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A LAGRANGIAN SCHEME A LA BRENIER FOR THE
INCOMPRESSIBLE EULER EQUATIONS

THOMAS O. GALLOUET AND QUENTIN MERIGOT

ABSTRACT. We approximate the regular solutions of the incompressible Euler equations
by the solution of ODEs on finite-dimensional spaces. Our approach combines Arnold’s
interpretation of the solution of the Euler equations for incompressible and inviscid flu-
ids as geodesics in the space of measure-preserving diffeomorphisms, and an extrinsic
approximation of the equations of geodesics due to Brenier. Using recently developed
semi-discrete optimal transport solvers, this approach yields a numerical scheme which
is able to handle problems of realistic size in 2D. Our purpose in this article is to estab-
lish the convergence of this scheme towards regular solutions of the incompressible Euler
equations, and to provide numerical experiments on a few simple test cases in 2D.
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1. INTRODUCTION

The purpose of this article is to investigate a discretization of Euler’s equation for
incompressible and inviscid fluids in a domain Q C R¢ with Neumann boundary conditions:

ow(t,x) + (v(t,z) - V)u(t,x) = =Vp(t,z), forte[0,T], z€Q,

div (v(t,z)) =0 fort € [0,T], z € Q, @
v(t,z) -n=0 for t € [0,T], x € 092, '
v(0,z) = vo.

As noticed by Arnold [2], when expressed in Lagrangian coordinates, Euler’s equations can
be interpreted as the equation of geodesics in the infinite-dimensional group of measure-
preserving diffeomorphisms of 2. To see this, consider the flow map ¢ : [0,7] x Q@ — Q
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induced by the vector field v, that is:
%qﬁ(t, z)=v(t,¢(t,x)) fortel0,T], ze€Q,
(0, ) = id, (1.2)
at¢(0’ ) = p.

Using the formula %det Do(t,z) = div (v(t,x)) det Dg(t, x), the incompressibility con-
straint div (v(¢,2)) = 0 and the initial condition ¢(0) = id, one can check that ¢(t,-)
belongs to the set of volume preserving maps S, defined by

S = {s € L2(Q,RY) | 54 Leb = Leb} ,

where Leb is the restriction of the Lebesgue measure to the domain €2 and where the
pushforward measure s Leb is defined by the formula s, Leb(A) = Leb(s~!(A)) for every
measurable subset A of Q. Euler’s equations (1.1) can therefore be reformulated as

C‘%d)(t) = —Vp(t,o(t,x)) fortel0,T], x€Q,
¢(t,) €8 for ¢ € [0, 7],

¢(07 ) = ida

atqb(O, ) = 1.

To obtain (1.3) one simply needs to derive (1.2). This equation can be formally interpreted
as the equation of geodesics in S. In particular the pressure term in the evolution equation
in (1.3) expresses that the acceleration of ¢ should be orthogonal to the tangent plane to
S at ¢. Indeed, note that the condition ¢(¢,-) € S in (1.1) encodes the infinitesimal
conditions divu(t,-) = 0 and v(t,x) - n(x) = 0 in (1.3). This suggests that the tangent
plane to S at a point ¢ € S should be the set {vop | v € Haiv(2)}, where Haiy (2) denotes
the set of divergence-free vector fields

Haiv (Q) = {v e L2(Q,RY) | /Qv Ve =0,VYp e CSO(Q)} :

(1.3)

In addition, by the Helmoltz-Hodge decomposition, the orthogonal subspace to Hqiy(2)
in L2(Q,R?) is the space of gradients of functions. Therefore the evolution equation in
(1.3) expresses that j—;gb(t) L Ty4)S , in other words that ¢ — ¢(t,-) is a geodesic
of S. Note however that a solution to (1.3) does not need to be a minimizing geodesic
between ¢(0, -) and ¢(7T,-). The problem of finding a minimizing geodesic on S between two
measure preserving maps amounts to solving equations (1.3), where the initial condition
0#(0,-) = vg is replaced by a prescribed coupling between the position of particles at
initial and final times. It leads to generalized and non-deterministic solutions introduced
by Brenier [6], where particles are allowed to split and cross. Shnirelman showed that this
phenomenon can happen even when the measure-preserving maps ¢(0,-) and ¢(7, ) are
diffeomorphisms of 2 [23].

Previous work: discretization of geodesics in S. The first numerical experiments to
recover generalized minimizing geodesics have been performed by Brenier in 1D [9]. He
also proposed a scheme to compute the solutions of the Cauchy problem (1.3) in [5]. In
Brenier’s discretization, the measure-preserving maps are approximated by permutations
of a decomposition of the domain into cubes. The numerical implementation of this idea
relies on the resolution of a linear assignment problem at every timestep, whose cost is
unfortunately prohibitive for domains in dimension higher than one.

The discretization we consider in this article is a variant of this approach which is more
tractable computationally and leads to slightly better convergence estimates. As in [3],
the measure-preserving property (or incompressibility) is enforced through a penalization
term involving the squared distance to the set of measure-preserving maps S. This squared
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distance can be computed efficiently thanks to recently developed numerical solvers for op-
timal transport problems between probability densities and finitely-supported probability
measures [3, 20, 13, 18]. This alternative discretization has already been used successfully
to compute minimizing geodesics between measure-preserving maps in [21], allowing the
recovery of non-deterministic solutions to Euler’s equations predicted by Shnirelman and
Brenier in dimension two. The object of this article is to study whether this strategy can
be used to construct Lagrangian schemes for the more classical Cauchy problem for the
Euler’s equations (1.1), able to cope with problems of realistic size in dimension two.

Discretization in space: approximate geodesics. The construction of approximate
geodesics presented here is strongly inspired by a particle scheme introduced by Brenier [3].
We first approximate the Hilbert space M = L?(Q, R?%) by finite dimensional subspaces.
Let N be an integer and let Py be a tessellation of Q into N subsets (w;)1<i<n satisfying

1
Vie{l,...,N}, Leb(w;) = NLeb(Q)

hy := max diam(w;) <

1<i<N N1/d
where C' > 0 is independent of N. We consider My C M the space of functions from (2

to R? which are constant on each of the subdomains (w;). To construct our approximate
geodesics, we consider the squared distance to the set S C M of measure-preserving maps:

d3 :m € M, — min ||m — s||3.
seS

The approximate geodesic model is described by the differential equation in the finite-
dimensional space My:

in(t) + YL@ _ o for t € (0,77,
(m(0),7(0)) € M,

Note that the squared distance dS is semi-concave, so that its restriction to the finite-
dimensional space My is differentiable at almost every point. This differential system is
induced by the Hamiltonian H : My x My — R

dg(m)

H(m, ) = 5 il + 505

We now rewrite the differential system (1.4) in terms of projection on the sets S and
M. Since the space of measure-preserving maps S is closed but not convex, any point
in M admits a projection on S, but this projection is usually not uniquely defined. To
simplify the exposition we will nonetheless associate to any point m € M one of its
projection Ps(m), i.e. any point in S such that || Ps(m) — m||y; = ds(m). We also denote
Py : M — My the orthogonal projection on the linear subspace My C M, which is a
linear map. We can rewrite Eq. (1.4) in terms of these two projection operators:

m(t)— Py o Ps(m(t))
€2

(1.4)

(1.5)

(t) +
(m(0),712(0)) € M5,

=0, fort>0,
(1.6)

From Proposition 5.2, the double projection Py, o Ps(m) is uniquely defined for almost
every m € My.

