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The emergence of cooperation in populations of selfish individu-
als is a fascinating topic that has inspired much work in theoretical
biology. Here, we study the evolution of cooperation in a model
where individuals are characterized by phenotypic properties that
are visible to others. The population is well mixed in the sense
that everyone is equally likely to interact with everyone else, but
the behavioral strategies can depend on distance in phenotype
space. We study the interaction of cooperators and defectors. In
our model, cooperators cooperate with those who are similar and
defect otherwise. Defectors always defect. Individuals mutate to
nearby phenotypes, which generates a random walk of the popu-
lation in phenotype space. Our analysis brings together ideas from
coalescence theory and evolutionary game dynamics. We obtain
a precise condition for natural selection to favor cooperators over
defectors. Cooperation is favored when the phenotypic mutation
rate is large and the strategy mutation rate is small. In the optimal
case for cooperators, in a one-dimensional phenotype space and
for large population size, the critical benefit-to-cost ratio is given
by b/c = 1+ 2/+/3. We also derive the fundamental condition for
any two-strategy symmetric game and consider high-dimensional
phenotype spaces.

coalescent theory | evolutionary dynamics | evolutionary game theory |
mathematical biology | stochastic process

E volutionary game theory is the study of frequency-dependent
selection (1-8). Fitness values depend on the relative abun-
dance, or frequency, of various strategies in the population, for
example, the frequency of cooperators and defectors. Evolution-
ary game theory has been applied to understand the evolution
of cooperative interactions in viruses, bacteria, plants, animals,
and humans (9-13). The classical approach to evolutionary game
dynamics assumes well-mixed populations, where every individual
is equally likely to interact with every other individual (4). Recent
advances include the extension to populations that are structured
by geography or other factors (14-25).

The term “greenbeard effect” was coined in sociobiology to
describe the result of the following thought experiment (26, 27).
What evolutionary dynamics will occur if a single gene is responsi-
ble for both a phenotypic signal (“a green beard”) and a behavioral
response (for example, altruistic behavior toward individuals with
like phenotypes)? Later, the term “armpit effect” was introduced
(28) to refer to a self-referent phenotype that is used in identifying
kin (29-31).

Both of these concepts are now seen as cases of “tag-based
cooperation,” in which a generic system of phenotypic tags is used
to indicate similarity or difference, and the evolutionary dynam-
ics of cooperation are studied in the context of these tags. A first
approach, based on computer simulations, assumed a well-mixed
population, a continuum of tags, and an evolving threshold dis-
tance for cooperation (32). More recent models use numerical
and analytic methods and often combine tags with viscous pop-
ulation structure (33-37). A general finding of these articles is
that it is difficult to obtain cooperation in tag-based models for
well-mixed populations, indicating that some spatial structure is
needed (14).
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Inspired by work on tag-based cooperation (32-34, 38) and
building on a previous approach (39), we study evolutionary game
dynamics in a model where the behavior depends on phenotypic
distance (40, 41). As a particular example we explore the evolution
of cooperation (42, 43). Studies of different organisms, including
humans, support the idea that cooperation is more likely among
similar individuals (31, 44-49). Our model applies to situations
where individuals tend to like those who have similar attitudes
and beliefs. We introduce a natural model in which individuals
mutate to adjacent phenotypes in a possibly multidimensional
phenotype space. We study one and infinitely many dimensions
in detail. We develop a theory for general evolutionary games, not
just the evolution of cooperation. Spatial structure is not needed
for cooperation to be favored in our model. Moreover, in con-
trast to previous work (39), we develop an analytic machinery for
describing heterogeneous populations in phenotype space.

Consider a population of asexual haploid individuals, with a
population size N that is constant over time. Each individual is
characterized by a phenotype, given by an integer i that can take
any value from minus to plus infinity. Thus, this phenotype space is
a one-dimensional and unbounded lattice. Individuals inherit the
phenotype of their parent subject to some small variation. If the
parent’s phenotype is i, then the offspring has phenotypei—1, i, or
i+ 1 with probabilities v, 1 —2v, and v, respectively. The parameter
v can vary between 0 and 1/2.

Let us consider a Wright—Fisher process. In each generation, all
individuals produce the same large number of offspring. The next
generation of N individuals is sampled from this pool of offspring.
To introduce some fundamental concepts and quantities, we first
study the model without any selection. No evolutionary game is yet
being played, and there is only neutral drift in phenotype space.
The entire population performs a random walk with a diffusion
coefficient v, and by this process will tend to disperse over the lat-
tice. In opposition to this, all of the individuals in the population
will be, to some degree, related due to reproduction in a finite
population. Thus, while occasionally the population may break up
into two or more clusters, typically there is only a single cluster
(50, 51). The standard deviation of the distribution in phenotype
space, which is a measure for the width of the cluster, is v2Nv.

Next, we superimpose the neutral drift of two types: the strate-
gies A and B (Fig. 1). Still for the moment, assuming no fitness
differences, we have reproduction subject to mutation between
A and B. Specifically, with probability u the offspring adopts a
random strategy. The mutation-reproduction process defines a
stationary distribution (52). If u is very small relative to N, the
population tends to be either all-4 or all-B. If u is large, the pop-
ulation tends toward one-half A and one-half B. Fig. 2 illustrates
the random walk in phenotype space of the population composed
of the two types A and B.
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Fig. 1. The basic geometry of evolution in phenotype space. There are two
types of individuals (red and blue), which can refer to arbitrary traits or dif-
ferent strategies in an evolutionary game. Individuals inherit the strategy of
their parent subject to a small mutation rate u. Moreover, each individual has
a phenotype. Here, we consider a discrete one-dimensional phenotype space.
An individual of phenotype i produces offspring of phenotype i —1, i, ori+1
with probabilities v, 1 — 2v, and v, respectively. The total population (of size
N) performs a random walk in phenotype space with diffusion coefficient
v. Sometimes the cluster breaks into two or more pieces, but typically only
one of them survives. If evolutionary updating occurs according to a Wright-
Fisher process then the distribution of individuals in phenotype space has a
standard deviation of +/2Nv. For the Moran process, the standard deviation
is reduced to v/Nv.

By using coalescence theory (53, 54) many interesting and rel-
evant properties of the distributions of both the strategies and
phenotypic tags can be calculated. For example, the probabil-
ity that two randomly chosen individuals have the same pheno-
type is z = 1/+/8Nv. The probability that two randomly chosen
individuals have the same strategy and the same phenotype is
g = z(1 — Nu/2). The probability that two individuals have the
same strategy and a third individual has the same phenotype as
the second is 1 = z[1—Nu(2++/3)/4]. These results hold for large
population size N and small mutation rate u; more precisely, we
assume large Nv and small Nu. The relevance of z, g, and A will
become clear below. The expressions for z, g, and & are derived
for general Nv and Nu in supporting information (SI) Appendix,
where they appear as Egs. 10, 19, and 24, respectively.

We can now use these insights to study game dynamics. We
investigate the competition of cooperators, C, and defectors, D.
Cooperators play a conditional strategy: they cooperate with all
individuals who are close enough in phenotype space and defect
otherwise. The notion of being close enough is modeled by a lattice
structure. In particular, a cooperator with phenotype i cooperates
only with other individuals of phenotype i. Defectors, in contrast,
play an unconditional strategy: they always defect. Cooperation
means paying a cost, ¢, for the other individual to receive a benefit
b. The larger the total payoff of an individual, interacting equally
with every member of the population, the larger the number of
offspring it will produce on average. We want to calculate the crit-
ical benefit-to-cost ratio, b/c, that allows the game in phenotype
space to favor the evolution of cooperation.

