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We study the relevance of various scalar equations, such as inviscid Burgers’, Korteweg—
de Vries (KdV), extended KdV, and higher order equations, as asymptotic models for
the propagation of internal waves in a two-fluid system. These scalar evolution equations
may be justified in two ways. The first method consists in approximating the flow by two
uncoupled, counterpropagating waves, each one satisfying such an equation. One also
recovers these equations when focusing on a given direction of propagation, and seeking
unidirectional approximate solutions. This second justification is more restrictive as for
the admissible initial data, but yields greater accuracy. Additionally, we present several
new coupled asymptotic models: a Green—Naghdi type model, its simplified version in
the so-called Camassa—Holm regime, and a weakly decoupled model. All of the models
are rigorously justified in the sense of consistency.
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1. Introduction
1.1. Motivation

In this paper, we study asymptotic models for the propagation of internal waves in
a two-fluid system, which consists in two layers of immiscible, homogeneous, ideal,
incompressible and irrotational fluid under the only influence of gravity. We assume
that there is no topography (the bottom is flat) and that the surface is fixed as a
flat rigid lid, although the case of a free surface could be handled with our method.
The interface between the two layers of fluid is given as the graph of a function,
¢(t,z), which expresses the deviation from its rest position {(z,z),z = 0} at the
spatial coordinate z and at time ¢. As we will focus on scalar models, we restrict
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Fig. 1. Sketch of the domain, and full Euler system.

ourselves to the case of horizontal dimension one. The governing equations of such
a system, describing the evolution of the deformation of the interface, ((t, ), as
well as the velocity flow inside the two layers of fluid is sketched in Fig. 1 (see Sec. 2
for more details).

The mathematical theory for this system of equations (the so-called full Euler
system) is extremely challenging; see Ref. 46 in particular. This has led to exten-
sive works concerning simplified, asymptotic models, aiming at capturing the main
characteristics of the flow with much simpler equations, provided that some given
parameters are small. Such relevant dimensionless parameters in oceanographic sit-
uations include®
a _di
d_17 m= ﬁa
where € measures the amplitude of the deformation at the interface with respect to
the depth of the layers of fluid, and p measures the shallowness of the domain of
the fluid, when compared with the typical wavelength of the deformation. Among
other works, we would like to highlight Ref. 9, where many asymptotic models are
presented and rigorously justified, in a wide range of regimes. In each case, the
resulting model consists in two relatively simple evolution equations coupling the
shear velocity and the deformation at the interface.

However, in this work, we are mainly interested in scalar models, which can
be used in particular (but not only as we shall see) to describe the unidirectional
propagation of gravity waves. The derivation and study of such models have a very

€ =

20f course, these two dimensionless parameters describe only part of the many different regimes
that may be considered; see (1.1) for the precise regime we consider in this work. Other relevant
regimes are quickly discussed thereafter and we refer to the survey article of Helfrich and Melville33
and references therein for the oceanographic significance of asymptotic models in our regime.
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rich and ancient history, starting with the work of Boussinesq'? and Korteweg—de
Vries** which introduce the famous Korteweg-de Vries equation

O + cOpu + audyu + u@iu =0, (Kdv)

in the context of propagation of surface gravity waves, above one layer of homoge-
neous fluid (which we refer as “water-wave problem”). However, let us note that the
complete rigorous justification of such model is recent.3%%%8 Such a justification is
to be understood in the following sense: in the long wave regime

e~ p L1,

the flow can be accurately approximated as a decomposition into two counterprop-
agating waves, each component satisfying a KdV equation (or more generally, with

the same order of accuracy, a Benjamin-Bona-Mahony equation®5%):

Opu + copu + audyu + Z/z@iu - Vtﬁgﬁtu =0. (BBM)

The situation is similar in the case of two layers of immiscible fluid, with a rigid
lid (as well as in the case of two layers with a free surface, except the flow is then
decomposed into four propagating waves), and corresponding results are presented
in Ref. 25.

Of course the coefficients (¢, o, v, etc.) depend on the situation, and a striking
difference between the water-wave case and the case of internal waves is that in
the latter case, there exists a critical ratio for the two layers of fluid (depending on
the ratio of the mass densities) for which the nonlinearity coefficient « vanishes.
In that case, heuristic arguments support the inclusion of the next order (cubic)
nonlinearity, which yields the modified KdV equation (see Ref. 54 and references
therein):

Ou + cOpu + audyu + Vmﬁi’u — Vt(‘?z@tu =0. (mKdV)

For the cubic nonlinearity to be of the same order of magnitude as the dispersive
terms, this urges to consider the so-called (referring to Ref. 20 for this nonstandard
denomination) Camassa—Holm regime:

62~u<<1.

Note that this regime is interesting by itself as it allows larger amplitude waves
than the long wave regime, and in particular yields models developing finite time
breaking wave singularities.!?2° Thus we ask: Can we extend to the Camassa—Holm
regime the rigorous justification of the small amplitude (long wave) one?

As we shall see, the answer is not straightforward, as several evolution equa-
tions are in competition. In addition to the equations already presented above, we
consider the extended KdV (or Gardner) equation

Opu + Ot 4 qudpu + agudpu + vy 0ou — 1,020 = 0, (eKdV)

as presented in Refs. 38, 23, 50, studied in Refs. 31, 55, 57 (among other works),
and tested against experiments in Refs. 43, 34, 49. More generally, we work with
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the higher order model

O + cOpu + arudpu + asu’du + asuddyu + Vmﬁi’u - Vt(‘?z@tu

+ 0y (R1ud?u + Ko (du)?) = 0. (CL)

Such a model has been presented and justified (in the water-wave setting, and in the
Camassa—Holm regime) in Ref. 20; we therefore designate it as Constantin—Lannes
equation. This equation is related, though slightly different from the Camassa—Holm
equation obtained for example in Refs. 14, 37 or higher order models (see various
such models formally derived in Refs. 64, 27, 28, 17, 32, 53, 26, 21, concerning the
water wave or internal wave problem). However, each of these works is limited to
the restrictive assumption that only one direction of propagation is nonzero.

We propose to study in detail the justification of the decomposition of the flow
(although the unidirectional case is also treated) as presented above, and in the
case of internal waves with a rigid lid. Our results are expressed in a very general
setting: assuming only

n<<1l and e<1,

and expressing the accuracy of the different models as a function of these parame-
ters. Although this complicates the expression of our results, and renders the proofs
fairly technical, such choice allows to cover general regimes, including the long-wave
as well as the Camassa—Holm regimes, described above. We recover in particular
the relevance of the KAV approximation in the long wave regime. In the Camassa—
Holm regime, the conclusion is not as definite, but depends on the criticality of the
depth ratio, the localization in space of the initial data, as well as the time-scale
which is considered.

1.2. Main results and outline of the paper

As motivated above, the aim of this paper is to construct and rigorously justify
asymptotic models for the system of equations, presented in Fig. 1, and which
describe the behavior of two layers of immiscible, homogeneous, ideal, incompress-
ible fluid under the sole influence of gravity. The derivation of such equations is not
new; we briefly recall it in Sec. 2.1, and refer to Ref. 9 for more details.

The so-called full Euler system can be written as two evolution equations using
Zakharov’s canonical variables, namely ¢ the deformation of the interface from
its rest position, and the trace of a velocity potential at the interface. Such a
formulation is built upon the so-called Dirichlet-to-Neumann operators, solving
Laplace’s equation on the two domains of fluid, with suitable Neumann or Dirichlet
boundary conditions.

Lastly, we non-dimensionalize the system in order to put forward the relevant
dimensionless parameters of the system, and in particular €, the nonlinearity param-
eter, and u, the shallowness parameter. We restrict our study to the following set
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of parameters:
P= {(/‘1’767577)70 < 1Y < lffmaxao <e< 6maxa(s S (§min,5max),0 < v < 1}, (11)

where fimax, €max, Omin, Omax are positive, finite. Here, § = g—; denotes the depth
ratio, and v = Z—; is the mass density ratio.

As expressed above, our asymptotic models rely on the assumption that pu < 1
and ¢ < 1. More precisely, our results hold for any (u,€,0,7) € P, with fimax, €max
not necessarily small, but our approximate solutions are accurate if and only if both
€ and p are small.

Of course, the choice of our regime inevitably restricts the scope of our results,
and the validity of our approximate models. In particular, even if we attach a
great attention to impose as weak a constraint as possible on the nonlinearity and
shallowness parameters in (1.1), we forbid the depth ratio to approach zero or
infinity. In particular, this is incompatible with the intermediate long wave regime
(ILW) or Benjamin-Ono regime (BO). It would be of great interest to extend our
results to such regimes, since the equivalent model to our Green—Naghdi coupled
model has been derived in Ref. 66, together with the proof of energy estimates
allowing to handle the full justification process as described below. Let us also
recall that one can find a very large family of coupled models in Ref. 9, associated
with a wide range of regimes, and all justified in the sense of consistency.

Finally, we would like to emphasize that our results are especially adapted to
parameters restricted in the so-called Camassa—Holm regime:

Pen = {(uaeaaa 7)70 << pPmax, 0 < e < M\/ﬁ,(S S (5mina6maX)aO <7< 1}a
(1.2)

with M positive, finite.

The Green—Naghdi coupled model. The first step of our analysis is to construct a
shallow-water (u < 1) high-order, coupled asymptotic model: the so-called Green—
Naghdi model.

The key ingredient is to obtain an expansion of the aforementioned Dirichlet-to-
Neumann operators, with respect to the shallowness parameter, p. Such an expan-
sion is provided in the (one layer) water-wave case in Ref. 2 (Proposition 3.8), and
a first-order expansion in the bi-fluidic case is obtained in Ref. 9 (let us also men-
tion that the case of two layers of immiscible fluid with a free surface is treated in
Ref. 24). We offer a second order expansion of the Dirichlet-to-Neumann operators,
precisely disclosed in Proposition 2.2.

When replacing the Dirichlet-to-Neumann operators by their truncated
expansion, and after straightforward computations, one is able to deduce the Green—
Naghdi model, that we disclose below. Our system has two unknowns: { representing
the deformation of the interface, and v the shear layer-mean velocity, as defined by
U = us—~u1, where uy, us are the horizontal velocities integrated across the vertical
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layer in each fluid:

1

- 1
uy(t,xz) = ) /eg(t,z?MSl(t’x’Z)dz’

1 eC(t,xz)
Uy (t, z) = W/ 02 (t, x, z)dz.

—1
3

Precisely, our Green-Naghdi model is the following.

hiho
15) Op| ————— =0,
ot <h1 +vh2 v)

— € h12 —7h22
Ou(o-+ Tl o) + 3 + 90:¢ + 501

—12 _ T —
(e slol ) = et (Rl hal),

(1.3)

where hy = 1 — e and he = % + €( are the depth of, respectively, the upper and
the lower layer, and where we define the following operators:

_ —1 hV
hi,holV = ——— h10y ( ho?®80p | ————
Q[ ! 2] 3h1h2 < ! < 2 <h1 + ’th))

ha V'
hody | 1?0y | ———— 7
o (1 <h1+Wh2>)>
_ 1 hiV 2 hsV ))2
Rlh1, ho]V = = hoOy | ———— — | h10p| ——————
[1 2] 2(( 2 <h1+7h2)> W( ! <h1+7h2
1 V hl 3 h1V )
S (M (e, —2
+3h1+7h2<h2 <2 <h1+7h2>

h2 3 hQV ))
— =0, h1°0p | ————— .
" ( ' (hl +Wh2>

This system is related to the one introduced by Choi and Camassa,'” and is the two-
layers counterpart of the water-wave Green—Naghdi model introduced in Ref. 30,
and fully justified in Refs. 2, 48, 36 and 47. We present here the first rigorous
justification of the two-layer Green—Naghdi model, in the sense of consistency.

Proposition 1.1. Let U? = (¢P,YP)pep be a family of solutions of the full Euler
system (2.4), such that ¢P € WL([0,T); H**9/2), 9,4% € WL([0,T); H**/2) with
s> s0+1/2, s > 1/2, and uniformly with respect to p € P; see (1.1). Moreover,
assume that there exists h > 0 such that

1
hi=1—e®>h>0, h255+ecp2h>0.
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Define v° = uy — vyuy as above. Then ((P,0°) satisfies (1.3), up to a remainder R,
bounded by

|R| Lo (o, 10y < B2C,

WZthC:C(h ; €Emax; Mmax; mllna(smaxa ||C HW1([OT S Haﬂl) le 0,7 Hs+11))

Here, and in the following, we denote by C(A1, Ag,...) any positive constant,
depending on the parameters A, A2, ..., and whose dependence on A; is assumed
to be nondecreasing. Cj is a positive constant, which does not depend on all the
other parameters involved, and we write A = O(B) if A < CyB, and A = B if
A=0(B) and B=0(A).

For 0 < T < oo and f(t,x) defined on [0,7] x R, we write f € L*°([0,T]; H®)
if f is uniformly (with respect to t € [0,7]) bounded in H® = H*(R) the L?-based
Sobolev space. Its norm is denoted || - || oo (jo,7);#r¢), Whereas the Sobolev norms are
denoted with simple bars: | - |g. Finally, W([0,T); H**!) is the space of functions
f(t,z) € L>=([0,T]; H¥*!) such that 9, f € L*°([0,T]; H®), endowed with the norm
I fllwr o, my;ms+1y = 1 lLos 0,7y m+1) + 108 f1 oo (jo,7): E75) -

Consistency and full justification. Consistency results, such as Proposition 1.1, are
part of the procedure that leads to a full justification of asymptotic models, as it
has been achieved in the water-wave case.?2 A model is said to be fully justified
(following the terminology of Ref. 47) if the Cauchy problem of both the full Euler
system and the asymptotic model is well-posed for a given class of initial data, and
over the relevant time scale; and if the solutions with corresponding initial data
remain close. As described in Ref. 46, the full justification of (1.3) follows from:

e (Cousistency) One proves that families of solutions to the full Euler system,
existing and controlled over the relevant time scale, solves the Green-Naghdi
model (1.3) up to a small residual. This is Proposition 1.1.

e (Existence) One proves that families of solutions to the full Euler system as
above do exist. This difficult step is ensured by Theorem 5 (or Theorem 6 for
large times) in Ref. 46, provided that a small surface tension is added, and that
an additional stability criterion is satisfied (see details therein).

e (Convergence) One proves that the solutions of the full Euler system, and the
ones of the Green—Naghdi model (1.3) with the corresponding initial data remain
close, over the relevant time scale.

The last step requires the well-posedness of the Cauchy problem for the Green—
Naghdi model (1.3), as well as the stability of its solutions with respect to per-
turbations. More precisely, we require that functions satisfying the Green—-Naghdi
model up to a small residual remain close to the exact solution with the corre-
sponding initial data, so that the first two steps of our procedure (consistency
and existence) yield the conclusion (convergence), and therefore the full justifica-
tion to the Green—-Naghdi model. See Theorem 7 in Ref. 46 for the application of
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such procedure for the full justification of the so-called shallow-water/shallow-water
asymptotic model, which corresponds to (1.3), when withdrawing O(u) terms.

The different models throughout this work are justified through consistency
results, with respect to the Green—Naghdi model (1.3). Let us define precisely below
what we designate by consistency in the core of this paper.

Definition 1.2. (Consistency) Let (¢?,vP)pep be a family of pair of functions,
uniformly bounded in L*([0,7); H*¥) (s > 0 to be determined), depending on
parameters p € P; see (1.1).

We say that ((P,vP) is consistent with Green—Naghdi system (1.3) at precision
O(e®), of order s and on [0,T), if (¢P,vP) satisfies, for e” sufficiently small,

hihs
P Pl —gP
8tC +am<h1+’yh2ru ) g"ry,

_ hi® — yho?
P p P E 1772 P2
at(U +/JQ[hlah2]rU )+(7+6)am< + 2am<(h]_ +’}/h2)2|v I )

— pedy(Rlhy, hooP) = Py,
where hy =1 — €C? and hy = % + eC?, and where
[[(r1,72) || oo (f0,7); 15 x 15y < C
with € = C(kumax, €maxs Opmins Omaxs [Pl oo ([0, +5) 0P || oo (0,15 1059 ) -

Of course, one can apply the procedure described above to any consistent
approximate solutions of the Green—Naghdi system. Consequently, our approxi-
mate solutions, described in Propositions 1.6, 1.12 and 1.13, are fully justified as
approximate solutions of the Green—Naghdi model, and therefore as approzrimate
solutions of the full Euler system (2.4), provided the Green—Naghdi system (1.3),
or any equivalently consistent model, enjoys the following property.

Hypothesis 1.3. (Well-posedness and stability) Let (e, i, 6,v) = p € P, asin (1.1),
and U} € H**3, with s and 5 sufficiently large. Then the following holds.