Remark 1.1. Equation (1.6) can be rewritten as a system of N particles in interaction,
whose positions are denoted M;(t),..., My(t) € R Denoting 1,, the indicator function
of the set w; C (), we introduce

W (M., My) € RYY o (Y MiLy,),

1
and we denote B;(My,...,My) =V, W (M, ..., My). As explained in Proposition 5.2,
the points (B;(Mi, ..., My)); are barycenters of a decomposition of €2 into N cells which
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depend on the solution to the optimal transport problem between Leb and the empirical
measure > 1<i<n On;- With these notations, Equation (1.6) is then equivalent to

{Mi(t) + L (My(t) = Bi(My(t),..., My(£))) =0, for t >0 and i € {1,...,N}, )

(M(0), M(0)) € (RN x (RN

Loosely speaking, equations (1.4)—(1.6) describe a physical system where each particle

M;(t) is subject to the force of a spring with stiffness 1 attached to the point B;(M(t), ..., My(t))
which varies in time and depends on the position of all the particles. Equation (1.7) is

also the Hamiltonian system associated to H : (RH)N x (RH)V — R

N
H(M, M) = %Z|Mi|2+W(M), (1.8)
=1

In the case of an non-homogeneous fluid with varying volume masse, such as a mixture of
oil and water, an analogue discretization would involve a system of particles with different
masses p;. This corresponds to replacing the Hamiltonian by

N
HOM, 31) = 3 37 il VP2 + W(M). (1.9)
=1

In this last formulation, it is also possible to add potential terms, such as gravitation. This
will be the case for the simulation of the Rayleigh-Taylor instability in subsection 5.4.

We first prove that the system of equations (1.4) can be used to approximate regular
solutions to Euler’s equations (1.1). Our proof of convergence uses a modulated energy
technique which is similar to that used in [3] and requires C*! regularity assumptions on
the solution to Euler’s equations. See also [10, 12] for related works.

Theorem 1.2. Let Q be a bounded domain of R® with Lipschitz boundary. Let v,p be a
strong solution of Euler’s equations (1.1), let ¢ be the flow map induced by v (see (1.2))
and assume that v, p, v, Op, Vv and Vp are Lipschitz on Q, uniformly on [0,T]. Suppose
in addition that there exists a C* curve m : [0,T] — My satisfying the initial conditions

m(0) = Puy (id),  m1(0) = Py (0(0, ),

which is twice differentiable and satisfies the second-order equation (1.4) for all times in
[0,T7], possibly up to a countable number of exceptions. Then,

h2
h—o(t, ¢t )17 < Cr1=2 + Che? + Csh 1.10
féﬁ%”m v(t, ot )l < Cr—y + Cae” + Cshy (1.10)
where the constants Cy, Co and Cs only depend on 2, on the L™ norm (in space) of the

velocity v(t,-) and on the Lipschitz norms (in space) of the velocity and its first derivatives
Vu(t,-),0w(t, ) and of the pressure and its derivatives p(t,-), Vp(t,-), Owp(t,-).

The values of C1, C2 and Cs are given more precisely at the end of Section 3. Note
that the hypothesis on the solution m to the differential equation (1.4) is introduced here
mainly for technical reasons. Removing it is not of our main concern in this paper since
we also give a proof of convergence of the fully discrete numerical scheme regardless of this
assumption. It is likely that solutions to (1.4) satisfying this hypothesis can be constructed
through di Perna-Lions or Bouchut-Ambrosio theory [1, 4, 19], see also [10, Appendix].

Remark 1.3. Remark that (1.10) implies the convergence of the associated flows. In
particular integrating inequality (1.10) one can show that

h2
max ||[m(t) — ¢(t)|3g < 2h% + 2T (clg + O + cghN> .
t€[0,T) 15
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Discretization in space and time. To obtain a numerical scheme we also need to
discretize in time the Hamiltonian system (1.6). For simplicity of the analysis, we consider
a simple first-order scheme called symplectic Fuler scheme with timestep 7 > 0. The
double projection Py, o Ps(m) is defined as above. The discrete solution consists of two
sequences M", V™ in the finite-dimensional space My, given by:

(MO VO) € My
Vil =Vt — 5 (M™ — Py o Ps(M™)) (1.11)
Mn+1 - M" +Tvn+l

Note that numerically, the piecewise-constant map M"™ : @ — R? (resp. the piecewise-
constant vector field V™ : Q — R?) is simply encoded by an ordered list of N points
(resp. N vectors), so that this scheme can be considered as describing a dynamical system
involving N particles. We have the following theorem, where we denote t" = nr.

Theorem 1.4. Let Q be a bounded domain of R with Lipschitz boundary, let € and T be
positive numbers and let N € N. Let v,p be a strong solution of (1.1), let ¢ be the flow
map induced by v (see (1.2)) and assume that v,p, 0w, p, Vv and Vp are Lipschitz on
Q, uniformly on [0,T]. Let (M™, V"), ~, be a sequence generated by (1.11) from

M° = Py, (id), V° = Py, (v(0,-)).
Assuming 7 < e and hy < &, we have

R T
max VTP —o(t <Cl|e+h + +—,
ma V"=, 0", )l v g
where the constant C' only depends on €2, on the L norm (in space) of the wveloc-
ity v(t,-) and on the Lipschitz norms (in space) of the velocity and its first derivatives

Vu(t,-),0w(t,-) and of the pressure and its derivatives p(t,-), Vp(t,-), Owp(t, -).

In order to use the numerical scheme (1.11), one needs to be able to compute the double
projection operator Py, o Ps or equivalently the gradient of the squared distance dé for
(almost every) m in M. Brenier’s polar factorization problem [7] implies that the squared
distance between a map m : 2 — R and the set S of measure-preserving maps is equal to
the squared Wasserstein distance [24] between the restriction of the Lebesgue measure to
(2, denoted Leb, and its pushforward my Leb under the map m:

dd(m) = min |[m - s||> = W3(my Leb, Leb).
s€

Moreover, since m is piecewise-constant over the partition (w;)i<i<n, the push-forward
measure my Leb if finitely supported. Denoting by M; € R? the constant value of the
map m on the subdomain w; we have

m#Leb— Z Leb wZ 6M = Z 5]\/[

1<i<N 1<z<N

Thus, computing the projection operator Pg amounts to the numerical resolution of an
optimal transport problem between the Lebesgue measure on €2 and a finitely supported
measure. Thanks to recent work [3, 20, 13, 18], this problem can be solved efficiently in
dimensions d = 2,3. We give more details in Section 5

Remark 1.5. The idea of using optimal transport to impose incompressibility contraints
has recently been exploited as a heuristic for computational fluid dynamics simulations in
computer graphics [11]. From the simulations presented in [14], it seems that the scheme
behaves better numerically, and it also has the extra advantage of not depending on a
penalization parameter €. However, it comes with no mathematical convergence analysis,
and even its (formal) consistence is not obvious. It would therefore be interesting to extend
the convergence analysis presented in Theorem 1.4 to the scheme presented in [14]. This
however probably requires new ideas, as our technique of proof relies heavily on the fact
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that the space-discretization is hamiltonian, an assumption which does not seem to hold
for the discretization of [141].

