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Abstract

We consider the Navier-Stokes equations with Navier friction boundary conditions
and prove two results. First, in the case of a bounded domain we prove that weak
Leray solutions converge (locally in time in dimension > 3 and globally in time in
dimension 2) as the viscosity goes to 0 to a strong solution of the Euler equations
provided that the initial data converges in L? to a sufficiently smooth limit. Second,
we consider the case of a half-space and anisotropic viscosities: we fix the horizontal
viscosity, we send the vertical viscosity to 0 and prove convergence to the expected
limit system under weaker hypothesis on the initial data.

Introduction

We consider in this paper the vanishing viscosity limit for the incompressible Navier-
Stokes equations in a domain €2:

Ou—vAu+u-Vu=-Vp, in Qx(0,+00),
divu =0, in € x[0,400), (1)

u‘t:():UOv in Q.

The vanishing viscosity limit for the incompressible Navier-Stokes equations, in the
case where there exist physical boundaries, is a challenging problem due to the formation
of a boundary layer which is caused by the classical no-slip boundary condition. A partial
result, in the case of half-space, was given in [17, 18] by imposing analyticity on the initial
data. The authors proved in these papers that the Navier-Stokes solution goes to an Euler
solution outside a boundary layer, and it is close to a solution of the Prandtl equations
within the boundary layer. Concerning the anisotropic Navier-Stokes equations, in some
particular domains such as the half-space, it was showed in [10] that if the ratio of vertical
viscosity to horizontal viscosity also goes to zero, then the weak solutions converge to the
solution of the Euler system.
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From a physical point of view, the no-slip condition is only justified where the molecular
viscosity is concerned. In [14] Navier claimed that the tangential component of the viscous
stress at the boundary should be proportional to the tangential velocity. We call Navier
friction boundary conditions the following conditions:

u-n=0, [Du)n+ aul, =0, ondQx (0,+00). (2)

Here, D(u) = $(d;u; + 0ju;)1<ij<n denotes the deformation tensor, n is the exterior normal
to ©Q, a > 0 is a material constant (the friction coefficient) and [D(u)n + aulsq, is the
tangential component of the vector D(u)n + au.

The Navier friction condition was rigorously justified as a homogenization of the no-
slip condition on a rough boundary, see [6]. The Navier-Stokes equations, and also other
equations in fluid mechanics, with Navier and other similar boundary conditions were
studied in the mathematical literature, see for example [1, 5, 13] and the references therein.
Recently, in [3] and [9] was studied the inviscid limit of the two dimensional incompressible
Navier-Stokes equations in a bounded domain subject to Navier friction-type boundary
conditions, see also [12] for the case of permeable boundary. These works show that the
boundary layers arising from the inviscid limit can be controlled in dimension two, thus
proving convergence to solutions of the Euler equations.

In the first part of this paper, we extend these bidimensional convergence results to
higher dimensions by proving convergence to solutions of the Euler equations on the time
interval where (strong) solutions are known to exist. More precisely, we have the following
theorem:

Theorem 1 Let Q2 be a bounded smooth open domain in R™, n > 2, and vy € H*(Q),
s > 1+ %, a divergence free vector field tangent to the boundary. For each v > 0, we
consider uy € L*(2) a divergence free vector field tangent to the boundary such that uf — v
strongly in L*(Q) as v — 0. Let u” be a (global) weak Leray solution of the Navier-Stokes
equations (1)-(2) with initial data wf and v € C°([0,T); H*) the local strong solution of
the Euler equations defined up to the maximal time-existence T. Then, u” converges to v
strongly in L52,([0,T); L*) as v — 0.

loc

Let us comment this result. First of all, the hypothesis that the limit velocity belongs
to H® seems hard to be improved. Indeed, since we expect to obtain the Euler equations in
the limit, we should have a limit initial velocity compatible to known solutions of the Euler
equation. But, in general n-domains with n > 3, only strong solutions (which belong to
H*®, s > 1+ %) are known to exist. Next, even in dimension two this result says something
new over the results of [3] and [9]. Indeed, these articles assume that the initial velocity is
fixed and belongs to WP, with p > 2 in [9] and p = oo in [3]. The bidimensional case of
Theorem 1 assumes stronger regularity on the limit solution than [3] and [9], but applies
to weaker solutions of the Navier-Stokes equations.

The proofs of [3, 9, 12] consist in making a priori estimates and pass to the limit with
compactness methods. A similar approach does not seem to work in dimension three. The
reason is that the a priori estimates to prove should hold true for the limit system. But on



the limit system, one has in general only H*® estimates with s = 0 or s > 5/2. L? estimates
are not sufficient to make a compactness method work while a priori estimates in H*® with
s > 5/2 cannot be true. Indeed, that would imply that the limit equation also verifies the
Navier boundary conditions. We shall see in the last section that in general this is not the
case. Our proof of Theorem 1 consist in a direct estimate of the L? norm of the difference
which turns out to be surprisingly easy.

The second part of this paper is our main contribution. Here, we will consider the
anisotropic inviscid limit for the following anisotropic Navier-Stokes equations in the half-
space H = {z € R?; x5 > 0},

ou —v(0f + 03)u —edzu+u-Vu=—Vp, in Hx (0,+00),
divu =0, in H X [0,+00), (3)

u‘tzozuo, in H,

supplemented with the Navier boundary conditions that can be written in this particular
case under the following form:

us =0, Osu; =a'u;, Osuz =a'uy on AJH x (0,+00), (4)

where o/ = 2. The constants v > 0 and ¢ > 0 represent respectively the horizontal and
vertical viscosities.

The anisotropic Navier-Stokes equations are widely used in geophysical fluid dynamics
as a mathematical model for water flow in lakes and oceans, and also in the study of the
Ekman boundary layers for rotating fluids, see for instance [16, 4]. These equations appear
when the domain in use has very different horizontal and vertical dimensions; the turbulent
viscosity coefficients may not be isotropic in this case.

