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Abstract

Since its elaboration by Whitham, almost fifty years ago, modulation theory
has been known to be closely related to the stability of periodic traveling waves.
However, it is only recently that this relationship has been elucidated, and that
fully nonlinear results have been obtained. These only concern dissipative systems
though: reaction-diffusion systems were first considered by Doelman, Sandstede,
Scheel, and Schneider [Mem. Amer. Math. Soc. 2009], and viscous systems of con-
servation laws have been addressed by Johnson, Noble, Rodrigues, and Zumbrun
[preprint 2012]. Here, only nondissipative models are considered, and a most ba-
sic question is investigated, namely the expected link between the hyperbolicity of
modulated equations and the spectral stability of periodic traveling waves to side-
band perturbations. This is done first in an abstract Hamiltonian framework, which
encompasses a number of dispersive models, in particular the well-known (general-
ized) Korteweg—de Vries equation, and the less known Euler—Korteweg system, in
both Eulerian coordinates and Lagrangian coordinates. The latter is itself an ab-
stract framework for several models arising in water waves theory, superfluidity, and
quantum hydrodynamics. As regards its application to compressible capillary fluids,
attention is paid here to untangle the interplay between traveling waves/modulation
equations in Eulerian coordinates and those in Lagrangian coordinates. In the most
general setting, it is proved that the hyperbolicity of modulated equations is indeed
necessary for the spectral stability of periodic traveling waves. This extends earlier
results by Serre [Comm. Partial Differential Equations 2005], Oh and Zumbrun
[Arch. Ration. Mech. Anal. 2003], and Johnson, Zumbrun and Bronski [Phys. D
2010]. In addition, reduced necessary conditions are obtained in the small amplitude
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limit. Then numerical investigations are carried out for the modulated equations of
the Euler—Korteweg system with two types of ‘pressure’ laws, namely the quadratic
law of shallow water equations, and the nonmonotone van der Waals pressure law.
Both the evolutionarity and the hyperbolicity of the modulated equations are tested,
and regions of modulational instability are thus exhibited.

Keywords: Whitham modulated equations, traveling wave, spectral stability, modulational
instability, Lagrangian coordinates.

AMS Subject Classifications: 35B10; 35B35; 35Q35; 35Q51; 35Q53; 37K05; 37K45.

1 Introduction

This work is motivated by the nonlinear waves analysis of the so-called Euler—Korteweg
system, which arises in the modelling of capillary fluids — these comprise liquid-vapor
mixtures (for instance highly pressurized and hot water in nuclear reactors cooling system,
in which the presence of vapor is actually dramatic), superfluids (Helium near absolute
zero), or even regular fluids at sufficiently small scales (think of ripples on shallow water
or other thin films). In one space dimension, the most general form of the Euler—Korteweg
system we consider is
M Op + Ox(pu) = 0,

Ou +ud,u + 0,(E,&8) = 0,

in Eulerian coordinates, its counterpart in mass Lagrangian coordinates being

O = Oyu,
(2) 3
o = 0y(Epe),

where p is the fluid density, v = 1/p its specific volume, u its velocity, viewed either as
a function of (¢,z) or as a function of (¢,y), where y is the mass Lagrangian coordinate
(by definition, dy = pdz — pudt). The energy density & in and the specific energy e
in are related through & = pe, or equivalently e = v&, and are regarded as functions
of (p, ps) and (v,v,) respectively. In those systems, the notation E stands for the Euler

operator, that is
o0& o0& Oe Oe
E.& = — — D, =— E.e=— — D, =—
P dp ¢ <8px> T B Y ((%y) ’

where D, and D, mean total derivatives. A widely used class of energies, dating back to
Korteweg’s theory of capillarity, read

Q 8(p.ps) = F(o) + 3 (0) ()
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or equivalently

(4) e(v,v,) = f(v) + %/@(v) (v,)?,

with the relationships F' = pf, k = p° %, and with various choices of ¢ (as far as is
concerned, k is often chosen to be constant, whereas quantum hydrodynamics equations
correspond to p.# = constant).

Abstract framework Equations (1)) and (2)) fall into the class of abstract Hamiltonian
systems of evolution PDEs of the form

(5) aU = 7 (Ex[U]),

where ¢ = 0,J is a skew-symmetric differential operator, J being a symmetric, nonsin-
gular matrix with constant coefficients, 7 is a functional involving first order derivatives
only, and E denotes again the Euler operator:

0

=2 O
“ T oU,

U,U,) - D, <—(U,Um)) . ae{l,....N}

ExZ[U T

if U has N components. Equation being space-invariant, it admits a conserved quan-
tity called an impulse, say 2 such that

JEZ2[U] =0,U,
and since J is nonsingular we can explicitly take for 2 the quadratic quantity

2U):=1U0.-J'U.

T2

For further use, let us mention that associated with 2 is the local conservation law
(6) 92(U) = 9,([U])
satisfied along any smooth solution of , where

(7) U] = U-E#[U] + L#[U], LA#[U] = Uw%(U,UI) _#(U,U,).

The dot - here above is just for the ‘canonical’ inner product U -V = U,V, in RY, and
the letter L stands for the Legendre transform (even though it is considered in the original
variables (U, U,)). In its definition we have used Einstein’s convention of summation over
repeated indices, and we shall do so repeatedly in the sequel.



Examples The Euler—Korteweg system fits into this framework with

1
Uz(Z), %”=§pu2+éa(,0,pm), 2=pu, S =pEE+LE,

as well as the system in Lagrangian coordinates , with
1
U= ( Z ) , = §u2+e(v,vy), 2=vu, ¥ =vE,e+Le.

An even simpler example is the scalar equation

(8) v = 0,(E,. ),

with 2 = %112, comprising the generalized Korteweg—de Vries equation (gKdV),
9) O + 0,p(v) = =,

if we take

In this case, ¥ = —f — pv — VU + %vi - and @ is the well-known conservation law for
v* when v is solution to (gKdV).

We will focus on the ’generic’ situation in which the abstract system admits a
family of periodic traveling wave solutions parametrized, up to translations, by their
speed and N + 1 constants of integration. This rather large number of degrees of freedom
makes the stability of periodic waves a difficult problem. Furthermore, in the context of
Hamiltonian PDEs we can only hope for neutral stability, namely that the full spectrum
of linearized equations lies on the imaginary axis. On the one hand, this kind of spectral
stability makes the nonlinear stability analysis more delicate to tackle than in situations
involving dissipation processes that are likely to push the spectrum — except for the null
eigenvalue linked to translation invariance — into the left half plane. (Nonlinear results
have recently been obtained concerning reaction-diffusion systems [7], and viscous systems
of conservation laws [15].) On the other hand, the underlying variational framework can
be of great help to prove nonlinear stability results. This has been done for a wide
variety of solitary waves, see [I] and references therein. The literature on the stability of
periodic waves is much more limited, and nonlinear results are limited to stability under
perturbations of the same period [I]. Up to our knowledge, spectral stability has been
proved for periodic wave solutions to the (standard) Korteweg—de Vries equation by using
its integrability to compute ezplicitly the spectrum [4], and for small amplitude periodic
wave solutions to a limited number of dispersive equations, comprising the nonlinear
Schrodinger equation and the generalized Korteweg—de Vries equation [I0]. Tt is still a
wide open problem for large amplitude periodic wave solutions to more general, dispersive
PDEs.

As regards spectral stability, it is more tractable if sideband perturbations only are
considered. There are indeed several analytical tools — like for instance Evans functions
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and associated winding numbers — to look for possible spectrum in the vicinity of zero.
A related topic is modulational stability, in connection with Whitham’s approach of slow
modulations to periodic waves (the most famous modulational instability being the one
shown by Benjamin and Feir for Stokes water waves).

By — at least formal — asymptotic analysis, we can see that slow modulations to
periodic waves are governed by a system of averaged equations. Its size is the dimension
of the periodic orbits’ manifold, here N+2. This will be made more precise in Section 2], of
which the main purpose is to extend to our abstract framework a result previously known
for (gKdV) [14] and for viscous systems of conservation laws [17, [18, [19]. This result gives
a quantitative relationship between the sideband stability of periodic traveling waves and
the spectral properties of modulated equations. In particular, it shows that a necessary
condition for the stability of a given periodic traveling wave is the (weak) hyperbolicity
of modulated equations at the corresponding point in parameters’ space. In other words,
we give a rigorous proof that modulational stability is necessary for spectral stability, a
result that is often taken for granted in the physics literature — back to 1970, Whitham
himself was indeed saying that ‘the relation of the stability of the periodic wave with the
type of the [modulated equations is| given in the previous papers’ [20]. In addition, we
investigate in some detail how the modulated equations degenerate in the small amplitude
limit, and receive a reduced system coupled with a 2 x 2 system for the wavenumber and
the amplitude of the wave. This extends to our abstract framework observations that
were made by Whitham [21]. Unsurprisingly, when applied for instance to the Euler-
Korteweg system, that limit gives as a reduced system the lower-order, Euler equations.
Hence a stability condition for small amplitude periodic waves: the Euler system must be
hyperbolic at the mean value of the wave. This rather natural condition does not seem
to have been pointed out earlier. A reason is certainly that modulated equations have
mostly been considered for scalar models, like KAV or the Klein-Gordon equation in [21],
for which the hyperbolicity of the reduced model - the inviscid Burgers equation for KdV,
the wave equation for Klein-Gordon - is trivial.

In Section [3, we concentrate on the Euler-Korteweg system. We derive modulated
equations in both kinds of coordinate systems, namely the Eulerian one , and the mass
Lagrangian one . In addition, we point out a nice — if not surprising — relationship
between them. To be precise we show that, away from vacuum, the modulated system
for is equivalent to the modulated system for through a mass Lagrangian change
of coordinates, hence the following commutative diagram.

mass Lagrangian
change of coordinates
Whitham’ . _> ?
itham’s
averaging v +
1 — (2)

Then in Section {4 we go further into specialized cases and investigate in more details
the periodic orbits’ manifold when the energy is of Korteweg type . In this case, the
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nature of the phase portrait associated with profile equations for traveling waves highly
depends on the monotonicity and convexity properties of pressure in terms of volume [3].
We have considered two types of pressure laws, each one being motivated by a specific
physical application. At first, we have taken a quadratic pressure with respect to density,
which corresponds to shallow water equations — the Korteweg part of the energy then
taking into account surface tension on the water surface. A more involved case arises
with van der Waals type pressure laws, typically corresponding to liquid-vapor mixtures
(with capillarity effects). In both cases — shallow water and van der Waals — |, we have
investigated numerically the hyperbolicity of Whitham’s equations associated with various
families of periodic waves. We have found rather large regions of hyperbolicity. Failure of
hyperbolicity occurs for waves ‘close to’ unstable constant states/solitary waves or/and
with sufficiently large periods.

2 Periodic waves and modulated equations

2.1 General material

Traveling wave solutions A traveling wave solution to of speed c is characterized
by the profile equations

(10) E(A +c2)[U] = A,

where the components A, of A € RY are merely constants of integration. As was observed
by Benjamin [2], the impulse flux . is involved in the Hamiltonian associated with the
Euler-Lagrange equations (10]), which turns out to be . + ¢£2. In other words, solutions

of must satisfy
() U]+ c2(U) =

for some new (scalar) parameter p. The profile U may be viewed as a stationary solution
of the abstract Hamiltonian system rewritten in a frame moving with speed ¢, that is

(12) oU = _Z(E( +c2)[U]).
We may also note that in this moving frame the additional conservation law @ reads
0,2(U) = 0,((< + c2)[U]),

which obviously admits the profile U as a stationary solution, according to (11]).

Linearized problem In order to investigate the stability of U as a solution of (12)), we
start by linearizing this system about U, which yields

(13) U =dU, o = FA, A:=Hess(H +c2)[U].



