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Derivation and well-posedness of Boussinesq/Boussinesq
systems for internal waves

by Cunc THE ANH (Hanoi)

Abstract. We consider the propagation of internal waves at the interface between two
layers of immiscrible fluids of different densities, under the rigid lid assumption, with the
presence of surface tension and with uneven bottoms. We are interested in the case where
the flow has a Boussinesq structure in both the upper and lower fluid domains. Following
the global strategy introduced recently by Bona, Lannes and Saut [J. Math. Pures Appl. 89
(2008)], we derive an asymptotic model in this regime, namely the Boussinesq/Boussinesq
systems. Then using a contraction-mapping argument and energy methods, we prove that
the derived systems which are linearly well-posed are in fact locally nonlinearly well-posed
in suitable Sobolev classes. We recover and extend some known results on asymptotic
models and well-posedness, for both surface waves and internal waves.

1. Introduction

Generalities. As shown in [8, 10], the propagation of small amplitude
long waves on the surface of an ideal fluid (over a horizontal bottom) under
the force of gravity is described by the family of Boussinesq systems

(1 — eaz A9y + V.V +£(V.(CV) + a1 AV.V) = 0,

(1.1) 1.,
(1 - casd)aV + V¢ +e( 5 VIV +as AVC ) =0,

where aq, as, ag, aq are defined as follows:

0> 1 0> 1
al—<2—6>>\, 02—<2—6>(1_>\)7

1—6? 1—6?
B=""5 ag = —5— (1 —p),

and where 0 < 6 < 1 and A\, € R are three parameters. The quantity
C(X,t) 4+ ho, X € R? (d = 1,2), corresponds to the total depth of the liquid
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at the point X at time ¢, where hg is undisturbed water depth. The variable
V(X,t) represents the horizontal velocity at the point (X, z) = (X, 60ho)
at time ¢t. The Boussinesq approximation is valid when ¢ = a/hy < 1,
A/ho > 1 and the Stokes number S = aA?/h3 is of order 1, and we have
taken S = 1 when deriving (1.1); here a is the maximum free elevation above
the undisturbed level of the fluid of depth hg, and A a typical wavelength.
Boussinesq systems have attracted interest because they are fundamen-
tal systems describing the motion of small amplitude long waves on the
surface of an ideal fluid. Moreover, as seen in [8], one can recover from
(1.1) many systems which have already appeared in the literature, such as
the classical Boussinesq system, Kaup system, Bona—Smith system, cou-
pled BBM-system, coupled KdV system, coupled KdV-BBM system, cou-
pled BBM-KdV system, etc. The local well-posedness of the Cauchy prob-
lem and initial boundary-value problems for Boussinesq type systems has
been studied by many authors, including Schonbek [33], Amick [4], Bona
and Chen [7], Angulo [5], Kita and Segata [26], Bona, Chen and Saut [9],
Fokas and Pelloni [21], and Dougalis, Mitsotakis and Saut [20]. To justify
Boussinesq systems, Bona, Colin and Lannes proved in [10] that the solu-
tions of any of the aforementioned systems yield good approximations to
the full Euler equations on the long time scale 1/e. This result was recently
extended to the case of nonflat bottoms by Chazel [15]. The justifying of
Boussinesq systems for surface waves has now been fully achieved by com-
bining the results of [10], [15] and the large time existence result for the full
Euler equation proved very recently by Alvarez-Samaniego and Lannes [1].
Parallel to the theory of surface water waves, the mathematical theory
of waves on the interface between two layers of immiscible fluid of differ-
ent densities has also attracted interest because it is the simplest idealiza-
tion of internal wave propagation and because of the challenging modelling,
mathematical and numerical issues that arise in the analysis of this system.
Therefore, in the last decades, it has been studied by many physicists and
mathematicians, with regard to both well-posedness [23, 24, 2, 3, 32] and
asymptotic models [16, 17, 11, 19, 14, 6, 29, 30]. A significant step in the the-
ory of internal waves was made in 2008 by Bona, Lannes and Saut [12]. They
proposed a general method to derive in a systematic way, and for a large class
of scaling regimes, asymptotic models for the propagation of internal waves
at the interface between two layers of immiscible fluids of different densi-
ties, under the following assumptions: the fluids are ideal, incompressible,
irrotational, and under the only influence of gravity, the lids are rigid, the
bottom is flat, and there is no surface tension. They derived several classical
models and also some new models. They also proved that these asymptotic
systems are consistent with the full Euler equations. As they mentioned,
these results could be extended to the case of a seabed with structure.
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On the other hand, it is known that surface tension plays an important
role in well-posedness of internal waves. In fact, the two-layer water wave
system is known to be well-posed in Sobolev spaces in the presence of surface
tension [23, 24]. Therefore, we could take into account an amount of surface
tension at the interface between the two homogeneous layers to put oneself
in a well-posed situation. Such an approach is used in [30] for the Benjamin—
Ono equation. One interesting question is how the surface tension affects the
asymptotic models.

In this paper we are interested in the internal waves problem with non-
flat bottom and with the presence of surface tension when the flow has a
Boussinesq structure in both the upper and lower fluid domains. The ideal-
ized system will be studied, which, when at rest, consists of a homogeneous
fluid of depth d; and density o1 lying over another homogeneous fluid of
mean depth dy and density g2 > p1. We restrict our study to the case where
the bottom can be described by the graph of a function X — —d; —da+b(X)
and the typical amplitude of the bottom has the same order as that of the
interface. Let a be the typical amplitude of the deformation of the interface
and A the typical wavelength. We introduce the dimensionless parameters

d a d? a d3
::%, 5::d—;, é‘:zd—l, u::)\—é, 2’;‘22de2:€5, ug::)\—g:%,
the surface tension parameter
__c

V= W7
and the bottom parameter

8= b—o

da

Following the global strategy introduced recently by Bona, Lannes and Saut
[12] we will prove, when € ~ p ~ g9 ~ gy < 1 and in dimensionless variables
(see Sect. 2 for details), that the full model is consistent with the following
Boussinesq/Boussinesq systems:

(

1 82—~
(1 — [,LCLQA)atC -+ m V.Va +e€ m V(Cva)
£d?

(1.2) BCET V.(bva) + pay V.Av, = 0,
6% —
2 V|Va|2

5

1 — pasA)dve + (1 — S

(1 = pagd)deva + ( V)VC+2(7+5)
+ pas(l —v)AV( — e\ /uvAV( = 0,

where ( is the surface elevation, v, = (1 — paA)~lv with v the “velocity
variable” (see Sect. 2.1 for definition), and the constants aq,as,as, as are
given by

2
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g = L—a)A+90) —3ba(y+4)  _  yu
! 30( + )2 © T 3(y+ o)

ag = aay, ag=a(l —as).

It is worth noticing that when b = 0 and v = 0 we recover the Boussi-
nesq/Boussinesq systems for internal waves in the case of a flat bottom and
absence of surface tension derived in [12], and that the Boussinesq system
for surface waves in the absence of surface tension is formally recovered by
taking v =0, 0 =1, v = 0 (and b = 0 if the bottom is flat). The dispersion
relation associated to (1.2) is

(575 — par k) [(1 = 7)(1 — pas|k|?) +ey/mnvik|?]
(1+ paa k[2) (1 + paalkP?)

It follows that (1.2) is linearly well-posed when ag,as > 0 and a; < 0,
az < ev/((1—r),/m). Following the general lines of the analogous proof
of [9], we will show that the Boussinesq/Boussinesq systems (1.2) which
are linearly well-posed are in fact locally nonlinearly well-posed in suitable
Sobolev classes. When as, a4 > 0 we will prove well-posedness by realizing
the systems as systems coupled only through nonlinear terms and using
a contraction-mapping argument. The other systems (i.e. when az = 0 or
as = 0) are analysed using energy methods.

