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Chapter 1

Zusammenfassung entsprechend § 8 der
Promotionsordnung

Im Rahmen dieser Abhandlung beschiftigen wir uns mit Triebel-Lizorkin-Morrey Rdumen,
Besov-Morrey Riumen und Besov-type Riumen. Sie alle gehdren zu den so genannten Glattheits
Morrey Rdaumen. Die Theorie dieser Funktionenrdume baut auf jener der heutzutage gut bekan-
nten Besov Riume B;, q(Rd) und Triebel-Lizorkin Rdume Fy , (R4) auf. Im Prinzip erhilt man
unsere Glattheits Morrey Rdume relativ einfach aus den Definitionen fiir die Skalen B, (R9) und
F, q(Rd ), indem man die Lebesguenorm dort durch eine Morreynorm ersetzt. Aus diesem Grund
ist die Definition der Morrey Raume sowie der dazugehorigen Quasinorm fiir diese Abhandlung
von zentraler Bedeutung. Sie lautet wie folgt.

Zentrale Definition 1. Morrey Riume.
Es gelte 0 < p < u < oo, Dann definieren wir die Morrey Rdume ///1’,‘ (R4) als Menge aller Funk-
tionen f € Lé”C(Rd), welche

Il @)= sup B ( [ 1) <o

yeRY >0

erfiillen. Hierbei wird das Supremum iiber alle Kugeln B(y,r) C RY mit Mittelpunkt y und Radius

r genomiern.

Die Morrey Rédume stellen eine Verallgemeinerung der klassischen Lebesguerdume dar und bilden
die Grundlage fiir die Definition unserer Glattheits Morrey Rdume. Fiir diese benétigen wir einige
Begriffe aus der Fourier-Analysis. So bezeichnen wir mit .% die Fourier-Transformation. .% ~!
ist die dazu inverse Transformation. Dariiber hinaus arbeiten wir mit einer glatten dyadischen
Zerlegung der Eins, abgekiirzt durch ()ren,. Basierend auf diesen Begrifflichkeiten ist es
nun moglich, die Besov-Morrey Riume .#*, (RY) sowie die Triebel-Lizorkin-Morrey Riume

d u’p7q
s .
& pg(RY) zu erkldren.

Zentrale Definition 2. Glattheits Morrey Raume.
Esgelte sc R, 0 < p <u<ocound0 < g < oo. Mit (Qx)ren, bezeichnen wir eine glatte dyadische
Zerlegung der Eins.
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(i) Dann definieren wir die Besov-Morrey Riume Ji{l‘pq(Rd) als Menge aller temperierten
Distributionen f € ' (R%), welche

1A R = (kzozk*w BT AL R <

erfiillen. Im Fall g = oo sind entsprechende Modifikationen notig.

(ii) Die Triebel-Lizorkin-Morrey Riume & , q(Rd) definieren wir als Menge aller Distributio-
nen f € /' (RY), fiir die

I upqaRd)H::H(k Y 295 g F 1)) s 8| < o

gilt. Auch hier sind im Fall g = o entsprechende Modifikationen notig.

Auf dhnliche Weise lassen sich auch die Besov-type Ridume Bj5(R?) definieren. Hier ver-
weisen wir auf Definition 23. Die gerade vorgestellten Glattheits Morrey Rédume stellen Ver-
allgemeinerungen der urspriinglichen Besov und Triebel-Lizorkin Rdume dar. So beobachten
wir A7, q(Rd )= (]Rd) und &, , q(]Rd) = Flfﬂ(Rd). Blickt man zuriick auf die Anfinge der
Besov und Triebel- leorkln Réume, so stellt man fest, dass diese urspriinglich mittels Differenzen
hoherer Ordnung beschrieben wurden. Man betrachte hierfiir etwa [89], [4] und [71]. Modernere
Differenzencharakterisierungen, wie sie sich zum Beispiel in den Theoremen 1 und 2 finden, sind
sehr iibersichtlich und beschreiben die Glattheits- und Integrierbarkeitseigenschaften der Skalen
B}, (R4) und F, (R4) auf anschauliche Art und Weise. Auch haben sie sich als niitzliches Hilfs-
mittel bei zahlreichen Anwendungen erwiesen. Aus all diesen Griinden ist es ein Kernziel dieser
Abhandlung, Charakterisierungen mittels Differenzen fiir die Rdume & , (R 4, i q(Rd) und
By (RY) herzuleiten. Diese sollen moglichst iibersichtlich sein und fiir einen méglichst groBen
Parameterbereich Giiltigkeit besitzen. Die bereits in der Literatur existierenden Resultate, siehe
Kapitel 4.3 in [144] sowie [116] und [29], sollen deutlich erweitert werden. Tatsichlich ist es
im Rahmen dieser Abhandlung gelungen, die folgenden Charakterisierungen zu beweisen. Fiir

x,h € R? und N € N bezeichnen wir mit Aﬁ’ f(x) die Differenz N—ter Ordnung fiir eine Funktion

f.

Satz 1. Charakterisierungen durch Differenzen.
Essei0<p<u<oound( < q < oo, Weiterhin sei N € N.

(i) Es gelte zusdtzlich
1
dmax (0,—1) <§s<N.
p

Dann gehirt eine Funktion f € LI“(RY) zu A}

u pq(]Rd) genau dann, wenn f € Llloc(Rd)

und
N = Mg+ (o] [ o] e |4’

endlich ist. Dariiber hinaus ist || - |45 (R?)|| ") eine ciquivalente Quasinorm. Im Fall

w2
q = oo sind entsprechende Modifikationen notig.



(ii) Es gelte zusdtzlich
1 1
dmax [0,——1,——1]) <s<N.
p q

Dann gehort eine Funktion f € L€ (RY) zu &

min(p.q) s o q(RY) genau dann, wenn f € Li*“(RY)

und
th)f,
1

I1625g ®ONO = L@+ (o[ iareolan)

d
AR
0.t
endlich ist. Dariiber hinaus ist || -|&; , . (R%)||(==) eine ciquivalente Quasinorm. Auch hier
sind im Fall g = oo entsprechende Modifikationen notig.

Fiir weitere Informationen sei auf die Theoreme 5 und 7 verwiesen. FEin analoges Resultat fiir
die Ridume B)5(RY) findet sich in Theorem 9. Besonders interessant an Satz 1 ist, dass er
auch fiir den anspruchsvolleren Quasibanachfall, also 0 < p < 1 und 0 < ¢g < 1, iibersichtliche
Charakterisierungen bereit stellt. Allerdings beobachten wir in diesen Fillen zusétzliche Ein-
schriankungen beziiglich des Parameters s. Diese sind uns von den urspriinglichen Besov und
Triebel-Lizorkin Rdumen wohl vertraut. Dennoch mag es auf den ersten Blick verwundern, dass
der neue Morreyparameter u in den Voraussetzungen an s nicht auftritt. Deshalb haben wir in
einem nichsten Schritt untersucht, ob die in Satz 1 auftretenden Voraussetzungen auch notwendig

sind. Zu diesem Zweck bezeichnen wir mit N;:}Z::I (R?) die Menge aller f € Lfg;xm 1)(}Rd ), fiir
die Hf]%fp,q(Rd)H(””“) < oo gilt. Analog ist Eft’fz::l(Rd) die Menge aller f € Lfg;x(pJ)(Rd) mit

(WAl p,q(Rd)H(l’”m) < co. Benutzen wir diese Notation, so erhalten wir das folgende Resultat
beziiglich der Notwendigkeit der Voraussetzungen.

Satz 2. Differenzen und notwendige Voraussetzungen.
Esseisc R 0< p<u<oound(0 < q< oo Weiterhin sei N € N.

(a) Dann gilt Jl{dfp’q(]Rd) # NZ’fZ:Zl (RY), falls einer der folgenden Fiille vorliegt.

(i) Esists <O.
(ii) Esist0<p<lunds<db(;—1).
(iii) Es ist entweder N < s mit(0 < g < oo oder N =5 mit(0 < g < oo.

(b) Es gilt 5;7p7q(Rd) + EZ]ZZI (RY), falls einer der folgenden Fiille vorliegt.

(i) Esists <O.

.. . 1

(ii)) Esist0 < p <1 unds<d§(5— 1).
(iii) Es ist ¢ < min(1,p) undsgd(é—l).
(iv) Esist N <smitQ < q<oooder N=smit(Q)<gq< oo

Fiir weitere Details betrachte man die Theoreme 10 und 12 sowie das komplette Kapitel 6. Ein
analoges Resultat fiir die Rdume B, 4(R?) findet sich in Theorem 13. Sicherlich beantwortet Satz
2 viele Fragen beziiglich der Notwendigkeit der in Satz 1 auftretenden Voraussetzungen. Den-
noch werden auch mit Satz 2 noch nicht alle Parameterkonstellationen abgedeckt. So kann fiir
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O0<p<lundd %(% —-1)<s<d (% — 1) noch nicht in jedem Fall entschieden werden, ob eine
Charakterisierung mittels Differenzen moglich ist oder nicht. Gleichwohl ist es uns fiir die Triebel-
Lizorkin-Morrey Rdume im Spezialfall p = g gelungen, mit Theorem 11 ein optimales Resultat zu
beweisen. Differenzencharakterisierungen fiir Glattheits Morrey Raume besitzen zahlreiche prak-
tische Anwendungen. Aus diesem Grund stellen wir im zweiten Teil dieser Abhandlung mehrere
weiterfiihrende Problemstellungen beziiglich unserer Glattheits Morrey Raume vor. Zu diesen
leiten wir dann durch das Arbeiten mit Differenzen neue Ergebnisse her. So haben wir zunéchst
die Glattheits- und Integrierbarkeitseigenschaften gewisser Testfunktionen untersucht. Exemplar-
isch konnen wir die Funktion

Jo(x) == y(x) x|

betrachten, wobei ¥ eine glatte Abschneidefunktion mit kompaktem Triger im Koordinatenur-
sprung ist. Fiir diese Funktion erhalten wir die folgende Aussage beziiglich der Zugehorigkeit zu

den Ridumen &, (RY).

Satz 3. Glattheitseigenschaften einer Testfunktion.
Es sei 0 < p<u<oo, 0<g<oounds> 0,, Dann gilt fo € é",j’p?q(Rd) genau dann, wenn
a+s<i.

Fiir dieses Resultat sei auf Lemma 42 verwiesen. Weitere Testfunktionen und deren Glattheits-
eigenschaften finden sich in Kapitel 9. Eine weitere sehr niitzliche Anwendung von Differenzen-
charakterisierungen fiir Funktionenrdume findet sich, wenn wir komplexe Interpolation mit zwei
Triebel-Lizorkin-Morrey Raumen durchfiihren wollen. Genauer gesagt sind wir an einer Beschrei-
bung fiir

[Cu.p0.00 ()G pr.an (R]o

Uo,P0,490 ?TULL,P1,91

interessiert, wobei mit [-,-]@ das Ergebnis von Calderdns erster komplexer Interpolationsmetho-
de bezeichnet wird. € ist ein beschrinktes Lipschitzgebiet. Im Zusammenhang mit dieser
Fragestellung spielen die Riume 2‘;‘ pa (R4) sowie die Charakterisierung derselben mit Hilfe von
Differenzen eine wichtige Rolle. Hierfiir sei auf Kapitel 8 und insbesondere auf Theorem 15
verwiesen. Des Weiteren benodtigen wir universelle Fortsetzungsoperatoren fiir Triebel-Lizorkin-
Morrey Riaume auf Gebieten. Diese haben wir in Kapitel 10 konstruiert, betrachte Theorem 17.

Mit diesen Hilfsmitteln ergibt sich dann das folgende Resultat, siche Theorem 18.

Satz 4. Komplexe Interpolation von Triebel-Lizorkin-Morrey Réidumen.
Es sei Q C R? entweder ein beschriinktes Lipschitzgebiet fiir d > 2 oder ein beschrinktes Intervall
fiir d = 1. Weiterhin sei

(a) 1< po<pi<eo, pg<ug<oo p; <up<oo;

(b) 1< q0,q1 < o0, min(qo,q1) < oo

(¢) pour = pruo;

(d) so,s1 > 0; entweder sy < s1 oder 0 < so =81 mit g1 < qo;

1._1-6,06 1._1-6,066 1._1-06, 06 .._(1_
(e) 0<®<1,;.— o Tor e = tur i = —i—ql,s.—(l 0®)so + Os;.
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Dann gilt

(00,00 () Gt g1 (Do = 61 ().

Weitere Untersuchungen haben ergeben, dass sich vergleichbare Interpolationsresultate auch fiir
andere Parameterkonstellationen nachweisen lassen. Man betrachte hierfiir Theorem 19. An-
dererseits hat sich gezeigt, dass manche der in Satz 4 zu findenden Voraussetzungen aber auch
notwendig sind, vergleiche dazu mit den Propositionen 23 und 24 aus Kapitel 11. Gewinnbring-
end lassen sich Differenzencharakterisierungen auch einsetzen, wenn es um die Untersuchung von
Eigenschaften der Operatoren

T*f = max(f,0) und Tf=|fl
geht. Hierbei soll f eine reellwertige Funktion aus einem Raum &; p7q(Rd ) sein. Mit £, p7q(Rd )
bezeichnen wir den reellen Anteil von & p’q(Rd ). Wir wollen dann herausfinden, unter welchen

Bedingungen an die Parameter eine von f unabhidngige Konstante C > 0 existiert, sodass

1T 1162 g RN < CIIFIEs 4 (RD)]

fiir alle f € E;_’pﬂ(Rd ) gilt. Mit 7* meinen wir entweder 7 oder 7. Beim Bearbeiten dieser
Fragestellung zeigt sich, dass es einen groflen Unterschied macht, ob man mit Dimension d =
1 oder d > 1 hantiert. Das liegt unter Anderem auch daran, dass die fiir die Riume Fpqu(Rd )
wohl bekannte Fubini-Property fiir die Triebel-Lizorkin-Morrey Rdume in vielen Fillen keine
Giiltigkeit besitzt. Fiir ndhere Informationen zu diesem Thema betrachte man Kapitel 12 und
insbesondere Lemma 51. Die Beschriinktheit der Operatoren T und 7 kann im Fall d = 1 mit
Hilfe einer Version einer Hardy-type Ungleichung bewiesen werden. Fiir d > 1 ist die Situation
deutlich komplizierter. Hier kann man auf so genannte Morrey Charakterisierungen fiir die Raume

Eup, q(Rd) zuriickgreifen. Insgesamt erhalten wir dann das folgende Ergebnis, siche Theorem 24.

Satz 5. Beschriinktheit von T und T™.
Esseil < p<u<oo, 1< qg<ocounds>0. Weiterhin gelte

p;él,q;éoound%—%>l—$ fiir den Fall s=1;
—1>1—$ fiir den Fall 1<s<min(1+%,1+%)undd>1;
fiir den Fall s = min(1 —i—%,l—i—%).

SlsS =
IA
&:

Dann existiert eine Konstante C > 0 unabhdingig von f € K , . (RY) sodass
1T £160 g RO < ClA1EL, (R

gilt, genau dann, wenn
1 d
s<min<l—|——,1+—).
p u
Die selbe Aussage gilt auch fiir den Operator T an Stelle von T™.

Ein analoges Resultat ergibt sich auch fiir die Besov-Morrey Ridume, betrachte Theorem 23. Ver-
gleicht man Satz 5 mit der Situation fiir die urspriinglichen Triebel-Lizorkin Rdume, sieche Theo-
rem 22, so ergibt sich fiir den Morrey Fall ein deutlich komplizierteres Bild. Allerdings ist die in
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Satz 5 auftretende Voraussetzung é — % >1- é hochstwahrscheinlich nicht notwendig und kann
bei Benutzung einer anderen Beweismethode moglicherweise weggelassen werden. Insgesamt
werden in der vorliegenden Abhandlung zahlreiche neue Erkenntnisse beziiglich Differenzen-
charakterisierungen von Glattheits Morrey Rdumen sowie deren Anwendungen présentiert. Den-
noch sind zu einigen der hier betrachteten Themen neue Fragestellungen und Probleme sichtbar
geworden, die Gegenstand weiterfiihrender Forschungen sein konnen. Die wichtigsten dieser neu
erkannten Aufgabenstellungen wurden als offene Probleme formuliert und an geeigneten Stellen
im vorliegenden Text aufgelistet.



Chapter 2

Introduction

2.1 Preface

Consider Triebel-Lizorkin-Morrey spaces, Besov-Morrey spaces and Besov-type spaces. They
all are representatives for Smoothness Morrey spaces. And they all are the center of attention
in this treatise. Nowadays function spaces, that sort functions and distributions with respect to
their smoothness and integrability properties, are quite popular. The topic has a long tradition
and is addressed in a large number of papers, articles and books. One important precursor for our
Smoothness Morrey spaces are the so-called Besov spaces By, , (R). They showed up the first time
between 1950 and 1960 and initially have been investigated by S.M. Nikol’skii and O.V. Besov.
For that let us mention the papers [89], [4] and [5]. Some years later around 1970 the Triebel-
Lizorkin spaces F); q(Rd) appeared the first time. They have been introduced by P.I. Lizorkin and
H. Triebel and primarily showed up in the articles [71], [72] and [126]. In the subsequent years
the properties of the spaces B;,VQ(Rd ) and F (RY) have been studied in detail by H. Triebel. In
connection with this he wrote several books, for example [128], [129], [131], [133] and [134].
The Smoothness Morrey spaces we intend to investigate in this treatise, are generalizations of the
well-known spaces Bfw(Rd) and F;q(Rd ). Roughly speaking we obtain them by replacing the
Lebesgue norm in the definitions of the Besov- and Triebel-Lizorkin spaces by a much more gen-
eral Morrey norm. Consequently the theory of our Smoothness Morrey spaces is based on that
for the original spaces B;q(Rd ) and F[;q(Rd). So in 1994 the Besov-Morrey spaces Jl{,‘fl,g(Rd )
have been introduced by H. Kozono and M. Yamazaki, see [64]. Later these spaces have been
investigated by A. Mazzucato in [79] in connection with Navier-Stokes equations. The Besov-
type spaces Bi,’}'] (R4) showed up the first time in 2002 in a paper written by A. El Baraka, see
[31]. Finally in 2005 also the Triebel-Lizorkin-Morrey spaces éif’pﬂ(Rd) arised. First investiga-
tions concerning these spaces have been made by L. Tang and J. Xu in the article [125]. Later
also the spaces &, M(Rd ) appeared in connection with Navier-Stokes equations, see for example
chapter 8.6. in [68]. In the recent years several mathematicians gave attention to the exploration
of the spaces f/iflfm(Rd ), Bpg(RY) and & pﬁq(Rd). Here let us mention W. Yuan, W. Sickel and
D. Yang. In their book [144] from 2010 a first systematical and comprehensive investigation of
the properties of the Smoothness Morrey spaces can be found. Later also H. Triebel gave special
emphasis to these spaces and collected their properties in his volumes [136] and [137]. Therein he

used a different notation and dealt with so-called Local and Hybrid Function Spaces. Moreover,
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we want to refer to D.D. Haroske and L. Skrzypczak. Sometimes also together with coauthors
they investigated the embedding properties of our Smoothness Morrey spaces and presented their
results in numerous papers, as for instance [48], [49], [50], [51] and [52]. In connection with the
Smoothness Morrey spaces we mentioned above, also some more function scales show up. So in
2008 the Triebel-Lizorkin-type spaces F,’; (R?) have been introduced D. Yang and W. Yuan, see
[138] and [140]. These function spaces are closely related to the Triebel-Lizorkin-Morrey spaces
&5 (R?). Moreover, under certain conditions on the parameters both scales even coincide. Usu-

,p.q
ally the spaces #,°, (R?), By, (RY) and &, (R?) are defined by using fourieranalytical tools

u, u

and a smooth dyadlljcq decomposition of the lfnqlty. This approach is very useful for proving el-
ementary properties of our Smoothness Morrey spaces. However, when we have a look at the
situation for the original Besov and Triebel-Lizorkin spaces, we notice, that their historical roots
can be found in characterizations in terms of differences. In fact, in [89] and [4], where the spaces
B, (R4) showed up primarily, they were described by higher order differences. And also for the
spaces Fps’q(Rd ) there existed characterizations via differences from the very beginning, see [71].
Later in his books [128], [129] and [133] H. Triebel gave special attention to this topic and proved
characterizations in terms of differences for the maximum range of parameters, see also the The-
orems 1 and 2. Such characterizations have many advantages. So they are relatively transparent
and describe the smoothness and integrability properties of the function spaces under investigation
in a very natural way. Characterizations via differences only use function values of a function f.
Fourier transformations or a smooth dyadic decomposition of the unity are not required. When
dealing with special test functions or in the context of certain applications, this means a significant
simplification. When the author started to work on this treatise, there already existed some first
characterizations by differences also for the new spaces .4;°, /(R 4), Byg(RY) and &° » q(Rd ) in the
literature. Here we want to mention the chapters 4.3 and 4.5 in [144] as well as the papers [116]
and [29]. However, especially for the cases p < 1 and ¢ < 1 many questions remained open there.
For that reason in this treatise it will be one of our main goals, to deduce equivalent characteriza-
tions in terms of differences for the spaces .4,*, ,(RY), By g(R?) and & , ,(R?), that are as simple
as possible and hold for a preferably large range of the parameters. Actually, in what follows we
plan to raise the level of knowledge concerning this topic to that we have for the original spaces
Bj,’q(Rd) and FI‘,"q(Rd). So in this treatise we proved the following characterization in terms of
differences for the spaces .4, q(Rd) and &, (R ). Let us mention, that by AY f we denote a
difference of order N € N and increment 4 € R? for a function f.

Main Result 1. Characterizations via Differences.

Let0 < p<u<ooand 0 < g <oo. Moreover let N € N.

(i) In addition we assume
1
dmax (0,— 1) <s<N.
p

Then a function f € Llpoc(Rd) belongs to N}, ,(R 4), if and only if f € LY°(RY) and

(modifications for q = o)
moo u —S u th
1A RN = g @+ ([ [ peoan] e | any

is finite. Furthermore || -| RY)|| ") is an equivalent quasi-norm.

upq(
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(ii) Assume
1 1
dmax | 0,——1,——1) <s<N.
p q

Then a function f € Lﬁ;’fn(p 0 (RY) belongs to &5, ,(RY), if and only if f € L\*“(R?) and

(modifications for g = o)

s dy (| (Imeo) . __ u (od ~ —sq—dq N qﬁ é
162 BN = Ut (o[ i reolam) ')

d
AR
is finite. Moreover || - |éaus’p1q(Rd) | (") is an equivalent quasi-norm.

More details concerning this result can be found in the Theorems 5 and 7. A similar character-
ization for the spaces B;;yZ(Rd ) is given in Theorem 9. One big advantage of Main Result 1 is,
that it also provides a lucid characterization for the more demanding quasi-Banach case, namely
0< p<1lor0<g< 1. However, in these cases some additional restrictions concerning the param-
eter s do appear. They are similar to those we observe for the original Besov and Triebel-Lizorkin
spaces. Nevertheless it might be surprising, that the new Morrey parameter u does not show up
in the conditions concerning s. Hence in a next step we investigated, whether the conditions that
can be found in Main Result 1, are also necessary. For that purpose by NEe (R?) we denote

u,p,q,1
the set of all £ € L[ | (RY), that fulfill || f|.4;, ,(R?)[| 1) < co. Similarly E}"V*| (R?) is the
set of all f € L'¢

(p,l)( ;P41
max(p.1) (R), such that || f|&} pa (R?)[|(=) < co, Using this notation, we obtain the

following result concerning the necessity of the conditions.

Main Result 2. Differences and necessary Conditions.
Lets c R, 0< p<u<ooand 0 < q<oo. Moreoverlet N € N.

(a) Then we have 4,7, ,(R?) # Nf;f;::l (RY), if we are in one of the following cases.

(i) Itis s <O0.
(ii) Itis O < p < land s <dB(} —1).
(iii) It is either N < s with 0 < g < oo or N =s with 0 < g < oo,

(b) We have éa,j’p’q(Rd) # E;’ﬁ:;’l (R4), if we are in one of the following cases.

(i) Itis s <O0.
(ii) Itis0<p<1ands<d§(%—1).

(iii) It is g < min(1, p) and s < d(; —1).

(iv) It is either N < s with) < g < ooor N =swith(Q < g < oo,
For more details we refer to the Theorems 10 and 12 as well as to chapter 6. A similar result
for the spaces B),5(R?) can be found in Theorem 13. Of course Main Result 2 answers a lot of
questions concerning the necessity of the conditions, that show up in Main Result 1. But also Main
Result 2 does not cover all possible parameter constellations. So for 0 < p < 1 and d %(% —-1)<

s<d (% — 1) in many cases we do not know, whether a characterization in terms of differences for
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our spaces is possible or not. Nevertheless for the Triebel-Lizorkin-Morrey spaces in the special
case p = g we were able to prove an optimal result, see Theorem 11. Characterizations in terms
of differences for Smoothness Morrey spaces have many useful applications. For example, in
some cases they give us the possibility, to investigate the smoothness and integrability properties
of certain test functions. For instance, we can deal with the function

Ja(x) == w(x) X%,

where v is a smooth cut-off function with compact support at the origin. For this function we

obtain the following result concerning its affiliation to the spaces &, q(Rd ).

Main Result 3. Properties of a Test Function.

Let0 < p<u<oo,0<g<ocoands> 0,4 Thenwe have fo € &

wpg(RY) ifand only if a5 < 4.

For more details we refer to Lemma 42. Further results concerning this and other test functions
can be found in chapter 9. Another very useful application for our characterizations in terms
of differences can be recognized, when we deal with complex interpolation of Triebel-Lizorkin-
Morrey spaces. More precisely, we are interested in

[Cu.p0.00 () Gl p1.ar (Pl

U0, 0,490 ui,p1,91

where [-,-]e denotes the result of Calderdn’s first complex interpolation method. Here Q is a
bounded Lipschitz domain. In connection with this topic the spaces g;;i », q(Rd ) and their charac-
terizations via differences play an important role. For that we refer to chapter 8 and especially
to Theorem 15. Moreover, we require universal extension operators for Triebel-Lizorkin-Morrey
spaces on bounded Lipschitz domains. We constructed such operators in chapter 10, see Theo-
rem 17. Using these tools we obtain the following result concerning complex interpolation, see

Theorem 18.

Main Result 4. Complex Interpolation of Triebel-Lizorkin-Morrey Spaces.
Let Q C R? be either a bounded Lipschitz domain for d > 2 or a bounded interval for d = 1.
Moreover let

(a) 1< po<pi<eo, po<upg<eo, p; <up < oo

(b) 1< qo0,q1 < oo, min(qo,q1) < oo,

(¢) pour = pruo;

(d) so,s1 > 0; either sy < s1 or 0 < sg =s1 with q1 < qo;

() 0<O<1, =104 2 1. 12048 1. 1= 9 5= (1-0)so+0Os.

Then we have

[gbf(?,po,qo (Q')v éausll,pl,ql (‘Q)]® = éa;,p,q(g) .

Similar interpolation results also can be proved for other parameter constellations. For that we
refer to Theorem 19. On the other hand it turned out, that at least some of the conditions, that can
be found in Main Result 4, are also necessary, see the Propositions 23 and 24 from chapter 11.
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Another advantageous application for our characterizations in terms of differences can be found,
when we investigate the properties of the operators

T f = max(f,0) and Tf=|f|

Here f is a real valued function from a space &;; p7q(Rd ). With E;, , . (R9) we denote the real part

of & p7q(Rd ). Then we want to find out, under what conditions on the parameters, there exists a

constant C > 0 independent of f, such that we have

1T 1162 g RN < CIIf1E 4 (RD]

for all f € E; , (R?). The symbol T* stands either for 7 or 7. When we deal with this ques-
tion, it turns out, that it makes a big different, whether we work with dimensiond =1 ord > 1.
One reason for this is the fact, that the Fubini-property, a well-known tool for the original spaces
F[f7q(Rd ), in many cases does not hold for the Triebel-Lizorkin-Morrey spaces. More details con-
cerning this topic can be found in chapter 12 and especially in Lemma 51. In the case d =1 the
boundedness of the operators T and T can be proved by using a Morrey version of a Hardy-type
inequality. For d > 1 the situation is much more complicated. Here we can apply so called Morrey
characterizations for the spaces &, _(R?). All in all we obtain the following result, see Theorem

u,p7q
24.

Main Result 5. The Boundedness of T and T™.
Let 1 <p<u<oo, 1 <g<ooands>0. Moreover assume

p;«él,q;éooand%—%>l—é for the case s=1;
—37>1—$ for the case 1<s<min(1+%,1—|—%)andd>l;
<d for the case s:min(1+%,1+%).

RSARSRSE L

Then there is a constant C > 0 independent of f € E;, pg(]Rd), such that we have

1T fl

d S d
”7Ps‘](R )” < CHf‘gu,p,q(R )Ha

if and only if
1 d
s<min(1+—,1+f).
p u
The same assertion is true with T instead of T™.

A similar result for the Besov-Morrey spaces can be found in Theorem 23. When we compare
Main Result 5 with the outcome for the original Triebel-Lizorkin spaces, see Theorem 22, we
observe, that the situation is much more complicated in the Morrey case. On the other hand the
condition % — % >1-— % in Main Result 5 seems to be of technical nature only. Maybe it can
be left away, when we use another method for the proof. Altogether in this treatise numerous
new findings concerning characterizations by differences for Smoothness Morrey spaces and their
applications are presented. But nevertheless there are still some open problems concerning that
topic, that may be subject of future research. Some of these unsolved issues are formulated and
listed in the course of this treatise.
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2.2 A short Summary of the Chapters

This treatise consists of a number of chapters. Most of them are divided into sections and sub-
sections. For convenience of the reader in what follows we will give a short summary for all
chapters.

Chapter 3. In this introducing chapter we provide the notation, we need for all later considera-
tions. For that purpose we also collect some well-known classical function spaces. This includes
the definitions of the original Besov spaces B), , (R4) and Triebel-Lizorkin spaces F, (R9) as well.

Chapter 4. Here it is our main intention, to give the definitions for the Besov-Morrey spaces
Ji{,fp_’q(]Rd) and the Triebel-Lizorkin-Morrey spaces éaus’p’q(Rd ). Moreover, also the Besov-type
spaces B4 (R?) and the Triebel-Lizorkin-type spaces F,; (R?) are defined. For all these spaces
some basic properties are collected. Most of them are already known, but will be important for
the proofs in the later sections. At the end of chapter 4 also some Hardy-Littlewood maximal

inequalities as well as some multiplier theorems are recalled.

Chapter 5. In this chapter it is our main goal, to prove characterizations in terms of differences

for the spaces éif,p.,q(Rd)’ ‘/thp-,q

abstract theory concerning function spaces developed by L.I. Hedberg and Y.V. Netrusov, see [53].

(RY) and B3 (RY). For that purpose in a first step we recall an

It turns out, that our Smoothness Morrey spaces fit into this theory. With this in mind we obtain
a characterization in terms of generalized ball means for the Triebel-Lizorkin-Morrey spaces. In
fact, we observe, that under the condition

1 1 1 11 1
dmax(O,—l,—l,—,—><s<N 2.1)
p g p vig v

the spaces &, q(Rd ) can be described via the equivalent quasi-norm

@y (e ) Y reoran) ) Lagucee

Y

see Theorem 5 for more details. For the Besov-Morrey spaces and the Besov-type spaces we
deduced similar results, see Theorems 7 and 9. Moreover, as a byproduct we also obtained so-

called Stein characterizations for the spaces &, q(Rd), see Theorem 6.

Chapter 6. This very technical chapter attends to the question, whether the conditions that can
be found in (2.1) are also necessary. For that purpose at first we prove the necessity of s > 0.
Here as tools also dilation operators and characterizations in terms of the Haar wavelet are used.
In a second step due to some embedding theorems we obtain the need of s > d %(% —1) and
s>d %(% - %) To prove the necessity of s > d (é — %), we investigate the properties of a random
function constructed by M. Christ and A. Seeger in [25]. From that we can derive results for some
of the other conditions as well. Finally we show the importance of s < N. Here we work with

special test functions and apply some ideas from P. Oswald, see Proposition 17.

Chapter 7. This short chapter serves as a first summary of the results we obtained so far. To this
end we combine the sufficient conditions from chapter 5 with the necessary ones from chapter 6. In
this context for some special cases we also obtain optimal results concerning the characterization
of our Smoothness Morrey spaces in terms of differences, see the Theorems 11 and 14. To illustrate

our findings, some (;;, s) - diagrams are presented in this chapter as well.
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Chapter 8. In this chapter the subject of interest are the diamond spaces g"u’ pa (R4) associated to
the Triebel-Lizorkin-Morrey spaces, see Definition 32. For them we collect some basic properties.
In doing so we also prove an alternative characterization of éaus qu(Rd ) in terms of Littlewood-
Paley decompositions. Moreover, a characterization by differences is provided, see Theorem 15.
Finally we study intersections of Triebel-Lizorkin-Morrey spaces. In this context the diamond

spaces show up in a very natural way.

Chapter 9. Here it was our intention to investigate the properties of some test functions. More
precisely we dealt with

Jo(x) == w(x) x| 7% and ha(x) == (1= w(x)) [x]7%,
where V¥ is a smooth cut-off function, that is compactly supported in a ball centered at the origin.
For these functions we figured out, under what conditions on the parameters they belong to our
Smoothness Morrey spaces. So for the Triebel-Lizorkin-Morrey spaces we observed

d d
fu €85 ,,RY) iff o+s< - and ha € &), (RY) iff ~<a

see Lemmas 42 and 46 for more details and explanations. Concerning the spaces e/iflfpg(Rd ) and
Bf,’fq(]Rd) there are similar results. For most of the proofs in this chapter the key tool was an

appropriate characterization in terms of differences.

Chapter 10. In this paragraph we constructed linear and bounded extension operators £ with

E: &,,0) — & (R,

M7p7q M7p,‘q

where Q is a Lipschitz domain. In fact, we were able to establish an extension operator E, which
works for all admissible parameter constellations simultaneously, see Theorem 17. Such an E is
called universal. For the proofs in this chapter we used some ideas from V.S. Rychkov, see [102].

Chapter 11. In this chapter we deal with complex interpolation of Triebel-Lizorkin-Morrey spaces
on domains. Actually, when [-,-]e denotes the result of Calderén’s first complex interpolation
method, we want to study the behavior of [0, ~(Q),&;, ~ (Q)]e, where Q is a bounded
Lipschitz domain. For that purpose we concentrate on those cases, where the Lemarié-Rieusset
condition pou; = puy is satisfied. Moreover, we accept the condition min(gg,q;) < oo as well as
some additional restrictions concerning the parameters so and s, see the Theorems 18 and 19 for

more details. Then for 0 < ® < 1 and

1 1-0 O 1 1-6 06 1 1-6 06
_1-0, 0 1 120,60 1_1-0,0" . (_em+os
p Po P1 u uo uj q q0 q1

we find

[éoljg,po,qo (9)7 (g};ll,pl,ql (Q)]Q = gbf,p,q (‘Q) (2.2)

The main ingredient for the proof are the results concerning intersections of Triebel-Lizorkin-
Morrey spaces from chapter 8. In the rear part of chapter 11 we also proved the necessity of some
of the conditions from Theorems 18 and 19. So for example we were able to show, that (2.2) does
not hold for Q = R, see Proposition 24.

Chapter 12. This very short paragraph is completely devoted to the Fubini property. For the
original Triebel-Lizorkin spaces Flffq(]Rd) the Fubini property is a well-known and very useful
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tool to reduce high dimensional problems to d = 1, see Lemma 50. However, we have to realize,

that for the spaces &, , , (R4) in most of the cases there is no direct counterpart. So we can prove,

that for d > 2 and

the spaces &, , q(Rd) do not have the Fubini property, see Lemma 51.

Chapter 13. Finally we investigated the behavior of the operators 7" f = max(f,0) and T f = |f]|
in the context of real valued Triebel-Lizorkin-Morrey spaces. More precisely we asked, under
what conditions on the parameters there is a fixed C > 0, such that we have

IT* 1162

w g RO < ClfIES, (R (2.3)

for all real valued f € & M(Rd ). Here T* stands either for T or T™. To answer this question, we
dealt with the cases d = 1 and d > 1 separately. For d = 1 we proved, that (2.3) holds, if

1
s<14+-—
u

is fulfilled, whereby for the special case s = 1 some additional conditions need to be accepted, see
the Propositions 26 and 29. Our main tool to show this is a Hardy-type inequality. In the case
d > 1 we obtained (2.3) for
s<min(1+l,1+g) and 1—1>l—l
p u

at what the second condition seems to be of technical nature only. Here for the proof we used so-
called Morrey characterizations for the spaces & , q(]Rd). For more details we refer to Proposition
28. We also deduced similar results for the Besov-Morrey spaces, see Theorem 23. Moreover, we
observed, that some of the conditions we just mentioned are also necessary, see Theorem 24 for
more details.

2.3 A Comment concerning Publications of the Author

Most of the results, that are presented in this treatise, already have been published. So in the last
few years the author wrote several papers, some of them also together with coauthors. We want to
mention at least the following publications.

(1) M. Hovemann, Besov-Morrey spaces and differences, Math.  Reports, in press.
arXiv:2010.10856 [math.FA]. See also [55].

Some results from this paper can be found in the chapters 5, 6 and 7.

(2) M. Hovemann, Triebel-Lizorkin-Morrey spaces and Differences, Math. Nachr., in press.
See also [56].

This article motivated the content of the chapters 5, 6 and 7.
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(3) M. Hovemann, Truncation in Besov-Morrey and Triebel-Lizorkin-Morrey spaces, Nonlinear
Analysis 204 (2021). See also [57].

This manuscript contains the ideas for our chapters 12 and 13.

(4) M. Hovemann, W. Sickel, Besov-Type Spaces and Differences, Eurasian Math. J. 11(1)
(2020), 25-56. See also [58].

The results from this paper became part of the chapters 5, 6 and 7.

(5) M. Hovemann, W. Sickel, Stein characterizations of Lizorkin-Triebel spaces, work in
progress, Jena, 2020. See also [59].

This manuscript is a modified version of the authors master thesis.

(6) C. Zhuo, M. Hovemann, W. Sickel, Complex Interpolation of Lizorkin-Triebel-Morrey
Spaces on Domains, Anal. Geom. Metr. Spaces 8(1) 2020, 268-304. See also [150].

The findings from this paper gained access to our chapters 8, 9, 10 and 11.
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Chapter 3

A short Collection of classical Function
Spaces

In this treatise our subject of interest are the Triebel-Lizorkin-Morrey spaces c?,jp’q(Rd), the

Besov-Morrey spaces z/I{A‘fmq(Rd) and the Besov-type spaces Bjo(R?). When we want to work
with such Smoothness Morrey spaces, we need a lot of notions from functional analysis, Fourier
analysis and the theory of function spaces. Moreover, we have to use terms from fundamental
analysis, measure theory and even from stochastic. Hence in this chapter we collect and explain
some notations and concepts, that will be important for us later. Moreover, at the very end of this
treatise in chapter 14 you can find a list with all symbols and abbreviations, that are used. For

most of them also further explanations or references are given there.

3.1 Basic Notations and Concepts

Let us start to recall some basic notations. As usual N denotes the set of all natural numbers, N
the set of all natural numbers and 0, Z the set of all integers and R the set of all real numbers. By
C we mean the set of all complex numbers. In this treatise d € N always stands for the dimension.
Then R? denotes the d-dimensional Euclidean space. For x € R? and ¢ > 0 we put

B(x,t):={yeR?: |x—y|<t}. (3.1)

Here |a| is the Euclidean norm of a € R?. For a set A C R? by A we denote the closure of A in
R?. By 0A we indicate the boundary of A. The symbol A® means R\ A. For two sets A C RY
and B C R? we write dist(A,B) = infyea yep |x —y|. Moreover, for a set A C R? we denote the
n-dimensional Lebesgue measure with n € N and n < d by A,(A). In the special case n = d often
we just write A;(A) = |A|. The symbol 0 refers to the empty set.

In the context of function spaces some special numbers show up. So forall p € (0, 0] and g € (0, ]
we write

| 11
6, = d max (0,7—1> and G, :=d max (0,7—1,7—1). 3.2)
p | P g

Moreover, for any s € R the symbol [s] denotes the integer part of s.
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In this treatise many functions will appear. Unless otherwise stated, all functions that show up, are
assumed to be complex-valued. That means, we consider functions f : R? — C. Often we have to
deal with equivalence classes of functions with respect to almost everywhere equality. However,
if such an equivalence class contains a continuous representative, then usually we work with this
representative and also call the equivalence class a continuous function. Relatively often indicator
functions of sets will show up. So for A C R? we define

]! if xcA;
A= if xdA.

Sometimes we will work with sequences of numbers or functions. For a sequence (a;,a2,as,...)
often we write {a;}_; or {a;} jey or just {a;} ; for short. By CN we denote the set of all sequences
of complex numbers. The sequence spaces [, are defined in the following way.

Definition 1. Sequence Spaces.
Let 0 < p < oo. Then the sequence space l, is a subspace of CN, that consists of all sequences

{a;} jen, that fulfill
o 1
abjenlipl = (X lal?) " <o
Jj=1

Moreover, the sequence space l.. is a subspace of CV, that contains all sequences {a i}jen with

{aj} jenlle|l := supa;| < ee.

JEN

For each quasi-normed space X by | - |X|| we denote the corresponding quasi-norm. For two
quasi-Banach spaces X and Y we write X — Y, if X C Y and the natural embedding of X into
Y is continuous. In what follows sometimes we also will deal with (linear) operators. Given
two quasi-Banach spaces X and Y, the operator norm of a linear operator 7 : X — Y is denoted
by | T|-Z(X — Y)||. The symbol .Z(X — Y) itself stands for the set of all linear and bounded
operators from X to Y. In the special case X =Y sometimes we write . (X) and ||T|.Z(X)|| for
short.
In this treatise many proofs will be based on inequalities. In connection with them often symbols
like C,Cy,c, ¢y ... show up. They stand for positive constants, that only depend on fixed parameters
and probably on auxiliary functions. Unless otherwise stated, their values may vary from line to
line. Sometimes we use the symbol < instead of <. Then A < B means, that there exists a positive
constant C, such that A < CB. In connection with that the symbol A ~ B will be used as an
abbreviation for A < B < A.
Hereinafter many terms and symbols concerning function spaces will play an important role. For
convenience of the reader most of them will be collected and explained in the next few sections.

3.2 Integrability, Smoothness and Derivatives

In this section we recall some basic terms concerning function spaces in connection with inte-
grability and smoothness. Most of the following notions should be well-known. Let us start our
repetition with the Lebesgue spaces.
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Definition 2. Lebesgue Spaces.
Let 0 < p < oco. Then we define the Lebesgue spaces Lp(Rd) as the collection of all measurable
functions f, that fulfill

1
I E) = ( [ 1rrdn) <o
In the special case p = oo the space L..(R?) is the set of all measurable functions f, such that

| £|Loo(RY) || := esssup| f(x)] < eo.

xeRd

There also exists a local version of the Lebesgue spaces.

Definition 3. Local Lebesgue Spaces.
Let 0 < p < oo. Then a measurable function f belongs to the local Lebesgue space Lﬁ,"c(Rd ), if

@ <o

for all compact sets K C R,

For two functions f,g € L;(R“) we define the convolution f * g by

(Fe9)@ = [ FO)ste=y)dy (3

Moreover, sometimes we use the abbreviation

(.8):= [ g G4

Consequently we also can write (f *g)(x) = (f,g(x—-)). Now let us continue our repetition with
function spaces that consist of smooth functions.

Definition 4. The Space C(R?).
The space C(R?) is the collection of all uniformly continuous functions f, that fulfill
IFICRY)|| = sup [ £(x)] < o.
xR
Letk € Nand i€ {1,2,...,d}. Then by d*f we denote the k—th derivative in direction i of a
function f. Now let @ = (a1, @, . .., 0t;) € N& be a multi-index. We write [ot| = o + 0 + ...+ Qy

and introduce the abbreviation

D*f=00y"...9yf. (3.5)

Definition 5. The Space C™(R?).
Let m € N. Then the space C"™(R?) consists of all functions f € C(R?), that have classical deriva-
tives D*f € C(RY) up to the order of |ot| < m and fulfill

IACm @)= Y, D% FICERY)] <.

lot|<m
In the case m = oo we define

C™(RY) == () C"(RY).

neN
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With the symbol C(R?) we denote the space of all functions f € C*(R), that are compactly
supported. Often such functions are called test functions. Sometimes we write Z(R?) instead of
Cg(R?). Strongly connected with C(R?) is the following function space.

Definition 6. The Schwartz Space.
The Schwartz space ./ (R?) is the collection of all functions f € C*(R?), such that for all o, €
N‘é we have

sup |x*DP f(x)| < o.
xeR4
It is not difficult to see, that Cy (RY) C .7 (RY). Very popular in the theory of function spaces are

the so-called Sobolev spaces. They contain functions having both smoothness and integrability
properties.

Definition 7. Sobolev Spaces.

Let 1 < p <o and m € N. Then the Sobolev space W;"(]Rd) is the collection of all functions
f € L,(RY), such that for the distributional derivatives we find D*f € L,(R?) for all @ € N& with
|a| < m. We write

AW, R = Y IDFIL, (RD)].

o[ <m

The Sobolev spaces are the initial point for many interesting function spaces. Some of them are
collected in the next section.

3.3 Function Spaces defined by Fourier Transform

When we work with Smoothness Morrey spaces, the Fourier transform is a very important tool.
For a function f € .7 (R%) the Fourier transform .% f and its inverse transform .% ~! f are given by

1 [ feeas.

ﬁf@): (277:)% (27_[)%1

/ f(x)e_ixédx and ﬁ_lf(x) =
]Rd

For f € .7 (R?) we observe #.Z ' f = f and . ~'.Z f = f. Moreover, the Fourier transform
is a linear isomorphism for the Schwartz space. In what follows we want to define the Fourier
transform for a much larger class of objects. Therefore we introduce the space of the tempered
distributions .7’ (R9).

Definition 8. Tempered Distributions.
The space of the tempered distributions .’ (R?) is the collection of all continuous linear function-

als T : (R — C.

The space . (R?) is the topological dual of .7 (R?). For T € .#’(R%) we can define the Fourier
transform by

(FT)(9):=T(79)

for all ¢ € .7(R?). .# and .Z ~! are continuous bijections on .7’ (R?). We can split up the space
Z'(R4) in two groups of distributions.
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Definition 9. Regular and Singular Distributions.
A distribution T € . (R?) is called regular, if there exists a function f € L'*°(RY), such that
T(9)= [ [f(x)¢(x)dx

R4

forall ¢ € Z(R?). A tempered distribution, that is not regular, is called singular.

Definition 9 allows us to identify regular distributions with functions. Many function spaces are
subsets of .#’(R?). Some of them are defined by using the Fourier transform. One example are
the so-called Bessel-potential spaces.

Definition 10. Bessel-Potential Spaces.
Let s € R and 1 < p < oo. Then the Bessel-potential space Hg(Rd) is the collection of all f €
S (RY), such that F (1 + | |2)S/2<9Zf(§)] (+) is a regular distribution and

7 E 2= 2 [0+ 16722 AN LR | <o

In some sense the Bessel-potential spaces are generalizations of the Sobolev spaces. So for 1 <
p <ooand m € N we find H [’,”(]Rd ) =W (R9) in the sense of equivalent norms, see the theorem
in chapter 2.5.6. in [128]. Therefore the spaces H, (R4) sometimes are called fractional Sobolev
spaces. Two important classes of function spaces, that are defined via Fourier transform, are the
Besov spaces and the Triebel-Lizorkin spaces. To give a precise definition we need a so-called
smooth dyadic decomposition of the unity.

Definition 11. Smooth dyadic Decomposition of the Unity.

Let y € C3(R?) be a non-negative function (called generator), such that y(x) =1 if |x| <1
and y(x) =0 if |x| > % Then we define a family of functions (@)ren, (called smooth dyadic
decomposition of the unity) by ¢y = v and for k € N by

o (x) := (po(Z_kx) — (p0(2_k+1x), xeR?.

A family of functions (@ )ken, like it is defined in Definition 11 has some special properties. So
for the supports of the involved functions we observe

suppr C {x e RY: 21 <y <321} kel (3.6)

Moreover, there is the identity
Y ou(x)=1, xeR% (3.7)
=0

The formulas (3.6) and (3.7) explain the name smooth dyadic decomposition of the unity. Later it
will be very important for us to deal with functions of the form .7 ~![@,.% f] with f € .7/(R?).
By the Paley-Wiener-Schwarz Theorem we find, that .% ~! [y .% f] is a smooth function for any
f €. (R?) and for all k € Ny. There is the following useful decomposition.

Proposition 1. Littlewood-Paley Decomposition.
Let f € ' (R?) and (@) ren, be a smooth dyadic decomposition of the unity. Then we have

=Y 7 o7 f]
=0

with convergence in . (R?).
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Now we are ready to define the Besov spaces.

Definition 12. Besov Spaces.
Letse€R,0< p<ocoand0< g < oo Let (p)ren, be a smooth dyadic decomposition of the unity.
Then the Besov space Bsp’q(Rd ) is the collection of all f € .#"(R), such that

17185 R | := (X 25917 [u L, (R 7)< o
k=0

In the special case q = oo the sum is replaced by a supremum.
Similar-looking, but a bit more complicated, is the Definition of the Triebel-Lizorkin spaces.

Definition 13. Triebel-Lizorkin Spaces.
Letse€R, 0< p<ooand0< g <eoo. Let (y)ren, be a smooth dyadic decomposition of the unity.
Then the Triebel-Lizorkin space F,, , (R?) is the collection of all f € .7'(RY), such that

ez 1= (X 20,7 g7 1))

LP(R"’)H < oo,

In the special case q = oo the sum is replaced by an essential supremum.

In some sense the Triebel-Lizorkin spaces are generalizations of the fractional Sobolev spaces. So
for s € R and 1 < p < oo we observe H;,(Rd) = F;’Z(Rd), see the theorem in chapter 2.5.6. in
[128]. The Besov spaces and the Triebel-Lizorkin spaces are strongly connected. In fact, for s € R
and 0 < p < e we find B;I,(Rd) =F,, (R%), see Proposition 2 in chapter 2.3.2. in [128].

Remark 1. The History of BS, ,(R?) and F; ,(R?).

