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ON THE DERIVATION OF HOMOGENEOUS
HYDROSTATIC EQUATIONS

EMMANUEL GRENIER!

Abstract. In this paper we study the derivation of homogeneous hydrostatic equations starting from
2D Euler equations, following for instance [2,9]. We give a convergence result for convex profiles and
a divergence result for a particular inflexion profile.
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1. INTRODUCTION

We will consider the following classical homogeneous hydrostatic model

Osur + u10zu1 + u20yu1 + Ozp = 0, 6]
Ozur + Oyuz =0, (2)

Oyp = —gp; (3)

uy =0 on 092 (4)

where 7 is the outer normal of 2 = T x [0, 1]. We moreover assume that g and p are given constants, independent
on t and z, such that up to a slight change in the definition of the pressure, (3) can be replaced by

Oyp = 0. _ (5)

The word “homogeneous” refers to the fact that p is a constant in the domain. The case Q = R x [0, 1] is similar
and can be treated using the same methods. This system has been investigated in [2] where local existence of
solutions under a convexity assumption is in particular proved. Namely

Theorem 1.1 ([2]). Let s > 5, and let (u?,u3) € H*(Q) be a given divergence free vector field, tangent to 89,
with fQ ul =0 (which can always been assumed up to a change of variables). Let us assume moreover that

05, u(z,y)| = oo (6)
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for some gg > 0, and that there exists a constant k such that
0yud(x,0) =k and 9yul(z,1) =k +1 Vz. (7

Then there exists T > 0 and a solution (u1(t, z,y),ua(t,z,v)) of (1, 2, 4, 5) on [0, T[, with initial data (u3,u3),
such that, for every T' < T, (u1,u2) € L*°([0,T'], H*(Q2)).

As in [2, 3], and following [9] we consider system (1, 2, 4, 5) as a “geometrical limit” of the incompressible
Euler equations in a thin domain. More precisely we consider

Opu] + ui0zuf + u50,uf + 0zp° =0, (8)
Opuf + ui0zu5 + us0yus + 9yp° =0, (9)
Ozui + Oyu; =0, (10)

us3 =0 on 9Q (11)

in Q. = T x [0,€]. The usual change of velocity u5(t,z,y) = u§(t, z,ey), U5(t,z,y) = e u§(t, z,ey) leads to
(after dropping the tildes)

Ouuf + ui0zuf + u50yuf + 9.p° =0, (12)

€2 (Bpu§ + uS Opus + u50yus) + 9yp° = 0, (13)
Ozu§ + Gyus =0, (14)

us =0 ond (15)

in 2 =T x [0,1]. Formally as € > 0 goes to 0, systems (12-15) goes to (1, 2, 4, 5). However to prove that
solutions of (12-15) converge to solutions of (1, 2, 4, 5) is not straightforward and appears to be false in some
cases. This problem is deeply linked to stability properties of time independent shear layers flows. It is well
known since Lord Rayleigh [10] that the stability of such flows depends on the presence of inflexion points in
the tangential velocity profile. Roughly speaking, shear layers (u(y),0) are stable if u is convex and may be
instable if u has an inflexion point. Stability has rigorously been proved by Arnold [1] for general 2D time
independent flow using Lyapounov and Hamiltonian techniques and more recently investigated in the time
dependent case in [6,7], using a direct energy approach. In this paper we use energy methods derived from [6,7]
(see in particular [7] for the link with the work of Arnold) to prove the following convergence result

Theorem 1.2. Under the assumptions of Theorem 1.1, for every € > 0, there exists T¢ > 0 and a solution
(u§(t, z,v), u(t, ,y)) of (12-15) on [0,T¢[, with initial data (u$,ul). Moreover for every T" < T, T¢ > T" fore
small enough, and (u$,us) are uniformly bounded in L>([0,T"], H* () with respect to & (for & small enough),
for some s’ < s. Last, for every T' < T, as e — 0,

(S, uf) — (ug,u2) in L0, T, H* (). (16)

This theorem justifies in particular completely the formal limit, under the convexity assumption (6).
When there is an inflexion point in the velocity profile, the convergence may not hold. For the sake of
completeness we recall the following Theorem, proved in [8] using techniques of [6].

Theorem 1.3. For every s and N arbitrarily large, there exists a time independent smooth solution (u(y),0)
of (1, 2, 4, 5), a constant op > 0, a sequence of times T° with lim.,0T° = 0, and smooth solutions
(us(t, z, ), u5(t, z,y)) of (12-15) such that

II(U;:(Oa z, y),uE(O,w,y)) - (u(y)ao)”HS(Tx[O,l]) < &_N (17)
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and

(@i(T%, 2,9), u5(T%, 2, y)) — (u(¥), 0)|Loe(Tx[0,1) > 00 (18)

and

“(ui(TE,:L', y),uz(T%,z,y)) — (u(y)’o)“Lz(Tx[O,l]) 2> 0p. (19)

Such sequences of solutions of (12-15) does not converge to the formal limit system (1,2,4,5) in sup-norm, even
for short time. An example of such a profile u(y) is given in [6]. It has of course an inflexion point in it. The
theorem is in fact, up to time and space rescalings, a nonlinear instability theorem. We refer to [4,5] for another
approach.

2. PROOF OF THE CONVERGENCE THEOREM

Notice that usual energy estimates on (12-15) lead to control [ |u$|? +¢&? [ |u§|> which appears to be unsuffi-
cient in the limit € — 0 since we lose any control on [ |u§|?. The main difficulty is therefore to obtain estimates
on the linearized version of (12-15) which are uniform in €. Once we get such estimates, it is routine work to
prove a convergence theorem like Theorem 1.2. Therefore we will focus on the construction of such a norm in
Section 2.2, on higher order derivatives in Section 2.3 and only sketch the end of the proof of Theorem 1.2.