In this paper we shall focus on the case d = 2 (i.e. when X = (z,y))
because it is more complicated. However, the method works for both one and
two dimensions and the results in one dimension are better than the ones
in the case of dimension two as far as the assumed level of regularity of the
initial data is concerned. This is explained in Remarks 3.2 and 3.3 below.
It is worth noticing that when v = 0, § = 1, we recover the Boussinesq
systems for surface waves, so we also obtain well-posedness results for them.
In particular, we extend the results of [9] to two dimensions and to the
case with surface tension. It is also noticed that in the presence of surface
tension, the class of Boussinesq/Boussinesq systems that are linearly and/or
nonlinearly well-posed is larger than the corresponding one in the absence of
surface tension. Thus, the surface tension makes the well-posedness results
better, as for the full Euler equation [24].

w2 = |k|2

Notations. Denote by X the d-dimensional horizontal variable (d = 1, 2),
and by z the vertical variable. For p > 0, we introduce scaled versions
of the gradient and Laplace operators, namely V% = (/& v7T, 0,)T and
AR, =V .V, = pAx +92. We use two Fourier multipliers T}, and T,
defined as follows:

T, = tanh(y/ii D)), T, = tanh(yiz|D]),
where |D| = (—A)'/2. The orthogonal projector onto the gradient vector



Boussinesq/Boussinesq systems 131

fields of L?(R%)? is written IT and is defined by the formula

vvT
|D[?~

The LP = LP(R?)-norm will be denoted by |- |, for 1 < p < oo, and the
Hs = HS(R2)—norm by ||-||s or |- |gs. Note that the L?-norm of a function f

is written both as |f|2 and || f|lo. The product space X x X will sometimes
be abbreviated as X2, and a function f = (f1, f2) in X? carries the norm

I£1lx2 = (LA + [ f201%) 2.

For convenience, we also use the notations | - ||s and |- |, for a vector
function f. Similarly, (-,-) denotes the inner products in both L?(R?) and
L%(R?)%2. We use the Bessel potential A° := (1 — A)*2, s € R. Note that
H*(R?) = A~*L%(R?) and thus ||lulls = [|A%ullp for v € H*(R?). If f and
u are two functions defined on R?, we use the Fourier multiplier notation
f(D)u which is defined in terms of Fourier transforms:

f(D)u = fa.
We denote by [A, B] := AB — BA the commutator of the operators A, B.
Thus, [A%, flg = A%(fg) — fA®g, where f is regarded as a multiplication
operator.
We use C' to denote various constants whose values may change with
each appearance, and use the generic notation C(A, \2,...) to denote a
nondecreasing function of the parameters Ai, Ao, .. ..

I=-

Organization of the paper. The plan of this paper is as follows. In Sec-
tion 2, when the flow has a Boussinesq structure in both the upper and
lower fluid domains, i.e. when € ~ p ~ €9 ~ o < 1, we derive the Boussi-
nesq/Boussinesq systems (1.2) from the full model. To do this, we first derive
asymptotic expansions of the Dirichlet—-Neumann operator G*[e(] and the
interface operator H*9[¢, 3] in this regime. Then, using the expansions
of these two operators, a change of variables and a suitable “BBM trick”,
we get the Boussinesq/Boussinesq systems depending on three parameters.
We also prove that the systems derived are consistent with the full Euler
system. In Section 3, we study the local well-posedness of the Cauchy prob-
lem for the Boussinesq/Boussinesq systems by using a contraction-mapping
argument and energy methods.

2. Model systems. In this section we derive an asymptotic model
for internal waves when the flow has a Boussinesq structure in both the
upper and lower fluid domains. In order to study the influence of sur-
face tension and bottom topography on the asymptotic model, we intro-
duce two new parameters, one characterizing the shape of the bottom and
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the other characterizing the effect of surface tension. We follow here the
same strategy as in [8, 10, 15] for surface waves, and as in [12] for inter-
nal waves. Namely, we rewrite the full system as a system of two evolu-
tion equations on R? (d = 1,2). The reformulated system, which depends
only upon the spatial variable on the interface, involves two nonlocal op-
erators, the Dirichlet—Neumann operator G[(] and the interface operator
HJ[¢, ] (the latter appears only in the internal waves theory). The asymp-
totic model is obtained by expanding the two nonlocal operators with re-
spect to suitable small parameters that depend variously on the ampli-
tude, wavelengths and depth ratio of the two layers, with order higher
than the orders of the bottom terms and of the term containing the sur-
face tension. Then a family of asymptotic models may be inferred by us-
ing a “BBM trick” and a suitable change of the dependent variables. The
freedom to choose parameters in order to make the corresponding system
linearly well-posed is just one of the advantages of having families of sys-
tems. The consistency of this model with the full Euler equations is also
established.

2.1. The Euler equations and the full model. We consider the internal
waves problem in the case of uneven bottoms and with the presence of sur-
face tension. The idealized system that will be studied here, when at rest,
consists of a homogeneous fluid of depth d; and density g1 lying over another
homogeneous fluid of mean depth do and density g2 > 01. We restrict our
study to the case where the bottom can be described by the graph of a func-
tion X — —dj —dy + b(X) and the typical amplitude of the bottom has the
same order as that of the interface. Let £2{ be the region occupied by fluid i
at time t (i =1,2), It :== {z =0} and Iy := {z = —d; — d2 + b(X)} be two
rigid surfaces, and Iy := {z = —dy + ((¢t, X)} be the interface between the
fluids. As shown in [12], the motion of the internal wave, under Bernoulli’s
formulation, in terms of two velocity potentials @1, ®,, is described by the
following system of equations:

(2.1) Ax,®; =0 in 2},

1 P .
(2.2) 0:D; + 3 |VX7ZQ§Z-\2 = —j — gz in (2,
(2.3) 0,91=0 only, 0,-P2=0 on Iy,
(2.4) ¢ =1+ 1|V(? 0,91 on I,
(2.5) 8n+q51 = 8n+¢2 on Ft,

\%
(2.6) P —P,=0V. <<>7
V1+[VEP
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where P; and P, are the pressures inside the upper and lower fluids, g is the
acceleration of gravity, n* := (—=V(¢,1)T/y/1+ |V([? denotes the outward

normal vector to the interface, n= := (Vb, —1)7/1/1 + [Vb|? the outward
normal vector to the bottom, 0, :=n.Vx ., and o = const > 0 is the surface
tension coefficient.
Introduce the trace of the potentials @1 and @5 at the interface,
@/}i(t,X) = @i(t,X, —dl—FC(t,X)), 1=1,2.

One can evaluate (2.2) at the interface and use (2.4) and (2.5) to obtain
a set of equations coupling ¢ to ¥;:

(2.7) ¢ — 1+ [V 0p; = 0,
(V1+ V(2 (0n®i) + VC-V¢1‘)2> __p

_ , Loz
(2.8) Qz(8t¢z+9C+2|v¢Z| 2(1+|V([?)?

where 0,,®; and P; are both evaluated at the interface z = —d; +((¢, X). As
n [12], by using two local operators, the Dirichlet—Neumann operator G[(]
and the interface operator H[(, b], defined by

G[CJ1 = V1 +|VCI2(0nP1)|=—di+¢,  HIC, bJY1 = Vo,
and using (2.6), we get

0 — 1) + 9(1 = 2)C + 5 (HIG, B — 2V )
+ N (G b ) = — K(Q) = 0,

02
where v = g1/02, K(C) = V.(V(/\/1+ |V([?) and
G[Cl1 + VC.VY)? = (G[¢Jr + VCHIC, by )

b o 2L A - (Gl ¢ b
Taking the gradient of this equation and using (2.7) then gives the system
of equations

9¢ — G[¢J1 =0,

29) 4 OUHIG B =790 + 91 = 7)¥¢

1
+ 5 VG Hen? =2 Ver]?) + VA b ) = = VE(Q) =0,

for ¢ and ;.

The asymptotic expansion of (2.9) is more transparent when these equa-
tions are written in dimensionless variables. Denoting by a a typical am-
plitude of the deformation of the interface in question, and by A a typical
wavelength, we introduce the dimensionless indendent variables

- X z ~ t

= Zi= ti=—.
)\ d1 )\/\/gdl
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Likewise, we define the dimensionless functions

> G ~ () Bb

¢:= a, Py = ma :%a
as well as the dimensionless parameters
01 dy a d% bo o
=== 0= — = — == = — =—.

Here by is the typical amplitude of the bottom and therefore § characterizes
the shape of the bottom, and v is the surface tension parameter. It is also
notationally convenient to introduce two other (redundant) parameters ey
and po defined as

a &
= — = (5 = —2 = —.
€2 s €0, W2 N2 52

In dimensionless variables, the upper fluid domain {21 and the lower fluid
domain {29 have the forms
2 ={(X,z) e R : 14+ < 2<0},
1

2 = {(X,z) ERdH:—l—g—i-%ﬂb(X) <z< —1—|—EC}.