The Hessians here above are given by
Hess2[U] = J*

whatever U, and

(Hess#’[U|U),

0*H 0PH 0PH 0P
. U Upo =Dy (ool Up + = Us, )
000U, " aU0U,. " (aUa,maUﬁ 5 DU..0Us. ﬁ’)

where all second order derivatives of J# are evaluated at (U, U,). By differentiating the
profile equations with respect to x we observe as usual with translation-invariant
problems that AU, = 0, hence also &#/U_ = 0. Furthermore, we have several parameters,
namely the speed ¢, and the constants of integration A\,, u. If they are all independent,
as is typically the case with periodic traveling waves, we receive remarkable identities by
differentiating the profile equations with respect to those parameters. This yields

AU, = -E2[U], hence #U,=-U
AU, =0, hence U, =0,

AU, =e,, hence U, =0.

x )

(Here above we have denoted by e,, the a-th vector of the ‘canonical’ basis in the U-space,
and the subscripts ¢, 1, A, stand for partial derivatives with respect to those parameters.)
When U is periodic, say of period =, this period of course depends on the parameters c,
Aa, t, and thus the derivatives U,, U ,, U, have no reason to be periodic. However, as
pointed out in [6], we can set up the generalized kernel of o7 in the space of Z-periodic
functions with linear combinations of those derivatives. As a matter of fact, U, and
®,:=E5,,U, - E,U, areall in the Z-periodic kernel of <7, while

=
v, = {E, <Q>}>\a,cgu +{Z, W) fen U,, + {2, U} U
is also Z-periodic, and such that
AV, =—{Z,(U)}r. U, €kero.

Here above we have used the same convenient notation as in [6]

{f7g}a,b - fagg - fbgaa

and the brackets () stand for mean values on a period. The periodicity of the linear
combinations mentioned above follows from the identity

U, (E) - U,(0) = 2.U,(0),

which holds true whatever the parameter a. Note that we find in this way at most N + 2
independent elements of the generalized kernel of &7 in the space of =-periodic functions
if N is the dimension of the U-space, even though we have used N + 3 candidates.
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Modulated equations Following Whitham’s ‘two-timing method’ [20], we search for
solutions of having an asymptotic expansion of the form

U(t,x) = U°(et,ex, d(et,ex) /) + e U'(et,ex, ¢(ct,ex)/e,€) + ole),

where U° and U! are I-periodic in their third variable (subsequently denoted by 6).
Denoting by X = ex, T' = <t the rescaled space variable and time respectively,

k:=o¢x, w:=0¢r, c:=—w/k,
the very existence of a twice differentiable phase ¢ requires that
(14) Ork + Ox(ck) =0.

Plugging the asymptotic expansion in and using that 0, = e0r + w0y, 0, = €0x + k0q,
we formally receive the following equations

(15) 9p(G® + ¢ V) =0,

(16) OrU% = J0xG® + Jkdy(G" + ¢ V')

where the components G2!, V91 of G%! and V%! are given by

GOZ:a%—kDg(a%)7

79U, OUp
02
0._ : 0 _ 7-1770
V)= o0, or equivalently V' =J"U",
PA PA PA PA
Lo 2yl 2% kUl — kDg | = o UL + —— L kU
Ca UL0U; Us + OUL0Us., % ? (aUa,xaUg Us + U4 0Us., anﬁ)

O*PH 0 O*H
————9xUj) — D — kDy | 55— 0xU}
+8UaaUﬁ,z X6 X (aUa,I) ’ (aUa,I@U/Bvx * B) ’

0?2
Vii=—"—U} orequivalently V! = J'U",
oUUz P

all derivatives of # being evaluated at (U°, k9yU®), and those of 2 at UY. The zeroth
order equation in yields (G® 4+ ¢ V?) = constant, which just amounts to the traveling
wave profile equation (L0)). More precisely, (G® + ¢ V?) = A requires that, at fixed (T, X),
U(z) := U%T, X, kz) solves (10). The first order equation in ([16]) yields the averaged
equation over 6 € [0, 1]

(17) Or(U%) = JOx(G").



Together with the compatibility equation , this is the main set of modulated equations.
There is an additional one associated with translation invariance of the original system.
The fastest way to obtain it is to use the conservation law in @, which yields

(18) 0r(Q") = 0x(S"),

where w
kO, I/O
5La,x e

the derivative of %7 being again evaluated at (U° k9,U"). The other way is the main
reason why we have written down G! in details. As a matter of fact, Equation can be

obtained by averaging the inner product of with VO, The first term in this operation
is simply

Q" =1V U, §° = U’ G — 2 (U° k3, U°) +

(V2. 0,U% = 97(Q°) .
On the right-hand side of (V? - (18)), we first have

(V0. J0xG%) = (U°- 9xGY).
In order to deal with the other term, we can split G! + ¢V into
G' + eVt = A(kdy) U' + C(kdy) 0xU°

where A(kdp) and C(kdy) are both linear differential operators with coefficients that are
functions of (U°, k9,UY), and moreover Equation means that

A(kOy) 0,U° = 0.
This implies that
(V2. Jk0y(A (kD) UY)) = — (U A(kdy) kOyUY) = 0,

hence
(VO JkOy(G + cV!Y)) = — (kU - C(kdy) 0xUY).

Therefore, it remains to check that
(U%. 0xGY) — (k0yU" - C(kdy) 0xU°) = 0x(S%),
or equivalently,
(GY- 0xU°% + 0x(k0yU° - Vy,H# — ) + (kU - C(kdy) 0xU°) = 0.
Now, recalling the definition of G and making an integration by parts we get
(GL-0xU%) = ((0xU")-Vyil + (00xU°)-Vy, ) = Ox(H) — ((0xk)(95U°)-Vy, )
= Ix (A — kOyU° - Vy, ) + kdx((0,U°) - Vy, ).
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Finally, recalling the definition of C and making an integration by parts, we have
(05U° - C(kdy) 0xU°) =

PAH oA A
Uy — 0 _ UNYD 2770y Y0 0
<(a" o) OULOUs., OxUs — (9Ua) Dx <8Ua,x) ML) U, 20U 4 aXU5>

o o
_ <D,, ( (‘)Um) OxUY — (35U°) D ( aUa7$)>

= — Ox((0U") - Vy, )

thanks to another integration by parts.

Low frequency analysis We assume that U is a given periodic traveling wave profile
of period = = 1/k, and that the set of nearby periodic traveling wave profiles is a N + 2
dimensional manifold if N the dimension of the U-space. As explained above, natural
parameters for this manifold are the speed ¢ of waves, the constants of integration A,
for a € {1,..., N} as well as p showing up in the profile equations —. In fact,
we shall prefer a parametrization that is more natural in connection with Whitham’s
modulated equations, and assume that the manifold of periodic traveling wave profiles is
parametrized by their wave number £ (inverse of period), and the mean values

(19) M=(U), P=(2(U)).

For a discussion of this assumption, see Appendix[B.2] In addition, we rescale all periodic
profiles into 1-periodic ones, in such a way that k£ appears explicitly in the profile equations.
For simplicity we still denote by U the profile now viewed as a function of § = kz, and
similarly any nearby profile U is viewed as a function of § = kx. The latter must therefore
satisfy

Y
(20) 9y (8—Ua(U, k05 U) — kdy (

oA
aUa,z

(U,k@gU)) +c§£(U)) —0,ae{l,....N}.

Our previous assumption means that for all (k, M, P) close to (k, M, P) there is a unique
speed ¢ = ¢(k,M, P) and a unique profile up to translations U = U(0; k, M, P) that is
1-periodic, closeﬂ to U, and solution to —. For simplicity again, we just denote by
A the differential operator A (kdp) considered in the previous paragraph with U replaced
by U (which amounts to Hess(.7 + ¢2)[U] where 0, is replaced by kdy), and by &7 the
operator

o (kDy) = kOpJA(KkOy) .

More explicitly, we have
oPAH oA

Vo o2 o2
UL 0U; " 0U,0Us.,

AV), = B V4 ———k0yV3s | .
( ) 8Ua,xaUg A + aUa,:anB,w ’ B)

kyVs — kD (

'We say that two 1-periodic functions are close to each other if their distance with respect to the sup
norm up to translations is small.
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Equation (20)) equivalently reads AdyU = 0. Besides, this equation implies that
09(AU, + ¢, J7'U) =0, hence U, = —c,kdyU,

where the subscript a stands for a partial derivative with respect to any parameter among
M, and P. According to our assumption on the parametrization of periodic profiles, this
makes at least N + 1 independent elements of the generalized kernel of .7 in the space
of 1-periodic functions, and in fact N + 2 counting 9yU. Let us mention straightforward
identities for the formal adjoint

I =—AJkOy .

We clearly have indeed
e, =0, Z*J'U=0.

(Recall that e, is just a constant vector in the U-space.) Now, we are not only interested
in the spectrum of &7 in the space of 1-periodic functions but in the whole space of
bounded functions. This is why we introduce the Bloch operators

" = (k(0g+iv)), veR/2rZ,

of which the spectra in the space of 1-periodic functions give the one of ./ on L°°:

o) = |J o@).

vER/27Z

2.2 Modulational stability vs spectral stability

Given the material introduced in we can show the following.

Theorem 1. Let us assume that U is the profile of a periodic traveling wave solution to
of period 1/k and speed ¢, and that the set of nearby periodic traveling wave profiles U of
speed ¢ close to ¢ is a N+2 dimensional manifold parametrized by (k, M = (U), P = (Q)),
where 1/k is their period and

Q:=1U0.J"'U.

T2

Let us consider the modulated system
8T/€ + ax(ck) = O,
(21) or(U) = Jox(G),
Or(Q) = 9x(9),

where 0 0
Ga = 8—[]Q(U, /{?agU) - kag (al,]a’:5 (U7 kagU)) 5
0
S =U-G — %(U, k’a@U) + (k’a@Ua) W(U, kagU) .
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We also assume that the generalized kernel of </ in the space of 1-periodic functions is of
dimension N + 2. Then a necessary condition for U to be stable is that the system
be ‘weakly hyperbolic’ at (k, M, P), in the sense that all its characteristic speeds must be
real.

Proof. 1t is based on a perturbation calculation, which relates the matrix of at
(k,M, P) to the one of @" restricted by spectral projection to a (N + 2) dimensional
invariant subspace. We first introduce the expansion

" = O + kv — B g® — B3P

where &) = 7% = Jk9yA) is just &7 viewed as an operator acting on 1-periodic
functions, as well as A is just A acting on 1-periodic functions,

AV = J(AY + kgAY | 7@ = J(AY + kgAY, 7@ = JAP)

P 02 0*H 0P
AV, =—— V- — TV, —kDy [ ———— V| - ——Z K,V
( ) UadUs, " OUqdUs ° "\OUL 00Uz, ©)  0U,.0Us, 7
oPAH
(2) ___ T

(A¥V), : sl Vs .
Differentiating (20)) with respect to k we find that
(22) W(O)Uk + %(1)89[} = —c, kOyU .

