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CONVERGENCE TO STRATIFIED FLOW
FOR AN INVISCID 3D BOUSSINESQ SYSTEM*

KLAUS WIDMAYER'

Abstract. We study the stability of special, stratified solutions of a 3D Boussinesq system de-
scribing an incompressible, inviscid 3D fluid with variable density (or temperature, depending on the
context) under the effect of a uni-directional gravitational force. The behavior is shown to depend on
the properties of an anisotropic dispersive operator with weak decay in time. However, the dispersive
decay also depends on the strength of the gravity in the system and on the profile of the stratified
solution, whose stability we study. We show that as the strength of the dispersion in the system tends
to infinity, the 3D system of equations tends to a stratified system of 2D Euler equations with stratified
density.
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1. Introduction
We study an incompressible, inviscid fluid w:R*xR3 —R3 of variable density or
temperature (depending on the physical context) 6:R*x R? — R under the influence of
an external gravity force proportional to # and acting in the third coordinate direction
0
és=| 0| of R3, described by Euler’s equation coupled to a continuity equation and
1
an equation of state (see e.g. [5,11]):

Oyu+u-Vu+Vp=vAu+ k20é;,
O +u-VO=pAo, (1.1)
dive=0.

Here p:RTxR3? =R is the fluid pressure, x>0 is a gravitational constant and v,y >0
are viscosity parameters.

There is too vast a number of results regarding various aspects of this problem to
be surveyed here. We just point out that the question of global well-posedness of this
system remains a major open problem, so most of the work so far has focused on various
improvements over the standard local well-posedness theory (such as regularity criteria
in various settings [7,13], or blow-up conditions [12], to name but a few) or reductions to
a two-dimensional problem. For the latter, a much more comprehensive understanding
is available, including the construction of global solutions when v # or p#0 ( [1,2,4,9]).

However, in the inviscid case (u=v=0), which will be the focus of this note, the
question of global regularity is open, even for the two-dimensional problem, and only
local results regarding stability, well-posedness in various function spaces and blow-up
criteria (e.g. [6,8,10]) are known.

In the present article, we investigate the behavior near a special stratified solution:
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1714 CONVERGENCE TO STRATIFIED FLOW FOR INVISCID 3D BOUSSINESQ
We perturb (1.1) around u=0, # =\2z (A>0) and thus obtain the system

Opu+u-Vu+Vp=vAu+ k20es,

0:0+u-VO=pAb — \us, (1.2)
divu=0.
1.1. Inviscid flow and rescaling. In order to study the dispersive effects in

this system, we focus now on the case of vanishing viscosity, i.e. v = =0. It is natural’
for the energy estimates to rescale 6+ T:= %56 in (1.2), which then becomes

Ou+u-Vu+Vp=oTes,
atTﬁ’U'VT:*O"ZLg, (13)
divu =0,

with the new parameter o:=xkA>0.
As will be shown later, this system incorporates dispersive effects, the strength of
which depends on the “dispersion parameter” o.

1.2. Main theorem. We are interested here in the question of the dynamics
of (1.3) as the dispersion gets increasingly strong. More precisely, we study the limit
o —00. We will prove:

THEOREM 1.1.  Consider a solution (u®,T°)€ C([0,L],HY) on a time interval [0, L]
to the initial value problem for (1.3),

Oyu® +u? -Vu® +Vp? =0T7¢j3,
0% +u®-VI°=—oug,

14
divu® =0, (14)
(u”,77)(0) = (uo, To),
satisfying
|(u”,T7)(t)| g~ <00 for t€(0,L] uniformly in o, (1.5)

for some N >6. Assume also that |(uo,Tp)|ys.. < o0.
Then the solution (u®,T°):R* x R? = R* can be decomposed into two pieces

uy vt wy
u3 v3 w3

g = + o
ug 0 w3
T° 0 T°

with the property that as o — oo, for any t € (0,L] we have the convergences
(w§ ,wg ,wg, T7)(t) — 0 in WH>(R3)
and
(v9,v9)(t) = (@1, a2)(t) in L*(R3).

1see Section 2
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Here ii:= (1iy,u2) : RT x R3 = R? solves the system of two-dimensional’ incompressible
FEuler equations

divy () =0, (1.6)
(

where Py projects onto functions such that divy (@) =0.?

