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Part 1. Introduction
Important issue in ecology: biodiversity, coexistence of many
species
Estimated numbers of current species on Earth in an AMS article
by J. Malkevitch
- 7.8 million of which 953,434 have been "described.”
- 300,000 with only 215,644 being " described.”

- 610,000 of which 43,271 have been "described.”

Biological interactions: competition, cooperation (mutualism),
parasitism, commensalism, ...
We focus on competition.
relation between competition and coexistence
1. Does competition always reduce the chance of coexistence?
Or sometimes it helps coexistence?

2. Can species coexist under strong competition?



Lotka-Volterra competition system

ODE: Jut= u(ry — c11u — ¢120)
vy = v(ry — Co1U — CooV)
ppE. JW= dy Au~+ u(ry — c11u — ¢12v)
v = do Av +v(rg — ca1u — c22v) on Q x (0,T)

strong competition: only one species survives for almost all initial data
weak competition: 2 species coexist

Hofbauer and Sigmund



Strong competition in PDE case:

Theorem (K. Kishimoto, 1981) Consider the 2-species system with
Neumann boundary condition on a convex domain. Then a stable steady
state must be a constant.

Proof: 2-species system is monotone. Apply the comparison principle.

Theorem (H. Matano-M. Mimura, 1983) If the domain is far from being
convex, then there exists a stable spatially-inhomogeneous equilibrium
solution.

Mimura—Tohma's simulation

A

(a3) t = 20 (ad) t =50

(al) t=0

It is hard for 2 species to coexist in general.



3-species competition-diffusion system:

up = dy Au~+ u(r] — e11u — €120 — c13w)
vy = do Av 4 v(ry — ca1u — Co2v — cagw) on  x (0,T)

wy = d3 Aw + w(rs — c31u — €320 — c33W)

e 2-species system is a monotone system. 3-species system is much

more complicated: no comparison principle.



2-species traveling wave

1. Traveling waves are important in understanding the dynamical
behavior.

2. The sign of the wave speed tells us which species is stronger
in the PDE case. (Blue one is stronger)

2-species traveling wave:

>

Theorem (Gardner, Conley-G, Kan-on, K-Fang 82, 84, 95, 96)
Suppose that u and v are in strong competition. Then up to a
translation, there exists a unique monotone traveling wave connecting

T T , .
(0, —2) and (—1,0). Moreover this wave is stable.
€22 C11

Question: What kind of waves can the 3-species system have?



3-species traveling wave

Del

monotone wave P. D. Miller, 1997 H. lkeda, 2001




3-species traveling wave

monotone wave P. D. Miller, 1997 H. lkeda, 2001

» Question: Does there exist a type 4 wave?

Type 4

Consider the scenario:

Assume v = w,w = u,u > v. Initially v, w, u occupy the left,
middle, and right. In the long run, can the 3 species develop into a
wave with w in the middle?



Part 2. Existence of type 4 wave

I. Exact wave solutions for 2-species
e No good methods and techniques to tackle the problem. We turned

to find exact solutions.

o M. Rodrigo and M. Mimura (2000, 2001): exact solutions of 2-species
competition systems and other RD equations

Ugy + SUz +u(l— u— hv)=0
dvge + vz +rv(l — ku—v) =0 onR
u(z) = £(1 + tanh z)
= %(l—tanhz){z:px—st,

2—h V2h 2—h
r

b= 4 4

)8:



3-species competition-diffusion system:

ug = dy Au~+ u(r; — c11u — €120 — ¢13w)
vy = do Av 4+ v(re — ca1u — 220 — cozw) on  x (0,T)

wy = d3 Aw + w(rs — c31u — c320 — C33w)

e 2-species: v = G(u). 3-species: v = G(u),w = H(u).
(Unfortunately hard to apply to 3 species and get a solution.)

e 2-species system is a monotone system. 3-species system is much

more complicated: no comparison principle.