In the absence of physical boundary, i.e., when the fluid occupies the whole space,
the Navier-Stokes equations with vanishing vertical viscosity were primarily studied in [2].
The authors proved results of local existence for large data in anisotropic Sobolev spaces
H%% s> 1/2, and of global existence for small initial data, compared with the horizontal
viscosity, in the same space. The uniqueness was showed for s > 3/2. The gap between
the existence result and the uniqueness result was closed in [8]. The anisotropic space H®*
is a space with L? regularity in the horizontal variable and H* regularity in the vertical
variable. In the case of null vertical viscosity, similar results were obtained by [15] in
anisotropic Besov-Sobolev spaces which contain the spaces H%*, s > 1/2. These results are
very similar to results known for the isotropic Navier-Stokes equations, we refer to [8] for
a discussion of this subject.

In this part, our aim is to prove that the limit when the vertical viscosity € goes to 0
is what one should expect, i.e. the solution of the system of equations obtained by setting



e =0 in (3) and taking only the first boundary condition in (4):
ou—v(0+0)u+u-Vu=—Vp, in Hx(0,7T),
divu =0, in Hx[0,7),
u}tzo =ug, in H,
ug=0 on OH x [0,7).

(5)

We observe that the boundary condition above is sufficient to solve (5). Indeed, the
second order derivatives are only in the tangential direction and can be integrated by parts.
Moreover, this system of equations can be reduced to the case of full plane. Indeed, if we
extend u; and uy to R3 by even reflection and us by odd reflection with respect to the plane
x3 = 0, then the resulting vector field verifies the first two equations of (5) with H = R3.
Conversely, a solution of the first two equations of (5) in R? preserves this special symmetry
structure, so if the initial data has this structure, then the restriction to H is a solution
of (5). Therefore the study of (5) reduces to the one of the anisotropic Navier-Stokes
equations studied in [2, 8, 15]. Exactly the same observation holds true for the system
of equations (3)-(4) in the case o’ = 0. Using precisely the same reflection extension, we
observe that the study of (3)-(4) with o/ = 0 reduces to the study of the Navier-Stokes
equations in the full space with an initial data having the above special structure.

Our main result on the second part is stated in the following theorem.

Theorem 2 Let ug € L?(H) be a divergence free vector field, independent of €, tangent
to the boundary and such that dzug € L*(H). For ¢ € (0,1], there exist a positive time T
independent of € and a solution u® of system (3)-(4) up to time T such that

u®, Osu® € L>(0,T;L?), s, 9;05u° € L*((0,T) x H), i = 1,2.

Moreover, u® converges up to a subsequence to a solution of the limit system (5) as e — 0.
Furthermore, there exzsts a constant K independent of € and v such that if the smallness

assumption ||ug||z + ||u0||LQ||83u0||L2 < Kv holds true, then the existence and convergence
of u® hold true globally in time, i.e. one can take T = +oc.

The key point of the proof is the use of the special structure of the incompressible
Navier-Stokes system in obtaining a priori estimates.

The second part is organized as follows. In the first section, after introducing the basic
notation, we prove some anisotropic inequalities and a result for a linearized problem which
we will use in later proofs. The second section is devoted to obtaining a priori estimates
independent of €, which are the core of the proof of our main Theorem. In the third section
we prove Theorem 2, which is a trivial consequence of the a priori estimates. The last
section contains a final remark.



Part 1
The classical inviscid limit

Throughout this part, €2 denotes a bounded smooth domain of R™. We denote by
HL(Q), respectively L2(Q), the space of H*, respectively L2, divergence free vector fields
tangent to the boundary. We recall the following formula:

Lemma 3 Let [ be a divergence free vector field verifying the Navier boundary conditions
and g a divergence free vector field tangent to the boundary. Then

—/Af-gdx:%v f-gdx+2/D(f)-D(g)dx.
Q o0 Q

The proof of this identity consists in an integration by parts, see for instance [20] or [19].
We next give the definition of a weak Leray solution.

Definition 4 We call weak Leray solution of (1)-(2) a time dependent vector field u(t,x) :
[0,00) x Q — Q wverifying:
e ue Cy([0,00); L2) N LY ([0,00); HY);

[

o u verifies the system of equations (1)-(2) under the following weak form:

—/Ooo/ﬂu-atgovLQow/ooo/mu-(,0+2V/OOO/QD(U)-D(cp)+/ooo/§2u-
= [ ut0)-500)

for all divergence free test vector fields p € Cgo([O, 00) X ﬁ) tangent to the boundary;

Vu-p

e u verifies the energy inequality
t t
W@Mé+&w/ /hﬁ+4Q//WDWW§HM®M% for allt>0. (6)
0 Joo 0 Jo

Let us remark that a standard density argument allows to take less smooth test vector
fields ¢ in the above weak formulation. We next observe that the definition above encodes
the information contained in both (1) and (2). Indeed, choosing first ¢ € C§°((0,00) x Q)
we deduce that (1) is verified in the distributional sense of (0,00) x . The boundary
condition is also verified in a weak sense. Indeed, if we assume u more regular, then one
can make an integration by parts in the weak formulation and use Lemma 3 to obtain that

éméJMMH—mwsz



Since ¢ is an arbitrary test function tangent to the boundary, we must necessarily have that
D(u)n—aw is normal to the boundary. Next, we note that the energy inequality (6) follows
after multiplying formally (1) by u, integrating on € and from 0 to ¢ and using Lemma 3 to
integrate by parts the Laplacian term. Finally, we observe that global solutions in the sense
of Definition 4 are well-known to exist in the case of Dirichlet boundary conditions for any
divergence free square integrable initial data tangent to the boundary. The extension of
this classical existence result to the case of Navier boundary conditions is straightforward.
Let v be the local strong solution of the Euler equation

ow+v-Vv=-Vq, in Qx(0,7T), (7)
dive =0, in Qx][0,7),
U‘t:g =1, in

v-n=0 on 00 x][0,T).