A configuration of the population is specified by m; and n;, which
are the number of cooperators with phenotype i and the total num-
ber of individuals with phenotype i, respectively. The total payoff
of all cooperators is Fc = ), m;(bm; —cn;). The total payoff of all
defectors is Fp = ) ;(n; — m;)bm;. There are ), m; cooperators
and N — )", m; defectors. The average payoff for a cooperator is
fc = Fc/ Y_;m;. The average payoff for a defectorisfp = Fp /(N —
>_;m;). Cooperators have a higher fitness than defectors iffc > fp,
which leads to }°; m;(bm; —cn;) > 3°;m; 3, min;(b —c)/N. Aver-
aging these quantities over every possible configuration of the pop-
ulation, weighted by their stationary probability under neutrality,
we obtain the fundamental condition

8598 | www.pnas.org/cgi/doi/10.1073/pnas.0902528106

b <Z mlz> —c <Z m,-ni> > (b —-c) <Z mimjnj> /N. [1]

i

Under this condition cooperators are more abundant than defec-
tors in the mutation-selection process. The above argument and
our results are valid in the weak selection limit. A precise deriva-
tion of this inequality is presented in SI Appendix. Correlation
terms similar to the ones above sometimes arise in studies of social
behavior and population dynamics (26, 55). The first two terms
in inequality (Eq. 1) are pairwise correlations, while the third is
notably a triplet correlation. Note that the argument leading to
inequality (Eq. 1) includes self-interaction, but that the effect of
this becomes negligible when N is large.

When the population size is large, the averages in inequality
(Eq. 1) are proportional to the probabilities g, z, and & respec-
tively, which we introduced earlier. Consequently, inequality (Eq.
1) can be written as bg — cz > (b — c)h. Using the values of z, g,
and / given above we obtain

2
b/c>1+ —, [2]
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Fig. 2. Random walks in phenotype space. Shown are two computer simu-
lations of a Wright-Fisher process in a one-dimensional discrete phenotype
space. The phenotypic mutation rate is v = 0.25. The colors, red and blue,
refer to arbitrary traits, because no game is yet being played. All individu-
als have the same fitness. The population size is (Left) N = 10, and (Right)
N = 100. The strategy mutation probability (between red and blue) is
u = 0.004. Therefore, a given color dominates on average for 2/u = 500 gen-
erations (since new mutations arrive at rate Nu/2 and fixate with probability
1/N). The standard deviation of the distribution in phenotype space is v2Nv.
Approximately 95% of all individuals are within 4 standard deviations. Often
the population fragments into two or several pieces, but only one branch sur-
vives in the long run. We use the statistics of these neutral “phenotypic space
walks” for calculating the fundamental conditions of evolutionary games in
the limit of weak selection.
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Fig. 3. Excellent agreement between numerical simulations and analytic
calculations. We show the critical benefit-to-cost ratio that is needed for coop-
erators to be more abundant than defectors in the stationary distribution. We
have used a Wright-Fisher process with a phenotypic mutation rate v = 1/2
and a strategy mutation probability u = 1/(2N). The red line indicates the
result of our analytic calculation. For these parameter values the asymptotic
limit for large N is b/c = (1 + 12+/2)/7 ~ 2.5672. The red dots indicate the
result of numerical simulations. The gray line illustrates the critical b/c-ratio
for u — 0 with the asymptotic limit b/c = 1+ 2/+/3 ~ 2.1547.

which is approximately 2.16. If the benefit-to-cost ratio exceeds
this number, then cooperators are more abundant than defec-
tors in the mutation-selection process. The success of cooperators
results from the balance of movement and clustering in phenotype
space. Inequality (Eq. 2) represents the condition for cooperators
to be more abundant than defectors in a large population when
the strategy mutation rate u is small (Nu < 1) and the phenotypic
mutation rate v is large (Nv > 1). In ST Appendix, we derive con-
ditions for any population size and mutation rates. Fig. 3 shows
the excellent agreement between numerical simulations and ana-
lytical calculations. In general, we find that both lowering strategy
mutations and increasing phenotypic mutations favor cooperators.

We can expand our analysis to study any 2 x 2 game, not only
the interaction between cooperators and defectors. Consider two
strategies 4 and B and the general payoff matrix

A B

A (R S
B (T P)' 31
The payoffs for A versus A, A versus B, B versus A, and B versus
B are given by R, S, T, P, respectively. A players use strategy 4
against other individuals with the same phenotype, otherwise they
use B. B players always use strategy B. For the game in a one-

dimensional phenotype space and large population size we find
that 4 is more abundant than B if

(R—P)1++/3)>T-S5. [4]
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For the derivation see Section 5.2 in the SI Appendix. This for-
mula can be used for evaluating any two-strategy symmetric game
in a one-dimensional phenotype space. In the SI Appendix, we
discuss the snow-drift game and the stag-hunt game as particular
examples.

We can also study higher-dimensional phenotype spaces. In gen-
eral, for higher dimensions, it is easier for cooperators to overcome
defectors. The intuitive reason is that in higher dimensions phe-
notypic identity also implies strategic identity. In Section 5.3 of the
SI Appendix, we show that, in the limit of infinitely many dimen-
sions, and under the same assumptions that produced conditions
2 and 4, the crucial benefit-to-cost ratio in the Prisoner’s Dilemma
converges to b/c > 1. For general games, the equivalent result of
condition4 becomes R > P, which means the evolutionary process
always chooses the strategy with the higher payoff against itself.
Our basic approach can also be adapted to continuous, rather
than discrete, phenotype spaces. In this case, no two individuals
have exactly the same phenotype, but the conditional behavioral
strategy is triggered by sufficient phenotypic similarity.

In summary, we have developed a model for the evolution
of cooperation based on phenotypic similarity. Our approach
builds on previous ideas of tag-based cooperation, but in con-
trast to earlier work (33-37), we do not need spatial population
dynamics to obtain an advantage for cooperators. We derive a
completely analytic theory that provides general insights. We find
that the abundance of cooperators in the mutation-selection equi-
librium is an increasing function of the phenotypic mutation rate
and a decreasing function of the strategic mutation rate. These
observations agree with the basic intuition that higher phenotypic
mutation rates reduce the interactions between cooperators and
defectors, whereas higher strategic mutation rates destabilize clus-
ters of cooperators by allowing frequent invasion of newly mutated
defectors. Therefore, cooperation is more likely to evolve if the
strategy mutation rate is small and if the phenotypic mutation rate
is large. In a genetic model this assumption may be fulfilled if the
strategy is encoded by one or a few genes, whereas the phenotype is
encoded by many genes. Also in a cultural model, it can be the case
that the phenotypic mutation rates are higher than the strategic
mutation rates; for example, people might find it easier to mod-
ify their superficial appearance than their fundamental behaviors.
Furthermore, we show how the correlations between strategies
and phenotypes can be obtained from neutral coalescence theory
under the assumption that selection is weak (54, 56). Our the-
ory can be applied to study any evolutionary game in the context
of conditional behavior that is based on phenotypic similarity or
difference.

ACKNOWLEDGMENTS. This work was supported by the John Templeton
Foundation, the National Science Foundation/National Institutes of Health
(RO1GMO078986) joint program in mathematical biology, the Bill and Melinda
Gates Foundation (Grand Challenges Grant 37874), the Japan Society for the
Promotion of Science, and J. Epstein.

11. Sinervo B, Lively CM (1996) The rock-paper-scissors game and the evolution of
alternative male strategies. Nature 380:240-243.

