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Abstract Recently, we introduced the class of matrix games under time constraints
and characterized the concept of (monomorphic) evolutionarily stable strategy (ESS)
in them. We are now interested in how the ESS is related to the existence and stability
of equilibria for polymorphic populations. We point out that, although the ESS may no
longer be a polymorphic equilibrium, there is a connection between them. Specifically,
the polymorphic state at which the average strategy of the active individuals in the
population is equal to the ESS is an equilibrium of the polymorphic model. Moreover,
in the case when there are only two pure strategies, a polymorphic equilibrium is locally
asymptotically stable under the replicator equation for the pure-strategy polymorphic

B Jozsef Garay
garayj@caesar.elte.hu

Ross Cressman
rcressman@wlu.ca

Tamas F. Méri
moritamas @ludens.elte.hu

Tamds Varga

vargata@math.u-szeged.hu

MTA-ELTE Theoretical Biology and Evolutionary Ecology Research Group and Department of
Plant Systematics, Ecology and Theoretical Biology, E6tvos Lorand University,
Pazmany Péter sétany 1/c, Budapest 1117, Hungary

MTA Centre for Ecological Research, Evolutionary Systems Research Group, Klebelsberg Kuno
utca 3, Tihany 8237, Hungary

3 Department of Mathematics, Wilfrid Laurier University, Waterloo, ON N2L 3C5, Canada

Department of Probability Theory and Statistics, E6tvos Lordand University,
Pazmany Péter sétany 1/c, Budapest 1117, Hungary

MTA-SZTE Analysis and Stochastics Research Group, Bolyai Institute, University of Szeged,
Aradi vértantk tere 1., Szeged 6720, Hungary

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00285-018-1207-0&domain=pdf

1952 J. Garay et al.

model if and only if it corresponds to an ESS. Finally, we prove that a strict Nash
equilibrium is a pure-strategy ESS that is a locally asymptotically stable equilibrium
of the replicator equation in n-strategy time-constrained matrix games.

Keywords Evolutionary stability - Monomorphic - Polymorphic - Replicator
equation

Mathematics Subject Classification 91A22 - 92D15 - 91A80 - 91A40 - 91A05 -
91A10 - 92D40

1 Introduction

In ecology, the number of individuals ready to interact with the conspecifics they
meet (we call these active individuals) is less than the total number of individuals
in the species. For instance, other activities such as the time to handle prey (Holling
1959; Garay and Méri 2010) and the time to recover from a fight (Garay et al. 2015;
Sirot 2000) decrease the number of active individuals in a predator/consumer species.
Moreover, the amount of time each of these activities take varies and may depend
on the strategies (or phenotypes) used by the individuals. Consequently, in optimal
foraging theory (Charnov 1976; Garay et al. 2012) and in ecological games (e.g.
Broom et al. 2008; Broom and Rychtar 2013; Garay et al. 2015), activity dependent
time constraints have an essential effect on the expected evolutionary outcome.

Motivated by these facts, we recently developed the theory of single-species matrix
games under time constraints and characterized the concept of a (monomorphic) evo-
lutionarily stable strategy (ESS) in them (Garay et al. 2017). This theory is briefly
summarized in Sect. 2 below by following the static ESS approach of Maynard Smith
(1982). This approach assumes that there are only two phenotypes in the population
at a given time, one of which is the fixed phenotype of the resident population and the
other is a rare mutant phenotype. An ESS is then a resident phenotype whose fitness is
higher than that of any possible mutant (cf. Maynard Smith 1982; Garay et al. 2017).
Although the static ESS concept relies implicitly upon an underlying dynamic (see
Maynard Smith (1982) as well as the discussion following Definition 2.1 below), its
basic intuition concentrates on the evolutionary question: What phenotype is uninvad-
able by an arbitrary rare mutant?

The second solution concept of evolutionary game theory (Cressman 1992) corre-
sponds to a stable rest point of an explicit evolutionary dynamics that models how the
distribution of individual phenotypes in a polymorphic population evolves over time.
For instance, under the replicator equation (Taylor and Jonker 1978) of the standard
polymorphic population model (i.e. each phenotype existing in the population is a
pure strategy), the evolutionary outcome is characterized as a locally asymptotically
stable rest point of this dynamical system.

For classical matrix games (i.e. matrix games without time constraints), these two
concepts are connected by one part of the folk theorem of evolutionary game theory
(Hofbauer and Sigmund 1998; Cressman 2003; Broom and Rychtar 2013): an ESS is
a locally asymptotically stable rest point of the replicator equation. The fundamental
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question of this paper is then: What is the connection between ESSs and stable rest
points of the standard replicator equation in the class of matrix games under time
constraints?

To address this question, we first show in Sect. 3 (Proposition 3.1) that playing
the game against a polymorphic population is equivalent to interacting with a specific
monomorphism whose phenotype is the average strategy of the active individuals
in the polymorphic population. Moreover, for the standard polymorphic model of
Sect. 4, there is a unique distribution of individual phenotypes in the population that
corresponds to this monomorphism. '

In the special case that all individuals in the population are playing the same pure
strategy, the monomorphism is this pure strategy. It is then straightforward to show
(Theorem 4.1) that a strict Nash equilibrium (NE) according to Definition 2.2 is an ESS
that is locally asymptotically stable under the replicator equation, thereby generalizing
another part of the folk theorem of evolutionary game theory to matrix games with
time constraints.

Our main result (Theorem 4.2) states that, when there are two pure strategies, the
distribution in the standard polymorphic model is locally asymptotically stable under
the replicator equation if and only if its corresponding monomorphism is an ESS.
That is, the two solution concepts of evolutionary game theory are equivalent for two-
strategy games with time constraints. The lengthy proof of Theorem 4.2 relies heavily
on special techniques for two-strategy games that do not generalize to higher dimen-
sional strategy spaces. In fact, although an ESS still corresponds to a polymorphic rest
point of the replicator equation (see Lemma 3.2), we conjecture that counterexamples
to stability of this polymorphic distribution already appear in three-strategy games.

