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Abstract

We address the local well-posedness of the hydrostatic Navier-Stokes equations. These equa-
tions, sometimes called reduced Navier-Stokes/Prandtl, appear as a formal limit of the Navier-
Stokes system in thin domains, under certain constraints on the aspect ratio and the Reynolds
number. It is known that without any structural assumption on the initial data, real-analyticity
is both necessary [38] and sufficient [24] for the local well-posedness of the system. In this paper
we prove that for convex initial data, local well-posedness holds under simple Gevrey regularity.

1 Introduction

The present paper is devoted to the study of the following two-dimensional system:

Opu + ud,u + vOyu + Ozp — n(‘);u =0, (x,y)eTx(0,1), (1.1a)
Oyp =0, (x,y) €T x(0,1), (1.1b)

amu+ayvzoa (m,y) €T x (07 1)7 ( )

(1.1d)

u|y:071 = U|y:071 =0, x¢€T,

where 17 > 0. The unknowns of this system are (u,v) = (u,v)(z,y,t) and p = p(z,y,t), which
model respectively the velocity field and pressure of a fluid flow. The boundary condition (1.1d)
corresponds to a no-slip condition at the walls y = 0,1. With respect to the tangential variable x
we impose T-periodic (lateral) boundary conditions.

Note that upon integrating in y the incompressibility equation (1.1c), using the boundary condition
for v (1.1d) we obtain the compatibility condition

1
0. [ utaw ity =0 (1.2)
0

for all z € T and ¢t > 0, so that the vertical mean of u is just a function of time. Condition (1.2)
allows us to compute the pressure gradient, cf. (2.4) below, and to obtain the boundary condition
for the vorticity, cf. (2.6b) below.

System (1.1) is formally obtained [29, 38] when considering the asymptotics of the two-dimensional
Navier-Stokes in a thin domain: Q = (0, L) x (0,1) with § = % < 1. After a proper rescaling
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the Navier-Stokes equation becomes

Oyu + udpu + vOyu + p — 00292 —ndyju =0, (z,y) € T x (0,1), (1.3a)
52(0pv + udyv + vIyv) + Oyp — N6 02w — 77(52851) =0, (z,y)eTx(0,1), (1.3b)
Opu+0yv=0, (x,y)eTx(0,1), (1.3c)

where n = J%Ro’ with Re = % the Reynolds number. If we assume 1 ~ 1 and keep the leading
order terms as 0 — 0, or if we assume 7 < 1 and keep both the leading order and next order terms
in (1.3), we end up with (1.1).

Our concern here will be the local in time well-posedness of (1.1). Besides its mathematical rele-
vance, this problem is meaningful from the point of view of hydrodynamic stability, notably with
regards to the properties of the so-called primitive equations:

Apu + udpu + vOyu + Opp — 1/ 02 — n@ju =0, (x,y)eTx(0,1), (1.4a)
Oyp =0, (x,y) €T x(0,1), (1.4b)
Opu+0yv =0, (x,y)eTx(0,1). (1.4c)

This model and its three-dimensional counterpart are very important in atmospheric sciences, after
accounting for gravity and many other features [31, 30, 40, 37]. For positive values of tangential and
transverse viscosity coefficients, they are known to be globally well-posed in the Sobolev setting in
both the two and the three dimensional case [43, 3, 4, 40, 8, 21, 27, 28], and the vanishing viscosity
limit 7,7’ — 0 can be characterized in the real-analytic category [22]. Yet, in the absence of
additional turbulent viscosity, the dimensional analysis of (1.3) shows that the tangential diffusion
coefficient 7 is expected to be very small. This allows to relate the well/ill-posedness of (1.1) and
the stability /instability properties of (1.4). For instance, assume that (1.1) is linearly ill-posed
without analyticity in z: a result in this direction was shown in [38], and will be discussed later
on. It roughly means that, at least in the early stages of the evolution, there are perturbations
with wave number k > 1 in z that grow like el¥l*. From there, if 1 is small enough so that
n'|k|?> < 1, one can expect the tangential diffusion —1’9? to stay negligible, and the perturbation
to be an approximate solution of (1.4) (with Dirichlet conditions). This can result in a growth
almost as strong as e/ v’ showing the strong instability of (1.4). We note that if one keeps
7’ > 0 in (1.4) while setting 7 = 0, the local well-posedness can be established for Sobolev initial
datum [6, 7], confirming that the horizontal dissipation dominated equation is much more stable
that the hydrostatic Navier-Stokes system (1.1) considered in this paper.

From a mathematical perspective, system (1.3) is reminiscent of the two-dimensional Prandtl sys-
tem, describing boundary layer flows. The latter is set in a half-plane, say T x R,, and reads

O + u0yu + voyu + Oyp — n@iu =0, (z,y)eTxRy, (1.5a)
Oyp =0, (x,y) € TxR4, (1.5b)

Opu+0yv =0, (x,y)eTxRy, (1.5¢)

Uly=0 = v]y=0 = 0, (1.5d)

lim u=u*>, lim p=p>. (1.5e)

Yy—r—+00 Yy—r—+00

Hence, the only difference with (1.1) lies in the domain and in the boundary conditions. Here, u™
and p> are given data, related to the Euler flow above the boundary layer. In particular, as p



does not depend on y, it is no longer an unknown of the system. This is a major difference with
(1.1), where p can be seen as a Lagrange multiplier, associated to the constraint that v = — foy Ozu
vanishes at y = 1 (see (2.4) below).

The well-posedness properties of (1.5) are now well-understood, and depend on the monotonicity
properties of the initial data. Roughly, if the data have Sobolev regularity, and if furthermore the
initial data are monotonic in y, (1.5) has local in time Sobolev solutions [34, 33]. On the other
hand, without monotonicity, system (1.5) is ill-posed in Sobolev spaces [12, 15]. Local in time well-
posedness can be achieved when the initial datum is real analytic [39, 25], and even under the milder
condition of Gevrey regularity in x [14]. We refer to [10, 42, 13, 20, 26, 9] and references therein
for more results on the Prandtl system such as singularities, long time behavior, and Gevrey-class
stability. Interestingly, the instability mechanism that yields ill-posedness in Sobolev involves in a
crucial manner the lack of monotonicity and the diffusion term —n(‘);u. Indeed, the inviscid version
of Prandtl, that is

dpu + udpu +vdyu+0pp = 0, (z,y) € T x Ry, (1.6a)
Oyp =0, (z,y) e T xRy, (1.6b)
Oyu+0yv =0, (z,y)eT xRy, (1.6¢)
v|y=0 = 0, (1.6d)
li = p> 1.
A p=p, (1.6e)

has local smooth solutions for smooth data, as can be shown by the method of characteristics [19].

With regards to this recent understading of the Prandtl system, it is very natural to ask about the
local well-posedness of (1.1), and to start from the consideration of the inviscid case n = 0, namely

Oru + udyu +voyu+ 0yp =0, (x,y) € T x (0,1), (1.7a)
Oyp=0, (x,y)€Tx(0,1), (1.7b)

Opu+ 00 =0, (z,y)eTx(0,1), (1.7¢c)

V]y=0,1 = 0. (1.74d)

This hydrostatic Euler system has been the matter of many studies [1, 16, 2, 38, 24, 32, 23, 5, 41].
Contrary to (1.6), existence of local strong solutions requires a structural assumption, namely the
uniform convexity (or concavity) in variable y of the initial data. A contrario, the presence of
inflexion point may trigger high-frequency instability. This point was established in article [38].
The author considers in [38] the linearization of (1.7) around shear flows u = Ug(y),v = 0. More
precisely, he shows that if the equation fol(U s(y) —c)~2dy = 0 has complex roots, then the linearized
hydrostatic Euler system admits perturbations which have wavenumber k in z and grow like %t
d >0, for all k> 1. Back to the nonlinear problem (1.7), one can only expect to show short time
stability for data whose Fourier transform in = behaves like e 9%l for large k. This corresponds to
analytic data in z. Local well-posedness in the analytic setting was established in [24]. Moreover,
it is mentioned in [38] that this high-frequency instability persists in the case of the viscous system
(1.1), at least for small enough 7.

Considering all these results, the remaining task is to analyse the viscous system (1.1) for convex
(or concave) initial data. This is the purpose of this paper. It raises strong mathematical issues,
related to the control of x derivatives of the solution. In particular, we find

O (0pu) + (udy + v0y) (9pu) + (9pu)* + (9xv)0yu + Oy (Fyp) — n@i(@xu) = 0.
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One of the main problems in controlling d,u is the term 0,v0yu. Indeed, O,v = — foy O2u is
recovered from the divergence-free condition, so that it can be seen as a first oder operator in z
applied to J,u. As this first order term has no skew-symmetry, it does not disappear from energy
estimates, so that standard energy arguments can only be conclusive with the help of analyticity.
In the case of the hydrostatic Euler system, the way out of this difficulty consists in considering
the (approximate) vorticity w = dyu. Its tangential derivative is seen to satisfy

0¢(0pw) + (u0y + v0y)(0pw) + (Opu) (Opw) + (Ozv) Oyw = 0.

Under a uniform convexity or concavity assumption [0,w| > «, the idea is to test the equation
against Oyw/0dyw rather than d,w, to take advantage of the cancellation:

/896@ Opw = —/8y8xv Opu = /éﬁu Ozu = 0.

This allows to get rid of the bad term, and is the starting point of the local well-posedness argument.
Such an idea was used previously in [17, 32].

Unfortunately, this manipulation, that we will call the hydrostatic trick, is not fully appropriate to
the viscous system (1.1). The reason is that in the estimate for d,w, the viscous term generates
extra boundary integrals such as

O Ouw

I = / Oy Opw dzx, It = / Oy Opw———dx.
! Txioy | Oyw ! Tx{1} . Oyw

The value of 9,0,w at the boundary can be obtained from the equation on d,u, and yields for
instance (the computation will be detailed later)

1
0yOpwly=0 = Q,%p = —28:0/ wOyudy + Opw|y=1 — Opwl|y=0.
0

The issue comes from the first term at the right hand-side, which is again a first order term in
O,u without any skew-symmetric structure. In other words, there is an additional loss of deriva-
tive compared to the Prandtl equation, so that obtaining well-posedness below analytic regularity
is challenging. This is our goal in what follows, and we prove in Theorem 2.1 below the local
well-posedness under Gevrey regularity of class 9/8 in the x variable, under an extra convexity
assumption in y.

