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Propagating phase boundaries and capillary fluids

Sylvie Benzoni-Gavage*

February 17, 2011

Abstract

The aim is to give an overview of recent advancements in the theory of Euler—Korteweg
model for liquid-vapour mixtures. This model takes into account the surface tension
of interfaces by means of a capillarity coefficient. The interfaces are not sharp fronts.
Their width, even though extremely small for values of the capillarity compatible with
the measured, physical surface tension, is nonzero. We are especially interested in non-
dissipative isothermal models, in which the viscosity of the fluid is neglected and there-
fore the (extended) free energy, depending on the density and its gradient, is a conserved
quantity. From the mathematical point of view, the resulting conservation law for the
momentum of the fluid involves a third order, dispersive term but no parabolic smooth-
ing effect. We present recent results about well-posedness and propagation of solitary
waves.
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1 Introduction to Korteweg’s theory of capillarity

1.1 Historical background

The mathematical theory of phase boundaries dates back to the 19th century. One of the
first achievements is the famous Young-Laplace relation, stating that the pressure difference
across a fluid interface (between e.g. water and air, or water and vapour) equals the sur-
face tension (a volumic force actually localized on the surface, as its name indicates) times
the sum of principal curvatures of the surface (which implies in particular that there is no
pressure difference for a flat interface). It was independently established by Young![76]
and Laplace2 [52] in the early 1800s, and was later revisited by Gaul®[37]. Poisson?[64],
Maxwell®[58], Gibbs®[40], Thomson”[72], and Rayleigh8 [65] then contributed to develop the
theory of nonzero thickness interfaces, in which capillarity comes into play, before it was for-
malized by van der Waals®[74] and his student (the only one known) Korteweg'?[49]: we refer

!Thomas Young [1773-1829]

Zpierre-Simon Laplace [1749-1827]

3Carl Friedrich GauR [1777-1855]

4Siméon-Denis Poisson [1781-1840]

5James Clerk Maxwell [1831-1879]

6Josiah Willard Gibbs [1839-1903]

“JTames Thomson [1822-1892] (elder brother of Lord Kelvin)
8John William Strutt, best known as Lord Rayleigh [1842-1919]
9Johannes Diederik van der Waals [1837-1923]
19Djederik Johannes Korteweg [1848-1941]
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the reader to the book by Rowlinson and Widom [71] for more historical and physical details
on capillarity, as well as for further information on reprinted and/or translated/commented
editions of those ancient papers (which were originally written in as various languages as
dutch, english, french, german, and latin).

1.2 Whatis capillarity?

In everyday life, capillarity effects may be observed in thin tubes. For instance, if a straw is
filled with your favourite drink, this liquid will usually exhibit a concave meniscus at end-
points (even though some liquids, like mercury, yield a convex meniscus, if you remember
how looked like those old medical thermometers). Capillarity is also involved when you use
a paper towel to wipe off spilled coffee on your table, and (before you clean up), it is surface
tension that maintains the non-flat shape of coffee drops spread on the table: as we shall see,
capillarity and surface tension are intimately linked (the words are even sometimes used as
synonyms, at least by mathematicians). Less likely to be seen in your kitchen are the super-
fluids (such as liquid helium at very low temperature), which would spontaneously creep up
the wall of your cup and eventually spill over the table. Again, capillarity is suspected to play
arole in this weird phenomenon.

Of course these observations do not make a definition. As far as we are concerned, cap-
illarity will occur as a ‘coefficient’, possibly depending on density, in the energy of the fluid.
We will consider only isothermal fluids (which seems to be physically justified in the case of
superfluids, and for liquid-vapour mixtures in standard conditions). For this reason, by en-
ergy we will actually mean free energy. A ‘regular’ isothermal fluid (at rest) of density p and
temperature T has an energy density Fy(p, T), and its total energy in a volume Q is

Folp, T) = fQFo(p,T)dx.

In a capillary fluid, regions with large density gradients (typically phase boundaries of small
but nonzero thickness), are assumed to be responsible for an additional energy, which is
usually taken of the form

! fQ K(p, T) IVp[2dx,

in such a way that the total energy density is

F=F(p,T,Vp)=Fy(p,T) + 3 K(p, T)|Vpl*.

1.3 Where are the phase boundaries?

If Fy is a convex function of p with a unique (global) minimum p, the fluid will not exhibit
phase boundaries. For, the constant state p = p is an obvious global minimum of the total
energy .# = [, Fdx under the mass constraint [, (p — p)dx = 0. Now things are very differ-
ent if Fy is a double-well potential , which happens to be so for instance in van der Waals
fluids below critical temperature. By double-well potential we mean that Fj has a bitangent
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at some points p, and py, called Maxwell points, with p, < p, to fix the ideas (the subscript
v standing for vapour and ¢ for liquid).Then the total energy has many types of minimisers
where the two values, each one corresponding to a ‘phase’, p, and p, co-exist. The inves-
tigation of minimisers in general is out of scope, but we shall come back to this topic in §3
from the special point of view of planar traveling waves. This will be a way to consider not
only stationary phase boundaries in a fluid at rest but also propagating phase boundaries in
a moving fluid.

1.4 Equations of motion for capillary fluids

The motion of a ‘regular, compressible and inviscid isothermal fluid is known (see for in-
stance [31]) to be governed by the Euler equations, consisting of

conservation of mass

(1) 0;p +div(pu) =0,

conservation of momentum

2) 0;(pu) +div(pu®u) = divX,

where p denotes as before the density, u is the velocity, and X is the stress tensor of the fluid,
given by
2 =-pl =poF F
=~PL P=Py 0
Here above, the energy density F is assumed to depend only on (p, T), and p is the actual
pressure in the fluid. For capillary fluids, or more generally if we allow F to depend not only

on (p, T) but also on Vp, we can still define a (generalised) pressure by

OF

=p——-F
p Pap

However, it turns out that in this situation the stress tensor is not merely given by —p1. Ad-
ditional terms are to be defined in terms of the vector field w, of components

_OF
ap,,- ’

Wi .

where fori € {1,...,d}, p; stands for 0; p, the i-th component of Vp. By variational arguments
detailed in the appendix (also see [67]), we can justify that for capillary fluids the stress tensor
2 has to be modified into

3) Z=(-p + pdivw) I -we Vp.
In particular, when

(4) F=Fy(p) + $K(p)IVpl*,

4
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(we can forget about the dependency of F on T since we consider only isothermal motions)
we have

w=KVp, p=po+3(pK,-K)IVpl,
where

is the standard pressure. After substitution of w and p for their expressions in terms of K, p,
and Vp in X, the momentum equation (2) may seem overcomplicated at first glance. To get a
simpler point of view, it is in fact better to return to the abstract form of %, and observe that
by the generalised Gibbs relation

d
dF = -SdT + gdp + )_w;dp;,

i=1

we have (by definition) p = pg — F, hence

d
dp = pdg+SdT - ) w;dp;.

i=1

(Here above, S is the entropy density, and g is the - generalised - chemical potential of the
fluid.) In particular, along isothermal, smooth enough motions we have

ojp=p0;g -,

d
1=

d
wiajp,,- = pajg— Z wiaip,]-
1 i=1

by the Schwarz lemma. This (almost readily) yields the identity
divZ = pV(—g + divw).

Therefore, the Euler equations (1)-(2) with the modified stress tensor (3) may alternatively
be written in conservative form

5) { 0:p + div(pu) = 0,

0t(pu) +div(pu®u) = V(-p + pdivw) — diviwe Vp),

or (using in a standard manner the conservation of mass to cancel out terms in the left hand
side of the momentum equation), in convection form

©) { 0p+u-Vp + pdiva =0,

ou+ (u-V)u = V(-g + divw).
In particular, when w = K'Vp (that is, if (4) holds true),

g =28 +3K,Vpl,
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where gy is independent of Vp, and more precisely g is such that py = pgo — Fo, and the
second equation in (6) reads

@) dru+ (u-Vu = V(-go + 3 K, IVpl* + KAp).
An apparently simple, special case is when K is a constant. Then Equation (7) reduces to
8) ou+u-Vu+ Vgy = KVAp,

which has a linear principal part. Nevertheless, we shall see in the analysis of the Cauchy
problem that it is not the easiest case. A somehow physical explanation for this fact is the
following. Since the total energy of the fluid, including kinetic energy, is

K
F+iplulP=Fy+ip(u?+v®, v::\/;w,

it seems reasonable to try and reformulate (7) in terms of the vector field v instead of w =
KVp. This works indeed, thanks to the identity (shown in the appendix)

%KAIVpIZ + KAp = adivv + %Ivlz, a:=+/pk,
so that (7) equivalently reads
9 Oru+ (u-V)u + Vgy = V(adiv + 3 [v[).

Even though this equation looks more complicated than (8), it points out another special
case, namely when a is constant, thatis when K is proportional to 1/p (which we shall merely
write K  1/p). Indeed, for such an a, the principal part in (9) is aVdivv, obviously linear in
v with a constant coefficient. (We could also have noticed that p K = constant simplifies the
principal part, V(p K Ap), of the momentum equation in (5) when w = KVp.) By the way, we
shall see in §1.5 below that the special case K o< 1/p is a physical one, in the framework of
Quantum HydroDynamics (QHD) for semiconductors or for Bose-Einstein condensates. In
any case, Eq. (9) and its counterpart for v (see §2.2.1) will be play a crucial role later on in the
analysis.

1.5 Euler-Korteweg equations and related models
For F asin (4), w= K(p)Vp, and p, po, &, o defined as in the previous subsection by
p=po+3K,-K)IVpl*, po=pgo—Fo,

(10) O0F
g =8 + 3KVl goza—;,

we shall refer indifferently to (5) or to (6) as the Euler—-Korteweg equations, and call Korteweg
stress tensor

(11) K:=pol+ 2 =pKApIl+1(K+pK)) VoI -KVpeVp.

6
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Itis to be noted that originally Korteweg [49] (see also [73, pp. 513-515] for a modern account
and discussion) considered more general stress tensors, of the form

(12) K= a(p)|Vpl*I+ B(p)Vp®Vp + y(p) Apl + 8(p) Vp.

The tensor obtained above corresponds to a = % (K + PK/D)» B =-K,y=pK, 6 =0. Another
class of examples pertaining to the general form (12) is

K = u(p) V¥&(p),

corresponding to & =0, § =0, y = uéy, 6 = ug,. We shall meet of one them in the QHD
paragraph.

Incompressible inhomogeneous Euler-Korteweg equations An incompressiblefluid is char-
acterized by a solenoidal (that is, divergence-free) velocity. It can be homogeneous, and then
its density p is merely a constant, or inhomogeneous, in which case p is just transported by
the flow, obeying the law

0;p+u-Vp =0.
(This equation is a special case of the mass conservation law (1) when divu = 0.) Recently
[56], local-in-time well-posedness in Sobolev spaces was shown for the model of incom-
pressible inhomogeneous fluids with a Korteweg tensor of the form (12) with a >0, f = -3a,
Y =0, 6 =0. Itis to be noted that for these values of parameters, the momentum equation
does not contain third order derivatives. The nasty quadratic terms in Vp are dealt with by
using elliptic regularity estimates for the modified pressure IT = p +2a|Vp|>.

Navier-Stokes-Korteweg equations The (compressible) Navier—Stokes—Korteweg equations
are made of (1)-(2) with a stress tensor

2 =-pl+K+D,
including a viscous stress tensor, generally of the form
D = A(p) (divi)I + p(p) (Vu+ (Vw?).

In the mathematical analysis of the Navier—Stokes—Korteweg equations, the positivity of the
viscosity coefficient u plays a crucial role (basically lying in a parabolic smoothing). More
precisely, it was shown in [30] that for constant A and p such that p > 0and A +2u >0, and
for K > 0 also constant, the Cauchy problem is locally well-posed in critical Besov spaces, and
globally well-posed for ‘small’ data (in fact, for densities close to a stable state, i.e. where Fy is
strictly convex). On the other hand, it was shown in [24] that for A =0, u = vp, v > 0 constant,
and K > 0 constant, the Cauchy problem admits global weak solutions. The special form of
enabled indeed the authors to derive an a priori estimate for the effective velocityu+vVinp.
Another important ingredient in the analysis of the Navier—Stokes—Korteweg (and also of the
Euler-Korteweg) equations is a further a priori estimate on Vp, due to the term %K IVpl? in
the energy, which allows more general pressure laws — in particular nonmonotone ones, like
for van der Waals fluids — than for compressible Navier—-Stokes equations (dealt with by Lions
[55] and Feireisl [35]).
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Quantum hydrodynamic equations The mathematical theory of semi-conductorsinvolves
models analogous to Euler—Korteweg and Navier—Stokes—Korteweg equations, referred to as
quantum hydrodynamic equations (QHD) [44, 45], in which the ‘Korteweg’ tensor is of the
form

K = epV?In(p).

