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Relevance of the slip condition
for fluid flows near an irregular boundary

David Gérard-Varet *and Nader Masmoudif

Abstract

We consider the Navier-Stokes equation in a domain with rough boundaries. The small
irregularity is modeled by a small amplitude and small wavelength boundary, with typical
lengthscale ¢ < 1. For periodic roughness, it is well-known that the best homogenized
(that is regular in ) boundary condition is of Navier type. Such result still holds for
random stationary irregularities, as shown recently by the first author [5, 13]. We study
here arbitrary irregularity patterns.

Keywords: Wall laws, rough boundaries,homogenization, ergodicity, almost periodic functions

1 Introduction

The interaction between a fluid and a solid boundary is still today a matter of debate. The
main reason is that underlying molecular processes are still unclear, see [20] for a review. But
even at larger scales, it has been recognized that the small irregularities of the solid surface
can alter deeply various aspects of the fluid dynamics. The understanding of such roughness-
induced effects has been the topic of many recent papers, with regards to friction phenomena
in microfluidics [23], or to stability issues [22].

Fortunately enough, in most situations, one does not need an accurate description of the
dynamics near the irregular boundary. One only looks for an averaged effect. Among the
practical ways used to describe this averaged effect, many physicists and numerists rely on
wall laws: the rough boundary is replaced by an artificial smoothed one, and a homogenized
boundary condition (a wall law) is prescribed there, that should reflect the mean impact of
the small irregularities. The main question is then: what is the good wall law ? The aim of
the present paper is to address this question from a mathematical perspective.

There are numerous mathematical studies on this boundary homogenization problem.
On wall laws for scalar elliptic equations, we refer to [1]. On wall laws for fluid flows, see
[2, 3, 4, 16, 17]. These works go along with more formal computations, c¢f for instance
[6, 21]. Broadly, these studies have been carried under two assumptions: i) Compact domains,
typically bounded channels with periodic or inflow/outflow boundary conditions i) Periodic
irregularities, leading to periodic homogenization problems. The first restriction is just a
small mathematical convenience, that gives direct compactness properties through Rellich
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RE
Figure 1: The rough domain Q°.

type theorems. The second assumption is far more stringent, both on mathematics and
physics sides. In the recent articles [5] (with A. Basson) and [13], the first author has relaxed
substantially these assumptions, considering unbounded channels and random homogenenous
irregularity.

Let us briefly describe these previous results. We will restrict ourselves to a simple model,
namely a two-dimensional rough channel

0 = QUXUR®

where 2 = R x (0, 1) is the smooth part, R® is the rough part, and ¥ = R x {0} their interface.
We assume that the rough part has typical size €, that is

RF = {x, Ty > Ew (%)}

for a Lipschitz function w : R +— (—1,0). See Figure 1 for an example of such a domain.
We consider in this channel a steady flow, governed by stationary Navier-Stokes system with
given flux

—Au+u-Vu+Vp=0, z € Q°,
divu =0, z € Q°,

ulon =0, / up = ¢.
0-5

The third equation corresponds to a standard no-slip condition at the boundary of the rough
channel. The last equation expresses that a flux ¢ is imposed across a vertical cross-section
o€ of Q2. Note that the flux integral does not depend on the location of the cross-section,
thanks to the divergence-free and Dirichlet conditions.

(NS9)

Note also that this problem has singularities in e, due to the high frequency oscillation
of the boundary. The idea of wall laws is to replace this singular problem in QF by a regular



problem in 2. One keeps the same Navier-Stokes equations

—Au+u-Vu+Vp=0, z e,
divu=0, z €Q,

U/’(EQZI =0, /ul = ¢a
o

but with a regular boundary condition at the artificial boundary 3. The point is to find the
most accurate (and regular in ) condition.

(NS)

In all papers previously mentioned, the starting point is a formal expansion of u®:
uf(z) ~ u'(x) + eul(x,x/e)
Formally, the leading term u® satisfies (NS) together with the simple no-slip condition
u=0 at ¥ (Di)
System (NS)-(Di) has an explicit solution, the famous Poiseuille flow :
u(z) = (U%x2),0), U%z2) = 6¢aa(l — x2)

Note that u is defined in all R?. This zeroth order asymptotics is mathematically justified
in [5], for small fluxes ¢:

Theorem 1 There exists ¢ > 0, such that for all |¢| < ¢o, for all €, system (NS®) has a

unique solution u® in H', (QF). Moreover, for e < g9 small enough

[[u® — UOHH@@(QE) <CVe, |uf— UOHLilOC(Q) < Ce.

Briefly, the Dirichlet wall law provides a O(e) approximation of the exact solution u® in
L2, (). We emphasize that to get a Dirichlet condition at the limit € = 0 is true in many
settings, even starting from a slip condition at the rough boundaries. See [11, 9]. Nevertheless,
the Dirichlet wall law is in some sense crude: Theorem 1 is obtained through energy estimates,
that do not ditinguish the behavior of the flow near the boundary. Therefore, a natural

question is: can we find a better wall law ?

A widespread idea is that the approximation can be refined, considering a Navier condition:
v1 = ecadyvy, v =0 at X, (Na)

where « is a parameter linked to the roughness profile w. In our model, a formal explanation
is as follows. As the Poiseuille flow u° does not vanish at the lower part of 99, a boundary
layer corrector

ul(z,z/e) = 6pev(x/e)

must be added to describe the dynamics near the irregular boundary. The (normalized)
boundary layer v = v(y) is defined on the rescaled infinite domain

Qv = {y, y2 > w(yr)}



It is made to cancel the trace of u° at the rough boundary. Formally, it satisfies the following
Stokes problem
—Av+Vqg =0, ze

Vv =0 zeQ” (BL)
v(y1,w(yr)) = —(w(y1),0).

The belief which leads to the Navier wall law is that v should converge to a constant field at
infinity, which is classical in boundary layer theory. More precisely, one expects

v —v>* =(a,0), asyz — 400
for some constant «. Back to the approximation of u®, one obtains formally
uf ~u’ + 66 (a,0) + o(e)  in L2
and the sum of the first two terms at the r.h.s satisify (Na).

The problem we consider in this paper is the mathematical justification of this formal
reasoning. The main point is to understand the properties of the boundary layer system
(BL). Although linear, the analysis of this is system is not easy, at least at two levels.

1. Well-posedness is not clear. As the boundary data w is not decreasing at infinity, one
must work with functions of infinite energy. To identify the appropriate functional
spaces and to obtain local bounds is not obvious. The Stokes operator being vectorial,
one can not work in L using scalar tools such as the maximum principle or Harnack
inequality. Moreover, as Q% is unbounded in all directions, the Poincaré inequality does
not hold. This is a big difference with the case of the channel: the well-posedness and
estimates of Theorem 1 rely in a crucial way on this inequality.

2. Even if a solution v is built, its behavior as yo — 400, especially its convergence to a
constant field, is also a delicate question.

The difficulties raised by system (BL) explain the periodicity assumption on w in previous
studies. Indeed, under such assumption, the analysis of (BL) gets easy. If w is say L periodic
in y1, a simple application of Lax-Milgram lemma yields well-posedness in the space

L p+oo
{v € H}.(Qy), v L — periodic in y, / / \Vol2dyady; < —|—oo}.
0 Jw(y)

Moreover, a simple Fourier transform in y; shows that

1 L
o(y) —v®|| < Ce ®/E 4> = (a,0), a= L/ vi(s)ds, >0,
0

that is exponential convergence to a constant field v>° = («, 0) at infinity. As a consequence,
in this periodic framework, the solution u”™ of (NS)-(Na) satisfies

I =¥l o) < €

We refer to [16] for a similar result in the case of a bounded channel. The error estimate 3/2

comes from the fact that

le(v(z/e) = (@, 0)l 2, = OE™?).

uloc



As discussed in [8], the Navier wall law is the best homogenized boundary condition: the
boundary layer oscillations are O(¢%/2) and thus prevent any improvement at 3.

The periodicity hypothesis is a stringent one, and has been considerably relaxed in re-
cent papers by the first author [5, 13]. In these studies, one makes the much more realistic
assumption that the rough profile is given by a random stationary process (w,y1) — w(y1)
defined on the probablity space

P ={w:R~ (-1,0), wK—Lip}, K>0,

of all admissible rough boundaries, together with the cylindrical o— field C and with a sta-
tionary measure m. We refer to [5] for precise statements. Using this probabilistic structure,
one can extend the results of the periodic case. Key elements of the analysis are:

1. the well-posedness of (BL), obtained in a functional space encoding stationarity with
respect to y;. Let us emphasize that it is a space of functions depending on both w (the
random parameter) and y. It provides the existence of a solution in the distribution
sense almost surely. However, it yields neither existence nor uniqueness of a solution
for a given w. We refer to [5] for all details.

2. the use of the ergodic theorem that substitutes to the analysis with Fourier series.
The main result of [5] is

Theorem 2 There exists a = a(w) € L?(P) such that the solution v’ of (NS), (Na) satisfies

N
[u® —u HLgloc(PxQ) = o(e),

1/2
where [[wl|z2 (proy = sups (fP fB(%l)mQ |w[2dxd7r) . Note that the o(¢) bound is only a

slight improvement of the O(g) in Theorem 1. Contrary to the periodic case, the simple use
of the ergodic theorem does not yield any speed rate. This poor bound is due to the lack of
information on the way v converges at infinity. However, in article [13], we have shown that
under a main assumption of decorrelation at large distances of the roughness distribution, one
has the sharp error estimate:

lu® = uMl2, (puay = O Inel'/?).

uloc

This bound comes from a central limit theorem for weakly dependent variables. We refer
to [13] for detailed statements and proofs. Note that this assumption of independence at
large distances is “orthogonal” to a periodicity assumption. For such roughness patterns, one
shows in brief that v — v>° as y, /2 instead of e=9%2 in the periodic case. As the first function
is almost but not square integrable in yo, it is responsible for an extra |ln5|1/ 2 term in the
estimate.