Remark 1.6. Our discretization (1.4) resembles (and derives from) a space-discretization
of Euler’s equations (1.1) introduced by Brenier in [3]. The domain is also decomposed
into subdomains (w;)1<i<n, and one considers the set Sy C S, which consists of measure-
preserving maps s : {2 — 2 that are induced by a permutation of the subdomains. Equiv-
alently, one requires that there exists a permutation s : {1,...,N} — {1,..., N} such
that s(w;) = w(;). The space-discretization considered in [3] leads to an ODE similar to
(1.4), but where the squared distance to S is replaced by the squared distance to Sy. This
choice of discretization imposes strong contraints on the relative size of the parameters 7,
hy and €, namely that hy = O(e®) and 7 = O(e*). Such constraints still exist with the
discretization that we consider here, but they are milder. In Theorem 1.4 the condition
7 = o(€?) is due to the time discretization of (1.6) and can be improved using a scheme
more accurate on the conservation of the Hamiltonian (1.5). However even with an exact
time discretization of the Hamiltonian, the condition 7 = o(e) remains mandatory, as
explained at the end of Section 4.

2. PRELIMINARY DISCUSSION ON GEODESICS

To illustrate the approximate geodesic scheme we focus on the very simple example of
R seen as R x {0} C R2. The geodesic is given by the function v: [0,7] — R? with

’Y(t) = (t, 0)7 te [OvT]7

7(0) = (0,0), (2.1)
7(0) = (1,0).
As in (1.4) we consider the solutions of the Hamiltonian system associated to:
Hm, i) = Ll ? + 55 0y (). (2
That is
m(t) = }2 (Pr(m) —m) = ﬁVd%KX{O}(m), t €[0,T],
m(0) = (0, ho), (2.3)
m(0) = (1, ha).

where Pg(m) is the orthogonal projection from R? onto R x {0}. Notice that we assumed
an initial error of hg on the initial position and h; on the initial velocity. In this case the
solution is explicit and reads

€

t t
m(t) = <t, hg cos — + €hq sin ) . (2.4)
€

A convenient way to quantify how far m is from being a geodesic is to use a modulated
energy related to the Hamiltonian H and the solution v. We define £, by

B,(6) = 5lli(®) = SOIP + 5580y (1)) (25)

A direct computation leads to
2

h
E(t) = ?g + h3. (2.6)

This estimate shows that the velocity vector field rin converges towards the geodesic veloc-
ity vector fields + as soon as hg goes to 0 faster then e. Our construction of approximate
geodesics for the Euler equation follow this idea. Estimates (2.6) suggests that our con-
vergence results for the incompressible Euler equation in Theorem 1.2 is sharp.

3. CONVERGENCE OF THE APPROXIMATE GEODESICS MODEL

In this section we prove Theorem 1.2.
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3.1. Strategy of the proof. We use a modulated energy approach. Let v be a solution
of (1.1) and m a solution of (1.4) and for any ¢ € [0,T], denote o(t) = Ps(m(t)). In other
words, o(t) is an arbitrary choice of a projection of m(¢) on S. Equation (1.4) is the ODE
associated to the Hamiltonian H : My x My — R

dg(m)
2¢2

We therefore consider a energy involving this Hamiltonian, modulated with the exact
solution v:

. 1.
H(m, i) = 5 il +

2 m
B,(8) = Llin®) — ot m) [ + Sa.

The core of the proof is to obtain a control on E, using a Gronwall estimate. As a first
step we collect some lemmas. Lemmas 3.1 and 3.2 concern the projections Iy, and Ilg
and their orthogonality properties. Lemma 3.3 is necessary to ensure that the modulated
energy introduced in (3.1) is well defined (the difficulty is that there is no reason that
m(t,Q) C Q, and it is therefore necessary to extend v outside of ). Then we compute
the derivative of (3.1) and modify its expression so as to identify terms of quadratic order,
which are easier to control. This leads us to (3.7), which expresses the derivative of (3.1)
as a sum of many terms. Each term is then estimated to obtain a Gronwall control. we
keep track of the constants all along the proof.

(3.1)

3.2. Preliminary lemma. Before proving Theorem 1.2, we collect a few useful lemmas.
As before, Q is a bounded and connected domain of R? with Lipschitz boundary.

Lemma 3.1 (Projection onto the measure preserving maps S). Let m € M = L2(Q,R9).
There exists a convez function ¢ : 8 — R, which is unique up to an additive constant, such
that o € M belongs to lls(m) if and only if m = Voo up to a negligible set. Moreover,
m — o is orthogonal to the space Haiy(S2) 0 o, that is

Vo € Han (), / (m(z) — o(2)|v(o(z)))dz = 0. (3.2)
Q
Proof. The first part of the statement is Brenier’s polar factorization theorem [7]. We
first remark that
d3(m) = inf — 2dy > inf / —y||*d = W3(my Leb, Leb).
) = inf [ @) = s@)fPdr > ot f eyl Pan(e,) = Wiy Leb, Leb)

To prove the reverse inequality let Vi be the optimal transport map between my Leb =
> 1<i<n Onm, and Leb. Let L; = Ve~ '(M;), by construction Leb(L;) = 3. For any
i € {1...N} let o; be a measure preserving map between w; and L;, we define a measure
preserving map o € S by o, = 0; (anything can be done on the boundaries of the cells).

By construction m = Vi o o and W3(my Leb,Leb) = ||m — o||?>.  The uniqueness of ¢
follows from the connectedness of the domain. Using a regularization argument we deduce
the orthogonality relation

/Q () o(o(x)))dz = /Q (Voo (@)[v(o(z)))dz = /Q (Voo () |o(x)) = - /Q pdivo(z) =;

Lemma 3.2 (Projection onto the piecewise constant set My). The projection of a function
g € L2(Q,RY) on My is the following piecewise constant function :

N
. 1
vy (9) = ZGilww with G; = Leb(er) /w g(x)dz

=1

and where 1., is the indicator function of the subdomain w;.