When expanded as in (12), this tensor involves in particular a term fVp ® Vp with f = —¢/p,
similarly as the Korteweg tensor we introduced for capillary fluids (11) when K o« 1/p. Let
us mention that in QHD, the higher order term divK in the momentum equation is usually
written by using the remarkable identity (shown in the appendix)

A
div(p V2In(p)) = 2pV (—‘/ﬁ) .

NG
Recently [46], a global existence result of weak solutions was obtained for the quantum
Navier-Stokes equations, namely (1)-(2) with 2 = —ppl + K+ D, Kas aboveand D = vp (Vu+
(Vu)T), using a reformulation of the equations in terms of the same effective velocity u +
vVInp as in [24]. As regards inviscid quantum equations, local-in-time existence results for
smooth solutions were obtained in the early 2000s [43, 53] on the quantum Euler-Poisson
equations, in which the momentum equation is coupled with a Poisson equation through
the force associated to the electrostatic potential. (The literature on QHD is of course much
wider than the few references given here above.)

Gross-Pitaevskii equation A model for Bose-Einstein condensates [63] (which also have to
do with quantum mechanics, and among which we find for instance superfluid Helium-4) is
the Gross—Pitaevskii equation

0y + 30y = (> - Dy,

a particular nonlinear Schrodinger equation (usually referred to as NLS). More generally, we
may consider the NLS

(13) oy + 1Ay = gy y.

Abit of algebra shows that for (smooth enough) complex-valued solutions i of this equation,
the vector-valued function (p = ||?,u = V¢), where ¢ denotes the argument of v, satisfies
(at least formally) the Euler-Korteweg equations (6) with

1

K=—.
4p

Conversely, a solution (p,u) of (6) with p >0, K =1/(4p), and u irrotational, yields a solution
v of (13) through the Madelung transform

(p,u) — ¥ = \/;_)ei"’; Vg =u.

The theory of the Gross—Pitaevskii equation is a very active field of research in itself, see e.g.
[2, 14, 15, 16, 17, 18, 39].
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Water waves equations The original Boussinesq'!' equation [23]
0ih— gHOh — 3 g0%(h*) — gH*0%h =0

was derived as a modification of the wave equation in order to describe long water waves of
height h propagating on the surface of a shallow river, of depth H, under the gravity g. Since
then, generalised Boussinesq equations

(14) 0%h + 02m(h) + xkdth = 0

have been considered [20]. We speak of the ‘good Boussinesq’ equation when x > 0, because
the linear operator 0% + x 0} yields well-posed Cauchy problems in that case. As in [20], one
may consider the associated system

(15) { 0:h = oxu,

Oru + 0xm(h) = —x 0> h,

(If (h, u) is a smooth enough solution of (15) then # is a solution of (14).) Now, it is remarkable
that the Euler-Korteweg equations in one space dimension

0:p + 0x(pu) =0,

(o) { O:(p w) + 0x(p u? + po(p)) = 0 (P KO2p + 3 (0 K, = K) (0xp)?),

give rise to a generalised version of (15) when reformulated in Lagrangian coordinates. More
precisely, if (p, 1) is a smooth enough solution!? of (16) with p > 0, if we denote by v = 1/p
the specific volume of the fluid, and y the mass Lagrangian coordinate, characterised by
dy = pdx — p udt, we find that (see details in the appendix) (v, u) satisfies

(17) { 0,y =0yu,

it + 0y po = =0, (k5 + 5K, (0, 1)),
with x := p® K. In particular when « is constant, that is K o< p~> (even though it is not clear
what this should mean physically), (17) reduces to (15) with h = v and n(h) = po(p).

Another asymptotic model for water waves is known as the Saint-Venant'® system (at
least by the French; otherwise it is called the shallow water equations), which coincides with
the Euler equations for a quadratic ‘pressure’ (the height of the waves playing the role of
density). When surface tension is taken into account, higher order terms are involved that
are similar to those in the Korteweg tensor, see [24, 25] for more details.

Finally, the complete (incompressible Euler) equations for water waves with surface ten-
sion are also close to the Euler—Korteweg equations, and some of the techniques used in
the recent work by Alazard, Burq and Zuily[1] are to some extent similar to those we shall
describe later on.

HJoseph Valentin Boussinesq [1842-1929]

2Ror Euler equations, it is known that the two formulations are equivalent also for weak solutions [75], but
for Euler-Korteweg equations we refrain from talking about weak solutions because their meaning is not clear.

13Adhémar Jean-Claude Barré de Saint-Venant [1797-1886] (advisor of Boussinesq)
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1.6 Hamiltonian structures

From now on, we concentrate on the (compressible) Euler-Korteweg equations. Let us more
specifically look at these equations written (for smooth motions) as in (1)(7), which we recall
here for convenience

(18) { 0:p + div(pu) =0,

dru+u-Vu = V(-go + 3 K, [Vp* + KAp).

Aremarkable fact about this system is that it admits a Hamiltonian structure, associated with
the fotal energy (including kinetic energy)

H = fde, H(p,Vp,w) := F(p,Vp) + 3 plul* = Fo(p) + 1 K(p) IVpl* + 3 plul*.

The expression of .77 is formal if the integral is taken on the whole space, because H does not
need being integrable (it may even not tend to zero at infinity). However, we shall see later
on that we can modify H in a suitable manner, at least in one space dimension, to ensure the
integral is well-defined. The variational gradient of the functional ¢ is the vector-valued
function 677 (at least formally) defined by

d . . )
E%[p+6p,u+6u]|9:0 = f&%ﬂ[p,u]-( ﬁ )dx

for perturbations (p,u) vanishing sufficiently rapidly on the boundary of the domain or at
infinity in the whole space. Equivalently (see for instance [60, p. 244-247]), the components
of 6 are 6, H, &, H, ..., &, H where the Euler operators are defined by

0H

&pH = ZD’(OPZ)’ & H : _Ou]

i=1

(the latter being simpler than the former because H does not depend on the derivatives of
u). Here above (as in the appendix, first paragraph), D; stands for the total derivative with
respect to x; € R4. Therefore, recalling that gp = (Fo);,, we find that

1iuf? _Llygt 2 _
5 |p,ul = ( 5 ul” + go(p) K,IVpl> = KAp )

pu

Let us now introduce the differential operator

7 ::( _Ov —giv)_

It is skew-adjoint on L2(R%) (with domain H!(R%)). Its skew-symmetry can be seen from the
identity, merely coming from integrations by parts, [(p;divuy + u;-Vpz)dx = — [(padivu, +
uy - Vp1)dx). Another way is to remark that its symbol

0 —ié&’ )

[63) ::(_l.(f )

10
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is skew-symmetric. Then we readily see that (18) is equivalent to
(19) at( g ) = 78 1p.ul,

provided that (u-V)u = V(% lu|?), which is the case in particular (see (61) in the appendix) if
the velocity field u is irrotational (thatis, 0;u; = 0;ju; for all indices i, j € {1,...,d}).

Remark 1. By Poincaré’s lemma, a vector field is irrotational (or curl-free) in a simply con-
nected domain if and only it is potential, which means that it is the gradient of a potential
function. Of course this is always the case in one space dimension. Observe also that for the
Gross—Pitaevskii equation (13), the ‘velocity’ field is potential by construction.

System (19) is the prototype of an infinite dimensional hamiltonian system (the infinite
dimensions being due to the fact that _# and . act on functions of x). It is associated with
the Poisson bracket

(2, %) ::fci,@-/&%dx

for functionals 2 and #. The skew-symmetry of {, } readily follows from the skew-symmetry
of #.Furthermore, {, } automatically satisfies the Jacobi identity

(2%, I+ XS, LR+ (L, % =0
because ¢ has constant coefficients (see [60, p. 438]).

Remark 2. The Hamiltonian formulation in (19) is in fact not specific to the energy as in (4).
Going back to the definition of the Euler operator E,, we see that in general

5400, u] = %Iul2 + g(p,Vp) — divw
,0, - pu »

and the system (6) is indeed (19) with this expression of 6.7¢ .

In three space dimensions (d = 3), it turns out that (18) admits another Hamiltonian
formulation associated with the Hamiltonian .77, with a constant skew-symmetric operator
J instead of / , for general flows (i.e. without the assumption V x u = 0). This is even true
for the more general system (6). We follow here the approach described by Benjamin [7,
§7.2] (also see references to much earlier work therein, in particular the original paper by
Clebsch!4[27] and the book by Lamb'®[51, §167]). The idea is to make use of the Clebsch
transformation and write the velocity field as

u=Ve+AVyu,

14Rudolf Friedrich Alfred Clebsch [1833-1872]
15Gir Horace Lamb [1849-1934]

11
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where Vg is clearly potential (and thus irrotational), and A, p have some degrees of free-
dom we shall not discuss here. Note however that A Vy is not solenoidal ' in general, its
divergence being equal to AAu+ VA -V, so this way of decomposing the velocity field is not
directly linked to the Leray—Helmholtz projector onto divergence-free vector fields. Note also
that all the information on the vorticity, defined as the curl of the velocity

w:=Vxu,

is then contained in A and pu:
w=VAxVpu.

Let us compute the variational gradient of .77 when H is viewed as a function of (o, Vp, A, V¢, V)
with A:=p A, that is
H=F(p,Vp) + 1p|Ve + (Al p) Vul*.

The components of 6.7 are

oH 0H
EpH = — — D-( ):—)Lu-V + 21ul® + g(p,Vp) — divw,
Y ap o] i ap,i H~ts3 g\, vVp
0H
E H := — =u-Vy,
A A u-vu
3 0H
EyH = — D-( ):—div(pu),
Y z=zl "oy,
3 0H
&H = — ZD,-( ) = —div(Au).
o1 \OW,i
Let us consider the Hamiltonian system
P 0 0 10
A 0 0 01
(20) at (p - ]5%[P;A;(Pyﬂ]; I-_ -1 0 0 0
U 0 -1 00

The first row in (20) is nothing but the conservation of mass (1), and the third row reads
O0rp — Au-Vu + %Iul2 + g(p,Vp) — divw = 0,
which can be combined with the fourth row
Ot +u-Vu=0
to give

21) 0rp + A0y + 3 lul® + g(p, Vp) — divw = 0.

16By Poincaré’s lemma, a field is solenoidal, which means divergence-free, in a simply connected domain if
and only if it can be written as the curl of a vector potential.

12
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Finally, the fourth row
0:A + div(Au) =0

combined with the conservation of mass (1) shows that
oA +u-VA =0,

which means that A, like g, is transported by the flow. This implies, together with the identity
(see (61) in the appendix)

V(3lul®) =ux (Vxu + u-Vu,

that (21) is an integrated version of the velocity equation in (6). More precisely, we can derive
the velocity equation by applying the gradient operator V to (21) and by using that (see (62)
the appendix)

ux (VAxVu) — (a-Vu) VA + (u-VA)Vu = 0.

2 Well-posedness issues for the Euler-Korteweg equations

2.1 Nature of the equations

To discuss well-posedness for classical solutions we can either consider (18) or the conser-
vative form of the Euler-Korteweg equations, which in view of the expression of p in (10)
reads

0:p +div(pu) =0,
(22) 8:(ow) +diviou®w) = V (—po +pKAp + L(K+pK)) |Vp|2) — div(KVp®Vp),

with pg = po(p) and K = K(p). Clearly, (18) looks nicer than (22). However, both are third
order systems with no parabolic smoothing effect, even though we expect some smoothing
on the density thanks to the conservation of the total energy

H = f(Fo(p) + 3K Vol® + 3 plul®) dx.

