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1 Introduction

In this paper, we study the following model arising in acoustics propagation in viscous,
isothermal bubbly liquids known as the Van Wijngaarden—Eringen (VWE) equation [14,
p. 1121]:

Buu(x, t) — Aulx, t) — (Rep) L Adulx, t) — a%Aattu(x, t)

=0, teT:=[0,2n],xe QCRY, (1.1)

where A denotes the Laplacian operator defined in a domain Q C RY and subject to ap-
propriate boundary conditions. The parameter Re, = c.L/3 is a Reynolds number, where
¢e (> 0) is the adiabatic sound speed, § is the diffusivity of sound [25], and L is a character-
istic (macroscopic length). The constant a¢ > 0 is a Knudsen number that corresponds to
the dimensionless bubble radius.

In the case N = 1, equation (1.1) was obtained by Van Wijngaarden [26] to describe the
propagation of linear acoustic waves in isothermal bubbly liquids. In the case N = 3, Erin-
gen [10] re-derived equation (1.1) based on a microcontinuum theory. Later, Rubin et al.
[23] found that equation (1.1) also describes acoustic waves in a thermoelastic compress-
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ible Newtonian viscous fluid, and Hayes and Saccomandi [13] showed that it also governs
the propagation of transverse plane waves in a particular class of viscoelastic media.

When the Knudsen number ay is less than 1, it was proved in [7] that model (1.1) can
exhibit chaotic behavior. However, the analysis of mathematical behavior of the model for
the case ap > 1 was left open.

In the present paper we are concerned with the L” — L9-maximal regularity problem in
a cylindrical domain Q = U x V C R™ for the following inhomogeneous version of the
VWE equation subject to Dirichlet boundary conditions:

(I - a3 A)dyu(x,y,t) — Aulx,y,t) — (Req)  Adu(x, y, t)
=f(x,9t), for(x,yt)eQ x(0,2m);

Buu(x,y,t) =0, for (x,9,£) € 90U x V x (0,27);

Byu(x,y,t) =0, for (x,y,t) e U x 3V x (0,2r);

u(x,y,0) = u(x,y,2m), d;u(x,y,0) = 0,u(x, y,27),

attu(xyyx 0) = attu(x;y; 27[)) (x:y) € Qx

where U =R”,ne Nand V C R4, d € Ny is bounded, open, and connected, A denotes
a cylindrical decomposition of the Dirichlet Laplacian operator on L7(£2) with respect to
the two cross-sections, i.e,, A = A; + A, and each A; acts on the according component
of Q. It is well known that many situations in applied sciences naturally lead to problems
in cylindrical domains Q2. We refer, e.g., to the textbooks [5] and [6] and the references
[9, 20, 22] for a demonstration of the significance of problems on such 2.

Suppose that we know something about the behavior of the forcing function f in
(1.2). For example, f could be bounded or asymptotically periodic, or f might satisfy
f € LP(T; L1(S2)), where 1 < p, g < co. In the last case, the L” — L7-maximal regularity prob-
lem consists of obtaining conditions on the parameters a2, (Re;)~! in order to conclude
that the solution « of (1.2) has the same behavior as f and the following estimate

”M”LP(T)L‘I(Q)) + || M/ || WLP(’JI‘,L‘I(Q)) + || M” || W;g;(T,Lq(Q)) + ” Au”Lp(TY[D(A)]) (1'3)
18w tee oy * 189 Lwzze b = CIF sy

holds.

One of the main tools to address the maximal regularity problem for equation (1.2) is
the theory of discrete operator-valued Fourier multipliers. Taking the Fourier series, we
are faced with the question under which conditions an operator-valued Fourier series de-
fines a bounded operator in L”(T; X) where X is a Banach space. This question was an-
swered by Arendt and Bu in [2], where a discrete operator-valued Fourier multiplier re-
sult for UMD spaces X and applications to Cauchy problems of first and second order in
Lebesgue spaces can be found. A generalization of the results in [2] to first order integro-
differential equations in Lebesgue, Besov, and Holder spaces is given in [16]. In [17] one
finds a comprehensive treatment of second order differential equations in Lebesgue and
Holder spaces. In particular, the special case of the linearized Kuznetsov equation, i.e.,
ao = 0 is investigated. More references concerning abstract degenerate Volterra integro-
differential equations can be found in [4, 11, 18, 24].
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Replacing in (1.2) the negative Laplacian operator —A by a closed linear operator A with
domain D(A) defined on a Banach space X, one of the main difficulties we are faced with in
order to analyze maximal regularity for (1.2) relies in the unbounded operator M := [ +a3A
in front of the second order term 9, which, for general A, produces a kind of degenerate
second order problem. When M is bounded, this problem was studied by Anufrieva [1].
Very recently, Bu and Cai [3] treated the case of M unbounded.

