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EMBEDDING CAMASSA-HOLM EQUATIONS IN
INCOMPRESSIBLE EULER

ANDREA NATALE AND FRANCOIS-XAVIER VIALARD

ABSTRACT. In this article, we show how to embed the so-called CH2 equations
into the geodesic flow of the H4Y metric in 2D, which, itself, can be embedded
in the incompressible Euler equation of a non compact Riemannian manifold.
The method consists in embedding the incompressible Euler equation with a
potential term coming from classical mechanics into incompressible Euler of
a manifold and seeing the CH2 equation as a particular case of such fluid
dynamic equation.

1. INTRODUCTION

The Camassa-Holm (CH) equation as introduced in [2] is a one dimensional PDE,
which is a nonlinear shallow water wave equation [1] and is usually written as

(1.1) Ot — Oppatt + 30,uU — 204U Optt — Ogggutu = 0.

This equation has generated a large volume of literature studying its many proper-
ties and it has drawn a lot of interest in various communities. Indeed, the physical
relevance of this equation is not limited to shallow water dynamics since, for in-
stance, it has been retrieved as a model for the propagation of nonlinear waves
in cylindrical hyper-elastic rods [5]. From the mathematical point of view, it pos-
sesses a bi-Hamiltonian structure and can be interpreted as a geodesic flow for
an H' Sobolev metric on the diffeomorphism group on the real line or the circle
[13, 9, 3]. Of particular interest, peakons (on the real line) are particular solutions
of the form
k
(1.2) u(t,z) = 3 pit)e 0=l
i=1

which can be retrieved as length minimizing solutions for the H'(R) metric when
the initial and final positions of points ¢; are prescribed. On the circle, peakons are
described by a slightly different form than (1.2) where the Green function of H*(S;)
on the circle replaces the exponential. For particular peakons solutions, blow-up
in finite time occurs and it is well-understood, see [16]. The blow-up, also called
breakdown, of the CH equation has been proposed as a model for wave breaking.

Importantly, the CH equation has been derived in [2] by an asymptotic expansion
from the incompressible Euler equation in the shallow water regime. It is then
natural to ask to what extent they differ from the incompressible Euler equations
written on a general Riemannian manifold as proposed in [6]. In the rest of the
paper, all our statements are concerned with strong solutions of the corresponding
PDE. Recently, we have proven that the CH equation on S; is linked with the
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incompressible Euler equation on S; x R<g. More precisely, in [3], we prove that
the CH equation

1 1 1
(1.3) Oy — Zamu 4+ 30, uu — iamu Ogt — Zalmuu =0,

which describes geodesics on Diff(S) for the right-invariant metric defined by the
Sobolev norm |[uf|? + |[u/||> on the tangent space at identity, can be mapped to
particular solutions of the incompressible Euler equation

{®+VUU = —-Vp,

44 V- (pv) =0,

for an appropriately chosen density p(6,7) on the plane R? \ {0}. The mapping
between the solutions is explicitly given below.

Theorem 1 ([8]). Let u(t,0) be a smooth solution to the Camassa-Holm equation
(1.3) on Sy then w : (8,7) — (u(t,8),r0pu(t,0)/2) is a vector field on S1 x Rsq and
it is a solution of the incompressible Euler equation (1.4) for the density %47“ drdé.

From a Lagrangian point of view, the mapping between the solutions is given by a
sort of Madelung transform. Let ¢ be the flow of a smooth solution to the Camassa-
Holm equation (1.3) then W(6, r) < r\/3ye(0)e*(®) is the flow of a solution to the
incompressible Euler equation (1.4) for the density %47“ dr df. Note that Equation
(1.4) for this particular density is not exactly the incompressible Euler equation on

a Riemannian manifold (M, g) as in [6], which reads
(1.5) ’U.+ Vv =-Vp
divy(v) =0,

where V is the Levi-Civita connection associated with the metric g and div, denotes
the divergence with respect to the volume form associated with g.

Motivated by the results in [8, 19], the main result of the paper is to embed the
CH2 equation, as introduced in [17], in the incompressible Euler equation. The
CH2 equations are a generalization of the CH equation which consists in adding
to the CH equation a pressure term depending on an advected density. The CH2
equations read

Oym + umy + 2mu, = —gp0oyp
(1.6) m=u— Oy
Op + 0z (pu) =0,

where p(t = 0) is a positive density and g is a positive constant. The embedding is
achieved in two steps: first we embed the CH2 equation in a generalized CH equation
in 2D (associated with the HYV right-invariant metric) and then we apply the
corresponding generalized version of Theorem 1. At this point, it might seem
tempting to use the existence of such an embedding to derive new results on one
equation thanks to the knowledge of the other. However, the difficulty is pushed in
the fact that the Riemannian manifold on which the equations live is often curved
and non-complete, see the end of Section 3.3. Nonetheless, this link is interesting
from the point of view of classification of fluid dynamic models. The methods we
use share some similarities with [18] by the use of a non right-invariant metric and
the Eisenhart lift although our motivation and results differ.



EMBEDDING CH IN INCOMPRESSIBLE EULER 3

The paper is organized as follows. We present a slight generalization of Tao’s
embedding of Boussinesq equation into incompressible Euler in Section 2. Then,
in Section 3 we recall the geometric arguments explaining Theorem 1, i.e. how the
geodesic flow of the HIYV right-invariant metric can be embedded in the incom-
pressible Euler equation of a cone manifold. Based on these two results, Section 4
shows the embedding of the CH2 equation into incompressible Euler.

