !
€727 fll2qgey < lle 274 oy < 2+ (5) Dy

by the spectral theorem. O
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The above lemma is the central tool in the proof of the following generalization
and sharpening of Proposition 8.1.

THEOREM 8.4. Let S(A)* =R% x RY for some sets T, J C {1,...,d} and let
ko be the rotation exponent from (2.13). Then we have for all g € L*(R?) that
T(t)g € D(eCor™™  Hr ) gng

e LT T (1) g | ey < 2l|gllr2may for all t € (0, ).
Here Cy = 1/(40e - 24dC?), and Cy and to € (0,1) are as in Theorem 8.2.

PROOF. Recall that (8.2) in Theorem 8.2 shows that for every 0 < ¢ < ¢, the
function f = T (t)g satisfies the hypotheses of Lemma 8.3 with Dy = ||g,2(r+) and

D, = Cyt~(kot1/2)  The latter lemma, therefore gives HeSHIJfHLQ(Rd) < 2||g 22 (ma
for s < 1/(40e - 2¢dD3), which proves the theorem. O

We have now assembled all tools needed to prove the dissipation estimate.
PROOF OF THEOREM 4.29. We have T (t)g € D(e€0"*"* " Hr.7) and
2kg+1
(88) ||eCOt ’ HI’JT(t)gHLZ(Rd) < 2HgHL2(R‘i) for t€ (07t0)
by Theorem 8.4. For those ¢, we therefore have

T(t)g = e~ Cot 0 Hr.g (Cot™ 0 Hr g (1)

7COt2

Moreover, the projections Py = P\(Hz ) and the operator e fotiHz,g commute,

so that the previous identity and the spectral theorem imply
|| (1 - P)\)T(t)gHLQ(Rd) = || [e_COtQkO‘HHI,j(l - P)\)j|ecot2k0+1HZ,JT(t

< HG‘COt%O“HIJ(l — P,

)9HL2(Rd)

et Hra T (¢

)”L(L?) ’ >gHL2(Rd)

< e Cot? A 91l 2(®ay

for t € (0,1), where we used inequality (8.8) in the last line. O






APPENDIX A

Supplementary results and proofs
This appendix collects some additional results which are of a more technical nature.

A.1. Technical lemmas and proofs
We first recall some basic lemmas that were used in the main part of this work.

Furthermore, we point out some technical details which were skipped there.

A.1.1. Basic lemmas. We start with a simple interpolation result which
played an essential role in the proof of Proposition 6.14.

LEMMA A.1 (cf. [Rob95, p. 110]). Let P,Q, R > 0 with P < Q. Suppose that
there are constants r,s,tqg > 0 such that

(A1) P<eQ+¢e"R forall t>t.
Then

A2 P < 2,0} QVFRY with k= :
(A.2) < max{2,e"} - @ with k= ———

PROOF. Let ¢; € R be such that et = (Q/R)Y+9). If t; > t,, we may apply
(A.1) and obtain

p< <g>r/(r+s)Q N (%)s/(r-i-s)R < 201",

In case that t; < t; we have (Q/R)Y(*) = ¢ < e' and therefore Q" < "R,
Hence,

P S Q — QI—HQH S eTtOQl_HRH.
Plugging these two estimates together we obtain (A.2). O

The next lemma was used in the proof of the Bernstein inequalities in Section 7.2.

LEMMA A.2. Let h: N& — C. Then, for all m € Ny we have

1
XY e = ¥ o)

j=1 |Bl=m jol=m+1
121
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PROOF. Let a € N&. For j € {1,...,d} and B € NI with o = 3 +¢; it is easy
to see a! = B! a;. Hence,

1 1 |a]
TR SRR
(4,8): a=B+e; (7,8): a=B+e;

where for the last equality we have taken into account that o = 3 4 e; for some
jJ € {1 ...,d} and B € N¢ if and only if a; > 0. Therefore,

1 1
ZZ@; (B +e5) = Z h(a Z i Z ah(a),

J=1|Bl=m \a| m+1 (]75)5a:/8+5j © lal=mtl
which proves the assertion. O

We also mention the following simple consequence of the asymptotics established
in [Olv97] which we used in the proof of Lemma 7.30.