The Besov spaces have been developed between 1951 and 1961. They were introduced by
Nikol’skii and Besov, see [89] and [5]. An early systematic collection of the properties of the
spaces By, q(Rd) written by Peetre can be found in [94]. The Triebel-Lizorkin spaces appeared the
first time around 1970. They were introduced by Lizorkin and Triebel, see [71], [72] and [126].
Early studies concerning these spaces also have be done by Peetre. Here we refer to [95]. Later
both scales By, , (RY) and F, q(Rd ) have been investigated in detail in the famous books of Triebel,
see [128], [129] and [133].

3.4 Function Spaces on Domains

Sometimes we will deal with function spaces that are defined on domains. Domains Q are open
subsets of RY. Many function spaces, that are defined on R?, have counterparts for domains. For
example, the Lebesgue spaces on domains are defined as follows.

Definition 14. Lebesgue Spaces on Domains.
Let 0 < p < oo and Q C RY be open. Then we define the space L, () as the collection of all
functions f, that are measurable in Q and fulfill

L@ = ( [ 1) <o
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Consistent with Definition 5 the symbol C7'(Q) = Z(Q) stands for the collection of all complex-
valued infinitely often differentiable functions with compact support in Q. With 2’(Q) we denote
the dual space of Z(Q), that consists of distributions. In what follows for all domains Q C R¢ and
g €.7'(R?) by 8|, We denote the restriction of g to Q. Now we are able to define function spaces
on domains for many spaces simultaneously.

Definition 15. Function Spaces on Domains.

Let X(RY) be a quasi-normed space of tempered distributions, such that X (R?) — .#'(R%). Let Q
denote an open, nontrivial subset of R%. Then X (Q) is defined as the collection of all f € 2'(Q),
such that there exists a distribution g € X(R?) satisfying

flo)=glep)  forall ¢cP(Q).

Here ¢ € 2(Q) is extended by zero on R\ Q. We put

| X @) =ine{ gl X®]|: g, =]

Popular examples for function spaces on domains are Besov spaces on domains and Triebel-
Lizorkin spaces on domains. Extensive explanations concerning that topic can be found in [133],
see chapter 1.11. Often it is enough to work with domains, that have boundaries, that fulfill some
smoothness properties. So nearly every domain that appears in this text is a so-called Lipschitz
domain. For the definition we follow Stein, see [122, VI.3.2].

Definition 16. Lipschitz Domains.
By a Lipschitz domain we mean either a special or a bounded Lipschitz domain.

(i) A special Lipschitz domain is an open set Q C RY lying above the graph of a Lipschitz
function ® : R = R, namely

Q:={(¥,xs) €eR: x; > 0()},
where o satisfies, that for all X', y € R~ we have
(<)~ ()] < AR~
with a positive constant A independent of x' and y'.

(ii) A bounded Lipschitz domain is a bounded domain Q C R?, whose boundary dQ can be
covered by a finite number of open balls By, such that for each k € N after a suitable rotation
dQN By is a part of the graph of a Lipschitz function.

For simplicity we shall use the convention, that a bounded Lipschitz domain in R is just a bounded
interval. Sometimes we work with domains having a boundary, that is much more smooth, so-
called C*— domains. Roughly speaking a C”— domain is a domain, whose boundary everywhere
locally can be described in terms of C*— functions. For a precise definition one may consult
chapter 3.2.1. in [128].
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Chapter 4

Smoothness Morrey Spaces: Definitions
and basic Properties

In this chapter we define our Smoothness Morrey spaces, namely the Triebel-Lizorkin-Morrey
spaces &, pg(Rd ), the Besov-Morrey spaces 4,7, . (R?) and the Besov-type spaces Bj4(R?). Fur-
thermore, for all these spaces we will collect some basic properties. Most of the knowledge, that
can be found in this chapter, is already well-known. But nevertheless it will be very important for

our later considerations.

4.1 Morrey Spaces

Smoothness Morrey spaces are function spaces, that are built upon Morrey spaces. Therefore in
this section we give a definition for the Morrey spaces and collect some basic properties of them.

Definition 17. Morrey Spaces.
Let 0 < p <u < . Then the Morrey space M, 3 (RY) is defined to be the set of all functions
fe Lﬁ,"‘(Rd), such that
1
IR = sup (B[ F( [ (flrdx)” <o
yeR? >0 B(y,r)
The Morrey spaces have been introduced in 1938 by Morrey, see [83]. They are quasi-Banach
spaces and also Banach spaces in the case of p > 1. Notice, that we obtain an equivalent quasi-
norm in Definition 17, when we replace the balls by dyadic cubes there. The Morrey spaces
are generalizations of the Lebesgue spaces. So for 0 < p < o we observe .} (R?) = L,(RY).
Moreover, for 0 < p; < p; < u < oo we have

L,(RY) = 4} (RY) — A} (RY) — a3 (R). 4.1)

However, for p # u the spaces .#), (R4) are much more complicated than the Lebesgue spaces.
Then we observe the following somehow unpleasant properties for the Morrey spaces:

e they do not have C3(R?) as a dense subspace;

e they are not separable;
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o they are not reflexive;

o they are not included in L; (RY) + L..(R?).

For the first two items we refer to Proposition 2.16 in [137]. The other facts can be found in
Example 5.2 in [110] and in section 6 in [43]. Much more knowledge concerning Morrey spaces
can be found in the comprehensive books [106] and [107].

4.2 Besov-Morrey Spaces c/lflfpg(Rd) and Triebel-Lizorkin-Morrey
Spaces &, (R?)

4.2.1 Definitions and historical Remarks

In this section we want to define the Besov-Morrey and the Triebel-Lizorkin-Morrey spaces. They
are the main subjects of this treatise. Already from the definitions we can see, that they are
generalizations of the Besov spaces and the Triebel-Lizorkin spaces.

Definition 18. Besov-Morrey Spaces.

Let sc R, 0<p<u<ocoand 0 < q < oo Let (Q)ken, be a smooth dyadic decomposition of
the unity. Then the Besov-Morrey space Ji{lfp’q(Rd) is defined to be the set of all distributions
f €. (RY), such that

1A g BD] = (X 2507 [0 a3 B 1) < o
k=0

In the case q = o the usual modifications are made.

Definition 19. Triebel-Lizorkin-Morrey Spaces.

Lets e R, 0< p<u<eocoand0 < q<oo. Let (Q)ren, be a smooth dyadic decomposition of the
unity. Then the Triebel-Lizorkin-Morrey space & , , (RY) is defined to be the set of all distributions
f €S (RY), such that

17165 g R = | (gﬂsqlﬁlmﬁf](ﬁc)lq); MR <.

In the case g = oo the usual modifications are made.

Sometimes we use the symbol <7; , q(Rd ) with o7 € {_#",&}. By this abbreviation we mean either

the Besov-Morrey spaces Ji{lfp7q(Rd ) or the Triebel-Lizorkin-Morrey spaces é”j7p7q(Rd ). In what

follows we will give a short overview about the history of both scales.

Remark 2. The History of the Spaces .4}, ,(R?) and &, (RY).

The Besov-Morrey spaces have been introduced by Kozono and Yamazaki in 1994, see [64]. Later
they were studied by Mazzucato, see [79]. In both papers the spaces N}, q(Rd ) appeared in con-
nection with Navier-Stokes equations. The Triebel-Lizorkin-Morrey spaces have been introduced
by Tang and Xu in 2005, see [125]. Later with a different notation they also showed up as Triebel-
Lizorkin-type spaces, see [138] and [140], and as Hybrid spaces, see [137]. An extensive and

systematically treatise concerning Smoothness Morrey spaces can be found in [144].
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Consistent with Definition 7 there also exist Morrey versions of the Sobolev spaces, the so-called
Sobolev-Morrey spaces. They are defined in the following way.

Definition 20. Sobolev-Morrey Spaces.
Let m € Nand 0 < p < u < co. Then the Sobolev-Morrey space W™ [’,‘(Rd ) is the collection of
all functions f € 4, (RY), such that all distributional derivatives D*f of order |at| < m belong to
//llﬁ’(]Rd). We put

Lfwmay R =Y, |D*f|.ay R

lot|<m

Later it will be convenient to use W0.2, [',‘(Rd ) =AMy (R9). In some sense the Sobolev-Morrey
spaces are special cases of the Triebel-Lizorkin-Morrey spaces. In fact, there is the following
identity.

Lemma 1. Sobolev-Morrey Spaces as Triebel-Lizorkin-Morrey Spaces.
Let1 < p <u<oeoandm € No. Then &", H(RY) = W™ i ;‘(Rd ) in the sense of equivalent norms.

Proof. This result can be found in [116], see Lemma 3.6. and Theorem 3.1. |

4.2.2 Basic Properties and Embeddings

In this subsection we collect some basic properties of the Besov-Morrey and Triebel-Lizorkin-
Morrey spaces. Most of them are already well-known and will be very important for our later
considerations. Let us start with the following elementary observations.

upq(Rd> and@@uqu( )

Letse R, 0< p<u<ocoand (0 < g < oo, Then the following assertions are true.

Lemma 2. Basic Properties of

(i) The spaces <;, q(Rd) are independent of the chosen smooth dyadic decomposition of the

unity in the sense of equivalent quasi-norms.

(ii) The spaces 4, q(Rd) are quasi-Banach spaces. For p > 1 and q > 1 they are Banach

spaces.

(iii) Let = min(1, p,q). Then we have
1 + &l RN < [1f17 g RN + g s o R

forall f,g € a7}, ,(R).

(iv) It holds .7 (RY) — o (R?) < 7'(RY).

u,p,q

(v) We have A5, (RY) =B, (RY) and &5, ,(R?) = F3 (RY).

(vi) For1 < p <u < e it holds ‘gi?pz( 4y = ///p”(]Rd).

Proof. (i) was proved in [125], see Theorem 2.8. The proofs of (ii) and (iii) are standard. We refer
to Corollary 2.6. in [64] and to Lemma 2.1. in [144]. (iv) was proved in [108], see Theorem 3.2.
and with slightly different formulation in [144], see Proposition 2.3. (v) is obvious, see Proposition
3.6. in [108]. (vi) was proved in [78], see Proposition 4.1. [ |
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Both the Besov-Morrey and the Triebel-Lizorkin-Morrey spaces have the so-called Fatou property.
It reads as follows.

Lemma 3. The Fatou Property.
Let se R, 0 < p<u <o and 0 < g <oo. Suppose that (fi)ken, is a bounded sequence in

%ipg(Rd). The limit f = limy_,c, f; exists in .7 (R?). Then we have f € %‘;pﬂ(Rd) and

R

A\
u,p,q

117 p o R < C sup || fil o,
keNy

Proof. This result can be found in [108], see Lemma 3.5. |

The parameter s in the definitions of the spaces %fp7q(Rd ) and &; M(Rd ) refers to the smoothness
of the involved functions. Roughly speaking larger s means higher smoothness. In the spirit of this

observation, there is the following equivalent characterization in terms of distributional derivatives.

Lemma 4. Characterization by Derivatives.
LetmeN, secR 0<p<u<oand0<g<oo. Then we have f € %fp7q(Rd), if and only if
the tempered distribution f and its distributional derivatives 8]'.” fwith je€{1,2,....,d} belong to

%ﬁ;f;’(]Rd). Furthermore the quasi-norms || f]%fm(Rd)H and

d
11yl RO+ Y 1197 f |7, (RY)|
j=1

u,p,q u,p,q

are equivalent.

Proof. This characterization can be found in Theorem 2.15 in [125] and in Corollary 3.4 from
[108]. |

It is very interesting to know, whether a function or distribution that belongs to a space 7, , , (RY)
has some integrability properties or belongs to a Morrey space. For that question beside from s

also the parameters u and p play a very important role. There are the following observations.

Lemma 5. Subsets of L'°°(RY). Non-Limiting Case I.
Lets c R, 0< p<u<ooand 0 < q< oo Then we find

s o . p
'Q{us,p.,q(Rd) - Lll)C(Rd) if s > ;Gp
and
. p
g (BY) £ L (RY) ;o s<Ze,
Proof. Lemma 5 can be found in [48], see Theorem 3.3. |

For the limiting case Lemma 5 can be supplemented as follows.

Lemma 6. Subsets of L'°(R?). Limiting Case I.
Let0 < p<u<oo,0<g<coands="Lo,

(a) Then for the Besov-Morrey spaces the following assertions are equivalent.
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(i) We have A}, (R?) C Li*(RY).

(ii) We have A5, (RY) — ///mw(w ).

(iii) We have 0 < g < min(max(p,1),2).

(b) For the Triebel-Lizorkin-Morrey spaces the following is equivalent.

(i) We have &5, ,(R?) C Li*“(RY).

(ii) We have &, (RY) — A0 (RY).

u,p,q max(p,1
(iii) We have either p > 1 withq <2o0or0 < p < 1.

Proof. For that we refer to [49], see Theorem 3.2 and Theorem 3.4. |

There exist related results for Smoothness Morrey spaces on domains. Let Q C R? be an open set.
Then it is possible to define the spaces .4;*, ,(Q) and & , () like it is described in Definition
15. For these spaces congenial to Lemma 5 and Lemma 6 we observe the following.

Lemma 7. Embeddings in L,(Q).
Lets€ER, 0< p<u<oo,0<g<ooandl <v<oowithp<v. Let Q C R? be a bounded C*—
domain.

(i) Then the embedding N,’, ,(Q) — L,(Q) implies s > d*%, <1% - %)

(ii) The embedding &, () — L,(Q) implies either

u7p7q
1 1 1 1
s>dp<—) or s:dp<—>andq§2.
u\p v u\p v

Proof. This result can be found in [51], see Proposition 5.3, and in [52], see Corollary 4.4. The
special case p = u was treated in Corollary 2 of chapter 2.2.4 in [101], see also [120]. |

The parameter ¢ in the definition of the spaces <7; M,(]Rd ) sometimes is called the fine index. It
seems to be less important than the other parameters. However, it may play a role, when you
investigate some limiting cases. There are elementary embeddings, which tell us, how the fine

index g behaves.

Lemma 8. Elementary Embeddings.
Letse R, 0< p<u<o,0< g<ooand€ > 0. Then there are the following embeddings.
(i) We have Z*TE(RY) — a7*  (R?) for 0 < r < oo,

u,p,r u,p.q

(ii) We have o, . (RY) — fdu‘;p’qz(Rd)forO <q1 < gy < oo

(iii) We have N*

u,p,min(p,q)

(RY) — & (RY) — A5 _(RY).

u,p,q U,p,o

Proof. These embeddings are standard and follow from the definitions. We refer to Proposition
3.6 in [108]. |
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Many more embedding results are known. For them we refer to [52]. For the spaces .4;°, /(R )

and &, q(Rd ) there exist some useful multiplier theorems. So on the one hand there is the fol-

lowing pointwise multiplier theorem.

Lemma 9. Pointwise Multipliers.
Let sce R, 0< p<u<ooand 0 < gq<oo Let m €N be sufficiently large. Then there exists a

positive constant C(m), such that for all g € C™(R?) and for all f € <} " q(Rd) we have

18l RO < Clom) (L IDgILea( R ) 117, 4 (R

|a|<m

Proof. This outcome can be found in [51], see Theorem 2.6. For more details one may consult
[103]. A related result is in [144], see Theorem 6.1. |

On the other hand there is the following Fourier multiplier theorem.

Lemma 10. Fourier Multipliers.
Lets e R, 0< p<u<ocoand 0 < g < oo Ifm € N is sufficiently large, then there exists a constant
C > 0, such that for all g € C*(RY) and f € o/} . q(Rd) we have

|7 (87 1112 g (RD) | < C sup sup (1+ 1) F DR (x)| [ £1:7; 50 (R

[Y|<mxcRd

Proof. To prove this finding, we follow the proof of Theorem 2.3.7. in [128]. Here the assertion
was proved for the special case p = u. Fortunately almost everything that is done there also can
be used for p < u. Instead of formula (2.3.6.20) from [128] we apply Proposition 2.12 from [125].
Then the desired outcome follows in the same way as in [128]. Notice, that a result similar to
Lemma 10 also can be found in [125], see Proposition 2.14. One may also consult [137], see
formula (3.259) from chapter 3.5.2. and Theorem 3.50. A forerunner of Lemma 10 for Morrey
spaces can be found in [75]. |

Sometimes it is helpful to know alternative characterizations for the spaces &, (R 4) and

C/I{,fpﬁq(Rd). One of them in terms of atoms can be found in the next subsection.

4.2.3 Atomic Decompositions for <7} , (R )

It is possible to describe the spaces @7, , q(Rd ) by means of atomic decompositions. Details con-
cerning this topic can be found in [97] and in [108]. A short summary of the main ideas also is
given in [48]. For j € Z and k € Z we define the dyadic cube Q;x =27/([0,1)¢ +k) By xjx we
denote the characteristic function of the cube Q. For 0 < u < o we put x(k) =2% x k- Now we

are able to explain what atoms are.

Definition 21. (K,L) - Atoms.

Letse R,O<p<u<ooand0< q<o. Let K € Ny and L € NgU{—1}. Then for j € Ny and
k € 79 a collection of Le.(R)-functions a;y is a family of (K,L) - atoms, if there are constants
C1 > 1 and Cy > 0, such that the following properties are fulfilled.

(i) We have suppa;; C C1Qj k.
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(ii) For|ot| <K all classical derivatives D%a; ;. exist and we have | D%a; ;|Loo(R%)|| < C2271%.

(iii) For |B| < L we have [gaxPa;i(x)dx = 0. In the case L = —1 this condition is empty.

N

s pg(RY), which are connected with

Moreover, we want to define the following sequence spaces a

the spaces <7, p’q(Rd ).

Definition 22. Sequence Spaces a;, M(Rd ).
Let s c R, 0<p<u<ooand Q< g<oo,

(i) Then the sequence space n37p7q(Rd) is defined to be the set of all sequences A =

{Aﬁk}jENmkezd C C, such that

Y el | @) <o

Jj=0 kezd

4105, o (B = (X 20

u,p.q

In the case q = o the usual modifications have to be made.

(ii) The sequence space ey, , , (R) is defined to be the set of all sequences A = {7LJ-7k}
C, such that

oo l
121€s g B = | (L2779 ¥ Aallf (0)7)
Jj=0 kezd

jeNgkezd &

///;(Rd)H < oo,

In the case q = oo the usual modifications have to be made.

. d . d d . . .
We write a;, , .(R?), when we mean either m;, , .(R9) or €;, , ,(R?). Using this notation, we can

formulate the following result, that can be found in [97], see the Theorems 2.30 and 2.36. One
may also consult [108], see Corollary 4.10 and Theorem 4.12.

Lemma 11. Atomic Decompositions for <7,; , q(Rd).
Let se R, 0< p<u<ooand 0 < g<oo. Let K€ Nyand L€ NyU{—1}, such that we have
K > max(0,s+1). Let

L > max(—1,0,—s)
for the N - case and
L>max(—1,0,,—>s)

for the & - case. Then for each f € fxz/bzp’q(Rd), there exists a family {aLk} of (K,L) -

atoms and a sequence A = {A;x } (R9), such that

jENg,keZd
S
jeNgkezd € Qupg
=Y Y Ajxaja
J=0kez4

with convergence in . (R?) and

12125, g R < Cll 1. p g R,

where Cy > 0 is independent of A and f. Conversely there exists a constant Cy > 0, such that for
all families {aﬁk} of (K,L) - atoms and all sequences A = {lﬁk} RY)
we have

S
jeNy kezd jeNokezd € Aupg

| X X Aisaje] o, R < Callnjay,, o (R
J=0kez4
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In other words Lemma 11 tells us, that it is possible to describe the spaces %7, , q(Rd ) only in
terms of atoms and without using the Definitions 18 and 19. To end this section let us mention,
that there also exist wavelet characterizations for the spaces under consideration. So descriptions
of &, q(]Rd) by smooth compactly supported Daubechies wavelets can be found in Theorem 4.1.
in [144] or in Theorem 3.26. in [137]. For characterizations in terms of the Haar wavelet we refer

to Theorem 3.41. in [137].

4.3 Besov-type Spaces B),(R?) and Triebel-Lizorkin-type Spaces
Fpg(RY)
4.3.1 Definitions and historical Remarks

Hereinafter we want to define the Besov-type spaces B;}L(Rd) and the Triebel-Lizorkin-type
spaces F,'q (R9). For that purpose we have to work with dyadic cubes. Let 2 be the collection of
all dyadic cubes in R¢, more precisely

2:={Qjx : Qjx=277([0,1)? +k) with j € Z and k € Z9} .
The symbol /(P) denotes the side-length of a cube P € 2. We write jp := —log, (/(P)).

Definition 23. Besov-type Spaces.
Let se R, 0< T <o0and 0 < p,qg <oo. Let (Q)ren, be a smooth dyadic decomposition of the
unity. Then the Besov-type space Bf;j, (R9) is defined to be the set of all distributions f € . (R?),

such that
1
2"“’ /|</ 7 fl(x )!pdx) )1<oo.

k= max (jr,0)

s, T (Tod _ 1
1185 = s (%

In the cases p = o and/or q = oo the usual modifications have to be made.

Definition 24. Triebel-Lizorkin-type Spaces.

Lets € R,0< T <o, 0< p<ooand0 < q< oo Let (Qx)ren, be a smooth dyadic decomposition of
the unity. Then the Triebel-Lizorkin-type space F,fj; (RY) is defined to be the set of all distributions
f €. (RY), such that

! S N7
NP\</< > 2k”!3*’1m9f1<x>|q) dx> <o,

i
1 1Eyg (R := sup
- k=max(jp,0)

In the case q = oo the usual modifications have to be made.
Sometimes we write A5 (R?Y) with A € {B, F'}, when we mean either B}, 5 (R?) or Fg(RY).

Remark 3. The History of the Spaces B, ,(R?) and F,q(R?).
The Besov-type spaces B;;,Z(Rd) have been introduced by El Baraka around 2002, see [31], [32]
and [33]. The Triebel-Lizorkin-type spaces Flfj; (RY) appeared the first time around 2008 in the
papers of Yang and Yuan, see [138] and [140]. A first systematic and comprehensive study of
the properties of both scales can be found in [144]. Later the spaces By4(R?) and Fyq(R?) also
showed up in [137] in connection with Hybrid function spaces.
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It turns out, that the spaces B (RY) and F,4(R?) are well-known, if 7 > %. So there is the
following observation.

Lemma 12. The Spaces B, y(RY) and F,;(RY) as Holder-Zygmund Spaces.
Lets € R.

(i) Let 0 < p < oo. Let either 0 < g < ooand T € (%,00) org=oand T € [%,OO). Then we have

. _1
ByL(RY) = B2 (RY)

in the sense of equivalent quasi-norms.
(ii) Let 0 < p < co. Let either 0 < g < ooand T € (%,oo) orq=ocoand T € [%,00). Then we have

sad(t—1L
Fpa(Rh) = BUZT7 ()

in the sense of equivalent quasi-norms.
Proof. This result can be found in [141]. We also refer to Proposition 3.5. in [116]. |

Inthecase 0 <7< % the spaces Fj; (R?) coincide with the Triebel-Lizorkin-Morrey spaces. More
precisely we know the following.

Lemma 13. The Coincidence of the Spaces F,;(R) and & M(Rd ).
Lets c R, 0< p<u<ooand 0 < g < oo Then we have

s 11
'poou d S d
Fl”é (R ) = éou,p,q(R )
with equivalent quasi-norms.

Proof. We refer to [144], see Corollary 3.3. |

For the spaces B),,(R?) the situation is different. For 0 < 7 < % in most of the cases they do not
coincide with the Besov-Morrey spaces. But then the definition of the Besov-type spaces can be
simplified a bit.

Lemma 14. Simplified Definition of B (R?).

Letsc R0O<p<oo, 0<T< % and 0 < g < oo. Let (@y)ren, be a smooth dyadic decomposition
of the unity. Then the Besov-type space By4(R?) is the set of all distributions f € ' (R?), such
that

-

11835 (RY)||® := sup
Pe2

;p(izk”( [17 o fiwpan)’)" <en

k=0

Moreover || -|By5(RY)|| and || - |By5(RY)||®) are equivalent quasi-norms on By 5 (R?). In the case
q = oo the usual modifications have to be made.

Proof. A proof can be found in [116], see Proposition 3.1. |

Let us finish this subsection with some comments concerning so-called Local and Hybrid function
spaces. Both scales are strongly connected with A;;L(]Rd).
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Remark 4. Local Function Spaces.

Let 0 < p<oo,0<g<oo,scRand—d/p<r<oo. Thenin [136] Triebel developed the so-called
Local spaces L Ay, q(Rd ), see chapter 1.3.1 in [136] for a definition. These spaces are related to
By (RY) and Fyg(RY). Sofors € R,0< p<oo,0< g<oo, —d/p<r<ocoandt=1/p+r/dwe
have A>®  (RY) = K’Aspﬂ(Rd), see [145] and Theorem 2.57 in [136]. The space A%® . (R9)

p,q.unif p,q.unif
is defined to be the collection of all distributions f € .'(RY), such that

sup || f()W(- — )45 (R < .
AER4

Here ¥ € C3(RY) is a non-negative function, such that ¥(0) # 0.

Remark 5. Hybrid Function Spaces.

Let 0 < p <o, 0< g<oo, sc€Rand —d/p < r <oo. In[137] Triebel introduced the so-called
Hybrid spaces LA}, , (R9), see chapter 3.3.1 in [137] for a definition. These spaces are strongly
connected with By y(R?) and Fpg(R?). Sofor0 < p <o, 0< g<oo, s€R, —d/p <r < oo and
T=1/p+r/d we have LrA;q(Rd) = A} (RY), see Theorem 3.38. in [137].

4.3.2 Basic Properties and Embeddings

Hereafter we collect some basic properties of the spaces A;;Z(Rd ). Most of them are already
well-known and will be important for us later.

Lemma 15. Basic Properties of A, (R?).
Letse R, 72>0,0< p<oo, 0< q<ooande > 0. Then the following assertions are true.

(i) The spaces A?Z(Rd) are independent of the chosen smooth dyadic decomposition of the
unity in the sense of equivalent quasi-norms.

(i) The spaces Ayy(R?) are quasi-Banach spaces.
(iii) Let 6 :=min(1, p,q). Then we have
£ + gl RN < [ 71455 R + llglAyT R
forall f,g € Ay (RY).
(iv) We have .7 (R?) — A5 (RY) — 7' (RY).
(v) The scale A} 4(RY) is monotone with respect to q, namely if q1 < qo, then Ayy (RY) —
A;’ZZ (Rd)'
(vi) The scale Ayg(RY) is monotone with respect to s, namely for all q1,q2 € (0,] we have
Apa " (RY) = A5, (RY).
(vii) It holds Ajg(RY) = A3, ,(RY).
Proof. For most of the proofs we refer to [144]. In particular, (i) can be found in Corollary 2.1,

for (ii) and (iii) we refer to Lemma 2.1 and (iv) is proved in Proposition 2.3. Parts (v) and (vi) can
be found in Proposition 2.1. Part (vii) is obvious. |
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In view of Lemma 12 and Lemma 13 in what follows we concentrate on the Besov-type spaces
By5(RY) with T < 1/p. Later it will be interesting to know, under which restrictions on the
parameters a space B;,Z (R4) contains singular distributions and under which conditions it does
not. The following result was proved in [48], see Theorem 3.6.

Lemma 16. Subsets of L'°°(R?). Non-Limiting Case II.
Let sc R, 0< p<oo, 0<T< % and 0 < g < oo. Then the following assertions are true.

(i) Leteithers>0and p>1ors> d(% —1)—dt(1—p)and p < 1. Then we have By g(RY) C
LZOC(Rd)
| .

(ii) Let either s <Qandp>1ors< d(% —1)—dt(1—p) and p < 1. Then we have By 3 (R?) ¢
Llloc(Rd)‘

There also is a result concerning the limiting cases, see Theorem 3.8. in [48].

Lemma 17. Subsets of L'°(R?). Limiting Case II.
Let s =0,0<p <o, 0<T< % and 0 < g < co. Then we observe B&Z(Rd) ¢ L'¢(RY), if we are
in one of the following cases.

(i) We have p > 2 and q > 2.

(i) We have 1 < p <2 and g > pmax(l, 7).

For p < 1 this can be supplemented as follows.

Lemma 18. Subsets of L'?°(R?). Limiting Case III.
Let0<g<p<1l,0<71< % and s = d(% — 1) —dt(1 — p). Then there exists a constant C > 0,
such that

L IL1 R < C1f1By5 (RY)]] (4.2)
forall f € By5(RY) with supp f C [—1,1]4.

Proof. In Theorem 3.8 in [48] it is proved, that under the given restrictions we have B3 (R?) C
Lll”" (R4). Looking into the details of the proof we find, that one can sharpen this result as stated
above. |

A short summary for the Lemmas 16, 17 and 18 reads as follows. We observe, that the line
s =s(p,7) with

d(%—l)—dt(l—p) if 0<p<l;
s(p,7):=
0 if 1<p<eo;
represents the barrier for singular distributions within the scale B} 5 (R?). To extend this observa-

tion we can formulate the following result for Besov-type spaces B),5(Q) on domains. They are
defined as it is described in Definition 15.
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Lemma 19. B, (Q) and L,(Q).
Letse R, 0<p<oo, 0<T< % and 0 < g < oo, Let max(p,1) < v < oo. Let Q C R? be a bounded
C”— domain. Then the following assertions are true.

(i) If s > d(% — 1y —dt(1—2), then we have By4(Q) < L,(Q).
(ii) If s < d(% — 1) —dt(1—2), then we observe By (Q) ¢ L,(<Q).

Proof. This outcome can be found in [37]. |

Like for the spaces 7, M(R”’) also for the Besov-type spaces there exist some useful multiplier

theorems. For example, there is the following observation for pointwise multipliers.

Lemma 20. Pointwise Multipliers for B);(R¢).

Let se R, 0< p<oo,0<T< % and 0 < g < oo, Let m € N be sufficiently large. Then there exists

a positive constant C(m), such that for all g € C"(R?) and all f € By5(R?) we have
1f-gByo R < Cm) || g|C" (R || f 1By 5 (RY)]I-

Proof. A proof of this multiplier theorem can be found in [144], see Theorem 6.1. |

4.4 A Collection of useful Inequalities

In this section we collect some inequalities, that can be used in order to work with Smoothness
Morrey spaces. At first we want to have a look at so-called Hardy-Littlewood maximal inequali-
ties. For that purpose below we define the Hardy-Littlewood maximal function.

Definition 25. Hardy-Littlewood Maximal Function.
Let f € Ll{"' (RY). Then the Hardy-Littlewood maximal function is defined by

1
MF0) = sup e [ 1Oy

forall x € R4,

Using this notation we can formulate the Hardy-Littlewood maximal inequalities for Smoothness
Morrey spaces.

Lemma 21. Hardy-Littlewood Maximal Inequalities.
(i) Let 1 < p <u < oo. Then there is a constant Cy > 0 independent of f € Lll"c(Rd ), such that

M|y (R < Cull |25 (RY)]].

(ii) Let 1 < p<u<ooandl < q<o. Moreover (fj);":O is a sequence of locally Lebesgue-
integrable functions on RY. Then there is a constant Cy > 0 independent of (f j)j-‘;o, such
that

(5 pasr)
Jj=0

In the case q = o the usual modifications have to be made.

Ay < (i)

///;(Rd)H.
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(iii) Let 1 <p <o, 0<T< % and 0 < g < oo, Let (fj);‘;o be a sequence of locally Lebesgue-
integrable functions on RY. Then there is a constant C3 > 0 independent of (f j);"zo, such
that

.1

i /yf, rax) )",

J=0

sup —— /] (fi) \”d) ) < Cssup ——
s (% j i

Pe2

In the case q = o the usual modifications have to be made.

Proof. (i) can be found in [27], see also Theorem 6.19 in [105]. (ii) was proved in Lemma 2.5 in
[125]. For (iii) we refer to Proposition 2.3 in [151]. |

Another group of interesting inequalities are multiplier theorems for functions with a compactly
supported Fourier transform. Recall, that H; (R4) are the Bessel-potential spaces defined in Defi-
nition 10.

Lemma 22. Multiplier Theorem for band-limited Functions.
Let0 < p<u<ocoand < q<oo. LetR>0and f € //l[',‘(Rd) N7 (RY) with supp.Z f C B(O,R).

(i) Letn >0andv > % +4. Let h € HY (RY). Then there is a constant Cy > 0 independent of
R, h and f, such that

[ 17 =) () < C (R | (R (ML) (6) 7

for all x € R,

(ii) Let v > mm(l 2 + and h € H) (RY). Then there is a constant Cs > 0 independent of R, h

and f, such that

d — u u
|em? [ 7 hte =) fo)dy | ()| < ol 113 @) | 1715 (8.
(iii) Let v > m % and hj € HY (R?) for each j € Ny. Let R; > 0 for each j € Ny and
(fi)7=0 be a sequence of functions with (f;)7_9 C .///“(Rd) N.7"(R?) and supp Z f; C

B(0,R;) for each j € Ny. Then there is a constant C3 > 0 independent of any R;j,h; and
fj» such that

(£ Jont [ # micnsioa])
<el(£ >

oY)

B®Y|| sup [lny(Ry) H3 (R

J€Ny
In the case g = oo the usual modifications have to be made.

Proof. This result can be found in [108], see Theorem 2.4. One may also consult Theorem 2.7 in
[125]. |
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4.5 Some further related Function Spaces

To complete chapter 4 we want to mention, that in the last few years several modifications of the
original Morrey spaces from Definition 17 showed up in the literature. At first let us refer to two
monographs written by Besov, I1’in and Nikol’skii, see [7] and [8], and to a paper from Netrusov,
see [87]. There the authors modified the Morrey spaces in such a way, that they replaced

1
1_1 ?
wp (B0l ([ Il

yeR4 >0

by

1_1 1

sup min(l,]B(y,r)\)u_p(/B(W) \f(x)]"dx);.

yERY r>0

Another modification, the so-called local Morrey-type space, was investigated in a work from
Burenkov and Nursultanov, see [20], as well as in a paper from Burenkov, Chigambayeva and
Nursultanov, see [21]. For generalized Morrey spaces, where |B(y, r)| 7 was replaced by a func-
tion @(y,r), we refer to the works written by Mizuhara [82], Nakai [85] and Nakamura, Noi and
Sawano [86]. Much more knowledge concerning generalized Morrey spaces also can be found in
[107]. All the modified Morrey spaces we just mentioned allow to define versions of Smoothness
Morrey spaces, what enlarges the number of existing function spaces a lot. But nevertheless in

what follows most of the time we will deal with the spaces &;; p’q(Rd ) J{lfp’q(Rd ) and B (R).



Chapter 5

Equivalent Characterizations via
Differences

In this chapter it is our main goal, to prove equivalent characterizations in terms of differences for

the spaces & , ,(R), A5,

to function spaces developed by Hedberg and Netrusov, see [53]. It turns out, that our Smoothness

(RY) and B}, (R?). For that purpose we will use an abstract approach

Morrey spaces fit into this theory. With that in mind, we are able to prove characterizations in terms
of generalized ball means of differences for the function spaces under consideration. Moreover, as
a special feature we will obtain so-called Stein characterizations for the Triebel-Lizorkin-Morrey
spaces. Let us mention, that most of the results from this chapter also can be found in the author’s
papers [55], [56] and [58].

5.1 Differences: Definition and classical Results

One central term in this treatise are differences of first and higher order. Therefore in this section
we collect some general knowledge concerning this topic. Let us start with a definition.

Definition 26. Differences.
Let f : R? — C be a function and let x,h € R%. Then the difference of the first order is defined as

ALf () =[x+ h) = £(x).
For N € Nwith N > 2 the difference of order N is given by
A F) = (8 (871)) ().

Often it is more convenient, to work with an explicit formula for the differences of higher order.
The following result is well-known and can be proved by induction, see also chapter 2.7 in [28].

Lemma 23. Explicit Formula for Differences.
Let f : RY — C be a function. Let x,h € R? and N € N. Then we have

N
AV F(x) = X (1) (’Z) F(r+kh).

k=0
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If f is a smooth function, the difference of order N is strongly connected with the derivatives of
order N. So there is the following very useful observation.

Lemma 24. Differences and Derivatives.
Let x,h € R and N € N. Let f € CN(R?). Then there is a constant C > 0 independent of f,x and
h, such that

A £ ()] < CJR[N max  sup [DYf(y).
[YI=N |x—y| <N/

Proof. This estimate is well-known and can be proved using the Mean Value Theorem. It appears
in the literature many times, see for example formula (4.28) on page 91 in [144]. |

As already mentioned differences are a suitable tool to describe our Smoothness Morrey spaces.
So for the original Besov spaces and the Triebel-Lizorkin spaces characterizations in terms of
differences are known since many years. For B), q(Rd) there is the following result.

Theorem 1. Besov Spaces and Differences.
Let 0 < p < oo, 0 < g <ocoand N € N. Assume

dmax(O,;—1)<s<N. (5.1)

Then By, , (RY) is the collection of all f € Lmax(pyl)(Rd), such that

an
I B+ ([, 1 1Y 1Ly R ) < e

with equivalent quasi-norms. In the case q = oo the usual modification has to be made.

Proof. For the proof we refer to [88, 4.3.4], chapter 4 in [8], Theorem 2.5.12 in [128] and Theorem
3.5.3in[129]. |

The corresponding result for the Triebel-Lizorkin spaces F;, , (R9) reads as follows.

Theorem 2. Triebel-Lizorkin Spaces and Differences.
Let 0 < p <oo, 0 < gq<ooandN € N. Assume

|
dmax(O,——l,f—1)<s<N. (5.2)
P g

Then Flfyq(]Rd) is the collection of all f € Lyax(p,1) (R4), such that

S [ A G @ NONan) L) 1, () | <

with equivalent quasi-norms. In the case q = o the usual modification has to be made.

Proof. This characterization can be found in section 2.5.11 in [128], in Theorem 3.5.3 in [129]
and in chapter 1.11.9 in [133]. |
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Let us mention, that except from some limiting cases, the conditions concerning the parameters,
that can be found in the Theorems 1 and 2, are known to be necessary. Many more information
to this are given in chapter 6. In what follows we want to find generalizations for the Theorems
1 and 2, to describe the spaces éjf’p’q(Rd), Ji{{fp,q(Rd ) and B} (RY). For that purpose roughly
speaking we have to replace the Lebesgue quasi-norm by the (maybe somehow modified) Morrey

quasi-norm. More details concerning that can be found in the next sections.

5.2 The Theory of Hedberg and Netrusov

There exist a lot of different methods, to prove characterizations in terms of differences for
Smoothness Morrey spaces. Here we want to use an abstract approach from Hedberg and Netrusov.
In [53] they developed a general theory to describe function spaces, that are related to Besov and
Triebel-Lizorkin spaces. This approach can be applied, to deduce characterizations for Smooth-
ness Morrey spaces in terms of differences. To sketch the main ideas of Hedberg and Netrusov,
below we will give a short summary of chapter 1 from [53]. The starting point for the theory of
Hedberg and Netrusov are quasi-Banach spaces of sequences of functions, denoted by E.

Definition 27. Sequence Spaces E.
Let E be a quasi-Banach space of sequences of Lebesgue-measurable functions on R¢. Then on E

we define a non-negative function || - ||z, which satisfies the following conditions.

(i) ||+ || has the same properties as a norm, except for the triangle inequality, which is replaced
by the following property. There exist constants K with 0 < Kk < 1 and Cg > 1, such that for
any family {F,-}{:O of elements in E and any j € N one has the inequality

K J
S <Y IR
i=0

|5

(ii) The metric space (E,|| - ||g) is complete.

(iii) If{fi};—o € E and {gi}r, is a sequence of measurable functions, such that |g;| < |f;| almost
everywhere for all i € Ny, it follows, that {g;};—, € E and ||{gi}i—ollz < H{fi}ieoll -

Based on this definition Hedberg and Netrusov introduced the classes S(&;,€_,r) of spaces E with
€1,6- € Rand 0 < r < o. To describe them we need some additional notation. For a sequence of
functions { f;};~, we define the left shift S, and the right shift S_ by

S+ ({fitilo) = {fir1 }ilo and S-({fitilo) ={fi-1}ilo (5.3)

with f_; = 0 for all i € N. Moreover, for 0 < r < o and ¢ > 0 we define the maximal function
M, f and the operator Mnt by

o (070 = O, = ([ )Y
i (0= o = {sw (o [ BETRr0) ) o

Now we are able to give the following definition.
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Definition 28. The Classes S(e,,e_,r,1).
Lete, e € R, 0<r<ecoandt>0. We say, that a space (E,|| - ||g), which has all the properties
from Definition 27 belongs to the class S(€;,€_,r,t), if the following conditions are satisfied.

(i) The linear operators S+ and S_ are continuous on E and there are constants C1,Cy > 0
independent of j € N, such that we have

IS )| ZE) <Ci27  and  |[(S-)|Z(E)|| < G227

(ii) The operator Mnt is bounded on E and there is a constant C > 0 independent of { f,-};-io,
such that ||{M, f; ?Q:OHE <CIH{fi}:ollg -

We put S(ey,e_,r)= U S(ey,e_,n1).

t>0
In a next step Hedberg and Netrusov introduced function spaces denoted by Y (E), that are built
upon the sequence spaces E. They are defined in the following way.

Definition 29. The Spaces Y (E).

Let €,,e_ € R and r > 0. Moreover let E € S(€,,€_,r). Then the space Y (E) consists of all
distributions f € .#'(R%), which have a representation f = Y=, f; converging in .'(R%), such
that we have ||{f;}i- || z < oo and supp .Z fo C B(0,2) as well as supp.Z f; C B(0,2""1)\ B(0,2"~ 1)
forallieN.

We put

1Flly(e) == inf[{fi}iZoll »
where the infimum is taken over all admissible representations of f as described in Definition 29.
Then || f|ly () is a quasi-norm and Y (E) becomes a quasi-normed space. It was one of the main
goals in [53], to prove equivalent characterizations for the spaces Y (E). In this context Hedberg
and Netrusov also found a characterization for Y (E) in terms of differences. The following very
important theorem is only one part of a much more comprehensive result.

Theorem 3. Y (E) and Differences.
Lete e >0,0<r<ocandE € S(&;,e_,r). Let 0 <v < oo, N € N and suppose

1 1 1
dmax<0,—1,—><&r and E_<N.
v

r r
Then a function f € LY°(R?) belongs to Y (E), if and only if f € LY°(R?) and the functions

di

= ([ 1r00a) wd g=2*([ W)’ ien

satisfy |[{gi} ol g < o The quasi-norms || f|ly(gy and |[{gi}ro ||z are equivalent on LI°(R). In
the case v = oo the usual modifications should be made.

Proof. This result is a combination of Theorem 1.1.14. and Proposition 1.1.12. from [53]. |

Later the following technical remark will be of some importance for us.
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Remark 6. A Version of Theorem 3.
A detailed study of the proof of Theorem 1.1.14. in [53] shows, that it is possible to replace

w0 = ([ Vo) by a@ = 1)

in the formulation of Theorem 3. To prove this, fortunately almost everything in the proof of The-
orem 1.1.14. in [53] can be used unchanged. Only in the Steps 3 and 6 some minor modifications
are necessary. The changes in Step 3 are trivial. In Step 6 a combination of Lemma 1.1.4. and
Lemma 1.1.3. from [53] delivers the desired result.

In [53] Hedberg and Netrusov proved many more properties of the spaces Y (E). Moreover, they
deduced some more equivalent characterizations for those spaces, for example characterizations
in terms of atoms or characterizations via approximation by polynomials. For details we refer to
[53].

5.3 The Hedberg-Netrusov Approach to Smoothness Morrey Spaces

In this section we want to investigate, how the spaces & , (R 4, N, q(]Rd) and By (R?) are
connected with the theory of Hedberg and Netrusov we described before. So the following few
lines are very much in the spirit of chapter 4.5 in [144]. The next definition serves as starting point

for our considerations.

Definition 30. The Spaces ./, (l‘;)(Rd), l;(///[ﬁ‘(Rd)) and B}, 5(RY).
Let se R, 0<p<ooand 0<qg<o. By {fj};‘;o we denote sequences of locally Lebesgue-
integrable functions on R?.

(i) Let in addition p < u < . Then we define a space of sequences of locally Lebesgue-
integrable functions on R? given by

A E) = {707 1Tl = (2  20) L) < =)

(ii) Againlet p < u < co. We define

AR = LU Y ollyagmey = (L 2120 R [4) " < oo}

Jj=0
(iii) Let in addition 0 < T < %. Then we define

50 = (U070t W Tl = 90 e (£ 27 [0as) ) <o)

Always for g = o we have to make the usual modifications.

It is not difficult to see, that the spaces from Definition 30 are valid examples for the space E
from the theory of Hedberg and Netrusov, see Definition 27. So there is the following simple
observation.
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Lemma 25. Examples for (E,|| - ||g).
Let s c R, 0 < p<ooand 0 < g < oo

(i) Let in addition p < u < oo. Then the pair (%ﬁ(l;)(Rd), || - H///g(l;)(Rd)) fulfills all the prop-
erties from Definition 27.

(ii) Again let p < u < oo. The pair (I5(.#}(R)),]| - Hlé(//[ﬁ(Rd))) fulfills all the properties from
Definition 27.

(iii) Let0< T < % Then the pair (#,4(R%), || - |57 (me)) fulfills all the properties from Defini-
tion 27.

Proof. The proof of Lemma 25 is almost obvious. Therefore we will be rather short here.
Proof of (i). Tt is not difficult to see, that the spaces ///;(l;)(Rd) are quasi-Banach spaces. Fur-
thermore, with & = min(1, p,q) we have

H{fj"i_gj j:OH( /u(13)(RY) < ”{f] j:OHk ;;(lé)(Rd)"i_”{gj j:OHk (1) (Rd)

for all sequences { f; o and {g; o of locally Lebesgue-integrable functions. The proof of the
lattice property is trivial. More details concerning the spaces . (1;) (R) can be found in chapter
4.5.1 of [144].

Proofs of (ii) and (iii). These can be done in the same way as for (i). In both cases we can choose
0 = min(1, p,q) to find

H{fj +gj}7:0”[9ts]'('//ﬁ(Rd)) < ”{fj ?:0”%(//;(@)) + ”{gj ?:0||g(%ﬁ(Rd))

and
105+ 83370l gy < 0 gy + 1485 ool
For more details we refer to chapter 4.5.1 in [144] and to Lemma 2.1. in [144]. |

In a next step we want to investigate, under which conditions on the parameters the spaces from
Definition 30 belong to the classes S(&.,€_,r,¢) from Definition 28. There is the following result.

Lemma 26. Some Elements of S(s,s,r,t).
Letse R, 0< p<oo, 0<g<ooandt>0.

(i) Let in addition p < u < oo and 0 < r < min(p,q). Then (///;,‘(l;;)(Rd), II - ||,//[§,(,;)(Rd)) €
S(s,s,1,1).
(ii) Let p <u<ooand 0 <r < p. Then we have (l;(///[’,‘(Rd)), I| - Hl;(///#(Rd))) € S(s,s,nt).
(iii) Let 0 < T < % and 0 < r < p. Then we find (8 5(R?),|| - ||§5;;_;(Rd)) € S(s,s,nt).

Proof. Proof of (i). Step 1. At first we have to deal with the shift operator S.. By definition for
all j € N we find

(S ({fitio) = {fir i} o
For each i € Ny we can write

28| firjl = 27520 £ .
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Consequently it is not difficult to see, that

16S+) LY o) laean ey < 27 1Yol sy me)-

With a view to Definition 28 that means €, = s. For the shift operator S_ we can use similar
arguments to find

||(Sf)j({ﬁ‘}§°:o)||./4g(z;)(Rd) < ZjS”{fi};O:OH,//Z;(I;I')(Rd)-

This results in £ = s.
Step 2. Now we have to deal with the maximal function M, f. We observe

oo 1
XM fiYoll s iy (rey = H (Zzlsq!Mr,zfiV) ‘| (RY) H
=0

M RY||

r

<al(zmen)

Here M denotes the Hardy-Littlewood maximal operator. Now we use part (ii) of Lemma 21. This
is possible because of 0 < r < min(p, ¢). We obtain

~ =

M (R

050 Yol g < 2| (K 20)
= G Zoll gy

Therefore under the given restrictions on the parameters we find, that the operator I\;Im is bounded,
see Definition 28.

Proofs of (ii) and (iii). Here we can proceed in the same way as for the proof of (i). To show (if),
we can use Lemma 21(i). To prove (iii), we can apply Lemma 21 (iii). We omit the details. |

Now we are ready to figure out, how the spaces Y (E) from Definition 29 are connected with our

Smoothness Morrey spaces &;; p’q(Rd )s e/iftfp’q(Rd ) and B, (R?). We observe the following.

Proposition 2. Some Examples for Y (E).
Let s c R, 0< p<ooand 0 < g < oo,

(i) Let in addition p < u < e and 0 < r < min(p,q). Then we have

Y ( Ay (1) (RY)) = &5, 4 (RY).
Moreover || - \é",j;I,’q(]Rd)H and || - |yy('//(pu(l;)(Rd)) are equivalent quasi-norms.

(ii) Let p<u<ooand0<r<p. Then

Y (I (A R))) = A2, o (R).

- u7p7q

Moreover || - L/i{l‘fpg(Rd) | and || - Hy(lé(%pu(Rdm are equivalent quasi-norms.
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(iii) Let0 < T < % and 0 < r < p. Then we have
d d
Y (#54R)) = B4 (RY).
Moreover || - |By5(R?)|| and || - Iy (7 (mey) are equivalent quasi-norms.

Proof. Proof of (i).

Step 1. At first we prove @@,qu(Rd) — Y(,//l[',‘(l;)(Rd)) Therefore we take f € upq(Rd) and
show, that all properties, that can be found in Definition 29, are fulfilled. Because of part (iv) in
Lemma 2 we find f € %/(R?). If (¢;)jen, is a smooth dyadic decomposition of the unity, we
get f=Y70F ~!o, - 7 f] with convergence in .#’(R?). Now the rest is just a consequence of
Definition 19 and the properties of the functions (@;) jen,, see Definition 11. We observe

Iy sy ey < |[{F =1 £165,,RD]. (5.5)
pP\q

}j_oH/flg(P RY)
It follows f € Y (4} (I5)(RY)).