(1) There exist T > 0 and unique strong solutions of the Green-Naghdi sys-
tem (1.3), ULy, such that ULy li=o = U§ and U}, is uniformly bounded
on WL([0,T); H®).

(2) Let UP, satisfying UP|;—o = U} |¢—0, be consistent (in the sense of Definition 1.2)
with Green—Naghdi system (1.3) on [0,T], of order s, at precision O(e). Then
the difference between the two families of functions is estimated as

|UP = Uy llLos (po.0:1+) < Cet,
with C' = C(”UEY‘N”L‘”([O,T};H&)a HUP HLOO([O7T];HS+§)’ (5;1111, 6maxa €max; Hmax)-

Both of the properties in Hypothesis 1.3 typically follow from energy estimates
on the Green—Naghdi system. Such a result has been obtained for a well-chosen
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Green—Naghdi system in the case of the water-wave problem in Refs. 48, 3 and
36. In the two-layer setting, the result has been proved for an equivalent system
(the so-called symmetric Boussinesq/Boussinesq model) in the long wave regime,
€ = O(u).2>°P Such result can be extended to the Camassa—Holm regime (1.2), and
will be the object of a future publication.

Let us emphasize that Hypothesis 1.3 is not necessary for our results to hold,
but only to complete the full justification procedure described above. However, such
a result is very useful to perceive the accuracy of our approximate solutions (in the
sense of convergence) that one expects, especially for the decoupled approximations
in Propositions 1.12 and 1.13. Thus in the discussion of our results in Secs. 4
and 5.3, we assume that Hypothesis 1.3 holds. Numerical simulations are in perfect
agreement with the resulting estimates.

The scalar models. Let us describe the different scalar evolution equations which
are considered in this paper. The higher-order model we study is the Constantin—
Lannes equation (CL):

(1- uﬂ@%)@tv + € vdpv + v’ dv + aszv3d v
+ /waiv + ,ueaI(/slvagv + Iiz(aa:v)2) =0, (1.4)

where 5, ; (i = 1,2,3), v, k1, ke, are fixed parameters.

Note that the Constantin-Lannes equation can be seen as a generalization of
classical lower order models (obtained when neglecting higher-order terms, or equiv-
alently setting some parameters to zero). In the following, we consider

e the inviscid Burgers equation (iB):
00 + ea1vdyv = 0;
e the Korteweg-de Vries (or Benjamin—Bona—~Mahony®) equation (KdV):
(1 — B2 + eayvdyv + prdv = 0;
o the extended Korteweg—de Vries equation (eKdV):
(1- uﬁ@ﬁ)@tv + €aqv0,v + €2’ + /wagv =0.

Our first result regarding these scalar evolution equations, concerns the long
time well-posedness of the Cauchy problem, and the persistence in time of the
localization in space of initial data. We treat simultaneously all scalar models by
allowing parameters in (1.4) to vanish. However, we require that pug > 0, as our

proof relies heavily on a priori estimates of the solution in the following scaled
Sobolev norm:

|u|§{igl = |ul}e + pBlul3y.sr, for some s > 0.

b Although the results of Ref. 25 are dedicated to the two-layer case with a free surface, the method
can easily be adapted to the simpler rigid lid situation. Let us also mention Ref. 58 for an extensive
study of the very similar Boussinesq models in the water-wave case.
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We also make use of the closed functional subspaces X;; , C H sT2n - endowed with
the following weighted Sobolev norm:

n
lulx; , = Z |$jU|H;+2<n—j>.
=0

Proposition 1.4. (Well-posedness and persistence) Let u® € H*™! with s > 5o >
3/2. Let the parameters be such that 3, u, e > 0, and define M > 0 such that

1
ﬁ—FB+,U+€+|Oll|+|012|+|013|+|l/|+|/€|+|b| < M.
Then there exists T = C(M, |UO|H;‘;+1) > 0 and a unique u € C°([0,T/e); H') N
CH([0,T/e); HE) such that w satisfies (1.4) and nitial condition ul—o = u®.
Moreover, u satisfies the following energy estimate for 0 <t <T/e:

HatU”LOO([O,T/e);Hi) + HUHLw([o,T/E);H;H) < C(M, |U0|H;+1)-

Assume additionally that for fived n,k € N, one has x'u’ € H*T5, with 0 < j <n
and § =k + 1+ 2(n — j). Then there exists T = C(Mm,k,Z}’:o |xju0|Hi+g) >0
such that for 0 <t <T x min(1/e,1/u), one has

||x"8k8tu||Loo([07t) Hs) + ”xnakuHLOO([O,t);Hj“) <C M,mk,z |xju0|Hj+§

)

=0
In particular, one has, for 0 <t <T x min(1/e,1/u),

HatU”Lw([O,t);X{“) + HUHLw([o,t);X;ﬁ;) < C(M,n, |U0|ij})-

n

Remark 1.5. The well-posedness of the Cauchy problem for inviscid Burgers, KdV
and eKdV equations are well-known (see for example Refs. 11, 40, 41, 29, 18 and
references therein), and actually do not require u3 > 0. The case of Constantin—
Lannes equation is provided in Proposition 4 in Ref. 20.

The persistence of the solution in weighted Sobolev norms for the Constantin—
Lannes equation is new, as far as we know. Similar results in the case of (eventually
extended) Korteweg—de Vries equations are obtained in slightly different setting
(for the most part using weighted L? spaces intersected with non-weighted Sobolev
spaces H® s > 0); see Refs. 35, 10, 59, 63, 15, 51, 52 and 13.

As mentioned previously, we consider two different approaches concerning the
justification of scalar equations such as (1.4), to construct approximate solutions to
the Green—Naghdi system (1.3), and therefore as asymptotic models for the propa-
gation of internal waves. The first justification, that we call unidirectional approx-
imation, consists in adjusting carefully the initial data so that solutions of (1.3)
provide a good approximation of the flow. The second justification states that any
initial perturbation of the flow can be approximately decomposed into the sum of
two decoupled waves, each of them satisfying a scalar equation. Controlling the
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precision of such decoupled approximation is of course more difficult, and the uni-
directional approximation gains in precision what it lacks in generality.

These two approaches have been successfully developed in the (one layer) water
wave situation (see Ref. 47 and references therein), and extended to the bifluidic
case in the long wave regime in Ref. 25. Our results may therefore be considered as
a continuation of these earlier works.

Unidirectional propagation. This result follows the strategy developed for the
water-wave problem in Refs. 37 and 20. We prove that if one chooses carefully
the initial perturbation (deformation of the interface as well as shear layer-mean
velocity), then the flow can be approximated as a solution of the Constantin—Lannes
equation (1.4), with a great accuracy.

Proposition 1.6. Set \,0 € R, and ¢° € H*5 with s > sq > 3/2. For (¢, ,9,7) =
p € P, as defined in (1.1), denote (CP)pep the unique solution of the equation

B¢ + 0nC + €1CO,C + 29?0, + Ea3C30,¢ + P93¢ — ! 020:¢

+ pedy (K] CO%C + K5(0:€)?) = 0,

where parameters «; (i = 1,2,3), uﬁ& Vf’)‘7 /ii)’/\, Kg7 are precisely enclosed in

Proposition 4.1. For given Mgys, h > 0, assume that there exists Tsy5 > 0 such
that

TS+5 = max(T > 0 such that H<p||Loo([0,T);Hs+5) < Ms+5),

and for any (t,x) € [0, Ts15) X R,
1
ha(t,z) =1—eCP(t,x) >h >0, ho(t,z) = 5 +eCP(t,z) > h > 0.
Then define v* as vP = %y[(p], with

(651 (6%) Qa3
v[(] = (e P4 @ 2+ i pe(saC05C + 12(020)%),
where parameters ai, ag, o are as above, and v = v Kk = m?’o, Ko = K.
Then (CP,vP) is consistent with Green—Naghdi equations (1.3), of order s and
on [0, Tsy5), with precision O(e), where

€ = C(Ms+57h_1 571 5maX76maxa/14maXa |)‘|7 |0|) X max(647lu/2)'

’ “min?

Remark 1.7. When v — 0 and § — 1, one recovers the one-fluid model introduced

by Constantin and Lannes in Ref. 20, with ¢ = 15—9 and A = 0, using notations
therein. In the bi-fluidic case, Choi and Camassa [17, Appendix A] obtained a very

similar result.

Remark 1.8. Our approximation consists in solving a scalar evolution equation
for the deformation at the interface, followed by a reconstruction of the shear
layer-mean velocity from the deformation (in particular, the initial shear velocity is



12 V. Duchéne

determined by the initial deformation). Following Ref. 20, a similar strategy would
consist in looking for an evolution equation for the shear layer-mean velocity, and
reconstruct the deformation at the interface. We decide not to present the outcome
of such strategy, as the result is very similar, and calculations are somewhat heavier
in that case.

Remark 1.9. As discussed in Ref. 20 (Proposition 5), specific values of parameters
in (4.1) yield equations with different properties, especially concerning the behavior
near the maximal time of definition (if it is finite). Indeed, the proof of Proposition 5
in Ref. 20 can easily be adapted to more general coefficients, and one obtains:

o If Vf’)\ > 0, m?’)‘ = 2k§ > 0 and ag > 0, then singularities can develop in finite
time only in the form of surging wave breaking. In other words, if the maximal
time of existence of ( is finite, 7" < oo, then

sup  {[¢(t,z)|]} <oo and sup{0;((t,x)} Too ast]T.
te[0,T7),z€R z€R

o If z/f A 0, /1(;’)‘ = 2xk% < 0 and a3 < 0, then singularities can develop in finite
time only in the form of plunging wave breaking. In other words, if the maximal
time of existence of ( is finite, T' < co, then

sup  {|¢(t,z)|} < oo and inf{0,((t,z)} | —c0 astT.
te[0,T),zeR z€eR

Identity /ii)”\ = 2k% holds in the line §# — A\ = 1/2, and in that case, Vf’)‘ > 0 if and
only if # > 1/4. Restricting to § < 1 as natural values for the use of BBM trick, one
can easily check that if v = 0, then singularities may occur only as surging wave
breaking, as it is the case in the one-layer situation. On the contrary, if v ~ 1, as is
the case in a weakly stratified ocean (small variation of densities) then singularities
will occur as surging wave breaking if § > 1 (thicker upper layer), and plunging
wave breaking will occur for ¢ < 1 (thicker lower layer).

The decoupled approximation. We now turn to the case of a generic initial pertur-
bation of the flow. When neglecting any term of size O(e + ) in (1.3), one obtains
a simple wave equation for (, v, which predicts that the flow splits into two coun-
terpropagating waves, each one moving at velocity ¢ = +1. Our aim is to provide
a higher precision model, by allowing each of these waves to satisfy a scalar evo-
lution equation. The strategy presented here has been used in Ref. 8, where the
authors present a similar rigorous justification of the KdV equation as asymptotic
model for the (one fluid) water wave problem in the long wave regime (see Ref. 25
for the bi-fluidic case). As discussed earlier on, a major difference of the bifluidic
case is the existence of a critical ratio, for which the quadratic nonlinearity in our
models vanish. This is our main motivation for the present work, which extends
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the previous results to more general regimes, allowing greater nonlinearities, and
higher order scalar equations. More precisely, we define the following.

Definition 1.10. (Constantin-Lannes decoupled approximation) Let (% v° be
given scalar functions, and set parameters (e, u,v,0) € P, as defined in (1.1), and
(), 0) € R2. The Constantin-Lannes decoupled approximation is then

Ucr = (ve(t,x —t) +o_(t,x +t), (v + 0)(vy-(t,x — t) —v_(t,z + 1)),
where vy ;=0 = $(¢° + Wv—jﬁ)hzo and v = (1 £ pAd?) " 1v} with v} satisfying
v} £ earv)dpv) + a(v))?0,0) £ i v} )20,
+ 22030} — w920} + ue@x(mﬁ”\viazvi + K9(0,02)%) =0, (1.5)
with parameters disclosed precisely in (5.11).

As mentioned above, the Constantin—-Lannes equation is the higher order model
we consider. It is not obvious that such precise model offers a significantly better
approximation than lower-order models. As a matter of fact, this is generically not
the case, as discussed in Sec. 5.3 (see Remark 1.15, below). Thus we also consider
models with formally lower order accuracy.

Definition 1.11. (Lower order decoupled approximations) Let (% v° be given
scalar functions, and set parameters (e, pu,v,6) € P, (\,0) € R% A decoupled
approximate solution of the system (1.3) is

U= (ve(t,z—t)+u_(t,z+1t),(y+6)(vy(t,x —t) —v_(t,x + 1)),

’UO

v+6
evolution equation. In what follows, we consider

where v4|i—o = £(¢° + ) and vy = (14 pAd?) 1o} with v} satisfying a scalar

e the inviscid Burgers equation:
v + eayvi 0,0 = 0;
e the Korteweg—de Vries (or more precisely Benjamin—-Bona—Mahony) equation:
) + eanv} dpv) + 030} — 92w} = 0;
e the extended Korteweg—de Vries equation:
O + e v} 0,00 £ Ean(v))?0,0) + Wl Py — 020,03 = 0;
where the parameters are the same as in Definition 1.10.

Let us now state our main results, concerning the justification of the decoupled
scalar approximations.

Proposition 1.12. (Consistency) Let ;v € H*T® with s > sy > 3/2. For
(€,1,6,7) = p € P, as defined in (1.1), we denote UL, the unique solution of
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the CL approzimation, as defined in Definition 1.10. For some given M} ¢ > 0,
sufficiently large, assume that there exists T* > 0 and a family (UéL)pep with

T* = maX(T Z 0 s.t. ||UEVL||L00([0,T);H3+6) + HatUgLHLoo([O’T);Hs+5) S M;—FG)'

Then there exists U¢ = U°[U%;] such that U = U, + U€ is consistent with Green—
Naghdi equations (1.3) of order s on [0,t] for t < T*, at precision O(e%,;) where

E*CL = CmaX(€2(62 - 7)27 647ﬂ2)(1 + \/2_‘;)’

with C' = C (M}, ﬁ, Omax, €Emaxs Pmaxs |Al, |0]), and the corrector term U€ is esti-
mated as

U Loe 0,77 1) + 10eU|| Loe 0,7+ 1) < € max(e(8? — ), €%, p) min(¢, V).

Additionally, if there exists o > 1/2, M£+6, T% > 0 such that

6
D I+ UL | Loe (o)
=0

+ (1 +2*)? 00U o, roysney < Mis,
k=0
then U = U, 4+ U€ is consistent with Green—Naghdi equations (1.3) of order s on
[0,t] fort < T*% at precision O(eﬁCL) where

EﬁC’L = C'max(e?(6% — )%, €*, 1i?),
with C = C(Mer(j7 ﬁ,dmax, €max, fmax, |\, |0]) and U is uniformly estimated as

U oo (0,721, 15y + 10U e 0,7 175y < Cmax(e(6 — ), €, ) min(t, 1).

Equivalent results can be obtained when following the exact same strategy, but
using lower order equations describe the evolution of the decoupled waves, vi. We
detail below the accuracy of such approximations.

Proposition 1.13. Assume that the hypotheses of Proposition 1.12 hold. Denote
USKdV, Uf{dv and UfB, respectively, the solutions of the eKdV, KdV and B
approzimations, as defined in Definition 1.11. In each case, we assume that the

decoupled approzimation is uniformly estimated in [0,T*], as in Proposition 1.12.
Then

(1) there exists U = U°[UPy, /] such that U = UPy ., + U° is consistent with
Green—Naghdi equations (1.3) of order s on [0,t] for t < T*, at precision

O(eskav):

e gy = C x (max(e?(6% — )2, ¢*, u?) (1 + V) + max(e3, pe));
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(2) there exists U = U°|Uk,,] such that U = UY.,\,+U¢ is consistent with Green—
Naghdi equations (1.3) of order s on [0,t] for t < T*, at precision O(% )
Ecay = C x (max(e?(62 — )%, €', 1) (L + V1) + €%);

(3) there exists U¢ = U°[UL] such that U = Uly 4+ U€ is consistent with Green—
Naghdi equations (1.3) of order s on [0,t] for t <T*, at precision O(elp):

eip = C x (max(*(6% — )%, €', 4®) (1 + Vt) + max(e?, ));

min’

U¢ is estimated as follows:

where C = C(M§+67(5—1 Omaxs Emaxs fmax, | A, |0]). Fach time, the corrector term

1U[| o< 0,747 1) + 10:U | oo 0,7+ 11y < € max(e(8% — ), €2, p) min(t, V).

Moreover, if the decoupled approximation is sufficiently localized in space, then
all the estimates are improved as in the second part of the Proposition 1.12 (that is
replacing v/t by 1).