This conservation property readily follows from the Hamiltonian structures evidenced in
§1.6. It can also be deduced from the local conservation law for the energy

0:(Fo+ 3KIVpl* + 1plul?) +
div((Fo + po — pKAp — %(K+ pK;)) IVpI2 + %plulz)u + Kdiv(pu)Vp) =0,
which is a special case of
0: (F + %plulz) +div((F + %plulz)u) = div(Zu - (pdivu)w),

where 2 = (—p + pdivw)I — w® Vp is the stress tensor (as in (3)) and the additional term
— (pdiva) w has been called interstitial working by Dunn and Serrin [33].
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If one wants to understand the mathematical nature of (18) or (22), the first thing to do
is to examine the linearised equations about constant states (which are obvious solutions).
Linearising (18) about (p,u) = (p ,u), we get

0;p+u-Vp + p divu =0,
(23)
oru + (u-V)u+yVp =KVAp,

where we have used the notations y = g(’) (p) and K = K(p) for simplicity. We can write (23)
under the abstract form B

(24) at(ﬁ):A(V)(ﬁ),

where the symbol of the differential operator A(V) is

iu-g ipg" )

(25) Alg) = - ( iy +KIEDE im-§ly

of which the characteristic polynomial is
(26) (@8 = @+ w0+ w8’ + p &P + KR
A necessary and sufficient condition for y(-; &) to have only purely imaginary roots 7 is

27) p &% (y + KIEI*) = 0.

For K = 0 we would be left the usual hyperbolicity condition for the (pure) Euler equations,
namely p y = p;(p) = 0. This condition means that F; is convex at p , and if it is the case, the

sound speed is well defined at p by c(p) := /p,(0). If we are to consider fluids for which F,
is not convex, in particular those for which F is a double-well potential, there are states p
in between the Maxwell points violating the hyperbolicity condition for the Euler equations
(this is a well-known drawback of the Euler equations when applied to van der Waals fluids
below critical temperature for instance). For K > 0, those states also violate (27) but only for
‘small’ frequencies, that is, for

Y -poe)

K~ pK

1€1? <

This leaves hope that the Cauchy problem be well-posed for the Euler—Korteweg equations
even with initial data containing unstable states, where pj, is negative. As we shall see, this is
far from being trivial though.

Sticking for the moment to the constant-coefficient linearised problem (23) about a strictly
hyperbolic state, that is where p; > 0, we can convince ourselves that the Cauchy problem is
well-posed in H! x L? by using semi-group theory. Indeed, the operator A(V) (where A is

14
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the matrix-valued symbol defined in (25)) turns out to be skew-adjoint for the inner product
associated with the rescaled norm defined by

o, wI? = [(o? + KIVpP + p lufydx

on H'(R%) x L?>(R% R%). Therefore, by Stone’s theorem [61, p. 41], A(V) is the infinitesimal
generator of a semi-group of unitary operators. In the degenerate case when y = 0 (as though
the fluid were ‘pressureless’), we can in fact solve (24) by hand on the whole space R? thanks
to Fourier transform. As a consequence, we find a priori estimates in the form of dispersion
inequalities for p, Vp, and 2u, where 2 denotes the Leray—Helmholtz projector onto curl-
free fields orthogonally to divergence-free fields, defined in Fourier variables by

T - £19,

Those dispersion inequalities read

lo®le < C 2 (lpOlp + 1V 2O 11),

Vo)l = Ct_d/Z(IIVP(OIILl + 1 2u(0)ll 1),

2u(®)| 1~ < Ct_d/z(IIVP(OIILl + 1 2u(0)l 1),
where C < a~%, a:= \/p K (this notation is chosen on purpose for later use). They mean that
for sufficiently localised’ initial data (namely, (po, 2ugy = Vo) with (pg, o) € WHH(RY;R?)),
the solution (p, Vp, 2u) decays algebraically to zero in L* norm as t goes to infinity: this
is the property usually required from what is called a dispersion inequality in the theory of

dispersive PDEs. As to the divergence-free part of u, if not zero initially it remains bounded
away from zero, since it is only transported by u:

- 2wl = l(u-2u)(0) 1.

See [12, § 3.1] for the technical details. These partial dispersive features are linked to the
so-called Kato smoothing effect that will be discussed in § 2.2.4 below.

Dispersion is also (more directly) visible on the characteristic polynomial y (defined in
(26)), which admits two roots 7 = iW (&) such that the associated group velocities V¢ W are
not phase velocities if p K is nonzero. Indeed, for

W) =-u-& £ 18l /p(y+KIEI),

ply+2KIE% &

Jeg+Kigp 18
K
EVW-WE) =+ —P= g,

Ve +KIiEP)
which is nonzero unless p K = 0 (for Euler equations it is well-known that group velocities
are phase velocities) or & = 0.

To be retained from this paragraph is that the Euler-Korteweg equations display both
hyperbolic and dispersive features.

15
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2.2 Cauchy problem
2.2.1 Extended systems

At present day it is not known how to deal with well-posedness directly on the system (22)
(nor on its nonconservative form (18)). We have to consider an extended one.

As far as smooth solutions are concerned, if (p,u) is one of them, by taking the gradient
of the mass conservation law (1) in (22) we can always write the following equation for Vp:

(28) 0:(Vp) + V(u-Vp) + V(pdivu) = 0.

When F, is strictly convex (that is, FJ > 0), if K > 0 satisfies the further condition KK" =
2K", it turns out (see appendix) that the total energy density

H=Fy+1KIVpl* +1plul

is a strictly convex function of (p, pu, Vp), and that the Euler-Korteweg equations (22) sup-
plemented with the equation (28) for Vp are symmetrizable by means of the Hessian of H.
More precisely, writing (p, pu, Vp) as a column vector W, the system (22)(28) can be written
in abstract form as a non-dissipative second order system (using Einstein’s convention on
repeated indices)

(29) 0/W + A (W) 0xW + 0 (Bk,z(W) ng) =0,
where the matrices A (W) and By ¢(W) are such that

S(W) A (W) is symmetric for all ke {1,...,d},
and for all vectors X, ..., X4 in R x RY x R%,
(30) (X¥, S(W) B, (W) X’) =0,

where S(W) := D‘ZNH . This was pointed out by Gavrilyuk and Gouin [38], see [12, § 2.1] for
more details. It is (30) that characterizes the lack of dissipativity. Up to our knowledge there
is no general theory of the Cauchy problem for such systems.

In fact, we can deal with the Cauchy problem for (18) with no convexity assumption on
Fy. The analysis is based on another extended system, which is actually a reformulation of
(22)(28) in slightly differently variables. We write the velocity equation as in (9), where

a=+pK, v= \/gv,o,

and we introduce ({ so that v = V{. Obviously this amounts to defining (up to a constant)
¢ = R(p) where R is a primitive of p — /K (p)/p, which is well defined away from vacuum
(that is, for p > 0) provided that K is continuous (in pratice, we assume K is 4*°) and K(p) >
0. The equation satisfied by ( is merely obtained by multiplying the mass conservation law

16



cel-00582329, version 1 - 1 Apr 2011

(1) by v/K(p)/p, and by differentiation in x we obtain an equation for v (equivalently, we can
multiply (28) by /K (p)/p). The resulting extended system reads

0;( +u-V{ + adivu = 0,
(31) opu+ (u-Vyu— V(3 |vl?) - V(adivw) = —Vgo,
0v+ V(u-v) + V(adivu) = 0.

The gradient term V gy has been put into the right-hand side because it can be written - and
will be considered - as a term of order zero. Indeed, viewing gy as a function of { instead of p
we have

Vgo = (80); V-

Clearly, if (¢, u,v) is a smooth solution of (31) for which v is curl-free initially (which will be the
case if we take V() as initial condition for v), it remains so for all times (by applying the curl
operator to the third equation we see that 6;V x v = 0). So we may manipulate the equation
for v under the compatibility assumption 0 vy = 0 v;. This allows us to write

Vu-v) = (u-V)v+ (Vu)v.
So the final form of the extended system is
0/ +u-V{ + adivu = 0,
(32) dpu+ (u-Vu - V(3 1v?) - V(adiv) = gv,
ov+ (u-V)v+ (Vu)v + V(adivu) = 0,

with a = a({) and g = g({) := —(go)'({). Note that in this form it is no longer obvious that
curl-free fields are preserved by the equation on v. Nevertheless, this is true thanks to the
transport equation satisfied by the curl of v (i.e. V x v in three space dimensions) along the
fluid flow, which is more safely found by using coordinates. For, the j-th component of the
third equation in (32) is

0:Vj + U0 vj + vi0jug + 0j(adrug) =0,
which implies by differentiation that for any i, j € {1,...,d},
0:(0;v; —0jv;) + urdr(0;vj —0;v;) + (Qiug) Ok vj —0jvg) + (0; v —0rv;) (Qjuy) = 0.
So the matrix-valued function Q = curlv:= (d;v; — d;v;);,; solves the transport equation
0,2+ (u-V)Q + (Vu)Q + Q(Vu)" = 0.

Therefore, integrating by parts we have

1d

1
- — |n|2dx——f (divu)lﬂlzdx+f VwQ +QvVu):Qdx =0,
2dt R4 2 R4 R4
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hence .
”Q(t)”%z < ”Q(O)”%Z ef0(||d1V11(S)||L°° +4[Vu(s)llzoo) ds

as long as u belongs to L} W, This shows that © remains null if it is so initially.
The advantage of (32) over (31) lies in the observation that for a solution of (31) the
complex-valued field z:= u + iv satisfies a (degenerate) Schrodinger-like equation, namely

(33) 0iz+ (u-V)z+i(Vz)v+iV(adivz) = gv.
To be more explicit (33) reads, using coordinates,
(34) ath+ukaij+ivkajzk+i0j(aakzk):ql)j, jefl,...,d}.

Would u, v, a, and g be fixed functions of x, Eq. (34) could be seen, at least in the case d =1,
as a (generalised) Schridinger equation. It is to be noted though that the first order terms in
(34) are more ‘complex’ than usual (if one compares with the equations considered in [66] for
instance, the complex-valued coefficient i v in the first order part is nonstandard). In fact, it
is well-known that we can get into trouble with such terms, even with constant coefficients.
As pointed out for instance in [50, ch. 2], the generalised Schrodinger equation

(35) 0,2+ iv0xz+i0°2=0

does not satisfy the Petrowsky condition if v > 0 (by Fourier transform we find that z(¢,¢) =
e!We+it" Z(, ¢) is exponentially growing in time ¢), and thus the Cauchy problem is ill-posed
in all Sobolev spaces.

Furthermore, in several space dimensions (d = 2), the higher order coupling in the sys-
tem (34) is somewhat degenerate. A less degenerate situation would be if we had div(aVz) in
(33) instead of V(adivz).

2.2.2 Main well-posedness result

We are concerned here with the Cauchy problem for (18) in the whole space R, from the
point of view of ‘smooth)’, classical solutions, and more precisely of solutions whose differ-
ence with a reference one (e.g. a constant but not only) are in Sobolev spaces H* (R%) (to be
more correct, velocities are in H® and densities are in H**!) . The main result, stated below in
detail, contains local-in-time well-posedness for s > d/2+1, together with a blow-up criterion

lim [[(V?p, Vu) Joo(rdy = +00
by I(Vep ”Ll(O,t,L (R4))

for maximal solutions defined only on [0, T), as though (Vp, u) were solution of a symmetriz-
able hyperbolic (first order) system (see for instance [13, 57]).

We assume that (p ,u) is a special, smooth solution of (18) on a fixed time interval [0, T]
having the following properties

* the density p is bounded away from zero, and we denote by I an open interval such
that
p(0,TIxRY €T,
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¢ both VZQ and Vu belong to % ([0, T1; H3(RY; R ) with s > d/2 + 1.

Constants are obviously admissible, and we shall see in § 3 that travelling waves provide less
trivial examples (with T arbitrarily large).
For simplicity, we introduce the notation

Hy:= H ' RY) x HSRGRY) .

Theorem 1 ([10]). Existence and uniqueness For all initial data (py,ug) € (p ,u)(0) + H; such
that
po([0, T1 xR € I,

there exists T € (0, T] and a unique solution (p,u) of (18) on the time interval [0, T] such
that
(o,w) € (p,w) + €([0, T1; H) N6 ([0, T1; Hy—2).

Well-posedness There exists a neighbourhood of (pg, ) in (p ,w)(0) + H such that the exis-
tence time is uniform for initial data in this neighbourhood, and the solution map

(e, w0 + H, — (p,w) +%€(0,T); H) N6 ([0, T]; Hs-5)
(po,up) —  (p,u)

is continuous.