We prove now Theorem 1. With the notations of Theorem 1, the difference w = w” =
u” — v verifies the equation

w+u’ - Vw+w-Vv—vAu' =-V(p—¢q) in . (8)

We assume in the sequel that ¢ € [0,7). Let us multiply the above equation by w,
integrate in space and time from 0 to ¢ and finally integrate by parts the Laplacian term
using Lemma 3 to obtain

ol [ [ wvowrza [ [ e [ ] 0e)pw) < SO ©

We used above that w is divergencg: and tangent to the boundary to deduce that the

pressure term vanishes and that / u” - Vw -w = 0. In fact, a little discussion is

required here. Indeed, if the spaceodir%ension is > ?1, then the a priori regularity of u”

and w does not allow to deduce that the integral / / u” - Vw - w = 0 converges, and
0o Ja

therefore to infer that it vanishes. In fact, one cannot multiply directly (8) by w since
the regularity at hand is not sufficient. However, there is a classical trick that allows to
deduce that (9) is still true at the price of assuming the energy inequality for u”, see for
example [21]. The idea is the following. Let us denote by E(u”), respectively F(v), the
left-hand side of (1), respectively (7). Formally multiplying (8) by w is the same as writing

/ot /Q[E(uy) — E(v)] - (v’ —v) = 0, that is

/ot/gE(uV)'“VJF/Ot/QE(“)'”—/Ot/QE(U”)-v—/ot/QE(v)-u":o. (10)



Since v has sufficient regularity, we see that, for ¢ € [0,7), all the terms above make
sense except for t E(u”) - u”. The observation is that multiplying the equation of
u” by itself formalfy y?elds the energy inequality (6). Since we assumed that the energy
inequality holds true, we can therefore say that / t / E(u”) - u” < 0. The relation (10)

must be modified accordingly in an inequality insteoad gf an equality and this explains why
there is an inequality in (9) instead of an equality. In short, the rigorous derivation of
(9) goes like that: add the energy inequality (6) to the equation of v multiplied by v and
subtract the equation of ©” multiplied by v and the equation of v multiplied by u”.

We now go back to (9). We write

gm//m w+2u//D
ol L et s oo

On the other hand, ’/ w-Vu- w’ < |lwl||32]|Vv||z. We deduce from the above relations
0
plugged in (9) that

t t t
lw(®)2s < [w(0)|Z +2 / ]2 Vol + va / / [of? + v / / D(w)]?
0 0 o0 0 Q

Since ||v||r290) < Cl|v|| a1 and w = u” — v, the Gronwall inequality implies that

I6(0) = o0l < [10(0) = o) + 00 @) [ ol exo (2 [ 19011),

Aswv e L2 ([0,T); H?) and H*(Q) — Lip({2), we deduce the desired conclusion:
sup [u” — vl[z2 =30 forall ¢t €[0,7T).

[0,¢]

This completes the proof of Theorem 1.

Part 11
The anisotropic inviscid limit

II.1 Notations and preliminary estimates

For a vector field u = (uq, ug, uz) we denote the horizontal component by uj, = (u1, usg).
We also define the horizontal variable xz;, = (x1,x2), we denote by V, = (01,0;) the
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horizontal gradient, by A, = 97 4+ 93 the horizontal Laplacian and by Dj the operator
D3 = (Id,03). All norms with respect to = are supposed to be taken in H unless otherwise
specified. We will use the following anisotropic Lebesgue spaces:

P = {f measurable ; || f]|zra = HHfHLp (dzn) HLq (da3) OO}-
The following remark shows that the order of integrations is important.

Remark 5 Let (Xi; 1), (Xo; p2) be two measure spaces, 1 < p < g < oo and f: X; X
Xo — R. Then

||||fHLp(X17M1)||L‘Z(X2“u2)§ H||f||Lq(X27M2)HLP(XM“)‘

For a proof see [7]. We continue with a version of the Gagliardo-Nirenberg inequality for
the anisotropic Lebesgue spaces.

Lemma 6 Suppose that p € [2,+00), q € [2,+00] and choose a number a in the interval
a € [max(%, % + 1—2, — %),min(%, % + %)] . There exists a constant C' such that

|7l < CUAINVA A2 " UDsF I IVDsF 527

Proof. We consider first the case p > 2. We use the well-known Gagliardo-Nirenberg
inequality in R? to write, for fixed 3,

1 o, w3) oz < CIF @n 23) |22 IVRS @h 23) 200y, A=

ot TN

We next apply the Hélder inequality in the vertical direction and use Remark

1f s < CULEN22mn) |V 0 12y | o)
< CHHfHL2 dzp) HL/\‘H (das3) HHVthL2 d$h)HL(1 Na2 (das) (11)
< CH||f||L*q1 da3) HL2 dxh>”||vhf||L<1 Aaz dfvs)Hm(da:h

where 1, ¢ € [1, 00| are such that

1 1 1
—=—4+—, 2< A <+00, 2<(1—-N)g < +o0.
4 ¢ G

We now recall the Gagliardo-Nirenberg inequality in the vertical direction

1-6, 1 1

”fHLAql (dz3) = C“fHL2 (dz3) Hl)JfHL2 (dx3)’ ﬁl = 5 + )\_qla

so that, after applying the Holder inequality,

A A(1-B
111z oo 32 amy < CUNE Ty | D3 ey |2y < CHAIRR I D3 FIE .
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We obtain in a similar manner that

1-X (1-\)3 (1=X)(1-02) _ 1 1
HIVnFllza-vee oo | 2oy < CIVAE I (V0 Ds I T =gt 1-Ng
For a in the given range, we choose ¢; and ¢y such that a = }—17 + qil and 1 = qil + qiz.

