arXiv:2303.08950v1 [math.NA] 15 Mar 2023

High order spatial discretization for variational time
implicit schemes: Wasserstein gradient flows and
reaction-diffusion systems

Guosheng Fu®!, Stanley Osher®™?, Wuchen Li®3

@Department of Applied and Computational Mathematics and Statistics, University of
Notre Dame, Notre Dame, IN 46556, USA
b Department of Mathematics, University of California, Los Angeles, Los Angeles, CA
90095, USA
¢Department of Mathematics, University of South Carolina, Columbia, SC 29208, USA

Abstract

We design and compute first-order implicit-in-time variational schemes with
high-order spatial discretization for initial value gradient flows in generalized
optimal transport metric spaces. We first review some examples of gradient
flows in generalized optimal transport spaces from the Onsager principle. We
then use a one-step time relaxation optimization problem for time-implicit
schemes, namely generalized Jordan-Kinderlehrer-Otto schemes. Their mini-
mizing systems satisfy implicit-in-time schemes for initial value gradient flows
with first-order time accuracy. We adopt the first-order optimization scheme
ALG2 (Augmented Lagrangian method) and high-order finite element meth-
ods in spatial discretization to compute the one-step optimization problem.
This allows us to derive the implicit-in-time update of initial value gradient
flows iteratively. We remark that the iteration in ALG2 has a simple-to-
implement point-wise update based on optimal transport and Onsager’s ac-
tivation functions. The proposed method is unconditionally stable for convex
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cases. Numerical examples are presented to demonstrate the effectiveness of
the methods in two-dimensional PDEs, including Wasserstein gradient flows,
Fisher-Kolmogorov-Petrovskii-Piskunov equation, and two and four species
reversible reaction-diffusion systems.

Keywords: High order computation; Entropy dissipation; Metric spaces;
Generalized Jordan—Kinderlehrer—Otto schemes; Wasserstein gradient flows;
Reversible reaction-diffusion systems.

1. Introduction

Dissipative dynamics (gradient flows) are essential models in thermody-
namics, chemistry, materials science, biological swarming, robotics path pan-
ning, and social sciences [19] [60]. Nowadays, they also find vast applications
in designing machine learning optimization algorithms and Markov-Chain-
Monte-Carlo sampling algorithms [2, 5] 20} 27, 28], 43, 46|, [70]. In physics,
dissipative dynamics describe that the systems have maximum efficiency,
in which dynamics follow from the direction in which the (negative) en-
tropy/Lyapunov functional dissipates most rapidly. It turns out that the
dissipative dynamics are gradient flows in suitable metric spaces. Fast, effi-
cient, and accurate dissipative dynamics simulations are one of the central
problems in computational fluid dynamics.

A particular type of gradient flow has been widely studied in optimal
transport, where the metric is known as the Wasserstein-2 metric [3], [69].
Typical examples include gradient drift Fokker-Planck equations, porous me-
dia equations, aggregation-diffusion equations, etc. One property of simulat-
ing gradient flows is that one can design a proximal method for computing
a variational implicit time algorithm. This algorithm is first proposed by
Jordan-Kinderlehrer-Otto (JKO scheme) to compute Wasserstein gradient
flows [33]. Moreover, general gradient flows have been widely studied. They
follow the Onsager principle to design optimal transport-type metric spaces
[27, 139, 55]. Similarly, one can develop variational proximal methods to com-
pute and simulate gradient flow dynamics.

This paper designs high-order spatial discretization in simulating gradi-
ent flow dynamics using variational proximal schemes in generalized opti-
mal transport metric spaces. We formally illustrate the main computational



framework. Consider a reaction-diffusion type equation:

0 =V - (V(p)V5-£(p)) ~ Valp) £ (p). (11)
p op

where p: Q x Ry — R, is a scalar density function, Q@ C R% d = 1,2, is a
spatial domain with periodic or Neumann boundary conditions, V;, V5: € x
R, — R, are positive mobility functions (Onsager activation functions), and
E(p) € R is a Lyapunov functional (energy). We design a variational implicit
time scheme, the linearized JKO scheme [9, [42], to update equation (1.1]) as
below:

" in inf 1/[|ml2+|5|2 dz + £(p) (1.2a)

= argmin in x , 2a
P B om 28t Jo Vi) T Valp) g

where At > 0 is a stepsize and the minimization is over all functions p: 2 —

R, m: Q— R and s: Q — R, subject to the constraint

p—p" '+ V-m=s, on . (1.2b)

We use time rescaling of (m, s) in the constraint (L.2D]). We then compute
variational problem iteratively to find the sequence p", n = 1,2,---.
This sequence forms an implicit update for gradient flow dynamic , which
is first-order in time:
= G Ve () - a(r) (o) + O(A
-Vl )V% (r")) = Valp )(5—/) (r") + O(A?).
When Vj, V5, is concave in term of p, and £ is a convex functional, then the
proposed method is unconditionally stable, meaning that we can take large
time steps.
Our framework also works for reversible reaction-diffusion systems with
detailed balance [55 B0, 48]. We illustrate the main idea for a simple 2-
component reversible reaction-diffusion system: Let X, X5 be two species

k
with a single reversible reaction X; = Xo, with k_,ky > 0. Let p; and py
k_
be the respective densities of X; and X5. This leads to the following PDE
system [55, [61]:

Op1 — MAp = — (kerl - k—ﬂ2)a
Oip2 — 12Apa = (kyp1 — k_pa2),



with positive diffusion rates 1,7, > 0. By introducing the following mobility
functions,

kipy —k_p
Via(pr) =mp1, Viglp2) = 12p2,  Valpr, p2) = log(km;?l; — log(jf p2)

and the energies

o) = [ prlog(hopy) 1) dz, Eapn) = [ pallog(h-pn) = 1)da,

the above PDE system can be recast into the following system version of the
form (1.1):

D1 — V- (v1,1<p1>v%—‘3<p1>) Valpr. o) (i—‘zl(pl) - ‘;—‘f@g)) . (13a)

s =V - (vl,2<p2>vf5—if<p2>> T Valpr. p2) (i—fw - %—5;([)2)) . (1.3b)

which can then be discretized using a similar variational time implicit scheme
as . Here the system is called a strongly reversible reaction-diffusion
system when k, = k_ > 0, is called a reversible reaction-diffusion system
with detailed balance when we allow the two positive reaction rates to be
different k. # k_ > 0, and is called an irreversible reaction-diffusion sys-
tem when the backward reaction rate is zero k_ = 0; see more detailed in
[30), 48, 55]. Our framework does not directly work for irreversible reaction-
diffusion systems as they do not satisfy an energy dissipation law and can
not be formulated back to the form . However, we can approximate an
irreversible reaction-diffusion system using a reversible one by using a very
small backward reaction rate (see, e.g., [44]), and then solve the reversible
system using our formulation.

This paper adopts the augmented Lagrangian (ALG2) optimization method
with high-order spatial finite element discretizations to solve the variational
problem . Using finite element spatial discretization, we also develop a
point-wise update in the optimization step of computing variational problem
(1.2). In this sense, we obtain a high-order spatial discretization scheme in
finding the ground state, which is the minimizer of functional £. In this
iterative procedure, assuming that the optimization step finds a global min-
imizer, the Lyapunov functional £ is guaranteed to decay for any large time
step sizes.



Computational optimal transport and mean field control/games have
been widely investigated in [1I, 4. 6, 52, 58, 63, [66]. For example, generalized
JKO schemes of Wasserstein gradient flows with first-order time accuracy
have been studied in [9, 12, 26, 42| [48]. Semi-discretizations of JKO-type
schemes have been used in [I6]. The Lagrangian type JKO schemes have
been investigated in [13, 14, [51]. It is also worth mentioning that there are
methods for high-order time discretizations of gradient flows [31]. Meanwhile,
generalized optimal transport metric spaces have recently been introduced
in [I1], 18, 22 54, B5]. Study of conservative and dissipative operators in
non-equilibrium thermodynamics [56], 57, [72] is an active research area. How-
ever, there are limited JKO-type computational results for reaction-diffusion
systems. We specifically mention the recently introduced variational oper-
ator splitting schemes [48] [49 50] for reversible reaction diffusion systems
using the energetic variational framework [29, 47]. We note that gener-
alized JKO schemes are examples of mean field control (MFC) problems
[6, 35], which design optimal control/optimization problems for general ini-
tial value evolutionary equations not limited to gradient flows. Computation
and modeling studies of MFCs have been conducted in controlling reaction-
diffusion equations [39] and conservation laws [40, 41] with applications in
pandemics modeling [37, [38]. Compared to the above approaches, we apply
high-order spatial schemes in computing generalized JKO schemes towards
initial value gradient flows. We adopt the first-order optimization method,
the augmented Lagrangian method (ALG2), to implement the variational
time implicit schemes for two and four species-reversible reaction-diffusion
systems.

