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PARAMETERIZED WASSERSTEIN HAMILTONIAN FLOW

HAO WU*, SHU LIUT, XIAOJING YE}!, AND HAOMIN ZHOUS$

Abstract.

In this work, we propose a numerical method to compute the Wasserstein Hamiltonian flow (WHF), which is a Hamiltonian
system on the probability density manifold. Many well-known PDE systems can be reformulated as WHFs. We use parameterized
function as push-forward map to characterize the solution of WHF, and convert the PDE to a finite-dimensional ODE system,
which is a Hamiltonian system in the phase space of the parameter manifold. We establish theoretical error bounds for the
continuous time approximation scheme in Wasserstein metric. For the numerical implementation, neural networks are used as
push-forward maps. We design an effective symplectic scheme to solve the derived Hamiltonian ODE system so that the method
preserves some important quantities such as Hamiltonian. The computation is done by fully deterministic symplectic integrator
without any neural network training. Thus, our method does not involve direct optimization over network parameters and hence
can avoid errors introduced by the stochastic gradient descent (SGD) or methods alike, which is usually hard to quantify and
measure in practice. The proposed algorithm is a sampling-based approach that scales well to higher dimensional problems. In
addition, the method also provides an alternative connection between the Lagrangian and Eulerian perspectives of the original
WHEF through the parameterized ODE dynamics.

Key words. Hamiltonian dynamics; Wasserstein Hamiltonian flow; Deep learning; Symplectic Euler scheme; Numerical
analysis.

1. Introduction. Wasserstein Hamiltonian flow (WHF) describes the time evolution of a Hamiltonian
system on a Wasserstein manifold. It can be formulated as the following first-order Hamiltonian system of dual
coordinates on the Wasserstein manifold, which is the space of probability densities equipped with optimal
transport distance [48],

)
(1.1a) Op = Eﬂ(p, D),
)
1.1 d=_— d
( b) 8t 5PH(p7 )7
with given initial values
(1.2) p(0,2) = po(z) and ®(0,z) = Po(x).

In (1.1), z € RY (our theory applies to any Riemannian manifold M without boundary but for simplicity we
only consider M = R? in this work) and f—p is the L? first variation, p is the probability density, i.e., a non-
negative function with fRd p(x)dx =1, @ is called the dual function, whose gradient provides the vector field
transporting p on the Wasserstein manifold, and py and ®( are their initial values respectively. We consider
the following general class of Hamiltonian:

(1.3) Hp, @) = / IV o) + Fp),

where the first term is the kinetic energy associated with the 2-Wasserstein metric, and F(p) is a potential
functional defined on the Wasserstein manifold, which typically is one or a combination of the three terms
appeared in the following formula,

(1.4) Flp) = /Rd V(x)p(z)dz + /Rd Up, x)dz + //Rdw W (x = y)p(x)p(y)dady.

Here the first term is determined by the linear potential V', the second one is a nonlinear functional U of p such
as entropy or Fisher information, and the third is an interactive potential W between particles whose population
density is given by p. Recent work [11] reveals that WHF has deep connections to many well-known partial
differential equations (PDEs), such as Wasserstein geodesic, Vlasov and Schrodinger equations, just to name
a few. WHF provides an alternative framework and a set of new tools originated from optimal transport that
potentially can be used to study those PDEs and relevant applications. However, computation of WHF remains
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a challenging problem, especially in higher dimensions. In this work, we develop a computational framework to
solve WHF by leveraging several techniques together, including generative models, neural networks, symplectic
integrator, and Wasserstein metric on density manifold. In particular, our method is readily scalable to solve
WHFs in high-dimensional spaces.

There are two main objectives in this paper. The first one is to derive an effective finite-dimensional
approximation of WHF (1.1) by using reduced-order models. While the theory developed in this paper is
applicable to general reduced-order models, we use a special class known as neural networks due to their
excellent empirical approximation power in this study. Our derivation is conducted on a parameter space
equipped with an induced Wasserstein metric and a submanifold of the probability density space where a
density function p is determined by a push-forward map parameterized by a neural network. For convenience,
we call the induced Wasserstein metric on the parameter space as the pullback Wasserstein metric in this
paper. The resulting Hamiltonian system is a set of coupled ordinary differential equations (ODEs) for the
neural network parameter and its dual, which is a finite-dimensional approximation to the infinite-dimensional
WHEF (1.1). We call this new Hamiltonian system the parameterized WHF (PWHE).

Our second objective is to develop a symplectic numerical scheme to solve the PWHEF'. This is accomplished
by introducing an approximation to the pullback Wasserstein metric, which can be efficiently computed by
recently developed machine learning techniques, such as residual neural networks [27, 28] or continuous nor-
malizing flows [9, 23]. The algorithm is designed by using samples only so that it is readily scalable to
high-dimensional problems. Moreover, the proposed method allows effective computation of both particle
motion of the Hamiltonian system in the classical phase space and the density evolution on the Wasserstein
manifold simultaneously.

Here we highlight several main features of the proposed method:

e (Dimension reduction) The PDEs (1.1), which can also be viewed as an infinite-dimensional dynamical
system, is effectively approximated by a finite-dimensional ODE system and solved by a customized
symplectic numerical scheme.

e (Computation effectiveness) A simplified Wasserstein metric is introduced to greatly reduce the com-
putational cost when compared to that of the pullback Wasserstein metric on the parameter space.

e (Training free) The proposed method does not involve non-convex optimization algorithms like stochas-
tic gradient descent (SGD) methods which are commonly adopted in machine learning. This avoids
errors introduced by those optimization methods that are usually difficult to control and analyze.

e (Symplectic structure preservation) The proposed scheme preserves the symplectic structure of PWHEF.
Thus the Hamiltonian is conserved, even for large time horizon.

e (Error estimation) The convergence of the proposed scheme is guaranteed by error estimates obtained
in the Wasserstein metric.

e (Eulerian and Lagrangian formulation) PWHF provides a natural connection bridging the Eulerian
and Lagrangian formulations of the underlying Hamiltonian system.

The remainder of the paper is organized as follows. In Section 2, we describe the related work to this
study. We briefly introduce the WHF, and its equivalent formulations in Section 3.1. We derive the PWHF
and its simplified dynamics in Sections 3.2 and 3.3 respectively. In Section 3.4, we show that the density py
obtained by PWHEF is a good approximation to the true solution with provable error bound. Then we provide
a numerical algorithm to effectively solve the PWHF, with details about the simplified pullback Wasserstein
metric tensor in Section 4. Numerical results are given in Section 5. We provide a discussion about potential
applications of PWHF on other types of problems in Section 6 and conclude the paper in Section 7.

2. Related work. The formulation of WHF studied here is first introduced in the paper [11] where a
derivation framework based on Lagrangian functional for general WHEF on density manifold is proposed. This
work also reveals the connections between WHEF and several well-known PDEs through examples. Numerical
methods have been developed for solving the WHEF in recent works [12, 13], in which the classical finite
difference and shooting techniques are used to solve WHF in lower dimensions.

We note that the idea of introducing the metric defined on probability manifold to parameter space
originates from [3] in which the Fisher metric is discussed. Later, the case of Wasserstein metric was introduced
and studied in [35] and [10]. Soon after, the Wasserstein gradient flows defined on the parameter space of the
generative model were introduced in [33, 34, 38, 39].

The present study is mostly inspired by a recent work on parametric Fokker-Planck equation (PFPE)
[34, 39] which establishes a finite-dimensional approximation of the Fokker-Planck equation (FPE) by using
push-forward maps, neural networks, and Wasserstein metric. Leveraging the viewpoint that the FPE is the
gradient flow of relative entropy functional on Wasserstein manifold [29, 40], PFPE is derived by taking the
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gradient flow of relative entropy projected onto the parameter space equipped with the pullback Wasserstein
metric. The resulting PFPE is a system of ODEs for the parameters. Our work follows a similar strategy.
We use the same parameter space defined by push-forward maps and neural networks, and a similar pullback
Wasserstein metric on the parameter space. Different from PFPE, our aim is to establish PWHF on the
parameterized Wasserstein submanifold. In addition, we introduce a new metric, which can be viewed as a
close approximation to the one introduced in [39]. Such a new metric does not require pp-weighted Helmholtz
projection of vector fields 9pTp in [39]. As a result, using the new metric enables us to directly compute PWHF
via customized symplectic scheme with provable accuracy and significantly reduced computational cost.

Since introduced in the seminal works [30, 31] to describe the limiting behavior of stochastic differential
games, the mean field games (MFGs) have been studied extensively including numerical methods [1, 2, 7] and
machine learning based approaches [32, 14, 43]. The works reported in [43, 37] provide methods for computing
MFG in high dimensional cases. The WHF is closely related to MFG systems at least in their mathematical
forms, i.e., the MFG systems with quadratic kinetic energy can be treated as WHFs with boundary conditions.

Hamiltonian Monte Carlo algorithms introduced in [16] aim at generating samples from a given probability
distribution by evolving an associated Hamiltonian system in the phase space. We refer readers to [5, 20] and
the references therein for more details. Instead of sampling from a fixed terminal distribution, our research in
the paper computes the entire density evolution of Hamiltonian flow.

There are also numerous pieces of research [24, 47, 8, 45, 45] focusing on recovering the Hamiltonian,
and predicting the dynamics of certain physical systems based on observed trajectories. This is called inverse
problem in computing Hamiltonian system in some literature. Neural networks are widely utilized in those
studies to make the computation scalable for high-dimensional settings. Nevertheless, there are significant
differences between our problem and theirs, with the most prominent one being that we aim at solving for the
entire probability flow while the aforementioned researches always focus on particle-wised computation.

In a broader sense, PWHF and the proposed numerical method provide an alternative approach that
can potentially be applied to solve some PDEs in higher dimension by using neural networks. In the past
few years, various machine learning methods have been developed for solving PDEs. For example, a deep
learning method based on backward stochastic differential equations (SDEs) has been designed to solve high
dimensional parabolic PDEs in [17]. Deep Ritz method (DRM) is studied to solve PDEs whose solutions
can be reformulated as the minimizers of variational forms [18]. Physics-informed neural network (PINN) is
proposed as a general framework to solve PDEs by minimizing the residual in least squares sense [41, 25].
Weak adversarial network (WAN) solves PDEs in weak forms through a minimax approach [50, 4]. More
recently, Fourier neural operator [36], DeepONet [49], and Neural control [19] are constructed to approximate
the solution operators by neural networks so that the computation can be carried out more efficiently when the
same PDEs must be solved repetitively with different initial or boundary conditions. Those and many more
studies have shown that deep neural networks (DNN) possess great potentials in handling high-dimensional
PDEs with various non-linearities.

3. Parameterization of Wasserstein Hamiltonian flow. In this section, we first briefly review the
Wasserstein metric and WHF, then we derive the parameterization of WHF and suggest a strategy to speed

up its computation by using an approximate Wasserstein metric. We provide a comprehensive error analysis
of PWHF in the end.

3.1. Formulation of Wasserstein Hamiltonian flow. The review here follows the formulation detailed
n [11]. For simplicity, let M be a smooth manifold without boundary. Let us consider the space of smooth
density functions supported on M with finite second moment:

(3.1) P(M) = {pEC’OO(M) : sz,/Mpdajzl, /M |x|2pdx<oo},

and its tangent space at p € P(M):

(3.2) T,P(M) = {7 € (M) /

Madx:O}.

We also denote the interior of P(M) as P (M) :=P(M)N{p > 0}.
We introduce the tangent bundle and the cotangent bundle of P by denoting

(3.3) TP = |J{p} x T,P,

pEP
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as the tangent bundle of P and
(3.4) TP = [J{o} x T, P,

pEP

as the cotangent bundle of P. Here for each p the cotangent spaces TP is taken as
C*(RY)/R = {[] : @ € C=(R")},

where [®] is the equivalent class of functions that are identical to ® up to a constant, i.e., [®] = {®P+c:c € R}.
In the following discussion, we always write the equivalent class [®] as ® for simplicity. It is clear that V¢ = VP
for any ¢ € [®]. Thus

we also denote V[®] as V@ for convenience.

The space P(M) becomes a metric space when equipped with the Wasserstein distance. For any pq, p2 €
P(M), the 2-Wasserstein distance (we call it Wasserstein distance for short hereafter) between p; and po is
given by [48]

1/2
Walpron) = (it [[ o= yPan(e.) ",
m€l(p1,p2)

where II(py, p2) is the set of joint distributions on R x R? with p; and py as the marginals. This distance
naturally induces a metric on P(M). In fact, for any p € P(M) and o € T,P(M), let us denote A, := V- (pV)
and A; be its pseudo inverse operator, i.e., = (—AP)TO' implies 0 = —A,®.

