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Abstract

In evolutionary game theory interactions between individuals are often assumed obligatory. However, in many
real-life situations, individuals can decide to opt out of an interaction depending on the information they have about
the opponent. We consider a simple evolutionary game theoretic model to study such a scenario, where at each
encounter between two individuals the type of the opponent (cooperator/defector) is known with some probability,
and where each individual either accepts or opts out of the interaction. If the type of the opponent is unknown, a
trustful individual accepts the interaction, whereas a suspicious individual opts out of the interaction. If either of
the two individuals opt out both individuals remain without an interaction. We show that in the prisoners dilemma

optional interactions along with suspicious behaviour facilitates the emergence of trustful cooperation.

INTRODUCTION

Evolutionary games provide a general framework to study frequency dependent selection, where the fitness (payoff) of
each individual is determined by playing a game with other individuals in the population. In the standard formulation,
games between individuals are considered compulsory in the sense that individuals have no choice of whom they
encounter, and are then forced to execute their strategy with the encountered individual (e.g. Weibull 1995). In nature,
however, this is usually not the case. Various models have accounted for this by allowing individuals to be selective
about their opponents either in terms of partner choice (”pre-interaction decisions”, e.g. Hruschka and Henrich 2006,
Fu et al. 2008) and/or partner switching (’post-interaction decisions”, e.g. Hruschka and Henrich 2006, McNamara
et al. 2008, Fu et al. 2008, Fujiwara-Greve and Okuno-Fujiwara 2009, Izquierdo et al. 2010, Wubs et al. 2016, Zheng
et al. 2017), or allowing individuals to opt out of interactions altogether (“optional interactions”, e.g. Miller 1967,
Vanberg and Congleton 1992, Orbell and Dawes 1993, Stanley et al. 1995, Batali and Kitcher 1995, Sherratt and
Roberts 1998, Hauert et al. 2002a, Mathew and Boyd 2009, Ghang and Nowak 2015). Some models make both
assumptions, individuals have the ability to influence the choice of their opponents as well as have the option to opt
out, or to be forced to opt out, of interactions (Noé¢ and Hammerstein 1994, Batali and Kitcher 1995, Hruschka and
Henrich 2006). Here, we focus on optional interactions whilst assuming that opponents are chosen at random.

An extremely simple form of optional interactions is to accept no interactions, which is the so-called loners strat-
egy (Hauert et al. 2002a,b, 2007, Fowler 2005, Brandt et al. 2006, Mathew and Boyd 2009, Cardinot et al. 2016).
Individuals who adopt a loners strategy opt out of all interactions and receive a fixed “’loners payoff”. In evolutionary
games with loners along with cooperators and defectors, where cooperators and defectors are assumed to accept every
interaction, the evolutionary trajectories approach a cycle between the three strategies (Hauert et al. 2002a,b). This is

an interesting result, particularly because in such models individuals have no information about their opponents.
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While no information and no interaction represents an extreme scenario, in many situations individuals can base
their decision to interact on partial information about their opponent. (deleted: In other words, individuals can predict
with some accuracy the upcoming action of their opponent.) Classical examples where individuals in the population
have at least some information about each other are as follows: (a) models of direct reciprocity: individuals have
encountered their opponent in the past (Trivers 1971, Batali and Kitcher 1995, Sherratt and Roberts 1998, Castro
and Toro 2008, Spichtig et al. 2013, Kurokawa 2017); (b) models of indirect reciprocity: the opponent has build a
reputation of its past actions with other individuals (Nowak and Sigmund 1998a,b, Panchanathan and Boyd 2003,
Nowak and Sigmund 2005, Fu et al. 2008, Ghang and Nowak 2015); or (c) the opponent appears or behaves a certain
way before an interaction takes place that indicates its intended actions (Frank et al. 1993, Yamagishi et al. 1999, Reed
et al. 2012, DeSteno et al. 2012). For example, the ability of correctly evaluating mate selection-related strategies
of other individuals is common (Zahavi 1975, Iwasa et al. 1991, Jennions and Petrie 1997, Andersson and Simmons
2006). In such situations, and in contrast to loners strategy of always opting out, the decision of opting out or accepting
the interaction ought to depend on the available partial information.

In this work we introduce a simple evolutionary game-theoretical model where the individuals encounter each
other at random (no choice of opponents), but at each encounter they are given the option to either accept or opt out
of the interaction based on partial information about their opponent. If either of the two individuals opt out, both
individuals remain without an interaction. In our model the type of the opponent (cooperator or defector) is known
with some fixed probability. If the type of the opponent is known, then individuals take a decision (accept or opt
out) that yields a greater payoff. If the type of the opponent is unknown, then individuals can be either trustful or
suspicious (Panchanathan and Boyd 2003, Sigmund 2010). A trustful individual accepts an interaction with the trust
that the opponent will provide a greater payoff than opting out, and a suspicious individual opts out of an interaction
suspecting that the opponent will provide a lesser payoff than what opting out yields. The strategy of an individual is
thus a combination of its type (cooperator/defector) and a decision rule that dictates whether to accept or opt out of an
interaction (trustful/suspicious).

We formally introduce our modeling framework in the following section, and then as an example, study the evolu-
tion of cooperation by working out the game of prisoners dilemma in detail. We succinctly summarize our key findings

below.

e First, if the probability of knowing the type of the opponent is above a certain threshold, a threshold that is
given in terms of payoffs, then trustful cooperation is an ESS. A similar condition was derived in (Nowak and
Sigmund 1998a,b, Suzuki and Toquenaga 2005, Ghang and Nowak 2015). Interestingly, and in contrast to the

previous findings, if opting out yields an equal or greater payoff than mutual defection, then trustful cooperation
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is a globally convergent ESS, i.e., trustful cooperation is reached from any initial state of the population. In

particular, even an (almost) entirely defective population will be eventually replaced by trustful cooperators.

e Second, we consider that the probability of knowing the type of the opponent is below the required threshold. If
opting out is at least as beneficial as mutual defection, then the evolutionary dynamics approaches a rock-paper-
scissors cycle of trustful cooperation, trustful defection and suspicious cooperation. However, if opting out is
strictly better than mutual defection, then for a low probability of knowing the type of the opponent, trustful
cooperation, trustful defection and suspicious cooperation coexist at a globally stable equilibrium. We note that

suspicious defection is always (eventually) selected against and thus eradicated form the population.

To summarize, we introduce a simple mathematically tractable model that enables us to study the interplay between
social and non-social behavior. We apply our model to the game of prisoners dilemma where we show that the option
of non-social behaviour of opting out of interactions, a “natural precondition” of partner formation, allows for the
emergence of (social and) cooperative behaviour. Moreover, we find that non-social behaviour together with the
ability to recognise the behaviour of each other leads not only to stable cooperative populations but also to trustful

behaviour that accepts interactions with potentially defective players.

MODEL DESCRIPTION

Consider a large and well-mixed population with two types of players, cooperators and defectors. Players are assumed
to encounter each other at random, such that at each encounter they can either accept or reject each other for an
interaction. If both players accept, a game is played and a payoff is received: if both players are cooperators both
receive R, if both players are defectors both receive P, and if one is a defector and the other is a cooperator then the
defector receives 7' and the cooperator S, such that S < P < R < T. A game is not played if at least one of the
two players rejects the interaction (opt out), in which case both players receive a payoff L, where L can be any value
relative to the payoffs S, P, R, T. Without loss of generality we set L. = 0 and scale the other payoffs accordingly
(SI). The payoffs S, P, R, T thus need to be reinterpreted as the difference between the particular social interaction
and non-social behaviour. We note that each player knows its own type as well as the ordering of payoffs.

The decision to accept or opt out of an interaction is made based on the type of the opponent, which is known
to the player with some fixed probability q. If the type of the opponent is known the decision to interact is obvious
— a game that yields a greater payoff than opting out will be accepted and with a smaller payoff rejected. This is
illustrated with the left branch in Figure 1 where a player of type A has identified the type of the encountered opponent

B. The question is what to do when the opponent is unknown (the right branch in Figure 1). Since players have no
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information about the composition of the population (frequency distribution of cooperators and defectors) they have
only two options, either trust that by accepting the interaction the unknown player will yield them a greater payoff than
if they chose to opt out, or be suspicious that the interaction will be advantageous and reject the unknown opponent
(Panchanathan and Boyd 2003, Sigmund 2010). All in all we obtain four strategies, trustful cooperation, suspicious
cooperation, trustful defection and suspicious defection, keeping in mind that for some payoff configurations not all
strategies are rational and hence will not be considered. For example, if mutual defection yields greater payoff than
non-social behaviour 0 < P, then defectors will always receive a greater payoff by accepting an interaction, known
and unknown, and thus the strategy of suspicious defection will be disregarded.