12. Nee S (2000) Mutualism, parasitism and competition in the evolution of coviruses.
Philos Trans R Soc London Ser B 355:1607-1613.

13. Kerr B, Riley MA, Feldman MW, Bohannan BJ (2002) Local dispersal promotes
biodiversity in a real-life game of rock-paper-scissors. Nature 418:171-174.

14. Nowak MA, May RM (1992) Evolutionary games and spatial chaos. Nature 359:826—
829.

15. DurrettR, Levin SA (1994) The importance of being discrete (and spatial). Theor Popul
Biol 46:363-394.

16. Hassell MP, Comins HN, May RM (1994) Species coexistence and self-organizing spatial
dynamics. Nature 370:290-292.

17. Killingback T, Doebeli M (1996) Spatial evolutionary game theory: Hawks and Doves
revisited. Proc R Soc London Ser B 263:1135-1144.

18. Nakamaru M, Matsuda H, lwasa Y (1997) The evolution of cooperation in a lattice-
structured population. J Theor Biol 184:65-81.

19. Eshel |, Sansone E, Shaked A (1999) The emergence of kinship behavior in structured
populations of unrelated individuals. Int J Game Theory 28:447.

20. Neuhauser C, Pacala S (1999) An explicitly spatial version of the Lotka-Volterra model
with interspecific competition. Ann Appl Prob 9:1226-1259.

PNAS May 26, 2009 vol. 106 no. 21 8599

>
£
=
=
frr}
=
=
(=]
o
w
frr}
)

EVOLUTION


http://www.pnas.org/cgi/data/0902528106/DCSupplemental/SI_Appendix
http://www.pnas.org/cgi/data/0902528106/DCSupplemental/SI_Appendix
http://www.pnas.org/cgi/data/0902528106/DCSupplemental/SI_Appendix
http://www.pnas.org/cgi/data/0902528106/DCSupplemental/SI_Appendix

[ M

/7

1\

=y

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

34,

35.

36.

37.

38.

Szabo G, Hauert C (2002) Phase transitions and volunteering in spatial public goods
games. Phys Rev Lett 89:118101.

Hauert C, Doebeli M (2004) Spatial structure often inhibits the evolution of coopera-
tion in the snowdrift game. Nature 428:643-646.

Ohtsuki H, Hauert C, Lieberman E, Nowak MA (2006) A simple rule for the evolution
of cooperation on graphs and social networks. Nature 441:502-505.

Santos FC, Pacheco JM, Lenaerts T (2006) Evolutionary dynamics of social dilemmas in
structured heterogeneous populations. Proc Natl/ Acad Sci USA 103:3490-3494.
Taylor PD, Day T, Wild G (2007) Evolution of cooperation in a finite homogeneous
graph. Nature 447:469-472.

Hamilton WD (1964) The genetical behavior of social behavior I. J Theor Biol 7:1-16.
Dawkins R (1976) The Selfish Gene (Oxford Univ Press, Oxford).

Dawkins R (1982) The Extended Phenotype (Oxford Univ Press, Oxford).

Matteo JM, Johnston RE (2000) Proc R Soc London 267:695-700.

Sinervo B, et al. (2006) Self-recognition, color signals, and cycles of greenbeard
mutualism and altruism. Proc Nat/ Acad Sci USA 103:7372-7377.

Lize A, et al. (2006) Kin discrimination and altruism in the larvae of a solitary insect.
Proc R Soc London Ser B 273:2381-2386.

Riolo RL, Cohen MD, Axelrod R (2001) Evolution of cooperation without reciprocity.
Nature 414:441-443.

Axelrod R, Hammond RA, Grafen A (2004) Altruism via kin-selection strategies
that rely on arbitrary tags with which they coevolve. Evolution (Lawrence, Kans)
58:1833-1838.

Jansen VAA, van Baalen M (2006) Altruism through beard chromodynamics. Nature
440:663-666.

Hammond RA, Axelrod R (2006) Evolution of contingent altruism when cooperation
is expensive. Theor Pop Biol 69:333-338.

Rousset F, Roze D (2007) Constraints on the origin and maintenance of genetic kin
recognition. Evolution (Lawrence, Kans) 61:2320-2330.

Gardner A, West SA (2007) Social evolution: The decline and fall of genetic kin
recognition. Curr Biol 17:R810-R812.

Hochberg ME, Sinervo B, Brown SP (2003) Socially mediated speciation. Evolution
(Lawrence, Kans) 57:154-158.

8600 www.pnas.org/cgi/doi/10.1073/pnas.0902528106

39.

40.

41.

42.

43.

44,
45.

46.

47.

48.

49.
50.
51.
52.
53.
54.

55.
56.

Traulsen A, Nowak MA (2007) Chromodynamics of cooperation in finite populations.
PLoS ONE 2:e270.

Levin SA, Segel LA (1982) Models of the influence of predation on aspect diversity in
prey populations. J Math Biol 14:253-284.

Levin SA, Segel LA (1985) Pattern generation in space and aspect. SIAM Rev
27:45-67.

Axelrod R, Hamilton WD (1981) The evolution of cooperation. Science 211:1390-
1396.

Nowak MA (2006) Five rules for the evolution of cooperation. Science 314:1560—
1563.

Byrne D (1969) Attitudes and attraction. Adv Exp Soc Psychol 4:35-89.

Nahemow L, Lawton MP (1975) Similarity and propinquity in friendship formation.
J Personal Soc Psychol 32:205-213.

Selfhout MHW, et al. (2007) The role of music preferences in early adolescents’
friendship formation and stability. J Adolesc 32:95-107.

Tajfel H, Billig RP, Flament C (1971) Social categorization and intergroup behavior. Eur
J Soc Psychol 1:149-178.

Burger JM, Messian N, Patel S, Prado AD, Anderson C (2004) What a coincidence!
The effects of incidental similarity on compliance. Personality Soc Psychol Bull
30:35-43.

Rand DG, et al. (2009) Dynamic remodeling of in-group bias during the 2008
presidential election. Proc Nat/ Acad Sci USA, 10.1073/pnas.0811552106.

Moran PAP (1975) Wandering distributions and electrophoretic profile. Theor Popul
Biol 8:318-330.

Kingman JFC (1976) Coherent random-walks arising in some genetic models. Proc R
Soc London Ser A 351:19-31.

Wright S (1931) Evolution in Mendelian populations. Genetics 16:97-159.

Kingman JFC (1982) On the genealogy of large populations. J Appl/ Prob 19:27-43.
Wakeley J (2008) Coalescent Theory: An Introduction (Roberts & Company Publishers,
Greenwood Village, CO).

Price GR (1970) Selection and covariance. Nature 227:520-521.

Rousset F (2003) A minimal derivation of convergence stability measures. J Theor Biol
221:665-668.

Antal et al.



APPENDIX FOR
“EVOLUTION OF COOPERATION BY PHENOTYPIC SIMILARITY?”

TIBOR ANTAL, HISASHI OHTSUKI, JOHN WAKELEY, PETER D. TAYLOR, MARTIN A. NOWAK

CONTENTS

1. Model 1
2. Correlations in the neutral case 2
2.1.  Phenotypic distance 3
2.2.  Pair with same strategy 4
2.3. Pair with same strategy and phenotype 4
2.4. Three point correlations )
3. Threshold b/c ratio 6
3.1.  Fitness 6
3.2.  Effect of selection 7
3.3. Threshold value from correlations 8
4. Further clarifications 11
4.1. Finite populations for v = 1/2 11
4.2.  Excluding self interaction 13
4.3. From averages to correlations 14
5. Outlook 15
5.1.  Moran dynamics 15
5.2.  General payoff matrix 16
5.3. Randomly changing phenotypes 18
References 20

1. MODEL

Consider a population of N haploid individuals (players). Each individual £ = 1,..., N
has an integer-valued phenotype X € Z, which we also refer to as its position in phenotype
space. Additionally, each individual has a strategy Sy € {0, 1}, and we refer to these two
strategies as cooperation (1) and defection (0). In general, players’ phenotypes and strategies
determine their fitness.

