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Abstract

Given a compact set K C R?, the theory of extension operators examines the question,
under which conditions on K, the linear and continuous restriction operators
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have a linear and continuous right inverse. This inverse is called extension operator and
this problem is known as Whitney’s extension problem, named after Hassler Whitney.
In this context, &"(K) respectively &'(K) denote spaces of Whitney jets of order n re-
spectively of infinite order. With £"(R¢) and &(R?), we denote the spaces of n-times re-
spectively infinitely often continuously partially differentiable functions on R¢. Whitney
already solved the question for finite order completely in his papers [Whi34a], [Whi34b]
and [Whi34c]. He showed that it is always possible to construct a linear and continuous
right inverse E, for r,,. This work is concerned with the question of how the existence of
a linear and continuous right inverse of r, fulfilling certain continuity estimates, can be
characterized by properties of K. On &(K), we introduce a full real scale of generalized
Whitney seminorms (|| - [lx) -, Where ||-|ls x coincides with the classical Whitney semi-
norms for s € Ny. We equip also &(R¢) with a family (| - ”s,L)szo of those seminorms,
where L shall be a a compact set with K C L. This family of seminorms on &(RY)
suffices to characterize the continuity properties of an extension operator E, since we
can without loss of generality assume that E(&(K)) € Z*(L).

In Chapter 2, we introduce basic concepts and summarize the classical results of Whit-
ney and Stein.

In Chapter 3, we modify the classical construction of Whitney’s operators E, and show
that ||E,()|ls. < Cll - |lsx for s € [n,n + 1).

In Chapter 4, we generalize the results of Frerick, Jordd and Wengenroth published
in [FJW16b|] and show that LMI(1) for K implies the existence of an extension operator
E without loss of derivatives, i.e. we have it fulfils [|[E(-)|l;. < C|| - ||ls.x for all s > 0.
We show that a large class of self similar sets, which includes the Cantor set and the
Sierpinski triangle, admits an extensions operator without loss of derivatives.

In Chapter 5 we generalize the results of Frerick, Jordda and Wengenroth in [FIW11]] and
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show that WLMI(r) for » > 1 implies the existence of a tame linear extension operator
E having a homogeneous loss of derivatives, such that [[EC)|l;. < Cl| - [l1e)s.x for all
s>0andall e > 0.

In the last chapter we characterize the existence of an extension operator having an
arbitrary loss of derivatives by the existence of measures on K.



Zusammenfassung

Gegeben sei eine kompakte Menge K c RY. Die Theorie der Extensionsoperatoren
beschiftigt sich mit der Frage, welche Eigenschaften K haben muss, damit die linearen
und stetigen Einschrinkungen

ryt E"RY - EK), f o (9°f],). _ .n € Nound

la|<n
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eine lineare und stetige Rechtsinverse besitzen. Die Inverse wird als Extensionsopera-
tor bezeichnet und dieses Problem ist bekannt als Whitneys Extensionsproblem, benannt
nach Hassler Whitney. In diesem Zusammenhang bezeichnen &”(K) beziehungsweise
&(K) die Raume der Whitney-Funktionen auf K der Ordnung n beziehungsweise un-
endlicher Ordnung. Mit &"(R¢) beziehungsweise &' (R?) bezeichnen wir die Rdume n-
mal beziehungsweise unendlich oft stetig partiell differenzierbarer Funktionen auf R¢.
Whitney 16ste dieses Problem fiir r, bereits vollstidndig in seinen Veroffentlichungen
[Whi34a], [Whi34b] und [Whi34c]. Er konnte zeigen, dass es immer, unabhingig von
den Eigenschaften von K, moglich ist eine lineare und stetige Rechtsinverse E, von r,
zu konstruieren. Diese Arbeit beschiftigt sich mit der Frage, wie die Existenz einer lin-
earen und stetigen Rechtsinversen von r mit gewissen Stetigkeitsabschédtzungen durch
Eigenschaften von K charakterisiert werden kann. Auf &'(K) fiihren wir eine reelle
Skala von verallgemeinerten Whitney-Seminormen (|| - lls.x) 0 €I, wWobei || - || fiir
s € Ny mit den klassischen Whitney-Seminormen iibereinstimmt. Auch &(R?) statten
wir mit einer reellen Skala dieser Seminormen (|| - [l;z) 5, aus, wobei L C R¢ kompakt
ist mit £ o K. Diese Familie von Seminormen geniigt um die Stetigkeitseigenschaften
eines Extensionsoperators £ zu untersuchen, da ohne Beschrinkung der Allgemeinheit
E(&(K)) c Z°(L).

In Kapitel 2 fithren wir grundlegende Begriffe ein und stelle auch die klassischen Ergeb-
nisse von Whitney und Stein zusammengefasst dar.

In Kapitel 3 beweisen wir, dass der klassische Extensionsoperator E, von Whitney
NE. (s < Cll - |ls.x flir alle s € [n,n + 1) erfiillt.

Aufbauend darauf verallgemeinern wir in Kapitel 4 die in [FJW16b|] von Frerick, Jorda
und Wengenroth veroffentlichten Ergebnisse und zeigen, dass die Eigenschaft LMI(1)
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fiir K die Existenz eine Extensionsoperators E ohne Verlust impliziert. Das bedeutet,
dass E die Ungleichung ||[E()||s.. < C|| - |ls.x fiir alle s > O erfiillt. Wir zeigen, dass eine
groBBe Klasse selbstihnlicher Mengen, welche unter anderem die Cantor-Menge und das
Sierpinski-Dreieck enthilt, einen Extensionsoperator ohne Verlust zuldsst.

In Kapitel 5 verallgemeinern wir die von Frerick, Jordd und Wengenroth in [FIW11]
verdffentlichten Ergebnisse und zeigen, dass WLMI(r) fiir » > 1 die Existenz eines
zahm-linearen Extensionsoperators mit homogenem Verlust impliziert, welcher fiir alle
s > 0 und € > 0 die Ungleichung ||[E(")|ls.. < Cl| - ll¢r+e)5.x erfiillt.

Im letzten Kapitel charakterisieren wir die Existenz eines Extensionsoperators mit be-
liebig vorgegebenem Verlust durch die Existenz von Mallen auf K.
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Chapter 1

Introduction

The main basis of this work are the three papers [Whi34a], [Whi34b] and [Whi34c]
published by Hassler Whitney in 1934. They offered a new and fruitful approach to
deal with the following extension problem. Consider a compact subset K of R? and a
continuous function f : K — R. The question arises how to decide if the domain of
this function f can be extended to R¢ or an open superset of K, such that the extended
function is n-times or even infinite often continuously partially differentiable. Another
way of stating this question is, to find a meaningful definition of differentiability for
functions defined in compact or closed sets. We will use the symbols &"(K) respectively
& (K) for those spaces. Whitney found a way to achieve this by using the well known
Taylor theorem as a definition instead of getting it as a conclusion from the definition
of differentiability. In the classical setting, Taylor’s theorem shows that a function f,
which is n-times continuously partially differentiable at some point x,, can be locally
approximated by its Taylor polynomial 77, which is a polynomial of degree < n. The
coeflicients of the polynomial depend on the derivatives of the function at this point.
For the difference f—T7 between the function and its Taylor polynomial, the remainder
R’ , the asymptotic behaviour at x, can be described by R} (x) = o(|x — xo|") as x —
Xo. Since the Taylor polynomial already contains the derivatives of the function, it is
necessary to replace these derivatives by other functions if one wants to use this theorem
as a definition for differentiability. Therefore the objects contained in the spaces &"(K)
respectively & (K) cannot just be single functions but have to be families of functions
( f(a))|a|<n in &(K) and ( f(“))aeN , in &(K) which we will call Whitney jets of order n
= 0

respectively of infinite order later on. For these jets, the *formal’ Taylor polynomial of
order n centred at y € K can very naturally be defined as

(7))o 3y
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The corresponding remainder itself has to be a family of functions, where the 5-th entry
is defined as

R’ (( f(a))kllﬁn)(ﬁ) @) = fO(x) - PT? (( f(a))lalﬁn) ).

With that, the space &"(K) is defined as the space of all jets ( f(“)) ., € M= €K,

lal<
for which the remainder has the following asymptotic behaviour

& (7))

This is indeed the same asymptotic property, which the classical remainder shows in
Taylor’s theorem. The space &"(K) endowed with the norm

“(f(a))IGISn

lim sup {

x—yP" xye K,0<|x—yl < t}. (1.1)
t—0 Iﬁlsn

= sup |f(ﬂ)(x)| (1.2)

n.K . |BI<n,xeK
®B)
+ sup IR} ( f@ ) (x)
|ﬁ|<n,t>0{ ’ ( )|“|5”

is a Banach space. The space &(K) is constructed as the projective limit of the & (K).
Also for F c R? closed, the spaces &"(F) and &(F) can be constructed as projective
limits of the spaces &"(K;) respectively & (K;) for a fundamental sequence (K)o of
compact sets for F.

Whitney could show, that this is indeed a meaningful definition of differentiability
in the sense, that the continuous and linear restriction operators

x—yP":x,ye K 0<|x—y < t}

rat E"RY - EK), f o (8°f and
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are surjective. Furthermore he was able to prove in a constructive way, that the restric-
tion operators r, have a linear and continuous right inverse, called extension operator.
The research which build up on these findings was mainly dedicated to the ques-
tion, in which circumstances also the restriction operator r has a continuous and linear
right inverse. It is relatively easy to see that not all geometries of K allow such an ex-
tension operator. Counterexamples are for instance singletons and sets contained in a
hyperplane. But there are also examples of sets which even coincide with the closure
of their interior and still do not admit an extension operator. Tidten proved in [Tid79]
that certain sequences of pairwise disjoint intervals and sets with exponential cusps do
not admit such an operator. On the other hand many classes of sets could be character-
ized which admit an extension operator. For instance Seeley constructed in [See64|] an
extension operator for half spaces and Stein dealt with sets having a Lipschitz bound-
ary in [Ste70]. Stein’s result was then generalized by Bierstone in [Bie78]] and Frerick



in [[FreO7bl later on.

This work is also dedicated to the question of the characterization for ’good’ geome-
tries of a compact sets, such that they admit an extension operator. It is mainly based on
the ideas of Frerick, Jordd and Wengenroth which they exhibited in the papers [FJW 16b]
and [FJW11]. They approached the question again in a constructive way by constructing
an operator which resembles the one Whitney constructed. The operators E, Whitney
constructed as inverse of r, has the following structure

fO%),xeK
(@) —
Ex ((f )|‘Y|§”) (X) - {ZieN QO,'(X) ZI&ISn f(n;(IXi)(x —x)% x ¢ K ’

where (¢;);cy 1S a partition of K¢ satisfying certain conditions, and the points x; € K
depend on the supports of the ¢;. The idea is to interpolate the entries £ of the jets by
measures U, ;, which results in an operator E of the following structure

O(x),xe K
E ((f((l)) Nd) (x) = d Yai(f ) v
@< e Pi(X) Digemy —or— (x —x)*, x € K

where the sequence (m(7));ciy has to be chosen in the course of the construction. The
measures {,; only depend on the first entry of the jet £, which has the additional
charme that the extension operator E also simultaneously extends all jets of finite order.
The operator E can therefore be applied to a jet ( f (“)) _, € &"(K) but it is not necessar-

ily a continuous operator from &"(K) to &*(R¢). The l:(l)ntinuity propterties of the opera-
tor on the projective scale can be characterized by means of a ’loss of derivatives’, which
shall be a mapping o : Ny — Ny with o(n) > n, such that E : £7™(K) — &*(RY) is
continuous. In [FJW16b], the authors characterized the existence of an extension opera-
tor having no loss of derivatives, which means o(n) = n for all n € Ny. In [FJIW11]] they
characterized the existence of a tame linear extension operator, which means o(n) = cn
for some ¢ > 1. Since o(n) is then not always a natural number, the last case shows
that it is also necessary to generalize the definition of the Whitney spaces &"(K) and
to *fill the gaps’ between &"(K) and &"*!(K), respectivelly to fill the gaps between the
seminorms || - ||, x and || - ||,+1.x on &(K). This is done in [FJW11] in a very natural way
by replacing the term |x — y|¥™ by |x — y|*" for n < s < n + 1. In this work, we also
generalize the right side of the operator, so that we have a full real scale of seminorms
on &(K) and &(RY). In Chapter 3, we generalize the construction of Whitneys operators
E,, such that E, also extends the spaces &*(K) for s € [n,n + 1). In the Chapters 4 and
5, we generalize the results of the papers [FJW16b] and [FJW11] to the full real scale of
seminorms. In the last Chapter, we characterize the existence of an extension operator
with an arbitrary loss by means of the existence of measures.



Chapter 2

Preliminaries

2.1 Some Basic Notations and Results

As a very basic notation in multidimensional analysis we want to introduce the multiin-
dex notation. It allows a very short and compact notation which resembles the notation
in dimension 1.

2.1 Definition. We call any vector a € Ng a (d-dimensional) multiindex. For x € R?
and B € N2 e set

d

1 lol = Sa;,
i=1

d (074

Q@ o i

2. x¥ = Hxi .

3. The addition of two multiindices of the same dimension as well as the multipli-
cation of a multiindex with a scalar is defined as in the d-dimensional Euclidean
space.

a\ ._ a!
4. (ﬁ) T (@B
5. ForB e Ng we define the relation

B<aoepfi<aforaliecll,..d}.

In the following remark we gather some easy consequences which will often be used
throughout this work.

2.2 Remark. 1. For two multiindices a, B it is obviously true that |a + S| = |a| + |B]
and if B < a we also have |a — | = |a| — |B].

4



2. For an arbitrary multi-index a € N¢, the following inequality holds for all x € R?
x| < [,

where |x| denotes the Euclidean length of x. This follows easily by definition:

[ o< ] rtr< [ ] b= g

1<i<d I<i<d I<i<d

x| =

2.3 Definition. Spaces of differentiable functions
Let Q c R? be an open set. Then we define for n € N,

E"(Q) ={f : 0" f exists and is continuous in Q for all |a| < n},

EQ) = {f : 0" f exists and is continuous in Q for all a € Ng}.
To define the topology on those spaces, let (K))icn be a fundamental sequence of compact
sets for Q. Then let the supremum seminorm be defined as

|+ lok, = €"(€) — [0, 00), f > sup{|0”f(x)] : x € Kj,|a| < n}.

The system of seminorms (| - |, x,)ien defines a Fréchet space topology on &"(QQ) and the
system (| - |k, )ien, defines a Fréchet space topology on &(Q).

Now we turn our attention to Taylor’s theorem, which is the key result leading us to
the results of Whitney in the next section.

2.4 Theorem. Taylor’s theorem
Let f : RY — R be n-times continuously partially differentiable at y € R¢. Then for all
la| = k there exists a g, : R — R with lim,_,, g,(x) = O such that

=3 W0y 3 g

la|<n la|=n

=Ty (H(x) + Ry(NH(x),

with RY(x) = o(lx — y|"). The polynomial T (f) is called Taylor polynomial of order n
centred at'y and Ry(f) is called the Taylor remainder.

2.5Remark. 1. For f € &' (R?) there exist a lot of representations of R}(f), which
we only state here. Let 0 € [0, 1]

o Lagrange representation: Ry(f)(X) = Xjo=n+1 M(x )4,

o Cauchy representation: Ri(f)(x) = (n+1)(1-0)" X g=p+1 M(x y)“.



2. Itis also possible to formulate a converse Taylor theorem. If for a given f : R? —
R and all |a| < n there exist continuous functions @ : RY —» Rand g, : R - R
with lim,_,y g,(x) = 0 such that

(@)
o= 3 D0y 3 g -y,

a!
lal<n |a|=n

then f is n-times continuously partially differentiable at y and 0°f(y) = f(y). A
proof can be found in [|Oli54)].Thus, Taylor’s theorem can also be used to define
partial differentiability.

2.2 Differentiable Functions on Closed Sets in the Sense
of Whitney

Taking up on Remark [2.5] we now go in the direction Whitney took in [Whi34a] in order
to use Taylor’s formula to define differentiability of functions on closed sets. We begin
with the definition of the *formal’ Taylor polynomial and its corresponding remainder
for a family of arbitrary functions on a compact set K C R?. In the following, the Greek
letters a and B always represent a multiindex unless stated otherwise.

2.6 Definition. Let n € Ny and F = ( f(")) be a family of continuous functions

defined on a compact set K C R, hereafter referred to as jet (of order n). For each such
jet we can define its 'formal’ Taylor polynomial of order n centred at y € K evaluated
at the point x € R as

la|<n

0

p )(x -y~

THF)(x) = )

la|<n

For the partial derivatives of the Taylor polynomial we get

(a+pB)
W=y L

le|<n—|B|

PTHFI) = T30 (1) (x= )",

|a|5n—vs|)

We define the corresponding Taylor remainder R)(F )@ € [Tjaj<n €(K) as
Ry (F)®(x) = f@x) = 0" T} (F)(x).

We note that the Taylor polynomial can be defined on whole R¢, whereas the remainder

can only be defined on K and that the definition of both does not depend on any smooth-

ness properties of the entries of F. In addition to jets of finite order, we also call a

countably infinite family of continuous functions ( f(“))aeN , on K a jet (of infinite order).
0



Before giving the definition of the spaces of Whitney jets, we state the following
lemma.