Step 2. Now we prove Y(///;‘(lfj)(Rd)) = &R 4). Let f € Y(///p”(l;)(Rd)). So we have a
representation f =Y f;, that fulfills all the properties written down in Definition 29. We put

f—1 =0 and take 6 = min(1, p,q). Then we conclude

1165, 1P = (£ 217 o2 00 | )|
~[(E 27 [or Erlol') fazmn]
<3 max |(: Zu 0,7 13101 ||
<a sy (E| L7 0 —2smal) Lo

Now we use Lemma 22. Choose v > m + 4. Since @; € .7 (RY) we have ¢; € Hy (R?),

whereby Hy (R?) denotes a Bessel-potential space. We obtain

0
u Rd 2k+2_ HV Rd 0
e (10,1} i >H sup [ (25| (RO

17162 5.4RD[® < C;  max H(i}’ymﬂ(.)’q);
=

0
<G| {17 sup [ @ (22| HY (R) .
Ul gy S0P 106252 B )
Because of f € Y(.#4(I5)(R?)) we observe I/} ol gy ey < . The fact that
supgeny, [l @k (2572) |HY v(Rd)H is finite is well-known, see for example page 46 in [128]. Conse-
quently we get f € &, q(Rd ). Moreover, the calculations we did are correct for any admissible
representation f =Y -, f; and so also for the infimum over all such representations. Hence we get
1A165 p. g RO < ClF v arpasy eyy-

Proof of (ii). This can be done in the same way as the proof of (i). Therefore we will omit the
details.
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Proof of (iii).

Step 1. Here we prove B}y (RY) < Y (%, 5(R?)). To do so, we proceed like it is described in Step
1 of the proof of (i). We only want to mention, that to obtain the counterpart of formula (5.5) we
have to use Definition 23 and Lemma 14.

Step 2. Now we prove Y (%5(R?)) — By 5 (RY). The main idea for the proof is the same as in
Step 2 of the proof of (i). However, when we look at the details, some modifications will become
necessary here. Therefore we will be more precise in what follows. Let f € Y(%,5(R%)). So
there is a representation f =Y.~ , f; in the sense of Definition 29. We take 6 = min(1, p,q) and
find

1185 (BRI

szsq /’J ‘pdx % 111]
- [0 (L2 / 7 0 L e ypdx)"ﬂ

Pe2

116
<c . ’“q / ‘ / ()d ’ d .
=M [ﬁgg |P|? wa” P i)y 0)’ )

Now we use part (i) of Lemma 22. Choose 0 <1 < pand v > %—1— 4. Since @ € .7 (RY), we have
¢ € HyY (R?) for all k € Ny. Moreover, because of I{fe}ioll 7 (rey < oo we find fic € AME(RY)
forall k € Ny and T = % — % We obtain

< [t

171835 (R)(|°
g 176
SCziE{@?)él} [ggg ]P]\ (szsq(/P (||‘Pk(2k+2-)|H2V(Rd)I|'((Mfk+i|”)(x))rl;>pdx>”)q]

< Czsup\lfpj(ZJ+2 ) Hy (RY)]|°

jG

x ze{m%l} [ﬁ‘égé(izkm(/f, (((M|fk+i’")(x))r'1>pdx)Z)ﬂ 9'

By definition we have (&) = @1(27%+1&) for k € N and & € RY.  This implies, that
sup e, [|9;(2772)|Hy (R?)|| < eo. Now since 7 < p we can use part (iii) of Lemma 21 and
find

0
a5 <cs mps [ b (5 2 o) )]

ie{o10.1) | peos [PI7

< Call{ ol G -

Therefore since ||{ fi}7_oll B (me) <@ Weget f € B4 (R?). The calculations we did hold true for
any admissible representation f =Y ;° f; and thus also for the infimum over all such representa-

tions. Consequently we find || f|B,5(RY)|| < C||f]| Y (B (RY))- |

Now we are prepared to formulate a version of Theorem 3 for the spaces &; , (R 4y, A o q(Rd )
and By, 5(R?). It reads as follows.
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Theorem 4. Smoothness Morrey Spaces and Differences. Version I.
Let0 < p<oo,0<g<oo,0<v<o0oandN €N.

(i) Let in addition p < u < o and

1 1 1 1 1
dmax(O,—l,—l,—,—) <s<N
p p q Vv
Then a function f € Lirliltn(p g (R4) belongs to EupgR 4), if and only if f € LI°(RY) and

(modifications if g = oo and / or v = )

H[(/};(m) !f(y)]vdy)v+Jilzij(s+‘5)</(02 J AV £(x)]"d )}q

11625 o R | ® 2=

///;(Rd)H < oo,

The quasi-norms || f| upq(Rd)H and || f] upq(Rd)H( are equivalent for f € Lfgfn(p 9 (R9).
(ii) Let p <u < oo and
1 1 1
dmax(O,—l,—) < s <N.
p p v

Then a function f € Li,“(]R{d) belongs to N,* (RY), if and only if f € LI°“(R?) and

,p.q
(modifications if ¢ = o and / or v = o)
1
N
s@)[)

(L, rors) el +E o), rorad

”f| upq(Rd)H(&) =

is finite. Moreover the quasi-norms || f| upq(IR{d)H and || f|.A°, (R?)||*®) are equivalent

for fe Lﬁ,"‘ (RY).

u,p, q(
(iii) Let 0 < T < ; and
1 1 1
dmax(O,—l,—) <s<N.
p v
Then a function f € Lﬁ,"“(Rd ) belongs to B4 (RY), if and only if f € L!*°(R?) and (modifi-

cations if g = o and / or v =)

1

pes !Pl\ K/ </B(x,1) |f(y)|vdy)€dx)z+§’12jsq</pﬁ /(02 A f(x )VdZ)Cdxy}q

1f1By5 (RN *) =

is finite. Moreover the quasi-norms || f|Byq(RY)|| and || f|By5(R)||*) are equivalent for
feL®).
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Proof. Proof of (i). The proof of (i) is just a combination of Theorem 3 and part (i) of Proposition

2. In a first step we get the above result not for functions f € Lfgﬁl(p 0 (R4), but for f € LI¢(RY)
with

< d d >< < min(p,q)
max [ ——, —— r < min )
s—{—d’s+% p,q

We have Lfgicﬁ(p 2 (RY) C Ll°¢(RY). So f € Lﬁ;ﬁl(p.q) (R9) implies f € L!°(R?) and the result can
be obtained. '
Proofs of (ii) and (iii). These can be done in the same way as it is described in the proof of (i). In

both cases we have to combine Theorem 3 and Proposition 2. |

So Theorem 4 provides a first characterization in terms of differences for our Smoothness Morrey
spaces. In what follows we will prove alternative versions of Theorem 4, to obtain some further
equivalent quasi-norms, that are more easy to handle. For this purpose the next result will be
important. It is similar to Theorem 4, but has the advantage, that in the first parts of the equivalent
quasi-norms one integral is left away.

Corollary 1. Smoothness Morrey Spaces and Differences. Version I1.
Let 0 < p<oo,0<g<oo, 0<v<ooand N €N.

(i) Let in addition p < u < oo and

1 1 1 11 1
dmax(O,—l,—L—,—) < s <N.
p q p vaq v

Then a function f € Lfgfn(p’q) (RY) belongs to & p,q(Rd), if and only if f € L1°(R?) and

(modifications if ¢ = oo and / or v = o)

[lisor+ £ om0 ([

11625 o R W =

| \A;Vf(x)vdz) } g ///;(Rd)H < oo,

0,2-i

The quasi-norms Hf|c$”;7p7q(Rd)|| and Hf|é?;’p7q(Rd) | are equivalent for f € Lfr”lfn(p_q) (R9).

(ii) Let p <u < oo and

1 1 1
dmax(O,—l,—) < s <N.
4 p v

Then a function f € LZPOC(R‘Z) belongs to Ji{lfpvq(Rd), if and only if f € LI°(R?) and

(modifications if ¢ = o and / or v = o)

(1R 7+ z i (f

-~

s dyi|(e) .
||f|‘/1{t,p,q(R )H( ) T

| ]Alzvf(x)de)i ///g(Rd)H")‘; < oo,

The quasi-norms Hf|Jl{qu(]Rd)|| and ||f|,/1{4fqu(Rd)H(‘) are equivalent for f € LéOC(Rd).
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(iii) Let 0 < T < % and
1 1 1
dmax(O,—l,—> <s<N.
p p v

Then a function f € Lé“(Rd ) belongs to By (R?), if and only if f € L1°°(R?) and (modifi-
cations if g = oo and / or v = o)

9,1

o [ (frcoras)”« B (2% ([, sorac) a)] <o

1185 (R | @) =

The quasi-norms || f|Byq(RY)|| and || f|Byo(RY)[|® are equivalent for f € LIo“(R?).

Proof. This result can be proved in the same way as Theorem 4. We have to combine Theorem 3,
Remark 6 and Proposition 2. |

Notice, that characterizations similar to Theorem 4 and Corollary 1 also can be found in section
4.5.2 in [144].

5.4 A Characterization of & , q(Rd ) by generalized Ball Means

In this section we prove some more characterizations in terms of differences for the Triebel-
Lizorkin-Morrey spaces &, q(Rd). Therefore we will concentrate on equivalent characterizations
by so-called generalized ball means of differences. That means, we are interested in Morrey ver-
sions of Theorem 2. For a function f € L{?°(R?) a ball mean of a difference of order N € N is

given by

1 N
B(0,1)] /B(on A Sl

with 0 < ¢ < o0 and x € RY. Such means appear in the literature in connection with the original
Triebel-Lizorkin spaces Flf’q(Rd), see for example section 2.5.11. in [128]. To explain what a
generalized ball mean of a difference (sometimes also called v-mean) is, we have to introduce an
additional parameter O < v < co. Then the v-mean of a difference of order N € N is given by

(0] fo 18N PO aR)”

with 0 < t < o0 and x € R?. In the case v = oo the usual modifications have to be made. Also the
v-means show up in the literature concerning Fliq(IRid), see the chapters 3.5.2 and 3.5.3 in [129].
Now let us turn to the spaces & , q(Rd ). In a first step we will prove the following result. In some
sense it is an advancement of Theorem 4 (i), where the sum is replaced by an integral.
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Proposition 3. Generalized Ball Means for &, q(Rd).
Let 0 < p<u<oo,0<g<oo,0<v<coand N €N. Let

1 1 1 11 1
dmax(O,—l,—l,—,—><s<N.
4 q

(RY) belongs to &°, (RY), if and only if f € L!°°(RY) and (modifi-

loc
Then a function f € L u,p.q

min(p,q)
cations if ¢ = o and / or v = o)

([ oo |, a2’

1£162 5 g RO =

<

The quasi-norms || f| upq(Rd || and || f|&; pq(Rd)H(vml are equivalent for f € Lir‘:fn(p 0 (R9).
Proof. Step 1. At first we prove that there is a constant C > 0 independent of f € Lfgfn(p 2 (R9),

such that [|f|&; , q(Rd) |®) < | f|& i, q(]Rd)H (1) For this purpose we use the (quasi-)triangle
inequality and get

17162, g RON® = || (17Go1+ z amesd( [

<claEnlal (£ 20 |

q

Y paz) )’

p@|

B(02)

W p )’ )

o //z;(Rd)H.

Now because of the monotonicity of [z [AY f(x)|"dz in t we observe

1182 a BN < Coll g @ 4l ([ (et [ rora) 4)”

B(0,r)

)|

This is exactly what we want. So step 1 of the proof is complete.
Step 2. Second we will prove, that for f € & R9) there is a constant C > 0 independent of
[ such that || £ upq(Rd)H ) < C|If162 g

1£165 , 4(RY)[|(®) < oo OF course we have

l/l 3Py q(
(R?)||®). Because of Corollary 1 we already know

| £ AR | = [ (1£19) 9 | AE RO < (£ (R

Now again using the monotonicity of [z |AN f(x)|"dh in t we get

() ‘“‘"( /B(O 1 Wh) )

)

(B L o [, irran) ) e
< (Fam( [, wtrora)’y
<alf upq<Rd>u<°>+c2H( Lo rran) | )|,
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Next we want to apply the formula from Lemma 23. When we use it in combination with a
transformation of the coordinates, we obtain

I(f, reoran)

<03HZ(/301 o) | A3 |+t 2

<a|( [, e raz)’

In what follows we want to cover the ball B(x,N) with (2N + 1)¢ small balls with radius one. Let
i€{l1,2,...,(2N+1)?} and w; appropriate displacement vectors, such that

desl

Rd) I ()

MR+ Call 1654

(2N+1)¢
J B(x+wi,1) D B(x,N). (5.6)
i=1

Then because of the translation-invariance of the Morrey spaces we observe

I, 004 L] < 8 () o) |
§c6H(/ f(z)|”dz>l @)
<Glifl upq<R">ll<* < GylIf167 o (RY) Y

In the last step we used Theorem 4 and Corollary 1. Now in view of Corollary 1 the proof is
complete. |

There also exists a more general version of Proposition 3 with an additional parameter a. For
each 1 < a < o we will obtain an equivalent quasi-norm to describe the Triebel-Lizorkin-Morrey
spaces.

Theorem 5. Generalized Ball Means with additional Parameter.
Let 0 < p<u<oo,0<g<oo,0<v<oo, NeENand 1 <a< oo, Let
1 1 1 11 1
dmax <0,—1,—1,—,—> < s <N.
4 q p vag Vv
RY) belongs to &°, ,(RY), if and only if f € L'°°(RY) and (modifi-

loc
Then a function f € L u,p.q

min(p.a)
cations if g = o and / or v =)

i A i)

/1 upq(Rd)ll(”””) =

(RY)|| and || f|&* (]Rd)H(V’"“ are equivalent for € Lir(ilcn(p 2

///;(Rd)H <

The quasi-norms | f|&; , . (R9).

Remark 7. The Abbreviation (vma).
Let 0 <v <o and 1 < a <. Then the letters v and a in the abbreviation (vma) indicate the

”Pq

dependence of the concrete quasi-norm || - &5, (RY)||") on these parameters. The letter m

u,p, q(
stands for "mean’.
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Proof. During this proof we will work with the case a = . Then the case 1 < a < o is a simple
consequence of Proposition 3 and the case a = oo.

Step 1. At first we prove, that there is a constant C > 0 independent of f € Lfgfn (r.a)

I f] upq(]Rd)H oml) < || £] upq(Rd)H vm=) But of course this is obvious.

Step 2. Second we prove, that for f € éasvpvq(]Rd) there is a constant C > 0 independent of f,
d oo

such that [|f|&;, ,(RY)[|""=) < CIIf1&;,,,

1£1&s p. q(Rd)H (ml) is finite. We put i = min(p,g,v). At first we split up the integral concerning

(R4), such that

(R%)[|"1), Because of Proposition 3 we know, that

the variable . We get

[([ra( | o s ran)’ Y|

<cr(Igz @10 el ([ [ st roran) 4

Now like in the proof of Proposition 3 we use the monotonicity of [ |AY f(x)|"dh in t and

][

obtain
|([ (e [ o [T aR)” ‘”)5 e
<a|( iz—jsqz—jdﬁ ( /B L f)l'dn) 3); ay®)|[".
= ,

Next we apply the formula from Lemma 23. Moreover, we make use of the convergence of the
series 3,771 2 54, We get

| <§12_"“’2_”3 ( /B(w) A ()" d) ) | e I
< GIf AR+ H (; 2 (/B(xw.zf) |f(Z)\vdZ) g) % M (RY) H“

We want to cover the ball B(x,N -2/) with (2N -2/ + 1)¢ small balls with radius one. Let
i€{1,2,...,(2N-2/ 4+ 1)} and w; appropriate displacement vectors, such that

(2N-274-1)¢
U B(x+w;, 1) D B(x,N-2/).
i=1

‘We obtain

q

(52 m(], o))
(2N-27+1)4 4

(s 2*1“12*1'” / 2)'d )
- H (]_Zl Z B(x+wj,1 ¢

In what follows we use the triangle inequality as well as

1
q

3@

K

(Zak)ﬁggaf, KeN,

k=1
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with B € (0,1] and a; > O for all k. We will apply, that we have % <1 and ﬁ > 1 and % <1lin
this order. At the end we use ﬁ > 1 a second time. We reach

(2N-27+1)¢

oo 1
[(E2omse(Cy ..., e ) e
j=1 B(xtw;,1
o 2N2 Jrl Hg H u
(g (T e
j=1 B(x+w,1) u
<Gy Z Z —jskp—jd% (/ |f(Z)|vdZ) v [I:(Rd)H
B(x+w;,1)
1
cefrmmae|([ v |zl
j:1 B()C,])
. . 111
Since 4 = min(p,q,v) and s > dmax (0 > T v 7) the series converges. Finally we observe

H(/Boc,n' ol'de)’ V’ (R | < Collf 165, ROND < Crl1£162, R0,

In the last step we used Theorem 4 and Proposition 3. So in view of Proposition 3 the proof is
complete. |

Theorem 5 delivers a handy equivalent quasi-norm to describe the Triebel-Lizorkin-Morrey
spaces. Especially when we work with concrete functions, it might be an advantage to use the

|(ma) " In most of the cases it is not necessary to work with general pa-

quasi-norm || - | upq(Rd)]
rameters v and a. Often it is enough to put v =1 or v = co. But we have to notice, that changing the
parameter v leads to different conditions concerning s in the formulation of Theorem 5. For the
parameter a in many cases a = 1 or a = oo is used. We want to remark, that for any € > 0 it is also
possible to prove a version of Theorem 5 with € < a < eo. One practicable way to see this, consists
of an appropriate modification of Theorem 3 in combination with some subsequent changes in the

proofs of Theorem 4 and Theorem 5.

Remark 8. Further Characterizations of &, q(Rd ) via Ball Averages.
Let us mention, that in the literature there exist more characterizations in terms of ball averages
for the Triebel-Lizorkin-Morrey spaces. For example, one of them can be found in [151], see

Theorem 3.4. Moreover, characterizations of &, RY) in terms of the Lusin-area function are

u N2 q(
known, see [148]. Here also ball averages are involved.

5.5 Stein Characterizations for Triebel-Lizorkin-Morrey Spaces

Hereinafter we want to present one very special characterization in terms of differences for the
Triebel-Lizorkin-Morrey spaces, namely the so-called Stein characterization. It is especially easy
to handle. The main idea is to apply Theorem 5 with v = g and a = . Then we want to replace

// . dhadt by / .. dh
0 JBOy) Rd
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in the equivalent quasi-norm, to obtain a simple characterization for & , q(Rd ). In detail the

outcome reads as follows.

Theorem 6. Stein Characterization.
Let 0 < p<u<oo,0<g<ocoandN €N. Let

1 1 1 1
dmax <0,—1,—1,—> <s<N.
p q P q
Then f € Lfgfn(p 0 (RY) belongs to G gl RY), if and only if
dy | (st) . u (md —sq| AN dh u(md
17162 R o= 1 @)+ | ([ 188 s )1 |W) AR | <o,
The quasi-norms || f]| upq(Rd)H and ||f| upq(Rd)H ) are equivalent for f € Lfgfn(p 4 (RY). In

the case q = oo the usual modifications have to be made.

Proof. To prove Theorem 6, we use Theorem 5 with v = g and a = co. Then we obtain, that in the
case s > dmax (O =1y L -1, - 7> a function f € Lfr(:fn(p 2 (R) belongs to EupgR ), if and

only if

= dt
dy||(gmeo) _ u(md —sq—d N q
162 B = g @+ ([T [ st

sl

is ﬁnite (with the usual modifications if ¢ = ). Now we have to transform the quasi-norm
1£1&2 p, q(]Rd) || (@) into I £1&2 p, q(Rd) |5). For that purpose we use Fubini’s Theorem and get

[ i)

p®|

{ee) l
| ([ [ s ran) g
R J[h|
—ai|([mmy e ) ape|
1 Rd h |h’d )4 :
So the proof of Theorem 6 is complete. |

Theorem 6 was inspired by the ideas of Stein. In [121] he formulated a characterization for the
fractional Sobolev spaces in terms of differences, that can be seen as a forerunner of Theorem
6. More precisely Stein dealt with the case 0 < s <2, p > 1, d+2‘ <p=u<oand g =2, see
Theorem 1 and the corresponding remarks in [121]. A few years later in [124] Strichartz refined
the characterizations of Stein. Afterwards also Triebel proved Stein characterizations for the orig-
inal Triebel-Lizorkin spaces F), , (R4), see chapter 2.5.10. in [128]. There for the parameters he
allowed 0 < p=u < o0, 0 < g < oo and s > d/min(p,q). The advantage of the characterization,
. q(Rd)H(S’) is a bit more lucid
(R%)||") from Theorem 5. In fact, there is one less integral we have

that can be found in our Theorem 6 is, that the quasi-norm || - |&
than the quasi-norm || -| &

u.p.q
to handle with. On the other hand in the formulation of the Stein characterization for &, q(Rd )s
there is the additional condition J 4

———<s. (5.7)

P q
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When we work with the quasi-norm | - |&*, (R)||(""@) from Theorem 5, it is possible to avoid,

that such a condition shows up by Choosingzhe parameter v in a clever way. So for example we
can put v = 1 and the additional restriction (5.7) will completely vanish. That means, Theorem 5
can be used for a larger range of parameters than Theorem 6. Summarizing we can say, that Stein
characterizations are a bit more simple than ball mean characterizations, but if we want to work

with them, we have to accept an additional condition concerning s.

5.6 A Characterization of .4}, q(Rd ) by generalized Ball Means

In this section it will be our main goal, to prove characterizations for the Besov-Morrey spaces

C/I{Afp‘q(IR{d) in terms of generalized ball means of differences. That means, we are interested in

a counterpart of Theorem 5. There is the rule of thumb, that many results for &, , (RY) have

complements for the Besov-Morrey spaces with more simple proofs. At least for the case of the
ball mean characterizations, this rule is correct. So the following result has many similarities with
Proposition 3 and Theorem 5.

Theorem 7. Generalized Ball Means for .4, q(Rd ).
Let O < p<u<ooand < qg<oo Let 0 <v<oo, 1 <a<ooand N € N. Moreover we have

1 1 1
dmax(O,—l,—) <s<N.
4 p v

Then a function f € Lﬁ,""(Rd ) belongs to N}, . (R9), ifand only if f € L°(R?) and (modifications

if g=o0and/orv =)

4E|'F) <=

Ity @)+ ([ et

(/. A 7))’

s d vma) .__
A g R o=

The quasi-norms ||f|</1{lfp’q(Rd) || and Hflc/lgfp:q(Rd)H(Vma) are equivalent for f € Lf,,"" (R9).

Remark 9. The Abbreviation (vma).

Let 0 <v <ooand 1 <a < oo Then the letters v and a in the abbreviation (vma) indicate the
dependence of the concrete quasi-norm || - ],/I{anq(Rd)H("m“) on these parameters. The letter m
stands for "mean”.

Proof. To prove Theorem 7 we can apply the ideas, that can be found in the proofs of Proposition
3 and Theorem 5. Almost all techniques, that are described there, also can be used here. Only
some minor modifications have to be made.

Step 1. At first we will deal with the case a = 1.

Substep 1.1. We prove, that there is a constant C > 0 independent of f & LZ’C(Rd ), such that
1f1Ap R W < €|
Joon) AV F () dhin .
Substep 1.2. Next we will prove, that for f € Ji{,fpyq(Rd ) there is a constant C > 0 independent
of f, such that || f|.4*, ,(RY)| ("D < CHfL/l{lfp’q(Rd)H(‘). To show this again at first we use the

f |L/I{£fp7q(]Rd) ||(1) . But this is just a consequence of the monotonicity of

s
g
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monotonicity of [z, |AN f(x)|"dh in t. Moreover, we apply the formula from Lemma 23. Then

we obtain
(/Oltsng (/B(O’I) !Aﬁ,vf(x)|vdh)%' qut)é
< G115 o )@+ /B o, ) L)
<l A EN® ([ o) e

Next we cover the ball B(x,N) with (2N 4 1)¢ small balls with radius one, like it is described in
the proof of Proposition 3, see formula (5.6). Moreover, we use the translation-invariance of the

s <al (| vere)

< C4||f| upq(Rd)”(.)

Morrey spaces. Then we observe

I(f - f))dz)"

)|

In the last step we applied Theorem 4 and Corollary 1. This completes the proof for the case a = 1.
Step 2. Now we will deal with the case a = oo.

Substep 2.1. Here at first we prove, that there is a constant C > 0 independent of f € Lﬁj"' (RY),
such that [[£14,5, o (RY) |0 < CILF1.A, o
Substep 2.2. Next we will prove that for f € A4,%, q(Rd) there is a constant C > 0 independent of
£, such that || f]| upq(Rd)H me) < C||f] upq(]Rd)H (1) To show this for a start because of the
monotonicity of [ ) |A§l\’ f(x)|"dh in t and the formula from Lemma 23, we obtain

(e, atsoran) g )°

(o] l
<alsa®@ra (Lo ([ i)

j=1
Now like in the proof of Theorem 5 we want to cover the ball B(x,N2/) with (2N -2/ + 1) small
balls with radius one. Let i € {1,2,...,(2N -2/ +1)4} and w; appropriate displacement vectors,
such that

RY ) || (=) But of course this is obvious.

)

(2N-27+1)¢
U B(x+w;,1) D B(x,N2).
i=1

When we use such a covering, we get

< ; yrayit ( /B NG &) ; ‘ a (Rd)qu
oo (2N-2/ +1

1
< ( Z 2—jsqz—jd% Z / A vdZ) v

Jj=1
Next we put 4 = min(p,v). Recall, that we have s > d max (0 —~ — ). Then since the Morrey
spaces are invariant under translation, by the same arguments as in the proof of Theorem 5, we

//zmuq)%
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find

2N2 i1)¢

Y[ )
( / w f(@))dz) % )//fﬂRd)Hq);

(Rd)H(W"l).

\- —jsqn—jd4 u g
(Fr o)

j=1

<C2<22 Jjsan— Jdvzjd

<a|([ NI >|de)

In the last step we used Theorem 4, Corollary 1 and the result from Step 1 of this proof. This

R <l

”Pq

completes the proof for the case a = co.
Step 3. At last we look at the case 1 < a < oo. But here the proof is just a simple consequence of
the things we did before. |

When we compare the ball mean characterization for the Besov-Morrey spaces with that for
EupgR ), we will observe a very important distinction. So in the formulation of Theorem 7,
where we dealt with .#*, (R?), we can find the condition

u,p.q
1 1 1
dmax(O,—l,—><s.
p p v

On the other hand when we work with the Triebel-Lizorkin-Morrey spaces, in Theorem 5 there is
the restriction

1 1 1 11 1
dmax <O,—1,—1,—,—> <s.
D q p vaqg v
Whereas the parameter g plays no role in the case of the Besov-Morrey spaces, it causes some
additional conditions, when we deal with the spaces &, , , (R4). This observation supports the rule
of thumb, that the Triebel-Lizorkin-Morrey spaces are a bit more complicated, than the spaces

A (RY),

u,p.q

5.7 Besov-Morrey Spaces and Moduli of Smoothness

Hereafter we want to describe an alternative way to characterize the Besov-Morrey spaces in terms
of differences. The main idea will be, to work with a Morrey version of the so-called modulus of
smoothness. Let > 0,0 < p <ooand N € N. Then the original modulus of smoothness wy(f,?),
for a function f € L,(R?) is defined as

on(f )p_;'fp 1A% f1Lp (R (5.8)

For the classical Besov spaces B;’q(Rd ) characterizations in terms of wy(f,?), are known since
many years. Here for example we can refer to chapter 4 in [8], to 4.3.4 in [88] and to chapter
2.5.12. in [128]. When we want to characterize the spaces .4, q(Rd) via moduli of smoothness,
it is not difficult to see, how (5.8) can be modified accordingly. So we have to replace the Lebesgue

quasi-norm by a Morrey quasi-norm. In fact, there is the following result.
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Theorem 8. Morrey Versions for Moduli of Smoothness and ./4,’, (R ).
Let 0 < p<u<oo,0<g<ocoand N € N. Let

1
dmax<0,p—1> < s <N.

Then a function f € L1 (RY) belongs to A%, ,(RY), if and only if

‘max(1,p) u,p,q
u —S u th
9148 g R = 71 @)+ ([ 170 sup 1 ()| A <o
|n| <z
The quasi-norms || f| upq(Rd)H and || f| upq(Rd)H( are equivalent for f € Lfggx(l ») (RY). In

the case q = oo the usual modifications have to be made.

Proof. Step 1. Atfirst we prove, that for f € Lig;x ( )(Rd) there is a constant C > 0 independent of

f, such that || f| upq(]Rd)H <C||f] upq(]Rd)H . To prove this because of f Lﬁg;x(l ») (RY)

LZ’C(REI ) and s > d max(0, % — 1) we can apply Theorem 7 with a = e and v = p. Then we obtain

1

([ 1ayreran)’
B(0,1)

. o " adt\ g
714 BN < Cull A @ +Cr ([ 170 Ay R[T)"

Next we use Fubini’s Theorem and get

([ s oo (] / scopanan)/|4)’
»

yeRd,r>0
® _sq—dd 11 adt g
:(/ ™ dZ[ sup |B(y ] / / |AN £ |pdxdh) } —)q
0 yeR",r>0 B(0.) JB(yr) 1
< 11 N s1adey g
<c [ sw ol (sup [N reorar) ')
0 yeR >0 |h|<t Y/ B(y.r) t
oo adt g
<aa [ e sup 1] F )"
0 |h|<t 4

So Step 1 of the proof is complete.

Step 2. Now we prove, that for f € L°¢ (RN (RY) there is a constant C > 0 indepen-

max(l ,p) u,p,q
d d :
dent of f, such that [|f|-4,}, ,(R )@ < | f| NtpgRY)|l. To show this at first we can apply
Theorem 7 with v = p and get
11y RO < (1A g RO < Cllf1A2 R

To deal with the term

adt\ 3

([ e sup sy proay ey ')’
0 |n|<t

in what follows we will use some ideas from Triebel, see chapter 2.5.11. in [128]. For a start we

transform the integral concerning ¢ into a sum. We obtain

1

([ st slag@) @) <e (L 2] sup 1Y sagey])

|n|<t k=—oo |n|<27*
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Now let (¢;) jen, be a smooth dyadic decomposition of the unity, see Definition 11. We put ¢; =0
for j < 0. Then because of s > dmax (0, L _1)and f e upq(]Rd) for every k € Z we have

f= Z g_l[(pk—&-myf]
mM=—oo
with convergence not only in .#/(R), but also in ., f (R9). Let & = min(1, p,q). We observe

(L 2] sop Iz’

|h|<2-k

~(E 2] s |8 £ 7 tonn)e|[)°
< £ (£ 2w 7 o sfazen|])’

Next we split up the outer sum and obtain

oo

Z ( i 2’“‘1[ sup

A7 g 1| a3 |°)

Mmoo koo Ljpj<2k
= B (L2 s oo en|])’
+ 3 (F 2 s o0 w1 ae)])

To continue the proof at first we will deal with the case m < 0. Here we have to start with some
preliminary considerations, that also can be found in chapter 2.5.11. in [128]. So for every |h| < 1
and x € R?, there is a constant C, > 0 independent of f and x, such that

(A T @rpmZ 1) ()] < sz_kN‘ S|UP2 Y D" F [ oemZ G-
x—y|<N27F | g|=N

Moreover, for j € Z and a > 0 we define the function

. ~w [(Z o7 ) (x—)]
(‘ij)(x)—yseﬂg 1+ (272 ]y[) .

Notice, that for j < 0 because of ¢; =0 we also have ¢; f = 0. Then for |at| =N and y € R? there
is a constant C3 > 0 independent of f and y, such that

(D" F [@een Z ) ()] < G325 N (9, ) ()

When we use these estimates, because of the properties of the function @7 f, we obtain

—1

Z ( i ZkSq[ sup

m=—o0 " k=—o0 |h‘§27k
—1

<c ¥ (X 2| s (etan)|ape)|)

m=—oo " fk=—oo [x—y|<N2-k

87 g fl| 3]

8
q

2]

—1 oo
<G5 Y 2O Y 2o pla(R))

m=—oo k=—oc0
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Next we put k +m = j. Then since N > s we find

—1

Z ( iMZkW[ sup

m=—co f=— \h|<2*k

<cs Y 2o (5 2 ayed) o)

m=—o0 j——oo

N F g 1| 32 |

Q|

oo Q
<Co L 2Noj 1 @)1
j=0

Now let a > %. Then a modification of Lemma 1.1.7. from [53] in combination with part (i) of
our Lemma 21 (see also Theorem 1.1. in [139]) yields

—1

Z ( iWZkS"[ sup

m=—oco " k=— |n|<2—*

<o Y217 g, 7 £l 4 (R )

=0
= C7Hf‘ upq(Rd)He'

2]
q

87 gun 1|43 ®1] )

It remains to deal with the case m > 0. Here at first we can use
N g1 c N1 (N 1
W7 enZ )0 = L0 ()7 om0,
1=0
see Lemma 23. Recall the translation-invariance of the Morrey spaces. We observe

i ( i 2’“‘7[ sup
m=0 "k=—o

Ihj<2-+

<C82<22ksq[ sup ZH,/ (Pk+m</f X+lh ’///MRd ‘H )2

|n|<2-k =0

87 gm0 || )’

8
q

< C9 Z 27ms9< Z 2ksq2msq||<g-fl [(karngf]"//;;(Rd)Hq) )
m=0 k=—o0

Now we put k+m = j. Then since s > 0 we obtain

(5 2] s ot e[ )
o [h|<2
<G ¥ 20 L 25 oy F )
m=0 Jj=0

0
scm(zWH&J*[wja@f]r///,s‘<Rd>\\q)"
j=0

= ClOHf’ upq(Rd)He‘

So the proof is complete.
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It is interesting to compare the above result with Theorem 7. Let us apply Theorem 7 with v = oo
and a = . Then we find, that for

d
—<s<N
p

we can describe the spaces 4,*, q(Rd) in terms of the equivalent quasi-norm

dty ¢
sup |AY f(x y(,///“ (RY) Hq )q

|h| <t

e e A ST

In the case g = oo the usual modifications have to be made. A comparison of the quasi-norms
d oo oo

- 1425 R =) and | - |,

be both outside and inside of the Morrey quasi-norm. However, the condition % < s is much

. q(IRid)H(‘”) shows, that for large enough s the supremum can
more restrictive than those from Theorem 8. Therefore in many cases we prefer to work with

Rd)H( instead of || - | ]Rd)H o)

” | upq( upq(

5.8 Besov-type Spaces and Differences

Hereinafter it is our main goal, to describe the Besov-type spaces B} (R?) in terms of differences.

For that purpose we will prove characterizations by generalized ball means of differences. It turns
: d

out, that we can proceed in the same way as for the spaces .4.%, (R 4) or & pqg(RY). So the

following result has many similarities with Theorem 5 and Theorem 7.

Theorem 9. Generalized Ball Means for B}, 5(R?).
Let0<p<<x>,O§T<%,0<q§<xn0<v§<x>, 1<a<oandN € N. Let

1 1 1
dmax(O,—l,—) <s<N.
p p v

Then a function f € pr"" (RY) belongs to By5(RY), if and only if f € LI°(R?) and

sp o ([ rora) s sup o ([fa( [ (0 [ streoran) an) 4 <o

1B R 07 o=

(with the usual modifications if ¢ = oo and / or v = ). The quasi-norms || f|B}4(R?)|| and
2
|£IByG(RY)(|9) are equivalent for f € LZ"'(R‘}).

Remark 10. The Abbreviation (vina).

Let 0 <v <o and 1 <a <o Then the letters v and a in the abbreviation (vma) indicate the
dependence of the concrete quasi-norm || - |Byg(R?)||™@) on these parameters. The letter m
stands for "mean”.

Proof. For the proof we can proceed in the same way, as it is described in the proof of Theorem
7. Only some minor modifications have to be made. Therefore in what follows we merely recall
the main ideas. In a first step we deal with the case a = 1. For that purpose we use the techniques,
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which are described in Step 1 of the proof of Theorem 7. We apply the covering argument from
formula (5.6) and benefit from part (iii) of Theorem 4 and Corollary 1. In a second step we have to
investigate the case a = co. For that purpose we use the ideas from Step 2 of the proof of Theorem
7. We reuse the covering from there and apply part (iii) of Theorem 4. At the end to complete the
proof we have to look at the case 1 < a < oo. But here the desired result follows from the things
we did before. |

Remark 11. A detailed Proof of Theorem 9.

In [58] the author together with his co-author W. Sickel investigated in detail, how the Besov-type
spaces By g(RY) can be described in terms of differences. In this context we also developed a
detailed proof for Theorem 9. One may consult Proposition 3.4. and Theorem 3.1. in [58].

In the literature there exist some more characterizations for By, (R?) in terms of differences. They
look slightly different. For example, we want to refer to Theorem 4.7. in [144] and Theorem 4.2.
in [29]. Let us introduce the following notation. We say, that a Lebesgue-measurable function f
belongs to L, (RY), if

1 ’

£ @ = swp ([ If@Irax)” <. 59)
P2, |P|>1 |P‘ P

Using this notation we can formulate the next result.

Proposition 4. Moduli of Smoothness and By 5,(R?).
Let0 < g<ooand N € N.

(i) Let 1 <p<oo, 0<T< % and 0 < s < N. Then a function f € Lfn"c(]Rd) belongs to By (RY),
if and only if f € L;(Rd) and

% rend 2min(/(P),1) s
I L3R+ sup o ( 0 sup

|| <t

s <

2 |P[*

1f1By G RN =

(with standard modifications if g = ). The quasi-norms || f|By5(R?)| and | f|B})%(RY)||(®)
are equivalent for f € LY(RY) N.7"(RY).

(ii) Let0<p<1,0< 1< % anddmax(O,%— 1) <s <N. Let 6, < s9 <s. Then a function
f € Lé,"" (RY) belongs to Bi;;l (RY), if and only if

1/ 1By (2P)|

Pe2, Pl>1 P

and || f|By5(RY)||(®) < co. The quasi-norms || f|By5(R?)| and

. | £ 1By (2P)||
I£IBSL (R @+ sup L2
Pe2, |P|>1 |P|*

are equivalent for f € LY(R?) N .&'(RY).

Proof. For a proof we refer to Theorem 4.7. and Theorem 4.9. in [144]. |
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Part (i) of Proposition 4 is in some sense satisfactory. So it is quite close to the classical charac-
terization of B}, | (R4) by means of the modulus of smoothness. Part (ii) was understood as a first
attempt to characterize Besov-type spaces by differences in the case p < 1. Here we have to deal
with an additional parameter sy and Besov spaces on domains. Both things make the equivalent
quasi-norm, that shows up in part (i) of Proposition 4, a little less transparent than that from The-
orem 9. Summarizing we can say, that above all the benefit of Theorem 9 consists of providing a
lucid characterization in terms of differences for the spaces B} y(R?) also for the case 0 < p < 1.



Chapter 6

Smoothness Morrey Spaces and
Differences: Necessary Conditions

Let us have a closer look at our main results concerning Smoothness Morrey spaces and differ-
ences, we obtained so far, namely the Theorems 5, 7 and 9. In each of them we can find some
conditions concerning the parameter s. So in Theorem 5, where we proved a characterization for
the Triebel-Lizorkin-Morrey spaces in terms of generalized ball means of differences, there is the
restriction . . Lol
dmax(O,—l,—l,—,—><s<N. (6.1)
p q p vaqg v
In the Theorems 7 and 9, where we received characterizations by differences for the Besov-Morrey
spaces c/iflfl,,q(Rd ) and the Besov-type spaces By (R?), we can find the condition
1 1 1
dmax(0,——1,——— ] <s<N. (6.2)
p p v

In this chapter it will be our main goal to investigate, whether these conditions are not only suffi-
cient, but also necessary for the validity of the theorems in which they appear. We want to prove,
that the assertions in the Theorems 5, 7 and 9 become wrong, when we weaken the conditions
concerning s too much. For that purpose the following definition will be very important.

Definition 31. Smoothness Morrey Spaces defined by Differences.
Let seR, 0< p<oo,0<g<oo,0<v<oo, 1 <a<ocoandN €N

(i) Let in addition 0 < p < u < o. Then Ef;’f,\,]jg,v(Rd) is the collection of all f € L RY),

max(p,v)(
such that ||f|&; q(Rd )||09) is finite. We use the notation from Theorem 5.

(ii) Again let in addition 0 < p < u < oo. Then the space NZ’VJ,\,/;Z,V(R‘I) is the collection of all

fe Li;’;x(p_v) (R4), such that ][f|%fp7q(Rd)\\(Vma) is finite. The notation is as in Theorem 7.
(iii) Furthermore let0 < T < %. Then B;;il’,]:”a(Rd) is the collection of all f € Lfg;'x(py) (R?), such

that || f|By5(R?) || is finite. We use the notation from Theorem 9.
In what follows we intend to investigate, under which conditions on the parameters we have

N d s,N,a d s d s,N,a d S, d $,T,N,a (pd
éit,p,q(R )7éEul,p,q,v(]R ) and %,p,q(R )#Nu,p,q,v(R ) and Bp,rq(]R )#Bp:;,v (R )
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in the sense of unequal sets. To answer this question a lot of different techniques will be used.
Therefore it is the most convenient way, to deal with each condition, that shows up in (6.1) or in
(6.2), separately. Most of the results from this chapter also can be found in the author’s papers
[55], [56] and [58].

6.1 The Necessity of s >0

In this section we want to explain the relevance of the condition s > 0, that appears in the Theorems
5,7 and 9. It will turn out, that it is impossible to describe the spaces &, , (R 4, N, q(Rd ) and
Bﬁ,’;} (R4) in terms of differences, if s < 0. And also for the limiting case s = 0 for many parameter
constellations such a characterization does not exist. In detail for the Triebel-Lizorkin-Morrey

spaces and the Besov-Morrey spaces there is the following observation.

Proposition 5. Differences and s < 0.
Let se R 0<p<u<o,0<g<oo,0<v<ooand N e NwithN > s.

(a) Then for the Triebel-Lizorkin-Morrey spaces the following assertions are true.
(i) Let s <0 and 1 < a < oo. Then we have &¢,, ,(R?) £ ESY4 (RY).

u,p.q

(ii) Let s =0 and a = o. Then we have <§’M0pq(Rd) £ Egh e (RY).

(iii) Let s =0, 1 < a < o and either 2 < q < o or ¢ = 2 in combination with 1 < p < oo,
Then we have &, ,(R?) # Eoya (RY).

(b) For the Besov-Morrey spaces we know the following.

(i) Let s <0and 1 < a < oo. Then we have 4,7, (R?) # Ny (RY),

(ii) Let s =0, 1 <a <o and p > 2 with q > 2. Then we have Ji{,opq( 4y £ Ng’g’;’v(Rd).

(iii) Let s =0, 1 <a<ooand 1 < p <2 with g > p. Thenwehaveﬂ{topq( ) £
ONa d
Nupgv(R).

(iv) Let s =0 and a = oo. Then we have A", ,(R?) # NoYe (RD).

Proof. Step 1. At first we prove the results for the Triebel-Lizorkin-Morrey spaces.
Substep 1. We start with the proof of (i). In the case s < 0 the spaces &°, (R“) contain singular

u
distributions, see Lemma 5. So a characterization of &} », q(]Rd) in terrlr)lz of differences is not
possible.
Substep 2. Now we look at the case s = 0 and a = oo. In the case g = oo the spaces éi?p «(RY)
contain singular distributions, see Lemma 6. So in what follows we can assume 0 < g < o. Let
fe CO (RY) with f(x) = 1 for |x| <1 and f(x) = 0 for |x| > 2. Then because of Lemma 2 we have

fes&, q(Rd) But we are able to show f & Eo; ﬁ,’ av(R?). To see this at first we observe

1

ez [ ([, o) )

2C( [l (L o MO0 aR) Y )
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Now we use the formula from Lemma 23. For x € B(0,1) we have f(x) = 1. For x € B(0,1),
|h| > 4 and k > 1 we observe |kh + x| > ||kh| — |x|| > 3 and so f(x+ kh) = 0. Hence we obtain
|AN f(x)| = 1. Consequently we get

)4 1

||f|£“07”*’1(Rd)||(va) =G (/B(o,l) (/: (t_d /B(O,t)\B(OA) ! dh) % ?) qu) '

(o} l
zcz(/ t‘ldt>" = .
5

Therefore we find &2, (R?) # Eqy e (RY).

u‘,p7q
Substep 3. Now we deal with s =0 and 1 < a < co. In the case 2 < g < oo the spaces éaquyq(Rd)
contain singular distributions, see Lemma 6. So again a characterization of & b (R9) in terms

of differences is not possible. In the case s =0 with g =2 and 1 < p < u < o0 we can use an
idea from Besov, see the proof of Theorem 2 in [6]. We construct a sequence (f, )5, of indicator
functions with f, € &,,(RY) = .4 (R?) for all n € N and lim,, o0 || fu[ 60, 5 (RY)[|"9) = oo,
Further explanations can be found in [59].

Step 2. Now we prove the results for the Besov-Morrey spaces, see (D).

Substep 1. At first we prove (i), (ii) and (iii). In each of these cases the spaces .#.*, . (R?) contain

u,p,

singular distributions, see the Lemmas 5 and 6. So a characterization of Ji{lfpg(ﬁg ) in terms of
differences is not possible.

Substep 2. Now we look at the case s = 0 and a = . In the case g = oo the spaces Jl{fpym(Rd )
contain singular distributions, see Lemma 6. So we can assume 0 < ¢ < . Let f € C5(R?) with
f(x)=1for |x| < 1and f(x) =0 for |x| > 2. Then because of Lemma 2 we have f € Ji{,?pﬁq(Rd).
But we are able to show f & Ngjf,/j;’v(Rd ). To prove this, we can use the same arguments as
described in Substep 2 from Step 1 of this proof. Only some minor modifications must be done.

Therefore we omit the details. The proof is complete. |

For the limiting case s = O there exist some more methods to prove, that the Triebel-Lizorkin-
Morrey spaces or the Besov-Morrey spaces can not be described in terms of differences. One of
these techniques is using dilation operators. In what follows we want to explain the main ideas of
this method for the spaces &, q(Rd ). For that purpose for f € & p)q(IR{d ) and k € N we consider
dilation operators of the form

Tif (x) = f(2kx) (6.3)

with x € R?. For the original spaces B;’Q(Rd ) and Flqu(Rd ) the behavior of these operators is
well-known, see chapter 2.3.1 in [30] and [111] as well as [112]. For us it is interesting to know,
how the dilation operators act for f € éiﬂ M(Rd ). We are able to prove the following counterpart
of Theorem 2.1. from [112].

Lemma 27. Dilation Operators and @@Lﬂ M(Rd ).
Let1 < p<u<ooand (0 < g < oo Then there are two constants C1,Cp > 0 independent of k € N,

such that
Cr2 bk < | T2 (6 (RY) | < €274k,

Proof. To prove this result, we can recreate the proof of Theorem 2.1. from [112] step by step.
Since the proof of Theorem 2.1. is mainly based on making use of the support properties of some
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functions, it does not matter, whether we work with the Lebesgue norm or with the Morrey norm.
Only a few extra considerations have to be made. So in the proof of Theorem 2.1. the Littlewood-
Paley Decomposition Theorem for the spaces L), (R9) is used. Fortunately for 1 < p < u < oo such
a theorem also exists for the Morrey case, see [60]. Second at the end of Step 1 from the proof of
Theorem 2.1. in [112], Young’s convolution inequality is used. But also for that a counterpart for
the Morrey case exists, see [23]. Everything else we have to change in the proof of Theorem 2.1.
is obvious. |

Now we can apply Lemma 27, to present an alternative proof for the following result, we already
know from Proposition 5.

Corollary 2. Differences and &, M(Rd ).
Let s =0, 1 <p<u<o 0<g<2 0<v<o, a=0c0and N € N. Then the quasi-norms

I| - |§uo7p7q(]1{d)|| and || - |§£p7q(]1§d)||(vm°°) are not equivalent.

Proof. Let f € é"fn q(Rd) and k € N. Then on the one hand it is easy to see, that there isa C > 0
independent of f and k, such that

I )6

Voo —k4 Voo
0 g < ca7ku 1162, L (RE) ||, (6.4)

To prove this, we only need some transformations of the coordinates. On the other hand because
of Lemma 27 there exist two constants Cy,C, > 0 independent of k € N, such that

€2k < |TL (6D (RD)| < 027 ik, 65

Now we proceed indirectly and follow the proof of Corollary 3.11. in [112]. We assume, that there
are two constants C3,C4 > 0 independent of f, such that for all f € éau(f . (RY) we have

If1&0

u,p,q(Rd)H < C3”f|£)uo,p,q(Rd)H(vmw) < C4||f‘guop,q(Rd)H (6.6)

When we combine (6.6) with (6.4) and (6.5), we arrive at
ki~7 < Cs, ke N.
But since 0 < g < 2 this is not possible for all kK € N. So there is a contradiction. |

When we look at Proposition 5 and Corollary 2, we find, that for the limiting case s = 0 we
only have a complete answer, if a = oo. Up to now for the case 1 < a < oo there remain some
parameter constellations, for which we do not know, whether the spaces &, , ,(R?) and .4,°,  (R?)
can be described in terms of differences or not. To fill this gap, we have to make some extra
considerations, that are very technical. So one possible way is to study the properties of some
functions, that are linear combinations of indicator functions. In what follows we want to describe
this method in detail for the Besov-type spaces Bj;,(R?). Of course the spaces B}y (R?) can not
be characterized in terms of differences, if s < 0, see Lemma 16. To deal with the limiting case

s = 0, the next result will be a very important step. It was inspired by Besov, see [6].

Lemma 28. Differences and B (R%). Part I.
Lets=0,0< p<oo,0<g<o, <7< %,0<v§oo, 1 <a<owandN € N. Then there exists
a sequence (g;) jen of functions with the following properties.
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(i) We have suppg; C [0,1]¢ for all j € N.
(ii) We find ||gj|Leo(RY)|| < 1 forall j € N.
(iii) We observe sup ey || g; |B(I),:Z (R%)]| (") = oo,
Moreover for the case q > max(p,2) we have By (R?) # BY LY 4(R9).