We immediately observe that the cases 0 < S and R < 0 lead to trivial evolutionary dynamics (Batali and Kitcher
1995). If 0 < .S, then any interaction is at least as good as no interaction and thus all games should be accepted, and if
R < 0, then cooperators receive always the maximum payoff by not interacting and so all games end up being rejected.
In the first case we recover the dynamics of the prisoners dilemma with obligatory interactions where defective strategy
is the evolutionary outcome. In the latter case players of both types opt out of all interactions. Thus, the task is to
work out the evolutionary dynamics for the two remaining cases, S <0 < P< R<Tand S< P <0< R <T.
We remark that the non-generic case P = 0 is of special interest and will be considered separately, not only due to
its simple evolutionary dynamics but also because a donation game, the central model in the literature of evolution of

cooperation (Sigmund 2010), falls into this category of models when the benefit of defection 7" — R and the cost of

PLAYER A
ENCOUNTERS
PLAYER B

B’s TYPE B’s TYPE
IS KNOWN IS UNKNOWN
TOA

A’s payoff
against B >0,

A’s payoff
against B <0

(ACCEPT OPT OU'a (ACCEPT OPT OU'a

Figure 1: Decision tree for a player of type A. At the top node (yellow dot) nature decides whether the player A identifies the type
of the encountered opponent B or not, which happens with probabilities g and 1 — g, respectively. If player A identifies the type
of the encountered opponent (left branch, blue node), the player chooses the action that maximizes its payoff. Thus player A will
accept the interaction if the payoff of A against B is greater than 0, otherwise player A will opt out of the interaction. If player A
doesn’t identify the type of its encountered opponent (right branch, red node), player A can either be trustful or suspicious and will
either accept or opt out of the interaction, respectfully.
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cooperation S — P are equal.

We may interpret mutual defection as some social interaction that provides basic income P, where the potentially
harmful effect of the interaction is already factored in the payoff. Depending on the level of harm defection causes
to the co-player, the payoff for mutual defection may be greater or smaller than the payoff for non-social (solitary)
behaviour. Equivalently, and this is the terminology we use throughout the paper, we say that opting out is costly when

P > 0 and beneficial when P < 0.

RESULTS

We will first work out a model for the two limiting cases where players have either zero information ¢ = 0 or perfect
information ¢ = 1 about their opponents. In the following sections we will consider games with partial information
0 < ¢ < 1 and first deal with the special case P = 0 where opting out and mutual defection results in equal payoff.
Lastly we solve the two remaining cases, S < 0 < P where opting out is costly and P < 0 < R where opting out
is beneficial. For each model we analyse the evolutionary dynamics represented with a continuous-time replicator

equation

iA:xA (EAfE) (1)

where the dot denotes a time derivative, x4 is the frequency and F 4 is the expected payoff of strategy A, and

E=Y p T p is the average payoff in the population.

Games with zero and perfect information

Let us first consider the case where players have zero information about the type of the opponent ¢ = 0 and so all
interactions are between unknown players. In both non-trivial cases S < 0 < P< R<Tand S< P <0< R<T
we have S < 0 < R, and so the decision for a cooperator to accept or opt out of an interaction with an (always)
unknown opponent depends whether the opponent is likely to be a cooperator or a defector. If the unknown opponent
is likely to be a defector it pays off to opt out, but if the opponent is likely to be a cooperator it pays off to accept the
interaction. We thus need to consider both suspicious and trustful cooperators, where suspicious cooperators opt out
of all interactions, while trustful cooperators accept every interaction. Similarly, if P < 0 < R defectors may either
be suspicious and opt out of all interactions or be trustful and always defect. However, for S < 0 < P all defectors

ought to be trustful and accept every interaction. In this case suspicious defectors will not be considered. We thus need
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to consider only three simple strategies, suspicious strategies (i.e. suspicious cooperators and for P < 0 < R also
suspicious defectors) who opt out of every interaction, trustful cooperators and trustful defectors who accept every

interaction. The expected payoff for suspicious strategies is always 0 while for trustful strategies the payoffs are

fi=xziR+y S
2
g =x1T +y P,

where f1,g; are the expected payoffs and xz;1,y; are the frequencies of trustful cooperators and trustful defectors,
respectfully. We will use subscript 1 to denote trustful players, and we reserve subscript 0 to denote suspicious
players. The subscripts can be thought of representing the probability of accepting unknown opponents.

suspicious suspicious suspicious
strategies strategies strategies

(@) (b) ()

10> > Y1 T1 06— >—» U1 16> > n
trustful trustful trustful trustful trustful trustful
cooperation defection cooperation defection cooperation defection
(@ (e)

—=< >0 *—< <—o
cooperation defection cooperation defection

Figure 2: Top row: Evolutionary dynamics (1) for a model (2) with zero information ¢ = 0. In (a) 0 < P all trajectories approach
trustful defection (b) P = 0 all trajectories approach the line of equilibria spanned by suspicious strategies and trustful defection
(c) P < 0 all trajectories approach suspicious strategies. Note that the boundary is a heteroclinic cycle. Bottom row: Evolutionary
dynamics for a model with perfect information ¢ = 1. In (d) 0 < P cooperation and defection are locally attracting, separated by
an unstable equilibrium. In (e) P < 0 all trajectories approach cooperation.

The evolutionary dynamics of this model can be solved fully analytically and the results are depicted in Figure 2.
In Figure 2(a) where 0 < P, all trajectories approach trustful defection. In Figure 2 (b) where P = 0, all trajectories
approach the line of equilibria spanned by suspicious strategies and trustful defection, and in Figure 2(c) where P < 0,
all trajectories approach suspicious strategies. Note that in the last case the boundary is a heteroclinic cycle. This model
was analysed in the context of public goods game by Hauert et al. (2002a,b).

If players have perfect information about the type of the opponent ¢ = 1, it is nonsensical to distinguish between
suspicious and trustful strategies as all opponents are known. In both non-trivial cases S < 0 < P < R < T and
S < P <0 < R < T cooperators will only accept interactions with other cooperators, while defectors will accept

defectors only if 0 < P. For all payoffs no games between defectors and cooperators are played. The analysis of
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the evolutionary dynamics is straightforward. If 0 < P cooperation and defection are both locally attracting states

separated by an unstable equilibrium (Figure 2(d)), and if P < 0 cooperation is globally attracting (Figure 2(e)).

Games with partial information

In this section we consider models with partial information 0 < ¢ < 1. The first model we analyze is where opting out
of interactions yields no benefits nor costs to the player and so P = 0. We analyze this case first because of its simple
evolutionary dynamics and because it contains the donation game, a version of prisoners dilemma that has a central

role in the literature of the evolution of cooperation (Sigmund 2010).

Opting out yields no benefits nor costs

In this section we assume that opting out yields players the same payoff as mutual defection, i.e. P = 0. In such a
case, defectors should always accept unknown players since accepting a game guarantees them a payoff that is at least
0 (< P,T). Suspicious defection is therefore not a rational strategy and will not be considered. Cooperators, however,
may want to accept or opt out of an interaction with an unknown player: if the opponent is likely to be a cooperator,
accepting is more beneficial than opting out 0 < R, but if the opponent is likely to be a defector it is better to opt
out S < 0. We thus consider three strategies, trustful cooperators who accept a known cooperator and an unknown
opponent but reject a known defector, suspicious cooperators who accept a known cooperator but reject everyone else,
and trustful defectors who accept all opponents.

To investigate the evolutionary dynamics (1) we calculate the expected payoffs for each strategy

fo=(z0¢® + 210) R
fi=(@og+z1) R+y1(1 —¢q)S 3)
g1 =z1(1 - q)T,
where similarly to previous section fy, f1, g1 are the expected payoffs and x, x1, y; are the frequencies of suspicious
cooperators, trustful cooperators and trustful defectors, respectfully.
The evolutionary dynamics (1) with the expected payoffs given in (3) can be analysed fully analytically (see SI)
and the results are depicted in Figure 3. In Figure 3(a), where 0 < ¢ < T;—R, all trivial equilibria are saddles and

because the interior trimorphic equilibrium (zg, 1, ¥1) is an unstable spiral all trajectories approach the heteroclinic

cycle of trustful cooperation, trustful defection and suspicious cooperation (see SI for the exact expression of the
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interior trimorphic equilibrium and the stability analysis). In Figures 3(b) where % <qg< W’ trustful
4T
cooperation turns into a stable equilibrium, and so all trajectories approach the equilibrium of trustful cooperation. In

Figure 3(c) where <g< TLTR, the interior trimorphic equilibrium (xg, 1, y1) changes from an unstable

___r
R(1+45)+T

spiral to an unstable node, and in Figure 3 (d) where T+R

< ¢ < 1, the trimorphic equilibrium (x, x1,y1) exits the
interior. In both cases all trajectories approach the equilibrium of trustful cooperation. We remark that in the limiting
cases where ¢ approaches 0 or 1 we recover the model with zero ¢ = 0 and perfect information ¢ = 1, respectfully: as
g approaches 0 the trimorphic equilibrium (z, 21, y1) approaches the equilibrium of suspicious cooperation x( and
the line spanned by suspicious cooperators x and trustful defectors y; turns into a line of equilibria (Figure 2(b)), and
as g approaches 1 the unstable dimorphic equilibrium (z1, y1) approaches the equilibrium of trustful defection y; and

so all trajectories approach the equilibrium of trustful cooperation.