We study the Wright-Fisher (W-F) process, where each of the N individuals of the next
generation independently chooses a parent from the previous generation with a probability
proportional to the parent’s fitness. Each offspring inherits the parent’s position (phenotype)
with probability 1 — 2v, and it is placed to either the left or the right neighboring position of
the parent, both with probability v. Each offspring also inherits the parent’s strategy with

probability 1 — u, and it adopts a random strategy with probability w.
1
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We derive the condition for cooperation to be favored in the large population size limit.
This condition depends on certain correlations in the neutral case, that is when each individ-
ual has the same fitness. These correlations are calculated in Section 2. Then in Section 3
the condition for cooperation is derived. In Section 4 we discuss finite population sizes,
cooperation without self interaction, and a precise derivation of the correlations. Finally
in Section 5 as generalizations of our model we consider the Moran process, general payoft
matrices, and we discuss an infinite dimensional phenotype space.

2. CORRELATIONS IN THE NEUTRAL CASE

In this section we consider the neutral case, that is when all players have the same fitness.
Note that the strategies and the phenotypes of the individuals change independently, and
evolve according to the Wright-Fisher process [1, 2]. The system rapidly reaches a stationary
state where the individuals stay in a cluster with variance 2Nw, but the cluster as a whole
diffuses over the space (the integers) with diffusion coefficient v. We are interested in the
properties of this stationary state.

We are particularly interested in four probabilities. We pick three distinct individuals &, ¢,
and [ from the population in the stationary state. For their phenotypes and their strategies
we define the following four probabilities

y=Pr(Sp=5,)
" 2= Pr(X, = X,)
g=Pr(S, =5, Xi=2X,)

h = PI'(S[ = Sk, Xk = Xq)

In words, y is the probability that two individuals have the same strategy, and z is the
probability that they have the same phenotype. They have simultaneously the same strategy
and phenotype with probability g. Out of three individuals, the probability that the first two
have the same phenotype, and simultaneously the first and the third have the same strategy
is denoted by h. Note that neither g nor h factorizes in general.

To obtain the above probabilities we have to know the probability Pr(7" = t) that the
time 7" to the most recent common ancestor (MRCA) of two randomly chosen individual is
T = t. This time is not affected by either the strategies or the phenotypes of the players.
It is determined solely by the W-F dynamics. The ancestry of two individuals coalesce with
probability 1/N in each time step. Hence the probability that the time to the MRCA is ¢ is

(2) Pr(T =t) = (1 - %)H %

We can continue the calculation for finite system size N, but the expressions become
cumbersome. Hence we relegated the finite NV calculations to Section 4.1, where we mainly
treat the special v = 1/2 case. In this section we discuss the large population limit N — oo,
where we introduce the rescaled time 7 = ¢/N. In this limit we can use a continuous time
description, where the coalescent time distribution (2) is given by the density function

(3) p(r) =e™”
and the average coalescence time becomes 7 = 1 in the new unit.

Due to the non-overlapping generations in the W-F model, each individual is a newborn
and has the chance to mutate both in strategy and phenotype space. In the large N and
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u, v — 0 limit, the system can be described as a continuous time process. Strategy mutations
arrive at rate 4 = 2Nwu and phenotype mutations at rate v = 2Nv (in each direction) on
the ancestral line of two individuals. Note that this continuous time limit is exact for the
Moran process even for finite values of v, as it is shown in Section 5.1. In the W-F model,
for finite values of v we have a discrete time random walk, but the typical number of steps
goes to infinity. In that limit the discrete and continuous time walks become identical, and
hence the finite v behavior can be recovered as the v — oo limit.

2.1. Phenotypic distance. Let us first study the phenotypes of the players. Here we
calculate not only z, but in general the probability that two randomly chosen individuals &
and ¢ are at distance z in phenotype space

(4) 2(z) = Pr(Xy — X, =2)

We know that the (signed) distance between the two individuals changes by plus or minus
one at rate v, and the distance distribution after time 7 can be expressed in terms of the
Modified Bessel functions [3, 4] as

(5) C(z]r) = eIy (2v7)

The probability that two individuals are distance x apart is
(6) 2(z) = Pr(Xy— X, =a|T = t)Pr(T =)
t=1

which becomes an integral of the corresponding density functions in the continuous time
limit
@ (o) = [ prGalryir = [ @0 2uryar
0 0
By using the identity [5]

o0

(8) ‘/awgw@@:

0

b= (a—Va® — b2)v
/a2 — b2

we arrive at the probability distribution of the signed distance

© @ 1 w+1— VI +1\"
z(x) =
Vav + 1 2v
The individuals are at the same position with probability
1

Vav + 1

Distribution (9) is of course normalized "> z(z) = 1, and its second moment is

(10) z=2(0)=

(11) Z v?z(r) = 2

Note that this second moment is twice the variance of the individual positions, which is
exactly v = 2Nwv even for finite N (see Section 4.1). Hence the individuals stay together
in a cluster of size v2Nwv. This cluster diffuses collectively through phenotype space. If
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one follows the ancestral line of an individual time 7 back, its position Z(7) will change by
one at rate /2 in each direction. Consequently, the position of the cluster has a variance
proportional to time

(12) (#%) = vT = 2ut

which implies a diffusive motion. The same result is valid for any finite N in the large time
limit. Note that the diffusion coefficient D = v does not depend on the population size.
Since the cluster itself wanders in space, the average number of individuals at any given site
goes to zero. That is why we focus on distances in the phenotype space (4).

2.2. Pair with same strategy. We are interested in the probability y that two randomly
chosen individuals have the same strategy. In the continuous time limit, strategy mutations
arrive at rate pu on the ancestral lines of the two individuals. The two individuals have the
same strategy if there were no mutations, which is the case with probability e™#". Otherwise
there was at least one mutation, hence at least one of the players has a random strategy, so
they have the same strategy with probability 1/2. Consequently, the probability that two
players have the same strategy time 7 after their MRCA is

1

(13) y(r) =45 (1=e)
The probability y that two randomly chosen individuals have the same strategy is
(14) y=Y Pr(Sy=38,|T =t)Pr(T =1t)

t=1
In the continuous time limit we obtain
15 = T)y(r)dT = —/——
(15) v= [ o = 5t

0

where we have used (3) and (13).

