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1 | INTRODUCTION
We investigate the 7 time-periodic Stokes problem

ou—Au+Vp=f inRxRL,
divu=g in R xR%,
u=nhn on R x oRY%,
u(T+t9 ) = u(t7 ')’

(€]

in a half-space R} of dimensionn > 2.Here,u : RxR? — R" denotes the velocity field and p : RxR” — R the pressure
term. As customary in the formulation of time-periodic problems, the time-axis is taken to be the whole of R. Variables
in the time-space domain R x R’} are denoted by (¢, x). The time-period 7 > 0 shall remain fixed. Data /' : Rx R} — R",
g RxR} - Randh : R x0R} — R”" that are also 7 time-periodic are considered.

The time-periodic Stokes equations play a fundamental role in a wide range of problems in fluid mechanics. Although
comprehensive I estimates of maximal regularity type are available in the whole-space case,! similar estimates in the
more complicated half-space case were only established recently by Maekawa and Sauer.? The analysis in Maekawa
and Sauer,?2 however, does not include inhomogeneous boundary data h # 0. In the following, we shall establish max-
imal regularity L? estimates that include the case & # 0. Such estimates are crucial in a number of applications. For
example, a classical approach to free boundary problems in fluid-structure interaction relies heavily on maximal regu-
larity frameworks that include inhomogeneous boundary data. When time-periodic driving forces are studied in such
settings, time-periodic Stokes equations appear in the linearization. We mention as a particular example the investigation
of resonance in thin elastic structures that interact with liquids (see, for example, the previous studies*”). Mathemati-
cally, this problem can be studied as a coupled fluid-structure system where the fluid occupies a half-space and the thin
elastic structure its boundary. If a viscous fluid governed by the Navier-Stokes equations is considered, resonance under
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time-periodic forcing in the hyperbolic elastic structure may be avoided due to energy dissipation in the fluid. The mathe-
matical investigation hereof requires a function analytic framework for the linearized equations of motion, which leads us
to the time-periodic Stokes system (1) analyzed in the following. We believe the L? framework and the maximal regularity
established in Theorem 1 may lead to improvements in this field of time-periodic fluid-structure interaction, which is
otherwise typically studied in an L? framework.

The nature of the Stokes problem does not allow for the treatment of inhomogeneous boundary data by a simple lift-
ing argument. Introduction of a vector field H : R x R} — RR”" that coincides with h on the boundary R x dR’} may
reduce the problem to one of homogeneous boundary data by considering & := u — H instead of u, but it will then be
difficult to treat the additional term divH on the right-hand side of the equation divii = g — div(H). Indeed, if a vector
field H is chosen from the canonical trace space of the solution, the term divH is not admissible as right-hand side in
Maekawa and Sauer.? Consequently, an extension of the results in Maekawa and Sauer? to include the case h # 0 is by no
means trivial. In the following, we employ a different approach than the reflection type argument used in Maekawa and
Sauer.? Instead, we use the Fourier transform & 1, s to reduce (1) to an ordinary differential equation in the variable
X,. Here, T denotes the torus R/7 Z. The L? estimates are then established with arguments based on Fourier multipli-
ers and interpolation techniques. Although the main idea behind this approach is not new, indeed, it has been applied
successfully by various authors to investigate the initial value Stokes problem; a number of nontrivial modifications are
needed to adapt the arguments to the time-periodic case. Notably, the system (1) has to be decomposed into a steady-state
part and a so-called purely oscillatory part. Without this decomposition, it seems impossible to establish optimal L? esti-
mates. Whereas the estimates for the resulting steady-state problem are well-known and can be found in contemporary
literature, the estimates for the purely oscillatory part in the following are new.

It is convenient to formulate 7 time-periodic problems in a setting of function spaces where the torus T := R/T Z is
used as a time axis. Indeed, via lifting with the quotient map # : R — T, 7 time-periodic functions are canonically
identified as functions defined on T and vice versa. For such functions, we introduce the simple decomposition,

T

Pu(x) := /u(t, x) dt = %/u(t, x) dt, Pru(t,x) = u(t,x) — Pu(x), 2)
T 0

into a time-independent part Pu and a part P, u with vanishing time average over the period. We shall refer to Pu as the
steady-state part and to P, u as the purely oscillatory part of u.

Equipped with the quotient topology, the time-space domain T x R" is a locally compact abelian group, and therefore,
has a Fourier transform & r,g» associated to it. Moreover, we may introduce the Schwartz-Bruhat space & (T x R") and
its dual space &/(T x R") of tempered distributions. Consequently, Bessel potential spaces with underlying time-space
domain T xRR" can be defined as subspaces of & '(T x R") in a completely standard manner. Sobolev spaces are introduced
as Bessel potential spaces with integer exponents and Sobolev-Slobodeckil spaces, ie, Sobolev spaces with non-integer
exponents, via real interpolation. The same scale of function spaces with respect to the half-space R’} is obtained by
restriction. In a setting of these function spaces (see Section 2 for the precise definitions and Remark 2), the main theorem
of this article can be formulated as follows:

Theorem 1 (Main theorem). Let q € (1, 0) and n > 2. Forall

/€ LY(T;LIRY))",
g € L9 (T; WH(R™)) n W' (’Ir; W R ) , 3)

h e W'u9(T; LIR1))" nLq(’]r; Wz‘ﬁ’q(R"—l))"

with
Prh, € WH(T; W™ o I(R 1Y), @

there is a solution (u, p) to (1) with
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. 2,(1

Pue WHRH",

Piue P WH(T;LIRY))" n PLLI(T; WA(RY))", 5)
. Lq

peLq<T;W ®R" )

which satisfies

1V2Pullisesy + VPPl < € (IPFllusces) + 1 Pllwiaces) + PRI 1 ) ®)
and
1P Lullwracrampnracrwzagnyy + [IVPLPI Lacriran))
<€ (IPLf Nencran + 1Pl sy rscesi ey @
+”plh”Wl’qu"’(T;qu-l))nLqmr;Wz‘5“1(11&"-1)) * ”pLh"”Wl-q(ﬂr;w’é"’w%» ) ’

with C = C(n,q, T). If (i1, p) is another solution to (1) in the class (5), then P u = P, ii, Pu = Pit + (a1Xy, ..., Ap—1Xn, 0)
for some vector a € R*™!, and p = p + d(t) for some function d that depends only on time.