The rest of this note is dedicated to the proof of this result. Before we outline its
main steps, we give a few remarks on the context and relevance of this result.

Rate of convergence. As the proof shows, the rate of convergence to the limiting
system is not uniform on the full time interval (0, L], but only away from the initial time
(i.e. for any €>0 it is uniform on [¢, L]). More precisely, for times 0<t <o ™! there is
a “boundary layer” where the bound for the dispersive decay is inconsequential — see
Remark 3.4 on page 1722.

Initial data of the limiting system (1.6). We note that the initial data for
the limiting system of stratified 2D Euler Equations (1.6) are just the relevant hori-
zontal components of those for the full system (1.4), the projection Py ensuring that
divy(@(0))=0.

In particular, this means that in the limit, there is no net effect from the dispersion
on the horizontal motion of the fluid.

Comparison to rotating fluids. We point out that the limiting system (1.6)
is a stratified system of 2D Euler equations, i.e. for any fixed x3€R the velocity
a(t,x1,29,23) solves a 2D Euler equation in the variables ¢,x1,x5.

This contrasts strongly with prior results on the Navier-Stokes-Coriolis system of a
rotating fluid: In the work of Chemin et al. [3] on a rotating 3D Navier-Stokes equation,
the Coriolis force introduces dispersion into the system. However, in the limit of infinite
dispersion (physically speaking, as the Rossby number tends to zero), one obtains a
purely two-dimensional system: the velocity is independent of x3€R. This is also
known as columnar flow.

Scaling. If (u,T) solves (1.3), then so does
(U)\,T)\)(t,x) ::)‘(uvT)(tv)‘ilx)'

The invariant spaces for this scaling are thus W5 (R?) for s=1+ % In particular, the

equation is critical in H% and W1 and thus supercritical for the L? norm, which is
conserved (see the energy equality (2.1)).

For the convergences in Theorem 1.1 we point out that they take place in critical
(W1°°) and supercritical (L>°, L?) norms for the scaling.

Proof. (Outline of the proof of Theorem 1.1.) We start by demonstrating the
energy estimates available for (1.4) in Section 2. This shows that condition (1.5) can
be met naturally (see also Remark 2.1).

In Section 3, we study the dispersive effects in the Boussinesq system (1.4) (Lemma
3.1, Corollary 3.1 and Proposition 3.1). This is a question regarding the linear part of the

2As described in Section 1.3, the lower index h denotes operation in only the “horizontal” variables
T1,22.
3For the explicit description of this projection see Lemma 3.1 and Section 4.
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equation and inspires a new choice of variables, which diagonalize the linear evolution.
In view of this analysis, for more clarity, we then reformulate the equations in Section
4 — see Corollary 4.1. This provides the foundation for studying the convergence as
o — 00, which is carried out in Section 5 and results in Proposition 5.1 and its Corollary
5.1.

Finally, the only task remaining is to determine the dynamics of the limiting system.
This is the subject of Section 6. O

1.3. Notation. We denote the components of a vector in R3 either by z,y,z or
number indices. The first two components of a vector in R3 shall be called “horizontal”
and we introduce the notation of a subscript h to denote the associated quantities and
operators (derived from their three-dimensional counterparts). For example, we write
gh = (51352) GRQ, so that f: (£h7§3) GRgv Vi= (amuaxz) and Ah = 831 +8§2

We will use the shorthand =+ in indices as a replacement for either + or —, which
are then assumed to be used consistently throughout expressions in which they appear.

2. Energy estimates

As hinted at earlier, it turns out that — from a perspective of energy estimates—
the natural variables for the Boussinesq system (1.2) are u and £6: to obtain energy
estimates we multiply the equation for 6 by £ and then test the first equation with u
and the second with £6. This yields

{ (Oyu,u) + (u- Vu,u) + (Vp,u) = v{Au,u) + k20us,
(2:50) (56) + (u-V50) (56) =1 (A50) (56) —r*ush.