We observe that for this choice of constants, the various restrictions that appear in the
proof are satisfied. The conclusion in the case p > 2 now follows by plugging the last two
equations into (11). The case p = 2 is entirely similar except that we choose ¢; = ¢ and
g2 = oo. This implies at the end the desired conclusion for a = % + %. We finally observe

that the choice a = % + % is the only one allowed by the hypothesis in the case p = 2. This
completes the proof. O

As an immediat consequence of the previous lemma and of the inequality ||f]|z2 <
IDsfllz2 = (| f1|% + [|85f]|2)2 we deduce the following corollary.

Corollary 7 There exists a constant C' such that

1£lx < CIFNENIVnF VD5 11,
1flsee < UAIENVaf I DefIlE IV aDsfl s < ClDs 2] VaDs f 122,
1 flls2 < CIFIZNVAfIIE,
1f 2 < ClFIZEIDsfN22 < ClIDs 2.

As a consequence of Lemma 6 combined with the anisotropic Holder inequality we have
the following lemma.

Lemma 8 There exists a constant C such that
1 1 1 1 1 1
[ sohds| < CURIEITAFI 1A I abl ol Dl
H
Proof. Simply write

1 1 1 1 1 1
[ sahds| < flslgliaWelleo < CUAENTaf I Tabl gl Dl
H
U

We end this section with a result on the anisotropic Stokes problem that will be used
in a later proof.

Proposition 9 Let 0 < e <1 and ug € L*(H) be a divergence free vector field, tangent to
the boundary and such that d3ug € L*(H). Let v be the solution of the Stokes problem with
mitial data ug:

O —v(0} + 0o — ey = —Vg, dive =0, v|,_=u,

9



supplemented with the Navier boundary conditions,
v3 =0, Osv; =a'vy, Osv9=0cvy on OH,

where &/ > 0 and v > 0. For any ), there exists a time T, independent of € such that

Ty
|19t dr <
0

Moreover, the following inequality holds true:

t
IDso@) = + [ I19Da(r) [Fadr
0
1
< max (1, o) [19s0ll22 + (1 + o) oz + o' fun(0) [F2(ons |-~ (12)

Proof. The existence of T, for fixed ¢ is trivial. We will prove that it is independent of «.
Let w be the solution of the following system

ow—v(0 +05)w=0 onH, w Ug-

=0

Obviously, w is given explicitly as a convolution integral in terms of the fundamental
solution of the Laplacian in R2:

2
|

1 y
t.x)= T aw — dy.
w(t, ) /]R2 47rt1/e uo(zn — y,x3) dy

From this explicit formula, it is clear that w(t) is divergence free and tangent to the
boundary for all times t. The difference 1) = v — w verifies then the following equation

O —v(0F + 93)¢ —ediv = —Vq, divy =0, ¢|_=0,
and 1) is tangent to the boundary. We now take the L? scalar product with 1 to obtain
1d 2 2 2
§aII¢IIL2+V||Vh@/J||L2 — & H(93v-¢dx:0. (13)

Integrating by parts the last integral yields

—5/8§v-wdx:5/830~83wdx+5 J3v - ds.
H H O

We use that ¥3 = 0 and v verifies the Navier boundary conditions on the boundary to
replace the term Osv - 1) with /vy, - ¢,. We further replace v by w + v and observe that we
can write

1 € 1 ea/
—5/Ha§v Y dr = €||03¢) + 533101@2 - ZHG?»U)H%? +ed/ ||y + §wh|’%2(aﬂ) - THwhH%%aH)'

10



Using this relation in (13) and integrating in time we get

/ V(s < = / 0y () adr + S / eon ()

tea/
< —IlﬂsuOlle + o llun(0 M2 (om)»

where we used the explicit formula for w to deduce that ||Osw||z2 < ||Osugl/z2 and that
|wnl|z2my < ||un(0)||L2(omy- Observe that the hypothesis together with standard trace
results implies that the trace of the initial data on the boundary is square-integrable. We
finally obtain that

t t t ta/
| 19l <2 [ 190 adr + 50wl + 5o s O

The first part of the proposition follows immediately since w is independent of € and it
t

clearly verifies that Pr%/ |V rw(T)||52dr = 0.
—>Jo
To prove (12), we multiply the equation for v by —d3v and integrate in space to obtain,

—/8tv-8§vdx+u/Ahv-8§vd:p+s/ |8§v|2dx:/8§v-qum. (14)
H H H H

Using the Navier boundary conditions and integrating by parts we get

— / Oy - 8?31) dr = / 0;03v - O3v dx + Oy - O3v ds
H

OH

Osv|“dr + [ Oy - O3y, ds (15)
— 55 Lot des [ aw, o,

1d

= 5o (105012 + o lon )

The second term on the left hand side of (14) can be written as

/ Apv - 03vdr = —/ Vv - Vydivdr = / |V 1050 |* dx + Vv - 93Vyv ds.
H H H

OH

From the Navier boundary conditions we have V,v3 = 0 and V030, = o/ Vv, on 0H, so
we deduce that Vv - V050 = Vyuy, - V030, = o/ |[Vyv,|? on OH. Therefore,

/HAh’U . 8§v dr = thag’lf”%z + O/thvhui%a]}ﬂ)' (16)
Integrating by parts and using that divev = 0, the pressure term can be written as

/ O3v-Vqdr = — Ofvsqds = —a’ | Osvsqds.
H

OH OH

11



Therefore, from (14),(15) and (16) we have

| o

(195vl1Z2 + o llonllZzom)) + VI VaOsvlILe + & vl Vavnll L2 om + €l 0501172

N | —
(oW

t

= —0// D3v3q ds.
OH

To estimate the pressure term, observe that ¢ verifies the system of equations

Ag=0 inH

03q = €03v3 = ea/O3v3  on OHL.