2. EMBEDDING POTENTIAL DYNAMICS INTO EULER

This section, based on [19] and Tao’s blog, shows how to embed some fluid
dynamic equations such as Boussinesq into incompressible Euler. This will be
needed in the next section. We are concerned with fluid dynamic equations that
can be derived from Newton’s law with a classical mechanical potential, see [12,
Example 2.2].

Let (M,g) be a closed Riemannian manifold equipped with the volume form
vol, V : M — Rs( be a smooth positive function on M and pg a smooth positive
density on M. Consider the following Lagrangian on SDiff (M), the group of volume
preserving diffeomorphisms of M,

@) L) = [ 1@ dvola) = [ Viem(a) dwl),

where dvol denotes the measure associated with vol and ||¢(z) ||(2go@) () i the same
as g(p(x))(o(x), ¢(z)). The Euler-Lagrange equation for this Lagrangian is

D¢
(2:2) D —VV(e)po —Vpop
where % is the covariant derivative associated with the metric g and where the

pressure p is a time dependent function which accounts for the incompressibility
constraint. This equation, rewritten in Eulerian coordinates, introducing the veloc-
ity field u = ¢ o ™1, gives

ou+Vyu=-VVp—Vp
(2.3) divg(u) =0
Op +divg(pu) =0.

The last equation can also be written as an advection equation d¢p + (Vp,u) = 0
since div,(u) = 0. A particular case of this formulation is the Boussinesq equation
when the potential is due to gravity. Our goal is to see the solutions of System
(2.3) as particular solutions of the incompressible Euler equation (1.5) on a possibly
curved Riemannian manifold. A possible way to achieve this is to formulate the
equivalence at the Lagrangian level. The first step consists in interpreting the
Hamiltonian evolution of a particle in the presence of an external force as a kinetic
evolution with force. This is done in the next paragraph.

Eisenhart lift in classical mechanics. Since the work of Maupertuis and
Jacobi, the fact that a potential evolution can be seen as a reparametrization of
a geodesic flow is well-known. By potential dynamic, we mean solutions of the
equation

(2.4) i =-VV(z).

Indeed, let us consider a conformal change of a Riemannian metric g into e?}g,
where A is a function on M. Then, it is possible to find A in terms of V such that
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the geodesic flow of e**g, describes, up to a time reparametrization, the potential
dynamic. With the aim of embedding fluid dynamic equations into incompressible
Euler, the metric has to be independent of the particle label. Therefore, the Jacobi-
Maupertuis transform is not suitable for our purpose.

Eisenhart in 1929 [7] introduced a lifting procedure to describe the potential
dynamic as the projection of geodesics on a Riemannian manifold of one additional
dimension. Introducing M x S; (the second factor can be R as well), consider
the Riemannian metric §(z, z) = g(z) + ﬁ(dz)z. Then, the geodesic equations,
written in Hamiltonian form, read

p=—0,H(p,x)— %nzamV(x)

(2.5) n=0
' &= 0p,H(p,x)
z = V(lw)n

where H(p,z) = %<p7g*1(x)p>. This system says that the couple (p, z) follows the
potential dynamic equation, provided that the constant of the motion is chosen
as n = v/2; Equation (2.4) is obtained from System (2.5) by multiplying the first
equation by the cometric g=!(x). We refer to Proposition 9 in Appendix B for
more details on the geodesic equations associated with this new metric, which is a
particular case of warped metrics (see Definition 1).

In order to be sufficiently general, let us remark that this lifting procedure also
works when introducing an additional force to the potential dynamic. Indeed, n
will still be a constant of the motion. Thus, we have

Proposition 2 (Eisenhart lift). Let (M,g) be a Riemannian manifold, V be a
potential and F be a vector field on M possibly time dependent. Then, the solutions
to the ODE system

(2.6) Vii = -VV(z)+F

are projections on the first variable of the forced geodesic flow on M x S; endowed
P _ 1 2
with §(x, 2) = g(x) + 5y (d2)*,
(2.7) V?@Z,) (,2) = (F,0).
Note that a multiplicative constant on the potential can be taken care of in the
constant of the motion which is n, the momentum variable associated with z.
As a consequence, we have that solutions to Equation (2.2) correspond to pro-
jections on the first variable of ¢ = (p, ), which satisfies the equation

(2.8) Vi =—Vi(p,0),

and the constraint is ¢ € SDiff(M). In order to understand Equation (2.8) as an
incompressible Euler equation, the first step is to check that a density is preserved
by the flow ¢ on M x S;. Note that A is completely determined by its initial
value A(z,y) = V(¢(x))v2po(z) which only depends on z. Thus, X is a rotation
in the y variable with a rotation angle which depends on x. As a consequence, the
volume form vol A dz is preserved. Thus, 1) preserves a density and it solves (3.5),
which can be embedded in the incompressible Euler equation, as described in the
introduction. Therefore, we have
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Proposition 3 (Tao’s blog and [19]). The solutions to the incompressible fluid
dynamic equations with potential (2.3) are projections of particular solutions to the
incompressible Euler equation on M x Sy x Sy for the metric g(z) + %(dz)2 +

V(z)(dy)>.

3. EMBEDDING CH INTO EULER

This section, based on [3], gives a sketch of the geometric arguments for the
embedding of the H4V geodesic flow on a closed Riemannian manifold (M, g) and
a computational proof of it.

