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Abstract The rigid-lid approximation is a commonly used simplification in the study
of density-stratified fluids in oceanography. Roughly speaking, one assumes that the
displacements of the surface are negligible compared with interface displacements. In
this paper, we offer arigorous justification of this approximation in the case of two shal-
low layers of immiscible fluids with constant and quasi-equal mass density. More pre-
cisely, we control the difference between the solutions of the Cauchy problem predicted
by the shallow-water (Saint-Venant) system in the rigid-lid and free-surface configu-
ration. We show that in the limit of a small density contrast, the flow may be accurately
described as the superposition of a baroclinic (or slow) mode, which is well predicted
by the rigid-lid approximation, and a barotropic (or fast) mode, whose initial small-
ness persists for large time. We also describe explicitly the first-order behavior of the
deformation of the surface and discuss the case of a nonsmall initial barotropic mode.

Keywords Internal waves - Rigid-lid approximation - Boussinesq approximation -
Asymptotic analysis - Hyperbolic system

1 Introduction
1.1 Motivation

The mass density of water in the ocean is not constant due to variations in temperature
and salinity. As a matter of fact, one typically observes a sharp separation between
a layer of warm, relatively fresh water above a layer of cold, more salty water. The
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interface between these two layers may experience great deformations that are mostly
invisible at the surface but account for important oceanographic features, such as
internal solitary waves or the dead-water phenomenon (e.g., Gill 1982; Jackson 2004;
Helfrich and Melville 2006 and references therein). The study of these internal waves
has attracted a considerable amount of attention in recent decades and led to a vast
collection of various models. To simplify the setting, two approximations are com-
monly used in the literature—the rigid-lid and Boussinesq approximations. Roughly
speaking, the rigid-lid approximation consists in neglecting the surface displacements
compared to interface displacements, while the Boussinesq approximation relies on
the assumption that the density differences between the two layers is small. Admit-
tedly, these two assumptions are related: a fixed amount of energy generates a much
smaller displacement at the air/water interface than at the fresh/salty water interface
because the ratio of mass densities across the interface is negligible in the former case
compared to the latter.

The ambition of this article is to offer a rigorous justification of the foregoing
presumption. We restrict ourselves to one of the simplest possible settings, that is, two
infinite, two-dimensional layers of immiscible fluids with constant density above a
flat bottom. Moreover, we consider sufficiently shallow layers so that the hydrostatic
approximation is valid; thus we study the so-called Saint-Venant (1871) or shallow-
water equations. Even in that much simplified setting, we will come across serious
difficulties that derive from the fact that the typical surface wave speed, as predicted
by the linearized system, is much greater than the typical interface wave speed, in
particular in the limit of a vanishing density contrast. Thus, within the terms neglected
in the rigid-lid approximation are contributions whose velocity blows up in the limit
we consider. As a matter of fact, even the well-posedness of the Cauchy problem for
the Saint-Venant system in the free-surface configuration on a relevant time scale (i.e.,
nonvanishing with the density contrast) is challenging.

To our knowledge, very few works have been concerned with the validity of the
aforementioned approximations, despite the early concerns expressed by Long (1965)
and Benjamin (1966). Grimshaw et al. (2002), Craig et al. (2005), Craig et al. (2010),
and Duchéne (2010) derive and compare asymptotic models in both the rigid-lid and
free-surface settings. However, they do not directly compare solutions of the two
models with corresponding initial data but rather parameters of their models, or explicit
solutions (solitary waves). Moreover, and perhaps more importantly, their analysis is
restricted to weakly nonlinear waves, so that the deformation of both the surface and
interface is assumed to be small. Recently, Leonardi (2011) studied in much detail the
validity of the rigid-lid approximation in a linearized setting and without explicitly
looking at the limit of small density differences. Conversely, our study accounts for
fully nonlinear waves and directly compares the solutions predicted by the rigid-lid
and free-surface systems in the limit of a vanishing density contrast.

1.2 Presentation of Models, and Main Result

In this section, we present the two models we study—the shallow-water (or Saint-
Venant) system in free-surface and rigid-lid configurations (Fig. 1). We briefly describe
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(a) Free-surface situation (b) Rigid-lid situation

Fig. 1 Sketch of the domain in the two different situations at stake

some early properties of these models and state our main result in Theorem 1.2. There
follows an outline of the present paper and some notations used therein.

Free-surface system. Let us first introduce the shallow-water model with a free
surface, which we simply refer to as the free-surface system:

0,81 + 0y (hiuy) + 0y (houz) =0,
082 + 0y (houp) =0,

(1.1
Ot + @ FLo¢1 + 50, (m2) =0,

Bz + (8 + )0k 2 + ya Loty + 50y (lu2l?) =0,
where we use the notation 11 = 1 + ea¢; — €{r and hy = % + €03.

This system was obtained' in Choi and Camassa (1996), Craig et al. (2005) and
justified in Duchéne (2010) as an asymptotic model (in the shallow-water regime) for
a system of two layers of immiscible, homogeneous, ideal, incompressible fluid under
the sole influence of gravity (the so-called full Euler system). It describes the evolution
of the deformation of the surface, ¢, the interface, ¢», and the horizontal velocity of
the fluid in the upper (resp. lower) layer, u (resp. u2).> More precisely, the two layers
are assumed to be connected, infinite in the horizontal dimension x € R, delimited
below by a flat bottom and by the graph of functions ¢ (¢, x), & (¢, x) (Fig. 1).

The parameters «, §, y, € are dimensionless parameters that describe the character-
istics of the flow. More precisely:

8 represents the ratio of the upper-layer to the lower-layer depth;

y represents the ratio of the mass density between the two fluids;

€ represents the maximal deformation of the interface divided by the upper-layer
depth;

! The models presented in these works are not limited to a flat bottom or horizontal dimension d = 1.
They present different constants in the velocity equations. This is due to a different choice of scaling in
the nondimensionalizing step. We chose our scaling in order to set the typical velocity of the internal wave
(obtained by solving explicitly the linear system, i.e., setting « = € = 0) as ¢y = %1, consistently with the
rigid-lid system (1.2).

2 The Saint-Venant model is usually derived using the so-called hydrostatic approximation. Equivalently,
one may assume that the horizontal scale is large compared with the vertical scale, so that the horizontal
velocity field is accurately described as constant throughout the depth of each layer of fluid.
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o represents the ratio of the maximal deformation of the surface to that of the
interface.

In particular, &; denotes the depth of the upper layer and &, the depth of the lower
layer.

Remark 1.1 Another dimensionless parameter plays an important role but is not visible
here, although it is essential for the construction and relevance of the shallow-water
models. If we denote by u the ratio of the depth of the two layers to a characteristic
horizontal length, then one assumes © < 1, and all terms of size (’)(,uz) are neglected
in (1.1).

An additional dimensionless parameter is ubiquitous in the present work and
obtained as a combination of the aforementioned parameters. It turns out to be con-
venient to express the assumption that the density contrast between the two fluids is
small with

oK1 o= |—=.

We conclude the presentation of the free-surface system by mentioning that sys-
tem (1.1) is obviously a system of four conservation laws but also induces at least two
other conserved quantities. Indeed, as noticed in Barros et al. (2007), after manipulat-
ing the equations, one may obtain the following identities:

e Conservation of horizontal momentum:
i (yhiuy + hauz) + 8, p + dx(Yhilur|* + haluz|?) = 0,

where p is the “pressure”: p = % (yff—;(hl + )+ (v + 6)h%).
e Conservation of energy:

1
E + 3, (E(yhnunzul + halua|*uz) 4+ yhiuy + h3us + yhiho(uy + uz))
= 0,

where we use the notation E = %yhllul 12 + %h2|u2|2 + p.

Rigid-lid system. The model corresponding to (1.1) in the rigid-lid configuration,
which we refer to as the rigid-lid system, is

hi+yhy

hi—yh3
v 4+ (¥ +8)dn + %3x(_(hll+:h2—2)2|v|2) = 0.

oo+ (e = o (12)

Here, n represents the deformation of the interface and v the shear velocity, namely,
v = upy — yuy; see below and Fig. 1. Again, /| and i denote the depth of the upper
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(resp. lower) layers, and thus 71 = 1 —en and hy = 1/§ + €n. The parameters y, §, €
are defined as previously.

System (1.2) has been justified as an asymptotic model in the shallow-water regime
in Bona et al. (2008),? starting from the full Euler system in the rigid-lid configuration.
Let us show how to formally recover (1.2) from (1.1). Set ¢; = 0 (or, equivalently,
o = 0)in (1.1). It follows in particular from the first equation that

Oy (hiuy) + 0x(hauz) = 0. (1.3)
Since h1u1 and houy are scalar functions vanishing at infinity, we deduce the identity
hiuy = —hou,. Thus, when we define v = uy — yu, we obtain
—h h
ui=—"2"" and wp=—"2" | (1.4)
hi+ yhy hy+yhy

It is now clear that the second equation and a linear combination of the last two
equations of (1.1) yield (1.2) (with n = ¢). We aim to give a rigorous confirmation
of the preceding calculations.

Main result. We state here the main result of the present work.

Theorem 1.2 Let s > 5o + 1,50 > 1/2, and Smin, Omax, Ymin > 0. Consider
(o, 8,€,y) € P, with

,PE{(O[’S’G’V)’OSO[SL Omin < 0 < Smax, 0 < € < 1,
Ymin = Y < 1}
Let 510’ 520’ “(1)v ”(2) e HSTY(R) satisfy the following hypotheses:
}é‘g|Hﬁ'I + |u(2)_yu(l)|Hs+l < M and

g|c?|m+] + |y + haud] e < Mo, (1.5)

as well as (denoting h(]) =1+ 60{;“10 — 6(20 and hg =514 6{20)

5 S (x) — uf(0))*

y+38 ’
2ra+ 8 H21ud(x) — yuld ()2
y+4

Vx € R, min {h?(x) L h(x) — e

(h)(x) + yhd () —

} > ho>0, (16)

3 The justification provided in Bona et al. (2008)—as well as in Duchéne (2010) in the free-surface
configuration—is in the sense of consistency: sufficiently smooth solutions of the full Euler system satisfy
the equations of (1.2) up to small, i.e., O(uz), remainder terms. The rigorous, full justification follows
from the well-posedness of both the full Euler system and the shallow-water model, as well as a stability
result, which make it possible to compare the solutions of both systems with corresponding initial data on
the relevant time scale. In the rigid-lid situation, Lannes (2013) recently solved the difficult problem of the
well-posedness of the full Euler system, consequently completing the full justification of (1.2); see Lannes
(2013), Theorem 7. No such result is available in the bifluidic, free-surface configuration.
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where 0 < hg, M < o0 are fixed.
Then there exist T~', C, positive, depending only and nondecreasingly on
M, ot sl Smax yr;l; and s;l’ such that the following assertions hold.
0=32

0 ° “min’

1. There exists a unique solution, (1, v) € C([0, T/(eM)]; H*T'(R)®) n C'([0, T/
(eM)]; H* (R)?) to (1.2), with initial data (y) |,—o = ;g, V= = ug — yu(l)).

2. There exists a unique solution, ({1, &2, u1,u2) € C([0, Thax); HS+1(R)4) N
CH([0, Tmax); HS(R)*) to (1.1), with initial data (¢, ¢, u?, uY), and Tmax >
T/ max{eM, o}.

3. One has, forany 0 <t < T/max{eM, o},

o
EHCl HLC’C([O,t];H-‘) + vk +h2u2”L°°([O,t];H") =CMg

and

In =t ||L°°([0,t];HS) + v — 2 - Vul)”LOC([o,z];HS) =CMo.

Remark 1.3 The restriction on the maximal time of existence for the solution of the
free-surface system, Tmax > 7/ max{eM, o}, as opposed to the classical Tpax >
T /(e M), is purely technical and does not reveal any limitation that would appear in the
weakly nonlinear case, e M = O(p). In contrast, we know that in the latter case (Propo-
sition 2.2 and Remark 2.4), system (1.1) is well-posed over time Thax = (e M )L,
without the additional condition in (1.5). Moreover, it would not be difficult to obtain
an asymptotic description of the solution similar to that obtained by Duchéne (2010)
(without the dispersion terms), namely that the flow may be accurately approximated
as a superposition of four independent waves, each driven by an inviscid Burgers
equation. The solution of the rigid-lid system (1.2) conforms to a similar description
(with only two counterpropagating waves); thus the two solutions are easily com-
pared. We present in Sect. 4 a similar decomposition of the flow allowing for stronger
nonlinearities; see in particular Theorem 4.5 and Proposition 4.6.

To acknowledge the fact that we are interested in strong nonlinearities, and to
facilitate reading, we set € = 1 in what follows.

Remark 1.4 The factor £ in front of ¢; is natural in our context. Indeed, one easily
deduces from the aforementioned conservation of energy for (1.1) that

/E(x)—E(oo) dx ~ §|a;1|iz + |6l7s + ylur]rs + Jual7
R

is constant in time, so that without any further assumption than a finite initial energy
we know that y1/ 2% &1 | ;2 remains bounded as long as the solution is well defined.
For simplicity’s sake, we set « = o in what follows.
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Let us emphasize again the consequences of the assumptions made on the preceding
remarks. The set of parameters we consider throughout the rest of the paper is

PE[((X,S,E,V), d=0= - o 8min S 8 S (Smax, E=1,0<)/ < 1],

with fixed 0 < Smin < Omax < 00©. The interesting limit is therefore 0 — 0 or,
equivalently, y — 1. Except for Sect. 2 and the appendix, we additionally impose
0 < ¥Ymin < ¥y, with ypin fixed. The assumptions € = 1 and @« = o do not lack
in generality because one can recover the general case, and in particular the set of
parameters in the statement of Theorem 1.2, after applying straightforward scaling

factors on the unknowns.