The model (with partial information) contains two qualitatively different evolutionary outcomes. First, when

suspicious suspicious
cooperation cooperation
(a) o (b) Q To
T > > n T O o Y1
trustful trustful trustful trustful
cooperation defection cooperation defection
suspicious suspicious
cooperation cooperation
(© To (d) T
T Y1 Ty Y1
trustful trustful trustful trustful
cooperation defection cooperation defection

Figure 3: Evolutionary dynamics (1) for a model (3) where opting out is not costly nor beneficial P = 0. The parameter values are

T T T+R T+R :
@0<qg< =B M IZE < ¢ < RO )T (c) RO+ B 7T < q < =" (d) =5 < q < 1. In each panel in the top node

all the players are suspicious cooperators (zo = 1), in the bottom left node all the players are trustful cooperators (x1 = 1) and in
the bottom right node all the players are trustful defectors (y1 = 1). The analytical expressions for the dimorphic and trimorphic
equilibria, and their stability conditions, are given in the SI. There are two qualitatively different evolutionary trajectories: In
panel (a) 0 < ¢ < T £ every trajectory approaches the rock-paper-scissors cycle of trustful cooperation, trustful defection and
suspicious cooperatlon and in panels (b)-(d) T £ < ¢ < 1 all trajectories converge to a fully trustful cooperation.
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0<g< %, the evolutionary dynamics approaches a heteroclinic rock-paper-scissors cycle of trustful cooperation,
trustful defection and suspicious cooperation (Figure 3(a)). This is because for lower values of ¢ most encounters
are between unknown players. Therefore (i) almost all games between trustful defectors and trustful cooperators are
accepted, and the situation is (almost) identical to the donation game with obligatory interactions where trustful de-
fection beats trustful cooperation (ii) when trustful cooperators are absent both suspicious cooperators and trustful
defectors play only amongst themselves, and because cooperative interaction yields higher payoff than defective in-
teractions suspicious cooperators beat trustful defectors (iii) if most players are cooperators, trustful cooperators beat
suspicious cooperators because trustful cooperators play more cooperative games by accepting unknown, and therefore
cooperative, opponents.

Second, when % < q < 1, the evolutionary outcome is a population of trustful cooperation, independently
of the initial (strictly positive) frequency distribution of strategies (Figures 3(b)-(d)). Trustful cooperation is an ESS
because for higher values of ¢ a population of trustful cooperators efficiently refuse defective games. This implies that
trajectories nearby converge to a fully trustful cooperation. The global convergence is due to the existence of suspicious
cooperators as they can invade a population of defectors, and then be eventually replaced by trustful cooperators.

We remark that a similar ESS condition has been derived in Nowak and Sigmund (1998a), Nowak and Sigmund
(1998b), Suzuki and Toquenaga (2005) and Ghang and Nowak (2015). There are however two notable differences.
Firstly, the condition given in the previous work was derived for a donation game stating that cooperation is an ESS if
the probability of knowing the type of the opponent ¢ is greater than the cost to benefit ratio of cooperation. However,
our model is derived for the general prisoners dilemma allowing us to make a distinction between the cost of cooper-
ation P — S and the benefit of defection 7" — R (in the donation game they are equal). The interpretation of the ESS
condition then becomes a ratio between the benefit of defection 7' — R, rather than cost of cooperation, and a payoff
value which is the difference between unknown and known defectors encountering a trustful cooperator, i.e. 7" (recall
the reinterpretation of the payoff values). Secondly, but more importantly, our condition implies global convergence to
trustful cooperation. This is a consequence of allowing decision rules that are optimal when trustful behaviour is not,

and therefore, when population consist mainly of defectors, suspicious behaviour becomes the outcompeting social

norm which eventually enables the dominance of trustful cooperation.

Opting out is costly

Lets now suppose that players who opt out are strictly worse off than players who mutually defect S < 0 < P.

Because defectors should accept every interaction whenever 0 < P, the strategies under consideration are identical to

10
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the previous model (P = 0). The expected payoffs are

Jo=
fi=

g1 =211 —=q)T +y1 P.

(onqz + fUlQ) R

(wog+ 1) R+11(1 —¢)S 4)

The evolutionary dynamics (1) with the expected payoffs given in (4) can be analysed fully analytically (see SI for
detailed analysis) and we summarise the results in Figure 4.

In contrast with the previous model with P = 0, a trimorphic equilibrium (z¢, x1, y1) enters the interior of the
state space whenever (deleted: the condition) % < 1 holds. There are thus three cases to consider that depend on

whether the trimorphic equilibrium enters the interior of the state space, and if it does, whether at the time of entry the

suspicious suspicious suspicious suspicious
cooperation cooperation cooperation cooperation
X X X X
(a1) ° (b1) A (c1) RV (d1) §
X1 Y1 X1 O > x; @ Dy X; Y1
trustful trustful trustful trustful trustful trustful trustful trustful
cooperation defection  cooperation defection  cooperation defection  cooperation defection
suspicious suspicious suspicious suspicious
cooperation cooperation cooperation cooperation
X X
(a2) ° (b2) ’ (c2) R (d2) \’
X1 Y1 X1 Y1 X; @ Wy X1 Y1
trustful trustful trustful trustful trustful trustfu trustful trustful
cooperation defection  cooperation defection  cooperation defection  cooperation defection
suspicious suspicious
cooperation cooperation
X X
(a3) ° (b3) ’
X1 Y1 X1 Y1
trustful trustful trustful trustful
cooperation defection  cooperation defection

Figure 4: Evolutionary dynamics (1) for a model (4) where rejected interactions are costly S < 0 < P. We distinguish three
cases (al)-(dl), (a2)-(d2) and (a3)-(b3), depending on the relationship between the trimorphic equilibrium (xo,x1,¥y1) and the

equilibrium of trustful cooperation (see the main text). The parameter values are (al) 0 < ¢ < % (bl) = < g < T;TR (c1)
T < q < Hath @) Rt <a < 1L@2)0 < g < 58 02) I58 < g < 55 (@) 55 < g < SR @2)
PR—ST

“sramy <4< 1, @3)0<qg< % (b3) % < ¢ < 1. Notation is identical to Figure 3. There are two qualitatively different

evolutionary outcomes: in panels where 0 < ¢ < LTR all trajectories approach trustful defection, and in panels where % <
q < 1 all trajectories approach either trustful defection or trustful cooperation depending on the initial frequency distribution. See
SI for a detailed analysis.
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equilibrium of trustful cooperation is stable or not. In the first case the trimorphic equilibrium (xq, z1, y1) enters the
interior while trustful cooperation is an unstable equilibrium 0 < % < % (Figure 4, top row (al)-(d1)). In (al)
0<g< % the trimorphic equilibrium (zg, z1, 1) is in the exterior of the state space and the only stable equilibrium
is the equilibrium of trustful defection y;. In (bl) % <qg< T%R the unstable trimorphic equilibrium (zg, 1, y1)

R

enters the interior, and in (cl) T% < q < L£R=ST

“S(ReT) the equilibrium of trustful cooperation x; becomes stable.

In (d1) % < ¢ < 1 the trimorphic equilibrium (xg, 1, y1) leaves the interior. We have that in (al)-(bl) all
evolutionary trajectories approach the equilibrium of trustful defection y; (globally convergent ESS), and in (c1)-(d1)
it depends on the initial frequency distribution of strategies whether evolutionary trajectories approach the equilibrium
of trustful cooperation x; or trustful defection y; (both locally convergent ESS).

In the second case trustful cooperation is stable as the trimorphic equilibrium (z, 1, y1 ) enters the interior T;—R <

% < 1 (Figure 4, middle row (a2)-(d2)). In (a2) 0 < ¢ < T;TR the trimorphic equilibrium (zg, 21, y1) is in

the exterior of the state space and the only stable equilibrium is the equilibrium of trustful defection y;. In (b2)

PR—ST

% <g< % the equilibrium of trustful cooperation becomes stable, in (c2) % <4< Zgrem)

the trimorphic

equilibrium (g, 1, %) enters the interior and in (d2) ££=5 T) < ¢ < 1 the trimorphic equilibrium (z¢, 21, y1)

—S(R+T)
leaves the interior. We have that in (a2) all trajectories approach the equilibrium of trustful defection y; and in (b2)-
(d2) it depends on the initial frequency distribution of strategies whether trajectories approach the equilibrium of
trustful cooperation x1 or trustful defection y;. In the third case the trimorphic equilibrium never enters the interior
1 < £ (Figure 4, bottom row (a3)-(b3)). In (a3) 0 < ¢ < L=E the only stable equilibrium is the equilibrium of
trustful defection y; and so all trajectories approach trustful defection and in (b3) % < q < 1 the equilibrium of
trustful cooperation becomes stable and so depending on the initial frequency distribution of strategies all trajectories
approach the equilibrium of trustful cooperation x; or trustful defection y;. We remark that as ¢ approaches 0 or 1 this
model simplifies to the model with zero ¢ = 0 (Figure 2a) and perfect information ¢ = 1, respectfully.

We observe that in this model trustful defection is an ESS for all values of ¢. This is because opting out is costly
0 < P and so both trustful and suspicious cooperators are at a disadvantage for sufficiently high frequency of defectors.
This means that all trajectories converge to a fully defective population whenever 0 < g < %. When % <g<l1
trustful cooperation is also an ESS, but contrary to the previous model (P = 0) it is not a globally convergent ESS.

However, the basin of attraction increases with ¢ and for large ¢ only trajectories close to full defection are unable to

reach the ESS of trustful cooperation.
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Opting out is beneficial

In this section we suppose that opting out yields a strictly greater payoff than mutual defection P < 0 < R. In
contrast to the previous two cases, defectors ought to avoid each other and so in addition to trustful cooperators, trustful
defectors and suspicious cooperators we must also consider suspicious defectors, having in total four strategies. Note
that since in this model mutual defection is worse than opting out, defective strategies will reject known defectors.