8 THOMAS O. GALLOUET AND QUENTIN MERIGOT

Proof. It suffices to remark that for any m € My, m = Zlgz‘gN M;1,,,
(glm)m = /Q(m(w)lg(x»dfv = > (M| | g(x)dz) = (m| ) Gilu)u O
1<i<N Wi i

Lemma 3.3. Let Q C R?, let (V,].]|) be a finite-dimensional normed vector space. There
exists a linear map L : CHVY(Q, V) = CYY (R, V) such that for any f € CHH(Q, V),

(i) Lflg=1.
(1) |1Lfllerrmay < CILSlleriquy-
Proof. This lemma is a particular case of Theorem 2 in [16]. We also refer to [11, 15] for
previous results. O

We are now ready to prove Theorem 1.2. In the following the dot refers to the time
derivative and (.|.) to the Hilbert scalar product on M. By abuse of notation we denote
by the same name a C1'! function defined on  and its (also C1!) extension defined on the
whole space R? using Lemma 3.3. The space R? is equipped with the canonical Euclidian
norm, and the space of d x d matrices are equiped with the induced dual norm. All the
Lipschitz constants that we consider are with respect to these two norms. Finally for a
curve 7 : t € [0, 7] — (¢, -) we denote Lipy 1)(7) = supsefo,r) Lip(v(Z; )

Material derivatives. Given (v,p) € C([0,T],CH (R4, RY)) x C1([0,T],C (R, R?)) and
X € M, we define the two following functions, often called material derivatives:

Dtv(ta X) :8tv(t7X)+ (U(taX) 'V)U(t,X), (3 3)
Remark that Dyv and Dyp are Lipschitz operators with
Lipjo,1)(D¢v) < Lipy,11(0rv) + Lipp, 11 (v)[|Vv| Lo + Lipjo, 1 (VV)|[v] Lo (3.4)
< Lipjo,1)(9v) + Lipjo,1)(v) Lipp, 1y (v) + Lipjo, 11 (VV)||v| Lo '
Lipjo1)(Dep) < Lippo,1y(9ep) + Lipjo,1)(0) | Vpl| Lo + Lipo 11 (V)] oo (3.5)

< Lipjo,11(0:p) + Lipg,11(v) Lipp,1)(p) + Lipp,1(Vp) [|v] 2o~ -

3.3. Proof of Theorem 1.2. We can now go to the proof of Theorem 1.2. Note that
we need to use Lemma 3.3 to define the modulated energy F, in (3.1) since the maps
m(t,-) € My can send points outside of  when {2 is not convex.

3.3.1. Time derivative. We compute %EU (t) and modify the expression in order to identify
terms of quadratic order. Since the Hamiltonian H (mn(t), m(t)) is preserved, we find
d . : :
S Eo(t) = — {m(t), v(t, m(t)) — (i(t) —v(t, m(t)), do(t, m(t)) + (i(t) - V) v(t, m(?))) .

Il 12

(3.6)
Using the EDO (1.4), I; can be rewritten as
Iy = (m(t) — Puy (a(t)), v(t, m(t)))
= (m(t) —o(t),v(t,m(t)) + (o(t) — Puy (o (t)), v(t, m(t)))
= (m(t) —o(t),v(t, m(t)) —v(t,a(1))),

€213

where we have used that o(t) — Py, (0(t)) is orthogonal to My and that m(t) — o(t)
is orthogonal to Hgiv(2) o 0, see Lemmas 3.2 and 3.1. To handle the term I we use
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the material derivatives defined by (3.3). Remark that Euler equations (1.1) implies that
Dyv(t,o(t)) = —Vp(t,o(t)). This leads to

Iy = = (i(t) — v(t,m(t)), v (t, m(t)) + (v(t, m(t)) - V) v(t, m(t)))
— (i(t) —o(t,m(t)), (m(t) —v(t,m(t) - V) v(t, m(t)))

~~

1y
= Iy — (m(t) — v(t,m(t)), Dw(t,m(t)) — Dyo(t,o(t))) + (m(t) — v(t,m(t)), Vp(t,o(1)))

~~

I5 16

We rewrite Ig as

Is = = {m(t) — v(t,m(t)), Vp(t,m(t)) — Vp(t,o(t))) + (m(t) — v(t, m(t)), Vp(t,m(t)))

17
:h+iKﬁ@m@@ﬁmié@@m@@%ﬂWmﬁm»W@m@@»m
—J)

dt

I

Remark 3.4. The quantity I5 + Iy would vanish if (v,p) was a solution to the Euler
equations on the whole space R%. This is not the case in our setting, as the couple (v,p)
is constructed by the extension Lemma 3.3.

Collecting the above decompositions (3.6) rewrites

d

d
T () =T+ Lot I+ Iy + Is — . T (1), (3.7)

dt

3.3.2. Estimates. Many of the integrals I3, I4, ... can be easily bounded using the energy
FE, and Cauchy-Schwarz’ and Young’s inequalities. First,

(m(t) = o(t), v(t, m(t)) = v(t,o(t)))

I3 <

62
m — 0 2
< Lip(o) = 200 < iy )8 1), (35)
Furthermore
14 < sup [Vt 2) [ [1n(®) — v(tm(1)) [ < Lipoiny () Bu0). (39)

zER?
Where C' depends only on the dimension d. To estimate I5 and later Ig we use that Dyv
and D;p are Lipschitz operators with constants given by (3.4) and (3.5). For I5 we obtain

Is < [(m(t) — v(t,m(t)), Dy (t,m(t)) — Dev(t,o(t)))|

< Lipjo,1)(Dyw)|[n(t) — v(t, m(t)) [l m(t) — o(t)]lna

< eLipy,1(Div) Ey(2), (3.10)
where we used dg(m(t)) = [|m(t) — o(t)|ly < e/ Eu(t) and ||rin(t) —v(t, m(t))|lm < / Eu(t)
to get from the second to the third line. The quantity /7 can be bounded likewise:

< eLipjo 11(Vp) Eu(1). (3.11)

~— —
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Finally to estimate Is and J we can assume that [, p(t,z)dz = 0 since the pressure is
defined up to a constant. Using that o(t) is measure-preserving, this gives

/ Dip(t,o(t,x))dx = / op(t,o(t,x)) + (v(t,o(t,z)), Vp(t,o(t,z)))) dz
Q Q

:/8tp(t,a:))da:+/ (v(t,z),Vp(t,z)))dx =0,
Q

Q
Therefore, using Young’s inequality,

/Dtp(t,m(t,x))dx—/Dtp(t,a(t,a:))da:
Q Q

_ 1llm(t) — o (t)l72q)
-2 2¢2

1 .
§Ev(t) + C(Q) Lipg,1y(Dip)€?, (3.12)

Ig < < Lipjo,1)(Dep)[Im(t) — o ()l 11 (o)

+ C(Q) Lipjo,m (Dyp)é?

IN

where in this estimates and in the following estimates C(£2) is a constant depending only
on the Lebesgue measure of €. Similarly,

[J(®)] < /Qp(tm(t,w)))—p(uo(t,x)))d:v < Lipjo,1j(p)|lm(t) — o()l|10)

1 .
< 5 Eu(t) + C(9) Lipp my(p)e” (3.13)
We finally remark that
|7(0)] < Lipjo1y(p)hn- (3.14)

Remark 3.5. The last two estimates show that we can add %J into the Gronwall argu-
ment. It is a general fact that the derivative of a controlled quantity can be added. This
is a classical way of controlling the term of order one in the energy.

