ESAIM: M2AN 51 (2017) 1223-1243 ESAIM: Mathematical Modelling and Numerical Analysis
DOI: 10.1051/m2an/2016058 WwWw.esalm-m2an.org

A FINITE VOLUME METHOD FOR NONLOCAL COMPETITION-MUTATION
EQUATIONS WITH A GRADIENT FLOW STRUCTURE

WENLI CAT' AND HAILIANG LI1U?

Abstract. In this paper, we design, analyze and numerically validate energy dissipating finite volume
schemes for a competition-mutation equation with a gradient flow structure. The model describes the
evolution of a population structured with respect to a continuous trait. Both semi-discrete and fully
discrete schemes are demonstrated to satisfy the two desired properties: positivity of numerical solutions
and energy dissipation. These ensure that the positive steady state is asymptotically stable. Moreover,
the discrete steady state is proven to be the same as the minimizer of a discrete energy function. As a
comparison, the positive steady state can also be produced by a nonlinear programming solver. Finally,
a series of numerical tests is provided to demonstrate both accuracy and the energy dissipation property
of the numerical schemes. The numerical solutions of the model with small mutation are shown to be
close to those of the corresponding model with linear competition.
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1. INTRODUCTION

In this work, we are concerned with the problem governed by

oflt,x) = Af(t,x) + %f(t,x) (a(x) —/ b(w,y)f%t,y)dy) ,t>0, x€ X, (1.1a)
X

f0,2) = fo(x) >0, z€X, (1.1b)

% —0, zcoxX, (1.1c)

where X is a subdomain of R?, and v is the unit outward normal at a point = on the boundary X. This is
an intergro-differential equation that describes the evolution of a population of density f(¢,z) structured with
respect to a continuous trait x. In this model, the diffusion term plays certain role of mutations in the population
dynamics. In the model, coefficient a(z) is the intrinsic growth rate of individuals with trait x, and b(x,y) > 0
represents the competitive interaction between individuals. The trait dependent competition as such appears
in many population balance models of Lotka-Volterra type, see e.g., [4,12,15,16]. In particular, the nonlinear
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competition effect does appear in the model for fish species population introduced in [33] in the study of the
effect of exploitation on these species. Their model when the number of fish species tend to infinity formally
leads to a continuous model of the form

01 .) = 1 (t.0) (ale) — [ bloi)(F0.9) — dlo) ).

This equation with d = 0 when augmented with a mutation term Af is exactly (1.1a).
For rare mutation, the diffusion term may be dropped from model (1.1a), the resulting equation under the
transformation v = f2 reduces to the model with linear competition,

dyult, z) = ult, z) (a(ac)— /X b(a:,y)u(t,y)dy).

Such a simplified model with the usual mutation has been derived from random stochastic models of finite
populations (see [7,8]). This competition model or its variation arises not only in evolution theory but also in
ecology for non-local resources (and = denotes the location there, see e.g. [5,13,18]).

The model without mutation is interesting from the point of view of asymptotic behavior; one expects that
the population density concentrates at large times, see, e.g., [2,6,12,20,32]. The singular steady-state solutions
of the competition model correspond to highly concentrated population densities of the form of well separated
Dirac masses, which have been shown to happen only asymptotically in models with mutation [3,9,26-28,30,31].

The main attractive feature of model (1.1a) is its gradient flow structure in the sense that (1.1a) can be
written as

16F
o f = T95f (1.2)
where the corresponding energy functional is
1 1
Fifl = [ [denfea ey - 5 [a@r ot [9eoPe 1)

so that the energy dissipation law %F[f] = —2 [18; f|*dz < 0 holds for all ¢ > 0, at least for classical solutions.
There is a large literature on the subject, in terms of modeling and analysis, around the model with linear
competition and mutation of the form

Opu(t, x) = Au + u(t, x) (a(x) — /X b(x,y)u(t,y)dy) . (1.4)

However, the large time solution behavior of this model remains a challenging issue due to lack of a gradient
flow structure. Nevertheless, for b(x,y) = n(y) > 0, the asymptotic solution behavior when mutation tends to
vanish has been well studied, see e.g., [3,28,31]. There are also other similar models, for example, model (1.4)
with b(z,y) = a(y) is studied in [1] through explicit solutions due to its special structure.

The aim of the present investigation is to design finite volume schemes to produce numerical solutions with
satisfying long-time dynamics. This is achieved through a proper discretization, so that numerical solution

1
Ii~ 7 /I f(nAt, x)dx,

approximates f(nAt,z) over the cell I; indexed by 1 < j < N (in one dimensional case), with UI; = X, where
At is the time step and h the spatial mesh size; and the discrete energy

2
(fj+1h— fj) h, (1.5)

h N - 1 N N—-1
F(f) = |7 D2 baliff =5 > ai(h)° +
j=1

ji=1 i=1

<
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satisfies the energy dissipation inequality

N n+1 _ fn 2
Py - Py < -y e I

J=1

for At relative to the spatial mesh size is suitably small.
Under reasonable assumptions we are able to show that the problem of finding the discrete positive steady
state is equivalent to solving a nonlinear optimization problem:

.
)

subject to f € {f| f > 0}.