On the other hand, the usage of operator-valued Fourier multipliers to treat cylindrical
in space boundary value problems was first carried out in [12] in a Besov space setting. In
that paper the author constructs semiclassical fundamental solutions for a class of elliptic
operators on infinite cylindrical domains R” x V. This proves to be a strong tool for the
treatment of related elliptic and parabolic, as well as hyperbolic problems. Operators in
cylindrical domains with a similar splitting property as in the present paper were, in the
case of an infinite cylinder, also considered by Nau et al. in [9, 19-22].

In this paper, we directly apply general results of [3] and [20] to our case of the VWE
equation and obtain a L” — L7-maximal regularity result. 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 the criteria established by Denk,
Hieber, and Priiss in the reference [8] that reduce 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 (1.2) allowing also the possibility of the
fractional Laplacian, the bi-Laplacian AZ, or other operators of practical interest. There-
fore, we first establish our main result in an abstract setting that roughly states that under
certain conditions of sectoriality of the operator A, and for all 7 > 0, the equation

(1 + a%A”)u”(t) +Au(t) + (Rey)'A" (t) = f(t), teT,

has L? — L1-maximal regularity. Then, using the results of [20], we establish our main find-
ings concerning (1.2), namely: for any given f € L(T, L7(2)) and under the condition

apg > 1,

the solution u of problem (1.2) exists, is unique, and belongs to the space W;‘;};(T,
[D(A)D N W;ﬁ(’ﬂ‘, X). Moreover, for any 1 < p, g < 00, the a priori estimate (1.3) holds.

2 Preliminaries
We will use recent results obtained in [3] where L”-maximal regularity was obtained for
an abstract degenerate model of second order given by

(Mu)'(t) - aBu(t) — aBu' () = f(t), teT:=[0,27], (2.1)

where 4, o are real numbers and B and M are linear operators with domains D(B) and
D(M) defined on a Banach space X such that D(B) C D(M).
We recall the notion of the M-resolvent set of B as follows:

om(B) := {s eR:—k*M - (a + aik)B: D(B) > X

is invertible and [-k>M — (a + aik)B] " € B(X)}. (2.2)

Observe that D(B) and D(M) are Banach spaces when endowed with the graph norm.
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For any n € N and 1 < p < 0o, we define the vector-valued function spaces [3, Defini-
tion 2.4]:

W;’éf(T,X) = {u € IP(T, X) : there exists v € L (T, X), v(k) = (ik)" (k) for all k € Z}.

Letu € LP(T; X), then u € Wﬁg‘,’ (T; X) if and only if u is n-times differentiable a.e. on T and
u™ e LP(T, X), in this case #¥(0) = u®(27), 0 < k < n -1 [2, Lemma 2.1]. We refer to [2]
and [3] for more information about these spaces.

Let 1 < p < 0o, we define the solution space of (2.1) by

Sp(B,M) := {u € 17 (T; D(B)) N W 2(T; X)u' € LP (T; D(M)), Mu' € W, 2(T; X))

We have that S,(B, M) is a Banach space with the norm
lells,an = Naller + '+ 1Bullr + | B |, + | M|, + | (Met') ]

The notion of L”-maximal regularity is given as follows.

Definition 2.1 Let 1 < p < 0o and f € LP(T, X) be given. We say that (2.1) has L”-maximal
regularity if there exists a unique u € S,(B, M) that solves equation (2.1) on T and there
exists a constant C > 0 such that the estimate

lulls, B < CIlf lle
holds.

In particular, for X = L1(S2), 1 < g < 00, we say that (2.1) has L? — L7-maximal regularity.
Since the characterization given by Bu and Cai in the reference [3] is provided in terms of

the R-boundedness of certain sets of operators, we first recall this definition.

