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1 Introduction

In recent years, there has been considerable interest in mathematical models that are close to
practical situations of the real life. In the context of acoustics, and in order to gain a better
understanding of the nonlinear model, a typical and standard reference is the linearized part
of the Westervelt equation [25] i.e.

) 1
C—4u’"(t) + Au(t) — C—zu”(t) =0, t>0,
0 0

where u denotes the sound pressure, ¢g is the small signal sound speed, J is the sound dif-
fusivity and A denotes the Laplacian operator. An extension of the Westervelt equation that
takes into account second sound effects and the associated thermal relaxation in viscous fluids
is the Moore-Gibson-Thomson (MGT) equation

Tu" (t) + u" (t) — A (t) — boAu(t) =0, t>0, (1.1)
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where by = § + 12, see [16,27-29,35]. The MGT equation with memory
ot
u (t) + au” (t) — bAU'(t) — cAu(t) +/ g(t —s)Au(s)ds =0, t>0, (1.2)
0

has been treated in [13,20,32,33]. When ¢ # 0, the memory term introduces further dis-
sipation. From the physical point of view, the most relevant case in connection with (1.2)
is

Q(s) = de 5, d,l>0.

Motivated by the above kernel, the following model
u" () + au (t) + Bu" () — yAu" (t) — 68U () — pAu(t) =0, t>0, (1.3)

has been recently proposed [21,34]. It can be obtained from (1.2) summing d;(1.2) + ¢(1.2).

It should be pointed out that third and fourth order derivatives in time are observed in var-
ious areas of research. In physics and engineering third and fourth order derivatives should
always be considered when vibration occurs and particularly when this excitation induces
multi-resonant modes of vibration [6]. They should also be considered at all times when a
transition occurs such as: start up and shutdown; take-off and landing; and accelerating and
decelerating [23]. Fourth order derivatives in time appear, for instance, in the study of chaotic
hyperjerk systems [17], in the Taylor series expansion of the Hubble law [37] and in the kine-
matic performance of long-dwell mechanisms of linkage type, which are used in automatic
machines to generate intermittent motions [24].

The model (1.3) was introduced and first studied by Dell’Oro and Pata [21] in their abstract
version

u"" (t) +au (t) + Bu (t) + yAU" (t) + S AU (t) + pAu(t) =0, (1.4)

where A is a strictly positive unbounded linear operator with domain D(A) densely embed-
ded in a separable real Hilbert space H and «, 3,7, 4, p € R. In such abstract model, the equa-
tion (1.3) corresponds to the choice H = L*(Q)) and A = —A with D(A) = H*(Q) N H}(Q).
In [21] it was established the well-posedness for (1.4) by means of the existence of the solution
semigroup, providing a detailed description of the spectrum of its infinitesimal generator and
its relation with the growth bound. The stability properties of the related solution semigroup
were then investigated and, in particular, a necessary and sufficient condition for exponential
stability was established, in terms of the values of the stability numbers

0 pu
X=7— &/ w=p-— 7/
where «, B, 7,6 and p are strictly positive. Later, Liu et al. [34] discussed the well-posedness of
the solution for (1.4) with an additional memory term like in (1.2) by using the Faedo—Galerkin
method. Then, the authors in [34] proved general decay results for the case x > 0 and @ > 0
based on the perturbed energy method and on some properties of convex functions.
However, we note that all above mentioned references studied (1.4) in the context of Hilbert
spaces, and they do not include the important cases of the Lebesgue spaces L7(Q)) except,
of course, the case g = 2. Furthermore, the class of operators A studied so far does not
allow the admissibility of more general types of differential operators like the Stokes operator,
the fractional Laplacian operator or the biharmonic A%, equipped with suitable boundary
conditions.
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On the other hand, using the method of operator-valued Fourier multipliers due to Arendt
and Bu [4, 5], well-posedness of the solutions for the nonhomogeneous MGT equation (1.2) in
the class of H7 (or UMD) spaces, that includes the scale of Lebesgue spaces L7(Q2) among
others, has been studied by Poblete and Pozo [36], Bu and Cai [7] and Conejero et al. [19].
This method allows the admissibility of very general linear operators A but, depending on the
regularity on the time variable, sometimes needs a more restrictive condition on the associated
operator-valued symbols, namely: R-boundedness [4,10]. This restrictive condition can be
replaced by uniform boundedness if we assume, for instance, that time-regularity is needed
in the scales of Besov spaces (that includes the class of Holder continuous functions) [5,11,12]
or the scale of Triebel-Lizorkin spaces [8,9,14].

In this paper we will take this last approach as method. We succeed in obtaining a com-
pletely new characterization of strongly well-posedness for the nonhomogeneous equation
(1.4) in the the scales of Lebesgue, Besov and Triebel-Lizorkin spaces. For that purpose, we
take advantage of a recent result proved in [19, Theorem 1.1] in order to simplify complex
computations on the operator-valued symbols associated to the corresponding nonhomoge-
neous model (1.4). In the case of the scale of Lebesgue spaces, our result reads as follows:
Assume that A is a closed linear operator with (not necessarily dense) domain D(A) defined
on a UMD space X. The following assertions are equivalent:

(i) The equation
u" () +au (t) + Bu (t) + yAU" (t) + SAU'(t) + pAu(t)=f(t), teT:=[0,2m], (1.5)
is strongly LP-well-posed, i.e. for each f € LP(T, X), there exists a unique solution

u € Wy (T, X) N Wa (T, [D(A))).

