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Abstract

New results on the boundedness of Laplace—Carleson embeddings
on L*° and Orlicz spaces are proved. These findings are crucial for char-
acterizing admissibility of control operators for linear diagonal semi-
group systems in a variety of contexts. A particular focus is laid on
essentially bounded inputs.
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1 Introduction
This article is centred around the boundedness of linear operators
@ZZ(O,tQ;U)%X, to > 0.

of the following convolution type form

Ou) = /0 " T(to — 5)Bu(s)ds.
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Here (T'(t))>0 is a Cp-semigroup on X with infinitesimal generator A and B :
U — D(A*) is a bounded linear operator, where D(A*)" is the completion of
X with respect to the norm ||z p(asy = [|(8 — A) "'z x for some 3 € p(A).
Here, Z(0,t9; U) refers to a U-valued function Lebesgue or, more generally,
an Orlicz space on the interval (0,tp), and U, X are Banach spaces. The
case Z = LP, and in particular the case p = 2, are commonly studied in
abstract systems theory within the context of admissible operators. As it
is well-known, the semigroup (7(¢)):>0 has a unique extension to X_; :=
D(A*), which we again denote by (7'(t))i>0. We recall that B is a Z-
admissible operator if © : Z(0,t9;U) — X_1 is well-defined and bounded
from Z(0,tp;U) to X. Note that © formally corresponds to the input-to-
state map u — x(tp) of the system

x(t) = Az(t) + Bu(t), z(0)=0, t>0. (1)

The purpose of this paper can be described as follows. First some new results
for general classes of semigroups are discussed. In particular, for left invert-
ible Cp-semigroups on Hilbert spaces we show that L>°- and L2-admissibility
are equivalent notions. Our main objective is to establish Laplace—Carleson
embeddings from a class of function spaces Z to LI(C, u). The bounded-
ness of these embeddings is naturally linked with admissibility for diagonal
semigroups. Again, we investigate L°°-admissibility and show that L°°-
admissibility even implies admissibility with respect to some Orlicz space.
Furthermore, we study when the bound of such operators © goes to 0 as
to — 0T, which is expressed by the notion of zero-class L>°-admissibility.
Unbounded admissible operators, that is, operators B not bounded as a
mapping from U to X, naturally appear in the study of boundary control
of evolution equations. The most commonly studied case in the literature
is Z = L? and we refer to the survey [6] and the book [14] for the basic
background to admissibility in the context of well-posed and boundary con-
trol systems. The general case was already studied in the seminal works by
Weiss [15, 16], where the notion of “admissibility” was coined, although it
had appeared earlier, e.g. [13]. See also [3], where several results previously
known for p = 2 were generalized. Admissible operators with respect to
Orlicz spaces, Z = L®, were studied in [7] and we refer to that paper for
elementary facts of Z-admissible operators.

It is easy to see that the property of admissibility does not depend on the
choice of ty, which justifies the fact that we omit the reference to ¢y in the

operator ©. Let us fix the following notation for a semigroup generator A
on X:

Bz(A,U)={B e L(U,X_1): Bis an Z-admissible control operator for A}.
The inclusions

B (Av U) - %Z(AH U) C B~ (A7 U)7 pe [17 OO], (2)



are clear by the nesting properties of Orlicz spaces. A question in which
we are particularly interested in is when Br»(A,U) = B~ (A, U) for some
p € [l,00). This is non-trivial as examples of semigroups are known for
which all inclusions in (2) are strict (for all p € [1,00)), see [7, Example
5.2] and [9]. One should note that these are examples on Hilbert spaces X,
whereas the following, simpler, example shows that the situation on Banach
spaces only becomes worse.

Example 1.1. Letp € (1,00) and let (T,(t))i>0 be the right-shift semigroup
with generator A, on LP(0,00) defined by T,(t)f(x) = f(t + z) fort,z > 0.
Define B through its dual B*f = f(0) acting on D(Ap). It is easy to see
that B is LP-admissible, but not LY-admissible for any q < p. In particular,
this shows that Brq(A2,C) C Br2(Az,C) for g <2 =0p.

We show that this example is sharp in the following sense. For any left-
invertible semigroup generator A and Hilbert spaces X, U, it holds that
PBra(A,U) = B12(A,U) for all ¢ > 2, Theorem 2.2. The underlying reason
is a consequence of the Paley—Wiener theorem in the context of admissi-
ble operators [17]. This result can be seen as the point of departure for
the analysis of variants of this statement and our aim to characterise L>°-
admissibility for classes of semigroups relevant in applications. We invoke
more structure on the semigroup and on the input space, such as being diag-
onal and assuming U to be finite-dimensional, while weakening the condition
that X is a Hilbert space. The key tool for handling this combination is by
using the relation between admissibility and Laplace-Carleson embeddings,
which have already been used in prior works [8, 9]. Hence, in order to answer
the above mentioned questions, we prove new embedding theorems. Since
our focus is in particular on p = oo, this extends previously derived results,
where this case was not considered. The set-up of the paper is as follows: In
Section 2 we present several results formulated in the language of admissible
operators while Section 3 is devoted to Laplace—Carleson embeddings.

For the rest of the paper, A will always denote the generator of a Cpy-
semigroup (7'(t))+>0 and the space X_; is defined as above. Further as-
sumptions on the semigroup may be imposed in the respective sections.
The spaces X and U will generally refer to general complex Banach spaces,
unless specified otherwise. The space of bounded linear operators from U to
X will be denoted by L(U, X). Let I be an interval and @ : [0, c0) — [0, 00)
be a Young function, that is, an increasing, continuous and convex function
such that lim,_q (bgf) = limg oo % = 0. By L*(I;U) we denote space
of U-valued measurable functions f : I — U such that ®(k=f(-)||lv) is
integrable for some k > 0. This space is equipped with the norm

Il = inf{k > 0: /I (k| 1(5) ) ds < 1) (3)



and called the Orlicz space corresponding to the Young function ®. If U = C,
we may write L®(I).