On one hand 1 1
~o' [ dwnqds =1 [ qonads =Vl
OH € Jom €

and on the other hand
IVaqll7. = —a'&/ D3v3 qds = 0/5/ 03v - Vgdz < o'e||Vq||p2]|05v]| 2
OH H
We deduce first that [|[Vql||z2 < o/el|03v]|z2 and secondly that
—0// D3vsq ds < o'*e||05v)) 2.
OH

Plugging this into (17) and integrating in time yields

t
1050 (t)II7> + 2V/ IVROsv(T)l[72d7 < [[95uoll72 + o [[un (0)I|72 (o)
0

t
+20/25/ |050(7)||3.2dT.
0

(17)

(18)

On the other hand, the standard L? energy estimate for v (obtained by multiplying the

equation for v by v) implies that

t t
o+ 20 [ IVao(IEsdr +2¢ [ o(r)]2sdr < fuo].
0 0

(19)

Using first this relation to bound the last term in (18) and adding the resulting inequality

to (19) yields equation (12). This completes the proof.

0

Remark 10 It is not difficult to see by a density argument that the hypothesis Osuy € L?

is in fact not necessary to prove the existence of T;,.
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I1.2 A priori estimates

We will now deduce some a prior: estimate for the velocity. For the sake of conciseness,
we write u for u°. In the following, C, C, Cs, C3 will denote some constants independent
of ¢ that may change from one relation to another. Multiplying the equation of u by w,
integrating in space and performing some straightforward integrations by parts we get the
following L? energy estimate

1d
5 g llze + VIIVaullze + ellOsullze + ea|funlZzom = 0. (20)

Integrating in time implies that
t t
s + 20 [ [Vaalr) e+ 2 [ |0wr)Badr < ol (1)
0 0
Now we multiply (3) by —d2u and integrate in space to obtain
- / dyu-Oau da:+u/ Apu-03u d:v—l—s/ |03u)? do = / u-Vu-03u d:v—l—/ O3u-Vpdr. (22)
H H H H H
The first two terms can be treated as in the proof of Proposition 9:

d
—/Hatu-ﬁgudx: &(Ha:suuiz+0/||Uh”%2(aH))7 (23)

N —

and

/ At~ i = VD5l + [Vt |2 ) (24)
H

We now go to the nonlinear term. We integrate by parts and write
/ u-Vu-O3udr = —/ Os3(u - Vu) - 3udr — / u-Vu - Quds. (25)
H H OH
Since u is divergence free and tangent to the boundary, one has that
1 1
/ u-Vosu - Osudr = - / u -V (|0sul?) doe = ——/ div u|Osul* dz = 0.
H 2 Ju 2 Ju
Next we observe that
— / O3(u - Vu) - Budr = —/ Osu - Vu - O3udx
H H
= —/ Osuyp, - Vyu - Osudx — / Osus|Osul? dx
H H

= —/ (93uh . th . 6?3u dx + / dthuh |83u|2 dzx.
H H

13



Since the right hand side is a sum of terms of the form / Osu O3u Vyu dx, we deduce in
H

view of Lemma 8 that
3 1
— / O3(u - Vu) - Ogudr < C||0sul| 2| Vi Dsul| 7| Vaul| 72 (26)
H

We now go to the boundary term in (25). Since uz = 0 on JH, we see that u - Vus = 0 on
the boundary. Therefore

/
—/ u-Vu-Osuds = —/ u-Vuy,-Ogup, ds = —0// u-Vuy-up ds = * divyuy, |up|® ds,
OH OH OH 2 Jom

where we used the Navier boundary conditions. We now return to an integral on H
O[,
—/ u-Vu-Ouds = ——/ Os(divpup |up|?) do
OH 2 Ju

!/
= _ﬁ/ Osdivyuy, |uy|* do — 0// divpup, up, - O3uy, d

= o// Ozuyp, - Vyuy - up de — o// divyuy, uyp, - Osup, do
H H
1 1
< Cllul| 22| Viul| 2 (| 05un| 72 [ Vi Daul| 2,

where we used Lemma 8.
It remains to estimate the pressure term. Taking the restriction to the boundary of the
third component of the equation for u (3), we first get that

(93p = €8§U3 = —8((9183114 + 82(937,@) = —50/(81u1 + (92u2) = 50/83u3 on OHL.
Next, taking the divergence of (3), we deduce that
3
ij=1

We observe that the pressure can be written as p = p; + pg, where p; verifies the
Neumann problem

3
Apl = — Z &uj@jui in H,
i,j=1
O3p1 =0 on OH.

and py verifies

Aps =0 in H, (28)
Ospy = e’ O3uz  on OH. (29)
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Let us denote by S, respectively A, the extension operator by even, respectively odd,
reflection with respect to the plane {z3 = 0}, i.e. for f: H — R, we define S(f), A(f) :

R? — R by

f(x)a €3 Z O
f(ﬂ?h, —233), T3 < 0

S(f)(z) = {

The estimates for the Neumann problems for the Laplacian are well-known. However,
we require precise estimates, namely we want to use homogeneous Sobolev norms. For this
reason we briefly show how to obtain such estimates. We introduce the following extensions
of p1 and u defined by p; = S(p1) and @ = (S(u1), S(us), A(uz)). It is a well-known trick

to observe that p; verifies

3
Aﬁl = —S<Z @u]@JuZ) n D/(R3)

ij=1

Since u is continuous across the boundary one has that the first order derivatives of u
contain no Dirac mass concentrated on the interface {z3 = 0} and are computed by dif-
ferentiating piecewise u for x3 < 0 and x3 > 0. This implies that divu = 0 in the sense of
distributions of R®. Next we observe that the function 9;u;0;u; is even with respect to w3

for all 4,5 € {1,2,3}, so that
3 3
ij=1 ij=1
Therefore, using also that divu = 0, we deduce that