Proof. Step 1. At first we prove (i) — (iii) simultaneously. Let y|y )« denote the characteristic
function of the unit cube [0, 1). We put

2/-1 271 1_(_1)K(k) , J
gix=Y ...} fxw’l)d(zfx—k), xeRY, jEN, (6.7)
k=0  ky;=0

where the function K is defined as

ki, kez

M=~

K(k):=K(ki,... ke) =
1

In the case d = 2 a picture of this function looks like a checkerboard (if those parts where g; has
value 1 are printed in black). Obviously we have suppg; C [0,1]¢ for all j € N. Moreover, all
coefficients are either 1 or 0 and hence

gille(®RD <1  forall jeN. (6.8)

Let us prove (iii). Therefore we recall some properties of the functions g; we already know from
[59]. There exist sets X; C [0, 1] and H ;i C R4, such that

AVgix)=1 if  (x,h) €X;x H;. (6.9)
Furthermore, we have |X;| ~ 1 and
Cit! <|B0,t)NH;| <Ct!  for 277 <<,
where the constants only depend on N and d. Based on these properties it is easy to derive the

g iBgs @ = ([ i NG - e toran) ar) 4’

J J

> (L4
- 2-j t

> Giji.

estimate

When j tends to infinity, this proves (iii). So Step 1 of the proof is complete.

Step 2. Now we prove the result concerning the inequality of the function spaces. Let L% (R?) be
the set of all functions g € L..(R¥), such that suppg C [0, 1]¢. Then from the first step of this proof
and the Theorem of Banach-Steinhaus (in the variant of the uniform boundedness principle, valid
also with target space being a quasi-Banach space, see [54] for an appropriate version), we obtain

Li(RY) ¢ BOTNa(RY). (6.10)

p?q?v
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Obviously we have
LL(RY) < 4} (R?).

Foru = L this can be complemented by

P

T

MR =), R > BT (R

p,max

if 1 < p < oo, see [116]. Next we shall use the wavelet characterization of ngg(Rd) obtained in
[69] and [70]. For functions with support in [0, 1] it follows the monotonicity of the quasi-norm
with respect to p. So for pg < p; we have

1f 1By g RO < Cull f By, (R,

see [69]. Altogether for 0 < p < oo we obtain

* 0,
LLRY) =BT o R (6.11)
Hence for ¢ > max(p,2) a combination of (6.10) and (6.11) completes the proof. |

In a next step we have to improve Lemma 28 to cover the other values of g. For that purpose we
may use the Haar wavelet characterization for the spaces Bg’; (R4) from [147]. Let us introduce
some additional notation. By yy we denote the Haar wavelet, that looks like

1 it 0<r<3;
wy(t) =< —1 if <tr<l; (6.12)
0 otherwise.
We put ¥(x) := H‘f-zl Wi (x;) with x = (x1,... ,x4) € RY. Recall, that Xjo,1) is the characteristic

function of the unit cube [0, 1)?. For k € Z¢ we put o (x) := Xjo,1y¢(x — k). Let xjo,1) denote the
characteristic function of the interval [0, 1). Then we put

jd . .
hi () =27 ( T x0.0) (26— k,,)) ( TT v (2, — k,,)) . xeR4, (6.13)
nely nelp
with j € Ng and k € Z¢. Here I; and I, depend on i € {I,...,2¢ — 1} and have the properties
LUL=1{1,2,...,d},iNL =0 and I, # 0. This yields 2¢ — 1 possibilities. (f, Xox) and (f, h; j x)
denote scalar products (Fourier coefficients of f with respect to the Haar system). For all se-

quences ¢ := {; jm }ic {1,..24-1},jeNg,mez¢ C C a further abbreviation, which will be used, is given

by
0.t (Rd 1 e N
£ 1D (R := su W( Yy 2y [ Y \zi,j,m\”} ) . (6.14)
pe2 j=max(jp,0) i=1 “m: Q;nCP

In the case g = oo the usual modifications have to be made. Now we are prepared to formulate the
following characterization of Bg’_; (R9).

Proposition 6. Haar Wavelet Characterization for 32;; (R9).
Let 1 <p<oo,0<g<ooand 0 <1< % Let f € .7'(RY). ThenfengZ(Rd), if and only if f
can be represented in ' (R?) as

291 o

=Y o vox+ Y, Y X (Fohiju) hiji (6.15)

kezd i=1 j=0kec7d
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with convergence in ' (R?) and

Y If xom) |P) 1L B ) Yoo DS (R < .

m: QO,mCP

1 (F) b5 (R = sup

Moreover, the mapping
Jo [ 2om) b UL s hijie) ik

is an isomorphic map of Bgfj(Rd ) onto 1, x bg’fl (RY). In other words ||u(f) |bg’f, (RY) || is equiva-
lent to || f|1BYE(R) .

Proof. This result can be found in [147]. One may also consult Theorem 3.41. in [137]. [ |

Now we have everything we need, to improve Lemma 28. Let us consider the functions

2/-! 270 (_I)K(k) )
g;(x) ;:kgo...kgofq'(zfx—k), xeR?  jeN. (6.16)
1= a=
The function K is the same as in the proof of Lemma 28. For the functions g; we observe the
following properties.

Lemma 29. Differences and Bg’; (RY). Part I1.
Lets=0,0<p<oo,0<g<e,0<T< %,O<v§°o, 1<a<ooandN € N. Then the sequence
(&) jen has the following properties.

(i) We have suppg; C [0,1]¢ for all j € N.

(i) We observe ||g;|L.(R?)| <1 forall j € N.
(iii) We find sup jcy; || 3 1Bpg(R)[| ) = oo,
(iv) We have supjcry || 2 |Byg(R?)|| < e

Proof. The proof of the properties (i) — (iii) is the same as in Lemma 28. So it will be enough, to
prove (iv). Therefore we shall use the wavelet characterizations of B(,),’f](Rd ) obtained in [70], [69],
[135] and [147]. From the characterization by smooth and compactly supported wavelets and the
property (i) it follows the monotonicity of the quasi-norm with respect to p. So for py < p; we
have

18 1By RO < Cullg; 1By (RO,

Pog P1.g
see [69] and [70]. Hence it will be enough to deal with 1 < p < e in (iv). In this situation we
may use the Haar wavelet characterization from Proposition 6. It is easy to see, that g; is given by
its Fourier—Haar series. The frequency level is j and it has 2/¢ non-zero coefficients, which are all

equal to 27 2. This yields for all j € N

1 _a_a 5 5
[ 485 Pnm il RO < sup DY g b
Pc[o,l]d,e\b\zzf.id m: QjmCP
< max 20%i(3-5)p- 500
T e{0,1,....5}

d
P

<1

since T < % This in combination with Proposition 6 proves (iv). The proof is complete. |
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Now we are ready to prove the following exhaustive result.

Corollary 3. Differences and B?,’,Z(Rd ). Part II1.
Lets=0,0<p<o0,0<g<oo0<1T< %,0<v§oo, 1 <a<ooandN € N. Then we have

Byg(RY) # B (RY).

Proof. Step 1. At first we look at the case g = . Here the result is a consequence of Lemma 16
and Lemma 17.

Step 2. Next we have to deal with the case max(p,2) < g < . Here the result already has been
proved in Lemma 28.

Step 3. Now we assume 1 < g < max(p,2). Then the desired outcome follows from the Theorem
of Banach-Steinhaus (in the variant of the uniform boundedness principle) and Lemma 29.

Step 4. At last we have to investigate the case 0 < g < 1. We argue by contradiction and assume
B&Z(Rd) = Bg’;fv\/’a(Rd ). Then B%(Rd) can not contain singular distributions and B(,),:Z(Rd ) C
Li*¢(RY) follows. Now let (f;) jen C B&Z (R4) be a convergent sequence with limit f € Bg’,z (R9).
In addition we assume, that (f;)jen converges with respect to the quasi-norm || - |ngg(Rd )| (me)
to some function g € Bg’,z’fv\”a (RY). Convergence in B?,’}}(]Rd) in combination with Bg’fl(Rd) C
Llo¢(R?) also implies

lim If(x) = fi(x)|dx=0  forall ~—meZ’.

J7%° JQom
Hence a subsequence converges almost everywhere. On the other hand convergence with respect
to the quasi-norm || - \Bgz;(Rd )[|@) implies convergence in L (R9), see (5.9). Again there is
a subsequence, which must converge almost everywhere. This yields f = g almost everywhere.
Hence the embedding /d : Bg:g’fvv’a (RY) — Bg:g(Rd) is a closed operator. The Closed Graph Theo-
rem yields continuity of this embedding, but by Lemma 29 this is wrong. So the assumption also
must be wrong. The proof is complete. |

Now let us compare Theorem 9, where we described the spaces B)5(IR?) in terms of differences,
with Corollary 3. Then we find, that the condition s > 0 in the formulation of Theorem 9 is not
only sufficient, but also necessary. So in the case s < 0 it is not possible to characterize the spaces
By % (R?) with the quasi-norm || - |By5(RY)| ().

6.2 Conditions concerning the Parameters s and p
6.2.1 The Conditions >d(1/p—1)
In this section we plan to investigate, whether the condition

s>d(;—1), 6.17)

that can be found in the Theorems 5, 7 and 9, is also necessary. When we have a closer look at
these theorems, it becomes clear, that the restriction (6.17) only plays a role for 0 < p < 1. For
the original Besov and Triebel-Lizorkin spaces it is not difficult, to explain the importance of the
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number d (% —1). Sofors <d (% —1) both By, , (R9) and Fy q(Rd ) contain singular distributions.
For the spaces Ji{tfp’q(Rd ) and &, q(Rd ) with p < u the situation is much different. Actually,
when we only apply arguments, that are connected with singular distributions, we solely obtain

the following result.

Proposition 7. Differences and s < ©c,,.
Let 0 < p<u<oo,0<g<o,5s>0,0<v<ccand]l <a< oo, Wehave NE N with N > s. Let
O<p<l.

(a) Let in addition s < d %(% —1). Then for the Triebel-Lizorkin-Morrey spaces we have

gus,p,q (Rd) 7& Efi’-,ll\f:;" (Rd)

(b) For the Besov-Morrey spaces the following assertions are true.
(i) Lets < d%(}l; —1). Then we have A}, ,(RY) # Ny (RY).

(ii) Let s = d%(}; —1) and g > 1. Then we have Ji{lfp’q(Rd) # NZ’%:Z,V(Rd).

Proof. Step 1. At first we prove the result for the Triebel-Lizorkin-Morrey spaces. In the case
s<dE (}; — 1) they contain singular distributions, see Lemma 5. So a characterization of & , ,(R?)
in terms of differences is not possible.

Step 2. Now we prove the outcome for the Besov-Morrey spaces. In both cases the spaces
C/I{jM(IR{d ) contain singular distributions, see Lemma 5 and Lemma 6. Therefore again a char-
acterization in terms of differences is not possible. ]

When we compare the Theorems 5 and 7 with Proposition 7 and Lemma 5, it turns out, that for

d’;(;—l) <s§d(11)—1) (6.18)

there is a large area, where the spaces & , , (RY) and N, q(Rd ) do not contain singular distribu-
tions and also no characterization in terms of differences is known. The question is, how to fill

this gap. For the Besov-Morrey spaces a first step towards the answer reads as follows.

Proposition 8. Differences and s > ©c,,.
Lets>0,0<p<u<o,0<g<ococagnd N eNwithN >s. Let 0 < p < 1 and

dg(l—l) <s§d<l—1).
u\p P

Then for all f € L/I{,fm(Rd) there is a C > 0 independent of f, such that
s d s d 1meo
11 RN < ClLAIA S o R 7).

Proof. To prove this result, we can use the techniques, that are described in Step 2 of the proof
from Theorem 2.5.10. in [128]. The main tool for the proof is a classical construction from
approximation theory, that can be found in [88], see chapter 5.2.1. Here we apply the version
from [115], see the proof of Lemma 10. Notice, that it is important to have s > d 5(% — 1), which
guarantees f € L!°°(R?)N.7"(RY), see Lemma 5. [ |
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On the other hand for the Triebel-Lizorkin-Morrey spaces in some special cases it is possible to
prove, that they can not be characterized in terms of differences, if the parameter s is from the gap
given in (6.18). However, for doing so, a new technique needs to be introduced, that also can be
used to investigate the importance of the parameter q. Hence we will postpone this. Instead we
want to have a look at the Besov-type spaces B), 5 (R¢). Here we observe the following.

Proposition 9. Differences and s < d(% —1)—dr(1—-p).
LetseR, 0< p< 1,0<q§oo,0§r<%,0<v§oo, 1<a<ooand N € Nwith N > s. Let

s<d(;—1)—da1—py

Then we have By (RY) # Bf,’fﬂ’a (R9).

Proof. In the case s < d(% —1) —dt(1 — p) with 0 < p < 1 the spaces B3 (R?) contain sin-
gular distributions, see Lemma 16. So a characterization in terms of differences is not possible.
Therefore BL (R?) # Bjoh“(RY). |

Let us compare Proposition 9 with Theorem 9 and Lemma 16. It turns out, that for

d(;—l)—ddl—p)<s§d<;—l> (6.19)

there is a large area, where we have not obtained a characterization in terms of differences, al-
though the Besov-type spaces do not contain singular distributions there. We already observed
the same phenomenon for the spaces éifﬁm(Rd ) and Ji{lfw(Rd), see (6.18). It might be of some

interest, that the lower bounds in (6.18) and (6.19) are the same in a certain manner. So if we take
1

the natural choice T = % —,» we observe
1 1 1 1 1
d(——l)—ddl—p):d(——l)—d(———)ﬂ—p):dg(——l)
p p p u u\p

This underlines the strong connection between the spaces & , ,(R?), 4%, (R?) and B4 (R?).

More information concerning the gap we described in (6.18) and (6.19) also can be found in [48].

6.2.2 The Condition s >d(1/p—1/v)
Hereinafter we intend to investigate, whether the condition

s>d(;1>, (6.20)

that can be found in the Theorems 5, 7 and 9, is also necessary. Looking at these theorems, it
becomes clear, that the restriction (6.20) only plays a role for the case v > p. At first let us focus
on the spaces &, ,(R9) and .4;* _(R¢). When we want to explain the importance of the condition

u,p,q u,p,q
(6.20), the following result can be seen as a starting point.
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Proposition 10. Differences and s < d %(% — 5.
Lets>0,0<p<u<ocoand)<g<oo Let0 < p<v<oo, 1 <a<ooand N € NwithN > s.

(a) Then for the Triebel-Lizorkin-Morrey spaces the following assertions are true.

(i) Lets < d‘”(}l7 1). Then we have &5, ,(R) # ENa (RY).
(ii) Let s = d2(
E;,alf\;:gﬂ} (Rd)'

% %) with ¢ > 2 and 1 < v < o. Then we observe gu‘pq(]Rd) #

(b) Lets <d %(11; —1). Then for the Besov-Morrey spaces we find N,’, ,(RY) # Ny (RY).

Proof. Step 1. At first we prove the result for the Triebel-Lizorkin-Morrey spaces.
Substep 1. We start with the case 0 < v < 1. Here s < d%(; — 1) implies s < afﬁ(l —1). But from

Proposition 7 we know, that in this case it is not possible to describe the spaces é",j D, q(Rd ) in terms

of differences.

Substep 2. Now we deal with the case 1 < v < 0. We have either s < dB(l Dyors= dp(% Ly

with g > 2. We will argue by contradiction. Our first assumptionis &; , ,(R 4) = Ef/l\,fgv (RY). Then

Eup. q(Rd ) can not contain singular distributions and &} , ,(R @) C Llo¢(R?) follows. Our second

assumption is a sharpening of the first one. We assume, that the identity Id : Ef,’f,\fjf,,v(B(O, ) —

&S, (B(0,5%)) is a continuous operator. Here E;];,’ZV(B(O, ) is defined to be the set of all

U,p.q
fe E;./ZI\,’,,{,V(R") satisfying supp f C B(0, 8N). We will first disprove assumption two, afterwards
assumption one.

Substep 2.1. Let f € &, ,

independent of f, such that

(RY) with supp f C B(0, ). We will prove, that there is a C > 0

I fILo(RY)|| < C|I£I&5 , o (R]]. (6.21)

Because of our assumption we can start with

1

I8 @2 ([, ([ [ strwran)’ ) ay)”
v 4 )

26(fy Jor (4 [ reran) ) )’
<k aN VIN

N

2C2(/<x|<N+1 (/B(N‘JN) |A1,;’f(x)|"dh)€dx);.

In the second line we used, that for § < |x| < % and t > %2 we have B(*, ;) C B(0,1).
Next we apply the formula from Lemma 23. For & < x| < M and h e B(
B(0 we obtain f(x+kh) =0 with k € {0,1,...,N—1}. So we get

1

> LN) since supp f C
1
'av)
NS

17162 .o (R > CZ(/N<|X|<~+1 (/B( . |f(x+Nh)|th) “dx)”

N 74N
r 1

> G (/ — (/B(O , FQ)dsz) )’

¥
> Cy| L, (RY)]).

Consequently the proof of inequality (6.21) is complete.
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Substep 2.2. In this substep we will work with function spaces on smooth and bounded domains,

We want to prove, that we have

see also Definition 15. As domain we choose the ball B(0, gf).

the continuous embedding

éjqu< (0, 8;,)) <—>LV<B(O,$)>. (6.22)

With this in mind we take f € &, (B(0, < ))- Because of the definition there is a g € & pg(R )
with f = g on B(0, SN) In consequence of our assumptlon it is possible to characterize the spaces
éjqu(Rd) in terms of the quasi-norm | - &, ,( (R%)||4) . So locally on B(0, g ) the function f
can be understood as a pointwise defined function. Now we take a sequence ()2, C &, (Rd )

with #; = f on B(0, g) for every I € N, such that

1
tim |11, (R | = [1£163, 4 (BO. 530 I

Moreover, we define a smooth cut-off function ¥ € C3 (R?) with ¥(x) = 1 on B(O gv) and ¥(x) =
0 for every x with |x| > ;. Then for each [ € N we obtain

17124 (BO, 5011 < - ¥l ()]

We have h; € &7, q(]Rd) and W € C3(RY). Because of Lemma 9 we find ;- ¥ € Eup, q(]Rd). Of

course it is supp (h; - ¥) C B(0 Now we can apply formula (6.21) and get

Jan)

17120 (BO, 510 ) | < Cllln- 165, (R

Here C; is independent of f,h; and . Next we use Lemma 9 again. Then for m € N sufficiently
large we observe

o) < Gl B [l o B

1L, (BO. o

< C3”hl’ upq(Rd)H'

If [ tends to infinity, we find

17120 (B0, i) )1 < Call 7165 (BO. )

This proves (6.22).

Substep 2.3. Now we will disprove assumption two. For that purpose we want to use Lemma 7.
From the substep before we know &, , .(B(0, av)) = Ly(B(0, ). Then Lemma 7 tells us, that
we have either

1 1 1 1
s > max <O,dp (—)) or s:maX(O,dp (—)) with g < 2.
u\p v u\p v

But earlier in the proof we said, that we have either s < d%(% —Lors= d%(% — 1) with g > 2.
This is a contradiction. So our assumption on the continuity of the identity must have been wrong.
Substep 2.4. Next we will disprove assumption one. Let (f;);jen be a convergent sequence
in e (B0, g )) with limit £ € E}4,(B(0,g)). In addition we assume lim; .. f; = g in
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G p.g(B(O, ). The first fact implies convergence in L,(R¢), see Theorem 5 and Definition 31.

This yields convergence almost everywhere for an appropriate subsequence ( f},)sen. Now recall,
that we have assumed &°, (RY) = Ei’fl\,’jgv(Rd ). Then & | (R?) can not contain singular distribu-

u,p.q wp.q
tions and &5, ,(RY) C Li*“(R?) follows. But then we also find &, ,(B(0, g)) < L1(B(0, g))-
Now because of lim; .. f; = g in &; , .(B(0, ) we obtain

1 1
im ||, — —))| <Clim || f;, —g|&* —))| =o0.
tim [1£5, — glL1 (BO. g52) )| < Clim [~ 8165, (BOO. ) )| =0

By switching to a further subsequence if necessary we conclude f = g almost everywhere. So we
have proved, that the identity /d : Ef,’f,\ij,V(B(O, ) — Eu p.q(B(O, ) is a closed linear operator.
The Closed Graph Theorem, which remains to hold for quasi-Banach spaces (see Theorem 2.15 in
[98] for instance), yields that /d must be continuous. But this contradicts our previous conclusion.
Therefore also our assumption concerning the equality of the sets must be wrong. This proves

&S, qRY) # E;/)4 (RY) as claimed.

Step 2. Now we have to prove the result for the Besov-Morrey spaces. For that purpose we can use
the same techniques as for the Triebel-Lizorkin-Morrey spaces. Only some obvious modifications
have to be made. So again the main tool for the proof is Lemma 7. We omit the details and refer

to [55]. Here some more explanations can be found. |

Remark 12. A Forerunner of Proposition 10.

% - %), is described in Remark 3.8
in [96]. When we proceed like there, we obtain, that it is not possible to characterize the spaces

&, 4(R?) in terms of the quasi-norm || - &5, ,(R?) |0ma), if s < 4 — 2 But because of p < u this

result is much weaker than Proposition 10.

Another method to investigate the sense of the condition s > d(

When we compare Proposition 10 with Theorem 5 or Theorem 7, it turns out, that for

ar (1—1) <sgd(1—1> (6.23)
u\p v

there is a large area, where we have no result. For the special case v = 1 here we recover the same
gap, we have already described in (6.18). Later we will see, that in some special cases for the
Triebel-Lizorkin-Morrey spaces we can obtain results, that are much stronger than Proposition 10.
Then we will be able to close the gap from (6.23). On the other hand for the Besov-Morrey spaces
we can make the following simple observation.

Remark 13. The Spaces N4 ,(R?) for s < d (% — 5.
Let 0 < p<u<oo,5s>00<g<oo, 1<a<ocoagnd NENwWith N > 5. Let 0 < v] < vy < oo,
Then we find
N ®) = NG (RY) = Ny, (RY).
So for v >max(1, p) and d max (0, % —1)<s< d(é — %) because of Theorem 7 we have

N,
N o (RY) = Ne  (RY) = A2, o (RY).

Now let us have a look at the Besov-type spaces By, 4 (R?). Here we obtain the following result,
which is a counterpart of Proposition 10.
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Proposition 11. Differences and s < d(% —Ly—dr(1-2).
Let s e R, 0 < p<oo, 0 < g < oo O§T<%, 1 <a<owand N € N with s < N. Moreover let
max(p, 1) <v < oco. Furthermore we assume that

s<d(11)—‘1}>—d*c<l—€>.

Then B35 (RY) # By 5N (RY) follows.

Proof. This result can be proved in the same way, as it is described in the proof of Proposition 10.
All techniques, that are described there, also can be used here. Only the usual modifications have
to be made. So the main tool for the proof is Lemma 19. Moreover, we have to use Lemma 20.

We omit the details and refer to [58]. |
We observe, that for - .
1
d<f—7)—dr(1—g) gsgd(f—f) (6.24)
p v v p v

we neither can apply Proposition 11 nor Theorem 9. We described a comparable phenomenon in
(6.23). Later we will see, that in some special cases it is possible to close the gap, that is described
in (6.24).

6.3 Conditions concerning the Parameters s and ¢

In this section we plan to investigate, whether the condition
1 1 1
dmax (—1,—) <, (6.25)
q

that can be found in Theorem 5, is also necessary. For that purpose we will use some ideas devel-
oped by Christ and Seeger. In [25] and [26] they constructed a random function and investigated
the properties of this function, to learn something about the importance of the condition (6.25) for
the original Triebel-Lizorkin spaces F}, , (R). Tt turns out, that we also can apply the techniques
described in [25] and [26], to deal with the Triebel-Lizorkin-Morrey spaces 5’; P (Rd ) with p < u.
Thereto in a first step we have to recall the main results as well as some details of the proofs, that
can be found in the two papers, we just mentioned. Moreover, we have to make some modifica-

tions, to obtain an even stronger result. All this will be done in the next section.

6.3.1 A random Construction of Christ and Seeger

Hereinafter we recall some ideas from [25] and [26]. Here Christ and Seeger developed a method
to investigate the importance of the condition (6.25). They dealt with the original Triebel-Lizorkin
spaces F, q(Rd ) and concentrated on the case v = oo. They worked with

1 dt 1
0= ([ s Ittt xR,

|n| <t
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and investigated the behavior of the number

A4, 0) = sup { IO FIL, (R = | F3, (R <1, suppFf € BO,w)}, w > 100.

Using this notation, the following result was proved.

Proposition 12. Differences and necessary Conditions concerning q. Part 1.
Let 0 <s < Nand0 < g < p < oo. Then we have

d_ ‘ d_ d d
Cl(logw)z AN (w) < Cz(logw)z : if —<s<-—
' p q
1 dq 1 d d
C3(loglogw)s < A2 \(w) < Cys(loglogw)« if —<s=- and 0<g<l,;
' p q
1 Ly o d d
C—(loglogw)q <AL (w) < Csloglogw if —<s=-— and 1<g<p.
5 ' p q
Proof. This result is proved in [25] and in [26], see Theorem 1.3. and chapter 6. [ |

In a remark at the end of chapter 6 in [26] it is mentioned, that it is possible to prove a similar
result also for v < 0. For that purpose we define

1 TdiN+
s,q . —sq [ ,—d N v v q d
Dyhf(x) == (/0 t (t /h<[|Ahf(x)| dh) 7) ., xeR?

Again we are interested in the behavior of the number
A () o= sup { DAL, (R |+ || £IF (R <1, supp.Ff € BO,w) b, w100,
Then we obtain the following.

Proposition 13. Differences and necessary Conditions concerning q. Part I1.
Let 0 < p<oo,0<s<N,0<v<ooand)<qg<v<e. Let g < p. Then we have

d_d_ d d
Ci(logw)s ™" <A (w) i os<f-4
, 7 v

1_ 44, d d
Cg(loglogw); <AL 'q(w) if  s=-——.
7 7 v

Proof. To prove this result, we will follow Christ and Seeger, see chapter 6.2. in [25] and in
[26] as well. For our purpose almost everything, what is done in [25] and [26], can be taken over
unchanged. Only a few modifications have to be made.

Step 1. In their proof Christ and Seeger constructed a random function and made estimations for
the expected value of the different quasi-norms of this function. Here we will work with the same
random function. Moreover, we will use the same notation, as it can be found in [25] and [26]. Let
us consider a function n € . (R?), that fulfills supp.#n C { €R? : L < |&| < 1} and [n(x)| > 1
for |x| < 27M*4+2 Here M € N is chosen later. Moreover, we deal with a function ¢ € C5(R?)
with supp ¢ C [—272M—# 272M—4]d ‘qych that

|0 %N (z)| > C(M) >0 for |z] < 27 MHd+L (6.26)
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Let R € N be arbitrary large and choose a large number W € N. For k € N we define n; = kR and
r, = 2%~M_Furthermore, we define the functions

O =ri{o(re) and Me = i (re).

Put @ =274 = L~!. For n € Ny let 2(n) be the set of all dyadic cubes with side length 27", that
are located in [0,1)?. For every cube Q let Xo be the corresponding indicator function. Let Q be
a probability space with probability measure . There is a family {6p o} of independent random
variables indexed by the dyadic cubes Q. Each of these random variables takes the value 1 with
probability o and the value 0 with probability 1 — . We consider random functions

hAx) =Y, Boa(®)xo).
0€2(ny)

These functions are supported on [0, 1]¢ and for all x we have i,”*(x) € {0,1}. Now we define

2Wd

gl =mexh*  and  GP%(x) =2""g%(x) and  G®%( Z G

Further information concerning the used notation can be found in chapter 2, chapter 4 and chapter
6.2. from [26].
Step 2. Now we show, that there is a constant C; > 0, that only depends on p,q and d, such that

A

But this has already been proved by Christ and Seeger. So we can find the following result, see
Lemma 6.2.1. in [26].

1

2o (R)|Pdu(@))" <Cy.

Lemma 30. A random Construction of Christ and Seeger. Some Properties.
Let 0 < p <ooand 0 < g < oo. Then there are constants C1,Cy,C3 > 0, that only depend on p,q,N
and d, such that

1
([ 16213, (&) rdu(@) " <,

and

1

i
AVGP (x) ]th } " dx du(a))) <G

1
(//d[/ t_s"_lsup Z
QJRE LJO lh|<t:2m<1

and

1

*“11 62 (o)) ar " dx dp(@))” < Cs.
(L1 g o)l ame)) <c

So thanks to Lemma 30 Step 2 is complete.
Step 3. Now we prove, that for large W € N and very large R € N, there is a constant C > 0, that
only depends on s, p, g and d, such that

d  d

1
([ IosGo oL, R)Pdu(@)) " = Cmax (2740w (6.27)
Q ¥
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To show this, we will follow the strategy that can be found in chapter 6.2. in [26].
Substep 3.1. At first we have to introduce some additional notation. For sufficiently large W € N
we write

ij _ [2—nk+j+2d72—nk+j+2d+l] N [0, 1]
withk € {1,2,...,2%¥} and j € {d +M,d+M+1,...,W —M —d}. Moreover, we use the notation
RGP () =AY G () — (-1/'GP ()

where le"a is defined as in Step 1. Furthermore, we will work with the abbreviation

Tl =Tinh o) = [ o)A, 6Py

where ¢y, is the same function as in Step 1. Using this notation, the main goal of Substep 3.1. is to
prove, that there is a constant C > 0, that only depends on s, p, ¢ and d, such that

(/. Hi?ijz”vG“”"‘\Lp(Rd)H”du(w))”
dW—_M—d
// Z Z 2nk18q+d”)(/
1 B(O’sznk+j+d>

3]
[3:3] k=1 j=d+M

_C //1 ZWXML dz’lk J) sq-i—dq)(/ e 2W ’dh) dxd[.i)

3= =M B(ON27 ) 1) 2 k+1

1

N
T (x, 1, 0) dh) ' dx du) ‘

1.

To prove this, we restrict the domain of integration concerning the variable x to the cube [%, %

After this we apply Holder’s inequality and obtain

([ I=us6eiL, @) du())’
1 1

> c / / psg—di=1 / AVGOC () Van) " dr dx du )

- 1< QJ[L 314 Jo < B(O.,t)’ h (x)‘ ) o “)

Next for # € [0, 1] we have

NGO (x) = Y NG (x) + Y NG (x).

1=1..2Wd | 12" > [=1..2Wd [ . 12" <]

So we can write

1
([ Is6oiL, @) du())’

sa [ f [ ()
1314 Jo B(0,r)

3

4 4

_Q(// .ff”dﬁ%/
1314 Jo B(0,)

Now Lemma 30 tells us, that the second term is bounded by a constant. Next we apply

v 4 1
Y A le"a(x)’ dh) "dt dx du) '
I=1..2Vd [ : o >1

v 4 1
AV le’a(x)‘ dh) "dt dx du) ".
1=1..2Wd [ :12M <]

3
4

AYGP* = Y NG+ ) (-G

1=1..2Wd | : 12" > 1=1..2Wd [ 12" >1 1=1..2Wd [ . 12" >1
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With that we obtain

([ 162, @) du())’

1
sl

o 3( QJ[} 314 Jo ( B(0,1)
~o(f,

Again Lemma 30 tells us, that the second term is bounded by a constant. Now we split up the
interval [0, 1] using the small intervals I ;. Moreover, we make a transformation of the coordinates.

N 1
NG ()| dh) dr dxdp)’

I=1..2%d | : ;2m1>]

L] E ol

I=1..2Wd | : 211>

3
4

When we write }; ; for Zk IZEV dﬁf Md, we get
1

(ke ity (=)l a(@))”

1

Wwd q
U B g BB 1) 000’
> Cs // Zzwk*f)(fﬁd%)(/ ZAN G (x)| dn) dxdu)‘lI—Cs.
i

th

Now we use the function ¢ € C7(R?) with supp¢ C [-272M~4 272M=414 from Step 1. It was
O = ré ¢ (ry) with rp = 2R=M We can choose ¢, such that we have [ps ¢ (x)dx = 1. So ¢ can be
interpreted as an approximation of the identity with respect to R. Moreover, we can find a radial
majorant for ¢. So for k and [ as above, because of Theorem 2.1 from [123] we get

B(O,N2~ nk+j+2d

Igim o+ AY G = AN G pointwise almost everywhere.
—o0 N N

It is one of the main ideas of this proof, to send R to infinity. Because of this we are able to choose
R very large and obtain

</a"9‘53§G“’“|Lp<w>upduw)'1’

2Wcl q 1
>C 2(nk—j)(sq+d%)(/ Al\l/Ga)a )vd d )q _C
6 / /4 ” z;, [ Z, e x A} xdu 6
oWd q 1
Sl T2 o E s o] ) )
[3.3] k,j ’

Now we split up

2Wd 2Wd
Y Tin(xh o) =T yxho)+ Y Tiyxh o)
1=k I=k+1

and obtain the formula that we stated at the beginning of Substep 3.1. So this substep is complete.
Substep 3.2. Next we will prove, that for large W € N, there is a C > 0, that only depends on g, s, N
and d, such that

W M d ( )( d‘[) 2Wd Z ; 4 é
2 ng—Jj)(sq+d3; / r ,h, ® ‘ dh vd d )
/ /4 ( B(O7N2—nk+j+d) Z k7N(x ) ) X ,u

3
3l k=1 Jj= d+M I=k+1

S C27R2W(g 75‘) .
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To see this, we use the ideas from the proof of Lemma 6.2.2. in [26]. Fortunately it turns out,
that we can copy the proof of Lemma 6.2.2. step by step. Only minor modifications have to be
made. After some steps of calculation the variable /& disappears. So we can calculate the integral
Ja(ona-mceay 1dh exactly. A little later because of 20% /47 2(-m+d% — 1 also the variable v
disappears. So we are exactly in the setting of the proof from Lemma 6.2.2. and can proceed like
there. This finishes Substep 3.2.

Substep 3.3. Next we prove, that for large W € N, there is a constant C > 0, that only depends on
q,s,N and d, such that

2Wdw_M—d . ) g %
//l Z Z o (me—j)(sq+d )(/ - F’,j’N(x,h,a)) dh) dxdu)

? . d
4 Z =1 ] —d+M B(O,NZ ngtjt )

>Cmax<2W( =3+ Wq>—C.

To see this, we use the ideas from the proof of Lemma 6.2.3. in [26]. We fix x € [ T 4} and 1 <k <
2Wd_ Let V¥ (x) be the union of all dyadic cubes with side-length 27" +! whose boundaries
intersect the boundary of the closure of the unique dyadic cube of side-length 27 *W+1 " that
contains x. Let 7"V (x) be the set of all cubes Q € 2(ny), that are contained in the closure of V¥ (x).
By Q(k,x, Q) we denote the event, that 8p(®) = 1, but 8y (@) = 0 for all @’ € " (x) \ {Q}. Let
W (k, j,x) be the set of all cubes Q € 2(ny), for which we have 27/ < dist (x,Q) < 2~/ +1,
For Q € # (k, j,x) by yo we denote the center of this cube. Moreover, we put ig , = yo —x. Then
we have |hg | < 127" +i+1 Furthermore, for a suitable ¢, < 1 we define

Hp.xj=BON27 )y 0 fp e R ¢ |h—hg.| < 227"},

Now for Q € #/ (k, j,x), ® € Q(k,x,Q) and h € Hp , . ; we define

1) =17 (k,x,0,h) = /R O x0(x+ %(h —y))dy (6.28)
and

1° =11°(k,x,0,h) = ) 6o () / L0 AL M xgr (x)dy. (6.29)
Q' 2() Q¢ () ¥ '

Moreover, we write

HI1° = HI1° (k,x,0,h) Z (§>I$(k,x,g,h) +11%(k,x,0Q,h).

When we use these abbreviations, we obtain

2T (b, @) = I (k,x, Q, 1) + 1T (k,x,Q, ).



90 Chapter 6. Smoothness Morrey Spaces and Differences: Necessary Conditions

So we get

Wiw_pM—d
/ / 2<nk—j><sq+d%)( /
1 B(07N27nk+j+d)

é
4 k=1

2= sq+dq)2nkdq/ / /
(Z 1, %] QE%(JX) Q(k,x,Q)( Ho .k, j

7] Z

> Cg 0—i(sq+dl)omd? / / /
<kz; T3 Qe%{,j,x) Qkx.0) ( Ho.xk.j

— Gy zfj(Squd%)znkd%/ / /
<§ J§.3]4 QgWZ(‘]‘{J,X) Q(k,x,0) ( Hp .k, j

44

v e 1
Ty (x, b, w)( dh) ' dx d,u) ‘

1

q
2Tk ’th) dpdx)’

v

v 4 1
1,‘@‘ dh) ‘dudx)q

1

e ’th> %du dx) ‘.

Next we will prove a lower bound for the first term. For 0 € Q(k,x,Q) and h € Hp . x j we get

[R5, Q1) = [ (0 m)(nlr+h—2)20(2)dz.
Furthermore, for z € Q we have
(e +h—2)| < 2% M(lx+h—yo| +Iyo —2|) < (Vd+1)27

Because of this we can apply (6.26) and obtain |I{ (k,x,Q,h)| > C'(M) > 0. Consequently we find

(Zz_j(s"+d%)2”kd%/ / (/

k,j [3,3)¢ o (k,jx)’ ¥kx.0) N/ Ho
S VW _M—d g at)

(X % o [

=1 j=d+M [Z?Z

1

19(k,x, 0, h) ‘th) “du dx)’

Xk, j
1
Y [ tduay)
1 0ew (k. jx) ! Akx.0)
> Cjpmax (2W( =5+ W5> :
In the last step we used the calculations of Christ and Seeger, see formula (6.43) in the proof of

Lemma 6.2.3. from [26]. Now it remains to show, that there is a C > 0, that only depends on
q,s,N and d, such that

zfj(Squd%)znkd%/ / /
$ TR0 i S0

1110” dh) du dx)‘l’

I

To prove this, on the one hand for 1 < v < N — 1 we have to deal with I (k,x,Q,h), see formula
(6.28). Notice, that for w € Q(k,x,Q), Q € # (k, j,x),y € supp ¢ and h € Hp . . ; we observe

> 27" (27 —1).

\% \%
PRS-
’HN( y)—yo| = X+N( 0. -y 0.x)

Here we have j > d + M. Because of the support properties of the involved functions for every
p > 0 there is a C, > 0, such that we get |y * xo(x+ % (h—y))| < Cp27/P. So like in the
proof of Lemma 6.2.3. from [26] we find |I]?(k,x,Q,h)| < Cy oD, ,-n [h], Whereby we use
the abbreviation

Y0c2(n) (@) x0(x+)
yeRd (1427m]y|)P

gjtp 27" [hk ]
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With similar arguments for the terms II°(k,x,Q,h) we can prove [[I®(k,x,Q,h)| <
Cu,p9Mp o-m [1], whereby we have @ € Q(k,x,Q) and i € Hp  j. An explanation for that can
be found on page 10 in [26]. Now we obtain

2—j(sq+d%)2nkd%/ / /
(kZ; 2314 Qe%c.,j,x) Q(k.x,0) ( Ho k.

4>

v 1 1
11° (k, x, Q,h)‘ dh) 'du dx) ‘

2Wdw_M—d

<C11<Z Z 9—i(sq+dl) / /Dﬁpz - hk] d,udx) < Cyy.
=1 j=d+M
Here the last estimate is a consequence of formula (6.44) on page 23 in [26]. So Substep 3.3 is
complete.
Substep 3.4. Now we are able to finish Step 3 of the proof. Until now we know, that there is a
constant C > 0, that only depends on s, p,g and d, such that

1
(/ Hﬁi’z”vG“”“\Lp(Rd)H”du(w)) ’ > Cmax (2W(‘S‘%+5>,Wi) —c2rR(i)
12

If R is chosen very large, the term in the middle of the right hand side will vanish. So for large W
only the first term is important. Because of this, the proof of formula (6.27) is complete.

Step 4. To finish the proof, we combine the results from Step 2 and Step 3. As it is described on
page 3 in [26], we have to use an application of the Banach-Steinhaus Theorem (see the Theorems
2.5 and 2.6 from [98]) to complete the proof. We choose w = 2k2"" and obtain the stated lower

bounds. [ |

6.3.2 The Conditions s >d(1/g—1)and s >d(1/q—1/v)

Now we are able to prove some very strong results concerning the necessity of the conditions,
which can be found in (6.25). For that purpose we will use the techniques from Christ and Seeger,
see the Propositions 12 and 13. So for the Triebel-Lizorkin-Morrey spaces we observe the follow-
ing.

Proposition 14. The Necessity of s >d(é — 5.
Lets>0,0<g<p<u<o,0<g<v<o, 1 <a<ocoand N NwithN >s. Let

1 1
s<a(t-hy.
q 1%

Then we have & , ,(R?) # E;NG (RY).

Proof. Step 1. To prove this result, we use the same random function and the same notation as in
the proof of Proposition 13. At first we show, that there is a constant C > 0, that only depends on
p,u,q and d, such that

</Q |Gw’a|éif,p.,q(Rd)II”du(w)); <c.

To see this, we use Lemma 30. Then because of the embedding F; (R =& (RY) —

uu,q

Eun. q(Rd ) we can complete Step 1.
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Step 2. Next we prove, that for large W € N, there is a C > 0, such that

d

1
u _g_d . d 1
([ 01616, o RO da(@)) " = Cmax (270w )

To show this, we are only interested in x € [%, %]d. Therefore we can get rid of the Morrey quasi-
1 S]d

norm, when we choose for the ball B(y,r) a small ball, that covers the cube [4,$]. Moreover,

since % > 1, we can apply the reverse Holder inequality and obtain
1
([ G216, o B d(@))

zcl(/g/[l V(/Olzsqdil(/g(m) \AﬁlVG“”“(x)]th)gdt)sdxa’u)'l’.
! ,

But now we are in the same situation as at the beginning of Step 3 of the proof from Proposition

3
¥

13. So we can use the techniques, that are described there, to get the desired result.
Step 3. To finish the proof, we have to combine the results from Step 1 and Step 2. We can argue
like it is described in Step 4 of the proof from Proposition 13. The proof is complete. |

As a byproduct of Proposition 14 we obtain an improved version of Proposition 10 for the special
case p = g. So we get the following result.

Corollary 4. The Necessity of s > d(%— %) Jor p=gq. Part L.
Lets >0,0<p<u<o,0<p<v<o, 1 <a<ccand Ne NwithN > s. Let

1 1
sea(t D)
p v
Then we have &, ,(RY) # E;Ne (RY).
Proof. To prove this, it is enough to use Proposition 14 with p = gq. |

Notice, that for p = g Corollary 4 allows us to close the gap, we described in (6.23). So under the
conditions given in Corollary 4, it is not possible to describe the spaces &, p(Rd ) in terms of the
quasi-norm || - &, p(Rd )||(@). Furthermore, when we assume v = 1, we also can use Corollary
4, to fill in the gap, we found in (6.18) at least for the Triebel-Lizorkin-Morrey spaces. On the
other hand we also can apply the techniques developed by Christ and Seeger, to learn something

more about the Besov-type spaces for p = ¢g. There is the following result.

Proposition 15. The Necessity of s > d (% — %) Jor p=q. Part II.
Lets>0,0<q:p§v<oo,0§'c<%andl <a<oo Let N € Nwith N > s. Furthermore we

have 11
s < d(f — 7).
p v
Then Bj5,(RY) # By (RY).

Proof. For the proof we will use the same notation as in Proposition 13.
Step 1. Let u =

5T

We will prove, that there is a constant C; > 0 independent of R and W, such
that

1
([ 1625 @) an())" <.
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1

We can use Lemma 30. Since u = ﬁ, we have T = i % and p < u. By Lemma 13 we obtain
P

Fop(RY) =6, ,(RY) = &, ,(RY) = BT, (RY).

Thus we get

1

([ 162 B35 @ (o)) < ci( [ 1621Fz (8 Fau(@)” <5

Step 2. Next we prove, that for large W € N, there is a C > 0, such that

1
([ 6o @0 d(@))* > Cmax (2D, wh).

To see this, at first we replace the supremum with respect to all dyadic cubes by choosing the
specific dyadic cube P* = [0,1)?. Then we find

1

([ (G s @y au @)
> (f ([ [ [, emecoran)ad) ) anto))’
2 ([ o o etoran) ) anco)”

334
4 4
Next since % > 1, we can apply Holder’s inequality and obtain

1

([ (G155 ) 7y du(@))

=

,3
[7.1]

1

/ (et [ Iaeeran) " du(@))”.

But now we are in the same situation as at the beginning of Step 3 of the proof from Proposition
13. So we can use the techniques, that are described there, to get the desired result.

Step 3. To complete the proof, we have to combine the results from Step 1 and Step 2. This can
be done in the same way as described before. |

Notice, that for the special case p = g Proposition 15 is an essential improvement of Proposition
11. So it helps us to learn something about the gap we described in (6.24). Moreover, with v =1
we can use Proposition 15, to improve Proposition 9.

6.4 The Necessity of s <N

Below we will confirm the necessity of the condition s < N, that can be found in the Theorems 5,
7 and 9. With other words we want to explain, why it is not possible to describe the Smoothness
Morrey spaces via differences, if the order of the difference is lower than the smoothness parameter
s. For that purpose we will investigate the properties of some test functions. So for the Triebel-
Lizorkin-Morrey spaces and the Besov-Morrey spaces we can observe the following.
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Proposition 16. Differences and N < s. Part I.
Let 0 < p<u<oo,s>0and) < g<oo Let 0 <v<oo, 1 <a<ooand N € N.

(a) Then for the Triebel-Lizorkin-Morrey spaces we have &, (R? ESN4 (RY), if we are in
u,p,q P4,

one of the following cases.

(i) We have N < s and 0 < g < oo,
(ii) We have N = s and 0 < g < oo,

(b) For the Besov-Morrey spaces we have N,*, . (RY) # NZ”IX:Z’V(Rd), if we are in one of the

following cases.
(i) We have N < s and 0 < g < oo,
(ii) We have N = s and 0 < g < oo.

Proof. Step 1. At first we prove the result for the Triebel-Lizorkin-Morrey spaces. Thereto we
work with a function £ € C§(IRY), that has a support in B(0,3N +3). In B(0,2N +2) this function
looks like

flrr,x0,...,x4) = st (6.30)

Then of course we find f € é”;’p_’q(Rd). In what follows we want to prove, that we have
1£155 5. q(RY)[|(9) = o0, Let 0 < & < 1. We define

HY = {h=(h,ho,...,hg) €R? : 1 >0,y >0,... .1y >0}
Using this notation, we get

I£165 o (RD)]| )
! TdiNE N3
>C / /z—sq z—d/ AY Vdh) " =) "dx)”.
1( B(071)< € ( (B(O;)\B(Oé))mﬂi’ n /() ) t) x)

We have i € (B(0,1)\ B(0,%))NHY and so |h| > § > § > 0. Therefore because of the Mean Value
Theorem in several variables there exists a { € R? on the line that connects x and x + &, such that
for h = (hy,hy, ..., hy) we obtain

AR F (O] = A f (et h) = A ()]

N—1 N—1 N—1
:‘8Ah f(c)hlJraAh f AN f
Iy dy>

dyq

(Ohy+ ...+

(§)hal-

Now letk € {1,2,...,d}. We have |§ +Nh| <2+ N and so { +Nh € B(0,2N +2). Then because
of the definition of the function f, see (6.30), for § = ({;, &y, ..., ;) we observe

N-1 -
N, f _ d (N 1(_1)1\/—1—1 (N_1)eyl+yz+..<+yd+lh1+lh2+...+lhd)(C)
Ik A 1=0 !

N—1 N—1
_ Z (_1)N—1—l< 1 >eC]+C2+...+Cd+lh1+lhz+...+lhd
1=0

=& (0).
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Next since i € Hﬁ we obtain

A 700 = A+ A (s A (O] > [ (D)) 1
By iteration we can find an 1 € B(0,N + 1), such that
AR F1 = LF )] Y > C() AN

Because of (6.30) we have C(N) > 0. When we use this, we get

! tdiNG N\
&5 ]Rd (vma) ~ C / / 54 tfd/ AV an) Y Y ax)”
Vg2 2( B<o,1)( e ( ooy ) t) x>

> (/1 t‘f(NS)ldty.
€

Now in the case N < s we observe

! 1
qiN=s)=1gp — = (1 _ galN—s)
/8 t dt q(N—s)< € )

For N = s we obtain

/lt‘ldt = —In(g).

€

In both cases we observe, that if € tends to zero, then || f|&*  , (R?)||"*@) tends to infinity. But we

ﬂp‘rq
know f € &), (R4). So this step of the proof is complete.

Step 2. Next we have to prove the result for the Besov-Morrey spaces. For that purpose we can
use the same test function and the same methods as we described in Step 1. Only some obvious

modifications must be done. We omit the details. [ |

In the formulation of Proposition 16 the special case N = s with g = oo is excluded. Here the
proof of necessity becomes much more technical. Below we want to present a method, that also
covers this special case, at least for the original Besov spaces B), , (R4). The following result was
essentially proved by Oswald, see [91].

Proposition 17. Differences for s = N and q = .
Let 0 <p=u<oo, s=NeeNand g=o. Let ]| <v<ooand 1 <a<c. Then we have

NN,
Npo(RY) # Npp 2y (R).