In order to prevent the interface from touching the horizontal boundaries,
we assume that there are strict positive constants H; and Hs such that

(2.10) 1-eC>H; onR%
(2.11) 14 e6¢ —pb(X)> Hy onR%
To write (2.9) in dimensionless variables, following [12] we introduce the

definitions of the dimensionless Dirichlet—-Neumann operator G*[e(] and the
dimensionless interface operator H*?[e(, 3b].

DEFINITION 1. Let ¢ € W2(R?) be such that (2.10) is satisfied and
let ¥y € H3?(R?). If ¢ is the unique solution in H?(£2;) of the boundary
value problem

APy + 2P, =0 in 2,
(2.12) HAa®e] 1 n {7
0:91]:=0 =0,  P1l,=—11e¢(x) = Y1,
then GH[eC|yy € HY2(R?) is defined by
G[eCltr = —peV VP _1ce(x) + 02P1lm—14e¢(x)

= 1 +52‘VC|2({9”€151’Z:,1+5((X)7

where 0,P1| 2=—1+e¢(x) Stands for the upper conormal derivative associated
to the elliptic operator pA®d, + 9>, .
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DEFINITION 2. Let ¢ € W2 (R%) and b € W2°°(R%) be such that (2.10)
and (2.11) are satisfied and let o; € H3/2(R9). If @ is the unique solution
in H2(£22) (up to a constant) of the boundary value problem

/,LA@Q + 83@2 =0 in ()

(2.13) OnP2|,—1-141p(x) = 0; 1

Op oo S S

2] = 14e¢(X) NP

then HX[e(, Bblypy € HY2(R?) is defined by
H0[eC, BbJy1 = V(Pa] o 112¢(x))-

The equation (2.9) can therefore be written in dimensionless variables
as

G*[eC]yn,

0 — 5 GH=Cli =0,
O(HM0 (e, Bblr — yVib1) + (1 — 7)V(

(2.14) + gvuﬂw[eé,ﬂ%F — Vi)
+ VNI (e, Bh, ) — é VK(() =0,
where
NHO(C,b, 4by)

Y(EGH[CTr + VCT1)? — (LGHICTr + VCHPIC By )
2(1 + pulV(?)? '
The tildes which indicate the nondimensional quantities will be systemati-
cally dropped henceforth.

We will propose a model system of equations for the internal waves in
the Boussinesq/Boussinesq regime € ~ p ~ €9 ~ pg < 1 by obtaining
the asymptotic form of the equations (2.14) in this regime. The asymptotic
model is a (1 + d)-dimensional system coupling the surface elevation ¢ to
the “velocity variable” v defined to be

v = HMO[eC, Bblypy — YV (2.15)
(For the surface water-wave problem formally recovered by taking v = 0 and
d = 1, v is the horizontal velocity evaluated at the free surface). It will be
rigorously established that the internal wave equations (2.14) are consistent

with the asymptotic model for (¢, v) derived in this paper in the following
precise sense.

DEFINITION 3. The internal wave equations (2.14) are consistent with
a system S of d + 1 equations for ¢ and v if for all sufficiently smooth
solutions ((, 1) of (2.14) such that (2.10) and (2.11) are satisfied, the pair



136 C. T. Anh

(¢,v = HMO[e(, Bblhr — yVby) solves S up to a small residual called the
precision of the asymptotic model.

2.2. Asymptotic expansions of the operators. First, from Lemma 1 and
Remark 11 in [12] we have the asymptotic expansion of the Dirichlet—
Neumann operator G#[e(] which we will use in this paper.

PROPOSITION 2.1. Let s > d/2 and ¢ € H*T3/2(R?%) be such that (2.10)
is satisfied. Then for all u € (0,1) and 1 such that Vip € H*t5/2(RY), one
has

2
'G“[ecw _ (w.«l —Qv) + v.Avw)
Hs

< 1BO(IC gevare, [V gesare),

uniformly with respect to € € [0,1].

Attention is now turned to the interface operator H*[e(, Bb]. As al-
ready mentioned, in this paper we restrict our study to the case where the
amplitude by of the bottom has the same order as the typical amplitude a
of the interface. Noting that eo = a/ds and 5 = bg/d2, we therefore have
B = O(eg). Since g2 < 1 in the Boussinesq/Boussinesq regime, the condi-
tion 3 = O(e2) means that we consider bottoms with small variations in the
amplitude. This restriction enables us to use the WKB method to derive
the asymptotic expansion of the interface operator H“"s[ag , Bb]. In order to
improve readability, we will write 8 = o for this regime.

The boundary value problem (2.13) plays an important role in the anal-
ysis of the operator HM9[s(, Bb]. We first transform the problem (2.13)
into a variable-coefficient, boundary value problem on the flat strip S =
R? x (—1,0) by using the diffeomorphism

0:S— (), (X,2)—o0(X,2)= (X, (14+e6¢ — Bb(X)) g + (-1 —l—EC)).
By Proposition 2.7 in [27], noticing that 5 = £9, one can see that @3 solves
(2.13) if and only if @, := P9 o o solves

V%Z.Qm [EQC,EQb]v%ZQQ =0 in S,

(2.16) 1
an@2|zzo = g Gu[ngla angsglz:—l =0,

with
QM [e2C, e2b]

[1+e2(¢ — ) Laxa — Iz e2((z + 1)V( — 2V

1 2|(241)V(¢—2Vb|2
—/m2e2((z+1)V( — 2T +N2621‘(+;;(271§) |




Boussinesq/Boussinesq systems 137

Then an asymptotic expansion of

H*0[e¢, Bblibr = V(Dy].=0)

is obtained by finding an approximation @, to the solution of (2.16) and

by using the formal relationship HA9[¢, Bbiby ~ V(@,pplz=0) thanks to
Proposition 3 in [12]. This procedure is justified rigorously in Proposition
2.2 below (see also the proof of Corollary 1 in [12]).

We now find an approximate solution @,.,., to (2.16). We decompose the
matrix Q2[e2(, 2b] as follows:

Q"2[e2¢, e2b] = Qo + £2Q1 + £3Q2,

where

_ <Id><d 0)

_ — b Id><d —1/[1/2[(2 + 1)V( — ZVb]

—/m2(( z+1 vg—zvb] —(¢—D) ’
0
= 0 (C—b)24p2( z+1)v¢ 2Vb|?
14+e2(¢—b)
and construct @,,, having the form
Qapp = @(0) + 62@(1)-

We have

V‘;&Z.Q“Z[@C,sgb]vgfz app
= Vi, (Qo +e2Q1 + E%QQ)V'L)?’Z(Q(O) + eppM)
= A2 DO (A2 ) + VR Q1VRE ) + O(e3),
and at z =0 and z = —1,

&Qapp = eZ'QMQ [62C7 52b]v%2z app

= ez-(QO + 82@1 + €2Q2)V§Z(@(O) + 62@(1))
= 0.0 + £2(0:0Y + e..Q1V/Z,8) + O(c3).
Since it is known from Proposition 2.1 that

3

L areder = v (mve )+“—2v (A )+0<“> where by = 1—¢(
5 1 5 1 1 35 . 1 5 ) 1 )

one deduces that @, solves (2.16) up to order O(e3 + p*/6) provided that
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@ and &) solve the following boundary value problems:
AR ) =,
(O)|z:0 = %V(h1v1/)1), 8ngS(O)‘z:—l =0,
ARz o) = —v*;gz Q VR ),

90| .- o—f(SV(Awl) e..Q1V, 20|,

0,00, = —e..Q:V2. 0"

|z:71 :
First, it is easy to find that
50X, 2) = Vi cosh(y/p2(z + 1)|D|) 1
cosh(v/iaIDl) D[ tanh(yizI D))

Then, noting that Q1 = Ql + 6:21 with

V.(h V).