The estimates (6) and (7) of different regularity type for the steady-state Pu and the purely oscillatory part P, u of the
solution, respectively, demonstrate the necessity of the decomposition. Observe that the purely oscillatory part P, u of
the solution is unique, whereas the steady-state part Pu is not. The projections P and P, decompose the time-periodic
Stokes problem (1) into a classical steady-state Stokes problem with respect to data (P f,Pg, Ph) and a time-periodic
Stokes problem with respect to purely oscillatory data (P, f, P, g, P, h), respectively. The first estimate (6) is well-known
for the former problem, whence the main objective in the following will be to establish existence of a unique solution to
the latter that satisfies (7).

Remark 1. For properties of solutions to the steady-state Stokes problem we refer the reader to Galdi.® The homo-
geneous Sobolev space Wz’q(]Rﬁ) used to characterize the solution Pu in (5), however, is defined slightly different
in Galdi® compared with the definition (10) employed in this article. In Galdi,? it is defined as the subspace {u €
L}OC(Ri) | V2u € LY(R")} oflocally integrable functions, whereas we introduce it in (10) as a subspace of the distribu-
tions Z’(R"). The assertions in Theorem 1, in particular estimate (6), remain valid in both cases. The latter definition

has the advantage that the norm ||V? - || LaRY) appearing on the left-hand side of (6) turns Wz’q(Rﬁ) into a Banach

space, but the disadvantage that elements of Wz’q(Rﬁ‘r) can only be interpreted as functions modulo polynomials.

Remark 2. 1t is possible to avoid the analysis on the torus group T := R/7 Z and instead define the function spaces
appearing in Theorem 1 as spaces of 7 -periodic functions on R. For a Banach space E, let

Coor RiE) :={f € C*(R;E) | f(t+T,%) = f(t,0)}

denote the space of smooth 7 time-periodic E-valued functions. The Bochner-Lebesgue and Bochner-Sobolev spaces
of time-periodic functions can then be introduced as follows:

II ”LQ((O,T);E)

Ll (R;E) = m ,
k. = lwkaor
Wl (R, E) = Cper R;E) "en®,

per e
Observe that the closures above are taken with respect to a time interval of period 7. Time-periodic
Sobolev-Slobodeckil spaces can then be defined as real interpolation spaces in the usual way. Via the canonical quo-
tient map = : R — T, the spaces C, (R; E) and C* (T E) are isometrically isomorphic with respect to the norms

I - llwxaqo,rye) and || - IIWk,q(T;E), respectively, provided the Haar measure on T is normalized appropriately. It fol-
lows that W;fr (R; E) and W4 (T E) are also isometrically isomorphic for all s. In this manner, all the function spaces

appearing in Theorem 1 have interpretations as 7 time-periodic Bochner spaces.
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Remark 3. Theorem 1 does not characterize the time-periodic Stokes operator as a homeomorphism between the
function spaces of the solutions (5) and the function spaces of the data (3 and 4). In particular, there are clearly
functions (u, p) in the function spaces (5) for which the condition (4) we require of the purely oscillatory part of the
inhomogeneous boundary data is not satisfied for Tr”, u,. The same phenomenon can be observed in the analysis of
the initial value Stokes problem in half-spaces (see, for example, Priiss and Simonett* Chapter 7.2) apnd seems to manifest
itself in a similar manner in the time-periodic case.

2 | PRELIMINARIES

The objective of this section is to formalize the reformulation of (1) in a setting where the time axis is replaced with the
torus group T := R /7 Z. This includes definitions of the function spaces appearing in Theorem 1.

2.1 | Topology, differentiable structure, and Fourier transform

We utilize T x R" as a time-space domain. Equipped with the quotient topology induced by the quotient mapping
7 RxR" > TxR", x(x):=(t],x),

T x R" becomes a locally compact abelian group. We can identify T x R" with the domain [0, T) x R" via the restriction
7|[o.7)xR- The Haar measure dg on T x R" is the product of the Lebesgue measure on R" and the Lebesgue measure on

[0, 7). We normalize dg so that
.
/ u(g) dg = % / / u(t, ) dxdt.
0 Rn

TxRn

There is a bijective correspondence between points (k, &) € 2?’”ZXR" and characters y : TXR" = C, y (t,x) := eX<+ik on
T x R". Consequently, we can identify the dual group of T x R" with 2?”Z X R™. The compact-open topology on 27”2 x R"
reduces to the product of the Euclidean topology on R" and the discrete topology on 27”Z. The Haar measure on 27”2 x R"
is therefore the product of the counting measure on 27”Z and the Lebesgue measure on R".

The spaces of smooth functions on T x R" and 27”2 X R" are defined as
CP(TxRMY:={u: TXxR">R|IVeC®RxR") : U=uo rx} ®)

and

c (?Zx&”) = {u e c(%”zmv) Vk € 27”2 L u(k,) € C“(R”)},

respectively. Derivatives of a function u € C®(T x R") are defined by
ol ocu = [afa;: (i o n)] 0TI,

with IT := 7| [0.7)xR- The notion of Schwartz spaces can be extended to locally compact abelian groups (see Bruhat!® and
Eiter and Kyed!!). The so-called Schwartz-Bruhat space on T x R" is given by

S(TxR") :={ueC>(TxR") | V(ap.y) €Ny xNo X N{ : pup,(u) <oo},

where

Pap, W)= sup |x'd’otu(t,x)|.
(t,x)ETXR"