Upon integrating this over R? and recalling that divu =0, we get

30 [u()l 12 = =V [Vu(t)[ 72+ fys us,

80|50} =~ [ V50D — [ s
Adding these two gives the following energy equality for the perturbed Boussinesq sys-
tem (1.2):

2

Oulu(t)l}e+0:|50(8)| =20 |Vu(t) 32 ~ 2]V Z0(0)

(2.1)

2
L2 2’

As in the introduction, we denote by T':= {6 the rescaled version of ¢. In terms of
the dispersion parameter o :=k\, we have T =0A"26 and the equations for (u,T) are

Ou+u-Vu+Vp=vAu-+oTés,
atT+’LL'VT:,U,AT70'U3, (22)

divu =0,

which equals (1.3) in the inviscid case p=v=0.
If in addition, we differentiate the above equations and use Gagliardo-Nirenberg
interpolation, we obtain inequalities for higher order derivative norms:

LEMMA 2.1 (Energy inequality).  For any k€N there exists a constant Cy, >0 such
that if (u,T) solve (2.2), we have the bound

00 (1u®) 3 +IT (O ) <20 Vult) e — 20 9T (1) 5 s
+ O (Vult)| e + 9T ) (Jul) s+ @)
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Proof. This is a standard argument, so we only give a quick sketch of the proof.

For 0<I<k, we take a derivative D' of order I of the equations, multiply by
D'w and D'T in the respective equations and integrate over R®. This gives the time
derivative of the L? norms of D'u and D'T, and their gradients in L?. Upon sum-
mation, the remaining linear terms vanish and we are only left with the nonlinear
pieces (D'(u-Vu),D'u)r2 and (D!(u-VT),D'T) 2. Since divu=0, this vanishes if all
[ derivatives fall onto the gradient term, so by interpolation we can bound these by
(IVu| oo +|VT| o) (|u|§ﬂ—|—|T|iﬂ) (for more details see [6, Section 4], for example).
Now we need only sum over all such derivatives of order ! and orders [ <k. O

REMARK 2.1 (Dependence on o).  We note that the energy estimates are uniform
in the dispersion parameter o, which is natural for a dispersive effect (given by a
skew-symmetric singular perturbation) measured in L? based Sobolev spaces. Most
importantly, it implies that condition (1.5) is met naturally in the standard local well-
posedness theory.

In the inviscid case, v = =0, we can deduce, from Gronwall’s inequality, the growth
bound

()] g T g < ([u(0)] gy + [T (0)] i) exp (Ck/o [Vu(s)| oo +IVT ()] oo dS) :

(2.4)
From this, it follows directly that the inviscid Boussinesq system (1.3) is locally
well-posed in H* for k>3 (with H* estimates uniform in o).

REMARK 2.2 (Physical relevance).  In terms of the unrescaled variables in system
(1.2) one may wish to separately take note of two cases for the limit o =k — oo, which
both guarantee uniform (in o) energy estimates as required in (1.5):

(1) Fix A>0, let k—oco0: Any initial data (ug,0) work (as long as they are of small
size, as in Theorem 1.1).
This is the case where we fix a stratification profile u=0, # = A2z and let the grav-
itational force (through the constant x) tend to infinity.

(2) Let A— o0, fix k>0: We need 6y =0.
Here we fix the strength of gravity x and consider perturbations of increasingly
steep stratified solutions © =0, # =A2z. Due to the scaling of the energy, we have to
require that the initial data in 6 vanish, else the energy will not remain uniformly
bounded as A — oo.

3. Dispersive effects in the inviscid system

To understand the dispersive effects present in (1.2), we continue our study of the
inviscid case, where v = =0. For simplicity of notation, we henceforth assume the
subscripts for T' as in the previous section to be understood and thus drop them from
the notation. For convenience we recall here the relevant system (1.3),

Jdwu+u-Vu+Vp=oTes,
T +u-VIT'=—ous, (3.1
divu=0,

where o:=k\ and the pressure p can be expressed in terms of u through the third
equation as p=(—A)~"(div(u-Vu)—0cd3T). In view of a decomposition of this system
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into a linear and a nonlinear part, we split the pressure as
p=p"+p"", pli=—o(=A)'0T, pN'i=(—A)"'div(u-Vu).
The linear part of (3.1) then reads

8tu+ Vpl’ = UT€3,
T =—ous, (3.2)
divu=0,

and we can formally rewrite (3.1) as

Opu+ NU(u,u) +Vpr =0Tés,
0T+ M"(u,T)=—0cus, (3.3)
divu=0,

with nonlinearities N*(u,u)=u-Vu+Vp"L and M*(u,T)=u-VT.

