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Abstract

Adaptive dynamics combines deterministic population dynamics of groups having
different trait values and random process describing mutation and tries to predict the
course of evolution of a species of interest. One of basic interests is to know which
group survives, residents or mutants. By using invasion fitness as the primary tool,
“invasion implies substitution” principle, IIS principle for short, has been established
under the existence of a generating function in the sense of Brown and Vincent (Theor
Popul Biol 31(1):140-166, 1987) and Vincent and Brown (Evolutionary game theory,
natural selection, and darwinian dynamics. Cambridge University Press, Cambridge,
2005). This principle essentially says that the local gradient of invasion fitness ulti-
mately determines the outcome of the competition. However, as we will see in this
paper, even if a system is within the scope of IIS principle, its neighborhood always
contains systems which are beyond this scope. In this paper, in order to overcome
such a limitation, we establish a wider class of systems which is still reasonable as a
model of evolution of a species. For our wider class, the notion of raw invasion fitness
is introduced. In terms of raw invasion fitness, an explicit criterion for the existence
of generating function and a counterpart of IIS principle are obtained. This enables us
to discuss small perturbations of a system within or without the scope of generating
functions/IIS principle. Eventually, we understand why invasion implies substitution,
i.e. why the method using invasion fitness works well with the existence of generating
function, from our broader point of view.
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1 Introduction

To explain or predict the course of evolution in the past or in future has been one
of the most intriguing and ambitious subjects in the modern science. In the end, the
evolution is the outcome of interaction between random alteration of DNA sequences,
i.e. mutation, and the environment surrounding the living organism of interest.

Among numerous attempts to understand the evolution, theoretical approaches
using game theory and dynamical system have been developed for almost half century.
Namely, evolutionary game theory was initiated by Maynard Smith and Price’s cele-
brated work in (1973). Much progress has been made in this direction by Taylor and
Jonker (1978), Taylor (1979) and Smith (1982) for example. Eventually approaches
to the dynamical stability of strategies have arisen by using the theory of (continuous-
time and discrete-time) dynamical system and have created the notion of evolutionary
stable strategy. See Hofbauer and Sigmund (1998), Taylor (1989), Eshel (1983) and
Takada and Kigami (1991) for example. In these works, however, the authors mainly
discussed dynamical systems whose phase spaces are the collection of (vector-valued)
strategies, i.e. trait values of competitors. Consequently little attention had been paid
to the variation of populations of groups having different trait values although it is a
substantial part of the process of evolution.

To take dynamics of population into account, the theory of adaptive dynamics was
brought forth by the works due to Metz etal. (1996), Geritz et al. (1998) and Dieckmann
and Law (1996), to name but a few. In this framework, the fitness function, which is
the reproduction rate of an individual, depends on both populations and trait values of
competitors. Combining the dynamical system of populations describing competition
and the random process corresponding to sporadic occurrence of mutation, adaptive
dynamics tries to unravel the course of gradual change of phenotypic trait value.

More precisely, the adaptive dynamics consists of the following two parts:

(COM) Competition: Deterministic dynamical system which describes the com-
petition between groups possessing different trait values.
(MUT) Mutation: Stochastic process which describes the occurrence of mutants.

To begin with, we assume that the population is dominated by a group, called residents,
with a single trait value. And then once a mutation governed by (MUT) happens,
another group, called mutants, with a new trait value emerges. Then we use (COM) to
determine the new dominant group, residents or mutants. Assuming that the average
time of the occurrence of mutation in (MUT) is much longer than the relaxation time,
i.e. the time needed to reach a new equilibrium, in (COM), one can iterate (COM) and
(MUT) alternately to investigate the course of the evolution.

In this paper our main interest is the deterministic dynamical system in (COM)
described as ODEs. More precisely, we are going to investigate how the outcome of the
competition is determined, in other words, the global behavior of the dynamical system
(COM). A typical scenario is that out of two equilibriums dominated by residents and
mutants respectively, one of them is globally stable and the other is unstable.

Geritz et al. (2002) have dealt with a discrete time model of a monomorphic popula-
tion having multiple attractors. In this model, there exists a pair of a resident dominant
state and a mutant dominant state corresponding to each attractor of the monomorphic
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population. Making use of their own “tube theorem”, which corresponds to a discrete
version of Lemma A.2 in this paper, they have shown that if a shift between a resident
dominant state and a mutant dominant state occurs, then those states constitute one
of the pairs mentioned above corresponding to a single attractor of the monomorphic
population. As for continuous time models, i.e. ODE models, Geritz have gotten an
analogue of the tube theorem for a special class of model in (2005), where he have
shown “invasion implies fixation theorem”, which is a counterpart of the “invasion
implies substitution principle” mentioned below. Note that there exists a generating
function in the sense of Brown and Vincent (1987) and Vincent and Brown (2005) for
Geritz’s model and that the global stability is determined by invasion fitness, which is
also called invasion exponent, and often denoted by s, (y) in literatures as Geritz et al.
(1998), Diekmann (2004) and Brinnstrom et al. (2013).

In this direction, a remarkable achievement is the establishment of the “invasion
implies substitution” principle, IIS principle for short, by Dercole and Rinaldi (2008).
More precisely, they have shown that the sign of the local gradient of invasion fitness
determines which group survives, residents or mutants under the assumption of the
existence of generating function. Note that their framework includes Geritz’s one
in (2005). In this paper, we use 6 to denote the invasion fitness. See (2.9) for the
explicit definition. Mathematically, the local gradient of the invasion fitness is an
index of the local stability of the equilibrium dominated by residents. Therefore, the
invasion implies substitution principle means that the local stability determines the
global stability. In general, such an immediate coincidence of the local and the global
stabilities is not at all obvious. So what does cause such a coincidence? More generally,
what is the secret of success of the global stability analysis using the invasion fitness?
Our answer will be the existence of an associated generating function in the sense of
Brown and Vincent (1987) and Vincent and Brown (2005). Note that there exists an
associated generating function in both frameworks of Geritz (2005) and Dercole and
Rinaldi (2008). Then, the subsequent natural question is what happens without such a
strong constraint as the existence of an associated generating function. In this respect,
our goal is to obtain a criterion of the global stability for a class of models which are
out of the scope of the invasion fitness and still reasonable as a model of competition
of residents and mutants. For this purpose, we are going to introduce the notion of
raw invasion fitness ® as a natural extension of invasion fitness and show the results
including:

e Theorem 3.2: The shift of global stability between resident dominant state and
mutant dominant state is caused by uniform positivity (and negativity as well) of
the local gradients of raw invasion fitness on the line segment between the two
states.

e Theorem 3.9: There exists a generating function associated with a dimorphic sys-
tem if and only if the local gradients of raw invasion fitness only depends on the
total population of two competing groups having different trait-values.

Another reason to seek a theory beyond the scope of the invasion fitness is the question

on the stability of global behavior under perturbations of an original system. For
example, let us consider the following system:
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dn
o= ni(1 = (n1 +n2) + (x2 — xna(c — any — bny))
(1.1)
dn
d_t2 =na(1 — (n1 +n2) + (x1 — x2)n1(c — any — bny)),

where 1 and n; are populations of the groups having trait values x| and x; respectively.
For this model,

e Incasea = b = 0, this model has been extensively treated in the previous studies,
for example, Diekmann (2004) and Briannstrom et al. (2013).

e In case a = b, then there exists an associated generating function and hence the
existing method using invasion fitness can be applied.

e Incasea # b, there exists no associated generating function and hence the existing
method using invasion fitness can not be applied.

The dichotonomy between the last two cases is due to Theorem 3.9. Since a tiny
perturbation to a system can easily destroy the equality a = b, we need a theory
beyond the paradigm of invasion fitness in order to study the stability of the global
behavior under small perturbations of a system. Indeed, by our results, we do see that
the global behavior of (1.1) is stable under small perturbations of the parameters a, b
and c as long as (b — c¢)(a + b — 2c) # 0. See Sect. 3.3 for details.

2 Frameworks and rough description of results

To illuminate our aims and to fix ideas, let us clarify our terminologies and frame-
works. A monomorphic system is the following system (2.1) of ordinary differential
equation, ODE for short, which describes the time evolution of a population consisting
of individuals with a single trait value x,

M fi (0, N x)

— =n n, ) )

dt 1 ' 2.1
AN N

— =q1(n, N, x),

dr q1

where n is the population, x is the parameter representing trait value and N is the
external environmental factor.

A dimorphic system is the system of ODEs describing the time evolution of a pop-
ulation consisting of individuals with two trait values under an external environmental
factor N. In this case the population is divided into two groups depending on trait
values and those groups compete with each other. Let (ny, x;) and (ny, x2) be the
pairs of the population and the trait value of two competing groups. In this paper we
assume that the growth rate of the population of the group having trait value xj is
given by

F(ny, x1|n2, x2, N)
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and hence
dn1
—— =n1F(ny, x1|n2, x2, N)
dt
2.2)
dna F(ny, x3|n1, x1, N)
— =n 3 5 3
s 2 2, X2|ny, X1
For simplicity, set
fa(ni,n2, N, x1, x2) = F(ny, x1|n2, x2, N).
Then the complete expression of a dimorphic system is
dn1
—— =ny fa(ny,n2, N, x1, x2)
dt
dn
d_t2 = ny fa(na, ni, N, x2, x1) (2.3)
dN ( N )
— =qa(n1,n2, N, x1, x2),
dt q2(ny, ny 1, X2
where
q2(ny,n2, N, x1, x2) = q2(n2, ny1, N, x2, x1). 2.4

should hold since the effect of (r21, x1) and (n3, x7) to the growth of N does not depend
on their order. We call the system of ODE’s (2.3) satisfying the symmetry (2.4) as a
dimorphic system.

As a model of the competition of two groups within a single species, it is natural to
impose two relations between a monomorphic system (2.1) and a dimorphic system
2.3):

First, if np = 01in (2.3), then no competition is present and hence the system is reduced
to a monomorphic system (2.1). Namely it is required that

f2(n1,0, N, x1,x2) = F(n1,x110, x2, N) = fi(n1, N, x1)

(2.5)
q2(n1,0, N, x1,x2) = qi1(n1, N, x1).

Secondly if the trait values x| and x; are equal in (2.3), then it should be reduced to
the monomorphic system (2.1) with n = n| + n,. Mathematically, it is required that

fa(ni,n2, N, x,x) = F(ny, x|n2, x, N) = fi(n1 +n2, N, x)

(2.6)
g2(n1,n2, N, x,x) = qi(n1 +na, N, x).

As a whole, our mathematical framework of this paper is the systems of ODEs,
(2.3) and a monomorphic system (2.1) with the properties of (2.5) and (2.6). Such
a pair of a monomorphic system and a dimorphic system is called a 2-hierarchical
system, whose exact definition is as follows.