Note that Theorem 2 and the following refined estimate are by nature probabilistic. An
arbitrary non-periodic boundary w being given, one can not say if a Navier condition is the
correct wall law to homogenize this boundary. In other words, the following deterministic
questions remain:

e [s the formal reasoning described above valid for an arbitrary irregularity profile w 7
More precisely, is the system (BL) well-posed for an arbitrary w ? Then, does v converge
to a constant field («,0) at infinity ?



e If this homogenization is not valid in general, can we identify a class of functions (other
than periodic) for which it is correct ?

Broadly, we address all these questions in the present paper. We first show in section 2 that
the boundary layer system (BL) is well-posed for any Lipschitz bounded function w. Indeed,

Theorem 3 System (BL) has a unique solution v € H. (Q) satisfying:

sup/ |Vo|? < 400 where for all k,l, Qzll = Qu Nk <y <}
ko Jobl ’

k,k+1

We believe that this theorem is interesting in itself, as stationary Navier-Stokes equations in
unbounded domains are still a source of interesting open questions, see for instance [7]. The
proof of the theorem will rely on two ideas. First, we will establish an equivalent formulation of
(BL) in the channel Q% := QN {ys < 0}, with a so-called transparent boundary condition

at y2 = 0. Then, we will solve this new formulation, using ideas of [19] in a bounded channel.

The solution v at hand, we will investigate its asymptotic behaviour as y» goes to infinity.
We claim that v is very unlikely to converge to a constant field for any rough boundary. This
claim relies on the study of a similar simpler model. Transposed to (BL), it suggests that
convergence to some v°>° may not hold if the roughness profile w does not have ergodicity
properties. All details will be provided in section 3. Note that this is coherent with the
random setting studied by the first author, for which an ergodic theorem is used.

To stick to a deterministic setting, whereas preserving ergodicity, it is then natural to
consider almost periodic functions. More precisely we introduce the set:

PT(R) := {w R—R, y; — Zajeiéfyl, a; € C, & € R, J finite }
jeJ
2,00
of real valued trigonometric polynomials, and the set AP(R) := PT(R)W of functions
that are in the closure of PT(R) for the W2 norm. We shall justify the Navier wall law for
all elements of AP(R). Namely,

Theorem 4 For all w € AP(R), there evists o such that the solution u" of (NS)-(Na)
satisfies
luf = a2 () = ole).

This theorem will be proved in section 4. We point out the o(¢) in the error estimate:
again, the simple use of ergodicity properties will not provide any rate. Nevertheless, as in
the random case, we can identify a subclass for which we can say more. Let us consider a
quasiperiodic function w, that is, following [18], w(y1) = F(Ay1), for some smooth periodic
F = F(0), 6 € T? and some constant vector A € R%. We assume the following diophantine
condition:

(H) for all § > 0, there exists ¢ >0, |\-&| > c|¢]7%0, V¢ e z4\ {0}.

It is well-known that this small divisor assumption is satisfied for almost every A, see [10]. In
this framework, we have the following refined result:

Theorem 5 Assume that w(y1) = F(\y1), where F is a smooth periodic function on T¢ and
A € RY. Assume that \ satisfies (H). Then,

HUE—UNHLgM(Q) = O(*?).

This theorem will be proved at the end of section 4.



2 Well-posedness of (BL)

This section is devoted to the proof of Theorem 3. It relies on an equivalent formulation
of system (BL), inspired by transparent boundary conditions in numerical analysis. More
precisely, we will restrict the Stokes equations to the lower part of Q% namely the channel
Q= = Q¥ N {y2 = 0}. We will of course keep the same inhomogeneous boundary data at
the lower boundary y2 = w(y;). But to get an equivalent problem, we will also need to specify
a transparent boundary condition at {y2 = 0}, transparent meaning that it should be satisfied
exactly by the solution v of (BL). This transparent condition will involve a pseudodifferential
operator of Dirichlet-to-Neumann type. To introduce this equivalent formulation, we need
some preliminary results on the Stokes problem in a half-space.

2.1 Stokes problem in a half-space
We consider the Dirichlet problem for the Stokes operator in the half plane Ri:
—Au+Vp=0, ys >0,
V-u=0, y2 >0, (2.1)

Ulyy—0 = Up-

We have the following well-posedness result:

Proposition 6 For all ug € Hil/i(R) there exists a unique solution u € Hlloc(@) of (2.1)
satisfying
k+1 p+oo
sup/ / |Vu|? dyady; < +oc. (2.2)
keZ Jk 0
Proof.
Uniqueness

Suppose that ug = 0 and that u satisfies (2.1)-(2.2). We wish to show that u = 0. The
key ingredient is the Fourier transform with respect to y;. To apply this transform to the
equation, we must ensure first that the velocity and pressure fields have enough regularity.

By Poincaré’s inequality, we infer from (2.2): for all a > 0

k+1 ra k+1  p+oo
sup/ / lul? dyydys < C, sup/ / \Vul|*dyady; < +oo. (2.3)
ko Jk 0 ko Jk 0

Moreover, standard elliptic regularity results yield: for all 3 € N2,
k+3/4 1 k+1 p5/4
/ / |85u|2dy2dy1 < C/ / (IVul? + [ul?) dyadys
k+1/4 Jo k 0

Combining this inequality with inequality (2.3), a = 5/4, we obtain the following estimate
near the boundary: for all 3 € N2,

k+3/4 1
/ / |85u|2dy2dy1 < +o00 (2.4)
k+1/4 Jo



As v; = Qpu, i = 1,2, satisfies a homogeneous Stokes equation in R%, we can apply the
Cacciopoli’s inequality to the v;’s, see [15]. We deduce the following interior estimate: for all
a > 3/4,

k+1  patl k+5/4 ra+5/4
/ / |V2u|?dyady; < C |Vu|?dyady, (2.5)
k a k—1/4 Ja—1/4

where C does not depend on a. By the same elliptic regularity results as before, but applied
inside the domain and to the v'’s, we get: for all 3 € N2,

k+3/4 ra+3/4 k+1 pra+l
/ / |65Vu]2dy2dy1 < C/ / (]V2u|2 + ]Vu|2) dyady
k+1/4 Ja+1/4 k a
Together with (2.5), this yields
k+3/4  ra+3/4 k+5/4  ra+5/4
/ / 00V dysdy, < C Vul2dyady,
k+1/4 Ja+1/4 k—1/4 Ja—1/4

Summing over a = 3/4,1+41/4,2+ 1/4... and adding the boundary estimate (2.4), we obtain

k+1 +oo
V6 e N2, sgp/k /0 |05Vu|2 + ]85Vp|2 dyady; < +oo. (2.6)

As a consequence of these bounds, there exists a unique smooth % such that

u=Vy, Ylg,—0) = 0¥|p,—0 =0, A%p=0

by the Stokes equation. Note that

y2 = P(y1,42) € C(RT; CP(R)).

Moreover,
H(95V2w(-,y2)|\cg(R) — 0, asys — 400, VBN (2.7)

As C)(R) C S'(R), the space of tempered distributions, we can take the Fourier transform

with respect to yi, considering zﬁ(f v y2) = F(+,y2)(§). One can apply the Fourier transform
to the biharmonic equation: it yields

(63 o |§’2)2@(§,y2) = 0.

To avoid any problem with possible singularities at £ = 0, we introduce a smooth function
X = x(&) compactly supported in R*. Then, ¢ := qu satisfies the same equation as 12}, is
smooth with respect to yo, is a temperate distribution in £ with compact support in R* . By
standard integrating factor method, one shows easily that

©(&y2) = (A1(©) 2 + A2(€)) 7 + (B1(&) y2 + Ba(€)) €,

for temperate distributions A;, B; compactly supported in R* | which makes the product with
the exponential terms meaningful. Then, we can use the boundary conditions ¢[g,,—oy =
02l 1y,—0y = 0 and the conditions at infinity

8ﬁv290(7 y?) — 07 as Yy — +OO, in S/(R), Vﬂ & NZ,



all inherited from ¢. This implies easily ¢ = 0, and from there ¢ = 0 for £ € R*. The
same result holds for £ € R’ . Thus, for all ys, 12(, y2) has support in {0}. It is therefore a
combination of a Dirac mass and its derivatives. As 1(y2,-) € CP(R), no derivative can be

involved, which means

U(y2,§) = p(x2)0(¢).
The equation yields p(*) (z2) = 0. Again, by conditions at y2 = 0 and yo = +00, we obtain
p = 0. Thus, ¥ = 0, which concludes the proof of uniqueness.

Ezistence
Let up € H, lld/ 02 .(R). We build a solution (u,p) of (2.1) in terms of the Poisson kernel for the
Stokes operator. We set for all y5 > 0:
uly) = / G(t,y2)uo(yr —t) dt, ply) = / Vy(t,y2) - uo(yr —t) di (2.8)
R R
2y2 Yt y1y2 2y2
where G(y) = ———— ( ! ) ;o 9W) =——5
T(yi +y3)? \wvz v m(yi +v3)

One can check easily that u,p belong to C°°(R%) and that one can differentiate under the
integral sign. Moreover, one can show that for all a > 0, for all 5 € N2,

k+1 - ptoo k+1 p+oo
Sup/ / <|85Vu|2 * / / |85p|2> dyady1 < C(a, ) < +00.
k Je Ja .,

Let us just show one of these inequalities, namely: for all k

k+1 400
/ / Vul? < C < +oo,
k a

where C' is independent of k. The higher derivatives and pressure term are handled in the
exact same way. Considering the form of (2.8), it is enough to prove the bound for & = 0.