(ii) Z C ps(A) and the set {k*[k* — aik® — Bk* — yk? A + 6ikA + pA]~! : k € Z} is R-bounded.

Moreover, if (i) (or (ii)) holds, then the following maximal regularity estimate

" " "
HuHU’(T,X) + ||1/l ||W§g’f(T,X) + ||M ||W55§(T,X) + ||1/l ||W:,ff(T,X)

+ ”A””U’(T,[D(A)D + HAu/HW}}éf(T,[D(A)]) + ||A“//||w§;f(1r,[D(A)D < CHfHLP(T,X)r

holds. The last estimate has many important applications. It is the central tool in the study of
the following problems: existence and uniqueness of solutions of nonautonomous evolution
equations; existence and uniqueness of solutions of quasilinear and nonlinear partial differ-
ential equations; stability theory for evolution equations; maximal regularity of solutions of
elliptic differential equations; existence and uniqueness of solutions of Volterra integral equa-
tions; and uniqueness of mild solutions of the NavieraASStokes equations. In these applica-
tions, a maximal regularity estimate is frequently used to reduce, via a fixed-point argument,
a nonautonomous (resp. nonlinear) problem to an autonomous (resp. linear) problem. In
some cases, maximal regularity is needed to apply an implicit function theorem. According
to the literature, there has been a substantial amount of work, as one can see, for example, in
Amann [2], Denk, Hieber and Priiss [22], Clément, Londen and Simonett [18], the survey by
Arendt [3], and the bibliography therein.

Our new characterization of strongly LP-well-posedness shows to be flexible in certain
combination of strictly positive parameters «,8,v,6 and p, and that is amenable enough to
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allow fractional powers of operators. In fact, as a consequence of our results we deduce that
if A is an R-sectorial operator of angle 77/2 on L1(Q)), QO C RN,1 < g < o and

p+py <ad

then for any given f € LP(T,L7(Q))), 1 < p < oo, the initial value problem (1.5) admits a
unique solution u € W;*gf (T,L1(Q)) N Wgcff (T,[D(A)]). As a consequence, we obtain optimal
results, that we illustrate with two examples: A = A the Laplacian, and A = —(—A)° the
fractional Laplacian of order 1/2 < s < 1.

2 Preliminaries

We start this section introducing the notion of LP-Fourier multiplier. We will denote the space
of bounded linear operators from X into Y endowed with the uniform operator topology as
B(X,Y). If X =Y we simply abbreviate B(X).

Definition 2.1. Let X and Y be Banach spaces and 1 < p < co. We say that (M )kez C B(X,Y)
is an LP-Fourier multiplier if, for each f € LF(T, X), there exists u € LP(T,Y) such that
(k) = Myf (k) for all k € Z, where

27 .
Fll) = 5 /O ek F(1)dt
denotes the k-th Fourier coefficient of f.

Our characterization will be provided in terms of the R-boundedness of certain sets of
operators. For that purpose, we need to recall the notion of R-boundedness.

Definition 2.2. Let X and Y be Banach spaces. A set 7 C B(X,Y) is called R-bounded if there
is a constant ¢ > 0 such that

H(Tlx1r~ . -/Tnxn)HR < CH(-Xl/- . -/xi’l)HRl (21)

forall Ty,..., T, €T, x1,...,x, € X, n € N where
1 n

I eoxllki= 5 X | el

ge{-11y " j=1

The least ¢ such that (2.1) is satisfied is called the R-bound of 7 and is denoted R(7).

The property of R-boundedness is preserved under sum or product by a constant. More-
over, if X and Y are Hilbert spaces, R- boundedness is equivalent to uniform boundedness.
More information about these properties are summarized in [22].

The class of Banach spaces X such that the Hilbert transform defined by

€,R—o0 7T S

(Hf)(H) = lim * /GSSSRM”’S' fER,

is bounded in L?(IR; X) for some p € (1,00) is denoted by H7. The basic reference for the
class HT is the survey article by Burkholder [15], where two other characterizations for the
class HT are also given, a probabilistic one, and a geometrical one. To describe the latter,
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recall that a Banach space X is termed ¢-convex, if there is a function ¢ : X x X — R which is
convex in each of its variables and such that ¢(0,0) > 0 and

C(x,y) <|x+y| forallx,y € X with x| =|y| =1.

A Banach space X belongs to the class H7 if and only if X is {-convex if and only if X has the
unconditional martingale difference property (UMD) [15]. The UMD spaces include Hilbert
spaces, Sobolev spaces H;(Q}),1 < p < oo, Lebesgue spaces LF(Q, 1), {,,1 < p < oo, vector-
valued Lebesgue spaces LF(Q), i; X) where X is a UMD space, Hardy spaces, Lorentz and
Orlicz spaces, any von Neumann algebra, and the Schatten—-von Neumann classes CP(H 1<
p < 1; of operators on Hilbert spaces. On the other hand, the space of continuous functions
C(K) does not have the UMD property.

We need to recall the notion of M-bounded sequence (MR-bounded sequence) of opera-
tors.

Definition 2.3 ([31]). We say that a sequence {Ty}rez C B(X,Y) is M-bounded of order n
(n € NU{0}), if

sup sup |[K' ATy < oo, (2.2)
0<I<n keZ

where
AT =Ty, AT := ATy := Teq — Ti

and for n € N with n > 2 we have
ATy == A(A"IT).
Remark 2.4.