2 Matrix games under time constraints and the monomorphic model

In a matrix game, there are n pure strategies and an individual’s phenotype is given
by a mixed strategy (i.e. a probability distribution p = (p1, ..., py) € Sy =
{p eR":0<p;<1,) pi= 1} on these pure strategies) whereby it uses pure strat-
egy i with probability p; ata given time. In our time-constrained model, individuals can
either be active or inactive. An active individual meets other individuals at random at
a fixed rate. It plays a two-player (symmetric) game when it encounters another active
individual, receiving an intake that depends on its strategy and that of its opponent.
After encountering another active individual, the active individual becomes inactive
for a certain amount of time that also depends on its strategy and that of its opponent.
This positive amount of time may include the time it takes to play the game (i.e. inter-
action time), a waiting or recovery time after the interaction before it is ready to play
another game, or a handling time if the interaction models competition over a resource
(e.g. a foraging game).

If, at a given time, the focal active individual using the ith pure strategy meets
an active opponent who is using the jth pure strategy, then the focal individual’s

! In classical matrix games, this monomorphism is the same as the mixed strategy given by the polymorphic
population. This is no longer true in general when the effect of time constraints is considered and there are
two or more pure strategies in use by the polymorphic population.
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intake is a;; and the focal individual cannot play the next game during an average
time duration 7;; > 0. Hence our time-constrained matrix game is characterized

by two matrices, the intake matrix A = (al- j)nxn’ and the time constraint matrix

T = (rl- j)nxn' For individual fitness in this game, we follow Garay et al. (2017)
who assume a continuous time Markov model is used where a focal individual’s time
between encounters when active and the amount of time it is inactive are independent
and exponentially distributed with prescribed mean.> For a large population in this
situation, they show that the fitness of the focal individual is given by the quotient

_EA)

=BTy W

where E(A) and E(T) are the average intake and average time, evaluated at the
stationary distribution of the Markov process, for the focal individual’s phenotype
during one cycle of it being active and inactive (i.e. one activity cycle).?

For the monomorphic model, we follow the setup of Maynard Smith (1982). That
is, the resident population is monomorphic whereby every individual has resident
phenotype p*. To be a stable evolutionary outcome, p* must resist invasion by a
small mutant subpopulation whose members all use a mutant phenotype p that is
different from p*. It does this by having the higher fitness in the resident-mutant
system whenever the proportion of mutants is small enough. Let ¢ and (1 — ¢) be the
frequencies of mutant and resident phenotypes in the resident-mutant system. Since
the population is large and well mixed, a focal active individual (independent of its
phenotype) meets an active (respectively, inactive) mutant with rate gp (respectively,
e(1—p))and an active (respectively, inactive) resident with rate (1—¢) p* (respectively,
(1 — &)(1 — p*)) where p (respectively, p*) is the relative frequency of mutants
(respectively, residents) who are active.* That is, the encounter distribution of the
focal individual is (ep, (1 — p), (1 —&)p*, (1 —¢&)(1 — p*)). Moreover, as shown
by Garay et al. (2017), the stationary distribution of the Markov process for fixed &
satisfies the system of equations

1
P T pTI( - &)p*p + epp]
@
p* = :

14 p*T[(1 — &)p*p* + epp]’

2 That is, we assume each activity (i.e. active or inactive) can happen during a random time duration,
which is exponentially distributed. This is quite different from the situation where the time duration of an
action is part of the strategy of the player, for instance, the war of attrition (e.g. Eriksson et al. 2004), and
dispersal-foraging game (Garay et al. 2015).

3 Observe that the Holling functional response are defined in a similar way (Holling 1959; Garay and Méri
2010). Also, observe that we do not use the term “payoff” for matrix games under time constraints. Instead,
we use “intake” for the entries a;; and “fitness” for (1) to avoid ambiguity since both these concepts have
been called payoff in other circumstances.

4 This assumes, without loss of generality, that the time unit is chosen in such a way that the fixed rate an
active individual meets an individual at random is 1.
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where, for instance, pT (1 — &)p*p* = (1 — ¢)p* Zl'-szl Di t,-jp;f is the probability
a focal active mutant meets an active resident times the expected amount of time the
mutant is then inactive. They also show this system® has a unique solution (p, p*) in
[0, 1] x [0, 1] (see Lemma 6.1 in “A.17).

From (1), the individual fitness of a resident and a mutant is given by

s PAId—e)pp" +eppl . PAIL—e)p"p" + epp]
© 14 p*T[(1 — &)p*p* + epp] © 1+ pT[d —e)p*p* + eppl’

respectively, evaluated at the stationary distribution. To emphasize that (@ and W*
depend on p*, p and €, we use the notations Wy (p*, p, €) and Wp+ (p*, p, &), respec-
tively, if it is necessary. From (2), the resident phenotype will have higher fitness than
the mutant (i.e. W* > W) at a given ¢ if and only if

P P ALl — &) p*p* + eppl > pPA[(1 —&)p™p* + epp]. 3)

This has the following biological interpretation: the active resident phenotype p* has
higher intake against the whole active population than the active mutant phenotype p.

Other equivalent interpretations emerge by considering the fitness (@ = W (p*, p, &)
= (1 —&)W* + e of arandom individual chosen in the resident-mutant population.
It is straightforward to show that (3) is equivalent to either of the inequalities (W* > @
or @ > . That is, the resident phenotype has higher than the average fitness of the
whole population or, alternatively, the mutant phenotype has lower fitness than the
average fitness of the whole population. As we will see, these different views will be
important in the paper.

From the monomorphic approach of Maynard Smith (1982), we have the following
definition (see also Garay et al. 2017).

Definition 2.1 A p* € S, is an evolutionarily stable strategy of the matrix game
under time constraints (ESS), if, for all p # p*, there exists an g = &¢(p) such that
(3) holds whenever 0 < ¢ < gg.

That is, p* is an ESS if and only if it resists invasion by any mutant phenotype if the
mutant is initially sufficiently rare in the resident-mutant system. The ESS concept is
also equivalent to dynamic stability in the following sense. The replicator dynamics
for the resident-mutant system has the form

& =¢e(W—-W) =¢e(l —e)(W — W
=¢e(1 — &) (ppAL(1 — &)p*p* + epp] — p*p*AL(1 — &)p*p* + £pp]) .