The discrete energy (1.5), as a powerful tool, is further employed to prove the asymptotic stability of the steady
state for both the semi-discrete and fully discrete numerical schemes as time tends to infinity. Note that in this
work we derive the semi-discrete scheme by directly taking the cell average of the PDE. It may also be seen as
a finite difference scheme and can be derived from the discrete version of the energy defined in (1.5) via,

d 1

o= =505 F (). (1.6)

For derivation of structure preserving finite difference schemes from some discrete energy for a set of PDEs
other than (1.1) we refer to the book [14] by Furihata and Matsuo.

Numerical experiments are performed to test both accuracy and the energy dissipation property of the
numerical schemes. Numerical solutions at different times are given to show time-asymptotic convergence toward
the positive steady state. Moreover, for small mutation coefficients, we illustrate how the amount of mutation
affects the solution behavior.

The organization of this paper is as follows. In Section 2, we first propose the semi-discrete finite volume
scheme, and then prove the existence and uniqueness of positive steady state through the equivalence between
the problem of finding the positive steady state and the associated nonlinear optimization problem. Thus, the
positive steady state can also be independently obtained by a well-established nonlinear programming solver.
In Section 2.2, we prove that the semi-discrete scheme satisfies both positivity and energy dissipation property
under some conditions on the discrete coefficients, which guarantees that the positive steady state for the semi-
discrete scheme is asymptotically stable. Section 3 is devoted to a fully discrete scheme, which is semi-implicit
and easy to implement. The fully discrete scheme is shown to be positivity preserving and energy decreasing
under an appropriate restriction on the time step. In addition, the positive steady state for the fully discrete
scheme is also shown to be asymptotically stable. In Section 4 we discuss how to design structure-preserving high
order schemes. Section 5 is devoted to some numerical tests using the proposed schemes and the computation of
the positive steady state through a nonlinear optimization solver. The numerical solutions of the scheme with
small mutation are also compared with the solutions to the direct competition model. Finally, some concluding
remarks are given in Section 6.

2. SCHEME FORMULATION AND DISCRETE PROPERTIES

In order to design an energy dissipating method for capturing the large time behavior of selection-mutation
dynamics (1.1), we make the following basic assumptions:

a€L®(X), Hz| a(z)>0}#£0; (2.1a)
be L®(X x X), essinf, exb(z,z’) >0, b(z,y)=>b(y,x); (2.1b)

Vg € L*(X)\{0}, //b z,y)g(z)g(y)dzdy > 0. (2.1c)
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These assumptions are sufficient for the existence of solutions of the problem under consideration. For simplicity
of presentation, we restrict ourselves to one dimensional setting with X = [—1,1]. Partition X into subcells
I; = (xj_1/2,%541/2)(j = 1,..., N) of uniform mesh h = 2/N so that x;_; /o = 21,5 + (j — 1)h with ;5 = —1,
Tn4+1/2 = 1. We consider the following semi-discrete scheme

%fj:fjﬂ QhJ;jJrfgl - A<aj_h2bﬂf>, 1<j <N, (2.2)

where

fo=Ffi, fvy1i=fn,

1 g1

J

and the numerical solution f;(¢) approximates the cell average of the exact solution f,

1
:E/ij(t,x)dx

2.1. Existence and uniqueness of the discrete positive steady state

We denote f = (f1, fa,--., fn)T, and define the feasible set
S={feRY|f>0}

As a nonlinear dynamical system, the large time behavior of solutions to (2.2) is closely related to the steady
states f € S satisfying

_flhj J: —~ <a1 thhfZ> =0, (2.4a)

fisn=2fi+ fina z .
h; ity f —thﬂf j=2,...,N—1, (2.4D)
I 2_ I + fN (aN - thsz ) (2.4c)
From assumptions (2.1) it follows at the discrete level some similar assumptions:
la;] < llall=, {1 <j<Na;>0}#0; (2.52)
0< bf < Bji < ||b||L<>c and Z_)ji = l_)ij, forl1 <i,j <N; (25b)
N N
Z Z bjigig; > 0 for any g, such that Z lg;|> # 0. (2.5¢)
Jj=11i=1 Jj=1

(2.5¢) implies that B = (b;jj)nxn is a positive definite matrix. These assumptions ensure the existence and
uniqueness of positive steady states.
We first show the uniqueness.

Theorem 2.1. Let f be a non-negative solution to (2.4), then
(i) either f>0o0rf=0, and
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(ii) positive steady state f is unique.

