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ON UNIQUE MINIMAL SOBOLEV NORM ELEMENT OF
BANACH SPACES OF FUNCTIONS WHICH TAKES A GIVEN
VALUE IN A FIXED POINT

TOMASZ LUKASZ ZYNDA

ABSTRACT. First, it will be shown that some Banach spaces V' of functions, which
are subspaces subspaces of Sobolev spaces satisfy the c-minimal norm property, i.e.,
in any set
Vz,c ::{fev ‘ f(Z):C},

if non-empty, there is exactly one element with ¢ minimal Sobolev norm. Later, it
will be proved that this element depends continuously on the deformation of the
norm and on an increasing sequence of domains in a precisely defined sense. We
conclude with applications to the theory of linear partial differential equations.

1. INTRODUCTION

Classical theory states that the solution of a partial differential equation is unique
in many cases if the boundary or initial conditions are given. Here we introduce
a different idea - if we want a solution of a homogeneous linear partial differential
equation to be unique, we can consider the solution with the minimal Sobolev norm
among the solutions which take given value at a fixed point.

First, we prove a theorem showing sufficient conditions for the Banach space of
functions to have the minimal norm property, i.e., the property of the existence of a
unique element with minimal norm in the subset of elements taking a certain value at
a fixed point. Then we show that some Banach spaces of functions with Sobolev norm
satisfy the assumptions of this theorem. Next, we prove our main results - theorems
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stating that the unique minimal norm element of a Banach space of functions with
Sobolev norm continuously depends on an integration weight, i.e., on the deformation
of the norm and on an increasing sequence of domains.

2. PRELIMINARIES

It is known that a Hilbert space V' of functions defined on a domain D is a repro-
ducing kernel Hilbert space if and only if it satisfies the minimal norm property, e.g.,
in any set

Voi={feVi]flz) =1}

if it is not empty, there is exactly one element with the minimal norm. In fact, the
property of the minimal norm is equivalent to a formally stronger property: c-minimal
norm property, i.e., in every set

Vee ={f €V | [f(z) =c},

if non-empty, there is exactly one element with minimal norm. Indeed, if V' satisfies
the property of c-minimal norm, then it also satisfies the property of minimal norm.
On the other hand, if ¢, is unique element of V, with the minimal norm, then cyp, is
the unique element of V, . with the minimal norm.

For more details and proofs see e.g. [6]. For examples of Hilbert spaces that do not
satisfy the minimal norm property, i.e., are not reproducing kernel Hilbert spaces, see
e.g. [6] or [3].

The aim of this paper is to show that some subspaces of functions of Sobolev spaces,
which are not necessarily Hilbert spaces, also satisfy the minimal norm property.
Moreover, we will show that the unique minimal norm element in the set V, depends
continuously on a weight function and on the integration domain. These results can
be somehow treated as a continuation of the research introduced in [6] and [4].

Throughout the paper, the unique minimal norm element of V, will be denoted by
@, without further recalling.

3. PROOF THAT SOME SUBSPACES OF F'UNCTIONS OF SOBOLEV SPACES SATISFY
THE MINIMAL NORM PROPERTY

Let V be a Banach space of functions which is a subspace of a Sobolev space W*?(U),
U c R", U an open bounded domain with boundary of class C!, 1 < p < 400,
equipped with the same norm, i.e.,

A1 = 1 fllwee @) = (Z ||Dif||]2pw>> )

ji|<k
where @ = (i1,%9,...,0m), |i| =41 +i2+ -+ + i, and
, olil
Dif = /

Ox' Oz - - - Owin
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It is well-known that each space LP, 1 < p < 400, is strictly convex, therefore also V
is strictly convex as a closed subspace of LP. Moreover, the following theorem holds.

Theorem 3.1 ([1], Theorem 6 in Section 5.6.3.). If f € W*P(U), with additional as-
sumptions above and k > %, then f is also an element of Hélder’s space Cki[%]fm(U),

where v is equal to {%} +1-— %, Zf% ¢ 7 and is any positive number lower than 1,

otherwise.

Moreover, the following holds.

. n < 2(U)-
(3.1 171 g n g, < O vty

A direct consequence of this theorem is the fact that the functionals of the point
evaluation in V' are continuous if only its assumptions are fulfilled, i.e. for every z € U
there exists constant C',, such that

IF G < Celfllwrrw),

for any f € V.
Now we are ready to prove the main theorems of this section.

Theorem 3.2. Let V' be a Banach space of functions defined on U satisfying the
following conditions:

(1) functionals of point evaluation are continuous;

(i1) V' is strictly convez.