The expected payoffs are

fo= ($0q2 + le) R
fi=(wog+ 1) R+ (yog + y1)(1 — q)S )
go =a1(1—q)T
g1 =21(1— )T +y:1(1 - q)*P,
where y is the frequency and g¢ the expected payoff of suspicious defectors. The evolutionary dynamics (1) with

the expected payoffs given in (5) can be analysed analytically, except for intermediate values of ¢ where we couldn’t

suspicious suspicious
cooperation cooperation

(a) Yo (b
X1
trustful N4
cooperation

X1 Y1
trustful trustful ™4 rustful
defection cooperation defection
suspicious suspicious
Yo defection Yo defection
suspicious suspicious suspicious
cooperation cooperation cooperation
X X X
(c) 0 (d) 0 (e) 0
X1 Y1 X1 Y1 X1 Y1
trustful W4 trustful trustful W4 trustful trustful W4 trustful
cooperation defection cooperation defection cooperation defection
suspicious suspicious suspicious
Yo defection Yo defection Yo “defection

Figure 5: Evolutionary dynamics (1) for a model (5) where opting out is beneficial P < 0 < R, and when T" < 4R: (a)
0<q< gy Mg, <a<qo(©qo<q<qgiey @ gy, <a<aSy © @, <q< L Thefilled circles
are stable equilibria, i.e. all the eigenvalues are negative (see SI for details). For simplicity no arrows are drawn for the trimorphic
equilibria, unless the equilibrium is an unstable equilibrium but also has negative eigenvalues in which case the stable direction(s)
is drawn. There are three different evolutionary outcomes. 1. All trajectories approach the equilibrium of suspicious cooperation,
trustful cooperation and trustful defection (xo, 1, yo) (panel (a)). 2. All trajectories approach one of the two heteroclinic cycles,
either zo — 1 — y1 or xo — 1 — Y1 — Yo. Numerical investigation shows it is the first one (panel (b)) . 3. All trajectories
approach the equilibrium of trustful cooperation z1 (panels (c)-(d)).
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268

269

270

determine which of the two, when T' < 4R, or three, when 4R < T, possible heteroclinic cycles evolutionary
trajectories approach to (see below for the precise condition; a more detailed analysis is in SI). Figure 5 summarizes
the results for the case 7' < 4R and Figure 6 summarizes the case 4R < T

The threshold values at which we transition between panels in Figures 5 and 6 are

1
b.
T—-R .
G0 = —— = a5y, = Goomiue (7
, -1
Goirn = 5pp S(R+T) = 2PR+ /S (R+T)? — 4PSR?] ®)
1
0o = —5ppT(S = P) + /—4P?RT + T2(P + S)?] ©)
(10)
suspicious suspicious suspicious suspicious
cooperation cooperation cooperation cooperation
(al) o (a2) o (b1) Xo (b2) Xo
X1 Y1 X1 Y1 X1 Y1 X1 4 Y1
trustful ™4 trustful trustful trustful trustful ™\g trustful trustful trustful
cooperation defection cooperation defection cooperation defection cooperation defection

suspicious suspicious suspicious suspicious
Yo gefection Yo defection Yo defection Yo defection

suspicious suspicious suspicious
cooperation cooperation cooperation

Xo (d) X
Y1 X1
trustful trustful W4
defection cooperation

(c)

X1
trustful o
cooperation

Yo (e) 0
Y1 X1 Y1
trustful trustful W4 trustful
defection cooperation defection

suspicious suspicious suspicious
Yo defection Yo defection Yo "defection

Figure 6: Evolutionary dynamics (1) for a model (5) where opting out is beneficial P < 0 < R, and when 4R < T": In contrast
with the case in Figure 5, the unstable equilibrium (z1, yo) exits the interior for g5, < ¢ < g5y, We distinguish three cases
by < Qoyo» We transition

based on the order in which we transition between the panels when g increases. For the case (i) g
between (al), (bl), (b2), (bl), after which continue to (c), (d) and (e) (ii) g5, < gor,,, < ¢ov¥ we transition between (al),

T1Y0
(a2), (b2), (bl), after which continue to (c), (d) and (e), and (iii) q;"l"yyo < q;‘g*;lyl we transition between (al), (a2), (al), (bl),
after which continue to (c), (d) and (e). Similarly to Figure 5 we have (ala2) 0 < ¢ < q;‘é’;lyl (b1b2) q;‘g'ﬁlyl < q < qo(¢)

exit entry entry

g < q < qi’g‘zlyl ) Goyzyy; < a4 < Griou (© a3 50y, < ¢ < 1. Notation is identical to Figure 5. There are three different
evolutionary outcomes: 1. All trajectories approach the equilibrium of suspicious cooperation, trustful cooperation and trustful
defection (xo,x1,yo) (panels (al, a2)) . 2. All trajectories approach one of the three heteroclinic cycles, either o — 1 — y1
or rop — x1 — Y1 — Yo (panels bl,b2), or an additional cycle xg — z1 — yo which is possible only in panel (b2). Numerical
investigation shows it is the first one. 3. All trajectories approach the equilibrium of trustful cooperation x1 (panels (c)-(d)) .
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where ¢82% < qo < ¢t < g5\ghy, for all payoff values S, P, R, T. In Figure 6 we need additional thresholds

ToT1Y1 ToT1Y1

. 11 R
@i = 3 a\ViT47 (an
11 R
g = 3 3\ 147 (12)

exit entr exit entry

where ¢37, < qargy < qo for all R, T. However, the relative order between the thresholds Gy yo s deryo and g

ToT1Y1

dependson S, P, R, T.

Let us first analyze the case T < 4R (Figure 5). In panel (a) 0 < ¢ < ¢ there exists a stable trimorphic

ToT1Y1

stab.
Zox1Y1

equilibrium (xg,x1,y1). In panel (b) ¢ < g < qop the trimorphic equilibrium (z, 1, y;) becomes unstable

exit

and there are no stable equilibria in the system. In panel (¢) g0 < ¢ < ¢gy,,, the dimorphic equilibrium (z1,y1)

enters the interior and trustful cooperation ; becomes stable. In panel (d) ¢, < ¢ < ¢33y, the trimorphic
equilibrium (xg,x1,y1) exits the interior by passing through the dimorphic equilibrium (z1,%;), and in panel (e)
gshiyi < ¢ < 1 an unstable trimorphic equilibrium (z1,%0,%1) enters the interior by passing through the dimor-
phic equilibrium (x1,yo). Because there are no interior 4—morphic equilibria (see SI) all evolutionary trajectories
approach the boundary of the state space. As a consequence we get that in panel (a) all evolutionary trajectories ap-
proach the stable coexistence of suspicious cooperation, trustful cooperation and trustful defection at the equilibrium
(20,21,%1). In panel (b) all evolutionary trajectories approach one of the two heteroclinic cycles, either the cycle
between suspicious cooperation, trustful cooperation and trustful defection (x9 — x1 — 1) or the cycle between
suspicious cooperation, trustful cooperation, trustful defection and suspicious defection (xg — 1 — y1 — ¥o). Our
numerical investigation indicates it is the cycle xy — 1 — y;. Finally, in panels (c)-(e) all evolutionary trajectories
approach trustful cooperation .

In Figure 6, where 4R < T, the phase planes are similar to the previous case except that the dimorphic unstable

equilibrium (1, yo) exits the interior for q;"li;m < q < ¢i14,- We need to distinguish three cases based on the order in

stab. exit

vomiyr < ayy,» W transition between

which we transition between the panels when g increases. In the first case (i) ¢
(al), (bl), (b2), (bl), after which we continue to (c), (d) and (e). In the second case (ii) qfc’%o < q;‘g'; e < qi’f{};
we transition between (al), (a2), (b2), (bl), after which we continue to (c), (d) and (e), and (iii) ¢35, < a2, we
transition between (al), (a2), (al), (b1), after which we continue to (c), (d) and (e). Otherwise the threshold values for
which we transition between panels are similar to Figure 5. An important consequence of the dimorphic equilibrium

exiting the interior is that in panel (b2) evolutionary trajectories may approach an additional heteroclinic cycle of

suspicious cooperation, trustful cooperation and suspicious defection (zg — x1 — ¥p). However, our numerical
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298

299

300

301

investigation indicates all trajectories approach the cycle xy — z; — y;. We remark that as ¢ approaches 0 or 1
this model simplifies to the model with no ¢ = 0 (Figure 2(c)) and perfect information ¢ = 1, respectfully. As g
approaches 0 then the globally stable trimorphic equilibrium (xg,x1,y1) approaches the equilibrium of suspicious
cooperation x and when ¢ approaches 1 then the unstable dimorphic equilibrium (z1,y;) approaches y; and so all

trajectories approach trustful cooperation.
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DISCUSSION

In this paper we introduced an evolutionary game theoretic model where individuals encounter each other at random,
but have the option to opt out of interactions based on partial information about their encountered opponents. With
a fixed probability, individuals are assumed to know whether the opponent is a cooperator or defector. This simple
formulation allowed us to solve the model of prisoners dilemma with optional interactions fully analytically, with the
exception of a specific parameter region where we were not able to determine which of the three or four heteroclinic

cycles evolutionary trajectories approach to (see below).