LEMMA A.3. Let p € (0,4]. Then there is a constant Cy > 0 such that

Z T < C’leml/p forall = >1.
(m!)?
m=0
PROOF. We infer from [Olv97, Chapter 8, Eq. (8.07)] that for p € (0,4] we have
9] m epxl/P
Flo) = Z_O (ml)p — pl2(2mzl/p)0-1)/2 (1+ R(p,x))

where R(p,z) € O(z7'/?) as x — oo. Hence, there are C!,x, > 1 such that
R(p,z) < Clz=V/? for & > xy. If 2 > xo we directly obtain F(z) <, ¢”’". On
the other hand, if x < xy we estimate F'(z) < F(x) Spay 1. However, since
depends only on p and since e'” > 1, this also yields F(z) <, e a'’?, O

A.1.2. Proof of an observability estimate. Here we provide the simple
computations that are needed to conclude the observability estimate stated in
Corollary 4.36 in Section 4.3. We first recall that Theorem 4.35 implies (3.14) with

(A.3) Uyr = oC-(1+log 5+((d+1)/2Ca(qr)~72)>/ (=) 0 g B, = Cfé/(qr)%

for all § € (0,1] and all 7 € (0,ty), where s = ev + p. The next lemma shows that
these constants satisfy (3.16).

LEMMA A.4. There is a constant C3 > 1 depending on C,Cy,Cy, 1,19, and s,
and numbers qo € (1/2,1) and 1o € (0,t1) such that

1
U and B, < "7

(3.16 revisited) A—gr = h( h(r)

for 1€ (0,70)

holds with
h(T) - (1 - Q()) GXp<—C’3 . 7-—27“2/(1—3)> .
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Before we give the proof of the lemma we show how it implies Corollary 4.36.

PROOF OF COROLLARY 4.36. Applying Theorem 4.35 to f = T (t)g with D,
and Dy as in (4.23) shows (3.14) with the constants from (A.3). According to
Lemma A.4, these constants satisfy (3.16) so that the desired observability estimate
follows from Corollary 3.11. U

The following proof is essentially extracted from [Mar22, Proof of Theorem 2.11].

PROOF OF LEMMA A.4. Without loss of generality we suppose that ¢ > 1/2
and choose § = exp(—T*QTQ/(I*S)) so that

Uy < exp(C' . T_ZTQ/(I_S))
where C' = C-(1 4 ((d + 1)"/2C52"2)(1=9)) . Moreover, the choice of § also yields
ct
(gr)>

We use twice that logx < K,.x" for every x > 0 and all x > 1. Then we can choose
To < tp sufficiently small and obtain simultaneously

E

qTS

exp(_T—QTg/(l—S)) .

U, 1
qar _ exp (C . 7——27’2/(1—8) 4 lOg _> S exp (CS . 7_—27“2/(1—3))
T T

with a constant C's; > 0 depending on C', Cy,ry, s and the dimension d, as well as

C? 1
_—drz/(1-s) _ 1 _ T —4r2/(1-s)
E, < exp( T2 + log (q7)2”> < exp< 27 2 )

for all 7 € (0,7p). Setting
hy(T) = (1 = q) exp(—Cy - 7~ 2/1179))
and choosing 1/2 < ¢ < 1 in such a way that
he(gT) ( —dry/(1— - - I _ _
_ Ol . 7—Ar2/(1=8) (1 _ s=4r2/(1=5) ) > <__ 4ra/(1 s))
ho() exp(Cs -7 ( q ) 2 exp|—5T

we have shown the second part of (3.16). In order to contrive the first part of the
latter, we choose ¢ such that
1
1 — g re/0=5) > TeN or, equivalently, ¢ > (
Then, for gy = max{1/2,¢'} we get
UqOT S 1 and quT S hqo (qOT)
(1= o)™ = hgy(7) hao(T)

which establishes (3.16) with h(7) = hy, (7). O

=:q.

1 )(1—5)/47‘2
1+ 2C5

for 7€ (0,7),
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A.1.3. Bounds for powers of the harmonic oscillator. The next lemma
is used in the proof of Lemma 8.3. Here, for simplicity, we set

- {f e LA(RY): 2°9° f € L2 (R%)WVa, B € Ng}.
LEMMA A5. Let f € G and let Hy = —A + |z|*> in L*(R?). Then
(A.4) I(Hy + d)™ fllpageay < 327%™ (2m)™ 2| 270] f || ray.