It is shown that ® is unique up to a constant for any given o [11]. Then the Wasserstein metric is defined
by " (p)(-,-) : T,P(M) x T,P(M) — R as follows,

(3.5) 9" (p)(o1,02) = / o1(2)(=Ay) oa(2)de = [ V®i(2) - VPs(2)p(x) da,
M M
where —A,®;(z) = =V - (p(2)V®;(2)) = o;(x) for any 2 € M and i =1, 2.
It is known that, equipped with the Wasserstein distance, the density manifold P (M) becomes a Rieman-
nian manifold on which various differential operators and geometric flows can be established. In particular,
WHF is derived by considering the following variational problem,

T
(3.6) Z(p) = i%f {/ L(p,0ep) dt : pli=o = po, pli=r = PT} )
0

where L(p, 9ip) = 29" (p)(Orp, d1p) — F(p) is a functional defined on 7P known as the Lagrangian, and py and
pr are some given initial and terminal densities respectively. The solution of (3.6) satisfies the Euler-Lagrange
equation which can be written as a second-order PDE

(3.7) Oup + Tw (Oip, Orp) = —grady F(p),
where I'yy is a quadratic function of 0;p called the Christopher symbol given by

1
(3.8) Tw (0, Op) = — {AatpAzatP + §Ap(VA£6tP)2} ,

and grady, is the gradient operator on Wasserstein manifold, which is defined by following the standard
Riemannian geometry: for any curve {p(t,-)}+c(—s,6) With pli=o = po, %phzo = pli=o = po, and 6 > 0 on
Pi (M), the gradient of F at py in the sense of Wasserstein metric is defined by the unique tangent vector
grady, F(po) such that the following identity holds:

d

—Flp(t;-))

w
dt (

=g" (po)(grady, F(po), o).

t=0

By direct calculation, it can be shown that at any specific p € P, (M) there is

grady F(p) = g" (o) (‘;—f) — V. (p(x)V%u)) |

Furthermore, the second-order PDE (3.7) can be reformulated as a system of first-order PDEs given in the
following theorem.
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THEOREM 3.1 ([11] Hamiltonian flow in dual coordinates). Consider ® = (—=A,)19,p € T, P, then equation
(3.7) is equivalent to (1.1) which can be treated as a Hamiltonian system on T*P.

WHEF (1.1) describes the evolution of density p as a function of space and time. This can be viewed as the
Eulerian formulation if using the language of classical fluid mechanics. Likewise, the dynamics can be written
in the Lagrangian formulation, which describes the particle motion, i.e., the evolution of particle position, X
as a function of time ¢. X is a random variable whose distribution follows the density p governed by (1.1).
The connections between two formulations are summarized in the following theorem.

THEOREM 3.2 ([11]). Let (X (t))o<t<t, be a random process in T with density p. Suppose X (t) satisfies

d2X(t) v 2 Flp(t,X),X), f X, e T?
— =-V— or an

(39) dt2 5p(t, X) P, ’ ) Y 0 )
X(0) =VPy(Xyp).

Then the density p(t,-) of X is a solution of the WHF (1.1).

For simplicity, this theorem was presented with periodic boundary condition or the underlying manifold
being T¢. By introducing a new momentum variable v(t, X), (3.9) is converted into a system of first-order
equations:

(3.10a) %X = u(t, X), X(0)=X,,
(3.10D) %v(t,X) = —V%}'(p(t, X),X), v(0,Xg)=V®(0,Xo).

For convenience, we call the system (3.10) the particle WHF.

3.2. Parameterized WHF. As one of the main goals of this paper, we introduce the PWHF in this
subsection. The adopted strategy is to project the Lagrangian £ in (3.6) onto a parameter space defined by
the push-forward maps, and then derive the corresponding Euler-Lagrange equation in the parameter space.

3.2.1. Parameter space defined by push-forward maps. Let 7 : R? — R? be a measurable map,
also called push-forward map in R?. Given a reference distribution ), the induced push-forward distribution,
denoted by T}, is defined as,

TyME) = M(T7Y(E)) for all measurable E C RY,

where T~1(E) is the pre-image of E.

Let us take T as parameterized map, namely for any 6 € ©, Ty : R — R? is a parametric function with
parameter §. Here ©, as a subset of R™ | is called the parameter space, where m is the number of parameters of
Ty (i.e., the dimension of ). Typical examples of Ty include Fourier expansion, finite element approximation,
and neural networks.

The map T(.4 : © — P given by 0 — Ty4 A naturally defines an immersion map from © to the probability
manifold P. Collecting all parameterized distributions together, i.e.,

P@Z{ngTgﬂ)\ : 96@},

we obtain a finite-dimensional submanifold Pg of P. We can define the tangent space of Pg at each 0 as
T,,Pe = span{ ggf R ggfn }. The tangent bundle is then 7Pe = Ugco{po} X T,, Po. On the other hand, the
cotangent space T, Pg is the dual space of T, Pe, and the cotangent bundle is 7*Pg = Ugco{ps} X T Peo.

A counterpart to the Wasserstein metric defined on P can be introduced on the parameter space ©® € R™
by using the pullback operator through Tp, i.e., G(0) = Tpy" g"', where ¢g"' is Wasserstein metric tensor given
in (3.5). This is the pullback Wassertein metric on the parameter space. It turns out that G(6) is an m x m
positive semi-definite matrix which defines a bilinear form on the tangent space of © at 6, Tp© ~ R™ (rigorously
speaking T9p© may be a subspace of R™ depending on the choice of Ty as addressed in Remark 3.5 below). For

any 0 € © and £1,& € TyO, we have

(3.11) G(0)(&1,62) = g% (po) ((Tog) <1, (Toy)E2),

where (Tpy).&; is the tangent vector at TpyA on the Wasserstein manifold due to the push-forward of ¢; by the
map Tpy for i =1, 2.
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Following the study detailed in [39], the metric tensor G(0) takes the following form

(3.12) G(o) = / Vo(Ty(2)) VT (Ty(2)) T dA(2),

where Wy = (Yp.1,* ,%g.m) : RY = R™ and V¥, is the m x d Jacobian of Wy. For each j = 1,2,--- ,m,
1g,; solves the following equation:

(3.13) V- (paViboj(x)) =V - (po 99, To(Ty " (x))),

with condition lim,_,o pg(x)Vibg j(x) = 0. We omit the derivation and the properties of G(6). Interested
readers are referred to Section 3.1 of [39] for further details.

3.2.2. Parameterization of WHF. We introduce the parameterization of WHF in this section, which
is the first contribution of this work. Our treatment is outlined in the following flowchart:

Starting with a given Hamiltonian H(p, ®)

4
By taking Legendre Transform of H, we obtain Lagrangian L(p, p)

I
Using £, we can define L on 7O as L(0,0) = L((T'41)(6), (Tgﬁ)\)*é)
4

By applying Legendre transform to L, we obtain the Hamiltonian in parameter space H (0, p)
I
We formulate the PWHF as
6(t) = d,H(6(1), p(1)),
p(t) = =0 H(O(t), p(t)).

Following this procedure, we derive the PWHEF by leveraging the perspective of the Lagrangian mechanics.
To be more specific, as introduced in Section 3.1, we consider the Lagrangian

N .
L(p,p) = 59" (6:p) = Flp),
where g% is defined in (3.5) and F(p) takes the general form in (1.4). We define the counterpart Lagrangian
LofLonTO as
L(0,0) = L(Tog\, (Tps)0).

More precisely, denote pg = Tpy A, then (T@ﬁ)*é = %9, the Lagrangian L takes the following form

. Opo 1o .
(3.14) L6,6) =L (pg, %9) = 307G(0)0 - F(0),
where G(0) is defined in (3.12), and F(0) := F(pg). The detailed calculation of (3.14) is given in Appendix A.

THEOREM 3.3 (Euler-Lagrange equation in parameter space). Consider the Lagrangian L defined in
(3.14), as well as the variational problem

T
(3.15) I@(Q) = i%f {/ L(0,0)dt : pgli=0 = po, peli=T = PT} .
0
The Euler-Lagrange equation of the above variational problem is the following second-order ODE,
.. 1. .
(3.16) G(0)o+ 0105, G()0 — 5[9Ta(,kc:(9)9m:1 = —VyF(0)
k=1
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with § = (0], . Here [ag]_, represents an m-dimensional vector with ay, as its kth component.

Proof. Recall the Euler-Lagrange equation of the parameterized variational problem (3.15) is

do_ . 9 .
T o 0.0) = 55 L(0.0).

(3.17) = 25

The left-hand side of (3.17) is

d o . .. .
——L(0,0) =G(0)0 + 0109, G(0)0,
& g5 69 =GO+ 3 6:00.G0)

and the right-hand side of (3.17) is
P N .
—L(0,0) = =10 0, G(0)0]7, — Vo F(0).
06 2
Plugging them into (3.17) yields (3.16). d

Now we temporarily assume that G() is non-singular for any § € © (the more general case where
G(6) can be singular will be discussed in Remark 3.5), we can introduce the associated Hamiltonian via
Legendre transform. Specifically, we denote 7*© as the phase space (cotangent bundle) of O, then define
H(-,-): T*© = Roas

(3.18) H(0,p) = sup {0Tp ~ L(6,0)} = 30 G(O) 'p + F(6).
0

Following the convention in classical mechanics [21], we introduce the momentum

dL(8,6
,_ 0L.0)

3.19 = G(0)0.
(3.19) 90 (©)
Then the Hamiltonian system associated with (3.16) can be formulated as
) 8H(93 p) —1
3.20 0= —F7"—=G(
(3.20a) o 0)""p,
, 0H (0, 1 _ ~1.m
(3.200) 5= =100 L6010, 60)60) sl - VoF ().

We call the ODE system (3.20) the parameterized Wasserstein Hamiltonian flow (PWHF).

Remark 3.4 (Existence and uniqueness of PWHF). Under the assumption that G(6) is non-singular on
O, one can verify that both 3H8(g’p ) and aHa(i’p ) are locally Lipschitz. Thus by the standard ODE theory,
the PWHF (3.20) must have a unique solution over a finite time interval [0,¢*) for some ¢* > 0 from any
given initial value. However, determining t* is a challenging problem due to the complex structure of Ty and
geometry of Pg. We leave this for future investigations.

Remark 3.5 (Singular G(6)). In our derivation of the PWHF (3.20), the metric tensor G is assumed to
be non-singular. This assumption can be relaxed. If G is singular, the PWHF can be derived similarly with
the following modifications: we restrict 790 = 7,50 = R(G(§)) C R™ at each 0, where R(-) denotes the
range (i.e., column space) of its argument matrix. Then G(0) is positive definite, hence a non-degenerate inner
product, on the tangent and cotangent spaces with corresponding bundles denoted by {(8, 79p©) : 6 € O} and
{(0,7T40) : 0 € O} respectively. We can define H(-,-) : T*© — R by

(3.21) H(O.p)= swp {67p—1(0,0)) = 5p  G6)/p + F(6).
eR(G)

where G(6)T is the Penrose-Moore pseudo inverse of G(6). In this case, the Legendre transform is well-defined,
because the maximizer § = G(#)!p can be attained as long as p € T;"0 = R(G(6)), which is always true given
the definition of momentum p = G(#)8 € R(G(6)). The resulting Hamiltonian system on (6, p) is the same as
(3.20a) and (3.20b) except for two modifications: G~ is replaced by GT; and (3.20b) has an additional term
due to the derivative of the pseudo inverse G(#)". Detailed derivation procedure about this additional term
can be found in Section 3.4.2.
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3.2.3. Transformation between 7*© and 7*Pg induced by the push-forward map. In the
previous section, we derive a Hamiltonian system PWHF (3.20) on the phase space 7*©. But how the
parameter-momentum pair (6,p) in PWHF relates to the probability-potential pair (p, ®) in WHF is not
clearly illustrated. In this section, we connect (6,p) to (p,®) € T*Pg by deriving a transformation 7 that
maps every (0,p) € T*O to (pg, o) € T*Po. We again assume G(0) is non-singular here for simplicity, and
the general singular case can be handled similarly by replacing G(0)~! with G(6)T as described in Remark 3.5.