Il. Exact and numerical waves
Chen, Hung, Mimura, and Ueyama 2012;
Chen, Hung, Mimura, Ueyama, and Tohma 2013;

Type 4 wave
e Assumed the solution = quadratic polynomials of tanh and

calculated by hand. The first example (similar to the below) was found:

u” +su'+u(l—u— v—2w)=0

v + SV —&—v(l—;,u v—fw)=0 onR

w' + sw +w(l — su—Sv—w)=0

has an exact TW solution
u(z) = 5(1 + tanh(Z
v(z) = (1 — tanh(Z
w(z) = 5 (1- tanh’

)
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One can obtain more TW solutions if the coefficients satisfy suitable

algebraic relations.



2-species wave, s < 0

u,v,w

uy,w
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exact wave, s <0  numerical wave, s > 0

by AUTO numerical method



Two-peak wave

Type 4 wave:




Appears in more complicated interactions:
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Semi-exact solution:
Question: lIs it possible to construct exact solutions for 2-peak waves?

> type 4 wave: (1) assume the wave is a simple polynomial of tanh;
(2) tanh’ z = a polynomial of itself = 1 — tanh® 2.



Semi-exact solution:
Question: lIs it possible to construct exact solutions for 2-peak waves?

> type 4 wave: (1) assume the wave is a simple polynomial of tanh;
(2) tanh’ z = a polynomial of itself = 1 — tanh® 2.

» We failed to find a 2-peak exact solution through this ansatz.



Semi-exact solution:
Question: lIs it possible to construct exact solutions for 2-peak waves?

> type 4 wave: (1) assume the wave is a simple polynomial of tanh;
(2) tanh’ z = a polynomial of itself = 1 — tanh® 2.

» We failed to find a 2-peak exact solution through this ansatz.

> 2-peak wave: (1) the wave is a polynomial of some function T'(2);
(2) T'(z) = a simple polynomial of itself = P(T'(z));
(3) Mathematica.
Since T'(z) is defined implicitly by its ODE, such a wave is called a
semi-exact solution.



i, = dyityy 4 (1] — ayit — bypv — byzw)u,

v = dyvx + (12 — baju — azv — by w)v,
Wy = d3Wyy + (13 — b3y — bagv — azw)w,

t>0,xeR

([l = (12 :H’3 = l.
_ 224m)*(17+120)

=402+ ”)2. ry = 2(2+n)12+(r112+7n) ¥ it
ay =41 +n)3+n), bja =4(=3+n)(l +n), bjz =28(1 +n),
b = 10(3 4+ n)(4+3n), ar =2(1 +n)(12 + Tn), bay = 28(1 + n),

by =103 +n)(5+4n), bya = 6(1 +n)(5+4n), a3 = 54(1 +n).

The 3-species system has the solution

u(x) = (1 (1 m) T2 )),

1t n
v(x) = [l - T2(x))%,
w(x) = = ’[l 1+n)T(x)][1 - ] e w = uw, some hint?
{(;’\ () = [1 = T2(0)][1 + (1 + 1) TX(x)].
7(0) = 0.



Profiles of T', u, v, w:

T

(b) (u(x), v(z),w(z)) (n = 3.01)
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u(x) = ﬁ[l + (1 +n)T3(x)],
o(x) = [1 = T2(x))%,
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I1l. Spiral waves and dynamical patterns
- applications of type 4 waves
Spiral wave
e u,v,w are symmetric (Ei-lkota—Mimura, 1999): spiral wave
e u,v,w are asymmetric (Mimura—Tohma, 2015): use type 4 wave to
construct spiral wave in more general situation
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More dynamical patterns

o Mimura—Tohma (Ecol. Complexity, 2015), Contento-Mimura—Tohma
(JJIAM, 2016): more waves, patterns and their interactions

Dynamical coexistence pattern
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Wedge shape traveling wave
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IV. Observation and conclusion

e 3 species have more chance than 2 species to coexist under strong
competition.
It seems coexistence is easier to happen as a dynamical pattern rather
than a steady state.

o Under suitable conditions, even very strong competition alone can
support coexistence.

e A 3 species system may produces " cyclic-like dominance” or other
mechanisms to sustain the coexistence.

e Type 4 waves serve as a basic building block for complicated patterns.
N

Question: How to construct more type 4 TW?