2.3. Pair with same strategy and phenotype. The probability ¢ that two randomly
chosen individuals have the same phenotype and also have the same strategy can be obtained
as

(16) g= io:Pr(Sk = 9,7 =t)Pr( Xy, = X |T =t)Pr(T =1)

Here we have used the property, that although g does not factorize in general, nevertheless
for any given time ¢ the conditional probabilities factorize as

(17) Pr(Sy = S,, Xy = X,|T =t) = Pr(S, = S,|T = t)Pr(Xy = X,|T = 1)

The reason is that mutations occur completely independently in the strategy and the phe-
notype space. The corresponding integral in the continuous time limit hence becomes

(e}

(18) gz/MﬂMﬂdﬂW

0
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where we use the notation ((7) = ((0|r). Note that it is also easy to obtain the analog
probability where the phenotype difference is x, but we do not consider that here. Using
identity (8) again, we can evaluate the above integral

1 1
= +
2V1I+4v  2\/(1+ p)(1 + p+ 4v)

(19) g

2.4. Three point correlations. Now we turn to the calculation of the three point prob-
ability h which is defined in (1). If we follow the ancestral lines of three individuals back
in time, the probability that there was no coalescence event during one update step is
(1-1/N)(1 —2/N). Two individuals coalesce with probability 3/N - (1 — 1/N). When
two individual have coalesced, the remaining two coalesce with probability 1/N during each
update step. Hence the probability that the first merging happens to any pair of individuals
at time t3 > 1 back in time, and the second t, > 1 before the first one is

e = [ 5) (- 2)] 7 (- 1)

The probability that three individual coalesce simultaneously at time t3 is

(21) Pr(ts,0) = % K1 - %) (1 - %)rl

In the N — oo limit (20) converges to the density function
(22) p(7s, ) = 3G+

with 73 = t3/N and 7 = t5/N. Note that (21) does not affect the large N limit.

Let us call the scaled time when individuals ¢, & coalesce 74, and when k,[ coalesce 7y;.
With probability 1/3 individuals g,k coalesce first at 7,4 = 73 and they coalesce with [ at
Tk = T3+ To. Similarly with probability 1/3 individuals &, coalesce first at 7; = 73 and they
coalesce with ¢ at 7, = 73 + 7. If, however, [, ¢ coalesce first with probability 1/3, it makes
Tgk = T = T3 + To. Since we know the probability density y(7) that two individuals with a
MRCA at time 7 back have the same strategy (13), and the probability density ((7) = (0|7)
that they are at the same position (5), we can simply obtain the three point correlation as

23) b= [dn [ drp(rm) ((m)y(ra + ) + G+ ly(ra) + G+ )y 4 )

This integral can be evaluated by first introducing a variable for 75 4 73 in the last two terms
of the integral, and by using identity (8) in all three terms. We obtain
(1+p)B+p) +Ci(2+p) — pCs

(24) A AU RPN 7

with the shorthand notation

25) ‘o 1\/(i+u)(1+4y)

2 i+ pu+4v

By now we have obtained all the correlations in (1) in the NV — oo limit for any values of v
and .
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3. THRESHOLD b/c RATIO

In this section the individuals play a simplified Prisoner’s Dilemma game given by the
payoff matrix

when playing against
C D
(26) C|lb—c —c
payoff of
D b 0

Here b > 0 is the benefit gained from cooperators, and ¢ > 0 is the cost payed by coopera-
tors. We assume that all individuals interact (in this sense the population is “well mixed”).
Cooperators, however, play a conditional strategy: they cooperate with other individuals
who have the same phenotype, and they defect otherwise. Defectors always defect. The
total payoff of an individual is the sum of all payoffs that individual receives. We introduce
the effective payoff of an individual f = 1 4 ¢ - payoff, where § > 0 is the strength of the
selection, and § = 0 corresponds to the neutral case discussed in Section 2. Note that § must
be sufficiently small to make all fitness values positive.

We consider here the simplest possible case, where each individual also receives a payoff
from self interaction. Excluding self-interaction results in a 1 /N correction, which is discussed
in Section 4.2. An extension to a general payoff matrix is considered in Section 5.2.

3.1. Fitness. Let n; denote the number of players of phenotype i, and m; the number of
cooperators of phenotype . A state of the system is given by the vectors s = (n,m). Let
fci and fp; represent the (effective) payoffs of a cooperator and a defector, respectively, of
phenotype 2. When self interaction is included these values are

fC,i =1 + (5 [bml — CTL,’]

Let we,; and wp; represent the fitness (i.e. average number of offsprings) of a cooperator
and a defector of phenotype i. After one update step (which is one generation) we obtain

(28) We; = Nios
C Xymyfes + (g —my) fpl

Here a cooperator is chosen to be a parent with probability given by its payoff relative to the
total payoff, and this happens N times independently in one update step. The denominator
of (28) can be written as

(29) > [mjfo;+ (nj—m;) fo;] = N +6(b—c) Z m;n;

J J

Therefore, in the § — 0 limit, we obtain the fitness of a phenotype i cooperator

b
(30) we; =146 (bmi —cn; — Tc mjnj) + 0(6%)

J
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3.2. Effect of selection. Let p denote the frequency of cooperators in the population.
Cooperation is favored if cooperators are in the majority at the stationary state, (p) > 1/2.
The frequency of cooperators p changes during one update step due to selection and due
to mutation. In any state s of the system, the total change of cooperator frequency can be
expressed in terms of the change due to selection as

(31) Apior(s) = (1= u) Apya(s) + u (% - p)
Here the first term describes the change due to selection in the absence of mutation, which
happens with probability 1 — u. The second term stands for the effect of mutation, which
happens with probability u to each player independently. In this latter case the frequency p
increases in average by 1/2 due to the introduction of random strategies, and decreases by
p due to the replacement of cooperators.

In the stationary state (p) is constant, hence the total change of frequency vanishes
(Ap)tot = 0. Then from (31) we can express the average cooperator frequency with the
change of frequency due to selection as

1 1—u

(32) () =5+ " (Ap)sel

This means that by calculating the average change of cooperator frequency, we also obtain
the average cooperator frequency. It also means that cooperators are favored (p) > 1/2 if
their change due to selection is positive in the stationary state

(33) (Ap)ses >0

Now let us perform a perturbative expansion for small selection § < 1. In a given state
s = (n,m), the expected change of p due to selection in one update step is

(34) Ap(s) = % (Z mywe,; — Z mi)

This expression vanishes for 6 = 0 for the fitness function (30). (Note that this statement is

not true in general for arbitrary models). Its Taylor expansion is

dAp(s)
do

0 dwc‘
2y 9 . i
5:0+O(5)_ N;mz dé

We also expand the stationary probabilities of finding the system in state s
(36) m(s) = 79(s) + 7 (s) + O(5?)

where 7()(s) is the stationary probability in the neutral state (here we consider two states
equivalent if they only differ by translation along the phenotype space). Consequently, in
the stationary state in the presence of the game, the average change in cooperator frequency
can be expressed in the leading order in terms of averages in the neutral stationary state

(37) (Apha = < <Zm,-dj§’i> +0(8)

%

(35) Ap(s) =0+ + 0(6?%)

0=0

This expression has to be positive for cooperation to be favored (33). Here the 0 subscript
refers to 0 = 0, that is to an average taken in the stationary state of the neutral model
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(Yo = >, - 7@(s). More generally, one can also easily obtain higher order terms in § based
on (35) and (36). The first derivative of the effect of selection in the stationary state

(1) _ d<Ap>sel
sel d5

can be obtained from (37), by using the fitness (30) of our model, as

(39) <AP>$1) = % b <Zmz2> —C <Z mmz> - b]:fc <Z mimjnj>

(1)

sel

(38) (Ap)

6=0

The threshold model parameters are then obtained when the change (Ap).| = 0, as follows

from the general condition (33)

(40)

©(Simiy — % <Zm mimj”j>o
(IZ) CTm), - <Zm‘ mimj”j>o

Hence, we have expressed the threshold b/c ratio in the small selection limit in terms of
correlations in the neutral stationary state. Note that the averages in (39) cannot be moved
inside the sum, since at any given position any stationary average is zero. Also note that all
terms in (40) are of order N2

The above derivation is valid for finite NV and § — 0. We are also interested, however,
in the N — oo asymptotic behavior. In that case all the above derivation can be repeated
when simultaneously 6 N — 0.