2.7 Lemma. Let K C R? be compact and let F = ( f(“))lam be a jet of order n defined
on K. Then for x,y € K, n € Ny,|B| < n and each z € R? it is true that

PTUF)Q) - PTIF)@) = ) - ,x ) RI(F)“P(x).
lal<n @:
Proof. A proof can be found in [Ste70] page 177. O

In the following we will make extensive use of the following well known notations
for a real number s > 0

e |s|:= max{n € Ny : n < s}, which denotes the integer value of s or floor of s,
e {5} := s — |s] which denotes the fractional part of s.

The following definition of the Whitney spaces as the (in a certain sense) correct
description for the space of differentiable functions on closed sets is rather technical,
but it will be fully justified by Whitney’s results, which we will present in the following
section.

2.8 Definition. For K c R? compact, s > 0 and F = ( f(a))|a|<|_sj € [Tai<(s) € (K) we
define fort > 0 -

gox(F.1) = sup {IRYF) O (@)llx = Y17 s x,y € K0 < [x —y| < 1,]a] < Ls]}.
and with this, we set

&E5(K) = {F = ]_[ C(K) 2 limg,x(F.1) = 0},

lal<[s]
&(K) = {F € ﬂ C(K) : limgx(F.1) =0 forall s> o}.
t—
aENg

We endow the space &°(K) with the norm

|Fllsx = |Fl)x + sup qsx(F, 1),

>0

where
IFlisyx = sup{If @)l : x € K, la] < Ls}.



The space &(K) is equipped with the Fréchet space topology induced be the family
of seminorms (|| - |ls.x)sen,- In the case of s € Ny, the definition of the spaces &*(K)
coincides with the definition of the classical Whitney spaces given in [|[Whi34a]. The
completeness of the spaces &*(K) for s ¢ N is shown in the next remark. If M is a closed
set, we choose a fundamental sequence of compact sets (K))cny and define &°(M) and
& (M) again as projective limits. For an open set Q and a fundamental sequence (K;)cn
thereof, the classical Whitney norms || - ||, k, also induce the Fréchet space topology on
the spaces &"(Q) (by the canonical identification of f with the jet (0° f),y<,), which we
introduced in Definition[2.3] This definition can be generalized naturally to all s > 0 by
setting

£ ={f e 8@ (74],),.,

€ &°(K) for all compact K C Q} .

Furthermore we define

2°(K) = f € &'®R’) : supp(f) € K.

Equipped with the norm ||f||; x = H(aaf|l<)|a\sm " the spaces 2°(K) are complete. In

the following we will mostly not mention the set in the subscript of the norms if it is
clear on which set they are defined.

2.9 Remark. [. The reason why we define the generalized Whitney spaces &°(K)
for s ¢ Ny as we did it, is that we want &(K) to be dense in &*(K) for all s.
If instead we would merely impose Lipschitz conditions as Stein did in [|Ste70)],
this is not the case any more. To see this, let f : [-1,1] > R, x — V|x|. Then
fe Lip%([—l, 1]), but is not approximable with respect to the corresponding norm
by a smooth function.

2. For a compact set K C R? and s > 0, &(K) is a Banach space. To see this,
let (F,)nen be a Cauchy sequence in &°(K). Since the convergence in the Whit-
ney norm implies convergence in the supremum norm and since []y< s € (K)
equipped with the supremum norm is a Banach space, there exists an F € [] <) € (K)
such that lim, . |F — F,| ;) = 0. To show that F € &°(K), let € > 0. Depending
on g, we find m € N, such that ||F, — F,||; < % for all n > m. Depending on m we
find at> 0 so that
IRMENP @ e
Ly 2
|x — y[s# 3
forall 0 < |x —y| < t. Since we have

RAENP o) = RED)P (e = P



1P ) — £ ()

!

|x —_ y||a|+|ﬁ|_s
a! ’

< (If(ﬁ)(X) - 1P+ |x - yl'“'] e — [

lal<Ls]-|B]

S|17 - Fnll_sJ [|X - y|LB|_S +
lal<Ls]-18l

and because (F,),cn converges uniformly to F we always find n = n(|Jx —y|) > m

such that
IRV(FYO(x) - RAF)PW) &

lx =yl 3

We note that n just depends on the distance of x and y. So we get for an arbitrary
pair x,y € Kwith0 < |x —y| <t

IRAF)P )| IRV(FYP(x) — RYI(F,)P(x)] N IRS(F )P (x) — R (F,)P (%)

<
lx —yls-B lx — y|s=# lx — y|s~#
IRVYF,)P(x)]
lx =yl
<E.

The fact that n just depends on |x — y| shows that q,k(F, t) exists and that it con-
verges int to 0.

. For K convex and compact and s € [0, o), Lemma[2.10|shows that the conditions
llt%l qs,K(Fa t) = O
—

and

B (x) — B
’ T;C)—yf:s} = :x,yeK’0<|x‘y'<t’L3':LSJ}:O

iy

are equivalent. The proof of Lemma also shows that the Whitney norm || - ||
and the norm

IENls = 1Fls) + su

>0

Xy x,yeK,O<|x—y|§t,|,8|:|_sJ}.

{If(ﬁ)(X) - 20 .
are equivalent on &°(K). Therefore, for a compact but not necessarily convex set
K it is always possible to equip the spaces 2°(K) with a norm |||-|||;. where L > K
compact and convex. Lemma shows that the norm can be even simplified
further by replacing the supremum norm summand by taking the supremum only
over the highest degree derivatives.
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only of finitely many points, then [ := min{|x — y| : x,y € K, x # y} > 0. Hence,

4. Let sy, s, be positive numbers such that |s;] < s; < s, < |si] + 1. If K consists

Ls2] Ls1]
IRy (F)®(x)| _ IRy (F)P(x)|
|x =yl lx — yls1-¥

IRVI(F)®) (x)|
ox =y ¥

S1—52
2

| _ |s1—sz<

which gives

||F||S2 = |F||_52J + Sup qK,Sz(F’ t)

>0

<|Fl) + ' sup gk, (F, 1)

>0
< max(1, ' =2)||F|l;, -

Thus both norms are equivalent. Be that as it may, the case of finite sets K is not
of great interest for the following work, since then the space &(K) cannot admit
a continuous and linear extension operator as pointed out in [|[FJW11].

2.10 Lemma. Let K C R? be a convex and compact set, then the norms || - ||, and ||| - |||
are equivalent on &*(K).

Proof. 1t is obviously true that [||F|||y < ||F||; for all F € &*(K). So we only have to
prove the existence of a constant C > 0 such that ||F||; < C|||F]||; for all F € &*(K).
Following the classical theorem of Whitney, each entry f® of the jet F can be extended
to an | s] — |8]-times continuously partially differentiable function on R?. Therefore we
also can regard the entries of the Taylor remainder REfJ(F )#® as being |s| — |B|-times
partially differentiable at any point y € K for each x € K. This allows us to apply the
mean value theorem. If |5] = [ s| — 1, then we find a z € (x, y) such that

RUEPH  IRPE)P ) - REE)P W) IVRVE)P)(2)(x - )
e —ype x — yltsi+1 B x — yltsi+1

.....

the fact that |x — y| > |x — z|, we obtain

RLSJ F (1)) \v/ RLSJ F B) RLSJ F (B+e;)
IRy (F)™” (y)] s' (R (F)™)(@)| \/ZZ' 2 (F)P 7 (2)) < ValIFI..
|x — yltsi! |x =yl |x — 2|t

Proceeding inductively, we arrive at

IFIl, < Va|IFl;.
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2.11 Lemma. Let K C R be compact. Then for a compact and convex set L O K the
space Z°(K) can be equipped with the following equivalent norms: ||-||s.x, || ls.., I llls.c
and

IIANl5.. = sup 10 f(x)] + sup

xelL >0
lal=Ls]

Pfx)-0°
S = 0O ek 0<x—yl <8l =Ls)}.
x =yl
Proof. The equivalence of the first three norms is rather obvious using the preceding
lemma. The only thing which is left to show is that there exists a positive constant C
such that for each f € Z°(K) the following inequality holds

[flis) < € sup |0°f(x)].

xeL

lal=Ls]
As in the proof of the preceding lemma, we can again apply the mean value theorem
and proceed recursively. Let |@| = |s] — 1 and choose z € L\ K. Then we have for
arbitrary x € K

107 F(0) = 10" f(x) = 8" f(2)] < V@ Hllx — 2l < A Vd sup 10° F(x)l,

1Bl=Ls]

where A denotes the diameter of L. Proceeding recursively we can set C = Al dls),
O

Now we reformulate the conditions on the Taylor remainder using a modulus of
continuity. We do this to be able to formulate the results and proofs in the next chapter
in an easier way than Whitney did, leaning on the notation which Malgrange used in
[Mal67].

2.12 Definition. An increasing, continuous and concave function u : [0, 00) — [0, 00)
with u(0) = 0 is called a modulus of continuity.

2.13 Remark. Given two moduli of continuity u, and p,, it is easy to show that also
U1 o Uy is a modulus of continuity.

The next theorem shows, that the asymptotical behaviour of the Taylor remainder
can naturally be described with moduli of continuity. It is a generalisation of Theorem
2.2 in [Mal67].

2.14 Theorem. The following statements are equivalent for each F € &*(K).

1. lim g,k(F.1) = 0.
11—
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2. There exists a modulus of continuity u such that

[RAE)P )] < e = 1Pl = 3D 2.1)

for x,y € K and |B| < |s]. Moreover we can choose u such that ||F||; = |F| +
u(diam(K)).

3. There exists a modulus of continuity o such that
PTHE)@) - PTHE) @) < polle =3z = P + 2=y (2.2)

for x,y € K,z € R? and |B| < |s]. The proof shows in fact that we can choose
o = Cu, where C depends only on d and | s|.

Proof. To see that 1. is equivalent to 2. we only have to prove that 1. implies 2. We
note that g, x(F,t) is increasing in ¢ and continuous at 0 which allows us to choose
a modulus of continuity ¢ with p(0) = 0,u(®) > gq,x(F,t) for t € (0,diam(K)) and
u(t) = g, x(F,diam(K)) for t > diam(K).

No we show that 2. implies 3.
Using Lemma [2.7]and the assumptions, we obtain

T @) - PTPF)E)
(Z - x)aRLst(F)(a+ﬁ) (X)
al
ld<Ls]-18l

— 3|l
= A | psi rye )

|
l<Ls]-|B] )

IA

lz — x|lal|x _ y|s—|al—LB|

IA

u(lx = yl)

|
el <L 1161 @

|z = x|l|x — y|Ls)-1BD-lal
a!

(= yDlx =y
lal<Ls}-16]

To be able to apply the binomial theorem on the sum, we group the multi-indices by
their absolute value. To this end let p(d,i) = |{a € N‘Oi Hal| = i}| = (‘”f‘l). Remark
that p(d,i) < p(d,|s] —|B]) for all i < [s] — |B]. For the binomial theorem we have to
replace 5 by L“J_w'). Therefore we have to make sure that there exists a constant C,

lal!
only depending on |s] and d, such that & < Co(**):¥") for all || < |s]. So Cy has to fulfil

|al!
Co > (LsI=18I=la)!|ed!

2 S GIR Because for fixed |s] we have to consider only a finite number of
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a and B, we can define Cy := max {%W Bl < Lsl, o] < Ls] - |,8|} and are done.
Hence, we get

PTENF)2) - PTIF))
Iz — x|lal|x _ y|(LSJ—IﬁI)—|a|

< pllx = yDlx -y ,
!
la|<[s]-|B]
s . LSJ - | i s|-|Bl-i

< p(x = yhlx =y Z Cop(d, l)( ; b )lZ — xf'|]x — y|I#

i<Ls|—|Bl.ieN
< Cop(d, LsDu(x — yDIx = y* |z = x| + [x — y)tI=#
< Cop(d, LsDu(lx — yDIx = ¥ (|2 = 2 + |x — 2| + |z =y
< 2 p(d, LDl = Dl = Il =+ fz =y

In both cases, |z — x| < |z —y|land |z — x| > |z — )|, we get

(Iz = xl + lz = yDH P =z — x|l 4 7 — W
Ls] — 16 i Ls-|8l-i
+ Z— X2 —
> ( e adlz =1

1<i<|s]-|8-1
Ls] - 18l sl- s
s(z+ > ( R |G e )}
. l
1<i<|s]-|8-1
Setting

Ci(Lsl,d) = max {2 + Z (LsJ A LB')) 28 Cop(d, Ls)),
plslsl 1<issiop-1 Y
we have so far
|PT(F)(2) - PTINF) )| < Cills), dullx = yDlx = [z = x1*) + 1z = y|1).

Thus, it is left to show, that there exists a constant C,, again depending only on d and
Ls], such that:

lx = ¥z = 2" + |z = Y1) < Callz = x1° + [z = yI).
For this we remark first that
b=y < e =+ =

To see this, we may first assume that |z — x| > |z — y|. Then there is a g € [0, 1] such that
qlz — x| = |z —y|. So we get an equivalent formulation of our problem and we have to
show that

fl@=0+qg)" —¢" <1 forallgel0,1].
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Since we have f(0) = 1, it is sufficient to show that the first derivative of f is negative
on (0, 1]. We compute

(@ =1{s}1+ @ = {s}g"™,

and since (1 + ¢)*'~! < ¢!9=! for ¢ € (0, 1], we have the desired result. Therefore, we
get

e = 3Pz = ™+ 2 = 31 < (2 = '+ 1z = yIPH(1z = 2l + 1z = )

|LSJ

=lz =" +lz =y + 1z = A"z =y + |z = x|z =y

<3(z =X’ + 1z =y,

which shows the assertion.
The last implication, 3. implies 2., is again easy to prove.

RENEYO )| = |fP0) - PTEEF)G)]
= [’ TS(F)) - T (F)G)|
< po(lx = YDAy = yI ¥ + |x =y )
= |x = Y Puo(lx — yD).

Note that we can assume s ¢ N, and therefore [y — y|*¥ = 0 for each g < [ s]. O

Before the end of this section, we prove two propositions which will be very helpful
in the next chapters. To explain the purpose of these propositions, let 0 < sy < s,
_ (@) s
F= (f )laISI_sJ € &°(K),
andlet E : &%(K) — &*(R?) denote the constructed extension operator. By construction
we always know that E(F)|,. € €~(K*) and that 8" E(F)(x) = f®(x) for all x € K and
all || < so. Thus, to prove that E(F) € &*(R%), we have to show that E(F) admits

continuous partial derivatives up to order sy on the boundary of K, which is done with
Proposition 2.15|, and that for a compact set L with L D supp(E(F)):

lzll{)l Gso.L ((aaE (F )|L)\a|sLsoJ ’t) =0

which is done with Proposition[2.16] Since the product of E with a test function ¢ with
¢ = 1 on K is again an extension operator with the same continuity properties, we can
without loss of generality assume that such a compact set L exists and is convex. The
convexity of L saves us some computational effort by Remark For the proof of
Proposition [2.16] we follow Malgrange’s proof of Complement 3.6 in [Mal67].
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2.15 Proposition. Let K ¢ RY be compact, s > 0, f : R? — R such that f € €°(K°),
f = 0on K and such that for all B € Ng with |B| < s and & > 0 there exists a 6 > 0 with

' Pf)

dist(x K).v—w‘ <egforall x € {y € K* : dist(y, K) < 6}, or shorter

10° £ ()| = o(dist (x, K)*" ) for all B € N2 with |B] < s and x — OK. (2.3)

Then f admits partial derivatives up to order |s] in R and *f = 0 on K for each

Bl < Lsl.

Proof. We will prove the existence of the partial derivatives only for those of first order,

1.e. we show that
i /G0 + he) = f(xo)l _
im =
h—0 h
for an arbitrary x, € JK and some unit vector e. The same argument can be used
for all the other partial derivatives. First we remark that f is continuous in R*\0K by
assumption and the continuity in dK follows immediately from (2.3). In order to show

(2.4), let £ > 0. With (2.3) we find a § > 0 such that

of

s
We choose i € Ugs(0) such that xo + he € K N Us(xy) (if no such h exists we have
%(x) = 0). Because K is compact we find X € [xy + he, xo] N K which minimizes

the distance of xy + he to K. According to X we find a 0 < || < |h| which fulfils
Xo + he = ¥ + he and we obtain

[f (xo + he) = f(xo)l _ | f(xo + he) = f(D)]

0 (2.4)

/lx = x| < & forall x € Us(xo) N K. (2.5)

- x (2.6)
_ [fE+he) - fR)| I*
hs hs
G +he) - fEI
hs

Since [xo + he, X) C K¢, f is continuous on [x + ke, X] and 867’[1 exists on (xy + he, X), we
can apply the mean value theorem to get a X € (xy + he, X) such that

Of oSG+ he) - f(%)

(9x 1 ljl .
Together with (2.3)) and we have for h < 1

G0+ = Jl) oo +h0) = o |9
h a h’ h

- xol ! <,

P
(9_)cl(x)

which gives the desired result. Since f = 0 on K we already know that @ f = 0 on K
for all 8 < |s]. The calculation above shows that this is true on the whole set K. O
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2.16 Proposition. Let K ¢ R? be compact, s > 0 and € &¥(RY) such that F =
(aaf|l<)|a\<m € &(K) and f € EVITU(KC). Then f € &(R?) provided that the following

conditions hold:
1. There is a modulus of continuity u such that for all |8 < |.s] and x € R?
1P f(x) — PTY (F) (x)| < u(dist (x, K)) - dist (x, K)* ¥, (2.7)
where a denotes a point in K with |x — a| = dist (x, K).
2. For |B| = |s] + 1 there is a modulus of continuity u such that for all x € K¢

6P f(x)| < u(dist (x, K)) - dist (x, K)* P . (2.8)

Proof. In order to show that f € &*(RY), we prove that (6“ f | L)|a|<LvJ € &°(L) for each

convex and compact L D K, where &*(L) is equipped with the norm ||| - |||z
So we have to show that

{Iaﬁf(X) - FfO)

lim sup x =y

t—0

:O<|x—y|<t,x,y€L,|ﬁ|:|_sJ}:O. 2.9)

We split the proof in three different cases. The first case is that both points, x and y,
belong to K. We apply inequality (2.2) of Theorem [2.14]to prove this case. The second
case is that only one of the points lies in K. To show this case we apply inequality (2.7).
The last case is that both points are located in L \ K for which we use inequality (2.8).