Proof.
(i) Suppose fjo =0 for some 1 < jop < N, then the joth equation of (2.4) can be written as

fjo*l + fjoJrl —0
h? S

and note that fj >0 forall 1 < j < N, we must have f. jo+1 = 0. Repeating this procedure, we can conclude

thatf]—Oforalll<]<N
(ii) Suppose f and g are two positive steady solutions to (2.4) so that

N
Z -2 —=3) =o0. (2.6)
On the other hand,

N
h2 Z ~2 f2 h2 Z bjl f2 ~2)

j,i=1 7,i=1
N } N
=y (fi-3/f) fjhzbﬂfz +h§j — £713)3:0 Y byidi-
Jj=1 j=1 i=1

Then, using equation (2.4), we proceed

I—hZ[ /fg (2(fj1—z§j+fj+1)+(_ljfj>

+ay - F2/ap) (PER =B g,

N ~2 £2~ £2~
2 fim3 i@l [59-1 J79i+
EZ Fiadj+ fifip — === - : + 95195 + 95941 — J~A - j~. ’
7j=1 f] f] gj «gﬂ
when using the notation fo = f fN+1 fN, go = g1 and gn+1 = gn- We have
N—1 7~ P~ 7o - 72~
;o2 oF i@ fing 0i 7195 f7ain
= jlit1 — % — ——= 1t 29j9j+1 — — -
j=1 fj+1 fj gj+1 9j

N— e ~ 7 o~ 7 ~
_ 2 Z (f39501 = fi1195)* L+ Uigin — fi+135)° <0,
h 9i9i+1 fifi+

which means that I is both nonnegative and nonpositive according to (2.6). Therefore f = g.

For the existence of f, we define the discrete Lyapunov functional as follows

LY b fzh——zaaferZ(f]H oan )

jll
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In fact, the positive steady state can be expressed as a solution to the following optimization problem

min F, (2.8a)
fERN
subject to  f €S ={fcRN|f >0} (2.8b)

Lemma 2.2. If (2.5) holds, then the minimizer of nonlinear optimization problem (2.8) is the same as the
positive solution of (2.4).

Proof. Let g be a solution to problem (2.8), we now show g = f , which is the unique positive steady state. A
simple calculation gives

N
OF 9j-1—29;+9;i+1 , 1 [ 7 ,
- = _—2p{ J ' JJ Zgila:=h> big? 1<j<N

with notations go = ¢1 and gny41 = gn. If one component of g € S is zero, we must have

oF

ar ‘ Z 07

Ofjli=g

which when combined with g € S ensures that g = 0. Otherwise, if g is strictly positive, then we have
OF

ar ‘ = Oa = = )

af j1f=g

which is the same relation as (2.4). By the uniqueness of the positive solution to (2.4), we much have g = f.
We next prove F(f) < F(0), which ensures that g cannot be zero. A direct calculation using summation by
parts gives

N-1

f]+1 f g:f JZ]+1 f] 1) (2.9)

Jj=1

Multiplying the jth equation in (2.4) by fjh, and summing from j = 1 to N, we have

N =~ ~ N
Zf f;+1—2f; fim) _ hz sz__ Z byi 272 (2.10)

Jj=1 7yi=1

With (2.9) and (2.10), the functional F(f) can be reduced to

F(f)= Z bif2fE < 0=F(0). (2.11)

jZl

Finally, let f be the positive steady state, then f must be the unique critical point of F' in the interior of S.
Assume that a minimizer g can be achieved on the boundary of S, then the above argument shows that g = 0.
This together with the fact that F'(f) < F(0) and F'(co) = oo suggests that f is also the solution to (2.8). O

Armed with this result, we are left to show F(-) admits a unique minimizer among elements in S.
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Lemma 2.3. For fited N > 0, if a; > 0 for some i, l_)ij >0 for alli,j and (l_aij) is positive definite, then there
exists only one nontrivial vector g € S such that

Flg) = min (/).

Proof. Note that S is nonempty and closed. For positive definite matrix B, F(f) is bounded from below, i.e.,

—|a2N _ h? al h ol
TN B Bl S 12 < FOP) (2.12)
min j:1 j:1

where Apin > 0 is the smallest eigenvalue of B. Set m := infeg F(f), then m is finite. Select a minimizing
sequence {f(™}2, so that
F(f) —m.

Thus, (2.12) implies that {15 | is bounded in S C RY. By the Bolzano Weierstrass theorem, there exists
a subsequence {f ("k)}z‘;l that converges to g. We assert that the limit g € S for S is closed. By continuity of

F(f),
m = lim F(f") = F(g).

Hence, F(g) = m = mingecg F(f), and g = f > 0 is unique by the claim of Lemma 2.2. O
Combining Lemma 2.2 with Lemma 2.3, we have the following.
Theorem 2.4. If (2.5) holds, then there exists a unique positive steady state as defined in (2.4).
Hence, the positive steady state can be obtained by solving nonlinear optimization problem (2.8).
2.2. Properties of the semi-discrete scheme
As noted above, when applicable, the vector notation f(t) = (f1(t),..., fx(t))T is used.

Theorem 2.5. Assume (2.5) holds, and let f(t) be the numerical solution to the semi-discrete scheme (2.2).
Then,

(i) if £;(0) >0 for every 1 < j < N, then
fi(t) >0 forany 1<j<N andany t>0.