~,6€N4
[y+d]<2m

This lemma is based on an one-dimensional argument we present next. The
following inequality and its proof is a generalized version of the inequality stated
in [CKP07, Lemma 7.5.2| and of a pointwise equality for powers of the harmonic
oscillator proven explicitly in [MPS22, Eq. (4.9) and (4.11)]. It is more general
then needed in the proof of Lemma A.5, however, the derivation we present shows
precisely why certain factors emerge. Furthermore, this lemma might be of interest
in future research when one is interested in deriving estimates of the form (A.4)
for operators Hy = —A + |z|** with k > 1.

LEMMA A.6. Let |e;] <1 and let f € C®(R) be such that for all j,l € Ny we
have 279 f € L*(R). Then

(A.5) H[ﬁ(@a UES] 1 IR URE K DR U R A P
o %]:rllegNm

PROOF. The statement is obviously true for m = 1. We proceed by induction
and suppose that the statement holds for m € N. Then

L2(R _H[ (250 +5U)](€m+16 + z* f’

J=1

[T

L2(R)

km—j—kl .

< (k42" Y (km) =T 270k [ (mi10n + ) ]l 2wy
7,leN
%—l—lgm

Using the Leibniz rule, we compute

minl,k
1705 [2* f] Il 2wy Z km)" |27 10 f | 2y
n=0

Combining this estimate with the triangle inequality we obtain
min{l,k}
H»’U]ai [(ngrlam + l'k)f] HL?(R) < HfjachfHL?(Rd) + Z (km)nHmﬁk*nal*"f”m(m
n=0
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For each of the at most (k 4 1)-terms in the second sum we have

km—j—kl k(m+1)—j—k

. l ~ 7
(km) = (km) || 710 fll gy = (k) T 270 f| 2y

with j = j 4+ k —n and l=1- 7. The first term can be bounded in a similar way
and since we have (k + 2)-terms in total this shows

km—j—kl
(kf + 2)m Z (km) k+1 ||l"78i, [(€m+16x + l‘k)f] ||L2(R)
jleEN
%J—i-legm

k(m41)—jF—kl

<(k+2 ST (km+1) 5T [0 fl|aw),

which concludes the induction step. O
We now apply the last lemma with k£ = 1.

PrROOF OF LEMMA A.5. Define the differential expressions Sji = £0,, +x; for

j=A41,...,d}. Then S]i leaves G invariant and are pairwise commuting. Moreover,
(8% +ai4+1)f = S;“Sj_f and, therefore,

I+ @)™ gy < D (ZL) ICSTSTY™ - (SESTY £l g
weNd

|w|=m

for f € G. By Lemma A.6 and Fubini’s theorem we have

—\w; i wi— @) /2y @) 4D
1(SFS7) gllageay < 3270 3 @i 02”95 g o

y(j)ENg
\l,(j) [<w;

for g € G and all j € {1,...,d}. Applying this estimate repeatedly we obtain

1(SEST) o (S ST Flliagun < 370 3 (@)™ 025708 f] 2
v,6€Ng
V<2
and replacing the condition v + § < 2w (where the inequality is understood
entrywise) by the weaker bound |y + 6| < 2m we get rid of the dependence on w.
Hence,

[(Hy + d)™ fllaay < 327%™ (2m)™ 212700 f| 2 gay. O

7,6€Ng
[v+6]<2m
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REMARK A.7. A completely analogous proof shows that for the operator
H =73 (=0, +j ")(0x, + 2¥) we have the bound

n n m M o
(A6)  IH" flliay < (k-2 3 (2kn) 5 2207 ] e
a,ﬂGNg
Lol 1161<2n

for all f € G and all n € N.

A.1.4. Analyticity. We now establish that functions in the range of a semi-
group that is smoothing in a Gelfand-Shilov space S#(R%) with 0 < p < 1 are
analytic. This is required in order to follow the complex analytic approach discussed
in Section 7.3.

LEMMA A.8 (see [DS22, Lemma A.1]). Let f € C®(R%) be such that
18° f || 2gay < CLCY'B! for all B € NG
with some constants Cy,Cy > 0. Then, f is analytic in R?.