To determine the map from (6, p) to @y ,, we recall that in the derivation of WHEF (1.1) detailed in [11],
the relation between ® and p is given by

(3.22) ® = 3,L(p, p).

If restricting (p, p) on TPe, i.e., setting (p, p) as (pg, (Tos)«0) = (po, % -0), we obtain

8,09 . . .
(3.23) = 0L (po, S 0) = A}, (=V - (paVE] ) = 97 0.
where ¥y : R? — R™ is defined in (3.13). On the other hand, we define the momentum p € T,"© through
p=G()0 in (3.19). Thus, § = G(#)~'p, and by plugging this into (3.23), we obtain

(3.24) By, =V G(O) p.
By combining py and ®g , together, we obtain the following transformation 7 from 7*0© to T*Pg:

T: T*©@ — T*Pg,
(3.25) (0, p) — (ToxA, Ty G() 'p).

Further discussions on the geometric properties, such as whether or not 7 preserves the symplectic form, are
provided in Appendix B.

Once the solution {6(¢),p(t)} to PWHF is computed, the transformation 7 gives a valid approximation
to the solution (p(t,-), ®(t,-)) of WHF. However, in order to significantly improve computation efficiency of
PWHF, we will introduce a simplified version of the pullback Wasserstein metric G(f) in the next section, and
establish a bound for the approximation error, measured by the Wasserstein metric, between our numerical
solution (pg(¢), O Ty(r) © T(;(tl)()e(t)) and the solution (p(t,-), V®(t,-)) of the original WHF.

3.3. PWHEF with a simplified metric. Theorem 3.3 reduces the PDE in density space to a parameter-
ized system in finite-dimensional space, hence potentially providing a way to compute the WHF by numerical
algorithms. However, the computational cost to solve (3.16), as well as (3.20), is still high. The main difficulty
comes from the computation of the metric tensor G. More precisely, directly evaluating G' requires solving
m different elliptic PDEs where m is the number of parameters in the pushforward map Ty, in which m can
be very large if we choose Typ to be neural networks. In [39], a bi-level minimization scheme is proposed to
circumvent this challenge. By introducing several auxiliary functions, the term G(6)716 is calculated as the
critical point of a min-max problem. However, it may still be expensive to solve such optimization problems
in general. In this paper, we develop another strategy by introducing a simplified metric G and use it to
replace G in the derivation. This new metric not only yields much simpler implementation and more effective
computations, but also enables us to establish a theoretical estimate in Wasserstein metric to quantify the
error of the approximation. Furthermore, our investigation shows that both the computation and theory can
be extended to the general case where G is not necessarily invertible, but positive semi-definite with constant
rank. Numerical results also demonstrate excellent approximation accuracy of this new metric.

DEFINITION 3.6 (Simplified pullback Wasserstein metric in ©). Let Ty be the pushforward map and X be
the reference distribution, we define the simplified pullback Wasserstein metric on Pg as:

(3.26) a6) = / 09 To(2) 00Ty (2) dA(2).

It is worth mentioning that this definition is directly inspired by (3.12) and (3.13). A more in-depth
motivation is influenced by the work of Otto [40] in which the Wasserstein metric is defined through an
isometric submersion from the space of push-forward operators O onto the Wasserstein manifold of density
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P(R9). Here by the space of push-forward operators we meant that O is the set of smooth transformations T
on R?. Let us consider the map .7 : © 3 0+ Ty € O. We define the pullback metric on © as

G(Q) = ﬂ*ngo\),
where .7* is the pullback operation induced by .7 and gr2(y) is the metric on the tangent space of O. To

evaluate G(6), we consider any curve {0(t)} _c<t<c in O, and denote 0(0) = 40(t)|s—0. By the definition of
pullback operation, we have

G(6(0),6(0)) = gr2(n) (jtTG(t)t—Oa ;Te(t)h_o) =60(0)7 ( » 00Ty (2) " 0eTy(2) d)\(z)) 0(0).

Thus we obtain (3.26). More precisely, we have G(6) = (é(@)ij)lgmgm, and
A a k k
GO =Y [ 0T 00,1 ()G,
k=1"F

where Tg(k) : R — R is the kth component of Ty : R? — R%. The form of 6’(9) indicates it as an m x m
semi-positive definite matrix for any 6 € ©.
Replacing G by G in the expression of L, we can establish similar results as those stated in Theorem 3.3.

THEOREM 3.7. Consider the variational problem

T
(3.27) 7°(0) = i%f {/ L(0,0)dt : pgli=0 = po, peli=T = PT} 5
0
where L is defined as
~ . 1.vn -
(3.28) L(6,0) = 5eTG(e)e — F(8).

The Euler-Lagrange equation for the variation formulation is

(3.29) G(0)6 + f: 01,09, G(0)6 — %[éTagké(e)ém:l = —V,yF(0).
k=1

Remark 3.8. In the 1-dimensional case, the simplified metric G coincides with the exact matrix G, see [39]
for a proof.
The following theorems state conditions for the matrix G to be invertible.

THEOREM 3.9 (Positive definiteness of G). The metric @(9) defined in (3.26) is positive definite if and
only if the m vectors {9, Ty : k = 1,--- ,m} are linearly independent in L*(R% R, N).

The proof of Theorem 3.9 is trivial and hence omitted. In what follows, we also provide a sufficient
condition for G to be invertible.

THEOREM 3.10. If the metric G(0) defined in (3.11) is positive definite, then G(8) is positive definite.

Proof. Denote w; = %% o Tgl — Vp; where —A, ¢ = =V - (pg% o T(;l) for each : = 1,...,m. Then

V- (pow;) = 0. Denote W = [w1, ..., wn] € R™. For any 6 € R™, we have
6TG(0)0 =67 G(0)0 + Z/wi -w;pedzbif; + / [Wo|?pgd
4,J
= 9TG(0)9+/|W9|2p9dx
> 07 G(0)0,

where we used the fact [V, - wjpgdz = — [;V - (ppw;)dz = 0 for all i, in the second equality. Hence
G(6) > 0 implies G(0) > 0. O
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However, the converse of Theorem 3.10 is not necessarily true, as shown in the following counter example.

EXAMPLE 3.11. On R?, let us consider Ty(z) = x + 0191 (x) + O205(x), where ¥y (z) = (—x2,21,0,0) 7,
Uo(x) = (0,0, —z4,73) " are two rotational fields. One can verify that Ty is invertible for any 6 = (01,0s). We
set reference A\ = N(0,14). Direct calculation shows that g—gf = 71, g—gg = Uy are linearly independent. By

Theorem 3.9, @(9) is positive definite for any 6 € R%. On the other hand, we examine the positive definiteness
of G(0) at 0 = (0,0). To find it, we first compute pg = N (0, diag((1 + 62)1I2, (1 + 03)12)). Then we solve

(3.30) = V- (pgVihi () = =V - (

The right hand side equals
~Vpo(a) - 51Ty (2) — pol(@)V - 1 (T; ().

Recall at 6 = (0,0), pg = N(0, I), we verify that both Vpg(z) - 7 (T, *(x)) = 0 and V - 7, (T, *(z)) = 0. Thus
the right hand side of (3.30) equals 0, so does Vi1 = 0. By similar argument, Vibo = 0. Therefore, the metric
tensor G((0,0)) = Og, the 2 X 2 zero matriz, which is not positive definite.

3.4. Error bound for the continuous time PWHF. In this subsection, we give error estimates on
the continuous time dynamics (3.29). We assume that the matrix G has constant rank for § € ©. The main
results of this section are Theorem 3.24 (error bound on p) and Theorem 3.27 (error bound on ®). We shall
express (3.29) as a Hamiltonian system first.

Let us start by recalling some properties of the pseudo inverse operator for a positive semi-definite matrix.

As introduced before, G()' is the Penrose-Moore pseudo inverse of the matrix G (9). We write them as Gt
and G respectively for notation simplicity below. The Penrose-Moore pseudo inverse operator is a well-defined,
one-to-one linear mapping. In addition, by [22, Theorem 4.3], we know that if G has constant rank, then

(3.31) 89, Gt = —G1(05, GGt + G1G1 (89, G)(I — GGY) + (I — G1G) (84, G)GI G

Further, Penrose-Moore pseudo inverse satisfies the following estimate for any n € R™:

1

Ao
(3.32) 1G(6)n] < (G0

nl,

where | -] is the standard Euclidean norm of vectors and )\min(é (0)) is the smallest nonzero eigenvalue of 6(9)
3.4.1. Parameterization of the potential energy. To obtain the error estimates, we need to express
the potential energy in terms of the pushforward map, which is given in this subsection.

If we have p = Ty for some reference density A and push-forward map 7', the connection between p and
T is explicitly given by

1)),

(3.33) plx) =MXo T_l(x)det(dx

Consider the parameterized push-forward map Tj as well as the density function pg = Tpy A, we have
(3.34) [69p9 + divy (pg - 0gTy o T9_1>] oTy =0,

where divy denotes the divergence operator with respect to x.
In the following, we consider the variation of F(p), and denote its function value at = as %}“ (p,x). Assume
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%]—"(p7 -) is smooth for each p, then for F(0) = F(py) we can verify:

VoF (6 /5 (po(x), x)0ppe(x) da

= 5 (Pe(Te( ), T6(2))0epe(To(2)) det(V.Tp(2)) dz

= (Zf(pg(Tg( )),Tg(Z))diVX [pe(Tg(Z))ang(Z)] det(vag(z)) dZ
oF

5p
:/V%(Pe(Te(z))aTe(z))TaeTe(Z)ﬂe(Te(Z))det(VzTe(Z))dZ

(po(z), z)divx [pg(w)c'?ng o Tgl(x)] dz

(3.35) :/89T9(Z)TV%]:(T91¢)\(~),~)ng(z) d\(2).

3.4.2. Simplified Hamiltonian dynamics with the pseudo inverse operator. In this part, we
study properties of the parameterized dynamics (3.29) in detail. From the equivalence between the Lagrange
and Hamiltonian mechanics, the second-order ODE (3.29) is equivalent to a first order Hamiltonian system
with Hamiltonian

1 ~
(3.36) H(9,p) = 5pTGUo + F(6).

Remark 3.12. To derive the Hamiltonian system from the Lagrange mechanics, we require 6 c R(é) This

condition can be verified as long as the initial value 6(0) lics in the range G(A(0)), which shall be proved in
Lemma 3.19.

In the remaining part of this section, we make the following assumption:

ASSUMPTION 1. Assume that @(9) is a smooth function of 8 and

)\min,e = anelg )\mln(G(G)) > Oa

where Amin(G(0)) is the smallest positive eigenvalue of matriz G(6). We also assume

C@ != sup max ||39ka(9)” < 00,
0ce K

where ||69k@(9)|\ is the standard matriz 2-norm of 89k@(9).

Remark 3.13. Under assumption 1, the smallest nonzero singular of é(@) is a smooth function of 6, and
Amin,e > 0 implies that G(6) is constant rank, hence (3.31) holds.

PROPOSITION 3.14. Under Assumption 1, the following is the Hamiltonian dynamics of (3.36):

(3.37a) 6 = G'p,
.1
(3.37b) p= 5[( )" (90, G)GPli, — VoF (6) — S(6,p),
where
(3.38) 5(0.0) = 5 [pTG1GH0,,C) I~ GG+ 97 (T - GGO) (00, B)GIGT|
Moreover, (3.37) is equivalent to (3.29).
Proof. First of all, we have

d ~

20— H Al

dte vp (97]7) G p)
which gives the equation in (3.37a). As for (3.37b), we apply (3.31) to

d 1. T At
=P =—5[p 9. (G")pliLs — Vo F(0) a

dt 2
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Similarly, we can also prove that the dynamics (3.16) is equivalent to the Hamiltonian system (3.37) with
G replaced by G under the assumption that @ is constant rank. We note that the term S(6, p) in (3.38) is the
extra term mentioned in Remark 3.5 if replacing G by G. S vanishes if G or G is invertible. The Hamiltonian
structure guarantees the boundedness of |0], which further allows us to give a prior estimation on the error.

LEMMA 3.15. Assume the potential F(0) can be bounded from below, i.e., Fuin = infgce F(0) > —oc.
Suppose (0,p) is solved from (3.37) with initial values (0(0),p(0)), and we denote Hy = H(6(0),p(0)). Under
Assumption 1, |0] can be uniformly upper bounded by

(3.39) 6] < 2(Ho = Finin).
)\min,G)

Proof. Since the value of the Hamiltonian H(#,p) is conserved for any time ¢ when (6,p) solves the
Hamiltonian system (3.37), we have

1.ovm .