2.1. Preliminaries

Let u® = (uj,u5) and u = (u,v). Let us introduce the vorticity w® and the stream function ¥¢ of u§ and u§
after rescaling. System (12-15) is equivalent to (20-23)

Ow® + (u*.V)w® =0, (20)
ué = V‘L\Ifs, (21)
€202, 0° + 82,9° = u*, (22)
e =0 for y =0,1. (23)

Notice that a priori we only get that ¥° is constant on y = 0 and y = 1 and equals some time dependent
constants Cp and C;. However, up to the addition of a constant to ¥® we can assume Cy = 0, and up to a
Galilean change of variables we can assume

/_ uj =0, (24)
Tx[0,1]

which leads then to C; = 0. Hence as (24) is an assumption of Theorem 1.2 we can assume (23).
We also remark that the limit system (1,2,4,5) can be rewritten (under the same assumption (24))

Ow + (u.V)w =0, (25)
u=viy, (26)
asy\Il =w, (27)

=0 for y =0, 1. (28)
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2.2. Weighted estimates

Let us first prove uniform estimates on the linearized version of (20-23) in (v, 6%), where v* = (v§, v5):

0:60° + (u°.V)6° + (v:.V)w® =0, (29)
ve = v1ieE, (30)

02,9 + 02,9° = ¢°, (31)

=0 for y =0,1. (32)

Following the strategy of [6,7] we introduce

(N*)2(v,60) = / 2+ €2[ual + g°10]2, (33)

where g° will be chosen carefully. Notice that this energy is deeply linked to Arnold’s approach of stability for
stationary flows.

Lemma 2.1. Let us assume that there exists g° and a constant @ such that
(HY)  [0eg®| + |Vg5.V-¥¢| < Cg-,
(H2)  [g°0:Ac0° — 9, U°| + 7 1g"0y AcY® — 8, —a| < C/g

for some constant C independent on €, then there exists a constant Cy independent on € such that every solution
(ve, @) of (29-32) satisfies

8, N¢ < CoyN°-. (34)

Proof. Let us drop all the € indices. We have

0,V+te + (VIU.V)Vid 4+ (VIe. V)V o = — ( E_%g . ) ,
Yy

where ¢ is some linearized pressure and
A + (VIT.V)A® + (VEE.V)A T = 0.
First
—%@/g]@]z = /gAsé(vL\I/.V)AE@ + /gAs<1>(vl<1>.V)A€\1: - %/ 019|122
=1 + I + Is.
The first right-hand side term equals

A2

I :/Q(V'L\IIV)]—T— = —/V(QV'LII/)|AE¢|2

2

which is bounded by CN? using (H1’). Similarly, |I3] < CN? by (H1’). On the other side,

1
~50 / o1 |2 + €2|va|? = /vjé(vw.vw;@ +VIO(VEO.V)VI = I, + Is.
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We have
L2
/(V‘L\I! V)|v Ll
since V1 ¥ is divergence free. Next
L= /gAsq)'UlazAs\I/ + /gAgfbvgﬁyAs\Il
= /AECI)VLCI)V‘I/ + / AP (g0, ALY — 0, 7) + / A Dva(g0y ALY — 0,V — @) + /A€¢v2ﬂ

= /AEQ(VLQ.V)\IJ +/A8<1>vl<1>(gVA5xp — V¥ —(0,))

/AEQ’UQ’U, =0.

The last two terms are bounded by CN? using (H2’) and the first integral equals

since

—/vsé(vl@.vwsw

which cancels with I, which ends the proof. [l

It is then easy to check the following lemma

Lemma 2.2. Let us assume that ¥¢ and 0;V¢ are bounded sequences of L“(;O,T:,.HS) with s > 5. Let us
assume that there exists two constants u and Cy > 0 such that

(H) C;'<9,¥° +4, crl<

for every z,y, 0 <t <T and every 0 < e < 1. Then

. 0,0 +a
93 e

Yyyy

satisfies (H1’) and (H2’).

2.3. Higher order estimates
Let us define for s > 1,
HORS SN AL
a+6<s
with the convention Ny = €.

Lemma 2.3. Let us assume that there exists constants Co g such that
10205u% | Lo () < Cayp (35)
for 0 < e < 1. Then there exists a constant Cs independent on € such that every solution (v¢,®°) of (29-32)

satisfies
O4N2 < CsN? + Ce N2,
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Proof. Notice, using the divergence free condition, that H@;"Bgvl'ﬁ 2 < CNgig_1. However we only get
||a§65U2HL2 < Ce"'Nyipg-1. We have for o+ 8> 1,

8,02080 + (u.V)92050 = R,

where
R=— 3 (8208 u. V)02~ 98 F'p
o’'<a, ' <B,1<a/+ ' <a+B
— > (827 98-F'v.v)82 0F w

o'<a,B'<B,0<a’'+8' <at+pB
Notice that [ aaaﬂe(u V)Bo‘aﬂé vanishes. Moreover by a crude bound,
IR|IZ> < ONZ +e72NZ 4,
which ends the proof of the lemma.

2.4. End of the proof

We will only sketch the end of the proof since the following arguments have been developed and written down
with full details in nearby contexts elsewhere [6,7].

The next step is to prove a lemma like Lemma 2.3 for the following nonlinear equation
06° + (u°. V)0 + (v . V)w® + (v5.V)0° = R® (36)

where R® is a given source term, which is a straightforward adaptation of the former proof.

We then construct an approximate solution of (12,13,14,15) starting from a solution of the limit system
which is easy but lengthly. The last step of the proof is to use the bounds on the nonlinear equation (36) on
the difference between the true solution and the approximate one.

The author would like to thank Y. Brenier for many interesting discussions.
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