Definition 2.1 (2-hierarchical system) A pair ((f1,4q1), (f2, ¢2)) is called a 2-
hierarchical system if and only if (fi, g;) is a monomorphic system, (f2,¢g2) is a
dimorphic system and the consistency conditions (2.5) and (2.6) are satisfied.
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1498 T. Oba, J. Kigami

For the sake of simplicity, we are going to assume that for all parameter x,
a monomorphic system (2.1) has a unique equilibrium point (72, ﬁx) which is a
global attractor, i.e. lim;_, o (n(¢), N(t)) = (ny, ﬁx) for every nonnegative solution
(n(t), N(t)) of (2.1). (See Assumption 3.1 for the precise statement.)

The course of events in this model is as follows: suppose that the population is
dominated by residents with a single trait value x,, i.e. the monomorphic system (2.1)
with the parameter x, stays at the stable equilibrium (72, ﬁx*). At a certain point, a
mutation occurs and a small group of mutants with a new trait value x is introduced
into the system. Accordingly, the system of interest has been changed to the dimorphic
system with parameter x, and x starting from near the equilibrium (7y, , O, N x,.)» Which
is not necessarily stable as a dimorphic system. Our main interest is to analyze the
global behavior of this dimorphic system (2.3). In particular, plausible outcomes of
our concern are the following three (A), (B) and (C):

(A) The equilibrium (7, , 0, ﬁx*) is globally stable, i.e. mutants are going to extinct
eventually and the system will return to the monomorphic system with the original
trait value x,.

(B) The new trait value x is superior to the original one x, and eventually mutants will
dominate the population. In our framework, this means that the equilibrium (0, 77, ﬁx)
is globally stable and every solution of (2.3) starting near the original equilibrium
(7., 0, ﬁx*) is going to converge to (0, 71, Ny).

(C) Two trait values x, and x, are going to coexist in certain proportion, i.e. there
exists a stable equilibrium (71, , 71y, N) of (2.3) such that Tix,, Ny > 0 and every
solution starting near the original equilibrium 71y, 0, ﬁx*) is going to converge to
(M, , Tix, N).

Our main results are the followings:

(D First we have established a sufficient condition for the global shift between (A) and
(B). To be exact, we introduce the notion of raw invasion fitness ®(ny, ny, N, x1, x2)
as the difference between the fitnesses of mutants and residents. i.e.

Oy, na, N, x1,x2) = fa(na,n1, N, x2,x1) — fa(ny, n2, N, x1, x2) (2.7)
Note that ® = 0 on the line segment L (x,) defined by

L(xy) ={(n1,n2, Ny,, Xy, xs) |01 +n2 =ny,,n1,ny > 0}. (2.8)

The “classical” invasion fitness 6 (-, -) turns out to be a special value of our raw invasion
fitness as follows:

6(x1,x2) = f2(0, 70y, , Ny, . X2, X1) = Oy, 0, Ny, x1, x2). (2.9)

Our theorem, Theorem 3.2, shows that if

00
FP is uniformly positive on L(x,), (2.10)
X2
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then as x crosses x,, (B) happens while x, < x and (A) happens while x < x,.
Under our condition (2.10), ® is uniformly positive (resp. negative) around L (x,)
when x < x, (resp. x4 < x). Thus our result matches the intuition that whichever has
the higher fitness wins the competition.

(IT) Secondly, we are going to show that the invasion implies substitution principle,
IIS principle for short, by Dercole and Rinaldi (2008) can be obtained as a corollary
of our general result mentioned above. More specifically, we introduce the notion of
a trimorphic system, which is a system of ODE’s describing the competition of tree
groups having different trait values. As is the case of 2-hierarchical system, we call
a consistent triple of a monomorphic system, a dimorphic system and a trimorphic
system a 3-hierarchical system. Under these terminologies, a careful examination of
the discussions by Dercole and Rinaldi (2008) yields that their result can be divided
into the following two steps:

e If a dimorphic system is a part of 3-hierarchical system, then there exists a gener-
ating function associated with the dimorphic system.

o If there exists a generating function associated with a dimorphic system, then IIS
principle holds.

The notion of generating function has been introduced by Brown and Vincent (1987)
and Vincent and Brown (2005). In fact, we are going to present a characterization of
the existence of generating function in terms of raw invasion fitness ®. Namely, in
Theorem 3.9, the existence of associated generating function is shown to be equivalent
to the condition that %(m, na, N, x1, x1) only depends on the values of n + n»,
N and x1. In view of (2.9), this characterization will lead to IIS principle under the
existence of generating function. See Sect. 3.2 for details. Furthermore, we are going
to present the following relations of classes of dimorphic systems, where we use DMS

as an abbreviation of a dimorphic system:

{DMS as a part of 3 — hierarchical system}
C {DMS having associated generating function}
1

(?) the scope of the method using the invasion fitness

C {DMS as a part of 2 — hierarchical system}
(©)
(4:) the scope of the method using the raw invasion fitness.

The proper subset symbol (1) is derived from Theorem 3.7 and Proposition 3.10.
The equality (2) is concluded by Theorems 3.2, 3.8 and 3.9.

The proper subset symbol (3) is due to Propositions 3.6 and 3.12.

The euqality (4) is due to Theorem 3.2.

(III) Thirdly, we have obtained a simple class of examples who have no associated
generating functions and where IIS principle may fail. Precisely our example is the
following 2-hierarchical system:
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dny

= ni(1 = (n1 +n2) + (x2 — xna(c — any — bny))

dny

T =na(1 — (n1 +n2) + (x1 — x2)ni(c — any — bny)) (2.11)
dN

— =N —N).

ar ( )

Although the third equation is noting to do with the first and second ones, we put it
here for the sake of formality to match (2.8) with (2.3). Immediately, one sees N = 1.
Furthermore since the associated monomorphic system (2.1) is

dn (1 )
— =n(l —n),
dt

it follows that7z,, = 1 for any x. In this class, an associated generating function exists
if and only ifa = b. If

b—-c)a+b—2c) >0,

then we can apply our result in part (I) and show the shift of global stability between
the resident dominant and the mutant dominant equilibriums. On the contrary, if

b—c)la+b-—2c) <0,

x3 < x1 and x3 is sufficiently close to x1, then (C) occurs, i.e. there exists a stable
equilibrium (77, , 7iy,, 1) such that7iy, , @iy, > 0and any solution starting from near the
resident dominant equilibrium (1, 0, 1) converges to (7iy,, fiy,, 1). Consequently, IIS
principle fails in this example. Note that due to the above result (I), this won’t happen
under the existence of a generating function. See Sect. 3.3 for exact statements.

3 Main results

In this section, we are going to give exact statements of our results in three subsections
according as the rough description (I), (II) and (III) in the last section. In Sect. 3.1,
first we provide the notion of shift of global stability called SU-shift and US-shift,
where the symbol “S” and “U” stand for “stable”” and “unstable” respectively, and give a
sufficient condition for shifts of stability as we outlined in (I). In Sect. 3.2, assuming the
existence of generating function, we obtain IIS principle originally proven by Dercole
and Rinaldi as a corollary of Theorem 3.2 in Sect. 3.1 by using certain characterization
of the existence of generating function obtained in Theorem 3.9. In the last Sect. 3.3,
we give a simple class of examples where we observe all the variety of plausible
outcomes (A), (B) and (C) in the introduction.
Our domain for a monomorphic system (2.1) is

Uy ={(n,N,x)ln e Ry, N e R, x € R},
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where the variables n, N, and x represent a population, an external environmental

factor and a trait value respectively. The external environmental factor may represent

amount of available nutrition, population of a predator species and so on. The functions

/1 and g are assumed to be smooth, to be exact, C*° in a neighborhood of U1, i.e. they

can be extended to open neighborhoods of U/} and are C* in their extended domains.
In the similar manner, the domain for a dimorphic system (2.3) is

Uy = {(n1,n2, N, x1,x2)|n1,n2 € Ry, N, x1,x € R},

where n; (resp. ny) represents a population of individuals with a trait value x| (resp.
x7) and N represents an external environmental factor. Note that the first trait value x|
belongs to residents and the second one belongs to mutants in our model. The functions
f> and g are assumed to be sufficiently smooth, to be exact, C*° in a neighborhood of
U,, i.e. they can be extended open neighborhoods of U/, and are C°° on their extended
domains.

Furthermore, for the sake of simplicity of statements, we assume the following
property.
Assumption 3.1 For any x € R, there exists a global attractor (77, ﬁx) such that
any solution of a monomorphic system (2.1), (n(¢), N(t)) converges to (7, ﬁx) as
t — oo. Moreover, (7y, N ) 18 hyperbolic and the real parts of all the eigenvalues of
the linearization of (2.1) at (iy, Ny) ,

L 0f1 ~ = ~0f1 ~ =
ny—— My, Ny, x) ny—— (ny, Ny, x)

IN
991 o N ) 9q1 o N ) G.h
- , s X — , , X
an Ny, Ny N Ny, Ny

are negative.

The second assumption about eigenvalues of the linearization ensures the local
stability of the equilibrium (77, Ny).

Even without the assumption that (72, , ﬁx*) is a global attractor, if the eigenvalues
of (3.1) has negative real parts, then our theorems in this paper still hold with some
(rather complicated but non-essential) modifications in the statements.

3.1 Shifts of stability

The shift of global stability in this paper means the global transition between the
resident dominant state and the mutant dominant state as the trait value of mutants
varies around the trait value of residents. Throughout this subsection, we consider a 2-
hierarchical system (f1, q1), (f2, g2) satisfying Assumption 3.1. To present an explicit
statement, we need the notion of a tubular neighborhood S (x,) of L(x,) defined as

Se(x,) = ( U B((nl,nz,ﬁx*),e)) N (0, oo) x (0, oo) x R,

(n1,n2, Nyy X5, x5 ) €L (x4)

where B(x, €) is a Euclidean ball given by {y : |x — y| < €}.
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1502 T. Oba, J. Kigami

Definition 3.1 Let x,, € R. We say that SU-shift (resp. US-shift) occurs at x, if there
exist €, 8 > 0 such that if {(n1(z), na(t), N(t))};>0 is a solution of the dimorphic
system (2.3) and (n1(0), n2(0), N(0)) € Sc(x4), then

lim (n1(1), n2(t), N(1)) = (ix,, 0, Nx,) (S)
11— 00

whenever x| = x, and x3 € (x4 — 8, x4) (resp. x2 € (x4, X« + §)) and
lim (n1(1), n2(8), N(0) = (0,701, Noy) ()

whenever x| = x, and xp € (X, X4 + &) (resp. x2 € (xx — 8, Xx)).