This paper is organized as follows. We review some concepts of gradi-
ent flows, time implicit schemes, and their first-order optimization methods
ALG2 in section 2] Several examples of dynamics, including Wasserstein gra-
dient flows, Fisher-Kolmogorov-Petrovskii-Piskunov (KPP) equation, and
reversible reaction-diffusion systems, are presented in section [3] We then
present a high-order finite element method and derive all implementation
details of the optimization algorithm ALG2 in section ] Numerical exam-
ples are presented for two-dimensional Wasserstein gradient flows of linear,
interaction, and potential energies, Fisher-KPP equation, and reversible two
and four-species reaction-diffusion systems in section



2. Optimal transport type gradient flows, generalized time implicit
schemes, and first-order optimization methods

This section reviews generalized gradient flows and their variational im-
plicit schemes in metric spaces. We also discuss a one-step time discretization
relaxation of variational implicit schemes for generalized gradient flows. En-
tropy dissipation properties of variational implicit schemes are introduced.
We then present the augmented Lagrangian method (ALG2) as the optimiza-
tion solver to compute the variational implicit schemes.

2.1. Optimal transport type gradient flows

In this subsection, we formally review generalized optimal transport gra-
dient flows [14] 22| 55]. This is known as the Onsager gradient flow [19].
We next discuss a class of variational schemes to compute implicit-in-time
solutions of gradient flows.

2.1.1. Gradient flows and entropy dissipations
Consider an initial value equation

dupla,t) =V <m<p<x,t>>v§ps<p><x,t>> Vil ) E(p)(t), £ € [0,00)

op
p(x,0) = p°(z).
(2.1)

Here z € Q C R%, Q is a spatial domain with periodic boundary condition or
Neumann boundary condition (detailed in later sections), p: Q@ x Ry — R is
a scalar non-negative density function satisfying

p(-,t) e M = {p: Q— R:p(x,t) > 0},

for any time ¢, £: M — R is an energy functional, Vi,V5: R — R, are
positive mobility functions, 5% is the first variation operator in L? space, and
p’ € M is an initial condition. Equation forms a class of equations,
including Wasserstein gradient flows and the Fisher-KPP equation [64] 23]
34]. Detailed examples of V;, V5, and £ are provided in the next section,
where we also discuss the extension of to reaction-diffusion systems.
Equation is purely dissipative. Denote p(-,t) as the solution of the

PDE (22.1)), then the energy functional £ is a Lyapunov functional. In other



words, the first-time derivative of the energy functional £ is nonnegative,
satisfying

d

ZEG(, 1)

—— [ 1955w 0PV ot ) + | o) 0PVa(ol, )] e <0
(2.2)

where we use the fact that Vi(p) > 0, and V2(p) > 0 in the above inequality.

2.1.2. Metric operators and Distances

The dissipation of the energy functional also induces a metric function in
space M, which further defines distances between two densities p°, p* € M.
This distance designs an implicit time variational problem for computing the
gradient flow in metric spaces. See details among optimal transport type
gradient flows, distances, and mean-field control problems in [3], 39, 55].

We directly present generalized optimal transport type distances and the
time implicit schemes below for simplicity of discussion.
Definition: Distance functional. Define a distance functional Disty, v, : M X
M — R, as below. Consider the following optimal control problem:

DiStV1,V2 (p07 01)2

=t [ [ ) + et ) PVt o
(2.3a)

where the infimum is taken among p: Qx[0,1] — R, v, v5: 2% [0,1] — RY,
such that p satisfies a reaction-diffusion type equation with drift vector field
vy, drift mobility Vj, reaction rate vy, reaction mobility V5, connecting initial
and terminal densities p°, p':

an(l‘, T) + V- (‘/1(/)(1‘7 T))Ul(va)) = ‘/Q(p(x,T))UQ(I, T)? T E [07 1}7
p(x,0) = p°(x), p(x,1) = p'(x).

(2.3b)

Variational problem (2.3 is a generalized Benamou-Brenier formula [5],

where they consider Vi(p) = p, Va(p) = 0. One common practice is the



following change of variable formula, which leads to a linear constraint op-
timization problem. Denote a moment vector function m: Q x [0,1] — R?
and a source function s: Q x [0, 1] — R, such that

m(z,7) = Vilp(z,7))ui(z,7), sz, 7) = Valp(z,7))va(2, 7).

Using variables m, s, variational problem ({2.3)) satisfies

Disty, v, (0%, p')? 1= plgfs / / ||m z,7) ||2 Vlj((( )lj)]dm’dﬂ

such that
8Tp(x,7)+V~m(a:,7') :3(x77—>7 p(SL’,O) ::00(37)7 p(x,l) :pl(‘r)'

2.1.3. Variational time implicit schemes and properties

We next design a variational implicit-in-time scheme to update gradient
flow ([2.1)) iteratively.
Definition: Variational time implicit scheme. Denote At > 0 as a time step
size. Consider the scheme below:

1
pr=argmin o Disty v, (0", p)" + £(p), (2.4)
where Disty, v, (p" !, p)? is the distance functional defined in ([2.3) between
current density p and previous step density p"~!. After suitable time rescal-
ing, one can show that the minimization scheme ({2.4]) requires solving the
following optimal control problem:

At 2 2
inf 1/ [ [miz, 7l + sz, 7) ]dxdr +E(pat);
0

isms 2y Lo o)) * Vil 1) (2.50)
=ﬁDiS‘EV;rVQ (p"=1,p)?
such that
O-p(x,7)+V -m(z,7) =s(z,7), 7€][0,At], (2.5b)
p(x,0) = p" H(x), pla,At) = pacl). (2.5¢)

The next step solution p” is the density minimizer of (2.5)):
p"(x) = pae(z).

8



We demonstrate that the variational scheme ([2.4)) is a first-order accurate
implicit in time scheme, i.e.,

n_ -1
C— =V (V)5 = V) 8 ) + Ol
Proof. We write the minimization system of variational problem (2.5)). De-
note ®(x,7) € R, 7 € [0,At], as the Lagrange multiplier. The optimal
condition of variational problem satisfies the following saddle point
problem:

inf  sup L(pae, p,m, s, D), (2.6)

PALPITLS P

where

A ||m$ 7) ||2 |s(@, 7)[?
L(pat, p,m, s, ®) / / Vg( @, ))]d$d7+5(/0m)

+ /OAIt /Q d(z,7) 8Tp(x, )+ V- -m(z,7) — s(x,T))dxdT

We note that from integration by parts,

At At
/ /CID(x,T)E)Tp(x,T)dxdT: —/ /8T®(x,7)p(x77)dxd7'
o Jo o Jo

—I—/Q(I)(x,At)pAt(a:)daz—[)@(w,())p"_l(a:)dx.

By computing the saddle point of (2.6)), we derive

(0 ( 2 2
—L=0, ifp>0 [m[* \8\ 8 .
’ - d=0, if p>0,
—L=0, T _ve=0
55m Vi(p) ’
—L =0, = % _$—0
55’ Va(p) ’
—L = O-p+V-m=s,
0P 5
0 . _ O (2, At) + —E(par) = 0.
\ (5/)At£ =0 \ 0pa




Thus we obtain a minimization system:

an(ZL’,T) +V- (Vl(p(.l’,T))v(D(ZE,T)) = Vv?(p(xﬂ_))q)(xﬂ—),

p(0,2) = " H(z),  Bla, At) = —%ap)(x),

where @ satisfies the Hamilton-Jacobi-type equation when p(x,7) > 0, such
that

1
0-0(z,7) + 5 [IV(z, TPV (p(x, 7)) + |®(x, 7) V3 (p(a, 7)) = 0.
We approximate the equation of p(z,7) at 7 = At:

ple, At) =p(w,0) — AL|V - (Vi(plz, 7))V ®(x, 7)) = Valp(w, 7)) @(2,7)]| lrmae + 0l A1)

—p(a.0) + B[V - V(0" (2) S8 ) = Valo () 55" @)] + A1),
where we denote p™(z) = p(x, At). This finishes the proof. O

In fact, for first-order implicit time accuracy, one can use the one-step
approximated minimization scheme. In other words, we only use a local time
approximation of distance functional to compute the implicit time scheme.
Definition: One-step relazation of variational time implicit scheme. Con-

sider
L[ Im@IE | s
A Ao GG

~~

~_1 : —
"’leStvl ,Vo (pvpn 1)2

where the minimization is over all functions m: Q — R? s: Q — R, and
p: 2 — Ry, such that

p(z) — p" N x) + V- m(z) = s(z). (2.7b)

Denote the next step solution p™ as the density minimizer of (2.7)).
We also demonstrate that the variational scheme (2.7 forms a first-order
implicit time scheme for the PDE ([2.1)).