Proof. For the proof we will use some ideas from Oswald, see [91]. Although we assume u =
p, we will keep both numbers different in notation, to point out, why the assumption u# = p is
needed. We fix r € N with > 4, such that 2'"! > N+ 4. Let ¢ € C3(RY) be a function with
supp¢ C B(0,1)N[0,1)4, such that ¢(- —32"-2(1,1,...,1)T) fulfills moment conditions up to
order L € NoU {—1} with L > max(—1, 0, —N). Moreover, there is a set D C supp ¢ with |D| >
‘Swa on that for all x € D and |y| < N we have |[D"¢(x)| > C > 0. There is a set D C D, such
that for all x € 9D we have 271 > dist (x,dD) > 272°. For k € N we put ny = r(k—1)+2 and
x(r) =322(1,1,...,1)T. Moreover, we put a; = 2"(i =) We define the function

) = ¥ o (2x—x(r)). (631)
k=1
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Then for k € N we have supp ¢ (2" - —x(r)) C B(27"x(r),27"%) N Oy, +(r)- Because of this we find
supp f C B(0,4+v/d-32"% +4). For k,t € N with k # t we observe

supp @ (2™ - —x(r)) Nsupp ¢ (2" - —x(r)) = 0. (6.32)

Moreover, when we fix a large / € N and / € R¢ with |a| < 27+127" for k,t € N with 0 < k <
t <I—4 we have

supp ¢ (2" - +N2"h —x(r)) Nsupp @ (2" - +N2"h —x(r)) = 0. (6.33)

Now we want to prove || f|. 4N _(R?)|| < eo. For that purpose we will use Lemma 11. We already
know, that for k € N we have supp ¢ (2" - —x(r)) C Qp, +(»)- For |a| < K € N with K > N +1
since ¢ € Cy'(RY) we find [|[D%@ (2" - —x(r))| L (RY)|| < C12"1%]. For |B| < L € NgU{—1} with
L > max(—1,0, —N) we observe

/ P o2 x—x(r))dx = 2_"k|m2_""d/ xPo(x—x(r))dx=0.
R4 R4

Hence Lemma 11 can be applied and we obtain

1A B = | g x| 4 (R
< Crsup2" W llail 2, 5(Rd)H
= Cjsup ()() )H
keN

Now we use || xr(l:’?x(r) . (R4)|| = 1, see the remark after Definition 2.9 in [48]. We get

AN (R < C) < oo,

Next we will prove, that || f| 4N _(R?)||("@) = co. To show this, at first we fix a large number

u,p, 00<
[ € N with [ > 10. Then because of the disjoint supports of the involved functions we obtain

I([., wisora)
2MA%““QW@w<§?wwwmmmﬂﬂmm0%@i

Now we use, that for fixed h with |h| < min(¢,27+127") = ¢(r,l) and k € N we have
supp AN (¢ (2" - —x(r))) C B(0,v/d32" (4 + N) +4). Therefore instead of the supremum of the
Morrey quasi-norm we can choose the ball B(0,v/d32"~2(4 +N) +4). Then since v > 1 we find

I, rearan)’
2C1H</hl<”l (Zak!AN 2nk.—x(r)))(x)|>vdh>

>cary® | [ Y. A (02 - —x())) )] (B |

R

s

2l

1
v

p(®%)"
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Next we observe

I(f,, srearan)’

> Cot (1, 1) Zal’z el

el

/hm AN, (0()) (o) |, ()|

Letn = Tl | and 6 € (0,1). Because of the properties of the sets D and D we obtain
1 p
(o 1 r0an)ee|
(-1} dAmN aN‘P N P
> Cot(r, 1)1 Z al2 I’H/ Gy (e N2 ‘|h\ dh‘L H
k=1
> Cst (1, 1) 6 Z a2 "kdz"kNPH/ \h\Ndh‘Lp([)) ‘p.
When we use a = 2(i ) we get
I, s LasmslP s Bmtapet
Now since r > 4 and [ > 10 we have 277+127" < 1. In the special case p = u this leads to
p
(1A @) )
1-6
>C5Z2”WL12 md qup NPV mm(t 27 rl)N"’+
k=1 t€[0,1]
-6 d dp dp
> Cs Z kP D —md (=1 —rl)(=Np=5F) 5 (=n1—rl)(Np+2F)
k=1
-6 1-6
=Cs ) 2" =Cs Y 1 =C5(1-6).
k=1 k=1
So if [ tends to infinity, also || f|-4, ], N (RY)||™4) tends to infinity. The proof is complete. |

The method we just presented does not work for the case p < u. Here to give a complete proof is
even more difficult. So we do not attack this problem at this point. Instead we want to formulate
a counterpart of Proposition 16 for the Besov-type spaces B};L(Rd). There is the following result.

Proposition 18. Differences and N < s. Part I1.
Lets>0,0<p<o,0<T< % and N € N. Let 0 < v < oo and 1 < a <o, In addition we assume,

that we are in one of the following two cases.
(i) We have N < s and 0 < g < oo,
(ii) We have N = s and 0 < g < oo,

Then we find By5(RY) # B350 “(RY).
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Proof. This result can be proved in the same way, as it is described in the proof of Proposition 16.
We can use the same test function and the same strategy, to obtain the desired result. Therefore
we omit the details. We refer to [58]. |

Again we have to mention, that the technique we used in the proof of Proposition 18, does not
work for the special case N = s and g = oo. Here some extra considerations have to be made.



Chapter 7

Smoothness Morrey Spaces and
Differences: Optimal Results and open
Problems

In this chapter we want to sum up, what we learned so far about characterizations in terms of
differences for our Smoothness Morrey spaces. For that purpose we will formulate some com-
pound results, where all sufficient and necessary conditions can be found at the same time. For
some special cases we also will be able to present optimal results. Moreover, we want to make
the situation a bit more transparent by the help of some (%,s) - diagrams. Let us start with the

Triebel-Lizorkin-Morrey spaces.

7.1 Compound Results for Triebel-Lizorkin-Morrey Spaces

By now we learned a lot about differences in connection with Triebel-Lizorkin-Morrey spaces. So
in chapter 5 we proved, that under some restrictions on the parameters it is possible to describe
the spaces &, , , (R?) in terms of v-means of differences, see Theorem 5. Later in chapter 6 we
recognized, that some of the conditions we just mentioned are also necessary. In the following
compound result we will collect both sufficient and necessary conditions at the same time. That
allows us to get a better overview concerning the state of knowledge we have up to now. For that
purpose let us use the notation from Definition 31. To make things more transparent, we assume

a — oo,

Theorem 10. Differences for & p,q(Rd ). Compound Result.
Let s c R O0<p<u<ooand < g<oo Let 0 <v<ooand N €NN.

(a) Let in addition
1 1 1 11 1
dmax(O,—l,—l,—,—><s<N.
4 q p vag Vv

Then we have @(if,pyq(Rd) = Ei’,][\i’;jv(Rd)-



100 Chapter 7. Smoothness Morrey Spaces and Differences: Optimal Results and open Problems

(b) We have &; p’q(Rd) # Ei’f},’j; »(RY), if we are in one of the following cases.

(i) We have s <0.

(ii) We have s <d% (5 —1) with0 < p < 1.

(iii) Wehaves<d§(%—%) with0 < p <v < co,

(iv) We havesgd(é—%)withquandq<v.

(v) We have either N < s with0 < g < ooor N =swith 0 < g < oo,

Proof. This result is just a combination of Theorem 5 with the Propositions 5, 7, 10, 14 and
16. |

Theorem 10 shows, that there are some gaps between sufficient and necessary conditions. So for

1 1 1 1 1 1
dl—)(——1><s§d<——1> and d£<———)<s§d<———>
u\p p u\p v p v

in many cases we do not know, whether the spaces &, , q(Rd) can be described in terms of v-means

of differences, see also (6.18) and (6.23). Especially the first of these two gaps is remarkable. It

tells us, that there is an area, where the spaces é"us’ M(Rd ) do not contain singular distributions,
but nevertheless a characterization in terms of differences is not available for us at the moment.
In what follows, we try to make the situation a bit more transparent, by the help of an (%,s) -
diagram. For that purpose we assume p < g for every p. We only look at the case v = 1. For all

parameter constellations where we have & , . (RY) = E;{Z:l (R4), we color the corresponding area

in green. This is sector A. When we have & (RY) £ ES"° (R¢), the related area is red. This is

u,p.q u,p,q1
. ’N7oo
sector B. Sometimes we do not know, whether we have & p’q(Rd )= Ei bl (RY) or &5 p,q(Rd ) #
E;JZ’;I(Rd). Then we color the corresponding area in yellow and call it C. In the following

diagram we assume u = 1 if p < 1. The influence of the parameter ¢ is hidden.

Figure 1. Ball
mean characteriza-
tion for é”bf,P7q(Rd) with
0 < p<u<o and
p<q< oo

A:

7N7°°
ébbip,q(Rd) = Ei,p,q,l (RY)
B:

7N7°°
(g)lj,p,q(Rd) ?é Ef{,p,q,l (Rd)

C : open problem
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Special attention should be given to the exceptional case p = g. Here we were able to prove an
optimal result. It reads as follows.

Theorem 11. Differences for &, P(Rd ). Optimal Result.

Letsc R,0<p=qg<u<coand N € N. Then 5’;,1,71,(1[{‘1) is the collection of all f € Lfggx(p 1)(Rd),
such that
u(md oo —s —d N pdt % u (md
g @O+ ([ (e [ ahpeolan)" <) e
0 B(0,t) 4
is finite, if and only if
1
dmax(O,——l) <s<N.
p
Proof. This result is a special case of Theorem 10 withg = p and v =1. |

One important advantage of Theorem 11 is, that here the gap we observed in (6.18) disappears.
With other words for the spaces & , , (R4) we observe the surprising new phenomenon, that there
is a large area, where these spaces do not contain singular distributions, but also can not be de-
scribed in terms of ball means of differences. For the original Triebel-Lizorkin spaces such a
problem does not show up. Let us illustrate the result from Theorem 11 by another (%,s) - dia-
gram. This time the yellow area does vanish and becomes red (the colors have the same meaning

as described before). In the following diagram we assume p =gandu =1if p < 1.

Figure 2. Ball
mean  characterization
for &, (RY)  with
O0<p<u<oo,

A .

‘ §,N 00
gtj,p,p(Rd) = Eu,p,p,l (Rd)

B .

&8, ,(RY) £ET (RY)

At the end of this section we want to present a list of open problems. Here we collect those
parameter constellations, that are not covered by Theorem 10. For them at the moment we do
not know, whether the Triebel-Lizorkin-Morrey spaces can be described in terms of v-means of
differences. So further investigations are necessary.
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Open Problem 1. Triebel-Lizorkin-Morrey Spaces and Differences.
Let se R, 0<p<Su<o,0<g<o,0<v<oo 1 <a<ooand N € Nwith N > s. Then at the

moment we do not know, whether we have &; , (R%) = E;”II\,I:Z7V(R‘1) or not, if we are in one of the

u,p,q
following situations.

(i) Wehaved%(%—l)§s§d(%—1)withp§q<land0<v<1.

(ii) We have max(O,d(é — %),d%(%— 1) <s< d(%— withg<p<land0<v<l.

(iii) We have dﬁ(% - <s Sd(% — 1Y with p < g and v > max(1, p).

(iv) We have s = N and q = oo.

7.2 Compound Results for Besov-Morrey Spaces

Now let us turn to the Besov-Morrey spaces. Also for these spaces we obtained characterizations
in terms of v-means of differences, see Theorem 7. And we also proved results concerning the
necessity of the conditions on the parameters showing up in Theorem 7. In the following theo-
rem, which is a counterpart of Theorem 10, we present both sufficient and necessary conditions
simultaneously.

Theorem 12. Differences for L/I{,fM(Rd ). Compound Result.
Letsc R O<p<u<ooand < g<oo Let 0 <v<ooand N €NN.

(a) Let in addition
1 1 1
dmax (0,—1,—) < s <N.
4 p v
Then we have A, (R?) = NGV (RY).

(b) We have A°, , (R) Nf,’f;,/j;f »(RY), if we are in one of the following cases.

(i) We have s < 0.
(ii) We have 0 < p < 1 and
(ii.1) eithers<d§(11;—1)
(ii.2) ors:dg(%—l)andq> L.
(iii) We have s < d%(é— %) with 0 < p <v < o,
(iv) We have

(iv.1) either N < sand (0 < g < oo
(iv.2) orN=sand 0 < g < o
(iv.3) orN=swithq=ocandu=pandv > 1.

Proof. This result is a combination of Theorem 7 with the Propositions 5, 7, 10, 16 and 17. |



7.2. Compound Results for Besov-Morrey Spaces 103

Again there are some gaps between sufficient and necessary conditions. So like in the case of
the Triebel-Lizorkin-Morrey spaces, for (6.18) and (6.23) we do not know, whether the spaces

c/I{th(Rd) can be described in terms of v-means of differences. But this time in contrast to the

spaces &, M(Rd ) for the Besov-Morrey spaces we do not have an optimal result for the special

case p = g. So there is no counterpart for Theorem 11. The reason for this is, that one of the main
tools for the proof of Theorem 11 is the theory of Christ and Seeger, we explained after Proposition
13. The methods from there are specially tailored for the Triebel-Lizorkin spaces and do not work
for Besov-Morrey spaces. Let us illustrate the situation in a (%,s) - diagram. Therefore we put

v = 1. For convenience in the following diagram we assume # = 1 if 0 < p < 1. The influence of

the parameter ¢ is hidden.

Figure 3. Ball mean char-
acterization for the Besov-
Morrey spaces with 0 <

p<u<oo
A:

7N7°°
'/thpg(Rd) - Nfup,qJ (R)
B:

7N7°°
‘/Klfpﬂ (Rd) 7 Ni,p,q,l (Rd)

C : open problem

Notice, that Figure 3 has many similarities with Figure 1, where we dealt with the Triebel-
Lizorkin-Morrey spaces. So in both cases the areas A, B and C are exactly the same. Moreover,
for each of these regions we have a similar outcome concerning a characterization in terms of ball
means of differences. This observation points out, how close the relationship between the spaces
N5 (RY) and &, (RY) is. To complete this section, again we want to collect a list of open

u’p7q u7p7q
problems. So the following parameter constellations are not covered by Theorem 12.

Open Problem 2. Besov-Morrey Spaces and Differences.
Let sce R 0O<p<u<oo,0<g<oo,0<v<oo, 1 <a<ooand N € Nwith N >s. Then up to

now we do not know, whether we have A%, (R?) = N34 (RY) or not, if we are in one of the

u7p7q
following situations.

(i) We have s =0 with 1 < a < o and either p>2andqg<2or1 <p<2andq<p.

(i) We have dB (5 —1) <s<d(3 —1)with0 <p <land0<v<1.

(iii) We have d’;’(l—l7 ~<s< d(,; — 1) with v > max(1, p).
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(iv) We have N = s with g = o and p < u.

7.3 Compound Results for Besov-type Spaces

To complete this chapter, let us collect, what we know for the Besov-type spaces Bf;fq (RY). Also
for them we obtained characterizations in terms of v-means of differences, see Theorem 9. In
the following compound result one can find sufficient and necessary conditions on the parameters
concerning that topic.

Theorem 13. Differences for B)(RY). Compound Result.
Lets€]R,0<p<<>O,0§T<%and0<q§oo. Let 0 <v<ooand N € N.

(a) Let in addition

1 1 1
dmax(O,—l,—) < s <N.
4 p v

Then we have B35 (RY) = B35 ™ (RY).
(b) We have By 4(RY) # B;wm (RY), if we are in one of the following cases.

(i) We have s <0.

(ii) We haves<d(%—l)—d1’(l—p) and 0 < p < 1.
(iii) We haves<d(%—%)—d’c(1—€) and max(p,1) <v < oo,
(iv) Wehavesgd(%f%)andq:p§v<°°.

(v) We have either N < s with0 < g <ooorN=swith(0 < g < oo.

Proof. This result is a combination of Theorem 9 with Corollary 3 and the Propositions 9, 11, 15
and 18. ]

When we study Theorem 13, we can observe, that there are some gaps between sufficient and
necessary conditions. So for

d(l—l) —dt(1—p) <s§d(1—1) and d(l—l) —dr(l—g) §s§d<l—1)
p D p v v p v

in many cases we do not know, whether the spaces Bf,’; (R9) can be described by v-means of
differences, see also (6.19) or (6.24). Let us illustrate the situation by an (%,s) - diagram. For
that purpose at first we look at the case p # g. We put v = 1. Moreover, we assume 7 = 1 — |
for every p if p < 1. Then in the following diagram in area A a characterization for B;L(Rd ) in
terms of differences is known. For B we can prove, that such a characterization can not exist.
For zone C we do not know, whether a characterization by differences is possible. Notice, that in
both areas A and C the Besov-type spaces do not contain singular distributions. In some sense that
observations are similar to those, we made for the spaces &° _(R¢) and .#*, (R?). Consequently

u,p.q u,p,q
the following diagram also can be seen as a counterpart of Figure 1 and Figure 3.
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Figure 4. Characteriza-
tion in terms of differ-
ences for Byy(R?) with
q#pand‘t:%—l if
p<l.

A:
By5(RY) = B (RY)
B:

9 K 7N7°°
By5(RY) # B (RY)

C : open problem

For the special case p = g the gap we called area C in Figure 4 disappears. Here we can formulate
an optimal result. It reads as follows.

Theorem 14. Differences for B)",(R?). Optimal Result.
Let se RO< p=¢g<oo,0<1< 117 and N € N. Then B%,(R?) is the collection of all functions

fe Lfl‘:gx(% 1)(Rd), such that

P p / —sp/ —d/ AN h) dx P
390 e (frran)”+sup o (7o (0 [ o) “ax)

is finite, if and only if

1
dmax(O,——l) <s<N.
4

Proof. This result is a special case of Theorem 13 with p =gand v =1. |

Theorem 14 corresponds to Theorem 11, where we obtained a similar result for the Triebel-
Lizorkin-Morrey spaces. In fact, the assertion in both theorems is almost the same. To see this,
recall, that fors e R, 0 < p<ooand 0 < 7 < % we have

S, dy __ s, d
BT (RY) = F3E(RY). (7.1)

We refer to Proposition 2.1.(iii) in [144]. When we combine this observation with Lemma 13, we
find, that Theorem 14 is just a reformulation of Theorem 11. Also for Theorem 14 it is possible to
illustrate the situation in a (%,s) - diagram. We assume p = ¢ for each p and 7 = % —lifp<1.
Moreover, we work with v = 1.
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Figure 5. Charac-
terization in terms
of differences for
ByH(RY) in  the
special case q = p
with T = 1%— 1 if
p<l.

A:

b b 7N7°°
Byp(RY) = By 517 (RY)
B:
B

pp(RY) # BT (RY)

In view of (7.1) it is not surprising, that Figure 2 and Figure 5 look almost identically. To complete
this section, let us collect a list of open problems showing up in Theorem 13. So there are some
parameter constellations, for that we do not know, whether we can describe the Besov-type spaces
in terms of differences.

Open Problem 3. Besov-type Spaces and Differences.
LetseR,O<p<<x>,0<q§oo,O§T<Il;andNENwitths. LetO<v<ooandl <a< oo,

Then we do not know, whether we have By 5 (R?Y) = Bf;,fl’f,\,]’a (RY) or By (RY) # Bﬁ;fq’fl”“(Rd), if we

are in one of the following cases.

(i) We have d(L — 1) —dt(1-2) <s<d(L—1)yandq+# p <v <eowithv> 1.

1_
p P
(ii) We haved(§ —1)—dt(1—p) <s<d(5—1) with0 <p <1land0<v<1.

(iii) We have N = s and q = oo.



Chapter 8

The Diamond Spaces associated to
&S (RY)

u,p,q

Characterizations in terms of differences for the Triebel-Lizorkin-Morrey spaces have many use-
ful applications. For example, they can be used, when we want to learn something about complex
interpolation of two Triebel-Lizorkin-Morrey spaces. In connection with this topic so-called dia-
mond spaces play an important role. Hence this chapter is devoted to the diamond spaces associ-
ated to &; p7q(Rd ). They are denoted by (g’,z pg(Rd). One of the main goals in this chapter will be,
to prove characterizations in terms of differences for these spaces. Let us remark, that a major part

of the theory that is presented in this chapter, also can be found in the author’s article [150].

8.1 Diamond Spaces: Definitions and basic Properties

In this section we give a rigorous definition for the so-called diamond spaces. Moreover, we
collect some elementary properties of them. Roughly speaking the diamond spaces are subspaces
of function spaces, that fulfill some additional smoothness properties. For a given function space
X we denote the associated diamond space by X. There is the following precise definition, see
also Definition 2.23. in [146].

Definition 32. Diamond Spaces.
Let X be a quasi-Banach space of distributions or functions.

(i) By X we denote the closure in X of the set of all infinitely often differentiable functions
f €X, that fulfill D*f € X for all a € Nd.

(ii) Let C3(R?) < X. Then by X we denote the closure of Cy(R?) in X.

In what follows we want to look at some concrete examples for diamond spaces. Let us start with
the spaces associated to the Morrey spaces .#%(R?), namely %g‘(Rd ) and .7} (R?). For these
spaces there are the following explicit descriptions.
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Lemma 31. Diamond Spaces associated to Morrey Spaces.
Let 1 < p <u <oo.

(i) //;‘ (R?) is equal to the collection of all f € M} (R?), that fulfill

1

1 1 Iy
lim|B «p Pdx)" =0 8.1
im B0 ([ 1) .1
and
lim [B(y, r)|* "7 rax)’ =0 8.2
Jim B ([ ) = 5.2
both uniformly iny € R¢ and
1
tim B )* 7 ([ (7Glrdx)” =0 83)
[y B(yr)

uniformly in r € (0,00).

(ii) /Q//I’,‘ (RY) is equal to the collection of all f € ///;,‘(Rd), such that (8.1) holds true uniformly
iny € R,

Proof. This result can be found in [146], see Lemma 2.33. [ |

A second example are the diamond spaces associated to the Sobolev-Morrey spaces, recall Defi-
nition 20. It is not difficult to see, that the spaces W' .Z ;,‘(]Rd ) can be described in the following
way.

Lemma 32. Diamond Spaces associated to Sobolev-Morrey Spaces.
Let 1 <p<u<ooandm€N. Then W’".///;,‘(Rd) is equal to the collection of all f € W”’.///;,‘(Rd),
such that for any B € N¢ with |B| < m we have

1
1 1 >

lim|B(y,r)|« 7 / DPf(x)|Pdx)" =0
rﬂo’ »,7)| (B(m! )] X>

uniformly in'y € RY.
Proof. This result is a consequence of Definition 20 and Lemma 31. |

Most important for us will be the diamond spaces associated to the Triebel-Lizorkin-Morrey

spaces. They are defined as described in Definition 32 and have the symbol éu‘ p’q(Rd ). It turns

out, that under certain conditions on the parameters the spaces &, , q(Rd ) coincide with some other

function spaces. So we can make the following observation.

Lemma 33. Diamond Spaces associated to Triebel-Lizorkin Spaces.
Letse R, 0< p<u<ocoand (0 < g < oo, Then the following assertions are true.

(i) We have & (RY) =& (RY) if and only if u = p.

u,p,q u,p,q

(ii) We have g";’p’q(Rd) = <§’,j7p7q(Rd) ifand only if u = p and 0 < q < oo.
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Proof. This result is proved in [146], see Lemma 2.25. and Lemma 2.26. |

In the subsequent sections it is our main goal, to learn more about the properties of the spaces

Eup., q(Rd ). For that purpose sometimes we also have to deal with the following function spaces,

that have many connections to the diamond spaces.

Definition 33. The Spaces E; , ,(R?).

Let0<p<u<oo,0<g<ooands > 0. Then the set E,
feé&s

u,p,q

pa (R9) is the collection of all functions

d s d d
(RY), such that D*f € &, ,(R) for all o € Nj.

It is not difficult to see, that we have

(R

g R

=& (RY).

E’ivp7q (Rd) u,p,q

There also exists a counterpart of Definition 33 for domains. Let Q be a Lipschitz domain, see
Definition 16. Let s > 0,0 < p < u < o0 and 0 < g < o. Then we put

M,p,q 7p7q(

ES (Q)::{fe@’(g):ageE; RY) suchthat f=g on Q}. (8.4)

‘When we use the definition, we find, that we also can write

Eipg(@) = {f € 61,,(Q): DUF €&, (@) forall aeNG}. (8.5)

s

But we know even more. So it turns out, that the spaces E,, , ,

(Q) are independent of the parame-
ters. There is the following result.

Lemma 34. The Spaces E,, , () are independent of the Parameters.
Let Q C R? be either a bounded Lipschitz domain if d > 2 or a bounded interval if d = 1. Let
§20,0<p<Lu<ocand < q <o Then the set E),

s,u, p and q. Indeed, it holds

() is independent of the parameters

Eipq(Q) = {f €C™(Q): D*f € L.(Q) forall acNj } :

Proof. For the proof we can follow the ideas from Proposition 4.21. in [134]. One may also
consult the proof of Theorem 2.45. on page 1895 in [146]. ]

8.2 Characterizations for Diamond Spaces

. . . < d
In this section we want to learn more about the properties of the spaces &, , (R%). For that purpose

we will prove some equivalent characterizations for them.
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8.2.1 Characterizations using a Littlewood-Paley Decomposition

Hereinafter we are going to prove a characterization of & p7q(]Rd ) using the Littlewood-Paley

decomposition. For that purpose, we have to introduce an additional notation. Let ((pj);-":O be a
smooth dyadic decomposition of the unity. Then for f € .%/(R¢) we put
N
SNfx) =Y 7 97 fl(x), NeN. (8.6)

Jj=0

Of course by the Paley-Wiener-Schwarz Theorem SV f are smooth functions. But we know even
more. So we can make the following observations.

Lemma 35. Some Properties of S" f.
Let 0 < p<u<o,0<g<ocoandsecR. Let f € éﬁpﬂ(Rd). Then the sequence (S" f)%_, has
the following properties.

(i) We have SN f € é"u‘fpg(Rd)for allo e R

(ii) For all a € N3 we have D*(SVf) € Eipa

(RY).
(iii) For all o € N¢ we have D*(SN f) € L..(RY).
(iv) It holds the identity

SNfx) =FZ g2 V) Ff(x), xeR! NeN,.

(v) There exists a constant c independent on f, such that

sup [|SYf165, (RO < el £167 4R - (8.7)
NeNy

Proof. Part (i) is a consequence of the estimate

N+1

(X 201710, #A1()11)"

J=0

Is¥Flés,

d
upg R < e

///;(Rd)H

with some ¢ independent of f and N € Ny, see Lemma 22. From (i) we derive, that SV f €
& bm(R?) with m € No. Next we use Lemma 4, to obtain D*(SV f) € &7 , . (R?) for [ot| = m. To
show (iii), it is enough to apply Proposition 2.6 from [144]. The next part (iv) is an elementary
conclusion of the definition of the functions ¢; with j € {1,2,...,N}. Finally (v) follows from

Lemma 22. We observe
ISY£160 g RN =17 oo™ ) F f1162 g RO < 1l 165 R
So the proof is complete. |

Now we are prepared to prove a characterization of &, , , (R4) using the Littlewood-Paley decom-

position.
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Proposition 19. Littlewood-Paley Characterization for wp, q(Rd ).
Let0 < p<u<o,0<g<oandsecR. Then éauqu(Rd) is the collection of all f € upq(]Rd),
such that

Jim [ f = S¥f165,, (R =0. (8.8)

Proof. It is not difficult to see, that if (8.8) holds, we have f € &, q(Rd ). Therefore in what
follows we suppose that f € &; , q(Rd ). We want to prove (8.8). For that purpose by (f7)seny wWe

denote a sequence in £y, , q(Rd ), such that

Lim [[f = feléipq(R Nl =o.

Without loss of generality we may assume

1
If = fel u,,q(R")\|<z forall (€N.

Let o0 € R with o > 5. We use a standard Fourier multiplier assertion from Lemma 22. Then we
obtain

upq(

=S f 160 B = | ¥ # o7 h)

j=N+1

)|

<al| (£ 27 e aieor) ||
<e2e0)| (£ 2on7 g Faieor) |y e
< 2269 | 1165, (B

This shows, that
hm | fo—SVfi| Mpq(]Rd)H =0 for any feN.

Hence for ¢ € N there exists some N(¢) € N, such that

1
1 /i = 8" O fi162, R < 5

This yields

If—sMOf1&8, J(RD)
<asllf = fol6S RO+ sl fo— SVO £y 185, f R+ e3]| VO £ — SVO p &5 (RD)]

2
SCsvasllSN (fe= N6 p g R
24c
<c3 / )
where c is the constant from (8.7). Consequently we have the convergence of an appropriate subse-

quence (S¥ O f )7, It remains to switch from the subsequence to the whole sequence. Therefore
we assume, that our sequence (N(¢))sen satisfies

N({l+1)—N() >5 for all ¢eN.
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Furthermore, we will use the identity
N N-1 X
| X 7 07|60, @) = |( X 207 enZ A1
j=M m=M+1
+2"9.7 oy (ou + u41) Z £1(-)|1
+ 207017 oy ou F1](-)|
+2V1.7  ow (ov—1 + on) F 11 ()|
1
+ 200007 g @ F ()19 | (R
valid for all natural numbers M and N such that 2 < M + 1 < N — 1. This follows from
Om if M<m<N;
Ov—1Om if m=M-—1;
N .
N\ ) om(om+ o) if m=M;
O <jz;{,1(pj) on (ov—1+on) if m=N;
ON+1 PN if m=N+1;
0 otherwise .
From Lemma 22 we know
17 @; o0 7 £1(-) |ty R < cal| F (@ F£1(-) | Ay (R
Altogether this shows
1
[(T 215 w2 1) 10)" )|
m= M+1
- 1
<| X 7t 1]6®Y)
=M
N+1 | ! y
<es|( X 2 1F @ F 1)) |y @D (89)
m=M-1

with some constant c¢s independent of M, N and f. Let

1<N()<M-3<N—-3<N+2<N({+1).

Then (8.9) implies
1% =S 1162 B = | L 710y 71|62
,\(mN;lm 'on Z1117)” |38
N({+1)
ScSH Y 0|6 )|
i=N(()+1

—CsHSN”lf SMOf162 g R
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Repeating the argument, we conclude, that
I8¥f =S F 160 RN < o | SN2 f =MV f187 (R

for all M, N such that N(¢) <M < N < N({+1) with c¢ independent of £. Consequently (S¥ f)%_,

is a Cauchy sequence in &, (R ). This proves the claim. |

Actually, Proposition 19 is not new. We refer to [47], see Theorem 1.1. However, the proof we
gave here, is slightly different and covers some more cases. Next we want to use Proposition 19
to prove an embedding result, that connects Triebel-Lizorkin-Morrey spaces and diamond spaces.
So we can observe the following.

Corollary 5. Embedding in Diamond Spaces.
Let 0 < p<u<oo 0<qo,q1 <o and sg,s1 € R with s1 < sg. Then we have the continuous
embedding

d d
& g0 (RY) = &l 4y (RY).

Proof. Let f € &%, (R?). Lemma 22 yields

17871820 ®) < (£ 27015 oz i) |agie)|
< 270V || sup 27| 7 g, 7 £ | (R

>N

with constants ¢; and ¢, independent of f and N. Since éaus(;, @ (RY) s = 60, «(RY) for N — oo this

implies (8.8) and therefore by Proposition 19 we find f € gump @ (R9). The proof is complete. M

8.2.2 Characterizations in Terms of Differences

Hereafter we want to prove characterizations in terms of differences for the spaces é"; (R ). We

will divide this task into two parts. So on the one hand we can observe the following.

Lemma 36. Diamond Spaces and Differences. Part I.
Let 0 < p<u<oo,0<g<oands> 0y, Let N € Nwiths <N. Then &

. q(Rd) is contained
in the set of all f € RY), that fulfill

upq(

1

1 1 D
lim |B(y, ?«"/ Pdx)" =0 8.10
imlBONIE () 1A (8.10)

and

1

lim B(y,r)|+ "+ [/B(y,r>(/olt_sq<t_d/3(o,t> A £(x )]dh)th) ax|" =0, @.11)

both uniformly in'y € R4,
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Proof. Step 1. In a first step we deal with functions f belonging to E;J,’q(Rd ). Clearly those
functions are uniformly Lipschitz continuous on R¥. To see (8.10) in this situation we argue as

follows. Obviously we have

1

(/B(yr) ’f(x)|pdx); < | fILa@®RD|| |B(y,r)|?.

=

Multiplying this inequality by |B(y,r)|'/“~1/7, it follows for u < oo, that the right-hand side tends
to O (uniformly in y) if r | 0. The argument for deriving (8.11) is quite similar. Recall, that for a
smooth function with N € N we have

A) ()] <1 (max sup [DUFO)) 1Y with  xhe R

|af< yeRd

and with a constant ¢; independent of f,x and 4. Hence we find

1
1 adt\ 1 dr\ &
t% t*d/ AN dh) =) < /f‘qtN‘f— 7 < oo
([roa(e ), 1artan) S ) <e( [ romnd) <o

for some c¢3 independent of x. This implies

1 5o
ol | [ ([ mrlan) Y ) a] " <elpool
B(y,r) 0 B(0,t) t

and therefore the claim follows.
Step 2. Now we turn to the general case. Let f € & M(Rd ) and let € > 0 be given. Then with
M € N it follows

ook [, (o, o) )'af

<cllf—S"rf1&, R

1
1 ! adr\1 7
4 e1|Bly,r)[i 77 [/ (/ 154 (z—d/ (AN (8™ £)(x)|an) ) qu] "
B(yr) \/0 B(0,1) t
Here we used Theorem 5. Now the second term on the righ-hand side becomes smaller than € > 0,
if r <ro(e), since SMf € E}, pa (R?) and therefore we may use Step 1. The first term on the right-
hand side will be smaller than € > 0, if M > My (€) thanks to Proposition 19. Both statements hold

uniformly in y. This proves (8.11). The convergence in (8.10) can be proved in a similar way. W

Now we turn to the converse part of Lemma 36. Here we have to accept some more restrictive
conditions.

Lemma 37. Diamond Spaces and Differences. Part I1.

Let 1 <p<u<oo,1<g<ocoands>0. Let N € Nwiths <N. Let f € éal‘zp’q(Rd) be a function
with compact support and such that (8.10) as well as (8.11) hold uniformly in y € RY. Then we
have f € &3, (R?).

Proof. Because of Proposition 19, it is enough to prove

. M S
Jim [|f = ST f1&

wpaRI=0.
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Using Theorem 5 with a = 1 and v = 1, this can be reduced to show

Jim ||f =S¥ £l (R =0 (8.12)

g (e Lo 10 (=" p)lan) L)’

Step 1. We shall show (8.12). For that purpose let f € éaus?p’q(Rd). Let M € Nand 0 < 6 < s. Then
we find

and

///;(Rd)H —0. (8.13)

Ir=s"rlap @) < | L 17 g7 110 )

J=M+1

< 2| ;lzf"lfl[(pjﬁf](') RSl

127 M| f162,1 (R

< u,p,1
< 27| 167, R

Here c; is independent of f and M € N. So since f € éabf’p’q(]Rd ), if M tends to infinity, (8.12)
follows.

Step 2. Next we prove (8.13). Let B be a ball in R?. Since f satisfies (8.11), for every € > 0 we
find some 6 > 0, such that

| PSR
sup ]Bﬁ*;% [/ </ fsq(fd/ |A§1Vf(x)\dh>q> qu] ’ <e.
B|<5 B\ Jo B(0,t) !

Due to p > 1 and g > 1, the generalized Minkowski inequality in combination with a standard
convolution inequality yield

[/B (/Olt_sq (- /Bm,n ‘AZVSMf(xndh)wf) zdx} ’ 1
<c3 [/B (/o1 t <td/3(0,z) ]Aﬁlvf(x)’dhycit) de} i

with ¢3 independent of B and f. Consequently we get

1

H (/Olz—“f(z—d /B«m IA’;Y(f—SMf)(-)Idh)q%)"

1 diNe s
<cpet sup |Bli [/ (/ ff‘f(f"/ ]Aﬁlv(f—SMf)(x)dh)qt>qu] .
IB|>5 B\ Jo B(0.) t

Since f € &, , ,

Ay @) (8.14)

(R4) the supremum on the right-hand side is finite. By the definition of the supre-
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mum there exists a sequence of balls B; := B(y;,r;) with j € Nand |B(y;,r;)| > &, such that

i ¢ 1
sup |B|i " [/ (/ t_sq(t_d/ |A2V(f—s’”f)(x)ydh)q‘”> dx]
|B‘25 B 0 B(O,t) t
1 11 1 qdt i %
< Z 4 |B;lu"p % t*d/ AN(fF—sM dh > d}
sl ([t [ s telan)' ) ax
1 1 de\i 17
1_1 q q p
< N i —sq —d/ Niep oM htd
<t ([l ] - mian) ') )
1 11
< tesdr P = SMFIE g RO (®8.15)

Here in the last step we used Theorem 5 for the original Triebel-Lizorkin spaces F), , (RY).

Substep 2.1. We claim, that a function f € &, (

as well. We may assume supp f C B(0,R) for some R > 1. Based on Theorem 5 we observe that

e ([l [ ko))
= ||fIL,(B(0,R))|| + H(/olt_sq<t_d/3(0,t) IAﬁf(-)ldh)qit)”l’

< |B(O,R)| "7 || 1. (R

R4) with compact support belongs to Fl‘iq(]Rd)

Ly(®Y)|

Ly(BO.R+N))|

1 dt 1
+B(O,R+N)| s (/ f“l(fd/ AN F()1dn) ) | )|
0 B(0,r) t
d(i-1 s d
< C6 (R+N) P Hf|@(0u,p,q(R )H (8.16)
Hence we find f € F;q(Rd).
_gubstep 2.2. Next we shall use Lemma 33 and Proposition 19. Since f € Fj ,(R) = &5 , (R?) =
557p7q(Rd) and 1 < p,q < oo, we get
: M dy|| —
Tim [1£—S¥fIF (B =0, .17)

Here the restriction g < oo is essential, see also the remark in chapter 2.3.3 in [128]. Finally we
collect (8.14)-(8.17) together and find, that for fixed € and associated &

H </01t“1<td/3(0’[) IAZV(f—SMf)(')\dh)qity

1 11 1
St otesdn 1f =M fIE; (R < cret

A5

if M is chosen large enough. So if j tends to infinity, this proves (8.13). The proof is complete. W

In Lemma 37 we assumed, that the function under investigation has compact support. Hence the
following definition will be important for us.

Definition 34. The Spaces &, (RY;B).

Let0<p<u<oo,0<g<coands>O0. Let Bbe aball in R?. Then é”usﬁp’q(Rd;B) is the collection
ofall f € éjf?p’q(Rd) satisfying supp f C B.
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Using this notation, we can formulate the next theorem, which is the main result of this section.

Theorem 15. Diamond Spaces and Differences. Part I11.
Let1<p<u<oo, 1 <qg<ocoands>O0.Let Bbeaballin R Then f € ijpaq(Rd;B) belongs to

& (R4), if and only if (8.10) and (8.11) hold uniformly in'y € R,

u,p,q

Proof. This result is a combination of Lemma 36 and Lemma 37. [ |

8.2.3 Characterizations by Mollifiers

It is also possible, to describe the spaces &, p7q(]Rd) by using mollifiers. In this section we will
briefly collect the main ideas concerning that topic. For that purpose we need some more notation.

Therefore let p € Cy (R9) be a function satisfying
dp(x)dx: 1 and suppp C B(0,1).
R

We put p;(x) :=2/4p(2/x) with x € R? and j € N. Such a function p sometimes is called a
mollifier. Mollifiers have the special property, that their convolution with a distribution is a smooth
function. For a quasi-Banach space X that is continuously embedded into .7/ (R¢), we define X'
as the collection of all f € ./(RY), such that the pointwise product fulfills ¢ - f € X for all

¢ € C3(R?). Convergence of a sequence {f; 71 with limit f in X loc {5 defined as

lim || fo—filX||=0 forall  ¢eCFR).
] (e}

The next lemma tells us, what happens, when we convolute our mollifier p with a distribution

fe éjj,p’q(]R{").

Lemma 38. Mollifiers and &° , (R?).

u"p?q
Let 1 <p<u<oo, 1 <g<ooands>0. Let f € éif7p7q(Rd). Then the sequence {f *p;}7_ has

the following properties.

(i) Forall o € N§ and all j € N we have D*(f xp;) € &5, ,
E; pq(RY).

(RY). Moreover we have f*pj €
(ii) Forall @ € Nd and all j € N we have D*(f x p;) € Loo(RY).
(iii) Forall j € N we have fxp; € C*(RY).

(iv) Forall j € N we have fxp; € £, (R?) forall o € R.

u,p,q

(v) There exists a constant ¢ independent of f, such that

sup 150 162 5 RO < el £165 , g R
je

Proof. Essentially all of Lemma 38 is known. So we skip the proof. |
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Let us compare Lemma 38 with Lemma 35, where we collected the properties of SV f. We ob-
serve, that the sequences {f xp; 7y and {SN £}%_, have many properties in common. So in both
cases the involved functions are very smooth. In Proposition 19 we learned, that Littlewood-Paley
decompositions can be used, to describe the spaces g(’,f p,q(Rd). Therefore it is not surprising,
that also convolutions with mollifiers can be applied to characterize the spaces gﬁi pa (R?). The
following result can be seen as a counterpart of Proposition 19.

Proposition 20. Mollifiers and c%j;" » q(Rd).

Let 1 <p<u<oo, 1 <g<ooands>0. Let f € gus?p’q(Rd). Then the following assertions are
equivalent.

(i) We have f € %ip7q(Rd).
(ii) We have lim;_,. ]]f*pj—f\fo@,ip7q(Rd)“ =0.

Proof. We will not use Proposition 20 in what follows. Therefore we will drop the proof. |

8.3 Diamond Spaces and Intersections of Triebel-Lizorkin-Morrey
Spaces

In this section we intend to investigate the properties of intersections of Triebel-Lizorkin-Morrey
spaces. Later they will play an important role, when we are looking for descriptions of interpola-
tion spaces. For a start we want to prove the following lemma.

Lemma 39. Intersections of Triebel-Lizorkin-Morrey Spaces. Part I.
Let® € (0,1) and i € {0,1}. Let s; € R, p; € (0,00), g; € (0,00| and u; € [pj, o). Moreover we put
s=(1—-0)so+Osy,

I 1-06 0 1 1-06 06 1 1-6 06

— = + — - = + — and - = + —.
Po P1 q q0 q1 u Uuo uj

Then we have
d ‘ d ‘ d
Cuo.poao (R N6l py gy RE) = & o (RY).
Proof. Because of our assumptions and Holder’s inequality we have
127 a)Tollgll < 1127 aj)Foollag I~ 1 (27 aj)oll, 1

This will be applied with a; := .7 ~![¢;.Z f] and j € Ny. We continue by a further application of
Holder’s inequality and find

|12 a))oltgl L (B |
< || @ @) 5oltan IO 1127 )70l 1° |25 (B )|
. 1-0 . (C]
<1 aoltal [ BO )| | 1127 a0l | (B

This proves the claim. u
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In a next step we prove a version of Lemma 39 for functions with compact supports. For that
purpose we work with the spaces &, , (R4; B) from Definition 34. When we do so, the diamond
spaces gaus » q(Rd) show up in a very natural way.

Lemma 40. Intersections of Triebel-Lizorkin-Morrey Spaces. Part I1.

Let® € (0,1), 0 <59 <s1, 1 < pg < p1 <o, 1 <gqo,q1 < oo, min(qo,q1) < oo, po < uo, p1 < uy
and ug < uy, such that s = (1 —0)sy + Osj,

1 1-6 0 1 1-6 0 1 1-6 06
— = +—, - = + — and - = + —.
p Po P1 q q0 q1 u Uuo uj

In addition we assume either sy < s1 or 0 < s9 =51 and q1 < qo. Let B be a ball in R4. Then we

have
Givnar REB) Oy g (RTB) = &5, 4 (RY).
Proof. By Lemma 39 we already know, that
glj(?,[’()’lio (Rd) n £;117P1,41 (Rd) - éa;’p’q (Rd) ’
Now we want to employ Theorem 15. This is possible, because we have s > 0 and g < o. Let

fe&n (REB)NEST . (RYB). Using po < p < p; and Holder’s inequality, we find

Uuo,P0,90 ui,pP1,91
1 1 11 L
B,T*’/ Pdx)” <B,E7/ Pidx )™
BoNEr ([ Werd)” s BeAlE (] 7W)r)
[ a1 Y
— 1B B ([ p) )
B(y.r)
1_1
< By f A (R (8.18)

This tends to zero, if r — 0 due to uy < u < u;. Now we proceed similarly with the term

11 1 il qdt 5 %
= ot | (o [ b)) e
B(y,r) 0 B(0,t) 4

with N > s. Using pg < p < p1, we observe by the Holder inequality

o1 Vs —d N adt\
(Goyrswpg) < 1B ([oa(e [l rOlan) ) 800)
1
11 ! adt\
< |B(y,r)|* " 15 t*d/ AN £(1)|dh ) ’///”1 RY
< B0 ([ [ et oE) e
1_1
< alBOD IS 16 (R
1_1
< calBODT 160 (RO (8.19)

Here we used Theorem 5 and the elementary embedding &/ , (RY) — &5 ” ‘q(Rd ), see Propo-
sition 2.1 in [144]. As in (8.18), it is obvious that the right-hand side tends to zero for » — 0

uniformly in y. Hence by Theorem 15, (8.18) and (8.19) we finally proved f € 2"; M(Rd ). |

Lemma 40 will be very important for us later, when we deal with complex interpolation of Triebel-
Lizorkin-Morrey spaces. It already gives us a good impression, how the conditions on the param-
eters will look like in typical results concerning that topic. However, before we are ready to prove
assertions on complex interpolation, we need some more preparations. So for example we have to
investigate the smoothness properties of some test functions. This will be done in the next chapter.
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Chapter 9

Some Test Functions for & (R?) and
N itp.a(RY)

u,p,q

In this chapter we shall investigate some families of test functions. So on the one hand we will
deal with functions, that have a local singularity at the origin. On the other hand we have a
look at radial symmetric functions with a certain decay at infinity. For such functions we want
to figure out, under what conditions on the parameters they belong to our Smoothness Morrey
spaces. There are several reasons, why this is an interesting problem. First of all it allows us to
get a better feeling for the spaces under consideration. Second, when we know, that under certain
conditions on the parameters some special test functions do not belong to our function spaces, this
sometimes gives us the possibility, to prove the necessity of some conditions in our main results.
In the proofs in this chapter we often will work with the characterizations in terms of differences,
we obtained earlier in this treatise. So the next pages will help to demonstrate, how differences
can be used, to investigate the properties of special test functions. It turns out, that if the function
under investigation has a certain structure, it has many advantages, to apply an equivalent quasi-
norm, that uses differences. Let us say, that some calculations that are done in this chapter, also
can be found in [150].

9.1 Functions with a local Singularity

Hereinafter we investigate the properties of a family of test functions, that have a local singularity
at the origin. For that purpose at first we define a smooth cut-off function y. Let y € Cy (RY) be
a radial-symmetric and real-valued function with 0 < y(x) <1 forall x € R4, Moreover, we have
y(x) =1,if [x| <1 and y(x) =0 if |x| > 3/2. In what follows we are interested in the family of
functions given by

fo(x) := w(x) x| 7%, x e R\ {0}, a>0. 9.1)

We want to know, under what conditions on the parameters the functions f; belong to some
Smoothness Morrey spaces. For the Morrey spaces themselves it is already well-known, that for
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0 < p <u < oo we have

fa € MY (RY) if and only if a<

S I

This result can be found in [146], see page 1849. There we also find f;/, ¢ /}/1’,‘ (RY). Now let
us turn to function spaces of higher smoothness. For a start in a first step we investigate, under
which conditions on the parameters the functions f,; belong to the Sobolev-Morrey spaces, see
Definition 20.

Lemma 41. Sobolev-Morrey Spaces and Functions with a local Singularity.
Let0<p<u<oo,meNandm < %. Then the following assertions are true.

(i) We have fo € Wm//l[’,‘(]Rd) if and only if m+ a < %.
(ii) Let in addition p > 1. Then we have fy ¢ Vi]m///p”(Rd) ifm+a =42

Proof. Step 1. At first we prove sufficiency in (i). Let B € N with |3| < m. It follows from the
Leibniz rule and the smoothness of y, that

3
IDP fo(x)| < Cop Ix| 7P 1] < 3

with an appropriate constant Cy, . Hence with m+ o < % we find DB fo, € 4 i (R9) and therefore
fo € WAL (RY).

Step 2. Now we prove necessity in (i). Therefore let f,, € W”’///;’(Rd). We fix B := (m,0,...,0).
We need to distinguish m even and m odd. If m = 2m’, then

21
Dﬁfa( ) Dﬁ |x| a Z Civ Jar2m+2i ‘05+2m’+21 ‘x| < l’
where {c,-}l’.”:/ o are appropriate constants independent of x. If m = 2m’ + 1, then

!
m x%lJrl

DP fu(x)=DF(Ix=*) =) diW7
i=0

Jj

where {dl-};":/ o are appropriate constants independent of x. Observe, that the terms M"‘ic#“ are
ordered. So we have . ,

ey |72 1|/

|x’a+2m’+j+2 — ‘x‘a-‘er’-&-j :
Now we choose a subset A of R? and a constant ¢ > 0 by
max(|x|,...,|x
A—{XGRd ’x’<1 ‘XIIZ (’ |7 7|d|)}
c

Let E denote the minimum of those constants cy, ... ,Cu,do, - .. ,d,y Which are all positive. Then

¢ > 1 is chosen in such a way, that

!
E’xl‘

‘ZC’| |a+2m/+21 =2 [xetan XEA,
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if m = 2m’ and
E ’XI ‘Zm +1

= 3 x[atan il

2i+1
| ’ XEA,

} Z d | |O£+2m +2i+1

if m =2m’ + 1. Then for r € (0,1) and B as above we have

Ifal Wty @) 2 18O ([ D))

B(0,r)NA
1 1
> £ B0, (

1
|x|7(a+m)p dx) »
B(0,r)NA

> E r%f(‘”’")

for appropriate positive constants £ and E, independent of ». On the one hand this yields necessity
of a+m< % in (7). On the other hand we get fu , & Wm///;j(Rd), see Lemma 32. [ ]

Now we turn to the Triebel-Lizorkin-Morrey spaces. Here the proof will be a bit more technical.

Lemma 42. Triebel-Lizorkin-Morrey Spaces and Functions with a local Singularity.
Let0 < p <u<ooand (0 < g < oo Lets> 0,4 Then the following assertions are true.

(i) We have f, € &°

upq(Rd) ifand only if a +5 < %.

(ii) We have fo & Rd)ifOH—s:%.

upq(

Proof. Step 1. We start with the proof of (i). Thereto we will use Theorem 5 with v =1 and
a=1.

Substep 1.1. Sufficiency. By means of the elementary embedding &;; , q(]Rd ) = Epp (R?) we
may restrict us to the case g < eo. The membership of f, in Morrey spaces already has been

investigated. Therefore it remains to deal with

(e ey ]|

Here we assume ot +s < d/u and N > 5. Because of the compact support it will be enough to deal
with small balls in the Morrey quasi-norm. Furthermore, because of the radial symmetry it will be
sufficient to study the balls B(0,r) with 0 < r < 1. So we are interested in

1
1 '
sup r%ﬁé)(/ </ t*sq(; / AN x|~ “\dh)q‘”) dx)p. 9.2)
0<r<l1 |x|<r 0

We split the integral with respect to 4 into three parts, namely

(@) |h < |x|/(2N),

(b) x|/ (2N) < |h| < 2|x| and

() [A] = 2|x].