We write
1 +0oo ) 1 +o0 1 ,
Vulrdyadyr < C/ / ’/ -3 |uo(yr — ¢ dt’ dyady
/0 /a ‘ | 0 a Rt2+y%’ ( )‘
1 +o0 1 1 )

¢ (1 — t)|*dtdyr d
B /o /a </Rt2+y§>/Rt2+y%| o(y1 — t)|"dtdyrdy;
<

oo 1 1 oo q
C// / o dtdyafuollz, < C”/ 2 <« oo
a Y2 Jr t° + Y35 uloc a Y2

By well-known properties of G and g, the fields u and p satisfy the Stokes equation in R%r. It
remains to show that for a > 0,

k+1 pra
/ / [ul? + |Vul|?dyady; < C < +oo
k 0

uniformly in & and that u|g,—o} = uo in the trace sense over (k,k + 1). Again, it is clearly
enough to show it for k = 0. Let x € CZ°(R), x =1 on [—1,2]. We decompose

w=U+V = / Glyr — . y)x(®) uo(t)dt + / Gl — ty2) (1 — (1)) up(t)dt

9



To bound U, one uses the fact that yuo € H'?(R). Ast— G(t,y2) € LY(R) for all 5 > 0,
one can take the Fourier transform with respect to y1, U(€, y2) = G(£, 1) Xuo(£). An explicit
calculation yields

O6m) = e ¥yin(e) — (T + i sign(@ @ me = (). @9

Thanks to this expression, one checks that U is in H*(R x (0,a)) for all @ > 0, a fortiori in
HY (R x (0,a)). We still have to bound V. We write directly

uloc
a 1 5 a 1 1
deldygsc// /1—Xtu0tdt
/0/0H 0o Jo R|y1—t\2+y%( EDunle)

Notice that for ¢ in the support of (1 — x)up and y; € (0,1), one has |y; —¢| > [t — 1] > 2. In
other words, one does not see the singularity of the kernel GG. Hence,

[ [ e < o [ o - xoua

The same argument works for the gradient and provides the bound in Hul oc
the same way, one can decompose

2
dy1dyo

2

1
<Y Sluol?a, < +oo.
keZ

(R x (0,a)). In

p=P+Q = /RVQ(yl —t,y2)x(t) uo(t)dt + /RVQ(yl —t,92) (1 = x(t)) uo(t)dt

and show that p belongs to L x (0,a)). In particular

uloc(

P(&,yo) = —2e7 2 (g, + i sign(€) Xuo,) i€ (2.10)

To show that u|y,—g, we write

2
() o) = /R G(t, y2) (wo(yr — £) — uo(yn)) dt

§C/R|G(t,x2)||u0(:v1—t)—u0(t)|2dt

using Cauchy-Schwartz inequality and homogeneity properties of the kernel. Integrating with
respect to y1, we obtain

1
[} o) — ot < c( [ 16 -0 = wolfsa dt)

< (C (/ |G(t,yg)\|]7;tuo — U()H%Q(OJ) dt + 2/ |G(t,y2)| dt ”uOHLilOC>
|t|<& [¢[>6

The first term at the r.h.s goes to zero as § — 0, whereas the second term goes to zero as

y2 — 0. So, on one hand / lu(y) — uo(y1)>dy; — 0 as yo — 0. On the other hand, a direct
0

computation yields
1
/0 u(y) — uly, 0)Pdyr < C(a) y2 |02ull £2((0,1)(0,0))-
Hence, u]{ygzo} = ug. It ends the proof of the proposition.

10



2.2 Dirichlet-to-Neumann operator

Thanks to these preliminary results, we can now introduce a new system in Q% equivalent
to (BL). The keypoint is to determine a boundary condition at y, = 0 that the solution v of
(BL) should satisfy. Briefly, the idea is that (v, ) is the solution of (2.1) with ug = v|gy,—0y-
Therefore, its expression is given by (2.8). This expression allows to express the stress tensor
Opv — qn = —02v + qey at the boundary {ys = 0} in terms of v at {y2 = 0}. Formally,

(Onv — qn)|y—0y = DN (v[gy,—0})
for some Dirichlet-to-Neumann operator DN that we will now properly define.

Usually, such Dirichlet-to-Neumann operators are easier to define in Fourier space, typi-

cally over H*(R). As our boundary data ug belongs to H il/ 02 .(R), we must extend the definition

usually given on H 1/ 2(R). As in the previous pragraph, the idea is to decompose

uop = xup + (1 — xuo).

The action of DN on xug will be defined in Fourier space, wehereas its action on (1 — yuy)
will be defined in the physical space through a singular integral, for which the singularity will
not be annoying. Precisely, we define

DN : H/2(R) — D'(R)

uloc

in the following way. Let ug € HY? (R), ¢ € CF(R). Let x € C°(R), such that x =1 on

uloc
an open set O, containing the support of . We define

< DN(uo), ¢ ><D'(R),DR)> = < BJVV(XUO)v Y > <H-1/2(R),H/2(R)>
+ [ K@= u)-e,
R

where

e DN : HY 2(R) — H~'/2(R) is the “standard” Dirichlet-to-Neumann operator, defined
in Fourier space by

FONE) = —l6Fu® - () Furismorn. @

Remark that - L
FDN(X’LLD) = —09U + Pey

where U, P are defined in (2.9)-(2.10).

e The kernel K is given by
—2_ 9
VE£0, K(t) := —:G(t,0) + ez ® Vg(t,0) = ( L > .

Note that, by the singularity of G and g, this kernel is singular at ¢ = 0. However, due
to the properties of ¢ and x, the integral

/ K (1 - x)uo) - = / / K(5)((1— )1 — ) uo(ys — 1) olyn) dedyy
R RJR

11



is well-defined. Indeed, similarly to the previous subsection, for (yi,¢) in the support
of (y1,t) — (1 — x)(y1 — t) ¢(y1), we have |t| > § > 0, so that the singularity is not a
problem. One shows easily

1
JIE (@ = 0wl < Clielze lwliz,, [ gdt<+oo  (212)
R [t|>6

Remark that

/ K ((1—=x)ug) - p = /(—62V + Qe2)|y,=0}
R R

where V, ) were introduced in the previous subsection.

This definition depends a priori on the truncation function y. However, it is intrinsic, as
stated in

Lemma 7 The quantity < DN (ugp), ¢ > defined above does not depend on the choice of x.
Moreover, DN (ug) belongs to D'(R).

Proof. Let ug, ¢ as above, and y, x’ two truncation functions as above. One must check
that

< DN((x — x')u0), ¢ > = /RK* (x = x")uo) - .

Taking the inverse Fourier transform in (2.11), we obtain

DV (=X u) = =200 (vt (= ) 0y (N0

X — X )uo,1

where pv denotes the principal value. Thus,

— 2/ 1 y
< DN((x = x)uo), ¢ > =< = (pv * (X — x’)uo> +(x =) <_0’2 > o>
T yl UOJ

2/ 1 ,
=< — pv;*(x—x)uo , o>

™

The second term cancels because the support of y — x’ is disjoint from the support of p. By
definition of the principal value,

__ 2 .
< DN(x =Y o= = [t | =X s — O npton )y
R R

e—0 —&,] t

By the assumption on the support of xy — X/, one can replace for € small enough the integral
over R\ [—¢,¢] by the integral over R:

< DN(x =X v >= = [ [ S00= ¥ = thuolas Dt ()i

Then, changing t for 1 — t and integrating by parts, we end up with

<5Mu—xmmw>:—2/_{)u V() uolt) (y1) dyn

—/K* )
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which shows that DN is well-defined. The fact that DN (ug) belongs to D'(R) follows from
the fact that BTV(XUO) € H™Y2(R) and from the estimate (2.12). In fact, keeping the same
construction, DN (ug) can be extended to a continuous linear form (that we still denote DN)
over the space Hcl/2 (R) of H'/? functions with compact support. That is, for all ¢ € H1/2(R),
with support in K,

| < DN@),p > | < CK) Juoll 172 5y Il /2ey

Lemma 8 Letug € H l/oc( R), and (u,p) the solution of (2.1) provided by Proposition 6. For

all p € CSO(R2 ) with V- =0,

2 Vu-Vp =< DN(U()), (p|{y2:0} > (2.13)
+

In particular, if u,p are regular enough, DN (ug) = (Onu —pn)|{y,—oy-

Proof: A look at the proof of Proposition 6 shows that the mapping

uloc

1/2 k+1 p+oo
oY (R) — {v, sup/ / v dyady; < +oo} ,  up+— Vu, wu solution of (2.1)
k Jk 0

is continuous. Moreover, a look at the proof of Lemma 7 shows that the r.h.s. in (2.13) is
continuous over H'/> (R) as well. Thus, it is enough to prove (2.13) for ug € C;°(R). By

uloc

elliptic regularity u,p are then in C'*° (Ri)

We take again a smooth function x, compactly supported, with x = 1 in an open set O,
containing the support of ¢. Let Uy := xug, resp. Vo := (1—x)ug, and (U, P), resp. (V,Q)
the corresponding solutions of (2.1). It is enough to show that

/VU VQDZ<DNU0 /VV Ve = /K*Vogp
It is a straightforward computation, that is left to the reader.

We are now ready to provide an equivalent formulation for (BL).

Proposition 9 Let (v,q) a solution of (BL) in H. (Qu) with supy, [ou |[Vv[* < 4oc.
k,k+1

Then it satisfies
—Av+Vqg=0,yc¢€ Qb

V-v=0,yeQ"%"

v(y,w(yr)) = —(w(y1),0),
(=020 + qe2)|(y,=0y = DN (v]z,=0)

(2.14)

Moreover, v = / G(y1 — t,y2) v|yo—0y () dt, y2 > 0.
R

(QPL7) solution of (2.14). Then, the field v defined by

Conversely, let v~ in H&loc

vi=0v" m Q% v = /G(y1 —t,y2) v (¢,0)dt forys >0
R

is a solution of (BL) in Hlloc(@) such that supy, [ou  |Vv|* < 4o0.
k,k+1

13



We emphasize that v~ solves (2.14) means: v~ solves (2.14c) in the trace sense, and for all
@ € C°(Q8:~) such that div ¢ = 0, @[fy,—w(y)} =0,

. Vo -V = — < DN(vi|{y2:0}), ©w>.