O, = Claxa —/m2(z +1)V¢
—ia(z + 1)V¢T —C ’
é _ _bIdXd \//TQZVb
A\t oy )

and because
—VE.Q1 VR, = AR (2 +1)¢0.0),
—e..Q1VR2, 0. = 129 (CTBO) 1 8.((= + 1)0-50)] oo,
—e.. 1 V2, 0]y =0,

it follows that () = (z + 1)C8Zd5(0) + u 4 v, where u solves the boundary
value problem

AZ u=0
2
Outt]—g = 3‘5‘72 V.(AVY1) + paV.(CVDO), Dl y =0,

and v solves the boundary value problem
{ A%zv = _v%ziélv%zgp(o)’ ~
82U’z:0 = _ez-le%Z@(O)‘z:07 azv‘z:—l = _ez-le%ZdS(O”z:—l-
The problem for u is obviously solved by

cosh(y/p2(z + 1)|D|) 1
cosh(y7IDl) D[ tanh(y7ID])

o o
e AV F VYY),

u(X,z) =
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We now solve the boundary value problem for v. Since
Vi iV o) = AR (~bz0,0)
and

—e..01V%2, ) 4 0,(b0.00) = —po2Vh. V) 4 2b025(°),

we deduce that v = v; — b3,8©), where v; solves
A%Z’Ul = 0,

az”l’zzo - 07
_ ViDL
aZ’UﬂZ:_l = Sinh(\//TQ|DD bV.(hlvwl),

which can be easily solved to obtain
b2 cosh( /2| D|z 1
(X e) (i)

*)= Sinh(\/f|D]) cosh(,/f|D]) tanh(y/fiz|D])
X [Vb.II(h1 V1) + bV.(h1 V1))

Noting that in the Boussinesq/Boussinesq regime p ~ & ~ g ~ g9 < 1,
we have

1 1 1 1+ fuo|DJ?
tanh(y/p2|D[)  /f2|D| 1 — 3us|D|? V2| D]
1 1 1 1— 2p0|DJ?

sinh(2y/1i2| D)) 2y/12|D| 1+ 32| D2 2y/p2| D)

Substituting those into the expression for V(&,,,|.=0),

V(@oppl==0) = [VOO + (2 + 1)V(¢0.2") + Vu + Vo, — V(00.8)]|.—,

we obtain

1

V(@opploco) = —6V1 — ;ué(l - 52>Avw1 +e2(1 + 8) I (CVi)

1
+ €20 P (V(Vb.Vi1) + V(bAY,)) 4+ O(e2).
We thus have the following

PROPOSITION 2.2. Let tg > d/2,5 > to+ 1/2, and ¢,b € H*t3/2(R?) be
such that (2.10) and (2.11) are satisfied. Then, for all Y such that Vi1 €
H8+5/2(Rd),
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é)mwl +e2(1 4 )11 ((V)

1
|DJ?

H" [, Bblihr — [—cwwl - ;M(l -

b eab  (V(VB.V) + vamwm] ‘

Hs

5/2 4 €3 11

< IUJ\//BZ\/ﬁ C(H—la Ea 5max”u12naX’ |<|H5+3/2? |b|H5+3/2> |vw1|H5+5/2‘
This estimate is uniform with respect to € € [0,1], p € (0,1) and § €
(0,6™2%) such that po = /62 € (0, uiax).

Proof. The proof is similar to the proof of Corollary 1 in [12], so it
is omitted here. Note that /i appears in the term ag\/ﬁ because of the
expression for #(©). This enables us to improve the precision of the expression
for the operator H*9[eC, 3b].

REMARK 2.1. It is interesting that if b = 0 we get the same expression
for H*9[¢] as in the case of a flat bottom [12], but with a higher precision
(O(£?) instead of O(%/?) as in [12]).

2.3. Derivation of the Boussinesq/Boussinesq systems. In this subsec-
tion we give the asymptotic form of the equation (2.14) in the Boussi-
nesq/Boussinesq regime. The asymptotic model is derived from (2.14) by
replacing the operators GH[e¢], H*°[e(, b] and the term (0/02) VK (¢) by
their asymptotic expansions and using a suitable “BBM trick” and a change
of variable. First, we prove the following lemma which gives the asymptotic
expansion of the term (¢/p2)VK(() containing the surface tension. Noting
that we have e,/u < 1 in the present regime.

LEMMA 2.1. Let ¢ € H¥P3(RY) with s > d/2. Then
T V() - VAvAVC < VAP CE™ 0™, [Clss).
HS
This estimate is uniform with respect to € € [0,1], u € (0, ™) and v €

[07 Vmax] .

Proof. If d =1, by a simple calculation and noticing that we are working
with dimensionless variables and dimensionless unknowns, we get

02 AeN (14 52" N el 15"
Noting that
@ RE L
N @Ea T TN

and H*(RY) is an algebra for s > d/2, using the Taylor formula we obtain
the conclusion in the case d = 1. The case d = 2 is proved similarly.
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We now show that in the present regime, the internal waves equations
(2.14) are consistent with the three-parameter family of Boussinesq/Boussi-
nesq systems

1 5% — vy
(]. — IUClQA)atC + m V.Va +e€ m V(CVQ)

2
(2.17) CETIE V.(bva) + pa1 V.Avy =0,
S (52 - 9
(1~ pard)0va + (1 =)Vt 5 g Vival

+ paz(1 —y)AV( —e\/uvAV( = 0,

\

where v, = (1 — ,uozA)_lv and the constants ai, as, a3z and a4 are defined
below.

THEOREM 2.1. Let 0 < ¢™i® < M3 () < g0 < 03% - gnd set

S (1 —a1)(14+~8) — 3da(y + 6) o — ~ya
! 35(v +0)? © T 3(y+4)
a3 = awg, a4 = a(l —ay),

with a1, > 0 and ag < 1. With these choices of parameters, the internal
waves equations (2.14) are consistent with the Boussinesq/Boussinesq equa-
tions (2.17) in the sense of Definition 3, with O(g?) precision, and uniformly
with respect to € € [0,1], u,d € (0,1) satisfying the conditions

. £ .
min <=-< cmax min H max

c < =<
M 9 /’LQ —52—/’L2 )

and v € [0,r™*].

REMARK 2.2. One can give a more precise estimate of the precision, as in
Proposition 2.2 for instance. It simplifies the exposition to use the notation
O(g?) and the associated rough estimate of the precision. We follow this
policy throughout the discussion.

REMARK 2.3. When b = 0 and v = 0, we recover of course the Boussi-
nesq/Boussinesq systems derived in [12] for internal waves in the case of
a flat bottom and absence of surface tension. It is interesting that the pre-
cision of (2.17) is higher than the corresponding one in [12] (O(g?) instead
of O(%/2)).

REMARK 2.4. Taking v =0, =1 and v = 0 in the Boussinesq/Boussi-
nesq equations (2.17), we reduce them to the system

l—«o

(1 - u?A)@tC—l— V.v+eV.((C—-0b)v) —l—u%ga AV.v =0,

(1 — pa(l — az) A)dyv + VE + g VIv[? + paasAVC = 0,
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which is exactly the family of formally equivalent Boussinesq systems derived
in [15] for the surface waves in the case of nonflat bottoms and absence of
surface tension. In particular, when b = 0 we recover the Boussinesq systems
(1.1) upon noting that we have taken the Stokes number S = a\?/d3 = 1,
i.e. € = p, when deriving (1.1).

REMARK 2.5. The dispersion relation associated to (2.17) is
(555 — nar|k[?)[(1 =) (1 — pas|k*) + e /mvik]’]

(1 + pazlk[?)(1 + paslk|?)
It follows that (2.17) is linearly well-posed when a3 <0, az<ev/((1 — ) /1)
and a9,aq > 0. Recall that in the absence of surface tension, the Boussi-
nesq/Boussinesq system is linearly well-posed when a1, a3 < 0 and az, aq4 > 0
(see [12]). Thus, the surface tension makes the well-posedness results better.

w? = |k|?

Proof. The proof is in several steps, corresponding to particular as-
sumptions about the parameters a;, as and «a. In this regime, we have
e~ ph~eEg~ g ase — 0.