2 Main result and strategy

For notational simplicity, from now one we will set n =1 in (1.1). Let Q@ = T x (0,1). For 7 > 0,
~v > 1, we define the Gevrey norm

1F12., = S r 2 (G 2105 B -
=0

Functions f satisfying ||f||,,» < +oc are in Gevrey class v with respect to z, measured in L? in
variable y. Our main result is the following;:



Theorem 2.1 (Well-posedness for convex Gevrey-class initial datum). Let 7° > 71 > 0,
v <9/8. Let uy a function satisfying the reqularity condition

Hayu0|"y,ro + ”85’[1,0”%7_0 < 400, (21)

the convexity condition

inf d2ug > 0, (2.2)

and the compatibility conditions O, fol updy = 0, up|y—0,1 =0,

1
8§u0\y:071:/ (—axu%—l—i?juo)dy — /Q@Z?UQ
0

Then there exists T > 0, and a unique solution u of (1.1) with initial data ug that satisfies

sup (Hayu(t)H%ﬁ + |’85u(t)”%n) < +o0.
te[0,T]

inf 92 . 2.
te[&%]mayuw (2.3)

A few remarks are in order:

e The main point in our result is that we prove local well-posedness without analyticity, reaching

exponents 7 > 1. The value v = 9/8 is due to technical limitations, and could certainly be
improved. The optimal value that can be expected for ~, or even the possibility of well-
posedness in the Sobolev setting are interesting open questions. Our conjecture - based on a
formal parallel with Tollmien-Schlichting instabilities for Navier-Stokes [18] - is that the best
exponent possible should be v = 3/2, but such result is for the time being out of reach. If
confirmed, it would emphasize the destabilizing role of viscosity.

We loose on the radius 7 of Gevrey regularity, going from 70 to 71 in positive time. This loss
is very standard [39, 24, 25, 14].

Besides the Gevrey regularity assumption (2.1), the key assumption is infg ajuo > 0, which
corresponds to a strictly convex initial data. The strict concavity condition supg 8§u0 <0
would work as well. On the opposite, as discussed before, we do not expect such well-posedness
to hold for data with inflexion points [38].

The first compatibility condition 0, fol ug = 0 is here to ensure that (1.2) holds for all time.
Note that we can use (1.2) to determine d,p: applying 9, to (1.1a), taking the mean over
y € (0,1), integrating by parts in the term fol vOyu dy, and using the periodic lateral boundary
conditions, we find:

1
Bup = Dlymt — Blymo — B / Wdy,  weT, (2.4)
0
where w = dyu is the vorticity, and we have denoted by
Bzt =w(pt) ~ [wloyds, ye(01) (25)
T

the zero mean (in ) boundary vorticity. We will use the notation (2.5) throughout the paper.
Note that for y € {0, 1}, the functions w and @ only differ by a function of time.



e The second and third compatibility conditions can be explained as follows. Most of our
analysis relies on the control of the vorticity w = 9d,u. We notably need some bound on
supyeio,r] ||y, - for 7 € [, 79) . If we leave aside the Gevrey regularity in z, this corresponds
to an Lt‘X’H; bound on u. As wu satisfies a heat type equation with Dirichlet condition, it is
well-known that such an L;/’OH?} bound requires the compatibility condition u|i—g|y=0,1 =
uly=0,1lt=0. In view of (1.1c), this amounts to the second compatibility condition of the
theorem: ug|y—0,1 = 0.

Similarly, the last compatibility condition is related to the fact that we need a bound for
supyepo, 7] [|Owwlly,r for 7 € [71,7%). More precisely, this condition can be derived from the
system obeyed by w = dyu, which is:

0w + u0pw + vOyw — 8§w =0, (x,y)eTx(0,1), (2.6a)
1

8yw|y:071 = (:J|y:1 — (:J|y:0 — 890/ u2dy. (2.6b)
0

Indeed, (2.6a) follows from differentiating (1.1a) in y, while the boundary condition (2.6b)
is obtained by evaluating (1.1a) at y = 0,1, using the Dirichlet boundary conditions for
uw and v in (1.1d), and the formula for the pressure gradient (2.4). Now, from (2.6a), it
appears that an LfOLZ control of dyw is similar to an LfOLZ control of E?;w, meaning a LfOH;
control of dyw. By differentiating (2.6a), one sees that Jyw satisfies a heat like equation,
and by (2.6a), it also satisfies a Dirichlet type condition. Again, an L;X’HZ} control requires
Oyw|i=0]y=0,1 = Oyw|y=0,1|t=0, which by (2.6b) amounts to the third compatiblity condition.

General strategy of the proof. Our analysis is based on the vorticity evolution (2.6). We
want to benefit from the so-called hydrostatic trick, which consists in establishing L? estimates
for the weighted derivatives djw/y/dyw. The difficulty is that these estimates are not compatible
with the diffusion —8§w, which creates boundary terms involving %Gyw]yzo. Because of the extra
x-derivative at the right-hand side of (2.6b), one can not close an estimate at the Sobolev level.

b

To overcome this difficulty, our first idea is to write w = w™ +w?, where w® is a boundary corrector

which solves (approximately):
1
O — ajwbl =0, 8ywbl|y:0,1 = —890/ u?dy,
0

where the right side of the Neumann boundary condition is seen as a given data. With this splitting,
the bad term is removed from the Neumann condition on w'”, so that we may apply the hydrostatic
trick to this quantity. Still, this approach is obviously not enough: the equation for w® still involves
w, either directly or through w®, so that no closed estimate is available on w™.

This is where we shall take advantage of Gevrey regularity. To explain this point, it is simpler to
consider the linearization of (2.6) around a shear flow u = (us(y),0):

1
Opw + usOpw + ulv — ajw =0, Oyu+0,v=0, Oyw|y—01 = @|y=1 — @|y=0 — 281/0 usudy.
As this system has z-independent coefficients, one can Fourier transform in x. More precisely,
looking for local well-posedness in Gevrey class v, it is natural to look for solutions in the form

w = eklmteikxd)k (t,y). We end up with the following system for the boundary layer corrector:

1
(K7 + 0t — 926 =0, 9,0 |y—0,1 = —Qik‘/ Ustipdy.
0
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Explicit calculations on this system reveal that Gevrey regularity in x is converted into spatial
localization in y: for k> 1, (IJ has a boundary layer behaviour, with concentration near y = 0, 1

at scale k ZW Roughly, neglecting the upper boundary, one can think of

Now, the idea is to write

1 1 1 Lol L 1 1 '
/ ugliydy = / ug il + / Uty = (k;l_? / us(y)U(t,kﬂy)dy> / ustpdy + / us Ui,
0 0 0 0 0 0

In short, one can check that for v < 2, we have g fol us(y)U(t,k:%y)dy = o(1) in the limit of
large k, so that the first term at the right-hand side can be absorbed in the left-hand side. This
leads to a control of fol usu, and thus of w®, in terms of w™. From there, one can get closed
estimates on w""

Of course, this strategy is made more difficult when dealing with the xz-dependent and nonlinear
system (2.6). In particular, the Fourier approach is no longer convenient, and we must use the
characterization of Gevrey regularity in the physical space, through the family {8%@)}]-61\1. In order
to take advantage of the boundary layer phenomenon, we shall introduce Gevrey norms with extra-
weight (j 4+ 1)", see (3.1). The boundary layer phenomenon will be reflected by the fact that
multiplication by y or integration in y will generate a gain in the exponent r, see Lemma 3.1. Such
gain will make possible the control of boundary layer quantities by w™, cf. Lemma 3.4.

From there, the analysis will focus on weighted estimates for w'”, using the hydrostatick trick.
As usual in nonlinear problems, these estimates will be obtained conditionally to certain bounds
(notably a lower bound on Jyw, to benefit from convexity). We will show that such bounds are
preserved in small time, which will require estimates on the time derivative 0;w, as well as maximum
principle arguments for dyw.

3 Preliminaries

As usual in this kind of analysis, we will focus on a priori estimates. This means that from Section
3 to Section 6, we will assume implicitly that we already have a solution of (1.1) on [0,7] with all
necessary smoothness, and we will collect properties and estimates about this solution. Only in
Section 7 will we describe the way of constructing solutions.

3.1 Norms and notation
Let v > 1, r € R, 7 > 0. We introduce a refined two-dimensional Gevrey norm

2| _ Gyt

|fH’y7”7’ ZM |8]f”L2 TXOI) Where Mj = W (31)
7>0

Note that the L? norm in space is only used on Q = T x [0, 1], although the functions may be

defined on the half-space T x [0,00). We note that if " > r then [|-||, ., . =[]l .,



For functions which are independent of the y variable, we use the one-dimensional counterpart
2 2 (a7 £l2
‘f‘*y,r,r - ZM] HafoL%(T) )
Jj=0
where M; is defined as before. Similarly, if 7' > r then [-[ ., - > |, .

0

Let 79, 71 as in the theorem, and let 7 such that 7° > 79 > 7. Throughout the paper, the

Gevrey-class radius 7 will be defined by

7(t) = 10 exp(—pt), (3.2)

where > 1, t € [0,T], and T always small enough so that 7(¢) > 7. In particular 7(¢) = —p7(t).

We will use a <b to denote the existence of a constant C' > 0, which may depend only on =, 79, 71,
and r, such that a < Cb. Similarly, will use a < b to denote the existence of a sufficiently large
constant C' > 0, which may depend only on ~, 7, 71, and r, such that Ca < b.

For any function f we use the notation
fj = M;dl f (3.3)

where M; is defined in (3.1) and depends on 7,7, and 7. With this notation we have

2 2 2 2
e =302, and (7R = SN,

J=0 J=0

3.2 A boundary layer lift

The boundary condition (2.6b) in the vorticity evolution (2.6) motivates the introduction of a
boundary layer lift for the the vorticity, which we describe next. Throughout the paper we appeal
to Gevrey estimates for the system

(O — 02w’ =0 (3.4a)
(8ywb + 2Wb)|y=0 = Ouhly—0 (3.4b)
W’|—o = 0 (3.4c)

posed for t € [0,7], z € T, and y € R. Here h is a placeholder for — (fol u?dy — fT fol u? dyd:z:).