With a slight abuse of notation, we will also regard L(I; U) and L>®(I;U)
as “Orlicz spaces” with their natural norm. Therefore, if we say that “Z is
an Orlicz space”, we mean that either Z = L', Z = L™ or Z = L?® for some
Young function ®. Note that for the special case ®(s) = s, p € (1,00), L®
is isomorphic to LP. In analogy to Holder conjugates for LP-spaces, given a
Young function ® we can define the complementary Young function ®¢ by
®¢(s) = maxy>o (st — ®(¢)), which indeed defines a Young function and a
corresponding Orlicz space. For details on Orlicz spaces, we refer the reader
to textbooks such as [1, Chapter 4.8] or the appendix of [7], where they
appeared in the context of admissible operators for the first time.

2 Admissible operators

By a closed graph argument and the semigroup property, the notion of an
admissible operator B can be rephrased as follows.

Definition 2.1. Let Z be an Orlicz space. An operator B € L(U,X_1)
is called Z-admissible (for (T'(t))i>0 or A), if for all to > 0 and all u €
Z(0,to; U) it holds that

to
Ou = Oy u = / T(to — s)Bu(s)ds € X.
0
Furthermore, we define the following two refinements of admissibility. We
say that
e B is zero-class Z-admissible, if limy o+ Ot |l £(z(0,t0;0),x) = 0, and
e B is infinite-time Z-admissible, if supy~o |9t £(z(0,t0:0),x) < 00-

Note that B is infinite-time Z-admissible if and only if the operator
o
Z(0,00;U) = X, u > / T(s)Bu(s)ds
0

is bounded. We further mention that admissibility may be studied for other
choices of function spaces Z, such as weighted LP-spaces [4] and Sobolev
spaces [9]. The interest in Orlicz spaces arises in the connection of admissi-
bility to (integral) input-to-state stability for infinite-dimensional systems,
see [7].

2.1 Left-invertible semigroups on Hilbert spaces

In [16], it was (implicitly) shown that Bre (A, C) = By2(A,C) for A being
the periodic left-shift semigroup on L2(0, 27), corresponding to the control of



a one-dimensional wave equation. It turns out that this result holds true in
a much more general setting. This is a rather direct consequence of another
result by G. Weiss, which was derived in the context of what later became
known as the Weiss conjecture, [17].

Theorem 2.2. Let A generate a left-invertible semigroup on a Hilbert space
X. Then for any Hilbert space U it holds that

B (A, U) = Br2(A,U).

Proof. This basically follows by [17, Theorem 4.1] which is a slight gen-
eralization of an older result by Hansen and Weiss [5]. In fact, let B €
Bioo(A,U). Then, it is follows by the definition of L*-admissibility and
the Laplace transform that

sup [[(A—A)7'B| < o0
ReA>a

for some o € R. By (the dual version of) [17, Theorem 4.1], see also [18],
this implies that B is L?-admissible. O

Example 1.1 shows that the assumption that X is a Hilbert space in The-
orem 2.2 cannot be dropped in general, even in the specific case of U = C.
However, for the specific case of A, e being the generator of the periodic
left-shift semigroup on L"(0, 27), characterizations of Bi» (A per, C) can be
derived from results on Fourier multipliers, [16, Proposition 5.2]; more pre-
cisely,

%LP (Ar,pera (C)

= {b€ Sperl0,27]: f > > (k) f(R)e™™ € L(LP(0,27),L7(0,2))},
kEZ

where h(k) denotes the k-th Fourier coefficient and Sye[0, 2] the periodic
distributions on [0, 27]. By known facts on multipliers, this implies in par-
ticular that

Brr(Arper, C) = Broo (Arper; C) forall p>2and r <2,

which generalizes the assertion of Theorem 2.2 in the situation of this spe-
cial generator. This observation motivates studying the relation of the
sets Bir(A,C) for more general group generators of diagonal form. This
is treated in the next section. Also note that the facts on Fourier multipliers
used above give a glimpse on why the relation between the sets Br»(A,U)
for different p is non-trivial in general. We shall see a related result in
Theorem 2.4 below.



2.2 Diagonal Cy-semigroups

In this section we assume that the semigroup generator A is diagonal with
respect to a (Schauder) basis of X. More precisely, fix 1 < ¢ < oo and a
g-Riesz basis (¢r)rez of X, i.e., for some C1,Cy > 0 we have that for all
finite sequences (ag)k,

Y Jarlt < 1S el < 2 3 fagl.
k k k

Let A: D(A) C X — X be an operator such that ¢, € D(A) for all n € Z
and A¢, = Aoy for a complex sequence (A,), in a left-half plane of C.
This implies that A generates a strongly continuous semigroup (7'(t))+>0
with T'(t)¢,, = e*tg, for all n € Z, t > 0.

In the above situation we say that A generates a diagonal semigroup with
respect to the q-Riesz basis (¢p)n. If the sequence (\,), lies in a vertical
strip of the complex plane, we say that A generates a diagonal group with
respect to the g-Riesz basis.

Note that the eigenvalues (\,), lie in the open left-half plane C_ if and
only if (T'(t))>o is strongly stable, i.e. limy,o [|T'(t)z| = 0 for all z € X.
Without loss of generality we may set X = ¢¢ and choose ¢, to be the n-th
canonical basis vector of ¢9. Further, we assume U = C. It follows that
every operator B € L(U, X_1) can be represented by a sequence (by,)nez in

b
Xlg{beCZ:< n ) ezq}
Ap — A nez

for some A in the resolvent set p(A) of A. We use the analogous notation if
the index set 7Z is replaced by N.

We can link admissibility with the boundedness of Laplace—Carleson embed-
dings: the following result was proved in [9] only for Z = L? with 1 < p < o0,
but the case p = co and even Z = L® for some Young function ® follows
analogously.