STEP 1: a1 = o = ag = 0. From the expansion of the Dirichlet—
Neumann operator and Lemma 2.1, it follows that

0 = V(L= Vin) = L V.(AVH) = O(2),
ov + (1 —-7v)V(¢
+ 5 V(HA[C Bbli 2 = 3|V ) — e ivAVC = O(e2),

where the fact that O(u) = O(e) has been used. From the relation
H*9[e(, Bblfy = v + vV and Proposition 2.2, it is seen that

1 1 1-42 146
V¢1:_W[1+N36(7+5) +€2MHK.}:|V
€20 \V4 \V/ )
_ (7+5)2[|D|2 (Vb.v) + W (bV.v)] + 0(e%).

Substituting this into the above system yields the result.

STEP 2: a1 > 0, « = a9 = 0. Here we use the classical BBM trick. It is
clear from the first equation that

Vv=(1-a1)V.v—ay1(y+0)0¢ + O(e).

Replacing V.v by this expression in the third-derivative term of the first
equation of the system derived in Step 1 leads to the desired result.

STEP 3: a1, > 0, g = 0. Replacing v by (1 — paA)v, in the system
derived in Step 2, and neglecting the O(g?) terms, is all that is required in
this case.
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STEP 4: aj,a > 0, ag < 1. We again use the BBM trick. From the
second equation in the system derived in Step 3, one finds that for all as < 1,
v = (1 — ag)0vy — az(l — )V + O(e).

If this is substituted into the system derived in Step 3, the result follows.
3. Well-posedness of the Boussinesq/Boussinesq systems. For

clarity, we will write V instead of v, := (1 — paA)~'v. Then the system
(2.17) has the following form:

( 1 62 —
1= pas Ao + —— V.V +e > vV
(1 — pas )tc+7+5 +e(7+5)2 (V)

€62
vV AV.V =0,
(3.1) Groe v V) Hum

(1 — pas A3,V + (1 — )vg+fuvm2

Ha4 t Y 2(74_5)2

+ paz(l —v)AV( — e\ /v AV( = 0.
The well-posedness results will be formulated for two unknowns ¢ and V.

Recall (see Remark 2.5) that the system (3.1) is linearly well-posed when
ev

SERIN

It is reasonable to argue that linear well-posedness is a natural necessary
requirement for nonlinear well-posedness. In this section, following the gen-
eral lines of the analogous proof of [9], we will show that the systems (3.1)
which are linearly well-posed are in fact locally nonlinearly well-posed in
suitable Sobolev classes.

a2,a4 >0, a1 <0, az<

3.1. The weakly dispersive Boussinesq/Boussinesq systems. We call the
Boussinesq/Boussinesq systems (3.1) weakly dispersive when

as >0 and a4 > 0.

First, we consider the cases where
eV

S/

In these cases the system (3.1) can be written in the form

az,ays >0, a3 =0, az=

(0. + (1 A vvae E2 ger

6+ 1 paad) [ 5. ey A
ed

—1 € 52_7 2

Using a contraction-mapping argument, we prove the following theorem.
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THEOREM 3.1. Let s > 0 and b € H*(R?), ((o, Vo) € H*(R?)3. Then
there exist T' > 0 and a unique solution
(¢, V) € Xr = C([0,T]; H*(R?))’
of (3.2) with initial condition (g, Vp).
Proof. Let ((,V) € Xr define the operator F by

()=~

(Co) B <§8(I— pagA) V. [7+5V+5 %5 1(CV) — st:;) (BV)] (X, )d(s)'
Yo §6 [(I = uas2) ' V[(1 = )¢ + 5 550 VP (X, ) ds

In order to estimate the integrands appearing in the definition of F, we will
use the following lemma, proved by Grisvard [22].

LEMMA 3.1. Let s1,89,83 € R be such that s1,s9 > s3, s1 + so > 0,
s1+ 89— 83 >d/2. Then (f,g) — fg is bilinear continuous from H*' (RY) x
H*(RY) into H3(RY).

This lemma implies that for f,g € H*(R?), s > 0, we have
1fglls—1 < C|[flsllglls, (3.3)

where || - ||s denotes the norm of H*(IR?).
Thus, there are constants C, Co depending only on as, i, and constants
Cs, C4 depending only on a4, pt such that for ¢ =1, 2,

(3.4) (I = pazA) " 0:(f9)lls < Cill Fglls—1 < Call fllslglls,

(3.5) I(I = pas D) 0i(f9)lls < Csll falls—1 < Cull fllslglls,

where 01 = 0;, 02 = 0. It thus follows that there is a constant C' depending

only on ag,aq, i,y,0,¢ and ||b||s such that

sup || F (¢, Vi) — F (G, Vo)l
0<t<T

<TCQ+[[(¢G, Vi)llxr + [1(G2, Va)llxe )N (61 Vi) = (G2, Va)l xr
<TC(+2R)|[(C1, V1) — (2, Vo)l xz

provided that (¢1,V1) and (2, V2) are in the closed ball B of radius R
centred at 0 in X7. Choosing R = 2|(¢o, Vo)||x, and T' = 1/(2C(1 + 2R)),
it is clear that

1F (¢, Vi) = F(C2, Va)llxr < % 1061, V1) = (G2, Va)llxr
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and
| F (& Vi) llxp = I1F (&, Vi) — F(0,0) + (o, Vo)l xr
STCA+2R)R + |[(Go, Vo)llxp < R.

Therefore F is a contraction maping from Bg to Br in X7, and the theorem
follows.

We now turn to other cases wherein as,as > 0. Realizing (3.1) as sys-
tems coupled only through nonlinear terms and using a contraction-mapping
argument, we will prove the following theorem.

THEOREM 3.2. Let s > 0 and b € H*(R?).

(i) Assume ag,aqs > 0, ay < 0, a3 < ev/((1 —7)/i). Let (¢o, Vo) €
H?*(R2)3. Then there exist T > 0 and a unique solution

(¢, V) € Xp = C([0,T]; H*(R?))?

of (3.1) with initial condition (o, Vp).
(ii) Assume az,aqy > 0, a1 = 0, a3 < ev/((1 —~)/n). Let (¢o, Vo) €
HTYR?) x H5(R?)2. Then there exist T > 0 and a unique solution

(C.V) € Xr = C([0,T); H*H(R?)) x C([0,T]; H*(R?))”

of (3.1) with initial condition (o, Vp)-
(iii) Assume az,as > 0, a1 < 0, az = ev/((1 —~)/m). Let (¢o,Vo) €
H* 1 (R?) x H*(R?)2. Then there exist T > 0 and a unique solution

(¢.V) € Xr = C([0,T); H*~(R?)) x C([0, T]; H*(R?))?
of (3.1) with initial condition (o, Vp).

Proof. Taking the Fourier transform with respect to X, we can write
(3.1) in the form

d C
7l + ik A(k) | o1
@2 @2
2_ — — — —~
5&732(741@1 + koCvg) — %(lﬁbm + kobvo)
1+ paz k|?
e 02—y
+1 Mk/‘ T/\z =0,
1+ paylk|? v
e 6%—~

S0, o
_20E? g
1 + paslk|? 2V
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where V' = (v1,v2), k = (k1, k2), and

ky s —Harlkl? g i —par|k|?
1 o+ 2 Y+

0 K Ttpeak? K Ttpaalk?
2 2
Ak — | 5 =0 —pas k) vk
(k) | T aalkP? 0 0
kl(1—7)(1—ua3|k\2)+6\/ﬁu|k\2 0 0
k T4paqk]?

The eigenvalues of A(k) are {0,+o(k)}, where
(515 — par[k?)[(1 = 1) (1 — pas|k?) + ey/pvkf?]]12

k =
7 (1 + paalkP) (1 + praafkP)
Diagonalize the above system:
0 0 0
PHK)AKPK)=[0 ok) 0 ;
0 0 —ok)
with
ak) —a(k)
_ k k k
PR =|- m w |
ky ko ko
| k| k|
0 —2a(k)g 2a(k)g
1
P k)= £ £
( ) 2(1(1{) 1 Oé(k)| Oé(k) k )
-1 a(k)k—l‘ a(k)‘%
where