Since the boundary datum for w” is a pure z derivative (and this is the only nontrivial datum), we
note that (3.4) immediately implies that [ W’ (z,y,t)dx = 0, for any y > 0. We also define

W (x,y) = /y W’ (x, z)dz (3.5)

+oo

+00
v T,y) = Optl’ x,z)dz. 3.6
@ = [ ) (36)



Lemma 3.1. Let r € R, 8 > 1 and T > 0 such that 7(t) > 71 for t € [0,T]. The boundary layer
vorticity w® obeys

t 2
b
/0 Hw (s) ’YT’T(S 53/2 / [h(s) 'YT’+’Y—* 7(s) ds (3.7a)
t
b
/0 Hyw (S 'er(s 55/2/ ‘ 'Y7’+'Y_* T(S)d (37b)
t
b
/0 Hayw (3 'er(s 51/2/ | 'YT+“/ T(S)d (37C)
t
b
/0 |v0,0(5) o 63 s / ()2 s 1) 03 (3.7d)
t 2
° s < —
/0 ‘w (8)“1}:1 'y,r,T(s ~ B / ’h ’yr+'\/—10 7(s) ds (376)
t 2
° s <
[ ol s / (I (3.70)
the boundary layer velocity u® obeys
t b 2 - 1 t 9
/0 Hu (s) 'er(s ds NW/ \h(s)\y7r+v_§ (s) 48 (3.8a)
t
b
/0 Hyu (s) »YTT(S 57/2/ [ «/,r-q-»y (s )d (3.8b)
t 2
b < 2
Lol s /0 ()P 100 45 (3.8¢)
and the boundary layer velocity v° satisfies
t b 2
/0 HU (S)‘ %m(s) 57/2/ |7( w’+27_7 T(s)d (3.92)
t 2
b 2
[ oo a5 535 [ IR sz s (3.90)
iE * as< L [ d
0 ‘U ’yzl(s) i (s) SN@ 0 ‘ (S)"\/,r—l—'y—lo,ﬂ'(s) & (39C)

for all t € [0,T].

Proof of Lemma 3.1. In view of (3.2), (3.3), and (3.4), the function w”

=M jaﬁiwb obeys equations

O+ B +1) = 2)w) =0 (3.10a)
M,

(0 + 207 |y=o = Ophj|ymo = Wilhﬂl (3.10b)

W’li—o = 0. (3.10c)

For fixed x € T we define f;(z,t) = %hﬁl(az,t) for t € [0,T], and f;(z,t) =0 for t € R\ [0,7].
Pointwise in z and y we take a Fourier transform in time and solve in L?(IR; x T, x ]R;/F ) the equation
(O + B +1) = 0;)w; =
(8ywl;' + 25}?)‘@/:0 = fj'



The solution is obtained by taking the inverse Fourier transform in time (we let ¢ denote the dual
Fourier variable to t) of the function

2h _ fj(C, z) —y\/BG+1)+i¢
Wi (¢ z,y) = . B(j—i—l)—i—iﬁe . (3.12)

We implicitly assume here that S > 4 so that for all j € N, for all { with Zm { <0,

2—VBE+1)+i| > |VBG+1)+iCl—2>/B(i+1)—Im{—2>+/B—2>0. (3.13)

We will make a crucial use of

Lemma 3.2. The following two properties hold
° (:1';—50f07“t<0.

. (Izlj’»zw; fort €[0,T].

The proof is postponed to Appendix A. This lemma will allow us to use the explicit formula (3.12)
to obtain estimates on w;, starting with (3.7a)-(3.7f).

Let us detail the derivation of (3.7a). A simple calculation based on (3.12) yields

A C A
b2 2
W < f

H ]HLE,x,y B (5(] - 1))3/2 H ]HLEJ

for a constant C' independent of j (and obviously from 7', which is only involved in the definition
of f;). By Plancherel formula in time:

120 < 2 =G M; 2/T||h- ()12, d (3.14)
“illez, , = GG+ e, = g1 \ M) Jy M )72 ds :

This implies (by the second item of Lemma 3.2)

!/

g b 2 . 2y—3 g 2
| 1613 s < S+ 027 [ g (o) s

Multiplying by (j + 1)?" and summing over j, we obtain the inequality (3.7a) in the special case
t = T. For the general case t € (0,7), the idea is to slightly modify wg.. Namely, instead of
extending %hﬁ_l by zero outside (0,7"), and then solving the heat equation with the extension
f; as a boundary data, we extend %hjﬂ\(o,w by zero outside (0,t). We then solve the heat
equation with this modified boundary data f;, which is zero outside (0, ), resulting in a new w?.’t.
Obviously, Lemma 3.2 and the previous calculation remain true with 7" replaced by t, wg. replaced
by w?t. This yields (3.7a). Inequalities (3.7b) to (3.8b) follow very similar arguments, that we skip
for brevity.

In the case of (3.9a), we need to take into account one more z-derivative. A simple calculation

yields (with obvious notations):

A C A

2h 112 2
2., = GGyl
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The extra factor of (5(j —i—Al))2 at the denominator compared to (3.14) comes from taking two
antiderivatives in y, while f; is replaced by 0, f; due to the extra z-derivative in (3.6). It follows
that

T C 27_1 T )
|1 ds < 4027 [ o ] ds

and using that |0yhj41| < M’E |hjtal S (54 2)7|hjta|, we get

T

T
C Ay—T 2
|1 ds < 400 [ ihgsaly ds

Multiplying by (j 4+ 1)?" and summing over j yields (3.9a) for t = T', while the case of an arbitrary
time ¢ is treated with the modification explained above. The pointwise estimate (3.9b), taken at
y = 0, follows from the inequality
Ih-olls, < rrpmlo-filis,

The pointwise estimates (3.7f), (3.8¢c), and (3.9¢), taken at y = 1 or y = 1/2 are much better: all
boundary layer terms taken at y = 1 contain an exponential factor e~ VAUTD+E which allows to
gain an arbitrary number of powers of $j (which explains the arbitrary factor ﬁ and the index
r—~ —10). O

Lemma 3.3. Letr € R, ﬁ>1andT>Osuchthat7' (t) > 71 fort € |0,T]. We have

Sup H ‘ v,r,7(s) 51/2 / ‘ 'y,r—i—*y—— 7(s) ds (315&)
for allt € [0,T.

Proof of Lemma 8.3. In order to establish the estimate (3.15a), we rely on the explicit formula
(3.12), which gives an L' control of the Fourier transform:

(/ /‘e—2y\/ﬁ(j+1)+i4
R, JT

. 1/2
rfj<<,:c>\2da:dy> dg¢

220 S [ !
P Jo | VBG+ D) +iC—2|
_ 1 . 2d 1/2d

1/2 1/2
1 .
< d (¢, z)|?d d>
: </R| G+ C) (L L1 apac

] 1/2
§W<//\JZC= ’dde> -

This implies that
1 1/2
b
sup ||@’ (¢ < - t,x)|“dt
s 8302, 5 e ([, [ ateofat)

Restricting the left-hand side to the supremum over (0,7"), we get

7 S hjy1(t, z)[*dt.
s 1500, 5 e [, [ o

Multiplying by (j+1)?" and summing over j, we get (3.15a) for t = T.. The general case of t € (0,7
is treated as in the proof of Lemma 3.1. O

11



3.3 The interior vorticity controls the boundary layer lift

So far, we have only focused on the lower boundary layer lift, which is very small near y = 0. We
introduce the notation

wbl(x7y7t) = b(:p Y, ) - b(:p 1- y,t) (316&)
ubl(w,y,t) (@, y, 1) + ' (x,1 =y, 1) (3.16b)
Ce = /8u (z,z,t)d (3.16¢)
to denote the cumulative boundary layer profile, and
W (@, y,t) = w(z,y,t) — (2, y,1) (3.17a)
u™(z,y,t) = u(w,y,t) — u’(z,y,1) (3.17b)
v @,y t) = vz, y,t) — " (2, y,t) (3.17¢)

to denote the interior vorticity, horizontal velocity component and vertical velocity component. In
view of (3.3), (3.16) and (3.17) also define the objects wj , ;’l, ;’l in terms of the function h, and

w;", u;", v;" in terms of h and w.

Lemma 3.4. Let v € [1,5/4], r > 2y +2, M > 0. Assume w = Oyu is such that

sup ||w(t ro S M 3.18
onp (6] 5. (3.18)

and define

1 1
h(:n,t):—/o (ulz, y, 1)) dy+/T/0 (ulz, y, 1) dyda.

With h as above, let w° be defined via (3.4), and let W™ be as defined in (3.17). Then there exists
B« = Bi(T0, 71,7, 7, M) such that: if B > Ps, if T is such that 7(t) > 11 fort € [0,T], then

t Lo
/0 |h(8)|f2y,r,7'(s) ds 5 M? /0 me(S) Hi,r,ﬂ-(s) ds

Note that with h defined as above we have d,h = —0,, fol u? dy, so that the additional kinetic energy
term in & is not seen by w®. Combining Lemmas 3.1 and 3.3 and 3.4, we see that condition (3.18)
implies a sharp control of the Gevrey norm of the boundary layer profiles w®, u®, and v”, solely
in terms of the Gevrey norm of the interior vorticity w*” and of the constants M and §.

for any t € [0,T].

Proof of Lemma 3.4. For j = 0 we have hg = Myh = 7h, and since fT x,t)dx = 0, we may apply
the Poincaré inequality in the x variable:

lhollze S 18sholle S Ihallzs- (3.19)

Hence, it is enough to estimate h; for j > 1. By the Leibniz rule we have

J . 1
7 M
) =3 (E) s [t o0y (3.20)

=0 J=
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We can without loss of generality estimate only the half-sum >, jj2» 88 the other half-sum can
be put in the same form through the change of index ¢ = j — /.