Indeed, we find at once that for all a € {1,..., N},

> oA 0>
(0) -1 T _ _ T —
O ((A U, + ¢ J U)a -+ aUaaUB@ agUg Dy (8UM> kD (8Ua7$8U5,x 8aUﬂ>> 0,

hence

ﬂ(O)Uk + ¢ k‘agU + J]{agA(l)agU = 0,

which is equivalent to since AdyU = 0.
As already mentioned,

®) = U, ®° := Uy, , ®Y,, :=Up
all belong to — and span — the generalized kernel of .o/, while
U =e,, a€{l,...,N}, ¥, :=J'U

belong to — and span — the kernel of .@7*. By definition of the mean values M, and P in
, those functions are such that

(W, - @F) =das.
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Therefore, we can add in a function ¥{ such that (¥g, U9 ... ¥} WY ) be dual to the
basis (@, ®Y, ..., ®%, ®% +1) of the generalized kernel of &7, and span the generalized
kernel of &7*. Recall that by our main assumption, 0 is an isolated eigenvalue of &7(%)
of algebraic multiplicity equal to N + 2. Therefore, since our structural assumptions
ensure that &7” is a relatively compact perturbation of .27} depending analytically on v
(see Appendix [B.1), there exist an analytic mapping v — II(v) where II(v) is a spectral
projector for .@7¥ of finite rank N + 2, and coincides with the orthogonal projector onto
span(®), @), ..., %, P, ;) at v = 0. By Kato’s perturbation method [16], pp. 99-100],
we thus construct dual bases (®g, ®Y,..., @Y%, ®% ) and (Vg, ¥y, ... WL, L. ,) of,
respectively, R(II(v)) and R(II(»)*), which depend analytically on v in a real neighborhood
of zero. The part of &7¥ on the finite dimensional subspace R(II()) is determined by the
matrix

D" = (¥ %Vq)g))oga,ﬂSNH '
Similarly as @7, this matrix has an expansion

D" =D 4+ iky DY — k22 D® 4 0(1?).
By using that
O] =0, FOB) = —cy,k®), 1<B<N, FOB | = —cpk®],
(W =0,1<a<N, (90, =0,
and (W), @) = 1, we get that

0 ‘ —]fCMl R —kCMN —ka
DW= | 0
0

Using in addition Eq. , which equivalently reads
(23) FdOU, + dVO) = —c, kB,

we see that for all « € {1,..., N},

(g 7V BG) =0,

hence

(Here above, we have also used that 0, %" - /(@ ®) = 0 for all o, and ¥° - &9, ®" = 0
for all & > 1.) Moreover, we claim that the upper-left entry of DM is

(W9 WYy = — ke
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Indeed, this equality comes from ([23)), and the only other nontrivial term in the upper-left
entry of DM is
1 v

(U0 V0,(®5)0).
Since («7©)*(¥7) belongs to span(¥Y, ..., ¥, WY, ), that term will cancel out provided
that for all « € {1,..., N + 1},

(24) (W - 0)(®G)p=0) = 0.

This we can arrange, up to a harmless modification of ®j. Let us explain how. Using
that @ ®) = 0, we see by expanding

(v) o B = 7" P

that
1 1
1(0) (@ @ + — " 0,(®F) o) = SV G + — 0 0,(D) =0,
or, using again and that ®) € R(I1(0)),
1 1
11(0) (-0, + - A0 0, (®Y)m0) = —Z VU + - ' 0,(®F)=o -

This shows that
A0 (0,(®) =0 — ik Uy) € RI(0)) = ker((«/?)?) = ker((o™)?),

hence
ay<q>g)|yzo — kU, € R(H(O))

This means that there exist numbers z, such that
(@) j—o — ik Uy = 2, D).

If we substitute
b, =P — vz, D

for ®;, we thus have that
O0u(®y)jp=0 = ik Uy

(In order to keep duality we also substitute
U= W+ vz, WY
for U with o € {1,...,N + 1}.) Forgetting the tilda, this implies for all o €

{1,..., N + 1} because
(B2 . U,) = 0.
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As to the other diagonal block in D™ it reduces to
(@, - "Q{(l)(I)(ﬁ)»lga,ﬁgN-i-l

because (/)WY =0 for a > 1. It remains to compute the first column, starting from
second row, in D®. At a-th row we find

% (Wl 00 (@E)iv=0) + lk (O ()0 (V B + ik 0 0,(Bf) =) + (V072 B)
C
= (W0 DU, — 2 (8,(¥Y)—g - BY) + (VO - 7@ BY)

where in fact the middle term is zero because of and the fact that
<8V(\I’Z)\V=O ) (I)8> = = <\Ilg ) 3V(<I)S)|,,:0>
by duality. Collecting together the results of the above computations, we get that

$<§[’S ' MV¢S> ‘ (<\IIS ’ du@g>)1<ﬁ<1\]+1

EU = 1 v vV v Vv

<W<‘IIO‘ = (I)0>>1<a<N+1 (“%”OI’O‘ - (I)B>)1§°"5§N+1

tends to D© =

—k Cr —/{ZCMl e k’CMN —/{ZCP

(DU + FP0U)) (DUp))
: (<(d(1)UMB)a>)1ga,,BgN :
<(£/(1) U, + %(2)89U)N> <(~<27(1)UP)N)
<(J*1U) . (tng(l) U, + %(2)30{;)) ((JflU) . W(I)UMB»KBSN <(J*1U) gD Up)

when v goes to zero. We are now going to check that the matrix of the modulated system

linearized about (k, M = (U), P = (3 U-J~'U)) is nothing but D©® — ¢Iy.,. Since

1 ~
D" = — %) D'y
== S(v) " DI (v)
with
1[0 0
0
YXv)=1 . 11 ;

. kv TN+1

0

the existence of a non-real eigenvalue of DO — c¢Inyo would imply the existence of an
eigenvalue of D" bifurcating from zero into the right-half plane. Before linearizing it, let
write in the simplest abstract form

8Tk = —ax(ck'),
(25) OrM = Ox (JEZZW[U]),
orP = 0x(U-Es#®[U] + L#®[U)),
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where

AP (U, 0,U) := (U, kd,U).

In quasilinear form, reads
(26)
aTk = —Caxk — kckaxk — chg aXMg — ch8XP,

OrM = (JE#W[U)), 0xk + (JEAW[U)) s, OxMs + (JEAP[U])pOx P,
OrP = (U-E#WU] + L#®[U)), 0xk + (U-E#£W[U] 4+ Lo®[U])y, 0x Mps
+(U - Es#W[U] + LA®[U])pOxP.

The right-hand side in the first row here above is indeed the first component of
(5(0) - CIN+2) ax(k‘, Ml, ey MN, P)T .

It remains to identify the other rows. If a denotes any one of the variables M, or P, we
have

(JEA#M[U]), = (JHess M [UU,) .

Recalling that
WD = J(AY + kg, AWV)

and observing that

A = Hess#™ + cJ71,
we thus find that

Besides, we have
(JEAP[U]), = (JHess##P[UJU,) + (JAD9,U) = (zVU,) + (7P 9,U)
where we have also used that
o/ = J(AWD 4 k9, A?).
This shows that the second row in equivalently reads in quasilinear form
OrM = —cOxM + (VU + FP9pU) 0xk + (#VUy,) 0xMs + (o VUp) Ox P,

in which the right-hand side clearly coincides with the a-th components, o € {1,..., N},
of B
(D(O) — CIN+2) ax(k, Ml, ey MN, P)T .
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In order to check the last component, we first compute that
(U-E#P U+ LrW[U)), = (U, Ex#®[U] + U - Hess#®[U|U,)

0*H
+ <m (kOpUa) (kOgUp)a

)
N <% (kpUs) (U,e>a> - <§f (Ua)“>

= <U ' (Jil%(l)Ua» - C <U : Jian) - <U : ka@(A(l)Ua)>

02
+ <m (kOpU,) (kanB)a>

(Gt () U ) — { W k00 () ).

where again all derivatives of J# are evaluated at (U, k9yU), and in fact the last four
terms cancel out by definition of A®). Therefore, using the symmetry of J, we obtain that

(U-EPU] + LPU))y, = (I7'0) - 7VUy,)
and
(U-E#P[U] + LAY[U)p = —c + (J7'U) - 7DUp).
Concerning the derivative (U -E#®[U] + Ls#*®[U]);, the computation is similar, with
a few more terms:
(U-E#P[U] + L#P[U]), = (I7'U) - 70U + (U- ADy,U)
PA
0U,,.0Ug 4
= ((J7'0) - (WU, + &P9yU))

w@ux%%»

after another integration by parts and by definition of .27 (plus the symmetry of J). [

2.3 Small amplitude wave trains

A natural question is whether at least small amplitude waves are stable. Our main purpose
here is to extend to our general, abstract framework, the necessary stability conditions that
were exhibited by Whitham [21, pp. 489-491,512-513], basically for scalar problems. Small
amplitude wave trains correspond to a near-linear situation. More precisely, solutions to
involving only small oscillations (with bounded wavenumber) around a mean value M
are expected to be well approximated by solutions to the linearized system

(27) 0U = #(Hess/[M|U),
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with

2 2 2 2
(HeSS%[M}U)a = - U,B@ — Uz ( oA oA Uﬁ,x) )

- U U
0000, T o005, 002005 " 90,005,

where all second order derivatives of J# are evaluated at (M, 0).

Let us concentrate for a while on periodic wave solutions to of small amplitude,
that is of the form U(z,t) = U(kx + wt) with U being a 1-periodic function, (U) = M,
and |U—M||z~ small. If in addition we assume that .7 is an even function of U, (which
is always the case when the contribution of U, to . comes from a kinetic energy), the
equations governing U

oA oA 02
(28) 0y (a—Ua@, k9yU) — kdy ( o (U kaeu)) oo (H)) =0, a€efl,...,N},
with ¢ = —w/k, are obviously symmetric under # +— —@. In this case, we may assume

without loss of generality that U is an even function of #. Then, denoting by a =
2[|(U cos(27+))|| an approximate amplitude of the wave, successive Lyapunov-Schmidt
reduction arguments show that U can be expanded for small values of a as

29)  U(k,M,a;0) =M + aU,(k,M;0) + a®U,(k,M;0) + a’Uy(k,M;0) + o(a’
1 2 =3

with (U,,,) =0 forallm =1,2,3, (U, -KU,,) =0 for m = 2,3, (U, - KU,) = 0 whatever
the N x N matrix K (in fact, since U is even, U, (k, M; 0) = 2 cos(270) (U, (k, M -) cos(27-)),
and U, (k, M; 0) = 2 cos(470) (U, (k, M; -) cos(4r-))), and the frequency w can also be ex-
panded as

(30) w(k7M7 a) = wo(k>M) + (LQUJQ(]C,M) + 0(a2)a

where wo(k, M) is the frequency of periodic wave solutions to , determined by the
(linear) dispersion relation

det(kA (2imk) — wo(k, M)IY) = 0,

0> 02 0> 0>
= 9ok _ k)2 — 27
00,00, ¢(2mk) (aUaaUﬁ,x aUa,xaUﬁ) + (k) U, ,0Us,

all derivatives of .7 being evaluated at (M, 0). Furthermore, wy(k, M) can be expressed
in terms of mean values involving U, and U, as

(AQimh))as -

<80_U1 ’ 80(53%(“ [_I”I] (_Ula_U2> + z 54%(k) [_I”I] (_Ula _Ula_U1)>>
1 M) = — 6
(81)  w(k, M) g (0,0, - J-19,U,) ’

where 62%) and 647 denote respectively the third and fourth order variational deriva-
tives of %) : U+ (U, kdyU) (up to this point, we have preferred the notation E#
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for the first derivative 6.2, and Hess# for the second order one §%.7#). The actual deriva-
tion of follows the lines of computations made by Whitham in [2I] pp. 4727475]E|,
first for KdV and then for water waves in arbitrary depth, except that here we have no
explicit formula for wy. The reader may check that is consistent with values found by
Whitham, namely 27 wo(k, M) = —3¢3/[32 (2rk)] for (gKdV) with f(v) = co(30? + v°)
(see [21], pp. 463,473]), and also 27 wy(k, M) = —30 (27k) + 240>M?/(27k) for (gKdV)
with f(v) = %112 + ov?, the zero-mean periodic solutions of which are basically governed
by the same equation as periodic solutions to the Klein-Gordon equation considered in
[21, pp. 486-487].

Derivation of (31)). By plugging and in , we get successively, by increasing

order in powers of a,
(kA(kdy) — wo(k,M)J 1) 9yU, = 0,

(kA(kp) — wo(k, M)I ™) 9,U, = (4 ks> WM|(U,,U,)),

(kA (kDp) — wo(k, M)J 1) 9yUy = 9p(k6*# P [M|(U,, U,) + § kP [M](U,,U,,U,)))

+C<J2(]€,M) J-! (%Ql .

By taking the inner product of the last equation with 9,U,, we see that the left hand
side vanishes because of the first equation and of the self-adjointness of the operator
(kA(kdy) — wo(k,M)J 1), hence (31)). Note that for the very same reason, one can draw
information on wy ;(k, M) from the first equation. Indeed, by differentiating it with respect
to k and taking the inner product with dyU,, the term involving 9yU, ; vanishes, and we
find that

(0pU; - (kA(kOp))r OpUy)
(0pU, - J710pU,) .