Recall that the trait values x, and x, belong to residents and mutants respectively.
The statement (S) (resp. (U)) means that any solution starting from near L(x,) con-
verges to the resident (resp. mutant) dominant state (71, , 0, ﬁx*) (resp. (0, 7iy,, ﬁxZ))
ast — oo. Thus SU-shift and US-shift at x,. are global qualitative transitions between
(S) and (U) with the critical value x,.

The following theorem gives a sufficient condition for shift of global stability.

Theorem 3.2 Let x, € R. SU-shift (resp. US-shift) occurs at x, if the following con-
dition (3.2) [resp. (3.3)] holds;

00

inf —(n1,ny, N, x1,x2) >0, (3.2)
(n1,n2,N ,x1,x2)€L(xy) 0X2
00

su (n1,n2, N, x1,x2) < 0. 3.3)

(n1.12.N x1,x2) €L (x,) 0X2

We will prove this theorem in “Appendix A”. Here we give a rough idea why it is
true. Note that ® = 0 if x, = x,. Hence

0
O~ (X2 — X)) 7 (4
3)(2

if x7 is sufficiently close to x,. Suppose that (3.2) is true. If x» < x4, then ® < Oina
small neighborhood of L(x,),i.e. S¢ (x,). Namely, the fitness of residents is uniformly
higher than that of mutants. Consequently, residents will be dominant. If xp > x,,
then everything becomes opposite and so we have SU-shift.

3.2 Invasion implies substitution principle

In this subsection, we are going to show that “invasion implies substitution principle”,
IIS principle for short, can be shown as a corollary of our Theorem 3.2. As we have
mentioned in the introduction, the essential claim of IIS principle is that the local
stability of the resident dominant equilibrium determines the global stability of both the
resident dominant and the mutant dominant equilibriums. To begin with, let us make an
observation on the local stability of the resident dominant equilibrium (72, , 0, ﬁx*)
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Why does invasion imply substitution? Beyond the paradigm... 1503

of a dimorphic system (2.3) with parameters (x., x2). One can easily see that the
eigenvalues of the linearization of (2.3) at (71, 0, ﬁx*) are given by the eigenvalues
of (3.1) and the invasion fitness 6 (x,, x2). By Assumption 3.1, the sign of 6 (x,, x2)
determines the local stability of (7., 0, ﬁx*), i.e. if 0 (xy, x2) > O (reps. 0 (x4, x2) <
0), then it is locally unstable (resp. stable).

At this point, we are going to revisit the original proof of IIS principle by Dercole
and Rinaldi (2008, “Appendix B”). They started with a 2-hierarchical system and
assumed the existence of a trimorphic system behind, which has turned out to be the
key to fill the gap between local and global stabilities.

A trimorphic system is a system of ODE’s representing competition of three groups
inside a single species having three (different) trait values. As a dimorphic system, let
(nj, x;) fori = 1,2, 3 be the pair of the population and the trait value of i-th group
and let N be an external environmental factor. Suppose {i, j, k} = {1, 2, 3}. Then it
is natural to assume that the fitness of a group i is effected only by the current state of
itself, (n;, x;), the current state of the opponent groups, {(n;, x;), (ng, xr)}, and the
external environmental factor N including possible effect of another living organism.
As a result, the fitness of the group having the trait value x; must be written as

F*(ni’xi|{(njvxj)v(nkaxk)}vN)' (35)

Consequently, the time evolution of the group i is governed by

dn,'
v ni Fe(ni, xil{(nj, x;), (g, xp)}, N).

By the same line of reasoning, we assume that the growth rate of the external envi-
ronmental factor N is given by

H(N|{(n;, x;), (nj, xj), (nk, xx)})- (3.6)

Consequently the time evolution of N is governed by

dN
o= H(NI|{(n;i, x;), (nj, xj), (g, xi)})

Hence if we introduce functions f3 : (R;)3xRxR3 — Randg; : (Ry)>xRxR? —
R as

f3(ni, n2,n3, N, x1, x2, x3) = Fe(n1, x1|{(n2, x2), (n3, x3)}, N),
and

q3(n1,n2,n3, N, x1, x2,x3) = H(N|{(n1, x1), (n2, x2), (n3, x3)}),
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then the full equation of a trimorphic system is

dn1

ar =ny f3(n1,na, n3, N, x1, x2, x3),

dny

o= na f3(na, n3, n1, N, x2, x3, X1),

(3.7

dns

o= n3 f3(n3, ny,na, N, x3, x1, X2),

dN

ar =q3(n1,na,n3, N, x1, x2, x3).

Additionally, since the values of F givenby (3.5) and H given by (3.6) are independent
of the order of j and k and the order of i, j and k respectively, it is natural to assume
that

fa(i,nj, ng, N,xi, xj, xx) = f3(mi, ng,nj, N, xi, xg, x;) (3.8)

and
q3(n1,na,n3, N, x1, x2,x3) = q3(ni, nj, ng, N, xi, Xj, xp), (3.9)

where (i, j, k) is an arbitrary permutation of (1, 2, 3).

Definition 3.3 (Trimorphic system) Write 3 = (R4)? x R x R3. A system of ODE’s
(3.7) is called a trimorphic system if and only if f3 and g3 are C*° function defined
on a neighborhood of /3 and satisfy (3.8) and (3.9) on U3 respectively.

There are natural consistency conditions (ET) and (CT) between a dimorphic sys-
tem and a trimorphic system as was the case between a monomorphic system and a
dimorphic system.

(ET) Extinction of a trait value: If n3 = 0, then the third group is no longer exis-
tent and the system becomes dimorphic with the groups of trait values x; and x».
Mathematically, this requires

f3(n1,n2,0, N, x1,x2,x3) = fa(ny,na, N, x1, x2) (3.10)

and
q3(n1,n2,0, N, x1, x2, x3) = q2(n1,n2, N, x1, x2). (3.11)

(CT) Coincidence of trait values: In case two trait values coincide, then two groups
sharing the same trait value behave as one. Hence the system becomes dimorphic.
Mathematically this requires

f3(n1,n2,n3, N, x1,x1,x3) = fo(n1 +nz,n3, N, x1, x3), (3.12)
fa(ny,n2,n3, N, x1, x2, x2) = fa(n1, na +n3, N, x1, x2) (3.13)

and
q3(n1,n2,n3, N, x1, x1, x2) = q2(n1 + n2,n3, N, x1, x3). (3.14)
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There are other variations like the case n; = 0 or x3 = x; but the associated
mathematical relation are all deduced form the above requirements in (CT) and (ET)
due to the symmetries (3.8) and (3.9).

The conditions in (ET) and (CT) ensure the consistency between a dimorphic system
and a trimorphic system.

Now, we fix terminologies without ambiguity.

Definition 3.4 (1) A triple ((f1,4q1), (f2,¢2), (f3,q3)) is called a 3-hierarchical
system if and only if ((f1, g1), (f2, g2)) is a 2-hierarchical system, ( f3, ¢3) is a tri-
morphic system defined in Definition 3.3 and all the consistency conditions (3.10),
(3.11), (3.12), (3.13) and (3.14) are satisfied for any (n1, na, n3, N, x1, X2, x3) €
Us.

(2) f € C*®(U,) is said to be a part of a 2-hierarchical system if and only if there
exists a 2-hierarchical system, ((f1, q1), (f2, ¢2)), such that f = f>.

(3) f € C°°(Uy) is said to be a part of a —hierarchical system if and only if there exists

a 3-hierarchical system, ((f1, q1), (f2, q2), (f3,q3)), such that f = f5.

There is one more notion playing a key role, which is the notion of generating
function introduced by Brown and Vincent (1987) and Vincent and Brown (2005).

Definition 3.5 (Generating function)

(1) A function G : Uy x R — R which is C* in a neighborhood of U, x R, is called
a generating function if and only if it satisfies the following conditions (G1),(G2)
and (G3).

(G1) Foranyn; > 0,x1,x € Rand N € R,
G(n1,0,N,x1,x2,x1) = G(ny,0,N, x1,x1,x1) (3.15)
(G2) Forany s > 0,r1,7m €[0,1]and N, x,y € R,
G((1—=ry)s,r1s, N,x,x,y) =G((1 —r)s,rs, N, x,x,y) (3.16)
(G3) Forany (n1,n2, N, x1,x2,y) €l x R,
G(ny,na, N,x1,x2,y) = G(na, n1, N, x2, X1, y). (3.17)

(2) f € C*®°(U) is said to have an associated generating function if and only if there
exists a generating function G : U x R — R such that

f(i,n2, N, x1,x2) = G(ny, na, N, x1, x2, x1)

forany (n1, na, N, x1, x2) € U,. Inthis situation, G is called a generating function
associated with f.

As amodel, the variables ny, na, N, x, x2 have the same roles as before. The sixth
variable y has been called virtual strategy in Brown and Vincent (1987) and Vincent
and Brown (2005).
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The conditions (G1), (G2) and (G3) correspond to the conditions (P1), (P2) and
(P3) in Dercole and Geritz (2016), where their definition of a generating function
contains an additional condition (P4).

Let G be a generating function. If f| and f> are defined by

f(ny,na, N, x1,x2) = G(ny,na, N, x1, x2, X1) (3.18)
and
Silny,x1) =Gm1,0, N, xq, x1, x1), (3.19)

then, with appropriate choice of ¢; and ¢2, g1 = 0 and ¢» = 0 for example,
((f1,q1), (f2, g2)) is a 2-hierarchical system. Thus we have the following fact.

Proposition 3.6 If f € C°°(Uy) has an associated generating function, then f is a
part of 2-hierarchical system.

In our terminologies, two steps of arguments by Dercole and Rinaldi (2008) men-
tioned in the introduction can be stated as the following two theorems, Theorems 3.7
and 3.8.

Theorem 3.7 (Dercole and Rinaldi 2008) If f € C*°(Us) is a part of a 3-hierarchical
system, then f has an associated generating function.

The following proof of the above theorem is based on the idea of Dercole and
Rinaldi.

Proof Let ((f1,q1), (f2,q2), (f3, g3)) be a 3-hierarchical system and f = f>. Set
G(ni,n2, N,x1,x2,y) = f3(0,n1,n2, N, y, x1, x2).

Then by (3.12),

G(ni,n2, N,x1,x2,x1) = f3(0,n1,n2, N, x1, x1,x2) = fa(ni, n2, N, x1, x2).
Therefore, by (2.5)

G(n1,0, N, x1,x2,x1) = f2(n1,0, N, x1,x2) = fi(n1, x1)

and hence we have (G1). By (3.13), it follows that
G(rs,(1 —r)s, N, x1,x1,y) = f300,(1 —=r)s,rs, N, y, x1,x1)= f2(0,s, N, y, x1).