5 The numerator 1 on the right-hand sides of (2) is the length of the active part of an activity cycle and
the denominator is the expected time of an activity cycle for the focal individual whose phenotype is p
(first equation) or p* (second equation). That is, the left-hand and right-hand sides are both equal to the
proportion of active individuals in the mutant (first equation) and resident (second equation) population.
Note that p and p* depend on p*, p and ¢. Therefore, if it is necessary to emphasize this dependence, we
use the notations pp (p*, p, €) and Pp* (p*, p, ), respectively, instead of p and p*, respectively.
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This replicator dynamics satisfies the Darwinian tenet that the frequency of the mutant
phenotype decreases if its fitness ) is less than the mean fitness @ of the resident
mutant system. From Definition 2.1 and inequality (3), strategy p* € S, is an ESS
if and only if ¢ = 0 is a locally asymptotically stable equilibrium of this replicator
dynamics for all p € S, with p # p*.

As pointed out by Garay et al. (2017), the main obstacle to an analytical formula
for an ESS in terms of the matrices A and T of the time-constrained game is that the
stationary distribution of the population from (2), which depends in a complicated
way on the time constraint matrix 7' as well as the strategies of mutant and resident
phenotypes for fixed £, must be substituted into (3). On the other hand, since the fitness
functions on both sides of inequality (3) depend continuously on the frequencies of
the phenotypes (see Corollary 6.3 in “A.17) as ¢ — 0, an ESS satisfies inequality (4)
in the following definition of a Nash equilibrium (NE). That is, an ESS is a NE.

Definition 2.2 A strategy p* € Sy is a Nash equilibrium of the matrix game under
time constraints (NE), if, for every p # p*,

1 + p*Tpp-(p*, p, 0)p*
*
. pAp
1 + pT pp+(p*, p, 0)p*
= pp(p*, p, 0)pAp*. 4)

pp+(P*, p, 0)p*Ap* =

If the previous inequality is strict (for every p # p*) we say that p* is a strict NE.

Note that, by continuity of the fitness functions, a strict NE is automatically an ESS.
However, a strict NE is necessarily a pure strategy in S, (see Theorem 4.1 below) and
so there are many ESSs that are not strict NE. To see this, take all entries in 7" to be equal
to 7. Then p*T'[(1 — &) p*p* +epp] = t[(1 — &) p* +¢ep] = pT[(1 — &) p*p* + cppl.
Thus, from (2), p*=p = (=1 + /1 +471)/(27) since p = 1/(1 + tp). Furthermore,
inequality (3) is equivalent to p*A[(1 — &)p* + ep] > pA[(1 — &)p™ + ep] and so
an ESS according to Definition 2.1 is the same as the classical concept of ESS for
a matrix game A with no time constraint. It is well-known (Hofbauer and Sigmund
1998) that many such games have mixed strategy ESSs.

3 Monomorphic versus polymorphic populations

In the polymorphic population, there is a fixed finite set of phenotypes taken from the
phenotype pool S,,, at least two of which have positive frequency. Let the phenotypes
be denoted by p* and py, p2, - .. ,pm.6 Fori =1,2,...,m,let x; be the proportion
of phenotype p; in the population and set x = xj + - - - 4 x;,;. Then the proportion of

6 In the following, p* is often thought of as the resident strategy or as an ESS according to Definition 2.1.
However, since this does not need to be the case, it is better to regard p* only as a phenotype that is
distinguished from the others.
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phenotype p*is 1 —x > 0.Let o* and o; fori = 1, 2, ..., m denote the proportions of
active individuals within the phenotype p* and phenotype p; populations, respectively.
We assume that, for a given x1, .. ., x,,,, the polymorphic system is at its stationary
distribution. Generalizing (2), this is the unique solution (¢*, 91, - - - , Oi) in the unit
hypercube [0, 17"+ (Garay et al. 2017) of the following system of equations.

1
0" =
L4+ p*T[(1 = x)o*p* + 37  xj0;p;]
1
0 = 1<i<m. (5)

L+ pi TI( —x)o*p* + X7 xjo;p)]

Furthermore, the average intakes per time unit [i.e. fitness given as in (1)] of phenotype
p* and phenotype p;, respectively, are

m
W* =0"p*A | (1 —x)0"p" + ) _xj0;p;
j=1

m
Wi =oipid | (1 —x)o*p* + > xjojp; | 1<i=<m. ©
Jj=1

It is important to note that o*, g;, W* and W; depend on the frequency distribution
X:=(1—-x,x1,...,Xn) € Sp+1-

Therefore the notations ¢*(x), 0; (x), W*(x) and W;(x), respectively, are used if we
want to emphasize this dependence.

Our first main result (Proposition 3.1) is that, from the point of view of phenotype
p*, the collection of other phenotypes p; with proportions given through x in the
large polymorphic population can be replaced with a single mixed phenotype as in the
monomorphic model of Sect. 2. For this purpose, we define

By 1 —
o(x) = ;;xjg,-(x) ©)
- Yo xi0i (X)pi 1
h(x) = = i0i (X)P; . 8
(x) S e,® % ;jx 0i(X)p ®)

That is, ¢ is the average frequency of active individuals among the phenotypes
P1, P2, - - -, P and h(x) is the average strategy of these active individuals.” The result
is

7 Note that, 0(x) and h(x) are well-defined since at least one of the X; is positive.
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Proposition 3.1 Consider a large polymorphic population with probability distribu-
tion X. At the stationary distribution of this polymorphic system, 0*(x) and W*(x) in
(5) and (6) respectively are given by the monomorphic model based on phenotypes p*
and h(x) with proportions 1 —x and x, respectively. That is, pp+(p*, h(x), x) = 0*(x)
and Wy (p*, h(x), x) = W*(x).

Furthermore, 0*(x) and 0(x) give the stationary distribution for the monomorphic
model (in partlcular Phx) (p*, h(x) x) = 0(x)) and the fitness of h(x) is the average

fitness W (x) = ; ij x; Wi (X) of the phenotypes p1, P2, - - - , Pm in the polymorphic
model (i.e. Wi, (P*, h(x), x) = W(x)).