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

[(Trxss s Tun) | < ]| 1) | (2.3)

forall Ty,..., T, € T, x1,...,%, € X, n € N, where

n
E e/xj .

j=1

1
”(xl,...,x,,)”Rzzi Z

gel-11n

The least ¢ such that (2.3) is satisfied is called the R-bound of 7 and is denoted by R(T).

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 is summarized in [8].
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The class of Banach spaces X such that the Hilbert transform defined by

ft—5s)

N

ds, teR,

a0 - tim [
ER—>00 TT Je<|s|<R
is bounded in L?(R; X) for some p € (1,00) is denoted by HT (or UMD).

The UMD spaces include Hilbert spaces, Sobolev spaces H;(2),1 < p < 00, Lebesgue
spaces LP(2, u),£p, 1 < p < 00, and vector-valued Lebesgue spaces L?(€2, 11; X), where X is
a UMD space. On the other hand, the space of continuous functions C(K) does not have
the UMD property.

We next recall the result obtained in [3].

Theorem 2.3 Let 1 < p < 00 and o,a € R. Assume that B and M are closed linear op-
erators defined on a UMD space X such that D(B) C D(M). The following assertions are
equivalent:

(i) Equation (2.1) has L -maximal regularity;

(i) Z C pm(B) and the sets {k*MNy : k € 7.} and {kNy : k € 7} are R-bounded where

Ni:= —[kzM +(a+ iak)B]fl, k € Z. (2.4)

We also need to recall some preliminaries on sectorial operators. Let X, C C denote the
open sector X4 = {A € C\ {0} : |argA| < ¢}. We define the spaces of functions as follows:
H(Xy) = {f : £y — C holomorphic}, and

H>(Z4) = {f : £y — C holomorphic and bounded}

which is endowed with the norm |[f||¢o’o = SUP)| 40 1<o [f (A)]. We further define the subspace
Ho(Ey) of H(Zy) as follows:

Ho(Zg) = | {f e H(Zy) 1 If 1155 < 0},

«,B<0

with |lf||$,ﬁ =supj < [A%f ()] +supj; oy IR PFQI.

Definition 2.4 Given a closed linear operator A in X, we say that A is sectorial if the
following conditions hold:
(i) D(A) =X, R(4) = X, (~00,0) C p(A);
(ii) ||£(t +A)™Y|| <M for all £ > 0 and some M > 0.
A is called R-sectorial if the set {t(t + A)"'},.0 is R-bounded.

If A is sectorial, then X4 C p(-A) for some ¢ >0 and

sup ||k(k +A)7! H < 0.
|argAl<¢

We denote the spectral angle of a sectorial operator A by

¢4 = inf{¢ 1 Xq_¢ C p(-A), sup ||A(A +A)L || < oo}.
reZp ¢
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Definition 2.5 Given a sectorial operator A, we say that it admits a bounded H*°-calculus
if there exist ¢ > ¢4 and a constant K > 0 such that

@] = Kollf 1% forall f € Ho(Sy)- (2.5)

The class of sectorial operators A which admit a bounded #*°-calculus is denoted by
H*(X). Moreover, the H*-angle is defined by ¢5° = inf{¢ > ¢4 : (2.5) holds}. When A €
H™(X), we say that A admits an R-bounded H*-calculus if the set

{h(A) : h e H (), I1I% <1

is R-bounded for some 6 > 0. We denote the class of such operators by RH*(X). The

corresponding angle is defined in an obvious way and is denoted by 05“.

Remark 2.6 If A is a sectorial operator on a Hilbert space, Lebesgue spaces L/(2),1 < p <
00, Sobolev spaces W*(Q),1 < p < 00, s € R, or Besov spaces B, (Q),1<p,g<o0,s€R
and A admits a bounded H*-calculus of angle 8, then A admits a RH > -calculus on the
same angle B on each of the above described spaces (see Kalton and Weis [15]). More
generally, this property is true whenever X is a UMD space with the so-called property
(o) (see [15]).

There exist well-known examples for general classes of closed linear operators with
bounded H* such as: normal sectorial operators in a Hilbert space; m-accretive operators
in a Hilbert space; generators of bounded Cy-groups on L?-spaces, and negative generators
of positive contraction semigroups on L”-spaces.