Equipped with the semi-norm topology of the family {p4 4, | (@, f,7) € Nj x No x N{}, & (T x R") becomes a topological
vector space. The corresponding topological dual space &/(T x R") equipped with the weak* topology is referred to as the
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space of tempered distributions on T x R". Distributional derivatives for a tempered distribution u are defined by duality
as in the classical case. The Schwartz-Bruhat space on 27”Z x R" is

2_77 n ,_{ 0 2_” n n n .o }
S(TZXR>-— uec (TZxR>|V(a,ﬂ,y)eN0xNoxN0.pa,ﬂ,y(u)<oo :

with the generic semi-norms

Paps W)= sup  |E“OLKu(k, )

(k,.f)ez?"ZxR"

inducing the topology.
By & 14Rr», we denote the Fourier transform associated to the locally compact abelian group T x R" equipped with the
Haar measure introduced above:

F et S(TXRY) = & (%wa),

-
F Txre[Ul(k, &) = U(k, &) = % / / u(t,x) e ™<=k dxd.
0 Rn

Recall that F myge : S(TXR") - & (27”2 x R") is a homeomorphism with inverse given by

g—l

gt S (%ZxR") -8 (TxR"),

F e = Y [ wk, &) e¥i de,
kE%’rZ Rn

provided the Lebesgue measure d& is normalized appropriately. By duality, & g~ extends to a homeomorphism
F s §'(TXRD— S'(EZXRN).
The Fourier symbol, with respect to % s, of the projection P introduced in (2) is the delta distribution 62 5, ie, the
T
function 62 : 27”Z — C with 62:7(0) := 1 and 625 (k) := 0 for k # 0. Via the symbol, the projections P and P, extend
T T T
to projections on & /(T x R"):

P: ' (TxRHY—> S'(TxR", Pu:=F q}lan[&,_”z F Turnlull,

)
Pr: S'(TxRY—> S'(TXRY, Puus=F ke, [(1 - 5212) FiTan[u]] .
T

At this point, we have introduced ample formalism to reformulate (1) equivalently as a system of partial differential
equations in the time-space domain T xR". Moreover, the Fourier transform % 7, enables us the investigate the systems
in terms of Fourier-multipliers. Because of the lack of a comprehensive L? multiplier theory in the general group setting,
we shall utilize a so-called transference principle for this purpose. The transference principle goes back to de Leeuw.'2
The lemma below is due to Edwards and Gaudry.!3

Theorem 2 (de Leeuw, Edwards, and Gaudry). Let G and H be locally compact abelian groups. Moreover, let © : G-H
be a continuous homomorphism and q € [1, oo]. Assume that m € L°°(I/-\I; C) is a continuous L1 multiplier, ie, there is a
constant C such that

VieLXH)NLIH) : 1F 5 m F ulflllg < Clifllg.

Then,mo® e L°°((A}; C) is also an L1 multiplier with

Ve (GNLUG) : IF ' imo ® Folflllg < Clifllg-

Proof. See Edwards and Gaudry.!3 Theorem B.2.1



2374 Wl LEY CELIK AND KYED

2.2 | Function spaces

Since our proof of the main theorem is based on Fourier multipliers and interpolation theory, we find it convenient to
introduce all the relevant Sobolev spaces via Bessel-Potential spaces. Classical (inhomogeneous) Bessel-Potential spaces
are defined for s € R and q € [1, o) by

HIRY) = {ue 8 @IF 5 | A+ 163 F palul]| € LI®N }
il == Mallsg = 15 55 [(1+ 165 F elu]] g

Classical Sobolev spaces on R" are defined as Bessel-Potential spaces of integer order k € Z and Sobolev spaces on the
half-space R via restriction:

WHIR™) = HUR™), WHIRY) = {up: [u € WHR")).

Observe that for negative-order spaces, ie, when k < 0, the Sobolev space W"’q(Rﬁ‘r) coincides with the dual space
!
(Wha (Rﬁ))’ and not with the dual space (WO_ k’q/(Ri)) . In the following, it is essential that the former meaning of

Wka(R") is used.
Homogeneous Bessel-Potential spaces are defined in accordance with Triebel'* by introducing the subspace

Z(R") = {¢> e SRY |Va e N} 1 o F 1[l0) = o}
of & (R"), and for s € R and q € [1, o) letting

IR = {ue Z®Y | F 5 [I6FF rilul] € IR |,

llull o (R™) s= | F R, UEIF Raluallllg-

Because of the lack of regularity of |£|® at the origin, the above definition of H ¥(R") is not meaningful as a subspace of
S'(R"). Instead, H' ’q(R") is defined as a subspace of Z'(R"). As such, jin ’q(R") is clearly a Banach space. As above, we
define homogeneous Sobolev spaces on R" as homogeneous Bessel-Potential spaces of integer order k € Z and introduce
homogeneous Sobolev spaces on the half-space R’} via restriction:

WHR = R, WHRD = (g u € WHRY). (10)

By the Hahn-Banach Theorem, any functional in Z’(R") can be extended to a tempered distribution in &/(R"). If s < 0,
the extension of an element in F’ ’q(R”) to &’(R") is unique. In the case s > 0, one may verify that two extensions of an
element in H"?(R") differ at most by addition of a polynomial of order strictly less than s. With this ambiguity in mind,
one may consider H(R") as a normed (s £ 0) and semi-normed (s > 0) subspace of &'(R").

Sobolev-Slobodeckil spaces of both homogeneous and inhomogeneous type are defined via real interpolation in the
usual way. For example, the spaces appearing in Theorem 1 are defined by

1
Wz_a’q(Rn_l) = (Lq(Rn—l)’ Wz’q(Rn_l))l_L "
2q°
Wl R = (TR, LIRY ),
q
and equipped with the associated interpolation norms.

Analogously, Bessel-Potential spaces with underlying time-space domain T X R" are introduced via the Fourier
transform & pyg» as

HA(T; HP9RY) = {ue 8'(TXRY| F ghp, [+ DA+ 1625 F mmalul| € LT LIR™) |
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equipped with the canonical norm. Again, we refer to Bessel-Potential spaces of integer order k,! € N as Sobolev spaces:
WHA(T; WHAR™) == H' (T3 HM(R™).

