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Abstract

We study the inviscid limit problem of the incompressible flows in the presence of
both impermeable regular boundaries and a hypersurface transversal to the boundary
across which the inviscid flow has a discontinuity jump. In the former case, boundary
layers have been introduced by Prandtl as correctors near the boundary between the
inviscid and viscous flows. In the latter case, the viscosity smoothes out the discontinuity
jump by creating a transition layer which has the same amplitude and thickness as the
Prandtl layer. In the neighborhood of the intersection of the impermeable boundary and
of the hypersurface, interactions between the boundary and the transition layers must
then be considered. In this paper, we initiate a mathematical study of this interaction
and carry out a strong convergence in the inviscid limit for the case of the plane parallel
flows introduced by Di Perna and Majda in [2].

1 Introduction

In this paper we are interested in the behavior of the incompressible Navier-Stokes flow
when the viscosity is small. This so-called inviscid limit problem is particularly difficult
when the flows is contained in a domain limited by impermeable walls. In the standard case
of a half-space, the problem reads as follows:

v+ (V€ - V)vE + Vp© = eAv©

div v = 0.

(1.1)

Here, x = (z,y,2) is in R x R x (0, 4+00), the velocity v¢ = (u,v¢,w¢) is in R3, p° the
pressure and € > 0 is the viscosity parameter.
The equation (1.1) is imposed with the classical no-slip boundary condition:
v‘e , = 0. (1.2)
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Considering the problem (1.1)-(1.2) in the limit € — 0, one may hope to recover the Euler
flow: the equation (1.1) with e = 0, for which the natural condition on the boundary {z = 0}
is

w_, =0 (1.3)

Due to the difference (or rather, loss) of boundary conditions, it is common in the
limit to add a boundary corrector or the so-called Prandtl layer. This formal procedure
was introduced by Prandtl in 1904, and it remains a challenging mathematical problem to
circumvent the validity of this theory.

Yet, some positive answers have been given in the setting of analytic flows in two di-
mensions by Caflish and Sammartino in [9] and improved by Cannonne, Lombardo and
Sammartino in [10] for inviscid flows that are analytic with respect to the tangential vari-
ables. On the other hand, when the smoothness with respect to the tangential variables is
limited, the Prandtl layer have been shown to be unstable; see for example the papers by
Grenier [4], Gérard-Varet and Dormy [3], Guo and Nguyen [5]. Note that these papers also
concern the 2d case.

Here, we propose to study the inviscid limit problem of a viscous incompressible Navier-
Stokes flow in presence of both a solid boundary and of a transversal discontinuity hypersur-
face in the limiting inviscid flow. The full problem is currently out of reach. In particular,
jump discontinuity across a hypersurface is also a rather unstable pattern for the incompress-
ible Euler equations, because of the Kelvin-Helmhotz instabilities. Nevertheless, when the
inviscid theory is successful to provide some Euler solutions with some jump discontinuity
across a hypersurface, it is expected that the extra viscosity in the Navier-Stokes solutions
smoothes out the discontinuity into a transition layer which can be basically thought as
a transmission version of the Prandtl layers. Here again, positive results are known in an
analytic framework, in 2d, see [8].

However, since this hypersurface is assumed here to be transverse to the boundary, one
cannot relies on the previous results based upon the analyticity in the transversal variables
to study the interactions between the boundary layer and the transition layer. We will
therefore study the layers interactions in Sobolev spaces.

In this paper, we will restrict our study to a simple setting of three-dimensional incom-
pressible flows: the plane-parallel flows. They were introduced by DiPerna and Majda in
[2] in order to prove that the Euler equations are not closed under weak limits (in three
spatial dimensions). These flows have also been used as basic flows for the Euler equations
by Yudovich in [11] to investigate stability issues and recently by Bardos and Titi in [1] to
investigate several longstanding questions including the minimal regularity needed to have
well-posedness results, localization of vortex sheets on surfaces, and the energy conservation
for the Euler equations.



Precisely, a plane-parallel solution is of the form:

u(t, z)
vi(t,z,y,z) = [ v(t,z,2) | . (1.4)
0

Then, the Navier-Stokes system (1.1) depletes into

Opu’ = ed*u

(1.5)
OV + uf0,v¢ = €A, 05,

with p¢ = 0. It is thus a pressureless flow. Observe that a vector field of the form (1.4) is
divergence free. On the other hand the boundary conditions (1.2) now read
(ue’ ’Ug) =0, (16)

Iz:()

as the Dirichlet condition for the third component is automatically satisfied for flows of the
form (1.4). The system (1.5)-(1.6) is now quite simple: the first equation in (1.5) is a one
dimensional heat equation whereas the second one is a two dimensional transport-diffusion
equation, and for both we prescribe homogeneous Dirichlet conditions.