Proposition 2.3 (Theorem 2.1 in [9]). Let ¢ > 2 and let A: D(A) C X —
X generate a strongly stable diagonal semigroup (T'(t))i>0 with respect to a
q-Riesz basis of X. Let Z be an Orlicz space. The operator B € L(U, X_1) is
infinite-time Z-admissible for (T'(t))t>o if and only if the Laplace—Carleson
embedding

Lf(z):= /00 e f(t)dt, z e Cy

0
induces a continuous mapping from Z(0,00) into LI(CL, du), where pu is the
measure Y |by|70_, .

Hence, in order to answer the above mentioned questions, we prove new em-
beddings theorem for the Laplace—Carleson embedding. These new Laplace—
Carleson embeddings are proved in the following section and of independent
interest, but already applied here to obtain new admissibility results.



The main results of this section are the following.

Theorem 2.4. Let ¢ > 2. If A: D(A) C X — X generates a diagonal
group with respect to a q-Riesz basis on X, then

B0 (Au (Cn) = sBLq/(qfl) (Aa (Cn)-
Clearly the case p = 2 in Theorem 2.4 is already covered Theorem 2.2.

Proof. We first mention, that it suffices to prove the results for n = 1 (and
apply e.g. [10, Prop. 4] in the general). The statement then follows directly
from Proposition 2.3 and Theorem 3.9. O

As explained in the introduction, we cannot expect that By, (A, C") equals
Brr(A,C") for some p < oo in general. The following result, however,
shows that for diagonal semigroup generators A, at least every element B
in B~ (A,C") is contained in Bys(A,C") for some Young function ¢ de-
pending on B.

Theorem 2.5. Let ¢ > 2 and A : D(A) C X — X be the generator of a
strongly stable diagonal semigroup (T'(t))i>0 with respect to a q-Riesz basis
and eigenvalues (Ap)nez. Then the operator B € L(C, X_1) is infinite-time
L -admissible if and only if

ns

Z sup MQ|II|qn) < 00, (4)
nel p {iral

where pp = Y |bp|%_y,, Qr :={z=x+iy|iyel,0<z <|I|} and S, :=

{:L‘ +iy|lyeR2" <z < 2”+1}. In this case there exists a Young function

® such that B is infinite-time L®-admissible.

Moreover, B is zero-class L>°-admissible for (T'(t))t>0-

Proof. The statement about the equivalence follows from Proposition 2.3
and 3.3, whereas the existence of a suitable Young function is guaranteed by
Theorem 3.10. Finally the zero-class L°°-admissibility follows directly from
the L®-admissibility by Holder’s inequality for Orlicz spaces. O

Since (finite-time) admissibility remains invariant under for the shifted gen-
erator A — cl, ¢ € R, we obtain the following consequence.

Corollary 2.6. Let ¢ > 2 and A : D(A) C X — X be the generator
of a diagonal semigroup with respect to a q-Riesz basis. Then for every
B € By~ (A, C") there exists a Young function ® such that B € B1+(A,C").

Finally we can formulate a characterization for L®-admissible operators for
the specific Young function ®eyp,(t) = exp(t) —t — 1. This complements ex-
isting characterizations of LP-admissible operators for diagonal semigroups,

[9]-



Theorem 2.7. Let ¢ > 2 and A : D(A) C X — X be the generator of a
strongly stable diagonal semigroup (T (t)):>0 with respect to a 2-Riesz basis
and eigenvalues (Ap)nez. Then

B texp (4, C)

w(@Qr NS
= {(br)ren € L(C, X_1) | Z" sup |I|2n)+ sup 1(Qr) < oo},
I m%érval I i\r]l?érﬁ/al

where 1, Qr, Sy are defined as in Theorem 2.5.

Proof. Since B sex, (A, C) = B sex, (A—cl, C) for any ¢ € R, we can assume
that A has only eigenvalues with real part less than —2. The result now
follows by Proposition 2.3 and Theorem 3.13, which is proved later. O

Remark 2.8. 1. Theorems 2.5 and 2.7 can be used to formulate analo-
gous results for finite-dimensional input spaces, i.e. B € L(C", X_1)
forn € N, by considering every “component” of B separately, see also

[10, Prop. 4].

2. Theorem 2.5 generalizes [7, Thm. 4.1] where the case of analytic di-
agonal semigroups was considered and thus condition (4) is satisfied
for all B € L(C™", X_1). Also note that in those references, q may
more generally be chosen from [1,00). On the other hand note that [7,
Thm. 4.1] was generalized to more general analytic semigroups which
are not necessarily diagonal in [10].

3. Corollary 2.6 also relates to the concept of input-to-state stability.
More precisely, following the results in [7], it shows that for linear
systems described by diagonal semigroups with respect to a q-Riesz ba-
sis, the notions of input-to-state stability and integral input-to-state
stability are equivalent.

3 Laplace—Carleson embeddings

Let © be a positive regular Borel measure on the complex right half-plane
Cy={z=x+1iy |y € R,x > 0}. In this section, we only consider scalar-
valued Orlicz spaces Z on the interval (0, 00), that is Z = Z(0, 0o; C) in our
notation above. We will omit the reference to the interval here for the sake
of brevity. Formally, what we mean by a Laplace—Carleson embedding is a
map of the form £: Z — L9(Cy,du) given by

Lf(z):= /000 e f(t)dt, z e Cy.



Since convergence of a sequence in Z implies pointwise convergence of the
corresponding sequence of Laplace transforms, any set inclusion of the form
LZ C L1(C4,dp) is automatically continuous by the closed graph theorem.
We will require the notions of Hardy spaces and reproducing kernels:

Let F: Cy — C be analytic. We say that F belongs to the Hardy space
HP(C) whenever

1Pl =sup [ PG+ in)Pdy < .
yeR

e>0

For a shifted half-plane C; , = {z € C: Rez > a}, we have accordingly the
Hardy space HP(Cy ) of all analytic functions on C , such that

Pl =5 [ IF(e+atipPdy <o
’ e>0 JyeR

For F € HP(C,) and F(iy) = F(e + iy), the limit F(iy) = lim,_,o+ F(iy)
exists for Lebesgue a.e. y. Moreover, Fe — F in LP(iR). This makes H?(C)
isometrically isomorphic to a closed subspace of LP(iR). A good reference
on Hardy spaces is [2, Chapter II]. )

For A € C; and t > 0, let ky(t) = o exp(—At). Note that [ky[f, =
m. The so-called reproducing kernel is the analytic function
11

24N

defined at least for Rez > 0. If p < oo and F' € HP(C,.), then

Ky:z— Ek)\(z)

F(\) = F(iy) K (iy) dy, (5)
yeR

which follows essentially from Cauchy’s theorem.