Sobolev spaces on the time-space domain T x R” are defined via restriction of the elements in the spaces above. In order
to introduce homogeneous spaces, we let

ZTxR" = {p e S(TXR") | Va €N} : 0¢F pal](t,0) =0}

and put

HATS I RY) = {u € Z(TX R | F gl [+ )3 EFF mualul]| € LT LIGR™) }

As above, we may consider H™4(T; H(R")asa subspace of & /(T xR") by extension. Finally, Sobolev-Slobodeckii spaces
on the domain T x R" are defined via real interpolation. For example,

WS (T; LIRM) += (LICT; LR ), WH(T; LIR™ ), s .

In this way, all the function spaces appearing in Theorem 1 attain rigorous definitions. It is easy to verify that these
definitions coincide with a classical interpretation as Bochner spaces of vector-valued functions defined on the torus T.

2.3 | Interpolation

Although the function spaces appearing in Theorem 1 can all be defined in terms of classical interpolation, our proof of
the theorem relies on a somewhat more refined scale of interpolation spaces. More specifically, it is based on anisotropic
Besov spaces with underlying time-space domain T xR", which we shall show coincide with the function spaces obtained
by real interpolation of the Bessel-Potential spaces introduced above. Although this task is mainly technical and does not
require any significantly new ideas, indeed, we shall mimic the proofs of similar results for classical isotropic Besov spaces;
these spaces and their interpolation properties are not part of contemporary literature, and we shall therefore carry out
the identification here (even in slightly more generality than actually needed for the proof of the main theorem). To this
end, we fix an m € N and introduce the parabolic length scale

In,&| == (Inl? + €™ for (7€) € RxX R, an

The anisotropic Besov spaces defined below pertain to time-periodic parabolic problems of order 2m. In our analysis of
the Stokes problem, we thus put m = 1. For simplicity, we omit m in the notation for the function spaces below.
The anisotropic Besov spaces shall be based on the following anisotropic partition of unit:

Lemma 1. Let m € N and |n,&| be given by (11). There is a ¢ € CP(R x R") satisfying

supp ¢ = {(7.9)|27" < |n. & <2}, (12)

$(n.8) >0 for27h < |n,¢&| <2, (13)

> b2 =1 for |n,&| #0. (14)
l=—00

Proof. Leth € C*°(R) withsupp h = {y € R|27! < |y| £ 2}and h(y) > Ofor 27! < |y| < 2. Then f : Rx
R"” - R, f(n.&) = h(|n,&|) satisfies (12) and (13). Moreover, f(2-2"y,271&) # 0iff 21 < |5, &| < 251 Thus
fla=2miy, 271g) # 0 for at least one and at most two [ € Z. Consequently,

e
¢:RxR"->R, ¢@,é):= R f(2min2-lE) if |n,¢| # 0,
0 if |7.£] =0

is well-defined. It is easy to verify that ¢ satisfies (12) to (14).
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Definition 1 (Anisotropic Besov and Bessel-potential spaces). Let ¢ € C°(R x R") be as in Lemma 1, s € R and
D.q € [1, o0). We define anisotropic Besov spaces

< o0},

L

B, (TxRY = {f € PLS"(TXRY | [Iflls,

1

o 1 (15)
Il | = <Z(2S’||9 Tl #7727 OF Tan[f]]”p)q) :
=0

pg.L

and anisotropic Bessel-Potential spaces

H (TXR") = {f € L8 (TxR|[I /s, < oo},

. S (16)
1f e, o= I1F 7l EFF oA TN,

Observe that B; ’ (TxR")and H; ’ L (TxR"™) are defined as subspaces of the purely oscillatory distributions P, § "(TxR™)
rather than §'(T x R"). Recalling (9), it is easy to verify that || - ||z, and || - ||, are therefore norms (rather than
mere semi-norms) and B° ’ (T'x R") and H;, (T x R™) Banach spaces. As in the case of classical (isotropic) spaces, real
interpolation of anisotropic Bessel-potential spaces yields anisotropic Besov spaces:

Lemma 2. Let p,gq € (1,0), 8 € (0,1), so,51 € Rands := (1 — 0)sg + 0s;. If s # 3, then
(H;"l(’]l" X R"),HZIL(T X R")gq = B;q L (T x R"™) with equivalent norms.

Proof. Forle Nypandr € R let
m/ RxR" > C, m(n.&)=p2 >y, 278)n. &7

We claim that m] is an LP(R;LP(R")) multiplier, which we verify by showing that m; meets the condition of
Marcinkiewicz's multiplier theorem (see, for example, Grafakos!> Corollaty 6:2.5) ‘For this purpose, we utilize only

suppg (272", 27") = {(,&) e Rx R™ | 27" < |n,¢| <21, an
and that g(n, &) := |5, €|™" is parabolically (—r)-homogeneous, that is,
VA>0: gn.&=A"gA ", a7E). (18)

From (17), we immediately obtain [m}|, < C |¢|27", with C independent on I. By (18), we further observe that

n Oymi(n, &) = 272" 0, (2729, 27'¢) g(n. &)
+ ¢ (2—2ml’1’ 2—15) /1—r ang(ﬂ—Zmr’, }’—15) A—Zmn'

Choosing 4 := [, | and recalling (17), we thus deduce [l 9,m/ || < Cll$ll27", with C independent on L. Similarly,
we obtain

>l En™d;" ... 0.0 mll < Cliplloo2™"

aef{0,1}m+1

with C independent on L. It follows from Marcinkiewicz's multiplier theorem that my is an LP(R; LP(R™)) multiplier.

Consequently, the transference principle (Theorem 2) implies that mlrl 27 R is an LP(T; LP(R™)) multiplier with
?

< Clglo27r.