On the other hand, the Euler system, the equations (1.1) with € = 0, depletes into

615?,60 =0 (1 7)
9’ + ul9,0° = 0. .
Therefore the solution starting from the initial data
uo(2)
vo(z,2) = | wole, 2)
0
is simply given by the formula
uo(2)
vO(t,z,2) = | vo(z — tug(2), 2) | . (1.8)
0

This holds true in a quite general setting, but let us be formal for a few more lines. For
instance let us think that the function vg is smooth for a while, so that there is no doubt to
have about the meaning of the formula (1.8) nor about the fact that it solves the depleted
Euler equations (1.7). We want to focus here first on the issue of the boundary conditions.
In particular, note that no boundary conditions are needed to be prescribed for the system
(1.7), since any solution of the form (1.4) already satisfies the condition (1.3). On the other
hand, if the initial data vy does not vanish on the boundary z = 0 then neither does the
corresponding solution v given by (1.8) for positive times. As a consequence, v° does not



satisfy the condition (1.6) and therefore cannot be a good approximation, say in L, of
any smooth solution v¢ of the system (1.5)-(1.6). Yet Prandtl’s theory predicts that the
system (1.5)-(1.6) admit some solutions v¢ which have the following asymptotic expansion
as € — O

%). (1.9)

Above the profile vp(t,z, Z) describes a Prandtl boundary layer correction. In particular
it satisfies vp(t,z,Z) — 0 when Z — +o00, so that this term really matters only in a layer
of thickness /€ near the boundary {z = 0}, and also satisfies v°(¢, z,0) + vp(t,z,0) = 0, so
that the functions in the right hand side of (1.9) satisfies the boundary conditions (1.6). The
validity of this asymptotic expansion has been verified in a recent paper of Mazzucato, Niu
and Wang [7] for regular initial data vo. In particular it follows easily from their analysis
that for any regular initial data vy, there exists a sequence of smooth solutions v¢ of the
system (1.5)-(1.6), with some initial data conveniently chosen, such that v¢ converges to v"
strongly in the L? topology.

Ve(tv L, Z) ~ Vo(t,:l,‘, Z) + VP(ta':Uv

Here, as mentioned previously, we are interested in the case where vy has a jump of
discontinuity across a hypersurface. More precisely we assume that ug is smooth and that
vp is piecewise smooth with a jump of discontinuity across the hypersurface {z = 0}:

[vo]|,_o = Hm wo(w,2) — lim vo(z,2) # 0. (1.10)
- z—07F xz—0~
We assume for simplicity that there is no jump of the normal derivative of vy across the
hypersurface {x = 0}, that is

[0zv0]|,_, = 0. (1.11)

‘z:O

Then it can be easily seen on the formula (1.8) that the corresponding Euler solution
vV is piecewise smooth with a jump of discontinuity across the hypersurface given by the
equation {W°(¢, z, z) = 0}, with

WOt 2, 2) ==z — (L, 2), P(t, z) = tup(z),

Moreover taking the derivative with respect to x of the both sides of Formula (1.8) yields
that there is no jump of the normal derivative of vy across the hypersurface {W°(¢, z, z) = 0}.
Such a pattern cannot hold anymore for any reasonable solutions v¢ of the depleted
Navier-Stokes equations (1.5)-(1.6): the viscosity smoothes out this jump of discontinuity
into a transition layer near the hypersurface {¥° = 0}. In particular v¢ and its normal

derivative must be continuous across the hypersurface {¥? = 0}:
vl

=0 and [0;V] =0. (1.12)

‘WO:O |W0:0

Following Prandtl’s ideas it is natural to introduce a corrector

WO (¢
viu(t, <\}?Z)7 z)



where the profile Vi (t, 2, X) satisfies!

[VKH]XZO = —[1) ]:v:
{ [aXVKb‘IhXZo = 87 ’ (1.13)

and Vg — 0 as X — 4o00. This strategy can be seen as a transmission counterpart of the
introduction of the boundary layer vp previously mentionned. Actually, if the fluid domain
was not limited by the boundary {z = 0} one could then adapt the analysis of [7] to justify
the existence of some solutions v of (1.5)-(1.6) which admits an expansion of the form

UO(t, 2, 2)
Ve

Yet there is no reason for which the transition layer vz should satisfy the boundary
condition at z = 0, nor for which the boundary layer vp should take care of the jump
condition across {¥" = 0}. It is precisely our point to understand how to deal with both
layers.

ve(t,z,2) ~vO(t,z,2) + viu(t,

VZ).

Our result is the following.