More explicitly, the numerator here above reduces to

(Vg (M, 0)(05U1, 0y Uy)) — 3k* (V{7 (M, 0)(9yU1,95Uy1)) .

(32) WQ,k(k,M) =

Returning to a more general small amplitude modulated wave train, the previous
remarks show that we can expand its lower order term U°, which we merely denote by U
in what follows, as

UT, X,0)= (U)T,X) + o(T,X) Uy (k(T, X),(U)T, X);0)
+ CL(T, X)3 U3(k(T7 X)? <U> (T7 X)7 0) + O(G(Ta X>3) :
Our aim is to show that, for small a, the modulated system associated with U
decouples into the lower order system

(33) Or(U) = J0x(Vu'((U),0)),

2We warn the reader that we have taken the opposite sign for w compared to the one chosen by
Whitham and normalized periods of profiles to one instead of 27.
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and the 2 x 2 system (pointed out in [21], p. 490] when (U) = M)
(34)
{ ork —woi(k, (U)) Oxk —wy(k, (U)) dx(a®) = woml(k, (U)) dx(U),
6T((12) — WOJﬁk(k, <U>)a2 axk’ — (UO,k(]C, (U))@X(a2) = O(CLZ) 8X <U> .

As a consequence, a necessary condition for to be hyperbolic in the small ampli-
tude limit is that both and the lef-hand side of with frozen mean be hyper-
bolic. Regarding the latter, this requires that ws(k, (U))work(k, (U)) be positive, in
which case the characteristic velocities of are O(a) perturbations (—wq(k, (U)) £
ar/wa(k, (U))wo rk(k, (U))) of —wor(k, (U)). As to the former system (33), it is for in-
stance nothing but the first order conservation law

(35) 9y (v) + Oxp({v)) = 0

if the original equation is (gKdV), that is Eq. (9)). Of course (3F)) is always hyperbolic, as
any (real) first order conservation law. However, the hyperbolicity of the reduced system
is not automatic in general. In particular, when we start from the Euler—Korteweg
system, we receive as the Euler system. Therefore, a necessary condition for the
modulated system to be hyperbolic in the small amplitude limit is that the mean value
of the wave train be a stable state of the Euler system. According to Theorem [I} this
implies that small amplitude periodic solutions whose mean value is an unstable state of
the Euler system are themselves (spectrally) unstable.

Derivation of and . There is not much to do about the first equation in
(34). Indeed, the first equation Ork 4+ dx(ck) = 0 in together with the fact that
ck = —wo(k, (U)) — a*ws(k, (U)) + o(a?) yield

Ork — (wor + a®way)0xk — weOx(a?) = (wom + a®wam)dx (U) + o(a?),

and the terms a® wa  and a? wam are negligible compared to the O(a) perturbation of
— wp . We are expecting (this was already pointed out in [21], p. 490]). So the main points

consist in showing that the middle equations 0r(U) = J0x(G) in do reduce to (33)
when a goes to zero, and that together with the last equation 07(Q) = 0x(S) in (21)
they simplify into an equation for a® whose principal part amounts to

8T<a2) - ax(a)o,k(k’, <U>)a2) = O(a2) ax<U> .

Let us start by expanding G in powers of a. Note that we shall need an expansion not
only for (G) but also for (U - G), which arises in S. Recall indeed that

G=0"U], S =U-G —#(U,kdU) + (k0pU,) %(U, kopU) .

We thus see that

G = 5W[(U)] + a 022 P [(U)|(U}) + a* (622 F [(U)](Uy) + 162D [(U)](Uy, Uy)) +o(a?)
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with
5N [(U)] = Vut'((U),0),

and

(%M [(U)](Uy)) = 0, ($222F[(U)](Uy)) = 0,

since 922 *)[(U)] is a constant-coefficient differential operator, and U;, Uy, as well of
course as their derivatives, have zero mean values. Therefore, it just remains

(G) = Vo' ((U),0) + 3a* (0P [(U)](U1, V1)) + ofa?).

By neglecting all the O(a?) in 9r(U) = JIx(G), we thus receive (33). Let us turn to
the expansions of (@) and (S). The expansion of (@) is readily seen to be given by

(@) = 3(U) - I7HU) + 5a*(Ur-J7'U1) + ofa?),
and we also find that
(U-G) = (U)-(G) + a’ (U - 822 P[(U)](U1)) + o(a?).
(We have used again that U; and U, have zero mean values.) Furthermore, we have
(2V[U)) = #P[U)] + §a® (F22V[(U)](U1, 1)) + ofa?),
and finally

oA o o
(k0pUs) 5— (U, kyU) = a (kyUsa) 52— ((U),0) + a® (kdhUaa) 57— ((U).0)

U,
0PH OPAH
2 2
“+a (k‘agi/la) (1/15 —8Ua,x8U5 (<U>, 0) + (kagi/lg)—aUa’xaUB’m ((U), 0)) + 0(& ) s

hence

<(1<;an&) SU—ﬁ(U,k(‘)gU)> = a’ k* (Vg A ((U),0)(0U1,0U4)) + oa®).

Now, taking the inner product with (U) of J7'9r(U) = 0x(G) and subtracting to
or{Q) = 0x(S) we see that

Or (3a* (U, -J7'UY)) = Ox ((U-G) — (#W[U]) + <(k;89Ua) %(U, k@gU)>)
—(U) - 9x(G) + o(a?).

As expected, the zeroth order terms in the right-hand side cancel out, and we receive after
several simplifying operations

Or (a2 (U, -J7'UY)) = oy (&(%%«U), 0)(Uy, Uy)
+3K VY, #((U),0)(9U1,0,U1) )
+a? (3P [(U))(Uy, Uy)) 0x(U) + o(a?).
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In order to conclude, let us recall hence, since the dependency of U, is a cosine

function,

(V2,2((U),0)(Uy, Uy) + 3K V3, 2((U),0)(8,U;,0,U))
(0pU; - J~10p ;)

wO,kUﬁM) =
Therefore, the equation above reads
dr (a2 (U, - J7'UY)) + o (wo,k(k;, M) a2<U1-J‘1U1)> = O(a?) 9x(U) + o(a?).

The factor (U; - J71U;) can now be eliminated by using the equation on .

3 Application to the Euler—Korteweg system

In this section, we concentrate on the Euler—Korteweg equations, in Eulerian co-
ordinates, and in mass Lagrangian coordinates. We derive Whitham’s modulation
equations for both systems, and show that away from vacuum, the modulated systems
are equivalent through a mass Lagrangian change of coordinates. Thus, it is sufficient to
check the hyperbolicity of modulation equations for either one of these systems in order
to determine whether our necessary condition for the spectral stability of periodic waves
under small wave number perturbations is satisfied.

3.1 Periodic traveling waves

Periodic traveling wave solutions to and are respectively of the form (p,u) =
(R,U)(x—ot) and (v,u) = (V, W)(y+ jt), with a one-to-one correspondance between the
two frameworks encoded by

Up to translations, these periodic traveling waves generically arise as four-parameter fam-
ilies. Natural parameters are

e their speed, that is ¢ in Eulerian coordinates, and —j in Lagrangian coordinates,

e a first constant of integration, which turns out to be j in Eulerian coordinates, and
o in Lagrangian coordinates.

e two other constants of integration/Lagrange multipliers, which we denote by A and
(t, in the profile equations.

To be more precise, the profile equations read
(36) {R(U—O)Ei,
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where the Lagrangians . and ¢ are defined by

12 i2 U2

O o, _
(37) =& 2% pp, L:=e 5 Av,
and %% a0
L,-Z ::pmapz—f, L,¢ = Uya—vy—ﬁ,

are (obvious) first integrals of the Euler-Lagrange equations E,.Z = 0 and E,¢ = 0
respectively. In addition, there is a simple relationship between the mean values of Eule-
rian profiles and of Lagrangian profiles. Indeed, if = is the period of a traveling wave in
Eulerian coordinates, the period of its counterpart in Lagrangian coordinates is Z(Z) (if
Z is chosen so that Z(0) = 0), and we have

= = Z(E) =
=3 [ RO = T2 = [ vow - o5
= = Z(5) =
wy= 2 [ = T2 vy W= o [T wou = S5 w).
hence the remarkable identities
B L _ (VW) _ (RU)
=y O =gy =T

Note that these relations are of course compatible with the profile equations R (U — o) =
j, W — 3V = o. We warn the reader that for convenience we denote by the same brackets
() the mean values with respect to & and those with respect to (. This should not be
too much confusing since we use different notations for the Eulerian and the Lagrangian
dependent variables.

3.2 Whitham’s modulated equations

As done previously in the abstract case, we look for solutions of and having
asymptotic expansions of the form

(p,u)(t,x) = (po,uo)(et,ex, D(et,ex)/e) + € (p1,u1)(et, ex, (et ex)/e,e) + o(e),

(v,u)(s,y) = (vo, wo)(es, ey, p(es,ey)/e) + € (v1,wr)(es, ey, d(es,ey) /e, e) + o(e),

where the profiles (po, ug), (p1,u1), (vo,wp), and (vy,w;) are l-periodic in their third
variable #. Denoting by T, X, S, and Y the rescaled variables (et, ez, €s, and ey), we
introduce the further notations

Q
K:=0x,Q:=®p, 0 =7
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w

k::¢Y7w::¢S7j::E'

The existence of smooth phases ¢ and ¢ requires the standard compatibility conditions
(38) OrK + Ox(cK) =0, 0sk — 0y(jk) = 0.

We obtain equations for the leading profiles in both Eulerian and Lagrangian coordinates
by plugging the asymptotic expansions in and , using that

Oy =€0r + Q0, 0,=¢e0x + K0y, Os =€0s + w0y, Oy=¢e0y + k0Op,

and retaining only the leading order terms. As expected, we recover the traveling profile
equations —, up to the rescaling that makes their period equal to one. In Eulerian
coordinates, this gives

(39) Jg(pouo) —odgpo = 0, (uo —0)guo + Gpgo = 0,
where

go = %(PO,K&)PO) — K Dy <g®i (Po,Kaepo)) ;
while in Lagrangian coordinates,
(40) Ogwy — jOpvg = 0, jOpwo + Ogpo = 0,
where

) 0
Po = — 8—23(1]0, ka.gvo) + k Dy (aTe<UO; kaQU(J)) :

y
The next order leads to Whitham’s modulated equations. Indeed, collecting all the
terms of order one in and we get
(41)
—0 K 9gp1 + K Op(pour + prug) + Jrpo + Ox(poue) = 0,
—0 K Oguy + K Og(uour) + K 9p(Aopr + Bo) + Orug + ugdxuo + dxgo = 0,

(42> jl{iagvl — kOpwy + Osvg — Oywg = 0,
jk89w1 — kag(ao U1 -+ bo) + 65u0 + ayp() == 0,
where
0’&
Ag:= =KDy AoKDy + Iy, = a—pg(po,Kaepo),
& 0*&
Ly := a—p2(Po,K39P0) — K Dy (8p8pz (PO,K39P0)> ,
0*& o0&

(po, KOgpo) Oxpo — Ox ( (PO,K(%PO)) — K Dy (M Oxpo)

By =
* 9pdp, Opz
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0%e

ag := —kDgrokDg + 70, ko= pe Q(Uo, kOgvo) ,
0 0
o= o j(vo,k’@evo) — k Dy (W;;;y@()’ka@%)) )
0%e De
by = 5udo, (v, kDo) Oyvg — Oy <8vy (vo,k(%vg)> — kDg (ko Oy o) -

Integrating and with respect to 6 over [0, 1], we get the modulated equations

(43) { 8T<po>+ax<fi0@;0> _ 0, _
Or{uo) + Ox (2ud) + Ox{(go) = 0,
(44) Os(vo) — Oy (wp) = 0,
Os(wo) + Oy (po) = 0.

(Observe that the terms By and by, the only ones involving cross derivatives of the leading
profiles, play no role at this level.) Now, taking into account the compatibility condi-
tions in , we only need to find a fourth averaged equation to have a complete set of
modulated equations. We can proceed in two ways.