(i) Given {M;j}rez and {Ni}rez be such that they are both M-bounded of order n, then
the sum is also M-bounded of the same order. Moreover, if {M;}rcz and {Nj}rez are
sequences in B(Y, Z) and B(X,Y) that are M-bounded of order n, then {Mj Ni}rez C
B(X,Z) is also M-bounded of the same order.

1 we replace condition (2.2) in Definition 2. the condition that the set
(i) If pl diti (2.2) in Definiti 23by h diti hat th
{KA'My :kez}, (2.3)

is R-bounded for each 0 < I < n, then we say that {My}rcz C B(X,Y) is MR-bounded
of order n.

We also recall the definition of n-regular scalar sequences which was first considered in
[31].

Definition 2.5. A sequence {ci }rez C C is called n-regular if the set {kp%kck}kez is bounded
forallp=1,...,n.

We finally recall the following result recently shown in [19] which provides an important
criterion for MR-boundedness in the context of maximal regularity for abstract evolution
equations.
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Theorem 2.6. Let T : D(T) C X — X be a closed linear operator defined in a Banach space X. For
each k € Z let Hy : X — D(T) be a sequence of bounded and linear operators such that 0 € p(Hy) for
all k € Z. Suppose that (sy)kez C C is a 1-regular sequence and denote

Mk = SkTHk, (24)

and
Ly := (Hy' — H ) Hx. (2.5)

If{My : k € Z} and {kLy : k € Z} are R-bounded (uniformly bounded) sets, then {My. : k € Z} is
MR-bounded (M-bounded) of order 1. If, in addition, (sy)xez is 2-reqular and the set {k’ALy : k € Z}
is R-bounded (uniformly bounded), then { My, : k € Z} is MR-bounded (M-bounded) of order 2.

3 Well-posedness in LP-spaces

Let 1 < p < o0 and X be a Banach space. In this section, we want to give optimal conditions
that can describe the well-posedness of the problem

" (t) +au (t) + pu’ (t) + yAU" () + SAU (t) + pAu(t) = f(t), teT:=1[0,2n] (3.1

in 27t-periodic vector valued LP-spaces. In other words, we want to obtain a complete char-
acterization on the existence, uniqueness and well-posedness of the problem only in terms of
the data of the problem. Here A is a closed linear operator with domain D(A).

We now introduce the notion of the following set denoted as ps(A) as follows:

ps(A) == {s €R:s* —wis® — Bs® — 15> A + JisA + pA : [D(A)] — X
is invertible and [s* — ais® — Bs* — ys?A + disA + pA] ! € B(X) }, (3.2)

where [D(A)] denotes a Banach space under the norm ||x||(pay := [|x|| + [|Ax].
For any n € N and 1 < p < oo we define the vector-valued function spaces [7, Definition 2.4]:

Wyt (T, X) := {u € LP(T, X) : there exists v € L*(T, X), 0(k) = (ik)"a(k) for all k € Z}.
Remark 3.1. It is important to point out that the following properties hold
(i) Given n,m € N, if n < m then Wy’ (T, X) C Wy} (T, X).
(i) If u € Wyt (T, X) then for all 0 < k < n — 1 it follows that u®(0) = u®(27).
Note that [4]:
Wyt (T, X) = {u € LP(T, X) : u is n-times differentiable a.e.,
u™ € LP(T,X) and u®(0) = u®(27),0 <k <n—1}.

We refer to [4, Lemma 2.1] and [7] for more information about these spaces. In order to
consider maximal regularity for our problem we need to define the following space:

Sp(A) = Wi (T, X) N Wy (T, [D(A))).
The space S, (A) is a Banach space with the norm
[ulls,ay =1 Aullp + [[Au'|[p + JAW" | + Jullp + "1 + ™[l + [l -

We now introduce the following definition.
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Definition 3.2. Let 1 < p < oo and f € LP(T, X) be given. We say that u € S,(A) is a strong
LP-solution of equation (3.1) if it satisfies (3.1) for almost all t € T. We say that equation (3.1)
is strongly LP-well-posed if for each f € LP(T, X), there exists a unique strong LP-solution of
equation (3.1).

As a very important consequence, we obtain the following: There exists a constant C > 0
such that for each f € LF(T, X), we have

H”HSP(A) < C||fllrr-

Before we provide our main result, we need the following two theorems from [4] that
establish the equivalence between R-boundedness and the fact of being an LP-multiplier. They
will be needed in order to characterize LP-well-posedness for equation (3.1).

Theorem 3.3. Let X,Y be UMD spaces. If a sequence {My}rez C B(X,Y) is MR-bounded of
order 1, then (My)ez defines an LP-Fourier multiplier whenever 1 < p < oo.

Theorem 3.4. Let X,Y be Banach spaces, 1 < p < oo and let (My)rez C B(X,Y) be an LP-Fourier
multiplier. Then the set { My : k € Z} is R-bounded.

Let A be a closed linear operator such that Z C ps(A). We denote
Ny = [ak — aby — Bex — yer A + 6ikA —l—pA]il, ax = k4, by = ik3, Ck = kz, kezZ, (3.3)

where «, 8,7,9,p € R are fixed constants.
The following proposition will be an important tool for proving the main result of this
section.