Then, for any z € U, if there exist f, € V such that f,(z) # 0, we have
(3.2) et =0,
Moreover, if the infimum is reached, then it is only reached for one function, i.e, then
V' satisfies the minimal norm property.

Proof. Let z € U be a point for which there exist functions in V' that take a nonzero
value at z, and let f € V be such a function. Then, by continuity of functionals of
the point evaluation we have

Therefore, (3.2) holds.
Now, let us assume that the infimum in (3.2) is reached for some functions f, g € V..
We will show that f = g. First, let us define

1
h:§(f+9)€vz,

i.e., h(z) = 1. Next, by the triangle inequality and the fact that || f|| = ||g]|, we obtain

0l = (|5 £+ )| < 5 QU1+ 1iglh = 171,
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On the other hand, by our assumptions,

IRl = 11111,

therefore

(3:3) Al = 11711

Since V is strictly convex and the triangle inequality in the above case is in fact
equality, we conclude that there exists a € C, such that f = ag. Then,

LG9 = 3@+ il

By (3.3) we get that & = 1 and in conclusion f = g. O

[IAll =

Corollary 3.1. Let V' be a Banach space of functions equipped with the Sobolev norm,
which satisfies assumptions of Theorem 3.1. Then, V satisfies the minimal norm
property.

Proof. As it was stated before, V is strictly convex and functionals of point evaluation
for that space are continuous. Therefore,

flg\i [ lwer@y > 0,
and if it is reached, then it is reached only for one function. It is sufficient to show
that the infimum above is in fact minimum. Let {f,} C V, be a sequence which
approximates this infimum, i.e., such that

0 [ nllwsow) = fof 11 llwrn.

It is obvious that {f,,} is bounded in the || - ||ty norm. By Theorem 3.1, it is also
bounded in a Holder space. Therefore, the sequence {f,,} satisfies the assumptions of
the Arzela-Ascoli theorem and there is a convergent subsequence of it. Let us denote
its limit by fo. By Fatou’s lemma || fol|w.s @) < infrev, || f||wrr@), so fo is the unique
element of W*?(U), such that
I follwwr@wy = }%151 1 flwwrw)-
O

Lemma 3.1. Let V' be a Banach space of functions defined on D which satisfies the
minimal norm property. Then, the functionals of the point evaluation for that space
are continuous. Moreover, for any z € D and any functional E, : V' 5 f+— f(z) € C,

.1
|E:|" = :
[lp- |

Proof. By the minimal norm property for any z € D there exists C, > 0 such that for
any f € V for which f(z) # 0 we have

f
f(2)

o]
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Therefore,
|f(2)| < ISl

If f(z) =0, then the above inequality is trivially satisfied. Moreover, for any g such
that g(z) = 1, we have

1

For any function f € V, such that f(z) = ¢, ¢ # 0, 1 there exists function g € V', such
that g(z) = 1 and f = cg. So, we have

L el =
Cg =
el T

Therefore, ||E.||* < IIsole' Since the above inequality for f = ¢, is in fact equality, we
conclude that ||E,||* = O

[F(2)] = leg(2)] < A1

ezl

4. DEPENDENCE OF MINIMAL NORM ELEMENT ON A WEIGHT OF INTEGRATION

Let pq, pio, - - ., jtr be measurable positive functions defined on a domain U such that
there exist positive constants ¢, co for which

(4.1) ¢ < pi(w) < ea,

for any i = 1,2,...,7. u = (u1,pa,...,u) will be called a weight. We will say

that a sequence of weights {1V} converges almost everywhere to the weight p if the

coefficients of ;N converge almost everywhere to the corresponding coefficients of .
Let

iz, 0= ([, |f(w)|pui(w)dw>;.

Now let us define weighted Sobolev norm Wlf’p

lil<k

IUWﬂVWym=<ZHUth)-

It is clear that in Wf’p functionals of point evaluation are continuous. Indeed, using
Theorem 3.1, we get that

1
Il {512y < Clilbreoy < oy
1
A direct consequence of this inequality is the fact that any sequence that is bounded in
the weighted Sobolev norm has a convergent subsequence, by Arzela-Ascoli Theorem.
Therefore, by Theorem 3.2, Banach space of functions with weighted Sobolev norm
with the additional assumptions of Theorem 3.1 satisfies the minimal norm property.
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Theorem 4.1. Let u”V be a sequence of weights that converges to the weight i al-

most everywhere. Let Vi be a Banach space of functions with weighted Sobolev norm

IE HWk:,p(U) satisfying the assumptions of Theorem 3.1. For any N € N, let VN be the
n

U)

and analogously let V' be the same as a vector space as Vo but equipped with the

weighted Sobolev norm || - ||Wk,p(U). Let " denote the minimal norm element in the
H ;

set

same as a vector space as Vy, but equipped with the weighted Sobolev norm || - Hwk,p(
N

{fev¥|f(z)=c},
and similarly ¥ . denote the minimal norm element in the set {f € V | f(z) = c}.
Then,
; pN o
MmOl =i
and the limit above is uniform on U.