(555 — e K1) (1 + pasKP) 172

0 = (@200~ paslkP) T v RPI + P

Performing the change of variables

f ¢
ﬁl - Pi @1 B
12 o))

we have
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d f 0 0 0 I
(36) || +ikl|0 o(k) 0 Ui
ﬁQ 0 0 —O'(k) 1;2
(7+57 (k1CU1 + k2C’U2) (7+6) (klbvl +ka’U2)
1+ua2]k]2
1 e 62—
= —iP (k) (77"'6]{; V|2
1+ paglk|? 14
6 52—
('y+6
_20r9)® V2
1+ paglk|? ka| V]
We get
~ k/'2 N ]{,‘1 N
(k) 01(k) + o= v2(k),
k| k|
N 1 N 1 kl ~ k2 n
k) = k — 01(k k
. 1 1 k. 1 ko .
k) =— k)+ - —o1(k == do(k

Thus, with H* = H*(R?), we have:
e If a(k) is of order 0, i.e. az,as > 0, a1 <0, ag < ev/((1 —7)/it), then
((,v1,v2) € H* x H® x H® < (u,vi,10) € H* x H® x H®.
o If a(k) is of order —1, ie. ag,ay > 0, a1 = 0, az < ev/((1 —7)/1),
then
(C,v1,v2) € HS x HS x HY & (p,v1,10) € H® x H® x H*.
o If a(k) is of order +1, i.e. az,as > 0, a1 <0, a3 = ev/((1 —v)\/1),
then
(Cv1,v0) € H U HS x H® & (p,v1,10) € H® x H® x H.
Below we give the details in the case where a(k) is of order 0. The other

cases follow analogously.
Taking the inverse Fourier transform, we can write (3.6) in the form

g (" [ 1

(3.7) i e +Bln|=F|lwn],

vy V2 9]
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where B is the skew-adjoint matrix operator with symbol

0 0 0
ikl |0 ok 0
0 0 —o(k)

and F is the nonlinear term with Fourier transform given by the right-hand
side of (3.6). In order to write an explicit expression of the nonlinear term
F, we note that in terms of (f, 01, ),

; a(k)i (k) — a(k)va(k)

¢
o | = —%ﬂ(k) + (k) + %ﬁz(k)
2L\ Rl + 3 ) + (k)
Hence
¢ a(D)vy — a(D)vy
(3.8) vi | = | —Rap+ Rivi + Rivs |,
V9 Ry + Rovy + Rovs

where a(D) is the multiplier defined as follows:

(D) f(k) = a(k) f(k),
and Ry, Ro are the Riesz transforms defined by

. ki s . ko &
Rif(k) = o= f(k), Raf(k) =% f(k).
K| K|
It is clear that a(D) and R; (i = 1,2) are bounded operators from H® to
H? for all s € R. We now get the expression of F as follows:

7
F 141 -
vy
(1 — pasA)~ [ (7+5)2( 9x(Cu1) + 0y (Cu2)) — O +5 ooz (O (bvr) + 0, (bUZ))]
—p! 3&7;)2(1 — pagA) 10, (v} + v3) :
2_ —
£ P (1 — s 4)710, (0 + 13)

where ({, v, vo) are related to (i, v1, 1) by (3.8), and P~! is the pseudo-dif-
ferential operator with symbol P~1. If a(k) is of order 0, all the pseudo-dif-
ferential operators involved are of order 0. So is P~1(k). Using (3.4), (3.5)
and the boundedness of P~1, (D), R, Ro, one can see that F is bilinear
continuous from H?® x H® x H*® into itself for s > 0. Denoting by S(¢) the
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semigroup generated by B, it is clear that S(¢) is a unitary group on H*(R?)3
for all s € R. Set

1%
U= %1

)

Let Uy be related to the initial data ({p, Vj) by (3.8). By Duhamel’s formula,
(3.7) completed with initial value Uy is equivalent to

t
U(t) = S(t)Uo + | S(t — 7)F(U) dr.
0

A function U € C([0, T|; H*(R?)3) satisfying this integral equation is called
an integral solution (or a mild solution) of (3.7). Since F is locally Lipschitz
continuous (see below), by a result in [31, p. 190], it is known that if Uy €
D(B) (for example, when s > 3), a mild solution will be in fact a classical
one.

Using (3.4), (3.5), and the boundedness of P~1, a(D), Ry, Ry again, one
can check that F(0) = 0 and that there is a constant C' for which || F(U) —
F(U)|ls < CR|U = Ul|s whenever U = (u1,v1, )T and U = (fiy, o1, 72) 7
are selected from the closed ball Br of radius R centred at 0 in X7. For
fixed Uy € H*(R?)3, as in the proof of Theorem 3.1, one can show that the
mapping U — U, where

t
U(t) = St)Uo+\ St —7)F(U)dr,
0
is a contraction of Bp into itself for R sufficiently large and 7" sufficiently
small. Theorem 3.2 then follows immediately if we transform back to the
original variable (¢, vy, v2).

REMARK 3.1. Because the solution is given as the fixed point of a con-
traction mapping, one can prove that the correspondence (o, Vo) — (¢, V),
between the initial data and the associated solution, is locally Lipschitz
continuous.

REMARK 3.2. It is clear that the well-posedness results in Section 3.1
are also true in the case of one dimension because the method of the proof
works for both one and two dimensions. It is worth noticing that if instead
of (3.3), we use the inequality

Hfgns—l < ”fHSHQHSa s >0,

which is only valid in one dimension (see e.g. [9] for a proof), then one can
take s > 0 in Theorems 3.1 and 3.2 in the case of one dimension. Thus, the
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well-posedness results in the one-dimensional case are slightly better than
in two dimensions.

3.2. Other admissible Boussinesq/Boussinesq systems. In this section,
we investigate the admissible cases not covered in Section 3.1, i.e. when

aro=0 or aq=0.

They are classified according to the order of (k) defined in Section 3.1.
Recall that

(k) (15 — par [k|?) (1 + paa|k[?) 1/2
(8 =

(1= ) — pas[k]?) + e /av[kP](L+ paalkP?)
Thus,

e a(k) is of order 2 when az =0, ag >0, a1 <0, a3 = cv/((1 —7)/1)-
e a(k) is of order 1 when ag =0, as >0, a1 <0, ag < ev/((1 —7)/1).
e a(k) is of order 0 when az > 0, ag =0, a1 <0, ag = ev/((1 —v) /)
oraz=0,a4 >0,a1 =0, a3 <ev/((1—7)/K)-
e a(k) is of order —1 when az > 0, ay =0, a1 <0, a3 < ev/((1 — ) /1)
oraz>0,a4 =a1=0,a3=cv/((1—-7)/n).
In these cases, we will use energy methods to study the local well-

posedness of the Cauchy problem for the Boussinesq/Boussinesq systems
(3.1). In order to estimate the nonlinear terms, we need the following esti-

martes.

LEMMA 3.2. Let s > 0.

(i) We have
(3.9) [4°(F)llo < CUfloollglls + [1f[ls|gloo)-
(i) [I14%, flgllo < CUV floollglls—1 + [[fllslgloc). In particular,
(3.10) 1147, u]Vullo < C|Vulsolluls.
(iii) We have
(3.11) 1[4%, F1.-Vgllo < CUV floollglls + 11 lls+119lo0)-

Here f and g are assumed to be such that the right-hand side of the corre-
sponding estimate is finite.

Proof. The first point is a classical estimate (see e.g. [18]). The second
point is the classical Kato—Ponce estimate [25]. To prove the third point, we
note that

(4%, f].Vg = A°(f.Vg) = [.AVg = A°V.(fg) = [.A°Vg — A*(V.fg)
= [A°V, flg = A°(V.fg).
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Using the Kato—Ponce estimate, we have

1[A*V, Flgllo < C(IV Flsollglls + [ lls+1lgloc)-
On the other hand,

145(V-f9)llo < CUV-Floollglls + IV-Fllslgloo)-

Combining the above two estimates yields the result.

3.2.1. Boussinesq/Boussinesq systems when a(k) has order 2. This sub-
section is concerned with cases where

@=0, a>0, @ <0 a3= jw'
The system then has the form
1 52—
0 — V.V —Q V.(¢V
€62
3.12 - —— = V.(bV AV.V =0,
( ) (’Y+5)2 ( )+Ma1 )
g 6°—rx
1-— A0,V +(1—-9)V(+ - ——=V|V|2=0.

Define

X*P(RY) = {V € H*(RY) :
IV [5er2 = [AVIE + [[A°VV [ + [|4° AVl < o0}

Note that X*t2(R%) = H52(R%) when d = 1.

We now prove the following theorem.

