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Introduction

The problem of spectral stability is one of the important problems in the
theory of partial differential operators, which apart from theoretical interest, is
also useful in applications, first of all to numerical methods related to computing
eigenvalues and eigenfunctions.

First results on this problem, related to continuous dependence of the eigenval-
ues upon domain variation, could be found in the famous monograph of Courant
and Hilbert [16, Ch.VI. §2.6]. Currently, there is vast literature concerning do-
main perturbation problems, see for instance the extensive monograph by Henry
[33], the survey papers by Hale [32].

The thesis is dedicated to the problem of spectral stability of a non-negative
self-adjoint elliptic operator

n

Su = — Z (aij(7) e, )a;,

4,j=1

on an open set {2 C R", where a;;, 1,7 = 1,...,n, are Lipschitz continuous
functions such that the matrix (a;;) is Hermitian and for some 6 > 0

> ay()&g; > 0l¢)

ij=1

for all £ € C™ and x € (2, subject to homogeneous Dirichlet boundary conditions.
It is assumed that this operator has compact resolvent, hence its spectrum
consists only of eigenvalues of finite multiplicity

0< MO < M) < < M < -
Here each eigenvalue is repeated as many times as its multiplicity. Also

The problem of continuous dependence of eigenvalues \;[€2] upon domain pertur-
bation and the problem of obtaining estimates for the variation of the eigenvalues
for elliptic operators will homogeneous Dirichlet boundary conditions has been
studied in detail in [11], [12], [13], [14].

We quote some of the most recent results in this direction. In [14] an atlas A is
fixed and perturbations of the domain only within C(.A), (see § 2.4) are allowed,
thus the variation of the eigenvalues is estimated from above by the so-called atlas
distance of the domains up to a multiplicative positive constant that depends
only on the operator itself, the index k of the eigenvalue in the above mentioned
enumeration and the atlas. The same kind of estimate is achieved in [14] with
the modulus of continuity w(-), that determines the class C*)(A) (see again
§ 2.4) in which the domains are assumed to vary, evaluated at the Haussdorff-
Pompeiu lower deviation of the domains. As a corollary, if the domains, say
Qy, s, are assumed with Lipschitz continuous boundaries, and (£2;). C Qs C
(29)% or (Q2): C 4 C (£22)7, then

[AR[] = A[Qa]] < cre



if £ is sufficiently small. The results cited above hold for elliptic operators of any
order. For operators of second, in [13] the variation of the eigenvalues has also
been estimated in terms of the Lebesgue measure of the symmetric difference of
the domains.

Another important problem in this area is the problem of the continuous de-
pendence upon domain perturbation of the eigenfunctions. However, this problem
is much less investigated, see [45], [46].

In the recent paper [6], in order to compare the operators S; and Sy on open
sets €1y, {25 respectively, the actual comparison is made for the so-called pull-back
operators. Hy, Hs to a fixed open set €2 such that ; = 11(Q2) and Qy = 15(Q),
and in fact dependence of the eigenfunctions ¢, [¢)(£2)] on transformations ¢ from
a certain class is investigated. Let

Op(Y1,92) = Vb1 = Vo | o) + [[A 0 1 — A0 9ol o),

where A = (aij)i j=1,.» is the matrix of the coefficients. The main result of 6]
for the eigenfunctions has the following form. Under certain assumptions on the
coefficients for each k£ € N there exist ¢, e > 0 such that if A is an eigenvalue of
S1 on ©; of multiplicity m and k is such that A = Ag[] = -+ = Mg 1[], and
©r[Qa], - ., Prem—1[2] are orthonormal eigenfunctions of Sy on s corresponding
to the eigenvalues A\;[Q] < -+ < Agyon1[Q4], then for certain p > 2 there exist
0e[], .. @rem—1]], orthonormal eigenfunctions of S; corresponding to the
eigenvalue A such that

oni[1] — rril Q]| L2(0,00,) <
cr (Op (11, ¥2) + lrrs[ ] 0 U1 — Vil 0 Yol 120y +
| 0r+i[Qa] 0 Y1 — @[] © 1/12||L2(Q)) )
fori=0,...,m—1,if 6,(¢1,12) < . (It is assumed that the functions y4[1],
©r1i|S22] are extended by zero outside €y, 2y respectively.)

For some particular cases more explicit estimates for || @r+s[€1]—@r+i [Q2] || 1201 002)
are deduced from the above estimate: namely for the case of local perturbations
when (2, differs from §2; only in a small neighborhood of a point of the boundary
of 1, and for the case of a global normal perturbation when €25 is obtained from
1 by a shift along the normals depending on a parameter ¢ > 0. In both cases,
under the appropriate assumptions on €2; and {2, from the above estimate the

following estimate via the Lebesgue measure of the symmetric difference of €2y
and €2, is deduced:

i (€] — @il ]| L2100, < crmeas (3 AQ,)7,

where v > 0 is any number such that v < 1/n.

The main aim of the thesis is obtaining estimates for generic open sets {2, 25
and in this case a different approach to the problem is required.

We apply the approach based on the one in the monograph of Kato [36] for
the case of operators defined on the same domain of the space, in which case
dependence on the coefficients of the differential operator can be investigated. In
[36] this is done by applying the notion of gap between subspaces and between
operators: given two subspaces M, N of a normed space X, the gap between M
and N is defined as

d(M,N)= sup inf |Ju—o];
weM veN
lull =1
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and given two linear operators S, T acting between the normed spaces X, Y the
gap between S and T is

0(5,T) = 6(G(5), G(T)),

where G(S), and G(T') are the graphs of S and T respectively. Often a version
of symmetrized gap is needed, namely

0(M, N) = max{5(M, N), 6(N, M)},
and the corresponding one for the operators,

5(S,T) = 6(G(S), G(T)) = max{d(S,T), 6(T,S)}.

Sometimes, estimates are obtained even in terms of what here is called minimal
gap:
Omin (S, T) = min{d(S,T), 6(T,S)} = dmin(G(S), G(T)).

Actually, all of these notions of gap coincide in the case of self-adjoint operators.

In order to modify this approach for the domain perturbation problem, first
of all, it is required to define the gap between the operators defined on different
domains. In the thesis this is done in the following way. Let I" be a class of
bounded open sets of R™ that satisfy certain conditions, like regularity properties
for the boundaries. Moreover, we also require that for any pair of open sets
Q1, Qy € I' such that Q1 C s, then 2 \Q_1 € I'. We assume that on each open
set ) € I an operator

Sq : D(Sq) € L*(Q) — L*(Q)

is defined.
Now let Sq,, Sq, be two operators that are to be compared, defined on
Q1, O € I' and let € C 5. The canonical identification

L*(g) = L* () @ L*(Qa\ )
permits to consider the direct sum operator
Sa, ® Soar : D(Sa, ® Sopngy) © LP(92) — L),
Then we define the gap between Sq, and Sq, by
0(SaysSa,) = 0(Sa, & So,ars Sas);

where the gap in the right side is taken in the space L*(€).

The so-called spectral subspaces of an operator, that is, subspaces whose el-
ements are finite sums of eigenfunctions (zero included)-the elements of these
spaces here are called spectral functions—are introduced. More precisely, with
reference to the operator Sg let k&, m € N be such that

Ae—1[Q] < A[€ < -0 < A1 [Q] < A [

(with the understanding that if & = 1 the first inequality is not present in the
above chain of inequalities), the spectral subspace Ny ,,[€2] is defined as the set of

Vil



all the linear combinations of the eigenfunctions corresponding to the eigenvalues
Ae[Q] <o < A [

The main results obtained in the thesis are the following. Let the dimension
n of the Euclidean space R™ assume only the values 1,2,3 and let

1 ifn =1,
v = { any number in (0,1) if n =2,
1 if n = 3.

2

Let I' be a class of bounded open sets of R"™ whose boundaries satisfy certain
regularity properties (C'"-regularity for some 1 < r < 1 is sufficient); then we
prove that for each €25 € I'" there exists M > 0 such that

~

(S(SQI, SQZ) S Me

for all € > 0 and for all €, € I" such that Q; C Qy C (1) and Qy, Q,\ Q; satisfy
the exterior sphere condition.

Further, for each Qy € I' and k,m € N for which A\;[Q2] is an eigenvalue of
multiplicity m for Sg,, there exist My, e > 0 such that

~

O(Nim[ ], Niml[2]) < Mie”

for all 0 < ¢ < g and for all ; € I" such that Q; C Qy C (Q2,)° and Qy, Q0 \
satisfy the exterior sphere condition.

Finally, the last result has an immediate corollary on eigenfunctions in the
same fashion as the one cited from [6]. Namely, for each 5, k, m as above there
exist ¢, e > 0 such that, if @r[Q4], ..., Ykrm—1[Q1] are orthonormal eigenfunc-
tions of Sg, corresponding to the eigenvalues Ag[Q] < -+ < Apym_1[S%], then
there exist orthonormal eigenfunctions [ 2], . . ., @rrm—1[2] of Sq, correspond-
ing to the eigenvalue A\;[{2y] such that

prrilS] — Orril 2]l L2y < ere”,

i=0,...,m—1,forall 0 < e < gy and 2y € I' such that Q; C Qs C (©;)° and
Qq, O \Q_l satisfy the exterior sphere condition.

The thesis is organized in the following way: In §1 is discussed the notion of
gap between subspaces and between operators. Mostly we expose known results
(on the boundedness and invertibility stability of operators) in the spirit of Kato’s
monograph [36], but the definition of gap is given in more general terms (Kato
in [36] limits himself to closed subspaces and closed operators) and some of the
results and proofs are improved. Moreover, in §1.3 various spectral stability
estimates are obtained.

For the convenience of the reader, in §2 are collected some facts about self-
adjoint operators, the main focus being on variationally defined non-negative self-
adjoint operators, that is, operators defined by the means of closed non-negative
forms, and Friedrich’s extensions.

§3 is concerned with the problem of how to extend the notion of gap to
operators defined on different open sets. The main definition adapted here is given
in §3.2. Other alternatives are taken into consideration and their shortcomings
are briefly discussed.

Viil



In §4 the gap, as defined in §3.2, between Dirichlet elliptic operators on differ-
ent open sets is estimated in terms of the vicinity of the open sets, as described
above, and finally, this estimate is employed in §5 to determine spectral stability
estimates about the relative eigenfunctions.

The techniques adopted here to estimate the gap, unfortunately, impose a
bound on the dimension n of the Euclidean space (n < 3). The feeling is that
this limitation is not substantial but only a technicality. Thus, work remains to
be done to discern whether this fact is true or not. Also the problems of the
possibility of giving sharper estimates for the gap remains open.

1xX






1 Gaps between subspaces and operators

1.1 Gap between subspaces

We begin by introducing some notations. We shall use letters XY, Z, ..., to
indicate normed (most often, Banach or Hilbert) spaces. We will denote by
L(X,Y) the set of all (partially defined) linear operators 7' : D(T) C X — Y,
where D(T') is a linear subspace of X called the domain of T. We set also L(X) :=
L(X,X). Furthermore, recall that a linear operator 7' : D(T') C X — Y is said
to be closed if its graph, that is, the set

G(T) ={(u,Tu) : ue D(T)},

is closed in! X x Y. The operator T is said to be bounded on D(T) if

Tu Y
T[] := ||T||D(T)—>Y = sup EXC < 00;
wen(m) lullx
u#0

if moreover, D(7') = X then T is simply said to be bounded. We shall denote
with C(X,Y), E(X, Y) and B(X,Y) respectively, in order, the set of all closed,
bounded on the corresponding domains and bounded operators from X to Y. In
the case Y = X, C(X, X), B(X,Y) and B(X, X) will be denoted simply by C(X),
B(X) and B(X) respectively.

Since we are going to deal with perturbation problems related to linear op-
erators, it is necessary to clarify what is meant by “small” perturbations. This
can be done in a most natural way by introducing a metric in C(X,Y) (e.g.,
see Kato in [36, Ch.IV]). More generally, we can introduce a pseudometric in
L(X,Y) which induces the foresaid metric in C(X,Y’). As we will see in a while,
if S, T € L(X,Y), the “distance” between S and T will be measured in terms
of the “aperture” or “gap” between the linear subspaces G(S) and G(T') of the
product normed space X x Y. Therefore we are lead to consider how to measure
the gap between two linear subspaces of a Banach space which is done in the

following definition.

Definition 1.1. The gap between two generic linear subspaces M and N of a
normed space Z is defined by the following formula:

S(M,N)= sup dist(u,N). (1.1)
ueM
Jull =1

Remark 1.1. (1.1) has no meaning if M = 0; in this case we define 6(0, N) =0
for any N. On the other hand §(M,0) = 1 if M # 0 as is seen from the definition.
d(M,N) can be characterized as the smallest number 6 such that

dist(u, N) < ||| (1.2)

for all uw € M.

!The Cartesian product space X xY (or alternatively called the direct sum space and denoted
by X +Y) is recalled briefly at the beginning of the next subsection.
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Remark 1.2. Since for any ¢ € R dist(cu, N) = |c|dist(u, N), it follows that

0(M,N)= sup dist(u, N). (1.3)

uweM, [lul|<1

We have also that for any real number ¢ > 0

sup  dist(u, N) = c§(M, N). (1.4)

weM, ||ul|<c

As it is seen immediately from this definition, the gap 6(M, N) is not symmet-
ric in M and N. However, sometimes a symmetric version of the gap is useful,
hence the following definition is given.

Definition 1.2. If M and N are linear subspaces of a mormed space Z, the
symmetric gap between M and N is defined by

~

(M, N) = max[8(M, N), §(N, M)). (1.5)

Examples 1.1. 1) Let Z =R? or Z =R3 and let M and N be two straight lines
passing through the origin such that the angle between them s equal to o. Then
d(M,N)=96(N,M) = sina.

2) Let Z = R3 and let M and N be two planes passing through the origin such
that the angle between them is equal to «. Then again §(M,N) = §(N, M) =
sin av.

3) Let Z = R3, M be a straight line passing through the origin and N be
a plane passing through the origin such that the angle between them is equal to
«. Then §(M,N) = sina (in particular, if M C N then 6(M,N) = 0), but
(N, M) =1.

The following properties of the gap follow directly from the definition.

Proposition 1.1. Let M and N be two linear subspaces of a normed space Z.
Then we have:

§(M,N) =6, N),  §UM,N)=06(M,N); (1.6)

S(M,N)=0 if, and only if, M C N;
5(M,N):O if, and only if, M = N;
6(M,N) = 6(N, M);

0<6(M,N)<1 0<46M,N)<1. (1.10

If Z is a normed vector space, the symbol Z* will be used to denote the adjoint
(or dual) space of Z. With the usual definitions of addition, multiplication by
scalars and norm Z* becomes a Banach space. If # € Z and * € Z*, then (z,2%),
will denote the value of the linear form x* at the vector z, but the subscript will
be omitted if no ambiguity arises. The same notation will be used to indicate
the inner products in a Hilbert space since, in this case, Z can be identified with
Z*; actually (x,2%)z is just an extension of the notion of inner product to more
general spaces.



The notion of the annihilator of a set will also be needed, hence we recall it
briefly. Let Z be a normed vector space and let £ C Z, F' C Z* . The annihilator
E° of E in Z* is defined by

E'={z*e€Z" . (r,2")=0 forallz € FE },
and the annihilator °F of F in Z, by
‘F={zxeZ: (z,2)=0 forall z* € F}.

If Z is a reflexive space and, in particular, if Z is a Hilbert space, we shall write £+
in place of E°; and because of the possibility of the identification of Z** := (Z*)*
with Z in this case we will use the notation F* instead of °F, and E+* for
O(E®). Given any subset E of a normed space Z, we have span E = °(E")%
that span E C °(E°) is obvious, while the other inclusion is a consequence of
Haha-Banach’s Theorem. Similarly, if FF C Z*, it is clear that span F C (°F)°,
but this time the inclusion may be proper if Z is not reflexive. These results
imply that a vector subspace M of Z is dense in Z if, and only if, M° = {0}; and
a vector subspace N of Z* is dense in Z* if, and only if, "N = 0.

We have a very simple relation of the gap between two vector subspaces and
the gap between their annihilators as shown by the following theorem.

Theorem 1.1. For any pair M and N of vector subspaces of a normed space Z,
we have

§(M,N) =686, M,  §(M,N)=5(M° N°). (1.11)

Proof. It makes use of the Hahn-Banach theorem and can be found in [36],
page 201, Lemma 2.8. and Theorem 2.9.. ]

(1.8) and (1.9) suggest that 6(M, N') might be used to define a pseudodistance
(a distance, if we limit ourselves to the set of closed subspaces of Z) between two
arbitrary linear subspaces M and N of Z. But this is not possible in general
since the function & does not satisfy the triangle inequality required of a distance
function. Nevertheless, this inconvenience can be easily overcome by a slight
modification of the definition of gap, thus, obtaining a pseudodistance function
which is “equivalent” with 5. Hence, for all topological purposes 5 can be treated
as if it were a pseudodistance (dlstance) in the class of all (closed) linear subspaces
of Z. For more clarifications and details we invite the reader to see [36], pages
197 - 199.

However, in the case of Hilbert spaces this modification is not even necessary
for if Z is a Hilbert space, 5 itself satisfies the triangle inequality and can be seen
as a pseudodistance (distance) in the set of all (closed) linear subspaces of Z; this
fact is a corollary of the following Theorem 1.2.

Let M be a closed subspace of a Hilbert space Z. We shall denote by Py, the
orthogonal projector on M

Lemma 1.1. Let M, N be closed subspaces of a Hilbert space Z. Then

S(M,N) = ||(1 — Px)Pul. (1.12)

2span E is the vector subspace of Z spanned by F, that is, the smallest vector subspace of
Z containing F, or equivalently, the subspace of Z of all linear combinations of the vectors of
E.



Proof. Since for any u € H dist(u, N) = |ju — Pyul||, we have

d(M,N)= sup |lu— Pyul|= sup |[(1— Py)Pyul
ueM |lul| <1 ueM |[Jul|<1
= sup |[|(1— Px)Pyull = [[(1 = Px)Pul- m
weH |lul|=1

Theorem 1.2. If M and N are closed vector subspaces of a Hilbert space Z, then
O0(M,N) = ||Py — Pyl (1.13)
Proof. Let us denote for brevity

0 = S(M, N) = max{[|(1 — Pyx)Pul|, [|(1 = Pa)Pnll}.