Theorem 1.1. Let 1 < p < 2 and let

up(z) € HQ(O, +00),
vo4(2,2) € W*P([0, +00) x (0, +00)), (1.14)
vo,—(z,2) € W2P((—o00,0] x (0,400)),

and

vg € LP(R x (0, +00)), with  vo(x, 2) == { vo,+ (2, 2), x>0,

vo,—(, 2), z < 0. (1.15)

Assume that vo satisfies the jump conditions (1.10) and (1.11). Let us consider v° given
by the formula (1.8), which for any T > 0 is a distributional solution of the depleted FEuler
equations (1.7) with v‘ot:0 = vy.

Then, there exist some smooth solutions v¢ := (u(t, z),v(t, z, z)) of the depleted Navier-

Stokes equations (1.5)-(1.6) such that as € — 0, there holds the convergence

ve = vY  in L0, T; L*(Ry) x LP(R x Ry)). (1.16)

Here W?2P denotes the usual Sobolev space of order 2 associated to the Lebesgue space
LP and H? denotes the special case H? := W22,

Let us end our Introduction by giving here a few comments.

'Here the subscript K H holds for Kelvin-Helmhotz



First, observe that in the statement of Theorem 1.1 the initial data of v® is not pre-
scribed. In the proof, we will explicitly choose them in a convenient way; in particular, it
allows the boundary and transmission layers to be initially specified. This could perhaps
seem a little bit unusual at first glance, but it is in fact only technical for our convenient
formulation of the main result. However this way to formulate our results avoids some extra
considerations regarding forcing terms and/or initial layers which do not seem essential for
our purpose in the present paper.

Finally, let us mention that we are unable to include the case p = 2 or any p > 2 in
Theorem 1.1. We will explain why in Remark 3.7.

2 Straightened interface

To fix the interface, we introduce the following change of variable:
T:=x—Y(t,2), where (¢, z) := tug(z).

In these coordinates, the discontinuity interface is given by the equation £ = 0. In what
follows, we drop the tilde in Z. The system (1.5) now reads

€ __ 2, €
Ou = el u’,

2.1
v + (u€ — ug)Dpv° = eAY 0, 21)
with
Afz = 85 + (az - az¢az)2 = (1 + |az¢|2)a§ - 23z1l}a§,z - 532113:1: + 8,3
The boundary conditions (1.6) do not change:
(uf,v%)),_, = 0. (2.2)

We are looking for some functions u¢ and v¢ which satisfy the equations (2.1) on both
quadrants (z,z) € (0,400) x (0,+00) and (x,z) € (—00,0) X (0,+00) with the interface
conditions:

[v¥]|._o = 0 and [0v°]|,_, =0, (2.3)

which correspond to the conditions (1.12) in the new variables. Now, since u¢ does not
depend on z, the conditions (2.3) reduce to

[v%],_, = 0 and [0,v°]|,_, = 0. (2.4)

‘CL‘=0

Note that if v and v¢ are distributional solutions of (2.1) on both quadrants (z,z) €
(0,400) x (0,+00) and (x,z) € (—00,0) x (0,4+00) and satisfy the previous interface con-
ditions then they are distributional solutions of (2.1) on the whole half-space R x (0, +00).
In the limit case € = 0, the situation is now particularly simple: in the new coordinates

the solution v° is stationary

uo(2)
vO(t,z,2) = | vo(z,2) | . (2.5)
0



Now, to prove Theorem 1.1 it suffices to prove that there exist some functions u€ and v°
which satisfy the equations (2.1) on both quadrants, satisfy the conditions (2.2) and (2.4)
and converge, as € — 0, to v¥ given by (2.5) in L>(0,T; L?(Ry) x LP(R x R})).

3 Asymptotic expansions

Let us now describe our strategy. We are going to construct a family of functions of the
form

z
\ﬁ)’
Vet 7, 2) = v (@, 2) + Vp(t, 2, =) + Ve (t, —=, 2) + V(t, —=, —=),
Ve Ve Ve e
which satisfy approximatively (2.1) on both quadrants (in a sense that we will precise in
the sequel), and which satisfy the conditions (2.2) and (2.4).

In (3.1), (up,vg) are the functions given by (2.5). The other functions will be defined in
the sequel. For instance, (Up, Vp) will be a depleted Prandtl layer near the boundary, Vi g
will be a transmission layer near the discontinuity interface, and V; will aim at describing
the behavior of the boundary layers interaction. In what follows, we will use, as in the
introduction, the capitalized variables X, Z to refer to x/\/€, z/+/€, correspondingly.

Then we will prove that there exists a family of functions (u€,v¢) close to (ug,,, vg,,)
which exactly satisfy (2.1) on both quadrants and (z,z) € (—o0,0] x (0,+00), and which
still satisfy the conditions (2.2) and (2.4).