PROOF. Choose o € (0,1] with 2Cy0 < 1. Let y € R, and let B = B(y, 1)
with 7 < o/d. We show that the Taylor series of f around y converges in B and
agrees with f there. To this end, it suffices to establish

(A?) Z Ha f||L°°(B \O¢| < 00

a€Np

cf. [KP92, Theorem 2.2.5 and Proposition 2.2.10].

We proceed similarly as in the proof of [ES21, Lemma 3.2]: Since B satisfies the
cone condition, by Sobolev embedding there exists a constant C' > 0, depending
only on 7 and the dimension, such that ||g|| =) < C|lg|lwaz(p) for all g € W*?(B),
see, e.g., [AF03, Theorem 4.12|. Applying this to g = 0*f|g with |a| = m € Ny,
we obtain

10%F 11 () < C*N10° FllTyac(my < C20° fllfyace ay

m-d
= 107 fllfa ey < C2Y Y 107 F I gy
|8]1<d k=m |B|=k

Taking the square root and using the hypothesis gives
m+d m+d

10° fll ooy < C Y Y 107 fllpa@ey < CCLY  CE Y B

k=m |5|=k k=m  |Bl=k
We clearly have

> OB E - #{BEN]||B] =k} < K12MH
|81=k
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In view of the choice of o, we thus further estimate

m~+d m—+d

o _ _ m+d)!
07 iy < 27000 3 (200 < 2700, DN 0,01
k=m k=m
217100 & x (m+d)! (m+ d)!
<=3 AmT ;o Imr )
~ O'd ar (2020') om CO om

Now,

Z 10 fll = (B) <Co(m—|—d)! Z izco(gyn(m_i_d)!

< o(2) "+ oy,

and since 7 is chosen such that dr /o < 1, this shows (A.7) and, hence, completes
the proof. O

A.1.5. Remarks on ghost dimension. In the proof of Lemma 6.16 we used
that the extended function F' is infinitely weakly differentiable. In order to see this,
we let F' be as in (6.18) where the corresponding function f satisfies f € Ran P\(H).
The proof of the following lemma is essentially taken from [DRST, Lemma A.1].

LEMMA A.9. F is infinitely weakly differentiable with respect to t, and the
corresponding weak derivatives coincide with their L*(RY) analogues. The derivatives
of F' are given by the formula in equation (6.20).

PRroOOF. First we show that
2

k(. —OFF(.
1im/Haf+1F<-,t) o ’Hh}i ad ’t)’
J

h—0

for each bounded interval J C R and each k € Ny, where OFF (-, t) is given by (6.20).
To this end, it suffices to observe that

dt =0

L2(R9)

2

k(. —_ k.
‘8f+1F(-,t)—atF(’t+h) 8tF(7t)’
h L2(R4)
k _ Ak 2

= [ oo - 2= 0 iy 0 )
[, ] h

< Ch| 1172 ay

with
C= sup |OF2s,(\)P <00, J={tx]|h|:tecJ},

(N eT x[r,\]

where we have taken into account the mean value theorem of differential calculus.
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Now, let ¢ € C®(R? x R). The above then implies by Fubini’s theorem and
Cauchy-Schwarz inequality that

/Rd R(aerlF)(x, to(x,t)d(z, )

i (07 F) (@t + h) — (07 F)(x, 1)
 h=0 Jpage h

o(x,t) d(z, ).
On the other hand, by change of variables with respect to ¢, we obtain

k xr B k .
/Rd R(atF)( 7t+h;)l OE) ’t)w(:v,t)d(a;,t)

- [ @p P = AR ) g

- (OFF) (2, t)(0up) (w, t) d(z, 1),

h—o0 RIXR

where for the latter we have taken into account Lebesgue’s dominated convergence
theorem. The claim then follows by induction over k. 0

A.1.6. Scaling. We now give the details of the scaling procedure that were left
out in the proof of Theorem 4.10 (the spectral inequality for Schrodinger operators
with singular admissible potentials). To this end, recall that V' is admissible
and suppose that w is (G, 0)-equidistributed, that is, each intersection Ag (k) Nw,
k € (GZ)?, contains a ball of radius § € (0,G/2). Let us denote the centers of
these balls by zx, k € (GZ)?, so that w D |J, B(zk,0). Define Sg: R — R? by
Sc(x) = Gx. Then