Blow-up criterion If the maximal time of existence T is finite, then one of the following con-
ditions fails (in the case of a potential flow, one of the first two must fail):

T
(36) f (AP(E) Iz + llcurlu(e) | oo + [ldiva(s) ||z dt < +00,
0
37) p([0,T,) xRY) €1,
(38) da€(0,1), sup lp®)lce < 400,
tel0,Ty)

where C® denotes the Holder space of index a.

The proofis rather long and technical. It is based on the extended system in (32), and the
main ingredients are the following.

* A priori estimates without loss of derivatives. These are the crucial part and require
a lot of care. At the energy level (i.e. in Hp), they are rather easy to obtain thanks to
an L? estimate for \/pz in (33). Note however that a brutal L? estimate of z (without
/P in factor) would not work, because of the first order terms in (33). So we already
see that we need use some weighted norms, the ‘weight’ (or gauge function, using the
same term as in [54]) being ,/p at the first level. This is also true for the higher order
estimates (in Hs, s > 0), all the more so that, at least for non-constant a, the second
order term in (33) yields bad commutators. The fix lies in the use of two weights, one
(v/p a®) for the curl-free part of z, and the other one (more complicated in general but
degenerating to a constant if a is constant) for the divergence-free part of z.
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* Construction of approximate solutions by means of a regularised system. Using the
semi-group associated with the biharmonic operator —e A? and a great deal of a priori
estimates (obtained using the weights introduced for the € = 0 case), it is possible to
construct (by means of the contraction method) approximate solutions (p,,u.) on a
time interval independent of € > 0, which depend Lipschitz-continuously on the initial
data and satisfy the blow-up criterion announced for the € = 0 case.

* Uniqueness proof and blow-up criterion are obtained by means of a priori estimates
and Gronwall’s inequality. Tricky inequalities involving the homogeneous Besov space
BY, . are used to obtain the sharp criterion in (36) - which may be viewed as the ana-
logue of the celebrated Beale—Kato—Majda criterion [6] for Euler equations. A cruder
and easier to obtain one is fOT* IVz(t)| fodt < +o0.

» Existence proof is by solving the regularised system for mollified initial data, with a
Friedrichs mollifier parametrised by a suitably chosen fractional power of € - which
is actually part of the so-called Bona-Smith method [21]. The resulting family of ap-
proximate solutions is then shown to satisfy the Cauchy criterion, and the limit is the
sought, exact solution.

* Continuity of the solution map is shown by using the Bona—Smith method mentioned
above.

In addition, provided that (o ,u)(t) is defined for all # = 0 and has constant Sobolev and
Holder norms (e.g. (p,u) is constant or is a travelling wave), there exists a lower bound for
the maximal time of existence depending continuously on 7 := [[(pg,ug) — (o ,w)(0)| 1,, that
bound being at least of the order of —logn for small 7). This is a by-product of the lower bound
for the existence time of approximate solutions.

2.2.3 A priori estimates and gauge functions

Let us focus on the first step in the proof of Theorem 1, namely the derivation of a priori
estimates without loss of derivatives by means of suitably chosen weights (gauge functions).
In fact, the key ingredient lies in a priori estimates for a linear version of (33) with arbitrary
right-hand side, namely

(39) 0,z + (u-V)z+ i(Vz)v + iV(adivz) = f,

where z is independent of the coefficients u, v, and a. As remarked above about the failure of
the Petrowsky condition for (35), the first order terms, and especially i (Vz)v, forbid a priori
estimates in general. Nevertheless, we can derive a priori estimates under appropriate as-
sumptions, which happen to fit the actual construction of solutions to (32). We start with the
estimates of order 0. Recall that, as a primitive of p — /K(p)/p, R defines a diffeomorphism
from I to another interval of R, and thus a = \/pK can be seen as a function of { = R(p).
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Lemma 1. Ifz € €'([0, T]; L>(R%;C%) n € ([0, T1; H?(R%;C%)) satisfies (39) with (u,v,f) such
that

V= VC, ( = ROP, ”(atp + diV(Pu))/p||Loo(Rdx[0,T]) =C, p(Rd x[0,T) €1,

and /pfe L®([0, T1; L2(R%;CY)) then

t
Ivpz(D 2 < eCll\/pzO) |2 + fo eC ) /pf(T) |l 2dT
forallte|0,T].

Proof. Multiplying (39) by p z; and summing on j we get

d . .
Efpzjzj = f(atp)z]-zj - 2Refp2j(uk6kzj +ivi0jzr +i0j(al)0rzi)

+2Re f PZjfj.
Integrating by parts we find that

2Refp2j U0rzj = —f@k(puk)Zij,

ZRefiij Vp0jzi = fip Vi (Zr0jzj — 21 0Z)),

ZRefl'ijaj(a(()aka) = —fia(() (0xp) (Zkaij — Zkajzj')

In the last but one equality here above we have used that pv is a gradient (as a function of p
times Vp, by assumption), hence d; vy = d,v; for all indices j, k. In addition, we have

pvr =al()orp Vkefl,...,d}.

Therefore there is a cancellation between two integrals, we obtain

d
Efpzjzf :f(atp+0k(puk))zj2j+2Refp2jfj.

The conclusion follows in a standard way from Cauchy-Schwarz inequality and Gronwall’s
lemma. O

For higher order estimates, we are going to make intense use of the Fourier multipliers
ASin R4, of symbol 1%(&) := (1+ 1E12)52. In particular, the H® norms are easily defined by

” u”HS(Rd) = ”Asu”LZ(Rd) .
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Applying A® to (39) we obtain
(40) atASZj + ukakAst + ivka]'AsZk + iaj(aakASzk) =
Asfj + [Uup0p, A°] zZj+ i[Ukaj,AS] Zr + i[ajaak,As] Zk -

Here above, to simplify the writing, we have denoted a for ao(: this abuse of notation will be
used repeatedly in what follows. The left-hand side in (40) consists of the same operator as
in (39), applied to A’z instead of z. In the right-hand side, there are several commutators'”.
Those involving uy and vy are basically of order s in z (as we learn from pseudodifferential
calculus, the commutator of operators of order s and r is of order s+ r — 1, see for instance
[3]), which is good because s is less than the order of operators on the left-hand side. But the
last commutator is too demanding (being of order s+ 1) in general. It is its principal part that
will dictate the appropriate choice of a weight for s > 0. To compute it, we can use symbolic
calculus (see again [3]), and we see that the principal part of [a, A®] is s (0,,a) A*"20,, (with
again Einstein’s convention of summation over repeated indices). Therefore, since the op-
erators A’, d; and d; commute with each other, the main contribution of the commutator
term [0;ad, A®] z;. should be contained in

$0;(Oma) N 20, 0xzr).

This expression is not quite nice in general. Remarkably enough, it simplifies when z is po-
tential, because then Rez and Imz are both curl-free, which implies

AS2Vorzr = AST%Az
and thus, by writing A = —A%+1,
AS2V0zr = — ANz + A%z,
Therefore, in the case of a potential field z, the expected main contribution of [0 a0, NSz
° —5(0ma)0j(A°zp).

Thanks to this observation, the appropriate weight for the H® estimate of a potential z turns
out to be y/pa’, as stated in the following.

Lemma 2. Ifze €' ([0, T]; H (R%,C%) n€ ([0, T1; H*?(R%;C%) is such that
szk = aij
forallindices j, k€ {1,...,d} and satisfies (39) with (u,v,f) such that

v=V({, (= Rop, ||(0t,0 + diV(Pu))/p”Loo(Rdx[o,T]) <=C, P(Rd x[0,T]) €1,

17The notation [A, B] for two operators that can be composed with each other means Ao B— Bo A.
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and \/pasA*fe L®([0, T1; L*>([R%;C%)) then
t
12(0) s < €S z(0) |15 + fo eS| f(2) |y dr

forall t € [0, T], where || - ||s stands for the norm defined by

lzlls = | Vpa* Az 2,
and
HY2AL>® ifs<d/2+1,

_ 2 _
Cs = C+[[(V'a,Vu, VV) | 10, 11:E0), Es = { 51 ifs>di2+1.

Sketch of proof. Similarly as in the case s = 0, the aim is to estimate
d N N $s5S
afpa (Azj) (A zj).
For this we rewrite (40), as suggested by the observation made above, in the equivalent form
41) 0:AN°zj + U0 N°zj +ivi0j Nz + 10 (a0, N z) +is(0ra)0j(A’zy) = A°fj + r]?,
the remainder term being given by
r]S- = [urlr, A1 zj + i [Vk0j, Nl zi + 1[0 a0k, Nl zi + i 5 (0ra) 0 (A zy).

A preliminary task would be to estimate r]“.g . We skip this (very) technical part here, and refer
the interested reader to [10].
In what follows, we use the simplifying notation

S _ AS,.
zj—Az].

Multiplying (41) by p a® Z; and summing on j we get, after integration by parts (similar as
those performed in the proof of Lemma 1),

d _ _
EfpaSZij =f(6t(pa3) +0k(pa’ uK)) z; z;
—fipasvk(zfca]-z;—zfcdjzj)+fia6k(pas)(226jz;—z,scajzj

—fispas(akd)(zjajzlsc_Z;ajzlsc)+2Refp2j(fjs+r;)'

Using once more that p vy = adyp, and integrating by parts in the penultimate integral, we
see that three middle integrals cancel out, hence

d _ _ -
Efpaszjzj = f(at(Pas) +0k(pa’ uK)) z; z; +2Refpz]'(fjs+ ri).

The conclusion follows from the estimate of the remainder r ]s (which has been omitted here),
Cauchy-Schwarz’ inequality and Gronwall’s lemma. O
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For nonpotential fields z, the derivation of a priori estimates without loss of derivatives
is even trickier, and in general necessitates different weights for the potential part 2z and
for the divergence-free part #z:=z — 2z of z. More precisely, it turns out that it is possible
to estimate || 2(,/pa’A’z)| 2 (similarly as above), as well as | 2 (V' ASASz)| 2, where A is a
primitive of

p—a()’ —p ia(p)s
dp '
Note that in the special case a =constant (which means K « 1/p), both weights can be taken

equal to /p, the weight of estimates of order 0. To get final H* estimates, we then invoke the
following equivalence inequalities

12(/pa’ A5, + | PVAANDIZ, S Nzl

Iz S 12/ pa*ND)5, + | P2 VAN DI, + 1Vpllea 12130 1ia

for a € [0,1). To complete this (very) sketchy description, the reader is referred to [10].

2.2.4 Kato smoothing effect

After the work of Kato [47] on the Korteweg—de Vries equation, we usually call Kato smoothing
effect for an evolution PDE
Gtu = P(V) u,

the property that for any cut-off function
X(6,%) = xo(O) x1(x1) ... xa(xa), xj€ G, (R),
there exists C > 0 so that the solutions u(f) = e’PV) i satisfy the space-time estimates
Iy A€ ull 2 gas1y < Clltoll s e

for some ¢ > 0 independent of s € R (in general € depends only on the order of P), where
AS*E operates in the space R? only. Recall that for all s > 0, A® plays the role of a (fractional)
‘differentiation’ operator of order s, and that

I U”HS([Rd) = ”AS V”LZ([Rd)

(even for nonpositive s). Thus the Kato smoothing effect as described above means a (local)
gain of € derivatives. It was proved by Constantin and Saut [28] to hold true for a rather large
class of dispersive PDEs, namely for operators P of symbol P(i§) € iR such that i P(i&) ~ ||
for [€| > 1, with € = (m —1)/2 (if m > 1). Since then, there have been important efforts to
derive micro-local smoothing effects for variable-coefficient operators, see in particular the
seminal work by [29]. As far as the Euler-Korteweg equations are concerned, smoothing ef-
fects are not well understood yet (even though recent results on the water wave equations
with surface tension [1] give promising insight). However, it is possible to show a partial
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smoothing effect for the linearised system about constant states. More precisely, let us con-
sider the extended version of (23),

0:( +u-V{ + adivu =0,
(42) oru+ (u-Viu — V(adiw) = qv,
0V + (u-V)v + V(adivu) = 0,

which must be satisfied by ¢ := R'(p) p, u, and v := V{ for (p,u) to be solution to (23). (Al-
ternatively, (42) may be viewed as the linearisation of (32) about ¢ := R(p ), v=0.) Up to the
change of Galilean frame x — x — uf, we may assume without loss of generality that u = 0.
Then we are left with the degenerate Schrédinger system

(43)

osu — V(adivv) = qv,
0yv + V(adivu) =0,

which turns out to have a smoothing effect on potential parts of (u,v).