It will remain to prove that this family (u€, v¢) converges to (ug,vo) in L= (0, T; L?(R4 ) x
LP(R x R4)), for 1 < p < 2, to conclude the proof of Theorem 1.1.

Uy (t, 2) = uo(2) + Up(t,
(3.1)

3.1 Construction of the approximated solution
3.1.1 Construction of Up

We start by defining the function Up, which aims at compensating the non-vanishing value
of ug at z = 0. On the other hand, we want this correction to be localized near the boundary
z = 0. We will therefore require Up to satisfy

Up(t,0) = —uo(0), lim Up(t,Z) = 0. (3.2)

Z—~+00

Now if we put the Ansatz (3.1) into the system (2.1) and match the order in €, we get from
the equation for u¢ the following equation for the profile Up(t, Z):

oUp = 0%Up. (3.3)
We choose for Up the initial value

Up|,_o(Z) = —up(0)e~ 2. (3.4)



By Duhamel’s principle, the solution Up(t, Z) of (3.2)-(3.3)-(3.4) satisfies

t +o0
Uy(t,Z) = — up(0)e™Z — up(0) / / G(t—s,2;Z"e % dZ ds,
0 JO

where G(t, Z; Z') denotes the one-dimensional heat kernel on the half-line:

1 z?2
G, 2,72 =G, Z -7 -G, Z+ 7, G, 7Z) = e 4. 3.5
(t.2:2') = G( )= Gl b GD)= (3:5)
Now by using the standard convolution inequality: ||f*g||zr < || fllze|lg]l51, we easily deduce
that, for any p > 1,

T
Url~orawy < Colu®[i+ [ 16ENnle I ds] < Colufo),

for some positive constant Cy that depends on p and T. Here, we used the fact that
|G(t,-)||,1 = 1. Similarly, using the fact that |07G/(t,-)||2 ~ t~'/2, we obtain

t
0Urliorasy < ColwOI[1+ sup [ 6= s)712as].

which is again bounded by Cp|ug(0)|.
That is, we obtain the following lemma:

Lemma 3.1. There exists a unique solution U, to the problem (3.2)-(3.3)-(3.4) on [0,T] x
Ry, for any T > 0. Furthermore, for any p > 1, there is some positive constant Cy that
depends on p and T such that

1UpllLoco,rswirry)y < Coluo(0)]. (3.6)

3.1.2 Construction of Vp

For Vp, the situation is the same as that for Up, other than the fact that Vp also depends
on the variable . However,  only appears as a harmless parameter. More precisely, by
plugging the Ansatz (3.1) into the system (2.1) and match the order in €, we then get from
the equation for v¢ the profile equation for Vp(t,x, Z):

Vp = 0% Vp, Vpi,_y = —vo(z,2). lim Vp =0. (3.7)

=0’ Z—+o0

Once again, we choose an initial data compatible with the boundary condition, for instance
VP)op = —vo(z, 0)6_Z- (3.8)

Then as was the case for Up, there exists a unique solution Vp of (3.7)-(3.8) satisfying the
Duhamel principle:

t +oo
Vi(t, 2, Z) = — vo(x,0)e”Z — vy(x,0) / / G(t—s,2;2"e % dZ'ds,
0o Jo

8



where G(t — s,Z;Z") is the heat kernel defined as in (3.5). It is clear from this integral
representation for V), that the only dependence on z is due to vg(x,0). Thus, we easily
obtain the following lemma.

Lemma 3.2. There exists a unique solution V, to the problem (3.7)-(3.8) on [0,T] x Ry x
Ry, for any T > 0. Furthermore, for any p > 1, there is some positive constant Cy that
depends on p and T such that

105Vl Lo oo ®ewiomy))) < CollOkvo(,0)|lomy ), k=0,1,2, (3.9)
and the jump of discontinuity [Vp]|,_, satisfies
1VPl.ollzerwirmyyy < Collvo(z,0)]),_,I- (3.10)

Proof. Similarly as done for U, the integral representation for V,, easily yields
HBI;VP(QU)HLOO(O,T;WLP(R+)) < ColOFvo(x,0), k=0,1,2, (3.11)

for each nonzero x € R. Taking the LP norm of this inequality in x gives (3.9) at once.
The estimate for the jump of discontinuity of V), follows similarly by noting that the jump

[Vpl|,_o satisfies the similar integral representation to that of V.