OPTING OUT OPTING OUT
IS COSTLY IS BENEFICIAL
1
00 trustful g?]operation cog‘Fl;JestE;léilon
; trustful defection
(Vi)
.; U—
c o
[0 = .
5o evolutionary
=5 cycle
a
o — trustful
_8'_":’ T defection stable
o coexistence
a
0
S P R

payoff for non-social behavior

Figure 7: Summary of the results. On the vertical axis is the probability of knowing the type of the opponent ¢, and on the
horizontal axis is the payoff for non-social behaviour 0 (opting out). The vertical black line in the middle represents the non-generic
case where P = 0, while on the left of the vertical line opting out is costly S < 0 < P and on the right opting out is beneficial
P < 0 < R. In each area with a different colour theme we draw a triangle that represents the phase plane for the parameter values
in the area, such that in each triangle in the bottom left corner all the players are trustful cooperators x1, in the bottom right corner
all the players are trustful defectors y; and the upper corner all the players are suspicious cooperators x1. Trustful cooperation is
an ESS above the curve ¢ = % (the upper curve) and trustful defection is an ESS whenever S < 0 < P. Thus for § <0 < P
T-R

and 0 < g < ~% all trajectories approach trustful defection (red area), for P < 0S < 0 and T%R < g < 1 all trajectories

approach trustful cooperation (green area) and for S < 0 < P and % < g < 1 all trajectories approach either trustful defection

: : SR P : stab. T—-R
or trustful coqgeratlon depending on the initial frequency distribution (purple area). For P < 0 < R and g2,y < ¢ < %,
where ¢ = g%, 4, 18 the bottom curve (see the exact expression in (6)), all trajectories approach the rock-paper-scissors cycle of
suspicious cooperation, trustful cooperation and trustful defection (numerical result; yellow area). For P < 0 < R below the curve
q= q?jg};wl (blue area) all trajectories approach the stable coexistence of suspicious cooperation, trustful cooperation and trustful
defection.

The results of our paper are summarised in Figure 7. First, we find that if the probability of identifying the type
of the opponent is sufficiently high, T%R < g < 1, then trustful cooperation is an ESS (similar condition was derived

in Nowak and Sigmund 1998a,b, Suzuki and Toquenaga 2005, Ghang and Nowak 2015). Interestingly, and in contrast
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with previous findings, if opting out is at least as beneficial as mutual defection (P < 0), then trustful cooperation is a
globally convergent ESS, i.e. trustful cooperation is reached from any initial frequency distribution of strategies (green
area in Figure 7). In particular, even an (almost) entirely defective population will be replaced by trustful cooperators.

Secondly, we find that if the probability of knowing the type of the opponentis 0 < g < T%R, and opting out is at
least as beneficial as mutual defection (P < 0), then all evolutionary trajectories approach one of the three heteroclinic
cycles given in model (5) (yellow area denoted evolutionary cycle” in Figure 7). Numerical investigation indicates
that all trajectories approach the cycle of suspicious cooperation, trustful cooperation and trustful defection. Thirdly,
if opting out is strictly worse than mutual defection (S < 0 < P) then trustful defection is always an ESS, either a
locally convergent % < q < 1 (purple area denoted “trustful defection and trustful cooperation” in Figure 7) or
globally convergent ESS 0 < ¢ < % (red area denoted “trustful defection” in Figure 7). Lastly, if opting out is
strictly beneficial (P < 0 < R), then for 0 < ¢ < q;fg}; Ly » trustful cooperators, trustful defectors and suspicious
cooperators coexist at a globally stable equilibrium (see model (5) for the exact condition; blue area denoted “stable
coexistence” in Figure 7). Note that suspicious defectors are always (eventually) selected against and thus eradicated
from the population. We remark that the models with zero ¢ = 0 and perfect information ¢ = 1 are (deleted: also)
aligned with the Figure 7.

Our model can be extended in a straightforward manner to several intriguing directions. One possibility is to
consider multiplayer games where each player has partial information about other players in the group. Here, a group
of players may find themselves in a situation where only a fraction of players want to opt out while others would
wish to continue the game, which may or may not be allowed depending on the biological motivation of the model.
Ultimately, such situations would have to be accounted for by the model which consequently leads to more complex
decision-rules as the group size increases. Another possibility is to allow errors in perception or execution of strategies
(Molander 1985, Sigmund 2010). This scenario would also require to update our current strategies as even trustful
individuals should either doubt the truthfulness of the observed type (errors in perception) or should be suspicious of
the future action of the opponent (errors in execution). Yet another possibility is to consider a game where players
don’t have the option of opting out if the opponent wants to interact. This case may apply for example in mating
systems with forced copulations (Verrell 1998). However, the assumption of forced interactions may be better suited
for games other than prisoners dilemma where we suspect its effect on the dynamics becomes trivial. This is because
in prisoners dilemma the preference for opponents is unidirectional, and so the preferred cooperative players would
be forced into harmful partnerships, consequently lowering the level of cooperation. Finally, instead of pure-decision
rules a mixed decision could be used where accepting an unknown opponent happens with some probability. This

set-up could be used, for example, to investigate the gradual evolution of trust in fully suspicious populations.
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To conclude, our simple mathematically tractable evolutionary model with optional interactions, a model that can
be readily extended to games other than prisoners dilemma, shows that the option of non-social behaviour facilitates
the emergence of cooperative behaviour. Interestingly, the option of non-sociality facilitates not only stable coopera-

tive populations but also trustful behaviour that accepts interactions with potentially harmful players.
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SUPPLEMENTARY INFORMATION

Rescaling the payoffs S, P, R,T
First we will show that only the difference in payoffs between social interactions and non-social behaviour matters.

The expected payoff for each strategy A, upon encountering a random player, is

Es=Y zpmapuap+ Y zp(l—map)L
B B (13)

= ZIBWAB(UAB -L)+ L,
B

where zp is the frequency of a strategy B, map € [0,1] is the probability that players A and B will play a game
(function of ¢) and uap € {S, P, R, T} is the payoff to a player A when the interaction is accepted with a player B.

The evolutionary dynamics is represented with the continuous-time replicator dynamics

.%"A =T A [EA — E]

=24 ZxBWAB(UAB - L)+ L - ch <Z zpmop(ucp — L) + L)
C B

B

(14)

=T Z xpmap(uap — L) — Z zcxpmep(uce — L)
B B.C

which shows that we only need to consider the difference in payoffs between accepted and rejected interactions

uap — L. We thus scale the payoffs, and redefine the notation so that with 7" we denote T — L, etc.

Zero information
Case 0 < P:

I-morphic equilibria

® 2y, = (Zo,%1,91) = (1,0,0). The eigenvalues are

- Azo,z1 = 0.

- )‘Io,yl =0.
® 2, = (Zo,%1,41) = (0,1,0). The eigenvalues are

- Az, 2o = —R <0, and so Z;, is always stable in the direction of z; = 1.
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449 - Aziyn =1 — R >0, and so 2, is always unstable in the direction of y; = 1.

450 o 2, = (&0,21,%1) = (0,0,1). The eigenvalues are
451 - Ayrzo = —P <0, and so Z,, is always stable in the direction of y; = 1.
452 - Ay1,zn =S5 — P <0, and so 2, is always stable in the direction of y; = 1.

453 Since there are no (interior) 2-morphic nor (any) 3-morphic equilibria all trajectories approach the equilibrium of
a4 trustful defection 2,, = (%o, Z1,91) = (0,0,1).

455

w6 Case 0 = P:

457 1-morphic equilibria

458 o Z,, = (Zo,%1,%1) = (1,0,0). For stability see below.

459 o Z,, = (Zo,21,91) = (0, 1,0). The eigenvalues are

460 - Az 2o = —R <0, and so Z;, is always stable in the direction z; = 1.

461 - Az1,yn =1 — R >0, and so Z;, is always unstable in the direction y; = 1.

a62 e 2y, = (Zo,21,%1) = (0,0,1). For stability see below.

463 2-morphic equilibria

464 ® Zuoyn = (Zo,%1,91) = (0,1 — y1, y1) gives a line of equilibria. The eigenvalues are

465 — Azoy1,moys = 0, as this is a line of equilibria there is no (directional) dynamics along this line.

466 - Azoyr,yn = Y15 < 0, and so the line of equilibria 2, is stable w.r.t. to the interior of the phase-plane
467 whenever y; > 0. For y; = 0 the equilibrium point Z,, = (&0, %1,91) = (1,0,0) is unstable in the
468 direction of x; = 1.

a9 Since there are no 3-morphic equilibria all trajectories approach the line of equilibria 2, = (&0, %1,91) = (0,1 —
a0 Y1,y1), where y; > 0.

471

a2 Case P < 0:

473 1-morphic equilibria

474 ® %y, = (Zo,%1,91) = (1,0,0). The eigenvalues are
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476

477

478
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480
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482

483

484

485

486

487

488

489

490

491

492

494

495

496

497

498

499

500

501

- )\IO,II =0.
- Azg,n = 0.

® 2y, = (Zo,%1,41) = (0,1,0). The eigenvalues are

- Aa10o = —1 <0, and so 2, is always stable in the direction of z; = 1.

- Az1yn =1 — R >0, and so 2, is always unstable in the direction of ; = 1.
o 2y, = (Zo,21,%1) = (0,0,1). The eigenvalues are

- Ay1,zo = —FP >0, and so Z,, is always unstable in the direction of z¢ = 1.

- Ay1,zn =S — P <0, and so 2, is always stable in the direction of y; = 1.

Since there are no 3-morphic equilibria all trajectories approach the equilibrium of suspicious strategies Z,, =

(:%07:2‘17:&1) = (17070)

Perfect information
In the model with perfect information cooperators interact only amongst themselves and reject every interaction with

a defector, whereas defectors interact amongst themselves if P > 0 and interact with no-one if P < 0.

Case 0 < P:
The dynamics is captured by & = xR,y = yP where z, y are cooperators and defectors, respectfully.

1-morphic equilibria

e 2, = (&,9) = (1,0). The eigenvalue is \, , = —R and so this equilibrium is stable.
e 2, = (z,9) = (0,1). The eigenvalue is A, , = —P and so this equilibrium is stable.