First let us treat the case ¢ > 1. The compatibility condition (1.2) yields fol ug(z,y)dy = 0, which
directly implies that

1
/ e, y)u oz, y)dy = /
0 0

Using the 1D Gagliardo-Nirenberg inequality, the 1D Hardy inequality, the 1D Poincaré inequality,
and the fact that u|y—o = u¢|y=1 = 0, we have that for £ > 1:

1

1
wela, ) (u;’im,y) - /O uin (o, z)dz) dy.

1
/0 ug(x, y)uj—e(x, y)dy

L

1 1
< || wtewu o) | [ w0y
0 L2 0 L2
<ol [ue = [ i v | -ty
Bty || o 7 2, YA =) llperz L
1/2 1/2 i 1/2 1/2 bl
S el N0wuel el + el a2, o0 =i,
1/2
M, 1/2 1/2 i bl
Sl leoesa 12, (eell s, + [lo1 =], )
(+1 z,

For ¢ = 0, we estimate the L2 norm of fol UQ ug’»ldy precisely as in the case £ > 1. For the interior
piece, since j > 1 we may use (1.2) and the Poincaré inequality in y to estimate
L%,y>

1 1
in in bl
ui(z,y) —/0 ui(z, 2)dz /0 uj (v, 2)dz

L%)

since Hu0||LgoL§ < HWOHL;@L% S ||w0||L%y + [lwill 2 , < M. At this point we note that

1
/0 o, y)u™ (z, y)dy

S HUOHLgOLg (

.

L2

2
T L:L‘,y

' 1
SM <Hw§"HL%y + H/O ull(z,2)dz

1

! bl 1/2 bl bl bl
/0 Wz, y)dy = — /0 gl y)dy + o (,1/2) + /mu—y)wj (2,y)d=

Returning to (3.20), and using that in this range of ¢, namely less than j/2, we have

so that

1
/0 ul (, y)dy

&l + e,
LgNHywj e s,

(et et
VP SR\ TR SR
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for 7 > 1 we obtain

Uf:] ’ M; 1/2 1/2 :
IRl < ( > J lwell /> Nwesrll2 (Hwé—ﬁZHLQ + Hy(l —y)ug’-l_g‘
T — E M]—3M2/2M€1_,’/_?l T,y zy 2.

L?c,y>

; b b b
A (Hw;"H% i Hyu]HL ,h HyijL% . Juita 1/2)HL%>

. 3r

/20 (1 4+ 1) (el 1 Nwega |13

< b (e
(+1)172

(=1

01 ([, + o

b b
ot HyijL%y + i, 1/2)HL3> . (3.21)

From (3.19) and (3.21), using the discrete Holder and Young inequalities, inequalities (3.8b), (3.8¢c),
(3.7b) and assumption (3.18) we obtain from the above that

t t
/0 h()E 7 s = / S [1hy(s)]12 ds

>0

3r 2
G+ (lwjll e+ llwjtall2 ) t 2
x, x, 3 b
< sup e | (S, + 3 [
04 \ 550 (j+1)iz 0 V>0 oS0

t
) iy 112 b
+ M /0 <Hw (S)H—y,r,'r(s) + Hyu (8)‘ ~,r,7(s
. t 2 2
2 n 2 b
<M ( /0 [ S]3,,r sy s + /0 Hy“ <S)‘ Yrr(s)

¢ t
2 in 2 1 9
S M (/O Hw (S) H'\/77‘77—(3) ds + W /0 |h(8) |'Y771+“/—%,T(S) ds) .

Here we have used that 7/4 — /2 > 1/2. The proof is completed using that M?25~%/2 < 1, which
follows once B, is taken sufficiently large, and the fact that v < 5/4, which allows us to absorb the
second term in the right side of the above into the left side. O

2
>d8
L%’y

2
) ds
¥,757(5)

2
ds>
¥,757(8)

2

]

v,r,7 (s

) + ‘ub(s)‘yzlﬂ

b b
~,r,7(8) - Hyw ‘ + ‘u ‘y=1/2

4 Estimates involving w™

From the vorticity evolution (2.6), and the definition of w® (3.16) (which in particular obeys
Jr WP (z,y,t)dz = 0 for any y > 0), we obtain that the equation obeyed by the interior vorticity is

D™ — 85@)"‘ + udpw™ 4+ vIyw™ = —udpw® — vd,wW" (4.1a)
aywm‘y=0,l = @m‘yzl - a)m’yzo + wa‘y=1 - ay("}b’y=1' (4’1b)
wm(o) = wp (4.1C)

The initial condition for w™ is obtained from the fact that w”(0) = 0, which holds in view of (3.4c).
The main a priori estimate for w™ is provided by the following Proposition.

Proposition 4.1. Let M,dy, v € [1,9/8] be given, and let B, be as in Lemma 3.4. There exists
ro = ro(7y) such that for all v > rg, one can find By = Bo(M, o9, T0,T1,7,7) > max(Ps,4) satisfying:

14



if B> Bo and T <1 is small enough so that T(t) > 1 for all t € [0,T], under the assumptions

sup [[w(t)|, 32 .y + sup ||Oyw(®)|., z py <M 4.2
s 10l 5y + 500 100 (42)
and
1
do
Sllp} Hagw(t)HLgoL% < M, (4.4)

te[0,T

we have that

in 2 ! n 2 ! n 2 1 2
ssel[loli)t} Hw (S)H—y,r,'r(s)—i_/o Hayw (S)H—y,r,'r(s) d8+6/0 Hw (S)ny,r-i-%,‘r(s) ds < 5_3 Hw(o)”“{ﬂ"ﬂ'o (45)

holds for allt € [0,T]. Moreover, as a consequence we obtain

t t
4
sup ()2, s 1 + /0 0,(8)I2, . ss oy ds + 5 /0 I sl < 35 O

s€[0,t]
(4.6)
for all t € [0,T].

Proof of Proposition 4.1. Using the convention (3.3), from (4.1) we obtain
(O +B(H+1) - 8§)w§” + (udy; + v(‘)y)w;-" + v;'-" W
= —(udy + vay)wgl - v?layw — M;[09, udy + vOylw + v;0pw (4.7a)

aZ/"‘J;‘n|y=0,1 = @§n|y=1 - "D;‘n|y=0 + 2W;|y=1 - ay‘*";|y:1- (4.7b)

Note that as soon as j > 1, we may replace @§"|y:071 = w§"|y:071 in (4.7b). We perform a “hydro-
static energy estimate” on (4.7), which is permissible in view of (4.3). That is, we multiply (4.7a)
with wé—" /Oyw and integrate over Q = T x [0,1]. We notably use the “hydrostatic trick”, which in

this case gives
vitwitdedy = — U us drdy
q 7 A J Yy
1
= axumui.”dxdy—/ </ 8xum> |, 1 dx
/Q J r \Jo J J ly
1
= —/T </0 8xu§’»l(x,y)dy> ug’»l(x, 1)dzx.
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taking into account that fol Ozuj(z,y)dy = 0 and that u;|,—; = 0. Thus, we obtain
2

in 2

. )
1d wj ) ;" 8yw;-"
i + +1 +

2dt V ayw L2 ﬁ(] ) V ayw L2 V ayw L2

_8yw;”w;“ wa;”w;“ bl
- d d 1)dz
/11‘ < Oyw  ly=1 Oyw  ly=0 v +/ ( Opuj (z,y) ?J> !(w,1)

+ / Oy Ogw 1 / (@i")? (ud, + v9,) 9y
Q Q

2 8yw Oyw

Oyw Gyw Y73
bl in
/Quc‘)x ) By dxdy /vﬁy ) B da:dy /ij wi'dzdy

. in Jj—1 . in
J W; M; J Wj
— . dxd dxd
ZMkM] o <k>/ﬂukw] k—l—la xdy — ZM M, k<k>/ﬂvkayw] ka xdy

k

dxdy

= le + T2j + ng - T4j - T5j - Tﬁj - T7j - ng — ng.

(4.8)
Summing over j, and integrating on [0,¢), with ¢ < T', we obtain that
me(t)Hi,r,T(t) +28 /t meHi,mm T /t Haywmuiw
2 )
i2 e me % / ]Z:O T3 —% \/;: , + [To;] + | | T35] + [Ty —% \a/y;/i: , ds
b [ S T+ i+ 1T+ T+ Tyl (49)
7>0

The rest of the proof is dedicated to estimating the nine terms on the right side of (4.9).
The T1; bound. From (2.6b) and (4.7b) we obtain that

T / By y=0,1 (Wi |y=1 — W |y=0)
1j =
Tr ywly=0,1

dx

B / (a’;’n|y=1 - @§n|y=0)("‘}§n|y=l - W;‘n|y=0)d$ +/ (2W5|y=1 - 8y"‘};|?J=1)(W;'n|3;=1 - W;'n|y=0)
T ywly=0,1 T Oywly=0,1
= Tllj + Tlgj.

dx

From the Gagliardo-Nirenberg inequality || f([ 00 (g,1) < I1f[£2(0,1) +2 ||fH1L/22(0 N 10y fH1L/22(0 1y we have

1 - . .
Tha5] < 5 (Hw}"HL%yy + Hw;"HL%y H(‘)yw;-"HL%’y) :

Using Cauchy-Schwartz, we similarly obtain
2
L%) '

b b
(T2l S [T + 5 (H ily= 1HL2+Haywj’y=l‘
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Summing up the above two estimates, and summing over j > 0 we obtain that

Z |le| )

J=0

Oy ;"
8w

1 1 2
S 2 o meT + % <‘w5’|y=1‘%m + ‘8yw?|y=1

2
PYiTiT ’

Using (3.7e)—(3.7f), and combining the resulting bound with Lemma 3.4 (which may be used due

to assumption (4.2)), we arrive at
t
S [ 1 e+ i [ 1R i
5 'y,r'r B 0 3 5

/§ ‘lel__
1 in||?
s% [z, (4.10)