(ii) F is non-increasing in time. Moreover,

dr_ _th (de) (2.13)

Proof.

(i) Define
Q={feRY| f>0}.

The claimed positivity preserving property follows if 2 is an invariant region. Note that 0 is an equilibrium
solution to (2.2), it suffices to show

Z] L <0, Vfean\{o},
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where v is the outward normal vector at {2, which can be defined by

Vj:{—l, if j € So,

0, elsewhere.

Here we use the index set
So={1<j<N|f;=0,f€d0}

It follows that

ij 1+fj+1 0’

J€So

for one of the following two cases must appear: there exists jg € Sy, then

fjo =0, fj0+1 >0 or fjo =0, fj0_1 > 0.

This is due to the fact that S is neither empty nor {1, ..., N} for f € 92\{0}. The desired positivity property
is thus proved.

(ii) By a direct calculation,

N
hZ( dfﬂthjzf2+ fthbﬂﬂf jfjdfj> (2.14)

j=1
N—-1
(f 1 dfjvr  dfj
xR e -
Jj=1
N df
:;—hz iy ( thﬂf>+2T,
j=1

where l;ij = l;ji has been used. Next, we estimate 7. Using the notation fo = f; and fyi1 = fn, we have

N—-1

1 df; 1 df;
E ] f]+1 Z d_t] f]+1 )
j=1 j=1
N
Z dfj fi-1— 2fg + fiv1
= dt
Substitution of this into (2.14), together with (2.2) leads to the desired property (2.13). O

We may also examine the large time behavior of f(t).

Theorem 2.6. For fited N > 0, assume (2.5) holds, and f is the positive steady state. Let the initial data f(0)
be positive and F(f(0)) <0, and f(t) be the numerical solution generated from semi-discrete scheme (2.2), then

lim f(t) = f. (2.15)

t—o0o

Proof. Define a set
E:{f:(flvaa"'afN) ERN|f>O’ F(f) <0}

Then both f and initial data f(0) are in X.
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On this set we define a functional V(f) by

V(f)=F(f) - F(f),

which implies that £V = L F. We sce that V(f) = %V(f) = 0. Furthermore, V satisfies the following
properties:

(1) V(f) > 0 for any f € X\ f(positive definite);
(2) 4V <0 for all f € X(non-increasing in time);
(3) V() — o0, if | ] — oo,

Note also that the set {V(f) = 0} ¥ contains no trajectory of system (2.2) except the trivial trajectory
f(t) = f for t > 0. We can therefore apply the local Krasovskii-LaSalle principle [21] to conclude that

lim f(t) = f,

t—o0o

which leads to the desired result.

The last two properties are easy to verify by (2.13) and the form of F'. We next only verify property (1). For
arbitrary 7 > 0 and Vg such that f = f +7g € X, we let s(7) = F(f) — F(f), then a direct calculation upon
regrouping leads to

i=1

N N
1 _ - i—1—2f; + f;
‘(1) =—2h) g [§fg‘ (aj - hzbjifi2> 1 Lin héj fi1 ). (2.16)
j=1
In order that s'(7) = 0 for arbitrary f € X' and arbitrary g, the following is necessarily satisfied

N
B _ . _2 4
o (aj—hi bjz-fz?) Pl St
i=1

Hence we have f = f by the uniqueness of the positive steady solution, i.e., 7 = 0. This says that f is the only
critical point of V(f), and V(f) = 0, which when combined with (3) ensures (1). O

3. TIME DISCRETIZATION

We propose the following fully discrete scheme

ntl _ fn ”Jrl ) n+1_|_ n+1 1 N
. At K2 fh2 s §fyn+1 (‘_’j - hzbji(fz‘n)Q) , (3.1)
i=1

with
fo =M fha=Ix
This scheme is semi-implicit, linear in f"*!, hence easy to implement. We next show that such a scheme also

preserves both positivity and energy dissipation property under certain restriction on the time step.
To proceed, we set the discrete energy as

N-1 n
TR S ST TSI SRR S ot | PR
le ] j=1

For later use, we present a uniform L'-bound and L2-bound of the numerical solution when b > by > 0. Let
v = |la||L> /by which will be used to quantify the uniform bound.
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Lemma 3.1. Assume (2.5) holds. Let f™ be the numerical solution generated from scheme (3.1) with nonneg-
ative initial data f© >0, and || f°||2 < co. Then, for any n € N,

177 < max {11700 vA Y 70 < max (V217002 /27 (3.3)

provided

1
NANt< ——. 4
'S = 34

N
Proof. Let Q™ = h > (f")? = ||f"||3. Multiplying f;""h on both sides of scheme (3.1) and then summing over

j from 1 to N, we have

n+1\2 n+len n+1 pn+1 n+1 n+1 n+1
hz (f] )Atf] i Zf 1/ (fjh )+ (3.5)
=1
’ h N N ~
F I ( hzbﬁ(f{‘F)-
j=1 i=1