(3.40) 5eTG(a)a + F(0) = H(0(0),p(0)), for any t > 0.

y (3.32) and the fact that 6 = G'p € R(G), we have

1 .

in min 0 2 Fmin~

25 ol0]" +
Combining (3.40) and (3.41) yields (3.39). 0

3.4.3. Slmphﬁcatlon of PWHFs. In this subsection, we show that the Hamiltonian system (3.37) can

be simplified even when G is not invertible. Specifically, we shall show that G( (t))4(t) — p(t) remains zero

as long as its initial value is zero. In this case, we can also show that the term S(6(¢),p(t)) = 0 for all ¢.
To this end, we need to investigate properties of the metric G. From its definition (3.26), we can see that G
is the inner product matrix for the functions {09y, Tp : k = 1,--- ,m} in the L2(R%; R? )\) space. We define
QY := span{0p, Tp(-) : k = 1,--- ,m} to be the subspace of L?(R% R? )\). The following lemma gives the
orthogonal projection operator from L?(R%;R? ) onto QY.

LEMMA 3.16. Define kernel Kq(-,-) : R x R — M(RY), where M(R?) is the space of d x d matrices,
(3.42) Ko(2',2) = 0gTy(2 )G (0)05T5(2) ",

and the linear operator Ky on L?(R% R \) as

(3.41) %9T@(9)9+F(9) > %Amm( O)I6]2 + Fus

(3.43) Kolf1() = 8sTs ()G (0) / O To(2)T £ (2) dA(2)

(3.44) /K9 z) dA(2).
where f € L2(R% R4 \). Then the operator Kg is the orthogonal projection from L?(R%4;R% \) onto Q° C
L2(R4RY, N).

Proof. Assume (f, 89, Tp)r2(n) = 0, for k =1,--- ,m, then [0pTy(z)" f(z) dA(z) is the zero vector, as a

result KCp[f] = 0.
On the other side, for angg € QY with k = 1,---m, the vector ¥ = f@ng )T&ngg( ) dA(z) is the k-th

column vector of the matrix G SO U = Ge;€7 which 1mpheb that we can decompose e, = GTv—i—n with n L R(G)
We first claim that 9pTy(-)n is the zero function. In fact we have

0=Gp= / 0 To(2)T 00Ty (=)0 dN(2),

which shows that dyTp(z)n € QY is orthogonal to the linear space Qf, hence equals to zero.
We can check

Ko[06, T5](-) = %Te(')@(@)/30T9(Z)T39kT9(2) dA(2)

= 0yTy()G'o
= 0Ty(-) (e — 1) = 9o, To(")
So K is the orthogonal projection from L?(R%; R, \) onto Q°. d
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The following proposition is a direct result of Lemma 3.16:
PROPOSITION 3.17. For any f € L>(R%;R?, \), we have

(3.45) / 00Ty (2)T £(2) dA(2) € R(C).
Proof. By the property of projection operator Ky, we know that KCo[f] = OpTpy* with
(3.46) y* = argmin,, / }(%Tg 2y — f(z )| A(2).

Through the normal equation of (3.46), we have

/ ATy (z ) dA\(z < / ATy (z) T 9Ty (z) dA(z )) v =GO € R(G). 0

With Proposition 3.17 and the integral form (3.35) of Vo F (), we conclude:
PROPOSITION 3.18. For energy F with smooth L? first variation, we always have VoF(6) € R(G(6)).

Now we go back to the parameterized system (3.37). Under Assumption 1, {#} is a C? curve on ©, hence
we can define the following function T?(-,¢) € L?(\) associated to 6,

(3.47) T7(z,t) =) 0100, 06Ty (2)0 + 0 Th(2)f.

k=1
The following lemma provides an explicit expression on the time derivative of G (0)0 —p.

LEMMA 3.19. If (0, p) solves the parameterized system (3.37), then there is
(3.48) 0)6 —p| = / 0T (2 [re (z,t) +V 55 F(Tos\(-), )ng(z)} d\(z) + S(0,p)
Proof. We first have
G(0)i = / 0 To(2) T 00Ty (=)0 dA(2).

In addition, there is

k=1

%(@(6)9) = /;ém@ka@Te(z)TaT@ Hd)\ /ang (Z ékagkang(Z)é) dA(z)+@(9)6

- %[éT(agké)é]g;l + / O9Tp(2)7 (Z 0r0, D9 Ty(2)0 + agTe(z)é) d\(2)

k=1

= %[éT(agké)é]z@ﬂ + / 09Ty(2) T2, 1) dA(2),

where
% o0, G — % { / 000, s Ty (=) T OTp(2)0dA(2) + / éaTg(Z)TagkaeTe(z)édA(z)}:zl
- [/éagk59T9(Z)T8T9(Z)éd)\(z)} ::1
_ [/f%k(iéjaejTo(Z)>TaTe(z)édA(z)}:=1

m

/89 29 89 T@ ) aTg(Z)ad/\(Z)

m

/ > 0300,00T4(2) T OT0NC)
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Combining the results above and (3.37b), we get

GG 3] = 50700, + [ AT TG0 A~ (5167 @GO, — Var9) - S0.p))

/(99T9 |: z,t) + V; ]:(Tgﬁ/\( ),-) o Tg(z):| d\(z) + 5(0,p)

which yields (3.48). d
We are ready to establish the estimation on the magnitude of é(@(t))&(t) —p(t).

THEOREM 3.20. Let (0, p) be the solution of (3.37) and denote r(t) := é(ﬁ(t))é(t)—p(t) and R(t) == |r(t)|?,
then there is

(3.49) R(t) < R(0)e%st,

where Cg := 2+/2m(Hy — Fmin)C@)\;i{?@,

Proof. Taking the time derivative of R(t), we obtain

d d
9 pe) = 26r(t), ()
(3.50) = 2(G0—p. [T |00+ VL FOnAC) ) o Tole)| NG+ 506,00

= 2<6:9' —p, /ﬁng(z)T [Fe(z, £) + V%}"(T%A(), Yo Tg(z)} d)\(z)> +2(G6 — p, S(0,p)).

By Proposition 3.17, we know that [ 0pTy(2)" [[(z,t) + V2 SF (TosA(+),+) 0 To(2)] dA(2) € R(G(6)). Due to

the property of pseudo inverse operator, G(6(t))6(t) — p(t) is orthogonal to the subspace R(G(6)), hence the
first term in (3.50) vanishes. As a result, we can simply write:

(3.51) ZR(1)

By Lemma 3.15, we know that 0 is uniformly bounded, so we can show that

pT GTGT(90,G) (1 — GGy | = |06 (96, C) (p — G,y
0 PO
VUL e o4, G - G )
)\min( ) k
< %C’s |G — pl

Similarly, we can also bound ‘[pT(I — @Té)(agk a)@T@Tp]ZT:l by +Cs - |@0 — p|. These two bounds and the
definition of S(6,p) in (3.38) yield

1 ~
(3.52) 1S(0,p)] < 505 |GO — pl.
Combining (3.51) and (3.52), we get:
d . .
ﬁR(t) <2|GO —p|-|S(0,p)| < Cs -|GO — p|*> = CsR(t).

Applying Gronwall’s inequality yields (3.49). |

An immediate consequence of Theorem 3.20 is that G(6(¢))6(t) — p(t) = 0 for all ¢ as long as p(0) =
G(6(0))6(0) which implies R(0) = 0. This result is summarized in the following proposition, whose proof is
omitted.
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~ ProposITION 3.21. Under the same assumption as in Theorem 3.20, and set p(0) = G(0(0))6(0) for any
0(0) € R™. Then system (3.37) is equivalent to:

(3.53a) 6 =G'p,
(3.53b) b= 5[(G'p) T (90, )P, = Vo F(0).

We denote the ODE system (3.53) as Parameterized Wasserstein Hamiltonian Flow with simplified metric, or
for short as PWHF.

3.4.4. Error Analysis on the PWHF. In Section 3.1, we discussed the particle WHF. Here we consider
its counterpart for the PWHF, i.e., the particle level dynamics induced by our parameterized dynamics in
parameter space:

.. O d . mo. R . B
(3.54) Vo= (ang(zo)o) =" 6400, 05T5(2)8 + 05 Ty(2)8 = T°(T, (Y ©). 1),
k=1

where 6 satisfies the ODE (3.53). This Lagrangian perspective enables us to carry out the error analysis results
of PWHF. To be more specific, for a fixed initial position zg, we first estimate the difference between the vector
fields that drive X and Y©. The result leads to an estimation on the {2 distance between X and Y© for
t > 0. To achieve this goal, we introduce the particle level dynamics of the parameterized system, and provide
several useful lemmas. Here we assume the function %]—' to be Lipschitz continuous in the L?(R?;R?, \) sense
as follows.

ASSUMPTION 2. There ezists a constant Cx such that for any two push-forward maps T and T there is
0 5 = =2 Sy
(3.55) [VEFTAC)L) o T() = VS FEAL) o TG dMe) < Cr [ 17(:) = TP dAG).
LEMMA 3.22 (2nd order dynamic of Y©). Let {8} be a C? curve on ©. Assume
.. © B =) .
(3.56) Y (1) =TT, (YO(1)),1), YO(0) =Towy(20), Y (0)=dTp)(20)0(0),
admits a unique solution for any zy € RY. Then Y©(t) = Ty(t)(z0) fort > 0.
Proof of Lemma 3.22. We denote X©(t) = Ty(+)(20). Taking time derivative of X © twice, we obtain

(3.57) % = L (00T (20)0(1)) = (T (X°), 1),

We can verify that X©(0) = Ty(0)(20) and XG(O) = (%Tg(o)(zo)é(O). According to the uniqueness of ODE
solution, we know Y©(t) = X®(t) = Ty(t)(20) for any t > 0. 0
The following lemma decomposes the dynamics (3.56) into three parts, which provides us a way to estimate

the difference between the particle level dynamics (3.10) and (3.56).

LEMMA 3.23. Under the same assumptions as in Theorem 3.20 with initial p(0) = G(6(0))6(0), we can
decompose the second-order particle level dynamics (3.56) as

V7 = (01,1 (Y ©), 1) = Kol (,))(T; (Y ©)))
(3:5%) + (V(S]-'(T ANY©),Y®) -k [if(T AC) -)oT}(T‘l(Y@))> VL F (A (Y)Y )
5p7 o ’ lep” Vom0 e op” o

which can also be written as a second-order system

v° = pe,
(359) . © 0 1) -1 e J (€] (C]
P = (Id—Ky)[l (-,t)+V57)f(Teu/\(')w)OTe(-)}(Te (Y ))—V%}"(Teu/\(Y ), Y7).
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. .. ©
Proof. We can rewrite Y  as:

VO = (0T (V). 1) = Ko[T (L )(T; (V)

]

o e e
5P 9), ¥)

(3.60) + (V;pf(TeM(Y@)’Ye) - ’Ce[V%f(Ten/\('% ) OTe](Tol(Y@))) -V

n (fce[r%,t) v L F @A), ) o Tol(Ty (Y@»)

dp

By Lemma 3.19, we know that

([G(0)0 —p] — S(0.p).

&‘g

/ 0T (= { )+ VY ; F(ToA(), )ng(z)} dN(z) =

By Theorem 3.20, we have that both £ [é(ﬁ)@ —p] and S(6,p) equal to zero. Thus,

/89T9 [Fe (z,t) + V; .T"(TgﬁA( ),") o Tg(z)} d\(z) = 0.
Then we can compute:
olL () + ¥ 5 F(TiA () ) 0 Tl(T; (Y ©)
— 0y To(T; (Y ©)) Gt /(%Tg [Fg(z,t) + v%f(TgﬁA(-), Jo Tg(z)} d\(2)
=0.

Plugging the above identity into (3.60), we obtain (3.58). d

To measure the first two terms in (3.58), we introduce two quantities that characterize the approximation
power of the push-forward map Ty:

dp = sup min {/ |V%]:(T9u/\(-), Yo Ty(z) — 0pTy(2)C|? d)\(z)}

0co CETyO
(3.61) = sup {/ \Véfpf(TeM(-), ) o Tp(z) — Ko [V;fpf(TeM(-), ) o Ty)(2)]? dA(Z)} ;
and

si= 5 s i { [ 1000070 - () i3}

T*
1<ij<m €0 <€

(3.62) Z sup {/ |89i89jT9(Z) — Ko [391,(993_T0](Z)|2 d)\(z)} .