Case (a). Here for 1 <1 < N we have |x+ lh| > |x| — N|h| > |x|/2. Moreover, the Mean Value
Theorem yields

AN 137 < Canlhl™ max  sup DYy~ < ey A" x| * 7N,
7‘—N\x —y|<N|h|
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Consequently we find
Il qdt I dt
/ t—(s+d)q< b |A2’|x|_a|dh) 7§62|x|—(oc+N)q/ ((N=s)g =2 ; < c3x| (@9,
‘ Jhl<lxl/ 2N) °

In the case 0 < |x| <t < 1 we use the trivial estimate

|AN x| 7% <2V max |x+1h|"* < Clx|™
0<I<N

and obtain
: qdt 1 dt
/ t_sq(t_d/ |h|<t Ay [ a\dh> — <calx|” O‘q/ 17595 < e |x| (@9,
§ |1 <|x|/(2N) || t
Combining both estimates in Case (a) we get
= qdt
/o (18 an) < gl 93)

|h|<x|/(2N)

Case (c). Next we look at the case 2|x| < |h| <t < 1. Here we observe

1 adt
/ o / A an) "
0 2|x|<|h|<t
! —s —d —o —a qdt
§c7/ a( / (4 e N ) '
20| 2x|<|h| <t

1
< cg [/ t_‘yq<t_d/ |x+Nh|_adh) —+ x| (0+s)q ]
2lx] 2| <] <t

Now since |x+ Nh| > N|h| — |x| > c9|h| we obtain

1 dt
/ (i / AN |~ O‘\dh)q
0 2|x|<|h|<t

1 dt
<cio |:|x|aq /2 ‘liqu + |x|((x+s)q] <cn |x|7(a+s)q‘ (9.4)
X

Case (b). It remains to deal with |x|/(2N) < |h| < 2|x|. Temporarily we assume 2|x| < 1. In
analogy to Case (c¢) we find

Ul adt
/oz ”<t d/ e 1AV °‘|dh>

x|/ (2N) <[h|<2|x|
qdt

1
<en / o / wer, (7 e N an)
b1/ (2N) 61/ (2N) < B <2
It is not difficult to see, that
1 qdt
/ (1 / g I aR) T <ol @,
Ixl/(2) t

x|/ (2N) <[h|<2|x]
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On the other hand we observe

1 dt
Lo e ennean)
1/ (2N) Ixl/(2N) <[] <2x]

1 d
< / 15 (f" / \y\’“dy)ql
|x[/(2N) |y|<min(|x|4+Nz,(2N+1)|x|) t

: d
<Cl4//( )t_sqt_dq(min(|x|+Nt,(2N—|—1)‘xD)(_O‘+d)q t
x| /(2N

t

Mg —o+d)g 9t ! d g
:CM/ £ || 4+ Np) (@ >L+c14/ 154 (2N + 1) x]) %

x|/ (2N) ! 2|x| n
=cu(lh +I),

where we used o < d. Since

—(s+0)g

I SC15‘X‘ and Izgclﬁ\x\*

it also follows for the case |x|/(2N) < |h| < 2|x|, that

1
/ t’”(t’d / e AR “ldh>@<clle!*(‘”“>”. 9.5)
0 x|/ (2N) <[] <2]x|

The modifications for the case |x| < 1 < 2|x| are obvious. Now we are well prepared to deal with
(9.2). When we combine (9.3) - (9.5), we obtain

1

. 1

sup rd(blfll’)</ </ t_sq(t / |AN x|~ a|dh) dl) dx)p
0<r<1 x| <r 0

11 . P
<ci3 sup rd(u—,,)</ x‘—(OC-I-A)I’dx>
0<r<1 |x|<r

1

1_1 ro B P

<c19 sup PG P)</t (ots)pyd 1dt> )
0<r<1 0

Since ot +s < d/u < d/p this integral exists and we find

1

1 ad »

sup rdu;)(/ (/ fW(t / AL x| O‘\dh) t) dx)p
0<r<1 |x|<r 0

11 -
<y sup FGTE (@) = o) sup O < oo,
O0<r<1 0<r<1

This proves fy € &, ,(R?) in the case a+s < d/u.

Substep 1.2. Necessity. Let & +s > d/u. By means of the elementary embedding & ) (R?) —

up.q
Eup, (R9) it will be enough, to consider the case g = co. We claim, that

P
sup rd(:‘_;)(/ ( sup t_s_d/ |A§1V|x|_a|dh> dx> R
0<r<l1 [xl<r \o<r<1 B(0.1)

Write x = (x1,X2,...,x;) € R and h = (hy, ha,...,hy) € RY. We put

Qr) = {he]Rd lh| <t, gmkinhk}, t>0.

t
2/d
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Then for all 0 < ¢ < 1 it follows the existence of a positive constant ¢y, such that
1Q(1)| > e 1?. (9.6)

Let 27/~! < |x| <27/ for some j € N and ming x; > 0. Moreover, we assume 2% <t < 27! for
some i € Nwith 1 <i< j—L', where L' € N will be chosen later. Now let i € Q(Z*"). Then for
ke {1,2,...,d} since j—i> L' we observe

271 271 1
2xehy > X == > x3 >x2l —.
AT VA T va
Let L € N such that 2% ﬁ > 2L Hence (x; + hx)? > 2Ex7 and therefore

x4+ h|® > 29 x|* |
The restrictions xi, b > 0 for all k € {1,2,...,d} also imply
X+ 0h| >2%7 x| and  |x|% > 2% |x + Lh|®

for all £ € {1,...,N}. Now we are able to find an appropriate estimate of ]A],:’ fa|- Under the
constraints collected above, we obtain

N—1

A fa@)] = 7= (L

Z <]Z> |x—|—(N—£)h]_a) > |x|"%(1 —2N-27),

Now we choose L € N as small as possible, such that 1 —2N-%L/2 > | /2 is fulfilled. Then L only
depends on N and o and we get

1
A alo)| 2 5 I

Choose L' € N as the smallest number, that fulfills 2% ﬁ > 2L, Then with 277! < |x| <27/ <
2—2—L’

and ming x; > 0 we obtain
sup t_s_d/ |AN|x|~%|dh > sup 2/t / |AN |x|~%| dh
0<r<1 B(0,t) ieN B(0,277)

> swp 20 [ Ao
i€{1,2,....j—-L'—1} Q(27)

> C222(j7L’71)s ‘x‘ftx

for some positive ¢, (independent of x) by taking into account (9.6). Next since 2l < x| < 27/
this can be rewritten as

sup 14 / AN || dh > e x|~ (@) 9.7)
B(0,t)

Oo<r<1

In what follows we need the notation

B = (B(o,z-f')\B(o,z—f—l)) ﬁ{xeRd: x> 0 forall k = 1,2,...,d}, jeN.
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By the construction and (9.7) it follows

14
sup rd(‘l’;)</ ( sup f_(Hd)/ ’AN\X\‘“‘”’> dx>p
0<r<1 [x|<r \ 0<r<1 B(0,1)

P
Z / B(0,r)NB; ‘x‘—(““)l’dx)

> 23 Sup G (

0<r<1 j=L'+2
1 mln(r,Z*L -2) ?
> o4 SUP PG p)</ ¢ (ats)pd=1 gy
0<r<1 0

Now there are two possibilities. Either this integral is infinite or it is finite. In the first case our
claim follows. In the second case when we have —(a¢ +s)+d/p > 0, we conclude

1
AN
sup r4G—p) < / < sup ¢+ / AV |x|_°‘|dh> dx) (9.8)
0<r<l1 [x]<r \o<t<1 B(0,1)
> cps5 sup rd(llt_%)min(rﬂfyfz) (os)+5 >cy6  Sup P,
0<r<1 O<r<2-1'-2
Because of & +s > d/u the right-hand side is not finite and therefore fo & &, q(Rd ).

Step 2. Next we prove (ii). We fix @ :=d/u—s > 0. By means of the elementary embedding
éij " q(Rd ) — éaus " (IR?) it will be enough to concentrate on g = . Here we can apply formula
(9.8). It follows

l
lim 7G5 sup 1~ (5+d) \A Ix|~%|dh "ix)" > eag lim 0 — ey > 0.
0 [xl<r \o<r<1 10

Hence by Lemma 36 we find fd §Z wpgR ). The proof is complete. [ |

Notice, that a forerunner of Lemma 42 can be found in [101], see Lemma 2.3.1. Here the behavior
of the function f,, has been investigated for the original Besov and Triebel-Lizorkin spaces. So for
0<p<oo,0<g<ooands > o, we know

fa €F, (R ) if and only if S<Z—OC.
When we compare this with Lemma 42, we observe a different behavior for the limiting case
o =d/p—s. Here the function belongs to our function spaces in the Morrey case, but not in
the Lebesgue case. As a reason for this difference we can identify the supremum in the Morrey
quasi-norm. Now we turn to the Besov-Morrey spaces. For them the counterpart of Lemma 42
reads as follows.

Lemma 43. Besov-Morrey Spaces and Functions with a local Singularity. Part L.
Let0 < p<u<oo, 0<gq<ooands> 0, Thenwe have fo € N5, (R?) if and only if we have

u,p,q
either o0 +s < %oroc—l—s:%andq:oq

Proof. Essentially this can be proved in the same way as Lemma 42. Therefore we omit the
details. We refer to [55], see Lemma 5. |
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When we compare the results for the Triebel-Lizorkin-Morrey spaces and the Besov-Morrey
spaces, it turns out, that there is a different outcome for the borderline case @ + s = d/u, see
Lemmas 42 and 43. The reason for this is the different position of the Morrey quasi-norm in the

definitions of the spaces é"us’p’q(Rd ) and Ji{,fM(Rd ). Notice, that in most of the cases the spaces

C/I{,fpvq(Rd) and ji{,fp_’q(Rd) coincide, see Lemma 2.26 in [146]. Hence Lemma 43 also tells us,

under what conditions we have f, € A4/*

R4). Now let us have a look at the Besov-type spaces.
u,p,q ype sp

For them we observe the following.

Lemma 44. Besov-type Spaces and Functions with a local Singularity.
Let0 < p<oo,0<qg<ocoand0 <1t <1/p. Lets > 0,. Then the following assertions are true.

(i) We have fo € B;5(R?) if and only if ot +5 < d(% —1).
(i) We have fo ¢ Byo(RY) if ar+s=d(L - 7).

Proof. This result can be proved with the same techniques as described in the proof of Lemma
42. So our main tool is Theorem 9. A detailed proof can be found in [149]. |

Let us compare the Lemmas 42 and 44. When we put T = 1/p — 1/u, we find, that we have
almost the same outcome for the spaces &; p7q(]Rd ) and By, (RY). Also for the borderline case
o +s =d(1/p— 7) the behavior is similar. The reason for this is the fact, that in the definitions
of both scales &, , , (R?) and Bj,(R?) the supremum of the Morrey quasi-norm stands outside.
In contrast to this, when we compare the Lemmas 43 and 44, we observe a different behavior
for the limiting case for the spaces %fpvq(Rd) and By 5(R?). This difference is caused by the
different position of the supremum in the definitions of both scales. A detailed study of Lemma 43
brings out, that for o +s = d/u in most of the cases the function f, does not belong to the spaces
c/iflfI,,q(Rd). However, we are able to modify the function f in such a way, that the behavior
at the critical border changes. For that purpose let o > 0, 6 > 0 and ¥ > 0 with ¥ very small.
p € Cy(R?) is a smooth cut-off function with p(x) = 1 for x € B(0, %) and p(x) = 0 for |x| > 2.
We put

fas(x) = p)x|~*(=In|x|)~°. (9.9)

That means, we want to modify the singularity at the origin a bit by a logarithmic term. When we
study the properties of this function f; 5, we obtain the following result.

Lemma 45. Besov-Morrey Spaces and Functions with a local Singularity. Part I1.
LetO0<p<u<o,0<g<ocoands> 0, Let o0 >0and & > 0. Then we have f, 5 € ,/ﬁlfpg(Rd)
if and only if we have either o +s < % or ot+s = % with 8q > 1.

Proof. Basically this result can be proved in the same way as Lemma 42. So our main tool for the
proof is Theorem 7. For more details we refer to [55]. |

So it turns out, that if § becomes larger, the regularity of f, 5 is increasing with respect to the fine
index gq.
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9.2 Functions with a special Behavior at Infinity

In what follows, we plan to investigate a family of smooth and radial symmetric test functions
with certain decay at infinity. More precisely for o > 0 we will deal with the function

ha(x) := (1 —w(x)) x|, xeR?. (9.10)

Here v is the same cut-off function as in (9.1). We want to find out, under what conditions on the
parameters the functions %, belong to some of our Smoothness Morrey spaces. For the Morrey
spaces themselves with 0 < p < u < oo we observe

ha € M} (RY) if and only if

S X

<a.

For that we also refer to [146], see page 1849. Now let us have a look at the Triebel-Lizorkin-
Morrey spaces. For them we obtain the following result.

Lemma 46. Triebel-Lizorkin-Morrey Spaces and Functions with certain Decay.
Let 0 < p<u<ooand 0 < g < oo,

(i) Let s > Gy 4. Then we have ho € &, ,(R?) if and only if 4 < a.

(ii) Forall s € R we have hy), € czfa,j’pg(Rd).

(iii) We have hy, € Vi’m///;,‘(]Rd)for allmeN.

Proof. Step 1. We start with the proof of (ii). Here temporarily we assume s > o), 4. Clearly &, Ju
is a C— function. Let a € N} be a multi-index. Then we claim, that D%h, /,, belongs to & » q(Rd )
(RY) C &

for all o. That means we claim, that /4, € E;, u,p’q(]Rd ), see Definition 33. We shall

u¢p7q
work with Theorem 5. Therefore we have to deal with

D%y, |3 (RY)| (9.11)

and
qdt

(./o1 e /B(O.,l) (YD hay, ()] dh) t) % '///;(Rd)

with N > s. Let us start with (9.11). Since &4/, is smooth, estimates with respect to small balls are

9.12)

no problem. By means of the radial symmetry and £/, € C(R?) elementary calculations show,
that it will be sufficient, to estimate

-

r>2

1 1
h=sup|BO.NF ([ Epa)
2<|x|<r
For any o by induction one can prove the existence of a constant Cy, such that
ID¥|x| | < Co x| 571 x> 0. 9.13)

Hence 1

d_d _dp — P
Il S cirsupr« »p </ t ‘a‘p[d 1dt> p < oo,
>2 2<t<r
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Therefore (9.11) is finite.
Now we turn to (9.12). Since hy,,, is radial symmetric, /4, € C>(R?) and supp hqNB(0,1) =0,
again some elementary calculations show, that it will be sufficient to estimate

d_d ! qdt ’
L= sup ri Z(/ (/ t75q<t / \ANDO‘]x]*E]dh> > a’x)p.
r>24N 2+N<|x|<r 0

Therefore we can apply a consequence of the Mean Value Theorem consisting in

AND® x| 4| < Canlh|" max  sup [DYD|z| %]
V=N |x—z|<NJ|h|

for some constant Cy y independent of x with [x| > 2+ N and & with |h| < 1. Using this and s <N,
we obtain

1 d 1

d_d _d t 7

ho< e oswp </ N max sup [DYF¥|z| 4|17 ) )’
r>24+N 2+N<|x|<r 0 7= =N |x—z|<N

1 d 1

d_d _ t ;

< ¢3 sup r« p(/ max sup |z\ cplvi= p“(/ FsatNe > dx)'
r>24+N 24N <x|<r [Y=N |x—z|<N 0 t

d

1

d_d _dr_ N P

é c4 sup I"” p</ sup |Z| u PN p‘lﬂdx)P
2

r>2+N +N<|x|<r |x—z|<N
For 2+ N < |x| < r we define 7' := V\T*‘Nx. Then because of
|Z| = |x| - N and |7 —x| =
we obtain
sup |Z‘*d7p*prp|oc| _ ‘ x\|;|N ‘_7_’71\] rlel = (|| _N)*{Tp*prp\a\‘

|x—z|<N

Now we insert this in our estimate and use |a| = M € Ny, to find

1

d_d d, D

L <cyq sup re r (/ (|x| —N)*Tp*"N*"de) :
24+N<|x|<r

r>24+N
1
d_d _dp N P
S Cq SUpTH P (/ |x| u PN pde)
r>2 2<|x|<r
1
d_d
< cs Supru P (/ tifpr PM d— 1dt>
r>2 2<t<r

But this term is almost the same as in the estimate of ;. So like before we find I, < . This proves
the claim for s > o), 4. In the case s < 0, , we may use the continuous embedding &0 (RY) —

wp.q
cg"u”p q(Rd ) with 51 < sp. This completes the proof of (ii).
Step 2. Next we prove (iii). But this follows from the fact, that (9.11) is finite, see Definition 20
and Definition 32. Moreover, for p > 1 the result (iii) is a special case of (ii) anyway, see Lemma
1.

Step 3. Now we prove (i). Here at first we look at the case & < d/u. Then we find hy, ¢ A ;’(]Rd )
“p, q(Rd ), see Theorem 5. Next we deal with & = d/u. This time from (if)
we know hg/, € é"u " q(Rd ) and so hyy, € &, (R ), see Definition 32. In a last step we look at

o > d/u. Here we use Theorem 5 and a modification of the calculations from Step 1 to obtain the

and so also hy ¢ &,

desired result. [ |
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Notice, that in the formulation of Lemma 46 the smoothness parameter s does not play an impor-
tant role. But since Ay is a smooth C*— function, this is not surprising. Let us mention, that it
is not difficult to prove counterparts of Lemma 46 for the other Smoothness Morrey spaces. For
example, for the Besov-type spaces we observe the following.

Lemma 47. Besov-type Spaces and Functions with certain Decay.
Let0<p<e,1€[0,1/p),0<g<ccandsecR. Leta :d(%—r). Then we have hg € By 4(RY).

Proof. This result can be proved with the same methods, we also used to show Lemma 46. For
details we refer to [149]. [ |

Knowledge concerning the smoothness properties of test functions like f, and A will be important
for us later, when we deal with complex interpolation of Triebel-Lizorkin-Morrey spaces. Then we
can use the results from Lemma 42 and Lemma 46, to prove the necessity of some conditions, that
are showing up in connection with this topic. However, for the interpolation results we intend to
prove, some more preparations are required. So we need universal extension operators for Triebel-
Lizorkin-Morrey spaces on domains. Those operators will be constructed in the next chapter.
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Chapter 10

Extension Operators for
Triebel-Lizorkin-Morrey Spaces on
Domains

In this chapter it is our main goal, to construct linear and bounded extension operators from
G pg(Q) into @(‘;f’p’q(Rd ), where Q is a Lipschitz domain as defined in Definition 16. Roughly
speaking the purpose of such operators is, to transform functions from & () into functions

from Triebel-Lizorkin-Morrey spaces defined on the whole R¢. Thereby orf 212 itself the original
function shall not be changed. When we construct such operators, in a first step we obtain an
extension operator, that depends on the parameters p,q and s. Later in a second step we receive
an extension operator, which works for all admissible parameter constellations simultaneously.
Sometimes such an operator is called a universal extension operator. To construct our universal
extension operator, we use some ideas of Rychkov, see [102]. Special thanks goes to C. Zhuo, see

also [150]. He proved most of the results, that can be found in chapter 10.

10.1 Extension Operators from &;; , (Q) into &; , q(Rd)

Hereafter we construct an extension operator, that maps from &, (Q) into & p7q(Rd ). For that
purpose at first we need some additional notation. For any function & we use L; € Ny to denote

the maximal number, such that 4 has vanishing moments up to order L;, namely
/dx“h(x) dx=0 for all multi-indices o with |a| < Lj,. (10.1)
R

If either no or all moments vanish, we put L, = —1 or L, = . For a given function A we define
Aj(x) := 2/ A(2/x) with x € R? and j € N. Using this notation, we can formulate the following
characterization for the Triebel-Lizorkin-Morrey spaces.

Lemma 48. A Characterization of &, q(Rd ) via Functions with vanishing Moments.
Let | <p<u<oo, 1<g<ooandscR. Let iy € . (R?) be a function, such that

| Jolx)dx#0 (10.2)
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and

Ly > |s] with AC) =) =27 A (5) (10.3)

are fulfilled. Then the Triebel-Lizorkin-Morrey space &, pg(Rd ) is the collection of all tempered
distributions f € ./ (R?), such that

1162 @ = (£ 2015 )

,//z;(Rd)H <o

in the sense of equivalent norms. In the case q = oo the usual modifications have to be made.

Proof. In principle the proof follows the same lines as in the case p = u, see [17], [18] and
Proposition 1.2 in [102]. So we skip the details. |

In what follows we will deal with Triebel-Lizorkin-Morrey spaces on Lipschitz domains. We refer
to the Definitions 15 and 16. For a special Lipschitz domain € one can find a narrow vertically
directed cone K with vertex at the origin, such that its shifts x + K are in Q for every x € Q. For
example, we may take

K:={( x5) eR: |¥| <A x4}, (10.4)

where A denotes the Lipschitz constant of @. Here @ is the Lipschitz function from Definition 16.
Let —K := {—x: x € K} be the “reflected” cone. Then for every test function y € Z(—K) and
f€2'(Q), the convolution ¥ f(x) = (f,y(x—")) is well defined in €, since supp y(x—-) C Q for
x € Q. When we use this notation, we can obtain a decomposition for functions, that are defined
on Q.

Proposition 21. Decomposition for Functions defined on Lipschitz Domains. Part I.

Let Q C R? be a special Lipschitz domain and let K be one associated cone as above. Moreover,
let ¢y € P(—K) have nonzero integral and let ¢(-) := @o(-) — 2 9@o(-/2). Then for any given
L € Ny there exist functions Wy, ¥ € Z(—K), such that Ly > L and

Jj=0

forall f € 7'(Q).
Proof. This result can be found in [102]. [ |

In what follows for any f: Q — C by fo we denote its extension from Q to all of R? by zero. In
addition for g : RY — C the symbol g, denotes the restriction of g to Q. This notation will also be
used for distributions. Now we are able to formulate a first result concerning extension operators
from &5 , ,(Q) into &5, (RY).

Theorem 16. An Extension Operator for Triebel-Lizorkin-Morrey Spaces.

Let Q C RY be a special Lipschitz domain and K its associated cone. Let s €R, 1 < p <u < oo
and 1 < g <. Let ¢y € Z(—K) satisfy (10.2) and (10.3). Let yy, ¥ € Z(—K) be given by
Proposition 21 such that Ly > d/min(p,q). Then the map E defined by

Ef:zzlllj*((pj*f)ﬂa fe@’(Q)
=0

induces a linear and bounded extension operator from &; , (Q) into the space &; , , (RY). More-
over, for any f € 2'(Q) we have E(f), = f.
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Proof. For the proof we follow the ideas of Rychkov, see [102]. Only a few modifications have
to be made. The parameters s, p, u,q and d are considered to be fixed in what follows.

Step 1. Let 4 (I, [P])(R?) be the space of all sequences {g;}jen, of locally integrable functions
on R?, such that

es)5-0 43 GIPD @S = | (5 2Pl

///;(Rd)H < oo, (10.6)

where P(g;) denotes the Peetre maximal function of g;, namely

lg; () d
P(g;)(x) := sup —=—————, xeR?. (10.7)
/ yER‘l(l_'_z]’x_yDN
The natural number N will be chosen, such that
L <N<ZL (10.8)
min(p,q) ~ ~ V' '

We claim, that for any {g;}7_, € .} (I; [P])(IRY) the series Y7o W) *g; converges in . (R4) and

5 ves

By (2.14) from [102] we know, that if L, > [s] and Ly, > N, there exists some & € (0,c0), such
that

u,p,q

8 pa B < Cull Gt a3 P (R . (109)

25 @y ik gj(x)| < G2 11I19275P (g ) (x). (10.10)

Here the constant C; is independent of x € R? and 1, j € Ny as well as {g j};'o:o- By Lemma 48 we

may assume, that & pﬂ(Rd) is equipped with the norm generated by ¢g. Thus for any j € Ny we

have

;#8605 (RY)[| < C

. 1
(Z 7~ (21+]1-jl)og [2J'“P(gj)}q) '
1=0

MY (RY)

From this we conclude, that for any j € Ny

lwjxgjl6api RO < Ca277% |27 P(g)) |y (RY)|
Cs 2777 | {P(g1) } o |- 425 (1) (RY) .

A

This implies, that for all k;, k, € N with k| < k; we find

ko
H Y wixg;
Jj=ki

ko
S0 <Co Y 2797 | {P(a) Yo | () (R < 2k
J=ki

Hence Y7, y;* g; converges in é"bi;i]"(Rd) and therefore in .#/(R9), since éifﬁ;if(]Rd) —
Z'(R4). Now we turn to the norm estimate. By (10.10) for any / € Ny and any x € R? we

also find
21S

@ (;Wj*gj)(x)

Taking the . (l,)-norm on both sides, it is easy to see, that (10.9) holds true.

<Cg Y 2711027 P(g ) (x).
=0



136 Chapter 10. Extension Operators for Triebel-Lizorkin-Morrey Spaces on Domains

Step 2. Now we aim to prove, that f € &¢ () implies

P
E(f) €6ypg®RY)  and  ||E(f)I6), ((R)] < Coll 16,4 (- (10.11)
By definition for any € € (0,o0) there exists g € é",j’pyq(Rd), such that g, = f in 2'(Q) and
18162 p g RO < 11 £165 5 4@ + .
Let gj:= (@;* f)q with j € No. We will show, that
(@ % a0 -4 (GPY R < Croll g1, o (R (10.12)

Again we apply an inequality due to Rychkov, see page 248 in [102]. We have

l9;=f )l : .

(9% /)a) Ry I Xe

SUp S AN SCIY L g0 L s
yeR4 ( + ’x_yD Supm if X%Q

yeQ

Here ¥ := (¥,20(x') — x4) € Q is the point symmetric to x ¢ Q with respect to dQ. Since the
convolution of ¢; with f in € is only using values in £, we obtain

@ f(x) = @;xg(x) forany x € Q.
Hence
[(@j* o)l P(g;*g)(x) if xeQ;
BAS MRS AR =
U2V =2 Pgrg)® i xg Q.

Obviously for any ball B(z,r) C R? we know, that
> [ (9*fla  |9yq
275 sup —‘ )
(L s 5y S

yeR
(L Posa0)f)’

11
|B(z,r)[* 7

L (B(z.r)|

SC13|B(Z,V)!%7% LP(B(ZJ)WQ)H

11 ~N
FCulBEn) Benna)

" Pl x o) (1|1}
(L Pe=00f)

=:1+1I.

Of course we have
1< Cual[ {P(%8) Yoo |41 (15) (R

Concerning II we argue as follows. Let x € B(z,r) ﬂﬁc. Independent of the situation (z € Q or
7 & Q) we associate to z the vector 7 := (7/,2@(7’) — z4). Here o refers to the function occuring in
the definition of a special Lipschitz domain, see Definition 16. It follows, that

73 <|Z =¥+ QA — x|+ |z — x4])* < max(24,1)? .

We have x € B(z,max(2A, 1)r). By Rademacher’s Theorem @ is differentiable almost everywhere
in R?~!. Using this, we observe, that the transformation 7' (x) = X with x € R? has the Jacobi
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determinant | detJr (x)| = 1 almost everywhere. Thus it follows from a change of variable formula,
see for example [40] or [10], that

P

/(Zr)ﬂQ <Z‘ZJSP *g)( ( )>’q)gdx

Js
SCls/B(zmax(ZAl <Z’2 P (P *g A)‘ )

Applying this inequality, we obtain

no< Clﬁ’B@’”“l“l’(/B(max(w (Z)M(p*g @) d )

oy (E[7rea@]) ar)’

IN

Cirl(z,max(24. 00|+
B(z,max(

Cis|| {P(@;%8)} o |- (1) (RY)]].

IN

From this combined with the characterization of & , q(Rd ) via the Peetre maximal function with

N > d/min(p,q) (see for example subsection 11.2 in [70]), we further deduce the fact, that we
have I1 < Cy9||g|&5 q(]R{d)H. Thus (10.12) is proved. By Step 1, (10.11) and (10.12) we conclude,
that

HE()I 62 pg RO < Caoll{(@% ) ol (1) (RY)| < Caall 167, ()] + &

Letting € — 0 we find, that E is a bounded linear operator from & , ,(©) into & , q(]Rd).
Step 3. Let p € 2(Q). Then

supp [ vlr—-)p(x)dr c @,

where we used the fact, that the supports of Yy and y are in —K. Hence

/Rd ( Re Wj(X—y)P(x)dx) ((Pj*f)g(y) dy
= [ ([, wits=3)pa)a) (0010

Finally from Proposition 21 we conclude
Ne= Y Vix@xf=f in 2'(Q).
j=0

So the proof is complete. |

We remark, that the extension operator £ in Theorem 16 depends on p, g and s. More precisely
we need to have

d
[s] <Lg and min(p,q) > " (10.13)
L4

In the next section we will show, that it is possible to overcome these restrictions.
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10.2 Universal Extension Operators for Triebel-Lizorkin-Morrey
Spaces

In this section it is our main goal, to construct a universal extension operator for the Triebel-
Lizorkin-Morrey spaces. For that purpose we use some ideas from Rychkov, see [102]. Let us
introduce some additional notation. Let Q and K be as in the section before. By .#’(Q) we denote
the subset of 2'(Q) consisting of all distributions, that have finite order and at most polynomial
growth at infinity. More precisely we have f € ./(Q), if and only if the estimate

[(f0l<e sup  [D¥y(x)|(1+ )Y for all Y€ 2(Q)
xeQ,|o|<M
is true with some constants ¢ and M € Ny depending on f. On page 250 in [102] we find, that
f€.(Q),if and only if there exists a g € .7 (R?), such that g, = f. In particular Eupg(Q)isa
subset of .”/(Q). For distributions f € ./ (Q) we know the following decomposition lemma.

Lemma 49. Decomposition for Functions defined on Lipschitz Domains. Part I1.

Let Q C RY be a special Lipschitz domain and K its associated cone. Then there exist four func-
tions @o, @, Yo, ¥ € . (RY) supported in —K, such that Ly = Ly, = = and (10.5) holds in 2'(Q)
forany f € .7 (Q).

Proof. This result can be found in [102], see Theorem 4.1. |

Now we are able, to construct a universal extension operator for the Triebel-Lizorkin-Morrey
spaces.

Theorem 17. A Universal Extension Operator for Triebel-Lizorkin-Morrey Spaces. Part I.
Let se R 1 <p<u<ooandl <qg<oo Let QC RY be a special Lipschitz domain. Let
0, 0, W, ¥ € .7 (RY) be as in Lemma 49. Then the map E defined by

Ef:=Y v*x(@;*fa, fes(Q), (10.14)
j=0

(Q) into &, ,(RY) for all admissible

yields a linear and bounded extension operator from &, p.g

7p7q
values of p, q, u and s.

Proof. The proof is based on that of Theorem 16 and similar to that of Theorem 4.1(b) in [102].
Let f € &, ,(Q). Then f € (Q) follows. By Lemma 49 we have

Y wixoixf=f
j=0
in 2'(Q). Moreover, since the supports of Y and y are in —K, it follows, that
E(f)lg= Y. Vix@j*xf=f.
j=0

It remains to prove, that the series in (10.14) converges in .’ (R?) and

IE() 165 p g RO < Cll£162 5o (D]]- (10.15)
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Observe, that for any /, j € Ny and x € R? we have

o v+ (01N < [ 10w @)l 9+ alx—2)]dz
<P((9;Na)) [ Loy @I(1+ 272" dz.

Here N is chosen as in (10.8). By Lemma 2.1 in [17], see also (4.8) in [102], we know, that for
any M € Nand any /, j € Ny we have

/Rd |+ yi(2)|(1 —|—2~/]z|)Ndz < G2 =M,
Thus there is a ¢ > 0, such that

25 @y (@) fla(x)| < 2711927 P((@x f)o) (x), xeR?.

Now by an argument similar to that we used in the proof of Theorem 16 above, we conclude, that
the series in (10.14) converges in .’ (R?). So (10.15) holds. |

There also is a version of Theorem 17 for bounded Lipschitz domains.

Corollary 6. A Universal Extension Operator for Triebel-Lizorkin-Morrey Spaces. Part II.
LetscR 1<p<u<owandl <q<oo Let QCR? be either a bounded Lipschitz domain if
d > 2 or a bounded interval if d = 1. Then there exists a linear and bounded extension operator
Eq, such that

Eq € Z(6,,4(Q) = & ,4(R")

simultaneously for all admissible values of p, q, u and s. In addition for any f € %' () we have

Ea(f)a=1in7(Q).

Proof. This result is a consequence of Theorem 17. We know, that multiplication by smooth
functions from 2(Q) preserves éa,j’p,q(]Rd), see Theorem 6.1 in [144]. So a standard procedure
(see [122] or page 244 in [102]) allows us to reduce the case of bounded Lipschitz domains to

special Lipschitz domains. |

We want to mention, that a different extension operator for Smoothness Morrey spaces has been
investigated in [90], but restricted to a smaller class of domains.

Remark 14. Universal Extension Operators for 4,°, . (R) and B3 (RY).
There also exists a universal extension operator for the Besov-Morrey spaces Ji{lfp7q(Rd), see
Proposition 4.13 in [146]. A counterpart for the Besov-type spaces B‘;;L(Rd) can be found in

[149].

Our universal extension operator from Corollary 6 can be used, to prove results concerning com-
plex interpolation of Triebel-Lizorkin-Morrey spaces on bounded Lipschitz domains. This will be
done in the next chapter.



140 Chapter 10. Extension Operators for Triebel-Lizorkin-Morrey Spaces on Domains



Chapter 11

Complex Interpolation of
Triebel-Lizorkin-Morrey Spaces on
Domains

In this chapter we deal with complex interpolation of Triebel-Lizorkin-Morrey spaces on domains.
For that purpose let (Xo,X)) be an interpolation couple of Banach spaces. Then by [Xp, X;|e we
denote the result of the complex interpolation of these spaces. Sometimes [Xp, X |e is also called
Calderén’s first complex interpolation method. We refer to Calderdn [24], Bergh, Lofstrom [3],
Krein, Petunin, Semenov [65], Lunardi [74] and Triebel [127] for the basics. One of the most
popular formulas in interpolation theory is given by

[Lpo(RY),Lp, (RY)]o = L,(RY), (11.1)

with 1 < pg < p; <o, 0<® < 1and % = 1;—09 + %. It turns out, that within the larger family of
Morrey spaces, the formula (11.1) is a singular point. Essentially as a result of Lemarié-Rieusset,
see [66] and [67], it is known, that

[y (RY), Ay (R # A5 (R),

except the trivial cases given by either uy = pg, u; = p1 or ug = uy, po = p1. In [146] and [43]
different explicit descriptions for the spaces [ (R?),.#} (R?)]e can be found. When switch-
ing from Lebesgue spaces to Morrey spaces, we add two phenomena, one local and one global,
see Definition 17. Hence when turning to spaces defined on bounded domains, the situation is
becoming more easy. Here the global condition plays no role anymore. Based on this observation,
in [146] one can find the formula

[0 (10,11), 4,1([0,1])]e = 4,((0,1]%) (11.2)
with
1 < po < up < oo, 1 < pr <up <oo, po < p1, 0<BO<1
and
1 1-06 0 1 1-06 0

pour = piuo, —i= +—, - = +—.
p Po P1 u Uo uj
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The aim of this chapter will consist in an extension of (11.2) to the Triebel-Lizorkin-Morrey spaces
Eip, q(Q), where Q C R? is a bounded Lipschitz domain. For doing that, we only will investigate
cases, where the Lemarié-Rieusset condition pou; = piug is satisfied. The importance of this
restriction was proved in [66] and [67], see also the earlier works [100] and [9]. Let us mention,

that many results from this chapter also can be found in the paper [150].

11.1 Complex Interpolation and sufficient Conditions

The main goal of this section is, to prove a counterpart of formula (11.2) for the Triebel-Lizorkin-
Morrey spaces. For that purpose in a first step we observe, that there is a connection between
complex interpolation and intersections of Triebel-Lizorkin-Morrey spaces.

Proposition 22. Complex Interpolation and Intersections.

Let® € (0,1), s; € R, p; € [1,00), g; € [1,00| and u; € [pi,oo) withi € {0,1}. Let pou; = p1ug and
s = (1—-0)so+Os; as well as

1_1—®+® 1 1-6 06 I 1-6 06

, - = +— and - = +—.
p Po p1 q q0 q1 u ug uj

(i) Then we have

14162 p g R

(620 o a0 B 10/ (BD] o = Gty B Vit (R4 (113

u0,P0,490 7 ULL,P1,91

(ii) Let Q C RY be either a bounded Lipschitz domain if d > 2 or a bounded interval if d = 1.
Then

N N S S l- “?@J X (
[g , (Q) (9[{) ! (Q)] o = gu(())7p07q0 (Q) m£M117P17511 (Q)‘ e

Uo,P0,90 7T UL,P1,91

holds.

Proof. Essentially (11.3) is proved in [146]. Nevertheless for convenience of the reader we will
sketch a proof.

Step 1. Proof of (i). We need to switch to the associated sequence spaces €9 , (R4) based on
appropriate wavelet isomorphisms. For more details and proofs we refer to [97], [104] and [137].
For a definition of the spaces e;) , (R?) recall Definition 22. The advantage of the sequence
spaces e’ (R?) compared with the function spaces &, ,(R?) is, that they are Banach lattices.

u,p,q u,p,q
Calder6n products X()1_®X1® are well-defined for Banach lattices, see [24]. In [113] and [114]
Shestakov has proved the following useful identity. Let (Xp,X;) be an interpolation couple of
Banach lattices and ® € (0,1). Then
. Ixl-©6y06
[XO,Xl]@ZX()mX]H |X0 Xl H
We have

dy1-© d\® d
€uo.p0.a0 R €y py g1 (RY)™ =€, (R,

see [142]. So under the same restrictions as in Proposition 22, we find

K [-l€5 . (R
e (Rd) €, (Rd)](a = e;%,po-,qo(Rd) ar D141 (Rd)l o .

Uo,P0,90 7 UL, P1q1
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Complex interpolation spaces are invariant under isomorphisms. Again based on appropriate
wavelet isomorphisms we can turn back to the spaces & , , (R4). This proves (i).
Step 2. Proof of (ii). Here for the proof we employ a standard method, see for example Theorem
6.4.2 in [3], Theorem 1.2.4 in [127] or [132]. Suppose that E is our universal extension operator
with respect to €2, that was constructed in Corollary 6. Then we have

Ecg(&r, (Q)—=& (RY))  and EeZ(&, . (Q) =&,  (RY)

Uo,P0,490 Uo,P0,490 ui,p1,91 ui,p1,91

as well as

E€.Z(8,4(Q) = & ,4(R)).

It follows, that E is a coretraction to the restriction R with respect to Q. Itis RoE = 1. Here
I denotes the identity on the space defined on the domain. At the same time E is a linear and
continuous extension operator in . (X — Y') with

. - I 1p.a (Rl
X 1= Eug,po.go () N6 pr gy (Q)‘ "

and

|- &5 Rd

Y= Gty R gy R0,

Furthermore, the restriction R applied to Y leads to X. Hence Theorem 1.2.4 in [127] together with
Step 1 yield (ii). [

Remark 15. Some Forerunners of Proposition 22.

(i) The formula (11.3) itself is explicitly stated in [47], see Theorem 1.5, but under slightly
more restrictive conditions. Whereas in [47] the formula (11.3) was reduced to results on
the second complex interpolation method of Calderon and an abstract result of Bergh, see
[2], we employed Calderon products and an abstract result of Shestakov, see [113] and
[114].

(ii) The formula (11.3) has several forerunners. So for Morrey spaces it has been used before in
[73]. For the classical situation p = u we refer to [118] and [119]. The general case was
treated in [146].

In what follows, we want to prove a characterization of the spaces [0 , . (Q),&;, . (Q)]e,

that is as simple as possible. So it turns out, that these spaces coincide with the diamond spaces
associated to the Triebel-Lizorkin-Morrey spaces.

Theorem 18. Complex Interpolation of Triebel-Lizorkin-Morrey Spaces. Part I.
Let Q C RY be either a bounded Lipschitz domain if d > 2 or a bounded interval if d = 1. We

assume, that
(a) 1 < po<pi <o, po <y <oo pr Jup < oof
(b) 1<qo,q1 <o, min(qo,q1) < oo

(c) pouy = piuo;
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(d) so,s1 > 0; either so < s10r0<sg=s; and q1 < qo;

1._1-0 ® 1._1-0 ® 1._1-6 [C) - _
(e) 0<®<1,;—7+*,*— I +* = —qT—qul,S—(l @)S0+®S1.

Po p1’u u’q-
Then it holds
[Guopo.a0 (s Eul prgy (Rl = &, 4(Q). (11.4)

Proof. Step 1. Based on Proposition 22, we have to calculate

5 1620 p.q (]
gj&l’oﬂo ('Q) N Cg);l],Pl g1 (Q)‘ " .
Lemma 34 yields
E;,pﬂ(g) = E»Stg,po,qo Q)= E;i,phql (Q)
and hence

E;,pﬂ(g) = E»Stg,po,qo (Q) mE;:J’laql ().

Therefore just by the definition of the space & (Q), Definition 33 and the trivial embeddings

M7p7q
Ey Q) = &, (Q) with i € {0,1}, we find
o ol (@ : 162 5o (@
G pa( @) = Ej () o ER o) N il g (Q)

Step 2. Recall, that we have either 0 < sy < s1 or 0 < so = s1 and q; < go. That means, the
conditions in Lemma 40 are satisfied. We claim, that

E0 (QNE Q) E (Q). (11.5)

10,P0,490 u,P1,91 u,p,q

Let E denote the common extension operator. Let f € &2, (Q)N&;!,  (Q). Then Ef €
End po.do (RN Gl o an (RY). Let y be a function in Z(RY), such that y(x) = 1 on Q. Then
the operator i +— y - h belongs to £ (&7, (RY) — &2 (R4)) for all admissible tuples (o,x,y,7).

X2

Hence g:=y-Ef € &0, (RH)NES . (RY). Obviously we have (v - Ef), = f in 2'(Q).

u0,P0,40 ui,p1.41
Let B be a ball, such that Q C supp v C B. Then we find

8§¢< gusg,po,qo(Rd;B) Nl pran (R*:B) éaus,pﬂ(Rd) ’
see Lemma 40. Obviously this means f € cf?us » q(Q) and this proves (11.5). So Step 1 and Step 2
combined with Theorem 17 complete the proof. |

Let us add some remarks concerning the conditions on the parameters, that can be found in The-
orem 18. So in (a) we have pg < p;. This restriction comes in because of the method we use
for the proof. It shows up in Lemma 40, when we apply Holder’s inequality. In (b) we find
min(go,q1) < . Maybe also this condition has technical reasons. We need it in Lemma 37, see
formula (8.17). The restrictions concerning sy and s; given in (d) derive from Lemma 40. They are
connected with embeddings. When we apply Theorem 18 with pg = up and p; = u;, we recover a
well-known formula for the original Triebel-Lizorkin spaces. Then we find

[F20 o (Q),FS . (Q))e = FS,(Q) = F3(Q), (11.6)

but under the extra condition (d). The Lemarié-Rieusset condition (c) disappears in this case.
There is a list of references for (11.6). For example, let us mention Theorem 2.4.2.1 in [127],



11.1. Complex Interpolation and sufficient Conditions 145

where the cases, that Q is the whole R¢ or a bounded C*— domain have been investigated. The
situation Q = R also has been treated in [35] and in [62]. In [132] Triebel dealt with the case, that
Q is a bounded Lipschitz domain. There also is a version of Theorem 18 for the Sobolev-Morrey
spaces. It reads as follows.

Corollary 7. Complex Interpolation of Sobolev-Morrey Spaces. Part 1.
Let 0 < © < 1, my € No, my € N and either mg < my or 0 <mg <my. Let 1 < pg < p1 < oo,
Po < ug < oo, p1 <up <o and pouy; = piug. We define
1 1-6 0 1 1-6 6
= + _

s:=(1-0)mg+Om, - and — = 4+ =
p Po D1 u uo ui

Let Q C RY be either a bounded Lipschitz domain if d > 2 or a bounded interval if d = 1. Then
we have
(W™ a0 (Q), W™ A Q)] = i 2 (Q). (11.7)

In the special case s =m € N we have
(W"ol30(Q), W™ A (Q)] g = WAy (Q). (11.8)
Proof. This result is a direct consequence of Theorem 18 and Lemma 1. |

Beside the situation we described in Theorem 18, there exist some more parameter constellations,

for which we can characterize [0 , . (Q),&;! , . (Q)]e.

Theorem 19. Complex Interpolation of Triebel-Lizorkin-Morrey Spaces. Part II.
Let Q C R? be as in Theorem 18. Let the parameters satisfy the conditions (a), (b), (c) and (e)
from Theorem 18. In addition we require

d d
(d’) 50,81 €R and sog—— >851——.
uo ui

Then (11.4) holds as well.

Proof. For the proof at first we recall some well-known embedding relations. The new restriction
(d’) guarantees the continuous embedding

1 1
5o B 6l g B 65 (B with r=sp—d (- L)),

U0,P0,90 u,P1,91 u,P1,91 uo u

For that we refer to Corollary 2.2 in [144] and to [52]. In addition we get

, . 1 1
£ SRS & (R & (RY) with  1g:=s9—d (LTO - ;> .

Here we used py < p < py and up < u < u; as well as
d d d d d
sl——<s—f:(1—®)<so——)+®<s1——> <sop——.
Ui u Uuo ui uo

Because of g > s we may apply Corollary 5 and obtain

&0 (RY) s glo (RY) <y &5

U0,P0,90 u,p,q u,p,q

(RY).
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Consequently we have

X d s d S d 8 d
gu(()i[?o,qo (R ) N éau1171717q1 (R ) = gu(ipo’qo (R ) = éamp’q(R )

Hence we also find

I| .| s d °
I‘ ‘éau.p,q(R )H N gs (Rd) . (119)

éaj(?»ﬁ():‘io (Rd) N gbfllvpl q1 (Rd) u,p,q

Employing the universal extension operator E from Corollary 6, we conclude

160 p.q ()l Ny X Q).

éaus(?’POa(IO (Q) N éausllaplalh (Q‘) u,p,q

To prove the reverse embedding, we argue as before. By Lemma 34 we have

Eupg(@) = Eig py g0 (Q)NEj g, (2) C 6 g0 (Q) Ny g, (R).
This yields
g;-,p,q(g) = [éo;(?-po-,qo (Q), gbful,m 41 (Q)]e-
The proof is complete. |

Let us add one remark concerning the new condition (d’). It guarantees the embedding
Eud posdo (RY) — St o (R), see also Theorem 2.1 in [52]. This makes it very simple to cal-
culate the intersection &;° , (R N&S L (R9). If condition (d’) is violated, the behavior of
our interpolation spaces may change. For that we refer to Proposition 23 below. A visualization
of restriction (d’) can be found in Figure 6. Notice, that in Theorem 19 we always have s > s.
So there is no overlap with Theorem 18. Again there is a counterpart of Theorem 19 for the

Sobolev-Morrey spaces.

Corollary 8. Complex Interpolation of Sobolev-Morrey Spaces. Part II.
Let0<® <1, 1< py<pr<oo, po<ug<oo, p; <uy <ooand pou; = piug. Let my € N;m; € Ny
and mo — % >my— %. We define

1 1-0
s:=(1—-0@)my+Om, S =

Q]
+ — and — = +—.
Po P1 u uo uj

Let Q C R? be either a bounded Lipschitz domain if d > 2 or a bounded interval if d = 1. Then
(11.7) holds. In particular, if s = m € N, then also (11.8) is true.

Proof. This result follows from Theorem 19 and Lemma 1. [ |

11.2 Complex Interpolation and necessary Conditions

When we look at the main results concerning complex interpolation of Triebel-Lizorkin-Morrey
spaces we proved in the last section, see Theorem 18 and Theorem 19, we find a lot of conditions
on the parameters. It turns out, that at least some of these conditions are also necessary. So we can
observe the following.
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Proposition 23. Necessary Conditions for Complex Interpolation. Part 1.
Let Q C R? be a domain. We assume, that

(a) 1< po<pi<eo po<ug <o, pr <uy <oo;

(b) 1<qo,q1 <o

(c) pour = p1uo.

If0<s0<f—0,andif

1 1
S1 —So—d<f—f>>0,
IZ0) ui
1 ® 1._1-6 ® 1._1-6 [C) R H
thel’lWlthO<®<1 W+E’;_ ™ ;l,6.—qT+aandS.—(1—®)So+®S], it

holds
[g;gpo qo( )’gusll puql( )e ¢ @Y,p,q(ﬂ)-

Proof. For the complex method it is well-known, that Xo N X is a dense subset of [Xp, X ]e, see
for example Theorem 4.2.2 in [3] or Theorem 1.9.3 in [127]. Let the restrictions of Proposition 23
with respect to pg, p1,Uo, U1,90,491,50,51 and @ be satisfied. The parameters p,u,q and s are then
fixed as well. Without loss of generality we may assume, that Q contains the ball B(0,2). Now
we employ Lemma 42. The results from there immediately carry over to the spaces defined on
domains. Therefore we choose o := i — 0. By assumption & > 0 and & = = —s51 = = —s. Thus
Lemma 42 implies

fa (O@;(())po q0 (Q) (g)ljll P1,91 (Q) and fa € u,p q( )
This proves the claim. u

Notice, that in general Proposition 23 has no counterpart for the original Triebel-Lizorkin spaces.
Here in most of the cases (11.6) also holds for s; = sp — d(% - E) see Corollary 1.111 in [133].
So for the spaces Flf’q(Q) the situation is much more transparent. Both Theorems 18 and 19
are formulated for bounded domains. Therefore one may ask, whether there are counterparts
for Triebel-Lizorkin-Morrey spaces, that are defined on the whole RY. However, the answer is

negative.

Proposition 24. Necessary Conditions for Complex Interpolation. Part I1.