3.1 Laplace—Carleson embeddings and Carleson intensities

The Carleson square associated to an interval I C iR is the set
Qr={z=z+iyeCyliyel,0<z<|I|}.
These are related to reproducing kernels by the fact that if A is the centre
of @y, so that in particular Re A = |I|/2, then
1
V107 |I|

With p’ denoting the Holder conjugate of p € [1, 0c], the above inequalities
imply that if £: L? — L9(C_,du) is bounded, then

< |Kx(2)] for z € Q.

1
<
— |

w(Qr) < [I|19P" for all intervals I C iR, (6)
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Figure 1: Relation between condition (6) and the boundedness of £: LP —
LI(Cqi,du). 1 <p<2 p <q<oo (region ), or 2 <p < q < oo (region
IT), then (6) is necessary and sufficient for the embedding to be bounded. If
2 < g < p < oo (region III), then (6) is necessary and sufficient under the
additional assumption that p has support on a vertical strip. For general
measures, (6) is necessary but not sufficient. The bold edge to the left
corresponds to the hypothesis of Theorem 3.3.

see [8, Proposition 3.1]. It is a remarkable fact that in a variety of situations,
condition (6) is also sufficient for £: LP — L(C,,du) to be bounded. For
1 <p<2 and p' < ¢ < oo (this corresponds to the region I in Figure
1), £: LP — LY(C4,dp) if and only if (6) holds, see [8, Theorem 3.2]. In
[12, Theorem 1.1}, this result was extended to 2 < p < ¢ < oo (region II in
Figure 1). For 2 < ¢ < p < oo (region IIT in Figure 1), (6) is sufficient if
1 has support on a vertical strip, but not if u has support on a sector, see
[8, Theorem 3.6 and Theorem 3.5]. The thick line in Figure 1 corresponds
to the hypothesis of Theorem 3.3 below. This new result characterizes the
class of p such that £: L — LY(Cy,du) for ¢ > 2.

Motivated by the significance of (6), we state the concept a-Carleson inten-
sity.

Definition 3.1. Let p be a positive reqular Borel measure on C and o > 0.
Then the a-Carleson intensity Co[u] is given by

- wQr)
ol = s S
I interval

Obviously, (6) holds if and only if C;/,[1] < oo.

Measures supported on vertical strips will play an important role in the in-
vestigation below. The next definition is essentially a notational convention
that will be used henceforth.

10



Definition 3.2. Let p be a positive regular Borel measure on Cy. For each
n € Z, consider the dyadic strip

Spi={z+iy|yeR,2" <z < 2"},
and define the measure p, on Cy by py: E— p(ENSy).

If2 < g <p< oo, and p is supported on a vertical strip, then £: LP —
L9(C4,du) if and only if (6) holds. For general p, this fails. We partially
address this in the following result.

Theorem 3.3. Let pu be a positive reqular Borel measure on Cy, and 2 <
g <oo. Then L: L>*(0,00) — LY(C4,du) is bounded if and only if

S Clun] < oo, 7)
nez
Furthermore, the above sum is comparable to ||L: L°°(0,00) — LI(C,,du)l|?.
For the proof of Theorem 3.3 we need the following lemma and propositions.
Lemma 3.4. Let o > 1.

(i) There exists an interval I C iR such that |I| = 2" and

+1 Nn(QI).

Ca fn| < 2¢

(i) If B > 1, then
Ca[u ] < 9ftn(5- )Cﬁ[ ] 2a+ﬁca[ﬂn]v

i.e. Colpin] = 278~ Cy( ], where the constants of comparison depend
only on o and B.

(ii3) If one defines the shifted measure ji,: E +— pn(E + 2"71), then
Calfin] < 2°Calpn]-

Proof. To prove (i), introduce the auxiliary quantity

Calin] = sup £nl@D)
irj=ant1 |1

If [I| > 27, then there exists a finite collection of intervals {J}4_,, where
N < 27|, each |J| = 2"*1 and I C Ugil Jk. Since also Qr NS, C

UszlQJk’
N N ’I’ a
Nn(QI) < ;Mn QJk <kz_: ,Un 2n+1 <2 Z <N>
< 29|1|%Caltn).

11



For smaller intervals, p,(Q7) = 0. From this, Cy[u,] < 20‘(?;[;1,1], and since

there clearly exists I with |I| = 271 such that Co[s] < 24 \(I?c{ ) (i) follows.

For the proof of (ii), it is immediate from the definition that E;[un] =
2("+1)(5*0¢)CNB[M”]. Since CN[g[,un] < Cs[pn], and we just proved that Cq[pn] <
20C, [tn], this establishes the first inequality in (i7). The second inequality
follows by interchanging « and g.

To prove (iii), note that u,(Q; + 2"1) = 0 when |I| < 2”1, whereas if
|| > 2”71, then Qr + on—1 C Qog- O

The necessity of (7) for the boundedness of the Laplace-Carleson embedding
even extends to the case 1 < ¢ < oo.

Theorem 3.5. If 1 < q < oo, then

D Clpn] S L2 L — LUC, dp)|”.
nez

Proof. For n € Z, chose I, with |I,| = 2" and Cy[u,] < 2q+1%, where
T, denotes the right-hand half of the square @Q,. With ic, denoting the
mid-point of I,,, define f,(t) = X(z—n—172—n](t)€icnt, and F,, = Lf,. The

proof now proceeds through three different steps.