3.1. The geometric argument. Consider the group of diffeomorphism Diff (M)
endowed with the right-invariant H4" metric, that is, the norm is defined in Euler-
ian coordinates on the velocity field u by

1
(3.1) |3 as :/ Hu||§dvol+/ —divy(u)?dvol .
M m 4

For a given right-invariant Lagrangian L£(¢,¢) on Diff (M), one can consider the
reduced Lagrangian I(u) = £(Id, u), where Id is the identity map on M. The Euler-
Lagrange equation for a Lagrangian [(u) is called Euler-Arnold or Euler-Poincaré
equation and it reads

d dl a1
2 = padt — =
(32) dt5u+ad“5u 0,
where 61/6u represents a momentum density [10]. Taking {(u) = [Ju|%a., this

equation describes H4Y geodesics on Diff(M). When M is one dimensional with
the Lebesgue measure, it coincides with the Camassa-Holm equation. Note that
the Ebin and Marsden framework that proves local well-posedness does not apply
in dimension greater than one, since the differential operator associated with the
HYY metric is not elliptic. Local well-posedness has been proven in some particular
cases, for instance the Euclidean space in [15] and probably holds in a more general
setting such as a closed Riemannian manifold.

The key point to embed the HUY geodesic flow in an incompressible Euler equa-
tion consists in viewing (Diff (M), H4V) as an isotropy subgroup isometrically em-
bedded in a larger group on which there is a (non-invariant) L? metric. Such a
situation is well-known for the incompressible Euler equation. Indeed, on Diff (R%)
it is possible to consider the flat L? metric with respect to a given volume form, and
the subgroup of volume preserving diffeomorphisms SDiff(R?) endowed with this
L? metric. On SDiff(R?), the L? metric is now right-invariant, see [11] for more
details.

Let us consider the automorphism group of half-densities on M, which is a trivial
principal bundle once a reference volume measure, in this case dvol, has been
chosen. In such a trivialization, the half-densities fiber bundle is M x Rs g and its
automorphism group Aut(M x R~) can be identified with the semi-direct product
of groups Diff (M) x C*°(M,R~) acting on the left on the space of densities by,

(3.3) (0, N) - p = 0. (\2p),

where p € Dens(M) is a density and (¢, A) € Diff (M) x C*°(M,Rsg). Note that
the semi-direct group composition law is completely defined by the fact that (3.3) is
a left action. Consider the isotropy subgroup associated with the constant uniform
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density, that is the subgroup Autyo(M X Rsg) = {(¢, v/Jac(p))| ¢ € Diff(M)}.
Mimicking the case of incompressible Euler, we are looking for a right-invariant

metric on Autye (M X Rsg), thus it is completely defined at identity. The derivative
of a curve in Autyo (M x Rso) at identity is (u, divy(u)/2) and the H4Y metric in
(3.1) is the L? metric on the product space. We extend this metric on the whole
automorphism group by writing (u, div(u)/2) = (o p1, % op~1). Then the HIY
norm yields the following Lagrangian on Diff (M) x C*°(M,Rx)

(3.4) L((: V), (3, 4) = / RNl + ) dvol

This formula defines a (non right-invariant) L? metric on Diff (M) x C°°(M,R~)
which satisfies our requirements. Note that this semi-direct product is included as
a set in the space of maps from M into M x Rsq and that the L? metric is defined
by the volume form vol on M and the Riemannian metric, given by formula (3.4),
go = r2g + (dr)?, which is a cone metric. This cone metric is a particular case of a
warped metric (see Appendix B), which we will use again in the next section. This
metric has an important property: the geodesic flow is preserved by every positive
scaling in the r direction.

At this point, we have Autyol(M X Rsg) C Aut(M x Rsg), which is naturally
embedded in Diff (M X Rsg) by the map (p,\) = [(z,7) — (¢(x), A(z)r)]. Due
to the fact that scalings are affine isometries for the cone metric, this embedding
preserves geodesics. Thus, for every volume form v on R+ such that fooo r?dv(r) =
1, the embedding Aut(M x Rq) < Diff(M x R~g) is an isometry for the L? metric
with respect to the volume form volAv on M X Ryg.

In order to conclude, it suffices to check that Autyo (M X Rsg), as a subset
of Diff (M x Rsq), preserves (by pushforward) a density on M X Rsg. A direct
computation shows that it is the case for po(z,r) = 7 dvol(z,r) = % dr dvol(z),
where d denotes the dimension of M. Note that pg is not integrable at 0 and it has
infinite mass. Importantly, the embedding Autye (M x Rs¢) < SDiff ,, (M x Rso),
the subgroup of diffeomorphisms that preserve pg, is an isometry. This can be
summarized by the following diagram,

(Aut(M x Rsg), L2, ) 227 (Diff (M x Rsq), L

; )
vol,go vol A v,go

(Diff (M), HU) =% (Autyo (M X Rs), L2

vol,go

) LASDfE ,, (M % Rsg), L

At this point, we have reformulated the geodesic flow on Diff(M) for the H%
metric as a geodesic flow on a Riemannian submanifold of (Aut(M x Rs¢), Lsol,g())’
which is embedded in the geodesic flow of SDiff,, (M x Rxp) for an L? metric with
a volume form which differs from py.

This is the result formulated in Theorem 1. Alternatively, we give an Eulerian
derivation of the result in Section 3.4 and we also give an elementary computational

proof in Appendix A, which addresses the one dimensional case, for simplicity.