1. Let x,y € K. Since F € &°(K) it is clear that

1 f(x) = FfO)
e =yt

< po(lx =y,

where p shall be the modulus of continuity belonging to the jet F, which exists
by Theorem2.14

2. Letx € L\ K and y € K. First we choose a point a € K, such that |[x — a| =
dist (x, K). Then inequality (2.7]) shows that

1 f(x) = f < 1P f(x) = P f(@)| +10°f(@) - P F(y)
<P f(x) - PTYF )| + polla — yla -y
< u(lx = ablx = a* + po(2lx = y)2!x =y
< (u(lx = yD) + 28 o 2lx = y)lx — I,

which proves this case because

pu(lx =y + 2800 21x = y) = 0 for [x = y| — 0.
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3. For the last case we assume x,y € L\ K. We split this case in two subcases. First
we assume that dist (x, K) > 2|x — y|. This condition ensures that the line segment
[x,y] is contained in L \ K. Applying the mean value theorem, we get a z € (x,y)
such that

Ff(x) =P f) = V@ F@)x = ).
Now we can apply inequality (2.8) on the right side to get

10 f(x) = & F()] < V(@ H@lIx -yl
< Vdu(dist (z, K)) - dist (z, K)* P~ [x =y (2.10)
= Vdu(dist (z, K)) - dist (z, K)¥" [x = y).

. . . _y|1-{s}
Since dist (x, K) > 2|x—y|, we have dist (z, K) > |x—y| and therefore % < 1.

Furthermore, i being concave yields that for all 0 < a < 1 and all x > O the
following inequality holds

au(x) = ap(x) + (1 = a)u(0) < plax + (1 - a)0) = u(ax).

So we get

u(d(z, K)) . s s s s s s
Wlx_yl S,u(dlst(z, K){ }|X—y|l { }) Ix—yl{ } S,u(/l{ }lx_yll { })lx_y|{ },

which proves our assertion, since

lim w (A% |x = y/'1¥) = 0.
Ix—y|—>0'u( e — ')

The second case is that dist (x, K) < 2|x — y|. For this we choose a,b € K such
that
|x —a| = dist(x, K), |y—b|=dist(y,K),

which leads to

ly=bl<ly—al <|x—yl+Ix—al <3lx-yl,
la—bl <|x—al+I|x—=yl+[y—=>b] <2lx =yl +|x =yl + 3|x -y = 6|x = yl.

And therefore we can expand
Ffx)-f() =P f(x) -8 fla)+ & fla) - Ffb) + P f(b) - P f(y),

which permits us to use the derived inequalities from the first two cases. Using
inequality (2.7) results in

1 f(x) = & F| < 18 f(x) = & f(@) +18° f(a) = & f (b)) + 1P f(b) — P F ()



18

< ux = ablx = al® + pola = bla = b + (b = y)lb = yI*!
< 2 = 2 = Y1+ pag(6lx = Y6 = ¥ + (Bl = 33 =y
< (246" + 3061 — ylx -y, 2.11)

where [1 is a modulus of continuity satisfying i > max{u, uo}. Since the last term
converges to 0 if |x — y| — 0, the proof of (2.9) is complete.

2.3 The Results of Whitney and Stein

In this section we provide an overview of the classical results of Whitney and Stein. We
chose those two because Whitney’s work was seminal for the whole theory of extension
operators and Stein’s result on the extension problem for Sobolev spaces also yields a
result for the central problem (2.12)).

In 1934, Hassler Whitney published the three groundbraking articles [Whi34a],
[Whi34b]] and [Whi34c] on the question of how to describe the space of functions de-
fined on a closed set M in RY which can be extended to a function defined on the whole
R¢ having a certain order of differentiability. The first article [Whi34a] already solved
the problem for finite orders of differentiability completely, and in addition he proved
that this extension can be achieved by a continuous and linear operator E,, which is the
right inverse of the restriction operator

ra E'(RY > E"(M), f - (aaf|M)|a\5n’
To put it short, for all n € N the following short sequence is exact and splits in the
category of Fréchet spaces

0— IR - &R D E"(M) — 0,

where ﬂ&(R") = {f eE&": 6“f|M = (0 forall |o| < n} The fact that r,, o E,, = id means
that & (M) is exactly the space of restrictions of n-times continuously partially differen-
tiable functions on R to M. The extension problem, which he solved for the finite order
case, is much more complicated in the infinite order case and even until today subject
of current research. In the same paper he published the result, that the restriction
riERY - EM). f o (3°fl,,)

d
|Q|€NO

is surjective, or equivalently the following sequence is exact

0 - 7R - &RY) S &M) — 0, (2.12)
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where .7 (RY) := {f €& 8“f|M =(0forall @ € Ng}. Since then, most of the research
in this field has been concerned with the problem to characterize those sets, for which
the latter sequence splits or equivalently when this extension can also be achieved with a
continuous and linear extension operator. Iconic counterexamples for closed sets which
do not admit such an extension operators are singletons or the examples given by Tidten
in [T1d79], e.g. the exponential cusp:

My, = {(x,y) e R?: |y| < exp (—x‘l),O <x< 1}.

In [Whi34c|], Whitney examines another, perhaps more intuitive, way of defining differ-
entiability on closed sets, i.e. by simply defining for an open and bounded set O:

¢"(0) = {f € €(0) : f € €"(0) and 8° f is uniformly cont. on O for all |a| < n} )

Equipped with the supremum norm | - |, o, this space is a Banach space. Since all the
partial derivatives are uniformly continuous, it is possible to uniquely extend them to
the boundary of O. Whitney introduced a special regularity condition for sets and could
show that if O fulfills this condition, the spaces "(0) and &"(0) are isomorphic, and
therefore each f € %"(0) together with all its partial derivatives can be extended to
an n-times continuously partially differentiable function on RY. According to Whitney,
this result also holds for unbounded O. A set satisfies this regularity condition if there
exists a constant C > 0 such that for each x,y € O there exists a rectifiable arc I" in O
which connects x and y and so that the length |I'| fulfills the inequality |I'] < C|x — y|.
This way of defining smooth functions on closed sets has its downsides when it comes
to the infinite order case. As usual, the space € *(0) is constructed as projective limit
of the spaces 6"(0) and is therefore a Fréchet space. Unfortunately it turned out that
for special geometries of O, the Whitney space &(O) is a proper and dense subspace of
&*(0). Since the restriction operator r, as mentioned above, is surjective, there exist
functions f € €*(0), such that there is no extension f € &(R%) with 9° f] | 5 = 0°f for
all @ € N¢, which is of course totally counter-intuitive. One example of such a set in R?
is [-1,1]%\ M.yp. On the other hand there are geometries as the sets O with Lipschitz
boundary treated i.a. in [Ste70], [Bie78]] and [Fre07b|] for which €*(0) = &(O) but not
necessarily €(0) = &"(0).

The elements of the Whitney spaces are families of functions called Whitney jets.
The aim of the paper [Whi34b]| is to investigate wether it is possible to reduce those
jets to single functions, thus to find conditions which involve only f©. Whitney could
solve the problem in the one dimensional case. He showed that a continuous function
f defined on a closed set M is in &"(M) (in the sense that f is the restriction of an
n-times continuously partially differentiable function on R? or equivalently can be com-
pleted to a full Whitney jet with f© = f) if and only if the n-th difference quotients
show a certain convergence behaviour. The question of how to find a characterization in
higher dimensions is also a very current field of research with important contributions
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by Glaeser [GlaS8], Bierstone, Milman and Pawlucki in [BMPO3], [BMPO06], Frerick,
Jord4 and Wengenroth in [FJW16a] and last but not least Fefferman i.a. in [Fef06].

In his book [Ste70], Stein published two results concerning extension operators. The
first one is a variation of Whitney’s result on the finite order extension operators E,. He
showed that E, : Lip(y, F) — Lip(y, R?) is continuous for each n < y < n + 1, where
the Lipschitz spaces on closed sets M are defined as those ( f(a))lal<n € [la1<n € (M) for

which there exists a constant L > 0 such that for each |5| < n and all x,y € M we have

(7)) @

The main reason for citing his work in this context is his second result about the exten-
sion problem for Sobolev spaces. For k € Ny and 1 < p < oo the Sobolev space W*P(R?)
denotes the space of all those functions from L”(R?) for which all partial derivates exist
up to order k in the week sense and are also in L”(R¢). Already in [Cal61]], Calderén
constructed extension operators for those spaces, but those operators depend on the de-
gree of differentiability k and are not valid for the cases p = 1 and p = oo. The big
advantage of Stein’s result is that he constructed one operator doing the extension for
all integers k and all 1 < p < o0, so E : WhP(Q) — W*P(RY) continuous. In order
for this to work, Q has to be locally the graph of a Lipschitz continuous function. As
mentioned above, the spaces () and &(Q) then coincide. Stein shows in his proof
that for f € €X(Q)(c W**(Q)) we have that E(f) € €*(R?). So Stein’s operator also
offers a solution for (2.12)). Since the norm on Wk*(Q), as defined in [Ste70] on page
122, equals the supremum norm on €*(Q), it is evident that Stein’s operator fulfils the
norm inequalities

fP@l <L and < Lx -y ¥,

IE(Olkr < Clfligs

for all f € €*(Q) and some compact set L > Q. This is the best possible continuity
estimate and we say that this operator has no loss of derivatives. We will prove a more
general result on this kind of operators in Chapter 4.

The research on extension operators for Sobolev spaces continued i.a. with the
works of Jones who generalized the results of Stein in [Jon81] to locally uniform do-
mains with the downside that his operators were again depending on the order of differ-
entiability. Rogers could connect the results of Stein and Jones in [Rog04] to construct
an extension operator E : W*P(Q) — W*P(R¢) working for all k € Nyand all 1 < p < oo
and Q being locally uniform.



Chapter 3

Generalized Extension Theorem of
Whitney

In this chapter we generalize Whitney’s result about finite order extension operators as
formulated in Section 1.3. Whitney constructed his extension operators E, between the
spaces &"(K) and &" or likewise 2"(L) for some compact and convex L with L oK.
Our aim is to expand Whitney’s construction to obtain operators E; : &*(K) — Z°(L)
for all s > 0, i.e. operators "on the real scale’ instead of just on the natural scale’. This
extension is necessary for the next chapters, where we construct operators which are not
only a solution to (2.12) but which also map simultaneously all the spaces &*(K) into
ERY).

3.1 Statement of the Main Result

3.1 Theorem. Whitney’s extension theorem

For each s > 0 and each compact set L with L D K, there is a linear and continuous
mapping E : &5(K) — 2°(L) such that for every jet F = (f(“)) € &%(K) and every
x € K, we have 8°E(F)(x) = fP(x) for |B] < Ls.

lal<Ls]

The proof of this theorem shows that for all n € N the operator is defined in the
same way for all s € [n,n + 1). Therefore the statement of the following lemma makes
sense. The proof of this lemma is contained in the proof of the main theorem.

3.2 Lemma. Let n € Ny be arbitrary and L c R? be a cube with K C L. Since
E : &(K) - Z°(L) is continuous for all s € [n,n+ 1) there exist constants C such that
WEF)|ls.. < CsllF|ls.x- These constants can be chosen such that the mapping s — Cj is
continuous and bounded on [n,n + 1).

21
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3.2 Proof of the Main Result

Now we can prove the generalized version of Whitney’s extension theorem. In the
following the family of functions (¢;),; shall denote a certain partition of unity which
is for instance given in Lemma 3.1, [Mal67]. We will list the important properties in the
next lemma.

3.3 Lemma. Whitney’s partition of unity
Let K ¢ RY be compact and Q > K open. Then there exists a countable family of
positive testfunctions ¢; € 2(Q \ K) with the following properties.

1. Y2, 9i(x) = 1 forall x € Q\ K and each point belongs to at most N supports
supp(y;) for some constant N € N.

2. supp(p;)) — K for i — oo, that is, for each € > 0 there is k € N such that
supp(@;) C {x € R? : dist (x, K, <) &} forall i > k.

3. diam(supp(y;)) < 2dist (supp(¢;), K).

4. There are constants cg such that 10Ppi(x)| < cpdist (x, K) P foralli € N, € N¢,
and x € R4

With the aid of this decomposition we can prove now the main result of this chapter.

Proof. For s € N this is the classical extensions theorem of Whitney. So we may assume
that s € (0, 00) \ N. In the following let L € R? be a compact and convex set, such that
K c L. We will apply the partition of unity (¢;);c; only on L\ K. As in the original proof
of Whitney we take the following operator as our candidate for the desired extension:

fO),xe K
Sien ()T (F)(x), x ¢ K

9

E(F)(x) = {

where a; denotes a point in K such that dist (supp(¢;), K) = dist (supp(¢;), a;), and for
the ease of short notation we set in the following f := E,(F). We note directly that
obviously E(F) € &R\ K). In the course of this proof u shall denote a modulus of
continuity for the jet F, so it fulfils (2.1)) of Theorem[2.14] Furthermore let A denote the
diameter of K, so A := sup,, dist (x, K).

We structure the following proof into four parts.

1. We prove the existence of a constant C depending only on |s],d and A such that
for every |B| < |s],a € K and x € L, we have:

10 f(x) — PTEUF)(x)| < Cu(lx — al)lx — al¥. 3.1)
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2. We show that for each || > |s] we can find a constant C depending only on 3, | 5]
and A, such that
6P f(x)| < Cu(dist (x, K))dist (x, K)* ¥, (3.2)

3. We show that f € 2°(L).

4. We show that E; : &°(K) — 2°(L) is continuous. Furthermore we show that
the continuity constants C;, for which the inequality |||E(F)||ls.. < Cl|Fllsx 18

true for every F € &*(K), can be chosen such that the mapping s — C, depends
continuously on s on each interval [n,n + 1) for each n € Ny and is bounded on
these intervals.

1. So we begin with the first part and note that we have for every x € L \ K,

Fe) = THEY) = > i) (TEF)) = THFE)).

ieN
Hence applying Leibniz’s formula, we arrive at
g s _ ﬁ — s s
PIx) - PTHF)x) = ZN] IZﬂ] ( l)a’w,(x)aﬁ (T F)x) - TEF)W)).

First, we consider those terms for which / = 0. For x € supp(¢;) we have obviously
dist (x, K) < |x — a| and dist (x, K) < |x — a;] < 3dist (x, K), and hence

ula = ail) < p(lx —al + |x — ail) < p(4lx — al) < 4u(lx — al).
Now we use (2.1]) of Theorem [2.14]and get a constant Cy = Cy(|s], d) such that

(O |PTLNEF)(x) — PTLIF) ()]
Copla = aif) (1x = ail™ + x - a" )
16Cou(x — allx — al* ¥,

IA

IA

which is an inequality of the form needed for (3.1)). Now we treat the terms for [ # 0.
First, we note that for all x € L \ K we have

> i) =0.

ieN

Thus, we obtain

D deid (TEF)) - THF)W) = Y doin)d™ (TEF)) - THFE)W),

ieN ieN
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for an arbitrary b € K. If we choose b such that [x — b| = dist (x, K), we have (as in the
first case) by (2.1)) of Theorem the constant Cy and by Lemma [3.3|a constant C, (/)
such that

> A0 (TEF) ) - THF)))

ieEN

< Y el [ (T - T W)
ieN

< Z C(Ddist (x, K)™" Coulla; — bI)(|x — a;* P + |x — p|*~ P+
ieEN

< 16NC,(I)Cou(lx — b))|x — b|* ¥

Setting
C := max{16Cy, 16 NCymax C(l)},

l<Ls]

we have proved the assertion.

2. Now, we turn our attention to the proof of inequality (3.2). For this we basically
proceed in the same way as for the proof of inequality (3.I). Let @ € K such that
dist (x, K) = |x — a]. Since T,ESJ(F ) is a polynomial of order |s] we have that 6° T(ESJ(F ) =
0, which leads to

10 f(0l = 18 f(x) = PTLUF) ()
-3 3 (e (1w - ).

ieN I<B

Again we have & (T,&;.”(F)(x) - Tg“J(F)(x)) = 0if |3 — | > |s] and therefore we just
consider |/| > 0 and can argue exactly in the same way as in the first part of the proof.

3. Now that (3.1)) and (3.2)) are established, we can prove that f € 2°(L). Because
supp(y;) C L for each i € I it is clear that supp(f) C L.