Step 1: We first show that there exists positive real constants ¢ and C
such that:

(1) If n € Z and z € T),, then |F,,(z)| > c27".
(i3) If m,n € Z and z € T, then |E,,(2)] < C2~"~In=ml,

Proof. (i) If z = 2 +iy € T, and 2771 <t < 27" then |t(y —c,)| < 1.
Hence,
2771
|F(2)| > Re Fp(2) = / e @ cos(t(y—cp)) dt > e 2cos(1)27" L
t=2-n-1

(74) By the triangle inequality,

9—m
F(2)| < / e dt.
t

—92—-m—1

m—n)

Since the above integral is less than 2~™ = 27 ( , our inequality is

immediate for m > n. For m < n, we use instead that

|Fn(2)] < / e "t
t

—2-m—1
6—2_m_1x

T
72n—m—1

€ — 2—n2n—m€—2"*m*12m—n

IN

27l

12



Since 2ae™“ is bounded for a > 0, the conclusion follows. O

Step 2: With c and C as in Step 1, chose an integer N such that €23~V <
c. For k€ {1,2,...,N}, define g, = Y, 7 frun+k, and G, = Lgi,. We now
show that if n € Z and z € T4k, then |Gy (2)| > | Fuvix(2))].

Proof. By the properties in Step 1,

|Gk(z) - nN+k | < Z |FmN+k | < CQ_HN_k Z 2—N|n—m|

meZ meZ

CQ—nN—k-i-l—N o 3 C N 1
— W < C2 nN—k+2—N < 52 nN—k < §|FnN+k(Z)|-

The result now follows from the reverse triangle inequality. O

Step 3: We are now ready to complete the proof of Theorem 3.5. With
N as above,

Z Cylpn] < 2071 Z 2(n+1)q = gatl Z Z 9~ (NFRHDay, (0 nik).

nez nel k=1neZ

According to the previous steps,
2~ ("N < Fovgk(2)|1 S Gr(2)]%,

whenever z € T\, y+. Hence,

9~ (N HREDa (T y ) < / Gyl dp,

ThN+k
and
N
Syl <zz/ Giltan <Y [ (Gl
nez k=1neZ” TnN+k k=1"C+
Since ||grllLe = 1, Y ,cz Calpn] S I£: L — LY(C,, dp)||9, with implied
constants only depending on q. O

The sufficiency of (7) can be extended to the situation where L? is replaced
by certain Orlicz spaces L®. For Orlicz spaces, we have the following variant
of sufficiency of (7), generalizing the sufficiency part of Theorem 3.3.

Theorem 3.6. Assume q¢ > 2. Let ® be a Young function of the form
(t) = ®(t7), where ® is another Young function. Then it holds that

__on— q_l
£ L2(0,00) = LT dp) |7 £ 3 (2 exp  fae )" Colimal. (8)

The above inequality remains true for L® = L, in which case L® =L,

13



Remark 3.7. It is clear that if ® is a Young function, then so is ®: t
<I>(tq/). The converse is not true. The present construction ensures that ®
not too “small” relative to t — t7 .

Proof. To prove (8), we need two main tools. The first is the classical
Hausdorff-Young theorem: Given 1 < p < 2, the Fourier transform is a
bounded map from LP(R) to L (R). This readily implies boundedness of
L: 17(0,00) — HP'(C4). The second tool is the Carleson embedding theo-
rem, e.g. [2, Theorem I1.3.9], which states that [[H?(Cy) < LI(Cy,du)||? is
comparable to Ci[p].

Let f: (0,00) — C be such that FF = Lf is well-defined as an analytic
function on C4. The following calculations will yield that this is always the
case when f € L®.

It holds that

JRLETE Y
C, Cq

nez

= X [ e i)
nezZ"” =+

= Z/@ L(f exp™" )| dfin,
neL"” =+

where [i,, is the shifted measure E +— ju, (E+2""!) appearing in Lemma 3.4.
In combination with Carleson’s theorem and the Hausdorff-Young theorem,
we obtain

XC L(fexp™ N djin S CaljnllIL(f exp™™" ) |
+

~ _on—1
< Gl | fexp 7,

- / _Jon—1 /
= Cilfin] ||f]9 exp=@" |94

Appealing to Lemma 3.4, Cy[fi,] < 2”(‘1_1)Cq[un]. We now apply Hélder’s
inequality for Orlicz spaces to control

7171

q/2n71

e 4= ] o

Ll Lo Lo’

/on—1

By the dominated convergence theorem, |lexp™@*" " || ¢ < oo for any

Young function dc. This shows in particular that fe:><p‘2n_1 € Lq/, SO
F(z) = Lf(2) is well-defined for Rez > 2"~!. As n is arbitrary, F: Cy — C

is well-defined and analytic. It also holds that ||| f|q’||iéq/ = ||fll.e. Piecing

O

all of this together, we obtain (8).

Proof of Theorem 3.3. By Theorem 3.5, £: L>° — L4(CL,du) implies (7).
To see that (7) is also sufficient, apply Theorem 3.6 to the case where L® =
L, in which L®® = LI, O

14



In general, applying Theorem 3.6 with ®(¢) = t?, and computing the norms
| exp=a2"" e = | exp 72" |l w/a") » We obtain the following result, which

we state for the sake of being explicit.

Proposition 3.8. Let ¢ > 2 and p > ¢'. With p, as in Theorem 3.3, it
then holds that

1£: L0, 00) = LI(Cy, dp)[|” S Y 2"/7Cy jun)- (9)

For p < oo, condition (9) is not necessary for £: LP(0,00) — L%(Cy,dpu)
to be bounded, as can be seen from [8, Theorem 3.5]. Next we will show
that if p has support on a vertical strip, then (9) reduces to (6). This is the
content of Theorem 3.9, which is basically a reformulation of [8, Thm. 3.6],
but allowing specifically for the case p = cc.

Theorem 3.9. Let u be a positive reqular Borel measure supported in a
strip Cop0 = {2 € C: a1 < Rez < ag} for some ag > a1 > 0, and let
1<p <g<ooandq>2. Then the following assertions are equivalent:

(i) The embedding L : LP(0,00) — LY(C4, ) is well-defined and bounded.