Remark 1.14. The function U¢, which depends only on the decoupled waves v,
is a first order corrector which allows to take into account the leading order cou-
pling effects, and therefore reach the desired accuracy. Its construction and precise
definition is explicitly displayed in the proof of the proposition; see Sec. 5.2, and in
particular Definition 5.5. The approximate solution given by U = U, gL + U€ can be
seen as a weakly coupled model of independent interest, in the spirit of Ref. 65.

Remark 1.15. In the estimates presented in Propositions 1.12 and 1.13, the terms
growing in O(v/t) come from coupling effects between the two propagating waves,
that are neglected in our decoupled models; this is why the accuracy is significantly
better if the initial data is localized in space, as the two counterpropagating waves
will be located far away from each other after some time.

Uniformly bounded terms are the contribution of unidirectional errors, gener-
ated by the different manipulations on the equation (e.g. BBM trick), and eventually
neglected terms in lower order approximations for Proposition 1.13, below.

The magnitude of each contribution, and therefore the accuracy of the decoupled
approximation, depends on

the evolution equation considered (CL, eKdV, KdV, etc.);

the size of the parameters ¢,y as well as 62 — v (critical ratio);
the localization in space of the initial data;

the time-scale considered.

In that respect, it is not obvious to decide which approximation is the best to
consider, that is what is the simplest equation leading to the highest accuracy. We
discuss several important cases (long-wave regime, Camassa—Holm regime with crit-
ical or non-critical ratio) in Sec. 5.3, with several numerical simulations to support
our conclusions.
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Long time behavior. A notable difference in the statement of our results, when
compared with previous work in Refs. 8, 25, 20, is that our estimates in Proposi-
tions 1.12 and 1.13 (and similarly Proposition 1.6) are valid as long as the solution
of the approximate scalar model is defined and uniformly estimated. Let us note
first that Proposition 1.4 ensures that these results are not empty, but on the con-
trary are valid for long times (provided that uf A > 0 and the initial data sufficiently
smooth). More precisely, one has straightforwardly the following result.

Corollary 1.16. (Existence and magnitude of T*, T%) Let ((°,2°) = U° ¢
H**" s > 50 > 3/2, and let p € P, with additional restriction uf”\ > vy > 0.

Then there exists C1,Co = C(tmax, €max, r;iln,émax, [l |0|,V0_1, |U0|H3+7),
independent of p, such that for any M7, ¢ > C1, the decoupled approrimate solutions
defined in Propositions 1.12 and 1.13 are uniquely defined and satisfy the uniform
bound of the proposition, with

T > Cy/e.
If U° € X517 there is C1,Cy = C(ftmax, Emasx, Oy Omaxs | A 0], 75 5, |U0|X5$7)
such that for any ME% > (4, one has
T* > Oy /max(e, ).

One question, which is essential in the discussion of Sec. 5.3, is whether these
above estimates are optimal, or in the contrary can be extended to longer times.
Let us discuss below some elements of answer.

First, it is well known that inviscid Burgers equation 0;u + ud,u will generate a
shock in finite time, for any nontrivial, decreasing at infinity initial data. A simple
scaling arguments shows that the inviscid Burgers decoupled approximation will
therefore generate shocks in finite time 7' = 1/e. On the contrary, using conservation
laws of the KdV equation, one can extend local well-posedness result inherited
from the hyperbolic energy method, to global well-posedness in sufficiently regular
spaces H®, s > 1 (see Ref. 42 among many other works). The same result holds
for the modified KdV (when the power of the nonlinearity is non-quadratic but
sub-critical), and is therefore valid for extended Korteweg—de Vries equations in
Definition 1.11, provided uf”\ =0.!

Concerning higher order models, it is known that Camassa—Holm family of
equations, related to (1.4), can develop singularities in finite time in the form of
wave breaking.1%13 In Ref. 20, the authors show that wave breaking of solutions
to (1.4) occurs for a specific set of parameters, at hyperbolic time T &~ 1 /¢, provided
that the initial data is sufficiently large in L°° norm. However, as the justification
of our model assumes that the initial deformation is bounded in Sobolev norm,
uniformly with respect to the parameters, assumptions of Ref. 20 (Proposition 6)
cannot be justified. Thus the problem of the well-posedness of Constantin—-Lannes
equation for longer time than the one expressed in Proposition 1.4 is still open, as
far as we know.
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As for the localization in space, it is clear that our models, as they include dis-
persive terms, cannot be uniformly controlled in weighted Sobolev norms, globally
in time. However, as the two counterpropagating waves move away from each other
while their spatial localization weakens, it does not seem out of reach to extend
Propositions 1.12 and 1.13 in order to uniformly control the coupling effects for
very long time. On the other hand, in order to complete the full justification of
our asymptotic models as described above, one has to obtain Hypothesis 1.3 over
times greater than the typical hyperbolic time scale O(1/¢). Thus the dispersive
properties of the scalar models we consider, which are largely overlooked in this
work but have been extensively studied in the literature, will play a predominant
role in the behavior of the system at very long time. To conclude, let us note that,
despite all the aforementioned difficulties, numerical simulations in Sec. 5.3 indi-
cate that our uniform estimate in Proposition 1.12 remains valid for times of order

O(e37?).

Outline of the paper. The precise presentation and justification of the governing
(full Euler) equations of our system is introduced in Sec. 2. Using the shallowness
assumption (p < 1), we then introduce the so-called Green-Naghdi model (1.3),
as written out above. Several equivalently precise models are constructed, using
different variables; a short analysis on the linear well-posedness of these systems
supports the choice of the shear layer-mean velocity, which yields (1.3).

The well-posedness of the scalar models we consider, as well as the persistence
of spatial decay of its solutions (Proposition 1.4), is proved in Sec. 3.

In Sec. 4, we turn to the case of the unidirectional approximation, and prove
Proposition 1.6. We then numerically investigate if the quite restricting condition on
the initial data arises naturally, that is if after some time, the flow generated by any
initial perturbation will eventually decompose into two almost purely unidirectional
waves.

Finally, Sec. 5 is dedicated to the study of the decoupled models. In Sec. 5.1, we
present a formal argument which allows to derive the decoupled approximations, as
defined precisely in Definitions 1.10 and 1.11. As an intermediary step, we introduce
a coupled asymptotic model, which we believe is of independent interest: (5.3a)—
(5.3b) is a simplified version of the Green—Naghdi equation, with the same precision
in the Camassa—Holm regime (1.2), as stated in Proposition 5.2. The main result,
Proposition 1.12, is proved in Sec. 5.2. Finally, Sec. 5.3 contains a discussion con-
cerning the competition between the different scalar models, in various scenarios,
supported by numerical simulations.

2. Derivation of the Green—Naghdi System

This section is dedicated to the construction and justification of the Green—
Naghdi model (1.3), which is the groundwork of our study. We first briefly recall
the so-called full Euler system (2.1), governing the evolution of two layers of
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immiscible, homogeneous, ideal, incompressible fluid under the sole influence of
gravity. Following Craig-Sulem,?? the system can be written as two evolution equa-
tions (2.3) coupling Zakharov’s canonical variables,®” thanks to the use of Dirichlet-
to-Neumann operators (Definition 2.1).

After non-dimensionalizing our system of equations in order to make apparent
of the dimensionless parameters at stake, we expand the Dirichlet-to-Neumann
operators with respect to the shallowness, parameter, p (Proposition 2.2). Green—
Naghdi models are obtained when replacing the Dirichlet-to-Neumann operators by
their truncated expansion, and one obtains successively (2.14), (2.17) and (2.19).
These systems are equivalent, but handle different velocity variables as unknowns.
The latter is the system we base our study on, i.e. (1.3), and considers the shear
layer-mean velocity, obtained after integrating the velocity potential across the
vertical layer in each fluid.®

All of these asymptotic models are justified by a consistency result, stating that
solutions of the full Euler system satisfy Green-Naghdi asymptotic models up to a
small remainder, of size O(u?).

2.1. The full Euler system

The system we study consists in two layers of immiscible fluid, compelled below by
a flat bottom and above by a flat, rigid lid (see Fig. 1). We restrict ourselves to the
two-dimensional case, i.e. to horizontal dimension d = 1. The domains of the two
fluids are infinite in the horizontal dimension, and the fluids are at rest at infinity.
The depth of the upper and lower layers are, respectively, d; and ds.

We assume that the interface between the two fluids is given as the graph of a
function ((¢,x) which expresses the deviation from its rest position {(z, 2),z = 0}
at the horizontal spatial coordinate x and at time ¢. Therefore, at each time t > 0,
the domains of the upper and lower fluid (denoted, respectively, Qf and %), are
given by

Qf = {(z,2) e R x R, ((t,z) < 2 < d},
Qb = {(z,2) e R x R, —da < z < ((t,2)}.

We assume that the two domains are strictly connected, that is

di +((t,z) > h >0, do+((t,z)>h>0.

“Note that one cannot write the full Euler system in the simple form of two evolution equations
using layer-mean velocity variables, as the pressure cannot be eliminated from the equation. The
formulation of the Green—Naghdi system with the shear layer-mean velocity relies on the assump-
tion of shallow water, u < 1, which allows to approximate Zakharov’s canonical variables in terms
of layer-mean velocity variables. In Refs. 16 and 17, Choi and Camassa formally construct similar
Green—Naghdi models using layer-mean velocity variables from start to finish.



Decoupled and Unidirectional Asymptotic Models for Internal Waves 19

We denote by (p1,v1) and (p2,ve) the mass density and velocity fields of,
respectively, the upper and the lower fluid. The two fluid are assumed to be
homogeneous and incompressible, so that the mass densities p;, p2 are constant,
and the velocity fields vy, vo are divergence free. As we assume the flows to
be irrotational, one can express the velocity field as gradients of a potential:
vi(t,z,2) = Vu0i(t,x,2) (i = 1,2), and the velocity potentials satisfy Laplace’s
equation

D2p; + 0%¢; = 0.

The fluids being ideal, they satisfy the Euler equations; the momentum equa-
tions can be integrated, which yields Bernoulli’s equation:

Orpi + 1|Va:,z<25i|2 P gz inQf (i=1,2),
2 Pi
where P denotes the pressure inside the fluid.

From the assumption that no fluid particle crosses the surface, the bottom or
the interface, one deduces kinematic boundary conditions, and the set of equations
is closed by the continuity of the pressure at the interface, assuming that there is
no surface tension.4

Altogether, the governing equations of our problem are the following:

D20 +92¢; =0 in Q i=1,2,
8t¢¢+%|vx7z¢i|2=—£—gz inQf, i=1,2,

az¢1 =0 on FtE{(x7Z)7Z:d1}7 (21)
atC =V 1+ |8a:C|2an¢l =V 1+ |8IC|2an¢2 onl = {(.%‘, Z)7 z = C(t,l‘)},

0202 =0 on Ty = {(z,2),2 = —da},

P continous on I,

where n is the unit upward normal vector at the interface.

Rewriting the system as evolution equations. The system (2.1) can be reduced into
two evolution equations coupling Zakharov’s canonical variables, namely the defor-
mation of the free interface from its rest position, (, and the trace of the upper
potential at the interface, :

¢ = (]Sl(t,l’, C(t,ﬂ?))

dThe surface tension effects should be included for our system to be well-posed. However, the
surface tension is very small in practice, and does not play any role in our asymptotic analysis.
See Ref. 46 for an in-depth study of this phenomenon.
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The potentials ¢; and ¢o are uniquely deduced from ({, ) as the unique solutions
of the following Laplace’s problems®:

(8% + a§)¢1 =0 in Qq, (8% + 8§)¢2 =0 in Qo,
b1 =1 onI', and Onto2 = On1 on I'y, (2.2)
82(251 =0 on Ft, (9z(]52 =0 on Fb.

More precisely, we define the so-called Dirichlet—Neumann operators.

Definition 2.1. (Dirichlet-Neumann operators) Let ¢ € W1>°(R), and 9,9 €
H'/?(R). Then we define

G[CW =V 1+ |6zC|2(an¢l)|z:C = (8Z¢1)|22C - (arC)(am¢l)|z:C7
H[C]¢ = aﬂc(¢2|z:() = aﬂc(¢2(taxa C(tyl’))),

where ¢1 and ¢9 are uniquely defined (up to a constant for ¢2) as the solutions in
H?(R) of (2.2).

The well-posedness of Laplace’s problem (2.2), and therefore the Dirichlet—
Neumann operators, follow from classical arguments (see, for example, Ref. 47).

One can then rewrite the conservation of momentum equations in (2.1) at the
interface, thanks to chain rule:

(G[Y + (020 (Da(d2]:=¢))* _ Pla=¢
2(1 + [02¢17) pi

Using the continuity of the pressure at the interface, one deduces from the identities

above

Ou(Bil=) + 9C + 510082l +

Ou(p2HICH ~ 1) + (2 — )0 + 00l HIQWP — 21050

= 0. N((, ),
where A is defined as

N(C) = p1(G[C]Y + (020)(02))? — p2(GIC]Y + (90) H[C]¥)?
o 2(1 4 102¢1?) '

The kinematic boundary condition at the interface is obvious, and the sys-
tem (2.1) is therefore rewritten as

Ou(p2HICI — 1) + (2 — )aC + 502 HICUI — a0 0f?)

9:¢ = G[¢]v,
which is exactly system (9) in Ref. 9.

©The solution of the second Laplace’s problem is defined up to a constant, which does not play
any role in our analysis.
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Nondimensionalization of the system. Thanks to an appropriate scaling, the two-
layer full Euler system (2.3) can be written in dimensionless form. The study of the
linearized system (see Ref. 46, for example), which can be solved explicitly, leads
to a well-adapted rescaling.

Let a be the maximum amplitude of the deformation of the interface. We denote
by A a characteristic horizontal length, say the wavelength of the interface. Then
the typical velocity of small propagating internal waves (or wave celerity) is

(p2 — p1)dids

Co = .
p2di + p1ds

Consequently, we introduce the dimensionless variablesf

- .. T -«
zzd—l, JZEX, tEXt,
the dimensionless unknowns
(0= i@ = L),
a alcy
and the four independent dimensionless parameters
p1 a d3 d;
:p_g’ €Ed—1, ,uz)\—é, 6Ed—2.

With this rescaling, the system (2.3) becomes (we withdraw the tildes for the sake
of readability)

on¢ — Sy =0,
K (2.4)
O(HMp = 0) + (7 + 8)0uC + SO (| HM [ = 1|06]%) = pedeN™,
with
(3G + (D) H ) = 7 (5 GH + €(0:)(021)))?
2(1 + pleda(]?) ’
and the dimensionless Dirichlet-to-Neumann operators defined by
G = V/1+1e05C[2 (Ond) s=cc = —pe(00)(On1) o= + (D:01)|s=cc
H"p = 0p(d1]2=ec) = (0x01)]2=cc + €(02C)(0201)|2=ccs
where ¢ and ¢, are the solutions of the rescaled Laplace problems
(n02 +0%)¢1 =0 in Q= {(x,2) € R? e((x) < 2 < 1},
0,01 =0 onT; ={z=1}, (2.5)
¢z =1 on I' = {z = e(},

NP

fWe choose dy as the reference vertical length. By doing so, we implicitly assume that the two
layers of fluid have comparable depth; thus the depth ratio, §, do not approach zero or infinity.
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(uO? +02)py =0 in Qo = {(x,z) € R%—% <z< eC} ,
On1 = On2 on I'y, (2.6)

1
8Z¢>2:0 OanE{ZZ—g}.
Similarly as in Definition 2.1, the Dirichlet—-Neumann operators are well defined,
provided that ¢ € WH>(R), 9,90 € H'/?(R), and the following condition holds:
there exists h > 0 such that

1
hi=1—¢e>h>0, h255+6<2h>0. (2.7)

Any reference of the full Euler system in the following concerns system (2.4) with
operators defined as above.

2.2. Asymptotic models

Our aim is now to obtain asymptotic models for the full Euler system (2.4), using
smallness of dimensionless parameters. In the following, we will consider the case
of shallow water, namely

pn< 1.

The key ingredient comes from expansions of the Dirichlet—Neumann operators, in
terms of p. Replacing the operators by the leading order terms of these expansions
allow to obtain the desired asymptotic models, which are consequently justified in
the sense of consistency.

As a second step, we rewrite the equations using the shear layer-mean velocity
as unknown. One benefit of such a choice is that it yields to a much better behavior
concerning the linear well-posedness, as we discuss at the end of this section.