Theorem 2 (Audiard[5]). Assuming that a > 0, ifug, vo € H*(R?) are curl-free, then for any
cut-off function
X (%) = xo(®) x1(x1) ... xa(xa), xj€E; R),

there exists C > 0 so that the solution (u,v) of (43) satisfies the space-time estimates

1/2
Iy A2 () [ 2 ganty = Cll (W0, Vo)l s ey -

2.3 Initial-boundary value problem

Physically, flows hardly ever occur in the whole space. Moreover, if applied scientists want
to make numerical simulations, they also need boundaries even for the Cauchy problem,
just because computers can only handle a finite number of data. We then speak of artificial
boundaries . This makes at least two reasons for investigating not only the Cauchy problem
in R4 but also mixed problems, involving both initial data (at ¢ = 0) and boundary data, on the
boundary of the spatial domain in which the fluid flows. This boundary can be ‘physical’ (a
solid one like a wall, or an immaterial one like the entrance/exit of a tube), in which case we
are interested in physically achievable boundary data (thermodynamical ones like pressure
or temperature for instance, or fluid flow, etc.). If it is artificial (for numerical purposes) then
the important topic is to find appropriate boundary conditions that do not alter too much
the expected solution on the whole space. We speak of transparent boundary conditions if
they do not affect at all the solution, and of absorbing boundary conditions if they affect it
moderately (i.e. with few, or small, reflected waves inside the domain). In fact, the two situa-
tions can be mixed together, as is well-known in the theory of hyperbolic PDEs: for example
in the case of Euler equations, depending on the nature of the flow, we cannot prescribe all
the unknowns at the entrance or exit of a tube, otherwise the initial-boundary value problem
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would be ill-posed from a mathematical point of view; but for numerical experiments we do
need a full set of data on the boundary, and the extra data they had better be as transparent
as possible.

For hyperbolic PDEs, initial-boundary value problems are tough but already rather well
understood (see [13] and references therein). For dispersive PDEs, the mathematical analysis
of initial-boundary value problems is in its infancy, see for instance the articles [19, 34], and
the books [36, 41], also see [4] for the more focused topic of artificial boundary conditions
for the Schrédinger equation.

Regarding the Euler-Korteweg equations, we can first investigate the mixed problem for
the linearised system (23), which we recall here for convenience

{ 0;p +u-Vp + p divu = 0,

ou+ (u-V)u+yVp = KVAp,

on a half-space {x € R?; x; > 0}. Following the usual method for initial-boundary value
problems we may take the Fourier-Laplace transform of this system, and more precisely its
Laplace transform in ¢ and its Fourier transform in directions xi,..., x4—1. This yields the
ODE system for the Fourier-Laplace transforms of p, u := (uy,..., ug-1)"', u:= ug, to which
we do not put hats for readability,

Tp+i(u-mp+udap+ipn-u+pdqu=po,
TU+i(u-ma+udgu+ iypd+iK(nlPp - 509 = o,

Tu+i@mu+udsu+ydap+ K(nl*dap - 0%p) = u,

where 7 € C (of real part bounded by below) denotes the dual variable to ¢, 7 = (11,...,74-1) Te
R4 is the dual variable to y := (x1,...,X4_1), and 9 = (n1,...,m4-1,0) " € R (so that we actu-
ally have |p|? = [§1|?, u-n = i1+ 9, and similarly with the underlined, reference velocities). In
the system here above, pg, 1, g stand for the initial values of p,, u in the space variables
(i.e. before Fourier transformation), whereas in the left-hand side, p,, u, are in the Fourier—
Laplace variables (recall that for readability we have refrained from putting hats). By change
of Galilean frame (y — y—1u ) or, equivalently, by changing 7 into 7+i (u-n) - which obviously
does not change its real part -, we can assume that i = 0. This simplifies a little bit the above
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system, which can be rewritten as the following first order system

(44) Bo,U = A(r,nU +f,
100 0 O o
01 0 0 O 04p
(45) B=|00K 0 -ul, U=|2dp |,
00 0 uly O i
000 0 p U
0 1 0 0 0 0
0 0 1 0 0 0
(46) A= 0 0 +Km) 0 7|, f=| —po
(y+Kinl»i 0 -K#i —7ly, O it
-7 -u 0 -pi’ 0 Uo

The boundary {x; = 0} is non-characteristic for (44) provided that B be invertible, which is
equivalent to p Ku # 0. From now on we assume this holds true, and more precisely that
e > 0 (the reference state is away from vacuum), K > 0 (there is capillarity), u # 0 (in the
reference state, the fluid is moving transversally to the boundary). Then the characteristic
polynomial of B~A(t,#) is, unsurprisingly,

@7) ww;t,m) = y (0, —iv) = @ + uw)?! ((T +uw)’ +p (In° - 0®) (y + K(nl® —wz))) :

where y is the polynomial defined in (26) (in which |&|? is really polynomial and equals }° i E?,
with no moduli when extended to complex components, hence the expression here above of

x(@;&) foré=m1,...,ng-1,—iw)7).

Proposition 1. We assume here thaty is nonnegative (which means that the reference density

o is a thermodynamically weakly stable state). Then for all (t,m) € C x R~! with Ret > 0,
the matrix B~'A(t,n) is hyperbolic, i.e. has no purely imaginary eigenvalue, and its stable
subspace E(t,m) is such that

Inflow case dimE(7,n)=d+1ifu>0,
Outflow case dim E¢(7,17) =2 ifu <0.
Proof. Obviously, the roots of 7(-;7,n) are

e if d = 2, wg = —7/u, which contributes to the stable subspace if and only if u > 0 (recall
that we have assumed u # 0),

* and the roots of the fourth order polynomial
AT, = @+ uw)? + p (9° - 0®) (y + K - 0?),

which has no purely imaginary root unless 7 itself is purely imaginary (recall that we
have assumed p K > 0, and y = 0). By a continuity/connectedness argument we can

27



cel-00582329, version 1 - 1 Apr 2011

then count the number of roots of negative real parts by considering the special case
7 =0, || > 1, for which we have asymptotically w* ~ —7%/(p K). Thus we find two of
them of positive real parts and two of negative real parts. This count is of course with
multiplicity.

Furthermore, the corresponding eigenvectors are of the form

0

0

Up(z,m;v) = 0

Vv
un-v

with ve R4~! which clearly span an eigenspace of dimension d — 1 for wg, and

0
Qw
pw’
Ulw;T,m) = T+uw |
PP
T+ Uw
———w
wz_ |"|2

for the roots of 7 (:; 7, 1), at least when w? # |n|2. When w? — |1)|2 goes to zero with 77 (w; 7,m) =
0, necessarily T + uw goes to zero too - which means that w goes to wg -, and we see that

(T + uw)?
w?—|n|? LY
therefore
0
0
~ 0
Ulw;7,m) = T+ uw)U(w;7,1) — e
rym
LY%

which coincides with Uy(t,1;v) for v = p yn/7. Away from those points where w and wy
collide, the vectors U(w;7,n) are clearly independent of Uy(r,n;Vv). In addition, if w; and
w> are two distinct roots of 7 (-;7,n), then by definition, U(w;;7,n) and U(w,;1,7n) are also
independent. Therefore, the dimension of the stable subspace of B"'A(z,7) only depends
on the sign of Rewy. It equals 2 if Rewy >0,and d —1+2=d + 1 if Rewy < 0. O

As a consequence of Proposition 1, we have the following.
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Corollary 1. For a boundary value associated with (44) to be well-posed, the number of pre-
scribed boundary conditions must equal either d +1 if u > 0, or 2 if u < 0, and there cannot
be nontrivial elements of dim E(t,n) meeting those conditions, or more precisely, being in the
kernel of the (linear or linearised) boundary operator.

If we compare with the usual Euler equations (which correspond to K = 0), this makes
one more condition for supersonic outflows, two more for subsonic outflows, one more for
subsonic inflows, and the same number for supersonic inflows (see for instance [13, pp. 411-
412]).

We can easily find examples of boundary operators satisfying the necessary conditions
given in Corollary 1. In particular, we can take either the Dirichlet or the Neumann operator
on (p,u) for inflows, and on (p, u) for outflows.

To obtain sufficient conditions is much more delicate. We must pay attention to a pri-
ori estimates. This is where the notion of (generalised) Kreiss symmetrizer can come into
play. However, many difficulties occur, in particular because of the non-homogeneity of the
equations, contrary to those in hyperbolic BVPs like for the Euler equations, conjugated with
very limited smoothing properties, contrary to what happens for hyperbolic-parabolic BVPs
dealt with by Métivier and Zumbrun [59]. We refer to the doctoral thesis of C. Audiard for
more details [5].

3 Traveling wave solutions to the Euler-Korteweg system

3.1 Profile equations

A traveling wave is characterized by a permanent profile propagating at a constant speed
in some direction. We shall in fact concentrate on planar traveling waves , whose profiles
depend on a single variable, and are governed by systems of ODEs in that variable.Among
them, we find in particular homoclinic profiles, heteroclinic profiles, and periodic profiles.
Homoclinic traveling waves are usually called solitary waves, or even solitons to account for
their remarkable stability, which makes them viewed as almost material things like elemen-
tary particles (hence the suffix ‘ton’). They occur in a variety of physical frameworks, the
most famous being the water wave described by Russel'® in 1844. His description is repro-
duced in many papers and textbooks on solitary waves, and was the motivation for the work
by Boussinesq [23], and later on by Korteweg and de Vries!'? [48], who derived model equa-
tions nowadays bearing their names for the propagation of solitary water waves. We have
already met the Boussinesq equation in these notes, which can be viewed as a special case of
the Euler-Korteweg equations expressed in Lagrangian coordinates. The Korteweg—de Vries
is another celebrated dispersive PDE known to admit solitons together with a Hamiltonian
structure (in fact, an infinity of Hamiltonian structures, but we shall not enter into these
algebraic features here, we refer for instance to [60]).

18John Scott Russel [1808-1882]
19Gustav de Vries [1866-1934]
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Let us derive the profile equations for the Euler-Korteweg equations in (18). Consider
a fixed direction n € $S%°! (the unit sphere of R%), a speed o € R, and assume that (p,u) =
(p,u)(x-n—ot) is a (smooth) solution of

0tp + div(pu) =0,
dra+u-Vu = V(-go + 3 K, [Vpl* + KAp).

The first equation implies that j := p (u'-n— o) is a constant, i.e. isindependent of { =x-n—o't.
The quantity j is well-known in compressible fluid dynamics, and corresponds to the mass
flux across the wave. It will be a parameter in the profile equations. From the remaining
equations in (18), we see that

(u-n-— U)g—i(— +1K'(d—p)2+KdZ—p)n
dc T ac\ & 2% \ge aez ™
or equivalently
jdu_d ( L1 (dp)2 dzp)
1K K=—=|n.
pdf dt a) Thage )"

If j = 0 (no mass transfer across the wave), this readily implies an ODE for p,

2

d“p 2
—K( )(df) =golp)—

KoY 3z +3

where p is a constant. If j # 0, the equation above implies that u is constant in all directions
orthogonal to n. Then by change of Galilean frame we can always assume that u is zero in
all directions orthogonal to n. Now, denoting by u = u - n the normal velocity of the fluid, we

have ) )
j j du d( i1 ,(dp) dp)
Uu==+0, and =—=— 5 K + K—
P pd¢ d¢ d¢ d¢?
which imply that
de dp 2 j2
48 K(p) — K' = - —u,
(48) (p )déz + - K'(p) (df) go(p) + 207 u

where again u is a constant. Observe that the ODE obtained above for j = 0 is just a special
case of this one. It turns out that the phase portrait of equation (48) does not depend on K.
Indeed, we can equivalently write (48) as the system

dp 1
K(p)

v,

(49) d_‘l/ )

= + 5 ,
&< \/— (8o(p) -1

of which the phase portrait is the one of the vector field

2

24_ ()+]__ i
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F-up F-wop F-up

Figure 1: Double-well potentials and associated phase portraits: supersaturated (u > py,
left), saturated (u = uo, center), subsaturated (u < o, right).

