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1. Introduction

In this paper, we consider the Moore-Gibson-Thompson equation with two temperatures in a
cylindrical domain Q = U x V C R"*¥ endowed with Dirichlet boundary conditions:

Te(I —ald)oueu(x,y,t) + c(I —al)oyu(x,y,t)
=1r"Au(x,y,t) + rAdu(x,y, t) + f(x,y,t), for (x,y,t) € Q x (0,27);
Buyu(x,y,t) =0, for (x,y,t) € U x V x (0,27); (1)

Byu(x,y,t) =0, for (x,y,t) € U x dV x (0,2m);

u(x,y,0) = u(x,y,2m), osu(x,y,0) = owu(x,y,2m), opu(x,y,0) = dpu(x,y,27m).

The model (1) has been recently proposed by Quintanilla [1]. This equation considers two distinct
temperatures acting on the heat conduction by means of the Moore-Gibson-Thompson equation:
The conductive temperature and thermodynamic temperature. The two-temperatures theory of
generalized thermoelasticity was introduced by Chen et al. [2-4]. They proved that the variation
between the two temperatures is proportional to the heat supply and both temperatures become
identical for time-independent situations where heat supply does not appear. On the other hand,
when there exists time-dependence both temperatures are distinct, in spite of the heat supply.
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The existence, stability, convergence properties, and spatial behavior of two-temperatures
thermoelasticity were analyzed by Quintanilla [5] and Youssef [6]. Magafia and Quintanilla [7] studied
the uniqueness and growth of solutions based on the theory provided by Youssef [6]. Very recently,
Quintanilla [8] considered a thermoelastic theory where the heat conduction is expressed in terms of
the Moore-Gibson-Thompson equation. See also [9,10] and references therein.

Whereas Quintanilla in [1] found sufficient conditions on the parameters to ensure the
well-posedness and stability /instability of the solutions of (1) in the context of the Hilbert space L?(B),
where B is a three-dimensional domain whose boundary is smooth enough, the present paper analyzes
the time/space regularity, i.e., LP-L7-well posedness, as well as optimal (or maximal) regularity
estimates in the context of the Banach space L1(Q2), 1 < g < oo, where Q) is a cylindrical domain.
More precisely, () will denote the Cartesian product of half spaces and a standard domain V having
compact boundary. It is well known that many situations in applied sciences are naturally modeled in
cylindrical domains (). We refer, e.g., to the textbook [11] and [12] and the references [13-15] where a
wide variety of problems on such ) are considered.

The main tool to address the problem of regularity for (1) is the theory of discrete operator-valued
Fourier multipliers. Applying Fourier series, we asked under which conditions an operator-valued
symbol defines a bounded operator in L ((0,27), X) where X is a Banach space. The answer to
this question was provided by Arendt and Bu in [16], where they obtain a discrete operator-valued
Fourier multiplier result in UMD spaces and they also obtain applications to Cauchy problems
of the first and second order in Lebesgue spaces. An extension of the results obtained in [16] to
certain evolution equations in Lebesgue-, Besov-, and Holder-spaces was obtained in [17]. In [18],
a suitable treatment for second order differential equations in Lebesgue- and Holder-spaces is provided.
In particular, the special case of the linearized Kuznetsov equation, i.e., T = 0,a = 0,c = 1is
investigated. Recently, the references [19,20] began to treat the case of the Moore-Gibson-Thompson
equation using these methods.

The usage of operator-valued Fourier multipliers to treat cylindrical domains was first carried out
in [21] in a Besov-space setting. In that paper the author obtains semiclassical fundamental solutions
for a wide variety of elliptic operators on infinite cylindrical domains R” x V. As a result, they succeed
obtaining the key for solving related elliptic and parabolic, as well as hyperbolic problems. Operators
defined on a cylindrical domain with the same splitting property as in the present paper were also
examined by Nau et.al. in [13-15,22,23].