In the following, it will be convenient to also work with the vorticity variable w:=
curlu, since this avoids having to solve for the pressure. The velocity u can then be
expressed in terms of the vorticity w as u= (—A) !curlw. The full, nonlinear Boussinesq
system in vorticity formulation is then given by the equations

0,T
Ow+NYw,w)=0| —-0,T |,
0 (3.4)
T +M* (w,T)=0(—A)"! (Oywr — Oywa),

divw =0,
where
N¥(w,w):=curl(u-Vu)=w-Vu—u-Vw

denotes the Euler nonlinearity in vorticity form and the transport term u- VT has been
written as M“(w,T). We notice that the first equation implies d;divw =0, so that the
equation divw =0 reduces to a condition on the initial data.

The associated linear system reads

0,T
Ow=0c| -0,T |,

0 (3.5)
KT =0(—A)"1 (Oywi — Opw2),

divwy =0,

since here 0;divw =0 follows from the first equation.
The space of solutions to the linear systems (3.2) and (3.5) is three-dimensional and
can be computed explicitly as follows?:

4We recall the notation + in indices as a replacement for either + or —, which are then assumed
to be used consistently.
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LEMMA 3.1. In Fourier space the linear system (3.2) can be diagonalized for any
EER? with (£1,&2) #(0,0) in the following three eigenvectors and eigenvalues:

—&

501 with eigenvalue 0,

0

§1&3

—€|2§i3|2 with eigenvalue i||§;|, (3.6)
—i[&nl[¢]

&3

*§|2§;|2 with eigenvalue Zﬁ;”
il&nl 8]

We denote the corresponding eigenspaces in physical space by Ef, E* and EY, and the

projections onto them by Py, P and P, respectively.
The corresponding eigenvectors and eigenvalues for the linear system (3.5) are

—£1&3
—&263

€ |2 with eigenvalue 0,
h
0

—& (€]
SN with eigenvalue Z@ (3.7)

0 €]’
€|

—&[¢]

Sulel with eigenvalue fi@

0 €l
= [&nl
We denote the corresponding eigenspaces in physical space by E§, E¥ and EY, and the
projections onto them by Py, P and PY, respectively.
As will be shown later (see Proposition 3.1), the modes with eigenvalues

REMARK 3.1.

:I:i% exhibit dispersive decay.

Proof. 'We only give the computation for (3.5), since (3.2) works analogously.
After taking Fourier transforms, (3.5) reads

w1 0 0 0-i& Wy

W 0 0 0 & W

~ _572 Eil ~

T e g V0 T
=:A(§)

The matrix A(€) is diagonalizable as long as & #0 or & #0. Its eigenvalues and
eigenspaces can be computed to be v :=(0,0,1,0)7, v :=(&1,£2,1,0)T with eigenvalue 0,
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vy = (=& [¢],€11€],0,|6n])T with eigenvalue i T4l and vy:= (=& [¢],&1[¢],0,~[€n])T with

eigenvalue —i%.
A priori the linear system thus has two stationary modes (v; and vy) and two

nl

modes whose time evolution is given by eii‘\T (vs and v4). We notice that through the
condition that divw =0 (which is automatically propagated) we can reduce the system
to one with three degrees of freedom: it is automatically satisfied by v3 and v4, but not
individually by v; and vy. Hence, if s:=awv; + fvs is an element of the eigenspace of the
eigenvalue 0, we impose the condition that divw =0 through

0=E¢-s=¢&- (avr + Bug) =&a+ (& +&3)8,

__ _&s _ _ &8s €283 T :
so that 8= aiad and thus S—a( GEE g’f’+5§’1’0) spans the eigenspace of

eigenvalue 0. ]

By projecting onto the eigenspaces of the linear system one can then directly deduce
the following

COROLLARY 3.1. A solution (u,T) of (3.3) or (w,T) of (3.4) can be decomposed as
(u,T)(#)=(S(£),0)+D_()+ D (t) or (w,T)(t)=(s(t),0)+d_(t)+d (),

where (S(t),0):=Py(u,T)(t) € EY, (s(t),0):=P§(w,T)(t) € EY, Di(t):=P%(u,T)(t)€
EY and dy(t):=P4(w,T)(t) € EY.
More explicitly, there exist functions ¥(t),a(t) and b(t) such that

—0a1) —0103¢
| o _ | —0203¢
(sw.0=| A [emo=| TR,
0 0
6183& —82 \V|a
0203a 01|V|a
p=| 2 =] M7 (3:9)
1|Vil||V|a 1|Vh|a
0103b —02|V|b
0203b 01|V|b
p=| 2 Law=| "
—i|Vr|[V]b —i|Va|b
REMARK 3.2. Here the functions a and b are complex-valued and arise from the

it 1nl _iploal .
projections onto the eigenspaces of the propagators TV and e T, respectively.