We first conclude that f admits continuous partial derivatives up to order | s] in R?.
Since the existence is clear in K¢ and K, we only have to prove it on dK. But since
F € &Y)(K) and the operator E; is the classical Whitney operator, this follows directly
from the results in [[Whi34al] or [Mal67]. The fact that f € 2°(L) follows then directly
from Proposition

4. To show that the operator E| is continuous, we equip Z°(L) with the norm ||| - |||5..
and we prove the existence of a constant C = C(s, d, 1) such that ||| f||l;. < C||F||sx- By
definition of the norm we have

o P fx) - O F
7M. = 1l + sug{' d Tf_ yl{s}f O Xy e L0 <lx—yl<1lol = LsJ}.
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In the following we will estimate both summands. Beginning with the supremum norm
part we have for || < |s] and arbitrary x € L,a € K

P F ()] < |0 flx) = PTENEF) )| + |PTL(F)() -

Applying inequality (3.1)) and Theorem (note that u(r) < u(diam(K)) < ||F||, for all
t > 0) we get a constant Cy(|.s], d, A) such that
[FP00) = PTIF))| < Coullx = al)lx - a* P
< Cou(diam(K)) max(1, A%)
< Ci(s,d, VIIF|ls k-

For the second summand we have

£ a)

a!

PTLF) (0| =

(x—a)*
lal<Ls}-161

1
|l
< D0 —IFllgA,

lal<ls]-l8

and therefore we find a constant C,(| 5], d, A) such that
IPTENF) )| < Colsl, d, ),

which gives in the sum
Pl < (Cy + C)IIF| k-

Furthermore we note that C; depends continuously on § and for all s € [n,n + 1) it is
true that
Co(n,d, 2) < Cy(s,d, 2) < Co(n,d, ) max(1,A").

It is left to show that we also find a constant C = C(s, d, A) with comparable proper-
ties for all x,y € L and all |8| = |s] such that

10° f(x) — P f )l

: < ClIFllsk- (3.3)
x =y
To achieve this we can use the results from part three of this proof. If x,y € K we simply
have 57 7
107 f (%) — )|
! A < pu(lx, y) < [1F s k-
e =yl

Forx e L\ K and y € K we get by (2.9)

10° f(x) — P f ()l
lx — y[t)

< Cullx = y) < Cl|F |k,
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where the constant C depends only on | s] and not on the fractional part of s.

For x,y € L\ K we get taking the inequalities (2.10) and (2.11]) together a constant
which depends continuously on {s} and which is bounded on each interval [n,n + 1) for
each n € Ng. O



Chapter 4

Extension Operators without Loss of
Derivatives

The main result of this chapter is a characterization of all compact sets K ¢ R? which
admit an extension operator E : &(K) — &(RY) fulfilling the best possible continuity
estimates, 1i.e.

NEE)s.L < CillFlls.x 4.1)

for all Whitney jets F € &(K) and any compact and convex set L with K C L. The
inequalities (4.1)) are best possible because, since E is an extension operator, it doesn’t
change the jet itself, so the smoothness properties can only be preserved in the best case.
In this case we say that E has no loss of derivatives or shortly no loss. First results in the
construction of an extension operator without loss are due to Seeley [See64] for the case
of closed half spaces, Stein [Ste70] for the case of compact sets with Lip,-boundary.
The main contribution in this chapter is a generalization of a result of Frerick, Jord4 and
Wengenroth given in [FJW16b].

The existence of an extension operator without loss is characterized by the geome-
try of the underlying compact set K. On the one hand we show the equivalence to the
existence of certain measures supported in K, and on the other hand we show the equiva-
lence to the validity of Markov inequalities for polynomials on K. Different types of this
Markov type inequalities have already been considered by various authors in the attempt
to characterize *good’ geometries of K such that &(K) admits an extension operator. To
give a short overview of the use of Markov inequalities in the context of extension oper-
ators, we refer to the work of Pawtucki and Ple$niak in [PP86], [PP&8]], [PP89], [P1e90],
Bos and Milman in [BM95], Frerick in [FreO7a] and Frerick, Jordd and Wengenroth
in [FJWI11].

Plesniak proved in [P1e90] Theorem 3.3 that &(K), endowed with a weaker topology
than generated by the Whitney seminorms, admits an extension operator if and only if
there exist positive constants C and r such that for all polynomials p € C[x, ..., x;] the

27
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following inequality holds for each a € Ng

10“plox < C deg(P)rlal|P|o,K-

Goncharov proved in [Gon96] that this global version of a Markov inequality is not
necessary for the existence of an extension operator if &'(K) is equipped with the Fréchet
space topology generated by the Whitney semi norms. The authors Bos and Milman
showed then in [BM93] that this global Markov inequality is equivalent to the validity
of the following local version. K fulfils this local version if and only if there exist r > 1,
gy > 0 and C; > 1 such that for all polynomials p € C[xy, ..., x;] with deg(p) < k, each
Xo € K and 0 < € < gy the following inequality holds

IVp(x0)l < Cre™"IPlo.Bxo.c)0k>

or equivalently for all @ € Ng

10° p(x0)| < Cre™ploBxo.crnk-

If a set K fulfils those inequalities for an exponent » we write in the following that it
has LMI(r). More importantly they could show in Theorem E that both versions are
again equivalent to the existence of an extension operator having a homogeneous loss
of derivatives.

Using a weaker form of LMI, or short WLMI, this result was improved in [FJW11]
and the loss of derivatives could be calculated depending on the exponent of the Markov
inequality. In detail, K fulfils this weaker form of the Markov inequality LMI(r) if and
only if K fulfils LMI(s) for all s > r. The resulting extension operator fulfils then
|E(F)|, < CpellFllr+emx for all F e &(K),n € Ny and arbitrary € > 0.

In Theorem 4.6 of [FreO7al], Frerick characterized the existence of an extension op-
erator on a compact set K using different types of global and local Markov inequalities.
Suitable for K let L be compact with K ¢ L. Then K fulfils the global form of the
inequality if and only if for all 8 € (0, 1) there are r > 1 and C > 1 such that for all
polynomials p € C[xy, ..., x4]

sup [Vp(x)| < C deg(p)" sup Ip(x)l’ sup lp(0)I'™,
and K fulfils the local form if and only if for all 8 € (0, 1) there are » > 1 and gy > 0
such that for all k£ € N there is C > 1 such that for all polynomials p € C[xy, ..., x4], all
xo € K and all € € (0, &)

C -
IVp(xo)l < = sup [p(0)I°  sup  |p(x)]'™".

|x—xo|<e [x—xp|<e,xeK
We close this chapter by showing that a rather general family of self similar fractals,
including well known sets as the Cantor set, the Sierpinski triangle and Koch curve,
admits an extension operator without loss. For this we use an equivalent condition to
LMI(1) and results on so called d-sets given in the paper [JSW84] of Jonsson, Sjogren
and Wallin and as well results of Triebel in [Tr111]] and Falconer in [[Fal14]].
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4.1 Statement of the Main Result

In Theorem [.1| we generalize the results of [FJW16b] in which the authors prove
the equivalence of LMI(1) to the existence of an extension operator having no loss
of derivatives on the natural scale. This means that E fulfils the norm inequalities
|E(F)l, < C,|IF|l.x for each F € &(K). This operator is constructed in a way that it
is even defined for all f € £°(K) and therefore simultaneously is an extension operator
for all the spaces £"(K). We will show in Theorem [4.T|that LMI(1) is also equivalent to
the existence of an extension operator £ having no loss of derivatives on the real scale,
meaning that E fulfils |||[E(F)||l;. < Cl|F|lsx for arbitrary compact and convex set L
with K ¢ L.

4.1 Theorem. Extension operator without loss of derivatives
For K C R? compact, the following statements are equivalent

1. K satisfies the LMI(1) condition.

2. Forall a € Ng, x € 0K and & > 0O there exist measures v, . on K such that for
each s > 0 and each jet (f“”) e &(K),

ler|<[s]

|Va/,x,£(f(0)) - Sla‘f(a)(-x)l _

(a) lim  sup 0,
£20 |g|<|5],xedK &’

oy tim sy PO
820 |¢|> | s | xedK e’

3. K admits an extension operator without loss of derivatives which fulfils the norm
inequalities on the real scale.

In fact we show in the following two sections only that 1. = 2. = 3. The equiva-
lence follows from the results in [FJW 16b]]. There it is shown that the LMI(1) condition
is equivalent to the existence of an extension operator E : &(K) — &(R?) without loss
of derivatives on the natural scale. Since the operator constructed in 3. has of course
this property, the equivalence is established.

Thus taking all characterizations of the LMI(1) condition into account we yield the
following corollary.

4.2 Corollary. For K C R? the following statements are equivalent
1. K satisfies the LMI(1) condition.
2. Forall a € Ng, x € 0K and & > O there exist measures v, . on K such that for

each s > 0.and (f©) € &(K),

lal<Ls]
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|Va,x,s(f(0)) - Sla‘f(a)(x)l _

(a) lim sup 0,
£-0 |y|<| s |.xedK e’

(b) lim  sup Vaue(fl 0
£20 | oI5| s |.xedK &’

. K admits an extension operator without loss of derivatives (on the real scale).

. Forall a € Ng, x € 0K and & > O there exist measures v, . on K such that for
each n € Ny and (f(“))l € &'(K),

al<n

|Va,x,£(f(0)) - 8|0|f(0)(x)| _

(a) lim sup - 0,
-0 |4|<n,xe0K &

(b) lim  sup Vare(fON 0
&0 | y|>n,xedK e

. K admits an extension operator without loss of derivatives (on the natural scale).

. There is o0 € (0, 1), such that for each xy € K and € € (0, 1) the set K N B(xy, €) is
not contained in any band of the form {x € RY : (b, x — xo)| < o&} where b € R?
with |b| = 1 arbitrary.

. It exists o € (0, 1), such that for each xy € K and € € (0, 1) there are d pairwise
different points xi, ..., x; € K N B(xo, €) such that for alln € {0, ...,d — 1}

dist (xX,41, affhull{xy, ..., x,}) > o€.

Here affhull{xy, ..., x,,} shall denote the affine hull of the points.

Especially the properties 6 and 7 have a purely geometric character which allows di-
rect application to examples. The equivalence of property 6 to LMI(1) has been shown
in [JSW84] in Theorem 1.3. The equivalent property 7 was proved in [BM95]] in The-
orem D. We will make extensive use of the last characterization in order to prove the
existence of extension operators for our examples at the end of this chapter.

4.2 Construction of the Measures

We start with showing the sufficiency of LMI(1) for the existence of the measures. To
achieve this, we first cite Proposition 5 of [FJW16b] which we will then use to prove
a modified version of Proposition 4 in the same paper. Ongoing we make use of the
following notation for ’blow-ups’ of the underlying compact set K. For £ > 0 and x € K
we write

A= e K-x)U{ye RY lyl > &'}
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4.3 Proposition. Let K C R? be a compact subset satisfying LMI(1). Then there exists
a continuous and radial function o : R — (0, co) with [y|" = 0(o(y)) for |y| = o and all
n € N such that for each x € 0K, e € (0,1) and a € Ng there exists a finite regular Borel
measure (I ‘= [y, 0N A, . with total variation |u|(A,.) < 1 such that

| =
f Y= (y)-{“" p=a
0, else

Proof. A proof can be found in [FJW16b]. O

4.4 Proposition. Let K c RY be a compact subset satisfying LMI(1). Then for all
a € Ng, x € 0K and € € (0, 1), there is a measure v, . on K such that for each s > 0

F = (@) S(K
and each (f )laISLsJ &4 (K),
1.
|V(z,x,e(f(0)) - 8Ia|f((l)(x)|
lim sup =0,
-0 |4|<| 5],xedK e’
2. o
Va/ X,E
lim sup M =0.
£20 |o|> | s |.xedK A

Proof. We assume without loss of generality that K ¢ B(0, ‘—11). For x € 0K, € € (0, 1),
a € Ng and f € ¥ (K) we define with the measure y, .. from Proposition

(ey+x)
vsah)i= [ T2 D (42)
k- O0)

For each f € € (R?) with support in B(0, %) we then have

fley+x)
,x,& = — a,x,e
Vare(f],) fA oty )

since |x + gy| > = whenever Iyl > <

Multiplying Whltney S extensmn operator E; : &°(K) — &*(R?) from Theorem-
with a cut-off function, we may assume that E; (F) € 2°(B(0, 4)) for each F € &°(K).
To shorten the notation, we will denote by f the extension E(F). Applying Taylor’s
theorem we find & = £(x, €, , f) € (x, x + &y) such that

fley +x)
Ave o(y)

& f(x) £y 4 gls) J f (f) 1 el 7
fAVm(Z ’)/' Z Q(y) :uaxs(y) &€ f(x)

> \y<lLsl [yl=Ls]

|Va,x,€(f(0)) - 8‘a|f(a)(x)| = d,ua,x,a(y) - 8|01|301f~‘(x)
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Since

& f(x) & f ) _
a X s(y) -
|7|<LSJ YyEQ ( (y)

we can subtract this term from the above and obtain

o fi o fi Y
f Z ( f(f) - f(X) d:ua,x,s(y) )
& lyl=Ls]

Vaure(f?) = € f 0] = y! y! ) )

and therefore we have using |£ — x| < &ly|

,x,e 0)y _ dlal £(@) 1 37~ _a)/~ 4
Varre () = 7)) _ f Z ﬁ( f(f)g{s} f(x))gy(y )d,,t(,,x,g(y)

“ Axe yl=Ls)
1 f 107 (&) - & f()|
E=rid ghs) o)
L[ 107f@&) = f)l
- y! d a,X,E
lyl=Ls] V! f glst o) o x£|(¥)
! 187 £(£) — & F(x)| [yl
y! d a,X,E .
byl=Ls] V! f € — x['s) loy) o, xel V)

To show that the last integral converges uniformly in x to zero for € — 0, we split it in
the integrals over the sets A, . N {|y| > r} and A, . N {|[y| < r}. For the first integral we use

the facts 5 -
10" f(&) — 0" f(x)] < ” ”
€ — x|1s) = W lls.B0.3)°

e xel(Axe) < 1 and [y["/o(y) — O for [y| — oo for all n € N. Thus we get
67 () = & Fol i
| &) = FJOIT i)
xeN{ly>r}

€ — x|t lo(y)|
_ "t
S f 3 su
|| S,B(O»%) Ax,gﬂ{|I;|>”} Q(y)
, b
<||7

SB(O‘*){M n o)

The last term converges to zero for r — oo and is independent of &. For the integral
over the second set we first observe that |€ — x| < &|y| < re, which implies since f €
2°(B(0, 3)) that uniformly

6 f(&) - 0" f(x)
€ — x|ts)

— 0 fore — 0.
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Thus we get
67 () = & Fol i
f & = IOy, i)
Nibyl<r) & — x] loy)l
Iyl +{s}
< g, p0.3(f,re)su ,
$ (7O L

which converges for a fixed r to zero for £ — 0. All together this proves the first
property of the measures.

For the second property we proceed now analogously. With Taylor’s theorem we
find again a € € (x, x + &y) such that

f (x+¢&y
4. o)

:fA (Zaf(x) My 4 mzaf(ﬁ) ) 1) o)

e \ly<Ls] ' Iy1=Ls]

|Va,x,s(f(0))| = dﬂa,x,s(y)|

Since || > | s], we have that

yy
f _dﬂa,x,a(y) =0
A 00

for all |y| < |s], and therefore

f Z il f(x) b/l y —d, ozxs(y):O
Aoy V00

Subtracting this, we get as for the first property that

Ve (F) 1 077 (&) = " f )l Iyl
el e o[ R ),
which allows the same reasoning as for the first property. O

4.3 Construction of the Extension Operator
In this section we prove that in Theorem @4.1|the existence of the measures on K implies
the existence of an extension operator on &'(K) without loss. The operator will be con-

structed with the help of the measures derived in the former section.

In the next lemma we list some additional properties of Whitney’s partition of unity.
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4.5 Lemma. For K c R compact, let (¢;)ic; be a partion of unity of R‘\K as it is defined
in Lemma 3.1 of [Mal67]. Then this partition has the following three properties, where
we denote by vy; the distance of K to supp(y;).

1. Foralln e N, |o| < nandp € Ng we obtain positive constants Cg,, independent
of i such that

sup  |0((x - x)* i) < Cpay™.

XEsupp(p;)

2. Foralln € N, la| > nand g € Ng we obtain positive constants Cg,, independent
of i such that

|
Sup |83((x - Xi)a()pi(x))| < Cﬁ’n3|a| sup L,),LM—W.
xesupp(g;) y<a,8 (a - )/)‘

3. Foralln e Nand € Ng we have

1
sup 3l < 3VBle3(8) + 1)7.

lal>n y<a,[ (a' - 7)!

Proof. For the first inequality we apply Leibniz’s formula and get

|6P((x = x)*@i(x))| < Pl (- ) 077 i)
Y

r<p

We note that 0”((x—x;)*) = 0if y; > «; for atleast one j € {1, ..., d}, thus we can assume
that |@| — |y| > O in the following, or also that @ —y € N‘é which allows the application
of the inequality from Remark [2.2] part 2. Using part 3. of Lemma [3.3| we get for all

x € supp(p;)
|x — x;| < diam(supp(¢;)) + vi < 3y,

and of course it is true that dist (x, K) > y;, which gives together with part 4. of the same
lemma

a!
(=)

[ ((x = x)"eie)| < ) b = " Vegdist (x, K)Y'

Y<B

a!