Proof. The proof is similar to the one in (2.5)). Denote ®(z) as the Lagrange
multiplier. The optimal condition of the variational problem ({2.7]) satisfies
the following saddle point problem:

inf sup L(p, m, s, D),
PSS
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where

1 m@F | @
Clom @) =g [ [FOES + o)+ A0

+ [ 0@ (pla) = @)+ 9 i) = s(0))

By computing saddle point of the above system, we derive

)
5 / 2 2
—L=0 [mll* <, [sI® 0
: _ V(p) + VI(p)| + At—E(p) + @ = 0,
—L =0, SRR v
4 557” = < Vi(p) ’
_E - 07 5 — (I) = O
55‘ Va(p) ’
55£=0 L=+ Vom=s
One can check that ¢ = —Ataipé'(p) + o(At). Thus
-1
P =p" 0 0
— =V -(Vi(p")=E(p")) — Va(p™)—E(p") + O(Al).
A = V- R () = Val) (") + 01
Here p" = p is the density minimizer. This finishes the proof. O]

We remark that solving the variational problem is simpler than op-
timizing , since only involves a local time distance approximation;
see [42 [9]. We also present some properties of the implicit variational scheme
(2.7). The algorithm satisfies the entropy dissipation property for any step
size At > 0.

Proposition 2.1 (Time implicit scheme entropy dissipation). Denote the so-
lution {p" }nen solving the variational implicit scheme (2.7). For any stepsize
At > 0, we have

E(p") < E(PY),  forneNy.
Proof. Denote the objective functional (2.7a]) as

1 @, s,
Fio.m5) = 557 | [y * o) €@ ©9

11




Since (p"~',m = 0,s = 0) is a feasible point satisfying the constraint (2.7b]),
and (p™, m*,s*) is an optimal solution of , we have

E(p") < F(p".m*, s*) < F(p"1,0,0) = E(p" ),

where we use the fact that

e g N lm*(@)[* _1s"(x)]? n
F(p",m*,s*)=E(p") + 2At/Q [Vl(p”(:c)) + VQ(p”(x))]deg(p ).

We finish the proof. n

We also remark that there are issues of convexity in computing minimizers
of the variational problem . If V; and V5 are concave w.r.t. p, then
the minimization problem is always convex for any positive step size
At. In general, this fact may be lost for general mobility functions V; and
V5. In computations, we still apply the first-order optimization algorithm to
compute the variational problem (2.7)), where we suggest a small stepsize At
in the iterative update.

2.2. The abstract ALG2 algorithm

In this subsection, we formulate saddle point problems to calculate the
variational time implicit schemes (2.7); see also [24} [5].

We present the general form of the augmented Lagrangian (ALG2) algo-
rithm [24] for the following saddle point system:

i%f sgp F(u) — G(®) — (u,DP)q, (2.9)

where D(®) is a linear differential operator for ®, and (-, -)q stands for the
L2-inner product on the domain €. For the problem (2.7)), we choose

u:<p7m78)7

—l M ﬁ T — n—1 T
F(u)_Q/Q[Vl(p)+V2(p) dr + AtE(p),  G(®) /ﬂp b dz,

and

DO = (—d, VO, D).

12



The algorithm starts with the dual formulation of the saddle-point prob-
lem ([2.9):

sup qi)nf* F*(u*) + G(®) + (u,DP — u”)q, (2.10)

u

where F*(u*) = sup,, (v, u*)q — F'(u) is the Legendre transform. The saddle
point of the above system is equivalent to the saddle point of the following
augmented Lagrangian form:

sup inf L, (®,u,u"), (2.11)

v Qu

where the augmented Lagrangian
Lo(®,u,u’) = F*(u*) + G(®) + (u, DD — u*)q + g(DCD —u, DO — u)g,

in which r is a positive parameter.
The ALG2 solves the optimization problem ({2.11)) in a splitting fashion.
One iteration contains the following three steps.

Algorithm 1 One iteration of ALG2 algorithm for variational implicit
scheme ([2.11]).
e Step A: update ®. Minimize L,.(®,u,u*) with respect to the first argu-
ment by solving the elliptic problem: Find ®‘ such that it solves

igf Lo(®, u™ ush).

e Step B: update u*. Minimize L,(®,u, u*) with respect to the last argu-
ment by solving the nonlinear problem: Find w** such that it solves

inf Lo (O u'~t ur).

e Step C: update w. This is a simple pointwise update for the Lagrange
multiplier w :

u' =u" £ (DO — uth). (2.12)

We note that the key success of the ALG2 algorithm [1] is that Step A
is a simple linear reaction-diffusion equation solve, while the nonlinear Step

13



B can be efficiently solved in a point-wise fashion, provided a good spatial
discretization is used for the discretization variables; see Algorithm [2] below.
We note that for the system case, further splitting in Step A/B for each
component calculation will be applied to further save the computational cost;
see Algorithm [3] below. We will present details of the implementation in
Section [4] where the high-order spatial discretization is introduced. The error
in the Lagrange multipliers in two consecutive iterations u’ — u‘~! can be
used to monitor the convergence of the ALG2 algorithm. Typically, a couple
of hundred ALG iterations is sufficient for time accuracy. We take 200 ALG

iterations in all our numerical results reported in Section [o]

3. Examples: Wasserstein gradient flow, reaction-diffusion equa-
tions, and reversible reaction-diffusion systems

This section presents examples of dissipative dynamic systems that fit
in the framework of the previous section: Wasserstein gradient flows, scalar
reaction-diffusion equations, and reversible reaction-diffusion systems.

3.1. Wasserestein gradient flow

We consider the following L2-Wasserstein gradient flow for a time-dependent
probability density p: Q2 x R, — Ry on a domain Q C R,

o= <pv5ip8<p>) , (3.1

subject to Neumann boundary conditions. Typically, the energy functional
E(p) takes the following form

1
5@):14{aﬁdp@»+wm®V@)+§UV*pX@P@4d% (3.2)
where a > 0 is the diffusion coefficient, U,,(p) is the diffusion term with

Un(p) = {plog(p) if m=1,

m

L ifm>1,

m—1

pV is the drift term with drift potential V', and %(W % p)p is the aggregation
term with the convolution

(W # p)(z) == / W(x — y)oly) dy,
14



in which W (-) is the symmetric interaction kernel. Its variational derivative
is
)

555 = aly,(p) +V + W p. (3.3)

The equation ([3.1]) is mass conserving, positivity preserving, and satisfies the
energy dissipation law with Vi(p) = p and Va(p) = 0.

This model is a special case of with Vi(p) = p, Va(p) = 0, and energy
functional £ in (3.2). The corresponding one-step variational time implicit

scheme (2.7 is

: L[ m@)]?
inf 2At/Q 0) dz + E(p), (3.4a)

p,m

where the minimization is over all functions m: Q — R? and p: Q — R,
such that
p(z) — p" H(z) +V -m(x) = 0. (3.4Db)
The next step solution p™ is the density minimizer of ([2.7)), i.e., p"(z) = p(x).
Here the first term in is the one-step relaxation approximation of the
classical Wasserstein distance in Benamou-Brenier’s dynamic formulation [5],
i.e., the distance in (2.3) with Vi(p) = p and V5(p) = 0. We note that such
approximation was originally used in [42], 9].
This problem is equivalent to finding the saddle point of in which

u = (p,m),

2
F(U)z/md:erAtﬁ(p), G(®) :/p“@dx,
a 2p 9

and D® = (—®, V®), which can be solved using ALG2 Algorithm [1| after a

spatial discretization is used; see Section [4]

3.2. Dissipative reaction-diffusion equation

Adding a reaction term of form —‘/2(/))%5 with a non-negative mobility
function V,(p) > 0 to the PDE (3.1]), we get the following reaction-diffusion
equation:

) 0E
Op=V - (pV%é) - Vz(P)%’ (3.5)

15



which is again a special case of (2.1)), with Vi(p) = p, and a general non-
negative function V5(p). Hence, the corresponding one-step variational time

implicit scheme ([2.7)) is

: 1 [m@@)|* | s(2)
i SAr /Q{ o) )T Ew) (3.6a)

where the minimization is over all functions m: Q — R? s: Q — R, and
p: 2 — Ry, such that

pla) = o' () + V- m() = s(a). (3.6b)

This is the saddle point of (2.9)) in which u = (p, m, s),

F(u) = / [”m”Q s ]d:c FAE(p), G®) = / Pl dr
al 20 2W(p) ’ Q 7

and DO = (—P, VO, D).