-1
||¢ = ngR" [mlr(k, EF Txrr

[d)]] ||$(LP(T;L"(R")),LP(T;LP(R”)))
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Let f € <H;0¢(T X R”),H?L(T X R”)) . Consider a decomposition f = f, + f; with f, € H;"l('JI‘ x R") and f; €
) . 0g )
Hpjl’ L (T x R"™). We deduce

I1F Tg [6Q72"k. 27O F 1ral 1] lp

-1 S, -1
< || g [0 s | kg [V 107 izl 1] H
p

T R — T
< (2% follys, +27 11 e, )
oL p.L

C —ls 1(sq—5,)
< C2™0 so 4 201 s
<”fO||Hp‘?l ”fl”le) .

We now employ the K-method (see, for example, Bergh and Lofstrom!6 €hapter 3.1y tg characterize the interpolation
space (H; ; L(TxRY), H;l L(T'x R"))g’q. Taking infimum over all decompositions f, and f; in the inequality above, we
find that

1F 2 [ K 27OF mal £1] llp < € 2750 K (20070, 1YY ).
which implies

o0 q q
) 0l(s;—s,) I(sy—s7) So 1
1/ 1ls:, , SC<Z (2 150) K(21% l,f,Hp,l,H;,L)) SCUAN g ) -

=0 0.q
where the last inequality above is valid since sy # s7.
Now, consider f € B;q’l(’]I‘ x R"). Let I € Ny. Choose y € C*(R x R") with y(n,&) = 1 for 271 < |n,é| € 2and

suppy = {(,&) € RxR" | 471 < |n, €| < 4}. Using the same technique as above, this time utilizing the multiplier
My RXR" > C, @& =w (27"n,27¢) In. &I,

we can estimate 1 l
I ’i‘iR” [¢(2—2m K, 278)F TR [f]] ”H;lL
= 1F T W@k 279O0Q 7K, 27 OF el S]] g,
< C2IF L, [6Q7K 27O F 1uralf1] s

and similarly,

17 Tign [#27" . 27OF Tl 7] s, < € 2%NF T, [0@7"0.27OF mn /1] Il

We thus obtain l l l 1
2=10(sy=s1)p (so—sl)”g T_I‘iR" [d’(z_zm k, 27 E)F pyrn [f]] ||H;1L
= olsy—ls, |F ’_]Ii(R” [¢(2—2mlk, 2_15)97 TxRr [f]] ”H;’li
< C2P|\F 5 [6C2727K, 27O F Tyl f1] NI
and

—10(sy—s1) || o —1
2 051 ”J, Tx

e [BQ7 27O F Tyl £]] ”HZ‘L
=252 | F ToRr [p(27"k, 27O F Ty £1] | HY,
< C2°|F 5 [6Q2727h, 27O F Ty 1] llp-
We now employ the J-method (see, for example, Bergh and Lofstrom!® Chapter3.2) to characterize the interpolation
space (H; ° (T xR, H;‘ L(Tx R")) . By the last two estimates above, we see that
. , 04

TxRn»

< C2NF g [0k, 27 OF 1yral £1] -

2—19(S0—s1) J <21(S0—Sl)’ F -1 [¢(2—2mlk’ 2—1:)9 TR [f]] )
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Since P.f = f, we find that f = Y20 F -l o[22k, 27'E)F Ty [f1] with convergence in the space H;‘j (T x
R™) + H;" (T x R™). Recalling that so # s1, we thus conclude that

; ; <
1 W ), <€ 171l

0.q

and thereby the lemma.

3 | PROOF OF MAIN THEOREM

Utilizing the formalism introduced in Section 2, we can equivalently reformulate (1) in a setting where the time axis R
is replaced with the torus T := R/7 Z. In this setting, the periodicity condition is no longer needed, and we obtain the
equivalent problem
ou—Au+Vp=jyf inTxR},
divu=g in TxR?, (19)
u=h on T x oR%.
In order to investigate (19), we employ the projections P and P, to decompose the problem into a steady-state and a
so-called purely oscillatory problem. More specifically, we observe that (u, p) is a solution to (19) if and only if (v,IT) :=
(Pu, Pp) is a solution to the steady-state problem

—-Av+VII=Pf inR},
divv = Pg in RY, (20)
V= Ph on GRK

and (w, z) := (P u, P, p) is a solution to

ow—Aw+Vr =P f inTxRY,
divw="P,g in T xR}, (21)
w="Ph on T x oR%.

The steady-state problem (20) is a classical Stokes problem, for which a comprehensive theory is available. We therefore
focus on the purely oscillatory problem (21), which only differs from (1) by having purely oscillatory data. We start with
the case of nonhomogeneous boundary values.

Proposition 1. Let q € (1,0) and n > 2. For any vector field H with

n
>

HePw' 59T, IR™)" n Pu1s (T W @)

X (22)
H, € PLWH(T; W d(R™),
there is a solution ; ;
u e PLWH(T; LIR™))" n P LI(T; W2I(R))", 23)
p € P.LY(T; WH(RY))
to
ou—Au+Vp=0 inTxR],
divu=0 in TxR?, (24)
u=H on T x oR"
that satisfies
lullwra(r.La@rynracrwza@ny) + VPl ar.Lary)
(25)

<cC <||H||W1,i || H |

q 21y + ~lg )
2(TsLaR-1)nLa(T;w™ 7 (Re-1)) wia(T;w a7 (Rr-1))

with C = C(n,q,T).
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Proof. We shall employ the Fourier transform & g~ to transform (24) into a system of ODEs. For this purpose, we
denote by (k, &) € ZT”Z x R"~! the coordinates in the dual group of T x R"7!. Letting u := v := (U1, ..., Up_1), W := Uy,
U:=F e [V, and W : = F pypaar [Uy] in (24), we obtain an equivalent formulation of the system as a family of
ODEs. More precisely, (24) is equivalent to the following ODE being satisfied for each (fixed) (k, &) € 27”2 x R*L:

ikV(x,) + |€1*D(Xn) — 05 Vxn) + iEP(X,) =0 in Ry,
kv (xn) + |§|2W(Xn) - W(xn) + ax p(xn) in Ry, 26
iE-D(x,) + 0xnw(xn) = in R, (26)

(0), W(0)) = (H', Hy).