1<i,j<m 9€©

Another quantity d, measures how well the initial tangent space Q? approximates the initial velocity:

2
52 = in, [ [T000,Tu (2) - ey ()| dA(2)

(3.63) = / [V8(0, Ty0)(2)) — Kooy V(0. Ty (N)2)| dA(2).

Now we are ready to provide an upper bound on the difference between py of the PWHF and p of the
original WHF in the W5 sense based on the values of §g, d1, and ds.

THEOREM 3.24 (Error estimation on p) Let (p, ) be the solution of WHF (1.1) with given initial value
(po, ®o) on time interval [0,tg). Suppose p(0 f@g 0(0)(2)V (0, Ty(0)(2))dA(z) and (6, p) is the solution of
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PWHF (3.37) with initial value (0(0),p(0)) Assume Cys, := Lip(V®y) < oo and denote €, = W3 (pg(0: po)
as the initial approrimation error. Then under Assumption 1 and 2, there is

300 1261 (Ho — Fonin)?
(3.64) Wgz(pa(t),pt) <e?t ((1 + 20%%)69 + 262) + <C’0 + 1(0)?2 )

min,®

)(eCtl). for 0<t<ty,

where C := 2+ 3C%, 0y and &, are defined in (3.61) and (3.62) respectively, and Hy and Fui, are defined in
Lemma 3.15.

Proof. Let X be the process satisfying the system (3.10), i.e., X solves the ODE

. 5 )
where pg(-) and ®g(-) = ®(0,-) are the initial conditions of the WHF. We can verify that Law(X (t)) = p(¢,-)
for all ¢.

On the other hand, for {6};c[0+,), we consider the vector field I'(-, ) defined in (3.47) and another dynamic

(3.66) Y () =TT, (Y (1),1),  Y(0) = Ty)(wo), Y (0) = 36Tp0)(ay)0(0),

where 9 = X (0). From the definition of p(0) and proposition 3.17, we know that p(0) € R(G(6(0))), hence
we can apply the decomposition (3.58) for Y.

Suppose the Monge map from pyg) = Tpo)sA to po, which exists and is unique under the 2-Wasserstein
metric, is given by w and we assume the random variables X,Y are coupled via X (0) = w(Y (0)).

Now consider the expected [? distance between (X, X) and (Y,Y)

(3.67) E@t):=E|(X,X) - (Y,Y)]%.

Taking time derivative gives us

%E(t) =2E((X, X) - (Y,Y)) - (X, X) — (Y,Y))

< 2\/E|(X, X) - (Y, V)P \/BIX - Y] +E|X - V]

< 2VEOEW) + EIX - VP2
(3.68) <2E(t) +E[X - Y%

From the fact that Ky [Bngé](z) = 89T9(z)9, we can check

E|T(Ty 1 (Y), 1) = Ko[L7 (-, 0))(Ty 1 (Y))I?

- / ‘ Z 000,00 To ()0 + BTy (2)0 — Kg [Z 0106, 06T ()0 + (99T9(z)9} (2)
k=1

k=1

2
j dA()

=[S bvonanmeri — ko[ bson ot ) )
k=1 k=1

<t Y [ 10000, Tu(2) - Kaloin, Tol () ax)

1<i,j<m
=610,
By the definition of dg, we have

2

E ’prfmwn Y) - KQ[V%J” (TogA (), ) o To)(Ty (Y)

= /|V%}"(Tgﬁ/\(~),~) o Ty(2) f/cg[v%f(nﬁx(.),.) o Ty](2)[? dA(2)
< do.
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By Assumption 2 on the potential F(p), and notice that X is a push-forward of X (0) through the dynamics
(3.65), we have
) 5 2 5
(3.69) ]E’V(S—p]-'(TgﬁA(Y),Y) ~ V5 Fo(X), X)’ < CFElY — X |2

Combining all last three inequalities and applying the decomposition in Lemma 3.23, we obtain
BIX - V2 =E| (1T, (Y),6) = KolT?( 0)(T5 (V)

+ (T F TN ).Y) - KalY S F T2 () (T () )

dp op
_ (V;/)]-‘(TM)\(Y),Y) - V;pf(p(X%X)) i

<3 (50 + 61|01 + CFE[Y — X|2)

Hy — Foin)?
<3 <60+4(51(0/\2n“n>+CfIE|Y—X|2>.

min,®

Continuing from (3.68), we compute

d Hy — Enin 2
(3.70) B <2B(t) +3 <50 + 451(0”@) + CFE|Y — X2)
Hy — Fmin 2
(3.71) < 360 + 1251(0/\27) + (2 + 3Cx)E(1).
min,®

Recalling C' = 2 4+ 3C'x and applying Gronwall’s inequality, we arrive at

(372 B(1) < 7 E(0) + (3;; e min)2> (€ 1),

Now we estimate the initial error

(3.73) E(0) = E|X(0) — Y(0)]? + E|X (0) — Y(0)|?

(374) = By oo (20)) — T (20) 2 + Ergon | V2(0,0(To 0 (20))) — 0T (20)6(0)|

Since w is the Monge map from pg(g) to po, the term Elw(Th0)(20)) — To(0)(20)|* = W3 (pa(0): po) = €,. For
the second term above, we have

Eeyor [V(0,(Tugo(20))) — 0T (20)00)|
= Bepn [ V(0. 0(Ti0) (20))) — VRO, Ty (20)) + V(0. Ty (20)) — 06Ty (20)0(0)|
< 2 By [VO(0, w(Ty(o)(20))) v<1>(o,T9(0)(zo))’2 +2 Beyor | V(0 Ty(o) (20)) ang(O)(zo)é(O)f
2

)

< 20, W5 (po(0) P0) + 2 Beyor [VO(0, To(0)(20)) — 99 To(0) (20)6/(0)

and
Eaon [VO(0, Ty (20)) - 89T9(0)(z0)9(0)‘2
=K ’V(I)(O, Tg(o) (20)) — 89T9(0)(z0)@(9(0))T /89T0T(0) (2)Vo(0, TO(O) (2))d\(2)

=K ‘V‘I’(O»Te(o)(zo)) — Ko(0) [V¢(07T9(0)(‘))](zo)’2
= Js.
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Thus the initial error
(3.75) E(0) < (14 2C%4,)€p + 26

Combining (3.72) and (3.75), we get

(3.76) E(t) < ¢ <(1 12024 )y + 262) n (3050 1251(61’{/\0?](1;71;111102) (€t —1).
Since
W2(Law(Y), Law(X)) < E|Y — X|> < E(1),
and Law(Y (t)) = pg) = Tot)s A and Law(X (t)) = p(t,-), we obtain (3.64). |

Remark 3.25. Assumption 2 can be verified if V%}" is Lipschitz. As a special case, for the linear potential
F(p) = [ V(z) dp(z), Assumption 2 holds true if VV is Lipschitz continuous.

Remark 3.26. From the proof of Theorem 3.24, we can see that there is a tradeoff between {d; : i = 0,1,2}
and Amine. In fact, if we choose G as the inner product matrix of a subspace @ C Q7 the arguments
in this section still hold true. The smallest positive eigenvalue )\min(é) is no less than /\min(é), while the
corresponding approximation errors {J; : ¢« = 0,1,2} are generally larger than the original ones. A more
detailed analysis of the relationship among these quantities may serve as a future research direction.

THEOREM 3.27 (Error estimation on ®).  Denote tg(t,-) := 9pTyq) © Te_(tl)(-)é(t) : RT — Re.If the
Hamilton-Jacobi equation

0d(t, x)
ot

IV =~V Flp(e),2), 2(0,) = Bo(),

(3.77) 5

admits a C1([0,t1) x RY) solution on a time interval [0,t1), then there is
(378) /d |ﬂ@(t, (E) - V(I)(t, .’E)|2p9(t) (ZC) dx S 2(]. + Llp(Vq)(t, ))) C(f, £0, CDQ, 90,]90, Tg)
R,

for all 0 <t < min{tg,t1}, where pory = Ty, C(F, po, Po, 0o, X, T, t) is the bound on the right hand side of
(3.64) and depends on potential F', the initial values po, ®g, 6(0), p(0), the push-forward map Ty, and time t.

Proof. We can upper bound the average velocity discrepancy E|X — Y |? by
(3.79) E|X - Y|? < E(t),
where E(t) is defined in (3.67).

On the given time interval [0,#;) in which the Hamilton-Jacobi equation for ®(t,-) possesses a regular
solution, we can verify X = V®(t, X) for t € [0,#;). On the other hand, we know Y = 9yTyo T, '(Y)6. Thus

we have Y = deo(t,Y). From the inequality that |a + b2 > 11b|? — |a|? for any two vectors a,b € R?, we can
estimate E|X — Y|? as

E|X - Y|? = E[VO(t, X) — te(t,Y)|?
=E|VO(t,X) - VO(t,Y)+ V(1Y) —ide(t,Y)|?

(3.80) > %EW(I)(t, Y) —ie(t,Y)? —E|VO(tX) - V(L Y)%
Using the definition of E(t) given in (3.67), the second term in (3.80) can be bounded by
(3.81) E|Ve(t, X) - Vo(t,Y)* < Lip(Ve(t,-)E| X — Y|* < Lip(Ve(t, ) E(t).
Combining (3.79), (3.80), and (3.81), we obtain
E|V®(tY) —ie(t,Y)|> < 2(1+ Lip(VO(, ) E(t).

Recalling (3.76), we obtain the estimate (3.78). d
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Remark 3.28. Theorem 3.27 reveals that the approximation quality of the momentum depends on the
current distribution py. In regions where py has higher density, a better approximation of Ug(¢,-) of V®(¢,-)
is anticipated.

Remark 3.29. The time intervals [0,tg) and [0,¢;) used in Theorems 3.24 and 3.27 are determined by the
singularity development of p and ® in the WHF (1.1) respectively. However, we would like to highlight that the
solutions of PWHF (3.37) and (3.53) may exist beyond these singularities. The same is true for the solution of
the particle WHF (3.10) due to the solution existence and uniqueness of ODEs. When this happens, we may
use X and v to define p and ® beyond the singularity of (1.1). The error estimates obtained in both theorems
still hold as long as both the solutions of (3.10) and (3.53) exist. The examples on Wasserstein geodesic and
harmonic oscillators given in Section 5 can illustrate this situation. In both examples, the solutions of PWHF
exist on [0, 00) while finite time singularities are developed in p and ® in (1.1).

3.5. Two examples of the PWHEF. To better convey our idea on how PWHF is proposed and formu-
lated, we present two illustrative examples that have exact solutions for (3.53).

3.5.1. Harmonic oscillator with affine transform as the push-forward map. Let us use an affine
transform Typ(z) = Tz + b, § = ([',b), z € R? as the parameterized push-forward map. Here T'is a d x d
invertible matrix and b is a d dimensional vector. We consider a Hamiltonian system with Hamiltonian
H(z,v) = %|v|2 + %xTUx, where U is d x d self-adjoint and positive definite matrix. The corresponding WHF
is

8p(8t£m) + V- (p(t, ) VO(t, ) =0,
00(t,z) 1 o 1 ¢
5 + §|V<I)(t,x)| =32 Ut,

with F = [ 22T Uzp(z)dz.

We take the initial values of this WHF as Gaussian distribution and quadratic function respectively, i.e.,
po=N(u, %), and ®(0,2) = %xTMx, where ¥ is the covariance and M is a symmetric positive definite matrix.
We choose the reference distribution as the standard normal, i.e. A = N(0, ).

If writing 0 = (T'11,...T1a, 215 -y T2dy ooy Tty ooy L, b1, -, ba), it can be verified that the metric tensor
@(9) = li(d+1)xd(d+1), Which is a constant matrix. When projected on the parameter space, the potential
becomes

1 1 1 1
F(0) = F(pg) = /R 5xTUgcp@(g;) dx = /R 5Tz + b)TU((Tz +b) d\ = §T‘r(FTUF) + 5bTUb.

Thus the proposed PWHEF is formulated as
(3:82) 6=GCO)'p=p,
(3.83) b= 307 VoG(O)) — VoF(6) = ~VoF(0)
We set the initial value as
0(0) = (V1) p(0) = (MV/S, Mp).

Then one can verify that pgy = Ty = Law(vVXz + ,u) N(u,X) = po, here z ~ X. Thus ¢, stated
in Theorem 3.24 equals 0; On the other hand, we know (I'(0),5(0)) = 6(0) = p(0) = (MV/S, My), and
Gng(o)(z)é(O) =T1(0)z 4 b(0) = MVEz + My = MTyy(z) = V®(0,Ty(0)(2)). Then one verifies that d» = 0
whose formulation is stated in Theorem 3.24.