\2/01 A u,gg) .

3.2. A few comments on this embedding. The blow-up of the CH equation
corresponds to a Jacobian 0, which vanishes. Let us explain it briefly. For a
standard peakon-antipeakon collision, that is two peakons moving toward each other
at the same speed or more generally a antisymmetric peakon configuration, it is
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possible to prove that the middle point of the configuration will be fixed by the
flow and d,v — —oo. Using the flow equation Oy = 0,v 0 ¢ O, at this middle
point implies d,¢ — 0. This is shown in Figure 1, in which are plotted the curves
0+ r/9pp(0)e’#® for two different choices of the radius , in blue and green.

F1GURE 1. A peakons-antipeakons collision represented in the new
polar coordinates variables at different time points. The two curves
in blue and green are scaled versions of each others: they represent
the image under the map ¥(0,r) = r/9p(0)e??) of two circles
on the complex plane with different radii.

3.3. Applying Tao’s change of metric. In [19], Tao studied how to map the
solutions of some ODEs as particular solutions of the incompressible Euler equation
on a Riemannian manifold. As a corollary of his work, it is possible to embed the
CH equation in incompressible Euler, at the expense of introducing a new dimension
which is introduced to correct the coefficient ﬁ on the preserved density pg. Let
us describe it now. Consider (N, g) a Riemannian manifold and the incompressible
Euler equation for a particular density pg preserved by the flow, that is

L+ Vyu = -V
(3.5) u.+ ul P
divg(pou) =0,

then, on M x S; endowed with the metric g + p3(dy)? and defining v = (u, 0), one
gets a (particular) solution to the incompressible Euler equation (1.5). Thus, we
have

Proposition 4. Solutions to the HY Euler-Arnold equations are particular so-
lutions to the incompressible Euler equation on M X Rso x Sy for the metric
r2g(z) + (dr)? + r 26+ (dy)2, where (z,7,9) € M X Rsg x S.
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Corollary 5. The incompressible Euler equation (1.5) on the Riemannian manifold
S1 X Ry X S1 has particular solutions that exhibit a finite time blow-up.

Note that this Riemannian manifold has nonpositive sectional curvature since the
metric can be written in a warped product formulation ( daz)?+( dy)%—m( dz)?
for which the formula (B.7) for the sectional curvature in [1] can be applied. Note
that this Riemannian manifold is not complete since 0 has to be added to the cone
S1 X R<( to make it a complete metric space. Indeed, with the cone point added, it
is not a smooth manifold any longer and it has infinite curvature, at least formally,

at this point.

3.4. The Eulerian viewpoint. It is instructive to examine the relation between
the HYV and the Euler equations at the Eulerian level by comparing the relative
Euler-Poincaré equations. We do this here using differential forms for our results
to be valid on the manifold M; in particular we will make computations using the
volume form vol rather than the measure dvol.

The momentum equation for the incompressible Euler system in (1.5) can be
written in terms of the velocity 1-form v” = g(v,-) as follows

2

since (V,0)? = V,0° = L,0° — dg(v,v)/2. In equation (3.6), d is the exterior
derivative and L, is the Lie derivative with respect to v, which can be expressed
using Cartan’s formula as £, = i, o d 4+ d o1i,, where i, is the contraction operator
with respect to v. Taking the exterior derivative of (3.6), we get the well-known
advection equation for the vorticity 2-form w = dv”,

(3.7) W+ Lyw=0.

On the other hand, the Euler -Poincaré equation for the H4V Lagrangian can be
written as an advection equation for the momentum density

1
(3.6) 0+ Lo0” +d [p — Zg(v, v):| =0,

(3.8) n®vol + L,(n®vol) =0,

where n = u” + %déub, which is equivalent to

(3.9) i+ Lyn — (6u’)n =0.

This is because the quantity §l/du in (3.2) can be identified with the momentum
density n ® vol in which case ad}, is just the Lie derivative operator [10]. Note
also that ¢ is the adjoint of d with respect to inner product defined by ¢ and in
particular 0u” = —div,u. Consider now the vector field w = (u,rdivyu/2) on

M x Ry with the cone metric. Then,
1 1
(3.10) w’ = —gréubdr +r?u’ = —Z(Subdr2 + 7’

where the metric operations applied to v are computed with respect to g, whereas
the b operator applied to w is computed with respect to the cone metric. The
associated vorticity two-form is

1
dw’ = —Zdéub Adr? +d(r?u)
1
(3.11) = Zd(r2d6ub) +d(r?u”)
=d(r’n).
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Even without specifying n, we find that whenever n satisfies (3.8), the 1-form r%n
is passively advected by w. In fact,

120+ Lo(r®n) = r’n + r2Lyn + nl,r?
(3.12) 2, 2 25 b
=rn+rLyn—nrdu’ =0.
This shows explicitly that by adding one dimension we are able to express advection
of one form densities as regular advection using an appropriate lifting for 1-forms
and vector fields. Then, because of the particular form of the Lagrangian for CH,
we have that d(r?n) = dw” and therefore w satisfies the Euler equation in rotational
form.
Note that in 1D the relation dw® = d(r2n) becomes

(3.13) dw” = 2rdr An,

since dn = 0. In terms of standard vector calculus, this is equivalent to the ob-
servation that the scalar vorticity of the lifted vector field on the cone w(z,r) =
(u, r8yu/2) is given by curl(w) = 2u — 19,,u which is twice the momentum of the
CH equation m = u — iamu. Note that this curl does not depend on the r variable.
The volume form preserved by the flow of the H4Y equation lifted to the cone
is not the one relative to the cone metric. In fact, if this were preserved, its Lie
derivative would then be zero; However, denoting by d the dimension of M,

Lo (dr®T Avol) = Lo, (dr®T) Avol + drdtt A L, (vol)
(3.14)
= —% ou’ dr®tt A vol .
On the other hand
Lo(r~4dr? Avol) = Lo, (r~*dr?) A vol + r74dr? A L, (vol)

3.15
(3.15) = —d(r~26u”) Avol — 6w’ r~*dr? Avol = 0.