Proposition 3.5. Let A be a closed linear operator defined on a UMD space X and a, B,7y,0,p € R.
IfZ C ps(A) and {k*Ny : k € Z} and {k*ANy : k € Z} are R-bounded sets, then (k*Ni)rcz,
(ik’Ni)kez, (R®Ni)kez, (K*ANp)rez, (kANy)kez and (ANy)rez are LP-Fourier multipliers.

Proof. We first point out that the R-boundedness of {k*Nj : k € Z} immediately implies the
R-boundedness of the sets {ik>N; : k € Z} and {k’N; : k € Z}. Similarly, if by hypothesis
{k?AN; : k € Z} is R-bounded then the sets {kAN; : k € Z} and {AN; : k € Z} are so.
Let My := k*N;. In order to show that M is an LP-multiplier we only need to show that
{kAMy : k € Z} is R-bounded. We apply Theorem 2.6 with s; = k*, which is 1-regular,
Hy = Ny and T = I. By hypothesis {M : k € Z} is R-bounded, then we only need to show
that {kLy : k € Z} is R-bounded. Indeed, we have

kLp = k(N ™' — N7 )N
= k[—Aak + aAby + BAck + YAk A — (SiA]Nk
_ KB B N 1 BB Ny 4 Ak (L AN — SiK AN
y by Ck Ck

By hypothesis then it follows that {kL; : k € Z} is R-bounded. The R-boundedness of
{kA(ik®Ny) }rez and {kA(k*Ni) }rez follows similarly applying Theorem 2.6 with s = ik?,
T = I and Hy = N in the first case, sy = k%, T = I and H; = N; in the second case.
As a consequence of Theorem 3.3 they are LP-Fourier multipliers. On the other hand, the
R-boundedness of {kA(K*ANy)} ez, {kA(KANy)} ez and {kA(AN)}rez also follows from
Theorem 2.6 with sy = k?, T = A and Hy = N in the first case, sy = k, T = A and H; = Ni in
the second case and sy =1, T = A and Hy = N in the last case. O
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We now show the main result of this section that provides a computable criterion to char-
acterize the well-posedness of equation (3.1).

Theorem 3.6. Let 1 < p < coand a,B,7,6,p € R be given with (y,d,p) # (0,0,0). Assume that
A is a closed linear operator defined on a UMD space X. The following assertions are equivalent:

(i) Equation (3.1) is strongly LP-well-posed;
(ii) Z C ps(A) and the set {k*Ny : k € Z} is R-bounded.

Proof. We first prove (i) = (ii). Given k € Z and y € X we define the function f € LP(T, X)
as f(t) = e*y. It is not difficult to check that f(k) = y and 0 otherwise. By hypothesis,
equation (3.1) is LP-well-posed and then there exists a unique u € S,(A) which solves equation
(3.1). If we take

Fourier transform in both sides of (3.1) we get:

[ax — aby — Bcx — yex A + 0ikA + pAli(k) =y, (3.4)

and
[an — aby, — By — yen A+ 0inA + pAlit(n) =0, n #k. (3.5)

This shows that [ay — aby — Bck — YA + 6ikA + pA] is surjective. On the other hand, let
x € D(A) be such that

[ax — aby — Bey — yepA + 6ikA + pAlx = 0.

We define u € S,(A) as u(t) = ¢*x for t € T. It is not difficult to see that u is a solution
for equation (3.1) when f = 0. By uniqueness, then it necessarily follows that x = 0 and then
[ax — aby — Bcx — ycrA + dik A + pA] is bijective from D(A) onto X. Moreover, [a; — aby — Bcy —
YerA + SikA + pA]~! € B(X). Indeed, given y € X and k € Z let f(t) = ¢*'y and let u be
the corresponding solution of (3.1) for f. Then 7(k) = [a; — aby — Bcx — Yk A + SikA + pA] 1y
and 0 otherwise.

This implies u(t) = —e *[a, — aby — Bcy — YA + 6ikA + pA] "'y by uniqueness. As a
consequence, there exists a positive constant C > 0 independent of y and k such that

[ulls, 4y < Cllfllr,

which implies

I[ax — aby — Bex — yerA + 6ikA + pA] 1| < C
for all k € Z. This proves the claim. We have shown that Z C ps(A). Let My = k*N; with
k € Z, where N is defined in (3.3). To finish this implication it only remains to show that
(My)kez is LP-Fourier multiplier. Given f € LP(T, X), there exists u € S,(A) which is a

solution of equation (3.1) by assumption. Taking Fourier transforms on both sides of (3.1), we
get that i1(k) € D(A) and

[ay — aby — Bep — yer A + JikA + pAli (k) = f(k), keZ.

Due to the invertibility of [ay — aby — Bcx — YA + 6ikA + pA] we can assert that (k) =
Nif(k),k € Z. As u € S,(A) we obtain that

o —

] (k) = k*a(k) = KN f (k) = Mif (k).
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Finally, since v € LP(T,X) we get that (My)kez is LP-Fourier multipliers and, by Theo-
rem 3.4, we conclude that the set {My : k € Z} is R-bounded, proving (ii).

Let now show (ii) = (i). We assume that Z C ps(A) and the set {k*N; : k € Z} is
R-bounded. A simple calculation shows the following identity

k2 B ia k>

2 4

- P _MipN_-___ 5
kAN k2 — p — idk [1 K2 k} KTk = — ik’
proving that the set {k2ANj : k € Z} is R-bounded, too. Let My = k*N; and Sy = k>?ANy. It
follows from Proposition 3.5 that (Mg )xez, (ik’Ni)rez and (k*Ni)rez are LP-Fourier multipli-
ers.