The term on the left hand side can be written as

(FID2 =M (=2
hz 2Atj + JzAtJ ]

and the second term on the right hand side of (3.5) can be estimated as

N
1 7 21 An+1
< g1 = h D ba(A)1Q"
1
< 5 (lalle= —br@Q™ Q™.
The first term on the right hand side of (3.5) is non-negative since
1 i N
- 2Zf"+1f"“ 2> (PP (2 + ()P <
L j=1
1 [~ N N
E Z fn+1 2+Z n+1 _22 fn+1 n+1) +( JT\L]+1)2 =0,
]:2 Jj=2

where we have used the notation fo = f1 and fy41 = fn, and the Cauchy—Schwarz inequality.
Combining the above estimates, we obtain

Q" < Q" + At (llaf = — b,Q™) Q"

There are two cases to distinguish:

(i) if Q" >, then Q"' < Q;
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(i) if Q™ < vy, we rewrite
Q" =y <(Q" —)(1 — AtQ™Hby).
According to (3.4), we have

n+1
Q" —y<(@Q"—7) (1—Q7 )

which leads to Q™! < ~. Hence,
Q"™ < max{Q",7} < ... <max{Q°%~}.

Furthermore, using the Cauchy-Schwarz inequality, we have |1 < V2| f"|l2. These ensure the claimed
estimate (3.3). O

Theorem 3.2. Assume (2.5) is satisfied, and let ™ be the numerical solution to the fully-discrete scheme (3.1)
with time step satisfying

1 h

At < min T , (3.6)
lallz="" 5 (llall L= + ClIbll L) + 2C][Bl| L

where C = max{|| f°||3, ||lal|z=/bs}. Then,

(i) if f7 >0 for every 1 <j < N, then f;”rl >0 for any 1 < j < N and any n € N;
(ii) F™ is a decreasing sequence in n. Moreover,

=

Frtl _ pn < —h Z Y

j=1
Proof.

(i) Rearranging (3.1), we have

At 2At At . . .
_ﬁfj+11+{1+ﬁ_7[ _hzb]zfz ]}fj+l f+1_fj~

Let f;;“ = minj<j<n ff“, then the joth equation gives
n+1 2A¢ At = al 7 ny\2 n+l n+1
0< ffy = f01+ Lt 5 = 5 | =B _bii(F1)?| ¢ f f0+1
i=1

< { 5 |fbo thJoZ fz ]} ;z)—H'

From At < 1/||al]|r~ as implied by (3.6), we see that the coefficient of f%H is strictly positive, therefore
f%H > 0, which means f;”rl > 0 for all 1 <j < N. Specially, if f;' > 0 for every 1 < j < N, then f;-”l > 0 for
all1<j <N.
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(ii) We proceed to estimate F"*1 — F" as follows:

bji [(F7 1272 = (2 (F1)?]

1

Mz

Fn—‘rl_Fn: h‘_
4

i

&,
Il

a;(fi T = U+ )

I
| =

—1

[ = £ = (fa = £)°) (3-8)

Jj+1

+
S

.
I
—

Due to symmetry of l;ij, the first term on the right can be written as
h al n+1 ny2 n+1\2 ny2
ZZ f — (M2 LU+ (7]

Summation by parts when applied to the third term on the right of (3.8) gives

N—1
1 n n n n n n n
Iyi=g 3 [0 = fv = 5 = ST+ £ = (7 + 1)
Jj=1
1 N
EZ fn+1 n+1+w )

where w;”l f”Jrl 2f”+1 + f”Jrl

Substitution of these into (3.8) gives

N
FnJrl _ = hz fn+1 n
j=1

where, using the scheme (3.1), we have

w”“—l—w 1 h &
A=~ ) |a thﬂ £ = 5 D b ()7 = (£)7)
i=1

n+1 n n+1 n n+1 n
2f fﬂ _wj+ _wj _fj+ f —th fn
At h?2 2 7

=

fn+1 +f] Z fn+1 (on)Q)
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Hence
N (fn+1 . n)2 1 N
n n n+1 n n+1 n
F"—F th : At : +Ez(fa+ - J)(wﬂ+ wj)
j=1 j=1
h N 2 N
+52 (=17 [ —h ) _bji ?)2]
J i=1

=1
B2 N N
o 2 T = ) (U 17) Db (7 = 1) (7 + 1)
= =21+ T+ T35+ Ty.

Since T7 > 0, we only need to prove 15, T3, T, < CAtT; for suitably small At. Note that for p; = f;”rl - I7
we have

1
=71 (Pj+1 —pj)2 < 0.