From the previous section, we know that this discrepancy (between the metric of
the momentum equation and the volume form preserved by the flow) can be fixed
by adding an extra dimension and choosing as metric r2g + (dr)? +7~263+9) (dy)? so
that the associated volume form is 7~3dr Avol Ady. Then, @ = (w, 0) still satisfies
the vorticity advection equation on the new manifold and now we also have that

(3.16) La(r~*dr? Avol Ady) = L, (r~*dr* Avol) Ady = 0.
4. EMBEDDING THE CH2 EQUATIONS INTO CH

This section, based on the two previous ones, contains our main result which
consists in embedding the CH2 equations into the CH equation in higher dimension.
As a consequence, the CH2 equations can be embedded in incompressible Euler as
well.

Let us recall that the CH2 equations are an extension of the CH equation to
take into account the free surface elevation in its shallow-water interpretation, while
preserving integrability properties. The CH2 equations read

Oym + umy + 2mu, = —gp0yp
(4.1) m = U — Ozgt
Op + Oz (pu) =0,

where p(t = 0) is a positive density and g is a positive constant.
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There are at least two different point of views to introduce these equations. They
can be viewed as a geodesic flow on a semi-direct product of groups Diff(S7) x
C>(S1,R), with the additive group structure on C'*°(S1,R), where the metric on
the tangent space at identity is the H' metric on the first factor and the L? metric
on the second. Alternatively, they can be obtained by adding a potential term
depending on an advected density.

4.1. Embedding using the potential term. Hereafter, we use the point of view
of potential flow developed in Section 2 to obtain the embedding. Consider a
Lagrangian [(u) defined on Eulerian velocity fields u on the manifold M. We add
to this a potential term depending on an advected density. In other words, we
consider the Lagrangian

(4.2) () = 1(u) — F(p),

where F' is a functional defined on the space of densities, and we take variations
under the constraint of the continuity equation Oyp + divg(pu) = 0. Then, the
Euler-Poincaré equations including the advected quantity p read

d 4l , ol 5F

— —+4ad;, — = —pV— ® dvol
(4.3) dt du Tady du PV dp % dvol,

Op + divg(pu) =0.
The CH2 equations are a particular case of System (4.3) when l(u) = [[ul%a,
F(p) = % [, p*(z) dvol(z) and M is one dimensional. In the following, however,

we will not restrict to the one dimensional case and we will refer to such a slight
generalization of System (4.1) as H4V2 equations.
Let us write F(p) in terms of (¢, A) introduced in Section 3,

1 2
F(p) == [ Jac(p™")?*(poop~')* dvol = 5/ % o o~ dvol
S1

S1
1 [ p
= - — dvol .
2/51)\2 vo

To obtain the last formula, we used the constraint ¢, (A? dvol(x)) = dvol(z). There-
fore, the CH2 equations are the Euler-Lagrange equations associated with the fol-
lowing Lagrangian

(4.4)

£ N (AN =3 [ RN+ avol@) =3 [ o)
VD 2 Sy (gop)(x) 2 Jg, A2(z) )

under the constraint ¢, (A?dvol(z)) = dvol(x). This formula is similar to the

Lagrangian (2.1) and we have

Theorem 6. The HYV2 equations on M can be embedded in the HYY geodesic flow
on M x Si. More precisely, the solutions to the HV 2 equations can be mapped to
particular solutions of the HYY (M x Sy) geodesic flow.

Proof. The Euler-Lagrange equation associated with (4.4) reads

D)= 200
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where ® : M +— R is the pressure term, and it can be rewritten using Proposition
2 as

D ..
4.6 —(p,B,A) = =V(9,0),

(1.6 =($,6,4) = -V (2,0)

where [% is the covariant derivative associated with the metric 72§ + (dr)?, where
g =g+ (dy)?, on M x S; x Ryq. It is a particular form of the Euler-Lagrange
equation for the following Lagrangian

(4.7)
1

L((:N), (&,N) = 3 /M . N (@, P )T jog) 0y + Mz, )? dvol(z) ® dy,
X1

where ¢ = (¢, §) and

(4.8) 12, ) F505) ) = 2@ D g0y + 18,9

In particular, one needs to choose p(z,y) = ¢(x) and B(z,y) = B(z) + y and
A(z,y) = AM(z). Note that for this choice of (¢, 3, ), one has (¢, 8).(A\? dvol(z) ®
dy) = dvol(x) ® dy since ¢,(A\?>dvol(x)) = dvol(x) and 8 is a rotation in the y
variable. Hence, the Lagrangian in (4.7) corresponds to the H4V action on M x Sy,
which completes the proof.