O

3.1.3 Construction of Vg

Similarly, plugging the Ansatz (3.1) into the system (2.1) yields the profile equation for
VKH:

Vi = (14 |0.4*)0% Vi, ViH]|x—o = —[V0]z=0, [OxViH]|x_, =0. (3.12)
We choose the initial data:

[Uo]zmo X,

Viali=o(X,2) = F +X > 0. (3.13)
We will derive necessary estimates for the profile Vi pr. It turns out convenient to introduce
a change of variables:

t
X=X, E:/ (14 |0.0(s, 2)[2) ds,
0

and write . .
VKH(t, X, Z) = VKH(E(t, X, Z),X(t,X, Z), Z).

In these new variables, we then have

0Vim = 0%V, [Vknljy_, = —[volamo,  [0xVinl|;_, =0, (3.14)



with initial data

VKH\;ZO = $[v0]2$0€$)2, +X > 0. (3.15)

The systems (3.14) and (3.15) are the heat equations on each half lines X < 0 and X > 0,
with z being a parameter. Thus, the Duhamel principle for the heat equation yields a
candidate for Vi y (t, X, 2) as

_ . . . t —+00 B o 5,
Viern (£, X, 2) = — [wola=o % _ [vole=0 / / Gt — 35 X; X"e X dX'ds,
0 JO

2 2

for X > 0, and

o [wolemo % [oe=o [T [0 L . e en X

Vku(t, X, z) = er + G(t—35,X;X")er dX'ds,
2 2 0 J—o0

with the Green function for the heat equation defined by

1
Gt X X)=Gt, X —X)—Gt, X +X), Gt X)= fe—XQ/‘“.

47

~~

It is straightforward to check that these definitions of ‘N/K g on Ry x Ry indeed satisfy
the boundary and jump conditions from (3.14) and (3.15).
Furthermore, similarly to those estimates obtained for U, and V), we can easily obtain

10 Vi (M o parinmyy < Coldbvole 2L, k=012,

for each z € Ry and for some positive constant Cy that depends only on p and T. Going
back to the original coordinates (¢, X'), we have thus shown

”8§VKH(Z)||L°°(O,T;W17P(]Ri)) < CO|[8§UO($72)]|9¢:0\7 (3.16)
for k =0,1,2 and for each z € Ry.

Collecting these information, we obtain the following lemma.

Lemma 3.3. There exists a unique solution Vig to the problem (3.12) and (3.13) on
[0,T] x Ry x Ry, for any T > 0. Furthermore, for any p > 1, there is some positive
constant Cy that depends on p and T such that

105 Vil oo ro@owiowey)) < Colll0Fvo(@, )], olo®,), (3.17)
for k=0,1,2.
Proof. The estimate (3.17) is obtained easily by taking to both sides of (3.16) the usual L”

norm in z and using the triangle inequality. O

10



3.1.4 Construction of V,

Finally, in the “box” where the interactions take place, we obtain from the equation for v¢
with the Ansatz (3.1) the following equation for the interaction profile V4 (¢, X, Z):

Ve =AY, Ve, AR, = 0% + (07 — 9.4._,0x)% (3.18)

where

AﬁOZ = 8_%( + (82 — 8z1/1|2208X)2,

with the boundary and jump conditions:

%|Z:O = _VKH\Z:O’ [w’hx:o = _{Vp]lzzo’ [aX%]IX:o =0, (3'19)

and V;, — 0 as X — 400 or Z — 400. Next, we choose the initial data for Vj:

—ge X[V, X>0
€ )
‘/blt:o = { 2 [ P]lz:O,t:O

2
L IXI[Vp] X <0. (3.20)

Iz:O,t:O’

which satisfy all the conditions in (3.19), thanks to (3.8) and to (3.13).

We observe at once that these boundary and jump conditions in (3.2), (3.7), (3.12),
and (3.19) make the Ansatz v, defined as in (3.1) smooths out the inviscid solution v0
(at least with C! regularity) as well as satisfy the correct no-slip boundary conditions (1.6)
for the depleted Navier-Stokes system. We will see in the next section that these Ansatz
Vapp indeed provide a good approximation for v¢, and are sufficient to show the desired
convergence.

We will show in this section that the profile Vj, exists and we then derive necessary
estimates to carry out the convergence stated in the main Theorem 1.1. In fact, we could
continue our study by employing the Green function of the heat equation on the half-space
as done previously on the half-line. However, we choose to proceed the analysis by energy
estimates, as it appears natural for the proof of our desired convergence.