As mentioned in the abstract case, the fastest way consists in averaging additional

conservation laws satisfied (at least formally) by solutions of and (2). Two possible
choices are the conservation law of total energy (associated with invariance with respect
to time translations, via Noether’s theorem), and the (local) conservation law of Ben-
jamin’s impulse (associated with invariance with respect to spatial translations). These
conservation laws read

o0&
(45) Oz pu+&) + 0, (%pu?’ + puE,& + 0.(pu) 5 ) ~ 0,

(46) O(pu) + O, (pu2 + pE,& + L&) =

in the Eulerian framework, and

(47) Os(zu+2) — 0, (uEve+(8u)§;> =0,
(48) Os(vu) — 9y (3u* + vEe + Lye) = 0.

in the Lagrangian framework. Upon plugging the asymptotic expansions and averaging

we get

08
(49) 8T<% POU(Q)+5)0> + Ox <%P0Ug + poto go + K Og(pouo) Bp (P0>K39P0)> =0,
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o0&
(50) Or(pvua) + Ox (v + g -+ K Oupo) 5, KOo) ~ lpn, Kopm) ) = 0

in the Eulerian framework, and

9,
(51) ds(swi + &) + Oy <w0p0 - k(@gwo)f(vo,k%vo» =0,
Y

0
(52)  Os{vowo) + Oy <_ Twi + vopo + e(vo, kdyvg) — k (Dpvo) aTE(onkﬁevo)> =0
)

in the Lagrangian one. For simplicity, we have denoted by &, and £j the energies evaluated
at (po, KOgpo) and (v, kOpvg) respectively. At first glance it may look like we have five
modulated equations in each framework, namely the compatibility condition in , the

two equations in either or , as well as — or —. In fact, the profile
equations in imply that the averaged energy equation is a consequence of

and (B0, and similarly (40)-(@4)-(B2) imply (5I)).

A more indirect way to derive a fourth modulated equation consists in taking the inner
product of and with (ug, po) and (wg,vg) respectively. Accordingly with the

abstract case considered in Section [2] those choices are dictated by Benjamin’s impulses

pu and vu, of which the variational derivatives are respectively (u,p)’ and (u,v)’, see

Appendix [A] for more details.
To summarize, we have the following.

Proposition 1. Whitham’s modulated equations associated with and read, respec-
tively,

e in the Eulerian framework
([ OrK + Ox(0K) = 0,
Or(po) + 9x (poug) = 0,
(53) 0 Or{uo) + Ox(3ud) + dx(go) = 0,

&
o, (po, KOppo) — éao> =0,

which 1s endowed with the additional conservation law

(54)
19 13 o€
Or (5 pouy + &) + Ox ( 5 pouy + potogo + K Ja(pouo) ap (po, KOopo) ) = 0,

Or(po o) + Ox <Po ug + pogo + K (9ppo)

\

e and in the Lagrangian framework
( Osk — Oy (jk) = 0,
ds{vo) — Oy (wp) = 0,
(55) < Os{wo) + Oy (po) = 0,

as<1}0 w0> -+ ay<

Oe
5Wo + vopo + €0 — k(ﬁgvo)%(vo,kﬁgvo)> =0,
Yy

26



which 1s endowed with the additional conservation law

9,
(56) @S<%w(2) +29) + Oy <w0p0 — k (Opwo) aTB(UO’kaGUO)> =0.
y

Now, we may go further and make the link between the Eulerian and the La-
grangian modulated equations. Interestingly, even though it is all but a surprise,
can be viewed as a Lagrangian reformulation of . More precisely, we are going
to show the following.

Theorem 2. Away from vacuum, there is a mass Lagrangian system of coordinates chang-
ing System into . In particular, these systems are simultaneously hyperbolic. A
sufficient condition for the hyperbolicity of and 1s that

e 1= () + 5 (wg) — 3 (wo)”
be a strictly convex function of (v, k, A/k), or equivalently that

E:=(po)e = (&) + %(poug> - %<p<0;:0>>

be a strictly convex function of (o, K, D/K), where

V= (vo) , A= <v0w0> - <U0> <w0>,

0:=(po), D = {po)(uo) — (pouo) -

Proof. Let us recall that (R, U) is a 1/K-periodic solution of if and only if (V, W) is
a 1/k-periodic solution of (65)), with

RV (Z(E)) = 1, U(¢) :W(Z(g)),d—g =R = ViZ) =2

This implies in particular that

(57) fooh =T ) = oo () = s () =

(o)’
These observations enable us to make the relationship between and in the same
way as it is usually done between the fluid equations in Eulerian coordinates and those
in mass Lagrangian coordinates. As a matter of fact, the second equation in states
that (po)dX — (poue)dT is a closed differential form, and thus an exact form in a simply
connected domain. We thus introduce the ‘rescaled mass Lagrangian coordinate’ Y defined
(up to a constant) by

Setting S = T, this equivalently reads thanks to the last two relations in ,

dX = (vo)dY + (wo)dS,
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hence the second equation in . We can proceed similarly with the other equations.
The first one in (53] states that

KdX — oKdT = (v)K dY + K ((wy) — o) dS

is an exact differential form. Using the second relation in and that (wy) — o = j{vo),
we get that kdY + jkdS is exact, hence the first equation in . As regards the other
equations, the third one in gives the fourth one in , and the fourth one in gives
the third one in (55| (this interplay between momentum and velocity equations is well-
known for standard fluids motion, in which the conservation law of the momentum pu in
Eulerian coordinates is associated with a conservation law for the velocity in Lagrangian
coordinates, the other way round going from a conservation law for vu in Lagrangian
coordinates to a conservation law for u in Eulerian coordinates being less classical but
still true, as far as smooth solutions are concerned). In order to justify the correspondence,
it is convenient to rewrite these equations in a simpler way. This is done by using the
profile equations, which give

. j2 O& j2

po(to —0) =7, go = p — 92 K (99 p0) apz(ﬂoaK%Po) — by = o Hpo — A,
: ) De 1,22

wo —juo =0, po = —A — j vy, & — k(Ogvo) 7—(vo, kOgvo) = 57705 + Avg + i,

dv,
so that the last two equations in (53)) and respectively read

Or(uo) + 0x (n— 0% +o{ug)) = 0,

(58) ortpvu) + 0 (o)~ A= 72 () -

o

(59) { ds{wo) — Iy (X + 52 {v)) = 0,

Js(vowo) + Oy (,U - %U2 — jo{v) — j2 <U(2)>) = 0.

The first equation in means that

(ug)dX + (% o — p— 0<u0>) dT = (vowo)dY + (% o — pu+ ((wy) — o) <U0w0>> ds
— <U0w0>dY + (%0'2 -+ jO'<U0> —+ j < >) ds

is exact, which is equivalent to the second conservation law in . The second equation
in (b8) means that

(poug) dX + (— (poug) + X + j* <%>) dT =
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(wo) AY + (— (poug) + X + j <%>) dS = (wo) dY + (A + j* (vg)*)dS

is exact, which is equivalent to the first conservation law in (58). This finishes to prove
the equivalence between the two modulated systems and (as long as (py) and
(vg) do not vanish). As a consequence, these two first order systems of conservation laws
are simultaneously hyperbolic. A sufficient condition for the hyperbolicity of has
been pointed out by Gavrilyuk and Serre [12] in terms of the average energy

e:= (&) + 3 (wg) — 3 {wo)”,
which satisfies the generalized Gibbs relation
(60) de = —pdv + ©dk + jdA,
with p := (pg), v := (vp), and

(61) O = <(89v0) %(vo, kﬁgvo)> , A= (vowy) — (vo) (wo) .

y
Namely, it is shown in [12] (alternatively, the reader might take a look at [3]) that, if e
is a strictly convex function of (v, k, A/k) then is Godunov-symmetrizable and thus
hyperbolic. We may note in addition that, by a standard argument on convex functions
(viewed as supremum envelopes of affine functions), the convexity of e as a function of
(v, k,A/k) is equivalent to the convexity of (pg) e as a function of ({po), k{po), (po)A/Ek).
An easy calculation (using relations in and similar ones) shows that

1 <p0U0>2 A 1

= E, k(pp) = K, <PO>E = E(<P0><u0>_<POU0>)‘

1
— (&N 4 = o) — =
(po) e = (&) + 2<Pouo> 2 (o)
This shows that a sufficient condition for the hyperbolicity of is the strict convexity
of E as a function of (g, K, D/K) where o := (po), D := (po)(uo) — {pouo). Of course our
generalised Gibbs relation has its counterpart in terms of E. It reads

(62) dE:gdg+@dK+]EdD,

where

Equation can be derived from as follows. Using that
E=yge,v=1/0, K=ko, D = ¢’A,

we readily get that

Ko© | D ]
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It just remains to express the factor of do in terms of ‘Eulerian’ mean values. Indeed,
we can see the ‘temperature’ © either as a ‘Lagrangian’ mean value (by definition, see
Eq. (61)) or as an ‘Eulerian’ one: it turns out that

o0&
O = <(aepo)%(Po,Kaepo)> .

As a matter fact, by the Eulerian profile equation we have

aéz? +2 2,2
K <(3epo) o (P07K39P0)> = <é% - 2]—/)0 — po — /\> =0 <eo - % — - /\U0>

by the relationship between Eulerian mean values and Lagrangian mean values we already
used several times, hence by the Lagrangian profile equation

0& o
K <(39/)0)$(P0,K39P0)> = ok <(39vo)878(v0,k89v0)> = KO.
* Y

We can now work out the factor of dp by observing that
JA = (woj(vo —v)) = (wo(wo — (wo))) = (wy) — (wo)?,

so that by definition

In addition we have that

since

(povo) = ((P—j2 (vo = v))vo) = PV—<j2(U0—V)2> = pv—((w0—<w0>)2> = pv—JA.

Therefore,

?

3jA
e+ pv = <£g+povo>+—2

and by our usual trick,

1
(ep + povo) = E<£O + po)

where py has to be expressed in Eulerian coordinates in the right-hand side. This amounts
to writing

.2 .2 1 42 1 .2
(60+po) = <<s‘a — A - ”—> - KO-+ <—>+u@= KO-~ <—>+@ <90 + ]—2>
Po Po 2 \po 205

using once more the profile equations. So we have

N KO <>+j2(<1> 1<1>)+3jA
e V- — = — (=) - ~-(— -
P 0 P75 \\ g2 0 \ o 2
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and noting that
j* /1 2 2 2 2
—<—> = (o) =3V + A,
2 \Po
we eventually obtain the claimed formula with g defined by (63). O

Still, it is not obvious at this stage that or are really evolution systems in
closed form. We shall observe on numerical experiments that evolutionarity may indeed
fail. For the moment, let us just note that if evolutionarity happens to fail, it does so
‘simultaneously’ for (53) and . As a matter of fact, at fixed (T, X), we know that

(:007 UO)(Tv X7 6) = (Rv U)(T7 X? 9/K<T7 X))

where the profile (R, U) is a 1/K-periodic solution to

R(U ~ o) = j,
(64) oe )
] =
Rgapx(R,RE) g(R,R§)+2R+MR_ A

Here above, the sign = means equalities for functions of (7', X) only. The quadruplet
(j, 0, A, ) is a natural set of parameters in (64)), which we expect to determine properly
the wave number K as well as the 1/ K-periodic solution (R, U) to (64), up to translations,
hence also all mean values involved in . Similarly,

(U07w0)<57 Yv 0) = (‘/7 W)(S7 Y> 9/]6(5, Y))

and all mean values involved in are expected to be fully determined by (7,0, A, 1)
through the profile equations

W —343V =o,
(65) Oe j2v2

+ AV = —pu.

By the one-to-one correspondence we have pointed out between Eulerian and Lagrangian
periodic orbits, the mapping (7,0, A\, ) — (k, (V), (W), (VW)) will be locally invertible
if and only if (j, 0, A\, ) — (K, (R), (U), (RU)) is so. Again, this is not exactly always the
case, as we shall see on specific examples in the next section.