The second equality above is true as a consequence of Lemma 1.1. Let u € Z.
Then, keeping in mind that Py> = Py and (1 — Py)? = 1 — Py, and using the
Pythagorean Theorem,

[(Py — Py)ull* = [[(1 = Py)Payu — Px(1 — Par)ull®

= [I(1 = Py)Payull® + || Px(1 = Pag)ulf?
1(1 = Pn) Pu || Pawl? + | P (1 = Par) [P (1 = Pas)ul?
% Parul[* + 0% (1 — Par)ull®

= 0[Jull*.

<
<

Observe that, in obtaining the inequality in the second last line, we have made
use of the fact that ||Py(1 — Py)|| = || (Px(1 = Py))" || = ||[(1 = Py) Pyl < 6.
In particular,

max{||(1 — Pn) Pyull, [[Pn(1 = Pag)ull} < [|(Par — Pr)ull < 6f|uf

for every u € Z, which, when taking the supremum over all of v € Z, with
llu|| <1, yield

max{||(1 — Pn)Pull, [[Px(1 = Pu)ll} < [P = Pl <0

But the first member in this chain of inequalities is d, again as a consequence of
the already observed fact that ||Px(1 — Py)|| = ||(1 — Pa)Py||, Thus we have

| Prr — Pyl =6,

which is exactly what we wanted to prove. O]

We need the following lemmas to study the connection of the gap between
subspaces and their dimensions - at least in the case of Hilbert spaces (see The-
orem 1.3).

Lemma 1.2. Let M and N be subspaces of a Hilbert space Z and L = M N N.
Moreover, let Ly, Ly be the orthogonal complements of L in M, N respectively.
Then

§(M,N) = 6(Lay, Ly) -



Proof. Note that

S(M,N) = sup [Ju— Pyl

ueM, [lul| <1
= sup J|lu—Ppu—Poul|= sup |lu— Pru— Pi(u— Pru)l.
weM, ||ul| <1 N weM, ||ul|<1 N

Since

{u—Pru:ue M, |lul| <1} ={v e Ly : |v]| <1},
it follows that

SOM,N) = sup o= Pyyoll = 6(Li, I4) 0

veLiy, vl <1

Remark 1.3. Let in Examples 1.1, 2) L = M NN and S be the plane passing
through the origin and orthogonal to L. Then the angle between the planes M and
N is equal to the angle between straight lines M NS and NNS. By Examples 1)
and 2) (M, N) = 6(MNS, NNS). This also follows by the preceeding Lemma 1.2,
because M NS =Ly and NN S = Ly.

Lemma 1.3. Let M and N be closed linear subspaces of a Hilbert space H. Then
dim M < dim N implies
S(N, M) =1.

Proof. Without loss of generality we may assume that dim N < co and, by
Lemma 1.2, that M NN = @.

We claim that there exists a vector v € N such that v L M and |jv| = 1.
Indeed, let dim M = m, dim N = n, ey, ..., e, be a basis for M and fi,..., f,
be a basis for N. We are looking for a vector

n
v=>) a;f;,
j=1

where not all of «; are equal to 0. The condition of v being orthogonal to M is
equivalent to

Zaj(fj’ ei) =0
j=1

for every ¢ = 1,...,n. Since m < n, this system of linear equations in the
unknowns «q, . . ., a, has a non trivial solution. In this way we obtain a non zero
vector v which is orthogonal to M and, if need be, we can normalize it so that
||v]] = 1. Thus we have

1> §(N, M) >dist(v, M) = ||v]| = 1. O

Theorem 1.3. Let M, N be vector subspaces of a normed space Z. d(M,N) <1
implies dim M < dim N and 6(M,N) < 1 implies dim M = dim N.

Proof. If Z is a Hilbert space, the result is just a consequence of the pre-
ceeding Lemma 1.3. In the general case the proof can be found in [36, Ch.IV,
§2.2]. [



1.2 Gap between operators

Let us now give the definition of the gap between two arbitrary linear operators.
We proceed in the same spirit as in Tosio Kato’s book [36], but extend the
definition to general operators while Kato in his monograph [36] limits himself to
the case of closed operators. Moreover, some of the results and proofs are slightly
improved.

Since we are going to deal with graphs of linear operators, given two normed
spaces X, Y, it will be necessary to consider the Cartesian product normed space
X x Y with the usual addition, multiplication by scalars and norm defined by
(u, 0)|xxy = (Jul|% + |[v]|2)2 for all u € X, v € Y. If the norms of X and
Y derive, respectively, from certain inner products (-,-)x, (-, )y, then X x Y
can also be equipped with an inner product defined by ((u,v), (v/,v')) .y =
(u,u')x + (v,0")y for all u,u’ € X, v,v" € Y, from which the norm || - || xxy is
derived. Thus, if X,Y are Banach (Hilbert) spaces, then X x Y is also a Banach
(Hilbert) space. As usual, the subscripts from the norms and inner products will
be dropped whenever no possibility for ambiguity arises.

Definition 1.3. Let X and Y be two normed spaces and let S,T € L(X,Y).
Then we define

6(S,T) =6(G(S),G(T)), (1.14)
5(S,T) = 6(G(S), G(T)). (1.15)
More explicitly,
5(S,T) = inf (|lu— |2 + || Su—To|ly)?. 1.16
(S, 7T) u:g@) @&mwu vl[% + [|Su —Tvlly) (1.16)

lull% + [1Sull§ =1

As in Remark 1.2 analogous results hold. For instance, we can change the sign
7 =7 with ” <7 in the right side member of formula (1.16) without changing
the result.

Example 1.1. Let T € B(X,Y'). It is easily seen that

||
5(T,0)= — =0
) (1+T|%)=

In virtue of (1.18) it follows also that §(0,T) = &(T,0) = 6(T,0). Further results
with regards to bounded operator can be found in [17].

A linear operator T is said to be closable if it admits a closed extension; in
this case the smallest of such extensions is called the closure of T" and is denoted
by T. In terms of graphs, it is characterized by the fact that G(T) = G(T). (the
closure is intended in X x Y). Thus, (1.6) implies that, if S,7 € L(X,Y) are
closable operators, then

5(S,T)=06(S,T). (1.17)

Let X,Y be normed spaces and let T € L(X,Y’) be a densely defined linear
operator, that is, an operator such that D(T') is dense in X. Then the adjoint
(or dual) operator of T is the operator T* : D(T*) C Y* — X*, where

D(T*) = {v* € Y* : there exists u* € X* such that



(Tu,v*)y = (u,u*)x for all u € D(T) }
and
T"v" = u*.

Note that it is essential for T to be densely defined in order to T% be well-
defined. Furthermore, T* is characterized by the fact that® G(T*) = G'(T)°,
where G'(T)) = {(Tz,z) : x € D(T)} is the inverse graph of T. Since an
annihilator is always closed, it follows that 7™ is always closed even if T is not
closed or closable. We have also that R(T)° = N(T™) and °R(T*) = N(T'), where
N(T), R(T) are, respectively, the null space and the range of a linear operator 7.

Theorem 1.4. Let X,Y be normed spaces and let S,T € L(X,Y) be densely
defined linear operators. Then

5(S,T) = 6(T*, 8%,  0(8,T)=06(S*T). (1.18)

Proof. A direct consequence of Theorem 1.1. m

Let X be a Hilbert space and T' € L£(X) a densely defined operator. We
identify the adjoint space X* with X. Then the operator T is said to be symmetric
if T* is an extension of T', that is, if (Tw,v) = (u,Tv) for all u,v € D(T).
If T* = T, then T is said to be self-adjoint. Symmetric operators are always
closable. A symmetric operator T is said to be essentially self-adjoint if T is
self-adjoint, or, equivalently, if 7% = T. The previous Theorem 1.4 implies the
following corollary.

Corollary 1.1. Let X be a Hilbert space, and let S, T be (essentially) self-adjoint
operators in X. Then

§(S,T) = 6(T,8) = 6(S,T). (1.19)

We will continue to use the letters X,Y to denote normed spaces, unless
otherwise specified, in the following part of this subsection.

Theorem 1.5. Let S, T € L(X,Y), Ae B(X,Y). Then
0(S+ AT+ A) < (2+][A[*)d(S. T), (1.20)
O(S+AT+A) < (2+|A*)d(S,T). (1.21)

Proof. Since D(A) = X, we have D(S + A) = D(S) and D(7T'+ A) = D(T)).
Let w € D(S) and
[ullx + 1(S + Aully = 1.

Then
[Sully < [[(S+ Aully + [[Aully < [[(S+ Aully + [[Allllullx,
hence, by Cauchy-Schwarz inequality,
[Sull < (ullf + 165 + A)ulF) (1 + [|AI*) = 1+ [| Al
3We are identifying (X x Y)* with X* x Y*; any (u*,v*) € X* x Y* is mapped in the linear

form X xY — C with (u,v) — (u,u*)x + (v,v*)y for allu € X, v € Y. It can be easily verified
that this mapping is an isometric linear homeomorphism of X* x Y* with (X x Y)*.
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and . )
(lullx + I1Sully)z < 2+ [A]%)z.
Moreover, for any v € D(T),

|(S+Au— (T+ Awlly = ||Su—Tv+ A(u—v)|ly
< ||Su—"Tollx + [|A[[llu — v|x
hence
1(S+ A)yu— (T + Ay < (JJu—ol5x +[|Su—To|3)(1+ [|A]*)
and

(le—=vllX + (S + A)u— (T + A)o[ly)2 < 2+ [AI%)2 (lu—vllx + |Su—To[[7)z.

Therefore
S(S+AT+ A = sup inf (||u—v||§(+ ||(S+A)u—(T+A)v||§/)§
Jull% + (S + A)ul3 =1
< (24 )AP): sup inf (flu—vl[% + [|Su—Tv[f})?
(lull% + ||SUH%1)§ <
(24 [1A]1%)=

= (2+[14]")a(S,T).

Thus, inequality (1.20) holds and it also implies inequality (1.21) as a direct

consequence.

Theorem 1.6. Let S,T € L(X,Y). Assume that T € B(X,Y) and

8(8,T) < L+ 7)) ~2

]

Then S is also bounded (as an operator from its domain D(S) to Y ). Fur-

thermore,
14T
1+ |[T]2)'/26(5, T)

Proof. Step 1. Let u € D(S). Then for any v € D(T)

15 = Tllpe)—y < 7 ( 5(S,T).

(S =Tully = [|Su—=Tv—=T(u—0)|y
< 1Su—="Tolly +T[llw - vlx.

Hence, by the Cauchy-Schwarz inequality,
1 1
1S = Tully < (lu—vll% +[1Su—Tvl%)> L+ T]*)

and

I(S=Thully < inf (Ju—v]X+[Su—"Tvly)* (1+T*)*

veD(T)

5(S,T) (1+1T]%).

IN
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Step 2. Assume that

el + ISul2 = 1. (1)

Then

1< (Jull% + 1 Tu+ (S — Tul2)?
< (lull% + (ITMullx + (S = Tyully)?)*
— (U ITIR) ull + 20T x| Su — Tullx + | Su — Tufl2)? |
< (U ITIPYulie + 200+ 1Tl S — Tullx + |1Su — Tull} )
— (TR ulx + (1w — Tully.

Therefore

1Su = Tully < (1+[IT1*)a(S, T)llullx + (1 + [T1*)23(S, T)[[Su — Tully.
Hence for all u € D(5) satistying (1)

L+ |7
— (L+IT]*)726(5,T)

15U = Tully < 5 (5, T)|ullx-

Since this inequality is homogeneous in u, it is true for any v € D(.S) without nor-
malization (1). Thus S —7T € B(X,Y), hence S € B(X,Y), and inequality (1.22)
holds. O

Corollary 1.2. Let X, Y be Banach spaces. If in addition to the assumptions
of the previous Theorem 1.6, S € C(X,Y) and D(S) = X, then S € B(X,Y) and

L+ 7]
— (L [IT]*)120(5,T)

IS =7l < - 5(S, 7). (1.23)

Proof. Since by Theorem 1.6 S € B(X,Y) and S € C(X,Y), it follows that
the domain D(S) is closed. On the other hand D(S) = X, hence S € B(X,Y)
and estimate (1.23) follows from (1.22). O

Theorem 1.7. Let S,T € L(X,Y). Assume that T € B(X,Y) and
§(T,8) < (14 ||T|»)~ V2
Then the operator S is a densely defined.

Proof. Let v € X be any vector so normalized that (v,7v) is in unit sphere

of G(T);
lllx +1Tv]§ = 1.
Let &' be such that §(T,S) < & < (1+ ||T?)~¥2. Then there is u € D(S) such
that
lv —ullX + 1Tv — Sull} <™.

Hence ||v — ul|x < ¢’ and dist(v, M) < ¢, where M is the closure of D(S). Since
L < @+ TI)vl%, dist(v, M) < &1 + || T||*)*?||v]|x. The last inequality is

9



homogeneous in v and therefore true for any v € X. Since §'(1 + ||T]|?)"/2 < 1 it
follows that M = X; otherwise there would exist a v # 0 such that dist(v, M) >
§'(1+ ||T)?)Y?||v||x as a consequence of a well-known fact, which asserts that
for any closed subspace M # X and any 0 < § < 1 there is a v € X such that
|lv]] =1 and dist(v, M) > 1 — 4. Thus D(S) is dense in X. O

Let X, Y be Banach spaces. It is a known fact that if S € L(X, Y) is a closed
densely defined operator, then S € B(X, Y) if, and only if, S* € g(Y*, X*). For
this non-trivial result we refer to Brown [8]. Taking into account this result we
have the following corollary.

Corollary 1.3. In addition to the assumptions of the preceeding Theorem 1.7, let
the normed spaces X,Y be Banach spaces, and the operator S be closable, then
S € B(X,Y), and the following estimate holds:

L+ |7
L+ || T]?)26(T, S)

HS - THD(S)—’Y < 1 — ( 5(T7 S) (1'24)

Proof. To show the boundedness of S we apply Theorem 1.6 to the operator
S* which exists because S'is densely defined in virtue of the previous Theorem 1.7.
This can be done since || T*|| = ||T'|| and, by (1.18), 6(S*,T7*) = 6(T, S). Thus, we
deduce that S* € g(Y*, X*). Since S* = S*, the premise to this corollary implies
that S € B(X, Y), and therefore S € £(X, Y). Finally, we apply estimate (1.22)
to the pair S* 7%, (1.18) and the fact that ||S — T|lps)—y = |[S* — T*| to
obtain (1.24). O

Corollary 1.4. Let X, Y be Banach spaces. Let S € C(X,Y) and T € B(X,Y).
Assume also that
O(T, S) < (L+]|T) "2,

Then S € B(X,Y) and

L+ |7
(L+(ITI*)M26(T, 5)

IS -7 < — 5(T, S). (1.25)

Proof. The previous Theorem 1.7 implies that S is a densely defined and
bounded operator in its domain D(S). On the other hand, the closed graph
theorem implies that S is bounded if, and only if, D(S) is closed. Thus, D(S) =
D(S) = X and therefore the operator S is defined all over X and is bounded;
in our notations S € B(X,Y). Then estimate (1.25) is just a direct consequence
of (1.24). O

These results are summarized in the following.

Theorem 1.8. Let X, Y be Banach spaces and S,T € L(X,Y). Assume that
T € B(X,Y) and let

Omin(S,T) = min {6(S,T), 6(T,S)} < (1+||T|>)~"2.
Then S € B(X,Y) and

L+ |7
(L4 7)) 20min (S, T)

Moreover, if §(T,S) < (1+ ||T||?)~/2, then S is densely defined.

1S = Tlloe)—v < 17— Omin(S, T). (1.26)

10



Remark 1.4. If in the previous theorem the operator S is assumed to be closed

and densely defined, then S € B(X,Y') and the norm of the difference ||S — T
is still bounded from above by the right side member of (1.26).

The gap is invariant with respect to inversion, that is, if S,7 € L(X,Y) are
invertible, then §(S™',T~!) = §(S,T). This remark together with Theorem 1.6
and Theorem 1.7 imply the following important results, which, we may continue
to call as the principle of stability of bounded invertibility, (see again [36], page
205, Theorem 2.20).

Theorem 1.9. Let S,T € L(X,Y) and assume that T is invertible with bounded
inverse T~ € B(Y, X). We have:

(i) If
6(S,T) < (L+IT7H%) ™2,

then S is invertible, S~* € B(Y, X) and

L+ |77
L+ [[T=H2)126(5,T)

HS—l o T_IHR(S)—>X < - ( 5(5, T). (1.27)

(i1) If S is densely defined and
0T, S) < (L+ T2,

then, S is invertible, S~ € E(Y, X) and, in addition to estimate (1.27),
the following one holds too:

L+ |77
L+ [[T=1]2)1/26(T, S)

157 =T law)—x < 7= ( (T, 5). (1.28)

Moreover, in this case the range R(S) of S is dense in Y.

Proof. If we knew that S is invertible, then the assertions (i) and (ii) would
be direct consequences of Theorem 1.6 and Theorem 1.7, respectively.

Thus, it remains to prove that S is invertible. This can be done directly
for assertion (i); let S be such that 6(S,T) < (1 + ||T7||*)~'/2, and suppose,
by contradiction, that a u € D(S) such that ||ul|x = 1, Su = 0 can be found.
Then (u,0) is in the unit sphere of G(5), hence there is a v € D(T) such that
lu —v||% + |Tv||} < §” for some number § with the property that 6(S,T) <
§ < (1+||77?)~2. In this way we have 1 = |jul|?> < (||u — v||x + [[v]x)? <
(Jlu = vllx + 1T Tvlly)? < (1+[|T7*)0"” < 1, a contradiction.

Now take S as in the hypotheses of (ii). The adjoint operator S* of S exists,
since S is by assumption densely defined. Keeping in mind that 6(S*,7T*) =
§(T,S) and (T*)~! = (TY*, we can apply (i) to the pair S*,T*, and thus,
conclude that S* is invertible and (S*)~! € Bi (X*,Y™"). Since the gap is invariant
under inversion, we have due to the assumptions, §((S*)™, (T*)7!) = 6(S*, T*) <
(14 ||T||*)~1/2. Therefore, (S*)~! is densely defined, and since it is also closed,
we deduce that ($*)~' € B(X*,Y*). This, in particular, implies that N(S) =
OR(S*) = %(X*) =0, so that S is invertible. O

11



Remark 1.5. In order to the second assertion in the previous Theorem 1.9,
and in particular the estimate (1.28), hold, it would suffice that §(T,S) < (1 +
IT=1)?)~2, if we knew in advance that S is invertible. The other assumption
§(S,T) < (1+||T71|?)~Y2 serves precisely for this, to guarantee that S is invert-
ible like in part (i) of the foresaid theorem.