Remark 1.5 Notice that we do not impose any smallness on the parameter o. Of
course, for nonsmall g, our result does not improve already existing results in the
literature, namely the well-posedness of the Cauchy problem in Sobolev spaces for
free-surface and rigid-lid systems (Sect. 2). In that case, one does not expect the
free-surface solution to be accurately described by the rigid-lid solution. In other
words, the rigid-lid approximation is not valid if ¢ is not small; see, for example,
the discussion and numerical simulations in Duchéne (2011). When o is small, the
essential assumption is the second inequality in (1.5), which can be viewed as an
assumption of well-prepared initial data: it ensures that the time derivative of the
flow is initially bounded, uniformly for ¢ small. Such assumptions are standard in
the analysis of singularly perturbed systems; see, e.g., Klainerman and Majda (1981),
Browning and Kreiss (1982).

Remark 1.6 A natural extension of our work would consist in treating the situation
of the horizontal dimension d = 2. The free-surface system in that case would have
the same quasilinear structure as (1.1), and a symmetrizer was exhibited in Duchéne
(2010). In contrast, the rigid-lid system as constructed in Bona et al. (2008) is quite
different as it involves a nonlocal operator constructed from the orthogonal projector
onto the gradient vector fields of L?(R%)4 This can be seen from the fact that Eq. (1.3),
imposed by the rigid-lid hypothesis, becomes V - (hjuj + hauz) = 0, which does not
enforce hjuy + houy = 0 when uy, u; map R2 to R? (and, in particular, (1.4) does not
hold in general). Let us note, however, that the well-posedness of the shallow-water
system in the rigid-lid configuration when d = 2 was established in Guyenne et al.
(2010), Bresch and Renardy (2011). Interestingly, the system considered in Bresch and
Renardy (2011), which is formulated differently than in Bona et al. (2008), Guyenne
et al. (2010) and admits nonirrotational velocity fields, offers a clear approximate
solution (in the sense of consistency) to the Saint-Venant system in the free-surface
configuration.

Remark 1.7 The case of a (sufficiently regular) nonflat bottom topography can be
treated following the strategy of this work, after straightforward arrangements. Indeed,
the hyperbolic structure of systems (1.1) and (1.2) is not altered when the topography is
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taken into account, and the only modification is the appearance of a “source” term of the
form £(U)d, b, where f is a vector-valued function depending only on U, the unknown
vector-field, and b is the bottom topography. Note, however, that the decomposition
between the fast and slow modes introduced in Sect. 4 would not be valid because the
persistence of spatial localization (e.g., Lemma 4.4) would not hold with the additional
source term.

Remark 1.8 Contrary to the shallow-water systems (1.1) and (1.2), the corresponding
full Euler system is ill-posed in Sobolev spaces in the absence of surface (or interface)
tension due to the so-called Kelvin—Helmholtz instabilities. In Lannes (2013), Lannes
shows that, at least in the rigid-lid configuration, a small amount of interface ten-
sion may be sufficient to regularize the high-frequency component of the flow, hence
ensuring the existence and uniqueness of a solution to the initial-value problem over
large times. By selecting the low-frequency component of the flow, the shallow-water
assumption tames the Kelvin—Helmholtz instabilities and allows for our systems to be
well-posed even without the corresponding surface tension components. Conditions
(1.6), or more precisely the restrictions on the magnitude of the shear velocity that
define the domain of hyperbolicity of systems (1.1) and (1.2), are reminiscent of these
instabilities.

QOutline of the paper. Section 2 is dedicated to some preliminary results on the
Cauchy problem for systems (1.1) and (1.2), obtained through classical techniques
on quasilinear, hyperbolic systems. Indeed, one easily checks that systems (1.1) and
(1.2) are Friedrichs-symmetrizable under reasonable assumptions on the data. As a
matter of fact, the Cauchy problem for (1.2) was studied in detail in Guyenne et al.
(2010); Bresch and Renardy (2011) (with the much more difficult case of horizontal
dimension d = 2), and we recall their result in Proposition 2.1.

In the same way, one easily obtains the well-posedness of the Cauchy problem for
the free-surface system (1.1) through standard energy methods; we state the result in
Proposition 2.2, and postpone its proof to the appendix. However, the resulting time
of existence is only of size T 2 o. One objective of our work is to obtain a control of
the energy over a large time scale (i.e., uniform with respect to o small) and describe
the asymptotic behavior of the solution when g vanishes.

Note that Proposition 2.2 also contains the usual blow-up criterion, so that item 2
in Theorem 1.2 is a consequence of the control of the solution on the relevant time
scale. Thus it suffices to prove item 3, and the entire statement follows. Section 3 is
dedicated to the proof of item 3.

Finally, in Sect. 4, we discuss several natural developments around Theorem 1.2:

e The construction of a first-order corrector term in order to obtain greater precision.
In particular, we describe the asymptotic behavior of a small deformation at the
surface.

e The case of ill-prepared initial data, that is, data failing to meet the smallness
assumption in (1.5).

On both counts, the relevant notion lies in a decomposition between the fast and slow
modes (or barotropic and baroclinic modes), which we define precisely subsequently.
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Finally, Sect. 4.3 also contains a discussion on the various results of the present work,
supported with numerical simulations.

Notations. If not specified, Cy denotes a nonnegative constant whose exact expres-
sion is of no importance. In the present work, Co almost always depends nondecreas-
ingly on (Sr:ﬁln, Smax. ynjhl] and often on m, such dependency being nonnecessarily
specified. The notation a < b or a = O(b) means a < Cob, and a ~ b means a < b
and b < a, while a ~ b means 3 — 1 (¢ — 0).

We denote by C(A1, A2, ...) a nonnegative constant depending on the parameters
A1, A2,..., and whose dependence on the A ; is always assumed to be nondecreasing.

The real inner product of any functions f; and f> in the Hilbert space of square-
integrable functions, L? = L%(R), is denoted by

(fi, ) = /f1(X)f2(x) dx.
R

The space L = L*°(R) consists of all essentially bounded, Lebesgue-measurable
functions f, and

‘f|LC>c =esssup|f(x)] < oo.
xeR

For any real s > 0, H® = H*(R) denotes the Sobolev space of all tempered
distributions, f, endowed with the norm |f|gs = |A®f|;2 < oo, where A is the
fractional derivative A = (Id —8)%)1/ 23

For any U = (¢, &, uy, )T € HS(R)* and 0 < y < 1, we introduce the
following norm:

U = v]alp + |elh + v]nlf + 2l

Except in Sect. 2 and the appendix, we assume that y is uniformly bounded from
below, so that X* is equivalent to the standard H*® (R)*-norm.

For any functions u = u(¢, x) and v(t, x) defined on [0, T') x R with some 7" > 0,
we denote the inner product, the L?-norm, and the Sobolev norms with respect to the
spatial variable x, with (u,v) = (u(t,),v(t, ")), [u],» = |u(t, )], and |u|ps =
lu(t, -)| gs, respectively.

For T > 0 and X a functional space, we denote by L*°([0, T'); X) the space of
functions such that u(z, -) is controlled in X, uniformly for ¢ € [0, T). This space is
endowed with the following norm:

u = esssup |u(t, - < 0.
H ”LOO([O,T);X) le[O’Tl)’ lu(t, )lx

Finally, C k ([0, T); X) denotes the space of k-times continuously differentiable func-
tions in X.
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2 Preliminary Results

In this section, we present some results concerning the Cauchy problem related to the
free-surface and rigid-lid systems, respectively (1.1) and (1.2), in Sobolev spaces.

Proposition 2.1 (Well-posedness result concerning the rigid-lid system)
Lets > so + 1,50 > 1/2, and let U = (;0, UO)T € HS(R)2 be such that there
exists hg > 0 with

1
hi=1—-n>hy>0, h = E+n2h0>0,

(145712

—ym|v|22ho>0. 2.1

y+348

There exists Tmax > 0 and a unique Urp = (1, )T e C ([0, Thmax); H® (R)z) N
CL([0, Tmax): H L (R)?), maximal solution to (1.2) (with € = 1), with initial data
Urt li=0 = U°.

Moreover, there exists constants 0 < Co, T~ < |U0|HS(R)2 C(|U0|HS(R)2’ ho_l,

8_1

min’

Omax) such that one has Tmax > T, and for any t € [0, T,
‘URL(I5 )‘HY(R)z + |al URL(t’ .)‘H,T—I(R)z S CO eXP(CO t)a

and U (t, -) satisfies (2.1) uniformly for any t € [0, T] (with ho/2 replacing hy).

This result was precisely expressed in Guyenne et al. (2010), Theorem 1, and follows
from standard techniques on quasilinear, Friedrichs-symmetrizable systems. More
precisely, the existence and uniqueness of a solution follow from energy estimates
on the linearized equation, of which the preceding estimate is a particular case. To
assert the well-posedness in the sense of Hadamard, one should also state that the
flow depends continuously upon the initial data. Such a result holds: one may control
the energy of the difference between two solutions corresponding to different initial
data, provided these initial data are sufficiently regular. Precise blow-up conditions,
specifying the possible scenarios within the ones stated subsequently in Proposition 2.2
are also presented in Guyenne et al. (2010), Corollary 1.

I—y

Let us now turn to the free-surface system, (1.1). Recall that we seta = ¢ = /775

and € = 1, so that the system may be written as
U + A[UJoU = 0,
with U = (¢1, &, u1, u2) " and

up—uy  14+051—0 PR

<
—

o o o
—1
Ay = [0 w 0 o +af _ 4 1A,
E 0 ui 0
% S+vy 0 uy
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where Ag is a constant 4 x 4 matrix, and A1 (-) is a linear mapping into 4 x 4 matrices.

As we show in the appendix, the preceding system admits an explicit symmetrizer,
S[U], thatis definite positive provided U = ({1, &2, u1, us) T satisfies some conditions
similar to (2.1), namely

_ 2
VreR, () > ho >0 : hz(x)—% > hy > 0, (2.2)
y

where werecall h1 = 1 4+ 081 — ¢ and hy = 51— &.

However, one clearly sees that the system exhibits 1/o factors, which pass on the
constants in the energy estimates, thereby lowering the a priori time of existence. We
state subsequently in Proposition 2.2 the well-posedness of the Cauchy problem as
given by standard energy methods on quasilinear, Friedrichs-symmetrizable systems;
note that the time of existence of the solution is restricted to the poor Tiax 2 0. This
time scale is intuitively seen from a change of variable: define U (z, -) = U(t/o, -), so
that U satisfies

3. U + 0A[U0,U = 0,

and one has pA[U] = pAp + 0A1(U), with the matrix pA¢ and the linear mapping
0A1(-) being both uniformly bounded with respect to o < 1.

Proposition 2.2 (Naive well-posedness result for the free-surface system) Let s >
so+ 1,50 > 1/2, and let U0 = ({10, {20, u(l), ug)T € X* be such that (2.2) holds with
ho > 0.

There exist Tmax > 0 and U = (C]O, ;‘g, u(]), ug)T e C([0, Tmax): H*(R)H N
CL([0, Tmax); H~1(R)), unique maximal solution to (1.1) (with ¢ = p,€ = 1),
with initial data U |,—¢ = U°.

Moreover, there exist positive constants 0 < Co, T-! < |U0 xs C(\U0 x> hal,
(SI;iln, Omax) such that one has Tmax > To, U(t, -) satisfies (2.2) for any t € [0, T o]
(with ho/2 replacing hg), and

< Co exp(Coo™" 1).

Vi €[0,Tol. |U(.") yoo1 <

XS +Q|atU(tv )

Finally, if Tmax < 00, then at least one of the following holds:

° |U}L°°([O,t]><]R)4 or |axU|L°°([0,t]><]R)4 blows up ast /' Tmax, OF
e at least one of the conditions in (2.2) ceases to be true at t = Tpax.

The proof of Proposition 2.2 is postponed to the appendix so as not to interrupt the
flow of the text.

Remark 2.3 Condition (2.2) is a sufficient condition for hyperbolicity, in the sense that
it ensures that the symmetrizer we define and use in the appendix is positive definite.
We do not claim that this condition defines exactly the domain of hyperbolicity of
system (1.1) (contrary to (2.1) for the rigid-lid system (1.2)); see (Abgrall and Karni
2009; Castro-Diaz et al. 2011; Stewart and Dellar 2013) for a more detailed analysis
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on this point. In particular, one would expect the hyperbolic domain of the free-surface
system to asymptotically correspond to (2.1) in the limit o — 0, which is not the case
as (2.2) is more stringent.

Remark 2.4 Note that a uniform time of existence, T 2 1, is recovered for sufficiently
small initial data: ]Uo| xs = O(0). This result can be viewed through the following

change of unknowns: U = Qf] . The function U satisfies
U + AloU13,U = 0,

and Ao U 1= Ap+0A; (U ). The fact that the constant operator Apd, is not uniformly
bounded with respect to ¢ < 1 does not prevent solutions from existing in a time
domain independent of o because it does not contribute to commutator estimates. This
simple observation motivates the strategy we use to prove Theorem 1.2, as described
in Sect. 3.