4 Nature of modulated equations in practice
Our purpose here is to investigate the hyperbolicity of Whitham’s modulated equations

for the Euler-Korteweg system. First of all, let us point out that the parameter o does
not play any role in that matter. This is due to Galilean invariance of the Euler-Korteweg
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system, unsurprisingly. To be more precise, let us rewrite the modulated equations in nat-
ural coordinates from the ‘thermodynamical’ point of view. In the Lagrangian framework
they read

Osk — Oy (jk) = 0,

85'V - 8yW =

Osw + Oyp = 0,

Is(A+vw) + Oy (e+vp — kO — tw? — 2jA) =0,

Y

(66)

o O

together with the generalized Gibbs relation de = —pdv + ©dk + jdA. We easily
check that is invariant by translations of the form

(S, Y, k,v,w,A) — (S, Y, k,v,w—0c,A)

for any (constant) velocity . Substituting o + jv for w, we thus see that the equations
in (66) are unchanged if o is replaced by o — g. Therefore, the eigenvalues of the lin-
earized equations about a reference ‘state’ (k,v,c,A), and those about the translated
one (k,v,0,A) coincide. A similar argument works in the Eulerian framework too, see
Appendix [C] for more details.

From now on, we concentrate on the Euler-Korteweg system in mass Lagrangian
coordinates , with an energy of the form . We recall from that a periodic
traveling wave solution (v,u) = (V,W)(y + jt) to (2)-(4) is characterized by a periodic
profile (V, W) that must be solution of

(67) W =3V =0, 3s(V)VZ+12V2+AV = f(V)=—p,
where o, A, and p are constant of integrations.

Remark 1. The phase portrait of the ODE on V in does not depend on the specific
capillarity function v — k(v), provided that it stays positive. In fact, up to a rescaling in
¢, that ODFE reduces to

W2 = f(V) = L3V - AV — .

Remarkably enough, this equation is also the integrated profile equation for traveling wave
solutions of speed —j* to the generalized Korteweg—de Vries equation (gKdV)

O + O,p(v) = —0v.

(This relationship between the traveling waves of the Euler—Korteweg equations in La-
grangian coordinates and those of the generalized Korteweg—de Vries equation has been
known for a long time, and is investigated in more details for instance in [153].) However,
when one turns to specific examples for p in the generalized Korteweg—de Vries equation,
it 1s most often to consider power laws p = vY. By contrast, we consider here laws that
go to infinity at zero, or more generally at some co-volume b, and to zero at infinity.

32



Using in particular the first equation in (67]) above to substitute o+ jV for W in (55)),
and reformulating the last two equations in as in , we can write the modulated
equations as

(68) Osk — Oy (jk) =0,
(69) Is(V) = Oy (j(V) +0) =0,
(70) Is(5(V) +0) - 8y(A+J (V1)) =0,
(71) Os(o(V) +3(V?)) = Oy (30" + jo (V) + 5*(V?*) — ) =0

This is just an alternative formulation of in terms of the ‘natural’ parameters
(0,7, A, 1v). Our main purpose is to investigate the hyperbolicity of , which by The-
orem [I] is a necessary condition for stability of the periodic wave, provided that nearby
periodic waves be parametrized by (k, (V), j(V) +a,0(V) + j(V?)). We can hardly check
these properties - evolutionarity and hyperbolicity - analytically, since neither the wave
number k& nor the wave profile V' is known explicitly in terms of (o, 7, A, u). However, it
is not difficult to check them numerically. To make numerical computations more trans-
parent, we are going to change (A, u) for more convenient parameters, under suitable
assumptions on the pressure law v +— p(v) = —f’(v). In this respect, we shall start with
shallow water type pressure laws, and turn to the more complicated, Van der Waals type
pressure laws afterward. We shall see that the form of the capillarity x(v) also plays a
role - if a rescaling along orbits does not change the phase portrait, it does change mean
values. Our minimal assumption will be that  : (b, +00) — (0, +00) is a smooth function
for some nonnegative ‘co-volume’ b.

Before going into specific examples, let us say a few words about two asymptotic limits,
namely the small amplitude regime, and the solitary wave limit. The former has been
analyzed in some detail in [2.3] In particular, it has been pointed out that a necessary
condition for the hyperbolicity of modulated equations about a small amplitude periodic
wave for the Euler—Korteweg system is that the Euler equations be hyperbolic at the
mean value of this wave. This is why we shall not try to get too close to center points
of the wave profile equations in the numerical computations that follow: we readily know
that the small amplitude wave trains about those points where the Euler equations are
not hyperbolic are unstable. (As to the other necessary condition, namely the positivity
of wywp rk, we leave it aside for the moment.) The solitary wave limit corresponds to
when the wavenumber & tends to zero. As noticed in earlier work (see for instance [, [0])
for which explicit computations can be made — involving elliptic integrals — , we expect
modulational instability for waves of small wavenumber when the endpoint of the limiting
solitary wave is an unstable state of the Euler equations. Thus we shall not try, in
numerical computations, to get too close to solitary wave orbits either.
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4.1 Shallow water type pressure laws
4.1.1 Parametrization of periodic waves

Here we assume that p : (b, +00) — (0, 400) is smooth and strictly convex, with

li = li =

limp(v) = +o0,  lim p(v) =0,

hence in particular p is monotonically decaying to zero at infinity. The shallow water case
p(v) = 1/v? is the main application we have in mind. If v, is to denote the endpoint of
a solitary wave with j # 0 and A as constants of integration, it must satisfy

j2 < _p/(UOO) ) A= _j2'Uoo _p(UOO) )

in which case there is exactly one other solution vy € (vs, +00) to A = —j%v —p(v) . Now,
inside the homoclinic loop connecting v, to itself, there is a collection of periodic orbits
surrounding vy, which are determined for instance by their trough v, (see Figure .
More precisely, if v, € (v, vg) there is a unique periodic orbit passing through v, and
solving the ODE

sWVE+ 352V = f(V) = =, pi= flo) — 55%07 = A

Figure 1: Phase portrait for convex pressure law
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Let us consider the mapping
P:QCR—R?
(7, Voo, ) = (s A = =000 = P(ve0), = f(vs) — 35707 = Ava),
with
Q= {(J, Vo0, 0:) | 0 < J% < =P (Ue), D < Voo < 0a <035 J2000 + P(Veo) = 5200 + p(v0) } -

It is a diffeomorphism onto the open subset A of R® made of parameters (j, A\, u) for
which we do have a periodic wave. From now on, we parametrize periodic waves by
(J, Voo, &) €  instead of (j, A, p) € A. Given (J, v, vs) € Q and (j, A\, pt) = P(J, Voo, )
there is a unique v* (the peak of the periodic wave) greater than v, such that

F07) = 120" =Mo" = = f(v,) — 1207 =,

The wave number k& of the corresponding periodic wave is given by

(/Q \/ — 552 vl Av—-u)dv’

and mean values can be computed by quadrature in a similar way. In particular, we have

_Qk:/ \/ __j U>2 )\v—u)dv’
(V3 = @/ ¢ j& Av_mdu
(

An elegant way to remove (integrable) singularities at endpoints in the integrals above
has been pointed out in [5]. Indeed, factorizing the denominator as

f) = 3720 =X —p = (0" = v) (v —0,) p(; ], Voo, V) ,

and introducing the change of variables

*

V¥ + v, n V¥ — v,
2 2

/ 9 j?kuv*>> d97
—m/2 280 9 J;Uooav*)aj>voo7v*)

K(V (057, Voo, Vs))
Vy = 2k 7/ 0; 7, Voo, Uy , , de,
< > —7/2 ( ] )\/290(7/(8;]72)00,1}*);]7?}00,1}*)
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V(05 ], Voo, Vi) > U 1=

sinf ,

we find that




w/2

(V3 = 2k Y (0; 4, Voo, vs)? \/2('0(

—7/2

K(V (03 J, Voo, Vi)

de.
V(e,j, Voo, U*);jv Voo, U*)

Note that in the shallow water case f(v) = 1/v,

1
v(=f() + 357" + Aot p) = (v - w.) (%fv? + G+ N + U—) :

hence ¢ is explicitly given by

2

. 1 . : :
P(V; J, Voo, 0s) = g—v (Vtvm), V= 2 (%9%* + A+ \/(%j%* + )2 — 2]2/?1*) :

First of all, we want to check whether — is an evolutionary system, or in other
words if the Jacobian matrix My of the mapping

P = (j,0,000,0.)" = W(P) := (k, (V),0 + j(V), j(V?) + o(V))"

is nonsingular. This can be done numerically. Next, we can rewrite (68)-(71]) in the more
compact form

OsW(P) — 0y (JW(P) + F(P)) =0,
F(P) = (07 g, A — jO', %0-2 - M)T ) (]7 >‘7 :u) = (I)(ja Voo, U*) s

from which we easily infer the quasilinear form

(72) My(P)(0s — joy)P + M (P)oyP =0,
with M;(P) := —Jac F(P) — jW(P) (1,0,0,0), i.e.
—k 0 0 0
(V) 1 0 0
. O\ O\
M o0y Ux) = —9 — = ] _—— =
e B I
- /172 B OH H
o)+ + 2 g S B
—k 0 0 0
(V) 1 0 0
(V) + 2jvee i 7 () 0

_(U<V> +]<V2>) + 2jvoov* - Jvf —0 (]2 +p/(UOO))U* p(UOO) - p(v*) + jz(voo - U*)

By ‘change of frame’ Y + Y + j5, the hyperbolicity of at P = P is equivalent to
the hyperbolicity of

at P = P. Once M;(P) is known to be nonsingular, a sufficient condition for hyperbolicity
is that the eigenvalues of My(P)~'M; (P) have four distinct real parts, because then they
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must be real and distinct. We comment below on a series of numerical results obtained
with the shallow water pressure law p(v) = 1/v?, in which we have computed mean
values by using the trapezoidal rule with 10000 points of discretization, and the Jacobian
matrices My(P) by means of a finite difference method and a discretization step i = 1075.
In each picture, we have plotted the real part of the eigenvalues of My(P)™'M;(P) as
a function of the period =: the modulated equations are hyperbolic for a given k if we
find four distinct real parts. When two curves collide, there is a set of complex conjugate
eigenvalue and the system is not hyperbolic any more.

4.1.2 Numerical results

We have checked the hyperbolicity of the modulated equations in the cases j = 1 and
various values of v, € (0.55,1.2) and in the case j = 4, v € (0.15,0.49). Since the
hyperbolicity does not depend on o, we have set ¢ = 0 in My and M;. In both cases we
found a similar scenario. Let us describe the case j = 1. If vy, > v}, & 0.86, the Whitham
equations are hyperbolic for all periodic waves (see figure .

Re(lambda)

Figure 2:  Re()\;), ¢ = 1,2,3,4 as functions of the period Z. On the left: j = 1 and
Uso = 0.93. On the right: 7 =1 and v, = 0.9.

If voo < vl , one finds a range of periodic wave periods = € (Z,,; =) for which the
Whitham equations are not hyperbolic, and thus periodic waves are spectrally unstable;
see figure [3| (left). Moreover, if vo, < 0.58, there is one eigenvalue that diverges to oo
which means that there exists =, such that det(My) = 0 and the modulation equations
are not of evolution type. If = # =, the scenario is similar to the previous case: there is

a range of unstable periodic waves; see figure [3| (right).
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Re(lambda)

Figure 3:  Re()\;), i = 1,2,3,4 as functions of the period Z. On the left: j = 1 and
Uso = 0.84. On the right: j =1 and vy, = 0.55.

4.2 Van der Waals type pressure laws
4.2.1 Parametrization of periodic waves

We consider in this section pressure laws that are possibly nonconvex, and even nonmono-
tone. A typical example is the van der Waals pressure law

RT a

p<U7T):U—b_§7

which exhibits various types of behaviors depending on the temperature T (compared to

a/(bR), where R is the perfect gas constant, and a, b, are parameters of the specific fluid).
More precisely, defining

__ 8la _ 8a
O 256bR ¢ 27bR’
we easily see that
1. for T'> Tpy, v — p(v; T) is monotonically decaying and convex,

2. for T, < T < Ty, v = p(v;T) is monotonically decaying and admits two inflection
points,

3. for T < T, v = p(v;T) admits one local minimum, one local maximum, and two
inflection points.