3

3
Apr=— 005 = — Y 0,0;(uy),

1,7=1 3,j=1

that is,

3
Pr=—Y_ 00,7 ().

ig=1
Since the operator 9;0;/A™! is bounded in L*(R?), we conclude that

Ip1llze < [IP1llr2re) < CHaH%‘l(R@) = CV2|ul)34.
We proceed similarly to deduce

Ha:aleL2 < |](93]’51||L2(R3)
S CHag(a@’lj)HLQ(RB)
< C||Osul|paz[|ul| pac

1 1 1 1
< C|0sul| L2l VhOsul[ 12 | Dsul| 12 | Vo Dsul| 2,
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where we used Corollary 7.
Next, we estimate py as we did with ¢ at the end of the proof of Proposition 9. Hence,
we conclude that

—o// padsus ds < a'*e||dsul|2. (32)
om

We can now estimate the pressure term from (22). Integrating by parts and using that
divu = 0, one has that

/8§u~Vpdx = —/ pOiuzds = —o// p Osug ds
H OH OH

= o// 03(p1 Ozu3) dx — O// P O3us ds (33)
H OH

= —o// Ospy divpuy, do — o / p1 Osdiviyuy, do — o// Do O3us3 ds.
H H

OH

In view of (30), (31) and of Corollary 7 we infer that
1 3
—a'/p1 Osdivpuy, do < & ||p1||p2||0sdivaun |2 < Cllull 2l Vaul 22| Vi Dsul| 3, (34)
H

and
—O// 83])1 dthUh dx S CHVhUhHL2”D3U|’L2HVhD3’U,HL2. (35)
H

We deduce from (32), (33), (34) and (35) the following bound for the pressure term

/ d3u - Vpdx
H
1 3
< Olfull 2| Vaull 32 IVa Daul 72 + Cl Vil 2l Daull 2 | Vi Dyl 2 + e | dgul 7. (36)

Finally, by adding (20) to (22) and using relations (23), (24), (25), (26), (27) and (36),
we obtain

1d
§E<||D3u“%2 + o [Junl|F2m) + VIVaDsull7z + o' vV hun |2 om,
+el|Osull7z + e lunll72om) + €llO5ullZ2
1 3
< C||Dsull 2| Viul 2| Vi Dsul 22 + £0/||05ull32, (37)

where the constant C' is independent of € and v.
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11.2.1 Global estimates for small data

We now prove that there exists a constant K such that if ||u0||%2||D3u0||%2 < Kv, then
one has a prior: estimates that show that, for € > 0 the quantity Dsu is bounded in time
with values in L? and V},Dsu is square integrable in time and space. For the sake of con-
ciseness, we introduce the notation G*(t) = || Dsu(t)||3. + a’Huh(t)H%Q(aH). From standard

trace theorems, we know that ||up||20my < C||Dsul|r2, so the norm G is equivalent to
| Dsul| 2. Using that

1 3 v C
Cl|Daul| 2| Vaul f2 | Vi Daul| 7. < §||VhD3U||%2 + 2—;))||D3UI|i2||VhU||QLz

in (37), we get
d 2 Ciu 2 2 2
& TVIVaDsullze < —2 G Vaullze + 2ea”|05ul[Z. (38)

Gronwall’s lemma together with relation (21) implies that
t
Gt) +v [ IVaDau(r)|3e dr
0

2 /2 K 2 Ol ! 2 2
< (G (0) + 2ea / 105w (7)||52 dT) exp(—g/ G*(T)||Vau(r)]72 dT)
0 v Jo

< (1+a*)G*(0) exp( ¢

1 2 2
Ug||52 sup G )
2]/4 H ||L2 [O’t]

We argue by contradiction assuming that

T =sup{t > 0; G(1) <2V 1+ a?G(0) V7 € [0,1]}
is finite. Then from the above relation we get that

GA(T) < (1 + a’*)G*(0) exp(%HuoHiQG?(O)).

Therefore, if we choose K; small enough such that exp(2C;(1 + o/*)K?) < 4 and if we

assume that Hu0||22G% < Kyv, then we deduce that G(T) < 2V1+ o/?G(0) and this
contradicts the maximality of T. We conclude that, for such a choice of K, one has that

t
G2(t) + y/ IV aDsu(r)||2: dr < 4(1+ &/*)G*(0) Vi > 0.
0

Since G is equivalent to ||Dsul[z2, these are the desired a priori estimates under the
desired smallness assumption.
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I1.2.2 Local estimates for large data

To obtain local estimates for large data we proceed as in the previous subsection and

define
T =sup{t > 0; G(1) <2V1+a?G(0) V7 € [0,1]}. (39)

We prove that, for fixed initial data ug, there exists a time Ty independent of & such that
T > Ty. The local time existence Ty will be constructed in (43). We assume in the sequel
that ¢ € [0, 7.

Let us go back to (38) and use that G < 2v'1 + o/*G(0) to deduce that

d C
aG2 < 16—1(1 +a?)2GH0)||Viul |22 + 220" || 05ul ..

We now integrate in time and use estimate (21) to deduce that

G*(t) < (1+a*)G?(0) + 16%(1 + *)2G4(0) /Ot |V hu(7)||32 dr (40)

t
for all ¢t € [0,7]. We now estimate / Vau(7)||32 dr and prove that it can be made as

0
small as we want independently of €. To do that, we compare it with the solution of the
Stokes equation and use Proposition 9.