B

Y

BY @l ehijalbl . -l
< Z y —3 Yi Y

B

Y

—)!
S \y)(@=7v)!
r<p

lal={y1,, Jel =18l
cg3 v o
(@ -y ’



We can then set

!
Cp, = Sup (’8)—( C_l' )‘cﬂ3|“|_|7|.
lal<n v<p Y/ l@—=7%):

For the second inequality we calculate in the same way but we set
,8) .
Cﬁ’n = ( 053 7|’

To get the third inequality we use Fubini’s theorem to get

I e TR I N e
a>y
< 36 Z Z _3|ll|
Y<p (zeN"

1 1
:3L3IZ Z Z _'a_d'31

a
v<B \aeNy ay€Ny 1

— 3LBIZ Z %31

v<B \JeNy

d

d
=39 |8+ 1)
i=1

< 3B34(pl + 1)¢

4.6 Theorem. Construction of an extension operator without loss of derivatives

3‘1d
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Let K  R? be compact. If for all « € N4, x € 0K and & € (0, 1), there is a measure
Va.xe Satisfying the conditions of Theorem then there exists a linear and continuous

extension operator E : &(K) — &RY) without loss of derivatives.

Proof. In the following we denote with E; the Whitney operator with the properties

shown in Theorem Then we set with the measures v, , . of Proposition

||

# | Vax,y,/y

For F = ( f (“))%N ’ € &(K), we define the sought-after extension operator E as follows

0)
E(F)(x) = {f (x),x €K

Sient Pi(0) Tpatei THa i (FO)x = x)% x ¢ K.
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We structure the proof in the following steps. The continuity of the operator is
proved in the next section.

1. Forall s > 0,8 € Nd and F € &*(K) we have
|PE(F)(x) - PE(F)(x)| = o(dist (x, K)*¥)  forx - K,  (4.3)

or equivalently:

Forall s > 0,8 € Ng and F € &°(K) there exists a modulus of continuity yz such
that
|0PE(F)(x) = #E,(F)(x)| < pp(dist (x, K))dist (x, K)* 7. (4.4)

2. Let L be a compact and convex set with L. 5 K, then (6" f ) e &(L).

lal<Ls]

We start with the proof of inequality (#.3)). For x € R? \ K we define i(x) = inf{i €
I : x € supp(¢;)} and as we are only interested in the behaviour near the boundary
of K, we can limit ourselves here to those x € L\ K with i(x) > [s]. Because of
property 2 of Lemma [3.3| we then have that i(x) — oo is equivalent to x — JK. For
1Bl < Lsl, F € &*(K) and i(x) > |s] we have

1
PEE)x) ~FEFE®) = Y D —(taif) = FO )P (x = 1) i)

i2i(x) lel<Ls]

1
+D0 D, el (= x) ().

i2i(x) Ls|<|al<i

We will estimate both terms. Using the hypotheses on the measures we get for || < | 5]

e i(FP) = fOx) = oy ™) asi — oo

Lemma [3.3]states that each x € R?\ K is contained in a finite number of supports which
allows us to treat the series as finite sums. Thus we obtain together with Lemma 4.5 1
for the first term that

1
D = taiF?) = FONF((x - %) i)

lel<ls] "

L o i(F?) = £ O] 68 ((x = x) i)
a!
lel<ls] "
1 Ve F®) = Y F@ ()|
Z a! ol Colsry
lel<Ls] Yi

lal-18
14

= o(yf_lﬁl) asi — oo.
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Since the conditions dist (x, K) — 0, i(x) — oo and y,,, — 0 are equivalent, it follows

that
lim Z
x—0K

i>i(x)

For the second summand Lemma[4.5]2 and .3 imply that

Z 5('“0#“ Oy — FOx))P((x — x1)*i(x))| dist (x, K)F = 0.

lal<ls)

1
D St FOP(x = %) ()
!
|ar|>]s]
Lo al o el-g
Z Y 00)CpLs Sup v ),3 Yi
aiots & < Y):
o(y)Cpe* (Bl + 1738y ¥

= o(y] ™

As for the first summand we conclude

Jlim )
ii(x)

which proves (4.3).
For the proof that E(F) € &*(R?), we first note that #@.3) together with Propo-
sition [2.15| shows that the function E(F) — E((F) is | s|-times continuously partially
differentiable on R?. Since we already know that E((F) € &*(RY) this gives E(F) =
E(F)—E(F)+EF) € &5(RY). Then inequality (.4) allows the application of Propo-
sition[2.16] For this we note that 3 E(F)(x)—0*E(F)(x) = 0 for all |a| < |s] and x € K,

and therefore

IA

IA

as i — oo.

)y %ﬂaxf“))aﬁ«x — x) ()| dist (x, )P = 0,

Lsl<lal<i

PT (O E(F) - 0"Ey(F)) ) = 0.
forall || < |s]anda € K. O

In the next section we will calculate the constants occurring in the continuity esti-
mates to study their behaviour, which of course proves the continuity of E.

4.4 A Closer Look at the Continuity Estimates

In this section we prove the following result on the continuity constants.

4.7 Proposition. Let E : &(K) — &RY) be the extension operator constructed in
Theorem Then for each s > 0 there is a constant Cy; > 0 such that the inequality
WE(F)ls.. < CillF|ls.x holds for each F € &°(K) and each compact and convex set L
with L o K. Furthermore these constants can be chosen such that the mapping s — C,
is continuous and bounded on each interval [n,n + 1) for every n € Ny.
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Proof. Letn € Ny arbitrary. In the course of this proof we will call a family of constants
(Cs)semnn+1) admissible if they just depend on s,d and A and if the mapping s — Cj is
continuous and bounded on each interval [n,n + 1) for each n € N. Let E, : &°(K) —
&*(R?) be again the generalized Whitney operator constructed in Theorem Then
we have by the triangle inequality

NECEs.e < IICE = EJENs + NEEs, - (4.5)

For the second summand with Lemma we can find a family (C E,O)) 0 of admissible
52

constants. So we only have to check the continuity estimate for the first summand. The

proof is structured in two steps.

1. We show that there is an admissible family of constants (C §”)S>O such that

(E = E)(F)ls < COIEF)Il.- (4.6)

2. We show that there is an admissible family of constants (C 22))S>0 such that for all
X1, X% € Land all |8 = |s] -

|0P(E = Eg)(F)(x1) = P(E = E))(F)(x2)

X — ol < CONE(F)lloe-  (47)
1= A2

From those two inequalities it follows then directly that
IICE = E)(F)llls.. < (CP + COYCONF s

where the family ((C §” +C 22))C §0))S>0 is of course admissible.
For the proof of inequality it suffices to show the inequality for |5| = [s] as
Lemmal2.11{shows. Solet x € L\ K, for x € K this is trivial.

1
PE-ENPD=) D, —af”) = [P @00 —x)")

iEN |a|<min(,|s])

1
DT UL CIOICEESD

i>|s] Lsl<|al<i

1
-2 D =P - ).

i<ls]i<lel<ls]
In order to prove we have to show the three following inequalities

1. Fori € N and |a| < min(i, | s]) we show that

tai(f ) = NP (@ix)(x = )] < C(s,d, 4, ONE(F)lls (4.8)
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2. For [s] < |a] < i we need to show that

1
Z alﬂa,i(f(o))llﬁg(soi(m(x — X)) < Cs,d, L, OMNEF)l.. (4.9)

ll>Ls]
3. Fori <|s]andi < |a| < |s] we show that

AP @) = x)] < Cs,dy 4, E(F)ll 1 (4.10)

For the first case we get, using Lemma[4.5]a constant Cg

Ve (F @) = ¥ f@)

e i () = FO NP (@i(x)(x — x)°] < Cpy ey

Using now the technique of the proof of Proposition 4.4{ we get

Vo P = VO] Vo F ) = 0

! - i

1 VE(F)(é) — OEJ(F)(x) y”
Ay MZLS | y! y\ o(y)
< f 1P E(F)(§) = OE{(F)(x)l [yl
- Avivi Iyl=Ls) ¥ D’ES} o(y)
< f L I0EJ(F)(¢) = E{(F)(x)l yl*
- A V! € — x|t o(y)

d:ua,x,-,y; (y)

d'/la/,x,-,y,- |(Y)

d'/-la,x,-,y,- |(y)

YiYi lyl=Ls

[yl® 1
<A Sup( — e x| (A s yONE s(F)|[l 5.1
sezd \0() M;ﬂ' B ’

Setting

Iyl* 1
C(s,d, A,0) = Cgs Al sup( ) —
Pl o(») 2. y!

cRd
yeR lyl=Ls)

establishes (4.8) because |uy 1, ,|(Ay, 5,) < 1 and the function o depends only on K itself.
It is clear that the family (C(s, d, 4, 0))ss0 1S admissible.

For the proof of (4.9) we use the same approach and get with Lemma[4.5]a constant
Cg,5) such that

1 Ve, (F ) 1
_ X (0) 63 . v\ :C »XisYi 3|a| )
>, el NP @0 =3 = Gy 37 =3 sup o

lf>s] " ler|>Ls] i
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Furthermore we have here also

Vo (FO) B f 1 OE((F)(&) — FE(F)(x;) ¥y d »)
-5 = - S @xiYi
Yi A’Viﬁ'i |')’|:|_SJ ,y, 75 } Q(x)
L8 EF)E) ~ 9 EF)0x)l bl
< i = L Mt
Asii yiets) Yi ox)
1 [07E((F)(&) — OVE(F)(x;)| [yl
<[ 2 9-c )
Axi’yi |,y|:LSJ y‘ |§ - ‘xl Q(x)
Ivl® ) 1
S Sup( - |/~'t(l,x,', il(A)C,‘, ,)”lES(F)”lS, 9
serd \O() M:ZESJ y! T g

which leads, using again |uy , 5,1(Ax,,,) < 1, t0

1
2 e MNP i) x = )|

lel>Ls]

Vaan FON |
Csls —LErT C il gy
Als] Z 7f 7i ySaIf)B (a’ - Y)'

IA

la|>Ls]

PP ) S 1 lal 1
G LLs] Sllp( Y - 3¢ sup ”lEs(F)”ls,L

IA

IA

MISRINE ;
Cpuis) SUP( - )/l{ e (Ls] + DBMINEF)ses
yeR4 Q(y)

which establishes (4.9) by setting

C(s,d, ,0) = Cg| sup (ﬂ) 53 (Ls] + )73k,

yeRd Q()’)

For the proof of @.10) leti < |s] and i < |a| < |s]. Since we have here again for a
given s only a finite combination of i and @ we can compute easily

NP (@i(x)(x = X)) < IEs(F)Ills..Cpysy max max 7],

i<ls] i<lal<ls] ©*

Thus the proof of (4.6) is complete.
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Now we prove inequality (4.7) and compute for x;, x, € L\ K

P (E - E)(F)(x1) = #°(E = E)(F)(x2)

=& [Z 6i) ) fu(l,<f<0>)( — )" )(xl) - [Z 0 Z — @)~ x) ](xl)

ieN l|<i ieN |a|<|_¥]
& [Z il )Z — 1o (FO)( = %) J(Xz) + o [Z 0 Z STARCOIGRED ](Xz)
ieN |a|<z ! ieN |a/|<|_sJ

=2, 2 —,(ua,,-(f“”) — ) (@) = x)") ) = Pl — x)")(x))

ieN |a|<min(i,|s])

£, —um(f((’))(a‘f(sol()( = %)) = PP = 1)) ()

i>s] Ls)<lal<i

-2 > f<“><xl (@) = x)0) = @) = x)) )

i<|s] L<|a|<|_sj

and for x; € L\ K, x, € K we compute similarly:

P(E = E)(F)(x1) = #(E = E)(F)(x2)

= | > 0) ) fua,(f(o))( x,f’)(xl) & [Z @) Z EARCOCREM (G

ieN la|<i ieN |a|<|_sJ

—P(x) + fP(x)
=, . —(um(f(o)) FODP @ = x)")(x)

ieN |a|<min(i, LsJ)

YD PO - )

i<|s] z<|a|<|_sj

£ —ua,(f@))aﬁ(gol()( ).

i>|s] |_sJ<|a|<t !

The case that both points belong to K is trivial.
We start with the case that both points belong to L \ K. Here we get three different
terms which we have to estimate.

1. We show that there are admissible constants (C@)PO such that for each s > 0 and
each |a| < |s]: -

e i(F )= DI (i () =2 ) x) =P (i) =x) ) )l —xal ™ < CONF Nl &
(4.11)
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2. We show that there are admissible constants (C gb))s>0 such that for each s > 0 and
each |a| < |s]: -

LI (@i) =)0 =P (@)= x) )l = x| ™ < CPNIF |k (4.12)

3. We show that there are admissible constants (C §°‘>)S>0 such that for each s > 0 and
each |a| > |s]: -

e i (FONP (@i () =2V x1) =P (i () —x)) )l =22 ™ < CONFl sk (4.13)

Starting with the proof of (4.11)) we distinguish here between the two subcases, |x; —
X;| = v; and |x; — x| < 7y; for the estimation of the second factor in the left side of
(@.11). To make the notation easier we set Cy) := maxXg<(s+1 Cp,s) Where the Cg, are
the constants derived in Lemma.5] If we have |x; — x,| > ; we compute with Lemma
4.5l

10 (@i()(- = X)) = (@i = )] < 2C 7,7, (4.14)

and for the second case we apply the mean value theorem and again Lemma4.5]to get
(@O = X)) = o) = )N < V™ =l (4.15)

For the case |x; — x,| > y; we get therefore that |x; — x,| ™ < ¥ and using @#.14) we
compute

|,Ua,i(f(0)) - f(a)(xi)”aﬁ(@i(xl)(xl = x)" = @i(x)(x2 — x)Dllxy — x2|_m
e AR E )]

Vi
For the case |x; — x;| < y; we compute with (4.13))

e i () = FONP (@i (x1 = %)™ = i) (2 — X))oy — x|

Wi = YL O
S\/c_iCLSJ v =Y S

Ls]+1

SZCLSJ

(s
|y — x|t

l
lal £(a)
|V Xy Vi f (X)l
<VdCp—r ey

i

In both cases we can proceed now as in the proof of #.8) and @.T1)) is established. For
the proof of (4.13)) we proceed basically in the same way and for (4.12)) we have in the
case that |x; — x| > y;

LSNP (@i = x)M) 1) = Pl = )M )l = x|
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<lIE,(F)lll;.2C|;y max max

i<ls] i<lal<ls] '

and in the case that |x; — x| < y; we get

PP = x)M)(x1) = P = x)M))llxy = 3o
<NE(F)llls.Cropy ™y = 2o

1

<NE((F)lll;, VdC\;ymax max ¥,

i<ls] i<lal<ls] '

It remains to handle the case x; € L \ K and x, € K. But as seen above this case is
even easier and can be proved in the same manner. O

4.5 Examples

In the following examples we focus on some well known fractal sets and we will use
Corollary 4.2 to prove that they admit an extension operator without loss of derivatives.

4.8 Example. 1. Cantor set
The Cantor set is the set of all points which is iteratively defined by the following
process. We start with the interval Cy = [0, 1] and remove from it the middle
third to get C; = [0, %] U [%, 1]. In the next step we remove again from both
remaining intervals the middle third to get C, = [0, é] U [%, %] U [%, %] U [g, 1] and
so on. Continuing like this we get for each n € N that C,, = C"3’1 U (% + %) The
Cantor set C is then defined as C = (), Cy. 10 show that C admits an extension
operator without loss of derivatives we prove that C fulfils property 7 of Corollary
Let xg € C and € > 0. Then we have to find x; € C with |xy — x| > o€ for
some o > 0 which does not depend on x, or €. Since C, is always a union of
disjoint intervals, there is for each n € Ny an interval I, C C, which contains x.
We choose now n so large that I, 1 N B(xg, &) # 0 and I, N B(xy, &) = 0. The

situation is depicted in Figure

We choose x; now as the boundary point of I, which has the greatest distance to
Xo. Since xo cannot belong to the middle third of 1,, x; is uniquely determined.
Then we have

[xo =11 > 218l = lhyoil > 2
xo — x1| = || = =lL,-1| = =&
0~ Xl 23 gin-112 g
So we can choose o = %.

2. Generalized versions of the Cantor set
There are many ways to generalize the definition of the Cantor set. For instance it
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In—l ’ -
Figure 4.1: Choice of x; for the Cantor set

is possible to modify the length of middle interval which is taken out in each step.
Instead of taking out one third of the original length, one could choose | € (0, 1)
and take out from each Interval I a piece of length l|l|. The above proof remains
valid also in this case and repeating the same steps yields o = %.

A way to further generalize this setting would be to allow that | depends on the
iteration step n, so you have a sequence (I,)nen, € (0, ). To be able to find a
fixed o in this case, 1 must not be an accumulation point of this sequence. This
covers for instance the case of the Smith-Volterra-Cantor set where l(n) = 4"%.