8w

7>0

where we have used that 6y M? < 820,
The T5; bound. From (3.16) we obtain that

Ty = 2/1r </01 axuz_(a:,y)dy> (ug(x,O) + ug(x, 1)) dx
= 2/11‘ <v|]’-(:17, 0) — vlj’-(:n, 1)) (u?(m,O) + u?(w, 1)) dx

and thus, also appealing to Gagliardo-Nirenberg, we obtain
)

b b b b
21 <2 (el + om ) (Retmol + ms

b b
V7 :o‘ + H’U\ :1‘
JY L2 7Y L2 3 . 7~ 2 5_7 1/2
S : S\ GHDT )|, FGHDITE g GHDITE ey )
. §_»Y J 12 J 1.2 J L2
(F+1)2 2y 2.y 2,
and summing over j we arrive at
1/2 1/2
b b b b b
a Y (L Y O 1 ( 5 NG ™ LA G
7771""'\/_577— 7771""'\/_577— '\/77‘+§_'\/77— 777"1'1_'\/77— 'Y:T+Z_'Y:T

J=0

Upon integrating on [0,t), the above terms are bounded using (3.7a), (3.8a), (3.9b), and (3.9¢),
after which Lemma 3.4 is used to yield

1/2 t o 1/2 b 1/2
/ Z%‘ 2 55/2 (/ o ‘“””3“’ 37) <</0 ’h’er%vT) * </0 ‘h"y,r-i-%;r) )
J>
A (1) (1)

For the last inequality, we have applied Lemma 3.4 to both factors at the right-hand side, which is
legitimate under the assumptions

1
. _3 1> < M.
T+ mln{?ﬁ’}’ 3, 2} > 27+ 2, [Sol’ljli)] ”w(t)”%%(r+max{3“{—3,%}),7'(t) =M
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Both assumptions are satisfied for r > r(y) large enough, the second one being deduced from (4.2).
Thus we have proven

! M2 [t
/0 Z;'Tzﬂ ’SW/O szn“’“{,’f"l’%,T' (4.11)
J=

The T3; and T); bounds. These are the only terms for which assumption (4.4) is used. In view
of (4.3)—(4.4) and the Gagliardo-Nirenberg inequality in y, we immediately obtain

1 O,
Z |T3]| - Z yaj
320 vl 2
S ey J qu - — = J
JZZ;] 5(3)/2 Dyw ra3 H J HL%Ly 8 /—a |
) n1/2 2
Dl A e e P =i I Y et
Jj=0 5(3)/2 ayw L2 L 55/4 ayw L2 8 \/81/—0‘) L2
M4
55—7“ mem
and using (4.2) combined with (4.3)—(4.4) we also obtain
PO
720 Vo
M2 1 a n
< - m in L W
e\ % Iy o3 N luzng = 3| 5 L
2 zn 1/2 Zn 2
5 M—zH%"HLQ |’w§nHL2+1—/41H ;nH1/2 ayw] _1 8yw]
=0\ % 5. 5. ) 3|Vo,,
M8/3
5 5(3) lenH'y,r'r

Here we have also used the second term on the left side of (4.2), in order to estimate ||0,0yw|| ;o 2.
z My
Thus,

&

/Z ’ng’—l-’T@’—— N 57 / H mH%TT (4.12)

7>0

y

The T5; bound. As it turns out, this term creates the most stringent assumption on 7, namely
that v < 9/8. Since u|y—o,1 = 0, using (4.2) and (4.4), we have

1 U in
|T55| < % Hrl — Hy (1 —y)0pw) ‘ [
oo M; in
< llwll J Hy J+1H (+1) 1/2 Hw HL2

Y0 Mypa(j+1)Y2
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and thus, upon summing over j and integrating on [0,¢] we arrive at

1/2 to 1/2
/ Z|T5J| ~ 5 </ H w "yr-l—'y 2’ ) </0 Hw H’y,?”-‘r%,‘l‘) :
We now appeal to (3.7b) and to Lemma 3.4, which is again legitimate for r > r(v) large enough.
We obtain
1/2 to 1/2
([ ) ([ 1)
A 3 17515 g, 1 e,y
1/2 t 1/2
in in||2
5055/4 </ H H’y,r—l—?\/ 4,T> (/0 Hw H“/,?‘—I—%,T)

S(5055/4/0 meH»y,rJr%,T' (4.13)

In the last inequality we have used that 2y — 7/4 < 1/2, which holds since v < 9/8.

The Ts; bound. Similarly, using that v|,—o1 = 0, we obtain

|Ts5] < % ‘ ﬁ - Hy(l - y)ayw ‘ HWWHB
e L A
[0

L (G+DY2w"]]2)

~ (j+ D2
O ee)”

[t ([ b

Using (3.7d), and then Lemma 3.4 (applicable for r > r() large enough, by (4.2)), we obtain

t M t ) 1/2 + 2 1/2
/OjZ:O‘TGj‘S&]ﬁgM </0 \hIV,TJFV_Z,T) </0 [|w H%H;,T>
M2 t 2 1/2 t 2 1/2

S A o R Py i

The T7; bound. For T7; we directly estimate

Z‘T7]‘<Z J+1 1/2H H J+11/2HWWHL2~5 H ‘

7>0

so that

since v < 7/4.

H Zn”
1 .
_%77— 77T+§7T
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Integrating in time, appealing to (3.9a), and still using Lemma 3.4 we obtain

1/2 to 1/2
/ Z| 79| ~§ 57/4 </ A |’y r+2y—9, T> </0 sznH’y,T’—‘r%;[')
1/2 t 1/2
in in |2
ﬁ7/4 </ H H’y,r—l—?\/ 4,T> (/0 Hw H“/,?‘—I—%,T)

S/5057/4/0 meHerg,T (4.15)

as 2y —9/4 <1/2.
The T3; bound. We note that

M; (y) _ <j>1‘” G+1"
MM 1 \k) ~ \k k+1)r(G—k+1)r—

and for 1 <k < [j/2] it is convenient to use (1) > (j — k + 1)/k. We obtain

J
1
T
k=[j/2]+1 G-k+1)™

mn

[]/2} .1/2 . 1/2
JEG—k+1) wj
Ts;| < ; Ukwj—k—l—layﬁ

~ — +1
— (k+1)r—

wj—"
Ukwj—k—i-la—
Q yW

In order to estimate Tgjjow, We split w;_pi1 = w;’ik ot w?l_ pr1- First, using the Gagliardo-
Nirenberg inequality on Q and the Poincaré inequality in z (since k£ > 1) we may bound

=: Tgj 10w + 18; high-

ookl oo S Nlwokll 2 + 10wkl 2 + (lworll s + 10nwnl 22 ) (10ywrllvs + 1|02Bywi| 1)
1/2 1/2
S 110awrll 2 + [10pwrl[2e” (102 Bywr 15
SEY (lonallze + 10ywrt1 z2) (4.16)

from which we conclude that we estimate

win 1 U ;
o Y0 gedul < 2| H 1 — bt ‘ in
fstaniiten 5 - snta
< kY b in
S5, (||Wk+1HL2 + ||aywk+1HL2) Hywj—kJrl‘ 12 ij HL2
/2 lwksillp2 + HaywkHHL? b in
< w'—k-‘,—l‘ HW H 2"
~ 50 k,r/Q J L2 J L
Similarly,
wi” /<;’7+T/2 lwrt1ll 72 + Haywk—i-lum
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so that from the discrete Young and Holder inequalities, we obtain

Z T8j,low

7>0

< 1 Z 2 lwjall e + 10ywiall 2 <Hywb‘

SR (7 N |

do \ 5 U+ 1)r—r+l /2

1 ) )

S a (1t #1000l ) (e 1) 1

M ) )

S (g R N | )

2 .
T is square

For the second inequality, we have assumed that r/2 — 2y + 1 > 1/2 (so that (]4-1)%

summable), and for the third inequality we have appealed to (4.2).

In order to bound 7§; high, we use that uy|y—o,1 = 0, and the 1D Poincaré inequality to obtain

mn
wj
/ Ukwj—k+1—d$dy
Q

1 .
S % HUkHLgL;o ||Wj—k+1||Lg<>L§ Hw}"HLQ

Oyw
j—k+1)7 .
S’ UT) HwkHLQ ij—k—l-QHLZ ij HL2
—k+1)7 ||wy + ‘ N
< Ut e ol a4 o

We again rely on discrete Young and Holder inequalities, assume that r > %7 + % (so that (j +

'\/77‘__ )

. 4.18
’*{,T‘—%,T) ( )

Combining (4.17), (4.18), integrating in time, using (3.7a), (3.7b), and Lemma 3.4 (which is appli-

1)27=31/4 is square summable), and use (4.2) to arrive at

Teins P4 1)2-3r/4 [lw;ll 2 in < in
JZ:O SJhghN(S Zj:(]+ ) (j+1)r/4 Hw H*y,r-l—%,‘r Hw H—y,r'r Hw‘

S L (P Y
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cable by assumption (4.2)), we arrive at

t 1/2 B2 1/2 to 1/2
[ome i ((Lly) (L)) (f1enthn)
M ! in||2
+%AHwMﬁy
M t 1/2 1/2 t 1/2
Sﬁ ’h’?w“—ir -3 ‘h’ r+y—5,r lenuzr-i-lr
505/ 0 T i 0 7Ty
M ! in||2
—/meﬁ%
1/2 to V2ot
Tl O (R VR R

e (4:19)

Z/\

since v < 5/4.
The Ty; bound. In order to estimate Ty; we note that for 1 <k < j — 1 we have

My (3N o (T Gy - j = 1
MM \k) ~ \k (k+1)7( —k+1)" "~ \min{k,j — k} (min{k, j — k})"
and similarly to Tg; we decompose
[1/2] in in
W 1 o)
VpOywi—p—=2—| + ‘ T /Uka Wi g
=: T9j 10w + T9j nigh- (4.20)