This immediately implies (G2). Moreover, we have (G3) by (3.8). Thus we have shown
that G is a generating function associated with f. O

Theorem 3.8 (Dercole and Rinaldi’s IIS principle) Let ((f1, q1), (f2,q2)) be a 2-
hierarchical system and f> have an associated generating function. If

a0
— (X, Xs) (3.20)
8)62
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is positive (resp. negative), then SU-shift (resp. US-shift) occurs at x.

Let us clarify how this theorem is deduced from our main theorem, Theorem 3.2.
By (2.9), it follows that

260 10 -~
— (X4, X)) = ——(ny,, 0, Ny, X, X4). (3.21)
0x) 0x)

Since 0 (x4, x.) = 0, we see that
060 00
0 (x4, X2) ~ (x2 — x*) (x*, Xy) = (X2 — x*) (nx*, 0, Ny, X, ). (3.22)

So, in case %(x*, xx) > 0 for example, the locally stability of (7, , 0, I’V\x*) changes
from being stable to being unstable as x; crosses x, form below. Comparing this with
(3.4) and our Theorem 3.2, one can clearly recognize the gap between the local and
the global stabilities. Namely, the shift of global stability is determined by the sign of

g 9 on the whole line segment L (x,) while the change of local stability is determined

by that of the one point (72, , 0, Nx*, Xy, X5) 10 L(xy).

So, how is it possible that the sign of a value at one point can determine that of
the whole points in L(x,)? Our answer is simple: if f> has an associated generating
function, then the value of % is constant on L(x,) so that the value at one point

71y, 0, ﬁx* , X4, X4) 1s the values of the whole pointsin L (x,). Actually such a property
is the essence of generating function as the next theorem says.

Theorem 3.9 Let ((f1,q1), (f2, g2)) bea 2 hierarchical system. Then f, has an asso-
ciated generating function if and only lf (n 1,12, N, x1, x1) only depends on the
values of n1 + n», N and xi.

This theorem will be proven in “Appendix C”.
Given this theorem, it is now clear that Dercole and Rinaldi’s IIS principle is an
immediate corollary of our main theorem, Theorem 3.2 as follows.

Proof of Theorem 3.8 Assume that (( fi, q1), (f2, g2)) is a 2-hierarchical system and
f> has an associated generating function. Then by Theorem 3.9, it follows that e 1s

constanton L (x,). Hence it coincides with 33—)‘2 (x4, X4). Now Theorem 3.2 1mrned1ately
yields the desired conclusions. O

At this point, we have fulfilled our original aim of this section, which has been
to show that the original IIS principle of Dercole and Rinaldi can be obtained as
a corollary of our main theorem. There still remain, however, intriguing questions
concerning generating functions. One of them is the converse of Theorem 3.7: if f
has an associated generating function, then is f a part of a 3-hierarchical system? This
turns out to be false since we have the following counterexample.
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Proposition 3.10 Define

f(n1,n2, N, x1, x2)
=1—(n1 +m) + (x2 — x)na(a(n)? + iz + y(12)?).  (3.23)

Then f is a part of a 2-hierarchical system for any o, B and y. Furthermore,

(1) f has an associated generating function if and only if B + y = 3c.
(2) f is apart of a 3-hierarchical system if and only if ¢« =y and B = 2a.

So,if ¢ = 1,8 = 0 and y = 3 for example, then f has an associated generat-
ing function but it is not a part of any 3-hierarchical system. The key fact to show
Proposition 3.10 is the following proposition.

Theorem 3.11 A smooth function f : U, — R is a part of a 3-hierarchical system if
and only if there exist smooth functions &, f, : Uy — Rand p : U — R satisfying

fni,n2, N, x1,x2) = fulni +nz, N, x1)
+(x1 — x2)n2(§(n1 4 na, N, x1) + (x1 — x2)p(n1, na, N, x1,x2))  (3.24)

forany (n1,na, N, x1, x2) € Us.

A generalized version of this theorem in the case of U, will be proven in “Appendix
B”.
Proof of Proposition 3.10 Set fi(ny, N,x1) =1 — (n1 +n2),q1(n1, N,x1) = N(1 —

N)and g2(n1, n2, N, x1, x2) = N(1—N). Then ((f1, q1), (f, ¢2)) is a 2-hierarchical
system.

(1) Set(ni, ny) = a(n)? + Bnins + y(n)? and define

G(ny,n2, N, x1,x2,y) =1 —(n1 +n2) + (x2 — y)nap(ny, na)
+(x1 — y)nye(ng, ny).

Then G(ny, n2, N, x1, x2, x1) = f(n1,n2, N, x1, x2). Moreover (G1) and (G3)
hold. Furthermore, (G2) holds if and only if nop(ny, n2) + nie(ny, ny) only
depends on nj + ny. A routine calculation shows that this is equivalent to the
condition that 8 + y = 3«.

(2) Comparing (3.23) and (3.24), we see that f is a part of a 3-hierarchical system if
and only if ¢(ny, ny) depends only on n1 + ny. This turns out to be equivalent to
the condition that « = y and 8 = 2«. O

3.3 Example
In this subsection, we give a class of examples which is simple enough as the fitness

function f> is a polynomial of degree 2 in n and n, but is out of the scope of the
preceding framework by Dercole and Rinaldi. Indeed, we do show in Proposition 3.12

@ Springer



Why does invasion imply substitution? Beyond the paradigm... 1509

that no generating function is associated with it except the case where a = b in the
following example. Still we can show the occurrence of SU-shift and US-shift due to
Theorem 3.2. As a reminder, our example is (2.11) given by

dn

o= ni(1 = (n1 +n2) + (x2 — xna(c — any — bny))
dny

s na(1 — (n1 +n2) + (x1 — x2)ni(c — any — bny))
dN

— =N —-N),

o ( )

where a, b and c are real-valued parameters. In this case, if

fa(ni,na, N, xy, x2) = 1 = (n1 +n2) + (x2 — x1)na(c — any — bny),
q2(n1,n, N, x1,x2) = N(1 — N),

fin, N, xp) =1—-mny

qi(n1, N,x1) = N(1 = N),

then (f1, g1), (f2, q2)) is a 2-hierarchical system corresponding (2.11).
Proposition 3.12 f, has an associated generating function if and only if a = b

Proof 1t follows that
BIC) 2 5
E(m,nz, N,x1,x2) = b(n1)” + 2aniny + b(nz)” — c(ny + no2). (3.25)
2

By Theorem 3.9, the desired conclusion is immediate. O

The following theorem gives us variety of asymptotic behaviors of solutions of
(2.11) according to the values of parameters a, b and c. In particular, it tells us that
invasion does not always imply substitution.

Theorem 3.13 Let x,. € R. Then

(1) Ifb—c>0anda+ b —2c > 0, then SU-shift occurs at x.

2) Ifb—c<0anda+ b —2c < 0, then US-shift occurs at x.

(3) Supposethat (b—c)(a+b—2c) < 0. Then two distinct locally stable equilibrium
coexist if xo # xy and |xo — x| is sufficiently small. More precisely, assume b > ¢
(resp. b < c.) Then there exists § > 0 and € such that the following two cases
occur.

(BA) x3 € (x4, x4+ 0) (resp. (xx — &8, x4)): There exists a locally stable equilibrium
point (i, , iy, 1) such that any solution starting from B((1, 0, 1), €)N(0, o0)*
converges to (liy,, Ny,, 1)as t — 0o. The mutant dominant equilibrium point
(0, 1, 1) is also locally stable.

(BB) x2 € (x4 — 8, xy) (resp. (x4, Xy + 8)): The resident dominant equilibrium
(1,0, 1) is locally stable. There exists a locally stable equilibrium point
(Nx,, Nx,, 1) such that any solution starting from B((0,1,1),¢€) N (0, 00)3
converges to (ny,, ny,, 1)ast — oo.
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Proof For (1) and (2), making use of (3.23), we verify (3.2) and (3.3) in Theorem 3.2
respectively. The proof of (3) is in “Appendix D” O

As we have already mentioned in the introduction, the case (3) of the above theorem
reveals a phenomenon beyond IIS principle. There exist two locally stable equilibria.
In the case of (3A), if the initial population of mutants is relatively small, then residents
and mutants will coexist in a certain proportion. If the initial population of mutants is
large enough mutants will dominate the entire population eventually, although this may
not sound realistic in the real world. In summary, the final outcome of the competition
really depends on the initial configuration right after a mutation.

4 Discussions

The shift of global stability between resident dominant state and mutant dominant
state has been one of the basic concerns in the theory of adaptive dynamics, where the
notion of invasion fitness plays a central role. In fact, Dercole and Rinaldi have shown
the “invasion implies substitution” principle, IIS principle for short, in Dercole and
Rinaldi (2008). Since the IIS principle means mathematically that the local stability
of resident dominant state determines the global behavior of solutions of the focal
demographic system, there must be strong constraints in the system of interest such
as the existence of an associated generating function. This study answers the natural
question: what happens without such a strong constraint?

To fix the framework of our study, we first clarify the terminologies such as
monomorphic system (2.1), dimorphic system (2.3) and trimorphic system defined
in Definition 3.3 which are systems of differential equations describing the time evo-
lutions of populations with a single trait value, two trait values and three trait values
respectively. As a model of the competition of groups having different trait values
within a single species, a monomorphic system and a dimorphic system fulfill natural
consistency conditions. For example, if one of the competing groups is extinct, then
a dimorphic system becomes a monomorphic system and if trait values of the two
groups coincide, then the union of two groups behaves as a monomorphic system. A
pair of a monomorphic system and a dimorphic system satisfying such requirements
is called 2-hierarchical system. Similarly, a triple of a monomorphic system, a dimor-
phic system and a trimorphic system satisfying natural consistency conditions is called
3-hierarchical system. We think of 2-hierarchical system and 3-hierarchical system as
the systems of ODE’s meeting minimal set of requirements as models of competitions
within a single species. On the other hand, some authors have studied models based
on the notion of generating functions. For example, this was the case in Dercole and
Rinaldi’s proof of IIS principle in (2008). There exists an associated generation func-
tion for Geritz’s model in (2005) as well. By our results, given a 2-hierarchical system,
we have found that the following two conditions are equivalent:

e there exists an associated generating function.

e The global stabilities of the resident dominant state and the mutant dominant state
can be determined by the local gradient of invasion fitness, i.e. invasion implies
substitution principle can be applied.
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Atthe same time, establishing an equivalent condition for the existence of an associated
generating function in Theorem 3.9, we have shown that

e There exists a 2-hierarchical system which does not have any associated generating
function.

e Any 3-hierarchical system has an associated generating function but the converse
is not true.