3 Proof of Main Result

This section is dedicated to the proof of Theorem 1.2. Our first ingredient consists in
constructing a system equivalent to (1.1) but whose nonlinear contribution is uniformly
bounded with respect to g. To construct such a system, we shall use different variables.
Considering the conservation of horizontal momentum presented in Sect. 1.2, we
introduce the horizontal momentum, m = yhju| + haus, and the shear velocity,
us = up — yuj. One has immediately

ug =uy —yu; and m=yhiuy+ houy 3.1
if and only if
— houy hiug
up = T s and up = u (3.2)
y(hy + h2) hi + hy

Straightforward manipulations of system (1.1) yield the new system of conservation
laws we consider:

061+ Soum + S0 (5t ) =0,

062+ 0 (22 (g +m) =0,
(3.3)

1 2 2
y(m+hlus) —(m—hauy) _
s + @+ ¥l + §3x ( y(hi+h2)? ) =0,

o 2 2
Bm + Y 20,1+ (v + hadiety + 0, (Mgl g,

We still refer to this system as a the free-surface system. Systems (3.3) and (1.1) are
equivalent in the following sense.
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(glv §25 uS’ m)T €
Assume that for any

Proposition 3.1 Let s > so + 1,50 > 1/2. Let V
C([0, T1; HS(R)*Y) be a strong solution to (3.3), with T >
t € [0, T] one has

=N

3ho > Osuchthat ~ min  {hi(t, x) + ha(t,x) = 1+ 87" + 0¢1(t, x)} = ho>0.
xeR,1€[0,T]

ThenU = (&1, &, uy, uz)T e C([0, T]; H‘Y(R)“), where u1 and uy are given by (3.2),
is a strong solution to (1.1).

Conversely, if a given U = (¢4, &, Uy, uz)T e C(0,T]; H® (R)4) is a strong
solution to (1.1) and the preceding nonvanishing depth condition holds, then V =
1, &, us, m)" € C([0, T]; H® (R)“)), given by (3.1), is a strong solution to (3.3).

Proof The existence and regularity of U € C([0,T]; H*(R)*) (resp. V €
C([0, T1; H*(R)*)) are deduced from the corresponding control of V (resp. U), using
product estimates in Lemma 5.1, as well as Corollary 5.2. As usual, one deduces
from the system satisfied by, say, V—namely (3.3)—the corresponding estimate
&V e C([0, T]; H'(R)*), and 8, U € C([0, T1; H*~'(R)*) follows. The fact that
U satisfies (1.1) if V satisfies (3.3), and vice versa, demands somewhat tedious but
straightforward computations, which we leave to the reader. O

Remark 3.2 We do not claim here that the aforementioned solutions are unique. The
uniqueness of a solution to (1.1) is given in Proposition 2.2 and requires additional con-
ditions on the initial data, namely (2.2). We prove subsequently that these conditions
are also sufficient to ensure the uniqueness of a solution to (3.3); see Lemma 3.6.

Strategy and discussion. We see two benefits in considering (3.3) in lieu of (1.1).
First, the rigid-lid system, which was encrypted in (1.1), is now apparent in (3.3).
This will be helpful, although not necessary, for the construction of the approximate
solution in the following subsection. More importantly, one sees that the only terms
factored by o~ in (3.3) are constant. This second property is crucial for our analysis
and justifies the use of (3.3).

Let us briefly sketch the key arguments in the proof of Theorem 1.2 before contin-
uing with the detailed analysis in the following subsections. We first introduce some
notations, which are used henceforth. We rewrite the hyperbolic system (3.3) as

1
oV + (—Lg—i—B[V]) o,V =0, 34
Q

with V = (¢1, &, ug, m)T, and where

° éLQ represents the linear component of the system (see precise expression subse-
quently);
e B[-] contains a nonlinear contribution: it is uniformly bounded with respect to o.

In Sect. 3.1, we construct an approximate solution, Vypp, satisfying (3.3), as well
as the initial data, up to a small remainder. Thus defining W = V — Vyp,, where V is
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the exact solution, one has
1
AW + E(LQ +0B[Vapp + W) W = R, (-5

with W |;—o and R small [typically of size O(p)]. Our aim is to prove that W remains
small for large time scales (i.e., bounded from below uniformly with respect to o), and
Theorem 1.2 quickly follows (Sect. 3.3).

When compared with the classical theory of Friedrichs-symmetrizable quasilinear
systems, the main issue we face when controlling W in the natural energy space lies
in the two following facts:

(i) One must control the contribution from the unbounded component éL@ in the

energy space, which may generate a destructive O(o~!) factor; and

(i) One cannot use the equation to deduce a uniform control of 9; W from the cor-
responding control of d, W because, once again, this would yield a destructive
O(o™") factor.

These two difficulties are only apparent, as shown by a careful study of the system
symmetrizer. In Sect. 3.2, we introduce and study the symmetrizer, T[-], as well
as Y[-]=T[ ]( o + B[ ]) In particular, one can check that (roughly speaking)

T[]= 2 Ly + O(1), with T¢ a constant matrix, so that differentiation or commutation
with the operator Y[-] is actually bounded; thus issue (i) can be addressed.
0
1
1
0
orthogonal projector onto the kernel of L ), denoting L) = lim,, 1 L,; see below.
It follows that |H8,W ool S ‘W - uniformly with respect to small . As for the
other component, one shows that 7'[-](Id —IT) = Tp+O(p), with Ty a constant matrix,
so a factor of size O(p) is gained following differentiation or commutation with this
operator.
The detailed energy estimates are computed in Sect. 3.3.
There is an intuitive explanation for why the preceding claims hold. By precisely
analyzing the 4 x 4 matrix L,,

Issue (ii) requires a more specific analysis. We introduce I1 = , the

y—1 y+38
0 0 761D 76D
0 0 2 e
L, = T+5 143 ,
¢ 0 oy +9) 0 0
y(l+87h o2 0 0

one may check that for ¢ sufficiently small, L, has four distinct, real eigenvalues:

M) = £/1+5 1+ 0% : A = *0 + 0.

The linear theory thus predicts that the ﬂow can be decomposed as the superposition

v1+8

of four waves, propagating at velocity ci ~ £¥X2° and ¢} ~ %1, which we call
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the fast mode (resp. slow mode). Roughly speaking, the slow mode corresponds to
the flow predicted by the rigid-lid system, and the terms neglected in the rigid-lid
approximation correspond to the fast mode.

An important feature of the free-surface system, which is revealed by our change
of variable, is that the fast and slow modes are supported on (approximately) orthog-
onal components, which is responsible for the fact that coupling effects between the
two modes are small. More precisely, if we use the notation Loy = lim), .1 L, =

1

0 . . .
0 , then we can easily check that the eigenvectors corresponding to

14571

the two nonzero eigenvalues of L) are orthogonal to the kernel of L ). Therefore,
roughly speaking, the slow mode is supported by the variables ¢» and ug, while the
fast mode is supported by the variables ¢; and m. We take advantage of this fact by
treating separately the slow-mode terms [multiplying by IT, the orthogonal projector
onto the kernel of L )] and fast-mode terms [multiplying by Id —IT, the orthogonal
projector onto the space spanned by the other eigenvectors of L o) ]. The former contri-
butions are easily controlled because time differentiation does not induce a destructive
O(Q_l) factor. As for the latter, the property T[-](d —IT1) = Ty + O(p) reflects the
fact that the corresponding eigenvalues are well separated; thus the perturbation by
o B[] typically yields deviations of size O(p), following standard perturbation theory
Kato (1995). Finally, the desired property on Y'[-] is easily checked:

Y[]= T[]0 (éLQ + B[-]) + T[1(1d —1T) (éLQ + B[-])
- éTO(Id ~ML, + O(1).

We refer the reader to Sect. 4 for a more precise investigation of the decomposition
of the flow into fast and slow modes, and numerical illustrations.

3.1 Construction of Approximate Solution

In this section, we construct an approximate solution to the free-surface system (3.3)
using the corresponding solution to the rigid-lid system (1.2), as defined below.

Let us recall that henceforth, we assume that y is uniformly bounded from below:
¥ > ¥Ymin > 0. In particular, the norm X* is equivalent to the standard H* (R)*-norm
and will be used as such.

Definition 3.3 (Rigid-lid approximate solution) For given initial data Cg, u? satisfying
(2.1), the rigid-lid approximate solution corresponding to ({20, ug)T is denoted VgL, =
0,7,v,0)7, where V = (5, v) " is the unique solution to the rigid-lid system (1.2)
with V |,—o = (9, u®)T.

Proposition 3.4 Let s > s9, so > 1/2, and let {g, W e HSPI(R), satisfy-
ing (2.1) with ho > 0, and }(;20, ug)T|Hx+lex+l < M. Then there exists 0 <
T, Cy, Cy, Ci<M C(M, ot sl Smax» yn_n;) with the following statements:

0 ° “min’
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e VoL € C([0, T]: X*tTHncl(o, T1; X*) is well defined as previously and satisfies
Vi €[0,T],  |VRL|gori + |0 VRL]ys < Ci. (3.6)

o There exists Viem € C([0, T1; X*t1) N C([0, TT; X*), with
Vi €[0.T],  |Viem|gss1 + [0 Viem|ys < Ca0, (3.7)

such that Vapp = VRL + Viem satisfies (3.3), up to a remainder term R, with

”R”LOO([O,T];XS) < C30 (M +o). (3-8)

Remark 3.5 The explicit formula for Viem, which is precisely displayed in the sub-
sequent proof, does not play a significant role in this section, except as a technical
artifice to obtain the desired estimate. In particular, it does not appear in Theorem 1.2.
However, as discussed in Sect. 4, it corresponds to a first-order correction of the
approximate solution and is clearly observable in our numerical simulations.

Proof of Proposition 3.4 By Proposition 2.1, there exists Cj, T-! < McC
(M, hy', 8L Smax) such that Vg, € C([0, T1; X**') is well defined by Defini-
tion 3.3, and (3.6) holds.

We now plug Vipp = VRL + Viem into (3.3) and check that one can explicitly define
a function Viey, = Viem[#, v] such that the remainder term, R, satisfies the estimate of
the proposition. Anticipating the result, we use the notation Vpp = (Qfl, n, v, inh)—r

and subsequently

o . _ 25—h
001 + 00 + L0 (MGt ) =,

0r1 + Ox (hlhTzhz(hIU + Qz’m) =72,

2. h 2_ (2. —h 2
Brv+ (5 -+ y)ien + 3 (HETHIC T (3.9)
023 + v (hy + h2)3x 1 + (v + 8)h2dyn

hi(@¥i—hav)2+yha(@2i+h v)?
0 ( : =r
T ¥ (h1+ho)? 4

with iy = 14 0% —nand hy =8~ + 1.
Our aim is to prove that one can choose ¢; and m such that

21| o + ] o + |01 s + |07i2] s < C2 (3.10)

and

1] s 4 |r2| s + |73] s + |14l s < C30 (M +0). (3.11)

To facilitate reading of the argument, we first assume that (3.10) holds and see how
1, m can be naturally chosen so that (3.11) is satisfied. Our choice for ¢1, m is precisely
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stated subsequently in (3.14) and (3.16), and checking that (3.10) is actually satisfied
is then a straightforward consequence of (3.6).

Recall that, by definition, (17, v) T satisfies (1.2). In particular, from the first equation
in (1.2) one deduces

rp =20 - —= + 070 ,
P (hl +hy hy+yh @ hi+ ho

where we denote by 1; = 1 — 7 the depth of the upper layer in the rigid-lid approxi-
mation.

Recall that VR satisfies (3.6) and (2.1). Thus one can apply the product estimates
in Lemma 5.1 and Corollary 5.2 [also recall that, by definition, 1 — y = 0(y + 8)]
to deduce

2 —1 —1
Ir2 | o qo.7/agemsy = M C(M L hg, Cou 80 Smax), (3.12)

where we used the a priori estimate (3.10).
Similarly, one deduces from the second equation in (1.2) that

e lo yhi—h  hi-yh |,
T2 y(hi +h2)?  (h +yh2)?
+y(Q2r71 +hv)? — )/2h%v2 + h%v2 — (0% — hyv)?
y (h1 + h2)?

’

so that one has, as previously,

Mo®> C(M, h3', Ca, 87 S, yih).  (3.13)

”’3 ”Lw([o,T/M];HS) =

Let us now look at the fourth equation in (3.9). We have

hiha(yhy +h2)v2)

hy + h)d, ¢ 8)hyd 9
Y (hi + h2)0c81 + (v + 8)h20xn + x( NUTESE

2 2
B N 0" _1 l ) hiha(yhy + ho)v
=0, (y((1+8 o+ 580) + & +H(E I+ 5n) )2 )

It is now clear that we can choose

. 8

&1 = —(7) + 5772)

U= m?
(1+6-1)?

, (3.14)

so that the preceding expression is of size O(p?). More precisely, and using once again
(3.10), we have

2 -1 —1 —1
”r4 HLOO([O,T/M];H‘Y) S MQ C(Ma h ) C2’ Smin’ 81’1‘laX7 ymin)* (315)
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We conclude with the first equation in (3.9). Using that o> = %, we have

. . Y+ 0% — hyv
= 0, 0 o, (A .
ry Q(z§1+ m + ” x(l o

We now recall that (7, v) | satisfies (1.2), so that we deduce explicitly 0; 51 from (3.14),

and
v hll’lzv )
a — 8 —_— =
& ! (’_11 +yhs

Now, we can check that by choosing

<M* C(M,hy', Co, 8L Smaxs Vimih)-
HS

m

v, (3.16)

it follows that

hihyv . y +8 hihyv
L im-I—
hy+yh v ity
< (M?>+Mo* C(M, hal, Ca, SI;iln, Smax; Vn:ih)’

so that estimates (3.6) and (3.10) yield

2 2 —1 —1 —1
||r1 ”LOO([O,T/M];H‘Y) 5 (M Q+MQ )C(M’ h() 5C278min78maX’ )’mm) (317)

Estimates (3.12), (3.13), (3.15), and (3.17) give the desired estimate: (3.11) or,
equivalently, (3.8). Moreover, one easily deduces from the estimate concerning Vg in

(3.6) the corresponding estimate on Ve, = (Qg:l ,0,0, er;l)T: (3.10) or, equivalently,
(3.7). Proposition 3.4 is proved. O

3.2 Properties of System and Its Symmetrizer

This section is dedicated to the preliminary results on the new free-surface system
(3.3) and its symmetrizer, which will allow for an energy analysis in the following
subsection.