We will postpone the introduction of a model with a more general Vi (p) #
p to Section [3.4.1] where a two-component reversible reaction-diffusion sys-
tem with detailed balance is discussed.

Below we list three choices of V5(p) along with their corresponding ener-
gies that will be used in our numerical experiments:

(i) Va(p) = c¢p” where ¢ > 0 and v € R, with a general £(p) given in
(3.2). Here v = 1 corresponds to the Wasserstein-Fisher-Rao metrics
used in [17,45], and v = 0 is related to unnormalized optimal transport
[36]. Both cases lead to a convex optimization problem ({3.6) when the
energy is convex; see Remark below.

(i) Va(p) = Cﬂ% where ¢ > 0 with a general £(p) given in (3.2). This

choice also leads to a convex optimization problem for a convex energy.

(iii) Va(p) = 22U with energy £(p) = Jo ap(x)(log(p) — 1)dx, where

alog(p)’
a > 0. This model is the following Fisher-KPP equation; see [39]
Example 7]:
dp
5~V (@Vp)=p(l—p). (3.7)

It, however, does not lead to a convex optimization problem.

16



3.8. Strongly reversible reaction-diffusion systems

Our next model deals with the system of strongly reversible reaction-
diffusion equations [55]. We consider M different chemical species X7, ..., Xy
reacting according to R mass-action laws:

kp
AT Xy - Xy = BIX - B X, (3.8)
kZ
Wherep =1,---, Ris the number of possible reactions, a? = (of,--- ,of,), B =
By, Bp ) = Né” are the vectors of the stoichiometric coefficients, and

kﬁ, kP are the positive forward and backward reaction rates. For simplicity,
we restrict ourselves to the strongly reversible case where k¥ = k¥ = kP > 0
in this subsection. The more general case of reversible reaction-diffusion sys-
tems with detailed balance that allows k% # k” > 0 will be discussed in the
next subsection.

Combining the mass-action laws (3.8)) with (independent) isotropic linear
diffusion with energy &(p;) = [, pi(log(p;) — 1)dx for each density p; of
species X;, we get the following reaction-diffusion system:

)
L _ _ PP
op;i — V - (%pzvé Ei(pi ) = g kP (o 7)), (3.9)

for 1 < i < M, where p = (p1,--+,pnm) and the multi-index notation
p

p* = Hf\il p;* is used. Here the potential %&(pi) = log(p;) is simply

the logarithm.

Next, we recast the above system (3.9) back to a system version of the
general dissipative form (2.1]) using appropriate mobility functions. We in-
troduce the following function; see [55]:

—Y_—  forx #£y
log(x)—lo ’

. y) = g(z)—log(y) (3.10)
Y for x =y,

and denote the following mobility functions:

Vii(pi) = vips, Vl <i< M, (3.11a)
Vou(p) =k L (p™,p%), VI<p<R (3.11b)



Using these notations, it can be shown that (3.9)) is equivalent to
4]
Opi =V - W,i(ﬂi)vg&(ﬂi)
R M
=D Vaplp)f = B1) Y (o —ﬁ” Elpr).  (312)
p=1 7j=1

It is now clear that the above system is purely dissipative as for the scalar
case (2.1). That is, the first-time derivative of the total energy functional is
nonnegative and satisfies

%;&me = —Z / HV%&-(p)i(x,t>u2v1,i<pi> da
i 2 (3.13)

)
Vap(p)da.

5,05 (pz>

As in the scalar case in Definition we consider an optimal transport
type distance:

|| B :
Disty; 1, (0", p*) :plglfs //(22: pz:‘/Zp<p) dxdr :

O;p;i +V - -m; = ZR (o — Bi)sp,V1§i§M}

p=1
1

p(,0)=p% p(,1)=p"

Y

where m = (myq,--- ,my;) is the collection of fluxes, and s = (sq,- -, sg) is
the collection of sources. Using this distance, the variational time implicit
scheme is defined as follows (compare Definition for the scalar case).
Definition: Variational time implicit scheme for system . Denote
At > 0 as a time step size. Consider the scheme below:

1
"= 1 —D. t n—1 2 gl i) 314
pr=arg min - oroDistyn(p", ) +Z ) (3.14)

Its one-step relaxation is given as follows, which is the starting point of
our spatial discretization to be discussed in the next section.

18



Definition: One-step relaxation of variational time implicit schemes for
system (3.12)). Consider
I,

| Im / |sp|| £
nf o (Z/Vupz +Z Voo +ZZI&(/)@)7 (3.15a)

where the minimization is over all functions m: Q — [RYM s: Q — [R]%,
and p: Q — [R, ], such that

R
pi(z) — p N (x) + V - my(z) = Z(af — B)sp(x), V1I<i< M. (3.15b)
p=1
The next step solution p" is the density minimizer of (3.15)). It is the saddle
point of (2.9)) in which

U = (pla'“ y PM s T, = 3 T, STy 0 7SR)7(I) = ((pla"' 7q)M)7
Lo~ [ dmidl® S sl - 1
Flu) = — ~—dx + / Pldr |, G(®)= /p?_ ®; du,
2At 121 o Vii(p) Zl o Vap(p) ; 0
and
D = (—Py, ,— D, VOPq, , VO, ,
M M
Z(azl - /87,1>(bl77 : 7Z(azR - 511%)@1)
=1 =1

3.4. Reversible reaction-diffusion system with detailed balance

Note that the Strongly reversible reaction-diffusion system (|3.12)) uses the
same energy & (p;) = [, pi(log(p;) — 1) da for all species. By simply relaxing
this requirement and rescale the energy as

Ep) = / pillog(rips) — 1) do, (3.16)

with k; > 0 being a positive constant to be determined by the reaction
rates k%, we will recover reversible reaction-diffusion systems with detailed
balance; see [30] 48|, 49, [50]. For the above choice of energy, there holds

1)
@&-(pi) = log(kipi).

Below we give two specific examples that will be used in the numerical results
section.
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3.4.1. A two species model
We consider two species X7, Xy with a single reversible reaction

k+
Xl + 2X2 = 3X27
k_

with k_, k, > 0. Denoting the following coefficients and mobility functions,

K1 = k?+, Rog = k_ (317&)
Vii(er) = np)™ Via(pz) = 1202, (3.17h)
Va(p1, p2) = €(R1p1p3, Kaps), (3.17c)

with £(-,-) given in (3.10)), 71,72 > 0, m > 1, and using the energy (3.16)),
the system (3.12)) written in component-wise notation is given as follows:

1 =V - (m,l<pl>V%<pl>) —Valpr, o) (i—‘?m) - %P?)) . (3.184)

dpr =V - (vl,g(m)v%—i?(m)) - Va(pr, p) (‘55—‘;1@1) - 55—5:(@)) - (3.18b)

This is the following two-component reversible reaction-diffusion system stud-
ied in [48, [49], which has potential applications in modeling tumor growth
(see [53] [62]):

M A m
Opr = — A7 = — (keprpy = k- pb),
Oepa — 12Ap2 = (MPlP% - k—Pg)-
3.4.2. A reversible four-component Gray-Scott model
Our final example is the reversible four-component Gray-Scott model orig-

inally proposed in [44] and numerically studied in [49]. We consider four
species X1, Xo, X3, X4 with three reversible reactions

3

kL k2 k3
X1 +2Xy = 3X,, Xo— X3, Xij — X4

The reaction-diffusion system that combines these reactions with linear diffu-
sion (with M = 4, R = 3) can be written into the form (3.12)) by the following
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specific choices of k-values, and mobility functions V;; and V5 :
kL kL k2 k3
S MTE MU
Vii(pr) = mp1, Via(pe) =ep2, Vis(ps) = Via(ps) =0, (3.19b)
kipips — kL p3

R1 = 1, K9

(3.19a)

Var(p) = (kL p™ kL p"') = : 3.19¢
271(p) ( -|—p p ) log(ﬁlpl) _ log(/f2p2) ( )
Vaalp) = (k3 p™" k2 p™") = Kipa = Ko (3.19d)
> A log(kapa) — log(kaps)’ '

/{?3 _ /C3
Vaa(p) = Lk p*' K2 p") = L (3.19)

log(k1p1) — log(kaps)

For completeness, we write down the PDE system (3.12) with the above
choice of parameters using a standard component-wise notation in the fol-
lowing;:

Oipr = nApy — (ki p1ps — kLp3) — (K p1 — K2 pa), (3.20a)
Dup2 = Yo lp2 + (kip1ps — kLps) — (K2 p2 — k2 ps), (3.20b)
Oip3 = (k’ipz — k% ps), (3.20¢)
Ops = (kim — kim)- (3.20d)