Note that the R-boundedness of the set {k*Nj}rcz implies that {kNj}xcz is R-bounded
and then the set {k(Ny,1 — Ni)} is also R-bounded. It follows from Theorem 3.3 that { Ny }rez
is an LP-Fourier multiplier. In particular, Ny € B(X, [D(A)]).

Then, for all f € LP(T, X) there exist w, uy, up, uz € LF(T, [D(A)]) satisfying:

@ (k) = Nif (k), i1 (k) = Mef (k), f2(k) = —ik’Nif (k), a3 (k) = —k*Nif (k).

Consequently, i1 (k) = k*@(k) when k € Z. This implies that w € W;]le’f (T; [D(A)]) [4, Lemma
2.1] and w""(t) = uy(t) a.e. [4, Lemma 3.1]. In particular, w"”” € LP(T,[D(A)]). Similarly, we
obtain:

kez\ {0}, (3.6)

ity (k) = (ik)*d(k) = " (k), b3(k) = (ik)*®(k) = w" (k)
and then w'’(t) = uy(t) and w” (t) = us(t). In particular, w”, w"” € LP(T,[D(A)]).
By hypothesis and Proposition 3.5, it follows that {Si}xez, {kANkkez and { ANy }rez are
LP-Fourier multipliers, and then we can ensure that there exist u4, us, ug € LP(T, X) such that

(k) = —CANif (k) = Aw” (k) = Aw' (K),
and
its(k) = ikANif (k) = Aw' (k) = Aw' (k),
as well as
il6(k) = ANf (k) = A@(k) = Aw(k),

where we have used that A is closed. It follows from [4, Lemma 3.1] that w(t), w'(t), w" (t) €
D(A) and Aw" (t) = uy(t), Aw'(t) = us(t) and Aw'(t) = ue(t). In addition, Aw, Aw’, Aw" €
LP(T, X). As a consequence, w € S,(A). Moreover, the following identity holds:

Ix = kK*Ni — aik® Ny — Bk*Nj — 7k* ANi + 6ikANi + pAN, (3.7)
and then we obtain
f(k) = [K*Ny — aik® Ny, — BK* Ny — vk* ANy + 0ik ANy + pANi f (k)
= W (k) + aw' (k) + B (k) + yAw" (k) + 6Aw (k) + pAw(k).
This implies that
W' (t) + aw"' (t) + Bw' (t) + yAwW' () + SAW' (t) + pAw(t) = f(¢t),

by the uniqueness theorem (see [4, p. 314]). It only remains to prove that the solution is
unique. Indeed, for a given w € S,(A) that satisfies equation (3.1) for f = 0, if we take
Fourier transform we get that [ay — aby — Bcx — yerA + 6ikA + pAlw(k) = 0 for all k € Z.
Hence w = 0 since Z C ps(A). Thus, equation (3.1) is strongly L?-well-posed. O
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We point out that LP-well-posedness does not depend on the parameter p, that is, if equa-
tion (3.1) is strongly LP-well-posed for some 1 < p < oo, then it is strongly LP-well-posed for
alll < p < oo.

4 Well-posedness in Besov and Triebel-Lizorkin spaces

In this section, we now analyze the well-posedness of equation (3.1) in periodic Besov spaces
B; (T, X) and periodic Triebel-Lizorkin spaces F; (T, X). The definition and properties of
vector-valued periodic Besov spaces can be found in [5].

Given 1 < p,q < o0 and s > 0, we define the maximal regularity space that describes the
strongly B;, ,-well-posedness of the equation (3.1) by

Spqs(A) := By (T, X) N B (T, [D(A))]).
The vectorial space S,4,s(A) is a Banach space with the norm
ulls,,ocay =10 s, 4 1" gy, + ™" |3, + | Aullps, + || Au'|[Bs, + | Au”|l5s .

Analogously to the case L” we can define the strongly Bj  -well-posedness for equation
(3.1) as follows.

Definition 4.1. Let 1 < p,q < oo,s > 0and f € Bj (T, X) be given. We say that u € S;4s(A)
is a strong By, ;-solution of (3.1) if it satisfies (3.1) for all t € T. We say that (3.1) is strongly
B}, ;-well-posed if for each f € B}, (T, X), there exists a unique strong B;, ,-solution of (3.1).

Note that if (3.1) is strongly B; ,-well-posed, by the Closed Graph Theorem, there exists a
constant C > 0 such that for each f € B, (T, X), we have

[ulls,,.a) < CllfllBs,-

We now introduce the following notion that corresponds to Bj, -Fourier multiplier (see [4]).

Definition 4.2. Let X, Y be Banach spaces, 1 < p,q < c0,s € Rand (My)iez C B(X,Y). We say
thath (Z}\1/Ik) kez is a By, ;-Fourier multiplier if, for each f € B, (T, X) there exists u € B}, ,(T,Y)
such that

forall k € Z.

The following theorem contained in [5] states that M-boundedness of order 2 is sufficient
for an operator valued symbol to be a By, .- Fourier multiplier.

Theorem 4.3. Let X,Y be Banach spaces. If (My)rez C B(X,Y) is M-bounded of order 2, then for
1<p,g<oo,s€R theset (My)rez is a B;‘,,q-Fourier multiplier.