Our method has been used by Alvarez-Samaniego and Lannes? in the case of
the water-wave problem (one layer of fluid, with free surface), and lead the authors
to a complete rigorous justification of the so-called Green-Naghdi equations.? In
the case of two layers with a free surface, a shallow water model (first order) and
Boussinesqg-type models (in the long wave regime) have been derived and justified
in the sense of consistency in Ref. 9; the analysis below is therefore an extension
of their work. Similar models as our Green—Naghdi system have been formally
obtained in Ref. 17, as well as in Ref. 53 (with the additional assumption of v ~ 1)
and in Ref. 21, but it is the first time to our knowledge that a rigorous justification
is provided. Let us also mention the work concerning the case of two layers of fluid
with an interface and a free surface: Green—Naghdi-type models have been derived
in Refs. 4 and 5, and justified in the sense of consistency in Ref. 24. One could
formally recover our models from (44) and (60) in Ref. 24 by imposing the surface
to be flat.
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Ezxpansion of the Dirichlet—Neumann operators. The main ingredients of the fol-
lowing result are given in Ref. 9, and we extend their result one order further.

Proposition 2.2. (Expansion of the Dirichlet—-Neumann operators) Let s > so +
1/2, with so > 1/2. Let ¢ be such that 9, € H¥T1/2(R), and ¢ € H+Y/2(R). Let
h1=1—¢C and ha = 1/0 + €C such that (2.7) is satisfied. Then

Lomp—o,(mowp)| <uci,  (28)
o Hs
'%Gw 0.(mu) — )| <0, (29)
HS
hy
H' 4 10,0 <pCo,  (2.10)
ha Hs
‘H“¢+— 2~ 3 “ 8 <h238 ( w) —h1383¢) < 120y, (2.11)
HS
with Cj = C(h™", émax; Hmaxs Oty Omascs ¢l rots/245, |0pt| provs/ees). The estimates

are uniform with respect to the parameters (p,€,7,0) € P, as defined in (1.1).

Proof. As remarked in Ref. 9, the operator G*1) can be deduced from similar
operator in the (one layer) water wave case with flat bottom:

G"p = —G[—eCly,

where G is defined in Ref. 2 (Sec. 3), and estimates (2.8), (2.9) follows from Propo-
sition 3.8 therein.

Estimate (2.10) is given in Ref. 9, and we obtain (2.11) using the same method,
expanding one order further. Let us detail the strategy.

The first step consists in rewriting the scaled Laplace problem (2.6) into a
variable-coefficient, boundary-value problem on the flat strip & := R x (—1,0)
using the diffeomorphism

S_>92a
o:(x,2)—o(x,2) = (z,(1/5 + e()z + €C).

Now, one can check®2* that ¢, solves (2.6) if and only if @2 = ¢2 0 0 satisfies

Vo Q"eClVay.00=0 inS
o (2.12)
Ongal—0 = G"'¢ Onalem1 =0,
with
,uaza' —u@ma
Q"eC] = 5 o2
_/J“aza' 71_‘—‘”6'2; |

(0 0 ) 1/6+ € —(z+1)edsC
+

z €0, C|? ’
0 175 —(2 +1)eds(C %
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and where 0,,¢2 stands for the upward conormal derivative associated to the elliptic
operator involved:

0
an@|z:z0 = <1> : QVI,Z@LZ:,ZO.

The asymptotic expansion of the Dirichlet-Neumann operator H* is deduced from
the identity

H"p = 0y (2|2=0)-

The second step consists in computing the formal expansion of ¢3 the solution
of (2.12), as

g2 = ¢V + oM + 126 + 10,

One can solve (2.12) at each order, using the obvious expansion of Q*, as well as
the known expansion of the operator G*. This yields explicit formulas for ¢,
and the estimate follows from adequate control of the residual ¢,..

At first order, one has

az(%azw)) =0 inS

1/6+ €
1 1
o) _ O -
1/5+e<82¢ lz=0=0 1/5+6<8z¢ [z=-1=0,

so that ¢(®(z, 2) = ¢(9(z) is independent of z. At next order, one has (denoting
ha(z) = 1/6 + ((z))

1 e hQ —(Z + 1)€8z<- ) 2,(0) .
R0 T TV L e Mgz | Ves?T =TT S
T s

1 1
h_az¢(1)|z:0 = (€8z<)(8z¢0) + 3m(h1(9z¢) h_az¢(0)|z:—1 = 07
2 2

where we used that ¢(?) is independent of z. The above system is a second order
ordinary differential equation, which is solvable under the condition

Oz (h1021)) = =0 (h2020),
and whose solution is then

1
oW (w,2) = —5 (= + 1?he* 00 + 65 (),

with qbél)(x) being a function independent of z, to be determined later. Note that
since the horizontal dimension is one,® and using the fact that the fluids are at rest

&In the 2d case, one should introduce a non-local operator using the orthogonal projection onto
the gradient vector fields, as in Ref. 9.
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at infinity, integrating the compatibility conditions yields

h
0:00 = = "0,

Let us turn to the next order. One has

1
h—agqs(?) = —hp02¢ + (2 + 1)2F(2) inS
2

0.0 oo = Glo) + (0h2) @.0) + 5020°020) 0.6y =0,
2 2

with
3
F(z) = %aﬁw and G(x) Z—%ax(h23)8§¢(0).

Solving the first identity with boundary condition 9,¢(®|,—_; = 0 yields

(z+1)2 (z+1)* 1)
12

51O F (@) + e () + 6 (@),

¢(2)(x, z) =—

25

with ¢(()2) (z) independent of z (and which can be set to zero for simplicity), and

solving the boundary condition at z = 0 yields the compatibility condition:

o020 + SR () = Ola) + (0uha) 0u0”) + 02’02,

or, equivalently,

1 1
0u (h20:0”) = 20 (hs*920") — Z02(h020).

Finally, integrating this identity and using the expression of 9,$(°) obtained above,

one deduces
hadypdg) = —%agc(hﬁaiw) h2382( ww)
The final step is as follows. Let us define
$2,0pp = ¢ + ™

where ¢(9) and ¢! have been obtained by the above calculations. Note that

1
Hupp = Oulnapel-—0) = 0:6a) 4 10s (~ 51020 + 681 (0))

:—E a:w'i_%a < h1382’(/1+h238 ( xw)>

which is exactly the expansion in (2.11). Therefore, the result follows from an

adequate estimate on

- am(@b:o) - am(¢2,app|z:0)-
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Let us first note that one has straightforwardly
|¢(2)|H5 S C(h_la €max, Hmax, |C|H8+9/27 |aw'(/}

Then, using previous calculations, v = ¢ — ¢2 app — 112¢(?) satisfies the system

H&+11/2).

Vm,z . QM[EC]vx,zU = M2vw,z -h inS

0 0 (2.13)
an@|z:0 =V + HQ (1) . h|z:0 an@|z:—l = ,U2 <1> : h|z:—1a

with h = Q"V, ¢, and V = G*¢ + 10, (h19,¢) + p20%(h1*92¢), so that (2.9)
yields

|‘/|HS S ,USC(h_ly €max; Mmax; |C|H8+9/2a |8zw

One can now apply Proposition 3 of Ref. 9, after straightforward adjustments, and

H&+11/2).

deduce

|8z(v|z:0)|HS S ,UQC(h_ly €max; Umax, |C|H8+9/2a |8zw
The proposition is proved. O

H&+11/2).

The Green—Naghdi models. Let us now plug the expansions of Proposition 2.2 into
the full Euler system (2.4), and withdraw O(u?) terms. One obtains

1
¢ = Oa(0pt)) = pz 03 (I *9z0)) = 0,

h1 + vhs
(-

€
v

where we denote PI,t) = P[hy, ha]0z1p, and with the following operators

azwwh%am(mw) (4 8)0xC

hy 2

1

2

- 7|8m1/1|2> = /ffeaw(N[hh h2]aa:w)7

(2.14)

1
Plhy, ho]V = = ho®0, hy, — 8,V ),
3 ho

1 hi\
Nlhi, ho]V = 5 ((am(hﬂ/) — e(awg)h—lv) — y(hla§¢)2>.
Our model is justified by the following consistency result.

Proposition 2.3. Let U? = (¢P,¢P)pep be a family of solutions of the full
Euler system (2.4), such that (2.7) holds, and ¢* € W'([0,T); H*T9/2), 04" €
W0, T); HST1/2) with s > so 4+ 1/2, so > 1/2, and uniformly with respect to
p € P; see (1.1). Then UP satisfies (2.14), up to a remainder R, bounded by

| Rl oo (jo,7);m5) < pC,
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with

— —1
CZC(h 1,€max;Hmax7 miyuamaX? ”Cpuwl([o’T);HH—%)’“am¢p“wl([0,T);Hs+%))'

Proof. When substituting U? into (2.14), and after some straightforward com-
putation, one can clearly estimate the remainder using the expansions of the
Dirichlet—Neumann operators in Proposition 2.2. The only nontrivial term comes
from Oy (H*4P — ~v0,¢P), which requires the corresponding expansion of 9,(H*"P).
This can be obtained as in Proposition 2.2, using the elliptic problems satisfied
by the time derivative of the potentials. The expansion follows in the same way,
provided that ¢P € W([0,T); H*+%/2),9,4" € W'([0,T); H**'/2). See the proof
of Proposition 2.12 in Ref. 24 for more details. |

In Ref. 9, the authors use the shear velocity as for the velocity variable:

v = 0p((¢2 = Y1) |2=e¢) = H"Yp — 70,0 (2.15)
The expansion of H* in (2.11) allows to approximate 0,1 as a function of v:
ho 1 ha 2
Oxp = — Oz | Plh1, ho] | —————— O . (2.16
¥ h1+’yh2v+uh1+’yh2 < [k 2]< h1—|—7h2v>)+ () )

Here and in the following, we use the notation O(:) for estimates as in Proposi-
tion 2.2.
Substituting (2.15) into (2.14), and again withdrawing O(u?) terms, yields

hiha

15) Op| ————
o+ <h1 +7h2U

) — u@w(Q[hh hg]v) = 0,

, , (2.17)
h1” —~vha

€
0, 0)0y —Op| —————————
v+ (7 +0) C+2 ((h1+7h2)2

|v|2) = 160 (Rl halo).

with the following operators:
el = iy (o (7 (757
s o (55
s (s 55)) o 225

hi + hs 3 hV 3 < haV ))
-V, ho"Op| —————— | —h1°0,( ———— .
V37 + 7ha)? ( ’ (hl +th> 1%\ byt ha

System (2.17) is justified as an asymptotic model for the full Euler system (2.4),
by a consistency result, with the same precision as (2.14).
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Proposition 2.4. Let U? = (¢P,¢P)pep be a family of solutions of the full
Euler system (2.4), such that (2.7) holds, and ¢* € W([0,T); H*T%/2), 04" €
W0, T); HST1/2) with s > so + 1/2, so > 1/2, and uniformly with respect to
p € P; see (1.1). Define v° as in (2.15). Then (CP,vP) satisfies (2.17), up to a
remainder R, bounded by

| Rl oo (jo,7);m5) < p2C,
with

C= C(h_17 €max, Umax; 671 6maxa H<p||

min’

p
W([0,T);H* T E) 1921 ||W1([0,T);H5+12_1))'

The proof of Proposition 2.4 is identical to the proof of Proposition 2.3, once one
obtains a rigorous statement of (2.16) in W([0,7]; H**!) norm, thus we omit it.

Using layer-mean velocities. As we have seen, several different velocity variables are
natural when expressing the Green—Naghdi equations. In the following, we choose
to use, as in Refs. 16 and 17 for example, the shear layer-mean velocity, defined by

U= U2 — YUy, (218)

where Wy, us are the layer-mean velocities integrated across the vertical layer in
each fluid:

1 1
Wite) = o | it
hy (t7 .’IJ) eC(t,x) !
1 eC(t,x)
us(t,x) = ——— 0 t,x,z)dz.
2( ) hQ(t,J?) /_% a:¢2( )
We see two main benefits for such a choice. First, the equation describing the
evolution of the deformation of the interface is an exact equation, and not an O(u?)
approximation. What is more, the system obtained using layer-mean velocities have
a better behavior as for the linear well-posedness. These two facts shall be discussed
in more details below.
When integrating Laplace’s equation in (2.1) against a test function ¢(x, z) =
©(z) on the lower domain Q, and using boundary kinematic equations, one has

0= // B(ud? + 0%) by = — / R / Onrs — / 0.6
Qo Qo r Iy

€
—— [dovivng [ avsoate. 2z~ [ dsGry,
R —1/6 R
where Vi, . = (\/110x, 9.)T, so that one deduces that for any x € R,

—8w(hgﬂg) = %Gu’(/}
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One obtains in the same way (but using the upper fluid domain)
1
0 (h1y) = EG‘%.

One deduces from the above two identities, imposing zero boundary conditions
at infinity (the fluid is at rest at infinity),

h h h h
hotis = —hqu; and v = ﬂﬂg _ _wﬂl-
hl h2
It follows that the first equation in (2.4) becomes

1 hiha  _
(= -G =—-0,| —————7 ).
< I v <h1 + vha v)

Let us emphasize again that this identity is exact, as opposed to the O(u?) approx-
imations in previous asymptotic models.
One also deduces an expansion of v in terms of v, using Proposition 2.2 (or,

equivalently, identifying the above identity with the first line of (2.17)). It follows
_ hi+~vh _
=0+ p— 200y, Bl + O(2).
hihs

System (2.17) therefore becomes

hihy
0 O | —————v | =0,
ot <h1+’7h2v)
+ nQ

[h1, halD) + (v +60)0:C + 5 3 <ﬁ| |2> = (€0, (R[h1, holv),
(2.19)

with the following operators:

_ 1 hV 3 haV
hi, helV = h10: 30, [ ———— ho0y | h1°0y | ———— )
Q[ ! 2] 3h1h2< ! ( <h1+7h2))+,}/ ? ( ' <h1+7h2)>)
_ 1 v\ haV ))2
Rlhi,holV = = | hoOp| ————— — | h10p | ————
v = ()Y
1 V hl 3 hlv ))
- Op | ho°0p| ——————
+3h1 + vhs <h2 ( ? <h1+7h2

— Oz | h1°0 | ———— .
7h1 ( ' (hl + vha

This system is exactly our Green—Naghdi system (1.3), as presented in the Intro-
duction. One obtains Proposition 1.1, namely the consistency of the solutions of
the full Euler system towards our Green—Naghdi model, in the same way as Propo-
sitions 2.3 and 2.4 above, after several technical but straightforward computations.

We prove below that system (2.19) is linearly well-posed, as opposed to
system (2.17).
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Linear dispersion relations. The linearized system from (2.17) is

1 1446
8tC+7+68mv+u35(6+ e

O+ (v +9)9,¢ = 0.

8311—0

Let us look for solutions of the form ¢ = (Oebo=wt) 4 = 0¢i(kr=wt) Thig leads to

the algebraic system
— ik R e
_ — ) — ik ————— 2" =0
w( —|—’y+5v 3 35(’}/4_5)211 ,

—iwt® + ik(y +6)¢Y =0,
which yields the dispersion relation (with wv® = k(7 + 6)¢)

4 1+76

2:k2— — "
w 35(7 +0)

This equation does not have any real solution w(k) if uk? 351;/ 155) > 1, thus the
system (2.17) is linearly ill-posed.
The linearized system from (2.19) is

1 _
8tc+mam’l)—0
N (e _
&g(U 'u7§( +5)8 ) (v +6)0¢ = 0.

Same calculations as above yield the algebraic system
ik

0 =0 _
wC + m 61} 0,
. 146
- H————— k(y+6
zw( 350y 1 0) +ik(y+6)¢® =0,
so that w¢® = . 51} and the dispersion relation is
1479
2 2 2
1 kf—— | = k°.
A1 1)
This equation always has solutions: w (k) = £k(1 + uk? 351:;155) )~2,

Thus the system using layer-mean velocity variables (namely (2.19), or identi-
cally (1.3)) is linearly well-posed.

3. Well-Posedness of Our Scalar Evolution Equations;
Proof of Proposition 1.4

This section is dedicated to the study of the well-posedness of the Cauchy problem
as well as the persistence of spatial localization (expressed by weighted Sobolev
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norms), for the following equation:
(1-— uﬁ@i)@tu + eayudyu + 2aaudpu + asuldu
+ uvdiu + pedy (kud?u + 1(0,u)?) = 0, (3.1)

where «; (i = 1,2,3), v, K, ¢ are fixed parameters (possibly zero) and 3, u,e > 0.
More precisely, we prove the assertions of Proposition 1.4, recalled below.