Furthermore, recalling that g is the derivative of Fj, we see that a first integral of (49) is

L >~ Folp) + +j2
21// olp) +up 20’

so that the phase portrait of (48) can easily be obtained from the plotting of the function
)

o— Folp) —pp — 5—}0, see examples on Fig. 3.1 in the case j = 0. We can see orbits cor-
responding to each kind of wave mentioned at the beginning, namely homoclinic, hetero-
clinic, and periodic ones. In particular, the heteroclinic waves are prototypes of propagating
phase boundaries, the endpoints being in different phases (on Fig. 3.1, p_ and p are exactly
the Maxwell points, and g is the slope of the bitangent of F;, at those points). The phys-
ical interpretation of solitary and periodic waves is less clear, as far as capillary fluids are
concerned. (Nevertheless, for related models such as the Gross—Pitaevskii equation or the
Boussinesq equation, solitary waves are of special interest.) A theoretical classification of
solitary waves for van der Waals-like fluids has been given in [11] using Lagrangian coordi-
nates, in which it is slightly easier to take into account the fourth fixed point occurring when
j # 0 (on Fig. 3.1 there are only three fixed points because j = 0).

Eulerian vs Lagrangian coordinates. Even though this may not seem obvious at first glance,
there is indeed a one-to-one correspondance between travelling waves in Eulerian coordi-
nates and travelling waves in Lagrangian coordinates (for which p and v = 1/p are both
bounded). More precisely, to each wave with mass transfer flux j in Eulerian coordinates
corresponds a wave with “speed” —j in Lagrangian coordinates, see [11, p.386-387] for more
details.

Anyhow, the existence of travelling waves follows from the phase portrait analysis of (49),
which is easy since we have a first integral at hand. In fact, it is a general property that
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the governing ODEs for travelling profiles associated with Hamiltonian PDEs are themselves
Hamiltonian: this was pointed out by Benjamin [7], see Proposition 4 in appendix for more
details.

Abstract form of profile equations. From the computations made above, if a planar trav-
elling wave (p,u) of speed o in the direction n is solution to the multi-dimensional Euler—
Korteweg equations then (p, # = u-n) is a travelling wave solution to the one-dimensional
Euler-Korteweg equations

0:p + 0x(pu) =0,

(50) { Oru+ uldyu = 0 (—go + %K;, (0xp)? + K02p),

where x stands for x- n. System (50) admits as a Hamiltonian structure, which is nothing but
the one-dimensional version of the one in (19), namely

51) 0t( Z ) = 76Ap,ul,

with

01
S = —Dx( L o ) ﬁf:fRde, H(p,0xp,u) := Fo(p) + 3 K(p) (0xp)* + 3 p .

So another way to write the profile equations is

(1o )orwa=oT)=[5)

with x replaced by { = x — o't in 65 [p, u], or equivalently,

af(aﬁ[p,u]—a(;‘)):(g).

Noting that (1, p)T = 8.7 [p, u] with .7 := Jr(p w) dx (formally®®), the profile equations amount
to

(52) 07 p,ul — 0 6.7 [p, u] = constant.

The functional .# is what has been called an impulse by Benjamin [7]. The fact that it is a
conserved quantity of the underlying PDEs (which can readily be seen here from the local
conservation law in (22)) is linked to their translation invariance. This can be seen in the
following, both elementary and abstract way. For simplicity we shall use the notation U =
(p, u). By definition of variational gradients we have

4 s :f(SJ[U]-atde
dt R

20We shall make .7 and .# well defined, with convergent integrals, later on.
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Now, since 6.7 [U] = JU where the matrix

01
is symmetric and such that J2=1,if6,U = F 67[U0] = -D,J67[U] then
d
—Z[U] = —fU-Dx(?%[U] dx,
dt R

which implies
d
< s :fd%”[U]-adex
dt R

after an integration by parts. Here comes into play the translation invariance. Indeed, (pro-
vided that we make rigourous the definition of .7°) for all s € R, 5 [U] = 77 [U,], where
U;: (x,1) — U(x +s, 1), so that by differentiation with respect to s at s = 0 we find

fd%”[U] -0,Udx = 0.
R

The abstract form (52) of the profile equations will be useful in their subsequent stability
analysis (by means of adapted versions of classical methods for Hamiltonian PDEs). Another
useful, more explicit remark is that the endpoints of either heteroclinic or homoclinic waves
correspond to saddle fixed points. In particular, saddles points of (49) are characterized as
follows. A pair (p,0) is a saddle point for (49) if and only if the Jacobian matrix of the vector
field

9 . ( o)+ Jj? ) 0
has real eigenvalues of opposite signs, which is clearly equivalent to
d 0 1
et 2 <0,
86(Poo) = 1=
or, recalling that j = poo (oo — 0),

Po(Poo) = Poo 8 (Poo) > (Ueo — ).

In other words, saddles correspond to thermodynamically stable (py(poo) > 0), subsonic states
(the relative speed of the fluid with respect to the wave is lower than the sound speed c(poo) :=

p6 (o). This observation will be used in particular to localise essential spectra (a notion

that will be recalled in due time). As a consequence of the hyperbolicity?! of the endpoints,
we also have that the limits lim,_.. (0, #)(x) are attained exponentially fast.

21Recall that a fixed point of a system of ODEs, or equivalently of a vector field, is hyperbolic if the Jacobian
matrix of this field has no purely imaginary spectrum. Saddle points are particular types of hyperbolic fixed
points.
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3.2 Stability issues

The stability of travelling waves in large time is crucial to know whether they have any chance
to be observed experimentally. By stability we actually mean orbital stability, in say Sobolev
spaces on R?. Indeed, both the equations and the Sobolev norms being invariant by spa-
tial translations, we cannot expect asymptotic stability (which would mean that solutions
starting close enough to a travelling profile tend to this very profile when time goes to in-
finity) but only that the solutions asymptotically approach the set of translates of travelling
profiles. This is what happens for instance to stable viscous travelling waves (of reaction-
diffusion equations or of second order conservation laws). In the absence of dissipation, we
can only prove a weaker stability, namely that solutions starting close enough to a travelling
profile remain arbitrarily close to the set of translated profiles. In our framework, this is what
we shall call orbital stability.

As we shall see, there are several ways to tackle stability. The most efficient, when appli-
cable, is the Lyapunov method: the energy functional 7# conserved by our equations being
a good candidate for a Lyapunov function??, the main difficulty is then to identify profiles
that are local minimizers, up to translations?3, of that functional. This is hopeless, however,
in several space dimensions because planar travelling waves do not fit the nice, variational
interpretation (as critical points of .7Z under constraints) they have in one dimension, and
the functionals .77, .# are not even well defined along those travelling waves (the integrals
diverge in transverse directions).

In one space dimension, the variational approach does work.

* For heteroclinic profiles, it was successfully applied in [11], see §3.3 below for more
details; the stability result obtained there is not complete though, because the energy
does not control enough derivatives to ensure global existence in general (by contrast,
global existence - and thus genuine orbital stability - was obtained for the Boussinesq
solitary waves in [20], using the fact that the principart of the Boussinesq equation has
constant coefficients).

* For homoclinic profiles, by (slightly) adapting the method of Grillakis, Shatah and
Strauss [42] to nonzero endstates, we can characterize orbital stability by means of
the so-called moment of instability of Boussinesq [11, 78, 9], see §3.4 below.

An alternative, and often complementary approach is to investigate the spectral stabil-
ity of waves, which means that the linearised equations about the waves (in Galilean frames
attached to them) do not admit exponentially growing modes. Sometimes spectral stabil-
ity can be achieved by means of a priori estimates. This is the case, together with Sturm-
Liouville arguments, for the heteroclinic, monotone profiles of the Euler-Korteweg equa-
tions [8] (see § 3.3). Another useful tool, introduced for solitary waves by Pego and Wein-
stein [62], is the so-called Evans function. This is basically a Wronskian D = D(t;n) for the

22By definition, a Lyapunov function for a given dynamical system is monotone along its orbits. It can be used
to prove stability of states that are local minimisers of that function. When in addition it is strictly monotone,
it yields asymptotic stability.

23We shall make this statement more precise below.
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eigenvalue ODEs, obtained by Fourier-Laplace transformation of the linearised equations
(Fourier transform in the transverse variables y L n, and Laplace transform in time, the dual
variable 7 then being a candidate for an unstable eigenvalue). For one dimensional Hamil-
tonian PDEs, it has been pointed out in several frameworks that the low-frequency (7 — 0)
behavior of Evans functions D = D(t) associated with solitary waves is linked to the moment
of instability of Boussinesq [9, 26, 62, 78].

Evans functions are especially useful to prove spectral instability. In one space dimen-
sion, this is usually done by using the mean value theorem (if the real valued Evans function
D(7) is negative near zero and positive at infinity then it must vanish somewhere). Further-
more, as was shown by Zumbrun and Serre [77] for viscous travelling waves, a Rouché-type
argument can also serve to prove instability in several space dimensions (when one has one-
dimensional stability). This is how the spectral instability to transverse perturbations of soli-
tary wave solutions to the Euler-Korteweg equations has been shown in [9] (see § 3.4).

A different way of deriving spectral instability was pointed by Rousset and Tzvetkov [70]
for rather general Hamiltonian PDEs, which happen to include the Euler-Korteweg equa-
tions. Besides, these authors have also done a series of work showing that spectral instability
to transverse perturbations implies nonlinear instability (68, 69] for dispersive/Hamiltonian
PDEs.

Before stating more detailed results, let us summarise what is known concerning planar
travelling waves for the Euler-Korteweg equations.

Propagating phase boundaries (heteroclinic, monotone profiles). In several space dimen-
sions, propagating phase boundaries are spectrally (neutrally) stable [8]. In one space
dimension, they are orbitally stable (in finite time).

Solitary waves (homoclinic profiles, one bump). In one space dimension, there are stable
ones and unstable ones (depending on their speed o, on the mass transfer j, and on
the constant u). Stable ones are destabilised in several space dimensions by transverse
perturbations (of intermediate to large wavelength).

Periodic waves They are unstable in one space dimension.

For later use, let us write the linearised equations. In a Galilean frame attached to a wave
of speed o in the direction n, the Euler—Korteweg equations (22) read

(53) { 0:p + div(p (u—on)) =0,

dru+(u—on)-Vu = V(-go + 3 K, |Vp|* + KAp),

of which the wave is a stationary solution depending only on x = x-n = x4 if we assume,
without loss of generality, that n is the d-th basis vector in R?. From now on, we denote by
(o,w) = (p,w)(x) a profile of this wave. Since 1 is constant (at least for dynamical waves, as
we have seen above), we may also assume (by a further Galilean change of frame in trans-
verse directions) that @ equals zero?*. Then, linearising about (p,u) we get an evolution

24The symbol " has the same meaning as in §2.3: its stands for the projection onto R%~! =~ R4~ x {0} in R?.
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system 0;U = L°U with

0 V-(ow) +0x(p u+pu—o))
(54) U:(ﬁ), L°U:=-| (u-0)du+V(ap-Kdp—-KAp) |,
“ Or((u—0)u+ap—K'dp—KAp)
where

1
K=K(p), K:=K'(p), a:=gyp)-K'(p)dp- 5 K'(p) 0xp)?.
In one space dimension, the definitions above reduce to

Ox(p u+p(u-o0))
U:(Z), L"U-——( pumpiLme

(55) = / 2 :
Ox(u-o)u+ap—-K'd.p—Kop)

Remarkably enough, we have in this case
(56) L? = ¢ (Hess¢ — oHess.?)[p,ul,

where ¢, 77, and .# are respectively the differential operator and the functionals consid-
ered on p. 32, and the Hessians of these functionals are the differential operators defined (at
least formally) by the general formula

2

d
@,%ﬂ[p_ +0p, u+0ulip=o :f( Z )-Hess[p_,g]( Z )dx,

which gives that

M u

Hess%”[p_,g]:( u o 1 0

), M = —0,K0y + «a, Hessﬂ[p_,g]z(o 1).

The expression of the linearised operator L’ in (56) is of course not a coincidence, since the
abstract, Hamiltonian form of the equations in (51) (on p. 32 again) becomes

6t( P ) = 7 6H - 0b5)p,ul,

u

after change of Galilean frame, and thus, by linearisation about (o, u),
p- _ p
0y u = Y (Hess ¢ — oHess.#)[p, ul ik

since ¢ has constant coefficients. Now, we can state crucial facts about the differential
operator

RARE (Hess,%”—aHessf)[p,g]:( 24 g—a)
u-o p

Lemma 3. Let (p,u) be a saddle-saddle connecting profile (thus with subsonic endstates).
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 Ifp is monotone (that is, for a heteroclinic connection), then £’ is a monotone opera-
tor, which means that
(U,Z£°0)=0

forallU = (p,u)” € H! x L? and more precisely there exists c > 0 so that
U, 270) = c(lpll5, + lul?,)
forallU = (p,w)’ € H x L? such that [ p0xp dx = 0.