Recall that (3.3) was constructed from (1.1) through a change of variables: for any
U e (1, 8,u1, us) T solution to (1.1), weuniquely associate the V = (1, {2, us, m)T
solution to (3.3) through a change of variable (3.1) (Lemma 3.1). In other words, we
have an explicit

X - X
@ o ug,m) T (€, 0w u2) T
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[in this section, the space X may be L*° R)*or HS(R)*, s > 1 /2], which is one-to-one
and onto, provided the nonvanishing depth condition is satisfied:

Jho >0 S.t. min  {hi(t, x) +ha(t, x) =1+ 8" +0&1(t,x)} =ho > 0. (3.18)
xeR,t0,T]

It follows that, recalling the notation for (1.1) as
U + A[UJ3,U =0,
we may rewrite (3.3) (after multiplication by the appropriate operator)
dF[V]o,V + A[F(V)IdF[V]o,V =0,

where d F[ V] is the Jacobian matrix of F. In other words, recalling the earlier notation
in (3.4), we have

1 1
oV + (—LQ + B[V]) oV =0 with —L,+ B[V]= @F[VD)TA[F (V).
e e
Thus the symmetrizer of the new system (3.3) is readily available from that of sys-
tem (1.1).
Lemma 3.6 Let S[-] be a symmetrizer of (1.1), e.g., (5.2). Then the operator T[-] =
(dF[-])TS[F(-)]dF[-] is a symmetrizer of (3.3). Moreover, T[V] is definite positive

if and only if F (V) satisfies (2.2).

Proof Forany V € X, the operator T[V] is obviously symmetric. Moreover, T[V] is
definite positive if and only if S[F' (V)] is definite positive since one has

vx e R, T[VIx-x = S[F(V)I(AF[V]X) - (dF[V]x), (3.19)
and dF[V]is invertible provided V satisfies (3.18). Let us note that the hyperbolicity

condition (2.2) is obviously more stringent than (3.18).
Finally, it is straightforward to check that

1
Tv] (ELQ + B[V]) = (dF[V]) ' S[F(V)IALF (V)IdF[V]

is symmetric, and this concludes the proof. O

We conclude that one can construct an explicit symmetrizer of system (3.3) using
S[-] given in (5.2). However, this symmetrizer has a quite complicated expression,
and we do not display it here. We will only present the necessary properties of the
operators of interest, which are easily checked using a computer algebra system, such
as Maple.
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Lemma 3.7 LetV, W € X, satisfying (3.18), and éLQ—I-B[] =(dF[-)YA[F()IAFI[]
defined previously. Then one has

BV, = ColV]y. [BIVI-BIWIl, = Colv-w],.  G20)

}V!w

W‘X, mm’amax’yn:i:])’ and where we denote HAHX =

Proof Recall that B[-] has a complicated expression, but it is explicit it involves only
products of the components of V or factors of the form e + . Thus one can apply
Lemma 5.1 and Corollary 5.2 [since (3.18) holds], and the result easily follows. O

Lemma 3.8 Denote T[-1=(dF[-]) T S[F()IAF[-1and Y[ 1=dF[-D) T S[F(OIAF[],
with S[-] and Z[-] = S[-]A[-] defined in (5.2) and (5.3). Let V € X such that F (V)
satisfies (2.2), with hg > 0. Then there exists Co = C(|V|X, ho , 5;11111, Smax» yn:lil

such that one has the following claims:

1. T[V], Y[V] are symmetric. T[V] is positive definite. More precisely, for any
W e L>(R)* one has

1
C—0|W|i2 < (TIVIW, W) < Co|W/,. (3.21)

2. T[V], Y[V] satisfy the following estimates:
ITtvl], < Coi YLV, < o 'Co. (3.22)
3. IfV =V(x)and 8,V € X, then
[8.(TIVD ], < ColdeV]y: [0(YIVD], = ColdeV],  (3.23)
and
[0, (TIVDAd—ID ||, < @ Co|dV|y. (3.24)

0

. . 1
recalling the notation 1 = ]

0

Proof That T[V] is symmetric, positive definite and Y'[V] is symmetric was already
stated in Lemma 3.6. Estimate (3.21) follows from Lemma 5.4 and (3.19), recalling
that ¥ > ymin > 0 ensures that the L2(R)4-norm is equivalent to the X O_norm.

Estimates (3.22) are direct consequences of the corresponding estimates on
S[-1, Al[-]and F (-), dF[-], which are easily checked. We recall that the necessary prod-
uct estimates in X = L*[R)* or X = H*(R)* (s > 1/2) are given by Lemma 5.1
and Corollary 5.2. The first estimate in (3.23) is obtained similarly.
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Finally, the second estimate in (3.23) and (3.24) are less obvious but can be checked
with the help of a computer algebra system (we must ensure that all first-order terms
in o are constant). O

3.3 Completion of Proof

Denote by V astrong solution to the free-surface system (3.3) satisfying the nonvanish-
ing depth condition, (2.1); and denote by Vyp, the approximate solution constructed in
Proposition 3.4. One easily checks that W = V — V,,; satisfies the following system:

1
W + E(LQ+QB[V]) KW = R, (3.25)

with R = R—(B[Vapp+W]—B[Vapp]) 0x Vapp, Where R is estimated in Proposition 3.4.
The following lemma presents an a priori energy estimate on W satisfying the
preceding system, on which our desired result is based.

Lemma 3.9 Lets > so+ 1, so > 1/2, and let W be a strong solution to (3.25), with
W li=0 € X°®. Assume that there exists M, T, ho > 0 such that F (V) satisfies (2.2)
and

|0 M.

”V”Lw([o,T];XS) + | VHLOC([O’TJ;XS—I) =

Then one has, forallt € [0, T,

t
XSECOMI+ Co/eCOM(t—t’)’,R(t/’ D
0

W, )|y < Co|W (O, )

o di’, (3.26)

with Co = C(M, hal, 871 Smax )/n:llll .

min’
Proof We compute the inner product of (3.25) with T[V]A® W and obtain
(A'TIVIRW, A°W) + (A°T[VIW,A°W) = (A'T[VIR, A°W),

where T'[-] and Y'[-] are as defined in the previous subsection.
From the symmetry of 7'[-] and Y'[-] one deduces
1d

s — 1 N N l N N
S EW) = E([a” TIVI|A*W, A*W) + 2([8x,T[V]]A W, A*W)

— ([a, TVI]o, W, A*W) — ([A°, YIVI]os W, A*W) + (A*T[VIR, A°*W),
(3.27)

where we define

E*(W) = (T[VIA*W,A*W).

We estimate below each of the terms on the right-hand side of (3.27).
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Estimate of ([0;, T[VI]A*W, A*W). From (3.23) in Lemma 3.8 [with X =
L% (R)*] we have
|[3t,T[V]]ASW|L2 = |al‘V|L<>0C(|V|Loo’8_1 5m‘dx’ Vr;iil)|ASW|L2'

min’

By hypothesis, |9; V|, is controlled, and continuous Sobolev embeddings for s —
1 > 5o > 1/2 imply an equivalent control on the L°°-norm. One obtains simply

[8r. TIVI]ATW|,, < M C(M, gt 801 Smaxe V) | AW 2.

> “min’
It follows from the preceding expression and the Cauchy—Schwarz inequality that

2

|([0: TIVIJA W, A*W) | < Co M W]y,

(3.28)

with Co = C(M, hy', 8L Smax, Vim)-

0 > “min’
Estimate of ([dx, Y[V]|A*W, ASW). As previously, the Cauchy—Schwarz inequal-
ity and Lemma 3.8 yield

DIAW,

n

([0x. TIVIJASW, A*W) < [0V ], C(V ], 000 by 8mihs Smaxs Ve

0 > “min®
which is easily estimated thanks to continuous Sobolev embeddings. One obtains

2

|([0x. YIVI|A W, A*W)| < Co M |W|y, .

(3.29)

with Co = C(M, hy", 8- Smas b,

min’
Estimate of (AST[V]R, A* W). We apply the Cauchy—Schwarz inequality and
(3.22) in Lemma 3.8. One deduces

(A'T[VIR, A*W) < Co|W|,|R

(3.30)

XS X5

with Co = C(M, hy', 81 | Smax, Vimn)-

Estimate of ([AS, T[V]] W, A’ W). ‘We make use of the Kato—Ponce commutator
estimate recalled in Lemma 5.3. It follows that

[[AS YV W | o e S [0x(XTIVD)|

EM%

xs—1 xs—1

From (3.23) in Lemma 3.8, and since X*~! is a Banach algebra, one has

[9e YTV oot S 102V et CUV | ets gt S Sinaxs Vi
SMCM, hy', 871 S vh).

0 ° “min’

It follows that

2
XS?

[([A%, YIVI[o: W, A°W)| < CoM |W (3.31)
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with Co = C(M, hy ', 8L Smax, ).
Estimate of ([As, T[V]]@t W, AS W). As previously, the Kato—Ponce commutator

estimate yields
(A TIVI]OW | o gys S 10 TIVD | ot [0 W |1 S M0, W

xs-1 xs-1

Unfortunately, making use of the identity (3.25) only yields ]8,W ool S é|W x50
which is not sufficient to conclude. Thus we now need to use precisely the structure
of our system, and in particular estimate (3.24). Thus we decompose [A*, T[V]]0; W
into two components:

[A, TVI]oW = [A*, T[VI]TIo, W + [A°, T[V]](d —TT)3, W.

Let us start with the “slow” contribution, [AS , T[V]] [19; W. One can use Eq. (3.25)
to control ITd; W uniformly with respect to small ¢o. Indeed, one has

1
MNo;W = ——IIL,0. W —TIB[V]3, W + ITR,
Q
so that

Mo, W

IA

w1+ |[BIVIo W

o + R

xXs—1

1
ool |5HLQ8XW

IA

(1 +M)CM, hy', 80t Smaxs Vm) |9 W | oot + R oo+

> “min’

where we used estimate (3.22) in Lemma 3.8 and the property || L, || = 0(o). It
follows that

[[A%, TIVI8: W | 5 e < Co M (|[W

w TR

Xs—l)7

with Co = C(M, hy", 81 Smax, vioh).

> “min’
We continue with the “fast” contribution, [A*, T[V]](dd —IT)3, W. Since (Id —IT)
is constant, it commutes with A, and Kato—Ponce commutator estimates (Lemma 5.3)
yield
[A°, TIVI]Ad =D W | 2 mye S [[8x (TIVIAD =TD) | 151 |8 W] -

Now one has as previously
1
|31W’Xs = C0(5|W|Xf + |R}X~Y*])’

with Co = C(M, hgl sl Smax» yI;L). Estimate (3.24) in Lemma 3.8 makes it pos-

> “min’®
sible to recover a factor of size O(p):

|ox (T[VIAd —TD)) || oo < Co M o,

@ Springer



602 J Nonlinear Sci (2014) 24:579-632

with Co = C(M, hal 5= Smax» yn?ill). Thus we proved

> “min’

<SCoM (W

~

x telR

(A% IV W] )

with Co = C(M, b=, 670 Smans v,

0 ° “min’ Ymin

Altogether, one has, applying the Cauchy—Schwarz inequality,

|([A°, TIV]]o, W, A*W)| < Co M (|W

xs T |R|XS—1)|W

s (332

with Co = C(M, hy ', 8L Smax, b,

min’

Plugging (3.28)~(3.32) into (3.27) yields

1d
EEES(W) = CO(M‘W’;Y + |R’x5}W|x3)'

Finally, estimate (3.21) in Lemma 3.8 yields

1d

S EW) = GoM E'W) + Go|R|y ES(W)'/2,
with C(’) =C(M, hy 1, 51;1111’ Smaxs Vn?ib? and Lemma 3.9 follows from the Gronwall—
Bihari lemma. O

Completion of proof of Theorem 1.2. Let us now quickly show how Theorem 1.2
follows from Lemma 3.9. For given initial data as in the theorem, Proposition 2.2
yields the existence of Tipax > 0 and a unique solution U = ({1, &2, U1, ug)T S
C ([0, Tmax); X*TH N C1([0, Timax); X*) to (1.1) such that U (¢, -) satisfies (2.2) for
t € [0, Thax)- It follows from Proposition 3.1 that the change of variables in (3.1)
yields V = (¢1, 22, ug, m) T € C([0, Tmax); X*T1) N C1([0, Tinax); X*) as a solution
to (3.3).

Thanks to Proposition 3.4, and since condition (1.6) ensures that (;'g , u?)T satisfies
(2.1), one has that Vapp = VRL + Viem is well defined and controlled for ¢ € [0, T/M].
More precisely, there exists T-l,ci=C (M, ot sl Smax» yr;i;) such that

0 ° “min’

X5+l + |8tvapp(la ) Xs} = C1M~ (3~33)

sup {| Vapp(t» 2)
tel0,T/M]

Denote W = V — V,p,,. By construction, one has

|W li=o

XS +Q|al‘W |t=0 ’Xs—l =< C2 o M,
with C; = C(M, hy b Sr;iln’ Smaxs yn:illq). We introduce the time T* as

Ttj = sup {t € [O, Tmax, T/M]r

WHLOO([O,I];X-*)
+ 00 W | ooty = 2C2 0 M. (3.34)
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One has T* > 0 since W = V — Vypp € C([0, TT; Xt N CL([0, TT; X*); our aim
is to prove that 7% is uniformly bounded from below as in Theorem 1.2.
Recall that W satisfies (3.25); thus we apply Lemma 3.9 with
R=R- (B[Vapp +W]- B[Vapp])ax Vapp-
Proposition 3.4 yields

”R”LOO([O,T/M];XS) < Mo (M + o).