In order to make explicit the relation between S and py, observe that since
the constraint is satisfied independently of the form of 3, we can get its evolution
equation simply by taking variations in the Lagrangian. Hence, we find that we
must have

(4.9 B0) = a0

where C(z) : M — R is a given function. This can be determined by comparing
the evolution equation for A for the Lagrangians in (4.4) and (4.7). In particular,
we easily find that we must set C(x) = po(z). O

The expression for the Lagrangian in Equation (4.4) suggests that the embedding
can alternatively be derived by formulating CH2 as a geodesic flow on a semidirect
product of groups.

4.2. Embedding using semidirect product of groups. The previous result
shows that the subgroup Diff (M) x C*°(M, S;) is totally geodesic in Diff (M x S7)
endowed with the H4V metric. The CH2 equations can be derived as a geodesic
flow on the group Diff (M) x C°°(M, S;) for the right-invariant metric defined by
llwllFai + ||Oé||2L2(M), where (u, @) is an element of the tangent space at identity. Let
us choose the group law to be (¢, f) - (¢,9) = (p o, f o + g), where S; = R/Z.
Writing this right-invariant metric in Lagrangian coordinates gives

2
Lo, ). (6 f)) = /M Jac(@) |20, + (W) Jac(g) dvol

(4.10) ac(p)

+/|f|2JaC(<p) dvol .

The first and last terms can be grouped together to give [,/ Jac(@)| (¢, f)]? dvol

where (, f) is an element of the tangent space at (o, f) € Diff(M) x C®(M, S).
Importantly, using the additive group structure of Sy, (¢, f) is naturally identified
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with (x,y) — (¢(x),y + f(x)) which we still denote by (¢, f) with a little abuse of
notation. Obviously, we have Jac(y, f) = Jac(y) and thus, denoting § = g+ (dy)?,
one can write Formula (4.10) as

£, ), (6 f)) = /MXS Jac(, DI Fl2ogo.p, dvol @ dy

+/ <8t\/ JaC(QOMf)
MxS; Jac(ep, f)

which is once again a particular form of the Lagrangian in (3.4) but on the auto-
morpshim group Autyer o dy((M x S1) X Rsg) (once the isotropy subgroup relation

(4.11) 2
) Jac(yp, f)dvol @ dy,

Isom.

is made explicit). It thus shows that the inclusion Diff(M) x C>*(M,S;) <
Diff(M x S) is an isometry, where the latter group is endowed with the H4" met-
ric. However, to realize that it is a totally geodesic subgroup, we need to write
the metric on the automorphism group Aut((M x S;1) x Rs¢) following the point of
view of Section 3 in order to get back to formulation (4.7).

Coming back to the embedding into the incompressible Euler equation, we have

Corollary 7. The CH2 equations on S1 can be embedded in the incompressible
Euler equation on Sy X Rsq x Sy x Sy with the metric r2(d0)? + (dr)? +r?(dy)? +
15 (d2)%

r10

4.3. The Eulerian viewpoint for H4V2. In order to give an Eulerian description
of the embedding of H4V2 into HYV, we start by rewriting the system in (4.3) in
terms of differential forms. As before, we let n = u’ + idéub so that

(4.12) {h®V01+£u(n®vol):—pdp®vol

pvol+ L, (pvol) =0.

In view of equation (4.9), we have that the couple (u, p) can be lifted to a vector
field w on M x Si, given by

(4.13) w=(uor) = (g2 ow) = (1

satisfying the H4V equation, once M x S; is equipped with the metric g + (dy)2.
Specifically, we have

(4.14) w =u’ 4 pdy,

and since p is a function on M, dw” = u’, where metric operations applied to w
are computed with respect to the metric on M x S; whereas those applied to u are
computed with respect to the metric on M. In terms of vector fields, this just says
that the divergence of w on M x Sj is equal to that of w on M (and considered as
a function on M x S7). The momentum associated with w’ is given by

1
(4.15) ﬁ:wb—i-idéwb =n+pdy.
The embedding tells us that we should have
(4.16) 7 @ vol + Lo (7 @ vol) =0,
where vol = vol A dy, or equivalenty

(4.17) i+ Ly — (0w”)i =0,



EMBEDDING CH IN INCOMPRESSIBLE EULER 13

In order to see this, we rewrite equation (4.17) in terms of the lifts n = n + pdy
and w = (u, p) under the only assumption that p be independent of y. We have

Loyt = Lyn + Ly,pdy
= Lyn +dp* + iy (dp A dy)
= Lyn+dp? — pdp + (i,dp) dy
=Lyn+ pdp+ (i,dp)dy.

(4.18)

Hence, provided that (u,n, p) satisfy equation (4.17),
(4.19)
i+ Loy — (0w”)A = 7t 4 Lyit — (6u°)7

=i+ pdy + Lon + pdp + (iudp) dy — (0u°)7
= [ 4 Lyn + pdp — (0u")n] + [pdy + (indp) dy — (5u”)p dy]
= [p+ (iudp) — (5u")pldy .

However,

(4.20) [p + (iudp) — (6u°)p]vol = pvol + L, (pvol) =0,

and therefore equation (4.17) holds. In other words, we are able to lift the momen-
tum and velocity variables in a larger space so that these satisfy the H4V equation.
Moreover, we find that the connection between momentum and velocity is invariant
under this lift. In fact, we have

1
(4.21) 7=’ + Zdéw"

by construction, since this is how we found the lift for n.

5. FURTHER QUESTIONS

The question of embedding ODE or PDE equations into incompressible Euler,
satisfying some natural requirements, might be a very soft one as indicated by [19].
A natural question to ask is if it is possible to embed more general Euler-Poincaré-
Arnold equations, for instance with higher-order norms rather than H%Y.