3.4. Gronwall argument. Collecting estimates (3.8), (3.9), (3.10), (3.11), (3.12), we get

d
7 (Ey(t)+ J(t) <Is+Iy+ 15+ I; + Iy

. . . 1
< [2 Lipyo,m)(v) + €Lipjo 1 (D) + eLipjo, 1 (Vp) + 5 | Eu(t)

+ C(Q) Lipjg,1y(Dip)€®
Remark that (3.13) implies that for any K > 0,
KE,(t) < KE,(t)+2KJ(t)—2K J(t) < 2K E,(t)+2K J (t)+2KC(Q) Lipjg 1) (p)€*. (3.15)
Therefore, setting
C1 = C(Q) (4 Lipjo,r)(v) + 2€ Lipjo 1 (Dev) + 2¢ Lipjo1y(Vp) + 1) ,
C, =0C(Q) (Lip[o,T}(Dtp) + C1 Lipp,1y (p)> ;
we obtain
= (Bu(t) + J (1)) < Ci(Bu(t) + J(1) + Cse?.
We deduce from the Gronwall inequality that for any ¢ € [0, T:
E,(t) < ((EU(O) +J(0) + 52T62> T J(4).
Using the estimation (3.13) one more time we obtain
E,(t) <2 <Ev(0) + Lipjo,1)(p)hn + 5’2T€2) e + C(Q) Lipjo 7y (p)€”.
Finally, using that
d3(1d
2¢2 T 2 2¢2

1
E,(0) = §||PM(UO) — volljg +
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we obtain

i (t) = v(t, m(t)) |5 < 2B (t)

h2 h2 . ~
<2 [2 <N + 7]\2[ + Lip[o T) (p)h]v + 02T62> €CIT
2 2e ’
+ C(Q) Lipp,1y(p)€’] (3.16)
2
< O + Che* + Cihy (3.17)
where N
C) =2e0T

¢4 = (CoTe®T + C(@) Lip 1) (p) )
C = (1 + Lipp,my(p)) e
In order to estimate || (t) — v(t, gb(t))”li/ﬂ we need one additional Gronwall estimate:
() = o(t, $(8))l[g < 2 7in(t) = v(t, m(t) Iy + 2 [0(t, m(2)) = v(t, 6(t))Iiy
< 2B, (t) + 2(Lipjo.1) (v))* [m(t) — #(0)II7;
< 2E,(t) + 4(Lipjo,1 (v))* [m(0) — ¢(0) 13

Llp[o T] H/ dS

< 2B, (t) + 4(Lipjo,1y(v))* ki + 4T (Lipp,1) (v / H H?w

2

h2
< Ci?év + 0/62 + 4(Lip[0 ] (’U))%L?V + CéhN

+ 4T (Lipp, 1) (v / Hm b(s H ds (3.18)

where we used Jensen’s inequality to obtain the second to last line. We conclude thanks
to Gronwall inequality:

h .
ria(t) — w(t, SO < (c T Che? + 4((Lipiouz (0)) 2oy + c§>hN> AT WD 714

h2
< 01715 + Ca€® + Cshy. (3.19)

We used that € and hy are smaller than C(Q2) for (3.17) and (3.19). Observe that the
right-hand side of (3.17) and (3.19) goes to zero provided that h?N and e go to zero. This
finishes the proof of Theorem 1.2.

Remark 3.6. Using (3.4) and (3.5), the constants Cy, Cs are bounded by:

tayCr < 1+ 4 Lip(g 1y(v) + 2¢ Lipjo 7y (Vp)
+2¢ (Lipp, 71(9w) + (Lipo 1y (v))? + Lipjo (V) [|v]| ) ,
c@ )Cz < Lipjo,1y(p) + Ch [Lippo,11(9ep) + Lippo,11 (v) Lippo,11(p) + Lippo,1 (Vp)[Jv]| o] -

A close look to the explicit value of the constants Cy, Cy and C1, CY, Cf, together with a
diagonal argument shows that our scheme can be used to approximate solutions less regular
than those supposed in Theorem 1.2. For example, it is possible to establish the following
theorem: Let v, p be a solution of Euler’s equation (1.1), where v is merely Lipschitz in
space but where there exists (v, pr)ken a sequence of regular (in the sense of Theorem 1.2)
solutions of (1.1) such that v (0,-) — v(0,-) in M and Lipy(vg) — Lipp(v). Then there
exists Ny, and ey, depending polynomially on the data such that |7 (t) — v (t,me(t)) |3
goes to zero as k goes to infinity, where my, is the solution of (1.6) with initial conditions
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mi(0) = Py, (id) and 7124 (0) = Py, (vk(0)) and with parameter € = €. If one allows an
exponential dependence on the data, it is possible to approach any solution whose velocity
v belongs to the L? closure of the regular solutions to Euler’s equation.

4. CONVERGENCE OF THE SYMPLECTIC EULER SCHEME

In this section we prove a statement which is slightly more general than Theorem 1.4
(see Remark 4.3), and which allows a sort of a posteriori estimates. The proof follows the
proof of Theorem 1.2, but one has to deal with some additional term coming from the time
discretization. It combines two Gronwall estimates. The first one is a continuous Gronwall
argument on each segment [n7, (n+1)7], and the second one is a discrete Gronwall estimate
comparing a timestep to the next one. Both steps rely on the same modulated energy.

Theorem 4.1. Let ) be a bounded domain with Lipschitz boundary and let €, T positive
numbers and let N € N. Let v,p be a strong solution of (1.1), and let ¢ be the flow
map induced by v (see (1.2)). Assume that v,p,0w,0p, Vv and Vp are Lipschitz on
Q, uniformly on [0,T]. Let (M™, V"), <, be a sequence generated by (1.11) with initial
conditions
M° = Py, (id), V° = Py, (v(0,-)).
Finally let ,
ds(M™

v+ B0

H" = H(M", V") = (4.1)

1
5!
and
k= max (H"-— HO) .
neNN[0,T/7]
Then, assuming T < ¢ and hy < €, we have
h3 T
ma, V™ — o™, o(t", - <C|lEl+hy+X+=+k],
s [V =60 Dl < |64 b+ T
where the constant C' only depends on €, on the L™ norm (in space) of the wveloc-
ity v(t,-) and on the Lipschitz norms (in space) of the velocity and its first derivatives
Vu(t,-),0w(t,-) and of the pressure and its derivatives p(t,-), Vp(t,-), Op(t,-).

4.1. Preliminary lemma. Given a solution of (1.11) and s € [0,1] and n € N, we denote
the linear interpolates between two timesteps n7 and (n + 1)7 by:

AT T s A LU (4.2)
Mn+s = M" 1+ 87_‘/'7L+17 .
We consider the Hamiltonian H""* and modulated energy E™"¢ defined by
2 d2 M'n+5
H™ = g Ve + S, (4.3)
n+s 1 n+s n+s\|12 dé(M"“) ’
E =5 [V —v((n+ )7, M"79)|[y + 52—

We start with a lemma quantifying the conservation of the Hamiltonian.