Now, using that (X*,

) 1s a Banach algebra, and using (3.20) in Lemma 3.7, one

has
|(B[Vapp + W1 — B[VappD)dx Vapp| < C([Vapp| s |[W | ) | W] s [ Vapp | -
It follows from the preceding estimates that
IR| Lo repxey < C3(M%0 + Mo?), (3.35)

with C3 = C(M, hy '8 L Smax, vih)-
Finally, we apply (3.26) in Lemma 3.9 [making use of (3.33)—(3.35)] and deduce

VO<t<T" |W(@, )

v < CoMoe“M" 4+ Co(Mo + 0*) (M — 1),

with Cp = C(M, ot sl Smax» yn_li;). A similar estimate is obtained on d; W using

0 ° “min’

the equation satisfied by W, namely (3.25):

|0, W

1 _ _ _
< EC(M’ hts St Smaxs Van) |9x W

> “min’

o IR

xs—1 xs—1+

It follows that there exists 7’ > 0, depending nondecreasingly on M, hy ! , SH_ﬁln, Smax»

ynjirll, such that one has
T% = min{Toax, T'/M, T' /).
Triangular inequalities and (3.33), (3.34) immediately yield

|22 ||L°°([O,T:];HS) + [ ||L°°([O,Tt];H5) = Mexp(CoM1), (3.36)
l&1] coqo.reg ey + Im ) oo, oy = Me exp(CoM), (3.37)

[13:811 + 18821 + 1By + 18| Lo .72 51, = M exp(CoM1), (3.38)
with Co = C(M, h7', 671 Smaxs v 1),

0 ° “min’ Ymin
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It follows in particular from (3.38) that for any ¢ € [0, T%] one has

t
|h2(tv ) - hZ(Ov ')|Hs—l < }/8l§2(t/7 ) dt/iHs—l
0

< C(M, hg'", 8 Bimaxs Vimin) M 1,
where we recall that h, = 81 + ¢>. Similar estimates on h; = 1 + o1 —
¢ and wujp,up given by (3.2) show that U(z,-) satisfies condition (2.2) uni-
formly for ¢ € [0, mm{TtI T"”/M}) (replacing ho with ho/2), with T~ !
C(M, hO 1’ Sr;lln’ Smax. len

From the blow-up conditions stated in Proposition 2.2 and a classical continuity
argument itis now clear that there exists 7 > 0, depending only and nondecreasingly
on M, ha , (Sr;m, Smax» yr;l; such that Tnax > T/ max{M, o}.

The estimates in Theorem 1.2 are a straightforward consequence of (3.34), (3.36),
and (3.37) (using Lemma 5.1 and Corollary 5.2), and the proof of Theorem 1.2 is now

complete.

4 Decomposition of the Flow

In this section, we offer partial answers to two of the natural questions arising from
Theorem 1.2:

1. Can we describe more precisely the asymptotic behavior of the solution, and in
particular the leading-order deformation of the surface?

2. Can we extend the result to ill-prepared initial data, that is, data that fail to meet
the smallness assumption in (1.5)?

In both cases, as we shall see, the answer will be given through a decomposition
between fast and slow modes. Such a decomposition is exact in the linear case [e = 0
in (1.1)] as the system becomes a linear wave equation; therefore the flow is a super-
position of four traveling waves. Diagonalizing Ll)LQ [using the notation introduced
in (3.4)] shows that when ¢ — 0, two of these waves (corresponding to the solution
of the rigid-lid system and mainly supported on variables > and u) traveling at a
velocity ¢ ~ %1, while the two other ones (mainly supported on ¢ and m) travel at
a velocity ci ~+V1+6861/0.

This decomposition is hardly new. In the literature, the two modes are also often
referred to as surface/interface modes, or barotropic/baroclinic modes, since the fast-
mode components share the properties of water waves for one layer of a fluid of con-
stant mass density (Gill 1982). The decomposition is exact in the linear setting and has
been shown to hold approximately in the weakly nonlinear setting; see Duchéne (2011)
and references therein. In that case, the smallness of € makes it possible to control the
coupling effects between each of the waves (even when additional—small—dispersion
terms are included), provided the initial data are sufficiently spatially localized.

Our aim in this section is to show that this decomposition is quite robust and holds
even when strong nonlinearities are involved. As was already mentioned, such a result
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will rely on a condition of spatial localization of the initial data, which we express
through weighted Sobolev spaces.

In Sect. 4.1, we construct slow- and fast-mode correctors that make it possible to
obtain a higher-order approximate solution of the free-surface system using only the
corresponding solution to the rigid-lid system and the initial data. Thus we improve
the results stated in Proposition 3.4 and Theorem 1.2 with Proposition 4.2 and The-
orem 4.5, respectively. In Sect. 4.2, we extend the consistency result obtained in
Proposition 3.4 to ill-prepared initial data, that is, data allowing nonsmall horizon-
tal momentum and deformation of the surface and, thus, involving a leading-order
slow mode. Unfortunately, we cannot conduct a study as in Sect. 3.3 and deduce the
stronger result corresponding to Theorem 1.2 (although numerical simulations are in
full agreement with such results). Finally, Sect. 4.3 contains numerical simulations
illustrating the aforementioned results and an accompanying discussion.

Remark 4.1 Recall that we set € = 1 and o = o after Theorem 1.2; see Remarks 1.3
and 1.4. The general setting and, therefore, statements as in Theorem 1.2 are easily
recovered. We also implicitly assume that the constant M, which evaluates the magni-
tude of the initial perturbation, is bounded from below. More specifically, for technical
reasons, we restrict our study to the time interval ¢ € [0, T'], with T~ ! bounded, rather
than t € [0, T/M]—although, as discussed in Remark 1.3, we do not expect any
particular limitation to occur when M is small.

As for Theorem 1.2 (Remark 1.5), our statements do not require the parameter o to
be small but are of little interest otherwise. In particular, our strategy of approximating
the flow as the superposition of fast- and a slow-mode approximate solutions relies
heavily on the fact that the fast mode propagates at a velocity |c| 2 1/, so that
coupling effects are strong only during a time interval of size O(p) (since the two
modes are localized away from each other afterward).

If both M and p are not small, then the initial perturbation will give rise to fast
and slow modes of comparable magnitude and velocity. The two modes will therefore
interact in a nontrivial, nonlinear way, and the full free-surface system is required to
accurately describe the flow.

4.1 Improved Approximate Solution

In this section, we show that one can construct a first-order corrector to the rigid-lid
approximate solution given in Theorem 1.2, provided the initial data are bounded
in weighted Sobolev spaces. A key ingredient is the establishment of a fast-mode
corrector, which makes it possible to take into account small initial data supported on
the variables ¢; and m.

In Proposition 4.2, we provide a higher-order approximate solution to (3.3) in the
sense of consistency, i.e., similarly to Proposition 3.4. One can then apply the strategy
developed in Sect. 3, and one obtains the stronger result expressed subsequently in
Theorem 4.5.

Proposition 4.2 Let s > 5o, so > 1/2, and let {10, §20, ug, m® e HSTL(R), satisfying
(1.5),(1.6) [following the change of variable in (3.2)] with given 0 < M, hg < oo.
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Assume additionally that there exists o > 1/2 such that

(L4178 ot + 1A+ 1 1P7mO] o + o]+ 11976 on
+o|ld+1-P7u’

Hs+1 S MQ

Then there exists 0 < T !, Co<C(M, hgl, ﬁ (Sr;iln’ Smaxs Vn:i;) such that

1. VRL = (0,1, v,0) " is well defined by Definition 3.3 and satisfies
Vi €[0,.T],  |VRL|gori + [0 VRL|ys < Co M;

2. V&, =(01,0,0,0)7 is well defined, with

. 5 2) _ (=@~ +nv*,

6= —(n+3m TSI

3. VC{)r is well defined, with

uy(x —c/ot) +u—_(x +c/ot)
0
0 9
c(ui(x —c/ot) —u—_(x +c/ot))

VS (t,x) =

where c = /1 + 68 and uy(x) = %({10 — Qfl li=0 £ cilmo);
4. There exists Viem, with

Vi € [07 T]7 ’Vrem(t’ .)’XS1+1 =< CO M )

such that Vapp = VRL + Voo, + VC{,r + Q2 Viem satisfies (3.3) up to a remainder
term, R, with

T

/|R(t, )

0

wdt < CoM o

Remark 4.3 We denote by (H,),, | . ’ g ) the uniformly local Sobolev space introduced
ul
in Kato (1975):

‘u’Hsl = Sup’X(_,])u()’Hw
u jeN

where x is a smooth function satisfying x = 0 for |x| > 1, x = 1 for x| < 1/2,
and > jeN X (x —j) = 1 for any x € R (the space is independent of the choice of x
satisfying these assumptions).

@ Springer



J Nonlinear Sci (2014) 24:579-632 607

We then use the notation (X?

w | ) and (L2210, T1; X;
similarly to the previously defined Sobolev-based spaces.

: H L°°([0‘T];Xi‘l))’

Proof of Proposition 4.2 The well-posedness and estimate of Vgy for ¢ € [0, T'] was
stated in Proposition 3.4 (here and in what follows, unless otherwise stated, we use
the notation T = T /M, where T is the constant used for the time intervals in the
statements of Sect. 3). The definition of the corrector and remainder terms, as well
as the desired estimates, is obtained in three steps. First, we construct a high-order
approximate solution corresponding to the initial data ;20, ug, using the corresponding
solution to the rigid-lid system, that we will refer to as the slow-mode approximate
solution. Then we see how to construct the fast-mode approximate solution in order
to deal with the inadequacy of the slow-mode approximate solution with regard to the
initial data. Finally, we show that, thanks to the localization in space of the initial data,
the coupling effects between the two modes are weak, so that the superposition of the
two contributions produces the desired approximate solution.

Construction of slow-mode approximate solution. We proceed as in the proof of
Proposition 3.4, but we propose a higher-order definition for the corrector term in

order to attain the improved precision. More precisely, we seek Vi, = VRL + Vo, +

92 Viem, With VR, + V&, = (Qfl, n,v, 0)T as in the proof of Proposition 3.4 and
Viem = (0,0,0,7) 7 to be determined. Following the same steps as in the proof of
Proposition 3.4, we see that the only difficulty we face lies in the estimate of

. . Y+ 0% — hyv
= 0 0 ox | h ,
r Q(t§1+ m + Y x(l h + Iy

where Vrp = (0, n, v, 0)T is the rigid-lid solution defined in Definition 3.3 and 51 is
as defined in (3.14). It is therefore natural to set

X

m(t,x) = —/atfl(t,x’) dx' + 8hy(t, x)h2(t, x)v(t, X), 4.1)
0

where we use the notation i, =1 —nand hy = s 4.
Note that 71 may not have finite energy since it does not necessarily decay when
x — *o00. However, recall the estimates of Proposition 3.4:

Vi €[0,T],  |VRL|yorr + [0 VRL|ys S Co M, (4.2)
Ve el0.T]  [¢1] ot +[0:81] e S Co M. 4.3)

[here and in what follows, we use the notation Cy = C(M, hy 1, S;m, max ymm)]
One deduces

Vi€ [0.T] || yen + [derit| e S Co M. (4.4)
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where we use that H* is continuously embedded in A, and H} is a Banach algebra
for all s > 59 (e.g., Lannes 2013, Appendix B.4). The estimate on Viem, stated in the
proposition, is given by (4.2)—(4.4).

Note that (4.4) yields in particular, for all f € H®, s > 50, that

"ﬁf‘m = ’”ﬁAsf‘ﬂ + |[Asvm]f’L2 5 ‘m‘L“|f’H~‘
+’8x7;1’1_1max(5—1,s0) ’f’Hmax(s—l,xo)
< CoM|fly 4.5)

where we used the commutator estimate recalled in Lemma 5.3. Using the preceding

estimates, it is now straightforward to check that V;pp = WL + V3, + 0*Viem =

(QEl, n, v, 0%m) " satisfies (3.3), up to a remainder term, R®, with

|R* | poego.7y289) S Co M 0%, (4.6)

Here we used the fact that the occurrences of m in (3.3) are of the form d,m orm x f,
with f € H*, and both of these contributions are bounded in H*, thanks to (4.4) and
4.5). .