(i) There exists a constant C' > 0 such that

w(Qr) < C]I|Q/pl for all intervals I C iR. (10)

In this case, the bound in (i) depends only on C and ag/a.

Proof. Condition (ii) is a reformulation of C,/,y[u] < oc. The implication
(1) = (ii) was proved already in relation to (6). To obtain the reverse
implication, assume instead that C,/y[u] < oo. Since u is supported on a

vertical strip, pu = Eg: u Mn for some integers M, N, with N — M only
depending on ag/a;. Hence,

N
D 2mICy ) = Y 2MIPC, ()
n n=M

By Lemma 3.4, 2"9/PC,/[u,] ~ Cq/p [1tn]. Moreover, it’s clear that Cgpy [pin] <
Cq/p[11]. Thus, the above sum is finite, and (i) follows from Proposition 3.8.
0

3.2 Laplace—Carleson embeddings on Orlicz spaces

In addition to Theorem 3.3, we derive the following consequence of Theo-
rem 3.5 and Theorem 3.6.

15



Theorem 3.10. Assume that ¢ > 2, and that L: L>°(0,00) — LI(C4, du) is
bounded. Then there exists a Young function ®: [0,00) — [0,00) for which
L: L%(0,00) — LIY(C,du) is bounded.

We need some further lemmata to prove this result.

Lemma 3.11. Let ®: [0,00) — [0,00) be a Young function with left-conti-
nuous derivative ¢. For o, C' > 0 it then holds that

/Oooq>< )dt:alc/olqs(é)logc) ds.

Proof. Changing the order of integration,

o) 6—at o] i
/ ¢ ( ) dt = o(s) dsdt
0 C t=0 Js=0

efat
C

s=0 =0
1 [ve 1
= — 1 — ) d
[ ototon (&, ) s
All that remains is the change of variables C's = '. 0

Lemma 3.12. Let ¢ > 1 and (yn)nez be a positive sequence such that
Yo =1 for alln € Z, and v, — o0 as |n| — oo. Then there exists a Young
function ®°¢ such that

_Jon—1
2"|| exp 92 L ae < Mn (neZ).

Proof. Let ¢¢: [0,00) — [0,00) be a strictly increasing function with ¢¢(0) =
0 and

~

L)

Tn
1 1
Jolog (5) ds
for all n. Such a function exists, since 7, — oo as |n| — oco. Define the

Young function ®°: ¢ fg ¢°(s) ds. Using that each =, > 1, together with
monotonicity,

1 on 1 1 1 /
/ ¢ <S> log () ds < ¢° (2")/ log <> ds < q—’yn.
s=0 Tn S s=0 S 2

By Lemma 3.11, the above left-hand side is equal to

/ 0o _ on —q'2n 1
a, / R A, A
2 0 Tn

ie. 27 exp 92" ||L5>C < 9, by the definition of the Orlicz norm. O

9°(2") <

|
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Proof of Theorem 3.10. Since L: L>=(0,00) — L4(C4,du) is bounded, it
holds that ", Cq[un] < 0o by Theorem 3.5. There exists a positive sequence
(Yn)n such that ~,, — oo sufficiently slowly as |n| — oo, and ), 7%_1Cq [tn] <
oo. It’s no restriction to assume that -, > 1 for every n. Let ¢ be as in
Lemma 3.12, i.e.

2" exp %" || ge < Y

If ®(t) = ®(¢7), then Theorem 3.6 implies that £: L2(0,00) — LI(Cy., dp)
is bounded. ]

3.3 Laplace—Carleson embeddings from L*(0, )

In this section we develop finite time analogues of the preceding results on
Laplace—Carleson embeddings. More precisely, we consider Laplace trans-
forms of functions supported on (0, 7y) for some 79 > 0. We begin with the
case of L>(0,7p), and then progress to L®(0,7) for more general Young’s
functions ®. We will find that the value of 7y is immaterial.

Theorem 3.13. Let ¢ > 2, and p be a positive regular Borel measure sup-
ported on C,. Suppose that 1o € [2M 2M*1] for some integer M, and
let u™ denote the restriction of u to the strip {0 < Rez < 27M}. Then
L:L>*(0,79) = LYCy, ) is bounded if and only if

> Colpn] + Colu™] < o0 (11)
n=—M

with an associated equivalence of norms, where the equivalence constant de-
pends only on q. Moreover, if L : L>°(0,79) — L9(C4, pn) is bounded, then
L:L>®(0,7) = LY(C4, ) is bounded whenever T > 0.

Proof. We start by noting that it is sufficient to consider 79 = 2M. Indeed,
if £:L>°(0,79) — LI(C, ) is bounded, then £ : L>°(0,2M) — LI(C,, p) is
bounded. The core of the proof is to prove that this is equivalent to (11). It
is easy to see that if we replace M by M 41 in (11), then we obtain an equiv-
alent condition. This in turn implies boundedness of £ : L>°(0,2M+1) —
L9(C4, ), and hence of £ : L>(0,79) — LI(C4,p). This argument im-
mediately implies that boundedness of £ : L>(0,79) — L%(Cy, p) yields
boundedness of £ : L>°(0,7) — LY(C,, p) for all 7 > 0.

The proof that (11) is necessary is largely analogous to the proof of Theo-
rem 3.5.

We fix M € Z. For n > —M, we define f,, F,,, N as in the proof of Theo-
rem 3.5. For k =0,...,N — 1, define

gk = > JmNtk  and G = Lgy.
meZmN+k>—M

17



Note that g, € L>(0,2M) for k = 0,..., N — 1. As in the proof of Theo-
rem 3.5, we obtain:

Ifne€Z nN+k>-—M, and z € TNy, then |Gi(z)| > L Fonin(2)] >
c27"N=k=1 This implies,

N

S Cylil S Z/T

n>—M k=1 neZ; nN+k
nN+k>—M

N
ATES Sy
k=1"C+

Assuming that £: L>(0,2M) — L9(C,, i) is bounded, the above left-hand
side is finite.