This is natural since the splitting stems from a diagonalization of a real-valued system
with (conjugate) complex eigenvalues on the Fourier side — compare also the linear wave
equation and the half-wave operators that arise when diagonalizing it as a first-order
system.”

REMARK 3.3 (Stream Function). The function v of the stationary mode is real-valued
and can be identified as the stream function of a two-dimensional, incompressible flow
(for each fixed z3 €R).

5 Alternatively we may rewrite the linear modes using the propagators sin (t |‘VV’1‘| ) and cos (t “vv’ll ) :

We know that a solution (wr,Tr)(t) to the linear problem (3.5) in the eigenspaces EY can be written
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3.1. Dispersive decay. @ We study now the decay properties of the semigroup

generated by the linear operators that arise in (3.2) and (3.5). We denote by Ly

the linear operators with Fourier symbols +i ‘fg“, i.e. for any (possibly vector-valued)

Schwartz function f € S(R?) we let

L o) =7 (il f10)).

For the semigroup generated by L., we then have the following decay estimate:
PROPOSITION 3.1.  There exists a constant C >0 such that for any f € C°(R3)

| et f] e SO 2 [ fls - (3.10)

Proof. By scaling, it suffices to prove the estimate |eLitg0|Loo ,St’% for a smooth

bump function ¢ € C°(R?) with Fourier transform supported in an annulus around
|€] ~1 (away from the origin — see [6, Proof of Proposition 2.1] for more details on this
reduction). Hence, we bound the integral

/ il () . (3.11)
RS

With stationary phase techniques in mind, we smoothly split the area of integration
into two pieces, according to the size of 5. To this end let € >0, to be chosen later.
For |£5| <€ we note that

lénl
/ ¢TI G(€)dE S |l e €,
[€3]<e

since |{|&3] <e}| Se.
If |€5| > € we apply the method of stationary phase. We note that

(SRS (5153 §263 )
vkl _ 83 (5153 5253

[€nl " 1]
so for any (t,7) €R x R3 there are at most finitely many stationary points of the expo-

nent in (3.11). Furthermore we compute that detHess‘% = &3] 72 |&n] 3 \f| so the
as
Vsl —02|V|ag - —82|V|bo
(wLyTL)(t):eitﬁ 81|Z|a0 e T 31|§\b0 ,
i|vh‘a0 7i|Vh|b0

with ag,bo :R? — C complex-valued projections of the initial data onto the eigenspaces EY. By ex-
panding and regrouping these we deduce that there exist real-valued functions ag,B0:R® —R such
that
| —82|V]ag | —02|V|Bo
43 01|V]ao Vil 81‘V‘60
wr,Tp)(t)=cos | t—— —sin
IVl Bo [Vhlao
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standard stationary phase lemma gives a bound of

[¢n

/ T EITET o(€)de S|l ot 272,
|€3]>€

In total, we thus have the bound e—i—t_%e_Q, so that the choice of e=¢"3 gives the
claim. 0

REMARK 3.4.  The systems (3.2) and (3.5) include the additional parameter o >0,
which governs the strength of dispersion: if f(t) solves 9y f =ocL4 f, then |f(t)|, 0 <

Clot)~# [ flps .

4. A reformulation of the equations

In this section we rewrite the Boussinesq system (3.4) using the above analysis to
set up the problem of studying the behavior for strong dispersion.

Now we project the full, nonlinear Boussinesq system onto the eigenmodes of the
corresponding linear system. The steps and notation in both the velocity and vorticity
formulations ((3.2) and (3.3), or (3.5) and (3.4), respectively) are completely analogous
— we give the relevant details here in the vorticity formulation, since we will use it later
to compute the limiting dynamics in Section 6. The results are summarized in Corollary
4.1.