(i) Let s and sy be positive real numbers. Let the conditions (a), (b), (c) and (e) from Theorem
18 be satisfied. Moreover assume py < uy and p; < uy. Then

s d S d s d
éaupq(R )¢ [gu(?po qo(R )751411171 41 (R )]®

(ii) Under the same restrictions as in Theorem 19 we have

(620 0o BR800y B > &5 (R
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Proof. Step 1. Proof of (i). It will be enough to show, that there exists a function i € &8 (RY),

u,p,q
such that h ¢ [£;0 , (RY), &5 L (R%)]g. Therefore we will work with the family of test func-
tions hy/,, we investigated in Lemma 46. We have
Sunan R)NER g (RY) C AR N A (RT).

Moreover, we observe

5 [REAI u Il (RY)]|

S pogo R N ELL oy g (RE) C My (R N My (RE) .
Lemma 46 yields Ay, € éoi‘f?p’q (RY). But we have
I|. %1}4 Rd

haju & A3 (R 1.l ()N
This has been proved in [146], see page 1891. So the proof of (i) is complete.
Step 2. Proof of (ii). This has been proved in (11.9). [ |

Notice, that Proposition 24 (i) has no counterpart for the original Triebel-Lizorkin spaces. For
them we know a positive result, see for example Theorem 2.4.7 in [128]. Proposition 24 supple-
ments the knowledge about the Morrey spaces. Here it holds

MR ¢ L0 (RY), M (RY)]o < A1 (RY)

if 1 < pg<pr <oo, pog<ug<oo, p; <up <ooand pou; = pyugy. For that we refer to Corollary
2.38 in [146]. To summarize the results concerning complex interpolation we obtained up to now,
let us compare Theorem 18, Theorem 19 and Proposition 23. For that purpose we shall plot a
(%,s)—diagram, see Figure 6. Here the influence of the parameters pg,qo, p1,9: is ignored. First
we fixed a point (1/ug,so). Then we have indicated, for which regions in the plane we may apply
either Theorem 18 or Theorem 19 or Proposition 23.

- s=d/u

Theorem 18

S0

open

Theorem 19

0 1/ug 1 1/u

Figure 6. Complex interpolation of Triebel-Lizorkin-Morrey spaces on domains.
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The point 7 is given by the Sobolev-type embedding as ¢ := so — d/ug. In the open rectangle
{(1/uy,s1): wup <uy, s;>so} we can apply Theorem 18. In the open triangle with corner points
(0,1), (1/uo,50), (0,50) we do not know [£0 ' (Q), &1, . (Q)]e. Below of the line connecting

(0,¢) and (1/ug,so) we may apply Theorem 19. On this critical line Proposition 23 applies.

11.3 Related Results and open Problems

In what follows we collect some more material concerning interpolation of Morrey spaces and
Smoothness Morrey spaces. Let us start with some further results regarding Calderén’s first com-
plex interpolation method [-, -]@. At first we want to mention, that the diamond spaces on domains
form a scale under complex interpolation. So we have

(620 (@80 (Do =&, ,(Q)

U0,P0,90 7 uL,p1,91 u,p,q

at least under the restrictions given in Theorem 18 or in Theorem 19. This follows from

Ebshpvq (Q) = Elig,l’o,f]() ('Q) mELStIhPI,fIl (Q) - [éalj(?’[?mqo (9)7 gljll,Pl,QI (Q)}G = (g)'j’l%q (Q) )

see Lemma 34, and from

H‘g;pq(g)“ o

as well as &s (Q) & (Q).

Eipa @ B
M7p>q - L‘Vp?q

; 7ol
Eupa(R) = Ejp4(Q)
Next we want to point out, that there is a counterpart of Theorem 18 for the Besov-Morrey spaces

on domains. It reads as follows.

Theorem 20. Complex Interpolation of Besov-Morrey Spaces.
Let Q C R? be a bounded interval if d = 1 or a bounded Lipschitz domain if d > 2. Assume, that
0<pi<u;j<eo, s5; € Randgq; € (0,) foric{0,1}. Let

1_1—®+® 1 1-06 0O
Po Pl’ q q0 q1

5:=(1-0)so+0sy, ;:

If upp1 = w1 po, then

<

(Ao po.a0 (s At pr gy (Do = A 4(2)

Uo,P0,490 ui,pP1,91 u,p,q
holds true for all ® € (0,1).

Proof. This result can be found in [146], see Theorem 2.45 and Corollary 2.65. [ |

There is a surprising difference to the case of the Triebel-Lizorkin-Morrey spaces. So in Theorem
20 we do not have an influence of the relation between sg and s;. The main reason for this more
simple behavior can be found in

<

Nty e R =42, (RY) ifandonlyif g€ (0,0),

see Lemma 2.26. in [146]. Let us mention, that there also exists a counterpart of Theorem 18 for
the Besov-type spaces. Here we observe the following.
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Theorem 21. Complex Interpolation of Besov-type Spaces.
Let Q C RY be either a bounded Lipschitz domain if d > 2 or a bounded interval if d = 1. We

assume, that we have
(a) 1< pg<pi<eo, 1€[0,1/po), 11 €1[0,1/p1);
(b) 1< qo, q1 < o0 and min(qo,q1) < °o;
(¢) poto=pi17i;
(d) so, s1 > 0; either so < s10r0 <sog=s1 and q1 < qo;

() 0<O<1,5:=(1-0)sg+0s;, 7:=(1-0)79+ 01,

1 1-06 0 1 1-06 6
— = +— and — = +—.
p Po P1 q q0 q1
Then it holds
By (Q): By g, (e =BG ().
Proof. Theorem 21 is one of the main results in [149]. |

In the paper [149] also some more results concerning complex interpolation of Besov-type spaces
can be found. Beside [-,]e there are some more interpolation methods, that are of certain interest.
Two examples are the = method of Gustavsson and Peetre, see [39] and [38], and the second
complex interpolation method introduced by Calderén. Concerning the + method, denoted by
(-, +,0), Yuan, Sickel and Yang proved in [146], that

(G ponao R 6t g1 (R, 0) = &5, (RY)
holds subject to the restrictions

(@) 0<po<pi<eo,po<up<oo, pi<up <o

(b) 0<qo,q1 < oo

(¢) pour = pruo;

(d) 50,51 € R;

l1._1-6, 6 1._1
(e) 0<O<, Ji="82+ 1 =

0,0 1._1-0_, 0 ._
" +‘71, 5 = qT+a,S.— (1—®)S0+®S1.
Concerning the second complex interpolation method, denoted by |-, -]®, Hakim, Nogayama and
Sawano proved in [47], that

[5;0071,07%(]1%‘1), gjﬁ,mm (Rd)]G) = éaus,paq (Rd)
holds, if (a)-(e) are satisfied and in addition we have po, p1,q0,41 € (1,00). Furthermore, in view
of certain subspaces of Triebel-Lizorkin-Morrey spaces, for each of the methods [-,-]e, (-, -,®)
and [, -]® much more is known. In particular the behavior of the following expressions already
has been investigated:
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<éits(§),po,qo (Rd)vgusll,pu 41 (Rd)v®>’ <<§;f(?,p0,qo (Rd)’ gtful.,m,qu (Rd)’ 0):

[ pogo (RD, 6y gy (R 1630 5 g0 (R, &1, (R

Uo,P0,90 7 UL,p1,9q1 Uo,P0,90 7 uL,p1,91

kz@bj&[’oﬂo (Rd) ’ g’;llal’l q1 (Rd)]G’ [(;((;;(?:p()?qo (Rd)7 éo(;;lltpl q1 (Rd):lG;

628 00 (R 5 1 (R

U0,P0,90 7 UL,p1,9q1
. S0 dy ¢ S1 d
® [‘g}uo,poﬂo(R ): 60 pran (R)]e -

We refer to [109], [73], [142], [146] and [47] for results and further explanations. Similar inves-
tigations also have be done for Morrey spaces and certain subspaces of Morrey spaces. Here we
want to mention [42], [43], [46], [41], [44] and [45]. For interpolation results concerning homo-
geneous Sobolev-Morrey spaces we refer to [22]. Interpolation of so-called local Morrey spaces
was studied in [19] and [21]. To complete this chapter, we want to present a list of open problems
concerning complex interpolation. Thereto we will concentrate on the first complex interpolation
method for Triebel-Lizorkin-Morrey spaces on bounded Lipschitz domains.

Open Problem 4. Open Problems concerning Complex Interpolation.

(i) The first question is about the role of the Lemarié-Rieusset condition ugp, = poui, see
Theorem 18. How do the interpolation spaces look like, if this condition is violated? There
are some special cases, which one should investigate first like the following. Let py = pi
and uy < uy. How do the interpolation spaces

(W 2,0 (), W™ M ()]

look like in the case my < m;?

(ii) What happens, if so —d (u—l0 — u—ll) < 81 < 859 and uy py = pouy? These cases are not treated

in the Theorems 18 and 19. We also refer to Figure 6.

(iii) Find a characterization of [£5 , . (R?),&8 (RY)]e for all admissible constellations of

the parameters. The answer could become technical.

(iv) In Theorem 18 we had to exclude the case qo = q1 = . So the question is about the
characterization of [£° , .(Q),&5 L (Q)]e.

Uo,po,* 7 UL, P,

(v) Let us turn to Corollary 7. Here the case pg = 1 has been left out. What happens if po =17

(vi) Probably even more difficult is the following question. Is there a wider class of domains,
than bounded Lipschitz domains, that allows the validity of Theorem 18?

(vii) In the Theorems 18 and 19 we concentrated on the Banach space case. But of course the
Triebel-Lizorkin-Morrey spaces are also defined for values u, p,q € (0, 1), see Definition 19.
Extensions of the complex method to quasi-Banach spaces are known as well. Here we refer
to [61], [63], [62] and [143]. So the problem is to prove a counterpart of Theorem 18 for

u,p,q € (0,1).
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Chapter 12

The Fubini Property

The main subject of this chapter is the so called Fubini property. For the original Triebel-Lizorkin
spaces F, q(Rd) this property is known since many years. Roughly speaking, it allows us to de-
scribe Triebel-Lizorkin spaces, that are defined on the R4 with d > 1, in terms of one-dimensional
Triebel-Lizorkin spaces. This offers the advantage, that sometimes we get the possibility, to reduce
high-dimensional problems to one-dimensional problems. Therefore the main goal of this chapter
will be, to find out, whether also the Triebel-Lizorkin-Morrey spaces &, p,q(Rd) with p < u have
the Fubini property.

12.1 'Triebel-Lizorkin Spaces and the Fubini Property

Hereinafter we briefly recall the Fubini property for the original Triebel-Lizorkin spaces. In the
literature there exist various versions of so called Fubini-type theorems. One of them reads as
follows.

Lemma 50. The Fubini Property for Triebel-Lizorkin Spaces.
Let d > 2. Moreover let 0 < p < o, 0 < g < o and s > 0,4 Then for all f € Flf,q(]Rd) the
quasi-norms Hf|Fps’q(Rd) || and

d
LTS W [V e Ll M
J=1

are equivalent.

Proof. This result can be found in [131], see Theorem 4.4. We also refer to [128], see section
2.5.13. |

Lemma 50 has many useful applications. For example, it can be used, to extend assertions on
mapping properties of nonlinear operators from the one-dimensional to the d-dimensional case.
Here for instance we can refer to section 5.4.1 in [101]. Because of the advantages of Lemma 50,
it would be desirable to have Fubini-type theorems also for the Triebel-Lizorkin-Morrey spaces

5;7p7q(Rd) with p < u.
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12.2 Do the Spaces &;; , q(]Rd ) have the Fubini Property ?

Now let us investigate, whether there is a counterpart of Lemma 50 for the Triebel-Lizorkin-
Morrey spaces. For that purpose we will use the following definition.

Definition 35. The Fubini Property.

Let s >0,0< p<u<ooand 0 < g <oo Letd>?2. Then we say, that the space gu‘pq(Rd) has

the Fubini property, if the quasi-norm
d
11625 ®OIE = Y17 Ccts oty B2 @D a2
j=1

is equivalent to || f|&; , q(Rd)H.

At the first moment one maybe could hope, that the Triebel-Lizorkin-Morrey spaces have the
Fubini property also for p < u. But unfortunately for p # u there is the following result.

Lemma 51. Many Triebel-Lizorkin-Morrey Spaces do not have the Fubini Property.
Let 0 <p<u<o,0<g<oands> 0,4 Letd > 2. Let in addition
d—1

d

p= u.

Then the spaces &, q(Rd) do not have the Fubini property.

Proof. This result also can be found in the author’s paper [57]. To prove it, we investigate the
properties of a special test function. Let f € Cy (R4=1) be a function f: R~! — R, that depends
onx’ = (x2,x3,...,X7) and has a support in [0,1]4~!. We assume Jio.e-1 1f(x)[Pdx’ = 1. Now we
define the function g : RY — R by g(x;,x’) = f(/). At first we prove ||g| upq(]Rd)HF =oo. Of

course we have & , .(R) — .4, (R), see also Theorem 5. Let 7 > 0. Then we find

B = €1 llgC )| ®) || 25 ()|
el ([ ] |g<x1,x’>|pdx1dx')'l’

%7% // ]pdx’d)q) —Cztu.
0,14~

(RY)||F = . Now we prove, that under the given condi-
tions wehave g€ & , (R 4). Because of Theorem 5, it is enough to show ||g|&* . q(Rd) | (1) < o,
At first we look at the Morrey quasi-norm. Since g is bounded and smooth, we only have to deal

with large cubes [0,7]¢ with r > 1. We observe

18162 p.q

If ¢ tends to infinity, we obtain [|g|&}; , ,

d—1

d_d-1
supt" P // |pdxdx1> =suptr P < oo
>1 [0,1]4= t>1

In the last step we used p < %u. Now we have to deal with the second part of the quasi-norm

gl&s p, q(Rd )|V, To do so, we apply the well-known formula

Ay g(x)| < Clh|Y max  sup |D"g(y)], (12.2)
=N |x—y|<N|h|
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see also Lemma 24. Because of f € C3(RY~!) and supp f C [0,1]9~!, we find
! adt\ g
1 (t_d/ AN g(x dh) —) !

I([ [, 18 0lan)"

< C3H (/01 1N v <aenay (x)it);

< G| piasna 9| 25 D).

A B

A @

In the last step we used N > 5. X{|¢|<q+na) 1S @ characteristic function, that is zero, if x|

is large.
Since | X{|w|<d+Nd) (x)| < 1 for all x € R, the supremum of the Morrey quasi-norm is realized by

big cubes [—t,¢]¢ with t > d + Nd. Therefore we obtain

t 1
p M (RY ‘ <Cs sup tep / / . dx'dx, )’
H%{\ \§d+Nd}(x)) p(RY| < 5, sup 1( Y R |<d+Nay (X)dx X1>

d_d 1
<Ce sup tv r'r oo

t>d+Nd
In the last step again we used p < 41y The proof is complete. [ |
p ag p d p p

So it turns out, that in most of the cases the Triebel-Lizorkin-Morrey spaces do not have the Fubini
property. Of course Lemma 51 does not cover all possible cases. Hence it remains the following
open problem.

Open Problem 5. Open Problem concerning the Fubini Property.
Lets>0,0<p<u<ooand < q<oo Letd > 2. Moreover, we assume
d—1

d

pFu and p> u.

Then we want to know, whether the spaces &, q(Rd ) have the Fubini property according to Defi-

nition 35.
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Chapter 13

Smoothness Morrey Spaces and
Truncation

In this chapter we study the mapping properties of the truncation operator 7" given by
(T*f)(x) = max(f(x),0), ~ x€R, (13.1)

in which f is a real-valued function from a Besov-Morrey space or a Triebel-Lizorkin-Morrey
space. The operator T is one member of a bigger class of operators, that is called composition
operators, see chapter 5.3 in [101]. Theory concerning composition operators T(g) : f + go f
or even more general Nemytzkij operators can be found in chapter 5 in [101] and in [1]. One
may also consult [12], [14], [15] and [16]. Truncation operators play an important role in the
theory of nonlinear partial differential equations, see for example chapter 8 in [36]. Throughout
this chapter we will answer several questions concerning the operator 7. In doing so our main
focus will be on looking for sufficient and necessary conditions, under that the operator T is
bounded on the Besov-Morrey spaces or the Triebel-Lizorkin-Morrey spaces. It turns out, that the
characterizations in terms of differences, we obtained for the spaces Ji{tfp’q(Rd ) and &, (RY),
see the Theorems 5 and 7, are very useful tools, to prove results concerning the boundedness of
the truncation operator. But also some other auxiliaries will be used. T is strongly connected

with the operator T given by
(THE)=If®)],  xeR” (13.2)

Both operators T and T have many properties in common. Therefore in what follows we also
will study the behavior of T. Notice, that most of the results from this chapter also can be found
in the author’s article [57].

13.1 Truncations: Classical Results and basic Properties

Now let us start with the investigation of the operators T and T. For that purpose in this section
we collect some first basic properties concerning the operators under investigation. The operator
T in the version of formula (13.1) only makes sense for real-valued functions. Therefore the
following definition will be important for us later.
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Definition 36. Real-valued Smoothness Morrey Spaces.
Let 1 <p<u<oo, 1 <g<ooands > 0. Then we define the following function spaces.

(i) The real Morrey space M;‘,(Rd) is defined to be the set of all real-valued functions f, that

fulfill f € A} (RY).
(ii) The real Besov-Morrey space N, , . (R9) is the collection of all real-valued functions f, that
Julfill f € A5, (RY).

(iti) The real Triebel-Lizorkin-Morrey space & , . (RY) is the collection of all real-valued func-
tions f, such that f € é",j_’pvq(Rd).

In what follows sometimes we write Afl_’pﬂ(Rd). Then we mean either NZ’pﬁq(Rd) or IEft’p’q(]Rd).

Of course we always have Ai’pvq(Rd ) C p7q(Rd). Because of this many results we know for

the usual Besov-Morrey and Triebel-Lizorkin-Morrey spaces, have obvious counterparts for the

spaces Ny, p,q(Rd) and Ej , Q(Rd). So most of the results we found in subsection 4.2.2 also apply

for the spaces AS  (R?). Moreover, also the spaces A’

u,p,q u,p,q
differences, like it is described in the Theorems 5 and 7. Using the notation from Definition 36,

(R?) can be described in terms of

we are able to give a precise formulation of the problems we want to solve in the course of this
chapter. So we will deal with the following queries. When we write T, we mean either 7 or T™.

(1) Under which conditions on the parameters s, p,u,q and d do we have T*(A;, p7q(Rd)) C

Aj p7q(Rd )? This is the so-called acting property.

(2) Under which conditions on the parameters the operator T* : A% (RY) — AS (RY) is

u.p,q u,p.q
bounded on A, M(Rd )? With other words we want to know, when we can find a constant
C > 0 independent of f € A , (R?), such that

IT* f1s p o RO < ClLf |y o (RY)|

holds for all f € A , (RY).

It is not difficult to see, that boundedness and the acting property are strongly connected with
each other. When we know, that the operator 7* is bounded on a space 4;, , , (RY), we also have
T* (A;_’p’q(Rd)) C A;_’p’q(Rd). Hence in most of the results and proofs we only will speak about
boundedness. Another interesting fact is, that the operators 7+ and T have many properties in

common. The reason for this is, that for real-valued f we have

max(f(x),0) = 5 £(x) + 310 (13.3)

Because of this formula we learn, that whenever we have

ITf|

u,p,q(Rd)” <C Hf‘%s,pq(Rd)H

forall f € A , (R?), we also have

T s p o R < Call f1 7y (R
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forall f € A}, pyq(Rd ). Thus in what follows in some proofs we only will work with the operator
T. For the original Besov spaces as well as for the original Triebel-Lizorkin spaces there already
exist results concerning the boundedness of truncation operators. Let B), q(Rd) be the real part of
B}, (R4) and F, q(Rd ) be the real part of F , (R4). Then the following result is known since many

years.

Theorem 22. Boundedness of Truncation Operators. Classical Case.
Let A€ {B,F}. Let | <p<oo, 1 <g<ooand0<s<1+1/p. For A=TF inthe case p=1we
assume s # 1. Then there is a constant C > 0 independent of f € Aj, q(Rd ), such that

1T £143, (R < CILf1A}, 4 (RD)]

holds for all f € A;’q(Rd). Moreover, in the formulation of Theorem 22 one can replace the
operator T by T.

Proof. This result was proved in [131], see Theorem 25.8 in chapter 25. For earlier contributions
we refer to chapter 5.4.1. in [101] as well as to [11], [13] and [92]. Early findings for Sobolev
spaces can be found in [76]. |

In the next sections we will prove extensions of Theorem 22 for the spaces thvp’q(Rd) and

E, 4 (RY) with p < u. Thereby it turns out, that both the expected outcome and the methods
for the proofs heavily depend on the parameters s, p,u and d. Very comfortable the situation is in

the case 0 < s < 1. Here we obtain the following result with an almost obvious proof.

Proposition 25. The Boundedness of T. The Case 0 < s < 1.
Let 1 <p<u<o, 1 <g<ooandO<s<1. Then there is a constant C > 0 independent of
feAs  (RY), such that

u,p,q

ITf1.7 g RO < CIf|.7, (R
holds for all f € AS__(R9).

u,p,q

Proof. Step 1. At first we deal with the case &7 = &. Since 0 < s < 1 and p,q > 1, we can use
Theorem 5 withv =1, a = and N = 1. So we have to work with

1171 |///;(Rd)|y+H(/Owr"q(z—d/BM IA;iIfI(x>|dh)th);

e

Now because of the triangle inequality we have
LA = [1F B = )] < |fCeth) = F(0)] = [ (x)]-

When we use Theorem 5 again, the proof for the case &/ = & is complete.
Step 2. In the case @/ = .4 the proof can be done in the same way. Here instead of Theorem 5 we
have to use Theorem 7. We omit the details. |

When we look at the case s > 1, the situation becomes much more complicated. Here it makes a
big different, whether we deal with d = 1 or d > 1. Therefore in a first step we will concentrate
on the one-dimensional case.
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13.2 On the Boundedness of 7 in the Case s > 1 and d =1

In this section we study the properties of the mapping 7 : f — |f]| for functions from Triebel-
Lizorkin-Morrey spaces or Besov-Morrey spaces in the case s > 1 and dimension d = 1. To this
end a Hardy-type inequality will be an important tool.

13.2.1 A Morrey Version for Hardy-type Inequalities

In this subsection we prove a Morrey version for Hardy-type inequalities. It will be very important,
when we investigate the boundedness of the operator 7 in the case d = 1. In a first step we
formulate a Hardy-type inequality, that is well-known since many years and is not especially
tailored for Morrey spaces. Let us recall some notation. For x € R? and a set A C RY we write
dist(x,A) = infycq [x —y|. By AL we mean R?\ A. With S(R?) we denote the collection of all
real-valued functions f, that fulfill f € .7 (R%).

Lemma 52. A Hardy-type Inequality.
Let 1 <p<oo, 1 <g<ooand0<s<1/p. Letd=1. Then there exists a constant C > 0, such
that

Jirerdis sty ras < [([Cr( [l e ryan)"E)

x—rhel

holds for all intervals I and all f € S(R) satisfying [; f(x)dx =0 if I is bounded.

Proof. This result can be found in [13], see Lemma 1. One may also consult [11] or chapter 3.1
in [80]. A detailed proof is given in [101], see Lemma 1 in chapter 5.4.1. |

Now we want to prove a counterpart of Lemma 52, that also can be applied in the context of
Morrey spaces. It reads as follows.

Lemma 53. A Hardy-type Inequality. A Morrey Version.
Let 1 <p<u<oo, 1 <g<ooand 0 <s<1/u Letd=1. Then there exists a constant C > 0,
such that

1
sup Ja—b|t 5 / ) Pdist (x, 1) ~Pdx) "
a,beR IN(a,b)

a<b

1

<C sup fa- blis (/Wb) ([ [ ey )= rx- )" ")’

b x—rhel

holds for all intervals I and all f € S(R) satisfying [; f(x)dx =0 if I is bounded.

Proof. To prove this result, we can use the methods, that are described in the proof of Lemma 1
from chapter 5.4.1. in [101], see also Lemma 1 in [13] and [11]. Only a few modifications have to
be made.

Step 1. At first we look at the case I = (0,00). For x > 0 we put
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For these functions, since f is smooth, we observe
1 [~ X
¢ =@ (=5 [roa 7)) W@ =g+ 5 = ),

Due to f € S(R) we find lim,_,c f(x) = limy_,e g(x) = lim,_,e 2(x) = 0 and therefore can conclude

f = h. When we use this identity, we obtain

1

1 1 1
sup |la—b|«"» / F(x)|PxPdx)”
a,bepR| | < (0,00)N(a,b) | ( )| )

a<b
1

< sup Ja—b]+ 5 ( [ gCPPx P
a,béR (O,w)ﬂ(a,b)
a<b
; / s ’px*“’dx> v
x y

+ sup ]a—b]%_ﬁ (/
a,beR (0,00)N(a,b)

a<b

Now at first we look at the second term. We put y = x£ and get

11 > d ’
ap et H([ | o))’
a,beR (0,00)N(a,b) 1 Jx y

a<b
1

11 (. s
< sup la—b|i 7 /1 & /(0 o 800 Pax)" dg.

a,beR
a<b

To continue, we put x§ = z and obtain

1

11 o dyp _, >
sup la—b|«" 7 / / g(y)—| xPdx
S foian e 2005 7)

a<b
1

< sup [T ilea-gnl( “~|Pdz)’ dE.
< sup [ret i gagple i ([ Jgle) ) e

a,beR /1
a<b

Next we have to use s < 1/u. Then we find

11 < o dyp )
sup la— bl ( [ | e xra)
a,bGR (07°°)m(avb) X y

a<b
11 s N PR
< sup sup [pa—pbl 7 ( | 8@ Pdz)" [ g1 a
(0,00)N(pa,pb) 1

a,beR 1<p<oo
a<b

1

1 1 -

<C sup la—b|«"» / “S1Pdz )"
<Cj sup | | ( (0e)n(a) l8(2)z™" Z)

a,beR
a<b

In what follows we will work with the abbreviation

u(r3) = [ 4y y L) = fx =)y

x—ry>0
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Then because of

2= [ (~s@se-m)ar,  y0,

we can apply Holder’s inequality to get

(x)| = 2‘/ / x)+ f(x —ry)) dr dy‘ < Cz(/ozx\u(r,x)]qxldr);.

Using this estimate, we obtain
1

sup |a— b+ 7 / X)|PxPdx )’
swpla=bl e ([ el rax)

a<b
1

< s sup a—bl: (| [ i ar) ax)
su a—objt u\r,x)|’x r X
3abep]R ( (o,oo)m(a,b)< 0 ) )

a<b
oo P 1
< Cy4 sup \a—bﬁ*%’ (/ (/ ]u(r,x)|qrflfsqdr) qu) "
a,beR (0,00)0(a,b) N\ JO
a<b

In the last step we used r < 2x. So Step 1 of the proof is complete.
Step 2. Next we look at the case I = (0, 1). At first we observe

1
sup Ja— b+ / F@)lrdist(x, 0,1))7dx)”
a,bER (O,I)Q(a,b)

a<b
1

< supla=b[r ([ pGprar)
a,bER (0,1)0((1,1?)

a<b
1

#osup la=biF ([ p-y)ay) "
u,bGR (071)m(a7b)
a<b

Notice, that we have f(1 —-) € S(R) and [y f(1—y)dy = [y f(y)dy = 0. So we can proceed
for both terms simultaneously. Thanks to a transformation of the coordinates at the end of the
calculations we will do now, we can see, that it is enough to deal with

sup a5 ([ |y
a,beR (O,l)ﬂ(a,b)

a<b
Now let ) € CS"(R) be a cut-off function with 0 < n(x) <1 forallxand n(x) =1if0 <x<1/2
and supp” C [—1,3]. Then we find
1

1 1 -
sup la—>bl«"r / X)|PxPdx )"
a7bep]R‘ | ( (0,)N(a,b) )l )

a<b

1 1
< su a—brf’/ x)n (x)|Px*Pdx )"
< swpla=b ([ Um0l rdx)
a<b

’2

1 1
+Cj sup la—b|v"r / f(x)|Pdx)”.
1 sup la—bl ( s T )

a<b
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Here for the first term because of (0, 2) C (0,%0) we can use the result from Step 1. When we

introduce the abbreviations J; and J; like it is done below, we obtain
1

sup la—b[ ([ (fGlrxrar)”
a,beR (0,1)N(a,b)

a<b

1
<Cisup la=b[FF ([ f)1rdx)" +Ca sup fa— bl
(0,1)N(a,b)

a,beR a,beR
a<b a<b
oo dl’ 1
o
oy U 7y b0 = 5= it ) 7 )’

= C3<J1 —|—]2).

When we replace f by fX]o,1), we can split up J; in the following way:

(g 0= st emian) "))

=

J» < Cy4 sup ]a—b]%_é</(

0
a,be€R ; -
a<eb N(ab) it
7“1 adr\G  \7
e la 0 f (s e mi ) )
a,beR (ab 0<x—rh<3 '
a<b !
L - a dr \5 \7
+Cy sup |a— b ”(/(o,oo> (/ /1<h<1 F 2o )HAlhn(x_rh)'dh) r~w+1)qu)p
abeR Aab) 70 N x>0

= Cu(J21 +J22 + J23).

Now J,; is what we want to have. When we use 0 < s < 1 and that 1) is smooth like in the proof

of Lemma 1 from chapter 5.4.1 in [101] for J»3 we find
1

1_1 >

Jr3 < Cs sup |a—b|¥ (/ f)lPdx)".
a7b€b]R (0,1)N(a,b)
a<

For J», with x — rh = z we obtain

Jry < sup |a— b|"_1’(/(] : (ab)(/;rsq(/x Lener X0 (x _"h)‘dh)q?> dx)

1

aub<€I]7R ke e ;7%<h<r
< sup |a—b|%_1l'</ (/ O 1dr / |f(z |dz
a,beR (17°°)m(a7b) xX= %
a<b
< Cg sup |a— b|TF</ ””pdx / f(z |dz
a,beR (3:)N(a, b)
a<b

Now because of 0 < s < 1 and u > 1, we find x_("“)x(% o) (*) € Ly(R). Here Ly(R) is the real
part of the Lebesgue space L,(R). With L, (R) — M} (R) we get x_(”l)x(%’m) (x) € MI;(R). So
Holder’s inequality yields

1 1 11 1
< Paz)" < —blu Pdz)"
Jon < C7(/0 1f(2)] dZ) <C7 sup la—b|"r </(0,1)m(a,b) 1f(2)] dZ)

a,beR
a<b
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Next we apply fol f(x)dx = 0. This leads to

1

1 1 >
sup |la—b|« » / 2)|Pdz)”
a,bep]R| | ( (0,1)N(a,b) 7l )

a<b
11 1 P o\
= sup la—b[ ([ @)= [ s dz)”
a,peR J(0,1)N(a,b) 0

a<b
1
< sup a—bft 5 ( / / @)~ fO)ldy) dz)’
abeR 0,1)N(a,b)
a<b
1
< Cg sup |a—b|%_%</ / _s“ / |f(2) |dy)dr) dz)p.
aJ)GR (OJ)Q(
a<b

When we use ¢ > 1 and y = z — rh, we find

sup la— |+ / Gz’
a,beR (0,1)N(a,b)

a<b
1

P 1
o] / ([ 9o )
a,beR 0,1)N

)

a<b
q r 1
< Cjp sup |a— b]u ’ ( fsqfl( If(z)—f(z— rh)\dh) dr) qdz) "
abeR (0,1) —1<h<l1
a<b N(a,b) 0<z—rh<1

So this step of the proof is complete.

Step 3. At last we have to deal with any other interval I = (c,d) with —eo < ¢ < d < 0. But
then the desired inequality follows from the model cases I = (0,0) as well as I = (0, 1) and an
appropriate transformation of the coordinates. So the proof is complete. |

When we compare the Lemmas 52 and 53, it turns out, that the condition s < 1/p from Lemma 52
is replaced by s < 1/u in the formulation of Lemma 53. This observation will be very important
for what follows.

13.2.2 The Boundedness of 7 on E; , .

(R) ford =1

In this subsection we show, that under certain conditions on the parameters the operator T is
bounded on Ej , (R) for d = 1 also in the case s > 1. Here for the proof our Morrey version of
the Hardy-type inequality, see Lemma 53, will play a key role. The main result of this subsection

reads as follows.

Proposition 26. The Boundedness of T on E;, , .(R). The Case d = 1.
Let | <p<u<oo, 1<g<oeoandl <s<1+1/u. Letd = 1. Then there is a constant C > 0

independent of f € ;, , .(R), such that we have

1T f160p.a R < CIIFIEL 4R (13.4)

forall f €E  (R).

u,p,q
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Proof. To prove this result, we follow the ideas from the proof of the theorem in chapter 5.4.1. in
[101], see also Theorem 1 in [13].

Step 1. At first we prove (13.4) for real-valued f € C5(R). We use Lemma 4 with m = 1. Then
we find

LT 16 g < CllLfT |6 R+Cilla | £1 160, o (R

In general 9!|f| is a distributional derivative. Since f € C;’(R), we find, that | f] is a Lipschitz con-
tinuous function. So the classical derivative exists almost everywhere and coincides with the dis-
tributional one almost everywhere. Hence in our case we can also understand 9'|f| as a classical
derivative. Let us look at || | f] |(£ousplq( )||. Because of 1 <s<1+1/u<2wehave0<s—1<1.
So we can apply Proposition 25 and obtain

T 16 R < Callf 160, o R < CallF167 g (R)]-

Now we want to work with [|0'|f] |&5,} (R)]|. Since p > 1 and g > 1, we can apply Theorem 5

withv=1,a=cand N = 1. We get

9! 171 1€ (R)]
<l L@+ csl|( [T [ aatisiwian) E) ||

At first we look at ||d1|f] |.# »(R)[|. Because of f is real-valued, it is possible to define the sets
Qr={xeR: f(x) >0} and

SCr={xeR:3e>0with f(y) <Oforye (x—¢,x) and f(y) >O0forye (x,x+¢€)}
U {xeR:3Je>0with f(y) >0fory e (x—¢&,x) and f(y) <Oforye (x,x+¢)}.

Now recall, that we have f € Cj'(R). Hence the set SC; has Lebesgue measure zero. Therefore if
we work with the Morrey norm, we can exclude the set SCy. Because of this we find

10" 1f1 A (R) < Cy sup a7 ( [ 9" £(x) dx )"
a, elJ)R ((a,b)NQf)\SC
a<

1
+Cy sup |a—b|H(/ =9 f () Px) "
a,beR (a,p)nQE)\sC;

a<b
< Cs| o' fl.ay (R)].

Now we can use Theorem 5 and Lemma 4. Then we get

10 £l (R)|| < Csl10" f1& 4 (R < Call 165 (R)II-

So it remains, to deal with

a?ffk‘“_b‘“)(/w)(/o ot / 849" 1(x) )" dt) d)’l’.

a<b
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Here we follow the ideas from the proof of the theorem in chapter 5.4.1. in [101]. At first fora < b
we write (a,b) = ((a,b) NQr)U((a,b) OQEC) and forr € R

(—t,t)=((-t,))Nn{heR:x+he Q) U((—t,)N{heR:x+h & Qf}).

Now we can use a version of the triangle inequality to split up the different cases. Then two
different situations show up. On the one hand it is possible, that we have x € Qr and x+h € Q.
So we find [ALJY|£](x)| = [9' f(x +h) — ' f(x)| = |ALd! £(x)|. But then we have

[ emen( f it searan) ') o)

< Gsll9" f160, 4 (R)| < Coll £165 4 (R)II-

The case x € QEC and x+ h & Q leads to the same result. On the other hand we have the situation
x€ Qpandx+h ¢ Q. Here we obtain

18,9 |f1(x)| = 10" fla+ 1) + 0" fx)] < 2|0 f(x)| +1]4,0" f()].

With |A} 9! f(x)| we can work like it is described before. So it remains, to deal with

a%ya_b;a—;( /(a?bmf ([Frevea([ \alﬂx)\dh)qif)ﬁdx)%

e {heR : x+hgQy}

Notice, that the case x € Q[} and x+h € Q leads to a similar situation. Next we observe

ffepR'“b'H’(/wmf'alf(x)'p</ow’_(s—”q_q</ ) ) )

{heR : x+hgQ;}

a<b
11 i adt\?
< sup |la—>b|«» / o flx P/ ~=Da—q / 1dh 7 dx ;
_a,bep]R| | ( (a,b)mszf‘ f )l ( dist (x,Q8) ( p ) t) )
a<b
<C su ‘a_b‘iii(/ ’alf(x)’p</°° I(Sl)th>sdx>}’
- ma,beIZ]R (a,b)NQ; dist (x,Q8) t
a<

1

<Cyy sup la—b|ar (/ 10" £(x)|Pdist (x, QEC)%H)de) "
a,beR (a,b)NQy
a<b

Since f € C§'(R), we can find disjoint open intervals ;, such that Q = |J; I;. For |I;| < e we can
write I; = (¢;,d;) with ¢; < d; < ¢iv1 < di+1 and f(¢;) = f(d;) = 0. So for |[;] < e we observe
;.01 f(x)dx = f(d;) — f(ci) = 0. Now we get

sup |a—b|i (/ |a f)rdist(x, %)~ Vrax)”
a,beR (a,b)NQ
a<b

1

= sup [a—b]+ 75 ( Z/ e )IPdist (x,18)~ D)
abellR
a<
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There are 3 different possible cases. First it is possible, that the interval (a,b) only intersects one
single interval I;. Then because of s — 1 < 1/u we can apply Lemma 53 and obtain

1
sup ||+ ( Z/ 10 dist (e )" )
abEI]JR

a<

<=

= sup \a—bﬁ*i(/ 7]81f(x)]pdist(x,IF)*(S*I)pdx)
a,be}lR (a,b)NI
a<

SClz:;lepR!a—b!:‘_;’(/ab(/owr(s”q(/_lllalf(x)—al (x —rh)|dh>qdr) dx);.

a<b

Second it is possible, that the interval (a,b) intersects two intervals /; and I,. Then we get

sup |a— b|u P Z/ 7\8 f(x)|Pdist (x, IB) (5= 1)pdx)
a,beR
a<b

1

<cy Y sup ya—byi—é(/( bw\alf(x)v’dist(x,zf)<S1>de)P.

ie{1,2 a,beR
ie{1.2} a<b

Now again we can apply Lemma 53 with the same result as before. The third case is, that the
interval (a,b) intersects n € N intervals /; with n > 3. But then we have the situation, that (a,b)
intersects the intervals /; and /,, and completely covers b, Is,...,I,_1. So we find

1
sup \a—b\%*%(z/ [0 f ()| dist (x, 18)~ ()
a,beR 7/ (a,b)NI;
12,...,1,1,1C(a,b)
1
<Ciy X sup la—biF( [ (0 plPdist (e af) )
ie{1,n} abER (a,b)NI;
) a<b
1
+C4 sup la—b|v~ p Z/]& Fx)|Pdist (x,15) 6~ l)pdx) .
a,be
bL,..., 1,,,1C((/l,b)

Now for the first part again we can use Lemma 53. For the second part because of s — 1 < 1/u <
1/p we can apply Lemma 52. Using f(c2) = ... = f(d,—1) = 0 we obtain

1
sup  |a— b]u P Z/\a f(x)|Pdist ( xIC) (s= 1”’dx)p
a,beR

12,...,1,,_|C(a,b)

<Cs  swp |a_b|;_;</cd"l (/Omr“l)‘f(/_l] |A}half(x—rh)\dh) ?) dx)l

2
a<cy<d,—1<b
1

SCls:;g,Rm_bﬁ,‘;(/ab(/Omr—(s—l)q(/ll|81f(x)—al (x _rh)|dh>qd:) dx) :

a<b
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So when we use Theorem 5 and Lemma 4, we find

1

1_1
su a—bTF/ P Pdist (x, Q%) (= DPgx )
et (10" F0IPtist .05) )
a<

11 b il 1 qdr
<cC AT / / ~(s=1)g / O F(x) — 9" Flx— rh)|dh
<Ciosup o=l ([7( [ ([ 1000 =0t sta—rlan) )

a<b
.

P
q

a’x) ’

< |9 167, R < Csllf167 4 (R)

Step 1 of the proof is complete.

Step 2. Now we prove (13.4) for f € E;, , (R). Let p € S(R) be areal even function with p(x) = 1
if [x| < 1and p(x) =0if |x| > 3/2. For j € Ng and x € R we put p/(x) = p(27/x). Moreover, we
define f;(x) = p/(x).Z ~![p/ Z f](x), see Step 1 of the proof of Theorem 25.8 in [131]. Then f;
is real and because of the Paley-Wiener-Schwarz Theorem we find f; € C;(R). So we also have

fi € By, 4(R). We observe

lim f; = f and lim |f;| = |f]
j=e

J—reo

with convergence in .’(R). So we can apply the Fatou property, see Lemma 3, and Step 1 of this
proof. Then we get

1111650 5 R < Crsup [ fj] |6 4(R )||<Czsup 1Fil e pg (R

JjENy JE€Ny

Next we use Lemma 9. Let m € N be large enough. We find

sup 115162, < Gy sup (X ID*p/|Le(R) ) 1.7 1077 1652, (R
J€No J€No ~jal<m
< Casup |7 0! F 11165, (R
€Ny

Now we apply Lemma 10. Let N € N be large enough. Then we obtain

- Inl
sup || F ! p? F f1I6; o (R)|| < Cs sup sup sup(1+ |x*) 2 [DVp/ (x)| [|f|&;, 4(R)]
JjeNo jE€Np |y|<N xR
<C6Hf| upq( )H
So the whole proof is complete. |

Let us compare the original result Theorem 22 with Proposition 26. In Theorem 22, when we
deal with the classical Triebel-Lizorkin spaces, we find, that the operator 7 is bounded, if s <
14 1/p. When we switch to the Triebel-Lizorkin-Morrey spaces in Proposition 26, this condition
is replaced by s < 1 + 1/u. The main reason for this fact is, that a similar change also happened
in the step from Lemma 52 to Lemma 53, where we proved a Hardy-type inequality. Of course
we also want to investigate the behavior of truncation operators in the context of Triebel-Lizorkin-
Morrey spaces in the case of d > 1. This will be done in the next section.
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13.3 Truncation and Smoothness Morrey Spaces in higher Dimen-
sions

In the case of the original Triebel-Lizorkin spaces the step from d = 1 to d > 1 is very easy,
see chapter 5.4.1. in [101]. The reason for this is, that the spaces F;’q(Rd) have the so-called
Fubini property, see Lemma 50 and the references that are given there. However, we learned,
that for p < u in most of the cases the Triebel-Lizorkin-Morrey spaces do not have the Fubini
property. This we proved in Lemma 51. Consequently when we want to prove results concerning
the boundedness of the operator T in the context of Triebel-Lizorkin-Morrey spaces for d € N, we
have to look for an innovative strategy.

13.3.1 The Boundedness of 7 on Triebel-Lizorkin-Morrey Spaces for d € N

In this subsection we prove one of our main results concerning the boundedness of the truncation
operator. For that purpose we use, that in the case of small s for the Triebel-Lizorkin-Morrey
spaces there exist so-called Morrey characterizations, see chapter 3.6.3 in [137]. Recall, that for
j€Z and m € Z¢ we defined Q;,, =2 /m+277[0,1)?. For ¢ > 1 by ¢Q;,,» we denote a cube
concentric with Q; ,, that has side-length 27/, Using this notation, we can formulate the following
result.

Proposition 27. Morrey Characterizations.
Let 1 <p<u<owandl<q<o. Let0<s<min(l/p,d/u). Let f €.7'(R?). Then we have
fe&s, (RY) ifand only if

u,p.q

1165, ROIMC = sup 276~

JEZ,meZ4

=

IS 20 m) (13.5)

is finite. The norms || f|&5 , ,(RY)|| and || f|&5 , ,(R?)|M€ are equivalent.

Proof. This result is a combination of Theorem 3.64. from [137] with Theorem 3.38. from [137]
and Corollary 3.3. from [144]. One may also consult Theorem 2.29. in [136]. [ |

By the help of Proposition 27 we can prove the following result concerning the boundedness of
the operator 7.

Proposition 28. The Boundedness of T for d € N. Part 1.
Let 1l <p<u<o,1<g<ocoanddéeN. Let

and
1 d
1<s<min<l—|——,1+7).
p u
Then there is a constant C > 0 independent of f € K;, p’q(Rd ), such that we have

1T f165 g RN < CIFIES o R (13.6)

forall f € ES (RY).

u'ﬁp7q
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Proof. Our main tool for the proof will be Proposition 27 in combination with the original result
Theorem 22. We divide the proof into several substeps.

Step 1. Preparations and Fatou property.

This step is similar to Step 2 of the proof from Proposition 26. Let f € Ej , .(RY) and y € C5 (R)
be a real function with y(x) =1 for |x| <1 and y(x) = 0 for |x| > 2. For j € N we define
fi=Fw(27)(F[)]. Then we have f; € Ej , (R) and supp.Z f; C B(0,2/*!). So because
of the Paley-Wiener-Schwarz Theorem f; is a smooth function. Moreover, it is not difficult to see,

that for all @ € N¢ we have D% f; € L..(R?) and D*f; € Ef,yprq(]Rd). We observe

limf;=f and  lim|fj| = |f]
J—reo Joreo

with convergence in .#/(R?). Let us assume, that we know (13.6) for all functions fj. Then we
can apply the Fatou property, see Lemma 3, and find

A1 162 5.gRD < Cr S}lg\l Fil 1638 p g R < Czsugllfjlfi,p,q(Rd)ll <G| 7168 p g R
JE j€

In the last step we used Lemma 10. Therefore it is enough to prove (13.6) for analytic functions
fe IE;_’p_yq(Rd), that fulfill supp.Z f C B(0,2F) for some R € N. The same trick is used in Step 1
of the proof of Theorem 25.8 in [131].

Step 2. Pick out cubes without zeros.

In what follows f € Eip,q(Rd) is an analytic function with supp.% f C B(0,2%) for some R € N.
At first we use Lemma 4. Then we find

d
11185 g RO < Gl f] &5y (RD]+C) Zi 1011 1655 R
=
For the first term because of 0 < s — 1 < 1 we can apply Proposition 25. When we use Lemma 4
again, we get

A& RO < Gl f165,LRDI < G| £167 , (R (13.7)

So in what follows, we have to deal with [[9/'[f] |&5,} (R?)|| with i € {1,2,...,d}. Because of
0 <s—1<min(l/p,d/u) we can apply Proposition 27. Then we obtain

- i(d_d -
101171 162 DI < s sup 2767019/ | ] [F5 ' (20;m)]
JEZ,meZ4
Now by Zsc(f) we denote the set of all cubes of the form 2Q ,,, that have the following property.
There exist y1,y> € 2Q; m, such that we have f(y;) < 0 < f(y2). That means, f has a sign change
in 2Q; . Using this notation, we can write

o id_d o
1o 16 L R <5 sup 27679 f] [FsS (20,m)]]
JETmeZd
20).m € Zsc(f)

i(d_d -
+C o sup 27915 Fy L (20m)]
JEZmeL?
sz.m Q QSC(f)
In each cube that fulfills 2Q;,, & Zsc(f) the function f is either positive everywhere or
negative everywhere. Therefore for 2Q;,, ¢ Zsc(f) it does not matter, whether we write
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94| £ |F1§;11 (2Qjm)| or ||8i1f|F[f;I1 (2Q;m)||. Hence a combination of Proposition 27 and Lemma
4 yields

id _d _ i(d_d _
sup 2N [FS 20 <G sup 20609} FIES (20

JEZ,meZ! JjEL,meZ4
20im & 2sc(f)
< Cs)|9} f1&7 (R
< Coll £16 4R

So hereinafter we only have to deal with cubes, that fulfill 2Q; ,, € Zsc(f). That means, we have
to investigate the term
i(d_d _
sup 207098 ] [Fso 20m)l- (13.8)

jeZ,mezd
20)m € 2sc(f)

Step 3. Pick out cubes of middle size.
To continue, we split up the term (13.8) in the following way.

i(d_d _
sup 2/l ] [FS (20 m)|

JEZ,meZ!
20;m € Zsc(f)
< sup St sup St sup
j>R,meZ? 0<j<RmeZ4 JEZ\N,mezZ4
20im€ Zsc(f) 20im€ Z2sc(f) 20jm€ 2sc(f)

Whereas the first and the last term are like we want, we should have a closer look at the second
one. Therefore let k € N be a natural number with 0 < k < R and let m € Z¢. We investigate

k(d_4d S—
260108 £ 1FS, 20km).

Therefore we define the set Z(f) = {x € R?: f(x) = 0}. In addition for each I € N we define
numbers R; by R; = R+ 1. Then for all / € N we have R; > R and we observe lim;_,. R; = oo.
Using this numbers for all / € N we define sets

1
ZE(f) = {x eR? : dist(x,Z(f)) < mz—’?l}. (13.9)

Then of course we have 20y, = [2Qkm NZF(f)] U [20km NZF( f)c]. Moreover, since f is real
valued, we can define the sets
Frf)={xeR?: f(x) >0} and F (f)={xeRe: f(x) <0}. (13.10)

Now for all x € ZF;(f)° we can observe f(x) # 0. So it is not difficult to see, that we can write
ZFl(f)E = [ZFl(f)D NEY(f)|U [ZFl(f)C NF~(f)]. Consequently for all I € N we obtain the dis-
joint decomposition

20um = 20km NZE()]UR20km N [ZE(F)  NFH ()] U20km N ZE(f)E NF(£)]]
= AL uALUAL.