The existence of a 2-hierarchical system which does not have any associated gen-
erating function is not just an unrealistic exception. As we have seen in the end of
the introduction, such 2-hierarchical systems occupy most of small perturbations of
a system having associated generating function. Hence one has to investigate such a
2-hierarchical system which is out of the scope of invasion implies substitution prin-
ciple/invasion fitness in order to consider the stability of the global behavior of the
system under small perturbations.

To study 2-hierarchical systems without an associated generating function, we have
introduced the notion of raw invasion fitness as a natural extension of the invasion
fitness. In our main result, Theorem 3.2, the general condition for the shift of global
stability between resident dominant state and mutant dominant state has given in terms
of uniform positiveness/negativeness of the gradient of raw invasion fitness. Note that
our general condition can be applied to a dimorphic system having no associated
generating function.

As a showcase example, in Sect. 3.3, we have given a class of dimorphic systems
where the growth rate has quadratic nature. For this class, we can apply our main result
to analyze the global behaviors of their solutions regardless of the presence/absence
of generating functions. Moreover, in this class, there exists a dimorphic system that
has an attractor at which two different traits can coexist, even if the corresponding
resident trait value is not evolutionarily singular in the conventional sense, i.e. the
selection gradient at the trait value does not vanish. Such a phenomena can not occur
in the presence of a generating function as a small perturbation of resident dominant
monomorphic system.

Acknowledgements We thank Professors Takenori Takada, Joe Yuichiro Wakano, Hisashi Otsuki and Hans
Metz for many fruitful discussions and constructive comments to the original manuscript.

Appendix A: Proof of Theorem 3.2

In this appendix, we are going to prove Theorem 3.2. As a reminder, our system
is a 2-hierarchical system i.e. a dimorphic system (2.3) and a monomorphic system
(2.1) satisfying Assumption 3.1 and the consistency conditions (2.5) and (2.6). We
fix x, € R throughout this section. If no confusion may occur, an element of R? is

. a
thought of as either a row vector (a1, az) or a column vector al from place to place
2

for convenience hereafter in this paper. For simplicity, we define vector fields V; on
U and V, on U, as follows:
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Vi(ny, N, xy) = <”1f1(n1,N,x*)>

q1(n1, N, x)

ni fa(ni, na, N, Xy, x2)
Vao(ny,na, N, x4, x2) := | n2fa(na,n1, N, x2, x4)
q2(n1,n2, N, X4, X2)

LemmaA.1 Set vy = (7, IV*). There exist a positive definite quadratic form p :
R? — Ry, €0 > 0and a > 0 such that, if v € Be,(vy), then

(Vp(v —vy), Vi(n1, N, xy)) < —a v — v (A1)
where
af
vi=|9
352

for a smooth function f(s1, s2) and ||-| is the standard Euclidean norm ofRz.

Proof Without loss of generality, we may assume that v, = (0, 0). Let J; be the Jacobi
matrix of vector field V| at v,. Let P be a 2 x 2 real regular matrix transforming
Ji into the real Jordan normal form, i.e. PJ;P~! is the real Jordan normal form
of Ji. According to the Jordan normal form of J;, we have three cases. Namely,
PJiP~! = Ay or Aj or Az, where

_(an O (a1 (o =B
A1_<0 t2>’A2_<0 a) andA3—<IB a)

with 71, 17, « < 0 and B8 € R. For convenience of notation, we write A = P J; pL

Set pe(s1, $2) 1= 81 24 ¢s92, where the constant ¢ > 0 will be determined eventually
in accordance with our purpose.

Claim 1 There exist ¢ > 0 and ¢’ > 0 such that
(Vpe(u), Au) < —a’ |lu]l?, (A2)

for any u € R>.
Proof of Claim 1 Suppose A = Aj. Then
(Vpe(u), Aqu) = 2(051412 + ujur + cau%)
for any u = (u1, uz) € R2. Since & < 0, it follows that the right-hand of the above

equality is negative definite if ¢ > 1/4«?. Therefore, we have verified Claim 1 in this
case. Similar argument works for the rest of the cases as well. O
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Since P is an invertible matrix, there exists a” > 0 such that —a’ || Pu|* <
—a” |lu||* for any u € R2. Set p.(u) = pc(Pu). Then Vp.(u) = PV pe(Pu),
where 'P is the transpose of P. Now, since

Vi, x.) = Jiv+ O([v]))
as |lv|| = 0, we verify that
(Vpe(), Vi(v, x,)) = (V pe(Pv), APv) + O(v]) (A.3)
as |lv|| — 0. At the same time, by Claim 1, it follows that
(Vpe(Pv), APv) < —d'||Pv|* < =" lv]® (Ad4)

forany v € R2. Combining (A.3) and (A.4), we see that there exist g > O anda > 0
such that

(Vpe(v), Vi(v, x4)) < —a |[v]|?

for any v € Be,(vs). O
Let p be the positive definite quadratic form obtained in Lemma A.1. For r > 0,
we define a r-Tube T, by

T, = {(n1.n2, N) € Ry)> X R: p(ny 4+ny —7y,, N — Ny,) < r2).

Note that 7} is a tubular neighborhood of {(n1, n2, N)|(n1, na, N, x«, xx) € L(x4)}.
We call adomain U C U, is invariant if every solution (n1(t), na(t), N(t)) of (2.3)
starting from U stays in U for any ¢ > 0.

Lemma A.2 There exists € > O such that, for any € < €1, one may choose § > 0 so
that T¢ is invariant if |x, — x2| < 8.

Remark A.3 This lemma corresponds to the tube theorem in Geritz et al. (2002).

Proof Let ¢ be the constant obtained in Lemma A.1. Then, there exists €; > 0 such
that 7., € {(n1,n2, N)|(n1 + na, N) € Be,(vy)}. Let (ny,n2, N) € T, and let

v(t) = (n1(t), na(t), N(t)) be the solution of (2.3) satisfying (11(0), n2(0), N(0)) =
(n1,n2, N). Then

d ~
EP(UU) —v)lr=0 =2(Vp(v —vy), V), (A5)

where

<

_ (mfa(n1,n2, N, xy, x2) +n2 fa(nz, ni, N, X2, xy)
q(n1,n2, N, x4, x2)
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In case xp = x4, since V= Vi(n1 +na, N, x,), Lemma A.1 yields

d
27 P = vli=o

=2(Vp(v —vy), Vi(n +n2, N.x)) < —2a v —vl*,  (A6)
where v = (n] 4+ na, N). Set
91T = {(n1,n2, N)|p(v — vs) = €%, n1,np > 0},
Since 91 T, is compact, by (A.6), there exists M > 0 such that
d
Ep(nl(t) +na(t), N(0)lr=0
=(Vpw—vy), Vi(ni +n2, N, x1)) < —M

for any (n1,n2, N) € 01Tc. As V is continuous on the compact set 91 7T¢ X {x,} X
[xx — &, x4 4 8], if § > O is sufficiently small, then

d ~ M
Ep(v(t) —V)li=0 =2(Vp(v —vy), V) = Y (A7)
for any (ny,na, N, xy, x2) € 91T¢ X {x4} X [x4 — 8, x4 + 8]. This means that the
solution v(#) can not escape T, through 01 7.
The rest of the boundary 37, of T, as a subset of R3 is included in two planes

{(n1,n2, N)|n1,no > 0,n; = 0 or np = 0}. Hence one easily see that the solution
v(t) can not escape T through this part as well. Thus 7¢ is invariant if |x, — x|
<. O

Now, let us complete the proof of Theorem 3.2.

Proof of Theorem 3.2 Let p and 7, be the same as before. Assume that there exists
¢ > 0 such that

BIC)
—(n1,n2, N, x1,x2) > ¢
0x2

for any (ny,n2, N,x1,x2) € L(x,). Since 37”2 is continuous on the compact set
Te X {x4} X [xx — €, x4 + €], if € > 0 is sufficiently small, then

10
—(n1,n2, N, x1,x2) > c/2
0x7

forany (n1, n2, N, x1, x2) € Te x{x4} X [xx—€, x4+€]. Inaddition, welet0 < € < €,
where € is the constant appearing in Lemma A.2. Furthermore choose §p > 0 so that
8o < min{e, &}, where § is the constant appearing in Lemma A.2. Consequently, what
we have shown so far is
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(1) T¢ isinvariant if |[x, — x2| < &p.
(2) For any (nl, n27 Nv xlv x2) € Tf X {-x*} X [x* - 807 -x* + 80]9

BIC)
—(n1,n2, N, x1,x2) > c/2.
0x2

We assume that |x, — x2| < o hereafter in this proof. By elementary calculation, if
R(t) = n(t)/(n1(t) +n(¢)) for a solution (ny(¢), n2(t), N(t)) of (2.3) starting from
an interior point of T, then

dR

rIC)
=—R( —R)(x2 — x*)/ 8—(n1, n2, N, Xy, (1 — 8)xs +sx2)ds.  (AB)
0 X2

Assume xp € (X4, X4 + 80). As T¢ is invariant, (n1(z), na(t), N(¢)) stays in T for any
t > 0. Moreover by (2), it follows that

c
— < —=(x2 —x4)R(1 — R).

for any t > 0. Thus R(#) — O ast — oo and hence n{(t) — 0 ast — oo.
Set Uy = {(ny,no2, N)|(n1,ny, N) € Uy, ny =0} and D, = T, NUy
Claim 1 The fixed point (0, 72y, , ﬁX2) belongs to Dj.
Proof of Claim 1 Asboth T, and 4, are invariant, we see that D, is invariant. Moreover,
the system (2.3) is a monomorphic system (2.1) with the parameter x, on > and this

system restricted on 2 has the unique attractive fixed point (0, 7y, , N. v,). Considering
that D, is invariant, we conclude that the fixed point (0, 71y,, Ny,) belongs to Dp. O

Claim 2 The fixed point (0, 71}2, N x,) 18 attractive.
Proof of Claim 2 Direct calculation shows that the linearization of the dimorphic sys-
tem (2.3) at (0, 7iy,, Ny,) is given by

fZ(O,ﬁxz, Nxz»-x*,xz) 0 0
azy az as|,
asi azz  asz

a» a . . .
where <a22 a23) equals (3.1) with x = x» whose eigenvalues have negative real parts
32 433

by Assumption 3.1. The remaining eigenvalue is
S0, Ty, Nig, % %2) = =O(0, Ty, Ny X, X2).

o~

Since (0,71y,, Nyy, X4, x2) € T¢, the same argument as in (A.8) implies that
®(07ﬁX29NX27x*7x2) >0' O
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1516 T. Oba, J. Kigami

Now since n1(t) — 0 ast — oo, if uy, € U, is an w-limit set of the orbit
(n1(t), n2(t), N(t)), then w € D». In other words, there exists a sequence {t,},>1
suchthat 0 < t; < t» < ...and (n(t,), n2(tym), N(ty)) = ux € Dy asm — o0.
Now let u(¢) be the solution of (2.3) staring from u, € D>. As D; is invariant
and (0, 7y,, IVXZ) is an attractor on Da, u(t) — (0, 7y,, ﬁxZ) as t — oo. Note
that (n1(t,, + s), no(ty, + s), N(t,, + 5)) — u(s) as m — oo. This implies that
(n1(t), n2(1), N (1)) will eventually enter the basin of attraction of (0, 7y, , ﬁxZ ). There-
fore, we conclude that any solution (n1(t), na(¢), N(¢)) of (2.3) starting from the
interior of T is convergent to (0, 72y,, ﬁXZ) ast — oo.