To begin, it appears convenient to introduce w through

‘/b _ w — %[VP]‘ o€ X1 X >0
W+ 3[Vp,_oe X, X <0
The function w then solves
Oy = AV, b+ Jre X X >0, (321)
O = AV, o+ J_e X X <o,
with boundary and jump conditions:
[1])]|X:0 =0, [8X1D]|X20 =0, ‘Xl|igoou~) = le_rgow =0, (3.22)

11



and

~ 1 —
{ 7“f|z:o = _VKH|z:0 - ?6 |X‘[v0|z:0]\m:0’ X >0 (3.23)
w'Z:O = _VKH|z:O + §e_|X‘[UO|z:0]‘I:O7 X < 0
Moreover w vanishes at the initial time:
Wl=o = 0. (3.24)

Here, J4 in (3.21) collects the terms involving the jumps of discontinuity. Direct calculation
together with a use of (3.7) gives

1
Ti = =5 (0410201 L PIVElcy + 20:01, [0V ), .
: .
I = 5 (O 1001y Vel o — 200,02V )-
By applying the estimate (3.10) obtained in Lemma 3.2, we then have
T
|10l dt < ol 00 (3.26)

for some Cj that depends on p and 7.

We are able to provide the following estimates.

Lemma 3.4. There ezists a unique solution w to the problem (3.21)—(3.23) on [0,T] x Ry x
Ry, for any T > 0. Furthermore, for any p > 1, there is some positive constant Cy that
depends on p and T such that there holds

d . . S - i -
Gy ot [ NGV 0P dXaz 4 [ Jorop Vi, ozl dxdz
t x"Wz R2 ’ R2 ’
+ + (3.27)
p || P
< Co(Lt el + 11, )

Here, Vﬁoz = (0x,0z7 — 8Z¢|Z:OaX>'

Proof. By multiplying by |@[P~%w to the equation (3.21) and integrating it over R2, one

has
1d

pdt

p
LXZ

|@|?, = / (Aﬁozm JiejFX)\wyp—% dXdz.
22
For the term involving J4, the standard Hoélder’s inequality gives

X IiwPtdxdz < ||o)Pt |4 e -
2 LXZ zZ

+

12



Here and in what follows, by f < g we always mean that f < Cyg, for some positive constant
Cy that only depends on p and T. Now, integration by parts yields

/ AV, B0 o dX dZ
2

+

=—(p—1) /RQ &PV, 0] dXdZ — /R(az — 0.4, Ox )|y, dX
+

- [ (oxalar2a - 0.6, 02 - 0y dxyalap2al.,) dz
.

in which the last term on the right-hand side vanishes due to the jump conditions (3.22) on
w and on Oxw. Thus, we obtain

/ AR b dXdZ = — (p — 1) / |@|P~2| VY, 0| dXdZ — / Bz w|w [P wy,_, dX.
R R? R

2
+
Collecting, we have shown

d, . i -
Gl oo =1) [ P2Vl axaz
i (3.28)
~ —1 ~| ~DP—2 ~
S Mol Ml = [ ozt i, ., ax.

For the boundary term, the Young’s inequality yields
|~ p—2 ~ ~ ~
[ Vozitalr 2,  dX S W, + 1020,

The first boundary term can be easily treated by the trace inequality. We treat the second
boundary term by the H é energy estimate. To this end, we take Z-derivative of the equation
(3.21) and multiply by |0z®W|P~20zw to the resulting equation. We simply get

1d
= 2ogm|P, = / (Aﬁozazw+aZJie¢X)yazwyp—Qazw dXdZ.
pdt Lxz R?
Again, by applying the Holder’s inequality to the last term on the right-hand side, we have
Oz JreTX0 0P 200 dXdZ < ||0g x| e HBZu?Hp;l .
R3 z Lxz
Next, the integration by parts yields
/ A |955|P 20,000 dXdZ
R
= — (p — 1)/ ‘azw‘piﬂv%()zazuvp dXdZ — /(az — 821#‘;08)()8212)|8Zu*)|p*2f)zzb|zzo dX
R2 R
= [ (@kzilozip 20,0~ 00107 = 0.0, 0x)00l00071),) dZ
+
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in which again the last term on the right-hand side vanishes due to the jump condition
(3.22). By using the equation for @, we can write the boundary term as

B / (82 - 8Z¢|z:08X)aZ7J}‘8Zw|p_28271)\z:0 X
R
o / (07 — Buy_0x )%+ -0y _ (97 — -0y, 0x)0x b ) 000, dX
R
N _/ (% — (141029, [)0%® — Jee™™ + azw\z:o@izw) 070"~ 207w),_, dX,
R

in which the integral term involving 0% ;@ vanishes due to the jump condition (3.22) and
the fact that it is a perfect derivative in X. For the other terms, we note that at Z = 0 we
have

Oy — (141029, [*) 0% — JeeT™ = 0V — (141029, ) 0% Vicrs + cxe™F

=cretX.

for some constant ci; here, the last identity was due to a use of the equation for Vip.
Thus, using this and the Sobolev embedding, we have

- /R(az — 01|, _y0x) 07|07 WPz ,_, dX

S HaZUN”Z:oHL’;(

1/p
< ozdlly  + (/IR 100 [P~ 202w | dZdX) .
JF

Thus, applying the Young’s inequality to the last term and combing all the above estimates,
we obtain

d
~ P ~1pD—2 P ~12
dtuazwuLg(Z+/Ri 07072V 0,0 dXdZ
< D o|1P5t
S 1+10z0ly , + 1024y 1070l -

This together with the L? estimate (3.28) yields the lemma at once. O

We also obtain the following X-derivative estimates.