To solve the ODE, we first consider the case k # 0. Taking divergence on both sides in (24); and utilizing that
divu = 0, we find that Ap = 0 and thus —|£|*D(x,) + J5 P(x,) = 0in R,. Consequently,

Pxn) = qo(k, &)e”¥Pn  in R, (27)

for some function qo : 27”Z x R*1 — C. Inserting (27) into (26), we find that
039 = (ik + |]*)D + i&goe™ P,
07 W = (ik + |€[>) — |&|qoe™ M.

Xn

Since k # 0, the resolution hereof yields

~ k&) _ e
V(x,) = —We R 4 a(k, &)e VIEFH (28)
~ k&) _ e
W(x,) = We P 4 Bk, &)e VIEFFHE 5 (29)
for some functions a, g : 2?”Z x R*~1 — C. Utilizing (26); and the boundary conditions (26),, we deduce
5‘10 ~  |¢lqo
=H + =H,- =2
a=H+57F ik

and

=i (1¢1-+ VIEP+1k) 5B+ VIEF+ 1k, + |61, + 1S, (30)

By (27) to (30), a solution to (26) is identified in the case k # 0. Since H is purely oscillatory, we have o 0,8 =
fI;(O, &) = 0, whence (up, un, p) := (0,0, 0) solves (26) in the case k = 0. We thus obtain a formula for the solution
to (24):

1 €90 i i 4 890\ —viEriy,
Rl A S R
_ g1 1€190 i, 7 €190\ _iereins, (3D
W= F e [T P (A ) e ,

P=F pgen (20077
Formally at least, (v, w, p) as defined above is a solution to (24). It remains to show that this solution is well-defined
in the class (23) for data in the class (22). We start by considering data H € P, Z(T x R"~!)". The space Z(T x R"™!) is
dense in X X :
WE (T LIR) a L9 (T W IR ) a Wi (T W@ ),
which is not a trivial assertion since it entails the construction of an approximating sequence that converges simul-
taneously in Sobolev spaces of positive order and in homogeneous Sobolev spaces of negative order. Nevertheless, it
can be shown by a standard “cut-off” and mollifier technique; see Triebel.!4 Proof of Theorems 2.3.3and 5.1.5 Consequently,
P Z(T x R*1)" is dense in the class (22). Clearly, for purely oscillatory data H, the solution given by (31) is also purely
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oscillatory. If we can therefore show (25) for arbitrary H € P, Z(T x R*1)", the claim of the proposition will follow
by a density argument.

We first examine the pressure term p (more specifically Vp). The terms in (30) have different order of regularity, so
we decompose q, = q; + q, by

0108 = —i(|§| +VIEE+IK) = T+ VIER+ ik Ay + (€1,

k —
q2(k, &) = el fl
and introduce the operators
@ Z(TxR” = §(T xR,
[§1x, (33)
G(H) = F Lp. [Eak. e
and )
B Z(TxR") - (T xRH"
(T'x ) (T xR, (34)

B(Hp) = F 7L, [Eplk, O]
For m € Ny, we observe for any x, > 0 that the symbol & — (|&|x,)"e” % is an LI(R*!) multiplier. Specifically,
one verifies that

sup sup sup &7 £05 0 [(1€ ) e | < oo,

X,>0 e€{0,1}"~1 geRn-1

whence it follows from the Marcinkiewicz multiplier theorem (see, for example, Grafakos,!> corollary 625) that the
Fourier multiplier operator with symbol & — (|&]x,)™e”!¢P is a bounded operator on LI(R"*~!) with operator norm
independent on x,, that is,

sup ¢ = F e [(1€100) "0 F
Xx,>0

(35)

< o0
' [(’b]] ||$(LQ(R"*1),L4(R"*1))
‘We can thus estimate

1
1% ED|lo®, La(T:ra@e1y) < C 1 F Loy [éql(k, Cf)] Il La(T:La®m1))

(HHMM(T sy + | F 2 [M(k (s St ]
|§| La(T;La(Rr-1))
T M eer oS A, ,
TR Els ]
La(T;La(Rn-1y)

where

€]
VIER +in

Employing again the Marcinkiewicz multiplier theorem, we find that the symbol M is an LI(R; LY(R""1)) multi-
plier. An application of the transference principle (Theorem 2) therefore implies that the restriction M,z 7, g, is an
T

L4(T; LY(R" 1)) multiplier. We thus conclude

M:RxR" 5 C, M®n,é):=

1T (DIl (R, ;La(T:La@1y) < C [ HI La(T.mra®e-1))nmra(T:La®R 1) - (36)

This estimate shall serve as an interpolation endpoint. To obtain the opposite endpoint, we again employ (35) to
estimate

sup 1%, % (H)|lLa(T:La®n-1y) < C Q11| La(T:a@r-1y)s
Xx,>0

which implies

1
|| g (H)”LI.OO(R+ :La(T:La(Rr-1))) = H - |xn§ (H) |L‘1(T;L‘1(R”_1))
Xn Ll.oo(R+)

< C 191l La(Tsrae-1y)-
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Recalling (32), we estimate

1\ ~
”‘JI”Lq(’]I‘;Lq(R"*l)) <C <||H||Lq(’]I‘;Hlvq(Rnl)) + ”97 _']Ti(Rn—l [M1(k, &) - (|§| + |k|? ) H']

La(T:LaRm-1))
1 —~
+ |7 s M) (1014 100 )

Lq(T;Lq(R"“))>

with
2+ i
M; : RxR"™! - C"Y My(n, &) = Mi
]+ [nl> 1¢]
2+ i
M, : RxR"' - C, M#n¢):= M
[E] + |n]>