We still have to check boundedness of the second term in Condition ( 11).
For any interval I with |I| = 27" ~1 let ¢ be the center and define f =
X[O72Af](t)ei0t, F=Lf. Then

F(s) = /0

Note that tRes < % and |¢ — Im s|t < i for t € [0,2M], s € Qp, thus

21\/1 2M

6—(s—ic)tdt — / 6—(Re s)tei(c—lm S)tdt.
0

|F'(s)| Z oM+ for s € Qy,

and, using boundedness of £ : L>(0,2M) — L4(C, p),

We now turn to sufficiency of (11). Boundedness of the embedding for the
measure y > -y follows directly from Theorem 3.3. To finish the proof,
it is sufficient to show that if  is supported on [0,27M™) xR and u(Q;) < |1]9
for all |[I| = 2=M+1 then £ : L>=(0,2M) — LI(C,, u) is bounded.

Note that £ : L*°(0,2) — H?*(C_5-m ) is bounded with norm propor-
tional to 2M/2 since the function t — e tRes () lies in L2(0,2M) when
f € L>(0,2M), with the corresponding norm estimate. Here H2(C_2—M7+)
is the Hardy space on the larger half-plane {s: Res > —27M}.

We observe that for the norm of the embedding £, we have

1€llr2c_,-nr —Law) = I€IB2c)—La(a, rir))

where
fig-ars1) (B) = p(E — 27 M),

Now fiy—(m+1) is supported on the strip S_j/—1, and we may directly apply
Theorem 3.9 in order to obtain that ||8HH2(C_2_M =LA < 2-M/2 Thig

finishes the proof. O
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Theorem 3.14. Assume q > 2, 10 > 0, and that L: L>°(0,79) — LY(C, du)
is bounded. Then there exists a Young function ®: [0,00) — [0, 00) for which
L:L%(0,79) — LY(C,du) is bounded.

Proof. By Theorem 3.13, we may assume that 79 = 2™ for some integer
M. Let p = p' + pM, where ¢/ = >°°° , un. Assuming boundedness
of £:1°°(0,2M) — L9(C4,du), condition (11) together with Theorem 3.3
implies boundedness of

L:L2°(0,00) — LI(Cy,du).

By Theorem 3.10, there exists a Young’s function ® such that £: L®(0, 00) —
L9(Cy, ), and since L*(0,2M) — L®(0, 00) isometrically, £: L*(0,2M) —
L4(C,, i) is bounded.

The proof will be complete once we have established that £: L®(0,2M) —
L9(C,, M) is bounded. Note that the Young’s function ® obtained in
the proof of Theorem 3.10 is of the form ®(t) = ®(t¢) for some other
Young’s function ®. By Holder’s inequality for Orlicz spaces, it follows that
L2(0,2M) < L7(0,2M). Repeating an argument from the proof of The-
orem 3.13, £: L2(0,2M) — HY(C_y-um), and HY(C_y-nr) «— LI(C,,du™),
again by condition (11). O
Corollary 3.15. Let ¢ > 2, and p be a positive reqular Borel measure
supported on C4. Suppose that L : L>°(0,79) — LIU(Cy,u) is bounded for
some 19 > 0. Then

T | £]Lee (0. La(ey ) = 0
In fact, with ® as in Theorem 3.13, it holds that

£ Loe 0,7y La(Cpm) < LllLe0,70)—La(cy ) IX[0,7 112 (0,00)
whenever T € (0, 79).

Proof. Let f € L>°(0, 00) have unit norm, and support on (0, 7). With ® as
in Theorem 3.13,

ILf ey ) < NLlLe 070 L@y ) 1 L2 0,7)-

The desired estimate now follows from || f{| 2 (g -,y < [[X[0,7llL# (0,00)- O

3.4 A Laplace—Carleson embedding for a specific class of Or-
licz spaces

In this section, we want to present applications of the theory developed
above to some concrete Orlicz spaces.
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In the following let

Dexp(t) =expt —t —1 and Pexp(t) = exp Vit — Vit — 1,

so that ®(t) = ®(¢?). We will show that for this specific Young function the
boundedness of the Laplace-Carleson embedding from L®(0,1) to L?(Cy., p)

can be characterized in terms of the capacity, in an analogous way as in
Theorem 3.3 for L*°.

Theorem 3.16. Let p be a positive regular Borel measure on C.. Then
L:L*%0,1) = L%(Cy, u) is bounded, if and only if

> n%Calun] + sup 1(Qr) < oo (12)
n=1

I interval, |1|=2

with an associated equivalence of norms.

Proof. To prove the necessity we will reuse some notation and quantities
from the proof of Theorem 3.5. In particular, for each integer n > 2 we let
T,, denote the right half of a Carleson square @Q;, with side length 2"*1 and
Calpn) < 2372, (T,,). Moreover, the functions f,, = X(2-m—1,2-m] (t)eiemt,
with ic,, being the midpoint of I,,,, are L>°-normalized functions with dis-
joint supports such that F,, = Lf,, is essentially localized to T,,: There
exists ¢, C > 0 for which

2 €Ty = [Fu(2)| > 2™ and |Fy(z)| < 027 Im=nl (1)

For a given € > 0, we may choose N such that

n—1 [e’e)
Z m2™N < en2™™V  and Z m2- "N < ep2—nV
m=1 m=n+1

uniformly in n. This can be seen by comparison with a Riemann integral.
For such an N and k € {0,...,N — 1}, let

o0

gr = (10g2) > mfiimn. (14)

m=0

and write G = Lgi. Note that

1 1 oo
/ ®(|gr(t)])dt < / elar®l g = Z g=(k+mN+1)gm 1
0 0 m=0
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whence ||gx|le < 1. Moreover, for z € Ti1pnn

Z m|Fpimn ()] < C Z m2— (k+nN+[m—n|N)
mEZ,m>0,n#m MEZ,m>0,nm
n—1

= C Z m2—(k+2nN—mN)

m=0

00

+C Z mzf(kerN)
m=n+1

CEnZl_k_nN

2Cen

IN

IN

| Fietnn (2)],

and hence

|Gr(2)]

AV

(log2) | n|Fyynn(2)| — > m|Fmn (2)]

meZ,m>0,n#m

2 0l Fpran(2)] 2 en2 7,

provided that e is sufficiently small. A possible choice is € = é%, where ¢, C
are the constants from (13).
Hence for k € {0,...,N — 1},

o oo
> Calpenn] S 3 m22 (L) Sn /C Gr(2)dp
n=1 +

n=1

Adding over k = 0,..., N — 1, we obtain the required norm bound of the
first term in (12), with a constant only depending on N (therefore on e,
and hence only on ¢, C'). To control the second term in (12), just consider
f = etter X(0,1)> Where ¢y is the midpoint of the interval I.