Note that v= € Hp,,.(%7), so that v™| g, o) € b7 i (R) and so DN (v~ |y,=0) is well-defined.

uloc
The proof is a straightforward consequence of Proposition 6 and Lemma 8, and we do not

give further details for the sake of brevity.

2.3 Well-posedness of the equivalent problem

By the previous proposition, well-posedness of (BL) is the same as well-posedness of (2.14), in
the channel Q% ~. In order to get an homogenenous Dirichlet condition at the lower boundary,
we introduce the new unknowns u := v + (y2,0), p:= q. They satisfy formally

—Au+Vp=0, yec QW
V-u=0, yEle’_,

u(ylaw(y1)> =0,
(=02t + pe2)|(ys—0p = DN (ulfy,—0y) + (1,0)

(BL™)

Theorem 3 will be a consequence of
Proposition 10 System (BL™) has a unique solution u € H}, (Q%7).

Proof. In order to lighten notations, we will write © instead of Q% ~ in the whole proof. As
the smooth part =R x (0,1) of the rough channel Q° is not involved in the proof, there is
no risk of confusion. We will use notations

Qg = QN{k <|yil <}, Epy = {y2 =0, k <[y <1}, Q= Qgp, g = S_pp.
FEaxistence
We will construct a solution u as the limit of approximations u™, solving the following problem:

u eV,

Y2=

where
V= {<P € Hl(Q)7 divp =0, 9p=0o0n Q \ Qy, @’{y2=w(y1)} = 0} ’ ”SOH%/ = /{; |V(P‘2

As mentioned at the end of the proof of Lemma 7, < DN (u"[{y,—0}), ¢|{y,—0} > is well-defined
for all ¢ € H'(Q2) with compact support, especially for ¢ € V. The variational formulation
(2.15) is well-posed in V' by Lax-Milgram Lemma. By little adaptation of Proposition 9, the
fonction

v i=u" —yoin Q, 0" :=G(-,y2) xu"|(-,0) in R x R4

14



satisfies
—Av" +Vq" =0, y1 € (—n,n), y2 > w(y1)

V0" =0, y1 € (—n,n), y2 > w(y1)
v"(z) = —(w(¥1),0), w1 € (—n,n), y2 = w(y1).

for some pressure ¢". Standard elliptic regularity arguments show that v™, ¢" are smooth
inside their domain. Back to u™, we get

—Au" 4+ Vp" =0, yeQ,,
V-u" =0, ye€Q,,

u(z) =0, y €, \ Xy, (2.16)
(=0u™ + pes)|s, = — DN(u"\{yFO}) +(1,0).
for some pressure p”, with
u" € C*®(Q,UE,), ptelC>®(Q,Ux,).
It is easy to deduce from the identity (2.13) that
< DN(cp]{yFo}), <p]{y2:0} > >0, VpeV. (2.17)

Taking ¢ = «™ in (2.15), this gives

1/2 12
/|Vu”|2 <c W < OV (/ WP) < 'V (/ |82u"|2>
Q {y2=0} {y2=0} Q

using successively Cauchy-Schwartz inequality over {|y;| < n}, and Poincaré inequality over
the whole channel Q, with u"[(,,—,,,)} = 0 (therefore, constant C’ does not depend on n).
We get the global estimate

/|Vu"|2 = / |Vu|> < Con (2.18)
Q Qn

Of course, this bound explodes as n — 4o00. It is reminiscent of the fact that u should be in
HY, (R), therefore of infinite energy. The main point is therefore to obtain a local uniform
bound on Vu'. This question has been adressed by Solonnikov and Ladyzenskaya [19], when
the non-local condition (2.16¢) is replaced by a homogeneous Dirichlet condition (and some
appropriate forcing is added inside the domain). Their analysis is the starting point of the
well-posedness result in Theorem 1. In a very crude way, the idea is to introduce the linear

quantity
E} ::/ \Vu"?, k< n.
Q

By the global estimate (2.18), E}' < Cn. Then, one shows by induction on n — k that
E}! < Ck. Using this inequality for k = 1 yields le |[Vu™|? < C. Finally, one uses the same
reasoning on the translated channel Q + (k,0) to get a uniform local bound. Typically, the
induction relies on an induction relation between £}’ and E}’ 1, like

Ef <C(Ely —Ef+k+1).

15



Such relation is obtained using a truncation over € and energy estimates. We stress that the
fact that Poincaré’s inequality applies in a channel is a crucial ingredient in this reasoning.
Indeed, the truncation over € involves terms containing u", whereas the Laplacian gives a
control of Vu". This is why we wanted to replace the original system in Q% by a system in
the channel Q(= Q% 7~). The problem is that the new Dirichlet-to-Neumann operator is not
local, so that the induction relation will be harder to derive, and more elaborate. To lighten
notations, we shall denote Ej, instead of E}'. We shall prove that there exists 7 > 0 such that,
for any m > 1

1
Ek < Cl k+14+— sup (Ej-i-l - Ej) + m sup (Ej-i-l - Ej) . (2.19)
m j>k+m ktm>j>k

Before we establish this inequality, let us indicate how it implies an H il o bound on u™. More
precisely, let us show first by induction on n — k that for m large enough, (2.19) implies

1
Ey < Cy (k+14+— sup (Ejp1—E;) +m*|, Vk<n. (2.20)
mt j>k+m
for some Cy depending on the constants Cy in (2.18) and C; in (2.19). The inequality is of
course true when k = n, as soon as C7 > Cy. Now, we assume that
/ 1 3
By <Cy [KF+14+— sup (Ej+1—Ej)+m
M >k im

holds for all indices ¥’ = k +1,...,n, and try to show it holds for index k. If not, one has

1
Ey > Cy [k+1+ — sup (Ejp1—Ej)+m?]. (2.21)
m" j>kim

Combining these last two inequalities, we have for all k +m > j > k
Ej+1 — Ej < Ej+1 — Ek < CQ(TTZ + 1).
By (2.19), we deduce
1
E, <y (k‘ + 14+ — sup (EjJrl — Ej) + C’gm(m + 1)) . (2.22)
mt j<k+m

Comparison between (2.21) and (2.22) yields a contradiction if Cy > C; and C1 Com(m—+1) <
Com?, which is satisfied if Cy > Cy and m large enough. Thus, inequality (2.20) is valid for
all k <n. For k=1, we get

1
Ei < Ci |2+ —sup(EjH — Ej) +m3 .
m" jeN

It will be clear from the proof of (2.19) below that it is invariant by a horizontal translation.
Thus, previous inequality generalizes to

1
Exni—FE, <Ci |2+ — sup(Ej+1 — Ej) +m?
m' jeN

16



for all k, so that for m large enough, we end up with

(2+m?3)

e =(C < 400

sup (Brt1— Ep) < Cy

which is a H il o bound on u". We can therefore extract a subsequence of u™ that converges

weakly to some u € H}, (), clearly satisfying (BL™).

It remains to prove (2.19). The case k = n follows again from (2.18). Let k& < n.
We introduce a smooth truncation function xr = xx(y1)) € [0,1], compactly supported in
(k—1, k+1), with x =1 on [k, k], |x}| <2. We will note u instead of . One multiplies
(2.16a) by xru and integrate by parts:

/Q xelVul? < /Q Vil ful? — / DN () - xaulgyyooy + /E rxkuum\ /Q PV

Note that we use an integral sign instead of a bracket sign for the term containing DN (u).
Indeed, u,p are regular over ¥,, so that DN(u) = (—0u + pe2)|(y,—o} is a real smooth
function. We must evaluate the four terms at the r.h.s. Clearly,

i=1

I < 2/ lul? < O/ |oul? < C(Epy1 — Ey),
Qi kpt1 Qk.k1
using Poincaré inequality in the channel. Then, by Cauchy-Schwartz inequality

Iy < CJW(/Q\\/X?W)W < Cyk+1) + u/karqu

where v will be taken small to absorb the second term in the r.h.s.

Let us decompose I as follows, for m > 1:

IN

‘/QDN((Xker — Xk)U) © XEU =J1 + J

| DV = xkema) v

where we have used (2.17). First term is dominated through

il < Cllxwull gz | erm = Xkl g2 (s

< Clxwull g @) | (Xktm — xp)ullmi@ < Com  sup  (Ejp1 — Ej) + v Ey,
k4+m>j5>k

A

where again v will be taken small. To bound J2,we use the convolution formula with the
kernel K. It yields:

17



1
J) < C / / L) dt | () ulyn)| i,
St JE\E s [ — 1]

C </E Xk(y1)|u(y1)|2dy1>l/2

1 1 1/2
dyy / dt/ —|u t)|2dt
(‘/Ek-H S\Zktm |t — y1’2+277 S\Zk4m |t — yl‘Q 2 ut

1/2

IA

1 . _
< CE[* m™1? / / g didyr sup (Eje —Ej) Y (j— k)P
Skt1 Y E\Ektm It =yl J>k+m j>ktm

for any 0 <n < 1/2. A direct computation leads to

1 1
———dtdyy < C'/ ———dx < 4o00.
/Ek+1 /23\2k+m |t —y1 [>T R\[0,1] it

Thus,

| J2]

IA

1/2
CE,?
sup sup (Fii1—F;
m/2 j2k+mj2k+m( s = Ey)

Cy
— sup (Fiyx1—FE;) + vEy
mi j2k+m( J+ ])

IN

We end up with

C
I, < vE, + —1:7 sup (Ejp1—E;) + Com  sup  (Ejp1 — Ej)
mT j>k+m ktm>j>k

The integral Iy coming from the pressure term is
Iy = /prkm = /Qp(yl,O) (Xku1)(y) dy + /Q/OW Oap(y1, t)dt (xjur)(y)dy = Hi + Ha.
One writes, using the boundary condition at {y2 = 0}
= [ 0(n.0) W)y + [ DN(uliamo)) -2 () ) d

= /—81U1(y1,0) (xpu1)(y) dy + /DN(U|{y20})'€2 (Xju1)(y) dy
Q Q

where the last line comes from the divergence-free condition. After an integration by parts,
the first term is easily bounded by C'[luil[r2(x, ., ) I Vullz2(q, ,py)» thus by C (Ext1 — Ej).
The second term is treated similarly to I, as [(x},u1)(y1, y2)dy2 substitutes to xxu|y,—0. We
get

| /ﬂ DN (ulqypeoy) - €2 () (9) dy| < C(Eiyr — E)V?