After nondimensionalization this pressure law reduces to
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__ RTb 81 8

with ~ : . As seen above, transition values of v are vy = 256 and v, = 77

T a

In what follows, we have chosen to deal with the case of a non monotone pressure and
T = 600K with a and b roughly corresponding to water, so that v < 0.275 < 7.

If we choose vy, such that j2 < —p'(vs), and take as in the previous subsection
A = —j%vs — p(vso), the phase portrait of the travelling wave ODE

K(V)Vee + 36 (V)VE +p(V) + 52V + X =0,

is certainly independent of the function x, but heavily depends on the values of j and v,
when the pressure p is non monotone.

p

I
N

4B

\\

Figure 4: Left: two fish phase portrait. Right: eyes-and-guitar phase portrait. The
shaded regions correspond to the domain of hyperbolicity of Whitham’s modulation equa-
tions for the cases we have tested
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Depending on areas delimited by the pressure curve and by the so-called Rayleigh line,
of equation y = —j%(v — v4,) in the (v, p) plane, two typical phase portraits arise, which
may be described as follows (see figure [4)).

Two fish There are two disconnected homoclinic loops (the ‘fish’), one ending at v
and one with another endpoint, and all the trajectories outside these loops are
unbounded; thus there are two types of periodic orbits, surrounded by either one of
the homoclinic ones;

Eyes-and-guitar There are two homoclinic loops (the ‘eyes’) ending at the same point
(maybe vy), and a third homoclinic loop (the ‘guitar’) surrounds them; there are
three types of periodic orbits, those inside the eyes, and those in between the eyes
and the guitar.

A series of numerical investigations in various cases is reported below.

4.2.2 Numerical results in the eyes-and-guitar case

We have first considered the case 7 = 0.023732, v, = 6.598196 and checked the hyper-
bolicity of Whitham’s equations with a simple form of the capillary coefficient: k(v) = 1.
Here, we have an “eyes and guitar” type phase portrait. There are three families of peri-
odic waves. The first one that is ‘above’ the doubly homoclinic orbit. In this case, there
exists =, &~ 559 such that the modulation system is not of evolution type. Furthermore,
there exists =, &~ 555.4, such that if Z > =), and = # Z., the modulated equations
are hyperbolic and thus periodic waves are stable under large wavelength perturbations
(see figure . On the other hand, we found that the periodic waves we could compute in
the loops of the doubly homoclinic orbit are stable under large scale perturbations (here
Whitham’s equations are hyperbolic); see figure @ In the smallest loop, we stopped the
computations at = ~ 105: below this value, the amplitude of periodic waves is too small
in comparison to the precision we fixed. Anyway, as explained at the beginning, we expect
that these periodic waves are unstable for sufficiently small amplitudes, since the Euler
equations are not hyperbolic at the center point (pressure is nondecreasing at that point).
We have tested 7 = 0.032 and the situation is the same.

4.2.3 Numerical results in the two-fish case

Here, we have chosen j = 0.0258 and v,, = 1.90285: in this case there are two separated
homoclinic orbits. The first one is homoclinic to v, and the second one is homoclinic to
Weo = 7.57197. In this latter homoclinic, there is a center at wo = 32.49447 from which
bifurcates a family of periodic orbits. We have checked numerically the hyperbolicity of
Whitham’s equations associated with this family: the modulation system is always hy-
perbolic (see figure [7)).

In the homoclinic orbit to v, = 1.90285, there is a center at vy = 3.2089 from which
bifurcates the second family of periodic orbits. The picture is a bit more complicated:
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Figure 5:  Re()\;), ¢ = 1,2,3,4 as functions of the period Z. On the left: j = 0.023732
and v, = 6.598196. On the right: zoom of the previous picture

0.107
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Figure 6: Re(\;), i = 1,2,3,4 as functions of the period = for periodic waves for j =
0.023732 and v, = 6.598196. On the left: periodic waves in the largest loop On the
right: periodic waves in the smallest loop up to = ~ 105 (the fourth eigenvalue is real and
smaller than —10).

if 90 < = < Z,, =~ 95.15, the modulation system is hyperbolic. Again, we stopped
computations at = = 90 in the smallest loop since amplitude of the waves are too small
(for the precision of computations fixed here): it is expected that for sufficiently small
amplitudes, periodic waves are unstable since the Euler equations are not hyperbolic there.
Then if Z € (E,,; Zp ~ 125.5), the system is not hyperbolic and the associated periodic
waves are unstable. Finally, if = > Z);, the Whitham equations are hyperbolic again (see

figure .
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Figure 7: Re(\;), i = 1,2, 3,4 as functions of the period = for periodic waves in the loop
of the homoclinic orbits to we, = 7.57197. Here 7 = 0.0258 and v,, = 1.90285
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Figure 8: On the left: Re(\;), ¢ = 1,2,3,4 as functions of the period = for periodic waves
in the loop of the homoclinic to v,. Here j = 0.0258 and v, = 1.90285. On the right:
zoom of the previous picture on the three eigenvalues with the smallest real part. The
fourth one is always real

4.2.4 Conclusion from numerical investigations

We have found, in the cases where a doubly homoclinic orbit occurs, that periodic waves
that are inside a homoclinic loop are always spectrally stable under long wave length per-
turbations or, more precisely, that the modulation equations are hyperbolic. There is an
additional family of periodic waves for which we observed that there is a critical period
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=. where the modulated equations are not of evolution type. Moreover, we found that
there is Z,; such that Whitham’s equations are hyperbolic only if = > =,,.

If there are two separated homoclinic orbits, we found that periodic waves which
correspond to the larger solutions pass our stability test whereas there are range of periods
where Whitham’s equations are not hyperbolic for the smaller solutions.

A A concrete computation

We derive here the averaged equations associated with Benjamin’s impulses pu and vu
for and respectively. This computation is given for concreteness, even though it
is contained in the abstract computation made in Section Taking the inner product
of and with (ug, po) and (wp, vg) respectively, then averaging and integrating by
parts in 6, we receive

— K (9p(po(uo — o)) ur + 9p(5(u0 — o)) pr + Ao(Dapo) p1)
+ 9r(po uo) + Ox (poug) + (po (Oxgo + K 9sBy)) = 0,

k (Op(wo — juo) w1 — (j Opwo) v1 — ao(Fpvo) v1)
—f—ag<1)0 w0> — 8y<%w(2)> + <U0(8Yp0 + ka@ b0)> =0,

All terms with index one here above cancel out because of the profile equations and
(40), which imply indeed that

Ap(po(ug —0)) = 0, p(5(uo — 0)?) + Ao(Ippo) = 0,
69(w0 —j’Uo) = O, jagwo + (10(09"00) = 0.

This is straightforward for the equations on the left, and for the ones on the right we
observe that the second order differential operators Ay and a¢ have been defined in such
a way that

Ao(Depo) = Dago, ao(Tevo) = Dapo -
Finally, we recover the equations in and obtained by averaging the impulses’
conservation laws by checking that

0&
(po (0xg0 + K 0yBy)) = Ox <,00 go + K (Ogpo)

0% (o K Ohn) — &, o) )

0
<’U0(aypo + k‘@gbo» = ay <U0po + E('Uo,kagvo) — k(agvo) 5('&10,]@8@1)0)> .

y
Let us check the first equality, the second one being identical through the symmetry
(X> K, po, &, 9os BO) A (Y7 k,vo, €, —po, _bo) We have

o0&
Ox <Po go + K (Oppo)

p (po; KOgpo) — g(po,K(‘?epo)> — (po (Oxg90 + K 0yBy)) =
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<(axpo)go + Ox (K (Opp0) g@@

xT

(o, Kopo) — 5(PO,K39P0)>> — K (po 0pBo) -
Recalling the definition of gq and integrating once by parts (in 6 of course), we get

o0& 0&

((Oxpo)go) = <(3XPO)8—)O(P0,K39P0) + (0p0xp0) 9.

(po, Kaeﬂo)> =

O (& poy Kupo)) <<8XK><aepo> gf (00, Kaepo>> _

0&
Pz

x

Ox <5(PO,K59P0) — K (99p0) gj (po, K30P0)> + K Ox <((9epo) (PO7K89/10)> :

So it just remains to show that

0&
0Py

(o0 OB} = O <<aepo> (/)0>K59P0)> |

Once again, this follows from integrations by parts. Indeed,

(o) Bo) = <—(5’9ﬂ0) %@o, K o) (9xpo) + (o) D <§—i<po, Kaepo))
L (P8
— K (94po) (8_;)?6@0’[(89%)) (3xpo)>

_ <_ 9% ( gi (0o, K69p0)> (Oxpo) + (Dopo) Ox (gi(Po,K(%Po))>

o0&
= Ox <(89/)0) p (007K3900)> :

B A convenient structural assumption

Our purpose here is to check that, under a reasonable structure assumption on the Hamil-
tonian 7, the operator &7” behaves properly, and if the kernel of 7(®) has the expected
size, our parametrization hypothesis for periodic profiles is met.

Structure of the Hamiltonian To go further into the analysis of the abstract equation
(B), we need to be more specific about the form of the Hamiltonian .. Inspired by our
examples (I)(B), @), and (9), we write the U-space as RN = R" x RY~" for some
integer n, 0 < n < N, require that

U= ( Z) , H(U) =I(v,u)+E(v,v,),
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and assume that 7 + ¢2 is uniformly strongly convex in both v, and u on the range
of (U, v,)-values and speeds ¢ under consideration. Note that a simple way to make this
assumption independent of ¢ is to assume that J~! has a block structure of the form

1 *‘ *
= < # | O(N—n)x (N—n) ) ’

as is the case for the Euler-Korteweg system.

B.1 Compactness of resolvents

We briefly sketch here a proof of the fact that our structural assumption on # ensures
that <7(©) with domain H*(R/Z;R") x H'(R/Z;R™~=") have a nonempty resolvent set
and compact resolvents. In turn, this implies that, for all v, & is a relatively compact
perturbation of < (©.
Our structural assumptions readily yield
O = Tk A, AO = 30 4 S0k — kDpXs — kDpX1ky

with 21 = ET, 23 = Eg,

21:( o1 ‘ Onx (N=n) )’22:( * ‘ Onx(N=n) )’23:(* * )7
O(N—n)xn | O(N—n)x(N—n) O(N—n)xn | O(N—n)x(N—n) * | 03
with o1 and o3 being uniformly positive definite. Then, standard energy estimates enable
us to show that

; (U, (z =OU)| > [Re(2)]|U|]* = C v}z — CllullZ,
‘<< (Cl?%g z ) ,(Z — &Z{(O))U> Z %<(k89)3v,0'1(k’09)3V> + %(k@gu, 03](38911)
ortg
—C'm(2)| [[V[|752 + [lull2] = C U

where C' is a positive constant independent of z. From this we obtain that there exist
n >0 and C’ > 0 such that if [Re(z)| > n[1 + [Im(2)|%] then

(73) [Ulaxm < C'li(z = & O)U].

This already shows that, for such a z, (z —.2/?)) has a closed range and is one-to-one with
a continuous inverse. To check that the previous range is dense, we only need to examine
whether the formal adjoint is indeed one-to-one (on smooth functions). This amounts to
show that

(74) (=2 — ADJk9)V = 0
has no nontrivial smooth solution V. Applying the operator Jkoy to , we deduce
from applied to z and U = Jk0yV that k0yV = 0, which in turn implies V = 0,
because of and the fact that z is nonzero. This proves that for the above n > 0, if
|Re(2)| > n[1 + [Im(2)|%] then z lies in the resolvent set of 7).

Since we have not used any Poincaré inequality in our previous arguments, they apply

mutatis mutandis to </ with domain H3(R;R") x H'(R; R™~") and show that it has a
nonempty resolvent set.