If in part (ii) of Theorem 1.9 the spaces X,Y are assumed to be Banach
spaces and the operator S is assumed to be closed, then, since S™' is closed too
and densely defined, that is, m =Y, it follows, by the closed graph theorem,
that R(S) is closed and therefore S~ is everywhere defined in' Y and bounded
(with our notations S~ € B(Y, X)) and the norm of the difference ||S™' — T7!||
is still majorized by the right side member of (1.28).

1.3 Estimates of the variation of eigenfunctions via the gap
between operators

Now, we recall briefly those results of spectral theory of linear operators that
will be useful to us. Let X be a Banach space. The symbol B(X) will denote
the Banach algebra of the bounded linear operators in X. In what follows T is
assumed to be a closed operator in X (T' € C(X)). Then the same is true for
T — ¢ for any complex number £&. The set of the complex numbers £ such that
T — £ is invertible and

R(§) =R T)= (T - &) € B(X) (1.29)

is called the resolvent set of T and is denoted by p(T"). The operator-valued
function R(£) thus defined on the resolvent set p(T') is called the resolvent® and
satisfies the so-called resolvent equation; for any &1, & € p(T)

R(&) — R(&) = (& — &)R(&)R(&). (1.30)

Using this, it can be shown that p(7") is an open set in the complex plane and
the so-called Neumann series for the resolvent is valid; if € p(T") then

= (§—&)"R(&)" (1.31)
n=0

for any £ € C such that series on the right side is convergent. Hence R() is an
holomorphic function in p(7") and it can not be continued analytically beyond
the boundary of p(7).

The complementary set o(T") of p(T') (in the complex plane C) is called the
spectrum of T'. In the case of X being finite dimensional o(T") consists of a finite
set of points (eigenvalues of T'), but in the general case the situation is much more
complicated. It is possible for o(T") to be empty or to cover the whole plane C.

If T'e B(X), then o(T) is never empty and is bounded. Actually

max |\ = lim ||T"||» = inf ||T"||", (1.32)
Xeo(T) n—00 neN

4The resolvent is the operator valued function ¢ € p(T) — R(£) € B(X). It appears,
however, that also the value R(£) of this function at a particular £ is customarily called the
resolvent. Sometimes (£ — T)~! instead of (T — &)~} is called the resolvent of T

12



and this number is called the spectral radius of T and is denoted by spr(T).
The radius of convergence of the Neumaann series in (1.31) is 1/spr(R(&)).
Furthermore, if X is an Hilbert space and T is a normal operator (in particular,
if T' is self-adjoint), then
spr(T) = |[T]| (1.33)

Let us turn at the general case assuming that 7' € C(X) only. As to the
behavior of the resolvent of T at the point at infinity oo, we have the following:
if the resolvent set p(7T') contains the exterior of a disc (or equivalently, o(7') is
bounded), then either T' € B(X), R(&) is holomorphic at £ = oo and R(c0) = 0,
or R(£) has an essential singularity at co. In view of this fact, it is natural to
include £ = oo in the resolvent set of 7' if T € B(X) and in the spectrum of T
otherwise. Thus, we can speak about the extended resolvent set of T and the
extended spectrum of T and use the notations p(7), o(T'). Hence, in this context,
T is bounded (7" € B(X)) if and only if its extended spectrum ¢ (7") is a bounded
set of C.

If T is an invertible operator, (7T") and o(T~') are mapped onto each other
by the mapping & — ¢! of the extended complex plane’.

A consequence of this is the fact that if §, € p(T"), then the spectrum of R(&,)
is the bounded set obtained from &(7T") by the transformation £ — & = (£ —&)~*
and using (1.32) we have

1
spr(R(&)) = dist (&, o (1))

If the operator T is self-adjoint (or more generally, normal) R(&,) is normal and
1
dist(&o, o (1))

Let Ao be an isolated point of o(T), that is an isolated singularity of R(§).
We consider the Laurent series of R() at & = Ao:

(1.34)

I1R(&)[l = (1.35)

o0

R(&) = > (£ X0)"A,, (1.36)

n=—oo

where

_ R(§)
C2mi Jp (€ — M)t

with I'® being a positively oriented circle that enclosed Ay but no other point of
o(T). Since I may be replaced with a slightly larger circle IV without changing
(1.37), we have

Andn = <27”) ///f Ao)mtl gf(f) )m+1d§d§
- (27”) //§ o) n+1(é)/ )\O()gm>+1(§ 5,)615615,

5This is only a special case of the spectral mapping theorem, which asserts that given an
operator T' and a function ¢, under certain hypothesis on 7" and ¢, the operator ¢(T") can be
defined and 7 (o(T)) = p(a(T)).

6 Actually, I' could be any simple closed rectifiable curve enclosing only g and leaving outside
the rest of the spectrum of T

d, (1.37)
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where the resolvent equation (1.30) has been used. The double integral on the
right may be computed in any order. Considering that I'" lies outside I", we have”

1 1 1

omi e (€ agyi(@ — 8% = e gy

1 1 1
= d¢' = (1— n )
e e s L Al
where the symbol 7, is defined by

=1 for n>0 and 7n,=0 for n<O0.

Thus,

Al = B [ T gt = O = D (139

Form =n = —1, A2, = —A_;. Thus, —A_; is a projector which we shall
denote by P (or P, if we want to show explicitly its dependence on \g). For
n.m < 0, (1.38) gives A%, = —A 3, A ;A 3=—-A%,=—A 4 ... . On setting
D = Dy, = —Ay, we obtain A, = —D*! for k > 2. Similarly, we obtain
A, = 8" for n > 0 with S = S, = A.

Thus, the Laurent series of R(§) at & = )¢ simplifies as

R() = o _1/\0P — ; WD” (1.39)
+ i (€= Ao)mS" . (1.40)

3
Il
=)

Using again (1.38) with n = —1, m = —2 and then n = —1, m = 0, we see that
PD=DP=D PS=SP=0. (1.41)

Thus (1,56) and (1,57) represent a decomposition of the operator R(¢) according
to the decomposition X = My, ® My = M @& M', where M = M,, = P),X and
M'"= M, = (1—Py,)X. As the principal part of the Laurent series at an isolated
singularity, the series in (1.56) is convergent for all £ # \g, hence the spectral
radius of D is zero. Such an operator is called quasinilpotent. If M = M, is
finite dimensional, then D is nilpotent, )¢ is an eigenvalue of T" and

m = my, = dimM), (1.42)

is called the algebraic multiplicity of the eigenvalue A\g. In this situation the
principal part of the Laurent series of R({) is a finite sum with m,, terms and
£ = Ao is a pole of order m,, for R(&).

In the general case, of course, the principal part of the Laurent series of
R(§) at £ = A\ may be an infinite series. P = Py, and D = D, are called the

"These integrals can be seen as the coefficients of the Laurent series (¢ — &)71 =
Yo W(f — Xo)", where € — Ag| < |& — Ag|, seen as a function of the variable ¢
for the integrals of the first line, and as a function of the variable £ for the integrals of the
second line.
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eigenprojector and eigenquasinilpotent (if D = D), is nilpotent, it is called simply
eigennilpotent) associated to the isolated singularity \g. Multiplying (1.37) by T
from the left and using R(§)T C TR(£)® = 1+ER(€), we obtain TA,, = 0+ An_1.
This gives for n =0 and n = —1

P/\O(T — /\0) - (T — /\Q)P)\O = D>\07 (143)

S)\O(T — /\0) C (T — )\0)8/\0 =1- PAO. (144)

The holomorphic part of the Laurent expansion of R(£) at £ = Ag is called the
reduced resolvent of T at \g; we denote it by Sy, (§):

S (6) =D (6= Xo)"s™H. (1.45)

n=0

From this, (1.41), (1.43) and (1.44), it follows
S)\O()\O) - SAO? S)\O(S)P)\O - P)\OS)\O(f) =0, (146)

Sxo(E)(T =€) C(T' = £)5x(§) = 1= Pa,. (1.47)

The last equalities show that the parts of 7' — ¢ and of S),(£) in the invariant
subspace M’ = M  are the inverse of each other.

These results can be extended to the case in which we consider a finite number
of isolated points Aq, ..., s of o(T"). We obtain

Py = Dy
R(&) = — + ———| + Ro(&). 1.48
() ’; v S W o(€) (1.48)
Here P, and D, are the eigenprojectors and eigenquasinilpotents associated to
the isolated points A, of o(T'); they satisfy the relations

PPy = 0mby PuDp = DiPy = D (T — Ai) By = Dy (1.49)
Ro(€) is holomorphic at £ = A\, k=1,...,s, and

Again, )\ is an eigenvalue if My = P, X is finite dimensional with the dimension
of this subspace being its algebraic multiplicity.. If A\,..., \; are eigenvalues of
finite multiplicity, they will be called a finite system of eigenvalues of T. For
finite system of eigenvalues, the situation is much the same as in the case of finite
dimensional X. For instance, they depend continuously on 7. We have further

TP =Y (MPi+Dy), P=P+--P. (1.50)

k=1

Here we have what might be called a a spectral representation of T in a restricted
sense. This is not as complete as in the case of finite dimensional X, since it does
not regard 7" but T'P.

8This means that TR(£) is an extension of R(£)T
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Given a closed operator T and A = A[T] an isolated point of o(T"), we would
like to study the dependence on T of the eigenprojector P[T] = P,[T] associated
to A[T]. If T is a closed curve around \¢ that encloses no other point of o(7T)
and if S is a slight perturbation of 7' (5(S,T) is suitably small), then o(S) might
have more then one point—it has at least one—or even infinitely many points, near
Ao enclosed by the curve I'. As an example, if A\[T] is an eigenvalue of T of finite
algebraic multiplicity m, the state of things is alike to the case of matrices: it
usually splits in 1 < k = k[S] < m distinct eigenvalues A\i[S],- -, Aok[S] whose
sum of the algebraic multiplicities equals m and all of them are enclosed by I'.
These considerations lead us to deal with groups of spectral values, isolated from
the rest of the spectrum, simultaneously. Thus, we have to consider a projector
P[S] that regards all that part of o(S) enclosed by the curve I'. More precisely,
we have the following theorem.

Theorem 1.10. Let T € C(X). Assume that o(T) is separated into two parts o
and o’ by a rectifiable simple closed curve (or, more generally, a finite number of
such curves with no point of any of these curves contained in the interior of any
other) in such a way that it encloses an open set containing oq in its interior and
o' in its exterior. Let

P=pPT = - [ RE)de. (151)

2w Jr
Then the following facts hold:

(i) P is independent from the curve (or sequence of curves) I' used to define it,
provided that I' satisfies the above mentioned requisites. More precisely, if
[ is another rectifiable simple curve (or finite sequence of such curves with
no point of any of these curves enclosed by any other curve) that encloses
an open set containing og in its interior and o' in its exterior, then the
second member of (1.51), with I instead of T, yields the same operator P.

(ii) P € B(X) and P? = P. Thus P is a (not necessarily orthogonal) projector.

(i) If M = M|T] = P[T|X and N = N[T| = (1 — P[T))X, then M,N are
complementary (not necessarily orthogonal) closed subspaces’- briefly we
write X = M + N. Moreover, M, N are T-invariant subspaces of X in the
following precise sense: N C D(T'), TM C M, D(T)NN is dense in N and
T(D(T)NN) C N.

(iv) The operators that T induces in M and in N that we denote with Ty and Ty
are such that o(Ty) = 0¢ and o(TxN) = o’. One has also that Ty, € B(My).
(Thus, 0(Tn,) = o9 whereas o(Ty) may contain oo.)

If in addition the operator T is normal, and in particular, self-adjoint, then
the following facts hold too:

(v) P is an orthogonal projector and M, N are orthogonal complements to each
other; briefly this fact is written as X = M @ N.

9We recall that this means that X = M + N and M N N = {0}.
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(vi) If o9 = { Ao}, that is Ao is an isolated point of the spectrum of T', then Ao
is an eigenvalue of T and M[T)| is the relative eigenspace, that is, M[T] =
N(T — X\o). In this case dim M ([T is called the multiplicity'® of T

(vii) If m = dim M[T] < oo, then oy has at most m distinct points which are
all isolated eigenvalues of T and whose sum of the respective multiplicites
is exactly m. If say o9 = {A1,..., A} (1 <p<m), then

M(T] = éN(T — ). (1.52)

The proof of these facts is not difficult and part of it can be found in [36],
Ch. III, §6.4-86.5 pages 178-181; Ch.V, §3.5, pages 272-274; and in [53|, Theo-
rem XII.5, Theorem XII.6, Vol. IV, pages 11-13.

Another relation that might be useful in applications is the following:

1

PIT|T C TPIT] =

/fR(f)dS € B(X). (1.53)
r
Given two operators S, T, it is our intention to give an estimate of
d(MIS], M[T)) = || P[S] — P[T]],
(see Theorem 1.2), when (S, T) is sufficiently small.

Theorem 1.11. Let X be a Hilbert space and T a self-adjoint operator in X.
Let Ny be an eigenvalue of T and assume that it is an isolated point of o(T).
Precisely, assume that it is the center of a circle of radius r > 0 that we denote
by CF(Xo) and that does not enclose any other point of o(T) except Ng. Assume
also that any other point of o(T') different from Ao has distance from Ay not less

than't 2r. Set .

5= .
212 + (|Xo| +7)2] (1 + r2)/2

Any S € C(X) with 6(S,T) < 8 has spectrum o(S) separated by C:+ (o) into two
parts oo(S) and o' (S) (C;(Xo) running in P(S)) and

S(MIS], MIT]) < 212+ (|| + )2 (14 1) 60in(S, T). (1.54)

Proof. A point of the circle belongs to the resolvent set of S if S — ¢ is in-
vertible with the inverse in B(X), and this, in particular, in virtu of Theorem 1.9,

ii), Remark 1.5 and Theorem 1.5, is true if §(S — &, T — €) < (2 + [£[2)8(S,T) <

10T the case of normal operators, the usual notions of algebraic and geometric multiplicities,
which are found in the spectral theory literature, coincide. This is why we speak simply about
the multiplicity.

"This hypothesis guaranties that dist(¢,0(T)) = |€ — X\g| = r for any point ¢ of the circle
C;F(M\o). Hence, (1.35) implies ||R(&,T)|| = 1/r for such points £ € C;F(\).
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(1+||R(&,T)||?)~"/2. That is, if

N . ]_
AST) < TR T RE T
1
meeer oy 1@ 5 EP T [RE TPV

1

MaXeect(n [(2 + €)1+ )12

1
= — 25,

24 (|ho] +7)7 (14 &)

(here we have used (1.35)). Thus, since this is the case by assumption (actually
0(S,T) < § < 20) we deduce that the circle C;F(\g) lies in the resolvent set of S.
Using (1.51), (1.35) and Theorem 1.9, we obtain

1

2m CF (o)

r mfx HR(S’ S) - R(f, T)H
§€C (No)

IN

I1P[S] = P[T1]| I1R(E,S) — R(&, T)||dE

IN

L1 |RET))? o
e T (4 [RET)P) Pomin(S — 67— ) w5 = 6T =8

. 24+1EP) A+ %)
eect o) 1 — (24 [€2)(1 + %) Y200min (S, T)
2 A (1+ L
L=[24 (ol +7)2 (14 %) 7" 6min(S, T)
T
T 20 = 0in(S,T) Omin (9, T)
SOnin(S,T) = 202+ (Dol +7)7] (1 +77)

Then (1.54) follows from Lemma 1.2. O

IN

IN

r

5min(Sa T)

1/2

IN

Omin (S, T) .

Remark 1.6. Under the assumptions of the previous Theorem 1.11, let [N—Xo| <
T, A # No. As we saw in the proof of that theorem, \ € o(S) implies

(L+ IR TP 72 < (24 [NP)S(S. T).
In consideration of (1.35) and the assumptions of the theorem we find that
(24 [A\?)4(S,T)
V- @+ RS, 1)

[A—Ao| < , (1.55)

for all X € o(S) N D,(Ng).

We are going to apply the estimates for the projectors of the previous theorem
to obtain estimates for the eigenfunctions. Hence the following result, which can
be found in [6] comes out to be of importance.
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Lemma 1.4. Let M and N be finite dimensional subspaces of a Hilbert space X,

dimM = dim N = m, and let uy,...,u, be an orthonormal basis for M. Then
there exists an orthonormal basis vy, ..., v,, for N such that
g — ve|| <5*6(M,N),  k=1,...,m. (1.56)

Proof. In [6], page 20, Lemma 5.4. states precisely what we want to prove,
with the only difference that we have (1.56) with || Py — Py||, (where Py and Py
are the orthogonal projectors of M and N respectively) instead of B (M, N). But
these quantities are equal in virtue of Theorem 1.2, hence we have the desired
result. O

Combining the above results we obtain the following theorem.

Theorem 1.12. Let X be a Hilbert space and T, S self-adjoint (or more generally,
normal) operators. Let \o,7,d be as in the assumptions of Theorem 1.11. More-
over, assume that the eigenvalue \g of T' has multiplicity m. Then, ifg(S, T) < d,
there are at most m distinct eigenvalues of S in the disc D,(\g) such that the
sum of the relative multiplicities is exactly m. Moreover, if ©1[S],. .., om[S] is
a an orthonormal set of eigenfunctions of S corresponding to the aforementioned
set of eigenvalues of S, then there exists an orthonormal set of eigenfunctions
1T, ..., om|T] of T corresponding to the eigenvalue Ao such that

loxlS] = @rlTIl < 2- 552+ (Aol + 1) (1 +73)

Omin (S, T") (1.57)
for each k=1,...,m.