2-morphic equilibrium

o 2, = (2,9) = (WPP’ ﬁRR). The eigenvalue is A,y = % > 0 and so this equilibrium is always unstable

whenever it is in the interior.

Both cooperation and defection are locally attracting strategies.

Case P > 0:

The dynamics is captured by & = xR,y = 0 where x, y are cooperators and defectors, respectfully. Since z increases
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503

504
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507
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509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

for any x > 0 the dynamics approaches = 1 for any initial condition z > 0.

Partial information: opting out is costly S <0 < P< R <T

1-morphic equilibria

o Z,, = (Zo,%1,91) = (1,0,0). The eigenvalues are

Azo.zn = qR(1 — ¢) > 0, and so 2, is always unstable in the direction of 1 = 1.

Az = —q*R < 0, and s0 2, is always stable in the direction of y; = 1.

o Z,, = (Zo,%1,%1) = (0,1,0). The eigenvalues are

- Auy30 = —R(1 —¢) <0, and so Z,, is always stable in the direction of x; = 1.
- Aayyn = (1—¢)T — R < 0, and s0 %, is stable in the direction of y; = 1 <= L= < ¢ < 1. We
denote ¢y = %.

o 2, = (&0,21,%1) = (0,0,1). The eigenvalues are

Ay1,zo = —P <0, and so 2, is always stable in the direction of z; = 1.

- Ayron = (1 —¢)S — P <0, and so Z,, is always stable in the direction of y; = 1.

2-morphic equilibria

PN 1 —q

o (Zo,&1,41) = (17q’ 17—%,0) which is never in the interior of the state space.

i Zxoy1

are

- )‘woyl,wom — P¥RPq

- )‘fﬂoylyfﬂomlyl -

® Zziyy =

q

2
= (&o,&1,41) = (%}{qm 0, %?W)’ which is always in the interior of the state space. The eigenvalues

_ _RpP¢’

5 > 0, and so Z,,,, is always unstable in the direction of zp = 1 and y; = 1.

%}%2 (P —qP +qS — qQS), which is always positive if % > 1, and if % < litis

positive iff % < g < 1. Thus Z,,, is unstable in the direction of the state space spanned by strategies

entry

(zo,21,y1) forall 0 < g < 1if % > 1, and for % <g<1lif % < 1. We denote gzz,y; = %.

(#0,21,91) = (0, +(P = S(1 - q)), (R —T(1 — q))), where A = P+ R — (T + S)(1 — q). We

T

get that the equilibrium is in the interior of the state space <= = < ¢ < 1. We denote ¢33, = qo. The

eigenvalues are
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529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

~ Xoyyr,oryn = SF, where By = ¢2ST + PqT 4+ qRS —29ST + PR — PT — RS + ST and A is as above.
Therefore, whenever the equilibrium is in the interior we must have A > 0, and s0 Az, y, 2,4, > 0 <=
By >0. Weget B) >0 «— T%R < ¢ < 1. That is, whenever Z;, ,, is in the interior it is always

unstable in the direction of x; = 1 and y; = 1.

— Aovyrwomy = 22, where By = ¢?RS + ¢2ST + PqR — qRS — 2¢ST — PR + ST and A is as above.
Therefore, whenever the equilibrium is in the interior we must have A > 0, and s0 A,y 2oz < 0 =

By < 0. We get that B, < 01is true forall 0 < ¢ < 1if £ > 1, and is true for 0 < ¢ < %,if

P PR-ST __ _exit
= < 1. We denote m = qwow1y1'

3-morphic equilibrium

® Zogaiy = (L0,%1,81) = (5(PR — ST + ¢S(T + R)), 5(—qR(¢S + P)), 5 (qRT(1 — q))), where A =

(PR — ST 4+ qR(S+T))(1 — q). We notice that §; > 0 <= A > 0 which is true forall 0 < ¢ < 1 if

PR—-ST lf T

T .
—g > landis true for 0 < g < “R(54T)

< 1. Also, we notice that £; > 0, given A > 0, iff £ == < ¢,

PR—-ST

and that g > 0, given A > 0, iff 0 < ¢ < ST

Therefore Z;,4,,, is in the interior iff A > 0 and

Gty < ¢ < @2, where the latter condition is true whenever £ < 1. Because the former condition is
true forall 0 < ¢ < 1if =5 > l and is true for 0 < ¢ < % if L. < 1, we still need to confirm that
PREST. < LR Since this inequality is always true, we have that 2 is in the interior iff £ < 1
—S(R+T) —R(S+T) q y y Zroz1y1

entry _ PR—ST __
and onzlyl - S < q < S(R+T) q;);l;tzjlyl
The eigenvalues are

= Al somm = m(B:I: VA), where A is as above, B = P(T'— R) — RSq > 0 and A = ¢*R%S5? +

42 RS?T +4¢2S2T? +2PqR2S + 6 PqRST +4PqST? — 4¢S?T? + P2R% + 2P2RT + P2T2 — 4PST?.

If the eigenvalues are complex, i.e. A < 0, then the real part of \1-2 is always positive because

Ilyl ToT1Y1

entry

B > 0. If the eigenvalues are real, i.e. A is non-negative, then \1>2 are positive when gzqz,y, =

$1y1 ToT1Y1

s <g< % qg’;‘;lyl, i.e. whenever the equilibrium is in the interior. Therefore, the equilibrium

Zupoz1y, 15 Unstable whenever it is in the interior of the state space.

To see whether the equilibrium is an unstable node or a spiral we check for which values the eigenvalues

are complex, i.e. A < 0. The roots of A = 0 are qmoacly1 = O‘ii‘/g, where « = PR? + 3RPT +

complex

2PT? — 28T?% 3 = PRST?3 + 2PST* + S?T* and v = —S(R? + 4RT +4T?) > 0. If 8 < 0,

< L. If 8 > 0, then

then A > 0, i.e. the eigenvalues are always real, which is true when S

_Ir
2T+R
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558

559
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562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

A <0 <= iy complex <4< qjozlyl_complcx. Because we know that the eigenvalues must be real

when the equilibrium enters and when it exits the interior of the state space, we obtain the following result:

The equilibrium 2,4, , is always unstable when it is in the interior of the state space (necessarily % <

1), more precisely it is an

o T P - +
* unstable spiral iff 57— TR =5 and Dozryr complex < 4 < Tuoz1y1 complex

T P T P entry _ P -
2T+R < -S> or 2T+R > =S and zoziyn = -s <gq < qwozlyl,complex and

+ PR—ST exit

qﬂioﬂllylacomplex <g< —S(R+T) — qﬁ?oﬁflyl

% unstable node iff

> IR

We remark that if 1+T‘/5R < Tthen 52— < L= andwhen R < T < 1+2*/5R then p

2T+R T

T
2T+R

These conditions tell us the relationship between Z.,,, entering the interior and whether the eigenvalues

of Z40z,4, are always real or not.

In summary, there are two qualitatively different evolutionary trajectories: if 0 < g < T;TR, then all trajectories
tend towards trustful defection, and if T;TR < g < 1, then trajectories tend to either trustful defection or cooperation,

depending on the exact initial conditions.
Partial information: opting out yields no benefits nor costs S <0 =P < R<T
Because the strategies for this model (0 = P) and the model where opting out is costly (0 < P) are identical, we ob-

tain the evolutionary dynamics by simple setting P = 0 in the previous model. For completeness we work this case out.

I-morphic equilibria

o Z,, = (Zo,21,91) = (1,0,0). The eigenvalues are

= Aago,zn = qR(1 —¢q) > 0, and so Z,, is always unstable in the direction of 21 = 1.

- Azoyn = —¢°R < 0, and so 2, is always stable in the direction of y; = 1.

® Z,, = (Zo,%1,91) = (0,1,0). The eigenvalues are

= Az1,30 = —R(1 —¢) <0, and so Z,, is always stable in the direction of zy = 1.
— Xayyn = (1= ¢)T — R < 0, and so ,, is stable in the direction of y; = 1 < TZE < g < 1. We
denote o = L7

o 2, = (&0,21,%1) = (0,0,1). The eigenvalues are
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584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

- Ayi,zo = 0, but since Ay, 4, < 0 and there are no 2-morphic equilibria when x; = 0 (see below), the

equilibrium £, is always stable in the direction of zg = 1.

- Ayrzn = (1 —¢)S <0, and so 2,, is always stable in the direction of z; = 1.

2-morphic equilibria

o (Zo,%1,91) = (ﬁ, %, 0) which is never in the interior of the state space.

® 2oy = (20, 21,91) = (0, 5(=S(1—q)), 5 (R—T(1—q))), where A = R— (T + S)(1 — q). We get that the

T-R
T

entry

equilibrium is in the interior of the state space <= < g < 1. We denote gy, = qo. The eigenvalues

are

- Apyyr iy = %, where By = ¢*>ST +qRS —2¢ST — RS + ST and A is as above. Therefore, whenever
the equilibrium is in the interior we must have A > 0, and 50 Ay, y, 2,4, > 0 <= B; > 0. We get

B >0 «— I£

< g < 1. That is, whenever £, ,, is in the interior it is always unstable in the

directionof z1 = land y; = 1.