Again, one can utilize the Marcinkiewicz multiplier theorem to show that both M; and M, are LY(R; L¢(R"~!)) multi-
pliers and subsequently, obtain from the transference principle (Theorem 2) that their restrictions to 27”2 x R are
L4(T; L4(R"1)) multipliers. Consequently, we find that

IS ED s @ acrzao1y) < € WHN Ly g ocsyysrbaTizagenyy (37)

By (36) and (37), the operator & extends uniquely to a bounded operator

g : LY(T; HXM@®RY) n HY(T; LYR™™))" - L (Ry; LYT; LYR™ 1)), G8)
: 38
g ¢ LT HYMER) " nH29(T; LAR™)" — L (Ry; LYT; LR 1)) "

These extensions rely on the fact that Z(T x R"™!) is dense in the function spaces on the left-hand side above. We
once more refer to Triebel,!4 Proofof Theorems 2.3.3and 5.15 for 3 verification of this fact. Using the projection 7, on the
left-hand side in (38), we obtain scales of the anisotropic Bessel-Potential spaces introduced in (16). Consequently, &
is a bounded operator:

g H2 (T xR™)" - L®(R,; LUT; LIR")))",
§ : HL (T xR - LM (R,; LY(T; LIR™))".

Utilizing Lemma 2, we find that*

(39)

21
(H;,l(’ﬂ‘xR H,H; (TxR 1)) =B, | (TxR"™")

l—l,q
q
= (PLLIT IR, HZ (T R™)
’ 1-Lg
2q

= (PLLYT; LAR"™)), PLLY (T; H*(R"™)) n PLH (T;LQ(RH)))I_;

qu

= Po(LYT; LIR"™), LY (T: HXR™™))
NP (LAT; LAR"Y), HY (T; LYR")))

1
1—5,‘1

= PuW! T (T LIR™D) 0 PuLs (T WP H IR

One can employ Triebel,!7- Theorem 1121 tq verify the interpolation of the intersection space in the fourth equality above.
Moreover, real interpolation yields

(L' (Ry: LAT; LIR™Y)), L™ (Rys LUTLIRYY))) o = L9 (R LIT; LAR™Y))

*The interpolation identity can also be established with the help of the reiteration theorem, which eliminates the need to introduce Besov spaces. We
thank for reviewer for pointing this out to us.
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Recalling (39), we conclude that &€ extends uniquely to a bounded operator

¢ PLWTRY(TLIR )" 0 Pqu(T; Wz‘el?’q(R"—l))" — LI(T; LYRY))".

We now recall (34) and examine the operator &. Utilizing (35) with m = 0, we obtain

1B (H)llLo®, .Lo(T;La®1y) < C [|F q_rlXRn_l [Eq2(k, )] Il o Laqe1y)

<C ”Hn”HLq('IF;Lq(Rn—l)).

We again employ (35) to estimate
sup 1%, B Hp) |l La(T;LaRr1y) < € ||Hn||H1.q(T.g*1~q(Rn_1))’
X,>0 ?

which implies

1
”*gg(Hn)”LL°°(R+;L‘1(T;LQ(RW—1))) = H - ||xn93(Hn)||Lq('J1‘;L4(Rn—1))’
Xn L1~°°(R+)

< C ”Hn”HLLJ(T;}'I_LQ(]R"A))‘

It follows that 9 extends to a bounded operator

% : PLH" (T; LYR™)) — L (Ry; LI(T; LYR™ ™))",
B PLH™ (T;H‘Lq(w-l)) — L' (Ry; LY(T; LIR™ 1)) 1

Real interpolation thus implies that 98 extends to a bounded operator

B PLW (T;W‘é’q(R"'l)> — LY(T; LYR™Y))".

(40)

(41)

(42)

We now return to the solution formulas (31) and consider H € P, Z(T x R"!)". In this case, an application of (35)
ensures that p is well-defined as an element in the function space L4 (’]I‘; H l’q(Rﬁ)). By (40) and (42), we obtain

||VP||Lq(T;LQ(]R1)) =€ H)+ %(Hn)”Lq(T;L‘?(RD)
<c (il

1o + [ Hall

Wl’qu”(?l‘;Lq(Rn—l))nLq(T;W a4(Rn-1y) W1~‘?(T;W7$7‘I(R"*1)>-

(43)

In a similar manner, it can be shown that (v, w) is well-defined as an element in the space L4 (T;HM(RK)) N

H" (T; L4(R")). To this end, one may consider the symbol

m:RxR"™ > C, m@,é):= (\/|§|2 +in xn>me—\/|§|2+in Xy

and verify that

sup sup sup
X,>0 e€{0,1}" (,6)eRxRn-1

MO £ 0L L 0 mn, 5)| <.

n-1

It follows that the Fourier multiplier operator corresponding to the symbol m is a bounded operator on LI(R; LI(R"* 1))

with operator norm independent on x,. An application of the transference principle (Theorem 2) therefore implies

that the operator corresponding to the symbol m, 2z .1 is a bounded operator on L(T; L4(R"~1)) with operator norm
T

independent on x,, that is,

sup Hd)'—’ F Tt [Mk, E)F a1 [P

X, >0

]] ” <
£ @a(T:La(Rr-1y),La(T;La(Rr-1)))

(44)
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With both (35) and (44) at our disposal, it is now straightforward to verify that u := (v, w) is well-defined as element
in the space L7 (T; H*I(R")) n H (T; L4(R")). By construction, this choice of (u, p) is a solution to (24). Moreover,
since P, H = H, also P, u = u. This means that u is a purely oscillatory solution in the aforementioned function space
to the time-periodic heat equation in the half-space

ou—Au=-Vp in TxR},
u=H on T x oR}.

By Kyed and Sauer,'® Theorem 2.1 (gee also Kyed and Sauer,'® Theorem 14 it j5 known that this problem has a unique
purely oscillatory solution in the space L7 (T; H*4(R")) n H"9 (T; L(R")), which satisfies

el eracT;zaqer pzaTs ey < € <||VP||L4<'JT,L4<R+>) +11H ||Wlfz%z.q(T;Lq(Rn_l))nLq(T;WZ—;q(Rn_I)))

Combining this estimate with (43), we conclude (25).