An important remark is to be done:

Remark 1.7. The previous result is not symmetric in the operators T, S in the
sense that we are obliged to fix first the eigenfunctions of S and then we can choose
eigenfunctions of T (as near to those of S as we want provided that S(S, T) is
sufficiently small), but not conversely. The fact is that the subspaces

M[T]=N(T - X))  and  M]S] = é N(S — M),

where \[S], ..., \p[S] are the distinct eigenvalues of S, are indeed near to each

other (provided that 6(S, T) is sufficiently small, see Theorem 1.11) but we do not
have the necessary freedom in choosing the eigenfunctions of S.
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2 Preliminaries about non-negative self-adjoint op-
erators

2.1 Square roots of non-negative self-adjoint operators

Theorem 2.1. For any non-negative self-adjoint operator S on a Hilbert space
X there exists a uniquely defined non-negative self-adjoint operator S¥? on X,
the square root of S, such that

(i) D(S) c D(SY?) c X,
(i) w € D(S) if and only if u € D(SY?) and (SY?u) € D(S/?),
(iii) SY2(SY%u) = Su for u € D(9).

Corollary 2.1. u € D(S) if and only if u € D(SY?) and there exists f € X such
that for all v € D(S/?)
(SY2u, SY?v) = (f,v). (2.1)

In such a case Su = f.

Proof. If u € D(S) then, by the self-adjointness of S'/2, (ii) and (iii), for all
v € D(SY?).
(SY%u, V%) = (Su,v). (2.2)

Vice versa if u € D(S'/2) and (2.1) holds, by the definition of the adjoint, it
follows that S'/2u € D((S/?)*) and (S'/2)*(S¥/?u) = f. Since (SV/?)* = SV/2, by
(#7) and (i27) it follows that u € D(S) and Su = f. O

There are different ways of describing S'/2? but no simple ones.

(i)

sz 2 / h Se*S dt .
™ Jo

Note that, for every = > 0,

2 > 2
\/52—/ xe Ut
VT Jo

(i) If S >a >0 (i.e. (Su,u) > allul|?® for u € D(S)) then

00 —1
S1% = (1/ t73(S 4+ tI)! dt) .
™ Jo

Note that, for z > 0,

X

N

1 [
:_/ t72(z+t)" ' dt.
T Jo
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(iii) Assume that S has compact resolvent, let \,, n € N, be the eigenvalues
(arranged in non-decreasing order), ¢,, n € N be the corresponding eigen-
vectors and {¢, }nen be an orthonormal basis for X (see §2.3, in particular,
Theorem 2.6). Then

Sl/ZU = Z )‘1/2(u7 ¢n)¢n )
n=1

D(SY?) = {u eX: i)\n|(u,¢n)|2 < oo}
n=1
and

D(S) = {u €X 0 ) N(u,én))* < oo} :

Example 2.1. Let S be as in 3, we have

SY2(812u) = NSV u, dn)dn = Y N7 (Z A, m)m) n
n=1 n=1 k=1
n=1

One verifies that u € D(S) if and only if u € D(SY?) and S**u € D(SV/?).

2.2 Variationally defined non-negative self-adjoint opera-
tors, closed forms, Friedrich’s extensions

As Davies has pointed out in [20], quadratic forms have proven to be extremely
powerful in the study of second order elliptic equations. The fact is that it is often
better to study the quadratic form associated with a non-negative self-adjoint
operator S than the operator itself. Actually, it is usually easier to determine or
characterize the domain of the form than that of the operator. Not only but it
also happens that many differential operators with quite different domains have
quadratic forms with the same domain. Hence, for the convenience of the reader,
we report here the main facts that concern non-negative closable quadratic forms.
The proofs are usually not provided, but we refer the reader to [20] instead.

Definition 2.1. Let X be a Hilbert space, D(Q') C X and
Q' :DQ) xDQ)—C.

We say that Q)" is a non-negative sesquilinear form on X, if D(Q') is a dense
linear subset of X and

(i) Q'(u,v) is linear in u,

(ii) Q' (u,v) is conjugate linear in v,
(iii) Q'(u,v) = Q' (v,u), for u,v € D(Q'),
(iv) Q' (u,u) >0, for u € D(Q').
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The quadratic form

Q:DQ) —R
defined by D(Q) = D(Q') and Q(u) = Q'(u,u) for v € D(Q) is called the
quadratic form associated with Q'. 2

Recall that
1

Q'(uv) = 7 (Qu+0) + Qu —v) +i(Qu+iv) + Qu —iv))) .

Example 2.2. Let S be a non-negative symmetric linear operator on X and
define D(Q') = D(S) and Q'(u,v) = (Su,v) for u,v € D(S). The Q' satisfies
(1)~ (iv).
Example 2.3. Let S be a non-negative self-adjoint operator on X.

Define D(Q') = D(SY?) and Q' (u,v) = (S*?u, SY%v), u,v € D(SY?). Then
Q' satisfies (1)—(iv).

In the last case we say that Q' is the associated sesquilinear form which arises
from S.

Definition 2.2. The quadratic form @) on X is closed if D(Q) is complete for
the norm defined by
1/2

lull = (lull® + Q(u))
That is to say that, if u, € D(Q) and

Im |ty —u,| =0, lim Q(um —u,) =0,
then there exists u € D(Q) such that
lim |lu, —ul| =0 and lim Q(u, —u) =0.

Recall that S : D(S) — X is closed if, u,v € X, u,, € D(5), limy, 00 [Jun—u| =

0 and lim,, o ||Hu, — v|| = 0, implies u € D(S) and Su = v. That is to say that
S is closed if D(S) is complete for the norm

lull = (lul* + 1Sul®)

Indeed, if D(SS) is complete for || - || let u,v € X, u,, € D(S), lim,,—o ||y, —ul| =0
and lim,, . || Su, — v|| = 0. Then

1/2

lim ||ty —u,l| =0 and  lm ||Su, — Su,|| =0.
Hence there exists @ € D(S) and © € X such that w,, — @ and Su,, — ¥ in X.
Thus v =@, v =0, u € D(S) and Su = v.
Now let S be closed, let u, € D(S5),
lim ||uy —u,l| =0 and  lim ||Su, — Su,||=0.
Then there exist u,v € X such that u, — u, Su,, — v. Hence u € D(S) and
Su = v, so
lim [|lu, —ul =0.

The following lemma can be proved by applying Theorem 2.1.

12Sometimes it is assumed that D(Q) = X, Q(u) = Q'(u,u) if u € D(Q’) and Q(u) = oo if
ue X\Q.

292



Lemma 2.1. If a closed quadratic form Q arises from S, then u € D(S) if and
only if u € D(Q) and there exists f € X such that for all v € D(Q)

Q' (u,v) = (f,v).
In such a case Su = f.

Theorem 2.2. The following statements are equivalent.
(i) Q is a closed quadratic form on X.

(i) There exists a closed non-negative self-adjoint operator S on X such that
Q arises from S, i.e. D(Q) = D(SY?) and Q'(u,v) = (S¥?u, SY?v) for
u,v € D(9).

Definition 2.3. A quadratic form () on X is closable if it has a closed extension
and the smallest closed extension is called its closure Q).

Corollary 2.2. Let a quadratic form Q_on X be closable, then there exists a
closed non-negative self-adjoint operator S on X such that Q) arises from S.

Theorem 2.3. (i) A quadratic form @Q on X is closable if and only if the
conditions

u, = 0in X and lim Q(u, —u,) =0,

m,n— 00

implies that lim,, . Q(u,) = 0.

(ii) If this condition is satisfied, then the closure Q of Q is defined in the fol-

lowing way.

D(Q) = {u € X : there exists u, € D(Q) for which

u, — uin X, and Q(u,, —u,) — 0 as m,n — oo}

and Q' (u,v) = lim, oo Q'(Un, vy) for u,v € D(Q) and for all sequences uy,
and v,,.

Theorem 2.4. Let S be a non-negative symmetric operator on X. Consider the
quadratic form @ defined by D(Q) = D(S) and Q' (u,v) = (Su,v), u,v € D(S).
Then @ is closable. Since there exists a non-negative self-adjoint operator ST on
X which is an extension of S and is such that the closure Q of Q arises from ST,

i.e. D(Q) = D(S™)'? and Q'(u,v) = ((S7)"?u, (S¥)"/?v) for u,v € D(SF)/2.

Definition 2.4. Let S be a non-negative symmetric operator on S, then the
uniquely defined non-negative self adjoint operator ST in the previous theorem is
called the Friedrich’s extension of S.

2.3 Spectral properties of non-negative self-adjoint opera-
tors with compact resolvent

Definition 2.5. The point spectrum o0,(S) of an operator S is the set of all

eigenvalues of S. The discrete spectrum of S is the set of all isolated eigenvalues

of S (as points of the spectrum of S) of finite multiplicity. The essential spectrum,
EssSpec(S), is the non-discrete part of the spectrum.
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The terminology, related to the essential spectrum, is “not stable”. Several,
non-equivalent, definitions for this notion are used in mathematical literature.
(See [22, §1.4] where this is discussed in detail.)

Thus the following phrases have the same meaning:

(i) spectrum of S is discrete,
(ii) spectrum of S consists only of isolated eigenvalues of finite multiplicity,
(iii) essential spectrum of S is empty.

We recall that a symmetric linear operator S on a linear space X is non-
negative if (Su,u) > 0 for all u € D(S).

Lemma 2.2. A self-adjoint linear operator S on a Hilbert space X is non negative
if and only if o(S) C [0,00).

Definition 2.6. A operator S € L(X) on a Hilbert space has compact resolvent
if there exists A € C such that the operator (S — NI )~! is compact.

Remark 2.1. Note that, since in this definition o(S) # C, S € C(X). Due to
the resolvent identity (1.30), the above definition is equivalent to the following: A
linear operator S on a Hilbert space has compact resolvent if o(S) # C and the
operator (S — XI)™ is compact for all X in the resolvent set C\ o(S).

Theorem 2.5. Let S be a linear operator on a Hilbert space X such that o(S) #
C. Then the following statements are equivalent.

(i) S has compact support.

(ii) The embedding D(S) C X, where D(S) is endowed with the graph norm
lull = (llull® + [|Sull*)!/?, is compact. **

Proof. Let A € C\ o(S).
(i)=(i1) The operator S — Al : (D(S),] - |I) — (X, ] - ||) is bounded since

[|Su — Aul|
S — M| = sup <
15 =M= s A+ [Sa2) 7

u#O

< (1+ AP

because

15w = Xul® < (A llull + [1Sull)* = AP lll® + 2] Jull[|Su]| + [|Sul?
< IAPll® + llull® + IAP[Sull® + [1Sull* = (1 4+ AP)(lull* + [[Sul®)

Since A ¢ o(S), the operator (S—AI)~!: X — (D(S),||-]||) is compact. Therefore
the embedding (identity) operator I : (D(S),| - |) — (X,] - ||), which can be
represented as

To)1-n—x0-) = Los)1-n—me).)
= (8 = ADXL o)1 S = ADO6) 11— X I

13].e. the embedding (identity) operator I : (D(S), ||-|l) — (X, ||-||) is compact, or equivalently
for each sequence u;, € D(S) such that the numerical sequence ||ug||? + || Sug||? is bounded there
exist u € X and a subsequence uy, such that limg_, . |Jur, — ul| = 0. (Since I is continuous,
u € D(S).)
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is compact, being the product of a bounded and a compact operators.

(i4)= (i) Since A € o(S), the operator (S — AI)Y2 : (X, | - 1) — (D(S), | -1
is bounded. Tt is also bounded as (S — AI)™': (X, - ||) — (D(S),]| - I). Indeed,
for all u € X,

— _ _ 1/2

IS =AD"l = (IS =A™l +[1S(5 =AD" "ul?)”

< IS =AD" Ml + [[(S = AL+ AI)(S — AT)
= IS = AD)"tul| + [lu+ A(S — M)l

<l + @+ ADICS = M) ul]

Hence

1S = A1) ull 1 =)
<1+ 1+ ADIES = AD) Hx, =),y < o©

Therefore, the operator (S — AI)~™' : (X,|| - |) — (D(S),] - ||) which can be
represented as

—1
(S = A (x -)= ()1

-1
= I 1-D=o6)1) (S = M) x - ms), 10
is compact being the product of a bounded and a compact operators. [

Theorem 2.6. Let S be an unbounded non-negative self-adjoint linear operator
on a Silbert space X. Then the following are equivalent.

(i) EssSpec(S) =0 (i.e. o(S) is discrete).
(i1) S has compact resolvent.

(11i) There exists an orthonormal basis {¢n }nen for X of eigenvectors ¢, of the
operator S with the corresponding eigenvalues X\, > 0 such that

lim A, = cc.

n—oo

(For a proof see |20, Corollary 4.2.3, p. 77].)

Let S be an unbounded non-negative self-adjoint linear operator with compact
resolvent on a Hilbert space X. By the above theorem there exists a countable
number of isolated eigenvalues \,, > 0 of finite multiplicity. This allows to arrange
them in non-decreasing order repeating them as many time as their multiplicity,

0< A <A<--<A <.

Moreover

lim A\, = c©
n—oo

and there exists an orthonormal basis for X of eigenvectors ¢, corresponding
to the eigenvalues \,. So ¢, € D(5), So, = A\dn, ||Onll = 1, (dm, Pn) = 0 if
m,n € N and m # n, and, for all u € X,

U= Z(Uv ¢n)¢n .

n=1
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In the sequel, given an unbounded non-negative self-adjoint linear operator S
with compact resolvent, we always assume that A\, and ¢, have the meaning
described above.

Theorem 2.7. Let S be an unbounded non-negative self-adjoint linear operator
on an Hilbert space X. Then the following statements are equivalent.

(i) S has compact resolvent.
(i) SY? has compact resolvent.

Proof. (i)=(ii) By Theorem 2.6 there exists an orthonormal basis for X of eigen-
vectors {@, }nen of the operator S with the corresponding eigenvalues A, > 0
satisfying lim, . A\, = 0o. By Lemma 2.3 ¢,, are also eigenvectors of S*/? with
eigenvalues P satisfying lim,,_, )\1/ > = 50. Hence by Theorem 2.6 S'/? has
compact resolvent. The proof of (ii)=(i) is similar. O

Lemma 2.3. Let S be an unbounded non-negative self-adjoint linear operator
with compact resolvent on an Silbert space X. Then

D(S) = {u € X : Z)\ﬂ(u, o) < oo}
and

n=1
for all w € D(S), hence for allu € D(S), ve X
(Su,v) Z)\ (v, ¢n) -

Proof. Since S : D(S) — X and {¢, }nen is a basis for X, for all u € D(S) we

have

Su= (S, $n)dn = Y (1, 56,)n ZA u, 6n)
n=1 n=1

and

0 1/2
[Sull = (Z&%Kw%)?) < 00,

Now we prove the inverse. Assume that u € X and > 7, A2|(u, ¢,)|* < 0.
Then the series > 2 | A\, (u, ¢n) ¢, converges in X, say to v € X. Hence

m

Z(u, Gn)bp — u in X

n=1
and
s (Z(u, ¢n>¢n> =3 (,6)56n = 3 Al )bw — v in X
n=1 n=1 n=1
as m — oo. Since, being self-adjoint, S is closed it follows that u € D(S) (and
Su=wv.) O
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2.4 Classes of open sets

For all E C R" and p > 0 we set E, = {x € E: dist(z,0F) > p}; then we recall
the following definition.

Let p > 0, s, s € N, s’ < s and let {V;};_; be a family of bounded open
cuboids and {r;}5_, be a family of rotations. We say that a bounded open set
Q2 in R™ has a continuous boundary with the parameters p, s, s', {V;}i_;, {r;}i=;,
briefly  is of class C(p, s, s', {V;}5-1, {rj}i=1) if

(i) Qc Wy (V;), and (V;),NQ # D forall j =1,...,s;

i) ViNnoQ#£Dforall j=1,...8,and V; C Q, for all &' < j <s;

(ili) there exist real numbers aj, by with a;; < bj for all j =1,...,s, | =
1,...,n such that

ri(Vi)={z eR": aj <z <by, foralll =1,...,n},
forall j=s+1,...,s, and
r;(QNV;)={zeR": a;, <z, <g;(Z), T W},

for all j = 1,...,¢, where z = (Z,2,), T = (21, ...,751), W; = {Z € R" 1 : qy
<ax; <bj, forall I =1,..,n— 1} and g; is a uniformly continuous function on
W;; moreover

ajn + p < g5(T) < bjn — p,

forallj=1,...,¢, 2 W,

Sometimes, an entity of the kind A = {p, s, s', {V;}3_,} is called an atlas in R"
with parameters p, s, s, {V}}jzl, or briefly, an atlas. We say that an open set () is
of class C(A), or belongs to the class C(A), if © has a continuous boundary with
the parameters p, s, s', {V;}3_;, {r;}5=;, where A = {p,s,s", {V;}i_;, {r;}5=1}-

We say that an open set () in R" is an open set with a continuous boundary,
or alternatively has a continuous boundary, if € is of class C'(A) for some atlas
A.

Let w : [0, 00[— [0, 00] be a continuous increasing function such that w(0) =0
and such that, for some ¢ > 0

w(t) > ct

for all 0 <t < 1. We say that a bounded open set having a continuous boundary
with the parameters p, s, 8", {V;}5_,, {r;};=; is of class CoO(M, p,s, s, Witz Aritiz)
where M > 0 if all the functions g; satisfy the condition

19;(7) = 9; ()] < Mw(|z - g]),

for all z,y € W;.

Let 0 < v < 1 and w(a) = a” for all @ > 0. In this case, if Q is of class
COO(M, p, 5,5 {V;}5_y,{r;}5—;) then Q has a Hélder continuous boundary and
we say that Q is of class C%7 (M, p, s, ', {Vitizi Arstiz) or Lip (v, M, p, s, 8, {V; }5o4,
{rj}j=1)-

Furthermore, we say that a bounded open set in R" is of class C*7(M, p, s, §',
{Vi}51, {rj}i=y) if all the functions g; are differentiable and satisfy the condition

dg;

99—, 9g;
oz, (z)

(az)' < M and

@)\ < Mz -3,
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forallz,ye W,,i=1,...,n—1.
Finally if [ € N, then we say that Q is of class C*(M, p, s, s, {V;}i_1, {r;}i_))
if all the functions g; satisfy

sup sup |D%;(z)] < M.
1<|a|<l TEW;

We also say that (2 is of class C%“() C%7 ete. if it is of class CO“0) (M, p, s, s/,
{Viti=1, {Tj}jzl), C%V (M, p,s,s, {‘/}‘};:17 {T‘j}jzl) etc. for some parameters
Ma Py S, S/’ {‘/j};:l? {Tj};:l'

2.5 The weak Laplacian and the Laplacian graph space in
L*(Q)

The reader of this paper is presumed to be acquainted with the notion of weak
(or generalized, or distributional) derivatives. What is needed to us (and much
more) can be found, for istance, in [9)].