1/2
1

Vu +——7—= sup (Fj+1—FE;) + m sup (E; —E“) .
(H ||L2(Qk) /2 jZk-iI-)m( j+1 J) k+m2j2k( J+1 J)
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This yields

C
|Hi| < vEp + (C,+m) sup (Ejp1 — Ej) + — sup (B — Ej)
k+m>ji>k m j>k+m

Using the Stokes equation, we then get

Y2
Hy = / / (0F + 03)ua(y1,t) dt (xXhu1)(y) dy
Qp k41 /0
Y2
= / / —Aua(y1,t) dt 01 (xpu1)(y) dy
Qg k1 /0

! /nml Oyua(y) (Xpur)(y) dy — /Q Oyu2(y1,0) (xpu)(y) dy

k,k+1

The first two terms are easily bounded by C(Ej4+1 — Ex). For the last one, one can again
replace Ooug by —01u; and integrate by parts with respect to y;. Finally, Ho < C(Ek4+1— Ek)
and

Cy
|I;] < vE; + — sup (Ejy1 —Ej) + Com  sup  (Ej41 — Ej)
MY j>k+m ktm>j>k

Gathering the bounds on the I;’s and taking v small enough lead to the induction relation
(2.19). This ends the existence part.

Uniqueness

Let u be the difference of two solutions of (BL™) in H}

uloc

(). It satisfies

—Au+Vp=0, ye Q-
V.-u=0, yEle’_,
u(yr,w(y1)) =0,
(—=02u + pea)lyo—0y = DN (ulgy—0})

Applying the same estimates as in the “existence part”, the induction relation (2.19) is mod-
ified into:

1
Ek < C ( sup (Ej+1 —Ej) + m sup (Ej+1 —Ej)> .
mb j>k+m k4+m<j<k
The difference with (2.19) is of course the lack of a (k+ 1) term, because of the homogeneous

condition on the stress tensor at {y, = 0}. Using the H ,}Ll oc bound on u, we get

E, <

uniformly in k, which means that the difference u between the two solutions belongs to H'(R).
We can then multiply the Stokes equation on u by w itself and integrate by parts. By positivity
of the DN operator (= DN in this context), the energy estimate yields [, [Vu|* = 0, so that
u = 0. This ends the proof of Proposition 10.
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3 Asymptotic behaviour of (BL)

By theorem 3, the well-posedness of the boundary layer system is ensured for all Lipschitz
bounded boundary {y2 = w(y1)}. It opens the way to the formal scenario explained in the
introduction: if v converges to a constant field v*° = («,0) as yo — 400, then one can
believe that a slip condition of Navier type is the best choice for a wall law. Unfortunately,
convergence of v far from the boundary is unlikely to be true for all roughness profiles w. This
claim is suggested by what happens for the following similar (but simpler) problem

Av=0,yeR2,
{ veny (3.1)

U = Vo, yQZO)

where vy € L*(R). One can check by standard scalar arguments that this Dirichlet problem
has a unique solution v € L*(R). System (3.1) is a baby version of (BL), oscillations of
the boundary being replaced by oscillations of the boundary data. Nevertheless, it shares
common features with (BL). For instance, if vg is L—periodic and smooth, a simple Fourier

analysis shows that
1 /L
v—v® = / vo(t)dt, asys — +o0
L Jo
and that the convergence is exponential. It is then natural to ask if this convergence property
is true in general. However,

Proposition 11 There exists vg € L>°(R) such that v(0,y2) does not have a limit when
Yg — +00.

When transposed to the original system (BL), this suggest that there may be some w for which
v does not converge transversally to the boundary. For the corresponding rough channels,
the Dirichlet boundary condition can certainly not be improved.

Proof of the proposition. We take
vo = (=1)F on (zF,2"/?), keN, z>1tobe fixed later, vy =0 elsewhere.

The proof of non-convergence of vy relies on the expression of the solution v of (3.1) in terms
of the Poisson kernel:

(0, y2) = /R mvo(t)dt. (3.2)

With yo = 2", this yields

+o0
v(0,z") = %Z(—l)k (arctan(xk+1/2_") - arctan(:):k_”)>
k=0

_ (_71)71 +ZOO (_1)|J'| (arctan(ijrl/Q) — arctan(a?j)) = =1" I, + o(1),
j=-—n
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n
where [, := Z (=1)b! <arctan(a:j+1/2) - arctan(a;j)> . We will show that I,, has a non-zero
j=-—n
limit for = large enough, from where v(0,z™) will have no limit as n — +oc.

I, = i(—l)j (arctan(a:j+1/2) - arctan(xj)> + i(—l)j (arctan(x_j+1/2) - arctan(x_j))

3=0 j=1
= (—1) (arctan(:v_j) - arctan(a:_j_l/2)) + Z(—l)j (arctan(az—j+1/2) - arctan(:c_j))
j=0 j=1

using that arctan(z) + arctan(1/x) = 7/2 for x > 0. Note that the terms 4 arctanz 7,
j=1,...,n cancel. The change of index n :=n — 1 in the second sum yields

n n—1

_ T j —j—1/2 j —j—1/2

I, = 1 '50(—1)] arctan(z 7/ ~1/2) — EO(—l)] arctan(z 7 ~1/2)
J= J=

+oo
— I = % - 22(—1)j arctan(z7"Y2) | asn — +oo.
j=

The right term in the limit is an alternating series. Therefore,
% — 2arctan(z"?) <1I SZ — 2arctan(z~Y/?) 4 2arctan(z/2)
which is close to m/4 for any z large enough. This ends the proof.

The “input” vy considered in the above proof, built as a sequence of +1’s, stresses the
analogy between the problem of the asymptotic behaviour and the problem of coin tossing.
Indeed, in this case, formula (3.2) can be seen as an averaging of sequences of +1’s, not
uniform, but following the distribution ﬂﬂyij-y%) As yo goes to infinity, this corresponds to
long time averaging. With such analogy in mind, we can expect bad data vy’s like in the
above proposition to be quite exceptional. For instance, the law of large numbers says that

almost surely, a Bernoulli sequence of +1’s converges to 0.
Indeed, as soon as
1

L
L/o vo(yr —t)dt — v>°, L — +oo (3.3)

the solution v of (3.1) satisfies: v(y1,y2) — v°°, as yo — +oo. This can be deduced from a
simple integration by parts in (3.2), writing

1 yat 1 /t
™ = = - — 8)ds —v™ ) dt
v(Yy1,y2) — v W/RtQHJ% ; ( ; vo(y1 — s)ds — v
1 t 1/ [
= _/ 23;22(/ Uo(yl—s)ds—voo) dt
T J{ezny Y2 £ \Jo

1/ Yot 1</t Oo)
+ = - — vo(y1 — s)ds — v dt
™ Je<ny P93t \Jo olon =)

By (3.3), the first term goes to 0 as n — 400, uniformly in ys. Then, for all n, the second
term goes to 0 as yo — +00.
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The convergence given in (3.3), especially when v>° is independent of y; is connected to
the ergodicity properties of vg. Although the original problem (BL) is much more difficult
than (3.1), because its dependence with respect to the “input” w is non linear, this argument
suggests that the derivation of the Navier wall law could be made rigorous in the settings
where the roughness profile w satisfies some ergodic theorem. This is coherent with the
analysis led in [5], that justifies a Navier condition in the random stationary setting.

4 Navier wall law for almost periodic roughness

From the considerations of the previous sections, one can not expect the Navier wall law to be
good for all boundaries, but it may be good for boundaries satisfying ergodicity properties.
Besides the random framework considered in [5], it is therefore natural to consider an almost
periodic framework. This section is devoted to the proof of Theorem 4, that is justification of
a slip boundary condition for w € AP(R), where AP(R) is the set of almost periodic functions
defined in the introduction. Again, the key point will be the analysis of the boundary layer
system (BL), and more precisely the convergence properties of the solution transversally to
the boundary. The scheme of the proof is as follows:

1. We first study the case of quasiperiodic roughness, which includes the case of trigono-
metric polynomials. A keypoint is to show that the solution v(y) of (BL) is quasiperiodic
in y; for all yo > 0, that is the quasiperiodicity of the boundary is conveyed to the solu-
tion itself. Therefore, we solve (BL) in a (smaller) quasiperiodic setting. Afterwards, we
couple the ergodicity of y; — v(y1,0) to an integral formula of type (2.8), with u = v,
and up = v(-,0). We show in this way that v converges to a constant field v>*° = (¢, 0).

2. By the density of trigonometric polynomials in AP(R), and the stability estimates of
section 2, we can go from the quasiperiodic setting to the almost periodic setting. The
justification of Navier condition follows from an expansion of the real solution based on
the boundary layer analysis.