Let v be the solution of the anisotropic Stokes equation
O —v(0F + 03)v — edjv = —Vq, dive =0, v‘t:(]: U,
supplemented with the Navier boundary conditions. Then w = u — v satisfies the equation
w — V(0 + 0)w —ediw+ (v+w) - V(v +w)==V(p—q), divw=0, w|,_,=0,

and also the Navier boundary conditions. We multiply this equation by w and integrate
by parts to obtain

1d
thHwHL2+V”VthL2 +¢el|Osw]|72 + e Hwh”L2(aH) /Hv«Vv'wdx—/Hw«Vv'wdx.

We can bound the above nonlinear terms in the following manner: we split the first integral
in two parts

—/U-Vv-wdx:—/0383v-wdx—/vh~vhv'wda:.
H H H

Using the anisotropic Hélder inequality and Corollary 7 we get

—/7)3337)’10‘155 < vl paee |05v][ azl|wllz2 < Cl[D3v|[ 2] VaDsvl| 2 ||w]| 2,
H

18



and
—/vh~th-wdx§ 1ol oo | 0L 20 o
H

1 1 1 1
< C||Dsvl| Vi Dol £ [V ivl| 2 [[wl| L[ Vaw] -

v 9 C 2 2 4 2
< g||Vhw||L2 + EHstHZzIIVthvHizIIthHZz|!w|!22~

Similarly for the second integral,
- / w3dsv - wdr < O Davl| paz[lw]| 2. [wl| 22
H

1 1 1 1
< Ol Dsol| 12 Vi Dol 12 | Dsw|[ 2wl 22 [ Viw]| 72

v 9 C 2 2 4 2
< ZIVawllzz + V—%||D3vl|iz||VhD3v||22||D3w||22||w||22,
and

—/ wy, - Vv - wdr < C|| V| g2 ||w]| 7z
H
< Ol ViDsvl 2 |[wl| 2|V aw]| 2

v C
< gllvhwlliz + ;IIVthvH%zIIWIIiz-
We deduce from the above relations that

d C
&HUJH%Q + v||[Viwl|7: < Col|D3v| 12]|VaDsv| 2 ||wl| 12 + 72||V11D:%U||%2||w||i2
Cs 2 2 1 2
+ V—%I\stHzQHVhstszHthHzQIWsz

Cy

2 2 1 2
+ — [ D3vl| 12| Vi Dav| 22 | Daw | 2 |w]| 2».
V3

(41)

for some constant Cy independent of . Next, since t € [0,T] one has that ||Dsul/zz <

2V1 + o*G(0) so
IDywl|72 < 8(1+ a”™)G*(0) + 2| Davl 7.

Set now

1
13 = 2max (1, ) [[9suo3: + (1 -+ )l + o1 (0) 3] + 81 + a”*)GZ(0).

In view of (12), we have that
t
[1Ds0(t)|[ 22 < Ko, || Dsw(t)|[z2 < Ko, / IV Do ()| f2dr < K,
0
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for all ¢ € [0, T]. We therefore deduce from (41) that

d
Tlwlie +vIViwliz < CKGIIVaDsvll 2 + Csl ViDsvl2 w7z
4 2 4 8 2
+ C3K§ || Vi Dsvl| 1| Vv 22 + C3sKG ||V Dsv|| 7.
Gronwall’s lemma now implies that

¢ ¢ ¢
1// ||Vhw(7')||%2d7 < (4 exp(C'g/ ||VhD31)(T)||%2dT> [Kg/ |V Dsv(T)]|p2dT
0 0 0

4 [t 2 4 s [t 2
8§ [ 19D IV e + K [ 190500 ).
0 0

By the Holder inequality, we have that

t t 2 2
/ IV, D3v(7)|| pedr < Kot2, / IV Dso(7)||2,dr < K5,
0 0

and that .

[ 19Dl sl e < K5 ([ 190 120ar)

We finally get the following bound

wln

t 10 o 3 %
,,/ [V0(r) [adr < Crexp(Cuk3) [K3e5 + K 13 +K§</ [Vh0(r)l22dr) .
0 0

Consequently,
t t t
/ IV hu(r) [Zadr < 2/ |]th(7)||%2d7+2/ IV hw(r) [Zadr
0 0 0

t
<2 |V 72d
<2 [ IVl e )

+ 2% exp <C3K3> [KS’t% KSR (/Ot HV}‘U(T)H%QdT) 3]
= A(t).

¢
Proposition 9 tells us that PI% / |V 4v(7)||32d7 = 0 uniformly with respect to e. From
—Jo

the formula for A(t), we see that
%in% A(t) =0 uniformly with respect to .

We also observe that even though the strong solution may exist only locally in time, the
expression A(t) is globally defined since v is globally defined. We conclude that there exists
a time Tj independent of € such that

16%(1 + o)G2(0)A(Ty) < 1. (43)
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We prove now that 7' > Tj. Assume by contradiction that 7' < Ty. From (40), (42)
and (43) we get

To

GX(T) < (1 + &/*)G*(0) + 16%(1 + a*)2G4(0) / |V hu(r)||22 dr

< (14 0™)G0) + 1651 (1 + ™ PG 0)A(Ty)

< 2(1 4 *)G?(0).

This contradicts the maximality of 7" given in (39) and we deduce that we must necessarily
have that T" > 1.
Therefore we have the desired a priori local estimates.

I1.3 Passing to the limit

Once the a priori estimates completed, the existence of solutions to system (3)-(4) with
non-zero vertical viscosity follows with standard arguments, see for instance [11, 5, 3].

Now, thanks to the a prior: estimates proved in Section 1.2, we have at our disposal a
sequence of solutions u® of system (3)-(4) such that Dzu® is bounded in L*°(0,T; L?) and
V1 Dzuf is bounded in L%*([0,T] x H) independently of . In particular, u° is bounded in
L?.([0,T); H'). Here, T may be finite or not, depending if we consider the case of large
or small data. We will show that, under this assumption, u® converges to a solution of the
limit system and then Theorem 2 will be proved.