In virtue of Lemma 3.1, we have

Z

h n n n
Ts = S (llalle + bl 1 £[13) Do)

Jj=1
S ClAtTla

where c1 = 3 ([lal|z= + [[bl|z max{]| f°l3, [la]| L= /bs}).
Using the fact that B is symmetric, we obtain

& -
S Z Z fn+1 fnJrl _|_fn Z ]z fn+1 _|_fzn)
j=1 i=1
1 al ol 2
ZHbHLoo r<r§ax h(\fn+1\+\fn Z |fn+1|h+|fn|h Z(f;ﬁl_ ]n)
i=1 j=1

n n\ 2
< [[bll~ max | f H%Z(f;’“ — 1) < AT,
j=1

where ¢z = 2/b]| = max{||f°||3, [|all = /bs} /D
For At satisfying (3.6), putting together the above estimates, we have

(=8

Fril P < [2— (e + ) ATy < hz Y ,

j=1
which is as desired. O

The established energy dissipation inequality (3.7) ensures the following time-asymptotic result.
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Theorem 3.3. For fized N > 0, assume (2.5) is satisfied and f is the positive steady state. Let the initial data
1O be positive and F(f°) < 0, and f™ be the numerical solution generated from fully-discrete scheme (3.1). If
At is small so that (3.6) holds, then

lim f" = f. (3.9)

n—0oo

Proof. Define the set
S ={f=(f,fa-, fn) €RY[f >0, F(f) <0}.

Then we have f € ¥ and f° € ¥. Denote

" (%) = f,
and w(fY) be a set of limit points of convergent subsequences of the numerical solution ¢™(f%). The boundedness
of || f"||2, as stated in Lemma 3.1, ensures that there always exists a convergent subsequence of " (f°), hence
w(f°) is nonempty.

From inequality (3.7), we see that F™ is a decreasing sequence in n, and also bounded from below by

1 1
F* 2 a3 2 =5 llollzee max {171, 7}
Hence the limit of F™ exists when n tends to oo; that is

lim F" = lim F(f")=F* < F°<0.

n—oo n—oo
For any g € w(f?), there exists a subsequence { f(")} that converges to g, so that

F(g) = lim F(f™) = F* <0,

l—o0

therefore ¢ > 0 and g # 0, because F(0) = 0.
Note that
F* < F(@" (%) < F(e™ (1))

for any n € N. Let [ tend to oo, by the continuity of F'; we obtain
F* < F(p™(9)) < F(g) = F*,

that is, F(¢""1(g)) = F(¢"(g)) = F* for n =0, 1,... From inequality (3.7) we see that

et (g) = ¢} (g) > 0

for every 1 < j < N and any n € NU{0}. Since g > 0 and g # 0, scheme (3.1) leads to ¢"(g) > 0 and ¢"(g) # 0,
and further ¢"(g) = f for any n € NU {0}. Hence, g = f, that is w(f°) = {f}. The desired limit (3.9) is thus
proved. O

4. SPATIALLY HIGH ORDER SCHEME

In this section we discuss a way of designing spatially high-order energy dissipative schemes in the context
of discontinuous Galerkin (DG) discretization. We denote by v+ and v~ the right and left limits of function v

crossing cell interfaces, and
pl=vt -, o= S
Define an k-degree discontinuous finite element space
Vi ={ve L), vl eP),j=1,...,N},

where P*(I;) denotes the set of all polynomials of degree at most k on I;.
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In one dimensional setting, the DG scheme for (1.1) is to find f;, € V}, such that for allv € Vi andj =1,..., N,
[ otz = [ o fudnudo -+ (Fo+ duotsa — (1)) o, (41)
I I;

+ %/I vfn(t,x) <a(x) —/Qb(fﬂ,y)f,f(t,y)dy> de.

j
Here

— ol +
vlor, = v(@;,5) — V(1))
and @ is the numerical flux taken as

A [fh}

+{0fn}, j=1,...N -1, (4.2)
where h = Az for uniform meshes at x5 (h = (Az; + Azjy1)/2 for non-uniform meshes). The terms
evaluated at two ends are zero due to the natural boundary condition. The initial data f5,(0,2) € V}, is obtained
by the piecewise L? projection of fo(z).

Taking v = f;, and summing (4.1) over j we obtain

_Fh = —2/ |atfh| dw,

where
F, = i//b(x,y)fﬁ(x)fﬁ(y)dxdy — %/a(m)f;%(l‘)dﬂﬁ + A(fn, fn)
with

N N-1
At ) =3 [ 10cfuPe + 3 @i+ 105 D1|
j=17"4j Jj=1

J+1/2

is a high order approximation of F. It is known from [24,25] that A(u,v) is symmetric and there exists v > 0
such that

N N—-1
Alfa f) 22 lle 10l =Y [ 10uslan+ 3 0002
=17 = J+1/2
provided By > k2. As for the time variable, we may apply a similar explicit-implicit discretization, coupled
with the more accurate Gauss quadrature in the integral terms in (4.1). The positivity of numerical solutions is
known to be difficult to achieve when using higher order schemes. These issues and further numerical validation
are hence left for future investigation.

5. NUMERICAL IMPLEMENTATION AND EXAMPLES

In this section we present several numerical tests to illustrate both accuracy and capability of scheme (3.1).