In this paper, we directly apply general results of [20] and [14] to the Moore-Gibson-Thompson
equation with two temperatures (1), and we obtain a L”-L7 well-posedness result with maximal
regularity estimates. The main difficulty relies in the verification of the so-called R-boundedness
property that must be satisfied by certain sets of operators. To overcome this difficulty, we will employ
a criteria established by Denk, Hieber, and Priiss in the reference [24] that reduces the problem to the
localization of the spectrum of the Laplacian. We highlight that our method is sufficiently general to
admit a wider class of operators than the Laplacian in (1) allowing also the possibility of the fractional
Laplacian, the bi-Laplacian A?, or other operators of practical interest. Therefore, we first establish our
main result in an abstract setting, that roughly says that under certain conditions of sectoriality of the
operator A and for all # > 0 the equation:

te(I+aAMu" () + c(I+aA")u" (t) + r* Alu(t) + rATU' (t) = f(t), teT:=[0,21], (2)

is strongly LP-L7-well posed. Then, using the results of [14], we will establish our main findings
concerning (1). It is important to observe that this result covers not only (1) taking A = —A
and 7 = 1, but also the cases of the fractional Laplacian: (—A;)7,0 < < 1 which intersects a
recent work by Bezerra and Santos [25] that analyzes fractional powers for evolution equations
of third order in time and the case of the bi-Laplacian operator: A? that appears in case a = 0
(i.e., the Moore-Gibson-Thompson equation) as a possible model for the vertical displacement in
viscoelastic plates [26].
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2. Preliminaries

Let1 < p < oo and X be a Banach space. In this section, we would like to provide optimal
conditions to ensure the well-posedness of the following problem:

te(I —ad)u" (x,t) + (I — ad)u” (x,t) — r*Au(x, t) — rAu' (x,t) = f(x,t), t € [0,27] (3)

for each x € U x V in the scale of vector valued L?-spaces: LP((0,27),X),1 < p < oo, and where A
denotes de Laplacian operator subject to appropriate boundary conditions, and a, ¢, T, 7, 7* > 0. For this
purpose, we need to recall the preliminary results obtained in [20] where, in particular, the authors
obtained a full characterization of LP-well-posedness for the following abstract third order degenerate
equation:

a(Mu')"(t) + (Nu') (t) — BBu(t) —yCu'(t) = f(t), t€ T:=10,2m], 4)

where «,f,v are real numbers, M,N,B and C are closed linear operators defined on a
complex Banach space X with respective domains D(M), D(N), D(B), and D(C). Assuming that
D(B)ND(C) C D(M)ND(N), the M-resolvent of B and C is defined as:

pmN(B,C) := {s € R: ais®M + s*N + BB + visC : [D(B) N D(C)] — X

is invertible and [wis®M + s*N + BB+ isC] ™! € B(X)}. (5)

Here [D(B) N D(C)] is a Banach space endowed with the norm ||x[||p(z)np(c) = I + [|Bx[| + [|Cx].
The notion of L”-well-posedness is given as follows:

Definition 1. Let 1 < p < coand f € LP(T, X) be given. We say that Equation (4) is strongly LP-well-posed
if for each f € LP(T, X), there exists a unique solution u that belongs to a maximal regularity space and satisfies
(4) for almost all t € T.

The following result obtained in [20] gives a computable criterion that completely characterizes
the well-posedness of Equation (4) in terms of some R-boundedness conditions on certain sets of
operators associated with the equation. We refer the reader to [27] where a precise definition and all
the properties preserved under R-boundedness are summarized.

Theorem 1. Let1 < p < coandw, B,y € R. Assume A, B and M, N are closed linear operators defined on a
UMD space X such that D(B) N D(C) C D(M) N D(N). The following assertions are equivalent:
(i) Equation (4) is strongly LP-well posed;
(i) Z C ppmn(B,C) and the sets {ik>’aMNy : k € Z}, {k>NNy : k € Z}, {kyCNy : k € Z} {kNy : k € Z}
are R-bounded where:

Ni := —[iak>M + k2N + BB + ikyC] ™!, k€ Z. (6)

Before we show our main abstract result we need to recall some preliminaries on sectorial
operators. All these notions and more information about this class of operators can be found in [28].

Let Xy C C be the open sector £, = {A € C\ {0} : |argA| < ¢}. We define the
following spaces of functions: H(Xy) = {f : £y — Cholomorphic} and H*(Zy) = {f : Ty —
C holomorphic and bounded } which is endowed with the norm ||f] |fo = SUP| 410 A< |f(A)].