Proposition 3.1. (Well-posedness and persistence) Let u’ € H**!, with s > sq >
3/2. Let the parameters be such that 3, u, e > 0, and define M > 0 such that

1
B+B+u+e+|a1|+|oz2|+|013|+|u|+|/£|+|a|SM.

Then there exists T = C(M, |UO|HE+1) > 0 and a unique v € C°([0,T/e); H') N
C'([0,T/e); H) such that u satisfies (3.1) and initial condition uli—o = u®.
Moreover, u satisfies the energy estimate for 0 <t < T/e:

0l Lo t0,7/e3513) + Il o 0,7 /09s 1551y < C M U ppesa). (32)

Assume additionally that for fived n,k € N, one has x7u® € H**S with 0 < j <n
and 5=k + 14 2(n— j). Then there exists T = C’(M,n,kz,zyzo |acju0|HZ+§) >0
such that for 0 <t <T x min(1/e,1/u), one has

n
)0
||$nak8tUHL°°([0,t);H;) + Hxnaku||[,°°([07t);Hﬁ+l) <C Man7kaz |27 u |H;+5‘
=0

In particular, one has, for 0 <t <T x min(1/e,1/u),

18ull Lo (p0,67:55. ) + 11l oo 0,09 x5y < C(Mm, [u®] gi1).- (3.3)
Proof. The existence and uniqueness of u € C°([0,T/€); H3t) N C'([0,T/e); Hy)
such that u satisfies (3.1) and initial condition ul;—g = u® € H* s > s¢ > 3/2 has

been obtained in Ref. 20 (where the authors used slightly different parameters).
The proof is based on an iterative scheme, which relies heavily on the following

energy estimate:

1 S
T e < (ut ) e+ Bulutt, )2 = B ()0
0
§ C(M7 |u |Hi+1)7

which is proved to be valid for t < T, = ¢ 1C (M, |UO|H§+1)‘ One proves in the same
way

1

W@Um; < BN 0u)(t) < C(M, E*(u)) < O(M, [u°| o1),

so that the estimate (3.2) follows.
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In order to obtain the estimates in the weighted Sobolev norms, we introduce the
function v,, = z™u, where u satisfies (3.1). We will prove that estimate (3.4), below,
holds for any n, k € N, and for 0 <t < T, , = C(M,n, k, 377, |x”*ju0|HZ+k+2j+1) X
min(1/e,1/pu) by induction on n € N. Proposition 3.1 is a straightforward
consequence.

HxnakatuHLoo([O,t);Hi) + Hxnaku||L°°([0,t);Hj+1)

< C M,n,kz,z |1‘n_juo|Hs+k+2j+1 . (34)
j=0

The case n = 1. One can easily check that v; = zu satisfies the equation
(1- uﬁ@i)@tvl + ea1v10,u + 2aoviudyu + v udu
+ uvd3v; + pedy (kv102u + 1(9pv1)(0pu)) = Rlul, (3.5)
with
Rlu) = —2uB80,0iu + 3uvd?u + pe((k + 1)ud?u + 20(d,u)?).

When taking the (L2-)inner product of (3.5) with A?*v;, one obtains (using that
the operator A® is symmetric for the (L2-)inner product, and 9, is anti-symmetric)

1d
5 %(ES (v1))? + (A% (earv10,u + Eaviud,u + Eazviu’d,u), Av)

— pe((kv102u + 1(0pv1) (), A*0yv1) = (A*R[u], A®vy).
Now, we use that « is uniformly bounded through (3.2) for ¢ < T..

e < C|f

e Using Cauchy—Schwarz inequality, and Moser estimates: |fg
for s > sp > 1/2, one has

Hs|9|Hs

[(A® (ea1v105u + €2 ov1udyu + € azviu?du), Avy )|

pre) (B° (v1)).

2.

< o1l C(lul o) < C(M, [

e In the same way, and using the definition (E5(-))

%‘Iﬁ—’—ﬂ/j""%{ﬂ—l > %|.|?{Z+17
one has for s > so > 3/2,

|(A® (k01020 + 1(05v1)(0p1)), ASDpv1)]

1
e lul e+ orl o [ul o) < ~C(M, [u0]gava) (B (v1))>.

I

< C|1)1 |H5+1 (|1)1

e Finally, one can check

|(A* Rlul, Av1)| < plor| s C|Jul o+ + |Oru

i) < PO, [0 yo43) E* (0r).

Altogether, one obtains the following differential inequality, valid for all ¢t < T:

1d
§E(E8(v1))2 < (M, [u] gzv2) (B (v1))? + pC (M, [u°| yova) E* (v1).
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Gronwall-Biharis inequality (see Ref. 61 for example) allows one to deduce:
B (0)(1) < B*(01)leco + 2O, 0] y2) @xp(CM, ] 02)et) — 1),

When restricting ¢ to t < T, ,, = C(M, |u0|H2+2) x min(1/e,1/p), it follows that for
any s > sp > 3/2,

|£L‘u|HZ+1 < |.%"U,O|Hi+1 + C(M, |u0|Hi+3).

In order to control the time derivative of vy, we take the (L2-)inner product
of (3.5) with A?*72(9;v;). Estimating each term as above, one obtains

(E*1(0r01))? < elvr| o1 |0001| o C|ulars) + p| (A* 71020, A0, 0p01)|
+ peClOpvr | me ([vi] o [uf presa
+lor|gesiuls) + [(A° 7 R[u], A*~19,01))|
< BN (001) (C(M, [u°] 1) B* (01) + pC (M, [u°] y2+2)).

Estimate (3.4) thus follows for n =1 and k£ = 0.
We now turn to x0%u, for k € N, k > 1. Note that

20y = 0F (zu) — kOF 1,
so that
|$6§U|Hﬁ+1 < |1‘u|HZ+k+1 + k|U|H;+k
One deduces, for 0 <t < T(M)min(1/e, 1/p),
|x8ku|Hﬁ+1 < |$U|H2+k+l +C4 (M, |'U,O|Hj+k-+3).

In the same way, one has x0%0yu = 0¥ (z0pu) — k0¥ ~10,u, so that estimate (3.4)
hold for n =1 and any k € N.

The case n > 2. Let us assume that (3.4) holds for any k € N and n < m—1 (with
m > 2). One can easily check that v, satisfies the equation

(1- ,uﬂ@i)@tvm + €1UmOpt + €2aUmudpts + € a3vmudpu
+ 1030, + 110y (K 02U + 1(0p i ) (021)) = Ry [u], (3.6)
with
Ry, [u] = —2ufma™ 10, 00u — 2uBm(m — 1)z 20u
+ 3pvma™ 102 u + 3pvm(m — 1)z 20u + prm(m — 1)(m — 2)z™ 3u
+ pema™ (5 + L)ud?u + 20(0u)?) + pem(m — 1)z™ % 1ud,u.
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Taking the (L2-)inner product of (3.6) with A?*(v,,), one obtains as above
1d

5%(E5(vm))2 < eC(M, |u0|H3+2)(]E“”(vm))2 + |(A° Ry [u], A%vp,)].

Now, one can easily check
[(A° R[], ASv,)| < pC(m) v | g C(|2™ 1 0005ul e + |2™ 205u| e
+ 2™ 0% e + |2™ 20| e + |2 )

m—1
< B (v)C | Mym, Y |2 00 ez
j=0
As above, Gronwall-Biharis inequality allows to deduce

m—1

B (0n)(6) < B*(um)lezo + C | Mym, 3 171000y |,
j=0

for any 0 <t <T,, =C(M,m, Z;n:_ol |xm_1_ju0|Hﬁ+2j+1) x min(1/e,1/p) and for

any s > sg > 3/2. Therefore,

m
|xmu|Hs+1 <C| M,m, E |£L‘m7]’u,0|Hs+2j+1 for0<t< vall«'
u n
j=0

The similar estimate on the time derivative of v,,, is obtained as above by taking
the (L2-)inner product of (3.6) with A2°~2(d;v,,). Estimate (3.4) follows for any

n=m and k = 0.
We now turn to 2™0%u. Note that for any k € N, k > 1,

k—1
k , .
2™k = OF (2™ u) — Z < ) (D=9 2™) (D)
— \J
J
so that
k—1 o
|{L‘85U|H;+1 < \xmu|Hi+k+1 + C(k,m) Z |xm*k”8§cu|H5+1.

j=min(0,k—m)
Using (3.7), one deduces by induction on k that

m
|{L‘m8ku|Hli+1 <C| M,m, Z |.’L'm7j’u,0|Hi+k+2j+1

Jj=0

k—1 m—k+j
+ Z )C<M7m —k+7,7 Z |{L‘mik+]7luo HE iRt

j=min(0,k—m =0

m
<C| M,m, k,z |$m7jU0|HZ+k+2j+1 for0<t < Te,ﬂ.
J=0
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In the same way, one estimates " 3%0;u by induction, using Leibniz rule of differ-
entiation. Estimate (3.4) therefore holds for n = m and any k € N.

By induction, we proved that (3.4) holds for any k¥ € N and n € N. Esti-
mate (3.3) follows as a direct consequence (from case k = 0), and Proposition 3.1 is
proved. O

4. Unidirectional Propagation

In this section, we show that if one chooses carefully the initial perturbation (defor-
mation of the interface as well as shear layer-mean velocity), then the flow is uni-
directional, in the sense that one can construct an extremely precise approximate
solution, driven by a simple unidirectional scalar equation. This study follows the
strategy developed for the water-wave problem in Refs. 20 and 37.

The precise result, which has been displayed in the Introduction (Proposi-
tion 1.6), is recalled below, followed by its proof and a brief discussion.

Proposition 4.1. Set \,0 € R, and (° € H*™® with s > sg > 3/2. For (¢, ,9,7) =
p € P, as defined in (1.1), denote (CP)pep the unique solution of the equation

0¢C + 02C + €01(0.C + €202C20,¢ + Ea3C30,¢ + uug’Aﬁi’C — uyf’)‘(?f:(?tg
+ €0y (k7 CO2C + K5 (9.0)%) = 0, (4.1)

with parameters

362 —~ 21(6% — 7)? 5%+

] = 7 ) Qo = 5 )
2y+9 8(v +9) y+0

oo = T =7)? 370 —7)(° +7) | 50" —~)

° 7 16(y + 0)3 4(y +0)2 y+3
A= (1-0-N) o+ M =0+ N
v = oo Vet
Lon _ (14— 6(0+N))(0* —7)(A1+70) 1-9
! 245 (7 + 6)2 6(y+9)’
. (17 — 126) (6% — 7)(1 + 79) R .

2 485(y + 6)2 12(y + 6)

For given Msys5, h > 0, assume that there exists Tsys > 0 such that
Ts+5 = maX(T > 0 such that H<p||Loo([0,T);Hs+5) < Ms+5),

and for any (t,z) € [0,Ts15) X R,

1
ha(t,z) =1—eCP(t,x) >h >0, ho(t,z) = 5 +eCP(t,z) > h > 0.
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Then define v* as v° = h1+“’h2 v[C?], with

v[¢] = <+e L2 e C3+63fc4+uv3§C+u6(mC@§C+Hz(axC)Q)» (4.2)

3
where t b d 0,0 =00 = k)
parameters oy, ag, s are as above, and v = v, 0 K1 = K], K2 = Ky.

Then (CP,vP) is consistent with Green—Naghdi equations (1.3), of order s and
on [0, Tsy5), with precision O(g), where

€= C(MS+57 h_la 5m3n? 5maxa €max, fmax, |)‘|7 |9|) X maX(€47 /142)
Proof. In order to simplify the calculations, we use the Green—Naghdi system (1.3)

expressed using the variables (¢, v) where we define v = hﬁ’;ﬁbz v. The system reads

atC + aazy = 07

h1 + vha € h12 - '7h22 2
at( e y+u2[h1,h2]y) (1400 + 2@( ) )

= (€0, (R[h1, holv),

with the following operators:

Qlh1, ho]V = ﬁ (hlﬁz <h238z <h%)> + vhaO, (hl?’am (%)))
w5 (o (o (7)) e (v (30))

Using this system simplifies considerably the analysis. Indeed, it is clear that if
C is to satisfy the following scalar evolution equation,

0,C + 0uC + €01CO5C + €22C20,C + Ea3¢30,¢
4 uwd3¢ + pedy (k1O + K2(9,¢)%) = 0, (4.4)
then v shall satisfy (using the first equation of (4.3), and the fact that the system
is at rest at infinity: (,v — 0 when z — +00)

v=C e @0 ST w02+ eI+ Ra(0:0)). (45)

Now we will show that one can choose coefficients «q, ao, etc. such that the second
equation of (4.3) is satisfied up to a small remainder.

Indeed, when substituting (4.4) and (4.5), and expanding in terms of € and ,
one obtains

€(3(8% =) — 2(6 + 7)1)¢ B
—€(6(6° +7) = 5(6* = Y)ar + (1? + 2a2) (7 + 6))¢?aC
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+e3(10(6* — ) — 9(68% + y)a1 + (2012 + 14/32) (6% — )

- 2fas + aran)(0-+)E0C + o = o ) ) o

+u6<4(52 e~ 2eaw 4 )6 +) — 2(1;”5’a1) o3¢

e (26 = ) = B + 20+ ) 54 9) - 2
Mmﬁz@%g ~R, (46)

where the remainder R can be estimated, provided h; > h > 0 and hy > h > 0, as

|’R|Hs < C(|C|H3+5ah_1 Ot 6max7€maxa.uma)c) X maX(€47ﬂ2)'

’ Ymin?

The left-hand side of (4.6) vanishes when choosing the parameters as in Propo-
sition 4.1, with 6 = A = 0.

The cases 6 # 0 and A # 0 are obtained using the so-called BBM trick and
near-identity change of variables, as precisely described in Sec. 5.1. We detail the
calculations below, using for simplicity the notation Ogz(e) for any term bounded

by eC/(ICpse).
BBM trick. We make use of the first order approximation in (4.4):
9C + 0uC + €a1(0:¢ = Oz(max(p, %)),
so that one has, for any 6 € R,
9:¢ = (1= 0)0,¢ — 0(0:C + €a1(0:¢) + Os(max(p, €2)).
Substituting this identity into (4.4) yields
G + 02 + €01C0:C + €027 02C + a3 0:¢ + p(1 — )¢ — pfrdZo,¢
+ 1€dy (k1 — Orar)COZ¢ + (ko — Bran )(9:€)?)
= Os(max(p?, pe?)). (4.7)

Conversely, (p, a solution of (4.7) (with zero on the right-hand side), satisfies (4.4)
with a remainder bounded by Os(max(u?, pe?)). One can easily check that, defining
vy as a function of (y through (4.5), (¢g,vy) satisfies (4.6) up to a remainder Ry =
Os(max(p?, p€?)). Proposition 4.1 is now proved for § € R and A = 0.

Near identity change of variable. Let us consider

Cox = Cp — pvAD2 ¢y,
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where we recall v = 651(4:/—155), and with (p satisfying (4.7) (with zero on the right-

hand side). Then (g ) satisfies
0C 4 0:C + €a1C0:C + €aC?0,C + 3?02 + p((1 — O)v — AW)d3¢
— w(Ov 4+ M) 0?0 + pedy (k1 — Ovay — Avay )CO?C + (kg — Orar )(0:€)?)
= Os(max(p?, pe®)). (4.8)

Again, it is now straightforward though technical to check that, denoting (p,» the
solution of (4.8) and defining v, , as a function of ¢y  through (4.5), then (Cg,x, vy »)
satisfies (4.6) up to a remainder Ry » = Os(max(u?, ue?)). Proposition 4.1 is now
proved for any 6, A € R. O

Discussion. Note that the accuracy of the unidirectional approximate solution,
described in Proposition 4.1 is considerably better than the one of the decoupled
model; see Proposition 1.12. As a matter of fact, the accuracy of the unidirectional
approximation is as good as the solution of the coupled Green—Naghdi model, in
the Camassa—Holm regime €2 = O(u). More precisely, provided Hypothesis 1.3 is

valid, one obtains the following result (to compare with Corollary 5.8, below).

Corollary 4.2. (Convergence of unidirectional approximation) For (e, u,d,7) =
p € P, as defined in (1.1), let UL,y be a solution of Green—Naghdi equations (1.3)
such that the family (UE,N) is uniformly bounded on H?, s sufficiently large, over
time interval [0, Tan], and with initial data satisfying (4.2). Assume that hypotheses
of Proposition 4.1 hold, and denote UpCL the unidirectional approximation defined
therein. Then if Hypothesis 1.3 is true, one has for any t < min(Ten, Tst5),

[Ucr, = Us|l L= (o.:m+) < Cmax(e’, p®)t,
with C' = C(HUE'N”LOO([O,T];HS)a Ms+57 ht 5_1 5max7 €max, Hmax, |A|7 |0|)

’ “min?

Such a result is supported by numerical simulations. In Figs. 2 and 3, we compute
the decoupled Constantin—Lannes approximation of Definition 1.10, as well as the
unidirectional approximation described in Proposition 4.1, and compare them with
the solution of the Green—Naghdi system (1.3), in the Camassa—Holm regime € =
and for a unidirectional initial data (i.e. such that (4.2) is satisfied at t = 0).
Figure 2 deals with the case of a critical ratio 62—+, whereas the ratio is non-critical
in Fig. 3.