Another possible direction, which was partially addressed in this article, consists
in strengthening the conditions on the embedding by requiring it to be, for example,
isometric in some sense. Of course, this makes sense only when the underlying PDE
comes from a variational principle. Let us show informally why this additional
condition leads to a more constrained situation. An example of a right-invariant
geodesic flow which would be not embeddable into incompressible Euler is the case
of the L? right-invariant metric on Diff(M). In this case, the induced distance
is known to be degenerate [14] whereas the distance on SDiff(N) is obviously not
degenerate when N is a closed Riemannian manifold.
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APPENDIX A. AN ELEMENTARY PROOF OF THE EMBEDDING OF CH INTO EULER

Recall again that we write formal computations on sufficiently regular solutions
of the CH equation. Existence of such solutions w(t) in H® when s > 3/2 are
guaranteed by Ebin-Marsden [6] until a possible blow-up time. Then, the associated
flow ¢(t) is well defined as the solution of the ODE

{at()o(t’ $) = u(ta (p(t7 (IJ))

Al
(A1) 0(0,2) =z Vr e S;.

We now compute the Eulerian vector field v associated with ¥. In polar coordinates,
we collect a few useful formulas:

(0,r) = (#(0), v/ Oup)

“H0.1) = (wl(e) N = ¢_1>

Ots
6t‘11(9, ) <at90, Lo <,0>
Oy
"
oW = ( 139 )
Using the usual orthonormal basis on R?, e, = 8% and eg = %3%, we have
1
(A.2) v= iragu er +ru(f)eq.

We write the divergence constraint V - (pv) = 0 explicitly. One has

1 1 1 1 1
0. (o) + S on(pun) = 10 (55000 ) + 0w

1 1
—771591) + 7718&1) =0.

The incompressible Euler equation in polar coordinates reads

(A.3)

Ogvr + 0.0,V + “209vy — %vg =-0,P
Osvg + v,.0rv9 + %8@’09 + %'UTUQ = —%8‘9P.

We then check that these equations are satisfied for v as defined above. In the
following, we will use the notation 0, for OJy. Although this notation is a bit
abusive, it makes a clear difference between the vector field associated with ¢ and
the one associated with U. The first equation in System (A.3) gives

0k u + — (8 u)? + guamu —ru?=—-9,P

1 1
— Ozt + = (8 u)? + —ubppu — u® = —;&P.

r
2
1
2 2
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The second equation in System (A.3) gives
1 1 1
royu + iruazu + rudyu + iruamu =——0,.P
T

1
O + 20, uu = ——289P.
T
The Euler equations now read

(A4) 20u+ H(0,u)? + Judppu —u? = —19,P
' Oyu + 20, uu = —T%GQP.

Note that the left-hand side of the two equations only involves the variable 6. It
does not depend on r. In particular, it implies that P is necessarily of the form

P(9,7) = r?p(0). As a consequence, —10,P = —2p and —50pP = —9,p. Thus,
we obtain the following system,

1 1 1 _
(A5) Eamu + Z(azu)z + §u6mu — u2 = 72}7

O + 20 uu = —0,p .

This system is verified if and only if there exists p such that the system above is
satisfied. Therefore, since p is given by the first equation, p exists if and only if

1 1 1 1
(A.6) —0p | 20iu 4+ ~(03u)? + —udpeu — u* ) = Opu + 20,uu .
2 2 4 2
After expanding all the terms, we get
1 1 1 1
(A7) Z&gmu + Zﬁxuﬁmu + Eﬁmuamu + Zuﬁmxu — udyu = Opu + 20, uu ,
which gives, after simplification, the Camassa-Holm equation (1.3).
As a last comment, the standard CH equation (1.1)
(A.8) Oit — Opgatt + 30,uU — 205U Optt — Oggguu = 0.

can be retrieved as a incompressible Euler geodesic flow on the cone for the metric
r?(df)?+4(dr)%. Other parameters in the CH equations can be retrieved by varying
the parameters of the cone metric, that is, the angel of the cone.

APPENDIX B. WARPED METRICS

In this section, we collect the geodesic equations for a warped Riemannian metric
and its curvature tensor.

Definition 1. Let (M, gn) and (N, gn) be two Riemannian manifolds and w :
M +— R+ be a smooth map. The warped metric on M x N is the Riemannian
metric gy + wgn.

The simplest example of a warped metric is on R x S; with the metric (dr)?+
r2(df)?, which is the Euclidean metric in polar coordinates on R? \ {0}.

Proposition 8. The geodesic equations for the warped metric in Definition 1 are,
for (x,y) € M x N,

(B.1) Vi = 2on(i ) Vu(e) =0
(B.2) Vi + i log(w(x(t))) = 0.

dt
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These two equations imply that the geodesic motion on IV is a reparametrized
geodesic. The motion on M can be rewritten only in terms of x as follows, since

B3  Lon(,9) = 20x(Vs,9) = ~29x(5,9) s loa(w (1)

which implies that there exists a constant ¢ > 0, which is determined by the initial
conditions of the geodesic such that

(B.4) an(9,9) = W@

Using this equality in the first geodesic equation of system (B.1) leads to
1 c
2 w(z(t))?

which can be rewritten as a potential evolution

(B.5) Vo Vw(z) =0

. 1_c¢
(B.6) V:;ULL‘ = —iva(m) .