We also introduce the subspace Ho(Zy) of H(Zy) as follows: Ho(Xp) = Upp<olf € H(Zgp) :

1F11$ 5 < oo}, with [[f][2 g = sup|y <y [A*F(A)] + supjy g NTPFA)].
Definition 2 ([28]). Given a closed linear operator A in X, we say that A is sectorial if A satisfies the following

conditions (i) D(A) = X,R(A) = X, (—00,0) C p(A); (ii) ||t(t + A)~'|| < M for all t > 0 and some
M > 0. The operator A is called R-sectorial if the set {t(t + A) ™'}~ is R-bounded.
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If A is sectorial then £y C p(—A) for some ¢ > 0and sup| ;4 1< [|A(A + A)7Y| < co. We denote
the spectral angle of a sectorial operator A by:

¢pa=inf{¢p: Ty Cp(—A), sup [[A(A+A)7!|| < ool
/\627{_(17

Definition 3 ([28]). Given a sectorial operator A, we say that it admits a bounded H*- calculus if there exist
¢ > ¢4 and a constant Ky > 0 such that || f(A)|| < Kpl|f] |2, forall f € Ho(Zy). This class of operators will
be denoted as H*(X) and ¢3 = inf{p > ¢4 : |[f(A)[| < Kp| |f||fofor all f € Ho(Zyp) holds } denotes the
H*®(X) angle.

In the context of R-boundedness, we have the analogous notion of operators admitting an
R-bounded H%-calculus. More concretely, if A € H>®(X) verifies that {h(A) : h € H®(Zg), ||1]|% < 1}
is R-bounded for some 6 > 0 then it is said that A admit an R-bounded H*°-calculus and that A belongs
to the class RH™(X). The corresponding angle will be noted as 9§°°. See [28] for more information
about these concepts.

Remark 1. Given A a sectorial operator on a Hilbert space, Lebesgue spaces LP(Q)), 1 < p < oo, Sobolev spaces
WsP(Q),1 < p < oo, s € R, or Besov spaces B;rq(Q),l < p,q < o,s € R that admit a bounded
H®-calculus of angle B, then it follows that A also admit a RH* calculus on the same angle B on the
corresponding space above mentioned (see Kalton and Weis [29]). Moreover, this property holds whenever X is a
UMD space endowed with the so called property («) (see [28,29]).

Some operators that admit a bounded H*-calculus are: M-accretive and normal sectorial operators
defined on Hilbert spaces, generators of Cy-groups, whenever bounded, and negative generators
contraction semigroups, whenever positive, on Lj-spaces. See [28] for more information about
well-known operators in the literature that admit a bounded H*-calculus. The following remark
recalls that the Dirichlet Laplacian operator defined in a suitable space also verifies this property.

Remark 2. Let 1 < q < oo and denote by A the Laplacian operator in R". By [24] [Theorem 7.2] we obtain that
the L1(R™) realization Ay of the Laplacian operator admits an R-bounded H*°—calculus for each 0 < 9}"" < 7.
Moreover, by [24] [Corollary 7.3] the same is true for —Ap, the negative Dirichlet Laplacian in R’jfl.

The following result will be the key in our method for establishing LP-L9 well posedness for
Equation (3) because, under certain conditions on the operator A, the hypothesis of R-boundedness
in Theorem 1 could be restricted to simply checking uniform boundedness of a set of one-parameter
functions on the complex plane. It is obtained in [27] [Proposition 4.10].

Proposition 1. Let A € RH®(X) be given and assume that the set {h)}ren C H®(Xg) is uniformly
bounded for some 6 > 08, where A is an arbitrary index set. Then the set {hy(A)} e is R-bounded.