* If p is nonmonotone, and more precisely if 0,p vanishes exactly once, then there exists
U= (p,u)’ € H x I? such that (U, £°U) < 0 with p >0 and j u < 0 everywhere (recall
that j=p (u—o0)).

Sketch of proof. By direct computation we have

U, 270 = (p, Mp)z + (L p) lpu + pu—0)l%,

with

M= M~ (u—-0)°Ip.
The operator .Z 7 is (like .#) a Sturm-Liouville operator (that is, a formally self-adjoint, sec-
ond order, differential operator). The subsonicity of the endstates lim,_.., p (x) implies that
the constant-coefficient operators obtained in the limits, and thus also .#?, have positive es-

sential spectrum.?® Furthermore, dyp is in the kernel of .#. This can be seen on the abstract
form of the profile equation in (52). Differentiating with respect to x we find indeed that

o[ Oxp ) _ (O
#(5u )=o)

of which the first row implies .#Z?d,p = 0 by elimination of d, u thanks to the second row. By
the classical Sturm-Liouville theory (see [32, pp. 1479-1481]), if dyp does not vanish then 0
must be the lowest eigenvalue of .Z“, while if 0,p vanishes once then 0 must be the second
lowest eigenvalue of .7 .

In the first case (that is, p strictly monotone), we can obtain the claimed lower bound
for (U,.£°U) 2,2 by noting that (since p and u are bounded, and p is bounded away from

Z€ero)
lpl2, + (Lp)lpu+ p—o)l3, 2 el + lul?,,

25Several definitions of the essential spectrum are available in the literature. We define here the essential
spectrum of a differential operator .#, viewed as an unbounded operator on [2(R) with domain H™(R) if it is
of order m, as the set 0ess(-#) of complex numbers z such that .# — zI is not a Fredholm operator of index zero,
which means that one of the following properties must fail: the kernel ker(.# —zI) = {f € H"; 4 f = zf}
is finite-dimensional; the range R(/# —zI) = {# f — zf; f € H™} is closed and has finite co-dimension;
dimker(.# — zI) = codimR(.# — zI). Note that if z ¢ gess(#) is not an eigenvalue, then (.# — zI) is an iso-
morphim from H™ to L?, which means that z belongs to the resolvent set of .# . As far as we are concerned,
the essential spectrum of our variable-coefficient differential operators is given by the union of the essential
spectra of the constant-coefficient operators obtained in the limits x — +oo, the latter being easily localised by
means of Fourier transform.
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and by showing that
(o, p) Z lIpll5,

for all p € (0,p)* (subspace of the domain H', orthogonal to the line generated by d,p with
respect to the L2-inner product). The latter estimate can be obtained by using that

e the derivative of the profile, 0,p spans the (generalised) kernel of .Z?,

27

e the ‘restriction’?® of .#7 to (0xp. )T has it spectrum~’ in some interval [m, +o0) with

m>0,

* because K, a, p and u are bounded, for A large enough, ({,(.#Z° + AI) p) defines an
inner product on H! in such a way that the associated norm is equivalent to the usual
one, and that (0,p )1 coincides (precisely because .#°d,p = 0) with the orthogonal to
the line generated by d,p in H! with respect to that modified inner product.

In the second case (when d,p vanishes exactly once), there exists a unique negative
eigenvalue w of .#?, associated with a positive-valued eigenfunction p. Then taking u :=
-p(u—0o)/p,we get

(U, £°0) =wlpl?, <0.

O

Another result of general interest is the following, which makes clearer how to ‘factor out
translation invariance’. Its proof is merely based on the implicit function theorem, see [11,
p. 407], or its original versions in[22, 42].

Lemma 4. For any non-constant function p tending exponentially fast to p at +oo, for all
k =0, there exists € > 0 and a smooth function

S Ce = {p €p + H'R); igﬂ{llps — Pl kg < 8} - R
such that
. forallpeCE,L(pyk(p) - p)oxpdx =0,

e and S (pr) = F(p) — 1 forallr eR.

This result quantifies how much we have to translate a function p to pull it back to the
orthogonal subset (0,0 )" (in which we expect good estimates, by Lemma 3).

261n the sense of the decomposition of a symmetric operator according to orthogonal subspaces, as defined
for instance by Kato [47, p. 277].
27See [47, p. 178] on the separation of the spectrum.
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3.3 Propagating phase boundaries

We have two main results regarding the stability of propagating phase boundaries.

Theorem 3 (Spectral stability [8]). Propagating phase boundaries are spectrally neutrally sta-
ble, in that the spectrum of operator L’ defined in (54) for a monotone®® profile (o , u) is purely
imaginary.

Theorem 4 (Orbital stability in one space dimension [11]). Propagating phase boundaries
are orbitally stable in one space dimension in the following sense. Given a monotone profile
(o,u) , for all (small enough) € > 0, there exists 6 > 0 so that if (p, u) is a smooth solution of
(50) such that

1(e0)—p,u@) - wWlmu2 <6 and [(p0)—p,u0) =Wl goqryxp <06,

then
inf|[(ps(0) —p,us(H) =Wl g2 < €
SER

for all t as long as the solution exists.

The proof of Theorem 3 is mostly based on algebraic arguments. For, by Fourier trans-
form in transverse directions we are left with a family of differential operators L? () parame-
trised by the wave vector 7 € R?~!. The essential spectrum of L% (1) is found to be iR by
Fourier transform in x = x,, using the observation made at the end of § 3.1 (on p. 34). That
L? (n) has no point spectrum (that is, eigenvalues) outside i R relies on the following identity
(for nonzero 0, otherwise it is even simpler, even though we cannot brutally set 7 = 0 in what
follows)

T2(Nm) " p,p) + itIm{p, N@) 0, (p(u—0))) + (M) + (u—0) P(q) (u—0))p,p) =0

for a possible eigenvalue 7, and for p, u, respectively the first and last components of an
associated eigenvector in C%1, where

M) := —0,K0, + a + K|Inl?>, N@) := -0,p0, +p Inl*>, P() := 0N '0,.

It turns out that the the monotonicity of .Z? (see the proof of Lemma 3) implies the mono-
tonicity of M(n) + (u—0) P(n) (u— o) (see [8, p. 247]). Therefore, 7 solves a second-order
polynomial equation ar? + bt + ¢ = 0 with a € R™* (because the Sturm-Liouville operator
N(n) itself is monotone and p is nonzero), b € i R, and c € R, which implies 7 € i R.

The proof of Theorem 4 uses the following ingredients. First of all, in the chosen func-
tional setting, the Hamiltonian structure in (51) is fully justified if .77 is defined by

I = fR(H(p,Oxp, u) — H(p,0xp,u)dx.

28The monotonicity referring to p , and in fact also to u since p (1 — o) =constant.
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Then the abstract form of the profile equations in (52) is equivalent to the fact that (o, u) isa
critical point of .7 under constraints on the functionals

J::f(pu—pg)dx, %::f(p—p)dx, @/::[(u—g)dx,
R R R

the Lagrange multipliers being respectively o, the first component say A and the second
component say p of (6.7 —o0d.#)[p, ul. Once these notations are fixed, we can enumerate
four crucial properties thanks to which the proof of Theorem 4 is a generalisation (using in
particular Lemma 4) of the usual Lyapunov method.

1. the endpoints (p+, u+) of (p,u) are hyperbolic fixed points of the profile equations,
which read

(57) S —0F — AR - n%)lp,ul = 0,007,

2. all solutions of (57) tending to (p+, 1) at +oo are translates of a reference profile (p , u),

3. the functional ¥ := %7 —0.% — AZ% — pu% vanishes on all translates of (o, 1), and it is
conserved along solutions of (50),

4. the Hessian Hess.% [p,u] = -Z? is monotone and is bounded below on ((3)”07)L (see
Lemma 3).

3.4 Solitary waves

We start by discussing one-dimensional stability of solitary waves. By the second statement
of Lemma 3 we see that when p is not monotone, the profile (o, ) has no chance to be a
local minimiser of .7# without further constraints. However, it can be so under the (natural)
constraint dictated by .#, provided that a further stability condition encoded by the moment
of instability of Boussinesq is satisfied. To define properly this ‘moment of instability’, let
us first make the Hamiltonian structure in (51) rigorous in functional settings suitable to
perturbations of a solitary wave with endstate (0., Uxo). The following choice of functionals

I = A(p_pm)(u_um)dx;

has the advantage of implying that the endstate itself is a critical point of both .7# and .7,
which simplifies the abstract form of the profile equations. They become indeed (57) with
A = p =0. Then we define the moment of instability of Boussinesq at a travelling of speed o
and profile (p, u) as

m(o) = p,ul —oSp,ul.
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This is indeed a function of o (and of the endstate (0o, Uoo), Which is fixed in all what follows),
which does not depend on the chosen, possibly translated profile. Indeed,

d
a(«%”[p_s,zs] -0dp,ul) = fRé(%[p_,g] —oSp,ul)-0x(p,w" dx =0.

(This was for the very same reason that .# in §3.3 was taking the same value on all translated
profiles.) As was in particular pointed out by Grillakis, Shatah and Strauss [42], the convexity
of m (or not) is linked the variational properties of .7# under the constraint .. Using Lemma
3 and the implicit function theorem, we can indeed show the following (see [11, p. 399]).

Proposition 2. If m" (o) <0, then the profile (0, u) is not a local minimiser of 7 under the
constraint ., in that there exist (a curve of) functions (p, u) close to (p , u) such that ¥ [p, u] =
Hlp,ul and 7 p,ul < o, ul.

This gives a hint, even though not a proof, that profiles for which m" (o) < 0 are unstable.
What we can actually prove is the following.

Theorem 5.
(Sufficient condition) A solitary wave for which m" (o) is positive is orbitally stable.
(Necessary condition) A solitary wave for which m" (o) is negative is linearly unstable.

The proof of the sufficient part follows from an adaptation to nonzero endstates of the
main result of Grillakis, Shatah and Strauss in [42]. This result shows indeed that the ‘unsta-
ble’ directions of .£? = Hess(7 — 0.%) (that this, the U satisfying (U, . £°U) < 0 as in Lemma
3), can be ruled out since they are transverse to the manifold defined by the constraint asso-
ciated with .#, unlike what happens when m" (o) < 0 as in Proposition 2 above. This is linked
to the identity

(05U, L70,U) = f 5.71U]-0,Udx = - m"(0),
R

which shows that if m” (o) > 0 then 6,U is an unstable direction and does not belong to
6.7 U] .

The proof of the necessary part does not directly follow from the method in [42], because
the operator _¢# is not onto (the same problem occurs for the Hamiltonian structure of the
Korteweg-de Vries equation, and it was fixed almost at the same time by Bona, Souganidis
and Strauss [22] for that specific equation). A general way to overcome the problem is to use
Evans functions techniques, as what pointed out by Zumbrun [78]. The starting point is that
the linearised operator L has a Jordan block at T = 0. Indeed, as already noted in the proof
of Lemma 3, the derivative 0, U of the profile is an eigenvector of -Z? for the eigenvalue 0,
which also implies that it is an eigenvector of LY = ¢ £ for the eigenvalue 0. Furthermore,
as used to get the identity above, we have

zo’ao_g =05 [H] ’
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which implies that

(the last equality is exactly the reason why .# has been called an impulse associated with
translation invariance). This means that 0 is an eigenvalue of L? of at least 2 as algebraic
multiplicity. Without trying to construct here the Evans function (see [9] and references
therein for more details), this implies that D(0) = D’(0) = 0. More precisely, we can show
the following (see [9, Lemma 1]).

Lemma 5. In one space dimension, the essential spectrum of the linearised operator L about
a solitary wave of speed o is purely imaginary. The nonnegative real point spectrum of L?
consists of the zeros of an analytic function D : 1 € [0,+00) — D(7) € R such that

D0)=D'(0)=0, D) >0for A>1, sgnD"(0)=sgnm”(0).

With this lemma, the end of the proof of Theorem 5 merely follows from the mean value
theorem: if m" (0) < 0 then D is negative near 0 and positive at infinity, and thus must vanish
somewhere.