Expression (39) for the change in cooperator frequency can be rewritten in a more intuitive
way. First we express the total payoffs of cooperators and defectors respectively as

fo = Zmifai = No + 0F¢

C

(41)
fp= ZmifD,i = Np +dFp

in a given state, where F and Fp are the total payoffs without considering weak selection
(42) Fo = Zmi(bmi —cn;), Fp= Z(nz — m;)bm;

and No = ), m; and Np = N— N are the number of cooperators and defectors respectively.
With this notation the change in cooperator frequency (35) can be rewritten as

o

This expression was obtained in an intuitive way in the main text. By averaging over the
stationary state we of course recover (39).

(43) Ap(s) NpFo — NoFp) + 0(6%)

3.3. Threshold value from correlations. Let us now evaluate the expected values in (40).
We randomly choose three individuals k, ¢, and [ with replacement. All expected values in
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(40) can be expressed in terms of probabilities in the neutral stationary state

(44a) <Zm§> = N2 Pr(S, =S, =1, X, = X,)
i 0
(44b) <Zmn> = N2 Pr(S, =1, X = X,)
( 0

(44(}) <Z mimjnj> = N3 Pr(Sl = Sk = 1, Xk = Xq)
%] 0

The indices ¢ and j refer to positions, while k, g and [ refer to individuals. These identities
are self explanatory, nevertheless they are proven in Section 4.3.

Because the two strategies are equivalent in the neutral stationary state, all expressions
(44) remain valid when we change any 1 to 0. Consequently all expressions (44) simplify to

N3
Zmimjnj = 7 PF(SZ = Sk, Xk = Xq)
0

1]

Note that these probabilities are denoted in the main text as P, Py, and Pj3 respectively.
Substituting the probabilities of (45) into (40) we arrive at the general condition expressed
in terms of two and three point correlations

B Pr(Sl = Ska Xk - Xq) — PI‘(Sk = Sq7 Xk = Xq)

(16) s

(b)* PI‘(S[ = Sk, Xk = Xq) - PI‘(Xk = Xq)

In Section 2 we have calculated similar probabilities defined in (1), but always for two dif-
ferent individuals. In other words while in the probabilities of (45) we pick two individuals
with replacement, in the quantities of (1) two individuals were picked without replacement.
We know, however, that out of two individuals we pick the same individual twice with
probability 1/N, and pick two different individuals otherwise. We also know the correspond-
ing probabilities when picking three individuals. With this knowledge we can express the
probabilities with replacement in (45) with the probabilities without replacement in (1) as
follows

Pr(Sy = Sy, Xp = X,) = — [(N —1)g +1]

(47) Pr(X = X,) = — [(V = )z + 1

Pr(Si = Seo Xi = X,) = 3 [(N = (N = 2k + (N = 1) (= + y +9) + 1]

%|r—k2|’_‘2|’_‘
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10

(blc)

FIGURE 1. Exact threshold b/c ratio (50) in the N — oo limit for several
values of v. Cooperation is most favored in the y — 0 and v — oo limit,

where (b/c)* =14 2/+/3.

Now we substitute these probabilities into condition (46) to obtain the threshold condition
BN (N=2)(z—h)+1—y+z—g

<5) C(N=2)g-h)+l-y—z2+g

The above condition (48) is exact for any finite N with self interaction. Without self inter-

action a O(1/N) correction appears as discussed in Section 4.2. The model of course makes

no sense for N = 1, and the smallest interesting population size is N = 2. In the N — oo
limit of (48) we also obtain a simple rule

i (5) ==

Substituting the expressions (10), (19), and (24) into the above equation for z, g, and h
respectively, we arrive at

(48)

(50) (’2) G — (24 )Gy + (1 + p)?

c) — pCsy+ (2+p)Cr — (1 + p)

where we have used the shorthand notation (25). This is our main result: the exact threshold
b/c ratio in the N — oo and weak selection limit. For parameter values b/c > (b/c)* there
are more cooperators than defectors in the system in the long time average.

In Figure 1, we plot the exact (b/c)* ratio (50) as a function of y for several values of v. One
observes that (b/c)* gets smaller both for smaller ;1 and for larger v . Hence small strategy
mutation and large phenotype mutation helps cooperation. The large v limit includes the
finite v (phenotype changing probability) case. Note that since the cluster size in phenotype
space is v2Nwv, the average number of individuals with the same phenotype is proportional
to \/NN/v, hence there are plenty of individuals to interact with even for finite v values in
the large NV limit.
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In the v — oo limit (50) becomes

2 A U N TR (T STV E TR

which for g — 0 behaves as

(52) (9>*:1+2f+u7¢§_3+0(u2)

(51)

c 18
which is ~ 2.16 in the leading order. For y1 — oo the threshold ratio (51) diverges as
b) " 1
53 -] =vpr+1+0(—
(53 (2) -visrro

Conversely, in the p — 0 limit (50) becomes

(g)* VB + )32+ (3+8v)V3 + v
VB w2 — B

c
This limit function diverges as 3/4v for small v, but converges to the constant 1 + 2/v/3
as v — oo. Hence the best scenario for cooperation is 1 — 0 and v — oo where (b/c)* =
1+2/4/3.

The large N asymptotic results are identical for the Moran process, where we choose a
random individual to die, and another (with replacement) to reproduce with probability
proportional to the player’s payoff (see Section 5.1).

We would like to briefly comment on the relationship between our work and inclusive
fitness or kin selection theory (see references in the main text). Let R be the inverse of the
r.hes. of (46). Now we formally obtained Hamilton’s rule (b/c)* = 1/R. By dividing both
the numerator and the denominator in R by Pr(X; = X,), (we can assume that it is not
zero), and using the definition of conditional probability, we can rewrite R as

Pr(S; = S,| X1 = X,) — Pr(S; = Si| X = X,)
1-— Pl"(Sl = Sk| Xk = Xq)

(54) +0(n)

(55) R=

Now with the notation
(56) G = PI'(Sk = Sq’ Xk = Xq)a a = Pr(Sl = Sk‘ Xk — Xq)

we obtain R = (G — G)/(1 — G), which is in the form of usual relatedness formula. Note,
however, that this G is not the probability of identity in state (IIS) between two random
individuals in the population as it usually is in inclusive fitness theory. Instead, G is a sort
of weighted average of IIS probabilities in which those who share the same phenotype with
more players are assigned a larger weight.

4. FURTHER CLARIFICATIONS

4.1. Finite populations for v = 1/2. Here we consider the Wright-Fisher (W-F) model for
finite N and v = 1/2. What makes this case simple is that at each time step all individuals
move. The probability that the time to the MRCA is ¢ is given by (2). During ¢ generations
there are exactly 2t birth events in the ancestry of two individuals, and in the v = 1/2 case
the phenotypic distance between two individuals follows a simple random walk with two
steps in phenotype space per one time unit. Consequently, the distance between two siblings
is always even. After some transient time the whole population will be constrained on the
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same sub-lattice of even, and then odd sites. The distance distribution of two individuals &
and ¢, time t after their MRCA is

(57) Pr(Xy— X, =z|T=t)=2"% (t fi /2)

where again x is always even. Consequently the probability z(z) that two randomly chosen
individuals are at distance z apart can be obtained from (6)

(58) #e) = ﬁ i (t +2i/2) (%)t

t=1
This sum can be evaluated using the identity

(59) Z ( " > (2>t - { 1malliyi=a)’ vy
t=1 t+ x/2 4 Vi—a(l+v/1=a)l=l’ |x| > 2
to obtain

1

(60) z(x) = \/\/NNJF ! N1 jal /2
|x| > 2
N -1 (N +2VN + 1)
Hence, apart from the special z = 0 case, z(z) decays exponentially in x. For fixed distances
and N — oo the asymptotic behavior is z(z) = 1/v/N + O(1/N). The second moment of
the distance distribution (60) is simply 2/V.