Let P denote the Leray projector. From equation (3) written under the form
o = vP(0F + 03)u + ePdau — P(u - Vu)

we obtain that the sequence d,u® is bounded in L*(0,T; H,?) independently of . We
deduce that the sequence u° is bounded and equicontinuous in time with values in Hl;f.
By the Arzela-Ascoli theorem, it is precompact in L;’;”C([O, T);H l;g’) Since u° is bounded
in L7 ([0,7); H'), standard interpolation arguments imply that it is possible to extract a
subsequence (which we still denote by u¢) converging strongly to some w in L} | ((O, T) x H)

Without loss of generality, this subsequence also converges weakly in LZQOC([O,T ) H 1) to
u. With this information, it is trivial to pass to the limit in the first equation of (3) to
obtain that the limit velocity u verifies the first equation of (5) in the sense of distributions
D’ ((O, T) x IHI) We observe that since u® has a limit in the sense of distributions, so does
d3us; hence £93u® — 0 in the sense of distributions D’((0,7") x H). The second equation
of (5) is trivially verified as the divergence free condition commutes with the limit in the
sense of distributions. Next, since u® converges uniformly in time with values in Hl;f we
obtain on one hand that u € CO([O, T); Hl;f), and on the other hand that the initial data
of the limit velocity is the limit of ©*(0). Thus, the third condition in (5) is also verified.
Finally, the boundary condition in (5) follows from the weak convergence of u to usz in
L. ([0,T); HY).

loc
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II.4 A final remark

A legitimate question is if there are higher order estimates valid independently of ¢ up
to the boundary. We claim that it is impossible to obtain a prior: estimates independent
of € in spaces of functions for which the Navier boundary conditions make sense. For
example, H? estimates independent of € are not possible to obtain. Indeed, such a priori
estimates would imply that the limit velocity belongs to those spaces and therefore verifies
the Navier boundary conditions. This is a contradiction since, as we show below, in general
the limit equation (5) does not preserve the Navier boundary conditions. More precisely,
we show that there exists a C§°(H) divergence free vector field uy and a sequence of times
t, — 0 such that if u denotes the solution of the limit system (5), then u(¢,) does not
verify the Navier boundary conditions. We observe next that the (local) strong solution u
is very smooth. Indeed, the extension of the initial data by reflection as discussed in the
Introduction still belongs to C5°(R?). Furthermore, in the system (5) posed in R? one can
ignore the Laplacian term when making energy estimates, so we see that the same theory of
existence of solutions as for the Euler equation can be deduced for equation (5). Therefore,

the local solution u belongs to C*([0,7); (| H*(H)). Note that if such a solution verifies
seR
the Navier boundary conditions almost everywhere in time, by time continuity it actually

verifies it everywhere.

Assume by contradiction that for all C§°(H) divergence free vector fields ug, there exists
To such that wu(t) verifies the Navier boundary conditions for all ¢ € [0, Tp].

The pressure p verifies the following Neumann problem for the Laplacian:

Ap=—div(u-Vu) inH
Osp =0 on OH.

Using the well-known formula for the Green’s function associated to the Neumann
problem of the Laplacian in the half-space, we deduce that

po) = 3= [ (e + ey divte Vo) do (14)

+ —
4 lz—y| |z -7

where y = (y17 Y2, _ZJS)
We now differentiate with respect to x3 the equation for uy,:

0, 0sup, — V(af + 83)83% + ag(u . Vuh) = —Vhagp.

Taking the restriction to the boundary and using that dsu, = o’uy on the boundary, we
deduce that

o/ Opup, — o'v(0F + 03)uy, + Os(u - Vuy) = —V,05p = 0 on OH.

On the other hand, taking the restriction to the boundary of the equation of u; and
multiplying by o’ gives

Oy, — o'v(0F + 03)up + 'u - Vu, = —a'Vyp  on OH.
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We infer that we must necessarily have that
O3(u - Vuy) —a'u - Vu, = o'Vyp on OH

for all t € [0,7}]. Using the formula for p given in (44), letting t — 0 and using that u,
vanishes in a neighborhood of the boundary we deduce that the initial data must verify
the following relation

1
Va, / Tyl div(ug - Vue)(y)dy =0 for all z € OH. (45)
T —

Therefore, the initial data must verify the above relation if we want the solution to
verify the Navier boundary conditions. It is not difficult to see that there exists initial
data for which (45) is not verified. Indeed, integrating twice by parts in (45) implies

3
Z / F(y)ug(y)uo;(y) dy =0 for all z € OH, (46)
H

3,j=1

where

F0) = Vi 5o () (47

Let ¢ be a fixed non-trivial C§°(H) divergence free vector field and z € H be arbitrary.
Replacing ug by the function y +— g(%) in (46) and changing variables we get

3

> / F(z +en)gi(n)g;(n)dn =0 for all = € IH.
ij=17H

Letting ¢ — 0 we finally get that

3
Z 7i;F7(2) =0  forall x € 9H and z € H,

1,7=1

where v;; = / 9:(n)g;(n)dn. From the explicit formula for F' given in (47), we infer that

Tl
for every z € H, the function

& 02 1
T ijzﬂ%jaziazj (\x = Zy>

must be constant on the boundary 9. Since this function can be bounded by C|z — 2|73,
it vanishes when |r| — oo and z is fixed. Since it is constant on the boundary, it must
actually vanish on the boundary. Writing that it vanishes at = 0, we obtain that

tr(T)|z|> = 3Tz 2 for all z € H,

where I' is the matrix I' = (y;;). Obviously, the above relation can hold true only if I is a
multiple of the identity. Clearly, there exists g such that I' is not a multiple of the identity.
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