The following result provides necessary conditions for certain sets which will be needed
to characterize strongly B, ,-well-posedness.

Proposition 4.4. Let A be a closed linear operator defined on a UMD space X and «,B,7,6,p €
R. If Z C ps(A) and the sets {k*Ny : k € Z} and {K*ANy : k € Z} are uniformly bounded,
then (k*Ni)kez, (i°Ni)kez, (*Ni)kez, (K AN ez, (kANy)ez and (ANy)iez are B;, -Fourier
multipliers.
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Proof. Let My = k*Ni. In order to show that M; is a B; ,-Fourier multiplier and according to
Theorem 4.3, we need to prove that sup, _, (|| M| + [[kAM||) < o0 and sup; [[K*A? M| < 0.
The first inequality holds as a consequence of the hypothesis and Proposition 3.5. Therefore,
we only need to show the second one which will be done applying Theorem 2.6 to sy = k*,
which is clearly a 2-regular sequence, Hy = Ny and T = I. By hypothesis, sup, ., || M| < co.
Moreover, by Proposition 3.5 it follows that sup, ., ||kLy|| < co, then it only remains to show
that sup,_ ||K*ALg|| < co. Indeed, we have

Le = (N« ' = Ny )N = [—Aag + aAbg + BAck + YAckA — 6iA]Nj.
Then,

KPALg = K*[(ag1 — ag42) Nisr — (ax — ageq) Ne]
+ ak?[ (B2 — br1) Niesr — (besr — be) N
+ BK*[(ck2 — 1) Nir1 — (i1 — c) N
+ VP [(ckg2 — k1) ANig1 — (Cosr — co) ANy
— 0i(ANiy1 — ANy), (4.1)

where a; = k* and by = ik® and c; = k. We only need to prove that each term is bounded.
First of all, a simple calculus shows that:

Aa
(ars1 — Ax+2) Nip1 — (ax — age1)Ne = — (A%a ) Niys + Tkk [(axNk — a1 Nig1) + Niga (Aag) .
Therefore

kz[(akﬂ - ak+2)Nk+1 - (”k - ak+1)Nk] =

A2a) a Aa a k(Aap) )2
_ kzwik(ﬂk+lNk+1) + k== | k(axNg — ag1Nes1) + ax 1 Ny —— { o } '
A A1 a Aft1 ak

Since the sequence ay is 2-regular, My = axN; and kAM; are bounded, the above identity
shows that

sup ||k [(ax+1 — ax42) Nepr — (ax — ag1) Ni] || < 0.
keZ

Analogously and following the same procedure as above, using the fact that by is also 2-
regular, by Ny and kA(b;Ny) are bounded, we obtain that

sup ||k [(bxsa — brs1) Newq — (brs1 — br) NiJ || < oo
keZ

Following the same idea we get that

sup [[k*[(ck2 = 1) N1 — (co1 — ce) Ni] || < o0
keZ
and
sup [|K*[(cya = ckr1) ANk 1 — (ckp1 — ) AN || < c0
keZ
since ci is 2-regular and Sy = ¢ Ny and kASy are bounded in the first case, meanwhile Ry =
ck AN and kARj are bounded for proving the second inequality. Finally, the fact that kAR is
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bounded immediately implies the boundedness for the last summand —6i(ANj;1 — ANj) in
(4.1). Consequently, (k*Ni)kez is a B}, ;-Fourier multiplier.

We now consider My = ik’Ni. In order to prove that it is a B; ,-Fourier multiplier it
only remains to show again that sup,_, [[K*A2M;|| < oo, which can be do using the sec-
ond part of Theorem 2.6 with s; = ik’>, H, = Ny and T = I. By hypothesis and Proposi-
tion 3.5 it follows that sup, ., || M|l < o0 and sup, ., |[kLi|| < oo, respectively. The inequality
supycz |k*ALy|| < oo has already been shown since Ly is exactly the same that in the above
computation. Therefore, (ik® N )kez is a B;,q—Fourier multiplier. Similarly, we obtain that
(K’Ni)rez is a B}, ,-Fourier multiplier.

Let now M; = k* ANy. From Proposition 3.5 it follows that sup,_, (|| M| + [[kAM||) < oco.
To prove that sup;. [[K*A? M| < oo we apply Theorem 2.6 with sy = k*, Hy = Ny and T = A.
It remains to show that sup; |[K*ALg|| < oo, where Ly is the same that in the above calculus.
Therefore, (k?ANy)iez is a B; ,-Fourier multiplier. The same procedure can be applied to
Mk = kANk with S = k,Hk = Nk and T = A and Mk = ANk with Sk = 1,Hk = Nk and
T = A. The conclusion then holds and consequently (kANi)rez and (ANg)iez are Bj .-
Fourier multipliers. O

We now enunciate the main result of this section. The proof follows essentially the same
steps than the one of Theorem 3.6. However, we include here the essential changes of the
proof that differ from Theorem 3.6 in order to make it clear to the reader.

Theorem 4.5. Let 1 < p,q < 00,5 > 0and «,B,7,0,p € R be given with (v,5,p) # (0,0,0).
Assume A is a closed linear operator defined on a Banach space X. The following assertions are
equivalent:

(i) The equation
u"" () +au (t) + Bu (t) + yAU" (t) + SAU'(t) + pAu(t) = f(¢t), t € [0,27]
is strongly By, ,-well-posed;
(i) Z C ps(A) and supy o ||k*Ni|| < co.