By (4.1) all spaces VY, V and V? are the same as topological vector spaces. In
particular they are all complete, i.e., they are Banach spaces.

Note that by the minimal norm property it is sufficient to show this theorem for
c=1.

Lemma 4.1. If p' := (pi, pd, ..., pt) and p? == (u3, 43, ..., u?) are weights such that
,u,} < u? forany 1 <1 <r, then

1 2
||905,C||W§ip(U) S ||(pg,c| |W§éP(U).

Proof. By its very own definition

1 2 2
H(Pg,cl Wﬁip(U) < Hﬂpg,cHW"fiP(U) < HSOZ,C”WE”(U)'

Now we are going to give the proof of the main theorem.
Proof. First, let us show that the limit of go’;N exists. Let us take
10 = (2co,2¢y, . .., 2¢5)
(see (4.1)). By (4.1) and Lemma 4.1,
It ko < ;H@*;NHWW) <162 kg

So the sequence Hgo’Z‘NHWk,p(U) is bounded. Therefore, by (3.1) sequence gogfcv satisfies
the assumptions of the Arzela-Ascoli theorem and we conclude that there exists a
uniformly convergent subsequence of it. Without loss of generality, we can identify it
with the entire sequence. Let us denote its limit by g. By the property of the minimal
norm, it is sufficient to show that

(4.2) 19llwrrwy < N2l w)-
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By Fatou’s lemma

. . N
(4.3) l9llwyrwy < Hminf {05 e @)

Note that since u¥ for any N and p are bounded from below and above by non-zero
constants, all spaces ij&’ (U) are equal as topological vector spaces (and in particular
as sets). Therefore, for any f that is an element of any of these spaces, by Lemma

3.1, we have
1
z) < k, .
[f(z)] < HSO'ZNHWIMJ(U)||f||W“15(U)
uN

Taking the limit on the right hand side we get that
1
[f(2)] <

— .. N
lim 400 | [0% ||w;;;5<v>

HfHWl’j’P(U)-

We can use Lebesgue dominated convergence theorem to show that |[f||yrr ) —
uN
||f||W5,p(U). Moreover, by Lemma 3.1, again
1 1
-y Pl ~ T
Prllwprw) MMy [|¢% |‘W555(U)
Combining (4.3) with (4.4), we obtain (4.2). O

5. DEPENDENCE OF MINIMAL NORM ELEMENT ON INCREASING SEQUENCE OF
DoMAINS

Theorem 5.1. Let {Uyx} be an increasing sequence of domains with boundaries of
class C' and U = U2, Un. Let Vi be the Banach space of functions defined on U,
equipped with the Sobolev norm || - ||wr.ry) satisfying the assumptions of Theorem 3.1.
Let VN for N > 1 be the Banach space of functions equipped with the Sobolev norm
|- [lwwrwy), such that for any f € VN we have fuy , € Vi, fork=1,2,...,N —1.
Similarly, let V' be the Banach space of functions equipped with the Sobolev norm
| - llwrw), such that for any f € V we have fiu, € Vi for any N. Let ngUjCV denote
the unique minimal norm element of the set

{feV¥|f(z)=c}

and similarly cpgc denote the unique minimal norm element of the set

{feVI]f(z)=ch

Then,
U

z,c

. UN -
. @ze =¢
and the limit above is locally uniform on U.

As in the previous section, by the minimal norm property, it is sufficient to show
the above theorem only for ¢ = 1. We can also define goglcv (w) =0 forwe U\ UV,
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Lemma 5.1. If Uy and Uy are domains such that Uy C Us,, then ||¢ZZ||Wk,p(U1) <
2] lwer (1) -

. .. 1 .
Proof. By its very own definition [|¢.|lwrrw,) < 022l lwrewy) < 922l lwhrws), it
is clear that pU2 € WHP(U). O

We will now prove the main theorem.