Solutions of this equation are the critical paths for the action A(x, &) = gp (&, &) —

5—(x). This can be rewritten as follows.

Proposition 9. Let V' be a positive function on M, then the solutions of Vit =

—cVV (for every positive constant ¢) are the projections on M of the geodesic flow

on the warped product M x N for w = %

The curvature of warped metrics has been computed for instance in [1] and the
formula is as follows, denoting respectively K,,, Ky, K, the sectional curvature of
M x4, N, M and N, and (-,-)ny or | - |y denotes the scalar product or norm given

by gn,
(B.7)  Ku(z,y)((u1,v1), (uz,v2)) = Kr(ur, uz) (Jus [*ua|* — (ur, uz)?)

— w(x)[|v1 |3 VW (@) (uz, ug) + [v2|3 V2w () (ur, u1) — 2(v1, v2) N V2w () (ur, ug)]

+w(@)’[Kn (vi,v2) = [Vw(@)P] (o { o2l & = (01, 02)%) -

REFERENCES

[1] Richard Bishop and B O’Neill. Manifolds of negative curvature. Trans. Amer. Math. Soc.,
145:1-49, 11 1969.

[2] Roberto Camassa and Darryl D. Holm. An integrable shallow water equation with peaked
solitons. Phys. Rev. Lett., 71(11):1661-1664, 1993.

[3] A. Constantin and B. Kolev. Geodesic flow on the diffeomorphism group of the circle. Com-
ment. Math. Helv., 78(4):787-804, 2003.

[4] Adrian Constantin and David Lannes. The hydrodynamical relevance of the Camassa—Holm
and degasperis—procesi equations. Archive for Rational Mechanics and Analysis, 192(1):165—
186, 2008.

[5] H. H. Dai. Model equations for nonlinear dispersive waves in a compressible mooney-rivlin
rod. Acta Mechanica, 127(1):193-207, Mar 1998.

[6] David G. Ebin and Jerrold Marsden. Groups of diffeomorphisms and the motion of an in-

compressible fluid. Ann. of Math. (2), 92:102-163, 1970.

Luther Pfahler Eisenhart. Dynamical trajectories and geodesics. Annals of Mathematics,

30(1/4):591-606, 1928.

[8] Thomas Gallouét and Francois-Xavier Vialard. The Camassa—Holm equation as an incom-
pressible Euler equation: A geometric point of view. Journal of Differential Equations,
264(7):4199 — 4234, 2018.

[7



EMBEDDING CH IN INCOMPRESSIBLE EULER 17

[9] D. D. Holm, J. E. Marsden, and T. S. Ratiu. The Euler-Poincaré equations and semidirect
products with applications to continuum theories. Adv. Math., 137:1-81, 1998.

[10] Darryl D Holm and Jerrold E Marsden. Momentum maps and measure-valued solutions
(peakons, filaments, and sheets) for the EPDiff equation. In The breadth of symplectic and
Poisson geometry, pages 203-235. Springer, 2005.

[11] B. Khesin, J. Lenells, G. Misiolek, and S. C. Preston. Geometry of diffeomorphism groups,
complete integrability and optimal transport. ArXiv e-prints, May 2011.

[12] B. Khesin, G. Misiolek, and K. Modin. Geometric Hydrodynamics via Madelung Transform.
ArXiv e-prints, November 2017.

[13] Shinar Kouranbaeva. The Camassa-Holm equation as a geodesic flow on the diffeomorphism
group. J. Math. Phys., 40(2):857-868, 1999.

[14] Peter W. Michor and David Mumford. Vanishing geodesic distance on spaces of submanifolds
and diffeomorphisms. Doc. Math., 10:217-245, 2005.

[15] Peter W. Michor and David Mumford. On Euler’s equation and 'EPDiff’. J. Geom. Mech.,
5(3):319-344, 2013.

[16] Luc Molinet. On well-posedness results for Camassa-Holm equation on the line: A survey.
Journal of Nonlinear Mathematical Physics, 11(4):521-533, 2004.

[17] Peter J. Olver and Philip Rosenau. Tri-hamiltonian duality between solitons and solitary-wave
solutions having compact support. Phys. Rev. F, 53:1900-1906, Feb 1996.

[18] Stephen C. Preston. The geometry of barotropic flow. Journal of Mathematical Fluid Me-
chanics, 15(4):807-821, Dec 2013.

[19] T. Tao. On the universality of the incompressible Euler equation on compact manifolds. ArXiv
e-prints, July 2017.

INRIA, PROJECT TEAM MOKAPLAN
E-mail address: andrea.natale@inria.fr

UNIVERSITE PARIS-DAUPHINE, PSL RESEARCH UNIVERSITY, CEREMADE, INRIA, PROJECT TEAM
MOKAPLAN
E-mail address: fxvialard@normalesup.org



	1. Introduction
	2. Embedding potential dynamics into Euler
	3. Embedding CH into Euler
	3.1. The geometric argument
	3.2. A few comments on this embedding
	3.3. Applying Tao's change of metric
	3.4. The Eulerian viewpoint

	4. Embedding the CH2 equations into CH
	4.1. Embedding using the potential term
	4.2. Embedding using semidirect product of groups
	4.3. The Eulerian viewpoint for Hdiv2

	5. Further questions
	Acknowledgments
	Appendix A. An elementary proof of the embedding of CH into Euler
	Appendix B. Warped metrics
	References