Proof Recall the defining Eq. (5) of o™ and g;, respectively:

1
0" = ©)]
1 +p*T[(1 — x)o*p* + 37 xj0;P,)]
1
0i = 1<i<m. (10)

L+ p TI( —x)o*p* + X xjo;p)]
Multiplying both sides of (10) by its denominator and then by x; /x yields:
1 " X
- xiei+xl-g,-p,-T[<1—x)@*p*+2x,-gjp,-] == (11)
j=I
Recall the definition of ¢ in (7) and note that, by (8), it is true that
ZXJQJPJ —xQ ZXJQJPJ = xgh.
j=1 j 1

Therefore, if we sum Eq. (11) from i = 1 to i = m we receive that
6+ ohT [(1 — 0)0*pt + xéﬁ] —1 (12)
which, divided by 1 + flT[(l —x)o*p* + x@fl], is equivalent to

1
0= = —, (13)
€ 1+h7[(1 - x)o*p* + xgh]

and 50 3(X) = P (P*, B(X), 1).
Similarly, write (6) in the following form:

W* — Q*p*A[(l _ X)Q*p* +X@l~1]
Wi = 0ipiAl(1 — x)o*p* +xgh] 1<i<m.
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@ 9

Mimic the previous calculation for the “o”-s from (11) to (12) to get
W = ohA[(1 — x)o*p* + xoh]
which completes the proof. O

We will use Proposition 3.1 to investigate how an ESS p* of the monomorphic
model is related to equilibrium and stability in two different polymorphic models.
In this section, we focus on the case where p* is the resident phenotype and the
frequencies of the other phenotypes pi, Pz, . . ., Pm (now called mutants) are small.
This models the situation where mutations are not rare events since there can be more
than one type of mutant in the system at a given time. Maynard Smith (1982, Appendix
D) has already called attention to the possibility in the classical matrix games that a
resident strategy, which cannot be invaded by any single mutant using a pure strategy,
can sometimes be invaded when two mutant pure strategies are simultaneously present.
This continues to be true under arbitrary time constraint as we shall show shortly.

To consider this fact, suppose that the resident phenotype is in the convex hull of
P1. P2, .., Pm- Thatis,

m m
p’ = Zaipi, where all o«; >0 and Zai =1.
i=1 i=1

Define ¢*(0) and p; (0) as the unique positive solution of (5) when x = 0. That is,

1
0¥ (0) = ———M8M
1 + p*To*(0)p*
1
0i(0)=——— 1<i<m

1+ piTo*(0)p*
Now take X; (x) = xa;0%(0)/0;(0) for an arbitrary 0 < x < 1. Then

*

Y ki) = Z Q(O) _xZa, (0 [1+piTe*(0)p*]
i=1 =1 !
(

*(0) (14 p*To* <0>p)=

and so X(x) = (I — x,X1(x), ..., X (x)) € Sput1. Since T[(1 — x)o*(0)p*
L1 £ (00, (0)pj] = TI(1 = x)o* O)p* + Y- xa; £ 5 0;(0)p;] = To*(O)p,
the system (5) for the distribution X(x) satisfies

8 Section 4 considers the pure-strategy polymorphic model where the only phenotypes present in the
population use one of the n pure strategies.
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1 1
* O = = =
e 1+ p*T[(1 — x)o*(0)p* + 37  X;(x)e;(0)p;1 1+ p*To*(0)p*
1
i (0) = yT—
& A T — 00 0P + 37, 5,000, O)p ]

1
1+ p;Te*(0)p*
That is, the unique solution to (5) for X(x) is (0*(0), 01(0), ..., 0 (0)). In particular,
0*(X(x)) = 0*(0) and 0 (X(x)) = ¢;(0). From this, it follows that

m 1 m *

. 1<, .
oX()) = — 3 §j(0)0;(%(0) = —x Z o (0) 0j

0;(0) =0"(0)

=

i R SR < PPN, 0 O o =
h(x(x)) = m;x ()i R())pi = — (0 Z] 00 OPi =p".

Thus, by Proposition 3.1

W*(X(x)) = Wps (p*, h(R(x)), X) = Wp+(p*, p*, X)

and
WE()) = Wy g0, (P RE (X)), %) = Opr (p*, P*, 1)
= Wp+(p*, p*, 0) = W*(X(0)),
respectively. In summary, if p* is a convex combination of py, p2, ..., P, then there

is always a state X(x) € S,,41 for any x € [0, 1] in the polymorphic model with
W*(%(0)) = W*(X(x)) = W(X(x)). In particular, for this polymorphic model, it is
always possible that a combination of the mutant phenotypes has the same average
fitness W as the fitness W* of the resident strategy p* no matter how small the total
frequency of mutant phenotypes is.”

In this sense, a monomorphic ESS p* can be invaded in the polymorphic model.
For this reason, we turn our attention to the standard pure-strategy polymorphic model
in the following section. Before doing so, it is important to mention that a NE p* does
correspond to an equilibrium of the polymorphic model by the following result.

Lemma 3.2 Suppose p* is a NE according to Definition 2.2. Then W*(x(0)) >
W; (x(0)) foralli =1, ..., m. Moreover, W;(X(x)) = W*(X(0)) for every x € [0, 1]
whenever x; (x) = xa;0%(0)/0;(0) > 0. That is, X(x) is an equilibrium of the poly-
morphic model.