To prove the sufficiency of Condition (12), note first that boundedness of
L£:L%(0,1) = L*(Cy,p )

follows immediate from the continuous embedding L®(0,1) c L?(0,1), to-
gether with the Carleson Embedding Theorem for Paley-Wiener spaces, see
e.g. [11]. Here, as in the notation of Theorem 3.13, ! denotes the restric-
tion of u to the strip {z € C: 0 < Rez < 2}.

For the remaining part of the measure u, one may use a straightforward
adaptation of Theorem 3.6,

”/:' LCD(O? 1) - L2(C+7 d:U’)HQ Sz Z 2n” exp—Z” HL@C(OJ)CQ[Mn]'

n=1
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Thus, in order to conclude that Y, n%Ca[u,] < oo, it suffices to establish
the estimate
2" exp~2" HL@C(OJ) < n? Vn € N.

We then need to show that for sufficiently large B, it holds that

1 n _on
/ e <2exp<2t>> Qi< 1.
0 Bn2

This is indeed possible but requires a somewhat arduous explicit computa-
tion. It suffices to do this for large n, since the above integral is always finite
and converges to 0 as B — oo. It is straightforward to see that

TN &y _exp\/i—l
Bt = ¥(0) = =2,

and by a comparison of power series,

Wgé(wg

exp (V1)
—

It follows that ¢¢, the left-continuous inverse of ¢, vanishes on [0,1/2], and
satisfies

(log (20))* < ¢°(t) < 4 (log (21))*
for t > 1/2. If one defines

o, t€[0,1/2],
¥ = {4 Jij2 (log (25))* ds, ¢ >1/2,

then ®¢(¢) < U(t). Assuming n is sufficiently large for 2" exp(—2")/Bn? <
1/2, we apply Fubini’s theorem to obtain

/1&)0 2" exp(—2"t) g < /Jnlog(iﬁ)qj 2" exp(—2"t) "
0 Bn? -~ Jo Bn?

1 on+1 2™ exp(—2"t)
P IOg( Bn?2 ) Bn?2

= 4/2 (log (25))? dsdt
t=0 s=1/2

2+

2"/ Bn? L log nTi
- 4/ (log (25))2/2 (5) dtds
s t

=1/2 =0

2" /Bn? 5 1 2n+1
= 4/ log (2s log( ) ds.
521/2 ( ( )) 2n Bn25

Through a rather arduous calculation, one finds the limit of the above inte-
gral as n — oo to be 4 (log 2)* /B. O
As an alternative to the concrete calculations in the proof above, we can
take a slightly different path and observe that
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Lemma 3.17. Let N € Z, N > 0. Then L : L*(0,1) — H?*(C, ov) is
bounded with norm

1
HEHL‘P(O,I) —H2(C, ,n) N N2N/2'

Proof. Let || f|l» = 1. Note that by the Paley-Wiener Theorem, it is enough
to prove that

_9N 1
”feXP 2 H2 < NW' (15)

Let p,q > 2 with % + % = % Then by Holder’s inequality,

_9N —2N 1
1f exp™ ll2 S W fllpllexp™ lla < Poxg

with constants independent of p, N, where we use the weak exponential
integrability of f,

{t e (0,1): [f(t)]>a}[ Se,

and standard estimates of the I'-function. Choosing p = N, we find in case

N >2 )
_oN
| fe 2 t||2 S Nw-
In case N = 0,1, the estimate follows trivially from L®(0,1) ¢ L?(0,1). O

To finish the proof of Theorem 3.16, note that the embedding
H(%+72n - L2(/"Ln+1)

has norm equivalent to (Ca[uni1])'/? by the classical Carleson Embedding
Theorem, applied to the shifted half-plane C, on.

The remainder follows now from the decomposition of C into the strips S,
n > 1, together with the strip {z € C4 : 0 < Rez < 2}, and the inclusion
L® c L2(0,1):

1L e,y < WEFR2sm+ D ILFIR2 (e, pan)
N>—1

S B+ 2NC2[MN+1]H£fH§{g
+

Nez 2N

S |1+ )] NColun] | [ £lle-
N>0
This proof extends without difficulty to the case of the Young function
D, (t) = exp(t*) —t* — 1 on [0,1], where a > 1.
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Using analogous estimates and choosing p = Na in the application of
Hélder’s inequality, we obtain the correct analogue of (15):

_9N 1
|fexp™2 ||z < Nl/am for || fllpea < 1. (16)
The rest of the sufficiency proof follows as above. The proof of necessity
again follows along the same lines, replacing the test function g in (14) by

gk = (log2)V/* >~ m"® iy (17)

m=0
Altogether, we obtain

Theorem 3.18. Let i be a positive reqular Borel measure supported on C
and let a > 1. Then £ : L®>(0,1) — L2(C, u) is bounded, if and only if

> O Colpn] + sup 1(Qr), < oo (18)
n=1 I interval, |1|1=2

with an associated equivalence of norms.

Remark 3.19. An inspection of the proof above reveals that the implied
constants can be chosen independent of a. Hence Theorem 3.3 may (in case
q = 2) be obtained as a limiting case of Theorem 3.18, in the limit o — oo.
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