— Xovyr,womy = 22, where By = ¢°RS + ¢>ST — qRS — 2¢ST + ST and A is as above. Therefore,

whenever the equilibrium is in the interior we must have A > 0, and s0 Ay, y; 2oz < 0 <= B2 <0

exit

which is true for 0 < g < . We denote ﬁ = Qoo ys -

T
(T+R)

3-morphic equilibrium

® Zagaiy = (20,31, 91) = (5(=ST+qS(T+R)), 5(—¢’RS), 5(¢RT(1—q))), where A = (=ST +qR(S +
T))(1 — q). We notice that §; > 0 <= A > 0 which is true for all 0 < ¢ < 1if 5 > 1 and is true

for 0 < q < —2L - if L. < 1. Also, we notice that #; > 0 only if A > 0, and if A > 0 then &y > 0

—R(5+T) 5
iff 0 < g < %. Therefore 2,4, 4, is in the interior iff A > 0 and 0 < ¢ < ﬁ. Because the former
condition is true for all 0 < ¢ < 1if —ls > 1 and is true for 0 < ¢ < % if —ls < 1, we still need to

confirm that T RIT) < = R_(giT). Since this inequality is always true, we have that Z;,,, is in the interior iff
T
The eigenvalues are
- A pomn = %(B + V/A), where A is as above, B = Rq > 0 and A = ¢*R? + 4¢*RT +

1,2
Z1Y1:Z0T1Y1

4q2T? — 4qT?. If the eigenvalues are complex, i.e. A < 0, then the real part of A is always
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612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

. . . . . . 1,2 . .
positive because B > 0. If the eigenvalues are real, i.e. A is non-negative, then A% . . . are positive

when oy, =0 < q < ﬁ = qg’(‘fglyl, i.e. whenever the equilibrium is in the interior. Therefore, the

equilibrium £.,;,,, is unstable whenever it is in the interior of the state space.

To see whether the equilibrium is an unstable node or a spiral we check for which values the eigenvalues

T

are complex, i.e. A < 0. The roots of A complex = BT EJIT"
4T

. _ _ +
= (0 are Qrow1y1 ,complex — 0 and Dzoz1y1,

Because

T T . . oy . . . .
RO+ E)+T < ") and since eigenvalues must be real when the equilibrium exits the interior

we have that the eigenvalues are complex (equilibrium is a spiral) when 0 < ¢ < and real

T
R(1+£)+T

oy . . T T
(equilibrium is an unstable node) when RO+ )T <4< wm¥y-

T-R

In summary, there are two qualitatively different evolutionary trajectories: if 0 < ¢ < =, then all trajecto-

ries tend towards the heteroclinic cycle of trustful cooperation, trustful defection and suspicious cooperation, and if

T-R

4 < q < 1, then all trajectories tend to trustful cooperation.

Partial information: opting out is beneficial S < P <0 < R<T

1-morphic equilibria

° 2960

= (Zo, 21, Y0, %1) = (1,0,0,0). The eigenvalues are

- Auo,my = qR(1 —q) > 0, and so 2, is always unstable in the direction of x; = 1.

= Azgyo = —¢°R < 0, and so 2, is always stable in the direction of yo = 1.

- Aaoun = —¢°R < 0, and s0 Z,, is always stable in the direction of y; = 1.

° 2.

= (Zo, Z1, Y0, 91) = (0,1,0,0). The eigenvalues are

- Az1,3o = —R(1 —¢) <0, and so Z,, is always stable in the direction of z¢p = 1.

= A1y = (1 —¢)T — R <0, and so for % < 4, 2,, is always unstable, and for % > 4, 2,, is unstable in

the direction of yo = 1 <= ¢q_ < q < g whereq_ , =1 +1,/1 — 4%,

T-R

- Xz = (1= ¢)T — R <0, and so 2, is stable in the direction of y; = 1 <= 7+ <¢< 1.

i 21/0

= (Zo, %1, 90, 91) = (0,0,1,0). The eigenvalues are

- Ayo.zo = 0, and since there is no 2, interior equilibrium the stability is determined by the eigenvalue

Azo,yos 2yo 18 always unstable in the direction of zg = 1.

- Ayo,zn = q(1 —q)S < 0, and so Z,, is always stable in the direction of z; = 1.
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- Ayo,yn = 0, and since there is no Z,,, interior equilibrium the stability is determined by the eigenvalue

Ayi,yos 2y, 18 always stable in the direction of y; = 1.

o 2y, = (&0,21,%0,91) = (0,0,0,1). The eigenvalues are

- Ajrzo = —(1—¢)?P > 0, and so 2, is always unstable in the direction of z¢ = 1.
- Az = (1= )8 — (1 — q)?P < 0, and s0 2, is always stable in the direction of 1 = 1.
- A

viwo = —(1—¢q)?P > 0, and s0 2, is always unstable in the direction of yo = 1.

2-morphic equilibria

Zrom = (%0, 21, P0,01) = (fq, 50, 0) which is never in the interior of the state space.

Zrove = (£0,21,%0,91) = (0,0, 1,0) which coincides with the 1-morphic equilibrium and is never in the strict

interior of the state space.

A A A A AN P(1—q)? ¢’R S . . .
Zaoyr = (L0, 21,Y0,01) = (qu+(]2R72P(I+P,O7 0, Pq2+q2R72Pq+P) which is never in the interior of the state

space.

Zyoyr = (Lo, &1, 0,%1) = (0,0, 1,0) which coincides with the 1-morphic equilibrium and is never in the strict

interior of the state space.

—(¢g—=1)qS @T—qT+R

Zr1yo = (£0, &1, 90,71) = (0, (TR —5—TTTR’ TP T—s6-qT TR 0) which is always in the interior when

% < 4, and when % > 4 it leaves the interior <= ¢_ < ¢ < g4 where g_ | = % + % 1-— 4%. We denote
i 1_ 1 R t 1,1 R

0y, =5~ 3\/1 -4 and @5 = 5+ 54/1 — 44

The eigenvalues \;, ,,: all eigenvalues and the equilibrium have the same denominator, and so the numerator of

the eigenvalues determines the stability. The numerators of the eigenvalues are

- Neryoreryo = 45(¢°T —2¢*T +qR+qT — R), where the term in the brackets has roots 1, 4 £1, /1 — 4£:
the equilibrium, whenever in the interior, is always unstable in the direction of the state space spanned by

strategies =1, yo-

- Aaryo,woriye = 2S(q*T + qR — 2¢T — R + T), where the term in the brackets has roots Z=2, 1: the
equilibrium, whenever in the interior, is stable in the direction of the state space spanned by strategies

: T-R
To, T1,Yo iff 0 < g < =7+
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- Xrlyo,zoyoyl = ¢ST(q* — 3¢*> + 3q — 1), where the term in the brackets has a triple root 1: the equilib-
rium, whenever in the interior, is always unstable in the direction of the state space spanned by strategies

Zo,Yo,Y1-

S (A AL A A Pq®—2Pq+qS+P—S qT+R-T
® Zayy, = (x07x1;y07y1) - (07 Pq2—2Pq+qS+qT+P+R—S—T’O’ PE—2Pq+qS+qT+P+R—S5—T

T-R
T -

) which is in the
interior whenever 0 < g <
The eigenvalues \;, ,, : all eigenvalues and the equilibrium have the same denominator, and so the numerator of

the eigenvalues determines the stability. The numerators of the eigenvalues are

- 5‘w1y1,w1y1 = P@?T+P¢?R—3P¢*T +¢*>ST —2PqR+3PqT 4+ qRS —2¢qST+PR—PT — RS + ST,

which has the roots 1 — Fv T— , 1: the equilibrium, whenever in the interior, is always unstable in the

direction of the state space spanned by strategies x1, y;.

- Aivyraryomn = —(P@*T—3P@AT+¢> ST+ Pq®> R+3P¢*T—3¢?ST—2PqR— PqT+3¢ST+PR—ST),

which has the roots

——(—PT + ST + V—4P2RT + P?>T? + 2PST? + 527?), 1: the equilibrium,

whenever in the interior, is unstable in the direction of the state space spanned by strategies x1, ¥, y1 iff

—57 (—PT + ST + V—=4P?RT + P?T? + 2PST? + S2T7) < ¢ < 1.

- Aivyrzomy = PER — 3P¢?R + ¢*RS + ¢*ST + 3PqR — qRS — 2¢ST — PR + ST, which has

the roots —'==(—2PR + S(R + T) £ \/—4PR?>S + S?(R+T)?),1: the equilibrium, whenever in

the interior, is unstable in the direction of the state space spanned by strategies o, x1, y1 iff ¢5r;,,, =

—55(—2PR+ S(R+T) + \/—4PR2S + S*>(R+T)?) < ¢ < 1.

3-morphic equilibria

® Zoowors = (Z0,%1,%0,91) = (0,0,1,0) which coincides with the 1-morphic equilibrium and is never in the

strict interior of the state space.

b 2x1yny1 = (‘%07‘%17?;01331) = %(Ovqu(l - q)v (PqQT - PqT + (]ST + PR — ST)a —ST(](]. - q)), where
A= q?>ST — P¢*S — P¢®T + PqS + PqT — 2¢qST — PR + ST. The equilibrium is in the interior iff

\ 1
0o = —5pg ST — PT+/—4AP2RT + T*(P + 8)] <q < 1. (15)

— The eigenvalues Ay, yoy:,21y0y: COrresponding to the direction spanned by strategies x1, %o, y1 are of the

form W[B:t\/Z},WhereAisasaboveandB =PqI'+ PR—TP >0 «<— T;TR < q<1and
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693

694

695

696

697

698

699

700

701

702

703

® Zaoxziyo

A = 4P?¢*T? —12P23T? + 4P ST? +4P?¢> RT + 13P%¢*T? —12P¢*ST? — 6 P>qRT — 6 P2qT? +
12P¢ST? + P?R? + 2P*RT + P?>T? — 4PST?. Because 722 < g3y, , then when the equilibrium is

in the interior at least one of the eigenvalues is always positive and thus the equilibrium is always unstable.