Through similar discussion, it is shown that if x» € [x, — &g, x4), then any solu-
tion (n1(t), n2(t), N(t)) of (2.3) starting from the interior of 7, is convergent to
0,7y, , ﬁx*) as t — 00. Since S¢/(x4) C T. for sufficiently small €’ > 0, we have
shown that SU-shift occurs in this case.

Analogous arguments yield the occurrence of US-shift if there exists ¢ > 0 such
that

—(ny,n2, N, x1,x2) < —c
0x2

for any (n1,na, N, x1,x2) € L(xy). O

Appendix B: Proof of Proposition 3.11
In this section, we are going to prove Proposition 3.11. Let
Uy = (RF x R x R

and define C*°(U) as the collection of functions on Uy which are C* on neighbor-
hoods of Uy ; more precisely,

C®Uy) = {u|u : Uy — R, there exist an open set U D Uj,
and i : U — R such that ]y, = u and i is C* onl/}

To define the explicit notion of symmetry, we introduce the k-dimensional permutation
group Sy as

Sy ={olo:{1,...,k} = {1,...,k}, o is bijective.}
For o € G, we define 1, : Uy — Uy by
Lg(n, N,x) = (na—l(l),...,na—l(k),N,xa—l(l),...,xo.—l(k)),

where n = (ny,...,n;) and x = (xq1, ..., x).
Leti € {1,...,k}. Define d* : U — Uy— by

k
d[ (n’N’x):(nla-"7ni717ni+15"~7nk’N’x]5'--’xl'flyxi#»la~'~7xk)-
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Letl <i <jgk.Deﬁned{fj:uk—>uk_1by

k k
d[,j(n’N’x) Zdj(nlv"'sniflvni+nj’ni+ly*~-snj71’nj+lv"-9nk7N7x)

foranyn = (ny,...,nx), N and x = (xq, ..., xXx)

Definition B.1 A function f : Uy — R is said to have & _-symmetry if and only if

f(nvax)Zf(t(T(nﬂvi))

forany n = (ny,...,n,), N € Rand x = (x1,...,xr) whenever 0 € &; and
o(l) =1.

The above condition of having G;_-symmetry is the generalization of the sym-
metry condition (3.8) to arbitrary number of trait values.

Next we give definitions corresponding to the properties (ET) and (CT) in the
definition of trimorphic systems in Definition 3.4.

DefinitionB.2 Let j € N.

(1) Let2 <i < j. Apair (fj, fj—1) € C®U;) x C®U,;_1) is said to satisfy the
property (ET)! if and only if

fin, N, x) = fj_1(d! (n, N, x)),

where n = (ny,...,n;), N € Rand x = (x1, ..., x;), provided n; = 0.
2)Letl <i<j<nandx; = Xj. A pair (fj, fj_l) S COO(Z/{j) X C°°(Z/{j_1) is
said to satisfy the property (CT)i] , if and only if

fin.N.x) = fj_1(d],, (0. N.x)),

where n = (n1,...,n;), N € Randx = (x1, ..., x;), provided x; = x;,.

The expressions (ET) and (CT) in the above definition represent “Extinction of a
Trait value” and “Coincidence of Trait values” respectively. For example, the properties
(ET)% , (CT)?Q, (CT)%’ 5 correspond to (3.10), (3.12) and (3.13) respectively. Moreover,
the properties (ET)% and (CT)%’2 correspond to (2.5) and (2.6) respectively. In fact, if
we study systems of ODE’s representing general multi-morphic system

dn

W=n1fk(n]an2’-"5nk7N7-x17-x25"-7xk)

dny
7:nlfk(n/ﬂnlv-"znk—lvNv-xm’-xls'-'a-xk—l)
dN ( N )

— =4qk\ny, ..., ng, s X1y e ey Xk

ar 1
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1518 T. Oba, J. Kigami

fork =1, ..., m,the natural condition for the consistency of the systems with different
values of k is that, forany k = 2, ..., m, fi has G;_1-symmetry and (fk, fx—1) satisfy
(ET)f.‘ fori =2,...,kand (CT)k i forany 1 <i < j < k.Insuchacase, the sequence

((firgi))i=1,..k should be called a k-hierarchical system, (KHS) for short, as a natural
extension of the notions of a 2-hierarchical system and a 3-hierarchical system.

Under a weaker set of properties, the functions fi, ..., f,, are shown to have special
forms in the next lemma.

LemmaB.3 Letm > 1. For (f1, ..., fm) € C®WU)) x ... x C®°U,y), the following
conditions (a) and (b) are equivalent:

(a) Foreachk € {2,...,m}, fi has Gy_1-symmetry and the pair (fi, fr—1) satisfies
(ET);‘ and (CT)]f’ifor anyi =2,3,...,k.

(b) There exists asequence {hi}k=1.... m suchthatforanyk =1, ..., m, hy € C*Uy)
and forany k =2, ..., m, hy has Gy_1-symmetry and

k-1 o
i, No=> % (Hn,,(xl xll>5lj_’i"',;[’)(n,N,x) (B.1)

Jj=02<ii<..<ij<k

for any (n, N, x) € Uy, wheren = (ny, ...,nx), x = (x1, ..., x;) and

J
(l| .....
]+1k (n N, x)_hJ_H(an Zni,,nil,...,ni_/.,N,xl,xil,...,xij).

i=1

Note that in the above lemma, the property (CT) 1s assumed only if i = 1.
For k = 2, 3, (B.1) can be written as

S, n2, N, x1,x2) = fi(n1 +n2, N, x1) +na(xy — x2)ha(ny, na, N, x1, x2)
(B.2)
and

f3(ny,na,n3, N, x1, x2, x3) = fi(ni +n2 +n3, N, x1)
+n2(xy — x2)ha(ny +n3, n2, N, x1, x2)
+n3(xy — x3)ha(ny + np, n3, N, x1, x3)

+ non3(x; —x2)(x1 —x3)h3(ny, na, n3, N, x1, x2, x3).
(B.3)

Proof For the sake of simplicity of the expression, we omit to write the variable N
explicitly in this proof.

We use an induction on m. If m = 1, it is obvious.

Letm > 2. Assume that the statement holds for 1, ..., m — 1. Define v, : U, — R
by

Y (n,x) = Z 3 (]‘[n,,(xl x,,)) O ),

Jj=02<ii<..<ij<m
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where n = (ny,...,ny) and x = (x1, ..., Xp).
Assume n; = 0 for some i > 2. Set (i1, X) = d!"(n, x). Then by (ET)", we have

S, x) = fin_1 (i, %),
On the other hand, since n; = 0, we see that
m—2 (' )
I1yenns i ~ ~
Ym,x) =Y Y <]_[n,,(x1 Xy ) PG ).
j=0 2§i1<‘..<ij§m—1

Note that (B.1) holds for k = m — 1 by the induction hypothesis. Hence the right-hand
side of the above equality coincides with f,,_ (7, X). Therefore it follows that

fm(”»x) - wm(n, x) =0

if n; = 0 for some i > 2.
Next assume that x; = x; forsomei > 2.Let (7, x) = d’l’fl. (n, x). Then by (CT)TJ"

fm(”ls -x) = fm—l(ﬁs 2)
At the same time, since x; — x; = 0, we see that
m—2 ( )
I1yeeny i A A
Y, x) =Y > <]_[n,,(x1 i ) P im 1@ ).
j=0 2§i1<‘..<ij§m71

Note that (B.1) holds for k = m — 1 by the induction hypothesis. Hence the right-hand
side of the above equality coincides with f,,,_1 (12, X). Thus we have shown that

Ym(n,x) = fn-1(1, X).

Hence if x; — x; = 0 for some i > 2, then

S, x) =Y (n,x) =0

Thus it follows that f;,, (n, x) =, (n, x) canbe divided by [ i, n; (x; —x;). Therefore,
there exists A, : U, — R such that h,, has &,,_1-symmetry and

S, %) = Y (n, %) = [ [ i1 = 5 (n, ).

Thus the desired statement is true for m.

As a corollary of Lemma B.3, we have the following lemma.
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1520 T. Oba, J. Kigami

LemmaB.4 f € C*(Uh) is a part of a 2-hierarchical system if and only if there exist
f« € C®(Uy) and ¢ € C*®(Uy) such that

f(ni,na, N, x1,x2) = fulny +n2, x1) +na(x2 —xeny, n2, N, x1,x2) (B.4)

forany (ny,n2, N, x1, x2) € Us.

Proof Assume that f is a part of a 2-hierarchical system. Let ((f1, q1), (f2, ¢2)) be
a 2-hierarchical system satisfying f = f>. Then the condition (a) in Lemma B.3
holds for (f2, f1). Hence we obtain (B.4) from (B.2). Conversely suppose that (B.4)

holds. Define f> = f, fi = f«,q1 = 0and g» = 0. Then ((f1,41), (f2.92) is a
2-hierarchical system and f is a part of a 2-hierarchical system. O

Assuming the full properties of (ET)f and (CT);" j for k = 2,3, we obtain the
following theorem, which includes the restatement of Proposition 3.11. In fact, (B.5)
is exactly (3.24).

Theorem B.5 Let (f1, f2, f3) € C®U;) x C®(Up) x C*®U3). The following con-
ditions (c) and (d) are equivalent.

(c) For k = 2,3, fi is ©x_1-symmetric and the pair (fi, fi—1) satisfies (ED){.c for
any?2 <i <kand(CT)k foranyl <i < j <k

(d) There exist & € C°°(U1) p € C®WU) and F € C*®U3) such that, for any
(n1,n2,n3, N, x1, x2, x3) € U,

F(ny,n2,n3, N, x1, x2, x3) = —F(ny,n3,n2, N, x1, x3, x2),
f(ny,na, N, x1,x2) = fi(ny +na, N, x1)
+na(x1 — x2)(§(n1 + na, N, x1)
+(x1 —x2)p(n1,n2, N, x1,x2))  (B.S5)

and

f3(n, N,x) = fi(ny +n2+n3, N, x1)
+(n2(x1 — x2) + n3(x1 — x3))&(n1 4+ na2 +n3. N, x1))
+na(xp — x2)(x3 — x2)p(n1 +n3,n2, N, x1, x2)
+n3(x1 — x3)(x2 — x3)p(ny + na, n3, N, x1, x3)
+(x1 — x2)(x1 — x3)(n2p(n1, n2 +n3, N, x1, x2)
+n3p(ni.ny +n3, N, xi, x3))
+non3(x; — x2)(x1 — x3)(x2 — x3) F(n, N, x),

where n = (ny, np, n3) and x = (x1, X2, x3).