9 This generalizes the classic result (Cressman 1992; Hofbauer and Sigmund 1998) that, in a mixed-strategy
model, the average fitness of mutant phenotypes equals the fitness of their convex combination.
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Proof From Definition 2.2, W*(x(0)) = p*(0)p*Ap*p*(0) > p; (0)p; Ap*p*(0) =
W;(x(0)) foralli =1, ..., m. On the other hand, we have just seen that W*(X(0)) =
W*®X(x)) = WE(x)) = Y7, £ (x) Wi (X(x)) for every x € [0, 1]. This is possible
if and only if W;(X(x)) = W*(x(0)) for every x € [0, 1] whenever %; (x) > 0. O

4 Evolutionary and dynamic stability in the pure-strategy model

In the standard polymorphic population, there are m = n phenotypes and each individ-
ual uses one of the pure strategies e; € S, where e; denotes the n-dimensional vector
the ith coordinate of which is 1 and the others are 0. Since we do not distinguish a
strategy'? in the polymorphic population in the present reasoning and we need the
average frequency of active individuals and the average strategy of active individuals,
we define o and h copying the definition of § and h in (7) and (8) as follows:

0(x) =) xi0i(x) (14)

and

= ( ;. Zx,@(x)e, (15)

respectively, where X € [0, 11” with Zx,- = 1. In other words, o(x) = _@(O, X) =

00, x1, ..., x,) and h(x) = h(0, x). Then there is a unique x € S, with h(x) = p*

(see Corollary 6.3 (iii) and (iv) in “A.1”). This is given by the frequency distribution
*

=2 pr (16)

Pi

where p* = pp+ is the unique solution in [0, 1] to the equation
p Pp q q

1
[ 17
P T T T 4
and p; = p; (p*) is the expression
! << (18)
B — i <n.
1+eTp*p* — —

Now consider the standard replicator equation
X = x[Wi(x) — W), 19)

for the pure-strategy model_ where, as before, W;(x), i € {l,...,n}, is the fitness
of the ith phenotype and W(x) = > x; W;(x) is the average fitness of the whole

10 See Footnote 6.
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polymorphic population. From Lemma 3.2 (apply it with x = 1), if p* is an ESS of
the monomorphic model with h(x) = p*, then W;(x) = W (x) whenever x; > 0 and
so X is a rest point of the replicator equation. The question of most interest now is
whether such an x is a stable equilibrium of the replicator equation. Our first result is
that this is true if p* is a strict NE (and so an ESS).!!

Theorem 4.1 A strict NE must be a pure strategy. Without loss of generality, sup-
pose that ey is a strict NE. Then the state x* = (1,0,...,0) € Siy, is a locally
asymptotically stable rest point of the replicator equation (19).

Proof Assume that p* is a strict NE. Then, according to Lemma 3.2, (W« (p*, €;, 0) =
W*(%(0)) = W;(X(0)) = We, (p*, €;, 0) for every i with p} # 0. (Note that X(0) =
x*.) Since p* is a strict NE, this is possible if and only if p* is a pure strategy. It can
be assumed without loss of generality that p* = e;.

We prove that if we consider the replicator dynamics for a population consisting
of individuals using one of the (pairwise distinct) strategies ey, pi, .. ., P» then x* =
(1,0,...,0) € Si4m is a locally asymptotically stable rest point. We are looking for
a d; > 0 such that

el A(l —x)g*er + el A[ X, x0,p)]
I+ e T(1—x)o*e; +e1T[ Y xj0;p;]
piA(l—-X)Q*e1*-PiA[E:?;lijij]
L+pT(1—x)o*er +piT[ Y1) xj0;p)]

>0 (20)

hold whenever 0 < ||x — x*|| < §;. Since e, is a strict Nash equilibrium we have

el Ag*(x*)e; piAg* (x*)e;
1 +eTo*(x*)er 1+ p;To*(x*)e

21

The left-hand side of (20) is continuous in x (see Corollary 6.3) and, at x = x*, it is
just equal to the left-hand side of (21). This continuity implies the existence of &;.

Now, let § := min(§y, e 8m)- Then (20) holds for every 1 < i < m whenever
0 < [Ix—=x*|| <4.Since W(x) = (1 —x)W*(x) + > Xi Wi(x), one can immediately
conclude that W*(x) > W(x) whenever 0 < ||x — x*|| < 6. O

Theorem 4.1 is a well-known result for evolutionary games without time con-
straints, forming one part of the folk theorem of evolutionary game theory (Hofbauer
and Sigmund 1998; Cressman 2003). Another part of the folk theorem states that an
interior ESS (i.e. all components p; of p* are positive) is globally asymptotically
stable under the replicator equation. This is no longer true for time constrained games
as the following two-strategy example shows.

1 The proof of Theorem 4.1 shows that this result generalizes to the polymorphic model of the previous
section in that stability of a strict NE p* continues to hold for the replicator equation extended to sets of
mixed strategy phenotypes that include p*.
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Example 1 Consider the two-strategy game with time constraint matrix and intake

matrix given by
10 11
T := <0 1) and A := <cd>’

respectively, where ¢ and d are defined below. For the pure-strategy model, g; (x) for
i = 1, 2 is the solution of the equation

1
O T T FeTlxoe + (I —x)oer]
That is,
14T+ 145 —4x
o1x)=——7——, 0ok =—r——"--—.
2x 2(1 —x)

A state (x, 1 — x) is an interior rest point of the two-dimensional replicator equation
if and only if Wi (x) = W (x); that is

o1(x)e1Alxoi(x)er + (1 — x)o2(x)e2] = o2 (x)e2A[xo1(x)er + (1 — x)o2(x)ex].
Thus, u # v in (0, 1) are both rest points if

uo1 (@) + (1 — w)o1 o2 (u) = uoi (w)oa(u)c + (1 — u)or(u)’d
001 (1) + (1 — v)01()02(v) = vo1()o2(V)e + (1 — V)02 (v)*d
which gives us two equations with unknowns ¢, d. For instance, if # = 1/4 and

v = 1/2, one can straightforwardly solve this system to find that ¢ = +/2 — 1 while
d=3-—42. Moreover, for these values of ¢, d,

d 732 - 10
dx [Wl(.x) - Wz(x)]|x:l/4 = 7 <0
while “ e
4 2(V3 — 1)(6 - 23 — V6
(W1 — Wao)l[_,, = )( ) o,
dx / 3

Since the replicator equation for two-strategy games is the one-dimensional dynamics
X1 = x1(1 — x)[W1(x) — Wh(x)], the state X = (X1, x2) = (1/4,3/4) is locally
asymptotically stable but not globally because there is another interior rest point.

Note that, by Theorem 4.2 below, strategy

coladm o 3eus o V2 V2
T a0/4) ! T a4 T 22

is an ESS of this two-strategy time constrained game. Furthermore, it is straightforward
to show that e; is a strict NE (and so an ESS) while e; is not. This contrasts with the
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evolutionary game without time constraints and payoff matrix A where e; and e; are
both strict NE and the only interior NE (%, %) is not an ESS.