This is the reversible Gray-Scott model proposed in [44] to approximate the
following two-component irreversible Gray-Scott model [32]:

Opr = nAp1 — kipips — kL (p1 — 1), (3.21a)
Oipa = V2 Apy + kimpg — k‘ipz, (3.21Db)

which can form spatially complex patterns [59], and is widely used to study
pattern formations. We comment that by requiring

KLps~0, Kpi~kd, and k%py =0, (3.22)

the reversible Gray-Scott model formally converges to the irreversible
Gray-Scott model (3.21]). We refer interested readers to [44] for a theoretical
study. Formally, the conditions can be achieved by taking very small
backward reaction rates sl ,x%,x% < 1, and using initial value for p, such

Kl3 . . .
that py = = > 1. As a side note, we mention that spatially complex
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patterns were not observed in the numerical results [49] Example 4.3], which
uses a second-order operator splitting scheme via an energetic variational
formulation. We found that the reason for no pattern formation in the test
case in [49] was due to inappropriate choices of a too large backward reaction
rate k2 and the initial condition. With a more careful choice of diffusion
coefficients, reaction rates, and initial conditions, we numerically observe
complex pattern formations in both 1D and 2D reversible Gray-Scott models;
see our simulation results in Section (.6l

4. High-order spatial discretization for generalized time implicit
schemes

In this section, we first apply high-order spatial discretization to the time
implicit schemes , and their system version ([3.15]), and then discuss
the practical implementation of each step of the ALG2 Algorithm [I We
restrict ourselves to the two-dimensional setting with a rectangular domain
2, which is triangulated using a uniform rectangular mesh 7, = {T'}. While
our method can work on general unstructured triangular meshes, see [25], the
restriction to uniform rectangular meshes has a huge advantage in computing
the convolution term in the energy , where the Fast Fourier transform
can be applied.

4.1. The finite element spaces and notation

The spatial discretization is adopted from our previous work on high-
order schemes for optimal transport and mean field games [25]. Specifically,
the high-order H'-conforming finite element space

ViE={ve H(Q): vlp € Q¥T) VT € T3}, (4.1)

is used to approximate the ® variable, and the high-order L?-conforming
discontinuous polynomial space,

Wi ={we L*Q): w|lr € QYT) VT € Ty}, (4.2)

is used to approximate the other variables where derivative information is
not needed. Here Q%(T) is the space of tensor-product polynomial spaces of
degree no greater than k > 1 in each direction. We equip the space W} with
a set of nodal basis {@;}2" C W} that satisfies

wi(&) = dij, V1 <j < Ny, (4.3)
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where Ny is the dimension of the space WF, §;; is the Kronecker delta
function, and {&} is the collection of Ny Gauss-Legendre integration
points with corresponding weights {w;}*" on the mesh 75. For the current
work, only evaluation on quadrature points for functions in W} is needed
in the algorithm, not their derivatives. Hence, given a function u, € W}
expressed as u, = Zfivl" u;i(x), we simply need to store and update its
coefficient vector [u;, -« ,un,, |7, which makes its practical implementation
extremely simple. Moreover, we denote the discrete L?(§2)-inner product
(-, )n as
Nw
(u,v)p == Zu(fz‘)v(fz‘)wu (4.4)
i=1

we have (up,vp)n = Zfi”l’ uiviw;. for any function u; = Zfivl" u;pi(z) € Wk

and vy, = ST v, 0,(x) € WP,

4.2. High-order FEM for the reaction diffusion equation
Since the variation time implicit scheme for the Wasserstein gradient flow
problem ({3.4)) is a special case for the reaction-diffusion problem (3.6) with
no reaction Va(p) = 0. We only present the high-order spatial discretization
for (3.6). We first write the discrete saddle point problem in its augmented
Lagrangian form (2.11)): given mesh 7}, polynomial degree k > 1, time step
size At > 0 and density approximation p$'¢ at the previous time step, find
uy, u) € [WE and @), € V¥, such that
inf sup Ly (®p, up, uy), (4.5)
weWilt @, cvkur c[wk)4
where uy, = (pp, mY, m}, sp) is the collection of density py, (two-dimensional)
flux my, = (m9, m}), and source term s, ul = (pi, my*, my*, s%) is its dual,
and the discrete augmented Lagrangian is

th(q)h, U, ’U,Z) = F;:('U,Z) —+ Gh<(1)h) + ('U,h, beh — ’U,;L)h

+ g(mh —ul, DDy — ul). (4.6)
Here (-, ), is the volume integration rule given in (4.4]), the operators
D(I)h = (—@h,amocbh,@wl(bh,q)h), (47)
Gn(®n) := (07", Pn)n, :
Fy(up) == sup (up, up)n — Fi(un), (4.9)
uhG[W,’f}‘l
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where (0,,,0,,) = V is the gradient, and Fj, is given as

[ ? + |y |? Sh )
Fy(up) = + 1)+ AtE(on), 4.10
) o= (P 8t) At @0
in which the discrete total energy
1
Enlpn) = (@Un(pn) + prV (@), 1)y, + 5 (W o, i)y, (4.11)

for energy of the form (3.2). We note that when the interaction kernel W (z) is
smooth, the convolution term W x p;, in the above expression can be simply
evaluated using the same integration rule . On the other hand, for
singular kernels with W (0) = £o0, we shall use alternative integration rules
to avoid the evaluation of W (0) when evaluating this convolution term.

Note that a similar formulation can be used for the more general case
for the equation where the denominator in the first term in (4.10))
is replaced by a general mobility function Vi(py).

Remark 4.1 (On polynomial degree for ®;, and wy). We note that in our
previous work [25], the polynomial degree for the discontinuous functions wy,
associated with the integration rule space W} is taken to be one order lower
than that for the the continuous function ®,. Here we find that increasing
the integration rule space order to be the same as the continuous space V¥
leads to a more accurate result. Hence we use equal order approrimations for
all our numerical results.

We next provide a practical implementation of each step of the ALG2
Algorithm [I] for solving the saddle point problem.

4.2.1. Step A: scalar case
Taking infinium of L, ; with respect to ®;, we arrive at a constant coef-
ficient reaction-diffusion equation: find ®% € V}* such that

R 1,
(DL, D), = (up' ™ — ;ufl LD, — ;(phld, U)n, VU, € VE
(4.12)

Using the definition in (4.7), we write the above equation using physical
variables:

/—1 /-1 old

*,0— *,0— — S -
2(®h, Wy + (VO V), = (sp 7 — pr ' + i ;ﬁ £h Un)n




This symmetric positive definite linear system can be efficiently solved using,
e.g., a multigrid algorithm [8], [71].

4.2.2. Step B/C: scalar case
The next step is to take infinium of L, ; with respect to u;. Find ’u,;;’g €
[WF]4, such that it solves

: * * — * r * *
argmin Fy(uy) — (wy, ™, up )y + §(D(I)i — uy,, DO}, — ).
uZG[W}’f]‘l

Without loss of generality, we abuse the notation and denote D®! as its
interpolation onto the space [W}]%. We further denote

1
wy, = Do) 4+ —ul T e Wi (4.13)
r
Then the above minimization problem is equivalent to
. * * r * — * —
argmin Iy (uy,) + =(u) — @p, u) — Up ). (4.14)
* k14 2
uj (W]

After this minimizer is computed, the last step is to update the Lagrangian

multiplier u} according to (2.12)):

uf = ul (DB — i) = (@, —u)) € W), (4.15)

where we used the definition in the last step.

Due to the complicated form of the energy (3.2)), it might be challenging
to compute an explicit expression of the convex conjugate Fy(u}). Here we
present a practical way to solve the minimization problem (4.14) without
explicitly computing this convex conjugate using duality. The main idea is
presented in the next result.

Proposition 4.1. Let u}* € [WH?* be the minimizer to the problem ([&.14),
and let ul, be given according to (4.15). Then, wu} is the minimizer to the
following problem

’U,fb = argmin Fh(uh) + ﬂ(uh - Tﬁh, un — T’ﬂh)h, (416)

up WS4

which we refer to as the dual problem of (4.14)). Furthermore, there holds

14

wyt =y, — up /7. (4.17)
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Proof. The equation 41( ) is a simple rewriting of (4.15]). Let us now prove
(4.16]). By definition , we have u;g is part of the saddle point solution

. * r * — * —
inf sup  (up, up)p — Fp(up) + =(u); — @p, uj, — @p)p. (4.18)
u} €Wk up €W 2

Taking the derivative with respect to uj in the above expression, we get
u;, = W, — up /7

Plugging this expression back to (4.18]), we easily see that the primal variable
uy, is the minimizer to the dual problem (4.16)). By (4.15)), it is clear that
this optimizer is nothing but the solution w}. This completes the proof. [

Proposition suggests to first solve for the primal variable w} using
the minimization problem (4.16)), then update u using (4.17), which is the
approach we adopt in our implementation. It is in general more convenient
than the (equivalent) original ALG2 algorithm that first solve for the dual
variable 'u,;;’e using then update uf using , which requires the
computation of the dual functional .