In the same spirit, we define the notion of the weak Laplacian A,,.

Definition 2.7. Let 2 be an open set in R", u,v € Ll (). The function v is a

loc

weak Laplacian of u on Q (briefly v = A,u) if for all p € CX(Q)

/Qqusda;:/dex.

As in the case of the weak derivatives this definition is equivalent to the
following one (the proof is similar.)

Definition 2.8. Let Q be an open set in R™, u,v € Li (Q). The function v is the

loc
weak Laplacian of u on Q (briefly v = Ayu) if there exist ¥, € C*(Q), k € N,
such that
77Z}k - U, A¢k — v In Llloc(Q)

as k — oo.

Remark 2.2. If u, Ayu € LY (Q) for some 1 < p < oo then there exist ¢y, €
C>*(Q), k € N, such that

U —u, At — Ayu in LfOC(Q) .

Lemma 2.4. Let ) be an open set in R™ and

D(A,) = {u € Lj,,(Q) : there exists A,u on Q}
={u€ L (Q) : Ayue Ll (D} .
Then the weak Laplacian
Aw : D(Aw) - Llloc(Q)
14

is the closure of the (ordinary) Laplacian

A CR(Q) — Lh(9).

14The statement also holds if the domain of A is assumed to be C*°() or C%(Q).
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Corollary 2.3. Let Q2 be an open set in R™ and
D(A,) = {ue L*(Q) : Ayue L*(Q)} .
Then the weak Laplacian
A, :D(AL) — L*(Q)

1s closed.

Lemma 2.4 and Corollary 2.3 are proved similarly to analogous results regard-
ing weak derivatives.

If the weak derivatives (%) , 7 = 1,...,N, exist on 2 then their own

definition and Definition 2.7 im;neﬁiately imply that A, u also exists on ) and

s 3 (2) o9

J=1

However, a natural question arises: if the weak Laplacian A,u exists on €2, does
it follow that the weak derivatives <%> ,7=1,...,N, exist on {2 and hence
j

w
equality (2.3) holds? The answer to this question is positive as a consequence

of the Sobolev-regularity theory for weak solutions of elliptic equations. For a
related result see Theorem 2.9 below.

From now and on we will drop the subscript w from A, used to indicate the
weak Laplacian.

As already said, one of the operators which we are mostly concerned about is
the Dirichlet Laplacian. Hence we introduce here some notations.

Definition 2.9. Let 2 C R"™ be an open set. Then the Laplacian graph space
H”(Q) is defined by

HA(Q) = {u e L*(Q) : Auc L*(Q)}.
On H2(Q) we define the inner product

(u, V) ga) = (u,v)r2(0) + (Au, Av)2(q)

for all u,v € H*(Q) and hence, the graph norm

1
lullzra @) = (JullZ2 (@) + [Aul72(q))?

for all u € H*(Q).

The Laplacian is, as already stated in Corollary 2.3, closed in L?*(€2) which is
equivalent to say that H*(Q) is a Hilbert space.

Our next aim is to study some properties of the weak Laplacian A and the
space H2(Q) generated by it.

We start by noting that H?(2) € H2(2) but in general H?(Q) # H>(Q).

Lemma 2.5. Let n =2 orn = 3, ) be an open set in R™, and Q2 # R™. Then
H2(Q) ¢ H*(Q) and HA(Q) ¢ HY(Q).
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Proof. Let n = 3. Consider an arbitrary point y € Q and let r = dist(y, 0%2).
Then B(y,r) C Q2 and there exists z € 0Q N IB(y,r).

First let Q be bounded. Consider the function u(x) = —log |z — z| if n = 2
and u(z) = 1/|z — 2| if n = 3. Then v € C*(Q) N L*(2) and Au = Au = 0 on
Q, hence u € H2(2). On the other hand

ou T — % 0%u 1 (z; — z)?

AT T = - L*(
0z; |z — 2" O |x—z|”jLn|gU—z|”+2 L),

hence u ¢ H'(Q) and u ¢ H*(Q).

If ©2 is unbounded, then let n € C*°(R") be such that 0 <n < 1, n(z) = 1 if
|z —2z| < 1and n(z) =0if |z — 2| > 2. Consider the function u(z) = n(x)/|z — z|.
Then again u € C*(Q) N HA(Q) but u ¢ H(Q) and u ¢ H2(Q). O

Lemma 2.6. Let n > 4 and €2 be an open set in R™ which is not dense in R™.
Moreover assume that for all z € OS2 there exists ¢ = ¢(z) > 0 such that

QN B(z,r)| > er
for all0 <r < 1. Then H2(Q) ¢ H*(Q) and H*(Q) ¢ H'().

Proof. We prove that H*(Q) ¢ H?*(Q), the proof of H2(Q) ¢ H'(Q2) being
similar. Since the embedding I : H2(Q) — H*(Q) is bounded, if we assume that
H%*(Q) = HA(Q) then, by the Open Map Theorem, I is an homeomorphism of
Banach spaces. In particular there exists C' > 0 such that

ul| 20y < Cllul|ga(o) (2.4)

for all u € H?(Q2). We prove that this is not possible.

Let y € R\ Q, r = dist(y, Q) and z € 9Q such that dist(y,z) = r. Then set, for
every k € X, z, = z+ (1/k)(y — 2). We note that {z }rex is a sequence in R™\ Q
which converges to z and such that dist(zy,z) = dist(z, Q) = 1/k. Finally, for
every k € x, we define the functions u; on Q by ug(z) = 1/|z — 2;,|" 2 and we
observe that u, € C*°(Q) N H?(Q), Au,, =0 and, for j =1,...,n,

0%, 1 (25 — (21);)

Hence ) )
0 U 1
_— > -1 - 22—
ot ) 2 (0= D0 =D

and thus one can prove that there exists A > 0 such that

0%y (@) c A A
—(z = -
o3 I e L e F N N P e S O WA B
So, if |z — 2| < 1/k
82uk 2
> 2A K"
Fet )| Z24K,
which implies
0%y || 0 ’
‘ o > / S2)| da > (2407 K
075 || 12y~ JanBa/m | 0]




now let © be a bounded. Since {z;}rex is also bounded (every convergent se-
quence in R™ is bounded), there exists R > 0 such that

1 1
ey = [ o da < [ o
ol o |z — 2> Blar R\B (s, /k) 1T — 25>

Then there exists a constant A’ > 0 depending only on n such that, for n > 4,
2 —4
[ug][T20) < AR,

and forn =4
Then, for n > 4, we have

2

T T
U () Ox2
[P Tl
and, for n = 4,
||Uk||%{2(9) "yn -1
" > 1+ A"k"(log k) (2.6)
HukHHA(Q)

(here A” = 2A/A’.) Both the right-hand side of (2.5) and (2.6) tend to +oo as
k — 4o0. This is in contradiction with (2.4) and thus it is not possible that
H%(Q) = HA(Q).

If © is not bounded we consider the function n € C*°(R"™) introduced in the
proof of the previous lemma (0 <7 <1, n(B(z,1)) = {1}, suppn C B(z,2)) and
we define, for every k € x, ug(z) = n(z)/|x — zx/"2. Then again we prove that
l|well 20/ [|u]| 2 ) is not bounded and thus H*(Q) ¢ H?(12). O

Remark 2.3. It is well-known (cf. [9, Chapter 6]) that for any open set 2 in R"
of class C%' there exists a bounded linear extension operator

E: H*(Q) — H*(R").

However, this is not the case for the spaces H*(Q). Moreover for any open sets
Q in R™ with n > 2 satisfying for n = 2,3 the assumptions of Lemma 2.5 and for
n > 4 the assumptions of Lemma 2.6 there does not exist an extension operator

E: HA(Q) — HA(R").

Indeed if it exists, then Eu € HA(R™) for all u € H2(Q), and since H*(R") =
H?(R") as a consequence of the Sobolev-reqularity theory for solutions of Poisson
equation, it would follow that Eu € H?*(R™) which implies that u € H*(Q) and
H2(Q) C H%(Q) and this contradicts Lemmas 2.5, 2.6.

15 Te., (Bu)(x) = u(z) for all x € Q.
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2.6 The Dirichlet Laplacian operator

For an open set 2 € R", the Dirichlet Laplacian is usually defined via the
Friedrich’s extension procedure.

Theorem 2.8. Let Q be an open set in R", (n € N), such that the imbedding
H}(Q) C L*(2) is compact. Then there exists a non-negative self-adjoint operator
SE = SE in L*(Q), called the (generalized) minus Dirichlet Laplacian relative
to the domain €2, with compact resolvent such that.

D(SE?) = HA(Q),

D(SE) = {ue HY(Q) : Sh*ue HY(Q)
— HAQ) N HA(Q),

Sfu = —Au, u € D(SY),

/S uSFQde—/Vu~Wdac
Q

/Sguvdx:/Vu-de
Q Q

for all w € D(SE) and v € HL(Q)).
Moreover, X\ € C is an eigenvalue of S5 and uw € D(SE), u # 0, a correspond-
ing eigenfunction if, and only if,

/Vu-%dx—k/uﬁdx
Q Q

for allv € HJ(Q). Thus, in particular, A € R and A > 0.

The operator SE has compact resolvent, hence its spectrum is discrete, that is
to say, it consists only of isolated eigenvalues of finite multiplicity. If we arrange
these eigenvalues in non-decreasing order repeating them as many times as their
multiplicity

for all u,v € H (),

0 < M[Sq] < AalSq] - < NofSp] <o
then
lim \,[S5] =

n—oo

Finally, L*(Q) admits an orthonormal basis {©,[SE ] nen consisting of eigenfunc-
tions of SE (in these notations, the eigenfunction ¢,[SE] is chosen to correspond
to the eigenvalue \,[SE], n € N).

Henceforth, we shall use alternatively the notation —Aq p to indicate the
generalized minus Dirichlet Laplacian in the open set €.

As to the question of the (global) Sobolev-regularity exhibited by functions
belonging to the domain of —Aq p, we have the following result.

Theorem 2.9. Let  C R™ be a bounded open set and assume that Q € CY" with
some + <r <1.) Then
D(—AQD) C H2<Q)

In particular,

D(—Aqp) = H}(Q) N HA(Q) = H (Q) N H*(Q). (2.7)
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Proof. If O € C*! this inclusion is a consequence of the a priori LP-estimates
for solutions to elliptic equations which can be considered a classical result by
now and can be found, for instance, in [31, Theorem 9.15, §9.5, p. 239|. The
more general case of 2 € OV with % < r < 1see |27, Lemma A.1, p. 32]. O

Theorem 2.10. Letn =1,2,3 and 2 C R™ be a bounded open set. Assume that
Qe CY with 3 <r < 1. Then

D(—Aq.p) = HAQ)NHX(Q) = {u € CX(Q) N C(Q) N H2(Q) : ulpg =0}, (2.8)

where the closure is intended in H*(Q).

Proof. The first equality is explained in the previous theorem.

To prove the second equality, we note that, since n < 3, by the Sobolev
embedding theorem each function u € H}(2) N H%(Q) is equivalent to a function
g belonging to C(Q). Since u € H}(Q) it has zero trace at d<, for example, in
the sense of |9, Ch.5]. Therefore g|gn = 0.

By Theorem 3 and Corollary 2 of Ch.2 of [9] it follows that there exists a
sequence {grtren C C®(Q) N C(Q) N H2(Q) such that g, — u in H*(Q) and
gr — g in O(Q) as k — oo and g|oq = 0 for all k& € N. If fact for any function
p € C(Q) there exists a sequence {gi }ren C C(Q) N H*(Q) such that

lim ||(D%u — D%gr) || 22(0)

k—o0

for all multi-indices || < 2. Actually, the construction of these functions { g }xen
is independent of the summability parameter p of the Sobolev space WP() and,
for all 1 < p < oo and for all multi-indices |o| < 2

lim ||(D%u — D%gr)pl| 22(0)

k—o0

and
Jim (g — gr)pl| L) = 0.

If we take p(z) = (dist(z,00))7!, z € Q, we derive that ||gy — u| g2@) — 0 as
k — oo and that, as in the proof of Corollary 2 in [9, Ch.2|, gx|sqo = 0. Moreover,

gr — g in C(Q) as k — oo. O

2.7 Direct sum of operators

In this subsection let X, X’ indicate normed spaces: any subspace M C X can
be seen as subspace of X x X’ by identifying it with

{(u,0) : we M},

analogously can be done for any subspace M’ C X' by identifying it with the
subspace

{(0,u") : v € M'}
of X x X'.

Hence, in this notation we have X x X’ = X + X', where the binary operator
+ indicates the direct sum between subspaces of a vector space (In the case of
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Hilbert spaces, if the subspaces are orthogonal to each other, we will use the
symbol @ instead of + to denote the relative direct sum).

If w e X and v € X', as we said, we can see v and v as elements of X + X’
by identifying them with (u,0) and (0, v) respectively; in this context we have

(u,v) =u+wv.

Definition 2.10. Let be given two linear operators S € L(X,Y), S" € L(X',Y),
where X, X', Y, Y’ are normed spaces. Then we define the direct sum operator
S+5 e L(X+ XY +Y') in the following way:

D(S + 5') = D(S) + D(S"),
and

(S+ 9 (u+u)=Su+ S
for all w € D(5), v € D(S").

Remark 2.4. If X, X', Y, Y’ are Hilbert spaces we shall use the notation S & S’
instead of S+ S'. Thus, S®S" e LX D X', Y DY),

A list of easily verifiable properties of the direct sum operator is promptly
given.

Proposition 2.1. Given certain normed spaces X, X'\ Y,Y' let S € L(X,Y)
and S € L(X',Y") be linear operators. Then we have:

(i)
N(S +8) = N(S) +N(S),  R(S+S)=R(S)+R(S);

(ii)
G(S+5) =G(S) + G(5);
(111) S+ 5" is invertible if, and only if, S, S’ are both invertible and, in this case,

(S+ Sl)fl — S*l _I_ Slfls

() if S and S’ are closable operators, then S + S’ is also a closable operator
and

5T9=545,
in particular, if S, S’ are closed operators, then so is S + S';
(v) if S and S’ are densely defined operators, then S + S is a densely defined

operator too and

(vi) if X =Y, X' =Y’ are Hilbert spaces and S, S" are (closable) densely defined
operators, then S @ S’ is self-adjoint (essentially self-adjoint) if, and only
if, both S, S’ are self-adjoint (essentially self-adjoint) operators;

(vii) S+ S is a bounded (respectively, compact) operator if, and only if, both S
and S’ are bounded (respectively, compact) operators;
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(iii) if X =Y, X' =Y,

o(S+S5)=0a(S)Ua(S)  p(S+5)=p(S)Np(S);

(iz)
op(S @ S') = ap(S) U Up(sl)>

and for any \ € C,
NS+ 8" — Mxix) =N(S = My) + NS — M),

hence, in particular, the geometrical multiplicity of X as an eigenvalue of S+
S’ is equal to the sum of the geometrical multiplicities of X as an eigenvalue
of S and S’ (this assertion is valid with the understanding that if \ is not
an actual eigenvalue of an operator, then X is looked at as an eigenvalue of
geometric multiplicity zero of the said operator);

(x) if X =Y, X' =Y are Hilbert spaces and S, S’ are non-negative symmet-
ric densely defined linear operators, then about the Friedreich extensions

subsists the result
(SEB S/)F —_ SF EB S/F;

(ri) if X =Y, X' =Y, then S@® 5" is an operator with compact resolvent if,
and only if, S, S" are operators with compact resolvent.

35



3 Gaps between operators defined on different open
sets

3.1 Preliminary definitions and examples

We shall be interested in the comparison of unbounded closed or closable linear
operators acting in different Banach spaces, namely S : D(S) C X; — Yy, T :
D(T) ¢ Xy — Y,. For this purpose Definition 1.3 should be modified. It is
not clear how to do this, but if one concentrates first at the case in which X; =
Y, = L3(), Xy = Yo = L?3(£y), where Qy, Q, are open set in R", then one
way that one might think of is to use the intersection 2; N {2y of the open sets
where the operators are both defined. After all we are first of all interested on
“small” perturbations of the open set (), where the operator is defined, hence the
intersection €2; N €2y will not be much “distant” or “different” from each of the sets
Q; and €25, and it is natural to hope that one might glean information for each
of the operators S, T in a certain sense by just looking at the intersection of the
open sets where they are defined.
Let us make this idea precise with the following definition.

Definition 3.1. Let ; C R"™ and Q5 C R™ be open sets and
S :D(S) C L*() — L*(Qy),

T:D(T) € L) — L*()

linear operators. Then we define

. 2 2
0(S,T) = o nt (llu = vz, + 150 = Tolia,00, )
[ullZz(q,) + I1Sull2q,) =1
(3.1)
and
60(S,T) = max[6(S,T),8(T, S)). (3.2)

In the thesis 6,(S,T) and 6y(S,T) will be called preliminary gap and preliminary
symmetric gap between the operators S and T'.