Proof. (i) = (ii) follows the same lines of Theorem 3.6 and therefore is omitted. We prove
(ii) = (i). We assume that Z C ps(A) and the set {k*N; : k € Z} is uniformly bounded.
The identity (3.6) shows that the set {k>ANy : k € Z} is uniformly bounded.

Analogously, the identities kN = %(k‘*Nk) and k’Ny = kl—z(k‘LNk) show that the sets {kNj :
k € Z} and {k’N; : k € Z} are also uniformly bounded. Therefore the sets {k(Ni,1 — Ni) }xez
and {k?(Ni;2 — 2Ni41 + Ni) }rez are uniformly bounded and hence, by Theorem 4.3, the set
{Ni}kez is a Bj, -Fourier multiplier. Moreover, by hypothesis and Proposition 4.4 it follows
that (k*Ni)kez, (i’ Ni)kez, (K*Ni)kez, (K ANo)kez, (kANi)kez and (AN)iez are B;, -Fourier
multipliers.

Let f € B} (T, X) be given. Since (K*Np)kez, (iK’Ni)kez, (*Np)kez are B}, multipliers,
there exist w, u, up, u3 € B}, (T, [D(A)]) satisfying:

(k) = Nef(k), 01(k) = K*Nf(k), o (k) = —ik° N f(k), (k) = —*Nef (k). (42)

Consequently, (k) = k*@(k) when k € Z. This implies that w € B *(T;[D(A)]) and
w™(t) = u1(t). In particular, w"" € By, (T, [D(A)]). Similarly, we obtain:

a(k) = (ik)>w(k) = w(k),  ais(k) = (ik)*D(k) = @ (k),
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and then w"'(t) = uz(t) and w"(t) = us(t). In particular, w”, w" € B;, ,(T, [D(A)]).
By hypothesis and Proposition 4.4 the sets {k?ANy}rcz, {kANi}rez and {ANi}rez are
B;’,’q—Fourier multipliers, and then we have that there exist 1y, u5, 1s € B;,q(jl", X) such that

4(k) = —K2ANf (k) = Aw’ (k) = Aw" (k)
05(k) = ikANef (k) = Aw' (k) = Aw (k), (4.3)
il6(k) = ANif (k) = Ad(k) = Aw(k).

where we have used that A is closed. It follows from [4, Lemma 3.1] that w(t), w'(t), w" (t) €
D(A) and Aw"(t) = uy(t), Aw'(t) = us(t) and Aw'(t) = ue(t) a.e. In addition, Aw, Aw/,
Aw" € By (T, X). Replacing (4.2) - (4.3) in the following identity:

flk) = K*Nif (k) — aik®Ni f (k) — BE*Nif (k) — vk ANgf (k) + Sk ANef (k) + p AN f (k),

we obtain by the uniqueness of the Fourier coefficients that w solves equation (3.1). The
uniqueness follows the same lines as in Theorem 3.6. O

We point out that the second assertion in Theorem 4.5 does not depend on the parameters
p,q and s, and then strongly Bj  -well-posedness for equation (3.1) holds for some 1 < p,q <
oo, s > 0 if and only if it is strongly B} ,-well-posed for all 1 < p,q < oo, s > 0. To finish this
section, we consider well-posedness in periodic Triebel-Lizorkin spaces F;,q with1 < p < oo,
1 < g < oo,5 € R. We do not include the formal definition of these spaces but we refer the
reader to [14] for the details and properties of these spaces.

Using a similar argument as the one in the proof of Theorem 4.5, we obtain the following
characterization of the strongly F; -well-posedness of equation (3.1). In order to prove this
result we use the operator-valued Fourier multiplier theorem proved in [14]. We omit the
details.

Theorem 4.6. Let 1 < p < 00,1 < g < o00o,5s > 0anda,pB,v,4,p € R be given with (v,5,p) #
(0,0,0). Assume that A is a closed linear operator defined on a Banach space X. The following asser-
tions are equivalent:

(i) The equation
u™ () + o’ () + Bu” (t) + yAU" (t) + SAU' (t) + pAu(t) = f(t), t€[0,2n]
is strongly Fy  -well-posed;
(i) Z C ps(A) and supy. ||k*Ne|| < co.

As it was pointed out for B} ,-well-posedness, the problem (3.1) is strongly Fj  -well-posed

forall1 <p<oo,1<g<o00,5s>0ifitissoforsomel < p <co,1<g<00,5>0.

5 Sufficient conditions: L?-L9-well-posedness

Based on the previous abstract results, we give in this section a practical criteria to widely
solve the following Cauchy problem in LP-L7 spaces with periodic boundary conditions:

OpptU (X, £) + adput(x, ) + BOyt(x, 1) + yAxOuu(x, t) + 6Ax0iu(x, t) + pAxu(x, t) = f(x,t),
u(x,0) = u(x,2m), oiu(x,0) = dsu(x,27), dyu(x,0) = opu(x,27), Iprre(x,0) = Ippu(x,277),
(5.1)
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where x € QO C RN and t € (0,27). We begin with some preliminaries on R-sectorial oper-
ators. Given any 6 € (0,7), we denote Xy := {z € C : |arg(z)| < 6, z # 0}. Recall that a
closed operator A : D(A) C X — X with dense domain D(A) is said to be R-sectorial of angle
8 if the following conditions are satisfied:

(i) o(A) € C\ Zy;
(ii) The set {z(z — A)~! : z € %y} is R-bounded in B(X).