We also recall the following result [8, Proposition 4.10], which will be needed for our
characterization, which shows under suitable conditions of uniform boundedness the R-

boundedness of certain sets of operators.

Proposition 2.7 Let A € RH™(X) and suppose that {h;},cn C H®(Xg) is uniformly
bounded for some 0 > Hffc’o, where A is an arbitrary index set. Then the set {h;(A)}rea is
R-bounded.

3 Main results
Let 1 <p <00, n>0and X be a Banach space. In this section, we want to give necessary
conditions on a given sectorial operator A with domain D(A) defined on X that describe

the L? — L7-maximal regularity of the VWE equation given in an abstract form as follows:
(I+agA")u"(t) + A"u(t) + Rey) A"/ () = f(¢), teT:=[0,27], (3.1)

where ag > 0, Re; > 0, and f € LP(T; X). We state the main abstract result of this paper.

Theorem 3.1 Assume that X is a UMD-space, 1 < p < 00, ag > 1, and suppose that A €

RH>(X) with angle Qﬁm € (0, ;—n) and 0 € p(A). Then, for all n > 0, equation (3.1) admits
LP — L1-maximal regularity.
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Proof We first point out that our equation (3.1) labels into (2.1) for M = (I + a3A"), a = -1,
o = —(Re,)™!, and B = A". Moreover, it is clear that D(A") = D(I + a2A"). In order to prove
well-posedness for (3.1), we only need to show that condition (ii) in Theorem 2.3 holds,
that is, we have to prove that the sets {k2MN : k € Z} and {kNj : k € Z} are R-bounded.
Indeed, we have

Ni = [-k* + (1 - a2k?) + ik(Re) ™) A"] .

It follows that

1 —k? -t
Ny = A"
“T - a2k2) + ik(Reg) ! [(1 —a2k2) + ik(Reg) L ]

-1 -
= pdk(dk +A'7) 1,
where dj := (1—u%l<2)_++(f{q)’l' A computation shows that
k2 k2 2 _ 1
Medg) = — k= 1)
(1 - agk?)? + (k(Rey)™1)?
and
k3 (Reg)™
(o) = (Rea)

(1 - a2k?)? + (k(Rey)™1)%"

Since ay > 1, by hypothesis, we obtain 6* := sup,; | arg(di)| < 7 /2.
On the other hand, we have 0 < 85> < 5;»and hence there exists s > 0% such that s < T
For every z € ¥; and k € Z, k #0, we can define

F(k,2) = dy(d +2") .

Observe that % belongs to the sector X, /2. We immediately get that the distance from
the sector X,,,/2 to —1 is always positive. Consequently, there exists a constant M > 0
independent of k € Z and z € X such that

1

1+Z
di

]F(k,z)lz‘

Now, from Proposition 2.7 it follows that

{F(k’A)}keZ\(O]

is R-bounded. In particular, since A is invertible, the operators H (k) := (dy + A")™! exist for
all k € Z, then H(k) belongs to B(X) for all k € Z and the sequence

{di(di +An)_1}keZ
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is R-bounded. Since the following identity holds A"(dy + A")™' = I — di(dy + A")7!, we
obtain

kzMNk = —(I + ﬂ(z)An)dk(dk +A")71

= a(z)dkdk (dk +A'7)_1 - (l(z)dkl - dk(dk +An)_l.

Due to the R-boundedness of the sets {d}rez and {didi(di + A")~'}, we can state that the
set {kK2MN : k € Z} is also R-bounded. On the other hand, we have

ka = %dk(dk +An)_1,

which implies that the set {kNi}rcz is R-bounded, too. From Theorem 2.3 we conclude
that equation (3.1) admits L? — L7-maximal regularity. d

Taking into account Remark 2.6, we obtain the following corollary.

Corollary 3.2 Let 1 < p, g < 00 be given. Suppose that ag > 1 and that A is a sectorial
operator that admits a bounded H> -calculus of angle Hf“’ € (0, g—n) and 0 € p(A). Then,
for all n >0, equation (3.1) admits LP — L1-maximal regularity.