1
LD
k=1
First we treat the case k& < j/2. Using the Poincaré inequality in y (which is allowed since
Uk+1]y=0,1 = 0) we obtain

j—1

Uk

iy

S 5 10wl e (10,57l + vy ]

ly(1 — y)Oyw;—kll 2 |’w§'nHL2

)
) 1l

Furthermore, using the 1D Gaghardo—Nlrenberg and Poincaré inequalities in z, for 1 < k < [j/2]
we arrive at

win
/vkaywj k@ dxdy
Q

Lee

k;
Hwk+1||Lo<>L2 (Hay% kHLz + Hyang k‘

in

0w . —2—dxd
/Q?Jk yWsj kayw ray

]{72’Y+T’/4 |’wk+2HL2 (Ha
y

TR s

BRIz

“ill

Summing over j, assumng that r > %7 + %, and appealing to (4.2) we obtain

Wil e : :
Z Tojiow| S < ﬁ{ — <”aymev,r,T + HyabeH'y,r,r> meH%T’T

7>0

M | |
SgO@wmm+WwﬂM)wwmw. o
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For the case k > j/2, we first note that the compatibility condition (1.2) allows us to write

1 1 1 1
// uj . dydr = // uk+1u2l+1dyd:1:—|—// U1 <UZ-LH —/ uﬁ_ﬂz) dydzx.
T Jo T Jo T Jo 0

By Cauchy-Schwartz and the Poincaré inequality in y (for zero mean functions) we conclude

+ [kl

2
lwsilz S |[ulia|

Then we similarly estimate
in

wj
/vkﬁywj ka dxdy
Q

55—10 vkl 2 £ 110y —kll oo 12 o3 || 2

< i =0kl 19Dy il "

- %k/ kil 19y5—eall o (72 "] )

LU= k)'gmﬁ—l (672 [t o+ B2 | ,) % (77 il ) -

Summing over j, noting that the powers of j precisely cancel, we find for r» > r(y) large enough:

< Hayw”%% in in
5 Mo S (1l ]y ) 1

J=0
ST (meHW%J + |’ W%) [ - (4.22)

Integrating in time the sum of (4.21) and (4.22), appealing to (3.7a) and (3.7d), and using
Lemma 3.4 (which is applicable for » > r(v) large enough, by assumption (4.2)), we obtain

! in||2 in
/]§|T9j /0 Hayw H%r,-rg/ <Hy8yw ‘%TT Hu "yr—i-Q > 52 / H H%T—l-z,-r
—1 : M in||2
S /83/2 / ’hli 7"+'Y—§ T + —2/ Hw H'Yv?“"l‘%ﬂ'

M2
(4 5) L1y, (429
since v — 3/4 < 1.

Conclusion of the proof. Inserting the bounds (4.10), (4.11), (4.12), (4.13), (4.14), (4.15), (4.19),
and (4.23) into estimate (4.9), we obtain

int2 2 ! in||? d tain2 d—i mn
Hw ()H’yTT(t +26 Hw H’yr—i—1/27’ s+ 0 H yw H'\/,T,T § 58 Hw H'yrm

(54543 53/2)/ o2, ds

M? M? M? M in p Y
- b0 3°/? * 638°/4 * 80/33/2 i 527/4 5253/4 H H’Y"Jrzv o (4.24)
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Note that meH o

of (4.24). Choosing [y large enough, depending on M > 1, p < 1, and the implicit constant in
(4.24), for any 8 > [y we obtain

O i+ 8 [ 11y [ N2, s < i
~,r,7(t) 0 ’Y,T-‘,-%,T 0 Y v,r,T - 53 0 lly,rmo

The estimate (4.5) now follows directly from the above estimate.

e = H ’"H , so that we may combine the last two terms on the right side

Finally, in order to prove (4.6), we appeal to (3.15&), Lemma 3.4, and estimate (4.5), to obtain

o

d
2

zn 2 zn
51/2/ H H'y7r+2,7'(s)d — 262 Hw H'YT’TO (425)

upon ensuring that f is sufficiently large, depending on M, dy. Moreover, from (3.7c) and (3.7a)
we similarly obtain

/ Hﬁyw (s)

ds

vyt g7 (s 51/2/ 1A V’H?’T(S)

1 n 2
< ﬂ Hw (O)H’y,r,m (426)

@8 [0

as above. Summing (4.25)(4.26) with (4.5) (and using (a + b)? < 2a® + 2b?) we obtain

t t
2 2 2
sil[t)%} ”w(s)”w—w%f(s) +/0 Hayw(s)HW’_”%’T(s) ds+ 6/0 ”MS)HW_W%T(S) *

4 in 2
< 7 O, ,

by using that v < 5/4. This concludes the proof of (4.6). O

As an easy consequence of the estimate (4.6), we state:

Corollary 4.2. Let M,dy and v € [1,9/8] be given. For r > ro(vy), B > Bo and T such that
T(t) > 1 for allt € [0,T], if
4

%HWOHMT’,R) <

o]

(4.27)

then

| S

sup [Jw(®)l, sz -y <
tE[O,T] 7 4 ( )

5 Estimates for 0w

In order to emphasize the linear nature of the estimates in this section we denote dyw = w. The
equation obeyed by w is

0> — Do + (udy + vy )i + (Wdy + 0y )w = 0 (5.1a)

1
Byly=01 = (@lyet — Dlymo) — s (2 / wi dy> . (5.1b)
0
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Proposition 5.1. Let M,dy and v € [1,9/8] be given. There exists r1 = ri(y) > ro such that: for
all v, 1’ satisfying v’ > rq, & —7r" > 11, one can find By = B1(M, b0, 10, 71,7, 7", 7y) > Po satisfying: if

B> PBo, if T <1 small enough so that T(t) > 7y for all t € [0,T], and if (4.2)—(4.4) hold, we have

t t
. 2 . 2 . 2
[ 0+ [ 1N g s+ [ TGO .

4 .
< = (€O 7, - (5.2)
0

Proof of Proposition 5.1. The proof is very similar to that of Proposition 4.1, since one may view
equation (5.1) as linearizing about w itself of (2.6) (respectively u for the boundary condition). In
order to avoid redundancy, we only emphasize the essential differences.

Estimate (5.2) follows directly from estimates for w™ which are analogous to (4.5). In order to
define W™, we define &’ as the solution of system (3.4) with boundary datum given by Oph =
—20, fol wt dy, which is consistent with (5.1b). The function &’ obeys all the estimates claimed
in Lemma 3.1, except that on the right side we need to replace h with h. As in (3.16) we define
the boundary layer functions corresponding to w, and according to (3.17) we define the interior
functions corresponding to w. Note that as before we impose w*(0) = 0, and thus & (0) = dy,
where by (2.6a):
d)o = —Uanwo — ’anywo — agwo.

At this stage, we can prove an analogous statement to the one provided by Lemma 3.4, with A

being replaced by
1 1
h:2/ uddy—2// uu dydz.
0 T .Jo

Namely, we can show that for any r as in Proposition 4.1 and any ' such that

3r v
— —=—12>
13 1>7" >2y+2,
we have
t . 2 5 t ) 9
h(s ds <M / w(s , ds. 5.3
P 2E ] @1 e (53)

Indeed, denoting for all f

(j+ )7

fi=(G+1)" " f;=Mlf, where M= Gy

similarly to (3.19) we obtain HHOHLQ S HMHLZ, while for j > 1, as a substitute to (3.21) we obtain

Li,y)

the inequality

|

1/2 - in’

1/2 <‘ 5

i, i—e||,
Lz, + Hug(az, 1/2)HL3> )

J
Iz N ZZ:;< > /1/2M'1/2 H ZH

M (meuﬁ +os], -+ [l

-
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The half sum 4[]: / 12 1 and the last term at the right-hand side can be treated as before, resulting in

/;(Df (‘2) et M(Hw;i"HL%y et Hu;(x,1/2)‘ L%)>2

/=1
ds
wr(s 55/2/ ‘ il 4y—2 7 (s) )

e ([ [l

if sup;epo, 7 Hw(t)H%%’T(t) < M, which is satisfied by assumption (4.2) as soon as 1’ < 3r.

wzn ‘

For the half-sum ZZ: rj/2]41 We can not proceed symmetrically as in the proof of Lemma 3.4: as

we want an L? in time control by w, the bound

. M/
I — S (4 1)
/¢ M’ M, 1/2M 1/2

41
yields by a discrete convolution inequality:]
2
2 < Ty O mrall? SR
Z ) S s o D el e o) I I g ) ds
— [/2—|+1 [O,t} >1 0 Yo' (

Writing > ,(¢ + 1)%Hw2|]L2 =3 ZJ%I <(€ + 1)%+1Hw2|]L2) and using Cauchy-Schwartz, we find:

/ 5 L)

(=[j/2]+1

S sup (o) (/1 I s [
S sup ([ WSS v 1 (s s+ —/ S
(0,4 v’ +3+1,7(s) 0 yr () 57/2 0

) ds>
’y,T’/-‘r’y—%ﬂ'(S)
<M2</t‘ s)‘2 /‘ ds>
~ 0 vor! i (s) ﬁ7/2 vy =57(s)

where the last inequality comes from (4.2), under the assumption that ' 4+ 3 +1 < 374’". Gathering
the two previous inequalities yields (5.3) for 3 sufficiently large.

w.in(s ‘

wzn(

Now, similarly to (4.7), we have that

(at+5(]+1)—a§)w; (u@ —I—v@ ) in’ —l—’UZn w
—(udy + v0y)? — 0 Oyw — M [89, udy + vy & — MO (udyw) — M} [0, Oyw] 0 (5.4a)

T zn zn

8@/@;‘“’1/:0,1 W ’y 1= Wy ’y =0 +2@;l‘y=1 - ayw;/’yzl' (5.4b)

Note that (5.4b) is the same as (4.7b), the left side of (5.4a) is the same as the left side of (4.7a),
and the first two terms on the right side of (5.4a) are the same as the first two terms on the right
side of (4.7a). The difference comes from the last three terms at the right-side of (4.7a), namely
the quadratic terms. The main point is that they now lack of symmetry: they involve not only
(d}i”,,wbl/) but also w. In particular, all terms containing w must be controlled uniformly in time,
to allow for the L? control of ™ at the left-hand side. This is why we take 7’ less than %{ : with
such a margin we can still use (4.2) to control uniformly in time the terms where most derivatives

fall on w.
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More precisely, proceeding as in the proof of (5.3) to handle the linear terms (see the estimates of
Tij, ..., T7j), we can show that for 5 large enough:

y 2 b2 3 [M1s 2 L.
O,y + 28 / s AL s {C

in M? ! - in |2
N 67 / H nyr T /83/4/ Hw H’YT”+%7TdS
Y / (S + Sy + S + Suy) (s)ds (5.5)
7>0
where