Proof As we have done in the proof of Lemma B.3, we omit to write N explicitly in
the followings.
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(c) = (d): By Lemma B.3, we have (B.2) and (B.3). Let x = x3 in (B.3). By (CT)%,
we have

naha(ny +n3, na, x1, x2) +nzha(ny +np, n3, x1, x2)
+non3(x1 — x2)h3(n, x) = (np +n3)ha(ny, na +n3, x1,x2).  (B.6)

Define H(X, Y, x1) = Yha(X — Y, Y, x1, x1). Then by (B.6), we obtain

H(ny +ny +n3,n2, x1) + H(ny +ny + n3, n3, x1)
= H(ny + ny + n3, ny + n3, x1).

This implies
H(t,s1,x1) + H(t,s2,x1) = H(t, 51 + 52, X1)

for any ¢, s1, 5o > 0 with s; + 52 < ¢. Since H is C*, there exists & € C*°(U]) such
that H (¢, s, x1) = &(t, x1)s if 0 < s < ¢. Recalling the definition of H, we have

ha(ny, n2, x1, x1) = &(ny + na, x1).

Since hz(l’l], ny, xi, xz) —hz(l’ll, ny, xi, xl) =0 ifX1 = X2, there exists p e COO(U2)
such that

ha(ny, na, x1, x2) = n2&(ny + na, x1) + (x1 — x2)p(ny, ng, x1, x2). (B.7)
This immediately yields (B.5). Next, define

n(n, x) = fi(n +na +n3, x1)
+(n2(x1 — x2) + n3(x1 — x3))E(n1 +n2 +n3, x1)
Hna(x1 — x2)(x3 — x2) p(n1 + n3, n2, x1, x2)
+n3(x1 — x3)(x2 — x3)p(n1 + na, n3.x1, x3)
+(x1 — x2)(x1 — x3) (n2p(n1, N2 + n3, x1, x2)
+n3p(n1. ny + n3, x1, x3)).

Then, by (B.5),

n(ni, 0, n3, xy, x2, x3)
= fi(ny +n3, x1) +n3(x; — x3)(E(ny +n3, x1)
+(x1 — x3)p(ni, n3, x1, x3))
= fa(ni1, n3, x1, x3).
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By (ET)%, it follows that n(n1, 0, n3, x) = f3(n1, 0, n3, x). Similar arguments show
that n(n1, na, 0, x) = fa(ny, ny, 0, x). Moreover, by (B.5),

n(ni, n2, n3, x1, x1, x3) = fi(ng +nz + nz, x1)
+n3(x; — x3)(§(n1 + na +n3, x1)
+(x1 — x3)p(n1 +n2, n3.x1, x3))
= fa(ny + ny, n3, x1, x3).

By (CT)?J, it follows that n(n, x1, x1, x3) = f3(n, x1, X1, x3). In the same man-
ner, using (CT)?’3 and (CT)%S, we see that n(n, x1, x2, x1) = f3(n, x1, x2, x3) and
n(n, x1, x2, x2) = f3(n, x1, X2, x2). Thus, there exists F' € C°°(U3) such that

f3(n, x) —n(n, x) = nan3(x; — x2)(x1 — x3)(x2 — x3) F (n, x).
Since f3 has G;-symmetry, it follows that
F(ny, na, n3, x1, x2, x3) = —F(n1, n3, np, x1, x3, X2).

(d) = (c): This is straightforward. O

Appendix C: Proof of Theorem 3.9

Throughout “Appendix C”, ((f1, q1), (f2, g2)) is assumed to be a 2-hierarchical sys-
tem. There exists ¢ € C*°(U,), by Lemma B.4, such that

fa(n1,n2, N, x1,x2) = fi(ny +n2, x1) + na(x2 —xpe(ny, na, N, x1,x2) (C.1)

forany (n1, n2, N, x1, x2) € Uy. Then we have the following assertion which includes
the claim of Theorem 3.9.

Theorem C.1 The following conditions are equivalent:

(1) f>2 has an associated generating function.
) g—g(m, na, N, x1, x1) depends only on the values ny + ny, N and x.
(3) Set

H(ny,ny, N, x1) = nae(ni, n2, N, x1, x1) +ni1e(nz, ni, N, xi, x1).

Then H depends only on the values ny + ny, N and xi.
(4) Define

Gy(ny,ny, N, x1,x2,y) = fi(ni +nz, N, y)
+n2(x2 — y)e(ny, na, N, xq, x2)
+n1(x1 — )@z, ni, N, x2,x1). (C2)
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Then G is a generating function associated with f>.

The function G, defined in (C.2) may be thought of as the canonical generating
function associated with f>. Note that there exists infinitely many generating functions
associated with f, because

Gi(ni,n2, N, x1, x2,¥) + c(x2 — x1)*(y — x1)(y — x2)

is also a generating function associated with f> for any ¢ € R if G is so.

Proof of Theorem C.1 (1) = (2) Let G be a generating function associated with f>.
Then by (G3),

_®(nla na, N9x17-x2) = G(”lr np, vil’-x29xl) - G(n27 ni, N7x2, x13x2)
= G(ny,n2, N, x1,x2,x1) — G(ny, nz, N, x1, x2, x2).

Hence we have

BIC) G
——(n1,n2, N, x1,x1) = — (1, n2, N, x1, x1, X1).
dx2 ay

On the other hand, by (G2), G(n1, n2, N, x1, x1, ¥) only depends on the values
n1 + ny, N, x1 and y and hence so does %(nl, na, N, x1, x1, ¥). Therefore, we
have (2).

(2) = (3) By (C.1),

90 df1
——m,n2, N, x1,x1) = ———(n1 +nz,x1) + H(ny, n2, N, x1, x1).
0x) 0xy

Hence by (2), one sees that H(ny,n2, N, x1, x2) only depends on the values
nip +na, N and xq.

(3) = (4) Itis easy to see that G, satisfies (G3). Since G.(n1, 0, N, x1, x2, x1) =
fi(n1, N, y), we have (G1). The fact that

Gi(ni,n2, N, x1,x1,y) = fi(ni +n2, N, y) + (x1 — y)H(n1,n2, N, x1)
immediately implies that (G2) holds if (3) is satisfied. Moreover,

G*(nls n27 N7x17x21x1) = fl(nl +n25 Ns-xl)
+na(x2 — x)e(ny, na, N, x1, x2)
= fa(ni,n2, N, x1, x2).

Thus we have shown that G is a generating function associated with f>.
(4) = (1) This is obvious. O
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Appendix D: Proof of Theorem 3.13

In this subsection, we prove Theorem 3.13. The equation in question is (2.11).
Note that Lemma A.2 is still true in this example. Let [ be the 2 x 2 iden-
tity matrix. Using the same notations as “Appendix A”, we see that v, = (1, 1),
L(xy) ={(n1,n2, 1, x4, x:)n1 >0,np >0,n1+ny =1},J; = Iand P = I, where
J1 and P have appeared in the proof of Lemma A.1. Consequently one see that

Te = {(n1,n2, N)IW (1 +na — D2+ (N — 1)2 < e} N .

Since the variable N dose not appear in the equations of n| and n,, we only consider
the first two equations on 71 and n; in this section. Furthermore, for ease of notations,
we write x = n1, y = np and @ = x2 — x1. As a result, our equation is

dx

—:x(l—(x+y)+ay(c—ax—by))

th (D.1)
d_)t) = y(l —(x+y)—ax(c—ay —bx)).

[f i and Z(x*) are the projections of T, and L(x,) to (x, y)-plane respectively, then
Lxy) ={(x,»x>0,y>0,x+y=1}and

Te={(x,»)Ix>0,y>0,1-e<x+y<1+e}.

By Lemma A.2, for sufficiently small €, there exists § > 0 such that if |o| < §, then
T. is invariant with respect to the system of ODE’s (D.1).

Incase (b—c)(a+b—2c) > 0,using (3.23), we can easily verify either (3.2) or (3.3)
of Theorem 3.2. So, it is enough to consider the case where (b — c¢)(a +b — 2c) < 0.
This case is subdivided into

b
(a+b—2c)>0andb—c<0<:>a>%>c>b (Case 1)
and
b
(a+b—2c)<0andb—c>0<:>a<%<c<b (Case 2)

Since both cases can be dealt with analogous methods, we are going to study one of
them. Namely, we fix a, b, ¢ € R satisfying (Case 2) from now on.

Definition D.1 Set U = {(x, y)|x + y > 0}. Define 7 : U — R? by

y—
T(x,y) = (x+y, ﬁ)
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By using the polar coordinate (x, y) = (rcost, rsint), where (r,t) € (0, 00) X
(—Z, 3), it follows that
t(rcost,rsint) = (r cos (t — %), —tan (t — %))

Set U, = {(rcost,rsint)|[r > 0,¢t € (7 — A, 7 + 1)} for A € (0, T]. Then one can
immediately verify the next lemma by direct calculation.

LemmaD.2 For any ) € (0, %), T is a diffeomorphism between U, and (0, 00) X
(—tan A, tan )).

Nowif (X, Y) = 7(x, y), then the system of ODE’s on (x, y), (D.1), is transformed

into
dX

- = Fl (Xv Y’ a)
dt
av_ - (D.2)
- = I, ),
dt 2
where
1
Fi(X,Y,e)=X(1-X)+ Za(b —a)(1=-YHXY
1
P(X, Y, 0) = JaX(1 = Y3 (2c — (a+b)X + (a — b)XY?).
Define

1
Gi(X,Y,a)=1—X+ Zoz(b —a)(1=-YHX%Y

G2(X,Y) =2c— (a+b)X + (a —b)XY?.

Then Fi1(X,a) = XG(X,a) and Fo(X, o) = }TaX(l —Y?)G2(X, 7).

From now on, we are going to study (D.2) on R x (0, 00). In particular, the original
domain [0, co) x [0, 00) of (D.1) corresponds to [0, oo) x [—1, 1]. Furthermore, since
r(i) =[1 —¢€, 1+ €] x [—1, 1], for sufficiently small €, there exists § such that if
] < 8,then[1 —e€, 1 +€] x[—1, 1] is invariant with respect to the system of ODE’s
(D.2). Hereafter in this appendix, we choose € and § in this manner. In addition, we
are going to adopt values of € and § to the coming circumstances several times in the
course of our discussion.