Finally, we consider the Van Wijngaarden—Eringen equation in a cylindrical domain Q =
UxV cR"™ where U =R",n e Nand V C R?,d € Ny is bounded, open, and connected

(I - a3 A)dyu(x,y,t) — Aulx,y,t) — (Req) L Adu(x, y, t)
=f(x,9,t), for(x,yt)eQ x(0,27),

Byu(x,y,t) =0, for (x,9,£) € 90U x V x (0,27),

Byu(x,y,t) =0, for (x,9,¢) e U x 3V x (0,27),

(3.2)

u(x,y,0) = u(x,y,2m), o,u(x,y,0) = dulx,y,2m),

Oyt (x,9,0) = dgeuu(x, ,21),  (%,9) € Q,

where A denotes a cylindrical decomposition of the Dirichlet Laplacian operator on L7(£2)
with respect to the two cross-sections, i.e., A = A; + Ay, where A; acts on the according
component of 2. Following [20] we introduce L?-realizations A,; = A; as follows:
D(Agq) = {ue W*(R?,L1(V)) : By =0};
D(Ag2) := W¥(V) N W A(V),
see also [27] for the description of A,,. We define the Laplacian A, in L7(2) subject to
the Dirichlet boundary conditions 53;; and By to be
D(Aq) = D(Aq,l) N D(Aq,Z)
Agui=Agiu+ ANg1u=Au, ueD(A,).
Suppose now that V is a C?-standard domain (see [20, Definition 3.1] for the precise

definition). Then, applying [20, Theorem 4.2], we have that —A, € RH*(L?(2)) and
0 € p(A,). Moreover, by [20, Proposition 5.1(i)], we have 93"; <.
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From Corollary 3.2 with n = 1 and A = —-A,, we deduce the following result.

Theorem 3.3 Let 1 < p, q < 00 and assume the condition
ag > 1.

Then, for any given f € LF(T, L1(2)), the solution u of problem (3.2) exists, is unique, and
belongs to the space W,fg’ﬁ(ﬂl‘, [D(A)]) N W,fg’ﬁ(T,X). Moreover, for any 1 < p, q < 00, the
estimate

llatllzo(r,ae) + ” ' ” win(rrac) t ””” “ w2erLae) Il Aullzecr,ipag)

+|ad| Wl ip(ag) + | au”] WD) = Clfller .o

holds.

We remark that an analogous result holds when we replace the Laplacian by the frac-

tional Laplacian (-A,)",0<n < 1.

Acknowledgements
Not applicable.

Funding
The first author is partially supported by FONDECYT grant number 1180041 and DICYT, Universidad de Santiago de Chile,
USACH. The second author is supported by MEC, grants MTM2016-75963-P and PID2019-105011GB-100.

Availability of data and materials
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
The authors declare they have equally contributed to the preparation of the paper. All authors read and approved the
final manuscript.

Author details

'Departamento de Matemética y Ciencia de la Computacion, Facultad de Ciencias, Universidad de Santiago de Chile,
Casilla 307, Correo 2, Santiago, Chile. Instituto Universitario de Matemética Pura y Aplicada, Universitat Politécnica de
Valéncia, 46022 Valéncia, Spain.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.
Received: 21 July 2020 Accepted: 13 October 2020 Published online: 20 October 2020

References

1. Anufrieva, UA.: A degenerate Cauchy problem for a second-order equation. A well-posedness criterion. Differ. Uravn.
34(8), 1131-1133 (1998) (Russian). Translation in: Differ. Equ. 34(8), 1135-1137 (1999)

2. Arendt, W, Bu, S.: The operator-valued Marcinkiewicz multiplier theorem and maximal regularity. Math. Z. 240(2),
311-343 (2002)

3. Bu, S, Cai, G.: Periodic solutions of second order degenerate differential equations with delay in Banach spaces. Can.
Math. Bull. 61(4), 717-737 (2018)

4. Carroll, RW., Showalter, RE.: Singular and Degenerate Cauchy Problems. Academic Press, New York (1976)

5. Chipot, M.: £ Goes to Plus Infinity. Birkhatser Advanced Texts: Basler Lehrbticher. Birkhauser Advanced Texts: Basel
Textbooks. Birkhduser, Basel (2002)

6. Chipot, M. Elliptic Equations: An Introductory Course. Birkhduser Advanced Texts: Basler Lehrbiicher. Birkhduser
Advanced Texts: Basel Textbooks. Birkhduser, Basel (2009)

7. Conejero, A, Lizama, C,, Murillo, M.: On the existence of chaos for the viscous Van Wijngaarden-Eringen equation.
Chaos Solitons Fractals 89, 100-104 (2016)



Lizama and Murillo-Arcila Advances in Difference Equations (2020) 2020:591

10.
1.