Now we turn to the strategies of the individuals. The strategies of the two players are the
same if no mutations happened during time ¢ to either player, which is the case with probabil-
ity (1 —u)?. Otherwise the two strategies are the same with probability 1/2. Consequently,
the conditional probability is

z=20

1+ U
2

1
(61) y(t) = (1 —u)™ + Slt—0- u)*] =
where we introduce the shorthand notations
(62) U=(1-u)?, M=N1-U)+U

The probability y that two randomly chosen individuals have the same strategy becomes

(63) v=Y wtout0 =5 (1+ 57 )

where we have used (2) and (61).
Similarly, using (16) we obtain the probability g that two randomly chosen individuals
have both the same strategy and the same phenotype

1 U
o "TAVN D) 2 (VN + )

These are exact results for arbitrary number of individuals N and mutation rate u. In the
N — oo and u — 0 limit of the formulas (60), (63) and (64) with x = 2Nu kept constant,
we recover the v — oo limits of the corresponding formulas (9), (15) and (19), apart from
a factor two. This factor two is a peculiarity of the v = 1/2 case. Since here the distance



EVOLUTION OF COOPERATION BY PHENOTYPIC SIMILARITY 13

between individuals is always even, there must be twice as many players at a given even
distance. Note also that the variance of the cluster is 2v both for v = 1/2 and for the
continuous limit calculation.

For only two individuals, the general condition (48) simplifies to

(65) (l_’) _l-y+tz—yg

C) ey L1—y—2z+yg
which contains only quantities we have just calculated in this section. To obtain the exact
(b/c)* for any other finite N we have to use the general expression (48), and obtain h anal-
ogously to (23) and using (20) and (21). The formulas for i and (b/c)* are too cumbersome
to include here. We have, however, checked these formulas with computer simulations for
many values of N. We explicitly simulated the W-F process and found the threshold (b/c)*
value where the frequency of cooperators in the stationary state becomes larger than 1/2.

Moreover, in the N — oo, ©v — 0 limit with ¢ = 2Nwu constant, we recover the continuous
time formula (51).

4.2. Excluding self interaction. If cooperators cannot interact with themselves, we have
fei=14+0[b(m; — 1) —c(n; — 1)]

Therefore the fitness of cooperators at position ¢ becomes

(67) we; =1+ % (b(mi —1) — ¢(n _boe ij ) + O(6?)

which then leads to the expected change of cooperator frequency

(Ap) :% [b <Z m22> - C<Z mini> - b]:[c <Zmimj”j>
—(b—c¢) <Zm> + b;[c <Zmz-mj>

Two new correlation types in the neutral stationary state appear

<Zmz> N Pr sk:1):g
N2
<Zmimj> =N*Pr(S,=8,=1) = Y
1,J

This then leads to the general expression analogous to (48) for the threshold ratio
(l_)>*_ (N—=2)(z—=h)+2z—g
c (N=2)(g—h)—2z+g
The smallest valid population size is N = 3. In the N — oo the threshold b/c ratio with

self interaction (48) and without it (70) are the same (49) in the leading order, and their
difference is only of order 1/N.

(66)

(68)

+ 0(6?).

(69)

(70)
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4.3. From averages to correlations. Here we obtain the identities listed in (44). The
variables m; and n; are fixed in any given state. Let us use the indicator function 1, which
is 1(A) = 1 if event A is true and 1(A) = 0 if event A is false. Of course the stationary
average of the indicator function is the stationary probability of an event

(71) (1(A)) = Pr(4)

and by 1(A, B) we mean 1(A N B) = 1(A)1(B). Now in any given state we can express n;
and m; by the indicator functions

(72)

The sum in (44a) becomes

(73)
Zmimi = ll(Sk = IS, =1) > L(Xp = )L(X, =0)| = D 1(S = 5y = DX, = X,)

k,q i k,q

since the sum over ¢ is simply

(74) DMK =i)L(Xy =4) = > WX =i, X, =1) = L(X} = X,).

Now taking the average of (73) in the stationary state we obtain
(75) <Zm§> =D (1S =8,=1, Xp = X,)) =) Pr(Sx=5,=1, X; = X,),
i 0 k,q k,q

where we have used identity (71). Since all individuals are equivalent in the stationary
state, the above probabilities are the same for any pair of individuals, hence from now on
we consider k£ and ¢ as two randomly chosen individuals, and write

(76) <Z m§> = N?Pr(Si, =S, =1, Xz = X,).
g 0

The expression (44b) can be derived similarly, since

(77) Zmn => [IL(Sq = 1)) UXp =i)L(X, =14)| =Y 1S, = )L(X; = X,)

k,q ( k,q

and taking the average of (77) in the stationary state leads to

<78> <Zm7’nz> = ZPY(SQ = 17Xk - Xq) — N2 Pr(Sq = 17Xk‘ — Xq)
¢ 0

k,q
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For the last expression (44c) we have

Zmz‘mjnj = Z [Z 1(S=1,X= Z)] [Z L(Sk =1, Xy = j)1(X, = j)
(79) 1,5 k,q,l i J
NS = 1) 1(S = 1, Xp = X,)

which in the stationary state becomes

d5

(80) <Zm,»mjnj> = Pr(S =5 =1 X4 =X,) =N’ Pr(S = S, = 1, X; = X,)
irj 0 kal

5. OUTLOOK

5.1. Moran dynamics. In the Moran model we chose a random individual to die, and
another (with replacement) to multiply with probability proportional to the player’s payoff.
The newborn then replaces the dead individual. Otherwise the dynamics is the same as in
the W-F case. The behavior of the Moran model is also very similar to the W-F model,
and the results can be written in an identical form in the N — oo limit, by defining the
appropriate variables.

We consider the neutral case of the Moran model first. Let us obtain the probability
Pr(T = t) that the time to the most recent common ancestor (MRCA) of two randomly
chosen individual is T' = t. Let us calculate the probability Pos that they had a common
ancestor one update step before. It could happen only if the parent and the dying individuals
were different, which happens with probability 1 — 1/N. Then our two individuals have a
common ancestor if one of them is the parent and the other is the newborn daughter, which

1

has a probability 2 % ~—7- Hence having a common ancestor in the previous update step is

1 11 2
1 Pii=(1—-—=-1]1.2. —. —|— =
(81) oA ( N) N N—1 N?

Consequently the probability that the MRCA is exactly time T" = ¢ backward is

2

(82) Pr(T =t)=(1— PCA)t’lPCA _ (1 B _) 2

N2) N2

If we introduce a rescaled time 7 = ¢/(N?/2), then in the N — oo limit the coalescent time
distribution (82) converges to the same density function (3) as we obtained for the W-F
model.