Remark 3. We can give a more explicit expression of m, namely

m(o) ::fg(axp)zdx.
R

Would p be a phase transition profile, any specialist in phase transitions would recognise
m(o) as being the surface tension across the ‘interface’ It is not clear though if this is mean-
ingful for solitary waves. Anyhow, it can be computed up to a quadrature, without actually
solving the profile ODEs. In this way it is easy to test numerically the convexity of m. This was
done in [11], where both cases of convexity and concavity were shown.

Let us now turn to the multi-dimensional stability question of solitary waves, at least
those known to be stable in one space dimension, that is, for which m’ (o) is positive. By
Fourier transform in transverse directions we are led to consider (as for phase boundaries) a
family of operators L% (1)) parametrised by the wave vector § € R4~!. Their essential spectra
are still purely imaginary. Furthermore, we can show the following (see again [9, Lemma 1]).

Lemma 6. The point spectrum of L° (n) in the half-plane {T; Ret > 0} consists of the zeros of
a function D = D(t,n), which is analytic along rays {(At,An); A > 0} for Ret > 0, and has the
asymptotic behavior for low frequencies (A — 0)

DT, A ~A?P(1,m), P(r,m) = m"(@)1° - r’Iql?>, r>0.

As a consequence, if m” (o) > 0 we find by a Rouché argument that for small |||, there
exists T = r|nll/vm'" (o) > 0 for which D(r,n) =0.

This proves that solitary wave solutions to the Euler-Korteweg equations are linearly un-
stable in several space dimensions.This result was obtained in a much less technical/more
elegant way by Rousset and Tzvetkov in [70]. Applying a general method of theirs, they found
indeed (in two space dimensions, on the Bernouilli form of the equations for potential flows)
a specific nonzero 1 (not necessarily small, determined by a mean value argument) and a
small 7 > 0 (by means of a Lyapunov-Schmidt reduction) that is an eigenvalue of L7 (1).
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3.5 Periodic solutions

The stability analysis of periodic waves require different tools, which are out the scope of
these notes. As a by-product of a work of Serre (unpublished), periodic waves of the Euler—
Korteweg equations are known to be unstable.
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Appendix

Derivation of the Korteweg tensor

In what follows, we use variational arguments to derive the stress tensor of an isothermal
capillary fluid at rest, of stationary density p. We assume that its (free) energy density F de-
pends on p and Vp. Then its total energy | F(p,Vp) dx is invariant under space translations.
More specifically, its invariance under the vector field vk =9/ 0xy implies, by Noether’s the-
orem (see for instance [60, p. 272]) that

OF
(58) divP¥—p; &F=0, where P¥:=6%F - p; ny and &F := ZD,(apl)

Here above, the notation D; stands for the total derivative with respect to x; € R?. If p were an
extremal of .7, we would have by definition of the Euler operator & that (5F)(p) =0, and (58)
would imply the conservation law divP* = 0. However, physically p can only be an extremal
under mass constraint f p. Hence (£F)(p) = A, a Lagrange multiplier associated with this
constraint. Therefore, using that A is indeed a constant, (58) implies the conservation law
divzk = 0 with

OF
2f =65 (F = p(EF)(P) — pr =
9p,i

or, more explicitely,

OF OF OF
=65 (F - p=— + pdivw) — , wh = —
i ( 4 ap pdivw) — p i 0, where w; 0,

In another words, we have
. . OF )
divX =0, with Z:= (F - pa—) I+ pdivwl —we® Vp.
Iy

When F does not depend on Vp, the stress tensor X reduces to —pI, where

OF

59 ~ _F
(59) p:= Pap

is the usual pressure in the fluid. When F depends on Vp, the modified tensor is
2=—pl+pdivwl —we Vp,

where p defined by (59) is a generalised pressure (depending also on Vp).

Calculus identities

With the notations a:= /pK and v:= /K/p Vp we have

%K;)|Vp|2 + KAp = adivv + %Ivlz.
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Proof. Observing that v= VR(p) with R a primitive of p — \/K(p)/p, we have
divw=AR(p) = R'(p) Ap + R"(p) |Vp/°.

The conclusion follows from the equalities

R'=\/Klp, R"=3K,/\/oK-3\/Kip.

The identity

. Avp
div(po V?In(p)) = 2 v(—)
P P P /P

is a special case of
div(u(p) V*E(p) = Mp) V (o' (p) Aa(p)) ,
which is valid under the conditions
I __n

(60) pué' = 210" = constant, A'¢”?= /¢, A?0’¢” = constant,

these being satisfied if and only if there exist a,b, ¢, d € R with acd # 0 such that

4
o =1/ap+ b + constant, }L:a—g(ap+b), u=d(ap+Db), éza—cdln(ap+b)+constant.

(The special case above correspondstoa=c=d=1and b=0.)

Proof. To simplify notations we use Einstein’s convention on repeated indices. By definition,
we have
div(uV2¢)j = 0;(ud7 ;),

and by the chain rule we find that
0i(uo7 ;&) = pu&'djAn + uc" + 1) (0:p)07 ;p + p€" djAp + (uE"'1IVpI?d;p,
or, without indices,
div(u V&) = p&'Vap + Qué" + ' &YV2p -Vp + ué" ApVp + (ué") |Vpl* Vp.
On the other hand, by the chain rule again we have that
Ao =o' Ap +d"|Vpl?,

V(o'Ao) = 6" VAp +20'0"V?p-Vp + 20 d"ApVp + (6'd") |Vp*Vp.

Equating coefficients of the four terms, we find the following sufficient conditions for the
equality div(uV?¢) = AV (o' Ag),

ué—/:AO_/Z, uf/lzzﬂ/o_lo_ﬂzzué—ﬂ_i_u/f/’ (ufll)l:/l(o_lo_ﬂ)/’
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which are equivalent to
ugl:A/OJZ’ (ufl)/:()’ A/Io_lzzulfl’ 2/1,OJO-H+A,(OJO'H),:0,

themselves obviously equivalent to (60). Now a nontrivial solution (u,¢, A, o) of (60) is nec-
essarily such that 6”/0" = constant, hence 1/0" is an affine function of p, and then A, p,
and 1/¢' are affine as well. The explicit coefficients are easily found by inspection of the
equations. O

Let us verify the identity
61) V(3lul®) =ux (Vxu + @-Vu.

Proof. By the chain rule,
d d
0; (%|u|2) = Z uidju; = (u-Vju; + Z ui (0ju; —0;u;j).
i=1 i=1

When d = 3, we easily check that the sum (which comprises actually only two terms, since
the i = j term is null) is the j-th component of u x (V x u). O

The algebraic identity
(62) ux (vxw) = (u-wv- (u-v)jw

is in the same spirit.

Proof. The j-th component of both sides is easily identified with

3
Z ui(vj wi; — V; LU]').
i=1

Eulerian vs Lagrangian coordinates

Let x := p° K be viewed as function of v = 1/p. The system

Or(p u) + 0x(pu® + po(p)) = 0x(pKO%p + 5 (0K}, — K) (0:p)?),
is (formally) equivalent to

0V =0yu,

(64) { Oru+0ypo(v) = —ay(xaiv + %K’v (ayv)z),

in Lagrangian coordinates.
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Proof. Recall that the mass Lagrangian coordinate y is characterised by dy = pdx — p udt.
Now, a conservation law in Eulerian coordinates

Gt(p + 6x1// =0

is equivalent to the fact that the differential form ¢ dx — wd¢is closed, and since dx = vdy +
udt, it is also equivalent the closedness of ¢ dy + (ug@ — y)dt, which is itself equivalent to
the conservation law in Lagrangian coordinates

0:(vp) +0y(w —ug) =0.

For ¢ =1 and y = 0, this yields the first equation in (64) (note that the first equation in (63)
has already served to define y). The second conservation law in (63) corresponds to

p=pu, y=po—pKdp+3(-pK,+K) ©@:p)°=po—p’Kdp—-3p°(pK,+K)(@,p)°
To eventually obtain the second equation in (64), we compute that
0yp = —pzayv, af,p =2p° (6y1/)2 — pzaiv,

and
K, =-5p°K - p'K,.

Convexity of the total energy density

Proposition 3. Assume that F" >0, K >0, and KK" = 2K"? everywhere, then the total energy
density
H=F(p)+ 1K) Iv* +1plul

is a strictly convex function of (p, m := pu, V).

Proof. A standard trick in the theory of Euler equations consists in noticing that the (strict)
convexity of the (volumic) energy density in the conservative variables (p,m) is equivalent
to the (strict) convexity of the specific energy in the variables (v = 1/p,u). This works for
the Euler-Korteweg equations too. Clearly (by characterising convex functions as upper en-
velopes of affine functions), H = H(p, m, V) is convex if and only if

hi=Hlp=f+i(K WP+ }u?

is a convex function of (v,u,w) with f = F/p, w = v/p. Since we have f”(v) = p3F"(p), the
(strict) convexity of F = F(p) is equivalent to the (strict) convexity of f = f(v). Since u— |u/?
is obviously strictly convex, it remains to determine a convexity condition for the function
(v,w) — k(v) |w|?, with x := p K. By computation of its Hessian we find the sufficient con-
dition x” (v) x (v) = 2x'(v)?. To show that this is equivalent to K" (p) K(p) = 2K'(p)?, we can
write

vk(v) =K(p), v*«'(v) = —(K(p) + pK'(p), v*«"(v) =2K(p) +4pK'(p) + p* K" (p),
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and thus see that
v4 (KK” _ 2(1(/)2) — p2 (K//K _ 2 (K/)Z) .

O

Remark 4. The somewhat mysterious condition KK" = 2K" is clearly satisfied (as an equality)
by constant functions K, and also by K < 1/p. Howeuver, its is violated by K  1/p°, which
corresponds to a constant coefficient x in Lagrangian coordinates.

Hamiltonian structure of travelling profiles ODEs for Hamiltonian PDEs

Proposition 4 (Benjamin). Let us consider a Hamiltonian system of PDEs in one space dimen-
sion

(65) ou=_¢767ul,

with ¢ of the form ¢ =D,J, where] is a symmetric, invertible real matrix. We assume that
there exists a functional . :u— % [u] = [ I(u) such that

u=-J6.[u]

forallueR", and that 77 depends only onu anduy (the first order derivative of u with respect
to x). For simplicity we also assume that §(7¢ —o.7)[0] = 0. Then

e the (smooth) solutions of (65) satisfy a local conservation law of the form
It + Sx = 0,
where S depends only onu, uy et uyy;

e the profile equations for solitary wave solutions to (65) of speed o are the Euler—Lagrange
equations associated with the Lagrangian H — o1, and the corresponding Hamiltonian
is S—ol, which is therefore a first integral of the profile equations.

Remark 5. The functional .9 is linked to the invariance by translations in x, in that the (gen-
eralised) Hamiltonian vector field /60, p. 435]

i 0 i 0
V=Y (Z65M);— =— Y (Deuj) —
=1 < T ou; j=1 " ou;

is the so-called evolutionary representative [60, p. 291] of %, the infinitesimal generator of
the group of translations x — x+ a, a € R.

Proof. We first look for S, which must be such that
n ol n ol
S :—I[:—Z Ujr—— = —Z Ujr—~—
g o ou; o ou;
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along solutions of (65), that is of
n
wje= ) Jji6iH)x,
i=1

where &; denotes the Euler operator associated with the component u; of u. Since 7 de-
pends only on u and u,, we have

0H )+6H
aui'

&H:_Dx(dw
i,x

By using the symmetry of J and the definition of I (through the one of .#) we infer that
n
Sx =) ui(&Hy,
i=1
hence
S= Z ul(ng) —H+ Z Ui x —
i=1 o1 Ouix

up to a constant, which can be taken to zero. Now the profile equations are
—ou’' =J6[u]’,
or, using again the definition of .#,
J6(A -0 7))l = 0.
Since J is invertible, we obtain for profiles that are homoclinic to zero that
0 -0o.F)u] =0,

which equivalently reads
&(H-0D)=0, i=1,...,n.

These are the Euler-Lagrange equation for the Lagrangian H—o I. The corresponding Hamil-
tonian is the Legendre transform of H— oI, namely (since I does not depend on uy),

0H

n
P:=) ujy —(H-0I)
i=1 0

i,x

in the variables u; et p; = a‘;%. To conclude that P = S—o I, we observe that from the profile
equations '

oI
SH=0&1=0—0,
au,-
hence
n n
Y uiEiH) =0 ) ui(&i1) =201
i=1 i=1
since I is quadratic (by definition). O
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