Both equations (3.82) and (3.83) can be reduced to the following second-order differential equation

(3.84) I(t) = —Vr (;Tr(FTUF)> . b(t)=—-V, (;bTUb> ,
(3.85) (0) =V, T(0) = MVS; b(0) = p, b(0) = Mp.

Since Vr (3Tr(I'"UT)) = (UL 4+ UT) = UT'. Assume U has a spectral decomposition U = QAQT, by
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substitution Z(t) = QT I'(t), Z(t) solves the equation Z(t) = —AZ(t). Then Z(t) = cos(tv/A)II. +sin(tv/A)II, ",
where Il II; are constant d x d matrix that need to be determined by using the initial condition. Thus,
[(t) = QE(t) = Q(cos(tv/M)II, + sin(tv/A)II,). Similarly, one can verify b(t) = Q(cos(tv/A)v, + sin(tvV/A)v,),
where v, vy are two constant d dimensional vectors.

One can determine II, = QTv/X,II, = \/K_IQTM\/E, Ve = QT p, vy = \/K_lQTMu from the initial
condition (3.85), and obtain the solution to the PWHF as

T(t) = (cos(tvVT) + sin(tVOWT  MVE,
b(t) = (cos(tVU) + sin(t\/ﬁ)\/ﬁilM)u.

One can tell that

Span{aTe(.)} = spany ... 8T9(.) 8T9(-) s
01 ) 1<i<aqa+n Tory; T oy

OTp(z) _ 9Ty ()
where ar,, = Li€ o, = Ck: Then

) o7,
V— .F(p, = E Uijxjei S span{a} .
op 1<i,j<d 90, 1<I<d(d+1)

Thus the quantity dy introduced in (3.61) equals 0. On the other hand, since Tp is linear w.r.t. to 6, 9 gg’z( ) =0

thus 0; as defined in (3.62) is also 0. Hence we verify that €,,do, 1,02 = 0, according to the error estimation
provided in (3.64), one can tell that the parameterized Hamiltonian flow {(T'(¢),b(t))} recovers the exact flow
In addition, denote (X, P;) = (I'(¢)z + b(t),I'(¢t)z + b(t)), one can verify

X =P, Xo~N(uI);
P=_VV(X), Py=V®(0,X,),
by direct calculation, this also leads to the aforementioned assertion.

3.5.2. Entropic potential with diagonal matrix as the push-forward map. Here we consider a

WHEF with F(p) taken as the entropic potential £(p) = [ plogp dz, i.e.,
Op(t,

(3.86) W2) |9 (plt. )Vt ) =0, p(0.) = N0, L)
ov(t,z) 1 2 0&(p) |

Here we have %E}p)(t, z) =1+ logp(t,z). Again, let us take the reference distribution A = N(0, 1), and
the push-forward map is a linear transform with diagonal matrix, i.e., Ty(z) = Dz, where D = diag(Dy, ..., Dq)
is d x d diagonal matrix with Dy > 0 for 1 < k < d. Then the parameter § = (Dy, ..., Dy), and @(9) = Igxq.
In addition, we have

d

1 1
& :/ lo dx:/ log| ——— | —22"D 2%z dr = —log(2m)2 — loD—f
(po) Po 108 po . g<(2ﬂ')gdet(D)> 5 Po g( Z g Lk

The PWHF is reduced to 8 = —VyF(0), and it becomes the following equation

.. 1
3.88 Di(t) =
TAssume f : R — R is an analytical function with power expansion f(z) = > heo apz®, for any square matrix A, we

define f(A) =372, akA Typically, if A is self-adjoint and has spectral decomposition A leag()\l7 s A2)QT, then f(A) =
Qdiag(f(A1), -, (X))@
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We set the initial values as

Dr(0)=1, Dp(0)=1, 1<k<d.

By a similar argument as given in the previous example, one can verify that pgy = N(0,14) = po, as well as
39Tg(0)(z)9(0) = V&(0,Ty(0)(2)). Thus we have €, =0, d2 = 0.

Since all the Dy solve the same differential equation with common initial conditions, we simply drop the
Subscrlpt and denote each Dy as D. By multiplying D(t) on both sides of (3.88), one can verify that D solves

= /1 +log D(t). And thus we can solve for
_ e
(3.89) D(t) = exp((x~" (x(1) + 51))* = 1),

here x(-) denotes the primitive function of et’. Let us denote X = Ty(Z) = D(t)Z with Z ~ A. Then it
can be verified that {X} solves the following Vlasov-typed ordinary differential equation associated to the
Wasserstein Hamiltonian flow (3.86), (3.87),

d2 0(p) ,, = d? ~

(3.90) =-V——=(t,X) = —Vlogp(t, X), —Xo ~ po,

d —~
=X, = Xo.
a2 Sp dt2 0 0

dt

where p(t, ) denotes the density of Law(/f).

As aresult, we can tell that pg = TpsA = Law(/)zt) = N(0, D?(t)1,) exactly solves for p; of the Hamiltonian
flow (3.86),(3.87). At the same time, the momentum tlg obtained from the parameterized Hamiltonian flow
satisfies Ug (¢, /X\) = 0Ty o Te_l(jf\)é = D(t)Te_lD(t)jX\o = D(t)jX\o = %jX\. This verifies that Ug(t, ) exactly
solves for V®(t,-) from the Hamiltonian flow (3.86),(3.87).

4. Numerical scheme. In this section, we develop a numerical scheme to solve the PWHF (3.53). Since
(3.53) is a Hamiltonian system, it is desirable that the scheme has a symplectic structure. For clarity, we
denote the iteration number of variables as superscripts in this section.

Symplectic Scheme We start from the following sympletic Euler scheme [26],

g1 _ gl N
(4.1a) T =V H(E ) = G,

(4.1b) LA )

where h > 0 is the time step size and [ € N is iteration number. Note that (4.1a) is implicit in '+, which
needs to be solved from this equation for fixed (6!,p'). To solve (4.1a), we employ a fixed point iteration
method. For convenience, we call the fixed point procedure the inner iteration for any fixed (6%, p'), while the
advancement in time, namely the iterations of (4.1) in [, the outer iteration. For each (#',p!), we can solve for
6'*1 in (4.1a) by the following fixed point iterations:

. 1 e
(4.2a) ghitt = argmin {*é“TG(O/J)& - prl},
(4.2b) oIt = gt 4 pghitt,
for I = 1,2,.... We have two choices to initialize the above fixed point iterations. The first one is to set

ab? = 9" and €40 = (' —0'~1) /h, and the second choice is to set at® = §! and &0 = é(ﬂl)Tpl. The first choice
utilizes information from previous time step and is more computationally efficient, while the second choice
requires to solve a linear system, but generally performs better than the first one. We adopt the second way

to initialize «, £ in all of our experiments. R
If (o, &M9) — (ab*,£5*) as j — oo, then we set 67! = o* and p'*! = p! + hi (") TVG(OT) g —

~

hVoF(6"+1). Tt can be shown that this fixed point iteration converges if Amin(G(#)) is bounded away from 0.
In our experiments, the minimization subproblem of £ is approximated by a one-step gradient descent with
step size v:

5l,j+1 617] (G ( ,J)El,J pl)7

and the inner iteration (4.2) reduces to

I = ¢ — (GO + he)ET — ).
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which is the fixed point iterations applied to solving & from J(§) := (é(@l + h&)é — pt = 0. Since VeJ(§) =
hVé(Ql + h&)E + é(@l + h§), for certain choices of Ty (e.g. Tp(z) = 'z +b and 2z ~ XA = N(0,I), or
To(z) = z+0(Tz+1b), or deeper ResNet, or normalizing flows with bounded o, o', ¢” where o is the activation
function) we can show that there exists M > 0 such that ||VeJ(§)| < M for all £&. Then 7 € (0,1/M)
guarantees that the fixed point iteration is linearly convergent since I — 7J is a contraction.

Useful tricks in implementation in PyTorch We discuss a few tricks in implementing the symplectic
Euler scheme (4.1) when using a machine learning package such as PyTorch. PyTorch leverages automatic
differentiation and can quickly compute the gradient of a scalar valued function with input dimension d. How-
ever, it takes O(kd) complexity to compute the Jacobian of a vector-valued function with k& output dimension.

In our case, we need to repeatedly compute the matrix-vector product involving 99Ty(z) and some vector
d
n € R%:

(4.3) G0y = / 0To(2) T OeTp(2)n dA(2).

We need to do n x d times differentiation to get {9pTy(z;)}7; where n is the number of samples and d is
dimension. To avoid such computation, we design a duplication trick based on chain rule to evaluate this
term without reducing the efficiency. We duplicate the push-forward map Tj to get an identical copy Tj, with
exactly the same structure and value of parameters, but the parameters 6 are detached from the computational
graph of the original parameters 8. Then we evaluate the scalar-valued integral:

(4.4) loss(0,0) = / Ty(2) T Ty(2) dA(=).

We auto differentiate it with respect to the parameters 6 and compute the inner product between this gradient
and vector 7:

(4.5) 01(0,0) = Byloss(0,0) - n = / Ty(2)T ;T (=) dA(=).
Finally we auto differentiate g; w.r.t parameters 6 and notice the fact that 6 and 6 has identical value, we get:
92(0,0) = 991 (6,0) = / 89 To(2) T 9;T5(2)n dA\(z) = Gn.

In this way, we obtain the value 6’77 with high efficiency and accuracy. Similarly, we can also evaluate
[ (s, G)n|,, which shows up in the second equation in (3.53):

" (96, GYnliy = Voln" g2(0,0)] + Vsln" g2(0,0)] = 2 Vo[n" g2(6,6)].

Here we used chain rule and the fact that 0 = 0. R

Evaluate G'p by solving linear system In the fixed-point iteration, we need to compute £° = G(6%)Tp*
in the beginning of each inner iteration. The simplified form metric tensor G is defined through the push-
forward map via equation (3.26), which can be evaluated through samples, but the computational cost grows
fast when the number of parameters increases. Fortunately, the equations in (3.53) can be treated as linear
system, hence we can apply iterative method to solve the system. In this sense, we don’t require the full
information of matrix G but just G as matrix-vector product operator. To find GTp, we consider the linear
system G(H)n = p and apply iterative method to solve for n = GTp. Generally the condition number of G(Q)
can be very large, so we choose MINRES as the iterative solver [44].

Initialization In the experiments, the initialization for § and p are treated differently:

e Initialize 6. We initialize # to minimize the difference between pgo and py. It can be done via
minimizing the KL divergence or Stein’s discrepancy between pgo and pg [42]. In the experiments, we
choose the reference distribution the same as py and initialization for Ty as the identity map, so the
initialization procedure for 6 is generally omitted.

e Initialize p. From the particle interpretation of ®, we can derive

(4.6) pozééoz/M 0T (2)0(T(2))dA(2) / 0T (2)V (0, Tp(2))dA(2) = Ex[Vo®(0, Ty (2))].

The above identity povides a natural way to initialize p from initial condition for ®. We sample {zz}f{:‘”1
from the reference distribution A, and set p° to be the sample expectation Kip Efi"l Vo®(0,Ty(z)).
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In summary, we suggest the following numerical algorithm to solve the PWHF.

Algorithm 4.1 Parameterized Wasserstein Hamiltonian flow solver

Initialize the neural network Ty, and solve §° = argmin{Dxr,(po||pe)}
0

Initialize p° = VgE,x[®(0, Ty(2))]
for {=0,---,K —1do
Sample {X1, -, Xn,} from py
Apply MINRES to solve 40 from equation é(al)g =7, set a0 =@
for j=1,--- ,n;, do
Update o/ = 0! 4+ hehd
Update £9+! = €59 — 5(G(al) — p)
end for
Set 91-‘,—1 — al,nm,nl-i-l — gl,nm
Sample {X1, -+, Xx,} from pgii1, evaluate Vo F (')
Set pz+1 _ pz + %[(an)Taek@an]Ln:l _ hV@F(QlH)
end for

5. Numerical results. In this section, we demonstrate the performance of the proposed algorithm 4.1
by solving several examples with different potential energy F.