. Sierpinski triangle

The Sierpinski triangle is two dimensional analogon of the Cantor set which is
constructed with triangles instead of intervals. For the iterative procedure we
start with an equilateral triangle T. In the next step, T is divided into 4 equi-
lateral triangles of the same size and the middle one (without its boundary) is
removed. The three remaining triangles form T,. The same procedure is then ap-
plied to the three triangles to arrive at T, and so on. The first five iteration steps
are depicted in Figure

The Sierpinski triangle is then again defined as T = (e, Ty In order to prove
that T admits an extension operator without loss of derivatives, we check again
property 7 of Corollary For that, we choose xo € T and &€ > 0. We have to
find x1,x, € T and o > 0 independent of x, and &, such that

|xo — x1| > 0g, dist (x2,afflxo, x1}) > ge.
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Figure 4.2: First steps in the construction of the Sierpinski triangle

Basically we follow the same approach as for the Cantor set. For xy we find
a uniquely determined sequence of equilateral triangles (Ay)yen, With Ay = T,
such that A, 2 A, and xy € A, for each n € Ny. We choose n € Ny with
A—1 N B(xg, &) # 0 and A, N B(xy, &) = 0. Then we choose x| and x, to be the
vertices of A, which maximize the distance to xy. Since xy cannot belong to the
center of the circumscribed circle of A, both points are uniquely determined. The
choice is visualized in Figure

If we denote with I(A,) the side length of A, we have per construction I(A,) =
%I(An_l), and therefore

1 1 1

— > — — _
|xo — x1] > 2l(An) 41(An) > &

1 1 1

j > == Z
dist (x,, aff{xp, x1}) = 2l(An) 4l(An) > 48.

This shows that T fulfils property 7 of Corollary with o = i.

. Sierpinski tetrahedron

The Sierpinski tetrahedron is the analogon of the Sierpinski triangle in three di-
mensions. It is constructed in the same way by starting with an equilateral tetra-
hedron and in each step the side lengths of the tetrahedra are divided by two.
The first two iteration steps are shown in Figure Since each side face of the
tetrahedron is in each iteration step a Sierpinski triangle, an analogous choice
of the points xy, x,, x3 yields that the Sierpinski tetrahedron fulfils property 7 of

Corollaryalso with o = %.
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Il
> >
|

Figure 4.3: Choice of x; and x, for the Sierpinski triangle

All the above examples of fractal sets for which we rather manually verified the
property 7 of Corollary 4.2] can also be treated with a more general approach to show
that they have LMI(1). To describe this approach, we first have to introduce some basic
concepts which play a central role in the theory of fractals. The first is the idea of a finite
set of functions which is used to define a fractal set, but which also allows to iteratively
approximate the set it defines.

4.9 Definition. Let D C R" be a closed set. Then a mapping S : D — D is called a
contraction (contracting similarity) on D if there exists a 0 < r < 1 such that for each
X,y € D the following inequality holds

1S () =SWI < (=)rlx =yl

A finite set of contractions is called an iterated function system of short IFS. A set
F c R" is called attractor of an IFS{S 1, ..., S} if

m

F= U S(D).
i=1

A fundamental property of an IFS is that it uniquely determines a non-empty and
compact attractor, see for instance Theorem 9.1 in [Fall4] or Theorem 4.2 in [Tril1]].
All the fractal sets we had in our last example can be defined via such an IFS where each
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n=>2 n=3

Figure 4.4: First steps in the construction of the Sierpinski tetrahedron

mapping is even a contracting similarity. For instance the Cantor set is the attractor of
the IFS {S, S5}, where S| : R" > R", x> ixand S, : R" > R", x > 1x + 3.

A very interesting property of such an IFS is, that it is not only possible to define a
fractal set as attractor, but it is also possible to approximate the attractor by iteratively
applying the mappings on a starting set. The starting set can indeed by any non-empty
compact subset K of R"”. This construction can be formalized in the following way for

an IFS {S, ..., S} and K compact:
S%K) = K,S'(K) = U S(K), ... SNK) = SUSF\K).
i=1

Then it is true that S °(K) = lim;_., S*(K) exists in the metric space of all non-empty
compact subsets of R? equipped with the Hausdorff metric, and furthermore S *(K) = F.
For our purposes we need the following additional property of an IFS and its attractor.

4.10 Definition. Ler {S,...,S .} be an IFS with attractor F. Then the IFS fulfils the
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open set condition if there exists a non-empty open set O C R" such that
USi(O) CO and S (0)NS;(0)=0 foralli+ j.
i=1

The open set condition ist not as restrictive as it may seem. Again all our previously
mentioned examples fulfill this condition. For the Cantor set we can choose the open
interval (0, 1). For the Sierpinski triangle (tetrahedron) one can take the interior of the
triangle (tetrahedron) with which we started the iterative construction. Even the Koch
curve fulfills this requirement as can be seen in Example 9.5 in [Fal14]

4.11 Definition. Given an IFS of contraction similarities {S ,,, ..., S ,} with ratios ry, ..., 1,
and attractor F, the unique solution d of the equation

m
St
i=1
denotes the similarity dimension of F.

According to Theorem 9.3 in [Fal14]], the similarity dimension d fulfils
d= dlmH(F) = dlmB(F),

where dimg(F) denotes the Hausdorff dimension of F' and dimg(F) denotes the Box
dimension of F. The last concept we have to introduce before we can apply the result
of [JSW84] is the concept of d-sets.

4.12 Definition. Let M C R" and 0 < d < n. Then M is called a d-set if there exists a
Borel measure u in R" having the following properties:

1. supp(u) = M,

2. There exists constants cy,cy > 0 such that for all x € M and all 0 < r < 1

ar? < uB(x,r)NM) < cor.

For those d-sets Jonsson, Sjogren and Walling published the following result in
[JSW84].

4.13 Theorem. If F Cc R" is a d-set withd > n — 1, then F fulfils LMI(1).

On the other hand, there is the following result which can be found in Theorem 4.7
in [Tril1]].
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4.14 Theorem. Let {S,...,S,} be an IFS of contracting similarities with attractor F
that fulfils the open set condition and has similarity dimension d. Then F is self-similar
and a compact d-set.

Putting both theorems together, we get that each compact set F C R”, which is
the attractor of an IFS of contracting similarities, which fulfils the open set condition
and has similarity dimension d > n — 1, admits an extension operator without loss of
derivatives. For instance the Koch curve in R? fulfils all these requirements with d =

log4

fog3 ~ 1.26 > 1 and therefore admits an extension operator without loss of derivatives.



Chapter 5

Tame Linear Extension Operators

In this chapter we show that the tame linear extension operator constructed in [FJW11]]
is also continuous on the real scale. Furthermore, in the last section of this chapter
we present a modified construction of Whitney’s finite order extension operators Ej.
Frerick, Jordda and Wengenroth prove in [FJW11] that a compact set K fulfils WLMI(r)
for some r > 1 if and only if it admits a tame linear extension operator. We introduced
the weak local Markov inequality, or for short WLMI, already at the beginning of the
last chapter. Tame linear means in this context, that the extension operator E fulfils the
following continuity estimates for each F € &(K),e > 0 and m € N,

|E(F)|m < Cm,e”F”(r+s)m' (51)

For a general definition of tame linear operators between Fréchet spaces see for instance
[Vogg&7].

5.1 Statement of the Main Result

Our main result in this chapter is the transfer of the main result in [FJW11]] from the
natural to the real scale and reads as follows.

5.1 Theorem. For a compact set K C RY, the following statements are equivalent.
1. K fulfils the WLMI(r) for some r > 1.

2. K admits a tame linear extension operator E : &(K) — &(R?) which extends
simultaneously all &*(K), and which fulfils the following continuity estimates for
all convex and compact set L C R with L > K, each F € &(K),& > 0and s > 0

”lE(F)l”s,L < CS,8||F||(V+8)S,K' (52)

50
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5.2 Proof of the Main Result

For the proof we first note, that we only have to construct the operator given K fulfils
WLMI(r). To achieve that we show that for L > K compact and convex the following
inequalities hold for each F' € &(K),& > 0 and s € [0, c0):

”lE(F) - ELrsJ(F)lns,L < CS,€||F||(V+8)S,K? (53)
where again E|,,| : £1(K) — 2\"5)(L) denotes the Whitney operator. Since

WEF) = Es)(F)lls.z
= |E(F) = E,)(F)lis)z
sup{laB(E(F) — E | (F))(x1) = (E(F) = Ey(F))(x2)|

lx; — x|t

>0

X1, X € L,0<|x; — x| <t,|B] = LsJ},

we only have to prove inequality for the second summand. In the following calcu-
lation we will only focus on the case that x;, x, € L \ K, the cases that one of the points
or even both belong to K are easier respectively trivial. In order to achieve a shorter
notation we set in the following

Gia(X) = @i(x)(x — x;)°.

We first prove the following estimation which holds for all families (m(i));ey, all 8 € Ng
and all families of complex numbers (aiaerid ient

(o0
la|—s
i

- 3 2
(ol [P ia(x1) = Ppra(x2)] 31 — 32 < C[(; ’sup Cl(n()i) sup |da,ily
ieN

i=1 O<|a|<m(i) O<|a|<m(i)

5.4)
To show this, we distinguish the cases |x; — x;| > y; and |x; — x,| < ;. For the first case
we get with (4.14) a positive constant C;; with
|5E‘Pi,a(x1) - GBSOi,a(Xz)| lxy — x P < Cﬁ)",-al_wwxl — x| A~
< Cpy™.

For the second case we compute with (4.15])

s —18l~1 .
|5B‘Pi,a(xl) - 86‘10i,a(x2)| = 0P < Gy |y — x|
< Cﬁyial—WI—lyFLB\—s

= Gy



52

Thus, we get

(9]

D0 D laad [Peiann) = Pepia(x)] Iy = xl

i=1 O<|a|<m(i)
d+m(@i)—1
< 2NCg sup( (‘) ) sup g 1y,
ieN m(i) 0<lal<m(i)

where N denotes as usual the maximum number of supports of the ¢; which can contain
either x; or x,, and (d”"(’)_l) is the number of multiindices with norm smaller or equal

(@)
to m(i). By setting C = (d+ZEg_l) and CS )= 2NCjg we have proved (5.4). From (5.4)

m(i) *

we can also conclude that

limsup sup Z Z |l |8B(Pi,a(xl) - 5690i,a(x2)| | — x| (5.5)

=K BISLsIHLTT o<jalem)

(3)
CL s|+1

lal-s

2
hmsup C,(n()l) sup |a,ily;

0<|a|<m(i)

According to the proof in [FJW11], the families (9;);ciy and (m(i));en are chosen in a
way that

o;
limc?®, @ 2 0.
i—0 r+ L m(i) m(l)y
Since lim;_« is = 0 we get for arbitrary € > 0 that =% r+5 < £ for i big enough, and
therefore we have

supCV €2 ¥ < o, (5.6)
ieN r+ L m(i) mi)

Following Lemma 2 in [FJW11]] we can choose measures fl,; = o, x.e(e.i).mi) according

r+5

to &(a, i) := y; " such that 0“P(xp) = ua,(P) for all polynomials P with deg(P) < m(i)

r+7

(1) —lal 75

and total variation |u,,| < C . For those measures we get the following

r+d 5 »m(i) i
two inequalities. We assume that [(r + £)s] = |[rs] + &s so that the order of the Taylor

polynomial fits to the order of the Whitney norm. The first one is true for 0 < |a| <
Lrs] < m(i):

o i(f ) = F )] = e i(f© = TUF))

5
—la/ |,+ rs &
< ey s i - TP s By 6’)“”(}
il 0 LrSJ F
~lal 75 X il ’*

r+ %) |x — x,-|(’+£)s
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L0
le] L_(r+e)s 0 X T)Izrsj F)(x
C(]) y, = |r+5 '}/i+6i( +¢&) Sup{lf ( ) i ( )( )l xe B( XiyY lr+6 ) NK

= r+%,m(i) i |X xll(r+s)s
(1) lal,,, ¥,
<
< Cr+ 5 ()7 Yi ||F||(r+5)s
5.7
The second inequality is valid for | rs| < || < m(i) and it can be proven in the same way
as the first one using that for |a| > |rs] we have ,ua’,-(T,E[,”J(F )(x)) = L”J(F )x) =
i fN = i F = TN < €y 3y Il (5.8)
2 m(t

In this setting the operator E is defined at x € L \ K as

1
EF)0)= ) ) —Hai /)il

iEN |a|<m(i)

Hence we get as difference

E(F)(x) = Ep5)(F)(x) = T ,(F)(x) + T2,,(F)(x),

where
0= 3 (D = (i) = SO 0) a0
2 j(s) 0<|0|<LVSJ
Y aﬂa,i(f(()))goi,a(x))a
Lrs]<al<m(i)
and

J(s)-1

To (F)(x) = Z( > é(ua,l(f“”)—f<"><xl->)so,»,a<x>

i=1 O<|al<]rs]
— (a)( )
vy T )
m(i)<a|<[rs) '
The index j(s) is defined as the smallest index such that m(i) > [rs] for i > j(s). So we
getforx;,x, €e L\ K
[P EF)x1) = Py (F)0) = (PEF)0) = PELg(F)(0)

<|6PT1(F)(x)) = T (F)(x2)| + [P T (F) () = P To s (F)(x2)) -
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Starting with the first summand we have, using (5.4), (5.6), (5.7) and for |B] = s]:
|aHT1,s(F><x1) = P (F) )| b = xal™

Z( Z a7 = F O o) — Prao)

<
i=j(s) 0<|al<LrSJ
0 —
2 Y Lo 0P 01ax0) = Pirat)] v =l
Lrs]<|a|<m(i) a:
- 1 4 L e _
< — Y M s [P pia(n) = Pipra()] I = a7
i=j(s) O<lal<lrs] 2’
1 1 - r+
v Ol N [P i) = P 11 = 1ol )
Lrs <tatzm(i) &
< 22( y o YT Wl [P 1) = Pl I — ol
ieEN  O<|a|<m(i)
o (2
< 2C I Flluarssup V) oy ClO sup oyl
ieN +m(i) 0<|a|<m(i)
sx—ﬁis
— (3) (1) 2 5
= 2C; IFllgr+e)s supC ()Cm(l)% .
&S £5-0;8 &S
. . by r+6; s .
The last supremum is finite because y" < v, <y, for i large enough. The second

summand can be treated in the same manor, and both together prove for |5| = |s] the
desired continuity estimate (5.3). Proceeding analogously as above, but using (5.5))
yields for all 8 € N¢:

£5=0;8

lim |(9BE(F)(x) O Eyy(F)()| dist (x, K)™ < 2G| Flr1s lim C“) ()C,ﬁf(l)y,

=0.
With Proposition and we can finally conclude that E(F) € &5(RY).

5.3 A Modified Construction of Whitney’s Operators

In this section we present a modified construction of Whitney’s finite order extension
operators E; : £(K) — &*(R?). The motivation for this construction mainly is the & in
our Theorem [5.1] and the aim to get rid of it. In order to get better continuity estimates,
it could be beneficial to have more degrees of freedom in the construction. Theorem 4.9
in [FreO7a] offers such a possibility.
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5.2 Theorem. Let K C R? be compact and assume that there are gy > 0,r > 1 such that
for every k € N there is C > 1 such that for all £y > € > 0 and all 7 € OK there is x € K
with |x — z| < € and
C
10°p(D)l < — sup  [p(y)l

yale4
gl ly-zl<e.yek

for all p € Clxy, ..., x,],deg(p) < k,|a| < k. Then &(K) has (DN).

By Theorem 3.3 in the same paper, the condition (DN) for K is in fact equivalent
to the existence of an extension operator E : &(K) — &(R?). But it is unknown which
loss of continuity this operator has. Our original intent to prove a version of Theo-
rem for € = 0 applying the same techniques failed. But we are able to present a
modified construction of the operators E in the hope that it can be helpful for future
results. In the classical construction, first the Whitney decomposition is constructed
which gives a family (¢;);cy and then for each i € N points x; € 0K are chosen, such that
dist (supp(¢;), x) = dist (supp(¢;), K). At these points we center the Taylor polynomials.
In the new construction we will not center the Taylor polynomials at the points x; but
instead we will use the condition from Theorem to choose for each of the points x;
another X; € K with |x; — %] < yl.l/ ". If we check the proofs of the Theorems
and also[6.2] the desired properties for the constructed extension operators E are always
shown for the difference E — E,. To get an easy expression for those differences, it is
very convenient if both operators are ’centred’ at the same points of K. For s > 0 and
F € &°(K) the modified Whitney operator is then defined as

fO%),xe K

E F =
(e {Ziel ‘pi(x)T)%’,SJ(F)(x), x¢ K

In the following theorem we show that this so constructed operator maps &"*(K) con-
tinuously into &*(K).

5.3 Theorem. Let K C R? be compact. If K fulfils the conditions of Theorem and we
adjust the construction of the Whitney operator as described above, then this operator
maps & (K) continuously into &*(R?) for each s > 0.

Proof. In the following let L C R¢ be an open cube such that K C L. We will apply the
partition of unity (¢;);c; only on L \ K. We structure the following proof into four parts.

1. We prove the existence of a constant C depending only on [s],d and A and a
modulus of continuity u such that for every || < |s], for a € K with |[x —a| =
dist (x, K), x € L, one has:

PEF)(x) - PTEF)0] < Cullx — alx - af* V. (5.9)
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2. We show that for each |5| = [s] + 1 there is a constant C depending only on |s], A
and a modulus of continuity u such that

|0PE(F)(x)| < Cu(dist (x, K))dist (x, K)* 4. (5.10)

3. We show that E(F) € 2°*(L).

4. We show that £ : &™(K) — 2°(L) is continuous. Furthermore, we show that
the continuity constants C;, for which the inequality |[|[E(F)|lls. < Cil|Fllsx 1S
true for every F € &"°(K), can be chosen such that the mapping s — C, depends
continuously on s on each interval [n,n + 1) for each n € Ny and is bounded on
these intervals.