(Notice, that it is not really necessary to work with a disjoint decomposition here. Therefore it is
also possible to deal with open sets that are overlapping a bit.) Now let [* € N be a fixed large
natural number, that will be specified later. Then we find

198 11 1Ey gt (2Qkm) | < 10811y g (ADN + 10111 1y (AN + 197 ] 1F5 g (A5
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Notice, that for all x € Al; we have f(x) > 0. Therefore since Alz* C 2Qk m, We can write
10! 1£] [Epg (A = 118 £ Fpg (A < 119 £1Fpg" (20km)l-
On the other hand for x € AL we observe f(x) < 0. So because of Ay C 20, we find
3 3 .
10 1F] [Epg (A5 =110/ F1Epg (A5 <110/ £ Fpg (2Qkm)l-

Next because of s — 1 < min(1/p,d/u) we can apply Proposition 27. Consequently when we use
Lemma 4, for all 0 < k < R we get

oM 1FS S (20km) |
<2509} £ 1Fs. (AY)

d

2k(1’7

d
u

d_d -
+Ci207 0] f1Fy ) (200 |

d_d S— * s
<2619} 1] ’Fﬁql(All i +C2Hf|‘gau,p,q(Rd)|"

Next we observe
llgl;lonkm NZF (f) = 2Qk,m N Z(f)

as sets. We need some knowledge concerning the zero set Z( f) of real analytic functions f : RY —
R with f = 0. For this reason we collected everything we need in the appendix section 13.6 at
the end of this chapter, see Lemma 55. Let 6 = o(p,u,d) > 0 be a small number, that will be
specified later. Then from (iii) in Lemma 55 we learn the following. For each real analytic f
with f # 0 and each cube 20y ,,, we find a maybe very large [* = [*(f,R, p,u,d) € N, such that
2R =k i much larger than R+ and R;- 20(k=Ri*) < 1 and such that the set 20kmNZF;-(f) can be
covered by ¢(d)R;:2\@= DR =k) cubes of the form 2Qg,. , with appropriate n € Z¢. Here c(d) only
depends on d. We used limy_,c x20(k=x)
can choose I* = I*(f,R, p,u,d) independent of k and m, see (iii) in Lemma 55. Moreover, we
always can ensure that [* < oo, Again we refer to (iii) in Lemma 55 and its proof. Using such a
natural number /* and the associated covering, we obtain

= 0. Notice, that under the given assumptions we always

d_d s—
2001 IFs ' (2Qum N ZF ()]
d_d s—
<2 GO Y 1071 13, 20k, )

d_d V(R k) m—Rw(d—d L(d_d _
§C32k(p u)Rl* 2(d (R, k)2 R, (p ”)sup2R’ (p u)”atlyf‘ ‘F;f,ql(zQRl*,n)H
n

< Ry 26 RGN qup TGN ] S (205 m)l-
j>RmeZ4 '
20j.m € 2sc(f)
In the last step we used Rj» = R+1* > R. Now we apply the assumption 1/p—1/u>1—-1/d.
Because of d/p—d/u—d+1> 0 there exists a ¢ > 0, such thatd/p—d/u—d+1—0c > 0. Then
since k < R < R we get
d

R 2(k—R1*)(%—%—d+1) =R 20(k*Rz*)2(’<—Rz*)(;—%—d+1—0') <1.

Therefore we obtain

d_d _ id_d _
PG f ES, Oun NZE () <Cs sup 267D 9) £ [F3, (20;m)])-
j>R,meZ?
2Q;m € Zsc(f)
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Notice, that the right-hand side is independent of [*. So we do not have to deal with this parameter
in what follows. All in all we find

cd _d —
sup 276 “)||‘9il |f] ‘F;ql(zQJ’m”'

JjEZ,meZ!
2Qjm € Zsc(f)
<C4y sup ... +C4 sup ... -+ C4Hf]éabf7p7q(Rd)H.
j>R,meZ? JEZ\N,mezZ4
20).m € 2sc(f) 2Qj.m € 2sc(f)

When we define the set Z(R) = Z\N U {j € N: j > R}, that means, in what follows we only
have to deal with the term

i(d_d _
sup 27071911 1Fy 5t (2Qm)- (13.11)
JEZ(R),meZ
2Qjm € Dsc(f)
Step 4. Apply the result for the original Triebel-Lizorkin spaces.
Now for all j € Z and all m € Z there exists a function f;,, € F, (R?) with fj,,(x) = f(x) for all
x € 2Q m, such that ||fj7m|Fl§7q(Rd) | <2[|f|F;,(2Q;m)|. Because of the definition of the norm

|- \FS,Z,I(ZQ,-,m) | we can write

1011 1Fp g Q)| = 10! | fiml 1Fy g (2Q1m) I < 1197 £1.m| 1" (RO

Next we can use a version of Lemma 4 for the original Triebel-Lizorkin spaces. Moreover, because
of 1 <p<eo, 1 <s<1+1/pand the fact that fj, € F}, (R9) is real-valued, we can apply the
well-known Theorem 22. This leads to

19811 1Fy g Q)| < Cull | £l 1 g RO < Coll frml Fp o (R < C3I£1Fy 4 (2Qm)]-
When we use this inequality for (13.11), we find

cd_d o j(d_—d ;
sup PO IFL QI <Ch sup 2OTE£1E (20,)])
JEZ(R),meZ JEZ(R),meZ¢
2Qj.m € géC(f) 2Q]m € Qsc(f)
Hereafter we have to distinguish between small cubes and large cubes. Therefore we use the
definition of the set Z(R), to write

IG=D) £IFs
sup 20w Hf|Fp,q(2Q]'-,m)H
JEZ(R),meZ?

20jm € 2sc(f)
CE s J6=9 s
< sup 20| f1Fp (20)m)l 4+ sup 27| fIES (20m) |-
j>R,meZ? JEZ\N, meZ4
2Qj,m S QSC(f) 2Qj,m S <Q.S'C(f)

To continue the proof, we have to deal with both terms separately.
Step 5. Complete the proof for cubes of large and middle size.
Here we have to deal with

IG=D) £IFs
sup 27| f1F, (20 5m) -
JEZ\N, mez?
2Q;m € Zsc(f)
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For that purpose we use formula (3.307) from [137], see also Proposition 4.21. in [134] and its
proof. There we learn, that for j € Z\ N and m € Z, there exists a general constant C; independent
of j and m, such that

d
IF1Es ,2Q5m)| < CllFIFy, (20 m) | +C1 Y 9L F1Fs g (2Q)m)]l- (13.12)
k=1
Therefore we obtain

(d_d ,
sup 270V FIE ,(205m)|

JEZ\N, meZ4

20;m€ 2sc(f)

i(d_d _ d j(d_d _
<G sup YOTIIAE QM +C Y. sup 2750 1E (20)m)])
jEZ,meZ4 k=1 j€Z,meZ
Now because of s — 1 < min(1/p,d/u) we can apply Proposition 27 again. When we use Lemma
4, we find

d
qd_d . o .
sup 27T FIFS (205)] < GllFIESLRD+C Y 1|9l Fl&5,L R
JEZ\N, mezZ! k=1

20im€ 2sc(f)

< G|l f162 (R

So this step of the proof is complete. Notice, that formula (13.12) also holds for j € N. But then
the constant C; depends on j and tends to infinity, if j tends to infinity. Whereas this is not a
problem for small j € N, for the case of large j € N we have to go another way.

Step 6. The case of small cubes.

Substep 6.1. Construct auxiliary functions.

Here we have to investigate the term

d
sup 2/~
J>R,meZ¢
20).m € 2sc(f)

B

NIAFS ,20m)]l- (13.13)

Let j € NgoU{—1} and ¢ > 1. Since (13.13) is invariant under translation, in what follows we can
work with cubes denoted by cQ;, that have side-length c - 27/ and the center at the origin. Let
h € C3(RY) be a smooth function with 4(x) = 1 for all x € 2Qp and h(x) = 0 for all x & 8Qy, that
fulfills ||2|C*(R?)|| < Cy for some constant C; > 0. For j € Ny we define

hj(x) = h(2/x) and g;(x) = f(x) - h;(x). (13.14)
In what follows we will investigate the properties of the functions g;.

(i) For all x € 2Q; we have g;(x) = f(x). Moreover, we find suppg; C 8Q;.

(i1) The functions g; are bounded. More precisely we have

lgj1Les (RY)| < sup [FO R ()] < Crll fILo(8Q;)]-
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(iii) The functions g; are smooth. For the first derivatives with || = 1 we obtain
ID%gii=(B)] < sup (170 )]+ D%; ()] 179
xesQ;

<G |IfIC'(8Q)) || +Ci27 sup |f(x)].
XGSQJ'

In view of (13.13) we can assume 2Q; € Zsc(f). Therefore there exists a z € 2Q;, such
that f(z) = 0. Since f is smooth, for each y € 8Q; by the Mean Value Theorem we find, that
there exists a constant C,, that is independent of j and f, such that

FO) < CIFICT By —2l < Gl fIC (80))l|2d - 27, (13.15)
So we can conclude ||D%g;|L..(R?)|| < G5 £|C'(8Q))]|-

(iv) For the second derivatives with || = 1 and || = 1 when we use 2Q; € Zsc(f) again we
observe

ID“DP g;|Leo(RY)]|
< C1|I£1C* Bl +Ca2/ || £IC" (80))| + sup [D*DPh;(x)| | ()]

xGSQj
< CIIfIC?(80)) ||+ Ca2/ || £ICT (8Q;) || + C52%277| fIC* (8Q,) |
< Cemax(||f1C*(80;), 2/l £IC" (8Q))])-

In what follows it will turn out, that the properties (i) - (iv) of the functions g; are exactly what we
need to continue our proof.

Substep 6.2. Use the smoothness properties of f and g ;.

Now we use the functions g; we have constructed before to deal with the term (13.13). We want
to apply Remark 2.12. from [134]. Let U = {x € R? : |x,| < 1} with 0 < A < 1. Then for s > 0,
1 <p<ooand1<g<oowefind |f(A-)|F3, (RY)|| ~ As~4/7|| |5 (RY)]| for f € Fy ,(RY) with
supp f C U,,. This is the so called local homogeneity property. When we use it, in our case because
of suppg; C 8Q; and the definition of the norm || - |F; ,(80;)| we get

i(d_d s i(d_d s i(s—4 —j s
2G| f1Fs 2071 < 27574 |g,|Fs ,(80))|| < €12707 W) |lg; (2742 FS (0-1)].

Because of p > 1, g > 1 and s > 0 it is possible to describe the space I}, q(Q, 1) in terms of
differences, see Theorem 1.118. in [133]. Then we obtain

lg; (27 2)IF; (@)

iy b . adt g
< Gally (270l G ([ (7 [ e pan) )’

Lp(Q—l)H

with V2 =V?(x,r) = {h € R? : |h| <t and x+ th € Q_; for 0 < T < 2}. Notice, that the constant
(, is independent of j. Now on the one hand thanks to (ii) from our construction of g; and a
transformation of the coordinates we find

i(s—4 —j (d_dy, i _d
200 gy (272 (@) < €327 W27 gLy (8Q))I| < a2 TH 2P| fIL(8Q))]l.



176 Chapter 13. Smoothness Morrey Spaces and Truncation

Like before, see formula (13.15), for all y € 8Q; we observe |f(y)| < Cs||f|C'(8Q;)|2d - 277.
Hence we conclude

i(s—d _j 4 ism—j (51—
2100|827 2)ILy (@)l < CellFIC! (8Q))I[27 742727 = G| £1C" (8Q) |27 0.

Now we have to deal with the term that contains differences. When we use (iv) from our construc-
tion of g;, thanks to some transformations of the coordinates, we obtain

([, st )y
(/ (e /.. (8 lan) %)
([ sy

j i(d—dy i gy A—jd
< Comax(||£1C*(80,),2|I£C" (8Q;)][) 27 #2722 s
= Ciomax(2 /]| £IC*(8Q))|l. /1€ (8Q;)[)) 27015,

Qi(d=4)5—j(4s)

L)

< C72j(%_%)

LP(SQ/')H

< Cymax(|L£IC2(3,)].2/l71C" (80,) ) 2

1,50,

Up to now we proved, that for all j € N,m € Z? and all cubes 2Q;,, € Zsc(f) we have
20| £1Fy 4 201m)I| < Clrmax(2 /| FIC R, | £IC! ®D)) 27078 (13.16)

Notice, that we have s < 1 +d/u and so s — 1 —d/u < 0. So for large j € N that tend to oo, the
right hand side tends to zero. In what follows we will make this more precise.

Substep 6.3. Use that ¥ f has compact support.

Now we have to deal with the terms || £|C' (R?)|| and || f|C?(R¢)||. Let us start with the first one.
Let || < 1 and (¢x)ien, be a smooth dyadic decomposition of the unity. Since f € Ej, p7q(]Rd) is
smooth, we find

D% L (B = H;ﬁ‘l[wﬁw"fﬂ‘Loo(R")H < kzo 17 [9u7 (D ) Ln(R) .

Now since supp .7 (D% f) C B(0,25*1), we can use formula (7) from the proof of Corollary 2.3
in [108], see also Proposition 3.7 in [108]. Then we obtain
ID*fILo(R)| < C1 Y 25 |7~ [@u T (D)) |4 (RY) |-
k=0
Recall, that we have supp.Z f C B(0,2) for some R € N. By standard arguments we find, that
this property carries over to .% (D* f). Because of this for 6 > 0 we also can write

R+1
|D*fLa(R)|| < € Y, 2HCmst D2tk 1200 7 [ 2 (D% )] (RY) |
k=0

< C2RtoRe Y oks—1-0))| =1 [ 7 (D% f))|. 4 (RY) |
k=0

d_ 11—
§C32R(u S+1)2RGHDaf“/‘{:p,% G(Rd)H

< CRUmstgko payige L (RY)).
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In the last steps we used the definition of the Besov-Morrey spaces and Proposition 3.6 from [108].
Let us put 6 = 1/R. Then since |a| < 1, with Lemma 4 we get

D% F|Lee (RY) | < €527 40| 1185, (RY)]. (13.17)

Next we have to deal with || f|C2(R?)||. Therefore we have to investigate ||DP f|L..(RY)| with
|B| = 2. Since f is smooth, this can be done in the same way as before. One obtains

|DP fLa(R || < C2RG—HD2F| £ 65, (RY)]). (13.18)

When we combine this with formula (13.16) and (13.17), for all j € N,m € Z¢ and all cubes
2Qj,m S Qgc(f) we find

51 205 < Comax(2 IR Iric! (R 276
< Comax(2 R 2RE 1D ().

Now because of s — 1 —d/u < 0 in view of (13.13) we obtain

i(d_d
sup 2760 71, (20;)
j>RmeZ4
20jm € 2sc(f)

<Cy sup max(2 TR 1)2RG—sHNi=1=0) £
J>R,meZd

< ClOHf‘ upq(Rd)H'

Supg Rl

So this step and the whole proof are complete. |

Remark 16. A Comment concerning the Conditions in Proposition 28.

In the formulation of Proposition 28 we can find two different types of conditions. So on the one
hand we assume s < min(1+1/p,1+d/u). Later we will see, that this condition is necessary, see
Proposition 31. On the other hand there is the restriction 1 /p—1/u > 1—1/d. It is possible, that
this condition is of technical nature only and can be avoided by using another method for the proof.
Notice, that this assumption can be left away, when in addition we assume supp.% f C B(0,2%)
with fixed 0 < R < oo in the formulation of Proposition 28.

Under some additional conditions, it is possible to prove a version of Proposition 28 for the special
case s = 1. Especially for 1 < p <u <o, g =2 and s = 1 this is important. Recall, that in this
case the Triebel-Lizorkin-Morrey spaces coincide with the Sobolev-Morrey spaces, see Definition
20 and Lemma 1. There is the following result.

Proposition 29. The Boundedness of T for d € N. Part II.
Letl<p<u<oo, 1 <g<oands=1.Let1/p—1/u>1—1/d. Then there is a constant C >0

independent of f € E} » q(]Rd), such that we have

ITF18,, RO < ClfI&), (R (13.19)

forall f €K}, (RY).
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Proof. This result can be proved in the same way as Proposition 28. All arguments that are
used there, also hold in the situation of Proposition 29. The reason for this is, that our main tool
Theorem 22 also is valid for s = 1, when we assume 1 < p < oo. When we follow the strategy
described in the proof of Proposition 28, because of s — 1 = 0 we sometimes have to work with
smoothness zero. Let us explain why this is not a problem. At first we mention, that thanks to the
Fatou property we can work with smooth C*— functions. Therefore we do not have to deal with
singular distributions. Next we should notice, that Lemma 4 also holds for smoothness zero. Our
tool Proposition 27 is valid for s — 1 = 0 as well, see Theorem 3.64 in [137]. Here the restrictions
p # 1 and g # oo are required. Finally we mention, that because of &! (R?) — &,{Qq(Rd ) —

u7p’q

&2p7q(Rd ) and Proposition 25 instead of formula (13.7) we can write

1/2 1/2
| 11162, ®DI < Cill 1] 16554 ROI| < Collf1Ep R < CilIf16, R

This simple observation completes the proof. |

Notice, that Proposition 29 does not cover the special case p = 1 for s = 1. On the other hand for
the original Sobolev spaces with u = p =1, ¢ =2 and s = 1 Marcus and Mizel proved in [76], that
T is a continuous operator, see Theorem 1 in [76].

13.3.2 The Boundedness of 7 on Besov-Morrey Spaces for d € N

Hereafter we want to deduce a counterpart of Proposition 28 for the Besov-Morrey spaces. To
this end, our main tool will be real interpolation. Let 0 < ® < 1 and 1 < g < oo, Then for an
interpolation couple (Xp,X;) of Banach spaces by (XO,X1)®7 ;, We denote the result of the real
interpolation of these spaces. For the general background concerning real interpolation we refer
to [127] and [3]. Using the notation from above we can observe the following connection between
Morrey spaces, Triebel-Lizorkin-Morrey spaces and Besov-Morrey spaces.

Lemma 54. Real Interpolation of Smoothness Morrey Spaces.
Let0<O< 1,51 >0 1<p<u<ocandl <q,q <oo. Then we have

u,p,q 7 U, pygi

R ~ (A g ),

in the sense of equivalent norms.

Proof. This result was proved in [117], see Corollary 2.3. |

Now we are prepared to show, that under some conditions on the parameters the operator 7 is
bounded on the Besov-Morrey spaces.

Proposition 30. The Boundedness of T for d € N. Part III.
Let 1 <p<u<oandl<q<eco. Assume 1/p—1/u>1—1/d inthe case of d > 1. Let

1 d
0<s<min<1—|—f,1+f).
p u

Then there is a constant C > 0 independent of f €N, , , (RY), such that we have
1T £1A 5 g RO < CIF 1A (R (13.20)

forall f e NS  (RY).

u,p,q
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Proof. For the proof we use the corresponding result for the Triebel-Lizorkin-Morrey spaces.
Moreover, we apply a result concerning the real interpolation of Lipschitz continuous operators,
that goes back to Peetre, see [93]. One may also consult Proposition 1 in chapter 2.5.4 in [101].
Here for us it is convenient to follow the explanations given in Step 5 of the proof of Theorem
25.8 in [131]. We use the same notation as there. So we put 7 f = |f| and Ag = MZ(R") andA| =
E;', (RY). For 1 < p <u <eoands; >0 we have B! | (R?) < Mi(R?). Moreover, from the
Propositions 25, 26 and 28 we learn, that for 1 <p <u <ecand0<s; <min(1+1/p,1+d/u) <2
with s # 1 we have HTf|<5";;771(Rd)H < CHf]c?i%ﬂR%H forall f e Efltp7l(Rd). Here in the case
of d > 1 the assumption 1/p —1/u > 1—1/d is needed. Furthermore, because of the triangle

inequality, we observe
11 = Igll- 2y RO < IIf - gl (R

for all f,g € MZ(R" ). Then like it is described in Step 5 of the proof of Theorem 25.8 in [131],
forall0 < ® < 1and 1 < g < we have

IT 1M (R, !, 1 (RY))o gl < ClLAM(RY), E, 1 (RY))oqll

forall f € (M;‘,(Rd ),E! o (R%))e.4- Now we apply Lemma 54, which tells us, that

Oy, (RY) = (M(R).E}., | (RY))

04
with0 < ® < 1 and 1 < g < co. Because of 0 < s; < min(1+1/p,1+d/u) and s5; # 1 we find
0 < @®s; <min(1+1/p,1+d/u). So the proof is complete. [ |

Notice, that for the original Besov spaces, there exist several different methods, to prove results
like Proposition 30. In [13] and in chapter 5.4.1 in [101] a Hardy-type inequality in combination
with real interpolation was applied. In [92] some tools from approximation theory for linear
splines are used to prove a result for the spaces IB%;H(]R). A third method using atoms can be found
in [131], see Theorem 25.8.

13.4 Truncation and necessary Conditions concerning the Parame-
ters s, p and u

When you look at the Propositions 26, 28 and 30, you always will find the condition
1 d
s<min<1+—,1+—>. (13.21)
p u

In this section we investigate, whether this condition is also necessary. For that purpose we will
deal with some special test functions. Let us start with the Triebel-Lizorkin-Morrey spaces.

Proposition 31. Truncations and necessary Conditions. Part 1.
Let 1 <p<u<oand 1< qg<eco Leteithers>1+1/pors>1+d/u Then there exists a

; s d s d s d
function f € E;, , (R?), suchthat Tf ¢ &}, , (R*) and T*f ¢ E}, , (RY).
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Proof. For the proof we will deal with a special test function. Let (x1,xp,...,x7) =x € R?. Then
we define a real-valued function f € C§(IRY), such that

fx)=x; for |x|<10d(s+2) and f(x)=0 for |x]>11d(s+2). (13.22)

Of course we have f € ]E;vp’q(Rd). In what follows we prove Tf ¢ E;’p’q(Rd) and T f ¢

E, 4 (RY) simultaneously. For that purpose we write T* when we mean either 7 or T+. Because
of p>1and g > 1 we can apply Theorem 5 withv=1,a=cand N € N with s <N < s+ 2.

Notice, that we always have N > 2. We write (hy,ha, ..., hy) = h € R?. Then we find

* s d
1T f1& g R
1

11 - —d N adt\ g r
>C sup |P| p(/</ ‘ Sq(t / |AhT*f(x)|dh> 7) dx) .
P dyadic cube P §)C] ‘h‘ <t t

2 hy<—
Pco,1)4 1=7x

Let x € [0,1]¢. Then we have |f(x)| = x; and max(f(x),0) = x;. Moreover, let 3/2 x; <t < 2x
and |h| <t with hy < —x;. Then for [ € {1,2,...,N} we observe |f(x+ lh)| = —x; — [h; and
max(f(x+1h),0) = 0. Recall, that for N > 2 there are the elementary formulas

i(—l)’@’):o and i(—l)l(]j)l:o.

1=0 =0

Hence for the operators 7 and T in the case N > 2 we get
A1 f1(x)|=2x  and  |AVTf(x)] =i

So we have almost the same outcome for 7 and 7. Therefore for both cases we can proceed in
the same way now. For 3/2 x; <t < 2x; we have 4> szfd. Moreover, there exists a constant
Cy, that depends on d, such that [, ., 4 <, 1dh > Cax{. So we obtain

1
177162 ROI = €y sup (P17 ([ vax).

P dyadic cube P
PC[0,1)¢

In what follows we are only interested in dyadic cubes, that look like 2770, 1)¢ with j € Ny. Then

we can apply Fubini’s Theorem and get

) , 27/ 1
(RY)| > €y sup 2 #5205 ([ o ray )"
Jj€Ny 0

1T f1&upq

If we are in the case s > 1+ 1/p the integral is infinite and the proof is complete. So in what
follows we assume s < 1 +1/p, but s > 1+ d/u. Then we find

7 1R > Cssap2 0548 s 2160,
o J€No J€Ny

But because of d/u— s+ 1 < 0 we obtain \\T*f\£;7p7q(IRid) || = 0. The proof is complete. [

Now we turn our attention to the Besov-Morrey spaces. Here also for the critical border
1 d
s:min<1+—,1+—) (13.23)
p u

we obtain an almost complete result.
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Proposition 32. Truncations and necessary Conditions. Part I1.
Let 1 <p<u<oandl < q< oo, Moreover we are in one of the following situations.

(i) Wehaves>m1n(1—i—1 1+4).

. _ . 1 d

(ii) Wehaves-mln(1+5,1—|—;)andq;éoo.
(iii) Wehavedzlwiths:l—kiandq:oo.

Then there exists a function f € NS, (R?), such that Tf ¢ NS, | (R and TTf ¢ NS | (RY).

u,p,q u,p,q u,p,q

Proof. Step 1. At first we look at the cases s > 1 +d/u and s = 1 +d/u with g # . Here we
work with the same function f € CB"(Rd ) as in the proof of Proposition 31, see formula (13.22).
We proceed like there and apply Theorem 7 with v =1, a = o0 and N > 2. Then we find T f ¢
N, q(Rd) and T*f¢N;, q(Rd). Notice, that for g # « we also obtain a result for s = 1 +d /u.
The reason for this is, that in the norm, that can be found in Theorem 7, the integral concerning ¢
is outside of the Morrey norm.

Step 2. Now we look at the case s > 1+ 1/p. We work with the same function f € CJ(R?) as in the
proof of Proposition 31. Of course we have f € N], , (R 4). Lete >0suchthats >s—e>1+1/p.
We have N; , q(Rd) — N~ psp(Rd ) =B, (R%). Now we can apply Proposition 31 and its proof.
So we obtain T f ¢ - pep(]Rd) and TTf € ES lfp(Rd ). Consequently we get Tf ¢ N) _(R?) and
THf ¢, o(RY).

Step 3. Next we have to deal with s =1+ 1/p and 0 < g < eo. Again we work with the function f €
Cg (RY) from the proof of Proposition 31, see formula (13.22). Of course we have f € N ,it,lq/ P(RY).

In what follows we will prove T f ¢ Nlj,lq/p (R and TTf ¢ N Ll,j,lq/p (R9) simultaneously. For that

purpose we write T* when we mean either T or T*. We use Theorem 7 with a = o0, v =1

upq(

and N > 1+ 1/p. For the supremum in the Morrey norm we choose the smallest ball B* with
[0,1]¢ C B*. We write X' = (x2,x3,...,%;7) € RY~1. Then we find

@z al o ( [ ) e[’

1 L idt 1
> —q(s+d) /2/ / N s W, PN
- C2</0 ! ( 0 Jio,1)4-! ( h‘fig_l 14, T f(x)|dh> dx dx1> t )

=72

Now for 7 € [0,1] and x € [0, 5] x [0,1]7"! we have |f(x)| = x; and max(f(x),0) = x;. Moreover,
for |h| <t with hy < —t/2 and [ € {1,2,...,N} we can observe |f(x+ [h)| = —x; — lh; and
max(f(x+1h),0) = 0. Because of this like in the proof of Proposition 31 for N > 2 we find

AYIfI)[ =201 and AT f(x)] =

So we have almost the same outcome for 7 and 7. Therefore for both cases we can proceed in
the same way now. We obtain

- AN
ez [ora( ] (Jpes ran)' 0 ) )’
1

1
> C4(/ t’sﬁq*ﬁ’ldt) Qe
0
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In the last step we used s = 1+ 1/p and 0 < g < . Hence this step of the proof is complete.
Step 4. Now we look at the case d = 1 with s = 14 1/u and g = oo. We will work with a function,
that can be found in Lemma 2 in chapter 5.4.1 in [101], see also the proposition in [13]. Let
¢ € S(R) be a real-valued and odd function with supp.Z ¢ C [—1,1] and ¢(x) =x for —1 <x < 1.
We define -
=Y 277¢(2'x). (13.24)
j=0

From Lemma 2 in chapter 5.4.1 in [101] we learn, that we have g € IB%IH/ “(R). Now because

of BoE/M(R) = Nub " (R) — NLLY(R) we also find g € NAHZ“(R). In what follows we will
prove, that we have Tg ¢ N;;lo{,”( R) and T7g & N}t;lo{, (R) simultaneously. For that purpose as
before we write T* when we mean either T or T+. We use Theorem 7 with @ = oo and v = oo. This
is possible because of 1/p <1 < 1+41/u. Since 1+ 1/u <2 we can put N = 2. Then we find

1

e ®I 20 s s fa—blt (100 7).
Ostse WEAHPS

From the proof of Lemma 2 in chapter 5.4.1 in [101] we know g(0) = 0 and |g(x)| = |g(—x)].

Since g is odd, we observe

A lgl(x)=2[g(x)] and A% T¥g(x)=]g(x)|.
So we have almost the same outcome for 7 and 7. Then in both cases we obtain

t 1
17"l Hapt (R = €2 sup 26575 ([ Jg(o)frax)’
0

0<t<o

>C; sup 2

O<r<1

Y 2pin) ‘dx.
0 j=0

In the last step we used the Holder inequality. Now for 0 < ¢ < 1 let L(¢) € Ny be the biggest

1 .
natural number, such that L(r) < 11?1((5)) . Then for j € Ny with j < L(¢) and x <7 we have 2/x < 1.

Now because of the definition of the function ¢ we obtain

1 t
|75l iy S R = 5 sup 1= |

O<r<1

L(t)-1
Z X+ Z 27T p(27x) ‘dx
Jj=0 j=L(t)

> Cy sup fZ(L(t)E—Kt Z 271').

0<t<1

In the last step we used, that ¢ € S(R) is bounded by a constant K < co. Now we calculate
Yo 277 < €527 < Cgt. Hence we get
* I+5 -2 r? 2 A N
| T*g| N pos(R)|| > C7 sup ¢ (L(t)— — Kt > > Cglim <fln <7> —K> = oo,
' 0<r<1 2 10 \2° \¢

So the proof is complete. |
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13.5 Compound Results and outstanding Issues concerning Trunca-
tions

In this section we want to sum up, what we learned up to now concerning the boundedness of
the truncation operators 7 and 7. For that purpose we formulate some compound results, that
contain both sufficient and necessary conditions on the parameters at the same time. Let us start
with the Besov-Morrey spaces. For them we can summarize our findings as follows.

Theorem 23. Truncations. Compound Result I.
Let 1 <p<u<oo, 1 <g<coands>0. Weassume

%—$>1—$ in the case 1§s<min(l+%,l+%)andd>l;
q # oo in the case s:min(l+%,1+%)andd>1.
Then T acts on N27P7Q(Rd) and there is a constant C > 0 independent of f € N;’p’q(]Rd), such
that we have
1T F1 A g RO < CIF 1A g RN (13.25)
if and only if
1 d
s<min<1—|——,1+7>. (13.26)
p u

Moreover in the formulation of Theorem 23 one can replace the operator Tt by T.

Proof. This result is just a combination of the Propositions 25, 30 and 32. |

It turns out, that the critical border s = 1+ 1/p we know for the spaces B;’q(Rd ), see Theorem
22, is replaced by s = min(1+1/p,1 +d/u) in the case of the spaces N;’p’q(Rd). There is the
surprising new phenomenon, that for p < u the critical border also depends on the dimension d. For
p = u this is not the case. Here we always have min(1+1/p,1+d/u) = 1+41/p. So we recover the
original result. Moreover, for d = 1 because of p < u we obtain min(1+1/p,14+1/u)=1+1/u.
Hence the condition concerning the parameter s becomes much more easy in this case. As already
mentioned in Remark 16, the additional condition 1/p—1/u > 1—1/d we need in the case d > 1
seems to be of technical nature. Maybe it can be left away using another method for the proof.

Now we turn to the Triebel-Lizorkin-Morrey spaces. Here our main outcome reads as follows.

Theorem 24. Truncations. Compound Result I1.
Let 1 <p<u<oo, 1 <g<ocoands>0. Weassume

p#17q7éooand1l7—%>l—$ in the case s=1;

%—$>1—$ in the case 1<s<min(1+%,1+%)andd>1;
»<d in the case s:min(l—i—%,l—i—%).
Then T™ acts on IE;, Y (RY) and there is a constant C > 0 independent of f € Epq (R9), such that
we have
1T f16 p. g RO < CUAAE p o R, (13.27)
if and only if

. 1 d
s<m1n<l+—,1+—>.
P u

Moreover in the formulation of Theorem 24 one can replace the operator T* by T.
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Proof. To show this result, we have to combine the Propositions 25, 26, 28, 29 and 31. |

So it turns out, that also in the case of the Triebel-Lizorkin-Morrey spaces the critical border
s = 1+ 1/p we know for the spaces IFj,yq(]Rd) is replaced by s = min(1+1/p,1+4d/u) for p < u.
All in all we can say, that the boundedness of the operators T and T is at least partly understood
now. But one may also ask, whether the truncation operator is continuous or even Lipschitz
continuous on A, , - (R4). In general for s > 0 Lipschitz continuity can not be expected. For
the special case p = u we refer to [131], see Theorem 25.14. Most likely it is possible to use
the ideas from there also for p < u. On the other hand to prove a satisfactory result concerning
continuity, seems to be a difficult problem. In what follows we will collect some more open

problems concerning the operators 7+ and 7.

Open Problem 6. Open Problems concerning Truncations.

(i) The first query is related to the mapping properties of T™ in the case d > 1 and 1 < s <
min(1+1/p,1+d/u). Is it possible to omit the assumption 1/p—1/u > 1—1/d you can
find in the main results Theorem 23 and Theorem 24 ?

(ii) The next question concerns the mapping properties of the operator T™ in the context of the
Triebel-Lizorkin-Morrey spaces on the critical border s = 1+d /u with u > dp, see Theorem
24. Do we have T*(Ea>Y"(R4)) C Eard/"(R4)?

(iii) The spaces N;7p7q(Rd) and E;’p’q(]Rd) are also well-defined for 0 < p <u <ooand 0 < g <
o, One may discuss the mapping properties of T and T in this more general setting. Some
results concerning the special case p = u can be found in Theorem 25.8 in [131].

(iv) The next issue concerns the continuity of T™. Under which conditions on the parameters

s,p,u,q and d the operator T™ : A;p’q(Rd) — A‘;’p’q(Rd) is continuous? Notice, that for

the special case p=u and 0 < s < 1 some positive results are already known, see [76], [84]
and Theorem 3 in chapter 5.5.2 in [101].
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13.6 Appendix: The zero Set of real analytic Functions

In this section we collect some facts concerning the zero set of real analytic functions. They are
used in the proof of Proposition 28, see section 13.3.1.

Lemma 55. Zeros of real analytic Functions.
Let f : RY — R be an analytic function. Then we know the following.

(i) Let f #0. Then the set Z(f) = {x € R?: f(x) = 0} is the union of countably many compact
sets Kj with Aq—1(Kj) < oo for all j € N. Here with Ay we denote the (d — 1)—dimensional
Lebesgue measure. Moreover, the Hausdorff dimension of Z(f) does not exceed d — 1.

(ii) Let f #0. Suppose that f(0',x;) has a zero of multiplicity m € N at x; = 0. Then there exist
open intervals Iy, I, ... ,I; C R centered at 0, such that f(x,-) has for each X' € R~ with
X €ly x L x...x1;_1 not more than m zeros in l; counted according to their multiplicities.
Moreover, the multiplicity m is always finite (after a suitable rotation of f maybe).

(iii) Let R€ N, v € Z and k € N with 0 < k <R. Let O,y be a dyadic cube and f # 0. Then
there exist
e a natural number n(f) € N that depends on f,
e a constant c(d) that only depends on d,
e a number r € N with r much larger than R and 2% much larger than c(d)n(f),
such that the set Z(f) 20y, can be covered by c(d) n(f) 21~ D=K) d—dimensional cubes
with side-length 27".

Proof. Proof of (i) and (ii). Fact (i) can be deduced from Theorem 14.4.9. in [99]. For the result
concerning the Hausdorff dimension we also refer to [81]. A definition of the Hausdorff dimension
can be found in Definition 14.4.1. in [99], and also in [34] and [77]. Fact (ii) can be derived from
Lemma 14.1.2.(i) in [99]. The result concerning the multiplicity also can be found in the proof of
Claim 2 in [81].

Proof of (iii). At first we prove a version of (iii) with a natural number n(f) = n(f,k,v), that
also depends on k and v. Later at the end of the proof we explain, why this number n(f) also can
be chosen independent from k and v. Let us start with the case d = 1. Since f is a real analytic
function, it is well-known, that Z(f) 20y, consists of a finite number ny(f,k,v) € N of isolated
points in R. Therefore for each large r € N the set Z(f) N2Q, can be covered by no(f,k,v)
intervals with side-length 27",

Now we look at the case d > 1. Here our strategy will be to construct an algorithm, that delivers
a covering, that fulfills all the properties given in Lemma 55 (iii). Let z; € Z(f) N2Qy., such that
the multiplicity m; € N of the zero is as big as possible. From fact (ii) we know m; < e (maybe
after a rotation of f). If there exist two or more zeros with the same maximal multiplicity, we
choose that one, that allows us to find the biggest cube Q| appropriate to the description given
now. From (ii) we learn, that there exist open intervals I,b,...,I; C R with |I;] =271 for all i
and for some r; > k, such that z; is in the center of Q; =1 X I x ... x I; and such that f(Z,-)
has foreach 7 e RV withZ € I x b x ... xI;_; = Q’l not more than m; zeros in I; counted
according to their multiplicities. In view of (i) that means the set Z(f) N Q; consists of not more
than m; manifolds of dimension d — 1, that meet at z; and maybe also somewhere else. Choose the
cube Q) C R4 as large as possible. That means for each € > 0 there exists a set Z; ¢ C (1+ e)Q’1
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with Ay_1(Z1¢) > 0, such that in Z; ¢ x (1 + €)I; the function f(Z’,-) has more than m, zeros
for some 7' € Z; .. We find, that the set (Z(f) N2Qk,) N Q can be covered by not more than
c(d)m12(d_1)(’1_’ 1) cubes of dimension d with side-length 2~ for some 7, € N with #; much
larger than ry, such that c(d)m; is much smaller than 2" =", To see this, we can argue as follows.

At first assume z; has multiplicity one. Then from the Implicit Function Theorem it follows, that
the set Z(f) N Q is the graph of a C**— function of d — 1 variables, see also Remark 14.1.4. in [99].
Therefore the set Z(f) N Q; can be interpreted as a smooth manifold of dimension d — 1, see for
example chapter 16.1 in [130]. Consequently we also find, that Z(f) N Q is a so-called (d —1)—
set, see Definition 3.1 in [130] and Remark 16.3 in [130]. Hence Z(f) N Q; has Minkowski
dimension (box counting dimension) of d — 1, see Remark 3.5 in [130]. For details concerning
the Minkowski dimension we refer to [77], pages 76-81, and to [34]. From the definition of
the Minkowski dimension it follows, that Z(f) N Q; can be covered by ¢(d)2¢~1)(1=") cubes of
side-length 27" when #; is large enough. For multiplicity m; > 1 we have to decompose the set
Z(f)N Q; in not more than m; smooth manifolds, that we cover separately. See also Theorem
14.1.3. in [99].

Now take zo € Z(f) N2Qx., such that z, ¢ Q; and with multiplicity m, € N as big as possible.
Of course we have m; < m;. We proceed exactly as before and obtain a cube O, and numbers
my,r,tp as well as a covering of (Z(f) N2Qk,) N Q2. We choose the cube Q» C R? as large as
possible (in the sense described before) but in such a way, that (Q; NZ(f)) N Q2 = 0. This process
will be continued till the whole set Z(f) N2Qx, is covered. If there are two or more zeros with
the same multiplicity m;, we always continue with that one that allows us to find the biggest cube
Q;. At the end we obtain a sequence of cubes {Q;}; and sequences {m;};, {r;};,{t;};- Below in
Figure 7 we tried to illustrate one step of the algorithm we just described for d = 2. Notice, that
the iteration ends after a finite number of w € N of steps.

To see this, we can argue as follows. Assume w = o. Then since 20y, is bounded, we find a
subsequence {Q;, }; of cubes, such that lim;_,.. |Q;,| = 0. Because of the definition of the algorithm
and the fact that Z( f) consists of countably many compact sets, see (i), that implies the following.
There exist two sequences of sets {A; }; and {B;}; with

e A= (Z(f)NQ;,) and B, = (Z(f) N (20;,\ Q;,)) for all ] € N;

e Ays—1(A;) >0and B; # 0 foralll € N;

o for each A, there is a generating zero z;, with multiplicity m;,;

e weknow oo >m; > ... >m; >m;, > ... foralll €N;

e the set A; U By is not connected for all large / due to the definition of the algorithm;

e lim;_,.. dist (A],Bl) =0.

But in the limiting case ! — oo the last 3 points and (ii) generate a contradiction. An increase of
multiplicity in a late step of the algorithm (forced by the last point and (ii)) is forbidden and an
infinite multiplicity does not exist. So our assumption must be wrong and we find w < co. We tried
to illustrate this argument in Figure 8 below for d = 2.

Now we have to unify the size of the very small cubes we use for the covering. Therefore because
of maxj<;<,,m; = my, we put n(f,k,v) = myw. Moreover, we choose 1* > maxj<;<,;, such that
2"~ is much bigger than ¢(d)nw. So due to minj<;<, r; > k we can cover the set Z(f) N20k.y
with ¢(d)mw2@=DE =k cubes with side-length 27"

To complete the proof, we show, that the number n(f) = n(f,k,v) also can be chosen independent
from k and v. To see this, at first recall, that we have 0 < k < R. Because of this it is enough to
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work with k = 1 to identify a possible number n(f,k,v). To prove the independence from v € Z¢,
we choose v* € Z4, such that n(f,v*) is maximal. We already explained n(f,v*) < e. But of
course the number n(f,v*) works for each v € Z%. So n(f,v) = n(f) only depends on f. [ |

Figure 7. One step of the algorithm.

2"
In this picture we try to illustrate a typ-

l l ical situation for d = 2. The notation is
the same as in the proof of (iii). Z(f) is
the zero set of a real analytic function.

Qi~—

Z() 71 is a zero of maximal multiplicity, that

| ] \7/\ { allows to find a cube Q, that is as large
as possible apposite to the algorithm.
/ / The small cubes with side-length 2~"

\ | ) deliver a covering for Z(f) N Q1.

Figure 8. The reason for w < . In
this picture we try to illustrate, why

the algorithm must break after a finite

number of steps in the case d = 2. As-
sume the number of steps is w = oo,
That means, the algorithm produces a

Z(f) subsequence of cubes {Q;, }, that be-

Q; \\ \ come smaller and smaller. In the lim-
iting case this implies the existence of

Qs \\ (d — 1)— dimensional manifolds A C

\ Z(f) and B C Z(f), that are not con-

nected, but have a distance of 0. That
either contradicts (ii) or results in f =

0.
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Chapter 14

Symbols and Figures

14.1 Tables of Symbols

Here you can find a collection of the symbols and abbreviations, that are used. For most of them
short explanations or references are provided. Symbols that show up only once, are not listed.

Numbers and Sets

Symbol Explanation

A for A C R? closure of A

Al forA c R? R7\ A

B(x,t) open ball, see formula (3.1) on page 23

C complex numbers

d dimension

0A for A C R? boundary of A

Ly, number of vanishing moments for a function 4, see formula (10.1)
N, Ny natural numbers, natural numbers including 0

Ok dyadic cube, namely Q;x =27/([0,1)? +k)

cQjk cube concentric with Q; ; and side-length 2/

2 collection of all dyadic cubes

R real numbers

R? d-dimensional Euclidean space

Op, Op g see formula (3.2) on page 23

[s] fors € R integer part of s

Q often a Lipschitz domain, see Definition 16 on page 29
Z integer numbers

Z(f) Z(f) = {x € R?: f(x) = 0} for a function f
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Volume and Length

Symbol

|a| for a € R?
|A| for A C R?

dist(A,B) for A,B C R?

I(P)
Aa(A) for A C RY
Jp

Sequences and Functions

Symbol

{a;j}71.{aj}tjen
aj,k

(CN

Ja

fa,é

fo

Jfia

fxg

(f:8)

ha

hi jk

N§

L

x4 for A C RY

Xk
Sequence Spaces

Symbol

u?p7q
S(ey,e_,nt)

Chapter 14. Symbols and Figures

Explanation

Euclidean norm of a

d-dimensional Lebesgue measure of A
Euclidean distance of A and B
side-length of a cube P € 2
n-dimensional Lebesgue measure of A

Jjp = —log,(I(P))

Explanation

sequences

(K,L)-atoms, see Definition 21 on page 36

set of all complex sequences

function with a local singularity, see (9.1) on page 121
function with singularity and logarithm, see (9.9) on page 128
extension of f from Q to R? by zero

restriction of f to Q

convolution of f and g, see formula (3.3) on page 25

see formula (3.4) on page 25

function with certain decay at infinity, see (9.10) on page 129
see formula (6.13) on page 76

set of all multi-indices of length d

Haar wavelet, see formula (6.12) on page 76

indicator function of A

characteristic function of the cube Q; «

Explanation

eithernf , (R?)ore; , (R?)

see Definition 30 on page 49

see formula (6.14) on page 76

sequence space associated to &, . (R4), see Definition 22 on page 37
Lebesgue sequence spaces, see Definition 1 on page 24

see Definition 30 on page 49

see Definition 30 on page 49

see formula 10.6 on page 135

sequence space associated to .A4,°, q(Rd ), see Definition 22 on page 37
classes of sequence spaces, see Definition 28 on page 48
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Interpolation Methods

Symbol

X0, X1le
[Xo,X1]®

Operators and Operator Theory

Symbol

ok

Da

A}, AV

F, 7!
ZL(X)
Z(X—Y)
-2 X)]

Il 2(X = ¥)]
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Explanation

Calder6n’s first complex interpolation method
Calderé6n’s second complex interpolation method
4 method of Gustavsson and Peetre

real interpolation method

Explanation

k—th derivative in direction i

derivative apposite to a multi-index «, see formula (3.5) on page 25
differences of order 1 and N, see Definition 26 on page 45

Fourier transform, inverse Fourier transform

set of all linear and bounded operators from X to X

set of all linear and bounded operators from X to Y

norm of linear operator from X to X

norm of linear operator from X to Y

Hardy-Littlewood maximal operator, see Definition 25 on page 42
maximal operator, see formula (5.4) on page 47

Peetre maximal operator, see formula (10.7) on page 135

left shift and right shift, see formula (5.3) on page 47

see formula (8.6) on page 110

operator associated to |- |, see formula (13.2) on page 157
truncation operator, see formula (13.1) on page 157

either T or T

dilation operator, see formula (6.3) on page 73
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Function Spaces

Symbol Explanation
ﬂs ( RY) either ,/I{lsp JRor &, (RY)
RY) either By (R?) or Fyg (RY)
(]Rd) Besov spaces, see Definition 12 on page 28
( ) Besov-type spaces, see Definition 23 on page 38

B;,ZI,Y “(RY) see Definition 31 on page 71
C(RY) space of continuous functions, see Definition 4 on page 25
C"(RY), C(RY) spaces of smooth functions, see Definition 5 on page 25
Cy (RY) contains all functions from C**(R?) with compact support
9 (R) P(RY) = G (RY)
7' (RY) dual space of Z(R%)
Eup, q( ) Triebel-Lizorkin-Morrey spaces, see Definition 19 on page 32
E, p, q(]Rd ) real Triebel-Lizorkin-Morrey space, see Definition 36 on page 158
é"u‘ " q(Rd' ) see Definition 34 on page 116

E; ;\,] q(Rd ) see Definition 33 on page 109

E;pav(RY) see Definition 31 on page 71

M(Rd ) Triebel-Lizorkin spaces, see Definition 13 on page 28
Fpa(RY) Triebel-Lizorkin-type spaces, see Definition 24 on page 38
H;(Rd ) Bessel-potential spaces, see Definition 10 on page 27
L,(RY), L.(RY) Lebesgue spaces, see Definition 2 on page 25
Li,"c (R9) local Lebesgue spaces, see Definition 3 on page 25
L (RY) contains all functions from L..(R?) with support in [0, 1)¢
L;(Rd ) see formula (5.9) on page 69
LAY, (RY) Local Function Spaces, see Remark 4 on page 40
LA, (RY) Hybrid Function Spaces, see Remark 5 on page 40
My (RY) Morrey space, see Definition 17 on page 31
M (Rd ) real Morrey space, see Definition 36 on page 158
</1{fp q( ) Besov-Morrey spaces, see Definition 18 on page 32

N? ﬁ q(Rd ) real Besov-Morrey space, see Definition 36 on page 158

N piav(RY) see Definition 31 on page 71
S (RY) Schwartz space, see Definition 6 on page 26
S(R4) real part of the Schwartz space
S (RY) space of tempered distributions, see Definition 8 on page 26
W;"(]Rd ) Sobolev spaces, see Definition 7 on page 26
W™ A p”(Rd ) Sobolev-Morrey spaces, see Definition 20 on page 33
X(Q) function space X on domain €, see Definition 15 on page 29
X diamond space associated to X, see Definition 32 on page 107
X see Definition 32 on page 107

Y(") function spaces from Hedberg and Netrusov, see Definition 29 on page 48
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Quasi-Norms for Smoothness Morrey Spaces

Symbol

I 1B (R

I 1By g (R

I |1Bpg(RY)[|*

I |1Bpg(RY)(|4)

I 1B G (R
I 1B5G (BR[|

165 p g Rl

1165 . (R ¥
1165 g (R |
165 p.g RO

|13 p.qg(RY) M
1165 p g RN

H : ‘g;;pg(Rd)H(vma)
” : |glj,p,q(Rd ||M

I 1A g R

- 1A (R )
- [ A2 g (R [
[REAMESTI
- 1A g (RE)| ()

Explanation

Fourier analytic characterization, see Definition 23 on page 38
simplified Fourier analytic characterization, see Lemma 14 on page 39
see Theorem 4 on page 54

see Corollary 1 on page 55

characterization via generalized ball means, see Theorem 9 on page 68
characterization via moduli of smoothness, see Proposition 4 on page 69
Fourier analytic characterization, see Definition 19 on page 32

see Theorem 4 on page 54

see Corollary 1 on page 55

Triebel-Lizorkin-Morrey-Fubini spaces, see Definition 35 on page 154
Morrey characterizations, see Proposition 27 on page 169

Stein characterization, see Theorem 6 on page 61

characterization via generalized ball means, see Theorem 5 on page 58
characterization via vanishing moments, see Lemma 48 on page 133
Fourier analytic characterization, see Definition 18 on page 32

see Theorem 4 on page 54

see Corollary 1 on page 55

characterization via generalized ball means, see Theorem 7 on page 62
characterization via moduli of smoothness, see Theorem 8 on page 65



194

Chapter 14. Symbols and Figures

14.2 Table of Figures

Here all figures, that show up in this treatise, are listed. Concerning the Figures 1 - 5 special thanks

goes to professor Dorothee Haroske.

Figure

Figure 1
Figure 2
Figure 3
Figure 4
Figure 5
Figure 6
Figure 7
Figure 8

Page

100
101
103
105
106
148
187
187

Description

Ball mean characterization for & , . (RY) with p < g < oo.

Ball mean characterization for &; , p(Rd) with p = gq.

Ball mean characterization for ./4;*, q(]Rd).

Ball mean characterization for B3 (RY) with g # p.

Ball mean characterization for B)",(R?) with g = p.

Complex interpolation of Triebel-Lizorkin-Morrey spaces on domains.
One step of the algorithm to cover a set Z(f).

The reason why the algorithm to cover Z(f) must break.
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