45



B.2 Parametrization of periodic orbits

Let us prove that, under our structural assumption on .77, there is no restriction in assum-
ing, as done in Theorem [ that Whitham’s parametrization by (k, M, P) is admissible.
More precisely, we are going to show that, if nearby periodic traveling wave profiles form
a N + 2 dimensional manifold, and if the generalized kernel of 79 is of dimension N + 2,
then those nearby profiles are parametrized by (k, M, P). This extends to our Hamiltonian
framework a result previously shown for parabolic conservation laws by Serre [19].

To set things on a more formal ground, we define on some open neighborhood U of
wave values (Z, ¢, v(0),v,(0),A) the map

U — R,

R Vo Vo A) (VIR [v.]3)

[1]

(

where [-]|5 denotes the jump [f]5 = f(Z) — f(0), and U is the solution of
E(Z +c2)[Ul =X, v(0)=vy, v(0)=vp,.

We identify in the usual way nearby periodic traveling wave profiles with elements of the
zero set of R.

Proposition 2. Assume that U is non trivial and that R has constant rank 2n—1. Then
the generalized kernel of /9 is of dimension N + 2 if and only if. up to translation,
nearby periodic traveling wave profiles may be reqularly parametrized by (k, M, P).

Proof. Our proof is based upon the fact that the dimension of the generalized kernel of
o7/ is the algebraic multiplicity of zero as a root of some Evans function D(-) (see [L1]).
Indeed, viewing spectral problem

(75) 2V = oV

for (2, V) = (z,(v,u)?) as a system of coupled differential equations of third-order in
v and first-order in u, we may introduce its fundamental solution R(z;-) normalized by
R(z;0) = Idgsn yg(v—n) and define

D(z) = det([R(z; -)]5)-
Then the condition on the dimension of the generalized kernel of &) reads
D(z) = a2V + OV

for some nonzero a [11I]. We want to convert this into some information about profiles
parametrization.

Let us denote by V7(z; ) the solution to corresponding to the j-th column of the
matrix R(z;-), that is V7(z;-) solves and (v7(z;0),vi(2;0),v? (2;0),u’(2;0))7 is the

j-th vector of the canonical basis of R* x RW=") The Evans function is then written

{VH Wﬁi}
D =1 (i) oo [vhen
[ul] [ +2n]



where we have dropped the marks 0 and = on jumps. To go further, using our structural
assumptions, we writeﬂ

o =JO,A,  A=34+30, — 0,5 — 9,5,0,

with 21 = ET, 23 = Eg,

21 _ ( 01 ‘ Onx(N—n) ) 22 _ ( * ‘ OnX(N—n) ) 23 — ( ¥ * )
ON—n)xn | ON—n)x(N—n) ] ON—n)xn | Ov—m)x(N-n) ) *|og )’

o1 and o3 being uniformly positive definite. Integrating from 0 to Z yields

[P < (PO ] )

o3(0)[w/] + *[v’]

Therefore, up to a nonzero multiplicative constant, D(z) is also written

V] [
Vi T
EVE e s [V

Now, corresponding to the impulse equation, we also have

222w = o, (g Mess(H# + c2)(VI) + Vi - E(# + c2)(U) - W(vgy))
’ P(A+c2) o PA e, N
v, (T v + G e L))

where the convention is as before that linearization and derivatives are taken at U. By
integrating the relation here above, we obtain

|1

292
. oU,

(V3) = (o )O) - [l + + W+ w2 [ V2
0

We still need to check that it is not a trivial relation. But, since U is non trivial, there is

a point where v, is nonzero, otherwise v would be constant thus u and U would also be

constant, a contradiction. Then, since assumptions of the proposition and terms of the

equivalence we are currently proving are invariant by translation, we may assume that

v, (0) is nonzero. Now let us pick ¢ such that the /-th component of o4(0)v,(0) is nonzero
and, for any V = (v,u)” € RV = R" x R¥=") denote by v, the vector of R~ obtained

3We warn the reader that, because of k factors, these notations are not compatible with the ones of
the previous section of the present Appendix.
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from v by deleting the ¢-th component. Then, up to a nonzero multiplicative constant,

D(z) is

[Vl] . [VN+271]
IO N (1% P R (O
wova(Va) - Jo an (VA
fo Vi f Vv N+2n
Up to a change of basis we may assume that V'(0;-) = U,, V/(0;-) = U, _,, for

2n +1 < j < N +2n and (V'(0;-),---,V?*(0;-)) is a basis of the linear span of
{Unvo)is U Uwon)is s Ugwga)n b- With this choice, after setting V! = V,(0; ),
D(z) is written up to a nonzero multiplicative constant

['\71] [VQ] e [VN+2”]
I I (L2 I I
s e (Ve S &RV e [ s (V) |
IV Iy v? e fp Ve

Since V! satisfies U, = &V, it differs from U, by an element of the kernel of <
which is spanned by (V1(0;-),---, V¥N*22((0;.)). This yields that, up to a multiplicative
nonzero constant and an additive remainder O(zN*3), D(z) reads

[ve] [v?] e [y
ez | () [(v2).] e [,
s (Ude) o E(VE) RV
s Ue A A
v,(0)  [v] (V2(0;)] e [NE(05)
(V.)aa(0)  [((V2)e)a] [(v2)a(0-)] e [EL(00)]
SN+2 1 _() 0 0
20U)(0)  JrAE(UDa)  Jo 2E(VE0;) o e AR VEF(05)
H(O) ()EUC f V2<O") f VN+2"(O7')

We are ready to complete the proof by observing the latter determinant. Indeed
our assumption on R implies that the (2n — 1)-st rows of the above matrix are linearly
independent. Furthermore, the kernel of the corresponding linear map is the tangent space
at U of the profiles manifold (profiles being identified when equal up to translation). Thus
the differential map of U > (Z, fOE 2(U), fOE U) is invertible on this tangent space if and
only if the above determinant is non zero. Consequently, this map is full-rank if and only
if the generalized kernel of .&7(©) is of dimension N + 2. O

Note that, by introducing Floquet exponents in previous arguments as in analogous
computations in [19], one may obtain an alternative proof of Theorem
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C Galilean invariance

In order to check that the hyperbolicity of the Euler-Korteweg modulation equations
does not depend on o, it is convenient to rewrite those equations in a form that is
similar to for . Substituting go + j for the mean momentum (pyug) in , and
manipulating the remaining mean values as in the proof of Theorem [, we receive the
system

([ OrK + 0x(0K) = 0,
Oro+ 0x(0o +j) = 0,

(76) o, (@a+;+D) oy (%(QUJFJ)(Q;JFJJFQD) N g) _o.

<(Q0—|—j)2 +25D
0

or(oo +j) + O0x +Qg—|—K@—E>:O,

\

together with the generalized Gibbs relation dE = gdo + ©dK + L ap. Then, we
0
easily check that is invariant by the Galilean transformation

(T7X7K7Q707D) — (T,X—QT,K,Q,U—Q,D)

for any ¢. Since this transformation leaves invariant all the ‘thermodynamic’ variables
(K,0,D,g,0,j,E), it leaves invariant just because it does so for the reduced system

([ OrK + 0x(0K) = 0,
dro+ 0x(0o) = 0,

1
(‘9Ta+(9X (20' + — )
Or(oo) + Ox (0o? —1—2]0 =

\

Acknowledgement. This work has been partly supported by the Furopean Research
Council ERC Starting Grant 2009, project 239983- NuSiKiMo.

49


http://math.univ-lyon1.fr/~filbet/nusikimo/nusikimo.htm

References

1]

[11]

[12]

[13]

J. Angulo Pava. Nonlinear dispersive equations, volume 156 of Mathematical Surveys
and Monographs. American Mathematical Society, Providence, RI, 2009. Existence
and stability of solitary and periodic travelling wave solutions.

T. B. Benjamin. Impulse, flow force and variational principles. IMA J. Appl. Math.,
32(1-3):3-68, 1984.

S. Benzoni Gavage. Planar traveling waves in capillary fluids. Differential Integral
Equations, 26(3-4):433-478, 2013.

Nate Bottman and Bernard Deconinck. KdV cnoidal waves are spectrally stable.
Discrete Contin. Dyn. Syst., 25(4):1163-1180, 2009.

J. C. Bronski and M. A. Johnson. The modulational instability for a generalized
Korteweg-de Vries equation. Arch. Ration. Mech. Anal., 197(2):357-400, 2010.

J. C. Bronski, M. A. Johnson, and T. Kapitula. An index theorem for the stability of
periodic traveling waves of Korteweg-de Vries type. Proc. Roy. Soc. Edinburgh Sect.
A, 141(6):1141-1173, 2011.

A. Doelman, B. Sandstede, A. Scheel, and G. Schneider. The dynamics of modulated
wave trains. Mem. Amer. Math. Soc., 199(934):viii4-105, 2009.

G. A. ElL Resolution of a shock in hyperbolic systems modified by weak dispersion.
Chaos, 15(3):037103, 21, 2005.

G. A. El, R. H. J. Grimshaw, and N. F. Smyth. Unsteady undular bores in fully
nonlinear shallow-water theory. Physics of Fluids, 18(2):027104, February 2006.

Th. Gallay and M. Haragus. Stability of small periodic waves for the nonlinear
Schrodinger equation. J. Differential Equations, 234(2):544-581, 2007.

R. A. Gardner. On the structure of the spectra of periodic travelling waves. J. Math.
Pures Appl. (9), 72(5):415-439, 1993.

S. L. Gavrilyuk and D. Serre. A model of a plug-chain system near the thermody-
namic critical point: connection with the Korteweg theory of capillarity and modula-
tion equations. In Waves in liquid/gas and liquid/vapour two-phase systems (Kyoto,
1994), volume 31 of Fluid Mech. Appl., pages 419-428. Kluwer Acad. Publ., Dor-
drecht, 1995.

J. Howing. Stability of large- and small-amplitude solitary waves in the general-
ized Korteweg-de Vries and Euler-Korteweg / Boussinesq equations. J. Differential
FEquations, 251(9):2515-2533, 2011.

20



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

M. A. Johnson, K. Zumbrun, and J. C. Bronski. On the modulation equations and
stability of periodic generalized Korteweg-de Vries waves via Bloch decompositions.
Phys. D, 239(23-24):2057-2065, 2010.

M.A. Johnson, P. Noble, L.M. Rodrigues, and K. Zumbrun. Behavior of periodic
solutions of viscous conservation laws under localized and nonlocalized perturbations.
arXiv:1211.2156, 2012.

T. Kato. Perturbation theory for linear operators. Springer-Verlag New York, Inc.,
New York, 1966. Die Grundlehren der mathematischen Wissenschaften, Band 132.

M. Oh and K. Zumbrun. Stability of periodic solutions of conservation laws with
viscosity: analysis of the Evans function. Arch. Ration. Mech. Anal., 166(2):99-166,
2003.

M. Oh and K. Zumbrun. Stability of periodic solutions of conservation laws with
viscosity: pointwise bounds on the Green function. Arch. Ration. Mech. Anal.,
166(2):167-196, 2003.

D. Serre. Spectral stability of periodic solutions of viscous conservation laws: large
wavelength analysis. Comm. Partial Differential Equations, 30(1-3):259-282, 2005.

G. B. Whitham. Two-timing, variational principles and waves. J. Fluid Mech.,
44:373-395, 1970.

G. B. Whitham. Linear and nonlinear waves. John Wiley & Sons Inc., New York,
1999. Reprint of the 1974 original, A Wiley-Interscience Publication.

51



	Introduction
	Periodic waves and modulated equations
	General material
	Modulational stability vs spectral stability
	Small amplitude wave trains

	Application to the Euler–Korteweg system
	Periodic traveling waves
	Whitham's modulated equations

	Nature of modulated equations in practice
	Shallow water type pressure laws
	Parametrization of periodic waves
	Numerical results

	Van der Waals type pressure laws
	Parametrization of periodic waves
	Numerical results in the eyes-and-guitar case 
	Numerical results in the two-fish case
	Conclusion from numerical investigations


	A concrete computation
	A convenient structural assumption
	Compactness of resolvents
	Parametrization of periodic orbits

	Galilean invariance
	References