Example 3.1. Let €21, C R"™, be open sets. We consider the generalized minus
Dirichlet Laplacian operators —Agq, p associated to the open sets Q; (i = 1,2)
respectively as outlined in Theorem 2.8. For the preliminary gap between these
two operators we have

50(_AQ1,D> _AQLD) =

N

sup inf <u—v2 + ||Au — Avl? )
we HY () N HA(Q,) vEHo(@)NHA() | 220100, +1 22000,

[ullza,y =1

If the boundaries of the open sets ();, 1 = 1,2, satisfy the reqularity assumptions
of Theorem 2.9, that is if ; € CY" with % < r <1 then in the previous expres-
sion the space H®(Q;) can be replaced with the Sobolev space H?(Y;) (i = 1,2).
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If moreover, the dimension of the space n < 3 so that the approximation Theo-
rem 2.10 holds, then

do(—Aq,,p, —Aq, p) =

sup ) inf _ <Hu - UH%%QmQQ)
we C2(M)NC(y)  vECH()NC( )
NH2(Q1), uloq, =0 NH?(Q2)
’U|392 =0

[ull 20,y + 1AU]F2q,)
=1

=

| Au — Avlz 000,

Example 3.2. In Example 3.1 let, Oy = I :=]0,1], Qs = I :=]0,1 + ¢[, for any
fized € > 0. In this case —Aq, p depends on a parameter € and we now denote it
for brevity by S.. Also S will stand for —Aq, p. Note that in the one dimensional
case HA(I) = H?(I) for any open interval I. Thus

D(S) = {u € C*(0,1) N C([0,1]) N H*(0,1) : w(0) = u(1) = 0}
and
D(S.) = {u € C%(0,1+e)NC([0,1+¢]) N H*(0,1+¢) : u(0) = u(l+¢) =0}
Regarding the gap we have
60(S,5.) =0

because for any u € D(S) C H*(0,1) there existst € H*(R) such that u(z) = u(r)
for all x € (0,1) (see [9], for example Section 6.1). Moreover, the extension
function @ can be chosen in such a way that (1 +¢) = 4'(1+¢) = 0, that is,
€ HZ(0,1+¢). But C(0,1+ ¢), and consequently D(S.) which contains the
former, is dense in H2(0,1+ €). Hence

diStH2(071) (U, D(SE)) < diStHQ(O,l_;,_a) (ﬁ, D(SE>) =0.

Therefore, taking the supremum over all of uw € D(S) with ||u| g2 = 1, we
conclude that §o(S, S:) = 0.

On the other hand §o(Se, S) is more complex to be evaluated, and on this
regard, we have the following proposition.

Proposition 3.1. There exists a real number B > 0 such that
60(S:, 8) = Be + O(e?) (3.3)

ase — 07,
For the proof of this proposition, we need the following lemmas.

Lemma 3.1. There exists A > 0 such that

1+¢

inf /(g2 + (¢")?)dx = é(l + O(e)) (3.4)
g€ CX(L)nC(Ty) €
9(0) =g(1+¢)=0

g(1) =1

ase — 0F.
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Proof. We are dealing with a calculus of variations problem, and as we
know, a solution g € C*([0,1 + €]) of such a problem satisfies the corresponding
Euler-Lagrange equation:

g™ +g=0. (3.5)

The set of the solutions of this equation is a four-dimensional vector space, a
basis of which is constituted by the following four functions:

sinh (%) sin (x——\/li—g)
() e(3)
(=l

)
() (%)

Thus, the generic solution of (3.5) g is given by a linear combination of these
functions:

(2) h(m) (x—1—5>+ ,h(:ﬂ—l—s), (x)
) = ¢sinh|—|sin| —— cosinh | ———— | sin | —
I V2 V2 ’ NG NG
+ cosh(g:)cos(x_l_g)—l— cosh(x_l_g)cos,(x)
c — _ c _ — |,
K V2 V2 ! V2 V2
where ¢y, ¢s, c3, ¢4 are real numbers. Now imposing the conditions g(0) = g(1 +

e) =0, we get a homogeneous linear system of two equations with two unknowns
c1 and ¢, whose solution is ¢3 = ¢4 = 0, since for all ¢ > 0

and

14e 14e
CoS cosh
V2 W2 #0
£ £ *
cosh 7 oS

Imposing the remaining condition g(1) = 1, we can express the coefficient ¢y in
terms of the other coefficient ¢; in the following manner:

1 + sinh (\%) sin (\%)cl
. I3 . 1 :
sinh <7§> sin <7§>

So, for the function g we have the following

Cy — —
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smh(\/i)sin(\%) h$_1_5 T
- sinh ——— sin —
sinh (%) sin (\%) \/§ \/_

NG

For later use, we introduce also the following notations. We put

wo(z) = lim ¢.(x) = sinh (i> sin (:1: — 1) — - (\%> sinh ©— ! sin ——
o) = 1y NC A NC R ) R R

and

Xo(w) = lim x:(2) = V2 ——
= sin (—)

Till now we have found that the solution of the given minimization problem
lies in the one-parameter family {c;p(z)—1:(z) : ¢; € R}. To obtain the minimal
solution, we should minimize throughout this family of functions, in other words,
we have to solve the following one variable minimization problem

it [ [lerpuo) = 0u(o) + (o) = (o) o

c1€ER
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For ¢; to be a minimum point, it must annul the first derivative of the function
being minimized, e.i.

1+e
/0 [(crpe(x) — () pe () + (1) () — YL (2)) @ (x)]dx = 0.
Thus, we get'6

(@67 Qﬁa)HQ(O,l—i—e)
(@aa SOa)H2(0,1+€) .
Therefore, the solution of the problem (3.4) isgiven by the formula

(9057 1/}5) 2(0,1+¢)
Pe — ws'
(9057 906)H2(0,1+5)

C1 =

€

The minimum is given by the following formula:

(2 ¢5)H2(0 1+¢)

(e, )H2 (0,14e)

J(g) = (95,95)H2(0,1+a) = (9057908)H2(0,1+a) + (%,%)H?(O,HE)

(0es Ve)m2 2(0,14€)

((1057 508) H2(0,1+4¢)

1
T (e 0 m0140) «“057%%2(0,1%)+(%a%)m(o,wa)(%we)m(o,wa)
(58] g £

—2(¢, ¢e)12ﬁl2(0,1+s)>
(9057 905)H2(0,1+5) (wsa 77D€)H2(O,1+s) - (()087 %)?{2(071%)
(905, QOE)HQ(O,H-E)

‘ (%a%)m(o,ua) (%a@Da)H?(o,Ha) ’
(e, ws)H2(0,1+a) (e, ws)H2(0,1+a)
(9067 Qoa)H2(0,1+€)

(@S?QDE)HQ(OJ—%-E) ((1057X5)H2(0,1+5) ‘
1 ) (§0€>X5>H2(0,1+s) (XsaXE)H2(0,1+€)
g2 (905) QOE)H2(O,1+E)
' (9007900)H2(0,1) (SOOvXO)HQ(O,l)
(900, XO)H2(0 1) (Xo; XO)H2(0,1)

= —- : +0(e) |,
g2 (<P0a900)H2(0,1) ( )

-2

(9087 wa)HQ(O,l—i—e)

because the function of ¢

(9057905)1{2(0,1+a) (905>X5)H2(0,1+a) ‘
(9057 XE)H2(0,1+€) (X:—:: Xs)H2(0,1+5)

(@aa 905)H2(0,1+5)

E —

is analytic in € = 0. The above Gram determinants are positive because the
functions are linearly independent. O

16The definitions are standard: (f, g)g2(0,14¢) = f01+6 (f(x)g(z) + f"(x)g" (x))dx for any pair
of twice continuously differentiable functions f and g on the interval [0,1 + ¢].
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To prove Proposition 3.1 we have to estimate

do(S:, S) = sup dist g2(0,1y(g, D(95)), (3.6)
g € C*(I) N C(L)
9(0) =g(1+¢)=0

1te
{(g +(g")?)dz =1

where
; 1
distro(g, D(S) = inf / g PP+ — | 37
fec*I)nc()
f(0)=f()—0 0

Hence, the following lemma will be needed.
Lemma 3.2. There exists a positive number k satisfying the inequality ﬁi <

k< \/Lg such that for all functions g € C*(I) N C(I) with g(0) = 0

distzr2(0,1)(9, D(S)) = klg(1)]. (3.8)

Proof. If we make the transformations u = g — f, v = u/g(1), assuming that
g(1) # 0, then we have

1 2
distg20,1)(g, D(5)) = inf /[u2 + (v")*dx
ue C1)n ()
u(0) =0u(1) =g(1)
1 2
= Jg(1 inf /[02 + (v")*dx
ve 2 no)
v(0)=0uv(1)=1 Y

These equalities are also true if g(1) = 0; in this case just put f = g in (3.7) to
obtain disty2(,1y(g, D(S)) = 0. Thus, we obtain (3.8) with

k= inf /[212 + (v")?)dz | . (3.9)
ve C*I)nC(I)
v(0)=0v(1) =1

It remains to prove that k satisfies the stated bounds. To estimate k& from below
we use inequality (3.26), page 88 of [9] in the following way:

1= (1) |—‘/ )dz /|v J|da

< 4/0 (lo(@)] + [o" (@) )dz

< w2 ( [+ )
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for any function v € C%(I) N C(I) such that v(0) = 0 and v(1) = 1. To estimate
k from above it suffices to plug v(z) = z in (3.9). O
Proof of Proposition 3.1. With formula (3.8) and Lemma 3.1 we obtain

00(5:,5) = sup klg(1)]
g€ CL)NC(T)

1g(O) =g9(1+¢)=0
bf (9* + (¢9")%)dx = 1

— k. sup
C*(I.)nC(I; 1+e
gg(g) = ;(1):5) (:2) J (2 + (9")?)da

inf [ [ (g*+ (¢"))da
g e 02(16) NC(lL) 0
9(0)=g(1+¢)=0

g(1) =1
-\ 4(1+0())
= Be(1+40(e)), (3.10)
as ¢ — 07, where B = /k/A. Thus, the proof is concluded. n

In Proposition 3.1 the exact order of behaviour of dy(S:,S) is established.
However for applications it suffices to obtain sharp estimates from above for
do(Se, S) which is a much simpler problem.

Lemma 3.3. Forall0 <e <1

1 8
< 60(S.,8) < —¢. 3.11

Proof. Let 0 < ¢ < 1. Take any g € C?(I.) N C(1.) such that g(0) =

g(1 +¢) = 0 and ||g|lp20,14e) = 1. By using again inequality (3.26) of [9],
page 88, note that

sl = |- [ T @)

(i [ ot s [ gl

< waVTFE ([l + 0P )

< 8e.

< ellg'lleqoa+e)

2

From this estimate and Lemma 3.2 we obtain (3.11).
The lower bound of the gap in (3.11) is attained by plugging in (3.8) the

eigenfunction
T

1+e¢

g-(x) = c.sin
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corresponding to the smallest nonzero eigenvalue (L)Q, with the normalization

1+e
constant ¢, > 0 such that

1+e
||g€||%{2(071+5) = /0 [92(x) + ¢7*(x)]dx = 1,

and by applying the lower bound of k£ in Lemma 3.2. Through simple calculations

we attain )
1 2 2
== (1 .
¢ [2 ( +e+ 1T+ 5)}
Thus )
5 1 72 \
S, S)>— (1
5:8)> 3 (1re 52 e
and from this, using
sin T > €,
+ €
the get the first inequality in (3.11). O

Remark 3.1. For the constant B that appears in Proposition 3.1 we have

™

. < B<_-.
IW1+72 - T /3

Another way that one can think of extending the definition of gap for operators
defined on different open sets is to use extension by zero of the functions involved
in the definition. Let us first agree, that if a function u defined on 2 C R" has
been given, to denote with wug its extension to R™ by assigning to this extension
the value 0 in R™ — Q.

Let Q; C R™ and 25 C R"™ be open sets and

S:D(S) C L) — L*(),

T :D(T) C L*(Qs) — L*(Qy)

linear operators. Then we can define the gap between these operators as follows:

-

54(5.7) = o nt (o = wollEaoyuny + 1(Sulo = (To)ollEaa,n )
”uH%?(Ql) + ”SuHQp(Ql) =1
(3.12)
and )
30(S, T) = max[6y(S, T), 5o(T, S)]. (3.13)

Clearly 0o(S,T) < d4,(S,T) and d4(S, T) = do(S, T) if Q1 = Qo.

However, this definition is not good, because if we apply it to the operators
S, S: of Example 3.2, we find out that d4(S-,S) is not infinitesimal as ¢ — 0.
Indeed, if g € D(S.), using (3.8), we have
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5 >/0 o= fo)2+ (9" = (Fo)lde =

feD(s

= inf )/O [(g— )+ (¢ — f”)z]dl’—i-/l " (9> + (¢")*)dz =

feD(s
1+e
— Kg(1)? + / (¢ + (¢"))da,
1

where the constant £ > 0 is independent of g. Hence, our problem becomes to
estimate

1+e
5,(5., 5 = wp (k2|g<1>|2 A <g">2]dm) |
gGCQ(IE)OC(IE) 1
9(0) =g(14+¢)=0

1+e

g’ (9% + (9"))dz =1

We choose a function g. € C°(R) with the support contained in the interval
]1,1 4 ¢[ and such that

1+e 1+e
[ e [ i+ -1
0 1
Plugging ¢. into its expression, we obtain
04(Se, ) =1,

and this independently from . Thus, it becomse appearent that d, can not serve
as a useful notion of gap.

3.2 Main definition and examples

In the present subsection we propose the main definition of gap between operators
defined on different open sets.

Let I" be a family of open sets of R™ (n € N), and suppose that to each open
set €2 € I' a linear operator

is associated, where X (Q2), Y (Q) are normed spaces and the linear subspace
D(Sq) of X(2), is the domain of the operator Sg. Thus I" serves to determine
the class of operators that will be the object of the study of domain perturbation
problems. In applications I" will be as vast as possible and the operators S will
be of the same nature, like say, second order elliptic operators with boundary
conditions of the same type.

However, the perturbation of the domain will not be allowed within the entire
family I', but only within a subfamily A of I'. On the subfamily of open sets A
we shall require that it satisfies some additional conditions: if €21, €y € A, then
0 \Q_Q, Oy \Q_1 € I'. Moreover, we shall adapt the convention that () € I"; this
has as a consequence that if 2; C €2, then \Q_g automatically belongs to I
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We shall also make use of the notions of direct sum space of two given linear
spaces and of direct sum operator of two given linear operators as defined in §2.7.
To the empty set () will be associated, by convention, the null spaces X (0) =
Y (0) = {0}, so that X ()X (0) = X (), Y(Q)aY (0) = Y(Q2) and Sqa® Sy = Sa.

Finally, we shall assume that if Q;, Qs € A and Q; Ny = @ then O, UQ, € I
and

The equality of the normed spaces here should be understood in the sense that
between them (the normed spaces) there exists a norm-preserving linear bijective
mapping.

The main example that we had in mind when introducing the previous nota-
tion is the following.

Example 3.3. Let I' be the set of all open subsets of R™ and, for each Q2 € I,
let X(Q) =Y(Q) = L*Q), (actually, the present discourse holds for any 1 <
p < ), and let Sq be an arbitrary (partially defined) linear operator in L*(£2).
Let also A be any subfamily of I' (in the applications it is usually required that
the boundaries of the elements of A satisfy certain regularity properties, ecc). It
is easy to check that the previous requirements are satisfied by the families I', A,

(X(2))aer and (Y ())aer-
With these notations we give the following definition.
Definition 3.2. Let )y, Qy € A. We define the gap between the operators
SQ17 SQQ by
5(SQ1, SQQ) = (5(591 ) SQQ\STN SQ2 ) SQ1KT1) (314)

and

~

5(891, SQQ) = max{cS(SQl, SQQ), (5(592, Sgl)}, (315)

where the gaps n the right side members of the above equations are gaps between
operators in the space L*(2 U Qy) according to Definition 1.5.

Remark 3.2. If for each Q) € A, the normed space X () is a Hilbert space and
the operator Sq is self-adjoint (or essentially self-adjoint), then, if Q1,905 € T
since the operators S, ® Sq,\qp are self-adjoint, the gap between Sq, and Sq, is
symmetric; .

5(5917 Sﬂz) = 6(5927 SQI) = 5(5927 SQ1)7

see Proposition 2.1 (vi) and Corollary 1.1.

We take into consideration again the operators of Example 3.2 in the frame-
work of the new notations and the new definition of gap introduced here, and
estimate the gap between them.

Example 3.4. Let I be the family of all open intervals of R. For each interval
I =]a,b], a,b € R, is defined the operator

Sr: D(S[) C LQ(I) — L2(I)
in the following way:

D(Sp) ={feC*(I)nC(I): f"€ L*(I) f(0)=f(1)=0}
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and
Sif=—f" foreachf € D(S)).

Let A be the set of all intervals of the kind I. =]0,1+ [ for 0 < e < 1. For
each 0 < e <1 the operator Si. is denoted by S. and is the same operator as in
Example 3.2. We set S = Sy. For brevity we define

As we have already remarked L*(1.) is canonically identifiable with L*(I)@L*(1, 1+
e) (note that I. \ I =|1,1+ €[) and therefore the domain of the operator S. can
be seen as the set

D(S2) = D(S) ® D(S1.\7) = {f € CHI)NCHI\T) N CO(L.) :
fre A1) f e LX) f0) = f
and
SIf = —f" € [30,1+¢)
for all f € D(S.). We have
5(S.,S) =46(S., 8L) = sup dist g2(0,14¢) (9, D(SY)), (3.16)

g € C*(I.)nC(L)
9(0) =g(1+¢)=0

¥@+<nm—1

where'”
14¢ %
distg2(0,14¢) (g, D(SL)) = inf B /[(g — N+ (" = f)?dx
fe )N LN\ TN
C(I)
f(O)=f(1)=0
fQ+e)=0

With the same reasoning as in the proof of Lemma 3.1 we obtain

distgr2(0,142) (9, D(S0)) = k(e)lg(1)], (3.17)
where
14e 3
k() = inf / [v* + (v")dx | . (3.18)
veC2(NnC(\T)noT)

v(0)=v(l+e)=0
v(l) =1

From Lemma 3.2, it is fairly easy to observe that k() > k > 1/(4v/2), where
k is the constant that appears in that lemma. Un upper bound of k() can be
obtained in the following way: let uw € C*(I) N C(I), we extend it by defining

1"The reader should be aware that we are not claiming that D(S!) C H?(0,1 + ¢), actually
it does not. Nevertheless, the norm || - ||g2(9,14-) can be evaluated on the elements of D(S’)
assuming finite values and, it is by the means of this norm that the distance of g from D(S) is
being calculated.
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u(z) = (14+e—2x)/e for 1 < x <14 e. Plugging u in the right side integral
of (3.18), and taking into account the arbitrariety of the initial u, we find that

k;gk(e)g,/ku%.

lim k(e) =k

e—0t

Thus

and since we are interested for small e, (0 <e < 1), an upper bound for k(e), by
Lemma 3.2, is \/2/3.
Plugging (3.17) into (3.16) we obtain that

6(Se,5) = k(e) - sup  [g(D)].
g€ 02(15) N C(Ie)
9(0)=g(1+¢)=0

14¢€
g (9> +(9"))dz =1
Thus, it remains to estimate the supremum in the second side of the previous
equality, but fortunately this job has already been done during the proof of Propo-
sition 3.1. We find that
5(S.,S) = Be + O(&?) (3.19)

as e — 0T, where the constant B > 0 is the same that appears in Proposition 3.1.
We can also give lower and upper bounds for the gap. From the above consid-
erations and the proof of Lemma 3.3, we have

1 8v/2
———e < (5, 5) <I(5;,5) £ — 3.20

for0<e<1.