Sy = — /M'aﬂua 5L /M’8]v8 5l

53' /M’@J u@xw O:)i 54 /M/ m .
7 ayw’ o 8

The first term is analogue to 7g;. One can write

(/2] J ] M/- wm’
k=1 k=[j/2]+1 j=k+1 /9 Y

The treatment of Si; 0w is exactly the same as the one of Tg; jow. Similarly to (4.17), (4.19), we get

S [ Suonlos £ 2 [ 1)

To treat Sy high, We use the inequality <‘7> /7/] (j—k+1)7"" for k > [j/2] +1, so that
k) MM,
j 1 ! i son !
Siwn S D0 bl (= k1 e
k=[4/2]+1

J
kﬁ/ . ol i/
S D slwhalleaG = R+ D) T e g e
k=[j/2]+1

so that by the discrete Young’s inequality:

t
/ Stymigh (s ds<% sup Zmuwk ()] 12 /0 19(5) lmor ) 1 )

s€[0,t]

S 50 500 (&) sty | 1905)rto |67 by rt
0 sef0,4] 0

The sup in time is controlled as usual by assumption (4.2), under the constraint 7’ + v+ 1 < ?jf.
As regards the second factor, one can split [|W(s)[lyr(s) < 97 (8) ||y mr(s) + 107 (8)|ly4,7(s) and
control the second term by the analogue of Lemma 3.1, followed by (5.3). For ' > v + (v + 3) we

find that
/ Sljhlgh d3< —/ H m H«/r T(s
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Estimates on Sy; (which is analogue to Ty;) and S3; can be established in the same way. We find
for " and 3% — 1/ large enough (with thresholds depending on ~):

Z/&ﬁﬁ/Mw wmﬂ@+—?/um”hw+m“

C > 0, n arbitrarily small, and

t M2 t in
Z/%ST/M@WWMMS
0 0 0

To handle S4;, we proceed slightly differently. We start with the decomposition

3/2] j—1 ] O‘)m
S4j = Z + Z <k:> M, M’ / Dy 02— 8
= k= fj/21+1

= S4jlow + S4j high-

S4jnigh can be treated similarly to Ty;nigh. We obtain, see (4.22):

t t
1 g " y
2 /o Sighigh S 5 oD ”ay””mg/o (RO SRTESRES [ Ry ) Ol R
J

e N CT I

Here, we have used the Gevrey control of dyw given by (4.2) to bound the first factor, and the
analogue of Lemma 3.1 followed by (5.3) to control the boundary layer term in the second factor.
As regards Sy 10w, We integrate by parts in y. As ¥ vanishes at the boundary, no boundary term
appears, and we get

[i/21 ,. / - in/ 2 -in/
M w 8 8 Wi
J J / et} Y m L]
Stilow = g — L Oy Uy —=2— — wi_ _

v k=0 <k> MllfMjl'—k /Q<w] F yvkayw ik (8y )2 K +w 0k Oyw >

= S4jlow,1 + Sajlow,2 + Sajlow,3-

We can bound S4; 1ow,1 With the same ideas as before. For r’ and 374’" — 1’ large enough we have

/254]10W1~5—/ |w m H’W"" T(S

As regards Syj1ow,2 We start from the bound

[i/21
Stjlow2 S 52 Z HW] kHLOOL?(kJF I H%”LOOW%HLOOL?HWW HL2L°°
0 k=0
[3/2]
M
S 52 Z o)kl ooz (k + 1)~ AT ”L2L°°
k=0
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where the last inequality comes from (4.4) to control 8§w. It follows that

[3/2]

Sigiona S g 3 G =K 178l G 1775 il (05 e+ 10,55 122)
k=0

From there, for r’ and 3—7’ — 1/ large enough (with thresholds depending on ),

/ 254] low,2 < TI/ Hayw 'y'y—l—r T(S)d8+ 54 / ” Zn ”fyfy-i-r T(s)d :

With similar mampulatlons we get the bound

C Mm* in
/ 254] low,3 < 77/ Hayw ’y’y-l—r ,7(8) d8+ / H H’Y’H‘T 7'(5

Injecting the previous estimates in (5.5), we get for large enough 3:

t t
L e e R L e

Estimate (5.2) follows from this inequality, in the same way as (4.6) is deduced from (4.5). O

Corollary 5.2. Let M,0y and v € [1,9/8] be given. There exists ro = ro(7y) > r1 such that for
r2> 7‘2(7)} one can .ﬁnd 52 = 52(M7 5077—077—17777') > 51 and

TO - TO (M7 507B7T07T1777T7 ”O:)O”’Y,%'f"y—%fm) >0

satisfying: if 8> Po, if T < Ty, if (4.2)-(4.3)-(4.4) hold, and if
M
0,0l 5, <

(5.6)

then
M
5

sup Hayw(t)”%gﬁ(t) < (5.7)

te[0,T

Proof of Corollary 5.2. We write Oyw(t) = Oywo + fot Oyw(s)ds, so that for all ¢ € [0,T7:
10yw(®)lly, 5,7ty < 10ywollyry2,7(t) / 10yw ()l 5,7t ds
< 0,0l 2 o0y + /0 104(5)ll 5.2 eyl

¢ 1/2
< 1oyl g+ VE ([ 10561 5 rios)

Taking for instance ro = 4ry + 4y + 3, where r{ was introduced in Proposition 5.1, and r > ry, we
ensure that v’ := £+ — 3/4 satisfies ' > r; and & — 1’ > r1. By Proposition 5.1, for 8 > 3 large
enough, and T such that 7(t) € [y, 7o) for all ¢t € [0 T], we get

< T T . .
S0 10,020 < 10l 0+ =5 6Ol 54— (5.8)

The result follows from the assumption on dywp, once T is taken small enough to ensure that
WTh || M
5w (Ol 7 4y_2 4, < 7 holds. 0
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Corollary 5.3. Let M,0¢ and v € [1,9/8] be given. There exists rs = r3(y) > ro such that for
r = r3(7), one can find B3 = B3(M, bo, 70, 71,7, 1) = B2, co = co(T0,71,7,7) >0 and

Ty = Ty (M, 00, 8,70, 71,7, 7, 0(O) gy IO 3 1) > 0 (5.9)

satisfying: if B> Bo, if T < To, if (4.2)-(4.3)-(4.4) hold, and if
1. 1 1 coM

2
%HWOH%H_%,T@ + %HWOIIW,TO + 5—0IIWOIIW,TOHayWOII%g,m <= (5.10)
then
M
2
sup ||07w oy S —.
10,7 H HLI L2 2

Proof of Corollary 5.3. We write the vorticity equation under the form
8§w = W + ud;w + vOyw.

Hence, for all t € [0,T):
10201023 < IO aaez + 0Lz, 1900l 2o 2 + 008 5, 10408 .
For r large enough, we obtain
10302023 S 16,50 + IOIZ, _ s + 19042, 10Ol .00

By Propositions 4.1 and Proposition 5.1 applied respectively with r and r’ = 5+7— , and by
inequality (5.8), we find

1

sup [|Ow ()l Leerz S HWOII N ||wO||
e LERAREE S 52 T
1 VT
+ 5_0”"‘10”%770 (”é)ywouv,%,m + = HWOH»Y ry-3, TO) :
Upon taking T sufficiently small, this concludes the proof of the Corollary. O

6 Minimum and maximum principle for 0w
The quantity dy,w obeys a (degenerate) parabolic equation with Dirichlet boundary conditions
Oy (Oyw) — 02 (Oyw) + (udy + v0,) (Fyw) + (Fpu) (Fyw) = Wpw (6.1a)

1
Dyolymor = (@lymt — Dlymo) — D / Ww2dy. (6.1b)
0

Our goal is to combine this fact with Lngf’y estimates on w dyw and the Dirichlet datum, to deduce
that the convexity of u is conserved for small time.
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Proposition 6.1. Let M,y > 0 and v € [1,9/8] be given. There exists r4 = r4(y) > r3 such that
forr = r4(v), one can find By = Ba(M, b0, 70, 71,7, 1) = B3 and Ty as in (5.9) satisfying: if B = Bo,
if T < To, if (4.2)-(4.3)-(4.4) hold, and if

1
4(50 < 8yw0 < 4—60, (62)
then
25 < Dye(t) < % vt € 0,7]. (6.3)
0

Proof of Proposition 6.1. We wish to apply a version of the parabolic minimum /maximum principle
for the following degenerate parabolic problem posed in 2 x (0,7"), with Q being the periodic in =
strip (z,y) € T x (0,1):

(00 — 02 + b(2,y,t) - Vay + c(z,y, )0 = d(z,y,1) in Qx(0,7), (6.4a)
= a(x,t) on 00 x[0,T), (6.4b)
Y|t=o = Yo(z,y) imn Q. (6.4c)

Here ¢ = Oyw, b = (u,v) is incompressible and vanishes on the boundary T x {0, 1}, ¢ = 0,u vanishes
at the boundary T x {0,1}, d = wd,w, and the boundary data is a = (@|y=1 — @|y=0) — Ox fol u?dy.
As emphasized after Theorem 2.1, the third compatibility condition of the theorem corresponds to
the relation a(x,0) = 1o (z,0).

By (6.2), the initial datum vy is taken to obey 0 < 48y < to(x,y) < 1/(4dp), for some dy € (0,1/4),
uniformly on €. Thus, by the compatibility of the initial datum and of the boundary condition,
we have that 0 < 49y < a(z,0) < 1/(4dp), uniformly on T. Thanks to the Gagliardo-Nirenberg
inequality

11z < IS (11 + 18,7115

and the estimate (5.2), we have that
1
Oy / wtdy
0

1 1 M . .
S5 (m + W) lolly 5 4y 2.7 < 0l g2,

10ea(a, )| 20,7000y < W[l L2(0,7;100) + 2

L2(0,T;L3°)

for 8 sufficiently large. By the fundamental theorem of calculus in time, and the Cauchy-Schwartz
inequality we thus obtain that

1

1 .
< a(m,t) < —+ ﬁ ”wo”fy,%-i--y—%;ro < 3_(50

380 < 460 — VT ||| = 15,

FY?%JF'Y_%J—O
uniformly on T x (0,7"), upon taking 7" sufficiently small. Thus, on the parabolic boundary € x
{0} U0 x (0,T), we have that 1 > 3d.