In order to see the numerical performance at large times, we present an alternative way to compute the
steady state: this is based on the established result that the positive steady state is the same as the solution
to a nonlinear optimization problem. For general nonlinear optimization problem, a variety of algorithms has
been proposed in the literature, including trust-region-reflective algorithm, active-set algorithm, interior-point
algorithm and sequence quadratic programming algorithm(sqp for short) (see [10,11,17,19,29, 34]). We shall
use the Matlab code fmincon.m to implement the sqp algorithm.
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TABLE 1. Errors and the convergence orders of the numerical solution on uniform meshes of

N cells.
fo(z) = 0.5(sin(100x) + 2)

N L error order L error order
10 0.1583 - 0.2456 -

20 0.0568 1.4787 0.0821 1.5809
40 0.0139 2.0308 0.0138 2.5727
80 0.0034 2.0315 0.0014 3.3012
160 0.0016 1.0874 7.1341e-04  0.9726
320 6.787Te-04 1.2371 3.5278e-04  1.0159
640 2.2410e-04 1.5988 1.7611e-04  1.0023

5.1. One-dimensional tests to scheme (3.1)

We numerically test several selected examples.

Recall that the positivity of b when b(z,y) = K (x —y) is equivalent to the positivity of the Fourier transform
of K (see [20], p. 502). In addition to the Gaussian kernel, we also use K = ﬁ In fact, a simple calculation
using the Cauchy integral formula in complex plane, one obtains

1 oo giwg T
dr = ./ —elél
V2r /;oo T+a22" \/;e

Therefore, the b’s used in (5.1) also satisfies the positivity condition as required.

Example 1 (Accuracy and energy test). Following the setting used in [22,23], we consider

1

a(2) = 10(z = 1)*(@ = 01005)*(x + 1%, b(¥) = {0 =577

(5.1)
which when using the 3-point Gaussian quadrature rule gives the needed discrete data, a; and Bji. For initial

data given by
fo(x) = 0.5(sin(100x) + 2), (5.2)

the initialization is given by

1 .
ffzﬁ/lbfo(x)dx, j=1,...,N.

This evaluation is carried out by the 3-point Gaussian quadrature rule. Let fj” denote the numerical solution
in the jth cell of N cells, and f* the reference solution in the ith cell of mN cells. The L error and the L'
error are defined as

N m h
n n n n
IISY%XN lfgnligjn | fi' = fm(j71)+z ls 2; \ I = fm(j71)+z | m’
j=1 1=

respectively. In our simulation, the numerical solution of 1280 cells is taken as the reference solution. Let the
final time T" = nAt, the accuracy of numerical scheme (3.1) at 7' = 1.0 with time step At = 0.1 is given in
Table 1, which confirms the first-order accuracy. Here the choice of At may be determined according to the
bound in Theorem 3.2. Actually, At can be taken slightly larger as long as time-asymptotic convergence is
obtained. Table 2 gives the temporal change of the discrete energy (3.2).
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TABLE 2. The change of the discrete energy (3.2) with N = 80 and At =0.1.

tn 0 1 3 5 8 10 12
F(f") 826.6761 -1.5902 -3.7552 -4.5460 -4.6092 -4.6096 —4.6096

fo(z) = 0.5(sin(100z) + 2)

fo(z)

5 L L L L L L L L L L L L
-1 -08 -06 -04 -02 0 0.2 04 06 0.8 1 -1 -0.5 0 05 1
T

fo(z)

05 L L L L L L L L L
-1 -08 -06 -04 -02 0 02 04 06 08 1
T

0 L L L L L L L L L
-1 -08 -06 -04 -02 0 02 04 06 08 1

FIGURE 1. The first row: initial data (5.2) (left); corresponding numerical solutions (right).
The second row: initial data (5.3) (left); corresponding numerical solutions (middle); positive
steady state (right). N =80 and At =0.1.

Example 2 (Large time behavior and positive steady state). In addition to initial data (5.2), we also test with
another positive initial data of the form

2(cos(2m(z —0.1)) +1) 4+ 0.5, |z —0.1] <0.03,

folz) = {0.5, else. (5:3)

Numerical solutions to scheme (3.1) with coefficients (5.1) are convergent to the positive steady state, which is
shown in Figure 1.

We also consider Gaussian coefficients given by:

a’(x) = G(.’E, Ul)v b(xay) = G(.’E - y702)7 (54)
where 1 ,
G(z,0) = e %7,

V2o

For random initial data, we test the time-asymptotic convergence of numerical solutions toward the positive
steady state. The results are given in Figure 2.
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1 T T T 0.9 T T T 0.9
09 _
0.85 T'=143812 1 0.85
08
07 08
06 o /\
05 l %
04 07
03 0.65
02
0.6
0.4
Y 05 0 05 1 0'5§1 -05 o 0.5 1
x T
1 0.9
09
0.85F
0.8
07 0.8-
06 . 0.75¢
05 1%
04 0.7
0.3 0.65F
02
06
0.1
% s 0 05 1 0.5, 05 0 05 1
T T

FIGURE 2. The first row: random initial data (left); numerical solutions for o1 = 0.01 < 09 =
0.05 (middle); corresponding steady state (right). The second row: random initial data (left);
numerical solutions for o1 = 0.05 > 02 = 0.01 (middle); corresponding steady state (right).
Final time T'=1,4,8,12, N = 80 and At =0.1.