By the following result, local asymptotic stability under the replicator equation
does correspond to an ESS for two-strategy games.

Theorem 4.2 Given p* € S, the unique solution X = (X1, %2) € S» of h(x) = p*!2

is locally asymptotically stable under the replicator equation (19) if and only if p* is
an ESS of the monomorphic model.

Proof By Lemma 6.5 in A.2, given p* € S5, there is an gy > 0 such that
[WI() + 2 W2 (x) > W(x) (22)

for all x = (x1,x2) € S with 0 < |x; — X1| < &g if and only if p* is an ESS.
Since W (x) = x; W (x) + x2Wa(x), X2 = 1 — £ and x, = 1 — x1, this inequality is
equivalent to

(&1 —xpD[W1(x) = W2(x)] > 0

which holds if and only if, with x € Sp, Wi (x) — Wa(x) > 0if x| < X; and Wi(x) —
W(x) < 0if x; > X. From the replicator equation x; = x (1 —x)[W1(x) — Wa(x)],
the stability of a rest point X is determined by the sign of the expression Wy (x) — W (x):
X is asymptotically stable if and only if W;(x) — W(x) > 0if x| < x; and W;(x) —
Wa(x) < 0if x; > x; whenever x; € [0, 1] is close enough to X;. O

Remark The proof of Theorem 4.2 uses the same method as Hofbauer and Sigmund
(1998) who showed an interior ESS is globally asymptotically stable under the repli-
cator equation for n-strategy matrix games without time constraint. The key to this
proof is inequality (22), which for n-strategy games where X- W(x) := > 1| x; W; (x)
becomes

X-Wx) >x-W(X) (23)

for all x € S, sufficiently close (but not equal) to X. The biological interpretation of
inequality (23) is that, for all polymorphic population states near X, the average fitness
of phenotype X is higher than that of the whole population.

In Hofbauer and Sigmund (1998) (see especially their Section 6.5 on population
games and equation (6.21)), such an X € S, is defined as a local ESS (of the polymor-
phic pure-strategy model). To avoid confusion with our Definition 2.1 of an ESS for
the monomorphic model, we will call an X that satisfies (23) a polymorphic stable
state (PSS) instead. Theorem 4.2 then states that, for two-strategy games, p* is an
ESS if and only if X is a PSS (see Corollary 4.3 below). It is an open problem whether
this equivalence extends to n-strategy matrix games with time constraint. In fact, we
conjecture this equivalence is not true when n > 2 but have no counterexample at this
time. On the other hand, the proof of Theorem 4.2 generalizes to show that a PSS is
always asymptotically stable under the replicator equation for any n.

A Dp* A Op*
12 From (16), #] = p]“ﬁ and £) = p%‘ﬁ.
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Corollary 4.3 Let p* = (p], p5) € Sz and let

. p*
Xi=pf—— i=12
T ()

where p* and p; (p*) are defined in (17) and (18). Then the following three conditions
are equivalent:

(i) p*is an ESS;
(i) (%1, X2) is a PSS;
(iii) (X1, %2) is a locally asymptotically stable rest point of the replicator equation.

5 Discussion

We have generalized two parts of the folk theorem of evolutionary game theory to
the class of matrix games under time constraints. Specifically, Theorems 4.1 and 4.2
respectively show that a strict NE is locally asymptotically stable under the replicator
equation and that, for two-strategy games, strategy X is locally asymptotically stable
under the replicator equation if and only if its corresponding monomorphism h(X) is
an ESS according to Definition 2.1.

Given the prominence of two-strategy games in applications of evolutionary game
theory, these results mean that evolutionary outcomes of ecological models that
incorporate the dynamic effects of different individual behaviors may continue to
be predicted through static game-theoretic reasoning. In this regard, we emphasize
that the replicator equation is an ecological model since the question it addresses
is whether the long time existence of different strategies (i.e. different ecotypes) is
possible. Moreover, the PSS defining condition (23) (which corresponds to ESS for
two-strategy games by Corollary 4.3) is based on the ecological intuition that a state
X is stable if its fitness in a slightly perturbed ecological state is always higher than
the average fitness in this perturbed state.'

The effect of time constraints on evolutionary outcomes has been studied else-
where in the literature. Besides our recent article (Garay et al. 2017) that provides the
foundation of the current investigation, Krivan and Cressman (2017) analyze general
two-strategy matrix games when individuals are always paired, as in classical matrix
games, but their interaction times depend on the strategies used in the pair. They were
able to give an explicit formula for the stationary distribution for the standard polymor-
phic model in this case, in contrast to the implicit form we are forced to use in (2). On
the other hand, our model extends theirs to include other activities beyond pair inter-
actions that are essential to include for more realistic models of ecological systems.
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species (Hofbauer and Sigmund 1998).
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6 Appendix
A.1. Preliminaries

We first state some technical lemmas necessary later, although sometimes they are
used only tacitly.

Lemma 6.1 (Garay et al. 2017, Lemma 2, p. 7) The following system of nonlinear
equations in n variables,

1

m )
l—i—gj:]cijuj

= = )

(24)

u;
where the coefficients c;; are positive numbers, has a unique solution in the unit
hypercube [0, 1]".

We also claim the following.

Lemma 6.2 The solutionu = (uy, us, ..., u,) € [0, 1]" of 24)

(1) is a continuous function in

2
C::(Cll»-~~sclnsc2la~'-702na~'-vcnlv--'9cnn)GR;(),

(i1) has positive coordinates uniformly separated from zero, namely

1

—~ —=w=1 0=l=n).
1+Zijcij

Proof To the proof of (i), assume that the sequence

k k k k k
Ccp = (cil), o ,cin), cél), el cén), el c,(“), el c,(llfl)) — C.
e (k) k) . .
For each positive integer k, let wy = (u; ", u, ", ..., u, ) be the unique solution of

the system of equations

1

- <
(G -
L+ euj

Ui

in the unit hypercube [0, 1]". As ui € [0, 1]"* it is a bounded sequence. To see that uy
tends to u it, therefore, suffices to prove that any uy, convergent subsequence of uy
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tends to the same u. Denote by 1 the limit of uy,. Since

1
1+ Z;l»=1 bijx;

— X
is a continuous function in (b, X) (consider it as a function of n2 + n variables on
R”O x [0, 11™), it follows that

0 ! (ki) ! _a

—Uu. —> = u;
L+ e L il

which implies that

1 . . . 1
= ——=;———— — Ui; orequivalently, i = ———>.
L+ 25 cijit L+ Y cijity

Because of the uniqueness of the solution, the limit @ must be the same for any
convergent subsequent of u® and & must be equal to u. Since u®) tends to this unique
solution in [0, 1]", the solution is continuous in c.