Lemma 4.2 (Conservation of the Hamiltonian). For any s € [0,1] and n € NN [0,T/7],

7_2
<1 — 2) H"W < H™, (4.4)
€
o™ < Celm (4.5)
2
H™ < H' + %H”*l, (4.6)

Proof. The proof is based on the 1-semiconcavity of %dé, see Proposition 5.2 for details.
On the one hand the 1-semiconcavity of %dé reads

d3g(M™ts)  dE(M™) M"™ — Py, 0 Ps(M™)\ | s°7?
B < S e (v, )+ S IV
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where we used that M"™ — Py, o Ps(M"™) belongs to the superdifferential of the function
d% at M™, and the definition of the scheme (4.2). On the other hand, (4.2) again, leads to

an-i-s”%/ﬂ _ anHI%AI . <V" M"™ — Py OPS(M”)> 4 272 2

M™ — Py, o Ps(M™)

2 2 €2 €2 M
Summing both equations and using (4.2) gives
2
Hn+8 < H" + T2S(S B 1) HMTL - PMN © PS(Mn)||M + 82L2 HVTH_IHIQMI (4'7>
- €2 €2 €2 2
Taking s = 1 in (4.7) proves (4.4). The inequality (4.5) is a direct consequence of (4.4),
while (4.6) follows from the combination of (4.4) and (4.7). O

Remark 4.3. Lemma 4.2 gives an upper bound for x in Theorem 4.1 namely

(1 h3
< X o] < ST (GIVOR s )
neNN[0,7'/7]0

Using this upper bound Theorem 4.1 becomes Theorem 1.4 and the condition x = o(1)
becomes 7 = o(e?). However numerically one can expect some compensation in H" and
thus obtain a better “a posteriori bound” for  in order to get rid of the strong assumption
7 = o(e?). Figure 5.4 illustrates the conservation of the Hamiltonian in two test cases.
Notice that this estimate is not a posteriori in the usual sense since the constants in
Theorem 4.1 also depend on the unknown limiting solution. The condition 7 = o(e€) seems
mandatory for the proof techniques to work.

4.2. The modulated energy. Remark that with the definitions of the Hamiltonian and
modulated energy, we have

B = B (U (4 sy, M) % v ((n+ s)m, M), (4.8)
so that for any s € [0,1] and any n € N,
E"TS = E" 4+ H"T — H" 4 / o (4.9)
where O
e = Lo (ot g2 4 Lo (o oo )

To evaluate d"%, we introduce o = Ps(MP) and we will use the compact notation
ot =v((n+ s)r, MP), ol = O ((n + s)r, MP), Vo = Vo((n + s)r, MP),

v = v((n + s)1, 0P), o = Ow((n + s)1,0P), Vol = Vo((n + s)7,0%).
We will also use a similar notation for the material derivative of the velocity and for the

pressure and its derivatives.

Remark 4.4. As before, the main idea of the following computation is to try to find
terms of quadratic order in the expression. To control the remaining linear term we have
to rewrite it as a derivative of a small quantity and add it in the Gronwall argument.

d d d
+s __ + + + + + +
dn S = — <d8vn 3,,1)]7(14”8_‘—5> - <Vn S? dSv}’\LJWS“'S> + <'UXJ”S+S’ dsv?/fns“'s>

d
—2
= TE€ <M" _ PMN ¢ PS(M”)’U%SJFS> o <V’n+8 o v%is’TatU%is + £MTL+S . va/ﬁis

1
1 I
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Recalling that ¢ = Ps(M™), the term I; can be rewritten as

I =72 (M™ = Pugyy (0™), 0775, )

bl Mn+s
—7'672<M" o ,v%ﬂs>+< " — Py (0"),v "Mtis>
:T€_2 <Mn_ n7 X;IS-H ,Un+3>
I3

Here we had to control the fact that, due to the double projection, the norm of the
acceleration ||M™ — Py, o PS(M”)HK/JI is not equal to the squared distance d2(M™). We
used the orthogonality property of the double projection for that purpose. On the one
hand o™ — Py, (™) is orthogonal to My since My is a linear subspace of M. On the
other hand M™ — ¢™ is orthogonal to the tangent space to S at ¢”, see Lemma 3.1.

To handle the term Iy we use the material derivatives defined in (3.3),

d
I, =— <V"+5 - v%ﬂsﬁﬁtv%ﬁrs + — M. Vv%is

ds
_ n—+s n+s n+s n+s n—+s
I2 - <V - an+577_atan+s + Tan+s : Van+s>
d
n+s n+s n+s n+s n+s
— <V = Upfntss <dsM = TUpngs | * VUi nks
Iy
_ n—+s n+s n—+s n—+s n—+s n-+s
- I4 —T <V - M7z+saDt Mn+s Dtvgn+s> +T<V - Mn+s’vpo-n+s> .
Is I
We used that Dtv"jfs =-V ijs We now rewrite Ig using %M"“‘S =7yl

_ —+ n—+s n-+s n—+s —+ n—+s n-+s
I6 =T <Vn s UM7L+& 9 vpo-n+s - va7L+S> +T <Vn s UM’IL+& 9 va7L+S>
17

d
== I7 + <dMn+s7 vp%8+s> + T <V’I’L+S - Vn+17 vp’r]\L;ts+s> - T < %{Ls 9 vpyns+s>

it g it [ g
_Jn+a

+ (1 — s)7% 2 <M” — Py o Ps(M™), VP%S+S>

Ig

d
=17+ Ig— £Jn+s — T/QDtp%isdx,

Iy
We need to estimate all the terms in the following formula.

d

A" =+ Iy + Is+ I7 + Ig + Iy — de”+5 (4.10)
S

4.3. Gronwall estimates on [n7, (n + 1)7]. From now and for clarity we do not track
the constants anymore, and C' will be a constant depending only on 7', Q, Lipjy 1(v),
Lippo,1](p), Lipp,1(VP), Lipj,1(Drv) and Lipp 1(Dsp). The value of the constant C' can
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change between estimates. Using (4.2) and Young’s inequality we obtain for Is:

I3 =762 (M™— o™, vgjﬁs — o0t

[M" — o™ [l M™F* — 0™ [l

< TLip[O,T}(U) 2
M"™ — g™ Mn+5an M" — g™ M" — g™
<cl " |l ! [ o IIM\QI " |l
€ €
M™ — g™ 2 M™ — g"
<rC <H 620 HM + 7_671 || - o ||M ||Vn+1||M>
< 2rCE" + Cr2%e 'H"
< 27CE" + Ct%¢ Y (Hy + k). (4.11)
Since d%M"""S = 7V and using the definition of V™! in (1.11), I4 can be rewritten as
i =— <V"+S — U"M'tis, (V"Jrl — v%ﬁs) . VUX/[':SJFQ
= (Vi (VL) VL) — (VP L (7 - V) v
< Lipjomy(v) [V — o[l + 7(1 = 9)e 2 (VIS —whfs (M = Pu(o™)) - Voi s

< Lipjo,1y(0) B™* 4 7(1 — s)e > (V" —opfs (M" —o") - Vopfe,)

M"™ — g"
SC<En+S+TE_len+S_U%S+S MH 6‘7 ||M>
<C(Q+7e HE™S 41 E)
< CE"" +CE" (4.12)