12.
13.

20.
21

22.
23.

24.

25.
26.

27.

. Denk, R, Hieber, M, Priiss, J.: R-Boundedness, Fourier multipliers and problems of elliptic and parabolic type. Mem.

Am. Math. Soc. 166, 788 (2003)

. Denk, R, Nau, T.: Discrete Fourier multipliers and cylindrical boundary-value problems. Proc. R. Soc. Edinb., Sect. A

143(6), 1163-1183 (2013)

Eringen, A.C.: Theory of thermo-microstretch fluids and bubbly liquids. Int. J. Eng. Sci. 28(2), 133-143 (1990)

Favini, A, Yagi, A.: Degenerate Differential Equations in Banach Spaces. Chapman and Hall/CRC Pure and Applied
Mathematics, New York (1998)

Guidotti, P: Elliptic and parabolic problems in unbounded domains. Math. Nachr. 272, 32-45 (2004)

Hayes, M.A,, Saccomandi, G.: Finite amplitude transverse waves in special incompressible viscoelastic solids. J. Elast.
59, 213-225 (2000)

. Jordan, PM,, Feuillade, C.: On the propagation of harmonic acoustic waves in bubbly liquids. Int. J. Eng. Sci. 42(11-12),

1119-1128 (2004)

. Kalton, N, Weis, L.: The H*-calculus and sums of closed operators. Math. Ann. 321, 319-345 (2001)
. Keyantuo, V, Lizama, C.: Fourier multipliers and integro-differential equations in Banach spaces. J. Lond. Math. Soc. (2)

69(3), 737-750 (2004)

. Keyantuo, V, Lizama, C.: Periodic solutions of second order differential equations in Banach spaces. Math. Z. 253(3),

489-514 (2006)

. Kostic, M.: Abstract Degenerate Volterra Integro-Differential Equations. Mathematical Institute SANU, Belgrade (2020)
. Nau, T.: LP-theory of cylindrical boundary value problems. An operator-valued Fourier multiplier and functional

calculus approach. Dissertation, University of Konstanz, Konstanz (2012). Springer Spektrum, Wiesbaden (2012)
Nau, T.: The Laplacian on cylindrical domains. Integral Equ. Oper. Theory 75, 409-431 (2013)

Nau, T, Saal, J.. R-Sectoriality of cylindrical boundary value problems. In: Parabolic Problems. Progr. Nonlinear
Differential Equations Appl., vol. 80, pp. 479-505. Birkhduser, Basel (2011)

Nau, T, Saal, J.: Jirgen H>-calculus for cylindrical boundary value problems. Adv. Differ. Equ. 17(7-8), 767-800 (2012)
Rubin, M.B., Rosenau, P, Gottlieb, O.: Continuum model of dispersion caused by an inherent material characteristic
length. J. Appl. Phys. 77, 4054-4063 (1995)

Sviridyuk, G.A., Fedorov, V.E.: Linear Sobolev Type Equations and Degenerate Semigroups of Operators. Inverse and
|ll-Posed Problems, vol. 42. VSP, Utrecht (2003)

Thompson, PA.: Compressible-Fluid Mechanics. McGraw-Hill, New York (1992)

Wijngaarden, LV.: One-dimensional flow of liquids containing small gas bubbles. Annu. Rev. Fluid Mech. 4, 369-396
(1972)

Wood, I: Maximal L,-regularity for the Laplacian on Lipschitz domains. Math. Z. 255(4), 855-875 (2007)

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com

Page 10 of 10



	Lp-Lq-Maximal regularity of the Van Wijngaarden-Eringen equation in a cylindrical domain
	Abstract
	MSC
	Keywords

	Introduction
	Preliminaries
	Main results
	Acknowledgements
	Funding
	Availability of data and materials
	Competing interests
	Authors' contributions
	Author details
	Publisher's Note
	References