3.2.1 Gap between operators of boundary-value problems on different
open sets

As we said the definition of gap between operators defined on different open sets
that we shall adapt is Definition 3.2, which was given in quite general terms.

A more specific situation is the following which takes into account operators
that derive from boundary-value problems for partial differential equations.

Let Q9 C R™ be an open set and let

L:D(L) C Lige(0) = Lie()

be a linear operator. Furthermore, we will assume that the operator L is local,
i.e., for any open set 2 C Qy and U,V € D(L) such that U|g = Vg, the equality
(LU)lq = (LV)|q holds (for instance L might be the operator that originates
from some differential expression). This permits us to consider for each bounded
open set  such that Q C € the following operator

Llo : D(Lg) C LX) — L*(Q),

with
D(Llo) =D(L)|a = {Ula: U € D(L)}
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and for all u € D(L|q)
L|QU = (LU)‘Qa

where U € D(L) is such that Ulg = u. Let also be given a family I" of open
bounded subsets Q of €y such that Q C €y and that might satisfy certain addi-
tional properties that can depend from the nature of the operator L considered,
the boundary value operator or simply by the fact that one might want to study
only a certain class of problems. Assume that for each €2 € I" a boundary operator

Bq : D(Bg) C L*(Q) — (L*(09))™,

where m € N, is defined satisfying D(L)|q C D(Bgq).
For each 2 € I consider the operator

Sq : D(SQ) C L2<Q) — L2(Q>
defined by

and for all v € D(Sgq)
SQU = L|Qu = (LU)|Q,

where U € D(L) is such that Ulq = u. o
Let €4, Q5 € I'; in particular they are bounded open sets such that 21,y C Q.
Let the operator

SQl, Qo - D(SQL Qz) - L2(Ql U QQ) - L2(Ql U QQ)
be defined by

D (591792) = {u S D(L>’91U92 : u’91 S D(Sﬂl) and u’Qg\(Tl € D(‘S'Qg\ﬂil)}
and

Sa, (ula,) = Lo, (ulg,) mn

S, 1, QU = ; 0.
e { 592\071(u‘92\071) - L‘Q2\071(u‘92\971) in {2y \ 0

for all uw € D(Sq,, a,)-

Analogously is defined Sq, q,, just by reversing the roles of {2, and €2;. We
will be particularly interested to the case when §2; C €)5. In this situation it is
S0y, 01 = 50,

Remark 3.3. Let 21,99 € I'. Then we have the canonical identifications:
L2<Ql U QQ) = LQ(Ql) @ LZ(QQ \ Ql),

SQLQz = SQl S SQQ\STN

therefore
5(‘9917SQ2> - 5(‘591,927592791> (321)

and

~

5(SQ1, SQz) = max[é(Sgl, 592), 5(392, SQl)], (3.22)

where the gaps on the right side members of the above equations are being taken
in the space L?(Q; U Qy).
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We might say that the definition exposed above is the natural way of in-
troducing linear operators related to boundary value problems associated with
linear partial differential equations. In the case of certain elliptic equations one
can make also use of non-negative quadratic forms, as in §2.2, in particular The-
orem 2.2, to introduce non-negative self-adjoint operators that extend classical
linear operators related to boundary value problems associated with these equa-
tions (as an example see the case of the Dirichlet Laplacian in §2.6). And of
course it makes sense, and actually, it is important to evaluate the gap between
these kind of linear operators derived from quadratic forms.

Example 3.5. Let I' be the class of open bounded subsets of R™ with a CU"
boundary for some % <r<1. Let Q1,9 € I'. We consider the generalized minus
Dirichlet Laplacian operators —Agq, p associated to the open sets Q; (i = 1,2)
respectively as outlined in Theorem 2.8. For the gap between these two operators
we have

5(_AQ1,D7 _AQ1,D) -
Sup inf H(u,v),
u € Hg(Q1) N HA(Q1) v € Hy(Q) NHA(Q)
AHY Qo \ 00) NHA(Q\ Qr)  NHE(1\ Q2) N HA(Q:1\ 2s)

el Fa ) + ”“H;A(m\ﬂf) =1

where

Hiww) = (lu = vlaguny + 180 = Avl2ag 00,

1
2

+ [Au- AUHLQ @) T 1A — AUHL? 0 \92)>

for allu € HA(Qy) N HA(Q2 \ Q1) and v € HA(Qy) N HA(Q \ Qp).

Actually, in the above formula the reqularity assumption on the boundaries of
Q;, 1 =1,2, is not needed. But under these hypotheses the open sets €2;, 1 = 1,2,
satisfy the reqularity assumptions of Theorem 2.9, and therefore in the previous
expression the space H™(§);) can be replaced with the Sobolev space H%(S);) (i =
1,2). If moreover, the dimension of the space n < 3 so that the approximation
Theorem 2.10 holds, then

5(_AQl,D7 _AQl,D) -

sup inf H(u,v)
weCUN)NC2Q)  vEC(QUQ)NCQ)
NH2(Q1) N C% (s \ ) NH?(Q2) N C? (2 \ Q1)
NH2(Q\ ) NH?(Q\ Q2)
ulogo, =0, U\a(%\gﬁ) =0 v]aq, =0, U|a(91\s72) =0
ulita g,y + Ul a g =1

The other gap 6(—Aq, n, —Agq, p) is obtained by interchanging §2; and .
Actually these gaps are equal because the operators —Aq p are self-adjoint for
all bounded open sets €2, and this implies that both the operators Sq, o, =
S, ®Sonar 99,0, = 592 © So,\n; are self-adjoint (see the previous Remark 3.3,
Proposition 2.1 and Corollary 1. 1)

If Q; C €2, this expression simplifies somehow as we shall see in §4.1.
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3.3 Another possible definition for the gap between oper-
ators defined on different open sets

Next we expose a new definition of gap.
Let 9 C R™ be an open set and let

L: D(‘L) C leoc(Q()) - Lfoc(QO)

be a linear operator. Furthermore, we will assume that the operator L is local,
i.e., for any open set 2 C Qy and U,V € D(L) such that Ul|g = Vg, the equality
(LU)|q = (LV)|q holds. This permits us to consider for each such an € the
following operator
Llo : D(Lq) C L*(Q) — L*(%),
with
D(Lla) = D(L)lo = {Ula : U € D(L)}
and for all v € D(L|q)
L|Qu = (LU)|Q,

where U € D(L) is such that Ulg = u. Let also be given a family I" of open
bounded subsets 2 of 2y such that 2 C )y and that satisfy certain additional
properties to be specified later. Assume that for each (2 € I" a boundary operator

Bq : D(Bg) C L*(Q) — (L*(09))™,

where m € N, is defined satisfying D(L)|q C D(Bgq).
For each 2 € I' consider the operator

Sq : D(Sq) C L*(Q) — L*(Q)
defined by
D(SQ) = {u € D(L)‘Q : Bou = 0}

and for all u € D(Sgq)
SQU = ngu = (LU)’Q,

where U € D(L) is such that Ulg = u. o
Let €1,Q9 € I'; in particular they are bounded open sets such that 21, Qs C Q.
Let the operator Sq, o, be defined by

D (SQLQQ) = {u € D(L>|91UQQ : Bg, (ulﬂl) = 0}

and
SQL QU = LlQlU QU Yu e D (SQL 92) .

Definition 3.3. Let (2y,Q5 € I'. Then we define

6*(‘3917592) :5(591,927892,91) (323)

and

A

O (SQU SQQ) - max[é*(Sgl, SQ2>7 6*<SQ27 591)]7 (324)

where the gaps on the right side members of the above equations are being taken
in the space L?(2; U Q).
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Example 3.6. Let I' be the class of open bounded sets in R", D(L) = C*(R"),
Lu = —Au for all w € C*(R") and for a bounded open set Q € I' let D(Bg) =
C(Q) and Bou = ulsq for all u € C(Q). Hence

D(Sq) = {u € C*(Q) : ulon = 0}

and B
Sou=—Au  for allu € C(92).
Let €2, Qs be bounded open sets in R™. Then, in the notations of Example 3.1,
Sq, =S and Sq, =T and, if we denote for brevity 2 = 2y U {2y,
5.(5,T) = sup inf _ (flu = olle + 180 = vl ).
u e 02(9)7 u|391 =0 ved (Q)
[ullZ2 () + 1Aullfag) =1 v]pe, =0

Example 3.7. In Example 3.6 let n =1, Q; =|0,1[:= 1, Qy =]0,1 4 ¢[:= I for
any € > 0. In this case in the notation of Example 3.2 Sq, =S, Sq, = S: and

550 o inf T (- )
fe il fﬂC( L) 9€CL)nC(I) </0 (/=9 g')’) )
f(0)=f(1)=0 9(0) =g(1+¢) =0

S (2 (e =1

N

0.(S,8) = su inf - (g— )P+ (" — " dx) .
g€ (L) N O(T) fGC%)ﬂC()(A (o o= 1))
g(0)=g(1+e)=0 f(0)=f(1)=0

Jo (g + (g")H)dr =1
For simplicity we introduce also the notations So. = Sq, o, and S .

It remains to estimate d,(5,S;) and 0,(Se, S) as e — 07. For this purpose we
need the following Lemma:

Lemma 3.4. Let € > 0.

(i) Given f € C*(0,1+¢)NC([0,1+¢]) with f(0) =0, then

dist((f, — "), G(S-p)) = inf (/O”E (F— 07+ (F"— o) dx>é

g € C*(I.)nC(I.)
9(0)=g(1+¢)=0

= 1e))fd+e)l, (3.25)

where

[NIE

Il(e) = e 02(1n)fm - ) (/OHE (v* + (v")?) dx) : (3.26)

v(0)=0v(l+e¢) =
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(ii) Given g € C*(0,1+4¢)NC([0,1+ €]) with g(0) = 0, then

1+e %
dist((g, —g"), G(Soe)) = inf (/‘ «9—ﬂ2+@”—fy)ﬂo
fecxrn)nc@ \Jo
f(0)=f(1)=0
= k(e)lg(1)], (3.27)
where
1+e %
k(e) = inf (/ (v + (v")?) dm) : (3.28)
vecync@ \Jo

v(0) =00(1) =1

(11i) For l(e) and k(e), given by (3.26) and (3.28) respectively, the following
bounds hold:

1 1 1
1 1 3
Wil SHe s Flrer 330

Proof. The proof of (3.25) and (3.27) is carried in a similar fashion as the
first part of the proof of Lemma 3.2. Yet, the lower bounds in the point (iii) are
obtained arguing in a similar manner as in Lemma 3.2, where the main result to
be used is again inequality (3.26) of [9], page 88. The upper bounds in (3.29)

1

and in (3.30) are obtained by plugging v(z) = 1=z and v(z) = z in (3.26) and

in (3.28) respectively. O

Lemma 3.5. For all 0 <e < 3;

1 T \/5 8v/2

— A= e <6,(9,5:) < —==¢ 3.31

16 /1 + 72 3 ( ) V3 (3:31)
and )

1/3 )\ 16v/2

o . 04 (5S¢, : .32

2(2+7r) £ < 0,(5:,9) < \/§5 (3.32)

Proof. The proof of these estimates is obtained by following the same steps

of the proof of Lemma 3.3 and by using the previous Lemma 3.5 [
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4 Estimates of the gap between operators defined
on different open sets

4.1 The case of the Dirichlet Laplacian

Example 4.1. Let Q; C Qs C R be bounded open sets with a CY" boundary

for some % < r < 1. In the notations of Fxample 3.5 Q; € I', i = 1,2. As in

Ezample 3.5 we consider the generalized Dirichlet Laplacian operators —Aq, p,
—Agq, p associated with the open sets €1y, Qo respectively. Then, concerning the

gap between —Aq, p and —Aq, p we have:

0(—Aq, p,—Aq, p) = sup inf  Ku—v)
we C2(Q)NC2 (2 \Qp) v EC* Q) NC(Q)
NC(C) Av € L?(f)
o, =0, ulsg, =0 v|og, =0,
Ku)=1
and
d(—Aq, p, —Aq, p) = sup inf  K(v—u),
vECHD)NCE ) wECH ) NC*HQ\ )
v]on, =0 ne($22) _
IC(U) =1 AUEL2(Ql)ﬂL2(QQ\Ql)

ulon, =0, ulan, =0

where

=

2

K(w) i= (Il + 18020, + 1802 0, a0 )
for any w € C?(Q) N C?(Q \ Q) NC(Qy).

To estimate 0(—Aq, p, —Aq, p) We need to prove the following Lemma 4.1.
For this purpose it is necessary to know under which conditions the classical
Dirichlet problem associated to Laplace equation with continuous boundary data
is solvable. We recall the following fact: the Dirichlet problem associated to
Laplace equation has a solution in C%(Q2) N C(f) for arbitrary continuous bound-
ary values if and only if the boundary points are all regular. For this fact and
the definition of regular boundary points of a domain see [31], pages 25-26 and,
in particular, Theorem 3.14. For a domain to have regular boundary points suffi-
cient general conditions can be given in terms of local geometrical properties (see
again [31]). We limit ourselves to a simple one of such conditions - the exterior
sphere condition: an open domain 2 C R" is said to satisfy the exterior sphere
condition at zo € OS) if there exists an open ball B,(y) C R® — Q such that
B.(y) N Q ={zo}. An open set Q is said to satisfy the exterior sphere condition
if it satisfies the exterior sphere condition at every point xq € 9. If in the above
definition the value r of the radius of the ball B,(y) can be chosen independently
of xy € 0f) it said that () satisfies the uniform exterior sphere condition. In par-
ticular, it can be shown that a domain with a C''* boundary satisfies the exterior
sphere condition.

Furthermore, an open set 2 is said to satisfy the interior sphere condition at
zo € 09 if there exists an open ball B,.(y) C Q such that B,(y) N (R™\ Q) =
{zo} (that is, the complement of () satisfies the exterior sphere condition at
xg). Analogously, an open set 2 is said to satisfy the interior sphere condition

53



if 2 satisfies the interior sphere condition at any point zy € 0f). Finally, an
open set € is said to satisfy the uniform interior sphere condition if there exists
r > 0 such that for every x, € JQ there exists a ball B,.(y) C €2 such that
B:(y) N (R™\ Q) = {zo}.

Lemma 4.1. Let Q; C Qs be open bounded sets in R™ such that 1, Qo € CH" for
some % < r <1, Q satisfies both the interior and exterior sphere condition and,

Q) satisfies the exterior sphere condition.'® Assume that v € C%(y) N O (),
Av € L*(Qy) and v|pa, =0
Then

I(v) = inf ~ K(v—u)
u e 02(91) n CZ(QQ \ Ql) n C(Qg)
ulog, =0, ulag, =0

1
< (meas Q2)2||v]lcany)-
Proof. Note that

I(v) = inf  K(w). (1)
w € C?(Q)NC% D\ Q1) NC(Q)
wlan, = vl|aa,, wlea, =0

Let w’' € C?(£2;) N C(£;) be such that

Aw’ = 0 in Ql
w'lan, = vlon,
and w” € C?(2 \ Q1) N C (0 \ Q1) be such that
Aw” = 0 inQ\Q
w//‘afh - U|3Q1
w//|8Q2 — 0

Such functions w’ and w” exist due to the considerations made above about open
sets satisfying the sphere condition as in our assumptions.

We put
o in
Wy = { w" in Q_Q\ Ql : (2)
Therefore

I{v) < K(wo)

By the maximum principle (see, for instance, [64], page 33, Theorem 6.2.)

1
I(v) < (meas Ql||w0\|20(9—1) + meas €2y \ QlHWOHé(@\Ql))Z

1
= (meas Q|v][Epn,) + meas Qo \ Q0] 0,)?

= (meas Qz)%HUHc(an)- L

18This is equivalent to say that both Q1 and Qs \ Q; satisfy the exterior sphere condition.
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The following corollary is immediate.

Corollary 4.1. Let Q)1 C Q5 be open bouﬁied sets in R™ such that Oy, Qy € O
for some % < r <1 and both Qy and Q3 \ 0 satisfy the exterior sphere condition.
Then

SIS

0(—Aq, p,—Aq, ) < (meas Q) sup lv]lcoa,4-1)
S 02(91) N Cz(QQ \971)

NC(Q)

’U|592 = O
[0]1F2(0,) + [1AV[I72 g,y =1

To proceed further with the estimation of the gap we need to investigate under
what conditions do we have the validity of estimates of the type

1/2

sup(dist(z, 00)) 7 |o(x)] < M / (o + 1AuP)de | . (42)

where  is a bounded open set, v € C*(Q) N C(), v =0 on 9N and 0 < v < 1,
M > 0 are fixed constants independent of the function v. With this regard we
have the following result.

Lemma 4.2. Let ) C R" be a bounded open set such that satisfies the exterior
sphere condition and has the cone property. Assume also that the dimension
n < 3. Then estimate (4.2) holds for any v € C?*(Q) N C(Q), where v = 1/2 if
n =3, v can be chosen to be any number in (0,1) if n =2, and v =1 if n = 1;
and M > 0 is independent of v.