The permanence properties for R-sectorial operators are similar to those for sectorial op-
erators. For instance, they behave well under perturbations. Sufficient conditions for R-
sectoriality are studied in the monograph [22, Chapter 4]. As a consequence of our main
theorem, we obtain the following remarkable result.

Theorem 5.1. Assume that X is a UMD space, 1 < p < oo, a,B,7,6,p € (0,00) and let A be an
R-sectorial operator on X of angle /2. If p + By < «d then equation (5.1) is strongly LP-well-posed.

Proof. Define dj = % and we note that

%(dk) — k2[7k4 — kz(p + ;Br)/ — 0‘5) +p13]

e —preae Y

since p + By < aé. Therefore dy € X /,. The R-sectoriality of angle 77/2 of the operator A
ensures the invertibility of diI — A and the set {di(dy — A) ' }1cz is R-bounded. Finally, we
note the following identity

k4
(kK& = Bk2) — ink?

k4Nk = dk(dk — A)_l, ke,

which proves that the set {k*Nj}rcz is R-bounded. By Theorem 3.6 we conclude that the
problem (3.1) is strongly LP-well-posed. O

Example 5.2. Let 1 < p < o0 and &, 3,7, 7, p be strictly positive real numbers satisfying p +
By < ad. We consider the following equation in a bounded smooth domain Q) C RN:

[atmu + a0 pu + ,Battu + ')/Aattu + 0AOu + pAM] (x, i’) = f(x, t), for (X, t) €0 x (0, 27'[)}
u(x,t) =0, for (x,t) € 9Q) x (0,27);

u(x,0) = u(x,2m), oiu(x,0) = dsu(x,27), oyu(x,0) = oyu(x,27), It (x,0) = Ipput(x,277),

(5.2)

where A denotes the Laplacian operator. By [26, Appendix] we have that the L7 realization

Ay in X = L(Q)) of A is an R-sectorial operator in X with arbitrary angle 6 € (0,7), and

that A, coincides with A in the domain D(A,) of A,. Therefore, we can denote (A;, D(A,)) by

(A, Dy(A)). Thus, Theorem 5.1 implies that for any given f € LP(T,L7(Q))) the solution u of
the problem (5.2) written in abstract form as:

[atmu + w0 + ﬁattu + 'yAattu + 0A0iu + PAM] (t) = f(t), fort € (0, 27(),'
u(x,0) = u(x,27m), 0su(x,0) = ou(x,2m), oyu(x,0) = dyu(x,27), opeu(x,0) = dpu(x,27),
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exists, is unique and belongs to the space W;e’f (T, L7(Q)) N Wﬁgf (T, [D(Ay)]). Moreover, for
any 1 < p,q < co the estimate

" " "
Hu||U'(T,L‘7(Q)) + HM lefgff(jr,m(g)) + ||M ngéf(T,Lq(Q)) + HM HW;,_Qf(T,L”Y(Q))

+ HA”HLP(T,[D(AL,)]) + HAu/HW,}E’f(T,[D(Aq)]) + ’|Au//||W§E’f(T,[D(Aq)D S CHfHL”(T/L‘*(Q))
holds.
We finish with the following example that considers the fractional Laplacian operator.

Example 5.3. Let 1 < p < oo, % <s < 1landa,p,7,0,p be strictly positive real numbers sat-
isfying p + By < ad. Consider the following nonlocal equation in a bounded smooth domain
Qc RN

[OstrtU + aOpptt + BOyU
—Y(=A)*9yu — 5(—A)9u — p(—=A)*ul(x,t) = f(x,t), for (x,t) € RN x (0,27);
u(x,t) =0, for (x,t) € 9Q) x (0,27);

u(x,0) = u(x,27m), opu(x,0) = dru(x,27), dyu(x,0) = dpue(x,271), dpee(x,0) = Ippue(x,277),
(5.3)

where the fractional Laplacian —(—A)° is defined by
(=a)v:=F (12| (Fo)(@),  veH(Q).

For X = L1(Q) and Dy((—A)%) := H"(Q), 1 < g < oo, the fractional operator —(—A)* :
HY(Q) — L1(Q) is also R-sectorial of angle 6 for an arbitrary 6 € (0,s7), see [1, Proposi-
tion 2.2]. Hence, by Theorem 5.1, for any f € LP(T,L7(Q))) there exists a unique solution
u e W;le’f (T,L1(0Y)) N W,fe’f (T, HY1(Q))) of the problem (5.3) and satisfies the following maxi-
mal regularity estimate

lellee e eaon) + 18 g e oy + 17 lwgznoca + 14" Itz oo
+ HAuHU’(T,HLW(Q)) + HAu/HW;éf(T,HLq(Q)) + HAul/széf(jr/Hl,q(Q)) < CHfHLP(T,L‘i(Q))'
Analogous examples hold for the cases of the scales of Besov and Triebel-Lizorkin spaces,

replacing R-sectorial operator by sectorial operator and R-boundedness by uniform bounded-
ness. For instance, from Theorem 4.5 we obtain the following result.

Theorem 5.4. Let X be a Banach space, 1 < p < oo, a,B,7,9,p € (0,00) and let A be a sectorial
operator on X of angle 7t/2. If p + By < ad then equation (5.1) is strongly By, ,-well-posed.
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