Lemma 3.5. For any solutions w to (3.21)—(3.23), there holds
d - e - e -
GIox il ot [ ol O ol dXaz + [ 10K ol VR 0k gl X dz

= +
< p =P
S el + 10

14



Proof. The proof of this lemma follows word by word of that of the Lemma 3.4, upon
noting that the jump of discontinuity of 9% across {X = 0} can be computed through the
equation (3.21) for w to give [a_%(whxzo = J; — J_. Note also that we may need to apply
the Sobolev embedding;:

Oy < oy 0,522 a2 dzdx) "
W0zl S N0l +( [ 10z0P26% il dzax)".
%

We thus omit the further detail of the proof of the lemma. O

To conclude this subsection, we summarize our estimate for V; in the following lemma.

Lemma 3.6. There ezists a unique solution Vi, of the problem (3.18) with the boundary and
Jgump conditions (3.19) and initial data (3.20). Furthermore, for any p > 1, there ezists
some positive constant Cy that depends on p and T such that there holds

sup ||Vb / / 0% V3P dX dZdt
0< (3.29)

< co(\[vo<x7 0ol + 100 Voo Wiy + 1200 OBy )

Proof. This is a collection of estimates from Lemmas 3.4 and 3.5, the estimate (3.26) on J4,
the jump estimate (3.10) from Lemma 3.2, and a use of the standard Gronwall inequality.
Indeed, Lemmas 3.4 and 3.5 inparticular yields

sup (i1, / / O P2|0% 6 dXdZdi
0<t<T

is bounded. This together with the standard Young’s inequality yields that

T T B B
/ / 02| dX dZdt = / / 00| 52| 0x 0| T2 | 0% P dX dZdt
0 JRZ 0 JRZ

T T
< / / |Ox W|P dXdZdt+/ / |0xW|P~2|0%w|* dX dZdt
0 JRZ 0 JRZ
is also bounded. The lemma is proved. O

3.2 Remainders

We observe that, with the above profiles, the functions (ugpp,vgpp) given by the formula
(3.1) satisfy

€ _ 2, € U
Otuapp— Oz app+E ,

+ (upr u0)6 Q}app = EAgz app + EU?

oy =0, (3.30)

8151}6

app

€ €
(uapp’ Uapp



where direct computations give
E" = ed?uy,
and
EY = eAY,vg + (AN, — AV, — 2V/ed 00 Vicrr — /€D pdx Ve + €0 Vicn
+ (14 [0:00%)0; Ve — 2Ved:1007;Vp — €020 Ve — UpOatiy,,
Remark 3.7. We note that E¥ contains a singular term: ﬁUp(t, 2/\/€)0xViku(t,x/\e z)

in UpOyvg,,,. This singular term is a-priori not better than bounded in L? and thus we can’t

obtain the convergence in the L? space this way. However, its LP norm has an order of
eV/P=1/2 which tends to zero in LP, forl<p<2, ase—0.

Proposition 3.8. For all p > 1, there hold uniform estimates:
T
1B D)l < elldZuoll 2, / IEY ()|}, dt < Cinlp,T)e' P72, (3.31)
0 xrz

for some positive constant Cy,(p,T) that depends continuously on the initial data, the dis-
continuous jump of the Euler flow vy, the number p > 1, and the time T'. More precisely,
the constant Cin(p,T) is bounded by

Co(I[00(@, 0))ucs I + 100, Moo W,y + 100 C O By + 180000 5, i)
for some Cy that depends only on T and p.

We now give a proof of the Proposition 3.8. The first estimate is clear from the definition
E* = ¢0%ug. We prove the second estimate. We will use the following simple lemma.