In our experiments, we use neural networks as the push-forward map Ty unless stated otherwise. There
are multiple choices for the neural networks structure to represent Ty. We can use the invertible neural
networks (e.g., normalizing flow [42], Real NVP [15] and neural ODE [9]) or non-invertible neural networks
(e.g., the multi-layer perceptron or ResNet [27]), both has its own advantages. Normalizing flow simplifies the
computation of log determinant of Jacobian matrix of the map, so we can easily compute the density function.
In some cases, the potential function explicitly depends on the value of density pg, invertible neural networks
provides an effective way to evaluate it. In this work, we use the residual neural network as push-forward map
if not specified:

(5.1) Ty =1d + fo,

where Id is the identity map and fp : R? — R? is a standard multilayer perceptron with two hidden layers, and
each hidden layer contains 50 and 80 neurons for the 2D and 10D examples, respectively. We take hyperbolic
tangent function as the activation since we require the second-order derivative in the computation. The bias
for the output layer in fp is set to be None. MINRES is applied to solve the linear system GO = p with
tolerance 3 - 10~%. To solve the inner system, we set n;, = 1 and run the algorithm. Experiments show that
n;n, = 1 is enough for most of the examples.

For all the experiments, we choose the reference distribution as A = N(0,1;), and take pg = TpsA.
Generally initial 6 is small, hence Ty is close to the identity map and pg is close to the standard Gaussian as
a result. For the computation, 50000 samples are generated from the reference distribution to evaluate the
matrix-vector product. For those cases with potential energy in the form F(p) = E,V(x), we use the same
sample size to evaluate F'(6). For other cases, we only use 12000 samples for the computation of F'(#) due to
the memory limitation.

It’s possible that Hamiltonian-type PDEs develop singularity in finite time. This means, at some time
to, the density may become a delta function and/or ® is no longer well-defined. Our method can treat this
singularity since the push-forward is still well-defined and smooth at time ¢g. See the geodesic equation and
harmonic oscillator as examples.

To examine our solutions, we use the particle level dynamics. Assume X (0,z) = T(0,xz¢) solves the
system (3.9), i.e., T(t) is the ground truth push-forward map for the WHF. For some special potential energy,
T'(t) have closed form solutions. Hence we can compare our results with true solutions. For other examples
where true solutions are not available, we generate 10000 random samples and run the particle level dynamics
to get numerical approximation to 7'(t), then we compare our results Ty with the particle level results.
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5.1. Geodesic equation as Wasserstein Hamiltonian flow. We first consider the geodesic equation
on R? as a WHF, which corresponds to the zero potential case, i.e., F(p) = 0. The equations are

9
—p+ V- (pVD) =
at” (pV®) =0,

0 1 9

52 5IVel =0,

The Wasserstein geodesic equation plays an important role in the optimal transport theory. The trajectory of
the corresponding particle level dynamics is a straight line, i.e., Ty« (z0) = zo+v(20)t where v(xg) = V®(0, x¢)
is the initial velocity and x( is an arbitrary initial position. With some choice of ®, the system may develop
a singularity in finite time. The numerical experiments, which are presented next, show that our method can
approximate the solution very well, even beyond the singularity. The PWHF corresponding to the Wasserstein
geodesic equation is

0=Gip,
(5.2) R P
p= §(G p) (VoG)G'p.

We set A = N(0,I) and choose Ty as in (5.1). We initialize the neural network parameters 6y, take the initial
1

density as po = Tp(o)pA and ®(0,z) = —323 with 2 = (21, 22) € R%. From the choice of ®(0,z), we know that
for each initial position its velocity is always in the z; direction with constant magnitude |z1|. As a result,
all points arrive at the zy-axis when ¢t = 1 and the density function p(1, ) becomes a Gaussian supported on
the z5-aixs. We solve the parameter dynamics (5.2) and compare the reuslts with true solution. We choose 5
points randomly and plot the projection of their trajectories onto x1, x2 axis, as shown in Figure 1. The true
trajectories are Ty(z) = ((1 — t)z1,22). To show py, we also draw 2000 samples from reference distribution A
and then apply the neural network Ty solved from our algorithm for different time, results are shown in Figure
2. Notice that T1(x) = (0,z2) for all z = (z1,x2) € R?, which implies finite time singularity in p. Our solution
solves the problem very well despite the existence of singularity.

6
154
4]
w 21 » 1.0
< <
% %
o 0 o
® & 0.5
g g
&, &
-4 0.01
64
T T T T T T T T T =051 T T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
time - axis time - axis
(a) projection of trajectories in 1 direction (b) projection of trajectories in xo direction

Fig. 1: Projection of trajectories with random initial positions. For each initial position x = (x1,x2), its
velocity v = (—x1,0) is constant along time. As a result, the equation develops singularity at time ¢t = 1, and
projection of Ty(x) onto x1-plane intersects for all points.

5.2. Quadratic potential. The second example is the WHF in which the potential is set to be quadratic
function of the position variable, i.e., F(p) = [pa V(2)p(x)dx where V is a quadratic function of 2. The problem
can be solved explicitly in this case as shown in Section 3.5.1, and the approximation error dg,d; vanish if
we choose affine transform as the push-forward map. We verify the symplectic property as well as the linear
dependence between error and step size of our numerical scheme here. On the other side, the solution may
display interesting structure for some special combination of V' (z) and ®(0, z), which is the so called Lissajous
curve. We demonstrate this case in section 5.2.1.
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Fig. 2: Sample plots of computed py at different time ¢

In our experiments, the potential function V' and initial condition for dual variable ® are taken as

1
Vi(z) = Z §Gi$1‘27

(5.3) ! )
®(0,2) = Z ibix?.

Here a; is a positive real number while b; can be negative. The index ¢ runs from 1 to d. We can write the
WHEF as

o)
o) 1 - 1,
1
(5.6) p(0,+) = TyyN(0,1), @(0,2) = 2 Ebix?.

From the particle version of equations, we know that both the position and velocity can be expressed
explicitly. In fact, the i-th component of solution is given as

(5.7) Xi(t,x) = /1 + b2 - z; - cos(y/a; - t — arctan(b;)),
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where x = (z1,--- ,74) € RY. The true push-forward map is

Ti(z) = A(t)x, A(t) = diag([y/1 + b? cos(y/a; - t — arctan(b;))]e,).

We can see that a; determines the frequency, while b; determines the amplitude and initial phase.

5.2.1. 2D case with affine transform as the push-forward map. We first test the 2D harmonic
oscillator example with potential energy F(p) = [g, 5(2.2527 + 0.3623)p(z)dz and initial dual function

®(0,z) = —%x% as in section 3.5.1. We choose affine transform as the push-forward map, i.e.,

Ty(z) =Tz +b,0 = (T,b),T € R?*2 p € R?.

We pick up random initial position xg, compare the trajectory {Tp(z) : ¢t € [0,20]} from our solution with
the true trajectory {T}(z) : t € [0,20]} in Fig 3.

= ———
= —_ .

0.2 | —

exact — —

o] — —

—-0.2 7
<

—0.41 —

T T T T T

—6.4 —6.3 —6.2 —6.1 0.0 0.1 0.2 0.3 0.4
Fig. 3: Trajectory of randomly picked initial point
In this case, the true push-forward map lies in the space of parameterized functions {Tp}gco. In fact,

0= (A(t), 6) gives Ty = T}, hence the approximation error dg, d; equal 0. Since we know the true solution, We
define the error as

Ny
1
/6\: max — T, Zi T 2)|.
1€[0,32] N0;| o(im) (i) in(zi)]

We check the linear dependence between the error € and step size h in Figure 4, which confirms our theoretical
estimate.

We also verify the symplectic preservation of our numerical scheme in Figure 5. We run Algorithm 4.1 and
plot the change of Hamiltionian AH (0, px) as the orange curve. In comparison, we replace the symplectic
step by a forward Euler step, and run the experiments, with corresponding Hamiltonian as the blue curve. It
is clear that the proposed symplectic scheme preserves the Hamiltonian while the forward Euler scheme does
not.

5.2.2. 2D case with Lissajous curve. For a single point x = (z1,z2) € R?, its motion under the
Hamiltonian flow (5.4) is a 2-dimensional harmonic oscillator. Denote 68y = arctan(b;) — arctan(bs) as the

initial phase difference and r = ,/Z—; as the ratio of frequency for two components, it’s well-known that we

may have interesting periodic patterns known as Lissajous curve for some combination of (§53p,r). Numerical
experiments show that our method can capture this structure as well. In fact, we run our algorithm for several
different combination of (§/3p,r), choose a suitable initial position, and plot its trajectory under the map Ty in
Figure 6. To show the full structure of Lissajous curve, we run 20000 iterations which corresponds to physical
time ¢; = 40.

In this part, We use neural network as push-forward map where Ty is same as in section 5.1 and set
numerical step size h = 0.002 in the computation.
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Fig. 6: Demonstration of Lissajous curve. (a)-(c) are trajectory plots which show the Lissajous pattern.

We verify the velocity from our method in this subsection. We set

(5.8) .Fgo::]QQ(;x§+-§x§>¢xx)dx, @«Lx):-%x%

For a fixed initial point « = Tp,(z) where z is from the reference distribution, its true velocity at time ¢ is
v(t,x) = %X(t, x) where X (¢, z) is given in equation (5.7), and the velocity from our model can be evaluated
through o(t,z) = %Tg(z) - 0,. We choose 20 initial points, plot their positions as well as the velocities on
the plane as in Figure 7. The start point of each arrow represents the position and arrow itself represents its
velocity. As shown in the figure, the true trajectories for different initial positions may intersect, which leads
to the singularity of density function p;. The velocity v from our model is still close to the true velocity despite
the singularity.

5.2.3. 10-D harmonic oscillator problem. Traditional numerical schemes suffer from the curse of the
dimensionality, namely the computational cost grows exponentially as the dimension increases, which makes
solving high-dimensional PDEs numerically extremely expensive. On the contrary, our method is sampling
based and can handle the challenges incurred from high dimensionality. To demonstrate it, we test our
algorithm on the 10-dimensional harmonic oscillator problem with

3 1 10 1 10

2 2 2
= Sat oY de, ®(0,0)=:3 a2
‘F(p> /]Rlo 8‘T1 + 2 P Z; p(x) Z, ( ,.’IJ) 2 g €Ty

We use the residual neural network as in (5.1) with 80 neurons in each hidden layer. We solve the system
on a time period [0, 27| with step size h = 0.001.
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Fig. 7: Evolution of positions and corresponding velocity

We generate 10000 samples from pg, plot the samples histograms (orange) projected to the second di-
mension and compare it with true density function p in Figure 8. Here the projection of p onto the second
dimension is a Gaussian distribution whose variance is a cosine function of time, depicted by the blue curve
in the figure. Similar to the geodesic equation example, p develops finite time singularity in this harmonic
oscillator case, while numerical results show that our algorithm solves the problem well despite the singularity
and dimension. We plot the empirical Hamiltonian from these samples in Figure 9. We emphasize that the
scale used in Figure 9 is concentrated around 9.35 with small variation. This indicates that the Hamiltonian is
essentially preserved while the kinetic and potential energy oscillate in the opposite phase in the computation
as shown in Figures 10 and 11 respectively.

5.3. Interaction potential. We consider some nonlinear potentials, such as the interaction potential or
entropy in the reminder of this section. The nonlinear terms are generally hard to evaluate directly through
the traditional methods, although some algorithms such as kernel density estimation [46, 6] can be used for it.
On the contrary, push-forward maps may provide a good alternative for this purpose.

Interaction potential is described through the following potential energy F:

(5.9) Fo = [[  ctpwpisy

RxR
F involves double integral of p and introduces nonlinearity, which makes the problem much harder to solve in
general. In physics, C(z,y) = ﬁ is often used to model gravity or Coulomb force. To avoid the numerical

instability we will use a modified Cj with b = 0.1 in the following experiment:

1

We choose the same forward map Ty as the neural network described in section 5.1. For this problem we don’t
have a close form solution, so we compare the result with particle level numerical simulations. More precisely,
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Fig. 8: Time evolution of the projected histogram for 10-d harmonic oscillator example
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we generate 10000 random samples and run the particle level dynamics to get numerical approximation to T},
then compare our results Ty (x) with the numerical results. We pick an initial point z, plot its trajectory from
our model Ty as well as the trajectory from numerical simulation in Figure 12, which shows good agreement.
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1 —— numerical x
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time t

Fig. 12: Projection of trajectory in interaction potential model
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5.4. Entropic potential. Another example of nonlinear potential is

(5.11) Fontsons(0) = [ ple) Lo pla)d

If we take diagonal map Ty(z) = Dpax as the push-forward map where Dy is a diagonal matrix and 6 is its
diagonal element, then the parameter dynamics can be solved exactly as shown in Section 3.5.2. Again we solve
the PWHF and compare our solution with true solution. The exact solution can be expressed as Ty(z) = D(¢t)x
with D(t) defined in (3.89). Figure 13 shows the results from our PWHF (blue) against the exact solution
(orange). They are nearly identical, which is expected because the error is close to zero according to the
theoretical estimates.
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Fig. 13: Value of D, Dy

5.5. Empirical bound on dy. In section 3.4, we proved the convergence result for our 6(¢). There are
two crucial terms dg, d; which show up in the error estimation (3.64) as well as (3.27). It’s generally hard to give
a sharp bound on these values, although one may resort to the well-known universal approximation theorem
stating that they are small if proper neural networks are used. We can provide an empirical calculations for
dp in the experiments.