— The eigenvalue corresponding to the direction spanned by strategies ToT1YoY1 1S Az yoyr,zoziyoys =

L[-SP@(T(1 - q)* + qR)] < 0.

= (&0, 21,90, 91) = 5(=S(T —¢qT — R),—SRq, RT(1—q),0), where A = (—S(T'— R)+ RT)(1—

oy . . . . . . T?R
q) > 0. The equilibrium is in the interior of the state space iff 0 < ¢ < ~=—.

— The eigenvalues Az z,yo,z0z1y, COrresponding to the direction spanned by strategies xg, x1, Yo are of the

form w [R++/A], where A is as above and A = R? —4¢qT(T — qT — R). Because either VA < R
or the eigenvalues are complex, then both eigenvalues (or their real part) are positive and the equilibrium
is always unstable (either a node or a spiral).

—STR(1-q)q > 0.

— The eigenvalue corresponding to the direction spanned by strategies xg, 1, yo, Y1 18 “S(T—R)TRT

® Zrozvye = (205 21,00, 51) = (%(P(f —2Pq+qS+P), m(PfR —2PqR+ qRS + ¢ST + PR —
ST), %(qRT)7 0) where A = Pg*R — 2PqR + qRS + qRT + PR — ST. We find that the equilibrium is in

the interior iff

704

705

706

707

708

710

711

712

0<g< %[S(R +T) —2PR+/S?(R+T)? — 4PSR?| = &% . (16)

— Next, we show that in the state space spanned by strategies z(, z1, y1 the equilibrium is (i) a spiral sink for

stab.
ToxT1Y1

stab.

q close to 0 (ii) it changes into a spiral source at ¢ = g, , , where 0 < ¢ < qo (iii) the equilibrium

Y1’
5 tar — stab. exit : Tibrium 2
Zz,y, enters the interior at ¢ = qo, where ;7> < qo < Q35,,, (1V) the equilibrium Z; ;. ,, leaves the

exit

interior by passing the equilibrium 2,4, at g3y, . -

The equilibrium 2., ,, becomes an unstable node

before it exists the interior either in between (ii) and (iii) or (iii) and (iv), depending on the relationship

exit

between go and ¢z, -

Proof. The eigenvalues Ay .z, y, ,zoz1y, COrresponding to the direction spanned by strategies xox1y; are of

the form

qR
A=20[B+ VA 17
9 A 17
where A = P¢?R — 2PqR + qRS + qRT + PR — ST, B = —P¢?R + P¢*>T + 2PqR — 2PqT —

qRS — PR + PT and A is some lengthy expression. Because % is positive whenever the equilibrium

is in the interior, the equilibrium changes stability while in the interior if either (a) A > 0 and the sign of
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714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

[B + \/E] changes between both being negative and one of them becoming positive, or (b) A < 0 and B

changes sign (i.e. the real part of the eigenvalue).

Lets first consider (a) and solve for which ¢ the expression {B + \/Z} is zero. We get

1
- _ 2 2) _ 2
M2 =55 [2PR S(R+T)++/S2(R+T?) - 4PSR }

and g3 4 = 55 [2P — S £ v/S? — 4PS|. We notice that for g3 4 to be real numbers we must have S < 4P,

but then ¢3 and g4 are both negative. Also, we notice that g; » with a plus sign is always negative and so the

only candidate for which the stability may change (given A > 0)is ¢ = 555 |S(R+T) — 2PR+ /S?*(R+T)? — 4PSR

which is the value at which the equilibrium leaves the interior. Thus if the equilibrium changes stability
while in the interior, it must happen when A < 0 and when B changes sign (because purely real eigenval-

ues don’t change sign for 0 < ¢ < ¢St )

ToT1Y1

Before we calculate the change of sign in B, we first find that when the equilibrium leaves the interior one

exit

woxry: 18 Zero, and the other one is positive, by evaluating B at g

of the purely real eigenvalues at g ToT1y1 -

ST
2PR?

— ST?*(4PR? — S(R+T)?) > 4P?R* — 4PSTR*(R+T) + S*’T*(T + R)*> «—  (19)

[—ZPRQ + ST(R+T)+T+/—S(APR? — S(R+T)2)} >0 < (18)

PR—-ST >0 (20)

which is always true. And so at the moment of leaving the interior the eigenvalues are A\ = % {B — A} =

Oand \y = % {B + \/Z} > (. The equilibrium thus changes from being an unstable node to a (unstable)
saddle. Note that we don’t know whether the equilibrium is an unstable saddle (A\; < 0 and Ay > 0) or node

(A1, A1 > 0) while the equilibrium is still in the interior. However, if we find that for some 0 < g < qi’fj}vlyl
the eigenvalues are complex, then necessarily the equilibrium must be a node (A1, A2 > 0) while the equi-
librium is still in the interior. This is because the eigenvalues are continuous and at the value ¢ where they
change from complex to real the real eigenvalues must be of the same sign. If in addition we find that for
some 0 < g < qg’gglyl the eigenvalues are complex and the real part is negative, the stability must change

whenever B = 0 which implies A < 0 (since we know, again, that purely real eigenvalues don’t change

sign for 0 < ¢ < ¢4t .

ToT1Y1

Lets calculate the eigenvalues (17) for small ¢ by taking the taylor expansion at ¢ = 0 up to the second
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732

734

735

736

737

738

739

740

741

742

743

order, and we get

Rq
————— |P(T— R) £ \/P2(R+T)%2 —4PST?)| . 21
2(PR—ST)[( )£ VPAR+T) ) @
The expression in front of brackets is positive and the expression in front of the square root is negative.

Since the discriminant is negative, we get that for small ¢ the eigenvalues are complex and the real part

(P(T — R)) is negative. Furthermore, the solution of B = 0 is

1
B2 =5p(R-T)

[QPR —9PT — RS + \/R2S? + 4PRST — 4PSR2} (22)

and we check that the value with a plus sign is always greater than 1 and so B changes sign only once and

this happens at the value

1
sab. . — ____—____19PR — 2PT — - 292 1 APRST — 4PSR?| . )
e = 3p o 2FR RS — /RS2 + 4PRS SK?| (23)

We also confirm that q;‘g';lyl < T;TR <qi

stab.
ToT1Y1

The claims (i)-(iv) are thus being shown correct: (i) 0 < ¢ < ¢ the equilibrium 2, ;, 4, has complex
stab.

T_R oy .
vomy, < ¢ < 7 the equilibrium

eigenvalues with a negative real part and is thus a stable spiral (ii) ¢

Zrow1y, DECOmes unstable since the real part passes zero but Z,,,, has not yet entered the interior (iii)

exit

T;—R < g < ¢ the equilibrium Z,,,, has entered the interior (iv) Taozry,

ZoZ1Y1

< ¢ < 1 the equilibrium
Zzow1y, has left the interior and changed from being an unstable node to a saddle. The equilibrium Z;,z,

turned from an unstable spiral to an unstable node either at (ii) or (iii), depending on the relationship

exit

between ¢y and zozyy: -

The eigenvalue corresponding to the state space spanned by all four strategies is Azyuy1 ,zoziyoys =

RTa15(1 — q) — P(1 — ¢)*] < 0.

We conclude that 2,5, , is a stable equilibrium for 0 < ¢ < g5 where ¢j =~ < TZE < g2t

4-morphic equilibria Lets show that this model doesn’t contain an (interior) 4-morphic equilibrium. The (only)

4—morphic equilibrium is

. .. . . .. . PRSq PS(T(1-q)—R)
Zzozlyoyl _'(x07$17y07y1) __((1 __q)[47 (1 __q)/q bl (24)

36



—~RSTq —RT(P(1—q)—S)
(1-qA (1-q)A

) (25)

724 where A = (PST 4+ RST — PRS — PRT). Clearly, for the equilibrium to be in the interior, all the numerators must
75 be of the same sign. However, this is never true, because S — P(1 — ¢) < 0 and so the numerator of g is always
76 negative while for example the numerator of Z; is always positive PSRq > 0.

747

78 evolutionary trajectories

740 Since the system doesn’t contain an interior equilibrium then every trajectory must converge to the boundary (by
750 theorem 5.2.1 in Hofbauer and Sigmund (1998), and by noting that every replicator equation is equivalent to some
751 Lotka-Volterra equation, see theorem 7.5.1.).

752

753 We have summarised all the possible evolutionary trajectories in Figures 5 and 6. Lets collect threshold values that

75« are important for the phase plane analysis: If 7' > 4R, then

1
stab.
o =~ |—2P(T'— R) — SR — \/R?52 + 4SPRT — 4SPR? 26
qlollyl —2P(T _ R) [ ( ) \/ + ( )
T-R i
G0 = —— = a3y, = Gogziue 27)
Xil -1
Goirn = 5pp S(R+T) = 2PR+ /S2(R+T)* — 4PSR?] (28)
en 1
o = —5pp TS —P)+ V/—4P2RT + T2%(P + S)2] (29)
(30)
755 where always g5 < qo < ¢t < @argoyr - If T > 4R then also thresholds
; 1 1 R
exit
entr 1 1 R
lety); = 5 + 5 1- 4? (32)

i t . . . i iy
76 arerelevant, s.t. ¢5 < ¢35, < qo. However, it depends on the payoffs what is the relative order between ¢S%" , gz, y,

stab.

757 and Azoz iy
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