Construction of fast-mode approximate solution. The corrector VC{,]- has been
defined as the unique solution to

0 0

0 0

or = 0, where werecall L) = 0
0

1
WV + 5L(o)a,cvf 0

146871

=N e}
S OO -

with initial data Vi [;—o = (0 — 01 li=0 , 0,0, m)T.
Our aim is to prove that VC{;r is an approximate solution to (3.3). Recall that the
system reads

1
&%V +~ (L, + 0BIV]) 8,V =0, with
0

y—1 y+4

0 0 )/(Sélrl) y(ég+l)

L, = 0 0 e
¢ 0 oy +8) 0 0
y(1+67h) % 0 0

Thus VCJ(;r satisfies
I
Vit (Lo + oBIVL1) 0.V = RY,
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with

R = (Lo — L))o Vi + BIVE10: Ve,

It is obvious that for all ¢t € R, VCJ(;r satisfies

V()

x5+l S CO MQa (47)

xs+1 S ’ cor |f =0

where we used (4.3) and the hypothesis on the initial data of the proposition.
In particular, Lemmas 3.7 and 5.1 yield

VI . < Co M? % (4.8)

cor cor

BV

XS N | cor|L°°(R)4| cor | xs+

Now we use the fact that (Id —l'I)VCJ(;r = VC{,r, where we recall that IT represents
1

the orthogonal projection onto ker(L )): Id —I1 = 0 0

1
It is straightforward to check that

(L - Lopad -] < 0%
so that

|—(L — L))V, | (Lo — L(o))Id —IT)d, V, < CoM Q> (4.9)

cor | s cor }XS

Estimates (4.8) and (4.9) immediately yield the desired result: Vc{,r satisfies (3.3),
up to a remainder term, R/, satisfying

”R ”LOO([() T1; H%) < Co MQ (4.10)

Completion of proof. One easily checks that V,,, = V‘lpp + VC{)r satisfies

l _pf s c
atvapp+ 0 (LQ + QB[Vapp]) a)cVapp—R + R* + R°,

where
¢ = (B[Vapp] B[ COl’])a COI‘ + (B[Vapp] B[ app])a app

The contribution of R/ 4+ R* is controlled as a result of the preceding calculations;
see (4.6) and (4.10). Thus the only remaining term to control is R¢, which contains

the coupling effects between VC}(; and V..
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Note that, similarly to (3.20) in Lemma 3.7, one can check that estimates (4.2),
(4.3), (4.4), (4.5), and (4.7) yield

|R¢

X5 =< CO X (HVRL@BX cor

xs T H cor r ® axVRL’

v M), @l

with Cop = C(M, h, ], Smlln, Smax» yr;ill), and where U ® V denotes the outer product
of Uand V.

To control the latter contribution, we make use of the fact that the initial data
are assumed to be spatially localized. Thus VC(,r is the superposition of two spatially
localized waves, with center of mass x &~ =c/pt. It follows that the contribution
of the outer products will decay after some time, provided one can prove that VRy,
remains spatially localized around x = 0 on the time interval [0, T']. This is where it
is convenient, although certainly not necessary, to restrict ourselves to the time domain
t € [0, T], with T bounded, instead of the more stringent ¢t € [0, T /M]. Indeed, as
it roughly propagates with velocity 1, one cannot expect VR, to remain spatially
localized around x = 0 during the time interval [0, T], with T 2 1/M, uniformly for
M small.

We state and prove in what follows the persistence of the spatial decay that holds
generically for a quasilinear, hyperbolic system and then complete the proof of Propo-
sition 4.2.

Lemma 4.4 (Persistence of spatial decay) Let s > so + 1, so > 1/2, and let Vji, =
(n, v)—r be the solution to (1.2), with initial data Vry |;=0 = (;70, vo)—r as previously.
Assume moreover that there exists o > 0 such that one has (-Y°n°, (Y% € H®
[where we use the notation (x) = (1 + |x|>)!/2]. There exists M > 0 such that if

|(770, v < M, then one has

H’xH*

Vt € [0, T]7 ’(')Un’].]s + |<'>GU‘H-V
< C(M.hg" |70 s + [ ()70

HS’ S;mv Smax) .

Proof of Lemma Consider W (¢, x) = (x)° VRp(¢, x) (here and in what follows, mul-
tiplying a vector-valued function by (x)° means that all components are multiplied).
One has

SIVRLIA; ((-) ™7 W) + Z[VRL]ox (()T7W) =0,
where S[-], X[-] are smooth mappings onto the space of 2 x 2 symmetric matrices (S
and X are explicit; see Guyenne et al. 2010 for more details).

It follows, since the multiplication by (-)° obviously commutes with S[-], X[-], d;,
that

SIVRLIOW + Z[VRLIW + (x)7 0, ((x) ") S[VRLIW = 0.

S [VRL] is positive definite, so that there exists 0 < ¢y < oo such that

ewe < ESOV) = (SIRLIAW. AW) < oW e
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Using the usual technique for a priori H* estimates (e.g., Lemma 5.6) we obtain

d N
—E*(W) < C(|VRL| g5

di
+ C(|0x)7 0 ()7 | e

0: VRL

Xs—l) Ex(W)

VRL ) EX(W)!'/2.

Now, using the control of Vg1, € X* in (4.2), and since we have
[(6)7 02 ()77 | o = Jox(x) | S0,
it follows from the Gronwall-Bihari inequality that

t
E*(W) < E°(W |i=0) exp(Cot) + /Cl exp(Co(r — 1)) dt’,
0

with Co, C1 = C(M. ", |()70°| s + (700 s Spins Smax), and the lemma is
proved. O

Let us now complete the proof of Proposition 4.2. We use the following calculation
to estimate R¢ in (4.11). Sets > 1/2,0 > 0, and ¢ # 0. Let u, v satisfy ()7 v(z, ) €
H?®,and (-)°u(-) € H®. Then we have

lvOus (- —c/on)] s
S|A+1-190]

L+ 1%ul s

A+ PA+]—c/ot) | o

and we can check (e.g., Lannes (2003)) that for all o > 1/2 and T > 0 we have

1
20—1’;)Q’

T
/|<1+|-|2>—"<1+|-—c/gt’|2>—”|m i’ <
0

thus uniformly bounded with respect to 1/0 and T'.

It is now straightforward, applying Lemma 4.4, the definition of VC{,r, (4.7), and the
preceding calculations to (4.11), that the following estimate holds:

T
/|RC(I/’ )
0

with Co = C(M, hy', 527, 8L Smaxs Vi)
Estimates (4.6), (4.10), and (4.12) complete the proof of Proposition 4.2. O
Let us conclude this section with the following result, which corresponds to Theo-

rem 1.2 when Proposition 4.2 is used instead of Proposition 3.4.

o dt’ < CoM o?, (4.12)
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Theorem 4.5 Let s > so + 1,50 > 1/2. Let {10, {20, u(l), ug e HP(R) be such
that (1.6) holds with hg > 0, and there exists 0 < M < oo and o > 1/2 such that

A+ 17 o + [+ D7 —yud)] o = M (413)
and

(41127

g+ 1D (AU + hSud)

el < Mo, (4.14)

-1
min’

Smax yr;l:l such that one can uniquely define U € C([0, T]; xsthnckqo, T1; X,
the solution to (1.1) with initial data U |;—y = (;10, {20, u(l), ug)T, and Vg, V2 Véér

cor?
as in Proposition 4.2. Denote by Uyyp the approximate solution corresponding to
VRL + V3 + VC{;, after the change of variables in (3.2). Then one has

cor

Then there exists T~', C, depending nondecreasingly on M, hgl, m, ﬁ, 1)

|U = Uspp ”LOO([(),T];Xg;]) < CMg*

Sketch of the proof The existence and uniqueness of U were stated in Theorem 1.2.
The existence and uniqueness of Vrr, V3., VC];r are guaranteed by Proposition 4.2.
Now we can follow the same procedure as described in Sect. 3 (and especially Sect. 3.3)
using the result of Proposition 4.2 instead of the corresponding Proposition 3.4. Note,
however, that the remainder term constructed in Proposition 4.2, Vier,, may not have
a finite H® norm; thus we need to work with uniformly local Sobolev spaces, defined
in Remark 4.3.

However, as initially remarked by Kato (1975), the energy method for hyperbolic
quasilinear systems in Sobolev spaces extends naturally to uniformly local Sobolev
spaces, without significant changes in the proof (in particular, similar product and
commutator estimates hold; see Lannes (2013), Appendix B; thus we do not go further
into details.

We simply remark that V,,, was constructed so that W = V — Vy, satisfies

|W li=o

. < CoMo?,
X5~ oMo

where we denote by V = (¢, &2, us, m) " the solution to (3.3) corresponding to U,
in terms of the variables defined by (3.1). Consequently, the energy estimate (3.26) in
Lemma 3.9 implies

t

Vi e[0,T], |W|y < CoMo® + / [R(t', )| s dt’,
ul ul
0
and Proposition 4.2 immediately yields the desired estimate. O
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4.2 The Case of Ill-Prepared Initial Data

In this section, we are concerned with the case of ill-prepared initial data, that is,
initial data that fail to meet the smallness assumption in (1.5) or, in other words, that
admit a nonsmall fast mode. Once again, we construct an approximate solution as the
superposition of a slow-mode approximate solution, obtained from the corresponding
solution to the rigid-lid system (1.2), and a fast-mode approximate solution, which we
will present subsequently. There are two main differences from the previous results
due to the fact that the slow-mode approximate solution is no longer of size O(p):

1. Nonlinear effects have a nontrivial effect on the behavior of the fast-mode approx-
imate solution and cannot be neglected.

2. The strategy developed in Sect. 3 is no longer valid because the hypothesis of
Lemma 3.9 is no longer satisfied.

As a consequence of the latter point, we restrict our statement to a consistency result,
namely Proposition 4.6 (below); we cannot deduce an estimate on the difference
between the exact and approximate solutions, as in Theorems 1.2 and 4.5, or even
prove that (1.1) is well-posed on a time interval independent of small o. However,
numerical simulations presented in the next subsection are in full agreement with the
intuitive conjecture that

|| V — WL — V(fér “LOO([O,T];XS) = O(Q)’
with the notations introduced below.
Proposition 4.6 Let s > sg, so > 1/2, and g“lo, g‘g,u?,mo € HSH(]R), satisfy-

ing (1.6) [following the change of variable in (3.2)] with given hy > 0. Assume
additionally that there exists 0 < M < oo and o > 1/2 such that

[+ 178 o+ 1A+ 1m0 o + [+ 11789 2
+ A+l i < M.

Then there exists 0 < T™!, Co<C(M, hal, ﬁ, sl Smaxs Vn:iL) such that

min’

1. VR = (0,1, v,0) " is well defined by Definition 3.3 and satisfies

viel0,Tl, |V

yorz |9 VRL] o1 < Co M;

2. Vc'ér is well defined with

uy(t,x)+u_(t,x)
0
0 ;
c(uy(t,x) —u_(t,x))

Vihe (1, %) =
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where ¢ = v/1 + 871, and u+ is the unique solution to
c 3
oy £ —0yuy £ —uyoyuyr = 0,
0 2c

. 1 _
withuy |(—g = 5(4’10 +c 1mo);
3. There exists Viem with

Vi €[0.T],  |Viem|ys1 + 0|0

v = CoM

such that Vypp = VRL + VC{,r 4 0 Viem satisfies (3.3), up to a remainder term, R,
with
T

/

0

s dt = Co M o.

Remark 4.7 The fast-mode contribution VC{,r is different from that defined in Propo-
sition 4.2. Moreover, it is not a corrector term per se since it has the same order of
magnitude as VgL. We decided to use the same notation in order to acknowledge
the following fact: one can replace Vc{,r in Proposition 4.2 by the one defined previ-
ously without modifying the rest of the statement; nonlinear effects on the fast-mode
component are negligible in the case of well-prepared initial data.

Proof of Proposition 4.6 We follow the same three steps as in the proof of Proposi-
tion 4.2. We first construct an approximate solution corresponding to the slow mode
and fast mode. Finally, we prove that the coupling effects between the two modes are
weak due to the appropriate spatial localization of the initial data, and therefore the
superposition of the two modes yields an approximate solution.

Construction of slow-mode approximate solution. Proposition 3.4 dlrectly gives
the desired result: using the notation Vi = (£1,0,0, o), with 71, it as defined
in (3.14), (3.16), we have

Vie[0,T], |VkL
vt € [0, T],

i+ |3 Vie Co M, (4.15)

Co M, (4.16)

Xs+1 S
S

s
| rem | xs+2 + |8l Vrem X5+l

and V;pp = WL +0V$

S m satisfies (3.3) up to a remainder term, R®, with

IR | oo, pixesty S CoM(Mo+0") S CoMo, (4.17)

with Co = C(M, ha 1, 8;111, Smax» yn:i}l). As previously, the first steps of the proof are
valid with T = T /M, but the last step—because it uses the localization in space of

the two modes—requires that 7' be uniformly bounded.
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Construction of fast-mode approximate solution. We recall that (3.3) reads
1
AWV + (Lo + 0BV Y =0,

with V = (&1, &, ug, m) . We use the notation L, = Loy+oLq)+ (’)(92), with

0 0 0 1 0 0 0 0

0 0 0 0 o o L L

= — 1468 1468
Lo=1 09 o0 ol =10 y4s 0 0
1+ 0 0 0 0o 4t 0 0

8

We can also check that B[(¢1, 0,0, m) "] = B)[(Id =T V] + O(e), with

0 0 0 0
0 >m 0 0
_ _ 541
Bh[dd-ID)V] = 0 0 (S(g?m 0
a0 0 25%5m
In what follows, we seek an approximate solution to
1
9V + (EL(()) + L(l) + B(l)[(ld—H)V]) 0,V =0, (4.18)

with initial data satisfying Id —IT)V |;=0 = V |;=0.
Our strategy is based on a WKB-type expansion, that is, we seek an approximate
solution to (4.18) under the form

VIt x) = VI(t.t/0.x) + oVin(t.t/0.x).

where (with a straightforward abuse of notation) Vajgp(t, 7, x) is an approximate solu-
tion to

Lo v ;o (! f
aafV + 0, V.. + EL(O) + Ly + Boyldd =ID)V;

app app pp]) V) = 0(4.19)

app

Based on the fact that at first order (in terms of o) the system (4.19) is a simple
linear equation, 9;: V. + L)dxV = 0, and from the assumption on the initial data

we set VCJ(;r as the superposition of decoupled waves, supported on the eigenvectors of
L (o) corresponding to nonzero eigenvalues.
The analysis of higher-order terms yields

e the behavior of VC{; with respect to the large-time-scale variable, ¢, which takes
into account the nonlinear effects on the propagation of each decoupled wave;

e aremainder term, Vr{;m (t, T, x), that mimics the coupling effects between the two
counterpropagating waves of chocr, as well as the “slow-mode component,” I1 Vc{)r.
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The key ingredient in the proof is to show that one can set VC‘ET such that Vr«me remains
small for large time scales. This strategy has been applied notably to the rigorous
justification of the Korteweg—de Vries equation as a model for the propagation of
surface waves in the long wave regime (Schneider and Wayne 2000; Bona et al. 2005)
and subsequently to similar problems in the bifluidic setting (Duchéne 2011, 2014).
The strategy is described comprehensively in, for example, Lannes (2013), Chap. 7;
thus we do not provide details of the calculations but simply state the outcome.
It is convenient to introduce here the following eigenvectors of L g):*

SO = O

We set
VL Ctox) =uy(x —ct)ey + u (- x +ct)e_,

where u4 (¢, y) is uniquely defined by
3
atui + Zuiayui = 0,

with uy | = %(;? + ¢7!'mP). We check immediately that vl x) —

VC{,r (t,t/o, x) is as in the proposition, explaining our (slightly misused) notation.
In the same way, we write

Vrjerm('v T, -x) = V+(t, T, -x)e-‘r + r—(tv T, X)e_ + rO(t, T, .X)e(),

with functions r, r_, ro determined by

3
07 (T, x) + €Oy (1, %) + -0 (-, x = c0)?)