©:=55'w> |J B(=/G,6/G)> | ] Bly;,6/G)
ke(GZ)4 jEZA

where y; = 26;/G € A1(j) for j € Z%. Thus, @ is (1,6/G)-equidistributed.
Let V = G*V o Sg. Clearly V is admissible and for f € H'(RY) we have
foSge HY(RY). Using that V is admissible we calculate

IV F11Z2@ay = GV (S 0 S6) 172 g
< GTUMIVS 0 Sa)llZ2@ay + A2l f o S5t 172 ga))
= GV £l2@a) + Gl FI1Z2 ey
and set A, = G2\ and Ay = G\,
If H=—A+V then the transformation formula for spectral measures implies

that for f € Ran Py\(H) we have f o S;' € Ran Pgey(H). Applying the theorem
with f o S;' and with \; replaced by \;, j € {1,2}, gives the asserted inequality.
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A.2. Geometric properties of sensor sets

Here we give some simple additional results and calculations that relate to properties
of sensor sets and that were left out in the main body of this work.

A.2.1. Different notions of thickness. We first show that it is irrelevant
whether the notion of thickness is defined with respect to balls or cubes.

LEMMA A.10. Let v € (0,1] and p > 0. If a measurable set w C R? is
(v, p/2)-thick in the sense of Definition 4.2, then it satisfies

w1 Ay(2)] Td a
———=—>~-— forall xe&R"
A, (2)] 24

Conversely, if w satisfies

|w N A, ()]
Ay ()|
then it is (2% /(d%?1y), pv/d/2)-thick in the sense of Definition 4.2.
PROOF. We have B(z, p/2) C A,(x) and therefore
w0 A,)| | w0 Blap/D| B/l |
1A (2)] — |B(x,p/2)| [Ap(x)] — 2

The second statement follows analogously using A,(z) C B(x, pv/d/2). O

>~ forall = e RY,

A.2.2. Calculations for Example 4.18. Recall d = 1 and p(z) = (1+2%)1/4.
We set z,, = 100n3 for n € N and we aim to show that the set w = R\ B(z,,n)
satisfies

Bl p@) Nl _ 1
Bz, p(z))]  — 4

To this end, we estimate p(z,,) > (100n3)1/ ? > 10n and using the binomial formula

we see that z,.1 > z, + 4x711/+21 > x, + 4p(zny1). Hence, for all a € B(x,, p(x,))

and all b € B(x,+1, p(2n11)) we have

b—a>rp— p(Tni1) = (Tn + p(T0)) = T — Tn — 20(Tp11) 2 20(Tp 1)
Therefore, (), e B(2n, p(2,)) = 0. Now, for every x € R with |z| > 1 there is at
most a single n € N such that B(z, p(x)) N B(zy,, p(x,)) # 0 and in this case we
have z + p(z) > z, —n and « — p(x) < x,, — n which implies z > (z,, — n)/2 as
well as © < 2(x,, + n). Using these bounds we calculate

|B(z, p(x)) Nw| _ |B(x, p(x))] = [Bza,n)| _ |z|'/? —n
|B(x, p(x))] | B(z, p(x))] — =
(52" 0ot
> > >
(2w, +n))* T~ 12V20%2 7 12¢2

1
> —.
— 4
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This proves the desired bound.

A.2.3. Equidistributed and thick sets. Let us now compare the two differ-
ent assumptions we imposed on our sensor sets w C R%. For simplicity, we consider
only the situation where for some o > 0, § € (0,1/2), and v € (0, 1] we have

(i) each intersection w N A;(k), k € Z?, contains a ball of radius §* ¥ or
(ii) the measure of each intersection w N Ay (k), k € Z4, is at least y'*IFI%,

Here, clearly, the situation in (ii) is more general. In fact, even for v = 0 there
are sets which satisfy (ii) but not (i); consider, e.g., the set w = (J, 5 (k + M) C R,
where M C [—1/2,1/2] is a measurable set with positive Lebesgue measure which
has empty interior, for instance a Smith—Volterra—Cantor set [Smi75|. Moreover,
let us also mention that « in (ii) might be chosen smaller then in (i) which might
change the situation drastically since we encountered upper bounds for « in our
main results. As an example, let 5 > 1 and suppose that w is a set such that each
intersection w N A; (k) with k € Z? contains a disjoint union of e1+|k|ﬁ—many balls
of radius e~(HA+ED?), Then, clearly, each of these intersections contains a ball of
radius e~ (1H0+ED?) while the measure of the intersection satisfies

jw N A (k)| = Tae (RP=(HRD?) > 0= BRI

Hence, while in case (i) we need to choose o = (3, in case (ii) we may choose
a=p-—1.
On the other hand, for every set w that satisfies (i) we have