3. Main Results

Leta,c,7,7,r* > 0be given. We start defining a sequence of complex numbers that depends on
the parameters of the general equation:

te(I+aA")u" () + c(I+aA")u" (t) + r* Alu(t) + rATu' (t) = f(t), te€T:=[0,2m],

and given by: . |
—ck* (1 + itk

Z.
(r* — cak?) + i(rk — Tack3) ke

dk =
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We also define ®(k) := arg(dy). Let 0" := sup; ., ®(k). Since ®(0) = 0 we have 0 < 6* < 7.
Moreover, we have:
ck?[T2ack* + (ac — tr)k? — r¥]
R(dy) =
(r* — ack?)? + (actkd — rk)?

and 3 )
ck>(r — Tr*
S(dy) = .
() (ack? —r*)% 4 (actk3 — rk)?
It is clear that (k) = 7 if and only if R(d;) < 0 and I (dx) = 0. We can then conclude that

conditions r* < ca — Tr or Tr* # r are sufficient to ensure that (k) < 7. After these preliminaries,
we can state the main abstract result of this paper.

Theorem 2. Assume that X is a UMD-space, 1 < p < oo, 0* < 71 and suppose that A € RH™(X) with

angle Gi"" € (o, %W) and 0 € p(A). Then for all y > 0 the equation:

te(I+aAMu" () + c(I+aA")u" (t) + r* Alu(t) + rAT' (t) = f(t), teT:=[0,2n], (7)
is strongly LP-well posed.

Proof. First observe that, our Equation (7) labels into (4) for M = N = c(I +aA"), p = —r%,
x=1,y=—rand B = C = A'. As a consequence, in order to prove well-posedness for (3) we
only need to show that condition (ii) in Theorem 1 holds. Now, it suffices to show that the sets
{ik’aMNy : k € Z},{k*>NNy : k € Z}, {kyCNy : k € Z} and {kNj : k € Z} are R-bounded.
Indeed, we have:

Ni = [—c(K® +itk®) + ((r* — ack?) +i(rk — actk®)) A1) 7L,

It follows that:
1 —ok2(1 + itk) B
= -1
N (r* — ack?) + ik(r — actk?) [(r* —ack?) +i(rk — actk3) +A7]
-1
= — A1
1t o) e+ AT
where dj = —ck?(1+itk)

(r*—cak?)+i(rk—actk3)
Due to the fact that 0 < 9§°° < ”779 there exists s > 9?"" such that s < %. For each z € ¥, and
k € Z,k # 0, define:

F(k,z) = di(dy + Zn)il.

Note that % belongs to the sector X, 4+ where si7 4+ 0 < 7t and then the distance from the sector
Ly 16+ to —1is always positive. As a result, there exists M > 0 independent of k € Z and z € % that

satisfies the following:

1
Ek2)] = |z | <M
i

Now, from Proposition 1 we can conlude that the set {F(k, A) }1c7\ {0} is R-bounded. Moreover,
due to the fact that A is invertible, the operators H(k) := (dy + A"7)~! exist for all k € Z. As a
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consequence, H (k) belongs to B(X) for all k € Z and the sequence {dy(dj + A7)~ }rcz is R-bounded.
Taking into account the identity A7 (dy + AT)~! = I — di(di + A7)~ we have:

.13 - *l'Tk:i 7 -1
ik TMN; = 7C(Z‘Tk3~|-k2)c(l+aA )dk(dk+A )
iatk3 iatk3 ithk3
=" -1 _ _ my—1
(i + ) i+ AT = ey — ey e+ AT)

Since the sets {d }rez, {(1Tk3+k2 ez are bounded and the set {didy(dy + A7)~1} is R-bounded,
it follows from the above identity that the set {ik>TMNj }xez is R-bounded, too. Since M = N we also have:

1
K’NN; = Ek3MNk

for all k € Z \ {0}. Therefore, the set {k* NNj }xcz is R-bounded. On the other hand, using again the
identity A7 (d + A7)~! = I —dy(dy + A7)~ we obtain:
—kr —kr kr

WA dk(dk+A17) wdkdk(dk+A) + ,7(11(,

krCNy = c(ithk3 + k?)

where the set {W}kez is bounded. We deduce that the set {krCNj}rez is R-bounded.
Finally, we have:

kN, = dk(dk + A”)_l

—k
c(ith® + k2)
where the set {W}kez is bounded. This, together with the hypothesis, implies that the set

{kNg }rez is R-bounded. We conclude that Equation (7) is LP-well posed. [

Immediately from Remark 1 we obtain the following useful corollaries:

Corollary 1. Let 1 < p,q < oo be given. Suppose that Tr* # r and that A is a sectorial operator that admits a
bounded H*®-calculus of angle QE‘” € (0, "7]9* ) and 0 € p(A). Then for all y > 0 the Equation (7) is strongly
LP-L-well posed.