Note that we used that (V"5 —oVFs (0™ — Py (6™)) - Vol 12, ) = 0, which holds true

since 0" — Py, (0™) is orthogonal to My and since Vo}/%, is a symmetric matrix. We
also used Young’s inequality to get from the second to last line. The estimates of I5 and
I7 are similar to those in the semi-discrete case:

—1 n—+s n—+s n+s n—+s
T -[5 S ’<V - UMn+s’ Dtan+s - Dtvgn+s>

< Lippo, 1y (D) [V — o,

Mn+s _ 0_n+s

ml e

S OV = vl 47 = 0™ |y
< eCE""® (4.13)
The quantity I is of the same kind.
T (VTS ol Vi = VL)
< eCE""® (4.14)
For the estimation of Is we use (0™ — Py, (0™), VP2, ) = 0 to get
Is = (1—s)7%¢ 2 (M™ — Py o Ps(M™), Vpiis.)
< 722 Vp((n + 8)7)|| oo () [|M™ = 0™ [t
1y M" —o"||m
< 7'26 lLlp[O’T}(’U)H - ||
<TCE" 4 7m%¢71C. (4.15)

To estimate J and Iy recall that we have assumed that [, p(t, z)dz = 0, which implies in
particular that [ Dyp(t,0"(t,z))dx = 0. Therefore,

77 < Lipjo,11(Dep)||[M™F* — UnJrSHLl(Q)

1
< iE"“ + O (4.16)
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Similarly

[T = T ((n+8)7)] < ’/ Phyfies = Poniadz| < Lipgry(p)[|M™° — 0" ]| 1)
< QE"JFS + Cé. (4.17)

Note also that J° < Lipjy1y(p)hn < Chy still holds see (3.14).

4.4. Gronwall argument on [n7, (n + 1)7]. Collecting estimates (4.11), (4.12), (4.13),
(4.14), (4.15), (4.16) and (4.17) and integrating equation (4.10) from 0 to s we obtain

s
Js 4 / d"0de < J" + 27CE™ + Cr%e Y (Hy + k)
0

+ TC/ E"0d0 + rCE™
0
+ 1eC / E"d0 + reC / E™0d0
0 0
+7CE™ + 2710
+ 1 / E™H040 + 720
2 0
< J" 4+ CTE" 4+ C1e® + C(Hp + k)72 (4.18)

+rC /0 (E"“’ n J“*") 4.

Remark that we used (3.15) to add J"* at the last line. Remark also that we only kept
the first order terms using e < C. Plugging (4.18) into (4.9) we obtain

0
Ents + Jrts < a(s) + 5/ (En+9 + Jn+9)d8) (4.19)
0
where a(s) = E" + J" + H"™ — H" + CTE" + C1e® + C(Ho + k)% !, B =1C
so that by Gronwall lemma,
1
E™L 4 gt < (1) +/ a(s)Bexp((1 —s)B)ds
0
< [E"+ J"+ CTE" + Cré® + C(Hy + k)77 1] 7

1
+ H " g / (H™* — H™) Crexp((1 — s)C1)ds
0

R

Using Lemma 4.2 and in particular the upper bound (4.6) we find

7_2 S 7_2
R< —H" [ Cre® 079 < C—(Hy + k) [T — 1]
€2 0 €2

so that
Ertl gt < (14 Cr) (E™ + J™) (4.20)
+O7eé® + C(Hy + k)12 !
_|_Hn+s _ H" —|—T2€_2(H0 + I{) [eCT _ 1” eCT‘
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4.5. Discrete Gronwall step. From (4.20) and the discrete Gronwall inequality we de-
duce that for any n € NN [0,7/7],

E"+J" < [E°+J°+ CTé + CT(Ho + k)re ' + H" — H"

T
+7%e2(Hy + H);
<CE*+J%+ &+ (Hy+K)re ' + & +(Ho + k)% 2eCT] T
<CE"+J°+ &+ (Hy+r)re ' + 5] T

We used the mean value theorem to obtain the second to last line. Using (4.17) one last
time and Hy < C leads us to

EnSC[EO+JO+€2+TE_1+I€] + Cé?

(€T —1]| (1+C7)" T

h2
§C|:€2+hN+J2V+K+T:| .
€ €
where the second line incorporates the initial error. It leads
2 2 h T
max [|[V" —o(t", M")|y <C | +hy+—5 +r+—].
neNN[0,T'/7] € €
A third Gronwall estimate, similar to the one done to obtain (3.19), concludes the proof:

h? T
(7 (. )2 < 24 N - .
nENrg[%?%/T] V" =@, ¢(t", )lu < C [6 +hn+ 2 TRt 6]

Remark 4.5. A close look at the constant leads to a similar result as the one given

in Remark 3.6: namely the convergence of the numerical scheme towards less regular
solutions of the Euler’s equations.

Remark 4.6. The method of the proof is robust and could easily be adapted to other
numerical scheme. Any improvement to the estimate given in Lemma 4.2 (conservation of
the Hamiltonian) will lead to improved convergence estimates for the numerical scheme.

5. NUMERICAL IMPLEMENTATION AND EXPERIMENTS

5.1. Numerical implementation. We discuss here the implementation of the numerical
scheme (1.11) and in particular the computation of the double projection Py, o Ps(m) for
a piecewise constant function m € M. Using Brenier’s polar factorisation theorem, the
projection of m on S amounts to the resolution of an optimal transport problem between
Leb and the finitely supported measure my Leb. Such optimal transport problems can be
solved numerically using the notion of Laguerre diagram from computational geometry.

Definition 5.1 (Laguerre diagram). Let M = (Mj,..., My) € (RN andlet 41, ..., 9N €
R. The Laguerre diagram is a decomposition of R% into convex polyhedra defined by

Lag;(M, ) = {z € R |Vj € {1,..., N}, llo = Ml + v < o = My > + 95} }

In the following proposition, we denote IIs(m) = {s €S| ||m — s|| = ds(m)}, and for a
bounded subset A C R? with positive measure we set bary(A) := ﬁ(m [y xde.