NoTATION 4.1.  We begin by introducing the “bar” notation to denote the first three
components of the projections onto the eigenmodes of the linear systems (3.2) and (3.5),
so that we have Py, P4 PY PY :R* - R3. In particular then we have S(t)=P¥(u,T)(t)
and s(t)=P%(w,T)(t), since the T component of the stationary mode vanishes (as we
saw in Lemma 3.1).

Stationary modes. We apply the projection P§ to (3.4). We recall that the
stationary mode P§w does not involve T, so the only nonlinearity present there is

PY(w,w):=P§ (N (w,w)) =P§ (N (Bw+P{w+PYw,Pfw+Plw+Pw)),

which (by bilinearity of N) can be split into nine pieces, in accordance with the types
of interactions of stationary and dispersive modes. To simplify notation, we use the
shorthands x, 4+ or — to denote an input of the stationary or dispersive modes, respec-
tively. Hence P¥(x,%) =Pg§ (N*(Pyw,Pyw)), P*(x,+)=P§ (N*(P§w,PYw)) etc. One
can then write P“(w,w)=>".,_, . P“(j,k).

Dispersive modes. Similarly, we split the nonlinearities projected onto the dis-
persive modes as

Qi ((M,T),(W,T)) ::]Pi((Nw(wvw)va(w’T)))a
QY ((va)v(w’T)) =P ((Nw(waw)va(w’T)))a

and write Q% (x,4) =Q% (P§ (w,T),P% (w,T)) etc.

(4.1)

COROLLARY 4.1. The Boussinesq system in velocity form (3.1) can be rewritten as
ats(t) :Zj7k:*,+7—Pu(jak)a (42)
atDi(t)+0LiDi(t) :Zj7k:*7+7_Q1:f:(j7k)7

with initial data (u,T)(0) = (uo,To) satisfying divug =0, and in vorticity form (3.4) as

8t$(t) :Zj,k:*,+,—Pw(j7k)a (43)
atdi(t)+JL:tdi(t) :Zj,k=*7+,_Qi(jak)a
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with the initial data (w,T)(0) = (wo,To) satisfying divwy=0. (We recall that the second
equations in both these systems stand for two separate equations with either the choice
of + or — indices.)

REMARK 4.1. Note that in this formulation the conditions that v and w be divergence-
free are automatically built-in, since we project onto divergence-free vector fields, by
Lemma 3.1.

5. Limit of strong dispersion

This section describes the effect of strong dispersion in (3.1). More precisely, we
work on a fized time interval® for which one has uniform energy estimates in the dis-
persion parameter ¢ >0, as is the setting of Theorem 1.1, and study the dynamics as
o —oo. Intuitively, one expects the system to decouple into a purely dispersive part
(that tends to zero in a dispersive norm) and a limiting “stationary” part. Later on, in
Section 6, we will identify this limiting system as stratified 2D Euler equations.

Using the analysis from Section 3, we can prove:

PROPOSITION 5.1.  Consider the Equations (4.2) for the Boussinesq system,

0,57 (t) :Ej,k:*,Jr,fPu(j’k)a
ODL(W)+oLDL(D) =X, ., QLU -
(u?,77)(0) = (0, 7o),

divug =0,

and assume that for some M >0 we have the estimates
1S7 ()] s

as well as \D”i(o)’B%l”Di(O)‘Bi‘l =M.

Then as o — 00, for any t€ (0,1], we have D (t) —0 in W1 and S°(t) — S (t)
in L%, where S solves

DS(t)] o <M for t€]0,1],

e o

SOO(O) :pg(UQ,To).

REMARK 5.1.  Note that the evolution of the limiting system (5.2) is given by the
nonlinear self-interaction of the stationary mode with itself, projected again onto the
stationary mode.

REMARK 5.2 (Rate of dispersive decay). The proof below shows that — as long as
there is some decay — the exact rate of decay in the dispersive estimate (3.10) is not
crucial for this result. Similarly, the general idea of this decoupling in the limit of strong
dispersion applies in a wider context of interacting oscillatory and dispersive systems.

The proof combines the dispersive decay with the Duhamel’s formula.

Proof. We first prove the decay of D and then use it to deduce the convergence
to the limiting system (5.2). To illustrate that this result does not depend on the precise
rate of dispersive decay of the semigroup e’+¢, we write a for the exponent % in the
decay estimate (3.10) and notice that the proof works for any a > 0.