14| k|
I 51
ai1 =7
24 )

using the asymptotic formula for 7;. Hence, w satisfies (ii) with this choice for ~.

s (k) Nw| > 76+ OHFD > (



APPENDIX B

Unique continuation for the gradient

In this excursus we argue that the gradients of eigenfunctions of a second-order
elliptic operator satisfy some quantitative unique continuation estimate. We also
present an application in the theory of random divergence-type operators, i.e.,
second-order elliptic operators where the second order term is random. This depicts
another scope of applications for quantitative unique continuation estimates. Since
we do not go into detail here, we refer the reader to the books [Sto01, Ves08| for
an overview of the theory of random divergence-type and random Schrodinger
operators.

Let us now briefly motivate the findings of the authors articles [DV, Dic21|. Let
LeN, Ay =AL(0), and let A = (a;x)?,—;: A = Sym(R?) be a matrix function
that is uniformly elliptic. Consider the divergence-type operator

HY (A): L*(AL) D D(HY (A)) — L*(Ay)

with coefficients given by the matrix function A and with Dirichlet boundary
conditions. This operator is defined as the unique selfadjoint operator associated
to the lower semibounded form

ba, (A): Hy(AL) x Hy(Ar) — L*(RY),  b*[f,g] = A Vf-AVy.
L
The operator Hf (A) has compact resolvent and therefore purely discrete spectrum.
Moreover, in the sense of quadratic forms we have HY (A) = —divAV/|y,, where
the right-hand side is understood as the restriction of the differential expression
with Dirichlet boundary conditions.

The guiding question in this excursus is the following: If W: Ay — [0,00) is a
function such that W > 1,, for some measurable set w C Ay, under what conditions
on w do the eigenvalues of the operator H}BL(A +t-W) increase int > 0?2 If
the eigenvalues do increase in t we say that we have an eigenvalue lifting. These
eigenvalue liftings are of interest in the theory of random operators, since they can
be used to prove so-called initial length scale and Wegner estimates. These, in turn,
imply Anderson localization via the multi-scale analysis, see, e.g., the literature
cited in [NTTV20b, ST20, Dic21].

In the present setting, eigenvalue liftings follow from suitable quantitative lower
bounds for the derivatives of ¢ — E,(HX, (A+t-W)), where the latter denotes
the n-th eigenvalue of the operator (enumerated non-decreasingly and counting
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multiplicities). These derivatives can computed explicitly: With a normalized
eigenfunction f,(t) corresponding to this eigenvalue we have

(B.1) QB (HY (A+t-W)) =WV fu®)lZ2a,) = IV )72 0na,)

for all except finitely many ¢ € [0,1] if W > 1,. In particular, a t-independent
lower bound for the right-hand side implies by the fundamental theorem of calculus
that the eigenvalues increase. The unique continuation estimate for the gradient
we present in Corollary B.3 below provides exactly this lower bound.

An unique continuation estimate for divergence-type operators has been estab-
lished in [TV20]. Here the matrix function needs to be Lipschitz-continuous, which
is expected since for merely Hoélder-continuous coefficients unique continuation
may fail, see [Pli63, Mil73, Man98|. Furthermore, it needs to satisfy an additional
technical assumption (Dir) that is required for certain extension arguments (closely
related to the procedure described in Remark 6.17 above) needed in the proof.
However, it is quite possible that by using a different technique the assumption
(Dir) is no longer required.

In what follows, we let g > 1 and ¥, > 0 be the ellipticity resp. Lipschitz
constant of A and we let G > 0. We now present a result from [TV20]. Let us
emphasize that the statement in [TV20] is more general than expressed in the next
theorem as it also allows the operator H /{)L(A) to have lower order terms.

THEOREM B.1 (|[TV20, Corollary 2.8|). Let L € GN and suppose that
(Dir) Vi#k o€ A NAL+ Ley: ajr(z) = ay;(z) = 0.