1
— 5.0 (—(,x — cDus(,x +c1)) = 0,
C

3 2
drr— (-, T, x) — COxry (-, T, X) — 4—8x(u+(~,x —c1)?)
C
1
+ 2—3x(u_(-,x—ct)u+(~,x+cr)) = 0,
C
1
dero(-, T, x) + 8—8x(u+(~,x+cr) —u_(,x—c7)) =0,
C

and Vil (-, 0, ) = 0.

4 Of course a fourth vector—second linearly independent element of ker(L (o) )—could be defined, but this
is not necessary in our analysis.
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We can check that Vaj;p(t, T,X) = Vc{)r(t, 7,Xx) + QVr'ém(t, 7, x), as defined
previously, satisfies

Lot vavi + (2 [ _gs
8 VaPP+8tVaPP+ QL(O) + Lay + Byl app] Ox Vapp )

with R = 00, Vil + 0L (1) Vi + B(1) [Vibpl0x Vibp — Bty [Vihr 10 Vi
It follows [using (3.20) in Lemma 3.7] that

7!

i) (4.20)

XV" rem}xﬁl’

XS < Qc(laf rem

cor

To estimate the preceding quantity, one needs to control vrém using the following
two lemmata.

Lemma 4.8 Let s > 0 and f© € H*(R). Then there exists a unique global strong
solution, u(t, x) € COR; H) N CY(R; H*™ 1), of

[ (07 +c10)u = 3y f with [ (0 +c20y) f =0,
ul=o =0 fili=o = f°,

where ¢ # cp. Moreover, we have the following estimates for all T € R:

@) s gy = [0l s -

lc1 — 2]

Lemma 4.9 Lets > so > 1/2and v(l), vg € H*(R). Then there exists a unique global
strong solution, u € CO(R; H®), of

(0; +¢;0y)v; =0,

(0r + coy)u = g(v1, v2)
vi li=0 = v},

Wli—o = 0 with Vi e {1,2} [

where c1 # ¢ and g is a bilinear mapping deﬁned onR? and with values inR. Assume,
moreover, that there exists o > 1/2 such that v, YA+1-1%)7 and v, Y91+]-1%)° € H*(R);
then one has the (uniform in time) estimate

1
cl — 1/2

et oo e sy = €€ ) [P+ 1 oy [03 A+ 1| s ) -

Lemma 4.8 is straightforward, and Lemma 4.9 follows from Proposition 3.5
in Lannes (2003).

Lemmata 4.8 and 4.9 applied to vfém immediately yield

i rem(ta T, ) XS+l = C|ui([v ) HHl(R)

+ Clug(t, YA+ 1+ 1) o[- YA+ 11 ooy -
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We can apply the same arguments to o, Vrem [differentiating the equations sat-
isfied by r+ and ryp with respect to the parameter ¢ and using J;u+(t,y) =
Fiux(t, y)dyux(t, y)] and obtain

iat Vrgm(h T, ) X = C|I/ti([, ) HsH(R)

+ Clus(t, YA+ 1+ 1) o = YA+ 11 ooy -

It is not difficult to show that the inviscid Burgers equation propagates locally in
time the localization in space of its solutions (Lemma 4.4), so that we have

vt € [Oa T]a |I/li([, )(1 + | : |2)U|Hs+2(R) 5 |Mi(0, )(1 + | )G|HT+2(R) <M,
4.21)

and thus we have proved
V(t,7) € [0, TIx R, [Vt 7. )]y + [0 Vil (. T.)] o < Co M,

with Co = C(M, 52, 8,k max, Vimn)-
Finally, we recall that Vcér =uy(t,x —ct/o)er +u_(t,x +ct/o)e_ and Vr'ém =

Vrgm (t,1/0, x) and deduce

Vie[0,T], |V, [xsv2 + 0|8 V| g1 < Co M, (4.22)
Vi el[0,T], |V, < Cy M, (4.23)
with Co = C(M, 5., 8,1 Smaxs Vinn)-
Therefore, (4.20) simply becomes
IR e qo.7y:x5y < Co M e, (4.24)

with CO = C(M, 20, 1° S;IH’ Smam )’mlil)
Completion of proof. We can easily check that Vapp = Vo, + Va];p = VrL + Vc{,r +

oVin + erﬁm satisfies

1 ¢ ¢ -
O Vapp + 5 (LQ + QB[Vapp]) Oy Vapp =R’ + R’ + RS,

where R* and R/ are as defined and estimated previously, and with

¢ = (BlVapp) — BIVihpD3x Vi, + (BWVappl — BIVipD)ox V.

The contribution of R/ 4+ R* is controlled as a result of the preceding calculations;
see (4.17) and (4.24). Thus the only component to control comes from the coupling

effects between V) and Va)};p, presented in R¢. Recalling the construction of V,

app aPP -
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WRL +0oVi,, and Vdpp = VCor + QVrem and using estimates (4.15), (4.16), (4.22), and
(4.23), we can check that

L3

v = Cox (||VRL®3x cor |l xs + l C0r®axVRL|Xv + MQ)

yn:i:l), and again U ® V is the outer product

with Cp = C(M, hO , 20 s Smm’ Smax s
of Uand V.

We estimate the preceding expression as in the proof of Proposition 4.2 using spatial
localization. For any function v satisfying (1 4 | - 12)?v(t, ) € H® we have

(e, JuL(t,-F c/ot)
S|a+1- v,

HS

(IH - ) us(t, )| e | - D)7 A+ |- Fe/otH) ™

HS HS HS?

and we recall that for all o > 1/2 and r > 0, we have

1 l)M
20 —1" ¢ o

/’(1+|'|2)_0(1+|'jFC/Qf/|2)_U’Hs dr' < Cf

thus uniformly bounded with respect to 1/ and T'.
Hence it follows from Lemma 4.4 and (4.21) that one can restrict 7 > 0 such that

T

[

0

Xxdt < Co M o,

with Co = C(M, hy', 71, 6.1

min® Omaxs yn:i;). Proposition 4.6 is proved. O

Remark 4.10 As mentioned previously, we are unable to deduce from Proposition 4.6
a rigorous estimate on the difference between the exact solution and the constructed
approximate solution as in Theorem 1.2 or 4.5. Indeed, the strategy developed in
Sect. 3.3 fails because the solution does not satisfy the assumption of Lemma 3.9
or, more precisely, the estimate on the time derivative, d,V. A closer look at the
proof shows that the only problematic term to estimate is |[81, T[V]]ASW| 12 OL,
even more precisely, [8,, T[V]]HAS W| 12 because the supplementary is estimated
through (3.24) in Lemma 3.8. We expect that the following strategy would imply the
desired result: decompose

[0, TIVIIAA W, S [(IAW) @ TTO, V|| > + [[(TA*W) @ Ad =D, V|| .
The first term is uniformly bounded because 19,V roughly corresponds to the slow
mode of the flow; the second term can be estimated using the different spatial local-
ization of ITW and (Id —IT) V.

Following this strategy would require a few technical results and lengthy calcula-
tions, and hence we do not pursue it. Let us simply remark that the numerical sim-
ulations presented in the following section show perfect agreement with the desired
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Fig. 2 Solution of free-surface system compared with rigid-lid approximate solution

result, namely

” V = VRL — chcjr ” L®(0,T];X5) — O(0).

4.3 Discussion and Numerical Simulations

In this section, we illustrate and discuss the results presented in Theorem 1.2 and
Proposition 3.4 (validity of rigid-lid approximation), Proposition 4.2 and Theorem 4.5
(improved approximate solution), and Proposition 4.6 (case of ill-prepared initial data).

In each case, we construct the appropriate approximate solution (Vrr, Vc{)r, Ve
and compare with the exact solution of the free-surface system (3.3) [which is equiv-
alent to (1.1) with the corresponding variables] for different values of ¢ (and & = o)
while the other parameters are fixed.

More precisely, we set

§=1/2; e=1/2;
y €{0.75,0.9, 0.93, 0.95, 0.965, 0.0975, 0.09825, 0.09875, 0.099}.
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Fig. 3 Solution of free-surface system compared with improved approximate solution
The initial data are set as follows:

-1
—exp

3 (— (x/2)%),

o limo =exp (— (x/2%) 1 ugli—o =

and

0
2exp (— (x/2)?)

in the well-prepared case;
Us =0 =

1 li=0 in the ill-prepared case.

We compute for times ¢ € [0, T'], with T = 4.

Each figure contains three panels. The upper-left panel represents the initial data.
For the sake of readability, we plot respectively 1 +8 1 4€si li=0 ., 8 ' H+€2 10 , 1+
us |;=0, and m |;—o . The lower panel represents the solution of the free-surface sys-
tem (3.3) and the corresponding approximate solution of interest (the latter with dotted
lines), at final time 7 = 4, for y = 0.9, thus o &~ 0.2673. Finally, in the upper-right
panel, we plot the normalized discrete /2-norm of the difference between the aforemen-
tioned data in a loglog scale, for several values of o (the markers reveal the positions
that have been computed), at final time 7 = 4.

The numerical scheme we use takes advantage of spectral methods for the space dis-
cretization (see Trefethen 2000) and thus yields an exponential accuracy with respect
to the size of the grid Ax, as long as the signal is smooth (note that the major draw-
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back is that the discrete differentiation matrices are not sparse). We set Ax = 0.1
(for x € [—100,100]), which is sufficient for the numerical errors to be undetectable.
We then use the Matlab solver ode45, which is based on the fourth- and fifth-order
Runge—Kutta—Merson method (Shampine and Reichelt 1997), with a tolerance of
1078, to solve the time-dependent problem.

Well-prepared initial data. In Fig. 2, we present a numerical simulation corre-
sponding to the setting of Theorem 1.2; thus we compare the solution of the free-surface
system with the corresponding solution of the rigid-lid system (or, more precisely, the
rigid-lid approximate solution defined in Definition 3.3). We see straightforwardly
that the free-surface solution closely follows the deformation of the interface and
shear velocity predicted by the rigid-lid approximation, even for a relatively large
value of o (recall y = 0.9 in Fig. 2c). As a matter of fact, the precision of the approx-
imation is not predicted from Theorem 1.2: as we see from Fig. 2b, the convergence
rate for > and u, is O(p?) whereas Theorem 1.2 predicts only O(p). We can see that
the main error in the rigid-lid approximation is supported on the deformation of the
surface, {1, as well as on the horizontal momentum, m (and more precisely the fast
mode of the horizontal momentum).

Of course, such a result is predicted by Theorem 4.5 since the first-order corrector
constructed in Proposition 4.2 follows precisely the preceding description. We show in
Fig. 3 the precision of the improved rigid-lid approximation. We see that the main dif-
ferences between the free-surface solution and the rigid-lid approximate solution have
been recovered. The rate of convergence is now (9(92) for each variable ¢1, ¢, ug, m,
in full accordance with Theorem 4.5.

Ill-prepared initial data. We discuss now the case of ill-prepared initial data, that
is, when ¢ |;=0 , m |;=0 are not assumed to be small. We chose to assign a nontrivial
initial value only to the horizontal momentum variable m, so that the hypothesis o = o
cannot artificially modify the convergence rate (recall that the surface deviation from
the flat equilibrium value is represented by € ().

We plotin Fig. 4 the difference between the exact solution of the free-surface system
and the approximate solution constructed in Proposition 4.6. As can be seen, there is a
noticeable difference between the two solutions. Moreover, this discrepancy seems to
be mainly located on the fast mode and on the variables ¢; and m. As a matter of fact,
the variables ¢ and u; present a slightly better convergence rate in Fig. 4b [around
O(0'?) and O(p'), respectively] than predicted by Proposition 4.6, namely O(o).