Part 3. Method of gluing bifurcation theory

Use the theory developed by Kokubu, Chow, Deng, Terman and Fiedler
to construct a TW with long w in the middle.

0:

2-species

3-species

2-species

u” + s’ + u(l —u—c1ov — c1aw) =0,

dyv” + sv’ +v(re — c21u — v — cozw) =0,

dww!” + sw' + w(rs — ca1u — czav —w) =0, (o B}
Let 7 = (72, c21, C12, '3, €31, C32, C23, C13). For 7 = 7,, 3 two 2-species
waves with the same speed (7, called the bifurcation point). Then
perturb 7, suitably to get a 3-species wave.




(H1) h;(z, uo) are generic in the sense that, as z — —oo, h;(z, po)
(¢ = 1,2) approaches O;(ug) along the eigenspace associated with
v (o), and as z — +o0, it approaches O;1(uo) along the eigenspace
associated with —p*™t(pg).
(H2) The unstable manifold W*(O;(uo)) (¢ = 1,2) and the stable
manifold W*(O;41(p0)) have 1-dimensional intersection, i.e.,

dim {T, W*(Oi(p0)) N T W*(Oit1(po))} = 1
for all point p € h;(z, uo), where T,JV denotes the tangent space of the
manifold W at p.
(H3) W*(O;(10)) (i = 1,2) is transversal to 4-dim v-stable manifold
W*¥5(0,;41(10)) which is invariant and is tangent to the eigenspace
corresponding to v+ (1u0), —p*(ko), —nj(1o) (J = 1,2). Also,
W3(Oi41(p0)) is transversal to 4-dim (—p)-unstable manifold
W=P%(0;(po)) corresponding to —p' (o), v* (o), £, (110) (k= 1,2).
(H4) The vectors given by the integrals

o0

avi= [ P @Otz @i [ P E0F (R o) o

— 00 — 00
are linearly independent, where up to a scalar multiple, §(z) is the
unique non-trivial bounded solutions of 2/ = —Z% - Oy F'(h;(z, po), fho)-
If v2(10) = p2(uo), then one additional hypothesis is needed:



(A1) The species are in strong competition.

(A2) The two species waves are stable in the 3-species system.
(H. lkeda)

(A3) The linearized behavior is dominated by the two species waves.
Oy : ALEALE ALE: Oy 0 A2E N2E N2+ Oy 0 L

AT <max (AL, AT <0 <min (AL AL < ALT,

max {A27, 227} < A3T <0< AL <min {AZT, AT}

A< max{)\i’_, )\i;_} < 0 < min {)\i"",)\?ﬂ""} < A3,
AL— + AL= AL+ £ 2L+ )VSL,* + A’?U:77 )\iHr £ )\i,f

Theorem (CH Chang-C, JDDE 2021) Assume (A1)-(A3). Then 3 Type
4 wave if the parameters are perturbed in suitable directions.



Example

dy = dy = 1,5 = —2=L

r
/72(a+1)7 2,0

=Aa), a> %, Ala) = O‘(zfgl)
0
Ale) ’
e (1 — tanh A(as)'m z)
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<1 + tanh / Ale)ta z)



Part 4. Weak interaction

Usz + Stz + 1w (1 — v — cppv — sqw) = 0,

dov,; + sU, + v (rg — ey — v — sow) = 0,

(=-P) v %
daw,, + sw, + w (r3 — capu — 390 — cazw) = 0, /
(u, v, w)(—o0) = (0,19,0), (u,v,w)(c0) = (1,0,0) 2\
gfi _6+5m—3cam
ady = 3012« C21 = 73
" ds + 1)r
C31 = C3272 — 3%2 +2, 13 =302 — % +1

ry > 3dy, Tody > |6dy — 1y,

X ind2+2 . 2 2 2) ca
612<IH1H{3+T2A632+TZ.([S+1((’32"’”)‘3([3}.