Each time, we represent the difference between the Green—Naghdi model and
scalar (unidirectional and decoupled) approximations, with respect to time and for
e = 0.1,0.05,0.035. Values at times ¢t = 10 and 1/¢ are marked. In the two right-
hand side panels, we plot the difference in a log-log scale for more values of € (the
markers reveal the positions which have been simulated), at aforementioned times.
The pink triangles express the convergence rate. The bottom panel reproduces the
difference with respect to the space variable, at final time ¢ = 1/e.
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In Fig. 2, we choose a setup which is favorable to the decoupled approxima-
tion of Definition 1.10: critical ratio 62 = 7 = 0.64 and localized initial data,
Clt=0 = exp(—(z/2)?). We see that the unidirectional approximation offers a greater
accuracy than the decoupled approximation. In particular, the decoupled model pre-
dicts a small wave moving on the left (of size O(e?), as a3 = 0 in (4.2)), which is
not predicted in the unidirectional model, and almost nonexistent in the solution of
the Green—Naghdi system, as we can see in Fig. 2(c). This short-time O(e?) error of
the CL decomposition is preserved over times of order T'= O(1/¢). As for the uni-
directional model, the produced error is clearly, and as predicted by Corollary 4.2,
of size O(e*t).

In Fig. 3, the ratio is non-critical (6 = 0.5, = 0.9), and initial data as previ-
ously. The accuracy of the CL approximate solution of Definition 1.10 is worse
than in the critical case, as the short-time error is of size O(e). Once again,
the same error estimates hold over times of order T = O(1/¢). The accuracy of
the unidirectional model is not affected, and is still of size O(e*t): the critical-
ity of the depth-ratio does not play a role in the accuracy of the unidirectional
approzimation.

Let us now turn to the following question: is it true that after a certain time, any
perturbation will decompose into two waves, each one satisfying (approzimatively)
an equation of the form (4.2)7 Our answer is numerical. We use the numerical
simulations of Sec. 5.3.2 (non-critical ratio, localized initial data), and test the
right wave (defined simply as the part of the signal located in the right half-line
x > 0) of the numerical solution of the Green—Naghdi system against (4.2). As we
can see in Fig. 4(a) (where the log of the error is plotted to ease the viewing), even
with such a crude exploration, a very good agreement appears after a given time Tp,
which is independent of ¢ (but rather depends on the thickness, or wavelength of
the initial data). The accuracy of this agreement is in our simulation of size O(e*),
and valid for long times; see Fig. 4(b).

epsilon=01 005  0.035 =10 =1
9 107 1074

log,(erron)
&
1
o
-
emor
-
5
L
-

: RE/at

T T T T T T T T
0 5 10 15 20 25 30 0035 005 0075 01 0035 005 0075 01
time epsilon epsilon

(a) Error with respect to time. (b) Error with respect to € = \/u.

Fig. 4. Validity of (4.2) for generic initial data.
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Numerical scheme. The major difficulty concerning the numerical simulations com-
puted throughout this paper is the fact that as e decreases (down to 0.035), the
time domain ¢ € [0,1/¢] (¢ € [0,e3/2] in Sec. 5.3), and therefore the space domain
of computation becomes very large. The decoupled models can be solved very effi-
ciently by using a frame of reference moving with the decoupled wave, but solving
numerically the Green—Naghdi model has to be carried out on the full time/space
domain. Thus we need a scheme which allows a great accuracy, with a relatively
small computation cost. With this in mind, we turn to multi-step, explicit and
spectral methods. The space discretization, and in particular the discrete differen-
tiation matrices use trigonometric polynomial on an equispaced grid, as described
in Ref. 62 (precisely (1.5)). This yields an exponential accuracy with the size of the
grid Az, if the signal is smooth (note that the major drawback is that the discrete
differentiation matrices are not sparse). It turns out that setting Az = 0.2 is suf-
ficient for the numerical errors to be undetectable. After this space discretization,
one has to solve a system of ordinary differential equations in time, and we use the
Matlab solver ode113, which is based on the explicit, multistep, Adams—Bashforth—
Moulton method,®® with a stringent tolerance of 1078,

5. Decomposition of the Flow

In this section, our aim is to obtain approximate solutions to (1.3), through a
decomposition of the flow into two independent waves, each one satisfying a scalar
evolution equation. Our aim is dual. First, we want to investigate which scalar
equation each of these waves should satisfy, in order to be as accurate as possible.
Then, we want to estimate the size of the error we commit by neglecting the coupling
between the two components.

We first give a fairly simple formal approach in Sec. 5.1, which allows to heuristi-
cally construct the decoupled equations at stake, and consequently the approximate
solutions (as precisely defined in Definitions 1.10 and 1.11). In Sec. 5.2, we give the
proof of the rigorous justification of such approximations; see Propositions 1.12
and 1.13. Section 5.3 contains a discussion on our result, considering various differ-
ent regimes and decoupled models, and supported with numerical simulations.

5.1. Formal approach

The main idea of the decomposition is that at first order (that is, setting e = u = 0),
our system of equations (1.3) is simply a linear wave equation

0 _1
U + Agd,U = O(e, p), with Ag = T+ (5.1)
y+46 0

and U = (¢,v)T. It is straightforward to check that Ay has two distinct eigenval-
ues, therefore, we can find a basis of R? such that (5.1) reduces to two decoupled
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equations. More precisely, there exists

1
1 1 11 7%
P B ( )7 P_l ) <
— —1
T+0 —(y+9) 2\1 =%
such that P~ AoP = (1 O).

0 —1

Now, let us define (u,u,) = P~'U = 5(¢ + 535, ¢ — %5)- Multiplying (5.1) by

P~ (on the left), and keeping only first order terms, yields

o () (5 O)or (1) = otem. (5.2)

As a conclusion, the solution U = (¢, 7)? may be decomposed in the following way:
U= (w(x—1t)+u(z+1t), (y+60) (w(z —t) —u.(z+1)7T.

Now, let us take into account the higher order terms in (1.3). One will make use
of the following straightforward expansions:

hihg 1 52 — 2’7(5(5 + 1)2

S R A CE S RS A
—é 752(65?;5; =3 4 oeb),
{th; JZQ; e G
QOlh1, ho]v = —%8@
(4 9)((B— a)udzC + (ag+ 26)0:(C0:0) = 5CO50) o),

— 1 1
Rlh1, ho]v = a<§(8mv)2 + §v6§v> + O(e),
2_
with o = —(71;;’)2 and § = 7(121252)3 7) i i
Using the decomposition as above: (uy,u,) = P71(¢, )" = (¢ + 50— 55%);
and withdrawing every term of size O(ue?, €*), one can check that the Green—Naghdi

system (1.3) becomes the following coupled system in terms of wu; (left-going wave)
and wu, (right-going wave):

Ovuy + Oy + f" (ug,up) =0, (5.3a)
Optr — Oy + fH (ug, uy) = 0, (5.3b)
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where f"" and f;"* are defined below:

= e%ﬁm ((ul + %ur> (ug — ur)> + 62%&3((1“ — wp ) (ug + up))

+ 63% e ((uz - ém) (ug — up)(ug + ur)z) — pvd20 (u; — uy)
1 2 2 1 2
+ per30; g(ul — u,)(Ozu; — D) + 5(8301” — Oypuy)

— pedy [/ﬁl(ulaiul - uraiur) + @(uraiul - ulaiur)

+ (4 2) (@) - <amur>2>],

[y

for = —6%873((51” + ur) (u, — ul)) — 62% e ((wyr — wp)uy (ug + uy))

— 63% - ((UT — gul> (Ur - Ul)(ul + Ur)z) - ,Uyag%at(ur - ul)
(up — ul)(azur — (ﬁul) + %((%ur — 8mul)2>
— pedy [/ﬁl(urazur — ulagul) + @(ulagur — urazul)

+ (0 +2) (@ - (amuz>2>]»

and where we used the notation

2 _ 2 2 2 _
a1:§5 4 a2:_375(5+1)7 a3:_55 (6 +1)2y(1 '7)7
2 v496 (y+9)? (v+9)3 (5.4)
I e e LI (A7) (8% =) N €t ) R et '
T600+7) YT T 3s(v+02 T P 3(v+0) T 2(v+9)

Remark 5.1. One could use higher order expansions with respect to the parameter
€, which would lead to decoupled models with formally higher accuracy. However,
let us note that our results (see discussion in Sec. 5.3) show that the main error
of our decoupled models comes from neglecting coupling terms which arise at low
order, rather than the unidirectional error which is produced by neglecting higher
order terms in the scalar equations. Thus including these higher order terms in the
evolution equation is unlikely to produce substantial improvement.

Proposition 5.2. (Consistency of (5.3a)-(5.3b)) Let (u},uf) be strong solutions
of (5.3a)—(5.3b), depending on sets of parameters (e,u,0,v) = p € P, as defined
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n (1.1). We assume that for s > so > 1/2,ul,u? € W([0,T); H*T3(R)), uniformly
in p. Additionally, we assume that there exists h > 0 such that

Rl =1—¢€(uf +ul)>h>0, hh=-+eu +ul)>h>0.
Then (¢P,0P)T = (uf +ub, (y+0)(u] —ub)) is consistent with Green—Naghdi equa-
tions (1.3) of order s on [0,T), at precision O(ue? + €*) (in the sense of Defini-
tion 1.2).

Proof. Proposition 5.2 is straightforward once one obtains a rigorous statement

2 2 JE— J—

hﬁi’;';p (h(';j,, ;j,fg)%) , O[h%, RE]5P, R[hP,hE]oP, as stated
above, the residual being estimated in W1([0,T); H**1) norm. These expan-
sions are easily checked, provided the assumptions of the proposition (uf,uﬂ €
WL([0,T); H*T3(R)), h¥, k5 > h > 0) are satisfied, and using uniformly continuous

(for s > so > 1/2) Sobolev embedding H® — L. m|

of the expansions of

The decoupled approximation simply consists in neglecting all coupling terms
in (5.3a)-(5.3b), that is replacing f/*(w;, u,) by f;"(w,0), and f&H(ur, uy) by
1570, u,). This yields

Oy + Opuy + eyuOpuy + eQagulQ(?zul + 6303U?amUl - uyﬁiﬁtul

1 1
— pedp(k1uduy + (k1 + 1/2k2) (0pup)?) + per30s <§ul8§ul + 5(890161)2) =0,

(5.5a)

3

Oty — Oplly — €01 UrOptly — 62a2u28$ur —€ C¥3’U,§8IUT — ,uuaiatur

o uﬁat(’iluTaguT + (’il + 1/2H2)(8Iu7‘)2) - M€f€33m (%Uragur =+ %(amur)2> =0,
(5.5b)

and (5.5a)—(5.5b) are the decoupled equations we consider; see Definition 1.10.

Let us now reckon that one can deduce from (5.5a)—(5.5b) a large family of
formally equivalent models, with different parameters, following the techniques used
for example in Refs. 7, 8, 20, 25, and that we discuss below.

e The BBM trick (from Benjamin-Bona-Mahony®). Keeping only the first order
terms in Eqgs. (5.5a)—(5.5b), one has the simple transport equations

Opup + Opup = O(p,e)  and  Opuy — Oty = O(p, €).

It follows that one can replace time derivatives in higher order terms (of order
O(ue)) by spatial derivatives (up to a sign), and both equations have formally
the same order of accuracy. In order to simplify, we consider only equations with
spatial derivatives in O(ue) terms (if they exist). In particular, (5.5a)—(5.5b)
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become
Oy + Opuy + ey Opuy + e2a2u128wul + EasuP0pu; — uu@i@tul
+ pedy (k1 + 1/383)w02u; + (k1 + 1/2k2 + 1/2k3)(0zu)?) =0, (5.6a)
gty — Optty — €1 UrOp Uy — 62a2u28$ur — Easu, S O0pty — Waiatu,
— pedy (k1 + 1/3k3)ur0u, + (k1 + 1/2k2 + 1/2k3)(0zur)?) = 0. (5.6b)

Following a similar idea, we make use of the low order identity obtained
from (5.6a)—(5.6b):

Opuy + Opuy + earuyOpuy = O(p, €2),
so that one has, for any 0 € R,
Opup = 00wy + (0 — 1)(0puy + earudyuy) + O(p, 62).
Substituting back into (5.6a) and withdrawing O(u?, ue?) terms yields
Opuy + Opuy + ey Opuy + e2a2u128wul + Easu 0y
— 0wy + 'l Puy + pedy (k02w + k§(9,w)%) =0, (5.7a)
Optty — Optty — €1 UpOpUy — EQQQUEGIUT — Easu, Oty
— w20, — plvdiu, — ped, (Ku,0%u, + k5(dpu,)?) =0,  (5.7b)

where we have defined, after parameters (5.4),

VW=ov, =1-0v, kl=kr+ % + (1= 0)av,

(5.8)

K2 K
IigEli1+72+73+(1—9)a1V.

Near identity changes of variables. We used system (1.3) as our reference system,
and therefore the unknowns we consider are (¢,v), where v = Uy — 4y is the
shear layer-mean velocity. However, other natural variables may also be used,
such as the shear velocity at the interface (leading to system (2.17))

vo = 0z ((d2 = Y91)|z=cc) = Ou(P2(2,72(2,0)) — ¥1 (2, m1(,0))),

(where we use the change of coordinate flattening the fluid domains: r;(x, 2) =
Zhi(x) + e((x); see Ref. 24), or more generally, using the horizontal derivative of
the potential at specific heights (21, z2) € [0,1) x (—1,0]:

v = 0y (ga(2, r2(, 22)) — Y1 (2, 72(2, 21)))-
4

Using the expansion of the velocity potentials and layer-mean velocities,?* as
well as the identity hiu; + hotia = 0 (obtained through the rigid lid assumption),
yields the following approximation:

0T = 0 A 020 4 peT (D) + O, ),
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. 3202 4620+2)475(322 —621+2 - . .
with \7172 — _ 3227+ z2+65)(fy15() 50t ), and 7*1°*2 g bilinear differential oper-

ator whose precise formulas do not play a significant role in our work as we shall
discuss below. Following this idea, we consider
A
T

ul’\ =u + /M(’?gul and u) =u, — ,u)\agur.

If (ug,u,) satisfies (5.7a)—(5.7b), then (uy,u;) satisfies the following equations,
up to terms of order O(u?, pue?):

2 3
opup + Opu + eanu}dpup + anu) dpup + azu) Opup
— w020 + A 0Pu + pedy (k9 M} 0%up + K5 (0pu)?) =0, (5.9a)

2 3

2 3
Opu — Opu) — eayunrdpu) — au) Opul — Eazul dpud

— 020 — R Pud — pedy (kM) 0%u) + K5(0,ud)?) =0, (5.9b)

TTrTTr

where we have defined, after parameters (5.8),

WA =vf A, A =00 - m?”\ = 561)’/\ + g A (5.10)
Note that in order to fit as much as possible with variables (¢, v*1>*?), one
could have used more complex change of variables, such as

up = u + /L)\agul + ,ue()\gulazul + )\3830(1”2))7

Uy = up — ,u)\agur — /Le()\gurazur + )\38$(ur2)),

with A = %7 and Ag, A3 obtained through 7#°*2. It turns out that UZ\ and
u? would then satisfy the same equation as above: the new parameters do not
depend on Ay and M3, as their contribution is of order O(ue?, u%e), after using
BBM trick to suppress higher order derivatives with respect to time. We thus do
not consider such changes of variable.

Ultimately, one obtains the family of approximations described in Defini-
tion 1.10, with the following set of parameters:

a1:§ ’7, 042:—3M7 a3 = —5 (+ )’7(3 '7)7
or_ 0 1470 or_ 1—0 1+~0
P A\ A_1-01495
CTEsG) T T e s (5.11)
oa_ Q0@ =) (1= (1-7) 38—y :
1 = 36(y +9)? 4 6(y +9) 2413’
1

_ (14+98)(6* =) (1-9)
T 35(v+0)? (H 4 )_12(7+5)'

[\SRAS~Y
—~
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5.2. Rigorous justification; proof of Proposition 1.12

In this section, we give the rigorous justification of the Constantin—Lannes decou-
pled approximation, as defined in Definition 1.10. More precisely, we prove Propo-
sition 1.12, that we recall below.

Proposition 5.3. (Consistency) Let ¢°,0° € H**® with s > sy > 3/2. For
(€,1,6,7) = p € P, as defined in (1.1), we denote Ul the unique solution of
the CL approzimation, as defined in Definition 1.10. For some given M7, s > 0,
sufficiently large, assume that there exist T* > 0 and a family (UEL)pep with

T* =max(T > 0 s.t. HU%LHLoo([QT);Herﬁ) + ||8tU2vLHLoo([O7T);Ha‘+5) < M;rG).