THEOREM 3.3. Let s > 1 and b € H*TYR?), (¢, Vo) € H*(R?) x
X5t2(R?)2. Then there exist T > 0 and a unique solution

(¢, V) € Xp = C([0,T]; H* (R?)) x C([0, T]; X***(R?))?
of (3.12) with initial condition (o, Vp).

Proof. (i) Existence. The first step is to derive formally a priori esti-
mates on solutions of (3.12). Apply A® := (1 — A)*/2 to the two equations
in the above system, then multiply the first equation by (1 — v)A%(, the

second equation by V}r 5A°V + pa1 A° AV and integrate over R?. By adding
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the resulting two equations, we obtain

1d

- s 2
5 7 pag| A°VV|

1
1= NP+ — |4V +
J @l + s ey

R2 r}/+6

— u2a1a4|ASAV\2] dX

= § [0 e S Ve - (=) S AT )
S Sk | oy |
e 8 —vy 2, € -1 2]
— ——— AVAV|V - NAVAV|V|*|dX.
EPICETE VIt s Grapra v

We now estimate the terms on the right-hand side of the above equality. For
the first term, we have

[(A°C, A2V.(CV))] = [{A*(V.VQ), A°C) + (A%(CV.V), A°C)
= [([4%, V.V, A°Q) + (V.APV( A%Q) + (A%(CV.V), A°()

- i Vv e - Jwmiaep) + acrv o)

S S 1 S S S
< 1A%, VIV CollA*Cllo + 5 1V-V6so [ A%CIG + 14*(CV-V) o 4°¢]lo

< C((IVVIseliClls + 1VIIs+1l¢lso)lICHs + V-V lICI1Z
+ (I€loolIV-V s + 1€V V]so)lICs)
< CUICIE + 1V Iss2),

where we have used (3.11), (3.9), the fact that H*(R?) «— L*°(R?) for s > 1,
and Young’s inequality (ab < a?/p + a?/q, 1/p + 1/q = 1). Similarly, we
estimate the second term:

[(A°C, APV )] < CUCHE + IV o)

where the constant C' depends on ||b||s+1. In order to estimate the third and
fourth terms, note that for a real-valued function u, we have the following
estimates thanks to (3.9):

(A%, 4°0: (u®))] < 2||A%ullo]| A* (wus)lo
< Cllulls(Juloolluels + l[ulls|uz]so),
(A% uae, 4°05(u?))| < 2] Augal|o]|A4° (uriz ) lo
< Cllullst2(fuloolluells + llullsluzloo)-

Similar estimates hold for [{A%u, 450, (u?))| and |{A%uy,, A°0,(u?))|. There-
fore, we have

AV, VIV < CIVIG, KAV, AVVP)] < CIV][xase.
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Putting

— _ S ,12 L s17|2
V=] 0 gl

1
+ ——— pag| ASVV > — pajaqg A AV)? | dX.
v+ 0

Combining the above estimates, we get
Y'(t) < CLY (£)3/% + CyY (1),

which yields the bound of Y'(¢) on [0, T'] for T sufficiently small. Since a; < 0,
ag > 0, we thus obtain the desired bound of (¢, V) in L*>(0,T; H*(R?)) x
LOO(O,T; XS+2(R2))2.

The next step is to justify the a priori estimate by regularizing the first
equation in (3.12) with the dispersive regularizing term —eA9;(. The ex-
istence of a sequence of smooth approximate solutions ((, V:) is already
obtained in Theorem 3.2. By exactly the same procedure, one obtains a lo-
cal bound on (., V%) in the space L>°(0,T; H*(R?)) x L*°(0, T'; X*+2(R?))?,
where T > 0 does not depend on ¢ > 0 (see [9, p. 936] for a similar
and more detailed argument). A standard application of the compactness
method (see [28, Chapter 1]) yields the existence of a solution (¢, V) in the
space L>(0,T; H*(R?)) x L>(0,T; X*T2(R?))2. If, instead, one passes to the
strong limit by using the Bona—Smith technique [13], one deduces that, in
fact, the solution (¢, V) lies in C([0, T]; H*(R?)) x C([0,T]; X*+2(R?))2.

(ii) Uniqueness. Let ((1, V1), (C2,V2) be two solutions of (3.12) in the
space C ([0, T); H*(R?)) x C ([0, T]; X**2(R?))? with the same value at t = 0.
Put ( = (1 — (2 and V =V; — V5. Then (¢, V) satisfies the system

2

1 0% —
0, — V.V V.((1V1) = V.((Vs
t<+7+5 +5(’Y+5)2[ (G1W1) (¢2V2)]
€62
vV AV.V =0,
CETE (V) + pay
(1 - pasA)oV + (1 — )vg+fh(vw|2—wvy2)—o
Haq t Yy 2(’7+6)2 1 2 — Y,

with zero initial data. Repeating the argument used in part (i), we obtain

1
1— )[4+ — [A°V ]
§ [ g

DO | =
Sl

1
+ —— pag| A*VV |2 — pPajaqs| A AV|? | dX
v+0
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5 — ASCAS
= —R§2 [(1 LT 5) LA V(W) = V.((2V2)]
6 s 1s
—(1=9) 1 0] ASCASV. (DY)
2
L c £ (5 - 6’;/ Asv/ls(v“/l‘Q o V|V2|2)
+ 5 A AV AP - V) | dx.

2 (v+9)?
Observe that
V(W) = V.(GV2) = V(VI +(V.VI + VGV + V.V,
VIVi]? = V|Va|? = V(V.VL) + V(V.V).
By calculations similar to those appearing in the derivation of the a priori
estimate, we find that
Y'(t) < CY (1),
where the constant C' depends on &,7, 9, [|bl|s+1, [|Glls, [|Villxs+2 (i = 1,2),
and Y(t) is defined in part (i). Since Y (0) = 0, the uniqueness follows
immediately from Gronwall’s inequality.

REMARK 3.3. In the proof of the theorems below, we will only establish
a priort estimates of solutions. Then the existence and uniqueness of solu-
tions can be obtained by adding a suitable dispersive regularizing term, and
proceeding as in the proof of Theorem 3.3.

3.2.2. Boussinesq/Boussinesq systems when a(k) has order 1. This sub-
section is concerned with cases where

ag =0, a4>0, a3 <O, a3<(1_€;)\/ﬁ.
The system then has the form
o+ vV Uk V.¢V)
€ .
Ty (7 +9)2
€62
— — = V.(bV AV.V =0,
(3.13) oy V) Fue 52
€ — 9
1— A0V + (1 —~)V = \A\%
L + pas(l —v)AV( — e\ /uvAV( = 0.

We now prove the following theorem.

THEOREM 3.4. Let s > 1 and b € H*TY(R?), ({o, Vo) € H*(R?) x
H*tY(R?)2. Then there exist T > 0 and a unique solution

(¢, V) € Xp = C((0,T]; H*(R?)) x C([0, T}; H*"(R?))?
of (3.13) with initial condition (o, Vp).
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Proof. We content ourselves with providing the proof of an a priori es-
timate that may be justified just as in Section 3.2.1 by regularizing the first
equation in (3.13) with the term —eAd;(. As we already have a theory in
this case given by Theorem 3.2, it is simply a matter of allowing € tend to
zero using the Bona—Smith technique [13].