1. Starting with the proof of (5.9)), we first note that without loss of generality we can
limit our calculations to those x € K¢ with dist (x, K) < 1. An application of Leibniz’s
formula shows that for each x € L \ K we have

FPEF)x) - PTF)x) = > > ([;)83 Yoi(0d (TEHF) ) = THF) ).

ieN I<B
We observe that

[N

TY(F)(x) = TV (F)(x) - ,

Ls]+1<]al<]rs]

(x—a)",

and thus we have for |B] < [s] + 1

feP @

!

FTE(F)(x) = FPT(F)(x) -
Ls]+1-[BI<]al<Lrs]-|6]

(x —a)“.

For |8 < [ s] we then obtain

[ gi0d (T ) - TR )|
< dist (x, )OI TV (F)(x) - 9TV (F)(x)|
9@

!

+ dist (x, K)"1-¥ (x —a)?|.

LsJ+1-|l|<lel<Lrs]-]I|
I 1 . '
From |x; — %;| <y < dist(x, K)” and dist (x, K) = |x — a| < 1 it follows that

v — % < v — x| + | — %] < 3dist (x, K) + dist (x, K) < 4dist (x, K)" = 4x — a|7,
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and
1
la—%| <la— x|+ |x—X%| < 5|a—x|".

For the first of the two summands we get by an application of Theorem 3 that
there exists a modulus of continuity g such that
dist (x, K)'"™P 0T ()00 = AT (F)(0)|
dist (x, K" 4y (a — %)(x = %7 + | — 2
dist (x, )" 1y (5la - x|£)(4”‘”||a - x|%’s—%lll +la — A
dist (x, K)"P 14,(5la - xI%)(4”|a — M 4 g — Py
47 (Sla = x[7)la - <™,

IANIN A

IA

which proves (5.9) for the first summand. For the second summand using that |[x—a| < 1
and |/| < | s], we calculate

[N

dist (x, K)"¥ '

LsJ+1-llI<lal<Lrs]-1l
dist (x, K)"¥ CIF|,s)xla — x|L5J+1—|l|
C|F|s).xdist (x, K)III—LBI la — xls—lllla _ leSJ+1—s
CIF | rs).xla — X Pla — x|,

(x—a)

IA

As constant C we can simply choose ;| ;—, which only depends on |rs] and d and

since [s] + 1 — s > 0 we can directly take o : [0,00) = R, x > C|F| xx"*"17* as
modulus of continuity in this case. Then choosing a modulus of continuity ¢ which
fulfils 1

p(x) = max(4” i (Sla — x|7), pa(x)),

finally proves (5.9).
2. In order to prove (5.10) we use the fact that (9BT,ESJ (F)(x) = 0 for |B] > |s]. In

the following we will just treat the case that || < |rs] because otherwise we can use
FPTY(F)(x) = 0 and the below calculations just get easier. So for |s] + 1 < |8] < |rs]
we have

IPE(F)(x)|
0PE(F)(x) — PTL(F) ()|

Mmmm—ﬁbymmem)

ieN

IA

Z}jﬁﬁwmwwﬂnm—memn

ieN I<B
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< 0.0, (f)'aﬁ_l“’f(”'lalT L) = T )

ieN <

* Z Z ('?)WB ()] Z ) (x—a)”

!
ieN I<B,|l|I<Ls] Ls|+1-llI<lel<Lrs]-ll|

(a+1)
+ Z '8)|5B_190i(x)| Z /@ (x—a)|.

|
ieEN I<B,|l|>|s] ( l lal<rs |-l .

The first and second summand can obviously be treated in the same way as in the proof
of (5.9). For the last summand we have

f((l+l) (Cl)

!

|6ﬂ_l"0i(x)| (x-a)| < C|F||s).xdist (x, K)llHBl

lal<Lrs -1
= C|F| s xdist (x, )™ g — x* Mg — x|"=s
= C|F | xdist (x, K)* P |a — x5,

Since |I| > s, here we can also choose a modulus of continuity u satisfying
la — x|" < |a — x| < pla - x).

3. Now that (3.9) and (5.10) are established we can prove that E(F) € 2°(L).
Because supp(¢;) C L for each i € I it is clear that supp(E(F)) C L. First we conclude
that E(F) admits continuous partial derivatives up to the order |s| in R?. Since the
existence is clear in K¢ and K, we only have to prove it on K. This can be done using
(5.9) and proceeding as in the proof of Theorem 3.2 in [Mal67]]. From Proposition [2.16|
we obtain that E(F) € 2°(L).

4. Here we can basically proceed in the same way as in part 4 of the proof of
Theorem [3.11 O



Chapter 6

Extension Operators with an Arbitrary
Loss of Derivatives

In this chapter we consider the question which we have already formulated in Section
[2.3] to characterize the geometrical properties of a compact set K such that this set
admits and extension operator E : &(K) — &(R?) or equivalently, when does the short
exact sequence (2.12)) split. The main result of this chapter is a characterization of
all compact sets K ¢ R? which admit an extension operator with a prescribed loss of
derivatives. In this context we describe the continuity properties of an extension operator
E via a function o : [0, 00) — [0, c0) having the properties defined in Deﬁnition@ An
extension operator E : &(K) — &(RY) is then said to have a loss of derivatives o, if and
only if it satisfies the inequality

NECNs.e < CollFllos).x

forall s >0, F € &K)and L > K compact and convex. We construct the operator
in the same fashion as in the previous chapter, so it is again an operator which extends
all the spaces &7)(K) simultaneously to &*(R?) and which resembles in its form the
classical Whitney operator.

The characterization of the existence of an extension operator in terms of the ex-
istence of certain measures on K already turned out to be very fruitful in the previous
chapters and it also offers a new approach for a question originally risen by Mityagin
in [Mit61]. It is the very natural question of a geometric characterization of those com-
pact sets K C R? such that &(K) admits an extension operator. However, this result
cannot be regarded as a final solution to this problem because it is far away from a nice
geometric condition as for instance the inequality of Jonsson, Sjogren and Wallin offers
in the case of operators with no loss.

59



60

6.1 Statement of the Main Result

In generalization of operators having no or a homogeneous loss of derivatives which we
dealt with in the last chapters, we now want to allow for operators having an arbitrary
continuity behaviour on the spectrum of Whitney spaces.

6.1 Definition. Let K c R be compact and E : &(K) — &R?) be an extension
operator. For a surjective and monotonically increasing map o : [0, 00) — [0, 00) we
say that E has loss of derivatives o if and only if E : £79(K) — &°(R?) is continuous
forall s > 0, or equivalently if it fulfils the following norm inequality for all s > 0

|||E(F)|||S,L < Cs”F”a'(s),K

for all F € &79(K) and compact and convex sets L C R? with L > K. In this terms, an
operator E with no loss of derivatives has o = id.

We have to be careful with this term, because if defined like this, an operator does
not have a unique loss of derivatives. If o is a loss of derivatives for E, then each sur-
jective and monotonically increasing map 7 : [0, c0) — [0, 00) with T > o is also a loss
of derivatives for E. And also defining ’the’ loss of derivatives as the infimum over all
such functions would not be appropriate as the results in [FJW11] indicate.

Our main result in this chapter is the following characterization.

6.2 Theorem. For K ¢ RY compact and o : [0,00) — [0, o) strictly monotonically
increasing with o(0) = 0, the following statements are equivalent:

1. &(K) admits an extension operator E with loss of derivatives o.

2. Forall a € Ng, x € 0K and & > O there are measures v, . on K such that for each
Fe&“andneN,

Vare(fP) = @) _

(a) £1_r>% sup p= 0,
la|<Ls],xedK
(b) lim  sup Vare(fON 0
£20 4> 5] xedK o

As an interesting consequence of this theorem we have the following corollary.

6.3 Corollary. If a compact set K C RY admits a continuous extension operator E :
E(K) — ERY), then we can also construct a ’"Whitney like’ extension operator with the
same loss of derivatives.
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6.2 Construction of the Measures

In this section we prove the first part of the main theorem, i.e. the existence of the oper-
ator implies the existence of the measures.

A main tool in the construction of the measures is Eidelheit’s theorem characterizing
the solvability of an infinite system of equations.

6.4 Theorem. Eidelheit’s theorem
Let E be a Fréchet space, (Uy)ien be a fundamental system of zero neighbourhoods in E
and let (T ;) jen be linearly independent, continuous linear forms on E. Then the infinite
system of equations

Tix=y; forall je N

is solvable for each sequence y € w if, and only if, the following holds:
dim((E")ys N span{T; : j €N}) < oo forall k € N.

Proof. A proof can be found in [MV97], Theorem 26.27. O

The symbol (E')U; is defined as the span of U;, so (E’)U; = spanU; = UotU, .
Endowed with the Minkowski functional of U, (E’)UZ is a Banach space.

In the following we deal with sequence spaces. We will now shorty recall relevant
definitions. In contrast to the ’classical’ definitions of sequence spaces, we will define
them over the index set Ng, but basically, that won’t change anything of relevance.

6.5 Definition. For a given dimension d € N we define the sequence spaces of sequences
over the index set Ng:

o W) = M,
o o) = {(xa)pery € W) : e € N : x, # 0} < oo,

) S(Ng) = {(xa)aeNg € w(Ng) limyy e Ix,|lel* = 0 for all k € N}. Since this space
is nuclear by Example 29.4 in [MV97], the topology is generated by the funda-
mental system of seminorms pk((xo,)aeNg) = ZaeNg x|l as well as by the system

PH(Xa)aerst) = SUPge 1ol

° s’(Ng) = {(x‘,)aeNg € a)(Ng) : p,’;((xa)aeNg) < oo for one k € N} shall denote the
dual space of S(Ng). The Minkowski functional p; of U, = {y € s : |ZaeNg’ VaXel <

1 for all x € s with pi(x) < 1} is given by pz((xc,)aeNg) = SUP,a |xalla 7% (see
[MV97] Lemma 27.12).
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With the help of Eidelheit’s theorem, we now can prove the following representation
lemma.

6.6 Lemma. The mapping T : S(Ng) - w(Ng), (ﬂﬁ)ﬁeNg - (ZﬁeNg AsB7 )yeN , IS surjec-
0
tive.

Proof. The mapping T can be decomposed in countably infinite many linear forms 7',
where for each y € N we have

(/lﬁ ),BeNd Z /lﬁ:By

,BeNd

and all these linear forms are obviously elements of s’(Ng). For the span s'(Ng)U; of U}
we have

SN = {(a)ers € 5’ AG) 1 P((Ka)gerye) < 0.
Thus, to be able to apply Eidelheit’s theorem, we have to check for each k € N that

dim (gy) € o(N?) : ;up Zgym k< ool < oo,
<Ny yeNd

We show by contradiction that for each (Qy)yeNg € go(Ng) with

sup [ > 0,7| 1B < o0 (6.1)

ﬂENO ’yENd

it is true that o, = O for |y| > k. So we assume that m = max{ly| : o, # 0} > k
and let P, (x) = X=n 0,x". Following the assumption, there is x = (xi,...,Xg) € R¢
with xi, ..., x; > 0 such that P,,(x) # 0. Since the set {3 : B € N%,¢t > 0} is dense in
{x e R : x > 0}, there is B, € N§ with P,,(8y) # 0. It is easy to see that for all B, := I8,
it is true for any y € N¢ that 8] = ["18] and thus we get

> 08| = IPu(Boll"
lyl=m
and
D oB <1 ) o8y
lyl<m lyl<m
Since m > k we have
lim| > 0,8)| 8™ =
lylsm

which is a contradiction to (6.1). O
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The following lemma gives the solution to a certain moment problem. It can be seen
as the analogon to Proposition 4.3

6.7 Lemma. Let (ky)qen, € w(Ng) be arbitrary. Then there is (Qﬁ)'BEN(t){ € s(Ng) such that
forall @ € Ng’ there is a sequence (/ll(f)) € s(Ng) with I/lé,a)l < % forall B € N% satisfying

Z /lgﬁﬁ)’ = (kaféafy)yGNg'
EN([)[ '}’ENg
Proof. We first observe that the set {(kafsa,y)yeNg Ta € Ng} is compact in the Fréchet

space of all sequences w(Ng). This follows directly by Tychonov’s theorem or the char-
acterizations of compactness in metric spaces given in Proposition 4.8 in [MV97]]. By
Corollary 26.22 in [MV97]] surjective maps between Fréchet spaces lift compact sets.
This gives a compact set K C s(Ng) such that with the surjective mapping 7" of the
previous Lemma we have

T(K) > {(kaGay)yert * @ € Ni}.

Thus, we can choose a sequence (Qﬁ)ﬁeNg € s(Ng) satisfying || < % forall g € Ng’ and
all (Ap) a0 € K. O

In the following theorem we construct measures approximating the derivatives of
functions in & on the boundary of some compact set K.

6.8 Theorem. Let s > 0 and K C R¢ be compact. Then for all @ € N%, x € K and & > 0

there are measures [, .. supported on a ball B with B 5 K such that forall f € &(RY)
we have

7 1 |,ua,x,z-:(f) B Slalaaf(x)l _
. lim sup =

£209|<|5),xedK &’

> tm sy MOl

20 g5 sjxedk  E°

0,

0.

Proof. By cutting off, it is enough to show the assertion for f € 2°(8B) = {g € & (RY) :
supp(g) C B} where B is a fixed ball containing K in its interior. We apply the previous
lemma choosing k, = «! for each a € Ng. Then there are sequences (/l,g’))ﬂeNg and

(0p)perye> both in s(N9), such that for all & € N

| fory = a,
Z/lg’)ﬁyz{a orr=4a (6.2)

0 else,
,BGNg
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and such that Mg’)l < op for all @, 8 € Nd. With this we define for each g € 2°(8) and
x € 0K
Hae(®) = ) 4580+ &B).

d
BeN]

We start with the proof of 1., hence let || < | s]. With Taylor’s theorem we then find a
& € [x, x + gB] such that

o) = 890 f(0)| = | ) A fx+ £B) = £10° ()

BN
= Z /1;1)[ Z %‘(x)glylﬁy +&" Z ayf'(ér)ﬁy _ Slalaaf(x) )
et \pi<ls) ¥ FENER
Using (6.2)) we get
glalaaf(x) als |a\a f(x) Z /l(d)ﬁa Iala f(x)
BeNg
and

0= > LZ /lg’)m] M mi_!(X) S S e m9” 5 .(X)

lylslslyza \ pend BeNd yI<Lsly#e

which results in

297 £(x) = Z /11(3“) Z pe of (x).

BeN? y<Lsl

Therefore, we get using that & < |€ — x||3]|™!

o (F) = 16" f0) = 61| " 40 > my 07 £(&) - & F)

BeNd lyl=Ls]
£ Y ﬁyl 216 -3 )
BeNE lyl=Ls]
s SO (&) =07 f(x)]
<e Z D olB T
yl=Ls] pend
s 107 f(y) = 0" f (%)
<€ Z Z 9lPl ye(il)lclfsﬁ] ly — xfts! '

lyl=Ls] gend
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where the last term is independent of @. We now show that the supremum over all
boundary points of K of the last sum converges to O for each |y| = |s]. To do this, we
split the sum for some index m € N into

19" f(y) — 9" f(x)| 19" f(y) — 9" f(x)]

sup " gplfl" sup <sup > gplfl" sup

xedK pend ye(x,x+&6] |y - X| s} xedK Br<m ye(x,x+&6] |y - xl{s}
d <
0’ -0 f(x
+ sup Z 0B sup 107 () {Y}f( )|.
x€0K B>m ye(x,x+¢gf] |y - X| ’

Since f € Z°(B) and therefore has a compact support, there exists a constant C > 0
such that sup, s “LE=EON < € for all [y| = Ls]. And since (gg)gee € S(NG) with

o > 0 for all g it follows that

tin 3o =0

|BI>m

Thus, the second sum converges to O for m — oo and is independent of the choice of €.
It is left to show that the first sum also converges to 0 but for € — 0. For this we use
again the fact that since f € 2°(B), all the " f are uniformly continuous, so we have

that sup,c, viep) Wﬁi‘# — 0 uniformly for & — 0. Then using

Z oplBI” < Z slBl",
pem pertd

for all m € N, finishes the proof for the case |a| < [s].
For the case || > |s] we argue similarly. With Taylor’s theorem we again find a ¢ €
[x, x + gB] such that

|/’lﬂ(,)€,8(f)| = Z /l'gl)f(x + Sﬁ) = Z /l'éa) Z WL'(X)SMIBY I_SJ Z 0 f(é:)

pend BeNd lyl<Ls] ’ yl=Ls]

2 A8 =0

d
BEN,

Since |a| > | 5], we have that

for all |y| < |s], and therefore we get

S5 gl 0-[5 g 5 200

eNd byl<Ls] ' peNd lyl=Ls]
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This results in

0 f(x) I f(&)
:u(x,x,s(f)| = /l(a) |7|I8)’ LAJ ]
ﬁeZNg ’ IVIZLAJ V! MZ,,
97 f(x) , (&)
= A(a) |ylﬂy I_A | ,87)
ﬁeZNg ’ |y|Zm |y|ZL ;7
s ;107 f(€) — 0 f ()|
<e lyg ZQﬂWl &
 BeN
s s 107 f(y) — & f(x)|
<e MZ:;%:{; osB| B e T

where again the last term is independent of @ which ensures that the supremum over all
a > |s] exists. The same argument as in the first case also shows the desired conver-
gence property in this case. O

We prove now that 1. implies 2. in our main Theorem We use the extension
operator to project the measures constructed in the previous corollary from the dual
space of &(R?) on the dual space of &(K).