4.1 The quasiperiodic case

We consider here the case
w(n) = F(ap), F=F(@0)e€C®(T?, IeR (4.1)

where d > 1. We will show that v is quasiperiodic in y;. Therefore we reformulate (BL). We
replace v by v' := v+ (§(y2) y2,0) for some smooth truncation function § with § = 1 for
yo <0 and § =0 for yo > 1. We get

—AU’ + VC], = fla Yy € lea
Vo' =0, ye
=0, yeon

for f'(y) = (f{(y2),0) compactly supported in {y2 < 1}. We introduce

o(y1,92) = (y1,92 — x(y2)w(y1))
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for some smooth truncation function
. 1
=1 for Sl x=0 for w21, with ] < (3 + fules ).

This defines a diffeomorphism ¢ from QY to ]Ri, such that ¢ = Id for y» > 1. Then, we
introduce the new functions

that satisfy
V-AVw + BVr=g, zecR2,

V. (B'w) =0, z€R%, (4.2)
w=0, zo0=0.

where

_ (Vo) Ve _

Vo
det|V¢| = A(Azl,ZQ), B — 7

= et [V = B(Az1,22), g = G(Az1,22),

for smooth A = A(6,t), B=B(0,t), G = G(0,t), 6 € T?,t > 0. We quote that A =B = Id
and that G = 0 for ¢ large enough. Quasiperiodicity in y; for v is equivalent to quasiperiodicity
in z; for w. In other words, we look for w = W(\z1,22), W = W(0,t), 6 € T¢. Hence, it is
natural to solve directly the enlarged system
() A W+ B(MP )R =G, 0T t>0,
T t t
()‘é?(’)-BtW —0, 9eT t>0, (4.3)
w(,t) =0, t=0.

Proposition 12 System (4.3) has a unique smooth solution W satisfying
“+o0o
/ / 05 O (N - 0p)W|? + |0) OF W > dO dt < +oo, Vv,k. (4.4)
0 Td

Here, W is a solution means that for all smooth ¢ € C°°(T? x R, ) satisfying an estimate of
type (4.6), and such that (’\('9‘?9) Bty =0,

AdXRJrA()\éc?e)W.(/\é?e)w: /EdXEhG.SO. (4.5)

Proof. The main difficulty is that this system is a degenerate elliptic system, as the
A - Oy derivative does not allow a control on all tangential derivatives. The study of a similar
quasiperiodic system has been carried out in the recent paper [14], that deals with homoge-
nization of elliptic operators in polygonal domains. We follow here the same scheme of proof,
accounting for the additional difficulties due to the pressure term. To lighten notations, we

will denote D := (’\589 )
t

A priori estimates
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Basic estimate. We just multiply by W and integrate by parts to get
+00 +oo
/ |DW |2 d6 dt = / G- W dbdt
0 Td 0 Td

As G =0 for t > a, alarge enough, we get by Cauchy-Schwartz and Poincaré inequality

1/2 1/2
[ iow < et ( / |GP) ( / rawr?)
TdXR+ TdXR+ R2

+

<o G2 + y/ 0,2
TdXR+ TdXR+

IN

Taking v small enough, we obtain

/2 |IDW* < +oo0. (4.6)
R

+

Higher order tangential estimates. We then need to estimate 8] DW, for v € N, |y| > 1.
We focus on the estimates corresponding to |y| = 1. The control of higher order tangential
derivatives follows from an easy induction on the number of derivatives, relying on these
estimates. Let ¢ in {1,...,d}. We get

/ |09, DW|? < —/ D - (05, A)DW - g, W — (09,B)DR - 99, W
TdxR4 TdxR4 TdxR4
4
—~ / 99, R (D - (00,8 ) W) + / 06,G - 0p, W = > I
TdXR+ TdXR+ j=1
Clearly,
nl<c [, 1@ADWE v v [ Dw
TdXR+ TdXR+
so that by the basic estimate(4.6) |I;| < C), + 1// |09, DW 2. Also, we have easily
TdXR+
L] < C, 10, GI> + y/ 00,02,
TdXR+ TdXR+

It remains to handle the pressure terms. For the first term, we replace DR using the equation
(4.3), so that

I, = —/ (09,B)BG - 0p, W + / B™Y(D - ADW) - 0p, W
TdXR+ TdXR+

IN

C, C,|GI2 + ,,/ 050, W > + I,
TdxR4 TdxR4

where

I = / Bi(D - ADW)- 9, W, Bi = (95,B)B".
TdXR+
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The important remark to bound I} is that B; has compact support in ¢, as B = Id for t > a,
a large enough. This means we will be able to use Poincaré inequality to control 9p,W by the
better quantity dp, DW. More precisely, a simple integration by parts yields

1 < / ADW| (IDB| 05, W] + |51 D05, W)
TdXR+

IN

ClIDWI| 2z, (106 W|azasoa) + 1109V I|arons.,) )

< C, + V/ |0, DW|?
TdXR+
Finally, a double integration by parts yields
Iy = / —DR -9y, (D - (89, B" )W)
TdXR+

From there, one may proceed as for I, replacing DR and using the fact that any derivative
of B is compactly supported. We end up with

I; < C, + 1// |09, DW |2
TdXR+

Combining all these inequalities, with v small enough, we end up with ||0g, DW||2 < +o0.

Derivatives in t. Let R the rotation that maps ‘—i‘\| on the vector e; = (1,0, ...,0). Consid-

ering 6 as an element of R instead of T¢, the variables (#',t) = (R6,t) define another coor-
dinates system of R x R, and \- 9y = |A|0p; . In the neighborhood of any point of RY x R,
system (4.3) can be seen as a strongly elliptic system in 6], ¢, depending smoothly on param-
eters 05, ..., 0/, Thanks to the previous estimates on the tangential derivatives 89/2, ey 8% and
to the elliptic regularity on the derivatives 89/1 , O, we obtain a local bound on all derivatives.
Back to the original variables 0, t,

Wl gk (rax0,0)) + DRI grrax(o,ay < Clksa) < +oo, Vk,a>0 (4.7)

where C'(k,a) depends on the data G, A and B. To go from these estimates (local in t) to the
global ones, we can derive the equation with respect to t, and obtain an equation similar to
(4.3) on W’ := ,W. The only difference is that extra inhomogeneous terms are involved: at
the boundary, W'|;—g = 9;W|i=¢ # 0, and in the equations, there are several commutators.
Note that these commutators contain derivatives of A and B, so that they are compactly
supported in ¢. In particular, these extra terms are not annoying, because they are controlled
by (4.7). Thus, we can proceed as before, to get

Hag 8tDWHL2(Td><]R+) < 400

Recursively, one can get a control of all t—derivatives. We leave the details to the reader.
Eventually, we obtain the estimate (4.4).

Construction of solutions
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To build solutions, we approximate (4.3) by a strongly elliptic system. If d = 1, the system
is already strongly elliptic. If d > 2 we introduce new scalar fields w{ = wj(6,1), ..., w}] | =
wg_l(O, t), indexed by a small parameter n > 0, and the approximate problem

wy o,
AYY : + 7 : R" =0,

Wy 89471
—nAgW" + D-ADW" + BDR" = G, 0T t>0,
n (Op,w] + ... + g, ,w)] ) + D-(B'W") =0, 0T t>0,

(w],..;w] |, W) =0 = 0

Existence, uniqueness and smoothness of solutions are standard for such strongly elliptic
system, for all > 0. All the a priori estimates above extend easily to this system.

The velocity field satisfies notably
105 of DW|poraxr,) < Cv, k) <400, Vv,k.

which allows to pass to the limit as n — 0, and obtain a smooth solution V' of the variational
formulation (4.5) satisfying (4.4).

Let us stress that one does not go straightforwardly from the variational formulation (4.5)
to the strong formulation (4.3). Indeed, uniformly in 1 > 0, the pressure R" associated to
W satisfies

10 Ok DR|| 2 (pasgr,y < C(v,k) < +o0, Vv, k.

Contrary to the velocity estimate, which yields a bound on W itself (locally in ¢, thanks to
Poincaré inequality), we only get here that

DR" —D, n—0,

where D is such that: for all smooth W' satisfying D - (B'W’) = 0 and (4.4),

/ BD- W' =0. (4.8)
TdXR+

In other words, the strong formulation satisfied by W is

—-D-ADW + BD =G, 0T t>0,
D-B'W =0, 0eT% t>0, (4.9)
W(,t) =0, t=0.

where D satisfies (4.8). But it is not clear that D = DR for some smooth R periodic in 6.
Uniqueness

Uniqueness follows from the basic estimate (4.6) on the difference between two solutions. This
concludes the proof of the proposition
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We can deduce from the previous analysis quasiperiodicity properties for the system (BL).
We introduce w(z) = W(Az1, 22) and evaluate (4.9) at = Az1,t = z3. We obtain

V- AVw + BDy=g, z€R%,
V- (B'w) =0, z€eR%,

w=20, z2=0.
where D) (z) = D(\z1, 22). Taking
W' = (8)' Dt¢ = (B) (;g;) ¢

for an arbitrary smooth scalar function ¢ on T? x R, we get from (4.8)

[ARCEORED

As ¢ is arbitrary, we obtain D+ - D = 0. If we evaluate this identity at (6,¢) = (Az1, 22), it
gives VjDA = 0. Thus, one can write D) = Vr for some smooth pressure field . Hence, w
satisfies (4.2).

We can then go back to the system (BL), by considering

v(y) = w(o(y)) — (0(y2)y2,0) = W (Ay1,y2 — x(y2)w(y1)) — (6(y2)y2,0) = V(Ay1,2)

where V(6,t) := W(0, t — x(t)F(0)) — (6(¢)¢,0) is smooth and periodic in §. Clearly, v is
a solution of (BL). Moreover, by estimates (4.4), v belongs to H. . () and satisfies

sup/ Vo> < 4oo0.
0ol

b
k k,k+1

Thus, it is the solution built in Theorem 3, and it is quasiperiodic in y;, for all y5 > 0.