Applying A% to the two equations in the above system, then taking the
L? scalar product of the first equation with [—pas(1 — ) + e/ v]A%¢, the
second equation with —ua1 A*V | and adding the resulting two equations, we
obtain

1d
2 ) [[_”%(1 =) eI — pan AV~ pParas AV V] dX
R2
1
=) [wé [pas(l =) = ey/pr] V.V
R2
62—~ o
TE (v +0)2 [pag(l — ) — ey/uv]A°CA°V.(CV)
ed? o o
~ oy as(l =) = eVHIACATV. (V) + (1 = )uar ATV ATV
e 62 —7

= L a APV ASY V2| dX.
+2 (v +9)? Ha ViV

We estimate the first and second terms on the right-hand side of the above
equality as follows:

(A AV V) < [[AClo[ AV Vo = [ICHs[IV- Vs < NS [V 541,
AV, AV Q| = |[—(AV.V, AQ < AV Vo[ A%Cllo < [V [ s [IC]s-
Other terms can be estimated exactly as in the proof of Theorem 3.3:
[(4°¢, A5V (V)] < CUICIE + IV 1140,
(4°¢, A°V. (V)] < CUISIE + V1),
(AV, AVV )] < CIVIEL-
Setting
V()= | [[~pas(1 =) + eyuv]|A°CP — par [ AV = pParas|A°VV ] dX,
R2
we deduce from the above estimates that
Y'(t) < CLY (£)3/2 + CoY (1),
which provides a bound of Y(¢) on [0,7] for T sufficiently small. Since

a1 <0, a4 >0, a3 <ev/((1—7)/n), we get the desired bound of (¢,V) in
L>=(0,T; H*(R?)) x L>®(0,T; H*T1(R?))2.
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3.2.3. Boussinesq/Boussinesq systems when a(k) has order 0. In this
subsection, we consider systems in (3.1) with

eV
ar >0, a4=0, a; <0, asz = s
(1=2)vi
and those with
eV
a2=0, a4>0, a1=0, a3<-—F—.
(1—=v)vr

These two cases can both be studied using the techniques presented
below. Therefore, the proof is only given for the first case. Then the system
has the form

1 52—~
1-— Ao — V.V —= V.(CV
(1 p 200 + 5 V.V 42 0 T.CV)
€62
3.14 ————=V.(bV AV.V =0,
(3.14) e VV)
e 62 —v
oV + (1 -~V - L V|VPP=0.

THEOREM 3.5. Let s > 2 and b € H*Y(R?), ((o, Vo) € H*(R?)3. Then
there exist T' > 0 and a unique solution

(¢, V) € Xp = C([0,T]; H(R?))®

of (3.14) with initial condition ({o, Vo).

Proof. We only prove an a priori estimate; that may be justified just as
in Section 3.2.1 by regularizing the second equation in (3.14) with the term
—5A8tV.

First, consider the case a1 = —ﬁag. Then (3.14) may be given in the
form
8C+LVV+(1— asA)~1 652_fYV(C ) — =0” V.(bV)| =0
AR SR R E N T Ehad B
e 02—~
AV +(1-—yV(+ - — VIV]E=0.

Apply A® to the two equations in the above system, then multiply the first
equation by (1 — v)A¢ and the second by %ASV and integrate over R2.
By adding the resulting two equations, we obtain
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DO | =
&=

J |- laseR + g laevE] ax

RQ
2 _
—— | [(1 —)e (i - (;2 AC(1 = pasA) IV AS(CV)
RQ
£62 _ 5
1 e 62

-7 s s 2
— AV AV dX.
Y+ 2 (y+9)? | ’}

We now estimate the terms on the right-hand side of the above equality.
First, we have

(APC, (1 = pag A) IV A (V)] < [|A%¢]Jol|(1 — pazA)'V.(CV)]ls
< C¢lsIEVis—1 < CUCIsICs IV s < CUICE + V),
where we have used (3.4), (3.3) and Young’s inequality. Similarly, we have
[(APC, (1 = pap A) V. A3(BV)| < CICIZ + IV12),

with C' depending on ||b]|s—1. We now estimate the remaining term. Note
that for a real-valued function wu,

A3, (u?) = 2% (uuy) = 2[A%, uluy + 2uA®u,.
Thus, using the Kato-Ponce estimate (3.10), we have
(A%, 420, (u?))| = [2(A%u, [A°, u]ug) + 2(A%u, uAsu,)|
= [2(A%, (A%, ulug) + (u, 0x(A°w)*)| = |2(A%u, [4°, ulug) — (ua, (A°u)?)]
< 2| A%ulo]|[4°, w]ualo + [ualoo | A%ullf < Cluzloo|lullz.
A similar estimate holds for the term [(A%u, A°8,(u?))|. Thus, we have
[(A°V, A°VIV )] < CIVV s IVE < V2.
Put
Y(t) = Rg {(1 — )| AP + Vié |A*V[?| dX.
From the above estimates, we get
Y/(t) < 1Y (£)32 + CLY (1),

which provides a bound of Y () on [0, T] for T sufficiently small, and implies
the desired bound of (¢, V) in L>(0,T; H*(R?))3.
In the general case, that is, (3.14) with a; < 0, ag > 0 and a; # _77}_60427
observe that
T

L+paslkl> — az | 1+ paglk]?’
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so that (3.14) is equivalent to

1
atg—vv+< +5—|—a2)(1—ua2A) VA%
B (52—7 €62
€ ‘5 2 _
|0V +(1=7)VC+ S (+5) VIV =o.

For this system, without any difficulty, we can repeat the above arguments
to obtain an a priori estimate of (¢, V) in L>(0,T; H*(R?))3.

3.2.4. Boussinesq/Boussinesq systems when a(k) has order —1. This
corresponds to the cases where

eV
a2 >0, ag4=0, a3 <0, a3z<
(L =7)vi
or
eV
a2 >0, a4=0, a1=0, a3=-———.
(I—vi

These two cases can both be studied using the techniques presented
below. We thus give the proof for the first case only. Then the system has
the form

( 1 82—~
1— A)o, —— V.V —=V.CV
€62
———=V.(bV AV.V =0,
(3.15) oV V) +na
e 62

OV + (1 —y)V¢+ = V2

W=V G s VIV

+ pas(l —v)AV¢ — e /uvAV(¢ = 0.

THEOREM 3.6. Let s > 2 and b € H*(R?), ((o,Vo) € H*TH(R?) x
H*(R?)2. Then there exist T > 0 and a unique solution

(¢, V) € Xp = C(0,T]; HF(R?)) x C([0,T]; H*(R?))?
of (3.15) with initial condition (o, Vo).

Proof. We only prove an a priori estimate. Apply A° to both equa-
tions in the above system, then multiply the first equation by [—puag(1 — )
+ey/v]A°C, the second by —pa; A*V, and integrate over R?. By adding the
resulting two equations and integrating by parts, we obtain
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1d
5 i ) [lFpaa(l =) + ey |A*P
RQ
+ pas[—paz(l — ) + ey/pr)| AV — par |A°V*] dX
1
= S [’H-(S [—paz(1 —7) + e /pr]A°V AV
RQ
62 — ’Y S S
T [—paz(1 =) + e\/pv] A3V A (CV)
52
- (7175)2 [—paz(1 —7) +e/pr]A°VEA° (DY) — (1 — v)pay A°V A*V(
g 52 s S 2
BT 5)2 nai A°VASV|V|* | dX.

The term [(A%V, A*V|V|?)| is estimated exactly as in the proof of Theo-
rem 3.5. The other terms on the right-hand side can be estimated directly
using Hoélder’s inequality and (3.9). As a result, one gets

Y'(t) < CLY ()% + CoY (1),

where

Y(t) =\ [[~pas(1 — ) + ey/uv][A°¢

RQ
+ pag[—paz(1 =) + e /| A°VC [P — par|A°V[?] dX.

This inequality implies a bound of Y (¢) on [0,T] for T sufficiently small.
Since a; < 0, az > 0, a3 < ev/((1 —~)y/1), it implies the desired bound of
(¢, V) in L0, T; H*H1(R?)) x L>(0,T; H*(R?))*.

REMARK 3.4. It is clear that the energy methods, which are used to
prove Theorems 3.3-3.6, also work in the case of one dimension. Moreover,
noting that H*(R) — L*(R) for ¢ > 1/2, we can take s > 1/2 in Theo-
rems 3.3 and 3.4, and s > 3/2 in Theorems 3.5 and 3.6, in the case of one
dimension. Thus, the well-posedness results in the one-dimensional case are
better than in two dimensions as far as the assumed level of regularity of
the initial data is concerned.

REMARK 3.5. When v = 0, § = 1, we formally recover the Boussinesq
systems for surface waves from the Boussinesq/Boussinesq systems (3.1).
Thus, from the above theorems, we also obtain the well-posedness results
to the Boussinesq systems (1.1). We leave the formulations of these results
to the readers. In particular, the results of [9] extend to the case of two
dimensions and to the case with surface tension. It is worth noticing that
even in the case of one dimension, the results here (given by Remark 3.4)



160 C. T. Anh

are better than the ones in [9], as far as the assumed level of regularity of
the initial data is concerned (cf. Remark 3.13 in [9]).
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