By the same Gagliardo-Nirenberg inequality, the Poincaré inequality in y, and estimate (4.6),
we have
Cq

sup |le(t)[| poopoo = sup [|0pu(t)| foc o < < [lwoll
t€[0,T] LeEky te[0,7) ! Lely do IO
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where C = Ci(19, 71,7, 7). Denoting

&
C.,=1+ % Hon%mo , (6.5)
the above estimate implies that
c(z,y,t)+ Cy > 1.
Lastly, we note that by the Gagliardo-Nirenberg inequality and (4.6) we have
t t Vs
AummwnglW@hﬂw@mwwwws%ww%m
so that for 7' < 1 we have
t
e(t) :=t+ / e+ ||d(s) — 350C(S)HL;@L§° ds
0
St Vilwol2 ., +tC1 [woll. g
< GV (14110l + ol ) = VED. (6.6)

holds for all ¢ € [0,T], where Cs is a constant that only depends on v, r, 79, and 71, and we have
denoted

D. = Cs (14 ol g + 107, ) -

With this notation, we make the following change of unknowns

) = e Ctp(x,y, t) — 360) + e(t) (6.7a)
a= _C*t(a(x t) — 30p) + e(t) (6.7b)
d=e % d(x, y, t) — 3dpc(x,y,t)) (6.7¢)
¢=c(z,y,t) + (6.7d)
Yo = oz, y) — 350 (6.7¢)

The quantity e(t) was chosen so that é(t) =1+ ||d(t)]| 0o~ One may then verify directly that
(O —0p+b-Vay+0)p=(d+]|d]| ) +1+c>1>0 (6.8)
Plyefoy =a>t>0 (6.8b)
Pli=0 = 1o > 6o > 0. (6.8c¢)

The parabolic minimum principle then guarantees that

Y(z,y,t) >0 on Qx[0,7] (6.9)

Indeed, if a strictly negative minimum would be attained by 1, then this point minimum could not
lie on the parabolic boundary (since @ > 0 and 1y > 0). If this point would lie in the interior, at
this point we would need to have V; 4 = 0, whereas (—85 + €)1 < 0 since & > 0. This contradicts
(d+ HdHLOO) + 1+ ¢e > 0, which thus proves (6.9).

Working backwards from the definition of ¢, we see that (6.5), (6.6), and (6.9) imply

¢(x,y,t) > 300 — € C- e(t) > 300 — \/TEC*TD* > 269

as long as T is chosen sufficiently small in terms of C,, D, and &y, consistent with the dependence
given in (5.9). This proves the lower bound in (6.3).

The proof of the upper bound in (6.3) follows from very similar arguments, reducing the problem
to a maximum principle for a parabolic equation. To avoid redundancy, we omit these details. [
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7 Proof of Theorem 2.1

The proof of the main theorem proceeds as follows. Let v < 9/8 and r > r4(v). For any 9 < 7°
assumption (2.1) implies that wy = Jdyug satisfies

”wOH'Y77“770 + Hagf‘*’OH%rrfo < +00.

We fix 79 € (1,7%). We then fix 6y small enough and M large enough, so that the initial constraints
(4.27), (5.6), (5.10) and (6.2) hold. Let 5 > f4 and € > 0. We consider the approximate system

Oyu + udpu + vOyu + Oyp — Ogu — edou =0, (z,y) € T x (0, 1), (
dyp=0, (x,y)€Tx(0,1), (7.1b

Opu+ 0yv =0, (z,y)eTx(0,1), (

(

uly=01 = v|y=01 = 0,

with the same initial condition u|i—g = ug. System (7.1) is called the two-dimensional primitive
equations, and has been widely studied, in various geometries and under various boundary condi-
tions [4, 3, 40]. In particular, Gevrey or analytic regularity results were obtained in both periodic
and bounded geometries [35, 36, 22]. In the context of system (7.1), the well-posedness result stated
in Theorem 2.1 can be proved without much difficulty. In fact, the presence of —ed?u allows for
a classical treatment, and the existence of solutions at fixed € > 0 follows e.g. from a Galerkin
approximation procedure (which is compatible with the hydrostatic trick [32]). Moreover, the com-
patibility conditions are the same for (1.1) and (7.1). We find in this way a unique local solution
u® with the regularity requirements stated in Theorem 2.1. We can then consider 7; , the maximal
time on which [jwel|y,0,n < +00. In particular, if 7. , is small enough so that 7(7; ) > 71, one has

sup we(t 3r ) = T00. 7.2
2 Ol 0 (7.2)

By the initial constraint (4.27), the fact that 79 < 7°, and the continuity of the solution, there
exists a maximal time 0 < 7. < T, on which the conditions (4.2)-(4.3)-(4.4) are satisfied with
u replaced by u. and T replaced by T.. Note that all the estimates that we established for a
solution u of (1.1) adapt straightforwardly to a solution u® of (7.1). The only notable change is
the inclusion of the —£d? term in (3.4) for defining the boundary layer lift w”¢. However, since
all estimates for w”€ are obtained by performing a Fourier transform in z and using Plancherel to
obtain the desired L2 bound, this modification is routine (see also [20] for e-independent bounds
for analytic in = - Sobolev in y solutions of the e-regularization of the Prandtl system). Applying
Corollaries 4.2, 5.2, 5.3, and Prosition 6.1 at positive e, we see that there exists 7' > 0 independent
of €, such that for all ¢ € [0, min(7%,T)], the conditions (4.2)-(4.3)-(4.4) still hold with M replaced
by %, and dg replaced by 20¢. If T, < T', then one has necessarily T, = T ., otherwise by continuity
the inequalities (4.2)-(4.3)-(4.4) would be satisfied beyond T.. But then there is a contradiction
between (7.2) and the first half of (4.2). Hence, 7. > T', and so T; , > T.

We have just shown that the approximations u. are all defined on a time interval independent of ¢,
and satisfy uniform Gevrey bounds on it. This allows to let € go to zero, and conclude by standard
compactness arguments to the existence of a solution.

For the uniqueness of solutions, the equation obeyed by the difference is basically a linearized
version of the equation, very similar to the equation obeyed by «&. Then an estimate similar to
the one from Proposition 5.1, gives the good estimate for the difference of two solutions, implying
uniqueness.
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A Proof of Lemma 3.2

To prove the first item, we adapt arguments of [11, pages 1805-1807]. We fix z € T, y > 0, and
drop them from notations. We write

) = () a0 () = 1 —y\/BGAD+E
wg(ﬁ) fi(Q) g;(C),  g;(0) 5 _ ,@(j—l—l)—l—i(e vy .

Clearly, as f; = 0 for t < 0 and belongs to L' (R),
Q)= fitye "t
Ry

is holomorphic for Zm ¢ < 0, and continuous for Zm ¢ < 0. Moreover,

. P , ; F(C) = ' <0. (A.
Imlclgl—l—oo fij(¢) = 0 uniformly for Re( € R, Ro%gn:l:oo f;(¢) =0 uniformly for Zm¢ < 0. (A.1)

The first limit follows directly from the inequality
5O [ 150
Ry

and the dominated convergence theorem. The second limit follows from a close look at Riemann-
Lebesgue’s lemma: given € > 0, and some f € CHR,) with fR+ |fj — f;| < e, we get

150 s/

R+

=+ /R fie

£

<e+
[Re (]

where the second bound follows from an integration by part of the second integral.
Obviously, g; is also holomorphic in Zm ¢ < 0, continuous over Zm ¢ < 0, with bound

1 _
9:(Ol < 53¢ Kl (A.2)
see (3.13). We finally apply the Cauchy formula: for any ¢ < 0, for any x> 0
1 s
b _ i(t
wi(t) = lim o [ f5(0)g;(Q)e™" d

—S

= lim i</ Fi(©) g; (e’ dC+/ F5(©) gi(¢)e’" d¢
[—s,s]—ip

[878—2'/1/]
+ / Fi(Q) g5 (e’ dC>
[—s—iu,—s]

As t < 0, taking into account the first limit in (A.1), the first integral at the right-hand side goes
to zero when p — 400, while the two other integrals over the vertical segments converge to the
integrals over the vertical half-lines:

A

w)(t) = lim i</[S e £i(€) g5(¢)e™! dC+/[_S_iOO » £i(©) gj (O’ dC)

s—r+o00 27

. 1 r i(s
= lim —</[07_ioo] fils+ ) gj(s+ Qe (s+0)t dC—i—/

s$—+00 27T [—7;0070}

Fi(=s+¢) gj(—s+ ()=t dC)
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Using the second limit in (A.1) and the bound (A.2), we can conclude that the limit at the right-
hand side is zero thanks to the dominated convergence theorem.

To prove the second item of the lemma, we remark from formula (3.12) that
(1+[¢)*Ma) € LER, LRy, Hy(T))),  (1+[¢)"*0] € LR, Hy (R, Hy(T))), Vk
using the smoothness of fj with respect to z. We deduce that
_ 3/4 _ 1/4
@ e HYM(R, LA(Ry, HY(T))), @ € H (R, H)(Ry, HE(T)), V. (A.3)

Moreover, using again (3.12) and Plancherel in time, we get that: for any ¢ = ¢(¢,x,y) smooth
and fastly decreasing as t — +o0o and y — +oo,

[ #earn-ae+ [ oo [ (@lmot feh-o=0.
RxR4xT RxR4xT RxT

If we take ¢ with support in time included in (—oo,T), taking into account that wg is zero for
negative times, we end up with

. _ | M;
/ @ B+ -0)p + [ 0,0,0- [ (@m0t 17 his) plymo = 0.
(0,7)xR4 xT (0,T)xRy xT (0,7)xT Jj+1

We recognize the weak formulation of system (3.10a)-(3.10b)-(3.10c). The identity wg. = wg over

(0,T) follows from the uniqueness of solutions to this system (for example in the regularity class
given by (A.3)).
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