6Without loss of generality we assume this to be [0,1].
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Decay of the dispersive modes.  Applying the dispersive decay estimate (3.10) in
Duhamel’s formula gives, for any 0 <t <1,

t
D20 <020+ Y

Jik=x,4,—

t
S (1) DO gy, 407 [ (=97 |QEGH) g, s

e QR ds

St) 7 DOy +07 [ =9 (17 DL

t
5(ta)—aypi(o)yg§l+a—az\42/0 (t—s)""ds

<o =0 aso—oo. (5.3)

Here we have used the fact” that ’Qi(j,k:)’Bg < ‘Qi(j,k)}w4_l < ’Diﬁp +|S‘7ﬁ{5 for
1,1 :
ja k= *7+7 -
The same argument works for a derivative of D, so that this finishes the proof of
the decay in W1 of D7 (t).

Convergence of the stationary modes.  The initial data of S°° and S? agree and
we can write the equation for their difference S7 — S5 as

¢ (S7(t) — S (t)) = (P" (*,%) — P*(S°°,5%)) + Z PY(3,k). (5.4)
Jik=%,4,—, (4,k) 7 (*,%)

Here we have grouped the terms with two stationary inputs first. Hence every term in
the second sum on the right contains at least one dispersive term, which we can estimate
in L> when estimating the whole expression in L2. More precisely, we note that for
such a term with (j,k) # (x,%)

[P(7. k)| 2 <[DL(H)] oo (1870 + [DL(B)] u) SMo™

by our previous estimate (5.3).
As for the first term, the divergence structure of the Euler nonlinearity u- Vu allows
us to estimate this in L? without losing a derivative:

VS ()] oo 17 (1) = 5= ()72, (5.5)
where the last inequality follows from the observation that
(N“(59,87) = N“(5°,58%),57 = 5% =
=(89.-V 87 —8°%°.VS§>, 87 — §%) 1o+ (VpNL —vpNLee g7 _ g,
(S7-V 87 —8%°.VS§5® 87 —5%°) 2

"In fact, for any v >0, one has the embedding W3+¥:1 ‘—)Bi)’ 1
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=((87 —§)-VS7 + 5% V(87 — §),57 — §°) .
=((87—=8%)-VS57,57 = 5%) =
S|V 57— 5% 2. (5.6)

This holds, since by construction S? and S°° are divergence-free, hence the pressure
terms vanish and the last equality in (5.6) holds.
Hence we deduce, using (5.4), that

0,15 (£) = 5™ (1) [ = 2(0:(S7 (1) = S>(¢)), 5 (£) = S (1))
SMo™*|S7(t) = 5 ()] 12 + VS (1) o |57 (1) = S (1) 72

from which, Gronwall’s Lemma yields
|S7(t) =S ()2 S tMo=elo| VS (e dr <tMo—eMt,

since S7(0) =5°°(0). Clearly, this tends to zero as o — 0. d

We can now use this result to show that the corresponding convergence also holds
in vorticity, i.e. for Equation (3.4). This cannot be done purely at the level of the
vorticity, but rather builds on the convergence in velocity, since the equivalent of the
crucial inequality (5.5) includes terms involving both the velocity and the vorticity.

COROLLARY 5.1.  In the setting of Proposition 5.1, consider the equations (4.3) for
the Boussinesq system in vorticity form,

8,5 (1 S )
DL+ oLadl(t) =Y ,uce, QEGR) 5
(w?,77)(0) = (wo,70),

divwy =0,

and assume now that for some M >0

157 (t)] g »

di(t)|H6 <M fortel0,1],

and |d;(o){Bil, d;(o)\gil <M.

Then as 0 — 00, for any t € (0,1], we have d%.(t)—0 in W and s7(t) — s (t) in
L2, where s solves

{8ts°°(t) =P (s%,5), (5.8)

s°(0)  =P%uw.