Taking into account that #(b;) > 0 for all k € Z under the condition r* < ca — Tr we obtain the
following result.

Corollary 2. Let 1 < p,q < oo be given. Suppose that r* < ca — Tr and that A is a sectorial operator that
admits a bounded H*-calculus of angle 9}“’ € (0, 5;) and 0 € p(A). Then for all 17 > 0 the Equation (7) is
strongly LP-L9-well posed.

Finally, we consider the Moore-Gibson-Thompson Equation (1) with two temperatures in a
cylindrical domain Q = U x V C Rt where U = R%t,neNand V C R d e Ny is bounded, open,
and connected. Moreover, in (1) A denotes a cylindrical decomposition of the Dirichlet Laplacian
operator on L7(Q)) with respect to the two cross-sections i.e., A = A; + A, where A; acts on the
according component of (). Following [14] we introduce L7-realizations A, ; = A; as follows:

D(Agq) = {u € W*I(R',LI(V)) : By =0};
D(Ag2) := WXI(V) N W, (V),
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see also [30] for the description of A;». We define the Laplacian A, in L7(Q)) subject to the Dirichlet
boundary conditions By and By to be:

D(Ag) := D(Ag1) N D(Ag2)
Agu = Agru+ADgu=Au, u € D(Ay).

Suppose now that V is a C2-standard domain (see [14] [Definition 3.1] for the precise definition).
Then, applying [14] [Theorem 4.2] we have that —A; € RH®(L1(Q))) and 0 € p(A;). Moreover, by [14]
[Proposition 5.1 (i)] we have GR‘” < 7%. Consequently, from Corollary 2 with 7 = 1and A = —A; we
deduce the following result:

Theorem 3. Let 1 < p,q < oo and a,c,T,r,v* > 0. Assume the condition r* < ca — tr then, for any
given f € LP(T, L’?( )) the solution u of the problem (1) exists, is unique and belongs to the space
WS@‘;(T, [D(Ag)]) N ’,’(T L9(Q2)). Moreover, for any 1 < p,q < oo the estimate:

||u||L7’(T,L’7(Q ) + ||u,||W1/P (T,L7(Q + ||Ll"|| 'JI‘Lq + ||Ll”/|| ('ﬂ* Lq(ﬂ))

+ 18ullLr(r,pag) + ||AM'|| )t ||AM"||W2

7 (T,[D(84)] 7 (T,[D(8,)])

+ HAu”’H ) S C||fHU’(’JT,M(Q))
holds.

The last estimate follows from the Closed Graph Theorem. We remark that an analogous result
holds when we replace the Laplacian by the fractional Laplacian (—A;)"7,0 < 1 < 1. We observe
that a fractional power approach for abstract evolution equations of third order in time has been
recently proposed by Bezerra and Santos [25]. Finally, we note that also very recently it has been
pointed out in [26] that in the particular case where A = A? with proper boundary conditions,
the Moore-Gibson-Thompson equation, i.e., (1) with 2 = 0, appears as a possible model for the vertical
displacement in viscoelastic plates [31]. Of course, this last case is also included in our findings.

4. Conclusions

Taking into account a suitable combination of the parameters of the Cauchy problem for the
Moore-Gibson-Thompson equation, treated in this article with two temperatures and in cylindrical
domains, we could provide the existence, uniqueness, and estimates of maximal regularity for
the solution in Lebesgue spaces. Our original method combined the theory of operator-valued
Fourier multipliers, that reduced the problem to verify a certain property of R-boundedness of
an operator-valued symbol, and a criterion established by Denk-Hieber and Priiss that gave
computable conditions on the data of the problem (the closed linear operator A) and that we used to
verify the mentioned property of the R-boundedness. We note, for future works on this topic, that the
maximal regularity estimate provided in this article is the starting point for the analysis of the existence,
uniqueness and regularity of the nonlinear problem: The Jordan-Moore-Gibson-Thomson equation,
by using the implicit function theorem and fixed point arguments, see for example the reference [27]
for an overview of this method.
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