Next, using the particular form of F}, in (4.10), we show that the mini-
mization problem can be efficiently solved by first locally expressing
flux m), m; and source s, in terms of density pj, and then solving a nonlinear
optimization problem for p; alone. We record this procedure in the following
result.

Proposition 4.2. Let u be the solution to (4.16)). Then there holds

rValph)

; ¢
0,6 Ly — 1,0 TPy 1
Y= "= ————" 3, 4.19
AP S A

V4
m = m m = m S, =
h h> h h» h
T+pfl 7”—|—,0£

where
_ — —0 —1 =
up = (phv my, My, Sh))

and pt is the minimizer to the following reduced problem:

ok =)+ (UTEC I )
argmin — (|pn — rp,|°, 1 —|—( 1
ppewk 2T (| 2 )h 2(r + pn) h
7“2 |§h|2 )
+ | 77— 1) +ALE . 4.20
(arvigy ), + 26t 2
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Proof. The derivatives of the functional in (4.16) at the saddle point van-
ishes. Taking derivatives with respect to my, m} and s, we get the relations
(4.19). Plugging these relations back to (4.16|) and simplifying, we get the

optimziation problem (4.20)) for pf. H

Remark 4.2 (On pointwise update for (4.20)). The problem (4.20) can be
solved by computing its critical point. Taking the variation of the function in
(4.20) with respect to pp, we have

| POmE mLE) PVe)R . 86
) — - AL () = 0.
N N O AP 1 Rl P
(4.21)

r

By the choice of the function space (4.2), it is clear that (4.21)) is satisfied
on all quadrature points &; for 1 < i < Ny. Using definition of the energy

(4.11)), we have

o) = U + V() + W
In the absence of interaction kernel where W (x) = 0, the equation can
be solved in a pointwise fashion per quadrature point thanks to the particu-
lar choice of the nodal basis for the space , using, e.g., Newton's
method.

On the other hand, when aggregation effects are included, the term W x py,
prohibits such pointwise update due to the nonlocal effect of this convolution.
In this case, we treat the convolution term W x py explicitly in by
evaluating it at the previous time step, i.e.,

Wk p, & W pil,

and then solve the modified pointwise local problem (4.21)) using the New-
ton’s method. This is the choice we use in all our simulation results with
aggregation effects. Similar treatment was used in, e.g., [10, [7].

Remark 4.3 (On convexity). Let us briefly comment on convezity of the
problem (4.20). When aggregation effects are included, we extrapolate the
nonlocal convolution term according to Remark . The problem (4.20)) is
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a pointwise minimization problem per quadrature point. Taking its second-
order variation, we obtain
L rPUmyP + [my ") | rPlsal® (2Vi(en)® = (r + Ve(on)) V3 (pn))

+ aAtU!
N AN 2 + Valpn))? (on)

(4.22)

It 1s clear that the first, second, and last term of the above expression are
always nonnegative as long as pp, > 0. Moreover, if

2V3(pn)” — (r + Va(on))Vy' (pn) > 0, (4.23)

then the third term is also nonnegative. For such a choice of mobility Vy, the
minimization problem is convex, and uniqueness of the solution is guaranteed
unconditionally for any time step size At. In the absence of aggregation ef-
fects, the overall ALG2 algorithm with Vs, satisfying can also be shown
to be unconditionally convergent; see, e.g., [21)].

We note that the convexity condition is ensured if we take Va(p) =
cpY fore>0and 0 < v <1, or Va(p) = mforanyﬁ> 0. The
latter choice will be used in the system case. On the other hand, the mobility
Va(p) = p“—zpp)) for the Fisher-KPP equation does not satisfy the con-

log
vexity condition (4.23|). For this case, we may use a small time step size At
to get a stable simulation.
We finally note that small time step size At may also be needed for the

general case with an interaction potential W, where extrapolation is used to
approximate the problem (4.20) as mentioned in Remark (4.2)).

For completeness, we collect one iteration of this algorithm as follows.

Algorithm 2 One iteration of ALG2 algorithm for (4.5]).

e Step A: update ®4. Find ® € V¥ such that the equation ([4.12) holds.
e Step B/C: update uj, 'u,;;’e. First, find p! such that it is the minimizer
to (4.20). Then update mg’g,m}l’z,sﬁ according to (4.19). Finally, update

ul’ according to (&.17).

We note that positivity of density approximation pj, can be easily enforced
in the pointwise optimization problem (4.20)).
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4.3. High-order FEM for strongly reversible reaction diffusion systems

We now present the high-order FEM discretization of the variational time
implicit scheme (3.15]) and discuss its practical (modified) ALG2 implemen-
tation. Given time step size At > 0 and density approximations

prt = (o, i) € (Wi

at the previous time step, find uy, u} € [WEPPMTE and ®;, € [VF]M, such
that

inf sup L, (®p, up, up), (4.24)

un€[WEPMIR g, e (VKM aur c[Wh]3M+R

where
_ 0 1 ) 0 1 N
up = (pl,hv My b M sttt PMLR T b TN By STRs "7 SR,h)
is the collection of densities p;, fluxes
(0 1 0 1
mp = (ml,h?ml,hv T 7mM,h7mM,h)?

and source terms sy = (S14,- - ,Srn), W}, is its dual, @y, = (P1p, ..., Parp),
and the discrete augmented Lagrangian is

LT7h<@hv Uhp, ’LL;) = &*<uz> + @(q)h) + (UmQ‘I’h - ’u’;)h

r
+ 5Dy — uj, DBy — uj)y. (4.25)
Here the operators
Qéh = ( - ®17h7 @l‘oél,hy 6@‘1@1,}17 ) _®17h7 al‘ocbl,fu aJ:1®1,h7
M M
S(al = B, Yo (@ = BHD), (426)
i=1 i=1
M
Gu(®h) == Z(Pﬁf,@i,h)h, (4.27)
i=1
Fu'(up) == sup  (uh,un)n — Fy(un), (4.28)

wp E[WHBMAR
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and F}, is given as

M 0 |2 12 R
(M3 |° =+ Imy | e
Fylup) = > R — P
Fi(un) (Z WVii(pin) ZQ‘/QJ)(ph) )

i=1 p=1

M
+ ALY Einlpin), (4.29)

=1

where the mobility functions are given in (3.11) and the discrete energy

Ein(pin) = (pin(log(pin) — 1), ).

We now discuss a modified implementation of the ALG2 algorithm
for the saddle point system (4.24)), where further componentwise splitting is
introduced to drive down the overall computational cost.

4.8.1. Step A: system case
Taking infinium of L, j with respect to ®;,, we arrive at a coupled system

of constant coefficient reaction-diffusion equations: find ®§ € [V such
that

ven 1, 1.
(D®;,, DPu)n = (uwy, ™' - ;uﬁ LD, — ;(Phlda W), (4.30)

for all ¥, € [ViF]™. Using the definition in ([4.26]), we write the above system
back using the physical variables:

R M
(@, Uin)n + (VO VO + DY ((of = DL, (o — B)T34),
p=1 j=1
/—1 old /-1
pi, - pz’, *,0— m@
hfh, in)h + (m”f L rh , VUin)n

& 1
*0—1 (-1 D D
+ Z (Sr,h 5k  (af — B )‘Ifm) :
p=1

h

= (=P +

for all 1 <7 < M. This coupled linear system might be expensive to solve.
Here we propose to solve these M equations in parallel by treating the cou-
pling term on the left hand side of the above equation explicitly. Specifically,
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for each 1 < i < M, we compute ®;, € V¥ such that it solves the following
scalar linear reaction-diffusion equation:

R

(s Wi+ (VL V), + Y ((af = B, (af — B1)Ti4),
p=1
old /-1
% pz P * m;
= (- Plﬁl‘FhTh Uin)n + (mpy ' = r’h7v\11i,h)h
R
S ( RN ﬁf’)%,h)
p=1 h
R M
(o = BN, (of — B7)Win), , (4.31)
p=1 j=1
751

for all ®;;, € V;¥. These are M decoupled scalar constant-coefficient linear
reaction-diffusion equations, which are easy to solve.