Proof. Since w = curlu one may apply the curl in the corresponding calculations for
the proof of Proposition 5.1 or work directly with the reformulation (5.7). In either case,
essentially one ends up having to bound the analogue of (5.5), for which one calculates

(P (5,5) = P(5%,5%),57 — %) 1 = (B N(%,57) ~ B N (5™,5%),5° — 5™) 1
—N“(5%,5%)),87 —s%) 2
=(N“(s7,87) — N¥(5,5%),87 —5%) 2
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S|V (1)) oo |7 (8) = 5™ ()72 V57 (8)] oo [S7 (1) = S ()] 12 |57 () = s ()| 2 (5.9)
This is due to the fact that
<Nw(80730)_NW(SOO7SOO)7SU_SOO>L2
=(s7-VS57—57.-Vs7 =5 - VSO +8%.Vs™® 57 —s*) 2
((87=5)- V87,87 =) 2+ (s -V (87 = 5%),57 —5%) 12
=((s7 =) V57,87 =) 24+ (s V(57 = 5%),87 —5%) 2
—((87—=8°)-Vs*,s7 —s%) [, (5.10)

and allows us to argue as in the proof of Proposition 5.1, once we invoke the L? conver-
gence of S7 — S established therein. 0

6. Self-interaction of the stationary mode

As we saw in Section 5, as the strength of the dispersion increases, the dynamics
of the Boussinesq system decouple into a purely dispersive part (which decays) and
a stationary part, governed by limiting systems (5.2) or (5.8) in velocity or vorticity
form, respectively. As remarked above, these limiting systems consist of the nonlinear
interaction of the stationary mode with itself, whilst outputting again the stationary
mode. In this section, we show that these systems are in fact two-dimensional Euler
equations. We present the relevant computations here, in the vorticity formulation,
since one can then avoid having to solve for the pressure.

For this we consider a velocity Sy and its associated vorticity s, of the form Sy, =

—0a1p
019 | for some #(¢,z) and compute the projection of curl(Sy -VSy) onto EY, i.e.
0

we compute P“(sy,5,) as it appears in (5.8).

LEMMA 6.1 (Stationary output). The stationary output from the self-interaction of a
stationary mode is

Pw(8¢78¢):SH (61)
with
H(t) = A5 (019 (8) Apdath (1) — 0ot (£) Apdr (1)) (6.2)

Proof. To clarify the notation, we recall that
P (sy,59) =P N (s4,55) =Pgeurl (Sy (1) - VSy(t)).

By construction, we must have P¥(sy,sy)=sg for some H, so the key is to notice that,
by Corollary 3.1, we can identify H(t) through the requirement

ARH (t) = curl (Sy () - VSy (t)),-

We now compute this explicitly.
We have

(Sy - VSy), = 021001021 — O3,
(Sy-VSy)y=—020071) + 0101 021,
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and hence

[curl (Sy () - VSy (t))]3 =01 (Sy () - VSy(t)y — 02 (Sy () - VSy (1)),
= — 0102007 1) — Oa1p 03 1h + 071001 Oatp + 019007 Do)
— 029001090 — Da1p 01 024) 4 D1 Do1hD34p + D12p D3
= — 0100t + 071 (— 1921 + 91.021)) + D11b[0F Dot + D3 ))]
+ 05 [07 0 + 03] + 030 [01 021 — D1 051)] — D1 05Dt
= — 03Oyt + 010 [ Ay Optp] — D1 D3 4p D1
=01 [AR021)] — 02 [ARO1Y].

From the structure of the eigenspaces (as given in Corollary 3.1), we deduce that this
expression must equal A, H, i.e. we can express H as

H(t) = A, 019 AR 023 — Dot Ap01)]

as claimed. 0

Proof. (End of the Proof of Theorem 1.1.) Using (6.1) and (6.2), we can
rewrite the dynamics of the limiting equation (5.8) in vorticity form as

Oy =— A7 D1 ARDtp — Dap ARy ). (63)

We recognize here the 2D Euler equations in vorticity form: We have

O Ant=— 0190 Aptp — D1 Apy)] ==V 9 VaApy.

Setting @:= Ayt and @:= Vit = <—833;Z)> we can write this as
1

Oywo+1u-V5o=0, (6.4)

which is the vorticity formulation of (1.6) in Theorem 1.1. Notice that since ¢ depends
on all three space variables (and not just the horizontal ones), this is really a stratified
system of 2D Euler equations, i.e. for every x3€R, we have an individual 2D Euler
initial value problem in the horizontal variables.

This completes the proof of Theorem 1.1. ]

REMARK 6.1.  For any finite o >0, the self-interaction of the stationary mode also
produces decaying modes, which can be computed directly by projecting onto the rele-
vant subspaces. Since this is not needed here, we leave the calculations to the interested
reader.
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