Since in our model mutations (in strategies) and motion only happen at birth events, let
us investigate the statistics of birth events in the Moran model. As we follow the ancestral
lines of two randomly chosen individuals backward in time, we can obtain the probability
Py that a birth event happens in one update step, but the ancestral lines do not coalesce.
In other words, Py is the probability that at a given time one of the two individuals is the
daughter but the other is not the parent. If the parent dies during this update step (which
happens with probability 1/N) one individual is the daughter with probability 2/N (and
the other individual cannot be the parent). If the parent does not die (which happens with
probability 1 — 1/N) one of the individuals is the daughter and the other is not the parent
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with probability 2/N - (N —2)/(N — 1). Hence the probability that there is a birth event in
the ancestry of either individual during one elementary time step is

(83) (1) 2 N—2+1 2 2N 1)
B N)] N N—-1'"'N N = N2

In the continuous time limit with 7 = ¢/(N?/2), a birth event happens at rate N. Con-
sequently a mutation happens at rate y = Nu on the ancestral line of two individuals.
Similarly, one of the two individual hops at rate v = Nwv in each direction. In other words
the distance between the two individuals changes at rate v in each direction. This means
that the continuous time (N — o00) descriptions of the Moran and the W-F models are the
same, but N must be used for the Moran and 2N for the W-F model in the definition of
and v. Hence all N — oo results of Section 2 are also valid for the Moran model. (Note that
the diffusion coefficient of the cluster is D = v/N.)

All formulas of Section 3 are almost identical to those for W-F model. The average
frequency of cooperators depends on the change of cooperators very similarly to (32)
(84) ) =g+ N
Instead of the fitness of the W-F model (28), we have a very similar expression for the fitness
after one elementary step

<Ap>sel

(85) Mol fos
We; =
N >mjfe;+ (ng —my) fpl
where the payoffs are again given by (27). Here the first term corresponds to the cooperator
staying alive, and to second to it being chosen for reproduction. In the § — 0 limit (85)
becomes

)

b]:[C Z mjnj> + 0(6%)
J

Note that this is exactly the fitness of the W-F process (30) with a scaled selection strength
0" = §/N. Hence all results of Section 3, and in particular the citical b/c ratio (50) are also
valid for the Moran model.

5.2. General payoff matrix. Instead of the payoff matrix (26) of the simplified Prisoner’s
Dilemma (PD) game, we study now a general payoff matrix

) (7 )

A similar derivation to the one presented in Section 3 leads to the condition for cooperation
(88) (R—=8)g+(S—P)z>(R-S—-T+Pn+(S+T —-2P)h

in the N — oo limit, which is the analogous formula to (49). Here a new type of three point
correlation must be introduced

(89) n = PI‘(S[ = Sk = Sq, Xk = Xq)
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Prisoner's

dilemma Snow-drift
) 0 1 a’
Stag hunt

-1

FIGURE 2. “Snow drift”, “Stag hunt” and “Prisoner’s dilemma” games corre-
spond to three distinct regions in the («, 3) plane, bounded by black lines. The
red (thick) line (94) marks the boundary between defection (yellow-shaded)
and cooperation (white). The blue (thicker dashed) lines depict the corre-
sponding simplified payoff matrices.

In the ¥ — oo and g — 0 limit the correlations are

| (1)
z = — [ — R
NG, WA

(90) h:L<1_u2+ﬁ) 1 (1_M3+¢§)

= 8

up to O(1/v) and O(p?) terms. Here z, g, and h were obtained as limits of the general
expressions (10), (19), and (24) respectively. The value of n was derived analogously to (23).
By substituting these correlations into (88) we finally arrive at the general condition for
cooperation

(91) T—-S5<(R-P)(1+V3)

For the simplified PD game (26) we recover (52) in the leading order.
For a non-degenerate payoff matrix, with the exchange of players R > P can always be
achieved. Then under weak selection one can define an equivalent matrix

(92) (1 i g)

with only two parameters

(93) a=—-—075, f=2—37



18 TIBOR ANTAL, HISASHI OHTSUKI, JOHN WAKELEY, PETER D. TAYLOR, MARTIN A. NOWAK

In these variables the condition for cooperation (91) becomes

(94) B<a+V3

which describes a straight threshold line in the («, 3) plane (see Figure 2).

In Figure 2 we show how this threshold line (94) divides the («, 3) plane into a cooperative
and a defective half plane. Three regions, bounded by black lines, correspond to the “Snow
drift”, the “Stag hunt” and the “Prisoner’s dilemma” games. The blue straight lines on the
(ar, B) plane correspond to the following representative simplified payoff matrixes

Snow drift b_bC/Q bac) f=1—a,with0O<a<1
b—c —c .
(95) Stag hunt 0 0 f=—-1,witha <0
. . b—c —c .
Prisoner’s dilemma b 0 0 =—a, with a < 0

Form the general condition (91) we can deduce the condition for cooperation for these sim-
plified games. There is always cooperation in the simplified Snow drift game. Cooperation
is favored in the simplified Stag hunt game only for b/c > 1 +1/(1 + +/3). In the simplified
PD game cooperators win for b/c > 1+ 2/1/3 in agreement with (52).

5.3. Randomly changing phenotypes. Here we replace the one-dimensional phenotype
space with an infinite-dimensional phenotype space. We do not model the number of di-
mensions explicitly, but simply assume that every mutation causes a jump to a new unique
phenotype. Now the only way that two individuals can have the same phenotype is if there
are no phenotypic mutations in their ancestry back to the time of their most recent common
ancestor. This property is called identity by descent in population genetics and this mutation
model known as the infinitely-many-alleles, or simply infinite-alleles, mutation model [6, 7].

Let © be the probability that the phenotype of an offspring differs from that of its parent.
Note that in the one-dimensional model, there is a mutation probability of v in each direction.
As before, in the limiting (N — oo) model with time rescaled appropriately, the phenotypic
mutation rate to two individuals is equal to v. In the Wright-Fisher model we have 2Nv — v
(and No — v in the Moran model), where the arrows correspond to the limit N — oo. The
definition of ;1 = 2Nw in the Wright-Fisher model (¢ = Nu in the Moran model) is the same
as before.

Given a coalescence time 7 between a pair of individuals,

(96) (1) =e"

is the probability that they have the same phenotype. Therefore, in the N — oo limit, the
correlations defined in (1) become

1

Z =

(97)

l\DIH [\DI»—*»—*

+
1

( l+v 1+M—|—u>
1

-l

1 1 1
+ +
3+u+u(1+y L+ p 1—|—,u—|—y)1
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10

(blc)

FIGURE 3. Exact threshold b/c ratio (98) for randomly changing phenotypes
for N — oco. Cooperation is most favored in the v — oo limit, where (b/c)* =
1. Note that the lines for finite values of v are not straight.

The calculation goes analogously to that of Section 2. The threshold parameters (49) for
cooperation to be favored becomes

(98) (b>*:y(3+2u+u)+(1+u)(3+u)

¢ v(2+4p+v)

This is plotted in Figure 3, which can be compared to the corresponding Figure 1 for the
one-dimensional model.

Cooperation is most favored when v is large because in this case two individuals that share
the same phenotype will almost surely have the same strategy. We have

(99) (9) _ 142 opy

C v

In the v — oo limit, (b/c)* = 1, i.e. cooperation is favored whenever the benefit b from
cooperation is larger than the cost c.

For general payoff matrices (87), we restrict our calculation to the p — 0 limit. The
calculation is completely analogous to that of Section 5.2. First we calculate the three point
correlation 7, which is defined in (89). Up to first order in p we obtain

1 9+ Tv + 202

“1rv | Mt r)B o)

(100) U

Substituting this expression together with (97) into the general condition (88) for coopera-
tion, we finally obtain

(1+v)(3+2v)

(101) T8 <(R-P) 3"
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This result is valid for general values of v. For v — 0 condition (101) becomes T'—S < R—P,
while in the v — oo limit it is simply R > P.

By using the scaled variables «, (3, introduced in (92), condition (101) is again a straight
line in the («a, 3) plane. For v — 0 there is no cooperation in the PD region (see this region
in Figure 2), but for v — oo the whole plane corresponds to cooperation.
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