6.9 Theorem. Let K C RY such that it admits an extension operator with loss o. Then
forall @« € N¢, x € 9K and & > O there are measures v, ., supported on K such that for
each F € &7 and s > 0

|Va,x,8(f(0)) - 8|G\f((¥)(x)|

1. lim sup - =0
&0 4|<|5],x€dK &

2 lim  sup Vare(fON 0
820 |g|> s ].xedK e’

Proof. Let E denote the extension operator with loss o~. Then it is clear that for all
F = (f@) € &7(K) and all x € K we have

la|<lo(s)]
fOx) = 8"E(F)(x).

Since E(F) € &°(K), by taking the measures y, .. from the previous corollary we can
define

Vare(F?) = to o (E(F)).

The proof is complete by applying the properties of the measures p, .- O
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6.3 Construction of the Extension Operator

In this section we will construct the extension operator with the given measures. As
already indicated, the main idea is to construct the operator as in Chapter 4. Thus, given
the measures in Theorem we set for (. = Vo x.y,/ y'“'

fO%),xeK
Y 010 Togei THai(FO)x — %)%, x ¢ K.

Again we split the proof in two parts

E(F)(x) = {

1. For 8 € Nd and x € K we show that for each F € £7)(K) we have
|PE(F)(x) — PE(F)(x)| = o(dist (x,0K)'™¥) forx —» K.  (6.3)
Using Proposition and this implies that E(F) € &*(L).
2. We show that E is continuous and has loss of derivatives o
In order to show (6.3)) we can limit us again to those x € L\ K with i(x) = min{i € I :

x € supp(¢;)} > Ls]. This allows us to express the difference E — E very simple by

PEF) () - PEF)D) = ) Z —ai(F) = F NP (@) = 1))

i2i(x) |a|<LSJ

P30 L - 1)),

i>i(x) Ls]<|al<i

Starting with the first summand, we have by assumption

| a,x,s(fo) - 8|a|f(a)(x)|

lim sup - =0.
&0 |4|<| 5], xedK €

Since i(x) — oo is equivalent to x — 0K, we get for all |a| < |s] using the definition of

/Ja/,i:
o e () = fOx)

i—00 s—|a
Vi

=0.

Thus, we can conclude with Lemma4.5|for a given i > i(x):

sup a—(um(f(o)) FOCNP(@i(0)(x — x)™)|

xeR? || 41<Ls)
= sup | > —(um(f“”) FOCNP @i (x = xi) )| Yyt
xesupp(e;) lal<Ls]
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- 1 o i(f ) = FO) 0P (@i(x)(x = x,))]
sup —

XESUpP($i) |01 s a! yf_ml ,ylial—WI

(0) (@)
<C|_5J Z |/la l(f ) f ()C )l

s ||

lal<Ls]

Now let € > 0 be arbitrary. Since the last term converges to 0 for i — oo, we can find
J € N such that for all i > j

Iﬁl Ls) o €

sup N’

xeRd

a—(.um(f(o)) F )P (i(x0)(x = x))| v

lel<Ls]

meaning that we have for all points x € L \ K for which i(x) > j

Z —a(F ) = FO )P i) — x)")

1
Z dist (x, K)* ¥

i>i(x) s @

= Z s—|l Z (I’la’(f(())) f(a)(xl))aﬁ(%(X)(x x,) )
izi(x) /i |a|<LsJ

<e.

Now we estimate the second summand. By assumption we have for all |a| > | s]:

o i (F )

lim
s—|a]

l—)DO
Yi

Thus, Lemma[4.5]2 and .3 imply that

=0.

1
D e FOP (= x) ")

|a|>Ls]
1 a!
| | . la| . lal=|6]
< o(y;)Cgs) SUp —3 Yi
IQIZLSJ al yzap (@ =7)!

IA

0(y3)Cpys€ (18] + 1138y P

o(yf_w) asi — oo.

As for the first summand we conclude

hm Z Z —,Lt(“(f(O))aB((x xl) QOL(X)) dlSt(x K)IBI S=0

l>l(x) |_sJ<|oz|<L

which proves completes the proof of (6.3). The application of Proposition[2.15|and 2.16|
then implies E(F) € &*(L).
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To show the continuity of E : £79(K) — &*(R?), we first note that the operator E — E,
takes its values in .#°(K) = {g € & RY) : 0g(x) = Oforall x € K,|e| < |s]}. This
operator is continuous if we equip . *(K) with the topology of pointwise convergence,
which follows directly from the locally finite property of Whitney’s partition of unity.
Hence, using the closed graph theorem, we obtain the continuity of E — E; : &7 —
J*(K) with respect to the Fréchet space topology on .#°(K). The continuity of E; :
&7 — P5(L) permits to get positive constants C; such that |[E(F)|lls. < CllFlloes).x-
which completes the proof.

6.4 Examples

In the following we list examples of compact sets admitting an extension operator hav-
ing a loss of derivatives o # id.

6.10 Example. [. Forr > 1 we consider the following two dimensional cuspidal set
2 1 r r
K, = (x,y)eR:OSxSl,Ex <y<2x ;.

In the paper [|[FJW11)] of Frerick, Jordd and Wengenroth, the authors show in Ex-
ample 5 that this set fulfills LM 1(r) and therefore also the weaker form WLMI(r)
which is per definition fulfilled if and only if LMI(s) is fulfilled for each s > r.
The main result of this paper is that a compact set K C R fulfills this weaker
form of the local Markov inequality for some r > 1 if and only if K admits an
extension operator with a tame linear loss of derivative (for a general definition
of tame linear operators between Fréchet spaces see for instance [Vog87]), i.e.
for all e > 0 and n € Ny there exists a positive constant C, . > 0 such that for all
F € &(K) the following norm inequality holds

|E(F)|n < Cn,s”F”(r+8)n,K-

This result is generalized in appendix A to hold also for the real scale, i.e. the
following inequality is satisfied for each s > 0 and each convex and compact
LoK

”lE(F)I”S,L < CS,8||F||(V+8)S,K'

Therefore the above cuspidal set also admits an extension operator which is con-
tinuous on the real scale.

2. In Section 2.3 we already mentioned the results of Stein. He proved that if an open
set Q locally is the graph of a Lipschitz function, it is possible to construct an ex-
tension operator E which maps simultaneously all the Sobolev spaces W*P(Q)
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into WP(RY).  In [Bie78)] Bierstone could prove a generalization of this result
to a broader class of sets which he called Lipschitz domains. In order to briefly
introduce this class, we say that a function ¢ : R™" — R satisfies a Lipschitz
condition of order y with 0 < y < 1 if and only if there exists a constant C > 0
such that for all x,y € R the inequality |¢(x) — ¢(y)| < Cl|x — y| holds. Then
the open set {(x,y) € R? : y > ¢(x)} and rotations thereof are called Lipschitz
domains of class Lip y. The class Lip vy also contains all open sets which are
locally a graph of a Lip y function in the above sense. A set Q is locally the graph
of a Lip vy function if for all a € dQ the exists an open neighbourhood of U, of a
such that QN U, € Lip y. The result of Bierstone then reads as follows:

If X is the closure of some open set Q) € Lip vy, then there exists an extension
operator E : £(X) — € RY). Furthermore if % € N, then E can be constructed
such that for each L C R? compact there exists a K C X compact so that for each
m € N there is a C > 0 such that the following inequality holds for each F € &(X)

|E(F)lnz < CIF|2 .

Frerick proved in [FreO7b] a generalization of Bierstone’s result and could get
around the restriction that % € N. His extension operator fulfils the continuity

estimates
|ECE)|n. < ClFlpmk, (6.4)

where [2] denotes the smallest integer which is greater or equal than % Using
this result, he could show that the cuspidal sets of the form

K, ={(x,y)eR?:0<x<1,-x <y<x},

of which the interior is indeed € Lip vy, admit such an extension operator E and
furthermore, the continuity estimates are the best possible in the sense that
there cannot exist k € (y, 1] such that E fulfilled (6.4) with « instead of y.

3. A prominent example for a set admitting an extension operator not having a tame
linear loss of derivatives, was given by Goncharov in [Gon96]. The disjoint union

K::{O}UU

neN

1 1
bn - _bn’ bn _bn
20m oty

of shrinking intervals with b, = exp(—M") and M > 3. Goncharov showed in
his paper that this set does not fulfill LMI of any exponent but &(K) admits an
extension operator. By the main result of [FIW11|], this operator cannot be tame
linear.
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Open Problems

In this appendix we gather some questions which could not be solved in this work and
therefore offer an interesting outlook for future research on the topic of extension oper-
ators for spaces of Whitney jets.

1. We achieved in Chapter 6 a characterization of the existence of an extension oper-
ator on & (K) which has prescribed loss of derivatives. We found that the existence
of an extension operator can be characterized by the existence of measures on K
which locally approximate the entries of the Whitney jets on the boundary of K.
The quality of the approximation depends on the loss of derivatives. In the Chap-
ters 4 and 5, we gave characterizations of the existence for the special cases of
operators having no or a homogeneous loss of derivatives. Apart from the exis-
tence of measures on K, it is possible in these cases to find characterizations of
a more geometrical character, which are easier to verify for a given compact set.
The question arises, if such a property can found which gives a characterization
of the existence of extension operators having an arbitrary loss of derivatives.

2. Is there a ’universal’ loss of derivatives oy : [0,00) — [0, c0) such that for all
compact sets K € RY which admit an extension operator, there is 4 > 0 and an
extension operator E : &(K) — &(R?) with loss of derivatives Ac.

3. According to Example 1. in Section 6.4, the cuspidal set
2 1 r r
K. =¢(x,y)eR*:0<x< l,ix <y<2x;.
for r > 1 admits a tame linear extension operator with a loss of (r + &)s > 5. All

efforts to show that it is possible to get rid of the £ for r > 1, i.e. to show that a
loss of only rs — s can be achieved, failed so far. For the set

K::{(x,y)ERZ:Ostl,OSnyr},

71
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Bierstone already showed in [B1e78]] for r € N, that it admits and extension oper-
ator having a loss of o(n) = rn.



Bibliography

[Bie78]

[BM95]

[BMPO3]

[BMPO6]

[Cal61]

[Fal14]

[FefO6]

[FIW11]

[FIW16a]

Edward Bierstone. Extension of Whitney fields from subanalytic sets. In-
vent. Math., 46(3):277-300, 1978.

Len P. Bos and Pierre D. Milman. Sobolev-Gagliardo-Nirenberg and
Markov type inequalities on subanalytic domains. Geom. Funct. Anal.,
5(6):853-923, 1995.

Edward Bierstone, Pierre D. Milman, and Wiestaw Pawlucki. Differen-
tiable functions defined in closed sets. A problem of Whitney. Invent. Math.,
151(2):329-352, 2003.

Edward Bierstone, Pierre D. Milman, and Wiestaw Pawtucki. Higher-order
tangents and Fefferman’s paper on Whitney’s extension problem. Ann. of
Math. (2), 164(1):361-370, 2006.

Alberto P. Calder6n. Lebesgue spaces of differentiable functions and dis-
tributions. In Proc. Sympos. Pure Math., Vol. IV, pages 33—49. American
Mathematical Society, Providence, R.I., 1961.

Kenneth Falconer. Fractal geometry. John Wiley & Sons, Ltd., Chichester,
third edition, 2014. Mathematical foundations and applications.

Charles Fefferman. Whitney’s extension problem for C". Ann. of Math. (2),
164(1):313-359, 2006.

Leonhard Frerick, Enrique Jordd, and Jochen Wengenroth. Tame lin-
ear extension operators for smooth Whitney functions. J. Funct. Anal.,
261(3):591-603, 2011.

Leonhard Frerick, Enrique Jord4, and Jochen Wengenroth. Extension oper-
ators for smooth functions on compact subsets of the reals. arXiv preprint
arXiv:1611.06808, 2016.

73



74

[FIW16b] Leonhard Frerick, Enrique Jord4, and Jochen Wengenroth. Whitney exten-

[FreO7a]

[FreO7b]

[Gla58]

[Gon96]

[Jon81]

[JSW84]

[Mal67]

[Mit61]

[MV97]

[Oli54]

[P1e90]

[PP86]

[PP88]

sion operators without loss of derivatives. Rev. Mat. Iberoam., 32(2):377-
390, 2016.

Leonhard Frerick. Extension operators for spaces of infinite differentiable
Whitney jets. J. Reine Angew. Math., 602:123-154, 2007.

Leonhard Frerick. Stein’s extension operator for sets with Lip,-boundary.
Analysis (Munich), 27(2-3):251-259, 2007.

Georges Glaeser. étude de quelques algebres tayloriennes. J. Analyse Math.,
6:1-124; erratum, insert to 6 (1958), no. 2, 1958.

Alexander Goncharov. A compact set without Markov’s property but with
an extension operator for C*-functions. Studia Math., 119(1):27-35, 1996.

Peter W. Jones. Quasiconformal mappings and extendability of functions in
Sobolev spaces. Acta Math., 147(1-2):71-88, 1981.

Alf Jonsson, Peter Sjogren, and Hans Wallin. Hardy and Lipschitz spaces
on subsets of R". Studia Math., 80(2):141-166, 1984.

Bernard Malgrange. Ideals of differentiable functions. Tata Institute of Fun-
damental Research Studies in Mathematics, No. 3. Tata Institute of Funda-
mental Research, Bombay; Oxford University Press, London, 1967.

B. S. Mitjagin. Approximate dimension and bases in nuclear spaces. Uspehi
Mat. Nauk, 16(4 (100)):63-132, 1961.

Reinhold Meise and Dietmar Vogt. Introduction to functional analysis, vol-
ume 2 of Oxford Graduate Texts in Mathematics. The Clarendon Press,
Oxford University Press, New York, 1997. Translated from the German by
M. S. Ramanujan and revised by the authors.

H William Oliver. The exact peano derivative. Trans. Amer. Math. Soc.,
76(3):444-456, 1954.

Wiestaw Plesniak. Markov’s inequality and the existence of an extension
operator for C* functions. J. Approx. Theory, 61(1):106-117, 1990.

Wiestaw Pawtucki and Wiestaw Plesniak. Markov’s inequality and C* func-
tions on sets with polynomial cusps. Math. Ann., 275(3):467-480, 1986.

Wiestaw Pawtucki and Wiestaw Plesniak. Extension of C* functions from
sets with polynomial cusps. Studia Math., 88(3):279-287, 1988.



[PP89]

[Rog04]

[See64]

[Ste70]

[Tid79]

[Trill]

[Vog87]

[Whi34a]

[Whi34b]

[Whi34c]

75

Wiestaw Pawtucki and Wiestaw Plesniak. Approximation and extension of
C* functions defined on compact subsets of C". In Deformations of math-
ematical structures (LodZ/Lublin, 1985/87), pages 283-295. Kluwer Acad.
Publ., Dordrecht, 1989.

Luke G. Rogers. A degree-independent Sobolev extension operator. Pro-
Quest LLC, Ann Arbor, M1, 2004. Thesis (Ph.D.)-Yale University.

Robert T. Seeley. Extension of C* functions defined in a half space. Proc.
Amer. Math. Soc., 15:625-626, 1964.

Elias M. Stein. Singular integrals and differentiability properties of func-
tions. Princeton Mathematical Series, No. 30. Princeton University Press,
Princeton, N.J., 1970.

Michael Tidten. Fortsetzungen von C%-funktionen, welche auf einer
abgeschlossenen menge in R” definiert sind. manuscripta mathematica,
27(3):291-312, 1979.

Hans Triebel. Fractals and spectra. Modern Birkhduser Classics. Birkhduser
Verlag, Basel, 2011. Related to Fourier analysis and function spaces.

Dietmar Vogt. Operators between Fréchet spaces. preprint, 1987.

Hassler Whitney. Analytic extensions of differentiable functions defined in
closed sets. Trans. Amer. Math. Soc., 36(1):63-89, 1934.

Hassler Whitney. Differentiable functions defined in closed sets. I. Trans.
Amer. Math. Soc., 36(2):369-387, 1934.

Hassler Whitney. Functions differentiable on the boundaries of regions. Ann.
of Math. (2), 35(3):482-485, 1934.



List of Figures

4.1

Choice of x; for the Cantorset| . . . . . .. ... .. ...

A2

First steps 1n the construction of the Sierpinski triangle| . .

a3

Choice of x; and x, for the Sierpinski triangle] . . . . . . .

4

First steps 1n the construction of the Sierpinski tetrahedron|

76



	Introduction
	Preliminaries
	Some Basic Notations and Results
	Differentiable Functions on Closed Sets in the Sense of Whitney
	The Results of Whitney and Stein

	Generalized Extension Theorem of Whitney
	Statement of the Main Result
	Proof of the Main Result

	Extension Operators without Loss of Derivatives
	Statement of the Main Result
	Construction of the Measures
	Construction of the Extension Operator
	A Closer Look at the Continuity Estimates
	Examples

	Tame Linear Extension Operators
	Statement of the Main Result
	Proof of the Main Result
	A Modified Construction of Whitney's Operators

	Extension Operators with an Arbitrary Loss of Derivatives
	Statement of the Main Result
	Construction of the Measures
	Construction of the Extension Operator
	Examples

	Open Problems