Proposition 13 There exists a € R such that the solution v of (BL) satisfies
v(y) — (a,0), asys — 400, uniformly in y;.

Proof. We start from the convolution formula
o) = [ Gl vl —t0)dt, 2 >0
R

where the Poisson kernel G is defined in (2.8). Integrating by parts leads to

1 t
o) = - [ @0GEw) § [ ol - s0dsds
R 0
Thanks to Proposition 12, we can write

v(yr — 5,0) = V(A1 —5)) = Y Vore® =),
kezd
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for some smooth periodic Vy = Vj(0). We define v := Z ‘A/o,k. Let 6 > 0. For n large,
k, k-2=0

Z Vor — Uoo‘ <6
k| <n, k-A=0
and for n large, uniformly in y;, uniformly in ¢ # 0,
I S idk(yi—s) >
‘t/o (v(yl —s,0) — ll; Vo e )ds’ < “% Vol < 0.

Moreover, n being fixed, we have, for |t| large enough, uniformly in y;

t t
Z Vo’k_i/o Z%keik-)\(ylfs)ds < Z ’1/0 kA Y1=9) 1o

|k|<n, k-A=0 [k|<n |k|<n,k-A#£0
2
< — <4
3 k- Al
k| <n,k-A%£0
Thus, uniformly in ¥
.1t 00
tilimoot/o v(yr —s,0)ds = v

Back to the convolution formula, we get

o0 ’

IN

t
o) =0 < [ oG]t [ ot -0 ds - ofar
[t]>M 0

t
+/ 1t0,G (¢, o) ’tl/ v(yl—s,())ds—vw]dt
lt|<M 0

¢ <5<M> + /u |<Mt6tG<t,y2>\) < (6(M> + ;2)

where (M) — 0 as M — +oo. This proves the convergence of v to v, uniformly in y; as
1o goes to infinity.

IN

It remains to show that the second component of v*° is zero. Therefore, we consider the
function u := v + (y2,0) which is divergence-free and cancels at 9Q%. We integrate the
equation V -u =0 for y; € (0,t), y2 € (w(y1),0), t > 0. We get by the Stokes formula

¢ 0 0
/ uz(s,0)ds = / Ul(tay2)d?/2—/ u1(0, y2)dy2
0 w(t) w(0)
which is exactly
t 0 0 wl(t 2 _ w(0 2
/ va(s,0)ds = / v1(t, y2)dy2—/ v1(0,92)dy2 + <)2()
0 w(t) w(0)

We divide by ¢ and let ¢ — +00. As v is bounded, we obtain v5° = 0, which means v*° = («, 0)
for some « € R. This ends the proof.

Using the homogeneity properties of the Poisson kernel G, a slight modification of the
previous argument yields

28



Corollary 1 For all 3 € N2, uniformly in y,
uy 0 (v(y) = v™) = 0, asyz — +oc.

We refer to [5] for the analogue of this corollary in the (more complicated) random case.

4.2 Extension to the almost periodic case

In this subsection, we want to show that the properties valid for for quasiperiodic roughness
extend to the class AP(R). Let w € AP(R), and v the corresponding solution of (BL). We
want to show that v(-,y2) € AP(R) for all yo > 0 and that it converges to some (a,0) as y2
goes to infinity, uniformly with respect to .

Let w” € PT(R) such that w" — w in W2>(R). We can associate to w™ a boundary
layer solution v™. By the results of the previous subsection, v™ is quasiperiodic in y; for all
y2 > 0, and converges to some field (o, 0), as y2 goes to infinity, uniformly in y;. Clearly, it
is enough to show that

V" —— v in WPP(R x {yo >a}), foralla>0 (4.10)

n—oo
to get all the properties we want on v.

To compare directly v and v™ is difficult as these functions are not defined on the same
domain. Like in the previous subsection, we introduce the diffeomorphism ¢ and the new
fields w, r solutions of the modified Stokes problem (4.2). Similarly, we introduce ¢™ and w",
r™. All these new fields are defined on the same domain Ri. The differences @™ := w — w"
and 7" = r — r" satisfy, with obvious notations:

V. AV@G" + BV = §" ==V (A" — A)Vu" + (B" = B)Vr" + g —g", z€R3,
V- (B'w") =V-((B" - B)w"), zcR%,

(4.11)
If we manage to prove that

" —— 0 in HY, (R x {y2 <a}), forall a>0, (4.12)

n—oo

then property (4.10) follows. Indeed, back to the original fields v and v™, (4.12) implies that

v"(-,0) = v(-,0) in HY?

uloc

(R), as n — 4o00.

Then, the difference v — v satisfies a Stokes equation in the half-space {yo > 0}, with a
boundary data that goes to zero in H, L/2 (R). A closer look at the the proof of Proposition 6

uloc

(existence part) shows that this property implies (4.10).

It remains to obtain (4.12). From now on, §(n) will denote a function going to zero as n
goes to infinity, possibly changing from line to line. Let a > 0 large enough so that

A" = A=B"=B =1d, z>a. (4.13)

We wish to show that

Ep = // Va2 dz < 6(n), (4.14)
RJO
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uniformly in k. This bound comes from arguments very similar to those of section 2. For
the sake of brevity, we only indicate the main steps and changes to take into account. First,
using property (4.13), one can show as in section 2 that the system is equivalent to

V. AVa" + BV =g", z€(0,a),
V- (B'a") =V-((B" - B)'w"), z¢€(0,a),

4.15
" = 0, Z9 = O, ( )
(_820:]” + ,’:7162)|{Z2:a} = DN(’LZJH‘{ZQZG})
The keypoint is to use (4.15) to derive the estimate
1
E} <C (5(n) (k+1) + —5 sup (B — E}) + 0(n) m3> (4.16)
m= j>k+m

This estimate follows from an induction argument for a sequence of approximate solutions,
as in section 2. It is based on the induction relation

1
E} <y (6(n) (k+1) +— sup (B}, —E})+m sup (E},, —E}) ) . (417)
m' j>k+m k+m>j>k

This relation comes from an energy estimate of system (4.11), localized in a truncated channel.
Precisely, one multiplies the Stokes like equation by xxw™, where x is the same truncation
function as in section 2. After integration over R x (0,a) and a few integrations by parts, we
end up with

/ V"2 < / T ™ + / Y (B” — B x + R (4.18)
Rx(0,a) Rx(0,a) Rx(0,a)
=L+ L +R" (4.19)

where

R" = / AVED" - (X}, 0) @ w™ + /
Rx(0,a)

(B, — / DN(@") - (")
Rx(0,a)

{ya=a}

gathers the remaining terms that can be treated exactly as in section 2. In particular,

J J

1
R" < C, (n sup (B}, —E7) + m  sup (B} —E”)) + vE}
m7 i>k+m k4+m>j>k

The first integral I; is treated in the following way:

I < / A — A V0" [V (™) | + / B™ — B| |V x|
Rx(0,a)

Rx(0,a)
+ / 19— g ™
Rx(0,a)

Note that the integration by parts responsible for the first term of the r.h.s. does not give any
boundary term: indeed, the quantity (A" — A) cancels at y2 = a by (4.13), and w"™ cancels
at yo = 0. We get:

k+1

II1| < 6(n) / (IVa™* + |V ]? + 1) + §(n) B} 4
—k—1J0
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where one can take
6(n) = C([[A" = Az + | B" = Bz + [ F" — Fl|z>).
As the boundaries w™ are uniformly bounded in W2, one has by standard elliptic regularity
0" 3, @y + IVa"llzz, oy < CI" iy, aumy < €

uniformly with respect to n. Thus, for the new fields:

w2, ®x0ay T 1V, @®x0a)y < C7

which in turn leads to
1| < 6(n) (k+1) + Efyy)

To handle the second integral, we integrate by parts:
[Io] = —/ 7 (xk(B" — B)'w"), —/ (Vi) (B™ — B)'w™ xi == Ji + Jo.
Rx(0,a) Rx(0,a)

Again, there is no boundary term, as (B™ — B)'w™ cancels at both boundaries y» = 0,a.
Using the equation,

Ty = / B~Y(V - AVG@" — §") ((B" — B)'w") xi.
Rx(0,a)

This term can be treated in the same spirit as I;. We state without further details
2] < 6(n) (k+1 + Ej,)

The term J; can be treated with minor modifications as the term Iy = [pyxjui in the
estimates of section 2. See also the pressure term in R™ above. It leads to:

1
|J1] < d(n) (E,? + 1+ 5 Sup (B — E}) + m sup (B} —E?)) .
Jj>k+m k+m>j5>k

Collecting all these bounds gives the inequality (4.17).

As an easy consequence of the previous result, we get the same convergence properties as
in the quasiperiodic case. Namely:

Proposition 14 There exists a € R, such that for all 3 € N2,

170 (v(y) — (2,0))| =0, asys — +o00

31



4.3 Justification of the slip condition

Thanks to the previous proposition, we conclude the proof of Theorem 4. It is very close to
the proof of Theorem 2 of [5], related to the stationary random case. The only difference is
that in [5], all estimates involved expectations, because the convergence of the boundary layer
solution did not hold a priori uniformly with respect to yy. Here, by Proposition 14, we can

obtain a “deterministic” bound, that is in L%, ().