Note that (1, 1) (resp. (1, —1)) corresponds to the resident dominant (resp. the
mutant dominant) equilibrium point. The Jacobian of the right-hand side of (D.2) at

(1,£1)is

~1 la(a—b)

0 ZHab-c¢))
Hence if ¢ > 0 (reps. o < 0), then (1, 1) is locally unstable (resp. stable) and (1, —1)
is locally stable (resp. unstable).
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Setlc =[1—¢€,1+€]x[-1,1]and I? = (1 —€,14+¢€) x (—1, 1). Next we are
going to search equilibrium points of (D.2) inside /.

LemmaD.3
(Y, o) 2
o) =
1+1—ab—a)(d—Y2)Y
and
2c 1 a+b
A+ (X)) == — — .
=(X) \/b—aX b—a

Then, for sufficiently small € > 0, there exists § > 0 such that the following statements
(1), (2) and (3) hold.

(1) A+ are well-defined as functions on [1 — €,1 + €] and, for (X,Y) € I2,
F(X,Y,a) =0ifand only if Y = AL (X).

(2) T is well-defined as a function on [—1, 1] x (=68, 68) and T'([—1, 1] x (=6, )) C
[1 —€, 14 €]. Moreover, for (X,Y) € I?, Fi(X,Y,a) = 0 ifand only if X =
re, o).

(3) For any o € (=36, 6), there exist a unique V4 () € (0, 1) such that

W () = A (T (W (@), @)
and a unique V_ () € (—1, 0) such that
V_(a) =A_T(V_(), )

Moreover, define @4 (a) = I'(Wi(a)) and set py (o) = (P (), Vi ()). Then

(3a) The function p4 : (—6,68) — I is C!-class.
(3b)

p1(0) = (l,ﬂ: M)

a—>b
(3c) If o # O, then py(a) and p_(«) are all the equilibrium points of (D.2) in

10
2.
(3d) Forany a € (-6, 3),

(®_(—a), ¥V _(—a)) = (P (o), ¥4 ().
(3e) s (@) > 0 for any a € (=5, ).

Proof (1) Note that A1 does not depend on «. Since

—1<A_(1) <0< AL (D) <1,
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@

3

choosing sufficiently small € > 0, we see that A_([1 — €, 1 +€]) € (—1,0) and
Ar([1 —€,1+€]) € (0,1). Furthermore, for (X,Y) € 12, Fo(X,Y,a) = 0if
and only if G2(X, Y) = 0. Since G2(X, Y) = 0ifand only if ¥ = A (X), the
desired conclusion is verified.

Since I'(Y, 0) = 1 forany Y, it follows that I'([—1, 1] X (=6, 8)) € [l —¢€, 1 +€]
for sufficiently small 6 > 0. For (X,Y) € I?, F1(X,Y,«) = 0 if and only if
Gi1(X,Y,a) =0.Since G| (X, Y,a) =0ifand only if X = I'(Y, «), we obtain
the desired conclusion.

Note that
ar b—a)(l —3Y2
or _ a —a)( ) (D.3)
WY A+V1—ab—a)d—=Y)Y)2/1 —ab —a)(l —Y2)Y
and JA
+ < . (D.4)
dx (b—a)Ap(X)X>
Since
AAL ol dA
() = E@(, a)) (Y @),
Y
due to (D.3), we can choose § > 0 so that
A4 ol 1
sup | 2R (v, < . (D.5)
Yel-L1Ljal<s | 9Y 2

Fix o« € (=46, 38). Then as a function of ¥, A ol is contractive on [—1, 1].
Hence the contraction mapping theorem shows that A4 o I" has a unique fixed
point in [—1, 1]. Let denote the unique fixed point by W, () and set & (a) =
I'(W4 (o), o). Then

Aol (Y, ) =Y =0
for any o € (-4, §). (D.5) yields

(A ol —Y)

oy (Wy(), o) #0.

Therefore, the implicit function theorem implies that W, and @, are C'-class
functions. The statements (3b) and (3c) are straight forward. Again using the
implicit function theorem, we verify (3d). For W_(«) and ®_(«), entirely the
same discussion yields the desired statements. Since A_ = —A and
Try,—a)—1)=—-T,a) - 1),

we have (3d). O
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Due to the duality between the case where o > 0 and the case where o < 0, it is
enough to study the case where o > 0. In this case, if K = [1 — €, 1 + €] x [0, 1]
and K2 = (1 —€,1+¢€) x (0, 1), then both K¢ and K¢ are invariant with respect to
(D.2).

The following theorem suffices a proof of Theorem 3.13.

Theorem D.4 Assume o > 0. For any (Xo, Yo) € K?, the solution of (D.2) starting
from (Xo, Yo) converges to p+(a) ast — oo.

To prove the above theorem, we use the following lemma.

Lemma D.5 Assume o > 0. Then there exists no periodic solution of (D.2) contained
in K2.

Proof Suppose there exists a periodic orbit contained in K¢ which is not trivial, i.e. it

is not a single point but homeomorphic to the circle. Let C be the periodic orbit and

let D be the bounded domain whose boundary is C. Then the time-1 map ¢; given by

d1(X(), Y(t)) = (X(t + 1), Y(¢t + 1)) is a continuous map from D to itself. Hence

by the Brouwer fixed point theorem, it has a fixed point inside D. Since p («) is the

only equilibrium point in K?, we conclude that p () belongs to the interior of D.
Next we divide K El into four regions K1, K7, K3 and K4 defined as

Ky ={X. DY =2 A (X), X =T (Y, )} N K¢
Ky ={X. DY = A (X), X =T (Y, )} N K
K3 ={X, DY = A (X), X =T (Y, )} N K
Ky ={(X. DY <AL (X), X =T(Y,0)} N K,

and define four curves C|p, C»3, C34 and Cy4; as

Coo={T¥,a), V)Y € [Vi(a), 1]}
Cu ={(X, AL (X)X €[l —€, Dr()]}
G ={T'(Y, ), V)|Y € [0, ¥y ()]}
Cat = {(X, AL (X)X € [Py (), 1 +€]}.

Then it follows that C;; = K; N K; for any (i, j) € {(1,2),(2,3),(3,4), (4, D}.

FiX, Y)> oneach Cj;.

Moreover, one can see the exact direction of the vector field
F(X,Y)

Namely, it follows that

F 0 + 0 —
(F;) = <_> on Cia, <0> on (a3, <+) on Cay, (0> on Cyy.

Furthermore, since p4 (o) belongs to the interior of D, it follows that
C N (Ki\{p+(@)}) #0 (D.6)
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Fig.1 Casel

foranyi =1,2,3,4 and
C N (Cij\ps(@)}) # 0 (D.7)

forany (7, j) € {(1,2),(2,3),(3,4), (4, D}.
Now we have four cases according to the signs of ¢ and W (0) — \% Note that by

(D.3), I'(Y) is monotonically increasing in [0, %] and monotonically decreasing in

[ 10
NG
CaseI ¢ > 0 and V4 (0) > L By (D.4), A4 is monotonically decreasing on

7
[1—e¢, 1+¢€]. Since W, (0) > % it follows that W 4 (o) > % as well for sufficiently
small «. Hence considering the dynamics on the boundaries C> and C»3, we see that
the domain K is invariant. By (D.6) fori = 2, the periodic orbit C must be included in
K>. This contradicts to (D.6) for i = 4. Thus, there exists no periodic orbit contained
in K? (See Fig. 1).

CaseIl ¢ > 0 and ¥, (0) < %: As in Case I, A is monotonically decreasing on
[1 —€,1+4 €]. Since ¥ (0) < %, we see that W (o) < \% for sufficiently small

a > 0. Set Cll2 = {TX), NY € [Vi(w), %]}. Then if a solution of (D.2) exits
K>, then it exits K, from C 112 and enters K. In particular, so does the periodic orbit
C (See Fig. 2). Now we start chasing the periodic orbit. Let

Y; = max{Y|(X,Y) € C}, N C}.
Considering the dynamics on K, we obtain

CNK; C{X, VX € [Py (), (Y1, )]} N K.
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K» Y =AM (X) ——
X=I(Y,a) ——

K
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Fig.2 CaseIl

Set X1 = I'(Yy, @) and define Cil = {(X, A+ (X)X € [P4(x), X1]}. Then the
periodic orbit exits K1 from Cj |» enters K4 and stays in

K4 0{(X, DY € [AL(X1), Vi ()]
Let us continue chasing the periodic orbit C. Set Y» = A4 (X) and define C314 =
{(C(Y,®), Y)|Y € [Y2, Vi («)]}. Then the periodic orbit C exits K4 from C314, enters
K3 and stays in

K3 N{(X, V)X € [[(Y2, &), Py ()]}

Set X» = I'(Y>, @) and define C%3 = {(X, A+ (X)X € [X2, Py (x)]}. Then the
periodic orbit C exits K3 from C53, enters K and stays in

Ky N {(X, NIY € [Vi(), Ap(X2)]}
Finally, by the definition of Y7, it follows that
Y] < Ap(X2) = Ay (DAL (Y1) = (Ayol)* (Y1)

Due to (D.5), however, we have
1
70N =¥(@) =2 (A o DP(Y) = Ve (@),

Thus there exists no periodic orbit contained in K¢.
Case Ill ¢ < 0 and W, (0) > \/Lg: In this case, since ¢ < 0, (D.5) implies that A is

monotonically increasing on [1 —e€, 14€]. Since ¥ (0) > \%, we have W (o) > \%
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Define C§4 ={(AY,a), V)Y € [\%, W, («)]}. Then if a solution of (D.2) exits K3,

then it exits K3 from C324. The rest of the arguments are entirely similar to Case II.
CaseIVc < O0and ¥4 (0) < \%: As in Case III, A4 is monotonically increasing

on[l —e€, 1+ €]. Since V4 (0) < %, we have ¥V, (o) < \/Lg for sufficiently small
a > 0. In this case, K3 is invariant and the rest of the arguments are entirely the same
as Case L. o

Proof of Theorem D.4 Let (Xo, Yo) € K¢ and let (X (¢), Y (¢)) be the solution of (D.2)
satisfying (X (0), Y (0)) = (Xo, Yo). By the Poincaré-Bendixson theorem, the w-limit
set of {(X(¢), Y(¢))}s~0 is a periodic orbit or an equilibrium point. By Lemma D.5, it
follows that the w-limit set is not a periodic orbit. Hence it is an equilibrium point. Now
there are only two equilibrium points in K2 which are (1, 1) and (P («), V4 (@)).
Since (1, 1) is locally unstable and its stable manifold is ¥ = 1, the equilibrium point
(1, 1) can not be the w-limit set. Therefore the w-limit set must be (P (), V().

O
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