5.2. Numerical tests with small mutation

The previous numerical tests show that numerical solutions are almost uniformly continuous, instead of
concentration. That is because the diffusion, of size O(1), is strong in spreading the density profile. Note
that the diffusion in the model represents certain mutation mechanism, however, mutation is rare in practical
applications. We hence investigate how the amount of diffusion could affect the solution behavior over time.
Consider the following model

1
8ff(tax) = nyy(t,l') + §f(t,l') (a’(l‘) - / b(l‘,y)fQ(t,y)dy) ’ t> Oa reX = [_L 1]a (55)
X
and the corresponding fully discrete scheme
f;‘“_f]n f;ljll_Qf;l+1+f;lJr+11 Lonsr [ Sh ny2 ;
A€ e +5/ aj_h;bji(i) , 1<j<N, (5.6)

with
fo =1 Ny =1In

Model (5.5), when the mutation rate e — 0, formally leads to

5 02) = 31(0:0) (ate) = [ b Py (.7
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fo(z) = 0.5(sin(100z) + 2)
15 T T T T T T

e

14

13

12

11

0.9
08
0.7
06

05 L L L L L L L L L
-1 -08 -06 -04 -02 0 02 04 06 0.8 1
T

-1 -08 -06 -04 -02 0 02 04 06 08

e=5E-3

-1 -08 -06 -04 -02 0 02 04 06 08 1

0 L L L L L L L L L
-1 -08 -06 -04 -02 0 02 04 06 08 1
x

FIGURE 3. Initial data (5.2) and (5.3) (left); numerical solutions to scheme (5.6) for ¢ =
5E —3,5E —4,5E —5,5E — 6 at T' = 200 and At = 0.9 (middle); with At = 0.01, numerical
solutions of model (5.8) at T = 200 and T = 50, respectively, and the ESD generated by a
nonlinear programming solver in [22] (right).

or the direct competition model for v = f2, of the form

%u(t,x) = u(t, ) <a(w) — /X b(x,y)u(t,y)dy> ; (5.8)

which is numerically investigated in [22].
Rearranging scheme (5.6), we have

eAtfn_H

eA A EA

This scheme for At < HaH is shown to be positivity preserving. We test numerical solutions to scheme (5.6)
with data (5.1) and (5.4). In the numerical simulation, we compare numerical solutions of scheme (5.6) for a

series of sufficiently small € with that of the direct competitive model as obtained in [22].

Example 3 (Numerical solutions with data (5.1)). For fixed sufficiently large final time and an appropriate
time step, we display the changes of numerical solutions for two kinds of initial data with a series of decreasing e
in Figure 3. The results indicate that the numerical solution for smaller € is getting closer to the corresponding
discrete Evolutionarily Stable Distribution (ESD for short) of model (5.8), in which the ESD is also obtained
using a nonlinear programming solver as obtained in [22].
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T T 45

—c=5E-3 W o E59%0

0 e=5HE—4 20 E
——e=5E-5

o8 ——c=5E-6 3

FIGURE 4. Random initial data (left); numerical solutions to scheme (5.6) for ¢ = 5E —3,5E —
4,5E—5,5E—6at T = 350 and At = 0.5, and at T' = 1000 and At = 1.1, respectively (middle);
with At = 0.01, numerical solutions of model (5.8) at T' = 350 and T = 1000, respectively, and
the ESD generated by a nonlinear programing solver in [22] (right).

Example 4 (Numerical solutions with Gaussian data (5.4)). We test numerical solutions to scheme (5.6) with
random initial data for different e. It is shown in Fig.4 that the numerical solution will tend to a Dirac mass
concentrating on 0 for o7 = 0.01 < o9 = 0.05, but to a Gaussian function for o; = 0.01 > o9 = 0.05, as time
becomes large. In other words, the numerical solutions to scheme (5.6) for smaller € are getting closer to the
ESD of the direct competition model (5.8).

6. SUMMARY

In this work, we have developed finite volume schemes for solving the competition-mutation model with
a gradient flow structure. The schemes are easy to compute and are shown to preserve both positivity and
the energy dissipation property. We have also established the equivalence between the existence of a unique
discrete positive steady state and the existence of a unique minimizer of the nonlinear optimization problem.
The proposed energy functional is further explored to prove that numerical solutions of both semi-discrete and
fully discrete schemes converge asymptotically toward the positive steady state as time becomes large. Numerical
examples have confirmed both accuracy and entropy dissipation properties of the numerical schemes, and have
shown the efficiency to capture the large time behavior of numerical solutions. Furthermore, numerical solutions
of the model with small mutation are shown to be close to those of the direct competition model.
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