We denote the approximation error at 6 as:

(5.12) 5(0) :/|V%]-'OT9(Z) —ICg[V%}'ng](z)F dA(2).

It is easy to see that d, can be replaced by dy = SUPepo, 71 6(0(t)) in our error estimation, since only the
information of §(6) along the solution curve {0(t) : t € [0, T]} is used in the proof.

Assume {6 : 0 < k < K} is the numerical solution from algorithm (4.1), where K = T'/h is the number
of iterations. Denote the empirical bound on 30 as:

(5.13) 0o = og}?xéw’“)'

Let = G(6)TV4F(6) and notice that

/cg[v(fpfomz) — 0T(=)0' (0) / aeTe@o)vapfoTe<zo>pe<zO> dA(z0)

= 0yTy(2)GT(0)VF(6)
= 0gTp(2)n.
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Hence we can rewrite 6(0) as:
5(0) = [ 1V5.F o Tule) - To(en? dA(2)
= / {nT&gTe(z)TﬁgTe(z)n — 2V%}" o Tp(z) " 0gTp(2)n + |V%f o Ty(2)]?| dX(z)
=TG- 290F(0) 0+ By IV 5 F o To(a)P.

With the above identity, we are able to evaluate the empirical error 0. We report its value for each linear
potential V() in table 1.

Table 1: Empirical approximation error

Experiment 2d Geodesic | 2d Harmonic Oscillator | 10d Harmonic Oscillator
Physical time T 4 40 10
Number of iterations K 2000 20000 10000
Empirical error g 0 0.0035 0.0908

6. Discussion. The proposed method is also potentially applicable to many other important topics, for
example, the nonlinear Schrodinger equation, the Schrodinger bridge problem, and the geodesic between two
points on Wasserstein manifold. However, it needs further investigations to extend our algorithm to them,
which is beyond the scope of this paper. We only provide a brief discussion here.

Geodesic between two points on Wasserstein manifold: In the numerical experiments, we consider
the initial value problem for Wasserstein geodesic equation with given pg, ®9. The commonly encountered
geodesic problem is a 2-point boundary value problem, i.e., with given pg, pr but no prior knowledge about
the initial ®y. In this case, there is not enough information for us to initialize the p variable. A possible attempt
is to choose a initial guess ®(0, -) and then apply shooting method on the ODE dynamics. Collocation or finite
difference can be other options too. They deserve careful study in the future.

Schrédinger equation: Consider a potential V € C*(R?) and functional F; € C°(P,(R%)) with
variation %fl(p) = f(p), the nonlinear Schrodinger equation is given by:

.0 1
With the Madelung transform we can rewrite the complex wave function as (¢, ) = \/p(t, 2)e!®*®®) | then

the above equation in ¢ can be reformulated as a Wasserstein Hamiltonian flow with Hamiltonian:

62)  H(p,®) :/Rd%|v<1>(x)|2p(x)dx+/w V(m)p(m)dm—l—fl(p)—l—é/RJVlog o(2)[2p(x)dz.

Possible challenges may arise due to the nonlinear potential [,,|Vlog p(z)|?p(x)dx. This term involves the
computation of space derivative of log density function, which is generally unavailable for multi-layer perceptron
or the normalizing flow. One strategy is to use the Neural ODE as the push-forward map [9, 23], which supports
such a computation. Another possible solution is to reformulate this functional as a mininization problem and
estimate it via optimization techniques.

Schrodinger Bridge problem: Similar to the Schrodinger equation, the Schrédinger Bridge problem
can also be reformulated as WHF through the Hopf-Cole transform. Consider the Schrodinger bridge equation,
sometimes also known as “Schrédinger system”,

1 1
(6.3) et = 5 A, oy = —iAnZ‘

Here n,n* are two real valued functions. With the Hopf-Cole transformation:

(6.4) n= \fpeé/z, N = \fpefcp/Q,
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equation (6.3) becomes a Wasserstein Hamiltonian flow with Hamiltonian:

(6.5) Hp, @) = / IV o) — / |Vlog pla) o)

The challenge in this problem is the combination of the difficulties in the two aforementioned examples. On
the one side, we need to handle the computational challenge of Vlog p term as mentioned in the Schrodinger
equation. On the other side, Schrédinger bridge problem is a 2-point boundary value problem with given
po, pr but no prior knowledge about ®.

7. Conclusion. We close the discussion by summarizing that we developed a sampling based approach
called PWHF for solving WHF in this work. PWHF is derived by applying Hamiltonian mechanics in the
parameter space equipped with the pullback Wasserstein metric. FError estimates show that PWHF can
approximate WHF with provable accuracy provided the pushforward map being efficient in approximation.
Numerical examples demonstrate that our method is robust to the singularity of the equation and can scale
up to high dimensional problems. There are still many work to be done about the WHF, which includes
but not limited to: the application of PWHEF to other Hamiltonian system such as Schrodinger equation or
Schrodinger Bridge system; theoretical analysis on the quantities dg, d1, 02, Amin(G); extension of PWHF to
general Hamiltonian flow with on-quadratic kinetic energy. We hope the current study may serve as an starting

point for furthering those investigations.

8. Acknowledgments. This research is partially supported by NSF grants DMS-1925263, DMS-2152960,
DMS-2307465, DMS-2307466, and ONR grant N00014-21-1-2891.

Appendix A. Derivation of Lagrangian L. Recall that we introduce Lagrangian L defined as

L(0,0) = L(Toy\, (Toy)0).

We denote pg = Ty, then (Tgﬁ)*é = %. Actually, we can calculate the term % as follows (c.f. proof of

Theorem 3.4 of [39])
Opp _ Ope()

(A1) o~ o0 0 ==V (pg(x) V() 6).

Now the Lagrangian L can be computed as

£(6.6) = L{po, 50 -6)
- % ( RY —V - (ps() V() T0) (=2, (= V - (po(x) V() T0)) dﬁﬂ) — F(po)
- % ( Rd =V (po(2) V() T 0) ¥ 6 dw) — F(po)

1

3 ( y 0TV Uy(2)VUg(z) " Opg(x) da:) — F(po)

%9’%:(9)9‘ ~F(0).

Appendix B. Further discussion on geometric property of the map 7.
Let us recall that 7 is a map defined as

T: T — T*Pg C TP,
(0, p) — (TogA, Y G(0) 'p).

We are going to discuss the condition under which the map 7 preserves the symplectic form. To express our
idea clearly, let us first introduce the symplectic forms on the phase spaces 7*© and T*P.

Let us recall that © is an open subset of R™. It is natural to treat 7*© as a symplectic manifold equipped
with the symplectic form wg whose associated matrix representation is

I,
oo, ],
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That is, we is a bilinear form defined on 7(7*0) such that for any two C! curves {6}, p} }i>0, {67,07 }i>0
starting at the same point (g, po), we is defined as

On the other hand, we can also treat 7*P as a symplectic manifold equipped with the symplectic form
wp whose associated matrix representation is

Id
fbp = [ ~1d ]

. That is, wp is a bilinear form defined on 7 (7*P) such that for any two C* curves {p;, ®}}i>0, {p7, ®?}i>0
both starting at (po, ®g), wp is defined as

wp((pg, Do), (65, 9F)) = /Rd Qupg - G — Dy - 0y Pg .

We may treat both (7*0,we) and (T*P,wp) as symplectic manifolds.

We say a map f : (M,wy) — (NV,wn) preserves the symplectic form if f*wy = wps. Such geometric
property is satisfied by a class of important maps in classical mechanics known as canonical transformations.
For the sake of the completeness of our paper, we will investigate whether 7 used in our method satisfies such
a property.

Let us treat M = O, wy; = we and N = P, wy = wp. In order to calculate 7*wg, we pick two arbitrary
smooth curves {(6%, p')}, {(62%,p%)} on T*O. Suppose the two curves intersect at (#,p) when ¢t = 0. The the
push-forward of vector fields (01,1)1) (i =1,2) via 7 is computed as

(B.1) 7 (01,9") = (=V - (0 Vg 0), W G(O) P + 6" 0p(Wy G(O) 1 )p") € Too9 T Po. i=1,2
Then we compute
wp(r.(0,9"), 7. (6%, 9%))
— [T TGO P dok [ - (G o T (8T T 6(6) ) da

0Ty
[e]
00

— [ V(v 6287 GO) N de - / V(s S o Ty (V670 T (' T G(0) W) da
]Rd

R4

Notice that we replace —V - (py V¥, 6%) by —V - (pg% 0T, *(-) 6%) for the second and the third term above.
Now the first integral equals

617 (/ VU,V py dw) GO) 2 =60"TGO)GO)p =0T p%
R4

Similarly, the fourth term equals 627 pt.
In order to analyze the second and the third term, we focus on the following third-order tensor

(B.2) X0 = / d

Let us denote ¢gp = (G(0) 1 Wy)y, ie., @pr is the k—th component function of G(6)~1W,. Notice that dp
does not really take the derivative of Ty. Then one can verify that for all k, 1 < k < m,

ory T "

@(w) A(V(G(6) " Wg)y) o Ty(x) Q)

k=1

50 @) 0(Veor) o To(w)| =0y |5 (@) V\PeoTo(x)TG(Q)_ll
k=1
(1
62T T oT. T T, m
B 8029(33) Voo, o Ty(x) k_l_ 8700(37) V2<P9,kOT9(x) ;éx) _

(2) (3)
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Let us integrate (1) w.r.t. A, by swapping integration and 0y, it is not hard to verify that the integration of
(1) equals 0, since the integral inside the square brackets equals identity matrix I,,, which is independent of
0. Thus we know that the tensor x(6) is the integration of the sum of terms (2) and (3), i.e.,

1y, ! oTy, T OTy(x
(8.3 w= [ |G VonoTata)+ 2@ PonoTe) ol o
Thus one can verify that
(B4) wP(T*(élapl)aT*(éQapQ)) = élsz - észl - X9(917 927])) - X9(927 élap)'
Here, for any u, v, w € R™, the tensor-vector multiplication is defined as
2
T,
KO v,w) = [ TS0V 60 ) 0 Tulw)
Rd
Ty(z) ' T,
+ 9 géx)u V2(w" G(0) ™1 Wy) o Ty(z) 9 géx)v dA.

By definition of pullback of differential form, we have T’pr((él,pl), (92,]')2)) = wp(Tu (él,pl),n (92,]52)); We
can further verify that Q”p2 — HQ.Tpl. = wo((6L,pY), (6%,p%)). Also, xg is symmetric w.r.t. the first two
components, i.e., xo(01,02,) = x9(6%,01,-); Thus the above calculation (B.4) leads to

(B5) T*wp((él7]51)7 (9.27]52)) = w@((élvpl)v (927p2)) - 2X9(917927p)'

This implies that the symplectic matrix associated with 7*wp takes the following form

—2 D 7Im
(5.6 Q0,p) = | ol b

In most cases, it is not guaranteed that 7 preserves the symplectic form wp since the parametrized push-
forward map Ty may not guarantee that ys = 0.

It is worth mentioning that the preservation of the symplectic form is not the necessary condition for the
convergence of our numerical method: Although our 7 is not guaranteed to preserve the symplectic form, we
still have theoretical guarantees on the numerical accuracy of our method (c.f. Section 3.4).

We end our discussion with two interesting questions that may serve as future research directions.

1. Does there exist a special family of pushforward maps Ty that vanish the tensor xy and thus preserve
the symplectic form?

2. We may recast our PWHF by using the directly pull-backed symplectic matrix £2(6, p), i.e., we consider
the modified PWHF

(0.5)" = 0,p) ' VH(O,p).

Will the above modified PWHF gain better theoretical or numerical properties?
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