Proof of Theorem 5.1. First, let us show that the locally uniform limit of goZUN exists
on U. For any compact set X C U there exists j € N such that X C Uy for N > j.
By properties of the integral and Lemma 4.1 for N > j we have

e Nwrwxy < N lweawny < 110 e w)-

So, the sequence ||V ||k (x) is bounded. Therefore, by (3.1) sequence " satisfies
the assumptions of the Arzela-Ascoli theorem on X and we conclude that there exists
a locally uniformly convergent subsequence of it. Without loss of generality, we can
identify it with the entire sequence. Let us denote its limit by g. By the property of
the minimal norm, it is sufficient to show that

(5.1) gllwesw) < 1@ |lwrnw)-

By Fatou’s lemma
o N
(5:2) [lgllwer@) < liminf [l [lwerwy)-

Note that we have W*P(U) C W*P(U,,,) C WHP(U;). Therefore, for any f €
W*kP(U), by Lemma 3.1, we have

1
f(2)] < o0

N | |kaP(UN) | |f| |Wk,P(UN) .

Taking the limit on the right hand side we get that

() < !

T limy oo HSOQN | |W’”’(UN

)HfHW’W(U)-

(We can use Lebesgue dominated convergence theorem to show that

I wrowyy = (L [lwee@).-

We just need to consider integrals [;; | f(w)[PLy, dw, where Ix is indicator function of
set X, and notice that the integrated functions can be dominated by |f|P.) Moreover,
by Lemma 3.1, again

1 1
< — .
HQOgHW’W(U) ~ limy e ||<P5N\|ka(UN)

Combining (5.2) with (5.3), we obtain (5.1). O

(5.3)
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6. EXAMPLES OF APPLICATIONS

Usually, we want the solutions of differential equations to be elements of some
Sobolev spaces. Classical theory states that in many cases, if boundary or initial
conditions are given, then the solution is unique. If the only set of solutions of
the differential equation under consideration is a vector space that is closed in the
corresponding Sobolev norm, and we want to have a unique solution, we can look
for the solution with minimal possible Sobolev norm in the set of functions that take
given value at a fixed point.

In the rest of the section, we assume without further recalling that our Sobolev
norm satisfies the assumptions of Theorem 3.1. By solution we mean a classical
solution, i.e., a sufficiently smooth function.

Note also that the term 'minimal solution’ of a differential equation is usually used
in a different sense (see e.g. [2,5]).

Ezxample 6.1. Let us consider the set of solutions of Laplace’s equation that have a
finite Sobolev norm. It is clear that this set forms a vector space. We will show that
this vector space is closed in the Sobolev norm topology.

Let (f,) be a sequence of harmonic functions converging to f in the Sobolev norm
topology on a bounded domain U. Then, f, in particular converges to f in the LP(U)
topology. It is known that the LP-limit of harmonic functions implies a locally uniform
limit of the same sequence to the same limit. Indeed, by Mean Value Theorem for
subharmonic functions,

f@)P<C, /B o @Pde,

where B(x,r) is the ball with centre in x and sufficiently small radius » > 0 to lie
with its boundary in U. Moreover, C, = ﬁ, where L(r) is Lebesgue measure of a
ball of radius r, i.e. C, depends only on distance of x to the boundary. It means that
for any compact set X C U there is constant C'y, such that for any x € X

f(@)P < Cx /B o (@)

Therefore, if f,, converges to f in the topology LP(U), it also converges to the same
limit in the topology of locally uniform convergence. It is known that the locally
uniform limit of harmonic functions is also a harmonic function, therefore the vector
space of solutions of the Laplace equation with finite Sobolev norm is closed in the
topology W*P(U). This means that there is exactly one harmonic function which
takes a given value in a fixed point with minimal Sobolev norm. Moreover, that
extremal function depends continuously on a weight of integration and an increasing
sequence of domains in precisely defined sense. Note that V, . is never empty in this
example, since the constant function is always its element.

Ezxample 6.2. Now let p = 2, i.e., let our Sobolev norm be a norm generated by the
inner product. Moreover, let us consider any homogeneous elliptic partial differential



1694 T. L. ZYNDA

equation with C'*° coefficients. It is obvious that the set of solutions of such equation,
which have a finite W*?2 norm, is a vector space. Let (f,) be a sequence of elements
of that space that converges to f in the topology W*2(U), where U is a bounded
domain. Then, in particular, f, converges to f in L?(U). It can be shown that the
L2-limit of the classical solutions of an elliptic equation with smooth coefficients is
also a classical solution of the same equation (see [6] for the proof). Therefore, the
vector space of solutions with finite W*2 norm of the homogeneous elliptic equation
with C*coefficients is closed in W*?2(U) topology. This means that if we want our
solution of the elliptic homogeneous equation with C'* coefficients to be unique, we
may look for the solution with the minimal W#2(U) norm among the solutions which
take given value at a fixed point. Moreover, if the equation also has the form

Augy + Bugy + Cuyy + Duy, + Euy, = 0,

then V, . is never empty, because constant function is always its element.
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