Then for all § € (0,G/2), all (G, 0)-equidistributed sets w, and all eigenfunctions
f € D(HY (A)) corresponding to an eigenvalue A > 0 we have

5 >C~(1+>\2/3

Ifllzernn 2 (5

where C' > 0 1s a constant depending only on Og, G¥r, and the dimension d.

)
1122

The next lemma was proven in the authors joint work with Ivan Veseli¢ [DV].

LEMMA B.2. Let 0 < E_ and let r > 0. Then for all balls B(xo,2r) C A and
all eigenfunctions f € D(HE (A)) associated to an eigenvalue X > E_ we have

IV sy > e 7 oy
(B(z0,21)) = 1695 (B(zo,m))

In the last mentioned article, the last two results were combined in order to
obtain an unique continuation estimate for the gradient of an eigenfunction of the
divergence-type operator HY (A).

COROLLARY B.3. Let L € GN and suppose (Dir). Then for all § € (0,G/2), all
(G, 0)-equidistributed sets w C R?, and all eigenfunctions f € D(H (A)) associated
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to an eigenvalue A € [E_, E,] C (0,00) we have

c-(1+EY?

0\ C(
(B.2) IVl = B2 - ()

where C' > 0 1s a constant depending only on Vg, ¥y, and the dimension d.

)
1 fllz2 AL

The constant on the right-hand side of (B.2) depends only on the energy interval
[E_, E,] and not on the particular eigenvalue. In this sense, the estimate holds
uniformly over the energy interval. This guarantees that the lower bound for the
right-hand side of (B.1) is independent from ¢.

Making the bound stated in (B.1) precise and combining it with the last corollary,
one concludes the eigenvalue lifting if W > 1 at least on a (G, §)-equidistributed
set. This was proven in [DV, Theorem 4.1].

LEMMA B.4. Let N > 0, L € GN, and suppose (Dir). Then for all 6 € (0,G/2),
all (G, §)-equidistributed sets w, all Lipschitz-continuous W with Lipschitz constant
at most N satisfying 1o, > W > 1, all0 < E_ < E, < 00, and alln € N such
that

E_ < E,(Hf (A)) < E,(HY (A+W)) < E.,
we have
5 >c-(1+Ei/3)

En(HE, (A+t-W)) = B, (HP, (A) +t- B2 (5

where C' > 0 is a constant that depends only on 0g, 0, and N.

, tel0,1],

In order to present an application of the eigenvalue lifting we recall the Wegner
estimate proven by the author in [Dic21] in a simple setting. To this end, let
v(z) = (1 — |z|)+ on R? and let Y = (Y),cze be a sequence of independent,
uniformly distributed random variables taking values in the interval [1/4,3/4].
Consider the random perturbation Vy-(x) = > . v((z — j)/Y;) and the random
divergence-type operator

(B.3) Hy = HY (14 Vy) = —=div[(1 + V4)V]|a,.

The Wegner estimate shows that the expected number of eigenvalues in an interval
decreases with its length. In particular, it requires the eigenvalues to move under
the influence of randomness, as otherwise the inequality in the theorem below fails.
The next result is stated in [Dic21, Theorem 1.1].

THEOREM B.5. There is € > 0 depending only on the dimension d, such that
forall0 < E_- < Ey < oo, all L € N, all e € (0,&], and all E > 0 satisfying
[E — 3¢, E+ 3¢] C [E_, E{] we have

E(#{eigenvalues of Hy in [E —¢,E +€]}) Sq Eiﬂa[Kd'(H'logE*‘+E~2+/3)}_1 |AL|?.
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In Theorem B.5 we not only need to remove high energies (as is the case for
random Schrédinger operators), but also energies close to zero. The reason for
that is, that zero is not a so-called spectral fluctuation boundary for the random
divergence-type operators; cf. the discussion after Theorem 1.1 in [Sto98| and
the dependence on E_ that was obtained in Theorem B.5 above. Theorem B.5
is proven for quite general random divergence-type operators with breather-type
perturbations in [Dic21, Theorem 2.1]. The main upshot of this compared to
the Wegner estimate in [DV, Theorem 4.7] is that the dependence of the random
perturbation V3 on the random variables Y might be non-linear.
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