The lower estimate in (ii) is apparent from (24) because u; < 1 forevery 1 <i <

n. O
Corollary 6.3 Consider a population of types po, P1, - - - » Pm € Sn with frequencies
X05 X15 e+ X

(i) The active part o; of the different types given by the solution of the system:

1
Q' =
L LERTIC o xe5p)]
continuously depends on X = (xo, X1, ..., Xm). We use the notation 0;(X) =
0i (X, Po, - - - » Pm) in this sense.
(ii) Let
m
0(X) = 0(X, P0. .- Pm) := Y _ XiQi(X. Po, - . Pm)
i=0
and

m
h h xi0i (X, Po, - -+, Pm)
h(X) =h(X, pO»spm) :ZZ Z—Q(lX p pr)n pl
i=0 Q 7p07'--apm

If y is another frequency distribution such that h(y) = h(x) =: h, then both
0(x) = o(y) and 0i(x) = 0i(y) (0 =i <m).

(iii) Ifh can be uniquely represented as a convex combination of po, . . ., pm'* then
x; must be equal to y; for every i.

14 This is always true in the two cases (i) m = 1 and pg # p; and (ii) po, ..., pm are distinct pure
strategies.
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(iv) Ifp isaconvexcqmbination ofpos - - -, Pm thenthereisanx = (xg, X1, ..., Xpy) €
Sm41 such that h(x) = p. Namely, if p = Y 'L, o;p; then

X = i
pi (p)

2]

where pyp is the unique solution in [0, 1] to the equation

1
= 25
P=1F pTop (25)
and p; (p) denotes the expression
1 .
0<i<m. (26)

1+ p;Tppp

Proof (i) The continuity of ¢; in x immediately follows from Lemma 6.2. (Set c;;
equal top; Tx;p;.)
(@i1) Since p(x) = (1 — x)po(x) + x0(x), Proposition 3.1 shows that

_ 1

o) = 1 4+h7To(x)h
and

'(y) — ;

© 1 +h75(y)h

hold (as if the population consisted of only h-strategists). Lemma 6.1 says that

the equation

_ 1
® = 1+hrah

(with g as the unknown) has a unique solution in [0, 1] which implies at once
that o(x) = o(y). Also,

1 1
~ 1+pT Y xjoip; 1+pToh

Qi

has a unique solution (in the unknowns ;) in [0, 1]"*! for every i from which
0i (x) = 0;(y) follows for every 0 <i < m.

(iii) This is an immediate consequence of (ii) by comparing the coefficients in the
representations h(x) and h(y).

(iv) Take the frequencies

Yo
X = LJ

= —;.
pi (p)
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Then, by (25) and (26), we have that

- - i 1+ piTppp _
— 5 pi (p) — 1+pTppp
thatisx = (xg, x1, . . ., X;;) isafrequency distribution. Consider the polymorphic
population of strategies po, P1, - - - » P With this frequency distribution x. Then,

p0(P), P1(P), - - -, pm (p) satisfy the following system of equations corresponding
the system (5) with p* = po:

1
0i = . 27
L+ pT[ Y0 xj0,p)]
Indeed, by a simple replacement, we get that
1 . 1
1+pT| >0 xjpj@p;]  1+pT| Yo aj%pj(p)l)j]
1 1 ®
1+p,~T[Z;":0ppajpj] 1+ piTopp !
On the other hand, oo (X), 01(X), ..., 0,(X) are also the solutions of the system

of equations (27). By the uniqueness (see Lemma 6.1 in A.1.) we have that
0i (x) = p;(p). Consequently, we have that

0(x) =Y xi0i(x) = Zm(p) Z( o )p,(p) Pp Y =pp
i=0 i=0

and

- 1 & Op
h iQi i =
™= >Z“? P = §<pi<p>

m
Oéi> pi(P)pi = Zotipi =P
i=0

O

Lemma 6.4 Let p,r € S3. Denote by op(€), or(€) the unique solution in [0, 112 of
the system:

1

1+ pT[(1 —e)opp + €orr]’
1

1+ rT[(1 —&)opp + €orr]

Op =

Or =
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Furthermore, o(¢) := (1 — &)op(e) + eor(¢) and

q(e) = T[(l —&)op(e)p + eor(e)r].
Then q(0) = p, q(1) = r and q(¢) uniquely runs through the line segment between
P and r as ¢ runs from 0 to 1 in such a way that 0 < ¢1 < & < 1 implies that

llate) —pll < llq(e2) — pll.

Proof Corollary 6.3 (i) with the choice pp = p and p; = r shows that g, (e) and
or(¢e) are continuous in € € [0, 1]. Therefore, both o(¢) and q(&) are continuous in €.
Since q(0) = p and q(1) = q the Bolzano-Darboux property of continuous function
(intermediate value theorem) ensures that q(¢) runs through the line segment between
p and r as ¢ runs from O to 1. Furthermore, by Corollary 6.3 (iii), q(¢1) # q(g2) also
holds. Since q(0) = p, it follows that ||q(e1) — pl| < |Iq(g2) — pll. O

A2,

Lemma 6.5 Let p* € S> and X = (%1, X2) € Sy be the unique solution of h(x) =
Then p* is an ESS if and only if there is a § > 0 such that

[WI(X) 4+ 22 W2(x) > x Wi (%) + o Wa(x) = W(x)
whenever |x; — X1| < 8.