Theorem (Chang-C-Hung-Mimura-Ogawa, Nonlinearity 2020)

If €1 and g4 are small, then 3 a stable type 4 wave.
Proof: Prove the existence for the case e = 9 = 0.

Then use perturbation argument.



Theorem 1.2. Assume that cqg,dg, 9, and coq satisfy

1
(@) do >0 and ca1 > ry > — > 0; and
€12

(b) either co1 > bo(ra, da) or c1a > co(r2, da), where

2rad2 (17%) (1+,/1+%>. if da > 1,
by(ra, da) = ra + da + G2 202

2ds (5&)(\@71)‘ if0<dy<1;
2
1 . .
11 2(17(72)(\57” if dy > 1,
(’O(T‘QACIQ) == - + df + 2 1
Ty da W((Tfl) (VItrad+1) if0<dy <1
202 2

(1.12)
Then there exist positive ds, r3, cs1, cs2, cs3 and 8 such that (=-P) has a stable positive

solution for 0 < 1 < 6 and 0 < g9 < &, where 6 = 0(c12, da, 72, ca1, d3, 3, 31, 32, Ca3)
Moreover from the construction of the solutions, one concludes that dim A = 11.

A = { coefficients: which admit a type 4 TW }



Question: What happens if the effect of w on u,v is not week?
(e1,e2 are big)

Drift bifurcation + exact solution: Ei, Ikeda, Mimura and Ogawa.
- Find an exact 3-species solution for non-small €1, 5.

- Prove the first eigenfunction also has an exact form.

- Use bifurcation theory to construct solution theoretically and

numerically.



3=2+1 reduction:

Uy = dq Ugy + u(r1 — c11u — €120 — C13W)
vy = do Ugy + v(r2 — c21u — €220 — co3w)  on R

wy = d3 Wey + w(rs — c31U — €320 — C33W)
Important to estimate p,,(2) = c31u(z) + c300(2)
Question: Assume

uy = Au+ f(u,v)
vy = dAv+ g(u,v) on
Neumann boundary condition.

If d # 1, how to estimate au + Sv?



For 1-dim traveling wave solution, such estimates can be obtained.
Ugz + SU, +u(l —u—ayv) =0,
dv,, +sv.+v(l—au—v)=0, zeR.
(u,v)(=00) = (1,0), (u,v)(c0) = (0,1).

Theorem (LC Hung-C, JDE 2016) Assume ay,ap > 1. Then for oo > 0
and 5 >0,

min {—, ﬁ} min[é,d] < au + v < max [a,ﬁ} max[1

=,



Proof: N-barrier method

Gz=(2) + sp=(2) + a f(u,v) + B g(u,v) =0

0:(22) = 0:(2) + 5(0(z2) ~ () + [ [0 fw0) + Bglu,)] =0

(0,2)
g=0

q=aut+dpv=2,

(1,0)



Application: Necessary condition for 3-secies wave

Theorem (Hung-C, JDE 2016) Assume that d; < da , u and v
competes strongly, and there exists a type 4 wave. Then

dic3z dic31 r
2 1 2
’ daci2 ’ dacai

ry > min{rl7 —

w(ry — c11u — €120 — C13W)
v (re — Co1U — CooU — w)
w (T3 — C31U — C32V — w)



Part 5. Conclusion

e Type 4 waves serve as a basic building block for complicated patterns.
One can use them to numerically construct spiral waves and new
dynamic patterns

® 3 species have more chance than 2 species to coexist.
It seems coexistence is easier to happen as a dynamical pattern rather
than a steady state.

e Under suitable conditions, even very strong competition alone can
support coexistence.

o Explanation for the existence/non-existence of exact solutions?

e How to prove the existence of spiral waves theoretically?



Thank you!