In the next step, we consider the resolution of the fully nonhomogeneous system (21), that is, (1) with purely oscillatory
data, and establish L? estimates. This step concludes the main result of the article.

Theorem 3. Letq € (1, 0)and n > 2. Forall

f € PLLA(T; LARY))",
ge P LI (T, WH(RY) n P (T; W Rn ) , 5)

1 n
heP,w' @ (T; LR )" n PLLQ(T; Wz_E’q(R”‘1)>

with
h, € PLWH (T; W‘E’q(R"—l)) , (46)

there is a solution (u, p) to (1) with

u € PLWH(T; LIRY)" n PLLI(T; WA(RD))",

47)
JR I (
peP.LI (’]I‘,W ®R" )
which satisfies
||u”WLq(’]I‘;Lq(Rﬁ))nLq(’H‘;qu(Rﬁ)) + ||Vp||Lq(’]I‘;Lq(R1))
<€ (”f Meactr:sacesyy + N8N pacwsaryywsacra ) (48)
+||h + ||k
” ”Wlizilll'q(T;Lq(R”—l))nL‘I(T;WZ_%'q(]R"‘l)) ” n”Wl.q('ﬂ‘;Wé'q(R”l))>

with C = C(n,q, T ). Moreover, if (ii, p) is another solution to (1) in the class (47), then u = @i and p = p + d(t) for some
function d that depends only on time.

Proof. Letv € PyWUI(T;LIR"))" n PLLI(T; W29(R"))" be the solution to the purely oscillatory time-periodic
n-dimensional heat equation

ov—Av=f inTxR],
v=0 onTxoR}.

The existence of such a solution v that satisfies

||V||Wl-q(’]I‘;Lq(Rﬁ))nLq(T;WZ-q(Ri)) < C||f||Lq(’]1‘;Lq(R1))
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follows from Kyed and Sauer.!® Theorem 21 Denote by G the extension of g — divv to T X R” by even reflection in the x,,
variable. Then, G € P, L4 (T; Wl’q(R”)). Moreover, identifying W_l’q(R") as the dual of Wl’q'(R") and recalling that

geP W (T; W_l’q(Rﬁ‘r)>, one directly verifies that G € P, W4 (’]I‘; W_l’q(R")) with

G o @mpnracrwraey < € (”8 a1 e pss T wragrny ”V”WW(T;H(R&>>nLq<T;W2~q<Ri>>) :

A solution to the purely oscillatory Stokes system,
ow—Aw+Vz =0 in T xR", 49)
divw=G inTxR" °

is obtained via the solution formulas

e g -1 lk+|§|20’

g1
w = = F LR —|§|2 F rre[G]] -

F TuRn » T

F Txre[G]

—lf
112
From these formulas, we immediately obtain the estimate

”W”WLQ(’]I';L‘Z(R"))nLq(T;WZ-q(R")) + ||V”||Lq(’]I‘;Lq(Rn)) < C”G||Lq('ﬂ‘;wl.q(Rn))nwl,q(T;W_l’q(Rn))'

By the symmetry of G, the vector field W obtained by odd reflection with respect to x, of the n'th component of w,
that is,
W(t, X', %) = (Wi, X, %), «.. s Wnoa (X, 260), —=Wa(,X), =)

is also a solution to (49) corresponding to the same pressure term =. This means that w and W both solve the same
time-periodic heat equation in the whole-space T x R". By Kyed and Sauer,'8: Theorem 2.1y, — 35 Tt follows that
Trryre-1 [Wn] = 0. Consequently, H := h — Tryg-1 [w] belongs to the space (22) (see for example Kyed and Sauer!® for
arigorous definition of the trace operator in this setting). Let (U, B) be the corresponding solution from Proposition 1.
It follows that (i, p) := (U + w+ v, B + x) is a solution to (1) in the class (47) satisfying (48).

It remains to show uniqueness, which follows from a standard duality argument. To this end, assume that (@i, p) is
a solution in the class (47) to the homogeneous Stokes problem

Ot —Ali+Vp=0 inTxR},
divii=0 in T xR,
=0 on T x oR%.

Let ¢ € C°(T x R )". With exactly the same arguments as above, one can establish existence of a solution

w € PLWH (T; LY RY))" 0 PLLY (T; W29 (R,
’ - 1.4
nep Ll (T;W q(Ri ),

to the adjoint Stokes problem
oy +Ay +Vn=¢ inTxR},
divy =0 in T xR%,
w=0 on T x dR%,
where ¢’ denotes the Holder conjugate of q. Integration by parts yields

//ﬁ-¢dxdt=//ﬂ-(6tw+Ay/+Vn) dxdt = 0.
T Re T Re

Since this identity holds for all ¢ € C3°(T x R%})", it follows that & = 0. In turn, we deduce Vp = 0, whence p €
P, L(T), that is, p depends only on time.
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Proof of Theorem 1. Let f, g, h be vector fields in the class (3), with h satisfying (4). By Kyed and Sauer,? Theorem IV.3.2
the steady-state Stokes problem (20) admits a solution (v, I1) € Wz’q(Rﬁ)" X Wl’q(Rﬁ) that satisfies

2
1920130y + 19Ty < € (IS lgaciery + 1P llwracesy + IPAIL oot ) -

By Theorem 3, the purely oscillatory Stokes problem (21) admits a solution (w, z) in the class (47) satisfying (48).
Putting (u, p) := (v+w, IT + ), we obtain a solution to (1) that satisfies (6) and (7). Finally, if (i, p) is another solution

to (1) in the class (5), then P, u = P, it by Theorem 3, and Pu = Pii + (a1Xy, ... , @u_1Xy, 0) for some vector a € R}
by Kyed and Sauer.® Theorem IV3.2 1t follows that Vp = Vp and thus p = p + d(¢) for some function d that depends only
on time.
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