Then there exists U¢ = U°[UY,; ] such that U = U}, + U° is consistent with Green—
Naghdi equations (1.3) of order s on [0,t] for t < T*, at precision O(e%) where

ehy = Cmax(€(8” — 1) ¢, 1) (1 + V),

with C' = C(M}, 4, 5%, Omaxs Emaxs Mmax, | A, |0]), and the corrector term U€ is esti-
mated as

HUC||L°°([O,T"];H3) + ||8tUcHL°°([O,T*];H3) S Cmax(e(52 — ’}/), 62, /,L) min(t7 \/1_5)

Additionally, if there exists a > 1/2, M£+67 T* > 0 such that

6
D N+ 2*)* UL Loe 0.7y 1)

+ Y N+ 2?) 00U | oo o.70y,1) < ME,
k=0

then U = UL, + U¢ is consistent with Green—Naghdi equations (1.3) of order s on
[0,2] fort < T*% at precision O(suCL) where

GﬂCL = Cmax(e2(§2 - '7)27 647/1'2)7
with C = C(M£+6, ﬁ, Omax, €Emax; bmaxs |Al, |0]) and U€ is uniformly estimated as
1UN| Lo (o, 74,15y + 102U oo 0,74 115y < C max(e(6% — ), €2, ) min(t, 1).

Remark 5.4. The proof of Proposition 1.13 is identical to the one of Propo-
sition 5.3, presented below. More precisely, the choice of lower-order evolution
equations modifies mostly the last term of (5.16) in Lemma 5.1 (below), as the
contribution of neglected unidirectional terms should be added. The additional
error is therefore uniformly bounded over times [0,7*] and [0,7%]. The detailed
proof of Proposition 1.13 is omitted.
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Strategy of the proof. Our strategy is the following. Inspired by the calculations of
Sec. 5.1, we seek an approximate solution of (1.3) under the form

Uspp = (04 (62 — ) + 0 (6,2 + 1), (7 + ) (vs (5 — £) — v_ (1,2 +1)))
—I—UUC[UiL

where vy satisfies the Constantin-Lannes equation (1.5), and U¢ contains the lead-
ing order coupling terms. The parameter o is assumed to be small, and we want to
justify our approximate solutions over times of order O(1/0). Precisely, our aim is
to prove that

(1) the coupling term cU*® can be controlled, and grows sublinearly in time;
(2) the approximate function Uspp solves the coupled equation (1.3), up to a small
remainder.

As we shall see, controlling the secular growth of U€ requires to consider separately
the short time scale, where the coupling effects may be strong, and long time scale,
where the coupling between two localized waves moving in opposite directions can
be controlled. Thus we introduce the long time scale 7 = t/o, and will seek an
approximate solution of (1.3) as

Uapp(t, @) = Uapp(ot, t,x), with
Uapp (T, t,2) = (vy (7, t, ) +v_(7,t,2), (7 + 0) (v (7, t,2) —v_(T,t,2)))
+ oUvy](7, t, x),

with obvious misuses of notation.
Substituting the Ansatz into the coupled Green—Naghdi equation (1.3) yields at
first order

Oy + 0zvy =0 and Ow_ — Oyv_ =0, (5.12)

so that vy (7, t,2) = 04 (T, 24) = 04 (7,2 F 1).
At next order, and following the calculations of Sec. 5.1, one obtains the decou-
pled equations

o(1 — p02)0, 01 + €y 040,01 + 2an(9+)? 0,04 + 3a3(94 )30, 04
+ (Vg + 14)0304 £ 1€y (k1040204 + Ko (9,04)?) = 0, (5.13)

where parameters satisfy identities of Definition 1.10. In order to deal with the
coupling terms, we introduce the following first order correction.

Definition 5.5. We denote U° = (uf +u®, (y+0)(u$ —u’)) where ug [v4](7,t, x)
satisfies initial condition uf ;=9 = 0, and equation
0 (9 + Oy )us + fH(04,0-) — f1(04,0) =
0(0 — Oz )u’ + fr(04,0-) — f7(0,0-) =
where f! and f" are defined as in (5.3a)(5.3b).

(5.14)
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Remark 5.6. The above discussion does not take into account the use of near
identity change of variable as described in Sec. 5.1. In that case, we set the initial
data as follows:

Oj: PN
|0 = (14 pAd?) (%) . (5.15)

Thus the function o4 (ot,x F t), defined by (5.13) and with initial data (5.15),
satisfies precisely

vi(ot,t,x) = vx(ot,x Ft) = v} (t,x Ft),
where v is the solution of (1.5) as defined in Definition 1.10.

The proof is now as follows. First, we state that the approximate solution,
Uapp(ot,t,x), constructed as above, does satisfy (1.3), up to a small remainder
(although depending on the size of vy, uS, and their derivatives). The fact that
v+ is uniformly bounded follows from the assumptions of the proposition. The key
ingredient in the proof consists in estimating the growth over long times (that is,
in the variable 7), of u§ satisfying (5.14). Each of these steps is described in details
in the following.

Construction and accuracy of the approximate solution Uypp. The following lemma
states carefully the definition of our approximate solution U,pp, and its precision
in the sense of consistency.

Lemma 5.1. Let (°,v° € H*S with s > sq > 3/2, and (e,1,8,7) = p € P,
as defined in (1.1). Let v} (7,t,z) be defined by (5.12), (5.13) and with initial
data (5.15). Then define vy (7,t,2) as

v (7, t,x) = (14 pAd?) 1wl (1, t, 2),
and set
Uapp (T, t, ) = (v (7, t, ) +v_(7,t,2), (v + 8) (v (7, t, ) —v_(T,t,2)))
+oU ws](r, t, x),

where U¢ is defined in Definition 5.5. Then for e small enough, Uapp(at,t,x) satis-
fies the coupled equations (1.3), up to a remainder, R, bounded by

Rlsre < (s gess + ol o)
e ([ rrevs + (000 e + 01 Less + 010G |pres2) + 020 Lo
+earofus|go (|| gt + olul|gotr) + o ([us | gosr [ve| o)
T (83 i + 1020465 | 11:) (1 + e(|0Bus L + 1020y L)
+max(e*, pe?, 42 C(Jvg | govs + [Opvs|gota)), (5.16)
with a function F satisfying F'(X) < C(MZ g, ﬁ, Omax, Emaxs Mmaxs | A5 |0]) X.

S
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Proof. This result is a direct application of the definitions above, and calculations
presented in Sec. 5.1. More precisely, one obtains

R =R+ 020;us + (f(v + oul,v_ +ou’) — flvg,v_)) + Re + Ra,

where

° EO is the contribution due to the expansion of hhi’fﬁbz (hhllJ:th; 2, Q[h1, ho]v and
RIh1, ho]v with respect to parameter e;

e fis a linear combination of f* and f5* as defined in (5.3a)—(5.3b);

e Ry and R are respectively the components due to the use of the BBM trick and

near-identity change of variable.

Let us detail the first terms leading to Rg. We want to control the contribution

of the expansion of m jrhil , that is, more precisely, estimate
|R(1)|Ha+1 _ | fuhe 1 € i (+e 2700+ 1)7 ¢
0 hi+7hy  y+6  (y+0)?

(y+96)?
Le 57020+ 1)*(1 =) .3
(v +0)* et
where ¢ = Capp = (V4 +v_+0o(ul +u®)(ot,t,2), and hy = 1—€Capp, ha = 3 +€Capp.

Note that, as we shall prove that C,pp is bounded in L>([0,7*); H5T1), there
exists €y > 0 such that for any 0 < € < ¢, one has

([ < min(1,1/6) and

X P — s | O\ 77— > o T
hl + ’7h2 > hl + ’Yh'Q Hs 2(1 + 7/5)

&
Now, one can easily check that, in that case, Rgl) — AP0 yhere PM(X) is

hit+vha?
a polynomial of degree 4, and estimate |Rél)|Hs+1 < EF(Jvg| ot + olul| o)
follows from classical product estimates in H*. As hh1h2 gets multiplied by v and

differentiated once, the first term in (5.16) follows.

The contributions due to the expansion of W’% is estimated in the same
way. The contribution due to the expansion of R[h1, h2]v requires more derivatives,
but may be estimated as above by ue?F(Jva|gs+s + o|us|ge+s). The contribution
due to the expansion of Q[hq, h2]v involves one time derivative, and is controlled
by pe?F(|0pv| otz + o|0pus | fro+2). This yields the first line of (5.16).

Then, one can check that

Jo (s + ouSvn 4 ou) — [ (os,v0)

= 0,(P(ous.,v1)) + povd? o’

2
+ pedy ZQ (00lus, 2 Fvg) + QS (oul, 92us) + QL (00,us, Dpus)

Jj=
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2
€0, | S QP (00dus, 02 vs) + QY (ous, 9Pus)
j=0

+ QP (00,us, 0,us) |,

where P is a bivariate polynomial of degree 4, and whose leading order terms are
P(oul,vy) = are(oulvy) + e(oul)? + aaloulve® + - -,

and Q;i) are bilinear forms. Each of these terms are bounded as in (5.16).
Finally, Ry and R, depend uniquely on decoupled terms vy, and one has simi-
larly

|Rolms + [Ralms < Comax(e, ue?, 1) (|vx|gets + |0pvs|prota),

with Cy = C(ﬁ, Omaxs Emaxs Mmax, | A, [8]). The proposition follows. O

Our aim now is to estimate each of the terms in (5.16).

Estimates of the decoupled approximation v4. The bound on vy is a direct conse-
quence of the assumptions of the proposition, using the identity

ve(ot,t,z) =04 (ot,x Ft) =vi(t,x F i),

where vy (t,z F t) is defined through Definition 1.10, and therefore is uniformly
controlled as assumed in the proposition. It follows

19+ 1| oo (0,07 ) x [0,7%); 115 +6) + OO V% || Los ([0,07%) x [0, 7% ) 1o +5) < M. (5.17)

However, let us note that one can gain extra smallness on 00,0+ (trading with

a loss of derivatives) from the fact that o4 satisfies (5.13). Indeed, one has for any
keN,

0|07 0| prore < max(eay, €2, ) P(|0x| gotnss) + o020, 04| gote,
where P(X) is a polynomial, so that®

0)10- 0 || Lo (0,07 ) [0.74); o3y < max(ean, €2, 1) C (M ). (5.18)

As for the case of localized initial data, the assumption of the proposition yields
6

Z 11+ $2)aa§1’iHLOO([O,oTu)x[o,Tﬁ);Hs)
k=0
5
+ 30l (1 + 22)*0r v | oo 0,08y x 0,74); 10y < ME g (5.19)
k=0

hHere and in the following, we do not explicitly keep track of the dependence with respect to all
the parameters; as (e,p,0,7) = p € P, as defined in (1.1), and parameters satisfy identities of

Definition 1.10, one should replace C(M7, ) by C(M}, 4, 5;_, dmax, €max, fmax, |A|, [0]).
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and one deduces as above, for Kk =0,1,2,3

3
o|(1 4 22)*0k0, o1 | gs < max(eay, €2, u)P (Z [(1+ ac2)°‘(9§+iﬁi|Hs>
i=0

+ po|(1 4+ 2220k 20,04 | o

< max(eay, €2, u)C(M£+6). (5.20)

Control of the secular growth of the coupling terms uS. Let us now study the term
U¢ = (ul +u, (y+0)(ul —ul)), which contains all the coupling effects between
the different components. Our aim is to control the secular growth of this term.
This will be achieved through the following two lemmas.

Lemma 5.2. Let s > 0, and f° € H*TL(R). Then there exists a unique global
strong solution, u(t,z) € C°(R; H**1) N CY(R; H®), of
(0 + 10)u =0y f (0 +c20.)f =0
with
fi|t:0 = fo

U|t:0 = 0

where ¢1 # cs.
Moreover, one has the following estimates for any t € R:

[u(t, ) ey < ||fO|H3+1(R)a u(t, ) ere @y < [0 v my-

ler — ¢

Lemma 5.3. Let s > so > 1/2 and 09, v§ € H*TH(R). Then there exists a unique
global strong solution, u € C°(R; H*1) N CY(R; H?), of
{(at + caa:)u = g(’l)171)2)

(at + Ciam)’l)i =0
ult=o = 0 ?

with Vi € {1,2}, {

Vilt=0 = v;

79

where ¢y # ca, and g is a bilinear mapping defined on R? and with values in R.
Moreover, one has the following estimates:

(1)
lull e (jo,6;05) < Csltl,  N|OvullLoo((o,6);m5) < Cotrlt]-
(2) Using c1 # co, one has the sublinear growth

Vi 1+t
lu(t, s @) = Cs———=, |Owu(t,")|n: = Csp1 ——s,
H# (R) o= ool t + o1 — ool

with Cy < C|U?|H5(R)|U3|H3(R)'
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(3) If moreover, there exists o > 1/2 such that v9(1 + %)%, and v3(1 + 2%)* €
H?*(R), then one has the (uniform in time) estimate

[ull oo =) < ClY (14 &%) s ry [0 (1 + 22)* | 1= m)

with C = C(——, — ).

c1— 02’ a—1/2

Proof. Lemma 5.2 is straightforward, since one has an explicit expression for the
solution:

u(t,z) =

(f(ta+ ez — e)t) — f(t,2) = —— (/@ — ext) — [w — cat)).

C2 —C1 C2 —C1

It follows |u|gs+1 < ﬁ”owsﬂ. Using u = = f‘Clt 0. f°(x — y)dy yields

1 Clt
|U|Ha' < m/ |8wf0(95 - y)|H§dy < ‘t|‘8xf0|H3-
- Czt

As for Lemma 5.3, the well-posedness as well as estimate (1) are standard;
the remaining estimates, controlling the secular growth, are proved in Ref. 45,
Propositions 3.2 and 3.5. O

One can now state our key result, controlling the secular growth of U*°.

Lemma 5.4. Let v+ be defined as in Lemma 5.1, for (1,t,x) € [0,0T*) x R?
and satisfy (5.17). Then there exists a unique U°(T,t,x) € L*°([0,T) x R; H®) such
that U° = (uS +u®, (v +0)(uG — u®)), with vl satisfying (5.14) and U¢|;—o = 0.
Moreover, one has the estimate for and t € [0,T*]

al[ulll L= (fo,0r+)x (0,05 < C(My5) max(ear, €, ) min(t, V), (5.21)
o2 0rul | Lo (0,11 x 0,0 %) < O(My) max(ear, €, u)® min(t, vt). (5.22)
Additionally, if (5.19) holds for T € [0,0T*%), then one has the uniform estimate
Ol Lo (0,074 ¢ [0, 5111y < C (MY ) max(eas, €2, ) min(t, 1), (5.23)

oo, ul || os (0,11 x [0, 7)) < O s+6)max(€@17€2,u)2 min(t, 1). (5.24)

Proof. The functions u§ are defined as the solutions of a transport equation, with
a known and controlled forcing term, thus the existence and uniqueness of u$ and
U¢ is straightforward. As for the estimates, we focus below on u . Estimates for
u® follow in the same way.

By definition, u¢ satisfies

0(0h + 0 )uy = f1(54,0) — f(iy o),
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and the right-hand side can be decomposed in the following way:

o, 0) = vy, Za 0, () + Zej Zaw (Vo) 4 b

(v G+ ea@ur ) e S du(Ohus )02 )
k=0

3 3 J 3
= Zejawfj + Ze] Zgi’j + 10Oy fa + pedy f5 + MEng,
J=1 j=1 i=1 k=0

where the parameters aj, a;j, b;j, ¢; and dj depend on 7,9, A, 8, and where we

used Opv— = J,v_. Note that the first order terms ea; and ea; ; are factored by
_ 38—

a1 = 2555
The contribution from f;, j = 1,...,5 are estimated, thanks to Lemma 5.2,

whereas we use Lemma 5.3 for the contribution of g; ; and gi.

For all 1 < j <5, one has 0, f; — 0, f; =0, and

o [filgs+r < Clo|pee|v|gerr S C(|0-(7,)|ges1), for j =1,2,3;
o |falmerr < ClOZv-|pors < C(I0-(7,)|o+s);
o |fslmesr < Clo-|p|02v—|gess + [(0pv=)?|ress < C([0-(7, )| pro+2).

It is then straightforward to check that g;; and g, are the sum of bilinear
mappings, applied to functions vy, satisfying d;vy + 0, v+ = 0, with v+ bounded
as below:

o [ilms < C(lvelns) < C(|ox(r,)|m=), for i =1,2,3.
o 10,0 e < Cllvslmen) < Ol (7, ) gon), for j = 1,2,3.
o |8§Ui|Hs S ,UC(|U:|:|HS+1¢) S C(|l~}:|:(7', ')|H¢‘+3)7 for k = O, 1,2,3.