Lemma 3.9. For any reasonable function u = u(z), there holds
lu(z/Vellrzm,) < 61/4”“(Z)||LQZ(R+)‘
Proof. Tt is clear by changing of variable from z to z/+/e. O

We now check term by term in EV. The term eAL vy is clear, giving the contribution

of e||Av0HZ££Z(Ri <) Next, note that

A%, — AR, = (100 — |02 D)% — 2(0:0 — 0uby_ )% 7 — 02O

Thus, the estimate (3.29) for V; precisely gives us the desired LP estimate for (Aﬁz -
AﬁOZ)Vb, after a change of variables (z,2) to (X, Z) with X = z/\/e, Z = z/./¢, yielding a
small factor of e. Similarly, for all the terms:

—2/€0,10% Vi i —/€0*0x Vi r+€02 Vi g +e(1+]0.0%)) 02Vp —2/€0,402 , Vp—ed*1p0, Vp
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the estimates from Lemmas 3.1, 3.2, and 3.3 immediately yield that the LP norm of these
are bounded by

Coe'"? (1w (@, )]s + o0, Muco oy + o0 lwrsges) )

Finally, let us treat the term U,0,vg,,. From the definition of v§,  , the singular terms

app- app
1 €
in Up0rvg,, are

1 1
%Up(t, Z)c‘)XVKH(t, X, Z) + %Up(t, Z)ava(t, X, Z)

We then use the Lemma 3.9 to treat these singular terms. For example, we compute

ep/Q/ U, (t, 2)0xVi(t, X, Z)|P dedz < e”’/?/ U, (t, 2)0xVi(t, X, Z)|P dXdZ
R2 R3

A AR N

~

< €r2,

Other terms are entirely similar. This completes the proof of the estimate (3.31), and thus
the Proposition 3.8.
3.3 Convergence

We are ready to prove the convergence stated in the main theorem.
Now we consider the solutions R*, R" of the following problem:

O R" = €d’R" + EY,

R’ + (Up + R")0.R® = eAL,R" — R"0,v5,, + E°
G (3.32)
i, (B4R =0, |
[R*],—y = [0:R"]2=0 = 0,
(R*,R")|,_, = 0.

Then the functions (u€, v¢) defined by

u(t, z) = ul,,(t,2) + R“(t, 2)

app
v(t, T, 2) = Vg, (t, T, 2) + RY(t, @, 2),

satisfy the equations (2.1)-(2.2)-(2.4).
The well-posedness of the problem (3.32) follows at once from the following a-priori
estimates:

17



Lemma 3.10. There hold

d
IR L: +elo-RM 5, S IR 22l B 2z,

~

d U U — U U € v U -

—|RP, +e | |RUPAVLRPdadz S (IR 0uvipllie, + IE e, JIRVIES,

dt x,z R?F Tz
where Vf,z = (Og, 0y — 0,90;).

Proof. Multiply by R* and |R"|P~2RY the respective equations in (3.32) and integrate the
resulting equations over R, or Ri. The claimed estimate for R" is straightforward. For
the RY estimate, we have

1d

- RY|P U RY Rvp—?az v DU
v | |+/Ri(p+ JIRYP20, R R dudz

-,

We first note that integration by parts yields

app

(eAszv — RUQuvf, — E) IRVP2R® dado.

2
+

|RY]?

/ (Up + RY)|RV|P20, R’ R’ dxdz = /
R2 R

2
= +

(U, + R“)8x< ) dedz = 0

and
6/ Asz”‘RUVJ—?RU drdz = —6/ ’Rv‘p—2|vszv‘2 dxdz,
R2 RZ ,

upon noting that there is no contribution on the boundary and the interface due to the
vanishing boundary and jump conditions for RY. Finally, the standard Holder inequality
yields

[ R0ty DR dede S (1B 0stigy g, + 17z, ) 1R

+

Collecting these estimates together proves the lemma. O

It is straightforward to verify that

(ug

op(62), V5t 2, 2)) = V0 in L0, T L*(Ry) x LP(R x Ry)),

’ “app

as € — 0, upon using the estimates on the profiles from Lemmas 3.1, 3.2, 3.3, and 3.6, and
the Lemma 3.9. Therefore in order to prove Theorem 1.1, it remains to prove that

(RU(t,2), R°(t,2,2)) = 0 in L0, T; L2(Ry) x LP(R x R,)), (3.33)

as € — 0.
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From Lemma 3.10 and Proposition 3.8, by the standard ODE estimate and the Gronwall
inequality, we immediately obtain uniform bounds

IRz + € 20:R 22 S e

with noting that ||[E"|| 2z, < € and R = 0. In addition, this estimate yields

|t=0
r 4 2 2 3
[ IRt S IR 0B By S €

This together with the bound [|0,v

appH’j;?O p . S 1, which again follows from the estimates

on the profiles, yields

T T
/OHRu@xvgppHigz < ||82,1)21)10||§3J?OL2.;EYZ/O HR"H?J;O dt563p/4.

In addition, the second estimate from Lemma 3.10 implies
CIR, S IR, + (IR Dl + 1N, ),
which gives
1RO, < [ IR, s+ ().
The Gronwall inequality then yields

R
which tends to zero as e — 0, for p < 2.
This ends the proof of the convergence (3.33), and thus of Theorem 1.1.
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