Proof Consider a p* € S,. Without loss of generality, it can be assumed that p* # e;.
We use the following notations:

01(%) 02(x)

0(x) == x101(X) + x202(x) and h(x) :=x; 2®) e +x2 2® e (28)
Similarly, we introduce the notations 9(x) and ﬁ(x), respectively, as follows:
1(X) . 02(X)
0(%) = £101(0) + 22000 and hx) = 5L Ve + £ 2 ey (29)

o(x) o(x)

Assume that X < x; (the case xp < X can be handled in the same way). It is easy to
check this is equivalent to the inequality

P Qz(X) . Qz(X)
Q(X) Q(X)

which implies that_ﬁ(x) lies on the line segment between h(x) and e,. By Lemma 6.4,
it is also true that h(x) is located on the line segment between p* and e;. Thus, there
is an 7 = 7(x) and an n = n(x), respectively, between 0 and 1, such that
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ph(x)(h(X) €, n)A Ao 47 pez(h(x) e, n)

h(x) = (1 —1) (30)
p(h(x), e, 7)) p(h(x), ez, 1)
and . .
Box) = (1 — n)pl_)*(p ek Pa® e n)ez’ 31)
o(p*, €2, n) o(p*, ez, m)

respectively. Observe that o (h(x), e, n)=p(p*, ez, n) = 0(x) and pe, (h(x), €5, n) =
Pe, (P*, €2, 1) = 02 (x).1> Note that n and x, mutually determine each other so we can
write = n(x3) or x = x2(n) depending on what is given. A similar observation is
true for the relationship between 7 and x;.

Suppose, for some x», we have

5 pp(P*, €2, 1) Pe, (P*, €2, 1)
op*(P*, €2, NP A p(p*, €2, 1) [(1 —n) P * e e

p(p*, ez, n) " p(p*, ez, n)
o(x)h(x)
> pe, (P*, €2, N)e2 A3 (X)h(X) = 02(x)e2 A5 (X)h(x). (32)

Multiply both sides of inequality (32) by (1 — n) then add no2(x)e2 Ag(x)h(x) to get
that
0(x)h(x)Ag(x)h(x) > 02(x)e2A0(x)h(x) (33)

By subtracting 1¢2 (x)e2Ap(x)h(x) from both sides of (33), simplifying by (1 — 1)
and using (30) we obtain inequality:

Pigo B, €2, DA AGORX) > 02(X)e240()R(X). (34)

Multiplying (34) by 7 and adding (1 — ﬁ)pﬁ(x) (h(x), e, ﬁ)fl(x)A@(x)l_l(x) to both
sides results in

Pi (1), €2, DEE) AGOR(X) > 2(0)h(X) Ag(X)h(x) (35)

where the right-hand side is just equal to x; Wy (x) 4 x2 W2 (x). As regards the left-hand
side, observe that, by Lemma 6.1, pp, ) (h (x), €2, 7)) = 0(x).'0 Therefore the left-hand

side just equals x; Wi (x) + X2 Wa(x). The above reasoning shows the equivalence of
inequalities (32), (33), (34) and (35) which means that
FW1(x) + £2 W2 (x) > x1 Wi (%) + x2 W2 (%) (36)

holds if and only if inequality (32) does.

15 For example, to see that p(h(x) ey, 1) = p(p*, ez, n) = 0(x) it is enough to observe that they satisfy
the equation o = 1/[1 + h(x)Tgh(x)] with ¢ as the unknown and use Lemma 6.1 about uniqueness.

16 Both of them are equal to 1/[1 + h(x)TQ(X)h(X)] as can be seen by mimicking the calculation from
(11) to (13).
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If p* is an ESS then consider gy from Definition 2.1. By continuity (see Corol-
lary 6.3), there exists a § > 0 such that if 0 < |xo — X2| < 8 then 0 < n(x2) < &o.
Therefore, (32) holds which, as we have just seen, is equivalent to (36).

Conversely, assume the existence of a § > 0 such that (36) holds whenever 0 <
|xo — X2| < 8. By Corollary 6.3 and Lemma 6.4, there is an gp(e) such that 0 <
|x2(n) — %2| < 8 whenever 0 < 1 < g9.!7 Consider the strategy r € S> with r, > 28
(the case 7, < pj can be treated in a similar way). Then r is on the segment between
p* and

Pe, (P*, €2, £0(€2))
o(p*, e2, go(e2))

Pp(P*, €2, g9(e2))
g I: p* +eo(er
p(p*, e2, gp(e2))

h(ez, go(e2)) := (1 — gp(e2))

or on the segment between h(e;, g9(e2)) and e>. In the former case set go(r) to be
1, in the latter one set o(r) to be the unique ¢y for which h(e;, go(ez2)) = h(r, &)
(such ¢p exists by Lemma 6.4). Then, again by Lemma 6.4, for any 0 < ¢ < &o(r)
there is an 0 < 1 < go(ep) with h(ez, n) = h(r, ¢). Following the reasoning
in the proof of Proposition 3.1 we see that p(p*, e2, n) = p(p*, r, ¢) and, hence,
Pp+(P*, €2, ) = pp*(P*, 1, ). From these observations and the argument above that
inequalities (32), (33), (34) and (35) are equivalent, we conclude that the ensuing
inequalities are equivalent with each other:

pp*(p > Iy é‘) *+§pp*(p , I, C)ril (37)

p(p*, 1, &) p(p*, 1, )
A(p*.x.Oh(r.0)

pp*(p*’ r, f)P*A |:(1 - é‘)

> pr(P*, 1, OrAp(p*, 1, Oh(r, {)
pp+ (P, 1, OPTAL(P*, x, Oh(r, &) > p(p*, 1, OHh(r, £)Ap(p*, T, O)h(r, )
op*(P*, €2, NP Ap(p*, €2, Mh(ez, n) > p(p*, e2, Mh(ez, N)Ap(p*, €2, h(ez, n)
pp+(p*, €2, MP*Ap(p*, e2, Mh(ez, n) > pe, (p*, €2, N)e2Ap(p*, e2, Mh(ez, n).

We have seen that the last inequality is true for any 0 < n < go(e2) whenever (36)
holds for (X1, x2). This proves that p* is an ESS. O
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