Proof. Step 1. Since () satisfies the exterior sphere condition, then by
Lemma 8.1, Ch.3 in the book by O.A. Ladyzhenskaya and N.N. Uraltseva [38] on
elliptic equations, 1973, we have

1/2

ol = /(|v|2—|—]Dv]2+\D2v|2)d:c

Q
1/2

< M /(|v|2+|Avl2)dx
Q

Step 2. By Sobolev imbedding theorem, which is true for domains with the
cone property, v belongs to a Holder space C7(Q2) for some v € (0, 1] chosen as
in our assumptions, but only if the dimension n < 3. In this case,

sup(dist(x,9Q)) "|v(z)| < sup Polz) = v(y)] < Mol|v]] 20,
z€Q z,yeQ |$ - y|’y

which imply the desired estimate with M = M; M. m

Remark 4.1. This argument may look too rough, however, we cannot extend (4.2)
to n = 4. Indeed, consider the function

u(z) = (= In|z))* = (In2)~ in Q= {x eR: |z| < %} :
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where 0 < a < % Then
|Au| < const - (—1In |z])* x| ™2 € Ly(),

so that the right side in (4.2) is finite, while the left side is +oc.
Finally, we have:

Theorem 4.1. Letn < 3, vy =1/2ifn=3,0<~v<1lifn=2and~y =1
if n = 1. Let Qy be an open bounded set in R™ with a CY" boundary for some
% < r < 1 and that satisfies the exterior sphere condition. Then there exist M > 0
such that
6(—AQQ7D, —AQLD) S M&“’y, (43)
for all e > 0 and for all open sets QO € CH" (% < r < 1) for which Q C Qy C
() and Qs \ Q satisfies the exterior sphere condition.
Proof. This is a direct consequence of Corollary 4.1 and Lemma 4.2. Indeed,

let v € C%() N C(Qy) be such that K(v) =1, v|sn, = 0 and = € 9. Let also
y € 082y be such that dist(x,0€) = |z — y|. Then, if x ¢ 0, we have

v()]
|z —y|

[v(z)|

2l B S S R
c Eélgz dist(z, 092,)7
Moye"K(v)

= M0€7,

jo(2)]

|z —y|”

IN

IN

where My, ~ > 0 are the constants that appear when applying Lemma 4.2 to the
domain €. This estimate holds even if x € 0€,, for in this case simply v(x) = 0.

Hence, by (4.1), we obtain (4.3) with M = M, (meas Qg)% . O

4.2 Extension of gap estimates to general elliptic operators

The estimates of §4.1 about the gap between the Dirichlet Laplacian operators
defined on different open sets extend straightforwardly to more generic elliptic
operators. Actually, in attaining the aforementioned results, the only ingredients
that we have used were: the solvability of the corresponding homogeneous equa-
tion (Laplace equation) for continuous boundary data, the maximum principle,
an H? global estimate and a Sobolev imbedding theorem. Well, these facts hold
for a vast class of elliptic operators. For the sake of clarity, in the sequel we shall
summarily repeat the procedure.

Let 2 C R™ be an open bounded domain. Let (a;;)ij=1,., be a Hermitian
matrix of Lipschitz continuous functions and suppose that there exists a positive
constant 6 > 0 such that

n

Z aij(x)E&; > 0 Z &%, (4.4)
i=1

1,j7=1

for all x € Q. and for all £ = (§,...,&,) € C". We shall consider uniformly
elliptic second order differential operators in divergence form, that is, operators
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that derive from differential expressions of the type

n

Su = — Z (aij()ug, ), + c(z)u, (4.5)

4,j=1

whose coefficients satisfy the aforementioned conditions. In addition we shall
require that, ¢ € L*°(Q2) and for some positive constant c

c(x) > ¢ (4.6)

for almost every x € (). With the operator S we shall consider the homogenous
Dirichlet boundary conditions. The maximal classical Dirichlet realization in
L*(9Q) of the formal differential expression S in (4.5), which will be denoted by
Sp (or Sq,p if we want to emphasize its dependence on the domain §2), is defined
in the following way:

D(Sp) ={u e C*(QNCQ) : ulpgo =0 and Suec L*(Q)}

and

Spu=Su for weD(Sp).

Clearly C2°(Q2) € D(Sp), hence the operator Sp is densely defined in L?(€2).
The operator S is closable in LQ(Q_), and the graph space of its closure in
L?(€2) is the completion of C?(2) N C(R2) with respect to the norm

1
sy = (lullfzay + ISullta@) s (we C2(Q)

and is denoted by H*(Q).
We shall estimate the gap between two elliptic operators defined on different
open sets €2y, Qs of R™ such that

Ql C QQ - (Ql)e,

where ¢ is an arbitrary but fixed positive number. The main focus here are
domain perturbation problems and therefore we shall not take into consideration
the eventual dependence of the coefficients of (4.5) from the domain. Thus, we
assume that the coefficients a; ;, c are defined in all of R™ and satisfy the relative
properties required of them in all of R"”.

Let €2y C €2y C R™ be open sets as above. In each of them is defined the elliptic
operator Sg, p, ¢ = 1,2. By Definition 3.2, the gap between these operators is:

6(SQQ’D, Sﬂl,D) = sup diStHS(QQ) (U, D(SQLD &) 592\9717D)> s (47)
u e D(SQ27D)
vl &5 (@2)=1
where
dist s (0, (v, D(So, p @ SQQ@D)) _ inf Ks(u—v)  (4.8)
u € C(Qg)
ulan, =0 ulpn, =0
Su € C2(Qy)

Su € C2(Qy\ )
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with

[N

Ks(u ) = (I~ ullaqoy + 15— Sullaay + 15— Sullsg,am)
In (4.8), if we make the transformation w = v — u and we find that

dist s () (v, D(Sq, p @ SQQ\STIVD)) = eircl‘f(Q ) Ks(w)
w 2

wlan, = v|aq, wlan, =0
Sw € 02(91)
Swe C2(Qs\ )

Proceeding in the same way as in Lemma 4.1, using a theorem on the classical
solvability of the corresponding homogeneous equation for continuous boundary
data and the maximum principle we find that

dist s ) (v, D(Sa,.p ® SQQ\ED)) < (meas D)7 |[v]lcay.  (4.9)

Now let the dimension n < 3. Let

1 ifn =1,
v = ¢ any number in (0,1) if n =2, (4.10)
3 if n=3.

2

In the same fashion as in the proof of Lemma 4.2, using a H?()-estimate and a
Sobolev imbedding theorem, we attain the estimate

sup dist(z, 08) " v(x)| < M||u| gsay,), (4.11)

rEQ

where the constant M > 0 is independent of v.
Finally, using this last estimate as in Theorem 4.1 we attain the analogous
result.

Theorem 4.2. Let n < 3, € > 0 as in (4.10), Qq, Qs be open bounded sets in
R"™ with C*" boundaries, where 5 < r < 1, and such that Q; C Qy C ()7 and
both Q1 and Qs \ Q4 satisfy the exterior sphere condition. Assume also that Qy

satisfies the cone property. Then
(5(892,13, SQLD) S M&W, (412)

where the constant M > 0 depends only on s, v and the coefficients (a; ;)i j=1,...n,
c of the differential expression in (4.5).
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5 Spectral stability estimates for the eigenfunc-
tions of elliptic operators

Let 2 C R", as usual, be an non empty open set. The notation Sq p will denote
either the classical Dirichlet Laplacian or the general elliptic operator as defined
in §4.2, Since the operator Sq p is symmetric and non-negative in L*(2), we can
consider its Friedrich’s extension S§ ,. We have done this in Theorem 2.8 for the
Dirichlet Laplacian, and repeat the construction here for the more general case
of an elliptic operator.

Thus, with notations introduced in §4.2, we consider the non-negative sesquilin-
ear form

Q . D(SQJ)) X D(SQ’D) — C (51)
defined by

n

Q(u,v) = (Saup, V) r2() = /Q (Zaij(w)uzi(x)vxj(x)+c(m)u(m)v(m))dw (5.2)

i,j=1

for all u,v € D(Sq,p). With a little abuse of notations, by @ will be denoted also
the quadratic form associated to the above sesquilinear form. This quadratic form
is closable and the assumptions on the coefficients imply that the norms || - || g1 (q)
and || - ||¢ are equivalent to each other in D(Sq p). Therefore the completion of
D(Sq,p) endowed with the norm || - || is Hg(€2). Applying Theorem 2.2 to its
closure ), we find that there exists a unique non-negative self-adjoint operator
857 , that gives rise to Q. More explicitly, we have

D(SE ") = D(Q) = HL(Q)

and u € D(SE ) if, and only if, u € Hj(€2) and there exists f € L*(€2) such that

/ (Z Qi () Ug, (T) Vg, () + c(x)u(x)v(x))d:v = / f(z)v(z)dx

o\ Q

for all v € H}(Q) (the derivatives here are to be understood in the weak sense if
function v is not smooth), and in this case

HEu=f.

The letter F' in the above notation is used to indicate the fact that the operator
S&.p 1s just the Friedrich’s extension (see Definition 2.4) of Sq p.
Since (Hg(Q), ] - [|gr 1/2) is compactly embedded in L*(Q) (observe that || -
Q,D

Il - llo) it follows, by Theorem 2.5 that Sg,Dl/Q is an operator with

HSF /2 =
Q,D
compact resolvent. Then Theorem 2.7 implies that also 55, p has also compact

resolvent. Theorem 2.6 and Lemma 2.3 imply that Sg’Dl/ ? and S&.p have the

same eigenfunctions and eigenspaces. Moreover, A > 0 is an eigenvalue of S§ p

of multiplicity m (m € N) if, and only if, v\ is an eigenvalue of S&Dl/ ? of

multiplicity m, and as we said

1/2

N(Sgp - \/X) - N(Sg,p - )‘)'
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The spectrum of the operator S§ , is discrete, that is, consists of isolated
eigenvalues of finite multiplicity. These eigenvalues are all strictly positive and if
arranged in a sequence in increasing order, then the said sequence is divergent.
Moreover, 557 p admits an orthonormal basis of eigenfunctions. Let us introduce
some notations that will be useful in the sequel: we arrange the eigenvalues in
increasing order,

M <A <o SN[Q S (5.3)

each of the eigenvalues repeated according to its multiplicity. Let also {¢x[] }ren
be an orthonormal basis of L?(2), where for each k € N, ¢.[Q)] is an eigenfunction
for the eigenvalue A\;x[Q2]; and let &k, m € N be such that

Mo [ < AR[Q] < S N1 [Q] < Ak [$Y,
(the first inequality on the left is not present if £ = 1) then we set

N[ = span {@el92, . ., prem1[2}. (5.4)

We consider also the closure Sq p of Sq. If the domain 2 has sufficiently
regular boundary 92 or if its boundary satisfies certain geometric properties,
then the operator is essentially self-adjoint, that is to say

F I
SQ,D - SQ’D.

If the dimension of the space n < 3 and the bounded open set {2 is assumed
to have a C'" boundary with % < r < 1, we have proved this assertion for the
Dirichlet Laplacian in §2.6 (see in particular Theorem 2.9 and Theorem 2.10).
Under the same assumptions the result can be extended to more general elliptic
operators with homogenous Dirichlet boundary values derived from differential
expressions of the kind (4.5).

From now and on we shall drop the subscript D from the operators Sq p,
Sa,p, S§.p and shall indicate them simply by Sq, Sq, S§ respectively because
we are dealing only with Dirichlet boundary conditions and there is no danger of
confusion.

Now let €1 C €25 C R™ be open sets. We shall make use of the following
identification of Hilbert spaces:

L*(Q9) = L2 () @ L* (2 \ ).
In this context we have also the identification of operators:
Sa1,0, = S, © Soar
where Sq, q, is defined as in §3.2.1. Therefore
§(S5,.98,) = 0(Sa,, Sa,) = 8(Sa, X Sop\ar 59,)

and
5(S£2v Sgl) = 6(5927891) 5(8927 SQ1 X SQQ\Qil)’

where the gap is being taken in L*(Q) = L*(€) X L*(Q22\Q1). In obtaining these
relations we have made use of the fact that Sg,, Sq, are essentially self-adjoint,

of (1.17); of the fact that with these identifications we have also that S, & 552\9—1
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is the Friedrich’s extension of So, @ So,\g; = Sq,.0, in L2(2y); yet, Sq, @ Soar
is closable in L%(€2,) and its closure is Sq, ® Soar (see §2.7).

Let ¢ > 0 and assume that 2, {25 satisfy the hypotheses of Theorem 4.2.
Then, by Theorem 4.1, if the dimension is n < 3,

5(5’51 ® 552\9—1, 852) = 0(Sq,, Sopay) < Me7,

where M > 0 is some constant independent of € and of Qy; here y = 1/2if n =3
while 7 is any number in (0, 1) if n = 2.

Let

/\min(S£2\Q—1) = min 0(552\9—1)

be the smallest eigenvalue of 552\9—1 which is given by one of the variational or
Rayleigh formulae (see [20, §4.5]);

: Q(u, u)
Amin(SE ) = inf _—
( 92\91) e HY (S, \ ) ng\Ql |u|2dx
u#£0

Using a Poincaré type inequality!® assuming that € is a set of finite measure,
we find that

cn0
meas(Qy \ Q)n

where ¢, > 0 is a constant that depends only on the dimension n and 6 > 0 is
the constant of ellipticity (in the case of the Laplacian 6 = 1).
With these considerations we can prove the following theorem:

/\min(Sé;\le) el (55)

YFor instance, in [23, p. 263] is proved the so-called Gagliardo-Nirenberg-Sobolev inequality,
namely, if n € N, 1 < p < n, then

[ull e ey < CnpllVull Lo @)
for all u € C°(R™) (and hence for all u € W, (), Q is an arbitrary open set), where

cnp =p(n—1)/(n —p) and p* is such that 1/p* = 1/p —1/n. In our case p = 2. If n > 2,
2 < 2* =2n/(n — 2) and using Holder inequality and the above-mentioned inequality, we have

1_ 1 1
[ull L2(0) < (meas )27 27 [|ul| 2 () < cn2(meas Q) [|[Vul|r2(q)

for all u € HY(Q).
If n = 2 choose py < 2 such that pp* > 2. By Holder and Gagliardo-Nirenberg-Sobolev
inequalities it follows that

11 11
[ullz) < (meas Q)2 507 [Ju Lo+ () < Cn,po (meas Q)2 207 [|Vul| Lro o)

1
< Copo(meas Q)7 TR0 7|Vl p2() = e p (meas Q)7 || Val| (o)

for all u € H}(Q).
It remains the case n = 1. Let Q = (a,b) be an interval and u € Hg(a,b). Then, by Hélder

inequality,
b b T
/ lu(z)|?dz = / / o' (t)dt

If Q is an arbitrary open set of R, the result is attained by applying the previous inequality to
each of its connected components.

2 _ 2 b
dx < (b—a) |u' ()2 da.
2 a
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Theorem 5.1. Letn <3, v =1/2ifn=3,0<~v<1lifn=2andy =1
if n = 1. Let Qy be a bounded open set of R*. Assume that Qy € CU7 (% <
r < 1) and satisfies the exterior sphere condition. Let A\[Ss] be an eigenvalue of
multiplicity m (m € N) of S§, that is, there exists k € N such that \[] =
Me[Qa] = -+ = Merm—1[Qa]. Then there exist My, e, > 0 such that the following
holds: if 0 < & < &}, and 0 € CY" is such that 0 C Qy C ()%, and Qp \ Q1
satisfies the exterior sphere condition, then

~

5(Nk,m[Ql]7 Nk’m[Qg]) S Mké“’y. (56)

Proof. Let the circle of radius 7 > 0 centered at A[{2;] be such that the
rest of the points of 0(Sf,) have distance greater than 2r from A[Q]. We take
er > 0 such that Me,? of estimate (4.12) is less than § of Theorem 1.11, where
Ao = A[Qa]; and A[Qy] is less than the right side member of (5.5) when € is
replaced by?® (Q2).,. The second bound on g is imposed to guarantee that A[Q]
is not an eigenvalue of S£Q\Q—1, so that N(S& — A[Q1]) = N(S§, @ 552\9—1 — A[])
with the usual identifications (see §2.7). Then we apply Theorem 1.11, Lemma 1.3
and (4.2) to draw the conclusions of this theorem. O

Theorem 5.2. Letn <3,v=1/2ifn=3,0<vy<1ifn=2,andy=1ifn=
1. Let Qo be an open set of R™. Assume that Qy € CY" for some % <r<1and
satisfies the exterior sphere condition. Let A\[Ss] be an eigenvalue of multiplicity
m (m € N) of 552, that is, there exists k € N such that A\[Qs] = \g[Qs] =
oo = Mgpm—1[Q2].  Then there exist cg, e > 0 such that the following holds: if
0 <e<epandQy € OV is such that Q; C Qy C (0)° and Qy \ Q satisfies

the exterior sphere condition, and @r1[h], - .., Prem|S] is an orthonormal set of
eigenfunctions of S§; corresponding to the eigenvalues Ap[] < -+ < Apym—1[Q1],
then there exists an orthonormal set of eigenfunctions pi[Qs], ..., @krm—1[s] of

SE, corresponding to the eigenvalue A[Q] of S§. such that

[on+ilh] = @rrilQ]l| L2(s) < cre” (5.7)

forallt=0,...,m—1.

Remark 5.1. A natural question is the following: What are the minimal assump-
tions on the smoothness of the boundaries of the open sets €, (i = 1,2) where
the above-mentioned elliptic operators are defined for the previous theorems to
continue to be valid? Retracing the proofs we find out that these assumptions are
those that guarantee first, the essential self-adjointness of the said operators, that
is, D(Sq,,p) is dense in D(S§, p) w.r.t. the graph norm || - || gs(q,); second, the
solvability of the homogeneous equation Su = 0 with continuous boundary data
and the validity of the mazimum principle, third, the global H?($);)-estimate for
solutions of the equation Su = f for zero Dirichlet boundary conditions and the

validity of the imbedding H*(Q;) C C7(Q), (i =1,2).

20By definition, given a set G C R™ and € > 0,
Ge ={x € G : dist(z, R"\ G) > ¢};

G* ={z e R" : dist(z, G) < e}.
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Remark 5.2. Estimate (1.55) can be used to deduce bounds on the rate of conver-
gence of eigenvalues. However, the results that we obtain are not optimal, while
sharp estimates are already present in literature.

Remark 5.3. The estimates of Theorem 1.9 can be used to study the dependence
of solutions of elliptic equations on domain perturbation. Thus, we find that, if
f € L2(Qy) and u; € L*(Q;) is a weak solution of the problem

UZ’dQZ =0 on 892 7
1=1,2, then
[ur — us|lz2(0r) < CE7| fllL20)

if 0 <e<ep, N CQ C (M), Q, Qy have CH boundaries, Q1 Qo \ Qy satisfy
the exterior sphere condition, and C,gq > 0 are constants that depend only on the
set Qo and the coefficients of the differential operator S.
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