One may also solve the equation sequentially (in a Gauss-Seidel
manner), which uses the updated @?h for j < i when computing the variable
oL,

4.8.2. Step B/C: system case

Similar to the scalar case in Subsection 4.2.2 we first compute the solu-

tions u} according to the following system version of (4.16)):

1
uj, = argmin Fj(uy) + 2—(uh — Iy, Up, — TWUR ), (4.32)
wup €[WFBM+R r

where .
uy, = DP! + —Ui !
r

with the understanding that D®? is its interpolation onto the space [WF]3M+5
and then update u}* according to
*,0 — Y
w,” =, —uy/r. (4.33)

Again, we solve the problem (4.32)) by first locally expressing all other
variables in terms of the densities, and then solve pointwise optimization
problems for these densities on each quadrature point.
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Proposition 4.3. Let u} be the solution to (4.32). Then there holds

’I“V 4 [
mit = L%”Z)mi,h,w; =0,1,and 1 <i< M, (4.34)
’ r+ V(i)

¢ H2,p(pfz) -
s, =———2"%3 . VI<p<R, 4.35
Pt i24)(/’%) Pl ( )

and the collection of densities pf, is the minimizer of the following reduced
problem:

M
argmin
pPREWFIM i

< 2r
R _ M
+3 Plspnl” + At Enlpin) (4.36)
X i,h\Pi,h)- .
p=1

M 2(17=50 (2 | 70 |2
1 _ r(mg | * + )
(|pi,h _Tpi,h|271>h+z ( L L 71
—\ 2(r+Vii(pin)) h

2(r + Vap(pn))’ =1

By the choice of the integration rule space and its nodal basis ,
it is clear that the minimization problem can be solved in a point-
wise fashion per quadrature point. On each quadrature point, it is an M-
dimensional minimization problem, where the coupling is introduced in the
reaction term in the second row of . Again, we propose to solve M inde-
pendent single-variable minimization problems in parallel by treating the re-
action term semi-implicitly. Specifically, the solution pf’ p foreach 1 <i < M
is obtained by solving the following problems in parallel:

(T2(|mg,h|2 +m?,h|2> 1)
20r + Viilpin) /)4

1 — 2
argmin — \,Oi,h - sz‘,h| 1), +
pi,n€WE 2r ( )h

R o
E 72 [Sp )
=1 (Z(T—F‘/Q,p(ph)) . w(pin) (4.37)

Here

~i — — — —

B = (P13 Pt i Pt Poin)s
i.e., all other densities are evaluated explicitly at level £ — 1. By the choice
of mobility functions in (3.11]), it is easy to show that the problem (4.37)) is

convex and hence has a unique global minimizer. We collect this modified
ALG2 implementation in the following algorithm.
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Algorithm 3 One iteration of modified ALG2 algorithm for (4.24)).

e Step A: update ®. Find @/, € V/F such that the equation holds
foreach 1 <7 < M.

e Step B/C: update uj, uZ’Z. First, find Pf,h such that it is the minimizer
to for each 1 <7 < M. Then update mf,f for k£ = 0,1 according to

(4.34) and update Sf;,h for 1 < p < R according to (4.35)). Finally, update
ul’ according to (£.33).

4.4. High-order FEM for reversible reaction-diffusion systems with detailed
balance
For a reversible reaction-diffusion system with detailed balance, the spa-
tial discretization and the corresponding practical ALG2 implementation are
the same as the one in a strongly reversible case, with the only change that
the discrete energy now takes the following form:

Ein(p) = (plog(kip) — 1), 1)n,

where x; > 0 depends on the reaction rates.

Here a small modification (with a reduced cost) is need to simulate the
reversible Gray-Scott model in Example [3.4.2] since it does not include diffu-
sion for the last two species. Specifically, we do not need flux approximations
for the last two species, and the variables and operators in the fully discrete
algorithm for the system ([3.20]) is recorded below for completeness:

0 1 0 1
Wy = (P11 M 1y M oy P2,s M s Mg s P3,15 Py STk S2,h> S3.0)5 (4.382)
Qp, = (P p, Popy Py iy Pap), (4.38b)

D®), = < — @11, 0py P g, Oy Prpy, —Po, Ong Py Oy Pop,

— B3, —DPyp, Prjpy— Pop, Pop — Py, Pipy — (I)4,h>> (4.38¢)

4

Gn(®n) == Z(ﬂﬁl}?,@i,h)h, (4.38d)
i=1
F(un) i|m2h’2+|mih|2+i |sp.n]” 1
uy) = _ophl
TS T M) E D))
4
+ At Z Ein(pin), (4.38e)
i=1
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where the parameters and mobility functions are given in . Note that
Step A of Algorithm [3|now becomes two scalar linear reaction-diffusion equa-
tion updates for @f}h and @5 ,, and two simple mass matrix updates for q)gh
and @ .

5. Numerical experiments

In this section, we conduct comprehensive 2D experiments to show the
efficiency and effectiveness of the proposed numerical algorithms. Through-
out, we take the augmented Lagrangian parameter to be r = 1, and perform
200 ALG iterations in each time step for all test cases. Our numerical simu-
lations are performed using the open-source finite-element software NGSolve
[65], https://ngsolve.org/.

5.1. Spatial convergence rates

We first consider the nonlinear Fokker-Plank equation
dip — Dp® =V - (pa),

on the domain 2 = [—1, 1] x [—1, 1] with homogeneous Neumann boundary
conditions. It is a Wasserestein gradient flow of the form (3.1)) with energy

e = | (§p<x>3 i xi>p<x>) dr,

where x = (zg, 7). This problem reaches a steady state solution

(2C — (x5 + 7))+

psteady($17x2> = \/ 3 )

that satisfies either

4] 1
5= g gl =C,
or p = 0. Here the constant C' depends on the total mass of the initial
condition, which we set to be C' = 2 so that the solution on 2 is positive and
smooth.
We perform a mesh convergence study for the scheme (4.5) using Algo-
rithm 2 with polynomial degree k = 1,2, 4 on a sequence of uniformly refined
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Table 1: Convergence rates of scheme with different polynomial degree k applied to a
2D steady Fokker Plank equation.

dim(V;F) | k=1 | k=2 | k=4

81 2.362e-03  — 2.409e-04 — 2.628e-05 —
289 0.923e-04 2.00 | 3.298e-05 2.87 | 1.424e-06 4.21
1089 1.482e-04 2.00 | 4.232e-06 2.96 | 5.589¢-08 4.67
4225 3.705e-05 2.00 | 5.326e-07 2.99 | 1.884e-09 4.89

Table 2: Example [5.2] Five choices of energies, domain size, and initial condition.

Case | aUn(p) |  Vi(z) | W(z) | L | I.C.
1 0 0 Lol _ 1o 1| 2 exp(—2[a]?)
2 0 0 @ —log(|z|) | 1.5 ;—iexp(—%m?)
3 0 | —Llog(lal) | 2 —log(lz]) | 1.5 | Z exp(—Zz])
4| 01p2 | —hlog(lal) | B —log(lzl) | 1.5 | Zexp(~Zz])
5 0.1 0 —exp(—|z|?)/m | 4 | 0.25x[1_33]x[-3,3]

meshes. The coarse mesh is of size 8 x 8 for £k = 1, 4 x 4 for k = 2, and
2 x 2 for k = 4, so that the total number of degrees of freedom for ® is
the same on each mesh level for different polynomial degrees. We take large
time step size with At = 1, and perform 10 time steps of simulation where
the numerical solution reaches the steady state. The L2-convergence in the
density p is recorded in Table We clearly observe the k + 1-th order of
convergence for each case. In particular, the higher order method leads to a
smaller error when a same number of total degrees of freedom is used.

5.2. Aggregation-drift-diffusion equations

We consider Wasserstein gradient flow (3.1]) with five choices of energies
that include aggregation effects. The specific form of the energy, along
with the domain size L where the computational domain 2 = [-L, L] x
[—L, L], and the initial conditions are given in Table Here x[-3,3]x[-3,3]
is the characteristic function on [—3,3] x [—3, 3] for Case 5. All cases were
considered in [12], except Case 4 which adds an additional diffusion to the
energy in Case 3.
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Note that the interaction kernel W (x) for Cases 2/3/4 is singular at
zero. Here we use a higher-order numerical integration rule, which avoids
the evaluation of W (x) at zero to compute the convolution

W p(&), V1<i< Ny,

at the quadrature points {&}V. Fast Fourier transform is used to evaluate
these convolutions all together.