Proposition 5.2. Let m € My \ Dy and define M; = m(w;) € R%. Assume that Q is a
bounded and connected domain of R* with Lipschitz boundary. Then, there exist scalars
(vi)1<i<n, which are unique up to an additive constant, such that

1
vie{l,...,N}, Leb(Lag;(M,v)) = N Leb(2). (5.1)
We denote L; := Lag;(M,v). Then, a function s € S is a projection of m on S if and
only if it maps the subdomain w; to the Laguerre cell L; up to a negligible set, that is:

Is(m) ={seS|Vie{l,...,N}, Leb(s(w;)AL;) = 0}, (5.2)
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where AAB denotes the symmetric difference between sets A and B. Moreover, the squared
distance dé is differentiable at m and, setting B; = Leb fL xdx, one has

= ¥ [ e
1<i<N (5.3)
Vdi(m) = 2(m — Py, o Ps(m)) with Py o Ps(m) = Y Bily,.
1<i<N

Proof. The existence of a vector (¢;)1<i<n satisfying Equation (5.1) follows from optimal
transport theory (see Section 5 in [3] for a short proof), and its uniqueness follows from
the connectedness of the domain Q. In addition, the map T": Q — {Mj,..., My} defined
by T'(L;) = M; (up to a negligible set) is the gradient of a convex function and therefore a
quadratic optimal transport between Leb and the measure % Leb(£2) >, drr,. By Brenier’s
polar factorization theorem, summarized in Lemma 3.1,

scllg(m) <= m="Tosae. <= Vic{l,...,N}, Leb(w;A(T o s) ' ({M;})) =
< Vie{l,...,N}, Leb(s(w;)AL;) =0
where the last equality holds because s is measure preserving. To prove the statement on
the differentiability of dZ, we first note that the function dZ is 1-semi-concave, since

2 2 . 2 2
D(m) := |ml* = d&(m) = [|m[|* = min m — s||* = max 2(m|s) — ||s]|
seS seS

is convex. The subdifferential of D at m is given by 0D(m) = {Pu,(s) | s € IIs(m)},
so that D (and hence d2) is differentiable at m if and only if Py, (IIs(m)) is a singleton.
Now, note from Lemma 3.2 that for s € IIg(m)

N Z bary(s(w;))1y, = Z bary (L

1<i<N 1<i<N

Py (

This shows that Py, (IIs(m)) is a singleton, and therefore establishes the differentiability
of dé at m, together with the desired formula for the gradient. O

The main difficulty to implement the numerical scheme (1.11) is the resolution of the
discrete optimal transport problem (5.1), a non-linear system of equations which must be
solved at every iteration. We resort to the damped Newton’s algorithm presented in [17]
(see also [22]) and more precisely on its implementation in the PyMongeAmpere library!.

5.1.1. Construction of the fized tessellation of the domain. The fixed tessellation (w;)1<i<n
of the domain {2 is a collection of Laguerre cells that are computed through a simple fixed-
point algorithm similar to the one presented in [13]. We start from a random sampling
(C9)1<i<n of Q. At a given step k > 0, we compute (¢;)1<i<n € RY such that

Vie {1,...,N}, Leb(Lag,(C,v)) = %Leb(@),

and we then update the new position of the centers (CF+1) by setting CF 1 := bary(Lag;(C*, )).
After a few iterations, a fixed-point is reached and we set w; := Lag;(C*, 1).

5.1.2. Iterations. To implement the symplectic Euler scheme for (1.6), we start with Mi0 =
bary(w;) and V? := vo(M?). Then, at every iteration k > 0, we use Algorithm 1 in [17]
to compute a solution (¢¥)1<;<n € RY to Equation (5.1) with M = M¥, i.e. such that

Vie {1,...,N}, Leb(Lag,(M* %)) = %Leb((l).

Ihttps://github.com/mrgt/PyMongeAmpere
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FIGURE 1. (Top row) Beltrami flow in the square, with N = 900 particles,
7 =1/50 and € = .1. The particles are colored depending on their initial
position in the square. From left to right, we display the Laguerre cells and
their barycenters at timesteps k = 0,24 and 49. The partition (w;)i1<i<n
is induced by a regular grid. (Bottom row) Same experiment, but where
the partition (w;)1<i<n is optimized using the algorithm described in §5.1.1.

Finally, we update the positions (Mik”Ll)lSiSN and the speeds (V;kﬂ)lSiSN by setting

-
AREIE A Zz(bary(Lagi(Mkv ¥h) — M) (5.4)

5.2. Beltrami flow in the square. Our first test case is constructed from a stationary
solution to Euler’s equation in 2D. On the unit square € = [—%, %]2, we consider the
Beltrami flow constructed from the time-independent pressure and speed:

po(x1,x9) = %(Sin(wxl)Q + sin(7rx2)?)
vo(z1, z2) = (— cos(mxy) sin(mxs), sin(7wx) cos(mxs))

In Figure 1, we display the computed numerical solution using a low number of particles
(N =900) in order to show the shape of the Laguerre cells associated to the solution.

5.3. Kelvin-Helmoltz instability. For this second test case, the domain is the rectangle
Q = [0,2] x[—.5,.5] periodized in the first coordinate by making the identification (4, zg) ~
(0, z2) for xo € [—.5,.5]. The initial speed vg is discontinuous at xzo = 0: the upper part
of the domain has zero speed, and the bottom part has unit speed:

0.5 if 29 >0
vo(z1,22) = {

lifz9 <0

This speed profile corresponds to a stationnary but unstable solution to Euler’s equation.
If the subdomains (w;)i1<i<n are computed following §5.1.1, the perfect symmetry un-
der horizontal translations is lost, and in Figure 2 we observe the formation of vortices
whose radius increases with time. This experiment involves N = 200000 particles, with
parameters 7 = 0.002 and € = 0.005, and 2000 timesteps. As displayed in Figure 2, the
hamiltonian of the system is very well preserved despite the roughness of the solution.
This behaviour shows that the estimate of Lemma 4.2 might be overly pessimistic, and
requires further investigation.
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FIGURE 2. Numerical illustration of the Kelvin-Helmotz instability on a
rectangle with periodic conditions (in the horizontal coordinate) involving
a discontinuous initial speed. The parameters are given in §5.4.

5.4. Rayleigh-Taylor instability. For this last test case, the particles are assigned a
density p;, and are subject to the force of the gravity p;G, where G = (0,—10). This
changes the numerical scheme to

1
PV = oV (s L O 09 < MB G

ML = MF 4y

The computational domain is the rectangle Q = [—1, 1] x [—3, 3], and the initial distribu-
tion of particles is given by C; = bary(w;), where the partition (w;)i<i<n is constructed
according to §5.1.1. The fluid is composed of two phases, the heavy phase being on top of
the light phase:

3 if Cia > ncos(mCiy)
pi 1 if Cyp < ncos(nCiy)’

where n = 0.2 in the experiment and where we denoted Cj; and Cjo the first and second
coordinates of the point C;. Finally, we have set N = 50000, ¢ = 0.002 and 7 = 0.001 and
we have run 2000 timesteps. The computation takes less than six hours on a single core
of a regular laptop. Note that it does not seem straighforward to adapt the techniques
used in the proofs of convergence presented here to this setting, where the force depends
on the density of the particle. Our purpose with this test case is merely to show that the
numerical scheme behaves reasonably well in more complex situations.

Software. The software developed for generating the results presented in this article is
publicly available at https://github.com/mrgt/EulerLagrangian0T
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F1cURE 3. Numerical illustration of the Rayleigh-Taylor instability occur-
ing when a heavy fluid (in green) is placed over a lighter fluid (in red) at
timesteps n = 0,200, 400, . .., 2000. The parameters are given in §5.4.
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FIGURE 4. (Left) Value of the Hamiltonian during iterations of the al-
gorithm, for the Kelvin-Helmoltz instability presented in §5.3 and using
the symplectic Euler integrator. (Right) Same figure but for the Rayleigh-
Taylor instability presented in §5.4, using the symplectic Euler integrator
(in blue) and using the velocity Verlet integrator (in red).
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