It follows from Lemmas 5.2 and 5.3 that uS satisfies
0'|Ui (T7 ta )|Hq < min(t7 \/Z) max(ale, 627 s MG)C(H}:I:(Tv ')|H3+3)a

and the last term is uniformly estimated through (5.17), so that (5.21) follows.
As for the case of localized initial data, we make use of the fact that for
k=10,1,2,3, one has

(14 22) 0k (7,1, ) e = |(1+2°)*0fvi (7)o, ) e < M,
so that (5.23) follows in the same way for 7 < oT*.

The estimates on d,v4 (7, ) are obtained similarly, as
3

3 J
(O + 02)0:us =Y F0,0:f;+ Y €D 0rgij + a0y fa

j=1 j=1 i=1

3
+ ped,O0r fs + e Z Or gk-
k=0
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One can check that each term of the right-hand side satisfies the hypotheses of
Lemma 5.2 or 5.3, and estimate (5.18) allows to obtain (5.22).

The case of weighted Sobolev spaces (5.24) follows as above, using esti-
mate (5.20). The lemma is proved. m|

Completion of the proof. The consistency result stated in Proposition 5.3 is now a
straightforward consequence of Lemma 5.1, together with estimates (5.17)-(5.19),
and Lemma 5.4. One can check that the remainder in Lemma 5.1 can be estimated as

(Rl < C(MY,q) (max(a?e?, e, u?) min(t, vI) + max(e?, u2)).
Note that we use
Or(vi(ot,t,x)) = 00,9+ + Oyvy, and 0|00+ |gs < max(eaq, €2, pe)|va|pate,
as above, as well as a uniform estimate
ol|[u | oo o, o vy < M.

The latter estimate can be enforced using Lemma 5.4, by restricting the time inter-
val with
(T*)1/2 < M
~ max(eaq, €2, 1)’
although such condition is not necessary, as Proposition 5.3 is empty for ¢t >
M (max(eay, €2, 1)) 72, the accuracy of the decoupled solutions being of order O(1).
More precisely, we proved the following lemma.

Lemma 5.5. For ¢, v° € H** with s > so > 3/2, and (¢, 11,0,7) = p € A, as
defined in Definition 1.1, let Uapp be defined as in Lemma 5.1. Then Uapp(ot,t, )
satisfies the coupled equations (1.3), up to a remainder, R, estimated fort € [0,T*)

by

IRl oo qo,0:¢) < C(Miyg)(max(afe®, €, u?) min(t, V) + max(e?, p?)),
and on [0,T%) by

IRl oo,y < C(MEg)(max(afe?, €, ) min(t, 1) + max(e*, u?)).

Proposition 5.3 is a consequence of the above lemma, together with the estimates
of Lemma 5.4 (see also Remark 5.6).

5.3. Discussion

Our result reveals its full meaning in the light of a conjectured stability result on
Green—Naghdi equations (1.3), or any consistent model, as described in Hypothe-
sis 1.3. If such a result holds, then one can deduce from the consistency result of
Proposition 1.12 that the difference between the solution of the Green—Naghdi sys-
tem (1.3) (and in the same way, the solution of the full Euler system if it exists) and
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the weakly coupled approximate solution U = U¢y, + U€ is small. The estimates
concerning the difference between the solution of (1.3) and the fully decoupled
solution Ugy, simply follows from the estimates on U€, in Proposition 1.12. This
strategy has been used in the water-wave case in Ref. 8, and in the case of internal
waves (when restricting to the long wave regime) in Ref. 25.

Throughout this section, we assume that Hypothesis 1.3 holds, and study the
convergence results between solutions of the Green—Naghdi model and the different
approximate solutions which proceeds.

Let us first state the convergence results concerning the weakly coupled model,
defined in Proposition 1.12.

Corollary 5.7. (Convergence of weakly coupled model) For (e, u,d,v) =p € P,
as defined in (1.1), let ULy be a solution of Green—Naghdi equations (1.3) such
that the family (UPGN) is uniformly bounded on H?®, s sufficiently large, over time
interval [0, Tan]. Assume that hypotheses of Proposition 1.12 hold, and denote U? =
UL, + UClUE,] the approxzimate solution, satisfying Ugn®|i—o = UP|i=o. Then if
Hypothesis 1.3 is valid, for any t < min(Tan, T, ¢), one has

|UP = Uyl oo 0,112y < Cmax(e2(8% = )%, €, p)t(1 + V),

with C' = C(HUZ,‘N ||L°°([0,T(;N];H¢‘) ) M;+6a ﬁa 6max7 €max, Hmax, |)‘|a |9|)
If moreover, the initial data is sufficiently localized in space, then one has for
t < min(TGN7T£+6),

|UP = Uiy Lo (o.:m0) < Cmax(e2(8% — )%, !, ),

with C' = C(HUE'N”LOO([O,T];HS)a M£+67 ﬁ;amam €max, fmax; | A, 10])-

We therefore see that the weakly coupled model achieves the same accuracy as
the fully coupled Green—Naghdi model, in the Camassa—Holm regime (1.2), if one
restricts to critical case §% —y = O(u), and if the initial data is sufficiently localized
in space.

Let us now turn to the fully decoupled models. The following result is a straight-
forward application of the above corollary, together with the estimate of Proposi-
tion 1.12. Estimates concerning lower order decoupled models are obtained in the
same way, using Proposition 1.13.

Corollary 5.8. (Convergence of decoupled models) For (e,pu,6,7) = p € P, as
defined in (1.1), let U%y be a solution of Green—Naghdi equations (1.3) such that
the family (UE,N) is uniformly bounded on H®, s sufficiently large, over time interval
[0, TaN]. Denote respectively UpCL, UEKdV, Uf{dv, UfB the decoupled approximations
defined in Definitions 1.10 and 1.11. Assume that the hypotheses of Proposition 1.12
hold, and Hypothesis 1.3 is valid. Define €9 = max(e(62 — ), €2, ). Then for any
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t <min(Ten,Tr ), one has
HU%L UGN HLOO([O t];H#) < CEOHHH t t1/2 1 +€0t s

(t, £77)( )
1UPav — Uan® |z (fo.0:5¢) < Ceeo min(t, t*/2)(1 + eot) + Cmax( 3 pet,
U5 gy — Uan® || Lo (jo,:15) < Ceo min(t, /) (1 + eot)
(&, ) )

|UE; — UGn® || Lo (jo.:2r) < Ceomin(t, t/2)(1 + eot) + C max(e?, u)t,

with C = C(”UpNHL‘X’ [0,Ten];H* )7 s+6a 5 » Omax, €max; Bmax; |/\|7 |9|)

If the nitial data is sufficiently localzzed in space, then one has for t <
min(T, T%),

1Uct = Us|Les((o,;m5) < Ceomin(t, 1)(1 + eot),

( )

Uekav — Us|lLo((o,;m5) < Ceomin(t, 1)(1 + eot) + C max(e?, pe)t,
|Ukav — Us||po<(jo,4:1+) < Ceomin(t, 1)(1 + eot) + Ce’t,

( )

)
)
)
)

HUlB — USHL(X)([O,t];Hs) < 060 min t, 1)1+ €ot) + Cmax(eQ,u)t,

U)Zth C:C(HU NHL‘X’ OTGN]H ), £+6, 5 6maxa€max7ﬂmaxa|A|7|9|)'
Corollary 5.8 exhibits different sources of error with different time scales.

e The first (and often main) source of error comes from the coupling between the
two counterpropagating waves which are neglected by our decoupled models, but
recovered at first order by the weakly coupled model (see Corollary 5.7). Following
Ref. 65, we name the contribution of this term the counterpropagation error.

— This error grows linearly in time, for times of order O(1), as the two waves
are located at the same position; and coupling effects are strong.

— However, one is able to control sublinearly in time the secular growth of such
coupling terms, which is the key ingredient of our result, and yields a con-
tribution of size O(ep\/t) in general, O(gg) if the initial data is sufficiently
localized.

e After very long time, one sees the effect of the precision of the consistency result,
through the stability hypothesis. Such a contribution is unavoidable, as it appears
after many manipulations of the equations, such as the use of BBM trick, or near-
identity change of variables. We call these contributions residual errors. The error
generated in that way affects both the solution of the scalar evolution equation
and the coupling term, thus there are two contributions.

— The so-called unidirectional error is linear in time as long as the solution of
the decoupled model is uniformly bounded, and varies greatly with the choice
of the model.

— The residual error coming from the coupling term may be superlinear (if the
initial data is not localized in space), as the coupling term grows in time.
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Fig. 5. Sketch of the error.

All of these contributions are summarized in Fig. 5. The total error of a decou-
pled model is the sum of the green and red curves. The green curve represents
the error generated by neglecting the coupling between two waves, and therefore is
affected by three of the contributions listed above, at different time scales. The red
curve is the unidirectional contribution, and varies with the choice of the model.

However, let us precise that the full pattern is not always visible, as in many
cases, one source of error will be negligible in front of the others. In particular,
keep in mind that we obtained existence and uniform control in weighted Sobolev
spaces of the solutions of decoupled models only over times of order O(1/max(e, i1))
(Proposition 3.1). Consequently, the time domain for which residual contributions
appear is out of the scope of our rigorous results.

In order to understand the relevance of a specific evolution equation, one has to
look whether the unidirectional contribution, which depends on the evolution equa-
tion itself, is smaller or greater than the different sources of error due to coupling.
For example, unidirectional error is always negligible in front of coupling terms in
the Constantin—Lannes model, whereas it is expected to be dominant in the inviscid
Burgers’ model.

Let us look precisely at several interesting scenarios, in the following subsections.
Our discussion is supported by numerical simulations. Each time, we compute the
coupled Green—Naghdi model and various decoupled approximations, for different
values of € and corresponding i (depending on the situation, u = € or u = y/€), and
over times O(e~3/2). As pointed out above, such time scale is out of the scope of
our rigorous result. However, interesting behavior appears after times O(1/¢), as we
shall see. Each of the figures below contains three panels. On the left-hand side, we
represent the difference between the Green—Naghdi model and decoupled models,
with respect to time and for ¢ = 0.1,0.05,0.035. Values at times 1/¢ and € 3/2 are
marked. In the two right-hand side panels, we plot the difference in a log—log scale
for several values of € (the markers reveal the positions which have been computed),
at aforementioned times. The pink triangles express the convergence rate.

The initial data is fixed such that the left-going wave is initially two-third the
right going wave, in order to avoid symmetry cancellations: v_|;—g = 2/3v4|i=0-
For localized initial data, we choose initial data v, |;—o = exp(—(z/2)?) and for
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non-localized initial data, we choose vy |;=o = (14 102%)~1/3. We set 6% = v = 0.64
in the critical ratio setting, and § = 0.5, = 0.9 in the non-critical ratio setting.
Finally, we set § = 1/2 and A = 0. The numerical scheme we use has been briefly
described at the end of Sec. 4.

5.3.1. The long wave regime

Let us assume that we are in the long wave regime: € = O(u), and therefore eg ~ p
in Corollary 5.8. It follows that the decoupled KdV approximation has the same order
of accuracy as any higher order model, whatever the initial data or critical ratio is.
Indeed, one has the same estimates for the decoupled approximations U = Ukgqyv
or U =U.gqv or U =Ucy:

\Ukav — UGN||L°°([O,t];H3) ~ |Ucr — UGNHLW([OJ];HS)
< Coprmin(t,tY/2)(1 + pit),
for any t € [0, T}, ), and if the initial data is localized,
IUkav — Uan || Lo=((0,4;1°) = Ucr — Uan || Lo=([0,4;m5) < Copmin(t, 1)(1 + ut),

for any t € [O,TSﬁ%). Let us note that one recovers the results of Ref. 25, for the
KdV approximation.

More precisely, a unidirectional error of size O(u?t) is not detectable, as it is
smaller than the coupling terms, presented above, so that the additional error pro-
duced by neglecting higher order terms in the Constantin—Lannes approximation,
and considering only the KdV equation, does not change the accuracy of the model.
However, let us note that for localized initial data, unidirectional error of size O(u?t)
is the limiting case. This is why one sees in Fig. 6(a) a noticeable difference between
the KdV approximation and higher order approximations (eKdV, CL). The rate of
convergence in Fig. 6(b), however, is identical: the error is of size O(u) at time
T = O(1/p) and O(u'/?) at time T = O(1/p3/?). We remark that the last panel
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v
v
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(a) Error with respect to time. (b) Error with respect to € = /1.

Fig. 6. Long wave regime, critical ratio, localized initial data.
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of Fig. 6 shows a slight discrepancy with respect to the predicted convergence rate
in O(p!'/?). This may be due to the fact that higher order sources of error (typi-
cally of size O(u3t)) are detectable for larger values of u (1 = 0.1), and eventually
becomes negligible for smaller values (1 = 0.035), therefore artificially improving
the convergence rate. Let us note also that the criticality of the depth ratio do not
play a role in this analysis, and that simulations in the case of non-critical ratio
exhibits similar outcome.

5.3.2. The Camassa—Holm regime, with non-critical ratio

We are now in the case where [0? — | > ag > 0, and € ~ /z, thus €9 ~ € &~ /1t in
Corollary 5.8. In that case, the contribution of the coupling error are always greater
than the one of the unidirectional error, and one has the same estimates as for the
decoupled approximations U = U;p, U = Ugqv, U = Uerqy or U = Ugy:

|Uis — Uan || Lo (j0,6;1%) = lUcL — Ucn|lLe=([0,1; %)
< Coy/pmin(t, t'/2) (1 + /pt),

for any ¢ € [0,T7,4), and if the initial data is localized,

|Uis — Uan || (o,4:0%) = lUcL — Uan|l Lo (0,4 14)

for any t € [O,TSﬁ ). As a consequence, the inviscid Burgers’ approzimation is as
precise as any higher order decoupled model.

Here, the unidirectional error of the inviscid Burgers’ approximation is of the
same order of magnitude as the residual coupling error, if the initial data is suf-
ficiently localized. Therefore, in Fig. 7, one can observe a noticeable difference
between the iB approximation and higher order models for long times, although
the convergence rate is similar at time 7' = 1/e = 1/,/u. For longer times, the
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time epsilon epsilon
(a) Error with respect to time. (b) Error with respect to € = /1.

Fig. 7. Camassa—Holm regime, non-critical ratio, localized initial data.
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decoupled approximate solutions do not seem to converge, which may indicate that
the exact solution Ugy cannot be controlled over times O(e~3/2), in our setting.

5.3.3. The Camassa—Holm regime, critical case

Now let us assume that §—y = O(,/), and € ~ |/, so that &g ~ p in Corollary 5.8.
We recall that T* and T* are known to exist and to be of size T = O(1/max(e, 1)) =
O(n~'/?), as a result of Proposition 3.1. Over such time, the unidirectional error in
the eKdV model is smaller than the coupling errors: one has for both U = U.gqv
and U = UCL,

Uekav — UanllL=(0,q:1+) = |UcL — Uan| L= (0,q;1) < Copmin(t, t'/?),

for any t € [0,T%.¢) if T* = O(u~'/2). If moreover, the initial data is localized,
then

|Uerav —Uan || (jo,4;5+) = |UcL — Uan || (jo,4;zr+) < Copmin(t, 1),
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Fig. 8. Camassa—Holm regime, critical ratio, localized initial data.
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for any ¢ € [0, 77, ¢) if T = O(u~'/2). The accuracy of both eKdV and CL approx-
imations are of size O(p?/*) at time T = O(u~1/2) = O(e~1), or improved to size
O(u) if the initial data is sufficiently localized. The accuracy of the KdV and iB
approximation is of size O(u'/?) at the latter time.

However, if one looks at longer times, then the picture is different. In our sim-
ulations, we looked at times up to T = O(¢~3/2) = O(u~3/%). At that time, the
localization in space of the initial data plays an important role. If the initial data
is non-localized in space, then contribution of the coupling terms are predicted
to be greater than the unidirectional error of the eKdV approximation: the sec-
ular coupling error is dominant up to T = O(u~') (uv/t > p®/?t), after which
time the residual coupling term is dominant (,u2t3/ 2 > 132 for t > p~1). Thus
the eKdV approximation is predicted to be as precise as the CL approximation in the
Camassa—Holm regime and if the initial data is non-localized in space, even if the
depth ratio is critical.

On the contrary, if the initial data is localized, then the unidirectional error is
dominant: z%/%t > pu(1 4 ut) for any t > /2. This leads, at time T' = O(u~3/*),
to an error of size O(p) for the CL approximation, and of size O(u?/*) for the
eKdV approximation. If the initial data is localized, then the CL approximation is
substantially more accurate than the eKdV approzimation after very long time, in
the Camassa—Holm regime with critical depth ratio.

The difference between localized and non-localized initial data can be clearly
seen when comparing Figs. 8 and 9. The fact the convergence rate of our numer-
ical simulations fit the predictions of Corollary 3.1, even for times which are out
of the scope of our rigorous results, gives hope to extend the validity of the CL
approximation to such times, where it becomes more precise than lower order
approximations.
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