Such a result suggests the construction of a higher-order approximation, similar to
the case of well-prepared initial data. Indeed, we know from Proposition 4.2 that one
can construct a first-order slow-mode corrector term (QZ[, 0,0, O)T and that its initial
value plays a role in the construction of the fast-mode corrector. More precisely,
one must modify the initial data of the fast-mode corrector to ensure that the full
approximate solution satisfies the appropriate initial data. Using both statements of
Propositions 4.2 and 4.6, we define the improved approximation for ill-prepared initial
data as

Vapp = Vre + Vcsor + Vc]gr’
where
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Fig. 4 Solution of free-surface system compared with approximate solution for ill-prepared initial data

e VrL = (0,7, v,0)" is defined by Definition 3.3;

v . v _y(s—1 2
o Vi =(0£1,0,0,0)7 is defined by & = —(n + §n?) S=REH,

° chocr is defined by

uy(t,x)+u_(t,x)
0
0 )
c(uy(t,x) —u_(t,x))

VS (t,x) =

where ¢ = +/1 + 8§~ ! and u. is the unique solution to d,u+ =+ g O+t %ui Oxu+ =0,
with uy [;—0 = %(4“10 — 081 li=o £ ¢~ 'm?).

Note that, as was previously mentioned in Remark 4.7, this improved approximation
is equivalent to the one already defined in Proposition 4.2 for well-prepared initial
data. Thus this approximate solution is quite general and robust: it offers the same
precision as our previously constructed approximate solutions in the well-prepared
case (Proposition 4.2) as well as in the ill-prepared case (Proposition 4.6).

We investigate in Fig. 5 the accuracy of this improved approximate solution. Com-
paring Figs. 4c and Sc, one clearly sees that the new approximate solution shows a
better resemblance than the original approximate solution; the main discrepancy seems
to be corrected. However, as one can see from Fig. 5b, this apparent improvement is
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Fig. 5 Solution of free-surface system compared with improved approximate solution for ill-prepared
initial data

not reflected in the convergence rate. Although the produced error is clearly smaller,
the rate is not better than O(g) where ¢; and m are involved (¢, and u; are unchanged).
It is not clear to us whether a better approximate solution can be constructed, nor what
explains the slightly better convergence rate on ¢» and u. Our numerical simulations
indicate that there is a nontrivial coupling between the fast and slow modes at early
times (when both are localized at the same place) and that the contribution of these
coupling effects is of size & p. Thus to take into account these coupling effects, one
may have no other choice than to solve a fully coupled system, at least for a small
time scale, t = O(p).
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Appendix: Proof of Proposition 2.2

In this section, we detail the proof of Proposition 2.2, which follows the classical
theory concerning Friedrichs-symmetrizable quasilinear systems. The proof is based
on a priori energy estimates, for which the key ingredients are product and commu-
tator estimates in Sobolev spaces. We first recall such results and refer the reader to,
e.g., Alinhac and Gérard (1991), Lannes (2013) for the proof of Lemmata 5.1 and 5.3.
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Lemma 5.1 (Product estimates) Let s > 0. For all f, g € H*(R) (| L*°(R), one has

| fely S|l &l +1F 1yl g]

If s > so > 1/2, then one deduces, thanks to a continuous embedding of Sobolev
spaces,

| fely S| f

Let F € C*®°(R) such that F(0) = 0. If g € H*(R) (| L*°(R) with s > 0, then one
has F(g) € H*(R) and

HS g HS *

Throughout the paper, we repeatedly make use of the following corollary.

Corollary 5.2 Let f, ¢ € L* (\ H®, withs > 0and h(¢) = 1—¢, withh() > hy >
0 for any x € R. Then one has

chyt,

Flus ¢l (s + 18] sl )

|h(§)

|f=—fly = Chy",

- €l (¢ e e+ 16 1)

Proof We will use the identity

h(;)f = =S

By Lemma 5.1, we deduce

1

¢
Pl

H3+ht?

S Ul + 11 Flosel e + = gl i

g = |f f

H*

The only nontrivial term to estimate is now |ﬁ s+ Usingthath(¢) =1—-¢ > ho >
0, we introduce a function F € C°°(R) such that

X .
X ifl-X>=h>0,
Fx) = {T=% ! S
0 ifl-X=<o.

The function F satisfies the hypotheses of Lemma 5.1, and we have

¢
|

’E H = C(|C\vah6l>|4|ys-

@ Springer



626 J Nonlinear Sci (2014) 24:579-632

The first estimate of the lemma is proved. The second estimate is obtained in the same
way using

f_L —_Lf
he)  1=¢

The corollary is proved. O

The following lemma presents a generalization of the Kato—Ponce (Kato and Ponce
1988) commutator estimates due to Lannes Lannes (2006) (one has | f | s instead of

|8x J | ps—1 in the standard Kato-Ponce estimate).

Lemma 5.3 (Commutator estimates) Foranys > 0anddy f, g € L™ (R) H~Y(R)
we have

‘ [Asv f]g ’L2 SJ ’ axf |Hs—l‘ g ’Loo + | axf ’Loo’ g ‘Hs—l'
Thanks to the continuous embedding of Sobolev spaces, we have fors > so+1, 5o > %

‘[Asvf]g|L2 g |8xf|].]s—l|g|[_]s—1'

Let us now continue with the proof of Proposition 2.2. System (1.1) is quasilinear.
In what follows we prove that it is Friedrichs-symmetrizable under conditions (2.2).
We present below the symmetrizer of the system and compute the necessary energy
estimates in Lemmata 5.5 and 5.6.

System symmetrizer. Recall that (1.1) reads ;U + A[U]9,U = 0, with

ur—ujg hy hy
o & & &
_ u 2

AlU] = é 0 w0 | (5.1
L s+y 0 wuw

0
where we use the notation ] = 1 4+ 9¢1 — {» and hy = s+ £. Define

0 0 0

S[U] = v+ 0w (5.2)

0 yh 0
Uy —uj 0 hy

S O O
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We can easily check that S{UJA[U] = X[U] and S[U] are symmetric. More precisely,
we have

Y[U]
v V(MZQ—MI) yThl yThz
B % 2(y 4 8)Quz — uy) 0 (v +8ha+ uz(us — uy)
N % 0 yhiu 0
% (y +8)ha + ua(uz — uy) 0 ho(Quay — uy)

(5.3)
We can easily check that S[U] is positive definite provided that the following holds:

Y
y o0 4820 k=0 hp—l2zul g
y+46

which is guaranteed by condition (2.2).
Energy of our system. The natural energy of our system is

E*(U) = (S[UIA'U, A*U)

i]s‘ +7//h1|Asu1|2
R

+/@2\ASM2|2 +2/(£2 —up (A} {A). (5.4)
R

R

—y|cio + 7 + 8|

withhy =14 0¢ — ¢ andhy =671+ ¢,.

In what follows we spemfy the equlvalence between our energy and the norm X*
offered by the well-posedness of the symmetrizer. Recall that X* denotes the space
H* (R)*, endowed with the following norm:

UL = vlalss + [0l +v]n |5 + |u2lh.

Lemma 5.4 Let s > 0 and ¢ € L*®(R), satisfying (2.2). Then E*(U) is uniformly
equlvalent to the | - |xs-norm. More precisely, there exists positive constants Cy =
Clhy', 8ph) > 0, and Cy = C(|hy |, . |By] oos Smax) > O such that

0 ° “min

! E'(U) <
Ci -

2 )
X5 = C‘2E‘A ).

Proof The fact that ES(U) < C |U

Schwarz inequality, applied to (5.4), where we use that (2.2) yields |u, — u; > <
(y + )hs,.

y» 1s a simple consequence of the Cauchy-
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The other inequality follows directly from (2.2). More precisely, we have

E'WU) = v[al}, +yho/|ASu1|2

2 2

+(y +3)|§2|Hs+/h2’1\suz} - 2/\/@2 —ho)(y + O {A u}{A 12},
R R

and the result is now clear. Lemma 5.4 is proved. O

We now highlight energy estimates with respect to the linearized system from (1.1),
namely

»U + A[UNKU = R, (5.5)

with given U, R.

Lemma 5.5 (L2 energy estimate) Set T, M > 0. Let U € L°([0, T1; X°) sat-
isfy (5.5), with given R € LY([0, T]; X%, and U satisfying (2.2), with hy > 0 (for
anyt € [0, T]) as well as

“Q“LOO([O,T]x]R)4 + ” axg“Loo([O,T]xR)“ + Q”8tg||Lv<>([o,T]><R)4 =M.

Then there exists Co = C(M, hal, Sn:m, Smax) such that ¥t € [0, T,

t
EYWU)(1) < €M EO U |,29) + Co / CM R )y, di’
0

. (5.6)

Proof Let us consider the L? inner product of (5.5) and S[U]U:
(3:U, SWIV) + (ALU)9,U. SWUIU) = (R, SUIU).

From the symmetry property of S[U], £[U], and using the definition of EOU), we
deduce

1d

E°
VT E°(U) =

(U, [8;, SIUNJU) = (£[UN3:U, U) + (R, S[UIU)

va—‘t\)I'—‘

(Clw

1
(U, 3, SIUIU) + 3 ([ox. ZWWIU. U) + (R, SUIU). (5.7)
We now estimate each of the terms on the right-hand side of (5.7).
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Estimate of (U, [9;, SIU]|U). Wehave (U, [9;, SIUI|U) = (U, dS[8,U]U), with

0 0 0 0
GEU=Lo 0 yas,-¢) 0
09 (uy —uy) 0 %,

Using the Cauchy—Schwarz inequality and Lemma 5.4 we have straightforwardly
- 2 -
(U, [3, SV = Colhl] €5 Ul = CoM o™ E°W),  (58)

with CO = C(l’l_l, S;ilna amax)-
Estimate of(Tax, S[U]]U, U). We have ([0, Z[U]]U. U) = (U,dS[U]U), with

N b or ,
yoxuy Véx(zgz uy) 14 x(Q%] 45) y 252
yox(up—uy)

Yo L2l +8)0xQuy —u 0 9 4 8)n + o (1t — 1
dBWUT= | yacof) -z, 7+ 90 G =) 5 (v +8)¢y +uyuy —uy)
T 0 v (hyuy) 0

y -
2 (08, +uyuy —uy)) 0 20, (hy Quy — uy))

As previously, the Cauchy—Schwarz inequality and Lemmata 5.1 and 5.4 yield
((Z[U18:U,U)| < CoM o~ " E°U), (5.9)

with Co = C(M, hy ', 8L 8max).

> “min?
Estimate of (R, S[U]U). By the Cauchy-Schwarz inequality and Lemmata 5.1
and 5.4,

|(R, S[UIU)| < Co |U|,,|R

< GE'W)'*IR

(5.10)

XS X X5

with Co, C) = C(M, hy', 8.1, Smax)-
Estimate (5.6) is now a consequence of the Gronwall-Bihari inequality applied to

the differential inequality obtained when plugging (5.8), (5.9), (5.10) into (5.7). O

Lemma 5.6 (H® energy estimate) Set M, T > 0 and s > so + 1,50 > 1/2. Let
U € L*°([0, T]; X®) satisfy (5.5), with R € Li([0, TT; X%), andU € L*([0, T]; X*)
satisfying (2.2) as well as
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HQ” L®([0,T]; X5) +Q” B,Q” Loo(0,T]: X5 = M.

Then there exists Co = C(M, hal, Sr;iln, Smax) such that, for all t € [0, T,
t

E*U)(1) < MO BN (U |0) + Co / MR, )
0

wdt’s (5.1

Proof As previously, we deduce from (5.5) the identity

(A*0,U, SIUIAU) + (A*A[ULO U, SIUIAU) = (A’R, S[UIAU) ,
where we recall the notation A = (Id —8%)1/ 2 Tt follows that

1d
——E'(U) =

S (A°U, [6,, SIUI]A®U) — (SIUIA*A[U10, U, A*U)

| =

+ (AR, S[UIAU)
(A°U, [9, SIUT]A°U) + %([ax, T[UI|AU, A°U)

| =

+ (A*R, S[UIAU)

— (SU][A’, AlU]]o U, A°U). (5.12)

The first three terms are bounded exactly as previously when replacing U with A*U.
The only novelty lies in the use of continuous Sobolev embeddings, so that

”QHLOO([O,T]xR)4 + HBXQHLOO([O,T]xR)‘* 5 HQHLOO([O,T];XS)'
Similarly, we have

Q”atQ||L<>°([0,T]><R)4 S Q“an”LOC([O,T];XS*l)'

The remaining term is estimated as follows. Using the commutator estimate in

Lemma 5.3 we have

[A%, AlUN]acU |, < ClacU | o |[0x, ALUT]| ooy < Co M 07" |U .,
with Co = C(M, h, 1, S;iln, Smax)- Altogether, we deduce from (5.12)
liES(U) < CoMo™'ES(U) + CoE*(U)'*|R
2dt - X
Estimate (5.11) is now a consequence of the Gronwall-Bihari inequality, and the
O

lemma is proved.
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Completion of Proof of Proposition 2.2 The well-posedness of system (1.1) is now a
consequence of the energy estimates of Lemmata 5.5 and 5.6, following the standard
strategy (we refer the reader to standard textbooks, e.g., Taylor 1997; Alinhac and
Gérard 1991; Métivier 2008, for more details). More precisely, we first show that the
linearized problem (5.5) is well posed, then the solution of the nonlinear problem (1.1)
is obtained as the limit of an iterative scheme:

U + A[UMa, UM = 0.

The restriction on the time scale t € [0, T o] is necessary to guarantee that (U"),,cn is a
Cauchy sequence, and in particular that U" is uniformly bounded with respect to n, over
a time domain which can be chosen independent of n. The desired estimate on }U | xs
follows directly from Lemma 5.6, with U = U and R = 0, and the corresponding
estimate on |3t Ul . is then deduced using (1.1). The uniqueness comes from a similar
estimate on the difference between two solutions, and the blow-up criterion as t —
Tmax if Tmax < oo follows from standard continuation arguments. This concludes the
proof of Proposition 2.2. O
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