For the sake of brevity, we only describe the main steps of proof, and refer to [5] for all
necessary details. Let the flux ¢ in (NS?) be small enough, and u® the solution provided by

Theorem 1. We introduce an approximation ug,,, of u® of the type

ugpp(7) = w’(x) + 6¢cv(z/e) + 6pe (u'(z) + r°) 1a(x)
where u” is the Poiseuille flow and v is the solution of (BL). The additional correctors u'

and r¢ ensure zero Dirichlet condition at the upper boundary of Q¢ as well as zero flux. For
instance, u! satisfies

—Aul + 4 Vet +ul -V +Vpt =0, 2€Q
1 _
V-u =0,z€Q, (4.20)

u1|{$2:0} =0, u1|{ﬂf2:1} = v = —(a,0), /u% = —a.
g

where as usual, o (resp. o° ) denotes a vertical cross section of the channel Q (resp. QF).
Like u°, u! is explicit. It is a combination of Couette and Poiseuille flows:

ut(z) = (Ul(:vQ),O) . Ul(zy) = —daxy + 3023,
The remainder ¢ satisfies

V-r* =0z,
T fze=0y = 0, 7%[{ay=1} = (—0(2/€) + V™) |{zp=1}

/r‘f = —/ u?—/ vi(xz/e) + a.
o o¢\o o€

It is provided by the following:

(4.21)

Lemma 15 The problem (4.21) has a (non-unique) solution r¢ such that

Ir N2, (@) = o(1), ase—0.

uloc

Proof of the Lemma. It is enough to find some 7 that satisfies the first two lines of (4.21)
and the estimates of the Lemma, because the field

e = -, 0 ¢ = [t [ we - [
o¢\o o€ o
will then fulfill all requirements. Indeed, the flux term ¢ is independent of z1, because
oF = —¢ —1—/ lgpp, — Where g, (7) = u(z) +v(z/e) +e (7 — a) 1g(x)
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is divergence-free and zero at 9€2°. Moreover,

e?|lwllfe

£
<
o] < =

0 1
—|—5/ |v(0, z2/¢)|dza + / [v(0,z2/e) — a|dxy + ||rf||Lee
& 0

w(0)

1
< d(e) + / |v(0,z2/¢) — aldza, 6(c) — 0, ase—0.
0

By Proposition 14, for all § > 0, we can find some M such that |v(0,y2) —a| < d for y2 > M.
Then,

1

1 eM
/ (0, 22/2) — aldzs = / 10(0, 25/2) — aldzs + / (0, 29/2) — ol dws < C(M) e + 0.
0 0 eM

This shows as needed that |¢°| = o(1) as e goes to zero.

The construction of 7 follows the exact same lines as the construction of v; in [5, Propo-
sition 5.1,p979]. The only difference is that thanks to the stronger Proposition 14, we can get

s s g 2
a deterministic H;; . bound.

This approximation at hand, Theorem 4 is deduced from the two following estimates:

@ = o(e), (4.22)

N
pr —u HL2

uloc

I

where 1!V is the solution of (NS)-(Na), with the parameter a associated to (BL), and

H’LL —UEHH1 (Qe) = 0(5) (423)

uloc

3
app

For inequality (4.22), one takes advantage that u'V is explicit, namely

uN = (U (2),0), UN(a) = ¢< 6(1+ca) o, 6 6ca >

Tt dea 2 T T 420™ T T4 e

A direct computation shows that

uV = u® +6pe(a,0) + 6¢pcul +0(?)  in L2, ()

so that
Uipp—uN = 6¢¢c (v(z/e) — (a,0)) + 6perla + O(?) = o(e) in L2, .(Q).
The inequality (4.23) comes from an energy estimate on w® = u® — ug,,,. It solves:
—Aw® + Vrf = V-G, ze€Qf,
V-w® =0,
wloge =0, (4.24)

wi =0,
0—6

[wle =0,  [Gaw® —rfes]|s = 5%,
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where

G = —uf @ut — 60peVrtlg = O(%?) + o(e) = o(e) in L2, ()

uloc

and the jump term

§€ 1= —2d¢ea + €dor®|p,—0 = O(e) in L%, (%)

uloc

which means that for all w € H}, () that cancels at the lower boundary of ¢,

sup‘/ jew‘ < COellufe =) < Ce3?||Vwl| g Q)
k Ek,k+1 uloc uloc

Following the energy estimates of article [5] (or simplifying those of the present paper!),
we get from there inequality (4.23). This concludes the proof of Theorem 4.

4.4 Small divisor assumption

The general Theorem 4 shows that a slip condition with appropriate slip parameter yields a
o(e) approximation of the solution. This error estimate can be refined in the quasiperiodic
case:

w=F\y), F=F(@)ecC®T, X\eR%

when the vector of periods A satisfies the diophantine assumption (H). In such a case, the
same Navier wall law gives a O(¢%/2) estimate, as stated in Theorem 5. This theorem will be
a consequence of

Proposition 16 If \ satisfies (H), the solution v of (BL) satisfies for all 3,y € N2,
ylzm (v—v>*)—0, asys— 0, wuniformly in y;.

In other words, the boundary layer profile is in the Schwartz class with respect to the variable
Y2, uniformly with respect to y1. This fast decay allows to turn each o(¢) into O(£%/2) in all
the arguments of the previous subsection. This is due to the fact that any power of v — v™>°
or its derivatives is integrable with respect to yo. This yields for instance:

ellv(@/e) = v™=|L2

uloc

+o0 1/2
@ < %% sup (/ v(y) —a!2dy> = 0(*?)

un (y1)

The same is true for all related quantities, which leads to Theorem 5.

Proof of the Proposition To establish this speed of convergence, we come back to the field
W = W(6,t) provided by Proposition 12. It is enough to prove that W is in the Schwartz
class with respect to t, uniformly with respect to . We remind that it satisfies the estimates

(4.4), which express that DW := </\5?9 ) W belongs to H*(T? x R*) for all s. For any smooth

function ¢ defined on T? x R, we will decompose

P(0,t) = (;;(9,75) + a(t)’ (;;(9775) df = 0.

Td
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Assumption (H) yields that

Lo = eliglnims (1.25)

for smooth enough ¢ = ¢(#) with zero average. From there and (4.4), we get the following
estimate:

+00 d B
/0 /T 0T + |0°0,W2dodt < C(B.k) < +oo, WA e NHL (4.26)

where 97 = 8511...355 af 4*1 Moreover, this yields a genuine strong formulation for system
(4.3): we remind that in the general quasiperiodic case, we only had the modified strong
formulation (4.9), due to the lack of compactness of the sequence R". We only had

DR" —D, n—0,

in H*(T¢ x R*) for any s, where D was satisfying (4.8). Here, thanks to (4.25), we get a
bound on R" which allows to extract from R" a subsequence converging in H?® to some smooth

t
R := limR" + lim | &:R".
6—0 n—0 Jo

Moreover,
+oo  pd 5
/ / 0PRP + |0POR2d0dt < C(B,k) < 400, VBEN,  (4.27)
0 T

and W, R satisfy (4.3) in a classical sense.

The last step is to determine t}}e behaviour of W and its derivatives as t — 0. Let M
large enough so that A =B = 1Id, F =0 for t > M. Thus,

D*W+DR=0, D-W=0, fort>M,80ecT (4.28)

Let T'> M. We define

“+oo
E(T) = / IDW|? dodt, and W'(t) :== W — [ W(0,T)dd.
T Td Td

Multiplying (4.28) by W and integrating for 6§ € T¢, ¢ € (T, 4+o0),
Eav:—/(%wmwﬁmw%Jv+/<%R@nwvun
Td Td

== [ @) DD W) + [ Q) RET) W)
Td T

—o
IS8

By the Cauchy-Schwartz inequality,

s < ([ o)™+ ([




By interpolation and use of (4.25), we have: for all 1 < p < +o00, for all smooth @ with zero

average,
~112 <2 . ~ 2-2/p
16 < © ([ -anl)  (19lv)

where s’ = Il)fs + s. It implies, together with (4.26), for all 1 < p < +o0,

1
A

Moreover, thanks to (4.26)-(4.27), we have crudely

(Lowenf)"+ ([,

Back to inequality (4.29), we get

)| < ¢ < TdDW\2>1/p.

R 2 1/2

1/2p
E(T) < c< |DW|2> , Vp>1
Td

which is
E(T) < C(—=E(T)Y?*, vp>1.

It yields in turn that
E(T) < CT™ Vn<l.

(4.30)

(4.31)

(4.32)

(4.33)

Remark that we can differentiate the equation (4.28) and apply the same reasoning to any

derivative of W. We obtain for all 3 € N¢+1
“+oo
Es(T) = / 0°DWPdodt < CT™", Vn<l1.
T Td
which yields by (4.25)
+00 _
/ / (yaﬁWF + yaﬁatWP) dodt < CT™, Wy <1.

T Td

By Sobolev imbedding, it implies

(/.

It also implies, using (4.25) and the Stokes equation (4.3),

(/.

Hence, (4.31) can be replaced by

(Lweol)™ = (1,

B 9 1/2
DW(-,T)’ ) < CT? wp<l.

_ 9 1/2
R(~,T)‘ ) < CT™? Wp<l1.

o\ 1/2
R(aT)‘ ) < CT—U/Q’ V77 < 17
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and the integro-differential inequality (4.32) is replaced by

E(T) < CT™"*(—E"(T)V?*, wvn<1.

Finally, (4.33) is replaced by

E(T) < CT™, Vo <p+1

Proceeding recursively, we can gain an arbitrary power of 1" in the decay rate. We end up
with

TV 9°W, T79°9,W — 0, asT — +oo, uniformly in 6.

It remains to show the rate of convergence of the average W. We write

ii

t+h t+h
Wt +h) - W) < /t S| < cm/t (14 5)~7ds

for all ¥ > 0. This shows that W (t) is a Cauchy function, hence convergent to a constant
vector W as t goes to infinity. Back to above inequality, the convergence is faster than any
power function of ¢. This concludes the proof of the proposition.
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