For all cases, we take the computational mesh to be a 32 x 32 uniform
square mesh, and use polynomial degree £ = 4 in the scheme . We take
time step size At = 0.05 for the first four cases, and At = 0.5 for the last
case. The final time of simulation is 7" = 10 for Case 1, T = 3 for Cases
2/3/4, and T = 15 for Case 5. Snapshots of the density contours at different
times are shown in Figure We find the results for Cases 1/2/3 and 5
are qualitatively similar to the results reported in [12]. In particular, Case
1 converges to a steady Dirac ring solution; Case 2 converges to a steady
constant solution with a circular shape; Case 3 converges to a characteristic
function for the torus due to the drift effects that pushes away the density
from the origin; and the competition between median range aggregation with
short /long range diffusion are observed for Case 5. Moreover, the diffusion
effects of Case 4 comparing with Case 3 are also clearly seen.

5.3. Scalar reaction-diffusion equation

We take the Case 4 energy in Table[2] but consider the reaction-diffusion
equation (3.5). Three choices of mobility coefficient V5(p) are used in this
example, namely,

Type 1: Va(p) = 0.1,

Type 2: Va(p) = 0.1p, (5.1)
Type 3: Va(p) = 0.1%.

The same discretization setup as in the previous example is used, i.e., using
polynomial degree £ = 4 on a 32 x 32 uniform mesh with time step size
At = 0.05, and final time T" = 3.

Snapshots of the density contours for each case at different times are
shown in Figure[2 It is clear from the color range of these plots that reaction
effects leads to mass loss, with the Type 1 reaction has the most mass loss,
followed by Type 3 reaction.
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5.4. Fisher-KPP equation

Our next example deals with the Fisher-KPP equation (3.7). Here we
slightly modify the PDE ({3.7)) to allow for anisotropic diffusion:

(?tp - Alaxoxop - )\Qamﬂnp = :up(l - p)

We use a similar setup as in [68, Secion 3.1], where the diffusion parameters
are taken to be \;y = 0.1, Ay = 0.01, and p > 0 is the reaction coefficient to
be specified. Initial condition is a flat top Gaussian:

1, if 22+ 422 < 0.25
exp(—10(x3 + 423 — 0.25)), otherwise

Po($0,$1) = {

The computational domain is a rectangle Q = [-2,2] x [—1,1], which is
discretized with a 32 x 16 square mesh. We use polynomial degree k = 4 for
the scheme (4.5)), in which the functional F}, in (4.10) is adjusted as follows

to allow for anisotropic diffusion:

mi | | [sn|”
2Violpn) — 2Via(en)  2Va(pn

Fy () = ( ),1)h + AL (o),

where Vi o(p) := Mip, Vii(p) :== dap, Va(p) := ,uplg’;zpl)), and the energy satisfies

En(p) = (p(log(p) —1),1),,.

We take time step size At = 0.1, and the final time is T' = 4.

Snapshots of the density contours for p = 0.1 (weak reaction) p = 0.5
(medium reaction), and 1 = 1.0 (strong reaction) at different times are shown
in Figure 3 We further plot the evolution of energy &,(p;) and total mass
fQ pr dx over time for the three cases in Figure It is clear that the energy is
monotonically decreasing for all three cases and the total mass is monotoni-
cally increasing, where a faster decay of energy is observed when the reaction
coefficient p is larger.

5.5. Two-component reversible reaction-diffusion system with detailed bal-
ance

We consider the two-species model discussed in Section[3.4] In particular,
we consider the system ((3.18]) with parameters k. = 1 and k- = 0.1, 1, =
0.2, 72 = 0.1, and Vi 1(p) = m11p™ and Via(p) = 712p with four choices of
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m € {1,2,3,4}. Here porous medium type diffusion is used for the first
species with density p; and linear diffusion is used for the second species
with density py. Similar model was used in [48] [49]. The problems are solved
on the domain Q = [—1, 1] x [—1, 1] with the following initial data

p1(x,0) = % (1 — tanh(10(y/ 23 + 2% — 0.2))) :
pa(x,0) = % (1 + tanh(10(y/ 23 + 2% — 0.2)).) .

Final time is taken to be T' = 2.

We use the scheme (4.24]) with polynomial degree kK = 4 on a 16 x 16 mesh
with time step size At = 0.05. We apply Algorithm [3] to solve the resulting
saddle point problem. Snapshots of the density contours at different times
are shown in Figure[5] for the first component, and in Figure[6] for the second
component. It is clear that increasing the power m leads to a slower diffusion
for the first species.

We further plot the time evolution of the total energy Eiotar = E1n(p1n) +
Exn(p2,n) and total mass [, (p1,n + p2p) de for the four cases in Figure .
Moreover, the total mass conservation is kept well within an error of 10~*
for all cases.

5.0. Reversible Gray-Scott model

In our last example, we simulate the 4-component reversible Gray-Scott

model (3.20)) using the Algorithm 3| for the fully discrete scheme (4.24]) with
variables/operators (4.38)). The physical parameters are chosen to be the
following:

M= 17 Y2 = 0017
k=1, kL =107%
k2 =84x107% k> =84x107"
k3 =24x107%, k* =24x107°

where the backward reaction rates are taken to be 1000 times smaller than
the forward reaction rates. This provides a good approximation to the irre-
versible Gray-Scott model (3.21)). We consider both 1D and 2D simulations

for this problem. The initial conditions for the second component density p,
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is taken to be
0.15+ 2%z +1)2  if —1<2<0,
p2(r,0) = < 0.15 + 1z*(1 —2)? f0<z <1,

0.15 elsewhere,
in one dimension, and
(0.15 + 42%(z + )22 (y +1)2  if —1<z<0and —1<y <0,
0.15 + 4z%(z + 1)*y*(1 — y)? if —1<zxr<0and0<y<1,
pa(x,0) = < 0.15 + 42%(1 — )%y (y + 1)? if0<z<land —1<y<0,
0.15 + 42%(1 — z)%y*(1 — y)? if0<z<land0<y<I,
\ 0.15 elsewhere,

in two dimensions. The initial conditions for the other densities are taken to
be

pl(l’,O) =1- QPQ(ZL',O), p3(gj70) =1, p4($a0) = k?—/ki = 1000.

For the 1D simulation, we take the computation domain to be Q,p = [—16, 16]
and set the final time of simulation to be T' = 1600. For the 2D simulation,
we take a smaller computational domain with Qop = [—8, 8] x [—8, 8] and set
the final time of simulation to be T" = 500.

We apply the scheme (4.24)) with £ = 4 on a uniform mesh with mesh size
h =1 (32 elements in 1D, and 16 x 16 elements in 2D) for both problems.
Here we gradually increase the time step size from At = 0.01 to At = 0.1 as
initially taking At = 0.1 leads to numerical instability. This may be caused
by our splitting version of the ALG2 implementation in Algorithm

We record the snapshots of the second-component density at various times
in Figure |8l For both cases, we observe pattern formations and the solution
reaches a nontrivial steady state at large time. Finally, we plot the evolution
of total energy for both cases in Figure [0 where we observe the expected
monotone energy decay.

6. Conclusion

This paper applies high-order accurate finite element methods in space to
compute first-order accuracy implicit-in-time gradient flows. Our formula-
tion applies a one-step time discretization of the generalized JKO scheme and
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then uses the ALG2 to calculate optimization problems in each generalized
JKO time step. The method is unconditionally stable when the optimiza-
tion problem is convex. Numerical experiments in two-dimensional gradient
flow dynamics, such as Wasserstein gradient flows, Fisher-KPP dynamics,
and reversible reaction-diffusion systems, demonstrate the effectiveness of
the proposed method with high-order spatial accuracy.

We note that for dissipative dynamics, such as strongly reversible reaction-
diffusion systems, different entropies £, and optimal transport-type metrics
Vi, Vi, could produce the same evolutionary equation. In simulations, we
suggest selecting a suitable class of entropies and metrics to develop simple
and efficient optimization procedures. Some limitations exist for computing
implicit-in-time gradient flows in generalized optimal transport metric spaces.
The constructed functions V; and V5 should be nonnegative for entropy dissi-
pation schemes. Our generalized JKO scheme is unstable for many reaction-
diffusion equations, e.g., the Allen-Cahn-type equations [67]. We also remark
that the current computations are limited to the first—order time accuracy
variational-implicit schemes of gradient flows. In future work, we shall design
and compute generalized optimal transport and mean field control problems
for implicit-in-time fluid dynamics with general conservative-dissipative for-
mulations. Typical examples include regularized conservation laws [40], 41].
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Figure 1: Example Snapshots of density contours at different times for different test
cases.
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Figure 2: Example Snapshots of density contours at different times for different
reaction mobility functions.
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Figure 4: Example Evolution of total energy (left) and total mass (right) over time.
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(d) Vi1(p) = p*. Left to right time: ¢ = 0,0.5,1,1.5,2

Figure 6: Example[5.5] Snapshots of second-component density contours at different times
for different V4 1(p).
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